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The electron-pair approximation in the beryllium atom is investigated using a properly antisymmetrized product function 
over geminals (electron-pair wave functions). A wave function of this relatively simple type is obtained having an overlap 
of 0.9998886 with one of the best published functions, a superposition of 37 configurations. As a consequence of the separa
tion into electron pairs, some of the coefficients in the configuration interaction treatment are found to be interrelated.

A  m ajor problem  connected w ith  wave functions 
of h igh accuracy is the d ifficu lty  of com prehending 
their significance in  physical term s, and in  fact 
the H a rtre e -F o ck  approxim ation has been described 
recently as “ the last handhold fo r elem entary 
physical in tu itio n .” 3 A  ve ry  prom ising approach 
to this problem  is the m ethod of electron-pair wave 
functions or gem inals.4 I t  should be m uch more 
accurate than the H a rtre e -F o ck  approxim ation, 
and ye t a rather high degree of v is u a lity  is re
tained. Th us fa r specific applications include the 
water5 and form aldehyde6 molecules.

W e fe lt th a t it  w ould be useful to test the ac
curacy of the m ethod on a much sim pler electronic 
system , where the results could be compared w ith  
the h ig h ly  accurate “ superposition of configura
tions”  or “ configuration in teraction”  m ethod. In  
the beryllium  atom  the electrons are thought to 
form  tw o fa ir ly  d istin ct pairs, and therefore it  
should be an especially favorable case fo r th is 
approach. A  num ber of configuration interaction 
studies of th is system  have been published. The 
m ost recent and accurate are those of W atson7

(1) Supported in part by grants from the National Science Founda
tion to each of the authors and in part by a contract with Indiana 
University by the Air Force OSR.

(2) On leave from the University of California, Davis, for 1959—1960.
(3) R. K. Nesbet, Rev. Modern Phys., 33, 28 (1961).
(4) T. L. Allen and H. Shull, J. Chem. Phys., 35, 1644 (1961), and 

references therein.
(5) R. McWeeny and K. A. Ohno, Proc. Roy. Soc. (London), A255, 

367 (1960).
(6) J. M. Parks and R. G. Parr, J. Chem. Phys., 32, 1657 (1960).
(7) R. E. Watson, Phys. Rev., 119, 170 (1960).

and W eiss.8 W atson calculated a 37-configuration 
function using an orthogonal basis set, and obtained 
a to ta l energy w hich included 89.4% of the cor
relation energy. W eiss calculated a 55-configura
tion  function using a non-orthogonal basis, and 
obtained a to ta l energy containing 93.1% of the 
correlation energy. Because of its  orthogonal 
basis, the form er function

37
$ = E  i A  (1)

n = 1

provides a convenient starting po in t fo r calculating 
a good approxim ation to an accurate gem inal prod
uct function.

Th e  gem inal product w ill be m ost easily handled 
if  the geminals are one-electron orthogonal

/ A k * (1 ,2 )A l ( 1,4) d n  =  0  (2)

where A k  and A l  designate the K -sh e ll gem inal 
and the L -sh e ll gem inal, respectively. T h is  con
d ition  is fu lf illed when each gem inal is constructed 
from  different orthogonal orb itals. A n  examina
tion  of <f> shows th a t m ost of the orbitals can be 
classified as s tric tly  K -she ll or L -sh e ll orbitals. 
O n ly  three (sr , p i, and p n ) are used in  both shells. 
Th e  Si and pn  orb itals are m ain ly used in  the K  
shell (except fo r configurations 10, 11, 36, and 37), 
w hile  the p i o rb ita l appears in  the L  shell except 
fo r configurations 8, 21, and 35. Therefore Si 
and pn  are assigned to  the K  shell, p i is assigned to

(8) A. W. Weiss, ibid., 122, 1826 (1961).
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the L  shell, and the configurations m entioned are 
om itted from  the gem inal product function. The 
resulting classification of orb itals is shown in  Table  
I.

T able I
Classification  of Orbitals
K shell L shell

la, si, s ii, sin, siv 2s
pn, Ph i, piv ' pi, pv
d n , d m , d iv  di
fn, fm 
gn, gm

I t  also is convenient to  om it configuration 14 
from  the gem inal product because of the vector 
coupling problem . ( I t  could be included a t a 
la te r stage in  the calculations b y  app lying a 7S 
projection  operator to the resulting gem inal prod
uct function .)

W e can now w rite  firs t approxim ations to  A k  
and A l

A k (1,2) =  V k I.Ht I s2 +  Æ3P 1 1 2 +  K 4S1 2 +

■Ksdn2 +  A ’iP i i i 2 +  X ja P n P m  +  -Kdsfii2 +

.K16S1 1 1 2 +  X n d m 2 +  K i8p iv 2 +  -Km Si Sii +

.K ^ gn 2 +  / Î 23P 1 1 1P 1V +  X 24S1 1 1S1V +

K^siSiv +  -K ^P iiP rv +  A ^ d u d in  +  .K^ofm2 +

A i3id iv 2 +  A133s iv 2 +  Kugni2) / Ki (3) 

A l (3,4) =  V l (A1i 2s2 +  K 2P1 2 +  ATisdi2 +

Î 27PV2 +  Î l28Pi Pv ) (4)

In  each configuration the functions w ith  different 
mi and ms values are vector coupled to  form  a 
!S function. Th e  K n’s are taken from  Tab le  I I I  
of reference 7, and the norm alization constants 
N k and A T  are 1.0008179 and 0.9991075, respec
tiv e ly .

Th e  gem inal product function9 A  =  [Ak (1,2)Al -  
(3,4)] consists of 105 configurations. These in 
clude 29 of the 37 configurations in  4>, of w hich 25 
(1 -5 , 7, 12, 13, 15-18, 20, 22-31, 33, and 34) appear 
w ith  reasonable coefficients because the correspond
ing K n’s have been used in  w ritin g  A k  and A l . 
Th e  other 4 configurations (6, 9, 19, and 32) appear 
autom atica lly, and a com parison of th e ir coefficients 
w ith  the corresponding K n’s provides a test of the 
v a lid ity  of th is approach. F o r example, the coef
ficient of configuration 6 is K 2K 3/Ki (disregarding 
V kW l , w hich is alm ost u n ity ). In  th is w ay the 
fo llow ing approxim ate relationships are derived

K , ^  K 2K,JKh K 9 *£ K 2K J K u
(5)

K 1S ^  KtKt/Ku K 32 ^  KzKu/Kt

Th e  num erical values (shown in  Tab le  I I )  are in  
reasonably good agreement. Thus the electron 
p a ir m ethod is able to  predict correctly the sign 
and approxim ate m agnitude of fou r coefficients in  
4> from  six other coefficients.10

(9) Brackets denote the partial antisymmetrization operator. It 
should be emphasized that the geminal product function is a completely 
antisymmetric wave function satisfying the Pauli exclusion principle.

T able II
C omparison of Coefficien ts  in  $ and A°

Configuration <£ A
p iV S J p n V S ) X 6 =  0.0071 K 2K 3/K1 =  0.0078
pi*( *S) bi2( *S) A s, =  .0057 A Æ /A ,  =  .0069
p iV S ) dn V S ) A n  =  .0016 A 2A 6/A ,  =  .0018
pid f'S ) d iV S ) K 32 =  .00046 A jA u /A , =  .00050

“ Rounded off to two significant figures.
T h is  method predicts th at five of the new con

figurations w ill have coefficients of m agnitude 
larger than 0.001: pFO S jsiSnO S ), — 0.0031; p i2-  
( 1S )s „IsIV ( 1S ), 0.0017; Pi*(1S )pm i ( IS )) 0.0015; p i2-  
( 1S)pn p m (1S ), 0.0015; p i2(1S)s,sIV (1S ), 0.0015.

Th e  overlap integral of the gem inal product 
function w ith  the 37-configuration function, f  h*~ 
$ d r, is easily calculated because of the orthogonal 
basis. Its  value is 0.9998886. (V a ria tio n  of the 
coefficients to m axim ize the overlap in tegra l did 
not give any significant im provem ent.) There
fore the tw o functions are alm ost identical, and they 
should have closely sim ilar energies. T h is  result 
is to  be contrasted w ith  the overlap in tegra l of the 
S C F  function w ith  $, w hich has a value of K\ =  
0.9575824.

Th e  energy contribution  of each configuration 
when added to the configuration interaction func
tion  m ay be obtained from  Table  I I I  of ref. 7. F o r 
the configurations om itted from  the gem inal product 
function (8, 10, 11, 14, 21, 35, 36, and 37) the to ta l 
energy increm ents are 0.00347 a.u., or 3.7%  of 
the to ta l correlation energy. Since a configuration 
usually contributes less to the energy of the final 
function than it  does when firs t included, in  the 
37-configuration function these configurations prob
ab ly account fo r somewhat less than 3.7%  of the 
correlation energy. The sligh t differences in  the 
coefficients of configurations 6, 9, 19, and 32 
undoubtedly have a negligible effect on the energy. 
Th e  new configurations introduced b y  the gem inal 
product function also m ust have nearly optim um  
coefficients, as indicated b y  the coefficient test in  
Table  I I ,  and therefore th ey should im prove the 
energy sign ificantly. Thus we estim ate th a t
89.4 —  3.7 =  85.7% is a lower lim it to the correla
tion  energy of th is gem inal product function.

In  a geminal product wave function, electrons in  
different geminals affect one another b y  th e ir 
average d istribu tion  on ly. Therefore in ter-she ll 
correlation cannot be included in  a gem inal product 
function, and in  some systems th is lim ita tion  m ay 
be of im portance. F o r the beryllium  atom , the 
in ter-shell correlation energy has been variously 
found to be neglig ib le ,11 and am ounting to about 
5 %  o f the correlation energy incorporated in to  
$  (plus an unknown am ount from  the rem aining 
correlation energy).7 Th e  la tte r estim ate is based 
on the correlation energy introduced b y  ls2 sxy 
and quadruple substitution configurations (th a t 
is, configurations using neither Is  nor 2s o rb ita ls), 
although it  was pointed out th a t th is in terpreta
tion  is not s tric tly  realistic. Since A , w hich cannot 
have any in ter-she ll correlation, has a large num -

(10) Similar results have been obtained independently by O. Sinano- 
¿lu, Proc. Natl. Acad. Sci. U. S 47, 1217 (1961) and, J. Chem. Phya., 
36, 706 (1962).

(11) J. Linderberg and H. Shull, J. Mol. Spectry., 5, 1 (1960).
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ber (80) of quadruple substitution configurations, 
such configurations do not represent in ter-shell 
effects. Configurations of the ls2 sxy type  also 
could be included in  A , and therefore th ey do not 
necessarily contribute in ter-she ll correlation. The 
particu lar configurations of th is type  in  $ (10, 11, 
14, and 21) were excluded from  A  to  obtain ortho
gonal *S geminals.

In te r-sh e ll correlation energy m ight be m ost 
su itab ly defined as the difference between the 
energy of the optim um  gem inal product function 
(where the gem inals are not subject to any ortho
go n a lity or sym m etry conditions) and the exact 
non -re la tiv istic  energy. In  the transition  from  
the optim um  gem inal product to the exact function 
the energy im proves, not because any new configura
tions are introduced, but because the constraints 
on the coefficients are removed.

There does not seem to be any reason to revise

the earlier conclusion th at the in ter-shell correla
tion  energy in  the beryllium  atom  is negligible. 
Thus the energy of the optim um  gem inal product 
function should be considerably low er than the 
energies obtained thus fa r b y  configuration interac
tion .

N ote  A dded  in  P r o o f .— The total energy of the beryl
lium atom may be decomposed into the separate contribu
tions from the two electron pairs.4 In the SCF approxi
mation, the energies of the K  and L electron pairs are found 
to be 13.571 and 1.002 a. u., respectively. The former re
sult may be compared with the corresponding energy in 
B e+2, 13.61130 a. u. [C. C. J. Roothaan, L. M. Sachs, and 
A. W. Weiss, Rev. Mod. Phys., 32, 186 (I960)].
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A quantitative and systematic basis for semi- and non-empirical theories of (a) atomic and 7r-electron spectra, (b) heats 
of formation, relative energies of the different isomers or conformations of large molecules, and (c) intermolecular forces at 
all A is developed. Various effects in the exact wave function and energy of a many-electron system are examined. The 
major effects are the properties including electron correlation of separate shells or molecular orbital pairs. Effects of corre
lation on Hartree-Fock SCF orbitals are found to be negligible. The simple transformation of MO’s into localized ones 
transforms the correlation energy of a saturated molecule exactly into the sum of bond correlation energies and non-bonded 
attractions. This allows the energy of, e.g., a C -C  bond or a lone pair to be obtained separately in the same way as in Hj. 
Also the effects of molecular environment on localized correlations are studied. They are within the constancy of experi
mental bond energies.

Am ong the properties th a t quantum  chem istry 
m ust deal w ith  are: (a) electronic spectra, (b ) 
therm odynam ic quantities such as heats of form a
tion , re la tive  energies of d ifferent isomers or con
form ations of a m olecule, and (c) interm olecular 
forces.

Sem i-em pirical theories of both atom ic and n- 
electron spectra are based on o rb ita l pictures (H a r
tree -Fo ck  or approxim ations to  it  such as simple 
M O ). In  these, cores and th e ir instantaneous po
la rizations b y  valence electrons are le ft out. In  
the 7r-electron case, an em pirical “ x-e lectron  
H am ilton ian” , 3Cr , is used.2

Th e  expressions fo r the energies obtained on these 
o rb ita l theories are param etrized, in  atom ic spectra 
F  and G  integrals; in  the 7r-electron case a,ft and 
one or tw o center coulom bic integrals are le ft to 
be determ ined em pirica lly. Th e  em pirical values 
give quite good agreement w ith  experim ent, but 
values calculated d ire c tly  from  orb itals lead to 
large errors w hich are known to be due to  electron 
correlation.2-4

(1) This work was supported by a grant from the National Science 
Foundation.

(2) (a) M. G. Mayer and A. L. Sklar, J. Chem. Phys., 6, 645 (1938); 
(b) R. Pariser and R. G. Parr, ibid., 21, 466 (1953).

(3) W. Kolos, ibid., 27, 591, 592 (1957).
(4) M. J. S. Dewar and C. E. Wulfman, ibid., 29, 158 (1958).

R ela tive  energies of saturated molecules also are 
calculated w ell em pirica lly. P itze r6 assumed con
stant bond energies and considered zero po in t 
v ib ra tiona l energies and van der W aals attractions 
between non-bonded regions. In  th is w ay, the 
heats of form ation and isom erization of saturated 
hydrocarbons were obtained to w ith in  0.01 e.v. 
(0.2 kcal./m ole).

In term olecular forces are given quite w ell around 
the equilibrium  configuration b y  H artree -Fock 
M O  as shown, fo r example, b y  R ansil6 on H e -H e  
interaction. A t  large separations van der W aals 
forces are due m a in ly to  correlations in  the m otions 
of electrons.5 In  the usual London dispersion 
theory the complete basis set fo r the composite 
system  of in teracting molecules w hich occurs in  the 
usual in fin ite  sum of the second-order perturbation 
energy is taken as a ll products \pak4'bl of the eigen
functions of separate atoms. Th is , of course, 
assumes not o n ly th a t there is no overlap between 
the ground state wave functions of the atoms b u t 
also none fo r a ll the v irtu a l excited states.

Consider, fo r exam ple, tw o hydrogen atom s 3 
A . apart both w ith  the same spin. There is no

(5) K. S. Pitzer, Advan. Chem. Phys., 2, 59 (1959); K. S. Pitzer and 
E. Catalano, J. Am. Chem. Soc., 78, 4844 (1956).

(6) B. J. Ransil, J. Chem. Phys., 34, 2109 (1961).
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overlap between the ground state orbitals. H ow 
ever, since B ohr ra d ii are proportional to  n2, even 
the next v irtu a lly  excited state (2pz)a(2pz)b that 
w ould contribute to London dispersion energy shows 
ve ry  large overlap. Thus, the usual theories of 
long range van der W aals forces even at consider
able distances- are not on a sound basis. The situ 
ation is certa in ly worse in  non-bonded intram olec
u lar attraction.

In  a ll these sem i-em pirical theories use is made of 
“ the chemical p icture .”  Separate groups such as 
inner and outer shells o r localized bonds are as
sumed; o n ly interactions w ith in  or between some 
groups are evaluated, often sem i-em pirically.

Such quantum  chemical problems can be separ
ated in to  an o rb ita l pa rt and the rem aining electron 
correlation p a rt.7 Th e  fram ework of the above 
sem i-em pirical theories is based on orb ita ls. B u t 
both large errors in  non-em pirical calculations and 
some im portant effects such as the non-bonded 
attractions are due m ain ly to electron correlation. 
Therefore, the sem i-em pirical theory should be 
based not on o rb ita l pictures but on a theory that 
considers electron correlation in  a detailed w ay.

N on-em pirica l Theories.— Th e  configuration in 
teraction (C l)  method is meant fo r the rem oval of 
actual or near degeneracies. How ever, non- 
em pirical calculations on more than tw o-electron 
systems usually are done b y  C l too, even though 
m any configurations m ay have to  be m ixed in  as 
fo r H e atom .9

In  extending the H ylle raa s’ “ ^ -coo rd in a te  
m ethod” 8 th at deals successfully w ith  such correla
tion s in  H e to n-electron systems d ifficu lt in tegrals10 
arise if  a ll ry ’s are introduced in to  tria l functions in  
th e  usual m anner.11 In  addition to the com puta
tio n a l d ifficu lties, these methods treat each atom 
■or molecule as a different num erical problem  w ith ou t 
m aking use of the physical distinctness of various 
■correlation effects and the existence of separate 
groups of electrons.

In  the o rb ita l picture, concentric shells such as 
a, t  already are separated. F o r saturated mole
cules, Lennard-Jones12 showed th a t an M O  deter
m inant already contains localization  of electrons 
o f the same spin w ith  respect to one another. One 
goes to such a localized description b y  a simple 
u n ita ry  transform ation th at leaves the orig ina l 
determ inant unchanged.

There have been attem pts to pu t electron cor
relation in to  these localized groups d ire c tly .13

(7) The best orbitals that give good electron densities and simplify 
the remaining electron-electron effects are those of Hartree—Fock 
method. This will be taken here as the standard starting point. Fol
lowing Lowdin (ref. 8) the remaining non-relativistic error will be de
fined as “ electron correlation.”

(8) P. O. Lowdin, Advan. Chem. Phys., 2, 207 (1959).
(9) See, e.g., J. C. Slater, “ Quantum Theory of Atomic Structure,”  

McGraw-Hill Book Co., Inc., New York, N. Y., 1961, Vol. II, p. 48.
(10) L. Szasz, J. Chem. Phys., 35, 1072 (1961).
(11) For “ correlation factor”  methods see Lowdin (ref. 8), also R. E. 

Peirls, “ Lectures in Theoretical Physics, Boulder, 1958,”  Vol. I, p. 265 
{discussion of trial function of Lenz (1929)), and R. Jastrow, Phys. 
Rev., 28, 1479 (1955), for the type o f trial function discussed by Szasz 
(ref. 10).

(12) J. E. Lennard-Jones, Proc. Roy. Soc. (London), A198, 1, 14 
{1949); Ann. Rev. Phys. Chem., 4, 167 (1953).

(13) (a) A. C. Hurley, J. E. Lennard-Jones, and. J. A. Pople, Proc. 
Roy. Soc. (London), A220, 446 (1953); (b) P. G. Lykos and R. G. Parr,

These assume a pa ir function w ith  correlation for 
each bond and antisym m etrize the ir product to 
get the to ta l wave function. The pa ir functions 
A k  are assumed to satisfy the a rb itra ry and strong 
orthogona lity condition

<AA (i,j) , A B(i,l))x i =  0 (1)

where <  > Xi means integration over electron »  
on ly. T h is  condition is equivalent to assuming the 
separab ility of bonds to start w ith . In  addition  the 
method does not allow  fo r non-bonded correlations 
to  be put in  in  a natura l w ay. L im ita tions of th is 
method have been discussed p reviou sly.14

The “ Chemical Picture” and Quantitative 
Theory.— -The “ chem ical” facts have been w ith  us 
fo r a long tim e. E a rly  quantum  chem istry started 
w ith  in tu itive  pictures based on these facts, but 
because it  introduced m any unexam ined assump
tions to  force the theory in to these pictures, it  
alm ost fe ll in to  disrepute. I t  is now desirable to 
form ulate the quantitative  th eory such th at one 
starts w ith  an exact but detailed form  of a wave 
function and energy, from  th is system atically 
isolates the im portant correlation effects, but allows 
adequate means fo r estim ating everyth ing th a t is 
le ft over. Below , such a theory is outlined w hich 
provides a common basis fo r both sem i- and non- 
em pirical theory. The sem i-em pirical theory d if
fers from  the non-em pirical m ain ly in  the evaluation 
of the m ajor quantities em pirica lly.

Th eo ry is not based on in fin ite  basis set expan
sions so th a t other methods such as “ r^-coordinate,” 
“ open-shell,”  etc., can be used. A  basic p o in t of 
the theory, however, is to separate first the various 
correlation effects, then app ly a different suitable 
m ethod to each part of an atom  or molecule. 
F o r example in  Be atom one w ould use “ r 12-co
ordinate”  fo r Is 2, (2s2 —  2p2)2 X  2 C l fo r 2s2, 
and the core po larization method (see reference 
28 below) fo r ls2s. There is no one m ethod best 
fo r a ll the electrons.

Parts of th is theory have been developed in  a 
series of articles.15 W e summarize the over-a ll 
p icture here as w ell as g iv in g  some previously 
unreported results.

On Hartree-Fock Methods.— Th e H a rtre e - 
Fock method is a ve ry good starting point. I t  
gives the charge d istributions w ell, since it  takes out 
the long-range p a rt of the coulomb repulsions be
tween electrons.15 A lso  for th is reason the rem ain
ing electron correlation effects are sim plest if  one 
starts w ith  the H a rtre e -F o ck  method.

Even  though it  is d ifficu lt to obtain H a rtre e - 
Fock orbitals fo r large systems, it  is s till desirable 
to start a “ fram ework”  theory w ith  the H a rtre e - 
Fock method and then to put on the rem aining 
corrections. A n y  further approxim ations such as

J. Chem. Phys., 24, 1166 (1956); 25, 1301 (1956), have based <r, ir 
separation on this work. For later references discussing this type of 
trial function, see, e.g., T. L. Allen and H. Shull, J. Chem. Phys., 35, 
1644 (1961).

(14) P. O. Lowdin, ibid., 35, 78 (1961); P. G. Lykcs and R. G. Parr, 
ibid., 25, 1301 (1956); O. Sinanoglu, ibid., 33, 1212 (1960); R. Mc
Weeny, Preprint No. 59, Quant. Chem. Group, Uppsala Univ., Upp
sala, Sweden, 1961; L. Szasz, Phys. Rev., 126, 169 (1962).

(15) O. Sinanoglu, J. Chem. Phys., 36, 706, 3198 (1962); Proc. Natl. 
Acad. Sci. U. 5., 47, 1217 (1961), and earlier papers cited there.
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the use of L C A O  M O  instead of H a rtre e -F o ck  
orb ita ls then m ay be examined in  regard to their 
effects on the more general theory.

F o r a closed-shell system there is a unique H a r
tree -Fock method. W ith  non-closed shells, how
ever, about 9 variants of H a rtre e -F o ck  methods 
have been discussed. There are m any possibilities 
because one can v a ry  the energy of different 
com binations of degenerate determ inants th at arise 
from  a given non-closed configuration or make 
different approxim ations to get around com plica
tions such as the off-diagonal energy parameters 
that do not come up fo r a closed-shell system. 
A ll these methods give energies w ith in  often 
less than 0.01 e.v. of one another. The sim plest 
theory both fo r getting the orb itals and fo r pu tting 
on correlations la ter is one based on the average 
energy of a configuration,16 but w ith  each H a rtre e - 
Fock potential m odified so as to make it  the same 
acting on all electrons and as sym m etric as pos
sib le .17 (F o r instance, in  carbon ls 22s22p2 con
figuration, the orb itals obtained th is w ay are the 
same fo r a ll the terms 3P , 1D , ]S ; there are no 
off-diagonal energy parameters Ajj and the H a rtre e - 
Fock potentials are the same fo r a ll the electrons.)

Even  in  large saturated molecules the H a rtre e - 
Fock m ethod is a va lid  starting point. The H a r
tree -Fo ck  wave function fo r such a molecule is 
expected to show regional properties quite un
affected in  going from  one molecule to another. 
Th is  is because electrons move in  the H a rtre e - 
Fock potentials of a ll the electrons and also in  the 
field of the nuclei. The net potentia l of one end of 
a m olecule is a shielded one and therefore of short 
range.18 F o r example, in  ethane the average 
potentia l of a hydrogen atom  on one carbon dies off 
before it  reaches a hydrogen atom  on the other 
carbon. A ttem p ts to  build  m olecular H a rtre e - 
Fock orb itals from  localized and in varian t orbitals 
have been and are being m ade.19

Clusters of E lectrons in  the H a rtre e -F o ck  
“ Sea.” — In  the H a rtre e -F ock  method each elec
tron  moves in  the average field of a ll the other 
electrons. Consider now a ll the rem aining effects 
th at the residual instantaneous repulsions between 
electrons w ill introduce. F o r s im p lic ity, le t us 
take a closed-shell system. Th e o ry fo r a non- 
closed shell is quite sim ilar.

I t  was shown p reviously th at the exact wave 
function of a m any-electron system 16 is

* =  <h +  X ; <0Oj X ) =  0 (2)

0o =  «(123 ••• k N)] 1 =  l( x i)  =  ls a, etc.

x = X) {/¡} + S  {«'¡il +
i = 1 i> j

2 ] {Û'a-k} +  . . . +  Û'm-N (3a)
ijk

(16) See, e.g., J. C. Slater, “ Quantum Theory of Atomic Structure,”  
Vol. I, McGraw-Hill Book Co., Inc., New York, N. Y., 1960.

(17) A. J. Freeman, Rev. Mod. Phys., 32, 273 (1960). This combines 
the advantages of methods discussed by R. K. Nesbet (Proc. Roy. Soc. 
(London), A230, 312 (1955)) and by Slater (ref. 9). See also K. 
Ruedenberg (ref. 18) for a similar starting point for ^-electron systems.

(18) K. Ruedenberg, J. Chem. Phys., 34, 1861 (1961).
(19) For example, W. H. Adams, ibid., 34, 89 (1961); T. L. Gilbert

{/ ¡} =  0o {u'i j } =  00 -~ j, etc. (3b)

< /i, k) =  0 , (ur„ , k) =  0 , . . ., ({7 iik_N, k) =  0  (4 )

fo r k =  1,2,3, i, . . .  j, . . .  N

0o is the H a rtre e -F ock  determ inant. N ote th at this 
exact expression contains o n ly a fin ite  num ber of 
terms for a fin ite  m any-electron system . Th e  func
tion s/;, ih j, etc., are not expanded in  any basis set; 
they are in  closed form s and are rigo rou sly ortho
gonal (eq. 4) to a ll the in d ivid u a l H a rtre e -F ock  
orb itals occupied in  0O.

The successive terms in  X  correct fo r the effects 
of progressively larger numbers of in teracting 
electrons. F o r convenience, one m ay speak of 
“ collisions”  of successive numbers of electrons in  
analogy w ith  im perfect gas theory. Th e  “ col
lisions”  are caused b y  the instantaneous repulsions 
th at rem ain after the average parts have been taken 
out in  the H a rtre e -F ock  orbitals.

Equation  3 can be w ritte n  in  a m uch more de
tailed fashion. I t  is easily shown th a t each term  
t)' containing a certain num ber of electrons at a 
tim e actua lly consists of a ll possible antisym 
m etrized products of previous terms and an ad
d itiona l new term  U representing the “ collisions”  
of th at m any electrons all at once. F o r exam ple

d 'u  =  ® ( / i / i )  +  ¿ i j

¿fhjk =  ® {/i /j /k +  fi  Mjk +  •••■ +  C ijk } (5)

C^ijkl =  ® {/ i/ j/ k / l +  / i/ j Wij +  ■ ■ • +

fi 0 ijk +  . . .  +  Ui] fiki +  . . .  tfijk i!

Th e  product term s represent correlations taking 
place at the same tim e b u t in  different regions of 
space, whereas a non-separable term  such as 
tjijki accounts fo r the correlations of a ll fou r elec
trons a t once (a fou r-body “ collision” ). Aga in , 
b y analogy to  im perfect gas theory the la tte r are 
“ linked clusters,” whereas products are referred to 
as “ unlinked clusters.”

Corrections to  the H a rtre e -F ock  energy which 
represent various physical correlation effects can be 
obtained e xp lic itly  b y  substitu ting X , eq. 3, in  the 
varia tiona l expression.16 Th e  e xp lic it evaluation 
of the energy in  th is m anner is grea tly facilita ted  
b y the use of diagram s as in  im perfect gas theory.

M any different theories can now be derived from  
th is detailed varia tiona l energy expression b y  m in i
m izing different portions of it .20

I f  on ly the first tw o terms of eq. 3a are retained 
and the energy varied so as to obtain optim um  
fi and M,j, one gets essentially a Brueckner theory 
fo r fin ite  systems. T h is  is also sim ilar to a method 
discussed b y Fock, et al.21
(to be published; this work was pointed out to us by P. G. Lykos). 
See also S. F. Boys, Rev. Mod. Phys., 32, 296 (1960).

(20) A most systematic way of using the variation method is to get
trial functions by minimizing the physically significant or large portions 
of then using these in the complete expression.
Various perturbation theories come out as special cases of this ap
proach. O. Sinanoglu, J. Chem. Phys., 34, 1237 (1961).

(21) V. Fock, M. Veselov, and M. Petrashen, J. Ex-ptl. Theor. Phys., 
USSR, 10, 723 (1940).
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I f  a ll the term s are retained, coupled equations 
are obtained w hich make f  self-consistent w ith  the 
rem aining effects. T h is  is sim ila r to  S later’s 
generalized S C F  m ethod.22 These theories are 
unnecessarily com plicated and stress the p a rt of 
X  w hich is not ph ys ica lly the m ost im portant.

W e examine below a ll the different effects in  X  
and in  the energy and then take out the m ost sign ifi
cant parts, but estimate the rem aining effects.

Effect of Correlation on Orbitals.— Since the 
average coulom bic field of a ll the electrons on a 
given one are im p lic it in  the H a rtre e -F ock  orb ita ls 
of 4>o, the fi in  eq. 3 represents corrections to the 
H a rtre e -F o ck  orb ita l, i, due to the residual, in 
stantaneous repulsions, i.e., due to electron cor
relation. I f  X  is approxim ated b y  perturbation 
theory, the first-o rder X i rigorously does not con
ta in 23 any Since X i gives both the second and 
th ird -o rd e r energies, any effect of /, on energy would 
show up in  the fou rth  and higher orders.

W ith o u t being lim ited  to perturbation theory nor 
to an in fin ite  sum m ation of single excitations, /; 
fo r a closed shell system  can be obtained easily.

A  strong test of how m uch correlation would 
m od ify a H a rtre e -F ock  orb ita l w ould be on He 
atom  where the tw o electrons are quite tig h tly  
packed. A n y  tria l function such as one of H y l- 
leraas’ w ith  r 12 fo r H e atom can be rew ritten  as in  
eq. 2 and then a fu rth e r Schm idt orthogonaliza- 
tion  (see ref. 23) sp lits the correlation p a rt in to  
fi and the tw o-electron parts as in  eq. 3. Thus, 
ju s t b y  simple integrations from  the known wave 
functions of helium , one obtains the f  com pletely. 
T h is  was done24 using the simple tria l function of 
Low din  and Redei26 fo r H e and the f  was found to 
be about 4 %  of the H a rtre e -F ock  o rb ita l where it  
is largest. Th is/) however is due to  the inadequacy 
of the tr ia l function. I f  i t  is subtracted out, a bet
ter tria l function is obtained as evidenced b y  an 
energy low ering of 0.019 e.v. S im ila rly  when a 
more accurate tria l function, a H ylle raa s’ s ix - 
term  one, is used, one obtains an /; everywhere 
considerably sm aller than in  the previous case.

In  other types of correlation effects w hich give 
large energy errors, f  m ay be unim portant, too. Fo r 
exam ple, the m ain part of the correlation error in 
the outer shell of the Be atom  is due to  the new 
degeneracy of 2s2 w ith  2p2. B u t th is is a double 
excitation  and does not give any f  (for a study of 
fi in  L I2 near dissociation see ref. 24).

H a rtre e -F ock  orb itals give good electron densi
ties. T h is  supplemented b y  the above results 
leads one to drop f  from  eq. 3 fo r closed shells. 
Th is  elim inates a ll the products in  eq. 5 that in 
vo lve  f . Th e  resulting energy expressions are 
m uch sim pler than th ey w ould have been otherwise.

Many-Electron Correlations.— A n y  three elec
trons picked out in  a m any-electron system w ill have 
at least tw o spins alike. These w ill stay aw ay from  
each other’s Ferm i hole. N ow , the repulsion, 
l/rij, th a t an electron i exerts on another one, say

(22) J. C. Slater, Phya. Rev., 91, 528 (1953).
(23) O. Sinanoglu, Proc. Roy. Soc. (London), A260, 379 (1961). 

In C l language, this means there are no single excitations which 
mix with 0o (Brillouin theorem).

(24) O. Sinanoglu and D. Tuan, J. <fhem. Phys., to be published.
(25) P. O. Lowdin and L. Redei, Phys. Rev., 114, 752 (1959).

j ,  deviates any instant from  the average value (the 
i, j p a rt of the to ta l H a rtre e -F o ck  potentia l). 
T h is  “ fluctuation potentia l”  is w hat causes 
“ electron corre lation,” 26 and is of short range in  
going from  o rb ita l to  o rb ita l.16 Thus, o n ly  a t the 
m ost tw o electrons can “ see” each other at once. 
O thers rem ain outside the Ferm i hole w hich is 
larger than the range. T h is  causes more than tw o 
electron correlations, etc., in  eq. 5 to be sm all.

The angular potentia l shown in  ref. 15 fo r boron 
is sim ilar to those th at act between the p-electrons 
also in  C , N , 0 , F , and Ne. In  neon there are 
tw o separate tetrahedra of like  spins w hich in  
4>o m ove uncorrelated w ith  one another. B u t on ly 
tw o electrons of opposite spins can come together 
a t one po in t, so even here pa ir correlations are the 
significant ones. These considerations also are 
supported b y  the recent values of correlation 
energies of firs t row  atoms estimated e m p irica lly .27

In  large systems when electrons get delocalized 
near-degeneracies arise ju st as the energy levels of 
a partic le -in -a -b ox get closer together as the box 
gets larger. Even  in  such delocalized cases the 
m olecular o rb ita l pa ir correlations are the significant 
ones due to the orthogona lity («jj.k ) =  0, eq. 5. 
E lectrons i, j w hile  correlating cannot go in to  the 
already occupied o rb ita l k.

F o r exam ple, the (trig)2 correlation in  H 2 is about
7.7 e.v. near dissociation. Th is  reduces to  0.5 
to  1 e.v. in  He— H e, because now (crlu) is 
occupied and the iq 2 fo r (<rg) 2 no longer contains 
(o iu) 2 as its m ain part. Th is  also has the effect 
of m aking the correlation between any three (in  
H e2+) or four electrons at a tim e (in  H e -H e ) small. 
These arguments app ly also to the m any-electron 
terms th a t arise in  energy even when ju s t Mjj’s 
and th e ir products are taken in to  account in  X  
(see ref. 15).

Main Correlation Effects.— Then the energy of 
a closed shell system reduces to  the sum of the va ria 
tiona l expressions of independent tw o-electron 
systems in  the H a rtre e -F o ck  m edium .16 T h is  
allows calculations to  be made on a ll the first row  
atoms and th e ir ions w ith  essentially 11 d istinct 
pa ir functions of which on ly 5 or 6 are significant. 
These now provide the new bu ild ing blocks to  be 
used w ith  sligh t changes in  parameters in  m any 
atoms and molecules. Such calculations, also w ith  
estimates of the m any-electron terms, etc., th a t are 
neglected, are in  progress in  th is w rite r’s Labora
to ry . Once the coupling terms are shown to be 
sm all, these results also provide a basis fo r sem i- 
em pirical methods.

Inner, Outer Shells.— The above theory n a tu ra lly 
separates inner and outer shells in  atoms and mole
cules w ith ou t concealing w hat the neglected term s 
are. In  a 7r-electron system if  ju st th at portion  of 
the to ta l energy corresponding to x-electrons is 
m inim ized according to the th e o ry,16 one derives

(26) Note the definition in ref. 7. This should not be confused with, 
e.g., J. W. Linnett’s use of the word. His usage does not distinguish 
between all the “ orbital average polarization”  and Fermi hole effects, 
already contained in the Hartree-Fock <f>o, and the residual charge 
fluctuations.

(27) E. dementi, J. Chem. Phys., in press. The 2pxa2pya correla
tion in nitrogen atom is only 0.1 e.v.
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rigorously the sem i-em pirical “ 7r-electron H am il
tonian.”

The form  of the energy includ ing correlation is 
now ju st the same15'28 as in  the H a rtre e -F ock

N
approxim ation: ( J ;j —  K i} +  ey) instead of

i> 3
N

ju st (./¡j —  Ka). These e ’̂s are independent
i> j

of one another. T h e y  do not depend on 
fi, etc., of X , b u t o n ly on A i- T h is  justifies the 
param etrization of spectra m entioned above.

N ote also th a t the above theory not o n ly in 
troduces correlations in to  each shell, b u t also con
tains the correlations (instantaneous core polariza
tions) between different shells. These are anal
ogous to  van der W aals’ attractions.28

Localized Groups.— The determ inantal function 
0o was so fa r expressed in  terms of m olecular or
b ita l pairs. H ow  are these related to the localized 
electron-pair bonds or lone pairs of a saturated 
molecule?

I t  is not necessary now to  sta rt anew w ith  arbi
tra ry  assumptions to discuss localized groups. 
The transform ation of Lennard-Jones12 which took 
0o from  the m olecular to the localized o rb ita l 
description also translates the correlation energy 
and X  from  one p icture to  the other. I t  has been 
shown rigorously th at the exact correlation energy of 
a saturated molecule is given by the sum of bond or 
lone pair correlation energies and non-bonded van 
der Waals’ attractions.29

Th e  same transform ation applies also to the varia 
tional expression16 in vo lv in g  sums of correlation 
energies of m olecular o rb ita l pairs. The la tte r 
then becomes the sum of varia tion a l expressions fo r 
ind ividu a l bonds or lone pairs and fo r ju st the 
in d ivid u a l van der W aals attractions. Some 
simple coupling term s arise too. These have been 
estim ated30 to be about 0.1 e.v. in  C H 4 b y  m aking 
the transform ation29 on the configuration interac
tion  (M O  C l)  wave function of Nesbet.31

T h is  means20 th at each of these energy term s can 
be m inim ized independently. F o r instance, one 
can obtain the energy includ ing correlation of ju st 
a C H  bond or a lone pa ir b y  taking a tria l function, 
e.g., containing ri2 ju st as in  the H 2 molecule. On 
the other hand, the p a rt of the energy w hich cor
responds to a van der W aals attraction  between 
bonds also can be obtained b y itself. Since th is 
theory does not make any of the assumptions about 
the independence of basis functions of groups or 
about the range of the internuclear separations 
as in  the usual theories discussed at the beginning 
of th is article , one now also has a theory of in te r- 
m olecular forces applicable at a ll R. Such applica
tions are being carried out on H e -H e  and hydro 
carbons.80

(28) O. Sinanoglu, J. Chem. Phys., 33, 1212 (1960).
(29) O. Sinanoglu, ib id ., 37, 191 (1962).
(30) O. Sinanoglu and V. McKoy, ib id .,  to be published.
(31) R. K. Nesbet, ib id .,  32, 1114 (1960).

H ow  sensitive are these transform ed localized 
functions and energies to the rest of the m olecular 
environm ent?

Ju st the o rb ita l pa rt of th is question has been 
investigated b y  Lennard-Jones and co-workers. 
H a ll32 correlated the ionization potentials of the 
hydrocarbons ethane to decane assuming constant 
localized orbitals. Ion iza tion  potentials are not 
much influenced b y  electron correlation.

In  heats of form ation and conform ations of mole
cules on the other hand, correlation is a ll im portant.6 
D etailed th eo ry28-30 shows th a t the correlation 
energy of a bond depends on the rest of the mole
cule through (a) the H a rtre e -F ock  potentia l of the 
whole molecule and (b) b y  exclusion effects as in  
eq. 4. Th e  localized correlation functions29 are 
s till orthogonal in  the sense of eq. 4 to the entire 
molecular orbitals. How ever, in  th is orthogona lity 
the on ly significant contribution  from  an M O  is 
from  the localized o rb ita l p a rt fo r ju st th at bond.

The parts of the H a n re e -F o ck  potentials from  
other regions are shielded b y the nuclei. M oreover, 
“ tig h t correlation energies”  as in  helium  and H 2 
(sim ilar to those in  inner-shells, C -H , C -C  single 
bonds, lone pairs, etc.) are rem arkably insensitive 
to the over-a ll potential. Th e  Is 2 correlation8 
changes o n ly b y  0.012 e.v. in  going from  L i+  to 
B e +Z. Thus the effect of H a rtre e -F ock  potentia l 
changes on localized correlations are expected to 
be a good deal less than 0. 31 e.v.

Th e  exclusion effects from  other orb itals also are 
expected to be sm all. W e had already estimated 
the exclusion effect of 2s on the L i+ correlation 
energy to be about 0.004 e .v .28

Thus, the theory enables one to  pu t such w ell 
established em pirical facts as a d d itiv ity  and 
constancy of bonds on a quantitative  basis w ith  the 
inclusion of m any-electrcn effects.

Another potentia l use of the transform ations of 
correlation energy described above is in  re lating 
correlation shifts of the levels based on H a rtre e - 
Fock M O  theory in  the electronic spectra of mole
cules to the correlation energies of localized groups 
which can be estimated much more read ily. In  n-r*  
transitions, fo r instance, one could estimate the 
correlation energy in  lone pairs, then b y  the trans
form ation make estimates of correlation energies 
between delocalized m olecular orbitals.

F in a lly , the theory described above also can be 
form ulated in  ve ry  m uch the same w ay re la tiv - 
is tica lly . Once shells are separated, re la tiv istic  
effects can be le ft in  the inner shells where th ey are 
known to be im portan t.27'88 One then deals w ith  
non -re la tiv istic  results fo r the outer shells obtained 
upon fu rth e r approxim ation.

Thus one finds a quantitative  and system atic 
basis fo r the “ simple quantum  chem istry”  as w ell 
as a “ chemical”  sim plification in  “ m olecular quan
tum  mechanics.”

(32) G. G. Hall, Proc. Roy. Soc (London), A205, 541 (1951).
(33) A. Froman, Rev. Mod. Phys., 32, 317 (1960).
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In the refined alternant molecular orbital (AM O) method we allow for different variable parameters for each MO pair 
which is coupled. Application to the ground state of benzene reveals this method to be extremely powerful: The AMO wave 
function, involving two variable parameters only, has a lower energy than the nine-term configuration interaction (C l) 
wave function which was obtained by Parr, Craig, and Ross. A further numerical analysis reveals that the relative improve
ment of the refined over the simple method is independent of any reasonable choice of core potential and electron interaction 
integral approximation. A detailed comparison of the AMO and Cl wave functions is given.

In troduction
D ew ar1 has discussed a w ay in  w hich to treat the 

“ ve rtica l correlation” in  conjugated systems. 
Th e  alternant m olecular o rb ita l (A M O ) method 
concerns itse lf w ith  the more conventional “ ho ri
zontal correlation”  w hich, in  quantum  chem istry, 
usually is treated b y  means of configuration in te r
action (C l)  techniques.2 A s such, the A M O  
method is b y  no means confined to 7r-electrons; 
it  pertains to a ll systems of a lternant character, 
i.e., consisting of a set of identical atom ic centers 
which can be d ivided in to  tw o sub-sets in  such a 
w ay th at no tw o atoms of the same sub-set are 
neighbors to each other. In  fact, when Low din  
proposed the use of alternant m olecular orb ita ls to 
treat electron corre lation ,3 he p rim a rily  envisaged 
applications to solid state problems, and it  is 
quite possible th at here they m ay u ltim a te ly find 
th e ir m ost useful dom ain. T o  date, however, the 
more interesting applications have been in  the field 
of conjugated system s4-6 and it  appears appropriate 
to give a first application of a refined A M O  method 
w ith in  th is fram ework. M ore specifically, we shall 
treat the ground state of the ir-electron sextet 
in  benzene. N o t o n ly has th is been the in itia l test 
case fo r the A M O  method in  its  o rig ina l fo rm ,4 * 6 
but it  also has been the subject of a m ost extensive 
C l treatm ent,7 so th at a ll relevant data are a va il
able fo r comparison.

Th e  Sim ple and Refined A M O  M ethod.— -
Th e  effectiveness of the A M O  method is due to 
the fact th at a m ajor portion  of the correlation 
between electrons w ith  different spins can be taken 
in to  account b y assigning these to  different, “ sem i- 
localized”  orb ita ls so th a t th ey can avoid each 
other as m uch as possible.8 In  alternant systems, 
th is is achieved b y  taking suitable linear com bina
tions of sets of “ paired” bonding and antibonding 
M O , and to  y ie ld  the A M O , aK and dK, 
thus

(1) M. J . S . Dewar and N. L. Sabelli, J. Phys. Chem., 6 6 , 2310 
(1962).

(2) For a review of the correlation problem in quantum chemistry, 
see P. O. Lowdin, Advan. Chem. Phys., 2, 209 (1959).

(3) P. O. Lowdin, “ Symposium on Molecular Physics,”  Nikko, 
Japan, 1953, p, 13; Phys. Rev., 97, 1509 (1955).

(4) T. Itoh and H. Yoshizumi, J. Phys. Soc. Japan, 10, 201 (1955).
(o) R. Lefebvre, H. H. Dearman, and H. M. McConnell, J. Chem.

Phys., 32, 176 (1960).
(6) R. Pauncz, J. de Heer, and P. O. Lowdin, ibid., 36, 2257 (1962).
(7) R. G. Parr, D . P. Craig, and I. G. Ross, ibid., 18, 1561 (1950).
(8) Electrons with the same spin are correlated through the Pauli 

antisymmetrization principle. See, e.g., P. O. Lowdin, ref. 2.

ciK =  COS dk$k +  sin Bk'Pk (1)

ok  =  cos dk'Pk — sin dk'Pl.

w ith

0 <  Ok <  tt/4

[For a system  w ith  2n equivalent atom ic centers and
2n electrons, k =  1, 2, ...........n, hence K  =  I ,
I I , ...........N. ] A s illustrated schem atically in  F ig .
1, the aK and ok have the desired sem ilocalized 
property. The A M O  wave function takes the form

^ ( f l i ,  . . . , < ? „ ) = *  =  QooaTTo (2 )

where 0Oo is the projection operator selecting the 
proper singlet spin state

n

®00 — ' l l  ( — 1 )" 
. = 0

S J  S±_

vl (y +  1 ) !

a  is the antisym m etrization operator 

ft =  [(2 n )!]“ ‘A E  ( - l ) L P
p

(3)

(4)

$ =  a i ( l ) . . . ,an(n)di(n +  1) . . .  .ajsr(2ra) (5) 

and

To =  « ( 1 ) . . . .  a (n )0 (n  +  1). . .  .0(2n) (6)

Thus, in  a loose w ay of speaking, we have assigned 
a ll electrons w ith  a spin to  the aK and a ll those w ith  
/3 spin to  the aK. I t  is im portant to note th at un
less a ll 6k equal r/4 , the A M O  do not form  an ortho
norm al set; w hile

/ < iK * (l)a L (l) dt>i =  f d K*{ l)d L ( l)  dt'i =  5k l

(7a)

one also has

y W ( l ) d L( l )  dyi =  Xk5KL (7b)
w ith

Xk =  cos 2dk (8)

As in  our earlier w ork ,6 9 we shall find it  convenient 
to  ca rry out a ll algebraical m anipulations in  terms 
of the Xt rather than in  terms of the 0k.

Th e  energy associated w ith  the wave function 
of eq. 2 is

(9) R. Pauncz, J. de Heer, and P. O. Lowdin, J. Chem. Phys., 36, 
2247 (1962).



Dec., 1962 R efined Alternant M olecular Orbital T reatment of Benzene 2289

lE0(eh . . . . ,  0 „) =  E  =  f ^ * H ov<bdr/f<H*^AT (9)

Corresponding to  the usual sp littin g  of IIop in to  a 
“ one-electron H am ilton ian ,”  E  h(i), com prising

i
kinetic energy and potentia l energy due to  the 
“ core,”  and the electron in teraction  term s, e2/ 
r ij,10 the energy E  is w ritte n  as the sum of a “ one- 
electron energy,”  Eh and an electron interaction 
energy, En

in w hat we shall henceforth refer to  as the simple 
A M O  m ethod, we impose the restriction  th a t a ll 
m ixing parameters dk (or X t) have to take on the 
same value. Th e  corresponding one-param eter 
energy expressions, Ei(6), E12(d), and E(0), fo r an 
a rb itra ry  alternant system  w ith  closed-shell struc
ture, have been given elsewhere.9 Th e  typ ica l 
behavior of these quantities, referred to the ener
gies of the re levant single A S M O  determ inant 
(denoted b y  28, U, and U +  28, respective ly), 
as a function of 0, is illustrated in  F ig . 2. N ote the 
characteristic m onotonic increase in  H i and the 
decrease in  E12, resulting in  a single m inim um  in  E. 
F o r any p articu la r system, a num erical analysis 
w ill have to  yie ld  the optim um  value of 0, 0°, and 
the corresponding energy depression, A R rei. Th e  
la tte r q u a n tity denotes the im provem ent of the 
A M O  energy over th a t of the single A S M O  deter
m inant, re la tive  to  the condition th a t a ll 0k° are 
equal. Th e  ground state of the 7r-electron sextet 
in  benzene has been treated in  th is fashion b y  Ito h  
and Yosh izum i4 and b y  Pauncz, de Heer, and 
Low din .6 Th e  relevant results w ill be referred to 
below.

B oth  the strength and the lim itations of the 
simple A M O  method reside in  the circumstance th a t 
o n ly one variab le param eter is used. In  the 
refined A M O  m ethod the restriction  of equal 8i 
is dropped and we obtain a more flexible, m any- 
param eter wave function. General expressions fo r 
Ex(6i, . . . .  ,6n), E\2(fii, . . . .  ,£„), and E ( d . . . .  ,6n) 
w ill be given elsewhere.11 F o r any p articu la r sys
tem an energy m inim ization  procedure w ill have 
to give us a set of optim um  m ixing parameters, 
0i°, 0 2°,• • ■ • f i n ,  and an energy depression, |AR|. 
The la tte r q u a n tity reflects the im provem ent of the 
energy obtained w ith  the refined A M O  wave func
tion  over th a t of the single A S M O  determ inant. 
W hile  the p o ss ib ility of developing the A M O  
method in  th is fashion has been apparent since its 
inception, and it  is in tu itiv e ly  clear th a t a M O  pair, 

and ipk, w ill m ix the stronger the sm aller the 
energy gap between them , o n ly actual com putations 
can reveal whether the degree of im provem ent of 
the results justifies the com plications w hich of 
necessity are introduced as the sim pler scheme is 
abandoned. A s fa r as we know, the present in 
vestigation is the first num erical analysis of th is 
type. Reasons fo r selecting the benzene molecule 
to th is purpose already have been given in  the 
In troduction .

W ave Function and Energy Expression fo r 
Benzene.— I t  is m ost convenient to  w rite  the ben
zene M O , tj, in  terms of the carbon 2pzA O , u„,
as

(10) See, e.g., P. G. Lykos, J. Phys. Chem., 66, 2324 (1962).
(11) J. de Heer, J. Chem. Phys., in press.

5
tfi =  ( 6A j ) - I / !  E  « ' X  (j =  0, ± 1 , 

,< = 0
± 2 ,3 ) (10)

w ith

co =  exp ( « / 3 ) (11a)

and

N j  =  E  c o "X
M = 0

(H b )

where

=  ./ Wo*( ! ) « „ ( ! ) (11c)

Fig. 1.— Hiickel-Wheland MO and AMO.

Th e  A M O  w ill have to be of the type  fo rm a lly 
denoted b y  eq. 1 above. H ow ever, it  is read ily 
verified that, in  order to get the required A ]g sym 
m etry fo r the to ta l wave function , the tw o degener
ate M O  pairs m ust be transform ed in to  A M O  w ith  
the same m ixing parameter. Hence, in  the special 
case under consideration, even although we are 
dealing w ith  an electron sextet, we get a tw o - 
rather than a three-param eter problem  and the 
six A M O  become

do =  cos tfo'/'c +  sin 00̂ 3

5o =  cos 0oi/t  —  sin 0 ô 3
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a\ =  cos dn'Pi +  sin On' ! ' - 2 (12)
ai =  cos 0 i2^ i —  sin 012 ^ _ 2

On — cos 0 12 'p—i 4” sin 0i2i/,2 
an =  cos Qn'P-i —  sin 0 i2</'2

$(0O, 0i2) is the simple product of these six A M O  
and

ewTo =  V 4 a (l) « (2 )a(3)/3(4)d(5)/?(6) -

V «L 8 (l)a (2 )a (3 ) +  a ( 1)0(2) a(3) +  
a (l)«(2 )j5 (3 )]-[a (4 )i8 (5 )i8 (6 ) +  ¿3(4) a (5) ¿3 (6) +  

¿3(4)/3(5)a(6)] +  V b [«(1)/8(2)j8(3) +  

0(l)a(2)/3(3) +  /3(1)/S(2)a(3)]-D3(4)a(5)a(6) +  

a (4) ¿3 (5) a (6) +  a (4) a (5) ¿3 (6) ] —

V  40(1)0(2)0(3) a (4 )a (5 )a (6 ) (13)

Thus, b y  eq. 2, 1'I 'c(0o, 0 12) is a linear com bination of 
tw enty S later determ inants, w hich establishes the 
connection between the A M O  and the C l methods 
(see the discussion below ).

Th e  desired energy expressions m ay be obtained 
either from  the general equations given elsewhere11 
or b y  d irect derivation  using the techniques des
cribed b y  Pauncz, de Heer, and Low d in .9 I t  is 
convenient to  express these energies im m ediately 
w ith  reference to  those of the single A S M O  deter
m inant. Define ill as

31 =  1 +  V b(X o2 +  2Ai22) +  1/ 3(2 X o2X122 +

X124) +  X02Xi24 (14)

Then  the one-electron energy becomes

f?i(Xo,Xi2) —  U i ( l , l )  =  A  W  —

—  [Ao(l +  X i22 -j- X i24)A ti'0 -f- X i2(2 +  Ao2 +

X122 +  2X02Xi22) Awj2 ] (15)

w ith

h *  =  S f S Q - M D M l )  di»i (18)

Fig. 2 .— Energies as a function of a single mixing parameter.

Th e  one-electron operator energies, hy1 , frequently 
are referred to  as “ o rb ita l energies” and usually 
are denoted b y  « f 4-7 F o r the electron in teraction  
energy we obtain

f? j2(Ao,Ai2) — F i2( 1 , 1 ) =

g |  [ F ( t )  -  A W  -  z m  -  v  (1 9 )  

where we have introduced the shorthands

T ( t ) =  [5 +  2Xi2 +  2Xi22 +  Xo2(2 +  2Xi2 +  5Xi22) ] (1  +  Ai2) 27 n /4  +  [5 — 2 X12 +  2Xi22 +  Ao2(2 — 2XJ2 +  

5 Xi22) ] ( l  -  A12) W 4  +  [4 -  X122 +  A02( l  -  4X122) ] (1  -  X122) 7 1 2 / 2  +  (1 -  A124) ( l  -  A02)7o3/ 4  +  (1 +  

Xi22 4 - Xi24) [(1 4  Xo) 27 oo/ 4  4  (1 Xo) 2733/4] +  [3 +  A0 +  Xi2 4  XoXi2 +  Xi22( l  4  Xo +  Xi2 4  3 X0X12) ] X
(1 +  A0) ( l  +  Xi2) 7 oi/ 2 +  [3 +  Xo — Xi2 — X0Xi2 +  Xi22(1 +  Xo — Xi2 — 3 X0X12) ] (1  +  X o)(l — Xi2) 7 o2/ 2  -+■
[3 — Xo +  Xi2 — X0X12 +  Xi22( l  — X0 +  Xj2 — 3XoXi2) ] ( l  — X0) ( l  +  Xi2) 7 i3/ 2  4  [3 — A0 — Xi2 +  X0Xi2 +

Xi22( l  Xo Xi 2 -f- 3XoXi 2) ](1 —  X o)(l —  Xi2) 7 2 3 / 2  (20a)

A (5) =  (1 — Xo2Xi22)(1  — Xi22) 5 i , - 2/ 2  +  (3 +  2Ai22 +  XJ24)(1  — Xo2)t>o3/4 -f- [1 +  Xo +  XJ2 +  Xi22(Xo +  XJ2 4 -  

XoXi2) ] ( l  4 - X0) ( l  +  Xi2)50i /2 +  [1 — X0 — X12 4 - Xi22( — X0 — Xx2 4 - X0X12) ] (1  — A0) ( l  — Ai 2)5_2,3/2 4-
[1 +  2 X12 +  X02(2Xi2 +  Ai22) ] ( l  +  Xi 2) 25i ,_i /4 +  [1 —  2Xi2 4- X02( — 2Xi2 4- Ai22)](1  —  Xi2) 252,_2/ 4  -f-
[1 4" Xo X12 4" Xi 22(Xo X i2 XoXi 2)](1  4" A o)(l — Xi2) 5o2 / 2  4 - [1 — Xo 4  Xi2 -f- Xi22( — Xo 4  Xi2 — 

XoXi2) ] ( l  — A0) ( l  4  Xi2)5i3/ 2  + [ 3 - j -  Xo2 +  Xi22 +  Ao2Ai22] ( l  — Ai22)5i2/ 2  (20b)

Z(£)  =  [2 4" Xo2 — Xi22 — 2 Xo2Xi22] ( l  — Xi22) f i ,_ i / 2  4 - [(2  Xi22) ( f 0i 4  fu )  — XoXi2( l  +  2Ai22)(fo i  —

r13) ] [ ( l  -  Xo2) ( l  -  Xi22) ] ‘a  4 - [2 +  Xo2 +  Xa2 +  2Xo2Xi22](1 -  Xi22) f i , _ 2/ 2  (20c)

Here and

AW  =  Aw0 +  2 Aw i2 (16) u = = ym +  6t i i  +  8toi _  45fjl _  2 5 ^  ( 2 1 )

Aw 0 =  hiz —  h00; Aw 12 =  hi2 —  hu (17) In  eq. 20a and 20b the 7 1 ; and 5;, are the Coulom b-
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and exchange integrals, involving the MO ■fti and 
^¡. The are defined as

fii =  S S  * i* (l) ^ ¡(1) — ^¡*(2) ’/'I(2) dt* dr2
n2

(22)

The use of these fa allows for a systematic notation 
of all electron interaction integrals needed in our 
investigation. For reference purposes, we give 
below the corresponding, partially of an ad hoc 
nature, symbols introduced by Parr, Craig, and 
Ross,7 as also used by Itoh and Yoshizumi,4 for the 
four relevant integrals in benzene

f i ,-2 =  i?; fi,-i =  £
fox =  f2310; fl3  =  f l3 02 ^

Using the identification (8), one may readily check 
that in the limiting case X0 =  Xi2 =  X (hence 0O 
=  du — 9), our energy expressions reduce to 
the ones given by Itoh and Yoshizumi,4 when the 
latter are referred to those of the single ASMO 
determinant. The drastic simplifications to which 
their formulas can be subjected in this limiting 
case6-9 are, on the whole, no longer applicable 
in the refined scheme.

One further point arises with respect to eq. 19. 
If one uses an integral approximation in which all 
Coulomb integrals between MO, yy, are equal 
( = 7  say), as is the case if the Mulliken or Parr- 
Pariser approximation is used to determine all 
electronic interaction integrals,12 we have11

ztt r (y ) =  U +  450i +  25i,_i =  15y (24)
o  Jc

so that, in effect, we can eliminate all 7ij-containing 
terms from the electron interaction energy expres
sion. This also shows a real advantage of comput
ing I?i2(Xo,Xi2) — F7i2( l ,l)  rather than F»i2(Xo,Xi2) 
as such.

Numerical Analysis.— To carry out a numerical 
analysis, we have to (i) select a specific form of the 
one-electron Hamiltonian, hh and (ii) adopt an 
approximation for the evaluation of the electron 
interaction integrals. These matters have been 
extensively discussed in the literature10 and we 
merely wish to justify our choices concerned within 
the context of the aims of the present investiga
tion. As we outlined in the Introduction, these 
aims are twofold: to determine the improvement 
over the simple AMO method and to give a com
parison with the best available Cl treatment. With 
the former goal in mind, we have carried out com
putations with the same set of integrals as used in 
our earler work.6'3'12'13 That is, we used Rueden- 
berg’s values of the one-electron integrals and a 
combined Mulliken-tight-binding approximation 
for all electronic interaction integrals. To make 
the desired comparison with the C l wave function 
of Parr, Craig, and Ross,7 we have repeated the 
calculations with the integrals used by these in
vestigators and used also by Itoh and Yoshizumi

(12) J. de Heer and R. Pauncz, J .  M o l. Spectry., 5, 326 (1960).
(13) K. Ruedenberg, J . C hem . P h y s . , 34, 1861 (1961).

Fig. 3.—The E ( \0, Xi2) surface: A, relative minimum (X0 =  X12); O, absolute minimum.
in their simple AMO study of benzene.4 Here one- 
electron integrals were obtained according to the 
original Goeppert-Mayer-Sklar approximation, two 
center electronic repulsion integrals were computed 
directly, using Slater-type orbitals, and three- and 
four-center integrals were evaluated with the Sklar- 
London approximation. Finally, we carried out a 
third set of calculations following the method of 
neglecting differential overlap, with empirically 
selected, much reduced, electron interaction in
tegrals, actual values of which were taken from 
Pariser.14 Our chief purpose here was to check 
whether a correspondingly much reduced electron 
correlation would essentially alter the relative merits 
of the refined over the simple method.

While in our earlier work6 we were primarily 
concerned with total electronic energies, it is of 
interest in the current investigation not only to 
obtain E(\0,\n), but also Ei(\0,\n) and -E^XoA^) 
separately. After computing the three energy 
surfaces concerned over the entire range of X0 
and X12, that is from zero to unity, we ascertained 
that in each case 2?(Xo,X12) is simply concave. 
Figure 3 shows a projection of the latter surface on 
the Xo,Xi2-plane for the results obtained with the 
first of the three integral approximations referred 
to above (compare the first column of numerical 
data in Table I). With the other two integral 
approximations, the general appearance of this 
surface remains the same.

The important numerical results are collected in 
Table I; after each optimum 3 value the corre
sponding 9 value is given in parentheses.

Discussion
The immediate conclusions to be drawn from the 

data summarized in Table I are that our refine
ment of the AMO methodr esults in a sizable im
provement in energy and that the optimum values 
of the mixing parameters are distinctly different

(14) R, Pariser, ibid., 24, 250 (1956).
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T a b l e  I
E n e r g ie s  an d  O pt im u m  X V a lu e s

Parr-Craig-Ross Neglect of differential
Mulliken-tight binding (Itoh-Y  oshizumi) overlap; empirical

approximation0 integrals6 integrals0

Simple method X»(0») 0.631 (25° 26') 0.691 (23° 9') 0.837 (16° 35')
(Ao =  X12 = X) ii(X°) -  i i ( l ) ,  e.v. 3.993 2.915 0.671

EnÇk0) — En(l), e.v. -7 .171 -5 .3 1 7 -1 .2 3 6
Aitel, e.v. 1 CO *<r 00 — 2.402* -0 .5 6 5

Refined method V W ) 0.762 (20° 11') 0.808 (18° 3') 0.911 (12° 11')
X u W ) 0.510 (29° 40') 0.590 (26° 55') 0.767 (19° 57')
Ei(Xo°, X120) — Ei(l,l)j e.v. 4.167 3.136 0.780
il'/X«0) Xl2°) — i is ( l |l) ,  e-v- -7 .8 6 3 -5 .9 2 8 -1 .4 4 9
AE, e.v. -3 .6 9 6 -2 .7 9 2 -0 .6 6 9

Comparison |AE  — A irei ], e.V. 0.518 0.390 0.104
100(| A i -  Airell) 

A E
16.3% 16.2% 18.4%

0  See ref. 6, 9, 12, 13. b See ref. 4, 7. c Numerical values from Pariser, ref. 14. d Identical with the value obtained byPauncz, de Heer, and Lowdin, ref. 6. e This number differs by 0.05 e.v. from the value published by Itoh and Yoshizumi,ref. 4.
T a b l e  II

C o m pa r iso n  o f  AMO an d  C l T r e a t m e n ts

*Aig Configuration functions 
<t> x = (0o20i20- 12)

r n  r n
02 — (0O2010-1020-2)

i i------- 1 r n  rn
03 “  T~~iV [2(0O2010-1020-2) — (0O2010-!020-2)][3]V2 |___ I

rn
04 = (0O2010-1082)

rn
05 = (0J20- 12020~ 2)
0G — (0120-12032)

107

Expansion coefficient in the AMO 
wave function0

Numerical Same coefficients in
.•— expansion coefficients-— > the nine-term Cl 

Xo° =  0.808; wave function of 
\° = 0.6916 X120 *= 0.590 Parr, Craig, Rossc

08

[2]V2
1

i(0O2012022) + (0O20-l20- 22)]
m

,̂,7 [(0O0120~ 10203) +  (0C010-i20-203)J {2]V2 I___ I
1 I I I I

09 = ; [2(0O0120-1020g) + 2(00010-120-203) —[6]V* 1_____ I I_____ I
(0O0120-10203) — (00010- 120- 203)]

1____I LJ LJ I___ I

010 = (0O20220- 22)
0H = [(0320-l20-22) — (032012022)]

r n  r n
012 — (032010— 1020— 2)

x I-------1 m  m
018 = ,̂ 8 [2 (082010— 1020— 2) — (032010— 1020— 2) ]

1 r n  I— I I— I
014 = 7T77T [(000-1020-2203) + (0O010220-203)]

[2] /2 I______I

015

<r(X)(l +  Xo)(l +  Xu)! 0.897 0.871 0.910

>r(X)(l +  Xd)(1 -  Xij!) .164 .225 .210

[3] “ ‘ A  ff(X)(l +  Xo)(1 -  X,2!) .095 .130 .142

0 0 0 .052

0 0 0 -  .056
— ff(X)(l -  Xo)(1 +  X12)! -0 .1 6 4 -0 .0 9 3 -  .059

— [2]‘ A  <r(X)(l +  Xo)(l -  Xu2) -  .232 -  .318 -  .227

<r(X) (1 +  X12) [2(1 -  Xq!) ( 1 -  Xl«!)]»'! .232 .204 .204

tr(X)(l +  X12) [2(1 -  Xq!) (1 -  Xl22) /3 ]12 .134 .118 .069

<t(X)(1 +  Xo)(l — X12)2 .030 .058 Not included

[2J‘ A  <r(X)(l -  Xo)(l -  Xu») .042 .034 Not included

- t(X)(1 -  Xo)(l -  X12!) -  .030 -  .024 Not included

- [ 3 ] - 'A  <r(X)(l -  Xo)(l -  Xu!) -  .017 -  .014 Not included

<r(X)(l -  X12) [2(1 -  X»!)(l -  Xl2!)]Vs .042 .053 Not included

<r(X)(l -  Xis)[2(1 -  X0!)(l  -  Xl2!)/3]‘A .024 .030 Not included

<r(X)(l -  Xo)(l -  X,,)! .006 .006 Not included

1 I-----1 I--------1ry [2(000-1020-2203) + 2(0O010220-203) —[01 /2 I______ I 1____ I
(0O010220- 203) — (000-1020-2203)]
LJ I___I LJ I_____ I

01« (0S20220- 22)
« <r(X) =  V41 +  2/3(X02 +  2X]2j) +  1A(Xi24 +  2Xo2Xi22) +  Xo2XI24] _IA = l/[4V 9 l]. 6 The first nine already given by Itoh and Yoshizumi (ref. 4). c As communicated to Itoh and Yoshizumi (ref. 4).

for different MO pairs. This is true even in the integrals14; the relative improvement in energy 
case where the correlation is greatly reduced by the remains of the same order.
use of empirical two-center electron interaction As the result of an extensive Cl calculation, in-
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volving a nine-term wave function with nine vari
able parameters, Parr, Craig, and Ross16 obtained 
an energy depression, |ARCI|, of 2.7 e.v. It is 
extremely gratifying that, with exactly the same 
integrals, we get an energy depression of 2.8 e.v., 
using two variable parameters only.

Independent of our choice of integral approxima
tion, in going from the simple to the refined method, 
there always is a slight increase in one-electron 
energy, which is more than offset by an accompany
ing decrease in electron interaction energy. It is 
of interest to analyze this further by splitting up 
the former in its kinetic and potential energy parts. 
We have done this for the results obtained with the 
Mulliken-tight-binding approximation, where the 
relevant data are readily available9'13; those with 
alternative integrals should give us essentially the 
same picture since the same underlying principles 
are involved. We readily compute that the 3.993 
e.v. one-electron energy rise of the simple scheme 
is due to an increase of 11.167 e.v. in kinetic energy 
and a decrease of 7.624 e.v. in potential energy. 
When we break down the corresponding amount, 
4.167 e.v., in the refined method we get +12.124 
e.v. kinetic energy and —7.957 e.v. potential 
energy. While the electron interaction energy de
pressions reflect the main portion of the correlation 
effect the AMO method aims at, it is no surprise 
that with the accompanying “ semi-localization” 
process, one obtains a rather steep rise in kinetic 
energy. The sizable decrease in the potential 
energy part of the one-electron energy is, at first 
sight, somewhat of a surprise. It is due to the 
fact that as more of the antibonding MO, which 
have more nodes between the atoms than the bond
ing MO, are mixed into the wave function, the elec
trons are concentrated more “ on” than “ between” 
the (positively charged) atomic centers. In going 
from the simple to the refined method, the kinetic 
energy increases by 0.507 e.v. while the potential 
energy decreases by 1.025 e.v. to yield the resul
tant lowering of 0.518 e.v. listed in Table I. The 
near-validity of the virial theorem is fortuitous here, 
as is evident from an inspection of the data pertain
ing to either the simple or the refined scheme sepa
rately.

In order to compare the AMO and Cl wave func
tions, we have expanded the former in terms of a set 
of orthonormal configuration functions given in the 
first column of Table II. The expansion coef
ficients, in terms of A0 and X]2, are given in the second 
column of this table.16 In the third and fourth

(15) As communicated to Itoh and Yoshizumi; see ref. 4.
(16) The first nine of these coefficients already were obtained by 

Itoh and Yoshizumi in the limiting case of the simple method; see

columns, numerical values of these coefficients are 
given in terms of the optimum A’s with the simple 
and refined AMO method, respectively. In the 
last column we have listed the nine coefficients of 
the Cl wave function obtained by Parr, Craig, and 
Ross.15 As a measure of the “ resemblance” 
of the AMO and C l wave functions, Itoh and 
Yoshizumi4 considered the “ inner product integral”

4 =  y ,'®r*AMo'4rcidr (25)

With the simple and refined AMO function, we 
readily compute i f  =  0.983 and i f  =  0.986, re
spectively. Since these two wave functions are 
markedly different, as an inspection of the third 
and fourth columns of Table II shows, the quantity 
& can hardly be considered very revealing. We 
note that, while both AMO treatments exclude 
<f>4 and + , the coefficients of <f>t0 and <¿14, in particular 
those of the refined AMO wave function, are of the 
same order of magnitude as those of <64, <+, and +  
in the Cl wave function. Here, as elsewhere, it is 
evident that it is difficult to decide a priori what 
configurations to include and which to exclude from 
a conventional C l treatment. This difficulty in
creases of course with the size of our system, 
whence the AMO method will become increasingly 
attractive. We plan to investigate such systems 
within the framework of the refined method 
described in this paper.

Recently, Pauncz has computed the lowest 
triplet state in benzene using the simple AMO 
method.17 We hope to obtain the same, using the 
refined method. This will not only allow for a 
further comparison between AMO methods and the 
C l treatment, but also will give us a first direct 
check against experimental data. Research to 
obtain singlet excited states also is in progress.
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ref. 4. By substituting cos 2 6  for both Ao and Xi2, it is readily verified 
that these two sets of coefficients become identical.

(17) R. Pauncz, to be published.
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SOME APPLICATIONS OF SEMI-EMPIRICAL VALENCE BOND THEORY
TO SMALL MOLECULES1

B y  F r a n k  0 .  E l l i s o n

Department of Chemistry, Carnegie Institute of Technology, Pittsburgh 13, Pennsylvania
R e c e i v e d  M a y  2 8 ,  1 9 6 2

A semi-empirical theory of the low-lying electronic states of diatomic molecules is described and applied to H2, LiH, 
BeH, and BH. Ionic and covalent valence bond structures are utilized as a basis; the atoms-in-molecules method, modified 
to account for intraatomic energy changes on deflation or inflation of atoms and ions in molecules, is employed. Coulomb 
parts of the interatomic energy are obtained theoretically using integrals over Slater orbitals. A new approach is proposed 
for estimating exchange integrals in terms of overlap and empirical atomic properties. In the over-all theory, all empirical 
quantities admitted are strictly atomic; no calibration parameters dependent on molecular properties are present. En
couraging results- for dissociation and excitation energies, especially for H2, LiH, and BeH, indicate that this rather simple 
model is fairly sound. _ However it is concluded that further applications will require molecular parameters in order to obtain 
semiquantitative predictions.

One of the major devices which chemists have 
long been seeking through quantum mechanics is a 
scheme for the quantitative theoretical analysis 
of known molecular energies and for the quantita
tive theoretical synthesis of unknown molecular 
energies. Although the universal reagent (the 
Schrodinger wave equation) is known, only dilute 
solutions (molecular orbital and valence bond 
theories) have been practicable to any extent. The 
yield of qualitative understanding of molecular 
stabilities has been impressive; unfortunately, 
quantitative successes have been few.

One main obstacle in the way toward obtaining 
and interpreting accurate values is the profound 
effect of electron correlation, especially of the intra- 
atomic kind, on molecular energies. Really theo
retical accounting of this correlation energy requires 
an extremely large set of configurational functions 
in the conventional variational calculation. How
ever, Moffitt2 has shown that it is possible to allow 
for intraatomic correlation by admitting experi
mental energies of atomic and ionic states in a 
particular way.

The wave function for a diatomic molecule is 
expanded in terms of functions (fti/'n), where i 
is a product of eigenfunctions for the two atoms 
involved and a  is the normalized antisymmetriza- 
tion operator applied to assure satisfaction of the 
Pauli principle

*  =  S„cn(ft^n), =  h A ^  (1)
In practice, appropriate products of ion states also 
are included in the expansion; i.e., \piA and \p¡B 
may be eigenfunctions for A + and B~, etc. To 
find the minimum expectation value for the total 
energy, the secular equations He =  ScE must be 
solved. In the atoms-in-molecules approach, the 
total Hamiltonian operator H  is first rigorously 
divided into two main parts

n =  ( H a ° +  H b ° +  7 n )^ n  =

[TFi°(A) +  fFj°(B) +  Fn]<An (2)
H a° and //]>° contain all intraatomic terms, Vn 
all remaining interatomic terms (the particular 
division of H  used depends upon \pn whether it in-

(1) Supported in part by a grant from the National Science Founda
tion.

(2) W. Moffitt, P r o c .  R o y .  S o c .  (London), A210, 245 (1951).

volves eigenfunctions for neutral atoms, or for 
A+ and B - , etc.). The elements of the H-matrix 
turn out to be

Hnm =  1/ 2[fSnm(TFn° +  JTm°) +  7 nm +  Unn] (3)

where W n° =  fFi°(A) +  I F j ° (B )  are experimental 
atomic state energies

Snm =  V nm =  U(®'/'n) Fm'/'mdr (4)

Moffitt suggested that the Vnm and <S'nm could be 
satisfactorily assessed using approximate wave 
functions of the orbital type.

Now it is well known that the effective nuclear 
charges for valence electrons in atoms and ions often 
must be modified in order to yield good approxima
tions of interaction energies. Assuming that 
such modifications do not appreciably affect intra- 
atomic correlation energies, Hurley3 has developed 
a new and quite successful method for correcting 
ab initio orbital-type calculations for their neglect 
of correlation energy.

As molecules become more and more complex, 
ab initio calculations become correspondingly dif
ficult to carry through, to correct, and indeed to 
interpret physically. Until such time that this 
situation is improved, simpler approaches contain
ing additional empirical elements are of value in 
providing at least semiquantitative answers to 
chemical questions. Some attempts at building 
such methods on more or less fundamental theo
retical grounds are typified by the Magic Formula 
for the structure of bond energies developed by 
Mulliken4 and by studies of hydrides of first-row 
elements by Longuet-FIiggins6 and by Companion 
and Ellison.6-7

Description of Method and Application to H2.—
The work reported here represents an attempt to 
extend the Magic Formula by explicit inclusion of 
the coulomb energy, of ionic-covalent resonance, 
and by possible theoretical improvement of 
methods for estimating VB exchange integrals.

(3) (a) A. C. Hurley, P r o c .  P h y s .  S o c .  (London), A69, 49 (1956); 
(b) A. C. Hurley, J .  C h e m .  P h y s . ,  28, 532 (1958).

(4) R. S. Mulliken, J .  P h y s .  C h e m . ,  56, 295 (1952).
(5) P. C. H. Jordon and H. C. Longuet-Higgins, M o l .  P h y s . ,  5, 121 

(1962).
(6) A. L. Companion and F. O. Ellison, J .  C h e m .  P h y s . ,  32, 1132 

(1960).
(7) F. O. Ellison, i b i d . ,  36, 3112 (1962).
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The starting formula is eq. 3 with the important 
qualification that the effective nuclear charges for 
all orbitals comprising ^¡A and !/tb are subject to 
modification. We shall make the simplification 
that a given atomic orbital will possess the same 
effective nuclear charge throughout all \pn. From 
here on in this paper, the \pn in eq. 1 and 4 will be 
considered to be in the VB basis.3 Thus, the ground 
state of H2 is approximated using covalent and ionic 
functions

=  2~‘A [Ja5| -  |a6|]

¿2 =  2 - 'A [|ao| +  |65|] (5)

these are given here in terms of determinan tal wave 
functions, in which a represents a Is orbital with 
arbitrary effective nuclear charge f  situated on 
atom A ; a bar over the orbital indicates /3-spin, 
no bar indicates a-spin.

In general, eq. 3 is rewritten

Hnm =  y*LS„m'0 r „  +  W m) +  7nm' +  Finn'] (6)

where the primes on >Snm' and the Vnm' indicate that 
these are evaluated using approximate orbital wave 
functions. The absence of the O-superscripts on the 
W n (c/. eq. 3) means that these now represent semi- 
empirical valence state energies of component hypo
thetical atoms or ions which have had their valence 
shells “ inflated”  or “ deflated”  to yield a best fit 
to the molecular eigenfunction.

It has been shown8 that if all electron coordinates 
in an exact atomic eigenfunction are multiplied 
by a factor 7 , the energy IF; (A) of the modified 
eigenfunction is related to the true energy W i°(A ) 
as

IF; (A) =  W i»(Ab(2 -  7) (7)

For example the energy of a modified H-atom is 
17(H) =  — (13.61 e.v.)f(2 — f). For H~, the orbital 
exponent in the best (Is) 2 wave function is 0.6875; 
to modify this function so that it is of the same 
“ size” as an H-atom with orbital exponent f, 
the electron coordinates in H~ need to be multi
plied by 7 =  f/0.6875. Assuming that the best 
orbital description is in close correspondence to the 
true electron density of H - , the “ true”  energy of 
modified H~ is TF(H~) =  I7°(H -)t (2 -  7), 
where 7 =  f/0.6875. Thus in eq. 6

Wi =  2W (H ) =  -(27 .21  e .v.)r(2  -  f )

W t =  I F ( H - )  =  -(1 4 .3 5  e .v .)T (2 -  7 ) (8)

TF°(H~) =  —14.35 e.v. is the exact energy of H - .9
Using eq. 5 it is easy to show that ¿in' =  Sn 

— (1 +  S2) and that Su =  2<S, where S is the 
lsa-lsb overlap integral. Elements in the V -  
matrix can be expressed as

Vu' =  (aa:Vi\bb) +  (ab:Vi:ab),

Vn =  (aa:V2:aa) +  (ab:V2:ab), (9)

Va' =  2(aa:V¡:ab), i j
(8) F. 0. Ellison, J. Chem. Phys., to be published.
(9) L. R. Henrich, Astrophy. J., 99, 59 (1944).

where

(ab\Vi :cd) =  , /a ( l ) 6(l)F ;c(2)d(2) dy(l)di/(2)

Vi =  - l / r 2a -  l / r lb +  1 /rn +  l/R (10)

F2 = —1/nb — l /r 2b -\- l/R

The two coulomb-type integrals may be expressed 
in terms of the basic two-center nuclear attraction 
integral (A :65) and electron repulsion integral 
(aa:bb) as well as the nuclear repulsion term 
1 /R,w or alternatively in the forms

(aa:Vi\bb) = 2a — ¡3

(aa:V2:aa) = 2a — l/R (11)
where a =  l/R — (A :66) and /3 =  l/R — (aa:bb).

The Mulliken approximation11 for overlap dis
tributions is utilized in estimating exchange- and 
hybrid-type integrals; that is, we assume

a (l)6(l) =  1/2S [a(l)a(l) +  6 (2) 6 (2)] (12)
Thus

(ab:Vi :ab) =  1/iS2[(aa:Vi aa) +  (ao:F ; :66) +
(66: Fi : ad) +  (66: F ; : 66) ] (13)

In addition to two-center interactions a, /3, and 
l/R, there appear in these new integrals additional 
interactions of the one-center variety; e.g.

(aa:Vi:aa) =  —(A:era) +  (aa:aa) — a (14)

But (A : aa) — (aa: aa) can be associated with the 
change in potential energy accompanying the 
process

H~ =  H  +  le~, AF =  i[A:aa) — (aa:aa) (15)

We shall denote this particular AF by the symbol 
Ih(h2) hereafter. Since all orbitals being used are 
assumed to contain the same effective charge, it 
would be improper to associate Iu(h2) with twice 
the electron affinity (the electron affinity being AE 
for the process, which according to the virial 
theorem is equal to one-half AF). Rather, this 
AF is for the reaction involving hypothetical species 
which have been appropriately rescaled. It can 
be shown8 that if all electron coordinates in an 
exact atomic eigenfunction are multiplied by a 
factor 7 , the potential energy F(A) of the modified 
eigenfunction is related to the actual potential 
energy F°(A) as

F (A )  =  F ° (A )7  =  2T F °(A )7  (16)

Using 7 = f/0.6875 for H _, we obtain I h(h2) 
=  (14.54 e.v.R. Similarly, for the process H = 
H+ +  le, AF = (A\aa) =  I h(h) =  (27.21 e.v.)f.

In these ways, elements of the F'-matrix (eq.
9) can be expressed in terms of the overlap integral 
S, the two-center coulomb interactions a, p, and 
l/R, and the semi-empirical one-center terms 
Ih(h2) and h(h ). The final expressions are

(10) S. Fraga and R. S. Mulliken, Rev. Mod. P h ys., 32, 254 (1960).
(11) R. S. Mulliken, J. chim. phys., 4 6 ,  497 (1949).
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Vu'  =  2 a  -  0 +  7 * 5 * [2a  -  0 + 1 / R -
h ( h 2) -  h ( h ) }

'A O V  +  FsiO =  V2<S[6a -  p  -  h ( h )  -

Ih(h2) -  l/R ]  (17)

V22* = 2 a -  l / R  +  7 2£ 2[2a  -  2/h(7l2)]

The evaluation of h (h 2) and I b(h) already has been 
noted. The integrals a and 0 are computed 
theoretically.10'12 Final results are shown in 
Table I.

T a b l e  I
E l e c tr o n ic  E n e r g y  o f  G ro u n d  St a t e  H 2

Dissociation energy ikcal.}'
« (A . ) p Calcd. Obsd.6

0 .6 5 1 .1 4 9 6 .6 1 0 3 .2
.74 1 .07 105 .7 109 .3
.82 1 .0 7 109 .2
.89 1 .0 7 108 .6 103 .2

1 .0 6 1 .0 0 9 9 .2 89
a Energy of ground state atoms minus molecular energy for nuclei fixed at distance R. b J. O. Hirschfelder and J. W. Linnett, J. Chem. Phys., 18, 130 (1950).
Agreement with observed energies is quite re

markable, even more so if the calculated results 
are displaced by about 0.1 A. to smaller R. It 
should be remembered, however, that the approxi
mations utilized in this model are not few: only 
two VB functions are admitted (eq. 5), the basic 
eq. 6 is approximate,13 the Mulliken approximation 
is used,14 semi-empirical W\ (eq. 8) and one-center 
potential energies (eq. 16) are employed. Co
efficients for normalized covalent and ionic struc
tures, \pi and \p2,oare ci =  0.7174 and c2 =0.0963 
at R =  0.74 A. The structure projections or 
occupation numbers8'15

rii =  Ci Sj (SijCj (18)
are nx =  0.886 and n2 = 0.114 (i.e., 11.4% ionic 
character).

Application to LiH, BeH, and BH.— The ground 
and lower excited states of diatomic hydrides for 
first row elements can be classified according to the 
number of lone-pair cr-electrons (having principal 
quantum number 2) in their associate covalent 
structures. For example, for ground state LiH,. 
BeH, and BH, this number is 0, 1, and 2, respec
tively. These shall be referred to as case 0, 
case 1, and case 2. For each such case, we consider 
five VB basis wave functions

for case 0
A(sh)H ipi ~  2 — 1/a [ J sh [ j sh [ ]
A(zh)H =  2~‘a [\zh\ -  \zh\ ]
A+(h)2H - *, =  \hh\
A "(s )2H+ ft  =  M
A -(sz)H + ft  =  2 - 1/! [|sz| -  |sz|]
(12) C. C. J. Roothaan, J. Chem. Phys., 19, 1445 (1951).
(13) For an analogous exact approach, see T. Arai, ibid., 26, 451 

(1957).
(14) For a discussion of its errors, see R. S. Barker, H. Eyring, 

C. J. Thorne, and D. A. Baker, ibid., 22, 699 (1954).
(15) J. C. Browne, ibid., 36, 1814 (1962).

for case 1
A(s) (zh)H h  = 2~1/! [|S2Ü| -  j szh | ]

A(z)(sh)H 1A2 = 2~1/s [ j szh 1 — szh ! ]

A~(s)2(z)H+ lAs = — 1 ssz 1
A+(s)(h)2H - ^  4 = \shh\
A+(z)(h)2H - i h  = — 1zhh1

r case 2
A(s)2(zh)H i l  = 2-1/2 [|sjz£| — 1sszh[ ]

A(z)2(sh)H i h  = 2 ~ l/l [ 1 szzh | — [ szzh ]

A -(s )2(z)2H+ i h  = 1 sszz 1
A+(sz)(h)2H - i t  = 2~1/2 [ |szhh\ — 1 szhh 1 ]

A+(s)2(h)2H - i h  = 1s s h h 1 (19)

In these equations, s and z represent the 2s and 2p<r 
orbitals on the heavier atom and h represents a 
ls-orbital on hydrogen. The various excited states 
of these hydrides are obtained by interjecting ap
propriate numbers of 2p?r-electrons, with proper 
pairing of spins, into the above expressions. For 
example, the 3n  excited state of BH belongs to case 
1, the first structure being

B(x)(s)(zh)H i i  =  2~l/l [ | Trszh | — \irszh\]
(20)

The Is electrons on the heavier atom have not 
been written into the wave functions; however, 
effects of exchange repulsion between these elec
trons and those on hydrogen have been included.

In addition to the above, two rather unusual 
cases are considered, namely, the a3II and A 1!! 
states of LiH. For each of these, only one VB 
structure was found to be significant, Li(7r)(h)H 
and Li(7rh)H, respectively.

Since theoretically computed overlap and cou
lomb integrals over orbitals containing Slater 
effective nuclear charges were the only ones readily 
available for these systems, variations of effective 
charges were not attempted. The first step, there
fore, was to estimate the hypothetical valence state 
energies W n appearing in eq. 6.

To obtain the energy of say B _ (s)2(z) 2 in which 
the effective charges of s and z are not optimized 
with respect to energy but rather are given by 
Slater’s rules for neutral B, one cannot use eq. 7 
directly since the factor 7 rescales the total wave 
function, including the inner ls-shell. We use an 
approach based upon Hurley’s hypothesis2 that 
correlation energy is independent of effective nuclear 
charge. Let W ’ be the calculated energy of an 
atom or ion state using orbital wave functions, 
in which W' has been minimized with respect to 
all Zeff’s- Let IF " be a similarly calculated energy 
using all Slater ZeB’s for the neutral atom. We 
then assume that

W " -  W  =  W  -  IF0

or IF =  W "  -  W ' +  W° (21)
The W ' and IF" for all required stationary states of 
Li, Be, and B and their positive and negative ions
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were calculated16 using energy expressions similar 
to those given by Roothaan.17 Corresponding 
observed IF0 values were obtained using data given 
by Moore.18 Values of W  and W° for states of Li, 
Li- , Be+, Be, and B +, given relative to the ground 
states of the neutral atom, are listed in Table II 
(corresponding values for Li+, Be- , B, and B -  
furnished on request). From these energies, 
valence state energies W n for the various VB 
structures were obtained in the conventional 
manner.19

T a b l e  II
R e s c a l e d  E n e r g ie s  o p  A t o m s  a n d  I o n s  ( e .v . ) “

Electronic state W‘ w W 0 w w° W
Li Be +

ls22s, 2S 0 0 9.32 9.54
ls22p, *P 1.85 2.03 13.28 13.37

L i- Be B +
ls22s2, 'S -0 .5 4 0.32 0 0 8.30 8.64
ls22s2p, 2P (0.16) 1.89 2.72 2.81 12.92 13.39

2P (0.26) 4.78 5.28 6.21 17.40 17.77
ls22p2, >P (1.66) 4.03 7.40 7.64 20.56 20.83

ID (0.46) 3.19 6.99 7.36 20.99 21.15
>S (1.46) 4.79 8.86 9.47 24.12 24.18

“ W ° and W  are observed and rescaled energies, respectively, relative to ground state of neutral atom. Values in parentheses are extrapolated.
Expressions for elements of the ¿»"-matrix in 

terms of basic overlap integrals are easily obtained 
using eq. 19. Diagonal elements of the F '- 
matrix may be expressed first in terms of coulomb 
and exchange integrals using the conventional VB 
perfect pairing energy formula.20 The coulomb 
energy10 and the complete ¿¡'-matrices are calculated 
using theoretically computed integrals.21

The method for evaluating exchange integrals 
is essentially the same as for H2. For example, 
in ^(LiH ) the integral K(h,s) obtained on electron 
exchange between s and h is

J'kiknsJhVikikzSshi dv =  (k2,k2,hs\V-i_\hs) =
V#Sh.s [(**,**,** :^ :A a) +  (k2,k2,h2:V i:s2) +
(k2,k2,s2:V i:h2) +  (k2,k2s2: F e s 2)] (22)

in which

Vi =  — 3/r4Li— 1/riH — l /r 2H — 1/rm +
IA m +  1/tu +  IA 34 +  3/R (23)

The numerical subscripts on orbitals in eq. 22 and 
on distances r in eq. 23 refer to electrons, 1-3 
assigned to Li, 4 to H; similarly in the symbolic

(16) The author gratefully acknowledges the assistance of Mr. 
Norman T. Huff in programming and executing these calculations.

(17) C. C. J. Roothaan, Technical Report, Laboratory of Molecular 
Structure and Spectra, Department of Physics, University of Chicago, 
1955, p. 24.

(18) C. E. Moore, “ Atomic Energy Levels,”  Natl. Bur. Standards 
(U. S.) Circular 467, Vol. 1.

(19) A. L. Companion and F. O. Ellison, J. Chem. Phys., 28, 1 
(1958); F. O. Ellison, ibid., 36, 3107 (1962).

(20) H. Eyring, J. Walter, and G. E. Kimball, “ Quantum Chemis
try,”  John Wiley and Sons, Inc., New York, N. Y., 1944, p. 248. 
Single exchange integrals are the only type which arise in the diagonal 
elements except in the last two structures for case 2. Exchange inte
grals involving simultaneous exchange of two electron pairs occur here 
and have been included (see footnote 7).

(21) For LiH, these were obtained from ref. 3; for BeH from I. 
Fischer, Arkiv Fysik, 5, 349 (1952); and for BH from R. C. Sahni, 

.J. Chem. Phys., 25, 332 (1956).

representations of integrals, the three orbitals to 
the left of the operator V\ contain electrons 1-3, 
the orbitals to the right electron 4. Equation 22 
involves the Mulliken approximation, eq. 12, of 
electron distributions 3 and 4. Just as in H2, 
one-center potential energy terms appear. For 
example, the first integral within brackets contains 
the term —I^(h2), the potential energy change 
when one electron is removed from a hypothetical 
hydride ion of appropriate size; in this case 
Ih(h2) =  14.54 e.v. The last integral contains the 
term —Is(k2s2), associated with the process

Li- (fc2s2) =  Li(/c2s) +  le, AF =  I s(k2s2) (24)
where again, the AF used is not simply twice the 
electron affinity of Li, but rather the AF obtained 
by first adjusting potential energies of Li-  and Li 
for change in effective nuclear charges from their 
optimum values to their neutral atom Slater values. 
As in eq. 21, we assume that for each atom or ion 
state, F =  F "  -  V  +  F° =  V "  -  2W' +  
2W°, the last step being due to the virial theorem.

Other one-center interactions appearing in the 
LiH problem are

h (k2s), I s(k2sz), I z(k2z2), I z(k2sz), I z{k2z), 7k(fc2s2),
Ik(k2Sz), h (k 2z2)

It was found that the final results were not ap
preciably affected by using an average 7S, average 
I z, and average 7k-22

Expansion of the integrals in eq. 22 yields not 
only one-center potential energies already dis
cussed, but also two-center terms like 1 /R, ah, 
and /3h (equivalent to a and /3 in eq. 11), and at 
and 0t, where at =  l/R — (A/tt), /3t =  1 /R — 
Qih'.tt), and t =  s, z, or k. All of the a’s and /?’s 
are small compared with the one-center potential 
energies with which they are combined inside of the 
exchange integrals (c/. eq. 17); they therefore were 
neglected in calculating exchange integrals for LiH, 
BeH, and BH.28 All l/R terms left over were 
retained, however.

Final expressions for K(h,s), K(h,z), and KQi,k) 
are of the form

K(h,t) =  - V 45ht2 £  CiXi (25)
i

where the X i  are 7h(A), 7h(A2), 7S, 7Z, 7k, (kk:kk), 
and l/R; the c; are coefficients. These are given 
in Table III.

Off-diagonal elements in the F'-matrix can be 
treated in precisely the same way as the K{h,t). 
They may be expressed in the form

V2(Fnm' +  Fmn') =  - ' / A , n '  £  C;Xi (26)
i

Coefficients are given in Table III.
(22) These average values are, respectively, as follows (in. e.v.): 

for LiH, 7.42, 5.70, and 167.56; for BeH, 18.41, 14.72, and 312.67; 
for BH, 34.72, 26.22, and 499.37. In the exchange integral K{h,k), 
there also appear two-electron repulsion integrals (kk:kk); exact 
values for these obtained from experimental energies of two-electron 
ions are 42.7, 59.7, and 76.6 e.v. for Li, Be, and B, respectively.8

(23) For Hs, neglect of the a and inside of the brackets in eq. 17 
would cause the binding energy to increase by about 20 kcal. Change 
is particularly noticed in the off-diagonal element containing 6a — £. 
In molecules other than H2, these coulomb terms may take on even 
greater importance.10



2298 F r a n k  0. Ellison Yol. 66

T a b l e  III
C o e f f ic ie n t s  in  E q u a tio n s  25 a n d  26 f o r  E x c h a n g e

I n te g r a l s  a n d  O f f -D ia g o n a l  E lem e n t s OF F '- M a t r ix

(nm) Case® IhW' IhW I, I . l/R
(12 )0 , (12 )2 1 1 1 1 - 2
(12)1 1 1 - 2
(13 )0 , (1 5 )1 , (25 )1 , (14 )2 1 1 1
(14 )0 , (2 5 )0 , (1 3 )1 ,(2 3 )1 ,(2 3 )2 1 1 1
(1 5 )0 , (13 )2 1 1 1
(23 )0 , (24 )1 , (1 4 )1 , (15 )2 , (24 )2 1 1 1
(34 )0 , (35)1 2 2
(35 )0 , (3 4 )1 , (3 4 )2 2 1 1
(45)1 , (45)2 2 1 1
(3 5 )2 2 2
K(hs) 1 1 2 - 2
K(hz) 1 1 2 - 2
K(hk) -  27k +  (kk:kk) 1 1 - 2

° Numbers in parentheses give nm in Vnm', number following gives case number. For (24)0, (45)0, and (25)2, F„m' = 
0.

Results for LiH, BeH, and BH.—The calculated 
ground state dissociation energies De and vertical 
excitation energies Tv are compared with observed 
values in Table IV. Results are good for LiH24 
and BeH except for the one excitation energy in 
the latter. The high dissociation energy calculated 
for BH may be due in part to the neglect of coulomb 
terms in calculating off-diagonal Fnrn/23; the 
diagonal coulomb energy for BH has been esti
mated to be almost twice as large as for LiH.10 
Inasmuch as these calculations have admitted only

T a b l e  IV
R e su l ts  f o r  LiH, BeH, an d  BH°

Molecular -— D. (kcal.)— < /—Tv (cm.-1)—s Te (cm.-1)state Calcd. Obsd. Calcd. Obad. Obad.
LiH, X JZ + 55.1 58 0

A ’ s 4 27360 27223 26516
a3n 34210
ATI 37114 37485 349124

BeH, X 22 + 42.2 (53.6)
A m 11239 20028
A 2S + 61464
B 2II 59000 (50934)

BH, X^-*- 106.9 (81.6)'
a3n 12127 (8956)'*
A m 23446 23105 23105
bs2 - 24447 (36307)i

“ All observed values from G. Herzberg, “Molecular Spectra and Molecular Structure,” D. Van Nostrand Co., Inc., New York, N.Y., 1950, except where otherwise noted. 4 R. Velasco, Can. J. Phys., 35, 1204 (1957). • A. C. Hurley, Proc. Roy. Soc. (London), A251, 237 (1961). d Reference 28.
The structure projections or occupation numbers 

(eq. 18) and gross atomic populations26-27 are listed 
in Table V and compared with those of some other 
workers. General agreement is somewhat lacking. 
Omitted from Table V are Hurley’s predictions28 
for n3 in the 3n  and TI states of BH, 0.30 and 0.31, 
respectively (our values: 0.23 and 0.27), and for 
nt +  7?b in the 32 _ state, 0.39 (our value, 0.24).

We calculate for ground state LiH a dipole mo-
T a b l e  V

A n a l y s is  o f  LiH, BeH, BH W a v e  F u n ctio n s

■Occupation numbers------------------------ % ✓----- ------- ’Gross atomic populations-
rei ni nj 714 m Is 2s 2p 2p ir h Source

LiH, X ' ï  + 0.56 0.16 0.26 0.04 - 0.02 2 0.63 0.14 1.23 a
.42 .17 .41 b
.58 .29 .20 -  .03 -  .01 2 .50 0.24 1.27 c

2 .39 .26 1.35 d
2 .44 .25 1.31 e

A >2 + .24 .61 .05 .09 .01 2 .43 .62 0.96 a
2 .74 .62 0.64 fBeH, X 22  + .28 .46 .09 . 10 .06 2 1.03 .90 1.07 a

A m .71 . 10 .06 . 1 1 .02 2 0.95 . 1 2 1 .0 0 0.93 a
B2n .06 .63 .05 .17 .09 2 .49 .72 1.0 0 0.79 a
A 22  + .01 .13 -  .02 .41 .47 2 .51 .59 1.89 a

BH, X ‘2  + .49 .32 .13 .01 .04 2 1 .6 6 1.41 0.93 a
2 1.81 1.17 1 . 0 2 f2 1.84 1.13 1.04 Qa3n .25 .43 .23 .07 .02 2 1 . 2 2 0.93 1 .0 0 0.85 a

Am .11 .44 .27 . 10 .08 2 1 . 2 0 .90 1 .0 0 .90 ab32~ .71 .06 .00 .23 .01 2 1.18 .06 2 .0 0 .76 a
» This work. 4 Atoms-in-molecules with intraatomic correlation correction, ref. 3. e Theoretical VB results, ref. 15. 

d Best limited MO SCF, S. Fraga and B. J. Ransil, J. Chem. Phys., 34, 727 (1961). • SCF MO using Hartree-Fock AO’s, ref. 30. /  Same as e, ref. 31. " Same as 6, ref. 27.
empirical atomic data and no empirical calibra
tion parameters dependent upon molecular data, 
the energy results seem encouraging. It is antic
ipated that further development will require the 
introduction of molecular parameters in much the 
same way as is being done in 7r-electron theory.25

(24) For the LiH ground state, structure 1 by itself gives a binding 
energy of 30.6 kcal. Mixing in structure 3 gives 46.9, adding struc
ture 2 gives 52.2, adding structure 4 gives 53.2, and finally with 5 yields 
5.1. This type of convergence was found in all cases.

ment of 5.46 D.(Li+H~), which may be compared 
with the best limited MO20 value 5.92 D., the modi
fied atoms-in-molecules result3 6.26 D., and the 
SCF MO value using Hartree-Fock atomic 
orbitals,30 6.05 D. The latter method31 yields

(25) P. G. Lykos, J. Chem. Phys., 35, 1249 (1961).
(26) R. S. Mulliken, ibid., 23, 1833 (1955).
(27) A. C. Hurley, Proc. Roy. Soc. (London), A24S, 119 (1958).
(28) A. C. Hurley, ibid., A249, 402 (1959).
(29) B. J. Ransil, Rev. Mod. Phys., 32, 239 (1960).
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—4.91 D.(Li H +) for excited A I2 + LiH and 3.065 D. for the electric transition moment connecting
(30) A. M. Karo, j. chem. phys., si, 182 (1959). A12+ and X ^ + j  we obtain —4.25 and 4.30 D. for
(31) a . m . Karo, ibid., 32, 907 (1960). these quantities.

A SIMPLE MOLECULAR ORBITAL STUDY OF AROMATIC MOLECULES 
AND IONS HAVING ORBITALLY DEGENERATE GROUND STATES
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Modifications of simple Hiickel molecular orbital theory have been employed to describe the static Jahn-Teller geo
metrical instability of symmetrical aromatic molecules having orbitally degenerate 7r electronic ground states in the Hiickel 
approximation. The parameterization of Hiickel theory by Longuet-Higgins and Salem has been applied in iterative com
putations to describe cyclobutadiene (C 4H 4), C 4H 4 L  tetraphenylcyclobutadiene (C^CsHeh), C 4(C 6H 5)4+, cyclooctatetraene 
(C 8H8), and C 8H 8- . The magnitude of distortion energies and properties of the distorted molecule are estimated. It  is 
noted that the rectangular form of cyclobutadiene is an unstable planar geometry under the parameterization by Lennard- 
Jones. For the neutral molecules, whose ground states are pseudo-degenerate, the effect of approximate introduction of 
electron repulsion is shown to be a reduction of the Jahn-Teller instability found by the simpler theory for the lowest energy 
singlet state. The results of applications of the modified Hiickel theory to several other molecules are summarized.

Introduction
In 1937 Jahn and Teller1 stated that symmetrical 

molecular systems having an orbitally degenerate 
ground state may be geometrically unstable with 
respect to a displacement of atoms which removes 
that degeneracy. Orbital degeneracy of the ir 
electrons can occur in a simple Hiickel2 description 
of planar aromatic systems having a threefold or 
greater axis of rotational symmetry. It occurs 
when the highest occupied pair of orbitals is de
generate and contains 1, 2, or 3 electrons. In 
this case, there is more than one way allowed by the 
Pauli principle to assign the electrons to these or
bitals, and all are degenerate in the Hiickel ap
proximation. A list of observed and hypothetical 
molecules, which if planar would have orbitally 
degenerate ground states in the Hiickel approxima
tion, occurs in Fig. 7 and 8 along with references 
reporting their experimental properties.

One can anticipate for these molecules unusual 
phenomena associated with the fact that a small 
perturbation can remove the apparent degeneracy 
and cause large fluctuations in properties computed 
from the wave function. The perturbation may 
be an interaction with the medium containing the 
molecule, as has been assumed in an explanation3 
of the unusually great electron spin resonance 
(e.s.r.) line width exhibited by benzene- , coronene- , 
and triphenylene- .4 Displacements of C-C bond 
lengths also may act as the perturbation.6-9 A 
strong interaction can cause the molecule to behave 
as having a distorted geometry. Weaker interac-

(1) H. A. Jahn and E. Teller, Proc. Roy. Soc. (London), A161, 220 
(1937).

(2) A. Streitwieser, “ Molecular Orbital Theory for Organic Chem
ists,”  John Wiley and Sons, New York, N. Y., 1961.

(3) H. M. McConnell and A. D. McLachlan, J. Chem. Phys., 34, 
1 (1961).

(4) M. G. Townsend and S. I. Weissman, ibid., 32, 309 (1960).
(5) J. E. Lennard-Jones and J. Turkevich, Proc. Roy. Soc. (London), 

A158, 297 (1937).
(6) A. D. Liehr, Z . physik. Chem. (Frankfurt), 9, 338 (1956).
(7) L. C. Snyder, J. Chem. P h ys., 33, 619 (1960).
(8) W. D. Hobey and A. D. McLachlan, ibid., 33, 1695 (1960).
(9) C. A. Coulson and A. Golebiew3ki, M o l. P h ys., 5, 71 (1962).

tions can lead to effects in Raman and infrared 
spectra.

This study is a computational exploration of 
the importance of bond length displacements as 
a perturbation removing the it electronic orbital 
degeneracy. Results of detailed calculations are 
given for cyclobutadiene (C4H4), C4H4+, tetra
phenylcyclobutadiene (C4(C6H5)4), C4(C6H6)4+,
cyclooctatetraene (C8H8), and C8H8- . A modifica
tion of simple Hiickel molecular orbital theory is 
adopted to obtain an estimate of the change in 
energy when the hypothetical symmetrical mole
cule of minimum energy is distorted to that set of 
bond lengths which minimize the total energy. 
Bond lengths and orders together with charge and 
spin densities are computed for the distorted 
molecule. The electronic energy is taken to de
pend parametrically upon the bond lengths. This 
is a static Jahn-Teller calculation. The potential 
energy surfaces obtained for nuclear motion prob
ably can be safely used, with some caution, in 
classical thinking about the nuclear motions. 
These calculations are a convenient preliminary 
to the more complex dynamic description which 
bears more direct interpretation.3-10 Approximate 
introduction of electron repulsion is made for the 
neutral molecules to explore its effect on the 
estimated magnitude of the energy changes upon 
distortion in the lowest singlet state.

A Simple Molecular Orbital Description.— 
To attain an approximate description of the inter
action of the t electrons with bond length displace
ments, we adopt a well known model used earlier 
by Lennard-Jones11 and later by Longuet-Higgins 
and Salem.12 The total energy E  is taken to be 
the sum of the it electron energy Ev computed in 
a modified Hiickel approximation plus an energy 
Er taken to be a sum of independent cr bond 
energies V (rk!) .

(10) A. D. Liehr, A n n . Rev. Phys. Chem ., 13 (1962).
(11) J. E. Lennard-Jones, Proc. R oy. Soc. (London), A158, 280 

(1937).
(12) H. C. Longuet-Higgins and L. Salem, ibid., A251, 172 (1959).
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E  =  Er +  E . (1)

Ea =  E  V(rkl) (2)
k>l

A it electron wave function i/v is taken to be a 
simple product of molecular orbitals <p; with 
occupation numbers v\ and which are linear com
binations of the tv atomic orbitals %i-

=  n  (3)
i

<Pi =  2  C'iiXi (4)i
cs

EX =  T, ViWi =  E  rjTFj +  rmJFm +  , nF a (5) ̂ 3

=  +  rmTLm +  VnWn (6)

The energy of the w electrons is conveniently ex
pressed as the energy of those in lower closed shells 
E„cs plus the energy of those in the degenerate 
orbitals <pm and <pn. The molecular orbital energies 
Wi are conveniently expressed in this approxima
tion as the sum over all bonds, which join pairs of 
atoms k and 1, of the ith orbital contribution to 
the bond order pkl' multiplied by the resonance 
integral P(rk i).

Wi =  E  2pkiI/?(Vki) (7)
k>l

P m  =  C i i C n  (8)

The quahtative origin of Jahn-Teller geometrical 
instabihty in this approximate description may ue 
seen in eq. 7. For the symmetrical molecule, the 
sum of the partial bond orders of a single chemical 
type of bond is equal in the degenerate orbitals 
<pm and <pu- A perturbation which shortens one 
bond and thus increases p in that bond causes a 
mixing of tpm and <pn, removes the degeneracy, and 
lowers the energy of the w electrons.

The presentation of computational results is con
veniently made in terms of the Coulson bond orders 
pki and charge densities (ft.2

V m  =  E  P m  v i
i

(9)

Qi =  E  Cn2ri (10)
I

Properties of the hypothetical symmetrical mole
cule are computed with the assumption that its 
wave function is composed of equal components 
of functions corresponding to the ways allowed by 
the Pauli principle for vn +  vm electrons to be 
assigned to the degenerate pair of orbitals. The 
corresponding expression for the tv electron energy 
A>aym is written

= E ™  +  vWra +  ? W n (11)
where

v =  (vm +  vn)/2

and

Esyui =  E „sym +  E<T

In computations of bond orders, and charge densi
ties for the symmetrical molecule, one replaces vm 
and va by v in eq. 9 and 10.

Parameterization and Computations.— Computa
tions with the expressions of the previous section 
require the dependence of the resonance integral 
P and the a bond potential V on bond length. Sev
eral pairs of functions have been developed. 
Two have been used in this study: the recent ex
pressions by Longuet-Higgins and Salem,12 and 
those originated by Lennard-Jones.11

Longuet-Higgins and Salem fitted the A lg and 
5 2u stretching force constants of benzene and a 
linear bond order-bond length relation to obtain 
the constants a and p0 of the equations

P(rk i) =  p0e~ (rk' - 1AO)/a (12)

V (fki) =  2(6.667) (rki -  1.50 +  a)p (13) 

a =  0.3106 A.

Po =  —25.56 kcal.
These equations imply that with a bond order pk,, 
the energy of a bond is minimum when

P m  =  6.667(1.500 -  rIm) (14)
Several qualitative features of this parameteriza
tion are attractive for this study in which bond 
lengths may exceed the usual small range of lengths 
found in unsaturated compounds. First, the 
resonance integral P is approximately proportional 
to the overlap between two ir atomic orbitals on 
interacting neighbor atoms. Second, the second 
derivative of p and of the negative of the overlap 
have the same sign over the interesting range of 
bond lengths. Third, the a bond potential has a 
minimum of about 75 kcal. with respect to the 
separated atoms; this is approximately the dis
sociation energy of a carbon-carbon single bond. 
Finally, the stretching force constant for a bond of 
zero tv bond order is only about 10%  greater than 
the stretching force constant for the C -C  bond of 
ethane.

A classical parameterization is due to Lennard- 
Jones. It was applied by Lennard-Jones and 
Turkevich,6 by Liehr,6.13 and by Snyder7 to study 
the interaction of tv electrons with bond length 
displacements in cyclobutadiene. It is basic in 
many papers on tv electron theory.

2/3(rki) =  y 2Ad(rki ~  1.33) 2 -  y 2iC3(rki -
1.54) 2 -  54.4 kcal. (15)

V (rki) =  V2K s(rkl -  1.54)2 (16)

K d =  1410.906 kcal./A.2 K a =  714.091 kcal./A .2
The constant —54.4 kcal. is added here to give P 
the magnitude which Coulson and Altman14 
found satisfactory in a study of the resonance 
energy of benzene. These equations imply that 
a bond of bond order p^ will have minimum energy 
at the length given by the equation

(13) A. D. Liehr, Z. Naturforsch., 16a, 641 (1961).
(14) C. A. Coulson and S. L. Altman, Trans. Faraday Soe., 48, 

293 (1952).
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_  1.54 +  pkl (1,0878225) =
/kI 1 +  pki (0.9758064) ' ( )

This parameterization is less satisfactory in several 
ways. First, the quadratic form of V  must be 
incorrect at large bond distances. Second, the 
resonance integral /3 changes sign at large bond 
lengths. Finally, its second derivative is opposite 
in sign to that of the negative of the overlap of two 
7r atomic orbitals.

The author believes that the parameterization by 
Longuet-Higgins and Salem is superior for this 
study of geometrical instability. Unless otherwise 
noted, all computations reported here have used 
those assumptions.

Computations to seek that set of bond lengths 
which minimizes Esym for the symmetrical molecule 
or E for the distorted molecule were performed 
iteratively on an I.B.M. 7090 computer. The 
following sequence of steps is common to both calcu
lations: (a) The resonance integrals /3 are given 
initial values, (b) The eigenvalue problem is 
solved, (c) The total energy, bond orders, and 
charge densities are computed from the roots and 
vectors obtained in b. (d) Bond lengths are 
computed from eq. 14 with the bond orders obtained 
in c. (e) The resonance integrals /3 are revised 
with eq. 12 and the bond lengths obtained in d. (f) 
Control is returned to b until the total energy does 
not change upon iteration.

In the interations to seek an energy minimum for 
the symmetrical molecule, all ¡3 are initially taken 
equal. In step c, V is substituted for vm and vn 
in eq. 6,9, and 10 for energy, bond order, and charge 
density.

To seek an energy minimum for the distorted 
molecule, the initial bond lengths are taken to be 
those computed to minimize Esym, plus an arbitrary 
small displacement of any or all bond lengths. The 
initial /3 values are computed from these displaced 
bond lengths. The electrons are now assigned to 
orbitals ipm and <pn computed in b so as to fill the 
lower energy orbital first.

Early in this study, a subroutine was written to 
generate a complete set of C -C bond length displace
ments having the character of the symmetry group 
of the 7r electron Hamiltonian. The change in E 
upon adding or subtracting each of this complete 
set of bond length displacements to the bond lengths 
found for the symmetrical molecule was studied. 
It was found for molecules with a 3-, 5-, 6-, or 7- 
fold axis of rotation that only a single degenerate 
pair of bond length displacements gave a stabilizing 
Jahn-Teller interaction with the -it electrons. This 
was found for all such molecules in Fig. 7 and 8. 
Only a single displacement was found to give a 
stabilizing interaction for molecules with a 4- or 8- 
fold axis of rotation. That displacement al
ternately lengthens and shortens the bonds around 
the central ring of the six molecules of this study.16

Results
The computed changes in energy upon distortion 

for C4H4+, C4(C6H5)4+, and C8H8~ are collected 
in Table I. The stabilization upon distortion is

(15) M. S. Child, Mol. Phys., 3, 601 (1960).

Ca) ( b )  (C )

Fig. 1.—Computed Hiickel description of distorted (a) CiHv, (b) C4(C6H5)4+, and (c) CsH r. Spin density equals absolute value of charge density.
T a b l e  I

D is t o r t io n  E n e r g ie s  in  M o l e c u l e s  H a v in g  D e g e n e r a t e  
G r o u n d  S t a t e s

E n e r g y

c h a n g e 0 C j H »  + Ci(C«H.)4 + C s H s -

A  E - 2 . 8 5 1 - 1 . 2 1 9 —  1 . 8 0 4

A  Er - 6 . 3 9 7 - 3 . 0 8 4 — 4 . 5 0 3

A E , + 3 . 5 4 6 +  1 . 8 6 5 + 2 . 6 9 9

“  A E  =  Emln Esym 1 H k c a l .

about 2 kcal. for each. Computed properties 
for the distorted molecules are shown in Fig. 1.

It is convenient to discuss the energy of thèse 
molecules as a function of a coordinate X , which is a 
linear combination of displacements of all nearest 
neighbor bond lengths. We define X  =  0 for that 
set of bond lengths which minimizes Esym, and X  
=  1 for that set of bond length displacements which 
minimizes F  of eq. 1.

If the bond length displacements in Fig. 1 
are taken to correspond to X  =  1, then there is a 
second energy minimum at X  =  —1. Indeed, 
according to the analysis of McLachlan and 
Snyder,16 the ground states of these molecules are 
doubly degenerate, with the two states correspond
ing qualitatively to the geometries at X  =  1 
and X  =  — 1. Also according to that analysis, 
these three molecules are expected to have smaller 
spin density fluctuations and e.s.r. line widths than 
were exhibited by the negative ions of benzene, 
coronene, and triphenylene.

The computed stabilization energies for the 
neutral molecules having pseudo-degenerate ground 
states are summarized in Table II. The gain in

T a b l e  I I

D is t o r t io n  E n e r g ie s  in  M o l e c u l e s  H a v in g  P s e u d o 
d e g e n e r a t e  G r o u n d  S t a t e s

E n e r g y

c h a n g e 0 C 4H 4 C < ( C 6H s) 4 CsHs
A  E — 1 1 . 4 4 5 -  6 . 8 3 -  7 . 2 1 3

A  E w — 2 5 . 7 6 4 - 2 0 . 0 9 2 - 1 7 . 9 7 5

A  Ea +  1 4 . 3 1 9 +  1 3 . 2 5 8 +  1 0 . 7 6 2

° A  E - -Z^min Esym i l l  k c 8 > l .

energy upon distortion is computed to be about 
four times as large as in the ions. The 6 to 11 
kcal. of stabilization would suggest that these 
hypothetical molecules would exist in a rectangular 
stable geometry. The computed bond lengths and

(16) A. D. McLachlan and L. C. Snyder, J. Chem. Phys., 36, 1159 
(1962). ■" '" J "

| u iu m m 3 H n
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Ca)

BOND
ORDER
.300

1.455f
BONDLENGTH
Cc)

Fig. 2.—Computed Huckel description of distorted (a) C4H4, (b) Q,( C6I I5).',. and (c) CalR.
Y

+

+

1!4-!I
J_
II

II

X

¿a
Fig. 3.—Basic molecular orbitals convenient for Btudy of effect of introduction of electron repulsion.
bond orders are shown in Fig. 2. This approxima
tion suggests almost alternating double and single 
bonds in the ground state. The long bonds have a 
mobile ir order almost zero in C4H4 and C4(C6H6)4, 
suggesting instability with respect to decomposition 
to acetylene and stilbene. In contrast, the long 
bonds of distorted C4H4+ and C4(C6H5)4+ have bond 
orders 0.25 and 0.27. This suggests that these 
ions may be more stable and easy to prepare than 
the neutral molecules. The bond length alterna
tion shown in Fig. 2 for cyclooctatetraene5 recalls 
its actual boat form with alternating double and 
single bonds. In this modified Huckel approxima
tion, the energy required to change distorted C8H8 
to a planar form with alternating double and 
single bond lengths and orders is 24.39 kcal. This 
suggests that the strain relieved upon buckling to 
non-planarity is of that magnitude.

The present calculations show that in an expres
sion for the potential energy as a function of the 
bond lengths in the central cyclic ring, for all six 
molecules, the bonds will be strongly interacting. 
Evidence for this in Raman spectra of cyclobuta
diene derivatives will be an unusually low anti
symmetric stretching frequency relative to the 
symmetrical stretching frequency of the central 
ring.17 In the infrared spectra, evidence of this 
interaction is a tendency of the degenerate E 
stretching mode to split toward double and single 
C -C  bond stretching frequencies.

Under the assumptions of Lennard-Jones, sym
metrical cyclobutadiene is unstable by 20.9 kcal. 
with respect to a rectangular configuration.6-7 
If the stability of this rectangular form with respect 
to a complete set of bond length displacements is 
examined, it is found not to correspond to a mini
mum of the energy.18 Instead iterative computa-

(17) T. P. Wilson, J. Chem. Phya., 11, 369 (1943).
(18) L. C. Snyder, “ Symposium on Molecular Structure and Spec

troscopy,”  Ohio State University, Columbus, Ohio, June, 1960, Paper 
B4, and. June, 1961, Paper'B7.'

tions, in which an initial displacement lengthens 
one single bond and shortens the other, indicate 
geometrical instability, as shown in Table III. 
This novel behavior is not, however, to be inter
preted as having much chemical meaning. It is 
a reflection of the cited basic inadequacies of that 
parameterization. It is true, however, that under 
both parameterizations Er decreases under this 
displacement of the rectangular form.

T a b l e  I I I
I n s t a b il it y  o f  R e c t a n g u l a r  C o n f ig u r a t io n  o f  C yclo 

b u t a d ie n e  u n d e r  L e n n a r d -J o n es  P a r a m e t e r iza t io n

Itera-
tion A Ea ns T28 «4 r«i

0 0 .0 1 . 3 3 0 1 . 5 4 0 1 . 3 3 0 1 . 5 4 0

l -  2 6 . 8 1 . 3 3 0 1 . 5 4 7 1 . 3 3 0 1 . 5 3 3

2 -  8 2 . 7 1 . 3 3 0 1 . 5 3 3 1 . 3 3 0 1 . 5 2 8

3 -  2 5 6 . 9 1 . 3 3 0 1 . 5 6 3 1 . 3 3 0 1 . 5 1 9

4 -  8 0 3 . 9 1 . 3 3 0 1 . 5 8 2 1 . 3 3 0 1 . 5 0 5

5 - 2 6 4 5 . 0 1 . 3 3 1 1 . 6 2 0 1 . 3 3 1 1 . 4 8 2

6 - 9 9 9 7 . 8 1 . 3 3 5 1 . 7 0 5 1 . 3 3 5 1 . 4 4 7

° In cal.
Approximate Introduction of Electron Repul

sion.— If one introduces electron repulsion, then 
the three singlet and single triplet functions of the 
neutral hydrocarbons, which are degenerate in the 
Huckel approximation, are no longer degenerate: 
these compounds therefore are said to have pseudo
degenerate ground states. It is of interest to ex
plore the effect of the introduction of electron re
pulsion on the Jahn-Teller interactions. Elaborate 
computations have been made to describe the elec
tronic structure of square cyclobutadiene.19-22 
Complete configuration calculations indicate that 
its ground state is a singlet and that the lowest 
excited state is a triplet. There has been only 
qualitative discussion of the relation of the intro
duction of electron repulsion to the Jahn-Teller 
stabilization of the lowest singlet state.23-24

It is convenient to adopt basis functions like 
4>a and <hb in Fig. 3 for the degenerate pair of molec
ular orbitals. The function 4>a is antisymmetric 
with respect to the line x  =  0. With these orbitals 
one may write the following functions and approxi
mate expressions for their energy

14raa = M l )  Va(2) } E x =  E ”  +  2 W a +  Jaa

^bb =  M l )  M 2 ) }  E r =  E tcs +  2W b +  Jbb

bPab =  {i’a(l) <Pb(2) +  <?b(l) <Pa(2) }

E w =  E ,CI +  W a +  Wb +  Jab +  -Kab

3lFab =  {(Pa(l) <Pb(2) — <Pb(l) (?a(2) }

E v =  E WCS +  TV a +  TV b +  ./ah — Kab
(19) G. W. Wheland, Proc. Roy. Soc. (London), A164, 397 (1938).
(20) D. P. Craig, ibid., A2Q2, 498 (1950).
(21) R. McWeeny, ib id ., A227, 288 (1955).
(22) D. P. Craig, in “ Nonbenzenoid Aromatic Compounds,”  D. Gins- 

burg, Ed., Interscience Publishers, Inc., New York, N. Y., 1959, p. 1.
(23) S. Shida, Bull. Chem. Soc. Japan, 27, 243 (1954).
(24) C. A. Coulson, Contribution “ The Fundamentals of Conjuga

tion in Ring Systems,”  to the Chemical Society (London) Symposium, 
Bristol, 1958, Special Publication No. 12.
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The function hFaa corresponds to the bond length 
and order alternation depicted in Fig. 2, while 
Vbb corresponds to the opposite alternation. Of 
the listed four functions for the symmetrical 
molecule, only this pair interacts through electron 
repulsion.

O'haal IA 12I ''bbb) =  Aab (18)
For the symmetrical molecule the functions 
and 1'Hbb interact to form the highest and lowest 
singlet states, separated by 2K&\,. This important 
integral contains no contribution of overlap charge 
distributions. It was computed with the ap
proximations of Parr and Pariser,25 and with the 
following integrals over atomic orbitals: (pp\pp)
=  10.98 e.v., (pp\qq) =  7.1 e.v. for nearest neigh
bors, and a classical electrostatic model which 
places one half ir electron 0.82 A. above and below 
interacting atoms more distant than nearest 
neighbors.

After configuration interaction, the lowest singlet 
is Jaa ~  <Ab above the lowest triplet function. This 
separation depends mainly on overlap charge dis
tributions. A lthough/aa — Jab has been computed 
approximately and is listed in Table III, its magni
tude is not critical in this study of the effect of the 
interaction and ^bb on Jahn-Teller geometrical 
instability. The qualitative consequence of this 
interaction is that the minimization of electron 
repulsion requires an equal mixture of hFaa and 
^bb, yet the maximization of the interaction with

(25) R. G. Parr and R. Pariser, J. Chem. Phys., 23, 711 (1955).

X.

Fig. 5.—Geometrical stability of C4(C6H5 ) 4  states after configuration interaction.

X.
Fig. 6.—Geometrical stability of C8H8 states after configuration interaction.
the changing bonds of the core requires hFaa or 
^bb alone. Thus, no wave function can achieve 
maximum Jahn-Teller interaction and minimum 
electron repulsion simultaneously.

To afford an approximate description of this 
situation, the following approximations have been 
made.26 It is assumed that the electron interaction 
integrals are independent of the bond length dis
placement X  and have values appropriate for X  
=  0. It is assumed that

E t( ^ : X )  =  Ew(l* aa:0) -  K „X  (19)
(26) Subsequent to this lecture, a paper has been published which 

introduces electron repulsion in a similar way to describe large conju
gated polyenes: M. Gouterman and G. Wagniere, J. Chem. Phys., 36, 
1188 (1962).
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Fig. 7.—Summary of modified Hiickel description of geometrical instability of molecules having orbitally degenerate ground states. Parameterizations of Longuet-Higgins and Salem (L-S) and of Lennard-Jones (L-J) are employed. If the last electron enters a molecular orbital with a vertical nodal plane for the distorted molecule of minimum energy, @y is entered; otherwise ®x. Experimental observation of these or closely related molecules has been reported: (a) ref. 4, (b) ref. 27, (c) ref. 28.
¿ U 1*  bb:X ) =  L L 0*bb:O) +  K ,X  (20)

E ^ ^ - . X )  =  ^(^ab '.O ) (21) where
E ^ b:X ) =  ET( ^ b: 0) (22)
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Fig. 8.—Summary of modified Huckel description of geometrical instability of molecules having pseudo-degenerate ground states. Parameterizations of Longuet-Higgins and Salem (L-S) and of Lennard-Jones (L-J) are employed. Experimental observation of these or closely related molecules has been reported: (a) ref. 27, (b) ref. 28, (c) ref. 29, (d) ref. 30, (e) ref. 31, (f) ref. 32. The lowest four molecules in this table are pseudo-aromatic but not pseudo-degenerate: molecular orbital discussions of their geometric stability have been given in ref. 33 and the second paper of ref. 18.
K r =  -A E r (23)

Moreover, the average bond length has been found 
to be almost independent of X  in many computa
tions. Thus, we take

E . =  +K „X *  (24)

K . =  A Ea (25)

The values of AEr and AE„ in eq. 23 and 25 are 
taken from Table II. Under these assumptions, 
the energies of the four states after configuration 
interaction have been computed at X  =  0, X  — 1, 
and X min, which minimizes the energy of the lowest 
singlet state.
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X  2  k  K  v.2

Emin =  E , (^aa :0) -  ~  (27)

The resulting description of the interacted states 
and their energy dependence on the displacement X  
are summarized in Fig. 4 to 6 and Table IY. 
The important observation to make is that whereas 
the lowest singlet of the neutral molecules is sta
bilized on distortion by 6 to 11 kcal. in the simpler 
approximation; with the introduction of electron 
repulsion, a shallow minimum of only 1.3 kcal. or 
less occurs. For these pseudo-degenerate neutral 
molecules, the simple Hiickel theory almost 
certainly greatly overestimates the Jahn-Teller 
stabilization on distortion.

T a b l e  IV
G e o m e t r ic a l  I n s t a b il it y  w it h  C o n fig u r a t io n  

I n te r a c tio n

c m . C 4 ( C « H i ) 4 Csh 8

E  min -E'sym —  0 . 4 6 - 0 . 4 6 - 1 . 2 7

A  min ± 0 . 5 3 ± 0 . 4 9 ± 0 . 6 7

C Y  m i / 0 . 9 1 0 . 9 3 0 . 9 5

A a b 1 8 . 5 1 1 . 4 9 . 0

K , 2 5 . 8 2 0 . 1 1 7 . 9

K a 1 4 . 4 1 3 . 3 1 0 . 8

J  aa J  ab 7 . 8 5 2 . 5 4 5 . 5 4

“ All energies in kcal. 6 See Fig. 4-6.
Summary

Molecules having orbitally degenerate ground 
states usually are chemically labile and difficult to 
separate and study by classical chemical methods. 
The advent of electron spin resonance, nuclear 
magnetic resonance, and other advances in chemical 
technology have made these molecules suitable for 
scientific study. The vigorous efforts of organic 
chemists are daily adding to the list of observed

species having orbitally degenerate ground states in 
a Hiickel description of a hypothetical planar 
state.27-30 The iterative modified Hiickel calcula
tions described here have been applied to study the 
possible geometrical stability of many molecules. 
A partial summary of the computed results is made 
in Fig. 7 and 8. This summary should provide a 
qualitative picture of the importance of the 
interaction of ir electrons with bond length displace
ments in these molecules. As was noted, in mole
cules with a 3-, 5-, 6-, or 7-fold axis, a degenerate 
pair of bond length displacements interacts with the 
ir electrons. As has been shown by Liehr13 and 
by Coulson and Golebiewski,9 there may occur both 
minima and saddle-points in the total energy as a 
function of these displacements. In Fig. 7 and 
8, energy minima are referred to by / im;m and energy 
saddle-points are referred to by Z?sa:j. More de
tailed discussions of the results for some of the 
aromatic negative ions and for the pseudo-aromatic 
molecules are planned.

It is the author’s hope that these computations, 
while admittedly approximate, will stimulate re
search in this area.
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x-DELOCALIZATION IN BUTADIENE AND CYANOGEN1
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An examination of Coulson bond orders and of overlap populations obtained from Clementi and McLean’s all-electron SCF-LCAO-MO calculations on C2N2 shows a close parallelism to corresponding quantities obtained from r-electron-only SCF-LCAO-MO calculations on 1,3-butadiene, thus giving support to the validity of the latter. Comparisons of overlap populations for the hypothetical unconjugated butadiene or cyanogen, for the related molecules C2H4 or HCN, and for the actual conjugated molecules, show a consistent picture of the effects of x-electron delocalization. This picture is more instructive than that which is seen in similar comparisons of Coulson bond orders.
Introduction

As is well known from 7r-electron-only LCAO- 
MO calculations on conjugated 7r-electron systems, 
conjugation is accompanied by 7r-electron delocal
ization which increases the Coulson bond order 
from zero to a finite value for a single bond located 
between two double bonds, at the same time slightly 
decreasing the bond orders of the double bonds. 
When the self-consistent-field (SCF) form of the

(1) This work was assisted by the Office of Naval Research under 
Contract Nonr-2121(01).

method including overlap is used, the computed 
effects, which are much smaller than when the 
simple Hiickel method is used, are of reasonable 
magnitude. However, the calculated results still 
involve the assumption that the effects of the 
numerous non-7r electrons present can be ade
quately represented by the usual simplified model 
for the v-electron core.

Recent all-electron SCF-LCAO-MO calculations 
by Clementi and McLean2 on one of the simplest

(2) E. Clementi and A. D. McLean, J. Chem. Phys., 36, 563 (1962).
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conjugated systems, cyanogen (N = C —C = N ), 
taken in connection with all-electron calculations 
by McLean on HCN,3 now tend strongly to remove 
possible doubts about the validity of the assumption 
mentioned, since with respect to 7r-electron de- 
localization the results closely parallel those of the 
x-electron-only SCF method on butadiene. To be 
sure, the conjugation in C2N2 is between somewhat 
polar triple bonds, whereas that in the otherwise 
similar case of 1,3-butadiene is between non-polar 
double bonds. However, probably the only really 
important difference involved is the presence of 
twice as many n-electrons in cyanogen, which should 
affect only the absolute, not the relative, bond 
orders of the middle and outer bonds.

In connection with both sets of calculations, it 
should be pointed out (as is true of most calcula
tions to date) that only the simplest LCAO ex
pressions (one x-atomic orbital per atom) were 
used. Hence accurate SCF MO’s, to obtain which 
several AO’s per atom must be used, were not found 
in either case. Nevertheless the expressions used 
were equally flexible in the two cases, and there is 
no particular reason to suppose that with accurate 
SCF MO’s their parallelism would be upset. 
However, it is conceivable that calculations with 
accurate SCF MO’s might lead to different results 
in both cases.

Here it should be noted also that with accurate 
SCF MO’s, constructed from several AO’s per atom, 
there is difficulty4 in maintaining the simple 
concepts of bond order and of overlap population 
which are easily set up when only one AO per atom 
is used.

Bond Order Changes in Conjugation.—-The 
parallelism between butadiene and cyanogen is 
shown in Fig. 1, where bond orders for “ uncon
jugated”  are compared with those for actual, 
conjugated, butadiene, and for unconjugated with 
those for conjugated cyanogen. Comparisons of 
butadiene with two C2H4, and of C2N2 with two 
HCN, systems with the same numbers of double 
or triple bonds in each respective case, also are 
given.

To obtain the Coulson bond orders for actual 
C2N2 and HCN, the coefficients in the occupied 
x MO’s of these molecules as determined by M c
Lean and Clementi have been renormalized to 
correspond to assuming all overlap integrals to be 
zero. The product CkC] of the LCAO coefficients 
Ck and Cj of the atomic orbitals of any pair of neigh
boring atoms, k and 1, times two because each MO 
is occupied by two electrons, then is formed in the 
usual way. The resulting number is the contribu
tion of the MO to the 71-bond order for the bond 
between atoms k and 1. The total kl bond order 
p then is obtained by summing over all occupied 
ttMO’s : v =  22(M O’s)ctci.

In LCAO approximation, the occupied 7r MO’s 
in C2II4 or LICN, or in butadiene or cyanogen, are 
of the forms

C2H4 or H CN : 0 =  caxa +  Cb7Tb (1)

Butadiene or C2N2:
(3) A. D. McLean, J. Chem. Phys., in press.
(4) Cf. R* S. Mulliken, ibid., 36, 3428 (1962).

<t>l —  Cla7Ta +  ClbiTb +  Clb7Tc +  CiaXd 
02 C2aXa ] C2bXb C2b Xc C2cXa (2)

In HCN and C2N2, eq. 1 and 2 refer to both xx 
and 7Ty electrons.

In C2H4, ca =  cb =  [2(1 +  &)]~1/!, where S 
is the overlap integral f  xaxbdc. If S is neglected, 
ca =  cb =  2-I/J, hence the Coulson »-bond order is
(2)(2- 1A)(2- 1/1) =  1.

For “ unconjugated” butadiene, cia = Cib =  c*, =  c2b, 
with values determined by requiring f  =  ] 
=  namely4

Cla =  Cib =  1/ 2(1 +  Sab) /j(l  +  She) A;

C2a =  C2b =  7 ,(1  +  £ abr V2(l -  Sbo)“ 17*
The overlap integrals are $ab =  0.2785, Sb0 = 
0.2328.5 If S is neglected, Cia =  Cib =  c2a = 
c2b =  1/2, and the Coulson 7r-bond order is 1 for 
the C = C  and 0 for the C -C  bond.

In the x-electron-only-SCF solution for butadiene 
(i.e., the actual conjugated case), the coefficients 
which minimize the energy are cu =  0.3540, Cib 
=  0.4687, Ca, =  0.5081, c2b =  0.4229.5 Renor
malized to correspond to neglect of overlap, these 
values become c]a =  0.426, Cib =  0.564, C& =  0.543, 
c2b =  0.452, and the Coulson bond orders are 
Pab =  Pcd =  0.972, pbc =  0.227.

In HCN, ca =  0.6048, Cb =  0.6293 according to 
McLean,8 where a and b refer to the C and N 
atoms, respectively. Because of the polarity of the 
ir MO in HCN, the correct way to obtain the forms 
of the MO's for “ unconjugated”  cyanogen is less 
obvious than in the case of butadiene. However, 
the most reasonable procedure seems to be to 
choose the coefficients in eq. 2 in such a way that 
cib/cia =  Cib/Cia. =  cb/Ca. This procedure taken 
in connection with the normalization require
ment J'rpjdv =  1 =  y '022di> yields the values cla 
=  0.404, clb =  0.420, C2a =  0.457, c2b =  0.475 for 
“ unconjugated" cyanogen.

In the all-electron SCF solution for cyanogen 
(i.e., the actual conjugated case), the coefficients 
which minimize the energy are cla =  0.3513, 
Cib =  0.4599, Cjfa =  0.4855, c2b =  0.4378.2 The 
relevant overlap integrals6 are ¿>ab =  0.3130, 
ShB =  0.2736, S&c =  0.0185, £ad =  0.0004. (In 
the case of butadiene, S^ and Sad were neglected, 
but in the calculations on C2N2 they were used.) 
When renormalized to correspond to neglect of 
all overlaps, the coefficients become cla =  0.429, 
Cib =  0.562, C‘ta =  0.525, c2b =  0.474. The cor
responding Coulson bond orders are pab =  p0d 
=  1.959, pbc =  0.366; values for pac also can be 
obtained, but these are very small.

Overlap Population Shifts as Mirrors of Con
jugation.— Some time ago7 the writer called atten
tion to the fact that overlap populations give a 
more instructive picture of the nature of x-

(5) From R. G. Parr and R. S. Mulliken, ibid., 18, 1338 (1950). 
Slightly improved values are now available (see R. S. Mulliken, 
Tetrahedron, 6, 68 (1959), Table 1 for references and discussion), but 
the changes are too small to make it worthwhile to revise the numbers 
quoted here.

(6) Overlap integrals from private communication from the authors 
of ref. 2.

(7) R. S. Mulliken, J. Chem. Phys., 23, 2343 (1955).
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Tw o Lone Pairs : p = 0 .0 0 0  ; n = -  [4 S z/ {  I -  Î ]

U nconjugated 
1,3 Butadiene

P= 1 .000  0 - 0 0 0  1.000•---------------- ---------------------------------------- •
n = 0 . 4 6 1 - 0 . 0 ^ 0  0 . 4 6 1

I n  = 0 . 8 3 2

T w o  C2H4
1 .0 0 0

0 . 4 3 6
» i .0 0 0

0 . 4 3 6
In = 0 . 8 7 2

Conjugated 
1,3 Butadiene

0 . 9 7 3  0 . 2 2 7  0 . 9 7 3
•----------------- • --------------- •------------------ •

0 . 4 2 4  + 0 . 0 3 8  0 . 4 2 4
I n  = 0 . 8 8 6

Unconjugated C2N2
p= 1.998 0 . 0 0 0  1.998
»  ---------- ..................... «
n =0.967 -  0 . 1 0  8 0 . 9 6 7

In  = 1 . 8 1 3

T w o  CN
0,999 _ 

9  0 . 9 5 3 *
0 .9 99

*  0 .9 5 3  *
In  = 1 .9 0 6

Conjugated C2N2
a I .9 60  b 0 . 3 6 6  c I . 9 6 0  d

• --------------- • - ...............-•
0 .9 3 7  + 0 . 0 4 3  0 . 9 3 7

I n  = I .9 0 2

Fig. 1.—Electronic overlap populations (nti) are given below and Coulson bond orders (pki) above each bond. The four atoms are labeled a, b, c, d from left to right. In addition to the numbers given, there are small overlap populations between non-adjacent atoms. These were not computed for butadiene, but for cyanogen they are n»« = nbd = —0.0070 for the unconjugated case, —0.0075 for the conjugated case, while raaa = —0.0001 and —0.0004 in the two respective cases. In Fig. 1 these non-adjacent populations are included in the totals given at the right in the case of cyanogen, but not in that of butadiene.
electron delocalization in butadiene than do Coul
son bond orders. The same fact should be equally 
true for cyanogen and for other conjugated systems. 
In the case of butadiene, it was shown that the 
computed overlap populations n behave in the 
following way. For the double bonds, nab(un- 
conj.) >  ?iab(C2H.4) >  ?iab(conj.); for the middle 
bond, ftbc(unconj.) <  0 <  Wbc(conj.); while for the 
total it overlap population (summed over all the 
bonds) «(unconj.) <  n(2C2H4) <  «(conj.).

It is now found that analogous relations exist 
for C2N2, where now HCN plays the same role that 
C2Ii4 did for butadiene. However, the dif
ference 2?i(conj.) — 2n(unconj.) for the total 
overlap population is now approximately twice 
as great as before (see Fig. 1), as is reasonable 
since there are twice as many x electrons. (The

fact that this difference is a little Jess than twice 
as great may be due to a greater accuracy of the 
all-electron results, or perhaps to a slight real 
difference between conjugation in the two cases.) 
One valuable conclusion, already noted in the 
opening paragraph, is the confirmation which the 
all-electron SCF calculations on C2N2 give to the 
essential rightness of the picture of conjugation 
which is obtained from x-electron-only SCI' calcula
tions like those on butadiene.

Before commenting further, a brief reminder on 
the computation of overlap populations will be 
helpful. For the two-center LCAO MO as in eq. 
1, when occupied by two electrons, the overlap 
population nab is merely 2(2caCbSab).8 For a mole
cule with two four-center MO’s (eq. 2) each oc-

(8) R. S. Mulliken, J. Chem. Phys, 23, 1833 (1955).
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cupied by two electrons (butadiene) or by four 
(cyanogen), one has several overlap populations 
«ab =  « cd, «be, «ac =  «bd, and 7?,ad, of which only the 
first three are important. In (actual, conjugated) 
cyanogen

«ab INab(—C\aClb d- 2c2aC2b) = 0.93/ — «cd

«be = 4$bc(2cib2 -  2c2b2) =  0.044

«ac 4Nac (2ClaC 11, 2c2aC2b) =  0.0075 — «bd

«ad = 4<Sad (2cia2 -  2c2a2) =  -0.0004

«  2nab "F «be 4“ 2«ac d- «ad ~  1.916

Now commenting on the results displayed in Fig. 
1, we note first (as already discussed in an earlier 
paper7) that the overlap populations for the bonds 
are rather good counterparts of energy terms which 
appear in VB (valence-bond) theory. In par
ticular for the unconjugated cases, one has in VB 
theory a bonded attraction between each end 
atom (a or d) and the adjacent middle atom (b 
or c, respectively), while in LCAO MO theory one 
finds positive overlap populations. Then in VB 
theory there is a moderate NBR (non-bonded 
repulsion) between the two middle atoms b and 
c whose counterpart in LCAO theory is a negative 
overlap population «bc between them.

The creation of an NBR or of a negative overlap 
population when two double or triple bonds each 
with a pair or quartet of tt electrons are brought 
together without any change in the ratio Cb/ca 
(c/. eq. 1), as in the hypothetical unconjugated 
butadiene or cyanogen, is precisely analogous to 
the NBR, or the corresponding negative overlap 
population, which arises when two He atoms are 
forced together, or when lone pairs of electrons 
in two atoms (as, e.g., in N2 or F2) are forced 
together as a result of the formation of bonds by 
bonding electrons.7 For two such lone pairs, 
one on atom a and one on b, the overlap popula
tion «  is — 4*S2/  (1 — S), whereas the Coulson 
bond order, since there is no bond, is by definition

zero. The v pairs or quartets in the double or 
triple bond in unconjugated butadiene or cyano
gen are interacting in essentially the same way.

In actual, conjugated, outadiene or cyanogen, 
the mechanism of resonance in V B  theory or of 
ir-electron delocalization in LCAO theory acts 
to increase the stability of the middle bond. 
The resulting small positive «bc population in 
butadiene, now confirmed by that in cyanogen, 
indicates that this stabilization has proceeded 
to the extent of somewhat more than canceling 
out the N B R , or its negative «bo counterpart, which 
would otherwise be present.

Here it should be clearly noted that the true 
measure of the effect of conjugation in LCAO theory 
is not the value of «be, but that of the change in nbc 
from the unconjugated to the conjugated case. The 
fact that «be turns out to be slightly positive in ac
tual conjugated cases, and that the total overlap pop
ulation is somewhat larger for butadiene than for two 
C2II4, though slightly smaller for cyanogen than 
for two HCN, probably should be regarded as 
more or less accidental.

Comparing the overlap population changes in 
Fig. 1 (e.g., from unconjugated butadiene to two 
C2H4 to conjugated butadiene) with corresponding 
Coulson bond order changes, it seems evident 
that the former give a more realistic picture of 
w’hat is happening.9 Conversely, the bond order 
changes may be said to give a distorted picture, 
especially in the comparison between, e.g., un
conjugated butadiene and two C2H4. However, 
the rather considerable bond order pbc in the con
jugated as compared with pbc =  0 in the uncon
jugated cases does seem to be a fair and rather 
direct measure of the effect of conjugation. The 
value of pbc in the conjugated case parallels the 
change in «b0 from the unconjugated to the con
jugated case.

Acknowledgment.—The writer is indebted to 
Dr. E. Clement! and Dr. A. D. McLean for informa
tion about their calculations.

(9) See also R. S. Mulliken, J. Ckem. Phys., 23, 1841 (1955).
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Previous papers of this series have described a modification of the l.c.a.o. m.o. method designed to allow for the effects of vertical correlation in unsaturated molecules. Here the relationship of the split p-orbital (s.p.o.) method to other m.o. treatments is discussed; it appears to differ from these only in the values ascribed to the individual two-electron integrals. 
A  s.p.o. treatment of benzene is described, both with and without configuration interaction and with and without differential overlap. The results seem better than those given by other treatments, except for the semi-empirical method of Pariser and Parr. The simplest s.p.o. calculation, using single configurations with neglect of overlap, gives much better results than any other treatment using single configurations. The s.p.o. method also is applied successfully to butadiene and naphthalene.

I. Introduction
Previous papers of this series2 have described 

a modification of the usual m.o. procedure designed 
to allow for vertical correlation3 of electrons in 
orbitals of p- or ir-type symmetry. Before describ
ing the application of this s.p.o. (split p-orbital) 
approximation to several polyatomic molecules 
we will first show its relationship to existing m.o. 
treatments.

Consider a conjugated system of n atoms. In 
the simple Huckel treatment the corresponding 
7r-m.o.’s ipxn are written as linear combinations of 
the n 2pz a.o.’s <pi of the individual atoms taking 
part

n

i/'m =  'Yj UmiVU (1)t = l
The energies (E ) of the m.o.’s are given by the 
secular equation

det|Ri, -  ES„\ =  0 (2)
where

Hu — JviHipj dr; Sa — f  V dr (3)
The Hamiltonian H is not very clearly defined in this 
treatment so the H -,j usually are treated as em
pirical parameters (see, however, Ituedenberg4).

The coefficients am, in eq. 1 are given by the set 
of linear equations

E  a»i(F «j -  E mSa) = 0  (i =  1, 2 ........ » )  (4)
3

where Em is one of the roots of eq. 2. In the s.c.f.
m.o. treatment5 the orbital energies and coefficients 
are given by equations of the same form as (2) and
(4) but the matrix elements F^ are now functions 
of the coefficients am;. The equations for the 
coefficients are therefore non-linear and must 
be solved by an iterative procedure, the F,j being 
calculated with the values for the am\ found from 
the previous iteration. In the case of a closed

(1) This work has been supported by a grant from The National 
Science Foundation.

(2) M. J. S. Dewar and N. L. Hojvat, J .  Chem. Ph ys., 34, 1232 
(1961); Proc. Roy. Soc. (London), A264, 431 (1961).

(3) M. J. S. Dewar and H. N. Schmeising, Tetrahedron, 5, 166 (1959); 
11, 96 (1960).

(4) K. Ruedenberg, J .  Chem. Phys., 34, 1861 (1961).
(5) C. C. J. Roothaan, Rev. Mod. Phys., 23, 69 (1961).

shell configuration, where the 2n ir-electrons occupy 
in pairs the n m.o.’s of lowest energy

Fa — f  <piHC(pi d r  +
n 2 n 2 n
Y  Y  Y  avk<ip\[2{ii,kl) — (ilc,il)] (5)

P = i k = i ¡=*i

Fa ( i ^  j ) =  J'<piHGg>i d r  +
n 2 n 2 n
Y  Y  Y  apkaPi[2(ij,kr) -  (ik,jl)] (G)

p = l k  =  1 1 - 1

where Hc is the core Hamiltonian and the 
are the usual two-electron repulsion integrals.

In the m.o. treatment the wave function T 
for the set of 2n ^-electrons is written (neglecting 
the normalizing factor) as the determinant

4r =  det | ■ ■ ■ 'hrJ'n I (7)
In the s.p.o. treatment, where it is assumed that 
the two electrons occupying a given 7r-m.o. are 
kept in separate lobes by their mutual repulsion, 
the corresponding (unnormalized) wave function 
T ' is  given by

T ' =  *n(U(ziZi)) (8)
i

where Z\, z\ are the z-coordinates of the electrons 
occupying the spin orbitals and U is a step 
function defined by

U(x) =  0 if x  >  0

=  1 if x <  0 (9)
If the m.o.’s 4>\ are expressed in terms of s.p.o.’s 
Si, Hi

h  =  (2 ) -1/1 (Hi +  IE) (10)
eq. 8 becomes

det | ZxFhZJh. . .  EnSn | (11)
i

where P, is a permutation operator which inverts 
the spins of the pair of spin orbitals H-u i.e.

P ¡(Si, Hi) =  (Hi, Hi) (12)
and the sum in eq. 11 is over all such permutations. 

Now it is easily shown that the individual de
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terminants in eq. 11 are not only orthogonal to 
one another but also that all matrix elements 
between them must vanish; this is due to the 
fact that one or the other of the pair of s.ir.o.’s 
E i, Hi vanishes in every region of space. The 
energy calculated for the complete wave function 
of eq. 11 is therefore a mean of those calculated 
for the individual determinants. The total energy 
E corresponding to one single determinant can be 
shown to be given by

E =  2 E  f h H %  dr +  £  Ja +
*= 1 (itiv)

E  (Jn ~  Ka) (13)
(if)Oi)

where EE implies a summation over the “ upper”
dh'n)

s.ir.o.’s Ei and “ lower”  s.ir.o.’s Hj while 5Z
«boh

implies summation over pairs of upper or pairs of 
lower s.ir.o.’s. Here «/¡j, K[\ are the correspond
ing coulomb and exchange integrals between 
s.ir.o.’s.

Now Ka vanishes unless the spin-orbitals 
i, j  have similar spins; the total energy E  is 
therefore less, the more electrons in the set of 
s.ir.o.’s E have like spin. The energy will be 
least for the two determinants in which all the 
electrons of one spin are in the s.ir.o.’s E, and all 
the electrons in s.ir.o.’s H  have opposite spin.6 
It is reasonable to suppose that correlation effects 
will make the actual wave function correspond 
more closely to this limiting case than eq. 11 
implies; we therefore may take this single de
terminant as an approximation to the actual wave 
function. We therefore write the normalized 2n- 
electron s.p.o. wave function V ' as

=  (2In/)" ,/! det | S i . . .  EJ?„ | (14)
If this wave function is substituted into the 
Roothaan6 equations we obtain a set of equations 
for the coefficients of the s.p.o.’s in the s.x.o.’s simi
lar to eq. 2 and 4 with

Fa =  f ViHC<pi dr +
n 2 n 2 n _____

Z E E  fflpkOpi[2(ti.fcI) — (ik,il)] (15)
p =  l  lc =  1 1 =  1

Fii (i 9* j) =  f<FiHC<pi dr —
n 2n 2n ____

E  E  E  apkapl[2(ij.kl) -  (ik,il)] (16)
p = l k = 1  1  =  1

where (ij,kl) is a repulsion integral between s.p.o.’s 
all of the same type (i.e., ail upper or all lower), 
the core integrals are the same as in the usual 
treatment.1

Comparison of eq. 15,16 with eq. 5, 6 shows them 
to be identical except that the exchange-type inte
grals in eq. 15,16 are of “ upper-upper”  type whereas 
in the usual s.c.f. treatment all the electron repul
sion integrals are “ normal.”

This throws a new light cn the s.p.o treatment. 
Vertical correlation cannot in itself alter the

(6) In our previous papers we stated incorrectly that the various 
determinantal wave functions correspond to states of similar energy.

coulomb terms in the Roothaan equations, for these 
appear as coupled interactions between a given 
electron and the pair of electrons occupying some 
other m.o. The total electron density of a pair 
of electrons occupying a given ir-m.o. is the same 
in the s.p.o. treatment as in the usual s.c.f. ap
proach. The main effect of vertical correlation 
appears in a somewhat different form to that 
previously envisaged3; it lowers the energy of the 
molecule by increasing the exchange energy rather 
than by decreasing the coulombic repulsion. The 
exchange energy will be greatest when all the a-spin 
electrons occupy s.p.o.’s of one set and all the ,8- 
spin electrons those of the other; for all the 
integrals in the expression for the exchange energy 
are then “ upper-upper”  integrals (ij,kl)•—and these 
are larger than the “ normal” integrals (ij,kl) 
calculated for normal p-a.o.’s.

This provides an alternative view of the s.p.o. 
approximation. It could be regarded as a semi- 
empirical way of allowing for vertical correlation in 
the s.c.f. treatment. In this approach there would 
be no need to take the extreme step of assigning 
“ upper-upper” values to the integrals appearing 
in the exchange terms of the Roothaan equations; 
one can indeed envisage a series of intermediate 
approximations in which the exchange-type integral 

1 is written in the form

+  C2(ii,jj) (17)

The usual s.c.f. approximation corresponds to the 
values Ci =  Ci =  0.5 for the parameters Ct, C\, 
while the pure s.p.o. approximation is given by 
Ci =  i) ,C i=  1.

Pariser and Parr7 have described a modification 
of the s.c.f. treatment in which allowance is made 
for correlation effects by an empirical adjustment 
of the repulsion integrals. They replace the “ nor
mal”  integrals (¿j,kl) everywhere by the “ upper- 
lower”  values (ij,kl) corresponding to interactions 
between electrons on opposite sides of the nodal 
plane of the ir-electron system. They further sim
plify the treatment by neglecting differential over
lap.

If differential overlap is neglected, so that

S a =  5U (18)

the Roothaan equations adopt a rather simple form.8
The matrix elements P,j in the secular equation 

then are given by

Fa =  f<PiHc <pi d r  +

E  T E  api-(ii,kk) — 1 /•¿aPil{ii,ii)~\ =  
p — 1L k -I

f ip J iC(Pi d r  +  2  (19)
k

n
F\\ (i ^  j) =  f<PiHc <pi dr -  E  apiaPi(ii,jj) =

p = l

f<PiHCVi d r  -  '/iPuiHjj) (20)

(7) R. Pariser and R. G. Parr, J .  Chem. P h y s 21, 466, 767 (1953).
(8) J. A. Pople, Trans. Faraday Soc., 49, 1375 (1953),
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where q, is the ^-electron charge density at atom 
i and pij is the bond order between atoms i, j .

The corresponding equations for the s.p.o. 
method, with neglect of differential overlap, are

/'hi = f  <PiHc <p\ dr + X  qk(n,kk) ~  
k

(21)

Fii  (i j )  =  f < P i H C<Pi dr -  VaPij(ii,jj) (22)
Here again the only difference lies in the exchange- 
type integrals which in the s.p.o. treatment have 
the “ upper-upper” values (ii,jj).

Now eq. 21 can be written in the equivalent form

Fu =  f<PiHc <pi dr +  X  qk(n,kk) +
kŷ i

(23)

Here the integral in the last term is of “ upper- 
lower”  type, being a difference between the normal 
integral and 7  2 (ii,ii). This is the most
important electron repulsion term in the expres
sion; for each of the other terms gk(n,fcfc) represents 
the repulsion between electrons attached to atom i 
and electrons attached to some other atom k— 
and this is balanced by the attraction between the 
/cth nucleus and the electrons on atom i (cf. Pople8) . 
The expression for Fa is therefore very similar to 
that in the Pariser-Parr treatment where all 
integrals are of “ upper-lower” type. The exchange 
integrals are, however, different in the two treat
ments; in the s.p.o. approach these integrals have 
values greater than those in the usual s.c.f. treat
ment whereas in the Pariser-Parr approach their 
values are less. The analysis given here suggests 
that the Pariser-Parr approach is logically self- 
inconsistent; for the correlation effects that make 
it necessary to use a smaller value for the 
integral in the expression for Fa also require the 
integrals (ii,jj) in F,j to be larger than usual.

II. Results for Benzene
The integrals over a.o.’s were calculated as in 

part I 2 for a bond length of 1.397 A. The one- 
electron integrals have the same value as in the 
conventional s.c.f. treatment.9 The (ij,kl) inte
grals were obtained by interpolation from the tables 
of Parr and Crawford10 and the (ijM) integrals 
by the uniformly charged sphere approximation, 
except for the (11,11) integral for which we used the 
more precise value of Parr and Snyder.11 The 
integrals (ijM ) were derived from the relation

V*{(ijM ) +  (ijM ) } =  (ijM) (24)
The values for the integrals are listed in Table I. 
Table I I  shows the orbital energies for the various
m.o.’s.

Table I I I  compares the results of calculations by 
the s.p.o. method for single configurations, with and 
without overlap, with the results of other m.o. 
treatments. The first three columns show the sym-

(9) R. G. Parr, D. P. Craig, and I. G. Ross, J. Chem. Phys., 18, 
1561 (1950).

(10) R. G. Parr and B. L. Crawford, ibid., 16, 1049 (1948).
(11) L. C. Snyder and R, G. Parr, ibid., 28, 1250 (1958).

T a b l e  I
V a l u e s  o f  I n t e g r a l s  o v e r  Ato m ic  O r b it a l s  f o r  a  C-C 

B ond  L en g th  o f  1.397 A .
Integral Designation Value (e.v.)

Overlap S,S 0.2583
s„ .0382
Su .0173

Penetration (1:22) .8448
(1:33) .0129
(1:44) .0026
(1:12) .8662
(1:13) .1090
(1:14) .0370
(1:23) .0038
(1:24) .0057
(1:25) .0125
(1:26) .3143
(1:34) .0027
(1:35) .0019

Repulsion (Ö/M) dj/kX)
( l i / i i ) 10.980 22.900
(11/22) 7.286 10.718
(11/33) 4.736 6.598
(11/44) 4.207 5.741
(11/12) 2.381 4.196
(11/13) 0.300 0.454
(11/14) .126 0.194
(12/12) .688 1 .190
(13/13) .015 0.037
(14/14) .003 0.006
(11/23) 1 .605 1.885
(11/24) 0.237 0.279
(11/25) .126 .186
(11/26) .352 .672
(11/34) 1.291 1.531
(11/35) 0.218 0.278
(12/13) .078 .187
(12/14) .037 .053
(12/15) .062 .116
(12/16) .546 .789
(12/34) .315 .546
(12/35) .053 .081
(12/36) .037 .053
(12/45) .344 .412
(13/14) .005 .013
(13/15) .012 .016
(13/24) .013 .026
(13/25) .005 .013
(13/46) Oil .016
(14/25) .003 

T a b l e  II
.007

E n e r g ie s  o f  I n d iv id u a l  M .o . ’ s in  
m atio n

THE S.P.O. A p PROXI-

M.o. Orbital energy (e.v.)
to IP * -  40.156
'h', / '- i W » -  36.778
'pi) p -i Wo p -  31.937

W 2P -  31.346
metry designations of the states and the s.p.o.
values. The fourth column gives the results of 
a very complete a.s.m.o.c.i. calculation by Parr, 
Craig, and Ross.9 The fifth and sixth columns 
list results obtained by the semi-empirical methods 
of Pariser and Parr7 (P-P) and Moffitt and Scan-
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lan12 (a.i.m.c.i.). The last column gives the re
sults obtained by Kolos13 using a wave function in 
which the interelectronic distances were explicitly 
included.

T a b l e  III
E x c it a t io n  E n e r g ie s  (E .v .)  o f  St a t e s  o f B e n ze n e  C alc u 
lated  b y  (a )  S .p .o . M e th o d , S in g l e  C o n f ig u r a t io n  w it h  
O v e r l a p ; (b )  S.p .o . M e th o d , S in g l e  C o n f ig u r a t io n  
and  N o Ov e r l a p ; ( c) P a r r , C r a ig , a n d  R o s s ; (d )  M o f- 

f it t  an d  S c a n l a n ; (e )  P a r is e r  an d  P a r r ; ( f )  K olos

s.p.o.------- '
A.s.m.
o.c.i.“ A.i.m.c.i.6 p_pc Kolos d

State a b c d e f
'Em 8.03 8.16 9.9 7.60 7.0 8.3
’ Bm 4 .6 8 5.00 9.0 4.06 5.3 5.9
’B 2u 5.05 5.24 4.4 5.13 (4.9) 4.5
’E 2g 8.17 7.98 7.7 9.18 9.2
3Eiu 5.13 5.32 4.7 4.88 4.45
3B 1U 3.06 3.88 4.1 4.50 4.0 5.6
T L , 5.35 5.24 8.2 5.36 4.9
3E 2b 6.96 6.92 6 .4 7.50

a See ref. 9. b See ref. 12. c See ref. 7. d See ref. 13.
Tables IV and V show the results of s.p.o. calcula

tions including configuration interaction (s.p.o.c.i. 
method). The second and third columns of Table 
IV list excitation energies calculated with and 
without overlap, respectively. The number of 
configurations included in the calculation is shown 
in the fourth column. Table V gives the coef
ficients of the ground state configuration in various 
c.i. wave functions for the ground state, together 
with the lowering of the ground state by configura
tion interaction. In addition to the a.s.m.o.c.i. 
and a.i.m.c.i. values, a value obtained by Itoh and 
Yoshizumi14 using the alternating orbital method 
(a.o.m.c.i.) is listed.

T a b l e  IV
E x c it a t io n  E n e r g ie s  C a l c u l a t e d  b y  th e  S .p .o . M eth od  
( a ) WITH AND (b )  WITHOUT OVERLAP, TOGETHER WITH THE
N u m b e r s  o f  C o n f ig u r a t io n s  U sed  an d  E x p e r im e n t a l  

V a lu e s

------S.p.o.c.i.-----' No. of
State a b configurations Exptl.
’Aig 0 0 4 0
'Em 7 .7 8 7 .9 2 5 7 .0
’ Bm 4 .3 1 4 .6 1 4 6 .2
1B 2h 4 .0 0 4 .4 5 3 4 .9
’E 2g 7 .4 2 6 .9 9 5
3E JU 5 .2 9 5 .4 0 5 4 .9
3Bi„ 2 .2 4 3 .2 9 4 3 .6
3B 2u 5 .6 4 5 .5 6 3

III. Discussion of Results for Benzene
The electron spectrum of benzene has been 

extensively studied and reviewed.15-18 The as
signment of the band at 7.0 e.v. to the ^Eiu xAIg 
transition and of the band at 4.9 e.v. to the 1B2u

(12) W. Moffitt and J. Scanlan, Proc. Roy. Soc. (London), A220, 
530 (1953).

(13) W. Kolos, J .  diem. Phys., 27, 592 (1957).
(14) T. Itoh and H. Yoshizumi, J .  Phys. Soc. Ja v a n , 10, 201 (1955).
(15) C. C. J. Roothaan and R. S. Mulliken, ./. Chem. Phys., 16, 118 

(1948).
(16) D. P. Craig, Rev. Pure Appl. Chem. (Australia), 3, 207 (1953).
(17) J. W. Potts, J .  Chem. Phys.. 23, 73 (1955).
(18) N. S. Ham and K. Ruedenbe-g, ibid., 25, 1 (1956).

T a b l e  V
C o e f f ic i e n t  o f  t h e  G r o u n d  S t a t e  C o n f ig u r a t io n  in  
t h e  G r o u n d  S t a t e  W a v e  F u n c t io n  o f  B e n z e n e  f o r  (a) 
S .p .o .c .i . w i t h  O v e r l a p ; ( b )  S .p .o .c . i . w i t h o u t  O v e r l a p ; 
( c )  P a r r , C r a i g , a n d  R o s s ; ( d )  I t o h  a n d  Y o s h i z u m i ; 

(e) M o f f i t t  a n d  S c a n l a n

A.s.m.- A.m.o.- A.i.m.-
'— S.p.o.c.i.— * o.c.i.® c.i.b c.i.c

a b o d e
Coefficients of

ground state
configuration 0.967 0.974 0.910 0.900

Lowering of ground
state (e.v.) 0.42 0.36 2.72 2.35 0.694
“ See ref. 9. h See ref. 14. “See ref. 12.

■«- *Ajg transition remain, undisputed. The lowest 
singlet-triplet band at 3.6 e.v.19 probably corre
sponds to the 3B2u 'Aig transition; this assign
ment is supported by all theoretical calculations, 
using either the valence bond or the molecular 
orbital methods.20’21 Ham22 found evidence for 
a second singlet-triplet transition coinciding with 
the singlet-singlet transition of 4.9 e.v. The bands 
observed by ham may merely be part of the 4B2u 
•*- 4Alg transition but the evidence that they are 
not is strong. Ham ascribed them to the transi
tion 3Eiu ■*- 1Alg. If the bands do indeed cor
respond to an independent transition, this seems 
the most likely assignment; for there is certainly 
no observable transition between 3.6 and 4.9 e.v. 
(an earlier observation by Pitts23 having proved 
incorrect) and all theories agree that the order of 
ascending energy of the triplets is 3B2u, 3Elu, 3Blu. 
Since 3Eiu xAIg certainly must be the strongest 
of the singlet-triplet transitions, this seems to 
eliminate the alternative possibility18 that the 
“ Ham bands”  are due to the transition 3B2u 
'Aig. The origin of the remaining strong singlet- 
singlet band at 6.2 e.v. is still uncertain. This 
originally was assigned to the transition 
'Aig by Goeppert-Mayer and Sklar24 on the basis 
of a one-configuration a.s.m.o. calculation, an 
assignment supported by the semi-empirical treat- 
mentsof Pariser and Parr and Moffitt and Scanlan,12 
by the correlated method of Kolos,13 and by calcula
tions with the free electron model.18’20 However, 
calculations by the valence bond method26’26 
and by the complete a.s.m.o.c.i. treatment9 favor 
the assignment 'E2k ■*- 4Aig and recently Dunn and 
Ingold27 have claimed in a preliminary note that 
their experimental work supports this. Bloor, Lee, 
and Garside28 also have described a calculation 
supporting the 1E2g lAig assignment based on 
a m.o. treatment in which certain molecular in
tegrals are treated as variation parameters.

However the evidence put forward by Dunn and
(19) D. F. Evans, J. Chem. See., 3885 (1957).
(20) H. Schull, J. Chem. Phys., 17, 295 (1949).
(21) R. Pariser, ibid., 24, 250 (1956).
(22) J. Ham, ibid., 21, 756 (1953).
(23) A. Pitts, ibid., 18, 1416 (1950).
(24) M. Goeppert-Mayer and A. L. Sklar, ibid., 6, 645 (1938).
(25) A. L. Sklar, ibid., 5, 669 (1937).
(26) D. P. Craig, Proc. Roy. Soc. (London), A200, 474 (1950).
(27) T. M. Dunn and C. K. Ingold, Nature, 176, 65 (1955).
(28) J. E. Bloor, J. Lee, and S. Garside, Proc. Chem,. Soc., 413 

(1960).
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Ingold is certainly not conclusive and there are 
reasons for preferring the original assignment of 
Goeppert-Mayer and Sklar. All the theoretical 
treatments agree in placing the states xB2u, 1Biu, 
‘Em in that order of ascending energies and all 
agree that the intensity of the transition *Blu 

xAig should be much greater than that of xB2u 
-e- xAig. Since there is only one region of strong 
absorption between the xB2u ■«— xAig transition at
4.9 e.v. and the xEiu xAig transition at 7.0 e.v., 
it is difficult to escape from the conclusion that the 
transition xBlu xAlg must lie there. It is of 
course possible that there may be two transitions 
superimposed in this region—but that seems un
likely.

The calculations reported here agree closely with 
experiment for the singlet bands at 4.9 and 7.0 
e.v. and for the triplet bands at 3.6 and 4.9 e.v.; 
the agreement is indeed better than for any other 
treatment except the semi-empirical treatment of 
Pariser and Parr7—in which the parameters were 
chosen to fit the experimental data for benzene. 
Although the agreement is less good for the third 
singlet, our calculations very strongly support its 
assignment to the xBiu xAlg transition. It is 
interesting that the treatments which support this 
assignment are the ones which give the best absolute 
estimates of the transition energies for the other 
bands.

Tables IV and V show that the simplest s.p.o. 
treatment, in which both overlap and configuration 
interaction are neglected, is also the most successful. 
This is very encouraging; for calculations of this 
kind can be carried out very easily with digital 
computers using simpler modifications of existing 
programs. As we have seen the treatment differs 
from the Pople approximation only in the values 
assigned to the basic integrals.

This is further emphasized by the data in Table 
Y  for the contributions of excited structures to the 
ground state in a configuration interaction treat
ment. Their contribution is significantly less in 
the s.p.o. treatment than in the Pariser-Parr or 
atoms-in-molecules methods. This provides fur
ther support for our contention than the use of 
reduced values for the coulomb integrals as sug
gested by Pariser and Parr logically requires the 
use of increased values for the exchange integrals.

IV. Results for Butadiene and Naphthalene
The calculations for butadiene were carried out 
by the standard s.c.f. procedure, as indicated in 
section I, using a modification of a program writ
ten by Dr. L. C. Snyder for the I.B.M. 7090 compu
ter at Bell Telephone Laboratories. The values 
assumed for integrals of the type and (ii,ii) 
were 10.98 e.v.11 and 22.88 e.v., respectively; 
the remaining repulsion integrals were computed 
automatically, using the uniformly charged sphere 
approximation.29 All bond angles were assumed 
equal (120°). o The bond lengths for butadiene 
(1.337, 1.483 Â.) were taken from the paper by 
Almenningen, Bastiansen, and Traetteberg.30 Cal-

(29) R. Pariser, J. Chem. P h y s 21, 568 (1953).
(30) A. Almenningen, O. Bastiansen, and M. Traetteberg, Acta 

Chem. Scand., 12, 1221 (1958).

dilations for naphthalene were carried out for 
equal bond lengths (1.40 A).

The value of <3 (the one-electron resonance in
tegral) was estimated as a function of bond length 
by the method of Dewar and Schmeising3 from the 
cycle

r' c' r /(¡3r) r c "  r "
C— C C— C ------- >  C = C  —^  C = C

' \ s____ Ec-c — Ec-c_____

Here c' is the energy required to stretch a C -C  
single bond between sp2 carbon atoms from its 
equilibrium length r' to a length r; f(j3r) is the 
energy of a C -C  ir-bond calculated by the s.p.o. 
method for bond length r. The only unknown in 
the expression for the energy is the value (/3r) 
of the one-electron resonance integral; c" is the 
energy required to stretch a C = C  double bond from 
its equilibrium length r” to length r; and Ec=c , 
E c -c  are the bond energies of carbon-carbon double 
and single bonds, respectively, between sp2 carbon 
atoms. The values obtained are shown in Table
VI.

T a b l e  V I
0  a s  a  F u n c tio n  o f  B ond  L en g th

Bond length (Â.) ß (e.v.)
1 .3 38 2 .1 4 3
1 .3 48 2 .0 7 3
1 .3 58 2 .0 0 6
1 .3 68 1.941

1 .3 7 8 1 .8 80
1 .3 8 8 1 .8 1 8
1 .3 98 1 .7 67
1 .4 08 1 .7 13

1 .4 18 1 .6 62
1 .4 28 1 .6 14
1 .4 38 1 .5 69
1 .4 48 1 .5 24

1 .4 58 1 .481
1 .4 68 1 .4 39
1 .4 7 8 1 .4 02
1 .4 88 1 .3 58

Table VII compares the observed transition 
energies for the first two singlet excited states and 
first two triplet excited states of trans-1,3-butadiene 
with values calculated by the s.p.o. method and 
by various other methods. Here f.e.m.o. refers 
to calculations by the free electron m.o. approxima
tion.31 Three sets of s.p.o. values are shown, 
one using different values for /?i2 and fe , corre
sponding to the values listed in Table VI for the 
experimental bond lengths, one using the same 
value ( —2.39 e.v.) for both ¡3’s as the value assumed 
by Pariser and Parr7 for benzene, and one using 
for both bonds the value (—1.77 e.v.) deduced 
from Table VI for an average “ aromatic”  bond 
length of 1.40 A.

Table VIII shows a comparison of the transition 
energies for cis- and trans-1,3-butadiene calculated 
by the s.p.o. method (@n =  f e  =  —2.39 e.v.) 
and by the Pariser-Parr method.

(31) »S. Olzewski, Acta Phys. Polon., 14, 419 (1955).
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T a b l e  VII
E x c it a t io n  E n e r g ie s  (E .v .)  o f  St a t e s  o f  ¿rans-BuTADiENK (a )  O b se r v e d  an d  C a l c u l a te d  b y  (b )  S .p .o . M eth o d , D if 
f e r e n t  0°; (c) S .p .o . M e th o d , 0 -  -2 .39  E.v.; (d) S .p .o . M e t h o d , 0 = -1.77E.V.; (e) P a r is e r  an d  P a r r ; (f) A tom s-  

in -m o l e c u l e s ; (g )  F .e .m .o .; (h )  S .c .f .; ( i )  S .c .f .c .i .; ( i )  S.c .f .c .i . (S e m i-e m p ir ic a l )

State Exp.
a b ---------- S.p.o.—

c d
p_p6

e

‘Bu 6.0 6.06 5.39 5.97 6.2
‘Ac 7.2 6.71 7.32 7.65 7.9
3Bu 3.2 4.00 3.60 3.78 3.9
sAg 3.9 3.00 4.00 4.12 4.6
“ See discussion in text. h See ref. 7. * See ref. 32. d See

T a b l e  VIII
E x c it a t io n  E n e r g ie s  fo r  cis- an d  ¿tors-B u t a d ie n e , 
C a lc u l a t e d  b y  (a )  S .p .o . M e t h o d ; (b )  P a r is e r  an d  P a r r

/---------S.p.o.-------- N Pariser and Parr
State cia- trans- cis- frans-
‘Bu 5.62 5.93 5.91 6.20
‘Ag 7.78 7.32 8.29 7.87
3B„ 3.64 3.60 3.96 3.92
3Ag 4.79 4.00 4.61 4.62

Table IX  lists the coefficients of the a.o.’s in the
m.o.’s of frans-1,3-butadiene, and the corresponding 
bond orders, calculated by the s.p.o. method with 
equal j8’s ( —1.77 e.v.) and with ¡3’a corresponding 
to the experimental bond lengths.

T a b l e  IX
C o e f f ic ie n t s  o f  A.o. in  S .c .f . M .o . ’ s ; an d  B ond  O r d e r s

FOR ¿ranS-BuTADIENE CALCULATED USING (a )  DIFFERENT 0; 
(b )  012 =  023

a b
Cu 0.457 0.463
Ci, .539 .534
Pu .986 .975
P  23 .164 . 2 2 2

Table X  compares the observed transition 
energies for naphthalene with those calculated 
by various methods. As indicated, the assignment 
of the third and fourth transitions is uncertain. 
The s.p.o. calculations were carried out with [3 =  
—1.77 e.v. for all bonds, the value corresponding to 
a mean bond length of 1.40 Â. (Table VI).

T a b l e  X
E x c it a t io n  E n e r g ie s  (E .v .) o f  St a t e s  o f  N a p h t h a l e n e  
( a ) Ob s e r v e d ; an d  C a l c u l a t e d  b y  ( b )  S .p .o ., 0  =  — 1.77 
E .v .;  ( c )  P o p l e ; (d )  P a r i s e r ; (e )  F .e .m .o .; ( f )  S .c .f .c .i .

Exp. S.p.o. Pople“ P—P6 F.e.m.o. c S.c.f.c.i.d
State a b c d e £
‘Br, 3.99e 3.95 4.40 4.02 3.74 7.11
‘B2„ 4.27e 4.86 4.65 4.49 4.54 8.37
‘B3U /5.63<l,/l 6.10 6.13 5.94 5.83 10.30
‘B2u \6 .30“'/ j 5.52 6.20 6.31 5.84 9.31
3B2u 2.60° 3.27 3.09 2.18
3B3u 3.91 4.09 3.64
*b 3u 3.95 4.40 4.02
3B„u 4.06 4.83 4.42

° See ref. 40. 6 See ref. 21. c See ref. 18. dSee ref. 41* See ref. 16, 42, 43. f This assignment remains undecided. 
o See ref. 44, 45.

(32) R. S. Berry, J. Chem. Phys., 26, 1660 (1957).
(33) R. G. Parr and R. S. Mulliken, ibid., 18, 1338 (1950).
(34) A. Pullman, J. chim. phys., 51, 188 (1954).
(35) J. W. Sidman, J. Chem. Phys., 27, 429 (1957).
(36) W. C. Price and A. D. Walsh, Proc. Roy. Soc. (London), A174, 

220 (1940).

A.i.m. + c.i.® F.e-m.o** S.e.f.*f g h i j
7.0 6.0 5.4 8.1 9.6 6.3
8.0 6.1 7.3 10.1 7.1 7.9
4.4 2.1 3.9 3.1 2.5 3.4

7.2 6.0 3.7 4.4
ref. 31. * See ref. 33--35.

V. Discussion of Results for Butadiene and
Naphthalene

Table VII shows that the s.p.o. method gives 
excellent results for butadiene. It is at least as 
good as any other method that has been tried and 
very much better than the standard s.c.f.m.o. 
treatment, with or without configuration interac
tion. The only methods that compete are those 
which involve configuration interaction as well as 
the empirical adjustment of integrals. The only 
empirical value that enters the s.p.o. treatment is 
that of the one-electron resonance integral ¡3, 
Table VII shows that the results are surprisingly 
insensitive to the value chosen and that the best 
results are given by values estimated independently 
from thermochemical data by the method indicated 
above.

Table VIII shows that the s.p.o. one-configura
tion treatment gives very much the same result 
for the relationship between cis- and inms-butadiene 
as that given by the Pariser-Parr treatment.

Table IX  shows that the bond order for the 
central bond in butadiene is less than that given 
by other s.c.f. treatments,46 a very striking result 
since we have neglected differential overlap— 
and inclusion of this in the case of butadiene is 
known to lower the bond order of the central bond. 
Thus the Pople treatment (s.c.f. with neglect of 
differential overlap) gives a bond order for the 
central bond of 0.34, with fin =  &  =  —2.39 e.v. 
This shows that vertical correlation has a pro
nounced effect on the alternation of bond character 
in butadiene.3 The bond order is still further re
duced if different /3’s are used for the central and 
terminal bonds.

Table X  shows that the s.p.o. method is equally 
successful in the case of naphthalene, the agreement 
with experiment being very satisfactory. Whether 
the method is slightly better than, or slightly worse 
than, the Pariser-Parr and Pople treatments de
pends on the assignment of the transitions at 5.63 
and 6.30 e.v. According to the s.p.o. results the 
assignment of these is opposite to that given by the 
other methods, though the difference predicted by 
the Pople method is very small (0.07 e.v.). The

(37) J. R. Platt and H. B. Klevens, Rev. Mod. Phys., 16, 182 (1944).
(38) R. S. Mulliken, ibid., 14, 265 (1942).
(39) D. F. Evans, J. Chem. Soc., 1735 (1960).
(40) J. A. Pople, Proc. Phys. Soc. (London), A68, 81 (1955).
(41) S. Kolboe and A. Pullman, “ Calcul des Fonctions d'onde 

Moléculaire," Ed. CNRS, Paris, 1958.
(42) H. B. Klevens and J. R. Platt, J. Chem. Phya., 17, 470 (1949).
(43) H. Sponer and C. D. Cooper, ibid., 23, 646 (1955).
(44) M. Kasha, Chem. Rev., 41, 401 (1947).
(45) D. F. Evans, J. Chem. Soc., 1351 (1957).
(46) R. S. Mulliken, Tetrahedron, 6, 68 (1959).
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f.e.m.o. method predicts a still smaller difference 
in energy (0.01 e.v.) between these states. It is 
interesting that the s.p.o. treatment agrees with the 
usual s.c.f. m.o. method (including configuration 
interaction) as regards the assignment of the 
transitions; the results given by the latter method 
are, however, greatly in error.

VI. Summary
The main conclusions of this paper can be sum

marized as follows.
(1) The s.p.o. treatment can be regarded as a 

modification of the usual s.c.f. method in which 
allowance is made for vertical correlation by ad
justment of integrals. It could be regarded in this 
sense as a semi-empirical extension of the s.c.f. 
treatment along the lines pioneered by Pariser and 
Parr,7 but with the integrals modified in a logical 
and self-consistent manner. The approach pro
vides a further justification for the use of the s.p.o. 
method and further support for our contention2 
that the neglect of non-orthogonality between 
s.p.o. functions and the core may not in practice 
have any serious consequences.

(2) The results in this and the two preceding 
papers2 suggest that the s.p.o. method is a very 
promising one for calculating the properties of 
conjugated systems.

(3) The only one-configuration treatment that 
can compare with the s.p.o. method is the Pople8 
approximation. In the case of hydrocarbons the 
two methods would be expected to give very similar 
results, for the following reason. Using a Goep- 
pert-Mayer-Sklar potential and neglecting penetra
tion integrals, eq. 19 becomes8

Fa =  W 2p +  Vtfi(ti,tt) +  E  (<?j -  1 (25)

The corresponding s.p.o. equation (21) becomes

Fn =  Wip +  V lii +  E  (<n -  W iM )  (26)
3̂ i

Pople assumes, following Pariser and Parr,7 that 
all the repulsion integrals have reduced values, 
corresponding in our system to “ upper-lower” 
integrals. Since q\ =  1 for all atoms in an alternant 
hydrocarbon, if differential overlap is neglected,8 
the Pople and s.p.o. expressions for the diagonal 
elements in the /'-matrix are identical for such 
compounds. The expressions for the off-diagonal 
elements differ, being given by

(Pople) Fü = /3¡j -  ViPij (27)

(s.p.o.) Fu =  dü -  l/*pn(ii, jj) (28)

However, since bond orders do not vary much in 
aromatic compounds, and since the elements F¡¡ 
are small for non-bonded atoms, the values for the 
two methods can be brought into near coincidence 
by using different values for f3. The value ap
propriate to the s.p.o. treatment should of course 
be numerically smaller-—as in fact it is.

However this correspondence between the Pople 
and s.p.o. treatments applies only to alternant 
hydrocarbons; in the case of non-alternant hydro
carbons, or of compounds containing heteroatoms, 
the charge densities q¡ are no longer unity and the 
expressions for the diagonal elements of the F- 
matrix differ. Preliminary results suggest that the 
s.p.o. method is significantly superior for heteroaro
matic systems.
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A MOLECULAR ORBITAL STUDY OF THE POLAROGRAPHIC REDUCTION 
IN DIMETIIYLFORVIAMIDE OF UNSUBSTITUTED AND METHYL- 

SUBSTITUTED AROMATIC HYDROCARBONS1
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The half-wave potentials of a number of aromatic compounds have been determined and are found to fit the same type of correlation with the energies of the lowest vacant molecular orbitals in the HMO approximation established in other solvents. The deviation of biphenylene from this correlation can be accounted for in terms of “long bonds” but this explanation fails when applied to 2,3-benzobiphenylene. Azulene and acepleiadylene do not obey the simple theory. The effect of methyl substituents is accounted for successfully in terms of a combination of conjugative (hypereonjugation) and inductive influences.
Laitinen and Wawzonek found that phenyl- 

substituted olefins and acetylenes and aromatic 
polynuclear hydrocarbons are reduced at the drop
ping mercury electrode in aqueous dioxane and

(1) This research was supported in part by an Air Force Grant, AF- 
AFOSR-62-175.

(2) Alfred P. Sic an Fellow, 195S-1962.

give reproducible half-wave potentials. The first 
reduction wave of these compounds corresponds to 
the approximately reversible addition of one or two 
electrons to the compound.3-10 Hence, the half-

(3) H. A. Laitinen and S. Wawzonek, J. Am. Chem. Soc., 64, 1765 
(1942).

(4) S. Wawzonek and H. A. Laitinen, ibid., 64, 2365 (1942).
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wave potential for this reduction corresponds to an 
electron affinity of the hydrocarbon. Such half
wave potentials have been found to give excellent 
correlations with the lowest lying molecular orbital 
in simple MO theory.11 These correlations pro
vide an important means of comparing theoretical 
predictions with quantitative experimental results.

2-Methoxyethanol also has been used as a solvent 
for polarographic studies of polycyclic aromatic 
hydrocarbons12 and more recently Given13 has 
shown the advantages of dimethylformamide for 
such studies. We have extended the measurements 
of Given in dimethylformamide and have established 
the same type of correlation of half-wave potentials 
with the energies of the lowest vacant MO’s 
shown previously in other solvents. This cor
relation then has been used to examine departures 
from the simple polycyclic aromatic hydrocarbons. 
Several non-alternant hydrocarbons have been in
cluded and we have studied the effect of the “ long 
bonds”  in biphenylene systems. Finally, we have 
looked at the effects of methyl substituents and the 
explanation of the effects in terms of molecular or
bital theory.

Experimental
Instrumentation.—Current-potential curves were recorded with a Sargent Model XV polarograph. All potentials were measured with reference to an internal mercury pool anode in 0.1 N  tetra-n-butylammonium iodide in dimethylformamide (which was —0.55 v. vs. s.c.e.). The Hg pool cell was thermostated at 25.0 ±  0.2°. A commercial conductance bridge obtained from Electromeasurements Inc., Portland, Oregon (Model 250-DA) was used to measure solution resistance. An average value for resistance in the supporting solution was 700 ±  50 ohms.Materials.'—Dimethylformamide was purified by distillation in a sixteen-plate Oldershaw column. The fraction used distilled in the range 152-153°. Polarograph grade tetra-n-butylammonium iodide was supplied by Southwestern Analytical Chemicals, Austin, Texas. The majority of the aromatic hydrocarbons were obtained from various commercial sources, and purified when necessary by chromatography on neutral alumina, gas chromatography on a carbowax column, or by repeated crystallization from suitable solvents. The authors wish to express their gratitude to Dr. W. C. Langworthy, who supplied samples of several methyl-substituted aromatic hydrocarbons, and to Dr. F. R. Jensen, who supplied a sample of 2,3-benzbiphenylene. Acepleiadylene was the kind gift of Dr. V. Boekelheide; biphenylene was prepared by Dr. R. M. Williams.Experimental Procedure.—Solutions of the hydrocarbons (about 0.001 M )  were prepared with previously deoxy- genated dimethylformamide and were further degassed for 10 min. Cylinder nitrogen, used for degassing, was purified according to Fieser.14Experimental System.—Dimethylformamide, as reported previously,13 proved to be an excellent solvent for the polarographic investigation of aromatic compounds. Its ease of
(5) S. Wawzonek and J. W. Fan, J. Am. Chem. Soc., 68, 2541(1946).
(6) G. J. Hoijtink and J. van Schooten, Rec. trav. chim., 71, 1089 

(1952).
(7) G. J. Hoijtink and J. van Schooten, ibid., 72, 691 (1953).
(8) G. J. Hoijtink, J. van Schooten, E. de Boer, and W. I. Aalbers- 

berg, ibid., 73, 355 (1954).
(9) G. J. Hoijtink, Rec. trav. chim., 73, 895 (1954).
(10) A. C. Aten, C. Biithker, and G. J. Hoijtink, Trans. Faraday 

Soc., 55, 324 (1959); K. Schwabe and E. Schmidt, Z. physik. Chem. 
(Leipzig), Sonderheft, 278 (1958); K, Schwabe, ibid., 289 (1958);
H. J. Gardner, Nature, 183, 320 (1959).

(11) For a summary see A. Streitwieser, Jr., “ Molecular Orbital 
Theory for Organic Chemists,”  John Wiley and Sons, Inc., New York, 
N. Y., 1961.

(12) I. Bergman, Trans. Faraday Soc., 50, 829 (1954).
(13) P. H. Given, J. Chem. Soc., 2684 (1958).
(14) L. F. Fieser, J. Am. Chem. Soc., 46, 2639 (1924).

purification, dissolving power, and the excellent character of the observed current-voltage curves demonstrate that it compares very favorably with 2-methoxyethanol12 as a useful aprotic solvent for polarography. The decomposition potential of the supporting solution is approximately— 2.40 v. vs. Hg pool anode. No maxima were observed at the concentration range studied. The solution resistance of 700 ±  50 ohms caused, at a 1 mM  concentration of aromatic hydrocarbon, an IR  drop of 1 or 2 mv. The values reported have not been corrected for this small IR  drop since it is less than the experimental uncertainty, and remains constant for similar concentrations of substrate.Many of the aromatic and methyl aromatic compounds also run vs. s.c.e. in an H-cell separated by an agar-saturated potassium chloride bridge, and were found to give good agreement with the results observed vs. the internal Hg pool reference electrode. The Hg pool electrode was preferred because both KC1 and water diffused through the agar bridge into the sample compartment of the s.c.e. cell, and were potential sources of difficulty. Potassium ion is itself reduced in dimethylformamide at approximately— 2.05 v., and the addition of a proton source such as water to dimethylformamide has been shown13'16 to cause small shifts in the half-wave potentials of aromatic hydrocarbons
Experimental Results and Uncertainties.—For representative compounds such as naphthalene and anthracene, the diffusion current was found to be proportional to concentration over the range 0.5 to 5 m li, and the standard deviation of the half-wave potential over this range for ten different concentrations, and over a period of several days, was ±0.010 v. However, the reproducibility was ±0.005 v. for successive runs at similar concentrations.The values reported for the methyl-substituted and parent compounds are the average of three such consecutive runs made at similar concentrations.

Discussion
The half-wave potentials for the benzenoid 

aromatic hydrocarbons (Table I) plotted against the 
energies of the lowest vacant MO’s give a good 
linear correlation (Fig. 1) as expressed by the equa
tion16

Ei/, =  (2.407 ±  0.182)m,„+1 -
0.396 ±  0.093 (1)

This correlation is amazingly close to that in 2- 
methoxy ethanol11

- E 1/2 =  (2.414 ±  0.092)mm+1 -
0.435 ±  0.065 (2)

It is noteworthy that the slopes and intercepts in the 
two solvents are so similar and show again the un
expected similarity of solvation energies of hydro
carbon anions in different solvents.

Several hydrocarbons deviate markedly from the 
correlation line. In one of these cases, biphenyl
ene, it has been reported recently, on the basis of X - 
ray structure analysis, that the central bonds are 
virtually single bonds (1.52.± 0.03 A .)17 and that 
the remaining six-membered ring bonds are almost 
normal benzene bonds. One of the assumptions 
made in the simple Hiickel MO theory is the equal
ity of bond integral terms for nearest neighbors. 
This assumption is equivalent to assuming an 
equality of all bond distances. The effect that a 
change in /3 of bond r-s has on the energy, q,

(15) G. J. Hoijtink, Ricerca Sci., 30, Suppl. No. 5, 217 (1960).
(16) The “ unusual”  compounds, biphenylene, 2,3-benzobiphenyl- 

ene, azulene, and acepleiadylene were omitted,
(17) T. C. W. Mak and J. Trotter, J .  Chem. Soc., 1 (1962).
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Fig. 1.—Half-wave potentials of aromatic hydrocarbons in dimethylformamide vs. energy coefficient of lowest vacant MO in the HMO approximation.
T a b l e  I

H a l f -W a v e  R e d u ction  P o t e n t ia l s  f o r  A r o m atic  
H yd r o c a r b o n s  in  D im e th ylf o r m a m id e

No. in 
Fig. 1 Hydrocarbon — mm* 1°

— E i/ j «»• Hg 
poo]

Dimethyl
formamide

1 Azulene 0.400 1.102 Acepleiadylene .445 1.10
3 Perylene .347 1.17
4 Fluoranthene .371 1.23
5 1,2-Benzpyrene .365 1.31
6 1,2,4,5-Dibenzpyrene .422 1.36
7 Anthracene .414 1.41*
8 1,2,3,4-Bibenzanthracene .499 1.53
9 Pyrene .445 1.53*

10 1,2,5,6-Bibenzanthracene .474 1.5511 4,5-Benzpyrene .497 1.5812 2,3-Benzobiphenylene .502 1.67
13 Biphenylene .445 1.7314 Chrysene .520 1.7715 Triphenylene .684 1.91
16 Phenanthrene .605 1.92*
17 Naphthalene .618 1.99*
18 Biphenyl .705 2.05
° Energy coefficient of lowest vacant MO in the HMOmethod (see ref. 11). b Given13 reports: naphthalene, 1.99; anthracene, 1.41; phenanthrene, 1.93; pyrene, 1.56.

of molecular orbital, is given to a first approxima
tion as18

£>6j
Se; =  V T - * 0 »  =  2v™ 5ft. (3)

0&TB
in which p raf is the partial mobile bond order [pw- 
=  CjrCjB, in which clt is the coefficient of the rth

(18) C. A. Coulscn and H. C. Longuet-IIiggins, P r o c . R o y . S oc. 
(London), A191, 39 (1947).

atomic orbital in the jth molecular orbital]. If 
we assume that /3 is proportional to overlap inte
gral, 5/3 for each of the central bonds in biphenylene 
is -0 .2 0 ft ,11 and Sfm+1 =  (2)(0.3685)2(-0 .2 0 ) 
=  —0.054ft Because there are two such bonds the 
corrected mm+i is —0.553, which yields a calculated 
—Ei/t — 1.73 v., in excellent agreement with the 
experimental value, 1.73 v.

Unfortunately, the success of this method does 
not appear to be general. A similar correction may 
be made to 2,3-benzobiphenylene assuming that 
the bonds joining the benzene and naphthalene 
rings are also 1.52 A. in length. The corrected 
mm+1 corresponds to —Ei/, =  1.85, in poor agree
ment with the experimental value, 1.67 v. Actually
2,3-benzobiphenylene agrees rather well with the 
correlation line without any corrections.

The behavior of the non-alternant hydrocarbons 
merits comment. Fluoranthene behaves as a 
typical benzenoid hydrocarbon in fitting the cor
relation. Azulene, however, has a lower reduction 
potential by 0.25 v. than that predicted by the 
correlation of other hydrocarbons. The half
wave potential of acepleiadylene, —1.10 v., has 
not been reported before and is lower by almost 
0.4 v. than the predicted value. These serious 
deviations are not corrected by allowing for “ long 
bonds.”  Instead, the enhanced oxidizing power of 
these hydrocarbons probably is associated with 
more serious limitations of simple MO theory. 
The compounds are calculated to have greater 
stability than they actually possess; their resonance 
energies are lower than expected on the basis of 
calculated delocalization energies.11

The effect of methyl groups on ionization po
tentials has been shown previously to be accounted 
for satisfactorily in terms of an inductive effect 
alone.19 A similar treatment has been suggested 
for the effect of methyl groups on polarographic 
half-wave potentials but the data available for 
testing the method were rather meager.11'20 In this 
method the w-carbon attached to the methyl 
group is made more electropositive by the assign
ment of a negative h in the definition

ar =  «o +  ftft (4)
The effect that such a change in the coulomb in
tegral has on the energy, tm+ of the lowest vacant 
MO is given by

5  G iz41 =  C / r c + l . r 2 5  O ir  —  C m + i . r 2 f t  f t  ( 5 )

As a test of this model we have determined the half
wave potentials of a number of methyl-substituted 
aromatic compounds (Table II). Methyl groups 
invariably render the hydrocarbons somewhat 
harder to reduce, in agreement with the qualitative 
predictions of the simple model. The quantitative 
prediction that the energy change is proportional 
to cm+i,r2 (eq. 5) is tested in Fig. 2 and is found to 
be unsuccessful. Inspection of this figure reveals 
that methyl groups at /3-naphthyl type positions 
(triangles in Fig. 2) give a good linear correlation 
among themselves but that a-methyl substituted 
compounds fall generally below this line.

(19) A. Streitwieser, Jr., J .  P h y s .  Chem., 66, 368 (1962).
(20) L. E. Lyons, Research, 2, 587 (1949).
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T a b l e  I I

E f f e c t  o f  M e t h y l  o r  M e t h y l e n e  S u b s t it u e n t s  o n  H a l f - W a v e  P o t e n t ia l s

No. in Subst. - A ' / , -  A£l/i AS 2c»l+ 1,!*
Fie. 2. 3 P 0 8 . (v.) (v.) (cm .-1) (v.) — AÜ?i/ 2 corr. r

Naphthalene 1 .9 9 4 35010
1 1 2.022 0.02 g 34220 0 .0 9 8 0 .126 0 .1 8 0
2 2 2 .0 4 2 .048 35010 .000 .048 .069
3 1,2 2 .0 4 6 .052 34180 .103 .155 .249
4 1,4 2 .0 2 3 .029 33500 .187 .216 .360
5 1,6 2 .0 5 5 .061 33940 .133 .194 .249
6 1,7 2 .0 5 6 .062 34250 .094 .156 .249
7 2,3 2 .0 9 0 • O90 34720 .036 .132 .138
8 2,6 2 .0 7 0 .076 34950 .C07 .083 .138

Phenanthrene 1 .9 20 34130
9 2 1 .9 42 .022 34070 .007 .029 .002

10 3 1 .9 8 0 • 06o 33670 .057 .117 .099
11 9 1 .9 69 • 04g 33560 .071 .120 .172

Anthracene 1 .4 05 26740
12 2 1 .4 5 0 .045 26530 .026 .071 .048
13 9 1 .4 1 7 .012 25910 .103 .115 .194

Pyrene 1 .5 26 29960
14 1 1 .5 49 .023 29210 .093 .115 .135
15 2 1.541 .015 29750 .026 .041 .000
16 4 1 .5 55 .029 29750 .026 .055 .087

Fluoranthene“ 1 .2 28
3 1 .2 67 • 039
7 1 .2 73 .045
8 1 .3 04 • 07oBiphenyl“ 2 .0 5 0

T etrahydropy rene* 2 .1 7 0 • 120sym-Hexahydropyrene“ 2.200 .206
Dihydropyrene“ 1 .9 46 • 026

“ These compounds were not included in the correlations. Fluoranthene is a non-alternant hydrocarbon; the other compounds are not methyl-substituted. b Values were obtained from D. Peters, J. Chem. Soc., 646 (1957), and American Pet. Inst. Project 44; Natl. Bur. Standards.

Fig. 2.—Attempted correlation of the effect of methyl groups on half-wave potentials using an inductive model only.
The inductive model of the methyl group alone 

is inadequate for the present purpose. The con- 
jugative ability of the methyl group has been ig-

Fig. 3.—Correlation of the effect of methyl groups on halfwave potentials corrected for conjugation effects using the inductive model.
nored in this model. For the evaluation of this 
effect we turn to absorption spectra. The p-band 
of aromatic hydrocarbons may be associated with 
transition of an electron from the highest occupied 
to the lowest vacant t-MO. The effect of a



2320 H a r r i s o n  S h u l l Vol. 66

methyl substituent on this band for alternant 
hydrocarbons is determined essentially entirely by 
the conjugation effect and not by inductive effects.21 
This analysis suggests the use of the bathochromic 
shift given by a methyl substituent as a means to 
correct the shift in reduction potential for conjuga
tion by the methyl group. Actually, the batho
chromic shift results from changes in energies of 
both the highest occupied and lowest vacant or
bitals and only a part of the spectral shift should be 
associated with the change in one orbital alone. 
Nevertheless, the simple MO interpretation of 
spectra is highly approximate; hence, the entire 
bathochromic shifts accompanying methyl sub
stitution as listed in Table II have been converted 
to volts and added to the observed AEi/, values 
to give an estimate of the reduction potential in 
the absence of conjugation effects. The new 
values, AEi/.xo„ ,  should now be dependent only 
on the inductive effect as in eq. 5. A plot of

(21) C. A. Coulson, Proc. Phys. Soc. (London), A65, 933 (1952); 
H. C. Longuet-Higgins and R. G. Sowden, J. Chem. Soc., 1404 (1952). 
An illuminating graphic analysis is given by E. Heilbronner, Chapt. 5 
of “ Non-benzenoid Aromatic Hydrocarbons,”  Interscience Publishers, 
New York, N. Y., 1959; see also ref. 11.

AEi/2corr against cm+i,r2 in Fig. 3 shows a greatly 
improved correlation; the correlation coefficient 
is 0.94 despite the fact that both types of shifts 
are of comparatively small magnitude and contain 
rather substantial experimental errors. For do 
=  —2.4 e.v. (the slope of Fig. 1), the slope of Fig. 
3 corresponds to hx =  —0.21. This correlation 
provides evidence for the importance of both 
conjugative and inductive influences in the effect 
of methyl groups on reduction potentials. The 
inductive effect decreases the electron affinity and 
is generally more important than the conjugation 
effect which tends to increase the electron affinity; 
conjugation is clearly more important at a-naphthyl 
than at d-naphthyl-type positions. Both effects 
are undoubtedly also important in ionization po
tentials but in this case the two effects operate in 
the same direction and probably to comparable 
extents. Hence, consideration of the inductive 
effect alone suffices to a reasonable approximation. 
It is undoubtedly for this reason that the effective 
hx  for the inductive model in ionization potentials, 
— 0.54,19 is numerically greater than that for reduc
tion potentials in Fig. 3, —0.21.

THE NATURE OF THE TWO-ELECTRON CHEMICAL BOND. II.
THE HETEROPOLAR CASE1

B y  H a r r i s o n  S h u l l

Chemistry Department, Indiana University, Bloomington, Indiana 
Received June 20, 1962

By using the artifice of dividing sjjace into two parts by means of a plane perpendicular to the internuclear axis and passing through its mid-point, it is shown that there is possible a division of a two-configuration two-electron wave function into three orthogonal parts each of which has optimum properties associated with the plane intuitively corresponding to the names “ionic” and “atomic.” In this paper, the heteropolar case is considered, and it is shown that there arises a natural mathematical quantity, 0, which is a function of three integrals over natural orbitals over half space. The quantity, 0, seems to bear a considerable resemblance to electronegativity difference. An example is given for the simple diatomic hydride two-electron system, HZ(Z_1)+, at a fixed internuclear distance. Finally it is pointed out that the treatment is a special case of the use of a much more general weight factor. Suitable choices of the latter may make it possible to relate functionally the large number of different electronegativity scales.
I. Introduction

In a previous paper2 we have developed a treat
ment of the two-electron bond in the homopolar 
case which seems to avoid some of the pitfalls of 
the typical textbook version. In particular, by 
starting from the natural orbital expansion,8 
we avoid completely the arbitrary features of previ
ous treatments which depend upon a very particular 
choice of basis set. The natural expansion is 
uniquely determined4 from the exact wave function, 
which is obviously quite independent of the par
ticular basis set chosen. In actual practice it has 
been shown that even fairly crude approximations 
to the exact wave function lead to very similar

(1) Supported by contracts and grants from the U. S. Air Force 
OSR and from the National Science Foundation.

(2) H. Shull, J. Am. Chem. Soc., 82, 1287 (1960). We refer to this 
paper as I.

(3) (a) P.-O. Lowdin and IT. Shull, Phys. Rev., 101, 1720 (1956); 
(b) H. Shull and P.-O. Lowdin, Chem. Phys., 30, 617 (1959).

(4) Excepting, of course, certain cases of degeneracy which arc not 
of importance here.

approximate natural expansions.6 At an early 
stage in the calculation, therefore, the use of the 
natural expansion frees one from the arbitrary 
nature of the approach.

A second pitfall that has been pointed out pre
viously2’6 is the identification of chemical concepts 
with non-orthogonal wave mechanical functions. 
Thus the rather generally used “ covalent”  function 
of Wang for the hydrogen molecule and the “ ionic” 
terms introduced in the Weinbaum function had an 
overlap of about 0.95. One might have said that 
the addition of “ ionic”  terms in this case was 95% 
utilized in improving the “ covalent” representation, 
or indeed that the original “ covalent”  function was 
95% ionic in the first place. One can easily show 
that if one is not particular about the precise nature 
of the “ covalent” - “ ionic” criterion, that there 
exists almost any degree of ionic character that one 
chooses.

(5) H. Shull, J. Chem. Phys., 30, 1405 (1959).
(6) J. Braunstein and W. T. Simpson, ibid., 23, 174, 176 (1955).
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In the homopolar case, it was shown that a crude 
and rather naïve division of space into two parts 
by a plane passing through the mid-point of and 
perpendicular to the hydrogen molecule bond could 
be utilized to define a criterion for an optimum 
“ atomic” and an optimum “ ionic”  function in the 
space of hydrogen molecule wave functions of 
rank two. The optimum atomic function and the 
optimum ionic function were attained with pre
cisely the same choice of variable parameters, and 
this choice furthermore led to the highly desirable 
and satisfying result that these two functions were 
orthogonal to each other.

We can summarize the philosophy of this treat
ment. We desire that theoretical counterparts of 
intuitive chemical concepts be exactly and pre
cisely defined in the framework of a mathematical 
approximation to the exact wave function. This 
approximation on the one hand should itself be 
precisely defined and in addition, of course, it 
should bear as close a relation as possible to the 
exact wave function. We should finally remind the 
reader that the natural orbital expansion satisfies 
this count ideally in the two-electron case, for the 
truncated ordered natural expansion is term-by- 
term that function of corresponding rank with 
optimum representation of the electron density of 
the exact function.33

II. Extension to the Heteropolar Case

If one attempts to apply the general theory to the 
heteropolar case, one soon finds that what has 
been an interesting exercise in trigonometric 
identities becomes a nightmare. We rationalize 
our unwillingness to pursue this more general prob
lem in its complete form by falling back on the 
desiderata mentioned in the Introduction. 
Namely, the solutions in which we are primarily 
interested are those which maintain the ortho
gonality of T a, T+ , and T_ 7 defined by

T a =  [w(l>(2) +  i'(1)m(2 )]/\ /2  (la)

T+ =  [u(l)u{2) +  y(l)y(2) ] / -y/2 (lb)

T_ =  [m(1)w(2) — y(l)y(2)]/\/2 (lc)

The restriction to the orthogonal case implies that 
we can expand u and v in terms of the natural 
orbitals xi and X2 with a single variable parameter a

u =  xi cos a +  X2 sin a (2a)

V =  Xi sin a — X2 COS a (2b)

We then still have the general expansion for the 
optimum function of rank 2

T = Cixi(l)xi(2) +  c2X2(1)x2(2) (3)

which may be expressed as

T = XaT a -T X+T+ T  A_T_ (4)

I n the orthogonal case considered here8
(7) 'P+ and >£- are identical with ^i+ and ’J'i-  of I in the orthogonal

A a =  [(ci — c2) sin 2a]/V 2  (5a)

A_ = f(ci — c2) cos 2 a j /\ /2  (5b)

A+ =  (ci +  C2V V 2 (5c)

As in I, we can introduce a plane perpendicular 
to and bisecting the internuclear line in the hetero
polar bond under discussion. We reserve for 
later discussion the question of the validity of such 
an arbitrary division in the first place, placing it 
at the mid-point of the bond in the heteropolar 
molecule in the second, and in the third place, ways 
of circumventing this division in its entirety. At 
this point we note that the division is used merely 
as a criterion of optimum functional form of 
T a, T + , T _ . It plays no direct role in the evalua
tion of Aa , A+, and A_. Of course, it plays an 
indirect role. But if some other criterion should 
lead to the same choice of TA, T+, T_, then the 
arbitrary division of space would be completely 
unnecessary and indeed irrelevant.

Continuing as in part IV of I, we define

A A = / T a2 driR dr2L +  / T a2 dru, dr2R (6a)

A + =  / T +2 drjR dr2L +  / T +2 driL dr2R (6b)

A_ =  / T ^2 driR dr2L +  / T - 2 driL dr2R (6c)
and correspondingly

I  a  — / T a2 diTR dr2R +  / T a2 driL dr2i. (7a)

1+ =  / T +2 driR dr2r +  / T +2 dru. dr2L (7b)

I -  = / T _2 driR dr2R +  / T _2 driL dr2L (7c)

We note, of course, that A a +  I  a  =  1. Similar 
relations hold for the other pairs. We introduce the 
definitions (1) and (2) into (6) and (7) to arrive at 
general expressions for Aa, etc., as a function of the 
variable parameter a and of three independent 
integrals over the natural orbitals (several others 
occur but are easily related to these three)

Ru = / x i 2 d-TR (8a)

Rii =  S x 22 drR (8b)

R\i = /x iX 2 drR (8c)

In the homopolar case, Rn = Ä22 = y 2, but these
relations do not apply in the heteropolar bond. 

Performing the substitution and rearranging
(8) We note that eq. lOa-lOc of I contain errors. The correct 

genei’al formulas are

Xa =  [(ni'/’- +  n2'A) sin (a  +  /3) +  (rai'/s — ra2Vj)
sin (a — f))]/2N+ cos2 (a — /3) (10a)

Xi+ = — n ih ) +  (n\h +  n2‘/») sin (a +  t3) X
sin (a — 0)]/'2N+ cos2 (a — 0) (10b)

Xi_ = l(«il/2 +  M2'/2)cos(a + /3)]/2Ar_ cos (a — |8) (10c)
It is easy to verify that these corrected equations lead to eq. 5 above for 
the case a  == /3, m l/~ — a , and —ns1/* =  ct. There is an additional 
small error in I where erroneous limits are given for the variable Xi+ /  
Xa  on. p. 1289. This variable can easily be shown to lie between the 
limits —1 (for S — + 1 ) and + 1  (for S =  —1). These changes inad
vertently introduced in the preparation of the manuscript do not af
fect any of the remaining equations or data given in I.case.
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somewhat, we arrive at the following general ex
pressions for the orthogonal heteropolar case

A a — !A  “  y s(ei +  £2)2 +
2/2122 [(02 — 1) cos 4a +  26 sin 4a] (9a)

/_  = y 2 +  y*(*  +  a )2 +
2Rn2 [(02 — 1) cos 4a +  20 sin 4a] (9b)

1+ =  y 2 +  «I2 +  «22 +  2Z2122 (9c)

where

6 — (Rn — R22) / 2Äi2 (10)
and

ei — Rn — y  2, €2 — R22 y  2 (11)
The expressions 9a~9c may be formulated in a 
number of alternative ways, but the above seems 
most convenient for our purpose. Another con
venient variable to use in place of e1 and e2 may be 
ei/2Rw and e2/ 2/ 2i2 analogous to the definition of
6. It should be noted that there is a simple rela
tion between 0 and th e2; namely

0 — (ei — €2) / 2ffj2
We now proceed to find the optimum choices of 

a ; that is, the respective choices which maximize 
Aa and Since 1+ is independent of a, no 
maximization is possible in this case. Inspection 
of (9a) and (9b) shows that the dependence of Aa 
and of I -  upon a is identical. Hence the same 
choice of a which maximizes A\ also will make /_  
a maximum. It should be pointed out that the 
identity in dependence upon a is by no means 
obvious at the outset, since the functions SfM 
and are different and independent, and in addi
tion the respective integrations are over different 
regions of two-electron space.

Proceeding with the differentiation of A a and 
/_  with respect to a, setting the result to zero, and 
rearranging, we arrive immediately at the equation 
for optimum a

tan 4a =  20/ (02 -  1) (12)
Finally we can express the coefficients, A, in eq. 4 
in terms of this new parameter 6

Aa =  (fix — c2) / [ 2(02 +  l ) ] ’/! (13a)

A_ =  (ci — c2)0/[2(02 +  l ) ] l/l (13b)

A+ =  (Cl +  c2) /[2 ]Vl (13c)

This completes the formal analysis of the problem 
utilizing this naïve division of space into two parts. 
We see that it leads to a division of the wave func
tion into parts which have optimum identification 
with the particular criterion for the intuitive con
cepts which we have chosen. Furthermore these 
functions are orthogonal, and the final parameters 
are a function of a single variable, here labeled 6.
III. Application to a Simple Heteropolar System

In order to obtain some feel for the nature of the 
above results, we have applied these equations to the

simple case of a two-electron heteropolar diatomic 
hydride ZH(Z_t)+ of which H2, HeH+ are particular 
examples. For the present purpose there was no 
reason to restrict the calculations to integral Z, 
and in fact the nuclear charge of atom Z was taken 
over the range 0.5 (0.5) 5.5. A simple energy calcula
tion was carried out using “ covalent”  and "ionic” 
terms derived from Is atomic orbitals of appropriate 
orbital exponent on each center without scaling. 
Thus

■F =  italSa(l)lS„(2) -(- /xbl S b ( l )  lSb(2) +

¿ioV+[lsa( l ) l s b(2) +  lsb( l ) l s a(2)] (14)

This is, of course, a rank two wave function, and it 
is a relatively simple matter to express the resultant 
function, with coefficients /ia, Mb, and fxe chosen for 
optimum energy, in the functional form of eq. 
3, and via eq. 8, 10, 12, and 5 in the functional 
form of eq. 4. The coulomb integrals required 
were obtained by five-point Lagrangian interpola
tion from tables published by the Chicago group. 
The hybrid and exchange integrals were evaluated 
using the Mulliken approximation. Typical re
sults for a fixed internuclear distance, R =  1.0 /?, 
are given in the accompanying table for a selected 
set of charges. Although the integral approxima
tions may have introduced small errors into the 
quantitative results, the figures should be qualita
tively correct.

Some comments on these results seem pertinent 
at this point. Looking at the homopolar case 
(Z =  1.0) we find a relatively low fraction of atomic 
character, Aa2, as was noted in I. In this case, 
Aa2 is even lower than found for the properly scaled 
Wang and Weinbaum functions for which Aa2 
was 0.680, 0.615, respectively (0.579 in the present 
calculation). It is to be noted that Aa2 does reach 
a maximum in the homopolar case as would be 
hoped. Furthermore it falls rapidly toward zero 
as the nuclear charge of the atom Z is raised. This 
corresponds to a rapid dominance of the term with 
coefficient ^  in eq. 14 as Z is raised. This dom
inance also is reflected in the rising value of 
ni, the occupation number of xi( =  ci2) as Z increases. 
In the limit of large Z, ni =  1, n2 =  0 for the 
approximation we are using here.

Finally, some mention should be made of A+ 
and A_. The square of the former, with its value 
of 0.421 for the homopolar case, represents the 
“ ionic character”  present in a homopolar bond, if 
indeed one wishes to attribute any such non-ob
servable quantity to the homopolar case. It is 
to be recognized that the function 'F+ with its 
orthogonality constraints does not necessarily 
bear a very close relationship to the actual function 
for, say, H+H~. It would be interesting to ex
plore this relationship, but we have not done this 
as yet. The fraction A+ 2 increases gradually with 
increasing Z, obviously approaching in the limit 
of very large Z the value of y 2. The function \k_, 
on the other hand, does not contribute to the homo- 
polar molecule at all since its coefficient is zero for 
that case. The magnitude of A- 2 rises rapidly with 
increasing Z, approaching again the expected limit 
of y 2 at very large Z values.
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T able  I
Parameters C alculated for the T wo-E lectron H ydride System  H Z (z  _l) + as a F unction op Z  a t  the F ixed  I nter- 

nuclear D istance op R =  1.0B (S ee T e x t  for D efinition  of P aram eters)
Z 0.5 1.0» 1.6 2.06 3.0 4.0 5.0

Xa 0 .7 21 0 .7 61 0 .7 1 3 0 .6 4 4 0 .3 8 7 0 .2 1 6 0 .1 2 2
X- .285 .000 -  .254 - 0 . 3 8 0 -  .613 -  .680 -  .699
x+ .632 .649 .653 .664 .689 .701 .705
Xa2 .519 .579 .509 .414 .150 .047 .015
Rn .362 .500 .651 .756 .896 .960 .984
Rn .563 .500 .380 .325 .265 .250 .252
Rn -  .254 -  .437 -  .380 -  .316 -  .199 -  .113 -  .064
6 .396 .000 -  .357 -  .590 - 1 . 5 8 5 - 3 .1 4 1 - 5 .7 4 1
Cl .99489 .99683 .99728 .99827 0 .9 996 7 0 .9 999 6 0 .9 999 9
Ci -  .10097 -  .07952 -  .07368 -  .05874 -  .02552 -  .00923 -  .00366
ni .98980 .99367 .99458 .99655 .99935 .99992 .99999
nt .01020 .00632 .00543 .00345 .00065 .00008 .00001
(X+ +  X - ) / V 2 .648 .458 .283 .201 .054 .014 .004
(X+ -  X - ) A /2 .246 .458 .642 .738 .921 .976 .993
“ This is an approximation to H2. E  for this function at It =  1.0 is —1.99766H . 6 This is an approximation to H eH +-

The behavior of these coefficients is a little more 
understandable if we relate them to u and v 
character since u and v may be considered as ana
logs of the atomic orbitals we started with. The 
coefficient of the term w(l)w(2 ) in the wave function 
is just (X+ +  X _ ) /\ /2, and the coefficient of i>(l)- 
v(2) is (X+ — A _)/-\ /2 . The latter increases to
ward 1 as the Z  value grows very large.

IV. Electronegativity Difference
One of the aims of the present work is to find, if 

possible, mathematical quantities which corre
spond fairly closely to chemically intuitive con
cepts. Thus we are interested in finding quantities 
corresponding to “ionic character”  and to its 
closely related but apparently more fundamental 
concept, electronegativity. One of the quantities 
which came naturally from the calculation, namely 
0 as defined in eq. 1 0 , seems to have many of the 
properties one might associate with electronega
tivity difference. It was very pleasing that the 
three integral parameters, Rn, Rn, and Rn merged 
into a single parameter, 8, in the calculation. 
This parameter has been defined in such a way as 
to be zero for the homopolar case (when Rn =  
R n  =  7  2 and in general R n  5^ 0 ) and to become 
large in magnitude as we approach an extreme 
ionic case (where, say, Rn 1 ,  Rn -*■ 0 ,  and Rn -*■  
0). The sign of 6 is not of particular concern since 
it reflects merely an arbitrary choice of coordinate 
direction. But it is interesting to note that the 
magnitude of 6 is in the very same range of numbers 
that are entailed in the Pauling definition of elec
tronegativity difference.

It is impossible to make a very good comparison 
between the values of 8 given here and Pauling’s 
scale because all the former are at a fixed R  far 
from the equilibrium value, and the latter scale 
is chosen from data on a variety of molecules at 
their respective equilibrium configurations. There 
is an implicit variable of internuclear separation 
present in evaluations of electronegativities since 
these can be expected to vary considerably with 
R. One can easily convince oneself that this is 
so by considering the simple (normal) case of a 
diatomic molecule dissociating into two different

atoms. Although the atoms have different tabu
lated electronegativities, at R  =  »  the amount of 
ionic character will have decreased to zero. More 
extensive calculations as a function of R  are in 
process, and it may prove possible to find a simple 
more direct relationship between 8 for the configura
tion of minimum energy and the Pauling scale.

V. A More General Treatment
The principal defect in the above treatment is 

the arbitrary and naïve use of a plane to divide 
space into two equal parts. Even if one were will
ing to accept this in the homopolar case, there seems 
little reason for using it in the heteropolar one other 
than mathematical convenience. One alternative 
would be to use a plane perpendicular to the bond 
but placed, say, at the minimum of the electron 
density along the axis between the two nuclei. 
By searching for the optimum placement of the 
plane, one might be led to a relationship which 
involves constancy of atomic radius as well.

A  more satisfying way of looking at the problem, 
however, is to consider the use of a generalized 
weight factor, ¡7(1 , 2 ), which expresses inherently 
the concept of “ionicness” or “alternant character” 
to the satisfaction of the reader.9 Then the prob
lem becomes that of maximizing A\, for example, 
where

A a =  / * a 2<7 dn  dr2 (15)

Here g would be that weight factor which expresses 
the alternant concept. It is straightforward to 
show that under this more general condition one 
arrives at a condition for optimum a very similar 
to that of eq. 1 2 , with 8 explicitly written out as in 
eq. 10. Two-electron integrals over the weight- 
factor and the natural orbitals, however, replace 
Riij Rn, and /( 12-

The use of the arbitrary plane then corresponds to 
a particular choice of gr(l, 2 ) which is unity for 
volume elements with electrons on opposite sides 
of the dividing plane and zero otherwise. We are 
happily led to the point suggested in I that the naïve 
use of the plane only as a criterion of definition of 
T'a , etc., can be replaced by some more sophisticated

(9) This was first suggested to the author by Dr. Eugene Helfand.
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derivation which leads to essentially the same choice 
of function without affecting the general conclusions.

A  number of other possible weight factors sug
gest themselves. One involving directly the inter- 
electronic distance or at least its component along 
the molecular axis seems not unreasonable from 
some points of view. In addition one can think 
of operator forms of g( 1 , 2 ) of which the most 
obvious choice is the Hamiltonian operator itself. 
In this case, the parameter 6 becomes identical with 
a parameter introduced empirically by Lowdin10 
to discuss some bond length perturbations. This 
is probably not a lucky accident, although the 
interpretation of, say, A\ using this operator 
formulation is none too clear.

Indeed, it is well known that roughly comparable
(10) P.-O. Lowdin, communicated at an early morning (1:30 a.m.) 

lecture at the Sanibel Island Winter School, January, 1962.

electronegativity scales can be derived from such 
diverse phenomena as bond energies, ionization 
potentials, force constants, nuclear quadrupole 
coupling constants, and the like. W e would like 
to suggest that these diverse scales may be brought 
together by the suggestion that they refer to a 
well defined mathematical approximation to the 
optimum geminal function in which slightly dif
ferent but nevertheless potentially well defined 
weight factors are used. Further work needs to be 
done to ascertain the possible validity of this 
very general viewpoint.
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New results for electron distribution in a typical ground state, a lowest triplet state, and lowest double states are presented as examples of kinds of 7r-elect,ron calculations that can be performed. Also some actual elapsed computer running times are cited for a variety of specific examples. Recent advances in our understanding of the ir-electron approximation in terms of quantum mechanics, together with the advent of electronic digital computers, make it possible for „-electron theory to become a powerful tool for the chemist. On one hand the quantum chemist can proceed systematically in his testing of the various approximations which are made and also to study the problem of the meaning of the best values for the critical parameters which must be known. On the other hand, other chemists can use existing techniques and computer programs with chemistry-oriented input and output as an aid in planning and evaluating their research.
Introduction

The idea that some electrons in a molecule can be 
studied separately is one of the oldest notions of 
quantum chemistry. That idea has seen widest 
application in dealing with so-called n -electron3 
or conjugated systems such as ethylene and benzene, 
either as neutral molecules or as ions, substituted 
and unsubstituted, in their ground and excited 
states.

A  wide variety of physical and chemical phe
nomena relating to conjugated systems are being 
observed4 and ^--electron theory, in various forms

(1) There are a number of other laboratories where there is a more 
or less comprehensive activity involving x-electron theory and its ap
plications. The different relative emphasis placed on different as
pects of the approach together with ingrown biases all tend to lead to 
rather unique situations. The intent here is to describe what has been 
going on in one laboratory rather than to attempt an overview of a 
variety of experiences.

(2) Presented at the 141st National Meeting of the American Chemi
cal Society, Washington, D. C., March, 1962.

(3) Strictly speaking, the terminology a and r is borrowed from the 
designation used for the line-of-centers component of the orbital angu
lar momentum of an electron moving in the field of a linear array of 
nuclei. In non-linear systems, so-called tr-bonds will not in general 
have cyclindrical symmetry nor will the 7r-bonds in general be sym
metric to reflection in a plane normal to the plane of the molecule and 
passing through any two atoms in the non-linear conjugated system. 
The fact that <r-bonds may have structure has been recognized in 
dealing with cyclopropane, for example, where bent C—C bonds are pro
posed and also may play a role in the assessment of the barrier to inter
nal rotation in ethane.

(4) P. G. Lykos, J. Chem. Phys., 35, 1249 (1961). An erratum is to 
be published in J. Chem. Phys. with regard to the interpretation of a

and to varying degrees of approximation, is being 
used as a basis for “ understanding” what is going 
on in each case. A  number of the approximations 
that are made are based on chemical and physical 
intuition brought to bear on the particular problem 
at hand.

After a number of correlative-type successes have 
been achieved, however, it is a natural develop
ment to take an overview of the various kinds of 
7r-electron theory with the realization that in order 
that one be able to extract information from a 
study of one phenomenon involving 7r-electron 
systems that might be used with some confidence 
in a study of another phenomenon involving them, 
the meanings of the various 7r-electron approxima
tions need to be well understood on the basis of 
the underlying quantum mechanics.

-r-Electron Theory.— In the evolution of n- 
electron theory, the simple model system of the 
type used for benzene (where six non-interacting 
electrons are constrained to move in a wire loop) 
first clearly brought out the essential quality of 
7r-electron molecules; i.e., (1) that the ^-electrons 
are relatively free to move over the entire molecular- 
framework and (2 ) that the detailed structure of 
the core does not play a significant role in deter
mining the gross properties of such molecules. 
For example, the position of the lowest lying ultra-
as defined in eq. 2 in that paper which is inconsistent with how it is 
used in some of the energy formulas also given there.
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violet absorption band for benzene and the aniso
tropy in its diamagnetic susceptibility seem to be 
semiquantitatively understood on the basis of the 
simple free electron model.

On the other hand, instead of using a simplified 
model and exact wave functions for it, one can 
attempt to use a more nearly correct model and 
approximate wave functions. Within this frame
work the so-called ^-electrons are considered ex
plicitly; the effect of the other electrons is assumed 
to be adequately assessed as part of the potential 
due to the molecular core. Also, any degrees 
of freedom in the assumed form of the approximate 
wave function (such as linear coefficients) are taken 
up by application of the variational theorem. 
Even when the exchange and coulomb interactions 
between the x-electrons themselves are explicitly 
taken into account, however, there are at least two 
questions that need to be answered relating to the 
validity of such an approach. First, we need to 
know whether or not the exchange interaction 
between ^-electrons and «r-electrons is being prop
erly assessed. Second, since the validity of the 
variational theorem depends on using the correct 
total Hamiltonian for the system, the structure 
of the energy operator used for ^-electrons alone 
needs to be examined to see whether or not the 
correct total Hamiltonian is implicitly being used.

The whole question of the nature of the ir-elec- 
tron approximation and the validity of the strict 
separability of <j and T-electrons has been syste
matically examined by Lykos and Parr6 and a brief 
summary of their conclusions is given here.

If (2 ) =

0t(1)
02(2)

Vn o-(?0
is an antisymmetrized product wave function for the 
or electrons alone6 (n„ in number) and if

antisymmetrizer which assures that the Pauli 
exclusion principle is satisfied with respect to ex
change between ^-electrons and ^-electrons. 
More graphically we may express t̂otai in deter- 
minantal form as

'I'total — P s n ( 2 ) ( n )  =

1
('n„ +  nr)

<n(l) °r(ra<r +  1)

 ̂Hoî o) °no-(?i,7 + 1 )
*r(l) iriCft'o- +  1 )

Hn,(l) TtnAn* +  nw)
where the upper left partition is just (2 ) up to a 
factor the lower right partition is just
(II) up to a factor (nj)~'/2] and lower left and 
upper right partitions are the additional factors 
which enter because of antisymmetrization with 
respect to exchange between ^-electrons and 7t- 
electrons. Thus we see that an approximate wave 
function of the form given for 'ktotai (or a linear 
combination of such forms) does satisfy the Pauli 
exclusion principle, i.e., a -tv as well as 0—0- and 
tv- tv exchange is taken into account.

If we write the total Hamiltonian operator for 
the molecule

H{ 1 , 2 , . . . :, n„, n„ +  1, . •, na +  nT)
in the form

no f
- V bV ì2 -  E

Z n° 1
”  +  E -h  total — (

i = l 'v at rai j>i rU
rio no-\-n-rr 1
E  E  ;-  +
1 = 3  j  = no ~rl • ij

n<r +  n7r /  y  n<j-\-nw 1
E  ( - W - E -  +  E .  1

¿ = n«r + 1 \ «  âi j > i Tij

(n) - (¿ r
tti (n, +  1)

TTi(na +  2)

+  n,)
•is an antisymmetrized product wave function for 
‘the 7r-electrons alone (nr in number) then

then we see that we have grouped the terms such 
that the first and third groups assess the kinetic 
energy, nuclear attraction energy and mutual 
repulsion of the a and of the ^-electrons, respec
tively: while the second group assesses the re
pulsions between each of the a-electrons and each 
of the x-electrons. It is the second group of terms 
which couples the ^-electrons with the Tr-electrons.

The corresponding expression for the expectation 
value of IItotal is

'F toui ( 1 ,2 , +  . . , , na +  n j  =

'Ptotal =  P s n  ( 2 ) ( n )

is an antisymmetrized product wave function over 
all the electrons, a and tv, where P-z* is the partial

(5) P. G. Lykos and R. G. Parr, J. Chem. P h ys., 24, 1166 (1956); 
25, 1301 (1956).

(6) A determinantal wave function automatically satisfies the Pauli 
exclusion principle since exchange of any pair of like particles corre
sponds to exchange of two rows (or two columns) in the determinant 
and the determinant so modified multiplied by — 1 equals the original 
determinant. Such determinantal wave functions sometimes are called 
Slater determinants.

E  total =  E2« +  A sn +  E  n°

where we have assumed 'Ptotai, (2), and (II) each 
to be normalized to unity and (2) and (II) to be 
orthogonal in the strong sense.6

The essential point can now be made and that is 
that we may express

Atotal =  A s ° +  (A x il +  E s °) =

As° +  / ( n) H tv{n) dv =  As° +  E a 
where H, is an energy operator which depends on
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the coordinates of the ^-electrons while Ex0 
depends on (2) only. A more explicit form for 
Hr is

nff+nr /  n<r+njr \
Hr =  Z  ( / / c o r .  (i) +  Z .  ~

«=*n<j--t-l \ j ~> i T i j /

where//cor. (i) =  — HVi2 — Z  —  +  C?s(f).
«  T ai

is the operator which couples the e-electrons 
and the ^-electrons, i.e., which contains the 
coulomb and exchange effect of the e-electrons on 
the 7r-electrons and is the term in Hv which gives 
Ezn when one takes the expectation value of /A  
and gets Ew =  Exn +  Efi. In a little more detail 
í?s(í) =  Jx(i) — Kz(i), where the coulomb 
operator J%{i) is defined as

^(0(n) = fC s)*  ( z  - )  (z)d«>(n)
v  = i 7*ij/

and the exchange operator K s(i) is defined as

A s(i)(n) =  / ( 2 ) * ( z  - ( 2 )ex¡( n ) j )  dy
v  = l ru /

Thus we may conclude that we can define a quantum 
mechanically meaningful Hr for the x-electrons alone 
such that the expectation value of that operator over 
a wave function for the ir-electrons d-one gives us the 
ir-electrón contribution to the total energy including 
cr-ir coulomb and exchange interaction.

One additional point can be made. Whereas 
we collected

Exn +  Er° into E„ by

defining the operators Hcore(i) and Gx(i), by formal 
symmetry it is clear we could have just as well 
collected Ex0 +  Exn into Ex, say, by defining the 
operators Hpee\(i) and G>(f). This suggests that 
one might proceed iteratively as follows: assume 
some (2) in order to define Gx(i), and hence Hcore-
(i), and then optimize (II) with respect to any 
variational parameters which may enter (such 
as linear coefficients); then use that optimized (n) 
in order to define Gfii), and hence Hpee\(i), and 
proceed to determine an improved (2 ); and so 
on. As the ir-electron approximation is ordinarily 
used, (2) is assumed not to change significantly 
when x-electrons are excited. The effect of such 
excitation on (2) can be assessed, however, by this 
iteration technique.

With regard to the one-electron spin orbitals 
a-, and 7r¡ which were used, what usually is done is 
to assume that they are elements of mutually 
exclusive subsets of a complete set of orthonormal 
one-electron functions, that they are space-spin 
factored, and that the space parts in the closed 
shell part of the system are doubly occupied by 
electrons with opposite spin.7 The ir, are further

(7) The freedom of different space orbitals for electrons with differ
ent spins is sometimes invoked, especially in dealing with paramagnetic 
rcoleoules. The misnomer “ Unrestricted Hartree-Fock” was at one 
time used to describe that approach when applied to paramagnetic 
molecules which is better referred to as “ Spin Polarized Hartree- 
Fock.”  The difficulty in using different orbitals for different spins 
in a single determinantal wave function is that the approximate wave

approximated as linear combinations of atomic 
orbitals, m =  Z  Xj, the xj being 7r-type atomic

3
orbitals at each nucleus in the conjugated system.

Thus, in the final analysis, Er as defined here 
depends on three things:

(1) The assumed form of (2), which has not 
been given much attention since the pioneering 
work of Goeppert-Mayer and Sklar.8

(2) The linear coefficients c¡j, which are taken 
as variational parameters and are conveniently 
determined by the beautiful self-consistent matrix 
formalism worked out for ground and for excited 
states by Roothaan9 (the self-consistent molecular 
orbitals thus defined are found by solving by an 
iterative method an eigenvalue problem where the 
eigenfunctions are needed to generate the operator 
they are eigenfunctions of).

(3) Integrals over the atomic orbitals which 
depend on the assumed form of (2) and also on the 
assumed form of the xj- For example, if one com
putes the overlap integral between two 7r-type 
atomic orbitals which are 1.4 A. apart, one gets 
0.25 or 0.33 according to whether Slater orbitals10 
or Hartree-Fock orbitals11 are used, respectively; 
and these are orbitals found appropriate for free 
undistorted atoms! Since there is yet some un
certainty about the best form for (2) as well as for 
the xj, it would seem that it would be best to treat 
the integrals over atomic orbitals as empirical 
parameters. The saving feature here is that the 
number of such parameters is probably smaller 
than the number of properties and molcules to 
be studied.12

The foregoing is a summary of the theoretical 
framework which is the basis of a program for 
studying x-electron systems. In the following 
sections a brief description of a particular computer 
program and some new results obtained should serve 
to indicate something of what can be done in asses
sing the properties of x-electron systems. In all 
of this no mention has been made of classical or 
Hückel 7r-electron theory. In an attempt to un
derstand Hückel theory, it was established that 
for some systems, Hückel molecular orbitals may 
be interpreted as maximum overlap molecular 
orbitals,13 and it may someday develop that for 
closed shell systems (but probably not for open 
shell systems) one can come to know when Hückel 
results are reliable—and when they are not. At 
the present time, however, we take the view that 
Hückel theory presents an interesting enigma in 
that sometimes it works even though it involves
function is no longer an eigenfunction of Sz. If an appropriate linear 
combination of such determinants is taken to meet that objection, the 
fact that the (space) orbitals are not orthogonal can lead to a com
plicated energy expression although expansion techniques are being 
used in an attempt to overcome that problem.

(8) M. Goeppert-Mayer and A. Sklar, J. Chem. Phys., 6, 645 
(1938).

(9) C. C. J. Roothaan, Rev. Mod. Phys., 32, 179 (1960).
(10) H. Eyring, J. Walter, and G. E. Kimball, “Quantum Chemis

try,” John Wiley and Sons, Inc., New York, N. Y., 1944.
(11) R. S. Mulliken, C. A. Rieke, D. Orioff, and H. Orloff, J. Chem. 

Phys., 17, 1248 (1949).
(12) See ref. 4 where an attempt has been made to outline the 

problem.
(13) P. G. Lykos and H. N. Schmeising, J. Chem. Phys., 35, 288 

(1961).
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some apparently serious quantum mechanical 
errors. IIoMrever, since the advent of electronic 
digital computers makes it possible to erect a struc
ture correctly based on quantum mechanical 
foundations, we need not concern ourselves with 
that problem.

A Program for Studying ^-Electron Systems.—
The projected development of a program for study
ing 7r-electron systems involves three distinct 
steps:

(1) The evolution of the theoretical framework 
and the programming of it for a large, fast electronic 
digital computer. The programming needs to be 
done in a flexible fashion so that revisions dictated 
by experience and by advances in the theory can 
be implemented easily and also so that a number of 
different options can be exercised conveniently.

(2) An intensive study of a variety of proto
type conjugated systems which have been well 
characterized with respect to both chemical as well 
as physical properties. In this way the basic 
integrals-over-atomic-orbitals parameters may be 
assessed empirically and also a variety of properties 
may be studied within the same theoretical frame
work in order to check its adequacy.

(3) The calibrated truly semi-empirical theory 
then should be used not only to assess similar 
properties of more complicated systems but also 
to be the basis for computing various reactivity 
criteria and thus to provide a starting point for a 
theoretical assessment of chemical reactivity for 
^-electron systems in ground and excited states.

It should be clear from the foregoing that such a 
program is materially aided by access to a large, 
fast computer for two main reasons. First, large 
molecules with low symmetry may be approached 
directly without being limited to Iliickel-type 
and/or perturbation techniques. Second, the 
search for best parameters is one which involves 
making repeated calculations on any given molecule 
or series of molecules in order to get best fits for a 
given set of data, and redoing the job when better 
and/or more data come along. In fact, it may very 
well develop that computers will turn out to be 
relatively more important for semi-empirical ap
proaches to complicated molecules than for ab 
initio approaches to simple molecules.

The first plateau has been reached in evolving a 
flexible automatic computer program. Roothaan’s9 
open shell Hartree-Fock matrix method has been 
implemented for 7r-elcctron systems14 and pro
grammed for the Univac 1105. The program has 
been carefully organized such that a simplified 
chemistry-oriented input format is made available 
to a user. Only the minimum number of bond 
lengths and bond angles need to be supplied for, 
in a preliminary step, the program “ steps around” 
the molecular framework and computes all the 
unique internuclear distances which are needed 
for calculation of integrals.

The program may be supplied with a starting 
set of molecular orbitals or it may be asked to 
generate its own, in which case it produces maximum 
overlap molecular orbitals13 or Hiickel orbitals as 
starting orbitals.

(14) O. W. Adams and P. G. Lykos.J-. Ckem. Phys., 34, 1444 (1961).

Also it may be supplied with values for the inte- 
grals-over-atomic-orbitals or the user can elect 
to use those already stored in the program.

In solving the eigenvalue problem, the program 
iterates toward a normalized solution until the 
largest change in any linear coefficient on one itera
tion is less than some preset convergence criterion, 
usually one ten thousandth. In Table I are listed 
some typical runs showing the number of iterations 
and approximate total elapsed times to convergence. 
It should be noted that the elapsed times increase 
rapidly with the size of the molecule being studied.

When the program has converged to a solution 
the user has several options with regard to what 
information can be extracted and also with regard 
to the format of the output. Where appropriate 
the program can produce charge densities, spin 
densities, orbital energies, and/or frontier elec
tron densities. Already operational at a primitive 
stage is an auxiliary program whereby the data 
comes out of the computer in the form of a molec
ular diagram as shown in Fig. 1.

As part of a research program to examine re
activity criteria, Miller and Schmeising15 have 
produced a computer program for computing self- 
consistent localization energies for conjugated 
systems and these can be requested as well.

Two Illustrations.— In order to illustrate some
thing of the range and power of the computer 
program briefly described in the foregoing section 
we have selected two kinds of systems for presenta
tion here involving phenomena which are becoming 
quite important in chemistry. The first is the 
lowest triplet state of a conjugated system and the 
question of the electron distribution in it. This 
is currently of interest because of the e.s.r. studies 
being made on such systems and also because the 
chemical reactivity of molecules in excited states 
also is receiving an increasing amount of attention. 
The second is the ground state of an odd electron 
system and the question of the electron distribution 
in it. This is of interest both because these systems 
are being examined extensively by e.s.r. techniques 
and also because some of the more casual 7r-elec- 
tron approaches have proven to be unsatisfactory 
when applied to this problem.

We selected a substituted butadiene (substituted 
in order to destroy the highly restrictive molecular 
symmetry of butadiene itself) as an illustration of 
what happens when one approaches an excited 
state directly as is possible with the open-shell 
Hartree-Fock method rather than use the same 
set of molecular orbitals for the ground state and 
for the excited state as well. We see in Table II 
that the electron density distribution can assume 
distinctly different characteristics depending on 
what course is followed.

We can make two observations. First, the elec
tron distribution in the excited state is quite dif
ferent from that in the ground state. This is an 
example of an intramolecular charge transfer 
phenomenon. Insofar as charge density is a basis 
for assessing the relative reactivity to electrophil-

(15) Presented at the 140th National Meeting of the American 
Chemieal Society, Chieago, 111., Sept., 1961; submitted for publication 
to J. Chem. Phys.
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PKOTONAFED IMIUAZOLEi run number A. NITROGENS at POSITIONS 3 ano 5.
S lo t s angles»

1■ 3900000 1.0850000 02
1 .3700000 1.0350 000 02
1 .3300 0 00 1.0335 309 021 .3300 000 1.1329382 021 .3700 000 1 .0335309 02

nX X
X XX XX XX 1.1629382 02 X

X
1 .3 3 0 0 0 0 0  X 

X 
X 

X X X
5 x 1.0335309 02

X X 1.3300000 
X X X X X

1.0335309 02 X 3

1*3700000 1 .3 ^ 0 0 0 0 0

X X
1 .0 8 3 0 0 0 0  02 1 .0830Q 00 02X X

X X X X X X X X X X X X  
1 2

1 .3 9 0 0 0 0 0
Fig. 1.—A sample of molecular diagram output as it comes directly from the high-speed printer associated with the Univac 1105 computer. In this particular sample the geometry of protonated imidazole was being studied. The ta bles in the upper left hand corner contain the nearest neighbor distances and the bond angles. These numbers are also superposed in the appropriate places on the Univac’s sketch of the molecular framework.

T able  I
Some T ypical U nivac 1105 LCAO-SCMO R uns“

State Molecule
No. of 

iterations
Time,
min.

Singlet Butadiene n V.Triplet Benzene 10 i
Singlet Naphthalene 13 6

Triplet Pyridine 6 1

Singlet Purine 8 2

Doublet Tetraphenyl pyrryl 11 88

“ An IBM 1620 computer would take 25 or 30 times as ong while an IBM 7090 computer would take Vio as long.
T able II

P erturbed  cts-B utadiene Charge D ensities“ '6 
How obtained Q(N) G(C1) Q(C2) Q(C3)

Ground state singlet 1.217 0.799 1.036 0.947
Lowest triplet using ground

state orbitals 1.149 0.979 0.942 0.932
Lowest triplet obtained di

rectly 1.007 1.004 0.994 0.995
“ From the Ph.D. Thesis submitted to the Graduate School of Illinois Institute of Technology by P r . O. W. Adams. 6 The system is perturbed by replacing a terminal carbon by a pyridine-type nitrogen. The carbons are numbered serially starting with the carbon adjacent to the nitrogen.

lie, nucleophillic, or radical attack, it is quite 
clear that the relative reactivities of the unique 
positions in conjugated systems in the excited 
states are likely to be quite different from the pattern

in the ground state. Second, the charge distribu
tion in the excited state obtained by direct calcula
tion on the excited state9 may be quite different 
from that which is obtained by using ground state 
orbitals to compute excited state charge densities.

Another research program underway is a study 
of the reactivities of the various polymethyl- 
substituted benzenes. The parameters used were 
obtained from an analysis of benzene itself and 
certain radicals not directly related to benzene nor 
to any molecules in the methylbenzene series. As 
an aside to that program, the same basic parameters 
were used to compute spin densities for the corre
sponding negative ions of some of the methyl-sub
stituted benzenes. It should be noted that in a 
sense these latter were ab initio calculations in that

T able  III
D oublet State E lectron Spin D ensities

Compound Position Obsd.° Cal cd.6
Toluene negative ion 2 0 .2 2 8 0 .2 4 7

3 .242 .253
4 .026 .000

wi-Xylene negative ion 2 .304 .324
4 .065 .075
5 .343 .373

p-Xylene negative ion 2 .237 .250
“ J. R. Bolton and A. Carrington, M o l .  P h y s . ,  4, 497 (1961). 6 From some unpublished work by Dr. R. L.Flurry, Jr., Postdoctoral Research Associate, Illinois Institute of Technology.
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no data from any member of the methyl-substituted 
benzenes were used. The results of the spin density 
work are summarized in Table III and the good 
agreement is gratifying indeed.

Conclusions
It seems quite clear that x-electron theory:

(1) can be conveniently used in a form which is 
properly based on quantum mechanics; (2) has been 
given considerable impetus by the advent of the 
large fast electronic digital computer; (3) is suffi
ciently profound that a variety of molecular proper
ties can be understood within a single theoretical 
framework while at the same time sufficiently 
simple that it is tractable; '4) already has brought 
into new prominence and provided the theoretical 
basis for the chemistry of conjugated molecules

in their excited states; (5) has become an established 
tool for the chemist.
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Recent theoretical and computational developments in the direct solution of Schrôdinger’s equation are reviewed. The relationship between direct solutions of Schrodinger’s equation and semi-empirical calculations also is discussed.
I. Introduction

Direct solutions of Schrodinger’s equation are de
fined as those attempts to solve the non-relativistic 
many-electron problem without approximation. 
Although most of the theoretical framework was 
worked out in the decade from 1930 to 1940, inten
sive efforts to explore, extend, and test the theory 
date from about 1951. The present article is con
cerned primarily with developments in the last two 
years and with systems of more than two electrons.2

A tabulation of molecular calculations reported 
during the last two years was to have been included 
but is omitted due to circumstances beyond our 
control. It will be published in J . Phys. Chem. in 
the near future and will bring a previous tabulation 
up to date.

II. General Formulations.— During the past 
two years there have been numerous papers devoted 
purely to the theory of many-electron systems.

Perturbation Theory.— Many-particle perturba
tion theory for electronic problems has been actively 
pursued by Lowdin3a and Sinanoglu.3b This work 
follows the field theoretic approach developed by 
Brueckner, Pines, Gell-Mann, Hubbard, Bogolubov, 
Goldstone, Hugenholtz, and others.4

(1) A. M. K. wishes to acknowledge the support of the U. S. Atomic 
Energy Commission. L. C. A. wishes to acknowledge the financial 
assistance of the Petroleum Research Fund of the American Chemical 
Society.

(2) L. C. Allen and A. M. Karo, Rev. Mod. Phys., 32, 275 (I960).
(3) (a) P.-O. Lowdin, Technical Notes 47 and 48, “ Quantum Chem

istry Group,” Uppsala University, Uppsala, Sweden; (b) O. Sinanoglu, 
Proc. Roy. Soc. (London), A260, 379 (1961).

(4) D. Pines, “ The Many-Body Problem,” W. A. Benjamin, Inc., 
New York, N. Y., 1961.

Pair Correlations.—-The high percentage of the 
total energy achieved by a Hartree-Fock solution 
(approximately 99.5%) and the stability of this 
solution as expressed by Brillouin’s theorem plus 
the exclusion effects of the Pauli principle and a 
wide variety of numerical calculations over a period 
of years has led us to believe that correlation cor
rections to Hartree-Fock solutions, adequate for 
chemical problems, can be obtained with correla
tions between rather localized, independent pairs of 
electrons only. Recent treatments by Nesbet,5 
Sinanoglu,6 and Lowdin7 have formalized these 
ideas. Although arising basically from a valence 
bond description, recent many-electron formula
tions using two-electron basis functions are closely 
related to the pair correlation problem. Much of 
this work derives from the classic paper of Hurley, 
Lennard-Jones, and Pople.8 Parks and Parr,9 
Allen and Shull,10 and McWeeny and Ohno11 have 
made contributions to this area in the last two 
years. None of this work nor that on pair correla
tions and the many-particle perturbation theory has 
led to improved computational methods, but expres-

(5) R. K. Nesbet, Rev. Mod. Phys., 32, 275 (1960).
(6) O. Sinanoglu, J. Chem. Phys., 36, 706 (1962).
(7) P.-O. Lowdin, Phys. Rev., 97, 1509 (1955); Advan. Chem. Phys., 

2, 207 (1959); preprint No. 1, July, 1960, Quantum Theory Project, 
University of Florida, Gainesville, Florida.

(8) A. C. Hurley, J. E. Lennard-Jones, and J. A. Pople, Proc. Roy. 
Soc. (London), A220, 446 (1953).

(9) J. M. Parks and R. G. Parr, J. Chem. Phys., 28, 335 (1958); 
32, 1657 (1960).

(10) T. L. Allen and H. Shull, ibid., 35, 1644 (1961).
(11) R. McWeeny and K. A. Ohno, Proc. Roy. Soc. (London), A255, 

367 (1960).



2330 Leland C. A llen and A rnold M. K aro Vol. 66

sing the results in a variety of ways has led us to a 
clearer understanding of the many-electron prob
lem.

A good deal of our thinking about the correlation 
problem comes from the unrestricted and extended 
Hartree-Fock methods and the alternant molecular 
orbital scheme is one practical result of these con
cepts. Originating with Coulson and Fischer,12 the 
scheme has been generalized by Lowdin13 and ap
plied to several molecular systems by Itoh and 
Yoshizumi,14 Lefebvre, Dearman, and McConnell,16 
and Pauncz, de Heer, and Lowdin.16 Although the 
recent calculations have been restricted to 71-elec
trons, the results are of general significance. The 
calculations present fairly good evidence that the 
alternant molecular orbital scheme for introducing 
different orbitals for different spins accounts for 
perhaps half the correlation energy and leads to 
improvement in such quantities as the impaired 
spin density in certain free radicals.

Hypervirial Theorem.—Hirschfelder and Coul
son17 have generalized the virial theorem and have 
shown that the resultant hypervirial theorem is a 
consequence of the Heisenberg equation of motion. 
As pointed out by the authors, this generalization 
may help in the determination of average values of 
dynamical variables and in providing criteria for 
improving wave functions.

Density Matrices.—-The subject of density 
matrices continues to receive a considerable amount 
of attention. McWeeny18 and Lowdin19 have 
been prominent in this endeavor. However, the 
well known and great problem of ascertaining the 
necessary and sufficient conditions that must be 
satisfied to make density matrices correspond to 
solutions of Schrodinger’s equation still is un
solved. Coleman20 has made some progress on 
conditions for first-order density matrices but the 
realization of a complete set of requirements for the 
first and second-order density matrices seems very 
remote. Nevertheless, it is quite likely that density 
matrices and perhaps Lowdin’s natural spin orbitals 
will provide the best cannonical form for comparing 
wave functions calculated by different methods. 
Shull has demonstrated how this may be done for 
the two-electron problem.21 Even a cursory sur
vey of the existing ab initio wave functions reveals 
that except in a very few cases, we have not ab
stracted the information and knowledge available 
nor do we have a systematic method (other than the 
total energy) for comparing spacial distributions

(12) C. A. Coulson and I. Fischer, Phil. Mag., 40, 386 (1949).
(13) P.-O. Lowdin, Nikko Symp. Mol. Phya., 13 (Maruzen, Tokyo, 

1954), Technical Note 67, Quantum Chemistry Group, Uppsala 
University, Oct., 1961.

(14) T. Itoh and H. Yoshizumi, J. Phya. Soc. Japan. 10, 201 (1955); 
J. Chem. Phys., 23, 412 (1955).

(15) R. Lefebvre, H. H. Dearman, and H. M. McConnell, ibid., 32, 
176 (1960).

(16) R. Pauncz, J. de Heer, and P.-O. L6wdin, Technical Notes 55 
and 56, Quantum Chemistry Group, Uppsala University, 1960; 
J. Chem. Phya,, to be published.

(17) J. O. Hirschfelder and C. A. Coulson, J. Chem. Phya., 36, 941 
(1962).

(18) R. McWeeny, Proc. Roy. Soc. (London), A232, 114 (1955).
(19) P.-O. Lowdin, Phya. Rev., 97, 1474 (1955); Ann. Rev. Phya. 

Chem., 11, 107 (1960).
(20) A. J. Coleman, Can. Math. Bull., 4, 209 (1961).
(21) H. Shull, J. Am. Chem. Soc., 82, 1287 (1960),

and other theoretically interesting quantities. 
This seems particularly unfortunate since the 
principal utility of direct solutions for simple sys
tems has been and remains the testing of theories 
rather than the prediction of chemically interesting 
properties.

HI. Parametric Methods and Models.—-There 
is another aspect to the general formulations 
mentioned above which is quite encouraging and 
this is our greatly increased understanding of why 
the highly successful Hiickel model and the Pariser 
and Parr method actually work. In addition to the 
papers noted above, Parr and Lykos22 have com
prehensively analyzed these schemes and Rueden- 
berg23 has written a definitive set of articles on the 
problem. The increasing interest of organic chem
ists in simple electronic structure models and our 
more extensive knowledge concerning them leads 
one to believe that there will be a greater inter
change between groups of people working at dif
ferent levels of approximation and a greater impact 
of a  priori methods on chemical problems.

IV. Wave Functions for Simple Molecules.—  
By 1960 there were approximately 80 molecular 
wave functions that could be classed as direct solu
tions to Schrodinger’s equation. During the past 
two years 80 more have been carried out. In spite 
of their inability to aid in the interpretation of cur
rent chemical problems, these calculations provide 
by far the best guide to a detailed understanding of 
the electronic structure of molecules. Almost all 
existing calculations have constructed a many- 
electron wave function from one-electron spin-or- 
bitals and almost all have adopted a molecular 
orbital approach carried out via the Roothaan pro
cedure. Within this framework the wave functions 
have been expressed either as LCAO or one-center 
expansions. One-center calculations for methane 
and hydrogen fluoride have been quite successful 
but the potential singularities for atoms other than 
hydrogen are so severe that the LCAO expansion is 
almost certainly the more efficient. All but about 
25 of the existing wave functions use the LCAO ex
pansion.

Two Four-Electron Calculations.—A Be atom 
wave function calculated by Watson24 and an LiH 
wave function determined by Ebbing26 have con
siderably enhanced our knowledge of many-electron 
effects and deserve special mention. The impor
tant feature of these calculations is the extensive 
configuration interaction that was carried out and 
the detailed analysis and testing of particular con
figurations. They form the best confirmation of 
our qualitative ideas about pair-correlations.

A Molecular Hartree-Fock Solution.—Probably 
the most exciting development in the past two 
years has been the achievement of the first true 
molecular Hartree-Fock solution. The calcula
tions were performed independently by Clementi26

(22) R. G. Parr and P. G. Lykos, Texas J. Sci., 8, 135 (1956); R. G. 
Parr, J. Chem. Phys., 33, 1184 (1960). See this latter article for dis
cussion and references to previous work on the justification of semi- 
empirical models.

(23) K. Ruedenberg, ibid., 34, 1861, 1878, 1884, 1892, 1897, 1907, 
(1961).

(24) R. E. Watson, Phys. Rev., 119, 170 (1960).
(25) D. D. Ebbing, J. Chem. Phys., 36, 1361 (1962),
(26) E. Clementi, ibid., 36, 33 (1962).
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and Nesbet27 with identical results. Hydrogen 
fluoride was chosen because we have more extensive 
theoretical knowledge on this molecule than any 
other. The results obtained were quite unexpected 
and have far-reaching significance for our under
standing of molecular correlation energy and bind
ing energy. This wave function predicts force con
stant, equilibrium separation, dipole moment, and 
the derivative of the dipole moment to within a few 
per cent of the experimental results and reasonable 
values for excitation energies—all improvements 
over previous calculations carried out by diverse 
methods. And, of greatest interest, the predicted 
binding energy is 2/ 3 of the experimental value, in 
sharp contrast to the figure 1/ 4 which has become 
almost a cliché for the typical LCAO wave func
tion. This molecular Hartree-Fock wave function 
is not, of course, an LCAO expansion and the im
provement is achieved through polarization of the 
atomic orbitals (obtained by adding a and -n basis 
functions of one higher Z-value to the outer orbi
tals). Since the molecular wave function is a 
Hartree-Fock solution and since the separated 
atoms are Hartree-Fock solutions, the error in the 
binding energy is the molecular correlation energy 
and these calculations are our first accurate estimate 
of this important quantity. The value is only 1.8 
e.v., although it frequently has been assumed to be
2.5 times as much, and is close to the value yielded 
by typical simple configuration interaction calcu
lations, although these have not started with mo
lecular Hartree-F ock solutions. On the other hand, 
there has been very little exploration of the appro
priate excited basis orbitals to use for configuration 
interaction and it is possible that accurate wave 
functions may be obtainable by simple, rapidly 
converging configuration interaction treatments.

V. Molecular Integrals.— Mounting one-elec
tron basis orbitals at the various nuclear sites in 
a molecule still seems to be the most efficient and 
readily interpretable procedure for setting up 
molecular wave functions, even though this leads 
to the formidable many-center, two-electron in
tegral problem. It is still true, as it has been for 
the past decade, that multi-center integrals are by 
far the greatest problem in the direct solution of 
Schrodinger’s equation. It also is well known that

(27) R. K. Nesbet, J. Chem. Phys., 36, 1518 (1962).

the difficulty arises through use of the exponential 
basis function form rne~rrY\]m]{d<p) where n, l, 
m are integral, a >  0, and Y is a spherical har
monic. Because exponentials form natural solu
tions to the atomic central field problem, single or 
linear combinations of this type of function are the 
most widely employed basis orbitals (about 95% of 
all existing tvave functions) and four different 
techniques for their evaluation are under contin
uing development by workers at four institutions.

Massachusetts Institute of Technology.— The 
Barnett-Coulson expansion28 about a single center 
is employed by Barnett and co-workers.

University of Chicago.—The two-dimensional 
integration technique developed by McLean and 
Roothaan29 is used by Roothaan and co-workers.

Columbia University-IBM Watson Laboratory.— 
A scheme exploiting the analytic integral transform 
between exponential and gaussian fimctions (rne -af!- 
F i|m| (6,<p) has been worked out by Shavitt.30 This is 
the newest and in some ways the most promising 
method.

Cambridge University.—Boys and co-workers51 
use a direct gaussian expansion of the exponentials.

The first three groups are now writing the ma
jority of their computer programs for the IBM 
7090 while Boys employs the Cambridge University 
Edsac II. At present it is possible to obtain for 
exponential basis functions all integrals to the re
quired accuracy for a set of several first row atoms 
on a line or a first row atom surrounded by any 
number of hydrogen atoms.

Because all integrals over gaussian basis func
tions may be expressed analytically, these are the 
most attractive alternative to exponentials. There 
has been only a small amount of experimentation 
with gaussian orbitals but it generally has been 
thought that the number of gaussians required for 
an adequate representation of molecular wave 
functions was prohibitively large. New evidence32 
indicates that this viewpoint probably is incorrect 
and a revival of interest in this approach is taking 
place.

(28) M. P. Barnett and C. A. Coulson, Phil. Trans. Roy. Soc. 
(London), A243, 221 (1951).

(29) A. D. McLean, J. Chem. Phys., 32, 1595 (1960).
(30) I. Shavitt and M. Karplus, ibid., 36, 550 (1962).
(31) S. F. Boys and G. B. Cook, Rev. Mod. Phys., 32, 285 (1960).
(32) L. C. Allen, J. Chem. Phys., 37, 200 (1982).
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IN DEFENSE OF THE USE OF ATOMIC ORBITAL CONFIGURATION WAVE 
FUNCTIONS FOR SMALL MOLECULES1
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The merits of the SCF-MOC and atomic orbital configuration (AOC) methods of computing wave functions and energies for small molecules are compared. New AOC results for LiH and He2+ are presented in support of our views.
Discussion

Most recent quantum mechanical calculations of 
small molecules have been made with self-consist
ent field molecular orbital configuration (SCF- 
MOC) wave functions.2 An alternate, but less 
popular, approach is to use atomic orbital configu
ration (AOC) wave functions. For a given basis 
set of atomic orbitals and with complete configura
tion interaction both of these approaches yield 
identical results. It has, however, been found 
that the use of large basis sets is necessary to secure 
meaningful results in molecular calculations. With 
these large basis sets complete configuration inter
action is not practical and the configuration inter
action must be limited. It does not appear to be 
widely appreciated that with large basis sets and 
limited configuration interaction the AOC ap
proach has several advantages over the SCF-MOC 
approach for the calculation of ground state 
energies and wave functions for small molecules.

1. The AOC wave function for the molecule 
goes smoothly into the atomic wave functions of 
correct symmetry as R —> 0 and as R —» 03 . This 
is not, in general, true for an SCF-MOC wave func
tion.

2. As a consequence of (1) the choice of opti
mum orbital exponents is easier in the AOC ap
proach than in the SCF-MOC approach since they 
can be followed from the easily computed separated 
atomic cases.

3. Irrespective of the size of the basis set of 
atomic orbitals each AOC wave function term for 
an N  electron system contains N  or less different 
orbitals while each SCF-MOC contains all of the 
atomic orbitals in the set. As a consequence the 
number of integrals which must be calculated (or 
stored) and hence the amount of computer time 
(or computer storage) required for the AOC ap
proach is less than for the SCF-MOC approach.

4. In the AOC approach there is greater flexi
bility in the choice of configuration interaction 
terms since in the SCF-MOC approach the investi
gator must use the molecular orbitals obtained by 
the minimization of the single configuration energy. 
There is no guarantee that these SCF-MO’s are op
timum choices for limited configuration interac
tion. In fact, there appears to be growing evi
dence to the contrary.3

5. The AOC approach does not require the pre-
(1) This research was supported by the Robert A. Welch Founda

tion of Houston, Texas, and the Air Force Office of Scientific Research.
(2) With SCF-LCAO-MO’s, self-consistent field-linear combinations 

of atomic orbitals-moleeular orbitals. See, for example, C. C. J. 
Roothaan, Rev. Mod. Phys., 23, 67 (1951), 32, 179 (1960).

(3) S. Fraga and B. J. Ransil, J. Chem. Phys., 36, 1127 (1962).

liminary self-consistizing step that is required for 
the SCF-MOC approach.

6. States with S ^  0 cause no difficulty in the 
AOC approach but may in the SCF-MOC approach.

7. Molecules with an odd number of electrons 
cause no difficulty in the AOC approach but may in 
the SCF-MOC approach.

8. The use of an “ open shell”  configuration for 
the primary configuration causes no difficulty in the 
AOC approach but does in the SCF-MOC approach.

Moreover, it does not seem to be widely appreci
ated that a number of the alleged advantages of the 
SCF-MOC approach do not exist at the level of the 
computation we are discussing.

1. The fact that a single closed shell SCF-MOC 
is superior to a single closed AOC configuration is 
irrelevant since significant improvement can be 
obtained by “ opening the shell”  on the AOC con
figuration or by configuration interaction.

2. The fact that the SCF-MO’s are orthogonal 
and therefore easier functions with which to com
pute matrix elements is not of significance since 
the problems raised by the use of non-orthogonal 
functions are readily solved by means of linear proc
esses which are highly efficient on a large scale digi
tal computer. Nor is it necessarily true that the 
SCF orthogonalization gives MO’s which are opti
mal choices for configuration interaction (see pre
ceding discussion).

3. The Koopmans theorem4 states that as a 
result of cancellation of errors the ionization ener
gies are given with relatively high accuracy by the 
single SCF-MO configuration. Configuration in
teraction, however, can give no improvement in 
Koopmans theorem ionization energies.

There is at least one advantage to the SCF-MOC 
approach: The SCF-MO’s are eigenfunctions of an 
independent particle Hamiltonian and as such are 
theoretically more attractive. For example, they 
lend themselves to perturbation theory develop
ment.6 However, it has not yet been proved that 
these developments lead to better quantitative re
sults for molecules than does the AOC approach.

A graphical comparison of the two approaches is 
given in Fig. 1.

Two examples of atomic orbital configuration 
calculations are presented and are compared 
with results obtained with SCF molecular orbital 
calculations. Our first example is LiH. Here we

(4) T. Koopmans, Physica, 1, 104 (1933).
(5) See, for example, O. Sinanoglu, J. Chem. Phys., 36, 706 (1962), 

and earlier papers; also, R. K. Nesbet, Proc. Roy. Soc. (London), 
A230, 312 (1955). Perturbation theory treatment of configuration 
interaction for SCF wave functions suggests that single excitation 
contributions to one-electron properties are small.
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T able I
LiH W ave  F unction"

i  = ci(ls2,2slh) +  c2( lsls' ,2slh) +  c3(2p+2p - ,2slh) +  c4(2p„2,2slh) +  cr is is ',2p 0Th) +  ce(ls2,lh 2) +  
c7(ls2,2p0h2 +  c8(ls22p+h2p-h) +  c9(ls2,2p+ '2p-.') +  cio(ls2,2po'2) +  cn(ls2,2s2) +  c12(ls2,2s2p0h) +  
ci3(ls2,2s2sh) +  o)4(ls2,lh2sh) +  Ci6(ls2,lh2p„h) +  c16(ls2,3slh) +  c „ ( ls 2, lh:h' ) +  c r is is ',2 s lh ')  +

cJ9(3d2,lh2s) -+- c20(ls2,3dolh)
“ Orbitals (other than Is) centered on the H atom nucleus are given a subscript h, e.g., 2p„i,.

T able II
AOC Fraga and Nesbitt and

This research Ransil3,7 Ebbing8 Kahalas9 Exptl.10-12
Equil. R  (a.u.) 3.075 2.9195 3.0581 3.01.32
Total E  (a.u .) 8.04379 7.99145 8.04127 8.01711 8.0703Binding E  (e.v.) 1.793 0.014 1 .725 1.067 2.514Dipole mom. (D.) -5 .5 7 -5 .8 4 -5 .9 6 -5 .8 8 2
aie  (cm.“1) 1602 1973 1406
coe x  (cm.-1) 28.19 336 23.20
Cte  (cm.“1) 0.0867 0.7279 0.2132
(? /2e)ei (a.u.) -0 .0495 -0.0571

T able III
He2+ W ave F unction

f  =  Cl(lSalSalSb') +  C2(2sa2sal Sb') +  C3(3Sa3sa1.8b') +  C4(lsa2sal Sb') +  C6(lSa3SalSb') +  C6(2sa3sa1 Sb ') +  
c7(lsa2s,lSb') +  C8(lsalsa'2sa) +  c9(lsalsa'3sa) +  Cio(2poa2p0alSb') +  Cii(2p+a2p_alsb') +  Cis(lSalsa'2poa) +  
Ci3(lSa2poalSbO +  Ci4(2Sa2p0alSb') +  Ci6(3p0a3poalSb') +  Ci6(3p+ia3p_ialSbO +  Ci7(3doa3d0alSb') +  Ci8- 
(3d+laûd_ialsb ) +  Cl9(3d+5a3d_2alSb ) ~F C20( 1 Sa3poalSb’) "F C2x( 1 Sa3doa 1 S b H- C22(2sa3poalSb/) "F C23(2poa3poa~

lSbO +  Cs4(lSalSa'3pca)
have constructed a 20-term wave function from 
21 atomic orbitals (see Table I). The orbital 
exponents for the lithium core were taken from an 
atomic calculation, and the remaining exponents 
were originally chosen by Slater’s rules and im
proved by a single pass of a technique described 
elsewhere.6 The calculation of the energy and the 
configuration coefficients as a function of the 
internuclear distance, the exponent improvement, 
and the calculation of properties required less 
than two hours on the Control Data Corporation 
1604. This includes some compiling time for 
Fortran programs. Some results are listed in 
Table II together with results from self-consist
ent field molecular orbital configuration calcula
tions and from experiment.7-11 It is seen that the 
AOC energy is the best calculated energy and that 
the results, with the exception of the dipole mo
ment,12 for other properties are of comparable 
quality to those obtained from SCF-MOC calcula
tions of approximately comparable size.

Our second example is the helium molecule ion. 
With the 24-atomic orbital configuration function 
listed in Table III we obtain for the rigorous lower 
bound of the dissociation energy ¿/(exptl., atoms) 
— E {calcd., molecule) =  2.14 e.v., a value which is 
equal to or greater than two of the three published

(6) R. P. Hurst, et at. Mol. Phys., 1, 189 (1958).
(7) S. Fraga and B. J. Ransil, J. Chem. Phys., 35, 669 (1961).
(8) D. D. Ebbing, ibid., 36, 1361 (1962).
(9) S. L. Kahalas, Doctoral Dissertation, Boston University, Bos

ton, Mass., 1961, unpublished.
(10) G. Hertzberg, “ Spectra of Dia'omic Molecules,” D. Van Nos

trand Co., Inc., Princeton, N. J., 1950, 2nd Ed., Table 39.
(11) R. Velasco, Can. J. Phys., 36, 1024 (1957).
(12) L. W. Wharton, L. P. Gold, and W. Kemperer, J. Chem. Phys., 

33, 1255 (1960).

Energy

------------- single AOC-single configuration SCF-MOC------------- single open shell AOC---- ;------- : single SCF-MOC-basis set limit(AOC and SCF-MOC withcomplete Cl)------------- SCF-MOC with limited C l“-------------AOC with limited CI°------------- basis set limit------------- exact electronic energy
Minimal Extended basis set basis set“ Estimated improvement for a given amount of computing time.

Figure 1.
experimental determinations10’13.14 of the dissocia
tion energy. This is an odd electron problem and 
as a consequence has not been attacked by the SCF- 
MOC approach; however, if it is attacked it is dif
ficult to imagine that a result of comparable quality 
can be obtained by the SCF-MOC procedure with a 
lesser amount of effort.

In conclusion we submit that the AOC approach 
is not without merit for small molecules and may in 
certain cases be superior to the SCF-MOC ap
proach.
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The electronic spectra arising from the excitations of x-electrons in homonuelear conjugated bond systems are calculated for 37 aromatic hydrocarbons. The theoretical approach used takes into account overlap effects between different atoms, correlation between different electrons, variations in internuclear distances, and the influence of non-conjugated neighbors, hydrogen, and carbon. Four types of approximations are carried through for the molecules in order to obtain an estimate of the inadequacies of the theory. From the calculated transition energies and oscillator strengths, theoretical spectra are synthesized and compared with observed spectra. In order to help the interpretation, a decomposition of the transition dipoles into atomic contributions is introduced. The spectra of alternant molecules are successfully predicted, but the limits of the underlying assumptions appear to be exceeded in the applications to non-alternant systems. The calculations are markedly successful for the pericondensed systems, which had presented an obstacle to previous treatments. I t  is found that the calculated spectra are sensitive to small variations in interatomic distances. Calculations with exact atomic positions, where available, give considerably better agreement with experimental spectra. The calculations lead to an understanding of the general spectral pattern found in all aromatic hydrocarbons. On this basis the possibility of a general nomenclature of electronic transitions is examined.
Introduction

The quantum mechanics of aromatic molecules 
has continued to attract interest for several 
reasons. The molecules themselves are important, 
and their chemical and physical properties have 
been studied fairly extensively by experiment. 
Their spectra exhibit distinctive regularities which 
have permitted early empirical classification. 
Even relatively simple theoretical work can cor
relate reasonably well with various observed 
properties of at least a number of molecules. 
However an equal interest arises from the pos
sibility of testing and proving more rigorous meth
ods in molecular theory. For this purpose con
jugated systems are exceptionally well suited, 
since attention can be focused upon interatomic 
molecular aspects with a minimum of purely 
atomic complications. This is so because, to a good 
approximation, each atom contributes but one 
atomic orbital and at most one electron, and, in 
hydrocarbons, all of the atomic orbitals are es
sentially identical. On the other hand, due to the 
variety in geometrical patterns, series can be formed 
which display systematic and often subtle relation
ships whose qualitative reproduction frequently 
provides a more reliable and sensitive test for the 
theory than isolated comparisons for individual 
molecules.

For some of the catacondensed molecules treated 
here, there have been carried out comparable 
calculations under certain simplifying assumptions, 
such as neglect of differential overlap between all 
atomic orbitals, neglect of the hydrogen atoms in 
the potential energy, neglect of the difference 
between joint and non-joint carbon atoms, assump
tion of constant neighbor-distance and semi- 
empirical framework integrals, and, in some cases, 
limitation of the configuration interaction. These

(1) Research supported by the National Science Foundation 
(Grant G-10351).

(2) Part of a thesis submitted to the graduate faculty of Iowa State 
University in partial fulfillment of the requirments for the degree of 
Doctor of Philosophy.

(2a) Dept, of Chemistry, Johns Hopkins University, Baltimore 18, 
Md.

(3) Contribution No. 1184.

are the calculations of Parr, Pariser, Pople, Ham, 
and Ruedenberg.4 The objective of the present 
study is neither to account for the observed spectra 
of conjugated hydrocarbons with a minimum of 
theoretical effort, nor to achieve a maximum of 
agreement with experimental values; such objec
tives can obviously be better pursued by less rigor
ous, semi-empirical approaches. Rather the objec
tive is the development and testing of a theory 
sufficiently rigorous and flexible so that (1) it can 
be extended to more complex systems, e.g., in
volving heteroatoms; (2) it can give a realistic and 
sensitive indication of inadequacies in the assump
tions, in particular of those errors which, in the 
semi-empirical treatments, are masked by com
pensation effects; (3) it might give a reasonably 
reliable indication of such unobservable quantities 
as molecular electronic wave functions.

The assumptions and approximations underlying 
the present work are those developed recently by 
one of the authors.5 Without full theoretical 
analysis, this treatment adopts the usual purely 
x-electronic approach, omitting specific interaction 
with the «-electrons. However, in contrast to 
all previous work, the overlap-dependent contri
butions are taken realistically, though not com
pletely, into account; two alternative approxima
tions for the small elements of the overlap and one- 
electron energy-matrices are followed through: 
the “ tight-binding”  approximation and the “ intra
ring approximation.”  Extensive, though not ex
haustive, configuration interaction allows for elec
tron correlation in the excited states. The choice 
of atomic orbitals involved gaging the short-range 
electron interaction and the atomic framework con
tributions by reference to the benzene spectrum and 
the carbon valence state.

The calculations permit an evaluation of the 
validity of these hypotheses. Limits of error for

(4) R. G. Parr and R. Pariser, J. Chem. Phys., 21, 767 (1953); 
23, 711 (1955); R. Pariser, ibid., 24, 250 (1956); 25, 1112 (1956);
J. A. Pople, Proc. Phys. Soc. (London), A68, 81 (1955); N. S. Ham and
K. Ruedenberg, J. Chem. Phys., 25, 13 (1956). A more detailed his
torical bibliography is given in the first paper of ref. 5.

(5) K. Ruedenberg, ibid., 34, 1861, 1878, 1884, 1892, 1897, 1907 
(1961).
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the tight-binding approximation and the intra
ring approximation should be found by comparing 
the calculations made under the two assumptions. 
For the tight-binding approximation underestimates 
the smaller-than-neighbor matrix elements, whereas 
the intra-ring approximation appears to overesti
mate the smaller-than-neighbor energy elements. 
Any error due to either approximation should be 
smaller than that introduced, but hidden, in the 
studies based on the neglect of neighbor elements. 
Furthermore, the inclusion of at least neighbor 
overlap renders the calculations responsive to the 
actual bond lengths. The effect of the latter on the 
spectra will be demonstrated in those, all too few, 
cases where the true bond lengths are well estab
lished and comparative calculations possible. 
Another effect traced by the present calculations is 
the corrections which arise by taking into account 
the differences between non-joint and joint atoms in 
the diagonal elements of the framework potential 
matrix.

The inadequacies due to the neglect of interac
tions with o-electrons and those inherent in the 
gaging of atomic orbitals could not be determined 
by comparative calculations. However, as there 
is no reason for consistent compensation between 
them in all molecules, an absence of sizable un
explained disagreements between experiment and 
calculations would seem to imply that such errors 
are small. None the less, a bona fide analysis 
of the corresponding corrections would contribute 
valuable insights.

1. Description of Method
Outline of Calculations.—The calculations were 

performed on an IBM-704 computer with a 32K 
core memory at the Midwest Universities Research 
Association, Madison, Wisconsin, by a completely 
automatic program. In the following, the course 
of the calculations executed is briefly described. 
For the mathematical details the reader must be 
referred to the derivations in ref. 5.

The required input consists of the name of the 
molecule, the number of conjugated carbon atoms, 
and the cartesian coordinates of each of these. 
The non-conjugated neighbors are assumed to be 
hydrogens unless additional input specifies other
wise. Further, if there are symmetry planes 
perpendicular to the plane of the molecule or a 
center of symmetry, a list of symmetrically placed 
atoms may be added for the program’s use.

From this input are computed all interatomic 
distances and, from these, the overlap integrals 
for the intra-ring approximation are calculated. 
The overlap matrix is diagonalized by Jacobi’s 
procedure, the eigenvalues are ordered according to 
decreasing size, and the symmetries of the eigen
vectors are determined if the previously mentioned 
symmetry input data had been supplied. In 
general the diagonalization procedure does not 
produce symmetrical and antisymmetrical eigen
vectors for degenerate eigenvalues; such eigen
vectors are constructed by a subsequent transforma
tion. The overlap eigenvectors then are converted 
to eigenvectors of the neutral framework Hamil
tonian matrix.

'CHg
Fig. 1 .—Chemical formulas of molecules treated. The numbers refer to the entries in Tables I to VI.

After determining the joint atoms, end atoms, and 
non-joint atoms, the program determines the 
applicable resonance integral, y, and the joint 
correction, 8a, to the coulomb integral. Then the 
ground state bond order matrices, p and p', are 
computed. Furthermore, from the interatomic 
distances, the interatomic two-electron interaction 
integrals [PP\QQ] =  G(PQ), are calculated.

Next, in preparation for the configuration inter
action calculation, the one-electron excitations are 
examined as to transition energy and symmetry, 
if present. Discarded are those having transition 
energy in excess of 60,000 wave numbers or not 
having a dipole moment in transition with the 
ground state for symmetry reasons. If there is at 
least one perpendicular plane of symmetry, the 
remaining excitations split into two non-interact
ing groups with mutually perpendicular dipole 
moments. For each group, the configuration ma
trices are now constructed and then diagonalized 
giving the energies and compositions of the excited 
singlets and triplets and the oscillator strengths 
for the singlets. From these results a theoretical 
spectrum is synthesized by a procedure to be dis
cussed in the next section.

The calculations are carried out first for the intra
ring approximation, thereafter the procedure is 
repeated for the tight-binding approximation. In 
Fig. 1, there are given the formulas for all 37 
molecules which are treated in the present investiga
tion. As indicated, 87 molecular calculations are 
carried through for these systems.

Outline of Results.—The machine printed re
sults are divided into two parts. The first con
tains the material pertaining directly to the spectra 
and aiding in their interpretation or assignment. 
The second part consists of basic information con
cerning the atomic contributions, which is needed 
for the calculation or estimation of molecular 
properties, including, among others, spectra.

Spectral Data.— In the first spectral part it is 
assumed that in a molecule of N  atoms there exist 
N  molecular orbitals, well ordered according to 
increasing energies and numbered 1 to N. The 
excited wave functions then are characterized 
merely by their composition in terms of one- 
electron excitations (n—►;/). For each of these 
jumps (n—►!>), the printed output follows the de
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velopment of the energy, from the one-electron 
jump, through the diagonal elements of the con
figuration interaction matrix (with and without 
joint correction), to the final state energy. The 
oscillator strength and the transition moment 
components are given for the transitions, and the 
moments also are supplied for the one-orbital 
excitations. A table containing this detailed 
information will be published elsewhere.6 Ma
chine-printed tables which abstract transition 
energies and oscillator strengths for the major 
transitions are given in the sequel for the various 
groups of molecules to be discussed.

In these tables as well as elsewhere in the paper, 
the following abbreviations are used to denote the 
four types of calculations carried out for a given 
molecule: TBX =  tight-binding approximation 
(neighbors only) using exact internuclear distances, 
and IR X  =  intra-ring approximation using exact 
internuclear distances (if exact distances are 
known); TBM and IRM  =  tight-binding approxi
mation and intra-ring approximation using the 
constant bond length of 1.395 A. and the constant 
bond angle of 120°, both “ aromatic mean-values.”

Synthetic Spectra.— In order to permit direct 
comparison with experimental spectra, without the 
somewhat subjective intermediary of interpretive 
assignments, the program finally calculates, and 
automatically plots, theoretically predicted spectra. 
Smoothed vibrational-rotational broadening is 
simulated by assuming, for each transition, a 
triangular band shape in the t vs. A-1 spectrum. In 
accordance with the empirically observed average 
half width of 2 kK., a base of 4 kK. is chosen for 
this triangle. Its height, e (max.), is found from 
the relationship between oscillator strength, /, 
and band area, viz.

S  =  ( tt'-o) ” 1 / d ( x - 1M A-1) (1)
where

r0 =  e‘/mc2 =  2.81784 X 10-13 cm.

is the classical “ electron radius” and the “ absorption 
coefficient”  k is related to the usual extinction 
coefficient,7 e, by

k =  e(10s In 10)/N (2)
with N  =  Avogadro number. One obtains 

e(max) =  (6.82188 X 10-7/M r0) / 

e(max) =  115,813/ (l./mole cm.) (3)
whence

log e(max) «  log f  +  5 (4)
After superposing all bands, a plot of log e vs. 

X is made and printed. Since the logarithm is 
plotted, in accordance with the usual spectral 
tracings, the initial choice of the individual band 
shapes is practically irrelevant.

(6) R. L. Hummel and K. Ruedenberg, “ Pi-Electronic Excitations 
in Aromatic Molecules,”  U.S.A.E.C. Report I.S. 450, Ames Laboratory, 
Ames, Iowa, 1962.

(7) The intensity attenuation over the path length of x cm. is given 
by the formula I{x)/I{0) = e~K7lx — 10~eC3q where n ~ number of 
molecules per cm.3 and c — number of moles per liter.

The spectra which are synthetized from calculated transitions and oscillator strengths are compared with the experimental ones in several figures to be discussed later on (Fig. 3, 4, 7, 8 , 10, 11, 13, 14, 15, 18). In these figures the arrangement for each molecule is as follows: experimentalspectra in the center, tight-binding approximation above, intra-ring approximation below. Three kinds of abscissas are used. For the experimental spectra taken from Clar,8 
the abscissa is in A., increasing from right to left; for the spectra taken from Friedel and Orchin,9 the abscissa is in 
A., increasing from left to right; for the spectra taken from Klevens and P la tt ,10 the abscissa is in kK. (1 kK. =  1000 cm.-1), increasing from left to right. The synthetic spectra are plotted accordingly. I n  c o m p a r i n g  t h e o r e t i c a l  a n d  e x 
p e r i m e n t a l  s p e c t r a ,  -it m u s t  b e  k e p t  i n  m i n d  th a t  s t r o n g  t r a n s i 
t i o n s  a r e  i n  g e n e r a l  s u b j e c t  t o  a  r e d  s h i f t  o f  a b o u t  1 k K .  i n  
l i q u i d  o r  s o l i d  s o l u t i o n .

Dipole Maps.—In order to trace similarities 
between individual transitions for a variety of 
different molecules, decompositions of the transi
tion-dipole moments were machine plotted for all 
transitions with oscillator strength greater thah 
0.0005 in the following manner.

If, in the state function of a given excited state, 
the one-electron transitions (n-»-j/) occur with coef
ficients C(nv), the transition dipole to the ground 
state is given by11

Q — 2 ApS C(uv)c-pn'c-pp'(sn +  s„ )/\ /2  (5)
P (n)

In order to exhibit the relative importance of the 
individual atomic contributions to the total mo
ment, the scaled quantities

0-5 [V | S C(nv)cFn'cF'\ ]1/! (6)
(n)

(where a is the sign of the sum before taking the 
absolute value) were considered optimal for display. 
They are printed, in map form, at the atomic 
positions. The (sn +  s„)/2 are omitted because 
they are essentially constant, close to 2. Since 
the cpn',cp / are subject to a normalization in
volving summation over N  atoms, the chosen quanti
ties exhibit variation from —9 to + 9 . For the 
mapping they are truncated to integers.

For our more complex wave functions these 
dipole maps replace the nodal arguments used by 
Platt, in analogy to atomic spectra, for the perimeter 
model. It will be seen that there are interesting 
agreements as well as significant disagreements 
between the present analysis and the pattern of 
perimeter nodes.

Molecular Orbital Data.— A second table of 
machine printed results consists of basic informa
tion concerning the molecular orbitals. Reference 
to their component atomic orbitals is based on a 
molecular map printed out to scale with the atomic 
numbering in the appropriate positions. The 
cartesian coordinates of these are printed beneath 
in units of D =  1.395 Â.

(8) A. Clar, “ Aromatische Kohlenwasserstoffe,” Springer, Berlin, 
1952.

(9) R. A. Friedel and M. Orchin, “ Ultraviolet Spectra of Aromatic 
Compounds,”  John Wiley and Sons, Inc., New York, N. Y., 1951.

(10) H. B. Klevens and J. R. Platt, “ Survey of Vacuum Ultraviolet 
Spectra of Organic Compounds in Solution. Laboratory of Molecular 
Structure and Spectra,” Technical Report 1953-1954, Part I (Depart
ment of Physics, University of Chicago, 1954).

(11) See eq. (3.18) and (4.12) of the first paper in ref. 5.
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Next are printed the eigenvalues and eigenvectors 
of the overlap matrix and those of the neutral 
framework-Hamiltonian matrix. The molecular 
orbitals are numbered in order of increasing one- 
electron energy and characterized by their sym
metry properties with respect to symmetry planes 
and centers of symmetry. Finally the Coulson- 
type bond order matrix, p, as well as the Mul- 
liken-type bond order matrix, p', are printed out. 
These tables will be published elsewhere.12

Comparison between Theory and Experiment.— 
Before comparing the results of the calculation 
with experiment, it might be well to consider the 
limitations in the experimental spectra themselves. 
The most obvious is the limitation of the available 
spectral range. Measurements must in general be 
made in solution, a solid solution in some cases, 
which restricts them to the range of transmission 
of the solvent and precludes measurement of the 
many short wave transitions. Consequently, ex
cept for certain molecules for which special pains 
have been taken, the available spectra are limited 
to a few of the lower transitions.

The interpretation is complicated by solvent 
shifts, dependent upon the transition involved as 
well as upon the solvent. A more serious problem 
is that of vibrational interactions with electronic 
transitions13 to create broad, poorly defined maxima 
and to introduce peaks often indistinguishable from 
electronic transitions.

On the theoretical side the comparison is made 
difficult by the fact that the number of transitions 
that can be calculated is proportional to the square 
of the number of atoms and the fraction in the 
observable region increases for larger molecules. 
Thus, except for small molecules and except for the 
two or three lowest transitions and the strongest 
transition, which remain clearly distinguishable 
for all molecules, experimental as well as theoretical 
spectra lose more and more of their distinctiveness 
with increasing molecular size.

Therefore the simpler hydrocarbons which have 
been the primary object of previous investigations 
will provide the more sensitive test of the present 
method in that their spectra are more characteristic 
and more thoroughly measured and assigned. 
The most critical test will he in the still smaller 
subgroup for which atomic positions have been 
determined with precision, since correct positions 
alone allow the present theory full scope.

The more complex molecules, which are not well 
treated by the semi-empirical theories, also are 
included to test the theory, to provide theoretical 
information on these molecules, and to provide a 
fairer comparison14 between the present method

(12) R. L. Hummel and K. Ruedenberg, “ Topological Molecular 
Orbitals in Aromatic Molecules,” U.S.A.E.C. Report I.S. 449, Ames 
Laboratory, Ames, Iowa, 1962.

(13) As an illustration of the difficulties, consider the low transitions 
lLa and 1Lb in the standard sequence of the linear polyacenes. Platt’s 
earlier assignment of the stronger one ('La) differs from Ham’s later 
assignment by more than 2000 wave numbers in two cases. The 
weaker one can be picked out of the spectra only for the first and the 
last member of the sequence. In anthracene it was located by polar- 
ized light in a carefully prepared solution crystal, but in naphthaeene 
it has not been experimentally located to date.

(14) Semi-empirical methods may be expected to show up more 
favorably relative to a more theoretically restricted theory for a

Fig. 2.—Assigned and calculated transitions in the linear polyacenes. Explanation: Calculated transitions connected by solid lines. Points above L: long-axis polarized; points above S: short-axis polarized. Oscillator strengths: 
f  <  0 .1 for light dots; 0 .1 <  /  <  1 for medium dots; /  >  1 for heavy dots. Observed transitions indicated by triangles: downward pointing for triplets; upward for singlets of unknown polarization; left-pointing for singlets long- axis polarized; right-pointing for short-axis polarized singlets. Filled triangles: /  >  1.
and the semi-empirical methods. As for these 
molecules plots of assigned transitions vs. calculated 
transitions tend to become rather arbitrary in the 
assignments, it was found more illuminating to 
compare the synthetic spectra for each molecule 
directly with a reproduction of the actual experi
mental spectrum.

2. Linear Polyacenes
Transition Energies.—Although the present 

study includes many molecules, the first five of the 
linear polyacenes remain a backbone of comparison 
with experiment for two reasons, both experimental. 
First of all, the experimental spectra for all but 
pentacene are more complete than usual and have 
been carefully studied and assigned to electronic 
transitions. In particular, measurements have 
been extended to shorter wave lengths, and for 
several transitions the polarizations have been de
termined and can be reasonabfy extended to the 
entire group. The second reason is that, of the four 
aromatic molecules whose atomic positions are 
known with confidence, three are members of this 
group, namely, benzene, naphthalene, and anthra
cene.

The results of the calculations for the linear 
polyacenes are presented in Table I. For the 
TB X  and TBM cases, calculated and assigned 
transition energies are shown in Fig. 2. Polariza
tions and relationships between transitions in dif
ferent molecules are indicated only when considered 
justifiable. For the purpose of discussion it is 
convenient to divide the transitions into three 
groups; (1) the strongest and sharpest transition 
named %  by Platt, (2) the families of transitions 
below 'B h  in energy, and (3 )  the remaining transi
tions with energies greater than or, in pentacene, 
comparable to ‘Bt,.

For the transitions below 113 b, use of exact atomic 
positions yields a perfect fit between calculated and 
experimental energies and polarizations regardless 
of which approximation (TBX or IR X ) is used.
family of molecules used in fitting the parameters. This advantage 
fades as the molecules differ more and more from those used in the 
gaging.
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T able  I
Calculated T ransitions of the L inear  P olyacenes

Explanation: One set of data occupies two lines. The first two entries on the first line are a counting integer referring to the chemical formula in Fig. 1 and the name of the molecule. The first two entries on the second line give the method of approximation (TBX, IRX, TBM, IRM) and the transition energy of the lowest triplet. The remaining entries on both lines consist of pairs of numbers of which the first gives the transition energy of a singlet transition and the second its oscillator strength.If the molecule possesses a symmetry plane perpendicular to the molecular plane, the first line contains the singlets of S symmetry and the second line contains the singlets of A symmetry.If the molecule possesses two planes of symmetry perpendicular to the molecular plane, the first line contains the singlet of SA symmetry and the second contains the singlets of AS symmetry, where the first symmetry specification refers to the long axis and the second to the short axis.If the molecule possesses a center of symmetry, only the A states are listed (since the S states are symmetry forbidden), and they occupy both lines. In the absence of any symmetry, too, the second line is merely a continuation of the first.
ELECTRONIC TRANSITIONS FOR THE LINEAR POLYACENES

l NAPTHALENE 33.004 0.050 47.789 2.002 53.998
TBX TRIPLET* 21.253 35.992 0.201 49.504 0.742 62.616

2 NAP THALENE 33.685 0.029 48.857 2.396 62.039
IRX TRIPLET* 21.977 36.534 0. 186 49.171 0.710 66.491

3 NAPTHALENE 32.547 0.073 48.086 1.961 52.544
tbm triplet* 18.643 33.827 0.263 51.246 0.641 64.536

4 NAPTHALENE 33.354 0.039 49.097 2.462 61.065
IRM TRIPLET* 19.213 34.135 0.251 50.964 0.600 66.873

5 ANTHRACENE 28.312 0.116 42.599 2.982 46.876
TBX TRIPLE'* 12.844 27.728 0.283 39.357 0.009 47.387

6 ANTHRACENE 29.093 0.063 43.299 3.556 50.075
IRX TRIPLE"* 13.406 27.751 0.265 43.311 0.005 46.897

1 ANTHRACENE 28.283 0. 162 43.157 2.818 46.462
TBM TRIPLET* il .882 26.058 0.359 38.213 0.018 50.513

8 ANTHRACENE 29.284 0.087 43.888 3.631 51.552
IRM TRIPLET* 11.218 25.399 0.290 42.518 0.011 48.200

9 NAPTHACENE 26.041 0.312 40.013 3.285 41.689
TBM TRIPLET* 6.747 21.449 0.366 33.932 0.036 42.522

10 NAPTHACENE 26.829 0.149 39.935 4.586 46. 156
IHM TRIPLET* 6.581 20.387 0.331 36.758 0.043 40.928

U PENT ACENE 25.232 0.495 37.651 2.125 38.742
TBM TRIPLET* 4.316 18.835 0.414 30.047 0.069 &5..261

12 PENTACENE 25.671 0.268 37.380 5.384 42.022
IRM TRIPLET* 3.914 17.186 0.357 32.086 0.099 35.865

However since exact distances are not known for 
the two largest molecules, the assumption of con
stant bond lengths and angles is unavoidable if 
all molecules are to be treated. With these in
correct distances, the results for the same transi
tions are not nearly as good. In particular, the 
lowest triplets fall three to five kK. below the ex
perimental values. The remaining three transi
tions per molecule already are well fitted by TBM 
and reasonably well fitted by IRM. It seems not 
unreasonable to expect that the use of correct 
distances would bring all transitions into close 
agreement with experiment.

The very prominent !Bh transition shows a 
beginning of error even when exact distances are 
used. For TB X  the calculated value is slightly 
high at anthracene and for the intra-ring approxima
tion, IR X , the error begins at naphthalene and is 
greater than 1 kK. at anthracene. Use of the 
incorrect, average distances gives results that are 
a bit poorer for these two molecules and probably 
the same would hold for the two larger molecules. 
Even so the average error for all molecules and 
methods is roughly 2 kK., which is still considered 
fairly good.

Presumably, the higher transitions are not pre
dicted as accurately, since the calculations are 
subject to increasing error as larger one-electron 
jumps are involved. It is, however, difficult 
to prove this disagreement for the larger molecules

0.323 72.693 0.036
0.003 67.641 1.007

0.131 74.006 0.005
1.013 70.030 0.004

0- 346 72.680 0.032
0. 68.094 1.083

0.080 73.694 0.003
1.082 72.218 0.010

0. 199 51.526 0.095
0.385 53.835 0.474

0.019 56.561 0.125
0. 355 49.575 0.201 59.746 1.140

0. 348 52.747 0.026 60.629 0.089 69.050 0.C06 71.768 0.003
0.222 54.208 0.670 61.140 0.614 62.760 0.035 65.270 0.02 3

0.036 57.162 0.033 67.848 0. 61.531 0.059 72.320 0.027
0.002 50.574 0.350 59.987 1.227 71.611 0.008

0.512 46.164 0.057 57.198 0.169 65.141 0.017 62.874 0.021
0.079 49.544 0.067 53.438 0.952 54.729 0.488 62.216 0.030

0.016 53.000 0.022 55.947 0.002 60.111 0. 145 62.732 0.009
0.030 48.875 0.036 52.465 0.872 56.672 0.664 64.445 0.061

2.223 45.977 0.027 47.107 0.009 55.088 0. 191 58.952 0.086
0.038 36.307 0.116 44.374 0.181 50.531 0.026 54.236 0.878

0.017 49.836 0.016 55.542 0. 57.560 0. 189 59.190 0.06*»
0.036 39.763 0.010 44.417 0.212 46.263 0.017 53-216 0.636

b e c a u s e  o f t h e i n c r e a s i n g n u m b e r  o f t r a n s i t i o n s
predicted above lBb. This spectral region becomes 
crowded and rather confused for the larger mole
cules; for still larger ones this “ barrage”  of transi
tions presumably would appear more and more 
continuous. Under these circumstances, the syn
thetic spectra become the most straightforward 
means of comparing theory with experiment. 
For the linear polyacenes, they are given in Fig. 
3 and 4.

Only two of the higher transitions can be observed 
in naphthalene and both are reasonably but not 
closely predicted by the TB X  method. The results 
of the IR X  approximation are for once quite a bit 
higher, resulting in errors of 4 and 8 kK., respec
tively.

While two high experimental transitions also are 
experimentally assigned in anthracene, all calcula
tions place at least three theoretical transitions 
nearby. The synthetic spectrum shows, however, 
that some of these are underlying and, as a whole, 
it exhibits a reasonable similarity to the actual 
spectrum.

Intensities.—For all four methods of approxima
tion, the intensities of a given transition are usually 
quite similar, and there is even greater resemblance 
between the two tight-binding or the two intra
ring methods. As in the previous semi-empirical 
calculations, the intensities of the strongest transi
tions are a bit too strong. The weaker ones suffer
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Fig. 4.—Experimental and synthetic spectra for linear polyacene. II. Explanation in section 1, after eq. 4.
from this fault to a greater degree. For example 
the intensity of 4Lb in naphthalene is calculated 
Vm as strong as TR, whereas it should be 
V m o  as strong as that (Pariser gives 1Lb zero in
tensity; Ham and Ruedenberg, however, obtain 
the correct intensity ratio).

These observations are also verified by reference 
to the synthetic spectra in which the intensity re
sults are incorporated as described earlier.

Comparision between Different Approximations. 
— Both of the present approximations using exact 
distances clearly fit the experimental energies 
better than the semi-empirical methods,4 but these 
in turn are better than the present approximations 
when constant bond lengths are assumed. These 
results imply rather strongly that the actual posi
tions of the atoms are not negligible parameters.

Both approximations using exact distances yield 
equally perfect fits for the lower transitions, but the 
higher transitions seem to indicate, particularly 
in naphthalene, that TBX fits the experimental 
energy levels considerably better than IRX.

(Pariser also calculated these transitions, but the 
energies obtained were even higher than IRX.)

The somewhat unexpected conclusion would 
seem to be that neglect of the smaller-than-neigh- 
bor elements in the overlap and one-electron energy 
matrices, implicit in TBX, results in less error 
than taking them into account in the manner of 
IRX. To a large extent the explanation must 
lie in the particular manner in which the small 
matrix elements are approximated in IRX.

Another possible factor may be a greater sensi
tivity of the intra-ring approximation to the 
neglect of <r-electrons. Whereas TB X  gives a 
constant value of unity for all gross atomic popula
tions, the latter are usually unequal, in the IR X  
approximation (greater than unity for one and less 
than unity for the other of two neighbors). The 
^-electrons in the bond between the atoms, were 
they taken into account, perhaps would tend to 
compensate for this charge disparity.

Criteria for Forming Families of Transitions. 
Previous Approaches.— (I) Several criteria have
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been used in the past for classifying the electronic 
transitions into families whose members can be 
traced through all polyacenes. On the basis of 
regularities concerning energies, intensities, and 
vibronic structure found empirically in the actual 
spectra, Clar8 pointed out that, usually, three 
distinct and characteristically different bands 
could be recognized in each aromatic hydrocarbon. 
These he called the a-band, the /J-band, and the 
p-band.

(2) Later theoretical calculation led to the 
grouping of the excited states according to ir
reducible representations of the molecular sym
metry group. The linear polyacene singlets fall 
into four groups. Only two of these, however, 
TLu (A_L, S||) and 'B3u (S J_,A||) have a dipole transi
tion with the ground state and thus may contribute 
to the observable spectra. Each group has a 
specific polarization, which can be experimentally 
determined. As two main directions of polariza
tion also are found for but approximate symmetry, 
the two classes of characteristic polarizations are 
indeed fundamental. They alone, however, do not 
furnish sufficient subdivision for a satisfactory 
classification.

(3) Platt16 stressed that, in view of Clar’s 
observations, these molecules must exhibit certain 
quantum mechanical similarities in addition to the 
symmetry properties just mentioned. Basing his 
arguments on the perimeter model and drawing an
alogies to the use of angular momentum in simple 
atomic spectra, he characterized the transitions 
by the nodal behavior of their one-electron jumps 
and proposed a system of classification which 
accounted for the families of Clar and moreover 
suggested additional families frequently hidden 
under stronger transitions or in an optically inac
cessible region. His classification retained the 
division according to polarization.

(4) Moffitt16 and Pariser4 developed a different
explanation for Clar’s relationships, based on the 
fact that, in the neighborhood of the highest oc
cupied orbital, viz., the (A /2) th orbital, the one- 
electron energies are fairly evenly spaced. Conse
quently, the four lowest transitions fall roughly 
into the order: [N/2 ->  ((Ar/2) +  1)] <  [{{N/2) — 
1) {(N/2) +  1)] «  [N/2 {(N/2) +  2)] <
[((N/2) -  1) -► [ {{N/2) +  2)]. The first yields 
essentially 'La, the second and third are known as 
“ paired excitations”  and interact to form 'Bb 
and 'Lb, while the fourth essentially becomes 
'Ba. In the neglect-of-differential-overlap ap
proximation used by these authors, these paired 
excitations, as well as other, higher excitation pairs, 
are degenerate and the resulting states are 1:1 
mixtures, viz., the +  and — combinations. Since 
the minus combinations interact only with each 
other, Pariser suggested a division of the actual 
transitions into +  and — states as a subclassifica
tion within the group theoretical species.

Unfortunately this subdivision is limited to 
alternants, and even there the +  combinations 
are much more numerous and but two of them,

(15) J. R. Platt, J. CUm. Phys., 17, 484 (1949).
(16) W. Moffitt, ibid., 22, 1820 (1954); see also M. J. S. Dewar 

and H. C. Longuet-Tiigfiins, Proc. Phys. Soc. (London), A67, 795 
(1954).

'B 2u+ and 'B 3u+, account for almost all observable 
transitions in the linear polyacenes. Hence this 
subdivision is not too helpful.

In the present, more accurate calculation, it is 
still true that the lowest three transitions arise from 
the first three excitations mentioned above; but 
Pariser’s ±-classification loses its meaning. On 
the other hand, the essence of Platt’s classification 
was seen as a structural analysis of the transition 
moments. For the trigonometric wave functions 
of the perimeter model, his analysis of nodes alone 
provided a complete description. For the present, 
more complicated wave function, a more thorough 
analysis of the transition dipole structure is needed 
to establish clearly kinships between different 
molecules.

Present Approach.— (1) It proved possible to 
determine such finer features with the help of the 
graphical dipole decomposition described earlier. 
The transitions on which Clar’s and Platt’s identi
fications agree are clearly related by common 
characteristics and so are a number of additional 
transitions. In some molecules, it is found that 
a relationship is disrupted by extensive configura
tion interactions which had been absent in smaller 
molecules. These relationships can be seen from 
the dipole maps reproduced in Fig. 5. The nu
merical values are truncated to one figure, they 
have sufficient variation for good resolution, but 
not so much as to create confusion. The relation
ships between transitions in different molecules 
are exhibited by connecting fines, bearing the cor
responding label, in Fig. 2.

(2) Consider first the four low transitions, 
'La, 'Lb, 'Ba, and 'Bt in Platt’s nomenclature. 
The dipole maps reflect, of course, the well known 
symmetry properties : 'La and 'Ba are symmetrical 
about the short axis, antisymmetrical about the 
long axis, while 'Lb and 'Bb are antisymmetrical 
about the short axis, symmetrical about the long.

The 'La is characterized by having a node in 
every bond just as Platt suggested. The values 
at the atoms alternate in sign, but are not uniform 
as they would be in the perimeter model. The 
two largest magnitudes are found in the short 
axis; succeeding values of the same sign diminish 
toward the outside within one quadrant. The 
values of opposite sign have their smallest magnitude 
next to the short axis and increase away from this 
axis. The envelopes of the two groups are es
sentially parallels.

The dipole map of 'Ba, too, exhibits the nodal 
properties suggested by Platt, viz., one single node 
only along the short axis. In addition the following 
details occur consistently. The atomic contribu
tions increase gradually from the central node, but 
after a short inflection peak they increase sud
denly to a high value at the end atoms. This is 
the origin of the very strong intensity of 'Bb-

In contrast, the 'Lb dipole does not have the 
multiple nodes derived by Platt from the perimeter 
model; instead it has a single node like 'Bb- The 
resemblance to 'Bb is in fact very close in all par
ticulars, except that the magnitudes involved are 
much smaller, resulting in the very small transi
tion moment. Indeed, to the extent that. 'Li,
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Fig. 5.—Dipole maps for electronic transitions of linear polyacenes. Under each map is given the transition energy and the oscillator strength, so tha t reference cane be made to Table I.
and 'Bh arise from paired transitions, the atomic 
dipole contributions of lLh must be proportional 
to those of 'Bb in any calculation—not just the 
present. Our result for !Lb is not in complete 
disagreement with Platt’s picture: the simple
perimeter model produces nodes at all atoms, and 
the present atomic contributions are small. They 
would indeed vanish if, instead, the results of 
Pariser’s approximation would be plotted in like 
manner. The major differences from Platt’s 
diagrams lie in the dipole contributions assigned 
to the bond regions. While the free-electron perim
eter model suggests antinodal behavior, the actual 
bond contributions are smaller than those from the 
atoms. Similar limitations of the free-electron 
model are found whenever the number of nodes 
equals or exceeds the number of atoms.

The “ ‘Ba”  transition differs from the previous 
ones in that there exists no characteristic dipole 
pattern for it which would persist to the higher 
molecules of the polyacene series. This is a con
sequence of the increasing amounts of configura
tion interaction to which ‘B,, is subject because of 
its constantly high one-electron excitation energy. 
In naphthalene it has the single node along the 
long axis that Platt proposed. The dipole struc

ture is similar to that of 1Lfc, however, in that for 
both it fluctuates strongly, although the fluctua
tions in xBa are not strong enough to produce nodes 
through all bonds. In anthracene, however, eight 
additional nodes are produced—only four short 
of 'La. In naphthacene two additional transitions 
have moved down to interact very strongly (>50% ) 
with the [(iV/2 — 1) —► (N/2 -f- 2)] one-electron 
jump to form transitions noth new and varying 
characteristics. Conclusions concerning this transi
tion are further complicated since it is one where 
the differences between TBM and the more nearly 
correct TB X  are greatest and the fine details 
provided by the dipole analysis are sensitive to 
such considerations. The correct distances needed 
for TBX are not available for the very molecules 
in which the complications arise.

(3) In order to describe the relationships for 
the remaining transitions, it is convenient to have 
short state labels. Since the nomenclature derived 
from the perimeter model does not really fit, and 
since it seemed premature to promulgate another 
general scheme on the basis of the present work 
alone, the following simple nomenclature is used in 
the following discussion. The long axis polarized 
states are labeled LI, L2, L3, L4,. . . .  The short
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axis polarized are labeled Si, S2, S3, S4,. . . . 
Naturally in larger molecules, additional transi
tions arise. If some appear to resemble those of an 
already existing family, such branching is brought 
out by using symbols like LI', S2', L3', L3'', etc.

In particular the previously discussed states are 
now denoted as

Lb =  LI, Bb =  L2, La =  SI, Ba =  S2
On the whole it is surprising how many of the 

transitions can be placed into families with quite 
consistent characteristics. This is indicated by the 
many connecting curves in Fig. 2. The only case 
where such correlations are really hopeless and 
therefore omitted in this figure is the group of 
heavily interacting states into which xBa =  ‘S2 
disappears from naphthacene on.

Best characterized are the long axis polarized 
transitions. In fact all L transitions below 55 
kK. except LI and L2 seem to belong to one clan 
denoted by L3, L3'. The main branch, L3, 
has almost the identical structure as S l(xLa) 
except that there is a node rather than a maximum 
on the short axis. It has nodes in every bond. 
The next branch, L3', is characterized by main
taining the total numbers of nodes and the general 
appearance of L3 in anthracene through the larger 
molecules, and hence does not have nodes in every 
bond. The remaining long axis polarized transi
tions all seem to be characterized by being flat 
and of one sign from the central nodes to the 
next to end atom and then changing sign strongly 
to attain the maximum magnitude. Thus these 
transitions are all classed together as L4.

The remaining short axis polarizations do not 
carry a rigid pattern from the first member of a 
family to the last, but must be followed from mole
cule to molecule. The lower energy S3 has a 
considerable resemblance to S4 but the considerable 
difference in energy led to their being assigned to 
separate families. S4 is one of the transitions which 
enter into interaction with S2 (xBa) and its charac
teristics can be partially found in several of the 
highly mixed S states of naphthacene and pentacene. 
The S transition at 35.26 kK. in pentacene is an 
almost pure state of new characteristics hatched in 
this molecule.

3. Non-Linear Polyacenes
Criteria for Grouping.—Because of their great 

number, the non-linear polyacenes must be divided 
into groups for calculation and display. Under the 
influence of the perimeter model it has been custo
mary to form groups of molecules having the same 
number of carbon atoms. However, the strong vari
ations in energy found in such a group both experi
mentally and theoretically indicate considerable 
distortions from the perimeter model. In contrast 
we observed that the following general rule seems to 
hold:

Similarities in the positions of  the lower transi
tion energies exist between these aromatics which 
agree as to the largest linear polyacene contained in 
the molecular structure.

Within such a group, energy variations are

much finer and present therefore a greater chal
lenge to theoretical calculation than the larger vari- 
tions found in the aforementioned grouping. They 
therefore are chosen for the present work. Rep
resentative members of two groups will be con
sidered : one based on naphthalene and one based 
on anthracene.

Naphthalene Group.—The numerical results for 
the naphthalene group are reproduced in Table II. 
The experimental and theoretical transition energies 
are compared in Fig. 6, for the TBM  approxima
tion. The agreement between the lower assigned 
and calculated transitions is reasonable and com
parable with the results for the linear polyacenes 
and better than what Ham and Ruedenberg have 
obtained previously for several of the present 
molecules. Note that the TB X  approximation 
again improves the triplet value for chrysene.

The spectra of the non-linear polyacenes are 
more complicated than those for the linear poly
acenes, since they have at most one symmetry 
plane (not including the molecular plane). The 
presence of one plane will create two sets of transi
tions with mutually perpendicular polarizations, 
but none of them will be dipole forbidden. The 
only exception is chrysene, which has a point of 
symmetry, so that the symmetric states are dipole 
forbidden. But the remaining states, all antisym
metric, are all mutually interacting and without 
limitation as to the polarization directions.

Thus many excited states are to be expected in 
the present group, and it is rather surprising that 
most of them seem to fall in the region around the 
strong transition, where they are hidden, or higher, 
where observation is difficult. The lowest two 
singlets are remarkably separate. It is still true 
that their polarizations are mutually orthogonal 
except for chrysene, which has the lowest state 
polarized along the long axis of the molecule and 
the next at an angle of less than 30° with it. These 
similarities in polarization, intensity, dipole map, 
etc., are expressed by the connecting lines in the 
figures.

In the 40 kK. region, all molecules typically show 
a strong transition, long axis polarized, with a 
fairly strong satellite less than 2 kK. higher. The 
latter is short axis polarized except in chrysene, 
where both transitions are almost equally strong 
and bracket the long axis between them. These 
two transitions resemble XL2 (xBb) and XS2 (1Ba) 
in naphthalene. This similarity appears to support 
the present grouping. The discussed relationships 
again are indicated by connecting lines on the 
figures.

While the appearance of the two low weak transi
tions and the strong higher transitions in all 
molecules is quite similar to naphthalene, the situa
tion is more complicated as regards symmetry and 
pairing properties. In all cases, except naphtha
lene, the long axis is orthogonal to that symmetry 
plane which is perpendicular to the molecular 
plane (if existing). If this perpendicular sym
metry plane contains atoms, “ the paired excita
tions”  are long axis polarized; if it bisects a bond, 
then the, “ paired excitations”  are short axis 
polarized. In fact, it emerges that the pairing
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T able II
C alculated T ransitions op the N on-L inear  P olyacenes. N aphthalene G roup

See Table I for explanations.
ELECTRONIC TRANSITIONS FOR THE NON -  LINEAR POLYACENES I

13 PHENANTHRENE 30.786 0.017 39.992 0. 394 42.327 0.466 48.990 0.010 51.612 0.083 53.829 0.701 54.566 0.029
TBM TRIPLET3 20.272 32.529 0.352 38.830 0.087 42.102 1. 177 43.630 0.614 49.408 0.059 53.348 0. 106 54.218 0.548

14 PHENANTHRENE 31.741 0.005 40.411 0.622 46.230 0.026 48.342 0.385 55.666 0.684 57.204 0.111
IRM TRIPLET3 21.000 33.273 0.268 40.329 0.197 42.606 1.411 47.137 0.403 51.523 0.709 54.003 0. 133 54.602 0.038

15 CHRYSENE 30.388 0.411 30.764 0.405 40.969 0.890 42.436 1.205 43.423 1.462
TBX TRIPLET» 20.371 46.907 0.025 51.812 0.352 53.010 0.224 55.110 0.295 58.082 0.368

16 CHRYSENE 31.156 0.153 31.410 0.551 41.934 1.996 43.039 1.205 44.799 0.623
IRX TRIPLET* 21-223 49.959 0.078 53.298 0.407 56.247 0.719 60.410 0.227 65.186 0.132

17 CHRYSENE 30.247 0.291 30.606 0.495 40.895 0.651 41.760 1.511
TBM TRIPLET* 22.220 42.979 1.222 46.759 0.038 52.808 0. 304

18 CHRYSENE 31.059 0.235 31.330 0.466 41.830 2.052 42.853 1.167 44.694 0.529
IRM TRIPLET* 21.187 49.808 0.053 53.285 0.424 56.134 0.676 59.763 0.265

19 3,4 BENZPHENANTHRENE 31.285 0.022 38.870 0.052 39.969 1.274 42.136 0. 169 47.735 0.486 51.317 0.002
TBM TRIPLET* 21.367 28.601 0.005 35.706 1.392 37.852 0.408 43.964 0. 336 44.948 0.00 3 46.620 0.002 47.313 0.

20 3,4 BENZPHENANTHRENE 31.161 0.038 37.442 0.033 39.633 0.791 45.004 0.112 48.594 0.290 49.283 0.011 52.999 1.731
IRM TRIPLET* 22.006 28.654 0.019 36.421 1.438 38.207 0.284 44.909 0.349 46.799 0.262 48.104 0.100 49.985 0.408

21 PICENE 30.288 0.105 35.890 0.296 39.027 0.696 42.424 0.004 48.756 0.208 49.639 0.017
TBM TRIPLET* 19.045 28.626 0.968 35.285 0.105 39.693 0.244 40.300 2. 138 43.219 0.064 44.859 0.230 46.833 0.305

22 PICENE 31.567 0. 149 36.695 0.532 40.215 0.364 45.850 0.007 51.039 0.182 55.430 0.042
IRM TRIPLET* 20.337 36.441 0.117 40.152 2.244 42.372 0.649 45.064 0.405 46.645 0.108 49.923 0.231 50.838 0.060

23 TRIPHENYLENE 31.433 0. 40.458 0.428 41.191 1.780 44.914 0. 49.695 0.013 49.952 0. 56.507 0.04 7
TBM TRIPLET* 28.961 32.937 0. 39.159 0.008 40.840 2.085 42.887 0.098 45.052 0.013 46.593 0.027 49.698 0.010

24 TRIPHENYLENE 32.137 0. 41.740 2.046 42.051 0.230 40.770 0. 53.780 0.003 53.958 0. 63.933 0.027
IRM TRIPLET* 29.415 33.507 0. 39.479 0. 129 41.530 1.908 42.726 0.187 46.357 0. 49.200 0.049 52.136 0.002

25 5,6 BENZCHRYSENE 29.704 0.025 30.795 0.297 34.483 1.802 37.441 1. 118 39.091 0.359 39.605 0.058 42.780 0. 158
TBM TRIPLET- 21.550 45.559 0.071 46.747 0.015 50.233 0.013 53.504 0.005 54.527 0.032 59.841 0.

26 5,6 BENZCHRYSENE 30.232 0.012 31.264 0.155 35.151 1.923 37.520 1.521 40.322 0.215 40.773 0.032 46.745 0.263
IRM TRIPLET* 22.356 49.874 0.217 52.139 0.005 56.360 0.010 61.219 0.002 64.329 0.011 68.090 0.002

Fig. 6.—Assigned and calculated transitions for naphthalene group. Chrysene is TBX. For explanations, see Fig. 2.
properties play a negligible role in the make-up 
of the wave functions. Also the dipole maps do 
not show the same structure as in the linear 
polyacenes. .Almost absent, for instance, is the 
picture with a single node found there for xBb, 
xBa, and xLb and predicted generally by the peri
meter model for the xBb and xBa states. Also the 
present dipole maps are more difficult to systema
tize.

In spite of all these considerable complications 
and differences the spectra display remarkable 
uniformity in certain features: a low lying triplet, 
two low lying weak transitions some 8 kK. higher, 
and two stronger transitions some 5 kK. higher 
yet. On these points there is agreement between

calculations and experiment. Consequently, a 
gratifying correspondence exists between experi
mental and synthetic spectra, as shown in Fig. 7 
and 8.

Anthracene Group.—The numerical results for 
the anthracene group are given in Table III. 
They are compared with the assigned transitions 
in Fig. 9. The principle of grouping seems to be 
justified inasmuch as the energies of the transitions 
remain generally constant throughout the group 
and are consistently lower than those of the 
naphthalene group. Moreover the non-linear mem
bers appear to have acquired a third, low lying, 
weak transition in addition to the two found in the 
naphthalene group.

These results are reproduced in the calculations, 
which are, however, somewhat high on these transi
tions. Also in 1,2,3,6-dibenzanthracene, one of 
the three is dipole forbidden according to the 
calculation and its observation must be justified 
by vibrational interactions similar to xLh in ben
zene and coronene. The experimental spectrum 
of pentaphene has a rather unique appearance in 
that the single strong peak seems to be replaced by 
two or three fairly strong peaks. Calculations 
reproduce this rather peculiar feature.

A comprehensive comparison of all calculated 
singlet transitions with experiment is given in Fig. 
10 and 11 by reproducing together experimental 
and simulated theoretical spectra. Again reason
able agreement is found. The general analogy to 
the naphthalene group is close enough to make 
further discussion unnecessary.

It would be valuable to have measurements on 
the triplets of these molecules.
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4. Pericondensed Molecules
General Considerations.—The pericondensed 

aromatic hydrocarbons have long been a stumbling 
block for theoretical understanding. Unlike the 
catacondensed systems, they have resisted attacks 
based on simple models as well as on more rigorous 
calculations.17a; Not only have their spectra special 
characteristics, but in some cases even the extent 
of the conjugation over the molecular framework

(17a) J. It. Platt, J. Chem. Phys., 22, 1448 (1954).

has been the object of controversy. It therefore is 
very gratifying that the present work leads to 
results remarkably close to experiment.

To be sure, the calculations were handicapped 
by the lack of information on the exect nuclear 
positions. While X-ray measurements are avail
able for all molecules, it is presently recognized 
that, so far, their degree of analysis is inadequate. 
Indeed, in perylene and 1,12-benzperylene many of 
the atomic positions are not located by experiment. 
Nevertheless, these measured distances were used
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T able  III
C alculated T ransitions of N on-L in ear  P oltacenes. A nthracene G roup

See Table I for explanations.
ELECTRONIC TRANSIT IONS FOR THE 1NON -  LINEAR POLYACENES JJ

27 TETRAPHENE
TBM TRIPLET* 15.539

27.822
63.709

0.623
0.287

29.657
67.291

0. 199 
0.311

36.687 
68.165

0.675
0.091

37.088
69.780

1.665
0.121

38.672
50.685

0.106
0.069

39.774 
55. 121

0.258
0.003

40.276 0.284

26 TETRAPHENE
IRM TRIPLET* 16.159

27.610
63.706

0. 369 
0. 166

30.299
67.568

0. 163 
0.367

35.973
50.281

1.203
0.096

38.629
51.999

1.622
0.260

39.686
55.055

0.312
0.057

62.005 
59. 150

0.016
0.008

29 PENTAPHENE
TBM TRIPLET« 16.819

28.310
27.296

0.123
0.539

30.172
32.265

0.373
1.259

36.626
35.088

0.115
0.316

60.209
36.539

0.665
0.626

66.669
60.218

0.160 
0.078

68.597
65.033

0.038
0.026 46.230 1.032

30 PENTAPHENE
IRM TRIPLET* 15.016

28.579
27.306

0.137
0.362

29.756
33.166

0.368
2.318

38.711
36.087

0.085
0.668

63.309
39.002

0.681
0.215

67.682
63.713

0.065
0.016

69.285
65.335

0.099
0.113

54.085
49.324

0.016
0.012

31 DIBENZANTHRACENE 
Tax TRIPLET* 18.089

28.668
63.569

0.618
0.086

28.532
63.939

0.088
0.238

36.568 
66.378

1.826
0.039

37.608
68.093

1.997
0.063

61.726
50.006

0.606 
0.103

32 DIBENZANTHRACENE 
IRX TRIPLET* 18.806

28.263
66.837

0.068
0.336

28.671
66.382

0.261
0.517

36.608
69.867

1.939
0.025

37.235
52.018

2.530
0.659

63.620
56.216

0.059
0.053

33 l,2t7f8DIBENZANTHRACENE 
TBM TRIPLET* 18.239

29.257
27.910

0.287
0.017

36.986
33.238

0. 166 
1.991

38.719 
37.622

0.096
0.972

60.609
39.335

0.585
0.073

63.659
62.261

0.228
0.002

67.310
65.006

0.319
0.005

50.022
48.486

0.107
0.017

36 1 (217(801BENZANTHRACENE 
IRM TRIPLET* 19.012

29.166
28.675

0.257
0.017

37.698
36.333

0.291
2.631

39.812
38.591

0.087
0.666

63.650
60.226

0.631
0.232

67.812
66.923

0.256
0.013

50.162
66.530

0.221
0.001

53.898
50.407

0. 126 
0.024

35 1,2 BENZTETRAPHENE 
TBM TRIPLET* 15.081

26.613
62.530

0.258
0.160

29.023
63.295

0.280
0.385

32.257
66.860

0.563
0.037

36.989 
50.190

1.233
0.017

37.372
51.362

0.099 
0.00 3

39.902
56.090

0.968
0.003

38.160 0.205

36 1,2 BENZTETRAPHENE 
IRM TRIPLET* 15.598

26.026
61.909

0.215
0.999

29.671
66.565

0.256
0.035

32.900
67.568

0.778
0.267

35.260
52.905

1.078
0.008

39.635
57.690

0.023
0.013

60.177
59.619

0.855
0.004

37 l,2,3,4DIBENZANTHRACENE 
TBM TRIPLET* 17.773

29.886
28.897

0. LOO 
0. 193

37.680
36.995

2. 766 
0.001

39.039 
38.880

0.027
0.126

66.153
39.513

0.001 
0. 366

66.737
60.696

0.
1.067

68.616
62.896

0.024
0.265

50.579
45.895

0. 1C9 
0.282

38 l ,2,3,601 BENZANTHRACENE 
IRM TRIPLET« 18.219

30.827
28.699

0.082 
0. 161

37.905 
36. 100

2.979
0.007

60.521
38.095

0.065
0.011

66.509
60.357

0.010
1.139

51.159
61.883

0.017
0.621

51.598 
66.911

0.138
0.535

56.364
47.493

0. 02 5 
0. 128

39 1 ,2 ,1 ,2  DIANTHRACENE 
TBM TRIPLET* 17.708

25.588
62.266

0.360
0.320

31.338
66.026

1.013
0.537

33.567
50.087

0.226 
0. L57

36.866
56.575

0.057
0.065

39.057
55.738

0.009
0.006

60 1 ,2 ,1 ,2  DIANTHRACENE 
IRM TRIPLET* 15.670

23.033
65.637

0.626
0.217

29.609
68.658

0.726
0.005

35.494’ 
56.666

1.262
0.086

38.998
58.637

0.306
0.035

61.628 0.153

in the present calculation in the hope that on the 
average they would represent an improvement over 
the use of mean distances.

The numerical results are given in Table IV 
and V. For some of the molecules, the assigned 
transitions are compared with the calculated TBX 
(where X  indicates measured, not necessarily 
exact distances) values in Fig. 12. For all molecules 
experimental spectra are compared with the 
synthetized singlet spectra in Fig. 13,14, 15, and 16.

Lowest Triplet and Lowest Singlets.—Unfortun
ately only two triplets have been assigned. The 
theoretical value is 4 kK. low in pyrene, but only 
1 kK. off (high) in coronene. The error in pyrene 
is reminiscent of those found in the polyacenes 
when average, rather than exact, distances were 
used.

As in the polyacenes, two transitions follow 
between 15 and 32 kK. in all molecules, weak in the 
pyrene group, but one of them strong in the perylene 
group. Agreement between theory and experi
ment is near perfect for most of these. The re
maining two, both perpendicularly polarized, are 
3 kK. low.

While the polarizations for perylene are in agree
ment with the experimental observations,1713 a dis
crepancy exists as regards the polarizations in 
pyrene. While Williams and Hochstrasser17c con
clude from crystal measurements that the lowest 
two transitions are both parallel to the short 
molecular axis, our results indicate, as did those of 
Ham and "Ruedenberg,4 that the second transition is 
long-axis polarized. While the present calculations

(I7b) R. M. Hochstrasser, Can. J. Chem., 39, 451 (1961).
(17c) R. Williams, J. Chem. Phys., 26, 1186 (1956); R. M. Hoch

strasser. ibid., 33. 459 (1960).

Fig. 9.—Assigned and calculated transition for anthracene group. Dibenzanthracene is TBX. For explanations, see Fig. 2.
are of course far from perfect, it is nevertheless very 
difficult simply to discount the theoretical result on 
this matter. For one thing, the over-all agreement 
between experiment and theory is so consistent as 
regards spectral locations, that no specific unam
biguous theoretical prediction can be ignored. For 
another thing, it is readily seen that no calculation 
based on linearly combining 2p 7r atomic orbitals 
will yield the 3 or 4 lowest states all polarized in the 
same direction. As regards a possible reconcili
ation of experiment and theory, it should be 
pointed out that our results place the two lowest 
transitions within 1 kK. of each other, with the 
long-axis polarized one more than twenty times 
more intense and, also, that several assumptions
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are necessary in extrapolating from the crystal 
spectrum to the molecule spectrum.

Pyrene Group. Pyrene.— Toward higher ener
gies, where the polyacenes exhibit one strong band, 
the pyrene spectrum is distinguished by having 
three rather intense peaks oi nearly equal strength. 
The characteristic feature is satisfactorily re
produced by the present study.

The lower two of these correspond to what has 
been known as 'Bb (the lower) and Tk (the higher) 
in the polyacenes, the former containing the paired

excitations and being parallel to the horizontal 
axis in Fig. 12. In contrast to the polyacenes this 
axis is not the longest in pyrene, but the one 
perpendicular to it is somewhat longer. This 
circumstance is the origin of the comparable 
strength of the two bands, with the Tk-like transi
tion a bit stronger.

Between these two transitions and the third 
strong band at higher energy with its accompany
ing barrage of weaker transitions lies a clear gap 
of 7 kK., free of transitions both weak and strong.
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T able  IV
C alculated T ransition E nergies of P ericondensed A romatics. I.

For explanations see Table I; but note the following specification: In cases with two symmetry places perpendicular to the molecular plane, the first symmetry specification in “SA” and “AS’', respectively, refers to the axis indicated in the perylenestructure in Fig. 12.
ELECTRONIC TRANSITIONS FOR THE PERI-CONDENSED AROMATICS I

PYRfcNfc
TBX 1RlPLET* 13.466

42 PYRENE
IRX TRIPLET* I4.L82

43 PYRENE
TbM TRIPLET* 12.193

44 PYRENE
IRM TRIPLET* 13.021

45 PERYLENE
TBX TRIPLET* 10.720

46 PERYLENE
IRX TRIPLET* 9.675

47 PERYLENE
TBM TRIPLET* 13.372

48 PERYLENE
IRM TRIPLET* 11.957

49 1,12 BENZPERYLENE X 
TBX TRIPLET* 18.174

50 1,12 BENZPERYLENE X 
IRX TRIPLET* 16.887

51 CORONENE
TBX TRIPLET* 22.109

52 CORONENE
IRX TRIPLET* 20.948

53 CORONENE
TBM TRIPLET* 22.219

54 CORONENE
IRM TRIPLET* 22.485

55 OVALENE
TBX TRIPLET* 13.030

56 OVALENE
IRX TRIPLET- 13.800

27.380 0.031 
28.335 0.794

28.076 0.010 
29.010 0.766

26.818 0.034
27.409 0.796

27.700 0.013 
28.181 0.768

29.130 0.122 
23.206 1.194

29.980 0.024 
22.291 0.977

26.103 0.905 
29.029 0.051

25.842 0.857 
30.000 0.006

26.847 0.008
27.077 0.525

27.301 0. 
26.882 0.549

24.507-0. 
26.254 0.

24 .985-0. 
27.144 0.

24 .880-0.
26 .602-0.

25 .569-0.
27 .724-0.

23.009 0.041 
22.727 0.567

23.569 0.025 
23.161 0.556

39.373 0.873 
43.592 0.330

39.097 0.857 
45.228 1.396

39.024 0.909 
43.877 0.183

38.806 0.897 
45.745 1.307

39.657 0.122 
41.708 0.086

43.198 1.629 
44.333 0.

41.935 0.027
41.801 0.096

44-534 0.879
43.612 1.625

35.767 0.161 
31.393 0.013

37.541 2.048 
33.651 0.005

34.669 2.219
34.669 2.274

35.027 2.134 
35.012 2.135

35.Q50 2.275 
35.059 2.273

35.553 2.129
35.553 2.129

33.014 3.354 
32.183 0.052

33.788 3.670 
33.891 0.690

45.974 0.001 
45.450 1.093

48.750 0.012 
50.859 0.005

46.113 0.002
45.613 1.170

50.750 0.033
51.802 0.001

41.937 1. 351 
49.995 0.234

45.527 0.150
48.409 0.245

44.673 1.073 
43.180 1.574

44.534 0.184 
46.604 0.001

37.239 2.084
36.240 0.376

38. 173 0. 1H3 
37.303 1.367

43.856 0.052 
43*884 0.085

45.474 0. 
48.239 0.001

43.853 0.066 
44.331 0.080

47.222-0. 
49.476 0.003

37.979 0.404 
35.281 1.664

42.155 0.597 
36.482 1.047

51.234 0-049 
53.538 1.972

55.771 0.046 
53.858 2.365

52.944 0.161 
53.933 2.135

60.374 1.678
54.270 2.559

49.512 0.048 
50.957 1.318

52.748 0.173 
48.564 0.293

47.803 0.077 
49.590 0.006

49.782 0.030
49.783 0.235

39.664 0.002 
37.683 1.490

42.229 0.042 
39.251 0.502

44.935 0.062 
46.486 0.014

48.271 0. 
48.349 0.

46.947 0.007 
47.061 0.003

49.477 0.003 
49.971-0.

40.741 0.001 
40.950 0.003

44.214 0.019 
44.834 0.051

55.744 0-264 
58.091 0.004

58.232 1.653 
57.281 0.001

56.875 0.209 
58.445 0.

62.785 0.747 
59.329 0.039

51.770 0.926 
52.058 0.244

55.742 0.486 
52.646 0.441

52.355 0.070 
51.668 0.015

51.996 0.143 
52.703 0.040

43.604 0.354 
40.926 0.151

46.312 0.716 
43. 109 0.059

45.940 0. 
48.844 0.

48.822 0.245 
48.857 0.242

47.417-0.
49 .467-0 .

50.426 0.238
50.426 0.238

43.147 0.184
45.614 0.001

46.231 0.942 
45.714 1.129

59.089 1.078 
59.861 0.044

60.806 0.656 
60.592 0.001

61.707 1.855 
60.149 0.039

68.409 0.011 
62.569 0.003

52.628 0.170 
55.153 0.070

51.123 0.004 
54.199 1.967

53.920 0.001 
52.502 0.243

54.551 0.354 
54.071 2.991

44.736 0.096 
45.986 0.054

47.743 0.004 
46.257 0.076

49.550 0. 
49.539 0.001

53.856 1.158 
53.825 1.190

50.297-0.
50.964-0 .

55.2U7 0.197 
55.207 0.199

45.206 0.949 
46.099 1.847

47.636 0.164 
47.909 0.340

64. 247 0. 030
6Ö.,267 0. 002

64. 562 0. 057
64.,762 0. 001

67..692 0.,042
64.,241 0.,013

65..839 0.,012

53..116 0.,040
56.,529 0.,066

56..154 ?...006
54..989 0.,07/

54..988 1..530
53..731 2..009

54..682 0..224
56..705 0.

45..194 0.,117
48.540 0..002

50.,096 0..00 7
50..422 0..006

53..124 0.. 180
54..170 1..955

54.. 351 1..673
54..350 1..610

55..526 0.. 753
55..637 1..788

55..54 7 2..414
55..547 2..412

48..719 0..101
47..917 0..26 1

51..452 0..082
50..152 0..470

Fig. 1 2 .—Assigned and calculated transitions for pericondensed molecules. Anthanthrene is TBM. For explanations, see Fig. 2 .

This theoretically predicted gap is clearly apparent 
in the observed spectrum.

The predictions of the intensities in the two high
est bands, which are also the two strongest, are 
not completely satisfactory. Whereas experi
mentally the highest is slightly weaker, theory 
gives it slightly stronger than the second highest.

Benzperylene.— The calculations in 1,12-benz- 
perylene are not as successful in the upper energy

region as they were for the preceding molecule. 
The energies fit experiment reasonably well in 
its prominent features. The gap referred to 
previously has, however, been filled in by fairly 
weak transitions, whereas it is still shown by 
experiment. True it is less prominent and may 
cover weak absorptions. As noted earlier, agree
ment is very good in the placement of the two low 
transitions.

The intensities are unsatisfactory. The ex
perimental spectrum again has three comparably 
strong bands, but, unlike in pyrene and perylene, 
theory fails to provide adequate intensity for two 
of these (at 25 and 47 kK.) and provides possibly 
a bit too much for the strongest (at 35 kK.), which 
according to theory is a pair of almost degenerate 
strong transitions. The experimental peak pos
sibly supports this latter prediction.

On the whole it is consoling that, in reporting 
the measured distances, Robertson indicated that 
the benzperylene distance was the least reliable 
and that several of the important distances could 
not be determined. The comparison of transitions 
is after all reasonably good, but suffers from com
parison with other molecules of the sequence.

Anthanthrene.—-Anthanthrene differs from
pyrene by the addition of two benzene rings; it 
differs from benzperylene merely in the location 
of one of these two additional rings. Yet there are 
distinct differences in the spectra of these mole
cules. These differences are reproduced by the
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T able  V
Calculated T ransitions of P ericondensed A romatics, II, and of A zulene D erivatives

See Table IV for explanations.
ELtCIRONIC TRANSITIONS FOR ThE PERI-CONOENSEO AROHAIICS II

57 BISANTHfcNE 
TBM TRIPLET* 2. 105

27.069
16.616

0.957
1.235

32.436
27.183

0. 006 
0. 178

40.789
34.769

0.028
0.011

43.519
41.591

0.002
1.008

46.205
43.525

0.975 
0.181

49.318
44.672

0.098
0.015

53.118
48.979

l.  802 
0.61 /

58 BISANThENE 
IRM TRIPLET* 54.673

29.885
15.426

1.071
1.134

36.704
30.C60

0.001 
0. 168

42.193
38.360

0.002
0.001

46.506
42.528

6. 799 
0.947

49.512
45.489

0.003
0.002

52.550
48.048

2.677
0.217

53.374
50.119

0. 148
0. 62d

5* TERRYLÊNE 
TBM TRIPLET* 7.051

28.054
10.808

0.002
2.333

30.863
32.070

0.968 
0. 100

33.706 
41.515

0.007
0.002

43.461 
49.06 l

0.089
2.533

44.512
52.548

0.011
0.006

47.856
55.081

0.251
0.027

49.041
57.236

0.055
0.024

60 TERRYLENE 
IRM TRIPLET* 6. 166

29.826
17.904

0.028 
2. 156

34.361
35.976

1.253
0.077

37.550
44.362

0.026
0.030

44.025
47.886

0.033
0.886

47.398 
49.343

0 . 36C 
1.221

50.899
52.625

0.415 
0.01 l

53.478
54.603

0.053 
1.8 HO

61 ANTHANTHRENE
tbm triplet* 6.962

22.067
41.844

1. 180 
0.017

25.163
42.901

0.128
0.042

31.391
48.258

0. 149 
1.923

35.699
49.084

1.451
3.204

38.866
51.655

0.026
0.011

62 ANTHANTHRENE 
IRM TRIPLET* 7.870

22.491
45.208

1.130
0.098

26.214
49.509

0.056
4.432

35.190 
47.928

0.226
0.401

35.643
51.336

1.556
0.721

42.900
54.249

0.006 
0. 122

63 3 ,4 ,8»9CIBENZPYRENE 
TBM TRIPLET* 8.794

22.753
42.521

1.652
0.041

¿5.280
48.865

0.248
0.215

34.559 
49.809

0. 068 
0.321

36.504
49.498

2.415
0.076

41. 155 
54.656

0.067 
0. 118

64 3»4»B»90iBENZPYRENE 
IRM TRIPLET* 9.616

22.684
48.710

1.455
0.045

26.331
50.317

0.178
0.077

36. 186 
52.132

2.569
0.457

37.971
56.606

0.412
0.065

47.749 0.164

ELECTRONIC TRANSITIONS FOR THE NON-ALTERNANTS

65 AZULENE
TBM TRIPLET* 8.899

10.902
21.768

0.013
0.011

30.311
32.254

0.053
1.130

39.262
32.472

0.537 
0. 340

46.906
36.244

0.280
0.041

56.772 
45.780

0.172
0.045

68.897 
46.330

0.299
0.043 50.175 0.898

66 AZULENE
IRM TRIPLET* 10.462

24.244
12.376

0.001
0.013

36.818
33.077

1.660
0.092

45.189 
43.665

0.030 
0. 569

52.388
54.770

0.537
0.275

'55. 142 
58.090

0.20 2 
0.043

68.734
62.128

0.258
0.048 66.525 0.720

67 1,2 BENZAZULENE
T8M TRIPLET» 6.628

9.618
39.842

0.023
0.588

20.043
41.787

0.018
0.134

28.163 
42.440

0. 142 
0.016

28.928
46.398

0.737
0.047

30.968
46.689

0.842
0.116

35.448
50.31?

0.047
0.827

37.215 
5?.971

0.073
0.095

68 1,2 BENZAZULENE
IRM TRIPLET* 7.268

10.544
43.698

0.016
0.362

21.279
44.450

0.043 
0.09 7

31.486
48.934

0.339 
0. 362

32.475
50.058

0.076
0.453

33.803
52.548

1.957
0.321

38.794
53.865

0.020
0.267

39.500
56.514

0.055 
0. 878

69 1,2 4,5 0I86NZAZULENE 
IRM TRIPLET* 1.936

5.336
40.869

0.012
0.475

18.514
45.304

0.047
0.884

26.021
46.482

0.080
0.099

27.050
47.892

1.553
0.099

31.486
51.025

0.02 l 
0.534

32.568
55.244

0.257
0.023

*8.085 0.55u

70 NAPTHYLAZULENE
TBM TRIPLET* 5.170

10.122
36.826

0.032
0.135

15.979
38.588

0.218
1.412

24.521
41.066

0.064
0.440

25.472
41.977

0.123
0.130

30.426
44.056

0.287
0.067

31.884
45.666

0.974 
0. 361

35.111
48.950

0.057
J.245

71 NAPTHYLAZULENE
IRM TRIPLET* 4.196

9.180
J9.440

0.017 
0. 196

14.494
41.040

0.211
0.707

25.559
44.611

0.030 
0. 813

26.843
46.813

0.089
0.482

30.808
47.561

0.221
0.175

31.906
49.700

0.2B4
0.606

36.240
61.021

1.117 
0. 190

calculations, as can best be seen by comparing the 
experimental with the synthetic spectra. In 
fact, the agreement between the TBM spectrum 
and the experimental one in anthanthrene is almost 
too good to be true. We consider it significant, 
however, and proof of the basic validity of the theo
retical approach that the remarkable differences be
tween the isomers benzperylene and anthanthrene 
are so clearly reproduced.

Coronene and Ovalene.—The lower transitions 
of coronene have been discussed previously. 
The doubly degenerate very strong transition is 
matched perfectly by the calculated energies. 
Above this transition the experimental absorption 
curve falls monotonically up to the cut-off at 39 
kK., forming the first part of a gap in complete 
agreement with theory which predicts the next peak 
at 44 kK. It would be helpful to have the experi
mental spectra extended to higher wave lengths.

Ovalene apparently is particularly difficult to 
dissolve, for its experimental spectrum is restricted 
to wave lengths longer than 3000 A. To the extent 
that the experimental spectrum has been observed 
it seems to agree with the theoretical values. For 
this molecule a more complete experimental spec
trum would be even more desirable.

Perylene Group. Perylene.— Perylene differs 
from the other molecules of this study in that 
negligible conjugation is indicated by the considera
tion of Kekulé structures for the two central bonds 
joining the two naphthalene groupings. Support

for this conclusion has been seen by some in the 
large measured length of 1.50 A. for the bonds in 
question. Undoubtedly the existence or non
existence of such conjugation should be reflected 
in the spectrum. But so far the latter has pre
sented a puzzle, even to qualitative understanding, 
because of certain unique features to be discussed. 
All of these aspects seem to have contributed to 
the feeling that perylene would be a tough nut to 
crack.

In the present work the central bonds were 
treated no differently than the other conjugated 
bonds, and with this assumption excellent agree
ment was found between theoretical and experi
mental spectra. In view of the fact that, even in 
the TBX calculation^), the LCAO-MO bond 
order in the central bond is only 35% lower than 
the average perylene bond order, it is indeed very 
hard to see why there should not be appreciable 
conjugation over the central bond. The excessive 
length of this bond is very likely due in part to 
steric hindrance,18 as has been fairly well proven for 
a similar, unquestionably conjugated bond19 in 
chrysene.

(18) Singly bonded carbons normally are able to stagger their hydro
gens and reduce steric interaction. Rotational activation energies of 
the order of 3 cal. are therefore a lower limit for the increased energy 
of the ungtaggered hydrogens in parylene-type geometry.

(19) The bonds in the two concave sections of well measured 
chrysene arc 0.04 A. longer than predicted by bond order. The final 
refinement of the determination indicates confirming displacements of 
the hydrogen atoms. D. W. Cruickshank and R. A. Sparks, Proc. 
Roy. Soc. (London), A258, 270 (1960).
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Fig. 14.—Experimental and synthetic spectra for pericondensed systems. II. Explanation in section 1, after eq 4. In coronene the two lowest electronically symmetry-forbidden transitions, which become weakly allowed v i a  vibrational interactions, are indicated by short perpendicular marks.
The spectrum of perylene is very distinctive 

indeed. The lowest singlet, weak in all other 
molecules, is here the strongest peak. Also the 
two low transitions are separated by an unusually 
wide spacing between them. Unlike pyrene, 
only one of the transitions around 40 kK. ( ‘Bb) 
is fairly strong. But, similar to pyrene, there 
follows another band of about equal strength some 
8 kK. higher.

These spectral features are matched by the excel
lent fit between theoretical and experimental 
energies and the good fit (subject to the usual 
empirical scaling factor) of the strong intensities. 
Also there is again a gap at high energy, in the 
calculated transitions, before the onslaught of the 
barrage. This distinctive gap is found in experi
ment.

Terrylene and Bisanthene.—Terrylene and bis- 
anthene differ from perylene in that both have three 
additional rings Both molecules preserve the two 
typical central bonds of perylene; but whereas 
terrylene has altogether four bonds of this type, 
bisanthene has only two of them

The appearances of the spectra of perylene, ter

rylene, and bisanthene are remarkably alike, and 
the characterization of the perylene spectrum 
applies equally to the other two molecules. The 
distinctive difference between them is that cor
responding parts of their spectra stretch over larger 
and larger wave length regions. oThe perylene 
spectrum between 2400 and 4400 A. corresponds 
to the terrylene spectrum between 2800 and 5400 
A., and to the bisanthene spectrum between 2900 
and 7100 A .20 All these experimental observations 
are excellently reproduced by the calculations, 
as is shown by the synthetic spectra in Fig. 14 and
15.

We conclude that conjugation does extend over 
the “ long” bonds in these molecules. It just so 
happens that, in the ground state, these bonds lie in 
regions of strong destructive interference of the elec
tron waves.

Dipole Maps.—The dipole maps are very in
teresting and display, as expected, radial as well

(20) The shift to long wave length in bisanthene is presumably re
lated to the fact that the “ building block” increases from naphthalene 
to anthracene. Note however that anthracene itself has its longest 
transition below 4000 A.
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Fig. 16.— Experimental and synthetic spectra for pericondensed systems. IV. Explanation in section 1 , after eq. 4 .

as angular nodes, although the structure is more 
complex than indicated by nodes alone. The 
parallel transitions have dipole regularities even 
more striking than were observed in the linear 
polyacenes, which makes it easy to trace the 
transitions. The regularity is such that the pat
terns can be adequately recognized by the first 
and last members of the sequence, which are 
displayed in Fig. 17. As in the linear polyacenes 
naphthacene and pentacene transitions of the per
pendicular polarization have much less regularity. 
The reason is presumably that the parallel excita
tions contain the paired excitations.

5. The Azulene Family
The results for the non-alternant, azulene family 

compare very poorly indeed with experiment. 
Particularly in view of the good results that have 
been obtained for the alternant aromatics, this 
failure may be quite illuminating with regard to 
the assumptions of the underlying theory. The 
results, which also are listed in Table V, are con
siderably too low, most notably for the lower two.21 
Only the TBM and IRM  approximations were 
carried through. While use of exact distances

(21) The experimental assignments are taken from E. M. Layton, 
J. Mol. Spectry., 5, 181 (1960).

might yield some improvement, it is unlikely to 
remedy the basic deficiency.

Azulene itself also has been treated by Ham and 
Ruedenberg and their results have been somewhat, 
but not significantly, closer to experiment than the 
present one. The best calculation to date is that of 
Pariser due to the inclusion of configuration inter
action in the ground state. It falls 3 kK. below 
the peak of 'Lb and more than 5 kK. telow the peak 
of Ha. Since our really drastic discrepancies 
occur in the higher members of the azulene family, 
it is difficult to say, at this point, whether configu
ration interaction in the ground state will in general 
be an adequate remedy. It may be that, in all 
treatments carried out so far, some fundamental 
physical effect has been given inadequate consider
ation.

The basic reason for the failure seems to be re
lated to the fact that the atomic populations in 
non-alternants differ greatly from unity in all 
approximations. In some higher azulenes they go 
even up to 1.3, as can be seen from the Coulson 
bond order matrix. As a consequence, the average 
potential needed to determine adequate molecular 
orbitals must be composed of contributions from 
non-neutral atoms and hence have long range, 
coulombic components. Such adequate molecular
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4 - 6  - 1 0  - 6 0 1 0 -1
- 7  - 7 5 4 4 5 0 0 2 1 - 1 - 2

4 4 - 6  -4 - 4  - 6 -1 1 I 1 - 1 - 1
- 5  -1  - 5 6 2 5 2  6 - 2  0 2 1 - 2  0 2 -1

5 1 5 - 6  - 2  - 5  - 2  -6 - 2  0 2 1 - 2  0 2 -1
- 4  -4 6 4 4 6 -1 1 1 1 - 1 - 1

7  7 - 5  -4  - 4  - 5 0 0

<N11

- 4 6 10 6 0 1 0 -1
2 7 . 4  0 .7 9 22 .7 2  0. 5 6 2 3 .0  0 .0 4

8 4 3 4 - 0 3 - 0 - 3
- 3  -3 5 6 6 5 - 5 5 4 4 -4  -4

5 5 3 - 6 - 6  3 - 5 5 5 5 - 5 - 5
I -8  - 1 5 3 2 3 5 - 3  -0 3 6 - 5 - 0  5 - 6
I 8 1 - 5  - 3  - 2  -3  -5 - 3  0 3 6 - 5 - 0  5 - 6

- 5  - 5 - 3  6 6 -3 -5 5 5 5 - 5 - 5
3 3 - 5  - 6  -6  -5 -5 5 4 4 - 4 - 4

-8 *-4 - 3  -4 - 0 3 0 - 3
4 5 . 6  1 .1 6 3 5 . 2  1.6 6 3 9 .0 2  0. 9 0 33 .0 1  3 .3 5

Fig. 17.— Dipole maps for electronic transitions of pericon- 
densed sj^stems. F or explanation see Fig. 5.

Fig. IS.— Assigned and calculated transitions for substituted 
benzenes. For explanation see Fig. 2.

orbitals therefore must be different from the 
Hückel-type eigenvectors of the overlap matrix.

This inadequacy of the present molecular orbitals 
is more serious for the ground state, which by 
hypothesis has been taken as a single determinant, 
than for the excited states, which have been sub
jected to extensive configuration interaction. 
There is in fact evidence that the ground state 
configuration as presently used may interact ap
preciably with the excited configurations. This is 
indicated by the fact that, for the lowest transition 
in azulene, electron interaction decreases the one- 
electron jump energy of 16.4 kK. by 3 kK., whereas 
in alternants it consistently introduces an increase 
of 6-20 kK. The inference may be drawn that, 
in contrast to the situation in alternants, certain 
excited states now may contain less internal elec
tronic repulsion than the ground state, and this 
can indeed be related to the charge accumulations 
indicated by the atom populations. Admitting 
configuration interaction to the ground state 
would not be the only, or necessarily a sufficient, 
remedy (Pariser lowered the ground state 2.44 kK. 
by this means) ; proper modification of the molec
ular orbitals would be another possibility.

If it should be necessary to use slightly different 
atomic orbitals for the different atoms, this would 
lead to further, but not insurmountable, complica
tions.

Finally, it is not unlikely that the interplay with

v-electrons is considerably more important in the 
non-alternants than in the alternants. Neglect 
of <7-electrons has been justified on the basis that 
they are localized in a bond between two atoms and 
thus their ability to correlate with the mobile tt- 
electrons is severely restricted. However, they 
are free to move within a bond, and, if the bonded 
atoms have an unequal charge due to the 7r-elec- 
trons, the v-electrons may be expected to shift 
within the bond to partially neutralize the in
equality. This would lower the energy of those 
states having the greatest electron interaction 
energies, which in the present case would include 
the ground state.

6. Influence of Substituents
Benzene Homologs.—After having treated so 

many large molecules it appeared tempting to 
consider several small homologs of benzene charac
terized by conjugated and unconjugated substitu
ents.

The methyl-substituted derivatives toluene, 
xylene, and mesitylene were dealt with by changing 
the framework potential, i.e., the contribution of 
one neutral hydrogen atom was replaced by that 
of a neutral carbon atom. Hence for the con
jugated carbon atom next to the methyl group, 
the neutral framework potential was assumed 
to be the same as that of a joint atom. Thus the 
treatment can be said to include the inductive effect 
in its most general form, but to omit hyperconjuga
tion.

On the basis of the theory developed in the earlier 
papers,6 this change of the framework potential 
does not affect the molecular orbitals, but enters 
the calculation in two ways: the resonance integral 
y is lowered, and certain joint correction contri
butions enter the configuration interaction matrix.

The numerical results are listed in Table VI. 
The comparison with the experimental assignments 
is shown in Fig. 18. The trend to longer wave 
lengths is reasonably reproduced. In Table VII, 
the change of each transition is decomposed, for 
each molecule, into two contributions; the first 
arising from the modification of the resonance 
integral, y, the second from the joint correction 
mentioned in the preceding paragraph. Contrary 
to assumptions popular in some simple models, the 
former is the greater of the two.

Figure 18 also contains the result for styrene as 
an example of a conjugated substitution. Al
though the free ending chain must give rise to 
certain effects not properly accounted for by the 
present treatment, the agreement between theory 
and experiment is relatively satisfactory.

Diphenyl and Fluorene.—Another simple case 
where the influence of unconjugated substituents 
could be tested was the comparison between di
phenyl and fluorene. The results, also given in 
Table VI, give rise to the synthetic spectra in Fig. 
19. The shift of the lower diphenyl band in 
fluorene is given incorrectly, the shift of the upper 
band, though in the right direction, is too small. 
However, the split, of the lower band in fluorene, 
due to increasing separation of the involved 
transitions, is reasonably reproduced. The ap-
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T able VI
C alculated T ransitions of B enzene and D iphenyl D erivatives  

See Table I for explanations.
ELtC TR ON IC  TRANSIT IONS FOR THE BENZENE HOMOLOGUES

72 BENZENE
TB* T R I P L E T «  3 0 . OA 3

A O . 2 3 3  0 .  5 6 . U 6  1 . 2 7 1
A S . 6 5 9  0 .  5 6 - 1 2 6  1 . 2 7 1

73 BENZENE
I R *  T R I P L E T -  3 0 . 0 A 3

A 0 . 2 3 A  0 .  5 6 . 0 5 0  1 . 2 6 A
A B . 5 9 2  0 .  5 6 . 0 A 9  1 . 2 6 A

7 *  TOLUENE
TBH T R IP L E T *  2 8 . 6 1 8

3 8 . 9 5 0  0 .  
4 7 . 3 3 0  0 .

5 4 . 8 3 0
5 4 . 7 9 0

1 . 2 3 4
1 . 2 3 5

75 TOLUENE
IRM T R IP L E T * 2 8 . 6 1 7

3 8 . 9 4 6 - 0 .
4 7 . 3 3 2 - 0 .

5 4 . 8 * 7
5 4 . 7 9 6

1 . 2 2 9
1 . 2 3 1

76  M -  XYLENE
T8M T R IP L E T *  2 7 . 9 0 6

3 8 . 2 3 2  0 . 0 0 2  
4 6 . 6 1 9  0 . 0 0 1

5 4 . 1 2 3
5 4 . 0 8 2

1 . 2 1 7
1 . 2 1 9

71 M -  XYLENE
IRM T R IP L E T *  2 7 . 9 0 1

3 8 . 2 3 2  0 . 0 0 2  
4 6 . 6 1 9  0 . 0 0 1

5 4 . 1 1 3
5 4 . 0 8 2

1 . 2 1 7
1 . 2 1 9

78 MESITYLENE
TBM TR IP LE T*  2 7 . 1 9 3

3 7 . 5 6 0  0 .  
4 5 . 9 8 6  0 .

5 3 . 4 5 3
5 3 . 4 5 3

1 . 2 1 0
1 . 2 1 0

79 MESITYLENE
IRM TR IP LE T*  2 7 . 1 8 8

3 7 . 5 5 4  0 .  
4 5 . 9 1 2  0 .

5 3 . 3 7 0
5 3 . 3 7 0

1 . 2 0 4
1 . 2 0 4

8 0  STYRENE
tbm  t r i p l e t * 19.373

3 6 . 2 5 5  0 . 0 1 5  
5 5 . 8 8 7  0 . 2 6 3

3 8 . 5 7 8
5 7 . 3 5 9

0 . 7 4 3  
0 .  1 09

4 6 . 9 7 1
6 3 . 2 6 9

0 . 0 6 8
0 . 0 1 8

4 9 . 5 9 9
6 6 . 2 3 8

0 . 7 8 1
0 . 2 1 2

5 2 . 7 8 0
6 8 . 8 5 0

0 . 5 3 7
0 . 5 7 2

8 1  STYRENE
IRM T R IP L E T *  1 9 . 6 4 8

3 6 . 6 7 9  0 .  
5 9 . 3 9 5  0 . 0 5 4

3 8 . 3 9 7
6 0 . 8 4 3

0 . 7 0 5
0 . 4 7 7

4 7 . 9 8 8
6 3 . 6 1 0

0 . 4 2 0
0 . 0 1 3

5 1 . 2 9 9
6 5 . 7 6 1

0 . 8 6 3
0 . 5 7 5

5 4 . 0 3 3
6 9 . 7 2 1

0 . 2 4 3
0 . 0 2 3

82 DIPHENYL
TBX T R IP L E T *  2 2 . 9 0 5

3 5 . 1 4 9  0 . 0 0 6  
3 7 . 2 6 5  0 . 8 3 8

5 0 . 4 5 3
4 8 . 2 4 2

1 . 3 5 9
1 . 4 6 1

5 5 . 4 1 5
5 4 . 2 9 9

0 . 1 7 8
0 . 2 4 7

6 0 . 7 0 2
5 7 . 7 0 8

0 . 0 3 0
0 . 0 0 1

6 4 . 5 2 3
6 9 . 3 0 9

0 . 9 0 9
0 . C 2 1

8 3  DIPHENYL
IRX TR IPLE T* 2 2 . 7 2 2

3 5 . 6 9 6  0 .  
3 7 . 2 6 5  0 . 8 5 3

5 0 . 7 6 8
4 8 . 3 1 8

1 . 3 3 8
1 . 6 3 9

5 6 . 4 5 5
5 7 . 5 6 1

0 . 2 5 6
0 . 0 2 1

6 2 . 9 9 4
5 9 . 9 4 0

0 . 7 9 4  
0 .  103

6 6 . 0 8 8
6 9 . 4 0 8

0 . 0 9 3
0 . 0 0 1

8 4  DIPHENYL
T3M TR IP LE T*  2 3 . 2 3 7

3 6 . 0 6 9  0 . 0 1 0  
3 7 . 3 L 2  0 . 8 9 7

5 1 . 2 9 3
4 9 . 9 4 2

1 . 3 1 1
1 . 3 7 8

5 7 . 1 3 7  
5 4 . 8 4 5

0 . 2 0 8
0 . 2 9 9

6 2 . 8 3 6
5 9 . 1 7 1

0 . 0 4 3
0 . 0 0 3

6 7 . 8 9 1  
7 3 . 1 9 6

0 . 8 8 6
0 . 0 2 0

85  DIPHENYL
IRM TR IP L E T * 2 3 . 0 1 0

3 6 . 9 2 6  0 .  
3 7 . 3 0 3  ^ . 9 2 2

5 1 . 6 9 1
5 0 . 0 8 8

1 . 2 9 6
1 . 6 1 7

5 8 . 3 2 4  
5 9 . 1 0 1

0 . 2 9 5
0 . 0 2 2

6 6 . 1 6 2
6 1 . 3 3 1

0 . 7 6 9  
0 . 1 0 1

6 8 . 7 4 0
7 3 . 1 5 4

0 . 1 0 0  
0 . 0 0 1

86  FLUORENE
TBX TR IP L E T * 2 3 . 9 9 2

3 5 . 4 9 7  0 . 0 0 2  
3 6 . 0 6 8  0 .

4 5 . 4 6 3
3 8 . 1 7 2

0 . 0 0 4
0 . 6 1 5

5 0 . 8 3 2
4 6 . 5 5 1

1 . 2 3 3  
0 .  16 0

5 2 . 4 7 2
4 7 . 5 3 5

0 . 0 5 3
1 . 4 3 5

5 4 . 6 3 1
5 6 . 3 8 6

0 .  144 
0 . 0 0 6

87  FLUORENE
IRX TR IP LE T*  2 3 . 3 1 3

3 6 . 1 7 5  0 . 0 0 1  
3 5 . 1 8 1  0 . 0 0 9

4 6 . 5 1 3
3 6 . 9 2 7

0 . 0 0 2  
0 .  4 4 4

5 1 . 3 8 8  
4 5 . 1 5 6

0 . 9 7 9
0 . 6 0 8

5 3 . 7 5 9
4 7 . 4 9 4

0 . 2 5 7
1 . 3 0 0

5 5 . 0 9 2
5 6 . 3 8 9

0 . 1 0 0  
0 . 0 0 1

5 6 . 2 2 2  0 . 0 5 3  5 7 . 7 0 2  0 . 0 2 8
5 A . 7 2 B  0 .  5 5 . 3 8 7  0 . 16U

5 6 . 7 9 1  0 . 1 5 9  5 8 . 6 7 8  0 . 2 5 7
5 7 . 2 6 0  0 .

T able  VII
E nergies of the B enzene H omologs

■Bb *Ba ■Lb ‘La
Benzene 56.05 56.05 40.23 48.59
Toluene No joint corn. 54.62 54.62 38.81 47.16

Joint corn. 54.83 54.79 38.95 47.33
m-Xylene No joint corn. 53.91 53.91 38.09 46.45

Joint corn. 54.11 54.08 38.23 46.61
Mesitylene No joint corn. 53.19 53.19 37.37 45.74

Joint corn. 53.37 53.37 37.55 45.91

plication of the present method, presupposing a 
planar molecule, seems much more justified for 
fluorene than for diphenyl, which is known to 
twist around the central bond. It therefore is 
gratifying that, between the two, the agreement 
between theoretical and experimental spectra is 
better in fluorene.

7. Conclusions
Assessment of Theory.—While the present 

approach is more rigorous than past x-electronic 
work, it does involve approximations without 
which molecules as big as the one considered here 
would be untractable. The calculations therefore 
represent a test of their validity.

The calculations have proved successful, as 
judged by comparison with experiment, for the 
alternant hydrocarbons investigated. There are 
aspects, to be sure, which are in need of serious 
improvements, in particular as regards the in
tensities. The lack of contrast in allowed intensi
ties, encountered in all calculations to date, as well

as the polarization puzzle in pyrene, remain dis
concerting. Notable achievements were the mark
edly successful treatment of the pericondensed 
systems, the first of its kind, and the even better 
results for those catacondensed molecules whose 
exact atomic positions were available. It was 
established that the calculated spectra are fairly 
sensitive to variations in the atomic positions.

The synthetic spectra have proved to be very 
helpful, and they compare encouragingly with the 
experimental ones. There are in fact cases of 
isomers (e.g., tetraphene and anthracene, or more 
interestingly, anthanthrene and 1,12-benzperylene) 
where a decision regarding the molecular structure 
could be made by comparing the experimental spec
trum with the calculated synthetic spectrum. To 
be sure, in certain cases the proper choice of an 
appropriately simplified model can explain, or at 
least rationalize, such differences without an 
elaborate calculation. There is something to be 
said, however, for a computer program which auto
matically establishes the synthetic spectra as soon 
as it is supplied with the cartesian coordinates of 
the. atoms.

The limits of the assumptions and approximation 
are clearly over-stepped in the applications to the 
non-alternant systems.

Review of Spectra.— In comparing so many 
experimental spectra with their reasonably cor
responding theoretical counterparts, one is struck 
by certain features common to all molecules. 
Consistently one finds, above the lowest triplet,
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WAVENUMBERS IN KILOKAYSERS , WAVENUMBERS IN KILOKAYSERS.
Fig. 19.— Experimental and synthetic spectra for diphenyl and fluorene. Explanation in section 1, after eq. 4.

two, or in a few cases three, low lying singlets. 
This theoretical result agrees with the empirical 
observation that the considerable broadness of 
these bands is clearly recognizable as vibrational 
fine structure. Toward shorter wave lengths, 
there follow in general one or two much stronger 
absorption bands and, traditionally, their fine 
structure, too, is interpreted as vibrational, al
though this hardly can be inferred from the line 
shapes and little of it is found in the simple mole
cules. The theoretical calculations furnish in 
general as many strong transitions as are observed. 
In larger molecules, these are accompanied, how
ever, by varying numbers of medium or weak 
transitions which extend from this vicinity to 
higher energies, resembling a barrage and pre
sumably going into the Rydberg transitions. The 
existence of such a multitude of states cannot be 
a surprise from quantum mechanical considera
tions. It is remarkable rather that they do not 
extend into lower regions. In view of these results, 
we feel that the majority of the fine structure of 
the strong bands at higher energies is presumably 
not vibrational but electronic in character. This

conclusion seems to be supported by the synthetic 
spectra. Although the calculations of the very 
high transitions (above 60 kK.) are of course much 
less reliable, we predict an almost continuous fairly 
strong absorption in the short wave length region, 
which presently is unobserved due to technical 
difficulties.

Classification of Transitions.—Is it possible, 
within this general spectral pattern, to relate 
specific transitions in different molecules to each 
other?

In addition to symmetry, we used the transition- 
dipole maps to trace kinships of this kind. In 
families of molecules with enough symmetry 
throughout the series, they provided indeed a 
sensitive fingerprint of particular transitions. 
In more irregular sequences, formed by less 
closely related molecules, they proved rather 
too sensitive to the molecular variations for 
establishing connections.

We therefore see no basis for a nomenclature 
which could express intimate similarities in the 
transitions of all aromatics. The most practical 
convention would be to take over, from the linear
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polyacenes, the symbols 'La, 'Lb for the generally 
observed lower transitions and the symbols 
‘Ba, *Bb for the higher and generally strong transi
tions, without, however, associating with them the 
characteristics of the dipole structures found in the 
polyacenes or the original model concepts of Platt. 
In those few cases where there are more than two 
transitions of one kind, they may be denoted by 
1La/, T V , etc. If a clear gap does exist above the 
B-bands, then the next strong transitions following 
at shorter wave length should receive different 
names, say Ca, Cb, etc. In alternants the indices 
a,b indicate behavior with respect to symmetry 
planes, “ b”  states being polarized parallel to a 
plane intersecting bonds and “ a”  states polarized 
parallel to a plane containing atoms, regardless 
of the length of the corresponding molecular 
axes. In unsymmetric molecules, these subscripts

can be used if there is a clear enough relationship 
to states in closely related symmetric molecules. 
It appeared unnecessary to invent a special nomen
clature for the many moderate transitions in the 
high energy region. These practices have been 
followed in the present investigation, since they 
do justice to the observed spectra as well as to the 
theoretical results with a minimum amount of 
complication.
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This paper reviews the Mitchell theory of photographic sensitivity. The experimental evidence upon which the theory 
was based is summarized and the essential features of the theory are discussed. Recent experimental evidence which ap
pears, at first sight, to be inconsistent with the theory and has led to its rejection by a number of authors is outlined. Fur
ther consideration of this evidence shows that it is not inconsistent with the theory. The conclusion is reached that there is, 
as yet, no justification for the rejection of the theory. It does indeed provide the only clear explanation which has so far 
been given of the recently established fact that the absorption of four light quanta is sufficient to render developable the 
most sensitive grains of photographic emulsions.

1. Introduction
Five years have now elasped since the theory of 

photographic sensitivity which was worked out by 
the author on the basis of experimental work done 
in the H. H. Wills Physics Laboratory of the 
University of Bristol was presented essentially 
in its final form. Although the theory, taken 
as a whole, is acknowledged to have stimulated ex
perimental research and theoretical discussion, 
many aspects of it have been criticized by different 
authors and rejected by them. It may there
fore be not inappropriate at this time to ask what, 
if anything, remains of the theory which depended 
upon experimental observations made over the 
course of ten years. The purpose of this paper is 
to review the experimental evidence upon which the 
theory was founded, to discuss the essential fea
tures of the theory, and to consider whether its 
final rejection on account of the new experimental 
evidence is fully justified.

The main aim of the experimental work at Bristol 
was to prepare large thin single crystals of silver 
halides which would serve as models for the silver 
halide grains of photographic emulsions and allow 
physical and chemical experiments on chemical 
sensitization and on the nature and distribution of 
the latent image and of photolytic silver to be 
carried out. At the time when the work was begun, 
little was known of the nature and distribution of 
the internal latent image.1 There was also much

(1) W. F. Berg, Rept. Progr. Phys., 11, 248 (1948).

discussion as to whether or not the surface latent 
image consisted of groups of silver atoms or was 
formed by the action of light on a complex of silver 
ions and gelatin.2 It therefore appeared desirable 
to study the physical and chemical properties of 
crystals of silver halides in the absence of gelatin. 
Unless it could be shown that crystals of silver 
halides could be chemically sensitized for the forma
tion of a surface latent image in the absence of 
gelatin, the validity of the physical theories of the 
formation of the latent image in which gelatin is 
assumed to play an effectively inert role in chemical 
sensitization and exposure would be seriously in 
doubt.

The outcome of the Bristol work was that a 
systematic body of experimental knowledge of 
physical and chemical properties of single crystals 
of silver halides was built up. This provided a 
sound basis for the formulation of a theory of 
photographic sensitivity with a number of new and 
distinctive features.3_s The method of using thin 
sheet crystals of silver halides for experimental

(2) E. E. Loening, “ Fundamental Mechanisms of Photographic 
Sensitivity,“  Butterworths, London, 1951, p. 120.

(3) J. W. Mitchell, “ Wissenschaftliche Photographie, Proceedings 
of International Conference,”  Koln, 1956, (Yerlag Dr. Othmar Hel- 
wich: Darmstadt), 29 (1958).

(4) J. W. Mitchell, Sci.Irtd. Photogr., [21 1, 41 (1958).
(5) J. W. Mitchell, J. Phot. Sci., 6, 57 (1958).
(6) J. W. Mitchell, ibid., 9, 328 (1961).
(7) J. W. Mitchell, “ Die Photographisehe Empfindlichkeit,”  Phot. 

Korr. Sonderheft (1957).
(8) J. W. Mitchell, Rept. Progr. Phys., 20, 433 (1957).
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work on photographic sensitivity which was de
veloped at Bristol by the author and his co-work
ers7,9-11 ie(j the first observations of dislocations 
in crystals.12 It has since been very effectively 
applied to establish further physical and chemical 
properties of silver halide crystals by West and 
Saunders of the Kodak Research Laboratories 
in Rochester18-16 and by research workers in many 
European laboratories.

2. Experimental
2 .1  Thin Sheet Single Crystals of Silver Halides.— All

the experimental work which will be described in this section 
was carried out with single crystals of silver halides with a 
thickness between 100 and 500 ¿t. They were prepared by 
the controlled crystallization of molten silver halide between 
plates. After separation from the plates, the disk-shaped 
crystals were cut into square pieces with a side of about 0.6 
cm. which were then mounted on 3 X  1 in. glass microscopic 
slides. The crystals were not reduced to silver immediately 
upon immersion in normal surface and internal developers if 
they had not previously been exposed to light. Crystals 
which were, therefore, in the photographic sense, free from 
surface and internal fog could be reliably prepared for experi
mental studies of chemical sensitization and latent image 
formation.5'10'11

2.2 Annealed Thin Sheet Crystals of Silver Halides.—
The experiments which will be described in section 2.4 
showed that the unannealed thin sheet crystals had a high 
density of small dislocation loops and of dislocation lines. 
The number of internal dislocation loops was reduced greatly 
when the crystals were annealed in an atmosphere of the cor
responding halogen at a temperature between 150 and 250°. 
During the anneal, the density of dislocation lines decreased 
and the remaining dislocations arranged themselves in well 
defined sub-boundaries.16 Both the internal sensitivity and 
the capacity of the crystals for chemical sensitization were 
reduced when the crystals were annealed in this way.10'17 
The dislocation lines were eliminated by annealing the thin 
sheet crystals for a long period at 400° in an atmosphere of 
the corresponding halogen. The crystals then had a re
markably low internal photochemical sensitivity and chemi
cal sensitization of their surfaces for the formation of a sur
face latent image which would initiate chemical development 
was not possible.10'18 These observations showed that 
crystal imperfections play an important role in determining 
the chemical and photochemical behavior of the thin sheet 
crystals.

2.3 The Deposition of Silver on the Surfaces of Silver 
Halide Crystals.—The surfaces of the crystals were reduced 
to silver immediately upon immersion in a chemical de
veloper after the deposition on their surfaces by evaporation 
in a high vacuum of 1015 silver atoms per cm .2. A dense 
deposit of silver was also produced on the surfaces when the 
same crystals were immersed in a physical developer.7'9 
The distribution of silver atoms produced by evaporation 
had the same reactivity toward a dilute solution of chromic 
acid containing silver nitrate19 as the surface latent image 
formed on a sulfur sensitized sheet crystal by the action of 
light. This was, moreover, the same as the reactivity of a 
surface latent image formed in a sulfur sensitized pure silver 
bromide emulsion.10 From this we conclude that, it is very 9 10 11 12 13 14 15 16 17 18 19

(9) J. M. Hedges and J. W. Mitchell, Phil. Mag., 44, 357 (1953).
(10) T. Evans, J. M. Hedges, and J. W. Mitchell, ,7. Phot. Sei., 3, 73 

(1955).
(11) P. V. McD. Clark and J. W. Mitchell, ibid., 4, 1 (1956).
(12) J. M. Hedges and J. W. Mitchell, Phil. Mag., 44, 223 (1953).
(13) W. West and Y. I. Saunders, “ Wissenschaftliche Photographie, 

Proceedings of International Conference,”  Köln, 1956 (Verlag Dr. 
Oth mar Hel wich: Darmstadt), 47 (1958).

(14) W. West and V. I. Saunders, J. Phys. Chem., 63, 45 (1959).
(15) W. West and V. I. Saunders, Phot. Sei. Eng., 3, 258 (1959).
(16) J. W. Mitchell, “ Dislocations and Mechanical Properties of 

Crystals,”  John Wiley, New York, N. Y., 1957, p. 69.
(17) J. W. Mitchell, Z. Elektrochem., 60, 557 (1956).
(18) J. W. Mitchell, “ Growth and Perfection of Crystals,”  John 

Wiley, New York, N. Y., 1958, p. 386.
(19) O. W. W. Stevens, “ Fundamental Mechanisms of Photographic 

Sensitivity,”  Butterworths, London, 1951, p. 227.

probable that the surface latent image consists of a distribu
tion of groups of silver atoms.

Crystals on which 1014 silver atoms per cm . 2 had been 
condensed were not reduced to silver when they were im
mersed in surface chemical developers of low activity im
mediately after the deposition of the silver atoms. They 
became developable after periods of storage of several hours 
at room temperature. This indicates that, in the absence of 
gelatin, silver atoms can diffuse over the surfaces of silver 
halide crystals and form aggregates with the same properties 
as those formed directly during the deposition of I0 16 silver 
atoms per cm.2. The aggregation process could be acceler
ated by exposing the crystals to light.7'9,10

Internal fog appeared when crystals with either 1014 or 
10 15 silver atoms per cm .2 on their surfaces were stored in the 
dark for several hours at room temperature. The residual 
surface silver was destroyed with a solution of chromic acid 
and the crystals then were treated with an internal developer. 
Discrete development centers appeared which were distrib
uted along the elements of a two-dimensional network on 
the surface A 7'10

These experiments show that silver atoms can diffuse over 
the external surface of a gelatin-free silver halide crystal and 
that they can diffuse away from the external surface on to 
internal surfaces. These diffusion processes occur slowly if 
the crystals are stored in the dark at room temperature; 
they are greatly accelerated if the crystals are exposed to 
light.9 By both the thermal and the photochemically ac
celerated diffusion and aggregation of the silver atoms, latent 
images are formed which have the same chemical properties 
as the surface and internal latent images formed by the 
action of light on chemically sensitized crystals. These 
latent images are destroyed when the crystals are exposed to 
the corresponding halogen at a very low vapor pressure. 
We believe that these experiments provide strong evidence 
to support the view that the surface and internal images con
sist of a distribution of groups of silver atoms.

2.4 The Exposure of Silver Halide Crystals to Light.—  
A surface latent image is not formed when the thin fog-free 
non-chemically sensitized sheet crystals are exposed to light 
for short or long periods at high or low intensities. When 
they are immersed in a physical or chemical surface developer 
for a normal period after exposure, no silver is deposited on 
their surfaces and there is no reduction of the silver halide to 
silver. This is true of the fog-free crystals whether they are 
exposed in the unannealed state or after annealing for short 
or long periods at high or low temperatures.7'9'10'17

The most probable interpretation of this important ob
servation is that any silver which separated at the surface of 
a pure silver halide crystal during exposure would either trap 
positive holes, react with halogen which was being liberated 
there, or else dissociate into silver ions and electrons and dif
fuse away from the external surface. That reaction with 
positive holes or liberated halogen provides the most likely 
reason why a surface latent image was not formed was 
shown by the observation that a thin fogging film of silver 
with more than 1 0 15 silver atoms per cm .2 disappeared 
rapidly during exposure to light leaving a fog-free surface in 
the exposed region. A strong internal latent image was 
formed beneath the surface.9

When the exposed crystals were treated with an internal 
developer, it was found that specks of silver were produced 
along the elements of the same two-dimensional surface net
work as was made visible by the diffusion of silver from the 
surface into the interior and subsequent internal develop
ment.9'10 From this observation, it was concluded that the 
internal image was formed during exposure by the separa
tion of silver atoms on the internal surfaces of a polyhedral 
sub-structure in the crystals.

This sub-structure was made visible by exposing the crys
tals to light for a sufficiently long period to cause the sepa
ration of visible particles of internal photolytic silver. The 
boundaries of the sub-structure then were seen with the 
optical microscope to be formed by arrays of dislocations and 
these were, in fact, the first observations ever to be made of 
the internal sub-structure of a crystal.12,16 It thus appeared 
that the silver atoms which diffused away from the surface 
in the experiments of section 2.3 became concentrated along 
dislocation lines near the surface where silver atoms of the 
internal latent image also separated during exposure. These 
experiments provided the first definite information about 
the nature and distribution of the internal latent image.
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2.5 The Sensitization of Silver Halide Crystals for the Formation of a Surface Latent Image. 2.5.1 Silver Chloroiridite.—The observations of the previous section led to the 
conclusion that small groups of silver atoms would not sur
vive on the surface of a silver halide crystal to serve as 
nuclei for the formation of a surface latent image because 
they would trap positive holes diffusing to the surface with 
the formation of silver ions which then could diffuse away 
from the surface and combine with electrons to form silver 
atoms on internal surfaces. The surface groups of silver 
atoms also would react with atoms and molecules of halogen 
liberated there.

On the basis of this conclusion, the author looked for a 
substance which would be strongly adsorbed to the surfaces 
of silver halide crystals, provide a much higher surface den
sity of effective traps for positive holes than the groups of 
silver atoms of the surface latent image, and react with both 
atoms and molecules of halogens. It appeared that the sub
stance should form a sparingly soluble silver compound in 
order that it should be strongly adsorbed and that it should 
be able to trap a positive hole by an electron transfer mech
anism. Silver chloroiridite was found to fulfill these re
quirements; it is adsorbed to the surfaces of silver halide 
crystals and the octahedral chloroiridite ion can transfer an 
electron to an electron acceptor such as a positive hole to 
form an octahedral chloroiridate ion.

The surfaces of thin sheet crystals of silver halides were, in 
fact, strongly sensitized for the formation of a surface latent 
image by immersion in a weak solution of potassium or am
monium chloroiridite. 10 This treatment also greatly in
creased the exposure required for the removal of a fogging 
layer of 1016 silver atoms per cm .2 from the surface. It ap
pears to the author that there can be little doubt that the 
adsorbed silver chloroiridite functions as a chemical sensi
tizer by trapping positive holes which would otherwise be 
trapped by the silver atoms of the surface latent image. 
The trapping of a positive hole releases a silver ion according 
to the scheme

Ag+(IrCl6) 3- +  positive hole =
Ag2+(IrCl6) 2”  +  Ag+

West and Saunders16 have shown that a sensitizing layer of 
silver chloroiridite will trap positive holes but not conduction 
electrons. In the Bristol experiments, 10 a strong surface 
latent image was formed when crystals sensitized with silver 
chloroiridite were exposed to light. It must therefore be 
concluded that the trapping of conduction electrons at the 
surface by the chemical sensitizer is not an essential pre
requisite for effective surface sensitization.2.5.2 Silver Sulfide.— The sheet crystals of silver halides 
were most conveniently sensitized with silver sulfide by im
mersion in a dilute solution of sodium thiosulfate followed 
by washing, or by immersion in a dilute solution of allyl 
thiourea followed by a hydrogen ion cycle according to the 
method of James and Yanselow. 20 Fog-free sulfur sensitiza
tion was achieved more readily with sodium thiosulfate than 
with allyl thiourea so that this was the method generally 
employed.10

A surface latent image was formed when the sulfur sensi
tized crystals were exposed to light and this was made visible 
by either physical or chemical development. The gelatin- 
free crystals were fogged by depositing 10 15 silver atoms per 
cm . 2 on their sulfur sensitized surfaces by vacuum evapora
tion of silver. A dense black image was then formed; im
mediately they were immersed in a chemical or physical sur
face developer.7 The fogging distribution was rapidly re
moved by a dilute solution of chromic acid containing silver 
ions which appeared to leave the silver sulfide layer un
changed. The surface latent image formed by exposing the 
sensitized crystal to light was removed in the same time byr 
the same chromic acid solution. This indicates that the sur
face latent image formed during the exposure of sulfur sensi
tized crystals also probably consists of groups of silver atoms.

Further experimental work showed that silver sulfide, 
adsorbed in the form of a monomolecular layer on the sur
faces of the crystals, probably has two functions in the 
formation of the surface latent image. It can trap positive 
holes in the same way as silver chloroiridite and it undergoes 
a chemical change in the process.

(20) T. H. James and W. Vanselow, Phys. Chern., 57, 725 (1953); 
J. Phot. Sci., 1, 133 (1953).

Ag2S +  positive hole =  AgS +  silver ion
It also can adsorb silver atoms and stabilize a surface dis
tribution of silver atoms preventing them from diffusing 
away from the surface into the interior of the crystal. 3’5'7

The fact that the adsorbed monolayer of silver sulfide 
plays an active chemical role in the formation of the surface 
latent image was demonstrated byr exposing a silver bromide 
crystal sensitized with sodium thiosulfate through a slit 
which was 1 mm. wide. When the crystal was developed in 
a surface developer a dense black image of the slit appeared. 
Another similarly sensitized piece of the same crystal then 
was exposed and treated with the dilute chromic acid solution 
to destroy the surface latent image without affecting the sen
sitizing silver sulfide layer in the unexposed regions. It was 
washed and dried and after this uniformly exposed to the 
same source and developed in a surface developer. A clear 
reversed image of the slit appeared on a black ground show
ing that the silver sulfide was no longer effective as a chemical 
sensitizer in the area which had received the first exposure. 
No image appeared when the crystal was developed after 
the chromic acid treatment without receiving the second uni
form exposure and only a very weak internal image was 
formed in the exposed region by the first exposure. The 
developed internal image was not significantly increased in 
density by the second exposure. We therefore concluded 
that the silver sulfide was involved in a chemical reaction 
during the first exposure and that the most probable reaction 
was the trapping of positive holes with the formation of 
diatomic molecules and the release of silver ions. The di
atomic molecules might then dissociate into silver atoms and 
sulfur atoms and any of these products would be oxidized by 
the chromic acid solution at a higher rate than the silver 
sulfide. 21

The second role of the silver sulfide was clearly demon
strated when the diffusion experiments described in section 
2.3 were repeated with silver halide crystals sensitized with a 
monolayer of silver sulfide by treatment with a dilute solu
tion of sodium thiosulfate. Between 10H and 1015 silver 
atoms per cm . 2 were deposited on the surfaces by vacuum 
evaporation and the crystals then were stored in the dark for 
several days at room temperature. No internal fog could 
be detected when the crystals were developed with an inter
nal developer after treatment with the chromic acid solution. 
From this we conclude that the potential energy of a silver 
atom is less when it is adsorbed to a monolayer of silver 
sulfide than when it is present on the free surface of the crys
tal and that groups of silver atoms are stabilized by adsorp
tion to a monolayer of silver sulfide.72.5.3 Gold Sensitization.— The sheet crystals of silver 
halides were sensitized for the formation of a surface latent 
image by immersion in a dilute solution of sodium aurous 
dithiosuifate even more effectively than by immersion in a 
solution of sodium thiosulfate.10'11 The sensitizing layer 
contained both gold and sulfur and in the case of this partic
ular sensitizer was probably an adsorbed monomolecular 
lajrer of aurous sulfide. As far as the trapping of positive 
holes and the adsorption of silver atoms was concerned, it 
had properties which were similar to those of a monolayer of 
silver sulfide. A considerably longer first exposure was, 
however, required before a reversed image was formed in the 
double exposure experiment. We have

Au2S +  positive hole =  AuS +  aurous ion
Both the surface latent image formed during exposure and 
fogging layers produced by the vacuum deposition of silver 
atoms were much more resistant to attack by dilute chromic 
acid solutions than corresponding crystals sensitized with 
silver sulfide. The stable surface latent image specks prob
ably consist of groups of silver and gold atoms in this case. 
No diffusion of silver atoms away from a vacuum deposited 
fogging layer on the surface of a crystal sensitized with aurous 
sulfide could be detected by the appearance of internal fog 
even after long periods of storage. From these experimental 
observations, we concluded that silver atoms and groups of 
silver atoms were stabilized even more by adsorption to a 
monolayer of aurous sulfide than by adsorption to silver 
sulfide.2.5.4 Silver Chloroiridite and Aurous Sulfide.— A solution

(21) J. W. Mitchell, “ Proceedings of a Conference on Photographic
Sensitivity/’ Liege, 1959, Butterworths, London, 1062, p. 220.
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containing low concentrations of both potassium or am
monium chloroiridite and sodium aurous dithiosulfate 
proved to be a particularly effective sensitizer for the sheet 
crystals of silver halides in the absence of gelatin.10'11'16 
This solution probably produces a composite sensitizing 
layer in which monolayer islands of aurous sulfide are as
sociated with adsorbed molecules of silver chloroiridite. 
The experimental observations which have been described 
suggest that the most important function of the silver chloro
iridite is to trap positive holes while that of the aurous sulfide 
is to facilitate the combination of silver ions and conduction 
electrons by adsorbing the resulting silver atoms. Long 
exposures were required before silver halide crystals sensi
tized with this combination showed any evidence of solariza- 
tion .10

3. The Mitchell Theory of the Formation of the 
Latent Image

3.1 The Model of a Sensitized Silver Bromide 
Crystal.—For the presentation of the theory, the 
grains of a photographic emulsion are assumed to 
consist of microcrystals of silver bromide with 
imperfections in which the internal latent image is 
formed.6'17'22“ 24 A more detailed model and a 
more detailed role for the crystal imperfections is 
not necessary for the discussion which will be given 
here. The chemical sensitizer which is responsible 
for the formation of the surface latent image is 
assumed to be present on the surface in the form of 
discrete monolayer islands of silver or aurous sul
fide which may be nucleated at sites where internal 
imperfections meet the surface.5 The hypothesis 
that the sensitizing silver or aurous sulfide is pres
ent on the surfaces of the crystals in the form of 
adsorbed monomolecular layer islands was in
troduced into the theory of photographic sensitivity 
for the first time by the author.3'10 It previously 
had been assumed that the silver sulfide was present 
on the surface as a discrete speck and this concept 
led to the concentration speck theory of Shep
pard25 for which the Gurney-Mott theory provided 
a physical mechanism.26 The importance of the 
introduction of the concept of a sensitizing mono- 
layer of silver sulfide lies in the fact that it allows 
the chemical sensitizer to have two functions. 
It may trap positive holes or react with liberated 
halogen atoms or molecules at one part of the mono- 
layer and it may adsorb silver atoms which then 
can aggregate to groups of silver atoms in another 
part. Because of this, the groups of silver atoms 
of the surface latent image can be protected from 
regression so long as adsorbed silver sulfide is pres
ent on the immediately surrounding surface.3-5-7'21

3.2 The Formation of the Latent Image and of 
Photolytic Silver.—-The Mitchell theory of pho
tographic sensitivity was worked out so that it 
would be consistent with the experimental observa
tions of Berg and Burton1 on the formation of the 
latent image in photographic emulsions and with 
the experimental work on chemically sensitized 
large single crystals which has been described in 
section 2. These observations, taken together, 
show that there are two clearly distinguishable 
stages in the formation of the latent image and of

(22) J. W. Mitchell, J. Phot. Sci.. 1, 110 (1953).
(23) J. W. Mitchell, Z. Physik. 138, 381 (1954).
(24) T. Evans and J. W. Mitchell, “ Defects in Crystalline Solids,” 

(London, Physical Society), 1955, p. 409.
(25) S. E. Sheppard, Photogr. 68, 397 (1928),
(26) I t .  W. Gurney and N. F. M o t t ,  Proc. Hoy. Soc. (London.), 

A164, 151 (1938).

particles of photolytic silver in silver halide crystals. 
In the first stage, a latent sub-image is formed which 
will initiate physical or chemical development only 
with low efficiency. Immediately after deposition, 
a distribution of 1014 silver atoms per cm.2 on the 
surface of a silver halide sheet crystal sensitized 
with silver sulfide has the same chemical properties 
as a latent sub-image formed in a sulfur sensitized 
emulsion by the action of light.7 In the second 
stage, stable surface and internal latent image 
specks, which initiate chemical development with 
a much shorter induction period than latent sub
image specks, and internal particles of photolytic 
silver are formed. The stable surface latent image 
specks have the same chemical properties as the 
aggregates of silver atoms in a surface distribution 
with 1016 silver atoms per cm.2.7

To avoid any possibility of confusion and mis
understanding, the successive steps which the 
author proposes for the two stages of the photo
chemical process in chemically sensitized silver 
bromide crystals will be enumerated in the two 
following sections.

3.3 The First Stage in the Formation of the 
Latent Image.—-(1) The discussion given here is 
based on the assumption that the first step in the 
formation of photochemical products consists in 
the absorption of energy within the silver halide 
crystals which results in the liberation of conduc
tion electrons and positive holes. Other primary 
processes are considered elsewhere.3-5'7'8

(2) The experimental evidence is consistent 
with the postulate that, at the beginning of this 
stage, there are no deep irreversible traps for con
duction electrons in fog-free, previously unexposed, 
chemically sensitized silver bromide crystals at 
room temperature.

(3) There are, however, deep irreversible traps 
for positive holes which are provided by adsorbed 
molecules of chemical sensitizers.

(4) The positive holes therefore are trapped 
finally and irreversibly before the conduction elec
trons are so trapped and a positive ionic charge 
in the form of a mobile silver ion appears at the 
trapping site.

(5) The shallow traps for conduction electrons 
which are associated with silver or aurous sulfide 
monolayer islands and with silver ions on the ex
ternal and internal surfaces of the crystals are not 
effective at room temperature. The potential 
energy wells associated with these traps must first 
be deepened by the proximity of a mobile silver 
ion. The probability for finding a conduction 
electron in the potential energy well during ex
posure steadily increases as the silver ion ap
proaches nearer to the trap. This situation leads 
to attractive interaction and results in the combina
tion of the mobile silver ion with the conduction 
electron at the trap. A silver atom is formed which 
is adsorbed at the site of the trap and constitutes 
a latent pre-image speck.4'5'7 21

(6) The silver atoms are formed and adsorbed
(a) in interstices and around the edges of the mono- 
layer islands of aurous sulfide, (b) at equivalent 
sites associated with monolayer islands of silver 
sulfide, (c) at jogs occupied by silver ions along
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edge components of dislocation lines, and (d) at 
kink sites occupied by silver ions on the external 
surfaces of the crystals. These sites are arranged 
in order of increasing potential energy and de
creasing stability and lifetime for the adsorbed 
silver atom. This order is based on the observa
tions on the diffusion of silver atoms away from 
the surface which have been described in section 
2.4A7

(7) At this stage in the formation of the latent 
image, the isolated silver atoms or latent pre-image 
specks can dissociate again into mobile silver ions 
and conduction electrons and diffuse away from the 
sites at which they were formed and adsorbed.4 5'7 8

(8) As a consequence of the relative lifetimes 
of silver atoms adsorbed at different sites, which 
decrease with increasing potential energy of the 
adsorbed atom, silver atoms will be associated with 
higher probability with interstices in aurous and 
silver sulfide monolayers on the surface than with 
sites occupied by silver ions at surface and internal 
imperfections. The silver atoms will be concen
trated in regions where they have the lowest po
tential energy in accordance with the Boltzmann 
principle.

(9) Associated pairs of silver atoms are next 
produced, either by the successive formation and 
adsorption of silver atoms at the same site or by 
the slower processes of thermal diffusion of silver 
atoms as mobile silver ions and electrons and ag
gregation. These constitute latent sub-image 
specks and, on account of (8), they will be produced 
with higher probability, when successive events 
occur at a low rate, in association with sensitizing 
layers of aurous or silver sulfide than elsewhere in 
the crystals. They have a longer lifetime than 
latent pre-image specks but still do not provide, 
in the absence of a silver ion in close proximity, 
effective traps for conduction electrons at room 
temperature. They will, however, initiate chem
ical development after a relatively long induction 
period.4’6'7'8

According to this theory, the first stage in the 
formation of the latent image in chemically sensi
tized crystals is distinguished by the fact that no 
effective deep traps for conduction electrons are 
available at room temperature in fog-free chemically 
sensitized silver bromide crystals in a fully stabilized 
photographic emulsion. If such traps were avail
able, as is assumed in the Gurney-Mott theory, 
they would, in the opinion of the author, constitute 
fog specks, as they would accept electrons from 
reducing molecules in solution during physical 
and chemical photographic development. It is 
the absence of such traps in unexposed crystals 
and their formation either during the development 
of crystals which carry a surface latent sub-image 
or at the beginning of the second stage of a longer 
exposure which allows the photographic developer 
to distinguish between exposed and unexposed 
grains.

3.4 The Second Stage in the Formation of the 
Latent Image.—-The distinguishing feature of the 
second stage in the formation of the latent image 
according to the Mitchell theory is that irreversible 
traps are available for conduction electrons which

are not inherently associated with the chemical 
sensitizer. These traps are provided by positively 
charged groups of silver atoms which are formed by 
the absorption of fight or other forms of energy in 
the crystals. The depth and effectiveness of the 
traps is determined by their positive charge, which 
is conferred by the absorption of a silver ion to the 
groups of silver atoms. There are no irreversible 
traps for positive holes either in chemically non- 
sensitized crystals or in chemically sensitized 
crystals which have been given sufficiently long 
exposures to solarize the surface latent image. 
The sequence of photochemical processes in the 
second stage is as follows.

(1) The first stage in the formation of the latent 
image in which no deep traps are available for con
duction electrons is terminated when groups of 
three silver or of gold and silver atoms have been 
formed by a succession of the events of the first 
stage which have been enumerated above or by the 
mechanism proposed by Burrow and Mitchell.27 
According to this mechanism, the diatomic AgS 
or AuS molecules dissociate into silver and gold 
atoms, which can contribute to the surface latent 
image, and sulfur atoms. The planar groups of 
three silver atoms may be associated with mono- 
layer islands of chemical sensitizer on the surface 
or with internal imperfections.

(2) In 1954, the author proposed, for the first 
time, that such planar groups can become trans
formed into positively charged tetrahedral groups of 
four silver atoms by adsorbing silver ions when 
they are in thermal equilibrium with crystals of 
silver halides at room temperature.3-6'7'27 The 
compensating negative charge is provided by a 
surface halide ion or by a vacant silver ion lattice 
site. The experimental evidence is consistent with 
the hypothesis that groups of three or more silver 
atoms adsorb silver ions to become positively 
charged groups of four or more silver atoms which 
are associated with very much deeper potential 
energy wells than smaller uncharged groups of 
silver atoms and provide irreversible traps for con
duction electrons. The positively charged groups 
also exert some long range attraction upon a con
duction electron. The charge is neutralized by the 
electron and then restored by the adsorption of a 
further silver ion. The author first introduced this 
idea that, in the second stage of the formation of 
the latent image, the adsorption of a silver ion by a 
group of silver atoms precedes the trapping of 
a conduction electron by the group. This reverses 
the sequence of events of the Gurney-Mott theory.

(3) The positive holes are repelled by the posi
tively charged groups of silver atoms. They have 
to diffuse thermally to adsorbed molecules of 
chemical sensitizer with which they react with the 
liberation of silver ions.

(4) At this stage, the lifetime of the positive 
hole, which diffuses to and reacts with uncharged 
molecules of chemical sensitizer, is greater than 
that of the conduction electron which is attracted 
to and captured by a positively charged group of 
silver atoms.

(5) The chemical sensitizer which is adsorbed
(27) J. II. Burrow and J. W. Mitchell, Phil. Mag., 45, 208 (1954).
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on the surface is progressively consumed, partly 
through the trapping of positive holes and partly 
by reaction with atoms and molecules of halogen 
formed at the surface. The number of irreversible 
traps for positive holes therefore steadily decreases 
with increasing exposure.

(6) Although the positively charged groups of 
silver atoms repel positive holes, they can react 
with neutral molecules of halogen which are formed 
at the surface. As a result of this, unless an ex
ternal halogen acceptor is present, the surface 
groups of silver atoms are gradually reduced in 
size.

(7) The positively charged internal groups of 
silver atoms repel positive holes and are not exposed 
to halogen molecules. So long as halogen molecules 
formed at the surface can diffuse away from the 
surface, the internal groups continue to increase in 
size with the result that a visible image of internal 
particles of photolytic silver is formed. These 
particles are distributed along dislocations and other 
internal imperfections in the crystals and render 
these imperfections visible.

(8) When the stage is reached at which the 
adsorbed molecules of the chemical sensitizer have 
been completely exhausted, no irreversible traps 
for positive holes remain in the crystals. The 
positive holes then are trapped reversibly by halide 
ions on surface and internal sites to form halogen 
atoms which are adsorbed to halide ions. A 
second positive hole must now be trapped by a 
halide ion adjacent to a halogen atom adsorbed at 
the surface before a halogen molecule can be formed 
which can diffuse away from the surface.6’7 The 
positive charge of each positive hole is represented 
by the positive charge of an excess silver ion after 
trapping. An amount of halogen which is chem
ically equivalent to the amount of silver which 
separates to form the internal image of photolytic 
silver must be liberated at the surface at this stage 
of the exposure and either diffuse away or react 
with molecules in the surroundings. This condi
tion must always be satisfied, even for an internal 
latent image, when chemically non-sensitized crys
tals are exposed to light.4'6'7

(9) At this stage of the exposure of chemically 
sensitized crystals, deep irreversible traps are 
provided for conduction electrons by positively 
charged internal groups of silver atoms. There 
are now no irreversible traps for positive holes 
either at the surface or in the interior of the silver 
halide crystals. The positive holes therefore must 
be trapped reversibly at room temperature by 
halide ions on external and internal surfaces and 
by vacant lattice sites. The conduction electrons 
therefore are finally trapped before the positive 
holes. This will also be the situation with chem
ically non-sensitized silver halide microcrystals 
in which positively charged stable internal latent 
image specks have been formed by a previous 
exposure or by the earlier part of a prolonged ex
posure.

(10) When silver halide crystals are exposed in 
the circumstances of (9) in the absence of an 
external halogen acceptor, the molecules of halogen 
which are liberated may accumulate at the inter

face between the silver halide and the gelatin. The 
dark electrical conductivity of the crystals then 
will be greater than that of unexposed crystals 
on account of the contribution from the positive 
holes which then will be present at room tempera
ture in thermal equilibrium within the crystals.28

4. Discussion
4.1 Experimental Evidence which Appears to 

be Inconsistent with the Mitchell Theory.— The
theory of photographic sensitivity which has been 
outlined in the previous section has been criticized 
or rejected during the past few years by a number 
of authors on account of different experimental 
observations which have been made.29 The fol
lowing experimental evidence which appears at 
first sight to be inconsistent with the theory has 
been brought forward:

(1) From experimental work in which silver 
bromide sols sensitized with silver sulfide were 
exposed in aqueous suspension, Suthems and 
Loening30 concluded that silver sulfide does not 
disappear during exposure if a halogen acceptor 
such as phenol is present in the medium. This is 
quite inconsistent with the author’s conception of 
one of the important roles of silver sulfide in the 
formation of the surface latent image and with the 
experimental results which have been described 
in section 2.5.2.

(2) Hamilton and Brady31 have described ex
periments in which they have found the lifetime 
of positive holes to be greater than the lifetime of 
the conduction electrons. They have rejected the 
Mitchell theory on the basis of these experiments.

(3) In experiments in which a layer of silver 
sulfide has been sandwiched between two thin 
sheets of silver bromide, West and Saunders15 
have shown that this sulfide layer traps both con
duction electrons and positive holes. The ob
served trapping of conduction electrons by a sensi
tizing silver sulfide layer would appear to be in
consistent with the mechanism proposed for the 
first stage in the formation of the latent image by 
the author.

(4) West and Saunders16 have described an 
interesting series of experiments in which sensitized 
silver bromide crystals were exposed to light flashes 
with synchronized voltage pulses applied normal 
to their surfaces. The surface near the negative 
electrode was covered with a layer of silver sulfide 
to trap positive holes. The opposite surface near 
the positive electrode was partially immersed in a 
solution of sodium aurous dithiosulfate, which 
probably forms a layer of aurous sulfide on it. 
When the crystals were exposed, a latent image 
which could be developed was produced on the 
area near the positive electrode which was covered 
with the layer of aurous sulfide but not on the ad
jacent untreated silver bromide surface. They 
point out that they eliminated any possible reac
tion between positive holes and the sensitizing layer 
near the positive electrode in this experiment but

(28) G. W. Luckey and W. West, J. Chem. Phys., 24, 879 (1956).
(29) A. L. Kartuzhanskii, Soviet Physics, Uspekhi, 4, 205 (1961).
(30) E. A. Suthems and E. E. Loening, J. Phot. Sci., 4, 154 (1956).
(31) J. F. Hamilton and L. E. Brady, J. Appl. Phys., 30, 1893 

(1959).
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that a developable latent image nevertheless was 
formed on the aurous sulfide sensitized surface. 
It appears that they may believe this to be in
consistent with the author’s theory.

4.2 The Original Gurney-Mott Theory and the 
Mitchell Theory.—The general impression which 
must be gained from reading some of the discus
sion in the papers referred to in the previous sec
tion and other related papers which deal with the 
interpretation of experimental results is that the 
recent experimental work favors the original 
Gurney-Mott theory and is inconsistent -with the 
Mitchell theory. This appears to be the conclusion 
reached by Kartuzhanskii29 in his recent review 
article.

The author has himself pointed out in a recent 
note6 that the Gurney-Mott theory and the Mit
chell theory are two alternative theories of the 
formation of the latent image and of particles of 
photolytic silver and that knowledge will best be 
advanced if they are considered side by side as 
alternative working hypotheses in the designing 
of experimental work and in the interpretation of 
experimental results. It is only in this way that it 
will be possible to arrive at a critical assessment of 
their relative merits.

In the Gurney-Mott theory, the trapping of 
positive holes is considered to be unimportant and 
is not discussed. The sensitizing silver sulfide is 
assumed to play an entirely passive role during 
exposure as would appear to be established by the 
experimental work of Sutherns and Loening re
ferred to above.30 This is inconsistent with the 
experimental work of the author and his co-workers.

According to the original Gurney-Mott theory, 
the only function of the silver sulfide, which is 
assumed to be present as a speck on the surface, 
is to provide traps for electrons which are deeper 
than any present in the chemically non-sensitized 
crystals. According to this theory, the traps are 
uncharged when they are in thermal equilibrium 
with the silver halide at room temperature. They 
become negatively charged when they trap conduc
tion electrons released during exposure. The 
negative charge then is neutralized by the drift 
of interstitial silver ions to the traps and the forma
tion of silver atoms. The fact that the silver 
sulfide sensitivity specks provide the deepest 
traps for conduction electrons in the sulfur sensitized 
crystals is held to account fully for the role of silver 
sulfide in the formation of the surface latent image.

In the opinion of the author, the whole body of 
experimental evidence forces one to accept an 
active as well as a passive role for the chemical 
sensitizer during exposure; the sensitizer is 
chemically involved in the formation of the sur
face latent image. The adsorbed molecules of 
the chemical sensitizer trap positive holes and re
lease a chemically equivalent number of mobile 
silver ions or react with halogen atoms. As a 
consequence of this active role, and also as a result 
of reaction with liberated molecules of halogen, the 
chemical sensitizer is consumed during prolonged 
exposures.

The author believes that a product of chemical 
sensitization which would trap electrons in the

manner postulated by Gurney and Mott would 
initiate spontaneous reduction if the unexposed 
silver halide crystal were immersed in a chemical 
developer. On the basis of the Gurney-Mott 
theory, there appears to be no satisfactory way of 
explaining both the non-developability of unexposed 
crystals and the fact that the most sensitive grains 
of photographic emulsions are made developable 
by the absorption of four quanta.32'33 There is 
also no satisfactory way of fitting the formation and 
properties of latent pre-image specks and latent 
sub-image specks into the theory.

In the Mitchell theory, it is postulated that deep 
traps for conduction electrons are not associated 
with non-fogging products of chemical sensitiza
tion. With this hypothesis, no difficulty is en
countered in explaining the non-developability of 
unexposed crystals, the inefficiency of the first stage 
in the formation of the latent image, and the long 
induction period required for the initiation of de
velopment by a latent sub-image.8

An essential feature of the theory, which dis
tinguishes it from all other theories, is the further 
hypothesis that the deep electron traps which are 
responsible for developability are first formed during 
exposure. The discontinuous increase in the depth 
of the traps which occurs at a certain critical 
size is determined, not by a simple increase in the 
number of silver atoms associated with a very 
small group, but by a change from a state in which 
the group is, on the average, uncharged to a state 
in which it is positively charged. This critical 
change occurs when a group of three silver atoms 
has been produced. A group of this size adsorbs 
a silver ion and becomes a positively charged group 
of four silver atoms when it is in equilibrium with 
the silver halide crystal. This and larger positively 
charged groups provide the deep traps which cap
ture conduction electrons and accept electrons from 
reducing molecules during development.

It appears at the present time that the most 
sensitive grains of photographic emulsions are 
made developable by the absorption of not more 
than four light quanta.32'33 This is fully consistent 
with the theoretical model of the stable latent 
image speck of minimum size, according to the 
Mitchell theory. The size of this speck was worked 
out at a time when it was generally believed that the 
formation of a stable latent image speck required 
the absorption of between ten and a hundred 
quanta in a silver halide emulsion grain.27

4.3 Discussion of the Experimental Results 
of Section 4.1.—We return now to the discussion 
of the evidence which appears to be inconsistent 
with the Mitchell theory and we will consider each 
group of observations.

(1) In their experiments, Sutherns and Loen
ing determined the amount of silver sulfide re
maining after exposure by boiling with hydro- 
quinone and hydrobromic acid and displacing the 
hydrogen sulfide formed from the system with a 
stream of nitrogen. With this method, they 
might have produced the same amount of hydrogen 
sulfide from diatomic AgS molecules and from

(32) A. Marriage, J. Phot. Sci., 9, 93 (1961).
(33) E. Klein, ibid., 10, 26 (1962).
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atomic sulfur as from the equivalent amount of 
Ag2S. In this case, their experimental work could 
give no information on whether or not positive 
holes were trapped by adsorbed molecules of silver 
sulfide. Their conclusions that silver sulfide 
plays a passive role during exposure and that 
positive holes are not trapped by it29 therefore may 
require revision. In the experiments of section 
2.5.2, the active role of silver sulfide during a 
latent image exposure was established by treating 
the exposed crystals with a dilute solution of 
chromic acid.

(2) In the experiments which have been carried 
out by Hamilton and Brady31 single grain layer 
coatings of a large grained chemically non-sensitized 
pure silver bromide emulsion have been used. 
These coatings have been exposed for many hours 
at the rate of 1000 flashes per second to light flashes 
with thousands of quanta per flash while voltage 
pulses have been applied which have been syn
chronized with the light flashes. In these cir
cumstances, it would be surprising if, in accordance 
with the Mitchell theory, stable internal latent 
image specks, positively charged by the adsorption 
of silver ions, were not formed during the early 
part of the exposure. These provide deep ir
reversible traps for conduction electrons. In the 
chemically non-sensitized crystals, there are no 
irreversible traps for positive holes and, in the 
absence of an external halogen acceptor, halogen 
molecules are likely to accumulate at the inter
face between the silver halide microcrystals and the 
gelatin. So long as such molecules are present, there 
will therefore be a certain concentration of positive 
holes within the crystals in thermal equilibrium.28 
These conditions correspond with those postulated 
by Mitchell to hold during the second stage in the 
formation of the latent image (see section 3.4 
above). The theory predicts that, at this stage 
of the exposure with chemically non-sensitized 
crystals, the lifetime of the conduction electrons 
will be less than the lifetime of the positive holes6 
and this is what Hamilton and Brady have ob
served. Their observations appear to be fully 
consistent with the theory.

The hypothesis that the lifetime of the positive 
hole is less than the lifetime of the conduction elec
tron refers particularly to the first stage in the 
formation of the latent image during the exposure 
of an unfogged fully chemically sensitized emul
sion at room temperature. It appears that Hamil
ton and Brady have not yet carried out experiments 
with chemically sensitized silver halide micro
crystals in which they have demonstrated that the 
lifetimes of the positive holes in these micro
crystals are greater than the lifetimes of the con
duction electrons, which is what they will have to 
do to sustain their rejection of the Mitchell theory. 
When these experiments are carried out, the ex
posure should be limited to the number of flashes 
which is required for the production of not more 
than a latent sub-image on the surfaces and in the 
interior of the silver halide crystals. The ex
periments of the author and his co-workers have 
shown that four flashes with synchronized voltage 
pulses are sufficient to produce displaced stable

latent image specks on the sensitized surface of 
a large crystal of silver bromide.10

It does not appear to be altogether reasonable that 
an important hypothesis relating to the first stage 
in the formation of the latent image in chemically 
sensitized emulsions should be rejected29 on the 
basis of experiments carried out with one par
ticular chemically non-sensitized emulsion under the 
conditions of the second stage in which this hy
pothesis, according to the theory itself, is no longer 
applicable.

It also appears to be desirable that the experi
mental work which Hamilton and Brady have done 
with the chemically non-sensitized silver bromide 
emulsions to establish that the ionic dark con
ductivity of emulsion microcrystals is orders of 
magnitude greater than the ionic conductivity of 
silver bromide macrocrystals should be repeated.

They first proposed that the greatly enhanced 
conductivity of the microcrystals which they 
observed was due to interstitial silver ions in excess 
of the concentration which would be expected to 
be in thermal equilibrium in a large silver bromide 
crystal at room temperature.34 They now pro
pose that the enhanced conductivity is due to 
mobile surface silver ions.36 It would be surprising 
if this interpretation were correct in view of the 
observations of West on the suppression of the 
negative photoconductive effect in silver bromide 
crystals by gelatin.36 It appears that this ex
perimental work should be repeated either with 
chemically sensitized emulsions or with chemically 
non-sensitized emulsions to which potassium or 
ammonium chloroiridite has been added to form a 
layer of silver chloroiridite on the surfaces of the 
silver bromide microcrystals. This will react with 
both atoms and molecules of halogen which are 
liberated at the surfaces of the microcrystals of the 
otherwise chemically non-sensitized emulsion dur
ing exposure. It is difficult to accept the con
clusion of Hamilton and Brady that the concentra
tion of either surface or interstitial silver ions in the 
grains of a fully stabilized photographic emulsion, 
particularly in one stabilized by the addition of 
divalent cadmium ions, is orders of magnitude 
greater than in a single crystal of silver bromide of 
the type used for the experiments on photographic 
sensitivity described in section 2.21

In view of the considerations presented in this 
section, it seems desirable to reserve judgment upon 
the rejection by Hamilton and Brady of the two 
hypotheses which the author advanced in his dis
cussion of the theory of photographic sensitivity.21 
The first, which has been discussed in this paper, 
is that during the first stage of the formation of 
the latent image in chemically sensitized silver 
halide crystals when latent pre-image and latent 
sub-image specks are being formed, irreversible 
traps are provided for positive holes by adsorbed 
molecules of the sensitizer, but there are no deep 
irreversible traps for conduction electrons. The

(34) J. F, Hamilton and L. E. Brady, J. Appl. Phys., 30, 1902 
(1959).

(35) J. F. Hamilton and L. E. Brady, “ Proceedings of Conference on 
Photographic Sensitivity,”  Zurich, 1959.

(3G) W. West, “ Fundamental Mechanisms of Photographic Sensi
tivity,”  Butter worths, London, 1951, p .  99.
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second, which is that there is a negligible concen
tration of mobile surface silver ions and of inter
stitial silver ions associated with the grains of a 
fully stabilized photographic emulsion containing 
divalent cations, has been discussed elsewhere.21 
This second hypothesis is, however, not an essential 
feature of the Mitchell theory.3

(3) The intermediate layers of silver sulfide 
used by West and Saunders16 in their sandwich 
experiments were fogging layers which would ini
tiate chemical development without exposure to 
light. The fact that such fogging layers acted as 
barriers to the diffusion of conduction electrons 
is not surprising. Observations made with such 
fogging layers cannot be used as evidence for the 
rejection29 of the author’s hypothesis that deep 
traps for conduction electrons are not present in 
fog-free unexposed chemically sensitized crystals 
but are first formed during exposure. It is de
sirable that these interesting sandwich experiments 
should be repeated with non-fogging intermediate 
layers of silver sulfide, but it is doubtful if an 
unequivocal observation can, even then, be made 
by this method. Can the experiment establish 
that a non-fogging silver sulfide layer does not 
provide deep traps for conduction electrons at the 
beginning of the exposure when no effect of ex
posure can be seen until such traps have been formed 
by the action of light?

(4) This group of experiments of West and 
Saunders16 appears to provide a convincing demon
stration of the validity of items (5), (6), and (7) 
of section 3.3. Since it was observed experi
mentally7 that the presence of a monolayer of 
silver sulfide on the surface of a silver bromide 
crystal would prevent silver atoms deposited from 
an atomic beam from diffusing into the interior of 
the crystal, the author always has supposed that 
one function of the sensitizing silver sulfide mono- 
layer was to adsorb silver atoms.3 Since then, he 
has never stated that the only function of the silver 
sulfide was to trap positive holes as seems to be 
assumed in many discussions of his theory.21 
It appears that it will be possible to establish the 
dual role of the silver or aurous sulfide in a particu
larly striking way by experiments of the type which 
have been carried out by West and Saunders. The 
surface of a thin sheet crystal which is near the 
negative electrode can be sensitized with a non
fogging monomolecular layer of silver sulfide and 
that near the positive electrode -with a non-fogging 
monomolecular layer of silver or aurous sulfide. 
If the crystal then is exposed to light flashes with

synchronized voltage pulses, the silver sulfide 
should react and disappear at the surface toward 
which the positive holes are attracted and silver 
atoms should be formed and adsorbed at the sur
face toward which the conduction electrons are 
attracted. This experiment will provide no evi
dence for the trapping of conduction electrons by an 
uncharged sensitizing layer of silver or aurous 
sulfide during the first latent sub-image stage of an 
ordinary exposure when the crystals are exposed in 
the absence of an applied electric field. It only 
will demonstrate that silver atoms have been formed 
and that they are stabilized by adsorption to the 
silver or aurous sulfide layer. In the author’s 
view, the two functions of the sulfide monolayer 
which would be performed at separated surfaces 
in this experiment are performed at separated 
sites within the silver or aurous sulfide monolayer 
islands when a sensitized emulsion microcrystal 
is exposed to light in the normal way.

As far as the adsorption of silver atoms is con
cerned, the difference between the author’s theory 
and Sheppard’s earlier theory is that Sheppard 
assumed that the silver sulfide which adsorbed 
silver atoms was present on the surface in the form 
of a discrete speck and rejected any suggestion that 
a reaction between silver sulfide and halogen (posi
tive holes in current terminology) could play an 
essential role in the formation of the latent image. 
The author believes that the experimental evidence 
which is at present available supports the view that 
the silver sulfide or aurous sulfide is present on the 
surface in the form of adsorbed monolayer islands.3 
He introduced the idea that one of the functions of 
the silver sulfide wras to trap positive holes and 
liberate silver ions, the other function being the 
adsorption of silver atoms formed at the silver or 
aurous sulfide monolayer by the combination of 
silver ions and electrons.

4.4 Conclusion
The role of any theory is to stimulate creative 

thinking and new experimental work. It appears 
that this role has not yet been exhausted for the 
theory of photographic sensitivity with which the 
author’s name has been associated and that the 
time has not yet come when this theory should be 
rejected and discarded.
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The band structure of AgCl and AgBr is discussed with emphasis on recent experiments which bear on our understanding 
of the solid state. These include external photo-emission, magneto-resistance at low temperature, and optical absorption. 
Certain additional phenomena are mentioned such as luminescence, electron-hole pair production by ionizing radiation, and 
the temperature dependence of electron mobility. The importance of high purity material such as is produced by zone re
fining is pointed out.

I. Introduction
Several recent articles have reviewed the silver 

halides from the point of view of solid state 
physics.2-8 It is not our intention to go over the 
ground covered in these earlier papers at this time. 
Rather we will discuss some new developments and 
make a few suggestions for future investigations. 
Our remarks will apply mainly to fundamental 
processes in large single crystals but it is hoped that 
they will bear in part on what goes on in the pho
tographic process. For information on conduction 
phenomena in emulsion type material, one can turn 
to other papers of this conference as well as to a 
recent review, “ Elementary Photographic Processes 
in an Electric Field,” by A. L. Kartuzhanskii.6

The new developments referred to above are 
some optical absorption and magnetoconductivity 
experiments which bear upon the band structure of 
AgBr and AgCl. In addition, progress has been 
made recently in the preparation of crystals of high 
purity. Pure materials are needed in the study of 
the mobility of electrons, especially at low tem
perature. The factors which control the mobility 
of carriers at room temperature and below are now 
at least qualitatively understood.

II. Band Properties
A. Band Structure and Electron Affinity.—

It has been pointed out by Taft, Phillip, and Apker7 
that the silver halides are a particularly intriguing 
case compared to other non-metallic photo-emit
ters. These workers and an earlier investigator8 
have published results on the photo-yield of elec
trons from AgBr into a vacuum. Photo-emission 
begins at a photon energy of about ip' =  6.1 e.v. 
at 300°K. Apparently this is the energy required 
to excite an electron from the top of the filled or 
valence band and remove it to infinity. On the

(1) (a) Presented at a Symposium on Photographic Processes spon
sored by the ACS Division of Physical Chemistry, Washington, D. C., 
March 22-24, 1962; (b) Supported in part by the U. S. Air Force
Office of Scientific Research.

(2) F. Seitz, Rev. Mod. Phys., 23, 328 (1961).
(3) (a) F. Seitz, “ Photographic Sensitivity,”  Vol. I, Maruzen,

Tokyo, 1956, p. 5; (b) F. C. Brown and F. Seitz, “ Photographic
Sensitivity,”  Vol. II, Maruzen, Tokyo, 1958, p. 11.

(4) F. C. Brown and F. Seitz, “ Conference on Scientific Photogra
phy,”  Liege, 1960 (to be published).

(5) J. W. Mitchell, in A. F. Gibson, F. A. Kroger, and R. E. Bur
gess, “ Progress in Semiconductors,”  Vol. 3, Heywood & Co., 1958, 
p. 55.

(6) A. L. Kartuzhanskii, Soviet Phys.-TJspekhi, A.I.P. translation, 4, 
205 (1961).

(7) E. A. Taft, H. R. Phillip, and L. Apker, Phys. Rev., 110, 876 
(1958).

(8) R. Fleisohmann, Ann. Physik, 5, 78 (1930).

other hand, optical absorption and photo-con
ductivity data (discussed below) show that the band 
gap of AgBr is Eg =  2.6 e.v. This means that the 
electron affinity, the energy to remove an electron 
from the bottom of the conduction band at Ec 
to infinity, is x =  8.5 e.v. for AgBr. This is of 
the same order of magnitude as the energy gap. 
The situation is midway between two extremes, as 
shown in Fig. 1. Cesium iodide9 belongs to the 
alkali halides, a class of substances which have 
electron affinities less than their band gaps. 
Actually Csl is an extreme case in that it has a 
very low affinity, % = 0.3 e.v., and a rather high 
yield or quantum efficiency. Other alkali halides 
have affinities of the order of one electron volt.10 
On the other hand, semiconductors such as Ge and 
Si have affinities much larger than band gaps. 
The sketch for Si in Fig. 1 is drawn from new data 
taken on cleaved surfaces under ultra high vacuum.11 
It is also true in the case of Si and Ge but not the 
alkali halides that the threshold for emission, 
<p', is larger than the energy above which a conduc
tion electron will scatter appreciably with valence 
band electrons as deduced from breakdown phe
nomena. It may be that this scattering threshold 
occurs about 8 e.v. above the valence band in the 
case of AgBr.7

The energies of Fig. 1 are estimated assuming 
little or no bending of the bands at the surface due 
to space charge or a dipole layer.12 This assump
tion may be checked in the case of AgBr by con
sidering the emission from silver directly into 
AgBr. It is reasonable13'14 to assume that the 
threshold of this process is just given by the dif
ference in the vacuum work function of Ag metal, 
y =  4.7 e.v.,16 and %• Emission from deposited 
silver into AgBr has not been reported, but the 
threshold of the Herschel effect in both AgBr and 
AgCl emulsions is near hv = <p — % =  1.2 e.v.,16 
which would give x =  3.5 e.v. Moreover, Gilleo 
has given a value of y — x = 1.1 e.v. for photo
emission from silver into large crystals of AgCl

(9) H. R. Phillip and E. A. Taft, J. Phys. Chem. Solids, 1, 159 
(1956).

(10) E. A. Taft and H. R. Phillip, ibid., 3, 1 (1957).
(11) F. G. Allen and G. W. Gobelli, Bull. Am. Phys. Soc., II, 6, 421 

(1961), paper E3.
(12) J. Bardeen, Phys. Rev., 71, 717 (1947).
(13) N. F. Mott and R. W. Gurney, “ Electronic Processes in Ionic 

Crystals,”  Oxford, 1940.
(14) W. T. Turner, Phys. Rev., 101, 1653 (1956).
(15) Ii. E. Farnsworth and R. P. Winch, ibid., 58, 812 (1940).
(16) O. Bartlett and IT. King, Z. Physik, 89, 779 (1934); B. IT. 

Carroll and C. M. Kretchniann, J. Res. Nail. Bur. Std., 10, 449 (1933).
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so that again x — 4.7 — 1.1 =  3.6 e.v.17 His 
experiments were carried out at 80°K. in order to 
freeze out ionic conductivity. The band gap in 
AgCl is 3.225 e.v. at 80°K. (see below), so one 
would expect external photo-emission to set in at 
<p' =  6.8 e.v., in rough agreement with the results 
of Fleischmann8 for AgCl. Because thermal vibra
tions have a large effect in smearing out the band 
edges of these ionic crystals it would be better if 
the photo-emission experiments were carried out at 
low temperature.

The width of the valence band of Csl, shown in 
Fig. 1, is estimated from the kinetic energy of 
emitted electrons.18 No experimental data of this 
type are yet available for the silver halides. On 
the other hand, theoretical calculations using the 
tight binding method have been carried out for the 
valence band of NaCl19 and KC120 neglecting spin- 
orbit interaction. Casella starts with the 3p 
wave function of the Cl”  ion, which is assumed 
to be on a face-centered cubic lattice of appro
priate lattice spacing but neglecting the effect of 
the metal ion (estimated to be small). He obtains 
a band width of the order of 1 e.v. Howland’s 
calculations are more detailed but give similar band 
widths and show that a branch of the valence band 
bends upward toward a maximum not at k =  0 
in at least one crystallographic direction. This 
effect may be more prominent in the case of AgCl 
due to the 4d states of the silver ion as discussed 
below.

B. Magnetoconductivity.— One expects that the 
higher lying energy bands, that is, the empty con
duction bands, of the alkali and silver halides are 
of standard form with a minimum at k =  0. 
Still other possibilities exist such as a multi-valley 
situation and it seemed worthwhile to carry out 
experiments which bear upon this point. Electrical 
conductivity, cr(0), in the absence of a magnetic 
field may have a higher symmetry than the band 
structure. For example, it can be easily shown that 
one need specify only one value of conductivity in 
the case of a cubic conductor. The application of 
a magnetic field lifts this requirement and permits 
the observation of more symmetry elements 
consistent with the crystal class. Experiments on 
the direction of current flow for photoelectrons in 
AgBr and AgCl in the presence of both electric 
and magnetic fields have recently been completed 
by Tippins.21

The observations were carried out on crystals 
of very high purity at liquid helium temperatures. 
Samples were cut from ingots which were zone re
fined in halogen22 and then were annealed in a 
clean atmosphere of helium gas. They were 
mounted in a cryostat between plane parallel block
ing electrodes and illuminated by light in the 
absorption edge, either between the electrodes or 
through one electrode which was transparent.

(17) M. A. Gilleo, Phys. Ren., 91, 534 (1953).
(18) H. Phillip, E. A. Taft, and L. Apker, ibid., 120, 49 (1960).
(19) B. C. Casella, ibid., 104, 1260 (1956).
(20) L. P. Howland, ibid., 109, 1927 (1958).
(21) H. H. Tippins, “ Magnetoresistance of the Silver Halides,” 

Ph.D. thesis, University of Illinois, Feb., 1962; H. H. Tippins and 
F. C. Brown, Bull. Am. Phys. Soc., [II] 7, 221 (1962).

(22) F. Moser, D. C. Burnham, and H. H. Tippins, J. Appl. Phys., 
32, 48 (1961).

X =0.3ev X ■ 3.5 X = 4.8

Fig. 1.—Simple energy band diagrams for three different 
types of solids shown relative to the zero level at infinity. 
The electron affinity, x, is much less than the band gap 
energy, Eit for an alkali halide such as Csl, about the same 
for the silver halides, and considerably greater than the band 
gap for an elemental semiconductor such as Si.

LIGHT

Fig. 2.—Showing the coordinates used in the transient 
magnetoconductivity experiments. The electric field is ap
plied along the x-axis. The magnetic field makes an angle 6 
with the 2-axis and can be rotated in the sz-plane (see Fig. 3). 
It is also possible to study transverse magnetoconductivity, 
keeping H  perpendicular to E but allowing it to rotate in the 
yz-plane and thus make various angles with respect to the 
crystallographic axes.

Currents of the order of 10" 14 amp. were recorded 
by a vibrating reed electrometer. The experiments 
were transient in the sense that space charge fields 
were not allowed to build up.23 The direction of
the electric field in the sample E  =  (E , 0, 0) is 
determined by the electrodes and applied voltage 
whereas the current depends in direction and 
magnitude upon the applied ’magnetic field (see 
Fig. 2). The current can be described in terms of

(23) R. S. Van Heyningen and F. C. Brown, Phys. Rer., I l l ,  462 
(1958).
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Fig. 3.— Magnetoconductivity ( —A<t/<t) =  1 — J(H)/  
J(0) as a function of the angle between H  and the transverse 
or z-axis. A longitudinal effect occurs at 6 =  90 and 270°, 
a transverse at 180 and 0°. The points are experimental 
data, the solid curve is according to theory, eq. 7 of the text, 
for a Hall mobility of 58,600 cm.’ /volt sec.

the well known conductivity coefficients.24 In 
the case of cubic symmetry, standard band shape, 
and isotropic scattering, the current is given by26

J =  +  aE X H +  y (E-H)H  (1)

In a conductivity experiment with E along the x- 
axis one observes the component

Jx{H) =  (o- +  yH 2 sin2 6)E (2)
where <r and 7 are functions of H  and 0 is the angle
between H and the transverse or 2-axis. In the 
absence of a magnetic field

M 0 ) =  <t(0)E (3)
Experimentally one observes the ratio JX(H)/Jx(0). 
Therefore, the effect of the magnetic field is con
veniently given by the magnetoconductivity defined 
as

_ = M0) -  MH) = _ MP) . .ff(o) M0) M0) '
a number which is observed to vary between zero 
and + 1 . Substitution of eq. 2 and 3 yields

A<r a +  7H* sin2 0
~  ~7 “ 1 ------------ 7m  ®

The coefficients tr and 7 can be evaluated for a 
particular scattering mechanism in terms of 
standard semiconductor integrals. Further it can 
be shown that the following relation applies in
dependent of the scattering mechanism assumed

a +  7 / / 2 =  cr(0 )  ( 6 )

This last relation permits us to simplify eq. 5 with 
the result

A a -yH2 cos2 6
“  ^ 0) =  <r(0) (?)

The quantity —A<r/<r is more convenient than
(24) IT. Seitz, Phys. Rev., 79, 372 (1950).
(25) D. C. Burnham, F. C. Brown, and R. S. Knox, ibid., 119, 1560 

(1960).

the magneto-resistance Ap/p as normally defined 
because the coefficients which are dependent upon 
H appear in the numerator of the theoretical ex
pressions. It is closest to the quantity actually 
measured in the present case. Notice that here
one observes the component of J  in the direction of
E  and not the component of E  in the direction of
J —there is no Hall potential developed across the 
sample.

The theoretical expression eq. 7 is compared with 
experimental points in Fig. 3. Notice that there 
is little or no observable longitudinal magnetocon
ductivity (6 =  90°), a result in agreement with 
simple band structure. Furthermore the observed 
transverse magnetoconductivity (0 =  0) is nearly 
constant as the angle of the magnetic field is changed 
with respect to the crystal axis. From these ex
periments the value of Hall mobility defined as

MH =
Ca(H)
a(H) (8)

in the limit of small H  turns out to be in excess of
50,000 cm.2/volt-sec. at 2°K. in the case of at least 
one sample of AgBr.

The results of magnetoconductivity measure
ments on AgCl are similar to those for AgBr. 
Since holes appear to have a shorter drift range 
than electrons, especially at the very low tem
peratures of these experiments, we assume that the 
above results bear on the symmetry of the conduc
tion band. It is likely that the conduction band 
is of standard, or nearly standard, form, with a 
minimum centered at k =  0. Further details 
will be published elsewhere.

C. Optical Absorption.—The absorption spectra 
of silver chloride and silver bromide have been 
investigated from wave lengths in the visible 
to the vacuum ultraviolet below 100 m/i. Thin 
films have been prepared in various ways to pro
vide values of the extinction coefficient in the ultra
violet where the absorption is characteristically 
very strong. In the absorption edge at longer 
wave lengths one may use large single crystals, 
but it is necessary to be careful about purity.

As shown in Fig. 4, one notes a remarkable 
similarity between the structure in the ultraviolet 
for AgCl26 and an alkali halide such as NaCl.27 
There seems little doubt that the first strong ab
sorption peak near 250 mu (4.9 e.v.) in AgCl 
corresponds to direct excitation of the electron on 
the Cl~ ion.2a An exciton state is formed in which 
the electron is still bound to the halogen atom with 
a binding energy of the order of a few tenths of an 
electron volt. The exciton peak is split into a 
so-called halogen ion doublet.13'28 Similar remarks 
apply to AgBr.

Unlike the alkali halides, the silver halides have a 
relatively low level absorption tail which extends 
to long wave lengths near the visible. Light ab
sorbed in this region produces photoconductivity

(26) Y. Okamoto, Nachr. Akad. Wiss. Gottingen, [Ha] 14, 275 
(1956).

(27) J. E. Eby, K. J. Teegarden, and D. B. Dutton, Phys. Rev., 
116, 1099 (1959).

(28) R. S. Knox and N. Inchauspö, ibid., 116, 1093 (1959).
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6 5 eV 4

Fig. 4.—Showing the similarity in the fundamental ab
sorption of thin films of AgCl and of NaCl. The curves for 
AgCl are due to Okamoto29 and the data on NaCl is from 
the work of Eby and Teegarden.27 In the latter case the 
solid curve, drawn through the experimental points, is for 
S0 °K., whereas the dotted curve applies at room tempera
ture. The effect of thermal vibrations in smearing out 
structure appears to be much more prominent for AgCl than 
NaCl. In addition, the silver halides possess a low level 
absorption tail (hot clearly visible in this plot) which extends 
out to about 3 e.v.

with high efficiency and under certain conditions 
is responsible for photolysis. Recent observations 
on the edge at very low temperatures29 indicate the 
presence of indirect transitions involving phonons 
to conserve wave numbers. Although the conduc
tion band is simple the valence band is relatively 
complex in that it contains a branch which turns 
upward in at least one crystallographic direction 
to a maximum near the zone boundary.2“'20 The 
situation is just the inverse of that for Ge and Si30 
where the valence band has a maximum at k  =  0 
but the conduction band bends downward to a 
minimum away from k =  0. The absorption edge 
spectrum of semiconductors is reviewed in detail 
by McLean.31

Fine structure associated with the emission and 
absorption of phonons of different energy is found 
in the case of the silver halides when measurements 
are made at sufficiently low temperature. Figure 
5 shows the optical density vs. wave length of a

(29) F. C. Brown, T. Masumi, and H. H. Tippins, J Phys. Chem, 
Solids, 22, 101 (1961).

(30) G. G. MacFarland, T. P. McLean, J. E. Quarington, and V. 
Roberts, Phys. Rev., 108, 1377 (1957); 111, 1245 (1958).

(31) T. P. McLean in A. F. Gibson, F. A. Kroger, and R. E. Bur
gess, “ Progress in Semiconductors,”  Vol. 5, Hey wood and Company, 
1960, p. 55.

Fig. 5.i— Spectrophotometer tracings for a AgCl crystal of 
thickness 0.208 cm. From reference 29, courtesy of J. Phys. 
Chem. Solids.

Fig. 6 .— Showing the band gap energy as a function of 
temperature for AgCl as determined from optical absorption 
data and an analysis of the indirect transitions. The quan
tity actually plotted is Eg — ¿?„, where E „  is the exciton 
binding energy, a few tenths of an electron volt.

pure AgCl crystal, thickness 0.208 cm., as recorded 
on a Cary Model 14R spectrophotometer using a 
specially designed liquid helium cryostat.32 Note 
that a very narrow range of wave lengths is covered 
near the threshold of an absorption edge which 
shifts to higher energies as the temperature is 
lowered. The shift reflects the change in band 
gap with temperature due to dilation of the lat-

(32) Designed by Professor R. Wild after a cryostat described by 
H. M. Hersh, Phys. Rev., 108, 1158 (1957).
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Fig. 7.— The band gap energy minus the exciton binding 
energy for AgBr as a function of temperature. Similar to 
the data for AgCl shown in Fig. 6 .

is shown for AgCl and AgBr in Fig. 6 and 7. 
At temperatures below liquid nitrogen Es can be 
determined by an analysis of the direct processes 
which take place in the edge.

Certain characteristic features of indirect or 
phonon assisted processes can be seen in Fig. 5. 
Consider first the abrupt threshold beginning at 
381 m/r (3.254 e.v.) for AgCl at 4.2°K. This is 
a threshold corresponding to the formation of 
indirect excitons (Khv AE 112) with emission of
a phonon whose energy turns out to be kdi, where 
0i ~  90 °K. As the temperature is increased a 
tail is seen to arise which is due to transitions in
volving phonon absorption. Phonon emission still 
occurs at higher energy and the difference between 
the thresholds for these two processes is 2kd1. 
Values of 0i determined in this way can be compared 
with an analysis of the magnitude of the absorp
tion at different temperatures and some degree of 
internal consistency is found in assigning phonon 
energies. When the vibrational spectrum is com
plicated additional phonons of higher energies 
become important. Another phonon of 02 ~  
250 °K. may be important in the case of AgCl and 
also two phonon processes may have to be con
sidered.

A rather low level tail extending to quite long 
wave lengths is seen to appear at 65 and 77°K. 
and higher temperatures in Fig. 5. This probably 
is due to the effect of thermal vibrations in smearing 
out the density of states near a band edge.83’34 
Notice also that the kinks and structure are lost 
at high temperature, an effect more important for 
these ionic crystals than for Ge and Si. The 
data of Fig. 5 at 4.2°K. reflect the basic shape of the 
indirect process (phonon emission only). It can 
be readily extended to higher absorption constant 
using thin samples and is found to begin as Khv 
(AE )in but eventually to rise more nearly as 
Khv cc (AE )2. In addition, structure appears 
which reflects transitions to different exciton levels 
as well as the possible involvement of different 
phonon energies.

AgBr should have a simpler vibration spectrum 
than AgCl—the ions are of nearly equal mass. 
Therefore, let us turn to AgBr in discussing the 
basic shape of the 4.2°K. data. Figure 8 plots 
(Khv)112 vs. hv. A broad bump is seen about 0.13 
e.v. above the first shoulder. It may be that the 
shoulder and this higher energy bump correspond 
to excitation to the n =  1 and n =  2 states of the 
exciton, respectively.35 Assuming a hydrogen
like model, the reduced mass of the exciton can be 
deduced from the formula

Fig. 8 .— The basic shape of the absorption edge of AgBr 
at liquid helium temperature. The theory of indirect- 
allowed transitions shows that the absorption constant times 
photon energy Khv should eventually rise as the square of 
photon energy measured from a threshold. Therefore, we 
plot (Khv)112 vs. hv. A transition involving the emission of 
a single phonon (6 =  75°K. ) is presumably taking place. 
The curve covers the onset of absorption corresponding to 
excitation to the n =  1  states of the indirect exciton as well 
as the n =  2  and higher states above the slight bump at 
hv =  2.85 e.v.

tice. A plot of the band gap energy, EK (minus 
a small correction Eox for excition binding energy)

13.6 /m\ f ï  1\
2 \ m j  \1 “  4 /

(9)

with the result that m ~  0.27me. We use the op
tical dielectric constant for e =  n2 =  4.6 since the 
radius of the exciton satisfies the criterion of 
Haken.36 If the hole is somewhat heavier than

(33) D. L. Dexter, Nuooo Cim., Suppl. No. 2 to Vol. VII, 245 
(1958).

(34) F. Urbach, Phys. Rev., 92, 1324 (1953).
(35) K. J. Elliot, ibid., 108, 1384 (1957).
(30) H. Haken, J. Phys. Chem. Solids, 8, 100 (1959).
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the electron the above mass may be close to the 
electron mass and is in reasonable agreement with 
other results.25

The basic shape of the chloride data is a little 
more complicated as shown in Fig. 9 in that three 
bumps, B, C, and D, follow the first threshold sepa
rated by energies of the order of 0.02 to 0.03 e.v. 
We previously suggested29 that the first and third 
of these “ knees,”  A and C, correspond to n =  1 
and n — 2 excitations involving the 90°K. phonon, 
whereas the peaks B and D require a higher energy 
phonon. This is highly speculative. The struc
ture in region D is quite broad as befits n =  2 
and higher states. It may be that A, B, and C 
correspond to n =  1 and phonons of different 
energy starting with 0X =  90°K., which is probably 
an acoustic-phonon, whereas B and C may belong 
to other branches, including the optical, or to two 
phonon processes.

Further analysis and assignment of phonon 
energies awaits new work on (1) the vibration 
spectrum of AgCl and AgBr, possibly by neutron 
scattering (an analysis of X-rav scattering data and 
the elastic spectrum of AgCi has been given by 
Cole37) ; (2) theoretical work on the band structure, 
possibly along new lines38; and (3) a study of the 
absorption edge at low temperatures with high 
resolution in a magnetic field. Magneto-optic 
data should be capable of distinguishing direct 
from indirect processes and should give much more 
detail.

A guess as to the band structure of AgCl in the 
absence of spin orbit interaction is shown for the 
reduced zone scheme in Fig. 10. Here electron 
energy is sketched as a function of the wave vector, 
k =  2t/\, for two of the three principal directions, 
the [110] and [100], The uppermost band in
dicated by Tj at k =  6 is the empty conduction band 
drawn to be of nearly standard shape (e =  h-k2/ 
2m) near k =  0. One does not know how high the 
points Xi and 7cx lie above r x, or for that matter 
the band shape away from k =  0. As indicated in 
section II-A the minimum of the conduction band 
at Ti lies about % =  3.5 e.v. below the zero level 
and about Eg =  3.2 e.v. above the maximum of the 
valence band. The filled valence bands bear the 
designations r I5, r 12, and T » ' at 1c =  0. The 
first relates to 3p states of the Cl-  ion and the 
last two to 4d states of the Ag+ ion. The strong 
exciton absorption in the ultraviolet is due to 
vertical transitions near k =  0. Therefore the 
point Tib is about 5.1 e.v. below I\, as shown. 
To a first approximation the relative position of 
r 26, can be arrived at from ionization energies and 
the Madelung potentials.2“

In general a single e vs. k curve must intersect 
perpendicular to the vertical lines at the zone boun
dary for the [100] and [111] directions. For these 
directions the intersection occurs on a face of the 
surface bounding the first Brillouim zone (the 
points marked X  in the [100] direction, Fig. 10). 
On the other hand, intersection with the boundary 
of the zone occurs at an edge in the [110] direction 
so that the slopes may be finite at the points marked

(37) II. Cole, J. Appl. Phys., 24, 482 (1953).
(38) F. Bassani and R. S. Knox, private communication.

hi/(ev).
Fig. 9.—Data similar to Fig. 10 for AgCl at 4.2 and 77 °K. From reference 29, courtesy of ,/. P h y s .  C h e m .  

S o l i d s .

k [lOo] direction k [l I o] direction

Fig. 10.—Hypothetical band structure of AgCl neglecting spin-orbit interaction. Two directions in k  space are shown, the [ 100] and [110], In the absence of a detailed calculation, we simply guess that the p states, r I6, associated with the Cl-  ion, lie above the d states of the Ag+ ion, r 25 and Ti2 at k  =  0.
Iv in Fig. 10. If the maximum in the valence 
band actually occurs in the [110] direction it might 
be at points less than k — x/a, as found for KC1 
by Howland.20 The beginning of indirect band to
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band transitions then would take place between 
valence and conduction band states connected by 
the diagonal dotted arrow in Fig. 10. The curva
ture of the conduction band at k =  0 is certainly 
fairly high, corresponding to a small electron ef
fective mass,39 but the curvature could be quite 
small at the maximum of the valence band as 
befits a somewhat higher hole mass. It should be 
emphasized that the band structure shown in Fig.
10 is hypothetical. A band calculation should be 
carried out to actually determine the relative posi
tions of the Ti6 and r 26 points. Spin orbit effects 
have to be taken into account and the character of 
the bands is expected to be considerably different 
from that shown in the figure, particularly as one 
proceeds out from k =  0.39a

D. Efficiency of Excitation of Electrons and 
Holes.— A few remarks are in order on excitation 
efficiency first for optical excitation and second 
for the generation of electron-hole pairs by ionizing 
radiation.

Lehfeldt40 and later Van Iieyningen23 showed that 
the quantum efficiency or number of conduction 
electrons produced per photon absorbed was high, 
of the order of 0.5-1.0, at 77°K. in AgCl. This 
statement applies not only in the beginning of 
absorption at long wave lengths but also in the 
direct exciton region in the ultraviolet. There 
may, however, be competing processes since a kind 
of structure in wave lengths was observed by 
Van Heyningen, who attributed at least a part of 
the dependence of yield on wave length to non-uni
formity of electron range and imperfection of the 
crystal near the surface. Surace defective layers 
can cause the efficiency to decrease with increasing 
photon energy (increasing absorption constant) .23’41

Similar effects of the surface can be seen from a 
study of photoconductivity at very low tempera
tures achieved by pumping over liquid helium. 
Figure 11 shows data obtained by Tippins21 for 
AgCl and AgBr at both 78 and 2°K. The data were 
taken using a vibrating reed electrometer to record 
a small amount of charge released by low intensity 
illumination from a monochromator. Care was 
taken to avoid polarization or space charge dif
ficulties but the actual range or Schubweg of elec
trons was not determined. We can comment on the 
relative response at a given temperature for dif
ferent wave lengths but not on the magnitude of 
quantum efficiency or the efficiency at 78 °K. 
relative to 2°K.

The first thing to notice in connection with Fig.
11 is that even at 2°K. photo-response begins 
coincident with the absorption edge which was 
attributed to the onset of indirect transitions. The 
threshold absorption is thought to produce indirect 
excitons or bound states of the electron and hole.

(39) m/rriQ is of the order of 0.2 as determined by comparison of 
mobility data with theory [F. C. Brown and F. E. Dart, Phys. Rev., 
108, 281 (1957)].

(39a) Note added in proof: Preliminary results of a valence band 
calculation for AgCl were presented by R. S. Knox, F. Bassani, and
W. B. Fowler at a Symposium on Photographic Sensitivity, Tokyo, 
Sept. 14, 1962. The results are similar to Fig. 10 except that the 
highest lying point in the filled bands is at the zone boundary in the 
[111] direction.

(40) W. Lehfeldt, Gdttingen Nachr., [II] 1, 171 (1935).
(41) A. M. Gordon, Phys. Rev., 122, 748 (1961).

These must have a reasonable probability for disas- 
sociation into free carriers. A second point to note 
is that a peaked response with decreasing yield 
toward shorter wave lengths is found in the cases 
of AgCl at both temperatures and AgBr at 2°K. 
This sort of behavior has been found to be depend
ent on preparation of the surface23 and can be 
largely eliminated by careful etching. A third and 
important feature of the photo-response shown in 
Fig. 11 is the appearance of an abrupt increase, 
particularly at the lowest temperatures, at energies 
of about 0.2 e.v. beyond the threshold. This is 
most likely due to exciton structure and indicates 
the fact that the higher states, n =  2 and greater, 
are less strongly bound.

To summarize, we find that at the threshold of 
absorption indirect excitons are formed. They 
are, however, not strongly bound and can disas
sociate possibly at the surface with some prob
ability into free carriers. This is also true of direct 
excitons produced at shorter wave lengths or higher 
energies. These higher energy direct excitons may 
actually auto-ionize or disassociate very readily, 
presumably because of the existence of the lower 
energy indirect energy gap. The surface plays 
an important role in these processes and can 
strongly influence the yield of free carriers into the 
bulk of the crystal.

It is appropriate at this time to point out the 
very high efficiency of the production of electron- 
hole pairs by ionizing radiation in AgCl and AgBr. 
An excellent estimate of the average energy to 
produce one electron-hole pair is had from crystal 
counter method.42 This energy turns out to be
7.5 ±  0.5 e.v. for 0.62 Mev. /3-rays stopping in 
AgCl. A somewhat higher energy per pair was 
obtained in the case of a-particles incident on 
AgCl,43 and for /3-ravs on AgBr.44 These efficien
cies are of the order of twice the band gap and might 
be explained by the fact that electron-electron 
scattering processes begin at about this energy. 
An estimate of the importance of excitons in con
nection with energy loss by fast particles is given in 
a recent note.46 Energies to produce an electron- 
hole pair of about twice the band gap also are found 
for the elemental semiconductors.46

The alkali halides seem to require a higher energy 
per pair.47 An indirect estimate of 28 electron volts 
is obtained from the energy required to form one 
F-center in KC1 containing negative ion vacancies 
at low temperature.48 It would be a great help to 
have an adequate theoretical treatment of this 
energy loss problem in insulating crystals.

E. Luminescence in the Silver Halides.— 
It has been known for some time that AgCl and 
AgBr show an efficient characteristic visible 
luminescence at low temperature.49’89 This emis-

(42) F. C. Brown, ibid., 97, 355 (1955).
(43) P. S. van Heerden, Physica, 16, 505 (1950).
(44) K. A. Yamakawa, Phys. Rev., 82, 522 (1951).
(45) J. Lory, Compt. rend., 250, 3622 (1960).
(46) A. G. Chynoweth and K. G. McKay, Phys. Rev., 102, 369 

(1956).
(47) H. Witt, Z. Physik, 128, 442 (1950).
(48) H. Rabin and C. C. Klick, Phys. Rev., 117, 1005 (1960).
(49) G. C. Farnell, P. C. Burton, and R. Hallama, Phil. Mag., 41, 

157 (1950); also 41, 545 (1950).
(50) F. Moser and F. Urbach, Phys. Rev., 106, 852 (1957).
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hv (•¥).

Fig. 1 1 .— Transient photoconductivity vs. wave length near the absorption edge for AgCl and AgBr. Photo-response is 
plotted vertically in arbitrary units. Each curve is drawn for a constant number of photons incident as a function of wave 
length. Scaling factors have been applied so that the curves for the two different materials and temperatures can be 
plotted on the same figure. For AgCl the photo-response at 2°K . is much lower than at 78°K., whereas it is about the 
same for AgBr at 2°K. as at 78°K. From reference 29, courtesy of ,/. Phys. Chem. Solids.

sion is quenched above 180°K. in AgCl and above 
77°K. in AgBr. An excitation spectrum obtained 
on AgCl at liquid nitrogen temperature61 shows 
structure but the luminescence prevails for exciting 
wave lengths at least through the first direct exciton 
peak at 250 mi*. Wiegand62 has measured the time 
constant of luminescence down to liquid helium 
temperatures. The process seems to be associated 
with the transport of carriers and Wiegand suggests 
that holes are first trapped at positive ion vacan
cies which later serve as recombination centers for 
electrons. At least one impurity very effectively 
quenches the luminescence. This is the case for 
nickel,63 which has been shown to be an effective 
electron trap.64

The emission spectrum of the luminescence of 
AgCl has been studied at 77°K.86 and more re
cently at 4.2°K. by Vacek and co-workers.66 
These investigators find an emission band which 
extends from 450 to 550 mu and a red emission in 
the vicinity of 600 to 650 m/i. Fine structure

(51) R. S. Van Heyningen, “ Transient Photoconductivity in AgCl 
at Low Temperature,”  Ph.D. Thesis, University of Illinois, 1958.

(52) A. P. Wiegand, Phys. Rev., 113, 52 (1959).
(53) R. S. Van Heyningen, private communication.
(54) A. E. Michel, Phys. Rev., 121, 968 (1961).
(55) K. Vacek, J. Phys. Chem. Solids, 16, 337 (1960).
(56) K. Vacek and J. Ringeissen, J. phys. radium, 22, 519 (1961); 

see also H. D. Koswig, Z. Naturforsch., 16, 1103 (1961).

consisting of two different series is superimposed on 
the blue emission. They interpret this structure in 
terms of a localized exciton theory of Matyas.87 
One series involves an exciton on a positive ion 
vacancy, the other an exciton on a vacancy in the 
vicinity of a dislocation. The red emission is 
found to disappear at 4.2°K. and the line structure 
to shift to slightly longer wave lengths. Pre
liminary observations at the University of Il
linois confirm the blue emission reported by Vacek 
but do not reveal the red band at 77 °K. It may 
be the latter is associated with impurity or with 
photolytic silver as suggested by Farnell, Burton, 
and Hallama.49

The luminescence of AgCl and AgBr is an ex
ceedingly interesting and incompletely understood 
phenomenon. In some respects it resembles the 
edge luminescence of compound semiconductors.68 
It is possible, for instance, that the observed line 
structure in emission reflects the exciton structure 
seen in optical absorption together with a Stoke 
shift characteristic of the ionic crystal. Further 
work and careful measurements of efficiency are 
called for.

(57) Z. Matyas, “ Halbleiter und Phosphore. Vortrage de Int. 
Koll.,”  Vieweg Braunschweig S 426 (1958).

(58) R. E. Halsted, M. R. Lorenz, and B. Segall, J. Phys. Chem. 
Solids, 22, 109 (1961).
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HI. Electron Mobility
Considerable experimental work has been carried 

out on both drift and Hall mobilities for photo- 
electrons in the silver halides. The main effort 
of this work has been to obtain an understanding 
of electron transport in ionic crystals in particular 
of the importance of various scattering processes. 
The polaron (electron in an ionic crystal plus as
sociated lattice polarization) has received a good 
deal of theoretical attention and this serves as a 
compelling reason for experimental study of the 
electron mobility. We will not discuss the mobility 
measurements in detail here except to say that a 
general understanding of the scattering processes 
has been obtained for the temperature range below 
room temperature. There seems little doubt that 
the mobility of electrons in even only moderately 
pure AgCl and AgBr at room temperature is con
trolled by lattice scattering due to the longitudinal 
optical modes. Although the electron effective 
mass is quite small, the electron interaction with the 
optical mode reduces the room temperature mo
bility to values of the order of 40 cm.2/volt sec.

rather than several thousand as in elemental 
semiconductors.

Recent work has revealed the role which im
purities play in determining mobility below 50°K. 
in AgCl and has demonstrated hot electron effects 
in the purest crystals. The results will be pre
sented elsewhere.69

In this paper we have discussed the results of 
experiments which bear on the energy band struc
ture of AgCl and AgBr. Many details and inter
esting aspects of the problem have still to be 
cleared up. Nevertheless, we are beginning to un
derstand the general features of the problem and 
one may look forward to rapid progress in the next 
few years.
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Hall mobility measurements have been made on holes introduced into AgBr by a bromine atmosphere in the temperature 
range from room temperature to 150°. These measurements were made using conventional electrode geometry and sensi
tive high impedance a.c. techniques similar to those used by Macdonald and Robinson. The Hall mobility for holes varied 
from 2.0 ±  0.5 cm.2/v . sec. at room temperature (27°) to 0.5 ±  0.15 cm.2/v . sec. at 150°. The hole mobility is about l/m 
as large as the electron mobility determined by other workers at room temperature. The temperature dependence of the 
hole mobility is about T~l. This is much steeper than the temperature dependence of the electron mobility in this region.

Introduction
The properties of holes (defect electrons) in the 

silver halides are of interest both because of their 
importance in the theory of the photographic proc
ess and because of a fundamental interest in the 
structure of the valence band. This paper presents 
the results of some Hall effect measurements on 
holes in silver bromide.

In the normal state, the silver halides are insula
tors from the electronic point of view, i.e., they have 
a filled valence band, an empty conduction band, 
and a forbidden gap of several electron volts.

Electronic disorder can be produced in two ways 
in these crystals: (1) absorption of light quanta 
having energies equal to or greater than the forbid
den gap produces electron-hole pairs; and (2) the 
absorption of excess halogen by the crystal pro
duces free holes.

Experiments to detect the current produced by 
drift of the photoexcited holes have in general given 
no conclusive evidence for the motion of holes, al
though they show large currents due to the motion 
of electrons.1-8

(1) This work is based on a dissertation submitted in partial fulfill
ment of the requirements for the degree of Doctor of Philosophy at the 
University of Illinois, 1960. See also R. C. Hanson and F. C. Brown, 
J. Appl. Phys., 31, 210 (I960), for a preliminary report of this work.

Rather indirect evidence for the motion of photo 
holes does come from a number of experiments 
which detect the hole motion by the bleaching of 
print out silver or latent image specks, or by the 
release of halogen from illuminated crystals.9-15

The effects of halogen atmospheres on silver 
halide crystals have been studied rather extensively.

(2) (a) K. Hecht, Z. Physik, 77, 234 (1932); (b) W. Lehfeldt,
Nachr. Akad. TEiss. Gdttingen, Math.-physik. KL, 1 , 171 (1935).

(3) R. S. Van Heyningen and F. C. Brown, Phys. Rev., I l l ,  462 
(1958).

(4) D. C. Burnham, F. C. Brown, and R. S. Knox, ibid., 119, 1560 
(1960).

(5) F. C. Brown, J . Phys. Chem. Solids, 4, 206 (1958).
(6) Quoted by L. P. Smith, “ Semiconducting Materials,”  ed. by

K. Henisch, Butterworths Scientific Publications, London, 1951, p. 
114.

(7) M. S. Werman, ONR Technical Report, Department of Physics, 
Cornell University, Ithaca, New York, 1950.

(8) C. Yamanaka and T. Suita, Tech. Repts. Osaka Univ., 5, 47 
(1955).

(9) J. F. Hamilton, F. Hamm, and L. E. Brady, J. Appl. Phys., 27, 
874 (1956).

(10) J. F. Hamilton and L. E. Brady, ibid., 30, 1893, 1902 (1959).
(11) J. R. Haynes and J. W. Shockley, Phys. Rev., 82, 935 (1951).
(12) G. W. Luckey, J. Chem. Phys., 23, 882 (1955).
(13) C. A. Duboc, Phys. Rev., 98, 1557 (1955).
(14) F. Hamm, J. Appl. Phys., 30, 1468 (1959).
(15) H. Kanzaki in “ Photographic Sensitivity,”  Tokyo Symposium, 

Vol. 2, ed. by S. Fujusawa, Maruzen Co., Ltd., Tokyo, 1958, p. 181.
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The initial work of Wagner16,17 on the corrosion 
of silver by halogen gas led him to propose that the 
halogen atoms absorbed on the surface of the silver 
halide become, halide ions by capture of an electron 
from the valence band, thus injecting a hole and also 
causing the injection of a silver ion vacancy to pre
serve neutrality in the ionic lattice. Writing a 
“ chemical”  reaction for this

V2 Br2 Bri— T- I7Ag +  p+
where VAg is a silver ion vacancy and j r  is a posi
tive hole. From this, Wagner obtained the usual 
equilibrium relationship

p 'A

where [p] is the concentration of positive holes, 
Pbt, is the bromine pressure, [Fa8] is the concentra
tion of silver ion vacancies, and K(T) is the equilib
rium constant. If the concentration of silver ion 
vacancies introduced is small compared with the 
concentration of silver ion vacancies already pres
ent (due either to divalent cation impurities or to 
intrinsic Frenkel disorder), the concentration of 
positive holes should be proportional to the square 
root of the halogen pressure and inversely propor
tional to the concentration of vacancies.

These predictions are borne out both by the data 
on the corrosion of silver by halogen17,18 andjespeci- 
ally by the data on the excess conductivity of silver 
halides in halogen atmospheres.19-21 The results 
of these excess conductivity measurements indicate 
that the excess (presumably hole) conductivity is 
always proportional to the square root of the halo
gen pressure, and at least approximately inversely 
proportional to the impurity concentration in the 
extrinsic region. Luckey W 1 results also show that 
the time rate of conductivity increase is consistent 
with a diffusion limited mechanism.

In this work, experiments were performed to 
measure the Hall mobility of these halogen in
jected holes.

Experimental
A standard Hall experiment similar to that used by Mac

donald and Robinson22 was performed. Alternating cur
rent was used to eliminate possible polarization and de
composition problems. Because of the high impedance of 
these crystals, it was necessary to use a preamplifier having 
a very low input capacitance as well as a high input resist
ance such as one of the augmented cathode followers de
signed by Macdonald.23,24

The output of the preamplifier was amplified with a tun
able narrow band amplifier and then was detected with a 
phase sensitive detector25 and a chart recorder.

(16) C. Wagner, Z. physik. Chem. (Leipzig), B21, 25 (1933).
(17) C. Wagner, ibid., B32, 447 (1936).
(18) D. M. Smythe and M. Cutler, J. Electrochem. Soc., 106, 107 

(1959).
(19) G. W. Luckey and W. West, J. Chem. Phys., 24, 879 (1956).
(20) L. M. Shamovskii, A. A. Dunina, and M. I. Gosteva, Dokl. 

Akad. Nauk SSSR, 106, 830 (1956); Soviet Phys. Doklady, 1, 124 
(1956); J. Exptl. Theoret. Phys. (USSR), 30, 640 (1956); Soviet Phys. 
JETP, 3, 511 (1956).

(21) G. W. Luckey, Discussions Faraday Soc., 28, 113 (1959).
(22) J. R. Macdonald and J. E. Robinson, Phys. Rev., 95, 44 (1954).
(23) J. R. Macdonald, Rev. Sci. Instr., 25, 144 (1954).
(24) J. R. Macdonald, Inst. Radio Engrs. Trans., ATX-5, 65 (1957).
(25) N. A. Schuster, Rev. Sci. Instr., 22, 254 (1951).
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Fig. 1.— Ionic conductivity of silver bromide vs. tempera
ture; also showing results from Miller26,27 and Luckey and 
West. 19 20 21 22

Drift in the output due to irreversible changes in the 
crystal was the most serious difficulty in the experiment. 
The drift varied considerably between crystals. It was 
essentially independent of frequency and proportional to the 
applied electric field so no advantage could be gained by 
going to higher or lower frequencies or electric fields.

The crystal had painted graphite electrodes and was 
mounted between platinum foil. The flattened glass en
velope which enclosed the crystal was surrounded by a 
small oven or a cold pipe which gave temperatures between 
—100 and 200°. These fitted between the poles of an elec
tromagnet which gave a maximum magnetic field of 1 0 4 
oersteds.

The envelope was connected to a manifold for evacuating 
and admitting the halogen. The bromine pressure was 
determined by the temperature of the liquid bromine in one 
of the side tubes of the manifold.

Two crystals were used for most of these experiments. 
Crystal 17T3 was grown by the Bridgeman technique from 
specially purified material by Miller.26,27 According to 
Miller’s report, this crystal had 10  p.p.m. Fe and Cu. Crys
tal Z16 was from an ingot that was zone refined in vacuo by 
Burnham.28,29 According to spectrochemical analysis, this 
crystal had 0.25 p.p.m. Fe and 0.03 p.p.m. Cu.

Results
Ionic Conductivity.— Measurements of the ionic 

conductivity were made using a series resistor 
and an a.c. bridge method. The data are shown in

(26) A. S. Miller and R. J. Maurer, J. Phys. Chem. Solids, 4, 196 
(1958).

(27) A. S. Miller, Thesis, University of Illinois, Urbana, Illinois, 
1957.

(28) D. C. Burnham, Thesis, University of Illinois, Urbana, Illinois, 
1959.

(29) F. Moser, D. C. Burnham, and H. H. Tippins, J. Appl. Phys., 32, 48 (1961).
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Fig. 2.— Excess or Hole conductivity in silver bromide for a bromine pressure of 0 .2 2  atm., also showing results of 

Luckey and West. 19

Fig. 3.— Ionic, hole, and total current density and electric 
field when crystal is in a magnetic field.

Fig. 1 along with representative values for quite 
pure crystals from the data of Miller27 and Luckey 
and West.19

Hole Conductivity.—The excess conductivity 
upon the admission of bromine or chlorine was 
found to be independent of electric field from 0.1 to 
100 v./cm . and of frequency from 50 to 5000 c.p.s. 
The excess conductivity was proportional to the 
square root of the halogen pressure in all cases.

The temperature dependence of the excess con
ductivity for the two crystals for a bromine pressure 
of 0.22 atm. is shown in Fig. 2. The excess con
ductivity is independent of crystal purity at the 
higher temperatures; however, at the lower tem
peratures the excess conductivity is greater in the 
purer Z16 than it is in 17T3.

It was observed on both crystals that the increase 
in conductivity upon the first exposure to bromine

at room temperature was significantly larger than 
on any subsequent exposure to bromine. This 
suggests that some permanent change was pro
duced in the crystal by bromination.

The time constants for the conductivity increase 
were of the order of 1 hr. at room temperature and 
only somewhat faster at higher temperatures. 
These are much longer than the time constants re
ported by Luckey.19.21 The slow 1 time constants 
probably are due to the reaction being limited by a 
layer of water and/or grease adsorbed on the sur
face of the crystal. In this experiment it was not 
possible to bake the crystal under vacuum as Luckey 
did. However, as seen in Fig. 2, the equilibrium 
excess conductivity in the intrinsic (high tempera
ture range) agrees with the measurements of 
Luckey.19 Thus this adsorbed layer does not 
affect the equilibrium properties.

Hall Measurements.— It was not possible to 
detect a Hall effect for pure ionic conductivity 
(no halogen). Taking into consideration the noise 
generated in the crystal, the Hall mobility of the 
ionic carriers was less than 10 ~2 cm.2/v . sec.

With halogen atmospheres, the Hall measure
ments always gave results indicating the motion of 
positive current carriers. The measured Hall 
angles were independent of applied electric field 
from 0.1 to 100 v./cm. and of frequency from 50 to 
2000 c.p.s. and were proportional to the magnetic 
field up to the maximum magnetic field of 10,000 
gauss. Most of the measurements were made at 
500 c.p.s., 1.0 v./cm., and the maximum magnetic 
field.

The presence of both ionic and electronic con
ductivity leads to an interesting dependence of the 
observed Hall angle upon the relative contributions 
of each carrier to the total conductivity. The 
effect is identical with the case of simultaneous elec
tron and hole conduction in a semiconductor30 ex
cept in this case the mobility of the ionic defects is 
negligible compared with the mobility of the holes.

In Fig. 3 E  is the electric field, J\ is the ionic cur
rent density, Jp is the hole current density, and J  is 
the resultant total current density. 80 is the ob
served Hall angle and 8P is the Hall angle for holes. 
The Hall angle for the ionic current will be essen
tially zero. Then for small angles

6J =  0pJp

dp — =  tip H/c

where cr0 is the conductivity before bromination 
and Ac is the change in conductivity produced by 
bromination. The effect of this correction for sev
eral typical temperatures is shown in Table I.

Corrections also were made for the shorting 
effects of the current and Hall electrodes using the 
analysis of Wick31 and others32.33 and the analog 
method of Broudy.34

(30) W. Shockley, “ Electrons and Holes in Semiconductors,”  D. 
Van Nostrand Co., Inc., Princeton, N. J., 1950, p. 217.

(31) R. F. Wick, J. Appl. Phy8., 24, 166 (1953).
»• (32) I. Isenberg, B. R. Russell, and R. F. Greene, Rev. Set. Instr., 19, 
685 (1948).

(33) J. Vogler, Phys. Rev., 79, 1023 (1950).
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Fig. 4.— Hall mobility of holes in silver bromide vs. tem
perature.

Fig. 5.— Concentration of holes in silver bromide vs. 
temperature for 0 .2 2  atm. bromine pressure, and concen
tration of vacancies in intrinsic silver bromide from data of 
Teltow36 and Miller. 27.28
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The Hall mobility of the holes as a function of 
temperature after these corrections have been made 
is shown in Fig. 4. Most of these data were taken 
on crystal Z16 because the noise and drift were less 
for this crystal. The probable error in the data on 
crystal Z16 ranged from ±  15% at room tempera
ture to ± 25%  at 150°.

The temperature range of these measurements 
was limited. The upper limit (about 160°) was set 
by the fact that the increase in conductivity upon 
bromination became so small that an immeasure- 
able Hall angle was produced. The increase in 
conductivity was limited because the maximum 
pressure of bromine that could be used was the 
vapor pressure at room temperature. It might be

(34) R. M. Broudy, J. Appi, Phys., 29, 853 (1958).

possible to extend the range of these measurements 
by heating the whole system or by using chlorine, 
which would permit higher pressures. The meas
urements at the higher temperatures also were 
difficult because of the greater noise and drift. 
The low temperature limit was set by the high 
resistance of the crystal.

The concentration of free holes as a function of 
temperature for crystal Z16 with a Br2 pressure of 
0.22 atm. is shown in Fig. 5. This curve was cal
culated from Ao- =  peixp assuming that the con
ductivity mobility equals the Hall mobility. Be
cause of the large scatter in the excess conductivity 
data, this curve should be regarded only as a rough 
indication of the hole concentration. The con
centration of silver ion vacancies in intrinsic 
AgBr from the data of Teltow35 and Miller27.28 
also is shown in Fig. 5. This shows that the con
centration of injected holes is much less than the 
concentration of vacancies, as was assumed earlier.

No attempt was made to detect trapped holes (V 
centers?) in these experiments. The presence or 
absence of holes trapped in shallow traps cannot be 
determined from experiments of this type. The 
recent data of Moser36 on the optical absorption at 
approximately 1 n induced by halogen in AgCl near 
the melting point may be an indication of trapped 
holes.

Discussion
The Hall mobility of the holes should be com-
(35) J. Teltow, Ann. Phyeik, 6, 63, 71 (1949).
(36) F. Moser, J. Appl. Phya., 33, 343 (1962).
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pared with the data for the mobility of electrons in 
the same temperature range. At room tempera
ture the Hall mobility of holes of 2.0 cm.2/v . sec. 
compares with the drift mobility of electrons of 70 
cm.2/v . sec. from the data of Yamanaka, et al.37 
The temperature dependence of the Hall mobility 
of the holes is approximately 7: ' 4, while in the same 
temperature range the electron mobility will fit a 
77-1-6 curve. Since these temperatures are well 
above the Debye temperature associated with the 
longitudinal optical modes (approximately 200 °K. 
for AgBr), one would not necessarily expect the 
mobility to be proportional to e~ e"/T as predicted 
by Low and Pines38 for lower temperatures. How-

(37) C. Yamanaka, N. Itoh, and T. Suita, see ref. 15, p. 175.
(38) F. Low and D. Pines, Phys. Rev., 98, 414 (1955).

ever, the very steep temperature dependence of the 
hole mobility is very strange, as one would expect 
the hole to interact with the lattice in much the 
same way as the electron. A temperature depend
ent effective mass would help to explain the steep 
temperature dependence. Attempts presently are 
being made to measure carefully the thermoelectric 
power of these holes in order to gain more informa
tion about the band structure.
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The motion of ions in AgCl and AgBr has been studied by measurements of ionic conductivity and diffusion. The re
lationship between these phenomena is represented by the Einstein relation, and deviations from this relation can be inter
preted in terms of correlation and displacement effects for diffusion. The presence of Frenkel defects is confirmed, and 
the occurrence of two kinds of interstitialcy jumps for interstitial silver ions is demonstrated. It is further estimated that 
the concentration of Schottky defects in AgBr cannot exceed 0.1% even at the melting point. The influence of the crystal 
structure and the nature of the ions on the defect structure is mentioned, and the significance of the results for the photo
graphic process is discussed briefly.

I. Introduction
The silver halides are characterized by the 

presence of Frenkel defects: silver ion vacancies 
and interstitial silver ions. This feature of the 
defect structure has been recognized ever since the 
pioneer work of Koch and Wagner.1 Subsequent 
measurements of ionic conductivity on samples 
doped with divalent ions have allowed the separate 
evaluation of the concentration of Frenkel defects 
and of the mobilities of vacancies and inter
stitials.2-4 The results described in this paper for 
AgCl and AgBr lend further confirmation to the 
existence of Frenkel defects and provide a more 
detailed description of the ionic jumps involved in 
the interstitial transport process.

The experiments have for the most part been 
carried out in the intrinsic defect region, that is, 
for pure crystals in the temperature range of 
several hundred degrees below the melting point. 
In this region the defect concentrations are de
termined by thermodynamic equilibrium, and the 
concentrations of vacancies and interstitials must 
be equal to maintain electric neutrality. At lower 
temperatures, below 100 to 200°, the defect con
centrations usually will be determined by the 
presence of impurities, but the jump mechanisms 
for the defects that are present should be the same 
as at higher temperatures unless the defects are 
associated with impurities.

(1) E. Koch and C. Wagner, Z. physik. Chem., B38, 295 (1937).
(2) J. Teltow, Ann. Physik, 5, 63, 71 (1949).
(3) S. W. Kurnick, J. Chem. Phys., 20, 218 (1952).
(4) I. Ebert and J. Teltow, Ann. Physik, 15, 268 (1955).

II. Conductivity and Diffusion
The presence of ionic defects is revealed most 

directly by measurements of ionic conductivity 
and of diffusion of radioactive tracers. Both of 
these phenomena occur by means of motion of de
fects through the crystalline lattice: diffusion rep
resents a mixing of atoms by virtue of the random, 
thermally induced jumping of defects, whereas 
conductivity results from a slight drift velocity 
superimposed on the random motion by an ap
plied electric field. The close relationship between 
the two phenomena is expressed quantitatively by 
the microscopic Einstein relation.6

d/n =  kT/q (1)

Here d is the microscopic diffusion coefficient, 
¡1 the mobility, and q the charge of the defect being 
considered.

In order to obtain a relationship between directly 
measurable quantities, it is necessary to introduce 
appropriate macroscopic quantities, namely, the 
conductivity, <r, and the macroscopic diffusion 
coefficient, D

a =  qny., D =  (n/N)d (2)

where n is the concentration of defects and N  is 
the concentration of atoms of one kind. By 
combining eq. 1 and 2 the normal form of the macro
scopic Einstein relation is obtained.

(5) N. F. Mott and R. W. Gurney, “Electronic Processes in Ionic
Crystals,” 2nd Ed., Clarendon Press, Oxford, 1948, p. 63.
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D„ A  = kT/Nq* (3)

Since there usually are deviations from this relation
ship, for reasons described in section III, it is con
venient to represent the experimental results in 
dimensionless form by introducing an experimental 
correlation factor

/exp =  -Dexp /  Da (4)
where DexP is the measured diffusion coefficient 
and D c is calculated from the conductivity by eq. 3.

III. Correlation and Displacement 
Effects

Deviations from the macroscopic Einstein re
lationship usually are traceable to a modification 
of the expression for the macroscopic diffusion 
coefficient in eq. 2. The existence of correlation 
effects for vacancy diffusion was first recognized 
by Bardeen and Herring.6 They pointed out that 
whereas a vacancy moves through the lattice in a 
genuine random walk sequence, the motion of a 
tracer atom has correlations between the directions 
of successive jumps. Suppose, for instance, that a 
vacancy has just caused a tracer atom to jump to 
the right; since the vacancy is now to the left of 
the tracer atom, a return jump is more likely than 
any other. Hence the diffusion coefficient meas
ured by means of tracer atoms is somewhat less 
than would be expected from the conductivity.7

The various possible jump mechanisms for an 
interstitial ion in a silver halide are shown in Fig. 1. 
For the direct jump there is no correlation effect 
at all. For the remaining interstitialcy jumps, 
in which the interstitial ion knocks a neighboring 
silver ion out of a lattice site and then occupies the 
vacated site,2»8 there are displacement as well as 
correlation effects. For the collinear interstitialcy 
jump, for instance, the displacement of charge is 
twice as large as the displacement of either of the 
ions involved in the jump, and hence the relation
ship between conductivity and diffusion is affected. 
The experimental results indicate that both v, 
and r2 jumps occur ( vs and Vi jumps presumably 
have too large an activation energy), and these 
will be designated simply as collinear (v\) and non- 
collinear (y2) in the following discussion. The 
actual path of an interstitial defect consists of a 
random mixture of the two kinds of jumps, with a 
frequency ratio depending on the temperature, 
and the correlation and displacement factors depend 
on this ratio. Values of correlation, displacement, 
and over-all combined correlation factors are given 
in Table I.

The theoretical evaluation of displacement factors 
is rather simple. The calculation of correlation 
factors is more complicated, but it can be reduced 
to a problem in diffusion of probability, and values 
have been obtained for all of the processes of in-

(6) J. Bardeen and C. Herring, in “ Imperfections in Nearly Perfect 
Crystals,”  W. Shockley, Ed., John Wiley & Sons, Ine., New York, 
N. Y., 1952, p. 261.

(7) A more complete description, and a mathematical formulation, 
of correlation and displacement effects is given, for instance, in R. J. 
Friauf, J. Appl. Phys., 33, 492 (1962).

(8) F. Seitz, Acta Cryst., 3, 355 (1950).
(9) K. Compaan and Y. Haven, Trans. Faraday Soc.r 52, 786 

(1956); 64, 1498 (1958).

T a b ^e  I

T h e o r e t i c a l  C o r r e l a t io n  a n d  D is p l a c e m e n t  F a c t o r s  
f o r  D if f u s io n  in  t h e  S il v e r  H a l i d e s  (NaCl T y p e  

S t r u c t u r e ) “

Mechanism
Vacancy
Direct interstitial (yc) 
Collinear interstitialcy (in) 
Non-collinear interstitialcy

Corre Displace
Over-all
corre

lation ment lation
factor factor factor

0 .7 814 6 1 0 .7 8 1 4 6
1 1 1
V. Va 0 .3 3 3 3

3A 3 2 /3 3 0 .7 2 7 3(n)
Mixed interstitialcy {v, =  v.) 3A 0.8782 0.5269

“ Values are taken from ref. 9.

terest in the silver halides. The important feature 
for our present purposes is that these values are 
determined by the geometry of the structure and of 
the mechanism for defect motion. Hence by com
paring experimentally determined correlation fac
tors from eq. 4 to a table of theoretical values such 
as Table I, it is possible to identify the particular 
kind of defect motion in considerable detail.

IV. Interpretation of Experimental 
Results

The rather similar behavior of AgCl and AgBr is 
shown by the experimental results in Fig. 2 and 3. 
In each case the halogen diffusion is very small, 
indicating that any contribution by vacancy pair 
diffusion to the motion of silver ions is negligible;

(10) W. D. Compton, Phys. Rev., 103, 1209 (1956); W. D. Compton 
and R. J. Maurer, J. Phys. Chem. Solids, 1, 191 (1956).

(11) R. J. Friauf, Phys. Rev., 105, 843 (1957).
(12) A. S. Miller and R. J. Maurer, J. Phys. Chem. Solids, 4, 196 

(1958).
(13) D. Tannhäuser, ibid., 5, 224 (1958).
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of eq. 3.

this result is in agreement with transport experi
ments, which also show that the conductivity is 
due entirely to the motion of silver ions.3'14 Fur
thermore, both transport experiments and direct 
observations15,16 indicate that the electronic con
ductivity (in the dark) is several orders of magni
tude smaller than the observed conductivity. De
viations from the normal Einstein relation caused 
by correlation and displacement effects are shown 
by the fact that Dak is noticeably smaller than
D,.

The results for AgBr have been analyzed to 
determine the relative contributions of the two 
types of interstitialcy processes.11 At each tem
perature the contribution of silver ion vacancies is 
subtracted by using the known transport numbers, 
and the ratio of jump frequencies (vi/v2) then is 
determined so as to make the theoretical interstitial 
correlation factor agree with the experimental 
value. Finally, the temperature dependence of the 
frequency ratio gives the activation energies in 
Table II.

(14) C. Tubandt and H. Reinhold, Z. Elektrochem., 29, 313 (1923); 
31, 84 (1925).

(15) J. Teltow, Z. physik. Chem., 195, 213 (1950).
(16) K. V. Kiukkola and C. Wagner, J. Electrochem. Soc., 104, 304, 

397 (1957); B. Ilschner, J. Chem. P h y s 28, 1109 (1958).

Fig. 3.— Diffusion coefficients for AgBr. Ionic conductiv
ity and silver diffusion O are from ref. 11, silver diffusion A 
from ref. 12, and bromine diffusion from ref. 13.

Results for the diffusion of silver in AgBr at 
pressures up to 8000 atm. recently have been 
reported.17 The initial effect of pressure is to de
crease the interstitial correlation factor /¡. This 
trend appears reasonable, for increasing pressure 
should tend to favor the collinear interstitialcy proc
ess, with its smaller free volume of activation, over 
the non-collinear process. At higher pressures, 
however, there is an upward trend of /¡, and in one 
case fi >  1. The reason for these results is not 
clear; it may be that systematic experimental 
errors exist because of the sample preparation, un
certainties in temperature measurements, or lack 
of genuine hydrostatic pressure.

V. Discussion
The analysis of the results for AgBr definitely 

shows the presence of both collinear and non-col
linear interstitialcy processes. Even though it is 
not feasible to carry through a detailed analysis for 
AgCl, the results are qualitatively very similar, and 
in particular it appears clear that the two kinds of 
interstitialcy processes must also be present in 
this substance. The comparison of the experi
mental and theoretical activation energies in Table 
II shows several interesting features, in particular 
the very low activation energy for collinear inter
stitialcy jumps. Also the large predicted energy

(17) A. N. Murin, B. G. Lur’e, and N. A. Lebedev, Soviet Phys. 
Solid State, 2, 2324 (1961).
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T a b l e  I I

A c tiv a tio n  E n e r g ie s  fo r  D e fe c ts  in  t h e  S il v e r  H a lid e s

*----- -—-Activation energies, e.v.--------- -
AgCl AgCl AgBr

Process (exptl.) (theory) (exptl.)
Formation of Frenkel de

fects 1.696 1.76' 1.27*
Vacancy jump 
Interstitialcy jump (aver

0 .336 < 1 .2 ' 0.36'

age)“ 0.156 0.15»

Collinear interstitialcy 
jump (j'i)

Non-collinear interstitialcy
- 0 . 1  to 0.4d 0.078'

jump (c2)
Direct interstitial jump

< 0 .8 J 0.23 '

M > 3 .0 ''
° These values are obtained from electrical conductivity- 

measurements, in which it is impossible to distinguish dif
ferent kinds of interstitialcy processes. b From ref. 4. 
'F rom  ref. 18. d From ref. 18 and 19. 6 From ref. 2.
'  From ref. 11.

for the direct interstitial jumps is in good accord 
with the absence of these jumps in the experi
mental analysis.

The possibility of a negative activation energy 
for the collinear interstitialcy jump merely indi
cates that an interstitial ion at the center of a small 
cube of the structure may not be in a stable position. 
The alternative arrangement may be called a 
dumbbell configuration: two silver ions share
equally in the space around one lattice point.19 
The dumbbell would diffuse through the crystal 
by oozing from one lattice site to another. If the 
orientation of the dumbbell does not change in 
this process, the over-all correlation factor is the 
same as for the collinear interstitialcy process; 
if the dumbbell rotates while oozing, the result is 
the same as for the non-collinear interstitialcy.20 
Hence even the analysis of the correlation effects 
cannot distinguish between these possibilities. In 
either case there is a remarkable similarity to the 
crowdion suggested a few years ago.21

Studies of diffusion in other ionic crystals demon
strate the profound influence of the crystal structure 
and the nature of the ions on the defect structure. 
In all of the alkali halides with the NaCl type struc
ture, Schottky defects—equal numbers of cation 
and anion vacancies— are present, with cations 
considerably more mobile than anions. The rather 
different behavior of the silver halides, even though 
they have the same crystal structure, usually is

(18) J. E. Hove, Thesis, Cornell Univ., 1953.
(19) J. E. Hove, Phys. Rev., 102, 915 (1956).
(20) A. B. Lidiard, Nuovo Cimento, 7, Suppl. No. 2, 620 (1958).
(21) H. R. Paneth, Phys. Rev., 80, 708 (1950).

ascribed to the large polarizability of the silver 
ion with its newly filled d electron shell. For 
T1C1,7’22 CsBr,23 and Csl.23 however, all of which 
have the CsCl structure, it appears that Schottky 
defects predominate with the anion more mobile 
in all cases. Thus even the larger polarizability 
and smaller ionic radius of T1+ compared to Cs+ 
do not seem to be sufficient to cause a change in the 
type of defects present in this structure.

One interesting feature of the results for AgBr is 
the indication that no large concentration of 
Schottky defects occurs at high temperatures, as 
has sometimes been suggested.3’24 If the concen
tration of Schottky defects were to become com
parable to the concentration of Frenkel defects, the 
additional silver ion vacancies contributed by the 
Schottky defects would suppress the concentration 
of interstitial ions by a common ion effect, and with 
a greater fraction of the diffusion being caused by 
vacancies, the experimental correlation factor 
should become larger. Instead there is a decrease, 
for which only a very tentative explanation in
volving a general loosening of the lattice as a 
prelude to melting has been offered.11 The un
expected downward trend near the melting point 
obscures the interpretation of the absence of 
Schottky defects to some extent, but it appears 
that an upper limit of about one tenth of the 
Frenkel defect concentration is reasonable. This 
would still allow a concentration of Schottky de
fects of about 0.1%  at the melting point; such a 
value is apparently sufficient to account for con
ductivity26 and dislocation climb26 effects attrib
uted to frozen-in Schottky defects in quenched 
samples.

It is evident that the ionic defects in the silver 
halides play an important role in the photographic 
process. In order for a latent image to be formed, 
it is necessary for a certain number of silver ions to 
come together at a single spot. The mass transport 
required for this coagulation is made possible by 
the large mobility of interstitial silver ions at room 
temperature, which in turn is due to the very low 
activation energy for the collinear interstitialcy 
process. This feature, coupled with the fact that 
metallic silver forms a stable final image, is un
doubtedly one of the primary reasons for the pre
eminent position of the silver halides among photo
graphic materials.

(22) R. J. Friauf, J. Phys. Chem. Solids, 18, 203 (1961).
(23) D. W. Lynch, Phys. Rev., 118, 468 (1960).
(24) O. Stasiw, Z. Physik, 127, 522 (1950).
(25) H. Layer, M. G. Miller, and L. Slifkin, J. Appl. Phys., 33, 

478 (1962). See also H. Layer and L. Slifkin, J. Phys. Chem., 66, 
2396 (1962).

(26) J. W. Mitchell, J. Appl. Phys., 33, 406 (1962).
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The effective dark conductance of the silver bromide grains of a photographic emulsion is higher by about two powers of 
ten than that of bulk silver bromide. The value increases with the surface-to-volume ratio of the grains and is markedly- 
reduced by silver ion complexing agents adsorbed to the grain surface. These observations indicate that the surface is 
important in determining the dark electrical conductance of these grains. Reduction of the conductance by silver-complex- 
ing agents is accompanied by an increase in the high-intensity reciprocity law failure of the emulsion, showing that these 
mobile silver ions are also those involved in the ionic step during the growth of latent-image centers. A striking increase in 
electron lifetime caused by silver-complexing agents shows that these same mobile silver ions are instrumental in the initial 
trapping of photoelectrons in these grains.

The Principles of the Experiments
The absorption of a flash of light by the silver 

halide grains of a photographic emulsion causes the 
liberation within those grains of free electrons and 
holes. If, at the time of the flash, a strong electric 
field exists -within the grains, the subsequent mo
tion of the electrons and holes is influenced by the 
electrostatic force acting upon them. The elec
trons drift toward the positive electrode, become 
trapped preferentially on the sides of the grains 
nearest that electrode, and combine with silver 
ions to form aggregates of silver atoms. These 
act as developable latent-image centers, and are 
distributed with a preference for the positive sides 
of the grains.

The techniques for making such flash exposures 
on emulsions in high electric fields, and the tech
niques for determining the latent-image distribu
tions thereafter, already have been described in 
detail.1-3

The timing of the light flash with respect to the 
charging of the condenser is a critical factor for the 
displacement of the electrons. Each of these 
produces a rather short transient condition within 
the grain, and these two conditions are simultane
ously necessary for the observed results. On the 
one hand, the grains are ionic dark conductors, and 
the electric field within the grains decays as conduc
tion takes place; and on the other hand, the con
centration of free photoelectrons decays to a negli
gible fraction within a short time, as they become 
localized at trapping sites.

It has been shown previously3 how controlled 
delays between the light and the electric field may 
be used to study the duration and form of either 
decay. If the condenser is charged before the light 
flash, then the technique of varying the delay in
terval can be used to determine the decay time of 
the field owing to ionic conduction; and if the light- 
flash precedes the application of the field, then the 
dependence of latent-image displacement upon the 
delay interval reveals the length of time that the 
electrons remain free before final trapping.

In all experiments reported up to this time, the 
flash intensity was kept low, and each grain ab
sorbed less than 10 quanta per flash. To obtain 
sufficient total exposures, the light was flashed 
repetitively as many as 1000 times, the condenser

(1) J. II. Webb, J. Appl. Phys., 26, 1309 (1955).
(2) J. F. Hamilton, F. A. Hamm, and L. E. Brady, ibid., 27, 874 

(1956).
(3) J. F. Hamilton and L. E. Brady, ibid., 30, 1893, 1902 (1959).

being discharged between successive flashes and 
recharged at the specified time. In the present 
experiments, some exposures were made using only 
a single, high-intensity flash. The illuminating 
element from a high-pressure, mercury vapor lamp 
(General Electric H-2) was found to produce 
flashes of such high intensity that even unsensitized 
emulsions could be adequately exposed. The 
duration of the flash from this lamp, however, is 
slightly over 0.5 Msec., so that quantitative measure
ments of field-decay times or electron lifetimes in 
this range have not yet been possible with single
flash exposures. In this range of times, only ap
proximate upper limits can be set.

The use of multiple flashes with low intensity 
offers the advantage of assuring that the concen
trations of photoelectronic carriers are always well 
below that at which any appreciable space charge 
could build up and limit their displacement. It has 
one feature which may constitute a disadvantage, 
at least in measuring dark ionic properties of the 
grains.

Consider the detailed sequence of one of the 
multiple exposures. First a field is applied. The 
ionic charges begin to move, causing a gradual 
decrease in the field strength. Then the light 
flash strikes the grain, freeing the photoelectrons 
and holes. These are displaced, to an extent which 
depends upon the residual field strength, and 
eventually are trapped. There follows an inter
val of a millisecond, during which time various 
events occur, or begin to occur, to re-establish a 
stable equilibrium. Silver ions presumably com
bine with the trapped electrons. Trapped holes 
probably also are neutralized, either by existing 
silver ion vacancies or by the liberation of new 
interstitial silver ions. Bromine may be liberated, 
single silver atoms may decompose thermally, 
the Frenkel equilibrium at least begins to be re
established, and so on. Now the field again is 
applied, and again decays. But the conductivity 
of the grains may be different, during the second 
decay, because of the photochemical changes which 
have occurred as a result of the first flash of ex
posure. As the exposure continues, these changes 
become progressively more significant, and by the 
last flash it is possible that the field decay may be 
entirely different from that in the unexposed grain.

In experiments of this kind, the over-all fraction 
of the electrons displaced is some sort of weighted 
average of the fractions displaced during each 
flash, and a measurement of field decay gives also
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some average of the individual decays. The con
ductance, as determined from such a measurement, 
is characteristic of a grain, not in its unexposed 
state, but rather at some intermediate stage of 
exposure.

If an exposure is made, on the other hand, by a 
single, high-intensity flash, after a field pulse, then 
the field decay occurs only once, entirely before any 
exposure, and the conductance measured in this 
way is that of the unexposed grains.

In measuring electron lifetimes, in which case the 
light flash precedes the application of the field, 
the distinction between multiple- and single-flash 
exposures is of a different nature. First of all, 
there is a large intensity difference, which might 
in itself be responsible for a difference in the kinetics 
of electron-trapping. When the exposure is made 
with many low-intensity flashes, there are never 
more than a few electrons free at a time. If a 
grain contains a few electron traps with very large 
cross-section, these may be sufficient to effect the 
trapping of a small number of electrons. A high- 
intensity flash, however, frees a much larger num
ber of electrons in a grain, perhaps much larger than 
the number of traps with large cross section. In 
this case only a few of the electrons can be trapped 
at those centers, and the additional ones must 
remain free until they are captured by less effective 
traps. Thus, a dependence of electron lifetime on 
intensity may result.

In addition, as the trapping continues, some of the 
filled traps may be reset, forming silver atoms or 
aggregates of silver atoms. These reset traps may 
wTell be more effective than those originally present 
in the grains. If this is the case, then the prob
ability of trapping will increase as silver forms.

The consequences of a change in trapping prob
ability are most easily visualized by examining a 
simplified extreme case. Suppose that a single, 
abrupt increase in trapping probability occurs when 
half of the photoproduct has been found. Figure 
la represents the effect of this change on a measure
ment made by applying a number u of low-in- 
tensity flashes. In each of these flashes, an aver
age number n0/u of electrons is freed in a grain. 
For the first half of the flashes, these are trapped 
with low probability, and the value of n, the 
number still free, decreases gradually, with a time 
constant re 1. In the last half of the flashes, the 
trapping probability increases drastically, and n 
decays much more quickly, with re2 <  r«i. In 
the measurement, each of these individual decays 
contributes in such a way that the value determined 
for t6 is neither re 1 nor re2, but is intermediate 
between the two. In Appendix I, the significance 
of such a measurement is considered in more detail.

Figure lb  represents schematically the situation 
encountered in a single-flash exposure. In this 
case, the entire number n0 of electrons is freed by 
the single light flash at time zero. The first half 
of these are trapped with the initial low probability 
and n decays to a value of n0/2 with the time con
stant Tei. As these traps are reset, the trapping- 
probability increases, a break occurs in the curve, 
and it drops sharply, with the time constant
Tel-

(a) Multiple Flashes
individual flashes

Log n n° s
1=2K K 1\

Time

(b) Single Flash

Fig. 1.—Schematic diagram illustrating the effect of an 
exposure-induced change in trapping probability on the re
sults of (a) a multiple-flash and (b) a single-flash measure
ment of electron lifetimes.

If a change in trapping probability should occur, 
it would not, of course, appear as a single abrupt 
decrease, but rather as a gradual transition. The 
general effect is that shown in this simplified ex
ample, viz., a multiple-flash measurement results 
in a lifetime value somewhere intermediate be
tween the initial and final ones, whereas a single
flash measurement produces a curve which is 
concave downward, with its slope at any point 
being characteristic of the trapping probability 
at that stage of photoproduct formation.

Thus, for short delay times, single-flash measure
ments of electron lifetimes reflect the probability 
of trapping of an electron at a virgin site while 
multiple-flash measurements are more characteristic 
of the subsequent trapping of electrons at the same 
site; single-flash measurements are related to the 
initiation or nucleation of latent-image centers; 
multiple-flash, to their growth.

Results and Discussion
A. Ionic Conduction.— In experiments reported 

earlier,3 it was found that, in the unsensitized, 
large, silver bromide grains of an emulsion of the 
type described by Trivelli and Smith,4 the charac
teristic decay time of a field was just under a micro
second at room temperature. The electric field 
decay, as measured in this way, may be thought of as 
analogous to the decay of potential across a leaky 
condenser, and as such may be shown to be related 
to the electrical conductance a of the grain by the 
approximate relation

(4) A. P. H. Trivelli and W. F. Smith, Phot. J., 79, 330 (1939).
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n  =  RC t* (1)èira-
where n is the decay time, R and C are the effective 
resistance and capacitance of the grain, and e 
is its dielectric constant. By this relation, a 
measured field decay time may be converted to an 
effective value of electrical conductance and com
pared with values measured on bulk silver halide 
samples.

Fig. 2.— Electron field-decay curves for AgBr emulsion 
measured by multiple-flash ( o )  and single-flash (A) tech
niques.

Fig. 3.-—Electric field-decay curves for AgBr emulsions 
with different grain sizes: (O ) larger grain, (□ ) smaller
grains.

The field decay observed for these grains indicated 
that their effective ionic conductance was almost 
two powers of ten greater than intrinsic con
ductance in bulk silver halide. The determina
tion was made using multiple-flash exposures, and 
was subject to the possible influence of an exposure- 
induced change in dark conductance. The decay 
unfortunately is too short to be measured precisely 
by single-flash techniques, but a semiquantitative 
confirmation of the rapid field decay has been made 
in this way. In Fig. 2 are shown the single-flash 
decay (triangles) and the multiple-flash decay 
(circles) of the field in the grains of the same 
emulsion used previously. Because of the long 
duration of the light flash, possibly combined with 
a space-charge effect, the maximum fraction of the 
image displaced by a single flash in this emulsion 
is only about one-half, and the precision of this 
curve is not high. Taken at face value, these

curves seem to indicate an increase in conduction 
with exposure, of perhaps 50%. This difference 
may well be within the limit of experimental error, 
and no significance can justifiably be attached to 
it at this time. The important feature of these 
curves is that there is no very large effect of ex
posure on field-decay time. Thus, the higher- 
than-intrinsic conductivity found previously is 
shown to be a property of the grains of this emulsion 
prior to exposure.

When this high dark conductivity was first 
observed, it was presumed to result from mobile 
ionic carriers associated in some unknown way with 
the grain surface. Evidence tending to confirm 
this idea is provided by the dependence of the 
field decay on the ratio of surface-to-volume of the 
grains of the emulsion. Figure 3 shows a com
parison of the multiple-flash, field-decay curves of 
two primitive silver bromide emulsions alike in 
every respect except grain size. The larger-grained 
of these emulsions is the same as that represented by 
Fig. 2, and the grains of the other emulsion have a 
mean linear dimension (the cube root of the mean 
volume, as determined from shadowed electron 
micrographs) smaller by a factor of about four. 
The decay time indicated for the smaller-grained 
emulsion is about 0.2 nsec., less by a factor of 4.5 
than that of the larger-grained emulsion. This 
ratio is remarkably close to that of the linear dimen
sions of the grains.

A decay of 0.2 /¿sec. is about the lower limit of 
the measuring technique, however, and the agree
ment cannot be taken as quantitative. In a 
qualitative way, the conductivity is shown to 
increase with the surface area, and the suggested 
importance of the surface is supported.

Further and still stronger evidence for the im
portance of the surface is provided by the fact that 
many substances added to the emulsion after pre
cipitation and before coating (or after coating, by 
bathing treatments) very markedly influence the 
field decay. Figure 4 shows, on a very much com
pressed scale, the same data shown in Fig. 2 and 3 
for the large-grained emulsion, compared with the 
results of single-flash, field-decay measurements on 
a similar emulsion, to which had been added, prior 
to coating, 0.1 g. of phenylmercaptotetrazole (PMT) 
per mole of silver bromide. This compound 
is tightly adsorbed to the surface of the silver 
bromide. Its addition to the emulsion may be 
seen to have increased the field-decay time in the 
grains by a factor of almost 50. These results show 
clearly that conditions at the grain surface exert a 
controlling influence on the dark conductivity of 
the grain.

They provide, in addition, another vital piece 
of information. It is know that PMT, for example, 
has a very strong, affinity for silver ions, forming 
with them a highly insoluble complex. It is 
adsorbed at the silver bromide surface by means of 
the complex bond with surface silver ions. Hence, 
its effect on dark conductivity establishes the fact 
that the principal ionic current carrier is a silver ion, 
not a surface bromide ion nor a silver ion vacancy 
in the lattice.

A variety of surface-controlled electrical effects
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are to be expected at interfaces such as that between 
a photographic grain and the gelatin binder. Ex
cess conduction can result either from ions moving 
along the physical interface, or from interstitial 
ions and/or vacancies introduced at the surface, 
but moving through the crystal lattice. Al
though a distinction between these two types of 
effect is not essential to the main conclusions of 
this investigation, it is nevertheless a question of 
great interest and importance. Some attempts to 
clarify the mechanism of the enhanced conduction 
have been made, but so far they have been incon
clusive. A further discussion of the apparent al
ternatives is given in Appendix II. For simplifica
tion in describing the remainder of the present in
vestigation, it will be assumed that the conduction is 
a volume process, and that the mobile silver ions 
which have been shown to be the predominant cur
rent carriers are interstitial silver ions. Their 
concentration is determined by an equilibrium 
with the silver ions at the grain surface and, in
directly, with the excess silver ions in the gelatin. 
This equilibrium causes the concentration of in
terstitial silver ions to depend upon the surface-to- 
volume ratio. An agent such as PMT forms an 
undissociated complex with some of the surface 
ions, removing them from the reversible exchange 
with the interstitials. Thus, the equilibrium is 
upset, and the concentration of interstitials is 
reduced.

B. Reciprocity-Law Failure.—In the latent- 
image process, trapped electrons are believed to 
combine6 with mobile silver ions, presumably , the 
same mobile silver ions which are responsible for 
electrical conduction in the grains. Using some
what different electrical techniques, Klein and 
Matejec6 have been successful in demonstrating 
this identity experimentally. Thus, electrical 
measurements of this type are related directly to one 
step in the process of latent-image formation.

High-intensity, reciprocity-law failure is under
stood to result from the finite time for this ionic 
step. A silver ion must be added to a center be
tween the trapping of two electrons at that site 
in order to neutralize the electrostatic repulsion 
between the two. If ionic conduction is„high, this 
neutralization step occurs rapidly, and two electrons 
liberated within a short time of one another can be 
used efficiently at the same site. A correlation is to 
be expected, therefore, between high ionic conduc
tion (and rapid electric field decay) and the reduc
tion of high-intensity failure.

Evidence for such a correlation was given by 
Kartuzhanskii,7 who compared the two properties 
in silver chloride, silver chlorobromide, and silver 
bromide materials, by Fujisawa and Mizuki,8 
who studied changes produced by cadmium and lead

(5) Throughout the discussions to follow, the ionic step which 
occurs between the arrival of each electron during the growth of a 
latent-image center is referred to as “ ionic neutralization.”  The 
term neutralization is intended in a general sense to refer to the pre
vention of build-up of a large excess charge, over a number of elec
tronic steps, and does not necessarily require the establishment of ex
act electrical neutrality at any particular stage in the process.

(6) E. Klein and R. Matejec, Naturwisa., 46, 1 (1959); Z. Elek- 
trochem., 63, 883 (1959); R. Matejec, “ International Kolloquium fiber 
Wiss. Phot.,”  Zurich, 1961, Paper No. IA9, in press.

(7) A. L. Kartuzhanskii, Zh. Eksper. Teoret. Fiz., 26, 763 (1954).

Time (/¿sec).

Fig. 4.—Electric field-decay curves for large-grained AgBr emulsions without (O) and with (A) the inclusion of 0.1 g. of phenylmercaptotetrazole per mole of AgBr.

Fig. 5.—Reciprocity-law-failure curves for AgBr emulsions with no additions ( O), with phenylmercaptotetrazole (A), and with hydroxymethyltetraazaindine (□ ).
salts on the response of photographic emulsions, 
and by Wakabayashi and Kobayashi,9 whose in
vestigations dealt with minute quantities of lead 
salts.

In Fig. 5 is shown the effect of the change in dark 
conductance introduced by silver ion complexing 
agents on the high-intensity sensitivity of an emul
sion. These data were taken from a medium
grained, silver bromide, Trivelli-Smith emulsion, 
optimally sulfur-sensitized. The circular points 
represent the response of the emulsion with no 
additions. The curves are quite flat, showing that 
the law of reciprocity is followed quite closely 
throughout this range of exposure times, down to 
10-4 sec.10 The triangles and squares are data 
taken from the same emulsion coated with additions

(8) S. Fujisawa and E. Mizuki, Sci. Pitbl. Fuji Photo Film Co., Ltd., 
2, 35 (1954).

(9) Y. Wakabayashi and Y. Kobayashi, J. Soc. Sci. Phot. Japan, 20, 
102 (1957).

(10) Thus, this silver bromide emulsion differs in its high-intensity 
characteristics from those investigated by Berg (W. F. Berg, Proc. 
Roy. Soc. (London), A174, 559 (1940)) (which were probably silver 
bromoiodide emulsions). The high-intensity response and the ionic 
conductance therefore are mutually compatible with an ionic neu
tralization process involving electrostatic attraction, contrary to the 
supposition advanced earlier.» This possibility was anticipated by 
Kartuzhanskii (A. L. Kartuzhanskii, Uspekhi Fiz. Nauk, 73, 471 
(1961)).
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of phenylmercaptotetrazole and hydroxymethyl- 
tetraazaindine, respectively, both of which produce 
increases in field-decay times of between 50 and 
100.

In these emulsions with lower ionic conductance, 
the sensitivity is not independent of intensity over 
the same range. Latent-image formation is shown 
to be less efficient at high intensities, in agreement 
with the expected influence of ionic conductance. 
These curves show an increase in contrast resulting 
from the addition of these compounds, such that for 
high densities the additions are seen to have an over
all sensitizing effect. This sensitizing effect also 
may be explained as a direct result of the decrease 
in ionic conduction. However, the reasoning in
volved in this interpretation is rather complex, and, 
since the effect is somewhat incidental to the main 
observation, it will not be discussed further here. 
The important point in the present connection is 
that the introduction of these materials causes the 
sensitivity of the emulsion to be less for high-in- 
tensity exposure than for optimum intensity. This 
demonstrates once again the role of mobile silver 
ions in high-intensity, reciprocity-law failure, and 
the identity between these silver ions and the car
riers responsible for the dark ionic conductance. 
There appears to be an indication of a “ bend-over” 
in these curves at times of about 10 ~4 sec.; cer
tainly they do not bend over at times much longer 
than this. The ionic neutralization time appears 
then to be in the range of 100 /nsec., or less.

C. Electron-Trapping. 1. Single-Flash Meas
urements.— One of the outstanding uncertain
ties in the present state of understanding of the 
elementary photographic process is the nature of 
the centers at which the initial electrons are 
trapped. Gurney and Mott,11 in originally pro
posing their mechanism, assumed that there were 
no effective deep traps in an unsensitized grain, 
and that traps in the form of specks of silver sulfide 
were created during the sensitizing process. It 
is now known that latent-image centers can be 
formed, albeit with lower efficiency, in strictly 
primitive emulsion grains, in which it is certain 
that there are no silver sulfide specks.12 Electrons 
obviously can become localized at some type of 
primitive trap, whose exact nature is unknown. 
The investigations of Mitchell and co-workers13 
clearly reveal the importance of physical imperfec
tions in the trapping of electrons. Seitz14 pointed 
out the fact that the ionic configuration at a sur
face kink site or a jog in a dislocation line is such 
that for long-range considerations, a feature of this 
type in an ionic crystal may be taken to have a 
charge of one-half electronic unit, either positive or 
negative, depending upon whether a cation or an 
anion is located at the discontinuity. Positively-

(11) R. W. Gurney and N. P. Mott, Proc. Roy. Soc. (London), A164, 
151 (1938).

(12) W. G. Lowe, J. E. Jones, and H. E. Roberts, in “ Fundamen
tal Mechanisms of Photographic Sensitivity,” J. W. Mitchell, Ed., 
Butterworths Sci. Publications Ltd., London, 1951, p. 112.

(13) J. M. Hedges and J. W. Mitchell, Ph il. Mag., 44, 223, 357 
(1953); J. W. Mitchell, Z. Physik, 138, 381 (1954); D iscussions Fara
day Soc., 28, 242 (1959); J. T. Bartlett and J. W. Mitchell, Phil. 
Mag., 5, 445 (I960): 6, 271 (1901).

(14) F. Seitz, Phys. Rev., 80, 239 (1950); Rev. Mod. Phys., 23, 328 
(1951).

charged physical imperfections are very likely in
volved in trapping electrons, but Mitchell,15 in 
particular, has contended that the vacant electronic 
states provided by these physical imperfections have 
energy levels which are not far enough below the 
conduction band to hold electrons except for ex
tremely short times at room temperature. Various 
schemes have been proposed by which mobile silver 
ions can act in combination with shallow traps to 
increase their depth.

Measurements of electron lifetimes by the use of 
electric-field techniques provide direct evidence for 
the role of mobile silver ions in the initial trapping 
of electrons. The data shown in Fig. 6 give the 
relative displacement of the latent-image centers by 
a field as a function of the delay interval between 
the flash exposure and the application of the field. 
This fractional displacement is a measure of the 
fraction of electrons produced by the flash which 
are still free at the time the field is applied. The 
two curves shown here are those for the same 
emulsion with and without the addition of PMT 
as a silver-complexing agent, measured by single
flash exposures. Without this addition, the elec
trons have a mean lifetime of about 3 /¿sec.

The curve for the emulsion containing PM T 
shows several important features, but the most 
obvious effect is a very large increase in the mean 
lifetime of the electrons, to about 100 /nsec. This 
compound, which was found to decrease the con
centration of mobile silver ions and extend field- 
decay times in this emulsion, is seen also to extend 
electron lifetimes, by a remarkably similar factor. 
It thus seems evident that these silver ions, 
which are responsible for the dark conductance of 
the grain, and which combine alternately with 
photoelectrons during the growth of the latent- 
image centers, also are instrumental in the initial 
trapping of electrons, as the first stage in latent- 
image formation.

Field-decay time also can be changed by tem
perature variations. The range of decay times 
which can be covered by moderate temperature 
changes combined with silver-complexing agents 
is greater than two decades. Throughout this 
range, an accompanying change in electron life
times also is produced. Figure 7 shows a loga
rithmic plot of the relation between these two values 
measured under similar conditions. The points 
shown represent changes produced both by com- 
plexing agents and by temperature variations. 
The line in this graph represents proportionality 
between the two parameters. None of the points 
is removed from this line by more than a factor of 
two. This graph reveals not only the proportion
ality between field-decay time and electron life
time, but also a fairly close numerical similarity 
between these values. The line in this figure 
corresponds to electron lifetimes greater by only 
a factor of three than field-decay times.

It seems appropriate to explore the possibility 
that such a close numerical correlation is significant, 
rather than merely coincidental. Broadly, the 
possibility is suggested that the neutralization of 
an electron by a mobile silver ion is the process

(15) J. W. Mitchell, Rept. Progr. Phys., 22, 433 (1957).
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which limits the lifetime of the electron, as measured 
in these experiments. It will be shown that a 
rather straightforward extension of the detailed 
Gurney-Mott theory11 accounts almost exactly 
for the relationship.

Let us assume that in a grain there are no 
permanent electron traps as such, but that physical 
imperfections provide a great many shallow traps. 
An electron trapped at one of these sites normally 
escapes again within a very short time, and barring 
recombination with a hole, continues to be re
peatedly trapped and released. If, however, dur
ing the short interval of its localization in a shallow 
trap, it should be neutralized by a mobile silver ion, 
the energy with which it is bound to the center is 
appreciably increased, and the configuration is 
stabilized.

The diagram of Fig. 8 is a schematic representa
tion of this process. At time t =  0, n0 free electrons 
are liberated by a flash of light. These are trapped 
with a rate a in shallow traps, from which they es
cape with a rate /3; while in these shallow traps, 
they may be neutralized by mobile silver ions, with 
a rate y. These rate constants have the following 
significance

a =  QXv (2)

0 =  ve-Ec>/kT (3)
where Q is the concentration of traps with cross- 
section X  and depth Eq, v  is the thermal velocity of 
a conduction electron, v is a frequency factor, pos
sibly of the order of the vibrational frequency of an 
electron in a trap, but probably smaller, k is the 
Boltzmann constant, and T is the absolute tempera
ture. The constant y  is the rate of neutralization of 
trapped electrons by silver ions, and its exact 
significance depends upon the mechanism of 
this process. Notice that if electrons did not 
escape from traps, this process would result in a 
mean ionic neutralization time r„ =  1/ 7. The 
rate equations of this system are

àn/àt =  —an +  ßs (4 )

àa/àt =  7s (5 )

n -fi s -fi a, — Wo ( 6 )

If the numbers of traps and of mobile silver ions 
are assumed to be large enough to be considered 
constants, the general solutions to these equations 
may be obtained in a straightforward manner. 
They are rather complex algebraic expressions, but 
may be made more informative by reasonable 
approximations.

Previous results3 have indicated a very low drift 
mobility of electrons in these grains, owing to the 
fact that less of their lifetime is spent free than in 
shallow traps. On this basis it may be concluded 
that a ; »  |8. It is further assumed that an electron 
is, on the average, temporarily trapped and re
leased many times before it is neutralized, or that 
a »  (3 »  y. With these assumptions, the solutions 
of the equations may be greatly simplified. The 
number of electrons not permanently trapped, 
which is the quantity measured in these experi
ments, is given by eq. 7.

Fig. 6.—Curves showing decay of the concentration of free photoelectrons in a AgBr emulsion without ( o )  and with (A) 0.1 g. of phenylmercaptotetrazole per mole of AgBr.

Field decoy time (/¿sec).
Fig. 7.—Relation between electric field-decay time and electron lifetime in AgBr emulsion with and without phenylmercaptotetrazole, and at three temperatures. Points O give field-decay time by multiple-flash measurement. All others are single-flash measurements.

n a s y , a
FREEELECTRONS ' ß

ELECTRONS IN SHALLOW TRAPS
SILVERATOMS

Fig. 8.—Schematic diagram of the proposed trapping process.
N  no — a 
No Wo (7 )

Thus, the consequence of this process is that the 
mean lifetime of electrons is re =  l/y, the same 
as the ionic neutralization time. In the absence 
of deep traps, the final trapping of electrons is 
accomplished by the neutralization act, and the 
lifetime is identical with the mean time of neu
tralization, independent of the fact that the elec
tron repeatedly moves from trap to trap instead 
of remaining fixed at a single site.

The relation between neutralization time r„ 
and ionic conductivity has been considered by 
Berg,10 who assumed that the motion of the silver
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Fig. 9.—Decay of concentration of free photoelectrons in a AgBr emulsion without ( O) and with (A) phenylmercapto- tetrazole, measured with multiple-flash technique.
ion is controlled by the coulomb force between its 
own positive charge and the negative charge at the 
trap. For a single electron at an originally neutral 
trap, Berg’s expression reduces to

where e is the dielectric constant and a is the ionic 
conductance of the grain. Comparison between 
eq. 8 and eq. 1 shows that, with this model, the 
neutralization time should be the same as the field- 
decay time. If Berg’s treatment is modified (as 
shown in Appendix III) to consider an electron 
trapped at the surface, rather than in the volume of 
a grain, and if the original electron trap is taken 
to be a kink site with a charge of + 1/*, then the 
relationship between the electron lifetime, re, 
the ionic neutralization time, ra, and the field- 
decay time, n, as predicted from this simple model, 
is

t ,  =  t b =  2 .8 r i  (9 )

accounting almost exactly for the threefold dif
ference between re and t-„ seen in Fig. 7. The ap
proximations used in the treatment probably are 
not good enough for this close numerical agreement 
to be taken as proof of such fine points as the charge 
of + V 2 on the original electron trap, even if the 
mechanism is correct. The agreement does show 
that it is reasonable to consider together the main 
features of this model in explaining the observed 
results. Specifically, these features are that, in 
these grains and under these exposure conditions, 
the trapping of an electron is accomplished by the 
act of neutralization by a mobile silver ion, while 
the electron is localized temporarily in a shallow 
trap. This neutralization comes about by virtue 
of the electrostatic force exerted on the silver ion 
by the negative charge at the site of the trapped 
electron. This imposes a limit on the original 
charge of the trap. It may be neutral, or even 
negatively charged, but if it is positively charged, 
then the magnitude of the charge must be less than 
one electronic unit.

According to the process just described, the trap
ping of an electron in itself forms an atom of silver 
and produces, with no delay, a permanent trap 
for a second electron. This accounts for an addi
tional feature seen in the curve for the emulsion 
with PM T shown in Fig. 6. This curve is un
mistakably concave downward, and no combina
tion of processes with simple kinetics will result in 
such a shape. It indicates that the trapping prob
ability increases in the course of events; in other 
words, that the trapping of electrons produces 
centers which have a very greatly increased trap
ping probability for subsequent electrons. The 
atoms of silver with charge + x/ j  formed by the 
proposed mechanism would explain the increase.

This same curve also appears to show an initial 
sharp drop of 10 to 15% during the first few micro
seconds. This drop seems to be reproducible in 
curves taken at other temperatures (Fig. 11), 
and may indicate the presence in these grains of a 
few very effective traps, which become saturated 
after a small fraction of the electrons are trapped.

2. Multiple-Flash Measurements.— Electron
lifetimes in this emulsion, when measured by 
multiple-flash exposures, are somewhat shorter 
than those determined from single-flash measure
ments, and are unaffected by the inclusion of silver- 
complexing agents.

The results of such multiple-flash determinations 
of electron lifetimes in the emulsion without addi
tions have been given previously.3 It was shown 
that these results can be influenced by the displace
ment of holes as well as electrons, and that the form 
of the internal field pulse is instrumental in deter
mining the apparent trapping curve. A  field pulse 
embodying a reverse component, which resulted 
from polarization of the grain, was found most 
successful in separating electron-displacement 
effects from those of displacing holes. When the 
ionic conduction of the grains is reduced by silver- 
complexing agents, such internal polarization effects 
do not occur in comparable times. They may be 
simulated, however, by external means. A short 
voltage pulse was differentiated by a simple 
resistor-capacitor combination with a time con
stant of 0.9 ¿¿sec., and this pulse was applied across 
the emulsion with PMT. The results of a multiple- 
flash lifetime determination under these conditions 
are given as the triangular points in Fig. 9. The 
circles on this plot are the similar data taken from 
the previous determination on the emulsion without 
PMT. The agreement is within the limit of ex
perimental error, and in both emulsions the ma
jority of the electrons are shown to be trapped in 
less than 0.5 Msec. It must be concluded that under 
these conditions, mobile silver ions are not essential 
during the trapping process, and that the lifetime 
of electrons is determined by deep traps. These 
either are present in small numbers before exposure, 
or are produced as a consequence of the photo
graphic process itself.

All these experimental results are consistently in 
almost exact agreement with the behavior expected 
from a simple, logical extension of the mechanism 
described by Gurney and Mott. There are, how
ever, other proposed methods by which mobile
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silver ions could enter into the electron-trapping 
process, and the main features, at least, of the 
experimental results are not in disagreement with 
some of these alternate proposals.

Matejec16 has suggested that the effective elec
tron traps in a grain are nuclei of silver, silver sul
fide, etc., to which silver ions are adsorbed in the 
dark, prior to exposure. The adsorbed silver ion 
is responsible for lowering the energy level of the 
trapping state, which would otherwise be too shal
low to provide an effective permanent trap. When 
the electron becomes trapped at this site, an atom 
of silver is formed, and the center is made elec
trically neutral. In this state it is again inef
fective as an electron trap. It must next adsorb 
another silver ion and be recharged positively, 
before trapping another electron. This silver ion 
which is adsorbed to the growing center must move 
to that site by diffusion, since there is no coulombic 
force between the two. The time for the ionic 
step, which resets the trap, would presumably 
be much longer, according to this mechanism, 
than by that proposed by Gurney and Mott (see 
Appendix IV).

In this process, as Matejec envisions it, the silver 
ions adsorbed at the trapping centers are pre
sumably in equilibrium with mobile interstitial 
ions. The concentration of effective traps there
fore would be proportional to the concentration of 
mobile silver ions, and factors which change this 
concentration would affect both the time of decay 
of an electric field and the lifetime of electrons, 
proportionally. The observed proportionality be
tween these two quantities therefore would be 
expected, but the close numerical similarity be
tween them would be merely a coincidence.

The mechanism of the photographic process as 
described by Mitchell16 cannot be applied in its 
entirety, at least to these grains, for the proposed 
absence of mobile silver ions prior to exposure is 
clearly inconsistent with these results. It is pos
sible to consider his suggestions regarding the nature 
of electron traps, but assuming that a relatively 
large concentration of mobile silver ions are origi
nally present. Mitchell’s proposal is similar in 
some ways to that of Matejec, in that he considers 
a deep trap to be formed, prior to the arrival of an 
electron, by the combined effect of a silver ion and 
an otherwise-shallow potential well. The initial 
shallow trap he considers to be a surface kink site 
or a dislocation jog, having a silver ion at the dis
placement point so that its effective charge is 
TVV The additional mobile silver ion is not 
adsorbed, but chances to be in the vicinity of this 
site, near enough to interact and depress the energy 
level of the trap. At this deeper trap, the electron 
is localized, and the nearby silver ion joins it to 
form a silver atom, changing the net charge once 
again to -j-1/*. As in the model of Matejec, the 
trap must be reset before another electron can be 
trapped.

The relations between this mechanism and the 
experimental results are much the same as those 
described by Matejec. The proportionality between

(16) R. Matejec, NcUurwiss., 55, 533 (1956); Z. Physik, 148, 454 
(1957).

electron lifetime and field-decay time is to be 
expected because of the equilibrium between 
mobile silver ions and deep traps. The numerical 
equivalence again is a happenstance, having no 
particular significance.

The significance of the non-exponential curve 
showing the decrease in concentration of free elec
trons (Fig. 6) was discussed earlier. Its explana
tion appears to rely upon the fact that the centers 
where electrons are trapped are reset, so they can 
act again as traps for additional electrons. The 
time at which this curve departs from an exponential 
shape is therefore another measure of the neutraliza
tion or resetting time. Moreover, these reset traps 
must not only be able to act again as traps, but 
their trapping efficiency must be quite appreciably 
increased, in order to influence markedly the over
all trapping rate. If the original traps were initially 
only shallow temporary traps, this increased effici
ency could amount to a lowering of the energy levels 
to convert them to permanent traps. If how
ever, they already had become associated with 
silver ions and were deep enough to act as perman
ent traps for the first electrons to arrive, then this 
increased efficiency could result only from a much 
larger cross section for capture of the second elec
tron than for the first. This large increase in 
cross section, which must be assumed in order to 
account for the present results according to the 
trapping mechanisms suggested by Matejec and 
by Mitchell, is in itself unlikely. That the resetting 
or neutralization process, as required in these 
models, would occur by diffusion within the times 
observed, which are of the order of the field-decay 
times, is perhaps even less likely. Without the 
electrostatic driving force, the neutralization times 
would be expected to be much longer than the field- 
decay times.

Except for this secondary trapping consideration, 
however, the mechanisms described by both Mate
jec and Mitchell are not inconsistent with the ex
perimental results, although they do not provide 
as comprehensive an explanation for all the obser
vations as does the Gumey-Mott extension pre
sented earlier. The main distinguishing feature of 
this hypothesis is that silver ion motion is involved 
in providing the deep electron traps, thus account
ing for the close numerical agreement between the 
electron lifetime, the ionic-neutralization time, 
and the field decay time. In the alternate schemes, 
the concentration of mobile silver ions is of import
ance, but not their motion, during the trapping 
process, to the latent-image site.

The dependence on temperature of the mean elec
tron lifetime depends upon whether or not motion 
of silver ions is involved in the trapping process. 
This offers, in principle, a basis for evaluation of 
these two mechanisms.

If the electron lifetime is determined by the time 
for the electrostatic attraction of a mobile silver ion 
to an electron in a shallow trap, the temperature- 
dependence of the lifetime would reflect a contri
bution both from the activation energy of forma
tion of an interstitial silver ion and from its energy 
of motion, and would be the same as the tem
perature-dependence of the field decay. If ionic
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Fig. 10.—Decay of concentration of free photoelectrons in a AgBr emulsion without additions, at 23° (A) and0° (.O). Single-flash measurements.

Fig. 11.—Decay of concentration of free photoelectrons in a AgBr emulsion with phenylmercaptotetrazole at 40° (□ ), 23° (O ), and 0° (A). Single-flash measurements.
motion is not involved, but the mere presence of 
the silver ion is the critical factor in permanent 
trapping, then the temperature-dependence of 
electron-trapping is determined by the energy of 
formation of permanent traps. This energy is, in 
turn, that of formation of an interstitial silver ion, 
less any adsorption or association energy at the 
trap. By this mechanism, then, the electron life
time should be characterized by an activation 
energy less than that of the electric field-decay time 
by the sum of the energy of motion of a silver 
interstitial and the energy of association of such 
an interstitial with a potential trapping site. 
The energy of activation for motion of an inter
stitial silver ion is reported by Ebert and Teltow17 
to be about 0.15 e.v.

The determination of activation energy with an 
accuracy of 0.15 e.v. requires either the explora
tion of a fairly wide temperature range or else 
the achievement of high precision and accuracy in 
the measurements. Unfortunately, neither of these 
conditions is conveniently possible in measurements 
of this type. Although temperature variations 
have been investigated in a preliminary way, it 
is not believed that the results obtained so far are

(17) I. Ebert and J. Teltow, Ann. Physik, 15, 268 (1955).

sufficiently accurate to make possible a conclusive 
decision between the possible mechanisms.

The reasons for this are evident from an examina
tion of the data obtained in these experiments. 
In Fig. 10 are shown the points used for a determina
tion of the mean lifetime of electrons in the emul
sion without complexing agents, at temperatures 
of 0 and 23°, using single-flash exposures. As 
explained earlier, the maximum displacement of 
the image under these conditions is rather low: 
at 23° the maximum value is only about one-half. 
Low values of displacement are relatively less 
precise, because of the fact that they are obtained 
by means of the small difference between two large 
statistical quantities. As the limits of error on 
the graph indicate, the mean lifetimes from this 
determination are uncertain. Attempts to de
termine lifetimes at higher temperatures were com
pletely unsuccessful.

In the emulsion with a silver-complexing agent, 
determination of the lifetime is also a questionable 
procedure, but partly for different reasons. The 
data used for determinations of lifetime on the 
emulsion containing PMT, taken from single
flash exposures at temperatures of 0, 23, and 40°, 
are shown in Fig. 11. Because these curves are 
non-linear at long times, the initial lifetime must 
be determined from the slope of the curves in the 
initial portions. These initial portions are com
plicated by the apparent rapid drop in the first few 
microseconds. Furthermore, the points at which 
these curves begin to be significantly influenced by 
the secondary trapping effect which causes their 
concave shape are uncertain. For this reason, 
values of lifetime must be determined from rather 
short portions of the curves, and are also quite 
imprecise. The longer-lifetime curve for the low- 
temperature case obviously is more seriously 
influenced by these complications and this value 
must be considered least reliable.

Figure 12 shows field-decay curves at these three 
temperatures as determined by single-flash expos
ures on the emulsion with PMT. The data are 
fitted quite well by exponential decay curves, and 
the 1/e  decay times as determined from these 
probably are much more reliable.

In Fig. 13 values of electron lifetime (triangles) 
and field-decay times (circles) for the emulsion 
with (open points) and without PMT (solid points) 
are plotted logarithmically against the reciprocal 
of the absolute temperature. The slopes of the lines 
through the points give the activation energy of 
the process. The solid circles, giving the field- 
decay times for the emulsion without additions, 
are the same points reported previously, and are 
the only data on this graph taken by multiple- 
flash exposures. They lie on a straight line, whose 
slope indicates an activation energy of about 0.4 
e.v. The data for the field decay with PMT 
also he close to a straight line, with the same slope. 
Estimated limits of accuracy have been indicated 
for the values of electron lifetime. Lines with 
this same 0.4 e.v. slope can be fitted within these 
limits. However, the best values of lifetime judged 
from the present data seem to indicate a lower 
slope, and a lower energy of activation. If this
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indication proved to be valid, it would favor the 
interpretation that motion of silver ions is not 
involved in electron-trapping, and that the role of 
silver ions in this phase of the process is the con
version of shallow traps to deep ones, by associa
tion with these traps prior to the arrival of an 
electron. The present data cannot be. considered 
conclusive. It may be possible to extend the meas
urements over a wider temperature range in the 
future, and to reduce the statistical uncertainty 
in the data, but the experimental obstacles are 
formidable, and a definite conclusion may never 
be possible on the basis of temperature-dependence.

For the present, it is reasonably certain that excess 
mobile silver ions are involved in the trapping of 
electrons, in some manner which is not yet clear. 
Two possible mechanisms are apparent: these are 
similar in some respects, yet they contain distinc
tive features, and may be taken at the present time 
as working hypotheses. The actual situation may 
well embody elements of both of these alternatives.

Appendix I
In this section is considered the effect of a change 

in trapping probability of electrons during the 
course of a measurement, made by a series of u 
repetitive flashes. During the 7th flash, a number 
rioj of electrons is released. Assume that a simple 
trapping mechanism is operative, resulting in an 
exponential decay of the number of free electrons, 
with a time constant r ej. As deep electron traps 
are created by the photochemical process, trapping 
occurs with increased probability, so that r ej 
decreases with increasing j .  The fraction of elec
trons from the fth flash which are displaced by a 
pulse of field delayed by a time t  after the flash is 
given by

e x p ( — ¿ / rej )  (1 0 )

Over a series of u such flashes, during which a total 
of N o  — Sn0 electrons are liberated, the fraction dis
placed is

U

Roj

Yj
i  =  i

OD

This expression is the sum of a series of ex
ponentials, having a distribution of time constants, 
and weighted by random quantum fluctuations. 
It is not difficult to imagine that rej could change 
in such a way that this series is summed to give 
the approximate form of 1/(1 +  a t ) ,  which is the 
observed form for measurements made under 
these conditions.3 Thus it is possible to account 
for this shape by a progressive change in trap 
depth instead of requiring an initial distribution of 
trap depths as was suggested earlier.

Appendix II
The dark ionic conductivity of the grains used 

for the experiments described in this paper is a 
surface-controlled property. Surface-dependent 
electrical conduction appears not to be an uncom
mon effect in silver halide systems having large

Fig. 12.—Electric-field decay in a AgBr emulsion with phenylmercaptotetrazole at 40° (□ ), 23° (O), and 0° (A). Single-flash measurements.
Temperature (°C).

Fig. 13.—Log electric field-decay t im e (# ,0 )  or mean electron lifetime (a ,A) v s . 1000/2' for AgBr emulsion without (# ,A )  and with ( 0 ,A) phenylmercaptotetrazole.
enough surface areas. Shapiro and Kolthoff18 
observed such an effect in pressed powders of silver 
bromide. They found the conductance to be pro
portional to the specific surface, and to have an 
activation energy of 0.36 e.v. The photocon- 
ductive negative effect which has been studied by 
West,19 by Kirillov,20 and by Yamada and Oka21

(18) I. Shapiro and I. M. Kolthcff, J. Chem. Phys., 15, 41 (1947); 
J. Phys. Colloid Chem., 52, 1319 (1948).

(19) W. West, Phys. Rev., 84, 1078 (1951); in “Fundamental 
Mechanisms of Photographic Sensitivity,”  j .  W. Mitchell, Ed., Butter- 
worths Sci. Publications, Ltd., London, 1951, p. 99.

(20) E. A. Kirillov, Z. wiss. Phot. 26, 235 (1928); 28, 367 (1931).
(21) K. Yamada and S. Oka, Naturwiss., 43, 1 (1956).
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appears to result from positively charged ionic 
carriers which can be controlled by changes at the 
surface. Matejec22 recently has measured con
ductivity in sheet crystals of silver bromide in 
contact with an electrolyte solution. He showed 
that the conductivity in the silver bromide could 
be modulated by means of the pAg of the electrolyte 
indicating an exchange between the crystal and the 
solution at the interface. He found a minimum in 
the conductivity of a pure crystal at a pAg value 
between 7 and 8, and showed that the position of 
the minimum was sensitive to the impurity content 
of the crystal.

Surface effects of two distinctly different types 
have been considered in relation to these electrical 
observations. The ions located at the surface of 
a crystal are sometimes presumed to be mobile 
along the surface and capable of contributing to 
the conduction. The structure of the surface of a 
photographic grain on the atomic scale is not well 
enough understood to warrant speculation regard
ing the detailed mechanism of surface migration of 
this type, except for the general observation that 
there are presumably a great many terraces on 
such a surface, and there are therefore a great many 
ions located at configurations such that motion to 
nearby sites with similar configurations should at 
least be possible.

In metals, surface migration of this type has been 
studied extensively in recent years, particularly 
with the field-emission electron microscope and the 
field ion microscope. The activation energy for 
surface motion in metals is found to be quite high 
as a rule, and apparently very little migration of 
this type occurs at room temperature. Since the 
melting point of silver bromide is relatively low, 
it is likely that less energy would be required for 
surface migration, but apparently no quantitative 
information is available.

The surface conductivity measured by Shapiro 
and Kolthoff has been presumed by some to be 
an effect of this type, apparently because of the 
fact that the observed activation energy was too 
low to account for other possible processes. The 
best estimates of activation energy of volume proc
esses at the time do not now appear to have been 
correct, and there seems to be no valid basis for the 
conclusion. Aside from this possibility, no definite 
experimental evidence exists for interfacial con
ductivity in shyer halides.

The mobile carriers involved in the photocon- 
ductive negative effect show features which 
associate them with both the surface and the volume 
of the crystal. The adsorption to the silver halide 
surface of gelatin or of silver-complexing agents, 
of the type used in the present investigation, has 
been shown to have a controlling effect on these 
mobile carriers, emphasising the importance of 
the surface. Yet additional silver ion vacancies 
introduced with divalent cationic impurities are 
shown to reduce markedly the conduction of this 
type. Such vacancies exist in a mass-action 
equilibrium with interstitials in the crystal lattice, 
but would not be expected to have much effect on 
conductive processes at the interface.

(22) R. Matejec, “ International Kolloquium fiber Wise. Phot.,*' 
Zurich, 1961, Paper No. IA5, in press.

The experiments of Matejec clearly deal with a 
conductive effect of a similar type. The dark 
currents measured by Matejec are controlled by 
ionic conditions at the crystal surface, where 
equilibrium with ionic species in the electrolyte 
solution is established. Yet these currents are 
directed perpendicular to the contact surface. 
Migration along the interface therefore can be 
playing no part, and additional electrical carriers 
must exist in this case in the volume of the crystal, 
but in equilibrium with conditions at the surface.

The generation at the surface of excess volume 
ionic carriers has been treated from a theoretical 
viewpoint on the one hand by Frenkel23 and by 
Lehovec,24 who have considered a more or less 
inherent process, at a surface which is neutral with 
respect to the external environment, and on the 
other hand by Grimley and Mott26 and later by 
Grimley,28 who ignored such an “ intrinsic”  process 
and considered only the effects of the silver ion 
and bromide ion concentrations in the electrolyte. 
It has been found that an analysis of the present 
results requires a combination of the main features 
of both these mechanisms.

Consider first the electrolyte effect. It is well 
known that an ionic crystal in contact with a solu
tion of its constituent ions becomes charged either 
positively or negatively if either the anion or the 
cation, respectively, is in excess in the solution. 
Grimley and Mott contend that the charge taken 
on by the solid resides not in the form of adsorbed 
ions at the interface, but as excess vacancies or 
interstitials in a space-charge layer within the 
crystal lattice, with a corresponding suppression of 
the defect with the opposite charge.

This space-charge layer resembles in many ways 
the diffuse layer in the electrolyte, which is largely 
responsible for the electrochemical properties of 
the solid. Within this region, local charge neutral
ity is not maintained, but a potential gradient 
exists. The concentration of excess charge de
creases exponentially with increasing distance from 
the surface, but in crystals of the size of most pho
tographic grains, the thickness of the layer may be 
an appreciable portion of a grain dimension.

The dependence of the excess charge concentra
tion near the surface on the pAg of the solution was 
calculated by Grimley, and the external manifesta
tions of this excess charge were reasonably well 
confirmed by the electrophoretic measurements 
of Davies and Holliday.27 The space-charge layer 
is taken to be completely absent at the pAg 
corresponding to the external isoelectric point. 
Excess positive carriers, presumably interstitial 
silver ions, are introduced as the pAg is lowered, 
and excess silver ion vacancies as pAg is raised. 
Changes in charge concentration are small within 
the pAg range between about 3 and 9, but rise 
rapidly beyond these values, at either end of the 
range.

(23) J. Frenkel, “ Kinetic Theory of Liquids,”  Oxford TIniv. Press, 
New York, N. Y., 1956.

(24) K. Lehovec, J. Chem. Phys., 21, 1123 (1953).
(25) T. B. Grimley and N. F. Mott, Discussions Faraday Soc., 1, 3 

(1947).
(26) T. B. Grimley, Proc. Roy. Soc. (London), A201, 40 (1951).
(27) K. N. Davies and A. K. Holliday, Trans. Faraday Soc., 48, 

1061, 1066 (1952).
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In all normal photographic emulsions, the grains 
are held during the manufacturing process on the 
bromide ion excess side of the isoelectric point. 
According to the analysis of Grimley and Mott, 
a space-charge layer of excess silver ion vacancies 
would exist within such a grain, and if conduction 
within this layer were appreciable, silver ion va
cancies would be the principal carriers of current. 
Yet the large decrease in conductivity introduced 
by silver ion complexing agents in this emulsion 
clearly indicates that the silver ion is the dominant 
carrier. In order to reconcile this experimental 
observation with the concept of conduction in a 
space-charge layer, the presence of excess inter
stitials at pAg values higher than the isoelectric 
point must be accounted for. The process de
scribed by Frenkel and more recently by Lehovec 
can, in principle, do this.

In the volume of a pure crystal of silver bromide, 
interstitial ions and vacancies are formed in pairs. 
At the surface of such a crystal, however, either of 
these defects may be formed singly. The energy 
of surface formation of an interstitial silver ion is 
not expected to be the same as that of a silver 
ion vacancy, so that one or the other of these de
fects forms at the surface in greater numbers than 
the other. These excess, surface-generated, ionic 
defects diffuse into the crystal until a space charge 
is produced which compensates for the difference 
in formation energy. The equilibrium condition, 
therefore, even in the absence of electrolyte effects, 
is characterized by an internal electrical double 
layer of charge. The surface itself takes on a 
charge with respect to the interior of the crystal 
which is characteristic of the least easily formed 
defect, and the compensating charges are the de
fects with the lower formation energy, located in a 
diffuse layer extending into the crystal.

There is reason to believe that in silver bromide 
the interstitials are formed more easily than the 
vacancies, and that in the absence of an electrolyte 
effect, the excess carriers in the space-charge layer 
would normally be interstitial silver ions.

The effect of electrolyte concentration then 
would add to this inherent space-charge effect. 
At very low values of pAg, the concentration of 
interstitials would be increased to a still higher 
value, with a resulting increase in conductivity. 
At high pAg values the concentration of interstitials 
would be reduced, and the conduction would first 
decrease, as the excess carriers become less num
erous, and then presumably increase again at very 
high pAg, owing to an excess vacancy concentra
tion.

In a separate investigation, measurements were 
made of the dependence of field-decay time on the 
pAg of the emulsion, prior to coating. Results 
were in agreement with expected behavior, but were 
of little value in differentiating between interfacial 
and space-charge conduction, since the dependence 
is not specific to either model. Only minor changes 
in relaxation time are found between pAg values 
of 6 and 9, but a marked decrease in conductivity 
results in a much longer decay time at pAg 10. This 
result is not unreasonable, in view of the pre
vious considerations.

There is no clear evidence showing whether the 
importance of the surface in the electrical conduc
tion process in emulsion grains results from mobile 
interfacial ions, or from the role of the surface in 
generating ionic defect carriers which move within 
the volume of the crystal. Based mostly on 
evidence from different systems, the latter process 
has been assumed to be operative, and has been 
used in discussing the present results. Calcula
tions have been simplified by considering the excess 
carriers to be distributed homogeneously through 
the volume. Presumably they are not, but rather 
are concentrated in a diffuse layer near the surface. 
This simplification introduces an approximation 
in the calculations, such that the exactness of the 
numerical agreement should not be overemphasized.

Appendix DI
Consider now, following the general approach 

of Berg.10 the time of neutralization by a mobile 
silver ion of an electron trapped at a surface kink 
site having originally a charge of +  l/t.

The mean distance, x, from the electron, which is 
assumed to be trapped at a random site on the 
surface, to the nearest of the silver ions, which are 
taken to be homogeneously and randomly dis
tributed, must in this case be found by a calcula
tion slightly different from that of Berg. If X 
is the concentration of silver ions per unit volume, 
then the probability that no silver ions lie within 
a hemispherical volume with radius p about the 
electron as a center is given by

exp[—X(2irp3/3 )] (12)
and the probability that at least one is within this 
volume is

1 -  exp[ —X(2xp3/3 )] (13)
The probability that the distance to the nearest 

ion lies between p and p +  dp is the first derivative 
of this expression, with respect to p, or

p(p) =  23rXp2e-X(2,r'’V3)d P (14)

The mean value of x is found by taking the inte
gral of pp(p) between zero and infinity

x =  27rXP3e_x(2,r'>V3)dp (15)

This integral reduces to a gamma function of the 
form

Now the time rn for an ion to move this distance 
under the attractive influence of a net charge of 
— e/2  at the site where the electron is trapped is 
given by

in which e is the dielectric constant of the medium, 
p is the ionic mobility, and e is the electronic 
charge.

Substituting for x, from eq. 16, this becomes
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T n
g[r(4/3)]3

TV fie\
Lut neX =  a, the conductance, 

r ( 4/ 3) is evaluated, then

(18)

and when

T n

0.71e
tct

2.8n (19)

Appendix IV
If an empty electron trap has a unit positive 

charge, so that upon trapping an electron the center 
becomes neutral, then the ionic neutralization step 
takes place by diffusion of an interstitial silver ion. 
Under these conditions the mean neutralization 
time can be expressed as

1
XXiüi

(20)

where X is the concentration of mobile silver ions 
per unit volume, X , is the cross section for capture 
of one of these ions at the center, and v-, is the ther
mal velocity of a mobile ion. We may reasonably 
assume that there is no interaction between the 
interstitial ion and the neutral center except in the 
interstices immediately surrounding the center, 
so that Xi is approximately the square of the lat
tice constant, a2. The thermal velocity may be 
expressed as the jump frequency, v times the 
jump distance, again approximately a lattice spac
ing, or

Vi =  v,a  (2 1 )

This equation may be combined with the relation 
between the diffusion coefficient, D, and the jump 
frequency28

D =  v-fl} (22)
and the Einstein relation

(23)

to give

Vi
pkT
ae

Substituting (24) in (20) gives

(24)

e
XapkT

(25)

The product Xp in the denominator is <r/e, where a 
is the ionic conductance, and if the expression for 
the field-decay time given in eq. 1 is combined with 
this, a relation between rn and n  is obtained

e247r
aekTT'

(26)

Evaluation of the expression shows that the time 
of neutralization by diffusion of a silver ion to a 
neutral center would be greater than the time of 
decay of an electric field by a factor of about 6 X 
103. If the center had a negative charge, then the 
cross section would be much smaller, and the 
neutralization time correspondingly longer.
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STUDIES OF POINT DEFECTS IN SILVER CHLORIDE1
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Experiments on excess point defects introduced into single crystals of silver chloride by pulsed plastic extension or by rapid cooling from high temperature yield the following results. Point defects are created by plastic deformation much less efficiently in silver chloride than in other substances that have been studied. Interstitial silver ions so produced have a lifetime of the order of 10“ jumps. Rapid cooling of very pure silver chloride quenches in approximately 0.1% Schottky defects. The silver and chloride vacancies are almost completely associated at room temperature. These divacancies have an activation energy for migration of 23 kcal./mole and a dissociation energy of 9.8 kcal./mole.
This paper surveys two experiments on point 

defects in single crystalline silver chloride, the 
results of which are being published in detail else
where. In both experiments the crystal is provided 
with an excess of point defects, either by pulsed 
plastic deformation or by rapid cooling from high

(1) Supported in part by the U. S. Atomic Energy Commission and 
the Office of Scientific Research, USAF.

temperature. Perhaps the main significance of 
these results to the photographic process is that 
they provide information concerning Schottky 
defects, pairs of silver and chloride vacancies which 
may be either associated or dissociated.

First, however, it seems appropriate to the con
cern of this conference to quote two results obtained 
in our Laboratory by Dr. Max Miller. His observa-
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tions deal with the trapping of photoelectrons by 
dislocations in silver chloride. It has been pro
posed by Seitz2 and discussed in detail by Mitchell3 .3 
that the sites at which dislocations trap photoelec- | 
trons are the positively charged jogs; i.e., those m 
steps on the dislocations where silver ions are ex
posed. Miller has decorated dislocations by driving £  
photoelectrons into the crystal by means of a pulsed "
electric field.4 5 In such an experiment, each elec- x
tron trap ultimately gives rise to a microscopically 7  
visible particle of silver.6 He has observed “
that (a) freshly deformed dislocations, which are J
believed to be severely jogged, decorate almost £  
continuously in contrast to annealed dislocations < 
which have only widely-spaced traps,6 and (b) 
doping the crystal with polyvalent cations, which 
should decrease the number of positive jogs by the 
mass action effect, eliminates the decorability of 
all dislocations.7 Thus, both of these observations 
lend support to the idea that dislocations trap 
photoelectrons primarily at positive jogs.

Pulsed Plasticity Experiment.—A number of laboratories have studied the enhancement of ionic conductivity produced by plastic deformation of alkali halides.8 These results usually have been interpreted in terms of the creation of excess point defects by intersecting dislocations.9 We have performed similar experiments on single crystalline silver chloride,10 which is available in very high purity and which differs from the alkali halides in that (a) the formation energy of interstitial cations is small, and (b) virtually any crystallographic plane containing the [1 1 0 ] slip direction can serve as a slip plane for dislocations.11 Because point defects are much more mobile in silver halides than in alkali halides at room temperature, the experiment must be performed very rapidly, in times of the order of milliseconds.Very pure (fractional impurity content about 3 X 10~7) silver chloride (kindly provided by F. Moser, Kodak) was polished in the form of single crystalline slabs, approximately 2 X 1 X 0.2 cm. Each crystal was extended along its long axis in pulses, consisting of 1% extension per each pulse of 5 msec, duration and monitored by a differential transformer. During and after extension, the dark (ionic) conductivity was measured across the flat faces by a capacitance bridge operating a t 10 kc. A triggered dual-beam oscilloscope displayed both elongation and conductivity change as a function of time.The first few extensions produced little or no effect on the ionic conductivity. After the crystal had been strained 5 to 
10 %, however, and intersecting slip systems had begun to appear, a transient increment which could be reproduced in the succeeding plastic pulses was observed. Figure 1, from a photograph of the oscilloscope display, shows a typical example. The conductance increase decays much too rapidly to be a dislocation short-circuiting effect, as studied in silver bromide by Johnston12; in these pure crystals it must be attributed to point defect formation. I t  is seen that the

(2) F. Seitz, Rev. Mod. Phys.. 23, 328 (1951).
(3) J. W. Mitchell, Rept. Progr. Phys., 20, 443 (1957); see also 

J. Phys. Chem., 66, 2359 (1962).
(4) C. Childs and L. Slifkin, Phys. Rev. Letters, 5, 502 (1960).
(5) J. R. Haynes and W. Shockley, Phys. Rev., 82, 935 (1951); F.

A. Hamm, 141st National Meeting of the American Chemical Society, 
Washington, D. C., March, 1962, Symposium on Photographic Proc
esses.

(6) M. G. Miller, Ph.D. Thesis, Univ. of North Carolina, 1961; 
to be published.

(7) H. Layer, M. G. Miller, and L. Slifkin, J. Appl. Phys., 33, 478 
(1962).

(8) See for example, Y. Hovi, et al., ibid., 33, 506 (1962); R. Dav- 
idge, C. Silverstone, andP. Pratt, Phil. Mag., 4, 985 (1959); A. Taylor 
and P. Pratt, ibid., 3, 1051 (1958); D. Fischbach and A. No wick,
J. Phys. Chem. Solids, 5, 302 (1958).

(9) F. Seitz, Advan. Phys., 1, 43 (1952).
(10) H. Layer, M.S. Thesis, Univ. of North Carolina, 1962; to be 

published.
(11) J. Nye, Proc. Roy. Soc. (London), A200, 47 (1949).
(12) W. Johnston, Phys. Rev., 98, 1777 (1955).

Time, sec. X 103.
Fig. 1 .—Conductivity increment produced by pulsed elongation. The upper curve gives the strain history and the lower curve gives the resulting change of ionic conductivity. The initial conductivity of 10~9 ohm - 1  cm . - 1  has been balanced out.

buildup of conductivity during the period of constant strain rate and the subsequent decay after cessation of straining resemble the charging and discharging of a capacitor, suggesting tha t creation of excess point defects is approximatelyroportional to strain and that the decay is by first-orderinetics. This first-order decay indicates tha t the defects are disappearing at traps, such as dislocations, rather than by recombination directly.Of the various types of imperfections possible in silver chloride, the interstitial chloride presumably requires too large a formation energy to be produced in substantial numbers and the chloride vacancy is too immobile to contribute appreciably to the room temperature conductivity. I t  therefore appears that we are observing only silver defects. Of these, the interstitial is much more mobile than the vacancy13; since only one decay process is seen in Fig. 1, it thus must be associated with the more mobile defect, the interstitial silver ion. If we accept this interpretation, then several quantitative conclusions may be drawn. First, from the fact that the decay time is approximately 2 msec., and knowing that the interstitial jump frequency is between 10 10 and I0u/sec., we deduce that the extra interstitial silver ions make approximately 10s jumps before annihilation. This is a reasonable number, since it would result in a mean displacement of the order of several microns, which is approximately the spacing between dislocations in the deformed regions of the crystal. Second, from the known lifetime of the defects, the magnitude of the conductivity increment, and the strain rate, we may calculate the efficiency of the straining process for production of the excess point defects, obtaining 10-7  fractional concentration per unit strain. This is smaller by a factor of 1000 than the usually quoted estimates for other substances,9 and may be related to the observation that silver chloride shows very little work-hardening.These experiments have been extended to doped crystals, containing of the order of 30 p.p.m. of polyvalent cation impurity. In these doped crystals additional processes are possible, involving atmospheres of impurities around static dislocations and impurity-vacancy complexes. If such an annealed crystal is subjected to a series of deformation pulses a very large conductivity increment, 10  times greater than that shown in Fig. 1, is obtained on the very first extension. This increase does not decay appreciably over times as long as many minutes. Successive extensions produce further, but progressively smaller, conductivity increments. If the crystal is left undisturbed for several hours (at room temperature), the conductivity will return to its original value and a further extension will new produce the same large increment observed in the initial strain pulse. These effects are not understood at present.
Quenching Experiment.—I t has been found7 that if high purity silver chloride is cooled rapidly in a blast of cold air (0 °) from temperatures a few degrees below the melting
(13) See, for example, F. Brown and F. Seitz, “ Photographic Sensi

tivity,” a Symposium held at Tokyc, Japan, 1957, Ed. by S. Fujisawa 
(Maruzen Company, Tokyo, 1958), Vol. 2, p. 5.
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Curing time after quench, hr.
Fig. 2.—Annealing of excess conductivity after quenching. The conductivity, in ohm- 1  cm.-1, is 6 X 10-7 times the dissipation factor. The temperature was raised three times during the anneal.

point, the subsequent room temperature ionic conductivity is high relative to that of the slow-cooled crystal by a factor of about 50. I t  appears that the effect is due to a quenching- in of Schottky defects from high temperature, most of which are associated as vacancy pair “ molecules,” or divacancies, a t room temperature. In equilibrium with these pairs is a “ vapor pressure” of a few dissociated vacancies; the silver ion vacancies are mobile enough to contribute to the conductivity and the chloride ion vacancies serve to hold the silver vacancies in solution.Figure 2 shows the decrease of this extra conductivity as a function of annealing time, the temperature being increased three times during the annealing run. From these curves,

we may obtain several useful data concerning the Schottky defects. First, from the increases in conductivity tha t occur when the temperature is raised, we deduce an effective activation energy of 13 kcal./mole. For equilibrium between divacancies and dissociated vacancies, and assuming a small degree of dissociation, then this activation energy must consist of the mobility activation energy of the silver vacancy (8.6  kcal./mole, from reference 13) plus one-half the dissociation or binding energy of the divacancy ,7 We thereby deduce the binding energy of the divacancy to be 9.8 kcal./ mole. From the temperature dependence of the rate of anneal ( i . e . ,  from the changes in slope of the curves of Fig._2 upon raising the temperature) it also was possible to obtain the activation energy for the migration of the divacancies. The value of this migration energy is 23 kcal./mole. Since we do not know whether the divacancy migrates as a unit or by dissociation and migration of the separate vacancies, we can conclude only that the 23 kcal./mole corresponds to the energy of migration of either the divacancy or the chloride vacancy, whichever is the more mobile.We also can estimate the concentration of Schottky defects that have been quenched-in. The magnitude of the ionic conductivity just after quenching corresponds to a fractional concentration of free vacancies of 2.5 X 10-5. Having determined the divacancy dissociation energy and estimating the structural contribution to the dissociation entropy to be of the order of 1 to 2 entropy units, then we obtain a fractional concentration of divacancies of 0.1%. This must be the concentration of Schottky defects present at high temperatures ( i . e . ,  near the melting temperature). I t  is sufficiently small compared to the Frenkel defect concentration at high temperatures tha t it is not in conflict with the deductions of Friauf. 14 15 I t  is also of the same order of magnitude as the vacancy concentrations found in metals16 and is just the value that was estimated for silver halides much earlier by Seitz.2

(14) R. J. Friauf, J. Phya. Chem., 66, 2380 (1902).
(15) R. Simmons and R. Balluffi, Phys. Rev., 125, 862 (1962).
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The present situation in the theory of spectral sensitization of the photographic process is reviewed. I t  seems probable that spectral sensitization involves the participation of energy-rich surface states of the silver halide at energies within the gap between the conventional valence and conduction bands. Conduction electrons are formed in the dye-sensitized process with properties similar to those excited by self-absorption by the silver halide. Positive holes derived from surface states, however, may be expected to be relatively immobile, and preliminary experiments showing the difficulty of observing displacement of positive holes by electric fields in dyed crystals exposed to light absorbed by the dye, without any corresponding difficulty when the same crystal is exposed to near-ultraviolet light, suggest that few mobile holes are formed in the sensitized process. Recent experimental data on the threshold wave lengths for the external photoelectric effect in sensitizing dyes show that the ground levels of crystalline dyes a,re situated some 1.5 to 2 e.v. above those for the corresponding isolated molecules, and, if it is assumed that the ground levels of cooperative adsorbed monolayers of sensitizing dyes are similar to those for the three-dimensional crystal, sensitization by electron transfer from the excited dye layer to the conduction band of the silver halide becomes energetically possible. I t  is doubtful, however, that electron transfer is energetically possible from isolated adsorbed molecules of sensitizer, which appear to sensitize at least as efficiently as cooperative mono- layers. The selective loss of photographic sensitivity within the spectrally sensitized region at low temperature suggests the participation of some thermal activation process in sensitizaton, which, however, is not influenced essentially by the position of the absorption band of the dye. Comparative estimates of the fluorescence and phosphorescence yields of sensitizing dyes adsorbed to silver halides and to other substrates suggest that the excited singlet state rather than the triplet state of the sensitizer is involved in the sensitization.
This paper is intended to review some salient 

points in the theory of spectral sensitization as it 
appears to stand at present.

There can be little doubt that the primary proc
ess induced by the absorption of a photon by silver 
halide crystals is the creation of a mobile electron 
and of a mobile positive hole in the crystal. The 
photo-production of mobile charge-carriers in emul
sions is signalled clearly by the observed photocon

ductivity of emulsions, and experiments of the type 
introduced by Haynes and Shockley,1-5 involving 
the displacement of print-out and of latent images 
in silver halide crystals placed in pulsed electric

(1) J. R. Haynes and W. Shockley, Phys. Rev., [2] 82, 935 (1951).
(2) J. H. Webb, J. Appl. Phys., 26, 1309 (1955).
(3) J. F. Hamilton, F. A. Hamm, and L. E. Brady, ibid., 27, 874 

(1956).
(4) J. F. Hamilton and L. E. Brady, ibid., 30, 1893 (1959).
(5) P. SOptitz, Z. Physik, 153, 174 (1958).
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fields synchronized with light flashes, show that 
the latent image induced by the absorption 
of light by the crystals is formed through the 
intermediary of mobile electrons liberated by the 
light. Similar experiments in appropriately di
rected electric fields show the mobility of positive 
holes.4'6 In thin macroscopic crystals of silver 
bromide, the mobility of the positive holes was 
found to be 1.5 cm.2 v .-1 sec.-1, a few per cent of 
the value of 67 cm.2 v .-1 sec.-1 found for the mo
bility of electrons in the same material.7 Even 
in the absence of applied fields, exposure of thin 
macroscopic crystals forms latent-image centers in 
the interior, indicating the diffusion of photoelec
trons from sites near the surface of incidence 
where they are liberated.8'9

In the dye-sensitized photographic response to 
light of wave lengths absorbed only by the adsorbed 
layer of sensitizing dye at the surface of the silver 
halide crystallite, the photoelectrons also are free, 
as is indicated by a sensitized photoconductivity 
whose spectral sensitivity and response to super
sensitizers and antisensitizers runs parallel to the 
corresponding characteristics of the photographic 
sensitivity.10'11 The formation of internal latent- 
image centers in emulsion grains, induced by fight 
absorbed by sensitizing dyes, shows that electrons 
migrate into the interior from tneir points of origin 
at the crystal surface; in dyed macroscopic thin 
crystals, exposed to fight absorbed by the dye, the 
appearance of internal latent-image centers 20 to 
40 ju from the dyed surface shows the diffusion of 
dye-induced free electrons over relatively great 
distances.

The mobility of the positive hole associated with 
the dye-sensitized photographic process is not so 
clearly established as that of the electrons. Some 
mechanisms of spectral sensitization to be discussed 
later suggest that the positive hole associated with 
the dye-sensitized photographic process should 
initially appear at a surface site which probably is 
localized. The observed bleaching of sensitizing 
dyes adsorbed to silver halides during exposure both 
to fight absorbed by the halide and to fight ab
sorbed by the dye, and the inhibition of the bleach
ing on the addition of halogen acceptors to the 
system,12 suggest attack of the dye, directly or 
indirectly, by bromine release during exposure to 
fight both in the region of self-absorption and in the 
spectrally sensitized region, but do not in them
selves show that the positive hole associated with 
the sensitized process can move through the 
crystal lattice. The motion of positive holes in 
thin sheet crystals of silver bromide, exposed to 
flashes of fight absorbed by the crystal synchronized 
with an appropriately directed electric field, can 
be shown by the displacement in the field of the

(6) F. A. Hamm, J. Appl. Phys., 30, 1468 (1959).
(7) Y. I. Saunders, R. W. Tyler, and W. West, J. Ckem. Phys., 

37, 1126 (1962).
(8) P. W. McD. Clark and J. W. Mitchell, J. Phot. Sci., 4, 1 (1956).
(9) W. West and V. I. Saunders, J. Phys. Chem., 63, 45 (1959).
(10) W. West and B. H. Carroll, J. Chem. Phys., 15, 529 (1947).
(11) W. West, ‘ ‘Fundamental Mechanisms of Photographic Sensi

tivity,”  J. W. Mitchell, Ed., Butterworths Scientific Publications, Ltd., 
London, 1951, p. 99.

(12) S. E. Sheppard, R. II. Lambert, and R. D. Walker, J. Chem. 
Phys., 7, 426 (1939).

bleaching effect of the holes on latent-image centers 
introduced before the flash.7 Recent experiments 
performed with V. I. Saunders and R. W. Tyler 
at the Research Laboratories of the Eastman 
Kodak Company show that when silver bromide 
sheets which have been dyed on the surface of 
incidence by a monolayer of sensitizing dye are 
exposed in this way to fight absorbed by the silver 
halide, the motion of positive holes in the field is 
readily demonstrated, at the same exposure level 
as required to show the motion of electrons by the 
corresponding displacement of latent-image centers 
in an electric field of opposite polarity. When, 
however, the flash exposure is made to green and 
yellow fight, absorbed by the dye, no such motion of 
positive holes is indicated. On the other hand, 
when the field is directed so as to displace electrons 
into the crystal, motion of the electrons excited by 
exposure of the dyea crystal to green and yellow 
fight is readily seen. There therefore seems to be 
strong evidence that the positive holes associated 
with the spectrally sensitized process lack the free
dom of motion of those induced by self-absorption 
of the silver halide, consistent with trapping of the 
holes involved in spectral sensitization at localized 
surface sites.

A decade or so ago, a fundamental problem in 
discussions on spectral sensitization was the source 
of the energy which enabled the dye to induce 
the formation of latent image essentially similar 
to that formed in the unsensitized process by 
utilizing quanta of so much smaller energy. This 
problem appears to have been resolved by the 
recognition that the long wave length of appreciable 
absorption by the silver halide need not neces
sarily represent the minimum energy necessary to 
excite an electron into the conduction band of the 
crystal. Seitz has pointed out the possibility of 
radiationally forbidden transitions from levels in 
the valence band of the lattice above those from 
which radiational transitions of electrons to the 
conduction band can occur with appreciable 
intensity.13'14 In addition, on analogy with the 
better known surface states in homopolar crystals 
like germanium, it is expected that the silver 
bromide surface should possess occupied energy 
levels in the gap between the lattice valence band 
and the conduction band, associated with the sur
face as such, with crystalline imperfections and 
impurities and with adsorbed layers. From these 
levels, an electron can be excited into the conduction 
band with the expenditure of less energy than cor
responds to the long-wave limit of strong absorp
tion by the silver halide. Unfortunately very 
little is known, either theoretically or experi
mentally, about the nature of the levels in the 
energy gap of ionic crystals, and at present they 
are little more than a concept which secures con
servation of energy in spectral sensitization on the 
assumption that the smaller quantum absorbed by 
the dye excites an electron to the same energy state 
as does the larger quantum absorbed by the crystal.

It is still uncertain whether the electron which 
appears in the conduction band of the silver halide

(13) F. Seitz, Rev. Mod. Phys., 23, 328 (1951).
(14) F. C. Brown and F. Seitz, “ Photographic Sensitivity,”  Vol. 2, 

Tokyo Symposium, 1957, Maruzen Co., Ltd., Tokyo, 1958, p. 11.
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as the result of the sensitization process is trans
ferred from the dye, with the formation of a free 
radical ion in place of the dye molecule, or is excited 
from a site in the surface of the silver halide fol
lowing some sort of resonance energy transfer 
between the excited dye molecule and a surface 
state. Both mechanisms require the participation 
of surface states to account for the low energy of 
activation experimentally observed for spectral 
sensitization. In the energy-transfer mechanism, 
the excited dye molecule must interact with a sur
face site from which an electron can be raised to the 
conduction band with the electronic energy avail
able in the excited dye molecule.15 A positive hole, 
which may be initially localized, is left at the sur
face site, while the dye reverts to its ground state. 
Mitchell visualizes the transfer as the passage of an 
electron from an energy-rich surface bromide ion 
to the vacancy in the ground orbital of the excited 
dye molecule, with the simultaneous passage of an 
electron from the excited orbital of the dye to a 
surface silver ion, from which it is thermally ejected 
into the conduction band.16

If the sensitizing transfer is to be repeated, the 
surface state in the halide must again be occupied 
by an electron, or the dye must be able to find an 
equivalent filled state. Since the adsorbed dye 
molecule is in contact with several surface sites, 
it could possibly transfer energy several times 
before depleting the surface of states with which it 
can interact.

In the electron-transfer process, surface states 
may be invoked to regenerate the dye molecule 
from the free radical ion left after the passage of 
an electron from the dye into the conduction 
band.17’18 An electron can pass from a surface 
bromide ion site to the dye radical, regenerating 
the dye, and leaving a positive hole, probably 
initially localized, in the surface. The migration 
from the neighborhood of the site of a mobile 
surface silver ion as an interstitial ion in the lat
tice would discharge the hole as an adsorbed bro
mine atom, which might react with the dye, in a 
side reaction unconnected with the sensitizing trans
fer, in the absence of a more effective halogen ac
ceptor. The charge of the photoelectron is now 
balanced by that of the interstitial silver ion.

In the energy transfer scheme, there are no re
strictions on the energy levels of the dye relative 
to the conduction band of the silver halide— the 
energetic restriction is that the dye find a surface 
level from which an electron can be excited to the 
conduction band (or to a level sufficiently near the 
conduction band for the jump into the band to be 
accomplished by a small thermal activation) with 
the energy available in the excited dye molecule. 
Electron transfer, however, requires that the 
excited dye level be not much lower than the lowest 
level of the conduction band, about 3.5 e.v. below 
the vacuum level for silver bromide. The ground 
level of an adsorbed dye that sensitizes at wave 
length 6000 A., equivalent to an excitation energy

(15) N. F. Mott, Phot. J., 88B, 119 (1948).
(16) J. W. Mitchell, J. Phot. Sci., 6, 57 (1958).
(17) N. F. Mott and R. W. Gurney, “Electronic Processes in Ionic 

Crystals,” 2nd ed., Oxford Univ. Press, 1948, p. 242.
(18) J. Eggert, Ann. Physik, [7] 4, 140 (1959).

of 2.15 e.v., must, therefore, be not much lower 
than about 5.6 e.v. below the vacuum level. The 
external photoelectric threshold frequency for the 
adsorbed dye must be equivalent to an ionization 
energy or work function not much above 5.6 e.v.

Measurements of the external photoelectric 
thresholds of layers of crystalline dyes by Fleisch- 
mann19 and more recently by Vilesov and Ter
enin20-22 and by Nelson23 indicate ionization 
energies of crystalline sensitizing dyes between
4.7 and 5.8 e.v. From these data it appears that 
the first excited singlet level of several crystalline 
dyes, including some photographic desensitizers 
like phenosafranin, lie above the bottom of the 
conduction band of silver bromide. The values 
of photoelectric thresholds of the vapors of some 
of these dyes, determined by Vilesov and Ter- 
enin,20’21 show that the ionization energy of the 
crystalline dye is about 1.5 to 2 e.v. less than that 
of the vapor. A similar relation has been found for 
condensed ring hydrocarbons.24

In normal photographic practice, sensitizing dyes 
are adsorbed as incomplete cooperative monolayers 
on the surface of the emulsion grains. Coopera
tive layers constitute two-dimensional crystals, 
and if the ionization energy of these adsorbed 
layers approximates that of the corresponding 
normal crystal, spectral sensitization by electron 
transfer becomes energetically possible. The only 
data on the ionization energy of an adsorbed dye 
layer of a sensitizing dye refer to erythrosin on 
SnCh,22 for which the value 6.7 e.v. was found. 
It is not certain whether this value applies to a 
cooperative layer or to a layer mostly consisting of 
approximately isolated dye molecules. Terenin 
and Akimov22 consider an energy transfer more 
probable than an electron transfer in the dye 
sensitization of photoconductivity of semicon
ductors, and in the absence of further data on the 
ionization energy of adsorbed layers, the question 
of the energetic possibility of the electron-transfer 
mechanism of spectral sensitization must be left 
open. In any case, spectral sensitization of the 
photographic process can occur with undiminished 
efficiency, and sometimes with increased efficiency 
compared with that of a cooperative layer, under 
conditions of very small coverage of the silver 
halide surface by dye when the dye appears to be 
adsorbed essentially as isolated molecules.26 In 
this state, the ionization potential of the adsorbed 
dye probably would differ relatively little from that 
of the gas. Even if spectral sensitization of the 
photographic process by a cooperative layer of 
sensitizing dye by electron transfer is energetically 
possible, there is considerable doubt that all ob
served cases of dye sensitization can occur by this 
mechanism.

Contact potential differences between a rela
tively thick layer of a cyanine dye and silver

(19) R. Fleisehmann, Ann. Physik, 5, 73 (1930).
(20) F .I. Vilesov, Dokl. Akad. Nauk SSSR, 132, 632 (1960).
(21) F. I. Vilesov and A. N. Terenin, ibid., 133, 1060 (1960); 134. 

71 (1960).
(22) For a comprehensive discussion, see A. N. Terenin and I. 

Akimov, Z. physik. Chem. (Leipzig), 217, 307 (1961).
(23) R. C. Nelson, J. Opt. Soc. Am., 51, 1186 (1961).
(24) L. E. Lyons and G. C. Morris, J. Chem. Soc., 5192 (1960).
(25) W. West and B. H. Carroll, J. Chem. Phys., 19, 417 (1951).





Dec., 1962 Recent Trends in the Theory of Spectral Sensitization 2401

bromide measured by Nelson26 indicate that elec
trons may spontaneously flow from the dye layer 
to the silver bromide, but again, no such measure
ments have been made on the adsorbed monolayers 
of dyes which function in photographic practice.

It is of some interest to inquire how the excited 
level of the members of a vinylogous series of dyes 
is placed with respect to the conduction band of 
silver bromide with increasing chain length and 
concomitantly increasing wave length of the 
absorption band. Direct data on this question 
are not available, but for the series of condensed 
ring hydrocarbons naphthalene, anthracene, tetra- 
cene, in the crystalline state, the data on the photo
electric thresholds24 show that the energy of the 
ground level measured from the vacuum level rises 
sufficiently to maintain the excited level at a nearly 
constant value. Indirect estimates of the variation 
of the ionization potential of the vinylogous series 
of thiacyanines with increasing chain length can 
be made from the oxidation-reduction potentials 
or the polarographic anodic and cathodic half
wave potentials. The half-wave potentials of the 
vinylogous series of thiacyanines in an organic 
solvent are linear in the frequency of the maximum 
of the absorption band of longest wave length,27 
and since for some classes of compounds there is a 
linear relation between the frequency of this absorp
tion band and the ionization potential,28 it seems 
likely that there may be a linear relation between 
the half-wave potentials of cyanine dyes and the 
ionization potentials. Stanienda’s measurements 
show a regular fall of the half-wave potentials with 
increasing chain-length in the vinylogous series of 
3,3'-diethylcyanines, and point to a correspond
ingly regular decrease of the ionization potential 
and a regular rise of the ground level of the dyes 
relative to the levels of silver bromide. Considera
tion of the data shows that the ground level rises 
with increasing chain-length just enough to main
tain the first excited singlet level at an approxi
mately constant value. Hence, if sensitization by 
electron transfer is energetically possible for a 
dye of short chain-length in the series, it also would 
be possible for members of longer chain-length, 
for which the electronic excitation energy is con
siderably less, always provided surface states of 
sufficiently high energy in the silver bromide are 
available. This conclusion is consistent with the 
observation of Scheibe and co-workers that the 
first excited singlet electronic state of many organic 
molecules is near the first excited level of the hy
drogen atom, 3.39 e.v. below the vacuum level.29

If intermediate levels in the energy gap of silver 
halides are associated with the sensitization process, 
it might be expected that grains prepared under dif
ferent conditions would vary in the number and 
nature of intermediate levels and respond dif
ferently to dye sensitization. In a special emulsion 
containing silver bromide grains deposited by sedi
mentation, Eggert and Pestalozzi30 observed a

(20) R. C. Nelson, J. Opt. Soc. Am., 46, 13, 1016 (1956).
(27) A. Stanienda, Naturwiss., 47, -312 (1960).
(28) W. C. Price and A. D. Walsh, Proc. Roy. Soc. (London), A185, 

182 (1946).
(29) G. Scheibe, D. Briick, and F. Dorr, Ber. dculsch. chcm. Ges., 

85, 867 (1952).

preferential increase in the spectral sensitization 
conferred by a merocyanine dye after chemically 
sensitizing the emulsion by bathing in thiosulfate 
or after bathing in water before exposure, and at
tributed the effect to an increased probability of 
regeneration of the dye after a sensitizing transfer 
because of an increased number of surface states 
introduced by the bathing treatments. Latent- 
image formation in the sensitized spectral region 
therefore is facilitated.

On the other hand, Carroll, MacWilliam, and 
Henrickson,31 confirming earlier observations, found 
no significant change in the dye-induced sensitivity 
relative to the sensitivity to blue light after chem
ical sensitization of normal emulsions, and con
cluded that any intermediate levels introduced by 
chemical sensitization do not influence spectral 
sensitization. If intermediate levels intervene in 
the sensitizing transfer, they appear to be too 
numerous, in normal emulsions, for the additional 
levels introduced by chemical sensitization, which 
are all-important with respect to capture of elec
trons and positive holes, to cause a significant 
change in the spectral sensitization.

The temperature coefficient of spectral sensitiza
tion has drawn some recent attention. An in
efficiency specific to spectral sensitization is shown 
by the considerably greater fall in sensitivity of 
dyed emulsion exposed at low temperatures, such 
as —196°, to light absorbed by the dye than to 
light absorbed by the silver halide, normal develop
ment at room temperature being used.32-34 It 
has been shown, however, that undyed emulsions 
exposed at —196° and developed normally at room 
temperature are underdeveloped, since the rate of 
development of image falls markedly when ex
posures are made at low temperature.36 Never
theless, although development of dyed emulsions 
is retarded for exposures made at all wave lengths 
at low temperatures, the differential loss in sensi
tivity in the spectrally sensitized region compared 
with that in the region of self-absorption persists 
for prolonged development,36 and the conclusion 
remains valid that spectral sensitization is charac
terized by a specific loss in efficiency at low tem
peratures. The fall in spectral sensitivity at low 
temperature is not, in general, a result of decreased 
absorption of radiation by the dye, except at wave 
lengths on the long-wave-length edge of the ab
sorption band.34

A specially interesting observation by Frieser 
and co-workers is that the loss in spectral sensitivity 
at low temperature of a J-aggregated sensitizing 
dye in the presence of a supersensitizer is less than 
that for the J-aggregated sensitizer alone.33

The observed temperature coefficient of spectral 
sensitization therefore suggests that the sensitiza
tion process is associated with some thermal activa-

(30) J. Eggert and H. Pesbalozai, Z. Elektrochem., 65, 50 (1961).
(31) B. H. Carroll, E. A. MacWilliam, and R. B. Henrickson, 

Phot. Set. Eng., 4, 230 (1961).
(32) C. H. Evans, J. Opt. Soc. Am., 32, 214 (1942).
(33) H. Frieser, A. Graf, and D. Eschrieh, Z. Elektrochem., 65, 870 

(1901).
(34) W. West, Phot. Set. Eng., 6, 92 (1962).
(35) T. H. James, W. Vanselow, and R. F. Quirk, ibid., 5, 219 

(1961).
(36) W. Vanselow and T. II. James, ibid., 6, 104 (1962).
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tion. Although the variation of spectral sensitiza
tion with temperature is not accurately expressed 
by an equation of the Arrhenius type, it seems 
appropriate for orienting purposes to calculate an 
apparent energy of activation by assuming that the 
sensitivities at room temperature and at —196° 
are measures of the rate of sensitization at these 
temperatures and that the difference in sensitivity 
at the two temperatures is described by the Ar
rhenius equation. Apparent energies of activation 
so calculated do not exceed 0.05 e.v. and are prob
ably larger than any true activation energy in
volved in the sensitization process.

In a vinylogous series of sensitizing dyes, there 
is a regular increase in the wave length of maximum 
absorption and sensitization of approximately 1000 
Á. as the chain length is increased by 1 vinylene 
group. The electronic excitation energy available 
for sensitization falls steadily with increasing 
chain-length, but there is no related increase in the 
energy of activation—there is some tendency for 
the apparent energy of activation to increase with 
increasing chain-length, but this increase is trivial 
compared with the corresponding fall in excitation 
energy. The observed temperature coefficient 
of spectral sensitization therefore does not originate 
in an activation process which is concerned with 
thermally populating surface levels of the silver 
halide which can match the excitation energy 
available in the dye. If such levels exist, their 
population is not essentially temperature-depend
ent, between room temperature and —196°.

The activation process suggested by the tem
perature coefficient of spectral sensitization there
fore is most likely connected with the transfer 
process itself. An energy barrier between the 
electronically excited dye molecule and the silver 
halide surface may be surmounted thermally. 
Dorr and Scheibe have shown that in the electron- 
transfer mechanism, a barrier rising as much as 
2 e.v. above the excited level of the dye could be 
penetrated by tunneling at a rate well above the 
rate of radiational deactivation and permit effici
ent sensitization.37 The effect of temperature on 
the rate of tunneling has not been explicitly ex
amined in this case, but presumably would be 
consistent with the observed low apparent energy 
of activation.

Mitchell’s scheme of sensitization,16 already re
ferred to, represents another possible process in 
spectral sensitization that requires thermal activa
tion—in this case a thermal jump of an electron 
into the conduction band from a level slightly below, 
to which it has been excited by the energy of the 
excited dye molecule.

As in other photochemical processes, the possible 
participation of the triplet state in spectral sensi
tization has been considered.38-41 Cyanine dyes 
phosphoresce at low temperatures when dissolved 
in rigid glasses or when adsorbed to substrates like 
silica gel or lead bromide. On the usual identificá

is?) F. Dorr and G. Scheibe, Z. wise. Phot., 55, 133 (1961).
(38) W. T. Simpson, J. Chem. Phya., 15, 414 (1947).
(39) S. Umano, Bull. Soc. Sci. Phot. Japan, No. 2, 7 (1957).
(40) E. Clemente and M. Kasha, J. Chem. Phys., 26, 956 (1957).
(41) W. West, Proc. Intern. Congr. on Scientific Phot., Liège, 1959, 

in press.

tion of the phosphorescent state with the triplet 
state, the excited triplet level of the dye is some 
0.5 to 0.6 e.v. below the first excited singlet level.41 
While, therefore, the long lifetime of the triplet 
state might ensure a relatively high concentration 
of excited dye molecules, certain mechanisms of 
sensitization, such as sensitization by electron 
transfer, energetically possible if the excited dye is 
in the first excited singlet state, become energetically 
improbable for the dye in the triplet state.

Sensitizing dyes adsorbed to silver bromide show 
a phosphorescence that is weak compared with that 
of the dyes adsorbed to silica gel or to lead bro
mide.41

The “ heavy atom effect”  whereby singlet-triplet 
transitions are facilitated by spin-orbital coupling 
in the neighborhood of atoms of high atomic 
number increases the quantum yield of phosphores
cence of cyanine dyes when adsorbed on lead'bro
mide over that for the dye adsorbed to silica gel,40 
and unless there is some competitive radiationless 
deactivation process when the dye is adsorbed to 
silver bromide, the phosphorescence yield also 
would be expected to exceed that on silica gel. 
The observed feeble phosphorescence of these 
dyes on silver bromide suggests that the photo
graphic sensitizing transfer competes with phos
phorescence, but does not show in itself whether 
it is the excited singlet or the excited triplet state 
that is deactivated in this way.

A comparison of the fluorescence intensity at 
room temperature of the strongly fluorescing cya
nine dye, l , l ,-methylene-2,2'-cyanine chloride, ad
sorbed to silver halides and to other substrates, 
coupled with the low phosphorescence yield on silver 
halides, strongly suggests that it is the excited 
singlet state of the dye that participates in spectral 
sensitization.41 The fluorescence of the dye ad
sorbed to substrates such as SiCh, ZnO, Ag2SOi, 
and PbBr2 falls off regularly with increasing atomic 
weight of the cation in a manner qualitatively 
consistent with conversion to the triplet state by 
the heavy atom effect. The intensity of fluores
cence of the dye adsorbed to silver halides and to 
cuprous halides is anomalously low compared with 
the fluorescence on photographically inert substrates 
of both lower and higher molecular weight. The 
fluorescence of the dye adsorbed to silver sulfate 
falls in the general series, and the anomalously 
feeble fluorescence on photographically active 
substrates, combined with the feeble phosphores
cence on these substrates, strongly suggests that 
the sensitization process competes primarily with 
the fluorescence. The excited singlet state of the 
dye is therefore the active state in sensitization, 
and since the fluorescence yield of the dye adsorbed 
to silver bromide is low, the transfer must be 
accomplished in a time short compared with 10-9 
sec.

The participation of the triplet states in super
sensitization has been suggested.42 According to 
this suggestion, the triplet state of the super
sensitizer is excited at the expense of the energy

(42) R. Brunner, A. E. Oberth, G. Pick, and G. Scheibe, Z. Elektro- 
chem., 62, 132, 146 (1958); cf. C. E. K. Mees, “ The Theory of the 
Photographic Process,”  revised ed., The Macmillan Co., New York, 
N. Y., 1954, p. 478.
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of the excited singlet state of the sensitizer (a 
process in which spin is not conserved and which 
therefore is expected to be slow), and the triplet 
state of the supersensitizer reacts with the silver 
halide. This mechanism is based on experiments 
involving vinylogous series of supersensitizers 
with the same sensitizer, which seem to indicate 
that supersensitization occurred only when the 
triplet level of the supersensitizer was low enough 
to be excited by the excited singlet level of the 
sensitizer.

New physicochemical techniques promise to be 
useful in the study of spectral sensitization. For 
example, the production of free radicals in pre

cipitates of silver bromide dyed with sensitizing 
dyes on illumination at —196° with light absorbed 
by the dye has been shown by electron paramag
netic resonance experiments.43 Transient fading 
of sensitizing dyes adsorbed to emulsion grains 
has been recently observed by A. Buettner, of the 
Eastman Kodak Research Laboratories. These 
experiments are not sufficiently developed to merit 
further discussion at present, but it is at least 
clear that short-lived species are produced from 
sensitizing dyes under certain conditions of pho
tographic exposure.

(43) W. C. Needier, R. L. Griffith, and W. West, Nature, 191, 902 
(1961).

INVESTIGATION OF SPECTRAL SENSITIZATION. I. SOME PROPERTIES 
OF SENSITIZING AND DESENSITIZING DYES

By James E. L u V a l le , A sa L e ife r , P. H. D o ugh erty , and  M. K oral

Defense Products Division, Fairchild Camera and Instrument Corporation,l Syosset, L. I., N. Y.
Received June 20, 1962

The e.s.r. signal from crystalline cyanine and merocyanine dyes has been shown to arise from traces of impurities. It is 
not due to the crystallinity of the dye or to the extended structure. It also has been found that certain sensitizing and de
sensitizing dyes will initiate the photopolymerization of acrylonitrile when illuminated with light of wave length beyond 
5000 A. The data at present is ambiguous as to the mechanism; i.e., electron transfer or energy transfer from dye to mono
mer.

Introduction
This paper is the first in a series on the investiga

tion of spectral sensitization. The electron spin 
resonance (e.s.r.) signals arising from some crystal
line sensitizing dyes and the ability of some of these 
dyes to initiate polymerization when exposed to 
light will constitute the subject matter of this paper.

During the past two years, several papers have 
appeared in which e.s.r. signals from crystalline 
sensitizing dyes and other dyes have been dis
cussed.2'8 The authors of the first two papers2a'b 
attributed the resonance to the crystal structure of 
the dye. They concluded that the resonance signal 
was characteristic of long unsaturated chains and 
that it also was related to the nature of the hetero
cyclic nuclei attached to the unsaturated chains. 
The third paper2c did not attempt to explain the ob
served e.s.r. signal for some crystalline dyes. The 
fourth paper3 discussed some phenothiazine dyes and 
suggested the explanation given by Chernyakovakii, 
ct al.2b

During the past year, some thirty-odd sensitizing 
and desensitizing dyes have been synthesized 
and purified for the investigation of spectral 
sensitization. In view of the preceding papers, 
it was decided to investigate the source of the e.s.r. 
signal from crystalline dye samples.

(1) This work was supported in part by Contracts AF 33(616)-8167 
and AF 33(616)-8249 with ASD and monitored by Wright Patterson 
Air Force Base.

(2) (a) Yu. Sh. Moshkovskii, Dokl. Akad. Nauk SSSR, 130, 1277
(1960) ; (b) F. P. Chernyakovakii, F. P. Kalmanson, and L. A.
Blyumenfeld, Optikai Spektroskopya, 9, 786 (1960); (c) W. C. Needier, 
R. L. Griffith, and W. West, Nature, 191, 902 (1961).

(3) C. Layercrantz and M. Yhland, Acta Chem. Scand., 15, 1204
(1961) .

Experimental
A simple set of experiments was devised. Asample of 

each dye that exhibited a radical signal (whose radical signal 
had been measured) was dissolved in chloroform and the e.s.r 
signal of the solution measured. Then the dissolved dye was 
recrystallized and the e.s.r. signal of the crystallized dye 
obtained. The following assumptions were made in setting 
up this experiment: (1) if the signal were due to a stable 
radical, it would persist in the chloroform solution and in the 
recrystallized dye; (2) if the signal were due to the crystal 
structure of the dye, it would disappear when the dye was 
dissolved in chloroform and reappear when the dye was re
crystallized; (3) if the signal were due to an unstable 
radical, stabilized while adsorbed to the surface of the dye 
crystal, it would disappear in the chloroform solution and 
not reappear in the recrystallized dye.

Another experiment on the ability of sensitizing dyes to 
initiate polymerization also was performed. At present, it 
appears that sensitizing dyes act by either exchanging 
energy with the substrate or passing electrons to the sub
strate.4 5 Recently, Needier, Griffith, and West20 have re
ported an e.s.r. signal that appears when some sensitizing 
dyes are adsorbed on silver bromide and illuminated with 
light, which they attribute to free radicals derived from the 
dye molecules. This signal was observed at liquid nitrogen 
temperatures but not at room temperature.20'6 If unstable 
free radicals were formed upon illumination, the sensitizing 
dyes might serve as polymerization initiators. Hence, a 
simple experiment was set up. A sensitizing dye was dis
solved in deoxygenated acrylonitrile and exposed to light 
from a 100-watt tungsten ribbon filament lamp for 2 hr. at 
~ 13° and at 55°. Controls were held at the same tempera
tures without illumination. The criterion for polymerization 
initiation was the appearance of a visible precipitate of poly
mer. Thus, any dye which caused only a minor amount of 
polymerization would not be classified as a polymerization 
initiator by these experiments. Obviously, if the dye forms 
a stable free radical, polymerization would not take place, 
but the build-up of a free radical should be detected. It 
may be argued that an adsorbed dye is in a different state

(4) B. II. Carroll, Phot. Sci. Eng., 5, 65 (1961).
(5) W. J. West, 3. chim. phys., 672 (1958).
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T a b l e  I

C b y s t a l l i n e  C y a n i n e  a n d  M e b o c y a n i n e  D y e s  t h a t  W e b e  E x a m i n e d  f o b  D a r k  E . s .e . S i g n a l  a n d  f o b  A b i l i t y  t o

I n it i a t e  P o l y m e r iz a t i o n

Number

i
ii
iii
IV
V
VI
VII
VIII
IX
X
XI
XII
XIII
XIV
XV
XVI
XVII
XVIII
XIX
XX
XXI
XXII
XXIII
XXIV
XXV
XXVI
XXVII
XXVIII
XXIX
XXX
XXXI
XXXII
XXXIII
XXXIV

Dye

4-B is-[l-ethylqmnolyl]-pen tame thine cyanine iodide
4-Bis-[1-ethylquinolyl ]-heptamethine cyanine iodide
2-Bis- [3-ethylthiazolinyl]-heptamethine cyanine iodide
2-Bis-[l-ethyl-3,3-dimethyl indolinyl ]-heptamethine cyanine iodide
2-Bis- [triphenylphosphonium cyclopentadienyl j-pentamethine chloride
2-Bis- [3-ethyl-4,5-diphenylthiazolyl ]-pentamethine cyanine iodide
2-Bis-[3-ethylbenzothiazolyl]-heptamethine cyanine iodide
2-Bis- [3-ethylbenzoselenazolyl]-pentamethine cyanine iodide
2-Bis-[3-ethyl-/3-naphthiazolyl [-pen tamethine cyanine iodide
[2-(3-Ethylbenzothiazolyl)]-[4-( 1-ethylquinolyl) [-pentamethine cyanine iodide
[2-(3-Ethylbenzothiazolyl) ]- [4-( 1-ethylquinolyl) ]-heptamethine cyanine iodide
[2-( 1-Ethylquinolyl) ]- [4-( 1-ethylquinolyl) ]-pentamethine cyanine iodide
[2-(3-Ethylbenzothiazolyl) ]- [4-( 1-ethylquinolyl) ]-trimethine cyanine iodide
[2-(3-Ethylbenzothiazolyl)]-[2-(3-ethylbenzoselenazolyl)]-pentamethine cyanine iodide
|2-( 3-Ethylbenzothiazolyl) ]- [5-rhodanine ]-hexamethine merocyanine
(2-(3-Ethylbenzot,hiazolyl) ]-5-(3-phenyl rhodanine)-hexamethine merocyanine
[2-(3-Ethylbenzothiazolyl)]-[triphenylphosphonium-2-cyclopentadienyl]-hexamethine iodide
[2-(3-Ethylbenzoxazolyl)]~[triphenylphosphonium-2-cyclopentadienyl]-hexamethme iodide
[4-(l-Ethylquinolyl)]-[triphenylphosphonium-2-cyclopentadienyl]-hexamethine iodide
2-Bis- [1-ethylquinolyl ]-trimethine cyanine iodide
2-Bis- [3-ethylbenzothiazolyl j-pentamethine cyanine iodide
2-Bis-[3-ethylbenzothiazolyl]-heptamethine cyanine iodide
2-Bis-[3-ethylbenzothiazolyl]-9-methyltrimethine cyanine iodide
[2-(3-Ethylbenzothiazolyl) ]- [2-( 1-ethylquinolyl) [-pentamethine cyanine iodide
2-Bis-[l-etlqrlqumolyl [-pentamethine cyanine iodide
[2-(3-Ethylbenzothiazolyl)]-[5-rhodanine]-tetramethine merocyanine
2-Bis-[3-ethylbenzothiazolyl]-9-¡1,3-dimethyl-5-barbiturenolide]-pentamethine cyanine
2-Bis [-3-ethylbenzothiazolyl ]-9-[l,3-diethyl-5-thiobarbiturenolide]-pentamethine cyanine
4-Bis-[1-ethylquinolyl ]-ll-bromopentamethine cyanine iodide
2-Bis-[1-ethylquinolyl ]-ll-bromopentamethine cyanine iodide
2-Bis- [3-ethylbenzothiazolyl ]-10-bromopentamethine cyanine iodide
2- [3-Ethylbenzothiazolyl ]- [p-dimethylaminotolyl ]-9-( 1,3-diethyl-5-thiobarbituryl )-tetrainethine cyanine 
2-Bis- [3-ethylbenzothiazolyl ]-9-dicyanomethylene pentamethine cyanine 
2-Bis- (l-ethyl-3,3-dimethylindolyl [-trimethine cyanine iodide

than the dye dissolved in acrylonitrile and hence a negative 
result would not show that free radicals were not formed in 
the adsorbed state; on the other hand, a positive result 
would indicate either radical formation or energy transfer.

Experimental Results
The experiments described above were per

formed on some thirty-odd sensitizing and de
sensitizing dyes. In Table I, the names of some 
.34 cyanine and merocyanine dyes are listed. Note 
that nine symmetrical dyes were investigated, all 
being penta- or heptamethines. Ten unsym- 
metrical dyes also were investigated, with one 
exception all being pentamethines or higher. 
According to Moshkovskii, virtually all of these 
dyes should have given an e.s.r. signal in the 
crystalline state; however, not one exhibited an 
e.s.r. signal.

Needier, Griffith, and West2c reported e.s.r. 
signals in the crystalline state for dyes X X , X X I, 
X X II, and X X III. When these dyes were freshly 
prepared, none of them exhibited an e.s.r. signal. 
After three months, dyes X X I, X X II, and also 
dye II exhibited a small e.s.r. signal. The signals 
from these dyes are shown in Fig. 1. The width 
of all signals is about 25 gauss. The fraction of 
dye exhibiting the resonance signal was quite small 
in all cases. The signal from dye II indicates

fine structure. Attempts to recrystallize dye X X I 
resulted in decomposition.
_ Dyes X X IV , X X V , and X X V I exhibited e.s.r. 

signals in the dark. In all cases, the fraction of 
dye exhibiting the resonance signal was quite small. 
The resonance signal disappeared when each of 
these dyes was dissolved in chloroform. When 
each of these dyes was recrystallized, the resonance 
signal did not appear in the recrystallized dye.

Some additional experiments were performed on 
dye X X V I. Oxygen was bubbled through the 
crystalline dye. If the resonance signal were 
due to aerial oxidation of the surface of the crystal, 
the signal should increase with time. Figure 2 
shows the spectra obtained from this dye at 1,
2.5, and 19 hr. It is obvious that oxygen had no 
effect upon the radical.

Some of dye X X V I was recrystallized; the 
recrystallized dye gave no e.s.r. signal. A sample 
of the recrystallized dye then was illuminated for 
135 min. with the imaged light from a 300-watt 
zirconium arc lamp. No radical signal was 
detected at the end of this experiment. A sample 
of the recrystallized dye was illuminated at 55°. 
for 135 min. No radical signal was detected at the 
end of this experiment. Thus, neither oxygen, 
light, heat, nor heat and light caused the radical
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Fig. 1.—E.s.r. spectrum of dyes. All spectra are about 25 gauss wide. All spectra are centered around g  —  2.

signal to appear or in the case of oxygen to in
crease. However, long periods of time do cause the 
radical signal to appear.

Of a total of 34 cyanines and merocyanines tested, 
three exhibited resonance signals. In all cases, the 
resonance signal disappeared on solution or upon 
recrystallization. The signal appears to reside on 
the surface of the dye crystal. A sample of dye 
X X V I was shaken in tetrahydrofuran, in which the 
dye is only slightly soluble. Some traces of dye 
dissolved. The e.s.r. signal disappeared. This 
experiment strongly indicates that the signal arises 
from the surface of the dye. All of the data 
appear to confirm the conclusions that the signal 
is due to an impurity rather than the long-con
jugated chains, the heterocyclic nuclei, or the 
crystal structure— unless the slow appearance of the 
signal with time is caused by a change in crystal 
structure of the surface molecules. These dyes 
were stored in brown bottles in a refrigerator. 
Hence, light has little chance to reach the dyes.

The signal may arise from peroxide formation; 
however, this has not been confirmed. It has been 
suggested that the signal may arise from cosmic 
ray bombardment. If so, the damage apparently 
migrates to the surface.

The low percentage of dyes which exhibited a 
resonance signal may have been due to the strict 
purification procedure. All dyes were prepared 
as pure as possible by the usual synthetic tech
niques. They then were chromatographed, and the 
hot solution was filtered and concentrated to obtain 
the dye. Finally, the dye was fractionally re
crystallized. If the infrared spectrum of the dye 
changed appreciably during this final procedure, 
the procedure was repeated until the infrared spec
trum of the crystalline material was unchanged.

Only two of the 34 cyanines and merocyanines 
tested, dyes X X V II and X X V III, initiated poly
merization with visible light. These dyes re
quired both heat and light to initiate polymeriza
tion. Both of these dyes are trinuclear dyes and 
both are such that conjugation extends throughout 
all three nuclei. Table II gives the structure of 
these two dyes. Dyes X X IX , X X X , and X X X I, 
in which the third nucleus was a bromine atom, 
did not initiate polymerization. Dye X X X II, 
in which a benzothiazole group of dye X X V III 
was replaced by a p-dimethylaminotolyl group, 
did not initiate polymerization. Dye X X X III, 
in which the barbiturcnolidc group of dyes X X V II
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CN
/

and X X V III was replaced by C , did not initiate
\

CN
polymerization. Thus, the presence of a bis- 
ethylbenzothiazole pentamethine cyanine is not 
sufficient for the initiation of polymerization with 
visible light. The presence of the barbiturenolide 
nucleus is not sufficient for the dye to act as a 
photoinitiator. Apparently, the ability of a cya
nine to act as a photoinitiator is a complex of prop
erties. The structure of the end groups, the struc
ture of the third nucleus, the number of atoms in 
the polymethine chain, and the location of the 
third nucleus along the chain all are involved. A 
group of tri- and tetranuclear dyes is being syn
thesized to evaluate these factors.

T able  III
D esensitizing  D yes that I nitiated P olymerization

Dye XXXV Pyronin Y

Dye XXXVII Rhodamine B

T able II
Structure of Cyanine  D yes which I nitiated  M assive 

P olymerization
Dye XXVII 2-Bis-[3-ethylbenzothiazolyl]-9-(l,3-dimethyI-5-barbi- 

turenolide)-pentamethine cyanine

Dye XXVIII 2-Bis-[3-ethylbenzothiazolyl]-9-(l,3~diefchyl-5-thio- 
barbiturenolide)-pentamethine cyanine

Several desensitizing dyes also were tested for 
their ability to initiate polymerization. All of 
the dyes in Table III initiated polymerization. 
These dyes all belong to the xanthene class. This 
group of dyes initiates polymerization with light 
longer than 5000 A. and is much faster-acting 
than the trinu clear dyes which also utilize light 
beyond 5000 Â. The structures of the xanthene 
dyes do not indicate why these dyes act as poly
merization initiators.

None of the dyes that failed to initiate poly
merization exhibited a radical signal at the end of 
the illumination period. However, many of these 
dyes undergo a color change, not merely a dye 
fading, when illuminated for a period with a ribbon 
filament lamp.

Several of the xanthene dyes were dissolved in 
chloroform and illuminated in the e.s.r. cavity at 
room temperature. No radical signal was ob
served either at g =  2 or g =  4. Thus, at present, 
there is no positive evidence that the cyanine dyes

Dye XXXVIII Rhodamine 6G

Dye XXX IX  Rhodamine 5G

ch3hn- 1̂ C ^°'y !?v>-nhch3
CH3-b ^ L c^L^-CH3

Cl
Cl9

or xanthene dyes that initiate polymerization utilize 
electron transfer or energy transfer.

The failure to observe e.s.r. signals from the 
illuminated cyanine dyes indicates that a stable 
free radical is not formed at room temperature in 
solution. The failure to observe polymerization 
initiation by the large majority of the illuminated 
cyanine and merocyanine dyes indicates that re
active free radicals are not formed by these dyes in 
solution. The observation that many of these dyes 
undergo somewhat drastic color changes upon il
lumination in solution indicates that a photo
chemical reaction takes place. As the dye is 
present in considerably smaller amounts than the 
acrylonitrile, each dye molecule probably is present 
in a cage of acrylonitrile molecules; hence, dis
sociation and recombination is not very probable.

Conclusions
The data in this paper clearly show that e.s.r. 

signals arising from crystalline sensitizing dyes in 
the dark are due to impurities and do not arise from 
the crystalline structure of the dye.

The data concerning photopolymerization initia
tion do not lead to a nice clean conclusion. The 
mechanism whereby some of the dyes initiate 
polymerization is not clear; considerable work 
must be done on this phase of the problem.

In subsequent papers, the results of investiga
tions of these dyes in the adsorbed state and in 
solid solutions will be discussed.
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THE THEORY OF THE PHOTOGRAPHIC SENSITIVITY

B y E. K l e in
A g f a  R e s e a r c h  L a b o r a t o r i e s ,  L e v e r k u s e n ,  G e r m a n y  

Received June 20, 1962

The absorption of a photon in a silver halide crystal is nothing but the formation of an electron in the conduction band and of a positive hole in the valence band. In order to avoid recombination both carriers of charge must be trapped at different places of the crystal. The trapped electron then forms silver atoms together with the movable silver ions. There are two processes leading to stable silver nuclei: (1) Small yet instable aggregates grow within their lifetime into small stable ones. (2 ) Stable ripening centers yet too small to be photographically active grow into active ones. These atomic processes are described in detail by solid state physics, particularly by a theory of dislocations. A theoretical analysis of the characteristic curve based on the experimental findings can complement the theory of the photographic sensitivity, merely derived from solid state physics. The theory of photographic sensitivity must answer the following basic questions: (1) How many quanta must be absorbed by a microcrystal to make it developable? (2) How many latent image specks are formed on a crystal by a given exposure? (3) How many ripening nuclei are to be found on a microcrystal? (4) What is the ultimate limit of the sensitivity? We try  to answer these questions quantitatively by the proposed analysis of the H & D curve.
This paper is to give a survey of the present state 

of investigations; in the second part new results 
will be presented concerning the problem of the 
so-called sensitivity distribution; these studies were 
carried out in collaboration with Dr. Langner. The 
purpose of this paper is a discussion of the results 
obtained. Mathematical calculations are avoided.

The basis for a statistical theory of the charac
teristic curve is discussed by Burton in Mees’ 
book,1 and Freiser and Klein2 published a detailed 
theory, based on Burton’s work, two years ago. 
The following four factors must be taken into 
consideration.

(1) The thickness of the photographic coating 
influences the shape of the characteristic curve 
since the absorption in the single layers and there
fore their contribution to the density varies with 
the depth of the layer. The so-called elementary 
characteristic curve is introduced which belongs to 
a layer so thin that absorption can be neglected.

In Fig. 1 the variation of the characteristic curve 
with increasing thickness of the layer is shown. 
The density is plotted vs. the logarithms of the 
number E0 of quanta falling upon a unit area. 
The parameters are the concentrations of silver 
halide per area. In Fig. 2 the same curves are 
plotted but now related to the particular maximum 
densities.

An extrapolation to zero thickness yields the 
elementary characteristic curve s(log Eo) already 
introduced. Since the remission p and the trans
mission r of an unexposed layer can be measured 
relatively easily, the mathematical connection 
between the characteristic curve of the thick layer 
and the elementary curve is given by the following 
quantities.

The exposure of the top layer (z — 0) amounts to 
E0(l +  p), and drops within the layer exponentially 
to E0t at the bottom. The pertaining results are 
compiled in Fig. 3.

Farnell showed that the effect of reflection on the 
boundary layer also can be taken into account.3 
By this the limits of the integral in Fig. 3 are 
changed. (Approximately for p must be put 4p 
and for r, 4r.)

(1) C. E. K. Mees, “ The Theory of the Photographic Process,” 
the Macmillan Co., New York, N. Y., 1954.

(2) H. Freiser and E. Klein, Phot. Sci. Eng., 4, 204 (1960).
(3) G. C. Farnell, J. Phot. Sci., 8, 194 (1960).

(2) The size of the silver halide grains varies. 
There exists a distribution function. Both the 
absorption and the resulting density depend on the 
size of the single crystal. While absorption in
creases with the volume of the grain the density 
contribution increases with the cross section only.

(3) Even within a class of equal sized crystals, 
the absorption of the quanta occurs statistically. 
At least r* quanta must be absorbed in order to 
render a single crystal developable; that means the 
fraction of the grains must be calculated which has 
at least absorbed r* quanta if a grain has absorbed 
q quanta on the average.

(4) The quantity r* may depend on the size of 
the individual crystals. However, it also may vary 
among crystals of equal size. Consequently there 
exists a distribution function for the different 
revalues. This distribution function is called 
sensitivity-distribution.

The four points are summarized in Fig. 4. The 
suffix i denotes the size class, y, the size distribu
tion function (log normal distribution), p is the 
distribution function for the statistical absorption 
of light quanta, derived from a Poisson distribu
tion, and 0 denotes the sensitivity distribution (log 
normal distribution). The density again is re
lated to the maximum density.

The function p can be approximated by the error 
function; moreover the three statistical distribu
tions are mutually independent so that the root 
mean square of the total distribution a is the 
geometrical sum of the individual root mean 
squares, which means

<r = V(3 v,)2 + o-p2 +  a / (1)

(The factor 3 results from the volume dependence 
of the absorption.)

Figure 5 indicates that the smaller the root mean 
square value a, the higher is the gradation value 
of the H & D curve. The elementary character
istic curve is differentiated and the root mean square 
deviation of the resulting function is determined. 
Moreover the relation between a and the gradation 
of the elementary characteristic curve is evident. 
Assuming practically occurring values for a a 
and <Tp we realize from Fig. 6 that the main varia
tion of a total is due to the variation a-, of the size.
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Figure 4.
Now we are going to apply the outlined theory 

step by step.
We are starting with the simplest curve, namely

o-, =  0, uq =  0.
The elementary characteristic curve which has 

been calculated from an experimental one is plotted 
as a broken line (Fig. 7, upper curves). Further
more, the grain size distribution of this layer has 
been determined from electron micrographs (upper 
curves). Taking into account this size distribu
tion, the theoretical elementary characteristic 
curves become flattened (Fig. 7) and thus more

Figure 7.
-----experimentelle Schwärzungskurve

XniV X p(q..r”) p (r«)

Figure 8 .
similar to the experimental curves. But still there 
is no full agreement reached between theory and 
experiment. In order to achieve this, it was found 
necessary to introduce the sensitivity distribution 
(Fig. 8).
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Figure 8 shows that a mean value of 32 for r* 
makes the experimental and theoretical curves 
coincide; was chosen to be 0.3. It is of interest 
how the sensitivity distribution looks in order to 
explain the experimental H & D curve. Figure 9 
shows the rather wide spread over more than one 
order of magnitude for a normal high speed emul
sion.

Even grains with a quantum sensitivity as low 
as 4 evidently contribute to the characteristic 
curve. From Fig. 10 this point becomes clearer: 
60% of the density of the toe (0.07) is produced by 
grains with the sensitivity of 4 quanta, whereas 
grains with a quantum sensitivity4 of some hundred 
quanta contribute to the higher density values 
(0.97).

Summarizing the facts, we recognize that (1) 
there is no doubt about the existence of a sensitivity 
distribution, and that (2) this distribution can be 
calculated from experimentally given H & D 
curves.

We now come to a more detailed description of 
the sensitivity distribution on the basis of recent 
publications. At first it was found that the mean 
quantum sensitivity4 of a high speed coarse grain 
emulsion has a value of about 60, while fine grain 
emulsions showed a value of about 20. It has to 
be pointed out, however, that the practical pho
tographic sensitivity of a coarse grain emulsion is 
higher, as we all know, than that of a fine grain 
emulsion: the lower quantum sensitivity is over
compensated, namely, by the increase of absorp
tion due to the larger grains.

By means of sedimentation Haase5 also was able 
to show experimentally that the quantum sensi
tivity indeed depends on the grain size.

Farnell and Chanter6 correlated grain size and 
quantum sensitivity in counting the developed 
grains under the microscope. Marriage7 carried 
out theoretical calculations pertaining to the ex
perimental findings.

Figure 11 presents the mentioned results of 
Farnell and Chanter. The ordinate shows the 
mean number of quanta q0 necessary to generate a 
photographic density of 0.5.

We have been able to derive from Farnell’s 
and Chanter’s results the dependence of the sensi
tivity on the grain volume shown in Fig. 12.

Hereby the sensitivity distribution is charac
terized by its root mean square value crp.

Now the question of what causes the sensitivity 
distribution must be discussed. The general 
knowledge about the formation of the latent image 
during exposure implies the concept that there are 
so-called ripening nuclei in the microcrystals, 
which, however, do not initiate the development 
of the grain (Ag or Au atoms). Only an increase 
in size of these ripening nuclei by photolytically 
formed Ag atoms leads to an efficient latent image 
speck.

In the following we denote the number of atoms 
of a ripening nucleus by r,). Adding r* further

(4) “ Quantum sensitivity” is expressed here by the number of 
quanta required to make one crystal developable.

(5) G. Haase, Naturwiss., 47, 320 (1960).
(6) G. C. Farnell and J. G. Chanter, J. Phot. Sci., 9, 73 (1961).
(7) A. J. Marriage, ibid., 9, 93 (1961).
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atoms transforms this nucleus into a latent image 
speck with the critical number of atoms. A single 
grain may have Z nuclei. The sensitivity distribu
tion then is caused by all possible deviations in 
r,> or Z as well. A general treatment must consider
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Figure 13.

Figure 14.
s t q .Z .r 'l

Figure 15.
the different capabilities of the nuclei to trap 
photoelectrons and thus to increase by photolytic 
Ag atoms. Formally this results in a change of 
r0. The fact that at least one of the Z nuclei may

grow or may not grow by at least the necessary 
r* Ag atoms when the grain has absorbed Q 
quanta leads us to assume an intrinsic or natural 
sensitivity distribution, the root mean square 
value of which is called <jv. In spite of equal Z 
and ro the necessary single speck can be formed by 
different exposures from grain to grain.

The total sensitivity distribution can generally 
be understood as composed of the variation in Z 
and r0 and the natural distribution just introduced.

=  Voy* +  o-/
Here as denotes the root mean square value of the 
variation in Z and r0. We now try to estimate 
both values and as.

The probability W(Q,Z,r*) that a microcrystal 
with the properties Z and r* becomes developable 
after the absorption of Q quanta is shown in Fig.
13.

The curves for constant r* shift with increasing 
Z toward higher quantum numbers; the same effect 
is obtained if Z is kept constant and r* is increased. 
The complicated functions can be approximated 
by normal distributions within the range from 20 
to 80%, so that it seems justified to take root mean 
square deviations from these curves. The root 
mean square, however, is small and depends only 
slightly on Z and r*.

The main result is that <j„ is small compared with 
o> If the function W(Q,Z,r*) is convoluted with 
the Poisson distribution taking into account the 
statistical distribution of the photons, elementary 
characteristic curves are obtained which still 
neglect the grain size distribution.

Now the grain size distribution can be taken 
into consideration. This was done by Farnell 
and Chanter.6 We also considered this for a 
commercial emulsion (Agfa X-ray). The theoret
ical elementary characteristic curves with a root 
mean square deviation <r =  i a/ ô 2 +  cr„2 
can be compared with the experimental values 
v =  V /CTp2 +  <Jf? =  \ / 0-p2 +  (TV2 +  0‘s2 (Fig. 15).

From_,these results, we must conclude that the
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root mean square deviations of the experimental 
elementary characteristic curves are considerably 
greater than those computed theoretically when 
considering the influence of <r„. Indeed, an im
portant part of the sensitivity distribution is due to 
deviations in r* or Z, respectively, characterized 
by at.

Figure 16 demonstrates that the influence of 
<r„ on the total root mean square a,s decreases rapidly 
with rising as and finally becomes negligible. 
Since the deviations in r0 can be only of the order 
of magnitude of r*, which is rather small, these 
deviations cannot account for the wide distribution 
found experimentally. For their explanation only 
the deviations in Z  can be responsible.

The formerly mentioned decrease of the quantum 
sensitivity with increasing grain volume may be 
explained readily: the larger the grain, the larger 
the probability that several ripening nuclei are 
formed per grain. The quantum sensitivity there
fore decreases.

Further, it follows that the number of ripening 
nuclei must be small in high speed emulsions, prob
ably one or two. In order to produce an emulsion 
with a narrow sensitivity distribution, the distri
bution of the number of structural dislocations per 
grain also must be kept narrow— this is a simple 
consequence of Mitchell’s theory of photographic 
sensitivity—but as far as we know, no progress 
has been made in this respect.

ON THE MECHANISM OF THE ANTIFOGGING AND SENSITIZING ACTION 
OF NOBLE METAL SALTS ON PHOTOGRAPHIC EMULSION1

By P. A. F a e l e n s  a n d  B. H. T a v e r n i e r  

R e s e a r c h  L a b o r a t o r i e s ,  G e v a e r t  P h o t o - P r o d u c t e n  N . V . ,  M o r t s e l ,  B e l g i u m 2

Received June 20, 1962

First a review is given on earlier results obtained with washed silver bromide suspensions which are sensitized with noble metal salts. I t  has now been found that fog inhibition does not only occur with the combined sensitizer: sodium thiosulfate and gold(I) thiocyanate, but also when, after the first ripening with sodium thiosulfate until fog, gold(I) thiocyanate was added. This result leads to the conclusion tha t the sensitivity specks and the fog centers (which are supposed to be silver sulfide) have been chemically transformed by adding gold salts. Chemical tests show that a silver sulfide suspension can be converted into gold sulfide by adding gold salts. The poor catalytic activity of the gold sulfide nuclei for silver deposition in physical development seems to be analogous to the fog inhibiting action of the gold sulfide sensitivity specks. By ripening with sodium thiosulfate or with gold(I) thiosulfate a gamma increase is obtained; by ripening, however, with gold(I) thiocyanate the gamma remains unchanged. This is ascribed to a better bromine acceptance of the sulfides compared to gold or gold(I) ions.
In view of the importance of noble metal sensi

tizers for obtaining high-sensitive materials we 
have tried in the past few years to gain further in
sight into this mechanism with special attention to 
gold salts.

According to Müller8 gold atoms should electro- 
lytically condense from gold(I) thiocyanate solu
tions on silver nuclei formed during chemical or 
physical ripening. Furthermore, the excess of 
thiocyanate ions slightly etches the silver bromide 
grain so that more silver nuclei become superficial.

Many facts have supported this assumption:
(1) The influence of gold salts on chemically un
ripened emulsions was found to be negligible, 
which implied that nuclei were necessary for the 
gold sensitization. (2) Emulsion layers exhibit 
latensification possibilities by adding gold salts. 
According to James,4 gold atoms are formed on the 
latent silver nuclei, which results in an increase of 
the sensitivity. (3) In vacuo evaporated gold 
can act as sensitivity centers for silver bromide 
crystals.6

On the other hand, the sensitizing gold atoms
(1) Presented at the Symposium on Photographic Processes at the 

141st National Meeting of the American Chemical Society, Washing
ton, D. C., March, 1962.

(2) Research made under the auspices of the “ Institut pour l’En- 
couragement de la Recherche Scientifique dans l’Industrie et l’Agricul
ture” (I.R.S.I.A.).

(3) F. W. H. Müller, J. Opt. Soc. Am., 39, 494 (1949).
(4) T. H. James, J. Colloid Sci., 3, 447 (1948).
(5) J. M. Hedges and J. W. Mitchell, Phil. Mag., [7] 44, 357 (1953).

would, according to Steigmann,6 be formed by the 
reducing action of gelatin. In recent articles,7 
however, he pointed out that irradiated bromine 
ions, adsorbed on the silver bromide surface, reduce 
the gold salt to atomic gold.

Experimental
Our sensitization tests were mainly carried out on a fine grain silver bromide dispersion, which was obtained by adding such a quantity of a I0 ~ 2 molar solution of silver nitrate to a 1 0 -2  molar solution of potassium bromide tha t a molar excess of potassium bromide equal to 1.3 X 10~ 2 was present.The silver nitrate solution was poured a t 25° within 5 sec. into the potassium bromide solution. The formed silver bromide crystals were allowed to grow slightly and to deposit on the bottom of the vessel. The non-deposited silver bromide was decanted after 48 hr. Too long a sedimentation time stimulates agglomeration and sintering of the grains. Then, distilled water is added to the deposit, whereupon it is gradually brought into suspension by slowly stirring.In this way, a suspension containing about 50 g. of silver bromide per liter can be obtained with an average grain size of about 0.2 u  (Fig. 1). The pH of this suspension varies between 6.3 and 6 .8  and the pAg between 8.4 and 8.7, values which normally occur in the photographic practice.As binding agent, added either before or after the action of the chemical sensitizer, gelatin is used containing very small amounts of inhibiting substances and sulfur sensitizers (labile sulfur <  2.10-6 per gram of gelatin). In respect of the very large specific grain surface of these small silver halide grains, this gelatin may be considered as inert. Control tests show indeed that ripening at 45° for several hours yields but a small increase of sensitivity.As noble metal sensitizers, solutions of hydrogen tetra-
(6) A. Steigmann, Brit. J. Phot., 96, 223 (1949).
(7) A. Steigmann, Sci. Ind. Phot., 26, 289 (1955).
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Fig. 1.—Electron micrograph of the silver bromide suspension.
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Fig. 2.-—Influence of the gelatin on the ripening with gold salts.
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Fig. 3.—Influence of the gelatin on the ripening with platinum salts.
chloroaurate(III), potassium gold(I) thiocyanate in an excess of thiocyanate ions, potassium tetrachloroplatinate(II), and ammonium tetraehloropalladate(II) are used.

Earlier Results
Without gelatin the maximum sensitivity with 

noble metal salts is already obtained8: (1) at very 
reduced ripening temperatures (about 35°); (2)

(8) P. Faelens, TP î's s . Phot. Intern. Konf. Köln, 258 (1956), Verlag 
Dr. O. Helwich, Darmstadt.

in a much shorter time than in the presence of 
gelatin (almost immediately), and (3) with much 
lower amounts than needed in the presence of 
gelatin (Fig. 2).

In the absence of gelatin other noble metal salts 
such as platinum and palladium salts also showed 
sensitizing properties. In the presence of gelatin, 
however, these sensitizing properties are inversely 
proportional to the increase of the gelatin concen
tration (Fig. 3). The inefficient sensitizing action 
of these noble metal salts in the presence of gelatin 
may be due to a complex binding between gelatin 
and the noble metal ions. This complexing action 
is typical for the polypeptide chains of gelatin and 
does not occur to the same extent with other bind
ing agents such as polyethylene oxide or polyvinyl 
alcohol.

The formation of a stable and practical non- 
migratory complex was shown in different ways.
(1) The spectral absorption bands of aqueous solu
tions of noble metal salts disappear according to 
the amount of gelatin added8 (Fig. 4); (2) the 
gold (I or III) ions added to gelatin cannot be 
washed out and this applies also for palladium and 
platinum ions9; (3) oxidation-reduction titrations 
of the inert gelatin with a trivalent gold salt have 
shown10 that it is reduced by the gelatin to mono
valent gold compounds according to the reaction

Au +++ +  gel.red Au+ +  gel.ox
The ratio of the concentrations of monovalent 

and trivalent gold ions at the equilibrium can be 
represented by the equation

log (Au+) =  0.46 log (Au+++) — 2.25 (Fig. 5)
It has been found9 that sodium thiosulfate de

creases the inhibiting action of the gelatin since a 
complex is formed with a stability higher than 
that of the complex between gold ions and inert 
gelatin. This new complex has been identified as 
gold®  thiosulfate. Unlike the gold gelatinate, 
this complex can migrate through the gelatin and 
adsorb on the surface of the silver bromide sol. 
In this way sodium thiosulfate, added to the wash- 
water, extracts the gold®  ions from gelatin (Fig.
6). The special character of gold®  thiosulfate 
sensitization is most striking in X-ray sensitivity, 
where the complex is much more effective than 
either gold or thiosulfate alone.

In the presence of gelatin and thiosulfate the 
same amount of gold (I) thiocyanate as in the ab
sence of gelatin is needed for optimum sensitiza
tion.

In their potentiometric studies of the reactions 
between gold, platinum, and palladium salts with 
gelatin, Narath and Tiilikka11 conclude that the 
noble metal salts can react with gelatin in two dif
ferent ways: (1) with “ microcomponents”  in
active gelatin (among others with labile sulfur, 
reduction sensitizers, or restrainers); (2) with the 
polypeptide chains of the gelatin to form com
plexes.

(9) P. Faelens, B. Tavernier, and F. Claes, Phot. Korr., 98, 3 
(1962).

(10) B. Tavernier and P. Faelens, to be published in Set. Ind. Phot.
(11) A. Narath and A. Tiilikka, J. Phot. Sci., 9, 303 (1961).
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Fig. 4.—Influence of the gelatin on the absorption spectrum of hydrogen tetrachloroaurate(III) in water.

Fig. 5.—-Relation between gold(I) and gold(III) ions in gelatinous medium.

NUMBER OF WASH.
Fig. 6 .—Extraction of gold(I) ions from a gelatin solution by adding sodium thiosulfate to the wash-water.

Ripening in the absence of gelatin, with the 
combined sensitizer sodium thiosulfate and gold(I) 
thiocyanate, we found a considerable fog decrease 
as compared to sodium thiosulfate ripening (Fig.
7). In gelatinous medium, however, the fog in
hibiting action of the gold salts only becomes ap
parent after the optimum sensitivity is reached. 
Before this stage, ripening fog is more important 
than in the case of sulfur sensitization (Fig. 8).

Fig. 7.—Ripening of silver bromide with sodium thiosulfate, gold thiocyanate, and the combination in the absence of gelatin.

Fig. 8 .—Difference in fog formation in the presence and the absence of gelatin after ripening with sodium thiosulfate and gold(I) thiocyanate.

Fig. 9.—Fog decrease by adding gold salts to a silver bromide suspension.
Since this fog is not observed in the absence of 

gelatin it obviously is caused by interaction of 
gold ions with some microccmponents of gelatin.

Mechanism of the Antifogging Action of Noble 
Metal Salts.—The question arises whether the
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Fig. 10.—Addition of gold salts to a silver bromide suspension ripened with sodium thiosulfate.

Fig. 1 1 .—-Catalytic activity in physical development for different nuclei.
decrease of fog, which is obtained by the ripening 
of silver bromide suspensions with sodium thio
sulfate and gold(I) thiocyanate, also occurs when 
adding the gold salts only after ripening with sodium 
thiosulfate. Therefore, a washed gelatin-free silver 
bromide suspension was ripened with 3 mg. of 
sodium thiosulfate per 50 g. of silver bromide 
until a considerable fog was obtained. This 
fogged suspension was cooled and treated with 10 
ml. of a solution of gold(I) thiocyanate or hydrogen 
tetrachloroaurate(III), equivalent to 3 mg. of 
gold per 50 g. of silver bromide (amount used in the 
combined sensitizer). It is seen from Fig. 9 and 
10 that the addition of gold salts considerably 
decreases the fog density, while the sensitivity 
increases.

In order to obtain the same fog decrease in the 
presence of gelatin a larger amount of the gold (I) 
thiocyanate or hydrogen tetrachloroaurate(III) 
is required, undoubtedly because part of the gold 
salt reacts with the gelatin. This decrease of the 
fog level may suggest a chemical action of the 
noble metal salt on the fogging nuclei, usually 
supposed to be silver sulfide.

It was proved in vitro12 that silver sulfide is 
really converted into gold sulfide by the action of 
gold(III) halides. The reaction products obtained 
are dependent on the amount of gold salt.

(12) B. Tavernier and P. Faelens, to be published in Sci. Ind. Phot.

Below the stoichiometric quantity of hydrogen 
tetrachloroaurate(III), amorphous gold (III) sul
fide is formed; an excess of gold (III) ions converts 
the initially formed gold(III) sulfide to crystalline 
gold according to reactions A and B.

3Ag2S +  2HAuCh =  Au2S3 +  6AgCl +  2HC1
(A)

Au2S3 +  eilAuCh +  12HoO =  8Au +  24HC1 +
3H2S04 (B)

Potassium tetrabromoaurate(III) reacts in a 
completely similar way.

When potassium gold (I) cyanide is added to a 
fogged emulsion, no fog decrease occurs, obviously 
because potassium gold (I) cyanide does not react 
with silver sulfide as shown in vitro tests. Tetra- 
chloropalladates(II) do not show an antifogging 
action.

Another model experiment very similar to 
physical development was carried out. Glass 
supports were coated wfith colloidal dispersions of 
gold, gold(III) sulfide, silver sulfide, palladium(II) 
sulfide, and palladium, respectively, in gelatin and 
then immersed in a physical developer. It is re
markable that the colloidal amorphous gold (III) 
sulfide gives a much smaller density in comparison 
with the other particles used (Fig. 11).

Moreover, the amount of silver formed in phys
ical development considerably decreased when the 
silver sulfide nuclei were previously treated with a 
solution of gold (I) thiocyanate or hydrogen tetra- 
chloroaurate(III) before development.

It has further been observed that the formation of 
metallic silver in physical development is not de
creased -when the silver sulfide nuclei layer is 
treated in a potassium gold (I) cyanide solution.

These findings almost correspond with the very 
recent results of Ratner.13 In his experiments 
silver bromide emulsions were ripened until a 
heavy fog (cl — 1.2) was obtained, whereupon dif
ferent amounts of gold salts or other noble metal 
salts were added. In the presence of gelatin and 
an excess of bromine ions a certain increase of the 
fog level is noticed during the first ripening stage, 
followed by a decrease of the density. The same 
effect has been observed with gold (I) thiocyanate 
and other noble metal salts.

The author concludes that, at least in the pres
ence of gelatin, two different processes take 
place in noble metal sensitization: (1) An oxidation 
process of the fog nuclei (supposed to be metallic 
silver) so that a decrease of the fog is obtained. 
This oxidation process is given by reaction C.

Au+ +  Ag — >- Au +  Ag+ (C)
He further assumes that the fogging nuclei (silver) 
shall be oxidized more rapidly than the sensitizing 
nuclei so that no decrease of the sensitivity will 
occur.

(2) A reduction of gold (I) ions to metallic 
gold by the reductors of the gelatin, so that 
gold atoms can condense on the silver nuclei 
already present on the silver bromide surface. This

(13) I. Ratner, Trudy Nikfi (Moscow), 42, 44 (1961).
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reduction is said to cause the increase of fog level 
as well as the increase of sensitivity.

Our experiments in gelatin-free medium haye 
proved, however, that the reduction process 
caused by gelatin is not essential for the increase 
of sensitivity.

Where Ratner assumes that, for emulsions sensi
tized with thiosulfate ions and treated with 
gold(III) halides, the decrease of fog is due to an 
oxidation of silver, we admit (on experimental 
grounds) a conversion of silver sulfide.

Novikov and Gafoerova14 also carried out in
vestigations in this field. They have observed 
that in the presence of gelatin a higher ripening 
fog is reached with amounts of gold salts smaller 
than those needed for obtaining maximum sensitiv
ity. They suggest that the silver nuclei are 
converted into gold nuclei by oxidation. The 
active fogging nucleus is hereby said to consist 
of pure silver. By the addition of gold salts a 
mixed silver-gold nucleus is said to be formed 
whereby the ratio of gold to silver depends on the 
amount of gold salts added. A certain ratio of 
gold to silver in the gold-silver nucleus corre
sponds to a nucleus with optimum sensitizing ac
tion. A complete conversion of the fogging 
nucleus into a pure gold nucleus gives rise to de
sensitization.

We would like to argue that: (a) colloidal gold 
nuclei really can act as condensation nuclei for 
silver in physical development; (b) from our experi
ments with unripened silver bromide sols contain
ing no binding agent and free from fog or ripening 
nuclei, we may conclude that the sensitization 
with gold is caused by pure gold or gold ions which 
by no means can be considered as desensitization 
nuclei.

Ratner16 assumes that this decrease of fog can 
be caused not only by the oxidation of the fogging 
nuclei of silver, but also by the fact that these 
fogging nuclei can change under "the action of 
noble metal ions into crystalline and catalytically 
ineffective nuclei.

Photographic Action of the Sensitizers: Gold (I) 
Thiosulfate and Gold® Thiocyanate.— Since the 
same sensitivity and gradation can be obtained 
by ripening with gold (I) thiosulfate (gold (I) 
thiocyanate +  sodium thiosulfate) as by adding 
gold (I) ions to a sol previously ripened with so
dium thiosulfate (Fig. 12) we may conclude that the 
same sensitizing nuclei are formed. We notice 
that the same gradation increase is obtained:
(1) after ripening with thiosulfate; (2) after the 
emulsion was ripened with the combination sodium 
thiosulfate +  gold (I) thiocyanate; (3) after 
gold (I) thiocyanate was added to the emulsion, 
ripened with sodium thiosulfate.

The gradation obtained with gold (I) thiocyanate 
remains lower for any light intensity (Fig. 13). 
On the other hand the gradation of the primitive 
sol is practically not modified when the suspension 
is treated with gold(I) thiocyanate.

The increase of the sensitivity under the in-
(14) I. Novikov and N. Gafoerova, Zj. Naoetsjn. Fot. Kin., 3, 173 

(1958).
(15) I. Ratner, Trudy Nikfi (Moscow), 42, 60 (1961).

Fig. 12.-—Density curves obtained with different chemical sensitizing methods (low intensity exposure).

Fig. 13.—Density curves obtained with different chemical sensitizing methods (high intensity exposure).

Fig. 14.—Sensitizing action of palladium(II) salts (low intensity exposure).
fluence of gold salts in the toe of the density curve 
(the gradation remaining unchanged) points to a 
uniform sensitization of the original silver bromide 
suspension over all grain sizes.

When ripening a silver bromide sol with sodium 
thiosulfate or gold(I) thiosulfate, the same in
crease of gradation is noticed.

Therefore we believe that silver sulfide as well as 
gold sulfide acts in two ways: (1) In the toe of the
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LOG.lt.
Fig. 15.—Sensitizing action of palladium(II) salts (high intensity exposure).
curve both sulfides act as electron traps. Sensi
tization with gold increases the efficiency of the 
trap. (2) In the upper part of the curve the 
bromine acceptor role of the sulfides becomes im
portant and gives in this way an increase of grada
tion.

Sensitizing Action of Other Noble Metal Salts.—
It already was mentioned that besides gold salts 
other noble metal salts also can exert a sensitizing 
action. They are most effective in the absence of 
gelatin, or at least in the presence of binding agents 
which do not react with these noble metal salts.

Typical to the sensitization with palladium salts 
is the greater effectiveness at lower exposure in
tensity (Fig. 14 and 15). In this connection it is 
remarkable that the increase of the surface sensi
tivity at these low exposure intensities apparently 
is caused by a considerable decrease of the latent- 
image formation in the inner parts of the grains. 
It is indeed known16 that, when using sulfur sensi-

(16) A. Hautot, “ Inventaire des travaux menés dans le champ de la 
photographie scientifique,” Ed. Ceuterick, Louvain, 1958, p. 209.

tizers, the inner latent image can decrease at low 
intensities. When using palladium salts, this 
decfease is much more pronounced.

It also is typical that, in the absence of gelatin, 
palladium salts show no antifogging properties 
either when used alone or in combination with sodium 
thiosulfate. The sensitization mechanism of pal
ladium salts is in our opinion fundamentally dif
ferent from that of gold salts.

Conclusion
Experimental evidence is given for the suggestion 

of Hautot17 whereby the sensitizing nucleus which 
is obtained by ripening with the combination gold(I) 
thiocyanate-thiosulfate must be considered as 
gold sulfide. We wish to add that besides gold 
sulfide, gold also can act as a sensitivity germ.

The poor condensing power of colloidal gold 
sulfide, as compared to silver sulfide, also supports 
the thesis of a low fogging action of the gold sulfide 
speck.

The sensitization of silver bromide suspensions 
by means of the combination of gold (I) ions and 
thiosulfate ions not only causes an increase of 
the sensitivity, but gives the same gradation in
crease as obtained by ripening with sodium thio
sulfate.

The increase of the sensitivity without gradation 
increase, when ripening with gold (I) thiocyanate, 
can be explained by more effective electron trap- 
ping.

The gradation increase obtained with sulfides 
such as silver or gold sulfides, contrary to gold or 
gold(I) ions, probably is due to the greater import
ance of the bromine accepting action at the higher 
exposure values.

Acknowledgment.—The authors are indebted to 
Prof. Dr. A. Van Dormael and Dr. P. Luyten for 
their interest in this work and for helpful discus
sions.

(17) A. Hautot, ref. 16, p. 261.

SOME VIEWS ON THE MECHANISM OF DEVELOPMENT

B y  T. H. James
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Some recent work on the mechanism of development is reviewed. Two types of development can be distinguished in conventional processes. One type, in its relatively pure form, produces compact, rounded, or hexagonal silver particles. Silver ions from the silver halide first pass into solution and then are catalytically reduced at silver surfaces supplied by the latent- image centers and the growing silver particles formed by their development. The process is essentially electrochemical, and may involve adsoption of silver ions, developing agent, or both by the silver surface. In the second type, rounded silver particles are formed initially, but subsequent^ grow primarily in one direction to form filaments. This type predominates when the developer has little solvent action on the silver halide. Adsorption effects involving the silver halide surface appear to be particularly important in the initiation stage of this type, where the silver centers may be too small to behave in all respects like massive silver. An opportunity to study this initiation stage of development is afforded by making the latent-image forming exposures at the temperature of liquid nitrogen, where the majority of the grains can acquire latent-image centers of near threshold size. Preliminary results are reported. After development has progressed to the point of filament formation, the mechanism may change. Fresh nuclei appear to be formed, however, by direct attack on silver halide surface that forms during development and is unprotected by adsorbed gelatin.
Postfixation Physical Development.— Develop- simplest, from a theoretical viewpoint, is the process 

ment of the silver halide in a photographic emulsion known as -postfixation physical development. In
can be accomplished in more than one way. The this process, the silver halide in the emulsion is
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dissolved out after the latent image is formed, 
and development subsequently is carried out with 
a solution that contains a soluble silver salt in 
addition to the developing agent and other addenda. 
A silver surface or latent-image center increases 
the rate of reduction of silver ions from such a solu
tion, and hence more silver is reduced in a given 
time in the areas that contain latent-image centers. 
The reaction is self-propagating, in that the silver 
initially formed by reduction of silver ions at the 
latent-image centers will itself catalyze the reduc
tion of more silver ions.

The mechanism of physical development has 
been the subject of several reviews,1 and there 
appears to be no major point of dispute. The 
reduction occurs at the silver surface. The process 
is an essentially electrochemical one, with the silver 
serving as an electrode on which silver ions from 
the solution become adsorbed and to which the 
developing agent donates electrons. The silver 
electrode allows the ready transfer of electrons from 
the developing agent to the silver ions. The 
processes of oxidation of the developer and reduc
tion of silver ions occur at the same surface, and 
hence the cathodic and anodic areas are the same. 
Adsorption of the developing agent by the silver 
appears to be important to the reaction of some 
developing agents, e.g., p-phenylenediamines, but 
not to the reaction of others, e.g., hydroquinone.1-2 
Direct measurements of adsorption of developing 
agents by silver3 have supported the kinetic 
evidence by showing adsorption of the p-phenylene- 
diamines but not hydroquinone. The over-all 
activation energy for physical development is 
low, at least for the developing agents that have 
been studied adequately. Values of 6.5 to 7.5 
kcal./mole have been reported2-4’5 for agents 
belonging to the hydroquinone, p-aminophenol, 
and p-phenylenediamine classes. The silver formed 
in thus process is compact, as shown by electron 
micrographs,6-7 and the particles formed under 
some conditions show well defined geometrical 
shapes.

Solution Physical Development.— The reduction 
of silver halide in ordinary development is more 
complex. The reduction can take place by a process 
that is essentially physical development. In this 
process, silver ions from the grains pass into the de
veloper solution immediately surrounding the grains 
in the swollen gelatin layer. These silver ions, which 
usually will be in the form of a complex with 
solvent ions such as halide, thiocyanate, or sulfite, 
subsequently diffuse to latent-image sites or 
areas where silver already has been formed by 
development, and are there reduced to silver by the 
same mechanism as that which operates in postfixa
tion physical development. The silver formed is

(1) Cf. T. H. James, Phot. Sci. Eng., 1, 141 (1958), and references 
cited therein.

(2) T. H. James, ./. A m . Chem. Soc., 61, 048 (1939).
(3) R. J. Newmiller and R. B. Pontius, J. P h ys. Chem., 64, 584 

(1960).
(4) R. B. Pontius, R. M. Cole, and R. J. Newmiller, Phot. Sci. Eng., 4, 23 (1960).
(5) T. H. James and W. Vanselow, ibid ., 5, 21 (1961).
(6) C. E. K. Mees, “Theory of the Photographic Process,” revised 

ed., the Macmillan Co.. New York, N. Y.. 1954, Chapter 13.
(7) T. H. James and VV. Vanselow, Phot. Sci. Eng., 1, 104 (1958).

compact.7 This mechanism of reduction of silver 
halide grains has been termed solution 'physical 
development. Its occurrence has been recognized 
for many years, but methods of determining, on 
even a semiquantitative basis, to what extent it 
occurs during conventional development have 
been worked out only in recent years.

Results of investigations of solution physical 
development by James and Vanselow7-9 and by 
Klein10-11 are in good general agreement and 
show that, under most development conditions 
used in practice, some solution physical develop
ment occurs. The process can occur to an extent 
sufficient to influence the photographic properties 
of the developed image, and it is possible to ad
just conditions so that development occurs ex
clusively by this process. The rate-determining 
step for active black-and-white developers is usually 
the rate at which the silver ions pass into solution, 
rather than the specific rate of reduction of the 
silver ions at the silver surface. Measurements of 
the activation energy of solution show a surprisingly 
small dependence on the particular halide. Some 
values are listed in Table I .6-8-12 These values 
are considerably higher than the 6.5 to 7.5 kcal./ 
mole reported for the activation energy of the 
reduction of silver ions in physical development.

T a b l e  I

A ctivation  E n er g ies  of Solution  of S il v e r  H a l id e s

Activation energies (kcal./mole)

Silver halide
No excess 
halide ion 0.01 M  halide ion

AgCl 18 19
AgBr 18 20

Agl 22 21

Chemical or Direct Development.—When the 
developer has very little solvent action for silver 
halide, the major portion of development occurs, 
or is started, by another process. This has been 
termed chemical or direct development and com
monly is assumed to occur at the interface between 
the silver nucleus and the silver halide. The 
silver formed in this process is filamentary, and the 
filaments formed in the development of silver 
chloride, silver bromide, and silver iodide are 
similar in appearance and dimensions.12

One or more of several stages may control the 
over-all rate of direct development: (1) diffusion 
of developer through the gelatin layer to the silver 
halide grain; (2) diffusion to the reaction site;
(3) adsorption of the developer ion or molecule by 
the silver halide, the silver, or the silver-silver 
halide interface; (4) movement of silver ions;
(5) electron transfer from the developer to the 
silver ion, either within an adsorption complex or 
through the silver nucleus; (6) desorption and 
diffusion away of the oxidation product of the 
developer; (7) desorption and diffusion away of 
the halide ion; (8) incorporation of the silver atom 
into the silver lattice. Some of these stages may 
involve more than one step.

(8) T. H. James and W. Vanselow, Phot. Sci. Tech.. 2, 135 (1955).
(9) T. H. James and W. Vanselow, Phot. E ng., 7, 90 (1956).
(10) E. Klein, Z. Elektrochem ., 62, 993 (1958).
(11) E. Klein, Z. wiss. Phot., 54, 5 (1960).
(12) T. IT. James. Phot., Sci. Eng., 3, 225 (I960).
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The electron-transfer process has been considered 
from the electrochemical viewpoint by several 
workers.6 Keith and Mitchell13 and Baines6 
demonstrated that reduction of silver halide by a 
developer can occur without direct contact of the 
silver halide and the developer solution. Gurney 
and M ott14 proposed an electrode mechanism which 
is an extension of their mechanism of latent-image 
formation and is dependent on the motion of 
interstitial silver ions through the crystal to the 
developing nucleus. Klein and Matejec15 and 
Levenson, West, and Saunders16 showed that move
ment of silver ions or ion vacancies through the 
crystal can occur in the development of macro
scopic silver bromide sheets. However, the con
tribution of such ionic motion to the total develop
ment appears to be small for silver bromide16 and 
even smaller for silver chloride,15 whereas silver 
chloride grains in a photographic emulsion develop 
faster than silver bromide.12

Jaenicke and co-workers17-19 showed that im
portant kinetic aspects of development of a simple 
photographic emulsion in a developer of simple 
composition can be duplicated in a model system 
in which the developer makes contact only with a 
silver electrode, although the correspondence is not 
complete.19 Jaenicke regards the mechanism of 
direct development as similar to the electrode 
process operative in physical development, except 
that the anodic and cathodic areas are now dif
ferent, the anodic process being confined to the 
region between the silver nucleus and the grain, 
and the cathodic process to the area of contact 
between the silver and the developer. He assumes 
that the anodic reaction, the oxidation of the de
veloper, is controlled by diffusion to or from the 
silver nucleus, and that the rate-controlling step 
of the cathodic reaction is either the neutralization 
of silver ions at the nucleus or the incorporation of 
silver atoms into the silver lattice.

The mechanism proposed by Mitchell20 is a logical 
extension of his views on latent-image formation. 
He assumes that the latent sub-image speck consists 
of a pair of silver atoms adsorbed on the external 
or internal surface of the sensitivity center. This 
speck is unable to receive an electron from the re
ducing agent unless it first adsorbs a silver ion 
from the crystal. The positively charged combina
tion of sub-center and adsorbed silver ion has only 
a very short lifetime at room temperature because 
of the small heat of adsorption of the silver ion and 
the very low concentration of free silver ions avail
able during development, and if an electron is not 
transferred from the reducing agent near the speck 
during this lifetime, the group dissociates and the 
speck reverts to the uncharged state. The initia
tion of development of a sub-center, therefore, is 
slow. When the electron transfer to the positively

(13) H. D. Keith and J. W. Mitchell, Phil. Mag., 42, 887 (1953).
(14) R. W. Gurney and N. F. Mott, Proc. Roy. Soc. (London), 

A164, 151 (1938); N. F. Mott, Rept. Progr. Phys., 6, 186 (1939).
(15) E. Klein and R. Matejec, Z. Elektrochem., 61, 1127 (1957).
(10) 0. I. P. Levenson, W. West, and V. Saunders, Phot. Sci. Eng.,

6, 135 (1962).
(17) W. Jaenicke and C. Schott, Z. Elektrochem., 59, 956 (1955).
(18) W. Jaenicke and F. Sutter, ibid., 63, 722 (1959).
(19) W. Jaenicke, Phot. Sci. Eng., 6, 185 (1962).
(20) J. W. Mitchell, Rept. Progi. Phys., 20, 433 (1957).

charged speck does occur, an uncharged group of 
three silver atoms is formed. This group can 
adsorb a silver ion from the surface of the crystal 
to form a stable positively charged group of four 
silver atoms in a tetrahedral arrangement. Once 
such a center is formed, either as described above 
or by sufficient exposure, further reduction proceeds 
rapidly as electrons are transferred from the de
veloping agent to the group, and the positive 
charge is restored by adsorption of further silver 
ions from the crystal. Halide ions pass into solu
tion from the surface of the crystal at its interface 
with the silver speck. Mitchell suggests, however, 
that a developer of high activity may charge the 
electrode negatively.

The electron transfer also has been considered as 
a reaction occurring at the triple interface: silver, 
silver halide, developer solution.1'6-21 Sheppard22 
suggested that the importance of the silver nucleus 
is twofold: its interface with the silver halide pro
vides the necessary ionic deformation for reactivity, 
and it provides a break in the adsorption layer, a 
platform for displacement processes. James23 
suggested that silver ions at the interface may be 
present in essentially an “ adsorbed”  condition, 
and that the activated complex of the reaction 
consists of the developing agent, the adsorbed silver 
ion, and the adsorption site.

Adsorption of the developing agent by the silver 
halide or at the silver-silver halide interface appears 
to be an important preliminary step to reaction.1 
The developer ion or molecule may form an ad
sorbed salt or complex with silver ions which, by 
itself, is comparatively stable in that it requires a 
high activation energy for decomposition into silver 
and oxidized developer. At the silver interface, 
the silver ion-developer complex is adsorbed by the 
silver and electron transfer is facilitated. Basically, 
this scheme does not differ significantly from the 
general electrode mechanism except that it loca
lizes the cathodic and anodic processes to the 
same area and emphasizes the importance of 
adsorption of the developer. Evidence in support 
of this view is derived primarily from kinetic 
effects that suggest the importance of adsorption by 
silver halide but not by silver, and by the observa
tion that a large increase in the available “ cathodic” 
area between metal and developer solution, brought 
about by gold physical development of the latent 
image,24 has relatively little effect upon the rate of 
subsequent direct development by hydroquinone. 
Adsorption effect can be invoked to explain cases 
of development inhibition, acceleration, and super
additivity26-28 that have not been completely 
explained by the generalized electrode mechanism.

The evidence is clear that reduction of the silver
(21) S. E. Sheppard and G. Meyer, J. Am. Chem. Soc., 42, 689 

(1920).
(22) S. E. Sheppard, Phot. J., 69, 330 (1929).
(23) T. H. James and G. Kornfeld, Chem. Rev., 30, 1 (1942); T. H. 

James, J. Chem. Educ., 23, 595 (1946).
(24) T. H. James, J. Colloid Sci., 3, 447 (1948).
(25) G. I. P. Levenson and T. H. James, J. Phot. Sci., 2, 169 

(1954).
(26) W. E. Lee and T. JI. James, Phot. Sci. Eng., 6, 32 (1962).
(27) J. F. Willems and G. F. VanVeelen, ibid., 6, 39 (1962).
(28) T. H. James and W. Vanseiow, J. Phys. Chem., 58, 894 (1954); 

Phot. Eng., 6, 183 (1955).
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halide can occur without direct contact of the 
reducing agent with the silver halide, e.g., by the 
generalized electrode mechanism. The important 
and still unresolved question is whether this is the 
fastest way in which an exposed silver halide grain 
of a photographic emulsion can be reduced by the 
developer, or whether some other process, e.g., 
the triple interface mechanism, may not occur faster 
in practice. It is not inconceivable that the triple 
interface mechanism may be the important one in 
the early stages of development, when the latent- 
image nucleus may be too small to act effectively 
as a massive silver electrode, and the more gen
eralized electrode mechanism may be the more 
important during later stages of development.

We can differentiate, at least roughly, between 
two stages of development: a relatively slow stage 
of initiation and a more rapid stage of continua
tion. It is not certain that a qualitative difference 
exists in the mechanisms of the two stages, but 
quantitative differences do. The durations of the 
two stages are influenced to different degrees by 
some factors which affect the rate of development, 
and the adsorption effects that have been cited as 
evidence for the triple interface mechanism are 
much more pronounced in the early stages than 
in the later stages of development of the individual 
grain.

Meidinger29 made an experimental differentia
tion between the initiation and the continuation 
stages on the basis of microscopic observations. 
He used very large grains and a highly restrained 
developer, and determined (1) the time that 
elapsed between the first contact of the developer 
with the grain and the first detection of a silver 
center in the grain, and (2) the additional time 
that elapsed before reduction of the grain was 
completed. A study of the type carried out by 
Meidinger is, in a sense, a study of a model, since 
the grains used for the microscopic observations 
were considerably larger than the grains of typical 
photographic emulsions and they were developed 
in an environment that is not typical. The rate of 
development of grains on a microscope slide, or 
even in a liquid emulsion, may be many times the 
rate of development in the coated emulsion, 
particularly in the later stage.

The electron microscope offers possibilities for a 
study of the initiation of development, since silver 
centers of much smaller size can be detected with 
this instrument than with the optical microscope. 
The arrested-development technique of Hamilton, 
Hamm, and Brady,30 used thus far only as a tool 
in studies of latent-image formation, might be 
adapted to studies of the initiation of development 
in a coated emulsion. The study would of neces
sity be a statistical one and a tedious one, but it 
could be rewarding.

One distinction between the initiation stage and 
the continuation stage of development, based on 
electron-microscope observations, could depend 
on the form of the developed silver. The first 
detectable silver centers are compact and often

(29) W. Meidinger, Physik. Z., 36, 312 (1935); Phot. Ind., 34, 1305 
(1936).

(30) J. F. Hamilton, F. A. Hamm, anc. L. E. Brady, J. Appl. Phys., 
27, 874 (1956).

roughly spherical in form, as observed with the 
electron microscope. On continuation of develop
ment, the transition to filamentary silver is rela
tively rapid. For example, in the development of 
a fully exposed motion-picture-positive-type emul
sion in a slow-acting developer consisting of 0.28
g. of Metol, 2.78 g. of Z-ascorbic acid, and 1.0 g. of 
KBr per liter, buffered to pH 8.5 with borax, only 
spherical or somewhat elongated particles could be 
detected after development for 11 min. at 20°. 
By the end of 16 min., nearly all of the developed 
silver was filamentary. It does not necessarily 
follow, however, that the transition from compact 
to filamentary silver corresponds to a transition 
from one mechanism to another.

The initiation of development in a typical pho
tographic emulsion has been studied by determining 
the time required to produce an analytically just 
detectable amount of developed silver, or a specific 
small amount that would represent only a small 
fraction of the total available silver halide. Some
times this method gives results that can be readily 
interpreted in terms of the individual grain. For 
example, a high-level, moderate-intensity exposure 
produced in some emulsions a latent image of 
characteristics such that a simple, slow-acting 
developer reduced most of the grains in a roughly 
parallel fashion.31 After about 5% of the total 
available silver halide had been reduced, all or 
nearly all of the grains had started to develop, 
and further development resulted primarily in an 
increase in the degree of development of the in
dividual grains. Under such conditions, an initia
tion period measured in terms of the time required to 
reduce 5%  of the total available silver halide is a 
fair measure of the amount of time required to 
reduce 5% of a typical grain.

At lower levels of exposure, and this includes most 
of the photographically useful range, conditions 
are not so simple. The initiation period, or in
duction period of development of the individual 
grain, varies significantly from grain to grain. 
In the region of exposure corresponding to the toe of 
the characteristic curve, the variations in duration 
of induction periods appear to be much larger than 
the time required to reduce a grain once develop
ment reaches the rapid stage. The increase in 
amount of reduced silver with increasing time of 
development depends to a large extent on an in
crease in the number of developed grains, and the 
grains one sees under the microscope are rather 
fully developed.

The preceding statements are not generalizations 
applicable to all conditions. Other factors, such 
as diffusion, may dominate under some conditions. 
For example, the measured rate of increase of silver, 
under some conditions, is more a representation of 
the rate of diffusion of the developer into the emul
sion layer than of the rate of either initiation or 
continuation of development of the individual 
grains. Silver halide solvent effects, unimportant 
in the early stages of development in a low-solvent 
solution, may become important as development 
proceeds if localized concentration of halide ion

(31) T. H. James, J. Phys. Chem. 44, 42 (1940); J. Franklin Inst. 
240, 83, 229 (1945).
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Fig. 1 .—Effect of intensity of exposure on the rate of development of a motion-picture-positive-type emulsion. Developer, Kodak D-19 at 20.0°.
becomes sufficiently high. Hence, proper caution 
should be observed in interpreting kinetic data 
derived from measurements on coated emulsions.

Where a marked variation occurs in the induc
tion periods of the individual grains, it is tempting 
to attribute this to a variation in the size of the 
latent-image nuclei. Meidinger found that the 
period of initiation of development of his 
large grains decreased with increasing exposure 
level, except in the region of solarization, and this 
is in general agreement with experience with normal 
emulsions. The dependence of the rate of initiation 
of development upon the intensity of the exposing 
light, first observed by Cabannes32 and later in
dependently by Hofmann,38 likewise falls in line 
with this view. The Cabannes-Hofmann effect 
is illustrated in Fig. 1. The broken curves repre
sent 500-/zsec. and the solid curves 1-min. ex
posures that will give equal densities for prolonged 
development, but the latent image formed by the
1-min., low-intensity exposure develops about twice 
as fast as that formed by the 500-yusec., high- 
intensity exposure for a moderate exposure level 
(log E =  1). With this particular emulsion, 
which shows very little reciprocity failure for 
prolonged development, the two exposures involve 
nearly equal amounts of energy. The photolytic 
silver formed by the high-intensity exposure, how
ever, is distributed over more latent-image centers 
and hence the average size of the center is smaller 
than for the low-intensity exposure.

The two curves for log E =  3 show the inverse 
of the Cabannes-Hofmann effect. At this high- 
level exposure, which was several times that needed 
to make substantially all the grains developable in 
this emulsion, the latent image formed by the high- 
intensity exposure develops faster than that formed 
by the low-intensity exposure. In this case, even 
though the image formed by the high-intensity 
exposure is the more disperse of the two, the centers 
are large enough that the induction periods of most 
of the grains are relatively short, and the rate of 
increase of density is dependent primarily on the 
rate of continuation of development of the grains. 
The faster rate for the more disperse image can be

(32) J. Cabannes and Y. Rocard, “ La diffusion mollculaire de la 
lumière," Les Presses Universitaires de France, Paris, 1920, p. 83.

(33) P. O. Hofmann, Physik. Z., 36, 050 (1035).

attributed to the larger number of centers from 
which development is spreading in the grains.

As the exposure level increases, the activation 
energy of initiation of development decreases.34'38 
Sheberstov’s data also show a dependence of the 
activation energy on the degree of chemical sensi
tization of the emulsion. If we make the reason
able assumption that the average size of the latent- 
image centers increases with increasing exposure, 
the data suggest that the activation energy de
creases rather rapidly at first with increasing size 
(exposure) and subsequently tends to level off. The 
activation energy for a given exposure is lower in 
the chemically sensitized than in the non-sensitized 
emulsions. This also can be interpreted on the 
basis of size; larger centers form in the sensitized 
grains, either as a result of the concentration of 
photolytic silver at the sensitivity specks or of in
corporation of the sensitizing material, e.g., silver 
or silver sulfide, in the latent-image centers.

One promising experimental approach to the 
study of the initiation of development by centers 
of near threshold size is to work with latent images 
formed by exposures at very low temperatures. 
A latent image formed as a result of exposure at 
liquid nitrogen temperatures (—196°) in many 
emulsions develops much more slowly than a latent 
image formed by an equivalent exposure made at 
room temperature,36 even when the exposure level 
is many times that needed to make substantially 
all the grains developable. Figure 2 shows a 
comparison of the development of the image formed 
by an exposure at —196° with the images formed 
by exposures of various intensities at 20° for a 
motion-picture-positive emulsion. All exposures 
were adequate to make substantially all grains 
developable. The three exposures at 20° were of 
equal total energy. The low-temperature ex
posure was four times that of the 20° exposures, a 
factor corresponding to the difference in pho
tographic speed for the two temperatures.

Not only the rate of development differs for the 
two temperatures, but the characteristics of de
velopment also differ. The covering power (the 
ratio of density to mass of silver), is substantially 
independent of development time for the low- 
temperature exposure, and the image tone is 
nearly neutral and likewise independent of develop
ment time. These properties of the developed 
image indicate37 that it is made up primarily of 
completely or nearly completely developed grains 
at all times of development, except possibly for the 
first few minutes when not enough silver has been 
developed for accurate measurements. This con
clusion is confirmed by electron micrographs. 
Hence, there is a wide distribution of induction 
period times among the developable grains. On 
the other hand, the grains exposed at 20° develop 
in roughly parallel fashion, and the increase in 
density represents primarily an increase in the 
degree of development of the grains. The covering

(34) T. H. James, Phot. Sci. Tech., 2, 81 (1955).
(35) V. I. Sheberstov, Zh. Nauchn. i Prikl. Fotogr. i Kinemalogr., 6, 

97 (1901).
(30) T. II. James, W. Vanselow, and R. F. Quirk, Phot. Sci. Eng., 5, 

219 (1901).
(37) T. 11. James and L. J. Fortmiller, ibid., 5, 297 (1901).
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power decreases with increasing time of develop
ment and the absorption spectrum of the developed 
silver, which shows a much higher density at 400 
m/i than at 700 m/i in the early stages of develop
ment, shifts toward neutrality as the time of 
development increases.

Figure 3 shows density-time of development 
curves for several temperatures of development of 
latent images formed by exposures at the two 
temperatures. The activation energy calculated 
from the rates of initiation of development, where 
these rates are expressed as the reciprocal of the 
time required to produce 0.5 mg. of silver per square 
decimeter, is approximately 15 kcal./mole for the 
20° exposure. (Rates have been corrected for 
change in pH with temperature.34) The activa
tion energy for continuation of development, de
termined from the maximum rates, is only 12 
kcal./mole. The situation is different for the low- 
temperature exposure. Here, the silver produced 
by development increases linearly with time of 
development until more than 50% of the total 
available silver halide has been reduced. The 
activation energy calculated for the initial stages 
of development is the same as that calculated for 
the maximum rate of development, and is approxi
mately 22 kcal./mole.

It seems unlikely that the distribution of induc
tion periods of the grains exposed at —196° is a 
consequence of a distribution in size of the latent- 
image centers. An improbably large variation 
would have to be assumed, and the constancy of 
the activation energy over such a large variation in 
size would be inconsistent with other considera
tions. More likely, the measured rate is that of 
some separate process which is acting to build up 
the size of latent sub-centers to the point where 
rapid development can commence, or in some way 
to make existing centers more accessible to the 
developer.

A wide distribution of induction periods would 
be consistent with Mitchell’s description of the 
development of the sub-image, referred to earlier 
in this paper. Other possible mechanisms might 
involve (1) direct transfer of electrons from the 
developer to the conductance band and subsequent 
build-up of sub-centers by the same process as that 
operative in latent-image formation, or (2) an 
uncatalyzed reduction of silver ions by developer 
adsorbed on the silver halide surface, which could 
supply silver atoms that subsequently would di
rectly or indirectly build up the size of latent- 
image sub-centers to that necessary to promote 
development.1 The buildup as a result of the 
uncatalyzed reaction could occur as follows. The 
concentration of adsorption complex of silver ion 
and developing agent at the surface would be deter
mined by a dynamic equilibrium with a constant 
supply of developing agent from the solution, and 
the rate of decomposition of the complex to form 
silver atoms might well follow a zero-order reaction 
equation. This would be consistent with the linear 
relation observed between the amount of developed 
silver and the time of development of the film 
exposed at —196°. Silver atoms formed at the 
sensitivity centers could join directly with existing

Development time (Min).
Fig. 2.—Effect of temperature of exposure on the rate of development of a motion-picture-positive-type emulsion. High-level exposure; developed at 20.0°. Developer: Metol, 1.4 g.; (-ascorbic acic, 3.3 g .; KBr, 1.0 g./l.; buffered to pH 8.5 with borax.

Fig. 3.—Effect of temperature of development upon the rate of development of latent image formed at 23° (broken curves) and —196° (solid curves). The numbers on the curves refer to development temperature. The same developer was used as for Fig. 2.

latent sub-centers to form full latent-image centers. 
Isolated silver atoms formed at a distance from such 
sub-centers would be thermally quite unstable and 
would lose electrons to the conductance band. 
These electrons then would act to build up the 
sub-centers in the same way as photoelectrons 
formed by exposure. Evidence in support of such 
a process has been obtained in work with ferro- 
EDTA developers,38 where a correlation was 
found between the rate of development of low- 
level exposure areas and the rate of fog formation 
by the developer for a series of developers that 
developed a high-level exposure area at sub
stantially equal rates. Moreover, the implication 
that the addition of a single silver atom to a very 
small center could markedly increase its ability to 
promote development is in keeping with current 
theory of the small size of the latent-image centers 
and with the evidence obtained from the Herschel 
effect that the removal of one silver atom from some 
centers substantially destroys the developability 
of those centers.33

(38) T. H. James, Phot. Sci Eng., 4, 271 (I960).
(39) (4. K ornfo ld  and T. IT. James, J. Opt. Sor. Am., 33, (115 (1943).
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In the later stages of development of the in
dividual grain, filamentary silver is formed rapidly 
in comparison with the rate of early growth of the 
silver nuclei. An increase in rate would be ex
pected solely on the basis of the increase in the 
silver-silver halide interface or total silver surface 
as development of the grain proceeded, but other 
factors may be of importance in the increase in 
rate. Halide ions pass out into the solution and 
migration of silver atoms or recrystallization to 
form filaments also occurs. Fresh silver halide 
surface thus becomes exposed to the action of the 
developer and, if the restraining adsorbed gelatin 
layer is not constantly re-established, areas will 
form that are more susceptible to direct attack by 
the developer. New silver nuclei thus can arise, 
and grow catalytically in the same fashion as the 
original latent-image nuclei. Thus, a much larger 
number of growth centers for developing silver 
could arise than correspond to the number of 
latent-image centers.40 The apparent multiplicity 
of silver filaments formed during development of 
larger grains may arise in this way.

When the developing agent is negatively charged 
in its active form, the rate of development of the 
individual grain in the early stage relative to that 
in the later stage decreases with increasing charge 
of the developer ion and the grain surface.23’41 
This charge effect has been explained on the basis 
that the greater the charge the smaller will be the 
concentration of developer ions in the immediate 
vicinity of the grain surface and likewise the smaller 
will be the effective concentration of developer 
ions adsorbed by that surface. As development 
proceeds, it is assumed that the surface charge

(40) T . H . James, J. Chem. Phys., 11, 338 (1943).
(41) T . H . James. J. Phys. Chem., 43, 701 (1939); 55, 503 (1951); 

J. Franklin Inst., 240, 15 (1945).

decreases locally and hence the effective concentra
tion of developer at the surface increases. Jae- 
nicke19 regards this explanation as incompatible 
with the concept of reaction at the triple interface, 
the properties of which he assumes will remain 
approximately constant during development. It 
is possible that the properties of the interface do 
not remain constant, however. The adsorbed 
halide ions responsible for the net negative charge of 
the grain surface actually cover only a small 
portion of that surface in terms of monolayer cover
age and probably are adsorbed primarily at the 
edges, corners, and regions of physical imper
fections.42 Since the probable sites of latent- 
image center formation are the regions of physical 
imperfections, the charge effect in development may 
also be strongest in these regions. As development 
progresses and the silver-silver halide interface 
moves away from such regions, a marked drop in the 
localized surface charge may occur, leading to an 
increase in the effective concentration of developing 
agent adsorbed at the interface and hence an in
crease in the rate of the reaction.

As indicated previously, the reaction mechanism 
may actually change as development progresses 
from the early to the later stages. Apparent 
conflicts between experimental results and theory 
could be resolved if it were assumed that the initia
tion of development depended upon a reaction at 
the silver-silver halide interface and that the elec
trochemical mechanism became dominant in the 
later stages of development of the grain. There is, 
however, no compelling evidence for such a change 
in mechanism.

(42) E. J. W . Verwey, Proc. Acad. Sci. Amsterdam, 36, 225 (1933); 
Chem. Rev., 16, 363 (1935); K . A stakhov and M . Suzal’ tzev, Zh. Fiz. 
Khim., 6, 1348 (1935) ; A. H . Ile rz  and J. O. H elling , J. Colloid Sci., 17, 
293 (1962).
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Transient halogen atom-aromatic complexes are formed after the flash photolysis of iodine in benzene, toluene, o- and p-xylene, mesitylene, and hexamethylbenzene, and of bromine in benzene. These complexes are detected by their very strong charge-transfer spectra in the visible region. The processes are completely reversible for iodine in benzene, toluene, and xylene, while very slight photoiodination occurs in the iodine-mesitylene and iodine-hexamethylbenzene systems. Disappearance of the complex following decay of the flash is second-order and diffusion-controlled. Rate constants based on dissociation quantum yields from a simple continuum solvent model are lower than those predicted by simple diffusion theory, and indicate that molecular complex formation can lead to lower primary quantum yields of dissociation through deactivation of the halogen molecule. Photobromination of the benzene occurs in the bromine-benzene system; the extent of reaction per flash is only slightly increased by oxygen, while the rate of disappearance of the bromine atom-benzene complex (which follows concurrent first- and second-order kinetics) is greatly decreased by oxygen. Presumably photobromination occurs in the primary process through an activated bromine molecule.
Introduction

The flash photolysis technique has been used 
extensively for the study of halogen atom recom
bination with various third bodies in the gas phase 
and in inert solvents. A relatively large fraction 
of the halogen molecules is dissociated by the flash 
resulting in a transitory decrease in the absorbance 
of the cell in the visible region; kinetics of the atom 
recombination process are determined by following 
spectrophotometrically as a function of time the 
subsequent increase in absorbance to its initial 
value. However, there is a transient increase in 
absorbance following the flash photolysis of iodine 
in various aromatic solvents in the visible region1-2 
that has been attributed zo the charge-transfer 
spectrum3 of a 1:1 complex between an iodine atom 
(acceptor) and the donor aromatic molecule, D. 
Similar transient spectra have been observed by 
Bridge4 and by Gover and Porter5 in a variety of 
solvents.

The formation of the complex is completely re
versible for iodine in benzene, toluene, or xylene; 
disappearance of the complex after the flash has 
decayed to negligible intensity is second-order, 
as shown by linear time plots of the reciprocal of the 
change in absorbance, AA (=» — A //2 .3 / for small 
changes in transmittancy, where I  is the transmitted 
light intensity) over at least a fivefold change in 
A A. This is consistent with the second-order re
combination mechanism (1) if it is assumed that the

k
2D-I — ^ I,(+ 2 D ) (1)

observed change of the absorbance is due entirely 
to change in the concentration of D-I— i.e., if one 
neglects the accompanying change in absorbance 
resulting from the concurrent formation of Is, 
either “ free” or complexed with D. Disappearance 
of the mesitylene-iodine atom complex also follows 
second-order kinetics, although approximately

(1) S. J. R and and R. L . Strong, J. Am. Chem. Soc., 82, 5 (1960).
(2) R. L . Strong, S. J. Rand, and J. S. B r it t ,  ibid., 82, 5053 (I960).
(3) R. S. M u llike n , ibid., 74, 811 (1952).
(4) N . K . Bridge, J. Chem. Phys., 32, 945 (1960).
(5) T. A. G over and G . Porter, Proc. Roy. Soc. (London), A262, 

476 (1961).

0.01- 0 .02%  of the molecular iodine (initial con
centration about 2 X 10~5 M) disappears per flash 
by photoiodination of the mesitylene.

The concentration of the complex is related to 
the change in absorbance at wave length X by

AAX =  ec,xd[D-I] (2)
where ec,\ is the molar extinction coefficient of 
the complex and d  is the absorbing light path. 
Integration of the second-order rate expression 
in terms of AAX leads to

A 4, =  t -f- C (3)

From slopes of the (1 /  AA) vs . t plots, values of the 
“ relative extinction coefficients,”  ec,\A, were 
calculated and plotted as a function of wave length 
for the pure solvents benzene, toluene, o-xylene, 
p-xylene, and mesitylene2; wave lengths of 
maximum absorption were 495, 515, 570, 520, and 
590 npi, respectively. These shifts in Xmax, ex
pressed in terms of differences in energy, A(/irmax), 
relative to that of the benzene complex, were shown 
to be almost identical with those of comparable 
molecular halogen and interhalogen complexes, 
providing further confirmation of the charge-trans
fer nature of these spectra observed in the iodine 
atom systems.

The overlap of the D • I charge-transfer and I2 
spectra for each of these five aromatic donors 
prevents independent measurements of the rate 
of appearance of I2 and the simultaneous rate of 
disappearance of D-I. With hexamethylbenzene 
as the donor species, however, the shift of Ama* 
toward the infrared has been shown6 to be so large 
that there is no absorption by D -I at 489 m/x 
over a hexamethylbenzene concentration range in 
carbon tetrachloride of from 0.062 to 0.434 M. 
By combining change in absorbance measurements 
at a given time after initiation of the flash at this 
wave length, A A 0, with those at a wave length 
where absorption changes, AAX, are due largely 
to the complex (for example, 605 rnp.), it was 
further shown that

(6) R . L . Strong and J. P^rano, J. Am. Chem. Soc., 83, 2843 (1961).
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2AR°[D] _  [D] 1
«n.xAA0 — ej2°ARx €o,x K 0t0ix

where ei2,x and ec,x are the molar extinction coef
ficients of I2 and D -I at 605 ei2° is the extinc
tion coefficient of I2 at 489 m^, and K c is the 
equilibrium constant for the complex

I +  D ^ I - D  (5)

Values for K c of 2.7 l./mole and for ec,x of 1600 1./ 
mole cm. at 605 m/i and room temperature were 
obtained from the best straight line through 
the points plotted according to equation 4 as a 
function of hexamethylbenzene concentration ( [D ]) 
in carbon tetrachloride.

Linear plots were also obtained for this system 
when the reciprocals of AA° or AAX were plotted 
against time, again indicative of the second-order 
kinetic behavior of absorbance changes for the 
absorbing species. At 489 npt

d  [ I  _ t o t a l

di
2d [I,] 

d( 2k [ I ] t o t a l 2 (6)

where [I]totai (=  — 2A[I2]) is the total iodine atom 
concentration—either as free iodine atoms or 
complexed with hexamethylbenzene; this assumes 
that the rate of formation of I2 is the same regard
less of the form of the iodine atoms. In terms of 
A 4 °

dAA° 
d t

4 k
(AA0) 2 (7)

At 605 m/x

_  dAAx = 
di

2k(Kc [D] +  1)
d [Ac[D](ec x — 2ei2,x) — 2 ̂ i2,x ]

(A Ax) 2

(8)
Values for k were calculated using equations 
7 and 8 from slopes of 1/AA  vs. t plots at 489 
and 605 opt, respectively, at room temperature, 
and are given in Table I.

T able I
Summary op Recombination Rate Constants, Measured 

at 489 mp and 605 ium
k k

[D] (from eq. 7) (from eq. 8)
(moles/1.) (l./mole sec.) (l./mole sec.)

0.434 7.6 X 109 7.6 X 10°
.434 7.0 6.4
.434 6.6 6.0
.372 6.2 7.1
.310 7.1 6.0
.310 9.0 8.0
.248 8.6 9.6
.186 10.1 7.3
.186 7.8 8.7
.124 10.4 7.9
.062 6.9 4.3

Average 7.9 X 10° 7.2 X 10°

The fact that there is no significant trend in k 
at either wave length over the concentration range

studied (where the ratio [I]/[D -I] varies from ap
proximately unity to five) indicates that the rate 
of recombination is approximately the same for 
complexed and “ free” iodine atoms, and is not a 
significant function of the encounter diameters. 
(This conclusion was also expressed by Gover and 
Porter.5) Further verification is found in the 
fact that the average value of k determined at 
either wave length is in fair agreement with the 
values obtained for the recombination of iodine in 
pure CC14 in earlier flash work5.8 and in work in
volving the combination of mean iodine atom 
lifetime and quantum yield measurements.9

Experimental
The apparatus was of conventional design for flash production and rapid spectrophotometric measurement of absorbance changes as a function of time at a single wave length,10 and has been described in detail in reference 1 . The flash lamp consisted of four parallel quartz discharge tubes (each 18 mm. o.d. with aluminum electrodes 12  cm, apart) arranged in cylindrical form and surrounded by an aluminum reflector. The continuous analyzing beam from a 6.3-volt (battery-operated) automobile headlamp passed through the cylindrical reaction cell ( 10-cm. light path, 28 mm. o.d.) positioned along the cylindrical axis of the flash lamp, and rendered approximately monochromatic by the appropriate Bausch and Lomb interference filter. (Characteristics of the nine interference and necessary auxiliary filters are included in reference 2.) The output, from a 931-A photomultiplier was fed through a capacitance-coupled cathode follower amplifier to a Tektronix Type 531 oscilloscope equipped with either a type 53B or D plug-in preamplifier, and the resulting oscillogram corresponding to a rapid change in transmittancy of the cell was photographically recorded. Four General Electric Pyranol capacitors (total capacitance 30 microfarads) were discharged through the flash lamp by a GL-5830 mercury thyratron tube controlled by the gate-out from the oscilloscope sweep circuit. Although rated at 10,000 volts, these capacitors were generally charged to 8,000 volts (960 joules); under these conditions the flash light intensity reached a maximum in less than 40 Msec., and decayed with a half time of approximately 20 Msec. Scattered flash light decayed to a negligible value by 150-200 Msec, after initiation of the flash in most cases, although reliable measurements could be made after 70 Msec. by applying a suitable scattered light correction.Methods of solvent purification and drying are given in references 1 and 2. Highest purity hexamethylbenzene, bromine, and iodine were used without further purification, except tha t the iodine used in cells filled i n  v a c u o  was resublimed from a K I-I2 mixture. Iodine-benzene and bromine-benzene cells were filled both in air and i n  v a c u o  (following rigorous outgassing consisting of trap-to-trap distillation and at least eight freezing, pumping, and thawing cycles). All other cells were filled in air but were tightly stoppered with ground-glass caps. The cells were wrapped with Eastman Kodak Co. gelatin Wratten filters to limit low-wave length absorption by the corresponding molecular halogen complexes; K2 and 2B filters were used for the iodine and bromine cells, respectively.

Discussion
Estimation of 1c and ec.—Although the extinction 

coefficient of the complex can be expressed in 
terms of A A x and d by equation 2, the concentra
tion of the complex is not known and (as pointed 
out above) the overlap of the visible spectra pre
vents determination of k for the donors benzene, 
toluene, xylene, and mesitylene. If it is assumed, 
however, that recombination in each system is

(7) R. Marshall and N. Davidson, J. Chem. Phys., 21, 2086 (1953).
(8) R. L. Strong and J. E. Willard, J. Am. Chem. Soc., 79, 2098 

(1957).
(9) H. Rosman and R. M. Noyes, ibid., 80, 2410 (1958).
(10) M. I. Christie, R. G. W. Norrish, and G. Porter, Proc. Roy. 

Soc. (London), A216, 152 (1953).
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diffusion-controlled and independent of the en
counter diameters of the recombining species 
and that the diffusion process can be represented by 
a sphere moving through a continuous viscous 
medium, the rate constants at constant temperature 
should be inversely proportional to the coefficients 
of viscosity.9 Values for k were calculated using an 
average value of 7.5 X 109 l./mole sec. from Table 
I for the recombination process in carbon tetra
chloride (ri =  0.97 centipoise at 20°), and extinction 
coefficients at \max were calculated from 7c/ec 
values given in reference 2 for air-filled cells. 
These are tabulated in Table II.

T able  II
Ra tes  of R ecombination and E xtinction  C oefficients 

A ssuming D iffusion-C ontrolled R ecombination

V
(centi k/ at Xmax k «C
poise) (cm./sec.) (ï./mole (l./mole

Solvent at 20° (from ref. 2) sec.) cm.)
Benzene 0.652 3.2 X 105 11.2 X 109 3500
Toluene .590 3.6 12.3 3400
o-Xylene .810 2.5 9.0 3600
p-Xylene .648 3.8 1 1 . 2 2950
Mesitylene .702 1 . 8 10.4 5800

The rate constants can be estimated in another 
manner. The complete rate expression for the 
photochemical formation of the complex (assumed 
to be instantaneous and therefore proportional to 
the light absorbed, / a), and its disappearance is

d [D -I]/d f =  2<*>/„ -  2/c [D -1 ]2 (9)
Or, in terms of AAX

dAAx
d<

=  20 eCiX dia — (AT x) 2 (10)

where é  is the primary quantum yield of dissocia
tion of the iodine molecule. A theory has been 
developed by Noyes,11 based also on the model 
of the liquid being a continuous medium of vis
cosity rj, that predicts

0 =  1 -
___________________ 1_
( X I (ra(ftr -  <;))1/2\ 
\ 6x17a2 /

1 (mkT/ 24)V;
7117a2

(ID

T able  III
R ates of R ecombination and E xtinction  C oefficients 

FROM E q CATION 10
<k k €C

(from eq. (l./mole (l./mole
Solvent 11) sec.) cm.)

Benzene 0.29 10.5 X 109 3300
Toluene .31 6.6 1830
o-Xylene .24 3.7 1480
p-Xylene .29 4.4 1160
Mesitylene .27 4.7 2600

Because of the extreme sensitivity of the com
puter integration to errors in 7a and AT x at a given 
time after the flash,1 the absolute values for k 
and tc are qualitative only. However, the lower 
values for k relative to that of benzene, in contrast 
to those given in Table II, for the stronger molecular 
iodine charge-transfer complexes (lower donor 
ionization potentials) indicate that the primary 
quantum yields calculated from equation 11 
are too high. Presumably charge-transfer interac
tion increases the probability of deactivation of the 
excited iodine molecule through a radiationless 
transition.

The Flash Photolysis of Bromine in Benzene.—
As in systems involving iodine, the flash photolysis 
of bromine in benzene is accompanied by a transi
tory increase in the visible-region absorbance, 
again indicative of the formation of the atom- 
benzene (D'Br) charge-transfer complex. There 
are, however, several important differences be
tween this and the iodine-benzene system: (a) 
appreciable photobromination of the benzene occurs 
(ca. 0.04% of the bromine disappears per flash 
at an initial bromine concentration of 2 X  10~4 
M ) ; (b) the rate of disappearance of the complex— 
determined by following ATX as a function of time 
at wave lengths above the region of absorption by 
Br2-—is complex, apparently being neither first- 
nor second-order; and (c) the rate of disappearance 
of the complex in thoroughly outgassed cells is 
much faster, but the extent of reaction per flash 
only slightly less, than in air-filled cells with well 
dried benzene.

A possible mechanism for the disappearance of 
D'Br involving concurrent steps is

k\
D B r — > X  (12)

where m is the mass of the atom, a is its radius, 
and (hv — t) is the excess kinetic energy of the atoms 
heading in opposite directions. Although this 
theory predicts a higher quantum yield (0.21) for 
iodine in carbon tetrachloride than is observed 
(0.13),8'9 it gives quite good agreement for low- 
viscosity hydrocarbons.12 Equation 11 has 
been used to calculate 0 for the five aromatic 
solvents assuming an average flash light wave 
length of 500 m,u, and equation 10 has been solved 
for the 7c/ec values given in Table II using an 
IBM-650 digital computer as previously described.1 
Resulting values of 1c and ec are listed in Table III.

(11) R. M. Noyes, Z. Elektrochem., 64, 153 (1960).
(12) n. Booth and R. M. Noyes, J. Am. Chem. Kor., 82, 1S68

(I960).

/c2
2D-Br — > Br2 (+  2D) (13)

The expression for the rate of disappearance of 
D-Br is

— d[D -B r]/di = 7d[D-Br] +  2/c2[D-Br]2 (14)
At wave lengths above the absorption region of 
Br,

ATX = e0iXd[D-Brl (15)

and

-  <1A - X = *,ATX +  (A/tx)2 (16)
di Ufr.X
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The integrated rate law then is

pk\t _ k,ehC 
A A x +

2k, 2 

<Ac,X
ghC (17)

where C is the constant of integration. The ex
ponential term eklt is plotted as a function of 
1/A /l x for varying assumed values of ki until a 
straight line results, the constant ec,x/&2 then being 
determinable from the slope/intercept ratio.

At wave lengths greater than 500 m/i, 7cx is ap
proximately constant for air-filled cells, independ
ent of wave length, and equals ca. 1.8 X  103 sec.“ 1. 
In thoroughly outgassed cells it is approximately 
ten times larger, and almost completely masks the 
second-order contribution. The constant ec,\/k2 
is a function of wave length with a maximum value 
of 6 X 10“ 7 cm./sec. at approximately 560 upi 
in air-filled cells; the spectrum is quite broad, 
however, extending over the complete visible 
region.

Initially it was assumed that the product of reac
tion 12 (X) eventually leads to bromination 
products. However, the fact that the extent of 
bromination per flash is (approximately) the same 
in outgassed and in air-filled cells, but that /cx 
is an order of magnitude larger in the former, sug
gests that recombination to form molecular bromine 
must occur by reactions involving X  in addition to 
reaction 13. Partial photobromination of the 
benzene presumably occurs through a primary 
process involving an activated bromine molecule, as 
suggested in earlier studies of benzene13 and bromo-

(13) E. Rabinowitsch, Z. physik. Chem., B19, 190 (1932).

benzene14 photobrominations, rather than a com- 
plexed bromine atom. Reaction 12 might be a 
transition from the 7r-complex (D-Br) to a more 
localized a--complex that can also react with an
other (T-complex, a D-Br, or a free Br atom to 
produce molecular bromine, although there is no 
experimental evidence for this second intermediate.

Products of the aromatic bromination have not 
as yet been completely identified, although the 
proton magnetic resonance spectrum of a residue 
from vacuum evaporation of the benzene indicates 
that tetrabromocyclohexene may be a major prod
uct. Neither bromobenzene nor hexabromocyclo- 
hexane was found to be a product, in contrast to 
earlier low-intensity benzene photobromination 
studies.13-15 It is possible that moisture and 
higher bromine concentrations can lead to acid- 
catalyzed ring substitution and complete addition 
reactions.16 Indeed, early runs in which the 
benzene was not rigorously dried gave greater 
amounts of bromine reacting per flash than in the 
runs reported here.
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M ethyl violet and cyanide ion react to form the leuconitrile, which reaction is reversed b y  the action of ultraviolet light. 
For the forward reaction in ethanol-water solutions, a decrease in the second order rate constant is observed as cyanide ion 
is increased over a wide range of concentration. The phenomenon is explained by ion-pair formation between the reactant 
ions. Assuming that a specific ion-pair is a reaction intermediate, a simple equation, A-0bBd =  A ;*it/(X [C N _] +  1), where 
frohsd and fc*_are the observed and the corrected rate constants and K  is the association constant for ion-pair formation, ex
plains the kinetics of the reaction. As the dielectric constant of the solvent mixture is decreased, both the rate of reaction 
and ion-pair formation increase. T he various rate constants at 25.0, 35.0, and 43.5° are given along with values for AFm., 
Aifaot- and ASact. The values of the association constants are given at these same temperatures as well as the values for 
AF, AH, and AS for ion-pair formation.

Introduction
Marckwald2 gave the name “ phototropy”  to the 

phenomenon in which a solid changes color when 
exposed to certain wave lengths of electromagnetic 
radiation but reverts to its original color on removal 
of the exciting radiation. This phenomenon now

(1) This work was supported by the Aerospace Medical Research 
Laboratories, Wright Air Development Center, Wright-Patterson Air 
Force Base, Ohio.

(2) W. Marckwald, Z. physik. Chem., 30, 140 (1899).

goes under the name of phototropism or photo- 
chromism. The field has been reviewed recently 
by Brown and Shaw.3

Holmes4 has proposed that the triarylmethyl 
leueonitriles on excitation with ultraviolet radiation 
show phototropism by the formation of either a 
triarylmethyl radical or the corresponding dye,

(3) G. H. Brown and W. G. Shaw, Rev. Pure Appl. Chem., 11, 1
(1961).

(4) E. 0. Holmes, J. Phys. Chem., 61, 434 (1957).
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depending upon the dipole moment and the di
electric constant of the solvent. This idea can be 
represented schematically as

Solvent of high dielectric constant

hv
(MG) C N -----* (MG) C N -----> (MG)+ +  CN~
malachite activated dye
green leuconitrile
leuconitrile

Solvent of low dielectric constant
hv

(MG) C N -----* (MG) C N -----* (MG) +  CN
malachite activated free
green leuconitrile radical
leuconitrile

Sporer5 has found that the triarylmethyl leuco- 
nitnles undergo two photoreactions, dye forma
tion and cleavage of substituents on the amine 
nitrogens. The cleavage reaction was found to be 
most pronounced in solvents having a low dielectric 
constant; cleavage also was found in solvents of 
high dielectric constant but this process is masked 
by dye formation.

This paper is concerned with kinetics of the 
reaction of methyl violet with potassium cyanide 
in several solvent media, primarily the 87.6% 
ethanol-12.4% water (by weight) system. If 
there is the decomposition of the methyl violet 
leuconitrile to the dye as has been proposed by 
others

light
M V C N ------* MV+ +  C N -

(methyl violet dye 
leuconitrile)

then, one should be able to follow the formation 
of the leuconitrile by mixing the dye and cy
anide provided an equilibrium exists between the 
dye and the leuconitrile. The reaction between 
dye and cyanide ion proceeds smoothly and can 
be followed easily in a spectrophotometer by ob
serving the change of absorbancy of the solution 
with change in concentration of dye. There does 
not appear to have been an approach, such as is 
described in this paper, to the investigation of the 
mechanism of the phototropism of leuconitriles. 
Previous studies have been of a qualitative nature6 7 
and have used ultraviolet radiation to form the dye 
from the leuconitrile; then a study of the decay 
of the dye to the leuconitrile was made.

Experimental
Materials.—Methyl violet (Eastman Kodak Co.) was dissolved in absolute ethanol and filtered to remove any insoluble residue. The dye solution was cooled in an ice bath and diethyl ether was added to the solution to precipitate the dye. The dye was filtered and then dried in an oven at 105°. 5 6 7
(5) A. H. Sporer, Trans. Faraday Soc., 57, 983 (1961).
(6) E. 0. Holmes, J. Am. Chem. Soc.. 44, 1002 (1922).
(7) T. Ariga, Bull. Chem. Soc. Japan, 2, 65 (1927).

A saturated solution of potassium cyanide of reagent grade quality was prepared at 60° in 1:3 water-ethanol mixture. The solution was filtered while warm and then cooled to room temperature. Absolute ethanol was added with stirring until crystallization ceased and then the solution was allowed to cool at room temperature for 2 - Z  hr. The potassium cyanide which crystallized was filtered and washed with absolute ethanol. The crystals were dried at 70-80° for 2-3 hr. and then at 105° for 2 hr. The composition of the cyanide was determined by the Liebig-Deniges method and was found to have a purity of 99.8%.A commercial grade of absolute ethanol was treated with magnesium ethoxide and refluxed with this reagent for about one-half hour. The alcohol was distilled and the middle fraction boiling at 78.4° under a standard atmosphere was collected for use. Ethanol prepared by this procedure was found to contain less than 0 .1 % by volume of water as determined by the Karl Fischer method. The alcohol was placed in a dark glass-stoppered bottle and stored in a desiccator over Drierite. The 95.6% ethanol, by weight, was prepared by distillation of commercial grade ethanol by collecting the middle fraction which boiled at 78.1° corrected to a standard atmosphere. The percentage of water was established by analysis with the Karl Fischer reagent. All ethanol-water systems were prepared by dilution of the absolute ethanol or the 95.6% ethanol.Procedure.—The data in this study were taken on a Beckman DU spectrophotometer. The temperature was controlled by circulating water from a constant temperature bath through the thermospacer set in the cell compartment of the instrument; thus the temperature could be controlled to ±0.1°. Calibration curves were established by the use of solutions of known concentrations of dye. The wave length used for the measurements was 580 m/».Stock solutions of methyl violet and potassium cyanide in each composition of ethanol and water were prepared by dissolving the proper amount of the purified dye or cyanide in a given volume of solvent. The quantitative rate measurements were made in a solvent composed of 12.4% water and 87.6% ethanol (by weight).The solutions of cyanide and dye were each brought to temperature, mixed, and transferred to the absorption cell for measurement. The decrease in absorbancy with time was then followed on the spectrophotometer. In several observations the solvent composition, dye concentration, and temperature were fixed and the rate of the reaction as a function of concentration of cyanide was measured. The purpose of changing the composition of the solvent was to study its role on the rate of the reaction. The rate of the reaction as a function of temperature also was studied.In addition to the 87.6% ethanol-12.4% water solvent system, several values were taken using the same reactants in another solvent system where the alcohol to water ratio was changed. Also, the methyl violet-cyanide reaction was observed in a few different compositions of a system of absolute ethanol and benzene. These latter observations are exploratory, but they support the mechanism proposed for the water-ethanol systems.
Discussion of Results

This discussion is concerned primarily with the 
ethanol-water systems. In all experiments de
scribed, the cyanide ion is in excess. The reaction 
is first order with respect to methyl violet at a given 
cyanide ion concentration. The water concentra
tion in the ethanol also has an appreciable effect 
upon the rate of reaction. However, this aspect of 
the study is not emphasized in this paper. The ab
sorption peak at 580 mp does not shift with change 
in the ratio of water to ethanol or under any other 
experimental conditions as observed.

That there is no marked effect upon the activity 
of methyl violet due to the variation of cyanide 
concentration is clearly demonstrated since the 
logarithm of the methyl violet concentration plotted 
against time shows excellent linearity at all cyanide 
concentrations and at all temperatures. The 
linearity of these plots along with the observation
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that all curves originate at the same point supports 
very clearly that the concentration of cyanide has 
no significant effect upon the absorbancy of methyl 
violet. Further, it is definitely shown by such a 
plot that the rate of reaction is dependent upon the 
first power of methyl violet concentration and upon 
cyanide concentration, though the order with re
spect to cyanide is not indicated. In making a 
more detailed study of the effect of cyanide ion on 
the reaction, it is found that the reaction is not 
truly first order in cyanide with respect to widely 
varying cyanide ion concentrations. This is clearly 
demonstrated in Fig. 1, where the inverse values of 
the rate constant are plotted against cyanide ion 
concentration. If the reaction were truly second 
order, the graphs would be parallel to the absicissa.

There are at least two approaches which may be 
used to explain these rate data. One is to invoke 
the classical concept of the ionic strength effect 
based upon the Bronsted Bj ermm -C  hristian sen 
treatment of the Debye-Huckel theory, and the 
other is to develop the explanation of the data on 
the basis of simple ion-pairing. In the case of the 
former concept, a non-specific ionic atmosphere is 
assumed and a plot of log k vs. the square root of 
ionic strength should give a straight line. This is 
found to be approximately true, although the data 
at 25°, when plotted in this manner, show a slight 
curvature.

If the concept of ion-pairing is invoked, then a 
different mathematical approach must be used. 
The basic supposition is that the cyanide ion reacts 
with the methyl violet ion reversibly to form a 
discrete ion-pair adduct. The mathematical deri
vation is quite simple.8

K  k*
MV+ +  CN~ MV+CN-  or (Q) — > products 

(ion-pair (1)
intermediate 

complex)
Then

K  =  [Q]f [MV+][CN~] (2)

Let a — x =  [CN~] +  [Q] and b — x =  [MV+]
[Q], where a — x and b — x are the total cyanide 

and methyl violet concentrations, respectively. 
Assuming that a is always much larger than Q, 
then

Rate =  fcobsd (a -  x)(b — x) =  fc*[Q] 
k*K

Ka T  1 (a — x)(b — x)

k*/kohsd = Ka +  1 
E

If Q is not an intermediate, then

K  ¥
Q MV+ +  CN_ — > products

I'V^obsd = Ka. +  1.
(8) J. E. Taylor, J. Am. Chem. Soc., 78, 3912 (1952).

(3)

(4)

Fig. 1.—A plot from eq. 3 or 4 shown in support of the ion-pair theory.
A correlation of the rate data based upon eq. 3 or 4 
is shown in Fig. 1. The graph of the variation of 
1/fcobBd with cyanide concentration is satisfactorily 
linear. The slight curvature obtained for the plot 
of log k vs. V h  between the limits of 0.0026 and 
0.013 M  in cyanide ion is hardly sufficiently strong 
evidence to eliminate this explanation, but with the 
excellent linearity of the plot of l/fc0bsd vs. [CN~] 
a stronger case is made in favor of the ion-pair 
complex theory.

To determine if the curvature of the plot of log 
k vs. v V  is real, it is necessary to extend the curve 
to lower cyanide concentrations. Upon attempting 
to do this, a lack of constancy of 7cobsd with time is 
observed. This is of such magnitude that it is 
not readily possible to distinguish between these 
two proposals. With either eq. 3 or 4 different 
limiting values of the rate constant are obtained 
when compared to the limiting value of the Bron- 
sted equation. This presents an alternate method 
of distinguishing between these two equations, 
but again difficulty due to the drift of the rate 
constants at low cyanide concentrations is encoun
tered. The averaged change between the values 
of fc0bsd at cyanide concentrations of 0.00065 and 
0.0013 M  (Table I) is in accord with eq. 3 or 4 
and not with the prediction from a plot of log K  
vs. a/ m-

Ion pairing does appear to be the more appro
priate explanation and is emphasized in the re
mainder of the discussion. With either theory 
there must be ion-ion interactions, specific in the 
one case and non-specific in the other, which are 
responsible for the variation of the rate with 
cyanide concentration.

Based upon the proposed simple ion-pair con
cept it is possible to calculate the various kinetic 
and thermodynamic constants associated with the
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T able  I 
R ate D ata

Methyl violet: 1.269 X 10“ 5 mole/1. 
Solvent: 12.4% water, 87.6% ethanol (by weight)
KCN KCl ,--------"&ob&d> l./mole sec.

inmoles/1. mmoles/1. 25.0° 35.0° 43.5°
0.652 2.006
1.303 2.5T
2.606 1.62“ 3.24 5.78
2.606 14.13 1.13“
5.212 1.40 2.81 5.00
7.818 1.23 2.45 4.40

10.42 1 . 1 0 2 .2 0
13.03 1 .0 0 2 .0 0

Solvent: 4.4% water-95.6% ethanol (by weight)
5.21 2.36
7.82 2.01

10.42 1.75
13.03 1.56

° An averaged value. There is a decrease in the calculated rate constant of roughly 1 0 % as experimentally determined. 
h An averaged value. The values vary from 2.27 at 117 sec. to 1.83 a t 873 sec. ° An averaged value. The values vary from 3.54 at 97 sec. to 2.16 a t 862 sec.

equilibrium and rate expressions. These values 
have been calculated and are assembled in Table II. 
There is an unfavorable very small positive value 
for Aifforin for the ion-pair whereas A<Sform is more 
favorable and gives a negative ATform. The ion- 
pair then exists in appreciable concentration. 
The positive AH{oim probably is related to the 
extent of hydration of the ions. Presumably the 
ion-pair is formed only by displacement of water 
molecules about the positive and negative centers. 
This means that the heat of hydration for those 
water molecules displaced must be subtracted from 
the heat of ion-pair formation. It appears that 
the two quantities are about equal so that the re
sulting A//form is approximately zero.

In order to define more clearly the nature of the 
ion-ion interaction, some studies with added po
tassium chloride were made. It is found that the 
effect of chloride ion to decrease the rate of reaction 
is somewhat less than that of cyanide ion (see 
Table I). With the added chloride there is a drift 
in the rate constants with time and this precludes an 
accurate evaluation of these data. The reason for 
this drift is discussed in a paragraph to follow. 
Based on the ion-pair theory, the effect of chloride 
ion is readily explained. Assuming K\ =  Qi/ 
([MV+la) and K 2 =  Q2/([M V +][C 1-]) and that 
only Q1 is intermediate, then

eta _  _  k*Ki(a — x)(b — x)
di “  C Ql ~  1 +  K t[CD] +  K,a

This derivation may be applied to any salt since, 
in this system, specific ion pairing is assumed to 
be a general phenomenon. If the Debye-Hiickel 
concept were to apply, there should be no difference 
depending upon the nature of the added ions. 
Since a difference does appear to exist even at these 
very low concentrations, additional support is 
given to the ion-pair theory as delineated in this 
paper. Attempts to study salt effects by calcium

T able II
C alculated C onstants

Rato constants in 12.4% water, 87.6% alcohol“
25.0° 25-35° 35.0° 35-43.5° 43.5°

k * ,  l./mole
sec. 0.0270 0.0536 0.0964

k ' 1.92 3.81 6.87
AE*act, kcal./

mole 10.3 1 0 .8 11.3
AE'act. 10.7 1 1 . 2 11.7
Afi*act. 12.5 13.5
Aff'act. 1 2 . 6 13.5
AS*act., cal./

mole/deg. 7.3 7.1 6.9
AS'act. 6.3 6 . 1 5.9

Equilibrium constants in 12.4% water, 87.6% alcohol
K- form.» 1-/

mole 70.8 71.1 71.3
AFform.» kcal./

mole -2 .5 4 -2 .6 3 -2 .7 0
A-í/form. 0 . 1 0 . 1

AiSform.> Cal./
mole deg. 8 .8 8 . 8 8.7

Rate and equilibrium constants in 4.4% water, 95.6% 
alcohol

k *  0.0360
k' 3.60
A'form. 100

“* Assumes the complex is intermediate. All other values were calculated from k* at the indicated temperatures using the Eyring rate equation. 'Assumes the complex is inactive. All other calculations based on k ’  values.
chloride and potassium sulfate were unsuccessful 
due to solubility difficulties.

As noted in the subscripts to Table I, there is a 
drift in the rate constants with time for the lowest 
cyanide concentrations. This occurs even in the 
presence of high chloride ion concentrations. The 
best explanation appears to be that there are two 
competing reactions. Only when the concentra
tion of cyanide ion is very high with respect to 
other substances present does a single reaction 
predominate. The nature of these competing 
reactions has not been determined. The second 
reaction may be a reaction with the hydroxyl ion 
resulting from hydrolysis of the cyanide ion.

The next consideration is the nature of the role 
of the ion-pair.9 Is it an intermediate which serves 
to tunnel the activation energy barrier, or does it 
deactivate in accord with eq. 4? As seen from eq. 
3 and 4, either concept can explain the observed 
rate of reaction.

Several lines of evidence, mainly of an intuitive 
nature, favor at least the partial contribution of 
the mechanism associated with eq. 3.

1. The first concerns charge isolation within the 
methyl violet molecule. It is reasonable to assume 
that the maximum charge intensity is isolated 
within a small area on the surface of the molecule. 
If this is the case, then ion-pair formation should 
occur and it may be reasonably assumed that the 
ion-pair, because of a very low activation energy,

(9) The so-called ion-pair complex is not to be confused with the 
activated complex of the absolute reaction rate theory.
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is formed previous to the leuconitrile, and eq. 3 is 
supported.

However, if the charge concentration were more 
diffuse, there would be a greater active area 
and both ion-pair and leuconitrile formation 
could occur either separately or successively. Both 
eq. 3 and 4 then could apply.

2. The low energy of formation of the ion-pair 
also favors its intermediacy since there is formed 
no energy sump upon contact of the reactants with 
each other. If such an energy sump were formed, 
partial or complete inactivation could occur de
pending upon the extent of formation of the com
plex and upon the relative degree of inactivation 
by complex formation.

3. The mechanism appears to change with the
solvent in which the reaction takes place. Only 
limited data are available, but the trends are 
significant. In 4.4% water-95.6% ethanol solu
tions at 25° (as compared to the 12.4% water solu
tions) the value of k* increases by a factor of 1.33, 
¥  by a factor of 1.88, and KfOTm. by a factor of 1.41. 
If the effect of varying cyanide upon the rate of 
reaction were only as indicated in eq. 3 or 4, then 
k' and should change by equal factors since
¥  =  k*Kfo r m ¥  and -Kform. are both inversely

proportional to the concentrations of methyl violet 
and cyanide ions. Conversely, k* is dependent 
solely upon Q and the effects of the ions are elimi
nated in the calculation of k*. Since the experi
mentally determined k* is not independent of 
these changes, a variation in the mechanism 
beyond that indicated by eq. 3 and 4 is suggested; 
however, clear evidence is not available. At high 
dielectric strengths, simple ionic interactions may 
occur to form the product and the Debye-Hiickel 
theory would apply to explain the ion strength 
effects, while at lower dielectric strength ion
pairing occurs. The water concentrations used 
may represent intermediate conditions. Possibly 
the competing reactions mentioned earlier may also 
be a factor. This phenomenon is currently under 
investigation.

In some exploratory studies in benzene-alcohol 
solutions the rate is seen to increase with decreasing 
alcohol concentrations. For example, in benzene- 
alcohol solutions, as the alcohol concentration is in
creased from 5 to 10% the rate decreases roughly 
by a factor of 0.4. These observations using a 
different solvent system support further the above 
generalizations.

PHOTOCHEM ICAL d s - t r a n s  ISOM ERIZATION  OF 
p -D IM ETH YLAM IN O CIN N AM IC  AC ID  N ITR IL E

By E. L ippert and W. Lüder

L a b o r a t o r i u m ,  f ü r  p h y s i k a l i s c h e  C h e m i e  d e r  T H  S t u t t g a r t ,  S l u t t g a r t - N , G e r m a n y
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As both the c i s  and t r a n s  isomers of p-fCHsfiN—C6H4—C H =C H —CN are almost planar, their quartz ultraviolet absorption spectra are quite similar except for the intensities of the long axis polarized first and third transitions. Photochemical equilibrium is rapidly achieved by irradiating with the light of Hg 366 cifi (27,400 cm.-1), which is absorbed in the first absorption band =  25,000 and 36,000 l./mole cm., respectively). In ethyl alcohol at room temperature, the photochemical equilibrium mixture contains 37.5% t r a n s  form. The quantum efficiency for the t r a n s  — >  c i s  isomerization is about 0.6 molecule/quantum and increases with decreasing solvent polarity. Due to the high dipole moments of the first excited singlet state [^e ( t r a n s )  >  14 Debye units] the t r a n s  form is more stabilized than the c i s  form by increasing electrostatic intermolecular interaction energy. The quantum efficiency for the c i s  — >  t r a n s  isomerization is about 0.45 molecule/ quantum. Both this reaction and its reverse are of first order. As the sum of the corresponding quantum efficiencies is unity within the limits of error, both processes might proceed through the same intermediate state, which presumably is the lowest triplet state. However, no effect could be observed when flushing out dissolved oxygen by nitrogen. Because of the competing t r a n s  — >  c i s  isomerization, both the quantum yield and the decay time of the fluorescence of the t r a n s  form are small, 0.11 ±  0.04 and > 6 X 10- 10sec., respectively, as compared with the high transition moment. Due to the Franck-Con- don principle, the short lifetime of the first excited singlet state allows only for small reorientation of solvent molecules and a small anomalous Stokes red shift as compared with the corresponding stilbene, diphenyl, etc., derivatives. No fluorescence could be observed with the c i s  form. This probably is due to its lower activation energy for radiationless deactivation, which tends to shorten the lifetime of the excited state of the not-all-planar c i s  isomer. No thermal isomerization reaction occurs even up to 120°. Above this temperature decomposition of the isomers could be observed.
Introduction

In a proceeding paper1 we investigated the struc
tures of the cis and trans forms and obtained these 
results:

(1) The two modifications with melting points 
at 65 and 163.5° are indeed the cis and trans iso
mers, respectively, as suggested by Coenen and 
Pestemer.2 (The melting points mentioned by 
these authors are 62 and 63° for cis, and 158 and 
163° for trans.)

(1) E. Lippert and W. Luder, Z. phys. Chem. (Frankfurt), 33, GO
(1962).

(2) M. Coenen and M. Pestemer, Z. Elektrochem., 57, 785 (1953).

(2) As both forms are almost planar in struc
ture, resonance and maximum absorption wave 
numbers are nearly equal. Only the intensities 
of the long axis polarized bands are decreased since 
the oscillator length and strength are shortened by 
twisting the trans form into the cis form.

(3) The ultraviolet absorption spectra, how
ever, are not congruent as has been assumed by 
previous authors.2 3 The apparent congruence ob
viously is the result of a rapidly achieved photo-

(3) D. Lauerer, M. Coenen, M. Pestemer, and G. Scheibe, Z. 
phys, Chem. (Frankfurt), 10, 236 (1957).
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chemical equilibrium which could be avoided by 
reduction of the amount of light absorbed.

(4) The cyano group acts as an -I as well as a 
-M substituent. In the ds configuration, there is 
a twisting vibration of about 180° amplitude for
the cyanovinyl group around the single
bond connecting to the ring.

(5) Both cis and trans bands show vibrational 
structure even in ethanol at room temperature.

In this paper the ds/trans isomerism is investi
gated in some detail by means of ultraviolet ab
sorption and fluorescence spectroscopy.

Experimental
The origin and the purification of the solutes and solvents already have been described.1 All work was carried out under red light and solutes and solutions were kept in the dark, since even daylight produces photoisomerization.The absorption spectra at room temperature were measured with a Beckman DK 2 and at lower temperatures with a Carl Zeiss MQ II spectrophotometer; the fluorescence spectra were recorded with an oscilloscope-spectrometer system requiring only a few seconds for the scanning of a complete spectrum.4The temperature cells have been described elsewhere.5 The kinetic measurements were carried out with an apparatus constructed by Zügel6 which records the time dependence of both the high pressure mercury lamp output at 366 m;u and the transmission of the solution by a calibrated photocell. The setups for the determination of the fluorescence quantum yields and their concentration dependence have been described by Hauser7 and Fischer.8

Results and Discussion
Absorption Spectra.—The absorption spectra of 

the solutions in ethyl alcohol and methylcyclohex- 
ane with and without irradiation are shown in 
Fig. 1 and 2. The isosbestic points indicate that 
chemical reactions are not competing with the 
ds/trans isomerization. The photochemical equi
libria achieved by irradiating solutions in ethyl alco
hol and in methylcyclohexane with Hg 366 m/x 
contain 37.5% and 24.8% of the trans form, respec
tively.

As the dipole moment of the trans form is higher 
than that of the ds form, the trans form is favored 
in polar solvents.9 No thermal equilibrium could 
be obtained for comparison. The ds  form dis
solved in well purified di-n-butyl-ethcr as well as 
in decalin gives no isomerization when heated at 
100° for several hours, but decomposition does oc
cur at 120°. This is in accordance with the ds —> 
trans activation energy of 46 kcal./mole of cinnamic 
acid nitrile in its vapor phase at 308-378°.10

Isomerization and Quantum Yield.— The iso
merization is first order in light intensity as is 
shown for two different intensities in Fig. 3 and 4. 
Hence, the quantum yield in-*, is given by

(4) E. Lippert, W. Nägele, I. Seibold-Blankenstein, U. Staiger, and 
W. Voss, Z. anal. Chem., 170, 1 (1959).

(5) E. Lippert, W. Liider, and F. Moll, Spectrochim. Acta, 10, 378 
(1959).

(6) M. Zügel, Thesis, Stuttgart, 1901.
(7) M. Hauser, Diplomarbeit, Stuttgart, 1957.
(8) H. Fischer, Diplomarbeit, Stuttgart, 1959.
(9) D. Schulte-Frohlinde, Ann. Chem., 615, 114 (1958).
(10) G. B. Kistiako\v8ki and W. R. Smith, J. Am. Chem. Soc., 58, 
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Fig. 1.-—Absorption spectra in ethyl alcohol at 293 °K. with (dotted line) and without (full line) irradiation with Hg 366 mv, wave number v in 1000 cm.-1.

Fig. 2.—Absorption spectra in methylcyclohexane at 296 °Iv. under irradiation with Hg 366 mp as in Fig. 1.

where V is the cell volume, in liters, c, is the con
centration of species i, in moles/liter, and Zab3 is the 
light intensity absorbed, in einstein units per time 
unit.

For solutions in ethyl alcohol, we obtain with the 
initial slopes in Fig. 5 and with the initial concen
trations Co =  1.505 X 10~5 and 1.679 X 10_5mole/ 
1. for ds and trans, respectively

rjcis-Hram =  0.44 molecule/quantum
Virans-̂ ds — 0.65 molecule/quantum

In less polar solvents the latter figure is even higher 
although precise measurements have not been pos
sible because of the small changes in absorption 
spectra at room temperature.

The corresponding values for 4-dimethylamino- 
4'-nitrostilbene are 0.40 and 0.13, respectively.9 
Its ratio r)c-+t/vt-+c ~ 3 is relatively high since the 
ds form is not planar and its energy is somewhat 
higher than that of the trans form because of the 
voluminous additional phenyl group. The sum 

+  Tji—.c =  0.53 of the latter compound is rela
tively small because of the heavier mass which 
moves less slowly. This more easily allows for 
competing effects.

For the compound under investigation, the sum 
ilt-*c +  Ve-*t =  1-09 might be one within the limits
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Fig. 3. (top) and Fig. 4 (bottom).—Difference between equilibrium concentration and effective concentration of the 
t r a n s  form and the c i s  form, respectively, in ethyl alcohol as a function of irradiation time at two different intensities; dotted line obtained after excluding oxygen by flushing for 1 hr. with nitrogen.
of error. This would mean that both reactions 
pass through the same intermediate state, which is 
assumed to be the triplet state.11’12 Contrary to 
the effect found for 4-dime thy lamino-4'-nitrostil- 
bene, no competing low temperature phosphores
cence was observed. Also, for both compounds 
within the limits of error no oxygen effect could be 
observed. With a flash apparatus no singlet-triplet 
absorption could be measured. This evidence all 
points to a very short lifetime for the triplet inter
mediate state because of competing mechanisms. If 
it is shorter than the first relaxation time of ethyl 
alcohol, there would be two different transition 
states of the system depending on the orientation 
of the polar solvent molecules, and the fact that the 
value of 97c-̂ t +  i7t—c =  1 -09 is greater than unity 
might have a real meaning.

Fluorescence Quantum Yield.—The fluorescence 
quantum yield of the tran.s form increases with 
solvent polarity (see above). In ethyl alcohol at 
room temperature it is (10.8 ±  4.0)%. No 
fluorescence of the cis form could be found even at 
lower temperatures. This is in accordance with 
the behavior of other aromatic 1,2-disubstituted

(11) Th. Förster, “ Fluoreszenz organischer Verbindungen,” Gottin
gen, 1951.

(12) G. M. Wyrnan, Chenu Rev., G25 (1955).

cfs-ethylene compounds, the fluorescence of which 
is quenched by a competing transformation of the 
electronic excitation energy into heat by conversion 
into twisting (internal rotational) vibration energy. 
Such a transformation occurs more rapidly with the 
cis form, which needs less activation energy than 
the trans form. For p-dimethylamino-a-cyanocin- 
namic acid nitrile ((CHs)2N-C,H4-CH:C(CN)2, 
“ dicyano” in Table I) a fluorescence has been ob
served. However, the quantum yield is less than 
0.04. Here also decomposition may compete with 
the emission13 and hence the occurrence of fluores
cence is surprising. The effect might be due to the 
dicyano group, which moves slowly, but a more 
thorough investigation of other quenching mechan
isms is necessary. A cis solution cooled down to 
liquid air temperature and then irradiated with 
Hg 366 mpi soon starts to fluoresce. The same 
effect has been observed with stilbene.14 Hence 
cis/trans isomerization is possible at about 90 °K., 
whereas reorientation (rotation) of molecules is not 
possible.15

T able  I
E ffect of Solvent on the W ave N umber  ( in 1000 cm. -1 ) 
of A bsorption and F luorescence M axim a  at  R oom 

T emperature

/■—trans form—s ✓—“ Dicyano” —-*
No. Solvent ?A VF ?A vp

1 Isopentane 28.95 25.85
2 Heptane 28.8 25.85
3 Cyclohexane 28.7 25.35
4 Methylcyclohexane 28.48 25.42
5 Benzene 27.68 24.88 23.35 21.15
6 Carbon tetrachloride 28.0 23.00 22.075
7 Methylene chloride 27.82 23.77
8 Butyl chloride 27.92 24.2
9 Chlorobenzene 27.2 24.35 23.00 20.35

10 Bromobenzene 27.1 24.35 22.9 21
11 o-Dichlorobenzene 27.1 24.0 2 2 . 8 20.7
12 Methanol 27.5 23.1 23.3 2 0 .6
13 Ethanol 27.65 23.31 23.19 20.8 8
14 ?i-Propyl alcohol 27.5 23.8 23.25 2 1 . 2
15 Isopropyl alcohol 23.35 20.9
16 Isobutyl alcohol 27.52 24.09 23.3 21.05
17 Diethyl ether 28.25 24.7 23.85 2 1 . 6
18 Dibutyl ether 28.2 24.6
19 Tetrahydrofuran 27.82 24.2 23.4 20.85
20 Dioxane 27.88 24.4 23.05 21.45
21 Acetone 27.7 23.35 23.3 20.5
22 Acetanhydride 27.6 23.15 23.1 20.45
23 Acetonitrile 27.65 23.1 23.2 20.3
24 Butyronitrile 27.65 23.35

Stokes Red-Shift.—With increasing polarity of 
the solvent, the fluorescence maximum is shifted 
more to the red than the absorption maximum 
(Table I) and the so-called anomalous Stokes red 
shift increases. Doubtless, the first excited singlet 
state possesses a higher dipole moment than the 
ground state.13 Hence the energy difference be
tween ground and excited states is lowered by in
creasing electrostatic solvent-solute interaction.

(13) E. Lippert, et ah, Angew. Chem73, 095 (1901).
(14) G. N. Lewis,T. T. Magel, and D. Lipkin,,/. Am. Chem. Soc., 62, 

2973 (1940).
(15) G. N. Lewis and .1. Rigeleisen, ibid., 65, 520 (1943).
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Due to the Franck-Condon principle, the orienta
tion of the molecules is fixed during the absorption 
process. If the lifetime of the excited state is larger 
than the first relaxation time of the solvent, re
orientation will take place in the stronger electric 
field of the excited dipole before fluorescence is 
emitted. Hence the fluorescence red shift is larger 
than the absorption red shift, and the dipole mo
ment difference pe — jug between ground and excited 
can be calculated from a plot of the Stokes red shift 
against a quantity A/  measuring the orientation

Pa — i>F =  const +
Que ~  Mg) 2 /  D ~  1 _  WD2 — 1 \ 

a3hc0 \D +  V, nD2 +  ' / J

a =  interaction radius of solute 
h =  Planck’s constant 
c0 =  velocity of light 
D =  dielectric constant of solvent 
wd =  refractive index of solvent

polarization of the solvent13'16 (Fig. 6).
However, the method is only applicable if the 

orientation equilibrium of the system is essentially 
achieved during the lifetime of the excited state. 
From a comparison of the maximum Stokes red 
shift of about 1700 cm.-1 for the trans form and 
about 1000 cm.-1 for the dicyano compound with 
the corresponding values 6000 and 13,000 cm.-1 
for p-dimethylamino-p'-cyanostilbene and p-cyano- 
N,N-dimethylaniline, respectively, it is obvious 
that this condition is not fulfilled with the com
pounds under investigation. Hence the value pe =  
14 D. for the dipole moment of the excited trans 
form obtained from the slope in Fig. 6 is only a 
lower limit, although it is the same value as has 
been calculated by electrooptical methods17’18 (pri
vate communications by Prof. Labhart and the 
late Dr. Czekalla, to whom we wish to express our 
thanks for these measurements). The lifetime of 
the excited state is shortened too much by the com
peting isomerization.

Fluorescence Decay Time.— The natural life
time of the first excited singlet state of the trans 
form with an cmax ~ 35000 l./mole cm. might be of 
the order 10- 8-10~9 sec. Because of the relatively 
small anomalous Stokes red shift mentioned above, 
the decay time should be of the order of the first 
relaxation time, which in most common organic 
solvents at room temperature, is of the order of 
10~n-10- 12 sec. Experimentally for 10-8 M  solu
tions in methyl alcohol and in xylene at room tem
perature, 6 X 10~10 sec. has been found to be an 
upper limit for the decay time. (Private com
munication by Prof. A. Schmillen, to whom we 
wish to express our thanks for those measure
ments.) The limit mentioned presumably is only 
a function of the apparatus used as it does not de
pend on concentration or wave length of excitation

(16) E. Lippert, Z. Naturforsch., 10a, 541 (1955); Z. Elektrochem., 
61, 962 (1957).

(17) J. Czekalla, ibid., 66, 733 (1901).
(18) H. Labhart, Chimin, 16, 20 (1961); Helv. Chim. Aria, 44, 457 

(1961).

Fig. 5.—Relative concentration of the t r a n s  form as a function of the irradiation time; dotted line without oxygen.

Fig. 6 .—Anomalous Stokes red shift (in 1000 cm.-1) as a function of A/, a quantity proportional to the solvent orientation polarization16; numbering refers to the solvents listed in Table I. D  =  dielectric constant and n v  =  refractive index of the solvent.
so far observed. The powder decay time amounts 
to 4 X 10-9 sec. Because of the low fluorescence 
intensity, no decay time values have been obtained 
with the dicyano compound. On cooling the 
solution, one finds the Stokes red shift to be de
creased, since the first relaxation time is increased. 
This is the case even in an isopentane/methylcyclo- 
hexane mixture. Hence it is not possible to deter
mine the decay time from the maximum of the 
Stokes red shift (minimum of fluorescence wave 
number) which is supposed to occur at that tem
perature where the relaxation time of the solvent 
equals the decay time.19
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(19) E. Lippert, W. Liider, and F. Moll, Spectrochim. Acta, 10, 858 
(1959).
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In a study of the phototropic properties of various nitrobenzyl derivatives, no compound was found to be phototropic which did not have a nitro group o r t h o  to a benzyl hydrogen. This structural requirement appears to be necessary but is not sufficient in itself to produce photochromic color under the conditions of our experiments. The results are consistent with the photochemical production of an excited species in which hydrogen is transferred from the methylene carbon to thè oxygen of the o r t h o  nitro group, producing a colored a c i  quinoid structure in equilibrium with its anion. _ The rate of fading of the colored photochemical product varies greatly with solvent, acidity, and temperature, as well as with the structure of the compounds.
Introduction

Studies by Chichibabin, et al.,3 on the photo- 
tropism of crystalline 2-(2',4'-dinitrobenzyl)-pyri- 
dine O-DNBP) led to the proposal that a hydrogen 
transfer took place from the methylene bridge to 
the nitrogen of the pyridine ring. The more re
cent research on the solutions of this compound4 
and its isomer, 4-(2',4'-dinitrobenzyl)-pyridine 
(y-DNBP),6 suggested an alternate mechanism in 
which this hydrogen transfers to the oxygen of the 
nitro group. According to this mechanism, the 
pyridine ring need not be an essential structural 
feature for phototropic activity, and thus might 
be replaceable by other electrophilic groups. The 
present study of analogous compounds was under
taken to investigate this possibility.

Results and Discussion
Phototropic Activity.—Table I lists the com

pounds of this study, their properties, and refer
ences to their synthesis; Table II reports appro
priate absorption maxima and colors produced with 
the phototropic compounds.

The compounds have in common a benzyl group 
substituted with one or more nitro groups. In this 
work a compound was considered to be non-photo
tropic if no color change was visible upon irradia
tion with unfiltered light from a 400-watt medium 
pressure mercury vapor lamp of a solution (95%  
ethanol) contained in a fused silica tube at tem
peratures down to that of liquid nitrogen.

Spectra were taken for each compound and the 
corresponding anion, which was prepared by adding

(1) Hughes Research Laboratories, 3011 Malibu Canyon Road, 
Malibu, California.

(2) Hughes Aircraft Company, Aerospace Group, Culver City, 
California.

(3) A. E. Chichi oabin, B. Kundshi, and S. V. Benewalenskaja, 
Ber., 58, 1580 (1925).

(4) R. Hardwick, H. S. Mosher, and P, Passailaigne, Trans. Fara
day Soc., 55, 44 (1960).

(5) H. S. Mosher, C. Souers, and R. Hardwick, J. Chem. Phys., 32, 
1888 (1960).

alcoholic potassium hydroxide to an alcoholic solu
tion of the substance. When a compound was 
phototropic, its visible spectrum was taken in a 
low temperature cell. Because the concentrations 
of the colored species are not known, extinction 
coefficients are not reported.

As indicated in Table I the known compounds 
2,4,2',4'-tetranitrodiphenylmethane and 2,4,4'- 
trinitrodiphenylmethane are strongly phototropic, 
a fact not previously reported. This result estab
lishes that a pyridine ring is not essential for photo
tropic activity with this type of structure. More
over, the N-oxides of a- and y-DNBP, in which the 
nitrogen of the pyridine ring is no longer capable of 
binding a hydrogen, are also phototropic.

In general, of the compounds investigated, only 
those with a 2,4-dinitrophenyl group attached to a 
-C H 2-  or -C H - group were found to be phototropic. 
Replacing the CII2 with a CO group resulted in 
loss of activity, e.g., 2-(2',4'-dinitrobenzoyl)- 
pyridine in the benzylpyridine series and 2,4,2',4'- 
tetranitrobenzophenone in the diphenylmethane 
series.

Two requisites for this type of phototropic ac
tivity seem to be: (a) a hydrogen on a benzyl 
carbon, sufficiently activated by ortho or para 
substituents and (b) a nitro substituent ortho to 
the benzyl carbon. The two isomers, 2,2'- and 
2,4'-dinitrodiphenylmethane were not phototropic 
under the conditions of these experiments; evi
dently they do not meet requirement (a). Tris- 
(4-nitrophenyl)-methane, with three nitro sub
stituents (none of which is in the ortho position) 
has a very active hydrogen on the bridge carbon, 
yet it is not phototropic, not meeting requirement
(b). The 4,4'-dinitro isomer is sufficiently acidic 
to be thermochromic but is not phototropic. Tris- 
(2,4-dinitrophenyl)-methane and 2,4,4'-trinitro- 
diphenylmethane, on the other hand, are photo
tropic. It seems that three nitro groups (or their 
approximate electrophilic equivalent, as for in
stance the pyridine ring in a- and 7-DNBP)
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T able I
List op Compounds and Properties

------- Melting points----—■* MethodObsd., Lit., of prep- \ 6 « X
Name® ”C. °c. aration m/i 10-«

2-( 2 '-N itrobenzy l)-pyridine c C d ,  e 262 1.32-( 4 '-Ni trobenzyl )-pyridiue 78-80 8 l f d ,  e 269 1 . 64-(4'-Nitrobenzyl)-pyridine 67-69 72-73" 0, e 264 1.4*2-( 2 ',4'-Dinitrobenzyl)-pyridine 93-94 92-93** g 248 1 . 6*4-( 2 ',4 '-Dinitrobenzy 1 )-pyridine 80-81 80-81" g 244 1 . 8*2-( 2 ',4 '-Dinitrobenzyl)-pyridine N-oxide 135-136 h 259 2 . 2*4-( 2 ',4 '-Dinitrobenzyl)-pyridine N-oxide 157-158 h 268 2.32-( 4 '-Chloro-3 '-nitrobenzyl)-pyridine 63-64 h 261 0.782-( 4 '-Chloro-3 ',5 '-dinitrobenzyl )-pyridine 90-91 h 261 0.802-( 2 '-N itro-4 '-aminobenzyl )-pyridi ne 119-120 118.5* g ,  e 239 1.9
2-(2',4'-Dinitrobenzoyl)-pyridine 146-147 148' f 238 2.32,2 '-Dinitrodiphenylmethane 83-84 159* h 256 1 . 04,4 '-Dinitrodiphenylmethane 181-183 183* j 277 2.32,4 '-Dinitrodiphenylmethane 115-118 118’' j 266 1.5*2,4,2 '-Trinitrodiphenylmethane 111-113 h 244 2 . 1

*2,4,4'-Trinitrodiphenylmethane 107-110 h 266 1 . 8
*2,4,2 ',4 '-T etranitrodiphenylmethane 170-172 173* k 242* 2 . 8
4J4',4"-Trinitrotriphenylmethane 212-213 212.5“ m 275 2.5

*2,4,2',4',2",4"-Hexanitrotriphenylmethane 256-258 260" h 253° 4.4
*Ethyl bis-( 2 ,4-dinitropheny 1 )-acetate 152-154 154p p 241° 3.1
2,4-Dinitrophenylaeetie acid 185 185" 242

‘Ammonium 2,4-dinitrophenylacetater h 243 . . >

“ * Indicates that the compound has been observed to be phototropic. 6 Spectra in 95% ethanol except where noted otherwise because of low solubility. c This compound was an oil, b.p. found 200° (5 mm.); reported 160-170° (0.4 mm.). 
d K. Schofield, J .  C h e m .  S o c . ,  2408 (1949). * We wish to thank Mr. Clark Souers for the preparation of these compounds. 
1 A. E. Chichibabin, B. Kuindshik, and S. V. Benevlenskaja, B e r . ,  58, 1580 (1925). » A. J. Nunn, and K. Schofield, J .  
C h e m .  S o c . ,  538 (1953). h See text for method of synthesis. *' R. H. Wilson, J .  C h e m .  S o c . ,  1936 (1931). > W. Staedel,
A n n . ,  283, 151 (1894). * K. Matsumura, J .  A m .  C h e m .  S o c . ,  51, 812 (1929). 1 Absolute ethanol solvent. “ P. J. Mon-tagne, R e c .  t r a v .  c h i m . ,  24, 125 (1905). " A. Baeyer and V. Villiger, B e r . ,  36, 2774 (1903). 0 Absolute methanol solvent. 
p Werner, B e r . ,  3 9 ,  1290 (1906). 4 Eastman White Label. r The alkali metal salts of 2,4-dinitrophenylacetic acid were also phototropic.

T able  II
C omparison of the P hotochromic Color w ith  the C olored A nion and the N eutralized  Solution

Compound
2-(2 ',4 '-Dinitrobenzyl)-pyridin3 

Same with some base present 
4-(2 ',4 '-Dinitrobenzyl)-pyridin3 

2-(2 ',4 '-Dinitrobenzyl)-pyridin3 N-oxide 
4-(2',4'-Dinitrobenzyl)-pyridine N-oxide
2.4.2 '-Trinitrodiphenylmethane 
2,4,4'-Trinitrodiphenylmethane
2.4.2 ',4 '-Tetranitrodiphenylmethane 
2,4,2',4',2",4"-Hexanitrotriphenylmethane 
Ethyl bis-(2,4-dinitrophenyl)-acetate 
Ammonium 2,4-dinitrophenylacetate 
2,4-Dinitrophenylacetic acid (plus base)

Photochromie®
567.5 (purple)
. . . (green-yellow)** 
575 (blue) 

sh. 601, 501/ (pink) 
sh. 650, 5 2 7 / (pink)

. . .  (faint rose)
580 (blue)
712* (blue)
715ili (blue)
. .. (blue)1 

(green)

X max. m/i
Neutralized
solution6 Colored anion®

575*

580"
7 l 2 a,h

650, 472 (green-yellow)
640, 480 (green-brown) 

sh. 600, 506 (pink)
650, 525 (pink)
645, 425 (green)
580 (blue)
700* (blue)
715’ (blue)
650, 471’ (blue)
639, 425 (green)650, 425 (green)*

“ Unless noted otherwise, refers to the observed color change on irradiation of an ethanolic soln, at approximately —100° in a fused silica cell by a high pressure mercury lamp. 6 Species formed by neutralization of the colored anion at a temperature low enough to prevent immediate fading to the colorless form. c Observed color change from addition of 0.1 A KOH to an ethanolic soln. a t room temperature, unless noted otherwise. d Phototropic color formed with a slight excess of 0.1 N  KOH added, but not enough to give anionic color. 6 —100°, R. Hardwick and H. S. Mosher, J .  C h e m  P h y s . ,  36, 1402 (1962). f  —80°. 4 —125°, 0.03 ml. of 0.01 N  KOH added to 3 ml. of 2 X 10~4 M  soln., followed by 0.03 mb of 0.01 N  HC1. * In absolute ethanol. * —7°. ' In absolute methanol. * In 50:50 methancl:acetonitrile. * —72°, with a slight excess of KOH after neutralization of the carboxylic acid.
ortho or para to the benzyl carbon are necessary 
for activation of the hydrogen to satisfy condition 
(a), in order to observe phototropism under the 
conditions of our experiments. The phototropic 
character of 2,4-dinitrophenyl acetate shows that 
it is not essential to have more than one aromatic 
ring attached to the benzyl carbon atom and that

the carboxylate group can play a role similar to a 
p-nitrophenyl group. Groups other than nitro 
should be able to replace the ortho substituent, 
but we have only preliminary data on such com
pounds. Yang and Rivas6 have reported on the 
photochemical enolization of o-benzylbenzophenone

(6) N. C. Yang and C. Rivas, J. Am. Chem. Soc.f 83, 2213 (1961).
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Fig. 1 .—2-(2',4'-D™itrobenzyl)-pyridine N-oxide, spectra 
of 2.91 X 10-5 M  solution in 9 5 %  ethanol, 1-cm. cell, 31°: broken line, addition of 0.06 ml. of 0.10 N  KOH to 3.3 ml.; dotted line, irradiation of initial solution a t —80° with tungsten lamp of the Cary 14 near infrared.

Fig. 2.—4-(2',4,-Dinitrobenzyl)-pjTidme N-oxide, spectra of 3.02 X IO-5 M  solution in 95% ethanol, 1-cm. cell, 31°: broken line, addition of 0.03 ml. of 0.10 N  KOH to 3.3 ml.; dotted line, irradiation of initial solution at —80° with tungsten lamp of the Cary 14 near infrared.
as detected by deuterium exchange experiments. 
We have observed the phototropism of this com
pound visually in ether-ethanol glass in which the 
yellow photochromie form is long-lived at —196° 
and presumably is the quinoidal intermediate postu
lated by Yang and Rivas. Also, there are several 
reports of photochemical (but not phototropic) 
reactions of ortho nitro derivatives7 such as 2,4,6-

Fig. 3.—Hexanitrotriphenylmethane, spectra of 1.0 X 10“6Af solution in absolute methanol, 1-cm. cell, 31°: broken line, addition of 0.03 ml. of 0.10 N  KOH to 3.3 ml.; dotted line, after irradiation of initial solution a t —16° with high pressure mercury lamp.

trinitrotoluene8 and o-nitrobenzaldehyde9 which 
indicate that these compounds may have the 
requisite structures, but for several experimental 
reasons (such as the concentration, extinction coef
ficient, absorption wave length, or lifetime of the 
unstable intermediate) no visual phototropic ef
fect is observed.10 That the nitro groups act by a 
reasonance effect and not solely through an in
ductive effect is illustrated by 2-(4'-chloro-3',5'- 
dinitrobenzyl)-pyridine, which was not phototropic. 
The sum of the Hammett constants for the phenyl 
substituents of a-DNBP (assuming that the elec
tronic effect of the ortho group is approximately 
equal to that of the para nitro group) would be 
+  1.56 and for the 2-(4'-chloro-3,,5'-dinitrobenzyl)- 
pyridine +1.65, which indicates a similar polar 
effect in both cases. The latter compound, however, 
neither forms a colored anion on treatment with 
alcoholic potassium hydroxide nor displays photo
tropism. This behavior suggests that the same 
factors which contribute to the stabilization of the 
anion may also contribute to the phototropic re
action.

Figures 1, 2, and 3 show the spectral changes 
upon conversion of the colorless to the colored forms 
for three of the phototropic compounds. The 
close similarity of the anionic spectra with the pho
tochromie spectra of these three compounds is 
clearly shown. The photochromie and the anionic 
spectra of 2,4,2',4'-tetranitrodiphenylmethane 
and of 2,4,4'-trinitrodiphenylmethane (see Table
II) were also found to have broad absorption bands 
of the type shown by the hexanitro derivative in 
Fig. 3.

These results are entirely consistent with the 
hydrogen transfer photochemical mechanism4’5 
producing the planar aci form in equilibrium with

(7) P. De Mayo and S. T. Reid, Quart. Rev. (London), 15, 414 
(1961).

(8) I. Tanasescu, Bull. soc. chim. France, [4] 39, 1449 (1926).
(9) P. A. Leighton and F. A. Lucy, J. Chem. Phys., 2, 756, 760 

(1934).
(10) Since the drafting of this paper, we have learned (private com

munication) that C. Wettermark has observed what is probably 
phototropism in the flash photolysis of o-nitro toluene.
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its anion. A more general form for this photo
chemical transformation can be written in which 
Ri may be H, C6H5, or presumably CH3, etc.
E.2 may be a substituent that increases the ionizing 
ability of the central C-H  bond without interfer
ing with the light absorption of the 2,4-dinitro- 
phenyl moiety and which becomes conjugated with 
quinoid structure of the ad  form. It is apparent 
from Table II that several groups satisfy the re
quirements for R2; there undoubtedly are many 
more.

R.
R2- c- / C ^ no2 

0 o
N i t r o  f o r m ,  tetrahedral (colorless)

Ri _
Ra— NQ2 

N
H ( /  \ )

R2- C ^ > N 02

N./  V- 0  0

+ H ■

Act-form or its anion, coplanar (colored)
The ortho-ad group initially formed photo- 

chemically is acidic and is thus in equilibrium with 
its anionic form and other an structures. In
2,4,4,-trinitrodiphenylmethane for instance, there 
are three nitro groups and six possible act-forms.

In the o-nitrobenzyl compounds the relative 
lifetimes of the photochromic forms increased as the 
acidity of the compounds increased. This probably 
is due to the increased dissociation of the ad- 
structure to the act-anion and may also be related 
to the increased multiplicity of possible ad- 
forms with each additional ortho- or para-nitro 
group.

^ (o)
NOs N 02

The photochromic spectra of the pyridine com
pounds are different from their anionic spectra, 
presumably because the basicity of the heterocyclic 
nitrogen causes a significant contribution of a N -H  
coplanar form in equilibrium with the acf-form and 
its anion.11 However, in the presence of added 
base (just short of appreciable anion formation in 
the dark), irradiation of a-DNBP gave a photo
tropic reaction forming a colored species with the 
same color as the anion. This is taken as addi
tional evidence that the photochromic intermediate 
is whatever would normally be formed from the 
aa-form, depending upon the acid-base equilibria 
in the solution.

Acid-Base Results.—-The solutions obtained by 
the low temperature neutralization of the anions 
of 2,4,4'-trinitrodiphenylmethane and 2,4,2',4'- 
tetranitrodiphenylmethane showed the same ab
sorption maxima as both the corresponding anions 
and the phototropic species within experimental 
error. Furthermore, the rate of fading of these 
neutralized anion solutions was the same (within 
experimental error) as that which the respective 
photo tropic species produced in the same solution. 
Data for the tetranitrodiphenylmethane are shown 
in Table III.

Table III
Fading Rate of the Neutralized Anion and the 
Irradiated Solution of 2,4,2',4'-Tetranitrodiphenyl-

METHaNE
-— ----- Rates of fading (sec.-1)--------- '

Temp.,
Neutralized

anion Irradiated
"C. solution® solution6

-9 1 3.3 X 103 2.5 X 103
-9 2 4.2 X 103 1.9 X 103
-9 3 3.7 X 103 1.7 X 103

a 0.03 ml. of 0.01 N  KOH added to 3 ml. of a 2 X 10“ 4 
M  solution of the tetranitrodiphenylmethane, with cooling to —100° and then adding of 0.03 ml. of cooled 0.01 N  HC1. 6 From irradiation of the faded conjugate acid solu
tion.

Photochemical and Thermochromic Results.—
All of these phototropic nitro compounds also were 
observed to undergo an irreversible photochemical 
reaction which eventually interfered completely 
with the phototropic reaction. It is not known 
whether this is a photochemical reaction of the 
photochromic species or whether it is a concurrent 
side reaction. Although this photochemical de
composition reaction probably is similar to that 
reported by Tanasescu,8 it probably involves much 
more than this simple transformation.

(C6H6)2- C H - / 0  
n o /

We have observed also that the anions of some 
of these substances are sensitive to light. This 
was especially so for the anion of 2,4,2,-trinitro- 
diphenylmethane, which upon irradiation decreased 
in absorption at the 645 mp band and increased at 
the 425 m,u band. It has been reported12 that the

(11) E. R. Hardwick and H. S. Mosher, J. Chem. Phys., in press.
(12) O. Fischer and G. Schmidt, Chem. Zentr., 76, I, 460 (1904).

(C6H5):

NO
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anion of tris-(4-nitrophenyl) methane decomposes 
upon reaction with oxygen bubbling through a 
solution to form tris-(4-nitrophenyl)- carbinol.

Thermochromic properties also were observed 
for those compounds in this study which had the 
more acidic hydrogens on the methylene bridge. 
Presumably this thermochromic effect is a shift of 
the equilibrium from the nitro form to the anion 
(or aci-nitro form). This phenomenon was most 
noticeable with tris-(2,4-dinitrophenyl)-methane,
4-(2,,4'-dinitrobenzyl)-pyridine N-oxide, 2,4,2',4',- 
tetranitrodiphenylmethane, 4,4',4"-trinitrotri- 
phenylmethane, 4,4'-dinitrodiphenylmethane, and 
ethyl bis-(2,4-dinitrophenyl)-acetate.

Materials
The references for the preparative methods are given in Table I. The new compounds and new methods of synthesis are given in this section.2-(2',4'-Dmitrobenzyl)-pyridine N-Oxide.—2-(2',4'- DinitrobenzyI)-pyridine ( 10.0 g., 0.039 M )  was dissolved in 200 ml. of glacial acetic acid containing 25 ml. of 30% hydrogen peroxide and was heated on a steam bath for 6 hours. The solvent was removed at reduced pressure, and the residual yellow oil triturated with ether until it solidified. Filtration gave 9.0 g. of crude N-oxide. After recrystallization from acetone-water and benzene, the test sample was passed through a silicic acid column, using benzene-ether mixtures as the eluent, and was recrystaflized from this solvent pair, m.p. 135-136.5°. A n a l .  Calcd. for Ci2H»N306: C, 52.37; H, 3.30; N, 15.27. Found: C, 52.58; H, 3.46; N, 15.15.4-( 2 ',4 '-Dinitrobenzyl )-pyridine N-Oxide.—4-( 2' ,4 '-Dinitrobenzyl)-pyridine (7.04 g., 0.027 M )  was dissolved in 140 ml. of glacial acetic acid containing 17.5 ml. of 30% hydrogen peroxide, and was heated at 70° for 5.5 hours. The solvent was removed at reduced pressure, and the residual oil was triturated with ether until crystallization occurred. Recrystallization from ethanol gave 5.4 g., m.p. 156-158°. The test sample was chromatographed on neutral alumina using ethanol as the eluent and then recrystallized from ethanol, m.p. 157.2-158°. A n a l .  Calcd. for C!2H9N30 6: C, 52.37; H, 3.30; N, 15.27. Found: C, 52.49; H, 3.48; N, 15.05.2-(4'-Chloro-3'-nitrobenzyl)-pyridme.—2-(4'-Chloroben- zyl)-pyridine (5.99 g., 0.029 M )  was nitrated by slowly adding 2 ml. of yellow fuming nitric acid to a cooled solution in 22 ml. of coned, sulfuric acid. In a 2-hour period the mixture temperature was permitted to rise slowly to 40°, then it was poured onto ice and neutralized with ammonium hydroxide. Filtration gave a white product that turned purple in the dark. This material was allowed to crystallize from hexane by slow evaporation of the solvent for several weeks, forming three different crystalline products. A single large yellow crystal formed first; light yellow needles formed next on the bottom, and a band of purple material appeared on the sides of the container. The needles were separated mechanically, were treated in an isooctane solution with Dareo G-60 carbon, and recrystallized from isooctane; 3.5 g., m.p. 60-61°. A n a l .  Calcd. for Ci2H„N20 2C1: C, 57.96; H, 3.65; N, 11.27. Found: C, 57.88; H, 3.73; N, 11.44.2-(4'-Chloro-3',5 '-dinitrobenzyl )-pyridine.—2-(4'-Chloro- benzyl)-pyridine (7.5 g., 0.037 M )  was added slowly to a mixed acid (7.5 ml. fuming nitric acid, d. 1.5, and 10.5 ml. coned, sulfuric acid) and stirred for 24 hours on a steam bath. The reaction mixture was poured onto ice, and 5.8 g. of crystals (sulfate salt, m.p. 137-139°) separated on standing. The salt was treated with ammonia to liberate the base which was recrystallized from ethanol, 3.2 g., m.p. 90-91°. 

A n a l .  Calcd. for C12H8N80 4 Cl: C, 49.1; H, 2.73; N, 14.30. Found: C, 48.96; H, 2.79; N, 14.28.This compound (and also the mononitro derivative) in ethanol solution shows no color when treated with ethanolic potassium hydroxide. This is taken as evidence that the nitro groups are not o r t h o  to the methylene bridge.
2 ,2 '-Dinitrodiphenylmethane.—4,4'-Diamino-2,2'-dinitro- diphenylmethane (18 g.), prepared according to Montagne and van Charante, 13 m.p. 205°, was tetrazotized in 6 A

hydrochloric acid (100  cc.) by slow addition a t —5° of a solution of sodium nitrite (10 g.) in water (25 cc.). To the clear orange solution, 50% hypophosphorous acid (50 cc.) was added slowly. Reduction occurs only on warming above 0°, and the mixture then becomes dark red. The reddish brown precipitate was washed well with water, extracted with 95% ethanol (250 cc.) and this extract chromatographed on Alcoa F-20 alumina with 50% benzene/50% n-hexane. The first fractions were recrystallized from n- hexane to give approximately 1 g. of material, m.p. 83.5- 84.5°. A n a l .  Calcd. for C13H i0N2O4: C, 60.46; H, 3.90. Found: C, 60.21; H, 3.77.
Schnitzpahn14 15 reports a melting point of 159° for this compound recrystallized from aqueous ethanol. The above material recrystallized from aqueous ethanol melts a t 83- 84°. On oxidation with chromium trioxide in acetic acid it gives a dinitrobenzophenone, m.p. 189-192°, reported16 for 2,2'-dinitrobenzophenone 188-189°. The infrared and ultraviolet spectra of the compound are compatible with a dinitrodiphenyl methane, and nitration gives 2 ,4,2 ',4 '- dinitrodiphenylmethane, and thus the discrepancy in melting point is unexplained.

2,4 ,2 '-Trinitrodiphenylmethane.—2,2'-Dinitrodiphenyl- methane (0.656 g., 0.0025 M )  was nitrated in concentrated sulfuric acid (7 cc.) at room temperature by the addition of a solution of sodium nitrate (0.216 g., 0.0026 M )  in concentrated sulfuric acid (5 cc.). After heating a t 70° for 1.5 hours, the nitration mixture was poured onto ice, the precipitate washed with water, dried and chromatographed on a basic alumina column (Alcoa F-20) using a 50:50 mixture of benzene and n-hexane at the start of the elution and progressing to a solvent richer in benzene as the separation proceeded. 2,2'-Dinitro-, 2,4,2'-trinitro-, and 2,4,2',4'-tet- ranitrodiphenylmethane were recovered in tha t order, the trinitro compound comprising about one-half of the total material. The trinitrodiphenylmethane was recrystallized from ethanol, m.p. 111-113°. A n a l .  Calcd. for Ci3H9N3- 0 6: C, 51.49; H, 2.99; N, 13.86. Found: C, 51.67; H, 3.12; N, 13.95.
2,4,4 '-Trinitrodiphenylmethane.—4,4 '-Dinitrodiphenyl- methane (3.88 g., 0.015 M )  was nitrated in concentrated sulfuric acid (25 cc.) at room temperature by the addition of a solution of potassium nitrate (1.53 g., 0.016 M ) in concentrated sulfuric acid (25 cc.). After heating a t 70° for 1.5 hours, the nitration mixture was poured onto ice, and the precipitate was washed with water, dried and chromatographed on a basic alumina column (Alcoa F-2 0 ) using a 50:50 mixture of benzene and hexane a t the staid of the elution and progressing to a solvent richer in benzene as the separation proceeded. Approximately equal amounts of 4, 4'-dinitro-, 2,4,4'-trinitro-, and 2,4,2',4'-tetranitrodiphenyl- methane were recovered in that order. The trinitrodiphenylmethane was recrystallized from ethanol, m.p. 107-110°. 

A n a l .  Calcd. for Ci3HoN30 8: C, 51.49; H, 2.99. Found: C, 51.31; H, 2.93.
Staedel reported a melting point of 109-110° for an x , x , x -  trinitrodiphenylmethane isolated from the nitration of di- phenylmethane. The present synthesis from 4,4'-dinitro- diphenylmethane establishes the structure as that of the 2,4,4'-isomer.
2,4,2',4',2'',4"-Hexanitrotriphenylmethane.—Triphenyl- methane (7.38 g., 0.030 M )  was nitrated with a total of 17 ml. of fuming nitric acid in 90 ml. of coned, sulfuric acid. The nitric acid was added slowly, a t first keeping the mixture below 20°, and then holding a t 80° for 4 hr. The reaction mixture was poured onto ice, and the aqueous suspension was neutralized with ammonium hydroxide, filtered, and washed with methanol (yield, 12 g.). The test sample was recrystallized by adding water to a boiling acetonitrile solution, then recrystallized from acetonitrile and washed with ether, m.p. 256-258° dec. A n a l .  Calcd. for C19- H i0N6O12: C, 44.37; H, 1.96; N, 16.34. Found: C, 44.79; H, 2.09; N, 16.00.
Ammonium 2,4-Dinitrophenylacetate.—This salt was formed as a precipitate by passing dry ammonia gas through a methanol-ether solution of 2,4-dinitrophenylacetic acid (Eastman White Label).
(13) P. J. Montagne and J. M. van Charante, Rec. trav. chim 31, 

343 (1912).
(14) K. Schnitzpahn, J. praJct. Chem., [2] 65, 322 (1902).
(15) W. Staedel, Ber., 23, 2578 (1890).
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O P TIC AL PROPERTIES OF 2 -(2 ',4 '-D IN ITR O B EN ZYL)-PYR ID IN E IN
TH E  ADSORBED STATE

By G. K ortum ,1 M. K ortum-S e ile r , 1 and  S. D. B a il e y

C o n t r i b u t i o n  f r o m  t h e  P i o n e e r i n g  R e s e a r c h  D i v i s i o n ,
Q u a r t e r m a s t e r  R e s e a r c h  a n d  E n g i n e e r i n g  C e n t e r ,  N a t i c k ,  Mass.

Received May 25, 1962

Diffuse reflectance spectroscopy has been used in an investigation of the reversible photochemical conversion of 2-(2',4'- dinitrobenzyl)-pyridine in the adsorbed state. The tautomeric shift associated with this conversion was studied in the phase boundary of those adsorbents which serve as electron acceptors. Two first order reactions were found which probably are due to the fading of a positive ion and of the neutral molecule, respectively. Activation energies have been estimated from the kinetic data.
The Kubelka-Munk theory,2 describing the proc

ess of “ diffuse reflectance”  of finely powdered 
absorbing material, has not been extensively used 
because the invariably superimposed “ regular 
reflectance”  levels and broadens the derived spectra. 
To get the true absorption spectrum from reflectance 
measurements one therefore has to eliminate 
the regular part of the reflection. This can be 
done easily by triturating the sample together 
with a large excess of a non-absorbing standard 
of the same particle size.3'4 Since in this process 
all organic and many inorganic compounds are 
adsorbed on the surface of the standard, this 
method is especially suitable for the investigation 
of the optical behavior of adsorbed molecules.

Recent work, for instance on the reversible ad
sorption of different dyes on surfaces of appropriate 
adsorbents,6'6 has shown that frequently a chemi
sorption is taking place which is accompanied by 
a pronounced change of color. This can be at
tributed to an electron-donor-acceptor-process 
between adsorbed material and the adsorbent. 
Equally, irreversible photochemical reactions of 
adsorbed molecules have been investigated by this 
method.7 The method, therefore, appeared promis
ing for the investigation of the reversible photo
chemical reaction of 2-(2',4'-dinitrobenzyl)-pyri- 
dine, which turns blue by illumination and fades 
again in the dark to its original colorless form. 
This reaction takes place in the crystalline form as 
well as in solution,8 but the rate of fading in solu
tion is very rapid and can only be observed at low 
temperatures9 or by a special flash technique at 
room temperature.10

The reaction has been interpreted8 as a tautomeric 
shift which involves either the pyridine or the neigh
boring nitro group.

(1) Visiting scientists from the Institute for Physical Chemistry, 
University of Tübingen, Tübingen, Germany.

(2) P. Kubelka and F. Munk, Z. Techn. Phya., 12, 513 (1931);
P. Kubelka, J. Opt. Soc. Am., 38, 448, 1067 (1948).

(3) G. Kortum and G. Schreyer, Angew. Chem., 67, 694 (1955).
(4) G. Kortum and J. Vogel, Z. Physik. Chem. (Frankfurt), 18, 110, 

230 (1958).
(5) G. Kortum, J. Vogel, and W. Braun, Angew. Chem., 70, 651 

(1958).
(6) G. Kortum and J. Vogel, Chem. Ber., 93, 706 (1960).
(7) G. Kortum and W. Braun, Ann. Chem., 632, 104 (1960).
(8) R. Hardwick, H. S. Mosher, and P. Passailaigue, Trans. Faraday 

Soc., 56, 44 (1960); H. S. Mosher, C. Sauers, and R. Hardwick, J. 
Chem. Phya., 32, 1888 (1960).

(9) J. Sousa and J. Weinstein, J. Org. Chem., 27, 3155 (1962).
(10) G. Wettermark, J. Am. Chem. Soc., 84, 3658 (1962).

We have studied this reaction in the phase bound
ary of several adsorbents by measuring the reflect
ance spectra of mixtures,, where the molar frac
tion of the nitro compound was 10“ 3 to 10~4, 
against the pure adsorbent as standard. Adsorp
tion was accomplished by grinding for several 
hours in a ball mill in the dark in a CO2 atmosphere. 
The sample then was exposed to diffuse daylight 
for 30 minutes and measured again. The spectra 
on NaCl as adsorbent are shown in Fig. 1.

The logarithm of the Kubelka-Munk function

F{RJ) g  -  R «y
2 R

eC

S

is plotted against the wave number. R<* =  
/(sample)//(standard) is the measured relative 
diffuse reflectivity, e the molar extinction coeffici
ent, c the molarity, and s the scattering coefficient, 
which is essentially independent of the wave 
length. The spectra are therefore identical with 
the true absorption spectra, except for a parallel 
shift in the values of log e. Quite analogous spec
tra were obtained on silica and lithium fluoride as 
adsorbents. Prolonged irradiation changes the 
compound irreversibly both in the case of the 
pure substance and in the solutions.8

The adsorbed nitro compound when illuminated 
turns blue, like the pure crystalline compound (X 
max — 600 mu), with the color fading slowly over 
a period of about 10 hours in the dark. The spec
trum can be measured easily therefore at room tem
perature.

Since earlier studies had shown that the interac
tion between adsorbed molecules and the adsorb
ent can in some cases be prevented by adsorbed
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Fig. 1.—Reflectance spectra of 2-(2',4'-dinitrobenzyl)- pyridine adsorbed on NaCl before exposure to light (a) and after exposure to 30 minutes of diffuse sunlight (b).

water,6.6 we at first carried out all experiments in 
the absence of moisture by heating the adsorbents 
to 500° for several hours and sealing the sample 
cells with quartz plates in a glove-box in a dry 
carbon dioxide atmosphere. It was found, how
ever, that the exposure of the adsorbed and con
verted compound to moist air did not change the 
intensity of absorption, so that later experiments 
were made with adsorbents which were air-dried 
only. The strong partial dipole moments of the 
nitro compound appear to be capable of displacing 
the water molecules from the surface of the adsorb
ent.

Quite unexpectedly the conversion to the blue 
form by illumination failed when the compound 
was adsorbed on MgO. Instead, an irreversible 
reaction in the dark took place, indicated by two 
maxima in the visible region at about 670 and 480 
m/u, respectively, which did not change upon ir
radiation in the ultraviolet. This is shown in 
Fig. 2. This reaction, in contrast to the tauto
meric shift, seems to be accelerated by water and 
can best be investigated on adsorbents which are 
only air-dried.

An indication of the reaction mechanism was 
given by earlier experiments8 on the reflectance 
spectra of s-trinitrobenzene adsorbed on MgO. 
Whereas s-trinitrobenzene adsorbed on Si02 or 
NaCl remains colorless, the adsorption on MgO 
produces a bright red compound, the spectrum of 
which is analogous to that of an alkaline solution 
of the same compound in water. This reaction 
has been explained according to polarographic 
investigations11 as an addition of OH-  ions on the 
benzene nucleus:

n o 2 n o 2
/ ( - )  H ->  0 2N=<Q____0 2N— +  OH-  -
\ \  OH

n o 2 n o 2
We therefore triturated 2,4-dinitrotoluene with an 
excess of MgO and Si02, respectively, and found 
that it reacts with MgO in the same way whereas 
on silica it remains unchanged.

We may therefore conclude that an analogous 
reaction takes place between the dinitro compound 
and MgO at the phase boundary, the MgO acting 
as an electron donor

N 0 2

1
w /

In o 2

+  M gO

A

II O— M g -
\ /  NO,

w : - c h 2-
N

/ ( - ) \o  o
IV

The quinoid structure of this compound explains 
the absorption in the visible and prevents the 
conversion I III, but would not prevent the 
tautomeric reaction I ->  II. From the fact that 
the dinitro compound does not turn blue on MgO 
by illumination we conclude that the mechanism 
of this conversion consists more likely in an intra
molecular shift I *=> III than in a shift I <=> If. 
This can be confirmed further by the optical be
havior of the 2-(4,-nitrobenzyl)-pyridine, in which

(11) L. Holleck and G. Perrefc, Z. Elektrochem!, 59, 114 (1955); 60, 
463 (1956).
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Fig. 3.—Reflectance spectrum of 2-(4'-nitrobenzyl)-pyridine 
adsorbed on silica.

does not occur. Neither does the irreversible reac
tion I IV take place on M gC03 and A120 3. 
In the case of CaO it can be detected slightly. On 
very pure “ neutral”  AI20 3 the tautomeric'shift I 
—*■ III can be observed, but to a lesser degree than 
on Si02, NaCl, or LiF, all other conditions being 
held constant.

In order to compare cur results with those in 
solutions, we have made rate measurements of the 
fading reaction III —*■ I as a function of temperature 
using silica as the adsorbent. For this purpose the 
samples were sealed in fused quartz cells which 
could be kept in a water thermostat and which were 
measured against the pure adsorbent as reference 
at 600 riijit as a function of time t. The logarithm 
of the Kubelka-Munk function log F(R „ ) plotted 
against t at four different temperatures is shown in 
Fig. 4. Obviously there are two first order reac
tions with different rates which are analogous to 
reactions in solution at different pH’s.10 This 
may be attributed to the fading of the cation

Fig. 4.—Fading reaction of 2-(2',4'-dinitrobenzy])-pyridine as a function of temperature: plot of log F(Ra>) rs. time in
minutes at temperatures of 17.1, 27.5, 37.1 and 47.0°.

the analogous tautomeric shift to I II would be 
expected to take place

no2 N02

H
V VI

By this reaction a resonance system extending over 
the whole molecule should result, giving a shift of 
the absorption to longer wave lengths. The re
flectance spectrum of the mononitro compound 
adsorbed on air-dry silica (Fig. 3) was measured 
and no shift in the absorption was found. This 
means that the reaction V ->  VI is very unlikely.

M gC03, CaO, and “ alkaline” A120 3 as adsorbents 
behave in the same manner as MgO in that the 
conversion to the blue form upon irradiation

NO2

(+)H  /  \
HO O

and of the neutral molecule (I), respectively, the

proton being substituted by acid groups —Si— OH.

From the slopes of the straight lines the rate con
stants k of the two reactions can be calculated 
and are given in Table I.

The values of log k plotted against 1 /T  give ap
proximately straight lines, the slopes of which give 
the activation energies E  for the two fading re
actions
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2.30AA log k 
A(1/T) 

T able I
kx hi

"C. l/T min.-1 log ki min.-1 log kt
47.0 0.00312 0.0307 -1 .513 0.0160 -1 .796
37.1 0.00322 0.0128 -1 .893 0.0061 -2 .213
27.5 0.00333 0.0057 -2 .240 0.0032 -2 .492
17.1 0.00345 0.0017 -2 .771 0.0011 -2 .947

We find Ei ~  17 and E2 =  15 kcal./mole, which is 
of the same order of magnitude and about three 
times larger than in solution,9 as is to be expected 
from the much smaller rates of fading in the ad
sorbed state. Since the activation energy E\ 
of the faster reaction 1 is somewhat larger than that 
of the slower reaction 2, there must exist a dif
ference in the frequency factor /] >  / 2, which might 
be due to different interaction of the cation or the 
neutral molecule, respectively, with the surface.

PHOTOCHROM Y AND THERM OCHROM Y OF AN ILS1
By M. D. C o h e n  and  G. M. J. S chm idt

D e p a r t m e n t  o f  X - R a y  C r y s t a l l o g r a p h y ,  W e i z m a n n  I n s t i t u t e  o f  S c i e n c e ,  R e h o v o t h ,  I s r a e l

Received May 25, 1962

In crystalline salicylidene anilines, photochromy and thermochromy are mutually exclusive properties. Thermochromy involves an miramolecular proton shift to the quinonoid tautomer; this shift occurs both in the ground state and excited state. In the photochromie process there is also an iniromolecular proton shift in the excited state, but the nature of the colored product is not yet unambiguously defined. Photochromy is a property of the isolated anil molecule in an arbitrary rigid matrix; thermochromy, on the other hand, necessitates certain specific structural types.
Introduction

Some crystalline anils of salicylaldéhyde (I) are

5' fi’

I
photochromie ; on irradiation with near ultraviolet 
light their color deepens with the formation of an 
absorption band in the visible. This color-deepening 
can be reversed (eradicated) by irradiating with 
light absorbed in the latter band, or thermally in 
the dark.

Photochromy in this series is a topochemically 
determined phenomenon, i.e., there seems to be no 
correlation of activity with substituents X ' and 
Y, but the packing arrangement in the crystal is of 
importance. Thus, for example, of the chemically 
very similar 4-chloro- and 4-bromo-anils, the latter 
is photochromie but the former not. Further, 
several anils have two polymorphic modifications of 
which only one is photochromie.

Summary of Experimental Observations
We have reported previously that in rigid glassy 

solutions all anils derived from salicylaldéhyde and 
substituted salicylaldéhydes are photochromie, 
whether or not they are so in the crystal.2 By vary
ing the chemical structure of the anil molecule used 
in these experiments we were able, then, to determine 
what features of the molecule are essential for photo- 
colorability. We found that the anils of ortho- 
methoxy- and of para-hydroxy-benzaldehj'des, and

(1) Further reports on these and other topochemical systems are to 
be submitted shortly to J. Chem. Soc.

(2) (a) M. D. Cohen, Y. Hirshberg, and G. M. J. Schmidt in 
“ Hydrogen Bonding," D. Hadzi, Ed. Pergamon Press, London, 1959, 
p. 293; (b) M. D. Cohen and G. M. J. Schmidt in “ Reactivity of 
Solids," J. H. de Boer, Ed., Elsevier, Amsterdam, 1961, p. 556.

of benzaldehyde itself, are not colorable; thus the 
ortho-hydroxyl group is essential to the process.

No cases of photochromy in the crystal have been 
found among the anils of hydroxy-naphthaldehydes. 
However, the anils of 2-hydroxyl-l-naphthaldehyde
(II) and of l-hydroxy-2-naphthaldehyde (III) 
are photochromie in “ high temperature” glassy 
solutions. Anils of II and III also have absorption 
bands in the visible when dissolved in hydroxylic 
solvents at room temperature, or in non-polar 
solvents at low temperatures.21-3’4 This absorption 
is not observed in the absence of the hydroxyl 
group, nor is it found in solutions of anils of 2- 
hydroxy-3-naphthaldehyde.

In the crystal, the dark-fading of the photo-color 
is a typical rate process with activation energy of 
the order of 20 to 25 keal. mole._1. Above a certain 
temperature this process is so rapid that photo
chromy cannot be observed by conventional meth
ods. This “ upper temperature limit” is characteris
tic of the particular anil and crystal modification 
studied.

On the other hand, for many anils it has been ob
served that for irradiation carried out at succes
sively lower temperatures the yield of photo-color 
drops off, and there is a “ lower temperature limit” 
below which photochromy is not observed.

Because photochromy is, thus, found only be
tween certain temperature limits it was necessary 
to study each compound over a range of tempera
tures. These experiments showed that many of the 
crystalline anils are thermochromie and that, in 
fact, thermochromy and photochromy are mutually 
exclusive properties; thus, each particular anil 
crystal modification is either photochromie or 
thermochromie, but not both. Neither photo-

(3) M. D. Cohen, Y. Hirshberg, and G. M. J. Schmidt, abstracts in 
Bull. Re8. Council Israel, 6A, 167 (1957); XIVth IUPAC Congress, 
Paris, 1957, Vol. II, p. 84.

(4) W. Vosz, “ Elektronenspektren aromatischer Azomethin- und 
Azaverbindungen,”  Thesis, Technische Hochschule, Stuttgart, 1960.
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chromy nor thermochromy (or the associated 
“ chromo-isomerism” ) are observed in the absence 
of the ortho-hydroxyl group.

The spectral properties of a photochromic and of 
a thermochromic crystal are shown in Fig. 1 and 2. 
It will be noted that the long wave length bands of 
the two materials are very similar as regards the 
wave length of maximum absorption and the pres
ence of a shoulder at about 4900 A. On the other 
hand there is an appreciable difference in the range 
5200-6000 A.

There is evidence that both the forward and re
verse photochemically-induced processes involve 
passage over a thermal barrier, probably in the 
excited state. Reference has been made to the drop 
in yields at low temperatures; on the other hand, a 
photochromic anil irradiated at a temperature at 
which the yield is high, and subsequently cooled, 
retains its full color. Similarly, it was found possi
ble to achieve photoeradication of the colors formed 
in glassy solutions only for “ high temperature 
solvents,”  e.g., paraffin oil at —80°; no photo
eradication proved possible for solvents whose 
setting temperature is below — 120°.

Confirmatory and more illuminating results have 
been obtained from preliminary fluorescence meas
urements. There is a clear-cut distinction between 
photochromic and thermochromic crystals in their 
fluorescence properties. Thermochromic crystals, 
on irradiation with 365 my fight, luminesce an in
tense yellow-green; this luminescence, which is of 
half-life time less than 50 y sec.,5 changes markedly 
with temperature. Of significance, however, is the 
observation that, at all temperatures, the short 
wave length cut-off of the fluorescence is at about 
4900 A. (Fig. 2). We have not been able to measure 
any fight emission from photochromic crystals dur
ing irradiation with 365 my fight, although to the eye 
they appear a dull red. However, at low tempera
ture, where the yield of the photocolor drops, these 
crystals become strongly luminescent, the spectrum 
of the fight emitted being as for the thermochromic 
materials.

Discussion of the Results
(i) The Nature of the D eeply Colored Species.—

There is overwhelming evidence for the importance 
of the ortho-hydroxyl group in these processes. 
Further, the results with the naphthylidene anils, 
and their analogy with the azonaphthols,6’7 argue 
strongly for the thermal color change being due to a 
quinoid-benzenoid tautomerism. Recent n.m.r. 
measurements8 provide more direct evidence for the 
quinoid nature of the colored species. We recall 
that Manchot9 showed that chromo-isomeric anils, 
dissolved and maintained at low temperatures, 
react at different rates with ferric chloride solution. 
Other reports on the tautomerism in solution have 
appeared in the literature.2 ~4-10

(5) A. Tzalmona and A. Aharoni, private communication.
(6) A. Burawoy, A. G. Salem, and A. R. Thompson, J. Chem. Soc., 

4793 (1952).
(7) K. J. Morgan, ibid., 2151 (1961).
(8) G. O. Dudek and R. H. Holm, J. Am. Chem. Soc., 83, 3914 

(1961).
(9) W. Manchot, Ann., 388, 103 (1922).
(10) D. Heinert and A. E. Martell, Abstract Al-102 in XVIIIth 

IUPAC Congress, Montreal, 1961, p. 61.

X (m/t).
Fig. 1.—The absorption spectrum of a crystalline film of salicylidene 2-chloroaniline before (full curve) and after (broken curve) irradiation. (Temperature —131°; irradiation 20 min. through Corning filter F5874, 250-watt high pressure mercury arc.)
There is no such direct information concerning 

the nature of the photo-formed deep color. Here 
the necessity for the ortho-hydroxyl group, and the 
similarity of the spectra to those of the thermochro
mic crystals, argue for the process being a tauto- 
merization to a quinoid state. There are various 
possible explanations for the difference between the 
spectra of photochromic crystals in the long wave 
length region (ca. 5200-6000 A.) : it might be at
tributable to the difference in the strength of inter- 
molecular coupling in the two packing types11; 
alternatively, the absorption in this region may be 
a partially submerged band due to a species found 
only in the photochromic crystals. These alterna
tives are being considered further.

(ii) Mechanism.— Weller has shown12 that in 
compounds of the type IV a displacement of the

IV

hydroxyl hydrogen to the carbonyl oxygen takes 
place in the excited state. This is evidenced by a 
large Stokes shift of the fluorescence.

(11) W. T. Simpson and D. L. Peterson, J. Chem. Pkye., 26, 588 
(1957).

(12) A. Weller, Z. Elektrochem., 60, 1144 (1956).
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25,000 20,000 15,000

X (mil).
Fig. 2.—The absorption and fluorescence spectra of a crystalline film of the strongly thermochromie 5'-chloro- salicylidene aniline: 1 (full curve), absorption a t —153°; 2 (broken curve), absorption at —49°; 3 (dotted), fluorescence at —153° on irradiation with 365 m,u light. (The fluorescence results are not corrected for variation of the sensitivity of the measuring instrument with wave length.)

Fig. 3.—Schematic representation of energy surfaces of an anil molecule in a thermochromic (full curve) and photo- chromic (broken curve) crystal. The numbered arrows are defined in the text.

In the thermochromic anils we find a similar 
large displacement of the fluorescence to longer 
wave lengths relative to the low-temperature band 
which absorbs (1, Fig. 3) the 365 rn/i light used in 
the irradiation. In fact, the fluorescence approxi
mately mirrors the high-temperature absorption 
band (2, Fig. 3).

Thermal measurements have shown that the dif
ference in the energies of the ground states of the 
yellow and red forms of the thermochromic crystals 
(7, Fig. 3) is small. Thus the larger displacement of 
the fluorescence is due to a second minimum in the 
excited state energy surface; proton transfer in 
these crystals therefore occurs in both ground and 
excited states.

For the photochromic crystals, however, the re
sults require us to postulate a triple-minimum poten
tial energy surface for the excited state; at high 
temperatures the primary excitation (1, Fig. 3) is 
followed by a proton transfer, and then a process of 
appreciable activation energy leads to a state which 
undergoes radiationless deactivation (or lumines
cence in the red) (4, Fig. 3) to the colored ground 
state; at low temperatures also the primary excita
tion is followed by proton transfer, but then there is 
fluorescent deactivation (3, Fig. 3) to the phenolic 
ground state, or to a state related to the phenolic 
ground state by a path of low activation energy.

We have some indication that in the 5200-6000 
A. range the thermochromic crystals have a very 
weak absorption band with Amax at about 5600 A .; 
further, that on application of heat to such crystals 
there is a time lag, of the order of milliseconds, in 
the appearance of this band, whereas the time lag in 
the appearance of the main thermochromic band 
had not been observed, but is certainly less than a 
few microseconds.6 These tentative results sug
gest the presence of a third minimum in the energy 
surface of thermochromic crystals, too. The dif

ference between the two types of crystals would 
then lie in the relative energies of the three 
minima and in the activation energies for pas
sage from one minimum to another (or the prob
abilities of intersystem crossing).

In Fig. 3 we illustrate diagrammatically the 
energy relationships we consider pertinent to 
the two classes of materials. In compiling 
these diagrams we have used the following ad
ditional considerations: (a) we have measured 
an energy difference of 1.76 keal. mole-1 be- 

b tween the yellow and red forms of the thermo-
o chromic 5'-chloroanil (7, Fig. 3); (b) the ac

tivation energies for the interconversion of 
these forms are low, since their interconversion 
is rapid at all temperatures; (c) the energy 
difference between yellow and photo-formed red 
species (6, Fig. 3) is appreciable, as evidenced 
by the absence of thermal population of the 
latter state (c/., however, Lindemann’s esti
mate13 of less than 4 keal. mole-1 for the 3- 
methylanil); (d) the activation energy for the 
interconversion (fading) also is found to be 
much higher in the photochromic series (5, Fig.
3).

(13) G. Lindemann, Z. wiss. Phot. Photophysik Photochem., 
50[II], 347 (1955).
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System

Anils
Spiropyrans
Sydnones

A
Benzenoid 
Benzenoid, ring
Molecules

T able  I
B

Quinoid “ c i s ”

Quinoid, chain with C and O in close 
proximity 

Sydnone+ and e~
2,4-Dinitrobenzylpyridine Benzenoid (nitro) Quinoid (aci) “ c i s ”  

Tetrachloroketonaphthalene Molecule Aryloxy and Cl-

C
Quinoid “ t r a n s ”

Quinoid, chain, with C and O well 
separated (several isomers) 

Sydnone+ +  e~ diffused an appre
ciable distance away 

Quinoid (aci) “ t r a n s ”

Aryloxy- +  Cl- diffused an appre
ciable distance away (possibly to 
another position in the molecule)

We have assigned the first two ground-state 
minima to the phenolic and quinoid molecular 
species; it remains for us to consider the third 
minimum. We have little evidence of direct bearing 
on the nature of the corresponding species; how
ever, in keeping with all our data is the supposition 
that it is a geometric isomer of the quinoid mole
cule (i.e., C below)

O—H

A B
benzenoid cfs-quinoid frans-quinoid

(the cis and trans labeling is based on relative 
positions of H and 0).

We shall see that analogous states can be en
visaged for other photochromie systems.

(iii) Structural Information,—The question next 
arises as to whether the energetics of these processes 
can be interpreted in terms of the crystal structures 
of the several anil types. The results obtained 
with rigid glasses suggest that photochromy is a 
property of the isolated anil molecule in an arbi
trary rigid matrix; photochromie crystals are, 
then, a sub-group of this general case. On the 
other hand, in certain structure-types the inter- 
molecular interactions are such as to lead to thermo- 
chromic behavior.

Our initial extension of these ideas was to suggest 
that the hydrogen-bond and hydrogen-transfer are 
tYdramolecular in the photochromie case, inter- 
molecular in the thermochromie one.2® This postu
late proved to be incorrect ; in both types of crystals 
the hydrogen bonds have been found to be intra
molecular, with the distance from O of one molecule 
to N of an adjacent one being too great for inter- 
molecular bonding.

The crystal-structure effect is twofold : it enables 
the photochemical cis-trans isomerization to occur 
in the photochromie but not in the thermochromie 
series; it also brings about a stabilization of the 
m-quinoid species in the thermochromie lattices. 
Because thermochromy and photochromy are 
mutually exclusive properties it is probable the 
same aspects of the structures are responsible for 
both phenomena.

The most striking features of the crystal struc
tures thus far solved are14 : (i) In the thermochromie 
crystals the molecules are essentially planar ando .
packed plane-to-plane at about 3.4-A. spacing,

while displaced relative to one another along the 
long molecular direction; (ii) in the photochromie 
salicylidene o-chloroaniline the molecules are dis
tinctly non-planar and there are no close plane-to- 
plane contacts as in (i).

We believe that such plane-to-plane packing is 
responsible for thermochromie properties, providing 
stabilization of the cfs-quinone through dipole- 
dipole interaction; it is also responsible for lack of 
photochromie properties ir. such crystals by (steri- 
cally) preventing the cis-trans isomerization.

In photochromie crystals, on the other hand, 
the structure is sufficiently open to allow the iso
merization, while packing is not of the right type for 
dipole-dipole interaction to lead to stabilization of 
the cfs-quinone. Here we see the source of the 
analogous behavior of photochromie crystals and of 
rigid solutions of the anils.

Two modifying statements should be made: 
first, the molecules in photochromie crystals are not 
completely insulated from one another and some 
topochemical influences are to be expected; second, 
the cell dimensions and space groups of the thermo- 
chromic crystals show that there are a number of 
sub-groups between which there are marked dif
ferences in packing characteristics. The intensity 
of thermal color formation is more or less uniform 
within each sub-group, but differs markedly be
tween sub-groups.

General Comments on Photochromy.—The en
ergy surfaces which we have constructed for the 
anil systems appear to apply, with small modifica
tions, to the other photochromie systems described 
in this symposium. (We speak here of “ an energy 
surface” with the full realization that changes in 
multiplicity may be involved at some intermediate 
stages.) Some of these systems are non-fluorescent 
so that it is difficult to determine whether there are 
minima in the excited-state surface corresponding 
to those in the ground-state surface. There must, 
thus, remain open the possibility that internal con
version causes decay to a high vibrational level of 
the ground state, with further reaction occurring in 
this state.

For the ground state surface, however, the follow
ing species are clearly involved: (i) non-colored 
form (A) ; (ii) colored form (B), geometrically very 
similar to (A) but of higher energy and readily con
verted into it; (iii) colored form (C), geometrically 
different to (B) and requiring appreciable activa
tion energy to allow conversion into (B ).

(14) The structure analyses will be reported elsewhere; see J. Breg- 
man, L. Leiserowitz, K. Osaki, and G. M. J. Schmidt, J. Chem. Soc., 
in press.
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This is a minimal set; there are in some cases a We note in Table I the possible natures of A, B, and 
number of modifications of each of these species. C for various systems.

PHOTOCHROM IC BEH AVIO R OF SYDNONES
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Seven different sydnones (N-benzylsydnone; N-p-methylbenzylsydnone; N-3,4-dimethylbenzylsydnone; N-p-chloro- benzylsydnone; N,N'-ethylene-bis-sydnone; N,N'-tetramethylene-bis-sydnone; and N-3-pyridylsydnone) have been examined for photochromie behavior. Although all of the compound sydnones exhibited some degree of photochromism in the solid state, the response of the group of materials was inconsistent and could not be related to structural parameters. N-3- Pvridylsydnone (N3PS) was selected for more extensive study on the basis of the extent and spectral location of the photo- chromic change which it undergoes. The material was investigated in the solid state as well as in solution. A mechanism for the photochromie behavior of N3PS is suggested on the basis of experimental evidence presented.
I. Introduction

Increasing interest has been shown during the 
past few years in photochromism and photochromie 
materials.1 Various applications such as devices 
for temperature control of satellites, computer 
memory elements, and optical filters with control
lable, variable absorbancies have been proposed. 
Midwest Research Institute has been engaged in the 
study of photochromie materials and photochro
mism for several of these end uses.

A group of anhydro-compounds prepared by Earl 
and his collaborators2'3 at the University of Sydney 
have been termed “ sydnones.”  These compounds 
have been shown to be neutral, highly crystalline, 
stable, and fairly soluble in most organic solvents 
including benzene. Baker, Ollis, and Poole4 have 
proposed a mesoionic hybrid structure of aromatic 
type.

The purpose of this paper is to report the results 
of solid state and solution studies of photochromism 
in sydnones, with particular emphasis on N-3-pyri- 
dylsydnone. The sydnones investigated are listed 
in Table I. The degree of photochromism (reversi
ble color transformation in the visible region ex
hibited by solids or solutions upon exposure to 
exciting radiation) of each of these materials is 
presented in Table II. N-3-Pyridylsydnone was 
the most photochromie sydnone of the eight com
pounds investigated, and was therefore examined 
in greater detail.

II. Experimental Procedures and Results
A. Preparation of Materials.—Compounds I through VI (Table I) were made available for this study by the Cancer Chemotherapy National Service Center, National Institutes of Health, through the courtesy of Dr. C. C. Cheng, Head of the Cancer Chemotherapy Section, Midwest Research Institute. N-3-Pyridylsydnone (N3PS) was prepared by the methods of Tien and Hunsberger.5 Purification of all the compounds was by successive recrystallization.B. Solution Studies.—In solution, the various sydnones were not photochromie, however, non-reversible color formation did occur in some instances. This type of change
(1) G. H. Brown and W. G. Shaw, Rev. Pure Appl. Chem., 11, 2 

(1961).
(2) J. C. Earl and A. W. Mackey, J. Chem. Soc., 899 (1935).
(3) R. A. Eade and J. C. Earl, ibid., 591 (1946).
(4) W. Baker, W. D. Ollis, and V. D. Poole, ibid., 307 (1949).
(5) J. M. Tien and I. M. Hunsberger, J. Am. Chem. Soc., 77, 6605 

(1955); 83,181 (1961).

T able  I
Sydnones E xamined  fob  P hotochromism

Compound Formula

(I)N-Benzylsydnone
■ch2- n ------ CH

(lu
N-p-Methylbenzyl

sydnone
(HI)N-3,4-Dimethyl-

benzylsydnone
(IV)
N-p-Chlorobenzyl-

sydnone
(V)
N,N '-Ethylene-bis- 

sydnone
(VI)
N, N '-Tetramethyl- 

ene-bis-sydnone 
(N3PS)
N-3-Pyridylsydnone

HC------ N -C H ,-C H ,-N -------CH
1 ©  1 ' I ©  1w N W .CO0

° G ^ N

HC------ N-CH2CH2CII2CH2-N -------CH
I ©  I I ©  I

O C ^ ^ N  N ©  CO
O O

,1 —N------ CH
U  ¿ © A

o

T able  II
Ultraviolet E xcitation  Characteristics of Sydnone 

F ilms

.-------- Optical excitation characteristics----------.
a A Rb Wave length

Sydnone (%) (%) (mp)
I + 3 .3 + 3 .5 360
II + 1 .9 + 0 .4 500
III - 3 .0 + 5 .5 360
IV - 0 . 6 + 4 .8 360
V - 1 .4 + 0 .2 400
VI + 1 . 2 + 4 .0 360
N3PS - 4 .8 + 5 .0 600

“ Maximum change (plus or minus) in transmission, after 
2-min. exposure to ultraviolet irradiation; ultraviolet source: GE H-100 FL-4 mercury projection bulb with a Coming D CVX RDL filter to screen the visible light. 
6 Recovery-change in transmission after 5 min. exposure to infrared irradiation; infrared source: standard 250-wattinfrared bulb; all values represent mean values obtained from several experiments.
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was studied in dilute (10 mill) solutions of N3PS. Water and propylene carbonate solutions slowly turned brown and exhibited a new absorption peak near 380 mp. Benzene solutions turned brown and deposited a brown, water- soluble residue. A brown precipitate was also formed in cyclohexane. In water solution, the color formation was completed in a few days. The process was more rapid if nitrogen was bubbled through the solution. Oxygen did not cause a similar effect. In propylene carbonate, the color change required several weeks. Nitrogen caused an increase in color, as observed in the aqueous solutions. However, in this solvent, the absorption returned to the original value in 30 min. following the treatment with nitrogen.Comparisons of the solution spectra of the various sydnones indicated that the absorptions a t c a .  300 m/r are due to n — >  it* transitions.6 7 8 9 N-Benzyl-, N-p-chlorobenzyl-, N-p- methylbenzyl-, and N-3-pyridylsydnone were examined as0.25-0.35 mM  solutions in cyclohexane and in water. The results are summarized in Table III . In each case, a blue shift of 10 -2 0  m¡ i was observed in going from the former to the latter solvent. In addition, conductance measurements were made on solutions of N3PS in cyclohexane and water. No conductance { c a .  1 pa. could have been detected) was observed when 0.5-1 v./cm . was applied to 1.5 mM  solutions.
T able  III

E xtinction  C oefficients of  Sydnone Solutions

'--------------------------Solvent------------------------ s
'----- Cyclohexane----- * /----- Water----- '

Sydnone X (mg) log c A(mfi) log *
N-Benzyl- 300

307(sh)
320(sh)

3.80 287 3.95

N-p-Chlorobenzyl- 253 3.60 co. 215 c a .  4.
300
308(sh)
322(sh)

3.04 287 3.94

N-p-Methylbenzyl- 300
308(sh)
320(sh)

3.75 289 3.93

N-(3-Pyridyl)- 238 3.67 232 4.04
265 3.42

325 3.15 305 3.74
C. Solid State Studies.—Thin films of each of the syd-nones listed in Table I were prepared by vacuum vaporization, and their response to ultraviolet and infrared irradiation was determined in the spectral range 300 to 700 mp. Compounds I, II, and VI exhibited an increase in transmission after exposure to ultraviolet irradiation, whereas the other sydnones showed a decrease in transmission.The N3PS can be returned to its colorless state by irradiation with infrared light for periods of 1 to 5 min., or by storage in the dark for several days. A more rapid recovery of the films can be induced by the application of an e.m.f. for periods of 1 min. or less.After prolonged or repeated ultraviolet exposure, thin films of N3PS showed fatigue or an inability to return to their original state. Although infrared irradiations or an applied e.m.f. were effective in hastening the recovery of sydnone films, four or five alternate exposures to ultraviolet and infrared radiation destroyed the photochromism of N3PS. The observed fatigue can be attributed to one or more factors: thermal decomposition of the N3PS film during infrared radiation or e.m.f. application; alteration of electronic configuration as a result of ultraviolet radiation; or a combination of several such factors which resulted in decomposition of the films. The first factor was eliminated by allowing the sydnone to recover in the dark. The second factor was examined by narrowing the range of wave lengths during ultraviolet radiation. If an optimum energy range for excitation-recovery exists, the excitation- recovery cycles for the selected energy ranges should differ, 

i . e . ,  possibly show a greater or lesser degree of fatigue. Table IV lists the filters used in these studies.
(6) G. S. Brealey and M. Kasha, J. Am. Chem. Soc., 77, 4462 (1955).

T able  IV
W ave  L engths Used in F atigue Studies

Ultraviolet range
(mp)

Unfiltered ultraviolet lamp 200-400
Filtered ultraviolet lamp 300-400
Cerium oxide (thin film) 350-400

Several films were prepared and stored in the dark. The effect of ultraviolet irradiation was determined daily by comparing transmission spectra taken before and after each irradiation. Fatigue appeared after fewer irradiations when5-min. periods were used than when irradiation lasted for only I min. In the latter series, the specimens recovered completely in all instances. The optimum (greatest change in per cent transmission) ultraviolet range for the shorter irradiation time appeared to be 300-400 mp; however, a smaller energy range (350-400 mp) seemed to produce less fatigue over a greater number of cycles. These results indicate that fatigue of the sydnone film might be diminished by the use of a cerium oxide film as a filter.D. Infrared Studies.—Infrared spectra were taken to determine if the effect of photochromic changes extended into the infrared region. A Beckman IR-4 spectrophotometer equipped with sodium chloride optics was used to obtain spectra in the region from 660 to 5000 cm.-1. Spectra  of N-benzylsydnone (I), N-p-methylbenzylsydnone (II), N-3,4-dimethylbenzylsydnone (III), N-p-chlorobeuzylsyd- none (IV), N,N'-ethylene-bis-sydnone (V), and N,N'-tetra- methylene-bis-sydnone (VI) were obtained on thin films vacuum evaporated onto salt plates. Thin films and potassium bromide pellets of N3PS were studied.The frequency of an infrared absorption is primarily determined by the mechanical motions in the molecule, while the intensity of an absorption is mainly dependent upon the electrical properties of the molecule. Thus, it would be expected that a structural alteration accompanying a photochromic change would appear as a difference in the position and intensity of certain absorptions in the spectrum. If a change occurred it would be most pronounced for N3PS, since this compound exhibits photochromism to a greater extent than do the other sydnones studied. Compounds I to IV were evaporated onto salt plates. Their infrared spectra were obtained and compared with the spectra taken after 2 min. irradiation with ultraviolet light. The two spectra of each compound were essentially identical, although a slight decrease in the intensity of the absorption bands of the irradiated material was noted. The similarity between the infrared spectra of compounds I to IV before and after ultraviolet irradiation is an indication tha t there are no structural alterations associated with photochromic changes under the conditions of our experiments.The infrared spectrum of N3PS was obtained before and after irradiation with ultraviolet. The blue form of N3PS was caused to revert to the colorless form by irradiation with an infrared lamp before taking the next spectrum. The spectra differed only by slight changes in band intensity. The sample was then alternately irradiated with ultraviolet and infrared. After each exposure the spectrum was recorded in the region in which the greatest change in band intensity had occurred. A progressive slight decrease in band intensity was observed. This decrease in band intensity probably is due to a partial decomposition of the samples, rather than to structural changes.All of the sydnones studied absorb in the 3100 to 3200 cm . -1 range. Several authors7-9 have assigned peaks in this range to the sydnone ring C-H stretching mode. A spectrum of N-p-methylbenzyl-C-bromosydnone was taken in order to provide more conclusive evidence for assignment of these bands. A spectrum of this compound showed no absorption in the above mentioned region. In addition, the band at 3150 cm . -1 in N3PS was not present after bromination. The common absorption of the sydnones in this range, plus the disappearance of the absorption in the brominated materials, make plausible the assignment of a
(7) C. Greco, “ Synthesis of Some Substituted Pyridyl Sydnones,” 

Doctoral Dissertation, Fordham University, New York, N. Y., 1960.
(8) J. M. Tien and I. M. Hunsberger, J. Am. Chem. Soc., 77, 6604 

(1955).
(9) D. J. Voaden, Dissertation, Oxford University, England, 1957.
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band in the 3100 to 3200 cm.-1 region to the sydnone C-H stretching vibration. The assigned frequencies, accurate to within 20 cm. “h are listed in Table V.
T able  V

Sydnone C-H Stretching F requencies
C m .  ~ 1

N-Benzylsydnone 3135
N-p-Methylbenzylsydnone 3120
N- 3,4-Dimethylbenzylsydnone 3125
N-p-Chlorobenzylsydnone 3120
N,N'-Ethylene-bis-sydnone 3115
N, N '-Tetramethylene-bis-sy dnone 3160
N3PS 3150

III. Discussion and Summary
Photochromism in solid organic materials has 

been explained by isomerism, free radical formation, 
molecular aggregation, and triplet state excitation. 
The slight photochromic response observed in the 
benzylsydnones indicates that the behavior may be 
a general property of the mesoionic ring. One might 
expect photochromism to be enhanced in the bis- 
sydnones, but such behavior has not been observed.

An analysis of the experimental evidence ob
tained does not permit an absolute elucidation of a 
mechanism for the photochromic behavior of N3PS. 
However, the observed fatigue and the diminution 
of several infrared absorption bands after ultra
violet excitation do support the formation of a 
metastable intermediate.

On the basis of the hybrid structure given by 
Baker, et al.,4 the substituted nitrogen atom in the 
sydnone ring would be expected to bear a large 
fractional positive charge, and the negative end of 
the sydnone dipole would be (diffusely) directed 
toward the carbonyl grouping. Stabilization of the 
sydnone ring requires the ring to be substituted; 
such substitution will, of course, influence the con
tributing resonance forms. The number of energy 
levels increases with the number of possible con
figurations, while the average separation between 
levels decreases. The increase in the number of 
possibilities of resonance for a molecule is associated 
with a displacement of the first absorption band 
toward longer wave lengths. The material thus 
can undergo a change of color, if the metastable 
state has more (or less) contributing forms than the 
ground state of the molecule. If resonance between 
such forms is restricted, as -would be the case where 
twro conjugated electron systems are separated by 
one or more -C H 2-  groups, the observed spectrum 
is only a superposition of the separate parts.

Steric inhibition of the resonance leads to band 
shifts toward shorter wave lengths. The molecular 
structure of several crystalline sydnones has been 
examined by Schmidt10 and Barnighausen, et al.u 
Schmidt concluded that in N-phenyl- and N-p- 
tolylsydnone the benzene ring and the 5-membered 
sydnone ring system were approximately coplanar. 
However, Barnighausen, et al., indicate that the 
two ring planes in N-p-bromophenylsydnone con
tain a dihedral angle of 27°. No such studies on 
N3PS have been reported. Therefore, the effect of

(10) G. M. J. Schmidt, Bull. Res. Council Israel, 1, (1951-1952).
(11) H. Barnighausen, F. Jellinek, and A. Vos, Proc. Chem. Soc., 120, 

(1961).

crystal lattice forces on its inter-ring resonance 
cannot be estimated unambiguously.

The formation of a metastable sydnone inter
mediate by ultraviolet excitation can be postulated 
to decrease the number of contributing resonance 
forms in the case of compounds I, II, and AT; and 
to increase the number of contributing forms in 
compounds III, IV, V, and N3PS. In the case of 
N3PS, the most significant electronic difference is 
the lack of a -C H 2-  shielding group between the 
sydnone and pyridine rings. The entire molecule 
therefore contributes to the metastable intermedi
ate, and the slight photochromic behavior of the 
benzylsydnones is understandable. Analytically, 
one would predict that bisydnonyl

HC----- N N------CH
I ©  IN '© C O  

O
would be highly photochromic. On the other hand, 
decreased photochromism would be expected in 3- 
picolylsydnone

c h 2- n -
N.I ©  Ic nw r

-CH
CO

The metastable intermediate postulated as the 
blue form of N3PS may involve hydrogen bonding 
between the sydnone hydrogen of one molecule and 
the carbonyl oxygen of a second sydnone ring; 
however, the infrared data indicate only a slight 
diminution of the C-H  band, not a shift as would be 
expected if hydrogen bonding existed.

The eventual stabilization of the intermediate 
(blue) form is not accomplished by repeated ultra
violet radiation. The “ fatigued” material is 
thought to be the result of decomposition. Such 
decomposition may be enhanced by the presence of 
impurities. Nine preparations of N3PS of differing 
impurity content were examined. These prepara
tions showed no major difference in response to 
ultraviolet irradiation, but recovery of the “ impure” 
specimens was generally slow and fatigue quite 
rapid. Comparison of infrared spectra of these 
samples showed that the largest differences occurred 
in the 800-900 e m c 1 region. The group of bands 
in this region is the same group which exhibits 
some variation in intensity during the photochromic 
change. Specific assignments for these bands are 
not yet available.

A recent study12 of the photochromism and elec
tron spin resonance absorption of N-3-pyridylsyd- 
none has indicated that the photochromism results 
from color centers analogous to those of the alkali 
halides. This mode of energy storage had pre
viously been suggested as one of several possibilities 
by Gutowsky, Rutledge, and Hunsberger.13 The 
mesoionic character of the sydnone ring lends sup
port to a metastable state characterized by color 
center formation; however, further verification is 
required.

(12) T. Mill, A. Van Roggen, and C. F. Wakly, J. Chem. Phys., 34, 
1139 (1961).

(13) H. S. Gutowsky, R. L. Rutledge, and I. M. Hunsberger, ibid., 
29, 1183 (1958).
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The phototropy of the crystals of /3-tetrachloro-l-ketodihydronaphthalene, which has been observed in the past, is shown to be a dissociation of the excited molecule into a chlorine atom and an aroxyl radical. The reaction is induced by light absorption in the keto group. The same reversible reaction also can be observed in suitable solvents (a) at low temperature in a glass-like frozen state and (b) in carbon tetrachloride at room temperature. The rupture of the C-Cl bond is made possible by the gain in stabilization energy in the aroxyl radical. The anisotropy of light absorption observed by Weigert supports this theory.
A. Introduction

Many compounds are known which show a change 
in color when subjected to the action of light 
but revert to their original color in the dark. 
Marckwald2 was the first to recognize that these 
light reactions are reversible. For this reaction, 
which he first observed in the crystals of /3-tetra- 
chloro-l-keto-dihydronaphthalene, he introduced 
the term ‘ ‘phototropy. ’ ’

The colorless crystals of /3-tetrachloro-l-keto- 
dihydronaphthalene (/3-TKN) become amethyst 
colored when exposed to light.3 When placed in the 
dark, the crystals lose their coloration within a few 
hours. This reversible reaction can be repeated 
practically as often as desired.

Hitherto it has not been possible to observe this 
photoreaction in solutions and melts of /3-TKN. 
Nor do the crystals of the isomer a-TKN show this 
phenomenon. Incidentally, until quite recently, 
it was not definitely known which of the structures 
belongs to the a form and which belongs to the 
/3 form.

/ 0N /Ox

a-TKN /3-TKNm.p. 106°; ß  = 4.16 D  m.p. 116°; ß  =  3.17 D(photo tropic)
The opinion that the ct and ß forms are as shown 

in I and II originally was based on the results ob
tained by von Dobrogoiski in his spectroscopic

(1) Thesis of F. Feichtmayr, TH München, 1957; cf. F. Feichtmayr 
and G. Scheibe, Z. Naturforsch., 13b, 51 (1958); G. Scheibe, Chem.- 
Ing.-Technik, 31, 321 (1959).

(2) W. Marckwald, Z. physik. Chem., 30, 140 (1899); this paper 
also contains a report on the phototropic behavior of quinoquinoline. 
Marckwald assumed that a physical change of the system was the 
cause of the phototropy.

(3) The color change of /3-TKN when exposed to light had been 
observed by F. Zincke and O. Kegel when they first synthesized this 
compound, but they did not investigate it further (Ber., 21, 1027 
(1888)). The term a- or /3-TKN was first used by Zincke, who was 
able to isolate these two isomers, independent of the method of prep
aration. The two isomers differ from each other in the melting 
point and the behavior toward light, but they have much the same 
chemical behavior.

and chemical comparisons.4 The absorption spec
tra of both a- and /3-TKN in ethanol and petroleum 
ether are shown in Fig. la and lb.

More recently, results obtained by Hoppe 
and Rauch8 in their X-ray investigations into 
the structure of /3-TKN by the “ Faltmolekul” 
method and by the diffuse scattering method8’6 
have shown that this opinion is correct. The dipole 
moments of a- and /3-TKN, which have been de
termined recently in benzene solution,7 are also in 
conformity with this opinion.

B. General Observations on the Problem of 
Phototropy

Before we discuss our investigations with /3- 
TKN, it may be useful to point out what explana
tions have been brought forward in the past to 
explain phototropy.

After Marckwald discovered phototropy in ¡3- 
TKN, it was found that there are many other 
compounds8 which show this phenomenon in the 
solid, crystallized state. In some cases it was 
possible to explain the mechanism, and it was 
found that the new absorption was due to a 
system change which can be formulated chemically.8

In working with /3-TKN, neither Marckwald’ 
nor Stobbe8 were able to observe a chemical 
change of the system when exposed to light. It 
was assumed, therefore, that a physical change of 
the system was the cause of phototropy. This 
assumption was based on work carried out by 
Weigert.10 He subjected this compound in 1918 
to an intensive crystallographic and spectroscopic 
investigation and came to the conclusion that the 
phototropy of this substance was bound up with the 
crystal form. He was not able to explain the mech
anism, but he did observe that the crystals, 
which are rhombic in ultraviolet light of relatively 
short wave length, are phototropically excited by 
polarized light whose electric vector vibrates in

(4) Thesis of A. von. Dobrogoiski, TH Miinchen, 1954.
(5) W. Hoppe and R. Rauch, Z. Krist., 115, 141 (1961).
(6) Cf. W. Hoppe, Angew. Chem., 69, 659 (1957).
(7) F. Feichtmayr and F. Wiirstlin, unpublished results.
(8) Examples: anils, hydrazonss, fulgides, stilben derivatives, etc. 

A survey is given by L. Chalkley, Chem. Rev., 6, 217 (1929); H. 
Stobbe, “ Llandw. Naturwissenschaften,”  2nd ed., 1932, Vol. 7, p. 999.

(9) W. Marckwald, Z. Elektrochem., 24, 381 (1918).
(10) F. Weigert, ibid., 24, 222 (1918).
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Fig. la . a-Tetrachloro-l-ketodihydronaphthalene:-------in ethanol; -  • -  in petroleum ether.
the c axis. The absorption band which causes the 
red color (maximum about 5 2 5  p) absorbs only- 
light which vibrates in the a-b plane. This pleo- 
chroism of the excited crystals already had been 
observed by Marckwald.2

This behavior is no longer surprising to us today, 
because Hertel11 and also Hoppe and Rauch6 have 
shown that the aromatic rings all lie parallel in the 
a-b plane.

In aromatic systems, the transition moment for 
the 7T-*7r* absorption lies in the ring plane,12 and it 
would therefore appear logical to assume that the 
maximum excitation occurs in the a-b plane. The 
longest wave length band must, however, cor
respond to the n-t-ir* transition of the carbonyl 
group in view of the structure and intensity of 
this band and the dependence of its spectral 
position on the solvent13 (see Fig. 1). As the 
transition moment of this band is vertical to the 
C -0  axis and thus vertical to the aromatic plane,14 
it is not surprising that in long wave length ultra
violet light the excitation is particularly pro
nounced in the c axis. Incidentally, in a-TKN 
the transition already covers the n->-7r*
transition (see Fig. 1).

(11) H. Hertel and K. Schneider, Z. Elektrochem., 37, 536 (1931).
(12) G. Scheibe, St. Hartwig, and R. Müller, Z. Elektrochem., 49, 

372 (1943); F. Dörr and M. Held, Angew. Chem., 72, 287 (1960).
(13) G. Scheibe, Ber., 59, 2619 (1926); M. Kasha, Discussions 

Faraday Soc., 9, 14 (1950).
(14) Cf. J. W. Sidman, Chem. Rev., 58, 689 (1958): “ Electronic 

Transitions due to Nonbonding Electrons in Carbonyl, Azo-Aromatic, 
and other Compounds.”

20 25 30 35 40 45
Wave number, cm.-1 X 10-3.

Fig. lb.—/3-Tetrachloro-l-ketodihydronaphthalene:-------in ethanol; -  • -  in petroleum ether.
The question arose whether Weigert was right in 

claiming that a physical change16 occurs with 
/3-TKN, or a chemical change which can be ex
pressed as a formula is responsible for the photo
tropic behavior.
C. Investigation of the Phototropy of (9-TKN

von Dobrogoiski recently has provided evidence4 
in our Institute that the phototropy of /3-TKN is 
not connected with the crystal form. When a 
diluted, glass-like frozen solution of the compound 
in alcohol is irradiated, it is possible to observe a 
color change which is comparable to the color 
change in the crystal and which disappears again 
when the solution thaws.

In Fig. 2 the absorption spectra of crystal and 
solution excited by light are compared with each 
other. The results show clearly that the photo
tropic condition is bound up with an individual 
molecule.

von Dobrogoiski also was able to show that the
(15) F. Weigert offered the following explanation of phototropy: 

when the crystal is exposed to light, intermolecular optical influences 
are developed in the crystal by neighboring carbonyl groups approach
ing one another, and these optical influences can be observed as 
coloration,

H. Hertel11 assumed in view of the position of the molecules in the 
lattice that colored “ quinhydron-like molecule compounds” are 
formed in the crystal under the action of light. It should also be 
pointed out that C. V. Gheorghiu in his paper (Bull, école polytech. 
Jassy, 1, 141 (1947)) assumed that the “ unexcited ground state” and 
the “ light excited state” of /3-TKN correspond to various resonance 
structures. This assumption was based on a mistaken conception of 
resonance.
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Isomeric a-TKN in glass-like frozen solution 
undergoes a phototropic coloration. He found 
that the absorption spectra of the phototropic 
states of a- and /3-TKN are identical, although the 
two compounds absorb differently when they are 
not excited.

This observation was the first indication that the 
phototropic change in /3-TKN may be due to a 
chemical change, viz., a dissociation of the excited 
molecule into radicals. It was assumed as a hy
pothesis for working that a chlorine atom is split 
off from the tetrahedral carbon when a- and ¡3- 
TKN are exposed to light. The resulting 2,3,4- 
trichloronaphthoxyl radical must be regarded as 
responsible for the red coloration. The dark 
reaction is then a recombination of chlorine 
atom and aroxyl.

Cl
«-TKNyellow

2,3,4-Trichloronaphthoxyl radical; red
This assumption made it possible to offer a 

plausible explanation for the paramagnetism of the 
excited crystals which had been measured by Dorr 
and Engelmann16 in 1952 with the magnetic 
balance. It must be mentioned, however, that 
subsequent investigations of the paramagnetic 
resonance absorption of the excited /3-TK N 1-4.1? 
gave negative results. An explanation for this 
has not yet been brought forward.

The results of flash spectroscopic investigations 
carried out for us by Porter and Morantz18 
provided the first proof that our assumption is 
correct. In these investigations it was found that 
a transient intermediate product is formed in highly 
viscous paraffin oil even at room temperature dur
ing the photochemical decomposition of the 13- 
TKN ; this intermediate product is absorbed at 
approximately 500 ¡x, and in a 1.5 X 10~3 molar 
solution it has a half period of 3 X 10~3 second. 
This intermediate product also could be detected 
spectroscopically in the less viscous solvents hexane 
and alcohol. We shall deal in the next section with 
the photochemistry of /3-TKN in solution.

D. Photochemistry of /3-TKN in Solution
After phototropy was recognized to be a property 

of the individual molecules, and phototropy seemed 
to be based on a dissociation of /3-TKN into a 
chlorine atom and a naphthoxyl radical, it was 
desirable to provide chemical proof for this hy

(16) F. Dörr and F. Engelm ann, Naturwissenschaften, 39, 397 
(1952). On the  basis of the  results obtained w ith  fluorescein (G. N . 
Lewis, et al., J. Chem. Phys., 17, 804 (1949)), the  authors c la im  th a t the 
tr ip le t form  is responsible fo r the paramagnetism.

(17) H . S. G utow sky, R . L . Rutledge, and J. H . Hunsberger, J. 
Chem. Phys., 29, 1183 (1958).

(18) Acknowledgm ents are due to  Professor G. Porte r and Dr.
D . J. M o ran tz  fo r ca rry ing  o u t the flash spectroscopic investigations
and fo r th e ir  useful suggestions.
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pothesis. For this purpose it was necessary to 
investigate solutions which were not frozen.

Proof of the Dissociation of Excited /3-TKN 
into Radicals.—When a benzene solution of /3- 
TKN  is irradiated at room temperature, no red 
coloration can be observed, but after some time 
the solution turns yellow and this change in color 
is irreversible. Flash spectroscopic investigations18 
in hexane and alcohol also show distinctly that 
there is a decomposition reaction. It seemed 
likely that the yellow coloration is caused by 
compounds which are formed from the primary 
aroxyl radicals in subsequent reactions. We 
attempted to intercept these aroxyl radicals, which 
apparently have a short life, with other radicals. 
We succeeded in doing this with the yellow equilib
rium solution of triphenylmethyl radicals in ben
zene containing /3-TKN in dissolved form. In 
the dark no reaction occurs, but on exposure in the 
absorption range of /3-TKN a complete decoloration 
occurs within approximately 10 sec. A benzene 
solution of triphenylmethyl radicals is also suscepti
ble to light, but it takes at least 10 min. before any 
decoloration commences. There are indications 
that both the aroxyl radical19 and the chlorine 
atom20 react with the triphenylmethyl.

(19) St. G oldschm idt and Ch. Steigerwald {Ann., 438, 202 (1924). 
were able to  show th a t the 9-ch lo ro-l-phenan th roxyl radica l reacts 
w ith  tr ip h e n y lm e th y l in s ta n tly .
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Fig. 2b.—.Absorption of /3-TKN in ether-ethanol at —180°,c is 7 X 10~3ili, d is 2 cm.: -  • -  before exposure;-------after exposure.

The use of radicals as initiators in polymeriza
tion reactions can be regarded as the best method 
of detecting the presence of radicals. If a com
pound which can be polymerized by radicals is 
used as a solvent for the substance whose radical 
decomposition is to be investigated, the “ cage” 
effect of the solvent, an effect which would favor a 
recombination of the radicals, is weak because the 
solvate sheath consists of the reactive molecules.

The polymerizable solvent used for /3-TKN 
was vinyl acetate or acrylonitrile. In order to 
determine whether polymerization in vinyl ace
tate had been initiated, 0.2 cc. of the irradiated 
solution was taken with a pipet after 15,30, and 60 
minutes and dropped into 2 cc. of heptane. As 
the polymer is insoluble, the occurrence of turbidity 
indicates that polymerization is taking place. In 
acrylonitrile the photochemical polymerization is 
indicated by the instantaneous precipitation of the 
high polymer on exposure to light. This method 
was used to investigate the dissociation of the 
excited molecule into radicals of several substances, 
some of which gave a positive result, including 
a-TKN (I), /3-TKN (II), l,l-dibromo-2-ketodi- 
hydronaphthalene (IV), tribromophenolbromine
(V).

(20) M. Gomberg (Ber ., 35, 1822 (1902)) pointed out that the tri- 
phenylmethyl radical reacted very rapidly with halogen. Reactions 
of triphenylmethyl with simple radicals such as NO2, NO, H also 
proceed very rapidly (c/. J. E. Lefiler, “ The Reactive Intermediates 
of Organic Chemistry,”  Interscience Publishers, Inc., New York, 
N. Y., 1956).

V
The results hitherto obtained prove the dissocia

tion of excited a- and /3-TKN into radicals, but 
they give no indication regarding the structure of 
the molecule fractions. The experimental results 
to be discussed prove the decomposition of the 
excited /3-TKN into aroxyl and Cl atom.

Phototropic Behavior of /3-TKN in Solution.—  
The radicals which are formed on exposure to light 
exist in hexane, benzene, and alcohol only for a frac
tion of a second because there are numerous sub
sequent reactions which they can undergo (re
combination, dimerization, reaction with the sol
vent, etc.). It is understandable, therefore, that 
it has not been possible hitherto to observe the 
phototropic behavior of /3-TKN in solution. The 
use of carbon tetrachloride as solvent in photo
chemical reactions, however, made it possible to 
achieve such a high stationary radical concentra
tion that the “ phototropy” of /3-TKN in solution 
could be observed. In this solvent, transfer reac
tions or other reactions of the radicals with the 
solvent hardly ever occur, so that the lifetime of the 
aroxyl radicals is increased markedly. The red 
color of the solution does not disappear until 
approximately 5 min. have elapsed. There is, 
however, a very light, bleaching, yellow dyeing 
which is just strong enough to be detected, and this 
indicates that a dimerization of the aroxyl radicals 
to quinol ether occurs in this system together with 
the recombination of aroxyl and Cl atom to /3- 
TKN.

The colored solutions of the photochemically 
produced aroxyls in carbon tetrachloride now can 
be used for various tests to investigate the chemical 
behavior of the naphthoxyl radicals. These tests 
show that the disappearance of the red color is 
not influenced markedly by the presence of oxygen.
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It therefore can be assumed that the naphthoxyl 
radical does not react with oxygen to form peroxide. 
As the tests carried out by E. Müller21 show, aroxyls 
of the benzene series are susceptible to oxygen and 
form peroxides, whereas aroxyls of the phenan- 
threne series are stable to oxygen, as shown by 
St. Goldschmidt.19 If a certain amount of 
chlorine is added to the solution of d-TKN in car
bon tetrachloride, no red coloration can be observed 
on exposure. One possible explanation for this 
is that the photochemical splitting of the chlorine 
molecule, which occurs at the same time, causes the 
concentration of chlorine atoms to become so high 
that the recombination of aroxyl with chlorine 
atoms proceeds too rapidly to permit any accumula
tion of the colored radical. In this connection, it 
should be mentioned that alcohol or an addition of 
hydroquinone decolorizes the solution immediately.

The aroxyl character of the radical is proved quite 
clearly by the behavior of the colored solution when 
/3-naphthol is added. The solution becomes color
less immediately; the reaction mechanism being22

2RO- +  RiOH — > ROM +  0 = R —ORx 
aroxyl /3-napbthol phenol quinol ether 

corresponding to 
the aroxyl

We also have observed that dissociation into 
radicals occurs with numerous quinol derivatives 
(halogen compounds and quinol ether) of benzene, 
naphthalene, anthracene, and phenanthrene.1

In a solution containing /3-TKN and tritertiary 
butylpbenol we observed the blue color of the stable 
phenoxyl radical when the solution was exposed to 
light. This probably is due to a dehydrogenation of 
the phenol by the chlorine atom, and is analogous to 
the observation made by Müller21 in dehydro
genating tritertiary butylphenol with lead oxide.

Furthermore it was to be expected that when 
alcoholic solutions are exposed to light, the liber
ated chlorine atom combines with a hydrogen 
atom of the alcohol and forms hydrogen chloride.23 
This reaction actually does occur, and is indicated 
by the fall of pH (by 3-4 units) within a few sec
onds when the solution is exposed to light.

All reactions of /3-TKN mentioned above are, in 
principle, also possible with a-TKN.

E. Phototropy and Crystal Structure
The results indicated above show that a dissocia

tion of both excited a- and excited /3-TK N in carbon 
tetrachloride or in frozen alcoholic solution into 
radicals is shown by the red coloration of the solu
tions. It is surprising, therefore, that it is only in 
/3-TKN that an accumulation of colored aroxyl 
radicals or chlorine atoms in the crystal structure 
occurs, causing the phototropic behavior of the 
crystals.

One possible explanation for this is that apart 
from the low reactivity of the surrounding molecules

(21) E. Müller and K. Ley, Ber., 87, 922, 1605 (1954),
(22) E. Müller, K. Ley, and G. Schlechte, Angew. Chern., 69, 204 

(1957).
(23) The activation energy for the reaction CH3CH2OH +  'Cl —► 

CH3— CHOH -j- HC1 is practically zero; cf. H. J. Schuhmacher, 
“ Chem. Gasreaktionen,”  Steinkopf Verlag, 1938, p. 358 ff.

toward radicals,24 the spatial conditions in the 
crystal have a strong influence on the occurrence 
of phototropy. This is confirmed by the fact 
that the crystals of /3-TKN no longer show photo
tropy on prolonged heating to approximately 100° 
and chilling.2 As indicated by the Debye-Scherrer 
diagrams,1 this is due to a change in structure in the 
crystal. This indicates clearly that it depends 
decisively on the arrangement of the molecules in 
the crystal lattice whether any accumulation of the 
aroxyls or chlorine atoms is possible. It has not 
yet been possible to determine whether this is be
cause no dissociation into radicals at all can occur 
when the crystal has a certain structure, or because 
the recombination reaction aroxyl +  chlorine 
atom to /3-TKN proceeds far more rapidly.

One interesting result obtained in these tests is 
that the paramagnetism which Dorr and Engel- 
mann16 observed in the excited crystals, dies aŵ ay 
at normal temperature in accordance with the law 
of a monomolecular reaction. The only explana
tion for this unexpected result is that during the 
necessary bimolecular recombination of chlorine 
atom +  aroxyl to /3-TKN (see III) each chlorine 
atom combines again with the aroxyl from which 
it has been split off by the action of light (de
layed primary recombination). It must be con
cluded that the Cl atoms in the crystal lattice of 
/3-TKN cannot move freely. Nothing definite 
can be stated, however, until further details are 
known regarding the crystal structure, e.g., of 
both modifications of /3-TKN or of a-TKN. 
It also should be mentioned that the rate of the 
recombination reaction in the aroxyl is strongly 
influenced by the temperature. The exposed 
crystals remain red for days at the temperature of 
liquid air, but they become colorless after approxi
mately 24 hours at room temperature, or after only 
a few minutes at 80°. This means that the re
union of aroxyl and chlorine atom to /3-TKN in 
the crystal requires a considerable activation 
energy.

Of interest in this comiection is the observation 
made by Stobbe25 that light which has been ab
sorbed by the naphthoxyl radicals accelerates the 
reaction between aroxyl and chlorine atom. This 
probably is due to the strong local heating of the 
neighborhood of the absorbing aroxyls. The 
light energy absorbed by the naphthoxyls is dis
sipated in the crystal as thermal energy (no 
luminescence occurs during the exposure to light). 
The activating energy is, therefore, more often 
available for the recombination reaction.

F. Energy Aspects
In this section we shall discuss the energy aspects 

of the dissociation of excited /3-TKN into radicals. 
In polyatomic molecules a rupture of bonds can 
be observed when the thermal energy or light energy

(24) Several factors apparently are responsible for the reaction
behavior of the aroxyl radicals or chlorine atoms: (a) Chemical
inertness of neighboring molecules to radicals; example: aroxyl radical 
and chlorine atom in carbon tetrachloride, (b) The activation 
energy necessary for the reaction involving radicals is not available; 
example: aroxyl radical and chlorine atom in alcohol. In glass-like 
frozen solution there is no reaction, but at room temperature the 
chlorine atoms react with the alcohol molecules.

(25) H. Stobbe, Ann., 359, 1 (1908).
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bond (X  =  halogen, -O -R ) in the tetrahedral 
carbon atom in this type of bond is very low. 
Tribromophenol-bromine decomposes very rapidly 
when heated to approximately 130° with libera
tion of bromine.27 The residue must be regarded 
in view of its chemical composition as a dimer or 
polymer of the aroxyls which occur for a short 
time during the thermal decomposition.

Polymers

Br Br

/3-TKN also decomposes with liberation of chlo
rine or hydrogen chloride when heated to approxi
mately 150-160°. This indicates that the actual 
bond energy for the CSP3-C 1 bond is here, too, far 
lower than the bond constant, which is approxi
mately 80 kcal./mole.28

On the basis of the known bond constants28 and 
stabilization energies,29 we have attempted to 
investigate the energy aspects of the “ 2,3,4-tri- 
chloronaphthoxyl radical +  chlorine atom” system 
in relation to the ground state of /3-TKN. These 
energies were used: (a) Energy to be consumed: 
stabilization energy of /3-TKN =  50 kcal.,80 bond 
constant of C-Cl bond =  80 kcal.,28 x-bond con
stant of the carbonyl group =  80 kcal.31 (b) 
Energy gained is: x-bond constant of the CC double 
bond =  65 kcal.,28 stabilization energy of naph
thalene =  60 kcal.29

With these values it is possible to calculate the 
total energy for the resonance structure of the 
aroxyl, on which the lone electron in the oxygen 
atom is localized and has not yet interacted with 
the x-system of the naphthalene. We have as
sumed a value of 30 kcal. as delocalizing energy for 
this radical electron, using the gain in resonance 
energy in the case of naphthylmethyl radicals as 
a basis for our calculation.32 The actual bond en
ergy for the CV-C1 bond in /3-TKN thus amounts

taken up by the molecule is at least as high as the 
actual bond energy of the bond to be split. This 
actual bond energy I?b is the difference between the 
thermoehemically derived bond constant Eq and 
the stabilization energy Es-

E b — Eg — Eg

The bond constant Ec for a given C -X  bond with 
given hybridization of the C atom26 is thus re
garded as a constant. The stabilization energy 
Es is the sum of the energies which influence the 
bond constant by changing the hybridization of 
individual atoms, changing the strain, and by de- 
localization of the radical electrons in the individual 
molecule fractions during the (adiabatic) rupture 
of the bond.

In view of the low thermal stability of quinol 
ether and halogenized quinol derivatives we may 
assume that the actual bond energy of the C -X

(26) Cf. M. J. S. Dewar and H. N. Schmeising, Tetrahedron, 11, 96
(1960).

(27) Cf. J. H. Kastle and A. S. Loevenhart, Am . Chem. J., 27, 32 
(1905).

(28) Cf. T. L. Cottrell, “ The Strength of Chemical Bonds,”  Butter- 
worths Scientific Publ., London, 1958.

(29) Cf. G. W. Wheland, “ Resonance in Organic Chemistry,”  John 
Wiley and Sons, Inc., New York, N. Y., 1955, p. 98.

(30) This value for the stabilizing energy of /3-TKN has certainly 
been estimated too high, since the stabilizing energy for benzaldehyde, 
for instance, is only 35 kcal. (cf. G. W. Wheland, ref. 29). However, 
even when such unfavorable energy values are used, the actual bond 
energy for the Csp3-Cl bond in /3-TKN is still smaller than the bond 
constant Cgp^-Cl.

(31) Cf. D. Brück and G. Scheibe, Z. Elektrochem., 61, 901 (1957).
(32) The difference between the actual bond energy for^the Cap3-H  

bond in a- or j8-methylnaphthalene and the bond constant CapS-H is 
26 kcal. (cf. M. Szwarc, Chem. Rev., 47, 75 (1956)). It is approxi
mately equivalent to the delocalization energy for the lone electron 
on the -CHs group in the naphthylmethyl radical (cf. G. W. Wheland, 
ref. 29). The electron configuration of the 2,3,4-trichloronaphthoxyl 
radical is comparable with that of the naphthylmethyl radical, so that 
at least the same delocalization energy may be expected. In view 
of the higher exchange energy between p-electrona on neighboring 
C and O atoms as compared with the p-electrons on neighboring C 
atoms, we feel that we are justified in assuming a somewhat higher 
value (30 kcal.) for the delocalization energy for the lone electron at 
the oxygen atom.
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to 55 kcal. This value is, of course, only a very 
rough approximation as many energies could only 
be estimated very roughly or could not be taken into 
consideration at all; this applies, for instance, 
to the strain energy of the tetrahedral C atom in the 
ring system of the nine sp2-hybridized C atoms.

This estimation indicates that the actual bond 
energy for the CSP3-C 1 bonds in /3-TKN is far 
lower than the bond constant. It is, therefore, 
not surprising that this bond can be ruptured by a 
thermal influence.

How can we explain the dissociation of excited 
/3-TKN into radicals against this background? 
Investigations carried out by von Dobrogoiski have 
shown that this dissociation is initiated within 
the whole long wave length absorption range of 
/3-TKN (420 /x to about 260 /x). As mentioned 
above the n-»-x* and the x-*-x* transitions of 
carbonyl chromophore and of the aromatic system 
lie within this spectral range. The CSP3-C 1 <r- 
bond does not absorb in this spectral range, be
cause it possesses no oscillator whose energy is 
comparable with the bond constant C-Cl. The 
longest wave length band in chloromethyl,33 for 
instance, is 52000 cm.-1. It is assigned to a 
n-*-<r* transition, which also causes a rupture of 
the C-Cl bond. This transition, however, is 157 
kcal., which is far higher than the bond constant 
of the C-Cl bond (80 kcal.).

The dissociation of excited /3-TKN into radicals 
is, therefore, quite clearly a pre-dissociation. In 
other words, it is only after the absorption of light 
in the molecule that radiationless transitions cause 
a potential surface34 35 in which a rupture of the 
C-Cl bond becomes possible. As /3-TKN shows 
neither fluorescence nor phosphorescence in the 
crystal, the light energy absorbed is converted into 
vibration energy of the lowest triplet T0 or singlet 
So term and dissipated as thermal energy.36 It can 
be assumed with a fair degree of certainty that dur

(33) G. Herzberg and G. Scheibe, Z. physik. Chem., B7, 390 (1930).
(34) A demonstrative model for the pre-dissociation of tri-(and poly

atomic molecules is to be found in J. Franck, H. Sponer, and E. 
Teller, ibid., B18, 88 (1932).

(35) The high concentration of heavy Cl atoms makes the So—¡►Ti 
transition even more probable; c/. D. S. McClure, J. Chem. Phys.,
17, 905 (1949).

ing this radiationless de-activation so much 
energy becomes active in the CSP3-C 1 bond that a 
rupture of this bond occurs (quantum yield ^ 1). 
The dissociation of excited /3-TKN into radicals 
can be regarded, therefore, as "light activation” 
of the splitting of the CSP3-C 1 bond into radicals, 
which can also be effected thermally in view of the 
low actual bond energy of the CSP3-C 1 bond. This 
is illustrated in the form of a term diagram in Fig. 3.

Light Absorption of Aroxyls.— A few general 
comments on the light, absorption of aroxyls 
may conclude this paper.

The application of the “ molecular-orbital” 
method to hydrocarbons containing an unpaired 
electron gives a non-bonding orbital xn, which 
belongs only to certain C atoms.36 Figure 4 
shows the energy stages and the number of elec
trons in the orbitals in the ground state and in the 
excited configurations which are of interest in this 
connection.

An indication of the spectral position of these 
transitions is obtained when one considers the con
figuration interaction in the electron jumps (a) 
and (b), both of which have the same energy in the 
configuration excitation. A splitting then is ob 
tained: the transitions out of the non-bonding 
orbital and into the non-bonding orbital no longer lie 
at the same spot.

When these considerations are applied to aroxyl 
radicals, one is forced to admit that there are more 
transition possibilities. Since the oxygen atoms 
contain non-bonding electron pairs, n-*x* transi
tions also have to be taken into consideration. 
Figure 4 illustrates the possible configuration excita
tions. It is still an open question whether the 
long wave length band, e.g., in the naphthoxyl 
radical, is to be regarded as an n->x* or a x-»-x* 
transition. An argument speaking against the 
n-»-x* is the observation made by Weigert10 that 
the new absorption of the radical lies in the plane 
of the aromatic system, whereas it would stand 
vertically on this plane if this were an n->-x* 
transition. Quantum mechanical investigations 
in this direction would be of interest for color 
theories.

(36) H. C. Longuet-Higgins and J. A. Pople, Proc. Phys. Soc. 
(London), 68, 591 (1955).
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The behavior of a series of hydroxy, methoxy, amino, and chlorobenzophenones in the photopinacolization reaction has 
been studied using product isolation, ultraviolet spectral changes, electrochemical methods, phosphorescence and fluorescence 
techniques, and electron spin resonance spectroscopy. The results and correlations derived from these and published studies 
are discussed. Electron spin resonance evidence for long-lived triplets of certain para-substituted benzophenones is pre
sented and correlated with their unusually long phosphorescent lifetimes and their unusually weak H atom abstracting power 
in the classic photopinacolization reaction. These phenomena are tentatively explained on the basis that in these ketones 
the lowest lying wiplet state is ir,x* in nature rather than n,-?r* as is the case for benzophenone. A preliminary report on a 
similar study in -he anthraquinone system is included.
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Introduction
The photochemical reduction of ketones to 

pinacols or benzohydrols was first reported by 
Ciamician and Silber.2 In early work the reaction 
was studied to determine its synthetic usefulness 
and scope. Certain diaryl ketones, aryl alkyl 
ketones, and dialkyl ketones3 have been shown 
to give pinacols in varying yield. In certain cases 
the reaction proceeds in the reverse direction.4 
The hydrogen source in the pinacol reaction usually 
has been an alcohol, but other sources have been 
employed.5-8 The reactions of photoactivated 
carbonyl compounds with other substrates have 
been reviewed.9-1»

There now seems to be substantial agreement 
that the first steps in the photopinacol reaction 
sequence are11-14

h v
(C6Hb)2C = 0  (So) -----1 (C6H6)2C = 0  (S i)----->

(C6H5)2C = 0  (Tx)

(C6H6)2C = 0  (TO +  (CH3)2CH O H -----♦
(CeHsLCOH +  (CH3)2COH

(I) (II)
(1) Presented at the Symposium on Reversible Photochemical 

Processes, Duke University, Durham, North Carolina, April,, 1962.
(2) G. Ciamician and P. Silber, Ber., 33, 2911 (1900); 34, 1541 

(1901).
(3) C. Weizmann, F. Bergmann, and Y. Hirshberg, J. Am. Chem. 

Soc., 60, 1530 (1938); F. Bergmann and Y. Hirshberg, ibid., 65, 1429 
(1943).

(4) A. Schonberg and A. Mustafa, J. Chem. Soc., 67 (1944).
(5) G. S. Hammond, W. P. Baker, and W. R. Moore, J. Am. Chem. 

Soc., 83, 2795 (1961).
(6) A. Mustafa, Nature, 162, 856 (1948).
(7) R. Pummerer, H. Hahn, F. Johne, and H. Kehlen, Ber., 65B, 

867 (1942).
(8) E . J. Bowen and E. L. A. E. de la Praudiere, J. Chem. Soc., 

1503 (1934).
(9) A. Schonberg and A. Mustafa, Chem. Rev., 40, 181 (1947).
(10) C. R. Masson, V. Boekelheide, and W. A. Noyes, Jr., in A. 

Weissberger, Ed., “ Techniques of Organic Chemistry,” Vol. II, 2nd 
Ed., Interscience Publishers. Inc., New York, N. Y., 1956, p. 257 ff.

(11) H. L. J. Backstrom, Z. physik. Chem., 25B, 99 (1934).
(12) J. N. Pitts, Jr., R. L. Letsinger, R. P. Taylor, J. M. Patterson, 

G. Recktenwald, and R. B. Martin, J. Am. Chem. Soc., 81, 1068 
(1959).

(13) (a) G. S. Hammond, and W. N. Moore, ibid., 81, 6334 (1959); 
(b) W. R. Moore, G. S. Hammond, and R. P. Foss, ibid., 83, 2789
(1961); (c) G. S. Hammond, W. P. Baker, and W. R. Moore, ibid., 83, 
2795 (1961); (d) G. S. Hammond, N. J. Turro, and A. Fischer, ibid., 
83, 4674 (1961).

(14) G. Porter and F. Wilkinson, Trans. Faraday Soc., 57, 1686 
(1961).

In this scheme, S0 indicates a ground state singlet, 
Si the first excited singlet, and Ti the lowest excited 
triplet state. Species I has been called the ketyl 
radical.12-14

The transfer of energy between photoexcited 
benzophenone triplets and naphthalene in the solid 
state was first noted by Terenin and Ermolaev.15 
Energy transfer in solution between photoexcited 
benzophenone and biacetyl (and other molecules) 
was first reported by Backstrom and Sandros.16 
Hammond, Turro, and Fischer13 utilized such 
solution phase energy transfer in an ingenious 
synthetic method while Moore and Ketchum de
termined the efficiency of the triplet-triplet transfer 
between benzophenone and naphthalene in ben
zene solution.17

Porter and Wilkinson14 studied the flash photol
ysis of benzophenone in alcohol both in the pres
ence and in the absence of naphthalene. They con
firmed the presence of a short-lived triplet of 
benzophenone which apparently absorbed at the 
same wave length as the ketyl radical (I), and 
showed that the triplet apparently is the chemically 
active species in the photopinacol reaction, since 
quenching of the triplet with naphthalene in
hibited the pinacolization. The lifetime of the 
triplet measured by Porter and Wilkinson14 was 
in good agreement with that of Backstrom and 
Sandros.16 Hammond, et al.,n arrived at the 
same conclusion by a study of the reaction of 
benzophenone with benzohydrol. Schenck,18 and 
Pitts, Letsinger, et a/.,12 independently found 
evidence for another species in the reaction chain 
and proposed possible structures. The work of 
Franzen19 should be mentioned here, as well as the 
observations of Bachmann on the color developed 
during the reduction of benzophenones to benzo
hydrols in alkaline solution.20

(15) A. N. Terenin and V. I. Ermolaev, Trans. Faraday Soc., 52, 
1042 (1956).

(16) H. L. J. Backstrom and K. Sandros, Acta Chem. Scand., 14, 
48 (1960); ibid., 12, 823 (1958).

(17) W. M. Moore and M. Ketchum, J. Am. Chem. Soc., 84, 1368
(1962).

(18) G. O. Schenck, W. Meder, and M. Pape, Proc. Intern. Conf. 
Peaceful Uses At. Energy, Geneva, 29, 352 (1958); Plenary Lecture, 
5th International Symposium on Free Radicals, L'ppsala, Sweden, 
1961.

(19) V. Franzen, Ann., 633, 1 (1960).
(20) W. E. Bachmann, J. Am. Chem. Soc., 55, 391 (1933).
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T able I
P hotochemical B ehavior  of Substituted B enzophenones

Compound Pinacol formed
Phosphorescence mean 

lifetime, sec. Remarks
Benzophenone Yes2 0 .0 5 -0 .0 8 (C6R ) 2COH- e.s.-
,----------- -Derivatives-------------^
ortho Other groups

OH p-OH No
OH p-OCR No
OH p-OCR; p '-C R No n.o.'’
N R No n.o. No triplet, or radiiN H C R Yes
C 02H Yes'1

meta
n h 2 Unusual behavior'’

vara
c 6r Yes 0 .3 2  ±  0 .0 1 Triplet e.s.r. obs.
n h 2 No .40, 0.3= Triplet e.s.r. obs.N(CHs)2 p '-N (C R )2 No20 .27  ±  0 .0 2 Triplet e.s.r. obs.
N (C R )2 Yes .35  ±  0 .0 3 Triplet e.s.r. obs.OCR, p '-O C R Yes13’21 .065  ±  0 .0 0 7 No triplet e.s.r.

“ n.o. = not observed, either not present or too short to measure. Phosphorescence lifetimes of less than 0.01 sec. could not be detected with theo equipment used. b No change noted using Pyrex cell; in quartz cell with unfiltered mercury arc 
the absorbance at 2450 A. (major peak) disappeared completely. = Mean lifetime of 0.3 sec. determined in rigid 2-proponal at 77°K ; in rigid EPA mean lifetime is of same order of magnitude; in benzene at 77°K. mean lifetime was about 0.09 
sec. Phosphorescence maximum occurred at approximately 4800 A. d Forms phthalide dimer. '

Effect of Substituents: Pertinent Literature
Much qualitative information has been col

lected concerning the effect of substitution on the 
photoreduction of benzophenones, and it seems 
appropriate to summarize the literature reports 
found for certain simple benzophenones.

Alkylated Benzophenones.— Pinacols were ob
tained from to- and p-methylbenzophenones and 
p,p-dimethylbenzophenone.21 o-Methylbenzophe- 
none gave rearrangement to III .22

C,HS

cr0H
III

Halogenated Benzophenones.—These halogenated 
benzophenones gave photopinacols: o-, to-, and 
p - chlorobenzophenones; o,o',p,p' - tetrachloro- 
benzophenone; o,m and p,p'-difluorobenzophe- 
nones.21

Nitrobenzophenones.— No reports of successful 
photopinacolization were found.

Aminobenzophenones.—No reports of successful 
photopinacolization found. p,p'-Bis-(dimethyl- 
amino)-benzophenone has been reported to be un- 
reactive.20

Hydroxybenzophenones.—•o - Hydroxy - p - meth- 
oxybenzophenone does not photopinacolize, where
as the o,p-dimethoxy derivative does.23 o-Hy- 
droxy and o,p-dihydroxybenzophenone produced 
very low yields of pinacol with quantum yields of 
7 X  10-3 and 2 X  10-2 mole/einstein, respec-

(21) B. Boeseken and E. Cohen, Akad. Amsterdam Versl., 23, 775 
(1920).

(22) N. C. Yang and C. Rivas, J. Am. Chem. Soc., 83, 2213 (1961).
(23) J. N. Pitts, Jr., and R. Martin, Abstract, Report to Petroleum 

Research Fund. 278-B, 1959.

tively.24 No other reports of successful photo
pinacolization were found.

Other Derivatives of Simple Benzophenones.—
p-Methoxy and p,p'-dimethoxybenzophenones gave 
photopinacols13;21; p-cyanobenzophenone photo- 
reduced13; o-benzoyl ben zoic acid photoreduced24»26; 
TO-phenylbenzophenone photoreduced26; o-phenyl- 
benzophenone failed to photoreduce.3 Conflicting 
reports were found with p-phenylbenzophe- 
none3>20>21; in the present work it was found to 
photoreduce slowly. Both monoacetyl naphtha
lenes and 1-benzoylnaphthalene failed to photo
reduce in the presence of alcohols.3!13

Results and Discussion

Benzophenones.—-Tables I and II present data 
concerning the formation of isolated products, 
measurement of lifetimes of any observed phos
phorescence, detection of intermediates by elec
tron spin resonance (e.s.r.) techniques, and photo
potential measurements in the photochemical 
reduction of some substituted benzophenones. 
Table III reports preliminary approximate quan
tum yields in the photopinacol reactions of some 
substituted benzophenones.

Changes in photopotential appear to correlate 
well with “ go-no-go” photopinacolization proper
ties of substituted benzophenones and anthra- 
quinones. This is reasonable since the change in 
photopotential reflects the presence of a reduced 
species (with respect to the parent ketone), e.g., 
free radicals, as pointed out by Surash and Hercules, 
who first obtained reliable photopotentials in

(24) A. Beckett and G. Potter, Sheffield University, private com
munication.

(25) D. B. Lemaye, J. Univ. Bombay, 1, part 2, 52 (1932); Chem. 
Abstr., 27, 2097 (1932).

(26) H. H. Hatt, A. Pilgrim, and E. F. M. Stephenson, .7. Chem, 
Soc., 478 (1941).
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T able  II
P hotopotential M easurements of Some B enzophe- 

nones
Pinacol Photopotential,0 volts

Compound formed MeOH EtOH IPA
Benzophenone Yes + 0.31 0.12

■D eri vati ves--------------«
ortho Other

OH p-OH No —
OH p-OCH3, p'-CITa No — — —
n h 2 No — — —
NHCH3 No

para
n h 2 No — — —
N(CH3)2 p'-N(CH3)2 No" — -
N(CH3)2 Yes 0.05
Cl p'-Cl Yes» 0.10 + +
o c h 3 p'-OCH, Yes21’13 0.10 + +
c h 3 p'-Clh Yes20’21 +  27
Br Yes21 +  27

“ ( +  ) indicates a change in the photopotential after 5- min. irradiation greater than 10 mv., ( — ) indicates a change of 10 mv. or less. Numbers in the table give the magnitude of the change in volts. Without exception a negative photopotential (P t electrode vs. s.c.e. ) was obtained when a photochemical reaction occurred.
T able  III

A pproxim ate  Quantum  Y ields for P inacol R eduction 
of Substituted B enzophenones“

Concentration * #
Substituent of ketone acetone* ketone0

p-CoH, 0.02 M 0.07 0.2
0.02 Af EtOH 0.07 0.2

p-NH2 10 ~3 M No obs. change
p,p'-diOCHs
p,p'-di-

10 “2 M 0.9 2.1
(CH3)2N IO-4 M d 3 X IO“3

m-N02 IO”2 M 0.07° /
“ Data of Dr. Graham Black. Quantum yields measured using Cary Model 14 spectrophotometer to follow benzo- phenone concentrations, vapor phase chromatography on calibrated columns to follow acetone concentrations. Used 

Xe/Hg arc operated a t 460 w., filtered to allow only 3660 A. radiation. Light intensity varied from 3.54 to 2.8 X 1017 quanta/min. from run to run. b Quantum yield for acetone formation. c Quantum yield for benzophenone disappearance. d Acetone appeared to be formed, but sensitivity of instrument did not permit quantitative measurement. • Very approximate value. 1 No apparent change in ketone concentration, but acetone did appear to be formed.
systems of this type.27 Subsequent photopolaro- 
graphic28 and photochronopotentiometric29 studies 
have verified the significance of photopotential 
changes in such ketone systems. In this paper the 
empirical changes in the photopotentials will be 
simply noted without further speculation on the

(27) J. J. Surash and D. M. Hercules, Abstracts of 138th National 
Meeting of American Chemical Society, New York, N. Y., September, 
1960; J. J. Surash, “ Studies on Photo-Induced Luminescence and 
Electrode Potentials,” Ph.D. Thesis, Lehigh University, Bethlehem, 
Pa., 1960.

(28) H. Berg, Z. Elecktrochem., 64, 1104 (1960); Naturwiss., 47, 
320 (1960); H. Berg, Collection Czech. Chem. Comm., 25, 3404 (1960); 
H. Berg, Naturwiss., 48, 100 (1961); H. Berg and H. Schweiss, 
Monatsh. (Berlin), 9, 546 (1960); H. Berg and H. Schweiss, Naturwiss., 
47, 513 (1960).

(29) T. Kuwana, J. N. Pitts, Jr., and A. Marchetti, Abstracts of 
Papers, 140th National Meeting of American Chemical Society, Chi
cago, 1960, p. 29-B, No. 78.

theoretical aspects of the electrochemical and 
photochemical processes in the irradiated solutions.

The prime purpose of this investigation was to 
check (by a variety of techniques) the effect of 
substituent groups and location of substitution on 
the photoreduction of a series of benzophenone 
derivatives. The following facts are evident from 
Table I.

orf/io-Substitution by certain functional groups 
has a pronounced effect on the “ go-no-go” photo
properties of benzophenone derivatives. It has 
been reported that o-hydroxybenzophenone did 
not fluoresce and was a “ stabilizer” for the preven
tion of undesirable aging processes caused by ultra
violet light.80 More recently it was shown in these 
Laboratories that while the o-hydroxy-p-meth- 
oxybenzophenone did not photopinacolize, o,p- 
dimethoxybenzophenone went readily.24 Sub
sequently, Yang22 demonstrated that an intra
molecular H atom transfer, “ photoenolization,” 
occurred in irradiation of o-methylbenzophenone. 
A similar photoenolization process may be re
sponsible, at least in part, for the lack of reactivity 
found with o-amino and o-methylaminobenzo- 
phenones. Photoenolization is facilitated by the 
six membered ring available through internal 
hydrogen bonding, i.e.

Evidently, replacement of amino, hydroxy, or 
methyl by methoxy or carboxy restores the inter- 
molecular hydrogen atom abstracting power of 
the benzophenone. These groups cannot form a 
stable photoenol of structure similar to III and 
intermolecular abstraction from the solvent be
comes the predominant course of the reaction.

While this explanation originally seemed reason
able, there is evidence that effects other than steric 
(or intramolecular hydrogen bonding or photoenol
ization) can be important also. The compounds, 
p-aminobenzophenone and p,p'-bis-(dimethyl- 
amino)-benzophenone, have been studied. These 
derivatives do not photopinacolize (noted earlier20 
for the latter compound); neither do they show 
spectral or photopotential changes. However, 
p-dimethylaminobenzophenone gives a small yield 
of the photopinacol and a slight change in the photo
potential.

The p-aminobenzophenone has been studied the 
most thoroughly and, while certain of the results 
will be reported elsewhere,31 portions of the data 
will be summarized here.

Ten and twenty-four-hr. irradiations at room 
temperature of degassed 10 ~2 M  solutions of p- 
aminobenzophenone in isopropyl alcohol using a 
medium intensity mercury lamp (ca. 5 X  10-8 
einstein/sec.) produced no significant permanent 
changes as ascertained by analysis of isolated

(30) J. H. Chaudet and J. W. Tamblyn, Abstracts of Papers, 138th 
National Meeting of American Chemical Society, New York, N. Y.,
1960, p. 19-T.

(31) L. Piette, J. Sharp, T. Kuwana, and J. N. Pitts, Jr., J. Chem. 
Phys., 36, 3094 (1962).
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solid, gas-liquid chromatography of the liquid 
phase, and ultraviolet spectral and photopotential 
analyses of the reaction mixture. Low tempera
ture (77 °K.) electron spin resonance studies were 
conducted in conjunction with Dr. L. Piette of 
Varian Associates to see if radicals of the type IV or 
V could be detected (to determine whether a 
reversible hydrogen atom abstraction was the 
cause of the failure to photopinacolize). Upon 
irradiating this solid solution (10~2 M  p-amino- 
benzophenone in IPA) directly in the electron spin 
resonance cavity with light above 3000 A. (Pyrex 
filter), no electron spin resonance (at ca. 3000 gauss) 
attributable to a p-aminobenzophenone free radi
cal was detected. However, strong phosphores-

O
• jT ^  11H-Nf—( ^ J - C - C 6H5

V IV

H i N - f V c - C , h 5
OH

cence was noted during irradiation in the rigid 
medium at 77 °K. and an electron spin resonance 
signal due to the triplet state of p-aminobenzo- 
phenone was observed at ca. 1500 gauss.81 This 
electron spin resonance is attributable to transitions 
between the highest and lowest sublevels and cor
responds to AM, =  2.32 The mean life of the triplet 
state of p-aminobenzophenone in EPA measured 
by both electron spin resonance and phosphores
cence decay (first order) was of the order of 0.3 
sec.

Long-lived phosphorescence and electron spin 
resonance triplet signals were also observed for p- 
dimethylamino-, p,p'-bis-(dimethylamino)-, and p- 
phenylbenzophenones. The phosphorescence mean 
lifetimes of these compounds are listed in Table I.

While the identification of a long-lived triplet 
state in these systems was of interest per se, an 
important correlation was that the long-lived 
triplets appeared to be observed with compounds 
which also gave low quantum yields (or no re
action at all) in the photopinacol reaction. Thus, 
a “ normal”  benzophenone such as p,p'-dimethoxy- 
benzophenone has a quantum yield of 2.1 com
pared with 2.0 for benzophenone (presumably, the
2.1 is in error because of the approximate measure
ments) and has a triplet state with a mean lifetime 
of 0.06 sec. (Table I ) .

On the other hand, p-aminobenzophenone had a 
triplet whose mean lifetime (Table I) was 0.40 
sec., and had a quantum yield which was too small 
to be observed in the photopinacol reaction. The 
data for p,p'-bis-dimethylaminobenzophenone were 
similar to those of p-aminobenzophenone: quan
tum yield in photopinacol 10~3; triplet lifetime 
0.27 sec. With p-phenylbenzophenone a long-lived

(32) Triplet resonance corresponding to AMa — 2 was first observed 
in rigid glass media by van der Waals and de Groot33 by irradiating 
naphthalene in glycerol at liquid N2 temperatures. More recently, 
Farmer, Gardner, and McDowell34 have used similar techniques to 
study the exchange of energy between the triplet state of benzophenone 
and naphthalene in rigid EPA solution at 77° K.

(33) J. H. van der Waals and M. S. de Groot, Mol. Phys., 2, 233 
(1959); ibid., 3, 190 (1960).

(34) J. B. Farmer, C. L. Gardner, and C. A. McDowell, J. Chem. 
Phys., 34, 1058 (1961).

triplet was observed (0.32 sec. mean lifetime), but 
Bachmann20 had reported isolation of a photo
pinacol from this reaction. Others reported that 
the reaction failed. An approximate quantum 
yield measurement (Table III) indicated that the 
photopinacol reaction did proceed, but with a 
quantum yield of 0.2 mole/einstein, or 10%  of the 
efficiency of the photopinacol reduction of benzo
phenone. Possibly the low quantum yield is re
sponsible for the previous inconsistent observations.

These observations coupled with recent results 
of Ermolaev and Terenin16’35 for long-lived phos
phorescence states suggest a possible explanation 
for the lack of H atom abstracting ability on the 
part of para-substituted benzophenones which do 
not pinacolize.

Ermolaev and Terenin38 studied the absorption 
and phosphorescence spectrum of p-phenylbenzo
phenone (and other derivatives) in rigid solvents at 
77°K. They pointed out that while its first ab
sorption band was similar to that of unsubstituted 
benzophenone, and presumably resulted from an 
n -»■ 7r* transition, its phosphorescence spectrum 
resembled instead that of p-hydroxybiphenyl, 
which presumably is due to a transition from the 
lowest lying excited state, the triplet, to the 
ground state. Thus, they suggest an intramolecular 
transfer of energy between triplet states of p- 
phenylbenzophenone. (Intermolecular tripletr- 
singlet transfer of energy is well established.) 
The sequence of events being

So -}- hv\ — > Si — >  Tnjr* — ■> T t — >■ So +  hi'2

where T n,„* and T „ *  are triplets with the latter 
lying at a lower level and reached by an internal 
conversion process from the T n,x* triplet (T„ilr* 
is formed in the usual way by rapid intersystem 
crossing from the first excited singlet, Si.)

The failure of certain p-substituted benzophe
nones to photopinacolize now seems reasonable if 
it is assumed that the differences in the electronic 
structures of its two triplet states are reflected in 
their different chemical reactivities. . .that is, 
H atom abstraction is possible by the n,7r* triplet 
of benzophenone and its derivatives because of the 
localization of the excitation (a non-bonding elec
tron on the O atom) but in the tr,ir* triplet, the 
greater delocalization renders relatively ineffective 
the H atom abstracting “ power”  of the O atom in 
the carbonyl group.

While this is speculative, it is interesting to note 
that /j-acet,onaphone behaves in a similar fashion, 
that is, its absorption appears to be n ir* but 
its phosphorescence seems to originate from a ir,T* 
triplet state (both in mean lifetime and character 
of spectrum.36 This correlates well with the 
results of independent photochemical studies of 
Hammond and Leermakers36 for this compound. 
They found irradiation of d-acetonaphthone in 
optically active 2-octanol led to no racemization 
of the alcohol so that the failure of this compound 
is not due to reversal of the hydrogen transfer 
reaction. Instead they suggest that the “ lowest

(35) V. Ermolaev and A. Terenin, J. chim. phys., 698 (1958).
(36) G. S. Hammond and P. A. Leermakers, J. Am. Chem. Soc., 84, 

207 (1962).
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triplet of reactive aldehydes and ketones have the 
n,x* configuration, and those of the unreactive 
groups have the t , tt*  configuration.”

With o-aminobenzophenone no electron spin 
resonance signal corresponding to a radical or a 
triplet state was observed. Thus the triplet -*~ 
triplet interconversion is not an attractive explana
tion for the failure of this benzophenone to pinaco- 
lize. The photoenolization is the most probable 
explanation in these compounds.

Anthraquinones.—Table IV presents the results
T able  IV

P hotochemical B ehavior  of Some Substituted  A nthra
quinones

Compound Photoreaction Photopotential,0 volts
MeOH EtOH IPA

Anthraquinone6 Yes39 40 0.6 + 0.28
Derivatives

1,8-diOH Little, if any — — —
1,5-diOH Little, if any 0.01 — 0.02
1,4-diOH Little, if any .01 0.02
1-C1 + .3
1,5-diCl + .3

* Photopotentials have same significance as in Table II. 
b Radical e.s.r. signal noted in alkaline ethanol at room temperature when irradiated. In  neutral alcohol the e.s.r. radical signal did not appear until the temperature was lowered to 77°K. during the irradiation. For previous work see references 37 and 38.
to date of studies in the anthraquinone series, 
both published and recent experimental data. 
Again the correspondence between the appear
ance of a significant photopotential and gross 
chemical reaction as detected by product isolation 
is to be noted. Anthraquinone also gave an elec
tron spin resonance signal characteristic of a free 
radical when irradiated in alkaline ethanol or when 
irradiated in neutral ethanol at 77°K.37>38

The effect of structure on reactivity in this series 
appears to follow closely that observed for the

(37) J. H. Sharp, T. Kuwana, A. Osborne, and J. N. Pitts, Jr., 
Chem. Ind. (London), 508 (1962).

(38) K. Kuwata and K. Hirota, Bull. Chem. Soc. Japan, 34, 458 
(1961).

benzophenones. Substitution in the 1 or 5 posi
tion of the ring by a NH or OH group (see Table 
IV and references 39-41) inhibits photoreac
tion. The 2,6-dihydroxyanthraquinone has been 
reported89»41 to be non-photoreactive. Photoenol
ization may be important while in certain cases an 
intramolecular energy transfer process may occur 
to yield a 7r,7r* state which is photochemically 
unreactive. Abrahamson, et al.,42 have suggested 
the latter explanation to rationalize their results 
with anthraquinones substituted by (basic) groups 
capable of donating an electron pair (NH, OH, Cl, 
Br). However, apparently their results are not in 
agreement with ours in respect to the chloro deriva
tives (see Table IV ).

Further work is necessary before a definitive 
statement can be made about substituents and 
their positional effects on the photoreactivity of 
anthraquinones. We have discussed this in detail 
with Dr. F. Wilkinson (Oxford University) who 
has studied the fluorescence spectra of some 
substituted anthraquinones. His results have 
been presented verbally43 and will be published 
shortly.

Experimental
Macro scale photolysis for product isolation was con. ducted using irradiation from a Hanovia #73A-10 lamp The irradiation cell used was constructed from 37 X 200 mm. Pyrex tubing with appropriate ground glass connections for vacuum degassing. All samples were carefully degassed (10~3 mm., oil diffusion pump vacuum system, liquid N2 traps to prevent sample contamination) prior to photolysis. Products were isolated by crystallization, vacuum distillation, or column chromatography.Infrared spectra were obtained using the Perkin-Elmer Model 221G infrared spectrometer. Vapor phase chromatograms were used to analyze for liquid phase photolysis products or to check solvent purity. The Cary Model 14 spectrophotometer was used for obtaining all ultraviolet- visible spectra. The electron spin resonance experiments were performed on the Varian Model V-4E00 spectrometer.Photopotentials and spectra of photolyzed solutions were obtained by utilizing a special cell shown in Fig. 1. The 5-cm. diameter cell has a depth of 3 cm. and has the provisions for measuring the solution ultraviolet-visible absorption by tipping the cell to fill the 1-cm .2 Pyrex side-arm which fits the cell compartment of the Cary spectrophotometer. A newer cell with a 1-cm.2 quartz side-arm has been constructed for lower wave length work. Photopotentials were measured using the 3-mm.2 platinum indicator electrode and a probe-type calomel reference electrode. The latter electrode is secured to the cell through a clamped O- ring sealed joint. Contamination arising from stopcock grease is reduced by the use of this type of seal. The photopotentials were monitored using a Model 412A Hewlett- Packard VTVM (input impedance 200 megohm) whose output was fed to a 10-mv. Varian G -ll recorder. An auxiliary O-ring joint with a 1-cm.2 platinum and calomel electrode attached can be used for conducting additional electrochemical experiments, such as chronopotentiometry, etc. To ensure against leakage, picein wax was used ito outer seal the electrodes to the glass wall. This cell is particularly valuable for aiding the study of photochemical systems where product isolation and analysis are difficult
(39) N. K. Bridge and G. Porter, Proc. Roy. Soc. (London), 244, 259 

(1958).
(40) J. L. Bolland and H. R. Cooper, ibid., A225, 405 (1954); 

H. R. Cooper, unpublished results.
(41) G. O. Schenck and G. Koltzenburg, Naturwiss., 41, 452 (1954).
(42) E. W. Abrahamson, I. Panik, and K. V. Sarkanen, Proceedings 

of the Second Cellulose Conference, Cellulose Research Institute, 
Syracuse, New York, May, 1959.

(43) F. Wilkinson, Symposium on Reversible Photochemical Proc
esses, Duke University, remarks presented from the floor, April, 1962.
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(e . g soluble photolysis products that react rapidly when exposed to oxygen in the air).
The ketone-alcohol solutions (for photopotential, spectra, or electron spin resonance work) were photolyzed using either an Osram HBQ-200 or PEK-109 high pressure mercury arc lamp. The radiation was rendered approximately 

monochromatic in the 3130 or 3660 A. region by appropriate Corning glass filters. Ferrioxalate procedure44 was used for actinometry.
Phosphorescence measurements were made on vacuum degassed, sealed-tube samples in rigid ethanol (unless otherwise stated) at liquid N2 temperatures. Irradiation from the PEK-109 lamp was filtered to allow transmission at 

3150-4000 A. which then passed through a rapid closing shutter system to the sample. At right angles to the excitation light, the phosphorescence was monitored by a photo- multiiilier tube (filtered to allow transmission only above 
4400 A.) which fed an input signal to an American Instrument Co. photomultiplier microphotometer whose output signal was recorded on a Sanborn Model 154^100 recorder (chart speed: 100 mm. per second).Matheson, Coleman and Bell reagent grade alcohols were purified by the following procedure: to a 2-1. round-bottom flask containing c a .  200 ml. of alcohol were added 5 g. of granular magnesium metal and 0.5 g. of iodine crystals. The solution was refluxed for 1 hr., the remainder of the alcohol added (1 to 1.51.), refluxed for an additional 3-4 hr., and then distilled from a 60-cm. glass helices packed column. Only the middle fractions were collected and used.

(44) C. A. Parker and C. G. Harchard, Proc. Roy. Soc. (London), 
A220, 104 (1953); ibid., A235, 518 (1956); “ Photochemistry in the 
Liquid and Solid States,”  John Wiley and Sons, Inc., New York, 
N. Y., 1960, p. 41.

The ketones used in this study were known compounds prepared by reported methods.4S>46 They were purified by crystallization, sublimation, or column chromatography. The samples of the chloro- and hydroxy-substituted anthra- quinones were kindly supplied by Dr. E. J. Bowen and Dr. D. Seaman, Oxford University.
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Calculations of the band structure and of the mobility of excess holes and of excess electrons in homologs of anthracene have been completed. Following LeBlanc, the tight binding approximation was used and applied to naphthalene, tetracene, and pentacene. Calculated mobility tensors and band widths indicate the mobility properties of excess charge carriers in all four molecular crystals to be much alike. Experimental results for the crystals other than anthracene are not yet available.
Introduction

A theoretical treatment of the band structure and 
transport of excess holes and of excess electrons 
in anthracene has recently been reported by Le
Blanc.2 LeBlanc applied the tight binding ap
proximation to construct crystal wave functions 
in order to describe the motion of excess charge 
carriers. The crystal wave functions are formed 
from linear combinations of molecular orbitals con
structed within the Hiickel approximations from 
Slater 2pz atomic orbitals.3 Linear combinations 
of molecular orbitals for the highest bonding state 
describe the band for the excess hole, and linear 
combinations of the molecular orbitals for the lowest 
anti-bonding state describe the band for the excess

(1) Partially supported by the Army Research Office (Durham) 
and the National Science Foundation.

(2) O. H. LeBlanc, Jr., J. Chem. Phys., 35, 1275 (1961).
(3) J. C. Slater, Phys. Rev., 36, 57 (1930).

electron. Application of periodic boundary con
ditions enables one to obtain band widths and 
mobilities for both holes and electrons.

LeBlanc made computations only for anthracene. 
It is desirable to extend these type calculations to 
other members of the naphthalene-anthracene 
series (members which will probably be accessible 
to experiment) and see what major differences, 
if any, may be expected in the mobility properties.

In addition to calculations for naphthalene, 
tetracene, and pentacene, the computations for 
anthracene were repeated. LeBlanc4 has advised 
us of an error in his original work. The repeated 
computations were done to ensure computational 
consistency with LeBlanc’s corrected results.

Molecular and Crystal Structure.—Naphthalene6
(4) Private communication, August, 1961.
(5) S. C. Abrahams, J. M. Robertson, and J. G. White, ActarCryst,t 

2, 238 (1949).
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Fig. 1.— Unit cell geometry for naphthalene.

and anthracene6 are monoclinic with space group 
P2i/a(C2h6), while tetracene and pentacene7'8 are 
triclinic with space group Pi (C;1). A structure 
typical for this series is that of naphthalene, which 
is shown in Fig. 1. Each substance has two mole
cules per unit cell and even though the space groups 
differ, the molecular arrangements of the four hy
drocarbons closely resemble one another.

In the mobility calculations an orthogonal set of 
axes was chosen and is denoted by a', b', and c'.
The b crystallographic direction and the b' ortho
gonal direction are conveniently chosen colinear. 
In naphthalene and anthracene the crystallographic
direction a is perpendicular to b, and hence is 
denoted by a'. In tetracene and pentacene a 
and b are not perpendicular and a' is defined so that 
it is perpendicular to b and in the ab plane. The
c' direction is then perpendicular to both a and b.

Following LeBlanc it is convenient to use a set 
of vectors which connect nearest neighbor molecules
The vectors are given by 3 =  l/ 2 (o -J- b), f3 =
y 2( —a +  b), and c. The vectors 3, ¡3, and c define 
what may be called a “ pseudo unit cell,”  each con
taining one molecule.

The usual unit cell contains one molecule with its 
center at the origin and one with its center at the 
terminus of 3. The molecular and crystal sym
metries of naphthalene and anthracene are such 
that the molecule at the 3 site is obtained from the 
one at the origin by reflection in the ac plane fol
lowed by a translation of 3. In tetracene and pen
tacene the arrangement of the two molecules in

(6) V. C. Sinclair, J. M. Robertson, and A. M. Mathieson, Acta 
Cryst., 3, 251 (1950).

(7) R. B. Campbell, J. M. Robertson, and J. Trotter, ibid., 14, 
705 (1961).

(8) J. M. Robertson, V. C. Sinclair, and J. Trotter, ibid., 14, 697 
(1961).

the unit cell closely resembles that for naphthalene 
and anthracene; however, the molecule at the a 
site is no longer obtained by reflection and transla
tion. The reflection is replaced by a rotation which 
causes the orientations of the molecules in these 
substances to differ slightly from that of naphtha
lene and anthracene.

Calculations
The calculations of the band structures and the 

mobility tensors for anthracene are given in detail 
by LeBlanc,2 hence only an outline of the procedure 
is given here. These calculations are applicable 
to excess holes or electrons (one or the other but 
not both simultaneously) in concentrations of 1010 
cm.-3 or smaller. Interactions between the car
riers are thus probably negligible and one considers 
only one excess hole or electron in an unperturbed 
crystal in the ground state.

Taking advantage of the simple structure of these 
crystals and applying periodic boundary conditions 
(periodic under reflection or rotation followed by 
translation) one may use the tight binding ap
proximation for constructing the hole or electron 
crystal wave functions. The crystal wave functions 
are linear combinations of molecular wave func
tions, ip n( f  — fn), which are identical except for 
spatial orientation. The vector fn is the position 
vector of the geometrical center of the nth molecule. 
The orientation is such that the symmetries of the 
crystal are manifest in the crystal wave function, 
i.e., (pn( f  — fn) transforms into <?n+<*(? — f n — a) 
or <pn + ¡¡(r — fu — /?) under reflection or rotation 
followed by a translation of a or <3- The crystal 
wave function then is given by

1 N
' f 'k ( f )  =  Jq'Ji ^ eXP ( ik - fu)<pn(f ~  fn) (1 )

in which N  is the total number of molecules in the 
crystal.

The periodic boundary conditions used are

— x <  fc-3; fc-/3; k-c <  x (2)

The crystal potential used in the Hamiltonian 
for the excess hole or electron is a sum of molecular 
potentials, i.e.

F(f) =  E  F „(f -  fn) (3)
n™ 1

with each molecular potential Fn(f — f n) given 
by a sum of Goeppert-Mayer and Sklar9 neutral 
carbon potentials centered on the atoms of the 
molecule, with the sum extending over the atoms 
of this one molecule. Then

Fn(f -  fn) =  E  Fi(n) (4)
i

using Slater-type atomic orbitals one obtains 

F i  =  — e 2n _ 1 { 4  +  6 ( a r i )  +  4 (< W ;)2 +

4A (an )3} exp ( —2ar{) (5)
(9) M. Goeppert-Mayer and A. L. Sklar, J. Chem. Phys., 6, 645 

(1938).
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NAPTHALENE 
■ A ?  6 .426

PENTACENE

.154

+ .154

+.311
TETRACENE

+ .238 +.384 +.384
\-.ll 3 /^ ^ \ .O O C v

+ .238
,220

+.220 +.184'
.238 .384 384

Fig. 2.—Values of coefficients for molecular wave functions. The magnitudes of these coefficients are the same for holes and electrons, and when they differ in phase, the upper sign is for the hole and the lower for the electron.
in which a =  1.64 (a.u. ) - 1 =  3.08 X 10s cm.-1 is 
the parameter used by Slater3 and should not be 
confused with the magnitude of a.

Using appropriate simplifications one obtains 
expressions for the energies of both holes and 
electrons, each having the form10

E(k) =  constant +  2 ^ i ,  cos (&•?») (6)
s

in which

Eg — y^n+sba+sPndr (7)
The constant in equation 6 is not evaluated; 
however, its value is immaterial to the determina
tion of band widths and mobilities.

The molecular wave functions, <pn, are linear 
combinations of Slater-type 2pz atomic orbitals, 
i.e.

with
l i j dr ( I D

In obtaining equation 10 all three-center or higher 
interatomic integrals, /¡j, are neglected.

Let « ; and n\ be unit vectors such that equation 
9 can be written

Mi =  (a5/ 7r) /s (fi-n;) exp ( —ar¡) (12)

and let Rij be the vector from the z'th atom of the 
molecule to the j th atom of the nth molecule;mth

then /¡j is given by

I  u =

a'
2ir (il, * R\\) (iij * R i j)*8ij

Ra2
+

<Pn =  E  CniUi

with
A  V»

Mi =  ( — J n  cos (fc) exp ( — M-i)

(8)

(9)

u F n'-n>)
(ni-Rii)(nr Ru)\

Ra2 f
Cu (13)

The coefficients Cn; are determined from the secular 
equations using the approximation of Hiickel.11 
The values of these coefficients are given in Fig.
2. In cases of multiple signs the lower sign is 
associated with the antibonding t  orbital of lowest 
energy and the upper sign is associated with the 
bonding ir orbital of highest energy.

The resonance integrals, Es, of equation 6 are 
then written

<PmTm^ndT ”   ̂ CniiCnj.X*Mi7iMj dr '

ECnuCnj/ii (10)
i,i

(10) F. Seitz, "Modern Theory of Solids," McGraw-Hill Book 
Company, Inc., New York, N.Y. 1940.

(11) R. Daudel, R. LeFebure, and C. Moser, "Quantum Chemis
try," Interscience Publishers, Inc., New York, N. Y., 1959.

Sa =  f  cos (£0 cos (£;) n r jF h )
exp ( —a[n +  7*, ]) dr (14)

and

C n - f  sin (|i) sin (&) nriV{r¡) exp
( — a h  +  rj]) dr (15)

S\\ and Cu Have been reduced to polynomial form 
by LeBlanc.2

The resonance integrals are calculated and the 
results are given in Table I. All /¡j involving atoms 
separated by 5 A. or more are neglected. The ex
pression for the energy of the excess hole or elec
tron is then given by

E(k) — constant +  2/A cos (k • b) +

2Ea cos (k-a) +  2Ep cos (&•/3) +

2Eca cos [k-(c +  a)] +  2Ê p cos \k-(c — 0)] +

2E0 cos (k-c)  (16)
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T abre I
I ntebmolecular R esonance I ntegral (ÎO -16 erg)

-Naphthalene— -Anthracene- -Tetraeene- -Pentacene-
Electron Hole Electron Hole Electron Hole Electron Hole

Ab +  6 .9 3 - 1 8 . 8 +  1 9 .1 - 2 5 . 9 - 2 6 . 2 + 2 1 .4 - 2 4 . 5 + 2 2 .4

Ac -  1 .4 3 +  0 .2 8 3 -  1 .2 5 -  0 .4 01 +  0 .5 5 6 +  0 .1 81
E a - 1 7 . 1 -  1 .01 - 3 1 . 6 - 2 3 . 8 - 4 5 . 9 - 2 6 . 7 - 3 7 . 5 - 2 5 . 3
Ep - 1 7 . 1 -  1 .01 - 3 1 . 6 - 2 3 . 8 + 3 1 .5 + 3 4 .3 +  3 9 .1 + 3 4 .1

-  0 .7 7 8 -  4 .7 4 +  1 .0 4 +  4 .9 6 -  1 .1 3 +  0 .7 2 5
-  0 .7 7 8 -  4 .7 4 +  1 .0 4 +  4 .9 6 -  0 .1 8 9 +  0 .2 5 2 +  0 .3 7 4

The conditions for maxima and minima in E(k)
are found to be k-c =  0 and k-a — k-/3 for both 
naphthalene and anthracene. These conditions 
are used to obtain the band widths for these sub
stances. The extremum conditions are not so 
simple in tetracene and pentacene and for simplicity 
only estimates are made for the band widths in 
these two substances. The band widths are given 
in Table II.

T able II
A pproximate  B and W idths in U nits of kT  at R oom 

T emperature
Electron Hole

Naphthalene 0.33 0.23
Anthracene .58 .43
Tetracene .53 .44
Pentacene .61 .48

Mobility tensors have been calculated for two 
different cases (a) constant mean free time r(fc) 
=  T0 and (b) constant mean free path r(7c) X
|y(fc)| = A0. The first case permits the calculation 
of the mobility in closed form. For that reason 
(a) is assumed and the mobility components are 
given by

Mij ero ( Vi V i )  

kT (17)

in which Vi{k) is the 7 th component of the carrier 
velocity v and is given by

hvi(k) =  òE(k)/òk (18)

The quantity (vi Vj) is a statistical average over the 
appropriate band. By treating the density of 
states and the Boltzmann factor as constant over 
the extremely narrow bands, the integration is 
easily performed. The results are given in Table
m.

Finally the mobility tensors (tensors with com
ponents (vi Vj}) have been diagonalized and the 
components along the principal axes are given in 
Table IV. In all four substances, for both holes 
and electrons, it is found that c' is a principal 
axis of the mobility tensor. In addition a and b 
are principal axes for both holes and electrons in 
naphthalene and anthracene. In tetracene and 
pentacene the principal axes are obtained by rota
tions of the orthogonal coordinate system about 
c'. In tetracene the rotation angle is 59.5° for 
holes and 51.5° for electrons and in pentacene the 
rotation angle is 63.7° for holes and 65.5° for elec-

trons. The angles are correct to approximately 
I o.

Discussion and Conclusions
A significant result of these calculations is that 

in all cases the predicted mobility in the c' direc
tion is found to be much smaller than the mobilities 
in the ah plane. This is due in part to the almost 
exact cancellation of the largest interatomic 
integrals in the sums for Ec, Eoa, etc. However, 
in Eea for holes in anthracene this cancellation 
does not occur and still the mobility is only about 
one-fifth of that in the ab plane. This is due to 
the fact that the average interatomic separation is 
larger between molecules in the c or c +  a direc
tions in addition to the hole and electron densities 
being smaller at the ends of the molecule than at 
positions nearer the center of the molecule.

Cancellation is also responsible for the small 
magnitudes of E a and Ep for holes in naphthalene, 
and hence both Ea and Ep and the resulting small 
mobility in the a crystallographic direction should 
be viewed with some skepticism. It would be 
interesting to have experimental data with which 
to compare this result.

Since a rigid lattice has been assumed in these 
calculations and is an obvious over-simplification, 
then one may argue that no significance can be 
attached to the large anisotropy of velocity com
ponents in naphthalene nor to the 180-fold asym
metry in electron and hole velocity components 
along the a direction. However, these calculations 
clearly indicate the desirability of looking for these 
effects and suggest crystalline naphthalene to be 
the more promising material to examine, par
ticularly at low temperatures where the rigid lat
tice assumption may be more closely attained.

With the exception of increased anisotropy in the 
ab plane for tetracene and pentacene, there does 
not appear to be any startling differences between 
the predicted mobilities in the substances investi
gated. In tetracene and pentacene the off-diagonal 
components of the mobility tensor are no longer
negligible and the principal axes are near a and $
rather than along a and b as in naphthalene and 
anthracene. Also, if r0 is comparable for holes and 
electrons, then there is a reversal of their relative 
mobility in the b direction for tetracene and penta
cene compared to their relative mobility in the 
same direction for naphthalene and anthracene.

On the basis of these calculations one would 
predict that the magnitude of the mobilities in all 
of these materials should be comparable but with 
significant differences in their anisotropy.
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T able I I I
Velocity Components (1010 cm.2/sec.2)

——Naphthalene—* .-------Anthracene-----' r—---- Tetracene------- * --------- Tentacene------
Electron Hole Electron Hole Electron Hole Electron Hole

Fa'2 1.79 0.009 6.57 3.77 8.73 5.31 8.22 5.02
Fb'2 1.26 2.38 5.67 6.35 9.90 6.01 8.83 6.13
Ve'2 0.031 0.046 0.034 0.742 0.036 0.034 0.014 0.027
Fa'Fo' 0.000 0.000 -0.007 -0.168 -0.018 -0.004 -0.005 -0.004
Fa'Fb' 0.000 0.000 0.000 0.000 2.63 -0.648 0.360 -0.734
Fb'Fo' 0.000 0.000 0.000 0.000 -0.008 -0.003 -0.003 -0.003

T able IV
Velocity Components in Pbincipal Axes Coordinate System

D enoted by a", 6", and c "  ( 1010 cm.2/sec.2)
■Naphthalene---- > ------- Anthracene------. -—— Tetracene------- - ---------Pentacene----- .

Electron Hole Electron Hole Electron Hole Electron Hole
Fa"2 1.79 0.009 6.57 3.77 12.01 4.93 9.00 4.66
Fb"2 1.26 2.38 5.67 6.35 6.62 6.40 8.05 6.50
Ve"2 0.031 0.046 0.034 0.742 0.036 0.034 0.014 0.027
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PHOTOCHROMISM IN SPIROPYRANS. PART IV.1 EVIDENCE FOR 
THE EXISTENCE OF SEVERAL FORMS OF THE COLORED

MODIFICATION
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Both the wave length and the relative intensity of bands in the absorption spectra of the colored modifications of photo- 
chromic spiropyrans strongly depend on the character of the solvent used. Moreover, cooling causes pronounced changes 
in the spectra of solutions in non-polar solvents, while the spectra of alcoholic solutions are not affected by variation of tem
perature. The effect of cooling ceases when a certain very low temperature ( —150°, —160°) is reached. A t this tempera
ture all solvent mixtures used become highly viscous. When the colored modification is produced by ultraviolet irradiation 
at low temperature in such highly viscous glassy media, its spectrum is different from that of the colored modification pro
duced by irradiation at a higher temperature and then cooled; the spectrum assumes the latter shape when the solution is 
warmed and then cooled again. The hypothesis of the existence of several stereoisomers of the dye molecule is forwarded, 
to account for these observations. Some of these stereoisomers are interconvertible thermally as long as the thermal energy 
of the molecules does not drop below a certain value and the viscosity of the medium does not exceed a certain limit. The  
various isomers differ both in their spectra and in their convertibility into the spiropyran by visible light.

Introduction
The general ideas about thermochromism and 

photochromism of spiropyrans, developed in pre
vious publications, may be summarized as follows. 
Thermochromic “ spiropyrans” exist in solution as 
an equilibrium mixture of two isomers—a color
less spiropyranic modification (A) and a colored 
merocyanine-like modification (B). The position 
of this equilibrium varies widely with the nature of 
the compound and the solvent, and with the tem
perature; high temperatures and polar solvents 
favoring the colored modification (B). The rate 
at which thermal equilibration takes place (starting 
from a non-equilibrium mixture) also depends on 
the same factors and is reduced to practically zero 
at sufficiently low temperatures. At such tern- 1

(1) Part III: It. Heiligman-liim, Y. llirsliberg, and E. Fischer, 
J. Chem. Soc., 15G (1961).

peratures any phototransformations which might 
take place can be investigated without the com
plication of thermal transformations between (A) 
and (B). The spiropyrans hitherto investigated 
can be classified as follows with regard to photo
transformation: (1) Those in which the two modi
fications can be interconverted by the action of 
ultraviolet light, and (B) is converted into (A) by ir
radiation with visible light; (2) those in which 
ultraviolet light converts (A) into (B) and vice 
versa but visible light has no effect; (3) those in 
which the two modifications are not interconvertible 
by light, although both do exist. Compounds of 
classes (1) and (2) are called “ photochromie.” 2 
The present report deals with compounds of class 
(1), as exemplified by I and IY; and of class (3), 
as exemplified by II and III. In compounds of class

(2) fa) Y. Hirshberg, Compt. rend., 231, 903 (1950); (b) Y. Hirsh- 
berg and E. Fischer, J. Chem. Soc., 629 (1953).
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Fig. 1.—Solvent dependence of spectra of merocyanines: full curves, in non-polar solvents; broken curves, in alcohol, (a) Compound IB, 0.9 X 10-4 mole/1. at —100°: 1, in methylcyclohexane-petrol ether 1:1; 2, in ethanol-methanol 4:1, (b) compound III at room temperature: 1, in decalin, saturated solution; 3, in benzene; 2, in propanol, 1.6 X 10“6 mole/1.; (c) compound II, at room temperature:1, in decalin, 2.3 X 10-4 mole/1.; 2, in ethanol, 0.9 X10-6 mole/1.; (d) compound IVB: 1, in methylcyclo-hexane-isohexane 1:1 at —150°, 2.2 X 10-4 mole/1.;2, in propanol at —110°, 1.7 X 10-4 mole/1.

(1) irradiation with ultraviolet light, which is ab
sorbed by both modifications, results in a photo
equilibrium mixture containing between about 70 
and 100% (B), whereas irradiation with visible light 
which is absorbed only by (B) converts all of it mto
(A). Results will be reported for the influence of 
solvent and of temperature on the absorption spec
trum of modification (B).

Results
The form of the spectra of the merocyanine-like 

compounds obtained by irradiation of photo- 
chromic spiropyrans, such as I or IV, as well as 
that of the spectra of “ merocyanines proper,” 
such as II and III, depends to a great extent on the 
nature of the solvent used (cf. a similar observation 
regarding the thermochromic colored modification 
of the spiropyrans).3 In non-polar solvents the 
spectra are, furthermore, strongly affected by the 
temperature. The effect of solvents and of the 
temperature on these spectra manifests itself both 
in frequency shifts and in variation of the ratio of 
the intensities of some absorption bands, these 
variations leading in extreme cases to complete 
disappearance of one or more bands.

Solvent Effects.—-These are illustrated in Fig. 1. 
Figures la and Id compare the spectra of compounds 
IB and IVB in a polar and in a non-polar solvent 
at low temperature. Figures lb  and lc  show a 
similar solvent dependence, at room temperature, 
in the spectra of the two merocyanines II and III, 
which resemble in structure the colored modification 
of I. The polar solvent is seen to suppress and even 
to obliterate some of the absorption bands.

Temperature Effects.—These are even more 
striking, as illustrated in Fig. 2. Figure 2a shows the 
effect of cooling on the spectrum of a solution of IB 
in a non-polar solvent. At —100° the intensities of 
the two main absorption bands in the visible, at 
about 530 and 560 m/i, are approximately equal; 
as the solution is cooled the ratio of intensities 
changes in favor of the 530 mju band until the value 
of this ratio reaches 2.3 at —160°. At the same 
time the peaks of both bands undergo a batho- 
chromic shift from 525 to 532 m/i and from 559 
to 577 mju, and a new absorption band appears 
at 610 mp. However, further cooling from —160 
to —183° causes no further change in the shape of 
the absorption spectrum. The process to which 
the temperature-linked spectral changes are due 
thus appears to be “ frozen”  at about —160°.

Figure 2b shows the effect of cooling on a solu
tion of IVB in a non-polar solvent. It is seen that 
the intensity of the 585 ma absorption band di
minishes while new absorption bands appear at 735 
and 670 m/t. In Fig. 2d a similar effect of cooling 
on a solution of the same compound in another 
non-polar solvent, of higher viscosity, is seen. In 
this solvent, a mixture of methylcyclohexane and 
decalin, the change of the shape of the spectrum 
with cooling ceases already at about —145°.

In a polar solvent cooling from —100 to —150° 
does not affect the form of the spectrum in any way. 
On the other hand, the emission spectrum of these 
compounds in a polar solvent changes with cooling, 
at least in some cases; thus the fluorescence of IB, 
which is orange-red at —100°, becomes yellow at 
—140°, whereas in a non-polar solvent it remains 
orange-red down to —180°.

Thermally-Irreversible Spectral Changes.— The 
spectral changes described hitherto are thermally 
reversible, i.e., gradual cooling from —100 to 
— 160° transforms the spectrum of IB as shown in

(3) (a) Part I, Y. Hirshberg and E. Fischer, J. Chem Soc., 297 1954); 
(b) Part II, ibid., 3129 (1954).
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Fig. 2a, while gradual heating from —160 to —100° 
causes the same change in the reverse direction. 
This cycle can be repeated again and again, the 
reversibility indicating that a thermal equilibrium 
is established at each temperature. The spectrum 
corresponding to this thermal equilibrium also is 
obtained when a colorless solution of IA is ir
radiated with ultraviolet light at any temperature 
in the above range.

If, however, the colored form of I is formed at
— 180° by ultraviolet irradiation of IA at this 
temperature, its spectrum is different from that of 
the dye obtained by ultraviolet irradiation at
— 100° and subsequently cooled to —180°, as 
shown in Fig. 3a. In curve 1, the ratio between 
the intensities of the peaks at 530 and 560 mp is 
even smaller than at —100°, and corresponds to the 
hypothetical ratio at some higher temperature. 
(This cannot be proved experimentally because 
above —100° thermal transformation into the 
colorless IA sets in.) When the dye produced by 
irradiation at —183° (Fig. 3a, curve 1) is gradually 
heated, it is transformed spontaneously, between 
about —160° and —150°, into the dye formed by 
irradiation at this temperature. liecooling to
— 183° causes only minor changes in the spectrum. 
Spectra 1 and 2 of Fig. 3a are seen to differ in then- 
absorption not only in the visible but also in the 
ultraviolet. Ultraviolet irradiation of IA in a 
methylcyclohexane-isopentane rigid glass at —183° 
thus is seen to result in a spectrum corresponding 
to a non-equilibrium state which is frozen-in under 
these conditions. At temperatures above —160° 
this spectrum changes spontaneously into that 
corresponding to an equilibrium state. Cooling of 
this latter form to —183° results in its being 
frozen-in at the equilibrium corresponding to
— 160°. In a mixture of methylcyclohexane and 
decalin, which is more viscous and reaches rigidity 
already at somewhat higher temperatures, the 
non-equilibrium state seems to be frozen-in already 
at —150°, as shown in Fig. 3c. Similar phe
nomena were observed with solutions of compound 
IV, with the results shown in Fig. 3b and 3d. In 
all these cases the non-equilibrium form of the dye 
can be created only by ultraviolet irradiation of the 
solutions in rigid glasses at sufficiently low tem
peratures. As will be described in detail in Part V 
of this series, those colored forms of both I and IV 
which are obtained by irradiation at —183° (full 
curves in Fig. 3), and only they, can be made to re
vert into the corresponding colorless forms by 
irradiation with visible light at this temperature. 
This is another manifestation of the profound dif
ference between these dyes and those correspond
ing to the broken curves of Fig. 3, which can be 
“ erased” by visible light only very slowly and to a 
slight extent.

Discussion
The effect of solvent on the frequency of absorp

tion bands has been studied extensively for dyes 
in general4-6 and for merocyanines in particular.7-16

(4) N. S. Bayliss, J. Chem. Phys., 18, 292 (1950).
(5) N. S. Bayliss and E. G. McRae, J. Phys. Chem., 58, 1002 

(1954).
(6) A. L. Le Rosen and C. E. Reid, J. Chem. Phys., 20, 232 (1953).

1
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Fig. 2.—Reversible temperature dependence of spectra of merocyanines in non-polar solvents, (a) Compound IB in methylcyclohexane-petrol ether 1:1, 0.9 X 10-6 mole/1. (corrected for solvent contraction); (b) compound IVB in methylcyclohexane-isohexane 1:1, 2.2 X 10-5 mole/1.; (c) compound II in methylcyclohexane-toluene 1:1, 6.0 X l0 -s mole/1.; (d) compound IVB in methylcyclohexane- decalin 1:1, 1.1 X 10-5 mole/1.

Fig. 3.—Spectra of merocyanines in non-polar solvents: full curves, formed by ultraviolet irradiation at low temperatures in rigid media; broken curves, warmed up and recooled, (a) Compound IB in methylcyclohexane-isohexane 1:1, 0.40 X 10-6 mole/1. (in a cell of 27 mm. light path): 1, formed by irradiation with 365 m y  a t —183°; 2, warmed to —120° and recooled to —183°; (b) compound IVB in methylcyclohexane-isohexane 1:1, 2.2 X IO-6 mole/1.: 1, formed by irradiation with 365 m y . at— 183°; 2, warmed to —140° and recooled to —183°; (c) compound IB in methylcyclohexane-decalin 1:1, 0.9 X IO-6 mole/1.; 1, irradiated with 365 +  313 +  303 m y  at— 150°; 2, warmed to —100° and recooled to —150°;(d) compound IVB in methylcyclohexane-decalin 1:1, 1.1 X IO-6 mole/1.; 1, irradiated with 365 at —150°; 2, warmed to —110° and recooled to —150°; (e) 5-methoxy- derivative of IB in methylcyclohexane-isohexane 2:1, 0.8 X IO-6 mole/1.: 1, irradiated with 365 +  313 +  303 m/< at— 180°; 2, warmed to —140° and recooled to —180°.
Observed shifts in frequency were correlated with 
solute-solvent interactions and their dependence

(7) L. G. S. Brooker and R. H. Sprague, J. Am. Chem. Soc., 63, 3214 
(1941).

(8) L. G. S. Brooker and W. T. Simpson, Ann. Rev. Phys. Chem., 2, 
121 (1951).

(9) L. G. S. Brooker, et al., J. Am. Chem. Soc., 73, 5332 (.1951).
(10) L. G. S. Brooker, G. H. Keyes, and D. W. Helseltine, ibid., 73, 

5350 (1951).
(11) E. B. Knott, J. Chem. Soc., 3038 (1951).
(12) J. R. Platt, J. Chem. Phys., 25, 80 (1956).
(13) E. G. McRae, Spectrochim. Acta, 12, 192 (1957).
(14) E. G. McRae, J. Phys. Chem., 61, 562 (1957).
(15) J. R. Platt, J. Chem. Phys., 34, 862 (1961).



2468 R. Heiligman-R im, Y. H irshberg, and E. Fischer Vol. 66

on the dielectric constant and refractive index of the 
solvent, as well as with intermolecular hydrogen 
bonding. Similar considerations probably are valid 
for the spectra of the colored forms of the spiro- 
pyrans.

Before an attempt is made to interpret the effect 
of solvents on the shape of the absorption spectra, 
and in particular on the ratio between the intensities 
of various bands, the nature of such bands should 
be elucidated. The complex structure of absorp
tion spectra, such as that of IB in the visible 
region (Fig. la), usually is interpreted as vibra
tional fine structure. The fact that spectra in polar 
solvents are often less complex than those in non
polar solvents was ascribed to obliteration of the 
vibrational structure, due to non-establishment of 
vibrational quantization during the (lifetime of the 
“ Franck-Condon excited state.” 6'16 However, it 
is difficult to explain in a similar way the solvent 
effects observed in spectra of compounds IB-IVB, 
Fig. 1, which involve wide variations in the rela
tive height of the main absorption bands in the 
visible. The same holds with regard to the tem- 
erature dependence of the absorption spectra ob
served in non-polar solvents. Here, too, it is im
probable that the variations in the population of 
the vibrational energy levels are responsible for the 
observed pronounced spectral changes. A more 
plausible explanation of both solvent and tem
perature effects seems to be offered by an assump
tion of the existence of several modifications of 
the colored form, the equilibrium among which is 
affected by temperature and by interaction with 
the solvent. Such an equilibrium may be either 
between monomers, dimers, and higher aggregates, 
or between various stereoisomers. The first ex
planation was forwarded by Scheibe,17 for similar 
variations observed in the spectra of aqueous solu
tions of ionic dyes, such as V, with increasing con
centration or decreasing temperature. The cations

v
of these dyes are symmetrical structures, resem
bling the left-hand (heterocyclic) half of IB. Similar 
effects were reported by Rabinowitch and Epstein18 
for solutions of thionine and of methylene blue in 
alcohol-ether mixtures, by Zänker19 20 for solutions 
of acridine orange, and by Bartels21 for aqueous 
solutions of “ neutral red”  (a phenazine dye).

Despite the similarity of the effect of temperature 
on the spectra in these cases and in the present ex
periments, the polymerization hypothesis does 
not appear to be applicable here, because no con
centration dependence of the spectrum was ob
served in non-polar solvents in the concentration

(16) V. Zänker and F. Mader, Chem. Ber., 93, 850 (1960).
(17) G. Scheibe, Kolloid Z., 82, 1 (1938).
(18) E. Rabinowitch and L. Epstein, J. Am. Chem. Soc., 63, 69 

(1941).
(19) V. Zänker, Z. physik. Chem., 199, 4 (1952).
(20) V. Zänker, ibid., 200, 250 (1952).
(21) P. Bartels, Z. physik. Chem. (Frankfurt), 9, 95 (1956).

range 5 X  10-6 to 5 X 10-4 mole/1. This may be 
compared with the results of Scheibe, who found 
strong effects with compound Y in the same range 
of concentrations. The existence of equilibria be
tween various stereoisomers has been postulated to 
explain environmental effects on the ratio between 
neighboring peaks of absorption spectra, in solu
tions of dyes, such as crystal violet (Lewis, et al.22). 
As pointed out in an earlier publication3 and by 
Chaud6,23 the methine bridge in IB, IVB, and 
similar compounds gives rise to several possible 
stereoisomers, as, owing to the mesomerism be
tween the two extreme forms VI and VI', the order 
of the three bonds of this bridge is higher than 
unity.

Me
VII

Chaude and Masse24 calculated the bond indexes 
for the carbon-carbon x bonds 1, 2, and 3, of the 
related hypothetical compound VII to be 0.475, 
0.783, and 0.468. For compound IB the follow
ing four isomers might exist without appreciable 
steric hindrance (since they are all trans with re
spect to the central bond 2)

In compound IIB only two such stereoisomers are 
possible because of the symmetrical structure of 
the left-hand, acridine, part of the molecule. A 
thermal equilibrium then would be expected to

(22) G. N. Lewis, T. T. Magel, and D. Lipkin, J. Am . Chem. Soc., 64, 1774 (1942).
(23) O. Chaudé, These, “ Etude spectrophotometrique de l’isomeri- 

sation de divers spiranes thermochromes,”  Edition de la Revue 
d’Optique, 1954.

(24) O. Bloch-Chaudé and J. L. Masse, Bull. soc. chim. France, 625 
(1955).
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exist between these isomers, and perhaps also be
tween some sterically hindered isomers which are 
in the cis form with respect to the central bond 2. 
The position of this equilibrium and its change with 
temperature depend on the difference in free energy 
and in enthalpy between the isomers.

In considering the relative stability of various 
isomers the electrostatic attraction between the 
opposite charges N(<5+) and 0 (5") also must be 
taken into account. In isomers a-d the steric 
hindrance is small,23 and the stability of the com
pound therefore will increase with the decrease of 
the distance between (5+) and (5_). If it is as
sumed23 that all interatomic distances are 1.4 A. and 
all angles 120°, the distance between the nitrogen 
and the oxygen atom will be 4.2 A. in (a), 4.9 A. 
in (b) and (c), and 6.0 A. in (d). According to this 
criterion isomer (a) should be the most stable one. 
In the “ cis”  isomers this distance is of course much 
smaller, and therefore the electrostatic attraction 
larger, but steric interference much more pro
nounced.

Assignment of spectra to the different isomers is 
not certain and therefore no quantitative inter
pretation of the variation of relative intensities of 
absorption bands is attempted. Thermal equilib
rium among at least some of the possible isomers 
appears to be established down to very low tem
peratures, as shown in Fig. 2, where the spectra 
are seen to change continuously down to about 
— 160° in methylcyclohexane-isopentane, and to 
about —145° in the more viscous methylcyclo
hexane -decalm mixture. At still lower tempera
tures the spectra do not change any more, indicat
ing freezing-in of the equilibrium. This inhibition 
of equilibration between the stereoisomers probably 
is due also to the sharp increase in viscosity in 
these temperature regions, where both solvent 
mixtures form rigid glasses. The high viscosity 
may be expected to impede the motion of large 
groups within the molecule, which must occur 
during interconversion of isomers.

At the moment of formation of the dye by ultra
violet irradiation of the spiropyran, and the result
ing rupture of the carbon-oxygen bond, the dye 
molecule is probably in an unstable form X , in 
which the oxygen atom and the original spiranic 
carbon atom are still close to each other. This 
sterically unstable isomer then undergoes a series 
of rearrangements involving the methine bridge, 
and leading eventually to an equilibrium mixture 
of some or all of the isomers (a)-(d), as well as X . 
As pointed out above, these rearrangements in
volve comparatively large movements of one-half 
of the molecule in relation to the other one. The 
combined effect of low temperature and very high 
viscosity of the medium therefore may be expected 
to slow down or even prevent this rearrangement, 
and thus freeze-in the unstable isomer X  immedi
ately following its formation.

These expectations are borne out by the experi
ments illustrated in Fig. 3, which show the result 
of ultraviolet irradiation of the spiropyrans in 
rigid media, such as mixtures of methylcyclohexane 
and isohexane at —180°, or methylcyclohexane and 
decalin at —150°. Such irradiation results in the

formation of a colored modification whose absorp
tion spectrum is quite different from that of the 
dye formed from the above after it had been heated 
to about —150° (or —120° in the m.c.h.-decalin 
mixture) and then recooled to the original low tem
perature. Such heating results in establishment of 
thermal equilibrium between the different stereo
isomers, the equilibrium then being frozen-in by 
recooling.

Additional evidence in favor of the above con
clusions is furnished by the observation (to be de
scribed in detail in Part V of this series) that the 
dye produced in the rigid glass is reconverted into 
the spiropyran by irradiation with visible light 
under the same conditions. This is not the case 
with the dye formed from the previous one on heat
ing and recooling. Another feature of the spectrum 
of the dye formed on ultraviolet irradiation in the 
rigid glass is its similarity to the spectrum observed 
at the highest temperature at which the dyes are 
not yet converted spontaneously into the spiro
pyrans (about —100°). This is seen from com
parison of the “ high temperature” curves in Fig. 2 
with the “ rigid glass”  full curves in Fig. 3. Hence 
it can be assumed that the species formed by ir
radiation in a rigid medium is a high-energy isomer. 
One should, however, bear in mind that all the 
postulated stereoisomers probably have rather 
similar spectra, and the similarity of the above 
spectra does not necessarily prove the identity of 
the corresponding isomers.

The over-all picture emerging from the above 
discussion thus may be summarized as follows: 
Ultraviolet irradiation of the spiropyrans results in 
formation of an unstable isomer, X , of the colored 
modification. In media whose viscosity is below 
a certain limit most of this isomer is immediately 
converted into other, more stable isomers, the 
equilibrium between the various isomers being es
tablished as long as the viscosity of the medium 
does not exceed that limit. However, in a rigid 
medium at low temperature the high viscosity of 
the medium and the low energy content of the dye 
molecule combine to prevent the spontaneous con
version of X  into the other isomers. In fluid 
media a tiny fraction of the dye exists in the form of 
X , this fraction increasing with temperature be
cause of the higher energy of X . Only this isomer 
is photoconvertible into the spiropyran by visible 
light. Photoconversion of all the dye thus will 
proceed as long as the thermal equilibration be
tween X  and the various other isomers of the 
colored modification takes place at a sufficiently 
high rate. When this equilibrium mixture is 
frozen by cooling to rigidity, visible light can trans
form into the spiropyran only that small fraction 
of the dye which is in the form of X . On the other 
hand, if the dye is formed from the spiropyran by 
ultraviolet irradiation in a rigid medium, most of 
it remains in the form of X , and therefore is 
photoconvertible by visible light.

In an alcoholic solution the contribution of the 
dipolar mesomeric structure is higher than in non
polar solvents, owing to interaction with the polar 
solvent. In addition one of the stereoisomers 
may be preferentially stabilized by solvation, the
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resulting adduct being sensitive to visible light. 
This accounts for the absence of pronounced effects 
of cooling on the absorption spectra of the dyes and 
on the rate of their photoconversion into spiro- 
pyrans by visible light in alcoholic solution.

Experimental
Irradiations and spectrophotometric measurements were carried out in special dewar-type quartz cells, in a Cary

Model 14 recording spectrophotometer. Complete details are given in Part III of this series and in earlier publications. Experiments at the temperature of liquid air were carried out with the absorption cell placed in a specially constructed copper block cooled by liquid air. The copper block with the cell was placed in a silica dewar flask with optical windows.
Acknowledgments.— The authors wish to thank 

Mr. M. Kaganowitch for synthesizing the com
pounds investigated, and Mrs. N. Castel for techni
cal assistance.

PHOTOCHROMISM IN SPIROPYRANS. PART V.1 ON THE MECHANISM
OF PHOTOTRANSFORMATION
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Phototransformations spiropyran —►  merocyanine and merocyanine —*• spiropyran have been studied in some photo- chromic spiropyrans under varying environmental conditions. The dependence of the rates of these processes on the tem-Eerature and the chemical nature and viscosity of the solvent was observed. The relative and absolute quantum yields of oth processes at different frequencies of the photoactive light were determined. The results indicate the occurrence of consecutive and concurrent phototransformations and thermal interconversions between stereoisomers of the colored modification, besides the “main” phototransformation spiropyran merocyanine.
Introduction

The general ideas about thermochromism and 
photochromism have been summarized in previous 
publications,2-5 and in the introduction to the pre
ceding paper (Part IV). The photochromie spiro
pyrans to be dealt with here are exemplified by 
compounds IA (1,3,3-trimethylindolinonaphtho- 
spiropyran), and IIA (N-methylacridinonaphtho- 
spiropyran), which are transformed by the action 
of ultraviolet light into strongly colored modifica
tions usually represented by merocyanine-like 
formulas, such as IB and IIB

The B modifications can be converted into the A 
ones by irradiation with visible light. The number 
of 7r electrons in a merocyanine molecule exceeds 
by two their number in a spiropyran. The mero
cyanine molecule is planar, while the planes of the

(1) Part IV, J. Phys. Chew,., 66, 246S (1962).
(2) E. Fischer and Y. Hirshberg, J. Chem. Soc., 4522 (1952).
(3) (a) Part I, Y. Hirshberg and E. Fischer, ibid., 297 (1954); 

(b) Part II, ibid., 3129 (1954).
(4) Y. Hirshberg, E. H. Frei, and E. Fischer, ibid., 2184 (1953).
(5) Y. Hirshberg, J. Am. Chem. Soc., 78, 2304 (1956).
(6) Part III, R. Heiligman-Rim, Y. Hirshberg, and E. Fischer, 

J. Chem. Soc., 156 (1961).

two parts of the spiropyran molecule are approxi
mately perpendicular to each other. The photo
isomerization spiropyran -*■ merocyanine thus 
involves two aspects: (1) delocalization of two <x 
electrons, following excitation, and resulting in 
breaking of the C -0  bond; (2) rearrangement of 
the methine chain and rotation of the two parts 
of the molecule in relation to each other so as to 
approach coplanarity. Such a process appears 
fairly plausible as soon as the energy required for 
delocalization of the C -0  bond electrons is sup
plied either in the form of thermal energy or as 
radiation energy. The transformation in the re
verse direction, B ->  A (“ ring closure” ), involves 
the same two aspects, i.e., two electrons have to be 
demoted and the molecule has to be induced to 
undergo the rearrangements in the methine chain 
and the relative rotation of the two parts of the 
molecule before a spiropyran molecule can be re
formed. Processes A —► B and B —*■ A thus seem 
to be basically different, with B —*■ A being a priori 
less probable. This also is confirmed by the fact 
that radiative ring opening has been observed with 
all thermochromic and many non-thermochromic 
spiropyrans, whereas radiative ring closure by vis
ible light was found hitherto only in spiropyrans 
derived from indoline, such as I, or from acridine, 
such as II .7 However, radiative ring closure by 
ultraviolet light does seem to take place, as shown 
by the incomplete conversion A B under the 
action of ultraviolet light, which probably is due to 
simultaneous occurrence of both A —► B and B -*■ A.

The experiments reported here on the tempera
ture dependence of the rates of photoisomerization 
reactions in both directions and the determination 
of their quantum yields were undertaken in an at-

(7) However, recent experiments in this Laboratory showed that 
such ring closure with visible light does take place with certain bipyro- 
spirans, containing only oxygen as hetero-atoms, under specific condi
tions.
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T able I
H alf- life T imes, (min .) of Color E radication w ith “ V isible” Light

Temp., °C. -100 -110 -120 -130 -140 -150 -183
IB (M CH-IP) 6 100 200 CO CO CO CO
IB (M CH-IH) 28 63 150 CO 00 CO oo (132)“
IB (M CH-D) 13 25 80 100 co (24)“
IIB (MCH-MCP) . . . . . • . . 160 (8)“IIB (M CH-D) 43 43 53 68 260 (3)°

“ Data in parentheses are explained in the following paragraph.
tempt to gain insight into the mechanism of these 
processes.

Results
1. Temperature Dependence of the Phototrans

formation A —» B.— The rate of color formation by 
irradiation with ultraviolet light at either 365, 313, 
or 303 m/r was found to decrease slightly on cooling 
both in non-polar solvent mixtures (methylcyclo- 
hexane with either isopentane, isohexane, isooc
tane, methylcyclopentane, or decalin) and in alco
holic solvents (ethanol with methanol, 1-propanol 
with 2-propanol). Thus for compound IA, with 
the same light source used throughout most of 
these experiments, half-life times of color formation 
were found to increase gradually from about 1.5 
min. at —100° to 9 min. at —183° in methylcyclo- 
hexane -isohexane, and from 1.2 min. at —100° to
2.2 min. at —150° in methylcyclohexane-decalin. 
Similar results were obtained also in alcoholic solu
tions of this compound in the range —100 to —150°. 
WithcompoundllAretardation of colorformation by 
cooling is more pronounced in both types of solvents. 
Thus, in methylcyclohexane-decalin the half-life 
times of color formation brought about by irradia
tion with the light of 365 +  313 +  303 m/i lines in
crease gradually from 2 sec. at —100° to 28 sec. at 
—150°. All the above solvent mixtures form rigid 
glasses at sufficiently low temperatures within the 
above-mentioned temperature range. It appears 
that this fact has no pronounced effect on the rate 
of merocyanine formation.

2. Temperature Dependence of the Photo
transformation B —» A.— As mentioned in the In
troduction, the phototransformation B —» A is of 
special interest, and the results therefore will be 
described at some length.

(a) Temperature Dependence of the Process 
B —> A with Visible Light.—-In all non-polar sol
vents the rate of this process is strongly reduced by 
lowering of the temperature. Table I summarizes 
the results obtained with compounds IB and IIB, 
in the form of half-life times of spiropyran forma
tion. The concentration of the latter was followed 
at the characteristic sharp absorption peak in the 
ultraviolet.6 Irradiation was carried out with the 
light emitted by a mercury arc above 410 m u ,  i . e . ,  

in practice the three lines at 436, 546, and 578 m/i. 
(It was found that the ratio between the quantum 
yields of light at 546 and 436 m^ in non-polar sol
vents was not affected by change of temperature.) 
In all cases B was formed by ultraviolet irradiation 
at —100° for IB, at —110° for IIB and the solu
tion then was cooled to the required temperature. 
Solvent mixtures used were methylcyelohexane 
(MCH) with either methylcyclopentane (MCP), 
isohexane (IH), or isopentane (IP) (all these mix-

Fig. 1 —Compound I, 0.75 X 10 “5 mole/1. in M CH-IH (2:1), irradiated with visible light at different temperatures; full lines, IB; broken lines, consecutive stages of irradiation; dash-dot lines, IA. (a), (b), and (d), irradiated with 578 +  546 +  436 mjq (c), irradiated with 578 ma (curve 3), heated to —110° (curve 4), and recooled to —140“ (curve 5, identical with curve 2).

tures form rigid glasses at the temperature of 
liquid air), and methylcyelohexane with decalin
(D) (this mixture forms a glass which tends to crack 
at temperatures below —160°). Actual absorption 
spectra in the course of irradiation are shown in 
Fig. la, Id, and 3d, where the increase in the inten
sity of the ultraviolet and the decreases in the in
tensity of the visible bands are shown to run 
parallel. Deviations from this behavior are dealt 
with later on.

The data in Table I show that in all non-polar 
solvent mixtures the rate of B -*■ A decreases on 
cooling, and approaches zero somewhere between 
— 120° and —145°. The first two mixtures are 
fluid down to —135°, whereas the M CH -D mix
ture is highly viscous already at —100°. In solu
tions in alcohols the rate of formation of spiropyran 
from the corresponding merocyanine is little af
fected by variation of temperature when the process 
is brought about by irradiation with light at 546 
and 578 m/i. Typical results for the process IB —*■ 
IA in ethanol-methanol, effected by irradiation 
with light at 546 m/q are given in Table II 
in the form of half-life times of color eradication 
at various temperatures.

T able  II
H alf -life T imes, m in .

Temp., °C. -9 5  -105  -120 -140  -150  -155
Time, min. 6.5 6 5 7 12.5 24

The rate of color eradication passes through a 
shallow maximum between —105 and —120° and 
then decreases slowly on further cooling. The 
same trend was observed with light at 578 mq. 
However, when the process is brought about by
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irradiation with light at 436 npi the temperature 
dependence of its rate is different: after passing 
through a similar maximum at —115 to —120° its 
rate is sharply slowed down by further cooling and 
approaches zero already at —140°. In alcoholic 
solutions the formation of spiropyran runs strictly 
parallel to the disappearance of color during ir
radiation of B with visible light, throughout the 
temperature range investigated, —95 to —150°. 
It should be recalled here that in solutions in non
polar solvents the shape of the spectrum of the 
merocyanine is strongly temperature dependent 
while in alcoholic solutions it is altogether un
affected by variations of temperature.1

(b) Phototransformation B -*■ A Effected by 
Visible Light in Rigid Media at Low Temperature. 
—-In the experiments described in the preceding 
paragraph, B always was formed from A by ultra
violet irradiation at about —100°, at which tem
perature all solvent mixtures are fluid. However, 
as shown in the preceding publication, if the process 
A -*■ B is carried out in a rigid medium at —183°, 
B created under these conditions is spectroscopically 
different from the B formed at —100° and then 
cooled to —183°. In solutions in a M CH -D  mix
ture a similar behavior is observed already at about
— 155° (cf. Fig. 3 in the preceding paper). These 
colored modifications, denoted by X , proved to be 
photoconvertible into the corresponding spiro- 
pyrans by visible light. Figure Id describes a 
typical experiment at —183° in which spiropyran 
formation and dye eradication are seen to run 
parallel, exactly as at —100° (Fig. la). Figure 3d 
shows a similar behavior in compound IIB ir
radiated with fight at 546 m,u at —183°. More
over, from the kinetics apparent from Fig. 2d, it 
seems that under these conditions at least a large 
part, if not all, of B is reconvertible into A. It is 
particularly striking to compare the comparatively 
rapid photoconversion IB -*■ IA at —183°, at 
which temperature the medium forms a rigid glass, 
with the virtual absence of this reaction at —130°, 
where the medium is still fluid. IIB -► IIA at 
—183 is still more rapid (half-life time 8 min. under 
irradiation with light at 546 m¿). Some relevant 
results are given in Table I, in parentheses, and 
show that in compound IB the half-life time of 
color eradication under these conditions is about 
five times longer than at —100°, whereas in IIB 
it is even shorter than at —110°.

In solutions in a M CH-D mixture this phenom
enon occurs already at —150°. It should be 
recalled here that if the X  form is heated to about
— 165° (in M CH-IH), it is transformed spon
taneously into the B modification, and cannot be 
re-formed by cooling.

(c) Phototransformation B -*■ A under the 
Action of Ultraviolet Light.— There is no direct 
proof for the occurrence of the transformation 
B -*■ A under the action of ultraviolet fight-on com
pounds IB and IIB as there is no way of isolating 
these compounds or of achieving complete trans
formation of IA and IIA into IB and IIB. In this 
case the existence of this process can only be de
duced indirectly from the fact that the process

U.V.
A —*■ B does not go to completion. In reversible

photoisomerizations photoequilibrium is established 
when the rates of the two opposing photoreactions 
A ^  B under the action of the particular photo
active fight used, are equal. Hence, in the ab-

U.V. U.V.
sence of B -*• A the reaction A —*■ B should go to 
completion and the conversion of A into B should be

U.V.
complete. Since this is not the case, B -► A must 
be inferred to occur. Moreover, if the ratio be-

U.V.

tween the yields of the two processes A -*• B and
U.V.

B A would vary with temperature, this should 
affect the state of photoequilibrium. No pro
nounced temperature effect of this sort has been 
observed in I and II with fight at 365 or 313 mja 
in either solvent and it thus may be deduced that

U.V.
the rate of B —► A does not depend on tempera
ture to any appreciable extent.8 Thus, in this re
spect the behavior of ultraviolet fight, in a non
polar solvent, seems to differ from that of visible 
light described in section 2a.

(d) Phototransformation of the Merocyanine 
Modification B Not Involving Formation of Spiro- 
pyrans (“Ring Closure” ).—As described in section 
2a, the phototransformation of B into A by visible 
light in non-polar solvents is slowed down on cool
ing and virtually stops around —140°. However, 
at such temperature another effect is observed as a 
result of irradiation with visible fight, as shown in 
Fig. lc  for compound IB. Irradiation at 578 m  ̂
causes pronounced changes throughout the visible 
and near-ultraviolet region, but has no effect on the 
absorption in the region of the characteristic spiro
pyran band around 245 mu. It thus appears that 
a sort of “ internal”  photoisomerization within the

vis.
merocyanine, B B ', i.e., photoisomerization 
between different stereosiomers of the colored form, 
takes place, proceeding with a much higher ef-

vis.
ficiency than B A and without retardation by 
cooling. Thus, the half-life of the change depicted 
in Fig. lc  is about 3 min. at —140° and practically 
also at —130 and —150°. This may be com
pared with a half-life of about 45 min. observed for

vis.
B -*• A at —100° under otherwise similar condi
tions.

If a solution thus changed by visible irradiation 
at —140° is gradually warmed up, the above change 
reverts, the rate of this reversion increasing with 
temperature. For the case described in Fig. lc  this 
reversion is complete within a few minutes at
— 110°. As a result the original merocyanine 
spectrum is re-formed, and recooling to —140° 
results only in the usual temperature effect on the 
spectrum (cf. Part IV). A complete cycle is thus 
performed as follows: “ color formation” by ultra
violet irradiation at —140° (curve 2), “ color 
change”  by visible irradiation at —140° (curve 3), 
heating to —110° (curve 4), and recooling to
— 140° (curve 5, identical with 2). All steps ex
cept the first one involve only the merocyanine.

(8) The occurrence both of the process B —► A and of the tempera
ture dependence of the position of photoequilibrium has been proved in 
certain nitro derivatives of benzospiropyrans, which will be reported 
in the following part in this series.
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Visible irradiation at temperatures above —140° 
causes two concurrent photoreactions, namely, 
B -*■ A and B -*  B ', as illustrated in Fig. lb  for
— 120°. An initial rapid change in the visible, 
without any change around 245 mp, is followed by 
a slower change in both regions. Exact and rapid 
measurements indicate a similar behavior even at
— 100°, though here B -*■ B ' is of course over-

vis.
shadowed by both B ->  A and B ' -*■ B (thermal 
reaction). Kinetic curves for all photoreactions 
described are shown in Fig. 2. Figures 3b and 3c 
show similar interconversions of the stereoisomers of

vis.
IIB running concurrently with processes IIB —► 
IIA and I I A ^ ' IIB.

3. Quantum Yields, (a) Relative Quantum
u.v. u.v.

Yields of A -»■ B and B A.—-In case of inter
conversion of two isomers A and B under the 
action of light, the photoequilibrium established 
by irradiation with light at any particular wave 
length, X, depends only on the molar extinction 
coefficients e of the two isomers at the particular X, 
and on the quantum yields <pa—b and £>b—a of the 
photoconversion in both directions.9

Since at equilibrium the rates of reaction in both 
directions are equal

[A]«A^A =  [BJiB^B
and therefore the equilibrium constant K  is given by

K  =  -i—i =  ‘?b€b
[B] <pa£a

and the ratio between the quantum yields in both 
directions is

<pa. _  [B]cb

<pB [A] 6a

Since both the merocyanine and the spiropyran ab
sorb in the ultraviolet, the irradiation of a spiro
pyran with ultraviolet fight results, at photoequilib
rium, in incomplete conversion into the merocya
nine.6 The ratio of the quantum yields of the reac
tions in the two opposite directions <pa/<pb can be 
calculated from the above equation. The values of

T able III
Compound Solvent

<p a / v b  at 
-100°

<p a /<p b  at 
— 180°

(I) at 313 mju M CH-IH 5 5
alcohol 10

(I) at 365 m p M CH-IH 2.5 2.5
alcohol 6.5

(II) at 365 m u MCH-D 10 10
alcohol 3.5

<PA,/<pb thus calculated from results obtained for 
I photoequilibrated by light at 365 and at 313 m/j., 
and for II photoequilibrated by light of 313 mp, 
at —100° and —180°, are given in Table III. 
In all cases the efficiency of ultraviolet light in

(9) (a) G. Zimmerman, et al., J. Am. Chem. Soc., 80, 3528 (1958); 
(b) E. Fischer, ibid., 82, 3249 (1960); (c) D. Schulte-Frohlinde, Ann., 615, 114 (1958).

Fig. 2.—Temperature dependence of the kinetics of phototransformation of IB brought about by irradiation with visible light (c/. Fig. 1); full lines, variation of IB concentration, followed by optical density at 565 m/a; broken lines, formation of spiropyran IA followed by the changes in optical density at 245 mp. (a), (b), and (d), irradiated with 578 +  546 +  436 m¡¿ ; (c), irradiated with 578 mii.

Fig. 3.—(a), (b), (d), compound IIB  irradiated with visible light at different temperatures; full lines, before irradiation; broken lines, consecutive stages of irradiation, (a), (b), 1.1 X 10-5 mole/1- in MCH-D, irradiated with 578 +  546 +  436 m u ;  (d), 2.2 X 10~6 mole/1. in M CH-IH, irradiated with 546 m/x; (c), IIA, 1.1 X 10“5 mole/1. in MCH-MCP, irradiated with 365 m^; curves, 5, 6, and 7 show interconversion of stereoisomers of IIB.
ring opening is seen to be higher than in ring clo
sure.

The values given above are subject to the uncer
tainty in the equilibrium constant [A ]/ [B] and in 
eB as described before.6 In compounds I and II the 
ratio (pA./ <pb practically does not change with 
temperature.

vis.
(b) Relative Quantum Yields of B — A at Dif

ferent Wave Lengths.—The spiropyran A does not 
absorb in the visible region, e\ =  0, and <pa ob
viously has no meaning. It is however of interest 
to compare the relative <pB’s at various wave 
lengths in the visible region. Qualitative investi
gations reported earlier6 from this Laboratory were 
now repeated and analyzed quantitatively under 
well defined conditions, as described in the follow
ing section. The results may be summarized as 
follows; in non-polar solvents the yields at the 
four wave lengths investigated (the mercury emis-
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sion lines at 405, 436, 546, and 578 mfi) were identi
cal within a factor of two, all of them decreasing on 
cooling; in alcoholic solutions in the presence of 
triethylamine (added as a weak base) the situation 
with respec" to the ratio between the quantum 
yields at different wave lengths is similar; however, 
in the absence of a base, even in alcohol freshly 
distilled from potassium hydroxide, the efficiency 
of light at 436 m,u was 30-80 times higher than that 
of light at 546 or 578 mn, corroborating our earlier 
results.6 The range 30-80 is given here because 
values depend strongly on the alcohol used. More
over, in such solutions the yield with light at 436 
m/i falls sharply on cooling, and below about — 130L 
approaches zero, whereas with light at 546 or 578 
m/i the yield is substantially independent of tem
perature (c/. section 2a above).

(c) Calculation of the Relative Quantum Yields.
■—The intensity I\ of the incident monochromatic 
light of wave length X (expressed as the num
ber of light quanta per minute), the transmis
sion T\ of the solution at the same wave length, 
and the observed half-lives r«/, of the process

vis.

B A were used as follows: under otherwise
identical conditions the yields at various X’s are in
versely proportional to the numbers of light quanta 
Qx absorbed diming ry,(x). During any infinitesi
mal time interval d£ the number of quanta absorbed 
is 7x(l — 7\)dt. During finite periods of irradia
tion the change of T\ with time has to be taken into 
account by replacing (1 — T) by

1 -  (1 /ri/i) f;Vl T dt

However, an exact evaluation shows that the 
error introduced by using the arithmetic mean 
of T\ instead of the last expression is small in com
parison with the experimental errors of the method. 
The final approximation for the number of quanta 
absorbed during the interval n/, at any wave length 
X is therefore Q\ ~ I\(l — T^)ty„ where 7\ is the 
average transmission of light at wave length X dur
ing 7-i/,. For the present purpose only relative 
values for /x at various wave lengths are needed. 
These were measured by Bowen’s “ fluorescent 
screen”  method, as adapted to a somewhat similar 
purpose by Weber and Teale.10 This method is 
based on the observation that the fluorescence yield 
of rhodamine B is virtually independent of the 
wave length of the exciting light. The intensity of 
fluorescence, as measured by a photomultiplier, is 
therefore proportional to the rate at which quanta 
at wave length X hit the solution, i.e., I\, and the 
photocurrent thus can serve as a measure of I\. 
Relative values of I\ thus measured agree reason
ably well with those calculated from the spectral 
energy distribution data of the mercury arc, given 
by the manufacturer, and the transmission of the 
filter combinations used.

11. V .

(d) Absolute Quantum Yields of A B and
vis.

B A.—These were calculated from the basic
equation given by Zimmerman.9a The intensity of 
the incident monochromatic light was measured by

10) G. Weber and F. J. Teale, Trans. Faraday Soc., 53, 646 (1957)*

ferrioxalate actinometry11 for light of wave lengths 
up to 436 m/z. The absolute I\ values for light at 
longer wave lengths were calculated from those at a 
shorter wave length and the relative I\ values 
measured as described in section 3c above. The 
quantum yields thus calculated again depend on 
the accuracy with which eB and the photoequilib
rium constants can be determined. These reserva
tions should be kept in mind when evaluating the 
results summarized in Table IV for compound I at
- 1 0 0 ° .

T able IV
A bsolute Quantum  Y ields AT -1 0 0 °

Photo
active
light,
mix *>a->-b VB-*A Solvent

313 5 X KT* 5 X IO '3 Ethanol-methanol
6 X 10~3 1 X lO“3 Non-polar

546 5 X 10-> Ethanol-methanol J
5 X 10-« Non-polar

Values for ,pB—a at higher temperatures cannot 
be measured because then thermal isomerization 
B —► A sets in. In view of the sharp temperature

vis.
dependence of <pb a in non-polar solvents, de
scribed in section 2a, the value of <pB—a at 546 mp, 
given above, must be regarded as valid for —100° 
only. Higher values probably would be obtained 
if measurement at higher temperatures were pos
sible.

Discussion
General Conclusions.—The radiative conver

sion of a spiropyran into a merocyanine involves 
two aspects: (a) redistribution of charge follow
ing electronic excitation and (b) change of molecu
lar configuration. It can be inferred from the 
absorption spectrum of spiropyrans that the pri
mary electronic excitation leading to A B photo
isomerization takes place in the aromatic, naphtho- 
pyran, part of the spiropyran molecule. The net 
result of the change of the electronic structure is the 
increase of the number of x electrons by two. This 
result may be represented by scheme I, whereby two 
<r electrons are transferred to the x electron system 
of the molecule and the C -0  bond is broken

I
(o- and n electrons are denoted by points, x elec
trons by circles). The “ ring opening”  results in 
the formation of a high-energy isomer of the mero
cyanine in which the configuration of the spiropyran 
is still partly retained. In this isomer, desig
nated “ X ,”  the distance between the oxygen and 
the “ spiranic”  carbon atoms is probably relatively 
small. This configuration could be related to the 
cis isomer with respect to the central bond in the 
methine chain, in which the strong steric repulsion

(11) C. G. Hatehard and C. A. Parker, Proc. Roy. Soc. (London), 
A235, 518 (1956).
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would be balanced by the electrostatic attraction 
between the negatively charged oxygen and the 
positively charged nitrogen or carbon atoms

hv
The B A, or “ ring closure,”  process has hitherto 
been observed only in nitrogen-containing spiro
pyrans.12 The net result of the charge redistribu
tion in the course of this process might be repre
sented either by scheme I, in the reverse direction, 
or alternatively, by scheme II, where the n elec
trons of the nitrogen atom are involved.

c ’ -c  C-'C_
c '  c  ___„ c ;  ' c

+-N^O JO- - c  ° -N' p- -c ' °
II

At this stage no attempt will be made to draw 
conclusions regarding the mechanism of these 
charge redistributions. The observations reported 
here pertain largely to the second aspect of the proc
ess of photoisomerization-the rearrangement of 
“X ”  into the “ normal”  equilibrium mixture of 
several stereoisomers of B, all of which are in the 
trans configuration with respect to the central bond 
of the methine chain.

In Fig. 4, A denotes the spiropyran, and B the 
equilibrium mixture of the stereoisomers B ', B ", 
B ' " , and B " " .  Reactions are numbered 1 to 20, 
and can be either thermal ones, denoted by italic 
numbers, or photochemical ones, denoted by starred 
numbers.

The following tentative postulates are forwarded 
to explain the results described above for solutions 
in non-polar solvents.

(1) At sufficiently low temperatures the rates of 
1 and 2 are practically zero and do not have to be 
taken into account. These are the conditions of 
“ thermal stability of the colored modifications.”

(2) There is no direct conversion A (B', B ", 
B "', B " ” ) or (B', B " , B '" , B " " )  — A, either ther
mal or radiative. Steps “ 11”  and “ 12”  are actually 
superpositions of 1* +  8 or 4 +  2*, respectively. 
In other words, a spiropyran can be formed only 
from that isomer of the corresponding merocyanine 
which has the right configuration and is therefore 
“ closable.”

(3) Steps 4, 6, 8, 10 are slowed down sharply on 
cooling, to an extent depending somewhat on the 
nature of the non-polar solvent mixture used. The 
observed temperature dependence of “ 12”  actually 
is due to 4, which becomes the rate determining step 
when 4 <  2*. This effect does not depend on the 
viscosity of the solutions, since it is observed both 
in fluid and in highly viscous media.

(4) Steps 8, 5, 7, 9 are slowed down by the com
bined effect of low temperature and high viscosity

(12) Cf., however, footnote 7.

and practically stop under conditions existing in a 
M CH -D mixture at around —150°, and in a 
M CH -IH  mixture at around —180°. Ultraviolet 
irradiation of the spiropyran under such conditions 
results in the formation of “ X ”  only, which can be 
reconverted into the spiropyran by visible light.

(5) Step 4* (and the analogous 6*, 8*, 10*) does 
not occur, as otherwise “ 12*”  should proceed even 
with merocyanines formed at about —100° and 
then cooled to —180°. Step 3* probably also does 
not take place as shown by the fact that the colored 
modification formed at —180° is completely con
vertible into the spiropyran by visible irradiation.

(6) If, as stated in (3), step 4 virtually stops at 
around —140°, further cooling should freeze-in 
the equilibrium established at this temperature. 
On the other hand such a solution, when irradiated 
with visible fight at —180°, changes very little. 
It therefore must be concluded that the fraction of 
X  in the mixture is very low at around —140°, 
since any X  present is photoconvertible into the 
spiropyran.

(7) The thermal equilibrations among the B’s 
depend on the temperature and the viscosity to 
various extents. Some take place down to the 
temperature of high viscosity ( —160° in MCH-IH, 
—140° in M CH-D) as evidenced by the continuous 
change of the absorption spectrum on cooling. 
Others already stop around —125°, as shown by the 
fact that the spectral changes caused in the mero
cyanine modification by visible irradiation at about 
—140° persist at this temperature are reversed by 
heating to above —125°. At least some, and per
haps all, of the reactions 15 * -20* (and other photo
interconversions between B’s not shown in the 
scheme for lack of space) are possible (Fig. lc, 3c), 
and may be compared to the photoconversion of 
geometrical isomers. Since all isomers B ,-B ,, ' , ab
sorb in the visible, irradiation should lead to a 
photoequifibrium mixture. Some of these photo- 
isomerizations 15*-20* may be over-shadowed by 
“ 12*”  (at temperatures where it also takes place), 
and also by thermal steps 15-20.



2476 R. H eiligman-R im, Y. H irshberg, and E. Fischer Vol. 66

(8) It is evident from point (2) that the quan
tum yield measured for “ 12*”  is meaningless. When 
4 is slow in comparison with 2*, the over-all rate of 
“ 12*” will be given by that of 4, any X  formed from 
B being immediately photo converted into A; if 4  is 
fast as compared with 2*, the over-all rate will equal 
that of 2*. It is by no means certain that at —100 
and —110°, the highest temperatures at which 
photochromism of I and II, respectively, can be 
investigated, 4  > >  2*. The quantum yield of 
“ 12*” un(jer these conditions may therefore serve 
only as a lower limit for that of 2*.

(9) The above postulates explain the observed 
dependence of the rate of “ 12*”  on temperature, 
when brought about by visible light. With ultra
violet light the situation is less certain. In the 
compounds whose behavior has been described here 
<pb for ultraviolet light seems to decrease only 
slightly on cooling. However, this is based on 
photoequilibria in which [B]/[A] ^ 10, and any 
small shift in these photoequilibria strongly affects 
the ratio <pb/<pa calculated from it. In the ab
sence of additional evidence it is impossible to de
cide whether “ 12*” with ultraviolet light also de
creases on cooling, or if ultraviolet light, as distinct 
from visible light, is capable of causing 4* or even 
directly “ 12*” .

(10) In this context it should be recalled that 
certain spiropyrans are converted into merocyanines 
by ultraviolet light, but visible light does not cause 
the reverse process.3 Nevertheless 1* does not go 
to completion in these cases,6 indicating that a 
photoequilibrium is reached in which the rates of 
“ 11*”  and “ 12*”  are equal. A possible explanation 
would be that in these cases 4 is too slow within the 
whole accessible temperature range, and therefore 
“ 12*”  =  4 +  2* cannot take place with visible light. 
Ultraviolet light is capable of acting as suggested at 
the end of point 9.

(11) The above results do not rule out the 
existence of a temperature dependence of the really 
photochemical part of process “ 12*” , i.e., 2*. In fact, 
the observed temperature dependence of the proc
ess was originally13 regarded to be a consequence 
of a potential barrier between the excited states of 
X  and A. (A similar explanation was forwarded 
for the observed temperature dependence of rates 
of photoisomerization in azocompounds and in 
stilbene.9b'u)

(12) The mechanism of photoconversion in 
alcoholic solution is apparently quite different and 
probably involves the complex solute-solvent, 
rather than the solute alone. With this complex 
“ 11*”  and “ 12*”  seem to take place directly and 
therefore depend only slightly on the temperature. 
In addition, light at 436 m^ seems to act not on the 
merocyanine but on the cation formed from it with 
protons donated by the solvent alcohol

B +  H + : [BH]+;

vis.
[BH]+ — > ([AH]+) — > A +  H +

(13) R. Heiligman-Rim, Y. Hirshberg, and E. Fischer, Bull. Res. 
Counc. Israel, 8A, No. 3 (1959).

(14) S. Malkin and E. Fischer, J. Phys. Chem., 66, 2482 (19G2).

[BI4]+ of compound I has an absorption maximum 
at about 480 mu and absorbs appreciably at 436 m/u 
(e43<i 18,000 at —100°), whereas the absorption of IB 
at this wave length is very low («436 450 at —100°). 
As long as the thermal step a takes place, the whole 
of B eventually will be converted into A, even if the 
concentration of (BH)+ is too low to be detected 
spectroscopically. As long as this is so, the abso
lute quantum yield at 436 m^ should be calculated 
using the e436 of (BH) +, which is 40 times as high as 
that of B. The true yields at 436 and 546 npi thus 
calculated are of the same order of magnitude. At 
sufficiently low temperatures, process a is sup
pressed, and light at 436 m^, like that at 546 or 578 
m/i, acts only on B, the absorption of which at this 
wave length is negligible.

Viscosity Effects.—The above postulates involve 
the idea of a combined effect of low temperature 
and high viscosity to “ clamp-in”  a dye molecule 
in a certain configuration, assumed by the mole
cule immediately following its radiative formation. 
Effects of the viscosity or rigidity of the medium 
therefore should be discussed in a more general 
way. In doing so, it is necessary to differentiate 
between molecular rearrangements taking place by 
virtue of thermal equilibria being established (i.e., 
where the energy stored in the molecule is the only 
source of energy), and between those brought about 
by irradiation (i.e., where energy is added to the sys
tem from outside in the form of light).

With regard to the first case, the well known self
diffusion in crystals shows that even in the solid 
state molecular motion is not completely inhibited. 
Pimentel15 observed that N 02, H20, and NH3 
diffuse rapidly in solid argon at temperatures 
above 35°I\., while at 20°K. the diffusion of even 
diatomic species in solid xenon, argon, and nitro
gen is negligible.16 These experiments deal with 
small molecules trapped in lattices of atoms or 
small molecules. The present observations refer 
to large molecules or molecular groups in glasses 
also consisting of large molecules. It appears 
that under these conditions either low tempera
ture or high viscosity alone do not suffice to 
prevent the thermal rearrangement of the high- 
energy form of the merocyanine, and also some 
of the internal rearrangements of the various 
“ stable” merocyanines. Apparently the thermal 
energy of the molecules in viscous media suffices to 
overcome the resistance to motion offered by the 
medium, down to rather low temperatures. Other 
experimental results also show that high viscosity 
alone does not inhibit thermal isomerization at room 
temperature. Thus, the merocyanine modifica
tion of certain nitrospiropyrans dissolved in paraffin 
wax at room temperature reverted into spiropyran 
approximately at the same rate as in fluid solvents.17 
On the other hand, the rate of this thermal isom
erization was appreciably slowed down by cooling 
the paraffin wax solution to 0°. This view is con
firmed by the experiments of Hardwick, Mosher, 
and Passailaigue,18 who reported that the colored

(15) G. C. Pimentel, J. Am. Chem. Soc., 80, 62 (1958).
(16) E. D. Becker and G. C. Pimentel, J. Chem. Phys., 25, 224 

(1956).
(17) R. Heiligman-Rim, unpublished results.
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modification of 2-(2',4'-dinitrobenzyl)-pyridine is 
not stable at room temperature even when the 
compound is dissolved in a rigid glass of sorbitol 
and fructose. On the other hand, this colored 
modification is rendered stable by cooling, even in 
a fluid medium. It thus may be concluded that in 
thermal transformations the mechanical effect of 
viscosity becomes a factor of importance only at 
low temperatures, when the energy content of the 
reactant molecules is very low. Still less im
portant is the part that the viscosity of the medium 
plays in photochemical reactions. There the deg
radation of the light energy absorbed by mole
cules of the reactants may result in local heating 
and melting of the rigid glass or of the crystal lat
tice of the solvent in the vicinity of the molecules 
of the absorbing species. Thus DeMore and David
son19 report that bimolecular photochemical reac
tions take place during photolysis of ozone in nitro
gen matrices at 20CK. (or 4 °K ) .  Lewis, Magel, 
and Lipkin20 also consider that it hardly would be 
reasonable to expect that the rigidity of a solvent 
alone could hold an excited molecule in a fixed 
position, although it might inhibit thermal molecular 
motions (turning or diffusion) at low tempera
tures.21 From the widely differing results reported 
here for different compounds studied under similar 
conditions it may be concluded that the individual 
characteristics and energy relations of the mole
cules undergoing transformation play a far more 
important part in the determination of the rates and 
quantum yields of photochemical reactions than the 
mechanical properties of the medium.

In closing, it is appropriate to give some very 
crude data for the macroscopic viscosity-rigidity, 
at various temperatures, of the glass-forming sol
vent mixtures used. It is hoped to make more ac-

(18) R. Hardwick, H. S. Mosher, and P. Passailaigue, Trans. Fara
day Soc., 66, 44 (1960).

(19) W. B. DeMore and N. Davidson, J. Am. Chem. Soc., 81, 5869 
(1959).

(20) G. N. Lewis, T. T. Magel, and D . Lipkin, ibid., 62, 2973 (1940).
(21) G. N. Lewis and J. Bigeleisen, ibid., 65, 520 (1943).

curate low-temperature measurements of macro
scopic viscosity and of viscosity in molecular dimen
sions in the near future.

T able  V
T emperature D ependence op V iscosity op Solvent 

M ixtures

Lower
Onset limit of

of useful
viscos Very temp.

Solvent mixture ity viscous Rigid rangea
MCH-IH (2:1) -132° -135° -138° -185°
MCH-MCP (1:1) -123° -130° -135° -185°
MCH-decalin (1:1) -  80° -  90° -100° -160°
MCH-decalin (2:1) -  95° -100° -110° —180°
Ethanol-methanol (4:1) -100° —125° -140° -170°
l-Propanol-2-propanol

(3:2) -  65° 1 00 o o -  90° -160°
“No experiments were carried out at temperatures below that of liquid air.

Experimental
Spectrophotometry and Irradiation Techniques.—These were essentially as described in the preceding paper.1Relative and Absolute Light Intensities, Actinometry.—Relative intensities of the monochromatic light isolated from a mercury arc by suitable filters were measured with Bowen’s method of “proportional quantum counting” as described in section 3c. With a Philips spectral lamp and either Corning glass filter combinations (365, 436, 546, 578 m^i), interference filters (405 npx), or glass filter-solution combinations (313 m/i), the following relative numbers l x  of quanta hitting the solutions were found
Wavelength, 313 365 405 436 546 578 >410

I\ 28 100 57 52 318 128 810

Absolute actinometric measurements were made with Hateh- ard and Parker’s micromethod under conditions identical with those under which the spiropyrans were irradiated. The absolute intensity at 365 nqu was about 4 X 1017 quanta per minute.
Acknowledgments.— The authors wish to thank 
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TAUTOMERISM AND GEOMETRICAL ISOMERISM IN ARYLAZOPHENOLS 
AND NAPHTHOLS. PART II.la 2-PHENYLAZO-3-NAPHTHOL.

T H E  E F F E C T  O F  I N T E R N A L  H Y D R O G E N  B O N D S  O N  
P H O T O IS O M E R IZ A T IO N .lb P A R T  I

B y G a v r iel a h  G abor  and  E r n st  F isc h e r  
L a b o r a t o r y  o f  P h o t o c h e m i s t r y  a n d  S p e c t r o s c o p y ,  T h e  W e i z m a n n  I n s t i t u t e  o f  S c i e n c e ,  R e h o v o t h ,  I s r a e l

Received May 25, 1962

The above compound is the only o r t h o - h y d r o x y  azo-compound in which tautomeriam with the corresponding phenylhydra- zone is improbable. Geometrical isomerization may therefore be investigated without the complication of tautomerization. Comparison with the corresponding methoxy derivative thus shows the effect of the internal hydrogen bond on the isomerization. The c i s  isomers of the above compound and of its O-methyl ether were prepared, and the latter was isolated. Regarding the thermal c i s  -*■  t r a n s  isomerization, the methoxy derivative behaves like the unsubstituted azo-compounds, 
( E a  = 23 keal./mole), while for the hydroxy derivative E a =  12-14 kcal./mole was observed. Regarding photoisomeriza-

h p  h vtion, the quantum yields for the c i s  — >  t r a n s  conversion were similar for both compounds, while those for the t r a n s  ---->  c i sconversion were smaller by 1-2 orders of magnitude for the hydroxy derivative. For both derivatives the quantum yields depend on temperature in the same manner as in the unsubstituted azo-compounds,2’3 i . e . ,  the c i s  —*• t r a n s  yield is practically constant down to —180°, whereas the t r a n s  —►  c i s  yield decreases sharply on cooling. For the hydroxy compound there is an indication of a minimum limiting value for as the temperature is lowered to —160° to —180°.

Introduction
In Part I of this series1® it was shown that in 4- 

phenylazo-l-naphthol (I) the thermal cis — trans 
isomerization proceeds^not directly but through 
the hydrazone)(II), i.e.'cis  -*■ hydrazone -*■ trans, 
in two consecutive reactions.

HI iv

It was suggested that a similar mechanism may 
operate in cis — trans transformations of ortho- 
hydroxy azocompounds, such as o- and p-phenyl- 
azophenol or l-phenylazo-2-naphthol. This view 
is supported by the complex kinetics of these isom- 
erizations,4 as compared with the first-order 
reactions observed in the corresponding methoxy 
derivatives. In order to differentiate between the 
effect of such tautomerization and that of hydro
gen bonds in the ortho-hydroxy derivatives, 2- 
phenylazo-3-naphthol (III) was investigated. In 
accordance with the common view that 2,3- 
naphthoquinones are highly unstable or do not exist 
at all, it appears probable that its phenylhydrazone 
(IY) also does not exist, or at least does not appear 
as an intermediate, because of its high energy con-

(1) (a) Part I: E. Fischer and Y. F. Frei, J. Chem. Soc., 3159 
(1959); (b) a double title is given because the present paper is common 
to two series.

(2) E. Fischer, J. Am. Chem. Soc., 82, 3249 (1960).
(3) S. Malkin and E. Fischer, J. Phys. Chem., 66, 2482 (1962).
(4) E. Fischer and Y. F. Frei, unpublished results.

tent. It then may be expected that any difference 
between the behavior of III and its O-methyl 
derivative is due to the internal hydrogen bond 
indicated. In addition it is of interest to study 
the effect of this hydrogen bond on the cis *=* trans 
photoisomerization and perhaps learn about the 
hydrogen bonds in the electronic excited states 
of the isomers. Finally, it was interesting to see 
whether the pronounced temperature dependence 
recently reported2’3 for azo-compounds also exists 
in III.

Experimental
Irradiations, speetrophotometric and actinometric determinations, procedures of photochemical kinetics, and calculation of quantum yields were all similar to those described elsewhere.3Compound II I  and its O-methyl derivative were synthesized according to Fierz-David, e l  a t . 6 The c i s  isomer of the O-methyl derivative was prepared by ultraviolet irradiation of the t r a n s  isomer, followed by chromatographic separation on alumina, and served to measure its molar extinction coefficient. Its thermal stability is similar to that of azobenzene. cts-III is rapidly converted into the t r a n s  isomer a t temperatures above —25°, and therefore cannot be separated under ordinary conditions. Its absorption spectrum was estimated, making a reasonable assumption regarding the absorption of the c i s  isomer in the region of the main absorption band of the t r a n s  isomer.2’8

Results
Photoequilibria.—The photoequilibria attained 

by irradiation with light at various wave lengths 
are described in Fig. la for compound III and in 
Fig. lc  for O-methyl-III. The spectra of the cis 
isomers given in the same figures were calculated or 
measured directly as described above.

Thermal Isomerization.— The spontaneous cis 
-*• trans isomerization was measured for both com
pounds in isomer mixtures enriched in the cis iso
mer by irradiation at 365 mp. Kinetic measure
ments were carried out over a range of tempera
tures in order to determine the activation energy 
of the thermal isomerization. At lower concentra-

(5) H. E. Fierz-David, L. Blagney, and E. Merian, Hdv. Chim. 
Acta, 34, 846 (1951).

(6) W. R. Brode, J. H. Gould, and G. M. Wyman, J. Am. Chem. 
Soc., 74, 4641 (1952).
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tions (2 X  10-5 M) the isomerizations were first- 
order reactions for O-methyl-III and III up to at 
least 90% conversion, but only up to about 50% 
conversion for III at higher concentration (5 X 
10 ~4 M). The temperature dependence of this 
reaction in III was measured at two concentrations 
in methylcyclohexane, and also in propanol. The 
resulting values of E\ for III (2 X 10-5 M) were: 
in methylcyclohexane, 12 kcal./mole; in alcohol, 
14 kcal./mole. For the O-methyl derivative E\ 
was 23 kcal./mole in both solvents.

Spectra.—A comparison of the spectra of the two 
compounds, as given in Fig. la and lc, shows the 
following differences between the two.

(1) Frequency Shifts.— In the “ hydroxy”  com
pound the n -7r* band is blue-shifted to about 433 
mjj, from about 450 m/i in the “ methoxy”  com
pound. The 7r->  7r* band is red-shifted from about 
350 mp in the “ methoxy”  to about 355 +  370 m^ 
in the “ hydroxy,”  whereas the doublet at 270 +  
280 m/j is shifted to 282 +  295 mu in the “ hydroxy” 
compound. The difference between the spectra 
of the cis isomers is more marked, despite the com
mon view that the hydrogen bond can be formed 
only in the trans isomer. However, no conclusion 
may be drawn from this fact because the spectra 
of the two compounds compared were obtained in 
different ways as described above. Moreover, the 
steric interactions of the two cis isomers are proba
bly different. The solvent has only a small effect, 
as seen from comparison of Fig. la  and lb  or lc 
and Id.

(2) Intensity Shifts.—-These are very pro
nounced, as proved by the relative heights of the 
various peaks in the spectra of the two compounds. 
Both frequency and intensity shifts may be due to 
hydrogen bonding.7-10

Temperature Dependence of Photoequilibria and 
Quantum Yields.— Photoequilibria were measured 
over a wide range of temperatures with light at 
313, 365, 405, 436, and 546 m/i. Some results are 
summarized in Tables I and II.

Table I
%  t r a n s  I somer“ at P hotoequilibrium Attained at 

Various Temperatures by I rradiation with 
Light op Various Wave Lengths, in a Mixture op 

Methylcyclohexane- I sohexane
The concentrations of I I I  and O-methyl-III are 2.58 X 10

M  and 3.66 :X 10 “5 M y respectively
405Temp., 313 m ft 365 m/t m/i 436 m/i 546 m/i°C. Pi“ P»“ Pia P2a P ia Pi° P2a P2°

-  25 43 5 85 89.5 75 38-  50 90 41.5 50 10 86 90.5 80 38-  75 98 57 60 15 88 92 84 40
-100 97.5 65.5 70 24 96 94.5 96.5 48
-120 97 91 96 97 52 (-110°)-125 77 91 35 98 93 51
-140 98.5 80 94 42 98.5 98.5 97.5 71-150 95 55 100 100 100-160 97 50 100 100
-180 98 77 100 100
“ pi refers to III , P2 to O-methyl-III.
(7) E. Lippert, “ Hydrogen Bonding,”  ed. by D. Hadzi, Pergamon 

Press, New York, N. Y., 1959, pp. 217-257.
(8) H. Baba and S. Suzuki, J. Chem. Phys., 35, 1118 (1961).
(9) H. Baba, Bull. Ckem. Soc. Japan. 31, 169 (1958).
(10) G. C. Pimentel, J. Am. Chem. Soc., 79, 3323 (1957).

Pig. 1.—Absorption spectra: (a) Compound II I  inmethylcyclohexane-isohexane (1:1), 2.58 X 10 M ,  at —75° before and after photoequilibration with light a t the indicated wave lengths. The “ c i s ”  curve is explained in the text, (c) Ditto, O-methyl-III, 3.7 X 10 ~6 M ,  in methylcyelohexane-isononane (1:1) at —125°. (b)Kinetics of photoisomerization c i s  —►  t r a n s  of III, 2.2 X 10-6 M ,  in propanol-isopropyl alcohol (1:1) with light at 436 m/i a t —150°. The irradiation times are indicated, (d) Ditto, O-methyl-III, 3.4 X 10-6 M ,  in propanol- isopropyl alcohol (1:1) a t —120°.
Table II

% t r a n s  I somer of I I I  at P hotoequilibrium in Non-polar 
(np) and Hydroxylic (p) Solvents at Various Tempera
tures, Attained by Irradiation with Light at 365 mp 

from a Mercury Arc
Temp., °C. np p

-  50 50 31
-  75 60 41
-1 0 0 70 56
-1 2 0 91 78
-1 5 0 95 93

From the photoequilibrium composition and the 
molar extinction coefficients the ratio between the 
quantum yields <t>e and <K, for the cis ->  trans and 
trans -+■ cis photoconversion, respectively, can be 
calculated, using the equation

^c€cZ„ — étct-Xt, / X 0 i/0™ =  C',.Yc/ ÉtX t
where X B and X t denote the mole fractions of the 
two isomers. Application of this equation to the 
data of Table I results in the values of 4>t!<t>c given 
in Table III. The most prominent feature of these 
results is the fact that 4>t/4>c is much smaller in the 
“ hydroxy”  compound.

In order to determine the cause of this difference 
between the two compounds, absolute quantum 
yields were measured for the photoisomerization in 
both directions, again over a wide range of tem
peratures. In view of the greater complexity of 
such measurements, they were performed only with 
fight at 365 and 436 m/i; fight at each of these 
wave lengths is absorbed in a different absorption
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T able  III
R elative  Quantum  Y ields <t>t/<t>o D enoted by  fa and k?
FOR III  AND O-MeTHYL-III, RESPECTIVELY, AT VARIOUS

W ave L engths and T emperatures 
Solvent: methylcyclohexane/isohexane (1:1). Concentra-

tions C i  = 2.15 X 10- M ,  C i =  3.66 X 10-® AT
Temp.,

'
' 365 m ' ‘

°C. ki kz ki kz h kz
-  50 0.07 0.6 0.06 0.7 0.08 0.26
-  75 .04 .4 .075 .23
-100 .025 .25 .024 .24 .065 .03
-125 .005 .14 .025 .02
-1 4 0 .015 .12 .0032 .07 .018 .04
-1 5 0 .003 .06 .013 .02
-160 .002 .06 .014 .02
-1 8 0 .001 .02 .015 .02

band. The results are shown in Fig. 2a and 2b for
the two compounds, and are even more striking 
than those in Table III. While the </>c’s are all of 
the same order of magnitude for both compounds, 
the 0t’s of III are smaller than those of its O-methyl 
derivative by 1-2 orders of magnitude. In both 
compounds the general trend of change of 0e and 
4>t with temperature is seen to be similar to that de
scribed for unsubstituted azo-compounds and stil- 
bene,3 i.e., 0t decreases sharply on cooling, whereas 
0o is more or less constant, or starts falling off only 
at the lowest temperatures investigated.

Discussion
The activation energy of the thermal isomeriza

tion cis ->  trans of O-methyl-III is 23 kcal./mole, 
nearly the same as the activation energy of this 
reaction in other azo-compounds, as found for in
stance by Halpern, et al.n The activation energy 
of the same isomerization for III is much lower: 
12 kcal. /mole. There are two possible explanations 
for this lowering of the activation energy.

(a) Existence of Hydrazonic Intermediates.—  
Other o-phenylazonaphthols (1,2- and 2,1-) were 
found to exist in solutions,12 as well as in the solid 
state,13 as tautomeric mixtures of the azoic and 
quinoidic, or hydrazone forms. It may be postu
lated that the mechanism of the thermal isomeriza
tion of III is similar to that suggested for these 
other hydroxyazo-compounds,1 i.e., it proceeds via 
a hydrazonic intermediate. This assumption could 
account for the lowering of the activation energy, 
but is rather unlikely because the corresponding 
quinone, 2,3-naphthoquinone, is unknown, and 
probably unstable.

Also, the hydrazone should have a high energy 
content and its formation as an intermediate 
would therefore involve a high activation energy.

(b) Direct Effect of Intramolecular Hydrogen 
Bonds.— The kinetic transition state may be 
stabilized by hydrogen bonding, just like the ground 
state of the trans isomer, but not of the cis isomer. 
This is indicated in the scheme beyond, where the 
dashed curve denotes the molecule stabilized by 
internal hydrogen bonds.

(11) J. Halpern, G. W. Brady, and C. A. Winkler, Can. J. Res., 28, 
140 (1950).

(12) A. Burawoy, A. G. Salem, and A. R. Thompson, J. Chem. Soc., 
4793 (1952).

(13) D. Hadzi, ibid., 2143 (1956).

Thus the energy difference between the ground 
state of the cis isomer and the transition state is 
diminished by the hydrogen bond in the latter. 
The trans isomer of III fulfils the conditions for 
intramolecular hydrogen bonding, which are, ac
cording to Pauling14: (1) The hydrogen bond
forming groups should be in conjugation with the 
aromatic system (planarity). (2) The forma
tion of a hydrogen bond should give rise to a six- 
membered ring (counting the hydrogen atom). 
The cis isomer of III does not fulfil condition (1) 
because of steric hindrance and the resulting lack 
of planarity.

As shown in Fig. 2, 0t is larger in a hydroxylic 
solvent (ethanol-methanol) than in a non-polar 
solvent, though it is still much smaller than that 
of O-methyl-III. This may be due to partial 
weakening of the intramolecular hydrogen bonds 
through formation of solute-solvent hydrogen 
bonds. This also may be the reason for the some
what higher activation energy observed for the 
thermal cis -*■ trans conversion in alcoholic sol
vents.

One may now examine the spectroscopic evi
dence for the existence of the hydrogen bond. 
According to Pimentel10 the stabilization energy 
due to hydrogen bonding affects the electronic ex
cited state. Baba9 showed that the electronic ex
cited state is less stabilized by the hydrogen bond 
than the ground state. This is caused by weaker 
electron migration from the hydroxylic oxygen to 
the ring in the excited state, which diminishes the 
stability of the excited state and also the electro
negativity of the oxygen, and therefore weakens 
the hydrogen bond in the excited state. This 
causes a blue-shift of the n-ir* transition. This 
blue-shift was found in the n—7r* band of III as 
compared with the same band of O-methyl-III. 
The red-shift of the tt-tt* band of III compared to 
that of O-methyl-III also indicates the existence 
of the hydrogen bond. Similar red-shifts of ir-ir* 
transition bands caused by hydrogen bonds were 
found for both intermolecular8-9'16 and intramo
lecular16 hydrogen bonding.

(14) L. C. Pauling, “ The Nature of the Chemical Bond,” Cornell 
Univ. Press, Ithaca, N. Y., 1960.
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TEMPERATURE (°C)

Fig. 2.—Temperature dependence of quantum yields <l>0 and d>t for light at 365 and 436 mu in polar (p) and non-polar (np) solvents, as indicated, (a) Compound III: 2.15 X 10“6 M  in methyl- cyclohexane-isohexane (np); 2.2 X 10“6 M ,  in propanol-isopropyl alcohol (p). (b) Compound O- methyl-III: 3.7 X 1C“5 M ,  in methylcyclohexane-isohexane (np); 3.4 X I0 “5 M ,  in propanol- isopropyl alcohol (p).
The influence of hydrogen bonding on the quan

tum yields <j>t of the photoisomerization may be 
interpreted as being due to hydrogen bonding stabi
lization in the ground and excited trans states. 
This is shown qualitatively in the energy diagram,

Energy

singlet* ds

(15) G. J. Brealey and M. Kasha, J. Am. Chcm. Soc., 77, 4467 
(1955).

(16) H. Shingu, Nature, 143, 1068 (1939).

which is similar to the one proposed3 for photoisom
erization in the unsubstituted compounds.

The broken lines “denote the energy levels of the 
trans molecule in the absence of hydrogen bonds. 
As seen from this oversimplified scheme, only the 
trans —> cis, but not the cis —► trans photoconver
sion might be expected to be attenuated by the ex
istence of the hydrogen bond in the trans isomer. 
This appears to explain, albeit in a qualitative and 
naïve way, the observation that the presence of an 
internal hydrogen bond affects primarily <j>t and 
not <£c.

Similar effects in other ortho-hydroxy azo-com
pounds are being studied currently.
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Quantum yields of the c i s  t r a n s  photoisomerization of azobenzene and related compounds were measured in the temperature range cf + 20  to —183°. For each compound the yields in both directions were measured with light a t two wave lengths, one within each of the two main absorption bands of the spectrum in the visible and near-ultraviolet regions, respectively. The yields for the t r a n s  -*■  c i s  transformation were found to decrease sharply on cooling, whereas those for the 
c i s  —►  t r a n s  reaction change but little in this temperature range. These results corroborate conclusions from earlier results,1 and indicate the existence of energy barriers somewhere between the electronically-excited singlet state of one isomer (formed by light absorption) and the ground state of the second isomer. Preliminary results with stilbene are basically similar, but in this case the yield for the reaction c i s  -*■  t r a n s  also is attenuated on cooling, though to a lesser extent.

Introduction
In Part I of this series1 it was shown that the 

cis trans photoequilibria attained on irradiation 
of azobenzene and related compounds all show a 
pronounced shift toward the trans isomer, if photo
equilibration is performed at low temperatures. 
In some cases irradiation at —180° with light at 
any wave length in the visible and ultraviolet re
gion results in complete transformation into the 
trans isomer. Since the photoequilibrium constant 
is determined by the relative quantum yields in 
both directions, 0cis—.trane/^trans— these results 
were interpreted as being due to the fact that 
<j)c-*t is little affected by cooling, whereas 
approaches zero at sufficiently low temperatures. 
These conclusions were now checked by direct 
measurements of the quantum yields <£0—t and 
<£t->-c at temperatures down to —183°, in an at
tempt to throw some light on the mechanism of 
photoisomerization in these cases.

Quantum yields of the reversible photoisomeriza
tion of azobenzene have been measured very ac
curately at room temperature and at various wave 
lengths by Zimmerman, et al.,2 who found that the 
sum 0c_*t +  <h—c is significantly smaller than unity, 
proving non-existence of a common excited initial 
state of the two isomers. An earlier paper by 
Birnbaum and StyleSa>3b describes results obtained 
with a series of derivatives of azobenzene. Earlier 
results are cited in the above two papers.

Experimental
Spectrophotometry and Irradiation.—The low-temperature technique described previously4 was used, modified by using dewar vessels with three pairs of windows in experiments involving fluid solutions. This enabled irradiation at right angles to the measuring beam. All experiments were carried out in a Cary Model 14 recording spectrophotometer. A small magnetic stirrer was introduced into the measuring cells to ensure mixing, at least as long as the medium is not too viscous. At temperatures at which the medium forms a rigid glass, the system is essentially unmixed, since neither convectionai nor diffusional mixing takes place. At intermediate temperatures the conditions are less defined and an effort usually was made to work under one of the two extreme conditions.Solvents.—The present report deals only with non-polar solvents. The lcwest melting one used was methylcyclo-
(1) Part I: E. Fischer, J. Am. Chem. S o c . , 82, 3249 (1960).
(2) G. Zimmerman, L. Chow, and U. Paik, ibid., 80, 3528 (1958).

! (3) (a) P. P. Birnbaum and D. W. G. Style, Trans. Faraday Soc., 50, 1192 (1954); (b) P. P. Birnbaum, J. H. Linford, and D. W. G. 
Style, ibid., 49, 735 (1953).

(4) Y. Hirshberg and E. Fischer, Rev. Set. Instr., 30, 197 (1959).

pentane (m.p. —144°) which, like other pure non-hydroxylic solvents, has the advantage of low viscosity down to its melting point. For lower temperatures mixtures of several solvents were used, such as methylcyclohexane with either methylcyclopentane, isohexane, or isooctane. The viscosity of all these mixtures increases on cooling, and rigid glasses are formed a t appropriate temperatures. All solvents were purified by passing them through columns filled with “ Woelm” alumina,4 and the solvent was distilled from a K /N a alloy i n  v a c u o  onto the solute in the measuring cell, which then was fused off.4 This assured complete absence of air and hydroxylic contaminants.
Light Sources.—A Philips spectral lamp (125-watt) with a stabilized power supply was used throughout. The mercury emission lines were isolated either with Corning glass filter combinations (at 436 and 365 m y) or with a combination of such filters and a solution of NiClj at 313 my ( c f .  Part I where one of the filters was erroneously designated 0620 instead of 0160). Irradiations were carried out either a t right angles to the measuring beam (in mixed fluid media) or in the direction of the measuring beam (in rigid media). In this case the dewar with the measuring cell was rotated through 90° during irradiation.
Light Intensity.—Hatchard and Parker’s ferrioxalate actinometric method was used in the form modified to low intensities.5 6 Three ml. of actinometric solution is put into a spectrophotometer cell similar to the one used in photoisomerization, and irradiated for a certain time under conditions exactly identical with those pertaining during photoisomerization. One-half ml. of phenanthroline solution then is added, and the optical density of the resulting solution at 510 my is measured i n  s i t u .  Calibrations were made according to Parker.6 At 436 m y  the absorption of ferrioxalate is rather small, and the actinometric results at this wave length of irradiation light therefore were checked by measuring the relative light intensities (in quanta/time unit) a t 436 and 313 or 365 m y ,  using Bowen’s proportional quantum counting method, as modified by Weber and Teale.6 A solution of Rhodamine B in ethylene glycol served as “ fluorescent screen.”  The intensity of the fluorescence excited in it with light a t any wave length which is totally absorbed is proportional to the quantal intensity of the exciting light. The intensities of the monochromatic light incident on the solutions (expressed as quanta/minute) were about 1.2 X 1017 a t 313 m y ,  2.5 X 1017 a t 365 m y ,  and 1.2 X 1017 a t 436 m y .

Compounds.—Azobenzene (I): A commercial product was purified chromatographically on alumina and recrystallized from hexane. 2,2'-Azonaphthalene (II): this was synthesized according to Friedlander as described before7 and re- crystallized from isooctane. 1-Phenylazonaphthalene (III): This was obtained by Martynoff’s method8 and recrystallized from hexane.

(5) C. G. Hatchard and C. A. Parker, Proc. Roy. Soc. (London), A235, 518 (1956).
(6) G. Weber and F. W. J. Teale, Trans. Faraday Soc., 53, 646 

(1957).
(7) M. Frankel, R. Wolovsky, and E. Fischer, J. Chem. Soc., 3441 

(1955).
(8) M. Martynoff, BuU. soc. chim. France, 18, 216 (1951).



Dec., 1962 Quantum Y ields of cis^ tran s  Isomerizations in Azo-Compounds 2483

ill
The c i s  isomers were prepared by ultraviolet irradiation of solutions in petrol ether, followed by chromatography on alumina, elution, and evaporation to dryness. To prevent thermal and photochemical transformation into the trans isomer, all the above manipulations were carried out in a room at 0-4°, using only red light for illumination. Pure 

c i s  isomers were used only for the determination of their extinction coefficients.Procedure for Determination of Photoisomerization Kinetics.—The isomeric composition was determined spectro- photometrically as a function of time of irradiation at each wave length of photoactive light. In each kinetic series the starting composition was chosen to be as different as possible from the final composition, i . e . ,  t r a n s  —►  cis isomerizations started with the pure t r a n s  isomer, and c i s  —►  t r a n s  conversions with a mixture containing as much c i s  isomer as is obtainable by irradiation at a suitable wave length and temperature. No photokinetic experiments were made with the pure c i s  isomers because of the latter’s thermal instability. During the kinetic experiments full spectral curves were taken after each irradiation. Experiments were discarded if isosbestic points were not obtained, or if prolonged irradiation did not cause an asymptotic approach to a final state. These two basic requirements were absent only in very few experiments, and could be blamed on technical reasons.Calculation of Absolute Quantum Yields.—Using Zimmerman’s basic rate equation2 the experimental composition 
v s .  time curves were analyzed either graphically or by an integration method, as detailed in the Appendix. Thermal isomerization could be disregarded at the temperatures of all kinetic experiments carried out.

Results
Absorption Spectra.— These have been analyzed 

in detail for azobenzene by Jaffe, Yeh, and Gardner,9 
who distinguished between three main absorption 
bands of which the weakest one, in the visible re
gion, is ascribed to the lone pair of electrons on the 
nitrogen atom, and therefore lacks in stilbene.10 
As shown in Part I, the vibrational fine structure 
of all three ¿rans-azonaphthalenes (1,1';  1,2';
2,2') is enhanced on cooling and is completely ab
sent in the cis isomers. However, as seen in Fig. 
lb, the cis isomer of compound III possesses such 
fine structure in its spectrum.

A comparison of the spectra of the two isomers 
(Fig. 1) shows in all cases that the main absorption 
bands differ only slightly in their position. It 
may be inferred that the electronic energy levels 
are spaced in a rather similar way in both isomers.

Quantum Yields.—The results are summarized in 
Fig. 2 for all four compounds investigated. In 
Part I we showed that the pronounced shift of the 
photoequilibrium in favor of the trans isomer on 
cooling also occurs in the two other azonaphthalenes 
and also in polar solvents (ethanol-methanol, 
tetrahydrofuran). It is therefore reasonable to

(9) H. H. Jaffe, Si-Jung Yeh, and R. W. Gardner, J. Mol. Spectry., 
2, 120 (1958).

(10) Cf., however, the recent paper by M . B. Robin and W . T. 
Simpson, published [J. Chem. Phys., 36, 580 (1962)] after the present 
communication was sent in.

Fig. 1.—(a) Spectrum of azobenzene in isohexane, 0.7 X 
10~* M , at room temperature: 1, trans; 2, cis. (b) Spectrum of 1-phenylazonaphthalene in isohexane-methylcyclo- hexane (1:1), 0.75 X iO-4M :  1, trans at 5°; 2, trans at — 160°; 3, cis at 5°. (c) The progressive change of the spectrum of stilbene (in isohexane, 0.4 X 10 ~4 M )  by irradiation with light at 313 mn. Numbers refer to time of irradiation (in minutes) at 25°. (d) Spectrum of a solution of 2,2'- azonaphthalene, 0.32 X 10~4Af, in isohexane-methyl- cyclohexane (1:1) at 10°: 1, trans, 2, cis.

expect that the temperature dependence of the 
quantum yields described in Fig. 2 characterizes at 
least all unsubstituted azo-compounds and does not 
depend on the solvent used. Furthermore the 
preliminary results with stilbene (Fig. 2c) indicate 
that this behavior may be of more general im
portance in cis «=* trans photoisomerizations.

The results may be summarized thus: (a) In 
accordance with Zimmerman’s results2 at room 
temperature, the yields with ultraviolet light are 
lower than with visible light, (b) The yield of 
the process trans -*■ cis in all cases decreases sharply 
on cooling, but in a way peculiar to each compound 
and wave length of photoactive light, (c) The 
yield of the process cis —*■ trans changes much less 
with the temperature, and does so in a rather ir
regular way.

Discussion
The following ideas have been forwarded hitherto 

to explain the mechanism of photoisomerization.
(1) According to Lewis, et al.,n photoisomeriza

tion involves transformation of an electronically 
excited molecule into one at a high vibrational 
level of the ground electronic state. In the latter 
sufficient energy is available for those rotations 
which can bring about isomerization. Eventually

(11) G. N. Lewis, T. T. Magel, and D. Lipkin, J. Am. Chem. Soc., 62, 
2973 (1940).
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Fig. 2.—Quantum yields, </>c and </>t , for the c i s  -*■ I r a n s  and t r a n s  -*■  c i s  photoisomerization, respectively, as a function of temperature (in non-polar solvents): (a) azobenzene; (b) 1-phenylazonaphthalene; (c)stilbene; (d) 2,2'-azonaph- thalene. (The results for stilbene are only preliminary and less accurate than the others. They are brought here only for the sake of comparison.)

the surplus energy is lost to the medium, and the 
molecule stays either in the cis or the trans form.

(2) According to Birnbaum and Style3 and other 
authors12-14 photoisomerization involves an inter
mediate state common to both cis and trans iso
mers. In this state there is no energy barrier be
tween the two isomers.15

(3) According to Zimmerman2 the above two 
hypotheses contradict the experimental results, 
and it therefore has to be assumed that “ the isom
erization takes place as an ordinary thermal reac
tion of an electronic excited state,”  i.e., thermal 
interconversion of electronic excited cis* and trans* 
molecules across a (hypothetical) energy barrier. 
The latter must be low in order to enable such inter
conversion to occur within the short lifetime of the 
excited states ( < 10-9 sec. in the absence of fluores
cence). Furthermore, “ the deviation from unity 
of the sum </>c +  4>t is significant. . . and in all cases 
a truly common kinetic state is excluded.” 2

Our previous1 and present results support the 
idea of such energy barriers, which have to be 
postulated in order to explain the temperature de
pendence observed by us. However, at least the 
conversion trans* -*■ cis* is improbable for the fol-

(12) D. Schulte-Frohlinde, Ann., 615, 114 (1958).
(13) Th. Forster, Z. Elektrochem., 56, 716 (1952).
(14) S. Yamashita, Bull. Chem. S o c .  Japan, 34, 490 (1961).
(15) Jl. S. Mulliken and C. C. Roothaan, Chem. Rev., 41, 219 (1947).

lowing reason.16 Both in stilbene and in azo
compounds the absorption bands of the cis isomer 
are either similar to that of the trans isomer or even 
shifted toward higher frequencies. This shows that 
the distance between the cis and trans levels in the 
excited states is at least as big as that between the 
cis and trans levels in the ground state, which is 
about 10 kcal./mole. Accordingly the potential 
barrier for cis* trans* should be larger than 10 
kcal./mole. For a reaction occurring within less 
than 10-9 sec. such a high activation energy seems 
improbable, and also would imply a much sharper 
temperature dependence than even the one ob
served here. Furthermore, in stilbene only the 
trans isomer is fluorescent.,11 showing that there is 
no cis* —> trans* conversion. In azo-compounds 
neither isomer is fluorescent, and the same argu
ment can be applied only by analogy.

One therefore has to conclude that one or more 
intermediate excited states X  of similar or lower 
energy than cis* and trans* are involved, and that

hv
the sequences are schematically cis —► cis* —► X

hv
(—*-X') —*■ trans, and trans —*■ trans* -*■ X ' (—►X) 
—*■ cis. The general reaction scheme thus would be

Energy

Singlet *

Singlet

In the above scheme processes a-f and a '- f ' all are 
thermal reactions whose relative importance for the 
over-all isomerization will determine the latter’s 
temperature dependence. The present experi
mental data for the two quantum yields do not suf
fice to decide which of the above are responsible 
for the observed effects. Thus the decline of 
0t-+c on cooling may be due to any of the processes 
b', e', f', d being slowed down relative to the 
competing processes a', c ', d', e, f.

It is of course tempting to assume that only e 
and e' are temperature-dependent, and to calculate 
the barrier between X ' and X . If this assumption 
is made, X  should be at a somewhat higher level 
than X ', to explain that the barrier from X  —*- X ' 
is lower (and often undetectable) than that from 
X ' X .

Two points should be borne in mind: (a) It is 
impossible to draw any conclusions yet regarding 
the nature of the intermediate X  states. One can 
postulate a different electronic state (e.g., triplet), 
but since so far experimental work has not proved 
this with certainty, it will be safer to refer to them 
as unknown X  states, (b) The above scheme 
does not exclude the possibility that the two X  
states may, in fact, be one common state. The

(16) The asterisk denotes excited singlet states.
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fact that the sum 0C_*t +  0t->c fails to reach 1 
may be attributed to the competing reactions a and 
a'.

In stilbene some additional information is avail
able from fluorescence and phosphorescence meas
urements. Lewis and Kasha,17 as cited by Pari- 
ser,18 and by Rosenberg,19 report that cis stilbene is 
phosphorescent, while trans stilbene is not. In the 
above scheme this may be due to inhibition of b ', 
but not b, at low temperatures. The same may 
hold for azo-compounds and azomethines, but as 
yet no phosphorescence has been observed with 
them. (This may be because emission is in the 
infrared,17 which has not yet been explored.)

Finally, there is the change of the quantum yields 
with the wave length of the exciting light. Even 
if, in analogy with normal fluorescence, higher ex
cited electronic levels are deactivated thermally to 
the first excited level, one would expect the quan
tum yield to be independent of wave length, if not 
higher at shorter wave lengths. However, the 
0t’s actually observed in azo-compounds are lower 
for light absorbed within the two bands in the ultra
violet. A somewhat similar effect was observed by 
Weber and Teale20 with regard to the quantum 
yield of fluorescence at different wave lengths of 
exciting light. They explained it, in certain cases, 
by competitive radiationless transitions from such 
higher levels to the ground state. A similar ex
planation may hold in the present case, although 
there is no proof for it.

It is interesting to note that even in the rigid 
glasses at —180° 0ĉ t is practically identical with 
that observed at higher temperatures in fluid 
media. The viscosity of the medium thus seems 
to have no effect on the photoisomerization.

In summarizing, it may be said that the deter
mination of quantum yields and their change with 
temperature provide useful information about the 
energetics of the interconversion of electronic ex
cited states, but that such information has to be 
supplemented by results obtained with other 
methods, capable of detecting triplet intermediates 
(e.g., flash photolysis, phosphorescence in the in
frared, triplet-triplet excitation spectra at very low 
temperatures, etc.).

Recent experiments in this Laboratory showed 
that photoisomerization of stilbene in both direc
tions takes place in the presence of benzophenone, 
with light absorbed only by the latter. Details 
concerning this photosensitized isomerization and 
its quantum yield at various concentrations and 
temperatures will be published separately.

Acknowledgments.—The authors wish to thank 
Dr. E. Lippert for the privilege of discussing 
with him various aspects of this subject, and Dr.
H. Stegemeyer for information about his pertinent 
results with stilbene21 which led him to ideas basi
cally similar to those given here.

Appendix 1
Fraction of the t r a n s  isomer in the photostationary state attained after irradiation at various temperatures with light at the indicated wave lengths.

Wave
length, ------------- -Temperature (°C.)'

Compound0 m/x +  25 0 -4 0 -100 -140 -180
Azobenzene 313 0.18 0.23 0.29 0.34 0.60 0.95

436 .88 .89 .9 .92 0.95 0.97
2,2'-Azonaphtha 365 ,12& .1 5 b .466 0.85 0.98

lene 436 .85 .8 7 .97 1 1
1-Phenylazonaph- 365 .13 .19 .24 .39 0.61 0.98

thalene 436 .79 .71 .74 .82 0.9 1
Stilbene 313 .07 .09 .11 .25 0.95

° In methylcyclohexene-isohexane. b These results differ somewhat from those reported in Part I, owing to the present more precise determination of the molar extinction coefficients of the c i s  isomer.

Appendix 2
Calculation of the Quantum Yields from the 

Kinetic Data.—Formally the reaction may be
hv

written as A r i  B. The following symbols will
hv

be used: Ci, C2— concentration of A, and B, re
spectively, expressed in moles/1.; CF, C2°—initial 
concentrations; Ci", Ci“ —final concentrations 
in the photostationary state; Co =  Ci +  C2 = 
total concentration (which remains constant during 
irradiation) ; D— optical density at the wave length 
of irradiation; ei, e2—molar extinction coefficients 
of A and B, respectively, at the wave length of ir
radiation ; 0i, 02— quantum yields for the reactions

hv hv
A —► B and B -> A, respectively; V— the volume, 
(in liters); I —the light intensity, (in einsteins/ 
unit time). Assuming that the quantum yields 
are independent of the concentration, that the rate 
of thermal reactions is negligible, and that the 
solution always is mixed, one arrives at the dif
ferential equation2

=  (0iei<7! -  02e2C2) ( X - Z} °  D)  I (1)

Using mole fractions X  =  C/Co, defining K  =  
0i€1 +  02e2, and rearranging, we have

dXi D I  /  «feeA
df ' 1 -  10-*> ~~ V \ 1 ~  C o)

(2)

Equation 2 can be used directly by plotting the 
left-hand expression as a (linear) function of the 
isomeric composition X , and using the slope to 
evaluate K. (dXi/di is determined graphically 
from the slope of the experimental X i vs. time curve, 
at appropriate time intervals, while D/( 1 — 10~D) 
is read from tables for this function, using the D 
values at the same time intervals.)

Alternatively, we may define /  =  (1 — IO- -0/
D)dt and R =  02e2/Co and integrate eq. 2, thus ar
riving at

(17) G. N. Lewis and M. Kasha, J . A m . C h em . S o c ., 66, 2100 (1944).
(18) R. Pariser, J . C h em . P h y s . , 24, 264 (1956).
(19) B. Rosenberg, ib id ., 31, 238 (1959).
(20) G. Weber and F. W. Y. Teale, T ra n s. F a ra d a y  S o c ., 54, 640 

(1958).
(21) H. Stegemeyer, Z . N a tu r fo r s ch ., 16a, 634 (1961), and private 

communication.

K X i ~ R \  KI
x x , "  - « / “ ■' u ( 3 )

At photoequilibrium dX i/d t =  0 and therefore 
eq. 2 =  0, leading to
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R =
fati

K X C

( K X 1 -  K X T  \ 
[ k x s  -  K x r )

=  In /  Z i  -  z r  \ 
U i °  -  X “ )

K  then may be calculated from the slope of the 
(linear) plot of In (Xi — Xi°)  against f, thus fur
nishing one equation for the two unknowns fa and 
fa. A second equation is furnished by the require
ment that at photoequilibrium equation 1 equals 
zero and therefore

fatiCi — fat-iC-i , or faeiXi — fafìXì (5)

Together with K  =  fafi +  fat2 we finally arrive at
•y °o y  co

fa =  K  fa =  K  —— (6)
Cl 62

In using eq. 4 /  is obtained by graphical integra
tion, feeding the integrand with the experimental 
D’s (as a function of time). X x and X 2 are deter
mined spectrophotometrically, from the absorp
tion spectra of the pure isomers A and B and that of 
their mixtures.

In rigid media no mixing by diffusion or convec
tion occurs. Equation 1 has to be modified, result
ing in a rather complicated equation which can be 
solved only approximately. The first approxima
tion in fact leads to eq. 4, V  denoting the volume 
passed by the photoactive light.

P H O T O C H E M IC A L  m -ire m s -IS O M E R IZ A T IO N  O F  
S U B S T IT U T E D  S T IL B E N E S
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K e r n f o r s c h u n g s z e n t r u m  K a r l s r u h e ,  S t r a h l e n c h e m i s c h e s  L a b o r a t o r i u m ,  K a r l s r u h e ,  G e r m a n y
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The quantum yields of cfs-irans-isomerization of stilbenes have been measured as functions of substitution, solvent, 
temperature, concentration, and wave length of the exciting light. Six independent criteria indicate a markedly reduced 
lifetime of the excited cfs-singlet-state (Table V). This short lifetime is responsible for the differences in photochemical 
behavior of stereoisomeric stilbenes. The results are discussed in the context of the triplet-theory in photochemical c i s -  
¿rarcs-isomerization.

Introduction
According to Lewis and co-workers1 2 3 4 5 the cis- 

irans-isomerization of stilbenes does not occur in the 
excited singlet state. Otherwise czs-stilbene also 
should give measurable fluorescence. Thus, two 
possibilities for the mechanism of isomerization 
remain. Either the rearrangement occurs in the 
triplet state or the electronic excitation energy 
after internal conversion, and present as point heat 
in the molecule, results in thermal rearrangement 
in the So-ground state. Recent authors presume 
a transition in electronic excited states.2-6 
Forster6 postulates a cts-iraws-isomerization of the 
C = C  double bond via the triplet state, both parts 
of the molecule being twisted by 90 degrees at the 
double bond. Earlier Hiickel6 and Mullikcn7 
considered twisted states in cis-trans-isomeriza
tion. The results of this work are discussed in the 
context of the triplet theory.

Experimental
Materials.— 4-Nitro-4'-methoxystilbene, c f . *  4,4'-Dini- 

trostilbene: preparation according to Walden and Kern-
baum8; m.p. 298°, Xm„x 368 m^, log e  4.577 (dimethyl- 
formamide). cis-isomer: iran,s-4,4'-dinitrostilbene was

(1) G. N. Lewis, T. T. Magel, and D. Lipkin, J. Am. Chem. Soc., 
62, 2973 (1940).

(2) P. P. Birnbaum and D. W. G. Style, J. Chem. Soc., 1192 (1955).
(3) G. Zimmermann, L. Chow, and U. Paik, J. Am. Chem. Soc., 

80, 3528 (1958).
(4) D. Schulte-Frohlinde, Liehige Ann. Chem., 612, 138 (1958).
(5) Th. Förster, Z. Elektrochem., 66,  716 (1952).
(6) E. Hückel, Z. Phyeik, 60, 423 (1930).
(7) R. S. Mulliken, Phys. Rev., 41, 751 (1932).
(8) P. Waiden and K. Kernbaum, Ber., 23, 1958 (1890).

dissolved in benzene and irradiated using a high pressure 
quartz mercury arc lamp (Osram S 81). The irradiated solu
tion was chromatographed on activated alumina (neutral) 
and the resulting cis-isomer was crystallized from benzene; 
m.p. 187°, Xmax 320 m/r, log e 4.193 (dimethylformamide).

4-Nitro-3'-methoxystilbene: 3.4 g. of ro-methoxybenz- 
aldehyde, 4.5 g. of p-nitrophenylacetic acid, and 3 ml. of 
piperidine were heated for three hours to 180-190°; yellow 
crystals were recrystallized from ethanol; m.p. 87-88°, 
yield, 5.0 g. cfs-isomer; 1.8 g. of t r a n s - i - n itro-3'-meth- 
oxystilbene was dissolved in 60 ml. of benzene and irradiated 
using a high pressure quartz mercury arc lamp (Osram S 81) 
for thirty hours. When placed on an activated alumina 
(neutral) chromatographic column the cis-isomer moved more 
rapidly as a zone of light yellow color. Repeatedly chro
matographed, the cfs-isomer was obtained as a pale yellow 
colored oil. After three days, the oil crystallized; m.p. 33- 
34°, Xmax 320 mju, log e  3.984 (benzene). A n a l .  Calcd. for 
C,6H!30 3N (255.3): C, 70.58; H, 5.13; N, 5.49. Found; 
C, 71.38; H, 5.23; N, 5.39.

t r a n s -Isomer: elution from the column by means of ace
tone and recrystallization from acetone-alcohol; m.p. 87- 
88°, Xmax 357 mu, log e 4.403 (benzene). A n a l .  Calcd. for 
CuHnCbN (255.3): C, 70.58; H, 5.13; N, 5.49. Found: 
C, 70.94; H, 5.22; N, 5.22.

4-Nitro-4'-aminostilbene: the method of preparation of 
Calvin and Buckles9 ( t r a n s - isomer), and the c i s - t r a n s -  
separation according to Calvin and Alter,10 were used with
out alteration.

4-Nitro-4'-dimethylaminostilbene— irares-isomer: prep
aration according to Pfeiffer11; m.p. 250-251°, Xmax 432 
mp, log c 4.476 (benzene), cis-isomer: 1.5 g. of t r a n s -4- 
nitro-4'-dimethylaminostilbene in 750 ml. of benzene was ir
radiated for five hours in a high pressure mercury immersion 
arc lamp (Heraeus Q 81) at 40°. A sodium nitrite solution 
filter absorbed all light of shorter wave length than 366 m/n.

(9) M. Calvin and R. E. Buckles, J. Am. Chem. Soc., 62, 3324 
(1940).

(10) M. Calvin and H. W. Alter, J. Chem. Phys., 19, 765 (1951).
(11) P. Pfeiffer, Ber., 48, 1796 (1915).
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The solution was placed on an inactivated basic alumina chromatographic column (2.5 X 100 cm.) and the pale pink colored as-isomer zone eluted with ether. After evaporation, the residue was taken up in a few drops of benzene and crystallized in the cold to give red scaly crystals; m.p. 104- 105°, yield 18 mg.; Xma% 418 mm, log t  3.944 (benzene). 
A n a l .  Calcd. for C16Hi8N202 (268.3): N, 10.44. Found: N, 10.98.irans-Stilbene-4-diazonium Fluoroborate: A suspension of 400 mg. of pure irons-4-amino-stilbene in 50 ml. of 50% HC1 was diazotized under stirring with a solution of 190 mg. of N aN02 in 1 ml. of H20  at —5°. After one hour of stirring the precipitate was filtered off. The diazonium fluoroborate was precipitated from the filtrate with a few milliliters of HBF4. The orange precipitate was drawn off, washed with a few milliliters of cold HBF, and an excess of ether, and crystallized as orange crystals from acetic acid: Xmai 396 ra .fi, log e 4.468 (50% methanol-water). 
A n a l .  Calcd. for CmHuNsBF, (294.1): C, 57.17; H, 3.77; N, 9.53; B, 3.68. Found: C, 56.18; H, 4.14; N, 9.65; B, 3.80.ci's-Stilbene-4-diazoniurn Fluoroborate: m-4-aminostil-bene hydrochloride was prepared according to Schmidt12 by chromatographic cts-inms-separation of irradiated 4- nitrostilbene and subsequent reduction of the isolated as-4- nitrostilbene. A suspension of 400 mg. of as-4-aminostil- bene hydrochloride was diazotized under stirring with 0.75 ml. of a 1 M  solution of N aN 02 in water at 20°. The oil and orange colored precipitate formed were filtered off. The diazonium fluoroborate was precipitated from the filtrate with 0.5 ml. of 40% HBF4. The precipitate thus formed was fnms-stilbene-4-diazonium salt. At +20° m-stilbene-4- diazonium salt remained dissolved in the filtrate. At —20° the cw-diazonium salt crystallized. After drawing off, the salt was washed with ether. The bright yellow colored cts-stilbene-4-diazonium fluoroborate dissolved easily, thus making recrystallization or reprecipitation difficult; XM% 372 m u ,  log c 4.008 (50% methanol-water). A n a l .  Calcd. for C»H„N2BF4 (294.1): C, 57.17; H, 3.77; N, 9.53. Found: C, 57.14; H, 3.90; N, 9.88.

Photochemisty amd Spectrophotometry
The samples in 2 X 1cm. quartz cells were irradiated with a stabilized high pressure mercury arc lamp (Osram HBO 200). Heat radiation was absorbed by a thermostated water filter (quartz windows, 7 cm. path length). The different mercury-lines were isolated by means of interference filters (Schott u. Gen., type IL). The purity of the radiation was examined by measuring the transmission spectra of the filters. Every filter has a single band of transmission greater than one per cent. Thus the percentage of light of the neighboring

Hg emission Transmission of
line, filter >1% ,
m*i mp
313 303-329
365 350-395
405 373-429
579 575-608

mercury emission lines is less than 0.1%. The change of isomeric composition was measured with a Zeiss-spectro- photometer PMQ II through the 2-cm. cell path length, and at 90 degrees to the irradiation over the 1-cm. path length. Thus, a decrease of the error introduced by the calculation formula,4 especially at higher optical densities, was effected. The optical density normally did not exceed 0.2. The systematic error usually ranged from 5 to 10%. An error calibration curve was used to eliminate this remaining error. The calculation of quantum yields from experimental data was carried out as published earlier.4The intensity of the light incident upon the solution was measured with a calibrated thermopile (Pyro-Werk, Hannover). The thermo-current was measured in a compensating circuit. The absolute error in the determination of quantum yields is ±10 %; a relative error of not more than ± 5  % is calculated from the reproducibility of the measurements.All spectra were taken with a Cary 14 recording spectrophotometer at room temperature. Spectra and quantum yields at high concentrations were measured in special cells.
(12) P. Schmidt, U. S. At. Energy Comm., UCRL-8883 (1959).

Quartz plates of 5 mm. thickness and different metal folios were pressed together forming cells with 100 to 0.5 n  path length. The path length was determined by means of infrared interference.
Results

1. Effect of Solvent and Substituent, (a) 
Quantum Yields of trans - »  m-Isomerization.—
Different solvents do not affect the quantum yields 
of trans cis-isomerization of unsubstituted 
stilbene4 and 4,4'-dinitrostilbene (Table I). H ow-

T a b l e  I
Q u a n tu m  Y ie l d s  f o b  P h o to c h e m ic a l  c i s  ±  t r a n s - I s o 

m e r iza t io n  o f  Su b st it u t e d  St il b e n e s  in  D if f e r e n t  
So lv e n t s  ( e x c it in g  w a v e  le n g th  366 m /i)

Equi
librium

Solvent % eta Qt—►© Qc—*t Q.

(a) 4,4'-Dinitrostilbene
Benzene 80 0.27 0.34 0.61
Chloroform 83 0.29 0.34 0.63
Methanol 80.5 0.29 0.34 0.63
Dimethylform- 82 0.31 0.33 0.64

amide
(b) 4-Nitro-3'-methoxystilbene

Cyclohexane 89.0 0.61 0.25 0.86
Benzene 85.5 0.38 0.40 0.78
p-Xylene 83.5 0.39 0.41 0.80
Methanol 82.5 0.28 0.40 0.68
Dimethylform- 69.0 0.20 0.38 0.58

amide
(c) 4-Nitro-4'-methoxystilbene4

Benzine 91 0.67 0.24 0.91
Benzene 73 0.40 0.43 0.83
Paraffin oil 74 0.34 0.26 0.60
Chloroform 56 0.17 0.37 0.54
Ethanol 60 0.13 0.40 0.53
Methanol 29 0.07 0.48 0.55
Dimethylform- 17 0.035 0.42 0.45

amide
(d) 4-Nitro-4‘-aminostilbene

Cyclohexane 75 0.44 0.36 0.80
Benzene 34 0.10 0.44 0.54
Ethanol 0 0 0.30 0.30
Dimethylform- 0 0 0.20 0.20

amide
(e) 4-Nitro-4'-dimethylaminostilbene

Cyclohexane 52.5 0.20 0.40 0.60
Benzene 6.5 0.016 0.40 0.42
Ethanol 0 0 0.31 0.31
Dimethylform- 0 0 0.15 0.15

amide
ever substitution of one of the nitro groups by an
electron donating group results in the dependence 
of the trans ->  m-quantum yield upon the polarity 
of the solvent. This effect grows as the electron 
donating properties of the second substituent 
increase (Table I). In the 4,4'-position, the in
fluence of the substituent on quantum yields is 
especially strong, while in the 4,3'-position a marked 
decrease in influence occurs. Consequently we 
have to consider the non-specific chemical effect 
of the substituents, as well as of the solvent.4



2488 D. Schulte-Frohltnde, TT. Blume, and H. Güsten Vol. G6

— v , cm. 1.

300 400 500
X (m /i).

Fig. 1.—Ultraviolet absorption spectra of t r a m -  and c i s -  4-nitro-4'-dimethylaminostilbene in cyclohexane: the monochromatic wave lengths used in irradiation are indicated by arrows. The spectrum was taken with a Cary 14 recording spectrophotometer a t room temperature; c = 7.22 X 10~6 mole/1. ( -  • -  photochemical equilibrium for exciting light of 405 m /i).

The influence of substitution and solvents on the 
quantum yields of trans —*■ cis-isomerization might 
be explained by solvation in the case of the excited 
singlet state. Interpreting the shift of fluores
cence wave length caused by different solvents, 
Lippert13’14 has already postulated solvation of 
excited states by orientation polarization for the 
same molecules. The trans —► cfs-isomerization 
probably is hindered by solvation.

(b) Quantum Yields of ds  -* trans-Isomeriza
tion.—The quantum yields of cis ¿rons-isomeriza-
tion are in a first approximation independent of 
substitution and of solvents. Lewis, Magel, and 
Lipkin1 concluded that the excited cis-S,-state 
was extremely short lived for two reasons: cis-
stilbenes do not give measurable fluorescence and 
absorption spectra have no fine structure. If we 
assume that the Sj —► T-transition in m-isomers 
occurs faster than the arrangement of orientation 
polarization of the solvent, no more influence upon 
the cis ->- ¿rans-quantum yield should be expected. 
Relaxation time in the solvents used is about 10 “  
second.13 Therefore the excited czs-Si-state has a 
lifetime of less than 10-11 second. In those cases 
in which the quantum yield of the cis — trans- 
isomerization also is affected by the solvent, it 
may be that the lifetime of the excited czs-Si- 
state is of the same order as the relaxation time of 
the solvents.

(13) E. Lippert, Z. EAeMrocUm., 61, 962 (1957); Z. Nalurforsch., 
10a, 541 (1955).

(14) E. Lippert with W. Liider, F. Moll, W. Nagele, H. Boos,
II. Frigge, and I. Seibold-BIankenstein, Angew. Chew.., 73, 695 (1961).

2. Effect of Irradiating Wave Length on Quan
tum Yields.—The quantum yields of the cis-lrans- 
isomerization of 4-nitro-4'-dimethylaminostilbene 
are independent of irradiating wave length, even 
if irradiated in different absorption bands (Fig. 
1, Table II). This is another argument against 
cis frans-isomerization in the excited singlet 
state. Normally S -*• T-transitions occur from the
Si-state only. If this is valid for stilbenes and if 
the isomerization occurs via the triplet state, there 
should be no dependence of quantum yield upon the 
wave length of the exciting light. On the other 
hand, diazonium salts decompose in the excited 
singlet state. Quantum yields of this decomposi
tion depend upon the energy of exciting light (Table
III) .15

T a b l e  II
Q u a n tu m  Y ie l d s  of cis-irans-IsoMERizATioN of 4 -N it r o -  
4 '- d im e t h y l a m in o st il b e n e  as a F unction  of E x c it in g

W ave L ength

mju
Equi

librium % c is Q t-* -c Qc-*t Q .

(a) Solvent: Cyclohexane
313 19.0 0.14 0.45 0.59
366 52.5 0.20 0.40 0.60
405 60.5 0.16 0.42 0.58
436 64.0 0.16 0.37 0.53

(b) Solvent: Benzene
313 3.0 0.015 0.42 0.44
366 6.5 0.016 0.39 0.41
405 11.0 0.015 0.40 0.42
436 13.5 0.013 0.40 0.41

T able III
Q u a n tu m  Y ie l d s  of t h e  P h o to d eco m po sitio n  of 
2 -M e t h y l -6 - [N ,N -d im e th y la m in o ] -p h e n a zin e d ia zo n iu m  

F l u o r o b o r a t e -(3 ) as  F u n ctio n  of E x c it in g  W a v e  
L e n g t h , So lv e n t  0.1 N HC116

Wave length of 313 366 405 579
exciting light,
m/t

Bands I II II III
Quantum yield 0.25 0.17 0.16 < io -"

3. Effects of Temperature and Concentration 
on Quantum Yields.—cfs-frans-Quantum yields 
and photochemical equilibrium of 4-nitro-4'- 
methoxystilbene (concn. 2 X  10-5 mole/1.) are 
independent of temperature in the range from +20 
to +80° (exciting light 366 m/i, solvent m-xylene). 
A thermal step having an activation energy of more 
than 5 kcal., which influences the quantum yield, 
does not participate in the isomerization.

The interesting temperature dependence of the 
cis fraas-isomerization of unsubstituted stilbene, 
recently found by Stegemeyer,16 cannot be 
explained as a thermal transition in the triplet 
state (Tois uA T tran8) . Irradiating liquid czs-stilbene 
in a layer of 20 n thickness at 25°, Stegemeyer ob
tained an equilibrium of 6%  cfs-isomer. In diluted 
hexane (ICR3 mole/1.) solution, however, a photo-

(15) D. Schulte-Frohlinde and H. Blume, in preparation.
(16) H. Stegemeyer, Z. Nalurforsch., 16a, 634 (1961).
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chemical equilibrium of more than 90% c/s-isomer 
is obtained.17

The high concentration of czs-stilbene (~ 5  
mole/1.) used by Stegemeyer would not give the 
kinetics involving single molecules. His results 
are influenced by interaction between excited and 
non-excited molecules. This effect is demonstrated 
from the dependence of quantum yields of the 
trans-cis-isomerization on concentration.

Quantum yields of trans -*■ m-isomerization of
4-nitro-3'-methoxystilbene decrease with increasing 
concentration (Table IV), while quantum yields 
of cis — frans-isomerization increase to some ex
tent, causing a shift in photochemical equilibrium.18 
No measurable side reaction has been observed at 
higher concentrations during the time of irradiation 
used.

T able IV
Q u an tu m  Y ie l d s  of t r a n s  —►  « s- I so m e b iza tio n  of 4 -N it r o -  
3 '- m e t h o x y st il b e n e  in  1 -M e t h y l n a p h t h a l e n e  a t  D if 
fe r e n t  C o n c e n tr a t io n s  (366  m /i) ( r e l a t iv e  e r r o r

CALCULATED FROM THE REPRODUCIBILITY ±10% )
OoTicn., Equilibrium
mole/1. % cis

1.0 X 10-5 0.32 80.5
1.0 X 10-" 0.31 81.0
5.0 X 10"* 0.30 77.5
5.0 X 10"3 0.29 77.5
1.0 X 1 0 - 2 0.25 75.5
5.0 X 10“2 0.22 58.5
1.0 X IO"1 0.18 41.0
5.0 X IO“1 0.13 22.0
7.5 X IO"1 0.04 4.0
1.0 X 10° 0.00 0.0

These results require a new outlook in prepara-
tive photochemistry. In certain cases irradiation
at concentrations >10 ~2 mole/1. should be avoided,
otherwise markedly decreased yields might be
obtained.

4. Photochemical Reactions of cis- and trans- 
Stilb ene-4-diazonium Fluoroborate.—-Irradiation 
of frans-stilbene-4-diazoniurn fluoroborate in 0.1 
N  HC1 results in the formation of nitrogen, 10% 
cis-, and 90% ¿rans-4-hydroxystilbene. The short 
wave length absorbing irans-4-hydroxystilbene 
did not absorb the incident light. The kinetics 
of the decomposition are of the first order (Fig. 3). 
The thermal decomposition of (rans-stilbene- 
4-diazonium fluoroborate results in the formation of 
pure (raws-4-hydroxystilbene.

In contrast to the (rans-form, the irradiation 
of m-stilbene-4-diazon i urn fluoroborate results 
in complicated kinetics (Fig. 3), caused by super
position of the photochemical cis —► irans-isomeriza- 
tion and the subsequent photodecomposition of 
the trans-isomer formed; 75% (rans-4-hydroxy- 
stilbene is obtained from the photodecomposition.

From the corresponding thermal decomposition 
of cfs-stilbene-4-diazonium fluoroborate, pure cis- 
4-hydroxystilbene is obtained. This result shows 
that the thermal separation of nitrogen from the 
diazonium ion does not cause cis —► irans-isomeriza- 
tion.

(17) A. Smakula, Z. physik. Chem., B25, 90 (1934).
(18) D. Schulte-Frohlinde and H. Güsten, Z. physik. Chem. 

(Frankfurt), in preparation.

v , cm. *.
40 35 30 25 20

Fig. 2.—Absorption spectra of t r a n s -  and as-stilbene-4- diazonium fluoroborate in 50% methanol/water. The spectra  were taken with a Cary 14 recording spectrophotometer at room temperature; ctnms = 2.51 X 10~6 mole/1., cCiS = 7.12 X 10-6 mole/1.

Fig. 3.—Kinetics of photodecomposition of c i s -  and t r a n s -  stilbene-±diazonium fluoroborate in 0.1 N  HC1.
These results may be explained by the rapid 

Si —► T-transition in c/s-stilbcnes. In the normal- 
lived trans singlet state dissociation is faster than 
isomerization. In the short-lived cis singlet state, 
however, isomerization is faster than dissociation. 
Obviously deactivation of the m-Si-state occurs 
so fast that dissociation of the C -N  bond cannot 
compete. Therefore we conclude that cis-trans- 
isomerization and dissociation occur from different 
electronic states.

We know that the photodecomposition of di
azonium salts occurs via excited singlet states.15-19 
Therefore we assume that the as-irans-isomeriza- 
tion occurs in the triplet state.

Discussion
The results favoring the short lifetime of the 

excited cfs-singlet state are compiled in Table V.
(19) Two facts support this mechanism: first, diazonium salts do

not fluoresce and second, quantum yields of the decomposition of 
diazonium salts depend on the*wave length of exciting light.
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T able V
P roperties of Substituted  cis- and îtojw-Stilbenes

t r a m c is

1 Fluorescence yes no
2 Fine structure of ultraviolet absorp

tion spectrum
yes no

3 Dependence of quantum yields on 
concentration

yes no
4 Dependence of quantum yields on 

solvents
yes no

5 as-irnns-Isomerization of stilbene- 
4-diazonium salt

no yes
6 Dependence of quantum yields on 

temperature20
large small

The short lifetime of exciting singlet states in cis- 
isomers is caused by steric hindrance.4 trans- 
Stilbenes are in nearly planar configuration. How
ever, in cfs-stilbenes the phenyl rings are twisted 
in relation to each other by about 30°.21 Thus, 
the steric structure of the triplet state is precon
ditioned by this twist in as-isomers and it seems 
possible that by this means the radiationless 
Si -*• T-transition is activated.

Forster22 considered an activation of the Si 
-»■ T-transition by molecular twisting. The lack 
of fluorescence or the relatively small fluorescence 
of large organic molecules and dyes, which are 
sterically hindered by twisting, probably is caused 
also by an activated Si -*■ T-transition. One 
example is the lack of fluorescence in the first 
sterically hindered species of several series of cyanine 
dyes.23 Further examples are given by Forster.24

Mechanism of the Photochemical cis-trans- 
Isomerization.-—At present two of the proposed 
mechanisms of photochemical as-fraws-isomeriza- 
tion are still under discussion: first, thermal iso
merization of an excited singlet state; second, 
photoisomerization of stilbenes via a triplet state.

I. Thermal Isomerization of an Excited Singlet 
State.— The average lifetimes of the first excited 
singlet states of substituted frans-stilbenes are
1.5-3.3 X 10-9 sec. as calculated from fluores
cence measurements.25 cfs-Stilbenes do not emit 
fluorescence. The fluorescence of frans-stilbenes 
is only possible if we assume that in the first ex
cited singlet state the trans- and the czs-form are 
separated by a barrier of potential energy. This 
potential barrier hinders the rotation.

From the dependence of quantum yield of the 
photochemical cis-frans-isomerization on tem
perature, Fischer19 calculated a value of about 2 
kcal./mole. If we assume these 2 kcal. as being 
the activation energy of the thermal cis-trans- 
isomerization in the first excited singlet state, then 
the Arrhenius equation gives such short lifetimes 
for the frans-singlet state that no fluorescence

(20) S. Malkin and E. Fischer, J. Phys. Chem., 66, 2482 (1962).
(21) H. Suzuki, Bull. Chem. Soc. Japan, 33, 379 (1960); Chem. 

Abstr., 54, 20471 (1960); F. J. Adrian, J. Chem. Phys., 28, 608 (1958).
(22) Th. Forster, “ Fluoreszenz organischer Verbindungen," Vanden- 

hoek and Ruprecht, 1951, p . 122.
(23) L . J. E. Hofer, R . J. Grabenstetter, and E. O. Wiig, J. Am. 

Chem. Soc., 72, 703 (1950).
(24) Reference 22, p. 110.
(25) P. P. Shorygin and T. M . Ivanova, Soviet Phys. “ Doklady3,

764 (1958).

should be observed. Therefoie we have to con
sider a higher barrier of potential energy.

Recently McClure26 calculated the height of the 
potential barrier in the excited singlet state of 
stilbene from spectroscopic data. He obtained a 
value of 40 kcal./mole. This result is inconsistent 
with the photochemical os-frans-isomerization at 
moderate temperatures. Therefore a thermal iso
merization in the first excited singlet state seems 
to be improbable. In agreement with Forster,5 
we assume that the photochemical cis-trans- 
isomerization of stilbenes occurs in the triplet state. 
From similar considerations Fischer20 comes to 
the same conclusion, as well as McClure.26

n . Photoisomerization of Stilbenes via a 
Triplet State.—These arguments favor photo
isomerization of stilbenes via triplet states: (1) 
os-frans-Isomerization can be obtained by direct 
excitation of singlet-triplet transitions from the 
singlet ground state.27 (2) Triplet-triplet energy 
transfer induces m-frans-isomerization.28'29 (3) 
The results of the photodecomposition of isomeric 
stilbene-4-diazonium salts support the theory.

The question of whether the diagram of potential 
energy versus twisting angle of the triplet state 
shows a minimum or a maximum at 90° is not yet 
answered. In the case of stilbenes Forster5 
assumes a minimum. If this is correct the triplet 
state of stilbenes should be very short-lived. 
According to Evans30 the energy of the 0-0-S0 

T-transition of untwisted stilbene is 5 1  kcal./ 
mole. The activation energy of the thermal 
cis —*■ irans-isomerization in solution is 36.7 kcal./ 
mole.31 Then the barrier of potential energy of 
twisting from the frans-ground state is the sum of 
this value and the energy difference of the cis- 
and the frans-isomer of 5.66 kcal./mole.26 Thus, 
for the twisted singlet-ground state a potential 
energy of 42.4 kcal./mole results. If we consider 
finally that the potential energy of the triplet 
state of 5 1  kcal./mole is lowered by twisting, we 
can assume that in stilbenes the potential surfaces 
of the triplet state and of the singlet-ground state 
contact or even overlap each other. Under these 
conditions the lifetime of the triplet state is short
ened. These criteria favor these assumptions:
(1 )  Hitherto no phosphorescence has been obtained 
in rigid media at liquid nitrogen temperatures for 
cis- and frazis-stilbenes.32 Furthermore in com
pounds containing a C=-C double bond phosphores
cence has not been established. The report of 
phosphorescence of m-stilbene and halogen sub
stituted ethylenes published earlier by Lewis and 
Kasha33 has in the meantime been retracted by 
Kasha.34 (2) No normal long-lived triplet states

(26) R. H. D yck  and D . S. McClure, J. Chem. Phys., 36, 2326 
(1962).

(27) D . F. Evans, J. Chem. Soc., 1735 (1960).
(28) G. S. Hammond, N. J. Turro, and P. A. Leermakers, J. Phys. 

Chem., 66, 1144 (1962).
(29) W. Berends and J. Posthuma, ibid., 66, 2547 (1962).
(30) D . F. Evans, J. Chem. Soc. (London), 1351 (1957).
(31) F. W . J. Taylor and A. R . Murray, ibid., 2078 (1938).
(32) D . Schulte-Frohlinde, 1957, unpublished.
(33) G. N . Lewis and M . Kasha, J. Am. Chem. Soc., 66, 2100(1944).
(34) M . Kasha, Ann. Rev. Phys. Chem., 7, 403 (1956).
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have been found by means of photoflash techniques 
in stilbenes.38-36

A maximum of potential energy at a twisting 
angle of 90° is inconsistent with the experimental 
result that cis <=* trans-isomerization occurs even 
in rigid media at low temperature.1'17'20’37 These

(35) G. Porter, private communication.
(36) K. Breitschwerdt and A. Weller, Z. physik. Chem. (Frankfurt), 

20, 353 (1959).
(37) E. Lippert and W. Ltider, J. Phys. Chem., 66, 2430 (1962).

results can be understood if a torsion force is as
sumed effective in the triplet state. This torsion 
force exists if the triplet state has a minimum po
tential energy at 90 degrees twisting angle. Ac
cordingly we consider the activation energy of 
2-3 kcal./mole found by Fischer20 for the trans -*■ 
m-isomerization of stilbene as being the activation 
energy of the transition from the first excited singlet 
to the triplet state in the (raws-isomer.

H Y D R O G E N  B O N D IN G  O F  E X C I T E D  S T A T E S

B y  E. J. B o w en , N. J. H older , and G. B. W oodger

P h y s i c a l  C h e m i s t r y  L a b o r a t o r y , O x fo r d ,  U n i v e r s i t y ,  O x f o r d ,  E n g l a n d  

Received May SB, 1962

Measurements have been made of the quantum yields of fluorescence of acridine dissolved in mixtures of water (alkaline) and certain organic solvents. The results are interpreted on the assumption that hydrogen bonding with the solvent, and particularly with water, takes place rapidly after the molecule is excited by absorbing a light quantum, and tha t such complexes represent the fluorescent entity; thermal breaking of the hydrogen bonds leading to degradation of electronic excitation energy. The acridinium ion shows a different behavior; its fluorescence changes little in solvent mixtures of different composition and is much less dependent on temperature.
Acridine is classed as a “ 7r-electron deficient” 

heterocyclic1 and as such would be expected to 
show poor fluorescence properties. It is in fact 
non-fluorescent in the crystalline state, or when 
dissolved in organic solvents such as benzene or 
ethyl acetate, but it fluoresces blue in solution in 
water or aqueous alcohol. The acridinium ion 
fluoresces a green color in whatever solvent it may 
be formed. For example, the addition of proton- 
donors such as the chloroacetic acids to benzene 
solutions of acridine causes the development of the 
characteristic green fluorescence.2 Acridine is a 
weak base, and the molecule in water changes over 
to the ion at about pH 5.45, as shown by change of 
absorption spectrum. The fluorescence change
over from blue to green, however, occurs at about 
pH 10.35. The explanation of this effect has 
been given by Forster3 and Weller.4 The electronic 
excitation of acridine makes it a much stronger 
base, and between the pH limits given above light 
is absorbed by the molecule, and this in its excited 
state very rapidly acquires a proton, so that the 
green fluorescence emission occurs from the excited 
ionic form. The blue fluorescence of aqueous acri
dine solutions observed at pH values greater than
10.35 is the chief subject of this paper. Bowen 
and Sahu described measurements of the variation 
of the fluorescence of acridine in water-aclohol 
mixtures.5 Their results, however, require some 
revision since, as pointed out, in neutral solutions 
the solute fluoresces partly as the molecule and 
partly as the ion. In the work now presented 1.3 
N  ammonia or 0.02 N  sodium hydroxide solutions 
were used instead of neutral water for making up 
mixtures, to ensure that the acridine was kept

(1) A. Albert, “ Heterocyclic Chemistry,”  Chap. 3, Univ. of London, 
1959.

(2) N. Mataga and S. Tsuno, Bull. Chem. Soc. Japan, 30, 368 
(1957).

(3) Th. Forster, Z. Elektrochem., 54, 42 (1950).
(4) A. Weller, ibid., 61, 956 (1957).
(5) E. J. Bowen and J. Sahu, J. Chem. Soc., 3716 (1958).

T able  I
■Quantum yield of fluorescence F-

Volume % Dimethyl-
of water Ethanol Formamide Dioxane formamide

100 0.37 0.37 0.37 0.37
90 .34 .33 .32 .31
80 .28 .29 .23 .24
70 .18 .24 .13 .18
60 .11 .19 .086 .12
50 .079 .15 .055 .084
40 .062 .10 .035 .053
30 .048 .073 .019 .022
20 .036 .047 .012 .000
10 .034 .023 .006 .000
0 .032 .012 .000 .000

T able  II
D ioxane-W ater  M ixtures

,
90 70 50

E « 6190 E =* 5900 E *» 5750
log R  — 4.96 log K = 5.21 log K = 5.51

°K. Exptl. Calcd. Exptl. Calcd. Exptl. Calcd.
283 0.38 0.385 0.17 0.173 0.07 0.075
293 .30 .299 .13 .128 .05 .054
303 .24 .230 .10 .094 .04 .039
313 .18 .179 .07 .071 .03 .029
323 .14 .137 .05 .054 .02 .022
333 .11 .107 .04 .04 .02 .017
343 .08 .083

almost entirely in the molecular form even in its 
excited state. Acridine concentrations of about 
IO-4 M  were used. The solutions were contained 
in a small transparent dewar vessel and the tem
perature adjusted by the insertion of hot or cold 
glass “ fingers.”  The fluorescence was excited by 
3660 Â. radiation, and a calibrated photomulti
plier-spectrograph combination, corrected for in
strumental wave length sensitivity differences,
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90
E = 6590 

log R = 5.16

T a b l e  III
E t h a n o l - W a t e r  M i x t u r e s

------------- — — .---------- Water % by volume-
80 70

E = 6410 E = 6050
log K = 5.16 log K = 5.16

60
E = 5090 

log K = 4.69

50
E = 4750 

log K = 4.60
Temp.,

°K.
.------ — F—
Exptl. Calcd. Exptl.

—F---------- s
Calcd.

.----------F—
Exptl. Calcd.

,---------- F-
Exptl. Calcd. Exptl.

~F---------- «
Calcd.

273 0.49 0.51 0.42 0.45 0.30 0.31 0.17 0.19 0.12 0.13
283 .40 .44 .34 .36 .23 .23 .14 .14 .10 .10
293 .33 .35 .27 .27 .17 .17 .11 .11 .08 .08
303 .26 .27 .21 .21 .13 .13 .09 .08 .06 .06
313 .21 .21 .16 .16 .10 .10 .07 .07 .05 .05
323 .16 .16 .12 .12 .08 .08 .05 .05 .04 .04
333 .12 .12 .09 .09 .06 .06 .04 .04 .03 .03
343 .09 .09 .07 .07 .04 .05 .03 .04 .02 .02

collected and dispersed into a spectrum the 
fluorescence emerging at right angles. Absolute 
fluorescence quantum yields F were determined by 
comparing the area of the corrected fluorescence 
spectra with that from a solution of quinine sulfate 
in 0.1 A  sulfuric acid made up to an equal optical 
density, taking F for this standard at 18° as 0.55.6

Table I gives the values of quantum yields of 
fluorescence F at 18° for mixtures of (alkaline) 
water with four organic liquids.

Tables II and III give values of F at different 
temperatures for water-dioxane and water-ethanol 
mixtures of different compositions.

If a degradatory process requiring an energy of 
activation E  is assumed to compete with fluores
cence emission, it follows that

log (1 /F -  1) =  log k -

The experimental F values in Tables II and III 
are compared with the calculated values. Values 
of E  range from 6600 to 4750 cal./mole, diminish
ing as the water content is decreased, but more so 
for ethanol than for dioxane mixtures. Table I 
shows that values of F reach zero for pure dioxane 
or dimethylformamide but are non-zero for ethanol 
or formamide. These facts point strongly to the 
interpretation that the blue fluorescent entity of 
acridine is a state hydrogen-bonded to the solvent, 
and that the E  value represents the heat of such 
bonding. However, the absorption spectra of 
acridine in water, alcohol, or benzene are remarkably 
similar, and the solubility of acridine in water is 
very low ( «  2 X  10 “ 4 mole/1.), indicating negligible 
hydrogen bonding of the ground state. It would 
seem that light is absorbed by the molecule (in

(6 ) C. A. Parker and W. T. Rees, Analyst, 85, 596 (1960); 87, 83 
(1962); C. A. Parker, Anal. Chem., 34, 502 (1962).

alkaline solutions) and that the excited state, which 
is much more strongly basic, rapidly hydrogen- 
bonds with the solvent, particularly with water, 
and that these entities either fluoresce or dissociate 
with energy degradation. The frequency factor of 
this latter process is given by the product of de
values of Tables II and III and the reciprocal of 
the mean radiational lifetime of the excited 
state 6.7 X  107 sec.“ 1 from absorption band 
area7), and reaches the high value of about 101S. 
If the excited state is hydrogen bonded to the sol
vent and its thermally activated state is released 
from this bonding the high value of the frequency 
factor of the degradation reaction may be explained 
in terms of an entropy of activation.8

The green fluorescence of the acridinium ion 
shows a different behavior in solvent mixtures. 
Table IV gives fluorescence yields for various water- 
ethanol compositions at 18°, the water being acidi
fied to 0.02 N  with sulfuric acid. The yields fall 
off very little as the alcohol concentration is in
creased, and the effect of temperature is also small, 
E  being about 950 cal./mole. These results in
dicate that there is no large difference in the 
degree of hydrogen bonding between the ground 
and excited states of the acridinium ion.

T a b l e  IV
Volume % 
of aqueous 
N H2SO4 Quantum yield

Volume % 
of aqueous 
N HsSO, Quantum yield

5 of fluorescence 5 of fluorescence
100 0.54 50 0.52
90 .54 40 .51
80 .54 30 .50
70 .54 20 .49
60 .53 10 .49

(7) Th. Förster, “ Fluoreszenz Organischer Verbindungen,” Van- 
denhoeck and Ruprecht, Göttingen, 1951, p. 158.

(8 ) C. Steel and K. J. Laidler, J. Chem. Phys., 34, 1827 (1961).
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S P E C T R O S C O P IC  S T U D IE S  O F  R A R E  E A R T H  C H E L A T E S

B y  G. A. C ro sby , R. E. W h a n , and J. J. F reem an

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  N e w  M e x i c o ,  A l b u q u e r q u e ,  N e w  M e x i c o

Received May 25, 1962

Intramolecular energy transfer in rare earth chelates is discussed and the role of the triplet states of the complexes in this type of energy migration is reviewed briefly. A spectroscopic study of the chelates of La3+, P rs+, Sm3+, Eu3+, and Gd3 + with o-hydroxybenzophenone is reported. Luminescence spectra (at 77°K.) of these compounds are presented and the triplet state energies of the chelates and their dissociation products have been determined utilizing energy transfer as an aid in interpreting the complicated luminescences observed. Very weak “line” emission from the coordinated P r3 + ion is reported and selective excitation of the 'D,, 3P0, and 3Pi resonance levels of this ion v i a  intramolecular energy transfer is demonstrated.
Introduction

Luminescence spectra of rare earth chelates 
yield useful information about energy migration in 
complex molecules and furnish additional data on 
the ions themselves.

The trivalent ions of the rare earth elements, 
lanthanum through lutetium, exhibit remarkable 
similarities in chemical properties. These ions 
with the exception of Ce3+ all form stable com
plexes, and a series of chelates of them derived 
from a specific complexing agent can be prepared 
by the same chemical method. Such a series of che
lates possesses similar properties (solubility, melting 
point, solvate formation, etc.). The similarities 
are reflected also in the nearly identical absorption 
spectra of a given series. For example, the re
ported near ultraviolet absorption spectra of all 
the trisbenzoylacetonate chelates (~ 1 0 -5 M) of the 
trivalent rare earths (no data on Ce3+ and Pm8+) 
are identical within experimental error; the same 
is true for the trisdibenzoylmethide chelates.1 
Such similarities do not obtain in the luminescence 
spectra.

Excitation of rare earth chelates to low excited 
singlet states results in complex luminescence 
spectra consisting of varying yields of molecular 
fluorescence and phosphorescence and of “ line” 
emissions characteristic of the lanthanide ions. 
The quantum yields of total luminescence also vary 
widely, ranging from values approaching unity to 
values of less than 10~4. The diversity in these 
observations must be explained in terms of compet
ing radiative and radiationless processes for molec
ular de-excitation. The dependence of the lumi
nescences of a series of chelates upon the central 
coordinated ions affords a sensitive means of study
ing these processes.

Experimental
Details for the preparation and analyses of the rare earth chelates of dibenzoylmethane and benzoylacetone are reported elsewhere.1 The rare earth chelates of o-hydroxybenzophenone were prepared in the following manner. Stoichiometric quantities of the rare earth chloride and o- hydroxybenzophenone were dissolved in absolute ethanol, and anhydrous ammonia gas was bubbled into this solution until no more precipitation occurred. Distilled water was added with stirring to the reaction mixture to complete the precipitation of the chelate, which was quite soluble in absolute ethanol. The product was filtered, washed with distilled water, and dried under vacuum at room temperature for 8 hr. The analyses for metal were performed by ignition in air, and the results were consistent with the expected theoretical values.
(I) R. E. Whan and G. A. Crosby, J. Mol. Spectry., S, 315 (1962).

Rare earth oxides (99.9%) were obtained from Research Chemicals, Burbank, California, and were converted to the chlorides by treatment with hydrochloric acid and evaporation to dryness. The o-hydroxybenzophenone was obtained from K and K  Laboratories, Jamaica 33, New York, and was purified by distillation under vacuum.For luminescence studies all chelates were studied at 77 °K. at concentrations of ~  10 ~6 M  in the following solvents which form rigid glasses at this temperature: (a) pure 3-methylpentane, (b) one part diethyl ether and one part 3- methylpentane by volume (EP), and (c) two parts diethyl ether, two parts 3-methylpentane, and one part ethanol by volume (EPA).The 3-methylpentane (Phillips pure grade) was passed through a column of silica gel and then distilled from sodium ribbon. The absolute ethanol (USI Co. absolute pure ethanol, reagent grade) was distilled from Mg(OEt)2. The diethyl ether (Mallinckrodt anhydrous grade) was distilled from sodium ribbon.The apparatus and experimental details for the spectroscopic studies are given in reference 1. Filter combinations for all chelates excepting those of o-hydroxybenzophenone are reported in reference 2. A combination of two Corning glass 9863 filters and a 5 cm. patii of CuSOiAIRO (100 g./l.) 
which transmitted light from ~  3000 to 4000 A. was used for excitation of the o-hydroxybenzophenone chelates.

Energy Migration in Chelates.— In order to 
delineate the possible paths of energy migration 
within a rare earth chelate molecule it is convenient 
to refer to an energy level diagram (Fig. 1). After 
excitation of a chelate to a vibrational level of the 
first excited singlet state (So —► Si), the molecule 
undergoes rapid internal conversion to lower vibra
tional levels through interaction with the solvent 
matrix. The excited singlet state may be deac
tivated by combining radiatively with the ground 
state (So Si), resulting in molecular fluorescence, 
or the molecule may undergo non-radiative inter
system crossing from the singlet to the triplet sys
tem. Again by internal conversion the molecule 
may reach the lowest triplet state, Ti. From this 
state it can then combine radiatively with the 
ground state by means of a spin-forbidden transi
tion (So * -  Ti) giving rise to a typical long-lived 
molecular phosphorescence. Alternatively, the 
molecule may undergo a non-radiative transition 
from the triplet system to a low-lying rare earth 
ion state.2 The latter states are derived from the 
4f electronic configuration of the coordinated tri
valent rare earth ion. After this indirect excita
tion by energy transfer, the metal ion may undergo 
a radiative transition to a lower ion state resulting 
in characteristic line emission, or it may be deac
tivated via radiationless processes. Direct trans
fer of energy from the excited singlet state to the 
low-lying rare earth ion states has been shown to

(2) G. A. Crosby, R. E. Whan, and R. M. Alire, J. Chem. Phys., 34, 
743 (1961).
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Fig. 1.—Schematic energy level diagram for a rare earth chelate possessing low-lying 4f electronic states: radiative transitions; radiationless transitions. Reproducedwith permission from ref. 1 .

Fig. 2.—Principal resonance levels of those rare earth ions exhibiting especially bright line emission and the triplet state energies of some typical rare earth chelates. Chelates derived from benzoylacetone (MBs), dibenzoylmethane (MDs), o-hydroxybenzophenone (M(BP)s), and 8-hydroxy- quinolme (M(8HQ)3).
be unimportant.2 Likewise it has been shown that 
direct excitation of the ion is unimportant.

Previous work on rare earth inorganic salts has 
shown that line emission characteristic of the ion 
originates from only a few specific states termed 
resonance levels. If the ion is excited to a non
emitting level, either directly or indirectly, the 
excitation energy is degraded via radiationless 
processes to lower states until a resonance level is 
reached. Radiative transitions then become com
petitive and characteristic ion emission is observed. 
These processes are indicated in Fig. 1 with d repre
senting the resonance level.

In order to obtain the characteristic emission 
from a rare earth ion, it is necessary to excite a 
resonance level. For excitation of a rare earth ion 
by transfer of energy from an excited chelate mole
cule to the central coordinated metal ion, resulting 
in line emission from the ion, it is necessary that

the lowest triplet state energy level of the complex 
be nearly equal to or lie above a resonance level of 
the ion. Otherwise sufficient energy is not avail
able to excite the ion indirectly to its emitting level, 
and no line emission is observed. Thus the lumi
nescence observed from a specific chelated rare 
earth ion is a sensitive function of the position of 
the lowest triplet energy level of the complex rela
tive to a resonance level of the ion. Consequently, 
it is possible to control the emission from a given 
ion by varying the ligand and therefore the position 
of the triplet state of the complex. In other words 
the emission from an ion may be turned on or off 
by an appropriate choice of complexing agent. 
For example, the luminescence observed from dys
prosium trisdibenzoylmethide consists of molecular 
fluorescence and phosphorescence, whereas dys
prosium trisbenzoylacetonate exhibits primarily 
bright line emission characteristic of D y3+. Here 
only a relatively minor change in the structure of 
the ligand results in a striking difference in the 
luminescences observed from the two compounds, 
when they are irradiated with near ultraviolet 
light.3

Another example of the phenomenon and an in
dication of the selectivity of this method of indirect 
ion excitation is illustrated by chelates of trivalent 
europium. This ion, which usually emits brightly 
from two well established resonance levels, can be 
limited to emit radiation only from the lower level 
by choosing appropriate complexing agents.2

If the triplet state energies of the complexes are 
known with certainty, one can use energy transfer 
to simplify the emission spectrum of a given ion by 
selectively exciting resonance levels. This tech
nique has been used to aid in the assignment of a 
new group of lines in the emission spectrum of 
Tm3+.4

Bracketing Triplet State Energies.— Conversely, 
whenever the luminescence spectra observed from a 
series of lanthanide chelates are too weak or too 
complex to ensure accurate measurements of the 
phosphorescing (triplet) states, one can employ 
energy transfer as an aid in bracketing the energies 
of these states.

In Fig. 2 we have plotted the principal resonance 
levels of those rare earth ions exhibiting especially 
bright line emission and the triplet state energies 
of some typical rare earth chelates. Both reso
nance levels of trivalent europium have been in
cluded. This manifold of resonance levels spans 
an energy range of ~3700 cm.-1. The energies of 
the lowest triplet states of most of the rare earth 
complexes studied thus far fall within the same re
gion. This happy circumstance has enabled us to 
determine the positions of the triplet state energies 
within certain limits whenever direct measure
ments of the phosphorescences led to uncertain re
sults.

Benzoylacetonate chelates of the ions indicated 
in Fig. 2 all yield bright line emission, thus locating 
the lowest triplet level above 20,958 cm.-1 (D y3+ 
resonance level). For the corresponding diben- 
zoylmethide chelates, line emission originating from

(3) G. A. Crosby and R. E. Whan, J. Chem. Phys., 32, 614 (1960).
(4) G. A. Crosby and R. E. Whan, ibid., 36, 863 (1962).
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all these trivalent ions is observed with the single 
exception of D y3+. This brackets the triplet 
levels of these complexes between 20,430 and 20,958 
cm.-1.2 For many of the benzoylacetonate and di- 
benzoylmethide chelates (trivalent La, Sm, Gd, Dy, 
Tm, Yb, Lu) the phosphorescences were sufficiently 
intense so that measurements of the highest energy 
phosphorescence bands were readily obtained. 
The averages of these measurements place the 
triplet state energies of the benzoylacetonate and di- 
benzoylmethide chelates at 21,480 and 20,520 
cm.-1, respectively. These measured values of 
the triplet state energies fall within the lim its  de
termined by the line emission properties of the 
chelates as given above.

For the rare earth chelates derived from 8-hy
droxy quinoline the problem is more complicated. 
The phosphorescences from these complexes are 
very weak and the measurements of the weak emis
sions observed are subject to much uncertainty. 
The difficulty is compounded further by the fact 
that dissociation and photodecomposition of the 
complexes occur, which casts considerable doubt 
concerning the origins of the emissions photographed 
experimentally. A  very weak and diffuse band is 
found at ~17,760 ±  100 cm.-1 for the gadolinium 
complex. That this is indeed the emission from the 
triplet state of the chelate is rendered more certain 
by the fact that europium forms the only rare earth 
complex derived from 8-hydroxyquinoline that ex
hibits bright line emission, and this emission origi
nates only from the lower resonance level (17,250 
cm.-1). This brackets the triplet energy level of 
the rare earth complexes derived from 8-hydroxy- 
quinoline between 17,250 and 17,800 cm.-1, lend
ing credence to the previously measured value of 
17,760 cm.-1. The utility of employing intra
molecular energy transfer as an aid for assigning 
triplet state energies is well illustrated by this 
series of compounds.

An even more complicated set of luminescence 
spectra is obtained from the series of chelates de
rived from o-hydroxybenzophenone. A solution 
of Gd(BP)3 in pure 3-methylpentane exhibits an 
intense but diffuse phosphorescence with the first 
band maximum appearing at 17,400 cm.-1 (Fig. 3a). 
In an EP glass5 this compound also phosphoresces 
brightly, but the phosphorescence extends to some
what shorter wave lengths with an additional 
prominent peak appearing at ~18,200 cm.-1. In 
a hydroxylic EPA glass at least two phosphores
cences are observed; an intense but diffuse band 
in the range of 5000-7000 Â. and a less intense but 
well defined phosphorescence between 4000 and 
5000 Â. There is no observable fluorescence in 
any of the solvents. Analogous behavior is ex
hibited by the corresponding La3+ complex in EP 
and EPA (Fig. 3b). The change of the observed 
luminescences with solvent change and the ap
pearance of more than one molecular phosphores
cence suggest that appreciable dissociation is oc
curring. Increased dissociation of the complex 
upon addition of a hydroxylic component is ex
pected on the basis of increased polarity and the 
possibility of solvation through hydrogen bonding.

(5) See Experimental section.

W A V E L E N G T H ,  A ,

4000 5000 6000 7000

Fig. 3.—Total emission spectra: (a) Gd(BP)s; (b)La(BP)3; (c) Na(BP); (d) o-hydroxybenzophenone;---------, EP glass a t 77 ° K . ; -------- , EPA glass at 77 °K.;.......... , 3-methylpentane glass a t 77°K.
Further evidence for dissociation is presented in 

Fig. 3c and 3d. The total emission spectra of o- 
hydroxybenzophenone and its sodium salt should 
be compared with the spectra of the rare earth com
plexes in EPA. The well defined 4000-5000 
Â. phosphorescences in the latter spectra correlate 
in detail with the prominent emissions observed 
from the chelating agent and its sodium salt. A 
conspicuous ~1550 cm.-1 progression is common 
to them all. The addition of trichloroacetic acid



2496 G. A. Ckosby, R. E. Whan, and J. J. Freeman Vol. 66

WA V E L E N G T H ,  A.

3000 3400 3800 4200 4600

Fig. 4.—(a) Absorption spectrum of o-hydroxybenzophe- none a t 1.4 X 10“ 4 M  in EPA or EP a t 25° in 1 cm. path, (b) Absorption spectra of the trivalent lanthanum chelateof o-hydroxybenzophenone at 5.5 X 10 “ 6 M  a t 2 5 ° : -------- ,E P ; -------- , EPA.
to the EPA solution of the Gd(BP)3 complex, which 
dissociates extensively in an acidic medium, results 
in a solution which exhibits only this blue phos
phorescence. From this we conclude that the dis
sociation product giving rise to this phosphores
cence is the parent chelating agent.

Material balance requires the existence of other 
species such as complexes of a rare earth ion with 
two or possibly only one ligand. Emission from 
these species is expected to be at longer wave 
lengths than the emission from the parent chelating 
agent but at shorter wave lengths than the phos
phorescence from the fully chelated species. The 
appearance of the additional peak at 18,200 cm. " 1 
in the phosphorescence of Gd(BP)s in EP and EPA 
glasses, where dissociation does occur, suggests 
that this peak originates from the partially chelated 
species. The addition of excess GdCls to an EPA 
solution of GdÇBPR results in an increase in the 
intensity of this 18,200 cm. " 1 peak. Reasoning 
from chemical equilibrium this addition is ex
pected to increase the concentration of partially 
chelated species and to diminish that of the fully 
chelated one.

Absorption spectra of the compounds also sup
port these conclusions. The absorption spectrum 
of o-hydroxybenzophenone in either EP or EPA 
possesses a broad band in the near ultraviolet with 
Xmax 3875 Â. (emax 4300) (Fig. 4a). Solutions of

the corresponding rare earth complexes in 3-methyl- 
pentane, where little or no dissociation is expected, 
show two broad peaks in this region; one with 
Xma* 3425 A., and another with Xmax 3850 Â. Both 
these bands must be attributed to transitions 
within the fully chelated rare earth complexes. 
The absorption spectra in EP are very similar to 
those obtained in 3-methylpentane with the long 
wave length band having a greater absorbance than 
the short wave length one (Fig. 4b). In EPA, 
where more extensive dissociation is expected, 
however, the relative absorbances are reversed.

The absorption spectrum of the sodium salt of
o-hydroxybenzophenone also shows solvent effects. 
This compound exhibits two absorption maxima at 
about the same wave lengths as those present in the 
rare earth complex (no figure included). These 
two bands have about equal intensities when the 
sodium salt is dissolved in EPA but the long wave 
length band almost disappears when the solvent is 
changed to water. (The compound is not soluble 
in carefully dried EP.) Since the absorbance of 
the 3400 A. band of the sodium salt and the rare 
earth complexes always increases on going to 
more hydroxylic solvents, then part of the absorb
ance must be attributed to a dissociation product, 
probably the parent chelating agent. The corre
sponding decrease in the intensity of the 3850 A. 
peak accompanying the same changes in solvent 
identifies it as belonging to the complexes. Thus 
the absorption spectra of these compounds es
tablish the presence of a dissociation species pos
sessing an electronic transition similar to that of 
the parent chelating agent, supporting our pre
vious assignment of the blue phosphorescence 
(4000-5000 A.) to the parent chelating agent.

The low energy and long life (>  10-4 sec.) of the 
5000-7000 A. band appearing prominently in the 
luminescences of the chelates establish it to be 
triplet-singlet emission. The enhancement of the 
intensity of this band upon changing the coordi
nated metal ion from Pr8+ to Gd3+ shows that the 
emitting species in these cases contain the metal 
ions. This enhancement is in accord with the 
general observation that for a series of chelates the 
Gd3+ compound has the highest yield of lumines
cence.1 The lack of any well defined structure on 
this long wave length phosphorescence band and its 
intensity changes upon addition of metal chloride 
to a solution of chelate suggest that it originates 
from more than one species containing a metal ion.

That the 5000-7000 Â. phosphorescence band 
does originate from more than one species is clearly 
demonstrated by the emission properties of solu
tions of the samarium chelate of o-hydroxybenzo- 
phenone. When the samarium complex is dis
solved in 3-methylpentane and excited by ultra
violet light, only extremely weak lines are ob
served from the complexed Sm3+ ion. In an EP 
solvent the lines are slightly enhanced. Addition 
of ethanol to the solution results in a definite in
crease of intensity of these lines. A marked en
hancement of them is observed upon addition of ex
cess SmCl3 to the chelate solution (see Fig. 5). 
SmCl3 alone, at this concentration, yields negligible 
luminescence. Since addition of alcohol favors
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Fig. 5.—Total emission spectra of solutions of Sm(BP)3 (1 X 10~6M): (a) EPA glass at 77°K.; (b) plus 5 X 10-6 
M  SmCb in EPA glass at 77 °K.
more dissociation of the trichelated species and the 
subsequent addition of excess SmCl3 also promotes 
an increase in concentration of the mono- and di- 
chelated Sm3 + ion, we conclude that the species 
giving rise to the Sm3+ lines is either the Sm- 
(BP)21+ or Sm(BP)i2+ but is certainly not Sm(BP)3. 
(An attempt to suppress the dissociation of the 
Sm(BP)3 by addition of the corresponding sodium 
salt failed because of precipitation at low tempera
tures.) Further evidence in support of this con
clusion is the unexpected low intensity of the Sm3 + 
line emission observed from this chelate in 3- 
methylpentane and EP; for when line emission 
from chelates of Sm3+ is observed, it is generally 
much stronger (by a factor of 10s). We interpret 
these results to mean that the dissociation prod
ucts giving rise to the sensitized line emission of 
Sm3+ are present only at low concentrations.

Even though accurate measurements of the tri
plet energy levels of the various dissociation prod
ucts present in solutions of these rare earth com
plexes are precluded by the complexity of the phos
phorescences measured from an equilibrium mix
ture, it is still possible to bracket the energy levels 
within narrow limits by a study of the luminescence 
spectra obtained from the Sm3+ and Eu3+ com
plexes. Europium trisdibenzoylmethide exhibits 
bright line emission originating from both the Eu3 + 
resonance levels (Fig. 6a) but the europium com
plex of o-hydroxybenzophenone exhibits bright 
line emission originating only from the lower reso
nance level of the ion (17,250 cm.“ 1) (Fig. 6b), in-

W A V E L E N G T H ,  A -
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Fig. 6 .—Eu3 + line emission from: (a) chelate of diben- zoylmethane in EPA glass at 77 °K.; (b) chelate of o -hydroxybenzophenone in EPA glass at 77°K. The arrows in (a) indicate prominent lines originating from the upper resonance level of the europium ion; these lines do not appear in (b).

dicating that all the species in solution containing 
coordinated Eu3+ have triplet levels below 19,020 
cm.“ 1 and that the fully chelated species has a 
triplet level between 17,250 and 19,020 cm.-1 (the 
two Eu3+ resonance levels; see Fig. 2). For solu
tions of the chelate of samarium with o-hydroxy
benzophenone the weak line emission observed does 
not originate from the fully chelated ion, placing 
the triplet of this species below 17,800 cm.“ 1 (sa
marium resonance level) but above 17,250 cm.“ 1 
(the lower Eu3+ level). The value of 17,400 cm.“ 1 
measured from Gd(BP)3 in 3-methylpentane falls 
within this range. Since Sm3+ line emission is ob
served from a dissociation product, this locates the 
triplet level of the product above 17,800 cm.“ 1 
but below 19,020 cm.“ 1. The 18,200 cm.“ 1 peak 
(mentioned above), which was attributed to a 
partially chelated species, lies in an energy region 
consistent with this analysis.

It is assumed for the above arguments that the 
absence of fluorescence from the second resonance 
level of Eu8+ is proof that the triplet level of the 
complex lies below this level. It might be argued 
that interactions with the ligand are quenching this 
higher level so efficiently that no fluorescence can 
be observed from it. Because the local environ
ment of the metal ion does not differ appreciably 
from one chelate to the other, one would not expect 
the quenching to differ much either. For chelates 
of Eu3+ with benzoylacetone and dibenzoyl-
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Fig. 7.—The line emission spectra of P r3+ chelates of: (a) benzoylacetone (10~64f) in EPA glass a t 77°K.; (b) dibenzoylmethane (10~ 6 M )  in EPA glass at 77°K.; (c) o-hydroxybenzophenone (10~6 M )  in EP glass at 77°K.

methane, the upper resonance level is not quenched 
out (see Fig. 6). This lends strong support to our 
thesis that the position of the triplet level of the 
complex is the variable which is responsible for the 
presence or absence of luminescence from ion reso
nance levels.

Another interesting feature of the emission spec
tra of the rare earth chelates of o-hydroxybenzo
phenone is the virtual disappearance of the com
posite 5000-7000 A. phosphorescence band upon 
changing the coordinated metal ion from La3+ 
or Gds+ to Sm3+, Pr3+, or Eu3+. This behavior is 
in agreement with the evidence from other series 
of rare earth chelates that low-lying 4f electronic 
energy levels provide an efficient path for the

Fig. 8 .—Energy level diagram showing the energy levels of P r3+ (after Dieke and Samp, ref. 6 ) and triplet state energies of P r3+ chelates. For abbreviations see Fig. 2. -------- indicates resonance level.

quenching of the phosphorescence state of the com
plex molecules.1

In summary, it has been shown that (a) rare 
earth chelates of o-hydroxybenzophenone dissociate 
appreciably in EPA; (b) the triplet state energy of 
the fully chelated metal ion complex lies definitely 
between 17,250 and 17,800 cm.-1 with a measured 
value of approximately 17,400 cm.-1 ; (c) at least 
one dissociation product containing the metal ion 
has a triplet state energy above 17,800 cm.-1 but 
below 19,000 cm.-1, with a measured value of ap
proximately 18,200 cm.-1 ; (d) intramolecular
energy transfer to the metal ion is an efficient proc
ess even in partially dissociated complexes; and
(e) low-lying 4f electronic levels of the rare earth 
ions provide an efficient means for quenching the 
phosphorescence of the complex molecules.

Selective Excitation of Coordinate Pr3+.—■ 
Having established the triplet state energies of the 
lanthanide chelates of benzoylacetone, dibenzoyl
methane, and o-hydroxybenzophenone, this in
formation can be used to study the luminescences 
of other rare earth ions whose spectra are more 
difficult to interpret. These data are useful in the 
study of the emission spectrum of the coordinated 
trivalent praseodymium ion. This ion is reported 
to fluoresce brightly from the anhydrous chloride 
under direct excitation and the prominent reso
nance levels have been established.6 No emission 
from the coordinated ion has been reported. By 
using energy transfer in the above chelates to excite 
this ion indirectly, we have succeeded in photo
graphing the emission of the coordinated Pr3+ ion.

For all the complexes the luminescences consist
(6) G. H. Dieke and R. Sarup, J. Chem. Phys., 29, 741 (1958).
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of molecular fluorescence and phosphorescence and 
groups of very weak lines characteristic of the Pr3 + 
ion. The latter are diffuse and ill-defined and are 
obtained only under prolonged exposures. For 
the benzoylacetonate chelate, four groups of lines 
are observed in the region of 6000-10,000 Â. (see 
Fig. 7). The Pr3+ emission from the dibenzoyl- 
methide chelate also consists of four groups of lines, 
but some prominent components present in the 
spectrum of the benzoylacetonate chelate are miss
ing. The line emission from the o-hydroxybenzo- 
phenone chelate of Pr3+ is simpler still, with the 
highest energy group of lines disappearing en
tirely.

In Fig. 8 we have plotted the known resonance 
levels of the Pr3+ ion and triplet state energies of 
the three chelates used in this study. The pro
gressive simplification of the line spectra discussed 
above can be correlated to the positions of the reso
nance levels of the ion relative to the triplet state 
energies of the complexes. In praseodymium tris- 
benzoylacetonate, all three resonance levels can be 
excited by energy transfer. In the dibenzoyl- 
methide chelate, just the lower two levels can be 
excited, adequately accounting for the non-ap
pearance of some of the Pr3+ lines in the spectrum 
of this compound. For the chelate derived from
o-hydroxybenzophenone only the lowest resonance

level of the Pr3+ ion can be excited by intramolec
ular energy transfer, resulting in the simplest ion 
spectrum observed from the three compounds.

We wish to emphasize that the emission spectra 
observed from chelates of the Pr3+ ion are ex
tremely weak and require many hours of exposure. 
Total luminescence yields from the compounds are 
low, indicating that the closely packed energy 
levels of the Pr3+ ion provide an extremely efficient 
path for energy degradation. This fact along 
with the diffuseness of the observed lines shows 
that the Pr3+ ion is coupled strongly to the ligands. 
Strong coupling for this ion also is reported for 
hydrated inorganic salts.

Rare earth chelates comprise a class of com
pounds especially valuable for studying energy 
migration in complex molecules. Because of the 
intrinsic optical properties of these ions, they as
sume a unique role as internal indicators for these 
radiationless processes. In addition, the phenom
enon of intramolecular energy transfer permits 
selective excitation of rare earth ions and provides 
useful information for locating the lowest triplet 
states of the complexes themselves.

Acknowledgments.— The research presented in 
this communication was sponsored by Sandia 
Corporation under P.O. No. 51-0244 and by the 
National Science Foundation.

T H E  E X T E R N A L  H E A V Y -A T O M  S P I N -O R B I T A L  C O U P L IN G  E F F E C T . I I I .  
P H O S P H O R E S C E N C E  S P E C T R A  A N D  L IF E T I M E S  O F  E X T E R N A L L Y

P E R T U R B E D  N A P H T H A L E N E S 12

B y  S. P. M cG ly n n , M. J. R eynolds , G. W. D a ig r e , and N. D . C hristodoyleas

C o a t e s  C h e m i c a l  L a b o r a t o r i e s ,  L o u i s i a n a  S l a t e  U n i v e r s i t y ,  B a t o n  R o u g e  3 ,  L o u i s i a n a

Received May 25, 1962

The phosphorescence spectra and decay times of naphthalene and all of its 1-monohalogenated derivatives have been measured at —190° in EPA , 18 and in cracked glasses which consisted of the various combinations of halonaphthalene and propyl halide in 2:5 mole ratio. The lifetimes were found to decrease as the spin-orbital coupling factor of either the internal or external halogen increased. I t  is concluded that weak complexes of a charge-transfer nature form and tha t there is a genuine heavy-atom effect. The phosphorescence decays, as expected, were found in all cases to be non-exponential, and to be reproducible analytically only as the sum of a large number of first order decays of different rate constants. I t  is concluded from this behavior that complex geometry can vary considerably about some most probable conformation.I t  is found that the product Tp(ft +  fE)z is roughly constant, deviations from constancy being interpretable as due to increasing phosphorescence quenching and radial contributions to the perturbation integral H't.sp- The results obtained a t +30° from absorption data and at —195.8° from phosphorescence data are shown to be identical, and to validate the spin-orbital coupling and complexing premises.Shifts in the 0,0 position of the T —*■ S emission have been observed for the one emitter in various matrices. These shifts are of the order of 0.25-0.5 kcal./mole and are of the same relative behavior as the ratios of lifetimes in the various media. Shifts in various fundamental vibrational frequencies also have been noted, and a geometric specificity of interaction is derived therefrom. An analysis of the T —*■ S emission of naphthalene is possible ir. terms of four ag vibrational frequencies, in accord with the Ba, -*■  Aig nature of this transition.
Introduction

It was observed by Kasha3 in 1952 that a binary 
solution of two colorless components: 1-chloro- 
naphthalene and ethyl iodide, was of a yellow color.

(1) This research was supported by a National Science Foundation 
Grant to The Louisiana State University, and by a Grant-in-aid 
from the American Instrument Company of Silver Spring, Maryland.

(2) Other papers in the present series are: (I) S. P. McGlynn,
R. Sunseri, and N. Christodoyleas, J. Chem. Phys., submitted for 
publication; and (II) J. Nag-Chaudhuri, L. Stoessell, and S. P. Mc
Glynn, J. Mol. Spectroscopy, submitted for publication.

(3) M. Kasha, J. Chem. Phys., 20, 71 (1952).

The effect was attributed to an increase of spin- 
orbit coupling in the halonaphthalene. The sup
position that just such a relaxation of spin-forbid- 
denness might occur preceded the observation,4 
and this supposition apparently derived from an 
intuitive association of the known effectiveness 
of ethyl iodide as a fluorescence quencher6 with the 
demonstration of intramolecular heavy-atom spin-

(4) M. Kasha, private discussion.
(o) P. Pringsheim, “ Fluorescence and Phosphorescence,” Inter

science Publishers, New York, N. Y., 1949.
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orbital coupling by McClure.6 It was thought that 
the ethyl iodide was functioning as a fluorescence 
quencher in liquid solution by promoting inter
system crossing from the fluorescent singlet level 
to the triplet manifold of levels.

The generality of this intermolecular heavy- 
atom enhancement of T S transition probabilities 
now has been reasonably well established.2'7.8 
However, all investigations, with a few exceptions 
have been confined to measurement of absorption 
spectra. No significant attention has been given 
to the equally relevant measurements of phos
phorescence lifetimes or the relative phosphores
cence to fluorescence quantum yields of externally 
perturbed emitters. And yet these types of 
measurements would seem to afford a very direct 
means of establishing whether the observed spin- 
orbital coupling increases were brought about by 
energetic collisions as suggested by Kasha or by a 
weak complexation as suggested by McGlynn.9 
The reasons for this differentiation might be stated 
as follows: since emission experiments will be 
carried out at —190° in the conventional manner 
in some sort of solid matrix, “ energetic collision” 
will be impossible, and an observed decrease of 
phosphorescence lifetime, rp, or of the ratio fluores- 
cence/phosphorescence, <i>f/tf,p, will be compatible 
only, to a good level of approximation, with the 
idea of a complex between the emitter and the 
perturber. It is true that high local pressures 
resulting from strains, defects, etc., in the solid 
matrix might produce the same effect as an 
“ energetic collision.”  However, in view of the 
results of the high pressure experiments of Robert
son and (R. E.) Reynolds10 on the 1-chloronaph- 
thalene-ethyl iodide liquid system, where significant 
changes of pressure produced only small changes in 
optical density, major decrease of rp or of $f/  
4>p due to local pressures (or “ frozen collisional 
conformations” ) in glasses would not seem likely.

The reasons behind the suggestion of a weak 
complex between emitter (absorber) and perturber 
also must be elaborated. The interpenetration of 
the x-electrons of, let us say, 1-chloronaphthalene 
into the vicinity of the large field gradient of io
dine which is necessitated by the results of Kasha3 
obviously implies charge transfer from the 1- 
chloronaphthalene to the ethyl iodide. The ques
tion then becomes one of degree: is the charge 
transfer caused by complexing, contacting,11 or 
collision? It seems appropriate to consider the 
concept of “ contact.”  A “ contact”  implies that 
at a distance of separation of a donor-acceptor 
pair equal to the sum of their van der Waals radii, 
there is some donor-acceptor orbital mixing. It 
implies11* that mixing of wave functions can occur

(6) D. S. McClure, J. Cham. Phys., 17, 905 (1949).
(7) S. P. McGlynn and M. Kasha, “ Symposium on Molecular 

Structure and Spectra,”  Ohio State University, Columbus, Ohio, 
June, 1954, to be published shortly: fluorine, chlorine, bromine, and 
iodine substituted in saturated hydrocarbons, and sulfur in carbon 
disulfide.

(8) R. S. Becker, private discussion: lead in tetraalkyllead deriva
tives.

(9) S. P. McGlynn, Chem. Rev., 58, 1113 (1958).
(10) W. W. Robertson and R. E. Reynolds, J. Chem. Phys., 29, 

138 (1958).
(11) R. S. Mullikcn, Rec. Irav. chim., 75, 845 (1956).
(11a) J. N. Murrell, Mol. Phys., 3, 319 (19G0).

without any resulting significant stabilization or 
destabilization of the donor-acceptor pair. In 
practice, however, it denotes the situation where 
effects not attributable to energetic collisions are 
observed, but where definite complexing cannot be 
detected either. If some effect due to contacts 
(and not to complexes or collisions) were isolable 
then presumably such an effect would be tem
perature independent. No such “ clean”  effect 
has thus far been unearthed, and in its absence the 
present authors prefer to consider a contact as a 
complex, the stabilization energy of which is less 
than ambient thermal energy kT. This latter 
viewpoint is, of course, pragmatic in that it makes 
logical for us the situation in which at room tem
perature one can measure for a binary solution by 
Benesi-Hildebrand procedures12 an equilibrium 
constant K  ~  0 and an extinction coefficient e ~  
°° ,13 and for which at —190°, where collisions must 
be considered unimportant, one can detect large 
decreases of rp for one of the components attribut
able to the presence of the second constituent.

Recent work by Tsubomora and Mulliken14 
on the oxygen enhancement of T S transition 
probabilities indicates that this relaxation of spin- 
forbiddenness is not connected with the magnetic 
moment of oxygen. Rather, it would seem to in
dicate that the charge-transfer state functions by 
mediating the mixing of singlet and triplet states 
of the donor, and that the phenomenon should be 
quite general (at least for weak complexes) and 
independent of acceptor species (i.e., oxygen or 
ethyl iodide). There exists evidence that such is 
true in some well defined complexes: it is known15 
that in the complex of anthracene with sym-tri
nitrobenzene, rD decreases and <i>p increases relative 
to uncomplexed anthracene, and Czekalla16 has 
shown that in a wide variety of complexes of non- 
paramagnetic non-heavy-atom-containing com
ponents, decreases of rp hy an order of magnitude 
are not uncommon. An increase of the ratio 
<f>p/<f>f has been observed17 for some of the same 
complexes. Similar decreases of rp of solutes dis
solved in media with which no interactions of 
significance have ever been detected also have been 
observed (vide infra). At least this latter case 
accords with the predictions of Tsubomora 
and Mulliken,14 and undoubtedly the case of 
strong interaction could be similarly interpreted, 
although probably with lesser validity.

Now that the situation to which the present 
work has reference has been sketched it is well 
to say what this work is and what it hopes to do. 
Briefly, the lifetimes (rp) and phosphorescence 
spectra of naphthalene, 1-fluoronaphthalenc, 1- 
chloronaphthalene, 1-bromonaphthalene, and 1- 
iodonaphthalene have been measured separately in

(12) H. A. Benesi and J. H. Hildebrand, J. Am. Chem. Soc., 71, 
2703 (1949).

(13) S. P. McGlynn and R. Sunseri, to be published; system 1- 
chloronaphthalene and ethyl iodide.

(14) H. Tsubomora and R. S. Mulliken, J. Am. Chem. Soc., 82, 
5966 (1960), and references contained therein.

(15) S. P. McGlynn, J. D. Boggus, and E. Elder, .7. Chem. Phys., 32, 357 (1960).
(16) J. Czekalla, G. Briegleb, W. Herre, and H. J. Vahlensieck 

Z. Elektrochem., 63, 715 (1959).
(17) N. Christodoyleas and S. P. McGinn, to be published.
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each of the four solvent media: EPA,18 propyl 
chloride, propyl bromide, and propyl iodide. It is 
thought that the results will show that the heavy 
atom enhancement effect of T <—> S transition prob
abilities is not collisional, and that there is a valid 
heavy-atom effect, in contradistinction to the ap
parently insignificant paramagnetic field effects of 
oxygen, nitric oxide, and various transition metal 
ions. This latter finding would require some modi
fication of the Mulliken-Tsubomora theory at least 
for these systems. However, such is not the pur
pose of this note, and it will be deferred until presen
tation of the available experimental evidence7’13’17 
is complete.

It is to be noted that some of these stated aims 
previously have been achieved by others. It has 
been observed19 that the phosphorescent lifetimes 
various substituted phthalimides measured in some 
twenty-one different solvent media were lowest, 
or among the lowest, in cracked glasses (?) of 
propyl bromide. Large decreases of rp were, 
however, also observed by these authors in non- 
heavy-atom-containing media. The benzene trip
let lifetime at liquid nitrogen temperatures is 
in EPA,20 7 sec.; dioxane,20 5 sec.; alcohol,21
3.3 sec.; water,21 0.95 sec.; and carbon tetra
chloride, 0.66 sec. Graham-Bryce and Cork- 
hill22 undertook an investigation of the phosphores
cence of coumarin, acid fluorescein, N,N-dimethyI- 
aniline, and eight isomeric dinitronaphthalenes 
in glassy solutions containing one part in twenty- 
one (by volume) of ethyl iodide; in all cases the 
effect of the ethyl iodide was to increase the in
tensity of phosphorescence and decrease rp. The 
experimental work of these latter authors was 
superior to the present in at least one respect: 
the use of a glassy medium at liquid nitrogen tem
peratures. However, the effect of ethyl iodide 
probably was somewhat obscured, in view of the 
results of Sveshnikov and Petrov,21 by the large 
proportion of alcohols in the glass used; in addi
tion since only one heavy atom-containing solvent 
was used it is impossible to state unambiguously 
that a heavy atom effect is operative. Apart 
from these comments, the motives and results of 
these authors22 accord with those of the present 
work.

Experimental
Chemicals.—Diethyl ether, ethyl alcohol, and isopentane were purified in the previously described manner.15 The other chemicals were all Eastman White Label grades. 1- Fluoronaphthalene, 1-chloronaphthalene, and 1-bromo- naphtlialene were fractionated under vacuum. The fractions used were: 1-chloronaphthalene 142-144° (30 mm.), 1- bromonaphthalene 95-96.5° (3 mm.), and 1 -fluoronaphtha- lene 57-59° (3 mm.). The 1-bromonaphthalene was run through a column of activated alumina prior to use. Naphthalene and propyl chloride were used without further purification. Samples of naphthalene which had been extensively zone-purified and chromatogrammed were available and it was verified tha t direct use of the Eastman product
(18) 5 parts ether, 5 parts isopentane, and 2 parts alcohol, by volume.
(19) E. N. Viktorova, I. A. Zhmyreva, V. P. Kolobkov, and A. A. 

Saganenko, Optika i Spekt., 9, 349 (1960).
(20) Y. Kanda and R. Shimada, Spectrochim. Acta, 17, 7 (1961).
(21) B. Y. Sveshnikov and A. A. Petrov, Doklady Akad. Nauk 

SSSR, 71, 46 (1950).
(22) 1. J. Graham-Bryce and J. M. Corkhill, Nature, 186, 965 

(1960).

did not adversely affect any of the work reported herein. 
1 -Iodonaphthalene, propyl bromide, and propyl iodide were run through a 15-cm. column of activated alumina prior to use.Apparatus and Methods.—(a) Lifetimes: The phosphorescence emission was excited by either a d.c. operated Hanovia high pressure mercury-xenon lamp or a d.c. General Electric AH-6 mercury lamp. The phosphorescence emission was purified mechanically by a Becquerel phosphoroscope driven by a Zeromax motor continuously variable from 0-1200 r.p.m. The phosphorescence decay was picked up by a 1P21 photomultiplier, displayed on the screen of a Tektronix 545A oscilloscope, photographed, and analyzed on a microfilm reader.The photomultiplier voltage was supplied by an Atomic Instrument Co. super-stable high voltage source to a standard voltage dividing network of resistors which held the successive stages 100 v. apart. The 1 megohm input impedance of the oscilloscope was used as the anode load resistor. The entrance slit to the photomultiplier was adjusted so tha t the anode load current was always less than 10  ga. for a display on the oscilloscope screen and was thus within operational limits for maximum linearity recommended by the manufacturer.The oscilloscope was operated on d.c. coupled internal trigger with signal inverted. The sharp pulse given by the initial burst of light as each slot of the phosphoroscope opened was used as the trigger for the horizontal sweep. Single sweep pictures were taken only of the first two haif-lives. However, some visual observations were made on later lifetimes using the sweep delay feature of the Tektronix 545A. This was effected by the simultaneous use of two time bases, A and B . Time base B was used to provide an accurate time delay while time base A presented a normal horizontal sweep at the end of the delay period. After determination of the magnitude of the first observable half-life, this value was used on B as the delay. The value of rp measured for each successive half-life was added to the delay time. The entrance slit on the phototube was adjusted each time to give full scale display at the beginning of the delayed sweep. In this manner as many as eleven consecutive half-lives were measured.

All measurements were made at 77°K. in quartz sample holders immersed in quartz liquid nitrogen dewar vessels. The experimental arrangement was such tha t selective filters, neutral density filters, or monochromators could be interposed in the exciting beam or the purified phosphorescent beam. A variety of high intensity flash sources with flash times from 5 X 10~7 sec. to 10-3  sec. were available, and were used, particularly, in conjunction with manual shuttering. In addition the Aminco-Keirs spectrophos- phorimeter became available toward the end of this project, and most of the lifetimes quoted were measured or checked with this instrument.
(b) Phosphorescence Spectra: Essentially the samephysical set-up was used as for the lifetime measurements except that an a.c. operated AH-6 lamp was used, and that a Steinheil spectrograph replaced the multiplier-oscilloscope assembly. The linear reciprocal dispersion at the employed 

spectrograph setting was 80 A./mm. at 5800 A. and 20 A ./ 
mm. a t 4250 A. Kodak spectroscopic plates, Type 103a-F-(3) were used throughout, and were traced on a Leeds and Northrup recording microphotometer.

(c) Glass Matrix: I t  was found tha t a mixture of a propjd halide and 1-halonapht.halene in a 5:2 mole ratio would form rigid cracked glasses at 77 °K. if e x t r e m e  care were taken in preparation and cooling. Indeed glasses sometimes could be obtained but these cracked upon the slightest provocation ( i . e . ,  exposure to the exciting light). However, the transmittancy of these “cracked glasses” was quite high and since significant crystallization seemed not to have occurred it is these glasses which were used in all cases of mixtures investigated.Resort, to these cracked glasses was had for a number of reasons. F i r s t ,  amounts of propyl halide which are capable of producing changes in rp of the 1 -halonaphthalene may not be added to the solution of 1-halonaphthalene in EPA without the occurrence of considerable cracking and crystallization upon cooling the resulting mixture; in other words one must have high concentrations of perturber. S e c o n d ,  even though heavv-atom-containing glasses are available (e.r/., replacement of alcohol of the EPA by ethyl iodide), these
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glasses do not cover a representative range of heavy atoms. 
T h i r d ,  it was considered important to investigate all samples under as closely identical conditions as possible, and thus a series of cracked glasses was to be preferred to a series in which some were cracked and some were not. F o u r t h ,  it is significantly easier to work with propyl halides than with ethyl halides.

Results
Phosphorescence Lifetimes.—-The first lifetimes 

(actually “ first observable mean lifetimes,” 
vide infra) of the pure halonaphthalenes in EPA, 
as well as those of the halonaphthalene-propyl 
halide cracked glasses, are given in Table I. 
Marked changes of rp have occurred, and cover a 
total range of 2.6 to 0.00095 sec. The remarkable 
fact emerges immediately that the decrease in rp 
occasioned by an external I-atom is greater than 
that caused by an internal Cl-atom, and roughly 
comparable to that due to an internal Br; an 
internal Cl is less effective than an external Br, and 
roughly equal to an external Cl.

T able I
F irst O bservable M ean L ifetimes ( in Seconds) of 
N aphthalene and its H alogen D erivatives  in  Several

Solvents

---------------------------Solvent-------------------------- -

Emitter EPA
Propyl
chloride

Propyl
bromide

Propyl
iodide

N aphthalene 2 .6 0.52 0.14 0.076
a-Fluoronaph- 1.4 0.17 0 .1 0 0.029

thalene
a-Chloronaph- 0.23 0.075 0.059 0.023

thalene
a-Bromonaph- 0.014 0.0073 0.0069 0.0063

thalene
a-Iodonaph- 0.0023 0.0014 0 .0 0 12 0.00095

thalene
It is further to be noted that the heavier the 

halogen of the propyl halide the smaller is rp. 
A sufficiently representative series of solutions have 
been studied to conclude that there is indeed a 
valid heavy-atom effect. This immediately im
plies extension of the Mulliken-Tsubomora model,14 
since in its present form it does not encompass 
these results. McClure studied the effect on life
times of changing like atoms in a substitutional 
series, as for example in going from 1-fluoronaph- 
thalene to 1-chloronaphthalene, etc. The product 
rPti2, where ft is the atomic spin-orbital coupling 
factor of the internal halogen, was found to be a 
reasonable constant. If the perturbation by an 
external halogen is considered to be also of spin- 
orbital coupling origin, and to be independent of the 
internal perturbation, then one may conclude that 
Tp (fi +  Ce) 2, where fg  is the atomic spin-orbital 
coupling factor of the external halogen, should be 
a constant. Such a tabulation is given in Table II, 
wherein it is seen that the constancy of the tabu
lated numbers is better by a factor of 102 than the 
numbers of Table I, and is sufficiently impressive 
to conclude the approximate truth of the assump
tions made. The fi  considered characteristic of 
naphthalene was that for the H-atom, and ("e 
of EPA was considered to be that for the OH- 
group. It would seem that these assumptions, 
however naive, are justified by the numbers of 
Table II.

T able II
M ean L ifetime T imes the Sum of I nternal and 
E xtern al  Spin-O rbital C oupling F actors Squared  

( in Seconds cm. -2 X  10—4)
/----------------- -----Solvent----------------------- '

Emitter EPA
Propyl
chloride

Propyl
bromide

Propyl
iodide

Naphthalene 50.2 39 104 219
a-Fluoronaph- 27.4 1 2 .6 74.5 82.5

thalene
a-Chloronaph- 1 2 .6 10.3 55.3 73.7

thalene
a-Bromonaph- 9.4 6 .8 16.7 35.8

thalene
a-Iodonaph- 6 .2 4.16 6.85 11.4

thalene
The inconstancies in Table II are quite regular: 

a decrease occurs in going down any column, and 
when the EPA and propyl chloride columns are 
inverted an increase occurs on traversing any row 
from left to right. Two explanations may be 
provided for these results: (1) An increase of fr 
is known to increase $isc> the quantum yield of 
radiationless intersystem crossing from the lowest 
excited singlet state to the triplet state; by the 
same token it also must be expected to increase 
$ qp, the quantum yield of the radiationless inter
system crossing from the lowest triplet state to the 
singlet ground state (i.e., increased quenching of 
phosphorescence is expected). In other words, 
rp =  1 /(A:P +  &q p ), and the effect of internal spin- 
orbital coupling is to increase &qp at a rate com
parable to if not greater than the rate of increase 
of kv . Some evidence may be adduced in favor 
of these assertions.17 The trends within a given 
row may be rationalized by assuming that í'e 
increases kp at a rate significantly faster than the 
rate of increase of I c q p . Again, some experimental 
quantum yield data favor this conclusion.

(2) Use of the expression tp(H +  fg )2 =  con
stant implies neglect of, or assumes constancy of, 
overlap factors in the integral ($0T/ 3 CV$osp), 
where $0T is the zeroth order triplet wave function, 
$09P is the zeroth order perturbing singlet wave 
function, and 3C' is the spin-orbital coupling Hamil
tonian. The perturbation of spin-orbital coupling 
in ir-electron systems depends on two main factors:
(a) the degree of penetration of the w-electrons into 
the field gradient of the nucleus of the perturbing 
atom, and (b) the magnitude of the field gradient. 
An overlap integral of the form (7r-electron orbital 
of emitter/halogen orbital) will be a limiting param
eter for (a), and f  will be a limiting parameter for
(b) . It is thus to be appreciated that Table II 
neglects contribution (a). In the case of the 
external heavy atom effect we may say2 that the 
donor-acccptor overlap integral,14 »Sd a , is the quan
tity of importance, in which case we conclude from 
Table II that propyl chloride is a better acceptor 
species than propyl iodide, a result already deduced2 
from room temperature absorption data.

It seems reasonable that the trends of Table II 
will find explanation in terms of a combination of
(1) and (2) above, or by introduction of exchange 
coupling constants into the external and internal 
heavy nuclei.
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T able  III
A C omparison of the P erturbation  I nduced by P ropyl Iodide in  H alonaphthalenes at 33 and —195.8° 

Naphthalenicspecies A/“ ! h A /// Akpe v Akp/kp
Naphthalene 12.815 0.385 33.31-Fluoronaphthalene 22.81 0.42 54.31 33.7 0.73 46.41-Chloronaphthalene 30.21 2 .8 6 11.27 39.15 4.35 9.01-Bromonaphthalene 53.08 42.11 1.261 95 73 1.3
1 -Iodon aphthalen e 172.30 386.60 0.44 525 435 1 .2 1
“ Increase in the integrated extinction of T ■*— S absorption of the halonaphthalene when in binary solution with propyl iodide. b Integrated extinction, f e d a ,  of T  * — S transition of pure liquid halonaphthalene. * Ak p =  l / r p' — l / r p, where 

tp' is the phosphorescence lifetime of the binary cracked-glass system of naphthalenic species and propyl iodide and rp is the phosphorescence lifetime of the naphthalenic species in EPA. d k p =  l / r p.
T able  IV

C omparison of M easured  P hosphorescent L ifetimes in EPA w ith  P reviously R eported V alues ( in sec.)
DeGroot

and
This van der

Emitter research Waals° McClure'1 Hutchison® Ermolaev'* Czekallae
Naphthalene 2 .6 30 2 .6 2 .1 2.3 2.5
a-Fluoronaphthalene 1.4 1.5
a-Chloronaphthalene 0.23 0.30 0.29
a-Bromonaphthalene 0.014 0.018 ..
a-Iodonaphthalene 0.0023 0.0025 0 .0 02

“ M. S. DeGroot and J. H. van der Waals, M o l .  P h y a . ,  3, 190 (1960). b See ref. 6 of text. c C. A. Hutchison, Jr., and B. W. Mangum, J .  C h e m .  P h y a . ,  29, 952 (1958). d V. L. Ermolaev, O p t i k a  i  S p e k t r o s k o p i y a ,  6, 417 (translation) (1959). * See ref. 16 of text.
A Comparison With Room-Temperature Absorp

tion Data.—The ratio for external to internal per
turbation effects as measured by absorption at 
room temperature in binary liquid solutions and 
by rp at 77° K. in cracked glasses are compared 
in Table III, the external perturber being propyl 
iodide in all cases. It is seen that as ft increases 
the external effect increases much as could be 
expected because of the occurrence of a cross
term fife  in the product (fi +  Ce)2. It is seen that 
as Ci increases the ratio of external effect to in
ternal effect decreases, again as expected, since this 
ratio is given by (Te/H )2 +  2?e/£i - It is further 
seen that a remarkable parallelism exists between 
the relative pert.ubations A // /  and Akp/kp at 33° 
and —195.8°, respectively. The one case where 
significant discrepancy exists is 1-iodonaphthalene 
where Akp, which actually equals A(fcp +  kqp), 
is increased by a large increase17 of the quenching 
rate constant, &qp.

The data of Table III are of importance in two 
regards. First the two sets of data mutually 
validate each other, and second it is implied that 
whatever the origin of the effect at room tempera
ture, it is the same at low temperature. It is to 
be realized in this regard that the observation of a 
decreased lifetime at low temperatures is indicative 
of a certain preponderance of perturber-perturbed 
pairs, but that the value of this lifetime is itself 
independent of the concentration of such pairs once 
a certain minimal value of their concentration is 
exceeded. Such is the case in the present instance, 
and the good correlation of the two sets of data at 
33° and —195.8° is hardly in accord with a col- 
lisional mechanism which should exhibit a 
dependence in fluid media.

The precision in these measurements was cal
culated to be 2%  in measuring a given frozen sample 
repeatedly. When a cracked glass sample was

allowed to warm up and then refrozen between 
runs reproducibility was of the order of 20% . 
This was not true of EPA glassy solutions. Some 
idea of the errors involved in these latter measure
ments may be gained from Table IV. In the worst 
comparison there is a 23% difference between the 
present rp and that of McClure,6 and in the best, 
0%. However, it is interesting to note that the 
results of this study were equal to or consistently 
lower than those of McClure (vide infra).

The Decay of Phosphorescence.—The phos
phorescence of naphthalene in EPA was found to 
be exponential over a time interval of seven half- 
lives. Indeed, the extent of exponentiality ex
hibited by a given material is an extremely good 
criterion of purity. None of the binary cracked 
glass systems investigated in this work had ex
ponential decays of phosphorescence; this non- 
exponentiality is to be expected. Let us suppose, 
for instance, that there exist only complexed emitter 
species and uncomplexed emitter species, and that 
all the species within one of the two types specified 
are identical ; in this case we find

I  = Tc< + / 0e-*Ti

where I  is the phosphorescence intensity, « tc is the 
number of complexed species in the triplet state and 
ktc their decay constant, and wt is the number of 
uncomplexed species in the triplet state and /ct 
their decay constant. The decay will be non
exponential, but will be resolvable into two ex
ponential processes. Indeed it is possible that 
such decay curves may be used to determine equilib
rium constants; such is presently being investi
gated, and will be reported17 elsewhere.

The use of the term “ lifetime” in conjunction with 
a non-exponential process might seem odd. How
ever, in the sense used here the first half-life is the 
time required for the phosphorescence intensity to
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T able  Y
T he P hosphorescence Spectra of N aphthalene in V ariods M atrices at 77°K .
-Ether isopentane glass--------------------------- * x—Propyl chloride—' ✓—Propyl bromide—% ✓—Propyl ;iodide—'

cm. Ai» Int.erpretat.ion cm. "1 A,'» cm. 1 At'» cm. -1 A*»

21335 0 21280 0 21180 0 21010 0
20825 510 512 20770 510 20700 500 20510 500
20550 785? 763
20290 1045 2(512) =  1024 20290 990
20170 1165 1146 20120 1160 20020 1160 19910 1100
19935 1400 1380 19880 1400 19740 1400

19550 1460
19745 1590 1575 19780 1500 19650 1530
19435 1900 512 +  1380 =  1892 19380 1900 19330 1850
19260 2075 512 +  1575 =  2087 19260 2020 19100 2010
18960 2375 2(512) +  1380 =  2404
18780 2555 2(512) +  1575 =  2597
18535 2800 2(1380) =  2760 18500 2780 18210 2800
18465 2970 1380 +  1575 =  2955 18390 2890 18330 2850 18100 2910
18100 3235 2(1380) +  512 =  3272 or 

2(1575) =  3150
18140 3140

17780 3555 1380 +  1575 +  512 =  3467 17860 3420
17610 3725 2(512) +  2(1380) =  3784 17620 3660
17350 3985 1575 +  1380 +  2(512) =  3979 17300 3980
17130 4205 3(1380) =  4140 17180 4100
17000 4355 2(1380) +  1575 =  4335 17010 4270 16850 4330 10900 4310
16825 4510 1575 +  1380 +  3(512) =  4491 or 

2(1575) +  1380 =  4530
16550 4685 3(1380) +  512 =  4652
16310 5025 2(1575) +  1380 +  512 =  5042
15980 5355 2(1380) +  1575 +  2(512) =  5359
15790 5545 4(1380) =  5520 15720 5560
15470 5865 2(1380) +  2(1575) =  5910 15410 5870 15320 5860 15180 5830
15040 5995 4(1380) +  512 =  6032 15200 6080
14600 6735 3(1380) +  2(1575) =  6715

drop to one half its original intensity at zero time 
after cut-off of excitation, the second half-life is 
the time required to drop from one half to one fourth 
its original intensity, etc. All the lifetimes of Table 
I are first observable lifetimes; it is necessary to 
make this distinction because there is a finite time 
required for the phosphoroscopc to cut off the 
exciting light and open the photomultiplier to the 
phosphorescent light. Thus, with slow phosphoro- 
scope speeds the measured lifetime was too long due 
to the deviation of the decay curve from expo
nential. It was found that the measured apparent 
lifetime decreased as phosphoroscope motor speed 
increased, but become constant above some minimal 
rate of revolution. With motor speeds above this 
point one was investigating an approximate ex
ponential region of decay (first two or three half- 
lives), and constancy of rp was to be expected. 
Still there might be a small difference between the 
first observable lifetime and the first lifetime. 
For this reason the phosphoroscope was run as 
fast as possible while still maintaining a display of 
one or two half-lives on the oscilloscope screen. 
A good approximation to the first lifetime should 
be obtained by plotting log (intensity) versus time 
and using the limiting slope at zero time to deter
mine the limiting slope lifetime. All such limiting 
slope lifetimes measured corresponded within 
experimental error to the first observable lifetime 
measured at rotor speeds above the previous noted 
minimal r.p.m.; either one or both of these life-

times may then be assumed to correspond to the 
first lifetime, and it is such mean-lives that are 
reported in Table I. It is thought that this is also 
the reason for the consistently smaller values of 
rp than those of McClure6 obtained in the present 
work.

Phosphorescence Spectra.—The phosphores
cence spectra of naphthalene in various media are 
analyzed vibrationally in Table V. As is evident, 
there is no significant self-absorption of the lumines
cence, and the widespread similarity of the spectra 
in Table V indicates that the measured lifetimes are 
indeed those of the naphthalene. A similar con
clusion is appropriate to all halonaphthalene spec
tra. For example, despite the considerable self
absorption of the cracked glasses of 1-iodonaph- 
thalene shown in Fig. 1, it is still readily apparent 
that the phosphorescence spectra are identical. 
This identity was further confirmed by front-face 
illumination experiments wherein the self-absorbed 
high energy bands of the phosphorescences of Fig. 
1 were recovered. It is not generally realized 
that self-absorption of phosphorescence may be 
important in emission experiments; for example, 
in the work of Czekalla and co-workers16 it was 
noted that large shifts of the phosphorescence 
spectra of many aromatics occurred (~3000 cm._1) 
when they were studied as crystalline complexes 
with tetrachlorophthalic anhydride. A comparison 
of these authors’ Fig. 1, curve 3, with Fig. 1 of the 
present work will indicate that at least for the com-
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Fig. 1.—The phosphorescence emissions of 1-iodonaphthalene in several solvents at 77°K: (a) in EPA glass; (b) in propyl bromide cracked glass; (c) in propjd chloride cracked glass; and (d) in propyl iodide cracked glass.
plex tetrachlorophthalic anhydride-naphthalene 
these shifts were spurious (he., they are not shifts 
of the 0,0 vibrational band) and entirely due to self
absorption. A similar conclusion seems reevlant 
to the other crystalline complexes studied by Cze- 
kalla, et al.16

The order of accuracy in Table V is ±10 cm.-1. 
Consequently, a number of conclusions are per
tinent. The triplet state experiences a red-shift 
relative to the ground singlet state as the spin- 
orbital coupling nature of the matrix is increased. 
This is entirely to be expected if the perturbing sing
let which mixes with the triplet of the aromatic 
lies higher in energy than the triplet states. This 
accords with the Tsubomora-Mulliken idea that 
this singlet is the charge-transfer singlet state, 
although as far as the present results are concerned 
it could be any higher energy singlet. The 0,0 
shift in going from propyl bromide to propyl 
iodide matrices is approximately twice as large 
as that experienced in going from propyl chloride 
to propyl bromide. This indicates that there are 
factors other than spin-orbital coupling operative, 
since if this coupling were solely responsible a 
reverse order of shift would be expected. These 
conclusions accord exactly with those from the 
lifetime data. It is also to be noted that decreases

of some vibrational frequencies (the 1575 and 512 
ag modes) have occurred, indicative of a geometric 
specificity of interaction.

The lowest triplet state of naphthalene is of 
3B2u(D2h) species. The analysis of Table V 
agrees with this assignment since the only active 
vibrations are the 512, 1146, 1380, and 1575 cm.-1 
frequencies, and these are all of ag species.23 This 
agrees with the analysis of Ferguson, Iredale, and 
Taylor,24 except that the difficulties these authors 
experienced with the 1146 and 1575 em u 1 funda
mentals which were thought to be of b]g species 
are no longer relevant. Furthermore the present 
analysis covers a phosphorescence spectral width 
of 6735 cm.-1 as compared to a width of 2987 
in the work of Ferguson, et al., because of the 
limitations of photomultiplier detection.24
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(23) E. W. Schmid, Z. Elektrochem., 62, 1005 (1958).
(24) J. Ferguson, T. Iredale, and J. A. Taylor, J. Chem. Sor.., 3160 
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Using a photoelectric spectrophosphorimeter of novel design, the long-lived luminescence from solutions of two dyestuffs and two aromatic hydrocarbons has been investigated. Solutions of eosin and proflavine hydrochloride in ethanol or glycerol give rise to two bands of long-lived luminescence which are attributed, respectively, to the triplet-singlet radiative transition and to delayed fluorescence arising from triplet-upper singlet thermal activation. A study of the band intensities as a function of temperature and solvent can provide information about the probabilities of the three intersystem crossing processes. Triplet-singlet emission has been observed from phenanthrene in ethanol at room temperature. At lower temperature weak delayed fluorescence also is emitted. Phenanthrene solutions containing trace quantities of anthracene give sensitized anthracene delayed fluorescence. Solutions of pure anthracene also give anthracene delayed fluorescence. The observations of delayed fluorescence from the hydrocarbons are discussed only briefly. They are described in detail elsewhere.
Introduction

The investigation of molecules in the triplet state 
in solution is normally made by the method of flash 
photolysis. By using an intense flash of sufficiently 
short duration a relatively high concentration of 
triplet molecules can be produced, their absorption 
spectrum can be measured, and the kinetics of the 
subsequent changes which they undergo can be 
followed in detail. The effect of medium and tem
perature upon the rate of the intersystem crossing 
process from triplet to lower singlet can thus (in 
principle at least) be investigated. Unfortunately, 
it is difficult to obtain by this method similar in
formation about the equally important transition 
from excited singlet state to triplet state because 
it is difficult to determine precise quantum effi
ciencies for triplet formation. Information about 
the latter has so far been obtained mainly by 
measurements of the triplet-singlet phosphores
cence of solutes in rigid media where triplet quench
ing is often small and high phosphorescence effi
ciencies can be observed. The pioneering work of 
Lewis and co-workers1 in this field also showed 
that thermal excitation from triplet to upper singlet 
can occur and can be detected by measuring the 
“ delayed fluorescence” which results from it.

The same method can in principle be applied to 
the investigation of upper singlet-triplet conversion 
and triplet-upper singlet activation in solution. 
In practice, however, the phosphorescence intensity 
is often very low owing to the long radiative life
time of most molecules in the triplet state and the 
comparatively high rate of the triplet-lower singlet 
radiationless transition. (The experimental diffi
culties are of course accentuated by the suscepti
bility of the triplet molecules to quenching by 
trace impurities in the solution—particularly 
oxygen.) A phosphorimeter therefore is required 
capable of measuring phosphorescence and de
layed fluorescence intensities which may be one 
thousandth or less of the normal fluorescence in
tensity from the same solution. To facilitate the 
measurement of such a weak phosphorescence spec
trum and to measure the ratio of its intensity to 
that of the much more intense fluorescence, we 
have set up a photoelectric spectrophosphorimeter 
capable of measuring phosphorescence/fluorescence 
ratios down to values of 10 ~6 in favorable cases.

(1) G. N. Lewis, D. Lipkin, and T. T. Magel, J. Am. Chem. Soc., 63' 
3005 (1941).

Some measurements of the phosphorescence of 
eosin solution made with this instrument have been 
reported previously.2 It is our purpose here to 
review these results and to describe some prelimi
nary results obtained with other compounds.

The Spectrophosphorimeter.—The instrument was built round two Hilger D247 quartz prism monochromators, one for isolation of the appropriate frequency of exciting light (from either a 1 kw. high pressure mercury lamp or a 375 w. xenon lamp) and the second for analysis of the fluorescence or phosphorescence emission from the specimen. The detector was an E .M .I. 9558 photomultiplier, the output from which, after amplification, was fed to one arm of a ratio recorder, the other arm of which was fed from a fluorescent screen monitor3 situated in the beam of exciting light. The recorded output thus was automatically compensated for fluctuations in light intensity.The principle of the Becquerel phosphoroscope was used to distinguish between fluorescence and delayed luminescence, but the inconvenience of having mechanically coupled sectors in the beams of exciting light and luminescence light was avoided by arranging for each of the sector disks to be driven by a synchronous motor. The disks could then be put in, or out of, phase by simply turning one of the motors. With the disks in phase, the detector recorded the sum of the fluorescence and delayed emission spectra. With the disks out of phase, only the delayed luminescence was observed. In the latter position the fluorescence light leakage past the sectors was less than 1 part in 105.The rate of chopping by the sectors was 800 c./sec. The size of the slots in the first sector were adjusted so that the specimen was irradiated for 'A of a complete cycle. The luminescence was viewed through the second sector for Vs of a complete cycle. Thus, with the sectors in phase, the whole of the fluorescence emission was received by the detector, and with the sectors out of phase Vs of the long- lived luminescence was received, assuming that the lifetime of the latter was long compared with the chopping time (Vso» sec.). For lifetimes comparable with the chopping time, the long-lived luminescence decayed appreciably before observation. The relationship between the intensity of luminescence observed and its lifetime is given by the expression

ER =  L Í 1 — e “/T\ /-((, -  ti)/2r _  —{ti +  h)/2rs
P ti \1 — e - ^ j  V ]

where
P d =  luminescence received in the out-of-phase position
P  =  total luminescence emitted per cycle
t =  lifetime of luminescence<i = period of illumination
h  =  period of darkness
L  =  period of viewing through second sector
L  =  period of cycle =  ( h  +  (2) =  ‘ /soo sec.
(2) C. A. Parker and C. G. Hatchard, Trans. Faraday Soc., 57, 1894 

(1961).
(3) C. A. Parker, Nature, 182, 1002 (1958).
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For ¿1 =  tc./4 and t3 =  t c / 3, the following relationship between 
t  and P d / P  is obtained

t  (msec.) > 5 1 0.5 0.25
Pd/P 0.333 0.316 0.271 0.165
t  (msec.) 0.15 0.10 0.07
P d/P 0.070 0.022 0.005

The “resolution time” of the instrument (i.e., the lifetime for which the observed intensity is reduced to one-half of the value corresponding to infinite lifetime) is 0.25 msec., and for the lifetimes shorter than This, the observed intensity decreases very rapidly.I t  is feasible to reduce U  by a factor of 5. The corresponding resolution time would then be 0.05 msec, and the scope of the instrument would be greatly increased, although a greater “ fluorescence leakage” past the choppers probably would have to be accepted.Long luminescence lifetimes (e . g ., those observed with many solutes at liquid nitrogen temperature) could readily be determined by recording the decay of luminescence (with sectors out of phase) when the exciting light was cut off. For measuring shorter lifetimes down to 0.5 msec, the 800 c./sec. sectors were replaced by 100 c./sec. sectors. The photomultiplier output was fed to an oscilloscope so that, with the sectors out of phase, the luminescence was viewed for a period of about 5 msec, during the “ dark” periods. The lifetimes then were estimated by visual or photographic observation of the oscilloscope traces. To obtain sufficient intensity, wider slits had to be used on the spectrometer than was necessary for recording the luminescence spectra.
Phosphorescence of Eosin.—Typical spectra 

measured in glycerol and ethanol at various tem
peratures have been reported previously.2 Two 
bands are present, the relative intensities of which 
are strongly temperature-dependent. The visible 
band ( ^ 1.8 ,u-1) has a contour identical with the 
fluorescence band in the same solution. (This is 
the visible “ phosphorescence” originally observed 
by Boudin4 in glycerol solutions, and has an inten
sity about Viooth of the fluorescence at room tem
perature.) To interpret our results we assume 
that this band is the result of thermal activation 
from the triplet to the upper singlet level followed 
by radiative transition from there to the ground 
state, and we therefore call this the delayed fluores
cence band. We assume that the far red band 
(~1.4  n~r) corresponds to a direct transition 
from the triplet level to the ground state and we 
call this the phosphorescence band. If it is further 
assumed that the dyestuff is present as only one 
species and that no dissociation or association 
occurs in either of the excited states, then it can 
be simply shown2 that

f a    k e<f j (  X-,

$ p fcp

where fa, fa, and fa are the quantum efficiencies of 
normal fluorescence, delayed fluorescence, and 
phosphorescence, ke is the rate constant for thermal 
activation from the triplet to the upper singlet 
level, and kp is the reciprocal of the radiative life
time (r0) of the triplet state.

The ratio of the intensities of the two delayed 
emission bands thus should be completely inde
pendent of triplet formation efficiency (fa) and of 
all triplet quenching processes. Since ke represents 
a thermal activation

(43 S. Boudin, J. chim. phys., 27, 285 (̂1930).

<j)e (  AE  \
p \~m)(2)

where A is a frequency factor and AE is the activa
tion energy, which should be equal to the energy 
difference between the triplet and the upper singlet 
levels as determined by the frequency difference 
between the fluorescence and phosphorescence 
bands. Plots of In (fa/fa) against 1/T were 
found to be linear and the derived value of AE 
(10 kcal.) agreed within experimental error with 
that determined from the spectroscopic data.2

The values obtained for A were 1.0 X 109 sec.-1 
for glycerol and 7.2 X 107 sec.-1 for ethanol. The 
process ke consists of a thermal activation to an 
upper vibrational level of the triplet state (rate 
=  fci exp (—AE/RT)) followed by an intersystem 
crossing (rate =  /c2). If we make the reasonable 
assumption that energy is equilibrated on every 
collision with solvent molecules, then kx will be 
equal to 2 X 1012 sec.-1 at room temperature. 
Of those molecules which acquire sufficient energy, 
some return to the lower level (rate =  k4) and 
some cross over to the upper singlet (rate =  fc2). 
If all the activated molecules crossed over, A 
would be equal to ki. In fact A  is less than one 
thousandth of this (for glycerol) and hence k2/k\ 
^ 1 0 -3. The rate kx of degradation of vibrational 
energy in the triplet state is uncertain. Inter- 
molecular vibrations occur at a rate of 1013 — 1014 
sec.-1 but a complex molecule such as eosin proba
bly would have to execute a large number of vibra
tions before losing its excess of vibrational energy. 
Assuming k4 — 1012 sec.-1, values of the inter
system crossing rate (k2) can be calculated (see 
Table I). The rate in glycerol is more than ten 
times that in ethanol, in spite of the lower viscosity 
of the latter.

T able  I
A pproximate R ates of I ntersystem  C rossing for

E osin D isodium  Salt

Process In glycerol In ethanol
h ( S *  1 ) 4 X 107 sec. -1 1 X 107 sec. -1

h ( t  —  S*) 5 X 108 4 X 107

fch(t - »  S) 2.4 X 102 ( -2 0 ° ) 2.5 X 102 ( -2 0 ° )
Comparison of the rates for the reverse intersys

tem crossing (from upper singlet to triplet) can be 
obtained by calculating fa from the absolute values 
of fa together with the corresponding phosphores
cence lifetimes at various temperatures.2 The 
relevant data are shown in Table II. It is of 
particular interest that the yield of triplet in one 
solvent remains fairly constant when the tempera
ture and viscosity vary over a wide range. In 
changing from glycerol to the more fluid ethanol, 
however, a reduction in the yield of triplet is ob
served. This is reflected in the difference between 
the rates of intersystem crossing from upper singlet 
to triplet (Table I).

At —20° the lifetime in both solvents was ap
proximately the same, as was the lifetime at 77 °K. 
(assumed to be the natural radiative lifetime r0). 
In view of the high viscosity of glycerol at —20° it 
is reasonable to assume that impurity quenching is 
negligible, and the same therefore must have been
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T able II
Quantum  E fficiencies of T riplet  F ormation at 

Selected T emperatures

Note: The first result of each pair refers to an eosin concen
tration of 7 X 10~5 M ,  the second to 1.5 X 10-5 M

■Glycerol solutions-----  ̂ -̂-----Ethanol solutions-
°c. r, mse2. <f> p r, msec. <t> p

-196 10.7 0.0643 0.065 8.9 0.0237 0.024
10.8 .0553 .055 9.3 .0224 .022

-  70 5.5 .0328 .064 3.9 .0099 .023
6.0 .0312 .056 3.5 .0099 .026

-  20 3.0 .0160 .058 2.6 .0070 .024
3.0 .0120 .043 2.9 .0070 .022

+  25 2.0 .0124 .052 1.4 .0039 .025
2.7 .0091 .036 1.7 .0039 .021

+  70 0.9 .0047 .056 0.7 .0015 .020
1.0 .0039 .042 0.6 .0015 .023

true for ethanol at this temperature. Comparison 
of r at —20° with to thus gives the value of the 
rate of intersystem crossing (fch) from triplet to 
ground state (see Table II) which is apparently in
dependent of viscosity at this temperature (a re
sult which also has been suggested recently by 
Livingston and co-workers5 for anthracene). At

lower temperatures, the quenching rate in glycerol 
falls sharply and this may be due to a rapid in
crease in the rigidity of the glycerol.

Possibility of Excited Dimer Formation in Dye
stuff Solutions.— It has been suggested6 that the 
weak phosphorescence observed by Kautsky7 in 
many dyestuff solutions is due to the formation of 
long-lived excited dimers, and the question therefore 
arises whether the phosphorescence of eosin is pro
duced by the same mechanism. The evidence 
presented here and previously2 seems to be con
clusive that it is not. Thus the delayed fluores
cence clearly arises through thermal activation 
from the energy level responsible for the far red 
emission band, and the latter is most intense in 
rigid media at 77 °K., where the formation of ex
cited dimer by a collisional process is ruled out. 
We have commenced an investigation of some 
other dyestuffs and we present below some pre
liminary results obtained with solutions of pro
flavine hydrochloride which show that the mech
anism of delayed luminescence with this dyestuff

(5) G. Jackson, R. Livingston, and A. C. Pugh, Trans. Faraday Soc., 
56, 1635 (1960).

(6) B. Stevens, Nature, 192, 725 (1961).
(7) H. Kautsky, Ber., 68, 152 (1935).
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Fig. 2.—Delayed emission spectra of 10~3 M  phenanthrene in ethanol. The left hand sections of the spectra (delayed fluorescence) all were recorded at a sensitivity approximately 1000 times greater than that used for curve ( 1 ) (normal fluorescence). The right hand sections of the curves (phosphorescence) were recorded at the following sensitivities: (2) -107° at X 60; (3) -8 0 °  at X 300; (4) -7 0 °  at X 600; (5) -4 8 °  at X 1000; (6 ) -3 2 °  at X 1000; (7)-1 4 °  at X 1000; (8) +  13° a t X 1000.
(at the concentrations so far investigated) is 
analogous to that of eosin. Our results do not of 
course eliminate the possibility of excited dimer 
formation but show that the majority of the lumines
cence does not arise by this mechanism.

Phosphorescence of Proflavine Hydrochloride.—  
Proflavine in its monoprotonated form is interesting 
for two reasons. First, it is one of the amino acri
dines which most easily undergo photoreduction in 
aqueous solution and the kinetics of the process at 
pH 4 have been investigated.8 Second, its triplet- 
state has a long radiative lifetime (3.4 sec.) com
pared with that of eosin (10 msec.). It might be 
expected therefore that at room temperature in 
fluid solution its triplet state would be particularly 
susceptible to quenching and that phosphorescence 
would be weak. In fact this is not so. Quite in
tense delayed fluorescence is observed in glycerol 
solution at room temperature, having a lifetime of 
about 70 msec, (see Fig. 1) and even in ethanol at 
room temperature the intensity of delayed fluores
cence has the same order of magnitude as that 
observed for eosin. Proflavine thus must be 
particularly resistant to solvent quenching proc
esses and warrants more detailed investigation 
than we have yet been able to give.

The preliminary results (Fig. 1) are qualitatively 
similar to those obtained with eosin. The de-

(8) F. Millich and G. Oster, J. Am. Chem. Soc., 81, 1357 (1959).

layed emission spectra consist of a “ delayed fluores
cence”  band and a “ phosphorescence” band, the 
ratio of the band intensities being highly tempera
ture-dependent. The log ratio of the band in
tensities is (within experimental error) a linear 
function of 1/T and the activation energy derived 
from the slope of this plot (-^8 kcal.) is close to 
that corresponding to the frequency difference be
tween the two bands. The “ delayed fluorescence” 
therefore arises by thermal activation from the 
level responsible for the low frequency band and 
since the latter persists at 77 °K. in EPA it corre
sponds to a metastable level of a species already 
present in the ground state and not to a dimer 
formed by a collisional process in the excited state.

Our present data are not sufficiently accurate 
nor extensive to justify detailed calculations. 
It may, however, be noted that the frequency factor 
in glycerol is ^ 107 sec.^1, i.e., about one hundredth 
that for eosin in the same solvent. This would 
imply that the probability of intersyst-em crossing 
(t S*) is lower than for eosin.

It should be emphasized that the interpretation 
of our results in terms of triplet-singlet and singlet- 
triplet transitions depends on the assumption that 
the dyestuffs were present in solution as only one 
species (the monomer) and that no protolytic reac
tions occurred on excitation. The results do not 
entirely rule out the possibility of excitation of a



2510 C. A. Parker and C. G. Hatchard Yol. 66

2.8 2.6 2.4 2.2 2.0 1.8 1.6

Fig. 3.—Delayed fluorescence from 5 X 10~4 M  anthracene in ethanol. Intensity of exciting light was approximately 1.4 X 10_8emstemcm.-2sec.~1at2 .73 /i_1(366mju). Half-band width of analyzing monochromator was 0.05 ju-1  at 2.5 n-1. ( 1 ) Normal fluorescence spectrum, (2) delayed fluorescence spectrum at 380 times greater sensitivity (spectra  are distorted by self-absorption).
dimer already present in the ground state although 
in the case of eosin the comparatively small de
pendence of <£p/<fo on concentration suggests that 
this is unlikely. A full interpretation of the effects 
requires an investigation of the dependence of both 
luminescence and absorption spectra on pH, con
centration, solvent, and temperature. For ex
ample, the position of the peak absorption of pro
flavine monohydrochloride in ethanol (458 m/u) is 
shifted from that in water (443 m/i); the fluores
cence band shifts in the opposite direction. Again, 
Millich and Oster8 observed an increased quantum 
yield of photoreduction, and strong self-quenching 
of fluorescence on increasing the concentration of 
proflavine in aqueous solution. They interpreted 
their results in terms of a transition of the excited 
singlet species to a long-lived state induced by the 
dye itself. If the same is true in ethanol, it would 
imply an increased delayed luminescence as the 
concentration is increased. Preliminary measure
ments in ethanol suggest that there is little change 
in or in r, for concentrations in the range
10~4-10-6 M.

Delayed Emission from Solutions of Aromatic 
Hydrocarbons.— The observation of long-lived 
luminescence from vapors of aromatic hydrocarbons 
(e.g., phenanthrene and anthracene) 9 has been 
attributed to excited dimers formed from an ex
cited singlet molecule and a normal molecule. 
The blue structureless band emitted by concen
trated solutions of pyrene also has been shown to 
be due to an excited dimer,10 although in this case 
the majority of the luminescence has a short life
time.11 Long-lived emission so far has not been

(9) R. Williams, J. Chem. Phys.t 28, 577 (1958).
(10) Th. Forster and K. Kasper, Z . EleJctrochem., 59, 977 (1955).
(11) C. A. Parker and C. G. Hatchard, Nature, 190, 165 (1961).

reported from fluid solutions of other hydrocarbons 
at room temperature and the results shown in Fig. 
2 which refer to a deaerated solution of phe
nanthrene in ethanol are therefore of particular in
terest.

At 77 °K. in EPA phenanthrene shows a strong 
phosphorescence band in the region of 2.0 p.~l with 
well resolved fine structure, for which was
found to be about unity.12 At —107° this band 
still appears at high intensity (about one quarter 
of that observed in liquid nitrogen). The intensity 
decreases rapidly as the temperature is raised but 
the phosphorescence can still be observed at room 
temperature (+13°) where its intensity is about 
Vioooth of that observed at liquid nitrogen tem
perature. Unfortunately, to record the low values 
of phosphorescence shown by some of the curves in 
Fig. 2, wide slits had to be used and vibrational 
structure in both the fluorescence and phosphores
cence bands is largely lost. However, there is little 
doubt that this band is due to the triplet-lower 
singlet radiative transition and this is the first 
time, so far as is known, that such an emission has 
been observed from an aromatic hydrocarbon in 
fluid solution at room temperature.

The point of special interest in Fig. 2 is the ap
pearance, as the temperature is lowered, of delayed 
fluorescence emission, although admittedly at low 
intensity. To test whether this could be due to 
thermal activation from the triplet level, the log 
ratio of the band intensities was plotted against 
1/T. The plot was not linear, but from the maxi
mum slope an activation energy of 2-3 kcal. was 
derived. This is so much less than the energy dif
ference between the two bands (^20-25 kcal.) 
that activation from the triplet level is ruled out.

We have observed a more intense delayed fluo
rescence from carefully deoxygenated solutions 
of anthracene in ethanol. Typical results for 5 
X  10~4 M  anthracene are shown in Fig. 3, where 
the quantum efficiency of delayed fluorescence was 
almost 1% of that of the normal fluorescence. We 
also have observed quite intense delayed emission 
from solutions of phenanthrene containing very 
small amounts of anthracene. The spectral dis
tribution of this emission was characteristic of 
normal anthracene fluorescence and it therefore 
must have been produced by sensitization of the 
anthracene by a long-lived phenanthrene species. 
The detailed results of our investigation of an
thracene and phenanthrene solutions are presented 
elsewhere13 but it may be mentioned that the de
layed fluorescence efficiency is in both cases pro
portional to the intensity of the exciting light and 
it cannot be explained in terms of an excited dimer 
similar to that postulated to explain the delayed 
fluorescence observed in the vapor phase.6’9’14 
The results can, however, be explained by a mech
anism in which triplet-triplet quenching produces 
a molecular species carrying the energy from two 
triplet molecules. We have some evidence that a 
similar process can occur with solutions of pro-

(12) C. A. Parker and C. G. Hatchard, Analyst, 87, 664 (1962).
(13) C. A. Parker and C. G. Hatchard, Proc. Chem. Soc., 147 

(1962); Proc. Roy. Soc. (London), A269, 574 (1962).
(14) B. Stevens, E. Hutton, and G. Porter, Nature, 185, 917 (1960).
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flavine hydrochloride at high light intensities, al
though at the light intensities used to obtain the 
results shown in Fig. 1 the delayed fluorescence 
produced by this mechanism was small compared

with that produced by thermal activation from the 
triplet level.

This paper is published with the permission of the 
Superintendent, Admiralty Materials Laboratory.
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In oxygen-free solution phenosafranin bound to polymethacrylic acid is photoreduced by green light when EDTA is present as the electron donor for the light excited dye. The leuco species is converted by ultraviolet light to a fluorescent yellow species. This intermediate is insensitive to light and is insensitive to oxygen. The yellow species can be thermally decomposed to give predominantly leuco dye. Leuco dye in the presence of oxygen is readily converted to the normal red dye. Arguments are given against the yellow intermediate being a semiquinone.
Introduction

One problem which arises in the photoreduction 
of dyes is whether the reduction is a two-step or a 
one-step process. Certainly the leuco form of the 
dye bears two more electrons than the original dye 
and is identical with the leuco dye produced by 
reaction in the dark with powerful reducing agents. 
If the photochemical reduction proceeds by the 
two-step process proposed by Michaelis3 for purely 
chemical reductions then one might be able to 
detect semiquinone intermediates during the photo
chemical reaction. With this in mind we have 
made a search for colored intermediates in photore- 
ducing systems. One dye which seemed to show 
promise is phenosafranin. In the presence of an 
electron donor for the light excited dye the red dye 
is photoreduced to its leuco form. If the reaction 
is carried out slowly or if the dye is bound to a 
high polymer and if a polychromatic light source is 
used, a yellow intermediate is observed. We 
should like to demonstrate that this intermediate 
does not occur, however, in the photoreduction step 
but arises from the leuco species.

Experimental
Materials.—Phenosafranin (3,8-diamino-12-phenylphena- zinium chloride) was Histological Grade, obtained from Fisher Scientific Co. The chelating agent, disodium ethyl- enediaminetetraacetic acid (EDTA), Analytical Grade, was obtained from the same source. Acrylamide was obtained from American Cyanamide Co. and was purified by repeated crystallization from methanol. Polymethacrylic acid was made by Bofors Co., Sweden, and, for the sample used, had a molecular weight as found by diffusion and ultracentrifugation measurements (carried out by Mr. B. Palm of Uppsala University) of 5 X 104. Prepurified nitrogen (Airco) was purified further by passing through a freshly prepared solution of chromous chloride. This removes traces of oxygen which may be present .Procedure and Apparatus.—All the dye solutions were made up in 0.1 M acetate buffer at pH 5.3. Prior to illumination the solutions were deaerated by passing bubbling nitrogen through the solution for 30 min.
(1) Supported by the United States Air Force through the Air Force 

Cambridge Research Laboratories under Contract No. AF 19(604)- 
8056 and by the United States Atomic Energy Commission under 
Contract No. AT(30-l)-2206.

(2) Taken in part from Master of Science thesis of Cecily Dobin, 
Polytechnic Institute of Brooklyn, 1962.

(3) For reviews, see for example, L Michaelis and M. P. Schubert, 
Chem. Rev., 22, 437 (1938), and L. Michaelis, Ann. N. Y. Acad. Sci., 40, 
39 (1940).

Sample cells containing a gas inlet and outlet were illuminated with white light from a 500-watt tungsten lamp slide projector with a pale yellow filter to cut off light below 400 m y .  To follow the disappearance of a particular colored species an apparatus was employed4 using a Bausch and Lomb monochromator in conjunction with a photomultiplier whose output was recorded continuously.Near ultraviolet light of predominantly 365 m y  was obtained with an AH-4 mercury lamp fitted with a Wood’s glass filter.Absorption spectra were obtained with a Cary Model 11 recording spectrophotometer. For temperatures above room temperature a cell housing was employed whereby heating liquid from a temperature bath could be circulated.Paper electrophoresis was carried out in a Model E-S00- 2B Research Specialties Company apparatus. The solutions (in 0.1 M  acetate buffer at pH 5.3) were applied to strips of Whatman No. 1 paper and a potential of 250 volts was applied.Equilibrium dialysis was carried out using Visking seamless sausage casings closed at both ends. The dialysis sacks containing 20 ml. of solution (dye and polymer) were placed in 100 ml. of buffer and allowed to equilibrate for three days. The amount of dye bound was calculated from the concentration of dye, determined colorimetrically, which dialyzed out of the sack. In all cases the amount of dye bound to the dialysis sack (determined when no polymer was present) was taken into account.
Results

There are a number of criteria to demonstrate 
that phenosafranin is bound to polymethacrylic 
acid at pH 5.3. When polymer is in excess so that 
all the dye is bound the maximum in absorption of 
the dye at 518 m,u is shifted to 530 m/i. In Table 
I are given the spectral data on bound and free 
phenosafranin. Incidentally, there is an absorp
tion maximum for phenosafranin also at 273 m/x 
but this is unchanged on addition of polymer. 
Binding of the dye also is accompanied by an in
crease of orange fluorescence. No spectral shifts 
are observed above pH 6 although the polymer is 
fully charged. This is in contrast to nucleic acids 
(both RNA5 and DNA6) as substrates where 
binding of phenosafranin occurs even in basic 
media (up to pH 11.9). Also the spectral shift is 
somewhat greater for the nucleic acids; to 540 
my when the dye is fully bound. For polymeth-

(4) N. Wotherspoon and G. Oster, J. Am. Chem. Soc., 79, 3992 
(1957).

(5) L. Michaelis, Cold Spring Harbor Symp. Quant. Biol., 12, 131 
(1947).

(6) G. Oster and H. Grimsson, Arch. Biochem., 24, 119 (1949).
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Fig. 1.-—Optical density (for 5 cm. path length) of free phenosafranin (8.8 X 10-4 M) in the presence of EDTA (10-3 M): A, original dye; B, visible light faded solution; C, illumination of solution B with near ultraviolet (363 mu) for 30 min.; D, after solution C had been allowed to stand for 18 hr. under nitrogen.

Fig. 2.—Decay of bound yellow intermediate: A, original yellow species formed from ultraviolet irradiation of bound leuco dye; B, solution A after standing in the dark for 1 hr. Spectra taken in 5 cm. path length cell. Dye concentration 10_5ilf, EDTA 10-3 Af, and polymethacrylic acid 8 X lO“5 M .

acrylic acid the dye was considered fully bound 
when the molar ratio of polymer to dye was 1:1.25, 
since further addition of polymer caused no further 
shift in spectra. Dialysis experiments starting 
with various ratios of dye and polymer revealed 
that the binding followed closely a Langmuir iso
therm. If r is the ratio of dye bound per polymer 
molecule (average molecular weight 5 X  104)

and c is the equilibrium dye concentration then 
the binding follows the expression r =  nc/K +  c, 
where the number of binding sites n per polymer 
chain is 200 and the intrinsic dissociation constant 
K  of the dye-substrate complex is 2.5 X  10 e.

T able  I
Spectral C haracteristics of P henosafranin and its 

P hotochemical P roducts

/• —Free--------'  ̂ Bound------ >€ ^max e(m̂ ) (X 10-*) (M (X H)-3)
Phenosafranin 518 39.0 530 41.0
Phenosafranin 273 39.0 273 40.0
Yellow intermediate 450 21.2 465 22.0
Leuco dye 360 7.5 365 7.9
Leuco dye 249 53.5 254 55.0

Further evidence of binding is revealed from 
paper electrophoresis. The dye alone migrates to 
the negative electrode. On the addition of small 
amounts of polymer two spots appear, each moving 
in opposite directions. When the molar ratio of 
polymer to dye exceeds 1:1.25 only one spot ap
pears and this dye-polymer complex moves toward 
the positive electrode. This ratio of polymer to 
dye was utilized in all subsequent experiments 
involving bound dye.

In oxygen-free solution phenosafranin is photo- 
reduced to the leuco species when EDTA is present 
as the electron donor for the light excited dye. 
Table I gives the spectral data of the leuco species. 
These values are based on the assumption that all 
the original dye is transformed only to the leuco 
species. On introduction of oxygen immediately 
after fading the red species is completely recovered. 
The rate of fading is proportional to EDTA con
centration (at least for concentrations up to 
10~3 M) and to incident light intensity. In the 
bound state the dye fades at a rate roughly 40% 
that of the free dye. This is in contrast to tri- 
phenylmethane dyes where binding to polymeth
acrylic acid at pH 5 actually enhances photoreduc
tion, in fact, such dyes do not undergo photoreduc
tion in the free state.7’8

In the rigorous absence of oxygen the free leuco 
species slowly, over a period of hours, is con
verted into a yellow species whose spectral charac
teristics are given in Table I. Since the process 
is slow, oxygen inadvertently leaks into the system 
so that the formation of yellow species is ac
companied by the formation of the red dye. The 
yellow species is insensitive to visible light and to 
oxygen. Hence if illumination with white (or 
green) light is maintained, the red form is con
tinuously photoreduced and the build-up of yellow 
species from leuco dye proceeds. If the unfiltered 
mercury lamp is used, the rate of formation of the 
yellow species is not affected appreciably but the 
spectral character is changed (Fig. 1). In par
ticular two yellow species are produced in addition 
to the normal dye and a small tail absorbing be
yond 600 m/u is observed. This tail accounts for

(7) G. Oster and J. Beilin, J. Am. Chem. Soc., 79, 294 (1957).
(8) G. Oster and G. K. Oster, “ Proc. Int. Conf. Luminescence” , 

John Wiley and Sons, New York, N. Y., 1962.
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the green color observed in the ultraviolet illumina
tion of leuco phenosafranin in glucose glasses.9

Bound leuco dye also is converted slowly to a 
yellow species. Here, however, the conversion is 
enormously accelerated by near ultraviolet light. 
Using the 365 mu line of the mercury lamp the 
bound leuco dye is completely converted in three 
minutes to a strongly fluorescent yellow species. 
The production of yellow species is accompanied by 
a proportional loss of the leuco species.

The yellow intermediate is insensitive to visible 
light and to oxygen. The bound yellow species 
decays in the dark to give predominantly bound 
leuco dye (Fig. 2). Since it is difficult to eliminate 
oxygen from the absorption cell for long periods 
some red always is formed which presumably arises 
from oxidation of leuco dye formed from the yellow 
species. The conversion of yellow to leuco species 
is first order in yellow species. The rate is acceler
ated by roughly a factor of six at 65° over that at 
25°.

The phenosafranin-EDTA system is a photo
sensitizer for polymerization of vinyl monomers. 
One notices that for acrylamide polymerization the 
reaction proceeds after an induction period during 
which the red dye is not decolorized. The onset 
of polymerization appears to take place at the mo
ment that yellow species appears. For a 50% 
monomer solution the resultant highly viscous solu
tion is yellow and strongly fluorescent. Unlike 
other dye systems which also act as sensitizers,10 
here there is no restoration of original dye as oxygen 
diffuses slowly into the polymer mass.

Discussion
Phenosafranin, like a number of other water- 

soluble dyes, undergoes photoreduction to the leuco 
form in the presence of secondary and tertiary 
amines.11 Most of these amines are not reducing 
agents in the ordinary sense and are, in fact, nor
mally quite resistant to oxidation. The light ex
cited dye in its triplet state12-13 is a powerful elec
tron abstractor and destroys the amine13 to give an

(9) B. Broyde, Ph.D. thesis, Polytechnic Institute of Brooklyn, 
1960, p. 89.

(10) G. Oster, Nature, 173, 300 (1954).
(11) For review see G. Oster, J. chim. phys., 55, 899 (1958).
(12) G. Oster and A. H. Adelman, J. Am. Chem. Soc., 78, 913 

(1956).
(13) G. Oster and N. Wotherspoon, ibid., 79. 4836 (1957).

oxidized product.14 The leuco dye appears to be 
identical with that produced in the dark by the 
action of strong reducing agents.

During the course of investigations on the prop
erties of chemically produced leuco phenosafranin 
it was noticed that a yellow species was produced 
when the system was kept deaerated for several 
hours.15 The yellow (unbound) dye reported in 
the present paper is probably the same species. 
On the other hand, the pale yellow semiquinone 
obtained from phenosafranin in strongly acid 
solution16 is different in that first its absorption 
maximum is in the near ultraviolet and second, it is 
readily oxidized by oxygen to give regenerated dye.

The photochemistry of the bound dye-EDTA 
system bears a formal resemblance to that of thi- 
azine dyes in glucose glass.17 There it was found 
that the blue dye was photoreduced (glucose acting 
as the electron donor) to the leuco species. This 
latter species when illuminated with near ultra
violet light gave a red intermediate. This inter
mediate was strongly fluorescent and yet was 
light stable. On softening the glass, the red 
species reverted to the leuco form of the thiazine 
dye.

The yellow phenosafranin intermediate cannot 
be simply a semiquinone or a dimer of a semiquinone 
since its spontaneous decomposition to leuco dye in 
the dark takes place in the absence of a reducing 
agent. It is difficult to understand what other 
reaction of a semiquinone could take place to give 
leuco dye without the concurrent production of 
red dye (i.e., dismutation).

It is conceivable that the yellow species is a pho
todimer of the leuco dye. Thermal decomposition 
of the yellow species would give the monomeric 
leuco species. It seems unlikely, however, that in 
the case of thiazine dyes in rigid glucose17 photo
dimers could form, since the viscosity of the 
medium is so extremely great.

The fact that bound leuco dye is photosensitive 
whereas free leuco dye is practically insensitive 
may be due to the rigidity which the polymer im
parts to the poorly resonating leuco species.

(14) D. Mauzerall, ibid., 82, 1832 (1960).
(15) R. D. Stiehler, T. T. Chen, and W. M. Clark, ibid., 55, 891 

(1933).
(16) L. Michaelis, ibid., 58, 1816 (1936).
(17) B. Broyde and G. Oster, ibid., 81, 5099 (1959).
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EXTREMELY LONG-LIVED INTERMEDIATES IN PHOTOCHEMICAL 
REACTIONS OF DYES IN NON-VISCOUS MEDIA12

B y  G e r a l d  O s t e r , G i s e l a  K a l l m a n n  O s t e r , a n d  G e r h a r t  K a r g 3

Department of Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, N. Y.
Received May 25, 1962

Halogenated fluorescein dyes in the presence of tertiary amines are photochemically dehalogenated by_ visible light. With 
longer wave lengths of illumination iodine atoms may be removed but chlorines remain. Dechlorination takes place with 
shorter wave lengths. Selective dehalogenation also can take place using white light when properly chosen amines are pres
ent. In all cases an unstable yellow intermediate with a lifetime of the order of seconds is formed. It is postulated that the 
intermediate is a semiquinone which decomposes spontaneously to yield dark-stable partially dehalogenated species.

Introduction
Previous w ork in  our La b o ra to ry4.8 has demon

strated th a t fluorescein and its  halogenated deriva
tives undergo photofading in  the presence of a 
m ild  reducing agent such as a lly l thiourea. W e 
have extended th is w ork recently using various 
secondary and, p a rticu la rly , te rtia ry  amines as 
electron donors fo r the lig h t excited dyes. I t  has 
been found p reviously w ith  th iazine dyes th a t these 
amines participate in  photochem ical reactions to 
give  the leuco th iazine.6 W ith  the halogenated 
fluoresceins, however, certain of the amines also 
cause a photodehalogenation. These reactions 
are selective as to which halogen atoms are re
m oved from  the ligh t-excited  dye molecules. In  
the course of these studies we fu rth e r noted th at in  
the early stages of the photodehalogenation there 
is some re ve rs ib ility  in  the dark and th a t the reac
tion  involves the form ation of ye llow  interm ediates 
having a lifetim e of the order of seconds.

I t  is the purpose of the present paper to describe 
the process of photodehalogenation, to id e n tify 
the stable products produced, and to  tr y  to  estab
lish the id e n tity  of the interm ediate.

Experimental
Materials.— The dyes (fluorescein, 2',7'-dichlorofluores- 

cein, 4',5'-dibromofluorescein, 4',5'-diiodofluorescein, 2 ',- 
4 ' ,5' ,7 '-tetrabromofluorescein, 2' ,4 ',5 ' ,7 '-tetraiodofluores- 
cein, 2',4',5',7'-tetrabromo-3,4,5,6-tetrachlorofluorescein, 
2',4',5',7'-tetraiodo-3,4,5,6-tetrachlororfluorescein) were ob
tained either from Eastman Kodak Co. Organic Chemicals 
or from Allied Chemical and Dye Corporation. Hereafter, 
these dyes are referred to as FI, FIC12, FlBr2, F1I2, FlBr4, 
F1I4, FlBr4Cl4, and F1I4C14, respectively. The dyes were em
ployed as the sodium salts. Those dyes obtained from East
man (reagent grade F1C12 and F1I2, practical FI and FlBr2) 
were available only in the acid form so that in these cases 
the sodium salt was prepared. The remaining dyes from 
Allied were histological grade.

Triethanolamine and nitrilotriacetic acid were Eastman 
Reagent grade. Ethylenediaminetetraacetic acid, disodium 
salt, was Dow Chemical Co. reagent grade. Anhydrous 
N,N,N',N'-tetramethylethylenediamine was obtained from 
Ames Laboratories, South Norwalk, Conn.

Oxygen, helium, and prepurified nitrogen were obtained 
from Airco. The nitrogen was purified further by passing it

(1) Supported by the United States Air Force through the Air 
Force Cambridge Research Laboratories under Contract No. AF 
19(604)-8056.

(2) Taken in part from the dissertation of Gerhart Karg to be sub
mitted to the Faculty of the Polytechnic Institute of Brooklyn in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy.

(3) National Science Foundation Predoctoral Fellow, 1958-1961.
(4) G. Oster and A. H. Adelman, J. Am. Chem. Soc., 78, 913 (1956).
(5) A. EL Adelman and G. Oster, ibid., 78, 3977 (1956).
(6) G. Oster and N. Wotherspoon, ibid., 79, 4836 (1957).

through a chromous chloride solution. Nitric oxide (Mathe- 
son Co.) was purified with sulfuric acid and potassium hy
droxide solutions according to the method of Moser.7

Procedures.— Photochemical conversion of the dyes was 
accomplished by illuminating with visible light from a slide 
projector containing a 500-watt tungsten lamp (General 
Electric CZX) and a glass filter (Corning 3-73) which re
moves light of wave lengths shorter than about 400 myti. 
Provision was made to both deaerate and stir the solutions by 
passing nitrogen through the samples. To obtain oxygen- 
free conditions, the solutions were flushed with nitrogen for 
15 min. prior to and during the irradiation.

When a continuous recording of transmittance versus time 
was required, the light passing through the sample was 
filtered with appropriate glass and interference filters and 
the output of the detector (Type 2A-L6 Hoffman Electronics 
Corp. silicon photovoltaic cell) registered on a Varian As
sociates Type G-10 recorder.

Transient phenomena were studied with two different sets 
of apparatus. For studies at 550 m^ with rose bengal (F1I4- 
Cl4), the dye chosen for most of these studies, the continu
ously recording apparatus described above was employed. 
This apparatus also included sliding mechanisms for quickly 
interposing or removing filters placed before or after the 
sample. After a brief (3 sec. or less) strong illumination 
with white light the analyzing filters (i.e., filters between the 
sample and the detector) were removed and an identical set 
of filters was interposed between the light source and the 
sample. In this way the dark recovery of the species pro
duced during the strong illumination could be recorded. 
The other apparatus, a single-beam recording monochro
mator, consisting of a Bausch and Lomb grating monochro
mator with an RCA 1P21 multiplier phototube as the detec
tor and a Leeds and Northrup Speedomax recorder, has been 
described elsewhere.8 Here the transient species was 
measured at a variety of wave lengths. The procedure was 
to interpose, after a brief strong illumination, neutral density 
filters between the light source and the sample, and to record 
at each wave length the time-course of the decay of the 
transient species. The same arrangement was employed to 
measure the dark recovery at various wave lengths.

All light sources and recorders were operated through 
voltage stabilizers (Sola Electric Co. transformers). The 
spectra of stable species were determined in a Cary Model 11 
recording spectrophotometer with 1  cm. path length cells.

The pK  values of the dyes were obtained by the usual 
technique of plotting the optical density of the dyes at ap
propriate wave lengths as a function of pH and reading the 
pK  from the inflection point of the resulting sigmoidal curve.

Chromatographic R¡ values were obtained by a descending 
method using Whatman No. 1 paper with 8 8%  ammonia, 
ethanol, and water in the proportion of 5:10:85 by volume .9

Electrophoretic mobilities were determined on a Research 
Specialties Model E-800-2B paper electrophoresis apparatus. 
Whatman No. 1  paper was employed and the determination 
was carried out in 0.1 M  phosphate buffer at pH 8.0 with an 
applied potential of 250 volts.

Results
The values of absorption maxima, pK’s, R{ 

numbers, and electrophoretic mobilities of the
(7) L. Moser, Z. anal. Chem., 50, 401 (1911).
(8) N. Wotherspoon and G. Oster, J .  Am. Chem. S o c ., 79, 3992 

(1957).
(9) K. Taylor, Nature, 185, 243 (1960).
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dyes em ployed are given in  Table  I .  These quanti
ties were determ ined in  order to id e n tify  the stable 
photoproducts of the reaction. I t  should be noted 
th a t there is a correlation between the Rt values 
and the electrophoretic m obilities of the various 
dyes.

T a b l e  I 

Y Y

pZ£ values in parentheses are uncertain.
Electro
phoretic

Abs. mobility
max. (104 cm.2/

Dye X Y Z (m/i) P K R t sec./volt)
FI H H H 490 6.7 4.4 2.2 0.58 0.46
FICh Cl H H 500 5.1 3.9 (0.6) .46 .37
FlBr2 H Br H 506 5.3 3.9 (0.5) .26 .23
F1I2 H I H 510 5.2 4.2 (0.6) .19 .08
FIBr* Br Br H 518 3.6 .12 .05
FIF4 I I H 528 4.3 .07 .03
FIBnCU Br Br Cl 540 3.7 .34 .16
FU4CI4 I I Cl 550 4.3 .24 .09

In  F ig . 1 are illustra ted  the spectra of erythrosin  
(F1 I4) before and after illum ination  w ith  w hite 
lig h t, triethanolam ine being present. The colored 
photoproduct form ed has a spectrum  identica l 
w ith  fluorescein. Furtherm ore, the values of 
the p lis , Rt num ber, and electrophoretic m o b ility  
of the photoproduct are identica l w ith  those fo r 
fluorescein. W ith  rose bengal, on the other hand, 
an interm ediate colored species is produced in  
addition  to fluorescein (F ig . 2). Th e  conversion 
to  fluorescein can be carried out in  a stepwise 
fashion. Rose bengal (spectral curve A  of F ig .
2) in  the presence of triethanolam ine gives, on 
illum ination  w ith  green lig h t, a stable species w hich 
absorbs m axim ally a t 510 mp (curve B  of F ig . 2). 
On illum ination  of the new species w ith  blue-green 
lig h t (o r w hite lig h t) fluorescein is obtained (curve 
C  of F ig . 2). A lte rn a tive ly , fluorescein is obtained 
d ire ctly  from  rose bengal b y  extended illum ination  
w ith  w hite lig h t. Th e  interm ediate species has the 
same Rt num ber (nam ely, Q.779) as 3,4,5,6-tetra- 
chlorofluorescein. Illu m in a tion  of phloxine 
(F lB r4C l4) w ith  green lig h t yie lds the same in te r
m ediate.

Ethylenediam inetetraacetic acid and n itr ilo tr i- 
acetic acid are ineffectual fo r the photochem ical 
conversion to  fluorescein of rose bengal, phloxine, 
and 2 ',7 '-d ichlorofluorescein. Th e  other dyes, 
however, are convertible to fluorescein in  the 
presence of either of these tw o chelating agents.

Fluorescein is re la tive ly  lig h t stable in  the pres
ence of a ll of the chelating agents excepting te tra - 
m ethylethylenediam ine, where photoreduction to 
a leuco species proceeds ra p id ly . F o r rose bengal 
a t p H  10 w ith  triethanolam ine or te tram eth yl- 
ethylenediam ine, a greater spectral sh ift is obtained 
than w ith  ethylenediam inetetraacetic acid or

Wave length, m¡i.
Fig. 1.— Spectra of erythrosin before (A ) and after (B ) 2 

min. of illumination with white light; dye concentration 
1.8 X  10 ~6 M in the presence of triethanolamine (0.1 M).

Wave length, m#».
Fig. 2.— Spectra of rose bengal: (A ) before illumination; 

(B) after illumination with green light; (C ) after illumina
tion with blue-green light (or with white light); concentra
tions as in Fig. 1.

n itrilo tria ce tic  acid fo r the same period of illu m in a 
tion . N o t a ll of the rose bengal is converted to
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Fig. 3.— Fading and dark recovery of rose bengal: white 
light illumination ceased after time indicated by the arrow; 
dye concentration 10  ~t M ; triethanolamine concentration 
10  ~*M.

colored species. A  large fraction  is converted 
irre ve rs ib ly to colorless species. T h is  is especially 
true if  tetram ethylethylenediam ine is used.

In  F ig . 3 is illustrated  the fading and dark re
covery of rose bengal in  the presence of trie thano l
amine. I f  T »  is the final transm ittance in  the 
dark, T0 its  value a t the beginning of the dark 
period, and Tt its  value a t any tim e t, then the 
results can be represented as In  (Ti/Tœ)/ln (T0/ 
To) =  e-,/ r, where r  is the lifetim e. Since the 
dye obeys Beer’s law , the ra tio  of the logarithm ic 
functions is m erely the ra tio  of the concentration 
at tim e t to th a t at the beginning of the dark period. 
The lifetim e of the decay is 1.6 sec. independent of 
the dye concentration (at least fo r 10~5 to  10-4 
M  in  dye). F o r tetram ethylethylenediam ine the 
lifetim e decreases s lig h tly  w ith  increasing chelating 
agent concentration (1.7 sec. fo r 3 X  10~6 M  and
1.0 sec. fo r 30 times th is concentration).

W hen oxygen or n itric  oxide is introduced sud
denly a t the end of the illum ination  period the 
recovery is more rapid. The spectra of the pho
toproducts are unaffected b y  the presence of these 
gases.

U sing the spectrophotom etric techniques we 
find th a t the rate of recovery of rose bengal is 
greatest at 540 ma. D u rin g  irrad ia tion  there is 
produced a strong ly colored ye llow  species which 
absorbs m axim ally a t about 422 m/x. T h is  species 
decays in  the dark at a rate close to  the rate of the 
production of the 540 m/j. absorbing species. The 
other halogen-containing dyes also show in te r
mediates absorbing close to the values fo r the rose 
bengal interm ediate b u t the interm ediate is less 
pronounced the less the degree of halogénation of 
the o rig ina l dye. N o colored interm ediate could 
be detected fo r fluorescein.

D iscussion
The amines em ployed in  the present w ork all 

cause a photoreduction of th iazine dyes to give the 
leueo species.6 C e rta in ly  some photoreduction

occurs fo r the fluorescein dyes as w ell, since m etal 
ions are reduced when any one of these dyes, in  the 
presence of chelating agents, is used as the photo
sensitizer.10 The te rtia ry  amine causes a photo - 
dehalogenation as w ell, however. B y  using con
tro lled  wave lengths when illu m in ating  rose bengal, 
selective dehalogenation can take place. Thus, 
green lig h t causes the rem oval of the iodine atoms, 
a llow ing the chlorine atoms to rem ain. The 
chlorine atoms are removed when shorter wave 
length lig h t (blue-green) is em ployed. Selective 
rem oval of halogen atoms also can be achieved 
w ith  the proper choice of te rtia ry  amine. Thus, 
when ethylenediam inetetraacetic acid is present, 
illum ination  of rose bengal w ith  w hite lig h t causes 
rem oval of the iodine atoms on ly.

Am ines which serve as electron donors fo r lig h t- 
excited dye molecules are destroyed in  the reac
tio n .6 There are indications th a t the amine is 
oxidized at the alpha carbon atom .11 In  one case, 
at least, th a t of acridine orange, the photoreaction 
involves the addition  of the chelating agent to the 
d ye .12 I t  should be noted th a t the tw o amines 
which are ineffectual in  the rem oval of chlorines 
from  the fluorescein dyes bear the same sign of 
charge as the dye molecules.

I t  is lik e ly  th a t the interm ediate species absorb
ing around 422 m,u is a semiquinone ion. I t  would 
be expected th a t a semiquinone is form ed through 
the quinoid oxygen on the dye. The spectra of 
such semiquinones would not be expected to be ap
preciably affected b y substituent halogens. T h e ir 
s ta b ility , on the other hand, w ould be strong ly 
dependent on substituents. I t  is significant in  
th is connection th at the interm ediates found w ith  
the fluorescein dyes a ll had nearly the same spectra 
but were produced in  greater am ount the greater 
was the extent of substitution and degree of po lariz
a b ility  of the substituent halogen atoms. The 
electron-rich semiquinone should perm it easy 
release of the halogen.

Som ewhat stable interm ediates have been found in  
the visib le  lig h t excitation  of eosin (F lB r4) in  the 
presence of ascorbic acid, pure pyrid ine  being 
the so lvent.13 E lectron  param agnetic resonance 
spectra indicate th a t a semiquinone is produced 
and th at there is in teraction between an unpaired 
electron and tw o protons. Th e  absorption spectra 
of species, presumed to be semiquinones, which 
are form ed during the photoreduction of rose 
bengal, erythrosin , and eosin in  pyrid ine -ascorb ic 
acid, and fo r eosin in  e thano l-butyra ldehyde, at 
—  35°, have been determ ined.14 Th e  spectrum  
reported fo r rose bengal under these conditions is 
quite sim ilar to th at obtained in  the present w ork 
in  water at room  tem perature. The photochem ical 
reaction of ch lo rophyll in  p yrid ine  w ith  ascorbic 
acid (the “ K rasnovsky reaction” 16) leads to an 
unstable red interm ediate, the nature of w hich is

(10) G. K. Oster and G. Oster, J. Am. Chem. Soc., 81, 5543 (1959).
(11) D. Mauzerall, ibid., 82, 1832 (1960).
(12) A. Kellmann and G. Oster, J. chim. phys., 58, 355 (1961).
(13) N. N. Bubnov, V. F. Tsepalov, and V. Ya. Shlyapintokh, 

Izv. Akad. Nauk SSSR, Ser. Fiz., 23, 1265 (1959).
(14) V. F. Tsepalov and Y. Ya. Shlyapintokh, Izv. Akad. Nauk 

SSSR, Otd. Khim. Nauk, 637 (1959).
(15) A. A. Krasnovsky, Dokl. Akad. Nauk SSSR, 60, 421 (1948).
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im perfectly understood. W ater-soluble ch lorophyll 
(potassium  ch lo rophyllin ) undergoes the K ra s- 
novsky reaction in  w ater w ith  ascorbic acid when 
p yrid in e  is present o n ly  to the extent of 10% .16 
Th is  reaction does not proceed, however, if  the 
ascorbic acid is replaced b y a secondary or te rtia ry  
am ine. Hence we cannot a t th is tim e sim ply as
sociate our ye llo w  interm ediate w ith  the in te r
m ediate found b y  the Russian w orkers13 fo r eosin.

The interm ediate apparently is not th a t observed 
fo r eosin b y  means of flash spectroscopy.17'18 The 
lifetim es of such interm ediates are of the order of 
one m illisecond or less w hile ours has a lifetim e some 
thousand times greater. A lthough  a ye llow  in 
term ediate absorbing at 405 mp has been observed 
fo r eosin b y  flash spectroscopy,18 th is species was 
obtained o n ly in  the presence of phenol. In  com
mon w ith  species produced b y  h igh in ten s ity flash 
our interm ediate exh ib its a shortened lifetim e when 
oxygen is introduced. Furtherm ore, n itric  oxide 
also decreases the lifetim e of our interm ediate 
w ith o u t producing any o ver-a ll chemical change, 
thus ind icating the param agnetic nature of this 
interm ediate.

(16) G. Oster and S. B. Broyde, Nature, 192, 132 (1961).
(17) S. Kato, T. Watanabe, S. Nagaki, and M. Koizumi, Bull. 

Chem. Soc. Japan, 33, 262 (1960).
(18) L. Grossweiner and E. Zwicker, J. Chem. Phys., 34, 1411 

(1961).

The transient species decomposes to give what 
appears to be, in  the case of rose bengal, a m ono- 
deiodinated species. The m axim um  in  its  absorp
tion  spectrum , nam ely, 540 mp, lies between th at of 
the tetraiodinated species and the location where the 
diiodinated species should absorb. Due to over
lapping spectra w ith  the o rig ina l dye the absorption 
at 550 Dpi of th is species appears as an apparent 
recovery of the orig ina l rose bengal. Continued 
irrad ia tion  of th is triiod inated  species leads to 
com plete rem oval of the iodine atoms.

R ecently we have found th a t the ye llow  in te r
m ediate can be stabilized b y  ca rryin g  out the reac
tion  in  glycero l a t low  tem peratures where the 
systems form  rig id  glasses. Fu tu re  experim ents 
of th is kind  which have yielded interm ediates in 
the photofading of visual purp le19 and of thiobenzo- 
phenone20 are contem plated to  obtain more de
ta iled spectra of the interm ediates. W e feel th at 
th is interm ediate m ay p la jr a role in  dye-sensitized 
photopolym erization21 since our d ye -te rtia ry  amine 
m ixtures are photosensitizers fo r the in itia tio n  of 
polym erization  of v in y l monomers.

(19) G. Wald, J. Durell, and 11. C. C. St. George, Science, 111, 
179 (1950).

(20) G. Oster, Ann. N. Y. Acad. Sci., 74, 305 (1958).
(21) G. Oster, Nature, 173, 300 (1954); G. K. Oster, G. Oster, and 

G. Prati, J. Am. Chem. Soc., 79, 595 (1957).

THE EFFECT OF LIGHT ON OXIDATION AND REDUCTION REACTIONS 
INVOLVING PHTHALOCYANINE AND ETIOPORPHYRIN I MANGANESE

COMPLEXES
B y  G . E n g e l s m a , 1 A k i o  Y a m a m o t o , 2 E .  M a r k h a m , 3 a n d  M e l v i n  C a l v i n

Department of Chemistry and Lawrence Radiation Laboratory,4 
University of California, Berkeley 4, California
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A detailed study of the chemistry and photochemistry of phthalocyanine manganese and a few metal derivatives of 
porphyrins has been made. It has been shown that the stable oxidation level of manganese may be shifted among the 
II, III, and IV oxidation states, depending on the nature of the fifth and sixth coordinating groups. Furthermore, photo
chemical oxidation as well as photochemical reduction of the phthalocyanine manganese(III) has been observed, and photo
chemical reduction of the manganese(IV) compound demonstrated. M n(III), Fe(III) and Co(III), etioporphyrins also 
are photoreduced to the II state. The possible participation of such photochemical transformations in the oxygen evolution 
sequence of photosynthesis is indicated.

Introduction
Recent investigations have shown th at manganese 

plays an im portant role in  photosynthesis ,8~11
(1) The Philips’ Research Laboratory, Eindhoven, The Nether

lands, NATO Fellow, 1960-1961.
(2) On leave from the Research Laboratory of Resources Utiliza

tion, Tokyo Institute of Technology, Tokyo, Japan.
(3) University Chemical Laboratory, Lensfield Road, Cambridge, 

England.
(4) This work was supported, in part, by the U. S. Atomic Energy 

Commission.
(5) E. Kessler, Planta, 49, 435 (1957).
(6) E. Kessler, W. Arthur, and J. E. Brugger, Arch. Biochem. 

Biophys., 71, 326 (1957).
(7) T. E. Brown, H. C. Eyster, and H. A. Tanner, “ Trace Ele

ments,”  Academic Press, Inc., New York, N. Y., 1958, p. 135.
(8) T. E. Brown, H. C. Eyster, and K. A. Tanner, ibid., p. 157.
(9) H. A. Tanner, T. E. Brown, H. C. Eyster, and R. W. Treharne, 

Ohio J. Sci., 60, 231 (1960).

In  particu lar, manganese seems to  be essential 
in  the oxygen evolving systems.6 R ecently it  was 
reported th a t a manganese chelate related to  the 
porphyrins, nam ely, phthalocyaninem anganese, ap
paren tly form ed a peroxide reversib ly w hich, in  
tu rn , seemed to  be capable of dissociating the 
oxygen-oxygen  bond in  a reversible fashion.12 
T h is  observation was so unusual th at it  attracted 
our attention im m ediately. I t  seemed possible 
to  incorporate such stages in  the oxygen evolution 
scheme of photosynthesis w ith  great ease.

In  order to  determ ine the fe a s ib ility  of using
(10) R. W. Treharne, T. E. Brown, H. C. Eyster, and H. A. Tanner, 

Biochem. Biophys. Res. Comm., 3, 119 (1960).
(11) H. A. Tanner, T. E. Brown, H. C. Eyster, and R. W. Treharne, 

ibid., 3, 205 (1960).
(12) J. A. Elvidge and A. B. P. Lever, Proc. Chem. Sue., 195 (1959).
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Fig. 2.-—Oxidation by air of a 8.5 X  10-6  M  solution 
of phthalocyaninemanganese(II) in pyridine with cell thick
ness 1  cm.

phthalocyaninemanganese complexes as m odel 
compounds, a study was undertaken of the oxida
tion  and reduction reactions of these complexes. 
Th e  influence of lig h t on these reactions was es
pecia lly investigated.

The basic compound of th is series, phthalo
cyaninemanganese ( I I )  ( I )  is prepared from  
phthalon itrile  and manganese d ioxide13 or manga
nese acetate.14 E lv id ge  and Le ve r12 have reported 
th at phthalocyaninemanganese ( I I )  in  a pyrid ine  
solution has an absorption band a t 712.5 m/z, 
whereas R u tte r and M cQueen14 stated th at its 
m ain absorption band in  the visib le  region is at 
620 m/z. W e have found th at these spectra belong 
to  oxidized phthalocyaninemanganese compounds. 
A  solution of phthalocyaninemanganese ( I I )  pre
pared in  the absence of a ir has absorption peaks at 
880, 835, 660, 643, and 467 m/x (F ig . 1). On 
in troduction  of a ir, these bands decreased and a 
new band a t 716 m/t was observed. T h is  band 
probab ly corresponds to  E lv id ge  and Lever’s 
band a t 712.5 m/x. I t  gradua lly b u ilt up to  a m axi
mum and then decreased again, a band a t 620 m n 
fin a lly  being form ed (F ig . 2).

On evaporation of a solution of phthalocyanine- 
m anganese(II) ( I) ,  prepared in  the absence of a ir 
(660 m/x), a green compound was obtained which 
changed in  contact w ith  the a ir. I t  p robab ly is 
phthalocyaninedipyrid inem anganese(II) ( I I ) . 
From  the com pletely oxidized solution (620 m /z,

(13) P. A. Barrett, C. E. Dent, and R. P. Linstead, J. Chem. Soc., 
1719 (1936).

(14) H. A. Rutter, Jr., and J. D. McQueen, J. Inorg. Nucl. Chem., 
12, 362 (1960).

log e 4.94) a purple compound was obtained fo r 
w hich the elem entary analysis was in  approxim ate 
agreement w ith  the form ula given b y  E lv id g e  and 
Le ve r12: phthalocyanine-oxo-p yridinem anganese-
( IV )  ( I I I ) . 14a M agnetic susceptib ility measure
m ent of th is crysta lline compound at room  tem pera
ture showed th a t it  is alm ost diam agnetic w ith  a 
m olar susceptib ility of — 270 X  10-6 e.g.s., w hich, 
when adjusted b y  diam agnetic correction of 
phthalocyanine, pyrid ine , and oxygen, gives a 
s lig h tly  param agnetic m agnetic moment of 0.71 
B ohr m agneton. T h is  would require some kind  
of electron pa iring in  the crysta l, either b y  dim eriza
tion  through tw o oxygen atoms (the peroxide w hich 
apparently is not present) or b y  m e ta l-o xyg e n - 
m etal in teraction , or m etal-m etal in teraction . 
S o lu b ility  lim ita tions have so fa r prevented any 
reliable m agnetic susceptib ility measurement or 
m olecular w eight measurement in  solution, and 
we te n ta tive ly assume the m onom eric structure 
phthalocyanine-oxo-pyrid inem anganese(IV) fo r th is 
species (absorption m axim um , 620 m/x) in  p yrid in e  
solution.

In  the absence of a ir the transient oxidation  prod
uct (716 m/x) is broken down under the influence of 
lig h t to  form  phthalocyaninedipyrid inem an- 
ganese(II) and phthalocyanine-oxo-pyrid inem an- 
ganese(IV). T h is  appeared to  indicate th a t the 
716 m/z species m ight be the presumed reversible 
peroxide of phthalocyaninemanganese suggested 
b y E lv id ge  and Le ve r.12 T h e y  assume th a t the 
oxidation of phthalocyaninemanganese ( I I )  to  
phthalocyanine-oxo-pyridinem anganese ( I  V ) and 
the reverse reaction, reduction to  phthalocyanine- 
m anganese(II) b y bo iling a solution of phtha locya- 
n ine-oxo-pyrid inem anganese(IV) in  p yrid ine , have, 
as a common interm ediate, a bis-(phthalocyanine 
pyridinem anganese) peroxide (P c M n -P y )20 2. The 
firs t pa rt of th is w ork is centered around the 
question of whether our photosensitive in te r
m ediate corresponds to  a dimanganese peroxy 
com plex, and if  so, whether oxygen is released on 
its  decom position.

Isolation of Intermediate Oxidation 
Level Compounds

A  d irect isolation of the interm ediate from  the
(14a) The crystals as they originally come out of the pyridine solu

tion at room temperature seem to have two molecules of pyridine per 
manganese atom. Removal of the pyridine by vacuum heating, 
reabsorption of pyridine, and removal of excess or lightly bound 
pyridine leave behind crystals with only one molecule of pyridine per 
manganese atom.
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Fig. 3.— Interrelationship of phthalocyaninemanganese complexes. The rhombs and Pc represent the square planar 
tetradentate bivalent phthalocyanine ligand, C^H^Ng; Py for pyridine.

manganese(II), in 1-chloronaphthalene, prepared in the 
“ absence”  of air. (b) Spectrum of the same solution one 
hour after air had been admitted. The optical densities of 
the two curves are not necessarily comparable, since all of 
the compound may not have been dissolved in (a).
solution in  p yrid ine  is not feasible because of its 
equilibrium  w ith  the manganese ( I I )  and manganese- 
( IV )  compounds. A  solution in  w hich on ly the 
species absorbing a t 716 m¿t is present can be 
obtained b y  dissolving phthalocyaninem anganese-
( I I )  in  a m ixtu re  of equal amounts of pyrid ine  
and w ater (in  the presence of a ir). On evapora
tion  of th is solution in vacuo a green compound 
precipitates. H ow ever, attem pts to  id e n tify  th is 
compound failed, since in  contact w ith  the a ir it  
is converted ra p id ly  to  a v io le t compound which 
appeared to  be identica l w ith  phthalocyanine-oxo- 
pyrid inem anganese(IV) ( I I I ) .  A  chart exh ib iting 
the interrelationships to  be described is shown in  
F ig . 3.

Solutions of phthalocyaninem anganese(II) in
1-chloronaphthalene, m ethanol, ethanol, chloro
form , e th yl acetate, chlorobenzene, d im e th yl- 
form am ide, nitrom ethane, and acetic acid, prepared 
in  the presence of a ir, have spectra w hich are ve ry  
sim ilar to  the spectrum  of the interm ediate oxida
tion  product in  p yrid ine  (716 m u). T h e y  have 
high absorption bands between 710 and 726 m/i. 
In  the case of 1-chloronaphthalene it  was shown 
th a t th is spectrum  belongs to  an oxidized phthalo
cyaninemanganese. A  solution prepared w ith  
exclusion of a ir as fa r as possible had a spectrum  
w ith  peaks at 878, 726, 682, 654, 598, 532, 494, 473, 
and 440 m/i. Excep t fo r the peak at 726, th is 
spectrum  is ve ry  sim ilar to  the spectrum  of phtha lo- 
cyaninem anganese(II) in  p yrid ine . On in troduc
tion  of a ir, the peak a t 726 m/n increased ra p id ly 
whereas a ll the other absorption bands decreased, 
ind icating th at the 726 m/i band belongs to  oxidized 
phthalocyanine manganese (F ig . 4).

From  the solutions in  m ethanol and ethanol we 
isolated complexes to  w hich, based on elem entary 
analysis, we assigned the form ulas phthalocyanine- 
hydroxo-m ethanolm anganese(III) ( IV )  and phtha l- 
ocyanine-hydroxo-ethanolm anganese(III) (V ), re
spectively. The m agnetic mom ent of the com
pound ( IV )  was 4.87 B oh r magnetons (8, +17° 
K .) corresponding to  fou r spin-free unpaired elec
trons of m anganese(III).

A  com plex w hich according to  the elem entary 
analysis is phthalocyanine-chloro-m ethanolm an- 
g a n e se (III) ( V I I )  was obtained b y  extracting 
phthalocyaninem anganese(II) w ith  m ethanol satu
rated w ith  sodium chloride and a trace of HC1. 
On evaporating a solution of th is com plex in  p y r i
dine, dark green crystals of phthalocyanine-chloro- 
pyrid inem anganese(III) ( V I I I )  appeared. P h th a l-
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Fig. 5.-—Reduction of phthalocyanine-oxo-pyridine-
manganese(IV) in a pyridine-water 1:1 mixture: ---------- ,
freshly prepared so lu tion ;---------- , spectra after 15, 45, and
12 0  min., respectively.

Fig. 6 .— Photoreduction of phthalocyanine-chloro-pyri- 
dinemanganese(III) in pyridine in the absence of air:
-------- , original solution ;-------- , after illumination in the sun
for 10, 20, and 30 min., respectively.

ocyanine-chloro-m ethanolm anganese also could 
be prepared b y  adding sodium chloride to  a m eth- 
anolic solution of IV .

E xtra c tin g  phthalocyaninem anganese(II) w ith  
glacial acetic acid containing o %  acetic anhy
dride resulted in  a com plex fo r w hich the elem entary 
analysis was in  agreement w ith  phthalocyanine- 
acetato-(acetic acid )-m anganese(III) (V I) .

A lso  starting w ith  phtha locyan inc-oxo-pyrid ine- 
m anganese(IV) ( I I I ) ,  it  is possible to  obtain com
plexes w ith  absorption spectra w hich are ve ry  sim
ila r to  the spectrum  of the interm ediate oxidation 
product seen in  pyrid ine .

W hen crystals of phtha locyan ine -oxo-pyrid ine- 
m anganese(IV) are dissolved in  m ethanol, ethanol, or
1-chloronaphthalene the band at 620 m y is ob
served first, but it  soon disappears and exactly the 
same spectra are obtained as those th at appear 
when phthalocyaninem anganese(II) is dissolved 
in  the same solvents in  the presence of a ir. A lso  
on addition  of m ethanol to  a solution of phthalo- 
cyanine-oxo-pyrid inem anganese(IV) in  pyrid ine ,

the band a t 620 m y decreases slow ly w ith  an increase 
of the 716 m y band at the same tim e. A d d in g  so
dium  chloride to  such a solution in  w hich the 620 
m y band had disappeared com pletely resulted in  
a precipitate of phthalocyanine-chloro-m ethanol- 
m anganese(III) ( V I I ) .

A  sim ilar spectral change corresponding to  M n - 
( IV )  reduction can be induced b y  adding w ater to  
a p yrid ine  solution of m anganese(IV). In  F ig . 
5 the decrease of the peak a t 620 m y and the in 
crease of the peak at 716 m y can be followed fo r a 
p yrid in e  solution of phtha locyan ine -oxo-pyrid ine- 
m anganese(IV) to  which an equal volum e of water 
had been added. Considerable bleaching of the 
solution takes place, possib ly due to  oxidation of 
the phthalocyanine rin g . Th e  reduction of the M n - 
( IV )  com plex is grea tly accelerated b y  acids. On 
in troduction  of d ry  HC1 gas to  the p yrid ine  solu
tion , the color changes from  blue to  green, and a 
dark green com plex precipitates w hich according 
to  the elem entary analysis is phthalocyaninedi- 
pyrid inem anganese(III) d ichloride or phtha lo - 
cyanine-chloro-pyridinem anganese ( I I I )  p yrid ine
hydrochloride ( V i lla ) .  W hen a sm all am ount of 
p yrid ine  hydrochloride is added to  a solution of 
phthalocyanine-oxo-pyrid inem anganese(IV) in  p y 
rid ine, a com plex slow ly crystallizes fo r w hich the 
analysis corresponds to  phthalocyanine-chloro- 
pyrid inem anganese(III) ( V I I I ) .  B oth  complexes 
have an identical absorption spectrum  in  p yrid ine  
w ith  a m axim um  at 716 m y. W e therefore assume 
th a t the com plex first isolated is phthalocyanine- 
ch loro -pyrid inem anganese(III) p yrid ine  hydrochlo
ride (V illa ) .

W hen a lim ited  am ount of glacial acetic acid is 
added to  a p yrid ine  solution of ( I I I )  the color 
changes from  blue (620 m y) to  green (713 m y) 
and green crysta ls slow ly appear. T h e y  show 
analysis fo r phthalocyanine-acetato-pyridinem an- 
g a n e se (III) ( IX ) .  Th e  m agnetic moment of th is 
compound was 4.76 B ohr magnetons (0, — 40° K .) 
corresponding to four spin-free unpaired electrons 
of m anganese(III).

Thermal- and Photochemistry of Intermediate 
Oxidation Level Manganese Compounds.— Solu
tions in  pyrid ine , prepared in  the absence of a ir, 
of a ll these interm ediate complexes obtained either 
from  phthalocyaninem anganese(II) o r from  ph
thalocyanine -  oxo -  pyrid inem anganese(IV), have 
ve ry  sim ilar spectra w ith  a m ain absorption band 
around 716 m y. W hen these solutions, in  the 
absence of a ir, are illum inated (G E  Photospot RSP2 
(D X B ) a t about 30 cm ., or sunlight) a reduction to  
phthalocyaninedipyrid inem anganese(II) (660 m y) 
takes place as shown in  F ig . 6 fo r a solution of 
phthalocyanine-ch loro -pyrid inem anganese(III) p y 
rid ine hydrochloride (V illa ) .

On the other hand, when a ir is adm itted, oxida
tion  to  phthalocyanine-oxo-pyrid inem anganese(IV) 
(620 m y) takes place. Th is  reaction is fast in  the 
case of the hydroxo complexes and re la tive ly  slow 
in  the case of the chloro complexes. L ig h t also 
accelerates the oxidation in  the presence of oxygen.

W hen p yrid ine  is added to  a solution of a m an- 
g a n e se (III) com plex in  ethanol, m ethanol, or 1- 
chloronaphthalene, th is oxidation in  a ir to  a
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Fig- 7.— Effect of light of a specific wave length (720 m/i) in the oxidation of a phthalocyanine-hydroxo-manganese (III) 
complex to a phthalocyanine-oxo-manganese(IV) complex in a mixture of l-chloronapht,halene and pyridine 2 : 1  (by volume).

m anganese(IV) com plex also can be observed. 
F igure  7 shows the effect of lig h t of a specific wave 
length (720 m/i) on the grow th  of the 620 m/t 
band fo r a solution of m anganese(III) com plex in
2.0 m l. of 1-chloronaphthalene to  w hich 1.0 m l. of 
pyrid ine  has been added (orig ina l spectrum  has 
on ly the 723 m/i band). Illu m in a tion  w ith  lig h t 
of 620 m/t had no effect on the rate of disappearance 
of the 723 m/t band.

W hen a p yrid ine  solution of phthalocyanine- 
m anganese(III) com plex, in  the absence of a ir, is 
kept in  the dark a t room  tem perature, a slow dis
proportionation in to  manganese ( I I )  and manganese- 
( IV )  complexes takes place. T h is  is shown in  F ig . 
8, where a solution of phthalocyanine-acetato-(acetic 
acid )-m angan ese(III) (V I)  in  p yrid in e  in  the pres
ence of a ir is compared w ith  a solution of the same 
concentration from  w hich the a ir has been carefu lly 
evacuated. B oth  solutions were kept in  the dark 
fo r 12 hours.

Th e  spectrum  of the firs t solution (exposed to 
a ir) shows th a t the manganese ( I I I )  com plex after 
12 hours is la rge ly oxid ized to  the M n (IV ) com plex 
(620 m y). D u rin g  the same tim e in  the second 
solution (evacuated) both M n (IV ) (620 m/t) 
and M n (II)  complexes (660 and 880 m/t) have been 
form ed. Th e  rate of th is disproportionation is 
increased b y  heating.

A lso , illum ination  of a m anganese(III) com plex 
other than the chloride in  p yrid ine  appears to  
accelerate th is d isproportionation. Here it  is 
accompanied b y  a d irect photoreduction of the 
m anganese(III) com plex so th at more manganese-
( I I )  than m anganese(IV) com plex is form ed. The 
fu rther increase of both the 620 and 660 m/t bands 
when the second sample (evacuated) was kept in  
the lig h t is shown in  F ig . 9. W ith  continued i l 
lum ination the 620 m/t peak decreased, the final 
spectrum  being the spectrum  of phthalocyanine- 
d ipyrid inem anganese(II).

T h is  experim ent shows th a t not on ly phthalo- 
cyanine m anganese(III) complexes but also a 
phthalocyaninem anganese(IV) com plex in  p y ri
dine is “ photosensitive.”  In  F ig . 10 it  is shown 
th a t a solution of phtha locyan ine -oxo-pyrid ine- 
m anganese(IV) in  p yrid ine , in  the absence of a ir, 
is reduced ra p id ly  to  phthalocyaninedipyrid inem an- 
ganese(II) in  the sunlight. A n  interm ediate M n -
( I I I )  com plex (716 m/t) is not observed in th is case.

Fig. 8 .— Disproportionation in the dark of phthalocyanine- 
acetato-(acetic acid)-manganese(III) in pyridine in the ab
sence of air. The original solution showed only a very high
peak at 716 m/t: -----, after 12 hours in contact with the air;
-----, after 1 2  hours in the absence of air.

E lv id g e  and Le ve r12 have reported th a t a solu
tion  of phthalocyanine-oxo-pyridinem anganese-
( IV )  in p yrid ine  was reduced when the solution was 
boiled. From  th e ir publication it  is not clear 
whether th ey obtained phthalocyaninem anganese-
( I I )  or ( I I I ) .  W e found th at a solution of phthalo- 
cyanine-oxo-pyrid inem anganese(IV) in  “ d ry ” p y r i
dine, from  which the a ir had been carefu lly rem oved, 
kept in  the dark at 75° fo r three days was reduced 
com pletely to  phthalocyaninem anganese(II). Th e  
rate of th is reduction is m uch faster when the p y r i
dine contains a sm all am ount of w ater. M ore 
careful “ d ry in g ” has inhib ited not o n ly the therm al
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phthalocyanme-acetato-(acetic acid)-manganese(III) in pyri
dine in the absence of air. The sample was kept in the dark
for 1 2  hours (---------- ), then exposed to diffuse light for one
hour ( .......... ), and finally illuminated in the sun for a total
of 20  min.: (—  after 10  min., —  • —  after 20  min.).

Fig. 10.— Photoreduction of phthalocyanine-oxo-pyridine- 
manganese(IV) in pyridine in the absence of air: — , orig
inal so lu t io n ;-----, after illumination in the sun for 8, 16,
and 24 min., respectively.

reduction of the phthalocyanine-oxo-pyrid ine- 
m anganese(IV) but the photoreduction as w ell.

The Intermediate Oxidation Level Manganese 
Complex in Pyridine.— -As we have seen, the 
stable com plex in  w eakly donating solvents (m eth
anol, ethanol, chloroform , 1-chloronaphthalene) 
is a phtha locyanine-hydroxo-m anganese(III) com -
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Fig. 11.— Scheme of oxidation and reduction of phthalo-

cyaninemanganese complexes in pyridine.

plex. T h is  is obtained on dissolving in  the presence 
of a ir either a phthalocyaninem anganese(II) or 
a m anganese(IV) com plex, in  such a solvent. In  
a strong ly donating solvent or solvent system , 
such as p yrid ine , diethylam ine, quinoline, or 
ammonia in  m ethanol, the stable oxidation  level 
in  the presence of oxygen is manganese ( IV ) .  
H ow ever, when excess chloride or acetate is present, 
the stable com plex in  pyrid ine  is a chloro- o r acetato- 
pyrid inem anganese(III) com plex even in  the 
presence of a ir.

Based on these observations we are now able to 
suggest a structure fo r the interm ediate oxidation 
product w hich was called a peroxide b y  E lv id ge  
and Le ve r.12 B y  analogy w ith  the complexes 
isolated, we assign to  the interm ediate the form ula 
phthalocyanine -  hydroxo -  pyrid inem anganese(III) 
(X ) . T h is  makes our scheme of oxidation and re
duction in  p yrid ine  as shown in  F ig . 11.

Th e  chem istry of the interm ediate dissolved in  
p yrid ine  can be summarized as follow s: In  the 
presence of oxygen it  is oxidized s low ly to  phthalo- 
cyanine-oxo-pyrid inem anganese(IV). T h is  oxida
tion  is accelerated b y  ligh t. In  the absence of 
oxygen a disproportionation in to  phthalocyanine- 
d ipyrid inem anganese(II) and phthalocyanine-oxo- 
pyrid inem anganese(IV) takes place. On illu 
m ination the rate of th is disproportionation is in 
creased and a t the same tim e a rapid reduction of 
the manganese ( I I I )  com plex to  the m anganese(II) 
com plex takes place.

I t  should be m entioned here th a t there are e vi
dences th a t the 716 m y band is a composite one, 
ind icating the p ossib ility of another interm ediate 
manganese ( I I I )  com plex. In  the course of the 
decrease of the 716 m y band on illum ination  of the 
hydroxom anganese(III) com plex in  pyrid ine  in  the 
absence of a ir, a s ligh t sh ift from  716 m y to  longer 
wave length takes place (reaching to  about 730 
m y). W hen a ir is introduced to  a solution of 
phthalocyaninedipyrid inem anganese(II) in  pyrid ine  
(660 m y) the 716 mu band builds up in  a reverse 
order. A  peak a t 730 m y appears firs t; on fu rther 
increase of the band in tensity its  peak shifts to 
716 m y.

Photoreductions in Solvents Other Than Pyri
dine.— In  order to  determ ine whether pyrid ine  is 
essential fo r the photoreductions, we dissolved 
phthalocyaninem anganese(II) in  m ethanol, ethanol, 
or 1-chloronaphthalene and obtained manganese-
( I I I )  compounds absorbing in  the 716 m y region. 
Th e  a ir was removed from  the solutions and they 
were illum inated fo r a prolonged tim e. N o 
changes in  the spectra could be observed. O n ly  
when pyrid ine  was present (20% b y  volum e of the 
solution) d id  the reduction to  phthalocyanine-
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manganese ( I I )  take place on illum ination  of these 
solutions. A p p a re n tly the am ount of pyrid ine  
needed is m uch sm aller. A  solution of phtha lo- 
cyanine-chloro-pyridinem anganese ( I I I )  p yrid ine  
hydrochloride in  ethanol is reduced slow ly in  the 
sunlight in  the absence of a ir, as can be seen in  F ig . 
1 2 .

Cyano Complexes.— A  potent donor group which 
m ight be expected to  affect the oxidation -reduc
tion  relationships among the manganese levels 
is C N - . F igure  13 shows the interrelationships of 
the cyanomanganese complexes w ith  other phthalo- 
cyaninemanganese complexes w hich w ill be dis
cussed in  th is section.

Manganese (II) Complexes.— Th e spectrum  of 
a fresh ly prepared solution of phthalocyanine- 
m anganese(II) ( I )  in  ethanol saturated w ith  
sodium cyanide shows absorption m axim a at 
824, 660, 598, 533, 464, and 373 mM (F ig . 14). 
On evaporation of the solvent we obtained green 
crystals fo r w hich the elem entary analysis cor
responded to  phthalocyanine-cyano-ethanolm an- 
ganese(II) sodium  ( X I ) .  A  solution prepared 
b y dissolving th is com plex in  pyrid ine , in  the ab
sence of a ir, showed the spectrum  of phthalocyanine- 
d ipyrid inem anganese(II). T h is  proves th a t the 
cyano com plex is a m anganese(II) com plex.

W hen sodium cyanide is added to  a solution of 
phthalocyaninem anganese(II) in  pyrid ine  contain
ing 5 %  w ater, the spectrum  is ve ry  sim ilar to  the 
spectrum  of phthalocyanine-cyano-ethanolm an- 
ganese(II) sodium  ( X I )  in  ethanol (F ig . 15). 
T h is  solution of w hat is probab ly phthalocyanine- 
cyano-pyrid inem anganese(II) sodium  ( X I I )  is ve ry  
stable in  a ir. O n ly  after long standing does a small 
peak at 620 npj (M n (IV )) sometimes appear.

Manganese(III) Complexes.— In  a ir, phthalo- 
cyanine-cyano-ethanolm anganese(II) sodium  ( X I )  
dissolved in  ethanol, containing excess sodium 
cyanide, is s low ly oxid ized, as can be seen in  F ig .
16. Th e  fin a l spectrum  has m axim a at (892), 
752, 669, 636, 614, 557, and S85 mn. On evapora
tion  of the ethanol, a com plex crysta llized  which 
according to  the elem entary analysis is phthalocy
aninedicyanomanganese ( I I I )  sodium  ( X I I I ) .  On 
addition  of a m ethanol solution of sodium  cyanide 
to  a solution of phthalocyanine-hydroxo-m ethanol- 
m anganese(III) ( IV )  in  m ethanol, the same com
plex is form ed. F igure  17 shows th a t w ith  a small 
am ount of sodium  cyanide a com plex w hich has a 
m ain absorption band a t 701 mp is form ed. W ith  
more sodium cyanide, the spectrum  ascribed to 
phthalocyaninedicyanom anganese ( I I I )  sodium (as 
in  F ig . 16) is obtained. A ttem p ts to  isolate the in 
term ediate absorbing a t 701 o fx have failed so far.

Phthalocyaninedicyanom anganese ( I I I )  sodium
( X I I )  also can be prepared from  phthalocyanine- 
oxo-pyrid inem anganese(IV) ( I I I ) .  In  the pre
vious section it  was m entioned th a t on dissolving 
phthalocyanine-oxo-pyrid inem anganese(IV) in  eth
anol it  is reduced ve ry  ra p id ly  to  w hat is probably 
a phthalocyanine-hydroxo-m anganese(III) com plex 
(716 m/j.). A  solution prepared b y  dissolving 
phthalocyanine-oxo-pyrid inem anganese(IV) in  eth
anol saturated w ith  sodium  cyanide is more stable 
(620 m/x). I t  is not known whether the com plex in

Fig. 12.— Photoreduction of phthalocyanine-chloro-pyri- 
dinemanganese(III) pyridine hydrochloride in ethanol in the
absence of air: ——, original so lu tion ;-----, after 1, 2, and 5
hours in the sunlight, respectively.

solution is phthalocyaninedicyanom anganese ( IV )  
( X IV ) .  On standing, the m anganese(IV) com plex 
is slow ly reduced to  the d icyanom anganese(III) 
com plex (669 nm ), as can be seen in  F ig . 18. A lso , 
b y  addition  of sodium cyanide to  a solution 
of phthalocyanine-chloro-pyridinem anganese ( I I I )  
( V I I I )  in  pyrid ine  containing 5 %  w ater, phthalo
cyaninedicyanomanganese ( I I I )  sodium  ( X I I I )  is 
form ed, as can be seen from  the spectral change of 
the solution. The reaction is reversed b y  addition 
of hydrogen chloride. W ith  th is solvent system  the
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WAVELENGTH (mjj)
Fig. 14.— Spectrum of phthalocyanme-cyano-ethanolman- 
ganese(IY) sod:um in ethanol containing sodium cyanide.

Fig. 15.-—• -----, spectrum of phthalocyaninedipyridine-
manganese(II) in pyridine with 5%  w a te r ;-----, spectrum
after addition of sodium cyanide (in vacuo).

interm ediate absorbing at 701 mp is not observed. 
A t  room  tem perature in  the dark in  contact w ith  
a ir, phthalocyaninedicyanom anganese(III) sodium 
( X I I I )  dissolved in  pyrid ine  w ith  5 %  water 
saturated w ith  sodium  cyanide is reduced slow ly 
to  the cyanom anganese(II) ( X I I )  com plex ab
sorbing a t 660, 816 (F ig . 19). Th e  solution 
obtained b y  dissolving phthalocyaninedicyano- 
m anganese(III) sodium ( X I I I )  in  pyrid ine , in  the 
absence of a ir, has a m ain absorption peak at 716 
m,u, ind icating th at one or both cyano groups have 
been replaced. Th e  com plex thus obtained under
goes the same reactions as the manganese ( I I I )  
complexes described in  the previous section: dis
proportionation on standing in  the dark, complete 
reduction on keeping the sample in  the dark a t an 
elevated tem perature, and a disproportionation 
followed b y  reduction on illum ination  of the sample 
at room  tem perature.

N o change in  the spectrum  can be observed 
when a solution obtained b y dissolving phthalo-

WAVELENGTH (mji)
Fig. 16.— Oxidation of phthaloeyanine-cyano-ethanolman- 

ganese(II) sodium to phthalocyamnedicyanomanganese(III)
sodium at room temperature in the dark: -----, solution
freshly prepared by dissolving phthalocyaninemanganese-
(II) in ethanol saturated with sodium c y a n id e ;-----, after
standing in contact with the air for 1, 14, and 72 hours, re
spectively.

Fig. 17.-—Spectral changes on addition of sodium cyanide 
to a solution of phthalocyanine-hydroxo-methanolmanga- 
nese(III) in methanol. The final curve is the spectrum 
ascribed to phthalocyaninedicyanomanganese(III) sodium.

cyaninedicyanom anganese(III) sodium ( X I I I )  in  
ethanol (713 n p i), from  w hich the a ir has been 
rem oved, is illum inated in  the sun. H ow ever, when 
excess sodium cyanide is added so th at the phthalo- 
cyaninem anganese(III) is present as the dicyano 
com plex (669 m/i) in  the solution, a reduction to 
phthalocyanine-cyano-ethanolm anganese ( I I )  so
dium  ( X I )  takes place in  the evacuated system  on 
illum ination  (F ig . 20). W e also found th a t the 
manganese ( IY )  com plex (620 mp) obtained b y  
dissolving phthalocyanine-oxo-pyridinem anganese-
( IV )  in  the absence of a ir in  ethanol saturated w ith  
sodium  cyanide is reduced to a manganese ( I I )  
com plex in  the sunlight, as can be seen in  F ig . 21. 
The final solution obtained shows the spectrum  
of phthalocyanine-cyano-ethanolm anganese(II) so
dium  ( X I )  (824, 660 m p).
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WAVELENGTH (mjj)
Fig. 18.— Reduction of phthalocyaninedicyanomanganese- 

(IV ) (X IV ) to phthaloeyaninedieyanomanganese(III) so
dium in ethanol saturated with sodium cyanide: — , phthalo- 
eyanine-oxo-pyridinemanganese(IV) dissolved in ethanol
saturated with sodium c y a n id e ;-----, after standing in the
dark for 3, 18, and 100 min., respectively.

Fig. 19.— Reduction of phthalocyaninedicyanomanganese- 
(III) sodium in pyridine with 5%  water, saturated with
sodium cyanide: -----, directly after addition of sodium
cyanide to a solution of phthalocyanine-hydroxo-methanol-
manganese(III) in pyridine with 5%  w a t e r ; -----, after 3,
6, and 18 hours, respectively, in the dark.

Preliminary Experiments with Phthalocyanine 
Hydroxo Manganese Complexes 

Manganese (III) Complex.— W hen an aqueous 
m ethanol solution of phthalocyanine-hydroxo- 
m ethanolm anganese(III) ( IV )  is titra te d  w ith  a 
d ilute sodium hydroxide so.ution, the bands a t 716 
and 513 mp disappear and a new band a t 702 mp 
appears at p H  10.0. Above p H  11.3 th is band 
decreases and a spectrum  w ith  a h igh band at 
678 mp and a sm aller band a t 625 mp is now ob
tained (F ig . 22). These changes are reversible.

Th e  solution w hich is obtained when phthalo- 
cyam nem anganese(II) is extracted in  a ir w ith  
m ethanol containing sodium hydroxide has the same 
spectrum  (678 m p). On evaporating the solvent,

Fig. 20.— Photoreduction of phthalocyaninedicyanoman- 
ganese(III) sodium to phthalocyanine-cyano-ethanolmanga- 
nese(II) sodium in ethanol saturated with sodium cyanide in 
the absence of air: -----, original s o lu t io n ;-----, after illu
mination in the sun for 30 and 60 min., respectively.

Fig. 21.— Photoreduction of phthalocvaninedicyanoman- 
ganese(IV) (X IV ) to phthaloeyanine-cyano-ethanolmanga- 
nese(II) sodium in ethanol saturated with sodium cyanide:
-----, original solution obtained by dissolving phthalo-
cyanine-oxo-pyridinemanganese(IV) in ethanol saturated 
with sodium cyanide in the absence of a i r ; -----, after illu
mination in the sun for 12 and 24 min., respectively.

a blue-green compound crystallizes. The ele
m entary analysis for th is com plex varies. A fte r 
prolonged washing w ith  w ater it  comes close to 
w hat is calculated fo r ph tha locyan ined ihydroxy- 
m anganese(III) sodium (X V ) . P a rtia l form ation 
of a d i- or trisodium  salt m ay be the reason fo r the 
va ryin g  com position of th is com plex. In  the ab
sence of a ir th is com plex gives a green solution in  
pyrid ine  w ith  a m ain absorption peak a t 716 m ji, 
ind icating th at it  is a manganese ( I I I )  com plex.

The rate of oxidation of phthalocyanine-hydroxo- 
pyrid inem anganese(III) (716 m ji) to  phthalo- 
cyanine-oxo-pyrid inem anganese(IV) (620 nip) in  
pyrid ine  w ith  10% water is m uch increased b y  the 
addition of a sm all am ount of sodium  hydroxide.
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Fig. 22.— Phthaloeyaninemanganese(III) complexes in methanol containing sodium hydroxide
at pH 7.6, 10.0, and 11.3, respectively.

Fig. 23.— Oxidation in air of phthalocyaninedihydroxo- 
manganese(III) sodium to phthalocyanine-oxo-pyridine- 
manganese(IV) in pyridine (10%  water) saturated with
sodium hydroxide: -----, freshly prepared s o lu t io n ;-----,
after standing in the dark in contact with the air for 15, 30, 
45, 60, and 180 min., respectively.

How ever, when excess sodium hydroxide is added 
ra p id ly, the com plex absorbing at 678 m/x is form ed, 
w hich on standing in  contact w ith  the a ir is o xi
dized slow ly to a M n (IV ) com plex (620 m ^), as 
can be seen in  F ig . 23. In  the absence of a ir, in  
the dark, d isproportionation, then complete reduc
tion , takes place at room  tem perature (F ig . 24). 
W e have tried  to  obtain a photoreduction sim ilar 
to  th a t obtained w ith  the cyano complexes. A l
though photoinduced spectral changes can be ob
served in  the evacuated ethanolic solutions, the 
id e n tity  of the products is as ye t undeterm ined.

Studies with Etioporphyrin Complexes
The translation of the results of the phthalo- 

cyanine studies in to  porphyrin  complexes more 
closely related to  natural products has o n ly ju st 
begun. B u t a few observations of considerable 
relevance can already be reported.

Th e  etioporphyrin  I  complexes of the m etallic 
ions M n ( II I) ,  F e ( I I I ) ,  and C o ( II)  have been 
prepared. W e have observed the photoreduction 
of the higher oxidation level and the reoxidation 
b y  0 2 of the lower oxidation level in  each case.

Figure 25 shows the change in  absorption spec
trum  on illum ination  in  the sun of an etioporphyrin  
I  manganese ( I I I )  com plex, prepared b y  dissolving 
e tioporphyrin  I  acetato-(acetic acid)-m anganese-
( I I I )  in  pyrid ine  in  the absence of a ir. Th e  final 
spectrum  w ith  absorption bands a t 550 and 584 m/i 
is sim ilar to  the spectra in  pyrid ine  of the copper- 
i l l ) ,  n ickel ( I I ) ,  and zinc ( I I )  complexes of etio
p orphyrin  I ,  ind icating th at a m anganese(II) com
plex has been form ed. Th e  reoxidation to  the 
orig ina l manganese ( I I I )  com plex on in troduction  
of a ir is ve ry  fast (F ig . 26).

The cyano com plex of etioporphyrin  I  manganese-
( I I I )  prepared b y  dissolving e tioporphyrin  I
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Fig. 24.— Disproportionation and reduction in the dark at 
room temperature of phthalocyaninedihydroxomanganese- 
(III) sodium in pyridine with 5%  water, saturated with
sodium hydroxide: -----, original solution prepared in the
absence of a i r ; -----, after 1, 4, and 30 hours in the dark, re
spectively.

Fig. 26.— Oxidation with oxygen (2 mm.) of photoreduced 
etioporphyrin I acetato-(acetic acid)-manganese(III) in
pyridine: -----, before admission of ox y g en ;-----, 2, 4, 6, and
8 min., respectively, after admission of oxygen.

Fig. 25.— Photoreduction of etioporphyrin I acetato- 
(acetic acid)-manganese(III) in pyridine in the absence of air:
-----, original so lu tion ;-----, after illumination in the sun for
3, 7, 11, and 20 min., respectively.

acetato-(acetic acid )-m anganese(III) in  ethanol 
saturated w ith  sodium  cyanide, in  the absence of 
a ir, is also reduced in  the sunlight. On in troduc
tion  of a ir, reoxidation to  the orig ina l com plex 
takes place.

F igure  27 shows the oxidation of e tioporphyrin  I  
c o b a lt(II) dissolved in  p yrid ine  in  the presence of 
a ir. A fte r eight hours in  the dark the spectrum  
no longer changed. Th e  a ir was now removed and

Fig. 27.— Oxidation in air of etioporphyrin I cobalt(II)
dissolved in pyridine: -----, original solution prepared in the
absence of a i r ; -----, 1, 2, 3, and 8 hours, respectively, after
the air has been admitted.

the sample was placed in  the sunlight. In  15 
m inutes the orig ina l spectrum  of etioporphyrin  I  
c o b a lt(II) was obtained again (F ig . 28).

Figure 29 shows th a t a solution of etioporphyrin  
I  c h lo ro iro n (III) in  p yrid ine  has a rather diffuse 
band a t 500 to 560 ni/x. On illum ination  of the 
evacuated sample in  sunlight, tw o sharp bands at 
518 and 547 m/x appear. T h is  resembles ve ry  
m uch the spectral change observed on reduction of
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Fig. 28.— Photoreduction of oxidized etioporphyrin I
cobalt(II) in pyridine in the absence of air: -----, original
so lu tion ;-----, after 3, 6, 9, and 12 min., respectively, in the
sun.

Fig. 29.— Photoreduction of etioporphyrin I chloroiron- 
(III) in pyridine in the absence of air and reoxidation with
air in the dark: -------- , original solution in the absence of air;
-------- , after 15 min. in the s u n ;-------- ,2  hours after air has
been admitted (in the dark).

cytochrom e-c. A fte r in troduction  of oxygen the 
518 and 547 m/x bands slow ly decrease.

The Oxidized Products
Reduction of manganese complexes is observed on 

changing the m edium, on heating, and on illum ina 
tion . W e have tried  to establish the nature of the 
oxidation products which these reactions produce. 
Th e  photoreduction of a num ber of transition  ele
m ent complexes has been reported.16 W hen the 
com plex involves cyanide, it  has been presumed 
th at cyanogen is form ed; when the com plex is 
h yd ro xy or aquo, i t  is presumed th a t peroxide is 
form ed. In  neither case were these oxidized 
products firm ly  established, and in  a ll these cases 
the lig h t used to  perform  the reduction was in  the 
near u ltra v io le t or u ltra v io le t, the so-called charge- 
transfer absorption.

In  order to  determ ine whether oxygen is form ed 
on reduction of a phthalocyanine-hydroxo or oxo- 
manganese com plex, the fo llow ing experim ents 
were carried o u t:

A  concentrated solution of phthaloeyanine-oxo- 
pyrid inem anganese(IV) from  which the a ir had 
been evacuated carefu lly was heated u n til the re
duction to phthalocyaninem anganese(II) was com
pleted. The liq u id  phase was frozen in  a D ry  
Ice-acetone bath and the gas phase was analyzed 
w ith  a mass spectrometer. N o oxygen could be 
detected. In fra red  exam ination of the residue 
obtained upon cold evaporation of the solvent 
showed the m aterial to be la rge ly phthalocyanine- 
m anganese(II).

In  another experim ent a m ixture  of phtha lo- 
cyanine-hydroxo-pyridinem anganese ( I I I )  and
phthalocyanine-oxo-pyridinem anganese ( IV )  in 
pyrid ine  w ith  1%  water containing O 18 (30.2% 
O 18) in  a closed system  containing a sm all am ount of 
oxygen gas (2 m m .) was illum inated in  the sun 
under continuous stirrin g . A fte r illum ination  for 
three hours the oxygen isotope ra tio  of the gaseous 
oxygen was determ ined. N o enrichm ent was 
found. In  a sim ilar experim ent w ith  a pyrid ine  
solution of an etioporphyrin  I  m anganese(III) 
complex we found th at a ll the oxygen had been 
used up during the illum ination , w ith  a con
com itant destruction of the etioporphyrin  ring .

W hen, after a photoreduction, a phthalocyanine- 
manganese com plex is reoxidized w ith  oxygen, 
the extinction  of the resulting absorption bands is 
in  m any cases s lig h tly  lower than before the photo
reduction. A  solution of phtha locyan ine -oxo-pyri- 
dinem anganese(IV) is bleached slow ly in  the sun
lig h t in  the presence of oxygen. A lso  in  some cases, 
where b y  a change in  the medium a reduction was 
forced upon a phthalocyaninemanganese com plex, 
considerable bleaching could be observed.

A ll th is indicates that the phthalocyanine rin g  
system is oxidized. A  pre lim inary attem pt to  find 
oxidation products has been made. The aqueous 
pyrid ine  solution of phthalocyaninemanganese in  
any in itia l oxidation level was boiled (open to  a ir) 
u n til most of the phthalocyanine was bleached. In 
frared exam ination of the residue upon evaporation

(15) F. Basolo and R. J. Pearson, “ Mechanisms of Inorganic Reac
tions: A Study of Metal Complexes in Solution,” John Wiley and
Sons, Inc., New York, N. Y., 1958, p. 374.



Dec., 1962 Oxidation and R eduction R eactions of M anganese Phthalocyanines 2529

of the solvent shows th a t the phthalocyanine has 
been la rge ly converted in to  phthalim ide. Th is  
should not be construed as evidence of the source 
of the electrons required in  the cold vacuum  photo
reduction of m anganese(III) or m anganese(IV) 
to  manganese ( I I ) .

Experimental
Spectra in the visible region were measured with a Cary 

recording spectrophotometer, Model 14, and a Beckman 
Model DK-2 spectrophotometer. All the quantitative data 
were obtained with the Cary. Infrared spectra were 
measured with a Beckman IR-7 spectrophotometer. For the 
mass spectra we used a Consolidated Electrodynamics Corp. 
Model 21-130 mass spectrometer. Magnetic susceptibility 
measurements were carried out by a Faraday method, using 
an apparatus developed by Cunningham. 16 The measure
ments were carried out at room temperature, liquid Freon 
temperature (230° K .), and liquid nitrogen temperature (77°
K .). The diamagnetic corrections applied were as follows: 
pyridine, —49 X 10-6 c.g.s.; phthalocyanine, —422 X 
1 0 ~ 6 c.g.s. (obtained by averaging the values for the three 
costa l axes determined by Lonsdale17). Diamagnetic cor
rections for other groups were obtained from tables of 
Pascal’s constants.

These solvents were used for the spectrophotometric 
measurements: pyridine distilled from barium oxide, 1 - 
chloronaphthalene distilled under reduced pressure, chloro
form, methanol, and absolute ethanol, all redistilled under 
normal pressure.

In order to study reactions in the absence of air spectro- 
photometrically, a special cell was constructed (Fig. 30). 
The cell consists of a small flask of about 15 to 20 m l. ca
pacity connected by a side arm, which can be closed with a 
stopcock, to a 1 cm. optical cell (Fyrex). The flask can be 
connected at the top to a vacuum line.

A Typical Illumination Experiment.— A small amount of 
the solid compound to be studied was put into the optical 
cell. The cell was connected with a high vacuum line and 
evacuated to 10-6 mm. The stopcock in the side arm was 
then closed, and 10 to 15 ml. of solvent was introduced into 
the flask. The vacuum cell was again connected with the 
vacuum line and the solvent was frozen with liquid nitrogen. 
After evacuation of the system, the stopcock connecting 
the reaction vessel with the vacuum line was closed and the 
solvent allowed to thaw and degas. The system then was 
evacuated again with the solvent frozen in liquid nitrogen. 
This process was repeated at least five times until the final 
pressure (with the solvent frozen) was less than 1 0 -6 mm. 
After disconnecting the closed vacuum cell from the vacuum 
line, the solvent was poured over into the optical cell and the 
compound was allowed to dissolve.

The light reactions were carried out in the sunlight or with 
one or two GE Photospot RSP2 lamps at a distance of 30 
cm. When lamps were used, an infrared absorbing screen 
which was cooled with water was placed between the lamp 
and the sample.

For most dark reactions in the absence of air, we used 
the same vacuum cells, wrapped in aluminum foil. For 
experiments lasting longer than two days, the optical cell 
containing the solution was glass-sealed off from the rest of 
the system in order to avoid any possibility of air leakage.

Oxygen Exchange Experiment.— Phthalocyaninemanga- 
nese(II) (25 mg.) was dissolved in 50 ml. of pyridine to which
0.5 ml. of H20  (30.2% O18) had been added. After allowing 
the solution to stand in contact with the air for 15 minutes, 
so that both M n(III) and M n(IV) complexes were formed, 
the system was evacuated as above. After the air had been 
removed, oxygen gas was introduced slowly to a pressure of 
2 mm. The system was glass-sealed off and under continuous 
stirring with a magnetic stirrer it was illuminated in the sun 
for 3 hours. The liquid phase then was frozen in liquid nitro
gen and the isotope distribution of the oxygen was measured 
with the mass spectrometer:

Before illumination: 0 234 / 0 232 X  100 =  0.395
After illumination: 0 234/ 0 232 X  100 =  0.397
Experiments to Identify the Oxidation Product.— Phtlmlo- 

cyanine-oxo-pyridinemanganese(IV) ( 1 0 -2 0  mg.) was placed

(16) B. B. Cunningham, Microcham. Symposium, 7!) (1061).
(17) K. Lonsdale, J. Chem. Soc., 364 (1938).
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Fig. 30.— Vacuum cell used for experiments in the absence 
of air.

in a cell with a breakable tip and the cell was evacuated to 
10 -6 mm. Pyridine (10-20 ml.) was distilled into the cell in 
vacuo, and the cell was sealed off. The solution was illu
minated by sunlight or heated at 70° in the dark to reduce 
M n(IV) to M n(II). The reduction was bister when the 
pyridine contained a small amount of water.

After the reduction was complete, all the volatile materials 
condensable at the temperature of liquid nitrogen in vacuo 
were collected in a side arm with a breakable tip and sealed 
off. This cell was attached to the mass spectrometer. After 
the solution was frozen with a Dry Ice-acetone bath, a mass 
spectrum of the gas phase was taken. This showed that no 
0x3’gen was present.

The residue was examined with the infrared spectrophotom
eter. The spectrum was similar to that of phthalocyanine- 
manganese(II) except that sometimes a band at 1740 cm . - 1  
appeared. This band is considered to be due to the C = 0  
stretching vibration and probably belongs to some oxidation 
product of the phthalocyanine ring. When phthalocyanine- 
oxo-p3’ridinemanga.nese(IV) was refluxed in pyridine contain
ing 2 0 %  water in contact with air, the blue color readily dis
appeared. After prolonged boiling, the formation of phthal
imide having the strong C = 0  band around 1750 cm . - 1  
could be shown by' comparing “die infrared spectrum of the 
residue with the infrared spectrum of an authentic sample of 
phthalimide.

Synthesis: a. Phthalocyaninemanganese(II) (I).— This 
compound was prepared according to the method of Rutter 
and McQueen14 from manganese acetate and phthalonitrile. 
The product (yield; 52%) was purified by vacuum sublima
tion at 420° (10~5 mm.). It also was prepared by the 
method of Barrett, Dent, and Linstead13 by fusing manganese 
dioxide and phthalonitrile together. The chloronaphthalene 
extraction was omitted. The crude material was sublimed 
as above and long, fibrous black needles were obtained. The 
visible and infrared spectra for both samples were identical. 
The magnetic moment of this compound was 4.33 Bohr 
magnetons (6, + 20 ° K .) corresponding to about 3 unpaired 
electrons with some orbital contributions.

Anal. Caled. for C32HioNgMn: C, 67.73; II, 2.84; N, 
19.75. Found: C, 67.7; H, 2.99; N, 19.7.

b. Attempts to Prepare Phthalocyaninedipyridine- 
manganese (II) (II).— Sublimed phthalocyaninemanganese- 
(II) was dissolved in the absence of air in pyridine which had 
been freshly distilled from barium oxide. The pyridine was 
distilled off in a vacuum rotating evaporator. In contact 
with the air the green precipitate slowly became brown. A 
solution in pyridine prepared in the absence of air showed 716 
and 620npi bands, indicating that oxidation had taken place.

c. Phthalocyanme-oxo-pyridinemanganese(IV) (III).—  
Sublimed phthalocyaninemanganese(II) (~ 5 0  mg.) was 
dissolved in p3Tidine (~ 100  ml.) at room temperature. The 
solution was allowed to stand for a few days exposed to the 
air and concentrated (cold). The product crystallized as 
large purple rhombs with a metallic luster. After washing 
three times with pyridine and once with water they were 
dried in a vacuum desiccator. The complex gives off pyri
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dine on heating in vacuo at 190° as detected with a mass 
spectrometer. On heating the crystals at 420° in vacuo, 
phthalocyaninemanganese(II) was obtained as sublimate and 
CO2 gas was formed. The spectrum in pyridine has a maxi
mum at 620 mix with a log of 4.94.

Anal. Calcd. for CsiEGNsOMn: C, 67.07; H, 3.19; N, 
19.03. Found: C, 67.34; H, 3.38; N, 18.92.

d. Phthalocyanine-hydroxo-methanolmanganese(HI)
(IV ) .— Phthalocyaninemanganese(II) was extracted in a 
Soxhlet extractor with methanol. The complex crystallized as 
dark needles in the boiler. They were filtered off, washed with 
methanol, and dried in a vacuum desiccator. The complex 
gives off the methanol on heating in vacuo at 70° as could be 
shown with the mass spectrometer. At 190° in vacuo, the 
formation of CO2 also was observed. On heating the crystals 
to about 400° in vacuo, we obtained a sublimate for which 
the solid spectrum was identical with the solid spectrum of 
phthalocyanine:nanganese( I I ).

Anal. Calcc. for C33H21N80 2Mn: C, 64.29; H, 3.43; 
N, 18.18; Mn, 8.91. Found: C, 64.30; H, 3.39; N, 18.44; 
Mn, 8.94 (calcd. for residue).

e . Phthalocyanine-hydroxo-ethanolmanganese(III)
(V ) .—Phthalocyaninemanganese(Il) was extracted in a 
Soxhlet apparatus with ethanol. The dark green crystals 
were washed with ethanol and ether and dried in a vacuum 
desiccator

Anal. Calcd. for CsxH^NsChMn: C, 64.69; H, 3.67; N, 
17.85. Found: C ,64.75; H .3.58; N , 17.87.

f. Phthalocyanine-acetato-(acetic acid)-manganese(III)
(VI) .—Phthalocyaninemanganese(II) (I) was extracted in a 
Soxhlet extractor with glacial acetic acid containing 5% 
acetic anhydride. The dark green crystals were washed 
with acetic acic and ether and dried in a desiccator.

Anal. Calcd. for C36H23N80 4Mn: C, 63.01; H, 3.23; 
N, 16.42. Found: C, 63.24; H, 3.45; N, 16.51.

g. Phthalocyanme-chloro-methanolmanganese(III)
(VII) .— Methanol was saturated in the cold with sodium 
chloride and a trace of hydrochloric acid was added. With 
this solution, phthalocyaninemanganese(II) was extracted 
in a Soxhlet apparatus. The dark green crystals were 
washed with methanol and ether and dried in a desiccator.

Anal. Calcd. for C33H2oN8OMnCl: C, 62.46; H, 3.02; 
N, 17.75; Cl, 5.59. Found: C, 62.74; H, 3.09; N , 17.72; 
Cl, 5.83.

This complex was also prepared from phthalocyanine-oxo- 
pyridinemanganese(IV) (III). Three volumes of methanol 
were added to one volume of a solution of phthalocyanine- 
oxo-pyridinemanganese(IV) in pyridine. After one hour 
the solution was saturated with sodium chloride. The dark 
green precipitate was filtered off after 1 2  hours, washed three 
times with water, and then with acetone. It was dried in a 
desiccator

Anal. Found: C, 62.63; H, 2.74; N, 17.64; Cl, 5.43.
h. Phthalocyanine-chloro-pyridinemanganese(III) (VIII). 

— A solution of phthalocyanine-oxo-pyridinemanganese(IV) 
was prepared by dissolving 50 mg. of sublimed phthalo- 
eyaninemanganese(II) in 200 ml. of pyridine and allowing 
the solution to stand in contact with the air for 24 hours. 
Fifty mg. of pyridine hydrochloride then was added. The 
blue solution gradually turned to green and fine crystals 
separated out. After two days the crystals were filtered off, 
washed with pyridine and anhydrous diethyl ether, and 
dried in a vacuum desiccator over potassium hydroxide.

Anal. Calcd. for CnHaNsMnCl: C, 65.16; H, 3.10; 
Mn, 8.05; Cl, 5.20. Found: C, 64.49; H, 3.30; Mn, 7.92; 
Cl, 6.00.

The same complex was obtained on dissolving phthalo- 
cyanine-chloro-methanolmanganese(III) (VII) in pyridine 
in the cold and concentrating the solution in vacuo.

i. Phthalocyanme-chloro-pyridmemanganese(III) Pyri
dine Hydrochloride (XHIa).— Dry HC1 gas was passed into 
a solution of phthalocyanine-oxo-pyridinemanganese(IV) in 
pyridine, prepared as above, until the color changed to 
green. After one hour the dark green precipitate of the 
manganese(III) complex was separated from the solution 
by centrifugation. It was washed with pyridine and ether, 
and dried in a vacuum desiccator.

Anal. Calcd. for C42H27NioMnCl2: C, 63.29; H, 3.29; 
N, 17.67; Cl, S.90. Found: C, 63.01; H, 3-27; N, 17.90; 
Cl, 8.74.

j. Phthalocyanine-acetato-pyridinemanganese(III) (IX).
— One ml. of glacial acetic acid was added to 100 ml. of a 
pyridine solution of phthaloeyanine-oxo-pyridinemanganese-

(IV) prepared from 80 mg. of phthalocyaninemanganese(II). 
The blue solution turned gradually to green and fine crystals 
were formed slowly. They were filtered off after two days, 
washed with pyridine and diethyl ether, and dried in a vac
uum desiccator over potassium l^droxide.

Anal. Calcd. for C33H2iN902Mn: C, 66.09; H, 3.07; N, 
18.26; Mn, 7.95. Found: C, 66.40; H, 3.41; N , 18.29; 
Mn, 7.85.

k. Attempted Preparation of Phthalocyanine-hydroxo- 
pyridinemanganese( III) (X ).— Phthalocy aninemanganese-
(II) was dissolved in a mixture of equal amounts of pyridine 
and water. The solution was filtered and then evaporated 
to dryness in a vacuum type rotating evaporator. The 
green residue became violet on contact with the air. A 
solution in pyridine, prepared in the absence of air, showed 
the 620 m/i (M n(IV )) band.

1. Phthalocyanme-cyano-ethanolmanganese(II) Sodium 
(XI).— Pkthalocyaninemanganese(II) (I ) was dissolved in 
the cold in ethanol saturated with sodium cyanide. During 
this process the solution was swept with nitrogen. The 
solution was filtered, after which the solvent was distilled 
off in vacuo. The green residue was washed three times with 
water to remove the excess sodium cyanide. After washing 
with acetone, the compound was dried in a desiccator.

Anal. Calcd. for C36H22N 9OMnNa: C, 69.44; H, 3.35; 
N, 19.04. Found: C, 63.14; H, 3.22; N, 19.32.

m. Phthalocyaninedicyanomanganese(III) Sodium 
(XIII).— Phthalocyaninemanganese(II) (I) was dissolved in 
boiling ethanol which was saturated in the cold with 
sodium cyanide. After refluxing for two hours, all the 
manganese(II) complex was oxidized as could be seen from 
the disappearance of the 827 mu band in the spectrum. On 
cooling, the manganese(III) complex crystallized as green 
needles. After washing three times with water and once 
with acetone, they were dried in a desiccator.

Anal. Calcd. for C34H16NioMnNa: C, 63.52; H, 2.51; 
N, 21.79. Found: C, 63.52; H, 2.66; N , 21.31.

n. Phthalocyaninedihydroxomanganese(HI) Sodium 
(XV).— Phthalocyaninemanganese(II) was extracted in the 
cold with a strong solution of sodium hydroxide in ethanol. 
After filtration, the extract was evaporated to a small volume 
in vacuo. After standing for one night, the blue-green pre
cipitate was filtered off and extracted three times with water. 
It then was washed with acetone and dried in a desiccator.

Anal. Calcd. for C32Hi8N80 2MnNa: C, 61.59; H, 2.91; 
N, 17.95. Found: C, 62.13; H, 3.74; N , 17.83.

o. Etioporphyrin I.—-Twenty g. of 5-bromo-4,3 '-di
methyl-5 '-bromomethyl-3,4 '-diethylpyrromethane hydro
bromide (made by bromination of cryptopyrrole according 
to Fischer and Orth)18 was heated in 80 g. of succinic acid at 
190-200° for one hour. After cooling, the hard cake was 
powdered and the succinic acid was extracted with a 1 0 % 
NaOH solution. The residue then was treated with chloro
form to dissolve the etioporphyrin I. This solution was 
purified by chromatography over an aluminum oxide 
(Merck) column. The chloroform solution then was con
centrated in vacuo and methanol was added to crystallize 
the etioporphyrin I.

The spectrum in pyridine shows maxima at 376 mix (log e 
4.90), 399 mn (log e 5.15), 471 m,u (a shoulder, log e 3.43), 
498 m/i (log c 4.10), 503 mix (a shoulder, log £ 4.06), 532 
mu (log £3.95), 558 m/i (a shoulder, log £3.31), 568 mix (log 
£ 3.77), 576 mil (a shoulder, log £ 3.66), 596 m,u (log £ 3.09), 
611 m/x (a shoulder, log e 3.16), 622 mix (log e 3.69), and 652 
mu (log £3.38).

Anal. Calcd. for C32H38N4: C, 80.3; H, 8.0; N, 11.7. 
Found: C, 80.2; H, 7.8; N, 11.9.

p. Etioporphyrin I Acetato-(acetic acid)-manganese(III), 
—Five hundred mg. of etioporphyrin I was extracted from 
an extraction thimble into 100  ml. of glacial acetic acid con
taining 500 mg. of manganese chloride and 500 mg. of sodium 
acetate. The solution was concentrated to 25 ml. and the 
product which separated was washed with water and dried. 
To purify the product it was sublimed under high vacuum at 
350°.

Anal. Calcd. for C86H 43N40 4Mn: C, 66.4; H, 6.7; N, 
8 .6 . Found: 9 ,6 7 .5 ; H, 6.5; N, 8.5.

The absorption curve in pyridine has maxima at: 371 mix 
(log £ 4.75), 395 mix (a shoulder, log £ 4.51), 471 mix (log £ 
4.51), 547 mu (log e 4.02), 580 mix (a shoulder, log e 3.72),

(18) H. Fischer and PI. Orth, “ Die Chemie des Pyrrols,” Band II,
1. Hälfte, 106 (1937).
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653 m̂ i (log 1 3.44), 675 m/x (log e 3.45), 742 mu (log 1 3.49), 
and 797 m¡x (log «3.26).

q. Etioporphyrin I Cobalt(II).— This and the iron com
plex were prepared according to Fischer and Orth. 19 Five 
hundred mg. of etioporphyrin I was extracted from a thimble 
into 100 ml. of glacial acetic acid containing 600 mg. of 
CoC12-6H20 and 600 mg. of sodium acetate. The product 
was purified by vacuum sublimation at 350°.

(19) H. Fischer and H. Orth, “ Die Chemie des Pyrrols,”  Band II, 
1. Hälfte, 193 (1937).

Anal. Calcd. for C»H j,N4Co: C, 71.7; H, 6 .8 ; N, 
10.5. Found: 0 ,7 1 .5 ; H ,6 .8 ; N, 10.8.

r. Etioporphyrin I Chloroiron(III).— Five hundred mg. of 
etioporphyrin I was extracted from a thimble into 100  ml. of 
glacial acetic acid containing 500 mg. of ferric chloride and 
500 mg. of sodium acetate. The precipitate was filtered off 
and extracted with water. After washing with methanol the 
product was dried in a desiccator.

Anal. Calcd. for C32H26N4FeCl: Cl, 6.24. Found: Cl, 
6.87.

THE PHOTOREDUCTION OF UROPORPHYRIN: EFFECT OF pH ON THE
REACTION WITH EDTA

B y  D . M a u z e r a l l  

The Rockefeller Institute, New York 21, N. Y.
Received May 26, 1962

The quantum yield of the photoreduction of uroporphyrin to the dihydroporphyrin in 0.1 M  ED TA reaches a maximum 
of 0.4 at pH 5.7, and is independent of the wave length of the exciting light and of temperature between 3 and 56°. The 
data are consistent with the reaction of the free amine with the protonated, excited porphyrin.

Introduction
Th e  photoreduction of porphyrins leads to d i- 

h yd ro - and tetrahydroporphyrins in  which the 
hydrogens are added to  the m ethine bridges. 
A  va rie ty  of evidence fo r these structures has been 
obtained.1 B is -te rtia ry  amines were ve ry  useful 
as m ild  reducing agents in  th is w ork. How ever, 
the p H  dependence of the reaction of porphyrins 
w ith  ethylenediam inetetraacetic acid (E D T A ) was 
different from  th a t found w ith  m ost other dyes. 
Since these differences m ay g ive  d irect evidence 
concerning the reactive photo-excited state of the 
p o rp h yrin , th ey were investigated in  detail.

Experimental
Uroporphyrin isomer III was isolated from feathers 

of the Turaco bird. The porphyrin and other materials 
and most of the experimental methods have been described 
previously.1 A brass block with suitable windows served 
both to define the area of the photochemical light beam and 
to act as a thermostat in the cell compartment of the spec
trophotometer. Heating or cooling fluid was circulated 
through channels in the block. For experiments at very 
low temperatures the whole block was suspended in a dewar 
flask with three windows.

Oxygen was removed by either freeze-thawing the solu
tion in vacuo (0 .0 1  mm.) with intermittent flushing with 
prepurified nitrogen and sealing off the cell, or by bubbling 
helium through the solution. Diffusion of oxygen through 
the Teflon capillary tubing was greatly reduced by using 
concentric tubes, with helium flowing through both. The 
inner tubing used for deoxygenation was thus in an atmos
phere of almost pure helium. The amount of residual oxy
gen in the solution was estimated by measuring both the 
(very slow) rate and the extent of reoxidation of the reduced 
porphyrin or other dye. With allowance for the dispropor
tionation of the dihydroporphyrin1 the average oxygen con
centration was about 5 X  10-7  M .

Monochromatic light was obtained from a 500-w. tungsten 
projection lamp and interference filters of average half
band width of 5 m/i, and suitable blocking filters. Over the 
range of wave lengths absorbed by the porphyrin in the 
Pyrex cell, 300 to 650 m^, these filters transmitted less 
than 0 .1 %  of light of wave lengths outside the band pass. 
The energy of this light beam was measured with a thermo
pile (Eppley) and a microvoltmeter (Keithley 150 A). 
The accuracy was ± 3 % . The intensity of the 398 m^

(1) D. Mauzerall, J. Am. Chem. Soc., 84, 2437 (1962).

light also was determined with the ferric oxalate actin- 
ometer, 2 and agreement within 10% was obtained. The 
average light intensities ranged from 0.16 to 5.0 X  10~'J 
einstein sec. - 1  cm . -2  at 398 and 605 m^, respectively. The 
fraction of light absorbed by the solution varied from com
plete absorption at the Soret band, 398 m/x, to 10% at 605 
m/x at the usual concentration, 2 X 10-5  M . The number 
of molecules converted per short, usually 10 -sec., illumina
tion period was calculated from changes in the absorption of 
the dihydroporphyrin at 440 or 735 mji and the known ex
tinction coefficients of the porphyrin and phlorin and the 
volume of the solution. These changes were at least 20 
times the photometric error, ±0.001 A. The quanta ab
sorbed were calculated from the measured absorption spectra 
of the porphyrin under these conditions and the percentage 
of reaction which had occurred. An average of only 3%  
reaction per illumination period allowed linear corrections 
for changes in light absorption, back reflection, and screen
ing to be made with small error. The illuminating wave 
length was changed after measuring the photoreaction rate 
over a range of two to sixteen in light intensity by the use of 
neutral density filters. An average of six measurements at 
each wave length was made. When a sealed cell was used 
for the experiments at various temperatures, the solution 
was not stirred, and the illumination was confined to wave 
lengths where low (10% ) absorption of light occurred. The 
helium bubbling technique allowed stirring during and/or 
after illumination. There was good agreement between the 
results obtained by the two methods (Table I, sealed tubes, 
and Fig. 1 , helium). The over-all accuracy of the quantum 
yield determinations is ± 1 0 % .

T a b l e  I
E f f e c t  o f  T e m p e r a t u r e  o n  t h e  Q u a n t u m  Y ie l d  o f  
F o r m a t io n  o f  U r o p h l o r in  f r o m  U r o p o r p h y r in  (2 X  10-5  

M ) in  EDTA (0.1 M , pH 5.9, 25°)
Temp., ------------Quantum yield----------->

°c. 605 mp 502 m/x

2 .8 0.41 0.37
25.5 .38 .37
56.4 .36 .40
8 6 .0 .20 .15

Results
Th e  quantum  y ie ld  of the photoreduction of 

uroporphyrin  I I I  to  the d ih yd roporph yrin , u ro -

(2) C. G. Hatchard and C. A. Parker, Proc. Roy. Soc. (London), 
A235, 518 (1956).
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Fig. 1.— The quantum yield of formation of urophlorin 
from uroporphyrin III at 2.6 X  10~6 M  in 0.1 M  ED TA at 
25° is plotted against the pH of the solution.

phlorin , b y E D T A  is independent of tem perature 
from  3 to 56° (Tab le  I ) .  Th e  decrease in  quan
tum  yie ld  at 86° m ay be caused b y  a sh ift away 
from  the pH  optim um  since the pK  values of both 
the E D T A  and of the porphyrin  change w ith  tem 
perature.

The photoreduction of uroporphyrin  to the d i
hyd roporphyrin  b y  E D T A  is sharply dependent 
on p H . N o reaction occurs in  strong ly alkaline 
or acid solution. The varia tion  in  the quantum  
yie ld  of the reduction near the optim um  p H  is 
shown in F ig . 1. Th e  quantum  yie lds were cal
culated on the basis of the lig h t absorbed b y  the 
porphyrin  at the p H  under study. On the alka
line side of the p H  optim um , the quantum  yie ld  is 
independent of wave length. Irra d ia tio n  in  either 
of the tw o visib le  band systems or in  the Soret band 
gave the same value. A t  more acid p H , however, 
the quantum  yie ld  shows definite dependence on 
wave length. L ig h t absorbed in  the Soret band, 
at p H  4.8, is on ly about one-tenth as effective 
as th at absorbed in  the visib le  region of the spec
trum . In  th is p H  region aggregation of the 
porphyrin  occurs as shown b y  the spectrum  and b y 
the fact th a t Beer’s law  does not hold. Th e  va ria 
tion  in  quantum  yie ld  w ith  wave length m ay be 
caused b y  in ternal screening: the aggregated or 
diprotonated form s of the porphyrin  absorb 
the lig h t, b u t are photochem ically less reactive. 
Three facts argue against the existence of photo- 
reactive polym eric form s of uroporphyrin  at p H  6 
in  0.1 AT E D T A . (1) A t  p H  6, solutions of uro
porphyrin  fo llow  Beer’s law  over a 1000-fold d ilu 
tion , 2 X  10-5 to 2 X  10~8 M, w ith  a m axim um  
deviation of 4 %  and an average deviation of 1.5%.
(2) The quantum  yie ld  is constant to  ±  10% over 
the range of 4 X  10~5 to  4 X  10~6 M  uroporphyrin .
(3) Th e  quantum  yie ld  of the photoreduction of 
coproporphyrin , w hich is aggregated at th is pH , 
is less than one-tenth th a t of uroporphyrin . M ore 
h ig h ly  aggregated porphyrins, e.g., m esoporphyrin, 
are even less photoreactive. Th e  rate of photo
reduction of uroporphyrin  was lin e a rly related to 
the lig h t in tensity near the optim um  pH . The 
average deviation of 23 determ inations over a two 
to sixteenfold varia tion  in  lig h t in tensity was 12%. 
A  lag period sometimes was observed a t the

beginning of the irrad ia tion  period, b u t th is always 
could be a ttribu ted  to excess oxygen in  the system.

Th e  dependence of the quantum  y ie ld  on the 
concentration of the reducing agent is more com
plex. The pK  values of E D T A  and of uropor
ph yrin  are sensitive to changes in  ionic strength. 
A t  p H  6.4 in  the presence of 0.2 M  N a C l, which 
has no effect on the quantum  yie ld  in  0.1 M  E D T A , 
no definite saturation of the photochem ical rate 
between 0.01 and 0.1 M  E D T A  was observed. 
Increasing the E D T A  concentration from  0.1 to 
0.35 M  d id not a lter sign ificantly the ra tio  (0.2) 
of the quantum  yie ld  at p H  6.8 to  th a t at p H  5.9.

D iscussion
There is both k in etic3 and stru ctu ra l4,5 evidence 

that the free, unprotonated amine is oxidized b y 
photoexcited dyes such as m ethylene blue during 
the photoreduction of these dyes b y  te rtia ry  amines.
l,4 -D iazabieyclo-(2 ,2 ,2 )-octane does not react un
der conditions where N ,N '-d im eth ylp ip e razine  
serves as a photoreductant,6 indicating th a t the 
oxidation occurs on the a carbon of the te rtia ry  
amine.

Th e  most lik e ly  explanation fo r the observed 
increase in  quantum  yie ld  w ith  decreasing p H  
which occurs during the photoreduction of uro
porphyrin  b y  E D T A  is th at the protonated por
p h yrin  in  the excited state reacts w ith  the free 
amine. I t  is un like ly th at a non -zw itterion ic form  
of E D T A , which has an apparent pK  at 6.1, is the 
on ly reactive species, since the quantum  yie ld  of 
photoreduction of m ethylene blue in  d ilu te  (10_s 
M) E D T A  solution increased w ith  increasing p H .3 
O ur measurements show th at the quantum  yie ld  
of photoreduction of th ion in  in  0.1 M  E D T A  is the 
same (0.3) at both p H  6 and p H  10. Experim ents 
w ith  crude tetram ethyl ester of E D T A  indicate it  
is less than one-tenth as effective as is E D T A  
itse lf a t p H  5.8. Th e  data of F ig . 1 thus indicate 
that the photoreactive state of the p orph yrin  m ust 
be protonated and th at the protonation occurs near 
p H  6. The exact shape of the curve re la ting 
quantum  yie ld  to  p H  w ill depend on the re la tive  
reaction constants of the photoexcited states, on 
th e ir p H  dependence, and on the varia tion  of the 
rate of reaction w ith  E D T A  concentration. 
C le a rly, m any more experim ents w ill be required 
to define these parameters. H ow ever, the fact 
th a t the observed protonation of the excited por
p h yrin  occurs near th a t of the ground state of 
u roporphyrin6 suggests th at it  is the trip le t state 
of the porphyrin  that is photoreactive. The 
measurements made on the excited states of various 
molecules show th a t whereas the pK  values of the 
trip le t state are close to  those of the ground state,7 
those of the singlet state are fa r d ifferent, often 
6 pK  units more acidic. Some other evidence 
also suggests th at the photoreactive state is a 
trip le t. The photoreduction of u roporph yrin  b y

(3) G. Oster and N. Wotherspoon, Am. Chem. Soc., 79, 4836 
(1957).

(4) F. Millich and G. Oster, ibid., 81, 1357 (1959).
(5) D. Mauzerall, ibid., 82, 1832 (1960).
(6) A. Neuberser and J. J. Scott, Proc. Roy. Soc. (London), A213, 

307 (1952).
(7) G. Jackson, Discussions Faraday Soc., 27, 103 (1959).



Dec., 1962 Phototropy of Chlorophyll in Solution 2533

E D T A  is strong ly inh ib ited  b y  low  concentrations 
(10~r> M) of tetrachloro-p -hydroquinone. T h is  
im plies th a t the photoreactive state has a h a lf-life  
much longer than th a t of the singlet fluorescent 
state. On visual exam ination, the fluorescence 
of the p orph yrin  is not appreciably quenched b y  
high concentrations of E D T A . I f  th is id e n tifi

cation is correct, the in ternal conversion to the 
trip le t state m ust be v e ry  efficient in  the porphyrin .
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A FURTHER STUDY OF THE PHOTOTROPY OF CHLOROPHYLL IN
SOLUTION1

By R obert Livingston and David Stockman

Division of Physical Chemistry, Institute of Technology, University of Minnesota, Minneapolis, Minn.
Received June 6, 1962

The reversible photobleaching of chlorophyll and related compounds has been studied in anaerobic ethyl acetate, methanol, 
pyridine, cyclohexanol, and castor oil. The extent of the steady state bleaching appears to be independent of the viscosity 
of the solvent, and under our experimental conditions varies between the limits of 0.31% in cyclohexanol and 0.65% in py
ridine. The absorption spectrum of the bleached form of chlorophyll resembles but differs from that of the Krasnovsky pink 
pigment. The principal absorption maximum (for chlorophyll b in pyridine) is at 545 m/t and has an extinction coefficient of 
about 7 X 104 m~1 cm .-1. Pheophytin and metal-free porphyrins exhibit little if any bleaching, but the bleaching of the 
metal-complexed pigments (including copper chlorophyll) resembles that of ordinary chlorophyll. A mechanism is sug
gested, which involves a charge transfer between the pigment and a molecule of solvent, or some other reductant, complexed 
with it.

Introduction
The reversible photobleaching, or phototropy, of 

ch lorophyll in  air-free m ethanolic solutions has 
been investigated2 in te rm itte n tly  fo r about 25 years. 
A lthough  certain of its  features (such as the propor
tio n a lity  of the bleaching to the square root of the 
lig h t in tensity) appear to be defin ite ly established, 
progress in  the study of th is process has been re
tarded b y  the d ifficu lty  of obtain ing q u a n tita tive ly 
reproducible results. Experience w hich has been 
gained in  the study of the trip le t state of chloro
p h y ll suggested th a t the use of sim ilar experim ental 
techniques in  the preparation of the solutions m ight 
grea tly reduce the scatter in  the measurements of the 
photo trop ic response. Acco rd in g ly, we constructed 
a sensitive, d ifferentia l, recording spectrophotom 
eter and used it  to  reexamine the photo tropy of 
ch lo rophyll solutions.

Experimental Methods
Materials.— Chlorophylls a and b were prepared by a 

modification of the method of Zscheile and Comar. 3 The 
chromatographic developer was low-boiling petroleum ether 
(which had been freed from high-boiling fractions by careful 
distillation) containing 2%  isopropyl alcohol. Pheophytin 
a was prepared by treating an ethereal solution of chloro
phyll a with anhydrous HC1 dissolved in methanol. It was 
purified chromatographically on a sugar column. Copper 
chlorophyll a was prepared by treating pheophytin a with 
copper acetate. The purity of these materials was checked 
spectrographicalty with the aid of a Cary spectrophotometer. 
We are indebted to Dr. S. Schwartz, of the Medical School 
of the University of Minnesota, for purified samples of 
protoporphyrin, mesoporphyrin, copper protoporphyrin, 
and hemin (ferric protoporphyrin chloride), and to the Du-

(1) This investigation was supported in part by a Research Grant 
(A-2733) from the Division of Arthritis and Metabolic Diseases of the 
United States Public Health Service.

(2) (a) D. Porret and E. Rabinowitch, Nature, 140, 321 (1937);
(b) J. McBrady and R. Livingston, J. Phys. Chem., 50, 177 (1946);
(c) J. Knight and R. Livingston, ibid., 54, 703 (1950); (d) R. Living
ston and V. Ryan, J. Am. Chem. Soc., 75, 2176 (1953).

(3) F. Zscheile and C. Comar, Botan. Gaz., 102, 463 (1941).

Pont Corp. for a purified sample of magnesium phthalo- 
cyanine. These pigments were used without further purifi
cation. The ascorbic acid and phenylhydrazine were com
mercial A .R . preparations and were used without addi
tional purification. The /3-carotene and butter yellow were 
recrystallized before use. The castor oil was U.S.P. grade 
and was used without additional purification. The other 
solvents were high grade commercial materials. Metallic 
sodium or CaH2 was used to dry the solvents, which were 
distilled from these reagents, out of contact with air, in 
baked-out all-glass apparatus.

Preparation of Solutions.— The chlorophyll was intro
duced into the cell as a known volume of a standardized 
solution in ether. The ether then was pumped off. The 
solvent was placed in a vessel, joined to the cuvette through 
a manifold, which was attached to the vacuum line by a 
ground glass joint. The solvent was degassed by succes
sively freezing it with liquid nitrogen, pumping until a 
“ black vacuum”  (about 1 0 -6 mm.) was obtained, closing 
it off from the vacuum line, allowing it to warm to room 
temperature, and boiling off some of the solvent. This 
procedure was repeated from six to eight times, after which 
the desired volume of solvent was poured into the cell by 
tilting the manifold, and the cell was sealed off under 
vacuum. In those experiments in which reagents were to 
be added to the solution, a weighed quantity of the reagent 
was sealed off in an evacuated, thin-walled capillary which 
was placed, with a heavy glass breaker, in a side tube at
tached to the cell.

The Differential Photometer.— The differential pho
tometer was essentially similar to the apparatus described 
by McBrady and Livingston.215 Scanning light from a 
battery-operated tungsten filament lamp was split into two 
parallel collimated beams and passed through two identical 
15-cm. cuvettes containing the pigment solution being in
vestigated. The beams then were brought together and 
focused on the slit of a Bausch and Lomb grating mono
chromator. A chopper of special design4 alternately 
interrupted each beam 150 times a second before it entered 
the cuvette, producing a sinusoidal variation in intensity. 
When the solutions in the cells were identical and the two 
beams properly balanced, the intensity of the combined 
beam which entered the monochromator was constant. 
However, if the solution in one cuvette was illuminated at 
right angles with relatively intense light, the resulting 
“ bleaching”  unbalanced the two beams and a sinusoidal 
difference signal fell on the photocell, which was situated

(4) D. Stockman, Doctoral Thesis, Univ. of Minnesota, 1961.
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at the exit slit of the monochromator. The output of the 
phototube was fed through a high-gain sharply tuned (150- 
cycle) amplifier to a rectifier and then to a Varian recorder. 
An AH -6  Hg arc produced the actinic light, from which the 
ultraviolet and infrared light were removed by glass optics 
and 2 cm. of 5%  CuS04 solution. During most of the 
measurements, the gain was adjusted to give full scale de
flection for a change in intensity of 1% . Under these 
conditions, the time of response was 1.5 sec. and the re
sponse was linear. The uncertainty of a reading was not 
greater than 5%  of full scale in the wave length range 4800 
to 6700 A ., but was two- or threefold larger for shorter 
wave lengths. Absolute calibrations of the observed deflec
tions in terms of the changes in concentration of chlorophyll 
were made by using small auxiliary cells, which had plane 
parallel windows 1.3 mm. apart. With both cuvettes in 
place and filled with 2 X  10-6  M  chlorophyll, solvent-filled 
auxiliary cells were introduced into both beams. The 
deflection, produced by replacing one of the solvent-filled 
cells with an identical cell containing (e.g.) 1.0 X  10~ 6 M  
chlorophyll, corresponded to an increase of (1.0 X  10_6/  
2.0 X 10_6)(1.3/150)100 =  0.43% in the chlorophyll con
centration . A detailed description of the spectrophotometer 
is given elsewhere.4

Experimental Results
A s a test of re p ro d u cib ility of the observed ex

tent of bleaching, eight experim ents were performed 
at room  tem perature w ith  2.0 X  10-6 M  chloro
p h y ll b in  various samples of m ethanol. Th e  in 
tensity of the actinic lig h t and the wave length 
(6530 A .) of the scanning lig h t were kept constant. 
Th e  results of these measurements are listed in  
Table  I .

T a b l e  I
T est of R eproducibility of P hotobleaching

Extent of reversible 
bleaching

Sample of methanol (moles/l.) X 109
Mallinckrodt A.R 7 .1 ,7 .8
Mallinckrodt A.R., dried 8 .2 ,7 .4
Merck A.R. 8 .0 ,7 .3
Merck A.R., dried 7.1
Technical 5 .4

A ll of these solutions were exhaustively degassed. 
Th e  solvents m arked “ dried”  were treated w ith  an 
am ount of m etallic sodium in  excess of th a t re
quired to react w ith  0.2%  of w ater, were refluxed 
w ith  d im ethyl phthalate, and were d istilled  through 
a packed colum n w hich was protected from  air. 
Th e  other samples were taken d ire ctly from  the 
reagent bottles. Irreversib le  bleaching was de
tectable on ly when technical grade m ethanol was 
the solvent. E xclu d ing th is measurement, the 
re la tive  standard deviation of a single measurement 
is 6 % . Th is  m arked im provem ent in  reproducibil
it y , re la tive  to  the published results,2 probably is 
due to  im provem ent in  the technique of deoxy
genation and in  the purification  of ch lorophyll.

Since it  has been established th a t the extent of 
bleaching in  m ethanol is proportional to  the square 
root of the in tensity of the absorbed lig h t, the back 
reaction m ust be second order. Therefore, its  rate 
should decrease w ith  increasing v iscosity and pro
duce an increase in  the extent of the steady state 
bleaching, unless compensated b y  a sim ilar change 
in  the quantum  yie ld  fo r the form ation of the 
bleached state. T o  test th is prediction, the re
versible bleaching was measured in  several sol

vents. The results of these measurements are 
given in  Tab le  I I .

T a b l e  II
St e a d y  St a t e  B le a c h in g  in  V a r io u s  S o lv e n t s

Solvent Viscosity, cp.

Extent of 
reversible 
bleaching 

(moles/I.) X 10!
Ethyl acetate 0.44 6 .8
Methanol (dry) .55 7.6
Methanol (1%  II20 ) .55 7.6
Pyridine (dry) .97 13.0
Cyclohexanol 70 6 .2
Castor oil 950 9.0

C o n tra ry to  expectations, the extent of bleaching 
appears to  be independent of the viscos ity of the 
solvent. I t  also is notew orthy th a t, in  a ll cases, 
the back reaction was complete w ith in  1.5 sec., the 
response tim e of the apparatus. S im ilar short
lived , reversible spectral changes were observed b y  
L insch itz and Rennert5 when th ey subjected chloro
p h y ll a to  intense illum ination  in  E P A  a t liq u id  
nitrogen tem peratures.

These results suggest that, in  viscous m edia, the 
back reaction is first order rather than second 
order. A s  a test of th is possib ility, the reversible 
bleaching of ch lorophyll a in  castor o il was meas
ured a t 19°, using actinic illum ination  a t re la tive  
intensities of 1.00, 0.49, and 0.29. Th e  correspond
ing re la tive  values fo r the steady-state bleaching 
were 1.00, 0.62, and 0.43. These values are pro
portional to  neither the first nor one-half power of 
the in tensity, b u t conform  to  the relation

J  =  4 X A  +  S X A !

where J  is the re la tive  in tensity of the absorbed 
lig h t and A  is the re la tive  extent of photobleaching. 
A and B  are constants, whose values are, respec
tiv e ly , 0.48 and 0.52. Measurements made a t 62°, 
but otherwise under unchanged conditions, yielded 
values of 0.40 and 0.60. I t  is doubtfu l if  the d iffer
ence is significant. In  contrast to  these results, 
measurements made w ith  m ethanolic solutions 
agree w ith  the published square root re la tion ; at 
intensities of 1.00, 0.49, and 0.29, the values of 
A //1/2 were 1.00,1.03, and 0.93, respectively.

F o r 2 X  10-6 M  ch lorophyll b in  m ethanol, the 
re la tive  values of the extent of bleaching, observed 
a t 7, 22, and 52°, were 1.00, 1.05, and 0.89, respec
tiv e ly . These values, as w ell as those obtained b y 
K n ig h t and L iv in gston 20 fo r a 1.0 X  10~6 M  solu
tion  of ch lo rophyll a in  m ethanol, are plotted in  
F ig . 1. Assum ing th a t the effect of tem perature 
is the same fo r both solutions, an increase of 40° re
sults in  a 20% decrease in  the extent of bleaching. 
The corresponding difference in  the energies of 
activation  of the opposing reactions is — 0.9 ±  0.5 
keal.

Since it  has been suggested20 th at the tr ip le t state 
is interm ediate in  the form ation of the bleached 
form  of ch lorophyll, the effect of an efficient trip le t- 
state quencher, /3-carotene, was investigated, using 
2 X  10~6 M  ch lorophyll b in  d ry  p yrid in e . To  
elim inate any possible effect of absorption of ligh t

(5) H. Linschitz and J. Rennert, Nature, 169, 193 (1952).
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b y  the carotene, a dark ye llo w  glass filte r w as 
placed between the a c tin ic -lig h t source and th  e 
cuvette. Upon the in troduction  (b y  breaking a n  
evacuated ca p illa ry) of sufficient /3-carotene to  
make its concentration 2 X  10~6 M, the extent of 
reversible bleaching was reduced b y  the factor 0.4 4. 
Th is  effect is sim ilar in  m agnitude to  the quenchin g 
b y oxygen.20

F o r reasons w hich are presented in  the D iscus
sion, a series of c ritica l experim ents were perform ed 
in  purified, dried benzene and in  benzene to  w hich 
known sm all amounts of reagents were added. 
A ll solutions were care fu lly deaerated and con
tained 2 X  10~6 M  ch lo rophyll b. Th e  results are 
presented in  Table  I I I .

T a b l e  III
R e v e r s ib l e  P h o t o b l e a c h in g  i n  B e n z e n e

Solution

Steady state 
bleaching 

(moles/1. X  109)
Benzene (dry) 0 .0
Benzene + 0 .1 %  methanol 3
Benzene +  0.1%  methanol +  1.0% H20 1
Benzene +  0.01 m phenylhydrazine 14.5
Benzene +  0.01 m phenylhydrazine +  0.5% H20  3 .4

Th e  extinction  coefficients of the bleached form  
of ch lo roph yll were determ ined, at a series of wave 
lengths, b y  com paring the deflection, r, produced 
b y  the illum in ation  of the ch lo rophyll solution to  
the deflection, r0, caused b y  the insertion of a clean 
glass plate in  the w ater bath, so th at one of the 
lig h t beams passed through the plate perpendicular 
to  its  surface. U sing the Fresnel law  fo r reflec
tion , A O D 0, the effective optica l density of the 
glass plate, was calculated to  be 0.00363 at 6000 A . 
and to  v a ry  b y  about 5 %  over the range from  4000 
to 7000 Â . The extinction  coefficient, cr, of the 
bleached form  of ch lo rophyll can be calculated 
from  the equation

r
6R =  ÉGH H—  X

n

AUDo
A[GH]l

where l is the length of the cell and £gh  is the ex
tinction  coefficient of ch lo rophyll. A n  approxi
m ate value of A [GH], the concentration of the 
“ bleached” ch lo rophyll, was obtained b y  assum
in g  th a t cr is equal to  zero a t the wave length of the 
red m axim um  of eGH- H ow ever, th is assumption 
leads to  negative values of cr fo r wave lengths near 
6200 A . A cco rd in g ly, the value of (the constant) 
A  [GH] was increased su fficien tly to  render the m in i
m um value of €r  equal to  zero. Since the true 
value of £r  a t 6200 A. is ve ry  probab ly greater than 
zero, these lim itin g  values of cr should be increased, 
a t each wave length, b y  a term  which is propor
tiona l to  r X  A OD0/r0, or approxim ately to  r. Th is  
correction w ould not change the wave lengths corre
sponding to  the m axim a nor increase the values of 
€r  b y more than 5 X  103 M ~l cm .-1 at 6200 A. and 
a t 5450 A. (fo r ch lo roph yll a in  p yrid in e ).

Th e  absorption spectra, obtained in  th is w ay, 
fo r the bleached state of ch lorophylls a and b in  
p yrid ine  are shown in  F ig . 2 and 3. I t  is question
able whether the differences in  the spectra observed

10 >/T
Fig. 1.— The extent of bleaching as a function of tem

perature (solvent methanol): • , 1 X 10" 6 M  chlorophyll 
a; O, 2 X  10-e M  chlorophyll 6.

X, mu
Fig. 2.— The absorption spectra of chlorophyll a in its 

ground single and its “ bleached”  state.

in  d ry  and wet pyrid ine  (F ig . 3) are significant. 
Th e  corresponding spectra fo r m ethanolic solutions 
exh ib it somewhat broadened m axim a. These data 
are in  crude qua lita tive  agreement w ith  the pre
lim in a ry values of L ivingston  and R ya n .2d Tab le  
IV  lists the positions and heights of the principal 
m axim a, in  m ethanol and in  d ry  pyrid ine .

The spectra observed in  these experim ents are 
generally simila r to  those of other labile photo
chemical interm ediates of ch lorophyll inasmuch as 
th ey a ll show m arked decrease of absorption corre
sponding to  the red and blue bands of norm al 
ch lo roph yll and an increase a t interm ediate wave 
lengths. H ow ever, as illustrated  b y  F ig . 4, the
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Fig. 3.— The absorption spectra of chlorophyll b in its 
ground singlet and its “ bleached”  state: • , in pyridine; 
O, in pyridine containing 5%  water.

X, m/t
Fig. 4.— The absorption spectra of several labile states 

of chlorophyll b in solution: T, the triplet state in pyridine; 
K, the Krasnovskii pink pigment in toluene; M, the 
Molisch brown phase in pyridine; B, the “ bleached”  state 
in pyridine.

T able IV
Absorption M axima of the B leached State of Chloro

phyll
X in A. and €R X 10 in. l./m ole-1 

Solvent Pigment cm. -1
Methanol Chlorophyll a 5320, 5.0; 5800,3.2; 6600,1.0
Pyridine Chlorophyll a 5450,6.8; 5800,4.0; 6450,1.5
Methanol Chlorophyll 6 5250, 5.0 ; 5800,3.0 ; 6550,0.6
Pyridine Chlorophyll b 5360, 7.0; 5800,4.0 ; 6450, 0.5

spectra of no two of these interm ediates are id en ti
cal. Th e  spectra for the bleached state, the M o l
isch phase interm ediate, and the trip le t state were 
measured fo r ch lorophyll a in  p yrid ine . Th e  data 
fo r the K rasnovskii p ink pigm ent are taken from  
Bannister’s8 measurement, using phenylhydrazine 
in  toluene; however, sim ilar results7 were obtained 
w ith  ascorbic acid in  pyrid ine .

Recent flash p h o to lytic  studies8 of ch lo roph yll a 
dissolved in  p yrid ine  containing ascorbic acid show 
th at there is a re la tive ly  short-lived  transient having 
an absorption m axim um  near 480 m,u and negligible 
absorption between 540 and 580 m/i. I t  follows 
th a t th is species, presum ably the electrode-active 
interm ediate of Evstigneev, et al.,9 is not identica l 
w ith  the “ bleached form ” observed in  the present 
experim ents.

In  addition to the chlorophylls, anaerobic solu
tions of pheophytin  a, magnesium phthalocyanine, 
and several porphyrins were examined fo r reversible 
photobleaching. In  a ll cases, the in te n s ity of the 
incident lig h t was the same, the solvent was (d ry ) 
pyrid ine , the concentration of the pigm ent was 1.0 
X  10-6 M, and the wave length of the scanning lig h t 
corresponded to the principal (visib le) m axim um  
of the norm al absorption spectrum . Pheophytin  
and tw o m etal-free porphyrins showed re la tive ly  
little  photobleaching, it  being about 0 .1%  for 
pheophytin a and undetectable (i.e., < 0 .1 % ) fo r 
p rotoporphyrin  and m esoporphyrin. The extent 
of bleaching fo r magnesium phthalocyanine was 
about 1% , s lig h tly  greater than the 0.7%  which 
was observed for ch lorophyll a. Unexpectedly, 
cupric pheophytin  a, cupric protoporphyrin , and 
hemin (ferric p rotoporphyrin  chloride) exhibited 
m arked photobleaching, the per cent of bleaching 
being 0.6, 1, and 4 % , respectively.

Th e  absorption spectrum  of the bleached form  
of copper ch lorophyll a was measured rough ly and 
was found to be closely sim ilar to  th at of (magne
sium -containing) ch lorophyll a. U n like  the other 
pigm ents, magnesium phthalocyanine exhibits no 
new visib le  absorption bands accom panying the 
reversible bleaching of its norm al spectra.

Discussion
A n y  mechanism postulated in  explanation of the 

reversible photobleaching of ch lo rophyll should be 
com patible w ith  the fo llow ing observations. In  
flu id  media, the steady state concentration, A , of the 
bleached form  is proportional to the square root of 
the in tensity, I 0, of the incident lig h t, but in  the 
viscous solvent, castor o il, the bleaching conforms 
to  the fo llow ing equation, where A  and B are con
stants of comparable m agnitude.

I 0 =  A X A  +  B X A 2

A t  constant 70, A  appears to be independent of the 
concentration of the pigm ent, although, under the 
experim ental conditions, the in tensity of the ab-

(6) T. Bannister, Doctoral Thesis, Univ. of Illinois, 1957.
(7) E. Rabinowitch, “ Photosynthesis,”  Vol. II, Interscience Pub

lishers, Inc., New York, N. Y., 1956, p. 1502.
(8) (a) G. Ziegler and H. Witt, Z. physik, Chem. (Frankfurt), 28, 

286 (1961); (b) R. Livingston and A. Pugh, Nature, 186, 4729 (1960).
(9) V. Evstigneev, V. Gavrilova, and A. Krasnovsky, Dokl. Akad. 

Nauk SSSR, 74, 315 (1950).
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sorbed lig h t m ust be approxim ately proportional to 
th is concentration.10 The back reaction is fast 
and, under a ll conditions studied, seems to  be 
complete w ith in  1 sec.11 The effect of tem perature 
is sm all; either the bleaching is constant over a 45° 
range, or it  decreases s lig h tly  w ith  increasing tem 
perature. The presence of 0 2 or /3-carotene, at 
concentrations (about 10~6 m) too sm all to quench 
appreciably the fluorescence of ch lorophyll, prac
tic a lly  elim inates reversible photobleaching. N o 
reversible bleaching occurs in  benzene (either d ry  or 
saturated w ith  w ater), but it  is restored if  about 
1%  of m ethanol is added to the d ry  hydrocarbon 
solvent. The bleaching of m etal-free pigments 
(e.g., pheophytin) is scarcely detectable, but copper 
ch lorophyll undergoes norm al bleaching, both in  
respect to its  extent and to  the spectrum  of the 
labile form .

The effect of 0 2, and of ¿3-carotene, indicates th at 
the trip le t state of ch lo rophyll is an interm ediate 
in  the reaction, as was postulated b y  K n igh t and 
L iv in g ston .20 H ow ever, some of the results pre
sented here necessitate m odification of the mecha
nism , w hich was outlined b y these authors. In  par
ticu la r, it  appears necessary to assume th at on ly 
pigm ent molecules which are complexed w ith  or
ganic bases can be revers ib ly bleached. Th is  leads 
to the plausible postulate th at the p rim a ry reaction 
is an intram olecular, charge-transfer process, fo l
lowed b y  dissociation in to  a pa ir of radicals. In  
castor o il, the solvent cage la rge ly prevents the 
radicals from  diffusing apart and th e ir recom bina
tion  is a firs t order reaction. One of the difficulties 
w ith  the form er mechanism is the assumption th a t 
the decay of the trip le t is a self-quenched rather 
than a unim olecular process. Th is  assumption is 
inconsistent w ith  d irect measurements of the decay

(10) In this respect, the present work confirms the findings of Knight 
and Livingston20 but is in disagreement with the earlier results of Me- 
Brady and Livingston.2b Although the reason for this discrepancy is 
unknown, we shall assume that the newer results are essentially correct.

(11) Traces of I2, etc., alter the character of the back reaction, 
rendering it relatively slow and first order.20

of the trip le t in  p yrid in e 12 and in  m ethanol.13 The 
new measurements in  benzene solutions to  which 
small amounts of water and organic bases had been 
added introduce an additional d ifficu lty. Q ualita 
tiv e ly , th ey are consistent w ith  the postulate th at 
water and (e.g.) m ethanol compete fo r the possibil
it y  of com plexing ch lorophyll and th at it  is o n ly the 
pigm ent which is complexed w ith  the m ethanol th at 
can react. How ever, the equ ilibrium  constants 
fo r the form ation of the several addition  compounds 
are know n,14 and when these values are used, the 
difference between the calculated and observed 
yie lds is much greater than the uncertainties of the 
measurements.

These tw o inconsistencies can be elim inated b y 
in troducing the a rb itra ry  assumption th at d isol- 
vates14b'15 and dimers of the monosolvates are 
form ed and th at o n ly the disolvate undergoes re
versible bleaching.

A  mechanism based upon th is postulate was out
lined in  the Preprin ts of Papers, Sym posium  on 
Reversible Photochem ical Processes, Durham ,
N . C ., 1962.

The present results, although th ey m ay raise 
more questions than th ey answer, emphasize the 
im portant role which th erm a lly stable addition 
complexes p la y in  some photochem ical reactions. 
T h e y also suggest th at “ reversible bleaching”  of 
ch lorophyll m ay be closely related to the form a
tion  of Evstigneev’s precursor to  the K rasnovskii 
p ink pigm ent. I t  is b y  no means established that 
the reversible photobleaching of hemin is a process 
sim ilar to  the reversible bleaching of ch lorophyll. 
Th e  hem in reaction is in trin s ica lly  interesting and 
is w o rth y of fu rther study.

(12) (a) H. Linschitz and K. Sarkanen, J. Am. Chem. Soc., 80, 4826, 
(1958); (b) E. Fujimori and R. Livingston, Nature, 180, 1036 (1957).

(13) P. McCartin, unpublished work, Univ. of Minnesota.
(14) (a) R. Livingston, W. Watson, and J. McArdle, J. Am. Chem. 

Soc., 71, 1542 (1949); (b) R. Livingston, “ Handbuch der Pflanzen- 
physiologie,”  Vol. V, Springer-Verlag, Heidelberg, 1960, pp. 835-837.

(15) S. Freed and K. Sancier, J. Am. Chem. Soc., 76, 198 (1954).

REVERSIBLE PHOTOCHEMICAL REACTIONS OF 
CHLOROPHYLL IN PHOTOSYNTHESIS

B y  E u g e n e  R a b i n o w i t c h

University of Illinois, Urbana, Illinois 
Received May 24, 1962

The chemical participation of chlorophyll in the primary process of photosynthesis is considered with particular emphasis 
on evidence provided by “ difference spectra.”  W itt’s conclusions are compared with unpublished observations by Rubin
stein in our Laboratory. The latter support the hypothesis that two forms of chlorophyll a in vivo have different photo
chemical functions, and indicate that the light-induced absorption band at 520 m/* (or, at least, its component which appears 
in weak light and under anaerobic conditions) is produced mainly by light absorption in the long-wave component of chloro
phyll a. This band does appear only in green algae and higher plants. This is more consistent with its attribution to a 
cartenoid than to a chlorophyll.

1. In troduction
Photosynthesis involves reversible photochem ical 

reactions of tw o types. One is associated w ith  lig h t 
saturation. In  the saturated state, the absorption 
of a ll “ excess”  quanta, above the num ber u tilized  
fo r the net reaction, m ust lead to  cyclica l processes.

P rob ab ly not one b u t several “ shunts” contribute 
to  the closing of the cycle. O ther reactions, re
versible on ly in  respect to  the sensitizing pigm ent 
(o r other ca ta lytic  components of the system ), 
can be involved in  the norm al sequence of forw ard 
reactions of photosynthesis.
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Observations of the in tensity of ch lorophyll a 
fluorescence a t the beginning of illum ination  have 
firs t revealed the occurrence of reversible changes in  
the ch lo roph yll molecule (or its  im m ediate sur
roundings), associated w ith  photosynthesis. Com 
parisons of the absorption of lig h t b y  cells in  the 
dark and in  lig h t ( “ difference spectroscopy” ) 
also indicate reversible changes, both in  chloro
p h y ll and in  other components of the ca ta lytic  
mechanism.

W e anticipate these changes to  be m ain ly oxida
tion -reductions, since photosynthesis, in  its  net 
result, is an oxidation -reduction  reaction against 
the gradient of chemical potential.

I t  is w id e ly presumed th a t in  photosynthesis 
excited ch lorophyll molecules accept electrons (or 
H -atom s)— d irectly or in d ire c tly— from  w ater, and 
pass them— in d ire ctly— to  carbon dioxide. Th e  im 
m ediate electron donor could be the O H -  ion ; 
b u t obvious involvem ent of an enzym e in  the o xy
gen-liberating state of photosynthesis and of the 
H ill reaction suggests the existence of an in te r
m ediate oxidation -reduction  system  between chlo
ro p h yll and the 0 H ~ /0 2 couple. I t  is often postu
lated th a t th is interm ediate is a “ cytochrom e,”  
i.e., an iron-bearing p o rp h yrin -p ro te in  com plex. 
H ow ever, in  order to  be able to  m ediate the oxida
tion  of w ater, the postulated “ cytochrom e”  m ust 
have an oxidation potentia l >  + 0 .8  v o lt; w hile 
com m only known cytochrom es have potentials 
between 0.0 and + 0 .4  v o lt. Th e  potentia l of 
non-com plexed F e +3 ions is +0.75 v o lt; com plexing 
usua lly stabilizes the higher-charged form  of a 
ion more strong ly than its  lower-charged form , and 
thus reduces the oxidation potentia l; consequently, 
the existence of iron complexes w ith  potentials of 
+0.75 v o lt is u n like ly. Perhaps the “ cytochrom e” 

in  photosynthesis contains a m etal atom  other than 
iron !

A s to  the im m ediate acceptor, to  w hich chloro
p h y ll transfers the electrons (or hydrogen atoms) 
acquired from  w ater, it  is w id e ly presumed th a t it  
is a p yrid ine  nucleotide, perhaps, T P N + , and th a t 
reduced T P N H  then reduces a carboxyl group 
form ed b y  addition  of C 0 2 to  an organic acceptor 
(R H  +  C 0 2 -*  R C O O H ). R C O O H  has a reduc
tion  potentia l (about — 0.5 v .)  m arkedly lower 
than th a t of T P N H  (about — 0.35 v o lt); b u t we 
know th at T P N H  can reduce carboxyls, b y  coupling 
th is reduction w ith  energy-liberating dephosphoryl
ation. Reduction of g lyceric acid to  glycera lde- 
hyde, made possible b y  such coupling, is postulated 
in  C a lv in ’s scheme of photosynthesis.

I t  is, however, not im possible th a t the photo
chemical electron acceptor in  photosynthesis is 
not T P N + , but a compound w ith  a m ore negative 
potentia l, able to  achieve the reduction of a car
b o xy l group w ith ou t the aid of A T P .

Th e  hypothesis of ch lo rophyll serving in  lig h t as 
transm itter of H -atom s or electrons between a 
donor and an acceptor perm its three form ulations: 
lig h t excitation m ay be required on ly fo r the oxida
tion  of the donor, or o n ly fo r the reduction of the 
acceptor, or fo r both steps. Since four electrons 
(o r H -atom s) m ust be transferred to  reduce C 0 2 
to the C H 20  level, the last hypothesis im plies a

m inim um  quantum  requirem ent of 8, w hile  the 
firs t tw o could operate w ith  a m inim um  of 4 quanta. 
A d d itio n a l quanta m ay be needed, however, fo r 
“ a u x ilia ry”  photophosphorylations, such as are 
postulated in  C a lv in ’s scheme.

2. Th e  Tw o  C h lorophyll a Components
Em erson’s observations of the “ red drop”  in  

the action spectrum  of photosynthesis, and of its 
elim ination b y  supplem entary shorter-wave ligh t, 
lead to  the conclusion th at photosynthesis m ay 
invo lve  two p rim ary photochem ical reactions, 
sensitized b y  different pigm ents. Em erson1 
thought th at the one pigm ent is ch lorophyll a, 
and the other, one of the “ accessory”  pigm ents 
(ch lo rophyll b, p hycoeryth rin , fucoxanthol, e tc.). 
Subsequent experim ents b y  G ovindjee and Rabino
w itch 2 suggested th a t the tw o pigm ents m ay be 
both form s of ch lorophyll a, one w ith  an absorption 
band a t about 670 m¡i and the other w ith  an 
absorption band a t 680-690 mju. F igu re  1 shows 
the action spectrum  of the “ Em erson effect”  in  
Chlorella and Navícula obtained b y  G ovind jee.2 
T h is  provides clear evidence of the existence and a 
specific photochem ical function of a form  of chloro
p h y ll a (C h i a 670). T h is  function is not shared b y  
the long wave form  of ch lo rophyll a (C h i a 680/690). 
Because of resonance energy transfer from  pigm ents 
absorbing a t shorter to  such absorbing a t longer 
waves, excitation  of both ch lorophyll a components 
is achieved whenever lig h t is absorbed b y any p ig 
m ent other than C h i a 680/690 itse lf. Therefore, 
on ly in  the spectral region where absorbed lig h t 
goes m ain ly to  C h i a 680/690, simultaneous excita
tion  of one of the other pigm ents is needed fo r 
effective photosynthesis.

I f  the tw o photochem ical p rim a ry reactions, 
sensitized b y  C h i a 670 and C h i a 680/690, re
spectively, are both oxidation -reduction  reactions, 
one of them  could invo lve  the reduction of a car
b o xy l and the other th at of a carbonyl. A lte r
n a tive ly, one m ay invo lve  the photooxidation, and 
the other the photoreduction of a form  of ch lorophyll. 
These tw o reactions would leave one ch lorophyll 
(e.g., C h i a 670) reduced, and the other (e.g., C h i 
a 680/690) oxidized, and the cycle w ould have to  
be completed b y  a reaction between these tw o 
products.

One could also im agine one ch lo rophyll sensitizing 
an energy-storing oxidation -reduction , and the 
other an oxidation -reduction  w hich is im m ediately 
reversed, w ith  some energy of the back reaction 
stored in  “ high energy phosphate.”

Be th is as it  m ay, a ll these schemes require C h i 
a to  be reversib ly changed in  photosynthesis. 
Th e  capacity of C h i a fo r reversible photochem ical 
transform ations is confirm ed, in vitro, b y  such 
reactions as its  “ phototropic”  transform ation (per
haps, dism utation?) in  m ethanol (R ab inow itch  
and P o rre t,3 la ter studied b y  L iv in gston  and co-

(1) R. Emerson and R. V. Chalmers, Phycological Society News 
Bull., 11, 51 (1958); cf. also R. Emerson and E. Rabinowitch, Plant 
Physiol., 35, 477 (1960).

(2) R. Govindjee and E. Rabinowitch, Biophys. J., 1, 377 (1960); 
E. Rabinowitch and R. Govindjee, “ Light and Life,”  John Hopkins 
University Press, Baltimore, Md., 1961, p. 378.

(3) E. Porret and E. Rabinowitch, Nature, 140, 32 (1937).
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Fig. 1.— Action spectrum of Emerson’s enhancement effect showing activity of chlorophyll a 670 (in addition to those of 
chlorophyll b at 650 m/j, of fucoxanthol at 535 m/x, and of chlorophyll c at 630 mp (after Govindjee, et al.).

w orkers,4 its  reversible change (probably, oxida
tion ) in  m ethanol in  the presence of fe rric  salts 
(R ab inow itch  and W eiss8), and its  reversible re
duction in  aqueous p yrid ine  b y  ascorbate (or in  
ether, b y  phenylhydrazine) (K rasnovsky and co
w orkers,6 and Bannister7) .

In  assessing the relevancy of these observations 
to  the role of ch lo roph yll in  photosynthesis, it  
should not be forgotten th a t m any organic dyes 
have the capacity fo r reversible oxidation -reduction  
reactions. Therefore, o n ly evidence of reversible 
changes of the ch lorophylls (or other pigm ents) 
in vivo, actu a lly accom panying photosynthesis, 
can be fu lly  convincing.

3. D ifference Spectra
T w o  methods have been used in  the study of 

difference spectra in  cells. One consists in  measur
ing absorption changes after a flash of lig h t (W itt8 
and K o k9) ; the other in  measuring absorption

(4) R. Livingston, et a l J. Phys. Colloid Chem., 45, 1312 (1941); 
52, 662 (1948); 54, 703 (1950); J. Am. Chem. Soc., 75, 1776 (1953); 
Nature, 173, 485 (1954).

(5) E. Rabinowitch and J. Weiss, Pros. Roy. Soc. (London), A162, 
2511 (1937); cf. also W. Watson, J. Am. Chem. Soc., 75, 2522 (1953).

(6) A. A. Krasnovsky, V. B. Evstigneev, et al., Doklady Akad. Sci., 
USSR, 60, 421; 61,91; 63, 163 (1948); 66,663; 67, 325; 69,393 
(1949); 73, 1239; 74, 315, 781 (1950); 81, 879, 1105 (1951); 82, 
947; 87, 109 (1952); 89, 523; 91, 899; 92, 381 (1953); 95, 841; 96, 
1201, 1209 (1954); 103, 97, 283; 104, 440, 882 (1955); 112, 911 
(1957); Biofizika, 1, 120, 328 (1956); 4, 3, 124, 289, 521 (1959); 5, 
599 (1960); 6 ,30 ,392 (1961); Uspekhi Khimii, 29, 736 (1960); Zh. 
Fiz. Rhim., 30, 968 (1956); Biokhimiya, 20, 123 (1955); 21, 126 
(1956); J. chim. phys., 968 (1958). Papers up to 1955 available in 
translation, AEC-tr 2156.

(7) T. T. Bannister, Plant Physiol., 34, 246 (1959).
(8) H. T. Witt, et al., Nature, 42, 72 (1955); Z. Elektrochem., 59,

981 (1955); 60, 1148 (1956); 64, 181 (1960); Z. physik. Chem., 4, 
120 (1955); 12, 393; 13,113,119 (1957); 20,193,253; 21,1 (1959); 
28, 273, 286; 29, 13, 25 (1961); Biochem. Biophys. Acta, 43, 134
(1960); “ Research in Photosynthesis,”  Interscience Publishers, Inc., 
New York, N. Y., 1957, p. 75; Nature, 189, 944; 191, 194 (1961); 
194, 854 (1962); also cf. R. Hill and F. Bendall, ibid., 186, 136 (1960).

spectrum  changes in  the steady state of illu m in a 
tion  and darkness (D uysens,10 Colem an, et al.11).

W itt8 has studied the tim e course of absorption 
changes in  the 400-500 mju region, when Chlorella 
cells or fragm ented plastides were exposed to  the 
flash of red lig h t. Th rou gh  measurements at 
d ifferent tem peratures ( — 200 to  +70°), w ith  cells 
and plastide fragm ents, in ta ct or extracted w ith  
d ifferent solvents, W itt arrived  at the conclusion 
th at absorption changes caused b y  such exposure 
consist of several components (1, 2a, 2b, and 3) 
w hich decay w ith  different rate constants.

From  these experim ents W itt  derived an interest
ing, even if  h ig h ly  speculative, scheme of the photo
chemical pa rt of photosynthesis. I t  is an “ eight 
quanta”  scheme, suggesting tw o successive photo
chemical oxidation -reduction  steps, one sensitized 
b y  C h i a 670, and one b y  C h i a 680/690. Such 
schemes are not new 12; orig ina l in  W it t ’s scheme 
is, however, the inclusion of (a t least) tw o o xid a tio n - 
reduction systems between the tw o  chlorophylls 
(instead of m aking photoreduced ch lo rophyll a 
of one type  reduce the photooxidized ch lo rophyll a 
of the other type , as suggested in  section 2). One 
of these interm ediate catalysts— a “ cytochrom e” —  
is ascribed a norm al potentia l of +0.37 v . (th a t 
of cytochrom e f !) ; w hile  the other (designated as 
X / O X )  is assigned a potentia l of ~  0 v . U nder

(9) B. Kok, et al., Biochem. Biophys. Acta, 22, 299 (1956); Acta 
Botanica Neerl., 6, 316 (1957); Plant Physiol., 34, 189 (1959); 35, 
802 (1960); Nature, 179, 583 (1957); “ Light and Life,”  ref. 2, p. 397.

(10) L. N. M. Duysens, et al., Thesis, Univ. Utrecht, 1952; Science, 
120, 353 (1954); Nature, 173, 692 (1954); Progress in Photobiology, 
Proc. of 3rd Intern. Conf. on Photobiology (Christenson and Buch- 
mann, 1960); Nature, 190, 511 (1961).

(11) J. W. Coleman, A. S. Holt, and E. Rabinowitch, “ Research 
in Photosynthesis,”  Interscience Publishers, Inc., New York, N. Y., 
1957, p. 68; J. W. Coleman and E. Rabinowitch, J. Phys. Chem., 63, 
30 (1959).

(12) E. Rabinowitch, “ Photosynthesis and Related Phenomena,”  
Interscience Publishers, New York, N. Y., 1945, Vol. I, Chapter 7.
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-Difference spectra of exposed Chlorella to constant white light: four incident light intensities,
circles— 12, and crosses—31 X 1014 quanta per cm .2 per sec. (after Coleman).

dots— 3.4,

1014 quanta/cm.2 eec.
Fig. 3.— Difference spectrum in Chlorella as function of the 

intensity of incident light (after Coleman): curve 1, 420 
m/t; curve 2, hypothetical; curve 3, 680 irqx; curve 4, 
480 mn (1 +  2); curve 5, 520 m/* (2 +  3).

these conditions, about 0.8 v . (18 cal./m ole) is 
stored in  each of the tw o photochem ical steps, 
w hile  0.37 v . (8.5 cal./m ole) is lost in  the back 
reaction between oxidized “ cytochrom e” and re
duced X ,  w hich closes the cycle. Some of th is 
energy could be salvaged as A T P  energy, thus 
avo id ing the need fo r additional quanta (above
8) fo r the production at A T P ! A  reducing poten
tia l of — 0.4 v . is ascribed to  C h i a 680/690 and an 
oxdizing potentia l of +0.8  v . to  C h i a 670.

W itt did not support his conclusions b y  data on 
correlated changes in  the red part of the spectrum , 
w hich  m ust accom pany oxidation or reduction of 
ch lo ro p h yll; also, he d id  not report action spectra 
for the production of the spectrum  changes of d if
ferent types, except fo r an observation th a t the

spectrum  attribu ted b y him  to  photooxidation of 
ch lo rophyll was preserved, w hile  the spectrum  at
tributed  b y  him  to  photoreduction of ch lorophyll 
was weakened, when excitation occurred a t 710 m/u.

K o k 9 found a va rie ty  of effects in  the red p a rt of 
the difference spectrum  in  flashing ligh t. H e pu t 
a p articu la r emphasis on one: The loss of absorp
tion  a t 705 my, w hich he a ttribu ted  to  a m inor 
ch lorophyll a component w ith  a p a rticu la rly  low  
excitation  level. T h is  component could serve as 
the ultim ate excitation energy “ sink”  and im 
m ediate sensitizer of the photochem ical reaction 
in  photosynthesis.

A  scheme sim ilar to  th at of W itt was proposed 
b y  D uysens.10 Duysens observed the difference 
bands a t 410 and 420 m ^, in  the red alga Por- 
phyridium, a ttribu ted  to  the oxidation -reduction  
of a cytochrom e. O xidation  (grow th  of the 420 
band a t the expense of the 410 band) was caused 
b y  lig h t absorption in  the ph ycoeryth rin  band, and 
reduction (inverse effect) b y  absorption in  the 
ch lorophyll band (at 680 my) . Duysens concluded 
th a t a u xilia ry  pigm ents (e.g., the phycobilins, 
according to  Govindjee, et al.,2 also C h i a 670) 
sensitize a photooxidation, and C h i a 680/690 
sensitizes a photoreduction; a cytochrom e was 
suggested to be the interm ediate between the o xi
dized “ photooxid izing” pigm ent, and the reduced 
“ photoreducing” pigm ent.

Arnon , et al.,13 obtained sim ilar conclusions from  
biochem ical experim ents, in  which the activities 
of the tw o postulated pigm ent systems were sepa
rated (in  chloroplast preparations) b y  specific po i-

(13) M. Losada, F. R. Whatley, and D. I, Arnon, Nature, 190, 619 
(1961); D. I. Arnon, M. Losada, F. R. Whatley, H. Y. Tsujimoto, 
O. O. Hall, and A. A. Horton, Proc. Natl. Acad. Sci. U. S., 47, 1314 
(1961).
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Pig. 4.— Recording of absorption changes in Chlorella at 520 ni/i upon exposure to red light: - 1 %  calibration mark 
on the left; 0.5 min. light and 2.5 min. dark periods; downward spikes signal the beginning of illumination (after 
Rubinstein).

soning. One system  (the photoöxid izing one) was 
able, b y  itse lf, to  liberate oxygen in  lig h t, if  supplied 
w ith  a dye known to  act as a H ill oxidan t; the 
other, to  reduce in  lig h t the reduced form  of the 
same dye.

F igure  2 shows, in  the short-w ave range, a ll the 
bands described b y  W itt, and a few more, in  par
ticu la r, a strong negative band a t 390 m/i. I t  also 
suggests— as had been pointed out before14— that 
the positive band a t 520 m/i m ay consist of tw o 
bands w ith  s lig h tly  displaced peaks, w hich m ay 
correspond to  bands a ttribu ted  b y  W itt  to  his 
spectra “ 1”  and “ 2b,”  respectively.

A n  equally com plex difference spectrum  appears 
in  the red region, w ith  bands at 630, 650, 680, and 
710 m/i. Th e  last one m ay correspond to  the 705 
m/i peak of K o k . The 680 m/i peak m ust be due 
to  C h i a (o r one of its  com ponents); the 650 m/i 
peak could be due to  C h i b.

I t  is tem pting to  ascribe the m any changes ob
served in  the absorption spectrum  of photosyn- 
thesizing plants in  lig h t to reversible transform a- 
tions of the pigm ents. Spectral changes in  the 
m ain red absorption bands clearly po in t to  a re
versible transform ation of ch lo ro p h yll; th ey should 
be accompanied b y changes in  the “ Soret bands” 
in  the b lu e -vio le t region. One is inclined to  seek 
in  these difference spectra evidences of reversible 
oxidation or reduction of the various form s of 
ch lo ro p h yll; b u t the fact th a t absorption changes 
in  the short-w ave p a rt of the spectrum  appear 
long before those in  the red absorption band 
(F ig . 3) suggests th a t the difference spectrum  in 
volves also components of the photosynthetic 
com plex other than ch lorophyll.

One difference band— th a t at 420 m/i— has been 
a ttribu ted  b y  Duysens10 to  the oxidation of cy
tochrome f ;  b u t the o rig in  of the m ost strik in g  
features of the difference spectrum  of Chlorella—  
the negative band a t 480 m/i and the positive band 
a t 520 m/i— is s till uncertain. I t  has been suggested 
b y  Chance and Streh ler16 and R ab inow itch16 
th a t it  m ay be due to the transform ation of a 
carotenoid; b u t typ ica l carotenoid spectra show 
tw o (or three) bands in  the blue. A lso , there is 
no s tric t correlation of the spectral changes a t 470- 
480 w ith  those a t 515-520 m/t in  th e ir dependence 
on lig h t in te n s ity and other factors. T h is  m ay be 
due to  the above-suggested doublet nature of the

(14) D. Rubinstein, paper presented at the meeting of American 
Biophysical Society in Washington, March, 1962.

(15) B. Chance and B. Strehler, Plant Physiol., 32, 536 (1957).
(16) E. Rabinowitch, “ Photosynthesis and Related Phenomena,”  

Interscience Publishers, New York, N. Y., 1956, Vol. II, Chapter 
33B, p. 34.

Wave length of exciting light X, in m/*.
Fig. 5.— Low intensity action spectrum of the “ fast”  520 

m/i light effect in Chlorella (relative effect, AI/I for equal 
number of incident quanta) (after Rubinstein).

Wave length of exciting light X, in m/x.
Fig 6 .—’“ Optical density”  of the active pigment component 

calculated from Fig. 7 by multiplication with A  (total ab
sorption at the given wave length) and dividing by OD (total 
optical density of the system) (after Rubinstein).

520 m/t band, w hich m ay be o n ly p a rtly  related to 
the negative band at 470—180 m/t, and p a rtly—  
in  stronger lig h t— to the decrease of absorption in  
the red region (i.e., perhaps p a rtly  to  a carotenoid 
and p a rtly  to  a ch lo ro p h yll).

Experim ents in  constant lig h t show, in  addition 
to  rapid (and ra p id ly  reversible) effects— probably 
related to  those noted b y  W itt  and K ok  in  flashing 
lig h t— also reversible changes w hich require illu m i
nation periods of the order of a m inute fo r th e ir de
velopm ent and dark periods of several m inutes fo r 
th e ir reversal. F igu re  4 shows th is on the ex
ample of absorption changes a t 520 m/i, produced 
b y illu m in ating Chlorella w ith  steady red lig h t of 
low  in tensity, under conditions described as
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“ anaerobic”  b y  Chance and Sager.17 The m ark 
corresponds to  1 per cent change. A  sequence of 
three illum ination  cycles of three m inutes each is 
shown. Th e  fast increase in  absorption (w hich is 
equally ra p id ly  reversed upon the cessation of i l 
lum ination) is superimposed on a slow change in  the 
opposite d irection, w hich is not quite completed at 
the end of the illu mination  period, and requires 
about three m inutes in  darkness to  be com pletely 
reversed. The spectrum  of the slow negative 
change is different from  th a t of the fast positive 
one, and so is the action spectrum  fo r its  develop
ment.

W h ile  the tim e scale of the “ rap id”  effect is sim ilar 
to  th a t of the rapid  induction period in  fluorescence 
(K a u tsk y, et a i.,18 and Franck and co-w orkers19), 
the tim e scale of the “ slow” effect is sim ilar to 
th a t of the w ell known “ long”  induction  period 
of photosynthesis (also shown b y  fluorescence 
curves). I t  is known th a t the “ long”  induction 
does not occur in  the H ill reaction; i t  rem ains to 
be seen whether, in  a medium free of C O 2, b u t con
ta in ing a H ill oxidant, i t  w ill disappear also on 
absorption and fluorescence curves. Occurrence 
of the “ long” induction period in  fluorescence and 
absorption suggests th a t chemical reactions in 
vo lved in  the reduction of C 0 2 are not as fa r re -

(17) B. Chance and R. Sager, Plant Physiol., 32, 548 (1957).
(18) H. Kautsky and U. Franck, Nature, 35, 43, 74 (1948); H. 

Kautsky, W. Appel, and H. Amann, Biochem. Z., 332, 277 (1960).
(19) J. Franck, et al., J. Phys. Chem., 45, 1268 (1941); Arch. 

Biochem., 14, 253 (1947); “ Photosynthesis in Plants,” Iowa State 
Univ. Press, Ames, Iowa, 1949, p. 293.

m oved from  the p rim ary photochem ical com plex 
as has been often assumed.

Th e  several bands in  the difference spectrum  
have different action spectra, suggesting th a t th ey 
are sensitized b y different components of the p ig 
m ent system  (R ubinste in14). T h is  is shown b y  
F ig . 5 and 6. Th e  curve in  F ig . 6 shows the 
m agnitude of the “ fast”  effect, produced b y  a con
stant num ber of quanta absorbed a t d ifferent wave 
lengths, m ultip lied  b y  the to ta l absorption a t the 
same wave lengths. T h is  product should be pro
portional to  the optical density of the pigm ent 
responsible fo r the effect. T h is  curve has a peak 
a t 680 m/z, and drops rather s low ly tow ard the fa r 
red. I t  suggests th a t it  is the long-w ave com ponent 
of the C h i a system  th a t is p rim a rily  responsible 
fo r the effect (in  some contradiction to  the con
clusions of W it t ) .

O bviou sly, a ll the above described experim ents 
provide o n ly a first glim pse of a com plex p icture. 
T h e y  m ust be developed in to  a system atic study, 
under a va rie ty  of conditions and using a va rie ty  
of objects, and correlated w ith  sim ultaneous ob
servations of changes in  fluorescence and in  the 
rate of photosynthesis or H ill reaction. These 
studies constitute the m ost hopeful approach to  the 
understanding of the p rim a ry photophysical and 
photochem ical stages of photosynthesis— the aspect 
w hich is p a rticu la rly  im portant because of its  
uniqueness, and often given short sh ift in  the 
treatm ent of photosynthesis as a biochem ical 
phenomenon.

POPULATION AND DEC A A" OF THE LOWEST TRIPLET STATE IN 
POLYENES WITH CONJUGATED HETEROATOMS: RETINENE

B y  W i l l i a m  D a w s o n  a n d  E .  W .  A b r a h a m s o n  

Department of Chemistry, Case Institute of Technology, Cleveland 6, Ohio
Received May 25, 1962

The population of the lowest triplet state of the linear conjugated polyene, retinene, by flash illumination appears to take 
place through two successive radiationless transitions; first from the t ,t * excited singlet state reached by primary excitation 
to an intermediate n,,r* singlet and thence to the lowest ir,T* triplet. The quantum yield of triplet population is about 
11% in hydrocarbon solvents and decreases with increasing polarity of the solvent. Triplet yields measured in mixed 
hydrocarbon-alcohol and alcohol-water solvents indicate that hydrogen bonded complexes of retinene and alcohol (or water 
are formed in which the triplet state cannot be measurably populated. The formation constant for the hydrogen bonded 
methanol complex of retinene based on triplet yield data agrees closely with that of the ethanol complex measured directly 
by infrared spectrophotometry. The decay rate of the lowest triplet of retinene appears to have a slight viscosity dependence 
in hydrocarbon solvents which may not be due to impurity quenching. Increasing solvent polarity decreases the triplet 
decay rate, the effect being most pronounced in hydrogen bonding solvents. Triplet decay kinetics in mixed solvents point 
to the existence of an equilibrium between a normal triplet and its hydrogen bonded complex, the latter decaying at a slower 
rate than the former. There also appears to be a red shift in the triplet-triplet absorption spectrum associated with hydrogen 
bonding of the triplet retinene

In troduction
I t  has been shown1 th a t the lowest trip le t state of 

the polyene aldehyde, retinene, (w hich is the 
chromophore of the visual pigm ent, rhodopsin) 
can be populated in  good y ie ld  b y  flash illum ination  
in  oxygen-free hydrocarbon and ether solutions. 
H ow ever, the corresponding alcohol, v ita m in  A , 
and protonated Sch iff’s base complexes of retinene 
showed no trip le t population on flash illum ination .

(1) E. W. Abrahamson, R. Adams, and V. J. Wulff, J. Phys. Chem., 
63, 441 (1959).

T o  explain the difference in  behavior w ith  re
spect to  trip le t population, it  was suggested1 th a t 
in  retinene there was an n,7r* singlet state whose 
energy was interm ediate between the upper t , t *  

singlet reached b y  p rim a ry excitation  and the 
lowest 7r,7r* trip le t. R ap id  in terna l conversion 
from  the 7 r ,x *  singlet to  the n,7r* singlet state 
followed b y  intersystem  crossing to  the 
trip le t then w ould compete successfully w ith  
in ternal conversion to  the ground state from  both 
the it,it* and n,ir* excited singlet states. W hen
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there is no interm ediate n,ir* singlet state, as is the 
case w ith  v ita m in  A  and the protonated Sch iff’s 
base com plex, population of the lowest ir,w* trip le t 
state from  the t ,t* excited singlet state can o n ly 
be accomplished b y a slow intersystem  crossing 
(10~7 sec.). T h is  process is a v e ry  poor com petitor 
to in terna l conversion of the excited jr,7r* singlet 
to  the ground state, w hich appears to have a life 
tim e of about 10~u sec. in  flu id  solvents a t room  
tem perature.

In  the present paper we have extended these 
earlier observations on retinene w ith  the purpose 
of ascertaining the factors th a t govern the popula
tion  and decay of the lowest trip le t of the general 
class of linear polyene molecules w ith  conjugated 
heteroatoms.

Experimental
Materials and Preparations.— All hydrocarbon solvents 

were Phillips “ pure grade”  which were further purified by 
distillation from sodium followed by passage through a 
silica gel (200 mesh) column. The constancy of the ultra
violet spectrum was considered an adequate criterion of 
purity. Tetrahydrofuran (Distillation Products) was dis
tilled (fractionally) from sodium and its spectrum was 
checked. Methanol and absolute ethanol (Fisher spectro- 
analyzed grade) were distilled in small amounts from large 
quantities dried over sodium. Carbon tetrachloride (Fisher) 
was passed through a silica gel column. irans-Retinene 
(Distillation Products) was checked for purity by chroma
tography in petroleum ether on Aridzone A ( Arizona Minerals 
Corp.) and stored in evacuated ampoules at —20° when 
not in use.

Stock solutions of retinene in hydrocarbons were kept 
refrigerated in the dark and used within 3 days. Spectral 
checks for deterioration were made before use. In order to 
inhibit hemiacetal formation2 all alcoholic solutions were 
prepared in containers and cells which were prerinsed with 
dilute sodium hydroxide. Oxygen-free solutions of retinene 
were prepared on a high vacuum system in 5-cm. cylindrical 
Pyrex cells attached to a special adapter which permitted 
repeated cycles of trap-to-trap distillation followed by 
freezing and pumping until a constant pressure of approxi
mately 1 0 mm.  was obtained on a McLeod gage.

Apparatus and Procedure.— A Cary Model 11 spectro
photometer was used to measure visible and ultraviolet 
absorption spectra, while infrared spectra were determined 
with a Beckman IR-7.

The apparatus used for flash illumination was the type 
usually employed for kinetics studies, with provision for 
simultaneous display of light absorption changes at two 
different wave lengths, which made possible the correction 
of errors due to variations in triplet population from sample 
to sample. This was accomplished by splitting the poly
chromatic scanning beam after it had emerged from the 
photolysis cell; passing each beam through two separate 
monochromators, a Bausch and Lomb 250-mm. grating 
instrument and 436-mm. maximum transmission inter
ference filter.

Light transmission changes in each monochromatic beam 
were followed with reasonably matched multiplier phototubes 
(RCA-6217) operated from the same dynode supply and the 
responses of both tubes were displayed simultaneously on a 
dual beam oscilloscope (Tektronix 555).

The flash chamber was a large aluminum cylinder (8-in. 
diam.) coated with high reflectivity white paint (DuPont 
29-915). Two flash tubes were mounted symmetrically 
with respect to the photolysis cell and were connected in 
series across a low inductance capacitance (Wego-2xl mfd.) 
operated at 10 ,000  v.

The flash tubes were made of heavy wall (1.4 mm.) 
quartz tubing (7 mm. i.d .) with standard taper 12/30 
ground quartz outer joints sealed to both ends. For elec
trodes Vs-in. tungsten rod was force fitted to brass inserts 
which were machined to fit the outer joints to which they 
were sealed in with Apiezon W wax. A hole was drilled

(2) K. Grellmann, R. Memming, and R. Livingston, J. Am. Chem.
Soc., 84, 546 (1962).

through one of the brass inserts to which was silver soldered 
a Kovar-Pyrex seal for connection to a high vacuum sys
tem. The tubes were outgassed, filled with xenon and 
prefired about 20  times, and re-evacuated before final 
filling with xenon at 130 mm. In normal operation the 
tubes fired reproducibly for about 1000  flashes with a half- 
life of 2 nsec. The long tail usually observed at long wave 
lengths on the flash profile was less than 2%  after 15 Msec.

For a spectral scanning light, a d.c. xenon arc (Osram 
HBO-162) was used. Rapid fluctuations in intensity 
were minimized considerably by using a specially designed 
d.c. power supply with a large dropping resistor. Slow 
“ wandering”  of the arc was corrected easily by a simple 
lateral adjustment.

The procedure for taking rate data and the calculation of 
the decay kinetics already has been described.1 In order 
to calculate total triplet yield per flash, it was assumed that 
no more triplet is formed after 10 Msec. On this basis the 
total triplet produced, Or can be expressed by

C t  =  ~  ( A o  +  M o « 1)  ( 1 )
MitL

where I?T and l are the extinction coefficients of the triplet 
and the optical path length, respectively, Dw is the ab
sorbance of the triplet at 10  /isec. after the start of the flash, 
fc is the first order rate constant for triplet decay, and 
A 0W is the area under the absorbance vs. time curve between 
the limits of zero and 10  Msec.

The absolute quantum yield of triplet population was de
termined by ferrioxalate actinometry.8 Bathophenanthro- 
line in 1 0 %  by volume aqueous ethanol was used in place 
of 1,10-orthophenanthroline to gain added precision. Ac
tual measurements in the flash chamber were made using 
aqueous solutions of cobalt and copper sulfates as a filter 
in a jacket surrounding the cell. The concentrations 
were adjusted b o  as to achieve an optimum match of the 
transmission spectrum of the filter with the absorption 
spectrum of the retinene without appreciably attenuating 
the actinic light. Assuming the actinic light to be normal 
to the optic axis of the cell and of constant intensity over 
the pass band of the filter, less than 2 0 %  of the actinic 
light was transmitted on the first pass with essentially 
quantitative absorption after three passes. The ferri
oxalate solution was used under conditions of total absorp
tion on the first pass using the same filter solution.

The two largest sources of error in the quantum yield 
were the uncertainties in the difference in the amount of 
actinic light absorbed by the ferrioxalate and retinene solu
tions and in the estimation of the fraction of actinic light 
absorbed by triplet retinene. To estimate this latter quan
tity, an initial quantum yield of triplet, assuming no partici
pation of the triplet in actinic light absorption, was calcu
lated from the total triplet yield divided by the number of 
einsteins absorbed by the actinometer solution. Taking 
one-half of this fraction as the average population of the 
triplet during the duration of the flash, the fraction of actinic 
light absorbed by the triplet was calculated from the areas 
of absorption spectral curves of the singlet and triplet 
plotted on a per cent absorption basis at their respective 
concentrations and corrected for the transmittance of the 
filter. By such successive approximations a final quantum 
yield was obtained.

Results
From  a series of flash oscillogram s taken over the 

spectral region 340 to  550 mp, the to ta l am ount of 
trip le t retinene form ed b y  the flash as w ell as the 
first-o rder rate constants fo r trip le t decay were 
com puted. Th e  quantum  yie ld  of trip le t popula
tion  is reported in  Table  I  as per cent trip le t form ed 
from  excited singlet. T h is  was measured o n ly fo r 
retinene in  m ethylcyclohexane and it  was assumed to 
be constant over the wave length range passed b y  the 
filte r (300 to 440 m p). Quantum  yie lds in  the other 
solvents reported in  Table  I  were obtained from  the 
to ta l trip le t population using the same ra tio  of

(3) C. G. Hatchard and C. A. Parker, Proc. Roy. Soc. (London), 
A235, 518 (1956).
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Wave length, m/i.
Figure 1.

Volume % methanol in methyl cyclohexane.
Figure 2.

Volume % methanol in methylcyclohexane.
Figure 3.

quantum  yie ld  to to ta l trip le t population obtained 
fo r retinene in  m ethylcyclohexane w ith  adjust
ments fo r s lig h tly  d ifferent fractions of the actinic 
lig h t absorbed b y  the trip le t. A c tu a lly  the quan
tum  yie lds were alm ost one-th ird  the to ta l trip le t

y ie ld  per flash, ind icating th at a single flash excited 
each m olecule three times.

T able I

106 x
moles/1.
retinene % triplet

Hate 
constant 
at 20° 

for triplet 
decay

concen formed from k (sec.) -l
Solvent tration excited singlet X 10“*

Methylcyclohexane 2 .1 8 11.0 ±  1 .6 8 .8 3
Isooctane 2 .3 5 9 .2 4
ra-Pentane 2 .6 0 9 .6 3
Undecane 1 .5 0 9 .0 0
Carbon tetrachloride 1.0 8.20
Tetrahydrofuran 2 .2 8 4 .5  ±  0 .5 7 .3 0
Methanol 2 .3 0 1 .7  ±  0 .2 5 .8 0
Ethanol 2 .3 0 2 .3  ±  0 .3 5 .5 5
2-Propanol 2 .3 0 2 .7  ±  0 .3 5 .5 5

Table II
/—Half-widths—*>—Absorbance—>/—Max. extinction—•

in mu max. (.m/i) coefficient x  io-*
Solvent Singlet Triplet Singlet Triplet Singlet Triplet

Methylcyclo
hexane 65 59 370 450 4.55 7.58

Methanol 90 90 380 450 4.33 6.89
465 6.70

Tetrahydro
furan 70 65 375 448 4.40 7.86

The absorption spectra fo r the singlet ground 
state as w ell as the lowest trip le t state are shown 
in  F ig . 1. Table  I I  tabulates the extinction  co
efficient and h a lf-w id th  data.

Figure 2 shows how the re la tive  trip le t yie ld  
of retinene varies w ith  increasing concentration 
of m ethanol in  m ethylcyclohexane solution w hile 
F ig . 3 shows the corresponding trip le t h a lf-life  
varia tion . Th e  trip le t yie ld  as a function of 
solution com position in  w ater-m ethanol and w a te r- 
ethanol solutions is shown in  F ig . 4. Correspond
ing trip le t h a lf-life  data fo r these tw o cases show 
sligh t increases in  h a lf-life  w ith  increasing water 
concentration approaching an extrapolated value 
of approxim ately 13 /¿sec. in  pure water.

D iscussion
I t  appears from  Table  I  th a t an increase in  

solvent p o la rity  decreases both the trip le t yie ld  
as w ell as the decay rate. In  non-hydrogen bond
ing solvents like  tetrahydrofuran, the decrease in  
trip le t population over th at in  hydrocarbon solvents 
appears to  be related to a varia tion  in  the crossing 
parameters of the potentia l energy surfaces o f the 
excited ir.iv* and n,7r* singlet states. There is, of 
course, the p o ss ib ility th a t a va ria tion  in  the cross
ing of the potentia l surfaces of the n,Tr* singlet 
and the ground state also m ay account in  some 
measure fo r the decreased trip le t yie ld . A  sim ilar 
argum ent in vo lv in g  the lowest trip le t and the 
ground state could account fo r the decrease in  the 
trip le t decay rate.

In  previous studies of the decay of trip le t states 
in  arom atic m olecules,4 a decrease in  the first-o rder 
rate constant w ith  increasing viscosity was ob-

(4) G. Porter and M. Windsor, Discussions Faraday Soc., 17, 178 
(1954).
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served. Recent w ork, however, has shown th is 
effect to be a consequence of the in h ib ition  of b i- 
m olecular quenching of the trip le t state b y  traces 
of solvent im purities, p a rticu la rly  oxygen.5-8 
How ever, in  the case of retinene there is a 7 %  de
crease in  rate constant over a fourfo ld  increase in  
viscosity (compare rate constants fo r pentane and 
undecane in  Ta b le  I ) .  Th is  m ay not be due to 
in h ib itio n  of im p u rity  quenching, as these solutions 
were rigorously purified and degassed. Fu rth er
more, the rate constant fo r the decay of the retinene 
trip le t is threefold larger than th a t of 9,10-di- 
bromoanthracene, which showed no variation  in  the 
first-o rder rate constant trip le t decay over a 170- 
fo ld  change in  v iscos ity.8 Therefore it  would seem 
th at the sm all v iscosity effect in  retinene m ay be a 
first-o rder effect m ost lik e ly  traced to  a viscosity 
dependence of the crossing parameters. Th e  rate 
data fo r the retinene trip le t decay agree quite 
w ell w ith  the recent data from  L iv in gston ’s labora
to ry 2 fo r those solvents studied in  common.

H ydrogen bonding solvents such as alcohol and 
water appear to  exert a unique effect, independent 
of the p o la rity  effect, on both the population and 
decay of the lowest trip le t of retinene. Th e  sharp 
decrease in  trip le t population w ith  increasing m eth
anol concentration in  the m ixed m ethanol-hydro 
carbon solvent suggested th a t a hydrogen bonded 
com plex is  form ed between retinene and m ethanol. 
The con tro lling equilibrium , even after excitation, 
is assumed to  be th a t in vo lv in g  retinene in  its 
ground state. How ever, at h igh m ethanol con
centrations equ ilibrium  of the com plex in vo lv in g  
retinene in  its lowest tt, t *  singlet state m ay be 
established. In  any event th is should have the 
effect of ra ising the energy of the n,7r* singlet 
above the x,ir* , thus rem oving the on ly feasible 
radiationless path to  the trip le t. Consequently 
there should be a correlation between the trip le t 
yie ld  and the concentration of uncomplexed 
retinene. I f  the assumed equ ilibrium  is

R  +  M e O H  ;  -  -  R -M e O H  (2)

then the form ation  constant / iMc0ii is given b y

(MeOH)ATteOH
(R -M e O H )

(R )
(3)

Mole fraction of water in alcohol.
Figure 4.

Mole fraction methanol in methylcyclohexane.
Figure 5.

where (R -M e O H ) is the mole fraction  of the hyd ro 
gen bonded com plex, and (R ) and (M eO H ) are the 
mole fractions of uncom plexed retinene and 
m ethanol, respectively. T0 is the trip le t yie ld  in  
pure m ethylcyclohexane and T is the trip le t yie ld  
in  m ethanol-m ethylcyclohexane solution. Th e  lin 
e a rity  of the p lo t of (T0—T)/T vs. (M eO H ) a t low  
concentrations of m ethanol shown in  F ig . 5 lends 
strong support to  the notion of a hydrogen bonded 
com plex between retinene and m ethanol. The 
form ation constant of 7.3 is about tw ice that

(5) G. Jackson, R. Livingston, and A. Pugh, Trans. Faraday Soc., 
56, 1635 (1960).

(6) H. Linschit/? and L. Pekkarinen, J. Am. Chem. Soc., 82, 2411 
(1960).

(7) G. Jackson and R. Livingston, J. Chem. Phys., 35, 2182 (1961).
(8) M. Hoffman and G. Porter, Abstracts, American Chemical 

Society National Meeting, Washington, D. O., March, 1962.

measured d ire ctly  b y  B realey and Kasha9 for the 
benzophenone complex w ith  ethanol.

One m ight expect sligh t differences in  the ab
sorption spectra of the uncom plexed and m ethanol 
complexed retinene and although no resolution 
of absorption m axim a is evident in  F ig . 1, the red 
sh ift in  the absorption m axim um  coupled w ith  the 
much increased band h a lf-w id th  re la tive  to  the 
spectra in  m ethylcyclohexane and te trahydrofuran  
suggests tw o close ly in g  absorption bands.

Th e  gradual sh ift in  the absorption m axim a at 
370 m y toward larger wave lengths along w ith  in 
creased broadening and decreased extinction  of the 
absorption band also were apparent as increasing 
sm all amounts of m ethanol (less than 5 % ) were 
added to  retinene in  m ethylcyclohexane. A l-

(9) G. Brealey and M. Kasha, J. Am. Chem. Soc., 77, 4467 (1955).
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Mole fraction of water in alcohol.
Figure 6.

Mole fraction methanol in methylcyclohexane.
Figure 7.

Cm.-1.
Fig. 8.—Infrared absorption spectrum of 1.084 X 10~2 M 

trana-retinene in carbon tetrachloride-ethanol solutions.
------ —, pure carbon tetrachloride;--------- , 3.42 X 10 2 M
ethanol; — —, 8.56 X 10~s M  ethanol. Taken in 1-cm. 
sodium chloride cells and compensated for ethanol.

though th is was ind icative  of com plex form ation, 
an isosbestic po in t could not be resolved and a t
tem pts to  calculate a com plex form ation constant 
b y  th is m ethod were abandoned. How ever, an 
ethanol-retinene com plex was clearly apparent 
when ethanolic solutions of retinene in  carbon te tra 
chloride were examined in  the infrared region. 
Figure 8 clearly shows the appearance of a new 
broad band at 3540 cm .-1 characteristic of h yd ro 
gen bonding.9 Since the ethanol concentrations 
in  th is case were too sm all fo r appreciable polym er 
form ation and furtherm ore were compensated for 
b y using identical concentrations of ethanol in  the 
blank cell, th is new band clearly indicates hydrogen

bonding of ethanol to  the carbonyl oxygen of re ti
nene. From  the data, a form ation constant of 6.5 
was calculated, w hich is not too different from  the 
value of 7.3 derived from  the trip le t y ie ld  data of 
retinene in  m ethanol-m ethylcyclohexane solutions.

Th e  trip le t y ie ld  data in  m ethanol-w ater solu
tions (F ig . 4) suggest th a t tw o hydrogen bonded 
species of retinene are present. I f  the fo llow ing 
equ ilib ria  are assumed in  m ethanol-w ater solutions

R  +  M eO H  R -M e O H  (4)

R  +  H 20  . —  R -H 20  (5)

it  can be shown th at

y —  =  A m0oh +  1 +  (H ,0 ) ( A h,0 —• A mcOi i )

(6)

where (H 20 ) is the mole fraction  of w ater and A H2o 
is|the form ation constant of the w ater-retinene 
com plex. In ^ F ig . 6 a linear p lo t of (T0—T)/T 
against (H 20 ) indicates the existence of the tw o 
hydrogen bonded retinene complexes. Th e  cal
culated A MeoH fo r m ethanol-w ater is of course, 
less than the m ethylcyclohexane value, w hich no 
doubt reflects the reduced a c tiv ity  coefficient fo r 
m ethanol in  high concentration in  aqueous solution. 
As expected, w ater shows a five - to  sixfo ld  increase 
in  hydrogen bonding power over m ethanol.

Th e  m arked increase in  trip le t h a lf-life  w ith  in 
creasing alcohol concentration (F ig . 3) suggests a 
hydrogen bonded com plex between the retinene 
trip le t and m ethanol. A  slower decay rate can 
reasonably be assumed fo r the hydrogen bonded 
trip le t and an extrapolated value of 13 ¿¿sec. in  
pure w ater is a rb itra rily  taken as the h a lf-life  of 
the com plex. Assum ing th at the equ ilibrium  is 
ra p id ly  established between the retinene trip le t 
and its  m ethanol complex

Rx +  MeOH R-MeOH (7)

and k\ and fc2 represent the first-o rder rate con
stants fo r decay of the retinene trip le t and its 
m ethanol com plex, respectively, and k is the ob
served first-o rder rate constant fo r trip le t decay 
in  the m ethanol-m ethylcyclohexane solvent, then 
it  can be shown th a t

r — ^  =  (MeOH)Axf (8 )
k> —  Ic 2

Th e  lin e a rity  of the curve in  F ig . 7 verifies the rela
tions assumed in  eq. 7 and 8. Th e  corresponding 
form ation constant A Tf of the hydrogen bonded 
trip le t is 7.0 and agrees ve ry  w ell w ith  th a t of
7.3 obtained fo r the ground state com plex. T h is  
is consistent w ith  the observations of Jackson and 
P o rte r10 th a t the a c id ity  constants of a num ber o f 
arom atic trip le ts are com parable w ith  those fo r the 
corresponding ground state singlets. Th e  close 
agreem ent o f these tw o values also lends strong 
support to  the assignment of the lowest trip le t as

(10) G. Jackson and G. Porter, Proc. Roy. Soc. (London), A260, 
13 (1961).
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7r,7r*, which probably is populated by direct inter
system crossing from the n,7r* singlet state.11

I f  one examines the tr ip le t-trip le t absorption 
spectrum  fo r retinene in  pure m ethanol (F ig . 1), 
two peaks are quite evident. These possibly repre
sent the spectra of the tw o form s, complexed and 
uncom plexed, of trip le t retinene. From  the wave 
num ber separation there seems to  be an additional 
stab ilization  energy of 2000 cal. in  the excited 
trip le t state of the retinene com plex over th a t in  the 
lowest trip le t. T h is  is certa in ly greater than the 
stab ilization  energy in  the excited singlet over th at 
of the ground state fo r the retinene-m ethanol 
complex.

A n  im portant consequence of the hydrogen
(11) M. A. El-Sayed, J .  Chem. Phys., 36, 573 (1962).

bonded trip le t o f retinene is th a t the large activa
tion  energy (2.4 ±  0.8 kcal.) observed2 fo r the 
decay of the retinene trip le t in  glycero l lo g ica lly  can 
be assigned to  a va ria tion  in  K ti w ith  tem perature 
fo r the retinene trip le t-g lyc e ro l com plex.
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Energy transfer in aqueous solution may be of great importance in biochemical processes. The photodecomposition of the 
polyene fungicide pimaricin sensitized by riboflavin and lumichrome in aqueous solution has been found. The inhibiting 
effect of added substances including paramagnetic ions on this destruction runs completely parallel to their quenching effect 
on the phosphorescence of the sensitizers. A triplet-triplet transfer therefore is proposed as a mechanism for this destruc
tion. This mechanism probably also is involved in the photosensitized c is - tra n s  and t r a n s -d s  rearrangements of stilbene 
compounds in aqueous solutions.

D u rin g  w ork on the mechanism of action of the 
fungicide pim aricin  on yeast cells it  was observed 
th a t visib le  lig h t destroys the p im aricin  if  ribo flavin  
is present.1 Th is  effect is rem arkable because pim 
aricin  does not show any absorption in  the visib le  
region. Since the presence of ribo flavin  is obliga
to ry  fo r the destruction of the pim aricin , i t  appears 
th a t the ribo flavin  absorbs the lig h t and brings 
about the destruction of p im aricin . P im aricin  
belongs to  a group of polyene an tib io tics.2-4 
Though the structure of the molecule is rather 
com plicated, the p a rt of the m olecule w hich is re
sponsible fo r the u ltra v io le t spectrum  is p ra ctica lly 
lim ited  to  a tetraen grouping. Compounds w ith  a 
reactive system  of conjugated double bonds are 
usually ve ry  sensitive to  free radicals, which could 
have th e ir o rig in  in  the decom position of ribo flavin  
b y  lig h t.1

Though the m olecule of p im aricin  is ve ry  com
p lex, we have in itia lly  continued to  use th is com
pound since a change under the influence of lig h t 
can be detected easily spectrophotom etrically. 
I t  is obvious th at a more simple tetraen would be 
better suited fo r our study, b u t these compounds 
are rare, are generally ve ry  labile, and usually are 
too insoluble in  w ater. P im aricin , on the other 
hand, has several advantages: it  is com m ercially 
available, it  is re la tive ly stable, and the so lu b ility  
is sufficient fo r the experim ental conditions.

(1) B. Hendriks and W. Berends, Rec. trav. chim., 77, 145 (1958).
(2) A. P, Struyk, I. Hoette, C. Drost, J. M. Waisvisz, Th. van Eek, 

and J. C. Hoogerheide, Antibot. Ann., 878 (1957, 1958).
(3) J. B. Patrick, R. P. Williams, C. F. de Wolf, and J. S. Webb, 

J. Am. Chem. Soc., 80, 6688 (1958).
(4) J. B. Patrick, R. P. Williams, and J. S. Webb, ibid., 80, 6689 

(1958).

P im aricin  has m axim a at 281, 292, 304, and 319 
mju. The spectrum  of ribo flavin  is more com plicated, 
w ith  m axim a at 223, 268, 373, and 445 m/x (F ig . 1).

Several photodynam ic destructions in  w hich ribo 
fla vin  is involved have been described in  the lite ra 
ture, e.g., aerobic photooxidation of phenols, ascor
b ic acid, 3-indoleacetic acid, and histid ine6,6; usu
a lly  an oxidation of the substrate o r a free radical 
mechanism is supposed to  occur.7-10

From  earlier experim ents and those to  be de
scribed in  th is paper it  w ill appear th a t neither is 
acceptable as an explanation fo r our observations of 
the photodynam ic behavior of an aqueous solution 
of the system  rib o fla v in -p im a ric in .11

A s a source of irrad ia tion  we used a K rom ayer 
high-pressure m ercury lam p. T h is  lam p was placed 
a t a distance of 3 cm. from  the aqueous solution. 
B y  using an interference filte r lig h t w ith  a -wave 
length of about 443 m/x was obtained. Th e  de
struction  of p im aricin  could be follow ed b y  measur
ing the absorbancies a t 304 and 319 m/x b y  means of a 
Unicam  spectrophotom eter SP 500. A b o u t 23% of 
the p im aricin  was destroyed after 5 m in. of irrad ia 
tion . Th e  absorption spectrum  of ribo flavin  re
mained unchanged under these conditions and no 
pim aricin  destruction could be observed b y  irra d ia t
in g  p im aricin  alone.

(5) P. A. Kolensnikow, Biokhimiya, 22, 434 (1958).
(6) A. W. Galston, Science, 111, 619 (1950).
(7) H. R. Merkel and W. J. Nickerson, Biochim. Biophys. Acta, 24, 

115 (1957).
(8) W. J. Rutter, Acta Chem. Scand., 12, 438 (1958).
(9) L. P. Vernon and E. D. Ihnen, Biochim. Biophys. Acta, 24, 115 

(1957).
(10) L. P. Vernon, ibid., 36, 117 (1959).
(11) E. Zondag, J. Posthuma, and W. Berends, ibid., 39, 178 (1960);

J. Posthuma and W. Berends, ibid., 41, 538 (1960); 51, 392 (1961).
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Wave length, m/x.
Fig. 1.—Absorption spectrum of pimaricin, riboflavin, and 

lumichrome in water: (a) pimaricin (1.44 X 1 0 -6 M);
(b) riboflavin (2.66 X 1 0 “ 6 M);  (c) lumichrome (2.24 X  
10-5 M);  light path, 1 cm.

Though riboflavin is decomposed by prolonged 
irradiation, yielding lumichrome, a free radical 
mechanism is not likely to occur in the reaction 
just described because lumichrome alone is also 
able to bring about this pimaricin destruction. 
(Lumichrome is stable to the light used in these ex
periments (358 and 395 mp.) and even to ultraviolet 
light of shorter wave lengths.12) Moreover, the 
photolysis of riboflavin in alcohol is much stronger 
than in water and nevertheless no destruction of pi
maricin takes place in alcohol.

Vernon9, 10 has suggested a free radical mechanism 
in which excited riboflavin decomposes water; the 
OH '-radicals thus formed oxidize the substrate, or 
give rise to H20 2 in the absence of a substrate. 
We have strong evidence, however, that no H20 2 is 
formed in irradiated aqueous solutions of lumi
chrome.

Lumichrome is completely stable to ultraviolet 
radiation, 12 but addition of a very small amount of 
H20 2 (10-6 M) brings about a very rapid destruction 
of lumichrome. Consequently any H20 2 formed 
under the experimental conditions would easily be 
detected. As apparently no H20 2 arises the forma
tion of OH - -radicals is also not very probable.

If oxidation of pimaricin, accompanied by the 
simultaneous reduction of riboflavin, were the pri
mary cause of the reaction between riboflavin and 
pimaricin it could be expected that oxygen would 
accelerate the photodynamic reaction. Llowever, 
enhancement, of the oxygen concentration in solu
tion diminished the destruction of pimaricin.

Bubbling through N2, prior to illumination, on 
the other hand strongly accelerates the pimaricin 
destruction. The remarkable inhibithig effect of 
oxygen on the photodynamic destruction in the 
systems rifcoflavin-pimaricin and lumichrome- 
pimaricin suggests a direct transfer of excitation 
energy and makes it unlikely that free radicals are 
involved. It is not probable that this transfer pro
ceeds via a riboflavin-pimaricin or lumichrome- 
pimaricin complex because we were not able to 
detect such complexes by absorption and fluores
cence measurements. Szent-Gyorgyi13 has re-

(12) General Electric Germicidal lamp (4-watt).
(13) (a) I. Isenoerg and A. Szent-Gyorgyi, Proc. Natl. Acad. Sci.

U. S., 44, 857 (1958); 1231 (1959); (b) G. Karreman, I. Isenberg, and 
A. Szent-Gyorgyi, Science, 130, 1191 (1959).

ccn tly given some examples of charge-transfer 
complexes, but the concentrations used in  his ex
perim ents (10_3M ) were much higher than in  ours 
(< 1 0 -6 M). How ever, we cannot exclude com
p lete ly interm ediate com plex form ation.

Fu rth er observations of the reaction m entioned 
have brought us to  the conclusion th at the sensi
tizers ribo flavin  and lum ichrom e react in  th e ir trip le t 
states. These trip le t states have a rather long life 
tim e compared w ith  the corresponding singlets and 
their im portance in  m any photosensitized reactions 
in  non-aqueous solutions has been recognized in  the 
last decade.14,16 These long-lived  excited states 
can be demonstrated b y  phosphorescence of the 
frozen solutions.

In  our reactions the average tim e fo r collisions 
between ribo flavin  and pim aricin  in  a 10"6 M  solu
tion  w ill be about 10” 4-T 0 ” 6 sec.16 From  the life 
tim e of the singlet state, about IC R 8 sec., it  is 
evident th a t on ly re la tive ly long-lived  excited 
states like  trip le ts have a reasonable chance to  
transfer th e ir energy.

W e therefore propose the fo llow ing reaction 
sequence as an explanation of the photodynam ic 
destruction of p im aricin

R ibo fla v in  +  hv — > R iboflavin*  (singlet) — >
R iboflavin*  (trip le t) (1)

R iboflavin*  (trip le t) +  P im aricin  — >
R iboflavin*  +  Pim aricin*  (trip le t) (2)

In  reaction 1 ribo flavin  is first excited b y  a 445 
m/u lig h t quantum  to its singlet state and next a 
s in g le t-trip le t transition  takes place (conversion of 
the spin m om ent). From  th is state an energy trans
fer to a p im aricin  is possible if the trip le t of p im ari
cin is lower than the sim ilar state of ribo flavin . 
Reaction 2 is allowed b y spin-conservation ru les.17 
A  few examples of such transfers have been de
scribed recently.15,18

The over-a ll result of th is tr ip le t-trip le t transfer 
would be an excited pim aricin  m olecule. I t  is con
ceivable th at a ve ry  sensitive compound like  pim ari
cin w ith  its reactive tetraen structure decomposes 
if  it  is excited. The la b ility  of p im aricin  is demon
strated b y  its sen sitiv ity to u ltra v io le t ligh t.

Th is  reaction mechanism is supported b y  the 
effect of several substances upon the system  ribo
fla v in -p im a ric in . A  compound th a t quenches the 
phosphorescence of ribo flavin  is supposed to  act in  
th is w ay b y fa c ilita tin g  the radiationless dissipa
tion  of excitation energy b y  collisions w ith  mole
cules of the solvent. Consequently, the lifetim e of 
the trip le t state is shorter. Th is  means the tr ip le t - 
trip le t transfer is less probable.

I t  appears th a t the phosphorescence quenching 
effect of the compounds tested ran com pletely

(14) C. Reid, “ Excited States in Chemistry and Biology,”  Butter- 
worths Scientific Publications, London, 1957.

(15) G. Porter, Proc. Chem. Soc. (London), 291 (1959).
(16) G. Oster and A. H. Adelman, J. Am. Chem. Soc., 78, 913 

(1956).
(17) G. Porter and M. R. Wright, “ Symposia Faraday Soc. Notting

ham,”  1959.
(18) A. Terenin and V. Ermolaev, Trans. Faraday Soc., 52, 1042 

(1956).
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T a b l e  I
E ff ect  o f  V a r io u s  Su bst a n c e s  on  P h o to d yn a m ic  D e str u c tio n  o f  P im a r ic in , an d  on  R ib o f l a v in  P h o sph o rescen ce

Photodynamic destruction of pimaricin .-----------Riboflavin phosphorescence-------- -------- .
Added substance Concn., M % loss pimaricin Concn., M Color of frozen part of the soin

. . . 23 Orange
C ystine I O -3 35 I O -3 Orange
C ysteine I O -3 33 IO “ 3 Orange
M eth ion ine 10-8 21 IO “ 3 Orange
T h iog ly co lic  acid IO“ 3 79 I O -3 Y e llow
G lutath ione IO “ 3 58 IO “ 3 Y ellow
NaaSOs IO "3 93 I O -3 Orange
E th y l iodide IO "3 22 IO "3 Orange
M on o iod oa ce tic  acid IO” 3 23 IO "3 Orange
K I I O '3 2 10-3 N o  color
K I IO "4 5 10-8 N o  color
P otassium  rhodanide IO "3 5 10-3 N o  color
Thiourea IO “ » 5 10-3 N o  color
Thiouracil IO *4 8 10-3 N o  color
A scorb ic acid 5 X  1 0 -« Inhibition 5 X  I O '6 N o  color
H ydroqu inon e 5 x  10-8 5 X  IO“ * N o  color
M ethanol 75 v o i. % 2 5 v o i. % Y ellow
E thanol 96 vo l. % 0 5 v o l. % Y ellow
P im aricin“ 2 X  IO "6 W eak ly  orange

“ B ecause o f  the low  so lu b ility  o f the p im aricin a 2 X  10 -® M  solution o f  riboflavin was used to  observe the ph osph ores-
cence quenching.

T a b l e  I I
Aerobic conditions, light acceptor riboflavin Anaerobic conditions, light acceptor lumichrome

(1.9 X 10- M) (2 X 10-5 M)
Concn. %  decrease Concn. %  decrease
of the of extinc- of the of extins-
salt tion of salt tion of

Salt added ( m l ) pimaricin Color of the frozen soin. (mM) pimaricin Color of the frozen soln.

( 54 Orange phosphor. 22 Y ellow  phosphor.
Param agnetic N iC l, 2 .5 42 Colorless 0 .5 17 Colorless

CuCls 2 .5 24 Colorless .5 11 Colorless
f M nCla 2 .5 45 Colorless .5 20 Colorless

Param agnetic CoCls 2 .5 43 Colorless .5 15 Colorless
, CrCls 2 .5 43 Colorless .5 18 Colorless

M g C b 2 .5 53 Orange phosphor. .5 21 Y e llow  phosphor.
Z n C l2 2 .5 51 Orange phosphor. .5 21 Y e llow  phosphor.
C aC l2 2 .5 52 Orange phosphor. .5 20 Y e llow  phosphor.
CdCla 2 .5 52 Orange phosphor. .5 21 Y e llow  phosphor.
KC1 2 .5 52 Orange phosphor. .5 21 Y ellow  phosphor.

{ N aC l 2 .5 52 Orange phosphor. .5 21 Y e llow  phosphor.

parallel to their degree of inhibition of the photo
dynamic destruction of pimaricin in the combina
tion riboflavin-pimaricin.

On the other hand, compounds without visible 
observable quenching effect show no inhibition but 
in many cases even accelerate the pimaricin destruc
tion.

The quenching effect of compounds on the phos
phorescence of riboflavin was tested by adding them 
to a 2 X 10-5 M  aqueous solution or riboflavin and 
visually observing the phosphorescence in ultra
violet light after freezing.19

In order to keep the solutions at constant pH a 
phosphate buffer (0.06 M,  pH 6.8) was used. The 
concentration of riboflavin was 2 X 10-6M, that of 
pimaricin 9 X 10~6 M.

The ultraviolet light was obtained from a Philips 
lamp H.P.W. 125. The results are given in Table 
I .

Besides the compounds mentioned in this table,
(19) A. Szent-Gyôrgyi, “ Bioenergetics,”  Academic Press, New 

York, N. Y., 1957.

the paramagnetic metal ions are particularly active 
as quenchers of phosphorescence, which means that 
these ions shorten the triplet lifetime. For this 
reason we have tested a number of para- and dia
magnetic ions in the same manner as we did the 
compounds of Table I.

To aqueous solutions containing 9 X 10~6 M  
pimaricin and 0.01 M  sodium acetate-acetic acid 
(pH 4.3) were added riboflavin or lumichrome and 
the salts recorded in Table II. The solutions were 
exposed to light in glass tubes (inner diameter 2.2 
cm.) for 5 min. Again the light was obtained from 
the Kromayer lamp and the desired wave length 
was isolated by means of a Schott interference filter. 
For the system riboflavin-pimaricin light of 443 m/i 
was used. In the case of lumichrome-pimaricin a 
wave length of 395 m/i was chosen. In the anaero
bic experiments the air was removed by bubbling 
through nitrogen during 20 min. prior to illumina
tion. Riboflavin could not be used under anaerobic 
conditions because an appreciable destruction of 
this compound occurs in the time of irradiation.
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Wave length, m/x.
F ig . 2 .— Irradiation  o f aqueous solutions o f 2 .4  X  10 ~6 M 

cis- and irans-stilbene carboxylic acid -4  in  the presence o f
3 .7  X  10~6 M  L u m ic h r o m e :------- — , as-stilben e  carboxylic
aeid -4 ; ------------ , irons-stilbene carboxylic a c i d - 4 ; -----------,
after irradiation sensitized b y  lum ichrom e.

Table II showsThat all paramagnetic ions tested 
diminish the photodynamic pimaricin decomposi
tion and that the phosphorescence of riboflavin and 
lumichrome also is quenched by these ions. Dia
magnetic ions have no effect at all. These observa
tions apparently are in complete agreement with 
the paramagnetic quenching of the triplet state. 
These ions affect only the triplet state of the sensi
tizer, for the direct destruction of pimaricin by 
ultraviolet light is not influenced by the paramag
netic compounds.

For the study of the triplet states of riboflavin and 
lumichrome, pimaricin was not quite satisfactory 
because it has a very complicated structure and 
consequently it is not known exactly what kind of 
conversion is responsible for the decrease of ex
tinction. We therefore looked for a more simple 
compound and we found the possibility of replacing 
pimaricin by stilbene derivatives.

The first compounds tested were cis- and trans- 
stilbene carboxylic acid-4. The cis compound 
shows absorption maxima at 230 and 288 npi;

Fig. 3.— C hange o f  the extinction  at 317 mp (m axim um  
of the trans com p ou n d ) during the irradiation in th e pres
ence o f lu m ich rom e: ----------- , cis-stilbene carboxylic acid -4 ;
---------- , irares-stilbene carboxylic acid-4.

those of the trans compound are found at 230 and 
317 m/i with a shoulder at 308 mp  (Fig. 2).

Irradiation of either the cis or the trans form in 
the presence of lumichrome rapidly leads to a spec
trum which in the region above 250 mp agrees 
with a mixture of about 40% cis and 50% trans 
of the original concentration (Fig. 2). This equilib
rium mixture slowly decomposes on further irradia
tion (Fig. 3).

A similar equilibrium mixture is obtained by ir
radiation in the absence of the sensitizer with light 
of 253.7 mp. Apparently a cis-trans and a trans-cis 
rearrangement are involved. Preliminary experi
ments have shown that the lumichrome-sensitized 
isomerizations also are inhibited by neutral quench
ers like 02, KI, and KCNS, just as is the destruction 
of pimaricin in the system lumichrome phosphores
cence, so we may assume that in these photosensi
tized rearrangements a triplet-triplet transfer is 
involved.

Investigations with stilbene sulfonic acids in
stead of the carboxylic acids are in progress. The 
quantum efficiencies of the reactions also are being 
studied at present.

A  R E V E R S IB L E  P H O T O R E A C T IO N  R E G U L A T I N G  P L A N T  G R O W T H 1

B y  S t e r l i n g  B .  H e n d r i c k s , W a r r e n  L .  B u t l e r , a n d  H .  W .  S i e g e l m a n

Mineral Nutrition Laboratory and Plant Physiology Laboratory, Agricultural Research Service, and Instrumentation Research 
Laboratory, Agricultural Marketing Service, U. S. Department of Agriculture, Bellsville, Maryland

Received May 25, 1962

Results of action spectra indicated that many aspects of plant growth are controlled by a reversible change of a blue protein, phytochrome. The manner in which the photoreversibility is used for detection and assay is described. Measurements of absorptive and fluorescent properties of phytochrome are presented. Observations on dark reversion of the far- red-(P73o) to the red-(P66o) absorbing forms are given.
Introduction

A reversible photoreaction in which 660 and 730

660 mii
P 660 -<  — P 730 (1 )

730 npi

m/j are the respective absorption maxima of two

forms of a chromoprotein, phytochrome (P ), has 
been shown to control many aspects of growth and 
development of higher plants.2 The controlled re-

(1) Prepared for presentation at the International Symposium on 
“ Reversible Photochemical Processes,”  sponsored by the U. S. Army 
Research Office, Duke University, Durham, North Carolina, April 
16-18, 1962.

(2) H. A. Borthwick, S. B. Hendricks, M. W. Parker, E. H. Toole, 
and V. K. Toole, Proc. Natl. Acad. S c i. U. S .,  38, 662 (1952).
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sponses include flowering, stem elongation (etiola
tion), leaf movement and expansion, plastid forma
tion, seed germination, anthocyanin production, and 
bud dormancies. In darkness P 730 changes to P660.3 
Many seasonal responses of plants, including growth, 
flowering, and the autumnal color changes, depend 
primarily upon this reversion. These responses, 
which are termed photoperiodic, control the induc
tion of reproduction and dormancy and are impor
tant for the preservation of the species in unfavorable 
seasons.

The pigment change can be followed both by 
physiological responses, such as flowering, etiola
tion, or seed germination, and by spectrophoto- 
metric measurement. A mass of pertinent results 
has been presented in about 120 papers by H. A. 
Borthwick and his associates, chiefly in journals 
devoted to plant sciences.4 Some of the aspects 
of this work with particular bearing on the molec
ular biology are presented here, but the original 
papers should be read for the biological control and 
important experimental conditions and nuances. 
The necessity of interweaving physiological and 
physical approaches and the contrasting logic of 
the several approaches might be borne in mind.

Detection of Phytochrome by Physiological 
Methods.— Initial development of the subject 
was based on discoveries of light-sensitive phe
nomena chiefly in etiolation, seed germination, and 
flowering. This culminated in the discovery of the 
day length dependence of flowering in many plants 
by Garner and Allard inl918.6 Insight into the re
lationship between these varied phenomena resulted 
from the measurement of the action spectra for etiola
tion, flowering, and seed germination. These action 
spectra expressed as the incident energies in various 
spectral regions required to produce a given response, 
such as 50% seed germination or 50% flowering, are 
illustrated in Fig. 1. The action spectra for the ef
fects of light in the 560 to 700 m,u region on the en
hancement of lettuce seed germination, the elonga
tion of pea leaves, the induction of flowering of barley 
(a long-day plant), and the inhibition of flowering 
of cocklebur (a short-day plant) are showm in Fig. 
la. The action spectra for the effects of longer 
wave length radiation (700 to 800 npt) on reversing 
the effects of red light on lettuce seed germination 
and cocklebur flowering are shown in Fig. lb. 
Actions for wave lengths shorter than 560 m/x 
are present but low, both for the forward and 
reverse reaction.

On the basis of these action spectra the reversible 
photoreaction of equation 1 was proposed6 as the 
controlling mechanism for all these light-sensitive 
responses. Since then, more aspects of plant 
growth and development have been shown to be 
controlled by the action of light on phytochrome.

Detection of Phytochrome by Differential Spec
trophotometry.—-A physical method for detection

(3) H, A. Borthwick, S. B. Hendricks, E. H. Toole, and V. E. 
Toole, Bot. Gaz., 115, 205 (1954).

(4) H. A. Borthwick and S. B. Hendricks, “ Hand, der Pflanzen- 
physiol.,”  Vol. 26, p. 299, ed. by W. Ruhland, Springer-Verlag, Berlin, 
1961.

(5) W. W. Garner and H. A. Allard, J. Agr. Res., 18, 553 (1920).
(6) S. B. Hendricks and Ii. A. Borthwick, in ‘ ‘Aspects of Synthesis 

and Order of Growth," ed. by Dorothea Rudnick, Princeton University 
Press, Princeton, N. J., 1955, pp. 149-168.

F ig . 1.— A ction  spectra : (a )  E n ergy  required to  prom ote  
germ ination  o f im bibed  lettuce seed to  5 0 % , solid  cu rve ; to  
enhance elongation  o f  a pea  leaf b y  4 5 % , d otted  cu rve ; to  
induce flow ering o f barley  to  5 0 % , dot-d ash  cu rve; and to  
inhibit floral in itiation  o f cock lebu r to  5 0 % , d otted  curve, 
(b )  E ffect o f far-red radiation  given  im m ediately  a fter a 
saturating exposure to  red ligh t: energy required to  inhibit 
germ ination o f lettu ce seed to  5 0 %  (con tro l show ed 9 6 %  
germ ination), solid  cu rve through  open  and closed circles; 
to  induce floral in itiation  o f  cock lebu r to  5 0 %  (con tro l shown 
as floral in itia tion ), crosses.

-
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6 0 0 6 5 0  m p 7 0 0 7 5 0  8 0 0  8 5 0

F ig. 2 .— Far-red-irradiated m inus red-irradiated difference 
spectrum  o f dark-grow n  m aize seedlings.

of phytochrome was based on the difference between 
absorption spectra of responsive dark-grown tissue 
with the pigment in first one form and then the 
other.7 Measurements were made on intact plant 
tissue with spectrophotometers designed to accom
modate optically dense, highly scattering samples. 
Figure 2 is an example of the differential results ob
tained . The absorption spectrum was first run after 
irradiation of the 1-cm. thick sample of dark-grown 
maize seedlings with a high intensity auxiliary source 
of red light to put the phytochrome in the P 73o far- 
red-absorbing form. A second spectrum was run 
after far-red irradiation of the sample. The ob
served density changes were repeatedly reversible 
and the maxima of the two forms were at 660 and 
730 m/t, respectively, in agreement with the 
physiological measurements of Fig. 1.

Rapid assay for phytochrome is made with a
(7) W. L. Butler, K. H. Norris, H. W. Siegelman, and S. B. Hen

dricks, Proc. Natl. Acad. Sci. U. S., 45, 1703 (1959).
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Fig. 3.—Far-red-irradiated minus red-irradiated difference 
spectrum of a pirtially purified solution of phytochrome ex
tracted from maize seedlings (1-cm. cuvettes).

Fig. 4.-—-Action spectra for the photochemical conversions 
of P6M and P738 plotted as the product (liter/mole/cm.)4>- 
(moles/einsteini vs. wave length. The dashed curve is the 
absorption spectrum of allophycocyanin (C. 6hEocha, 
Arch. Biochem. Biophys., 54, 102 (1955); 73, 207 (1958)).

difference spectrophotom eter, w hich measures d i
re c tly  the optica l-density difference of a sample 
between tw o fixed wave lengths. The optica l density 
difference between 660 and 730 mp (AO.D.®®®) is 
measured w ith  phytochrom e in  each of its tw o form s. 
Th e  difference in  the tw o readings, A (A O .D .) =  
(A O .D .7 30) red irradiated —  (AO .D .fl® ) fa r-red  ir 
radiated, is an assay fo r the to ta l am ount of p h yto 
chrome.

Separation and Enrichment.— Phytochrom e is 
read ily detected as a component of soluble protein 
extracted from  etiolated p lant m ateria l (A (A O .D .) 
values of 0.002/cm. in  the o rig ina l so lution) and 
is presum ably a cytoplasm ic rather than a par
ticu la te  protein . A  survey of etiolated m aterials 
indicated th a t the content was highest in  young 
gramineous p ants, of which maize and barley were 
selected fo r m ost of the extractions. Bonner,8 
a t Y a le  U n ive rs ity , used etiolated peas. E n rich 
ments have been effected to the po in t of m aking the 
pigm ent reversal read ily visib le  to  the eye.

Greatest success w ith  separations depends on 
selective denaturation w ith  resulting lowered solu
b ility  of phytochrom e. Phytochrom e from  barley 
undergoes th is denaturation upon standing in
(8) B. A. Bonnor, Plant Physiol. Suppl., 36, xliii (1961).

solution a t 2° fo r periods of 24 hours or less. T h is  
m odified m ateria l separating from  solutions of high 
protein  concentration obtained b y  osm otic w ith 
draw al of w ater w ith  polyethylene g lyco l can be 
p a rtia lly  redissolved in  neutral solutions having low  
salt contents.

Phytochrom e in  m aize is apparently more stable 
against protein  change. I t  has proven re fractory, 
w ith ou t serious loss, to  enrichm ent b y  methods 
of sa lting out and absorption. Some purification  
has been effected b y  use of m olecular sieves form ed 
in gel columns. Solutions enriched from  the several 
sources are adequate fo r fo llow ing some of the prop
erties of phytochrom e in vitro.

Properties of Phytochrome.— Th e difference 
spectrum  of a solution of phytochrom e p a rtia lly  
purified from  maize (F ig . 3) shows the same 
reversible absorption bands as the in vivo difference 
spectrum  (F ig . 2). The action spectra fo r the photo
chem ical transform ations have been determ ined b y  
m easuring photom etrica lly the degree of pigm ent 
conversion resulting from  the irrad ia tion  of a th in , 
o p tica lly  clear solution of phytochrom e w ith  mono
chrom atic lig h t of known in ten s ity. B oth  photo
chemical conversions of equation 1 have been shown 
to  be first o rder.9 The solution of the d iffe rentia l- 
rate equation fo r Pm

d P  66o/d/ =  — E\(\660<t>mP660 +  -Fx«X73O073oP730 (2) 

is

log (P 660 —  P 660co) 

where

«  tn , /ON— 0.43 — -------- 1 +  c (3)
P 730»

P66o =  mole fraction at tim e t; Pmo =  1 —  P 730

Pee0»  =  mole fraction  P 66o at t — °°
Ex =  incident energy (einsteins/cm .2/sec.)
«66o\ =  extinction  coefficient of P 66o at A (cm .2/ 

mole, base e)
0660 =  quantum  yie ld  of P 66o -*■ P 730 reaction

(moles/einstein)
c =  a constant of in tegration

Ex and P 730»  can be measured and the first-o rder 
reaction constant, K, is determ ined b y  the slope of 
the sem ilogarithm ic p lo t of (Pm  —  Peso») vs. t. 
Th e  product e0  can be calculated from  these pa
rameters even though the concentration or molec
u lar w eight of the pigm ent is unknown.

6660X0660 =  2.3K(Pma>/Ex)

A  sim ilar treatm ent fo r P -,30 gives

6730X0730 =  2 .3 A (P 660„/Px)

In  F ig . 4 the action spectra fo r both photochem ical 
transform ations are p lotted as a<p versus A where 
a is the m olecular extinction  coefficient expressed 
as liter/m ole/cm . to  the base 10. a — 0.43 («/  
1000).

Th e  difference spectra of F ig . 2 and 3 show th a t
(9) W. L. Butler, in “ Progress in Photobiology,”  ed. by B. ChristenseD 

and B. Buehmann, Elsevier, Amsterdam, 1961, p. 569.
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the extinction  coefficients of P 660 and P 730 are ap
p roxim ate ly equal at th e ir absorption m axim a. 
The difference in  the m agnitude of « 0  fo r the tw o 
form s at th e ir m axim a m ust be attribu ted , there
fore, to  a difference of the <f> values: <t>m —  4073O. 
I f  <f>66o =  1, w hich is the m axim um  value it  can have

«6 60 —  « 7 3 0  ~  2 X  10* liter/m ole/cm .

w hich is a high value fo r a m olecular extinction  
coefficient. I f  066o is less than u n ity , the extinction  
coefficients m ust be correspondingly higher.

Th e  measurement of the extinction  coefficient 
does not require extracts. Th e  re ve rs ib ility  of the 
physiological responses perm itted m inim um  values 
of the extinction  coefficients fo r both P 660 and P 730 

to  be determ ined from  seed germ ination and in te r
node elongation . 10 Values of 2 X  104 liter/m ole/ 
cm. fo r P 66o of lettuce seed and 0.8 X  104 fo r P 730 

of Lepidium  seed are in  good agreement w ith  those 
obtained in vitro.

A n  altered far-red  absorbing form  is obtained 
from  phytochrom e solutions extracted from  barley. 
P 730, having norm al extinction , is present in  the 
plant, but in  the p a rtia lly  purified extracts the 
extinction  of a far-red-absorbing form  progressively 
decreases. T h is  change is accompanied b y  a de
crease in  so lu b ility  ind icative  of an early stage of 
protein denaturation. Th e  difference spectrum  
(F ig . 5) indicates th a t the absorption in  the region 
of the red absorption m axim um  remains near its 
in itia l value w hile th a t in  the region of 710 to  740 
mp decreases to  less than 10% of the in itia l value. 
A  sim ilar change has been reported b y  Bonner fo r 
phytochrom e enriched from  pea plants. R eversi
b ility  is retained in  th is change of protein configura
tion  but is lost b y denaturation of the protein b y 
heat or low  p H .

R e ve rs ib ility  is independent of tem perature down 
to  — 20° but is gradua lly lost below th at tem pera
ture. N o  photoreaction occurs at — 196°, but 
re ve rs ib ility  is regained on w arm ing. The tem 
perature effects suggest a photochem ical trans
form ation w hich can be prevented b y  a sufficiently 
rig id  m edium.

Fluorescence from  Pm has been observed both 
in vivo and in vitro w ith  marked enhancement upon 
cooling to  — 196°. Fluorescence from  P 730 has 
not been detected. Th e  emission m axim um  from  
P 660 is near 690 mp and the excitation m axim um  fo r 
th is fluorescence appears near 670 mp. Th e  pres
ence of phytochrom e in  a dark-grow n bean leaf 
is shown in  the fluorescent-excitation spectrum  at 
—  196° in  F ig . 6. Th e  leaves were grown in  com
plete darkness because a sm all am ount of chlo
ro p h yll would mask the fluorescence of p h yto - 
chrome. Fluorescence emission from  the leaf was 
excited b y  lig h t from  a scanning m onochrom ator 
and was measured through a cut-off filte r, which 
lim ited  the measurement to  wave lengths longer 
than 730 m p.n P rotoch loroph yll is evident from  
its  absorption and fluorescence-excitation band at 
650 mp. A n  excitation band appears at 670 mp, 
which is not detected in the absorption spectrum .

(10) S. B. Hendricks, H, A. Borthwick, and R. J. Downs, Proc. 
Natl. Acad. Sri. U. S.. 42, 19 (1957).

(11) W. L. Butler, Arch. Biochem. Biophys.,, 93, 413 (1901).

Fig. 5.—Difference spectra of a centrifuged pellet obtained 
from partially purified solution of barley phytochrome which 
has been concentrated by dialysis against polyethylene gly
col. This pellet represents the material which came out of 
solution during the concentration. The absorption spectrum 
of the red-irradiated sample was arbitrarily selected as the 
base line.

Th e  fluorescence-excitation spectrum  is selectively 
more sensitive to the longer wave length component 
because a greater proportion  of its  fluorescence 
emission extends beyond 730 mp. T h is  excitation 
band at 670 mp can be a ttribu ted  to  phytochrom e 
because phytochrom e has been shown to  be present 
in  dark-grow n bean leaves b y  d ifferentia l spectro
photom etry and solutions of phytochrom e in  the 
P 660 form  show th is same excitation  band.

The Dark Reaction.— Phytochrom e is always 
found in  the Pm  form  in  a dark-grow n p lant. I f  
any P 730 is form ed, it  is converted to Pm  in  the dark. 
Th e  dark reaction Pm -*• Pm  in  in tact , dark-grow n 
m aize seedlings is shown in  F ig . 7. A  box of dark - 
grow n m aize seedlings was irrad ia ted b rie fly  w ith  
red lig h t to  convert the phytochrom e to  Pno and 
returned to darkness. A t  various tim es thereafter 
a sample of seedlings was harvested and re la tive  
amounts of P 730 and to ta l phytochrom e, Pno 
plus P 66o, were determ ined spectrophotom etrically. 
Th e  difference between these tw o values gives the 
re la tive  am ount of Pm  present at the tim e of the 
harvest. F igure  7 shows th a t the Pno reverts back 
to  P 66o during the course of several hours. There 
is also a net loss of re ve rs ib ility .

The dark reaction is much slower at 3° than at 
27° and it  does not occur in  the absence of oxygen. 
M ateria l extracted from  m aize seedlings does not 
change form  upon standing in  darkness. M ateria l 
extracted from  barley, however, reverts from  the 
m odified form  P 730 to ~P6eo in  darkness.

Th e  dark reversion of P 73o was first detected b y  
physiological observations on seed germ ination and 
flow ering. Th e  effects of b rief illum ination  in the
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Fig. 6.—Absorption spectrum and excitation spectrum of 
fluorescence of wave length longer than 730 mu of a dark- 
grown bean leaf at —196°. The system response curve 
represents the base line for the absorption spectrum. The 
fluorescence excitation spectrum is not corrected for the 
monotonous increase in the energy of the exciting light with 
increasing wavs length.

Fig. 7.—Changes in the relative amounts of phytochrome 
present in dark-grown maize seedlings immediately following 
a single irradiation with red light: Pm =  A O.D.fSS (initial) 
— AO.D.jot (fax-red irradiated); Pm - f  Pm = aO.D.?“  
(red irradiated) — AO.D.ffS (far-red irradiated).

n igh t on the photoperiodic responses of flow ering 
and dorm ancy showed th a t th is dark reaction is an 
essential part of the tim ing mechanism b y  w hich the 
p lant reckons the length of the n igh t. Th e  experi
ments b y  B orthw ick and C a th ey12 on the effects 
of cyclic  n igh t-tim e  ligh tin g  on the flow ering of 
the sh ort-day plants show th a t the p lan t can 
measure dark periods to  w ith in  15 m inutes b y  th is 
dark reaction.

The Enzymatic Action of Phytochrome.— W hile  
the exact action of phytochrom e is s till unknown, 
physiological observations indicate th a t Pm  is 
an enzym e, which is in  keeping w ith  its  se n s itiv ity 
to  protein  configuration. A  ligh t-sensitive  seed 
rem ains dorm ant in  the dark because phytochrom e 
is m aintained as Pm  in  darkness. A  weak irra d ia 
tion  w ith  lig h t w hich converts Pm to  Pm  triggers 
germ ination. Phytochrom e is active in  m any 
p lant tissues in  concentrations less than 10 
m olar. W h ile  m ost of the displays of phytochrom e, 
such as flow ering and stem lengthening, have not 
been reduced to  chemical term s, anthocyanin 
synthesis m ay afford a system  in  which the po in t 
of phytochrom e action can be localized.

An th ocyan in  synthesis in  m any plants requires 
h igh radiant energies. A  product of the h igh - 
energy photoreaction requires a num ber of reactions 
over a period of about 12 hours a t 20° before it  
appears in  anthocyanin. In  sorghum  and red 
cabbage seedlings,13 as w ell as m any others, Pm  
m ust be present after about 4 hours of the dark 
period has passed if  anthocyanin is to  form . 
Th e  control has the usual re ve rs ib ility  as shown b y 
action spectra. Pm appears to  be acting as a 
specific enzym e in  the reaction sequence leading to  
anthocyanin.

A  general argum ent based on the w ide d ive rs ity  
of phenomena regulated b y  phytochrom e indicates 
th a t the enzym atic action m ust be at a m etabolic 
crossing po in t, w hich is common to  m any biochem 
ica l pathways. Th e  oxidation and reduction of 
p yrid ine  nucleotides and the acyl activa tion  b y  
coenzvme A  are examples of reactions w hich have 
sufficient genera lity to  be considered as the site of 
control. B oth  of these reactions are lik e ly  to  be 
involved  in  the reaction series of anthocyanin 
form ation as w ell as the other physiological displays 
of phytochrom e.

The Prosthetic Group of the Pigment.— P h yto - 
chrome has not been sufficiently purified to  perm it 
the identification of its prosthetic group b y chem
ica l means. Th e  comparison of the absorption 
spectrum  of P66o w ith  th a t of a llophycocyan in14 
in  F ig . 4 suggests a s im ila rity  of structure. The 
low  absorption of both form s of phytochrom e in  the 
blue region is evidence against a cyclic  te trapyrro le  
of the ch lorophyll or hemin type . A llo p h yco 
cyanin is considered to  be a bilid iene such as b ili- 
v io lin . A  possible bilatriene o r other open chain 
te trapyrro le  w ould also have to  be considered fo r 
the prosthetic group a t th is stage. Th e  phyco-

(12) H. A. Borthwick and H. M. Cathey, Bot. Gaz., in press (1962).
(13) H. W. Siegelman and S. B. Hendricks, Plant Physiol., 32, 393 

(1957).
(14) C. 6 ’hEocha, Arch. Biochem. Biophys., 54, 102 (1955); 73, 

207 (1958).
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eyanins have o n ly been found in  blue-green and 
red algae, in  m ollusk feeding upon these sources, 
and possib ly among feather pigm ents. Enzym es 
in vo lv in g  them  are not known.

Th e  open-chain tetrapyrro les can undergo several 
types of isom erization. T h e y  can form  cis or

2555

irons isomers a t the merthene bridges and the 
term inal rings can be lactam s or lactim s. The 
fou r pyrro le  rings can be folded back to  approxi
mate the close ringed te trapyrro les and th is 
structure m ight be stabilized b y  hydrogen-bond 
form ation to  a native  protein.

M echanism of Photochemical cis <=* trans Isomerization

O N  T H E  M E C H A N IS M  O F  P H O T O C H E M IC A L  cis  ^  trans IS O M E R I Z A T I O N

B y  H o r s t  S t e g e m e y e r

Lehrstuhl für Erdölchemie der Technischen Hochschule, Hannover, Germany
Received May 25, 1962

In connection with earlier considerations1-3 a simple model of cis <=* trans photoisomerization had been developed suppos- 
ing two forms of different energies in the intermediate state involved during isomerization. Calculations lead to equations 
of quantum yields which mainly depend only on the rate of thermal conversion in the intermediate and on the rate of de
activation to the ground state. Another model involving only one common intermediate state also had been discussed in 
view of the experimental results of Fischer.3 In a first proof the temperature dependence of quantum yields of stilbene 
was shown to be satisfied best by the former model.

In troduction
In  previous investigations concerning the photo

chem istry of stilbene1 we had re-investigated the 
quantum  yie lds of photoisom erization of th is com
pound fo r the trans -*• cis (qi) and cis —► trans (qe) 
direction, respectively (cf. Ta b le  I ) .  Values of 
quantum  yie lds measured before b y  Sm akula,4 
Lew is and co-w orkers,6 Hausser,6 and Yam ashita7 
seem to  be erroneous fo r the fo llow ing reasons. A t  
first, the quantum  yie lds w ill be effected b y  the

T a b l e  I
P h o to iso m e r iza tio n  o p  St il b e n e  in  ji-H e x a n e  (1 0 ~ 6 M), 
2 5 °. Q u a n tu m  Y ie l d s  ( q ) an d  M o le  F r a ctio n  o f  

E q u il ib r iu m  ( x )
Wave length,

A. Xt it in Sg
2537 0 .4 2 4 0 .6 7 0 .2 8 0 .9 5
3130 0 .0 7 0 0 .5 9 0 .3 2 0 .9 1

side reaction form ing phenanthrene. In  an earlier 
w ork8 it  had been shown th a t th is process of de- 
h yd rocycliza tion  occurs via an excited singlet state 
of the cis isomer of stilbene o n ly. Subtracting the 
q u a n tity  of phenanthrene being form ed during 
photoisom erization the mole fractions of stilbene 
isomers were corrected b y  the relations zt(co r) =  
xt/ (xt +  xe) or arc(cor) =  x j  (xt +  xc). U sing these 
corrected values the side reaction w ill be elim inated 
in  the calculation of quantum  yie lds. Fu rth er, 
it  was shown th a t the calculation m ethod of 
quantum  yie lds given b y  Zim m erm an and co
w orkers9 o n ly  leads to  exact values. Th e  equation 
reported b y  S ch ulte-Froh linde10 cannot be used 
w ith ou t em pirical correction factors.

(1) H. Stegemeyer, Dissertation, Hannover, 1961.
(2) E. Fischer, J. Am. Chem. Soc., 82, 3249 (1960).
(3) S. Malkin and E. Fischer, J. Phys. Chem., 66, 2482 (1962)
(4) A. Smakula, Z .  physik. Chem., B25, 90 (1934).
(5) G .  N. Lewis, T. T. Magel, and D. Lipkin, J. Am. Chem. Soc., 62, 

2973 <1940).
(6) I. Hausser, Naturwissenschaften, 36, 315 (1949).
(7) S. Yamashita, Bull. Chem. Soc. Japan, 34, 490 (1961).
(8) H. Stegemeyer, Z. Naturforsch., 17b, 153 (1962).
(9) G. Zimmerman, L. Chow, and E. Paik, J. Am. Chem. S o c . ,  80, 

3528 (1958).
(10) D. Schulte-Frohlinde, Liebigs Ann. Chem., 615, 114 (1958).

A s m ay be seen from  Table  I ,  the sum of quantum  
yie lds fo r both directions approaches u n ity  a t room  
tem perature. From  th is it  m ight be derived th a t 
the isom erization occurs via an interm ediate state 
common both to  cis and trans isomers. How ever, 
Fischer2'3 observed a tem perature dependence of 
photoisom erization in  d ilute solutions, as we had 
found in  liq u id  as-stilbenc.11

These results lead to  the conclusion th a t there 
m ust be a therm al activated step in  photoisom eriza
tion . Accord ing to  the results of M a lk in  and 
Fischer3 the relation 2g 1 no longer holds at 
low  tem peratures. Therefore we have to  assume 
th at there is no common interm ediate but a sm all 
energy barrier between tw o different form s in  the 
excited interm ediate state invo lved  during isom 
erization. Th e  first ideas leading in  th is direc
tion  were given b y  Forste r12 and Zim m erm an.9 
Forste r pointed out th a t the photoisom erization 
of stilbene m ight occur via a m etastable excited 
state even if  there w ould be tw o different form s 
d ivided b y  a sm all energy barrier. In  more detail, 
Zim m erm an first suggested an ord inary therm al 
isom erization in  an electronic excited state in  the 
case of azobenzenes.

C ontrasting th is perception, there is another 
m odel proposed b y  Schulte-Froh linde13 and, rather 
s im ila rly, b y  D yc k  and M cC lu re .14 T h is  model on ly 
involves one common interm ediate explain ing the 
tem perature dependence b y  a therm al activated 
transition  from  the excited singlets to  the in te r
m ediate.

The purpose of th is paper is to  develop relations 
between quantum  yie lds and the rates of the p artia l 
processes and to  prove w hich typ e  of mechanism 
satisfies the experim ental results.

D eriva tion  of K in e tic  Relations
M odel A  In vo lv in g  an Energy B a rrie r in  the 

Interm ediate.— T h is  type  of mechanism is outlined 
b y  processes 1-5 and l '- 5 ' a t rates fci, fc2, ... and AV,

(11) H. Stegemeyer, Z. Naturforsch., 16a, 634 (1961).
(12) T. Forster, Z. Elektrochem., 56, 716 (1952).
(13) D. Schulte-Frohlinde, private discussion.
(14) H. Dyck and D. S. McClure, J. Chem. Phys., 36, 2326 (1962).
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during photoequilibrium  m ay be represented in 
term s of [St ] and [S„], respectively.

S ubstitu ting the relations fo r [St*] and [T t ] in to  
la  we obtain the fo llow ing relations of the rates of 
isom erization in  both directions

kikfk^ki
(k2 +  /cs)[(^3 H~ ki)(kz +  hi) —  lcjci]

(H a )

_________________W W W ______________
(!:■/ +  +  lu')(kz +  lu) — lulu']

(H b )
Fig. 1.—Supposed reaction scheme of photoisomerization, 

model A (explanations cf. text). Considering the definition of quantum  yie ld  there 
m ay be found a relation between kt and qt

k2',..., respectively. St represents the singlet ground 
state, St* the first excited singlet state of a trams iso
m er. T t means an interm ediate state (perhaps a 
trip le t) of a sterical configuration equal or sim ilar to 
the trans form . The corresponding states of a cis 
isomer are denoted b y  S0, Sc*, and T 0, respectively 
(cf. F ig . 1).

St +  hv ■— ► St* (1)

St* — >  T t (2)

T t — > T c (3)

To — ► S„ (4)

St* — ► St (+hv) (5)

Sc +  hv — >  Sc* ( I ')

Sc* — >  To (20

T 0 — >  T t (30

T t — ► St (40

So* — >  So (+hv)  (50

d (V t)/d i V d t [St] F/cJSt]
Qt r a 7- a r ai t  i t  i t

where d (iV t)/ d i means the num ber of trans m ole
cules being converted in to  cis per u n it of tim e. / ta, 
the num ber of quantum s absorbed per u n it of tim e 
b y  trans molecules in  the volum e V equals the 
num ber of trans molecules being raised from  St to  
St* per u n it of tim e

=  VM S*]
Th us we can w rite

h

and a sym m etrical expression for qc.
From  I la  and l ib  we get the equations for the 

quantum  yields
In  a firs t approxim ation, on ly processes 3 and 3' 
m ay be taken as dependent on tem perature

k3 =  A  e xp (— AUt/RT) fc3' =  A ' exp(—AU„/RT)
where A  and A ' denote the frequency factors and 
A  F t and A  Uc the activation  energies of processes 3 
and 3 ', respectively.

Th e  change of concentration in  the ground state 
is given b y

|  [St] =  - h [ S t] +  fcc[So] ( I)

Th e  aim  of the derivation  is to  represent the rate 
constant kt of the trans -*■ cis isom erization in 
term s of k\, k>, . . . and to  b ring out a re lation  be
tween kt and qt, on the other hand. Th e  same 
holds fo r the cis -*■ trans d irection.

Concerning the partia l steps of m odel A  (cf. F ig . 
1) eq. I  m ay he w ritte n  as

£  [St] =  -fe lB t ]  +  ¿5 [St*] +  fc/ [T t ] (la ) at
S im ila r equations can be obtained fo r the excited 
states of model A . In  the photostationary state, 
each of these equations equals zero. Under th is 
condition the concentrations in  the excited states

k2 kju
?t =  h  +  h  X  h h  +  h/lu’ +  lulu'

_  W  _______ W W _______
k% -]- kf kjci T  k:/kf -T Ic.ikf

( I I I )

( IV )

Model B Involving Only One Common Inter
mediate.— Th e reaction scheme of th is m odel as 
proposed b y  Schulte-Frohhnde13 is shown b y  F ig .
2. St*' represents an energy level of the first excited 
singlet state in  w hich a trans molecule possesses a 
sm all surplus energy (of v ib ra tion  or ro ta tion ) 
equal to  the activation  energy A  Ut of the therm al 
activated singlet —> trip le t transition . A  sim ilar 
definition is given fo r S0*'. T  means the common 
interm ediate state. Th e  other states are designed 
according to model A .

The fo llow ing processes are involved  in  th is model

St +  hv — ►s** (1)
St* '- - >  T (2)

St* — ^  St*' (3)

T  — Sc (4)
q * __ ^ St (f-hv) (r.)
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Sc +  hv ^ S 0* ( ! ')

Se* '- - >  T (2 ')

s„* — > S C*' (3 ')

T  — >  St (4 ')

Sc* - ^ Sc (A~hv) (50
Processes 1, 5, V,  and 5 ' are equal to  those of model 
A . O n ly  processes 3 and 3 ' are taken as therm al 
activated steps depending on tem perature.

Concerning th is m odel, eq. Ia  had to  be w ritte n  
as

d t [St] =  -  USt]  +  *5[St*] +  h'[T]  (V a )

The relations fo r [St*] and [T ] m ay be obtained in 
a sim ilar w ay as described fo r m odel A .

Considering qt =  kt/ki, we get the fo llow ing equa
tions of quantum  yie lds

=
h

kz -f- k§
X

ki
hi -f- k/ (V I)

kz'
9c X

W
kz' -f- k§ ki T  ki'

( V I I )

Numerical Calculations and Discussion
The aim  of th is section is to  prove which type  of 

equation fo r quantum  yie ld , either of model A  or 
m odel B , satisfies the experim ental curves of s til- 
bene as a function  of tem perature as found b y  M a l
k in  and Fischer.3

Model A.— -The theoretical quantum  yie lds in  
th is model are given b y  tw o factors (cf. eq. I l l  and 
IV ) .  Th e  firs t factor F  =  k2/(k2 +  fc5) or F' =  
k//{W  -f- kz'), respectively, concerns the efficiency 
of singlet —► trip le t transitions taken as independ
ent of tem perature.

A s fo r trans ->  cis conversion, some conclusions 
about the absolute value of F  m ay be derived from  
the absolute quantum  y ie ld  gF =  kz/ (k2 +  /c6) and de
cay constant fcn =  k2 +  h  of fluorescence. U n 
fortu nate ly, these values had not ye t been measured 
fo r stilbene. In  the case of p -d im ethylam inocin - 
nam onitrile, L ip p e rt and L iid e r16 had found qv =  
0.11 ±  0.04 and kr> >  1010 sec.-1 at photoequilib
rium . From  th is th ey concluded another radia
tionless process to  compete w ith  the fluorescence 
emission. One possible type  of com peting reaction 
is  the trans -*■ cis conversion of the n itrile . From  
the values measured we can derive th a t h, >  k&. 
Therefore F  w ill approxim ate u n ity  a t room  tem
perature. Under these conditions F  w ould not de
pend on tem perature. How ever, there is also the 
radiationless St* —► St transition , which is caused 
b y collisions w ith  solvent molecules, to  be taken 
in to  account. The evidence fo r th is process m ay 
be seen from  the re la tive  quantum  yie ld  of fluores
cence of stilbene depending on so lvent1 and on 
tem perature.14 Considering th is process too, F 
would increase w ith  decreasing tem perature, ap
proaching u n ity  at lower tem peratures.

A s  the quantum  yie ld  of trans —*■ cis isom eriza
tion  usually is ve ry  high and the sum of gt and qc

Fig. 2.—Supposed reaction scheme of photoisomerization, 
model B (explanations cf. text).

is near u n ity  in  stilbenes (cf. Table  I  and ref. 15) the 
strong decrease of qf in  p-dim ethylam inocinnam o- 
n itrile  m ain ly seems to  be due to  St* -*■ T t transi
tion  and less to  collision processes. Thus F  would 
not deviate fa r from  u n ity  even at room  tempera
ture.

A s  fo r cis -*■ trans isom erization, no fluorescence 
had ever been observed in  ds-stilbene. Due to  the 
ve ry  short lifetim e of S0* reported b y Schulte- 
Froh linde16 any deactivation b y  collision can be ex
cluded. Thus, no reaction described b y  process 5 ' 
occurs (kz =  0) and F' equals u n ity .

Setting F -*■ 1 and F' =  1, eq. I l l  and IV  reduce 
to

k3ki
k3ki +  k/ki' +  kik/

( I l ia )

kz'W
k̂ k\ -I-  k%k± -j- kjc^

(IV a )

where k3 =  A exp( —  AUt/RT) and kz =  A ' exp- 
( - AUo/RT).

A t  high tem peratures, the rate of step 3 exceeds 
th a t of 4. Th us quenching to  ground state (4) 
determines the rate of trans -*■ cis isom erization. 
A t  low  tem peratures, fcs «  ki, therefore therm al 
reaction 3 gets the rate-determ in ing step. A  sim i
la r consideration holds fo r cis -*■ trans isom eriza
tion . I f  kz «  ki and k-/ «  k/ eq. I l i a  and IV a  
reduce to

gt =  =  (m b )
A/4 a)4

g0 =  =  f  e ~ ^ RT ( IV b )
k± k  4

Thus, from  an Arrhen ius p lo t of the quantum  
yie lds of stilbene as found b y  M a lk in  and Fischer,3 
activation  energies A(7t or A  Uc can be estimated 
from  the slope of the curves a t low  tem peratures. 
E xtra p o la tin g  the low  tem perature slope of the 
curves, from  the ordinate intercept we m ay obtain 
the ra tio  A/k/ or A'/ki, respectively (cf. eq. I l l b  
and IV b ) . H ow ever, the num ber of values measured 
a t low  tem peratures are ve ry  few  u n til now, so 
th a t th is extrapolation method w ould be too er
roneous. Setting A =  A ' the ra tios between fre -

(15) E. Lippert and W. Lüder, J. Phys. Chem., 66, 2430 (1962). (16) D. Schulte-Frohlinde, ibid., 66, 2486 (1962).
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Temperature, °K .
Fig. 3.—Logarithmic plot of quantum yields of stilbene 

vs. temperature. Theoretical curves by model A. Triangles, 
quantum yield trans —» cis; circles, quantum yield cis -*■ 
trar.s (values by Malkin and Fischer3).

Temperature, °K.
Fig. 4.—Reciprocal quantum yields of stilbene vs. tempera

ture (explanation cf. text and eq. IIIc and IVc).

quency factors and decay constants and between 
fa and fa' were chosen to give the best approxim a
tion  of the experim ental curves (cf. Table  I I ) .  
N otice  th a t the absolute values of frequency fac
tors and decay constants are a rb itra ry. O n ly  the 
ratios of these values result from  the experim ental 
curves.

T a b l e  II
A c tiv a tio n  E n e r g ie s , F r e q u e n c y  F a c t o r s , an d  T r ip l e t  

D e c a y  C o n st a n t s  o f  M o d el  A  
trans —*■ cis AUt — 4 kcal./mole

A = 2 X 10s sec.-1
Jct = 5 X 105sec.-1

cis —» trans AUc = 2 kcal./mole 
A ' = 2 X 10® sec.-1
hi =  1 X 104sec.-1

Supposing the values given in  Table  I I  we get 
the theoretical curves from  I l ia  and IV a  as shown 
b y  F ig . 3. I t  m ay be seen th a t the experim ental 
values were satisfied b y  the theoretical curves. 
Even  the m axim um  in  the curve of qc found b y 
M a lk in  and Fischer3 is brought out b y  the theory.

Th e  reason fo r th is m axim um  can be understood 
better b y  looking at the curves of reciprocal quan
tum  yie lds (cf. F ig . 4). From  I l i a  and IV a  it  fo l
lows th a t 1 /q results from  three terms (cf. I I I c  and 
IV c ).

I  _  1 k*'ki'
qt faki

+  j -  =  l + B  +  C 
fa

( IH c )

fa fa  . fa  _  _1

fa/fa' +  fa' ~  +  B
( IV c )

Th e  first term  is u n ity  in  both cases. In  the case of 
“ cis”  the second term  is reciprocal as compared 
w ith  “ trans." Th e  th ird  one shows a sim ilar slope 
fo r both cases. The curves fo r the second (1/5) 
and the th ird  term  (C') of “ cis”  cross each other, 
which brings about a m inim um  in  the reciprocal of 
quantum  yie ld  and thus results in  a m axim um  fo r 
the quantum  yie ld  itself.

In  non-polar solvents, p rovid ing low  concentra
tions, the sum of quantum  yie lds in  both directions 
has been found near u n ity  a t room  tem perature 
(cf. Tab le  I ) .  T h is  fact follows from  m odel A , 
fo r adding I l i a  and IV a  gives

çt +  & =
fafa +  fa'kf 

fakí T  fa'kf T  kjcf
( V I I I )

A t  higher tem peratures, if  fa »  fa and fa' »  fa', 
the th ird  term  in  the denom inator of V I I I  can be 
neglected. Therefore, V I I I  becomes u n ity . From  
th is it  m ay be derived th a t there is no evidence fo r 
a common state to  exist as long as the sum of quan
tum  yie lds approaches u n ity  o n ly a t h igh tem pera
tures.

Schulte-Froh linde16 had found the quantum  
yie lds of 4 -n itro -4 '-m ethoxystilbene in  d ilu te  solu
tion  to be independent of tem perature in  the range 
of 20 to  80°. A s  m ay be seen from  F ig . 3 th is re
su lt is in  agreement w ith  model A .

The tem perature dependence of photoisom eriza
tion  in  liqu id  as-stilbene11 which we had measured 
in  the range 25 to 100° does n ot contradict the con
ception given above. A n  increase of the trip le t de
cay constants fa and fa' w ith  increasing concentra
tion  m ay be taken as a reasonable assum ption. 
Thus, a t high tem peratures the th ird  term  C or C  
in  I I I c  or IV c , respectively, would increase a t higher 
tem peratures as compared w ith  d ilu te  solutions. 
A s  the absolute values of C and C' also increase, the 
resulting curves fo r l/qt and 1 /qB w ill be determ ined 
m a in ly b y  the th ird  term s, which brings about a 
sh ift to  higher tem peratures. T h is  explains the 
possib ility of find ing a tem perature dependence in  
liq u id  stilbene a t tem peratures above 25°. W e 
cannot accept the explanation of our results given 
b y  Schulte-Froh linde16 fo r the fo llow ing reasons: 
A n  interaction between excited and non-excited 
molecules ought to  decrease quantum  yie lds w ith  
increasing tem peratures. A s  to  the short lifetim e 
of S0*, a tem perature dependence of cis-*- trans isom
erization should not occur. B oth  assumptions 
contradict the experim ental results. H ow ever, 
the activation  energies measured in  liq u id  phase11 
are higher than those estimated from  the quantum  
yie lds found in  d ilu te  solution.3 A s  to  association 
processes we had better consider single molecules 
in  d ilu te  solution.

M odel B .— The equations of quantum  yie lds 
derived from  th is model (cf. V I  and V I I )  consist of 
tw o term s. Th e  first one fa/(fa +  fa) o r fa'/ (fa' +
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ki) gives the efficiency of the singlet -*■ trip le t 
transition  taken as a therm al activated process.1314 
The second factor w  =  /c4/(/c4 +  k i)  or w ' =  ki/ 
(kA +  ki)  describes the p robab ih ty of a molecule 
fa llin g  from  the trip le t to  the cis or trans form  of 
the ground state, respectively. Th e  sum w +  w' 
m ust be u n ity . Therefore, a t h igh tem peratures if  
h  » k i  and k i  »  k i  the sum of quantum  yie lds 
is expected to  approach u n ity  too. From  the 
quantum  yie lds of stilbene a t 25°, A =  3130 A . (c/. 
Table  I ) ,  we obtain b y  norm alization 2q =  1 the 
values of w  and w ' given in  Tab le  I I I .

A s  the common interm ediate state is supposed 
b y  Schulte-Froh linde13’16 to  be a “ trip le t state both 
part of molecule tw isted b y  90 degrees”  the values 
of w  and w ' w ill depend on the slope of the potential 
curve of the ground state near a d istortion  angle of 
90°. The difference of energies between cis- and 
frans-stilbene in  the ground state is ve ry  sm all as 
compared w ith  the activation  energy of therm al 
isom erization in  the ground state.17 Thus, w and 
w' m ay be taken as independent of tem perature. 
N o absolute values of trip le t decay constants /c4 
and ki are required b y  th is m odel. Th e  activation  
energies of photoisom erization can be estimated 
from  the experim ental values in  the same w ay as 
described fo r m odel A . Supposing the values of 
frequency factor A  fo r process 3 and singlet decay 
constant h  as given b y  D yc k  and M cC lu re 14 for 
irans-stilbene (c/. Table  I I I ,  I ) ,  the calculated 
curve fo r log (F ig . 5, I )  does not satisfy the ex
perim ental values. W e have to  choose a higher 
value of A  to  get better agreement (see curve I I ,  
F ig . 5).

T a b l e  I I I
A c tiv a tio n  E n e r g ie s , F r e q u e n c y  F act o r s , an d  S in g l e t  

D e c a y  C o n st a n t s  o p  M o d e l  B  

AUt =  4kcal./mole
I 14 A =  1 X 1012 sec."1; h  =  4 X 108 

sec._1
II A = 1 X 1013 sec.-1; k-„ — 4 X 108 

sec.-1
w =  kt/(kt +  kt’ ) =  0.65 
AUo =  2 kcal./mole 
A ’ =  1 X 1012 sec.-1; h ’ =  1 X 103 

sec.-1
w' = W  /(kt +  kt') =  0.35

Th e  values of A ' and k i  are chosen a rb itra rily  to 
y ie ld  a curve w hich satisfies the experim ental 
values of quantum  yie lds best.

From  the theoretical curves given b y  m odel B  
(c/. F ig . 5) the fo llow ing features m ay be con
cluded.

trans -*■ cis Conversion.— Th e experim ental 
values found b y  M a lk in  and Fischer3 w ould on ly 
be satisfied b y  m odel B  p rovid ing  a ve ry  large value 
of frequency factor A  fo r the therm al singlet -*■

(17) From calculations of normalized energies of formation in the 
gaseous state we get an energy difference between cis- and irans-stil
bene in the ground state of 3.9 kcal./mole.1 About the same value 
(3 kcal./mole) had been estimated by Kistiakowski and Smith18 from 
the temperature dependence of the equilibrium constant in the gaseous 
phase. The authors also determined an activation energy of 42.8 
kcal./mole.

(18) G . B. Kistiakowski and W . R. Smith, J. Am. Chem. S o c . ,  56, 
638 (1934).

trans —► cis

cts —► trans

500 400 300 200 100 500 400 300 200 100 0
Temperature, °K.

Fig. 5.—Logarithmic plot of quantum yields of stilbene vs. temperature. Theoretical curves by model B (trans —►  cis: I and II result from different values of frequency factor A, 
cf. Table III). Design of experimental values: see Fig. 3.

trip le t transition . From  the m olecular ve lo c ity  at 
room  tem perature and from  the dimensions of a 
stilbene molecule as w ell as from  the num ber of sol
vent molecules per cm .3 we calculated a num ber of 
collisions of 1015 sec.-1 fo r d ilu te  solutions, which 
means an upper lim it. Concerning a reasonable 
lifetim e of 10-8 sec. in  the St* state, an upper lim it 
of 107 collisions per second w ill be expected in  the 
excited singlet state of irans-stilbene. According 
to  the conception of m odel B  the activation  energies 
of the therm al activated singlet -► trip le t transition  
can o n ly be provided b y  therm al collisions of an 
St* m olecule w ith  neighboring molecules. Th e  fre
quency factor of such a process, however, is not 
allowed to  exceed 107 sec.-1 fo r the reasons given 
above, b u t to  satisfy the experim ental values b y  
model B  we have to  assume a frequency factor of 
1013 sec.-1 . Though the estim ations of collision 
numbers given above are o n ly approxim ate, the 
difference of six orders of m agnitude seems to  be 
too large a discrepancy.

N otice  th at in  the therm al T t —► T c isom eriza
tion  of model A  a frequency factor of 107 sec.-1 or 
less can be brought in to  agreement w ith  the ex
perim ental curves. A lso  such a value can be ex
plained using the theory because of the longer life 
tim e of the interm ediate state.

cis -*■ trans Conversion.— Even  if  the theoretical 
curve fo r qB satisfies the experim ental values a t h igh 
tem peratures as w ell as at low  ones there is no possi
b ility  of explain ing the m axim um  in  the curve log 
r/c =  f (T)  found b y  M a lk in  and Fischer3 (c/. F ig . 5). 
T h is  also follows from  equation V I I .  H ow ever, 
the calculation of the curve log qe =  }(T)  from  the 
a rb itra ry  values of A ' and k i  is quite unreasonable 
because Schulte-Froh linde16 had found consider
able evidence fo r the Sc* being ve ry  short-lived . I t  
cannot be understood how a molecule m ight get 
any of the activation  energy required b y  a therm al 
activated S ->  T  transition  during th is short life 
tim e. Therefore, in  view  of model B , log qe ought 
to  be independent of tem perature as shown b y  the 
dashed line in  F ig . 5.

A s  to  the trans -*• cis isom erization, D yc k  and 
M cC lu re 14 had derived some interesting conclusions 
from  the tem perature dependence of fluorescence 
efficiency of irans-stilbene which led them  to  a con
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ception sim ilar to  th at of model B . N ote th at the 
measurements of re la tive  fluorescence efficiency 
had been carried out under non-photostationary 
conditions. The conclusions given in  our paper, 
however, concern the photoequilibrium  of isomers 
where d [S t*]/di =  0. Fu rther, there m ight occur 
a therm al quenching St* St b y solvent molecules 
com peting w ith  fluorescence emission which had not 
been taken in to  account b y  D yc k  and M cC lure. 
Th e  evidence fo r th is process m ay be seen from  the 
dependence of fluorescence efficiency on solvents.1 
W e feel th a t on ly measurements of the absolute 
quantum  yie ld  of fluorescence as a function of tem
perature performed at photoequilibrium  would 
help to  decide if  any th erm ally activated S —*- T  
transition  takes place in  photoisom erization. A s 
to  m odel B , quantum  yie lds should increase at low  
tem peratures w ith  decreasing wave length of 
irra d ia tin g  lig h t but th is effect never has been 
found.3

Conclusions
The experim ental results on photochem ical cis 

<=* trans isom erization of stilbene available h itherto 
seem to be satisfied better b y  m odel A  than b y 
m odel B . Even  the results of M a lk in  and Fischer3 
on azo compounds are in  agreement w ith  the 
mechanism of model A , as m ay be seen, fo r example, 
in  1-phenylazonaphthalene.3 In  azo compounds, 
the activation  energy fo r T c -*■ T t conversion seems 
to be ve ry  small.

N o special conception is necessary in  m odel A

about the type  of electronic excited interm ediate 
state. N ote th at Zim m erm an and co-w orkers9 
suggesting a therm al isom erization in  an excited 
singlet state already had pointed out q u a lita tive ly  
the m ain features involved in  m odel A .

How ever, in  order to decide exactly w hich type  
of mechanism is involved in  photoisom erization, a 
conclusive proof m ight be obtained o n ly from  more 
extensive inform ation about the trip le t state. Pos
s ib ly, measurements of the phosphorescent lifetim e 
of cfs-stilbene19 m ay indicate the order of m ag
nitude of /,'j.

Acknowledgments.— Th e author gra te fu lly ac
knowledges the support of the U . S. A rm y Research 
Office (D urham ) fo r his participation  in  the In te r
national Sym posium  on “ Reversible Photochem ical 
Processes” held at Duke U n ive rs ity , D urham , N .C ., 
A p ril 16-18, 1962. Th e  helpful critic ism  of P ro 
fessor D r. E . Kuss also is grea tly appreciated, as 
w ell as the interesting discussions of D r. E . Fischer 
and Professor D r. G . Zim m erm an.

(19) The phosphorescence of m-stilbene reported by Lewis and 
Kasha20 and, in more detail, by Nauman21 really is due to phenan- 
threne.22 Recently, we observed a strong blue luminescence of cis- 
stilbene in rigid solvents at —194° mainly in the region of about 4700 A. 
This effect is not exactly due to phenanthrene or other impurities as 
shown by special measurements. As the emission vanishes in fluid 
solvents even at —78° a phosphorescence emission is supposed.

(20) G. N. Lewis and M. Kasha, J. Am. Chem. Soc., 66, 2100 
(1944).

(21) R. V. Nauman, Dissertation, University of California, 1947.
(22) The author wishes to thank Dr. Zander, Castrop-Rauxel, for 

referring him to the paper of Nauman.21

L I G H T - I N D U C E D  I S O M E R IZ A T IO N  O F  o -N IT R O T O L U E N E  I N  W A T E R
S O L U T IO N

B y  Gunnar W ettermark1
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Received May 25, 1962

If o-nitrotoluene in water is exposed to ultraviolet light, a short-lived species is formed which has a strong absorption band 
in the blue and near ultraviolet regions of the spectrum. Two different absorption spectra of the species are given, inter
preted as the absorption spectrum of the acid form and the anionic form of the species, respectively. The decay follows 
that of a first-order reaction with a rate constant of 0.76 X 102 sec.-1 for the acid and 1.0 sec.-1 for the anion.

Introduction
I t  recently was found in  th is Labora to ry th a t o- 

nitrotoluene in  solution on exposure to  lig h t under
goes a transform ation to  a short-lived  colored state.2 
The decay of th is colored state was found to follow  
the kinetics cf a first-o rder reaction. In  ethanol at 
room  tem perature (24 ± 1 ° ) the h a lf-life  tim e was 
evaluated to  be 5 msec.

Photochromism has been detected in compounds 
which are derivatives of o-nitrotoluene. Tschit- 
schibabin and co-workers3 discovered that crystals 
of 2-(2/,4,-dmitrobenzyl)-pyridine turn blue when

(1) National Academy of Sciences-National Research Council 
Visiting Scientists Research Associate and Guest of the Massachusetts 
Institute of Technology associated with Prof. L. J. Heidt of the De
partment of Chemistry.

(2) G. Wettermark, Nature, 194, 677 (1962).
(3) A. E. Tschitschibabin, B. M. Kuindshi, and S. W. Benewol-

enskaja, Ber., 58, 1580 (1925).

exposed to  lig h t and revert to the o rig ina l colorless 
state in  the dark. The solid has been extensively 
investigated over the last tw o decades4“ 7 b u t it  has 
been found o n ly recently b y  em ploying low  tem 
peratures th a t the color change can be brought 
about in  solution.8 A lso  b y  em ploying low  tem 
peratures it  has been found th a t other compounds 
closely related stru ctu ra lly, nam ely, 4 -(2 ',4 '-d i- 
n itro b e n zyl)-p yrid in e 9 and 2 -(2 '-n itro -4 '-cya n o -

(4) (a) K. Schofield, J. Chem. Soc., 2408 (1949); (b) A. J. Nunn 
and K. Schofield, ibid., 583 (1952).

(5) W. C. Clark and G. F. Lothian, Trans. Faraday Soc., 54, 1790 
(1958).

(6) H. S. Gutowsky and R. L. Rutledge, J. Chem. Fhys., 29, 1183 
(1958).

(7) B. M. Kuindshi, L. A. Igonin, Z. P. Gribova, and A. N. Shaba- 
dash, Optics and Spectroscopy. 12, No. 2 (1962).

(8) R. Hardwick, H. S. Mosher, and P. Passailaigue, Trans. Faraday 
Soc., 56, 44 (1960).





2562 Gunnab W ettebmark Vol. 66

Fig. 2.—Absorption for o-nitrotoluene in 0.1 N NaOH ( O) 
and 1 N HC1 ( • ) after exposure to ultraviolet light. The 
ordinate is proportional to optical density with different 
proportionality constants for the two solutions.

The available in form ation on the system  m ight 
support the assumption th a t A*  decays pre
dom inantly to  A , th a t is, the over-a ll process is es
sen tia lly reversible.

I f  A*  decays back to  A  in  a first-o rd e r reaction 
a stra ight line should be obtained if  log log (/ »/ / ) is 
p lotted  as a function of tim e. (/ sym bolizes the in 
ten sity of the lig h t transm itted through the solution 
during the decay of A*  and /= the in te n s ity after 
com pletion of the reaction.) In  fact when such 
plots are made stra ight lines are obtained. A ll plots 
were made from  the firs t or the second flashing 
of a fresh solution. F igure  1 gives some of these 
plots for d ifferent m onitoring wave lengths.

From  the plots of log log (/ »/ / ) vs. tim e at d if
ferent wave lengths the absorption spectra of A* 
in  0.1 A  N a O H  and in  1 A  HC1 could be calculated 
and are given in  F ig . 2. I t  has been visua lized3-12 
th a t the photochrom ism  of 2 -(2 ',4 '-d in itro b e n zyl)- 
p yrid ine  is due to a proton transfer from  the

(12) G. Wettermark, J. Am. Chem. S o c 84, 3658 (1962).

-C H 2-  group to  the 2 '-n itro  group together w ith  a 
change in  the structure of the arom atic rin g  to  a 
quinoid configuration. I t  seems reasonable, there
fore, to propose th at the form ation of A*  in  o -n itro 
toluene is described b y the reaction

colorless isomer colored isomer

Th e  colored isomer is probably a re la tive ly  strong 
acid. I t  is, however, reasonable to  believe th a t in  1 
A  HC1 m ostly the acid is present. In  0.1 A  N a O H  
the colored isomer should exist m ostly as the anion.

0.1 N NaOH 1 N HC1
One m ight thus conclude th a t the tw o spectra given 
in  F ig . 2 are the spectrum  of the anion (O )  and the 
spectrum  of the acid (• ) .

Table  I  gives the rate constants for the fading of 
A*  in  0.1 A  N a O H  and in  1 A  HC1 visualized as the 
fading of the anion and the acid, respectively. 
The data represent mean values obtained from  a ll 
the plots of log log (/<»//) as a function of tim e for 
the different wave lengths (compare F ig . 1).

T a b l e  I
R a te  C o n st a n t  fo r  th e  F ir st -O r d e r  F a d in g  R e a ctio n  

o f  A* a t  R oom  T e m p e r a t u r e  (24 ± 1 ° )
Rate constant

Solution (sec."1)
o-Nitrotoluene in 0.1 N NaOH (anion) 1.0 
o-Nitrotoluene in 1 A  HC1 (acid) 0.76 X 102

Acknowledgment.— The author wishes to  express 
his sincere thanks to  D r. S. D . B a iley, Ch ief of th is 
Lab ora to ry, who helped make th is w ork possible.
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B y  A . Sh epp , S. C h ab ere k , and  R . M acN eil 

Technical Operations Research, Burlington, Massachusetts
Received, May 25, 1962

Visible light excitation in the 5900 A. band of thionine induces the free radical polymerization of acrylamide in aqueous 
solution at pH 8.4. In oxygen-free solution (oxygen reduced to 0.005 p.p.m. by a lengthy dye-scrubbed helium purge) 
there is no induction period before the onset of polymerization and the simultaneous fading of the dye. Similar behavior 
was observed using methylene blue and proflavin. If the solution is made more acidic than pH 8.4, polymerization does 
not occur. If oxygen is added to the solution in the range 1.5 to 6 p.p.m., there is a lengthy induction period during which 
there is no dye fading and no polymerization. At the conclusion of the induction period, both dye fading and polymeriza
tion proceed, but at inhibited rate compared to the oxygen-free rates. If H2O2 is added to the oxygen-free reactant solution 
at a 1:1 ratio to thionine, the polymerization and dye fading proceed at inhibited rate after a short induction period. At 
higher concentrations of H2O2 (4:1 of thionine) the induction period is removed, and at great excess of H2O2, the inhibition 
of rates is removed. Although it is now recognized that the excited thionine species is probably the triplet, we give evidence 
to show that the triplet does not appear to be the polymerization-initiating radical. The possibility of radical formation by 
hydrogen abstraction from monomer appears unlikely on energetic grounds. We postulate that the radical initiator is the 
semiquinone form of thionine (ST) formed by the reductive couple OH-  OH- +  e, whose E' at this pH is comparable to 
E° for the couple T* —► ST +  e. A kinetic mechanism is postulated which explains the broad rate behavior of thionine fading 
and polymer formation in oxygen-free solution.

Introduction
In  our study of visib le  light-induced polym eriza

tion , we have found th a t the absorption of lig h t b y 
thionine in  oxygen-free solutions a t alkaline p H  can 
lead d ire c tly  to  h ig h ly  efficient v in y l polym eriza
tion . Previous lite ra tu re  on visib le  fight-induced 
polym erization covers three areas. In  one, there 
are reports of v is ib le  fight-induced polym erization 
a t ve ry  low  yie lds. K o izum i, W atanabe, and 
K uroda2 noted the augm entation of styrene p o ly 
m erization at 60° b y  fight-excited  pinacyanol 
iodide. U r i3 found th a t ligh t-excited  ch lo rophyll 
apparently photopolym erized m ethyl m ethacrylate 
a t ve ry  low  efficiency. A t  about the same tim e, 
K rasnovski and U m krih ina4 reported th a t fig h t- 
excited ch lorophyll w ould induce the polym eriza
tion  of ascorbic and d ihydroxym ale ic acids.

In  a second area of research, there are reports of 
the u ltra v io le t excitation  of anthracene to  the 
trip le t state b y  flash photolysis6 w hich induces 
polym erization of styrene. Presum ably, it  is the 
trip le t radical w hich is the chain in itia to r. Th is  
is not to  be confused w ith  the use of u ltra v io le t figh t 
to  excite therm al sensitizers, such as A IB N , or 
peroxides, to  form  radicals which induce p o ly 
m erization.

In  a th ird  area, Oster and co-workers9-8 have 
demonstrated th a t v is ib le  figh t excitation of d y e - 
electron donor systems can induce v in y l p o ly
m erization. In  particu la r, Oster, Oster, and P ra ti8 
gave a ve ry  detailed study of an efficient visib le  
fight-induced polym erization  of acrylam ide b y ribo 
fla vin . In  th is w ork it  has been emphasized th at 
an electron donor (a weak reducing agent, E D T A ,

(1) This work was supported by a contract from the Aeronautical 
Systems Division, Wright—Patterson Air Force Base, USAF, Contract 
No. AF 33(616)-7092, J. Pecqueux, initiator.

(2) M. Koizumi, A. Watanabe, and Z. Kuroda, Nature, 175, 770 
(1955).

(3) N. Uri, J. Am. Chem. Soc., 74, 5808 (1952).
(4) A. Krasnovski and A. Umkrihina, Dokl. Akad. Nauk SSSR, 104, 

882 (1955).
(5) (a) Y. Sten-Andersen and R. Norrish, Proc. Roy. Soc. (London), 

A251, 1 (1959); (b) R. Norrish and J. Simons, ibid., A251, 4 (1959).
(6) G. Oster, Nature, 173, 300 (1954).
(7) G. Oster, Phot. Eng., 4, 173 (1953).

’\  (8) G. K. Oster, G. Oster, and G. Prati, J. Am. Chem. Soc., 79, 595
§57).

etc.) m ust be present to  cause dye reduction and 
th a t some trace of oxygen also is needed. In  more 
recent w ork on dye reduction ,9 the need fo r elec
tron  donors in  v is ib le  light-induced polym eriza
tion  has been re-emphasized. In  a ll of th is w ork 
there is an induction period before the onset of 
polym erization associated w ith  rem oval of oxygen 
from  the system.

Th e  w ork described in  th is paper shows th a t the 
vis ib le  figh t excitation of th ionine in  oxygen-free 
aqueous solution a t alkaline p H  causes the h ig h ly  
efficient polym erization of acrylam ide d ire c tly  
w ith ou t any induction period. The addition  of 
oxygen does cause an induction period and then in 
h ib itio n  of the reaction. These experim ents have 
been done w ith  ve ry  pure thionine and are anaerobic 
to  the level of ~0.005 p.p.m . of oxygen. Three 
possible mechanisms fo r the in itia tio n  cf the photo
polym erization  are the d irect in itia tio n  b y  the ex
cited trip le t-sta te  radical, the form ation of a dye 
radical b y hydrogen abstraction from  the mono
m er, and the interaction of dye plus hydroxide ion 
to  form  the thionine semiquinone and h yd ro xy l 
radical. The last p o ss ib ility appears m ost lik e ly , 
on the basis of our experim ental evidence.

Experimental

Thionine.—Thionine samples which are certified by the 
Biological Stain Commission are highly impure. Chromatog
raphy of this material on alumina allows the separation of 
five major components of which thionine represents only 
about 60% of the total dye. We have purified thionine by 
two recrystallizations from water followed by chroma
tography on alumina using chloroform as eluting agent. 
Material prepared in this way shows no impur;ties upon sub
sequent repetition of the chromatographic step. The molec
ular coefficient of this purified thionine at 5900 A. is 
6.2 X 104 1. per mole. This is the grade of thionine with 
which our experimental work was done.

Acrylamide.—Acrylamide supplied by the American 
Cyanamid Company was used without further purification. 
In most experiments the concentration of monomer used 
was 5% (0.74 M). To analyze for polymer during the reac
tion, 5-ml. aliquots of the reactant solution were removed 
and injected into 100 ml. of methanol. The precipitated 
polymer was filtered, dried, and weighed. The average mo
lecular weight of selected polymer samples was determined

(9) B. Holmstrom and G. Oster, ibid., 83, 1867 (1961).
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I 0 ' 5 MOLAR THIONINE.
Fig. 1.—Energy absorption calibration curve.

MI NUTES.
Fig. 2.—Photoreaction of thionine in 5% acrylamide at pH 

8.4, O2 10-7 M.

by viscosity measurements10 and in all cases was found to 
be within 10% of 106.

Oxygen Determination.—Because of the sampling and 
purging procedures needed in our optical cell, we were not 
able to effect oxygen removal from our solutions by pumping 
and freezing cvmles. Therefore, a gas purge was used, and 
consequently an accurate method for oxygen analysis was 
required. Standard colorimetric tests were used to deter
mine low oxygen concentrations. The recent test described 
by Buchoff and Ingber,11 using carmine indigo in alkaline 
solution, was the most effective. The range of oxygen con
centrations covered by this test is from 0.005 to 0.1(5 p.p.m. 
(1.5 X 10~7 to 0.5 X 10~6 Af). We have found that the 
oxygen concentration of 100 ml. of water is reduced to the 
order of 0.005 p.p.m. after purging with a rapid flow of 
helium for 2 hr. Best results were obtained when the helium 
gas was prescrnbbed through a leuco thionine solution, be
fore being buboled into the reaction cell. This 2-hr. purge

(10) “ Chemistry of Acrylamide,”  Am. Cyanarnid Co., Petrochern 
Dept., New York, N. Y., 1957.

(11) L. S. Buchoff and N. M. Ingber, U. S. Patent 2,967,092, Jan. 3,
1961.

procedure was used to prepare all “ oxygen-free”  solutions. 
To prepare standard oxygen solutions, water was saturated 
with oxygen and the Scott12 values for the concentrations 
were used. Dilute oxygen solutions were prepared by the 
addition of stock solution to oxygen-free water.

Experimental Details.—The light source was a 300-watt 
stabilized projection lamp run at 80 volts. The reaction cell 
was an optical glass rectangular cell, 5.5 cm. per side, fitted 
with a tight lucite cover through which purge and syringe 
injection tubes were fitted. The initial volume of reactant 
solutions was held constant at 100 ml. The thionine con
centration was measured photometrically as a function of 
time during the reaction, using a Beckman Quartz DU- 
monochromator set at the thionine absorption band of 5900 
A. The transmitted light was measured using an RCA 6199 
photomultiplier whose output was displayed on a Brown 
recorder.

In a conventional kinetic study in solution photochemistry, 
one tries to irradiate dilute dye solutions uniformly over the 
face of a cell which has a short path length. In this way 
uniformity of excited species is obtained throughout the 
solution, and stirring of the solution is not necessary. In 
our experiments the key problem was detection of small 
quantities of polymer. For viscosity reasons, 5% monomer 
solution was the most, concentrated with which we could 
work. With fairly intense illumination it was found that dye 
concentrations in the range 1-3 X 10-5 M were needed to 
produce polymer conversions of 5-20% within a reasonable 
time. Even so, using 5-ml. aliquot samples from the 100-ml. 
reaction solution, these conversions would produce only 12.5 
to 50 mg. of polymer. The need for 100 ml. of solution led 
us to use a cell with a 5.5-cm. light path even though 90% 
of the incident light was absorbed within 1 cm. of path length 
at the initial dye concentrations used. This required con
tinual fast stirring of the reaction solution during the experi
ment, which was done with a “ Teflon”  covered bar magnet. 
Consequently, the detection beam of light used to determine 
thionine concentration had to be transmitted across the top 
of the cell to avoid disturbance from the stirrer. Thionine in 
the range 1-3 X 10 -6 M shows some dimerization,13 and con
sequently some deviation from Beer’s law at these concentra
tions. Furthermore, since we desired to determine the extent 
of dye fading as a function of polymer formation, the reac
tion was run to high percentages of thionine conversion. All 
of these effects were detrimental to a careful kinetic analysis 
but were found necessary in order to determine the over-all 
parameters of the reaction.

All experiments were done at room temperature in 0.1 M 
phosphate buffer (pH 8.4). Our experimental procedure was 
to calibrate our recording instrument against four thionine 
concentrations immediately prior to an experiment. To 
start an oxygen-free run, buffered water in the cell was 
purged with helium for 2 hr., the oxygen-free thionine stock 
solution was injected, the stirrer was started, and, at time 
zero, the illumination was started. The thionine concentra
tion was recorded on the chart as a function of time, and 
sample removal for polymer analysis was made periodically 
during the run.

The output of the lamp and the light absorption by the 
thionine solution were measured with a selenium photocell 
which had been calibrated in meter candles/cm.2 against a 
standard NBS 500-watt candle power lamp. One meter 
candle is equal to (146./0.75) milliwatts per cm.2 at 5900 A. 
and from this, conversion to einsteins per second per cm.2 at 
5900 A. is straightforward. Figure 1 shows a calibration of 
einsteins absorbed per second by the entire reaction solution 
as a function of thionine concentration. Therefore, the 
molar rates of thionine failing presented below can be con 
verted to einsteins absorbed by the use of Fig. 1.

Results
Polymerization in Oxygen-Free Solutions.—

Figure  2 shows the results of photopolym erization 
of 5 %  acrylam ide at p H  8.4 at oxygen levels about 
10~7 M  (oxygen-free), using four d ifferent in itia l 
concentrations of th ion ine: 1, 2, 3, and 5 X  10-6

(12) “ Scott’s Standard Method of Chemical Analysis,”  N. II. Fur
man, Ed., D. Van Nostrand Co., Inc., New York, N. Y., 1950, 5th Ed.

(13) E. Rabinowitch and L. Epstein, J. Am. Chem. Soc., 63, 69 
(1941).
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M. In  a ll cases, polym er proceeds to  yie lds in  the
5 -20 %  range in  a m atter of m inutes w ith ou t any 
measurable induction period and w ith  the sim ul
taneous rapid  fading of th ionine. The rates of 
th ionine fading and of polym er form ation v a ry  
inversely w ith  the thionine concentration. In  
general, the rates of polym erization are linear, and 
from  the lig h t in tensity calibration, the quantum  
yie ld  can be calculated. Le t th is quantum  yie ld  for 
polym erization, <j>p, be defined b y  <f>p =  M p/E&, 
where M p is the average num ber of moles of p o ly
m er form ed, and E*. is the einsteins absorbed. One 
can com pute M p from  the per cent polym er form a
tion b y the equation

Mp =  (%  polym er form ation) (5/100)/106

where 106 is taken as the average polym er m olecular 
w eight. The quantum  yie ld  of polym er form ation 
calculated in  th is m anner is p lotted in  F ig . 3 and is 
seen to v a ry  from  0.27 at 1 X  10-6 M  th ionine to
0.02 at 5 X  10-5 M  th ionine. One can relate the 
quantum  yie ld  of monomer rem oval <pm to <f>p, b y 
the equation 0m =  0P X  106/71, from  which 0m is 
seen to  v a ry  from  about 30 to 4000 over the range 
studied. Th e  rates of th ionine fading go through 
an in itia l linear portion  and then fa ll to a lower 
steady-state value. Com plications due to high 
dye concentration, long path length, and stirrin g  
effects m ay contribute to  th is behavior. The 
quantum  yie ld  fo r the in itia l rate of th ionine fading, 
0th(i), m ay be defined as ^th(i) =  (AMth/L'a), where 
A il/  th is the actual num ber of moles of th ionine 
faded over a tim e increm ent in  which E& is meas
ured. Values for 0th(i) also are plotted in  F ig . 3 
and are seen to be in  the range of 0.5 a t 1 X  10~5 M  
th ionine to 0.05 a t o X  10~s M  th ionine.

In  F ig . 4, we show the rates of polym erization 
and thionine fading at tw o other in itia l monomer 
concentrations: 2.5%  (0.35 M) and 1.25% (0.18 M) 
each run in  oxygen-free solution a t 3 X  10~5 M  
thionine at p H  8.4. The comparable curves at 5%  
monomer taken from  F ig . 2 are included in  F ig . 4 
for comparison. One observes a decrease in  the 
rate of polym erization a t 2 .5 % ; the quantum  yie ld  
0P falls from  0.08 at 5 %  monomer to 0.01 at 2.5% 
monomer. A t  1.25% monomer concentrations, 
no polym er form ation was detected throughout the 
run. Assum ing the detectab ility of 1.0 m g. of 
polym er in  a 5-m l. a liquot, the m axim um  per
centage of polym er form ation which m ay have oc
curred would have been about 1.6%. Th e  rate of 
fading of th ionine is seen to  v a ry  inversely w ith  the 
monomer concentration.

In  F ig . 5, we show the results of photopoljuneriza- 
tion  of 5 %  monomer solutions a t 1 X  10~5 and 2 
X  10"5 M  th ionine in  w hich the figh t in tensity was 
attenuated to 0.3/0 (where I 0 in  the lig h t in tensity 
of F ig . 2 and 4) b y placing a 0.5 neutral density 
filte r in  the figh t path. Th e  comparable curves at 
in tensity 70 taken from  F ig . 2 are included in  F ig . 5 
fo r reference. I t  is seen th at the in itia l rates of dye 
fading are rou gh ly proportional to  the figh t in 
tensity, w hile the rates of polym erization appear to 
va ry  less strongly, more as the square root of the 
lig h t in tensity.

A t  the conclusion of these irrad ia tion  experi-

IO '5 MOLAR THIONINE,
Fig. 3.—•Quantum yields for inital thionine fading </>th (i), and 

polymer formation 4>p, oxygen-free solutions at pH 8.4.

Fig. 4.-—Polymerization and thionine fading as a function of 
monomer concentration, Or-free, pH 8.4.

ments, oxygen was bubbled in to  the reaction solu
tion  and, in  general, a regeneration of up to  50% of 
the orig ina l th ionine color would appear. Since 
the reaction had b y  th is tim e been carried to  a high 
degree of com pletion, quantitative  data were not 
taken on th is observation.

T o  determ ine the effect of p H  on th is reaction, a 
solution of 5 %  monomer at 2 X  10-6 M  th ionine 
was adjusted to p H  6.4 and then irrad iated. I t  
was found th a t the rate of th ionine fading was 
grea tly retarded; the thionine faded to 1 X  10"5 M  
in  25 m in. and faded to 1 X  10-6 M  in  40 m in. (com 
pared to  4 and 7 m in., respectively, at pH  8.4) 
w ith ou t the form ation of any detectable polym er. 
Another solution under the same concentration 
conditions was adjusted to  p H  4.5 and irrad iated. 
In  th is case, no dye fading and no polym erization  
occurred after 60 m in. W e believe th is behavior 
is related to the p H  dependence of the oxidation  - 
reduction potentials involved.

Tw o  other dyes, m ethylene blue and proflavin , 
were tested fo r photopolym erization a c tiv ity  in  5%
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Fig. 5.—Polymerization and thionine fading as a function of 
light intensity (7o), Oi-free, pH 8.4.

Fig. 6.—Oxygen inhibition of polymerization and of dye 
fading at pH 8.4.

0  1 0  2 0  3 0  4 0

MINUTES.

Fig. 7.—Oxygen inhibition at (1:1) thionine to oxygen ratio 
at pH 8.4.

acrylam ide at p H  8.4 under anaerobic conditions. 
B oth  of these dyes caused polym erization , but 
neither of them  underwent dye fading. M ore ex
tensive data of th is type  are now being taken.

Oxygen-Inhibited Experiments.— fig u re  6 shows 
the effect of 1.5 X  10“ 5 M  and 6 X  10“ 6 M  oxygen

concentrations on the photopolym erization of 5 %  
acrylam ide in  3 X  10~5 M  th ionine at p H  8.5. The 
comparable oxygen-free run taken from  F ig . 2 is 
included in  F ig . 6 fo r reference. Fo u r observa
tions are to  be made about these experim ents. 
F irs t, the presence of oxygen causes an induction 
period before the onset of polym erization. Second, 
there is no dye fading during the induction period, 
but dye fading commences w ith  the onset of p o ly 
m erization. T h ird , the rates of both polym eriza
tion  and dye fading are inhib ited w ith  reference to 
the oxygen-free experim ents. Fourth , extrem ely 
h igh yie lds of polym erization were obtained in  
these experim ents after dye fading had been com
pleted. F igure  7 shows these results confirmed when 
oxygen is added in  1:1 ra tio  to thionine, a t 1 X  10-5 
and 2 X  10-5 M  th ionine in  5 %  acrylam ide a t p H
8.4. A n  estimate of the reduction of both $p and 4>th 
due to  oxygen in h ib ition  re la tive  to  oxygen-free con
ditions can be made from  F ig . 6 and 7 b y  ta k ing the 
ra tio  of reaction times needed to produce the same 
degree of polym erization or of dye fading in  the 
comparable oxygen-free runs of experim ent 2. I t  
is seen th a t the induction period reduced both 4>p 
and 4>m b y  a factor of about 10.

The norm al oxygen concentration in  an a ir- 
saturated water solution is 8.5 p.p .m . (2.5 X  10-4 
M) a t w hich concentration photopolym erization 
under these conditions is com pletely quenched.

The Effect of H20 2 Addition.— Th e indication 
th a t H 20 2 is an end product of oxygen in h ib itio n  led 
us to  study the effect of H 20 2 in h ib itio n  of photo
polym erization. Reagent grade hydrogen peroxide 
was d iluted w ith  boiled water to  make up stock 
solutions and was injected in to  a 100-ml. sample of 
purged reaction solution in  quantities no greater 
than 3-m l. Since the oxygen content of H 20 2 solu
tions is d ifficu lt to  determ ine, we cannot speak w ith  
ce rta in ty as to  the oxygen levels of these H 20 2 
addition experim ents.

F igure  8 shows the effects of H 20 2 at concentra
tions of 3 X  10~5, 1.2 X  10-4 , and 2 X  10_s M 
on the photopolym erization reaction run  under the 
same conditions of the oxygen-inh ib ited  experi
ments of F ig . 6. In  F ig . 8 these H 20 2 concentra
tions are noted as the ra tio  of th ionine to  H 20 2, 
i.e., (1:1), (1:4), and (1:66), respectively. The 
comparable oxygen-free run of F ig . 2 is included 
fo r com parison. W e notice th a t at the 1:1 ratio  
of H 20 2 to  thionine, the induction period and in 
h ib ition  introduced are comparable to th a t observed 
in  the oxygen experim ents of F ig . 6 and 7. W hen 
the ra tio  of H 20 2 to  thionine is increased to  4:1, 
the duration of the induction period decreases, but 
the degree of inh ib ition  rem ains com parable to 
those of F ig . 6 and 7. A t  66:1 excess of H 20 2 to 
thionine, the induction and in h ib ition  periods are 
rem oved. Here again ve ry  high polym er yie lds 
were obtained after dye fading had been com pleted, 
comparable to  those obtained in  the oxygen in h ib i
tion  runs.

W e m ay conclude th a t the inh ib ited  rates of 
polym erization and dye fading a t the conclusion of 
the induction period in  oxygen-inh ib ited  experi
ments m ay be due to  the form ation of H 20 2 as 
oxygen is rem oved. The high po lym er yie lds
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obtained in  oxygen-inh ib ited  runs m ay be due to 
the form ation of H 20 2 and m ay be related to  the 
w ell known a c tiv ity  of peroxides as polym er 
in itia to rs .

Experiments with EDTA.— Tw o  experim ents 
were run w ith  5 %  acrylam ide and 3 X  10-6 M  
th ionine at p H  8.4 in  oxygen-free solutions w ith  the 
addition of 2 X  10-4 M  E D T A  and 8 X  10-4 M  
E D T A . In  the form er case, th ionine faded to  1 
X  10-6 M  w ith in  10 m in., and in  the la tte r it  faded 
to  1 X  10-6 M  w ith in  5 m in. In  neither case did 
polym erization  occur. T h is  confirm s the observa
tion  of O ster8’9 th a t a dye-e lectron  donor system  
w ill not polym erize the absence of oxygen. A d d i
tion  of traces of oxygen to  the system  then d id  bring 
about photopolym erization.

Discussion
A  m echanistic discussion of our results m ust ex

plain these observations: (i) the in itia tio n  of p o ly 
m erization b y irradiated thionine alone in  oxygen- 
free solutions; ( ii)  the induction period introduced 
b y  oxygen during which there is no dye fading, and 
the in h ib ition  of dye fading and polym erization 
rates a t the conclusion of the oxygen induction 
period; ( iii)  the in h ib itio n  effects of hydrogen 
peroxide a t low  concentrations; (iv ) the dye fading 
w ithout polym erization  when an electron donor or 
weak reducing agent is added to  the oxygen-free 
reaction; (v ) the inverse dependence of p o ly 
m erization rates and thionine fading rates on 
thionine concentration and monomer concentra
tio n ; (v i) the p H  dependence of the reaction.

There is now convincing evidence from  flash 
photolysis w ork th a t the reactive ligh t-excited  
state of th ionine, T* , is the tr ip le t.14’16 From  th is 
it  m ight be inferred th a t the radical in itia to r species 
in  the po lym erization  is the trip le t b iradical, es
pecia lly since th is is the mechanism proposed in  
the anthracene-excited polym erization of styrene.6 
There are tw o d ifficu lties w ith  th is proposal. F irs t, 
oxygen quenching of the trip le t b y collision could 
explain the induction period w ith ou t dye fading, 
but would not explain the u ltim ate rem oval of 
oxygen w hich allows polym erization and dye fad
ing to  occur a t the conclusion of the induction 
period. I f  one proposes th a t oxygen is removed 
as a th ion ine -oxygen  com plex, then one cannot 
explain the rem oval of a 2:1 excess of oxygen to  
thionine as shown in  F ig . 6, which is s till followed 
b y  polym erization and dye fading at the end of the 
induction period.

I t  is more lik e ly  th a t the reactive radical species 
w hich in itia tes po lym erization  is the s ing ly-re 
duced semiquinone form  of th ionine (S T ). Th is  
species has beeen proposed as the reactive in te r
m ediate in  recent thionine photochem istry14’16-18 
and semiquinones have been proposed as the 
in itia to rs  in  dye-e lectron  donor reactions b y 
O ster.8’9 Le t us assume fo r now th a t the sem i-dye 
radical is the polym erization  in itia to r and attem pt

(14) C. G. Hatchard and C. A. Parker, Trans. Faraday Soc., 57, 
1093 (1961).

(15) C. A. Parker, J. Phys. Chem., 63, 26 (1959).
(16) J. Schlag, Z. physik. Chem. (Frankfurt), 20, 53 (1959).
(17) S. Ainsworth, Z.  Elektrochem., 64, 93 (1960).
(18) R. Hardwick, J. Phys. Chem., 66, 349 (1962).

Fig. 8.—Effects of H20 2 addition on polymerization and dye 
fading in Oz-free solution at pH 8.4.

to  explain observations (ii) and (iii)  on th is assump
tion . Th e  standard E° fo r th ion ine-leucothionine 
( T -L T )  has been reported over the entire p H  
range19 and the potentials for the half couples, 
T -S T , and S T -L T , have been calculated b y 
R ab inow itch20 in  the p H  1-4 range. B y  extrap
o lation, the standard potentia l fo r the T -S T  
couple a t p H  8.4 is given b y

S T  — >  T  +  e E° =  0.2 ±  0.1 (1)

Values of E° fo r the w a te r-H 20 2 and the H 20 2-0 2 
couples are known over the entire p H  range.21 
A t  p H  8.4, th ey are

H 20 2 — ^  O? T  2e =  0.2 (2)

3 0 H - — >  H 0 2— -j- H 20  T  2e E° -j- — 1.3 (3)

where hydrogen peroxide is w ritte n  in  the alkaline 
form  in  reaction 3.

From  these potentials it  is clear th at the oxygen 
induction period can be explained b y  the reaction

2ST +  0 2 — ► 2 T +  H ,0 , E° =  0.4 (4)

w hich can q u a n titia tive ly rem ove oxygen and sup
press the polym erization reaction of S T  w ith  
monomer. The further in h ib ition  effect after the 
rem oval of oxygen can be explained b y the fo r
m ation of H 20 2 in  reaction 4, w hich m ay then un
dergo reaction 5

2ST +  H O ,-  +  H 20  — ►
2 T +  3 0 H - E° =  1.5 (5)

Reaction 5 m ay not be as effective in  rem oving S T  
as is reaction 4 and so m ay a llow  some polym eriza
tion  to  occur. Another p ossib ility is th a t the H 20 2 
form ed in  reaction 4, or introduced in  the H 20 2

(19) W. M. Clark, “ Oxidation Reduction Potentials of Organic 
Systems," Williams and Wilkins Company, Baltimore, Md., 1960, p. 
132.

(20) E. Rabinowitch, J. Chem. Phys., 8, 551 (1940).
(21) W. M. Latimer, “ Oxidation Potentials,”  Prentice-Hall, Inc., 

New York, N. Y., 1952, Chapter 4.
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addition  experim ents, m ay undergo ca ta lytic  de
com position21 to  0 2 and H 20 , whereupon a degree of 
oxygen in h ib itio n  occurs. The detection of F I20 2 
in  dye photoreduction22 and in  dye o xid a tio n - 
reduction photopolym erization23 has been reported. 
D etection is a problem  because quantitative  re
m oval of a ll the oxygen in  our m ost concentrated 
oxygen experim ent (6 X  IC Y 5 M) would produce 
o n ly 2 p.p.m . of H 20 2. The postulates of reactions 
4 and 8 therefore explain observations (ii) and (iii) 
above.

Th e  key question then becomes the mechanism of 
form ation of S T  from  excited thionine, T* , in  the 
absence of an added reducing agent. Tw o  pos
sib ilities present themselves: (i) the photoreduc- 
tion  of O H - to  the radical O H  and u ltim a te ly to 
H 20 2 as suggested b y  Parker16 in  the flash photol
ysis of m ethylene blue and also b y  Strauss and 
N ickerson22'24 in  the photoreduction of rib o fla v in ;
(ii) the form ation of S T  b y  hydrogen abstraction 
from  the monomer as proposed b y  H olm strom  and 
O ster9 in  the ribo flavin  photoreduction. The 
energetics of h yd ro xy l ion oxidation do not appear 
unfavorable when one considers th a t the absorp
tion  of lig h t in  the 5500 to 5900 A . band b y thionine 
makes thionine an oxid izing agent w ith  a potentia l 
of 2.0 to 2.2 vo lts (about 46 kcal./m ole) a t p H  8.4

S T  — >  T*  +  e E° =  -2 .1  (6)

A t  p H  8.4, the pertinent h yd ro xy l ion couples21 are 

O H - — > O H  +  e E° =  -2 .4  (7)

O H  +  O P I- — ^  H 20 2 +  e E° =  0.1 (8)

where the sum of couples (7) and (8) is given b y 
reaction 3 aoove. I t  would seem th a t reaction 6 
is not sufficiently energetic to d rive  reaction 7

T*  +  O H - — >■ S T  +  O H  E° =  ( -0 .3 )  (9)

H ow ever, Ec is a calculated value which m ay be in 
error (the 1950 edition of La tim er21 reported E° 
fo r (7) to  be on ly — 1.8 at p H  8.4), and the hydra 
tion  effects in vo lv in g  thionine m ay raise E° to 
b rin g (9) to a positive value. M oreover, stab iliza
tion  of reaction 9 b y  reaction 8 results in  reaction 
10, which is energetically favorable.

2T* +  3 0 H - — ^

2ST +  H 0 2-  +  H 20  E° =  0.6 (1.0)

The p H  dependence of couples (6), (7), and (8) 
indicates th a t reactions 9 and 10 are favored at 
high p H  and are not favored at low  p H , which 
tends to explain observation (v i), the p H  depend
ence of the reaction.

A  mechanism based on reactions 9 and 10 can be 
used to explain observation (v ), the functional de
pendence of the reaction rates on M  and T .

T  — T*  70 (m -0)

T*  +  O H - — >■ S T  +  O H  h  (m -1)
(22) W. J. Nickerson and G. Strauss, J. Am. Chem. Soc., 82, 5007 

(1960).
(23) G. Delzenne, S. Toppet, and G. Smets, J. Polymer Sci., 48, 347

(1960) .
(24) G. Strauss and W. J. Nickerson, .7. Am. Chem. Soc.,r 83,r3187

(1961) .
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Fig. 9.— Functional dependence of (1/Ri) on (1/M ) and on T.

T*  +  O H  +  O H - — >  S T  +  H 20 2 ft2 (m -2)

S T  +  O H  — > T  +  O H "  ft* (m -3)

T*  +  T  -— >  T  +  T  ft, (m -4)

(S T ,O H ) +  M  -— >  M x ■ fca (m -5)

In  th is mechanism M  represents monomer, M x - 
represents the propagating polym erization  radical, 
T , T* , S T , O H , O H -  are as defined above, and the 
rate constants have th e ir usual m eaning. W e 
have discussed the rationale of reactions m -0, 
m -1, and m-2 above. Reaction m -3, the inverse 
of m -1, represents com petition w ith  the p o ly 
m erization reaction (m -5) and leads to  a monomer 
dependence fo r the rate of th ionine fading. Reac
tion  m-4 represents the collisional self-quenching of 
th ionine and is introduced to  account fo r the de
pendence of the rate of fading on thionine concen
tra tion . Reaction m-5 represents the generation 
of the polym erizing radical, M x-, which undergoes 
free radical polym erization w ith  monomer. I t  
contains the sim plifying assumption th at fca for 
both O H  and S T  is the same. Solving fo r the 
steady-state values of T*  and of S T , one obtains 
for the rate of th ionine for fading, Rt
Rt =  (h  +  A-2O Ii)T *  -  /c3(S T ) (O H ) =  AaM (S T ) 

Ri =  k M ( h  +  ftsO H )J0/(fc,O H  +  ftaM ) (h  +
A:2O H  +  ftqT )  (m -6)

Equation  m-6 is le ft in  terms of the transient 
species, O H , w hich cannot be solved w ith ou t the 
appearance of quadratics. I f  we were to  assume 
th a t ft,O H  < <  ftaM , i.e., th at O H  from  (m -1) is 
im m ediately removed b y  (m -2) to peroxide, then 
there would be no dependence of Rt on M , a result 
con trary to  experim ent. W e therefore assumed 
th a t reaction m-2 is in  com petition w ith  m -5 and 
th a t fc3O H  <  AaM  and fc2O H  <  Aq. I f  we then as
sume th at terms in  O H  do not v a ry  strong ly w ith  
70, M , and T  compared to  the term s to w hich th ey 
are added, the expression fo r Rt becomes

P  _  _______CiM/p_______
f  “  ( f t  +  c 3 M ) ( c 4 +  c 5T )  ( m ' 7 )

where Ci through c5 are constants. The predicted 
linear dependence of Rt on J 0 has been demonstrated 
in  F ig . 5. The linear dependence of (1/Rt) vs. T  at 
constant monomer concentration is shown in  F ig . 
9a, using the steady-state values of Rt taken from
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F ig . 2. Equation  m-7 also predicts a linear p lo t of 
(l/ i? f) vs. (1/M ) at constant thionine concentra
tion . Th is  p lo t is shown in  F ig . 9b using the 
steady-state rate data in  F ig . 5. W e note th at it  is 
necessary to  use the steady rates of fading in  (m -7) 
to obtain satisfactory plots, but the data are not 
strong enough to  draw  conclusions from  this.

A n  estimate of the dependence of the rate of 
polym erization Rp can be made from  the mech
anism. Th e  rate of appearance of the radical 
M r  is given b y

d M x -/d< =  fca(S T )M  +  Jba(O H )M  =  2 R,
U sing the usual procedure in  polym er kinetics, one 
assumes th a t the rate of rem oval of M x- is bim olec- 
u lar in  M x-2 w ith  rate constant kt and th a t the 
rate of po lym erization  is given b y  eq. m -8.

Rp =  7PM (M X-) =  kpM {2Rl/hY/i (m -8)

From  eq. m -8, Rp should fo llow  a (70) 1/2 law , should 
depend on M  as M s/,/ (c i +  c2M ll'/,) ) and should 
depend on T  as 1 / (c i +  c2T ) 1/!. F igure 4 shows 
th at the (70) 1/2 is approxim ate ly followed, and a 
p lot of data from  F ig . 4 shows Rp to be rough ly 
linear w ith  M ‘A. Th e  th ion ine-rate data of F ig . 
2, however, do not show a linear dependence of T  
vs. \/Rp2. W e find, therefore, th at the functional 
dependence of Rp given b y  eq. m -8 is not as w ell 
verified as the functional dependence of Rs given 
b y  eq. m -7.

Assum ption of th is mechanism allows one to use 
the w ell knowm explanation8 of the effects of added 
electron donor R H 2 in  the absence of oxygen : the 
successive tw o-electron reduction of T*  to L T  which 
suppresses reactions m-1 and m-2

T*  +  R H 2 — *■ L T  +  R° (m -9) 

when R° is the oxidized form  of R H 2. I f  oxygen is

added to  the th io n in e -a c ry la m id e -E D T A  system 
at concentrations less than those of L T , then T  w ill 
be regenerated

L T  +  0 2 — > T  +  H 20 2 (m-10)

and an H 20 2-suppressed photopolym erization w ill 
occur. I f  an excess of 0 2 over L T  is added to the 
system, then we believe th at after reactions m-9 
and m-10 have occurred, an 0 2-in h ib itio n  photo
polym erization w ill fo llow .

The possib ility th a t the mechanism of form ation 
of S T  is b y hydrogen abstraction from  m onom er9 
appears im probable from  the energetic po in t of 
view-. Ava ila b le  bond energy data26 fo r C -H  
bonds indicate th at th ey are in  the range of 70 to 
100 kcal./m ole, wdiich is beyond the 46-kcal./m ole 
range of ligh t-excited  th ionine. D ata  are not ava il
able on the strength of the N - I I  bond in  the amide 
group of acrylam ide, but it  is possible th a t in  alkaline 
solution it  m ight be in  the 46-kcal. range. T o  
check th is we have photopolym erized acrylic  acid 
in  oxygen-free aqueous solution a t p H  8.4 w ith  3 
X  10“ 6 M  th ionine. In  th is case thionine fading 
was not observed, but copious polym erization  re
sulted. H ydrogen abstraction from  a crylic  acid 
would seem to  be im possible because hydrogen is 
bound o n ly as C -H  bonds in  th is molecule. I t  
m ust be pointed out, however, th a t if  one assumes 
sem i-dye form ation b y hydrogen abstraction, one 
can wYite a mechanism ve ry  sim ilar to  th at w ritten  
above. The dependence of R{ and Rv from  such a 
mechanism is v irtu a lly  the same as th at derived 
in  eq. m-7 and m -8. Consequently, fu rther 
experim entation w ith  different dyes, monomers, and 
solvents is needed to resolve fu rth e r the nature of 
the p o lym e riza tion -in itia to r species.

(25) E. W. R. Stacie, “ Atomic and Free Radical Reactions,”  
Second Ed., Reinhold Publ. Corp., New York, N. Y.. 1954, p. 97.
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The general principles of the way in which triplet energy transfer can be used to obtain information concerning photoreactive 
states in solution is outlined. Aromatic hydrocarbons are recommended as good inert acceptors while aromatic ketones and 
aldehydes often make good donors. Results on two systems where these principles have been applied are presented. 
The first example concerns the photoreactions of a number of substituted anthraquinones with isopropyl alcohol. Some deriva
tives, “ good sensitizers,”  give acetone w ith a quantum yield of unity in the presence or absence of oxygen. In the absence of 
oxygen they also produce anthraquinol with a quantum Held of unity. Other derivatives, “ poor sensitizers,”  give these same 
reactions wath quantum yields <  0.1. The photoreactive state of anthraquinone, itself a good sensitizer, is show n to be its 
triplet state. Thus the presence of compounds with lower triplet states inhibits drastically its photoreactions while those 
with higher triplet levels have no effect. The rate constant for the reaction of triplet anthraquinone with isopropyl alcohol is 
estimated to be 3 X 106 1. mole-1 sec.-1. The lifetime of triplet anthraquinone in a 4:1 mixture of benzene:isopropyl 
alcohol therefore is 1.3 X 10~7 sec. The second example concerns the photodecomposition of 1-iodonapbthalene to give 
iodine (quantum yield at 3130 A. = 0.09). Many compounds with higher triplet levels than 1-iodonaphthalene sensitize its 
decomposition (quantum yield of sensitized production of iodine with 3660 A. irradiation = 0.04-0.05). Triplet 1-iodo
naphthalene therefore undergoes some but not complete decomposition. Although 2-acetonaphthone does not photoreact 
with isopropyl alcohol, it does photosensitize the decomposition of 1-iodonaphthalene. This is interpreted as showdng that 
the triplet state of 2-acetonaphthone is present in solution but it does not react as it is 7r-?r* and not n - i s in character.

In form ation  concerning photoreactive states is often has been proposed as the photoreactive state 
not easily obtained and although the trip le t state in  a va rie ty  of systems due to its  longer lifetim e and

(1) Albright and Wilson Research Fellow, Pembroke College, Ox- g ra te r b iradical character than excited singlet
ford. states, its  role in  such reactions has been estab-
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lished fo r o n ly a few cases. I t  is im portant to  have 
crite ria  fo r rhe participation  of trip le t states in  
reactions other than the effect of added oxygen, as 
th is effect m ay be d ifficu lt to in terpret due to  the 
extrem ely reactive nature of oxygen. Oxygen not 
o n ly quenches both singlet and trip le t states, b u t it  
also reacts w ith  any easily oxidized state, radical, 
interm ediate, or product.

F o r m any systems, a num ber of chem ically inert 
compounds can be found which are non-absorbing 
in  a region where the reactive molecule absorbs 
and w hich are selective in  quenching o n ly trip le t 
states. Such compounds quench trip le t states b y 
a process of electronic energy transfer which m ay be 
represented b y  the equation

h
D * (trip le t) +  A (s in g le t) — >  D (s in g le t) +

A*  (trip le t)

where D  denotes the donor, A , the acceptor, and 
the asterisk, an e lectronically excited state. T h is  
process, which leads to  the sensitized phosphores
cence of acceptor compounds in  rig id  m edia,2 re
cently has been found to  occur w ith  h igh efficiency 
in  norm al solution.3a>b F o r m any donor and ac
ceptor pairs values of ^ lO 10 1. m ole-1 sec.-1 in  
hexane and benzene and X  1081. m ole-1 sec.-1 
in  ethylene g lyco l have been found for kt. These 
values are ve ry  sim ilar to  those obtained fo r oxygen 
quenching of trip le t states4 and are w hat w ould be 
expected fo r a process w hich depends o n ly on the 
rate of diffusion of the reactants together, i.e., 
one which occurs at every collision. In  rig id  media 
the rate constants are ve ry  low , ~ 1 0 2 1. m ole-1 
sec.-1 or less, but th is corresponds to  transfer 
distances equivalent to  norm al collision diam eters.5 
N o evidence fo r long range transfer and no de
pendence of the transfer efficiency upon the 
strength of the Sg —► T j transition  p ro b a b ility  in  
either the donor or the acceptor has been found.38.6

Porte r ana W ilk inson38 have made the fo llow ing 
general observations from  flash photolysis studies of 
20 donor and acceptor pairs. W hen the energy 
of the donor trip le t was considerably higher than 
th a t of the acceptor, i.e., greater than ca. 1000 
cm .-1 , the transfer was diffusion controlled. A s 
the trip le t energies became com parable, the ef
ficiency decreased and no quenching b y  molecules 
w ith  trip le t levels higher than th a t of the donor was 
observed.

Use of Triplet Energy Transfer in Distinguishing 
between Reactions of Excited Singlet and Triplet 
States.— Since trip le t energy transfer occurs w ith  
such h igh efficiency, it  should be possible to  make 
use of it  to  learn more about trip le t states. A  
num ber of applications already have been made6-8

(2) A. Terenin and V. Ermolaev, Trans. Faraday Soc., 52, 1042 
(1956).

(3) (a) H. L. J. Backstrom and K. Sandros, Acta Chem. Scand., 12, 
823 (1958); (b) G. Porter and F. Wilkinson, Proc. Roy. Soc. (London), 
A264, 1 (1961).

(4) G. Jackson, R. Livingston, and A. C. Pugh, Trans. Faraday Soc., 
56, 1635 (1960).

(5) V. Ermolaev and A. Terenin, J. chim. phys., 55, 698 (1958).
(6) H. L. J. Backstrom and K. Sandros, Acta Chem. Scand., 14, 48 

(1960).
(7) G. S. Hammond, P. A. Leermakers, and N. J. Turro, J. Am. 

Chem. Soc., 83, 2395, 2396 (1961).

and there seems no reason w h y these should not be 
g re a tly extended. Th e  general principles of the 
applications of th is process, m any of w hich are 
illustrated  la ter in  th is paper, are outlined b rie fly  
here.

Consider a photoreactive molecule M . I t  m ay be 
used as either a donor

M * (trip le t) +  A  (singlet) — >■ M  (singlet) +
A* (trip le t) ( I)

or as an acceptor

D* (trip le t) +  M  (singlet) — >  D  (singlet) +
M * (trip le t) ( I I )

In  each case partners should be chosen w hich al
low  the re la tive  energy levels of each pa ir to  be as 
shown in  F ig . 1. A  filte r can be used w hich allows 
o n ly the donor to absorb lig h t. A  ve ry  concen
trated solution of the acceptor often makes an ex
cellent filte r for th is purpose. Under such circum 
stances energy transfer from  the excited singlet 
state of the donor to th a t of the acceptor is en
ergetica lly im possible. Transfer from  excited sing
let donors to  the trip le t state of the acceptors, a l
though energetically possible, is u n like ly due to  
the lack of spin conservation. Furtherm ore, th is 
process has been shown to  be absent fo r qu ite a 
num ber of systems under conditions where ef
ficient trip le t transfer was occurring.1-313'6

I f  process ( I)  above occurs w ith  h igh efficiency, 
it  should be possible to add a high enough concen
tra tion  of the acceptor so th at the decay of the 
trip le t M  is a ll due to energy transfer. Under 
these conditions any rem aining reactions w ould be 
due to  the singlet state and these reactions could 
therefore be studied in  the absence of reactions due 
to  trip le t states. On the other hand, reactions 
w hich have been inhib ited b y  the presence of the 
acceptor m ay reasonably be a ttribu ted  to  trip le t 
states. The presence, lifetim e, and heights of tr ip 
le t states w hich decay too ra p id ly  to be detected b y 
flash photolysis or other techniques or which do not 
phosphoresce in  rig id  media m ay be established 
using process ( I) ,  provided always th a t it  can be 
shown th at the role of the quencher is sim p ly to 
accept energy b y  the physical process of energy 
transfer. O ther types of quenching often are pos
sible and therefore it  is im portant to  take care in  
choosing quenchers fo r th is kind  of study.

Arom atic hydrocarbons constitute a good class 
of quenchers because (a) m uch is known about 
th e ir energy states, (b) th ey are generally chemi
ca lly  in ert, and (c) the sensitized production of the ir 
trip le t states can be illustrated b y  detecting the ir 
tr ip le t-trip le t absorption spectra, which have been 
w ell characterized, using flash photolysis tech
niques.38

Process ( I I )  leads to  the photosensitized produc
tion  of the trip le t state of M  by-passing excited 
singlet states. Th is  allows a study to  be made of 
the chem istry of the trip le t state of M . B y  choos
ing donors w hich g ive  high quantum  yie lds of tr ip 
le t production (m any arom atic aldehydes and

(8) G. Porter and F. Wilkinson, Trans. Faraday Soc., 57, 1686 
(1961).
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ketones are ideal fo r th is purpose) and b y  increas
ing the concentration of M  u n til v irtu a lly  a ll the 
trip le t donor is disappearing b y  process ( I ) ,  the 
trip le t state of M  can be produced in  high yie lds 
w ith  the possib ility of higher quantum  yie lds fo r 
certain reactions of M  than are norm ally found 
when M  itse lf is irradiated. T h is  is because photo
chemical and photophysical reactions of the singlet 
state of M  w hich norm ally compete fo r each quan
tum  absorbed are not present.

There also is the p ossib ility of populating b y 
process ( I I )  trip le t states of compounds w hich upon 
self irrad ia tion  do not norm ally undergo in ternal 
conversion to  form  trip lets.

Another po in t of interest is th at photochem ical 
reactions due to  trip le t states often can be effected 
w ith  longer wave lengths, due to  the sensitized 
production of trip le t states, than those necessary 
using self absorption, w ith  obvious advantages for 
some systems. Some of these possibilities have 
been raised and illustrated b y  Ham m ond and co
w orkers,9 and some other examplesjare givendater in  
th is paper.

Results and D'scussion
Th is  w ork represents an attem pt b y the author to 

app ly the principles outlined in  the previous sec
tio n  to  some photochem ical reactions of general 
interest. Some of these results are of a p re lim inary 
nature w hile  others are at present being prepared 
fo r publication elsewhere in  a more detailed form . 
Th e  discussion here w ill be confined, wherever pos
sible, to  the application of trip le t energy transfer.

Photochemical Reactions of Quinones.— M uch 
previous w ork has been done on the photochem is
t r y  of quinones. A  selection of references is given 
below .10-“16 Th e  photosensitized oxidation of v a ri
ous alcohols b y  quinones especially has attracted 
attention  and m uch is known about the reaction 
mechanism (see ref. 10 and 11). H ow ever, u n til 
now  the photoreactive state has been determ ined 
fo r o n ly one system . U sing flash photolysis tech
niques, B ridge and P o rte r16 have shown th a t the 
poor sensitizer duroquinone reacts via its singlet and 
not its  trip le t state to  give  durosem iquinone. The 
question arises— do other quinones, especially 
those w hich react w ith  h igh quantum  yie lds, also 
react via th e ir singlet states?

I t  was decided to  attem pt to answer th is ques
tio n  b y  m aking use of trip le t energy transfer. 
Anthraquinone and a num ber of its  derivatives 
were selected fo r th is purpose and isopropyl alcohol 
was chosen as substrate.

Solutions of various anthraquinones were ir 
radiated w ith  3660-A. irrad ia tion  in  the presence 
and absence of oxygen. The results obtained are

(9) G. S. Hammond, N. J. Turro, and P. A. Leermakers, J .  Phys. 
Chem., 66, 1144 (1962).

(10) J. L. Bolland and H. R. Cooper, Proc. Roy. Soc. (London), A225, 
405 (1954).

(11) C. F. Wells, Trans. Faraday Soc., 57, 1703 (1961).
(12) B. Atkinson and M. Di, ibid., 64, 1331 (1958).
(13) A. Berthoud and D. Porret, Helv. chim. Acta, 17, 694 (1934).
(14) G. O. Schenk and G. Koltsenberg, Naturwiss., 41, 452 (1954).
(15) P. A. Leighton and G. S. Forbes, J. Am. Chem. Soc., 61, 3549 

(1929).
(16) N. K. Bridge and G. Porter, Proc. Roy. Soc. (London), A244, 

259, 276 (1958).
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Fig. 1.—Energy levels of donor and acceptor.

summarized in  Table  I .  In  neutra l degassed solu
tions, the disappearance of the anthraquinones and 
the production of the anthraquinols were followed 
b y  absorption measurements. Unless otherwise 
stated, each anthraquinone (A Q ) gave quantitative  
conversion to its anthraquinol (A Q H 2) and complete 
recovery of the A Q  was effected b y adm itting 
oxygen. W e shall note in  passing th a t those sys
tems which show reversible quantitative  conversion 
in  neutral and acid solutions to  give A Q H 2 give 
reversible and quantitative  production of the semi- 
quinone radical ion A Q --  in  alkaline solution.

The absolute values of the quantum  yie lds given 
in  Table  I  would be expected to  be subject to 
errors not greater than 10%. W here quantum  
yie ld  measurements are not available a t present, 
the wrords high and low  are used to indicate the 
efficiency of the reaction as judged b y  comparison 
w ith  those systems where the yie lds have been 
measured and which have been studied under al
m ost identical conditions. The estimates of quan
tum  yie lds are high about u n ity , and low  <0.1.

A ll measurements in  the presence of oxygen were 
com parative. W e lls11 has shown th a t ehe quantum  
yie ld  of photosensitized oxidation of isopropyl 
alcohol b y  sodium anthraquinone-2-sulfonate (2- 
SO sN a-AQ ) in  w ate r-isop rop yl alcohol m ixtures 
([isopropyl alcohol] =  4 M) w ith  3660-A. irrad ia 
tion  is u n ity . Th e  am ount of acetone form ed or 
the oxygen uptake of each quinone was compared 
to  th a t of 2 -SC>3N a -A Q  and any w hich gave com
parable effects under the same conditions, ind icat
ing quantum  yie lds of 0.8-1.0, were classed as good 
sensitizers, w hile those which indicated quantum  
yie lds < 0 .1  were classed as poor sensitizers.

S tructura l effects on photochem ical reactions 
have been discussed a t th is sym posium  b y P itts  
and co-w orkers.20 These authors also have stud
ied the photochem ical reactions of anthraquinones 
and where overlap occurs th e ir results are in  general 
agreement w ith  those given in  Table  I . 21
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T a b l e  I
P h o to b e a c t io n s  of So lu tio n s  o f  A n t h b a q u in o n e  D e r iv a t iv e s  D ue  to  3660-A. I r r a d ia t io n 17

Quantum yields of production of anthraquinols in the absence of
Derivatives® In presence of oxygen oxygen

(1) Anthraquinone Good sensitizer i )b 0.9i (iii)
(2) 2-S03Na Good sensitizer (ii) 1.06 (ii)
(3) 2,6-diS03Na Good sensitizer (ii) 1.07 (Ü)
(4) 2,’7-diS03Na Good sensitizer (ii) 1.14 (ii)
(5) 2-Me Good sensitizer (i) High (i)
(6) 1-31 Good sensitizer (i) f High but with some (i)
(7) 1,5-diCl Good sensitizer (i) ■j irreversible reactions (i)
(8) 3,4,7,8-tetraCl Good sensitizer (i) l (i)
(9) l-303Na Poor sensitizer (ii) 0.050 (ii)

(10) l,5-diS03Na Poor sensitizer (ii) 0.01,5 (ii)
(11) 1-NH2 Poor sensitizer (i) Low (i)
(12) 1,4-diOH Poor sensitizer (i) Low (i)
(13) 1,5-diOH Poor sensitizer (i) Low (i)
(14) 1,8-diOH Poor sensitizer (i) Low (i)

« Concentrations were in the range 10-2-10-4 M. 6 The letters in brackets indicate the solvents used. These were (i) 
isopropyl alcohol; (ii) 1:1 water:isopropyl alcohol (by volume); and (iii) 4:1 benzene:isopropyl alcohol (by volume).

The effect of change of structure on photoreactiv
it y  cannot be discussed here in  detail. H ow ever 
the pronounced difference between the re a c tiv ity  of
1-substituted and 2-substituted sulfonates is 
w o rth y of note, since the u n re a ctiv ity of the 1- 
substituted sulfonates cannot be due to  the pres
ence of in terna l hydrogen bonds w ith in  a s ix - 
membered rin g  (see ref. 20) as can the u n re a ctiv ity 
of a ll the other unreactive anthraquinones given in  
Tab le  I .  The sulfonate group in  position 1 m ay 
sim ply in h ib it reaction a t the quinone oxygen due 
to  steric hindrance. F u rth er w ork on th is prob
lem  is now in  progress.

I t  can be seen from  Table  I  th at anthraquinone 
itse lf is a typ ica l good sensitizer. The effect of 
adding possible acceptors of trip le t energy therefore 
was investigated. A  2.75 X  1 0 '3 M  solution of 
anthraquinone in  a 4:1 benzene: isopropyl alcohol 
m ixture  was irradiated w ith  lig h t from  a tungsten 
lamp which had passed through 2 cm. of an alm ost 
saturated solution of anthracene in  benzene. Thus, 
using anthracene, which has a higher excited singlet 
but lower trip le t state than anthraquinone, as an 
acceptor the conditions were as shown in  F ig . 1. 
Th e  rate of production of anthraquinol was found 
to  be 14 times greater in  the absence than in  the 
presence of 10 _2 M anthracene. Th e  trip le t levels 
of anthraquinone and anthracene are given as 
20,400 c m r 1 and 14,700 c m .'1, respectively, b y 
Lew is and Kasha.22

T h is  result indicated th at trip le t anthraquinone 
w'as photoreactive and its  reactions could be in -

(17) The present author has found the quantum yield of production 
of anthraquinol from anthraquinone in 1:1 water: isopropyl alcohol to 
be unity within experimental error at 2537, 3130, and 3660 A .18 This 
contradicts the large wave length dependence found by Bridge19 in his 
flash photolysis studies of anthraquinones. This will be discussed else
where. 18

(18) F. Wilkinson, to be published.
(19) N. K. Bridge, Trans. Faraday Soc., 56, 1001 (1960).
(20) J. N. Pitts, Jr., PI. W. Johnson, and T. Kuwana, J. Phys. Chem., 

66, 2456 (1962).
(21) The author would like to thank Professor J. N. Pitts, Jr., and 

his co-workers for their cooperation since the original discovery that 
independent work on anthraquinones was being pursued in both River
side, California, and Oxford, England. They have made available to 
him results prior to publication and he is extremely grateful for this.

(22) G. N. Lewis and M. Kasha, J. Am. Chem. Soc., 66, 2100 (1944).

hibited b y  the com peting process of trip le t energy 
transfer. T o  confirm  th is, 10“ 2 M  naphthalene 
was added to  the anthraquinone solution and, as 
trip le t naphthalene lies at 21,300 cm .-1 ,22 no effect 
was expected. How ever, naphthalene gave strong 
quenching, reducing the rate of anthraquinol pro
duction down to  one-fourth of w hat it  was fo r an
thraquinone alone. Another hydrocarbon, d i
phenyl, was added w ith  an even higher trip le t, 
22,800 cm .“ 1.22 Th is  tim e 1.2 X  1 0 '2 M  d iphenyl 
had no effect. The photosensitized oxidation  of 
isopropyl alcohol also was inhib ited b y  anthra
cene and naphthalene, but not b y  diphenyl.

The most probable explanation of th is seemed to 
be th at trip le t anthraquinone was indeed the 
photoreactive state, but that its trip le t height was 
not 20,400 c m .'1 but la y  somewhere between 21,300 
and 22,800 cm .-1 . The lower efficiency of quench
ing b y naphthalene than b y  anthracene thus could 
be interpreted as another example of a reduction 
in  the efficiency of trip le t energy transfer as the 
trip le t levels of donor and acceptor became com
parable.311

A  search through, the literature  revealed th a t 
th is explanation was correct a t least concerning 
the trip le t level of anthraquinone, as a value of
22,000 cm .-1 for the trip le t state of anthraqui
none m ay be read d ire c tly  from  the spectrum  of 
anthraquinone phosphorescence published b v Kasha 
in  I960.23

In  agreement w ith  th is la ter value fo r trip le t 
anthraquinone, we have been able to show in  our 
Laboratories th at anthraquinone sensitizes the 
phosphorescence of naphthalene but not th a t of 
d iphenyl in  rig id  m edia.24

T o  show th a t anthraquinone does indeed sensi
tize  trip le t states of the acceptor molecules in  nor
m al solution, flash photolysis measurements have 
been made in  our Laboratories and a sensitized 
absorption due to trip le t anthracene is easily de
tectable.18

Anthraquinone form s ground state complexes 
w ith  anthracene, naphthalene, and d iphenyl, which

(23) M. Kasha, Radiation Res. Suppl., 2, 243 (1960).
(24) E. B. Smith and F. Wilkinson, unpublished results.
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are presum ably “ charge transfer”  complexes. The 
equ ilibrium  constants fo r com plex form ation are 
ca. 10- 1  a t room  tem perature . 26 In  the presence of 
10- 2  M  of acceptor, therefore, less than 1 %  of the 
anthraquinone irradiated in  these experim ents is 
present as complexes. Such a sm all percentage of 
complexes could not possibly account for the ex
tensive inh ib ition  of the photochem ical reactions of 
anthraquinone.

Thus fo r the good sensitizer, anthraquinone, the 
trip le t state is the photoreactive state and not the 
singlet state as in  the case of the poor sensitizer, 
duroquinone . 16 P re lim in a ry results w ith  the other 
good sensitizers given in  Table  I  indicate th at they 
also react via the ir trip le t states.

The fo llow ing mechanism fo r photoreaction is 
consistent w ith  the experim ental facts so far dis
cussed fo r good sensitizers.

A Q  +  hv — >  AQ * (singlet, S) (1)

AQ * (S ) — > A Q * (trip le t, T )  (2)

A Q * (T ) +  (C H 8)2C H O H  — >  A Q H - +

(C H 3) 2-C O H  (3)

(C H 3) 2-C O H  +  A Q  — >  A Q H - +

(C H 3) 2C = 0  (4)

2 A Q H - — A Q  +  AQ H o (5)

Reactions such as

AQ * (S ) — ► A Q (S g )

A Q * (T ) — >  A Q (S g )

and

2 (C H 3)2-C O H  — > (C H 3) 2C = 0  +  (C H 3)2C H O H

Th e lifetim e of the photoreactive trip le t state in  
th is 4:1 benzene:isopropyl alcohol m ixture, r , in  
the absence of any quenching is given b y

1

T ~ M(CH3)2CHOH]
In  the presence of 10“ 3 M  anthracene, on ly l/u 
of the A Q * (T ) present reacts via reaction 3. The 
rest undergoes trip le t energy transfer.

13fc3[(C H 8)2C H O H ] =  k10 [A  ]

I f  kio is assumed to be -~10 10 1. m ole - 1  sec.-1 , i.e., 
diffusion controlled, then as [A ] =  10- 2  M

t  «  1.3 X  10- 7  sec. 

and as [(C H 3) 2C H O H ] =  2.6 M

l i  K  3 X  106 1. m ole - 1  sec. - 1

Photosensitized Decomposition of 1-Iodonaph- 
thalene.— Benzene solutions of l-iodonapht,halene 
undergo photodecom position to  give detectable 
amounts of iodine. The quantum  yie ld  of iodine 
production using 3130-Â. irrad ia tion  was found to  
be O.O8 5 , corresponding to a quantum  yie ld  of de
com position  of 1 -iodonaphthalene of at least 0.16. 
W ith  3660-A. irrad ia tion , degassed solutions of 1- 
iodonaphthalene showed almost no decom position, 
as 1 -iodonaphthalene has on ly weak absorption at 
th is wave length due to its Sg —*■ T i. How ever, it  
was possible to  photosensitize the decom position of 
1 -iodonaphthalene b y  transferring energy to form  
its  trip le t state which lies at 20,500 cm . - 1 . 6 The 
results obtained fo r a num ber of sensitizers in  de
gassed benzene solutions, a ll 1 0 -2 A f in  1 -iodonaph
thalene, are given in  Table I I .

can be elim inated since the quantum  yie ld  of pro
duction of A Q H 2 is w ith in  experim ental error, 1.0, 
for a ll the good sensitizers. In  the presence of 
oxygen, the fo llow ing reactions

A Q H - +  0 2 — > •HO2 +  A Q (6)

(C H 3)2-C 0 H  +  0 2— > -h o 2+  (C H 3)2C = 0 (7)

a q h 2 +  0 2 > Ï Ï 2O 2 A Q (8)

■H02 +  -HOo — » H 2O 2 "h O 2 (9)

combined w ith  reactions 1-5 taken in  any sequence 
account fo r the photosensitized oxidation of alco
hols w ith  a quantum  yie ld  of u n ity  fo r oxygen up
take and for the production of hydrogen peroxide 
and of acetone as found b y  W e lls 1 1  fo r 2 -S0 3N a -A Q  
and b y  comparison as found in  th is w ork fo r a ll 
the good sensitizers in  Table  I .

Reactions 6-9 m ay be an over-sim plification of 
the actual mechanism fo r oxygen reaction. Peroxy 
radicals m ay act as interm ediates but the over-a ll 
reactions are as shown.

In  the presence of an acceptor, A , of trip le t energy 
the fo llow ing reaction occurs.

A Q * (T ) +  A (S ) — ► A Q (S ) +  A * (T ) ( 1 0 )
( 2 5 )  F .  W i l k i n s o n ,  u n p u b l i s h e d  r e s u lt s ,

T a b l e  II
P h o to sen sitized  D ecom po sitio n  o f  1 -Io d o n a ph th a le n e  

w it h  36G0-Â. I r r a d ia t io n

Sensitizer®

Triplet level of 
sensitizer in 

cm .-1
Quantum yield of 

production of iodine
Acetophenone 25,850
Benzophenone 24,400
Anthraquinone 22,000
2-Acetonaphthone 20,775
Anthracene 14,700
o-OH-acetophenone ?
Sensitizer concentration 10 2-10 1 M.

0.0 55
.054
.044
.039

No reaction 
No reaction

A  complete discussion of the results in  Ta b le  I I  
m ust aw ait fu rther experim ents, b u t the follow ing 
points m ay be made. W ith  benzophenone and an
thraquinone as sensitizers there can be no doubt 
th a t the trip le t state of 1 -iodonaphthalene is being 
form ed w ith  a quantum  yie ld  of at least 0.9. Y e t 
the quantum  yie ld  of photosensitized production of 
iodine is o n ly about one-half th a t of the value ob
tained when 1 -iodonaphthalene itse lf is irradiated. 
I t  follows, therefore, th at the trip le t state of 1-iodo
naphthalene is capable of dissociation but it  does 
not always do so. In  fact, the energy supplied to 
the molecule m ay be more im portant than the 
particu lar state excited.
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N eith er o-OII-acetophenone nor 2-acetonaph- 
thone photoreact w ith  alcohols as do other ketones 
such as acetophenone, etc. From  the fact th a t 2- 
acetonaphthone photosensitizes the decom position 
of 1-iodonaphthalene, we can conclude th at the 
trip le t state of 2-acetonaphthone is present in  
solution. The explanation fo r its unreactive nature 
surely is, therefore, th at it  has a lower 7r-x *  and 
not a lower n — -k* trip le t state.6 Th is  supports the 
recent w ork cf Ham m ond and Leermakers on com
pounds of th is typ e .26

N o conclusions can be arrived  a t concerning the 
trip le t state of o-hydroxyacetophenone. Th e  rea
sons fo r the photochem ical behavior of compounds 
containing the o -hydroxybenzoyl group have been 
discussed elsewhere and the reader is referred to 
these discussions.9.20

Experimental
It is intended to publish a more detailed account of much 

of this work and full experimental details therefore will be 
given elsewhere 18

The materials used were of the highest purity commerci
ally available and often were subjected to further purifica
tion by standard methods. As solvents, B.D.H. isopropyl 
alcohol (special for spectroscopy), further purified “ Analar”

(26) G. S. Hammond and P. A. Leermakers, J. Am. Chem. Soc., 84, 
207 (1962).

benzene, and doubly distilled water were used throughout. 
The degassing procedure was identical with that used in ref. 8. 
Absorption measurements were made using a Perkin-Elmer 
4000A recording spectrophotometer. Amhraquinol, ace
tone,27 and iodine were estimated spectrophotometrically._

Oxygen uptake was estimated by measuring the reduction 
in oxygen pressure above solutions due to irradiation. 
These solutions were shaken continuously during irradiation.

A high pressure mercury lamp enclosed in a Chance OX 1 
filter was used for 3660-A. irradiation. For 3130-A. ir
radiation, filter solutions were used as recommended by 
Bowen.28

Quantum yields were measured using potassium ferri- 
oxalate as actinometer in the recommended way.29
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The decay kinetics of anthracene and porphyrin triplets have been measured, using flash-excitation technique. In purified 
and thoroughly deoxygenated pyridine or hexane, the first-order rate constant is less than 150 sec.-1. In tetrahydrofuran, 
chemically deoxygenated by liquid NaK alloy, the first-order decay constant is less than 40 sec.-1. Correspondingly low 
values are found also for porphyrins. The anomalously large viscosity dependence of this rate constant is assigned to 
pseudo first-order processes rather than to an intrinsic effect. The bearing of this on radiationless energy degradation in 
excited molecules is discussed.

The nature of radiationless transitions in  com
plex molecules s till remains one of the m ajor prob
lems in  photochem istry. In teractions w ith  the 
medium evid en tly m ust be involved, if  on ly to re
move v ib ra tiona l energy. H ow ever, more specific 
properties of the solvent also m ay p la y a role, as 
for example, the viscosity. In  the case of tr ip le t - 
singlet transitions, m uch discussion has been de
voted to  the seeming paradox of a strong viscosity 
dependence for the radiationless T  -»■ S (trip le t to 
ground state) transition , compared w ith  a weak 
viscosity dependence of the analogous S ' -*■ T  
(excited singlet to  trip le t) tra nsition .2 3" 4 Thus, 
the appearance of phosphorescence in  passing from  
a flu id  to  a rig id  medium requires th a t the S ' -*■ T  
transition  rate rem ain high to  compete w ith  S ' -► S

(1) This work was assisted by a grant from the U. S. Atomic Energy 
Commission to Brandeis University (No. AT (30-l)-2003).

(2) G. N. Lewis, D. Lipkin, and T. T. Magel, J. Am. Chem. Soc., 63, 
3005 (1941).

(3) G. Porter and M. R. Wright, Discussions Faraday Soc., 27, 18 
(1959).

(4) G. Porter and M. R. Wright, ibid., 27, 94 (1959).

transitions, whereas the radiationless T  —► S transi
tion  rate m ust grea tly decrease, to  perm it the long- 
lived  emission to  occur. How ever, it  has been ap
preciated fo r some tim e th at it  is extrem ely d ifficu lt 
to  measure the “ true” first-o rder rate constant for 
the radiationless T  -► S transition  in flu id  solvents 
because of com peting pseudo first-o rder quenching 
reactions of the trip le t w ith  traces of im p u rity , 
p a rticu la rly oxygen, and perhaps solvent per
oxides.3" 7

The extrem ely long radiative  lifetim e of the trip le t 
makes it  especially susceptible to  such quenching, 
and the apparent strong viscosity dependence of 
the “ unim olecular” T  —»- S transition  m ay, in  fact, 
be m ost reasonably interpreted in  th is w a y.6" 7 
In  th is paper we present further d irect measure
ments of the decay kinetics of anthracene and por
p h yrin  trip le ts in  flu ids solvents which set new lower 
lim its to  the in trins ic  first-o rder decay rate.

(5) H. Linschitz and L. Pekkarinen, J. Am. Chem. Soc., 82, 2411 
(1960).

(6) G. Jackson, R. Livingston, and A. Pugh, Trans. Faraday Soc., 
66, 1635 (1960).

(7) G. Jackgon and R. Livingston, J. Chem. Phys., 35, 2182 (1961)*
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Experimental
Materials.—Reagent-grade pyridine was twice purified 

over KOH and distilled through an efficient column. Freshly- 
opened “ spectro-grade”  hexane was used directly, after dis
tillation was found to have no effect on the decay rate of 
anthracene in this solvent. Fisher reagent tetrahydrofuran 
(THF) was distilled from lithium aluminum hydride and 
then treated with liquid NaK eutectic (see below). Anthra
cene was either E.K. “ fluorescent grade”  or a highly purified 
scintillation grade sample from Pilot Chemical Co. (Walt
ham). Both materials gave the same results, in pyridine or 
hexane, within experimental error. Measurements in THF 
were confined to the Pilot sample. Porphyrins were purified 
as described previously.8

Degassing Procedure.—In previous studies,6 solvent de
gassing was done by repeated trap-to-trap distillation in 
order to carry all materials through the vapor phase. This 
is a rather slow operation, subject to unavoidable leaks in the 
vacuum system and possible re-adsorption of oxygen on suc
cessive layers of frozen solvent during the transfer, while the 
traps are closed off from the pump. In this work, pyridine 
and hexane were degassed by subjecting the solutions to re
peated cycles of freezing, pumping, and thawing, with vigor
ous agitation of the liquid by an enclosed magnetic stirrer. 
Solutions were sealed off only after at least three consecutive 
cycles gave “ stick-vacuum.”  In sealing off, care was taken 
to allow gas released from the heated glass to be pumped 
away before completing the closure. Glassware was 
thoroughly cleaned and rinsed to remove possible traces of 
heavy-metal contamination.

After initial drying and distillation, tetrahydrofuran was 
degassed by freezing, pumping, and thawing, and then 
further deoxygenated chemically, bjr allowing the solvent to 
stand for several weeks over liquid NaK alloy in a Pyrex 
ampoule fitted with a greaseless Hoke Hi-vacuum valve, 
with occasional agitation by an enclosed magnetic stirrer. 
The completion of the “ getter”  action is visibly indicated by 
the appearance of a blue color characteristic of alkali metal 
solutions in ethers.9-10 This blue color generally appeared 
shortly after contact of the THF with NaK, and deepened 
somewhat after prolonged standing. In preparing solutions 
for study, the cleaned flash-cell and side arm assembly was 
pumped and flamed, removed from the line, solute added, 
the cell immediately re-evacuated on the line, purified THF 
quickly distilled in from its storage bulb, and the sample 
finally sealed off. To study concentration effects, various 
test solutions were prepared from a single sealed-off prepara
tion, by adjusting the solute distribution between the flash
cell and side arm. Concentrations were determined on a 
Cary Model 14 spectrophotometer.

Apparatus and Measurement Procedure.—The apparatus 
and general measuring procedure have been described pre
viously A-7-11 A slight modification of technique was made to 
improve the precision of measuring small absorbance changes 
(less than 0.2). Monochromator slit width and photometer 
gain were adjusted so that the initial light transmission of 
the sample gave full-scale deflection on the oscilloscope 
screen. The oscilloscope gain then was increased by a 
known factor, and the vertical control re-adjusted to bring 
the deflected sweep back on scale. The relatively small 
change in absorption due to the flash then could be measured 
at higher gain. The change in optical density, AD, due to the 
flash, then is given by AD = log [fro/ifn +  A r)], where r0 
is the transmission of the original solution, in oscilloscope 
scale units, Ar is the observed (algebraic) change in reading 
due to the flash, and /  is the ratio by which the gain is in
creased. The signal to noise level of the photometer and the 
stability of the measuring light source permitted “/ ”  values 
as high as 4 or 5 to be used. This technique is most helpful, 
since the points at low AD are especially significant in the 
extrapolation by which the first-order component of the 
decay curve is obtained. The precision of the experimental

(8) L. Pekkarinen and H. Linschitz, J. Am. Chem. Soc., 82, 2407 
(1960).

(9) J. L. Downs, J. Lewis, B. Moore, and G. Wilkinson, J. Chem. 
Soc., 3767 (1959).

(10) We wish to thank Mr. R. Felton for assistance in this prepara
tion.

(11) H. Linschitz and K. Sarkanen, J. Am. Chem. Soc., 80, 4826
(1958).

Fig. 1.—Typical oscillogram showing multiple gain tech
nique.  ̂ anthracene in THF; concn. =  16.5 X 10~6Af; X = 
4240 A.; slit =  35 A.; sweep = 2 msec., full scale; lower 
trace, base line; upper trace, initial transmission, 0.2 volt/ 
cm.; central trace, effect of flash, 0.1 volt/cm.

Fig. 2.—Decay kinetics of anthracene in pyridine (6 X 10 ~6 
M) and hexane (4 X 10-6 M): slit =  20 A., X = 4240 A.

data may be judged from a typical oscillogram, shown in 
Fig. 1.

The data were treated as in our earlier work,6-11 taking the 
rate law to be

AC*
-  —  = h e *  +  H C * y  +  k.3C*Ce +

at

£ ( * 4 ) i ( M  i ) C *
i

in which ki is the total (radiative and radiationless) unimolec- 
ular rate constant and fe, k3, and correspond, respectively, 
to quenching by other triplets, ground state molecules, and 
foreign substances. A plot of d/dt [In (ADo/AD)] vs. AD has 
an intercept A given by

A — k\ +  Ic-iCo +  TAh) i (M j)
i

in which Co is the total solute concentration.6
Results and Discussion

1. Kinetics in Hexane and Pyridine.— Figure  2 
presents typ ica l decay data for anthracene in  hexane 
and p yrid ine , from  w hich the uncerta in ty in  the ex
trapolation  m ay be judged. F o r pyrid ine , the 
least squares p lo t (shown in  F ig . 2) had an in te r
cept of 55 and standard error of ±62 sec."-1. In  
hexane, a typ ica l result was 56 ±  76 sec.-“1. A l
though it  is d ifficu lt to evaluate system atic errors, 
a conservative upper lim it for A, in  both solvents, 
is about 150 sec.-1 . Acco rd in g ly, the value fo r A
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Fig. 3.—Decay kinetics of anthracene in THF at various con
centrations: slit = 35 A., A = 4240 A.

is taken to be about 75 ±  75 see.“ 1. Th is  upper 
lim it of A, and therefore is appreciably less than 
th at found in  our previous w ork (580 sec.“ 1 in  
hexane) or in  other direct measurements (640 
sec.“ 1) .6 T o  check th at the differences found in 
our w ork are due to  m odifications of technique, 
first-o rder decay rates were redeterm ined fo r te tra - 
phenylporphine and zinc tetraphenylporphine in  
pyrid ine , a new value of A of 150 sec.-1 being ob
tained instead of 700-800 see.-1 .8 The decrease is 
comparable to th at observed for anthracene. The 
second-order slopes (F ig . 2) agree closely w ith  our 
previous results.8

2. K inetics in  Tetrahydrofuran .— Since the 
chemical deoxygenation of T H F  appeared to be 
effective, p a rticu la rly detailed studies were made in  
th is solvent. Th e  anthracene data are summarized 
in  F ig . 3, in  which on ly a few typ ica l runs can be 
shown. The stra ight line is a least-squares p lot, 
using 150 points in  the AD range from  0.01 to 0.10, 
derived from  several oscillogram s taken a t each of 
9 different concentrations. No d rift in  A, nor any 
irre ve rs ib ility , was detected throughout the entire 
series of measurements. The points a t A H ’s 
higher than 0.10 scattered somewhat, possibly due 
to ta ilin g  of the flash, and were not used.

The intercept is actua lly ve ry  s lig h tly  negative 
( —  6 sec.“ 1). N in e ty  per cent of the points la y 
below a fine drawn parallel to th at of F ig . 3 and 
w ith  intercept 50 sec.“ 1. The estimated error of 
±40 sec.“ 1 is taken as an upper lim it fo r k, in 
T H F . W ith in  our error, th is is evidently indis
tinguishable from  the rad iative  rate constant of 
anthracene (between 10 and 100 sec.“ 1) 12 or the 
lim itin g  rate in  h igh ly  viscous media (27 sec.“ 1) .7

I t  is notew orthy that, over the concentration 
range studied (2.2 X  10“ G to 29 X  10” 6 M) no 
trend toward increasing intercept w ith  concentra
tion  was discernible. Thus, hC0 <  40 sec.-1 and k3 
m ust be less than about 106 M ~l sec.-1 . Values 
of k3 near 10T M ~ l sec.-1 reported for ch lorophyll 
trip le ts m ay possibly be in  error due to im purities 
introduced w ith  the solute at high concentrations.11

(12) S. McGlynm, M. Padhye, and M. Kasha, J. Chem. Phys., 23, 
593 (1955).

Jackson and L ivingston  have attem pted to e lim i
nate the bim olecular viscosity-dependent con tri
butions to  the first-o rder decay b y p lo ttin g  A 
against k2 fo r a given solution at a series of tem 
peratures, and finding the lim itin g  value of A corre
sponding to k2 =  0. Th is lim it then is taken to  be 
the in trins ic  ku on the assumption th a t ki is tem 
perature independent. The values thus obtained 
for anthracene are 110 sec.“ 1 in  T H F  and 160 sec.-1 
in  hexane. Th is  T H F  rate is higher than the 
d ire c tly  measured value reported here. The d if
ference in  ki’s in  hexane seems to  be w ith in  the ex
perim ental error of both methods.

Measurements also were carried out on zinc 
tetraphenylporphine in  T H F  (2.75 X  10“ 7 M ). 
D ata taken at tw o wave lengths corresponding, 
respectively, to  dye bleaching (4220 A .) or trip le t 
absorption (4500 A .) fe ll on lines, w ith  in tercept 50 
sec.” 1 and estimated error ±50 sec.“ 1, again con
siderably lower than our previous measurements.6 
The bim olecular trip le t quenching constant, fc2, for 
Z n T P P  was 5.5 X  K F ilf “ 1 sec.“ 1.

3. Remarks on Radiationless Transitions.—  
In  the lig h t of th is and other w ork6- 7 there can be 
no doubt th a t the apparent (and puzzling) large 
difference in  v iscosity dependence between the 
S ' -► T  and T  -*• S radiationless transitions is an 
artifact. A t  least fo r the cases considered, the 
“ in trin s ic” T  ->  S transition  is evidently m uch 
slower than the S ' T  process, even in  flu id  sol
vents. Thus, the trip le t-s in g le t transitions fa ll in 
w ith  the fam ilia r generalization th a t radiationless 
transitions among the upper excited states are much 
faster than the final transition  from  the lowest ex
cited state to the ground state. T h is  finds its  
sim plest explanation in  the Franck -C ondon  P rin 
cip le13 and in  the in tu itiv e ly  helpful notion of an 
intram olecular sensitized tra n s ition .14 In  con
sidering the pattern of energy degradation in  elec
tro n ica lly  excited molecules, the intercom bination 
transitions m ay be treated s im ila rly to  th e ir spin- 
conserving counterparts, except of course fo r the 
special spin restriction. Fo r molecules w ith  in 
herently high trip le t yields, as for example, those 
w ith  lo w -ly in g  n -x  levels,16 bim olecular quenching 
processes, p a rticu la rly b y ubiquitous oxygen, m ust 
p la y a m ajor role in  energy degradation. The 
mechanism of reversible quenching thus assumes 
new im portance fo r our understanding of such dis
sipative processes.

The question is s till open whether v iscosity can 
indeed affect the rate of a “ unim oleeular” process 
in  so lu tion ,16'17 or whether tem perature alone is 
the essential rate-determ ining variable fo r radia
tionless decay processes in  th erm ally equilibrated 
excited states. The trend of “A ”  over the past 
years suggests th at the la tte r is indeed the case, ex
cept perhaps in  the situation where slow torsional 
vib rations of large m olecular segments are coupled 
to  the electronic transitions.

(13) G. W. Robinson and R. P. Frosch, International Symposium 
on Reversible Photochemical Processes, Durham, N. C., April, 1962, 
and references therein.

(14) J. Franck and II. Sponer, J. Chem. Phys., 25, 172 (1956).
(15) E. Clementi and M. Kasha, J. Molec. Spectry., 2, 297 (1958).
(16) G. N. Lewis and M. Calvin, Chem. Rev., 25, 273 (1939).
(17) J. Franck and R. Livingston, J. Chem. Phys., 9, 184 (1941).
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T H E  C A T A L Y S IS  O F  A N T H R A C E N E  T R I P L E T  D E C A Y  B Y  C O P P E R
C O M P L E X E S 1

B y  C o l i n  S t e e l  a n d  H e n r y  L i n s c h i t z  

Department of Chemistry, Brandeis University, Waltham, Mass.
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The catalysis of anthracene triplet decay by cupric ion depends on the state of complexing of the metal. In pyridine 
solution, the order of increasing catalytic effect is ethylenediamine <  pyridine <  o-phenanthroline. The results aire con
sistent with a postulated charge-transfer interaction for the catalysis.

Tra nsition  m etal ions catalyze the conversion of 
arom atic trip le t states to  the ground state.2-4 
Strong experim ental evidence has been given in 
previous w ork on th is subject2-4 th at th is catalysis 
is not sim ply a “ physical”  effect of the m agnetic 
field of the m etal ion, leading to  enhancement of 
trip le t-s in g le t transition  probabilities via “ m ixin g” 
of the states.5'6 F o r example, the ca ta lytic  effect,7 
bears no d irect correlation w ith  the m agnetic 
m om ent of the io n .2-4 M oreover, the notably 
weak effect of M n + 2, re la tive  to the other transition  
metals, is found fo r excited singlets (fluorescence 
quenching) as w ell as fo r trip le ts ,8 ind icating that 
the effect is not d ire c tly  lim ited  to breakdown of 
spin selection rules. F in a lly , in  non-aqueous 
com plexing solvents, h yd ra tion  of the m etal ion 
m arkedly decreases quenching efficiency, a result 
d ifficu lt to  reconcile w ith  a simple m agnetic catal
ysis mechanism. T o  account fo r these and other 
observations, we have therefore assumed th at a 
more specific (“ chem ical” ) mechanism applies, 
and have postulated form ation of a charge-transfer 
com plex between the excited molecule and m etal 
io n .8 Theoretica l studies in  agreement w ith  th is 
view  have been published b y Tsubom ura and M u l- 
liken.8 The com plex then is presumed to undergo 
rapid radiationless7 transition  to  the ground state.

There evid en tly rem ain m any questions to  be 
clarified, w hich m ay have quite general chemical 
as w ell as spectroscopic interest. Acco rd in g ly, a 
system atic study is being made of excited mole
cule-m etal interactions, as a function of the com plex
ing environm ent of the ion and nature and m u lti
p lic ity  of the excited state. W e present in  th is 
paper measurements of the catalysis of tr ip le t - 
singlet conversion in  anthracene b y copper com
plexes, in  p yrid ine  solution.

Experim ental
Materials.—Pyridine and anthracene were the same 

materials described in the previous paper.9 Eastman ethyl-

(1) This work was assisted by a grant from the IT. S. Atomic Energy 
Commission to Brandeis University (Contract No. AT(30-l-)-2003).

(2) H. Linschitz and K. Sarkanen, J. Am. Chem. Soc., 80, 4826
(1958) .

(3) H. Linschitz and L. Pekkarinen, ibid., 82, 2411 (1960).
(4) G. Porter and M. R. Wright, Discussions Faraday Soc., 27, 18

(1959) .
(5) E. Wigner, Z .  physilc. Chem., B43, 28 (1933).
(6) R. A. Harman and H. Eyring, J. Chem. Phys., 10, 559 (1942).
(7) The term “ catalytic”  is used here rather than “ quenching,” 

since it is not entirely certain that the enhanced rate of triplet-singlet 
transition in anthracene is due to an increase in radiationless rather 
than radiative processes. This has been established for eosin in recent 
studies in this Laboratory.

(8) H. Tsubomura and R. S. Mulliken, J. Am. Chem. Soc., 82, 5966
(1960) .

enediamine ( “ 98%” ), Fisher reagent o-phenanthroline, and 
reagent grade CuCh^BhO w~ere used. Tests with anhy
drous CuCk gave identical results, as expected under the 
conditions of strong complexing in these experiments.3

Method.—Spectrophotometric titrations and Job varia
tion experiments were performed using a Cary Model 14 
spectrophotometer. The flash apparatus and procedure has 
been described previously2'3'9 and the degassing technique 
was similar to that given in the previous paper.9 In experi
ments involving organic solvents and transition metal salts 
the possibility exists of peroxide contamination by metal- 
catalyzed oxidation.3 Therefore, stock salt solution was 
measured into a small side arm on the cell-ampoule assembly 
and evaporated by a current of air before placing the anthra
cene solution in the ampoule. Mixing of the salt and an
thracene solution was done after the assembly had been 
degassed and sealed off. The data were analyzed as in pre
vious studies, by plotting the quantity d/dt [log (AZ>0/AD)] 
against AD, in which AD0 is the measured change in optical 
density (corresponding to triplet state formation) at a con
veniently chosen zero time, and AD is the change at time, t, 
thereafter. The increase of the intercept of the resulting 
straight line with increasing quencher concentration then 
gives the bimolecular quenching constant, k4.

Results and Discussion
1. Ethylenediamine-Copper Complex in Pyri

dine.— Spectrophotom etric titra tio n  and Job  va ria 
tion  experim ents were carried out to  establish the 
nature of the copper-en com plex in  pyrid ine . The 
varia tion  measurements gave excellent m axim a, 
corresponding to  a 1:1 C u -en  com plex, w hich, in  
pyrid ine , presum ably contains also the tw o chlo
rides. F igu re  1 gives typ ica l spectrophotom etric 
results, and F ig . 2 the fittin g  of these data b y  a 1:1 
com plex equilibrium , assuming a form ation con
stant of 2 X  10s. A d d itio n  of diam ine in  excess 
causes complete precip itation  of copper as a dark 
b lue-vio le t compound, analyzing correctly fo r C u - 
(en)2C l2.

2. Effect of Complexing on Copper-Catalyzed 
Anthracene Triplet Decay.— The experim ents are 
summarized in  F ig . 3, which shows the effect on 
anthracene trip le t decay of adding va ryin g  amounts 
of ethylenediam ine or o-phenanthroline to  a C u C l2-  
anthracene solution. I t  is evident th at the orig ina l 
copper-ion catalysis decreases tow ard a new lim it
ing value, as ethylenediam ine is added, up to  the 
po in t where precip itation  of the higher com plex 
begins. On the other hand, the catalysis increases 
toward another lim itin g  value as o-phenanthroline 
is added. These two lim itin g  rates m ust represent 
the change in  ca ta lytic  effect due to replacing tw o 
pyrid ines b y en or o-phenanthroline, respectively. 
B lank runs containing on ly added ethylenediam ine 
or o-phenanthroline but no copper gave negligible 
ca ta lytic  effects. Th e  values obtained fo r the

(9) II. Linschitz, C. Steel, and J. A. Bell, J. Phys. Chem., 66, 2574 
(1962).
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Fig. 1.—Absorption spectra of CuCl2 (1.5 X 10_4 M) in pyridine (10-cir.. cell), with added ethylenediamine; en/ CuCl2: curve 1 = 0 ;  curve 2 = 0.406; curve 3 =  1.23; curve 4 =  4.06.

( e t h y l e n e  d i a m i n e J / i c o p D e r  c h l o r i d e ) .

Fig. 2.-—Formation constant of Cu(en)Cl2 in pyridine; absorbance v s . en/CuCl2; circles, observed points; lines, calcd. for K [  =  2 X 105.
respective W s are given in Table I. The present 
measurement for CuCl2(py)2 agrees well with our 
previous determination.3

T able  I
R ate C onstants for C opper- C atalyzed  A nthracene 

T riplet  D ecay

Complex
(in pyridine soin.)
Cu(en)Cl2
Cu(py)2Cl2
Cu(phen)Cl2

Catalytic constant 
hi X 10-8 sec.“1)

2.2 
4.6 

13.0
These data may be tested in another way, by cal

culating from the over-all observed catalysis the 
distribution of copper among its various complexes, 
for ligand concentrations too low to bind completely 
the available metal. It is assumed that each com
plex will contribute to the total catalysis inde
pendently, and that the over-all catalytic constant 
may be written as

hllCUtotal] 2 /CiCUj
where h\ and Cui are, respectively, the rate con
stants and concentrations of the i’th complex. 
The results of such a calculation are given in Fig. 4 
for the ethylenediamine system, in which the 
amountof uncomplexed copper is obtained fromboth 
spectrophotometric and kinetic data. Good agree
ment is found.

The rate constants of Table I may be discussed 
in the light of the reversible charge-transfer mech
anism mentioned above. Taube has studied the

Fig. 3.—Decay kinetics of anthracene in pyridine, in the presence of (b) CuCl2; (a) CuCl2 +  o-phenanthroline; (c) CuCl2 +  ethylenediamine. Numbers indicate concentration ratio (ligand/Cu). CuCl2 concn., 1.30 X 10 ~ 5 M.

(ethylene d iam ine)/(copper chloride).
Fig. 4.—Fraction of uncomplexed CuCl2 v s . ethylenediamine; line, calcd. from spectroscopic data; circles calcd. from catalyzed triplet decay data (Fig. 3).

effect of complexing of Cr+2 on the rate of its reduc
tion of Co+3. When Cr(en)3+2 is replaced by Cr- 
(phen)(en)2+2, the rate is increased twentyfold.10 
Our previous data on the marked effect of metal ion 
hydration, in decreasing triplet-singlet catalysis,3 
also may be compared with the rate of reaction of 
Cr(H20 )fi+2 and Cr(dipyridyl)3+2 with Co(NH3)6+3- 
The dipyridyl complex reduces Co(III) about 108

(10) H. Taube, J. Am. Chem. Soc., 77, 4481 (1955).
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times faster than does the aquo complex.11 Thus, 
the effects of metal complexing on triplet-singlet 
catalysis seem to be similar to the effects on charge-

(11) A. M. Zwickel and H. Taube, D iscussion s Faraday Soc., 29, 42 
(1960).

transfer reactions. The notion that conjugated 
systems are better “ electron-conductors”  than 
unconjugated ones, combined with a charge-trans
fer quenching mechanism, offers a simple explana
tion of these data.

PHOSPHINE OXIDE, SULFIDE, AND SELENIDE COMPLEXES WITH 
HALOGENS: VISIBLE AND ULTRAVIOLET STUDIES

By R alph  A. Z in g ar o , R aym ond  E . M cG lo th lin , and  E dw ard  A. M eyers  

Department of Chemistry of the Agricultural and Mechanical College of Texas, College Station, Texas
Received J u ly  S I, 1961

The interaction of iodine, iodine monobromide, or iodine monochloride with various phosphine oxides, and phosphine chalcogenides, has been studied spectrophotometrically. In those cases where 1:1 complexes are the principal ones formed, and when the substituents on the phosphorus atom are identical, there is a considerable increase in the value of the formation constant, which follows the sequence Se >  S >  O. The formation of higher complexes, in which several moles of either donor or acceptor may be involved, has been observed, especially in the case of the phosphine oxides, when phenyl substituents are present, or when an interhalogen is the acceptor. Triphenylphosphine oxide has been found to undergo a photochemical decomposition which is iodine-catalyzed.
Introduction

The donor properties of the phosphine oxides 
have been demonstrated primarily by way of the 
numerous metal complexes1-3 which they have 
been shown to form. This property has been 
utilized in a number of analytical methods which 
involve the separation of metals by solvent extrac
tion.4 Tsubomura and Kliegman5 have studied 
the iodine-tri-n-butyl phosphate interaction and 
have speculated on the relative donor properties 
of the P -0  groups as compared with R -0  groups in 
the alkyl phosphonates. Recent studies6 dealing 
with the effect of halogen complexing on the P -0  
and P-S stretching frequencies in phosphine oxides 
and phosphine sulfides clearly demonstrate that, in 
the absence of phenyl substituents, molecular com
plex formation occurs via the phosphoryl or thio- 
phosphoryl linkage. In the present paper, the 
effect, upon halogen complexing, brought about by 
varying the group VI substituent or the organic 
groups on the phosphorus atom has been studied.

Experimental
Phosphine Oxides and Chalcogenides.—The source, method of purification, and the physical properties of all of these compounds are described in related publications.6’7 All of the compounds used possessed a very high degree of purity.
Other Materials.—J. T. Baker resublimed iodine was sublimed again in a dry, nitrogen atmosphere and stored over P20 5. The bromine, “Analytical Reagent” grade, was distilled in a dry, inert atmosphere from concentrated sulfuric acid to remove any moisture. The preparation and purification of the interhalogens is described in a previous
(1) (a) R. H. Pickard and J. Kenyon, J. Chem. Soc., 262 (1906); (b) 

J. C. Sheldon and S. Y. Tyree, J. Am. Chem. Soc., 80, 4775 (1958).
(2) F. A. Cotton, R. D. Barnes, and E. Bannister, J. Chem. Soc., 

2199 (1960).
(3) K. Issleib and B. Mitscherling, Z. anorg. allgem. Chem., 304, 73 

(1960).
(4) J. C. White, Anal. Chem., 30, 989 (1958); C. A. Horton and J. C. 

White, ibid., 30, 1779 (1958); J. P. Young and J. C. White, ibid., 31, 
393 (1959).

(5) H. Tsubomura and J. Kliegman, J. Am. Chem. Soc., 82, 1314 
(1960).

(6) R. A. Zingaro and R. M. Hedges, J. Phys. Chem., 65, 1132 (1961).
(7) C. G. Screttas and A. F. Isbell, J. Org. Chem., 27, 2573 (1962).

publication.8 Chloroform and carbon tetrachloride were Mallinckrodt “ Analytical Reagent” grade and were dried over calcium chloride and distilled in a dry atmosphere before use.Methods.—A Beckman Model DK-1 recording quartz spectrophotometer was used for measuring absorption spectra. The temperature of the absorption compartment was maintained at 25.0 ±  0.3° by means of a water bath. Stoppered quartz cells were used for all measurements. Although precautions were taken to minimize the effect of hydration, it was found tha t reproducible results could be obtained without exercising excessive precautions. I t  was necessary to weigh out and mix solutions of hygroscopic materials such as tri-»-butylphosphine oxide in a completely dry atmosphere. Once prepared, however, these solutions were found to be quite stable.Due to the extreme insolubility of the chalcogenides, especially of the selenides, in hydrocarbons, the latter were not used as solvents and for this reason studies were carried out in chloroform when iodine was the halogen, or in carbon tetrachloride in the case of the interhalogens since the latter are unstable in chloroform. At the very low concentrations used, no precipitation or decolorization occurred during the time of execution of the experiments.
Results and Calculations

The experimental observations revealed that in 
many cases the tacit assumption of the sole existence 
of a 1:1 association equilibrium was much too 
naive. The formation of higher complexes involv
ing several moles of either donor or acceptor was 
found to take place in the case of the phosphine 
oxides and the interhalogens. Whereas the sulfides 
and selenides formed predominantly 1:1 complexes, 
few of the oxides showed such behavior. The ex
periments were set up in such a manner that a 
single equilibrium predominated, and the experi
mental data then were treated accordingly.

Case 1.—This represents those systems in which 
the formation of a 1:1 complex was indicated by the 
presence of a true isosbestic point and corroborated 
by Job’s method of continuous variations. Such 
a case is illustrated by Fig. 1 where the typical 
“ blue shift”  is accompanied by a large increase in 
absorbancy in the higher frequency region, indicat-

(8) R. A. Zingaro and W. B. Witmer, J . P h ys. Chem., 64, 1705 
(1960).
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T a b l e  I
E q u il ib r iu m  F o rm a t io n  C o n stan ts  f o r  1 :1  I o d in e - P h o sph in e  C h a lc o g e n id e  C o m p l e x e s  in  C h lo r o fo r m

Donor Xmax (dim) of complex band0 e‘  K

Tris-(»-octyl)-phosphine oxide“ (TOPO) 437 (e 930) 4500 506 (401) 588
Tris-(cycloliexyl)-phosphine oxide 3706 4340 3,800 39
Tris-( cyclohexyl)-phosphine sulfide 421 (e 2700) 2830 2,500 (402) 1,820
Tris-(cyclohexyl)-phosphine selenide 319 4940 89,000 46,600
Triphenylphosphine sulfide (TPPS) 430 (<=3190) 2880 3,070 (417) 106
Triphenylphosphine selenide (TPPSe) 324 5570 44,000 3,370
Trimethylphosphine sulfide 425 4470 1,980 604
Tris-(ra-butyl)-phosphine sulfide (TBPS) 421 (e 3050) 4670 2,590 (395) 59

» This run carried out in heptane. b A second band, of slightly greater intensity, was observed a t 297 m,u in this case. The possibility that triiodide formation must be considered has been suggested by one of the reviewers as this would be an unusually large “blue shift.” 0 The existence of two bands (“charge-transfer,” or “blue-shift” ), and their origin is given in the Discussion. d The half-intensity widths are calculated at the wave lengths given in the preceding column. 0 Where so indicated, e is calculated at the wave length indicated in parentheses. This was done in order to minimize any contribution arising from overlap with the iodine absorption band.

450 550
X  m ix.

Fig. 1.—Absorption spectra for the system triphenyl- phosphine sulfide-iodine in chloroform. The initial concentration of iodine is 3.99 X 10~4 M  in each case. Initial concentrations of TPPS are: (1 )0 ; (2) 1.84 X 10~3 M ;  (3) 3.69 X 10~= M ;  (4) 5.53 X 10-= M ,  (5) 7.38 X 10-=M; (6 ) 9.22 X 10-= M ;  (7) 1.84 X 10" 2 M .

ing the presence of a “ charge transfer”  band. 
The data obtained for these systems could be 
readily treated by the method of Rose and Drago6 
which involves a graphical method of solution for 
both the equilibrium constant and the extinction 
coefficient. A typical example of the application of 
the equation of Rose and Drago to the data obtained 
for the system triphenylphosphine sulfide-iodine is 
shown in Fig. 2. In Table I are summarized the 
results obtained for the systems typical of case 1. 
The values in the last two columns are reliable to

(9) N. J. Rose and R. S. Drago, J. Am. Ckem. Soc., 81, 6141 (1959).

within ±10% . The values of half-intensity band 
widths are subject to greater error because of the 
overlap with adjacent bands.

Case 2.— For these systems the linear equation 
of Rose and Drago was inapplicable and they were 
treated on an individual basis with limited success.

As shown in Fig. 3, the system, IBr-triphenyl- 
phosphine sulfide (TPPS), at [IBr]/[TPPS] ratios 
from 0.25-3, illustrates the typical “ blue shift”  and 
tremendous increase in absorption beyond 350 m/x. 
Calculations based on the usual assumption that the 
band at 390 m/x is due to the formation of a 1:1 
complex failed to give any acceptable consistency in 
either the values of thefor mation constant or of 
the extinction coefficient. When the ratio of IBr to 
TPPS was increased, the band at 390 rnp attributed 
to the “ blue shift” disappeared (curves a-e), and, 
if the concentration of TPPS was maintained at 
sufficiently low levels, a peak at 283 mp was clearly 
observed. That this absorption was due to a com
plex involving more than one mole of IBr to one of 
TPPS was established by calculating the amount of 
IBr consumed from the difference in the IBr peak 
at 492 mu, before and after complexing. It was 
found that the amount of IBr used up at the higher 
[IBr]/[TPPS] ratios exceeded the total initial 
amount of TPPS used in the experiment. The 
possibility of formation of polyhalide ions such as 
!Br2” , Br:)-,1IJ etc., is considered in the Discussion. 
From the results of a series of 20 experiments in 
which the [IBr]/[TPPS] ratio was gradually in
creased from 5 to 100, while maintaining the [TPPS] 
at a constant value, the extinction coefficient of the 
complex was calculated as follows. The total ab
sorbance, A t, of the solution at 285 m/x is given by

At =  tJJz. +  ecC0 +  €dCd (1)

Where the e’s and C’s refer to the extinction coeffi
cients and concentrations, respectively, and the 
subscripts refer to the acceptor, a; complex, c; 
and donor, d. The extinction coefficient of the 
donor and acceptor were readily obtained from 
curves run on the pure materials. One mole of the 
complex absorbing at 285 m/x then was assumed to 
be formed from two moles of IBr reacting with one

(10) (a) A. E. Gillam, Trans. Faraday Soc., 29, 1131 (1933); (b) 
A. I. Popov, K. C. Brinker, L. Campanaro, and R. W. Rinehart, J. 
Am. Chem. Soc., 73, 514 (1951); (c) A. I. Popov and R. T. Pflaum, 
ibid., 79, 570 (1957), and numerous references therein.
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of acceptor. The extinction coefficient of the com
plex then was calculated by subtracting eiBrC'nsr 
from At until A0 became constant, indicating that 
all of the donor was complexed.11 Beyond [IBr]/ 
[TPPS] ratios of 6 : 1, e0 reached a constant value, 
and remained unchanged within 1.5% up to the 
final concentration ratio used of 100:1. Hence 
ec could be used with a high level of confidence. 
Algebraic manipulation of eq. 1 leads to the follow
ing expression (2) for calculating Cc, the equilibrium 
concentration of complex

At — AlBr — tdCdi ^
f o  —  « d

In (2), C'd, is the initial donor concentration. Thus, 
direct calculations were made of the concentrations 
of the various species present at equilibrium. 
Results calculated from ten independent experi
ments for the equilibrium

TPPS +  2IBr TPPS-2IBr

gave a value of 3.38 ±  0.39 X 107 for the formation 
constant and a value of 4.05 ±  0.45 X 104 for the 
extinction coefficient of the complex.

For the phosphine oxides as a group, complica
tions arise. The triphenylphosphine oxide (TPPO) 
-iodine system was studied carefully over a wide 
range of concentrations and no consistency in the 
results was noted. It finally was established that 
TPPO undergoes a photochemical decomposition 
which is halogen catalyzed. It is not certain 
whether the complex behavior of the other phos
phine oxides was due also, at least in part, to photo
chemical instability. In some experiments with 
phosphine oxides other than TPPO it was possible 
to calculate fairly consistent values for equilibrium 
constants for a 1:1 complex. In these cases, 1:1 
complex formation was assumed and the amount of 
halogen complex formed was calculated by the 
changes in absorption of the characteristic halogen 
band as the donor concentration was varied. The 
results of these calculations are given in the footnote 
below.12

Discussion
The ability of the phosphine oxides and chalco- 

genides to complex with halogens has been demon
strated beyond any doubt. That the interaction 
occurs via the P = 0  group has been clearly shown 
in infrared studies,6 where a reversible shift in the 
fundamental P=^=0 stretching frequency before and 
after halogen complexing has been found.

A comparison of the relative complexing ability 
of the molecule as a function of the group VI sub
stituent on the phosphorus atom is complicated by 
the formation of complexes possessing different 
stoichiometries. The tris-(cyclohexyl) series, Table 
I, shows a progressive increase in the formation

(11) This procedure is described in more detail elsewhere, see 
A. I. Popov and R. H. Rygg, J. Am. Chem. Soc., 79, 4622 (1957).

(12) (a) Tris-(2-ethylhexyl)-phosphine oxide-12: Xmax 361 m/x; ec ~
1700; K ~  5.8; (b) Tris-(ra-butyl)-phosphine oxide-12: Xmax, 364 m/x; 
ec ~  5100; K «  10.6; (c) Dicyclohexylphenylphosphine oxide-12:
no Xmax since there occurred a continual rise in absorption; ec (433 m/x) 
1500; K «  17; (d) TOPP-IBr; Xmax 400 m/x; K ~  4.9 X 103, based 
entirely on IBr absorption. Because of the experimental difficulties 
described, estimates of the uncertainties in these values are not given.

Fig. 2.—Graphical solution for the formation constant, 
K  and the extinction coefficient of the complex, ec, by the method of Drago and Rose9 for the system TPPS-I2, using the data of Fig. 1.

constant as one proceeds from O to S oo Se. How
ever, no other sequence can be compared, although 
this trend is further apparent if pairs of otherwise 
identical molecules are examined. For instance 
(Table I and footnote 12) the formation constant of 
the complex formed with the molecule bearing the 
more electropositive group VI substituent always 
is greater, e.g., TBPS >  TBPO; TPPSe >  TPPS. 
No exception to this regularity is noted, but a 
generalization must be deferred pending a more ex
haustive study of this series of molecules. The 
effect of Ti—w interaction involving the p 7r halogen 
electrons and the availability of empty 3d orbitals 
in sulfur and of 4d orbitals in selenium has been dis
cussed6 in a previous publication.

In view of the foregoing it is interesting to note 
that the triphenylphosphorus derivatives bearing 
S or Se atoms form stable 1 :1 complexes, whereas 
two moles of donor are involved in what seems to be 
the stable TPPO-halogen complex. Infrared 
studies6 clearly demonstrate that TPPO is the only 
one of the phosphine oxides which shows a reverse 
trend in the direction of the shift of the P = 0  
fundamental on halogen complexing. Although the 
experimental evidence is not conclusive, it does 
suggest that complexing via the phenyl groups is 
involved. This further substantiates the stronger 
donor ability of the thio- or selenophosphoryl group 
as compared with the phosphoryl group.

The lack of correlation between the nature of the 
substituent organic groups and the formation con-
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250 350 450 550
Fig. 3.—Absorption spectra for the system IBr-TPPS in carbon tetrachloride at 25°. The initial concentration of IBr for the dashed curves is 9.22 X 10~4 M  in each case and the TPPS concentrations and [TPPS]/[IBr] ratios are, respectively, (1) 1.84 X 10~4 M ,  0.20; (2) 3.69 X10~4 M ,  0.40; (3) 7.38 X 10~4 M ,  0.80; (4) 1.48 X lO“ 3 M ,  1.60. For the solid curves the initial concentrations of IBr, TPPS, and the [TPPS]/[IBr] ratios are, respectively, (a) 1.41 X 10- 3 M ,  0, — ; (b) 8.46 X 10“ 4 M ,  1.84 X 10~3 M ,  45.8; (c) 6.77 X lO“ 4 M ,  same as (b), 36.6; (d) 2.32 X 10-4 M ,  same as (b), 15.3; (e) 1.62 X 10-4 M ,  same as (b), 8 .8 .

stant, is quite obvious. The formation constant for 
the TOPO-I2 complex is 60 times greater than that 
of the TBPO complex, but it seems unlikely that 
sufficient difference exists between the donor 
strength of an «-butyl and an octyl group to account 
for the variation. There is no apparent reason for 
the sequence tricyclohexyl >  trimethyl >  tri-n- 
butyl observed in the formation constants of the 
respective phosphine sulfide complexes. This 
apparent lack of correlation may be attributable to 
a number of factors including the geometry of the 
complexes, but this type of solution study reveals 
nothing about such factors. One conclusion which 
may be drawn is that the group VI atom attached 
to the phosphorus is much more important than 
the nature of the organic substituents in determining 
the magnitude of the formation constant.

The effect on the interaction of increasing the

polarity of the interhalogen would be interesting to 
evaluate, but no conclusions were drawn from this 
work for several reasons. As has been shown in 
the preceding section, IBr tends to form complexes 
involving several moles of interhalogen to one of 
the donor. This makes a direct comparison with 
iodine, for instance, difficult. Furthermore, experi
ments involving IC1 gave data which did not yield 
to any of the conventional approaches insofar as 
establishing the stoichiometry of any species formed. 
In addition, no reproducibility was found in the 
values for the formation constants calculated as was 
done for other systems. The system TOPO-IC1, 
for example, gave an eightfold spread in calculated 
values of K. In another case, TPPS-IC1, a rapid 
formation of iodine was observed on mixing, so that 
pertinent equilibria could not be examined.

In Table I, the location of the bands and the
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Fig. 4.—Effect of light and time on spectra of TPPO -I2 solutions. In series I, stock solutions in chloroform, of iodine, 9.8 X 10-4 M  (A), and of TPPO, 4.61 X 10~2 M ,  one of the latter stored in a clear glass flask (L) and the other stored in a flask coated with opaque black tape (D), were used. All solutions in series I  were mixed i m m e d i a t e l y  
p r i o r  t o  m e a s u r e m e n t ,  from 5 ml. of A and 5 ml. of either L or D, diluted to 25 ml. Curve A represents fresh solutions made up from either L or D. Curves B and C are each 72 hr. old, but curve C represents a solution made up from L and curve B from D. Series II shows the spectra of solutions containing iodine, 2.84 X 10-4 M ,  and TPPO, 7.18 X 10 _3 M ,  so that both components are present at all times. Solutions 2-5 were stored in a clear flask exposed to daylight. Curve 2 was measured as soon as possible after mixing, curve 3 after 45 min., curve 4 after 104 min., and curve 5 after 165 min. Curve 6 is a solution of the same composition after 20 hr., but stored in a flask coated with black tape. Curve 1 is for pure iodine of the same concentration. Curve 5 is superimposed upon curve 1 at the longer wave length. The restoration of the iodine peak is to be noted.

values of the corresponding extinction coefficients 
indicate that they may be classified into one of two 
well known categories. Those whose maxima lie 
above 350 mp are illustrative of the “ blue-shift”

which is the shift of the visible iodine absorption to a 
shorter wave length as a result of donor perturbation. 
With the exception of tri-(cyclohexyl)-phosphine 
oxide, it will be noted that all of the “ blue-shifted”
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bands fall in the region 421-437 m,u. In those two 
eases where the bands at 319 mu have been utilized 
for the purpose of making calculations, these prob
ably are “ charge-transfer” bands. Although it is 
likely that both bands are present in all of these 
systems, the search for these was complicated by 
the extraordinary stability and high absorbancy of 
these complexes, which limited the range of experi
mental concentrations. In the case of the tris- 
(cyclohexyl)-phosphine oxide-iodine complex, the 
370 m/i band probably arises from the “ blue-shift” 
as indicated by the order of magnitude of its ex
tinction coefficient and the presence of a higher fre
quency absorption band of greater intensity. The 
latter may well be the charge-transfer band.13

Both the location (283 m,u) and the magnitude of 
the extinction coefficient (40,500) of the absorption 
band observed for the TPPS-IBr complex, as well 
as its stoichiometry, suggest the possibility of 
polyhalide formation. The limiting value reached 
in the absorptivity of the peak at constant TPPS 
concentration, even at large [IBr]/[TPPS] ratios, 
clearly indicates that an equilibrium involving 
TPPS is involved. A polyhalide equilibrium in
volving the interhalogen itself is ruled out by the 
limiting value of the peak height attained under the 
conditions just described. Based upon published 
values14 of the extinction coefficients and absorption 
maxima for various polyhalides, I3_ and I2Br~ 
formation does not seem likely since characteristic 
absorption bands of sufficient intensity at 360 or 
351 m/x, respectively, should be observed concur
rently with the ultraviolet bands in the concentra
tion ranges utilized. Reference to Fig. 3 shows the 
absence of such bands. However, for IBr2_ in 
ethylene dichloride, absorption bands at 370 m^ 
(« 660) and 256 m/i (e 54000) are reported,10'14 while 
for Br3_ a single band at 269 m/x (e 55000) is reported 
and under the experimental conditions utilized in 
the present studies, only a single band would be ob
servable. The location and intensity of the band 
observed in this study, allowing for errors in cali
bration and solvent effects, suggests that the forma
tion of one of these ions is a possibility. Tribromide 
ion could only form by decomposition of IBr, and 
this does not appear to happen. It is not unlikely, 
however, that an “ inner complex” may be formed 
which would give rise to IBr2_ or an IBr2~ like 
structure of the type [(C6H5)3PSI] + [IBr2]~ in two 
steps

(C6H6),PS +  IBr (C6H6)3PS-IBr

(C6H6)3PSTBr +  IBr [(C6H6)3PSI] + [IBr2] -

This would be very similar to the situation observed 
in the case of pyridine-iodine solutions.15

(13) See footnote b, Table I.
(14) A. I. Popov and R. F. Swensen, J. Am. Chem. Soc., 77, 3724 

(1955).
(15) C. Reid and R. S. Mulliken, ibid., 76, 3869 (1954).

The phosphine oxides, with the exception of 
TOPO, exhibited complicated, difficultly reproduc
ible behavior. The triphenylphosphine oxide 
(TPPO)-iodine system was studied in most detail. 
As is shown in Fig. 4, this system is characterized 
by absorption bands at 293 and at 363 myu. This 
strongly suggests the formation of triiodide ion. 
Examination of Fig. 4 reveals the following impor
tant facts. A photochemical reaction of TPPO it
self occurs. This reaction does not involve consump
tion of iodine since the iodine concentration reverts 
to its initial value following the irreversible de
composition of TPPO. The absorption bands ob
served in TPPO-I2 systems must be due to the 
formation of a complex between these two species 
since these bands disappear upon exposure to light. 
If they arose from interaction of iodine with the de
composition products, they should increase in 
intensity and the band due to free iodine should 
not be restored.

The obviously more rapid photodecomposition of 
solutions containing iodine throughout light ex
posure as compared with those of the same age and 
conditions of exposure, but in which the iodine is 
added just prior to measurement (Fig. 4), indicates 
very strongly that the iodine is acting as a catalyst. 
A series of measurements was carried out in which 
the rate of disappearance of the absorption peaks 
was measured as a function of iodine concentration. 
The rate of decomposition was the same in all cases, 
indicating a zero-order dependency on the iodine 
concentration.

While it is obvious that the photochemical reac
tion is one of the factors involved in complicating 
measurements of equilibria in the TPPO-I2 system, 
it cannot be generalized that this type of behavior 
is characteristic of all the phosphine oxides.

In the case of the TPPO-I2 complex, the forma
tion of an “ inner complex” of the type already dis
cussed is strongly suspected. That triiodide forma
tion takes place was indicated by measurements 
made on pure tétraméthylammonium triiodide16 in 
CHCI3. We tentatively suggest for this complex a 
stoichiometry of the type (TPPOp+R- .

A number of pure, crystalline addition com
pounds have been found to form between the halo
gens, or interhalogens, and the phosphine chalco- 
genides. These are currently being investigated and 
their preparations and properties will be reported 
in a forthcoming publication.
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(16) Solutions of Me4N+l3-  in chloroform showed absorption peaks 
at exactly 365 and 295 m¡i, but the extinction coefficients varied widely 
as a function of concentration. For example, at concentrations of 
2.2 and 2.6 X 10~*M the respective extinction coefficients are: at 
365 mM, 11,950 and 14,200; and at 295 mM, 16,300 and 20,800. We 
are extending these measurements to other pure polyhalides.
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ON THE INTERACTION OF DYES AND POLYSACCHARIDES12
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Quantitative studies were made on the binding of cationic methylene blue and anionic Congo red by soluble polysaccharides, using a spectral technique. The interaction of methylene blue and carboxylated starches was found to be predominantly electrostatic. The dye appeared to be absorbed in the dimeric form. At infinite dilution of the dye the binding data, when extrapolated to zero ionic strength, yielded a 1 - 1  correspondence between the dye and the carboxylate group of the starch. The competitive effect of the buffer ions was evaluated. The binding constants for the competing cation were found to be two orders of magnitude smaller than those for methylene blue. The binding of congo red by linear polysaccharides was found to be independent of chain length of the substrate over a wide range from about 17 to 860 glucose units. The effect of chain length was studied using corn amylose, hydrolysates of the amylose, and amylodextrins isolated by column chromatography. Branching of the substrate was found to decrease markedly the extent of binding of congo red. Because the dye interaction was independent of chain length over a wider range than tha t for iodine, it appeared advantageous to use congo red for the determination of the degree of branching in starch. This technique may have general applicability for high polymers. Binding by carboxylated starches was observed for congo red at pH 8 . The extent of binding was about the same as that for neutral starches, indicating the small effect of charge of the substrate on the binding affinity for this dye. A mechanism based on the concept of configurational adaptability is suggested for the binding of Congo red.
Introduction

Although the study of reversible binding of 
small ions by proteins has been reported in the 
literature for some time, there appears to be little 
work done with soluble polysaccharides. The 
well known interaction of iodine and starch 
certainly falls into the category of binding of small 
ions. This interaction, however, is restricted to 
larger linear molecules, and is thermodynamically 
irreversible. Further, in the description of starch 
splitting enzymes, amyloclastic activity measure
ments have been restricted to the use of iodine. 
The use of other indicators could possibly extend 
the range of substrates which presently are too 
small in size to sorb iodine. It appeared desirable, 
therefore, to search for other types of small 
ions which could overcome these limitations.

Previous communications3-6 from these Labora
tories indicated the possibility of using both cationic 
and anionic dyes for the binding study of starch. 
In the present paper some aspects of the nature 
of the binding of an anionic dye, congo red, and a 
cationic dye, methylene blue, by soluble poly
saccharides are reported. Data have been ob
tained regarding the effects of charge, chain length, 
and the degree of branching of the polymer on the 
binding affinity.

In considering the possible methods for determin
ing adsorption, the use of equilibrium dialysis 
was ruled out because of the rétrogradation of 
amylose during the time required for equilibration. 
The applicability of spectral changes has been 
shown for congo red. Equilibrium is achieved 
in a matter of seconds, and the dye follows Beer’s 
law.4 While equilibrium values are attained in
stantly with methylene blue, some explanation 
is required regarding the adherence to Beer’s 
law. Over a concentration range from 10-6 to

(1) Abstracted from the Ph.D. dissertation of Herbert C. Cheung, 
Rutgers, The State University of New Jersey, 1960.

(2) This investigation was supported by a grant from the Corn 
Industries Research Foundation, Inc.

(3) B. Carroll and J. W. Van Dyk, Science, 116, 168 (1952).
(4) B. Carroll and J. W. Van Dyk, J. Am. Chem. Soc., 76, 2506 

(1954).
(5) B. Carroll and H. C. Cheung, J. Agr. Food Chem., 8, 76 (1960).
(6) H. C. Cheung, B. Carroll, and C. E. Weill, Anal. Chem., 32, 818 

(1960).

10-4 M, methylene blue goes from a solution of 
mainly monomers to a solution of dimers, and 
Beer’s law is not obeyed. However, it was found 
that over the restricted range (7 to 20 X 10-5 M), 
where adsorption was studied, Beer’s law was 
followed probably because more than 95% of the 
dye was in a single (dimeric) form. Beer’s law 
also was followed by the adsorbed form of the dye. 
Thus, the requirements were met for using spectral 
changes for quantitatively determining the adsorp
tion of a so-called metachromatic dye.

Experimental
1. Materials.—Stock solutions of methylene blue (Fisher Scientific Co.) and congo red (National Aniline Division, Allied Chemical and Dye Corp.) were prepared from histological grade materials. Both dyes were used directly without further purification; appropriate corrections for the purity of the dye were made using the spectral values reported in the literature.4'7 The methylene blue solution was stored in a paraffined amber bottle, and kept in the dark.All inorganic chemicals were of reagent grade. Buffers were prepared from sodium acetate and glacial acetic acid for pH 5.3, and from monopotassium phosphate and sodium hydroxide for pH 8 .The /3-amylase was obtained from Wallerstein Co., Inc., New York, N. Y., and was free of the a-amylase activity.The carboxylated starches prepared by the hypochlorite oxidation process were obtained from Dr. T . J . Schoch. The carboxyl content had been determined by titrationwith NaOII. In this method, the earboxjd groups wereconverted into the free acid form and the starch was leached with dilute acid to remove soluble materials which were titratable. Titration was then carried out in the gelatinized sample. The degree of carboxylation was expressed on a weight basis. The high linear corn and wrinkled pea starches were obtained from Corn Products Co. The corn starch was a product of National Starch and ChemicalCorp., New York, N. Y., and was defatted subsequentlyduring the course of this work. From Dr. R. J. Dimler of the Northern Utilization Research and Development Division, U. S. Department of Agriculture, Peoria, 111., were obtained the corn amylose 14SSP and corn amylopectin 14SSP. These substances had been fractionated in the latter laboratory using a procedure based on the Schoch method.8 With the exception of the defatted starch and the amylose, all starches were used without further purification. The amylose was treated with methanol four times and dried at 60° for 3 hr. under a reduced pressure. Moisture content was determined by heating separate portions of the substances at 1 1 0 ° for 2 hr.
2 . Binding of the Dyes. Binding was studied by a spec-
(7) A. Levine and M. Schubert, J. Am. Chem. Soc., 74, 91 (1952).
(8) T. J. Schoch, Cereal Chem., 18, 121 (1941),
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Fig. 1.—Effect of concentration and carboxylated starchon the spectral curve of methylene blue a t pH 8 : -------- dyealone a t 1 X 10 ~6 M ;  ■—• ■—•—dye alone a t 1 X 10 M ;------ dye a t 1 X 10 ~4 M  plus 0.2% carboxylated starch(1.67% carboxyl).
tral technique. The extent of binding was determined directly in the dye-substrate mixture. Spectral measurements were made on a Beckman DU spectrophotometer, equipped with cells of 1-cm. path length. Cooling blocks were installed to permit control of temperature to within ± 0 .1°. A Beckman Model G pH meter was used for pH measurements.

A. Methylene Blue.—The general procedure for the binding of methylene blue and carboxylated starches has been reported .6 The total dye concentration was about 10-4 M . The extinction coefficient of the dye was obtained by a differential method. For the effect of ionic strength on the degree of binding, a series of spectral measurements was made for each concentration of starch. Keeping the concentration of the dye fixed, the ionic strength was varied using different amounts of buffer. A dye solution of the same ionic strength was used as a blank. The extinction coefficient of the dye-starch mixture in the absence of salts then was obtained from an extrapolation of the spectral data to zero ionic strength.
B. Congo Red.—The present procedure for the binding of Congo red by polysaccharides has been described.5 For the dependence of binding affinity on chain length, samples of the substrate were prepared from corn amylose 14SSP which was first hydrolyzed in 6.2 A  HC1. This was done by first dispersing the amylose in 1 A  NaOH. The ratio of starch to alkaline solution was 1:20. To every 10 ml. of the amylase solution, 55 ml. of chilled concentrated HC1 was added. Then sufficient water was added to yield a final volume of 100 ml. At given time intervals, 5 ml. of the hydrolyzed mixture was removed and neutralized with an equivalence of 1 A  NaOH in a 50-ml. volumetric flask. Five milliliters cf pH 5.3 buffer and 5 ml. of 1 X 10-4 M  Congo red then were added, followed by dilution to volume. Spectral measurements were made a t 500 npi immediately thereafter.
A portion of the hydrolyzing mixture was removed after 45 min. After neutralizing with NaHC03 to methyl orange, the hydrolysate was separated into several amylodextrins in a charcoal-Celite column. The general procedure was tha t of Whistler and T u .9

(9) R. L. Whistler and 0. C. Tu, J. Am. Chem. Soc., 74, 3069
(1952).

The average chain length of the isolated amylodextrins as well as the original amylose was obtained from their reducing values. The latter was determined from oxidation of the aldehydic groups by alkaline potassium ferricyanide, using the colorimetric procedure of Nussenbaum and Hassid.103. The Iodine Reaction.—The iodine sorption values were obtained from potentiometric titration using a Beckman Model G pH meter. A bright platinum electrode was used against a calomel half-cell.11 The colorimetric measurements were made at 615 m / i. The final solutions contained 0.003% 1-2, 0.003% substrate, and 0.03% KI.4. Viscosity.—A No. 50 Cannon-Fenske viscometer was used. The efflux time for water was about 100 sec. The kinetic energy correction was assumed to be negligible. All measurements were made at 25 ±  0.1°.5. Analysis of Maltose Content.—A sample of starch was hydrolyzed with /3-amylase. The resulting maltose upon complete hydrolysis was determined by an iodine- thiosulfate method.12

Results
A. The Binding of Methylene Blue by Car

boxylated Starches.—The effect of carboxylated 
starch on the spectral curve of methylene blue 
at 10 M  is shown in Fig. 1. Also included for 
comparison is the absorption spectrum of the free 
dye at low concentration (10-5 M). These curves 
were obtained at pH 8. Addition of the substrate 
caused an enhancement of the ¡3-band (615 m/t) and 
a depression of the a-band (665 mg). The spectral 
changes may be taken as evidence of binding. 
Similar changes were observed for the free dye 
when the aqueous concentration increased from 
10~8 to 10~4 Af.

No appreciable binding of methylene blue was 
detected when the concentration of the dye was in 
the vicinity of 10~5 M  and below. Also, no bind
ing was observed when the pH was below 5. 
Therefore, all spectral measurements were made 
at pH 8 and in the neighborhood of 10~4 M.

The binding data may be treated quantitatively 
in terms of multiple equilibria. This procedure13 is 
based on the assumption of statistical binding, and 
it neglects any possible lateral interaction among 
the bound ions. The binding data may be repre
sented by the following two equations

1/r =  l/{n /c[A ]} +  1/n (1)

and

r/[A ] =  kn — kr (2)

where r is the number of moles of bound dye per 
mole of substrate, [A] is the free dye concentration, 
n is the number of binding sites on the polymer, 
and k is the intrinsic binding constant.

According to eq. 1, a plot of 1/r against 1 / [A] 
should yield a straight line. This is shown in 
Fig. 2. The value of n  here is the ratio of moles 
of bound (dimeric) dye to mole of carboxylate 
group of the starch. The intercept on the 1/r« 
axis is 1/n, the reciprocal of the number of binding 
sites per carboxylate group. The upper two lines 
(full and half-filled circles) were obtained at an 
ionic strength of 0.01 for two samples of different 
carboxyl content. It is seen that 1/n is about 2.2

(10) S. Nussenbaum and W. Z. Hassid, Anal. Chem., 24, 501 (1952).
(11) F. L. Bates, D. French, and R. E. Rundle, J. Am. Chem. Soc., 

65, 142 (1943).
(12) M. MacLeod and R. Robinson, Biochem. J., 23, 517 (1929).
(13) I. M. Klotz, J. Am. Chem. Soc., 68, 1486, 2299 (1946).
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for both materials. The open circles represent 
data obtained at zero ionic strength. Every 
point of this latter line was obtained by extrapolat
ing the binding data to zero ionic strength. The 
value of l/n for zero ionic strength is seen to be 
0.98.

A 97% decrease in optical density was observed 
for the dye-substrate system when the ionic 
strength increased from 0.004 to 0.05. It is to be 
noted that in the absence of substrate the addition 
of electrolyte of this concentration had little effect 
upon the spectral properties of methylene blue. 
A quantitative estimate of the competitive effect 
of the buffer ions was evaluated by extrapolating 
the binding to zero ionic strength. The extrapola
tion was possible because the binding was not 
affected by the small change in pH [7-9] which was 
caused by the variation in concentration of elec
trolytes. From the binding constants of the dye 
at finite and zero ionic strengths, the binding con
stants of the carboxylated starch for the buffer 
ions were calculated at 27 and 40°. This was 
done using a relation derived by Klotz.13 The 
results are shown in Table I. The binding con
stants of the dye were obtained from linear plots 
of r /[A ] vs. [A] according to eq. 2. The inter
cept on the r /[A ] axis is the first binding constant, 
h

lim [r/ [A ] ] =  kn =  Zq
[A] — o

Included in Table I are the values of the first 
binding constant per mole of carboxylate group, 
for the dye at zero ionic strength, and 27 and 
40°, and the corresponding values of AS0 and 
AH° for both the dye and the buffer ions (Na+ 
and K+). These values were calculated using 
the standard thermodynamic relations.

B. The Binding of Congo Red by Polysac
charides.—-The relative effect of chain length of 
linear polysaccharides on the binding affinity of 
congo red was studied using corn amylose 14SSP, 
and hydrolysates of the amylose. Figure 3 shows 
the relative adsorptivity of congo red for linear 
polysaccharides of various chain lengths. In
cluded for comparison is the iodine adsorptivity 
obtained from colorimetric measurements. The 
relative adsorptivity of an amylodextrin has been 
taken as the ratio of the spectral change for a 
fixed weight of substrate to that of the same weight 
of original (unhydrolyzed) amylose. Thus, the 
relative adsorptivity is given by the quantity

(O.D.)s -  (O.D.)ap
(O.D.)am — (O.D.)ap

where [O.D.]a, [O.D.]ap, and [O.D.]am are the 
optical densities of the sample, amylopectin, and 
amylose, respectively (see ref. 6). Both curves 
were drawn through the points obtained from the 
hydrolysates (open points). The filled points 
represent data obtained from the amylodextrins 
isolated by column chromatography. It is to 
be noted that the adsorptivity of congo red begins 
to level off at about 17 glucose units in chain length. 
On the other hand, the binding of iodine appears

T able I
T hermodynamics of the B inding  of M ethylene B lue 
at  Z ero I onic Strength , and of B uffer I ons [N a+, K +] 
at  0.01 I onic Strength  by  Carboxylated  Starch (0.84%

Carboxyl)
Dyea Buffer ions

fe a t  27° 1.74 X 104 1.74 X 102
fe a t  40° 2.70 X 104 4.45 X 102
A H 0, kcal./mole + 6 .32  +13.5
AS0, e.u. (cal./mole/deg.)1 +40 +55
“ The binding constants, fe, are for the uptake of one dye 

ion by one mole of carboxylate group of the substance. 
6 These values are based on one mole of carboxyl group.

to increase indefinitely with increase in chain 
length, until a chain length of about 100 to 150 
glucose units is attained.

The effect of chain length may be expressed 
quantitatively in terms of the binding constant. 
Using eq. 2, the values of Zq, the first binding con
stant per glucose unit, may be calculated. The 
results are summarized in Table II for several 
samples ranging in chain length from 860 to about 8 
glucose units. The binding constants are for the 
first congo red ion complexed with the linear sub
strate.

T able II
B inding“ of C ongo R ed b y  A mylose and A mylodextrins 

at  pH 5.3 and 23 0.1°
Sample Average chain length fa X 10-*
14SSP 860 glucose units 13.2
Gn 17 13.0
Gl2 12 9.61
g 9 8.6 8.70
Gs 7.8 7.73

° The binding constants, fe, are for the uptake of one dye 
ion by one glucose unit of substrate.

From the data obtained at 23 and 31°, it is possi
ble to calculate the molar changes in entropy and 
enthalpy for the binding of congo red by linear 
polysaccharides. The values are listed in Table III. 
Both AH° and AiS° are positive.

The degree of branching of the substrate was 
found to decrease markedly the binding affinity of 
congo red. Contained in Table IV are the first 
binding constants for several native starches and 
amylopectin. The iodine sorption values and the 
per cent of amylose determined from the colori
metric iodine procedure are also included in Table
IV.

The effect of heating of granular amylose at 110° 
in air on the binding of congo red was investigated. 
At given time intervals, a portion of the heated 
sample was cooled to room temperature and its 
binding for congo red and iodine was determined. 
Another portion of the heated material was hydro
lyzed with /3-amylase, and the resulting maltose 
content upon complete hydrolysis was determined. 
Figure 4 contains the data for these heat treated 
samples. Here the relative adsorptivity is plotted 
against the maltose content, and the time of heating 
of the original amylose is included. The data of 
the dye appear to fall on a straight line, while no 
linear relation appears to exist for the iodine data.
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T able III
T hermodynamics“ op the B inding op C ongo R ed and L inear  P olysaccharides at pH 5.3 

Chain length fa at 23° fa at 31° AH” A.s’ o
860 glucose units 1.32 X 104 2.09 X 10‘ +10.3 kcal./mole + 21. e.u.

17 1.30 X 104 2.03 X 104 +10.0 +31
• The binding constants, h, are for one glucose unit of substrate, whereas the values for AH" and AS° are molar quantities.

T able IV
Binding  op P olysaccharides for C ongo R ed and I odine

AT 23°
Congo red,® ----------- Iodine——■—•—-

Sample fa X 10-3 Sorption^ % Amylose0
Amylopectin 1.78 0.50 O.O'1
Defatted cornstarch 3.70 5.20 24.5
High linear cornstarch 5.25 12.0 46.5
Wrinkled pea starch 6.90 15.0 76.5
Amylose 13.2 19.4 100.0d

° The binding constants, fci, were determined at pH 8 for 
glucose unit weight of starch. b Milligrams of iodine taken 
up per 100 mg. of polysaccharide. c From colorimetric 
measurement. d Basis of calibration.

Carboxylated starches were used to study the 
effect of charge. Addition of carboxylated starch to 
Congo red caused an increase in the extinction co
efficient at the spectral peak of the dye, 500 mp. 
This effect was similar to that caused by the addi
tion of neutral starches. This spectral change was 
taken as evidence of binding. The binding values 
of three carboxylated starches are shown in Table
V.

T able V
B inding“ op C cngo R ed by Carboxylated  C ornstarch

at pH 8 and 25°
Sample % carboxyl fa x io->
OCl 0.36 1.69
OC2 0.84 4.36
OC3 1.67 3.12

• The values of fci are for glucose unit weight of starch.

The effect o: binding of Congo red on the viscosity 
of corn amylose was studied at pH 5.3 and 0.2 N  
NaCl. The results indicate a decrease in intrinsic 
viscosity from 50.0 ml./g. for the starch to 36.7 
ml./g. for the dye-starch complex.

Discussion
The Binding of Methylene Blue. A. The 

Structural Form of the Adsorbed Dye.— The a-
band at 665 mp of the absorption curve of methyl
ene blue (Fig. 1) is considered to be caused by the 
monomers of the dye. The subsidiary /3-band is 
indicative of the presence of dimers. The effect 
of the addition of carboxylated starch to aqueous 
methylene blue at 10~4 M  and pH 8 is similar to 
that caused by increasing the aqueous concentration 
of the free dye (Fig. 1). The same phenomenon is 
observed14 by adding ammonium sulfate to a very 
dilute solution of the dye in water (10~6M). Since 
binding was detected in the present work only at 
higher concentration of the dye, viz. 10~4 M, it ap
pears that the dye was adsorbed in the dimeric form. 
The absence cf subsidiary peaks other than the /3- 
band suggests the absence of aggregates higher than 
dimers.

(14) L. Michaelis, J. Phys. Colloid Chem., 54, 1 (1950).

The ratio of monomers to dimers may be esti
mated for the free dye from the spectral curves of 
the dye at 10 ~6 M  in alcohol, and at 10 ~4 M  in 
water. This involves the assumption that the dye 
exists exclusively in the monomeric form in alcohol. 
The extinction coefficient of the «-band is 90,400 in 
alcohol and is 30,000 at 10-4 M  in water. In the 
presence of large excess of carboxylated starch, the 
extinction was found to be 29,000 at 10~4 M. It is 
seen that the absolute quantity of the monomeric 
materials is inappreciably changed upon adsorption. 
Thus, the correction due to change in the mono
meric form of the dye may be neglected without in
troducing appreciable error.

B. Binding at Finite and Zero Ionic Strength.— 
Figure 2 indicates two carboxylate groups per dye 
ion at 0.01 ionic strength (1/n ^  2.2). Since the 
binding was found to be dependent upon ionic 
strength, this value is not entirely unexpected. 
When the data are extrapolated to zero ionic 
strength, the value of 1/n becomes 1.0 within 
experimental error. Figure 2 clearly shows the 
1-1 correspondence between the dimeric dye ion 
and the carboxylate group of the starch.

It is interesting to note that the significance of 
the value of 1/n from the Klotz equation (1) has 
been considered by other investigators in the case of 
protein interactions. For the case of binding of 
inorganic cations and albumin,16,16 it has been 
assumed that the main sites of interaction are the 
carboxylate groups of the protein. Yet there does 
not appear to be any simple correlation between 
the number of bound cations and the number of 
anionic residues of the protein. In the case of car
boxylated polysaccharides at zero ionic strength, 
the present work indicates that it is possible to 
attach physical significance to the values of 1/n 
because of the absolute method of determining 
carboxyl groups by titration. It appears that pre
vious failure of other investigators to obtain reason
able agreement for the value of 1/n may be due in 
part to the effect of buffer ions. Since the binding 
of proteins is sensitive toward variation in pH, 
it would be difficult to obtain reliable data at low 
ionic strength, and hence to extrapolate the data to 
zero ionic strength. No such difficulty appears to 
be encountered in the case of starch.

C. The Thermodynamic Functions for the 
Binding Process.— Correction has been made for 
any competitive effects in calculating the binding 
values of methylene blue listed in Table I. A 
decrease of two orders of magnitude is found for 
the first binding constants, fa, going from methyl
ene blue to the small monovalent cations, Na + 
and K+. The binding constants, fa, are not the 
stoichiometric binding constants. To obtain the

(15) E. Brand, Ann. N. Y. Acad. Sci., 47, 187 (1946).
(16) I. M. Klotz, and H. G. Curme, J. Am. Chem. Soc., 70, 939 

(1948).
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latter, r must be expressed in terms of bound dye 
per mole of substrate. However, kx may be con
sidered to be proportional to the stoichiometric 
constant, and hence taken to be a measure of the 
binding affinity.

It is possible to calculate the molar change in 
enthalpy from temperature measurements, without 
knowing the stoichiometric constants. The only 
assumption to be made here is that n is independent 
of temperature. Upon differentiation, the pro
portionality constant between kx and the stoichio
metric constant drops out. The thermodynamic 
values are listed in Table I. Unlike the value for 
the change in enthalpy, the entropy change will 
depend upon the units chosen for the substrate. 
The entropy values listed in Table I have been 
calculated on the basis of one mole of carboxyl 
group.

The increase in entropy for both the dye and 
buffer ions may be ascribed to the release of vrater 
molecules from the hydrated substrate and small 
ions. Such an increase appears to be characteristic 
of many interactions between small ions and macro
molecules. A change in configuration may also 
contribute to the observed increase in entropy. In 
the absence of complexing ions, the charged car- 
boxylated starch probably assumes a more or less 
extended form. Upon binding with cations, the 
electrostatic effect is removed so that the complex 
assumes a more random configuration, contributing 
to the observed AS0.

The strong dependence of the binding affinity on 
ionic strength suggests that the binding is of 
coulombic origin. The fact that no binding was ob
served belowr pH 5 may be taken as additional evi
dence substantiating this idea. It would seem de
sirable to compare the observed energetics with 
those calculated for electrostatic interaction. 
Direct calculation of the electrostatic free energy 
requires certain assumptions which may not be 
realistic. Instead of making a direct calculation, 
one may follow Klotz’s approach17 by assuming 
that the observed binding is entirely electrostatic. 
Using the observed binding constants at different 
temperatures, one may calculate the corresponding 
changes in enthalpy and entropy. This procedure 
leads to a value of +2.8 keal. for AH0 and +26 e.u. 
for AS0. These values are to be compared with the 
observed quantities of +6.32 keal. and +40 e.u. 
(Table I). Such a calculation does not depend ex
plicitly on the radius of the substrate molecule.

It is seen that the calculated values compare 
favorably with the observed values. Both the 
entropy and enthalpy agree in sign and in order of 
magnitude. This comparison should be considered 
qualitatively because of the precision involved in 
the determination of the temperature coefficient.

The present results suggest that a carboxylated 
polysaccharide may be taken as a substance to test 
an adsorption isotherm, as for example, the Klotz 
equation, since the number of binding sites is well 
defined and can be determined analytically. When 
the degree of carboxylation is of a few per cent or 
less, the substance conforms to the simple model

(17) I. M. Klotz and H. A. Fiess, J. Phys. Colloid Chem55, 101 
(1951).

( i / A + i c r 4
Pig. 2.—Extrapolation to determine the number of binding sites per carboxylate group for the binding of methylene blue and carboxylated starches a t pH 8 and 27°. The upper two lines are for an ionic strength of 0 .0 1 : half-filled circle for OC3 (1.67% carboxyl); full circle for OC2 (0.84% carboxyl); open circle for zero ionic strength (OC2); [A], molar concentration of free dye; re, specific adsorption per carboxylate group; total dye c a .  1 X 10 “ 4 M .

Fig. 3. —Relative adsorptivity v s . chain length for the binding of Congo red and iodine by amylose and amylo- dextrins. Upper curve for congo red, lower curve for iodine. Both curves are drawn through data obtained from the binding of hydrolyzed amylose (unfilled points). Included are three points which were obtained from fractionated amylo- dextrins (filled points). Conditions for spectral analysis: Congo red: dye 1 X 10~5 M ,  substrate 0.005%, NaCl 0.062 N ,  pH 5.3; iodine: I2 0.003%, KI 0.03%, NaCl 0.025%, substrate 0.002%.
used in those adsorption equations where one as
sumes the absence of lateral interaction of the ad
sorbate molecules.

The Binding of Congo Red. A. Linear Poly
saccharides.— The binding of congo red by linear 
polysaccharides is fairly independent of chain 
length for substrates larger than 17 glucose units in 
size (Fig. 3). For the iodine interaction, however, 
there is a steady increase in the relative adsorp
tivity. The latter effect is well known. The ad
sorptivity of congo red for the fractionated ma
terials falls on the same curve as that for the un-
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Fig. 4.—Effect of heating of solid amylose on the binding of eongo red ana iodine. Relative adsorptivity v s . per cent of theoretical content of maltose obtained upon complete hydrolysis of the heat-treated solid amylose with /3-amylase. The numbers immediately above the points indicate the time of heating of the solid starch. Conditions for the binding studies identical with those in Fig. 3. Open circle, Congo red; half-filled circle, iodine
fractionated hydrolysates. The iodine data indicate 
a lower affinity for the fractionated amylodextrins. 
This is not unexpected since the hydrolysates have a 
random distribution of molecular fragments and 
iodine is quite sensitive to the larger fragments. 
With the fractionated materials, there is an absence 
of the larger molecules, resulting in the lower ad
sorptivity for iodine. Because the dye binding is 
relatively insensitive toward the larger molecules, 
one would expect the fractionated materials to 
behave similarly to the unfractionated hydroly
sates.

The values of ki in Table II, as in the case of 
methylene blue interaction, may be taken as a 
measure of the relative binding affinity. Thus, the 
binding affinity is approximately constant for long 
chain materials, the chain length studied ranging 
from 860 to 17. Below Gi7 (17 glucose units), 
there is a steady decrease in the values of kx with 
decrease in the size of the substrate molecule. Al
though the decrease is small, the trend is apparent.

No attempt is made to obtain the intrinsic bind
ing constant k and the value of n. Unlike the inter
action of methylene blue and carboxylated starch, 
for which 1 ¡r„ is expected to approach unity, the 
uncertainty involved in the extrapolation of eq. 1 
to obtain l/n is very large. This is the case because 
1/n here is expected to be different from unity. In 
this connection, Scatchard18 has suggested a plot of 
r j  [A] vs. r (eq. 2). In this case even if eq. 2 is used, 
n is still burdened with a large error since its 
determination involves an extrapolation in the re
gion of large r, and hence large [A], a region in 
which experimental data are poor.

The binding of azo dyes has been reported for 
polyvinylpyrrolidone and polyvinyl alcohol by 
Scholtan.19 Hydrogen bonding was believed to be 
responsible for the binding. However, Frank and 
co-workers20 have expressed doubt on hydrogen 
bonding for the polyvinylpyrrolidone complex. 
In the present system of congo red and polysac
charides, hydrogen bonding appears to be unfavor
able because of the positive value of AH0 (Table

HEATING TIME 
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III). The positive entropy effect21 may be attrib
uted to the release of hydrated water molecules 
from both the dye and the substrate upon binding. 
It is of interest to note that the observed energetics 
listed in Table III are consistent with those char
acteristic for the formation of a hydrophobic bond.22 
However, it is difficult to conceive that this is the 
driving force in the binding of polysaccharides be
cause of the predominant hydrophilic nature of the 
substrate.

B. Branched Polysaccharides.—Native starch 
contains both the linear component amylose, and 
the branched component amylopectin. As indi
cated by the iodine values (Table IV), the binding 
of congo red increases with increasing amylose 
content, or with decrease in the degree of branching. 
A 700% increase in the binding constant over that 
for amylopectin is observed for amylose. The 
binding constants for the defatted and high linear 
corn starches are in fair agreement with the weight 
averages of the binding constants of the individual 
components. The agreement for the wrinkled pea 
starch is somewhat poor, being about 15% higher 
than the estimated value.

It is well known that there are two major effects 
in the heating of granular amylose. One is reduc
tion of chain length and the other is branching. 
Consider the data in Fig. 4, where the relative 
change in optical density of congo red and iodine is 
plotted against the maltose generated from the 
heated corn amylose. The amylose originally had a 
chain length of 860 glucose units. Reduction in 
chain length by a factor of 2 or 3 would not appreci
ably affect the adsorptivity of either indicator, as 
can be seen from the data in Fig. 3. Thus, the 
changes in optical density in the early stages of the 
heat treatment may be ascribed largely to branch
ing. Since the maltose content may be taken as a 
measure of branching (increased branching yielding 
a lower amount of maltose), a linear relationship 
would be expected if the adsorptivity of congo red 
were determined primarily by the degree of branch
ing. This is indeed the case. Apparently, the size 
of the starch fragments at the end of the longest 
heating was still sufficiently large so as to make the 
behavior of the dye reflect changes in branching 
only. Iodine was found to respond differently. In 
the beginning of the heating, the adsorptivity of 
iodine changed slightly compared to that for congo 
red. This would be due to the relative insensitivity 
of iodine toward branching. With amylose sub
jected to prolonged heat treatment, iodine passed 
into a region of greater sensitivity because the ex
tended fragmentation of the amylose in addition to 
branching has caused a marked drop in the iodine 
adsorption.

It is not certain at this stage as to how much in
formation one may obtain from the binding data 
concerning the degree of branching of the substrate 
molecule. The interaction of the dye is not specific 
for starch, but is a general phenomenon with many 
substances. It would appear that the adsorption 
procedure may prove useful in determining the

(18) G. Scatchard, Ann. N. Y. Acad. Set., 51, 660 (1949).
(19) W. Scholtan, Makromol. Chem., 11, 131 (1953).
(20) H. P. France, S. Barkin, and F. R. Eirich, J. Phys. Chem., 61 * 

1375 (1957).

(21) The entropy values here have been calculated on the molar 
basis of the substrate.

(22) W. Kauzmann, American Chemical Society National Meeting, 
Atlantic City, N. J., September, 1959.
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degree of branching in high polymers. This has 
been shown to be the case for starch.6

C. Carboxylated Polysaccharides.-The obser
vation of the binding of congo red by carboxylated 
starch is in contrast with the staining of oxidized 
granular starch.23 No staining has been observed 
with anionic starches and anionic dyes. Also 
little or no staining has been detected with anionic 
dyes and neutral starches, such as cornstarch.

While no information is available on the molec
ular weights and chain length of the carboxylated 
starches, it would seem reasonable to assume that 
chemical modification of the starch does not reduce 
the molecular weight much beyond an order of 
magnitude. The conclusion appears to have sup
port due to the fact that the average value of the 
binding constants (Table V) for the carboxylated 
starches is reasonably close to that for native corn
starch (Table IV). At pH 8 the carboxylate groups 
are expected to be completely ionized. The data, 
therefore, suggest that the binding is not influenced 
to any appreciable extent by the presence of the 
carboxylate groups. This is contrary to prevailing 
opinion that an anionic dye will not bind an anionic 
substrate. The data also suggest that previous 
failure to detect staining of negative starches by 
negative dyes in the solid state may not be entirely 
an electrostatic effect, as has been suggested.23 
Perhaps a contributing factor in the binding of dyes

(23) T. J. Schoch and E. C. Maywald, Anal. Chem., 28, 382 (1956).

by starches is the internal flexibility of the poly
saccharide chain. The binding in solution may be 
considered to be a consequence of the loss of rigidity 
of the starch molecules. An implication of this 
suggestion is that the reduction of the binding of 
amylopectin may be due in part to the rigid frame 
of the substrate. This is in accordance with the con
cept of configurational adaptability advanced by 
Karush.24

It is conceivable that the configurational changes 
are favored by complexing with certain small ions. 
Thus there is established on the surface of the 
substrate a measure of complementarity with the 
surface of some small ions approaching it. An 
important feature of this concept is that comple
mentarity need not imply specificity. As has been 
pointed out by Kauzmann,26 there exists the prob
ability, in some instances, that the specific comple
mentarity structure may be developed only in the 
presence of certain small ions. This appears to 
be the case for the amylose-iodine helix.

D. Interpretation of Viscosity Data.—-The low
ering in intrinsic viscosity (from 50.0 to 36.7) 
indicates a reduction in the hydrodynamic volume 
of the starch-dye complex over the starch. The 
complex is more compact than the substrate since 
[rj]a [r2]8/2, where r is the radius of gyration of the 
macromolecule.

(24) F. Karush, J. Am. Chem. Soc., 72, 2705 (1950).
(25) W. Kauzmann, Rev. Mod. Phys., 31, 546 (1959).
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This work further develops a technique for changing the electronic and defect structure of magnesium oxide catalysts. Relatively small doses of ultraviolet and neutron irradiation have been found to enhance the catalytic activity of MgO for the reaction H2 +  D 2 <=t 2HD. The enhancement by radiation depends on the extent of degassing of the catalyst prior to irradiation; the less active samples are more sensitive to irradiation. For samples activated at 291°, ultraviolet-irradiated MgO reaches a precise saturation value of catalytic activity, while neutron-irradiated samples continue to increase in activity upon further irradiation. Both types of irradiation produce a large initial increase in activity. Changes in activation energy depend on the thermal activation and type of irradiation. The activation energy either increases or remains unchanged for neutron irradiation, while ultraviolet irradiation does not cause a change. For this system, a simple model based upon F e+3 as the irradiation-induced site has been developed. Other possibilities are discussed. I t  has been shown tha t most of the activity change must be attributed to changes in the electronic structure of the crystal rather than in the number of lattice imperfections.
Introduction

The purposes of this investigation w'ere to observe 
how low neutron fluxes and ultraviolet irradiation 
affect catalytic activity, and to relate changes in 
the solid state to the catalytic activity by proposing 
a model for irradiation-induced activity. The 
model proposed is not set forth as the unique mech
anism for the effect of irradiation on catalytic 
activity, but it should serve as a proposition toward 
which other research efforts can be directed. The 
model is produced by comparing radiation effects 
on the bulk solid with the effects on catalysis.

Experiments involving the irradiation of cata
lysts have several interesting advantages. They

can be conducted on a single sample of a catalyst, 
with no complications from sample variability, 
and without the introduction of extraneous changes, 
as by alloying. The effects are largely local, and 
some of the properties suggested as important in 
active centers (paramagnetism, local strain, ab
normal atomic spacing) can be associated with the 
point defects. Furthermore, by making com
parisons between radiation effects on the bulk 
solid and effects of similar radiation on the cata
lytic activity, it is possible to gain some insight into 
catalytic mechanisms.

It appears that the magnitude of the effect of 
irradiation on catalysts is inversely proportional to
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the number of current carriers in the catalysts; 
hence, irradiation has a more pronounced effect 
on insulators than on metals or semiconductors. 
A number of irradiations carried out by various 
workers have indicated this correlation; yet, there 
have been no two investigations using the same gas 
phase reactions and comparable dosages which 
could be used for comparison.1“ 4 While this 
paper deals primarily with MgO, other work from 
this Laboratory on the irradiation of ZnO under 
similar conditions showed that comparable dosages 
produced changes in the catalytic activity of ZnO 
amounting tc less than 5% .5 Neutron irradia
tion of MgO at the flux level used in this work 
produces no radioactivity in the irradiated samples.

Experimental
Apparatus and Materials.—The MgO catalyst used was “ Baker Analyzed” powder. One batch was used throughout the experimental work. Impurity concentrations as reported on the label are 0.005% Cl, 0.01 % Si02, <0.005% N 03,0.003% Ba, 0.01% Ca, 0.0002% Mn, 0.002% heavy metals (Pb), and 0.0002% Fe. Because of an interest in the transition elements, the powder was further analyzed by emission spectroscopy. The per cent impurities by weight are: <0.0003 Co", 0.0002 Cr, 0.0007 Fe, 0.001 Ni, and<0.0003 V.High purity gases were used. The purification method is described by Lunsford.5All work was carried out in a glass system capable of vacuums in the 10_6-10 -7 mm. range. Mercury from manometers and a mercury diffusion pump was suitably removed by cold traps. The vacuum was continuously monitored by means of a Yeeeo ionization and thermocouple gage. Apie- zon “ N ” stopcock grease was used throughout the system.The reaction vessels were normally made from fused quartz to prevent poisoning the nuclear reactor with B10 or adsorption of short wave length ultraviolet light. All reactors ranged from 25 to 40 c-c. in volume.Neutron irradiation experiments were made in the center of an A.G.N. 211 nuclear reactor. Maximum power was 15 w., which corresponded to a peak thermal flux of 5.4 X 103 n ./cm .2/sec. and a fast flux of about 6.7 X 108 n ./cm .2/  see. The 7 -intensity at 15 w. was about 5 X 103 r./h r.Ultraviolet light was obtained primarily from a “ Mineralight” source of 9 w. (electrical power) with a pre

dominant wave length of 3660 A. A 100-w. mercury vapor 
light and a 2537 A. “ Mineralight” also were used.The gas samples were analyzed for per cent HD by means of gas chromatography, using the method of Moore and Ward .6

Experimental Procedure.-—Rate measurements on the catalysts were made by expanding an equimolar mixture of H2-D 2 into a catalytic reactor. The pressure of the reacting mixture varied from 100 to 700 mm. throughout the experiment. After a known length of time, the gas in the reactor was expanded into a chromatographic unit for analysis. The catalyst chamber was then thoroughly evacuated before the next charge was admitted.After determining the catalytic activity of the catalyst in the absence of radiation, the catalyst and its container were removed from the vacuum system with the valve closed to prevent air from contacting the catalyst. The quartz container was then lowered into a 1 -in. i.d. aluminum tube going into the center of the core of the nuclear reactor. Upon completion of the neutron irradiation, the catalytic reactor was placed back on the vacuum system for further activity measurements.The term “ neutron irradiation” is used to denote irradiations taking place in the nuclear reactor. There exists in the reactor a background of gammas, betas, and fission frag
Cl) H. B. Bragg, F. Morritz, R. Holtzman, P. Feng, and F. Piz- 

zarello, Armour Research Foundation, WADC Tech. Rept. 59-286.
(2) H. W. Kohn and E. Ii. Taylor, J. Phys. Chem., 63, 500 (1959).
(3) H. W. Kohn and E. H. Taylor, ibid., 63, 966 (1959).
(4) E. H. Taylor and J. Wethington, J. Am. Chem. Soc.., 76, 971 

(1954).
(5) J. Ii. Lunsford, Ph.D. Thesis, Rice University.
C6) R. M. Moore and H. Ward, J. Phys. Chem., 64, 832 (I960).

ments; however, relatively few gammas are absorbed in the catalyst and the beta and fission fragment flux will be reduced greatly by the aluminum, air, quartz, and self shielding in the fuel elements.A special stopcock5 made it possible to admit the reactants to the catalyst while the quartz chemical reactor was being irradiated. The system was capable of maintaining a vacuum in the 1 0 “ 6 mm. range.During ultraviolet irradiation, the light source was placed a few cm. from the chemical reactor. Both the light source and the reactor were mounted horizontally so tha t the powder could be spread over a greater area. An aluminum foil reflector was used to better utilize the available light.
Experimental Results

A. Activation of Catalysts by Heating in
vacuo.—For the MgO powder to exhibit any 
catalytic activity it was necessary to degas it 
in vacuo at elevated temperatures. The activity 
attained was a function primarily of the tem
perature; however, the amount of catalyst and 
time of heating had some effect. The thermally 
activated catalysts studied here can be divided into 
three groups: (a) catalysts activated at 291°,
(b) catalysts activated at 374°, and (c) catalysts 
activated at about 520°. The catalysts were 
normally activated for a period of 2 hr. The rate 
of evolution of adsorbed gases was indicated by an 
ionization gage. A more quantitative measure 
of the rate was obtained gravimetrically with a 
quartz spring. Large evolution rates were obtained 
at 100° and for temperatures ranging from 200 to 
300°. Other investigations have shown that much 
of this gas is water v apor.7 After thermal activation 
of the catalyst by heating in vacuo, reactions were 
run for various lengths of time. The data closely 
fitted a first-order, pressure independent rate 
equation similar to the results of Holm and Blue.8 
Because of the sensitivity of the rate constant to 
the activity of the catalyst, the independence of 
the rate constant with pressure, and the fairly 
long contact times used, it is certain that the reac
tion is not diffusion controlled. At temperatures 
from 300 to 194°K., the reaction rate for catalysts 
activated in this manner is fairly stable prior to 
irradiation, indicating no poisoning or enhancement 
by the gases used. The rate constants obtained are 
characteristic of a clean catalytic surface in the 
sense that prior to irradiation the surface does not 
become poisoned or enhanced with use. This is 
not true, however, for catalysts which have been 
irradiated.

The effect of temperature on the rate constant 
follows the Arrhenius equation, k = Ae~E/H. 
As the temperature for thermal activation is 
increased, the activation energy decreases. This 
activation energy was so small for the catalysts 
activated at 520° that the reaction could be car
ried out conveniently at liquid nitrogen tem
peratures. The activation energies for MgO 
powders activated for 2 hr. at 520, 374, and 291° 
are, respectively, 1.0, 1.6, and 4.6 kcal./g. mole.

The effect of neutron irradiation on MgO is 
strongly dependent on the preceding thermal 
activation. The activity of the less active samples 
increased almost two orders of magnitude after

(7) S. G. Hindin and S. Weller, “Advances in Catalysis,” Vol. IX 
Academic Press, Inc., New York, N. Y., 1957.

(8) V. C. F. Holm and R. Blue, Ind. Eng. Chem., 44, 107 (1952).



Dec., 1962 Effects of Irradiation on Catalytic A ctivity of M agnesium Oxide 2593

exposure to integrated thermal neutron fluxes 
of about 6 X  1012 n./cm .2. The samples of inter
mediate activity which were thermally activated 
at 374° increased only slightly and the more active 
samples activated at 520° decreased in activity at 
temperatures lower than room temperature. These 
effects are summarized in Table I. The activity 
induced by radiation in the less active samples 
was much more permanent than the radiation in
duced activity in the 374° activated samples.

B. Effect of Neutron Irradiation on Catalysts 
Activated at 291°.— Figure 1 shows the result of 
neutron irradiation on three samples of MgO 
initially activated at 291°. All of the data points 
were observed within 30 min. after removal from 
the reactor. The lower curve is taken from Day’s 
work9 in which he measured the photoconductivity 
of MgO single crystals after exposure to similar 
integrated neutron fluxes. It should be observed 
that the activity rises rapidly at first but then 
attains a much slower rate of increase, though it 
appears that no saturation is imminent. This 
result agrees with electrical and optical measure
ments made by other investigators.9̂ 11

A series of experiments was conducted to in
vestigate the stability of the catalytic activity 
induced by neutron irradiation. On all the cata
lysts studied, the neutron-enhanced reaction rate 
constant shows an initial period in which its value 
decreases rapidly followed by a second stage in 
which it decreases more slowly. In this second 
stage the logarithm of the rate constant decreases 
approximately linearly with time. For the 291° 
activated catalysts, the rate constant at 23° 
showed a very brief period of rapid decline and an 
extremely slow decrease during the second period 
in which about 50 hr. was required for the rate 
constant to fall to half its value.

To study the rapid decrease of the rate constant 
in the early period, measurements of reaction rates 
were made while the catalyst was being irradiated 
at various fluxes. Curve A in Fig. 2 represents 
rate constants measured at 23° during exposure to 
a thermal neutron flux of 2.4 X 1012 n./cm .2/hr. 
on a clean catalyst activated at 291°. The sharp 
break in curve A occurred when the flux was sud
denly lowered by a factor of 15. The flux was 
kept at this reduced level for about 1 hr. and then 
stopped entirely. The rate constant decreased 
sharply as soon as the flux level was reduced and 
dropped to about V3 of its high flux value in a period 
of roughly 20 min. After this initial rapid rate 
of decline, the rate constant leveled off and de
creased only with the very slow 50-hr. half-life 
characteristic of the catalysts in the slow loga
rithmic decay period.

This logarithmic decay period is much more 
rapid in catalysts initially poisoned with adsorbed 
water. Curve B in Fig. 2 represents the rate con
stant measured while radiation is in progress under 
the same conditions as curve A except that the 
catalyst has been poisoned initially, presumably 
with H20, by a 2-min. exposure to the atrnos-

(9) H. R. Day, Phys. Rev., 91, 822 (1953).
(10) R. P. Clarks, Phil. Mag., 2, 607 (1957).
(11) C. M. Nelson and P. Pringslieim, Argonne Nat. Lab. Kept., 

ANL-4232 (1948).

Fig. 1.—Effects of neutron irradiation or. the catalytic activity of MgO.

INTEGRATED FLUX (neutrons/cm2) x I0-12.

Fig. 2.—Effects of neutron irradiation on catalytic activity of MgO during irradiation.
phere before evacuating and admitting the re
actants. On reducing the flux and eventually 
stopping it as in the previous case, the rate con
stant goes through a similar brief period of very 
rapid decrease, but the following linear logarithmic 
decay is much more rapid than for the cleaner cata
lyst. The half-life of the rate constant is now only 
2 hr. instead of 50 hr. for the cleaner catalyst. 
The initial period of rapid decline in rate constant 
followed by the region of very slow decline for 
both the clean and poisoned catalyst at 23° is 
shown by the inset in Fig. 2.

Arrhenius plots of the rate constants for the 
291° activated catalysts show an increase in both 
the activation energy and in the pre-exponential 
term following neutron irradiation.

Heating an irradiated catalyst to various tem-
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TIME (Hrs.).
Fig. 3.—Effect of annealing followed by thermal activation.

Fig. 4.-—Effects of time of exposure to reactants on irradiated catalysts activated thermally at about 375°.
peratures, followed by cooling to 23° for reaction 
rate measurement, tends to remove the induced 
activity effects at moderate heating followed by 
thermal activation at higher temperatures. The 
effect of the annealing, as shown in Fig. 3, was 
to increase the rate of decay of activity. The 
activity fell to slightly below its pre-irradiation 
level, after which thermal treatment at tem
peratures above 290° once more increased the 
catalytic activity. The rapid decay at about 100° 
is in accord with the photoconductivity work of 
Day9 and the luminescence work of Yamaka.12

C. Effect of Neutron Irradiation on Catalysts 
Activated at 374°.— Catalysts which have been 
thermally activated at 374° show a much smaller 
increase in activity due to irradiation, and part of

(12) E. Yamaka, Phys. Rev., 96, 293 (1954).

the increase observed is quite unstable. Figure 
4 shows the result of an integrated neutron flux 
of 2.4 X 1012 neutrons/cm.2. As observed for the 
catalysts activated at 291°, there is a sharp 
decay of the activity followed by a much slower 
decay in each case. The rapid decay seems to 
take place on contact with H2-D 2 regardless of 
time after irradiation.

Activity energies do not change by a noticeable 
amount due to irradiation, in contrast to the situa
tion for 291° activated catalysts.

D. Effect of Neutron Irradiation on a Catalyst 
Activated at 521°.—-Neutron irradiation following 
521° thermal activation has a tendency to decrease 
the activity of the catalyst slightly at a reaction 
temperature below 23°. An Arrhenius plot shows 
that this is primarily the result of an activation 
energy increase from 1.0 to 1.36 kcal./g.-mole. 
The change appears to be fairly stable and il
lustrates the necessity for measuring catalytic 
activities over a wide range of temperatures in 
order to obtain a true shift. For example, if the 
activity had been measured at room temperature 
only, no change would have been observed, while 
at 77°Iv. there is a substantial decrease in activity.

E. Ultraviolet Irradiation of Catalysts.— Low
activity catalysts were irradiated with ultraviolet 
light to determine the effect of electromagnetic 
radiation on the activity. The photon energy of 
such radiation is too low to cause lattice displace
ments. It was observed that much the same 
phenomena occurred as in neutron irradiation but 
with several important differences. These dif
ferences are: (a) the rate constant reaches a
definite saturation value, whereas the activity in
duced by neutron irradiation continues to show a 
slow increase at long exposures; (b) the activation 
energy does not change upon irradiation; and
(c) the rate of decay after irradiation is faster and 
and the logarithm of the first-order rate constant 
decreases linearly with time as soon as the irradia
tion ceases. The fastest loss in activity occurs 
in catalysts which were irradiated for the shortest 
period.

Figure 5 shows the results of a sample activated 
for 2 hr. at 291° and irradiated at 29° with pre
dominantly 3660 A. wave length light. The 
curve shows a saturation after 4 hr. of irradiation. 
Catalytic measurements were made while the 
sample was being irradiated. Arrhenius plots 
showed no change in activation energy produced 
by the irradiation.

F. Surface Area Measurements.—The surface 
area of the MgO catalyst was measured by the
B.E.T. method using N2 at 77°K. The amount 
adsorbed was measured with a quartz spring having 
a spring constant of 0.2825 ±  0.006 mm./mg. 
at room temperature. Expansion of the spring 
was measured by a Griffin and George cathetometer 
capable of measuring to ±0.01 mm. Results 
indicate that the surface area, 16.7 m.2/g ., did 
not change within experimental error upon irradia
tion or heat treatment.

G. Summary of Results.— Table I is a qualita
tive summary of the work done on magnesium 
oxide.
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T able  I
A  Summary of C atalytic  C hanges of M gO

Thermal Type of
Change in 
activation

Change in 
pre-exponential

activation irradiation energy factor
Increasing ther Decreases Little change or

mal activa
tion temp. 

2 hr. a t 291° Neutron Increases
decrease 

Large increase
2 hr. at 291° Ultraviolet No change Large increase
2 hr. at 372° Neutron No change Small increase
2 hr. a t 520° Neutron Increases

or decrease 
Little change

Discussion of Results
The value of radiation effect studies on catalysts 

lies in the fact that comparisons can be made be
tween the effect of a given type of radiation on the 
reaction rate and the observed effect of this type 
of radiation on the properties of the solid. Im
portant assistance in understanding the catalysis 
investigated here can be obtained by comparing 
the results of the work with the optical absorption 
and electron paramagnetic resonance (e.p.r.) studies 
of other investigators on irradiated magnesium 
oxide.

Wertz and co-authors18’14have shown, for example, 
that the number of negative ion vacancies in 
magnesium oxide usually is very small and that 
ultraviolet or X-irradiation cannot produce F 
centers. On the other hand, neutron irradiation 
can produce them at the rate of one F center for 
every 5.7 incident neutrons, and these centers 
are stable up to 400°. F centers then could not 
be responsible for the irradiation induced activity 
since (1) the activity could be enhanced by ultra
violet irradiation, and (2) the induced active site 
began to anneal out rather rapidly at 100°.

Optical absorption measurements on irradiated 
MgO single crystals have been reported by Clarks,10 
Nelson and Pringsheim,11 and Boyd.15

A striking similarity is apparent between the 
behavior of the optical center responsible for 2.4 
e.v. absorption and the site responsible for cata
lytic activity. Absorption peaks occur at 2.4,
4.3, 4.8, and 5.6 e.v.10'11-15 The 2.4 e.v. peak 
decays out in 30 min. at 100°, while the 4.3, 3.8, 
and 5.6 e.v. peaks are stable to 600°. It was fur
ther observed that the 2.4 e.v. and other peaks 
saturate after exposure to neutron fluxes of 1014
n./cm .2, while the 4.8 e.v. peak continues to grow. 
These optical absorption measurements also show 
that lower neutron dosages give rise to the same 
peaks as X-ray and ultraviolet irradiations; how
ever, the neutron induced peaks are much more 
stable. This was also found to be true of catalytic 
activity.

E.p.r. work has revealed that radiation causes 
an electron transfer among the transition element 
impurities in MgO. Upon irradiation Cr+8 goes 
to Cr+2 and Fe+2 changes to Fe+3 and Fe+1. 
The stability of Fe+S thus produced is intimately

(13) J. E. Wertz, P. Auzins, R. Weeks, and R. Silsbee, Phys. Rev., 
107, 1535 (1957).

(14) J. E. Wertz, unpublished data.
(15) C. A. Boyd, D. Rich, and E. Avery, A.E.C. Report, MDDC- 

1508 (1947).

Fig. 5.—Effects of ultraviolet radiation on the catalytic activity of MgO.
related to the concentration of positive ion va
cancies which afford a charge compensation in the 
crystal. Changes in other transition elements also 
have been observed but have not been studied in 
as much detail. This redistribution of filled and 
empty levels associated with transition element 
impurities apparently causes an increase in optical 
absorption and photoconductivity.16-18 This post
irradiation system represents an unstable state 
with a rather long relaxation time, similar to what 
has been observed catalytically.

Based upon the work outlined above, there 
could be at least two catalytic sites. One, pos
sibly Cr+3, is present at the surface in limited 
amounts and could be responsible for the activity 
before irradiation. Another, such as Fe+8, is 
produced by irradiation. Trivalent iron is posi
tive with respect to the surrounding surface and 
should be attractive to a hydrogen molecule. 
With relatively small amounts of irradiation, the 
trivalent iron sites may outnumber the other 
active sites. Upon formation of Fe+8 an electron 
is set free, but for the Fe+3 to exist, the electron 
must be trapped quickly by some other specie. 
Adsorbed water can act as the principal electron 
trap for those Fe+3 ions formed at the surface. 
Furthermore, without the water there probably 
are not enough other traps to increase the Fe+3 
concentration significantly. This mechanism for 
the formation of Fe+3 and removal of an electron 
may be described by

Fe+2 ^±1 Fe+8 +  e (1)

and

e +  (HjO) ads < >. FhOads-  (2)
The possibility of an adsorbed molecule trapping 
an electron has been discussed by Wolkenstein.19

Figure 3 shows that neutron irradiated catalysts 
show a slight but continuous rise in activity with

(16) J. E. Wertz, P. Auzins, J. Griffiths, and J. Orton, Trans. Fara
day Soc., 26, 66 (1958).

(17) R. W. Sosbea, A. J. Dekker, and J. P. Sturtz, J. Phys. Chem. 
Solids, 5, 23 (1958).

(18) W. T. Peria, Phys. Rev., 112, 423 (1958).
(19) Th. Wolkenstein, “ Advances in Catalysis,”  Vol. XII, Aca

demic Press, New York, N. Y., 1960, p. 189.
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continuing irradiation, while the ultraviolet ir
radiated samples come to a definite steady state 
value, as shown in Fig. 5. The neutron effect can 
be explained by a continued formation of positive- 
ion vacancies which would increase the Fe+3 
stability. The decay in activity after irradiation 
on contact with the reactants may be due to removal 
of these Fe+3 ions or their stabilizers by charge 
transfer mechanisms.

These concepts of growth in activity upon irradia
tion and saturation may be summarized in differ
ential form by

diV  Fe+3 , , .
i ,  — W>p0-p 1 0 Fe+2at

(<f> pCp +  <j)s(Ts)N-Fe*i — kNeN  Fc+s (3)
where <pp and <t>s are the primary and secondary 
fluxes of ionizing irradiation, a is the appropriate 
interaction cross section of the ion, and k is a reac
tion rate constant for the removal of Fe+3 ions by 
electron capture. This rate constant may be ex
pressed as some function of the cation vacancy 
concentration. N^e*2, and A7e are, re
spectively, the concentrations of divalent iron 
atoms, trivalent iron atoms, and electrons which 
have either not been trapped or have been released 
by traps.

Thermal activation at 520° has been shown to 
remove most of the water which was adsorbed on 
the catalyst. Because there is little water to act 
as the primary sink for electrons, the radiation 
induced Fe+3 immediately reverts back to its 
divalent state and there is little effect catalytically. 
Actually, a few Fe+3 ions could be stabilized by 
other traps such as Cr+3. Perhaps this increase 
in number of Fe+3 ions is offset by the irradiation 
induced decrease in Cr+3 ions, so that the number 
of active sites does not change. The slight in
crease in activation energy may be due to the in
fluence of a few stable Fe+3 sites.

To show that there is enough iron impurity 
present for this model to be feasible, an estimate 
of the number of active sites necessary may be 
obtained by assuming that the first order rate con
stant of one ideal site, /q, is given by

hi =  <rncexp(-E/RT)/inV  (4)
where <r =  area of a unit site (assumed to 16 X 
10-18 cm.2), n =  number of molecules in the gas, 
c =  average molecular velocity (assumed to be
1.5 X 105cm./sec. forH2-D2at25°),i? =  activation 
energy (assumed to be 6 kcal./mole), and V =  vol
ume of gas above catalyst (cm.3). From this equa
tion ki is or. the order of 3 X 10-1B site-1 min.-1. 
The corresponding experimentally determined rate 
constant was k =  0.5 (g. catalyst) -1 (min.)-1.

k 0.5 g.-1 min.-1
ki 3 X  10-15 min.-1 site-1

1.7 X 1014 sites/'g. (5)
Since the surface area of the catalyst is 16 X 104 
cm.2/g., the required number of sites per unit 
area is about 1 X 109osites/cm.2. The lattice 
spacing for MgO is 4.20 A.; hence, the number of

atoms per unit area is 5.7 X  1014 atoms/cm.2. 
At an iron concentration of 7 p.p.m. there then are
4.0 X 109 iron atoms/cm.2. Approximately four 
times more iron atoms/cm.2 exist on the surface 
than are necessary according to this model. It 
should be mentioned that the “ diving molecule” 
theory of reaction rates, as expressed by eq. 4, 
does not hold for certain catalysts.20 Its validity 
for MgO has not been tested. As additional sup
port for the small number of active sites, it has been 
found that the amount of hydrogen adsorbed on 
MgO is immeasurably small21; indicating that the 
surface, as a whole, is not greatly attractive to 
hydrogen.

Because of the importance of the free electron in 
the current theories of semiconductor catalysis, 
it seems important to consider this entity as a pos
sible active site. At room temperature magnesium 
oxide exhibits a very low electrical conductivhyu 
Day9 found a photoconductivity of about 10-15 
ohm-1 cm.-1 watt-1 at 39 /¿watts of light, so the 
conductivity may be as low as 10-20 ohm-1 cm.-1. 
Lempicki22 found that before heat treatment an 
unstable conductivity of 10-9 ohm-1 cm.-1 could 
be obtained at room temperature, but heating the 
crystal to 1450 °K. reduced the conductivity at 
room temperature below his limits of detection 
(10-u  ohm-1 cm.-1). Yamaka23 has shown that 
the main current carriers at room temperature are 
electron holes. The number of holes may be re
lated to the conductivity by

lie

where a is the conductivity (assumed to be 1 X 
10-9 ohm-1 cm.-1), /i is the mobility (cm.2/v . sec.), 
n is the hole concentration (l./c.m.3), and e is the 
electron charge. Using a theoretical value of 210 
cm.2/v . sec. for the mobility,24 one obtains a hole 
concentration of

n =  3 X  107 holes/cm.3

Assuming that all of the holes are at the surface 
leads to the conclusion that there are about 50 
holes per cm.2 of surface area. Equation 5 indicates 
that at least 1 X  109 sites/cm.2 are needed to bring 
about the catalytic reaction.

Finally, one needs to consider the possibility of 
adsorbed water molecules acting as poisons for 
active sites. Is the effect of irradiation simply 
to remove water as thermal activation does? 
Catalysts in most cases were carefully evacuated 
before irradiation, then sealed off by means of the 
stopcock, and irradiated. When opened to the 
vacuum system, the pressure rose slightly, but no 
more than if the catalyst had been left off the 
vacuum system without irradiation. The rise in 
pressure certainly was not enough to account for

(20) G. Parravano, H. Friedrich, and M. Boudart, J. Phys. Chem., 
63, 1144 (1959).

(21) A. Wheeler, “ Structure and Properties of Solid Surfaces,” 
Univ. of Chicago Press, Chicago, 1953, p. 440.

(22) A. Lempicki, Proc. Roy. Soc. (London), B66, 281 (1953).
(23) E. Yamaka and K. Sawamoto, Phys. Rev., 101, 565 (1956).
(24) N. B. Hanay, “ Semiconductors,” Beinhold Publ. Corp., New 

York, N. Y.f 1959.
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the 2.1% weight loss due to heating from 290 to 
520°. Also, the effects of irradiation and thermal 
activation on the activation energy were quite dif
ferent. While thermal activation lowered the 
activation energy a significant amount, irradiation 
either raised the activation energy or left it un
changed. The mechanism of activation by ir
radiation therefore could not be the same as that 
of thermal activation.

Conclusions.— (1) Under proper conditions 
both neutron and ultraviolet radiation have a 
marked effect on the catalytic activity of MgO. 
The radiation effects depend on the extent of the 
previous degassing of the surface.

(2) By comparing radiation effects on catalytic 
properties with those effects on the solid properties,

a model for the catalytic activity can be developed 
based on Fe+3 impurity ions as the irradiation in
duced active sites. This model was shown to fit 
qualitatively the experimental data.

(3) Results of ultraviolet irradiation have shown 
that the bulk of the activity change must be at
tributed to changes in the electronic structure of the 
crystal rather than to changes in the number of 
lattice imperfections.
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INFRARED AND VOLUMETRIC DATA ON THE ADSORPTION OF 
AMMONIA, WATER, AND OTHER GASES ON ACTIVATED IRON (III) OXIDE1

B y  G e o r g e  B l y h o l d e r  a n d  E d w i n  A. R i c h a r d s o n

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  A r k a n s a s ,  F a y e t t e v i l l e ,  A r k a n s a s  
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Infrared spectra in the 2 to 13 y  range have been obtained of NH3, H 20, H2S, EtOH, and E t20  chemisorbed on a-Fe2C>3. N2, 0 2, H2j CO, S02, Cl2, C2H6, and C2H 4 do not chemisorb at 25° on a-Fe20 3. H20  chemisorbs by dissociating to form a OH -  ion and a proton which reacts with a surface O -2  ion to produce another OH-  ion. NH3 upon chemisorption occupies the same surface sites as H20  and does not dissociate. Ion-dipole interaction between NH3 and F e +3 ions together with hydrogen bonding furnishes the heat of chemisorption which was measured by equilibrium pressure data from 200 to 350° to be 11.5 kcal. per mole. NH4+ formation occurred only when physically adsorbed H.O and NH 3 were present and not when only NH3 and surface hydroxyl groups from chemisorbed water were present. The infrared bands of physically and chemically adsorbed N H 3 showed no evidence of rotational structure superimposed on the vibrational bands. The adsorption of the other gases is discussed briefly.
Introduction

A major improvement in the tools available for 
adsorption studies has occurred in the past few 
years. The application of infrared techniques has 
been reported by several investigators.2-4 The 
utility of infrared methods in studies involving 
structural assignments for surface species is 
apparent Mapes and Eischens3 obtained the 
infrared spectra of NH3 adsorbed on a silica-alumina 
cracking catalyst. On the basis of the spectra 
indicating that most of the chemisorbed NH3 still 
had a NH3 structure as opposed to a NH4+ struc
ture, they concluded that the catalyst behaved 
largely as a Lewis acid. However, their spectra 
indicated some NH4+ was present which they 
attributed to the fact that they could never get 
rid of all hydroxyl groups on the surface. While 
the above system is sufficient to indicate the type of 
acidity involved in the catalyst, it is not well 
suited to a detailed study of the structure of the

(1) (a) This work was supported in part by a grant from the Ameri
can Oil Company and in part by a grant from the Monsanto Chemical 
Company. Acknowledgment is made to the donors of the Petroleum 
Research Fund, administered by the Americal Chemical Society, for 
partial support of this research, (b) Abstracted in part from a thesis 
presented by E. A. Richardson to the University of Arkansas in par
tial fulfillment of the requirements for the degree of Doctor of Philos
ophy, 1962.

(2) R. P. Eischens and W. A. Pliskin, “ Advances in Catalysis,” 
Academic Press, Inc., New York, N. Y., 1958.

(3) J. E. Mapes and R. P. Eischens, J. Phys. Chem., 58, 1059 (1954).
(4) E. M. Eyringand M. E. Wadsworth, Mining Eng., 5, 531 (1956).

surface complex; the silica-alumina cracking 
catalyst is essentially opaque beyond 7.5 ß. Since 
two of the fundamentals of ammonia complexed 
with metals5 occur beyond 7 ß, it is of interest to 
obtain the spectra on a metal oxide in which this 
range is accessible.

It has been found that a-Fe20 3 not only meets the 
criterion of sufficient infrared transmission but it 
also can be completely dehydrated.

A number of volumetric studies have been carried 
out involving the adsorption of various gases on 
iron (III) oxide. Isotherms of NH3 on A120 3, 
Fe20 3, and Cr20 3 in the 10 to 700 mm. pressure 
range have been described.6 Cremer and Grüner7 
observed no adsorption of NH3 beyond a simple 
monolayer at 20° on Fe20 3. A Freundlich iso
therm was obtained at high coverages and the first 
portion of NH3 allowed to contact the activated 
a-Fe20 3 was taken up non-reversibly. No measure 
of this quantity was reported. These investi
gators evidently were unaware of the difficulty in 
removing the surface hydroxyl groups, and hence 
chemisorption was noted to take place only in 
minor amounts since OH groups probably were 
covering most of the active chemisorption sites on 
the adsorbent.

(5) J. P. Faust and J. V. Quagliano, J. Am. Chem. Soc., 76, 5346 
(1954).

(6) Von N. Niktin, Z. anorg. allgem. Chem., 155, 358 (1926).
(7) E. Cremer and R. Grüner, Z. physifc. Chem., 196. 319 (1951).
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It therefore was necessary to redetermine the 
isotherms of Cremer and Gruner using activated 
(OH-free) Fe20 3. In this manner the ratio of the 
number of moles of NH3 required to complete the 
chemisorbed layer (or fill all chemisorption sites) 
to the number of moles of NH3 required to complete 
the monolayer of chemisorbed and physically 
adsorbed NH3 can be determined for a given 
weight of activated Fe20 3.

The principal purpose of this article is to de
scribe the adsorption of ammonia, water, and other 
gases on iron (III) oxide and to ascertain the struc
ture of the surface complexes. Another article 
in preparation deals with the absorption spectrum 
of the solid Fe20 3.

Experimental
Apparatus.—A Perkin-Elmer Model 21 infrared recording spectrometer was employed. To expand the low transmission range of the instrument, the reference beam was partially blocked off with screen wires. The sample disk was mounted in a  modified gas cell as described by Blyholder and Neff.8 The effective range of the system was 2 to 13

M*A conventional vacuum apparatus capable of maintaining 
0.001 n  pressure was employed in degassing the disk.Materials.—Certified reagent grade iron(III) oxide obtained from Fisher Scientific Company was employed without further treatment. Particle sizes were in the 5 n  range and the material had a surface area of about 15 m-Vg- The far infrared spectrum of this material is essentially that of a-Fe2Oa9 and so the material is considered to be a-Fe2Oa.Anhydrous ammonia obtained from the Matheson Company was used without further purification.Commercial grade welding oxygen obtained from the National Cylinder Gen. Division of Chemetron Corp., Chicago, Illinois, was used after passing through a 2-ft. column of anhydrous magnesium perchlorate to remove any moisture.The vapor from distilled water, degassed a t room temperature, was employed.Commercial tank CO was used after heating to 350° to decompose iron carbonyl and passage over activated charcoal at liquid air temperatures to remove any other impurities.Commercial tank S02 obtained from the Matheson Company was employed without further purification.Hydrogen sulfide was used after degassing and distillation. Commercial tank gas was employed after passing through a 
2-ft. column of anhydrous magnesium perchlorate to remove moisture.Absolute ethyl alcohol and ethyl ether were used after distillation and degassing.Preparation of Disks.—About 0.3 g. of a - Fe2Oa was transferred to a 1 in. diameter die and pressed a t 8000 p.s.i. The die was heated before pressing in an oven a t 140° to prevent sticking of the disk to the die face. By careful handling, the disk could be removed from the die without breaking and transferred to the cell.Activation of a-Fe20 3 Disks.—The disks prepared above contained considerable water and thus were not active in chemisorption. The activation process consisted of degassing the disk a t room temperature for several hours or until a vacuum in the order of 0.05 n  could be maintained. This disk then was heated to 375° in an atmosphere of 0 2 and maintained for several hours. This oxidized any impurities (such as magnetite) which might cause subsequent reduction. The cell then was evacuated and the temperature raised to 475° for the final activation step, which was complete after about 16 hr. when the absorption spectrum of the disk no longer indicated the presence of hydroxyl groups.Chemisorption.—A controlled amount (usually 100 n )  of adsorbate was allowed to contact the disk. If the pressure in the system (about 300 ml. volume) dropped immediately to less than 1 n  pressure, the adsorbate was assumed to be chemisorbed. The adsorption spectrum thus

(8) G. Blyholder and L. D. Neff, J. Phys. Chem., 66, 1464 (1962).
(9) Private communication, Shell Oil Company, Houston, Texas.

could be obtained before and after each such addition and changes caused by the adsorbate readily detected. Any material which remained on the disk after evacuation for 1 hr. a t 25° was taken as chemisorbed.Isotherms and Surface Area.—Isotherms for NH» at 25° were obtained in the usual manner by adding increments of NHa and measuring the equilibrium pressure. The total surface area for activated a-FejOa was calculated from this isotherm. The physically adsorbed ammonia then was desorbed by evacuating the system at room temperature overnight and another isotherm obtained. This is essentially the method of Cremer and Gruner7 and yields the amount of material on a physically adsorbed monolayer from which the area involved can be calculated. Subtracting this from the value for the total gives the area involved in chemisorption. This subsequently will be referred to as method 1 for determining the amount of chemisorption.I t  was found possible to measure the amount of material adsorbed before a measurable equilibrium pressure persisted in the system and this was taken to represent chemisorption. The surface area involved was calculated directly. This will be referred to as method 2. The amount of ammonia physically adsorbed at low pressures is negligible compared to the chemisorbed monolayer. These methods give somewhat different amounts of chemisorption.To obtain isotherms at several hundred degrees centigrade where the chemisorbed NHa is in equilibrium with the gas phase, a small bulb was filled with about 10 g. of Fe2Oa and sealed to the manifold of the vacuum system with a 
6 in. capillary tube. A furnace was placed around the bulb. The volume of the bulb is negligible compared to the volume of the manifold so that the amount of gas desorbed by heating a sample in the bulb can be determined from the pressure in the manifold.

Results
A small known amount of each adsorbate was 

added to an adsorption cell containing an activated 
disk of Fe20 3. Since each chemisorbed gas gave 
easily detected infrared bands, the occurrence of 
chemisorption could be verified by ascertaining that 
the intensities of these bands were constant upon 
prolonged evacuation of the cell. From these 
measurements H20, NH3, H2S, EtOH, and Et20  
were found to chemisorb at 25° on activated a- 
Fe20 3. Similarly N*, 0», H,, CO, S02, Cl*, C2II6, 
and C2H4 were found not to chemisorb.

For two powder samples tested (Fisher Fe20 3) 
and one disk sample, the total surface area of a 
monolayer including chemisorbed and physically ad
sorbed material was found to be 12.1, 15.9, and
14.1 m.2/g ., respectively. This indicates that the 
disk pressing procedure does not seriously diminish 
the surface area and the differences found are well 
within the precision expected of the method. 
Adsorption isotherms were obtained for pressures 
from less than 1 to 650 mm. Since these appear 
just like Cremer’s,7 they are not reproduced here. 
The isotherms leveled out past about 400 mm., so 
the amount adsorbed at 450 mm. pressure was 
assumed to represent a monolayer. The area 
covered per NH3 molecule was taken as 12.9 A2. 
It should be pointed out that these calculations 
are based upon the assumption that NH3 does not 
physically adsorb on top of the chemisorbed am
monia. This appears valid since multilayers of 
physically adsorbed NH3 do not form under these 
conditions7 and a chemisorbed NH3 molecule is 
assumed to present a surface for interaction with 
other NH3 molecules just like a physically adsorbed 
NH3 molecule.

The results of using the two methods of deter
mining the surface area for chemical adsorption of
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Nils on a-Fe20 3 in both powder and disk form at 
20° compared to the total area determined, as 
described in the preceding paragraph, are given in 
Table I.

T able I
T he R atio op C hemisorbed to T otal A dsorbed NH3 on 

Fe20 3

% Total surface covered with chemisorbed NJBU 
•------------- Powder------------- -

Method Sample 1 Sample 2 Disk
1 48 ±  3 49 ±  3 62 ±  3
2 32 ±  7 37 ±  6 37 ±  10

From volumetric measurements at 25° the 
amount of H20  and NH3 required to yield a chemi
sorbed monolayer was determined by adding 
increments until a measurable equilibrium pressure 
(5 y) persisted. After desorption, a small amount 
of H20  was added to the activated surface followed 
by sufficient NH3 to complete the monolayer. 
This was repeated each time, adding various 
amounts of H20  and NH3 until the completed 
monolayer was obtained. Approximately the same 
results were obtained if NH3 was first chemi
sorbed and IITJ then added. The data are 
summarized in Table II. The data in Table 
II were obtained on one 0.3-g. disk, completely 
degassed between each run. It is interesting 
to note that water will not chemisorb on a 
surface covered with NH3 and vice versa. From 
the data in Table II, it can be seen that the total 
volume of gas required to form a chemisorbed 
monolayer is approximately the same regardless 
of whether H20  or NH3 is used as the adsorbate. 
Further, if the chemisorbed monolayer is composed 
of a mixture of those two gases, the same total 
volume of gas is required to form a chemisorbed 
monolayer.

T able II
A mount op NH3 and H20  in a  C hemisorbed M onolayer

Volume of gas chemisorbed0
Total volume of ga3 

chemisorbed in
HjO NHi monolayer

0 400 400
85 338 423

285 200 485
455 0 455

0 455 455
° Volume measured in units equivalent to the amount of gas in 1  cc. at 1 mm. pressure and 298°K.
An isotherm for chemisorbed ammonia at 235° 

is shown in Fig. 1. The solid line is drawn from 
the equation for a Langmuir isotherm.

With the surface completely covered with chemi
sorbed ammonia (no physically adsorbed ammonia 
present), a sample in the high temperature bulb was 
heated slowly and the desorbed gas collected in the 
closed manifold of the vacuum system. Above 150° 
sufficient gas was desorbed to give a pressure read
ing on a mercury manometer. The reaction equili
brated rapidly so that the equilibrium pressure was 
obtained as soon as the temperature became con
stant. A plot of the equilibrium pressure as a 
function of temperature is shown in Fig. 2. The 
fact that the same pressure was obta ned whether

Fig. 1.—Isotherm of NH3 chemisorbed on a-Fe20 3 a t 235°. The solid curve is a Langmuir isotherm.

Fig. 2.—Equilibrium pressure of NH3 v s .  temperature for NII3 chemisorbed on a-Fe20 3.
the temperature was approached from below or 
above indicates that equilibrium existed and that 
no appreciable decomposition of NH3 occurred.

These data were used to calculate values of an 
equilibrium constant for the reaction

Fe20 3-NH3(s) NH3(g) +  Fe20 3(s)
The equilibrium constant is defined as

K 1 =  N seP  nh, /  Also

where Nsn =  concn. of empty surface sites 
N s o  =  concn. of occupied surface sites 
P nh , =  pressure of NH3

Since the data in Fig. 2 were obtained starting with 
the chemisorption sites all occupied and zero gas 
pressure, the value of Nse is proportional to 
P NHs and the value of Nso in appropriate units is 
equal to the amount of NH3 originally chemisorbed
(A) minus P NHl. The equilibrium constant then is 
given by

K  =  Pnh,2/(A  -  Pnh3)
The value of log K ,  so determined, plotted vs. l/ T  
is shown in Fig. 3. The slope of this straight line 
gives the heat of chemisorption as 11.5 kcal. per 
mole. This method of determining the heat of 
adsorption depends on the Langmuir isotherm being 
obeyed at all temperatures covered.

As shown in Fig. 4, a freshly pressed disk has a 
very large and broad OH band at 2.7—3.3 y. Also 
present is a substantial band at 6.2 u, which indi
cates the presence of water having the usual HOH 
structure. The 6.2 ¡i band can be removed com-
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Fig. 4.—Variation of absorbaney in the 2 to 4 y  region upon desorption of hydroxyl groups from a freshly pressed a-Fe20 3 disk as the temperature is increased from 25 to 475° over an 8-hr. period while pumping on the sample.
pletely by prolonged evacuation at room tempera
ture, although the usual procedure is to heat the 
disk to about 150° to hasten the process. This 
indicates that adsorbed II20 , which still has the 
structure H20, is held rather loosely and should be 
classified as physically adsorbed water.

During the process of removing the 6.2 y band, 
the OH band is narrowed considerably, having lost 
some absorption on the long wave length side. 
It is apparent from Fig. 4 that associated hydroxide, 
i.e., hydrogen bonded hydroxide which absorbs 
mostly from 2.8 to 3.2 y, is the principal constituent 
removed at this point. Further desorption (by 
heating in vacuo) continues to remove associated 
OH predominantly but some free OH probably is 
removed also. After considerable desorption, the 
surface is left with essentially free OH, i.e., non
hydrogen bonded OH, as shown by a single sharp 
peak at 2.75 a (curve E). Continued heating and 
evacuation slowly removes the last trace of the 
OH band in the spectrum.

In Fig. 5 is found a plot of absorbancy at 2.8 and
6.2 y vs. the amount of water adsorbed on an acti
vated, OH-free disk. It can be seen that the first 
increments of H20  chemisorb in a manner giving 
rise only to O-H vibrations. No HOH bending 
mode is observed at this point. This suggests 
that the activation process is simply reversed. 
Further, when the number of chemisorption sites 
becomes sufficiently reduced, physically adsorbed 
water appears on the disk, producing the typical 6.2 
y absorption band in the spectrum. The gas phase 
pressure of water in the cell was less than 5 a

for the first 5 points on Fig. 5, while for the last 
2 points the pressure was 48 y and 150 y, respec
tively.

The infrared spectra of a bare activated disk and 
the disk with NH3 chemisorbed are shown in Fig. 6. 
The bands at 3.1 and 6.3 y are characteristic of 
chemisorbed ammonia. The changes in the spectra 
beyond 7 y are produced by all chemisorbed gases 
and cannot be ascribed to the chemisorbed NH3 
species itself. No other bands are observed for 
the chemisorbed NH3 species. The ratio of the 
integrated intensities of the 3.1 y band to the 6.3 
y band for chemically adsorbed NH3 is 4 to 1 as 
determined from spectra with only chemisorbed 
NH3 present, while the same ratio for physically 
adsorbed NH3, determined by subtracting the 
spectra for chemisorbed NH3 from that for both 
physically plus chemisorbed NH3, is 2 to 1.

The formation of NII4+ with bands at 3.4 and
6.9 m occurs only when physically adsorbed water 
and ammonia are present. This reaction can be 
carried out by contacting a wet disk with NH3 
or by adding H20  to a disk already containing 
physically adsorbed ammonia. The NH4+ formed 
by either method can be removed by degassing of 
the disk at room temperature. If only chemisorbed 
NH3 and H20  (surface OH groups only) are present, 
no NH4+ forms.

The infrared bands observed for chemisorbed 
H20, EtOH, and Et20  are shown in Table III. 
The chemisorption of H2S produces an OH band 
with about V j the intensity of the OH band 
produced by chemisorbed water.

T able III
I nfrared B ands for E tOH, H 2S, and E t20  C hemisorbed 

on a-Fe20 3

Adsorbate Spectral bands observed
Ethyl alcohol 3.0 (weak)

3.4 (weak)
6.9 (very weak)
7.2 (strong)
9.0 (strong)
9.4 (strong)

H2S 3.0 (medium)
6 .2 (very weak)

Ethyl ether 3.5 (strong)
7.2 (weak,)

Discussion
The infrared spectra reveal that when H20  

chemisorbs it reacts with a surface oxide ion to 
produce two hydroxide ions. In this work chemi
sorbed species are defined as those which cannot 
be removed by evacuation at room temperature. 
All adsorbed H20  which retains the HOH configura
tion so as to give a band at 6.2 y can be removed by 
evacuation at room temperature. Since removal of 
the physically adsorbed water decreases the OH 
stretching band mostly in the region around 3 y, 
hydrogen bonding is presumed to play a large role 
in holding the physically adsorbed water on the 
surface.

The crystal lattice of a-Fe20 3 consists essentially 
of oxide ions in a distorted hexagonal close packed 
system with Fe+3 ions occupying interstitial posi
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tions and distorting the lattice because of their 
size. The iron ions are surrounded by six oxide 
ions in an approximate octahedral arrangement. 
The hydroxide ions formed by water chemisorption 
are presumed to occupy surface lattice positions, 
which are in the first coordination shell of a Fe+3 
ion. Any position on the surface, lattice point or 
not, which is not in the first coordination shell of a 
Fe+3 ion is assumed to be a satisfactory physical 
adsorption site.

The data in Table II show that the total number 
of moles of NH3 and II20  chemisorbed is approxi
mately constant regardless of whether all chemi
sorption sites are filled with NH3 or H20  or a mix
ture of the two gases put on the surface in any ratio 
or order of addition to the surface. From this it is 
concluded that NH3 and H20  occupy the same sites 
on the surface.

The data indicate that NH3 does not dissociate 
as water does upon chemisorption. The fact that 
the equilibrium data in Fig. 2 can be obtained with 
increasing and decreasing temperatures indicates 
that the NH3 does not dissociate to form other 
gaseous products which would change the pressure 
or to change the surface which would change the 
value of the equilibrium contant unless all changes 
are rapidly reversible. The most likely dissociation 
would be to split a proton off an NH3 molecule to 
form a surface hydroxide ion. The infrared spectra 
of chemisorbed NH3 show no band which can be 
interpreted as an OH stretch. Chemisorbed water 
produces a band centered at 2.8 n like curve E of 
Fig. 4, while chemisorbed NH3 produces a band 
centered at 3.1 ¡x. When both H20  and NH3 
are chemisorbed, the bands overlap but still 
produce distinct maxima at 2.8 and 3.1 ¿¿. It 
also is noted that NH3 does not react with surface 
hydroxide ions to form NH4+ on the surface. 
Therefore NH3 is believed to retain its identity 
as an NH3 unit upon chemisorption.

If NH3 retains its configuration, the question 
arises as to just what is the nature of its interaction 
with the surface. It has been shown that the NH3 
molecules occupy the same sites, presumably 
around Fe+3 ions, as do OH • ions formed upon H20  
chemisorption. This leads to the consideration 
of the possibility of coordinate bond formation 
involving the lone pair of electrons on the nitrogen 
atom and the vacant d orbitals of the Fe+3 ions. 
Comparison of the infrared spectra of metal com
plexes10 with our spectra of chemisorbed NH3 
does not encourage this idea. The metal complexes 
give a band at 12.0 ¡x, corresponding to r2 of gaseous 
NH3, and split v i  into two bands at 6.3 and 7.5 fx .  

If these bands had approximately the same in
tensities relative to the 6.3 and 3.1 n bands for the 
chemisorbed species as exists in the complexes, 
they would have been readily detectable in our 
spectra. Since bands at 12.0 and 7.5 /x were not 
detected for the chemisorbed species, coordinate 
bonding is assumed to not be the predominate 
surface interaction.

A combination of ion-dipole interaction and 
hydrogen bonding is sufficient to account for the

(10) J. Lewis and R. G. Wilkins, "Modern Coordination Chemistry," 
Interscience Publishers, New York, N. Y., 1960.

Fig. 5.—Absorbancy of water a t 2.8 and 6.2 ^ as a function of the amount of water adsorbed on an a-Fe20 ,i disk measured in units equivalent to the amount of gas in one cc. at 1 mm. pressure and 298°.

the spectrum of an activated c3-Fe2C>3 disk; the dashed line is the spectrum with NH3 chemisorbed on the disk; curve A goes with the % transmission scale given while curve B is expanded by the insertion of screens in the reference beam.
observed heat of chemisorption of 11.5 kcal. per 
mole. Calculations of ion-dipole interactions for 
the dipole of NH3 and the Fe+3 taking account of 
repulsion of oxide ions give an interaction energy 
of 5 to 10 kcal. per mole if the NH3 approaches to 
within about the sum of the van der Waals radii of 
the interacting pair. The exact energy is quite 
sensitive to the distance apart of the reactants and 
to the assumed surface configuration of the sur
rounding oxide ions. Thus ion-dipole interaction 
plus 4 to 6 kcal. per mole expected from hydrogen 
bonding is adequate to account for the observed
11.5 kcal. per mole heat of chemisorption. The 
energy for physical adsorption is assumed to be 
largely supplied by hydrogen bonding. The dif
ference between physical adsorption and chemi
sorption in this case aside from perhaps a difference 
in the average number of hydrogen bonds per 
molecule is that the chemisorbed species occupy 
lattice positions in the first coordination shell of 
Fe+3, thereby gaining ion-dipole interaction energy, 
whereas physically adsorbed NH3 does not occupy 
this energetically favored position and so has 
mostly only hydrogen bonding interactions.

The relative intensities of the bands at 3.1 and
6.3 p. support the idea of hydrogen bonding. 
Hydrogen bonding is known11 to increase markedly 
the ratio of the intensity of the 3.1 to 6.3 /i bands. 
In gaseous NH3 this ratio is much less than one

(11) G. C. Pimentel and A. L. McClellan, “ The Hydrogen Bond," 
W. H. Freeman and Co., San Francisco, Calif., 1960.
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whereas in metal complexes it is about one, for 
physically adsorbed NII3 here it is about two and 
for chemisorbed NH3 it is about four. The lack 
of a band corresponding to r2 of gaseous NH3 in 
the region of 10 to 12 n is assumed to be due to 
extensive hydrogen bonding interfering with this 
mode.

For ammonia gas, rotational effects are readily 
noted in combination with the vibrational bands 
present in the spectrum. These are not observed 
for chemisorbed or physically adsorbed ammonia and 
this indicates that some, if not all, of the rotational 
degrees of freedom are lost by the NH3 molecule 
upon adsorption on Fe20 3.

This work illustrates the difficulty and futility 
in trying to draw a sharp distinction between 
physical and chemical adsorption. Certainly no 
one would argue against calling the material 
herein referred to as chemisorbed water chemisorbed 
because of its obviously having undergone a 
chemical reaction, i.e., bonds broken and made. 
One might, however, object to calling it water. 
Our justification for this is that when we get it 
back from the surface it is still or again water. 
The case for NH3 is rather different. Our defini
tion of chemisorbed material as that which is not 
removed by evacuation at room temperature in a 
“ reasonable”  length of time is entirely arbitrary. 
All of the forces invoked to explain the energy of 
adsorption are classically physical forces. The 
definite structure of the chemisorption site and 
the clear existence of two types of adsorbed NH3 
and H20  justifies, to us at least, our terminology. If 
others wish to refer to all of our NH3 as physically 
adsorbed because of the relatively low heat of ad
sorption and the lack of “ chemical bond” formation, 
we will not argue. The data of Table I show the 
wide divergence in the amount of chemisorption 
here depending on the type of measurement.

We now turn our attention to the other gases

which were not studied as thoroughly as NH3 and 
H20. The principal feature of the spectrum of 
chemisorbed H2S is the formation of a hydroxyl 
band. The fact that the intensity of this band is 
about one-half that of a chemisorbed water layer 
may be accounted for by assuming that H2S inter
acts with the surface to produce one hydroxide ion 
and one SH~ ion upon chemisorption. The in
tensity of the SH stretching band is such that it 
would not be observed for the number of chemi
sorbed species in the infrared beam.

Ethyl ether forms a very strongly held, though 
few in number, chemisorbed species. The spectrum 
is too weak to permit detailed evaluation. This 
compound is different from the other chemisorbates 
in that no protons are attached to the electronega
tive atom.

Ethyl alcohol might be expected to adsorb in a 
manner analogous to water and the above data 
appear to be consistent with this idea. The shift 
in the hydroxyl from 2.7 (in the gas phase) to 3.0 n 
in the chemisorbed species is typical of hydrogen 
bonding or associated hydroxide groups.

Surveying the molecules which chemisorb it is 
noted that all have appreciable dipole moments 
and all contain protons capable of forming hydrogen 
bonds except ethyl ether, which only chemisorbs to 
a limited extent. At least two of the five molecules 
which chemisorb undergo decomposition by split
ting off protons. Of the gases which do not chemi
sorb at room temperature, N 2, 0 2, H2, CO, S 02, 
Cl2, ethane, and ethylene, only one, S02, has an 
appreciable dipole moment. None of these mole
cules is capable of forming hydrogen bonds. Trap- 
nell12 suggests gases like CO, C 02, S02, and H2 
chemisorb on some oxide surfaces to form C 03~2, 
S04“ 2, and OH -  ions. Apparently these processes 
do not occur at 25° on cx-Fe20 3.

(12) B. M. Trapnell, “ Chemisorption,” Butterworths Scientific Pub
lications, London,1955.

FORMATION AND DECAY OF ATOMS AND SMALL FREE RADICALS AT
LOW TEMPERATURES1

B y  D an iel  W. B ro w n , R oland E. F lo rin , and  L eo A. W all

N a t i o n a l  B u r e a u  o f  S t a n d a r d s ,  W a s h i n g t o n  2 5 ,  D .  C .

Received April 2, 1962

The maximum numbers of atoms that can be produced by exposing solid H2, D2, N2, and CH4 to 7 -radiation at 4.2°K. were investigated using the electron spin resonance method. The limiting values expressed in mole % were estimated to be 0.1% N atoms in N2; 0.2% each of H atoms and CH3 radicals in CH4; less than 0.008% D atoms in D2; and 0.0001% H atoms in H2. The lifetimes of the atoms were found to be highly dependent on the nature of their surrounding media. The decay behavior suggests complex mechanisms involving several types of processes including autoignition types. Certain spectral changes were observed upon decay or annealing of the irradiated materials. Besides obtaining sharper and more resolved spectra, additional lines, usually of weak intensity, were seen. The possible interactions or species responsible for these lines are discussed.
Introduction

This paper summarizes results of several in
vestigations in which electron spin resonance

(1) Based on work supported by the Free Radical Research Pro
gram of the Department of the Army and also by the Aeronautical 
Research Laboratory, Wright-Patterson Air Force Base, Ohio.

(e.s.r.) was used to measure radical concentrations. 
Certain spectra not mentioned in the literature 
were observed.

Theoretical studies suggest that the maximum 
percentages of atoms and small radicals that can 
be stabilized in low melting materials at 4.2 °K.
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will be a few tenths of one mole per cent.2 Experi
mental results3'4 on the deposition of nitrogen 
atoms from an electric discharge support this view. 
These maxima have not been demonstrated in 
systems subject to ionizing radiation at 4.2°K.
In previous radiation work 0.06 mole %  N atoms 
in N2 and 0.15% each of H atoms and of CH3 
radicals in methane were obtained without indica
tion of decreased G-value, radicals produced per 
100 e.v. absorbed, for accumulation; the per
centages of atoms in H2 and D 2 were much less, 
but the numbers obtained were uncertain because 
the spectra were extremely distorted.6 Irradia
tions now have been carried to doses roughly 
five times as great as before and the results are 
reported herein.

The stability of given concentrations of atoms at 
different temperatures is of interest. Long storage 
experiments were carried out at 4.2°K. Samples 
also were immersed in liquid H2 and spectra were 
obtained several hours later.

Under certain conditions the spectra of methyl 
radicals at 4.2°K. have more than four lines. 
Similarly, more than seven lines sometimes are 
seen in the spectrum of nitrogen atoms. These 
spectra are presented, although we are not certain 
of the explanation of the added lines.

Experimental
The techniques are identical with those previously described except as outlined below.6 The samples all were pre-irradi- ated in accordance with results from previous work. Doses were accumulated from one measurement to the next. s5 Samples containing N , and CH4 (see Table I) were handled in one group, and the samples of D2 and H 2 were handled in another.All spectra were obtained at two power levels, and approximate corrections for saturation were applied by extrapolating to zero microwave power a plot of the integral absorption ratio of sample and a reference material free from power saturation, v s . integral absorption of the reference material.A Varian low-power bridge was used to obtain spectra of atoms in hydrogen and deuterium in order to have undistorted spectra. Some difficulty was encountered in getting reproducible quantitative results with it. All other spectra were obtained with an ordinary Varian bridge operating at about 0.3 to 1 mw. A sample of commercial ultramarine, an inorganic sulfur-containing pigment, was permanently mounted in the cavity. The resonance from it is displaced from g  =  2.0  and so was recorded with each spectrum and used to determine relative power levels.

Results
1. Atomic Content at Different Doses.—Re

sults for samples that contained N2 are shown in 
Fig. 1 and 2, and those for CH4, D2, and H2 in 
Fig. 3, 4, and 5, respectively. In each figure 
the mole per cent of atoms or radicals (100 X 
(number of atoms/number of molecules)) is 
plotted as a function of dose. In the samples 
that contain neon and xenon, the percentage of 
atoms is based on the N2 in the mixture because 
e.s.r. spectra suggest that the atoms are in a matrix 
of N2.6 _

The initial (7-value, number of atoms stored per 
100 e.v. absorbed, is 0.3 for atomic N in N2, 0.9

(2) (a) J. L. Jackson, J. Chem. Phys., 31, 154 (1959); (b) 31, 722 
(1959).

(3) B. J. Fontana, J. Appl. Phys., 29, 1668 (1958).
(4) B. J. Fontana, J. Chem. Phys., 31, 148 (1959).
(5) L. A. Wall, D. W. Brown, and R. E. Florin, J. Phys. Chem., 63,

1762 (1959).

Fig. 1 .—Mole % of N atoms in N2 v s . dose. Curves, according to Jackson, 2 for n, = 0.1 mole %, (3 = 0, 0.1, 0.2; Tic critical levels assuming indicated /3 and n ,  =  0.1 mole %.

Fig. 2.—Mole % of N atoms in N2 v s . dose: O, undiluted N,; •  (Xe:N2) =  4:1; X (N e:N 2) = 16:1.

Fig. 3.—Mole % of H atoms and of CH3 radicals in CH, 
v s . dose: O, H atoms; A, methyl radicals. Curves, theoretical (see Appendix); dashed line, 0  — 0.04; full line, 0 = 0.1; Tic/V2, critical level for (H) =  (CH3).
each for H and CH3 in GIL, and 2.4 for D in D2. 
For N in N2 +  Xe, 1:4 mole ratio, it is 0.032, and
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Fig. 4 .—Lower section: mole % D atoms in D2 v s . dose; • ,  experimental points, k  =  second-order decay constant calculated from data in the upper section. Upper section: results of decay of deuterium atoms: [(% D after storage) -1  — (initial % D )-1] X 10-3 v s . time at 4.2°K.; A, initial % D = 0.002; O, initial % D = 0.003.

Fig. 5.—Lower section: mole % of H atoms in H 2 v s . dose; • ,  experimental points. Upper section: results of decay of hydrogen atoms: [(% H after storage) - 1  — (initial % H )-1] X 10-4 v s . time at 4.2°K.

for N in N2 +  Ne, 1:16 mole ratio, it is .006; the 
latter two values are equivalent to 0.4 and 0.1, 
respectively, if one considers only the energy ab
sorbed in the N2 component, arbitrarily distributed 
according to electron fraction. In the absence of 
diluent, these values are uncertain in an absolute 
sense by about 50%. In the mixtures, the error 
can be greater because of possible uneven distri
bution of the N2 component in the e.s.r. cavity. 
The converted values, referred to N2 component 
of the mixture, are of interest because of their order 
of magnitude, but because of electronic non
equilibrium and other energy transfer effects in 
mixtures, they must be regarded as mere ratios 
resulting from the indicated calculation.

In Fig. 1 and 2, it is seen that the concentration 
of atoms in the mixtures rises continually with dose. 
In undiluted N2, the atom concentration first rises 
and then falls to a low value. The region of in
creasing slope at low atom concentrations probably 
is an error resulting from insufficient correction for 
power saturation in this region. At the highest 
doses, it is assumed that the concentration of atoms 
in this sample went to zero and then increased again 
at the original rate. The dashed line illustrates 
this behavior. A similar decrease was observed 
with CfT4 (see Fig. 3), although the difference 
between the final concentrations of H and CH3 
suggests that only the concentration of H atoms 
could have decreased to zero.

Theory predicts that the concentration of atoms 
will increase with dose until some steady value is 
reached.2 Since the sample of CH4 and those that 
contained N2 were irradiated at the same time, a 
reasonable explanation of the observations is as 
follows. Presumably, a slight temperature rise 
occurred which permitted autoaccelerated recom
bination of atoms through self-heating in the 
samples of methane and undiluted N2 but not in 
the others, because only in the former were the 
radicals close to theirlbmiting concentrations. In 
the latter the limiting concentrations probably 
are higher because the surface area through which 
heat is transferred is relatively large if small 
crystals of N2 are dispersed in an inert matrix. 
The theory of thermal explosions indicates that the 
explosion temperature increases as the surface-to- 
volume ratio of the system increases.6

The slopes of the lines for radicals in undiluted 
N2 and CH4 decreased in the radiation period that 
preceded the one in which the concentrations de
creased. This suggests that the limiting concentra
tions are not much higher than the maximum values 
observed, 0.1% N in undiluted N2 and 0.2% each 
of Id and CH3 in CH4. The former value agrees 
with the value calculated by Jackson for a large 
sample of undiluted N2.2 No indication of an 
approach to a limiting concentration of atoms is 
suggested by the data for the samples which con
tain neon and xenon.

In Fig. 4 results of experiments are shown which 
involve D2 at 4.2°K. Concentrations of D atoms 
after irradiation are shown in the lower section.

(6) N. N. Semenov, ‘‘Some Problems in Chemical Kinetics and 
Reactivity,” Vol. II, Princeton University Press, Princeton, N. J., 
19 5 9 , p. 95.
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Values are much lower than in N2 or CH4. Down
ward curvature is observed at low doses, but the 
limiting concentration of atoms was not reached.

Similar plots for irradiated H2 are shown in Fig.
5. In the lower section the concentration of 
atoms appears to decrease somewhat with increas
ing dose. At present we regard these results as 
indicating that the concentration is constant at 
about 0.0001% at all doses. This value is so small 
that the atoms could possibly be on the wall of 
the container. Since the concentration of H 
atoms is independent of dose in the experimental 
range, the rate of formation was calculated by 
assuming that the (S'-value for production of H 
atoms equals that for the production of D atoms. 
This probably is conservative because H atoms 
should diffuse more rapidly than D atoms. The 
initial rate of formation based on this assumption 
is 0.45 X  10~7 mole/1. sec. The full interpretation 
of Fig. 4 and 5 requires consideration of thermal 
decay rates, which were appreciable.

2. Storage and Heating Experiments.—At 4.2° 
K., atoms are stable for long periods of time in 
CH4 and N2. Data illustrating this are given in 
Table I, which lists the mole percentage of atoms 
before and after storage at 4.2°K. Results from 
a mixture of N2 and argon are included. Mole 
%  of N atoms in this mixture only is based on the 
total number of moles, instead of just the N2, 
because the e.s.r. spectra of N atoms in the sample 
suggest that the atoms are in an argon matrix.5 
Apparently, any changes are small, even after 
525 hr. storage, compared with the precision of 
the measurements. This is estimated to be ±25%  
from the apparent increases in radical concentra
tion during the storage. If decay is second order, 
it proceeds with a rate constant that is less than 
5 X 10~51./mole sec.

The effect of immersing samples that contain N 
atoms, H atoms, or CH3 radicals in liquid hydrogen 
(b.p. 20.4°K.) is shown in Table II. Irradiation 
and initial measurements of the atom concentra
tions were performed at 4.2 °K. Subsequent 
measurements were made with the sample in 
liquid hydrogen. Decay upon immersion is rapid 
but there are not enough data after immersion to 
calculate rate constants at 20.4°K. The fact 
that atoms remain in undiluted N2 after 7 hr. 
suggests that decay is slow if the atom concentra
tion is low. However, over-all final concentrations 
below 0.001% give weak spectra at 20°K., and 
values reported in this range are only approximate.

The temperature may have exceeded 20.4°K. 
initially because energy is released by the recom
bining atoms. The heat released in the second 
experiment with CH4 could have raised the tem
perature by about 5°. Temperature increases 
that result from combination are superimposed in 
an unknown way on the normal temperature in
crease incidental to the immersion. Discussion 
of the effects of immersion in liquid hydrogen is 
complicated by these factors.

In samples that contain N atoms, smaller relative 
decreases in the concentrations of atoms occur if 
the initial concentration is very small. This 
suggests that the order of the combination is greater

than unity or that self-heating, which is greater 
when more atoms combine, may influence this 
result. However, in xenon the two highest initial 
concentrations of N atoms differed by a factor of 
9, and these both decreased by about a factor of 
4 to 5 on immersion in liquid hydrogen. This 
factor also is about equal to that found for the loss 
of atoms in the first of the results listed for the 
mixture that contained neon. Intercomparison 
of the results for these mixtures should be approxi
mately valid if both mixtures consist of crystals 
of N2 in different matrices. The relatively con
stant ratio obtained suggests that first-order proc
esses occur. This implication of the data con
flicts with the previous one.

Initial local concentrations of atoms of 0.005- 
0.006% decrease much more on immersion in 
liquid hydrogen if the medium is undiluted N2 
than if it is argon. Within a fairly large experi
mental uncertainty, decreases do not occur when the 
diluent is neon or xenon. An argon matrix would 
be expected to be more restrictive than would one 
of N2 because the melting point and density of the 
former are greater. The lack of any decay in the 
other matrices may result from better cooling of 
the small crystals of N2 that are thought to be 
present. Possibly, considering the concentration 
level involved, there is only one atom per crystal 
of N2, and diffusion between crystals does not 
occur.

The pair of experiments with methane is interest
ing because the initial ratio of CH3 to H was high in 
one case and about equal to unity in the other case. 
Since the concentration of the CH3 radical decreased 
in the absence of a substantial concentration of 
H atoms, combination between CH3 radicals is 
appreciable. Presumably, three types of radical 
combination occur in the second experiment. 
The final concentrations indicate that processes 
that use up H atoms are more rapid than those 
involving combination of methyl radicals.

Results of storage experiments upon irradiated 
D2 at 4.2°K. are shown in the upper section of Fig.
4. The apparent concentration decreased from 
0.003 to 0.0006% in 77 hr. in one experiment and 
from 0.002 to 0.0007% in 192 hr. in another experi
ment. Obviously, no simple kinetic relation fits 
these results, but the precision of the measurements 
is such that the difference between the final con
centrations could be greater and also in the reverse 
direction. The data are presented as second-order 
plots in the upper section of Fig. 6. The most 
extreme of the slopes were used to calculate the 
rate constants, k, which are entered on the plots 
in conventional units, l./mole sec. Values of these 
constants are such that an activation energy of 300 
cal. reduces a pre-exponential factor of 1012 to the 
magnitude observed.

The initial points in the lower section of the figure 
were used to calculate a rate of formation of D 
atoms equal to 0.33 X 10~7 mole/1. sec. It was 
assumed that the rate of accumulation of D atoms 
equaled 0.33 X 10~7 — 2fc(D) 2 moles/1. sec. The 
values of k were taken from the upper section and 
used to calculate the lines in the lower section. 
The actual accumulation of atoms is slower initially,
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Fig. 7.—Spectra of radicals in CH4: (A) normal for CH3 at 4.2°K.; (B) after concentration decrease indicated inFig. 3; (C) repeat of B after changing position of sample in cavity (whole spectrum pieced from partial scans in the opposite direction); (D) sample at 20.4°K.; spectrum was like A before temperature was raised; (E) obtained on another occasion when the concentration of atoms was lower than expected; (Q) line from quartz container.
but eventually the concentration exceeds the limit 
set by either k. This observation may indicate 
that several trapping sites exist and that after 
long irradiation a greater fraction of the observed 
atoms are in the deeper traps because more of those 
in shallow traps will have combined. The rate 
constants for decay were calculated after doses of 
less than 11 X 1020 e.v./g.; the initial concentra
tions dilfered by only 30%. Therefore, these 
values of k may not apply after long irradiation.

Similar plots of results of experiments with ir
radiated H2 are shown in Fig. 5. Here the decay 
rate is 30 times as rapid as that of D atoms in D2. 
The data do not scatter as badly as in Fig. 7 but 
only one starting concentration was used. The 
line in the lower section was constructed using the 
second-order decay constant shown, and a forma
tion rate of 0.45 X 10~7 mole/1. sec. estimated from 
D2 irradiations. In H2 the observed limiting con
centration of atoms is much less than that cal

culated. Since the observed limiting concentration 
depends inversely on the square root of the re
combination constant, a much more rapid recom
bination rate than observed seems indicated. 
Possibly during irradiation the concentration of 
trapped atoms is so low that combination with hot 
atoms diffusing from the spurs is important. This 
process would be first order in trapped atoms but 
would not show up in the decay studies.

3. E.s.r. Spectra.—The e.s.r. spectra of N 
atoms in undiluted N2 between doses of 3.7 X  
1020 and 93 X 1020 e.v./g. are very similar to one 
another and also to that which we published pre
viously.5 The saturation of the spectra at 1 mw. 
power decreases as the concentration of atoms in
increases, becoming substantially negligible at 
about 0.06 mole %  atoms. At 130 X 1020 e.v./g., 
i.e., after the decay, the spectrum is unlike the 
others in that additional lines are present and the 
old lines are narrower than before. Subsequently, 
it was found that similar spectra were obtained in 
experiments in which atom concentrations were 
substantially less than values consistent with those 
in Fig. 1. They also were obtained from samples 
in liquid hydrogen which had given the normal 
spectrum when in liquid helium. In Fig. 6 the 
normal and narrow-line spectra at high resolution 
are shown; the latter was taken with the sample in 
liquid hydrogen. Only about half of the normal 
spectrum was taken in order to conserve helium, 
but it is symmetrical about the center.

It was found also that spectra from irradiated 
methane were narrower and had extra lines if the 
samples contained abnormally few methyl radicals 
or had been immersed in hydrogen. Variations of 
such spectra are shown in Fig 7. Lines marked Q 
are thought to be due to quartz. Shoulders exist 
in the normal spectrum and the recording fails to 
return to the base line in the interval scanned. 
These observations suggest that the same sources 
of absorption are present in both types of spectra 
but that normally the lines are too broad to be 
resolved.

We cannot account for all the lines in these spec
tra; their number varies, and some changes in slope 
indicate that additional lines are present but not 
resolved.

If samples which give the many-lined spectra 
are subjected to more irradiation without being 
annealed, the extra lines are retained, although they
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are broadened somewhat; the intensities of all 
lines increase. If such samples are melted and re
irradiated, the normal spectra are obtained. The 
correction for power saturation of the spectra of 
CH3 and H decreases with dose like the correction 
in undiluted N2. It never becomes negligible, how
ever, and line widths are constant at all concentra
tions of atoms.

The e.s.r. spectra of D atoms in Da and H atoms 
in H2 are three and two widely spaced lines, 
respectively7; with the low-power bridge, rela
tively undistorted spectra are obtained but the 
signal-to-noise ratio is low.8 Observed line widths 
between points of maximum slope are 0.5 gauss 
for H atoms and 1.5 gauss for D atoms. These 
widths were not significantly different at different 
doses.

Discussion
1. Stability of Trapped Radicals.—The growth 

curves for atoms and radicals in irradiated pure 
nitrogen (Fig. 1 and 2) and methane (Fig. 3) are 
in reasonable accord with Jackson’s develop
ment2 of the theory of chain reactions as applied 
to irradiated solids at low temperature. Radicals 
or atoms are considered to exist mainly in traps in 
the crystal lattice, characterized by a single 
temperature 71 above which the radicals are 
thermally liberated. A reaction between two 
radicals liberates all trapped radicals in a charac
teristic volume Vf derived from 7) and the heat of 
reaction and heat capacity. Whether these radicals 
react with existing radicals or become trapped again 
depends only upon the ratio of suitable lattice 
sites, the time spent in diffusion being short enough 
to neglect. At the low concentrations prevailing, 
the probability of reacting is given by fn /M , 
where n is the number of trapped radicals per unit 
volume, M  is the total number of trapping sites 
per unit volume, and f  is a numerical parameter 
which does not need an explicit physical definition 
for further development of the theory. However, 
it is useful to consider f  to be the number of lattice 
sites sufficiently near one trapped radical to permit 
reaction. The probability of being trapped, i.e., 
not reacting, is then 1 — tn/M. The liberation 
of radicals and their further reaction constitute a 
branched chain reaction, and hence the mixture 
can become explosively unstable when the ratio 
of radical released to those consumed exceeds unity. 
Where 7-radiation is producing new radicals at a 
rate k, reaction chains of shorter length act to 
reduce the realized yield of radicals. On this basis, 
the critical concentration for instability is nc =  
(M /{V f)1/!, and the growth equation is given by

2 £n/M 
1 -  (n/ncY_

The form of the growth curve depends upon the 
value of parameter /3= (f/A /T f)1/! =  n^/M. 
Low values of /3 indicate great chain lengths, and 
the corresponding growth curves are approximately

(7) C. K. Jen, S. N. Foner, E. L. Cochran, and V. A. Bowers, 
Phys. Rev., 104, 846 (1956).

(8) L. H. Piette. R. C. Rempel, H. E. Weaver, and J. M. Flournoy, 
J. Chem. Phys.. 30, 1623 (1959).

linear up to high concentrations, where they sud
denly level off to a steady-state concentration 
nB just slightly below the critical nc (Fig. 2). For 
high values of /3, the growth curves approach a 
familiar first-order type and level off at concen
trations far below na. In small particles, the value 
of nc depends inversely upon particle size; this 
conclusion, familiar in explosion theory,6 results 
from a more complicated treatment with diffusion 
appearing explicitly.

The results upon irradiated pure nitrogen, taking 
in conjunction both the form of the growth curve 
and the instability manifested by the sudden drop 
in concentration near 10 X 1021 e.v./g. in Fig. 2, 
strongly support the theory outlined above, with a 
low value of /3, i.e., a large chain length. A growth 
curve alone, with many experimental points of high 
precision below and above the leveling-off region, 
would be sufficient to establish this conclusion; 
however, with the limited precision of e.s.r. meas
urements and the presence of only one experimental 
point above the leveling-off region, it becomes 
necessary to rely heavily upon the instability as 
well. The sudden fall in concentration does not 
occur automatically in irradiations at constant tem
perature according to theory, but can be brought 
about by a very slight temperature excursion, 
provided the value of /3 is sufficiently low. Such a 
temperature excursion could occur experimentally, 
for example, during a refilling with liquid helium, 
or from a small piece of frozen air or ice dropping 
into the helium dewar. That the excursion was 
only slight is evident from the fact that the catas
trophe in nitrogen did not affect the atom and radi
cal concentrations in irradiated methane in the 
same dewar; and the later event in methane did 
not affect any other samples. Assuming Tf =  
20°K., and noting nc 7 f‘/ * cc (7'f —
an arbitrary temperature rise of 1° would decrease 
nc by 6% . The parameter ¡3 would be decreased 
by the same amount. From the relations between 
nc, (3, and the steady-state level ns given by Jackson,2 
a few of the possible nc values for various /3 are 
sketched in Fig. 2, under the assumption that 
ns is approximately equal to the highest nitrogen 
atom level reached, 0.1 mole % . The 1° tempera
ture rise causes the existing ns at 4°K. to exceed 
the 5°K. value of nc when the 4° (3 is 0.06 or lower. 
Higher assumed temperature rises, or lower Tf, 
permit the explosive condition for a wide range of 
¡3 . For reasonable values of Tf ,  the level reached is 
near nc, and /3 is necessarily rather low.

The evidence of the growth curve alone is less 
decisive, as the experimental points could be 
fitted loosely by many combinations of chain 
parameter (3 and steady-state level nH. As all 
reasonable growth curves are linear initially, great 
reliance must be placed upon the one experimental 
point which deviates strongly from linearity. 
The formation rate k  is rather closely established 
at 1.37 X 10-23 mole %  per e.v./g. dose, aside from 
systematic errors. In Fig. 1 the experimental 
points are compared with theoretical growth curves 
for nB =  0.1 mole % , /3 =  0 .2, and for na =  0.1 mole 
% , /3 =  0.1. The linear portion of the experi
mental data extrapolates to zero concentration at
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0.36 X 1021 e.v./g. dose, indicating probably some 
residual inhibition of the type mentioned in ref. 5, 
and therefore the theoretical curves have been 
shifted to the right by this amount. The best 
values of (3 and ns can be sought systematically 
with the aid of a set of curves such as Jackson’s,2b 
showing y =  n/na as a function of r =  d/ns. 
The method is not restricted to small [i. One must 
assume a rather small error, say 10% , in the rela
tive value of n!na for any dose, and a much smaller 
error in the slope of the linear portion o: the curve, 
which is derived from many experimental points. 
Designating the slope of the linear portion by 
m and the dose D, one chooses preferably the 
experimental point 1, the highest point at which 
the deviation from linearity Bi is within the as
sumed error, e.g., 0.10 <  Bi =  1 — rii/mDi, and 
another point 2, at which the deviation B2 =  1 
— w2/mZ>2 is large. One draws on the set of 
y, t curves the line L of slope 1 — Bh the region 
between L, and the line y =  t  satisfying the con
ditions of point 1; and the line L2 of slope 1 — B2 
which satisfies the conditions of point 2. The 
intersections of L2 with the curves represent values 
of (y, ¡3, t )  satisfying the experimental point 2. 
For each (/?;, r 2i) obtained, one draws die vertical 
line rii =  miDi/Dz) and examines its intersections 
with curve ft. If an intersection lies between the 
lines Li and y —  r , the corresponding ft satisfies 
both points 1 and 2. For any ft thus found, the 
corresponding ns is obtained from y2 =  n2/ns. 
Assuming a relative error in point 1 of 10%, 
this procedure places d at 0.04 or less, na at 0.09 
to 0.1 mole % , and nc at 0.1 to 0.11 mole % , 
in substantial agreement with Jackson’s estimates 
from other data, and probably with greater preci
sion. The low level of N atoms found at 12.6 X 
1021 e.v./g. in Fig. 2 is presumed to result from a 
fall to zero concentration and renewed buildup at 
the linear rate, as illustrated by the curve.

Detailed comparison of experimental results with 
theory is not possible for the mixtures of N2 with 
diluents. As it is not known whether the system is 
structurally a solid solution, a mixture of micro
crystals, or a more complicated arrangement, the 
meaning of N atom concentrations becomes 
ambiguous. If the N atoms are located at ran
dom in a solid solution, mole %  N atoms in the 
total mixture is an appropriate basis for expression, 
while if they are located entirely within N2 crystals, 
a better basis is mole %  referred to the N2 content 
only, which for the present Ne-N2 and Xe- -N2 mix
tures is 17 times and 5 times the over-all concentra
tion, respectively. The ambiguity cannot easily be 
resolved without X-ray diffraction studies; however, 
it is likely from relative molecular dimensions that 
N2 will not form concentrated solid solutions with 
Ne or Xe, although it may do so with Ar. Also, 
the e.s.r. spectra of the mixtures are less saturated 
than those of undiluted X 2 at equivalent over-all 
concentrations of atoms. This suggests that the 
local concentrations of atoms in the mixtures are 
higher than the over-all value. It is assumed, 
therefore, that the Ne and Xe mixtures consist of 
separate crystals, and the N atom concentrations 
are stated in mole %  referred to N2 content.

In films deposited rapidly from dilute vapor upon a 
surface at 4°K .,9 these crystallographic considera
tions do not apply, and such products can be highly 
disperse mixtures. The over-all concentrations 
achieved in the present experiments with Ne-N 2 
and Xe -N2 are quite low, but concentrations 
referred to N2 content are roughly comparable to 
those in pure N2 (Fig. 1), N e-N 2 falling below and 
X e-N 2 above pure N2. The rates of accumulation 
of N atoms in mixtures cannot be compared readily, 
since the dose received in the N2 component is 
affected by electronic non-equilibrium and is not 
known. The mixtures did not level off in con
centration and survived unchanged the slight 
temperature excursions which made pure irradiated 
N2 unstable. In Xe- -N2 the N atom concentration 
had not leveled off nor approached instability at a 
concentration, referred to the N2 component, of 
0.16 mole % , which is 60% over the maximum 
attainable in pure N2. In a solid solution, the re
sult would not be surprising because the over-all 
concentration is in any event low. If the atoms 
are located in N2 crystals, the result illustrates the 
stabilizing effect of small particle size.2 6 If one 
takes at face value Jackson’s estimate of lo =  2 X 
104 lattice layers for the diffusion parameter, in his 
equation 32

j ________ vlo
[(n/ncy  -  l]iA

One finds, for example, that in microcrystals of 
conceivable size (infinite slabs 10 A. thick) the atom 
concentration might exceed the usual nc by 3-fold 
without dynamic instability. The surrounding 
medium must be a good trapping agent for N atoms, 
a requirement which may be approached by Xe. 
If this is so, however, many of the N atoms ob
served reside in the X e crystalline matrix. In a 
diluent of poor trapping character, perhaps ap
proached by Ne, the loss of mobile atoms from one 
crystal of N2 could be compensated by gains from 
other crystals, and the critical concentration of N 
in the N2 portion should be little greater than in 
pure N2, although (Fig. 1) it is evidently more 
slowly approached. One might hope to describe 
the N2--Ar system as an idealized solid solution in 
which differences in trapping sites, specific heats, 
and energy transfer phenomena are neglected. 
In this ideal case, the analysis should follow that for 
pure N2, using over-all mole fraction concentra
tions. The critical and steady-state concentrations 
should be the same, with k reduced by the factor 
X Nz =  mole fraction N2 and the time scale of the 
diagram extended by l / X Nr The complicated 
concentration dependence in the data of ref. 5, 
Table I, column 6, invalidate this model, perhaps 
because of energy transfer effects, but in addition, 
the dose dependence suggests that even nc and ns 
cannot be the same as in pure N2. The data 
were all at relatively low dose, and no attempt w*as 
made to approach na.

Irradiated methane contains two free-radical 
species, CH3 and H. In the Appendix, Jackson’s

(9) S . N .  F o n er, C . K .  Jen, K . L .  C o c h ra n , find V .  A . Bow ers, J .  

C h e m .  r t ' y s . ,  29, 3 5 1  (19 58 ).
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analysis has been extended to this case. The 
value of T{ for methyl radicals presumably is 
higher than Tf for hydrogen atoms, as the CH3 
concentration following the temperature-excursion 
catastrophe remains rather high. As simplified 
extreme cases one may consider (1) CH3 and H 
identical in all properties and (2) F f =  0 for CH3. 
Either case, with low ¡3, gives a fair agreement with 
data as far as they go, and in either case the value 
of /3 must be rather low. Case 1 offers no novelties. 
Figure 3 compares the experimental data with a 
curve for case 2, with k and f  alike for the two 
species, Vf =  0 for CH3, nc' =  {(H) (CH3 +
= 0.3, and /3 =  0.04 and 0.1. If case 2 applies, 
the concentrations of H and C-H3 cannot in general 
remain equal; after the sudden arrest in growth 
rate, (H) will decline slowly to zero and (CH3) 
will rise slowly to an ultimate high level of nc//3. 
When Vf for CHs is finite, the two concentrations 
should level off at intermediate values.

In both methane and nitrogen, the long linear 
region with sudden leveling off which is incompatible 
with large /3 automatically rules out any scheme of 
simultaneous growth and first- or second-order 
decay, unless there is a large random error in con
centration levels. Since no decay is observed in 
long storage, such schemes would furthermore re
quire special values of the decay constant, valid 
only during irradiation.

The formation rates k and the initial G-values in 
all the systems probably are the result of a balance 
between opposing rates of dissociation and of back 
reaction within the cage of the crystal matrix. 
Recent observations of methyl iodide photolyzed 
in hydrocarbons at 20°K.10 suggest that as much 
as 80% of the observed reactions occur within 
the cage, and before much loss of kinetic energy. 
In the present series, the weakest cage for which 
reliable data exist, D2, had the highest initial G- 
value for atoms, 2.4. This may be a consequence 
of the easier escape of dissociation products from 
the cage. In irradiated methane, one of the prod
ucts, H-, may escape the dissociation cage ef
ficiently, accounting for the fairly high (7-values of 
0.9 each for H- and CH3-.

The available results on irradiated hydrogen and 
deuterium cannot be discussed in the light of 
Jackson’s chain reaction theory, for several reasons:
(1) Experimental growth curves are incomplete. 
In hydrogen, the steady-state concentration of 
atoms was reached at the lowest dose investigated, 
2 X  1020 e.v./g. In deuterium, a steady-state 
concentration was not attained at 60 X  1020 e.v./g.
(2) The precision of e.s.r. measurements is especially 
poor, because of the low concentrations involved 
and the lengthy extrapolations to correct for power 
saturation. (3) The existence of a spontaneous 
thermal decay rate violates a basic postulate of the 
theory, that liberation of radicals is negligible at 
temperatures below Tf and complete above it. 
It is not impossible that both the leveling-off 
and the thermal decay have considerable chain- 
reaction character. One could, with some in
consistency, modify the theory by introducing a

(10) C. D. Bass and G. C. Pimentel, J. Am. Chem. Sor... 83. 3754 
G9G1).

small first-order rate of liberation from traps, with 
rate constant k. The equation for growth during 
irradiation would then become

dn [" 2(f/AQn 1 _  2ktf/M)n*
d( 1 — (n/n0)2_ 1 — (n/nc)2

and the equation for spontaneous thermal decay

dn _  2k(£/M)n2
di 1 — (n/v c) 2

The equation for thermal decay would be second 
order at low atom concentrations, n nc, and of 
variable high order at higher concentrations. For 
large k and large ¡8, the growth curve would be 
simply one with second-order decay; in any case, 
the curve would level off at lower concentrations 
than in the absence of the last term.

A serious difficulty is that, for deuterium atoms, 
the concentrations actually attained are greater 
than allowed by the measured decay rate. This 
is shown (Fig. 4) for zero-order growth and second- 
order decay; the disagreement will be still greater 
for the chain-reaction treatment. The only reason
able explanation is that based on a variety of trap
ping sites of differing energies. Qualitatively, the 
growth curve could resemble the sum of H and CH3 
in Fig. 3, the D atoms at high dose being predomi
nantly the species in the deeper traps. The decay 
rates measured at lower dose would not apply to 
this more stable species.

T able I
E ffect of Storage at 4 .2°K . on R adical C oncentra

tions
✓-------Amount of product, mole %------- *

✓—-Storage time at 4.2° K.----'
Sample" Product Initial 144 hr. 356 hr. 456 hr.

n 2 N 0 .0 0 12 0 .0 0 12 0 .0 0 12

.0014 0.0008

.0075 .0075

.032 .024
Ne +  N» N .0013 .0 0 12

(16:1 molar .0054 .0054
ratio) .016 .019

.087 .074
Xe +  N2 N .0045 .0049 .0054
(4:1 molar ratio) .018 .018

.055 .063

.16 .13
Ar +  N, N 0047 .0052
(16:1 molar

ratio)
c h 4 c h 3 .058 .065

H .047 .047
c h 4 c h 3 .062 .066

H .067 .085
“ In the mixtures that contain Xe or Ne, the percentages of N atoms are based on the content of Nj.
Like the results of storage of deuterium at 4°K., 

the complicated results of heating irradiated 
nitrogen, nitrogen mixtures, and methane to 20°K., 
Table II, probably reveal a weakness of the theory 
in assuming a single liberation temperature Tf 
for all trapped atoms in the sample. The drastic
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results of a s ligh t tem perature increase, F ig . 1, 
are m ost easily explained w ith  a Tt lower than 
20°K., w hile  some atoms in  fact survive. The 
apparent high order of recom bination in  m ost of 
the cases is q u a lita tive ly consistent w ith  the chain 
reaction th eo ry; the apparent low  order in  N 2-X e  
could be accommodated b y  the suggestion already 
advanced fo r deuterium  grow th curves, th a t there 
are several species of traps, w ith  the more stable 
va rie ty  predom inating in  samples in it ia lly  at high 
concentration and high dose. In  N 2 +  Ne, Ne
m .p. 24.5°K., the su rv iva l of any atoms so near the 
m elting po in t of the d iluent suggests th a t the neon 
plays o n ly a m inor part in  the trapping of atoms.

T a b l e  I I

E f f e c t  o f  T e m p e r a t u r e  I n c r e a s e  t o  20.4 ° K .  o n  R a d ic a l  
C o n c e n t r a t io n s

<------- Amount of product, mole %--------%
*—Time alter immersion in—s 

liquid Hi
Sample™ Product Initial 1 hr. 2 hr.

n 2 N 0.0063 0.0005 0.0004
.0017 .0014
.0008 .0006

Ne +  N2 N .074 .013
(16:1 molar .005 .008

ratio) 
Xe +  Nj N .13 .033
(4:1 molar ratio) .017 .0035

.005 .006
Ar +  N» 
(16:1 molar

N .0047 .0 0 2 1

ratio)
CH, CH, .070 .038

H .0 0 1 .0006
CH< CH, .053 .014

H .039 .0 0 1
° In the mixtures that contain Xe or Ne, the percentages 

of N atoms are based on the content of Nj.

E.s.r. Spectra— Line Breadth and Power Satura
tion.— Some of the e.s.r. spectra are shown in  F ig . 
3 w ith  power-saturation correction a t 1 m w. in 
dicated b y the num ber in  the lower rig h t corner. 
A t  h igh dose, the spectral lines in  N 2 m ixtures are 
broader than in  pure N 2. One lik e ly  cause of th is 
broadening is sp in -sp in  in teraction  of neighboring 
atoms at h igh concentration. T h is  also is a relaxa
tion  mechanism w hich should act to  reduce power 
saturation. Since over-a ll atom  concentrations in  
m ixtures are low , th is suggests th a t local concentra
tions are high, which agrees w ith  the model of atoms 
confined to  N 2 crystals. Even  at low  doses where 
line broadening is im perceptible, the power satura
tion  in  m ixtures is less pronounced t:ian  in  pure 
N 2. T h is  m ay im p ly th at the atom  concentra
tions plotted fo r Ne +  N 2, F ig . 2, are too low , a pos
sible e rror if  during preparation the sample de
posited m ost of its  N 2 in  the less sensitive regions 
of its  tube. A n  unexplained discordant observa
tion  is th a t a t high dose, the m ixtures exh ib it not 
less b u t more power saturation than does pure 
N 2, w hile line breadth and corrected absorption 
both indicate a higher local concentration of atoms.

E.s.r. Spectra— Add itiona l Lines.— Th e spectra 
obtained after w arm ing to  2 0 ° usually show weak

lines in  addition  to  the narrowed m ain lines. 
N o satisfactory explanation fo r these lines has been 
found. F igu re  6  shows the norm al and narrow 
line spectra fo r N  in  N 2. Possible explanations 
are based on ( 1 ) instrum ental d ifficu lties, (2 ) 
forbidden transitions, (3) im purities, (4) different 
trapp ing sites, (5) crysta l field sp littin g , and (6 ) 
a radical species Ns- in  sm all amounts.

Satellite  lines orig ina ting from  frequency rela
tionships in  the instrum ent often are encountered h i 
nuclear resonance, b u t in  e.s.r., w ith  the present 
arrangement, no such satellites have been found 
w ith  hydrogen and other narrow' lines. Satellite 
lines due to forbidden transitions (Am 8 =  ± 1 , 
Am i =  ± 1 , ± 2 ) have been reported b y  other w ork
ers, fo r example on hydrogen lines in  certain 
m atrices9; however, the requisite field differences 
w ould be too sm all to observe in  n itrogen. The 
lines 6  and 14, F ig . 6 , do not have sym m etrica lly 
located partners, and ve ry  probably are due to  
the quartz container. T h e y  w ill not be considered 
fu rther. O f the lik e ly  im purities in  nitrogen itse lf, 
N 0 2 has a broad trip le t spacing of the order of 50 
gauss9 and N O  has not given observable resonances 
at low  tem peratures, and its  param agnetic 2 7n/, 
state, if  excited b y  7 -radiation , is u n like ly to  have 
sufficiently long life . In  any event, these im p u ri
ties could on ly account fo r three lines.

Th e  sets 5 -9-12 and 3-7-10 have the common 
hyperfine spacing fo r nitrogen, about 3.8 gauss, 
and could be due to N  atoms in  trapp ing sites of 
d ifferent (/-value. The largest reported displace
ments in  //-value b y  differences in  m a trix environ
m ent, however, would am ount to o n ly 0 . 2  gauss 
here , 9 as against the 1.4 gauss difference between 
3 and 4, and m oreover are accompanied b y  m uch 
larger changes in  hyperfine spacing, up to  1 . 2  gauss.

The crysta l field sp littin g  of the —  s/ 2 ->  —  V* 
and + y 2 -*■ + 3/ 2 transitions is com m only ac
cepted as the cause of lines 1, 2, 13, and another 
not shewn, beyond 14.11 I t  appeared a t firs t th a t 
3 and 12 m ight be the crysta l-fie ld  sp littin g  lines 
norm ally hidden under 4 and 9, but the spacing 
in te rva l is w rong, as the separation 2-3 is o n ly  3.0 
gauss instead of the 3.8 or 4.0 gauss in te rva l of 1-2 
and other hyperfine sets.

Peiser has observed th a t deposits of N 2 containing 
N  atoms have greater crysta lline order than de
posits w ith ou t atoms, and considers th a t the 
difference is due to  annealing b y  the heat of com
bination  of pa rt of the atom s. 12  A s  a special case 
of crysta l-fie ld  sp littin g , one m ight suppose th at 
orientation effects during freezing or annealing, 
the form er often being observed in  sm all cylin d rica l 
containers, produced a second favored orientation 
in  addition  to  the usual sta tistica lly favored 8 =  
90° in  a random ly oriented p o lycrysta lline  assembly. 
I f  so, the sets (3 -7 -10 ) and (5 -9 -12) correspond to 
(1 -2 -h idden  4) and (hidden 9 -13 -beyond 14) fo r 
the special orientation. The special orientation, 
if  i t  exists, is either 6 =  51° or 6 =  58°, and m ust 
be ra ther sharply defined.

F in a lly , there is the possib ility of a species N 3,

(11) T. Cole and H. M. McConnell, J. Cfiem. Phys., 29, 451 (1958;.
(12) A. M. Bass and H. P. Broida, “ Formation and Trapping of 

Free Radicals," Academic Press, New York, N. Y .f 1960, p. 320.
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or N - loosely coordinated to  N 2, fo r which some dis
puted spectroscopic evidence has been advanced . 13  

In  the radical considered, the odd electron m ust 
have a strong hyperfine interaction w ith  one 
nitrogen (equal to th a t in  a nitrogen atom ), a weak 
in teraction  w ith  the second (about 30% of the firs t), 
and negligible in teraction  w ith  the th ird . Th is 
m ight be plausible fo r an unsym m etrical linear N 3 
com plex although not fo r the linear N 3 discussed 
b y  G riffin g . 14 Accord ing to  unsym m etrical N 3 
m odel, each of the hyperfine lines 4, 8 , 11 is sp lit 
b y  the second nucleus to a trip le t (3,4,5), (7,8,9),
(10,11,12). I f  th is species exists, it  is o n ly in  
sm all concentrations in  addition  to N  atoms, per
haps 5 %  of the la tte r as judged from  peak heights.

In  irradiated methane, F ig . 7, the general causes 
fo r extra  lines ro u gh ly parallel those in  nitrogen. 
C rys ta l-fie ld  sp littin g  is excluded as the electron 
spin transition  is o n ly —  */j <-> -4- 1/2; however, 
anisotropic hyperfine in teraction  wall have super
fic ia lly  sim ilar effects. Th e  first line of spectrum  
C , F ig . 7, suggests a t firs t the theoretical line shape 
fo r the case B/A =  — 1.0, 16 where B is the aniso
trop ic and A the isotropic hyperfine param eter, 
b u t the line shapes here, where three protons con
trib u te , should be more com plicated than is 
found. In  a m ethyl group ro ta ting ra p id ly  about 
a fixed axis perpendicular to  the plane of the 
molecule, the three protons w ould be geom etrically 
equivalent, and fo r a given proton spin com bina
tion , e.g., 2 m i =  —  3/2, a random  assembly of 
orientations then could give a simple line shape of 
the type  m entioned, b u t the dimensions of d ifferent 
lines of the spectrum  w ould differ. From  the 
figure, the dimensions (in terva ls between satellite 
peaks) seem approxim ately equal fo r a ll lines; 
therefore, th is ro ta tiona l hypothesis, w hile perhaps 
accounting fo r the general narrow ing of lines, does 
not seem to explain the satellites. Th e  possib ility 
th a t the satellites are due to  fu rther sp littin g , of 
the isotropic k ind , b y  another proton is offset b y 
the generally asym m etrical appearance of a line 
w ith  its  satellites or humps, e.g., the extrem e le ft 
line of F ig . 7C. Such protons could be in tra 
m olecular, as in  C i l4+ or C H 5-, or extram olecular, 
in  adjacent methane molecules. The shape of 
the group (line and satellites) is better fitted  b y 
supposing th a t the three peaks in  the above example 
are a superposition of a broad and a narrow  line, 
w ith  the center of the broad line farther to  the le ft, 
so th a t the left-hand d eriva tive  peaks of the tw o 
nearly coincide, w hile the right-hand  peaks are 
better separated. T h is  line arrangem ent could 
come from  m ethyl groups in  tw o sites, those in  the 
second kind of site having a 5 to 10% larger sp littin g  
param eter A and also a greater line breadth.

Spectrum  E , F ig . 7, has additional pairs of peaks 
about 30 gauss beyond the firs t and last norm al 
peaks. T h e y  m ay be the extrem e members of a 
system  of six peaks due to  another radical having 
five  nearly equivalent protons. _An obvious pos
s ib ility  is the radical ~ C H 2C H C H 2~ , which 
could be form ed from  secondary chemical products

(13) D. E. Milligan, H. W. Brown, and G . C. Pimentel, J . Chem. 
Phys., 25, 1080L (1956).

(14) V. Griffing, private communication.
(15) S. M. Blinder, J. C h em . P h y s . , 33, 751 (1960).

on prolonged radiolysis. To furnish a sufficient 
amount of secondary products, the radiolysis of 
methane at low temperatures would have to yield 
unsuspectedly large amounts of longer-chain hy
drocarbons.

Summary
The 7 -irradiation of N2, N2 +  4Xe, N2 +  16Ne, 

CH4, H2, and D2 has been carried out to doses up 
to 16 X 1021 e.v./g. The concentrations of atoms 
and radicals in pure N2 and CH4 appear to level off 
and the materials manifest great instability; the 
growth curves are in fair agreement with Jackson’s 
chain reaction theory and an extension of it to two 
species.

Initial G-values and limiting concentrations in 
mole per cent (computed per electron fraction N2 

in N2 mixtures) are: for N in N2, 0.3, 0 .1 %; for 
N in N2 +  4Xe, 0.4, unknown; for N in N2 +  
16Ne, 0.1, unknown; for CH3 in CH4, 0.9, 0.2%; 
for H in CH4, the same; for H in H2, >>0.1, 
0.0001%; for D in D2, 2.4, 0.008%. The absolute 
values are uncertain by 50%, although relative 
values within a growth curve are much better. 
Most of the atoms and radicals disappear very 
slowly if at all at 4°K., but rapidly at 20°K. 
In H2 and D2, however, the atoms disappear at 
appreciable rates at 4°K.

Appendix
Extension of Jackson’s Dynamic Stability Theory 

to Two Radical Species.— Assume equal heats of 
reaction for H +  H, H +  CH3, and CH3 +  CH3 
Assume all trapping sites for H characterized by 
liberation temperature Ti and that a reaction of 
any kind liberates all H in a volume F2; likewise 
for CH3, T2, and F2.

Let the number of trapping sites for H per unit 
volume be M i and for CH3, M t. About a station
ary H atom, there will be a number of H sites, 
fu, such that H atoms arriving at the site will 
react with the stationary atom and a number of 
CH3 sites, f 21, such that an arriving CH3 will react. 
Similarly, for H and CH3 arriving about CH3, 
define f 42 and f22, and let zu = h i/M i,  z2i = h i /  
M i, zu = fa /M i, zu = h z/M i. Then the prob
ability that an atom of H comes to rest near a site 
occupied by H is zani, where n, is the number per 
unit volume of H atoms; likewise

for CH3 near H ........z2in
for H near CH3 . . .  zu^h
for CH3 near CH3 . . .  z22rc2

The average number of all second-stage recom
binations resulting from one initial reaction of 
either kind is

Vini(znni +  Zi2n2) +  F2n2(z2 Pii +  222 2̂) = 1

and if this is greater than unity, the mixture will 
explode. There no longer is a unique critical con
centration n„; instead, the joint critical concentra
tions of the two species are the number pairs repre
sented by the points of an ellipse in n, and n2.

V i T h ( z n n i  +  Z n n / )  +  F2n2(z2 irq +  z22h2) =  1



2012 D. W . Brown, It. E. Florin, and L. A. W all Vol. 60

The average chain length r' is defined (d iffe rently 
from  Jackson) as the num ber of reactions resulting 
from  an in itia l reaction. One then proceeds ac
cording to  the scheme

1 st stage, reactions: 1

1 st stage, radicals: H : TT/ni =  v 
R: V2n2 =  w

2 nd stage, reactions: F inJznW i +  zvin.:)  +
V-jn2{znni +  Z22M2) =  vc +  wp

2 nd stage, radicals: H : v(va +  wp)
R : wiva +  wp)

3rd stage, reactions: va(ia +  wp) +  wp(va +  wp) 
=  (rcr +  wP)-

?tth stage, reactions: ( v<t +  ¡ap) " “ 1

I f  Id and C H 3 are produced b y  7 -ra d ia tion , in  the 
m obile condition, at rates ki and k2, respectively, 
th ey induce a first reaction w ith  probabilities 
znni, Zi2n2, Z2i« i ,  and z22n2 fo r the types H  +  H , 
H  +  C H 3, C H 3 +  H , and C H 3 +  C H 3 and thus
at rates kiZuRi .................... a2z22n2. Th e  resultant
rates of accum ulation fo r the tw o species are

d %
— K. 1 — 2iK\Z\iTI\ — K1Z12TI2 2̂̂ 21^1

at
[k, (zu« !  +  z12n«) +  K2(z2in1 +  z22n2)]  X  
[2 F 1z1 1n 1 2 +  (F iZ ii +  FjZii)nxW 2 ] / ( l -  D )

dn2
— /<2 —• K1Z12U2 —  —  2 ^ 22%  —

d£
[«i(zn n i +  Zi2n2) +  K;:(z2iWi +  Z22W2) ] X  

f (1 1̂ 12 +  V2Z2i)nin2 +  2 F 2z22n22] /( l — D)

T o ta l: r' =  (va +  w p)n 1
n =  1

1

1 —  (va - f  M>p)

where
Z) =  va T  wp ~  F/?ii(znW i +  z12n2) +  F 2n2 (z2in i +

Z‘22Vto)

The rti and n 2 in  in d ivid u a l volum e elements can 
va ry  according to  a Poisson d istribu tion  w ithout 
changing the argum ent, as b y the independence of 
events each H  or R  released reacts separately, and

co

one seeks on ly the sum mp(m). The num ber of 
0

reactions due to H  in  a subsequent stage, fo r ex-

ample is 5 Z
m(nlV1)m

e mFl(zi,n i +  Zi2« 2,i, which is
0 m!

sim ply WiF,(zu?ri +  zj2n2) as in  the naive argu
m ent. A  reaction of any kind a t any stage pro
duces in  the next stage F in i I I  atoms and F 2n 2 

C H 3 radicals and results in  the fo llow ing con
sum ption of various species

Reaction
type Occurrence H consumed R consumed

H +  H Fi»i(zu«i) 2 ,F in 1(«nni) 0
H +  R V in i(z i2n i) l .V in iiz i t f i i ) l.Fini(zi2«2)
R +  H i - V 2n i(zn n 2) l .V tfi^ z n r i i)
R  -J- R V ini{Zi2n2) 0 2.V2n2(z22na)

Thus the average reaction, excluding the first, 
consumes (2 F 1zun 1 2 +  (Vizn +  V 2z-n)nxni) j  D H  
atoms per reaction and [(F iz 12 +  F 2z2 1)n 1w2 +  
2V2z22n2i ]/D C H 3 radicals per reaction, where 
D =  Vin^zuTh +  znni) +  F 2n 2 (z21w1  +  z22rc2) .

Use was made of f  —  1 =  D/( 1 —  D). E rro rs  
in  r' arise from  neglecting the fact th a t one of the 
H  atoms in  F i m ay be consumed, not liberated. 
F o r F irix, V2n2 »  1 , these are not serious. F o r 
given values of the k, V, and z parameters, one 
can form  the derivative  drq/dn2, which is a quotient 
of polynom ials in  nx and n2, and solve num erically 
b y  the K u tta -R u n ge  m ethod, then evaluate t 
b y  graphical in tegration of d£/dwi.

In  the choice of parameters, the equal in itia l 
rates of accum ulation require m =  k2, and the re
sults of heating experim ents suggest T2 >  Tx, 
V2 < Vj. The choice of z values is d ifficu lt w ith ou t 
detailed assumptions about the la ttice  and tra p 
ping sites. In  the absence of better knowledge, 
Z1 1  =  Z12 =  z2j =  z22 is not too unrealistic, since the 
greater space available around a C H 3 w ould be 
compensated b y  orientation requirem ents.

F o r the extrem e case F 2 =  0 and zu =  zJ2 =  
Z21 =  z22, the equations become

d.c 13 (2x +  y)
d r 1 -  x(x  +  y)

d y _ 1 Py
d r 1 —  x(x +  y)

where the special d istribu tion  in  the first step is 
neglected, and where

nc =  +  « 2) I7 ’ , x  =  n i / ? ; / ,

¡1 =  n2/nc', t =  d/na', and/3 =  2na'z =  2(z/Vi)'/*

The grow th curves for p =  0.04 and p =  0.1 are 
shown in  F ig . 3.
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THE EFFECT OF ELECTRON IRRADIATION PRIOR TO REACTION ON THE 
ACTIVITY OF A SEMICONDUCTOR CATALYST
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Pre-irradiation of solid catalysts has not been studied extensively. Moreover, the relationship between catalyst activity 
and solid state defect properties is not well understood. The principal objective of the paper is to examine the effect of 
electron irradiation on the catalytic properties of cuprous oxide for the oxidation of carbon monoxide. Measurements of 
the rate of reaction on cuprous oxide were carried out before and after irradiation. In addition, measurements were made 
of the bulk electrical properties and surface area of both irradiated and unirradiated cuprous oxide. The description of these 
studies is divided into two parts; the first examines the kinetics of the reaction and a plausible reaction mechanism is sug
gested; the second concerns the effect of electron irradiation on the catalyst activity of cuprous oxide and attempts to relate 
changes in the defect nature of this oxide semiconductor to its catalytic and electrical properties.
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Kinetics of the Carbon Monoxide Oxidation on 
Cuprous Oxide.— Th e ca ta lytic  oxidation of carbon 
m onoxide on cuprous oxide has been investigated at 
room  tem perature and 0.1 mm. pressure b y Garner, 
et alA »1 2 and a t s lig h tly  higher tem peratures and 
pressures b y  W in te r.2 A t  room  tem perature, the 
kinetics were found to  be firs t order w ith  respect to 
oxygen. Between 50 and 86° and a t 1 to  9 cm. 
pressure, the rate was found to depend on both the 
oxygen and the carbon m onoxide concentration w ith  
the order of the reaction a function of the tem pera
ture. N o k inetic data have been reported at tem
peratures above 86°.

Experimental
Reaction Conditions.— The rate experiments were con

ducted in a constant volume reactor immersed in a tempera
ture bath. Since the reaction

c o  +  v *  o 2 — ► c o 2

proceeds with a decrease in the system pressure, the extent 
of the reaction could be followed manometrically. All runs 
were made at an initial pressure of one atmosphere, but 
temperatures were varied between 135 and 160° and initial 
mole fractions of carbon monoxide between 0 .2  and 0 .6 . 
Since no diluent was used, oxygen was the only other com
ponent initially present.

Reactants.— Carbon monoxide (C .p . grade) was supplied 
by the Matheson Company and oxygen by the Air Reduction 
Company. The purity of the gases exceeded 99.5%. Be
fore use, however, all gases were filtered through glass wool, 
dried with calcium sulfate, and freed of carbon dioxide with 
Ascarite.

Catalysts.— Sets of 25 copper disks (2  in. in diameter and 
0.002 in. thick) were used as the catalyst. Oxygen-free high 
conductivity copper was supplied by the J. L. Anthony 
Company, Providence, Rhode Island, and analyzed to be 
better than 99.9% copper. A thin layer (1,000-3,500 A.) of 
cuprous oxide was formed on the outside surface of the disks 
by an oxidation technique developed by Garner.18

The oxide films on similarly prepared catalyst disks were 
electrolytically reduced in 0.1 Ar KC1 using Ag-AgCl elec
trodes and a voltage of about 0.8 volt was measured. This 
voltage compares favorably with values reported by Camp
bell and Thomas3 for the electrolytic reduction of cuprous 
oxide.

Four different sets of catalyst disks were used during the 
investigation. The geometrical surface area of each set of 
25 disks was 0.10 m .2. Based on the results of surface area 
measurements on similarly prepared groups of disks, the 
roughness factor (true surface area/geometrical surface

(1) (a) W. E. Garner, T. J. Gray, and F. S. Stone, Proc. Roy. Soc. 
(London), A197, 294 (1949); (b) W. E. Garner, F. S. Stone, and P. F. 
Tiley, ibid., A211, 472 (1952).

(2) E. R. S. Winter, J. Chem. Soc., 2726 (1955).
(3) W. E. Campbell and LT. B. Thomas, Trans. Electrochem. Soc., 76, 

303 (1939).

area) ranged from 1.5 to 3.0. Because of their extreme 
sensitivity to poisoning, the catalysts were carefully pro
tected from exposure to mercury, water, and hydrocarbons.

Apparatus.— A flow diagram of the system is shown in 
Fig. 1. The reaction vessel was a 330-cc. stainless steel 
cylinder in which the catalyst disks were stacked vertically 
on a stainless steel rod. A Conax thermocouple was pro
vided to measure the gas temperature inside the vessel. 
The reactor was fitted with a thin (0.012-in.) aluminum 
window at the top for use in subsequent catalyst irradiation 
studies. Suitable gas connections and a pressure tap were 
provided and the vessel immersed in a constant temperature 
bath.

Procedure.— The reactants were metered in the desired 
proportion using capillary flowmeters and passed through 
the reactor for a period of 100  sec. before the beginning of an 
experimental run. The reactor gas inlet valves then were 
closed, and the reaction followed by noting pressure changes 
with a manometer. The runs were generally of 1,000 sec. 
duration, although longer times were used at the lower 
range of temperature investigated. Pressure readings were 
recorded at 100-sec. intervals throughout the run. Im
mediately after the completion of a run, the reactor was 
evacuated to a pressure of 0.5 mm. for a period of 5 min. 
prior to starting the next run.

Blank runs, i.e., runs carried out without the catalyst pres
ent, indicated that no pressure change occurred under 
these conditions. Thus, none of the pressure decrease during 
reaction could be attributed to wall catalytic effects, homo
geneous reactions, or to adsorption phenomena on non
catalyst surfaces.

Results
The pressure change, A P , fo r the oxidation of car

bon m onoxide is related to the extent of reaction b y  
the simple expression

A P  x/2

Po ~  ~  ( o + 6)
( 1 )

In  th is expression A P  is the measured change in  
pressure, Pn the in itia l to ta l pressure, a the orig ina l 
moles of C O  present, b the orig ina l moles of 0 2 pres
ent, and x the moles of C O  reacted.
T h a t is

dx =  — diVco =  — 2 dAo2 — d A co , (2)

or,

x = Nco, =  A c o 0 —  A go =  2 (A o 20 —  No,) (3)

A  is the num ber of moles present and the subscript 
0 indicates in itia l quantities.

The experim ental data consisted of values of A P  
as a function of tim e fo r m any runs a t d ifferent 
tem peratures and in itia l mole ratios of C O  to 0>. 
A  typ ica l p lot of experim ental data is shown in
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x : CATALYST NO. 8

TEMP 152.0 C.
P0 = 7 7.5 cm. Hg 
b/0 = 3/2

TIME , l, SECONDS
Fig. 2.—Pressure drop-time curve for a typical run.
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Fig. 3.—Plot of integrated pseudo-second order expression.

F ig . 2. Here AP  is p lotted as a function of tim e for 
a tem perature of 152.0° and in itia l concentrations 
of C O  and 0 2 of 1.17 X  ICO 2 and 1.75 X  IC C 2 g .- 
mole/1., respectively; these concentrations cor
respond to  a and b values of 3.86 X  10_s g. mole 
and 5.78 X  10~3 g. mole since the reactor volum e is 
330 cc.

Rate Expression.— -A  num ber of d ifferent rate 
expressions were investigated, but it  was found th at 
eq. 4 best f it the experim ental data

d z
r = diVco* — 2 F d (A P )

A dt A dt ART dt
Iccitoo Co,

(4)
Th e  order of the reaction fo r each component, i.e., 
m and n, was determ ined in  the fo llow ing w ay. 
F irs t, a series of runs was made a t various tem 
peratures keeping the in itia l mole ra tio  of oxygen- 
to-carbon m onoxide constant a t b/a =  3/ 2. Fo r 
such an oxygen-rich  m ixture, the concentration of 
oxygen does not change grea tly for reasonable

values of x and m ay be assumed constant. A s an 
illu stra tion , fo r a value of x/a of 0.5, the oxygen 
concentration would have decreased o n ly 17%, 
whereas the carbon m onoxide concentration de
creased b y  50%.

Assum ing th a t the concentration of oxygen is 
constant during th is set of experim ents, eq. 4 m ay 
be easily integrated fo r various values of the order 
of the reaction w ith  respect to carbon m onoxide,
m. Each of the integrated expressions can be ar
ranged in  linear form  and the exponent determ ined 
if a stra ight line is obtained from  a p lo t of the data. 
Such a p lo t is shown in  F ig . 3 fo r a value of m =  2. 
A lthough  th is value, of two for the order w ith  re
spect to  cai’bon m onoxide was obtained w ith  the 
assumption of constant oxygen concentration, the 
v a lid ity  of the assumption is shown below.

T o  determ ine the order of the reaction w ith  
respect to oxygen, a num ber of experim ents were 
conducted in  which the in itia l mole fractions of 
oxygen were varied from  0.40 to 0.80. B y  em ploy
ing these various in itia l oxygen concentrations, the 
rate dependence upon oxygen could be ascertained 
w ith  accuracy because the oxygen concentration in  
any given oxidation experim ent varied o n ly s lig h tly. 
T o  determ ine n w ith  these new data, eq. 4 w ith  m =  
2 was expressed as

In  (r/cco2) =  In  7c +  n In  c0j (5)

P lo ts of In  (r/cco2) against In  co- fo r various tem pera
tures are shown in  F ig . 4.

Values of r  were calculated using eq. 4 w ith  
d (A P )/d f determ ined from  a graphical d ifferentia
tion  of curves such as shown in  F ig . 2. A t  any 
value of r, the concentrations cqo and Co, were cal
culated from  the observed AP  and the in itia l b/a 
ra tio  b y a m aterial balance.

Three different series of runs are plotted. Each 
of the three series was carried out at a d ifferent 
tem perature and a t a different level of a c tiv ity , 
i.e., a t a different pre-exponential factor of the 
reaction rate constant. The effect of these tw o 
factors influences the value obtained fo r the reac
tion  rate constant, k. Thus, according to eq. 5, the 
intercept value, In  k, m ight be expected to be d if
ferent for the three groups of data, as is observed. 
How ever, the slope rather than the position of the 
stra ight lines in  F ig . 4 is of im portance in deter
m ining the order of the reaction w ith  respect to 
oxygen. The slope of the different lines indicates 
th at n is also 2.0.

I t  is im portant to note th a t the size of each data 
po in t depicted in  F ig . 4 covers a range of values 
taken during a single experim ent. Th e  changes in  
the partia l pressure of carbon m onoxide and oxygen 
during each of the experim ental runs are sm all com
pared to the varia tion  resulting from  the changes in  
the in itia l reactant concentrations from  one set of 
reactant conditions to  another. Thus, fo r the scale 
used in  F ig . 4, each poin t on the p lo t represents 
several points obtained fo r an in d ivid u a l batch run.

The final rate equation then is expressed as

r
dx

A~dt
dVcO} 
A d i

/ccco2cos2 (6 )
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or in  the integrated form  in  term s of the pressure 
drop, the in itia l to ta l pressure, and in itia l mole
fraction  of C O , F 0co, as

4 Po 1
2 —  3Foco _PoFo00 +  2 AP  2 — 3Foco

In /Po (1 —  hoco) +  A P\

X

PoYoco +  2A P

[PoFo00 +  2AP][P„(1 -  F 0oo) +  AP]

kA ( i ± y  (2 - ..............  4

2 V  \ R T J

~ 1

-  Foco 2  -  3 F (

3Foco) i  +

In
Oco

2 3Foco

1 “  F 0co)

-X

Foco
1

Foood F 0oo)
(7)

B y  the use of eq. 7, the reaction rate constant can 
be determ ined from  the linear representation of the 
data. Least square values were obtained fo r each of 
the experim ental runs em ploying an IB M  709 
com puter. Th e  deviation of k fo r different con
centration levels at a given tem perature ra re ly ex
ceeded 5 % .

Because of the unusually h igh over-a ll order of 
the reaction, a large num ber of other reaction rate 
expressions were examined in  attem pting to  de
scribe the data. Langm uir-type  expressions w ith  
reactant or product in h ib ition  terms in  the de
nom inator appeared m ost lik e ly  to  be applicable. 
How ever, none of the expressions w ith  a denomina
to r different from  u n ity  adequately f it the experi
m ental data. Since eq. 6 best represented the data, 
it  was chosen fo r the range of conditions in vesti
gated.

A ctiva tion  E ne rgy.— Th e  logarithm  of the re
action rate constant, k, fo r the four cata lysts used 
is a linear function of reciprocal tem perature as 
shown in  F ig . 5. In  an a lytica l form.

k =  k0 e x p ( -A P / B P ) (8)

where k0 is the so-called pre-exponential factor, R 
the gas constant, and A E  the activation  energy.

Table  I  indicates the ¿values of A E  and k0 ob
tained. The confidence? lim its^on the activation  
energy were determ ined at the 95% level.

T a b l e  I
C o m pa r iso n  o f  R ate  C on stants

C ata lyst no.
1.

W , (l./g.-mole)8 X -----------sec.-m.2
8 6 .

OO

X 1023
9 5..17 X 1 0 19

1 1 1 ..62 X 1 0 43
12 6 ..89 X 1 0 33

AE,  kcal./g .-m o le

4 1 .1 ±  2.3 
32.8 ±  1.4 
75.6 ± 4 .1  
69.1 ±  7.4

Several points are of particu la r interest in  F ig . 5 
and Table  I .  F irs t, the large activation  energies 
show th at the reaction rate is quite sensitive to 
tem perature. Second, a wide varia tion  in  A E was 
observed for the fou r catalysts used. T h ird , lower

AVE. CONCENTRATION OF OXYGEN, 
Co-, X IO2 [G -VOLE/LITER]

Fig. 4.—Determination of reaction order with respect to 
oxygen.

Fig. 5.— Comparison of catalyst activity.
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values of k0 were found to  correspond to the lower 
activation  energies and fco increased w ith  A E. The 
th ird  phenomenon has been noted b y  others4 and 
called the “ Th e ta -R u le .”  There has been no ade
quate explanation given fo r th is effect.

R etu rn ing to the second poin t of interest, the 
apparent activation  energies are seen to  v a ry  from
32.8 ±  1.4 kcal./g.-m ole on cata lyst no. 9 to  75.6 
±  4.1 kcal./g.-m ole on ca ta lyst no. 11. Th e  reason 
fo r the differences in  activa tion  energy is unknown, 
although variations in  the m ethod of ca ta lyst prep
aration m ay account fo r the changes. C a ta lyst 
specimens no. 8 and 9 were prepared b y  a different 
experim entor than were no. 11 and 12. The ap
parent activation  energies were nearly sim ilar fo r 
those catalysts prepared b y  any one in d ivid u a l. 
A s fa r as can be determ ined, however, the same pro
cedure was follow ed in  the preparation of a ll four 
samples. The cata lysts no. 1-7 and no. 10 were 
damaged d uring the investigation, and no kinetic 
data were obtained on these specimens.

Reaction M echanism .— In  order to  explain the 
first-o rder rate expression in  oxygen found by 
G arner a t room  tem perature and 0.1 m m., a fou r- 
step mechanism was proposed.lb Th e  steps in  the 
mechanism are

02( g )  ------>  2 0 a d s ~  ( 1 )

CO(g) +  20ads-  — > C 0 3ads~ 2 (2 ) (9)

CO(g) — > COads(M) (3)

C0 3adr 2 +  CO(M)ad8 — > 2C02(g) (4)

Th e  first tw o steps in  the mechanism invo lve  the 
surface entities of adsorbed oxygen ions, Oads~, and 
adsorbed “ carbonate-type com plexes,”  C 0 3ads“ 2. 
The final step producing carbon dioxide involves the 
reaction between carbon m onoxide adsorbed as the 
“ carbonate com plex”  and th at adsorbed on a copper 
ion. Th e  adsorption of oxygen was found to be the 
slowest step in  the reaction. A lth ough  carbon 
m onoxide is adsorbed reversib ly on the m etal ions 
of the cata lyst (step 3) at tem peratures of even 
up to  100°, there is evidence th at at 150° essen
tia lly  a ll the chemisorbed carbon m onoxide is in  
the “ carbonate com plex”  form .6

W hile  the mechanism describes the kinetics ob
tained b y  Garner at 20°, a ll the steps do not hold 
in  the region considered in  the present investiga
tion . Therefore, it  was necessary to  propose a d if
ferent mechanism to explain the fou rth -order rate 
dependency obtained from  the data in  the studies 
a t 150° and one atmosphere pressure. A  simple 
three-step mechanism in  w hich the first tw o steps 
are identica l w ith  steps 1 and 2 of the G arner mecha
nism  results in  the fou rth -order expression. Steps 1 
and 2 are rapid and proceed to  an equ ilibrium  state. 
Th e  final step in  the proposed reaction mechanism 
is  postulated to  be rate con tro lling and to  invo lve  
the com bination of adjacent carbonate complexes 
to  yie ld  carbon dioxide and oxygen.

(4) M. Boudart, Chem. Eng. Progr., 57, No. 8, 33 (1961).
(5) W. E. Garner, T. J. Gray, and F. S. Stone, Discussions Faraday 

Soc., 8, 257 (1950).

2 C 0 3ads“ 2 — ► 2 C0 2(g) +  0 2(g) (10)

E ith e r b y  app lying the law  of mass action to  the 
steps at equ ilibrium  or b y using stationary-state  
approxim ations fo r the concentration of adsorbed 
species, eq. 6 can be derived from  th is mechanism. 
Th e  over-a ll fou rth -order rate expression results 
from  the fact th a t the tw o “ carbonate-type com
plexes” in  the ra te -contro lling step each depend on 
the concentration of both carbon m onoxide and 
oxygen.

U sing electrical con d uctiv ity measurements to  
fo llow  the reaction, the carbon m onoxide oxidation 
has been carried out near 200° b y  Garner, G ra y, 
and Stone.6 O n ly  a lim ited  num ber of measure
ments were carried out, but from  th e ir description 
of the changes in  con d u ctiv ity w ith  tim e, the three- 
step mechanism presented above satisfies the ob
served trends.

E lectron  Irra d ia tion  Studies.— Th e  concept of 
irrad ia tin g  solid catalysts to  affect perm anent 
changes in  the a c tiv ity  or specificity is not new, but 
on ly recently has th is approach produced positive 
results.7-11 Sem iconductor catalysts are p a rtic 
u la rly  interesting, since irrad ia tion  produces solid 
state defects, the nature and num ber of w hich are 
believed to  be in tim a te ly related to  the ca ta lytic  
a c tiv ity . F o r example, B ragg, et al.,12 reported an 
increase in  the a c tiv ity  of zinc oxide fo r the h yd ro 
genation of ethylene when the reaction was carried 
out during neutron bom bardm ent, but a decrease 
was observed when the bom bardm ent was term i
nated . The increase during irrad ia tion  was attribu ted 
to  the large am ount of ion ization  in  the solid, w hile 
the decrease noted after irrad ia tion  was thought to  
be related to  new im perfections created in  the 
atom ic la ttice . F o r the decom position of m ethanol, 
Te lle r, Poska, and D avies13 found an increase in  the 
a c tiv ity  of zinc oxide and a decrease in  the a c tiv ity  
of chrom ium  oxide as a result of y-ra d ia tio n . In  
these cases the a c tiv ity  was measured during the 
irrad ia tions and changes were a ttribu ted  to  electron 
displacem ent. Another interesting study was con
ducted b y  vSaito, Yoneda, and M akishim a14 in 
w hich the effect of neutrons on the a c tiv ity  of 
m etal oxide cata lysts used fo r the decom position of 
n itrous oxide was observed. On N iO  (a p -typ e  
sem iconductor), A120 3 (an insu lator), and Sn02 (an 
n -typ e  sem iconductor) containing sm all amounts 
of added chemical im purities, the change in  a c tiv 
it y  produced b y  irrad ia tion  was more pronounced 
as the p-typeness of the cata lyst increased.

Th e  present investigation  was undertaken to 
determ ine the effect of electron irrad ia tion  on the

(6) W. E. Garner, T. J. Gray, and F. S. Stone, ibid., 8, 246 (1950).
(7) R. W. Clarke and E. J. Gibson, Nature, 180, 140 (1957).
(8) C. C. Roberts, A. Spilners, and R. Smoluchowski, Bull. Am. Phys. 

Soc., [2] 3, 116 (1958).
(9) H. M. C. Sosnovsky, G. J. Ogilvie, and E. Gillam, ibid., 182, 523

(1958) .
(10) E. H. Taylor and H. W. Kohn, J. Am. Chem. Soc., 79, 252 

(1957).
(11) P. B. Weisz and E. W. Swigler, J. Chem. Phys., 23, 1567 (1955).
(12) R. H. Bragg, F. L. Morritz, R. Holtzman, P. Y. Feng, and F. 

Pizzarello, WADC Technical Report 59-286.
(13) A. J. Teller, F. L. Poska, and H. A. Davies, Preprint 44, A.I. 

Che.E. 42nd National Meeting, Atlanta, Georgia, 1960.
(14) Y. Saito, Y. Yoneda, and S. Makishima, Nature, 183, 388

(1959) .
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a c tiv ity  of cuprous oxide fo r the oxidation of carbon 
m onoxide and upon the reaction mechanism dis
cussed earlier. In  addition, the effect of irrad ia tion  
on several im portant electrica l properties of the 
cata lyst was determ ined in  an attem pt to  in terpret 
the ca ta lytic  changes in  term s of the defect struc
ture of the oxide. Th e  effect of irrad ia tion  on the 
surface area also was measured.

Experimental
Irradiation Studies. Radiation Source.— A Van de

Graaf generator located at the Massachusetts Institute of 
Technology High Voltage Research Laboratory was used as 
the source of monoenergetic electrons.

Irradiation Procedure.— The same procedure was used 
for all the experiments in the determination of the effects of 
radiation on the activity, surface area, and electrical prop
erties of cuprous oxide. Measurements were carried out 
before and after electron bombardment and the results 
compared.

Irradiation Conditions.—3.5 Mev. electrons were em
ployed at a flux of 0.5 ¿la./cm . 2 (3.12 X  1012 electrons/cm .2 
sec.) for total periods of 150, 300, and 600 sec. at room tem
perature. The irradiations were carried out in 30-sec. in
tervals to limit the temperature rise of the samples. In 
some experiments, a vacuum of about 0.5 mm. was main
tained over the specimen during irradiation while, in others, 
helium gas at one atmosphere was continuously passed 
through the sample container; no difference in results was 
found using the two techniques.

Kinetics Studies. Reactants and Catalysts.— The source 
and purity of the reactants employed is discussed earlier. 
Two of the four catalysts, no. 8 and 12, used in determining 
the reaction rate expression, were subjected to electron ir
radiation.

Apparatus and Procedure.— The reaction system and pro
cedure mentioned earlier were used for the kinetic experi
ments. The catalyst samples were irradiated in the reaction 
vessel without being removed at any time. The electrons 
penetrated the reaction vessel through a thin (0 .0 12  in.) 
2 -in. diameter aluminum window which was exposed after 
the removal of the stainless steel top plate of the reactor. 
(Catalyst no. 8 was irradiated under vacuum while no. 12  
was cooled by helium gas during bombardment.)

B.E.T. Measurements.— Method and Apparatus.— The 
conventional B .E .T . Method using krypton as the adsorb
ate as described by Brown15 16 was employed. The catalyst 
sets of 25 disks were contained in an all-Pyrex vessel de
signed for use in both the surface area determinations and 
the irradiation studies without the removal of the disks. 
During the irradiation a vacuum of 0.5 mm. was maintained 
in the Pyrex container.

Catalysts.— The cuprous oxide on copper catalysts used 
were specimens prepared by the same procedure as that de
scribed earlier.

Electron Micrographs.— An R.C.A.-type EMB-4 elec
tron microscope was used to obtain an image of the catalyst 
surface. Pictures at 3,000 magnification were taken of a 
collodion film shadow casted with chromium vapor which 
was removed from the surface. The pictures were enlarged 
photographically to 14,000X and 38,000X. For the irradia
tion of the catalyst disks to be photographed, a special brass 
container was constructed and covered with a 0 .0 1 2 -in. 
sheet of aluminum. The disks were placed inside, and one- 
half of each disk was covered with a 0.5-in. thick aluminum 
plate to absorb the electrons. By this technique the same 
disk would yield photographs of both an irradiated and un
irradiated surface.

Electrical Measurements. Materials.— Polycrystalline
samples of cuprous oxide with a room temperature resistivity 
of 1,200 to 1,400 ohm-cm. were obtained through the 
courtesy of W. H. Brattain of the Bell Telephone Labora
tories. The samples were made from completely oxidized 
sheets of Chilean copper by a technique which included an 
air oxidation at 1,000° followed by a 3-min. annealing at 
600° and air quenching. The main body of the final samples 
as prepared for use in this work were 2 cm. long, 0.3 cm.

(15) J. H. Brown, “ Experimental Procedure for Specific Surface
Determination by Krypton Gas Adsorption Method,” Dept, of Metal
lurgy, Mass. Institute of Technology.

wide, and 0.042 cm. thick; electrical connections were made 
with soldered contacts.

Apparatus and Procedure.— A simple d.c. circuit consist
ing of a 6-volt battery and a number of resistors in series 
with the cuprous oxide specimen was used for the electrical 
measurements. A Varian V-4004 4-in. electromagnet pro
vided the magnetic field for the Hall effect measurements. 
A Rubicon Type B-l potentiometer was used to measure the 
various voltages.

A cuprous oxide sample was mounted on a copper holder 
located in a cryostat placed between the poles of the electro
magnet. The specimen was electrically insulated from the 
copper by a thin film of mica which permitted adequate con
duction of heat between the holder and the sample. For 
measurements below room temperature, an acetone-Dry 
Ice mixture was used in the cylindrical reservoir located 
directly above the mounted sample. Above room tempera
ture, silicone oil was heated by a resistance coil and the 
temperature regulated by controlling the power supply with 
a Variac.

The electrical conductivity and Hall effect were measured 
at intervals of 5 or 10° over a range of temperatures from 
— 70 to 150° as the sample was slowly heated or cooled. 
The measurements were carried out under a pressure of 50 to 
70 n.

The current flow through the sample was obtained from 
the voltage drop across a standard resistor in series with the 
cuprous oxide specimen. By measuring the voltage drop 
between two points on the sample and knowing the current 
from the previous measurement, the electrical conductivity 
was obtained.

The Hall effect occurs when a magnetic field is applied 
perpendicular to the flow of current through the specimen 
producing a force perpendicular to both the magnetic field 
and the current. The force is balanced by an electrical force 
set up in the specimen producing a transverse voltage. The 
difference in the voltage between two points across the width 
of the sample in the presence and absence of a magnetic field 
yielded the Hall voltage. The Hall voltage is inversely pro
portional to the concentration of positive holes in the sample.

The container for the cuprous oxide specimens used in the 
irradiation experiments was a cylindrical carbon steel vessel 
equipped with an aluminum window. Helium gas passed 
through the vessel during the entire period of bombardment.

Experimental Results and Discussion
Kinetic Studies.— A fte r irrad ia tion  the tw o 

cuprous oxide catalysts were tested fo r a c tiv ity  in  
the carbon m onoxide oxidation as described earlier. 
One of the m ost im portant results noted is the fact 
th a t the form  of the rate expression was not affected. 
F o r the irradiated catalysts the rate equation was 
found to  be

da: _  diVco, 
A df A d(

A;'cCo2co 2
2 ( ID

where the sym bols have identica l meanings to 
those used in  eq. 4, except fo r the reaction rate con
stant, where k' indicates the value after irrad ia tion . 
The value of the rate constant decreased after ir 
radiation, e.g., a decrease of approxim ate ly 50% was 
noted in  each case after 300 sec. of electron bom
bardm ent. T h is  50% change held fo r both cata lyst 
sets used, no. 8 and no. 12, even though the pre
irrad ia ted values of the activation  energy and pre
exponential factor of the tw o specimens differed 
grea tly.

Th e  rate of reaction also was measured on 
cata lyst no. 8 after 150 sec. of exposure to  electrons. 
A t  th is tim e, a decrease of 30% from  the u n irra 
diated level of a c tiv ity  was observed over the entire 
tem perature range investigated. The fina l 150 
sec. of irrad ia tion  of cata lyst no. 8 produced an 
additional drop in the rem aining a c tiv ity  of about
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30% to  y ie ld  an over-a ll decrease of 50% after 300 
sec. F o r the sm all doses of ca ta lyst irrad ia tion  
used, the percentage decreases in  a c tiv ity  are pro
portional to  the radiation  dose.

Figures 6 and 7 show plots of k and k' as a func
tion  of reciprocal tem perature. From  the figures it  
can be seen th a t the activation  energy is not af
fected b y  irrad ia tion , and the entire effect of the 
bom bardm ent is reflected b y a decrease in  the pre
exponential factor. The measured values of k0, 
ka', and AE  are presented in  Table  I I .  F o r cata lyst 
no. 8 a b lank run was made p rio r to  irrad ia tion  to  
test fo r the effect of handling and transporting the 
ca ta lyst and reactor to  and from  the Van  de G raaf 
generator. D u rin g  the experim ent, a ll the steps 
required to  irrad ia te  the cata lyst except the irra d ia 
tion  itse lf were perform ed. Several kinetic runs 
were conducted after the blank run, and the cata lyst 
a c tiv ity  was found to  be unchanged. These results 
indicate th a t the decreases in  a c tiv ity  are produced 
b y  the electron bom bardm ent.

T a b l e  I I
E ff e c t  o f  I r r a d ia t io n  on  R e a ctio n  R a t e  C o n st a n t  

Pre-exponential 
factor 

h  or W

\g.-mole / After 150 After 300
1. Before sec. of sec. of

sec.-meter2 irradiation irradiation irradiation
Catalyst no. 8 6.00 X 1023 4.18 X 1023 2.79 X 1023
Catalyst no. 12 6.89 X 10“ 3.72 X 1033

Activation energy
AE, kcal./g.-mole
Catalyst no. 8 41.1 ±  2.3 43.1 ±  3 .7 41-43
Catalyst no. 12 69.1 ±  7.4 75.7 ±  7.8

B . E . T . M easurem ents.— Increases of 30 to  40%
in  the measured surface area were noted on tw o 
different cata lyst specimens after 300 sec. of 
irrad ia tion . A n  additional increase of 26% was 
observed on one of the specimens as a result’ of a 
second 300 sec. of bom bardm ent. Th us, fo r the 
re la tive ly  sm all doses used, the?percentage changes 
in  surface area are rough ly proportional to  the 
am ount of irrad ia tion  dose. Th e  percentage 
changes were calculated from  the average value of 
several determ inations made p rio r to  and after 
irrad ia tion  (Tab le  I I I ) .  F o r the sample on which 
a 40% increase was observed, a few of the values 
measured before irrad ia tion , although included fo r 
the determ ination of the average, are believed to  
be somewhat low . I f  these low  values are not in 
cluded, the percentage increase in  measured surface 
area after 300 sec. amounts to 'a bout 30% as in  the 
other instances.

E lectron  M icrographs.— Photom icrographs of the 
cata lyst surface indicate th a t the increase in  area 
results from  an increase in  the roughness of the 
surface layer. Th e  pictures show the irrad ia ted 
surface to  be m arked b y a greater degree of un
evenness and b y  more pronounced irre g u la ritie s . 
Rounded areas of the order of 1000 A . in  diam eter 
cover the surface after irrad ia tion  where little  or 
none existed previously. A  num ber of pictures 
were taken before and after irrad ia tion , and a 
comparison is presented in  F ig . 8. From  a consid-
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WITH IRRADIATION
Fig. 8 .— Electron micrographs of cuprous oxide catalyst 

disks at 38,000 X .

T a b l e  III
T h e  E ff e c t  o f  I r r a d ia t io n  on  S u r f a c e  A re a

Surface area after Surface area after
300 sec. of 600 sec. of

Surface area before irradiation irradiation irradiation
(m.*) (m.a) (m.*>

Sample A
0.230 0.380 0.428

.277 .325 .457

.271 .377

.258

.2 2 0

.2 1 0

.283
Av. value 0.25 0.35 0.44
%  increase over unir-

radiated value 40 76

Sample B
0 . 1 1 2 0.163

.173 .167

.150 .199

.114
Av. value 0.14 .18
%  increase over unir-

radiated value 29

Fig. 9.— Effect of electron irradiation on the conductivity of 
cuprous oxide.

eration of a ll the photographs, the irradiated sur
face also was characterized b y  a greater num ber of 
surface fissures than were present w ith ou t bom bard
ment.
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Fig. 11.— E ffect o f electron irradiation on  the m ob ility  o f 
cuprous oxide.

The causes of the roughened surface are not clear. 
Sim ple atom ic displacements b y  the electrons are 
not sufficient to  produce the gross damage observed. 
A  more lik e ly  possib ility is th at therm al stresses 
resulting from  a heat-up of the cata lyst during 
irrad ia tion  produce a w rin k lin g  of the surface 
oxide layer. I t  is estimated th a t an adiabatic tem 
perature rise of the cata lyst of as much as 100° m ay 
occur in  each of the 30-sec. in tervals used fo r bom
bardm ent. Even  w ith  sm aller tem perature va ria 
tions, surface roughening m ight ve ry  read ily result 
from  the heating and subsequent cooling of the 
cata lyst disks.

E le ctrica l Properties.— Th e  electrical conduc
t iv it y  and H a ll effect were recorded fo r cuprous 
oxide before and after irrad ia tion  from  — 70 to 
150° fo r one sample and from  — 70° to room 
tem perature fo r a second sample. From  these 
measurements, the con d u ctiv ity, positive hole 
concentration, and m o b ility  were found to be 
lowered as a result of 3.5 M ev. electron bom bard
m ent. Th e  effects are shown in  F ig . 9-11 fo r one 
sample. The other sample yielded sim ilar results.

A s observed in  the ca ta lyst a c tiv ity  and surface 
area experim ents, a given dose of electron irrad ia 
tion  produced rough ly equal percentage changes in  
the bu lk  electrical properties of d ifferent samples of 
cuprous oxide. A s  w ell, the re la tive  damage created 
is proportional to the radiation  dose.

E lectron  irrad ia tion  introduces atom ic displace
ments resulting in  vacancies and accom panying 
in te rstitia ls. F o r the system  studied here, the 
changes in  electrical properties m ay be interpreted 
in  term s of a model in  w hich additional numbers of 
copper and oxygen vacancies are created. (The

actual effect of electron radiation on such a semi
conductor m ay be more com plicated, as suggested, 
fo r example, b y  B illin g ton  and C raw fo rd .16) The 
concentrations of these vacancies control the posi
tive  hole concentration and the electrical conduc
t iv it y  of cuprous oxide. A s m ay be seen in  F ig . 10, 
up to  a tem perature of about 60°, the positive hole 
concentration fits the relationship17'18

2 -irmkT 8/2 T A a  .1  T  Ea - E m~
L A d  J  eXPL kT Jh2

( 1 2 )

where p is the positive hole concentration, m is the 
effective mass of the hole, k is the Boltzm ann con
stant, h is the Planck constant, T is the absolute 
tem perature, and (Z?a — E m) is the ion ization  
energy. Accord ing to eq. 12, the positive hole con
centration is essentially proportional to  the ra tio  of 
copper acceptor vacancies, A a , to  oxygen donor 
vacancies, A d , present since A a /-V d  > >  1.

The concentrations of copper and oxygen vacan
cies in  cuprous oxide after irrad ia tion  m ay be de
duced using eq. 12 at a given tem perature. The 
terms m, k, T, and h are the same before and after 
irra d ia tio n ; the ionization energy (Ea — E m) also 
is unaffected, since the slope of the p lo t of the 
logarithm  of the positive hole concentration vs. 
reciprocal tem perature (F ig . 10) is unchanged b y  
bom bardm ent. Thus the ra tio  of the positive hole 
concentration before and after irrad ia tion  is

p =  ( A a / A d -  1) 

v' ( A a '/ A d 7 -  1 )

where the prim es indicate conditions after irrad ia 
tion . Calculations using the plots of Oen and 
Holm es19 indicate th a t as a result of irrad ia tion , 
50% more copper vacancies are created than oxygen 
vacancies. Le ttin g  A equal the additional con
centration of oxygen vacancies created and using 
th is calculated result

A d '  =  A d  +  A 

A a '  =  A a  +  1.5A

T o  solve fo r A, the in itia l values of the copper and 
oxygen vacancies present, Na and Nr>, are necessary. 
U sing eq. 12 and the upper curve of F ig . 10, A a / A d  
is determ ined to equal about 10. H ow ever, to 
calculate A a  and A d  in d iv id u a lly , the equation 
P s a t  =  N a  —  A d m ust be used, corresponding to 
the positive hole concentration at saturation. A n  
extrapolated value (from  F ig . 10) indicates p s a t  to 
be about 1015/em .8. Thus w ith

N a -  A d  =  1 0 16 

A a / A d  =  10  

Na =  1.1 X  1015/cm .3

(1 6 )  D . S . B i l lin g to n  a n d  J. IT. C r a w fo rd ,  “ R a d ia t io n  D a m a g e  in  
S o l id s ,”  P r in c e to n  T In iv . P ress , P r in c e to n , N . J ., 196 1 , p p .  3 1 2 -3 1 3 .

(1 7 )  W . H . B r a tta in , Rev. Mod. Phys., 23, 2 0 3  (1 9 5 1 ).
(1 8 )  W . S h o c k le y , “ E le c t r o n s  a n d  H o le s  in  S e m ic o n d u c t o r s ,”  D . 

V a n  N o s tr a n d  C o . ,  I n c . ,  N e w  Y o r k ,  N . Y . ,  195 0 , p p . 4 7 1 -4 7 2 .
(1 9 )  O . S . O e n  a n d  D . K . H o lm e s , J. Appl. Phys., 30, 1289 (1 9 5 9 ) .
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Nu =  1.1 X  1014/cm .3

From  a value of the ra tio  of the positive hole con
centration before and after irrad ia tion  determ ined 
from  the electrical measurements and the values of 
Na and A d , A  then m ay be estim ated. F o r the 70% 
drop in  positive hole concentration th at occurred on 
sample no. 2, 4.8 X  1014 additional copper vacancies 
and 3.2 X  1014 additional oxygen vacancies are 
produced per cubic centim eter. These calculated 
values fo r the additional vacancies created are seen 
to be of the same order of m agnitude as the defect 
concentration present before irrad ia tion . Th e y 
also compare fa vo ra b ly to  the value calculated 
from  theory fo r the concentration of atom ic dis
placements produced b y electron irrad ia tion  of 
rough ly 1015/cm .3.

Since the con d u ctiv ity is proportional to the prod
uct of the positive hole concentration and the hole 
m o b ility , a decrease in  the positive hole concentra
tion  tends to lower the electrical con d u ctiv ity. Th is  
reduction is fu rth e r accentuated b y  the decrease in  
the m o b ility  produced b y  irrad ia tion . The m o b ility  
is reduced b y  the presence of increased amounts of 
solid state defects after irrad ia tion  w hich retard the 
m otion of the positive holes in  the cuprous oxide 
la ttice . The in troduction  of vacancies and in te r
stitia ls as a result of irrad ia tion  increases the con tri
bution of im p u rity  la ttice  scattering which prob
ab ly produces the decrease in  m o b ility  observed.

F o r sample no. 2 a range of values is listed in  
Ta b le  IV  fo r the percentage change produced b y 
300 sec. of electron bom bardm ent. The higher end 
of the range represents the values obtained from  
lines drawn through the m ajor portion  of the data. 
How ever, im m ediately before irrad ia tion , a num ber 
of experim ents were conducted a t tem peratures up 
to  150°. D u rin g  the measurements at the higher 
tem perature, “ aging” of the sample occurred, re
su lting in  a perm anent irreversible low ering of the 
con d u ctiv ity and positive hole concentration. The 
aging reputed ly is caused b y  the loss of excess o xy 
gen from  the cuprous oxide la ttice .20 Th e  loss p ro 
duces an increase in  the concentration of oxygen 
vacancies, A d , and as seen from  eq. 12, a decrease 
in  the carrier concentration. Th e  decrease amounts 
to a 20-25%  change in  the positive hole concen
tra tion . Therefore, the actual changes produced 
b y  electron irrad ia tion  are less than m ight a t first 
be apparent.

T a b l e  IV
E ff e c t  o f  I r r a d ia t io n  on  th e  E l e c t r ic a l  P r o p e r t ie s  of 

C u pr o u s  Ox id e “
% change from 

unirradiated value at 
room temp.

Conductivity, (ohm-cm . ) - 1  —65 to —75
Carrier conen., number/em .3 —55 to —70
Mobility, cm.2/v.-sec. —20

“ Sample no. 2, 300 sec. of irradiation.

G eneral D iscussion
Based on the effect of h igh-energy electron bom

bardm ent on the cata lyst a c tiv ity  and electrical 
co n d u ctiv ity  of cuprous oxide, the solid-state defect

(20) S. J. Angrilo, Phys. Rev., 62, 371 (1942).

constitution is found to  influence strong ly semi
conductor properties. The parallel changes pro
duced in  these properties as a result of irrad ia tion  
indicate the im portance of the am ount and kind of 
defects present. B y  increasing the concentration 
of the copper and oxygen vacancies in  cuprous 
oxide, the ca ta lytic  a c tiv ity  and the electrical prop
erties of con d u ctiv ity and carrier concentration 
are decreased. In  addition, it  is in teresting to  note 
th a t the percentage decrease in  the ca ta lytic  a c tiv ity  
and positive hole concentration as a result of ir 
radiation were ve ry  nearly equal.

The am ount of atom ic displacements created in  
the la ttice  is extrem ely sm all compared to the con
centration of atoms present in  the m etal oxide. 
O f the order of 1016 defects per cubic centim eter 
were produced b y  electron irrad ia tion  compared to 
the 1022 atoms of copper and oxygen per cubic 
centim eter. How ever, the additional concentration 
of vacancies introduced was about the same as the 
am ount of defects which existed before bom bard
m ent. Since the defect concentration of cuprous 
oxide was increased sign ificantly, the properties 
th a t depend on the defect level also were affected.

In  terms of the energy absorbed b y the cata lyst, 
the am ount of irrad ia tion  required to  produce the 
1015 defects per cubic centim eter is equal to  approxi
m ate ly 1010 ergs/g. From  a survey of previous 
investigations, th is value has been found to  form  a 
lower lim it fo r the am ount of energy needed to alter 
appreciably cata lyst a c tiv ity .

The experim ental results po in t to the fact th at 
fo r cuprous oxide, the more p -typ e  the semiconduc
to r, the greater the ca ta lytic  a c tiv ity  fo r the oxida
tion  of carbon m onoxide. E lectron  irrad ia tion  
produced a decrease in  the electrical properties 
m aking the sem iconductor less p -typ e . A  cor
responding decrease in  the ca ta lytic  a c tiv ity  of 
cuprous oxide as a result of irrad ia tion  also was ob
served. These trends are consistent w ith  the finding 
th a t the a c tiv ity  of m etal oxide sem iconductors fo r 
the oxidation  of carbon m onoxide increases in  the 
order, in su la to rs -n -typ e -p -typ e .21

Th e  reduction in  the cata lyst a c tiv ity  of cuprous 
oxide as a result of irrad ia tion  cannot be caused b y  
the increases in  surface area. On the other hand, 
the roughening of the surface w hich produced the 
increases in  surface area also m ay have caused some 
deactivation of the cata lyst. The m anner in  which 
the roughening of the surface influences the a c tiv 
it y  is unknown. How ever, in  view  of the cor
relations obtained in  th is study between the cata lyst 
a c tiv ity , electrical properties, and the am ount of 
defects as a result of irrad ia tion , the changes in 
sem iconductor defect nature of cuprous oxide ap
pear to  be the im portant factor in  a ltering the 
cata lyst a c tiv ity .

Acknow ledgm ent.— -Th is w ork was sponsored b y 
the U n ited  States A tom ic E n e rgy Com m ission, 
D iv is ion  of Isotopes Developm ent, under C ontract 
N o . A T (3 0 -l)-2 3 2 9  T a s k -I. T h is  w ork ivas done 
in  part at the Com putation Center a t the Massa
chusetts In stitu te  of Technology, Cam bridge, 
Massachusetts. Special acknowledgm ent is due

(21) F. S. Stone, “ Chemistry of the Solid State,”  ed. by W. F. 
Garner, Butterworths Scientific Publications, 1955, pp. 397-398.



2622 Edward K. C. Lee and F. S. Rowland Vol. 66

to  M r. S .-L . H su fo r perform ing a considerable part 
of the k inetic experim ents and to  M r. H . A lca la y 
fo r his w ork in  studying the effect of irrad ia tion  on 
the surface area of cuprous oxide catalysts.

a
A
b
e
Ea — Ev 
A E  
h 
k

h
m

n
N
N j ,

Nom enclature
original moles of carbon monoxide present 
geometrical surface area of catalyst disks 
original moles of oxygen present 
concentration of reactant 
ionization energy 
apparent activation energy 
Planck’s constant
specific reaction rate constant or Eoltzmann’s 

constant
apparent pre-exponential factor 
unknown order of reaction with respect to CO 

or effective mass of a hole 
unknown order of reaction with respect to 0 2 
number of moles
acceptor impurity concentration (copper vacan

cies)

A d donor impurity concentration (oxygen vacan
cies)

p positive hole concentration
Psat positive hole concentration at saturation
P  total pressure at time t
p„ initial total pressure
AP  pressure difference, (P  — Po)
r  reaction rate
R gas constant
t time
T  temperature
V  volume of reactor
x  extent of reaction
y oco initial mole fraction of carbon monoxide

Greek letters
A oxygen vacancy concn. produced by electron

irradiation 
Pp drift mobility
a electrical conductivity

Subscript
0 initial value

THE REACTIONS OF RECOIL TRITIUM ATOMS WITH CYCLOPROPANE
PLATINOUS CHLORIDE1

B y  E d w ar d  K . C . L e e  a n d  F . S. R o w la n d

Department of Chemistry, University of Kansas, Lawrence, Kansas 
Received April 5, 1962

Recoil tritium atoms react with cyclopropane platinous chloride to produce labeled cyclopropane and propylene in the 
ratio of approximately 1 to 3. The yield of propylene is higher than for reactions with the free molecule in the gas phase 
and indicates an influence on the reaction course from the strong binding of the cyclopropane molecule in the complex.

In troduction
Gas phase investigations w ith  m any vo la tile  

hydrocarbons have established the mechanisms of 
reaction of recoil tritiu m  atoms w ith  both saturated 
and unsaturated m olecules,2'3 and some liq u id  and 
solid phase investigations have shown th a t the 
general pattern  of reaction is quite sim ilar in  the 
condensed phases.4-6 In  a ll cases, these studies 
have involved  essentially the reaction of the t r it 
ium  atom  w ith  an isolated m olecule, and the p ri
m ary effects of condensed phases are more rapid  
collisional de-excitation of excited molecules and 
radicals, and enhanced th ird  body recom bination 
processes.6 O ur interest in  the present experim ents 
has been to  investigate the nature of recoil tritiu m  
reactions w ith  a hydrocarbon m olecule w hile it  is 
influenced b y strong bonding to  an external system 
and should no longer be considered as an isolated 
m olecule. The target m olecule in  these investiga
tions has been cyclopropane platinous chloride, 
sym bolized hereafter b y  C 3H 6P tC l2. Th e  cyclo -

(1) Research supported by A.E.C. Contract No. A T-(ll-l)-407 .
(2) J. K. Lee, B. Musgrave, and F. S. Rowland, J. Am. Chem. Soc., 

82, 3545 (1960); Can. J. Chem., 38, 1756 (1960); F. S. Rowland, 
J. K. Lee, B. Musgrave, and R. M. White, “ Chemical Effects of 
Nuclear Transformations,”  I.A.E.A., Vol. 2, Vienna, 1961, p. 67.

(3) D. Urch and R. Wolfgang, J. Am. Chem. Soc., 83, 2982 (1961); 
“ Chemical Effects of Nuclear Transformations,”  I.A.E.A., Vol. 2, 
Vienna, 1961, p. 83.

(4) W. J. Hoff, Jr., and F. S. Rowland, J. Am. Chem. Soc., 79, 4987 
(1957).

(5) A. M. Elatrash, R. H. Johnsen, and R. Wolfgang, J. Phys. Chem., 
64, 785 (1960).

(6) E. K. C. Lee and F. S. Rowland, J. Am. Chem. Soc., 84, 3085 
(1962).

propane m olecule in  th is compound is considerably 
perturbed from  the norm al m olecule as shown b y  
the alterations in  the infrared absorption bands fo r 
C -H  stretching, etc. C h a tt, et a l ,  describe the 
structure of cyclopropane platinous chloride as a 
chlorine-bridged polym er b u ilt from  d ich loro - 
(trim eth ylene)-p la tinum  ( IV ) ,  as7

C l C H 2

\  /  \
P t C IL

C l C H 2

Recoil tritiu m  atoms have been introduced in to  
C 3H 6P tC l2 b y  irrad ia tion  of the powder m ixed w ith  
L iF , u tiliz in g  the 2.7 M ev. kinetic energy of recoil 
from  the L i6(n ,a )H 8 reaction to  transport the 
tritiu m  atom  from  the crystals of L iF  in to  the neigh
boring platinum  com plex.

Experim ental
Preparation of Cyclopropane Platinous Chloride.— The

light, brown C3H6PtCl2 solid was prepared by bubbling 
gaseous cyclopropane through a dilute solution of chloro- 
platinic acid in acetic anhydride.8 The original crystals were 
purified by repeated thorough soakings in 1 : 1  acetone-ether 
solution. The samples were pulverized in this solution and 
allowed to stand for 7 to 10 days each time. After sufficient 
purification, regeneration of the hydrocarbon from this com
pound by the addition of cold, concentrated aqueous KCN

(7) D. M. Adams, J. Chatt, R. G. Guy, and N. Sheppard, Proc. 
Chem. Soc., 179 (1960); J. Chem. Soc., 738 (1961).

(8) C. F. J. Tipper, ibid., 2045 (1955).
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T a b l e  I
R a d io a c t iv e  P ro d u cts  fro m  R e c o il  T r it iu m  R e a c t io n s  w it h  C yc l o p r o p a n e  P la t in o u s  C h lo r id e

-Sample-
B-5 B-15 21 22 24 26 27 28 25*

LiF, mg. 2.01 9.72 5.89 7.68 7.58 7.84 7.91 7.86 9.72
CjHjPtCL, mg. 10.0 9.66 6.51 8.35 8 .0 2 8.19 8.19 8.19 8.19
Irradiation, hr. 3 .5  3.5 ~ 1 .5 ~ 1 .5 3 3 12 12 3
Flux 1011 10“ 1012 1012 1012 1012 1012 1011 1012
Total activity
50-ft. DMS 1900 6500 19,400 21,300 21,800 60,200 1.9 X 10s 1.7 X  105 51,900

Activity relative to C— C = C as 10 0

HT 1 1 \ r 1 „ \ 2 2 1 2
CHjT Jf5 j 11 J ) 10 I “ 7 9 ) 10 1
c-c  1Lo \ 4 1 1 1 1 3 3 1
C = C  J>2 j  4 4 6 5 5 7 7 5
c -c -c 1 6 8 8 6 8 10 15 6
C— C = C  100 100 100 100 100 100 100 100 100
A 42 39 28 28 27 30 17 15 24

%  Macroscopic composition of regenerated gas
c—c = c 3.2® 4.8" 5.1 4.9 7.4 6.3 ~ 45 ~ 33 7.4
c-c -c 0 . 1 0 . 1 0 . 1 0 . 1 0.7 1.4 0 . 1
c = c 0.3 0.3 0 .6 0.4 1.7 2 .1 0.5
c-c < 0 .0 1 < 0 .0 1 < 0 .0 2 0.03 0.3 0.3 < 0 .0 2
c
\

C-Cl ~ 3
/

c
c-c-c-ci '—6

“ Not all from radiation damage; some present initially. * Break-off tip opened and sample pumped on prior to solution 
in aqueous KCN.

solution gives cyclopropane as the only important hydrocar
bon detected by gas chromatography. Small percentages of 
propylene were observed from early aliquots during the puri
fication, but the final material showed < 1 %  propylene upon 
regeneration of the hydrocarbon. The infrared spectrum of 
the purified compound corresponds to that published by 
Chatt, et of.7

Irradiation.— Each sample consisted of an intimate mix
ture of approximately 10  mg. of C3H6PtCl2 and 10  mg. of 
LiF powder in an evacuated 1720 Pyrex glass ampoule 
equipped with a break-tip. The neutron fluxes and times of 
irradiation were varied as shown in Table I, always with an 
ambient temperature during irradiation of 25-30°.

After irradiation, the ampoule was placed in a vacuum sys
tem, degassed, and broken open to release the contents. 
Cold aqueous KCN solution (0.5 g. of KCN in 0.5 ml. of 
water) then was introduced, and the regeneration of gas was 
complete in approximately 5 min.

Aliquots were taken for gas chromatography from the gas 
reservoir above the aqueous KCN solution. Since the gas 
reservoir system also contained the aqueous solution and 
undissolved solid LiF, several experiments were performed 
to determine whether this heterogeneity affected the nature 
of the sample taken for gas chromatography. Two aliquots 
from sample no. 27, taken 2 hr. apart and each analyzed on a 
silica gel column, showed a 100% increase in the H T yield, 
and an apparent 13% decrease in the amount of CH2CHT 
with lengthening time of contact between the gas and the 
condensed phases. The variation in H T may have involved 
diffusion of active tritium from the undissolved LiF crystals, 
which contained more than half of the total tritium formed 
in the system. Such relative yield fluctuations for two ali
quots were avoided in most cases by simultaneous filling of 
two sample loops for gas chromatography. This filling was 
performed as soon as possible after regeneration of the gas, 
and usually was complete within 20 min. In any event, the 
fluctuations represented only a very small percentage of the 
total gaseous tritium activity.

The break-off tip of sample no. 25 was deliberately broken 
before evacuation and the irradiated powders then were 
pumped to remove any gaseous compounds not still trapped

in the cyclopropane platinous chloride. Distinct loss of 
tritium-labeled alkanes was observed, especially for CH3T. 
The olefinic radioactive products apparently are strongly 
held in the crystal, perhaps actually complexed, while the 
CH3T remains free to diffuse through the lattice, and eventu
ally into the gas space above the crystals. The H T yield 
apparently was unaffected by the degassing of the irradiated 
crystals.

Separation and Analysis.— The separation and measure
ment of the radioactivity in various volatile molecules was 
accomplished through gas chromatography, followed by gas 
proportional counting of the effluent stream. 9 The basic 
separations have been carried out on 50- and 15-ft. di- 
methylsulfolane columns at 24°. Labeled methane and HT 
were separated on silica gel. The macroscopic mass peaks 
were measured in the flowing helium stream prior to its mix
ture with propane for counting purposes. Only about 35- 
40%  of the tritium radioactivity stopped in the CsHoPtCL 
appeared in volatile compounds, while the rest was present 
as labile tritium activity from reaction with platinum or 
chlorine. The experimental distributions of radioactivity 
and the macroscopic sample compositions are given in Table 
I. Typical complete radiochemical analyses of higher boil
ing products are shown in Table II.

Non-gaseous Tritium Activity.— Non-volatile tritium 
activity was assayed for sample B-5 through measurement of 
aliquots of the cyanide regeneration solution, after the un
dissolved LiF had first been removed from it. The total 
activity of this solution was approximately 1 .6  times as 
much as appeared in the gas chromatographic measurements 
from that sample.

The total amount of tritium activity formed in the samples 
was measured by separate irradiation and assay of a pure 
LiF sample in a similar irradiation tube. This yield in the 
solid powder was only 15% of the amount that would be 
calculated from the conditions of Table I, while an additional 
2 .2%  was imbedded in the glass. All of these assays were 
performed by combustion at 700° of the sample in the 
presence of zinc, nickelic oxide, and paraffin. 9 The glass

(9) J. K Lee,et al.. Anal. Chem., 34, 741 (1962).
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Retention time 
(min.)a

T a b l e  II
C o m pl e te  R a d io c h e m ic a l  A n a ly sis  o f  Som e  Sa m p le s  of C yc l o p r o p a n e  P la t in o u s  C h lo r id e

Run 21 Run 22 Run 28
Activity in C—C=C peak, counts 

6600 5500 66,000
Radioactive yields; (C—C—C) = 100Possible peak identifications

4.8 C— C— C, '
\

0.7 0.50

5.5
7.3
8 . 1

9.4

1 0 . 1
11.5

13.2

16.4
18.9

2 0 .0

2 1 . 0

23.5

25.3

C = C — G = C
c h 3c i, C— C— C— C = C
C

x o = c

C-C, C = C — Cl 
C— c, c—c— <¡

C— Cl

0.7

1 . 1

3.0

1 .8

1 2 . 1

4 .6

0.7

5.3

0 .8

! 1 . 0

3.7

O . 4 7

0.38
2 .8 0

0 .2 0

O . I 4

0.90

1 .0 0

0.96

2.4

0.50

9.4

C
28.4 \ / \ / \  1-9
32.5 n-Oi 0.76
41.2 C C 6 . 2  2 .0  7.0

\  /  \
C Cl

“ The retention times are obtained with 15 ft. dimethylsulfolanVat 24°, 8 lb. He pressure (0.95 ml./sec.).

-2 /5

-2 /5

-1 /5

tube was broken into very small pieces, from which diffusion 
could more readily take place. A second combustion of the 
same sample yielded a negligible amount of additional trit- 
ium activity.

This total yield of 17% is quite reasonable because of 
neutron absorption in the boron of the Pyrex 1720 glass, and 
of our use of depleted LiP, with a Li6 isotopic content of ap
proximately 2 % .

The LiF is 1.72 times as efficient per mg. in slowing down 
the recoil tritium and «-particles as is C3H 6PtCl2,10 and 
hence should contain about 63% of the total tritium in 
powdered mixtures with equal weights of the two com
ponents. This tritium was not released for assay in these 
experiments. The sum of the observed gaseous activity and 
labile activity from sample B-5 is in good agreement with

(10) Calculated from the stopping power formula of G. Friedlander
and J. Kennedy, “Nuclear and Radiocliemistry,” John Wiley and
Sons, New York, N. Y., 1955.

the amount of activity expected in the CsHePtCh component.

D iscussion
Th e  m ost im portant observation among the re

coil tritiu m  reactions w ith  cyclopropane platinous 
chloride is the re la tive  y ie ld  of labeled cyclopropane 
and propylene, w hich fa lls in  the range of 0.3 to  
0.4 fo r samples w ith  m oderate radiation damage. 
These ratios are in  contrast to  the gas and liq u id  
phase observations of energetic tritiu m  reactions 
w ith  cyclopropane, fo r w hich the same ra tio  has 
values >  l . 2-11 Th e  gas phase reactions w ith  the 
isolated hydrocarbon form  these tw o labeled 
molecules in  comparable amounts b y  reactions 1 to  3.

(11) E. K. C. Lee and F. S. Rowland, unpublished reauiis.
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c h 2 C H T *

T * +  /  \  - /  \  + H (1)
c h 2 c h . c h 2 c h 2

C H T * C H T
/  \  +  M  - *  /  \  + M (2)

c h 2— c h 2 c h 2— c h 2

C H T *

/  \  - - >  c h 2t — c h = c h (3)
C H 2-------- C H 2

H igh er pressures fa vo r the form ation of cyclopro
pane, and the liq u id  phase results show a cyclo - 
propane/propylene ra tio  of approxim ately three.11 
Th e  much higher y ie ld  of labeled propylene from  
recoil reaction w ith  C 3H 6P tC l2 can be explained 
read ily if  the energetic reaction of tritiu m  w ith  the 
platinum -bonded m ethylene groups proceeds as in
(4)

c h 2 c h 2t

/ !  \  / /  /
T*  +  C H 2 i P t — C H 2 -P t

\  1 /  \ \  / \
C H 2 c h 2

Th e  subsequent reaction of th is species could lead 
to C H 2T -C H 2-C H 2- or C H 2T -  radicals, but w ould 
not go back to  the cyclic  structure w hich regenerates 
cyclopropane under K C N  treatm ent. Th e  labeled 
n -p ro p yl radical from  the decom position of the 
product in  (4) also could go to  propylene through 
the loss of H  to  the P t atom .

Energetic reaction w ith  the m ethylene group not 
bonded to  platinum  probab ly is the source of the 
tritium -labe led  cyclopropane found upon regenera
tion . In  th is case, the interactions should be sim ilar 
to  the reactions w ith  the m olecule as found in  the 
liq u id  and gaseous states. Th e  nearby neighbors 
can rem ove the excess energy ra p id ly  through re
action 2, leaving the rin g  system  in tact except fo r 
the replacem ent of one hydrogen atom  b y  tritiu m .

The over-a ll cyclopropane/propylene ra tio  is 
consistent w ith  the occurrence of energetic re
actions leading to  tritia te d  cyclopropane a t on ly 
one carbon atom , and propylene-form ing substitu
tions at the other tw o carbon atoms. Th e  physico
chemical reason fo r preferential rupture of the 
carbon-p latinum  bond is not known, but other 
energetic tritiu m  reactions in  the solid phase have 
been shown to  proceed w ith  preferential bond- 
rupture. Th e  preference is especially strong when 
the bond to  carbon is a weak one as in  carbon- 
iodine bonds.12

(12) R. M. White and F. S. Rowland, J. Am. Che-rn. Soc., 82, 4713 
(1960).

O ther notew orthy features in  the pattern of 
radioactive products are the com parative absence 
of H T  and the presence of chlorine-containing 
radioactive molecules. Th e  la tte r can be formed 
through the reactions of labeled free radicals from  
the decom position of the com plex radical of eq. 4. 
Th e  low  yie ld  of H T , w hich is form ed in  amounts 
comparable to  labeled parent when cyclopropane 
is irradiated in  the liq u id  or gas phase, is unex
pected. I t  m ay perhaps be rem oved b y  chemical 
reaction to  give labile a c tiv ity , subsequent to  
form ation in  higher yie ld  in  the in itia l energetic 
reaction.

R adiation Damage to Cyclopropane P latinous 
C h loride.— Th e  bulk of the ion izing energy de
posited in  these systems came from  the recoiling 
tritiu m  atom  and its  alpha recoil partner. T h is  
energy, as w ith  the tritiu m  itse lf, is d istributed 
between the L iF  and the C 3H 6P tC l2 components. 
Since the range of both recoil particles is ve ry  much 
longer than the average particle  size in  the powders, 
th is energy is deposited approxim ately in  propor
tion  to  the stopping powers of the tw o compounds.

Approxim ate G-values fo r decom position of cyclo 
propane have been calculated from  the observed 
decom position (e.g., ~ 8 %  fo r num ber 24) and the 
to ta l energy deposition, assuming 17% of nom inal 
as the actual tritiu m  production rate. T yp ic a l 
values are about G (-cyclopropane) =  3 on the basis 
of energy loss in  C 3H 6P tC l2, or =  9 fo r the energy 
deposited in  the C 3H 6 part of the m olecular com
plex (about 30% ). Th e  la tte r value is about the 
same as the G-values obtained fo r the radiolysis 
of gaseous cyclopropane,2 thus ind icating th at the 
cyclopropane is neither grea tly sensitized nor pro
tected b y  the changed m olecular surroundings.

The macroscopic hydrocarbon peaks are 
m arkedly different from  those observed w ith  sim ilar 
irradiations of liq u id  cyclopropane. Mass peaks 
fo r ethylene and propylene are nearly equal from  
the liq u id  cyclopropane, w ith  the ethylene pre
sum ably arising from  ion-m olecule reactions, as it  
does from  gaseous cyclopropane.2’1113 The physical 
structure of the com plex, of course, makes C 3H 6+ 
plus C 3H 6 a m uch less probable reaction than w ith  
the pure hydrocarbon.

R adiation  damage interactions in vo lv in g  chlorine 
atoms are shown b y  the prom inent mass peaks 
fo r n -p ro p yl and isopropyl chlorides.

Acknowledgm ents.— O ur use of the Omaha 
Veterans Adm in istration  H osp ita l Reactor fo r 
some of the irrad ia tions is g ra te fu lly  acknowledged. 
Th e  L i6 content of the L iF  was k in d ly  assayed b y 
D r. S. Am ie l of the Israel A tom ic E nergy Com 
mission.

(13) H. Umezawa and F. S. Rowland, ibid., 84, 3077 (1962).
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ON THE LOW-FREQUENCY DIELECTRIC DISPERSION OF COLLOIDAL 
PARTICLES IN ELECTROLYTE SOLUTION1

B y  H . P . Sc h w a n , G . Sc h w a r z , J . M a c z u k , a n d  H . P a u l y  

Electromedical Division, Moore School of Electrical Engineering, University of Pennsylvania, Philadelphia 4, Pa-
Received April 12, 1962

Determinations of the dielectric properties of suspension of spherical colloidal particles are reported over the frequency 
range from 20 c.p.s. to several hundred kilocycles. Very large dielectric constants are observed at low frequencies. Since 
the experimental" data approach constant values at very low and high frequencies, they can be described by a, fairly well de
fined spectrum of relaxation times. Simple relationships exist between particle size, low frequency dielectric increment, and 
average relaxation time. Several physical processes, such as relaxation due to Maxwell-Wagner effects, to electrophoretic 
particle acceleration, or to the presence of a frequency-independent surface conductance, are shown not to account for the 
observed data. Surface conductance and capacitance data are determined, the conductance having one frequency-inde
pendent and one frequency-dependent part.

In troduction
V e ry  high dielectric constants often have been 

observed w ith  collo idal and b io logical-cell suspen
sions a t low  frequencies (see fo r exam ple Schw an).2 
Th e  dielectric constant e a lw ays decreases as the 
frequency increases. A lthough  the frequency de
pendence of e has been characterized b y  a power 
function f _m,3 details of th is phenomenon and 
its  o rig in  have not been treated sa tisfactorily.

Refinem ents in  technique have enabled us to  
determ ine th a t the dielectric behavior of fa t- 
particle  suspensions and polystyrene la tex at ve ry  
low  frequencies is clearly a relaxation process 
characterized b y  a fa ir ly  w ell defined spectrum  of 
tim e constants.4 P re lim in ary data have been 
given b y  us elsewhere.2’5 T h is  article  summarizes 
our results in  greater detail.

In  an effort to  explain the observed dielectric 
phenomenon, relaxation of the M axw e ll-W a gn er 
type , relaxation associated w ith  electrophoretic 
m ovem ent, and relaxation due to  the existence of 
a frequency-independent surface conductance 
or adm ittance are considered and rejected. There
fore, th is dielectric phenomenon m ust reflect linear 
and frequency-dependent properties of a lte rnating- 
current boundary potentials. A  frequency-de
pendent surface conductance and capacitance can 
be introduced to  account for the observed data.

Equations fo r the determ ination of surface 
conductance and capacitance from  experim ental 
data are developed. Th e  to ta l surface conductance 
is found to  consist of tw o parts. One part, which 
changes w ith  the conductance *a of the suspending 
m edium, is frequency-independent. Th e  other 
part, less dependent on xa, is frequency-dependent. 
Therefore, as the theory w ill show, the surface 
capacitance term  also m ust be frequency-dependent 
and thereby m ust be responsible fo r the high d i
electric constants experim entally observed.

Measurement Technique.— Measurements were carried 
out between 10 c.p.s. and 200 kc. with a bridge, Fig. 1, 
built for the precise determination of dielectric constants

and conductivities of highly conductive materials. Some
times, additional measurements from 500 kc. to several 
Me. were conducted, using the Boonton RX-meter, _ to 
establish more clearly the limit values approached at high 
frequencies. The bridge is of the Wheatstone type, using 
General Radio variable precision capacitors. The reactive 
components of the conductance box and internal bridge 
connections have been determined with an accuracy which 
reflects the high resolution of the bridge.

Measurements are made by substitution. The sample 
cell is always in parallel with the calibrated conductance 
box. The conductance box is set to its initial value of 0.1 
mmho with the cell filled with the sample fluid. It is reset 
to a higher conductance value after removal of the sample in 
order to re-establish balance without a change in the setting 
of the other bridge arm. Balance of the reactive compo
nents is achieved with the variable capacitors. For further 
details about the bridge and the calibration procedure see 
Schwan and Sittel.6

Very high resolution is required to obtain significant 
results. Most impedance techniques rely ultimately on the 
observation of one scalar quantity, for example the minimal 
deflection of an instrument. They cannot differentiate 
between meter deflections due to imbalance in capacitance 
C or conductance G. Suppose the admittance Y =  G 
+  juC  is determined with an error AF =  AG +  jaAC. 
The area of uncertainty, which reflects limits of resolutions, 
then is given by a circle as indicated in Fig. 2.

A G — coA G

This may be rearranged.

AG  _  A C  1 
G C tan 8

( 1 )

(2 )

where tan 5 characterizes the dielectric loss factor and 
equals G/oiC. If the input impedance of the null detector 
is larger than the bridge impedances, then the input voltage 
V  and output AF of the Wheatstone bridge are related as

V  /(A G )2 +  (coAC)2 
4 ' G 2 +  (wG )2

(3)

Thus, in case of a perfect balance in G (AG =  0)

A T  __ 1 AG  1 

y 4 C V l +  ta n 2 5 (4)

and in the case of a perfect balance in C (AC  =  0)
(1) This investigation was supported by National Institute of 

Health Grant H 1253 (C9).
(2) H. P. Schwan, Advan. Biol. Med. Phys., 5, 147 (1957).
(3) H. Fricke and H. J. Curtis, J. Phys. Chem., 41, 729 '.1937).
(4) H. P. Schwan, in “ Physical Techniques in Biological Research,”  

W. L. Nastuk, Ed. 1, Vol. VI, Academic Press, New York, N. Y., in 
press.

(5) H. P. Schwan and J. Maczuk, Proc. Natl. Biophys. Con/., 1st,
Columbus. Ohio. 348 (1959).

AF _ 1 AG 1

V  4 G a /  1 +  1/tan2 8

At low frequencies the conductive currents of our samples 
are larger than the capacitive ones (tan 8 >  1). The

(6) H. P. Schwan and K. Sittel, Trans. Am. Inst. Elec. Engrs. (Com
munications and Electronics), 72, 114 (1953).
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resolution AG/G is then largely frequency independent and 
equal to 4 A F /F . The accuracy in C is inversely related 
with frequency (eq. 4), requiring increasingly better resolu
tion in G in order to obtain good results in C as the frequency 
decreases.

A Hewlett Packard wave analyzer is used as a filter up to 
16 kc. and a radio receiver RAK  8 as a filter up to 500 kc. 
Additionally, use of a low-noise-level preamplifier establishes 
a threshold signal level of 0.03 /uv. over most of the frequency 
range. This very low noise level and an input signal of 
about 0 .1  v . permit resistance balance settings with a 
resolution of 1 part in a million. Input voltages larger than 
0 .1  v. are avoided since they can cause temperature drifts 
with consequent changes in G. The resolution of our bridge 
permits us to determine high dielectric constants of conducting 
solutions at frequencies even below 100 c.p.s. For example, 
a dielectric constant of 1000  can be measured with an 
accuracy of 1 0 %  at a frequency of 20  c.p.s. in the presence 
of a conductivity of 1  mmho/cm.

The change of conductivity with frequency is usually 
fairly small, so that minor temperature drift can affect it. 
Compensation for such temperature drift is made by re
turning after each reading to a standard frequency,(say 1 kc.). 
Plots of the 1-kc. values vs. time usually establish smooth 
curves which permit the application of an interpolated time- 
correction to conductivity values at other frequencies. 
The validity of this technique is based on the experimentally- 
verified assumption that the drift equally affects values at 
all frequencies.

The cylindrical sample cell, shown in Fig. 3, is kept at a 
constant temperature of 25°. The platinum electrodes are 
heavily covered with platinum black in order to reduce elec
trode polarization. Readings at various distances are taken 
and converted into impedance values which subsequently 
are subtracted from each other. 3-4-7-8 This technique 
satisfactorily eliminates polarization effects if constancy of 
electrode polarization with time is checked by taking a 
repeat reading at the original electrode distance. But in
accuracies result if the impedance differences are small in 
comparison with the impedances measured at various dis
tances, i.e., if the electrode impedance becomes large as the 
frequency decreases.

In order further to minimize electrode polarization effects, 
the sample impedance must be large in comparison with the 
electrode impedance, i.e., large electrode separation is 
required. In this case the electrical field is no longer con
fined to the sample. However, the error which the resulting 
stray field components causes can be evaluated for the cylin
drical geometry employed.9 In most cases dielectric con
stants were high enough so that stray field errors were small.

It was decided to choose suspensions with particles of 
uniform size. The particles consist of polystyrene and are 
kept independently in suspension by a stabilizing surface 
coating.10 Particle size is extremely uniform as ascertained 
by various electron microscopic studies.11 Particle concen
tration values also were obtained from the manufacturer. 
In some instances concentrations were checked either by 
using a high-speed centrifuge or by carrying out a dry weight 
determination. The ionic strength of the medium surround
ing the polystyrene spheres may be estimated from its 
electrical conductivity This latter value is obtained 
from the low frequency conductivity xo of the sample of 
interest and the known particle volume fraction p, using an 
equation given first by Maxwell. 12 For particles whose 
conductivity is small compared to xa, this equation reduces 
to

1  -  V
m -  *■ r + F i  (0)

In some cases the polystyrene spheres were resuspended in 
a medium of low and known conductivity. Then a measure-

(7) K. S. Cole and H. J. Curtis, Rev. Sci. Instr., 8, 333 (1937).
(8) H. P. Schwan, Z. Naturforsch., 6b, 121 (1951).
(9) H. P. Schwan and J. Maczuk, Rev. Sci. Instr., 31, 59 (1960).
(10) We are indebted to Dr. Vanderhoff, Dow Chemical Co., for 

making polystyrene latex material available to us.
(11) E. B. Bradford and J. W. Vanderhoff, J. Appl. Phys., 26, 864 

(1955).
(12) J. C. Maxwell, "A  Treatise on Electricity and Magnetism,"

Oxford Univ. Press, 1873, article 314.

Fig. 1.-—Wiring diagram of Wheatstone bridge: (1)
shielded ratio box with shielded input transformer (2); (3) 
and (4) variable precision capacitors; (5) decade capacitor; 
(6 ) shielded resistance box (variable resistance decades in 
series); (7) shielded conductance box (variable decades in 
parallels). The switches SW permit balance of the unknown 
X  against either resistance or conductance box or the use of 
substitution techniques (see text). A combination of a con
ductance box with six dials and a resistance box of six dials 
in opposite bridge arms is desirable if dial adjustment to one 
part in a million is needed over a large range of resistances.

Fig. 2.— Errors in capacitance and conductance (see text).

ment- of *a did not compare very well with the value calcu
lated from eq. 6 , even though ionic leakage from the stabili
zer coat was minimized by repeated washing. This dis
crepancy was due to the surface conductance of the particles, 
as will be discussed later.

An a lysis of D ata.— Conductance and capacitance 
readings, taken w ith  the sample cell filled and 
em pty, are corrected fo r stra y field components9 
and fo r the lead inductance to  the sample cells.4-13 
T h is  process is perform ed at tw o electrode distances, 
and electrode polarization  is elim inated as explained 
above. F in a l conductance G and capacitance C

(13) H. Pauly, L. Packer, and H. P. Schwan, J. Biophys. Biochem. 
Cytol., 7,589 (1960).
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Fig. 3.— Electrolytic cell. Electrode E2 is movable and 
grounded. The washer I separates the “ hot”  terminal H 
from ground; C connects E2 to ground; M, micrometer; S 
transmits the movement of the micrometer shaft to E2; Th, 
thermostatic shield for temperature control and definition 
of electrical field (see text).

Fig. 4.—-Real dielectric constant e, imaginary dielectric 
constant and conductivity x of a suspension of poly
styrene particles as a function of frequency: particle diameter 
0.188 particle concentration 30%, 23°.

Fig. 5. 

f  Ù T

— Cole-Cole circle. The same data as presented in 
Fig. 4 are used.

e =  e» +
' ' to — t .
1  +  (coT) 2

■ 1 

(7)

X  —  x o  +  ( x „ — X0)
(u T Y

1  +  (<oP) 2
(8 )

where the term s e0, xo, are lim it values of e 
and x observed at frequencies w hich are ve ry  sm all 
and large, respectively, in  comparison to  the char
acteristic frequency /0 =  1/2x7'. A t  the charac
te ristic  frequency, e and x are averages, (e0 +  e»)/2 
and (xo +  x»)/2 , and the dielectric loss e" =  (x —  
x0)/o3 reaches a peak value. Th e  changes (e0 —  
ico) and (* . —  x0) are interrelated b y  the equation

«0 —  €» =  T (x„  —  Xo) (9)

are reduced to  dielectric constant and con d uctiv ity 
values. The required cell constants, calculated 
from  the dimensions of the sample cell, are checked 
experim entally, using electrolytes of established 
con d u ctiv ity. Th e  to ta l procedure was verified 
w ith  electrolytes of known con d uctiv ity and dielec
tric  constant.9

Several techniques have been used to  extract 
significant inform ation from  the dielectric data 
collected. D ie lectric  constants and con d u ctiv ity 
values approach constant values at sufficiently 
high and low  frequencies. In  the presence of on ly 
one relaxation tim e the frequency dependence can 
be expressed b y the dispersion equations (7 and 8).

Th e  equations are identical w ith  the w ell known 
D ebye expression except fo r the addition  of the 
term  x0. I t  is added to  account fo r fin ite  low  
frequency conductance of ionic orig in  and is not 
related to  the relaxation process characterized b y 
the relaxation tim e constant T.

F o r large particles the approach to  constant 
values of e a t low  frequencies is somewhat d if
ficu lt to  observe, w hile  the approach to  constant 
values of both x and e is rea d ily observed a t high 
frequencies. F o r sm aller particles, however, the 
lim it values are w ell defined a t low  frequencies, 
but x has not ye t approached x «  a t 200 kc. U su a lly 
lim it values e0) «■», xo, and x »  can be obtained b y  
extrapolation. D ifferent values of the tim e con-
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slan t are obtained from  the tw o  curves fo r « and 
x, the value from  the x-cu rve  usually being lower 
(see F ig . 4). T h is  behavior is in  contradiction to  
eq. 7 and 8, w hich demand th at the means fo r e 
and x  should occur a t the same frequency 1/27tT. 
T h is  and the fact th a t the experim ental curves 
are fla tte r than those calculated from  eq. 7 and 8 
indicate th a t a spectrum  o f tim e constants replaces 
a single one. Th e  p lo t of e" vs. frequency reaches 
a peak a t a frequency w hich is v irtu a lly  equal to  
the one where t has undergone half its  dispersion. 
I t  is m uch lower than the frequency where x  is 
identica l w ith  the mean of x 0 and x » .

F igu re  5 shows a typ ica l C o le -C o le  p lot, i.e., 
a p lot of (x  —  x 0)/co =  t" vs. e, where t" is the im agi
n ary part of the com plex dielectric constant e* 
=  e —  je". T h is  p lo t yie lds a circle in  the com
plex dielectric plane if  the d istribu tion  func
tion  of tim e constants is given b y a C o le -C o le  
d istribu tion  fun ction .14 H ow ever, the p lo t is 
also near-circu lar fo r other d istribu tion  functions 
which are sym m etrical if  p lotted  against In  T 
(see F ig . 6 in  a previous a rtic le2). The extrap
olated values of «o and «», taken from  C o le - 
Cole plots, agree fa ir ly  w ell w ith  those obtained 
from  plots of e against frequency (Tab le  I ) .

Th e  d istribu tion  of the frequency param eter 
u/v along the C o le -C o le  circle is evaluated in  F ig .
6. T h is  curve should be a stra ight line of slope 
a in  a logarithm ic presentation and fits  w ell w ith  
the depression of the circle characterized b y  an 
angle (1 —  a)ir/2 as indicated in  F ig . 5. T h is  is 
to  be expected for sym m etrical d istribu tion  func
tions f (T) vs. In  T, as discussed b y  us previously 
(ref. 2, pp. 155-157). Th us the data clearly 
indicate the presence of a sym m etrical spectrum  of

T a b l e  I
E stim a t e s  o p  Z e r o -F r e q u e n c y  D ie l e c t r ic  C o n st a n t , 
Ob t a in e d  pro m  D isp e r sio n  C u r v e s  ( D )  an d  C o le - C ole

C ir c l e  P lo ts  (C )  as  F u n c tio n  o p  P a r t ic l e  D ia m e t e r  
Polystyrene sphere suspensions. Volume concentration 
values close to 30%. The increasing accuracy with de
crease in particle size is due to better definition of the low- 
frequency limit value eo as a result of the rapid increase in 

characteristic frequency.
«  (D) «  (C) Accuracy

1 ,1 7 10000 8500 ±1000
0 .5 6 6 3000 2500 + 5 0 0

.188 2450 2480 + 5 0

.0878 540 525 + 2 5

relaxation times if  p lotted against In  T. S ligh t 
and perhaps system atic deviations from  the 
stra ight line in  F ig . 6 are ind icative  that a C o le - 
Cole d istribu tion  function m ay not be exactly 
adequate. H ow ever the deviations are too sm all 
to  serve fo r a determ ination of the exact character 
of the d istribu tion  function.

F in a lly , F ig . 7 displays e as a function  of x, 
fo llow ing a suggestion of C o le .15 I f  o n ly one 
relaxation tim e were involved, a stra ight line 
would be obtained w ith  a slope of —  T and in te r
cepts to  e» +  Txa, and x„  +  e0/T. Th e  presence

(14) K. S. Cole and R. H. Cole, J. Ctiem. Phys., 9, 341 (1941).
(15) R. H. Cole, ibid., 23, 493 (1955).

mean that the dielectric data can be presented in terms of 
a Cole-Cole distribution function of relaxation times. The 
results given in the figures are typical for all polystyrene 
particle suspensions investigated.

of a changing slope reflects the existence of several 
7-values.

Th e  results displayed in  F ig . 4, 5, and 6 are 
typ ica l fo r a ll experim ental data and are ind icative  
of a fa ir ly  sm all d istribu tion  of tim e constants T. 
The C o le -C o le  param eter a, defined b y  F ig . 5 and 
6, is a measure of the w id th  of the assumed C o le - 
Cole d istribu tion  function. F o r exam ple, in  F ig . 
5 the 1 —  a value of 0.79 corresponds to  a re la tive  
half w id th  of the 7,-d is trib u tion  function, taken 
a t half the peak, of 2.5. T h is  means th at about 
one-th ird  of a ll tim e constants are contained w ith in  
a 71-range of 1:6. T h is  corresponds to  a In  T 
spectrum  extending over a range of about 1:2. 
Tw o -th ird s  of a ll In  T values are contained w ith in  
a range of about 1:3. These estimates are fa ir ly  
independent of the detailed character of the dis
trib u tion  curve as m ay be seen from  a pertinent 
evaluation (see F ig . 5 in  ref. 2).

A ll of the above-m entioned techniques have been 
applied in  an effort to  extract the parameters 
f0, «a,, xo, Xco, and T. The R obert Cole plots 
(F ig . 7) usually tu rn  out to  be fa ir ly  unsatisfactory, 
due to  significant deviations from  stra ight lines. 
How ever, we observe th a t the slope of a p roperly 
chosen tangent yie lds a tim e constant w hich agrees 
w ith  other estimates if  i t  is taken at a frequency 
which coincides w ith  the characteristic frequency 
/o =  1/2-rT. Good agreement in  tim e constant 
is obtained furtherm ore from  the circle data and 
from  the «"-cu rve  (see Table  I I ) ,  w hich both reach 
their m axim um  at the characteristic frequency. 
Low -frequency dielectric constants in  good agree
ment are determ ined from  dispersion curves and 
C o le -C o le  circles (see Table  I I ) .  Th e  low  fre
quency con d u ctiv ity x0 is always clearly indicated 
b y  the dispersion curves. B u t x »  is uncertain fo r 
sm all particle  size, reflecting the m ore-lim ited 
resolution of the R X -ir.e te r, w-hich is used for 
measurements above 0.5 M e. I t  is somewhat 
larger than the value given in  Table  I I  fo r a fre 
quency of 200 kc. e= values have been obtained in  
some cases. A s expected th ey are found between 
the dielectric constant of the particle  (about 2.5 
fo r polystyrene) and that of the e lectro lyte  (about
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Fig. 7.— Plot of e against x. This plot should be a straight
line if the frequency dependence were due to the presence of 
only one relaxation time.

suspension at high frequencies. Special samp.e: diameter 
of spheres 2R =  0.557 /x, volume concentration p =  19.5%, 
conductivity of the electrolyte xa =  1.25 mmhos/cm.

78), according to  the M axw e ll-W a gner dispersion 
th eory (eq. 12). F o r the special sample shown in  
F ig . 8, the experim ental result of e» =  £7 is exactly 
as given b y  th a t theory.

T a b l e  I I

E l e c t b i c a l  P r o p e r t i e s  o p  F o u r  S u s p e n s i o n s  o p  P o l y 

s t y r e n e  P a r t i c l e s  o p  D i f f e r e n t  S i z e  

Volume fraction close to 30% ; diameter in n; accuracy in 
r0 values about 10%. The x  values taken at 200 kc. are 
somewhat lower than Xa, for the smaller sizes. Absolute 
accuracy in x  about 3% , accuracy between x 0 and x  (200  kc.) 
significant to the last digit quoted. Accuracy for see 
Table I; accuracy for eœ, about 5% . The x  values are 
given in mmho/cm.

1.17 i* 0.566 n 0.188 ft 0.088 ft
60 10000 3000 2450 540
€co 44 46
*0 2.2814 2.8177 2.6735 6.4803
K (200 kc.) 2.2872 2.8254 2.7030 6.4897
4 ( 6") 0 .6 1 . 8 15 80

(circle) 0.48 2 .0 14 80

Results
Th e  fo llow ing m aterials have been investigated:

(1) P olystyrene la tex containing spherical particles 
of the fo llow ing diam eters: 1.17, 0.566, 0.188, and 
0.0878 ju. A ltogether eight samples were in 
vestigated. Th e  re la tive  volum e fraction  was near 
30% . (2) Tw o  polystyrene suspensions w ith  1.17
and 0.557 p particles, resuspended in  KC1 using 
d ialysis. Suspensions w ith  volum e concentrations 
between 4 and 30% and electrolyte conductivities 
between 0.5 and 2.0 mmhos/cm. were measured.
(3) P olystyrene suspensions in  media of d if
ferent and known ionic strengths. O rig ina l samples 
were d ialyzed fo r 40 hr. against solutions containing 
ion exchangers. Then, defined amounts of KC1 
were added and the samples w ell stirred fo r 0.5 hr. 
in  order to  reduce the tendency of particles to  
clum p. P eriod ica lly, samples were exam ined under 
the microscope fo r clump form ation. (4) A  va rie ty  
of fa t particle  emulsions. Partic le  size was not 
sharply defined and varied between 1 and 3 p 
diam eter. (5) B io logical cell suspensions. The 
results have been summarized elsewhere.2

In  a ll cases dispersion curves have been clearly 
established. The results w ith  fa t particle  suspen
sions are quite sim ilar to  those obtained w ith  the 
polystyrene latex. T h e y  do not contribute further 
essential inform ation and, hence, are om itted. 
F o r a typ ica l dispersion curve see Schwan and 
M aczuk.5 W h ile  w orking w ith  the fa t emulsions 
and b io logical cells, it  became apparent th at the 
characteristic frequency is a strong function  of 
size (see fo r example Table  IV  in  ref. 2). Hence 
the fa t emulsions, whose particles v a ry  in  diam eter 
between 1 and 3 p, invo lve  a fa ir ly  broad spectrum  
of tim e constants. How ever, the polystyrene data, 
obtained w ith  particles of w ell defined and uniform  
size, on ly had a p a rtia lly  reduced spectrum  of tim e 
constants, ind icating that mechanisms other than 
size also contribute to  the spread of tim e constants.

Characteristic data obtained w ith  the polystyrene 
la tex m ateria l (item  1 above) are summarized in  
Table  I I .  D ispersion curves, C o le -C o le , and R . 
Cole plots are shown in  F ig . 4 to  7 fo r one particle  
size. Results fo r other particle  sizes are sim ilar, 
except fo r variations in  m agnitude of dispersion 
and characteristic frequency, as stated in  Table
I I .  Th e  characteristic frequency, shown as a 
function of particle  size in  F ig . 9, s im ply changes 
inversely w ith  the square of the particle  size. Th is  
relation has been found v irtu a lly  to  be independent 
of the nature and the concentration of the elec
tro lyte  as w ell as of the concentration of the 
particles.

In  F ig . 10 is p lotted the static dielectric increm ent 
Ae0 =  e0 — vs. the volum e concentration of the 
polystyrene for tw o particle sizes and tw o  elec
tro lyte  concentrations (item  2 above). I t  increases 
lin e a rly w ith  particle  concentration. Th e  in itia l 
slope of the lines decreases, and at higher particle  
concentrations the fines become curved, fo r a KC1 
con d uctiv ity of 1.4 mmhos/cm. and the same particle 
diameters.

F igu re  10 demonstrates also th at bigger particles 
yie ld  higher dielectric increm ents. T h is  is shown 
more clearly in  F ig . 11, where Ae0/p is p lotted  vs.
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T a b l e  III
Conductivity in mmho/ cm. as F unction of Frequency 
fob 0.557 n D iameter Polystyrene Sphere Suspensions 

in KC1 of Conductivity xa 
p is the volume fraction taken by the spheres.

/(kc.) X (1) X (II) x  (III)
0 .0 2 0 .08515 0.41623 1.35848
0 .0 5 .08512 .41617 1.35847
0 . 1 .08515 .41625 1 .35853
0 .2 .08521 .41633 1 .35864
0 .5 .08532 .41656 1.35888
1 .08549 .41685 1.35926
2 .08584 .41756 1.36015
5 .08699 .42018 1 .3629
10 .08859 .42471 1 .3665
20 .09101 .42921 1 .3700
50 .09433 .43516 1 .3733
100 .09645 .43764 1 .3746
200 .09824 .43892 1 .3755
300 .09925 .43911 1 .3757

X a 0.09772 0 .5 31 4 1 .82
V (% ) 17 .2 2 0 .7 2 3 .3

the diam eter fo r the tw o p rim a rily  investigated 
particle  sizes. A lthough  drawn as a stra ight line, 
the exact dependence m ay be somewhat stronger 
than linear.

The m axim um  of the dielectric loss Ae"ma* 
should be equal to  Ae0/2 in  the simple case of a 
single relaxation step. Since the experim ental 
evidence indicates a relaxation spectrum , sm aller 
values m ust be expected. In  fact, the ra tio  
2 A^mas/Ae0 turned out to  be about 0.8.

Th e  influence of the ionic com position of the 
suspending medium (item  3 above) has been the 
subject of our interest, p a rticu la rly  w ith  regard to  
the con d u ctiv ity. Pertinent results are sum
m arized in  Ta b le  I I I .  I t  w ill be noted from  these 
data th a t the dispersion of the con d u ctiv ity term  
is not ve ry  strong ly affected b y  the con d u ctiv ity of 
the suspending m edium  throughout the range from  
0.1 to  2 mmhos/cm.

Discussion

Several mechanisms can be rejected as being 
responsible fo r the observed data. T h e y  w ill be 
discussed in  sequence. Th e  concept of a frequency- 
dependent surface adm ittance w ill be used to  ac
count fo r the observed effects.

1. Maxwell-Wagner Dispersion Phenomena.— 
W e consider a suspension of spheres of com plex 
d ielectric constant e*  in  a medium of com plex 
dielectric constant ea*. Such a system displays a 
dielectric re laxation effect w hich is due to  the tim e- 
dependent polarization  of the interfaces between 
particle and surrounding m edium . T h is  m ay be 
seen from  an a lternating current expansion of an 
equation first given b y M a xw e ll.12 Th e  pertinent 
equations have been given b y W agner fo r the case 
of low  volum e fractions of suspended particles,16 
and fo r higher volum e concentrations b y P a u ly 
and Schwan17 (eq. 53 to  57 in  th e ir a rtic le ).

(16) K. W. Wagner, Arch. Elektrotech3, 83 (1914).
(17) H. Pauly and H. P. Schwan, Z. Naturforsch., 146, 125 (1959).

Fig. 9.— The characteristic frequency is plotted against 
particle size and is proportional to l/RK

Fig. 10.— The low-frequency limit of the dielectric incre
ment Aco vs. volume concentration of spheres for two 
particle sizes and two electrolyte conductivities xa =  0 .7 
mmho/cm. (O) and 1.4 mmho/cms. (• ) .

Fig. 11.— Dependence of the initial slope Ae0/p  upon particle 
diameter for xa =  0.7 mmho/cm. (O ) and 1.4 mmhos/cm. (• ) .

j ,  _  ei +  2 ea — p (c j — e„) ^
%\ +  2 xa — p (x ; — x a)

(xj +  2 xa) +  2 p (x j — xa) 

*° * a (x i +  2xa) — p (x  i —  Xa) 

(e; -f- 2 ca) +  2 p (c ; — ea) 

“  €a (e, +  2ea) -  p(e! -  O

x0 +  9 p ( l  -  p ) x

( 1 0 )

( ID

( 1 2 )

(e aX j —  x ae 0 2

[(tj +  2 ea) — p (ei — ea) ] 2 [(xi +  2 x a) — p (x ; — xa) ]

(13)
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€0 =  «» +  9p(l -  p) X

______ ________________ (eaXj — xa6j) 2______________________

[(« i +  2 ea) —  p(ei —  ea) ] [(x i +  2 xa) —  p(xi —  x a ) ] 2

(14)
er =  8.85 X  10~ 14  farad./cm . is the dielectric con
stant of vacuum , e, and ea are d ielectric constants 
re la tive  to  vacuum , and p is the volum e fraction  
taken b y  the particles. In  our case the fo llow ing 
parameters a p p ly: =  2.5; ea =  78; x\ =  0;
x a =  0.1 to  10 m m ho/cm .; p =  0.3. The char
acteristic frequency f 0 =  1/2ttT is calculated from  
eq. 10 to be between 2 and 200 M e., i.e., h igher b y  
orders of m agnitude than th a t observed. The 
change of the dielectric constant, eq. 14, is about 
0.01, i.e., b y  fa r too sm all. Th e  M axw e ll-W a gn er 
typ e  of interface po larization  therefore is not re
sponsible fo r the observed data.

2 . Electrophoretic Movements.18— Collo ida l
particles usually ca rry an electrical charge. In  the 
case of polystyrene particles, it  p robab ly is due to 
the surface coating used fo r stab ilizing purposes. 
The particle charge is o n ly  in  part compensated b y 
counterions close to  the particle, so th a t the particle 
w ill m ove if  exposed to  an electric field. W e now 
consider how such a m ovem ent affects the dielectric 
properties of a suspension of charged particles.

Th e  m ovement of a charged particle  in  an elec
trica l fie ld  E = E 0eic,t is characterized b y  the 
d ifferentia l equation

Nq2 T 
reT 1  +  (coT) 2

(2 1 )

where xm and e<= have been added to  account fo r 
contributions due to  mechanisms other than th at 
discussed here.

C o llo id a l particles have a surface charge of less 
than 0.1 elem entary charge per A . 2 surface. Thus 
q is sm aller than 2 X  10“ 3 R2 if  the radius R is 
expressed in  cm. and q in  coulombs. Stokes law  
applies fo r spherical particles

r  =  6 7 rt)R (22)

where the viscosity 17 of the suspending medium 
is near 0.01 poise fo r electrolytes. W e m ay fu rther 
restrict our discussions to  the case th a t the particle  
density is near u n ity , a case w hich is closely ap
proxim ated b y  biological cells and polystyrene 
particles. Equations 20 and 21 then reduce to

X =  x„  +  5 X  10-* v - , \ ~  ~ (m ho/cm .)
1  +  (cc l  V

(23)

6 =  -  12.7 X  10»R2p -  1. -  ■ (24)
1 +  (col V

w ith

T =  2 2 .2 S 2; /„ =  1/140E2 (25)

mi> +  rv =  qE (15)

m is the mass of the particle , v its  ve lo city, v the 
tim e derivative  of v, q the particle  charge, and r  
the frictio n a l constant. U nder a lternating cur
rent steady state conditions v =  v0e3at. Then eq. 
15 reduces to

qE 0 1
r  1 +  jœT ; (I 'D

where T — m/r. Th e  electrophoretic current which 
results from  the m ovement of charged particles 
w ith  the field is given b y  the equation

i =  Nqv; i0 =  Nqv0 (17)

where i0 is the peak value of i and N  is the num ber 
of particles per volum e u n it (cm .3). Since the 
com plex con d u ctiv ity K  =  x +  jweer is related to 
¿ 0  and E0

ia — KEc

we can combine (16) and (17)

Nq2 1  

r 1 +  jccT

(18)

(19)

where N  has been replaced b y  the volum e fraction  
p taken b y  the particles.

Th us fo r a particle  of 1 n radius, the characteristic 
frequency is near 700 kc. e= —  e0 is sm aller than 
4 fo r p =  0.3, and the con d u ctiv ity difference x0 
—  Xco is less than 2  /¿mhos/em.

W e conclude that, the electrophoretic dispersion 
effect is located at higher frequencies than those 
of interest here, th a t the m agnitude of the change in  
e is m uch too sm all, and th a t the direction of the 
dispersion is opposite to  the one experim entally 
observed. Hence electrophoretic m ovement in  an 
a lternating field cannot explain our data.

3. Surface Conductance.— The existence of a 
frequency-independent and consequently tim e- 
independent tangentia l surface conductance has 
been proposed as being responsible fo r dielectric 
dispersion phenomena in  collo idal suspensions at 
low  and a t radiofrequencies. 19- 20 A s a prerequisite 
to  our present discussion and to  th a t in  the next 
section, the adm ittance of a suspension of particles 
surrounded b y  shells w ill be considered. T h is  m ost 
conveniently starts from  equations given  b y  
M a xw e ll12 (articles 312-314 of reference). The 
a lternating current extension of M axw e ll’s equation 
can be w ritte n  as follows (see fo r example C o le 2 1  

or Daenzer22)

T h is  separates in to

X =  K „
N f  1

+  r 1 +  (uT)2
(2 0 )

(18) We appreciate Dr. K. S. Cole’s suggestion that we investigate 
this effect.

K  -  K a =  F  -  K a 
K  +  2Ka ~  V Y  +  2Ka

(26)

(19) C. T. O’Konski, J. Chem. Phys.. 23, 1559 (1955).
(20) C. T. O’Konski, J. Phys. Chem., 64, 605 (1960).
(21) K. S. Cole, J. Gen. Physiol., 12, 29 (1928).
(22) H. Daenzer, Ann. Phys.. [V] 20, 463; [V] 21, 783 (1934).
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where K  =  x +  ,/weer stands fo r the com plex 
con d u ctiv ity. Y  is the specific adm ittance of a 
homogeneous particle  w hich can replace the shell- 
surrounded particle  w ith o u t changing its  field 
perturbation  in  the suspending m edium. Y  is 
determ ined b y  the particle  properties as

Y  +  2KS \ R J K , +  2KS 1 ;

where the sym bols are defined in  F ig . 12. The 3- 
phase system  expressed b y  eq. 26 and 27 has a 
frequency dependence w hich reflects the presence of 
tw o tim e constants (P a u ly and Schwan17). 
W e w ill restrict our fu rth e r discussions to  cases 
w hich fu lfil the fo llow ing requirem ents: (1) The 
particle  con d u ctiv ity x; is sm all compared to  th a t of 
the surface la ye r, and (2) the thickness of the sur
face la ye r d is much sm aller than the radius R. 
These tw o assumptions are w ell fu lfilled  in  the 
present study. Equation  27 then reduces to

The surface conductance Gs = dxs usua lly is found to 
be between 10~9 and 10~8 m ho. Thus, fo r typ ica l 
xa values in  the m mho/cm . range and fo r particle 
sizes in  the yu-range, dxs <  R%&. F o r fa t particles 
and polystyrene particles in  aqueous m edia, e; 
is near 3 and ea near 80. Then the equations fo r T 
and e0 reduce to

Y  =  K i +  2 |  K a (28)
K

In  th is case the frequency dependence reduces to  
th a t of a single re laxation  process, characterized 
b y eq. 7, 8, and 9. Th e  param eters T, x0, x « , 
eo, e™ are given  b y  eq. 10 to  14 if  we add to  x-, 
and the quantities 2 (d/R)xs and 2 (d/R)es.

Xi — >  Ki +  2 — x s; e; — >  ei +  2 —  e3 (29)
K  K

Th e  m agnitude of the dispersion e0 —  is identical 
w ith  the expression given b y  Schwan2 (eq. 27 of 
reference), fo r the case of sm all particle  concentra
tion . The tim e constant expression reduces to  the 
one previously given  b y  M iles and Robertson23 
fo r the same m odel, provided p is ve ry  sm all. 
The tim e constant w ould fu rth e r reduce to  the value 
given  b y  O ’K o n sk i19 if  the outside m edium  were 
p ra ctica lly  non-conducting and the surface layer 
were pu re ly conductive, but the first assumption is 
not applicable in  our case.

W e now consider the p ossib ility th a t a frequency- 
independent pure ly-conductive  surface la ye r m ay 
explain the desired re laxation behavior. In  th is 
case the term  es can be neglected. Furtherm ore, 
it  is appropriate to  neglect x\ in  com parison w ith  
2(d/R)xa, since polystyrene is an excellent d ielectric. 
Then

_______6j +  26a ~  p(6j ~  €a)
d ( nd

2— x s 1' 2xa p[ 2 ^ xs x a

€0 -  e„ =  9 p (l —  v) X

_  6j +  2ea —  p(t j —  fa)

[(«i +  2 ia) P ( ei €»)]

( 4  *■ ■  *■ j

(31)
(23) J. B. Miles and H. P. Robertson, Phys. Rev., 40, 583 (1932).

J
V s +  2xt

«o —  =  9 p

“ €r
a

(32)

1 —  V e;2
(2 +  pY  ea

(33)

These equations are independent of xs and are iden
tica l w ith  (10) and (14) under the assumptions 
made. Thus the characteristic frequency is in  
the upper M e. range, and the difference e0 —  e<» 
is a sm all fraction  of a d ielectric u n it. Therefore 
a frequency-independent surface conductance 
cannot explain the dielectric phenomenon of in 
terest to  us.

4. Surface Adm ittance.— T h a t the experim ental 
data can be explained b y a surface adm ittance, 
composed of both a surface conductance and 
capacitance term , already was apparent from  the 
study conducted b y  F ricke  and C u rtis .3 Since 
x i =  0 the specific adm ittance of an equivalent 
homogeneous particle  (eq. 28, 29) reduces to

d (  d
r . 2 - » . + J „ U  +  2 - , , er (34)

F o r low  p-values the dispersion has the tim e con
stant (see eq. 10, 29)

T =
R +  in

(35)

R ' ‘

The dispersion has a m agnitude (eq. 14,29) 

d d

e0 — 6oo =  9 p
ea-=; x3 — xa— e£

¿b i t

d
2ea +  2 — es ( xa +  rr x,R

d
R

(36)

since we m ay neglect e; in  comparison to  2ea.
d

Since R ' , -C  x a, then T reduces to
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ea dea/R t ^
T =  —  er H------------- er (37;

Xa Xa

I f  th is tim e constant is to  correspond to  a disper
sion in  the low  frequency range, then the second 
term  m ust predom inate over the v e ry  sm all first 
term . So it  m ust be concluded th a t ea <C deB/R.

Particle size diameter 0.557 m in all cases. The three curves 
pertain to different conductivities of the suspending medium 
and are calcula*jed from the data given in Table III. In 
order to conveniently accommodate all data, the Gs values 
have been reduced by frequency independent values. Curve
1 is Gs — 3 X  10 ~ 9 mho, II is Ga — 10-9  mho, III is Ga —
2 X 10_I° mho.

where between 10-9 and 10~8 mho according to  
various investigators (W h ite , et al.u ; M cB ain  
and Forste r26; Fricke  and C u rtis3’28; Rutgers and 
de’Sm et27) and in  accordance w ith  our data (F ig . 
13). Th e  surface capacitance Cs =  deBeT is 0.01 
Utii. in  order of m agnitude, according to  values 
given b y  F ricke  and C u rtis  and our values in  Table  
IV .  On the other hand, the terms Re¡er and Re&er 
are sm aller than 7R niii. Since the radius R is in  
our case between 10“ 5 and 10~4 cm ., we conclude 
th at

—  Cs > >  e i ,  Ca (41)

In  view  of th is and (d/R)xs xa and x; =  0, the 
low  frequency dielectric constant equation

€0 c„ =  9 p (l —  p) X

r d / d , )
l2’-r- ~ ( V  +  “)Xa

2

'  d i d
2^ea +  éì +  2ea — pi 2~es +  e.

■ £a)_

2 - x s +  2 xa — p Ì 2 - xs — x s

(42)

as derived from  eq. 14 and 29, reduces to

B u t w ith  ea <  des/R and 2d,xji <  x a, the disper
sion m agnitude (eq. 36) reduces to

co -  c„ =  =  \p k*t  (38)

F o r an c0 —  e» near 104 and x a near 10~3 mho/ 
cm ; th is expression requires th a t T ~  107, i.e., 
a dispersion in  the M e. range. Th us the additional 
inclusion of a frequency-independent surface capaci
tance term  leads to  an inconsistency and fails, 
therefore, to  explain the observed data.

W e have seen th at the dispersion phenomenon 
w hich reflects the mere presence of a surface adm it
tance (eq. 10-14, m odification 29) is always located 
in  the h igh M e. range. T h is  fact enables us to 
state th a t in  the frequency range of interest here 
a ll our experim ental data are to  be considered co 
and x0 values fo r which eq. 11 and 14 app ly w ith  the 
m odification (29)

R  *■ +  *■ +  I j j *  -  *,
Xo

R
*8 + P( J

“  i\ 2RK-

(39)

where the ve ry  low  particle  co n d u ctiv ity has 
been neglected. F o r (d/R xs <  x&, to  a good ap
proxim ation

1 -  p d
Xo =  X a ----------------r

1 + 2  S

4.5p

' + 1
(40)

Th e  surface conductance term  Gs =  dxa is some-

eo +
4.5 p

X
d
R e‘

(43)

Equations 40 and 43 state th a t the changes in  e 
and x observed a t low  frequencies m ust reflect 
proportionate changes in  es and xs. T h a t is, the 
frequency dependence of e and x sim ply reflects a 
corresponding frequency dependence of surface 
conductance and capacitance. In  conclusion we 
can state th at the in troduction  of a surface adm it
tance concept, in vo lv in g  both resistive and capaci
tive  components, is not much aid in  explain ing the 
relaxation phenomenon discussed here. H ow 
ever, we can describe the observed re laxation effects 
in  terms of a frequency-dependent surface adm it
tance component, and we can re a d ily compute th is 
surface adm ittance b y use of the simple eq. 40 and 
43.

In  F ig . 13 and Table  IV  are listed surface con
ductance and capacitance values. I t  is demon
strated: (a) Th e  surface adm ittance quantities
depend on particle  size, (b ) T h e y  change w ith  
frequency and th e ir relaxation occurs at a frequency 
which changes strong ly w ith  the particle  size even 
though the surface adm ittance data are given  per 
u n it surface area, (c) The surface conductance 
term  is composed of tw o parts, one being independ
ent of and the other dependent on frequency. The

(24) H. L. White, E. Monaghan, and F. Urban, J. Phys. Chem., 40, 
207 (1936).

(25) J. W. McBain and J, F. Forster, ibid., 39, 331 (1935).
(26) H. Fricke and H. J. Curtis, ibid., 40, 715 (1936).
(27) A. J. Rutgers and M. de’Smet, Trans. Faraday Soc., 43, 102 

(1947).
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T a b l e  IV
S u rface  C a pa c it a n c e  V a lu e s  C8 in  ¡ipi. p e r  cm .2 S u r fa c e  A r e a  as  F u n ction  o f  F r e q u e n c y  an d  fo r  D if f e r e n t

P a r t ic l e  S ize s

Polystyrene latex material; p volume fraction taken by the polystyrene particles; arrows indicate approximate mid
point of the dispersion of Ca and its dependence on particle size. The C8 values approached at low frequency also

depend strongly on particle size. Temperature near 23°.

/  =  0 . 1  kc. 
0 .2

2 R 1.17 m 
P ( % )  30 .S 

He (mmho/cm.) 2.3
.p.s. 44.3 X  10~ 3 

33.3

0.566 fi 
29 
2.8

7.3 X  10- 3 
5.9

0.188 fi
30.5

2.7
1.94 X  IO- 3
1.94

0.0878 m 
32.3 

6.5

0.5 20.3 4.4 1.92 0.178 X  IO- 3
1 1 1 . 8 3.65 1.85 0.175

2 6.3 2.82 1.74 0.167
5 2 .6  . 1.74 1.57 0.158

10 1 . 2 2 1 . 0 1 1 .2 0 0.146

20 0.56 0.57 0.75 0.128
50 0.24 0 .2 2 0.36 0.117

10 0 0.17 0 . 1 1 0 .2 0 0.096

200 0.14 0.05 0 . 1 2 0.079

frequency-independent component of the surface 
conductance changes approxim ate ly in  proportion 
w ith  the con d u ctiv ity of the suspending m edium, 
w hile  the m agnitude of the con d u ctiv ity dispersion 
is alm ost independent of the ionic strength of the 
suspending m edium.

Conclusions

Several mechanisms have been ruled out as 
responsible fo r the relaxation effect observed in  
collo idal suspensions at low  frequencies. T h e y  
include a sim ple M axw e ll-W a gn er re laxation, 
existence of frequency-independent surface con
ductance or adm ittance, and electrophoretic m ove
ment of the charged suspended particles. The 
concept of a frequency-dependent surface adm it
tance m ust be introduced. Its  components, sur
face capacitance and conductance, change w ith  
frequency according to  re laxation equations which 
invo lve  a fa ir ly  sm all spectrum  of tim e constants. 
The surface conductance is composed of tw o parts, 
one frequency independent and the other changing 
w ith  frequency. Th e  m agnitude of these tw o com
ponents is comparable (F ig . 13). The in troduction  
of a frequency dependent surface adm ittance ex
plains the high dielectric constants which collo idal 
suspensions d isp lay a t low  frequencies. H ow ever 
it  does not provide an insight as to  the physical 
mechanism w hich gives rise to  its  existence. Th e  
dependence of the surface adm ittance data on 
particle  size rules out the p o ss ib ility th at m aterial 
properties of the suspended particles are responsible.

One other effect has not been considered. I t  is 
the counterpart of the above-considered electro
phoretic effect and concerns the m ovem ent, under 
the influence of an applied field, of counterions 
which surround charged particles. T h is  m ove
m ent has been suggested p reviously as lik e ly  to  be 
responsible fo r the observed phenomenon2 (pp.

182-185 of reference). A  detailed analysis of th is 
effect is given b y Schwarz.28

Sum m ary
The dielectric properties of collo idal suspensions 

have been investigated from  10 c.p.s. to  several 
M e. T h is  article  presents m ateria l in  support of 
the fo llow ing conclusions:

(1) A t  low  frequencies collo idal suspensions 
d isp lay ve ry  h igh, frequency-dependent dielectric 
constants. The dielectric properties are described 
a n a lytica lly  b y  a fa ir ly  w ell defined spectrum  of 
re laxation tim es. Hence, d ielectric constant and 
con d u ctiv ity become frequency-independent at 
sufficiently low  frequencies.

(2) Th e  M axw e ll-W a gn er typ e  of relaxation 
phenomenon exhibited b y  inhomogeneous dielec
trics is not responsible fo r the reported dielectric 
effects.

(3) Relaxation effects result from  the electro
phoretic movement of charged particles in  an a lter
nating electrical field. T h is  effect is shown to  cause 
a “ negative”  dispersion, where the h igh frequency 
d ielectric constant is larger than the one observed 
a t low  frequencies. T in s  difference is of sm all 
m agnitude and is also not responsible fo r the ob
served dielectric data.

(4) Th e  concept of a frequency-independent 
surface conductance or surface adm ittance cannot 
explain the observed data. Th e  surface adm ittance 
data change w ith  frequency in  accordance w ith  
equations w hich assume a spectrum  of relaxation 
times.

(5) Surface conductance and capacitance change 
w ith  particle  size and ionic strength of the suspend
ing m edium. Th e  to ta l surface conductance in 
cludes a frequency-independent com ponent, which 
is comparable to  the frequency-dependent part 
observed at h igh frequencies.

(28) G. Schwarz, J. Phys. Chem., 66, 2636 (1962).
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A  T H E O R Y  O F  T H E  L O W - F R E Q U E N C Y  D I E L E C T R I C  D I S P E R S I O N  O F  

C O L L O I D A L  P A R T I C L E S  I N  E L E C T R O L Y T E  S O L U T I O N 1 2

B y  G e r h a r d  Sc h w ar z

Electromedical Division, Moore School of Electrical Engineering, University of Pennsylvania, Philadelphi-a 4, Pa-
Received April 12, 1962

I t  is proposed that the low-frequency dielectric dispersion observed with colloidal particles suspended in electrolytes is 
due to the polarization of the counterion atmosphere around the particles by an external electric field. A  simplified theory 
of this effect is developed for particles of spherical shape. The displacement of counterions in the double layer is shown to 
be equivalent to the existence of a surface capacitance displaying a diffusion-controlled relaxation. This effect can be ex
pressed by an additional “apparent” dielectric constant of the suspended particles, exceeding their actual dielectric constant 
at low frequencies by many orders of magnitude. The theory is applied to the special case of particles suspended in a fairly 
well conducting electrolyte. Such colloidal systems display a particularly well pronounced low frequency dispersion effect. 
The results of previous experimental investigations with suspensions of uniformly sized polystyrene spheres are used in order 
to test the theory. Assuming reasonable values for the density and the mobility of the counterions in the double layer, 
the theory agrees very well with the static dielectric increment and the characteristic frequency of the dispersion as experi
mentally observed. A  distribution of activation energies of the counterion motion on the particle surface is introduced to 
account for the relaxation spectrum of the dispersion curves.

In troduction

Suspensions of collo idal particles in  aqueous 
e lectro lyte solutions generally d isp lay unusually 
high dielectric constants a t low  frequencies.3 
Thus, fo r sphere-like particles about 1 n in  diam eter, 
the d ielectric constant m ay rise w ell above 104 
below 1 k c .3'4 How ever, the experim ental d if
ficu lties are considerable. Due to  the appreciable 
e lectro lytic  con d u ctiv ity and the low  frequencies 
used, it  was possible on ly recently to  achieve suf
ficient accuracy in  the dielectric measurements 
and in  the control of electrode polarization  to  take 
complete curves of the low  frequency dielectric 
dispersion. F o r example, w hile  investigating the 
dielectric behavior of b iological m ateria l down to 
about 10 c.p.s., Schwan and co-workers found a 
w ell pronounced dispersion in  the low  frequency 
range.8 T h is  so-called a-dispersion perhaps is the 
same effect which occurs in  the case of non -b io - 
logica l colloids. In  fact, sim ilar dispersion curves 
fo r fa t particles and polystyrene spheres suspended 
in  e lectro lyte solution have been measured b y 
Schwan, et al.3-5-6

I t  has been suggested th at displacements of 
electrical charges w ith in  the interface between the 
particle  and the electro lyte m ay be responsible fo r 
the a-dispersion (e.g., M u rp h y and L o w ry7 and 
Schwan5). C o llo ida l particles are e lectrica lly 
charged b y  fixed or adsorbed ions and are sur
rounded b y  counterions, form ing an electric double 
la ye r or ionic atmosphere. A  sh ift of ions w ith in  
th is la ye r b y an external electrical field would 
result in  a dielectric dispersion. Y e t m erely in 
troducing an ohmic surface conductance around 
the particle  in to  the M axw e ll-W a gn er theory of

(1) Presented before the Division of Physical Chemistry of the 
American Chemical Society, 140th National Meeting, Chicago, Illi
nois, Sept., 1961.

(2) This investigation was supported by National Institute of 
Health Grant H 1253 (C9).

(3) H. P. Schwan, G. Schwarz, J. Maczuk, and H. Pauly, J. Phys. 
Chem., 66, 2626 (1962).

(4) H. Fricke and H. J. Curtis, ibid., 41, 729 (1937). Further ref
erence of older papers will be found here.

(5) Ii. P. Schwan, Advan. Biol. Med. Phys., 6, 147 (1957).
(6) H. P. Schwan and J. Maczuk, Proc. Natl. Biophys. Conf., 1st, 

Columbus, Ohio, 348 (1959).
(7) E. J. Murphy and H. H. Lowry, J. Phys. Chem., 34, 598 (1930).

heterogeneous dielectrics,8 as done b y  M iles and 
Robertson9 and more recently b y  O ’K o n sk i,10 
cannot account fo r the experim ental facts.3 A s has 
been demonstrated b y  F ricke  and C u rtis4 and 
Schwan, et al.3, on ly a frequency-dependent capaci
tive  part of the surface adm ittance can explain the 
measured high dielectric constants. U n fo rtu n a te ly 
there has been no detailed ju stifica tion  of such a 
term  so far.

A p p a re n tly it  is possible to  explain the effect o n ly 
b y  a consideration of the m icrophysical structure of 
the double la ye r and the behavior of an ind ividua l 
charge carrier. K irkw ood and Shum aker11 have 
considered th is effect in  the special case of the pro
ton fluctuation around protein molecules b y  em
p loyin g  a statistica l m ethod. T h e y  demonstrated 
th a t the dielectric properties of protein  solutions 
a t radiofrequencies m ay be explained in  th is w ay 
ju st as w ell as b y  orientation of perm anent dipoles, 
the la tte r being the com m only adopted in terpreta
tio n .12 In  the general case of non-polar, spherical, 
and d ie lectrica lly-iso trop ic particles, an orientation 
mechanism is out of the question.13 B u t a defor
m ation of the ionic atmosphere due to  an applied 
field can be anticipated and m ust be reflected in  a 
corresponding dielectric relaxation. W hether th is 
model explains the above-quoted dielectric phenom
enon w ill be the subject of th is paper.

Counterions on the surface of the highly-charged 
collo idal particle  are strong ly bound b y  electro
static attraction . In  order to  escape from  the sur
face in to  the free solution, th ey have to  overcome 
a high potentia l barrier. A lon g  the surface, how
ever, th ey can be m oved m uch more easily. Thus

(8) K. W. Wagner, Arch. Elektrotech., 3, 83 (1914).
(9) J. B. Miles, Jr., and H. P. Robertson, Phys. Rev., 40, 583 (1932).
(10) C. T. O’Konski, J. Phys. Chem., 64, 605 (1960).
(11) J. G. Kirkwood and J. B. Shumaker, Proc. Natl. Acad. Sci. 

U. S .,  38, 855 (1952).
(12) J. L. Oncley, in Cohn and Edsall, “ Proteins, Amino Acids and 

Peptides,”  Reinhold Publ. Corp., New York, N. Y., 1943.
(13) Moreover, an orientation mechanism would not account for 

the dielectric dispersion in question. The characteristic frequency of 
such an effect is inversely proportional to the third power of the diame
ter, according to Debye’s well known equation of the relaxation time 
of oriented, spherical dipoles. This is in contrast to the experimental 
evidence discussed by Schwan, et al.* Furthermore, the quantitative 
value of such a characteristic frequency is found to be far below those 
pf interest here.
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they w ill be m oved ta ngen tia lly b y  an external 
field, po larizing the ion atmosphere and inducing 
an electric dipole moment of the particle . Th is  
concept has proved to  be successful fo r rod -like  
particles in  recent investigations on the orientation 
field effect of po lye lectro lytes.14“ 17 In  place of 
a rigorous and d ifficu lt th eory of the polarization  
of the counterion atmosphere, a fa ir ly  sim plified 
model of the collo idal system is used in  the calcula
tions. Despite th is rather crude m odel, the theo
re tica l results y ie ld  a su rpris ing ly good qua lita tive  
and quantitative  representation of the experi
m ental facts previously reported.8

Theory
Effect of an Electric Field on a Sphere with a 

Counterion Layer.— The collo idal particle w ill 
be introduced as a sphere of radius R and com plex 
con d u ctiv ity (in  the presence of an a lternating 
field of angular frequency co)

Ki =  m +  iojere; (1)

suspended in  an e lectro lyte  solution of com plex 
con d u ctiv ity

Ì e
CqO'M
~R~ (5)

In  addition  to  the flu x induced b y  the impressed 
electric field there is a counteracting diffusion flu x 
which tends to  re-establish the random  distribu tion

Jd =  -
ukT da

R Ò6 (« )

Since the counterions can m ove on ly tangentia lly 
to  the surface, any change of the counterion density 
m ust be due to  those fluxes. Consequently the 
equation of con tin u ity can be w ritte n  as

du
dt ~  d iv  (je  +  jo) =  0 (7)

Th is is a partia l d ifferentia l equation fo r u, nam ely

ukT 1 Ò f . da
=  "TUT X —------ X  — <sm e —

R2 sin 6 de 1 de
e0 di

kT ~dd a sin 6)

=  X« +  foJiria (2 )

where x„ jca and e,, ea are the conductivities and 
the (re la tive ) d ie lectric constants of the particle 
and the e lectro lyte , respectively. er =  8.854 X  
10“ 12 f./m . is the absolute dielectric constant of 
free space. Th e  sphere is e lectrica lly charged b y  
fixed or adsorbed ions and is surrounded b y counter
ions of electric charge e0 and m echanical m o b ility  
u (i.e., ve lo c ity  per u n it force), which can be moved 
on ly along the surface but not perpendicular to  it . 
The electric double la ye r is assumed to  be in fin ite ly  
th in  (in  com parison w ith  the radius of the particle) 
w ith  a to ta l net charge equal to  zero. W hen the 
collo idal particle  is not affected b y  external forces, 
the counterions are random ly d istributed, so th a t 
the surface density u (ions per u n it area) is a con
stant u0. A n  applied external electric field E  
w ill result in  a sh ift of the counterions along the 
surface, thus d istu rb ing the random  d istribu tion . 
Th e  counterion surface density m ay generally be 
denoted

T o  compare the possible energy gain of a counterion 
responding to  the external field w ith  the energy due 
to  therm al m ovem ent, the q u a n tity

7  =
6qRE
h r " (9)

m ay be introduced. F o r a ll cases discussed here

7 «  1 (10)

I t  stands to  reason th at the electric field along the 
surface is of the same order of m agnitude as the 
external field or even sm aller, therefore the factor 
of u sin 6 in  eq. 8 is also sm all compared w ith  u n ity

eo à\ps 
kT X  dd

eoR i „
t f  i® <  7  «  1 ( ID

T h is  indicates th at the counterion density w ill 
deviate on ly little  from  the random  d istribu tion , 
th at is

u —  Uo =  û < <  uo (12)

u =  u0 +  û (3)

where u represents the counterion surface density 
in  excess of the constant value u0.

I t  is suitable now to  introduce spherical co
ordinates r and d w ith  r =  0 at the center of the 
sphere and 6 =  0 in  the direction of E. I f  \pH 
is the electric potentia l on the surface of the sphere, 
the corresponding electric field

F _____-  y  ^
Es ~  R x  be (4)

causes a surface flu x of counterions

Because of relations 11 and 12, u0 can be substituted 
fo r u in  the second term  on the righ t-hand  side of 
eq. 8. Fu rth er sim plification is possible if  the 
external field is assumed to  be a lternating w ith  the 
angular frequency o, so that

E = E0eiwt (13)

U nder these circumstances one m ay w rite

òu

òt
Òù
òt

icoâ (14)

U sing th is result the equation fo r u (8) takes the 
form

(14) G. Schwarz, Z. Physik, 145, 563 (1956).
(15) M. Eigen and G. Schwarz, J. Colloid Sei., 12, 181 (1957). icoä
(16) C. T. O’Konski and A. J. Haltner, J. Am. Chem. Soc., 79, 5634 

(1957).
(17) G. Schwarz, Z. physik, Chem. (Frankfurt), 19, 286 (1959).

ukT 1 d 
R 2 sin 9 dd

|sin
dû e0a0 . d ^ 8
—  +  7 —- sm 9 — 
dd kT d6>

(15)
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Th e  potentia l i 8 m ust be derived from  the over-a ll 
d istribu tion  of the electric potentia l. Th e  potentia l 
in  the e lectro lyte i & as w ell as the potentia l inside 
the sphere i\ has to  satisfy the Laplace equation

A^a =  0 (r >  R) (16)

A i i  =  0 (r <  R)  (17)

Th e  boundary conditions are

1. lim  l/'a =  lim  i\ =  \ps (18)
t — r~ -*~R

2. is  — >  —  Er cos 6 fo r r — >  °° (19)

3. iAi m ust rem ain fin ite  fo r r — > 0 (20)

4. K a —  Ki —  =  — icoe0ff fo r r — >  R  (21)
or or

Th e  last condition results from  the fact th a t the 
tem poral change of the to ta l surface density of 
charge depends com pletely upon the net in flu x of 
electrical charges perpendicular and parallel to  the 
surface. Th e  paralle l flu x is provided b y  the 
counterion m otion, w hile  the conductivities of the 
e lectro lyte and the particle  are responsible fo r the 
flu x in  the perpendicular direction.

N ow  the three equations 15, 16, and 17 can be 
solved b y  standard methods. U sing a representa
tion  of v  and i s b y  means of Legendre polynom ials 
P n (cos 8)

a =  2 anPn (cos 8) (22)

respect to  the actual electric potentia l \ps on the 
particle  surface, the relaxation of the counterion 
la ye r is always diffusion-controlled. Th e  same 
is not necessarily true w ith  regard to  the applied 
field, since there is in  general a frequency-dependent 
phase sh ift between Es and E.

Accord ing to  eq. 5 and 6 the surface current den
s ity  is

4 =  CoO’e +  jo) =
eo2w<r b is

R àd
e0ukT 

R

(29)

In  the first term  o-0 m ay be substituted fo r <r and 
in  the second term  & fo r a. Ta k in g  advantage of 
eq. 27

iu r

1 -f- leer Rbe
iwr

1  Z O )T
Ao E . (30)

Th e  q u a n tity

Ao =  Co2 co u (31)

has been called surface con d u ctiv ity b y  O ’K o n sk i,10 
who used the relation 4 =  \0ES. A s can be seen 
from  eq. 30, th is relation is indicated o n ly a t ve ry  
ve ry  high frequencies or in  cases where the d if
fusion can be neglected. In  general the diffusion 
effect results in  a phase sh ift between current and 
field on the surface. Thus A0 can be replaced b y 
a com plex surface con d uctiv ity

is  =  2/LPn (cos 8) (23)

eq. 15 yie lds the fo llow ing relation between the 
coefficients an and /3n of these series

1  -f- iw
R2

C()(Tq
(24)

n(?i +  1 )ukT

A s is w ell known the solutions of eq. 16 and 17 can 
be represented as

is  =  2 {A lnr™ +  Binr~n~1}Pn (cos 8) (25)

and

A =
Lot

1  i ( l ) T
Ao (32)

I t  appears to  be more suitable, however, to  repre
sent the curren t-fie ld  correlation b y  a surface d i
electric constant es* instead of a surface con
d u c tiv ity , so th a t

1

1  +  i ü J T
X

A0r
(33)

Th e  electric potentials i a and ii, as evaluated 
from  the above-m entioned system  of equations, 
can now be w ritten

i i  =  S {A 2nr n +  B2llr n 1}Pn (cosd) (26) is  =  —  Er cos 8 +

Ta k in g  in to  account the above-m entioned boundary 
conditions as w ell as eq. 22, 23, and 24 we find th at 
a ll but the terms w ith  n =  1 vanish. Under these 
circumstances eq. 24 is equivalent to

O'
1  e0(To

. x  X i,
1 +  loir kT

(27)

Kj -  Ks
K i  +  2  K b

R 3E
cos 8

■̂*2 (r >  R) (34)

i  i =  —
3Aa

2  K s  +  K-,
Er cos 8 (r <  R) (35)

where

where

R 2
2 ukT

(28)

Th us we obtain a simple relaxation of the change in  
the counterion surface density. O bviou sly the re
laxation  tim e t  is determ ined b y  the rate of d if
fusion of the counterions along the particle. W ith

Ki =  Ki +  fwer (36)
it

ii  becomes A , b y  m erely substitu ting R fo r r. 
E v id e n tly  the dielectric behavior of the sphere w ith  
the counterion la ye r is identical w ith  th at of a sphere 
w ith ou t such a la ye r but an apparent dielectric 
constant



Dec., 1962 Theory of Low-Frequency D ielectric D ispersion of Colloidal Particles 2639

The additional dielectric constant

(37)

2es* =  1 e02R<r „
R 1 +  iicr erkT

(38)

m ay rise fa r above the actual d ielectric constant 
«;•

The Dielectric Behavior of a Suspension of 
Spheres with a Counterion Layer.— I f  p is the
volum e concentration of spheres w ith  a com plex 
con d u ctiv ity R\ suspended in  m aterial of com plex 
con d u ctiv ity K &, the com plex con d u ctiv ity K  
of the system  can be evaluated from  the re la tion3.18

K  -  K a =  K , -  K a 
K  +  2K& ~~ V Ki +  2K &

(39)

w ith  the static dielectric increm ent

9 p e02Rao
(46)

Ae* displays a simple D ebye -type  dispersion and 
the characteristic frequency

1 ukT 
2irr 7tR'2

(47)

Th e  counterion surface m o b ility  u should be 
sm aller than the m o b ility  u0 in  free solution. In  
general the counterion m otion along the surface 
is subject to an additional activation  energy a, 
so that

u =  uae -<x/kT (48)

Th is  equation was essentially derived b y M a xw e ll19 
fo r sm all values of p but has been found useful 
even fo r a fa ir ly  high volum e concentration. The 
theoretical determ ination of K  b y  means of eq. 
39 can be eased if  we assume a fa ir ly  w ell conducting 
e lectrolyte w ith

^  > >  — ' (40)

Since €i and x\ are m uch sm aller than ea and x&, 
respectively, th is re lation is equivalent to

\Ki\ «  |ff.| (41)

Under these circumstances K  follows from  eq. 39 as

K  = --- ~ K > + Ip 4
1  +  2

(42)

T h is  expression deviates from  the com plex conduc
t iv it y  Ka, due to  the simple M axw e ll-W a gn er effect 
on ly b y  the term  K\ in  place of K\. Thus

K  -  K „
9 p

- ( K t - I Q  (43) 

:)

is the additional com plex con d u ctiv ity resulting 
from  the po larization  of the counterion layer. I t  is 
suitable, however, to  transform  th is re lation in to  
the corresponding equation fo r com plex dielectric 
constants

e* =  « ' -  it"  (44)

where t' is the real dielectric constant e, and t" 
is the dielectric loss x/erco, k being the ohmic con
d u c tiv ity . Ta k in g  in to  account eq. 36 and 38, 
we obtain fo r the com plex dielectric increm ent

e* -  e„* =  A«* =  f e?~  (45)
1 +  UOT

(18) K. S. Cole, J. Gen. Physiol., 12, 29 (1928).
(19) J. C. Maxwell, “ A Treatise on Electricity and Magnetism 

(1873)/' Oxford Univ. Press, article 314.

T h is  activation  energy a is of electrostatic orig in . 
Since the fixed charges on the surface of the sphere 
are discretely d istributed, the electric potentia l is 
changing period ica lly parallel to the surface. A  
counterion w ith in  the double layer m ust over
come potentia l barriers in  order to  fo llow  an ap
plied electric field. Th e  height of the potentia l 
w a ll m ultip lied  b y  the charge of a counterion 
yie lds the additional activation  energy a. Gener
a lly  the m inim um  distance 8 between an ind ividu a l 
counterion and its  counter charge on the surface 
can be assumed to  be at least several times sm aller 
than the distance between the surface charges. In  
th is case

(49)

F o r a 8 of a few Angstrom  units th is equation yields 
an activation  energy a of the order of m agnitude 
of 1 kcal./m ole.

Activation Energy Distribution and the Relaxa
tion Spectrum.— On account of eq. 48, we can 
w rite  the relaxation tim e r  (eq. 28 and 47) as

w ith

_  _  ,a/kT  — Toe (50)

R2
2uokT

(51)

I f  the suspended particles are not of uniform  size, 
a relaxation spectrum  according to  the particle 
size d istribu tion  w ill occur. Th e  resulting disper
sion curves are fla tte r than those corresponding to 
a single relaxation tim e. H ow ever, as shown b y 
experim ental evidence, a relaxation spectrum  m ay 
exist even in  the case of particles of uniform  size 
where a ll counterions are of the same kind. Th is  
discrepancy between our model th eory and the ex
perim ental data sim ply m ay be due to  the m athe
m atical sim plification of the problem . A  more 
rigorous theoretical treatm ent of the d iffusion- 
controlled relaxation of the counterion atmos
phere possibly m ay result in  a re laxation spectrum . 
Such an idea is suggested in  view  of the relaxation
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Fig. 1.— Effect of a statistical distribution of activation 
energies over a range Aa on the dispersion curves ( f  = 
relaxation time corresponding to the minimum activation 
energy a).

spectrum  found fo r the ionic cloud of simple ions.20 21 
B u t the mechanism w hich is responsible fo r the 
relaxation spectrum  w ill not be discussed here. 
O n ly  a form al extension of the theory outlined 
above w ill be given in  order to  describe the ex
perim ental dispersion curves. T h is  extension 
can on ly be done b y a superposition of inde
pendent relaxation steps due to  counterions w ith  
different activation  energies, as is obvious from  
eq. 50 and 51. W e define a d istribu tion  function 
p (a ), so th a t there are in  the mean

doo =  Gop(a)da (52)

counterions per u n it area which are subject to  an 
activation  energy between a and a +  da. Then 
the relation

f Q p(a)da =  1 (53)

m ust hold. N ow  the to ta l com plex dielectric in 
crem ent is derived sim ply from  eq. 45 b y  in tegrat
ing over the d istribu tion  of activation  energies

Ae* =  Ae„
p (a )d a  

1  +  i<j>T(ßa k̂T
(54)

Since the static dielectric increm ent Ae0 is not 
affected b y  the activation  energy, it  is unchanged 
(eq. 46). N a tu ra lly  the function m ust be known 
in  order to  evaluate eq. 54 rigorously. How ever, 
the shape of the d istribu tion  curve is not ve ry 
crucial w ith  regard to  the result of the integration. 
F o r example, it  has been shown b y  Schwan6 
th at several d istribu tion  functions w hich are sym 
m etrical when plotted vs. In t  (w hich is propor
tiona l to  a in  our case) y ie ld  almost identical 
dispersion curves. Hence fo r practical purposes 
we use a function p(a) which is a constant in  an 
activa tion  energy range from  a up to  a m axim um  
a +  Aa , b u t is zero otherwise. Because of eq. 
53 the constant has to be 1/Aa. Then if

(20) P. Debye and H. Falkenhagen, Z. Elektrochem., S4, 562 (1928).
(21) M. Eigen, Discussions Faraday Soc., 24, 24 (1957).

and

| =  e- ( « - * > /* r  £o =  g - W /c r

r roe et/kT

eq. 54 gives

Ae*
Ae0 r i  dg 

In  £0-1 J h  £ +

(55)

(56)

Aeo

In  So“ 1

1 +  iiOT
In-------:—

¿0 +  f
(57)

Separating the real and the im aginary-p art of th is 
expression, we obtain fo r the dielectric increm ent

A — Ae° jn 1 +  fr>2r2 
£ ~  2  In m ?o2 +  u2? 2

and fo r the increm ent of the dielectric loss

(58)

Ae"
Ae0

In  Co-1
ta n -1

( 1  - go) tof

¿o +  0)2f 2
(59)

Dispersion curves of th is kind are shown in  F ig . 1 
fo r several values of A a/kT. W ith  increasing 
w id th  A a of the activation  energy range, they 
flatten out and d iffer more and more from  the 
D ebye -type  curves (A a  =  0). Sim ultaneously 
there is a decrease of the characteristic frequency /  
defined as the frequency fo r w hich Ae =  1/2Ae0. 
T h is  behavior also is shown b y  the re lation

^ 2 irf "V^°
 ̂ — Aa/2&r

2 tTT
(60)

as evaluated from  eq. 58.
Th e  m axim um  of the dielectric loss Ae" always 

is found a t the characteristic frequency, b u t its 
absolute m agnitude declines fo r increasing values 
of A a  w hile the shape of the curve becomes broader. 
Th e  quantitative  relation

2Ae"
Ae0

2 tan“ 1 - —
V t o

In go-1
(61)

as derived from  eq. 58 and 59 is presented in  F ig . 
2 as a function of In  ¿o“ 1 =  A  a/kT. Th is  curve can 
be used to  determ ine A a  from  measurements of Ae 
and Ae".

The q u a n tity A a , which characterizes the w id th  
of the relaxation spectrum , can be determ ined even 
if  on ly one of the dispersion curves (e ither th a t fo r 
Ae or th a t fo r Ae") has been measured. Since the 
degree of fla tten ing depends on Aa , one has to 
find out w hich value of £0 in  eq. 58 or 59, re
spectively, best fits the measured curve. F o r 
th is purpose it  is suitable to  express f , according 
to  eq. 60, b y  a mean relaxation tim e

1  T

2lr/  V fo
(62)

because /  and therefore r m can be obtained ex
perim entally from  either curve in  a ve ry  simple w ay. 
Equations 58 and 59 then are w ritten
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Ae"

A Aio £o 1 +  M2Tm2

2 In £0 1 £o +  w2r m2

A Co , 1 — £o 00T m

In ¿0 1 v^o 1 +  »2im2

(63)

(64)

Discussion
Th e  theory presented in  th is paper has been 

developed on the basis of a model w hich is to  a 
certain extent rather crude. Nevertheless the 
experim ental data can be interpreted surprising ly 
w ell in  the lig h t of th is theory. On the assumption 
of reasonable values fo r the basic parameters, 
i.e., the counterion surface density <r0 and the activa
tion  energy a, the theoretical results agree more 
than sa tisfactorily w ith  the measurements.

Sufficient experim ental data fo r a qua lita tive  and 
quantitative  test of the theoretical results can be 
found in  the article  of Schwan, et al.3 Th e  suspen
sions of po lystyrene spheres used b y  these authors 
are m ost suitable fo r our purpose because the collo i
dal particles are non-polar spheres of extrem ely uni
form  and w ell known size. W e shall discuss in  par
ticu la r the measurements carried out w ith  p o lys ty 
rene spheres in  KC1 solution. Th e  diameters were 
either 1.17 or 0.557 /a Experim ental results fo r 
various concentrations of the polystyrene and 
the e lectro lyte, respectively, are shown in  F ig . 
8 , 9, 10, and 11 of the m entioned article.

In  order to  app ly the theory to  a collo idal system , 
the e lectro lyte has to be fa ir ly  w ell conducting in  
accordance w ith  re lation 40. In  fact, th is in 
equality is generally satisfied in  the case of the 
suspensions w hich are to  be discussed. The 
q u a n tity X0 can be determ ined from  the con d u ctiv ity 
of the system  at higher frequencies (where X -*■ 
X0 according to  eq. 32). W ith  regard to  the pre
vious investigation , 3 X0 has to  be interpreted as the 
high frequency lim it of the frequency-dependent 
part of the surface conductance (see footnote 23). 
I t  always has been found in  the order of m agnitude 
of 10" 9 m ho . 3 '4 M oreover we can estimate X0 

b y means of eq. 31, using a result of Sieglaff and 
M azu r . 22 From  electrophoretic measurements 
these authors determ ined the density of charge 
units on the surface of polystyrene spheres in  a 
comparable system  to  be 1.9 X  1013 cm .-2 . Thus 
we m ay reasonably assume a o-0 in  the order of 
m agnitude of 1013  cm .-2 . W ith  potassium ions as 
the counterions, the calculation likewise yie lds a 
X0 around 10- 9  m ho. Hence fo r the particle sizes 
of interest, X0/R  has to  be expected to be in  the 
order of m agnitude of 10-p m ho/cm . T h is  value 
is indeed w ell below the con d uctiv ity of the 
e lectrolyte solution in  v irtu a lly  a ll the suspensions 
in  consideration.

N ow  we m ay compare the experim ental results 
w ith  the theoretical equations. Below  about p 
=  15% the measured values of the static dielectric 
increm ent Ae0 fo r the 1.17 /x sample, as shown in  
F ig . 10 of ref. 3, are in  good agreement w ith  eq. 
46 if the counterion surface density is set as aa 
=  2.0 X  1013 cm . - 2  fo r xa =  0.7 mmho/cm. 
and Co =  1.5 X  1013 cm . - 2  fo r xa 1.4 mmhos/cm. 
In  view  of the above rem arks on X0 and a0, these

(22) C. L. Sieglaff and J. Mazur, J . C o llo id  Scz., 15, 437 (1960).

the low-frequency limit of the dielectric increment.
4■ 10

Fig. 3.—'Low-frequency dielectric dispersion of Ac and 
Ac" as measured with a special sample: 2R =  1.17 m, P =  
22%, K? =  0.81 mmho/cm. (KC1). The curves are computed 
theoretically with a =  0, Aa =  2.6 kT.

<70 values obviously are v e ry  reasonable. A t  
higher volum e concentrations the measured dielec
tric  increments exceed those computed from  eq. 
46 w ith  the same c70 as before. H ow ever, since the 
basic eq. 39 has been proven o n ly fo r sm all values 
of p, a disagreement between experim ent and theory 
in  th is range of p is not surprising. M oreover, the 
q u a n tity a0 m ay become a function  of p here; 
thus the deviations between measurement and 
th eory could be due also to  an increase of o-0 

w ith  increasing volum e concentration. Such an 
interaction effect is not u n like ly in  view  of the fact 
th at other parameters of the suspension evidently 
affect the surface density of the counterions. Th is  
is shown w ith  regard to  the e lectro lyte concentra
tion  (con d u ctiv ity) b y  the fact th a t it  was neces
sary to  use different values of <70 fo r different 
e lectro lyte conductivities. There are also indica
tions of a sligh t dependence of <r0 on the particle 
diam eter, since according to  F ig . 11 of ref. 3 the 
in itia l slope A e0/p is not an exact linear function of 
R as it  should be fo r a cr0 independent of the d i
ameter. S tric tly  speaking the counterion density 
(70 w hich appears in  the theory represents on ly the 
ions bound to  the particle surface, th a t is the 
“ undissociated”  counterions in  contrast to  the 
“ dissociated” ones in  free solution . 23 Th e  degree
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of “dissociation” and thereby <r0 may well depend 
on the parameters x&, p, and R. Fortunately the 
previous assumption of a zero net charge of the 
double layer is not crucial here, so it may be dropped 
in compliance with this picture. An adequate 
extension of the basic theory will be discussed in a 
future paper.

An especially good agreement between our theory 
and the experiments is encountered in the case of 
the characteristic frequency /. Even the simple 
eq. 47 yields a proportionality to the inverse square 
of the radius of the particles, exactly as found ex
perimentally (Fig. 9 of ref. 3). Furthermore it 
yields the quantitative results of the measurements 
by employing a counterion mobility u =  1.35 X 
108 c.g.s. units. Since the Mo-value for a potassium 
ion in water at 25° is 5 X 10s c.g.s. units, an 
activation energy a =  1.3 kT  =  0.8 kcal./mole 
has to be assumed. This agrees very well with the 
estimation in the discussion of eq. 49. The suc
cessful interpretation of the characteristic frequency 
is not affected if an activation energy distribution is 
introduced in order to account for the shape of the 
dispersion curves. Then we have to use eq. 60 for 
the characteristic frequency / .  The activation 
energy range Aa can be obtained from the measured 
ratio 2Ae"/Aio ~ 0.8. According to Fig. 2 that 
results in A a =  2.6 kT. With an a =  0, that is 
r =  to, eq. 60 results in the same quantitative rela
tion as eq. 47. Dispersion curves computed on 
the assumption of such an activation energy dis
tribution fit the experimental data very well as 
demonstrated by a set of measured curves in Fig.
3. According to eq. 49 the upper limit of the activa
tion energy Aa =  2.6 kT ~  1.5 kcal./mole cor
responds to a minimum distance between opposite 
charges of 5 =  3.0 X 10~8 cm., obviously a very 
reasonable value.

In view of the very encouraging results obtained
(23) According to Cole,24 Fricke and Curtis,4 and Schwan, et al.t* 

the surface conductance of a colloidal particle is composed of two 
parts; one is frequency independent while the other one depends upon 
the frequency. The latter one apparently is due to the counterions 
which are “ undissociated."  The frequency independent part of the 
surface conductance causes virtually no dielectric dispersion in the 
cases of interest here3 and is not discussed in this paper.

(24) K. S. Cole, Cold Spring Harbor Symp. Quant. Biol., 1, 1 (1933).

in comparing the experimental data with the 
theory, we may well conclude that the basic model 
of the colloidal particle used in this paper is es
sentially true. That means a diffusion-controlled 
polarization of a counterion layer around the col
loidal particles is responsible for the low frequency 
dielectric dispersion under consideration. Par
ticularly striking evidence for this conclusion is 
furnished by the following facts: (1) The charac
teristic frequency can be excellently expressed by 
the diffusion time of a counterion around the 
particle. (2) A very reasonable value of the 
counterion density on the surface of the particle 
results in a quantitative explanation of the incre
ment of the dielectric dispersion.

Outlook

The theory as presented in this paper has been 
applied only to a special type of colloidal system. 
However, there can be no doubt that the basic 
effect of the polarization of the counterion layer is 
of significance for all kinds of systems including 
those in the biological field, where ion layers on 
interfaces are involved. Obviously there are no 
essential difficulties in extending the theory to 
the more general case of suspensions of spherical 
particles with no restrictions concerning the elec
trical properties of the spheres and the surrounding 
medium. Furthermore, the theoretical considera
tions are suitable to be adapted to more complicated 
colloidal particles which may be shaped like el
lipsoids or carrying a non-conductive shell. Par
ticles of the latter kind are of special biological 
interest, since they represent the living cell with its 
cell wall. Investigations dealing with all these 
generalizations for the fundamental theory, as 
well as with the question of how the density <r0 
and the mobility u of the counterions in the 
double layer depend on the structure of the system, 
are in progress. They are to be discussed in future 
articles.

Acknowledgment.—The author washes to thank 
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able discussions concerning the subject of this 
paper.



2643

H Y D R O G E N  BONDING IN  /3-NITRO ALCOHOLS. II. ASSOCIATION IN
S O L U T IO N 12

Dec., 1962 Hydrogen Bonding in /3-Nitro Alcohols

By H. E. U n g n a d e , E. D. L o u g h r a n , a n d  L. W. K i s s i n g e r

U n i v e r s i t y  o f  C a l i f o r n i a ,  L o s  A l a m o s  S c i e n t i f i c  L a b o r a t o r y ,  L o s  A l a m o s ,  N e w  M e x i c o

Received April 28, 1962

Infrared absorption spectra of 3-nitro alcohols R 2C(N02)CH20H  (where R =  CH3 and N 0 2) show them to be largely monomeric in dichloromethane but partially associated in carbon tetrachloride. The nitro group exerts a strong influence on the association, changing the association number from three in neopentyl alcohol to a value near two in the nitro alcohols. The association constants of the nitro alcohols in carbon tetrachloride increase with the number of nitro groups, indicating that the tendency for hydrogen bonding in these compounds is related to the electron deficiency on the hydroxyl carbon.
Introduction

It has been established recently1 that /3-nitro 
alcohols and diols have predominantly monomeric 
hydroxyl absorption in dichloromethane and 
carbon tetrachloride. The diols particularly, how
ever, are so insoluble in the latter solvent that it 
has not been possible to investigate more con
centrated solutions where bonded species might 
be expected.3 For this reason the more soluble 
monohydric /3-nitro alcohols R2C(N02)CH20 H 
have been re-examined in dichloromethane and 
carbon tetrachloride in more concentrated solu
tions and compared with the structurally related 
neopentyl alcohol.

Experimental4
Materials.—2-Methyl-2-nitropropanol was prepared from 2-nitropropane and paraformaldehyde6 and melted a t 91- 

92° (lit. m.p. 820).5
A n a l .  Calcd. for C4H9NO3: C, 40.34; II,[ 7 .61; N, 11.76. Found: C, 40.66, 40.60; H, 8.41, 7.69; N, 11.74.Commercial neopentyl alcohol melted at 52-53° and was sufficiently pure for the spectral measurements.
A n a l .  Calcd. for C5H12O: C, 68.15; H, 13.71. Found: C, 67.96; H, 13.82.The other compounds have been described previously.1Measurements.—Infrared absorption spectra were determined a t 25° with a Model 21 Perkin-Elmer infrared spectrophotometer with a sodium chloride prism in matched sodium chloride liquid sealed cells of 0.1 and 0.05 cm. length and quartz cells of 1 cm. length against pure solvent in the reference beam. The spectrophotometer was operated at slit schedule 984, response 1, gain 4.5, speed 2, and suppression 0 and the curves were recorded on the scale 1 n  =  5 cm. from 2-15 ¡ i .Solutions were made up from weighed amounts of alcohols and pure solvents in 10-ml. volumetric flasks and diluted by pipetting 5 ml. into 10-ml. flasks and filling to the mark with solvent. The solutions were stable and the readings reproducible.Absorbance values were determined by the base line technique6 and limited to instrumental readings between 0.08 and 0.8. In view of instrumental limitations the e values should be regarded as “ apparent” molar absorptivi- ties.

Results

for instance, has a single strong band at 2.78 fj.. 
This band as well as the as-nitro band at 6.36 n 
remains unchanged when the solution contains one 
equivalent of concentrated sulfuric acid (Fig. I) .7

C M ' 1
4000 3000 1600

The /3-nitro alcohols have little tendency to 3 6
associate in dichloromethane, probably due to ^
interaction with the solvent. 2,2-Dinitropropanol, Fig L_ Infrared abaorption ban'ds for 2 ,2-dinitropropanol

(1) Paper I, H. E. Ungnade and L. W. Kissinger, Tetrahedron, in ^  dichloromethane: (1) 0.1 N  alcohol; (2) 0.1 A  alcoholpreQS and 0.1 N  sulfuric acid; (3) Q .0 2 &  N  alcohol; (4) 0.025 N

(2) This work was performed under the auspices of the U. S. Atomic alcohol and 0.025 N  sulfuric acid, all in 0.05-cm. cells.
Energy Commission.

(3) Z. Eckstein, P. Gluzinsky, W. Sobotka, and T. Urbanski, J. (7) It has been proposed by A. Nielsen and H. Feuer (Symposium
Chem. Soc., 1370 (1961). on Nitro Aliphatic Chemistry at West Lafayette, Ind., May 26, 1961)

(4) Microanalyses by M. Naranjo. All temperatures are corrected. that certain /3-nitro alcohols can form internally hydrogen-bonded
(5) L. Henry, Bull. soc. chim. France, [3] 13, 1002 (1895). protonated species in solutions. The present evidence would indicate
(6) J. J. Heigl, M. F. Bell, and J. U. White, Anal. Chem., 19, 293 that such bonding does not occur in 2,2-dinitropropanol in 0.1 N solu- 

(1947). tions.
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Fig. 2.—Infrared absorption bands of trinitroeihanol in carbon tetrachloride (0.1-cm. cells).

ABSORBANCE,

Fig. 3.—Absorbance of hydroxyl bands of alcohols in carbon tetrachloride (0.1-cm. cells).
Only trinitroethanol has a small band for bonded 
hydroxyl at 2.97 n in more concentrated solutions 
(>0.1 M ). In dilute solutions Beer’s law holds 
for hydroxyl as well as nitro bands and it there
fore is possible to calculate molar absorptivities 
(Table I). The structurally related neopentyl 
alcohol, on the other hand, has both monomer and

Fig. 4.—Plot of log of analytical concentration of alcohol minus monomeric alcohol concentration against log absorbance of monomeric hydroxyl for the four alcohols.
bonded hydroxyl in 0.1 M  solution and is monomeric 
only in higher dilution. To account for this dif
ference in the behavior of the nitro alcohols it 
is assumed that one or two nitro groups can inhibit 
association, as was observed previously.1 The 
magnitude of the absorption intensity for as-nitro 
groups is in agreement with published values for 
related compounds.8

T able I

I nfrared A bsorption B ands of A lcohols in  D ichloro- 
methanb“

Alcohol *0H £ âa- N02 £ NO, e
CMe3CH2OH 2 . 7 7 b 52
CMe2(N 02)CH20H 2.77 65 6.46 335 7.41 93
CMe(N02)2CH20H 2.78 90 6.36 840 7.54 160
C(N02)8CH20H 2.78° 125 6.23 1060 7.67“ 300

a Determined in 0.1-cm. cells except as noted. b Bonded hydroxyl absorption occurs in concentrated solutions at 
2.86 ¡ i .  c Weak bonded hydroxyl absorption can be observed in 0.1 M  solution at 2.97 ¡ i .  d Because of solvent absorption the intensity of this band was determined in thinner cells.

Carbon tetrachloride solutions of neopentyl 
alcohol exhibit the characteristic bands of primary 
alcohols in the OH-stretching region at 2.74, 2.84, 
and 2.96 n, which have been assigned to monomer, 
trimer (or tetramer), and polymeric hydroxyl

(8) C. E. Grabiel, D. E. Bisgrove, and L. B. Clapp, J. Am. Chem. 
Soc., 77, 1293 (1955).
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T able  II
I nfrared A bsorption  B ands of A lcohols in C arbon  T etrachloride

Alcohol *OH e® ÔH âs-NOï e 9̂-N02 e
CMe3CH2OH 2.77 37.9 2.84 46.1
CMe2(N 02)CH20H 2.77 57.6 2.87 94 6.46' 280 7.42 90CMe(N02)2CH20H 2.78 93.2 2.90 45.6 6.34' 835 7.54 190C(INI02)3CH20H 2.78 165.7 2.95 16.5 6.24 1030 7.67 316

° Absorbance values were determined in 0.1-cm. cells except as noted. The molar absorptivities « for monomeric hydroxyl were obtained from absorbance, cell length, and the concentration of monomeric alcohols, e =  A r o h / [R O H ]Z , which in turn was determined from the association equilibrium, the analytical concentration of the alcohol, and the association constant in the expression K  =  ( C r o h  -  [ROH] )/re[ROH]", from which r K [ R O H ] "  +  [ROH] -  C r o h  = 0. For a rough approximation the association constant could be determined from absorbance and concentration of the most dilute solution. In 
the case of dimers [ROH] = — 1 ±  V l  +  8 K C r o b . / 4 K ,  while the equation for trimers was solved by trial and error iteration for various C r o h  values. The numerical e values represent averages over the concentration range of 0.01-0.1 M .  b The concentration of alcohol polymers was obtained from the monomer concentration, [(ROH)„] =  C r o h  — [ROH] /n, and also from the equilibrium equation K  =  [ ( R O H ) „ ] / ( C r o h  — n[(ROH)„])". The two methods were in good agreement. c Because of solvent absorption the intensity of this band was determined in thinner cells.
groups.9 In contrast the /3-nitro alcohols have only- 
two bands in this region (Fig. 2) in the concentra
tions investigated. The more intense band occurs 
at 2.77 n in the region of monomeric hydroxyl and 
increases in relative intensity with dilution. The 
weaker band at 2.87-2.95 n (Table II) decreases 
in relative intensity with dilution and is assigned 
to bonded hydroxyl (Fig. 3).

The degree of association of these alcohols has 
been determined from the plot of log (Croh — 
[ROH]) against log A roh using the assumptions 
made previously (Fig. 4) .10 The results (Table 
III) are regarded as fairly reliable since only the 
most precise measurements, i.e., Croh and Aroh, 
were used. Since the method assumes, however, 
that only cyclic polymers are present, this assump
tion has been further examined by determining a 
necessary condition for cyclic polymers: A (ROH)n/ 
(Aroh)" =  K ' .  Over a limited range of concentra
tions the values for this expression were reasonably 
constant for neopentyl alcohol, 2 ,2-dinitropropanol, 
and trinitroethanol but showed large deviations for
2-methyl-2-nitropropanol (Table III). One would 
conclude that in the latter case the cyclic dimers 
probably are accompanied by dimers with terminal 
hydroxyl groups.

Association constants have been determined for 
the four alcohols from the intercepts of the linear

(9) W. C. Coburn and E. Grunwald. J. Am. Chem. Soc., 80, 1318 
(1958).

(10) A. Ens and F. E. Murray, Can. J. Chem., 35, 161 (1957); R. 
Mecke, Discussions Faraday Soc., 9, 161 (1950). In the present in
vestigation ROH signifies monomeric alcohol, C the analytical con
centration, and (ROH)n polymeric alcohol. The spectroscopic nomen
clature corresponds to the recommendations of the Hughes Committee, 
H. K. Hughes, et al., Anal. Chem.. 24, 1349 (1952).

T able III

A ssociation Constants of A lcohols in  Carbon  T etra  
chloride

^ (R O H )» 6
Alcohol I (R O H )» na ( 4 r o h ) “ Kc

CMe3CH2OH 2.84 3.0 2.97 ±  0.7 30.0
CMe2(N 02)CH20H 2.87 1.5 0.57 ±  0 A d 0.9
CMe( N 0 2 )2CH2OH 2.90 2.0 .40 ±  .07 5.9
C(N02)sCH20H 2.95 2.0 .21 ±  .07 33.5

a Association number = slope of linear plot of log ( C r o h  -  [ROH]) v s . log A r o h . b Average value from seven solutions including the concentration range of 0.02 to 0.1 M .  
c The intercept from the linear plot of log ( C r o h  -  [ROH]) against log A r o h  is log n K  — n  log c r o h X  d The large deviations from the constant indicate tha t terminal hydroxyl probably is present also. Since A ( r o h )>i / ( A . r o h ) 2 = 1.03 ±  0.08 the main species may be dimers.

plots of log ( C r o h  — [ROH]) against log A R O h -10 

The value for 2-methyl-2-nitropropanol (Table 
III) should be regarded as approximate because 
the monomer hydroxyl band probably measures not 
only monomeric alcohol as in the other cases but 
also terminal hydroxyl polymers. The order of 
magnitude for the constant probably is correct.

The replacement of one methyl in neopentyl 
alcohol by a nitro group has a remarkable effect. 
It reduces the association number and thus changes 
the type of bonded species. Simultaneously it 
causes a large decrease in the value of the associa
tion constant, i.e., it affects also the degree of as
sociation, which is regained only by further intro
duction of nitro groups. The formation of cyclic 
alcohol dimers evidently is promoted by an elec
tron deficiency on the hydroxyl carbon.
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Theoretical calculations are described which pertain to the behavior of explosives when heated under known conditions of confinement. Effects of depletion and pressure buildup are explicitly considered. The results are capable of generalization to a large class of reactive materials of which explosives are a special case. Experiments are described wherein confined samples of several common explosives have been heated and their times to explosion recorded. The measurements are compared with two previously published sets of data, and the results are shown to be consistent if geometry effects are properly considered. All three groups of data are in agreement with the calculations. Explosion time data are used (in Appendix A) to derive reaction rate parameters for TNT.
Introduction

Previously published data on the thermal initia
tion of explosives2-4 have pointed out a strong de
pendence of induction times on experimental geom
etry, and it has been shown that such a depend
ence is to be expected on theoretical grounds.2 
The data reported herein are found to correlate 
with the previous data in the expected manner. 
However, an important purpose of the present 
experiments has been to study the temperature 
dependence of explosion times at relatively low 
temperatures, and here the results have not been 
entirely as anticipated. In order to interpret the 
data it has been necessary to extend the theoretical 
model to take account of the pressure in the sample 
and also to account for the depletion c>f reactants 
as reaction proceeds.

If a reactive material is heated or cooled, and if 
it simultaneously decomposes by a single first- 
order rate process, then variations of temperature 
and concentration within the sample will be de
scribed by the equations

^  =  fcV2T +  %  we~E/RT (1) 
bt C

—  =  - Zwe~E/RT (2)
bl

Here T  is the temperature at time t, w is the mass 
fraction of undecomposed reactant at any point, 
k is the thermal diffusivity in cm.2/sec., Q is the heat 
of reaction per gram, C is the specific heat, Z 
is the “collision number,” and E/R is the activation 
temperature. It will be assumed that the quanti
ties k, Q/C, Z, and E/R are constant.

For configurations having one-dimensional, cylin
drical, or spherical symmetry, the Laplacian opera
tor, v 2, takes the form

da;2 x  bx

where m =  0 for the one-dimensional system, 1 
for cylinders, and 2 for spheres. We assume that 
initially the temperature is everywhere equal to 
a constant, To, and w is everywhere equal to 1. 
The boundary condition will be taken to be T  =  T L

=  a constant at the surface or surfaces defined by 
\x \ =  a. This is intended to represent a physical 
process such as the sudden immersion of a sample 
whose temperature is T0 initially into a Wood’s 
metal bath at the temperature T x.

For pure explosives the quantity Q /C  is fre
quently of the order of 10s degrees, and in many 
cases, therefore, a large temperature increase can 
result from a very small amount of chemical reac
tion. Under these circumstances the thermal 
behavior of the system prior to explosion can be 
described adequately by the first equation alone, 
with w set equal to unity; i.e., a zero-order reac
tion can be assumed. In a previous paper,2 cer
tain numerical solutions to eq. 1 were described 
for w =  1, and these were shown to be consistent 
with experimental data then available. The 
simple zero-order reaction model is nevertheless 
limited in its applicability, and this paper will 
attempt to identify conditions under which it may 
or may not be a useful approximation.

The zero-order reaction model permits two useful 
quantities to be defined, viz., a “critical tempera
ture” and an “explosion time.” The “critical 
temperature,” T m, is defined as a limiting value of 
T x which, if exceeded, leads to runaway exothermic 
reactions (thermal explosions), and, if not exceeded, 
leads to temperature distributions which approach, 
instead, certain well defined steady states.6 The 
steady-state problem has been treated by Frank- 
Kamenetskii6 and Chambre,7 and through their 
analyses the critical temperature is given by

T  =-a m
E /R

In tQ ZE  
n CR T.,/0

(3)

Here t  —  a2/k , a being the radius or half-thickness 
of the explosive sample. S is a dimensionless 
parameter equal to 3.32 for spheres, 2.00 for cylin
ders, and 0.88 for slabs.

In the event that T x exceeds T m, an explosion 
takes place after a certain induction time, ¿exP. 
Since in the zero-order reaction model w is assumed 
to be constant, T  and d T /d t can increase without 
limit, and texp can be precisely defined as the time 
when this occurs. It was found2 that the indue-

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) J. Zinn and C. L. Mader, J. Appl. Phys., 31, 323 'I960).
(3) J. Wenograd, Trans. Faraday Soc., 57, 1612 (1961).
(4) H. Henkin and R. McGill, Ind. Eng. Chem., 44, 1391 (1952).

(5) We exclude from consideration those cases in which the initial 
temperature, To, is higher than Ti.

(6) D. A. Frank-Kamenetskii, Acta Physicochem. URSS, 10, 365 
(1939).

(7) P. L. Chambre, J. Chem. Phys., 20, 1795 (1952).
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tion times, texp, conformed to the functional rela
tionship

kxp/t =  function of (E/Tm — E/Ti) (4)

That is, for a fixed sample geometry and fixed T0) 
the quantity texp/ t is, to a very good approximation, 
a function of the single variable (E/Tm — E/Ti). 
The computed relationship between texp/ r  and 
(E/Tm — E/Ti) is as plotted in Fig. 3 of reference 2. 
It can be shown rigorously that iexp/r depends on 
only three variables, such as E, Tm, and Ti] how
ever, we are unable to provide an existence proof 
for eq. 4.

In a real physical situation, the amount of un
decomposed explosive at any point decreases as 
reaction proceeds. It is commonly found that the 
decomposition is first order, so that the depletion 
process follows eq. 2 . But if w is a continuously 
decreasing function of time, a true stationary state 
cannot exist, and the critical temperature is not 
easily defined; moreover, an “explosion” must 
now be carefully defined.

An explosion is most often associated with some 
pressure effect, such as the sudden rupture of a 
sample container. Therefore, before a realistic 
comparison between experimental and computed 
explosion times can be made, it is necessary to ex
amine the relationship between the thermal 
processes described by eq. 1 and 2 and the buildup 
of pressure in the container.

Suppose that the sample has a crystal density of 
p and the sealed container is loaded to a density of 
D  g./cc., and suppose that N moles of gaseous 
products are produced per gram of explosive de
composed. If the products are assumed to obey 
the Abel-type equation of state, V =  NRT/P +  
1/p, where V represents specific volume, then at 
an instant when a fraction F =  (1 — w) of the total 
sample has reacted, the pressure in the container 
will be approximately

FNRTDp 
P -  D

NRTDp
P -  D

(1 — w ) (5)

Here w represents the volume average of w. The 
container presumably will rupture at some fixed 
value of P, which we shall designate by P*. Then 
the experimentally determined explosion time will 
be the time at which the pressure reaches P*. 
Under many circumstances, the explosion times 
determined by this criterion will be in close agree
ment with those defined by the occurrence of a 
runaway exotherm. However, this is not always 
the case. Large differences can occur, especially 
at low temperatures below Tm.

It may be noted that the process causing the 
pressure buildup is not necessarily related in any 
way to a thermal explosion. It will be useful to 
consider the case of a material which decomposes 
to gaseous products without liberating or absorbing 
heat. The decomposition reaction will be assumed 
to follow eq. 2. If a sample of this material were 
heated, its internal temperature distributions would 
not be influenced by the chemical reaction, and the 
variations in temperature in the sample could be 
described by familiar heat transfer relations. The

reaction rate at each point would follow the tem
perature without influencing it. According to eq. 
5 the sample container would “explode” when the 
extent of reaction, F, reached a certain value, F*.

At low temperatures such that explosion times are 
much longer than r, the chemical reaction can be 
regarded as approximately isothermal. Under 
these circumstances, eq. 2 can be integrated, and 
leads to the expression

t =
—In w

Z exp(-E/RT)

Accordingly, the explosion time is given by 

-In (I -  F*)— Z exp(-E/R T)

(6)

(7)

At higher temperatures, the isothermal approxi
mation would not apply, and the explosion times 
invariably would be longer than those given by eq. 
7. At much higher temperatures, heat conduction 
would become the rate-limiting process, and chem
ical reaction would proceed in layerwise fashion from 
the surface inward.

At early times when only the surface region has 
been heated, the temperature distribution is ap
proximated8 by

T =  T0 +  (Ti 

1 -

-  To) X
2 r(a -  x)/2y/& _ X2

V ^ J o
dX (8)

where X is the thermal conductivity (cal. deg. -1  
cm. -1  sec.-1). If eq. 2 is approximated by

_  _ g e ~ E / R T

ò l
(2 ')

and T  is that given by eq. 8 , then it can be shown 
that for a symmetric cylindrical system

Lxp 3E{T1 -  T0)F* -iV.
W i r R T P Z r e x p i - E / R T ^ . (9)

This formula is derived in Appendix B. For small 
values of F* and high values of T, it gives a good 
approximation to explosion times obtained by 
numerical computations.

Explosion times for a wide range of temperature 
have been computed for one such hypothetical 
Q =  0 system, using the numerical procedure to 
be described in the last section. The results are 
plotted in Fig. 1 (curve A), along with the limiting 
times given by eq. 7 and 9 (curves A'i and A '2).

In cases where the chemical reaction is exother
mic, self-heating effects can operate, tending to 
increase the over-all reaction rate. Then, if 
other things are equal, the explosion times to be 
expected for a system with Q >  0 (exothermic) 
invariably are shorter than for the corresponding 
Q =  0 system. The differences, however, are in 
many cases small. Curve B of Fig. 1 is derived from 
computations of explosion times for a system that

(8) R. V. Churchill, “ Modern Operational Mathematics in Engi
neering,”  McGraw-Hill Book Co., New York, N. Y., 1944.
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Fig. 1.—'Computed explosion times for cylindrical samples with 2, =  1018-6 sec.-1, E  =  47.5 kcal./mole, r  =  22.5, and 
T 0 =  298°K: curve A, first-order reaction with Q  =  0 and ¿exp =  time when F  =  0.04; curve A /, times for F  =  0.04 for isothermal reaction; curve As' times for F  = 0.04 for zero- order reaction (high temperature limit); curve B, first-order reaction with Q / C  = 2000° and ie*p =  time when F  =  0.04; curve C, zero-order reaction with Q / C  = 2000° and fcxp = time of thermal explosion.
is identical with that of curve A except that Q /C  =  
2000° instead of 0°. For curves A, A \ , A '2, and 
B, an “explosion” is assumed to occur when F  =  
0.04.

Curve C of Fig. 1 is the explosion time curve for 
a system equivalent to that of curve B, except that 
it has a zero-order reaction ( w  =  constant =  1), 
and an explosion is identified with a runaway exo
therm. This curve was generated from the re
duced explosion time curve for cylinders shown in 
Fig. 3, ref. 2.

Over a range of approximately 100 °K., curves 
A, B, and C of Fig. 1 are remarkably similar in 
shape and position. Therefore, within this range, 
self-heating and depletion effects do not play a 
dominant role in determining explosion times. 
Over much of the range, curve B is almost coincident 
with curve C, the zero-order reaction curve. This 
shows that thermal explosions are generally well 
under way by the time F  =  0.04. Although at 
higher temperatures curve B most closely resembles 
curve C, below Tm the resemblance ceases, and B 
then approaches the Q =  0 curve (curve A). Below 
T m, thermal explosions are impossible, and with 
further lowering of T\ the influence of self heating 
continuously decreases. Far below T m, the ex
plosion time curve merges with the isothermal line, 
Ah.

Geometry Effects
When the zero-order reaction model is applicable, 

eq. 3 and 4 provide a means of reducing to a com
mon basis explosion time data for different ex
plosives and different sizes of sample. According 
to eq. 4, if the data for all cylindrical explosive 
samples are plotted at fe*p/r  vs. (.E /T m — E /T i), 
the points all should fall on the theoretical curve for 
cylinders given in Fig. 3, ref. 2, regardless of the

size of the cylinder or the identity of the explosive. 
Equivalent statements apply to samples of other 
shapes.

The time constant, r, is equal to a2/k , and k is, 
to a satisfactory approximation, the same for all 
the explosives studied in this paper, having a 
value of about 0.00066 cm.2/see. Values of E  
frequently are to be found in the literature, and 
also can be obtained from the explosion time data 
in the manner shown in Appendix A. The values 
of T m for a given explosive in two different ge
ometries are related by the expression

where the subscripts (1) and (2) refer to the two 
geometries. This equation follows directly from eq.
3. There remains only to find one value of T m 
for each explosive. Tm can be calculated from 
eq. 3 if Q Z /C  and E  are known; however, for pres
ent purposes, we propose to obtain T m directly from 
the data. The following is a convenient procedure.

If, for an explosive in a given geometry, explosion 
time data are available at temperatures such 
that ¿exp 5=5 t, the value of T\ for which ¿exp =  r  
can be obtained by interpolation. According to 
Fig. 3, ref. 2, when ¿exp =  r , the corresponding value 
of (E/Tm ~  E/Ti) (for cylinders) is 1.6. Since the 
appropriate T\ is an experimental quantity and an 
approximate E is presumed to be known, Tm 
follows. The Tm for other geometries then can 
be obtained from eq. 10.

Experimental
Apparatus.—The experimental arrangement is similar to that of Henkin and McGill,4 with the important difference that the sample is tightly confined.Procedure.—Weigh the desired sample, usually 40 mg., into a new, empty, no. 8 blasting cap shell (6.5 mm. i.d., 0.2 mm. wall thickness, copper). Insert the shell into a suitable die, and ram one 6.5 mm. gascheck (a small metal cup used to protect the base of a lead alloy bullet in reloading ammunition) part way into the shell. Place one 00 cork into the shell and ram both to the level of the sample. Place a second gascheck over the cork, and press the assembled shell to an applied force of 300 lb. (approximately 6000 p.s.i.). Eject the shell from the die, and, using a dull tubing cutter, crimp the walls of the shell just above the upper and lower gaschecks. The resulting sample depth is 0.75 to 1.0 mm., depending upon sample density and crystal habit.As in the original method of Henkin and McGill, times to explosion are determined by dropping the samples into a Wood’s-metal bath a t fixed temperatures and measuring the time required for the sample cell to rupture. The temperature of the bath should be controlled to ±0.25°.Measurements of the mechanical force necessary to unseat the gas checks lead to an estimate of 15,000 p.s.i. for the failure limit of the container.Loading densities of the samples are estimated to be approximately 90% of crystal densities.Experimentally determined explosion times are reported herein for six pure explosives: TNT (2,4,6-trinitrotoluene), RDX (hexahydro-l,3,5-trinitro-s-triazine), HMX (octa- hydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine, 99.5% purity), tetryl (N-methyl-N,2,4,6-tetranitroaniline), PETN (penta- erythritol tetranitrate), and ammonium nitrate. The raw- data are plotted in Fig. 2. Additional data on mixed explosives will be reported elsewhere.9
(9) R. N. Rogers, Ind. Eng. Chem., Prod. Res. Dev., 1, 169 (1962).
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1 / T ,  ( I 0 3  D E G R E E S ” ' ) .
Fig. 2.—Explosion time data for various explosives.

Discussion of the Data
Assuming that the cell ruptures at a pressure of

15,000 p.s.i. and that the loading density D  =  
0.9p, then it is possible to estimate the maximum 
extent of decomposition that can take place before 
the cell ruptures. Taking p =  1.8 g./cc., T  =  
500°K., and N  =  0.04 mole/g., we obtain F *  =  
0.04. That is, the cell will rupture when 4% of the 
sample is decomposed. The value to be taken for 
N  depends on the decomposition process which oc
curs, and this is in most cases unknown. For 
many explosives, the thermal decomposition prod
ucts will be species of higher molecular weight, and 
the corresponding value of N  should be less than 
0.04. Accordingly, F *  then would be greater than 
0.04.

It is probable that TNT constitutes a case where 
F *  is comparatively large. The decomposition of 
TNT has been studied extensively by Wiseman, 10

(10) L. A. Wiseman, Bristol Research Report No. 51, A.C. 2670, 
Ministry of Supply, Great Britain, 1942.

who reports that the initial reaction step produces 
no gas, but leads to the formation of an insoluble 
black substance which was isolated but not identi
fied. Since this reaction produces no gas, it will 
not contribute to the slow pressure buildup which 
is evidenced with the other explosives; however, 
if it is exothermic, it can still lead to thermal ex
plosions. According to Wiseman, the black sub
stance is itself capable of further decomposition.

For the purposes of reducing the data, we have 
proceeded as follows: For each of the explosives 
studied, a value of Tm has been calculated from the 
data, using the procedure to be described in the 
next section. In each case, lc is assumed to be 
0.00066 cm.2/sec., so that r =  34 sec. The values 
assumed for E are listed in Table I. Using the 
best average curve through the experimental points 
in the vicinity of fexp =  r =  34 sec., we arrive at 
the value of 7i for which p/r  =  1. From Fig. 
3, ref. 2, the corresponding value of (E/Tm — 
E/T0 =  1.6. Then l/Tm =  \/l\ +  1.6/E.
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Fig. 3.—Combined plot of vs. E  (1 / T m — l / T i ) for various explosives in three different geometries.
The values of Tm so derived are listed in Table I.

It will be noted from Fig. 3 that explosions were 
recorded for TNT, PETN, RDX, and HMX, at 
temperatures below the Tm listed in Table I, and 
that in all cases except that of HMX these are 
believed to be of the non-thermal type described in 
the Introduction. In the case of RDX, the value 
of ¿exp in this region corresponds fairly closely to the 
expected value of F* «  0.04. The texp measured 
for TNT in the same region corresponds more 
nearly to F* =  0.3. If E and Z are known, an 
approximate value of F* can be obtained from 
measured explosion times by the use of eq. 7. The 
experimental texp data used for this purpose should 
be 5 r or longer. The results of three such calcula
tions are listed in Table II, where F* has been 
obtained for RDX, PETN, and TNT. The be
havior of HM X is believed to be essentially dif
ferent from the rest of the explosives studied, and 
will be discussed separately.

It will be of interest to compare the present ex
perimental results with earlier data reported in ref. 
2 and 3. The measurements in ref. 2 were made in 
cylindrical containers of 1.27 cm. inner radius; 
those of ref. 3 used a cylindrical geometry of 0.0089

T able I
V alues op T m for  T hree E xperim ental Geometries
Explosive Measured T\ E (kcal./mole)

for l.xp T Tm (« K.) for' T =
<T = 34 2419 34 0.12

sec.) sec. sec. sec.
TNT 561CK. 41.1 (this paper) 491 549 653
RDX 486 47.5 (ref. 11) 439 478
PETN 462 47.0 (ref. 12) 455 513
n h 4n o 3 484 38.3 (ref. 13) 475
Tetryl 470 34.9 (ref. 14) 460 545

T able II
Calculations of F*

Explosive fexp (sec.) T, (°K.)
E (kcal./ 

mole) Z (sec. -i) F*
RDX 120 473 47.5 1Q18.5 0.04
PETN 110 449 47.0 1QI9.8 0.09
TNT 1130 538 41.1 1018.2 0.3
(11) A. J. B. Robertson, Trans. Faraday Soc., 45, 85 (1949).
(12) A. J. B. Robertson, J. Soc. Chem.Ind. (London), 61, 221 (1948).
(13) M. A. Cook and M. T. Abegg, Ind. Eng. Chem., 48, 1090 

(1956).
(14) E. K. Rideal and A. J. B. Robertson, Proc. Roy. Soc. (London), 

A195, 135 (1948).
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cm. radius. If k =  0.000666 cm.2/sec., then the 
time constants, r, for these two systems are 0.12  
and 2419 sec., respectively, as compared to 34 
sec. for the present system. Values of Tm for 
various explosives in the present geometry having 
been obtained, the corresponding Tm for the other 
two systems can be calculated by eq. 10. The re
sults are listed in Table I. Having estimates of 
r and Tm for each set of experiments, and assuming 
the values of E given in Table I, one can calculate 
the quantities ¿exp/r  and (E/Tm — E/Ti) for each 
measurement of texs> and 2V According to eq. 4, 
if all the data from the three sets of experiments 
are plotted as ¿exp/r  vs. (E/Tm — E/Ti), the points 
all should fall on the same curve. Such a plot is 
shown in Fig. 3, which contains the aggregate of 
points for TNT in all three geometries, PETN 
and tetryl in the 34 sec. and 0.12 sec. geometries, 
RDX in the 2419 and 34 sec. geometries, and ammo
nium nitrate in the 34 sec. geometry. Also shown 
is the theoretical zero-order reaction curve for 
cylinders, as given in Fig. 3 of ref. 2 . The width 
of the band of points is not appreciably greater 
than the scatter within any single set of measure
ments; moreover, the theoretical curve is in good 
agreement with the data over the entire range of 
positive values of (E/Tm — E/Ti). In view of the 
fact that the several groups of data are scattered 
over a range of seven powers of ten in explosion 
time and a temperature range of 550°, this degree 
of agreement is felt to be quite remarkable.

The data for HM X have not been included in Fig. 
3, and must be considered separately. It can be 
noted from the raw data of Fig. 2 that the texp 
vs. l/Ti curve for this explosive is steeper than 
equivalent curves for the other materials. HMX  
is the only one of the organic explosives studied 
which is still a solid in the experimental temperature 
range, and much of its unusual behavior is at
tributable to this fact. The rate of decomposition 
of the pure crystalline solid is believed to be con
siderably slower than that of the melt, or of the 
mixed phase formed between the explosive and its 
decomposition products. It therefore would be 
expected that a small amount of decomposition in 
a confined sample would tend to catalyze further 
decomposition. If autocatalysis of this sort does 
indeed take place, it could account for the ex
traordinary steepness of the texp vs. 1/T% curve and 
the extremely long explosion times recorded below 
T m. A few auxiliary facts can be noted in this con
nection. It is found that thermal initiation of HMX  
is greatly accelerated by the admixture of other 
explosives or the presence of minor impurities. 
The ¿exp vs. l/Ti curve for standard production 
HMX containing 5% RDX is displaced downward 
in temperature by 11° from the curve for 99.5% 
HMX shown in Fig. 2. The curve for octol, a 
75:25 mixture of HMX with TNT, is displaced 
downward by 17°. No parallel effect can be noted 
with mixtures of RDX with TNT; the curve for 
cyclotol, a 75:25 mixture of RDX and TNT, is 
coincident within experimental error with the curve 
for RDX alone.

Numerical Computations.—-Except within the 
limited range where the isothermal approximation

can be used, solutions of eq. 1 and 2 must be ob
tained numerically. The differential equations 
are conveniently integrated by means of the finite 
difference approximations

T / +1 =  5TVi +  (1 -  25)77 +  5TnJ+1 +

7 ^  (I"Wi -  T V i) +  §  «  -  < +1) (ID

and

Wjn+1 =  wtn [1 -  ZAi e x p ( - E /R T j n)] (12)

Here superscript n is the time index, and subscript 
j ,  the space index, h is the (constant) mesh 
interval, so that x — jh ; At is the time in
terval, so that t =  nAt. 8 =  kAt/h2, At being so 
chosen that 5 is in the vicinity of 0.16. This sys
tem is stable as long as 5 <  0.5.

The region 0 <  x  <  a is divided into J  equal 
intervals of width h, where J  has been given values 
between 10 and 200 , depending on the problem. 
The physical magnitude cf h is given by h =  a /J .

The initial conditions are described by T)° =  
T0 =  constant, and w,a =  1. The boundary con
dition is T0n =  Txn =  constant. The condition 
ò T /ò x  at x =  0 is maintained by setting T0n =  T xn.

The computations were performed with an IBM 
704 digital computer. The present method of 
computation differs from that described in ref. 
2, and is in most cases faster. Experimental runs 
designed to compare the two methods showed them 
to be in good agreement. The appropriate mesh 
spacing to be used for a given problem was deter
mined by trial and error. Progressively smaller 
mesh intervals were necessary as T\ was increased. 
This computational method was used to obtain 
curves A and B of Fig. 1.

Conclusions
It is concluded that at least the gross features 

of the temperature dependence of explosion times 
can be understood on the basis of the simple model 
expressed by eq. 1 and 2 , and that for certain ranges 
of conditions this model can be further simplified. 
Earlier calculations based on the assumption of a 
zero-order reaction lead to quite accurate predic
tions of explosion times within the range O.lr 
<  ¿exp <  t. At temperatures appreciably lower 
than the hypothetical critical temperature, the 
isothermal assumption can be used. The agree
ment between the predicted and observed behavior 
is sufficient to permit reasonable extrapolations of 
the data to larger or smaller geometries.

Appendix A
Determination of Rate Parameters for TNT.—

The present type of experiment is potentially 
useful for the determination of rate parameters. 
It offers definite advantages in the case of volatile 
materials, where techniques based on gas evolution 
are complicated by the effects of vaporization, 
and it also is advantageous for studies of reaction 
rates at high temperatures. Since the theoretical 
treatment of the data will take explicit account of 
effects due to temperature gradients and self heat
ing, these will not be a source of confusion.
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Whereas “isothermal” experiments are restricted 
to situations where the times involved are much 
longer than r, the present method is not so re
stricted.

A case in which the present method has distinct 
advantages is that of TNT, where the existing 
published data13.16 are in poor agreement. The 
previous measurements apparently were compli
cated by both vaporization and self heating effects.

Given two data points (£exp, T x), and the perti
nent sample dimensions, the corresponding values 
of (E /T m — E /T i ) can be obtained from Fig. 3 
of ref. 2. If these are denoted by Am and Am, 
and the corresponding values of T { are denoted by 
Ti(i) and Tip), it then follows from eq. 10 that

A(d — A(2) +  R In (a2(2)5(i)/a2(i)S(2)} +
2R  In

1 /7 V )  — 1 / W id)
(Al)

The experimental values of texp used for this 
purpose should preferably be between 0.1 and l.Or. 
It also is advantageous, as in any determination of 
E , for the two data points to be taken at widely 
different temperatures. These two requirements, 
to be compatible, entail the further requirement 
that the two measurements be made with very 
different sizes of sample.

For the case of TNT, the two data points which 
have been chosen are

p =  250 sec., t =  2419 sec., 5 =  2.00, T X =
571 °K. (ref. 2)

4xp = 0.030 sec., r =  0.12 sec., 5 =  2.00, T x =

763 °K. (ref. 3)

Then by eq. Al we obtain E  =  41.1 kcal./mole- 
Substituting this value of E  in eq. 3, we obtain 
Q Z /C  =  1016-2deg./sec.

The above value of E  is intermediate between 
the values quoted in ref. 15 and 13. The two data 
points used are separated in temperature by 192°, 
and thereby provide a large amount of leverage for 
determination of E.

The slope of a In £exp vs. 1 /T  plot should not be 
used as a measure of E /R . It will be noted from Fig. 
1 (curve B) that this slope is almost always less 
than E /R .

Appendix B
An Approximate Expression for Explosion Times 

at High Temperatures.— The early stages in the 
heating of a sample with Q =  0 can be described 
approximately by the equations

T =  To +  (T x — To) X
“  2  a — x

1 ------- f W Ü  e ~ X! dx
V  IT J O

and
5w
5i =  - Z e ~ E/RT

(8)

(20

It will be convenient to substitute the variables 
9 =  t /r  =  kt/a2, ? =  x /a , and <f> =  E (T  -  T x) /  
R T X2. Then eq. 8 becomes

4> =  1  f W i  e_x2 dX (Bl)
V V  J o

The Arrhenius expression, exp( - E /R T ) ,  can 
be approximated by exp(—E /R T J e x p  4>, so that 
eq. 2' becomes

-  =  - ( Z r e - B/RTl)e<t> (B2)50
For cylindrical samples the volume average of w 

is given by

w =  2 J 1̂ iiv d£

But since w =  1 everywhere except where £ is 
nearly equal to 1, this becomes

w  =  1 - 2  J q ?(1 -  w )  d? =  1 -

2 f o  ( !  “  w )  =  2 f g  w d£ -  1 ( B 3 )

Now

w =  1 -  (Z re~ E/RTl) JoV d 0

Therefore

w =  2 / ;  [ l  -  {Z re~ E/RT') JJe^de] d̂  -  1

=  1 -  (2Z r e - E/RTl) f X e M t d O  (B4)

We define the new variable z =  (1 — £)/2\/e, 
so that

4> =  f  e ~ v  dX and V x  */0
/ ;  e* d{ = 2 v s  e* d2

The values of 2q!>ov/lr which are of interest are 
generally of the order of —2 0 ; therefore exp(<£) 
decreases rapidly with increasing z, and the integral
J'je'Mz has effectively a constant value for values
of z greater than about 0.2. Within the range 0 
<  2 <  0 .2 , 5  is approximated closely by d> =  
2<f>oz/Vx. It follows that, for values of 6 less than 
1

p / ^ V d  V ?
J o  2<f>o

Therefore

f o e" d l - - ^  (B5)

Referring to eq. B4, the value of w then is given
b y(15) A. J. B. Robertson, Trans. Faraday Soc., 44, 977 (1948).
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w — 1 +  (2Zre E/RTi -y/ T/(p0) y / g ¿g =

1 +  cZTe~E/RTl)elh (B6)O0O
By the definitions of 6 and </> it then follows that

t  —  T
3 E ( T i  -  T „)(l -  w )  

_4y /t R T J Z t exp(-

nV.
(B7)

Analogous expressions can be obtained for spherical 
systems and for slabs. For a sphere, the factor 3/ 4 
in eq. B7 is replaced by x/ 2. For a slab, the factor 
becomes 3/ 2.

Equation B7 gives the time corresponding to any 
given value of w. If an “explosion” occurs at a 
known value of w, then eq. B7 gives the explosion 
time.

D IR E C T E D  S O L U T E -S O L V E N T  IN T E R A C T IO N S  IN  B E N Z E N E  S O L U T IO N S 1

By W. G. Schneider

D i v i s i o n  o f  P u r e  C h e m i s t r y ,  N a t i o n a l  R e s e a r c h  C o u n c i l ,  O t t a w a ,  C a n a d a  
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By means of proton magnetic resonance techniques it has been possible to demonstrate directed molecular interactions between polar solute molecules and benzene solvent molecules. The pronounced sensitivity of the proton resonance method for this purpose is due to the large magnetic anisotropy of the benzene solvent, which greatly magnifies the solute proton shifts arising from non-randomization in the solution. For polar alkyl-X and vinyl-X solutes the interaction with benzene is interpreted in terms of a dipole-induced dipole interaction, which leads to preferred mutual orientations of the solute and solvent molecules. The magnitude of the interaction appears to depend on the magnitude of the molecular dipole moment of the solute, as well as its molecular volume; molecular shape of the solute molecule is not a determining factor. With phenyl-X solutes in aromatic solvents the interaction is more extensive and cannot be adequately accounted for in terms of a simple dipole model.
The molecular force field of benzene, and of 

aromatic molecules generally, has a pronounced 
directional character. The x-electron system in 
such molecules represents a relatively exposed re
gion of electronic charge directed normal to the 
molecular plane. Accordingly, when a second 
molecular species interacts with benzene, the in
teraction will be primarily through the -̂electrons, 
and in the resulting complex the interacting mole
cules will tend to have preferred mutual orienta
tions. It turns out that nuclear magnetic reson
ance techniques provide us with a method of ex
traordinary sensitivity for studying systems of this 
kind. The reason for this is the large anisotropy 
in the magnetic susceptibility of aromatic molecules, 
also commonly referred to as the “ring current 
effect.” 2 In order to illustrate how the ring cur
rent effect influences nuclear magnetic resonance 
measurements we consider a very simple model, 
shown in Fig. 1. In this model we regard the aro
matic ring as a simple circular conducting loop. 
A magnetic field H a applied normal to this loop 
induces a circular current, which generates a 
secondary magnetic field opposed in direction to 
that of the applied field. We can approximate this 
very crudely by a dipole placed at the center of the 
ring. This dipole has magnetic lines of force as 
illustrated by the dotted lines. Suppose now we 
are measuring the proton resonance of the hydro
gen atoms in benzene, only one of which is shown 
here. The component of the secondary field at this 
proton is in the same direction as the applied field, 
i.e., it enhances the applied field H a. Therefore 
to bring this proton into resonance we will require 
an external field H  which is less than Ho, or, in

(1) Presented at the Prof. Hildebrand 80th Birthday Symposium at 
Berkeley, Calif., September 11th and 12, 1961.

(2) (a) L. Pauling, J. Chem. Phys., 4, 673 (1936); (b) J. A. Pople, 
ibid., 24, 1111 (1956).

other words, the resonance is shifted to lower ap
plied field. On the other hand protons which find 
themselves in positions immediately above or below 
the plane of the aromatic ring will have their reso
nances shifted to higher applied field. This is be
cause here the component of the secondary field 
is opposed to that of the applied field and hence to 
bring such protons into resonance we have to apply 
a field H  greater than H n. We have here considered 
a fixed orientation of the aromatic ring with re
spect to the external field. If the external field is 
applied parallel to the plane of the ring there will 
be no induced ring current and no resonance shifts. 
So even after averaging over all directions we will 
still observe a net effect as indicated.

A simple example of the kind of behavior dis
cussed here is provided by the proton resonance of 
CHC13 contained in a dilute solution of benzene. 
This is illustrated in Fig. 2 . When CHC13 is dis
solved in cyclohexane, there will be no specific in
teraction with the solvent, other than relatively 
weak van der Waals and dipole interactions. For 
the present purpose we may regard the cyclohexane 
solvent as an inert medium and accordingly we 
arbitrarily assign the chloroform resonance in this 
case the value zero. In ether, which is an n-type 
donor, the chloroform hydrogen interacts by form
ing hydrogen bonds with the ether oxygen, giving 
rise to a shift of the chloroform proton resonance to 
lower applied field.3 This low-field shift is quite 
characteristic of all hydrogen atoms involved in 
hydrogen bonding with n-type donors. In benzene 
we observe the chloroform proton resonance shifted 
very much to higher field. We interpret this to 
mean that the chloroform is here also forming a

(3) The proton resonance of the CHCI2 in ether, as well as in benzene, 
was measured relative to the proton resonance of cyclohexane, a small 
amount of which was added to the solutions to serve as an internal 
reference.
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Ho

Figure 1.
weak hydrogen bond, the aromatic solvent function
ing as a 7r-electron donor. Accordingly the hydro
gen of the CHC13 is directed normal to the molecular 
plane of the aromatic solvent molecules and, be
cause of the ring current effect, its resonance will 
be shifted very much to higher field. If the ring 
current effect did not exist we might have expected 
this hydrogen-bonding interaction to result in a 
small shift of the CHC13 resonance to lower field.

Another example involving a different type of 
interaction is illustrated by CH3CN when dissolved 
in benzene (Fig. 3). If we dissolve a small amount 
of acetonitrile in neopentane we find the proton 
resonance of the acetonitrile to appear about 50 
c./s. to the low field side of the proton resonance 
of the neopentane solvent. Again it may be as
sumed that neopentane is an inert solvent, and 
there will be no specific interaction of the aceto
nitrile with neopentane other than the relatively 
weak van der Waals interactions. If now we 
dissolve a small amount of acetonitrile in benzene 
and at the same time we add a small amount of 
neopentane, to serve as an internal reference signal, 
we now find the acetonitrile resonance on the high- 
field side of the neopentane reference. In other 
words in the benzene solution the acetonitrile 
resonance has been displaced to high field by 56.8 
c./s. (at 60 Mc./s.). The most probable explana
tion of this is one which involves an induced dipole 
interaction with the benzene. Acetonitrile has a 
large dipole moment, the negative end of which is 
concentrated mainly in the N atom. This will be 
repelled by the -̂electron distribution of the ben
zene and will tend to lie off the ring. Since ben
zene has a large polarizability in the plane of the 
ring, a dipole is induced as shown in Fig. 3, and the 
resulting attraction will tend to locate the CH3 
group of the acetonitrile over the aromatic ring. 
In this orientation the ring current effect will then 
cause a pronounced high-field shift of the aceto
nitrile proton resonance. Now if there were no 
specific interaction between benzene and aceto
nitrile involving preferred mutual orientations of 
these molecules, i.e., if we had complete randomiza
tion of this system, both the acetonitrile and the 
reference neopentane molecules would experience 
the same environment due to the solvent benzene. 
To a first approximation both should be affected 
in the same way by the magnetic anisotropy of the 
benzene solvent. The observed high-field shift

for the acetonitrile resonance leads us to conclude 
there is a preferred mutual interaction between 
benzene and acetonitrile.

On the basis of previous work4 on solvent effects 
in proton resonance measurements the observed 
shift in acetonitrile in the present experiment6 
may be regarded as made up of the following separ
ate contributions

S(benzene soln.) — 5(neopentane soln.) =  A5 =
Sa +  5W +  5e +

Here 5a is the shift due to the different magnetic 
environment of the neopentane and benzene solu
tions, i.e., due to the magnetic anisotropy effects 
of the benzene solvent. The contribution 5W 
is the shift arising from different van der Waals 
interaction of the solute with neopentane and with 
benzene. (Since the solutions employed were 
dilute, the solute concentration being 5 mole % , 
solute-solute interactions are negligible.) The 
term 5e is the shift due to the “reaction field” 
effect.4 Finally 50 is the shift due to specific 
molecular interaction or complex formation in the 
benzene solution. The terms 5W, 5e, and Sc all 
arise from small perturbations of the electronic 
charge distribution of the solute molecule due to 
the electric fields of neighboring molecules. They 
are generally negative, that is, the proton resonance 
is shifted toward lower field. The term 5a has a 
purely magnetic origin, and for aromatic solvents 
it is positive in sign.

In the systems being considered here the terms 
5W and <5e are relatively small and may be neglected 
for our present purpose. If Sc — 0, implying com
plete molecular randomization, then in the pres
ent experiment 5a should be zero. This is because, 
as indicated above, both the acetonitrile and neo
pentane solutes in benzene should experience the 
same magnetic environment. If 8C ^  0, that is, if 
there is a specific interaction between acetonitrile 
and benzene causing preferred mutual orientations, 
then 5a 9^ 0. Hence the quantity actually measured 
is A5 =  5a +  5C, and since for acetonitrile in benzene 
this is a large positive quantity, 5a 5C. In other 
w'ords small proton chemical shifts of solute mole
cules resulting from specific complex formation with 
benzene molecules are effectively “amplified” 
because of the large magnetic anisotropy of the 
solvent molecules.

At this point there is a further question to be 
examined. Acetonitrile is a linear molecule and 
benzene is disk-shaped. Is it possible that the 
apparent non-randomization, indicated by the 
proton resonance shifts, arises not so much from 
molecular complex formation, but from molecular 
shape effects? T0 investigate this question we have 
carried out similar experiments with a number of 
hydrocarbon solutes, three of which are rod-like, 
and twm are planar. The results are shown in 
Table I. The observed values of A5 are not 
significantly different from the estimated experi
mental error of the measurements, and may be

(4) A. D. Buckingham, T. Schaefer, and W. G. Schneider, J. Chetn. 
Phys., 32, 1227 (1960).

(5) See also R. J. Abraham, ibid., 34, 1062 (1961); A. D. Bucking
ham, T. Schaefer, and W. G. Schneider, ibid., 34, 1064 (1961).
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S O L V E N T  :

Cyc lohexane

Ether

Benzene

- 0 .5  -0 .2 5

1

0 +  0.25 + 0 .5 0  + 0 .7 5  +1.0
( ppm )

H — ►

Fig. 2.—CHC13 proton magnetic resonance shifts (in 5 mole %  solutions).
T able  I

P roton Shifts of H ydrocarbon Solutes in  N eopentane 
and B enzene (5 M ole %  Solutions)“

(In c./s. at 60 Mc./s. relative to internal neopentane 
reference)

-Solvent-
Solute Neopentane Benzene AS

c h 3-c h 3 +  4 +  6 + 2 (± 2 )
c h 3—c = € —CH3 -4 1 -3 8 + 3 (± 2 )
h 2c = c= :CH2 -2 1 6 .8 -2 1 5 .9 +  K±D
H\ /H

>c=c< -263 -261 + 2 (± 2 )
w \ h

CO —363.26 —362.3s +  1(±1)
“ The sign convention employed for the chemical shifts is that signals appearing a t lower applied field than the reference signal are negative, and those at higher field (higher screening) are positive. 6 Average shifts of a  and (3 protons.

taken as zero. It thus appears we can exclude 
molecular shape and evidently the significant 
property is the polar nature of the solute. If 
our crude dipole model of the interaction with ben
zene is valid, then we would expect that if we ex
amined a series of polar CTI3X  compounds, the 
measured shifts A should be simply proportional to 
the dipole moment of the CH3X  solute and its 
molecular volume. The molecular volume comes 
in because after rotational averaging this will 
determine the mean distance of approach to the 
benzene molecule. Figure 4 shows a plot of A5 
vs. t i / y  for a number of solutes. There is a rough 
correlation as expected. Shown on the same plot 
is the corresponding point for CHCI3. This 
deviates widely from the correlation plot and this 
would tend to confirm our previous conclusion that

SOLVENT:-
Neopentane

Benzene

CHjCN C(CH3)4

- 4 9 . 8  0  ( c / s ,  a t  6 0  M c / s . )

5 6  8  C / s

0  + 7 . 0

H —

Figure 3.

in this case the interaction has a different origin 
and is not simply of the dipole type.

The individual proton shifts, listed in Table II, 
reveal a high degree of specificity in the interac
tion of certain solutes with benzene. Thus in 
propionitrile the CH2 group, being adjacent to the 
polar CN group, has a higher A5 value than the CH3 
group. This suggests that the CH2 group tends to 
be located more nearly over the center of the aro
matic ring than the CH3 group. A high degree 
of specificity also is evident in dimethylformamide 
as a solute in benzene, the CH3 group which is 
trans to the carbonyl group (labeled a) being pref
erentially located over the aromatic ring. This 
behavior of dimethylformamide has been reported 
previously by Hatton and Richards.6

Table III summarizes A5 values for CH3CN
(6) J. V. Hatton and R. E. Richards, Mol. Phys., 3, 253 (1960).
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Figure 5.

T a b l e  III
T h e  P hoton  C h e m ic a l  Sh if t  o f  C H 3C N  (5  M o le  % )  in  

D if f e r e n t  So lv e n t s

Solvent s AS

Neopentane -4 9 .8
Benzene +  7.0 + 56.8
p-Xylene +  2.5 + 52.3
N-Dimethylaniline -  1.6 + 48 .2
N-Dimethyl-p-toluidine -  5.2 + 44 .6
a-Methylnaphthalene + 31.6 + 81.4
1,3-Butadiene -4 4 .6 +  5.2

the benzene ring. The assumption is again that 
the polar group tends to lie off the ring and the 
vinyl-X solute and the benzene solvent molecule 
prefer to have their molecular planes co-parallel, 
as illustrated in Fig. 5. The relative variation of 
the individual proton resonance shifts in vinyl 
bromide on dilution in benzene has been employed 
previously in a study of the proton resonance 
spectrum of vinyl bromide.7

T a b l e  IV
P hoton  C h e m ic a l  Sh ift s  o f  V in y l - X  C om pou n ds  in  
D il u t e  (5  M o le  % )  So lu tio n  in  N e o p e n t a n e  an d  

B e n ze n e

(In c./s. measured at 60 Mc./s. relative to neopentane inter
nal reference)

T a b l e  II
P hoton  Sh ift s  o f  A l k y l -X  So lu te s  in  B e n ze n e  

(5  M o le  %  So l u t io n s )
(In c./s. at 60 Mc./s. relative to internal neopentane 

reference)
/-------— — Solvent—

Solute

c h 3c = n
c h 3c h 2c = n
(CH3)3C— C=N
c h 3n o 2

/ H
c h 3—c T
CH3CH2C1

CH3Br
c h 3i
(a)CHa'

ICH;
ICH:

(/3)CHS-
•N—C.

H i(«)CH; 

'N0  IcH O

AS
+56.8
+40.0
+49.7
+25.0
+56.7
+  31.7 
+27.3 
+20.8  
+21.9 
+29.6 
+30.7 
+46.0 
+  17.1 
+  5.3

“ The assignment of methyl group proton signals follows that of ref. 6.
in several other solvents. In a-methylnaphthalene 
the A S  value is much larger than in benzene. This 
is because with two aromatic rings the shift to 
high field due to the ring current effect is much 
greater. The non-aromatic solvent butadiene 
causes only a very small shift.

Table IV summarizes the corresponding A S  

values for the three non-equivalent protons (labeled 
H a, H b , and H e) of several polar vinyl-X solutes. 
Again a high degree of specificity is evident, the 
proton Hb which is trans to the X  substituent tend
ing to have the largest solvent shift in benzene. 
This may be interpreted as a greater tendency 
for this proton to be located nearer the center over

Solute
■Solvent-

Neopentane Benzene AS
-306. 5 -264..5 +42.0
-293..6 -243 .0 +50.6
-269..4 -221 .5 +47.9
-330 .4 -293 2 +37.2
-281 .8 -223 .8 +58.0
-364..3 -323 .3 +41.0
-286..6 -273 .6 +  13.0
-292..6 -267 .1 +25.5
-238..0 -306 .0 +22.0

-315. 3 -303. 7 +  11.6
-311..0 -291. 9 +  19.1
-283. 2 -259. 4 +23.8
-  70 .7 -  51. 0 +20.0

With phenyl-X solutes (Table V) the interaction 
with benzene is more complicated and the simple 
dipole model appears inadequate to account for the 
experimental results. The A5 values for the meta 
and para protons in nitrobenzene solute are about 
twice as large as that for the ortho protons. As
suming the interacting molecules prefer a parallel 
and staggered configuration it may be assumed the 
benzene solvent molecule would avoid the N 02 
group in the solute molecule and would tend to “sit” 
over the opposite end, encompassing mainly the 
meta and para protons.8 However when the ex
periment is reversed, that is when benzene is 
employed as the solute and dissolved in an excess 
of nitrobenzene, we now find the benzene protons

(7) T . Schaefer and W . G. Schneider, Can. J. Chem., 38, 2066 
(I960.).

(8) In  a previous s tu d y  (T . Schaefer and W . G. Schneider, J. Chem. 
Phys., 32, 1218 (I960)) s im ila r results were observed fo r p -m e th y ln itro - 
benzene in  benzene so lu tion, the  meta p ro to n  resonance being sh ifted  
to  higher field  to  a m uch greater exten t than  the ortho p ro to n  resonance. 
I t  was suggested th is  was due to  a preferentia l in te ra c tion  o f benzene 
solvent molecules w ith  the  meta protons, b u t th e  proposed nature of 
th e  in te raction , assumed to  be s im ila r to  th a t o f C HC U  w ith  benzene, 
appears untenable in  th e  lig h t o f the  present wrork.
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to have a negative A  <5 value. In other words, due to 
the nitrobenzene environment the benzene proton 
resonance is displaced to lower field by 13 c./s. 
If the interacting molecules tend to be parallel 
the benzene solute molecules would be expected also 
to experience a positive shift due to the ring cur
rent effect in the nitrobenzene solvent molecule. 
Negative A8 values also are observed for the ring 
protons of N,N-dimethylaniline when the latter is 
dissolved in benzene. These values are not large 
but nonetheless significant. On the other hand, 
the CH3 groups have positive shifts as in N,N- 
dimethylformamide. Since the molecular dipole 
moment of N,N-dimethylaniline is reversed from 
that of nitrobenzene, the behavior of the CH3 
resonances in the former is perhaps to be expected 
but the negative shifts of the ring protons remain 
unexplained.

T a b l e  Y

P h o t o n  S h i f t s  o f  A r o m a t i c  S o l u t e s  i n  5  M o l e  %  
S o l u t i o n s

(In c./s. relative to internal cyclohexane)

Solute
Cyclo
hexane

Solvent

Benzene
Nitro

benzene AS

Ö •
n o 2

(H0
lH p

-403 .1
-3 5 8 .8
-366 .3

-384 .4
-322 .5
-331 .5

+  18.7 
+36.3 
+34.8

Benzene -346 .3 -359 .2 -1 2 .9

Ç
CH+ X CII3

(H„)H m)H P(C H S

-310 .3  
-338 .7  
-309 .4  
-  82.9

-313 .4  
-350 .1  
-322 .4  
-  68.0

-  3.1 
-1 1 .4  
-1 3 .0  
+  14.9

The inadequacy of the dipole model for aromatic 
solutes is further illustrated by the results for p- 
benzoquinone shown in Table VI. The ring pro
tons of p-benzoquinone show a pronounced positive 
shift in benzene and a-methylnaphthalene solvents, 
yet p-benzoquinone has no molecular dipole mo
ment. Additional experiments with other aro
matic solutes and aromatic solvents provide further 
evidence that in these systems the interaction in
volves fairly extensive polarizations of both inter
acting molecules. Whether these can be more 
conveniently described in terms of other forms of 
interaction, as for example charge-transfer inter
action, must await a more detailed study of such 
systems. On the other hand, the simple dipole- 
induced dipole model appears to account for the 
main features of the proton resonance results for 
the alkyl-X and vinyl-X solutes, and there ap
pears little doubt that a specific interaction in
volving preferred mutual orientation with respect 
to the benzene solvent molecules does occur. 
The resulting complexes may be expected to 
have rather short mean lifetimes and to be rela
tively weak, presumably involving interaction 
energies of the order of k T .  On this basis a pro
nounced temperature dependence of the proton 
resonance shifts may be anticipated. This re
mains to be confirmed experimentally.

T a b l e  V I

P r o t o n  R e s o n a n c e  S h i f t s  o f  p - B e n z o q u i n o n e  
( 5  M o l e  %  S o l u t i o n s )

(In c./s. relative to internal cyclohexane)
Solvent a AS

Cyclohexane -307 .4
Benzene -277 .8 +29.6
a-Methylnaphthalene -249 .5 +  57.9

A  S T U D Y  OF T H E  A D S O R P T IO N  OF C A R B O N  M O N O X ID E  A N D  O X Y G E N  
O N  P L A T IN U M . S IG N IF IC A N C E  OF T H E  “ P O L A R IZ A T IO N  C U R V E ” 1

B y S. G ilm an
G e n e r a l  E l e c t r i c  R e s e a r c h  L a b o r a t o r y ,  S c h e n e c t a d y ,  N e w  Y o r k  

R e c e i v e d  M a y  5 ,  1 9 6 2

The adsorption of carbon monoxide on smooth platinum immersed in 1 N  HCICh has been examined by means of linear potentiostatic pulses. Carbon monoxide adsorption was determined both in the presence and absence of dissolved gas. The extent and nature of saturation coverage was ascertained. The technique was further utilized to determine the extent of carbon monoxide and oxygen adsorption during a slow triangular potentiostatic sweep. Some of the characteristics of the current-voltage curves were interpreted with the aid of the adsorption data.
Introduction

The ambient temperature electrochemistry of 
carbon monoxide is of interest in connection with 
fuel cell technology.2 Conclusions on the mecha
nism of oxidation of this gas on nickel and copper 
fuel cell anodes in aqueous potassium hydroxide

(1) This work was made possible by the support of the Advanced 
Research Projects Agency (Order No. 247-61) through the United 
States Army Engineer Research and Development Laboratories under 
Contract Number DA-44-009-ENG-4853.

(2) E. Justi, “ High Drain Hydrogen-Diffusion Electrodes Operating 
at Ambient Temperature and Low Pressure,” Akad. Wiss., Mainz, 
1959.

have been attempted on the basis of measured non- 
electrochemical surface conversion of carbon mon
oxide to formic acid.3 For platinum, only fuel-cell 
polarization data are available.4 Also, it has been 
observed that adsorbed carbon monoxide may be 
detected by means of an anodic galvanostatic pulse 
of long duration.5

In this first paper of a series, conditions for de-

(3) G. Griineberg, Technischen Hochschule Braunschweig, Disser
tation. 1958.

(4) L. Niedracli, this Laboratory, to be published.
(5) L. Niedracli, unpublished work.
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Fig. 1.—Circuit diagram.
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Fig. 2.—Signals used in the electrochemical study of CO adsorption: A, adsorption at open circuit; B, adsorptionduring a slow triangular sweep.

termination of adsorbed carbon monoxide by means 
of linear potential-time pulses are discussed. Also 
discussed is the application of the technique toward 
determination of the saturation coverage with 
carbon monoxide, and the adsorption of carbon 
monoxide and oxygen under the conditions of a 
slow linear potential-time sweep. Finally, the 
significance of the “polarization curve” is dis
cussed in terms of the measured adsorptions.

Experimental
The all-Pyrex cell waB patterned after tha t described by Breiter, e t  a l . s Stopcocks and gas inlet and outlet tubes were designed so tha t no leakage could occur from the water bath thermostated a t 30°. The electrode consisted of a length of 0.020 in. C.p . P t wire sealed in a soft-glass tube so as to expose 0.08 cm.1 of the wire to the solution when the glass-metal seal was immersed beneath the liquid level. The lower end of the platinum wire was sealed in a soft-glass bead to accomplish cylindrical symmetry.The counter-electrode and reference electrodes were plati- nized-platinum flags of 4 cm.2 and 2 cm.2, respectively. Both were kept immersed in perchloric acid solution. The reference electrode was kept in a rapidly-flowing stream of electrolytic grade hydrogen. The stopcock between the Luggin capillary and the reference electrode was kept shut

to prevent CO poisoning of the latter. The effective resistance between the electrode and the Luggin capillary tip was found to be approximately 0.25 ohm by measurement with a constant-current pulse. All potentials are reported against the reference hydrogen electrode in 1 A  perchloric acid solution, with no correction being made for the capillary resistance, which contributes negligibly to the slow linear-potential sweeps.A G.K. Heller Model GT 21 thyratron controlled stirring motor was used to power the all-glass mercury-seal stirrer.The carbon monoxide used was Matheson C.p . grade and the hydrocarbon content was found to be less than 0.05% by mass spectrographic analysis. Perchloric acid was reagent grade. The distilled water was of 2-megohm specific resistivity. Tank argon was passed through a purification train consisting of a tube packed with hot copper, and two traps refrigerated with Dry Ice-ethanol, one trap containing activated charcoal.The circuit employed in this work appears in Fig. 1. The potentiostat is a Wenking Breitband potentiostat (2 /¿sec. rise time). Generator 1 is a custom built generator capable of generating a single fast triangular sweep. Generator 2 is a custom-built generator capable of generating a voltage step. Generator 3 is a Hewlitt-Packard Model 202A signal generator, used to supply a continuous triangular voltage signal of speed v  = 0.04 v./sec. The custom-built delay device is capable of triggering generator 2 and then, within a specified interval of time, activating the relay. The relay, in turn, can simultaneously (within a few /xsec) close the potentiostat circuit and trigger generator 1.Figure 2 diagrams the two potential-time wave forms impressed upon the working electrode in this work. The signal diagrammed in Fig. 2A was used for determination of CO adsorption a t open circuit. Generator 3 was eliminated from the circuit. Steps A, B, and C are produced by generator 2 with the relay contacts closed. Step D is produced when the relay contacts are opened by the delay device, and step E results when the relay again is closed by the delay device.To obtain the signal diagrammed in Fig. 2B, generator 2, the delay device, and the relay are eliminated from the circuit. Generator 3 supplies the repetitive triangular sweep. The potential is followed on a Keithley electrometer placed in parallel with the z-axis of the oscilloscope. When the desired potential is reached, generator 1 is triggered manually, yielding either an anodic spike (A) or a cathodic spike (B). Two complete triangular sweeps were allowed to elapse after their superposition of an anodic or cathodic spike before another was impressed.Current-voltage data were recorded on a Model 536 Tektronix oscilloscope using type D plug-in preamplifiers.
Results and Discussion

CO Adsorption Determined in the Presence of 
Dissolved CO.—The procedure used was similar to 
that employed in the investigation of methanol6 7 
and served to bring the surface to a reproducibly 
clean state for adsorption and to assure repro
ducible extent of coverage. The solution first was 
saturated with CO by bubbling the gas through for 
more than 20 min. with the electrode at open cir
cuit. The signal diagrammed in Fig. 2A then 
was applied. The details and significance of each 
step are as follows:

(A) Fifteen-second pretreatment step to re
move oxidizable impurities, and to produce a layer 
of adsorbed oxygen which serves to block adsorp
tion. CO is kept bubbling through the solution. 
Some molecular oxygen is evolved at a steady-state 
rate of approximately 1 ma./cm.2.

(B) Potential step during which the oxygen 
layer formed in (A) is maintained, molecular oxy
gen from (A) is swept away, and the concentration 
of the adsorbate is brought to its bulk value. CO

(6) M. Breiter, K. Hoffmann, and C. Knorr, Z. Elelctrochem., 61,
1168 (1957).

(7) (a) M. Breiter and S. Gilman, J . Electrochem. Soc. , 109, 622
(1962); (b) S. Gilman and M. Breiter, ibid., in press.
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is kept bubbling through the solution for 0.5 min. 
The flow of gas then is stopped and the solution 
allowed to become quiescent for 1.5 min. No 
measurable current (less than 1 /¿a./cm.2) flows 
after the first second of pretreatment during this 
step.

(C) Reduction step.. This step is of 10 msec, 
duration. During the first few msec, of this step, 
the surface layer of oxygen is reduced and adsorp
tion of CO begins.

''D) Open-circuit adsorption step. CO is al
lowed to adsorb during the 1-min. duration of this 
step. Since the electrode is not part of a circuit, 
it serves simply as a freshly reduced surface, 
and the potential of the metal-electrolyte inter
face varies freely. Surface reaction products which 
might form and be consumed at any fixed potential 
are conserved and may later be determined.

(E) Anodic sweep. The open-circuit potential 
of the electrode is measured, and the d.c. level of 
the combined signal generators is set to the meas
ured potential. When the relay is closed, the 
potentiostat circuit is closed and the linear sweep 
starts at the pre-set d.c. level. The current- 
voltage trace is recorded on the X -Y  oscilloscope.

It was found that after step D, the voltage slowly 
drifted from 0.4 toward 0.1 v. (apparently due to 
extremely small hydrogen coverage). No species 
were defectible between the open-circuit potential 
and approximately 0.9 v. (except for small amounts 
of hydrogen when step D was prolonged for over 
20 min.), and so the sweep has usually begun at 0.4 
v. for simplicity.

Current-voltage traces were recorded for values 
of the anodic sweep speed, v, from 880 to 0.04 v./sec. 
Representative traces appear in Fig. 3. The dashed 
curves are experiments performed in the absence 
of CO, i.e., with the solution saturated with argon. 
These “solvent corrections” include currents due 
to formation of an adsorbed oxygen layer and to 
charging of the double layer.8 To obtain the charge 
due to oxidation of CO, the dashed and solid 
curves are integrated to the potential where inter
section occurs, E, (time, U). The integral for the 
dashed curve then is subtracted from that for the 
solid curve. The assumptions involved in this 
procedure are explored below.

Let Qi and Q2 represent the integrated charge 
under the solid and dashed curves, respectively. 
Then

Qi =  Qic +  Quo) +  Qco +  Qcod (1)

Q i  =  Q i c  +  Q u o )  (2)
Qic =  capacitance current in presence of CO, inte

grated from t =  0 to h =  (E  — 0.4)/i>
Qtc =  integrated capacitance current in absence of 

CO
Quo) =  integrated oxygen adsorption current in 

presence of CO
02(D) =  integrated oxygen adsorption current in 

absence of CO
(8) F. C. Will and C. A. Knorr, Z. Elekirochem64, 258 (1960).

Fig. 3.—Anodic I - U  curves for CO after 1 min. of adsorption (solid lines); dashed lines are for the same conditions in the absence of CO (argon-bubbling). Ordinate is current in amp./cm.2 and abscissa is potential in volts.
Qco =  charge due to oxidation of adsorbed CO 

present on the surface at t =  0 
Qcod =  charge due to oxidation of CO which dif

fuses to the surface at 0 <  t <  h.

AQ =  Qi — Q2 — Qco +  Qcod (3)

The validity of eq. 3 is based upon elimination of 
several terms in eq. 1 and 2 which is justified as 
follows:

(a) Qic and Q2c, while not likely equal, are rela
tively small charges and are taken as equal. 
It has been estimated previously6 that the difference 
might cause as much as a 7% uncertainty in AQ.

(b) Quo) =  Quo) =  total charge due to partial 
formation of an adsorbed oxygen film to time ¿1. 
This is implied by the coincidence of the solid and 
dashed curves beyond U(E). For the 0.04 v./sec. 
sweep there is direct evidence given below for this 
equality at high potentials.

To separate Qco from Qcod we must note that 
¿cod is supplied by diffusion and hence Qcod must 
become insignificant compared with Qco for large 
values of v. AQ is plotted against v in Fig. 4, for 
v — 1100 to 3.6 v./sec. AQ is found to hold constant 
with an average value of 0.51 mcoulomb/cm.2 
and an average deviation of 6%  and must repre
sent Qco• Since reproducibility of AQ at v =  
210 v./sec. was found better than 1% , it is not the 
variation in QCo but the inequality of Qic and 
Q2c and various instrumental errors that determine 
the scatter. For values of v less than 3.6 v./sec., 
the contribution of Qccd becomes increasingly 
evident. A sweep speed of 210 v./sec. was used 
for determining CO coverage in the remainder of 
the work.

To determine whether contribution of Qcod to 
AQ might be predicted on the basis of simple theory,
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Fig. 4.—Integrated charge due to CO oxidation as a function of linear sweep speed.
let us calculate the maximum possible contribution 
of Qcod to AQ during the linear sweep. Let us 
assume that before the application of the anodic 
sweep (step E, Fig. 2A) the concentration of dis
solved CO near the electrode has returned to the 
bulk value, Cco- Let us also assume that read
sorption of CO (removed during the sweep) is 
limited only by semi-infinite linear diffusion. Then 
the rate of adsorption of oxidizable CO, expressed 
as a current density i&<js is9

then

(Qcod)max.

nFD co'' Cco 
Î!lds ~  x ‘ /s t'h

( 4 )

j : ¿ads d i —

2 n 2 ' V - , / , £ > c o , / , C c o  t V i ( 5 )

Taking n =  2

Deo =  diffusion constant of CO =  3.1 X 10 ~5 
em.2/sec. (see below)

Cco =  bulk concn. of CO = 8.92 X 1Ü-7 mole/ 
cm.3 10

We obtain

(Qcod)max. =  l.lOr'^ mcoulomb/cm.2 (6)

t is now the interval of time between first oxidation 
of CO and coincidence of the CO and “solvent 
curves” (point E on Fig. 3). At v =  1100 v./sec., 
the oxidation of CO occurs over a 1.0-v. range and 
r has the value 1 msec. Using eq. 6 , (Qcod)max. 
=  0.04 mcoulomb/cm.2 or 8%  of Qco- At v =  
21 v./sec. or approximately Vso the higher sweep 
speed, the oxidation of CO occurs over a 0.15 v. 
range and r =  7.5 msec. Therefore (Qcod)inax. =  
0.096 mcoulomb or 19% of Qco in this case. 
It immediately is apparent from the sample calcu
lations that the factor which serves to limit (Qc od)- 
max. is the reduction in r with decreasing sweep 
speed. The apparent constancy (6%  average 
deviation) of AQ implies that additional factors 
operate to reduce Qcod to 0 in that range of sweep

(9) H. A. Laitinen and I. M. Koltlioff, J. Am. Chem. Soc., 61, 3344 
(1939).(10) “ Lange’s Handbook of Chemistry,”  Tenth Edition, McGraw- 
Hill Book Co., Inc., New York, N. Y., 1961.

speeds. These factors might include: (1) Slow 
adsorption of CO at high coverages11; (2) Im
mediate adsorption of oxygen on sites vacated by 
CO, preventing oxidation on those sites.

CO Saturation Coverage and Bonding.—It was 
demonstrated above that the coverage with CO 
after one minute’s adsorption time could be re- 
producibly established and detected within a large 
range of sweep speeds. The completeness of 
CO adsorption was investigated by extending the 
adsorption time (open-circuit) to 10 min. No 
increase in Qco was observed.

By studying the adsorption of hydrogen electro- 
lytically deposited at zero and full coverage with CO 
it is possible to define the CO coverage relative to 
hydrogen coverage, which in turn relates it to the 
true surface area. It also is possible to determine 
the extent to which the surface is not covered with 
CO. This in turn allows conclusions to be drawn 
on the nature of the CO-Pt bond. The saturation 
coverage of the surface with hydrogen, QHS, was 
found to be 0.37 mcoulomb/cm.2 by the method of 
Will and Knorr8 using a 2 v./sec. repetitive tri
angular sweep. Assuming Qhs =  0.21 mcoulomb/ 
cm.2 for a surface roughness of 1.0 ,8 the electrode 
used had a surface roughness of 1.8. Adsorption 
of CO was allowed to occur for 1 min. in the usual 
way, and a cathodic sweep (substituted for step E, 
Fig. 2A), v =  6.0 v./sec., was applied. The charge 
due to adsorption of hydrogen, Qh, was 0.080 
mcoulomb/cm.2. The measured charges may be 
expressed as

Q h S =  nHSnSF  ( 7 )

Qh — jihS hF  (8)

where

nn =  1 =  no. of electrons required for oxidation 
of hydrogen atom

iShS =  concn. of sites (in mmoles/cm.2) available 
for hydrogen adsorption on the bare sur
face

AT =  concn. of sites available for hydrogen ad
sorption on the CO-covered surface

If we assume that <Shs represents the total concen
tration of sites available for adsorption of both 
hydrogen and oxygen, then *SHs — <Sh is the con
centration of sites covered by CO. If we assume 
that one molecule of CO occupies one site, then

Qco =  ncoScoF  (9)
where

«co =  2 =  no. of electrons required for oxidation 
of one CO molecule

Sco =  concn. of sites covered with CO.

If our assumption of one-site adsorption were 
correct then combining eq. 7-9

2 ( Q h S —  Qn) =  Qco ( 1 0 )

(II) S. Gilman, J. Phys. Chem., in press.
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Actually, 2(QHS — Qu) has the value 0.58 mcoulomb/ 
cm.2 while Qco has the average value 0.51. The 
discrepancy could be due to experimental error, 
or to some two-site adsorption of CO. Evidence 
for some two-site adsorption of CO from the gas 
phase on supported platinum has been found by 
Eischens and Pliskin12 using infrared techniques. 
On the other hand Lanyon and Trapnell13 report 
complete one-site adsorption of CO on evaporated 
Pt films. The possibility of occurrence of some 
two-site adsorption under our conditions will be 
more thoroughly explored in a future publication. 11

CO Adsorption Determined in the Absence of 
Dissolved CO.—-Employing the usual pretreatment 
(steps A-C, Fig. 2B), the electrode was allowed to 
stand at open-circuit (step D, Fig. 2B) for 1 min. 
in the presence of dissolved CO. Argon then was 
bubbled vigorously through the cell for 9 min. to 
remove dissolved CO. The solution was allowed 
to stand quiet for 1.5 min. and a linear sweep was 
applied. Figure 4 reveals that AQ in the absence 
of dissolved CO is fairly constant through sweep 
speeds as low as 0.04 v./sec.

Referring to eq. 3, AQ ~  Qco  over the entire fre
quency range since Qcod =  0. The average value 
of Qco in the absence of dissolved CO is 0.42 
mcoulomb/cm.2, as compared with 0.51 mcoulomb/ 
cm.2 in the presence of dissolved CO. In Fig. 5, 
current-voltage traces obtained for the two 
different conditions are compared at two different 
values of the sweep speed. It is apparent that in 
the absence of dissolved CO not only is the area 
under the curve diminished but the shape and 
location of peaks also undergo change in comparison 
with the situation in the presence of dissolved CO. 
For v =  4.0 v./sec. the original peak at 1.02 v. is 
represented by a “shoulder” to the new peak 
appearing at 0.98 v. At v =  36 v./sec., the “shoul
der” is not detectable except possibly as a broaden
ing of the curve. There is, however, noticeable 
shift of the original peak at 1.35 to 1.26 v. No 
similar shifts are observed in comparable times at 
open circuit in the presence of dissolved CO, 
and as already indicated, the area under the 
curve undergoes increase (to saturation) rather 
then decrease.

The decrease in Qco in the absence of dissolved 
CO is logically attributed to desorption of CO. 
The shift in potentiostatic peak voltages also has 
been found to accompany decreasing initial 
coverages with CO.11

Quasi-stationary Current-Voltage (Polarization) 
Curves. General.— CO was bubbled through the 
electrolyte with rapid mechanical stirring. A 
0.04 v./sec. periodic triangular sweep was applied 
to the cell. The resulting current was found to 
increase regularly with rate of stirring but to 
remain constant and reproducible as the rate 
exceeded approximately 180 r.p.m. This is a 
result of transport being proportional to rotational 
speed raised to a small fractional power.14 The 
data in Fig. 6 correspond to approximately 200

(12) R. P. Eischens and W. Pliskin, Advan. Catalysis, 10, 18 (1958).
(13) M. Lanyon and B. Trapnell, Proc. Roy. Soc. (London), A227, 

387 (1955).
(14) P. Delahay, “ New Instrumental Methods in Electrochemis

try,”  Interscience Publishers, Inc., New York, N. Y., 1954. p. 233.

Fig. 5.—Anodic I —U  curves for adsorbed CO in the presence (dashed lines) and in the absence of CO (solid lines).

u (V O L T S ).

Fig. 6.—Quasi-stationary I - U  curves for CO with rapid mechanical stirring. Shaded region indicates oscillations during ascending sweep; v  =  0.04 v./sec: ———, ascendingto 1.8 v. and re tu rn ;---------, ascending to 1.8 v., absence ofC O ;---------- , descending from 1.0 v . ; --------- , descendingfrom 1.2 v . ; -------------, descending from 1.4 v.
r.p.m. A curve is shown for the ascending sweep 
from 0.4 to 1.8 v. Curves are shown for 
descending sweeps from 1.8, 1.4, 1.2, and 1.0 v. 
During the ascending sweep virtually no current 
flows until a potential of approximately 0.91 v. is 
exceeded, when the current rises vertically. From 
0.91 to 1.6 v. the current drops almost linearly with 
potential, and regular current oscillations are 
apparent. Above 1.6 v., the current rises again. 
During the descending sweep from 1.8 v., very 
little current is measured. During the descending 
sweeps from lower maximum potentials, the current 
remains fairly constant, and a “hysteresis effect” is 
noted, in that current flows at low values of po
tential during the descending sweeps where insig
nificantly small currents flowed during the ascend
ing sweep. The current during the ascending 
sweep between 0.91 and 1.6 v. is much decreased 
in the absence of stirring. This fact, and the ob
served current oscillations in this range, may be 
taken as proof of (at least partial) current limitation 
by mass-transport, as in the case of the limiting- 
current region for the hydrogen anode.16 The 
features of the polarization curve may be more 
fully explained through measurement of CO and

(15) M. Becker and M. Breiter, Z. Elektrochem., 60, 1080 (1956).
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u, VOLTS.

0.5 1.0

Fig. 7.—I - U  traces obtained for the reduction of oxygen by means of a cathodic linear pulse (in presence of dissolved CO): trace (1), potential initially 0.90 v. during descending portion of triangular sweep; trace/2), potential initially 1.2 v. during descending portion of triangular sweep.

Fig. 8.—Fraction of surface covered with adsorbed oxygen during periodic triangular sweep (0.04 v./sec.) as a function of potential, U .

oxygen adsorption under the experimental condi
tions.

Oxygen Coverage.-Oxygen coverage was deter
mined as a function of potential during the 0.04 
v./sec. triangular sweep by the superposition of a 
14 v./sec. cathodic sweep (step B, Fig. 2B). 
Cathodic reduction peaks similar to those obtained 
by Will and Knorr8 in nitrogen-saturated sulfuric 
acid were obtained (Fig. 7). The dashed lines 
serve as an approximate correction four double-layer 
capacitance and hydrogen-overlap (the latter 
becomes serious only at higher oxygen coverages). 
The charge due to oxygen-adsorption, Qo, was ob
tained by integration of the resulting closed curve 
from point a to point b.

Let us define the surface coverage with oxygen, 
S o

do — Qo/2QhS (11)
Equation 11 follows from the assumption that 
2QHS is equivalent to one monolayer of oxygen. 16 
Values of do are plotted in Fig. 8 for the slow as
cending sweep to 1.8 v. and for the descending 
sweeps from 1.8 and 1.2 v. The experiments were 
conducted both in CO and in argon-saturated solu
tions.

As already has been observed for methanol7* the 
oxygen coverage during the ascending sweep tends 
to be higher in the presence than in the absence of 
CO with coincidence achieved toward 1.6 v. when

(16) M. Breiter, C, A. Knorr, and W. Volkl, Z. Elektrochem., 59, 681 
(1955).

approximately a monolayer of oxygen is formed. 
During the descending sweep from 1.8 v. the reduc
tion of oxygen coverage occurs somewhat earlier 
on the potential axis in the presence than in the 
absence of CO. The fact that CO does not directly 
reduce the oxygen coverage until the approximate 
potential for electrolytic reduction is achieved may 
be taken as evidence that the direct (non-electro- 
chemical) reduction of the adsorbed oxygen layer 
by CO is slow. The results of the descending sweep 
from 1.2 v. also show somewhat earlier reduction in 
the presence of CO.

CO Coverage.— CO coverage during the 0.04 
v./sec. sweep was determined by superposition of 
a positive-going 210 v./sec. sweep at the desired 
potential (step A, Fig. 2B). Curves similar to 
that appearing in Fig. 3 were obtained for large 
coverages. However, referring to eq. 1 to 3 we 
must note that Quo) and Q2<o) are no longer neces
sarily equal since starting potentials may be above 
0.8 volt. To correct for this

Ql(O) +  Ql(o/ =  $ 2(0) +  $ 2(0) ' (12)

where Quo/ is the charge required for the partial 
oxygen coverage in the presence of CO at starting 
potential E '  at which measurement is made. Quo) ' 
is the charge required for the partial oxygen cover
age in the absence of CO at starting potential, E '.  
All integrations are, as before, made to potential 
E  and time U and

v

Equation 12 again is based on the assumption that 
the total oxygen coverages are equal at time t\. 
Then assuming Qago =  0

AQ ~  Qco +  Quo) — Q'ko) =
Qco +  Q21O)' ~~ Quo/ (14)

According to eq. 14 Qco may be found by correcting 
the experimental values of AQ with the aid of the 
oxygen coverages plotted in Fig. 8 . This was 
done in preparing Fig. 9. In Fig. 9, dco =  Qco/ 
2Qh s is plotted against potential during the slow 
linear sweep. During the ascending sweep the 
surface is 75% covered with CO up to approxi
mately 0.90 v. A very steep drop in coverage then 
is observed over 10-20  mv. of potential, and then 
0co remains 0 up to 1.8 v. During the descending 
sweep from 1.8 v. readsorption of CO occurs in the 
potential range 0.60-0.75 v. where adsorbed oxygen 
is being reduced (Fig. 8). During the descending 
sweep from 1.2 v., readsorption of CO commences 
at approximately 0.9 v.

Application of CO and Oxygen Adsorption Data 
to Polarization Curves.—-It already has been demon
strated that the current which flows on ascent from 
0.91 to 1.6 v. is at least partially transport-con
trolled. From Fig. 9 we see that there is no ad
sorbed CO on the surface in this potential range, 
and from Fig. 8 we see that the surface is gradually 
covered with a monolayer of oxygen, until at 1.6 v. 
the rising current may be ascribed to evolution of
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molecular oxygen. In this range, therefore, molec
ular CO is brought to the surface by stirring and is 
oxidized before any accumulation of adsorbed CO 
is possible. Indirect oxidation by reaction with 
the adsorbed oxygen is judged improbable on the 
basis of the observation that adsorbed oxygen is 
not reduced by CO during the descending slow 
voltage sweeps.

The gradual decrease in current during the as
cending sweep in the range from 0.91 to 1.6 v. 
may be ascribed either to: (1) physical masking
of the surface by oxygen, reducing the effective 
geometric surface area, or (2) decrease in the rate 
constant for CO oxidation due to partial coverage 
with oxygen. Possibility (1) appears attractive 
here because of the very gradual decline in current 
as the oxygen coverage increases. However, for 
physical masking to occur, we might expect the 
passive film to develop in splotches considerably 
larger in diameter than the diffusion layer thickness 
(approximately 10~ 3 cm. in this case). There is 
no previous evidence for this being the case. 
Possibility (2) can clearly be invoked in methanol 
oxidation where only 10%  coverage of the surface 
with oxygen causes drastic decrease in the meth
anol oxidation current.7b This possibility is not 
so obvious here because of the gradual nature of the 
effect.

On a platinized electrode (roughness factor 100) 
the current was found to remain constant from 0.9 
to oxygen evolution, resembling a true limiting 
current. Here the increase in surface area may be 
held responsible for off-setting the effect of either 
possibility (1) or (2) above, and no final judgment 
may be made on the basis of the available informa
tion.

To help explain the abrupt rise in current above 
0.91 v. and the “hysteresis effect” during the des
cending sweep from 1.2 v., the current-voltage 
curve is plotted along the same potential abscissa 
as 0f =  1 — 6co — 6o in Fig- 10. During the 
ascending sweep Of has the value 0.25 until oxygen 
adsorption causes a dip near U  =  0.9 v. The cur
rent does not increase from its almost negligible 
value until Of undergoes its own abrupt increase 
toward 1. At this point the surface coverage with 
CO is zero, and remains zero throughout the 
(partially) diffusion-controlled region. During the 
descending sweep from 1.2 v., Of remains fairly 
constant and so does the current. At 0.95 v., the 
current begins to drop, CO is readsorbed, and 6F 
decreases. Current continues to flow during the 
descent from 0.91 to 0.85 v., in which range no 
current flowed during the ascending sweep. This 
additional current may be correlated with the 
higher values of Of  which occur in this region of 
enhancement of I .

We conclude that large CO oxidation currents 
occur at low coverage in all cases. During the 
ascending sweep, the small initial oxidation of CO 
at 0.91 results in lower coverage, which in turn 
increases the rate of oxidation, leading to an “ava
lanche” effect, and hence an abrupt rise in current. 
During the descending sweep, when the electro
chemical rate constant drops to a sufficiently low 
level, CO again tends to build up on the surface.

0 5 -
o  ASCENDING SWEEP 

a  DESCENDING SWEEP FROM 1.8V 

a  DESCENDING SWEEP FROM I 2 V

04
ulV ).

Fig. 9.—Fraction of surface covered with CO during 
periodic triangular sweep (0.04 v./sec.) as a function of po
tential, U.

0.04 v./sec. triangular sweep to 1.2 volts.

This would cause an abrupt decrease in current, 
were it not for the fact that the readsorption is 
delayed (by diffusion11), and the “hysteresis effect” 
is observed. The generalized conclusion is that 
high coverages with CO tend to poison its own elec
trochemical oxidation. There are at least two 
ways in which this may be accomplished: (1)
The electrochemical rate constant for oxidation of 
adsorbed CO may decrease with increasing cover
age. (2) The currents which flow at small, or zero, 
CO coverage may be considered as due to “unad
sorbed” CO which is not tightly bound to the sur
face and for this reason is more easily oxidizable.

This subject will be investigated further and the 
results published in a future paper. Some early 
evidence already favors possibility (2).

The limiting current density for hydrogen meas
ured under the conditions of our slow sweep may 
be written17

. , _  2 F D U , C h, 
lL ~  5

Writing a similar equation for CO 

2 F D c o C c q 6 f

(15)

(16)

where Of serves to empirically correct for the de
crease in current with decrease in Of - Taking 
CH, =  7.55 X 10~7 mole/cm.3, Cco = 8.92 X 
10-7  mole/cm.3-18 iV =  5.5 ma./cm.2, ¿l =  4.0 
ma./cm.2, and Of =  0.82, then from eq. 15 and 16

(17) P. Delahay, “ New Instrumental Methods in Electrochemis
try,”  Interscience Publishers, Inc., New York, N. Y., 1954, p. 219.

(18) “ Lange Handbook of Chemistry,”  Tenth Edition, McGraw- 
Hill Book Co.f Inc., New York, N, Y., 1961.
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D e o

D n t
0.75 (17)

Taking DH? =  4.1 X 10~6 cm.2/sec. (25°, H20 ) 19 
the approximate value obtained for D co is 3.1 X 
10-5 cm.2/sec.

The value of D co so obtained proves to be in

excellent agreement with that obtained under 
conditions of semi-infinite linear diffusion.11
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(19) G. Tammann and V. Jessen, Z. anorg. allgem. Chem., 179, 125 
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The fast flow pyrolysis of p-xylene was re-examined and the kinetics were followed by total analysis of the reaction products. Rate constants were determined for formation and subsequent destruction of p-methylbenzyl radicals and of toluene. These reactions are homogeneous and consequently unaffected by the type of surface in the pyrolysis system. The rate constant for formation of p-methylbenzyl radicals agrees with earlier results tha t were determined indirectly by analysis for H2. Equations were developed that give the conversions of p-xylene to p-methylbenzyl radicals and to toluene in terms of the pyrolysis temperature and residence time. When compared at like residence times, the conversions calculated by use of these equations agree within experimental error with results observed by other investigators. These equations also were used to calculate the amount of p-methylbenzyl radicals available for gas phase synthesis v i a  coupling with other radicals.
Introduction

When p-xylene is subjected to fast flow pyrolysis 
at low pressure, a mixture of products is obtained.2 
Most of the components of this mixture can be 
traced to a common intermediate, p-methylbenzyl 
radical, as outlined in Fig. 1. This intermediate is 
formed by thermal rupture of the C-H bond (eq. 
1 and 2) as the gas stream travels through the 
pyrolysis zone of the flow system. Most of these 
radicals then are dehydrogenated catalytically as 
the pyrolyzate streams away from the furnace8 
(eq. 3).

CH3- < ^  ^>—C H 3  ^ CH3— V - C H r  +  H-
' _  (1)

+  H2 (2)
2CH: >=CH2 +  H2

( 3 )

( 4 )

Side reactions comprise coupling of p-methyl
benzyl radicals to give 1,2-di-p-tolylethane and 
p-ethyltoluene. If formed in the pyrolysis zone,

(1) This work was done in the laboratories of the M. W. Kellogg 
Company. The data were acquired by the Minnesota Mining and 
Manufacturing Company with the purchase of the Chemical Manu
facturing Division of the M. W. Kellogg Company in March, 1957.

(2) L. A. Errede and J. P. Cassidy, J. Am. Chem. Soc., 82, 3653 
(1960).

(3) L. A. Errede and J. P. Cassidy, Paper XVII, J. Phys. Chem., in 
press.

these compounds can continue to react to give 
4,4'-dimethylstilbene and p-methylstyrene. In ad
dition the ditolylethane can rearrange to the 
o-methyldiphenylmethane, which in turn can be 
converted to the corresponding anthracene.2 When 
the pyrolysis conditions are severe, cycloôcta- 
tetraene and styrene are produced in appreciable 
amounts, presumably via successive thermal re
arrangements2.4 as indicated in Fig. 1. Déméthyl
ation is a major competing reaction that consumes 
p-xylene2 and complicates the pyrolysis.

Solutions of p-xylylene are prepared by collecting 
the p-xylene pyrolyzate in a solvent kept at — 78°.5 
When these solutions are warmed to room tempera
ture, the accumulated p-xylylene polymerizes 
rapidly to give insoluble poly-(p-xylylene)5 easily 
separated by filtration. The other non-volatile 
but soluble products (low molecular weight poly
mer, the diarylethanes, the diarylmethanes, and 
the anthracenes) can be recovered from the mother 
liquor by evaporation to dryness.2-6

It was shown2 that 96-100% of the phenyl units 
metered to the pyrolysis system as p-xylene can be 
accounted for if the non-volatile products are 
weighed as “p-xylyl equivalents” 2 and the volatile 
components (p-xylene, toluene, styrene, and p- 
ethyltoluene) are determined by mass spectrometric 
analysis of an aliquot sample. Since all the re
action products containing phenyl units are formed 
via a common intermediate, p-methylbenzyl radical 
as shown in Fig. 1, the sum total moles of stable 
end products exclusive of toluene represents the 
number of moles of p-methylbenzyl radicals gen
erated by pyrolysis of p-xylene.

(4) E. J. Prosen, W. H. Johnson, and F. D. Rossini, J. Am. Chem. 
Soc., 69, 2068 (1947).

(5) L. A. Errede and B. F. Landrum, ibid., 79, 4952 (1957).
(6) L. A. Errede, R. S* Gregorian, and J. M. Hoyt, ibid., 82, 5218 

(1960).
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O
X ►  C > C H  =  CH,

Fig- 1-—Reactions that account for the products isolated when p-xylene is subjected to fast flow pyrolysis at low pressure. Bold faced arrows indicate the main reaction paths and smaller arrows indicate less important side reactions.
These results suggested that the over-all pyrolysis 

kinetics could be followed by total analysis of the 
reaction products using a combination of gravi
metric analysis for non-volatile products and mass 
spectrometric analysis for volatile products. It 
was of interest to compare these results with those 
reported by earlier workers7-8 who studied the 
pyrolysis of p-xylene indirectly by measuring the 
rate of hydrogen and methane formation.

Results and Discussion

Since most of the products of p-xylene pyrolysis 
can be traced to p-methylbenzyl radicals as shown 
in Fig. 1, the pyrolysis picture can be simplified for 
the purpose of the kinetic studies to the following 
indicated reactions

non-isolated volatile products of thermal decomposition
(C)

It was shown that kx and ks are first-order re
actions.7-8 If one makes the assumption that k2 
is also a first-order reaction and that klt /c2, and k?, 
are the only reactions of importance that consume 
p-xylene (A) and p-methylbenzyl radicals (B), to 
give toluene (D) and non-isolated volatile products 
of thermal decomposition (C), respectively, one 
then can write the rate equations

d A  

d t
k±A -p k$A (5 )

(7) M. Szwarc, J. Chem. Phys., 16, 128 (1948).
(8) J. R. Schaefgen, J. Polymer Sci., 15, 203 (1955).

3 7  =  kiA — k2B  
at

d C

d t
k2B

(6)

(7)

where the letters A , B , and C  refer to the mole 
fraction of the components in question. Equation 
5 can be integrated to give

A  =  A oe~(kl+m  (8)

Substitution of (8) into eq. 6 gives

—  =  M oe-(fa+w* -  h B  (9) di

Equation 9 is a linear equation of the first order 
and it can be shown that the integrated form of eq.
9 is

B  =  k l A f ------—  [eifa-ife+Wit _  ! ]  (10)
k  2 — (fci +  k 3)

If we let K  =  ki +  k3 and divide both sides by t 
one obtains

F  _  B /A p  _  fcie~fei 
t t k2 — A

where F s is the fraction of p-xylene converted to 
p-methylbenzyl radicals. Equation 11 can be 
rewritten as eq. 12.

(9) F = 2wi/nx> where hn\ is the moles of p-methyTbenzyl radicals 
produced and isolated as “ p-xylyl equivalents,” 2 styrene, and p- 
ethyltoluene, and where nx is the number of moles of p-xylene metered 
to the pyrolysis system.
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TC-3

Fig. 2.—Pyrolysis system used for kinetic study of fast flow pyrolysis of p-xylene. Procedure and definition of numbered articles are given in the Experimental section.

Residence time (i)» see.
Fig. 3.—Plot showing log ratio of fractional conversion of p-xylene to p-methylbenzyl radicals (F ) over residence time (t ) as a function of residence time in seconds in a platinum lined Inconel tube.

l / T  +  10-*.
Fig. 4.—Arrhenius plot showing rate of formation of p- methylbenzyl radicals from p-xylene ( k i ,  0 )  and rate of destruction of p-methylbenzyl radicals to give non-condensable gases (fe, X ) as a function of reciprocal of absolute temperature. Pyrolyses were carried out in a platinum lined Inconel tube.

In (F /t) =  In fa — In {fa — K )  

fat +  In
r g(fo-iO(

(12)

The last term of eq. 12 can be expressed in the form 
of a power series which, if divided by t and if the 
terms for In {ki — K )  are combined, gives eq. 13.

In {F /t) =  In ki — fat 

{ki -  K )t
In 1 + 01 +

m  -  K ) n ~ i t n ~ i } ~

n!

(13)

When ki — K  is small the entire third term of eq. 
13 converges to zero as t approaches zero and for 
pyrolysis temperatures below 1050° can be neglected 
when t is <0.05 sec. Hence, eq. 13 reduces to its 
much simplified form, eq. 14, or to its alternate 
equivalent form, eq. 15.

In {F /t) =  In ki — fat (14)

F  =  fa te~hl (15)

If log F /t  is plotted as a function of t, the residence 
time, one should obtain a straight line. The inter
cept of this line at t =  0 gives the rate constant for 
p-methylbenzyl radical formation {fa) and the 
slope gives the rate constant for subsequent thermal 
degradation of the aromatic nucleus (fa).

The definition of residence time reported in 
earlier pyrolysis studies is sometimes rather arbi
trary. Here residence time (t) is defined as the 
average time the gas molecules are at reaction 
temperature. This was calculated by means of 
eq. 16.

GOdAP
t =  71 , . P7, (m seconds) (16)

n{ 1 +  x)R T

where A is the cross-sectional area of the pyroly
sis tube in cm.2, d is the length of the pyrolysis 
zone in cm., P  is the reaction pressure in mm., 
n is the p-xylene throughput in moles/min., x  is 
the fraction of p-xylene converted to other prod
ucts, R  is the gas constant in cm.3-mm./mole-deg., 
and T  is the weighted average reaction tempera
ture in °K. The pyrolysis zone (d) was defined 
arbitrarily as the distance through which the 
temperature of the gas stream was not less than 50° 
below its maximum, since it was observed that 
below this limit the relative contribution to total 
pyrolytic conversion is very small. The length of 
the pyrolysis zone was established by means of a 
sliding thermocouple in a central thermowell 
coaxial with the length of the pyrolysis tube.

Pyrolyses were carried out initially in the rela
tively small apparatus shown in Fig. 1 of ref. 5. 
This system later was modified as shown in Fig. 2 
of this publication to permit better control of the 
pyrolysis conditions. The multiple unit furnace 
enabled us to vary the pyrolysis zone from 8 to 40 
in. The pyrolysis tube was 6 ft. long and 1 in. 
i.d. It was fitted with a B/ 16 in. o.d. thermowell 
that extended the full length of the tube. The
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temperature was measured internally by means of 
a movable platinum-rhodium thermocouple. Tem
perature profiles indicated a sharp rise of about 
100°/in. to a thermal plateau where the temperature 
was constant within ± 2 °. At the exit side of the 
furnace system, the temperature fell sharply (about 
100°/in.) to about 500°. The length of the pyroly
sis zone was taken as the distance through which 
the gas was not less than 50° below the maximum 
temperature. A weighted average was recorded 
as the pyrolysis temperature. The throughput of 
p-xylene, metered as a liquid by means of a Zenith 
feed pump, could be controlled within ± 0.001  
mole/min. from 0.01 to 0.5 mole/min. The pres
sure within the pyrolysis tube was kept constant 
within ±0.1 mm. The pyrolyzate was collected in 
15 1. of heptane and about 700-g. aliquots were used 
for gravimetric analysis of the non-volatile prod
ucts after polymerization of p-xylylene. The 
volatile products were determined by mass spectro- 
metric analysis of a second aliquot sample of the 
mother liquor. The over-all results were reproduci
ble within 1 or 2%. Pyrolysis studies were car
ried out at 940, 1015, 1070, and 1110° using a plati
num-lined Inconel tube. The data are collected in 
Table I.

When the log conversion to p-methylbenzyl 
radicals (F ) at a given temperature divided by the 
residence time (i) was plotted as a function of the 
residence time, straight lines were obtained in 
agreement with eq. 15 as shown in Fig. 3. Ac
cordingly, the corresponding rate constants ki 
and were calculated from the intercept and slope, 
respectively, of each line. The Arrhenius relation, 
shown in Fig. 4, was obtained when log k was plot
ted as a function of the reciprocal of absolute tem
perature. Hence, fci and k2 were calculated to be

fci =  9.3 X  1013 exp(—76/R T )  (17)

k2 =  2.4 X 1014 exp (—78/72T) (18)

Equation 17 is in good agreement with the cor
responding rate constant reported by Szwarc,7 
who followed the reaction indirectly by measuring 
the hydrogen formation.

Pyrolyses also were carried out in a quartz tube 
of the same dimensions as the platinum-lined 
Inconel tube and comparable results were obtained, 
as shown in Table II. Similarly, the conversion to 
non-volatile “p-xylyl equivalents” was not modified 
appreciably when pyrolysis was carried out in the 
presence of various metallic surfaces10 as indicated 
in Table III.

These results confirm the earlier observation of 
Szwarc,7 who reported that conversion of p-xylene 
to p-methylbenzyl radicals is a homogeneous 
gas phase reaction; consequently the conversion is 
independent of the type of pyrolysis surface. On 
the other hand, conversion of p-methylbenzyl 
rzdicals to p-xylylene is a heterogeneous reaction,3 
but this affects only the distribution of products, not 
the over-all conversion to p-methylbenzyl radicals 
and daughter products.

When the log fraction of unreacted p-xylene
(10) The authors are indebted to R. M. Mantel] for performing these 

experiments.

6 7 8
i / rx io-«.

F ig. 5.— R a te  o f conversion  o f  p -xylene to  other products 
as a fu n ction  o f the reciprocal o f the absolute tem perature 
in a  quartz tube O  and in  a p latinum  lined Inconel tu be A.

3.5

3.0

■s 2.5
Wo
>
W 2.0 F A  □

n  >a
A  O A □

1.5 A ó
A
A

1.0 * ,

800 900 1000 1100
Temperature, °C.

F ig . 6.— T h e ratio  o f H 2 to  C H 4 produced  as a  fu n ction  of 
the pyrolysis  tem perature: O , Szw arc’ s7 results; A ,  Schaef- 
gen ’ s8 results; X ,  our da ta  using a  quartz pyrolysis  tu b e ; □  
our da ta  using a platinum  lined In conel pyrolysis  tube.

was plotted as a function of residence time at a 
given pyrolysis temperature, straight lines were 
obtained, indicating that the over-all pyrolytic 
disappearance of p-xylene is first order. The ob
served rate constants for conversion of p-xylene to 
other products in the platinum and the quartz 
reactors were plotted as a function of the reciprocal 
of the absolute temperature of reaction and a 
typical Arrhenius relationship was obtained in Fig.
5. Hence, the over-all rate constant for consump
tion of p-xylene to give total reaction products via 
several reaction paths was calculated to be

kz =  2.9 X  1018 exp(—48 kcal. /R T )  (19)

In this and previous studies7-8 it is noted that the 
ratio of H2 to CH4 produced is about 2/ 1. The 
ratio is independent of residence time but appears
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T able  I I I
E ffect of Pyrolysis Surface cn P yrolysis C onversion10

% Conversion to non-
Pyrolysis tube packing Pyrolysis conditions volatile product
Material Type T , °C. t (see.) Expected Observed

Copper Gauze 1025 0.06 10 10
Iron Gauze 1025 .06 10 8
Nickel Wire 1010 .06 7 8
Nichrome Wire 1010 .06 7 8
Platinum Gauze 1010 .06 7 7
Silver Wool 900 .06 Trace Trace
to increase with increase in pyrolysis temperature 
as shown in Fig. 6 . These observations can be 
accounted for by assuming toluene formation via 
reaction 20 as suggested by Szwarc7 or by reaction 
21 as suggested by Schaefgen.8

+  CH4 (20)

OH, — V  +  -CH3
(21)

a? ^  ^ -----x veryGIF—<f >  +  CH3—^  X —G I F ------ >' ----'  ' ------ '  fast
CH3- ^ 3  +  CEF— V - C H i -  (22)

Toluene, formed by abstraction of a hydrogen 
atom from a neutral molecule (as indicated in 
reaction 22), is consumed in turn by thermal re
actions analogous to those that convert p-xylene to 
daughter products as shown in Fig. 1. Equation 23 
can be derived in a way analogous to that for con
version of p-xylene to p-methylbenzyl radicals.

D  =  k3t exp {— kit) (23)

where D  is the fraction of p-xylene isolated as 
toluene, k3 is the rate constant for formation of 
toluene from p-xylene, kA is the over-all rate constant 
for consumption of toluene to give benzene and 
other degradation products, and t is the residence 
time. In accordance with eq. 23, straight lines 
are obtained when log D /t  is plotted as a function 
of t as shown in Fig. 7 ; hence k3 and fc4 were deter
mined from the intercept and slope, respectively, 
for each line. Straight lines also are obtained 
when log k3 and log fc4 are plotted as a function of 
the reciprocal of the absolute temperature as shown 
in Fig 8 . Consequently the rate expressions for 
/c3 and kt were calculated to be

k3 =  9.3 X  1012 exp(72/ST) (24)

Residence time, £, sec.
Fig. 7.—Plot showing log ratio and fractional conversion of p-xylene to toluene ( D )  over residence time ( t )  as a function of residence time in seconds.

l / r x  io-*.
Fig. 8.—Arrhenius plot showing rate of formation of toluene (fa, O) from p-xylene and rate of destruction of toluene (fc4, □ ) as a function of reciprocal of absolute temperature.

ki =  3.4 X 10H exp(80/ET) (25)

The fraction of p-xylene isolatable as toluene cal
culated by means of eq. 24 and 25 agrees within 
experimental error with the data reported by 
Schaefgen.8

The ratio of H2 to CH4 is about equal to the 
ratio of the fraction of p-xylene isolated as daughter 
products of p-methylbenzyl radicals (F) to the 
fraction of p-xylene isolated as toluene (D ) as shown 
in Tables I and II. This agreement suggests that

formation of p-methylbenzyl radicals (eq. 1) 
and toluene (eq. 21) might occur via simultaneous 
reactions as postulated by Schaefgen.8

The ratios of H2/CH 4 and C /D , however should 
be dependent on residence time as indicated by eq. 
26.

log (C /D ) =  log ( h /k 3) -  t =

log (H2/CH 4) (26)
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It was observed that the ratios in question appear 
to be independent of the residence time The 
contribution of residence time, however, is rela
tively small, and since other pyrolytic reactions 
such as cracking also are concurrent reactions, 
the small over-all effect of residence time might be 
masked within the range of experimental reproduci
bility.

On the other hand, Szwarc’s mechanism is 
favored when one considers the relative bond disso
ciation energies for rupture of Ar-CH3 and ArCH2-  
H bonds. The former requires about 90 kcal. 11 
and the latter about 75 kcal.11 The present data as 
well as that of Szwarc7 and of Schaefgen8 indicate 
that the activation energy for formation of toluene 
from xylene is from 72 to 82 kcal. This range is 
considerably lower than that required for direct 
thermal rupture of the Ar-CH3 bond, indicating 
that some form of secondary reaction is responsible 
for toluene formation, perhaps as suggested by 
Szwarc. The observations reported thus far, 
however, are mutually inconsistent and suggest 
that more research in this area is necessary before 
one can accept with confidence the true mechanism 
for pyrolytic formation of toluene.

The highest conversion of p-xylene to non-vola
tile “p-xylyl equivalents” realized by earlier 
workers7'8’12-15 was about 26%. It was suggested 
by Corley, et al.,u that even better results could be 
obtained if it were possible to carry out pyrolyses 
at relatively higher temperatures (<1150°) and 
correspondingly shorter residence times (<0.008 
sec.). This possibility was investigated in our 
Laboratory using the small pyrolysis system shown 
in Fig. 1 of ref. 5.

It was established2 that pyrolysis of p-xylene at 
1065 ±  5° and 0.0041 ±  0.0003 sec. residence time in 
the pyrolysis zone of this apparatus affords a 14 ±  
1%  conversion to non-volatile “p-xylyl equivalents.” 
Since this value represents about 90% of the p- 
methylbenzyl radicals generated by pyrolysis, 
simple gravimetric analysis appeared to be a 
convenient method for following the conversion 
of p-xylene to p-methylbenzyl radicals as a function 
of pyrolysis temperature and residence time. 
It was found that the reproducibility of the pyrol
ysis data was not sacrificed if one used only 100- 
cc. aliquots of the cold p-xylylene solution for 
determination of the “p-xylyl equivalents.” This 
simplification enabled us to use the main portion of 
the monomer solution (4.5 1.) for elucidation of the 
chemistry of p-xylylene. Most of our pyrolyses 
were carried out at below 5 mm. pressure to ensure 
high efficiency in conversion to this monomer 
(about 70-80%).3.«'6

In this way, data relating conversion of p-xylene 
to non-volatile “p-xylyl equivalents” (F) as a 
function of pyrolysis temperature (T) and residence 
time (t) were accumulated routinely over a period 
of many months. These data, collected prior to

(11) L. A. Errede, J. Phys. Chem64, 1031 (1960).
(12) R. N. Roper, private communication, 1953.
(13) R. S. Corley, H. C. Haas, M. W. Kane, and D. L. Livingston, 

J. Polymer Sci., 13, 137 (1954).
(14) M. H. Kaufman, H. F. Mark, and R. B. Mesrobian, ibid., 13, 3 

(1954).
(15) L. A. Auspos, L. A. R. Hall, J. K. Hubbard, W. Kirk, Jr., J. 

R. Schaefgen, and S. B. Speck, ibid., 15, 9 (1955).

our kinetic study already described, are summarized 
in Fig. 9, which is a two-dimensional projection on 
the T -t  plane of the three-dimensional surface 
relating F, T, and t. The data are shown on a 
semilog scale to provide adequate detail on a small 
graph. The contour lines represent the best 
lines drawn through isoconversion points that are 
reproducible within ± 1 %  with about 65% confi
dence. These isoconversion lines show the maxi
mum conversion area in the form of a long ridge, 
the crest of which is indicated by the dotted line. 
The highest point of this ridge represents a maxi
mum conversion of about 30-32%, realizable at 
about 1100-1150° and 0.020-0.025 sec. residence 
time. In general, those pyrolyzates in the area 
below 1050° and to the left of the ridge line were 
light amber and the polymer produced from these 
solutions was almost snow-white. In other areas, 
especially above 1050°, the pyrolyzates were dark 
amber to dark brown, indicating that considerable 
thermal degradation had occurred. The polymers 
produced from these solutions were amber in color. 
When exposed to ultraviolet light they appeared 
bright yellow or purple owing to absorbed 2- 
methylanthracene or anthracene, respectively, de
pending on the severity of the pyrolysis condition.

Below 1050° the intersections of c-t planes, 
with the three-dimensional surface represented 
by Fig. 9, are a family of curves with maxima 
that increase with increase in temperature as 
shown in Fig. 10. The dotted fines for 850 and 
800° were calculated by eq. 27 through 30 derived 
later and then checked by only one or two experi
ments; they do not represent examples of summary 
data and are included in Fig. 10 only to illustrate 
the trends.

These curves in Fig. 10 can be represented by

F ' =  A te ~ m (27)

or

log (F ’ l) =  log A  -  (5/2.3)« (28)

which are similar in form to eq. 14 and 15. Con
sistent with eq. 28, straight fines were obtained 
when log (F '/t)  was plotted as a function of t. 
The constants A  and B  were obtained from the 
intercept and slope, respectively, of each fine and 
the results were plotted in Fig. 11 as a function of 
the absolute temperature. Typical Arrhenius re
lationships are noted below 1040°, whereas above 
this temperature an inversion occurs and the slopes 
become positive. Apparently thermal degradation 
of the aromatic nucleus becomes significant above 
1050° and this has an adverse effect on conversion to 
non-volatile “p-xylyl equivalents.” Accordingly 
the conversion to p-xylylene is not increased ap
preciably above that already realized by Corley, 
et al.,13 when pyrolysis is carried out at higher 
temperatures and correspondingly shorter residence 
times as shown in Fig. 9.

The simplifying assumption that the non-vola
tile products represent >90% of the p-methylbenzyl 
radicals produced by fast flow pyrolysis is not valid 
above 1040°. Below this temperature, however, 
A  and B  are given by eq. 29 and 30.
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10 X  10-« 10 X  10-« 10 X  10-1

Residence time, sec.
Fig. 9.—Yield contour plot for conversion of p-xylene to p-methylbenzyl radicals as a function of pyrolysis temperature and residence time. Data accumulated routinely over a period of many months using quartz pyrolysis system and simplified gravimetric procedure.

Residence tim e, sec. (i).

Fig. 10.—% conversion of p-xylene to p-methylbenzyl radicals as a function of residence time.
A  =  2.61 X 1016 exp(—83.2/Kr) (29)

B  =  8.45 X 10u exp(—79.6/R T )  (30)

Equations 29 and 30 are reasonably close to the 
rate constants ki and k2 given in eq. 17 and 18.

Although eq. 29 and 30 are not valid rate ex
pressions, they can be used to check the data 
reported by earlier workers.12-15 These reported 
data for conversion of p-xylene to non-volatile 
“p-xylyl equivalents” at supposedly the same 
pyrolysis temperature and residence time are not 
in agreement from one laboratory to another. 
These differences appear to be manifestations of 
arbitrary ways for defining residence time. To 
compare some of the earlier data with our results, 
a correction factor was applied to the residence 
times reported from a given laboratory. Ac
cordingly, the residence times reported by Corley, 
et al.,n  were divided by two, whereas those re
ported by Schaefgen8 were used uncorrected. No 
residence time was reported by Kaufman, et al. ,14 
but this information could be calculated from the 
reported throughput of p-xylene, their description 
of the pyrolysis system, and the use of eq. 16 of this 
publication. Figure 12 shows the close agreement 
between these pyrolysis data and the corresponding 
data calculated by means of eq. 16, 27, and 28.

The universal reproducibility gave us confidence 
in the reliability of these equations; hence, they 
were used to determine the amount of p-methyl- 
benzyl radicals available for reaction when con-

1 / r  x 10-*.
Fig. 11.—Plot showing the A  and B  terms of eq. 27 as a function of reciprocal of absolute temperature.

%  Conversion calcd.

Fig. 12.—Comparison of calculated and observed per cent conversion of p-xylene to non-volatile “p-xylyl equivalents” : O, data from Kaufman, e t  a l . , 1* residence time calculated on the basis of descriptive data; X, data from Schaefgen8; A, data from Corley, e t  a l . , 13 residence times reported were divided by two owing to arbitrary difference in defining length of pyrolysis zone; 0 ,  data obtained by Errede and DeMaria using a larger pyrolysis system, shown in Fig. 2.
ventional methods of analysis were not applicable. 16 
The conversion and yields of monofunctional and 
difunctional derivatives of p-xylene produced via 
reaction of p-methylbenzyl radicals and/or p- 
xylylene with other radicals in gas phase were 
compared with the corresponding calculated 
amounts using these equations. Relatively good 
agreement was noted, as described in our other 
publications. 3'16

Experimental
Procedure for Gravimetric Determination of “p-Xylyl Equivalents.”—The apparatus shown in Fig. 1 of ref. 5
(16) Paper X V I ,  L . A . Errede and J. P. Cassidy, J. Phys. Chem., in  

press.
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was used in this investigation. Fast flow pyrolysis of p -  xylene a t low pressure was carried out under predetermined reaction conditions according to the procedure described previously.5 The pyrolyzate was collected in a weighed 6-1. flask containing 4.5 1. of solvent, usually heptane, kept at — 78°. After accumulation of about 0.5 mole of jo-xylylene, pyrolysis was terminated an d . the internal pressure of the evacuated system was equalized to that of the atmosphere by addition of nitrogen. The monomer receiver (no. 7) was disengaged from the pyrolysis system and weighed. The reaction mixture was agitated vigorously to ensure uniform suspension of crystalline p-xylene and three aliquot samples were withdrawn by means of a prechilled 100-cc. rapid delivery pipet. The aliquots were added to weighed erlen- meyer flasks which then were warmed to room temperature. The flask again wasjweighed and the contents evaporated in a stream of nitrogen to constant weight at room temperature. A small amount of polymer (about 1-3 g.) always deposited in the form of a film on the unprotected surface of the monomer receiver (no. 7) above the level of the liquid. The weight of this film was added to the average total weight of non-volatile products calculated from the aliquot samples.In this way, all of the cold p-xylylene solution, minus the aliquot samples, was available for elucidation of the chemistry of this pseudo-diradical as described in preceding publications.5’6
Fast Flow Pyrolysis of p-Xylene.—The pyrolysis system was assembled as shown in Fig. 2. The p-xylene reservoir consisted of a modified 2-1. graduate (1) and a 50-1. buret (2 ) installed in a series so that the feed rate could be checked continuously during the pyrolysis. The p-xylene was fed to the evacuated system by means of Zenith feed pump (3) back pressured to 50 p.s.i. An overflow (4) fitted to a conical flask (5) kept at 100° at its top and 150° at its bottom served as the vaporizer for p-xylene. The pyrolysis tube was 6 ft. long and 1 in. i.d. I t  was fitted with a 6-ft. thermowell (6 ) 5/ i6 in. o.d. which contained a 6-ft. movable platinum-rhodium thermocouple protected by a 18-in. Inconel sheath. Two pyrolysis tubes were used alternately. One was made of quartz and the other was made of Inconel lined internally with a 0.005 in. layer of platinum supported on a 0.025 in. layer of nickel. The pyrolysis furnace consisted of four 12-in. 4000-watt heating units made of coiled-coils of Kantal wire. A smaller unit was used at the base of the furnace to heat the nozzle that protruded into the monomer condenser. Each heater was controlled by a Wheelco Capacitrol unit (7-11). The monomer condenser was a kettle (1 2 ) 2 ft. in diameter and 15 in. deep, made of %  in. stainless steel. Its cover was fitted with a stirrer (13), pyrolysis nozzle inlet, solvent
(17) L. A. Errede and J. M. Hoyt, J. Am. Chem. Soc., 82, 436 (1960).
(18) L. A. Errede. J. M. Hoyt, and R. S. Gregorian, ibid., 82, 5224 

(I960).
(19) L. A. Errede and W. A. Pearson, ibid., 83, 954 (1961).
(20) L. A. Errede and R. S. Gregorian, J. Polymer Sci., 60,21 (1962).

inlet (not shown), and a gas outlet. The bottom was fitted with a Dry Ice-acetone cooling bath (14) through which extended a drain spout (15).Two alternate 1-1. capacity traps (16 and 17) cooled with liquid air were used to collect any condensable product that escaped condensation in the Dry Ice trap. The system was evacuated by means of a 800 l./m in. Beach-Russ pump (pump no. 1). The pressure was regulated by means of a continuous nitrogen bleed (18). A Toepler pump (19) serviced by a regular 33 l./m in. Welch pump (pump no. 2) was used to collect samples of the non-condensable gases. The pyrolysis pressure was recorded a t the outlet (20) of the first condenser. The pressure at the top (21) of the pyrolysis tube was about 1 mm. higher than tha t recorded at the outlet. When not in use the pyrolysis system was filled with nitrogen. In general, pyrolyses were carried out as described below.
The system was evacuated and the heaters were adjusted to give the desired temperature over the desired length of pyrolysis zone. The cold traps were chilled to Dry Ice and liquid air temperature. Fifteen liters of heptane were metered through copper coils imbedded in the Dry Ice bath and then into the monomer condenser where the solvent was kept in circulatory motion by the motor-driven stirrer. The pressure was adjusted to the pre-selected value and p-xylene was metered through the Zenith feed pump at a predetermined rate to give the desired residence time, calculated as described in the Discussion. About 1060 g. (10  moles) of p-xylene was pyrolyzed in each run.At the end of the pyrolysis, the solution produced in the Dry Ice cold trap was drained through the bottom of the condenser into a weighed receiver. Three weighed aliquots were taken (about 700 g. each) for gravimetric analysis. The remaining solution (about 2 1.) was used to elucidate the chemistry of p-xylylene as described previously.5’6'17-20 Less than 1% of the accumulated p-xylylene remained in the receiver as polymer.
The three aliquot samples were warmed to room temperature and the insoluble poly-(p-xylylene) produced thereby was separated by filtration. A 10-cc. sample of the mother liquor was taken for mass spectrometrie analysis of the volatile components; the remainder was evaporated to constant weight. The weight of insoluble polymer and residue of soluble non-volatile products of pyrolysis and polymerization was taken as the weight of “p-xylyl equivalents” in the aliquot. The average of the three aliquots, which agreed within 1- 2 %, was recorded as the best value. The mass spectrometrie analysis data for p-xylene, toluene, styrene, p-ethyltoluene, etc., were accurate within 1 0 %. The data are collected in Tables I and II.
Gas samples were taken by means of the Toepler pump in the usual way. The composition of the gas sample in mole % was determined by mass spectrometrie analysis. The major components were H2 and CH4 with trace amounts of ethylene, propylene, acetylenes, and butenes. The ratios of H2 and CEL are shown in Fig. 6 .

7 -IR R A D IA T IO N  OF S M A L L  M O L E C U L E S  A T  4 A N D  77° K .1

B y R o l a n d  E . F l o r i n , D a n i e l  W . B r o w n , a n d  L eo  A. W a l l  

P o l y m e r  C h e m i s t r y  S e c t i o n ,  N a t i o n a l  B u r e a u  o f  S t a n d a r d s ,  W a s h i n g t o n ,  D .  C .

Received May 31, 1962

The y-irradiation of CIL, CF4, and SiF4 was investigated by electron spin resonance both at 4 and 77°K. The influence of inert matrices of Xe also was studied and found to be useful in trapping radical species, particularly at 77 Tv. The electron spin resonance spectra for the radicals CH3 and CF3 were altered profoundly by both temperature and presence of the matrix, whereas that for SiF3 was not. Spectra from several irradiated fluorocarbons also are reported.
1. Introduction

The atoms and radicals formed by irradiating 
small molecules are interesting as the simplest 
prototypes of radicals to be expected in irradiated 
polymers where identification is less certain.

(1) Based on work supported by the Aeronautical Research Labora
tory, Wright Patterson Air Force Base, Ohio.

The main features of the e.s.r. spectrum of C ll3 
are now well known.2 There are four lines, resulting 
from hyperfine interaction of the odd electron with 
the three methyl hydrogen atoms. However, in

(2) (a) C. K. Jen, S. N. Foner, E. L. Cochran, and V. A. Bowers,
Phys. Rev., 112, 1169 (1958); (b) L. A. Wall, D. W. Brown, and R. E.
Florin, J. Phys. Chem., 63, 1762 (1959).



Dec., 1962 7-Irradiation op Small M olecules at 4 and 77°K. 2673

irradiated methane at 4°K., the lines are rather 
broad. Upon heating to 20°K., the lines are nar
rowed somewhat, presumably because greater 
freedom of rotational motion has decreased the 
line broadening effect of anisotropic hyperfine 
interaction in the poly crystalline medium; the 
line shape is also somewhat complicated. Un
fortunately, the lifetime of radicals in irradiated 
pure methane at 77°K. is too short for observa
tion by ordinary methods. To obtain radicals at 
relatively high temperatures, where greater free
dom of motion and sharper lines could be expected, 
the use of xenon as a trapping matrix at 77 °K. 
(m.p. 161 °K.) appeared promising. In connection 
with current interest in fluorocarbon polymers, 
the simple fluorine-containing molecules CF4 and 
SiF4, and others slightly more complicated, also 
were irradiated.

2 . Experimental
The techniques have been described previously.211 About 1 mmole of sample in the lower end of a high-purity silica tube 0.3 by 70 cm. was irradiated at 4 or 77°K. by a Co60 y source giving approximately 5 X 105 r./h r. Before irradiation, mixing was ensured by allowing the sample to remain as vapor for several hours and rapidly condensing in the lower end of the tube. Samples to be used at 77°K. were melted and refrozen rapidly after the initial condensation. The detailed phase behavior of the solid mixtures is unknown. At. 77°K., the volatility of CH4 and CF4 could have permitted redistribution of components during irradiation, although no gross changes were evident. Samples were observed with a Varian 4500 e.s.r. spectrometer, the cavity of which accommodated the lower tip of a dewar containing the sample in a bath of He, Hs, O2, or CH4. Microwave frequency was near 9200 Me. and power level in the cavity was in the range of 0.3 to 1 mw. A low-power bridge was used for some of the work at 4°K., and 100-kc. field modulation was used with some of the observations at 20 °K. and in all work at 77°K. At 77°K., saturation usually was unappreci- able at- microwave power levels of 1 to 3 mw.; lower power levels than this usually were required a t the lower temperatures.

3. Results and Discussion
Spectra of CH3 and CF3 at 77°K.—The e.s.r. 

spectrum of irradiated CH4 is due to CH3 and H 
at 4°K. and to CH3 alone at 20°K. and in the Xe 
mixtures at 77°K. The different spectra are shown 
in Fig. 1. Undiluted CH4 and CF4 show no radicals 
at 77°K. Besides the regular spectrum, the usual 
sharp hydrogen atom lines of low integrated in
tensity, commonly observed in irradiations con
ducted in quartz at 77°K., were evident as well, 
even in irradiated SiF4 and CF4.

Some specimens of CH4, observed at 4 or 20°K., 
after annealing at 20 °K., and the CH4-rich Xe 
mixtures observed at 77°K., exhibit satellite peaks. 
For the 77°K. specimens, the most prominent posi
tions, which are poorly defined, appear to be —26 
and —9 gauss from the first peak, and + 9  gauss 
from the fourth peak (Fig. IB). There are further 
peaks at 20°K. (Fig. 1C).

These satellites may be due to multiple sites, 
CH3 in a CH4 matrix having slightly different 
spacing parameters from CH3 in Xe. Another 
possible cause is a combination of anisotropic 
g-tensor and anisotropic hyperfine structure; the 
former can give rise to over-aÛ dissymmetry, and the 
latter, with appropriate values of parameters, can 
give the appearance of as many as three derivative 
peaks in one actual line.3.4

Fig. 1.—E.s.r. spectra of CH3 and CFa: A, 23% CH4 in Xe a t 77 °K.; B, 69% CH, in Xe, 77°K ; C, CH4 at 20°K ; D, CH4 at 4 °K ; E, 15% CF4 in Xe a t 77°K.
The lines of the low CH4 mixture (23% CH4) 

at 77°K. are well separated even in the integral. 
The separation is poorer in the CH4-rich material; 
although the derivative peak widths differ but little, 
the width at half maximum absorption is about 20%  
greater in the 69% CH4 mixture. The width at 
which the derivative attains half its maximum 
value is more easily measured, and is listed in 
Table I for various irradiated methane samples, 
along with the derivative peak width. In a sample 
cooled to 20 °K., these width parameters are hardly 
greater than at 77°K., and in a sample irradiated 
at 4° and annealed at 20°K., they actually are less, 
but in both of these cases there is extra satellite 
line structure. The appreciably greater width of 
samples irradiated at 4 or 20°K. and kept without 
heating may be due mainly to these satellites. 
Rotational jumps presumably are frequent in an 
important number of sites at all temperatures and 
in all mixtures. There is no evidence for It ■ - Xe 
hyperfine interaction similar to that seen in HI +  
Xe5; either the wave-function of CHS does not mix 
with the electron wave function of xenon as well as 
is done by the S-function of H atoms, or rapid 
relaxation at 77 °K. broadens such hyperfine struc
ture beyond detection. In the latter case, xenon 
hyperfine structure fields might be detectable at 
4°K.

(3) S. M. Blinder, J. Chem. Phys., 33, 743 (1960).
(4) E. L. Cochran, F. J. Adrian, and V. A. Bowers, ‘ ‘Anisotropic 

Hyperfine Interactions in the ESR Spectra of Alkyl Radicals,” Paper 
presented at 138th National Meeting of the American Chemical 
Society, New York, N. Y., September, 1960.

(5) S. N. Foner, E. L. Cochran, V. A. Bowers, and C. K. Jen, Phys. 
Rev. Letters, 2, 43 (1959).
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- 5 0 0  0 500
Fig. 2.—E.s.r. spe;trum of CF< irradiated at 4°K. Lines of 

77 °K. spectrum, Fig. IE , shown for comparison.

The main peaks of CF3, in CF4-X e  at 77°K., 
almost coincide with those of CH3 (Fig. IE). 
The over-all spacing (peak 1 to peak 4) is only 
about 1 to 1 .5  gauss less in CF3, and the p-value 
is 0 .0 0 0 3  ±  0 .0 0 1 0  unit less. The CF3 spectrum 
also contains two pairs of faint sharp peaks out
side the main spectrum, at —52 and —45 gauss 
from peak 1 and at + 24  and + 3 3  gauss from peak
4. They are not symmetrical about the center; 
in each pair the weaker member lies at the lower 
field. Together they account for less than 1 0 %  
of the total absorption, and they are less subject 
to power saturation than the main system. They 
do not appear in irradiated empty quartz tubes, 
and may possibly be due to reaction products of 
the quartz surface with fluorine atoms or fluoro
carbon radicals. In view of the recent discovery of 
XeF4 [H. H. Claassen, H. Selig, and J. G. Malm,
J. Am. Chem. Soc., 84, 3593 (1962)], the species 
X e129F should be considered.

Spectrum of Irradiated CF4 at 4°K.— The spec
trum of CF4 irradiated at 4°K. (Fig. 2) is com
pletely different from the 77°K. CF3 spectrum 
(Fig. IE), and has no obvious relation to a CF3 
radical. Ultraviolet-irradiated CF3I is reported to 
give a somewhat similar spectrum, except for the low- 
field region.6a Conceivably, the diffuse low-field 
peaks and the most intense sharp peak may be due 
to F atoms, for which an abnormal spectrum is 
plausible. It has been suggested in view of con
siderable negative evidence that halogen atoms 
generally will be undetectable because of rapid 
relaxation broadening.2a In the gas, Radford8 
finds intermediate-field conditions at usual fields 
and frequencies, with g  =  4/ 3, a large hyperfine

(5a) F. J. Adrian, E. L. Cochran, V. A. Bowers, "ESR Studies of 
Inorganic Free Radicals in Photolytic Systems,” Paper presented at 
the 142nd National Meeting of the American Chemical Society, At
lantic City, N. J., September, 1962.

(6) H . E . R a d ford , Bull. Am. Phys. Soc., [2] 3, 325 (1958).

Fig. 3.—E.s.r. spectra of irradiated fluorocarbons at 77°K.: A, C2F4; B, C3F6; C, CjF«; D, C6F6; E, C,F16.

coupling, and allowed and forbidden lines covering 
a wide range of magnetic fields. The V and Vt 
centers of irradiated LiF7 have some slight bearing 
on the condition of F atoms in a condensed system, 
since they can be represented as F atoms coordin
ated with ions, (F --F~) and (F -~ -F _F - ), re
spectively. The hyperfine spacings in the latter 
are very large (400-1600 gauss), highly orienta
tion-dependent, and unsymmetrical about g =  2.

In the present spectrum, if we provisionally ex
clude the low group of peaks and the very sharp 
peak at +150 gauss as due to F atoms, possibly 
the remaining sharp peaks at + 88, +28, —35, 
and —97 gauss could be attributed to non-rotating 
CF3 with a very large anisotropic hyperfine inter
action, and the more blunt peaks could be the ex
tended tails of the typical anisotropic line shape.

Spectra of Irradiated Fluorocarbons.— In C2F4, 
C3F6, C7F14, C6F6, and CtF«, the e.s.r. derivative 
curves (Fig. 3) are characterized by a relatively 
broad plateau, implying an absorption curve of ap
proximately triangular shape. Less intense absorp
tion occurs in a region 500 gauss wide. The satu
rated fluorocarbon C7F16 exhibits a much sharper 
central region in addition to the plateau. Traces 
of structure are seen, but are inadequate for identi-

(7) M. H. Cohen, W. Kanzig, and T. O. Woodruff, J. Phys. Chem. 
Solids, 11, 120 (1959).
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fication. Table II shows, for various irradiated 
fluorocarbon spectra, the region at which sub
stantial absorption begins.

Table I
P eak Widths in E.s.r . Spectra op I rradiated Methane

AND c f 4
Derivative 
peak width, Peak width “ A,1

Sample and peak gauss gauss®
CF4 +  Xe (14%), 77°K. 5 .5 10 .5
CH4 +  Xe (23%), 77°K. 5 .5 10 .7
CH4 +  Xe (68%), 77 °K.

3rd 6.0 1 0 . 5
4 th 5.6 13 .0

CH4 +  Xe (23%), 20°K.
3rd 5.5 8.4
4 th 5.3 1 1 .2

CH4, 4 or 20°K.
3rd 6 . 2 16 .2
4 th 8 . 2 20.6

CH4, 4°K., heated 20 °K.
3rd 4 . 2 8.5
4th, main line 4 . 2 7.7
4th, over-all 4.25 16.0
° Separation between points at which derivative reaches 

half maximum value.

T able II
E.s.r. Spectra of Irradiated F luorocarbons

Material
CîF«
C„Fe
C7F14
CjFj
OjFw
C7F16 (central)

Beginning of derivative plateau, 
gauss from center
-  74 to -  58 
- 18 6  to - 1 3 2  
- 18 6  to - 1 3 2  
- 16 8  to - 1 1 8  
- 18 2  to - 14 4
-  45

The spectra of C3F6 and C7T14 are quite similar; 
the plateau is more than twice as wide as in C2F4. 
The similarity may indicate similar numbers of 
interacting fluorine atoms, and the extra width 
over C2F4 may be a measure of the extra interacting 
atoms. The observed spectra may be due to more 
than one radical species present together, e.g., 
CF3CF2- and CF2= C F - ;  C6F6- and C6F7-; 
CF3CF2CF2-, CF3C = C F 2, CF2=C F C F 2-, and 
numerous primary and secondary radicals from 
C7F16.

The spectrum of irradiated C6F6 has no obvious 
resemblance to that of irradiated CeH6, which 
consists of three fairly well separated groups of 
peaks and which has not yet been explained.8 
The great breadth and poor line separation in all 
these solid fluorocarbons are in contrast to the well 
developed line structure of warm irradiated poly- 
tetrafluoroethylene, and to the close resemblance 
of proton and F19 splittings found in liquid solutions9 
and in CF4 +  Xe. Little identification will be 
possible without spectra of pure known fluoro
carbon radicals in liquid and solid media.

(8) N. Ya. Buben, I. I. Chkeidze, A. T. Koritzky, Yu. N. Molin,
V. N. Shamshev, and V. Voevodsky, “ E3R Investigations on Energy 
Transfer in Radiolysis of Organic Substances,”  Paper presented 
before the 5th International Symposium on Free Radicals, Uppsala, 
Sweden, July 6 and 7, 1961, Fig. 2a.

(9) D. H. Anderson, P. J. Frank, and H. S. Gutowsky, J. Chem. 
Phya., 32, 196 (I960),

Fig. 4.—E.s.r. spectra of irradiated SiF4: A, at 4°K .; B, 
at 77 °K.

Fig. 5.—E.s.r. spectrum of irradiated SiF4: A, derivative at
77°K.; B, integral at 77°K.; C, proposed line scheme.

Spectrum of Irradiated SiF4.— Irradiated SiF4 
gave essentially the same spectrum at 4°, 77°, and 
112°K., and in Xe mixtures (Fig. 4). The be
wildering complexity is simplified somewhat by 
examining the integral (Fig. 5). At first sight, the 
envelope of the integral seems to display four groups 
of peaks with group intensity ratios 1 :3 :3 :1 , 
as required for SiF3 with three equivalent F. 
However, the center spacing is too large, and there 
is proposed instead the more complicated scheme
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at the bottom of Fig. 5. The distribution is de
veloped from a large splitting of 176 gauss for one 
F, a smaller splitting of 100 gauss for each of the 
other two F atoms, and small nearest-neighbor 
interactions of 18 gauss with three or five equiva
lent F atoms on neighboring SiF4 molecules. The 
faint lines around —286, +252, and ±426 gauss 
(Fig. 4B) are then the more prominent parts of an 
extension involving the Si29 nucleus (abundance 
5%, spin 72, magnetic moment —0.55477) with 
a very large splitting of 245 gauss. This scheme 
accounts for most of the visible lines. The failure 
of equivalence for all three F atoms is unexpected, 
but consistent with the possible electronic structures 
of atoms in the second row of the periodic table, 
where d-orbitals can be used. An example of such 
non-equivalence occurs in the stable molecule C1F3,10 
where analysis of the n.m.r. spectrum reveals one 
F different from the other two.

The presence of so many distinguishable lines 
suggests that the hyperfine interactions are pre
dominantly isotropic and that the SiF3 radicals are 
free to rotate at the lowest temperatures.

Yields and Stability.— The concentrations 
reached at several doses, and the radiation G- 
values, radicals per 100 e.v. of energy absorbed, 
are shown in Table III.

T a b l e  I I I
R a d ic a l  C o n c e n te a t io n s  an d  R a d ia t io n  (7-Va l u e s  foe 

I r r a d ia t e d  C om pounds

D ose, C on cn .,
T em p., e .v ./g . radicals per G, radicals

M aterial °K. X  1 0 - “ g. X io-i= per 100 e .v .

c h 4 4 28 26.2 0.9
CH4 +  Xe (90) 77 6 0 . 0

C fi4 +  Xe (6 8 ) 77 6.7 1 . 1 .17
CH4 +  Xe (23) 77 14.0 0.9 .07
CH4 +  Xe (2 1 ) 77 6.16 0.3 .05
c f 4 4 9.16 4 .1 .45
CF4 +  Xe (90) 77 8 . 8 6 0.009 . 0 0 1

CF4 +  Xe (72) 77 8.48 . 0 1 . 0 0 1

CF4 +  Xe (46) 77 7.9 .08 . 0 1

CF4 +  Xe (14) 77 6.16 .015 . 0 0 2

CF4 +  Xe (14) 77 14.1 . 0 2 .0015
SiF4 4 9.15 3.8 .42
SiF4 77 7.01 3.1 .44
SiF4 -f- Xe (18) 77 6.17 0.9 .15
C2F 4 77 8 . 8 4.4 .5
CsFs 77 8 . 8 1 2 . 2 1.4
c ,f 14 77 8 . 8 4.3 0.5
CeFe 77 7.01 2 . 1 .3
C7F 16 77 7.01 4.4 . 6

“ Figures in parentheses are mole % of substrate in xenon
The values for the CF4 +  X e and CH4 +  Xe 

mixtures are liable to unusually large errors con
nected with sample dimensions. Most of the CH4 
and CF4 mixtures decay to 40-70% of the initial 
concentration in 30 hr. at 77°K. and almost com
pletely in a few hours at 90°K. Consideration of 
the decay rate and the time in the radiation 
source (38 hr. for 6.16 X 1022 e.v./g.) would lead to

(10) D. F. Smith, J . C k em . P h y s . ,  21, 609 (1953).

an estimated initial (7-value 30 to 50% higher than 
the values in the table, assuming that the decay is 
second order and that one can apply the usual 
hyperbolic tangent formula without complications.

The (j-values for CH3 and CF3 at77°K. are much 
lower than at 4°K .; that for CF4-X e  at 77°K. is 
especially low. These low values may be partly 
due to recombination with H and F atoms which 
would be rather mobile in molecular crystal matrices 
at 77°K. and evidently are not trapped. Nitrogen 
atoms, of dimensions comparable to F, are not 
trapped in Xe at 77 °K.

CH4 — ^ CH3 +  H

H +  CH3 — > CH4
A certain number of H atoms are removed by H +  H 
combinations H +  H -> H2, permitting the ac
cumulation of CH3. In CF4 the corresponding 
combination

F +  F — > F2

produces a species which is still reactive 

CFS +  F2 — > CF4 +  F

unlike the H2 from CH4. This mechanism for the 
removal of CF3 perhaps contributes to the very 
low observed yield at 77°K., although it does not 
prevent high yields of radicals from other fluoro
carbons.

The efficiency of X e as a trapping matrix at 77 °K. 
presumably is connected with its higher m.p. and
b.p. (m.p. 161 °K , b.p. 166°K ; compared with 
CH4 m.p. 89°K , b.p. 113°K, CF4 m.p. 89°K ,
b.p. 145°K.). There is an appreciable radical 
yield even at the high CH4 content, about 69 mole 
%  CH4, where the matrix may be considerably 
modified. In accounting for the relative inde
pendence of yield with respect to composition, it is 
uncertain at this time what roles are played by 
energy transfer from xenon to methane, and by 
concentration and nature of the trapping sites. 
Considerable mutual solubility of Xe and CH4 
may occur, for the molar volumes, estimated at 
49 and 38 cm.8, respectively, are not too dis
similar.

The yields of radicals in irradiated SiF4 are rela
tively independent of temperature and roughly 
proportional to concentration, and the radicals in it 
do not decay very rapidly even at 120°K.

The radical yields from the larger fluorocarbon 
molecules at 77 °K. are comparable to those from 
CF4 at 4°K .; that from C6F6 is the smallest in this 
group, but larger than the yield in the polymer 
(C6F5CHCH27.

The sample of C2F4 produced less than 1 mg. of 
polymer upon rapid warming, showing that the 
large concentrations of radicals existing at 77°K. 
predominantly disappeared by combination in 
preference to adding C2F4 units. This is in con
trast to the nearly 100% conversion of C2F4 to 
polymer when irradiated to only 1018 e.v./g. at 
193°K., at low dose rates.
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MATRIX EFFECTS IN THE GASEOUS H ATOM-CONDENSED OLEFIN 
SYSTEM; SURFACE REACTION— OLEFIN DIFFUSION MODEL

B y  R alph  K lein  and M ilton  D . Scheer  

N ational Bureau o f Standards, W ashington 25, D . C.

R ece iv ed  J u n e  4 , 1 96 2

The reaction between hydrogen atoms, produced in the gas phase, and a condensed film of an olefin depends markedly on 
the matrix. This matrix may be either the pure olefin or a mixture of the olefin with a diluent. The model consistent with 
the experimental data is one in which the H  atom addition to the olefin occurs as a surface reaction. The olefin is replen
ished by diffusion from the interior. Two characteristic lim iting processes may be distinguished. One involves a diffusion- 
controlled, and the other a chemical reaction-controlled rate. The reaction products, that is the monomer to the dimer 
alkane ratio, depend on the m obility of the alkyl radical formed on the surface.

The reaction between hydrogen atoms, generated 
on a hot tungsten filament, and olefin films con
densed below 100°K., has been observed for a 
variety of terminal unsaturated hydrocarbons.1’2 
Several features of this type of system led to a 
physical model consistent with the experimental 
observations.3 Hydrogen atoms were assumed to 
diffuse into the solid. They reacted by terminal 
addition to give secondary radicals which dispro- 
portionated and dimerized to give the stable end 
products.4 5'8 Diffusion of hydrogen atoms into the 
olefin layer appeared to explain the results obtained. 
Large differences in the rates of hydrogen atom 
pick-up by various olefins (the absence of reaction 
with n-hexene-1 and butene-2, as compared to 
propene and butene-1, for example) were ascribed 
to small differences in the activation energies. This 
was not in agreement with gas phase experiments, 
where the rates for H atom addition were ap
proximately the same for a variety of olefins, in
cluding those with an internal double bond. How
ever, the lower temperature rate measurements 
would reveal small differences in activation energy 
that would not have been evident in the higher 
temperature regions, particularly if the activation 
energy for the reaction were sufficiently small.

Several additional experiments with the hydrogen 
atom-solid olefin system have indicated that the 
previously postulated model requires modifica
tion. It has been found that the immobilizing 
effect of the matrix, whether it consists of the olefin 
alone or an admixture of the olefin with inerts, 
greatly affects the reaction rate as measured by 
either hydrogen pick-up or saturate formation. 
We have found that n-hexene-1 appears to be inert 
at 77°K. when present in 100% concentration, 
but shows considerable reaction with atomic 
hydrogen when diluted with propane, propene, or 
any other substances which substantially increase 
diffusion in the solid. The rate of hydrogen uptake 
by condensed 3-methyl-butene-l under continuous 
exposure of the film to H atoms was rapid initially. 
The rate decreased in time. If the reaction was 
interrupted for a few minutes, the rate increased 
compared to that immediately before the interrup
tion. Hydrogen atom diffusion into the solid can
not account for these observations, whereas reac

(1) R . K le in  and  M . D . Scheer, J . A m . C h em . S o c ., 80, 1007 (1958).
(2) R . K le in  and M . D . Scheer, J . P h y s .  C h em ., 62, 1011 (1958).
(3) R . K lein , M . D . Scheer,-and J. G . W aller, ib id .,  64, 1247 (1960).
(4) M . D . Scheer and R . K lein , ib id . , 63, 1517 (1959).
(5) R . K le in  and M . D . Scheer, ib id .,  65, 324 (1961).

tion of H atoms and olefin molecules at the surface 
of the solid, and replacement of the reactive 
molecules by diffusion from the interior, is in ac
cord with these experiments.

The hydrogen atom diffusion model was suggested 
by the apparent linear dependence of the initial 
reaction rate3 on film thickness, and by complete 
conversion of the olefin.2 It has now been shown 
that in a matrix where diffusion is slow (propene in
3-methylpentane, for example) complete conversion 
is unattainable. The linear dependence behavior 
with small film thickness is not compelling. Ex
perimentally it is most difficult to determine initial 
rates for very thin films because the olefin concentra
tion decreases very rapidly as the reaction proceeds 
even for very short times. There is also the ex
perimental difficulty of making a uniformly co
herent film for such thin films.

Experimental Results
The apparatus used has been described previously .6 Some modifications were made so that the hydrogen atom concentration could be maintained a t a constant value. A reservoir volume was incorporated. This communicated wdth the reaction vessel through a precision type variable leak valve. The pressure was kept constant in the reaction vessel by matching the leak rate with the reaction rate during the course of the experiment. A calibrated thermocouple gage with a potentiometric recorder was used to measure the hydrogen depletion of the reservoir in time. The deposition process was found to be important for obtaining uniform, reproducible films. The procedure adopted consisted in immersing the flat bottom of the reaction vessel in the refrigerant. The appropriate mixture was metered through a throttle valve into the reaction vessel. The deposition rate used was such tha t the film thickness was increased about 1  ///m in.The dependence of the rate of H atom addition and product yields of C3 and C4 olefins on dilution with various matrices is shown in Table I. The effect of the matrix is apparent. Matrices such as propane or butane at 77°K. give mixtures whose reaction rates vary linearly with olefin dilution. This is not true for diluents such as 3 -methvl- pentane or cts-butene-2. Table II gives some experimental data for product analysis in systems of mixed olefins. The matrix affects not only the rate, but also the product dis

tribution.Figure 1 is a plot of the propane and hexane yields as a function of time when mixtures of propylene, n-hexene-1 , and n-butane are deposited together in a film. The striking increase in rate upon dilution with n-butane demonstrates the marked matrix effect. Figures 2 and 3 give the hydrogen depleted (at constant hydrogen pressure and tungsten filament. temperature) by very thick films of propylene deposited in n-butane and 3-methylpentane. I t  is seen that the n- butane environment gives a linear time dependence while the 3 -methylpentane matrix shows a t'A dependence.
(6 ) M . D . Scheer and R . K lein , ib id .,  65, 375 (1961).
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T a b l e  I
T h e  D e p e n d e n c e  o f  H A t o m  A d d i t i o n  a n d  P r o d u c t  

Y i e l d s  o f  t h e  C3 a n d  C4 O l e f i n s  o n  D i l u t i o n  

Film thickness =  3 ji;  film area = 80 cm.2; film T  = 
77°K., W ribbon T  =  1800°K., P h ,  150 n) deposition 

rate ~  50 ¿»/min.

R elative

A lkane 
ratios 

C , C 4

Olefin iso
m erization  y ields 

C*Film com pn . rates C 6 c, trans- B u ten e-2

Propylene
Propylene

1 . 0 0 8

Butane ~ ° '01 0 . 0 1 8
Butene-1 
Butene-1

.80 18 2 . 5

---------- = 0.01Propane .009 21 2 . 3

as-Butene-2
as-Butene-2

.050 a >50
--------------  =  0.1Propane
as-Butene-2

.025 5

Propane “  ° 0" 
as-Butene-2

.015 8

-------------- =  0 01Propane .010 15
Propylene
3-MethyIpentane 0.40 .010
Propylene
3-Methylpentane 0.33 .002

° C8 is too small to measure relative to low C4 yields.

Fig. 1.—Matrix effect on rate of product formation.
Discussion

The rate of the H atom addition to olefins is 
strongly dependent on the diffusion of the reactive 
olefin in the matrix in which it is condensed. This 
correlation is clearly shown in the rate of hydrogen 
pick-up by propylene. When diluted with butane, 
a 30% propylene film shows a rate 100 times faster 
than the same concentration in 3-methylpentane. 
The latter has been widely used in matrix isolation 
experiments.7 A rule of thumb stated by Pimental8 
is that reactive species cannot be preserved if the 
temperature of the matrix substance is higher than 
approximately Tm/2, where Tm is the melting point. 
This is supported by experiments on a variety of

(7) I. N orm an  and G . P orter, P r o c .  R o y . S o c .  (L on d on ), A23G, 399 
(1955).

(8) A . M . B ass an d  H . P. B roida , “ F orm ation  and  T rap p in g  o f  Free 
R a d ica ls ,”  A cad em ic Press, N ew  Y ork , N . Y . ,  1960, C h apter 4.

matrices and a range of diffusing substances.8 
The conclusion that a matrix containing olefin at 
temperatures more than half its melting point 
would show observable rates of H atom addition 
requires modification. In order to sustain the 
reaction, the olefin must be capable of diffusing 
through the matrix at a relatively rapid rate. In 
the matrix isolation experiments, diffusion must 
be inhibited over distances of the order of molec
ular diameters. For conveniently observable rates 
of hydrogen pick-up where reaction occurs on the 
surface and must be sustained by diffusion of re
active molecules from the interior, diffusion over 
hundreds of molecular diameters must occur in 
times of the order of several minutes. This re
quires temperatures well above Tm/2. This is 
illustrated by hexene-1 functioning as its own 
matrix. At 77°, 77/Tm =  0.6, the rate is so low 
that the reaction as measured by decrease in hy
drogen pressure is not observable. At 90°, 90 /Tm 
=  0.7, the rate is observable.

Additional evidence for diffusional processes in 
the hydrogen atom-condensed olefin reaction sys
tem is the formation of the dimer product of the 
alkyl radicals. It has been shown previously by 
isotope tracer studies that disproportionation as 
well as dimerization occurs.5 The constancy of the 
alkane ratios (C „/C2n) over a wide concentration 
range was interpreted as demonstrating the absence 
of the H atom addition to the radical. We have 
now found that this ratio can be greatly altered 
in favor of the monomer alkane in a matrix where 
the diffusion processes are slower. For a 100% 
propylene film, the propane/2,3-dimethylbutane 
ratio found in the products is 8. The same ratio 
is obtained with 1% propylene in butane (Table
II). Ten per cent propylene in m-butene-2 
shows a C3/C6 ratio of 35. cfs-Butene-2 at 77° 
provides a rigid environment. The diffusion proc
esses are slowed considerably, diffusion is un
doubtedly rate controlling, and some hydrogen atom 
addition to the alkyl radical occurs.

The interpretation of the absence or at least the 
small extent of the H atom addition to the alkyl 
radical in a non-isolating matrix6 is the short life-
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T able  I I
Product R atios for H  A tom A ddition to M ixed  C 3 and C 4 Olefin F ilms 

Film thickness =  5 n )  film area — 80 cm.2; film T  — 77°K.; W ribbon T  — 180()°Iv., P n 2 «s 150 ju; olefin conversion
« 2 0 % ;  deposition  rate ~  50 ¡j. per m inute

-Alkane ratios-
Olefin isomeri
zation yields

Ci Ca C« C,2 C< (Butane)
Film composition C« Cl +  1/ 2C7 Ca +  V2C7 CiCs irans-Butene-2

« )
B u ten e -l 1 .0 8 18 3 .7 2 . 3

(2 )  ? T k“ - a a >B u ten e -l 1 .1 10 20 3 .5 2 . 0

(D ep os ited  separately; propylen e on  to p ) 
P ropylen e

(3 )  -------- =  0.10
cîs-B utene-2

0 .2 35 100 3 .4 2 . 8

. . .  P ropylene
(4 )  — ~ “  =  0.11 2 .6 9 16 0 .4 2 . 0cis-B utene-2

(D ep os ited  separately; propylen e on  to p ) 
(5 )  P ropylen e :cts -b u ten e -2 : b u ten e -l 1 :9 :1 0 .1 > 5 0 > 5 0 3 .2 2 . 5

(6 )  3 olefins deposited  separately in the ab ove  order 
and quan tity 0 .0 1 10 18 0 .8 1 . 9

time of the radical on the surface. The olefin, and 
correspondingly the alkyl radical, diffuses readily. 
The alkyl radical, once formed on the surface by the 
reaction of the H atom with an olefin molecule, 
readily diffuses one or two molecular layers below 
the surface, and is removed from further exposure 
to the atomic hydrogen. However, the alkyl 
radical recombination and disproportionation reac
tions still may readily occur. With an immobilizing 
matrix, the diffusion of the radical is much slower, 
and the surface lifetime and exposure to H atoms is 
longer.

Some interesting results have been obtained with 
mixed olefins in rapidly deposited films (~100 
p/min.). Propylene and butene-1, when hy
drogenated by H atoms at 77°K., give propane, 
butane, 2,3-dimethylbutane, (C6), 3,4-dimethyl- 
hexane, (C8), and 2,3-dimethylpentane, (C7). If 
the propyl and butyl radicals are formed and re
combine in a random manner, the ratio CiVCiCg 
is expected to have a value equal to 4 on a purely 
statistical basis. Table II, 1, shows this to be the 
case. The departure of the ratio C72/C 6C8 from 
the approximate value of 4 may be used as a meas
ure of the uniformity of mixing of the condensed 
solid. An attempt was made to condense propyl
ene on top of butene-1 to give a layered structure. 
This could never be achieved, as shown by Table 
II, 2. Even when the deposition was slow, extend
ing over several hours (-—'0.1 /x/min.), the pseudo
equilibrium constant of about 4 was obtained. 
It must be concluded that the diffusion processes 
are quite rapid in propene-butene-1 mixtures at 
77°K. Departures from the value of 4 were 
found when propylene was deposited on top of cis- 
butene-2. The situation can be interpreted by a 
hill and valley structure of the first deposited bu
tene-2 film. The subsequent deposition of pro
pylene might occur in the valleys, and, as the thick
ness was increased, present a surface of large patches 
of propylene, bound by areas of butene-2 or 
propylene-butene-2 mixtures. Here the Cf/CnCs 
ratio of 0.4 (4, Table II) or 0.8 (6, Table II) shows

F ig . 3 .— T im e dependence o f  reaction  w ith  a rigid m atrix.

a marked lack of uniformity of the surface layer. 
In 3, Table II, both the C3/'C6 and C4/C 8 ratios show 
large increases over that characteristic of loose 
matrices.

It was shown previously that the atom diffusion 
model leads to a hyperbolic tangent relationship 
between initial rate and film thickness, with the 
atom concentration being a maximum at the sur
face. Observations of the hydrogen pick-up on a 
given system may be made as a function of time. 
Comparison of these results with the model requires 
the solution of the equations

ò 2H
D  —  -  kH{Ol)

ÒH
òt

ò(Ol) 
òt

=  I m o i )

dH,
dt

f i  m o o  dx

where H  and 01 represent H atom and olefin con
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centrations at a distance x from the base of the 
olefin slab. In this treatment, the olefin was not 
assumed to diffuse. From the above dH^/dt 
could be calculated numerically with the ap
propriate boundary conditions. The analytical 
solution is not accessible but it is evident that for 
small olefin concentration, thin films, and high 
hydrogen atom concentration, first-order behavior 
for the total olefin depletion is to be expected. 
Although first-order behavior may be observed, 
such a limiting case is non-specific with regard to 
detailing the mechanism of the diffusion-reaction 
process. A model consistent with the data is one in 
which, in contrast to that proposed previously, 
the H atom addition reaction occurs on the sur
face. This implies that hydrogen atoms do not 
diffuse into the solid, and that for the reaction to 
proceed, olefin molecules in the interior must 
diffuse to the surface to replenish those which 
have reacted. Two cases may be considered. In 
the first, the olefin is a slab, the front surface of 
which is exposed to hydrogen atoms. The slab 
thickness is taken as l with x =  0 the back surface. 
The olefin, whose concentration at x is designated 
by <7, conforms to the set of equations

à2C ÒC
òx2 òt

VC _  bC 
dx2 dt-

D —  =  kH0C at x  =  0 
dx

C =  Co at x —

Only <7(0,0 is required, the quantity of interest 
being kHoC(0,t). The solution is well known and
is

<7(0,0 =  erfc (kHoVt/D)

It is to be noted that the diffusion of products has 
not been taken into account. This is of little 
consequence if the concentrations are dilute, or if 
the diffusion of the products in the matrix and their 
interaction with the surface is nearly the same as the 
reactants. Negligible error is introduced by con
sidering D to be time independent. The rate 
of reaction is given by

d #2  _  _  kHaC(0,t) _  

dt 2

-  eWHMD e r f c  (kHoVtfD)
2

ÒC
—  =  0 at x  — 0 
ox

C =  Co at t =  0

D ~  =  IcHqC at x =  l 
ox

The standard solution of this set is

Ŝn ai l _ n  9,C =  :------ cos oiixe Da, t
ail

Where the m’s are the roots of

tan a il =
kH0
Dai

dC
—  =  — kH0C at x =  l, so that

d(7 „  k H o C 0 .
777 =  — 2 ----- — sin 2<Xile~Da'H
d  t  a i l

For short times,

dt ~  ~ 2 HoC°

If kH^y/t/D is large, then

d H2 
d<

Co Z>\v’ _____1
t )  2¥ H 02 \ tT +

2 \ /  7T

The moles of hydrogen reacted in time t is 

kH0Ca

+

M I, =
2

CoD
2kH0

' - f y n w n  erfc (kH0 V t/D ) di 

|̂e**W/D erfc |fcF0 ^  I  -  1 +
V»

Co

This expression reduces to

Dt\l/‘ ,___
— 1 C0 for large values of /c//0 V t / D
TT /

For small film thickness, large D, and small 
hydrogen atom concentration, the rate of hydrogen 
pick-up is approximately equal to kH0C, where C 
under these conditions is uniform through the film. 
This result is not very informative. Unfortunately, 
the form of the solution for the general case is not 
amenable to a comparison of the experimental re
sults without an independent measure of H0 and
D.

For a second case, the semi-infinite solid, closely 
approximated by thick deposits, is considered. 
The applicable equations are

For small values of kII9\/t/I) the All, reduces to 
kH0C0t/2, the limiting case for large diffusion 
coefficients.

The two limiting conditions are represented by 
the experimental results of Fig. 2 and Fig. 3. 
Figure 2 is illustrative of a matrix where the 
diffusional processes are rapid compared to the 
rate of reaction. The hydrogen depletion is 
linear in time. This is precisely what is expected, 
since the surface concentration of olefin will, for a 
semi-infinite solid, be maintained constant by the 
rapid diffusion of olefin from the interior. Here
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the chemical reaction is rate controlling. Figure 
3 shows the other limiting condition where the 
olefin diffusion process is rate controlling. The 
hydrogen uptake, after about 4 min., follows a 
square root of time dependence. By equating the 
slope of the linear portion of the curve to (D/ir)l/<Cn, 
a value for the diffusion coefficient D =  I X  
10-12 cm.2/sec. is derived. This refers to diffusion 
at 77°K. of propylene in a matrix of 3-methyl- 
pentane in a molar ratio of 1 to 2.5.

If the hydrogen atom-condensed olefin experi
ment is interrupted at some time t, the olefin con
centration at the surface will increase in time be
cause of diffusion from the interior. The process 
will be strongly dependent on the diffusion coeffi
cient of the olefin in the matrix. Calculation of the 
surface concentration with time after the H atom 
supply is stopped follows from

C(x,t) =  Co 

and

(7(0,i — t) =

X fkH 0 ,
r f2 v Ÿ » +  eXP V D *  +

f ~ l) ^ { ï V ï ï C kH- M

Co

exp

y/ TD(t U l ) / » ‘ [ eri V 2D (t  -  Ï) +

f * +  ' i f (i -  ® P *  +

kH0 \/1 — t/Dje x p ^ - 4D(t -  t)
dx

The value of C(0,t — t) increases from its value of 
C(0,t). Thus the interruption experiments with 
3-methylbutene-l are understood, and furnish good

evidence for the "olefin diffusion with reaction on 
the surface”  model.

Finally, it may be noted that the initial rate for 
the presently proposed model is directly propor
tional to the olefin concentration, that is

dH*'
df , ’ initial

k
HqC(0,0)

The “ H atom diffusion into the solid”  model gives 
a rate proportional to the square root of the olefin 
concentration for thick films.3 The data2 clearly 
support the present model in that initial rates for 
thick films are linear with olefin concentration.

It has now been established that the mechanism 
for the reaction between hydrogen atoms, gener
ated in the gas phase, and a condensed reactant is 
one in which the reaction occurs on the surface. 
The surface concentration is maintained by dif
fusion in the condensed phase. The rate varies de
pending on the magnitude of the diffusion processes 
in the solid. If the diffusion is sufficiently small, 
the observed reaction rate may drop quickly to 
an immeasurably low value after the surface 
layer has been depleted. Thus the previously 
reported large differences in reactivity of various 
condensed olefins may be interpreted in terms of 
diffusion limiting processes. The interpretation of 
rates in terms of matrix effects and chemical reac
tivity now permits a quantitative examination of 
both the surface reactions and diffusion processes.
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Azomethane was photolyzed from 25 to 150° in the pressure range 10 to 200 mm. At temperatures above 50° and pres
sures above 50 mm. the hitherto accepted mechanism breaks down. It is shown that the results can be explained by the 
postulation of an additional ethane-forming step. This reaction does not involve methyl radicals nor is it a simple uni- 
molecular intramolecular split.

Introduction
The photolysis of azomethane (A) has been 

studied by Jones and Steacie1 in the range 25 to 
190° and by Toby2 from —50 to +50°. The 
main features of the photolysis may be represented 
by

(CH3)2N2 +  hv — »  2CH3 +  No (0)
(1) M. H. Jones and E. W. R. Steacie, J. Chem. Phys., 21, 1018 

(1953).
(2) S. Toby, J. Am. Chem. Soc., 82, 3822 (I960).

2CH3 — >  C2H6 (1)

CH3 +  (CH3)2N2 — ^  CH4 +  — CH2N2CH3 (2) 
from which it follows that

R cn ,/R c2u, ^[A] =  k i/k i^

The quantity iHcH/ftcuUNA] (henceforth in 
this paper denoted by a, units IN* mole- “7, 
sec.-I/!) thus should be independent of [A]. 
In Jones and Steacie’s data,1 however, there is a
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[A] X 103, moles 1."*.
Fig. 1.—Quantum yield of methane as a function of azomethane concentration.

Fig. 2.—Quantum yield of ethane as a function of azomethane concentration.
distinct decrease in a  as the azomethane pressure 
was increased from 10 to 100 mm. in experiments 
performed above 90°. Toby’s experiments2 were 
done over a smaller range of [A] but as [A] in
creased there was a decrease in a  beyond the ex
perimental error. Such an increase in a  with 
decrease in [A] could be accounted for by a third- 
body restriction of the recombination of methyl 
radicals. This has been observed in the photolysis 
of acetone in the range 150-250° by Kistiakowsky 
and Roberts3 and by Dodd and Steacie.4 However, 
the third-body effect they observed was at much 
lower pressures (of the order of a few mm., as 
predicted by Marcus6) than changes of a in the 
azomethane investigations. The third-body region 
should occur at even lower pressures as the tempera
ture decreases because of the increased stability 
of the C2H6* complex. It therefore seemed un
likely that the change of a  with [A] was due to a 
third-body restriction, particularly since the azo
methane and acetone molecules are so similar.

The present investigation was an attempt to
(3) G. B. Kistiakowsky and E. K. Roberts, J. Chem. Phys., 21, 1637 

(1953).
(4) R. E. Dodd and E. W. R. Steacie, Proc. Roy. Soc. (London), A223, 283 (1954).
(5) R. A. Marcus, J. Chem. Phys., 20, 364 (1952).

0 40 80 120 160 200
Azomethane pressure, mm.

Fig. 3.—Variation of a  and with azomethane
pressure: O, a ;  «. (EcaHelAp/jBcm2 — W?Nj2[A]V
kazRcH4) _ m ; A, a ,  data from Jones and Steacie.1
investigate this anomaly further and offer a possible 
explanation.

Experimental
The apparatus and techniques used have been described previously.2 The photolysis cell was immersed in a heated thermostated oil bath and over the range of 25 to 150° temperature control to within ±0.15° was obtained.The Osram HBO-74 high-pressure mercury arc was powered by a constant wattage transformer (No. 77124, Sola Electric Co.) and the combination was found to give a very steady output. The light beam was made parallel with a quartz lens and filtered with a Corning 7-37 filter to give approxi

mately monochromatic light at 3660 A.
Results

The data obtained are plotted as $ ch< and 
Tc2h, in Fig. 1 and 2, assuming <t>x, equals unity.1 
It will be seen that the values of $ c h , and Tcm. 
extrapolate to zero and unity, respectively, as [A] 
approaches zero.

The variation of a with azomethane pressure is 
shown in Fig. 3 (open circles). As the azomethane 
pressure decreases from 150 to 50 mm., a increases 
by 70% at 150° and 30% at 100°. At 50 and 25° 
a remains approximately constant with pressure. 
Jones and Steacie’s results1 at 90° have been cor
rected to 100° and compared with the present data. 
In spite of the large scatter the agreement is good.

Thus at 100 and 150° there is a large change in a 
with [A] at pressures far too high for third-body 
effects to be feasible.

Discussion
The results are consistent with the occurrence of 

other steps in the mechanism resulting in ethane 
formation. A possible scheme which is tentatively 
proposed is
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(CH3)2N2 +  hv — > CH3N2— +  CH3 (O')

CH3N2------->- CH3 +  N2 (a)

2CH3N2------- >  C2H6 +  2N2 (b)
These primary processes (which would still allow 
$N2 to be unity) then are followed by reactions 1 
and 2 as before.

If we assume that the rate of reaction (b) is 
much less than that of (a) so that fca [CH3N2— ] »  
k\, [CH3N2— ]2 it follows that

flcm.fAlV.ffcH,2 =  *bflN,2[A]yfca2flCH,2 +  W

A graph of _flc,H,[A]2/.ScH42 against A n,2 [A]2/  
Ach,2 is shown in Fig. 4. In spite of the scatter at 
the two lower temperatures, satisfactory linearity 
is obtained. There is evidence of deviations at 
azomethane pressures of 20 mm. at 150 and 100° 
and these departures from linearity occur at condi
tions where third-body effects on R en, would be 
expected to be noticeable. The slopes of the lines 
correspond to values of kh/kA2 of (3.1 ±  0.1) X 
106, (6.4 ±  0.3) X  106, (1.6 ±  0.6) X  107, and 
(1 ±  0.9) X  1071. sec. m ole-1 at 150, 100, 50, and 
25°, respectively. This suggests that if Eb is 
zero, then E& is approximately 2 keal. mole-1.

Using these values of kb/k&2, one may correct for 
the effect of reaction (b) and so obtain values of 
kz/ki/l. These values are shown in Fig. 3, where 
the apparent change of kt/ki^ with pressure at 
150 and 100° vanishes except at the lowest pres
sures. The magnitude of the correction is slightly 
larger at 50 and 25° but produces little change in 
fc2//ci1/j because at the lower temperatures /¿cm  
is much larger than Rem- The percentage of 
nitrogen formed by reaction (b) compared to the 
total formed is given by 100(1 +  /ca2/2/:bflN,)_1- 
This function increases with azomethane pressure 
increase and ranged from about 5% at the lower 
pressures to about 15% at the higher pressures with 
little temperature dependence.

The experimental data obtained do not dis
tinguish between the proposed mechanism and an 
excited molecule mechanism such as

A  +  hv — >  A*

A* — >  2CH3 +  N2 (ai)

2A* —^  C2He +  N2 +  A (bi)
This latter mechanism seems to us inherently 
unlikely since the importance of reaction (b) 
increases with azomethane pressure, which argues 
against an excited molecule mechanism.

The formation of ethane by non-free radical proc
esses cannot be ruled out entirely, however, in view

jKn¡8[A]8/.Rch.i8 X 10*, moles8 1. “8.
Fig. 4.—Variation of f¿c2H6[ A]2/.Rch42 with /¿n¡2[A]2/7¡!ch, j.
of results obtained by the photolysis of azomethane 
in the presence of nitric oxide. Davis, Jahn, 
and Burton6 found that methane formation could 
be completely suppressed by the presence of nitric 
oxide, but that ethane formation, although de
creased, was not reduced to zero. Calvert7 found 
no methane or ethane under comparable conditions 
but found3 some ethane in the nitric oxide-inhibited 
flash photolysis of azomethane. In view of the 
current controversy on the role of nitric oxide in 
radical scavenging9 no definite conclusion seems 
possible on the exact nature of the non-methyl 
ethane-producing step. The results, however, 
are not consistent with such sequences as A  -f- 
hv —*■ A*, A* —► 2CH3 +  N2, and A* —► C2H3 +  N2 
or A -f- A.* —*• C2H6 -h N2 -f- A.

Acknowledgment.—The authors wish to thank 
the National Science Foundation for Grant G-14398, 
which supported this work.
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(7) J. G. Calvert, S. S. Thomas, and P. L. Hanst, ibid., 82, 1 (1960).
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2684 L. R. Dawson, J. W. Vaughn, M. E. Pruitt, and H. C. Eckstrom Voi. 66

SOLVENTS HAVING HIGH DIELECTRIC CONSTANTS. X . SOLUTIONS 
OF ACETIC ACID AND ITS DERIVATIVES IN N-METHYLACETAMIDE

AT 40°1,2
B y  L. R. D aw so n , J. W. V au gh n , M. E. P r u itt , and  H. C. E ckstrom
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I t  has been shown that small quantities of acetic acid and/or acetates remain with persistent tenacity in N-methylacet- amide (NMA) even after it is subjected to rather extensive purification processes. Probably this results from hydrogen bonding in which the impurity becomes an integral part of this highly structured solvent. In NMA having a specific conductance of 2-5 X IO-8 ohm - 1  cm.-1, the dissociation constant for acetic acid a t 40° is approximately 7 X 10-8; in water at 40° it is 1.7 X 10-5. Conductance data for potassium chloride, potassium acetate, monoehloroacetic acid, and di- chloroacetic acid in NMA have been obtained. Trichloroacetic acid forms a semicrystalline solvate at 30° but decomposes in the solution a t higher temperatures.

Unpublished conductance data obtained in this 
Laboratory several years ago by McCreary3 gave 
evidence that acetic acid is only slightly dissociated 
in formamide. More recent exploratory conduct
ance studies here4 have indicated that acetic acid 
is dissociated only very little in N-me thy lace tamide 
also in spite of its very high dielectric constant 
(165.5 at 40°), but that there is a strong affinity 
between the acetic acid and the solvent.

The object of the present investigation was to 
study the conductance behavior of solutions of 
acetic acid and some of its derivatives in N-methyl- 
acetamide (NMA) in an attempt to understand 
more about the solute-solvent relationships exist
ing in this solvent medium, which has an unusually 
high dielectric constant.

Experimental
Apparatus and Procedure.—The equipment and the procedures used have been described previously.6-7Solutes.—Glacial acetic acid was dried over P 20 5 for 24 hr.; then it was refluxed over P 2O5 for 5 hr., and finally distilled. From 11. of acetic acid, two 10-mi. portions were collected after 450 ml. had distilled over. The freezing point of these two portions was 16.6°.Monoehloroacetic and dichloroacetic acids were purified by a series of fractional distillations. Trichloroacetic acid was recrystallized several times from cyclohexane and dried over magnesium perchlorate in a vacuum desiccator._ Reagent grade potassium acetate was recrystallized three times from a 50-50 water-alcohol mixture, then dried to constant weight in a vacuum oven.Solvent.—A stock solution of NMA was prepared as described previously.5 The quality of this solvent compared favorably with the solvent used in earlier studies. I t  had the following physical properties a t 40°: conductivity, from 1-5 X 10- 7 ohm- I cm .-1; density, 0.9420 g./m l.; viscosity, 0.03020 poise; dielectric constant, 165.5.In an attempt to obtain the most accurate data possible and because of a suspicion that traces of a source of acetate ion might remain persistently in the solvent, the process of purifying the NMA was extended by several additional freezing cycles. During the freezing process, an internal heater assembly was placed inside the inner tube in the 1 2 3 4 5 6 7
(1) Taken from theses submitted by J. W. Vaughn and M. E. 

Pruitt.
(2) Financial support from the U. S. Atomic Energy Commission 

under Contract No. AT-(40-l)-2451 is gratefully acknowledged.
(3) W. J. McCreary, thesis, University of Kentucky, 1948.
(4) J. W. Vaughn, dissertation, University of Kentucky, 1959.
(5) L. R. Dawson, P. G. Sears, and R. H. Graves, J. Am. Chem. 

Soc., 77, 1986 (1955).
(6) L. R. Dawson, E. D. Wilhoit, and P. G. Sears, ibid., 78, 1569 

(1956).
(7) L. R. Dawson, G. R. Lester, and P. G. Sears, ibid., 80, 4233 

(1958).

apparatus described by Berger and Dawson.8 The heater assembly consists of a nichrome wire encased in a glass tube. Crystallization was allowed to proceed at room temperature while 3-7 v. was applied to the heater by means of a variable resistor. The voltage applied depended upon the temperature of the room and the purity of the NMA. After a period of from 5 to 9 days the remaining liquid was drawm off by suction. Throughout the fractional freezing cycles, the NMA was kept under an atmosphere of purified nitrogen. In this manner solvent having a conductivity less than 5 X 
1 0 -s ohm- 1  cm . -1  was produced.Solutions.—The solutions were prepared on a weight basis with solution transfers being made in an atmosphere of nitrogen. The assumption was made that the density of each solution was the same as the density of the solvent for calculations of concentration on a volume basis.

Results
A plot of A vs. -\/C for solutions of acetic acid in 

highly purified NMA (specific conductance =
1-5 X  10“ 8 ohm“ 1 cm.“ 1) at concentrations above 
10“ 4 N  is shown in Fig. 1. Figure 2 shows similar 
plots for solutions of potassium chloride and potas
sium acetate at concentrations greater than 2 X 
10“ 6 N. Summaries of pertinent conductance 
data appear in Tables I—III. In Table I values 
for A are obtained using the adjusted solvent 
correction.

T able  I
T ypical C onductance D ata  for A cetic A cid in  NMA 

at  40°
C’A X 102 A C'A x 102 A

0.950 0.5258 4.175 0.1194
0.960 .5217 5.718 .0875
1.541 .3271 7.481 .0690
2.636 .1877 8.670 .0582

T able  II
T ypical C onductance D ata for P otassium Chloride

in NMA at  40°
C'A x IO2 A C'A x 102 a

0.3935 20.02 1.4164 19 80
.6308 19.99 1.7963 19.74
.7721 19.96 2.7672 19.59
.8976 19.95 4.0598 19.42

1.1528 19.88 5.5062 19.15
In each case the conductance of the solution 

was corrected by subtracting the conductance of the 
solvent. This correction did not exceed 5% where

(8) C. Berger and L. R. Dawson, Anal. Chem., 24, 994 (1952).
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Table III
T ypical C onductance D ata  for  P otassium A cetate 

in  N M A  at  40°
C’A  X 102 A C’A x  10» A
0.6501 18.00 2.253 17.92
0.7236 17.70 2.993 17.81
0.9774 17.98 4.179 17.65
1.344 17.96 5.493 17.48
1.615 17.93 6.502 17.33

the concentration of the solute was greater than 
1 X  10-4Ah

Conductance curves for monochloroacetic and 
dichloroacetic acids are shown in Fig. 3. Tri
chloroacetic acid decomposes in NMA at 40°.

Discussion
The Kohlrausch plot shows that acetic acid 

behaves like a typical weak electrolyte in NMA. 
It seems to be much less dissociated than it is in 
water despite the very high dielectric constant of 
NMA.

The limiting equivalent conductance for acetic 
acid was calculated from available limiting ionic 
conductances9 and the conductance of potassium 
acetate determined in this investigation (X0H+ 
=  9.1; X0CsH3° !- =  9.8; A0 for HC2H30 , =  18.9). 
Using the Ostwald dilution law, 1/A was plotted 
against CA in an attempt to obtain a straight line 
with the proper intercept, 1/A0. The experimental 
data were plotted with the normal solvent correc
tion and with no solvent correction. Neither plot 
gave a straight line. By successive approximations 
an intermediate solvent correction was found which 
gave a straight line intercepting the ordinate at 
the proper value for 1/A0- Its value varied from
2.0 X  10~8 to 2.7 X  10-8 ohm-1 cm.-1 for dif
ferent batches; in each case it was approximately 
one-half the measured conductance of the solvent. 
This was considered to be the “ adjusted”  solvent 
correction. Such a correction gave evidence that 
even in this solvent there remained a trace of acetic 
acid, the influence of which appeared at very low 
solute concentrations. Using the adjusted solvent 
correction and the Arrhenius theory of dissociation, 
a value of 7.3 X  10~8 was obtained for the dis
sociation constant. The dissociation constant 
for acetic acid in water at 40° is 1.70 X 10~5.10 
The dissociation constant for acetic acid in NMA 
is unexpectedly low in view of the great dissociating 
power resulting from the solvent’s high dielectric 
constant; however, the relative strength of the 
solvent as an acid or a base must be considered. 
The acetate ion is more basic than NMA. Since 
the acetate ion is such a strong base, it holds the 
proton so tightly that the NMA is not effective in 
removing it. The acetic acid, therefore, is only 
slightly dissociated. Water molecules are more 
effective in separating protons from the acetate 
ion, making acetic acid a stronger electrolyte in 
aqueous solutions.

The persistence with which acetic acid remains in 
NMA throughout the purification cycles may be 
explained by its tendency to form hydrogen bonds

(9) E. D. Wilhoit, dissertation, University of Kentucky, 1956.
(10) H. S. Harned and R. W. Ehlers, J. Am. Chem. Soc., 66, 1042 

(1934).

Fig. 1.—Equivalent conductance of acetic acid in NMA at
40°.

iooV c.
Fig. 2.—Equivalent conductances of potassium chloride (solid circles) and potassium acetate (open circles) in NMA at 40°. Dashed lines represent Onsager theoretical slopes.

100 Vc.
Fig. 3.—Equivalent conductances of monochloroacetic and dichloroacetic acids in NMA at 40°.
with NMA molecules, probably at the oxygen 
atoms. In this way acetic acid molecules become 
structural units in this highly structured solvent.
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It has been shown experimentally that small 
amounts of acetic acid have negligible effects on the 
conducting properties of most uni-univalent or bi
univalent salts in NMA. Because of the solute ion 
common to that of the solvent impurity, the con
ductance plot for potassium acetate shows a slight 
maximum at very low concentrations where the 
normal solvent correction is used. Suppression 
of the ionization of the acetic acid impurity would 
make the proper solvent correction less than the 
normal value. This was shown above to be the 
case also where acetic acid was the solute under 
investigation. The limiting equivalent conduct
ance of potassium acetate was determined by extrap
olation by the method of least squares using data 
representing concentrations greater than 10-4
N. The plot reproduced the experimental slope 
and the limiting equivalent conductance obtained 
previously4 with less pure solvent (A0 =  18.2).

A normal Kohlrausch plot was found (Fig. 2) 
for potassium chloride in the more highly purified 
NMA. The experimental slope and the limiting 
equivalent conductance were in good agreement 
with those obtained earlier5 using less pure NMA 
having a specific conductance of 2-5 X  10 ~7 
ohm-1 cm.-1. (Present: slope =  —16.6; A0 =
20.1. Earlier values: slope =  —15.1; A0 =  20.1.) 
Obviously, a small amount of acetic acid impurity 
in NMA has no measurable effect on the con
ductance of potassium chloride.

Monochloroacetic acid acts as a weak electrolyte 
in NMA, but it is stronger than acetic acid. 
The electronegative chlorine exerts an electron 
withdrawing effect making the carbonyl group more 
positive and the proton more easily lost to the sol
vent.

As would be expected, dichloroacetic acid is 
stronger than the monosubstituted acid. Tri
chloroacetic would be expected to be the strongest 
of the three substituted acids; however, it de
composes in NMA. Verhoek11 has stated that this 
decomposition in various solvents involves the

(11) F. H. Verhoek, J. Am. Chem. Soc., 56, 571 (1934).

trichloroacetate ion and proceeds as CCI3COO-  
-*■ CCI3-  +  CO2. He proposed a mechanism which 
consists of three steps, the first of which is ioniza
tion of the acid. This is followed by dissociation 
of the ions and subsequent unimolecular decomposi
tion of the trichloroacetate ion.

From our studies it appears that decomposition 
of the trichloroacetate ion in NMA proceeds via 
first-order kinetics as given by the expression

k — l/i(2.303) log a/a — x

The activation energy for decomposition in the 
temperature interval 40 to 50° was found to be 28.9 
kcal./mole. This value for the activation energy 
is intermediate between Verhoek’s values of 30.9 
kcal./mole for the trichloroacetate ion in ethanol 
and 25.0 kcal./mole in aniline for the same tem
perature interval. The activation energies in 
these solvents appear to vary in the order of the 
expected differences in the extent of solvation of 
the trichloroacetate ion.

Mono- and dichloroacetic acids are stable in 
NMA and gave no indication of decomposition after 
standing for 12 hr. Apparently, three chlorine 
atoms on the a-carbon are necessary to weaken the 
carbon-carbon bond sufficiently to cause decomposi
tion.

Stable solvates of hydrochloric acid with NMA 
having the formulas NMA-HC1 and (NMA)2-HC1 
have been reported by D ’Alelio and Reid.12 
Compounds having the formulas (NM A)2-HC1 
and NMA • H2SO4 were prepared in this Laboratory 
by Berger.13 Solvates of acetic, monochloroacetic, 
and dichloroacetic acids could not be isolated. 
However when mixed in a one to one ratio with 
NMA, trichloroacetic acid reacts producing a white, 
hygroscopic, semicrystalline solvate which has 
the composition CCI3COOH ■ NMA. This reac
tion proceeds readily at 30°. At higher tempera
tures the acid decomposes with the evolution of 
chloroform.

(12) G. F. D’Alelio and E. E. Reid, ibid., 69, 109 (1937).
(13) J. E. Berger, unpublished data, University of Kentucky, 1958.
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ACID-BASE EQUILIBRIA IN CONCENTRATED SALT SOLUTIONS. I. 
POTENTIOMETRIC MEASUREMENTS, INDICATOR MEASUREMENTS, AND 

UNCHARGED BASES IN DILUTE ACID SOLUTIONS1
B y  D onald R osenth al2 and  James S. D w y e r  

D e p a r t m e n t  o f  C h e m i s t r y ,  T h e  U n i v e r s i t y  o f  C h i c a g o ,  C h i c a g o ,  I l l i n o i s

Received June IS, 1962

An acidity function, H e ,  was established in 4 and 8 M  LiCl solutions containing small concentrations of strong acids. pMH — H e  (where pMH = —log total strong acid concentration) was shown to be a constant for a given salt solution. 
p Hg.e. — pMH (where p Hq.e. is the pH measured using a cell with a glass indicator electrode and a saturated calomel reference electrode) also was found to be a constant for 4 and 8 M  LiCl, 6 Af NaClO-i, 6 M  N aN 03, and 4 M  CaCl2 solutions which contain dilute strong acid. Identical results were obtained in 4 and 8 M  LiCl solutions where the hydrogen electrode was substituted for the glass electrode. The significance of p Hq.e. and H e  measurements is discussed. In dilute acid solutions of weak uncharged bases Kbh+ =  ( [B] [total strong acid]/[BH+]X?BH+ where X bh+ is the thermodynamic dissociation constant of the acid B H +, and <3bh+ is a constant for a particular base B and a particular salt solution. The values of p H q .e. and H e  calculated using this equation are in good agreement with the experimental values obtained for aniline and 2-aminopyrimidine solutions containing dilute strong acids and concentrated salts.

Introduction
Some studies of acid-base equilibrium in concen

trated salt solutions have previously been re
ported.3-6 Potentiometric3-4-6 and indicator5-6 
measurements have been made on these solutions.

The present studies were initiated in an attempt 
to explain the quantitative aspects of the potentio
metric and indicator results, and of acid-base 
equilibria in these solutions. This work extends 
the measurements to more concentrated solutions 
than were previously studied.3-4

In this paper potentiometric and Ho8 measure
ments and acid-base equilibria in dilute acid solu
tions are discussed. Subsequent papers will con
sider charged bases in dilute acid solution, the 
situation in basic and concentrated acid solutions, 
reaction kinetics, and the practical aspects of acid- 
base titrations in these solutions.

The results obtained in this study are consistent 
with the hypothesis that the situation in acidified 
salt solution is formally similar to that in water, 
e.g., the reaction BH + B +  H + can be written 
for an uncharged base, B, and its conjugate acid, 
BH+. Further, the quantitative aspects of equilib
rium in these solutions can be accounted for using 
the equation

A BH+ =  ([B ][H +]/[B H +])Q W  (1)

where A bii+ is the thermodynamic molar acid 
dissociation constant and G W * =  / b/ h+//bii + 
depends upon the nature and concentration of the 
salt and the nature of the base, B. Since undis-

(1) Taken in part from the Ph.D. research of James S. Dwyer. 
This work was supported by two grants from Research Corporation, 
principally in the form of Research Corporation fellowships for J. S. D. 
A portion of this work was presented at the 138th National Meeting 
of the American Chemical Society, New York, N. Y., September 12, 
1960.

(2) Department of Chemistry, Clarkson College of Technology, 
Potsdam, N. Y.

(3) (a) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolyte Solutions,” Reinhold Publ. Corp., New York, N. Y., 1958, 
pp. 675-681; (b) M. Kilpatrick, et al., J. Am. Chem. Soc., 75, 581, 586, 
588 (1953).

(4) A. Ellila, Ann. Acad. Sci. Fennicae, Ser. A, II, No. 51 (1953); 
Acta Chem. Scand., 8, 1257 (1954).

(5) M. A. Paul and F. A. Long, Chem. Rev., 67, 1 (1957).
(6) F. E. Critchfield and J. B. Johnson, Anal. Chem., 30, 1247 

(1958); 31, 570 (1959).

sociated strong acid may be present {e.g., H N 03 
in 6 M  NaN03),7 it is desirable to use a some
what more general form of eq. 1

.Kbh+ =  ([B][total strong acid concentration]/
[BH+])Qbh+ (2)

The following additional symbols are used in this 
and subsequent papers

pMH =  —logarithm of the total molar concn. of 
dissociated and undissociated strong acid 

pHg.e. is the pH as determined with a pH 
meter using a glass electrode and a saturated 
calomel reference electrode 

pHH is the pH as determined using a hydrogen 
electrode and a saturated calomel reference 
electrode

poll =  — logaH + =  —lo g /H + [H+] 
oh + is the activity of hydrogen ion, and / H + is the 

molar activity coefficient 
Ho =  pA bh+ -  log [BH+]/[B] =  pMH -  

log Qbh+ (3)
where B is one of a series of indicator bases 
(usually substituted anilines), the H0 indica
tors5

aw is the activity of water

Experimental
Reagents.—Baker Analyzed Reagent grade LiCl, Mal- linckrodt Analytical Reagent grade NaNOs and anhydrous CaClj, and G. F. Smith anhydrous NaC10< were used. The maximum limits of impurities listed on the labels were small, except for the presence of magnesium and alkali salts in Ca- Cl2.Fisher reagent grade aniline was purified by distillation. Matheson, Coleman and Bell 2-aminopyrimidine was recrystallized from benzene, then from absolute ethanol. The indicators were purified as described elsewhere.8Solutions.—All solutions used in this study were prepared
(7) (a) T. F. Young, L. F. Moranville, and H. M. Smith in “ The

Structure of Electrolyte Solutions,” W. J. Hamer, Ed., John Wiley and 
Sons, Inc., New York, N. Y., 1959, pp. 38-48; (b) A. A. Krawetz,
Thesis, University of Chicago, 1955.

(8) D. Rosenthal and J. S. Dwyer, “ The Acidity Function in Aque
ous Concentrated Acid and Salt Solutions,”  Can. J. Chem., in press
(1963).
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T able  I
M easurements of D ilute  HC1 Solutions in 4 M  LiCl at  25°

HC1 concn., 
moles/1. Indicator Ho

4.98 X 10~3 pNA“ 1.237
7.97 X 10~3 pNA 1 .0 4 4
1 .0 0  x  10 “ 2 pNA 0.970
2.99 X 10“2 pNA 0.497
7.97 X 10-2 oNA 0.007

“ pNA is p-nitroaniline; oNA is o-nitroaniline.

pHg.e.glasselectrode
pHhhydrogenelectrode pMH -  Ho = 

log Qbh+ pMH — pHg.e.
1.36 1.35 1.066 0.94
1.13 1.14 1.055 .96
1.06 1.07 1.030 .94
0.55 1.027 .97
0.15 1.092 .94

Av. = 1.054 0.95
S.Di 0 .0 1 2 O.OO63

90% level = ±0.026 ±0.013

T able  II
M easurements of D ilute HC1 Solutions in 8 M  LiCl at 25°

pHg.e. pHh
HC1 concn., glass hydrogen pMH — Ho

moles/1. Indicator® Hu electrode electrode ( = log Qbh+) pMH — pHg.e.
2 .0 0 0  x  1 0 -46 2 . 9 2 2.306
1.000  x  1 0 -3 0 . 7 9 2.30
1.996 X IO- 3 .44 0 .4 4 2.30
3.997 X IO“3 . 1 1 2.31
4.98 X IO“3 oNA -0 .1 9 4 .02 0 .0 2 2.5036 2.30
7.98 X IO- 3 oNA -0 .4 0 6 < 0 - 0 . 2 0 2.514 2.30*
1.000 X 10“2 oNA -0 .4 8 0 2.489
2.99 X 10“2 4C12NA -0 .9 6 7 2.493”
4.00 X 10-2 4C12NA -1 .0 7 5 2.475
4.98 X 10~2 4C12NA -1 .1 7 7 2.481
7.98 X 10~2 4C12NA -1 .3 8 9 2.488

Av. = 2.492 2.30
S.Di ’= 0.005

90% level =  ± 0 .0 1 0
“ oNA is o-nitroaniline, 4C12NA is 4-chloro-2-nitroanilme. b In calculating pMH and pMH — p H g .e . and pMH — H 0 a correction was applied because of the presence of basic impurities in the 8 M  LiCl solutions (see Experimental). The average pMH — p H g.e . value of 2.30 gave satisfactory results in all subsequent calculations. Without applying this correction an average log Q b b + value of 2.488 (S.Di =  0.004, 90% level 0.008) was obtained. c A value for log Obh  + of 2.468 was obtained with oNA. This value was not included in the average. I t  is believed not to be accurate because of the relatively large [BH+]/[B] ratio. pMH — pHa rather than pMH — p Hg.k  value used.

from stock solutions except for aniline. Aniline solutions were found to be unstable and the pure liquid reagent was stored under nitrogen.The temperature was maintained at 25 ±  0.5°. Final concentrations with respect to each of the salts were 4.000 and 8.000 M  LiCl for Tables I, II , and III ; 3.995 M  and 7.990 M  LiCl, 5.987 M  NaC104, 5.989 M  NaNOs, and 4.013 
M  CaClj for Table IV.Estimates of total acid or basic impurities in the salt solution were obtained by dropwise titration using the expanded scale of the Beckman Model GS pH meter. The end point was taken to be the point at which the second derivative of 
p Hq.e . with respect to volume was zero. The estimates were: 9.6 X 10~6 M  base for 4 M  LiCl; 1.7 X lO-4 M base for 8 M  LiCl; 3.S X 10~5 M  base for 6 M  NaC104; 4.5 X 10 6 M  acid for 6 M  N aN 03; and 1 X 10~3 M  base for 4 M  CaCL. Acidic or basic impurities were assumed to be negligible in all except the 4 M  CaClj and 8 M  LiCl solutions. Corrections were applied for the 8 M  LiCl solutions. Sufficient acid was added in the preparation of 4 M  CaClj to neutralize the basic impurity. The large amount of impurity in the CaClj solution and its variability with time is believed to account for the somewhat larger errors associated with the CaClj measurements.Separate solutions were prepared for each of the per cent neutralized points in Tables III  and IV.Potentiometric Measurements.—p H g.e . measurements in Tables I, II , and I I I  were made with a Beckman Model G pH meter using the General Purpose glass electrode (shielded, 5 in.) and the Fiber Type calomel electrode (5 in .). Measurements in Table IV were made with a Beckman GS pH meter using a different set of Beckman electrodes of

the same type as above. The pH meter was standardized using standard buffer solutions8’9 having pH values close to the solutions being measured.About five measurements were made on each solution. As a check that no drifting due to change in asymmetry or liquid junction potential had occurred, the pH of the reference solutions was checked before and after measurements were made.Hydrogen electrode measurements (pHu) wTere made by substituting a Hildebrand type electrode for the glass electrode, and proceeding as outlined above. Equilibration times were from 3 to 8 hr. for salt solutions. Most acid and non-reducible buffer solutions equilibrated within 0.5-1 hr.Spectrophotometric Measurements.—Measurements were made using a Beckman DU spectrophotometer. The solutions and cells were maintained at 25 ±  0.5°. In each instance the reference solution was identical in composition with the corresponding indicator solution except for the absence of the indicator. The wave length of maximum absorbance and the molar absorptivity of the basic form of the indicators were determined for each salt solution in which measurements were made. With the exception of p-aminoazobenzene (pAAB), the acid forms of the indicators used did not absorb at the base peak. Except as noted below details of the measurements and H a calculations were as described elsewhere.8The conjugate acid of pAAB can exist in tautomeric ammonium (BH+) and azonium (HB+) forms.10 If / hb+/ / bh+ is constant for a range of acid concentrations in a given salt
(9) R. G. Bates, “ Electrometric pH Determinations,”  John Wiley

and Sons, Inc., New York, N. Y., 1954, p. 74.
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T able III
C omparison op Calculated and Experimental Values op p Hg.e. and H 0 Obtained in the N eutralization op 0.03 M

Aniline
4 ill LiCl--------------------------, ------------------------------------------ 8 M  LiCl-% '— pHg.e.— - -- ------------ Ho------- -------N ------ pHg.e . ------ --- ■H o---------

Neutralized Exptl. Calcd. Exptl. Calcd. Exptl. Calcd. Calcd.“ Exptl. Calcd. Calcd.“
20 5.15 5.12 4.965 A6 5.01 5.02 5.02 5.03 4.80 A b 4.83 4.84
40 4.68 4.69 4.56 A 4.59 4.60 4.60 4.60 4.41 A 4.41 4.41
50 4.51 4.52 4.405 A 4.41 4.42 4.42 4.42 4.23 A 4.23 4.23
80 3.90 3.91 3.80 A 3.81 3.83 3.82 3.83 3.64 A 3.63 3.64
89.73 3.60 3.58 3.45 A-pAAB 3.47 3.51 3.45 3.50 3.30 A° 3.20 3.31
94.95 3.28 3.26 3.17 pAABd 3.16 3.20 3.15 3.19 2.95 pAAB' 2.96 3.00
98.95 2.74 2.76 2.63 pAAB 2.65 2.53 2.47 2.66 2.32 pAAB 2.28 2.46

100.0 2.59 2.55 2.44 p AAB 2.44 1.95/ 1.82 2.28 1.87 pAAB" 1.63 2.09
100.95 2.33 2.36 2.26 pAAB-mNA1 2.25 1.30 1.22 1.57 1.17 pNA 1.03 1.38
110 1.60 1.57 1.42 pNA 1.46 0.21 0.22 0.25 0.08 oNA< 0.03 0.06
120 1.30 1.27 1.19 pNA 1.17 <0 -0 .0 8 -0 .0 6 -0 .2 2  oNA -0 .2 6 -0 .2 5
140
pMH — p H g.e . 
pMH -  H o

0.99 0.97
0.95
1.054

0.91 pNA 0.87 <0 -0 .3 8
2.30
2.492

-0 .3 6 -0 .5 4  4C12NA -0 .5 6 -0 .5 5

]ogQAB+’' 0.868 2 . 1 2 7  (2 . 1 1 3 )“
Aah+/<2ah+ 3.43 X 10-6 1.89 X 10—7 (1.95 X 10-7)“

“ Calculated using corrected %  neutralized obtained assuming 8 M  LiCl contains 1.94 X 10~4 N  strong basic impurities (see footnote b , Table II). The preceding column assumes very weak basic impurities. 6 Letters represent abbreviations for indicators used in Ho measurements: A, aniline; pAAB, p-aminoazobenzene; pNA, p-nitroaniline; oNA, o-nitroaniline; 4C12NA, 4-chloro-2-nitroaniline. With aniline as the indicator H o  values were calculated using eq. 12 to place the indicator on the H o  scale. c An H 0 value of 3.18 was obtained for this solution with p-aminoazobenzene as the indicator and 3.38* was obtained writh mNA. d A value of 3.24 ivas obtained for this solution with 7 X 10-6 mNA.* '  A value of 3.14 was obtained with 7 X 10-6 M  mNA. f  An experimental value for p Hg.e. of 1.89 wras obtained at the inflection point in the neutralization in 8 M  LiCl. 0 This value may not be very accurate because of the large value of [BH+]/[B]. h A value of 2.33 was obtained for this solution with 1.5 X 10-4 mNA. A calculated correction of —0.06 due to the effect of the indicator was applied. * A value of 0.14 was obtained with pNA as the indicator.9 1 p Aah+ =  4.597 (R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” Butterworths Publications, Ltd., London, 1959, p. 532, 30). The correction of 0.001 ( —log density of water) is required to convert pK  values from the molal to the molar scale. k This H 0 value may not be very accurate because of the relatively small value of [BH+]/[B].
T able IV

Comparison of Calculated and E xperimental Values of p Hg.e. Obtained in the Neutralization of 0.03 M

2-Aminopyrimidine
% ----- W ater——- ,—4 M  LiCl--- . ,---- 8 M  LiCl---- ■. .—6 M  NaClCL—, r—6 M  NaNOî-v .----4 M  CaCl-2— - n

Neutralized Exptl. Calcd. Exptl. Calcd. Exptl. Calcd. Exptl. Calcd. Exptl. Calcd. Exptl. Calcd.
10 4.64 4.62 4.83 4.82 4.92 4.90 4.81 4.82 5.03 5 .0 3 4 . 9 5 4 .9 3

20 4.29 4.28 4.47 4.46 4.56 4.55 4.47 4.46 4.68 4 .6 8 4.56 4.58
50 3.70 3.70 3.86 3.86 3.92 3.94 3.85 3.86 4.09 4.07 3.94 3.97
79.75 3.17 3.17 3.26 3.27 3.33 3.35 3.27 3.27 3.47 3.48 3.37
89.81 2.92 2.94 2.93 2.94 3.01 3.00 2.87 2.92 3.12 3.14 3.06 3.03
99.80 2.67 2.67 2.27 2.25 1.89 1.68 1.73 1.83 2.33 2.41 2.38 1.84

109.90 2.42 2.42 1.57 1.58 0.20 0.23 0.71 0.68 1.67 1.69 0.61 0.56
120 2.23 2.23 1.29 1.29 <0 --0.08 0.42 0.38 1.42 1.40 0.19 0.26
140 1.98 1.98 0.99 0.99 <0 --0.38 0.08 1.11 -0 .0 4
pMH — pHg.k. log/i" 0.93 2.30 1.84 0 .817 1 .967
log QpH+ft 0 1 .15s 2.605 2.063 1.250 2.302
S.Dlog Qph+ 0.0044 0.0094 O.OO3 0.007g 0.018
K p h  +/<2ph+ 2.307 X 10-* 1.62 X 10“5 5.73 X I()-7 2.00 X: 10-« 1.30 X 10 5 1.15 X 10 6
“ Calculated using the expression log f ,  =  0.5/'A/( 1 I 1 A) — 0.2 7 (see R. A. Robinson ref. 7a, p. 257). 3.637. This represents an average pAPH+ ( n  =  5, S.Dj =  0.0068) obtained from the 10-89.81 % neutralized p Hg. ments. A value of 3.54 has been reported previously (A. Albert, R. Goldacre, and J. Phillips, J .  C h e m .  S o c . ,  2: c Log Qph+ values represent an average obtained from the 10-89.81% neutralized p Hg.e. measurements, except of NaCIO,, where the 89.81% value -was omitted.

h pA'piU = 
e measure- 246 (1948)). , in the case

solution, it can be shown that the theoretical error in pAAB- 
H o values obtained bv the usual method is log([BIl+] +  [HB+]/HbV /bh+)/([Bl i +] +  [HB]).11'12 From the. data available, no good estimate of the error term can be made.

(10) G. E. Lewis, Tetrahedron, 10, 129 (1960); M. T. Rogers, T. W. 
Campbell, and R. W. Maatman, J. Am. Chem. Soc., 73, 5122 (1951);
W. R. Brode and G. M. Wyman, ibid., 74, 4641 (1952).

(11) Further complications due to the presence of cis and trans 
azo isomers and the activity of water in the equilibrium constant ex
pression result in a similar but more complicated expression.12

(12) J. S. Dwyer, Thesis, University of Chicago.

However, the good agreement between calculated and experimental H o  values and the 90 and 101% overlap values in 4 M  LiCl (Table III ) seem to indicate the error is small in 4 M  LiCl. Similar good agreement is obtained in water. There is more uncertainty about the magnitude of the pAAB-Ho error in 8 M  LiCl, although the agreement between calculated and experimental values appears to be good.
Results

Potentiometric and H0 Measurements in Dilute 
Solutions of HC1.—The results of potentiometric 
measurements using the glass electrode in 4
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and 8 M  LiCl solutions are summarized in Tables 
I and II. A second series of measurements in 4 
and 8 M  LiCl, 4 M  CaCl2, 6 M  NaNOa, and 
NaCICb also was performed.12 In each instance, 
the pMH — p H g.e. value obtained in a particular 
salt solution was a constant independent of pMH 
(ie.g., see Tables I and II). Measurements made 
with different sets of electrodes on different pH 
meters gave essentially the same pMH — pHG.E. 
values for 4 and 8 M  LiCl solutions (C.95 in 4 M  
LiCl and 2.29 in 8 M  LiCl for the second series). 
Estimates of pMH — p H g .e . for the other salt 
solutions are given in Table IV.

The measurements made using the hydrogen 
electrode (Tables I and II) are in good agreement 
with the glass electrode measurements.13

These results demonstrate the meaningfulness 
of potentiometric measurements made with the 
glass electrode in concentrated salt solutions.14

Values of pMH — HQ in 4 and 8 M  LiCl are 
summarized in Tables I and II. The values of 
pMH — Hq in 4 M  LiCl over a wide range of HC1 
concentrations were not significantly different.6 
The same is true for 8 M  LiCl. This establishes 
an acidity function for these solutions.6

Neutralization of Aniline in LiCl Solutions.—  
To calculate pMH from eq. 2 and then the p H g .e. 
and H0 values obtained in the neutralization of 
aniline, it is necessary to have an estimate of 
A A h + /Q a h *. (The subscript AH+ refers to ani- 
linium ion.) One method of obtaining such an 
estimate involves making p H g .e . measurements in 
the aniline buffer region where [AH+]/[A] is 
known. pMH then is calculated by using the 
pMH — p H g .e . values in Tables I and II. Log 
( K a h + / Q a i i +) then can be calculated from the 
logarithmic form of eq. 2.

- l o g  ( X ah  V Q a h +) =  pMH +  log ([AH +]/[A])

(4)
Average values of —log ( A a i i +/ Q a h +) of 5 .4 6 5  
(n =  4 , S.Dx =  0 .0 1 2 )  in 4  M  LiCl and 6 .7 2 4  in 
8 M  LiCl (n — 4 , S.Dj =  0 .0 0 3 )  were obtained. 
Another method of estimating log ( K a h + / Q a i i +)  
involves using the expression

log ( A W Q ah*) =  log ([BH +]/[B ]) -
log ( [ATI+] /  [A ]) — (pA bh* +  log Qbii+) (5)

which is derivable from eq. 2 and 4. The concen
tration ratios of conjugate acid to base for an H0 
indicator and aniline were determined spectropho-

(13) F. E. Critchfield measured pH with the glass and hydrogen elec
trodes of 0.025 M  HC1 solutions containing concentrated salts. The 
agreement between the two measurements was excellent. In the fol
lowing listing of results, the value of pHg.e* is followed by the value of 
pHn in parentheses: 4 M LiCl, 0.66 (0.68); 4 M KC1, 1.20 (1.20); 
4 M  NaCl, 0.87 (0.85); 2.67 M CaCh, 0.49 (0.51); 2.67 M MgBn,
0. 02 (0.02). The pMH -  pHg.e. value of 0.94 for 4M  LiCl obtained 
from these data is in good agreement with the values of Table I. S. 
Bruckenstein and I. M. Kolthoff obtained pHg.e. and pHu results 
which were not significantly different for 0.01 M  acetic acid solutions, 
and for 0.05 M acetic acid-0.05 M sodium acetate solutions which were
1, 2, 3, 4, and 5 M in CaCls (personal communications).

(14) W. H. Beck and W. F. K. Wynne Jones, J. chim. phys., 49, 
C98 (1952); M. Dole, J. Am. Chem. Soc., 54, 3095 ;i932); D. A. 
Maclnnes and D. Belcher, ibid., 53, 3322 (1931); D. Hubbard, 
E. H. Hamilton, and A. N. Finn, J. Res. Natl. Bur. Sid., 22, 346 (1939).

tometrically. A value of —log ( R a i i + / Q a h + )  
of 5.46 was obtained for 4 M  LiCl using the 89.73% 
neutralization data. In 8 M  LiCl a value of 6.81 
was obtained with mNA (6.61 with pAAB). The 
discrepancy between the values in 8 M  LiCl may 
be due to deviations of m-nitroaniline and pAAB 
from “ true”  H0 indicator behavior (see Experi
mental and Discussion). The spectrophotometric 
and calculated values of log [AH+]/[A] in the buffer 
region for 4 and 8 M  LiCl were in good agreement. 
The values of R ah +A2ah + obtained from the pH g.e. 
measurements were believed to be more accurate 
and were used in the subsequent calculations.

Experimental and calculated pHo.E. and H0 
results are presented in Table III. In 4 M  and 
8 M  LiCl the differences between calculated and 
experimental values are comparable in magnitude 
to the error in the p H q .e. and II o measurements, 
except near the 100% point in 8 M  LiCl. At or 
near the 100% point solutions are poorly buffered, 
and p H G.E. and Ho values are significantly affected 
by acidic or basic impurities or small errors in the 
preparation of solutions.

It was necessary to correct for the basic impurity 
in the LiCl solution to obtain a consistent explana
tion of p H g.e . measurements in 8 M  solution (Table
II). The magnitude of the effect of this impurity 
upon the p H g.e. and Ho values in the aniline titra
tion depends upon the strength of the base. The 
columns in Table III marked with a superscript 
a contain the results of calculations based upon 
assuming a strong base. Results in the column 
preceding these are calculated assuming the base 
is very weak (or absent). The actual situation 
probably is between these extremes.

A minimal concentration of H0 indicator was 
introduced into the aniline solutions. Calcula
tion of the effect of pAAB (8 X 10 ~9 M) upon the 
100% neutralized value in 8 M  LiCl indicated a 
PHg.e. change from 1.82 to 1.84. An error of one 
part per thousand in the titration in 8 M  LiCl 
solutions is equivalent to an error in calculated 
PHg.e. or Ho value of 0.09 at the 100% neutralized 
point and of 0.04 at the 99 or 101% points. All 
such errors arc of lesser importance in 4 M  LiCl 
(10-6 M  pAAB 0.01 at 100%, 1 part/1000 0.02 
at 99,100, or 101%).

Neutralization of 2-Aminopyrimidine (P).—
K vii*/Qyii*■ values were obtained using pHG.E. 
values in the buffer region, pMH — pHg.e, values, 
and eq. 4. The R p h +/Q p h + estimates, pMH — 
pHG.E. values, and experimental and calculated 
PHg.e. values obtained in the neutralization of 2- 
aminopyrimidine are presented in Table IV. Dif
ferences between calculated and experimental re
sults were comparable to errors in glass electrode 
measurements except for some of the 99.8% neu
tralized points. The larger error at 99.8% is 
presumably due to impurities and small errors in 
preparing solutions.

Discussion

pMH -  paH =  log / H+ (6)
Since the molar concentration of hydrogen ion is 

small compared to the concentration of salt, it is
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not unreasonable that log / h + will be a constant 
for a given concentrated salt solution.15 Although 
pMH — pHG.E and pMH — paH are both con
stants, paH p H g.e ., but rather

paH =  p H g.e . + A-El .j ,
0.059 (7)

at 25°, AA’l.j. is the difference between the satu
rated calomel electrode-concentrated salt solution 
liquid junction potential and the saturated 
calomel-reference (standardization) solution liquid 
junction potential. AEx.j. is a constant where 
measurements are made using a particular con
centrated salt and reference solution and a par
ticular reference electrode.16

From eq. 3, for an H0 indicator

pMH — H0 =  log Qbh+ (8)
The H0 scale established in Tables I and II is for 
uncharged bases whose log Qb h + values are 1.054 
in 4 M  LiCl and 2.492 in 8 M  LiCl. Although 
substituted anilines are used to establish this 
scale, aniline (A) itself does not satisfy these require
ments (see Table III). Assuming log Qbh+ and 
log Qa h + can adequately be represented by

log Qi — BiM  — n log aw (9)8'17
and that n has the same value but B-, has different 
values for aniline and the H0 indicators

log Qb h + — log Qa h + — ( # b h + — B a_k +)M (10) 

in a solution M  molar in LiCl. If

Bbk+M — log/b -/h +//b h + (H)
and similarly for aniline, then the difference in B, 
terms (eq. 10) is due in part to differences between 
log /b and log / a . Log /b =  B b M , k  where B p

(15) J. N. Br0nsted, Trans. Faraday Soc., 23, 430 (1927).
(16) H. S. Harned, J . Phys. Chem., 30, 436 (1926); ref. 9, pp. 22-33, 40-45.
(17) K. N. Bascombe and R. P. Bell, Discussions Faraday Soc., 24, 

158 (1957).
(18) F. A. Long and W. F. McDevit, Chem. Rev., 51, 119 (1952).

has a value of 0.105 for p-nitroaniline19 and 0.11 
for 4-chloro-2-nitroaniline.12 B a (for aniline) has 
a value of 0.07.20 Values for 2?b h + — 5 ah + 
(eq. 10) of 0.046 in 4 M  LiCl and 0.0455 in 8 M  
LiCl are obtained. These two values are not 
significantly different and their magnitude is not 
unreasonable (Bb — 5  a  ~  0.04).

The requirements, which a series of indicators 
must possess to be satisfactory in establishing a 
self-consistent H0 scale in concentrated salt solu
tions, are much more stringent than in concentrated 
acid solutions. This is because an indicator can 
be used over a much wider range of electrolyte 
(salt) concentration and aw. As a result, the dif
ference of log Qbh+ — log Qb'h+ may not be con
stant (eq. 10) and may be quite different from the 
value in the acid solutions in which “ pA bh+”  
was determined. For this reason, indicators quite 
similar in structure were used in establishing the 
acidity function, 7/0 (Tables I and II) in LiCl 
solutions and where possible in the subsequent 
H0 measurements (Table III).

Once an IIc, scale has been established, indicators
(I) like aniline which conform to eq. 2 can be used 
as pseudo-Ho indicators

H0 =  pAin+ +  (log Qih+ — log Qbh+) — 
log ( [IH+]/ [I]) =  p X 'IH+ -

log ([IH +]/[I]) (12)21

where p /t 'm + is an “ adjusted”  p /i. p/v'iH + 
may be different for each salt concentration, but 
values of H0 obtained with legitimate and pseudo- 
Ho indicators will be self-consistent. Aniline was 
employed as a pseudo-H0 indicator for some of the 
Ho measurements in Table III.

(19) M. A. Paul, J. Am. Chem. Soc., 76, 3236 (1954). However, 
see ref. 5, p. 20.

(20) R. L. Bergen, Jr., and F. A. Long, .7. Phys. Chem., 60, 1134 
(1956). However, see S. Glasstone, J. Bridgman, and W. R. P. 
Hodgson, J. Chem. Soc., 637 (1927).

(21) In evaluating Ho and pi^m* (actually pX’,iH+) values in con
centrated acid solutions,6 log QiH+ — log Qbh+ is assumed to be 
zero. Actually all that is necessary is that the difference is relatively 
constant over the range of indicator overlap (usually ca. one molar 
change in acid concentration).

THE STRUCTURE OF ACTIVE CENTERS IN COPPER CATALYST1

B y  I turo  U h ar a , Sadao  Y an agim oto , Iyazuo T a n i, G in-Y a  A dachi, and  Shôsuke T e r a t a n i

C h e m i s t r y  D e p a r t m e n t ,  F a c u l t y  o f  S c i e n c e ,  K o b e  U n i v e r s i t y ,  M i l - a y e ,  K o b e ,  J a p a n

Received June 18, 1962

On annealing cold-worked Cu, the release of strain energy and changes of various physical properties take place in a comparatively narrow temperature range (Yd) and they are attributed to the disappearance of dislocations. A sudden decrease in the catalytic activity of cold-worked Cu for Gattermann’s reaction and dehydrogenation of ethanol was found to take place in 2\>, too. Since the diminution of the surface area of the catalyst is negligible, it was concluded that the active center of Cu catalyst is the termination of dislocations at the surface of the metal. The generation of active centers under 
various circumstances is discussed.

I. Introduction
Little has been known with physical certainty 

concerning the structure of active centers in
(1) Read at the Annual Meeting of the Chemical Society of Japan 

held on April 4, 1960 and April 3, 1962.

heterogeneous catalysts since Taylor’s proposal.2 
We established a method to estimate the structure 
of active centers in metallic catalysts, and found 
that the active centers of Cu catalyst for the de-

(2) H. S. Taylor, Proc. Roy. Soc. (London), A108, 105 (1925).
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Annealing temp. (°C.).
Fig. 1.—Changes of hardness (H ), and extra-resistivity (Ap), and the rate of release of defect energy (AP) during annealing of Cu specimens (99.96%) deformed in torsion to n d / l  =  1.8. AP '  = the rate of release of energy of a specimen containing 0.35% As and 0.05% P (by Clare- brough, e t  a l . ) .

composition of diazonium salt are the termination 
of dislocations at the surface,3 and that the active 
centers of Ni catalyst for various reactions are 
both the termination of dislocations and point 
defects at the surface.4 In this paper, details of 
the study on Cu catalyst and further extensions are 
reported.

In recent years, the behavior of lattice defects 
in cold-worked, irradiated, or quenched metals has 
been studied by measuring the rate of release of 
strain energy (AP), changes in density, extra
resistivity (Ap), and hardness (H) during an
nealing,6 some of which are shown in Fig. 1.

In a temperature range Yd a sudden change takes 
place in density, in Ap, and in H  with the rapid 
release of defect energy and recrystallization. 
These phenomena are attributed to the disap
pearance of dislocations in the deformed metals, 
although the rearrangement of dislocations may 
take part in the changes in the lower range of 
Yd, too. Point defects produced in Cu by slight 
cold-working or irradiation at sub-zero tem
peratures disappear by annealing below room 
temperature and it seems unlikely that any ap
preciable concentration of vacancies and in
terstitials exists in the specimen of pure Cu used in 
the present work, especially in one annealed over 
100°.6

As the concentration of lattice defects increases 
with the degree of cold-working, strong interaction 
among them lowers Y d considerably,615 e.g., the 
maximum of AP  for 99.967% Cu is displaced from 
390 to 270° as the degree of twisting (nd/l, where

(3) I. Uhara, S. Yanagimoto, K. Tani, and G. Adachi, Nature, 192, 
867 (1961).

(4) I. Uhara, Y. Numata, . nd Y. Kageyama, J. Phys.
Chem., 66, 1374 (1962).

(5) (a) T. Suzuki, Sci. Rep. Res. Inst. Tohoku Univ., Al, 55 (1949);
L. M. Clarebrough, M. E. Hargreaves, and G. W. West, Proc. Roy. Soc. 
(London), A232, 252 (1955); L. M. Clarebrough, M. E. Hargreaves, 
and M. H. Loretto, Acta Met. 6, 725 (1958).

(b) L. M. Clarebrough, M. E. Hargreaves, D. Michell, and G. W. 
West, Proc. Roy. Soc. (London), A215, 507 (1952); S. Boas, "Defects 
in Crystalline Solids,” The Physical Society, London, 1955, p. 212.

(6) Inst. Met, "Vacancies and other Point Defects in Metals and 
Alloys” (1958); J. A. Manintveld, Nature, 169, 623 (1952); A. W. 
Overhauser, Phys. Rev., 90, 393 (1953).

n =  the number of turns, d =  diameter, and l =  
length) increases from 0.47 to 3.03, and the recovery 
in thermoelectric force (S) of cokhworked Cu 
occurs at 250-350°, 160-240°, and 120-240° 
for specimens under compression of 15, 57, and 90%, 
respectively.7

On the other hand, the existence of impurities 
(especially non-metallic) raises Y d  remarkably, 
as shown in Fig. 1. Accordingly, for the purpose 
of Studying the relation among catalytic activity, 
physical properties, and lattice defects, it is desira
ble to employ the identical specimen, or at least spec
imens of the same material and of the same degree 
of working (as small as possible to avoid confusion 
due to interaction among lattice defects). If 
we compare the catalytic activity of Cu specimens 
which have been cold-worked and annealed at 
various temperatures below or above Y d , some 
conclusion may be drawn concerning the relation 
between catalytic activity (or active centers) and 
dislocations.

II. Experimental
(A) Decomposition of Diazonium Salt (Gattermann’s 

Reaction).—Pieces of Cu 99.96% pure (containing O = 0.036, S =  0.0011, and Pb = 0.0018%, etc.) wire, with a diameter of 2.60 mm., were twisted slowly to avoid temperature elevation to n d / l  = 1 . 0  after complete annealing a t 550°, and then annealed again in Nj for 1 hr. a t various temperatures. The specimens were cut into short pieces (cut ends were sealed with a mixture of beeswax and resin), washed with concentrated ammonia for 20 min. to remove the oxide layer, and then thrown into the reaction vessel. The total surface area of the catalyst before twisting was 
c a .  6.4 cm.2.Benzene diazonium chloride solution was prepared by adding pure NaNCb solution (5.8 X 10-3 mole) slowly into a well cooled mixture of newly distilled aniline (5.9 X 10-3 mole), water (2.5 cc.), and concentrated HC1 (5.7 X 10-2 mole). The reaction vessel was shaken in a thermostat and the volume of N2 ( V  cc. a t NTP) evolved was measured with a gas buret filled with saturated NaCl solution, the reaction rate being compared by V in 20 min.

(B) Dehydrogenation of Ethanol.—Cu wire (not annealed) was twisted to n d / l  =  0.8, and then annealed at various temperatures. Two 1. of N2 saturated with ethanol vapor at room temperature was carried on the catalyst in 4 hr. at 275°, where the decomposition of aldehyde can be avoided. The product was dissolved in water and the yield of CH3CHO was determined colorimetrically with wi-phenylenediamine.(H ).—Parallel to the study of the catalytic activity, the change in physical properties of cold-worked Cu during annealing was studied, e.g., hardness (17) was measured with a micro-Vickers hardness tester employing the same specimens as in (A). As the specimens are small and the surface is roughened by twisting, fluctuations of the data are unavoidable, but the tendency of the change is apparent, as shown in Fig. 2.(£>).—It was clearly shown by Kishimoto7 that the measurement of the thermoelectric force (S ) of cold-worked metals is an effective method to study the relation between lattice defects and the catalytic activity. I t  can be carried out easily with a small quantity of the material with considerable precision. His result for specimens of the same material as used in (A) and (B) against well annealed Cu wire is shown in Fig. 2.
III. Results

(A) Decomposition of Diazonium Salt.— The
value of V  consists of the rate of (i) natural de
composition, (ii) homogeneous decomposition cata
lyzed by cuprous ion dissolved from the metal,
(iii) heterogeneous decomposition catalyzed by

(7) S. Kishimoto, J. Phys. Chem., 66. 2694 (1962).
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the normal surface of Cu, and (iv) heterogeneous 
decomposition catalyzed by the active center at 
the surface. It was found that (ii) is almost con
stant irrespective of the annealing temperature and 
the surface area of the metal. The change of the 
surface area on annealing is considered to be 
negligible, because it was found that catalytically 
active Cu powder deposited from CuS04 solution 
by means of the reaction with Zn dust has almost 
the same adsorption capacity for methylene blue 
even after it is annealed at 500° and loses most of 
the active centers (3.3 X 10~7 and 3.1 X 10 '7 
mole are adsorbed by 1 g. of Cu before and after 
annealing, respectively).

The value of V for a specimen without disloca
tions (although a very small number of dislocations 
survive over TD, their activity is negligibly small) 
which is, generally speaking, obtained by annealing 
at temperatures iiigher than Td is the sum of (i), 
(ii), and (iii), and the decrease of V  on removing Cu 
from the solution is the sum of (iii) and (iv) when 
reduced to the initial concentration of the solution, 
hence each value can be obtained separately. For 
example, (i) =  4.6, (ii) =  1.5, (iii) =  1.6, and (iv) 
=  8.3 cc. at 25° for a specimen annealed below 
T-d, although very exact values of V cannot be 
obtained owing to fluctuations of the activity, 
probably due to non-uniformity of cold-working 
and resulting distribution of lattice defects. The 
fraction of V, (iii) +  (iv), which is ascribed to 
heterogeneous catalysis is shown in Fig. 2A to
gether with H and S.

Considering the large effect of impurities and the 
degree of cold-working on the values of T d , it 
may be that the sudden changes of H  and S ob
served near 400° correspond to the changes ob
served in Td in Fig. 1, and that the concurrent 
decrease in the catalytic activity is naturally 
ascribed to the disappearance of dislocations. 
Consequently, the active center of Cu catalyst for 
this reaction is concluded to be the termination of 
dislocation at the metal surface. About 60-85% 
of the heterogeneous decomposition of diazonium 
salt takes place at the active center (iv), and the 
rest at the normal metallic surface (iii). Anal
ogous curves were obtained from measurements at 
20, 30, and 35°, too, and approximate values of 
the energy of activation are as follows: (i) =  24, 
(ii) =  23, and (iv) =  33 kcal., but that of (iii) is 
not obtained owing to large fluctuations of data.

(B) Dehydrogenation of Ethanol.—As shown in 
Fig. 2B ca. 70% of the heterogeneous reaction 
occurs at the termination of dislocations.

Method of Preparation of Metals in Relation 
to their Catalytic Activity and Generation of Dis
locations.— Utilizing the conclusion in III(A) it may 
be possible to detect dislocations in specimens 
prepared by various methods by measuring their 
catalytic activity and to gain some knowledge 
concerning the generation of dislocations in the 
metal.

(C) Electrolytic Copper.— Particles of 80-100 
mesh were obtained by the electrolysis of a solution 
containing 10% CuSCfi and 10% H2S04 with 
various current densities, Z>K amp./cm.2. The 
specific area is almost constant irrespective of the

Annealing temp. (°C.).
Fig. 2.—Hardness (H ), thermoelectric force (£), ¿w./deg., under 15% compression7 (for slighter working T u  will become somewhat higher), and catalytic activity of Cu (99.96%) cold-worked and annealed a t various temperatures: (A)C6H6N2C1 = CeHsCl +  N2 at 25°; (B) C2H5OH = H2 +  CH3CHO at 275°: X = values for specimens not cold-worked. The scale of H in the previous paper3 must be corrected as shown here.

Fig. 3.—Catalytic activity for the decomposition of diazonium salt measured by the volume of N2 evolved in 20 min. at 25° (T) of Cu specimens electrolytically deposited under the current density (D k , amp./cm.2). Triangles show data for specimens after annealing at 500°.
magnitude of D K and it also is unaffected by an
nealing at 500° as stated above. The rate of de
composition of diazonium chloride catalyzed by
0.1 g. of the specimens is given in Fig. 3. Since the 
activity of the specimens electrolyzed at lower D k
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is equal to that of the specimen completely an
nealed, it is concluded that dislocations are gen
erated during electrolysis only when D k is larger 
than 0.1 amp./cm.2 and that the density of the 
dislocations, hence the degree of distortion in the 
metal, increases remarkably with D k. It often 
was observed8 that in electrodeposited metals such 
as Cu and Ni inclusion of oxide, hydroxide, and 
other impurities and hardness of metals increase 
considerably with D k- All of these facts can be 
attributed to the generation of dislocations which 
is caused by the lattice distortion due to the in
clusion of impurities.

(D) Chemically Deposited Copper.— Cu powder 
usually used for Gattermann’s synthesis is prepared 
by adding Zn dust in CuS04 solution. The cata
lytic activity of a 0.1-g. sample at 25° was (iii)
42.2 and (iv) 12.8 cc. in 20 min., the contribution 
of dislocations being 23%. Dislocations probably 
may be generated in an analogous manner as elec
trolysis under high current density.

(E) Copper Reduced from Oxide Layer.—■ 
Pieces of the same dimension as in 11(A) were 
annealed, oxidized, and reduced at 300°. The

(8) M. Schlotter, Discussions Faraday Soc., 31, 1177 (1935); W. 
Blum and C. Kasper, ibid., 31, 1203 (1935).

induced catalytic activity (iv) at 27° was 0.9 and
0. 5 cc. for specimens the oxide layer of which 
before reduction was 560 A. thick and far thinner, 
respectively. This indicates the possibility of 
generating dislocations in a very thin layer on 
metals during a chemical change such as reduction.

(F) Irradiation with Neutrons.— Well annealed 
pieces were irradiated writh neutrons and the re
sulting catalytic activity was investigated after 
the disappearance of the induced radioactivity.

Thermal neutrons/cm.2 1-2 X 1015 1.5 X 1016
Induced activity, (iv), cc. 0 0.3 at 25°, 0.7 a t 30°
(iii) = 1.6-1.0
1. e., dislocations are generated although the ef
ficiency is not high.

(G) Irradiation with y-Rays.— y-Rays of Co60 
amounting to 3.7 X 108 r. were irradiated on a 
well annealed specimen, resulting in no generation 
of catalytic activity and dislocations.
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STUDIES ON THERMOELECTRIC FORCE AND LATTICE DEFECTS AS 
ACTIVE CENTERS IN METALLIC CATALYSTS1
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Changes in thermoelectric force ( S )  by annealing were measured for copper and nickel cold-worked at room temperature. In the case of copper (90 ~  15% compression), the changes in the region from 120 to 400° are attributed to the disappearance of dislocations (Td). The changes for nickel (80% compression) occurred in two stages, one between 200 and 300° and the other above 400°. These are attributed to the disappearance of point defects (vacancies) ( T v) and dislocations ( T j>), respectively. T d  was considerably shifted to lower temperatures, with increase in the degree of compression. The complete parallelism between changes in S  and decreases in the catalytic activities of cold-worked copper and nickel during annealing was found. Consequently, it is concluded tha t the lattice defects at the surface play the part of active centers for various reactions and that the measurement of S is a convenient and effective means of identifying lattice defects with active centers.
Introduction

It was assumed by Taylor2 that catalytic reac
tions take place at active sites only. There is 
much evidence that indicates the existence of active 
sites on the surface of catalyst, but few attempts 
have been made experimentally to determine their 
structure.

In the last decade, the behaviors of lattice defects 
in cold-worked, quenched, and irradiated metals 
have been studied by measuring the release of 
stored energy, changes in density, extra-resis
tivity, and hardness during annealing. Conse
quently, the structure and properties of defects 
have been elucidated.8-6

(1) Read at the Annual Meeting of the Chemical Society of Japan 
held on April 5, 1962.

(2) H. S. Taylor, Proc. Roy. Soc. (London), A108, 105 (1925).
(3) L. M. Clarebrough, M. E. Hargreaves, and G. W. West, ibid., 

A232, 252 (1955).
(4) (a) L. M. Clarebrough, M. E. Hargreaves, and G. W. West, 

Acta Metal., 5, 738 (1957); (b) Phil. Mag., 1, 528 (1956).

It was proposed recently by Uhara and co-wor
kers that lattice defects (point defects and disloca
tions) at the surface of metallic catalysts play the 
part of active centers for various reactions in the 
case of copper7 and nickel,8 in view of the fact 
that the disappearance temperature of vacancies 
(Tv) or dislocations (TD) agrees with decreasing 
temperature of catalytic activities of cold-worked 
metals during annealing. Since Td is markedly 
influenced by the impurities as well as by the degree 
and method of cold-working, it is desirable to 
make these comparisons with the same specimens.

It was found by Tammann9 in 1933 that the
(5) L. M. Clarebrough, M. E. Hargreaves, and G. W. West, Acta 

Metal., 8, 797 (1960).
(6) T. Broom and R. K. Ham, “ Vacancies and other point defects in 

metal and alloys” (Inst, of Metals Monograph 23).
(7) I. Uhara, S. Yanagimoto, K. Tani, and G. Adachi, Nature, 192, 

867 (1961).
(8) I. Uhara, Y. Numata, H. Hamada, and Y. Kageyama, J. Phys. 

Chem., 66, 1374 (1962).
(9) G. Tammann and G. Bndel, Ann. Physik., 16, 120 (1933).
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100 200 300 400 500
Annealing temp. (°C.).

Fig. 1.-—Changes in thermoelectric force ( S )  of cold-worked copper and their first difference by successive annealing 30 min. a t each temperature: (A) 90% compression; (B) 57% compression; (C) 15% compression.

\/T x 103.
Fig. 2.—Determination of activation energy for the disappearance of lattice defects in cold-worked copper (90% compression).

thermoelectric force (S) of cold-worked metals is 
affected by annealing. Since then, however, little 
effort has been made to extend his work either 
theoretically or experimentally.10-11 We have found 
the complete parallelism between changes in S 
and decreases in the catalytic activity of cold- 
worked metals on annealing. It is suggested that 
the measurement of S is a more convenient and 
effective means for the purpose of identifying 
lattice defects with active centers than the measure
ment of the other physical properties mentioned 
above.

I. Thermoelectric Force (S) of Cold-Worked 
Metals

(1) Experimental.—Wires well annealed in the atmosphere of N* or H2 a t 600 or 900° were compressed a t room temperature and S  of cold-worked wire was measured against an annealed wire to 10 ~8 volt as a function of the temperature of the hot junction, the cold junction always being kept at room temperature in a thermostat. A linear relationship was found between S  and the temperature difference a t the junctions below 50°. In order to obtain the disappearance
(10) C. A. Domenicali and F. A. Otter, Phys. Rev., 95, 1134 (1954).
(11) T. L. L. Richards, S. F. Pugh, and H. J. Stokes, Acta Metal., 4, 

75 (1956).

Annealing temp. (°C.).
Fig. 3.—Changes in thermoelectric force and catalytic activities of cold-worked copper: (A) thermoelectric force (15% compression); (B) dehydrogenation of ethyl alcohol (Uhara and Teratani); (C) decomposition of diazonium salt (Uhara, Yanagimoto, Tani, and Adachi).

Annealing temp. (°C.).
Fig. 4.—Changes in thermoelectric force and catalytic activities of cold-worked nickel: (A) thermoelectric force (80% compression); (B) hydrogenation of ethylene (Eckell); (C) p-o H2 conversion (Uhara and Numata); (D) dehydrogenation of ethyl alcohol (Uhara and Numata); (E) hydrogenation of cinnamic acid (Uhara and Hamada); (F) p-o H2 conversion (Cremer and Kerber).

range of defects, the cold-worked wire was annealed in N, or H2 at various temperatures for a definite time (30 min.), and the. changes in S  were measured.
(2) Results. The changes in S of cold-worked 

copper (15, 57, and 90% compression) by annealing 
are shown in Fig. 1. As the degree of compression 
increases, the recovery temperatures of S (T d) is 
shifted to lower temperatures. The peaks of 
AS/AT curves were found at 300, 200, and 150°, 
respectively. In comparison with Clarebrough and 
his co-workers’ results3-4 (measurements on stored 
energy, etc.), these phenomena are attributed to 
the disappearance of dislocations in cold-worked 
copper, because point defects disappear by anneal
ing below room temperature. On the assumption
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that S of cold-worked metals is proportional to the 
concentration of defects, the activation energy for 
the motion of dislocations (Em) could be deter
mined for a specimen of 90% compression. From 
the curve shown in Fig. 2, Em is estimated to be 1.4 
e.v. in the region between 140 and 200°, which 
agrees with the values obtained by Phillips12 
(1 ~  2 e.v. at 200°).

The recovery curve for cold-worked nickel (80% 
compression) has two stages, one between 200 and 
300° and the other above 400° as shown in Fig. 4A. 
According to Clarebrough and his co-workers,3-5 
these are attributed to the disappearance of vacan
cies (T y) and dislocations (TD), respectively. 
Tammann reports that the changes in S occur only 
in the region from 150 to 350°.
II. Lattice Defects as Active Centers in Hetero

geneous Catalysts
Uhara and his co-workers7'13 found that the activ

ities of twisted copper for the decomposition of 
diazonium salt and dehydrogenation of ethyl 
alcohol considerably decrease by annealing at 
about 350°, as shown in Fig. 3. This temperature 
range coincides with the recovery temperature of 
S (Fig. 1) for a slightly cold-worked specimen (the 
compression is usually more severe working than 
twisting as shown by the comparison of induced 
catalytic activity).

In 1933, it was found by Eckell14 that the cata
lytic activity of nickel for the hydrogenation of 
ethylene was enhanced by a factor of 600 to 1000 
after rolling. Since the activity is eliminated by 
annealing in the region from 200 to 300°, as shown 
in Fig. 4B, we may conclude that the active center

(12) V. A. Phillips, J. Inst. Metals, 81, 185 (1952).
(13) I. Uhara, S. Yanagimoto, K. Tani, G. Adachi, and S. Teratani, 

J. Phys. Chem, 66, 2691 (1962).
(14) J. Eckell, Z. Elektrochem., 39, 433 (1933).

is some kind of point defect at the surface, contrary 
to Cratty and Granato’s postulate15 ascribing the 
activity to dislocations.

Uhara, et. al.,s found that the catalytic ac
tivities of cold-worked nickel for para-ortho (p-o) 
H2 conversion, dehydrogenation of ethyl alcohol, 
and hydrogenation of cinnamic acid decrease 
suddenly in the two temperature ranges 7’v and 
To, perfectly in parallel with the change in S as 
shown in Fig. 4C-4E, when the measurements 
were carried out with the same cold-worked speci
mens. Consequently, active centers in these 
catalysts may be both point defects and the ter
mination of dislocations at the surface. According 
to Cremer and Kerber,16 the activity of nickel foil 
for p -o  H2 conversion was decreased by raising 
the temperature of annealing as shown in Fig. 4F. 
Since the foil was prepared by severe deformation, 
it is felt that To was shifted to lower temperatures, 
eventually overlapping Ty. Similarly, it is almost 
impossible to find the distinction between Ty 
and To for active centers in ordinary catalysts, 
which are prepared by chemical procedures and 
contain a large number of defects, as shown by 
X-ray studies.

The measurement of S of cold-worked metals can 
be carried out readily by a simple technique with 
a small quantity of the sample, and hence it offers 
a very convenient method for identifying lattice 
defects with active centers in metallic catalysts.

Studies on platinum catalysts will be reported in 
forthcoming papers.
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(15) L. E. Cratty and A. V. Granato, J. Chem. Phys., 26, 96 (1957).
(16) E. Cremer and R. Kerber, Advan. Catalysis, 7, 82 (1955).
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The acidic dissociation constant of ¿-butylammonium ion has been determined from 5 to 35° by e.m.f. measurements of 
hydrogen-silver bromide cells without liquid junction. At 25°, —log kth = 10.685, and the temperature coefficient of the 
dissociation constant gives the values AH° = 60,070 j. mole-1 and AS0 =  —3.1 j. mole-1 deg.-1. These thermodynamic 
constants are compared with the corresponding values for the acidic dissociation of the protonated forms of the amino- 
alcohols related structurally to ¿-butylamine.

Introduction
The relationship between basic strength and 

molecular structure has long been of interest.1 
Recent studies of the basic dissociation of the 
aminoalcohols have shed further light on the in
fluence of structural factors in this class of com-

(1) See, for example, D. H. Everett and W. F. K. Wynne-Jones, 
Proc. Roy. Soc. (London), A177, 499 (1941); A. G. Evans and S. D. 
Hamann, Trans. Faraday Soc., 47, 34 (1951); D. H. Everett and B. R. 
W. Pinsent, Proc. Roy. Soc. (London), A215, 416 (1952); R. P. Bell, 
“ The Proton in Chemistry,”  Cornell University Press, Ithaca, N. Y., 
-1959. chapter 5.

pounds. To this end, the dissociation constants 
for the three ethanol-ammonium ions were deter
mined.2-4 In addition, the three structurally re
lated substituted ammonium ions, namely, 2- 
ammonium- 2 - (hydroxymethyl) -1,3 - propanediol,5
2-ammonium-2-methyl-l,3-propanediol,67 and 2-

(2) Monoethanolammonium: R. G. Bates and G. D. Pinching, 
J. Res. Natl. Bur. Std., 46, 349 (1951).

(3) Diethanolammonium: Y. E. Bower, R. A. Robinson, and R. G. 
Bates, ibid., 66A, 71 (1962).

(4) Triethanolammonium: R. G. Bates and G. F. Allen, ibid., 64A, 
343 (I960)*
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T able  I
E lectromotive Force of the C e ll : Ft; H2(g„ 1 atm .) (H3C)3CNH3Br(mi), (H3C)3CNH2(m2), AgBr; Ag, from 5 to 35°

( in  v .)
m i m 2 5° 10“ 15° 20“ 25° 30° 35°

0.09065 0.04588 0.76420 0.76357 0.76271 0.76173 0.76058 0.75927 0.75783.08043 .03945 .76562 .76502 .76427 .76331 .76226 .76101 .75960.07316 .03702 .76843 .76787 .76711 .76620 .76504 .76381 .76243
.07081 .03536 .76900 .76833 .76756 .76665 .76555 .76435 .76293.06422 .03150 .77016 .76959 .76884 .76793 .76686 .76567 .76433.05890 .02942 .77243 .77196 .77126 .77039 .76935 .76820 .76690
.05350 .02708 .77449 .77404 .77335 .77248 .77148 .77033 .76900
.05037 .02516 .77543 .77504 .77434 .77351 .77255 .77143 .77014
.04724 .02359 .77678 .77641 .77573 .77494 .77405 .77295 .77171
.04256 .02126 .77887 .77846 .77782 .77708 .77625 .77518 .77396
.04045 .01983 .77927 .77893 .77834 .77763 .77681 .77586 .77462
.03592 .01818 .78231 .78207 .78149 .78081 .77996 .77896 .77784
.03374 .01655 .78277 .78252 .78199 .78132 .78049 .77950 .77837
.02421 .01225 .79022 .78999 .78959 .78901 .78838 .78753 .78654
.01293 .006341 .80205 .80203 .80181 .80149 .80096 .80042 .79925

ammonium-2-methyl-l-propanol5 6 7 have been stud
ied. Data now have been obtained for the 
fourth member of this series, namely, the hydroxy- 
free parent compound, i-butylamine.

Experimental
Method and Procedure.—The electromotive force method used was essentially that previously employed in this Laboratory for studies of other volatile bases.8 Because of the considerable solubility of silver chloride in solutions containing i-butylamine, however, the silver-silver bromide electrode was substituted for the silver-silver chloride electrode. The cell used, therefore, is represented as

Pt; H2(g., 1 atm.), (H3C)3CNH3Br(m1),
(H3C)3CNH2(m2), AgBr; Ag

where m is molality.The preparation of the standard solution of hydrobromic acid and of the silver-silver bromide electrodes has been described previously.9A commercial preparation of i-butylamine was distilled (at approximately 25° and 400 mm.) through a spinning- band distillation column of the Piros-Glover type.10 The column had a rectifying section about 60 cm. in length and was rated at about 80 theoretical plates. Several fractions (about 17 in number) were analyzed by vapor-liquid chromatography, and the best were retained for use. The commercial amine gave a band believed to indicate the presence of a higher-boiling impurity, but the material used for the e.m.f. measurements showed no peak on the chromatogram except that for I-butylamine.In order to correct the observed e.m.f. values to a pressure of 1 atm. of dry hydrogen, the partial pressure of the amine from 0.1 M  and 0.05 M  aqueous solutions was measured at 25, 40,45, and 50° by a gas-transpiration method.11 Henry’s law appeared to be valid over this limited range of concentrations. The constant, k = p/m , for partial pressures in mm., was found to be approximately 20 at 25°, 64 at 40°, 82 at 45°, and 123 at 50°. Values of k at 30 and 35° were read
(5) R. G. Bates and H. B. Hetzer, J. Phys. Chem., 65, 667 (1961).
(6) H. B. Hetzer and R. G. Bates, ibid., 66, 308 (1962).
(7) B. A. Timini, thesis, University of Bristol, 1960; D. H. Everett, 

private communication.
l8) See, for example, R. G. Bates and G. D. Pinching, J. Res. Natl. 

Bur. Std., 42, 419 (1949).
(9) H. B. Hetzer, R. A. Robinson, and R. G. Bates, J. Phys. Chem., 

66, 1423 (1962). This paper also gives the values of the standard 
e.m.f. of the cell which was used in deriving the dissociation constant 
from the e.m.f. data.

(10) The authors are indebted to Dr. R. T. Leslie and Mr. E. C. 
Kuehner for the distillation and for the vapor-liquid chromatographic 
analysis of the amine.

(11) See ref. 8.

T able II
V alues of1 —LOG Kbh AND — LOG Kb FROM 5 TO 35°

Temp., “C. - lo g  Xbh <r — log Kb
5 11.439 0.002 3.295

10 11.240 .001 3.295
15 11.048 .001 3.29s
20 10.862 .001 3.3O5
25 IO.685 .001 3.311
30 10.511 .001 3.322
35 10.341 .002 3.339

T able III
T hermodynamic Quantities for the A cidic D issociation

OF f-BuTYLAMMONIUM ION (BH+) FROM 5 TO 35°
AGO, AH0, AS0,

t, °c. j. mole“1 j. mole-1 j. deg.“1 mole-1
5 60,910 59,780 -4 .1

10 60,930 59,850 -3 .8
15 60,950 59,920 -3 .6
20 60,970 59,990 -3 .3
25 60,980 60,070 -3.1
30 61,000 60,140 -2 .8
35 61,010 60,220 -2 .6

from a plot of log k against 1/T, where T was in °K. It was found necessary to take the vapor pressure of the amine into account only at 35° and for buffer solutions in which m2 was 0.025 or greater. For other temperatures and concentrations, the pressure corrections calculated with and without the partial pressure of the amine agreed to within 0.02 mv., and the contribution of the amine to the total pressure was neglected accordingly. To reduce losses by volatilization, the ratio mi/m, was kept at about 2 in all of the cell solutions.Values of Kt, the stability constant for the diammine complex formed by silver ion and I-butylamine, were calculated from measurements of the solubility of silver chloride in 0.11 M  and 0.07 M  solutions of the amine. The results for log K f were as follows: 8.78 (0°), 7.88 (25°), 7.12 (50°). The solubility product of silver chloride being 2,800 times greater than that of silver bromide (at 25°), it can be shown that the solubility of silver bromide in the buffer solutions would be too small to require corrections to the stoichiometric bromide concentration (to,). Corrections to m, and 
n tt  for the dissociation of the amine were necessary, however, and were applied in the usual way. The molality of free amine in the stock solutions was determined by weight titration to the calculated equivalence point (5.9 in 0.05 M  solution), detected by means of a glass electrode.Because of the high volatility of the base, the e.m.f. decreased slowly with time. After the completion of a series
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Table I v
Comparison of the T hermodynamic Quantities at 25° for the D issociation of ¿-Butylammonium Ion and T hree

Structurally R elated Ammonium Alcohols

Base Ref.
M.p. of

amine, °C. —log Kbh
(CH2OH)3C-NH2 5 171 8.075
(CH2OH)2C-NH2

!
6 111 8.801
7 8.790

c h 3
c h 3

c h 2o h —c —n h 2 7 30-31 9.691
c h 3

(CH3)3C'NH, -67.5 IO.685
of measurements, the e.m.f. of test cells without the triple saturator for the hydrogen gas was found to be about 1 mv. lower than at the beginning of the series, some 52 hr. earlier. The saturators were used accordingly for all of the measurements from which the dissociation constant was derived, but decreases of e.m.f. ranging from 0.25 to 0.5 mv., roughly proportional to elapsed time, still were observed. The e.m.f. values at temperatures other than 25° therefore were corrected to "zero time” in order to allow for loss of the amine through volatilization.11 The largest correction is at 35°, where it amounts to 0.008 in ( —log K b h ) ' , a correction of this small magnitude can be made with confidence.

Results

The corrected values of the e.m.f. of the cell are 
given in Table I. The calculation of the acidic 
dissociation constant, Kbh, of the f-butylammonium 
ion was made in the manner already described.5'6 
A value of 0 for the ion-size parameter (a*) gave 
straight-line plots of Kbh' as a function of ionic 
strength at each temperature. The intercepts were 
determined by the method of least squares. The 
values of —log Abh and of —log Kb (the negative 
logarithm of the basic dissociation constant of 
f-butylamine) are collected in Table II; <r is the 
standard deviation of the intercept ( —log Kbh) 
at each temperature.

The following equations represent the “ observed” 
data at the seven temperatures with a mean devia
tion of ± 0.001 unit

, 3021.63
- l o g  A bh =  — --------b 0.9376 -  0.001303T

(1)
1477 29

- lo g  K h =  — y -------  7.2023 +  0.01864771 (2)

The value of —log Khh =  11.644 at 0° (calculated 
by eq. 1) can be compared with 11.64 from the work

AG°, A ff«, AS», ACp®,
j. mole-1 j. mole-1 j. deg.-1 mole-1j. deg.-1 mole-:
46,075 47,600 5.1 -64
50,238 49,860 -1 .3 -45
50,176 49,720 -1 .5 -46

55,318 53,930 -4 .6  -25

60,980 60,070 -3 .1  15
of Pearson and Williams12; 10.937 at 18° with 10.83 
from the measurements of Girault-Vexlearschi13;
IO.685 at 25° with 10.53 from the conductance data 
of Bredig.14

The thermodynamic quantities for the dis
sociation of f-butylammonium ion in the stand
ard state were derived from the constants of eq. 
1 and are listed in Table III. Only an approximate 
value of ACP° can be calculated from data over 
a short temperature range, but eq. 1 gives ACp0 
=  15 j. deg.-1 mole-1 at 25°. The following values 
pertain to the basic dissociation of f-butylamine 
at 25°

Process: (H3C)3CNH2 +  HsO ^
(H3C)sCNH3+ +  O H -

AG0 =  18,910 j. mole-1
AH° =  —3450 j. mole-1
AiS° =  —75.0 j. mole-1 deg.-1
The thermodynamic quantities for the dissocia

tion of f-butylammonium ion are compared in 
Table IV with the corresponding quantities for the 
protonated forms of the three aminoalcohols re
lated structurally to f-butylamine. A small un
explained irregularity in the trend of AS0 is ap
parent, but the change of entropy is generally in 
qualitative agreement with expectation, insofar 
as the effect of hydroxyl groups on the entropy of 
solvation is concerned. The melting points show 
that the successive introduction of hydroxyl into 
the methyl groups of the parent compound produces 
a considerable lowering of the volatility of the amine 
as well.

(12) R. G. Pearson and F. V. Williams, J. Am. Chem. Soe., 76, 258 
(1954).

(13) G. Girault-Vexlearschi, Bull. soc. chim. France, 577 (1956).
(14) G. Bredig, Z. phyaik. Chem., 13, 289 (1894).
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The self-diffusion of cetane, using a radioactive tracer, has been measured in polyisobutylene-cetane solutions in the concentration range from 35 to 87% polymer, and the diffusion of radioactive cetane into pure polyisobutylene, poly-re-hexyl methacrylate, poly-re-octyl methacrylate, and poly-re-dodecyl methacrylate has been measured under conditions of very low cetane concentration. The temperatures ranged from 24 to 48°. Curve-matching methods were used to obtain diffusion coefficients without waiting for equilibrium to be reached. The apparent activation energy for self-diffusion of cetane increases monotonically with volume fraction of polymer ( v 2)  in the polyisobutylene-cetane system, with a sharp increase in slope near v 2 =  0.6. The values are essentially identical with the apparent activation energies for viscoelastic relaxation times of the polymer segments in the same solutions from v 2 =  0.64 to 1.00, determined from mechanical measurements. The friction coefficient fi for translation of cetane at 24° increases from 10-7-94 to 10-4-32 dyne-sec. cm.-1 over the concentration range from pure cetane to pure polymer. Its concentration dependence is quite well described in terms of the Doolittle free volume concept by the theory of Fujita, with values of the free-volume parameters of both polymer and solvent in agreement with those derived from other sources. The friction coefficients for cetane in the methacrylate polymers, and their temperature dependences, are considerably smaller than the corresponding quantities for translatory motion of polymer segments derived from viscoelastic measurements using the modified Rouse theory. The differences are attributed qualitatively to effects of additional local free volume in the immediate vicinity of the diluent molecule, which may be important when the temperature is not too far above the glass transition temperature. The effective local free volume around the cetane molecule is estimated to be about 40% greater than the average free volume for the hexyl and octyl polymers, and 16% greater for the dodecyl.

Measurements of the diffusion of small molecules 
in very concentrated polymer solutions have pro
vided information about molecular motions in such 
systems.1 2 The frictional resistance to translatory 
motion of a diluent molecule can be determined and 
compared with the resistance to segmental motion 
in the polymer matrix as estimated from visco
elastic measurements.3

The interpretation of diffusion measurements is 
considerably simplified if the experiment corre
sponds to self-diffusion of one component in the 
mixture. This condition is fulfilled when a radio
active tracer is used and the chemical concentration 
is uniform through the system,4 and also in nuclear 
magnetic resonance measurements by the spin- 
echo method ,6 The experiments reported here were 
performed with a tracer. The diffusion of radio
actively tagged cetane (rc-hexadecane) was followed 
in mixtures of polyisobutylene and cetane over a 
wide range of concentrations. In addition, diffu
sion into pure polyisobutylene and into three meth
acrylate polymers was studied under conditions 
closely approximating self-diffusion. The visco
elastic properties of the same polyisobutylene- 
cetane mixtures will be reported subsequently6 8 9; 
those of the methacrylate polymers have been 
published previously.7-9

Materials.—The polyisobutylene was obtained from Esso Research and Engineering Co. through the kindness of Dr. Ralph M. Hill. I t  was designated as type L-SO and is believed to have very little material with molecular weight
(1) United States Rubber Company Foundation Post Graduate 

Fellow in Physical and Engineering Science, 1961-1962.
(2) H. Fujita, Advan. Polymer Sci., 3, 1 (1961),
(3) J. D. Ferry and R. F. Landel, Kolloid-Z., 148, 1 (1956).
(4) R. J. Bearman, J. Phys. Chem., 65, 1961 (1961).
(5) D. C. Douglass and D. W. McCall, ibid., 62, 1102 (1958).
(6) J. R. Richards, K. Ninomiya, and J. D. Ferry, ibid., in press.
(7) W. C. Child, Jr., and J. D. Ferry, J. Colloid Sci., 12, 389 (1957).
(8) W. Dannhauser, W. C. Child, Jr., and J. D. Ferry, ibid., 13, 

103 (1958).
(9) S. F. Kurath, T. P. Yin, J. W. Berge, and J. D. Ferry, ibid., 14,

147 (1959).

less than 0.5 X 10®. Its intrinsic viscosity in benzene at 24.0° was 1.02 dl./g., corresponding10 to a viscosity-average molecular weight of 1.5 X 105. Its shear relaxation spectrum at the lower end of the transition zone, determined from dynamic measurements to be reported,6 was identical with tha t of the National Bureau of Standards polyisobutylene with weight-average molecular weight 1.56 X 106, studied11 in 1952. The presence of molecular weight distribution should not affect the diffusion of cetane so long as there are no polymer components of very low molecular weight.The poly-re-hexyl methacrylate, poly-re-octyl methacrylate, and poly-re-dodecyl methacrylate were the same samples used in earlier investigations of mechanical properties.7-9 They were all rough fractions from wrhich components of very low molecular weight had been removed, and their weight-average molecular weights wrere, respectively,4.0, 3.6, and 0.95 X 10«.
Non-radioactive cetane, practical grade, was obtained from Matheson, Coleman and Bell, and radioactive 1-C14 cetane from Nuclear-Chicago Corporation. The latter was furnished in benzene solution a t a specific activity of about 5 me./mmole. The benzene was removed by aspiration in a specially designed device with a cold trap and the residue was diluted with ordinary cetane to a convenient level of activity (7.3 and 81 /*c./g., respectively, for the two types of diffusion experiments to be described below).
Solutions of polyisobutylene in ordinary cetane and in radioactive cetane with an activity level of the order of 2 

f i c . / g .  of solution were made up over the concentration range of 35 to 87% polymer by weight. Santonox (Monsanto Chemical Co.) was added as an antioxidant, at a concentration corresponding to 0.5% of the polymer present. The maximum concentration which could be prepared by direct mixing with a very slowly rotating magnetic stirrer a t 60° was 70%. Higher concentrations were achieved by slowly evaporating some cetane i n  v a c u o  from the samples before molding. In fact, such evacuation was applied to all except the 35 and 47% samples, to assist in removing bubbles and to adjust the polymer concentration to the desired values. In the twin disk method, in particular (see below), the concentrations of the two disks had to be matched accurately. The temperature during this evacuation was sufficiently high so tha t the diffusion of cetane through the sample would prevent development of significant concentration gradients. Further details of preparation of solutions
(10) P. J. Flory, “ Principles of Polymer Chemistry,”  Cornell Univ. 

Press, Ithaca, N. Y., 1953, p. 312.
(11) J. D. Ferry, L. D. Grandine, Jr., and E. R. Fitzgerald, J. Appi. 

Phys., 24, 911 (1953).
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Fig. 1.—-Activity in counts per min. plotted logarithmically v s . time, for the twin disk method. Points, experimental, for 87.4% polyisobutylene in cetane at 48.4°; curve, eq. 1 with origin located by arrows as indicated.
and precautions used in handling the radioactive material are given in an unpublished report.12

Method
Two geometrical arrangements were employed for the diffusion process. In  the twin disk method, a molded disk prepared with ordinary cetane was carefully layered on a radioactive disk with the same concentration and dimensions, and the diffusion was followed by measuring the activity at the top, initially inert surface. The conditions here correspond strictly to self-diffusion.4 In the thin smear method, a single disk of pure polymer was joined to a very thin layer of radioactive cetane and the activity was measured at the opposite face. This, of course, is not self-diffusion but since the concentration of cetane after attainment of equilibrium was only 1 to 2%, the process represents cetane moving in essentially a very dilute solution, and in these circumstances the diffusion coefficient becomes identical with that for self-diffusion.4 For the methacrylate polymers, only this method was used.The molded disks were all of 1-in. diameter; the thicknesses were 0.138 to 0.159 in. for the twin disk geometry, and 0.057 in. for the thin smear method. Inserts of aluminum foil in the mold facilitated removal and handling of the samples8-9; all details of procedure were established with non-radioaetive samples before processing radioactive material.12During the course of diffusion, a period of hours to weeks, the disks were kept in vapor-tight aluminum cylinders with removable lids for intermittent activity measurements. The arrangement was similar to tha t used by Auerbach and Gehman13 except that a larger area, essentially' all of the upper sample surface, was exposed to the Geiger counter when the lids were removed. For temperature control during diffusion, the cylinders were kept in a heavy aluminum box in an air thermostat or a large copper cylinder in a water bath.For measurement of activity, a cylinder was opened and mounted in an aluminum counting platform which provided positive positioning under the mica window of a Geiger tube and was surrounded by a lead shield. The counts of the (3 particles were registered on a binary-counting scaler (Instrument Development Laboratories), usually for a 15-min. period. The elapsed time since the start of the diffusion experiment was taken as the middle of this interval. The background radiation was measured for a similar period. The Geiger tube was operated a t 1400 v. and it was checked each day with an uncalibrated radiocarbon source (Tracer Lab., Inc., Model R-10). The counting equipment was generously lent by Professor John E . Willard.
(12) R. S. Moore, Ph.D. Thesis, University of Wisconsin, 1962.
(13) I. Auerbach, S. D. Gehman, W. R. Miller, and W. C. Kuryla, 

J. Polymer Sei., 28, 129 (1958).

Since the maximum range of the /3 particle in the polymer is about 0.035 cm. and the half-thickness for absorption can be taken as one-tenth of this,14 the activity (A) essentially measures the concentration of radioactive cetane at the upper surface of the sample. Specifically, for the twin disk method, 94% of the measured radiation comes from the upper 2% of the twin sample.Twin Disk Method.—The diffusion equations may be formulated in terms of A ,  which is proportional to the concentration of radioactive cetane at the upper surface. This rises during the course of diffusion from zero to a value A .  at equilibrium which represents half the concentration originally present in the radioactive (lower) disk. The time dependence of A  under the boundary' conditions of the experiment can be expressed as16
A(t)/Ae =  1 -  (4/ir) [e-*2<> -

(i/Je-w* +  (ViOe-25̂  +  . . . ] (1)
where 9  =  D i t / h 2, A  is the diffusion coefficient (in our system, the self-diffusion coefficient of cetane), and h  the total thickness of the pair of disks. To determine A  from experimental data, it is not necessary to wait until equilibrium is reached to obtain A e directly. Instead, a master logarithmic plot of A ( t ) / A e v s .  8 from eq. 1 is matched to an experimental plot of log A { t )  v s .  log t .  The position of the origin of the theoretical plot on the experimental coordinate axes determines A e and D i / h 2, respectively. An example is shown in Fig. 1. The precision of A  determined in this manner was ordinarily within about 5%.Thin Smear Method.—In this procedure, a drop of radioactive cetane was placed on an aluminum insert at the bottom of the sample cylinder, allowed to spread uniformly, and, after weighing, frozen in the cold room. Radioactive cetane with the higher level of 81 juc./g. was used for this purpose. The single disk of polymer then was placed on the thin layer of crystalline cetane and the assembly was allowed to warm to melt the latter. Careful precautions were necessary to prevent the cetane from climbing up the cylinder walls (the latter had to be coated with a thin layer of Car- bowax, a low-molecular weight polyethylene oxide) and to achieve uniform contact between the cetane and polymer.Since the initial ratio of cetane thickness (6) to polymer thickness ( h )  is very small, it can be shown12 tha t the course of the diffusion except in its earliest stages is actually independent of the initial cetane thickness to a close approximation. The activity (in this case, proportional to the concentration of total cetane, as well as of radioactive cetane, a t the top surface) again rises from zero to a value A e which depends on the total amount of radioactivity present. When the diffusion equations15 are solved for these boundary conditions, the_ approximation b / h  «  1 allows replacing sin 
m ir b / h  by its argument in a Fourier expansion where m  is the summation index. The time dependence of A  then can be expressed by the equation12
A(t)/Ae — 1 — 2[e~*‘‘e — -(-

e-w e  +  . . .  ] (2)

where 8 is defined as before. Equation 2 was evaluated numerically on a Bendix G-15 computer.16From a logarithmic plot of A  against t compared with a logarithmic master curve of A ( t ) / A e  v s .  9 , it was possible to determine A  from experimental data as before. An example is shown in Fig. 2.The approximation that the activity measures the concentration of radioactive cetane a t the upper sample surface is not quite so well fulfilled here because the sample is thinner. However, examination of this approximation together with tha t involving replacing the sine by its argument in the Fourier expansion leads to the conclusion that the error does not exceed 3% for log 8 = —1.2 and diminishes quickly as time increases.Values of D  determined in this manner for diffusion of cetane into polymer are identified with A  and cited below as
(14) G. Friedlander and J. W. Kennedy, “ Nuclear and Radiochem

istry,”  John Wiley and Sons, New York, N. Y., 1959, pp. 197-198.
(15) J. Crank, “ The Mathematics of Diffusion,” Oxford, 1956.
(16) We are much indebted to Dr. Stuart E. Lovell for making these 

calculations. Numerical tables for eq. 1 and 2 are available on request,
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corresponding to the pure polymer ( v i  — 1.0), even though the concentration is changing slightly during the diffusion process. The difference in log D  between pure polymer and the equilibrium concentration ( Vi = 0.9S to 0.99) is of the order of 0.1, but the actual error probably is somewhat less, because during the early stages the cetane is advancing into essentially pure polymer. The twin disk and thin smear methods were compared for 35% polyisobutylene a t 4S.40, and the values of log D ,  agreed within 0.02.
Results and Discussion
Polyisobutylene Systems

Values of log A  and log ft for polyisobutylene 
and its solutions are given in Table I for the range 
of concentrations and temperatures of 24, 40, and 
48.4°. The friction coefficient for the cetane, ft, is 
calculated3’4 as kT/D1. Plots of log A  against l/T  
were linear within this narrow temperature range, 
and from their slopes the apparent heat of activa
tion for diffusion, A H d , was calculated and is listed 
in the last column of the Table.

Temperature Dependence.— In Fig. 3, AHq is 
plotted vs. volume fraction of polymer, v2. The 
value of 3.90 kcal. for v2 =  0 is actually the ap
parent heat of activation for viscous flow ob
tained from viscosity data for cetane.17 The 
figure also includes values of AH„ for viscoelastic 
relaxation times. These are derived from dynamic 
measurements6 near the boundary between the 
transition zone and plateau zone of the relaxation 
spectrum, and reflect the temperature dependence 
of the monomeric friction coefficient ft of the 
polymer. It is clear that the two friction coef
ficients have identical temperature dependence 
over the concentration range where the measure
ments overlap. This concordance appears to be 
characteristic of amorphous polymer systems which 
are far above their glass transition temperatures.3

The plot of A H d vs. v2 appears to change in slope 
abruptly at about v2 =  0.6. A somewhat similar 
phenomenon is evident in the diffusion of trioctyl 
phosphate in polyvinyl chloride18 and acetone 
in polyvinyl acetate,19 although these investiga
tions did not involve self-diffusion, and large ther
modynamic corrections4’20 are needed to convert 
the apparent diffusion coefficient to a quantity 
equivalent to the self-diffusion coefficient. 
Whether there is really an abrupt break at v2 
=  0.6 is not certain. It could not be correlated 
with the onset of coupling entanglements21; for 
solutions of polyisobutylene with this molecular 
weight, entanglements exist at concentrations as 
low as v2 =  0.05, as shown by the dependence of 
viscosity on molecular weight at constant concen
tration.22

The apparent energy can be calculated from the 
free volume concept of Doolittle,23'24 which has

(17) American Petroleum Institute Project 44, “ Selected Values of 
Properties of Hydrocarbons and Related Compounds,”  Carnegie 
Institute of Technology, Pittsburgh, Pa., 1953, p. 288.

(18) W. Knappe, Z. angew. Phys., 6, 97 (1954).
(19) A. T. Hutcheon, R. J. Kokes, J. L. Hoard, and F. A. Long, / .  

Chem. Phys., 20, 1232 (1952).
(20) M. J. Hayes and G. S. Park, Trans. Faraday Soc., 52, 959 

(1956).
(21) T. G Fox, S. Gratch, and L. Loshaek, in F. R. Eirich, “ Rhe

ology,” Vol. I, Academic Press, New York, N. Y., 1956, Chapter 12.
(22) M. F. Johnson, W. W. Evans, I. Jordan, and J. D. Ferry, 

J. Colloid Set., 7, 498 (1952).
(23) A. K. Doolittle, J. Appl- Phys., 22, 1471 (1951).

Fig. 2.—-Activity in counts per min. plotted logarithmi
cally vs. time, for the thin smear method. Points, experi
mental, for a thin smear of cetane on poly-ra-hexyl methacry
late at 24°; curve, eq. 2 with origin located by arrows as 
indicated.

Volume Fraction of Polymer>
Fig. 3.—Apparent activation energy plotted vs. volume 

fraction of polymer in the system polyisobutylene-cetane. 
Open circles, for self-diffusion of cetane (Table I); black 
circles, for viscoelastic relaxation times,6 reflecting con
figurational changes of the polymer.

been applied to diffusion by Fujita.2 If the tem
perature dependence of the diffusion process is 
controlled by free volume, the apparent activation 
energy at temperature T is given by

AHn(T) =  BdR r-a ,/p  (3)

where B,\ is a numerical constant usually set equal 
to unity, /  is the fractional free volume, and a, 
=  df/dT. Since the experimental values of AH 
are the same for diffusion and viscoelastic measure
ments, we can take the parameters for the pure 
polymer from viscoelastic data,3’26 setting Bs

(24) J. D. Ferry, "Viscoelastic Properties of Polymers,” John Wiley 
and Sons, New York, N. Y., 1961, pp. 225, 363.

(25) A later choice of parameters,26 af = 2.5 X 10“4and/g *= 0.026, 
which give almost the same temperature dependence of viscoelastic
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T able I
D iffusion C oefficient and F riction C oefficients for 

C etane in P olyisobutylene Solutions 
Wt. % a« d,
polymer VI T,  °K . log Di log r kcal.
35.45 0.3182 297.1 -5.94 — 7.45
35.18 .3145 313.0 -5.77 -7.59 4.2s
35.66 .3185 321.6 -5.70 -7.66
35.13° .3139 321.6 -5.71 -7.64
47.53 .4349 297.1 -6.20 -7.18
47.20 .4304 313.0 — 5.97 -7.4C 5.5g
47.20 .4297 321.6 -5.89 — 7.47
56.06 .5201 297.1 -6.39 -6.99
56.09 .5194 313.1 -6.18 -7.18 5.65
56.30 .5206 321.5 -6.04 -7.31
67.65s .6398 297.0 -6.71 -6.67

-6.77 -6.61
67.01 .6319 313.0 -6.44 -6.93 5.38
67.07 .6319 321.6 -6.34 -7.02
72.64 .6915 297.2 -7.08 — 6.31
72.09 .6870 313.0 -6.64 -6.72 9.97
72.58 .6905 321.5 -6.53 -6.83
77.37 .7439 297.2 -7.32 -6.07
76.75 .7362 313.0 -6.87 -6.50 10.32
77.46 .7434 321.4 -6.75 -6.60
81.45 .7886 297.1 -7.71 -5.68
80.77 .7802 313.0 -7.18 -6.18 13.92
81.02 .7825 321.5 -6.93 -6.42
86.86 .8489 297.1 -7.92 —5.47
86.71 .8466 313.0 -7.47 -5.90 13.62
87.38 .8537 321.6 -7.20 - 6 . 1 5

100.00“ 1.0000 297.2 -9.06 -4.32
100.00 1.0000 313.2 -8.46 -4.90 17.46
100.00 1.0000 321.6 - 8 .0 1 -5.34
a B y  th e  t h in  s m e a r m e th o d . 4 L a rg e  u n c e r ta in t y  because 

o f  lo w  le v e l o f r a d io a c t iv i t y .

=  1, at =  4.4 X  10-4 deg.-1, and /  =  0.031 +  
<xi(T — Tg), where the glass transition temperature 
Tg is 202°K. It must be recognized, however, that 
the present temperature range is so far above Tg 
that the parameters of the WLF equation24 de
termined in the usual manner may not be strictly 
applicable.

It has been customary2 to assume that the frac
tional free volumes of polymer and diluent are 
additive. To calculate the values of af for the 
solutions we have assumed that this quantity also 
varies linearly with volume fraction. The frac
tional free volume of pure cetane,/,, was calculated12 
from the data of Doolittle28 to be 0.210 at 313.2°K., 
and o f  was determined from the same source as 
8.55 X 10-4 deg.-1. By linear interpolation, af 
and /  at 313° were obtained for the various solu
tions, and A //d at 313° was calculated by eq. 3. 
The results, shown by the dashed line in Fig. 3, 
agree fairly well in the diluent-rich systems but are 
too low above v2 =  0.6. Small adjustments in at 
and /  would improve the agreement. Nevertheless,
properties in the range from T g to Tg +  100, must be rejected; af 
cannot27 be appreciably less than Aa, the difference between the macro
scopic thermal expansion coefficients above and below Tg,  which for 
polyisobutylene is 4.5 to 5 X 10 “4 deg.“ 1.

(26) Reference 24, p. 219.
(27) A. J. Kovacs, R. A. Stratton, and J. D. Ferry, J. Phys. Chem., 

in. press (Jan., 1963).
(28) A. K. Doolittle, J. Appl. Phys., 23, 236 (1952).

the free volume theory with linear additivity of /  
explains the concentration dependence of D, and f, 
rather well, as will be shown below.

Concentration Dependence.— In Fig. 4, log is 
plotted against v2 at three temperatures. The 
figure includes values for pure cetane, estimated 
from the spin-echo measurements of Douglass 
and McCall5 on various n-paraffin hydrocarbons. 
The self-diffusion coefficient of cetane at 25° was 
interpolated from their data, and evaluated at the 
other temperatures by taking the value of 3.90 
kcal. for A/Zd- At 24.0, 40.0, and 48.4°, log D\ 
is, respectively, —5.440, —5.284, and —5.222, 
whence f , is obtained as kT/Dx.

The cetane friction coefficient increases mono- 
tonically by about three powers of ten over the 
complete concentration range. The slope of log 
fi appears to change most rapidly at about v2 =  
0.6, however, where the break appears in Fig. 3. 
Comparison of these values of ft with the mono
meric friction coefficient of the polymer, f 0, derived 
from viscoelastic measurements on some of the 
same solutions, will be discussed subsequently.6 
For the pure polymer,29 log at 25° is —4.35, which 
is very close to log ft at 24° in Table I, although the 
sizes of the monomer unit and the cetane molecule 
are not exactly comparable.30

To apply the free volume concept to the concen
tration dependence of the diffusion coefficient, 
Fujita2'32 has expressed the Doolittle relation in the 
form

D t =  RTAd exp(—Bd/f) (4)

where Ai and BA are constants assumed to be 
independent of both concentration and tempera
ture ; as before, we shall set Bd equal to unity. This 
treatment has in the past been applied to the 
“ thermodynamic”  diffusion coefficient with poly
mer-fixed frame of reference, Dt . However, it is 
evident from the relations among various diffusion 
coefficients discussed by McCall33 and Fujita2'34 
that in concentrated polymer solutions Dt actually 
is identical with Dj. We therefore can treat D, 
in the same manner. At constant temperature, 
/  again is assumed to be a linear function of the 
diluent volume fraction vj

f(vhT) =  /(0 ,D  +  KT)v x (5)

where /?(T) is related to the free volume of the 
pure diluent as described below. The ratio of 
D ] at Vi to D\ in the pure polymer is given then by

In [ A /A ( 0)] =  Bdp(T)vl/{ [/(0 ,T )]2 +
0 (D /(0 ,2 > i}

(29) Reference 24, p. 258.
(30) Surprisingly, the diffusion coefficients and friction coefficients 

of n-butane and n-pentane in polyisobutylene, extrapolated to zero 
concentration of penetrant from the measurements of Prager and 
Long,*1 are closely similar in magnitude to ours for cetane, despite the 
considerable difference in molecular size. The dependence on the size 
of the penetrant molecule requires further study.

(31) S. Prager, E. Bagley, and F. A. Long, J. Am. Chem. S o c . , 75, 
1255 (1952).

(32) H. Fujita, A. Kishimoto, and K. Matsumoto, Trans. Faraday 
S o c . , 66, 424 (1960).

(33) D. W. McCall and D. C. Douglass, to be published.
(34) H. Fujita, private communication.
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from which two linear test plots can be devised

1/ln [A /A (0 ) ]  =  f(0,T)Bd +
[/(0 ,T )]2AiRd£(T) (6)

th/ln [ A /A ( 0)] =  [f(0,T)]2/Bdp(T) +
v1f(0,T)/Bd (7)

From the slope and intercept of either of these 
plots, the parameters f(0,T) and fS(T) can be 
determined, provided Bd =  1.

In Fig. 5 and 6, data from Fig. 4 are plotted as 
the left sides of eq. 6 and 7 vs. \/v\ and vlt respec
tively, including the data for pure cetane estimated 
as described above from the measurements of 
Douglass and McCall.6 The lines are drawn with 
the values of f(0,T) and /3(T) listed in Table II. 
Since the two plots weight the individual points 
quite differently, the rather good coincidence with 
the lines in both figures represents a quite satis
factory fit to cq. 6 and 7.

T able II
Tree-V olume P arameters for the P olyisobutylene-  

C etane System
T, °K. ß CD /(0, T) M T ) y ( T ) M T )

297.2 0.120 0.074 0.073 0.194 0.190
313.2 .141 .085 .080 .226 .210
321.0 .134 .092 .084 .226 .217

The parameter f(0,T) obtained from this curve 
fitting should be equal to the fractional free
volume of the pure polymer, in accordance with 
eq. 5. It is compared in Table II with Ji(T) 
calculated from f s and «f as given in the preceding 
section. The agreement in magnitude is quite 
good, although the temperature dependence of 
/(0 ,T) is a little too great, reflecting the same 
discrepancy seen in Fig. 3 between observed and 
calculated values of AH.

The quantity ,8(T) +  f(0,T), denoted y(T) by 
Fujita, should be equal to /i(T ) according to eq. 5. 
These quantities are compared in the last two 
columns of Table II, and the agreement is excel
lent. It may be concluded that the Fujita theory

i / v ,  .
Fig. 5.—Test plot of eq. 6; lines drawn with parameters in Table II; key to experimental points same as in Fig. 4.

F’ig. 6.—Test plot of eq. 7; lines drawn with parameters in Table II; key to experimental points same as in Fig. 4.
describes the concentration dependence of A  
very well, even though the proportion of diluent 
covers a much wider range than in most systems 
to which it has been applied previously.2

Methacrylate Polymers
Values of log Di and log fi for the three meth

acrylate polymers are given in Table III, together 
with some values of the apparent heat of activation 
for diffusion. If is evident that both the magnitude 
of the friction coefficient and the heat of activation

T able III
D iffusion C oefficients and F riction  C oefficients for 

C etane in M ethacrylate  P olymers

Polymer T.  °K . log Di log fl
a//d,
kcal.

Hexyl 297.2 -8.45 -4.93
313.2 -7.91 -5.45 13.4

Octyl
321.6
297.2

-7.75
-7.83

-5.60
-5.56

321.6 -7.16 -6.19 11.9
Dodecyl '297.2 -7.66 -5.73

321.6 -7.14 -6.22 9.3
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decrease with increasing side chain length of the 
polymer, as would be expected from comparison of 
the mobilities of the polymer backbones.7-9

However, a comparison of t i  interpolated at 25° 
with to at this temperature, and of ARd with ARa 
at 25° obtained from viscoelastic measurements 
through the modified Rouse theory,7-9 shows some 
striking differences (Table IV). As far as the size 
of the moving unit is concerned, the molecular 
weight of cetane, 226, is comparable in magnitude 
with the monomer molecular weights ilia as listed 
in the table, which are the units on which to is 
based. But in contrast with the polyisobutylene 
case where fi and to are of similar magnitude and 
the AR values are identical, here f i  is very much 
less than to and ARd is somewhat less than A //a. 
Moreover, the ratio ti/to deviates farther from unity 
with decreasing side group length, becoming less 
than 10-4 for the hexyl polymer.

Table IV
Comparison of F riction Coefficients of Cetane and 

P olymer Backbone Segments in Methacrylate 
P olymers at 25°

/---------------— Polymer—
Hexyl Octyl Dodecyl

M o 170 198 254
log fl -4 .9 6 -5 .5 8 -5 .7 5
iog r,* -0 .7 5 -2 .2 9 -4 .6 9
log (fl/fo) -4 .2 1 -3 .2 9 -1 .0 6
T  -  T s, deg. 30 45 50
h 0.031 0.038 0.051
u 0.044 0.054 0.058
ARa,6 kcal. 36.8 30.2 24.9
ARd (obsd.), kcal. 13.4 11.9 9.3
ARd (calcd.)/ kcal. 17.4 15.2 19.4
“ From ref. 7-9. 6From differentiation of the WIequation with the appropriate parameters for each polymer (ref. 24, p. 225). c From eq. 3 with f e substituted for /.
Some similar comparisons from fragmentary data 

in the literature with large differences between 
ti and to were attributed3 to excess local free volume 
in the immediate vicinity of the penetrant molecule, 
which is assumed to be increasingly important as 
the glass transition temperature is approached and 
the average free volume becomes scarce. This

interpretation is borne out by Table IV, since the 
ratio ti/to deviates farther from unity as T — Te 
and the fractional free volume fi diminish. For 
polyisobutylene at 25°, T — Tg is 96° _ and .(•• 
is 0.073; the data of the preceding section indicate 
that by the time the average free volume reaches 
this magnitude, the effects of the excess local free 
volume disappear.

It is of interest to extend these qualitative con
siderations by estimating the effective free volume 
f e which would correspond to the observed value of 
fi, as a measure of the local fractional free volume 
in the immediate vicinity of a diluent molecule. 
For this purpose, we obtain from eq. 4

In (tl/to) =  l / / 2 -  1 /fe (8)

where B has been set equal to unity and the dif
ference in size between monomer unit and diluent 
molecule has been ignored. The values of f e 
at 25°, given in Table IV, are of reasonable magni
tude ; for the hexyl and octyl polymers, / e is about 
40% greater than / 2, and for the dodecyl, 16% 
greater.

Given f e, one can estimate the apparent activa
tion energy for diffusion from eq. 3, substituting 
f e for /  but assuming that at will be the same for 
the local as for the average free volume. The 
results are given in the last row of Table IV. 
Although they are still higher than the observed 
values of ARd, they are in reasonable agreement 
for the hexyl and octyl polymers.

From the fragmentary data available, it appears 
that the effect of excess local free volume cannot 
be predicted from the magnitude of the average 
free volume alone. The details of molecular pack
ing of the diluent with the polymer backbone and 
side groups must be involved.
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The study of partial molal volumes of electrolytes 
in aqueous solutions at infinite dilution, i.e., V0, has 
drawn the attention of a number of workers in re-

eent years1 because of the knowledge it provides 
about ion-solvent interactions. The earlier studies 
of Fajans and Johnson2 have been followed by 
those of Laidler and co-workers,3 Hepler,4 Benson,5 
and Mukerji.6 These workers have investigated 
the partial molal volumes, F0, of different electro-

(1) H. S. Harned and B. B. Owens, "Physical Chemistry of Elec
trolytic Solutions,”  Third Edition, Reinhold Publ. Corp., New York, 
N. Y., 1958, p. 358.

(2) K. Fajans and O. Johnson, J. Am. Chem. Soc., 64, 668 (1942).
(3) A. M. Couture and K. J. Laidler, Can. J. Chem., 34, 1209 (1956); 

35, 207 (1957).
(4) L. G. Hepler, J. Phys. Chem., 61, 1426 (1957).
(5) S. W. Benson, unpublished calculations.
(6) P. Mukerji, J. Phys. Chem., 65, 740, 744 (1961).
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lytes, the individual ionic contributions to V0, and 
the électrostriction effect (i.e., the compression of 
the solvent molecules around the ions of the 
solute7). These studies have been confined to 
aqueous solutions. It is of interest to examine the 
behavior of electrolytes and ions in non-aqueous 
solvents from this point of view and so obtain a 
broader outlook about the ion-solvent interactions. 
Only a few attempts appear to have been made in 
this direction. The studies of Stark and Gilbert,8 
Gibson and Kincaid,9 and of Butler and co
workers,10 may be mentioned in this connection. 
Unfortunately, the solvents used by these workers 
were of low dielectric constant (alcohols and glycol), 
where ionic association and ion-pair formation may 
complicate the interpretation of the data. We 
have, therefore, chosen solvents like formamide, 
methylformamide, and methylacetamide, all of 
which have a higher dielectric constant than that of 
water, for the study of partial molal volumes of dif
ferent electrolytes. The present note reports some 
preliminary data on partial molal volumes of some 
uni-univalent electrolytes in formamide at 25°.

Experimental
The electrolytes used were all B.D.H. analytical grade and were recrystallized from conductivity water. Merck formamide (sp. cond. ~  10-4 mho) was recrystallized and distilled under reduced pressure (2 mm.). The product gave a conductance of the order of 10-5 mho. The pycnometers used were of more than 10-ml. capacity and their volumes were calibrated with the help of redistilled mercury. The thermostat was controlled to ±0.02°. The volumes could be read on the graduated capillary side arm of the pycnometer to 0.0005 ml. The densities of solutions of different concentrations were determined in the usual manner and were believed to be correct up to the fifth decimal place and 

the apparent molal volumes T in  ml., calculated therefrom, up to the second decimal place. This is especially true at higher concentrations (lowest concentration used is about 0.15 M ) ,  from which extrapolations were made_to obtain partial molal volumes at infinite dilutions, i . e . ,  V o .The densities obtained_above were used to calculate the apparent molal volumes V  using the equation
- .  _  1000 (d o  -  d )  M

m d d o  d

where d  is the density of the solution, do that of formamide, m  the molality, and M  the molecular weight of the solute. The V  values a t different concentrations were plotted 
against V c  as required by the equation11.12 V  =  Vo +  

S vV C  ( c  =  molar concm). Extrapolation of the curves to infinite dilution gives V o for different electrolytes and the slope gives Sv. Figure 1 gives the plots thus obtained in different cases.
Discussion

The values of V0 and Sv for different electrolytes, 
obtained from the procedure described earlier, are 
given in Table I. A comparison also is made to the 
corresponding values obtained in aqueous solvent.

From Table I it is clear that the V0 values in 
formamide are higher than the corresponding values

(7) T. J. Webb, J .  Am. Chem. Soc., 48, 2589 (1926); D. M. Ritson 
and J. B. Hasted, J .  Chem. Phys., 16, 11 (1948).

(8) J. B. Stark and F. C. Gilbert, J. Am. Chem. Soc., 59, 1818 
(1937).

(9) R. E. Gibson and J. F. Kincaid, ibid., 59, 579 (1937).
(10) J. A. V . Butler, W. C. Vosborgh, and L. C. Connell, J .  

Chem. Soc., 933 (1933).
(11) D. O. Masson, Phil. Mag., 8 [7], 218 (1929).
(12) W. Geffeken, Naturwissenschaffen, 19, 221 (1931); Z. physik. 

Chem., A155, 1 (1931).

Fig. 1.—Apparent molal volumes of salts in formamide.
T able  I

Temperature 25 ±  0.02°
------------ Fo, m l.---------- —- --------------S y -

In In In In
E lectrolyte form am ide water® form am ide water®

KC1 32.00 26.52 0 .8 8 2.327
KBr 38.90 33.73 .43 1.919
KI 50.75 45.36 .38 1.556
KNOs 44.10 38.18 .73 2.30
NaCl 2 1 . 1 0 16.40 1.60 2.133
NaBr 28.00 23.51 1.18 1.760
N al 39.85 35.10 0.93 1.346
NaNOs 33.55 1.55
NH4CI 37.20 35.98 1.31 1.45
NH4Br 44.05 0.50
NH4NO, 49.24 47.56 0.83 0.97

0 See ref. 1.
T a b l e  II

f„(KCl) -  Fp(NaCl) =  10.90 ml.
F0(KBr) -  Fo(NaBr) = 10.90 ml.
Fo(KNOa) -  F„(NaN03) =  10.55 ml.
F„(KBr) -  Fo_(KCl) = 6.90 ml.
Fo(NaBr) -  F„_(NaCl) = 6.90 ml.
Fo(NHiBr) -  Fo(NH4C1) = 6.85 ml.
F0(NH4C1) -  F>(NaCl) = 16.10ml.
F0(NH4Br) -  F0(NaBr) = 16.05 ml. 
F„(NH4N 0 3) -  Vo(NaN03) =  15.70 ml.
Fo(KI) -  F»(KBr) =  11.85 ml.
Fo(Nal) -  Fo(NaBr) =  11.85 ml. 
and so on.

in water. They are, however, additive, as in water. 
Table II makes this quite obvious.
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Table I also shows that the values of Sv for dif
ferent electrolytes in formamide are much smaller 
than the corresponding values_in water.

A detailed examination of F0 and Sv for different 
electrolytes and of other related aspects of ion- 
solvent interaction will be taken up when more ex
tensive data have been obtained.

R. K. S. is grateful to the Scientific Research 
Grants Committee, Uttar Pradesh Govt., for the 
financial support. Our thanks also are due to the 
Head of the Chemistry Department and the 
authorities of the Lucknow University for providing 
the necessary facilities.

SPECIFIC ADSORPTION OF 
ISOTHIOC Y  ANATOCHROMIUM (III) 

COMPLEX IONS AT THE M ERCU RY- 
AQUEOUS SOLUTION INTERFACE

B y  N o b u y u k i  T a n a k a , E is h in  K y u n o , G e n  S a t o , a n d  
R e i t a  T a m a m u s h i

Department of Chemistry, Faculty of Science, Tohoku University, 
Sendai, Japan

Received March 12, 1962

Only a few examples have been reported on the 
specific adsorption of inorganic cations at the mer
cury-aqueous solution interface. The specific 
adsorption of thallium® ion at the mercury-solu
tion interface has been reported by several 
authors.1-4 Laitinen and Randles reported that 
the anomalous faradaic impedance of a dropping 
mercury electrode in a solution of tris-(ethylene- 
diamine)-cobalt(II) and -cobalt(III) complex ions 
was attributed to the adsorption of these ions.5 
Recently, specific adsorption of [Cr(NCS)e]3~ ion 
at the mercury electrode surface was pointed out 
by Fischerova and Fischer from the measurement of 
capacity current.6

In the systematic investigation on the polaro- 
graphic behavior of chromium (III) complex ions, 
we have noticed that some of them have an extra
ordinary adsorbability at the mercury-aqueous 
solution interface. These complexes were prepared 
and their electrocapillary curves were examined: 
[Cr(NH3)6]Cl3, [CrCl(NH3)6]Cl2, [Cr(ox)(NII3)6]- 
Cl-MLO,7 [CrN3(NH3)6l(N 03)2, [Cr(en),]Cl,-3.5- 
II20 , [Cr(NCS)(NH3)5]C12, Ns-[Cr(NCS)2(NH3)4]- 
Cl, trans- [Cr(NCS)2(en)2]Cl• II20 , trans- [Cr(NCS)2- 
(pn)2]Cl-H20 7, ¿rans-NH4[Cr(NCS)4(NH3)2] . 2/ 3- 
H20, and K3[Cr®CS)6]-4H20 . Electrocapillary 
curves were obtained hy the measurement of the 
drop-time of a dropping mercury electrode in a 
solution containing 1 milf complex ion, 0.1 M  
sodium acetate, 0.1 M  acetic acid, 0.9 M  potassium

(1) A. Frumkin and A. Titievskaja, Russ. J. Phys. Chem., 31, 485 
(1957).

(2) A. Frumkin and N. Poljanovskaja, ibid., 32, 157 (1958).
(3) A. Frumkin, “ Surface Phenomena in Chemistry and Biology,”  

Pergamon Press, London, 1958, p. 189.
(4) R. Tamamushi and N. Tanaka, Z. physik. Chem. (Frankfurt), 28, 

158 (1961).
(5) H. A. Laitinen and J. E. B. Randles, Trans. Faraday Soc., 61, 54 

(1955).
(6) E. Fischerovd and O. Fischer, Collection Czech. Chem. Commun., 

26, 2570 (1961).
(7) New compounds; the method of preparation for these com

pounds will be reported elsewhere.

Ey V. V S .  s.c.e.
Fig. 1.— Electrocapillary curves of isothiocyanato- 

chromium(III) complexes at 25°; supporting electrolyte, 
0.1 M  NaOAc +  0.1 M  HOAc +  0.9 M  KC1 +  0.005% 
gelatin (for K 8[Cr(NCS)6]-4H20, 1 M  KC1 +  0.005% 
gelatin was used): -© - , ¿rans-[Cr(NCS)2(pn)2]Cl-H20 ;
-® -, [Cr(NCS)(NH3)5]CI2; -M3-, irans-[Cr(NCS)2(en)s]Cl- 
H 20 ; ¿raras-NH4[Cr(NCS)4(NH 3)z]-2/ 3H20 ; —(+)—, cis-
[Cr(NCS)2(NH 3)4]C l; -Q -, K,[Cr(NCS),]-4H20  (1 M  KC1
+  0.005% gelatin); ---------- , 0.1 M  NaOAc +  0.1 M  HOAc
+  0.9 M  KC1 +  0.005% g e la t in ;----------, 1 M  KSCN +
0.005% gelatin.

chloride, and 0.005% gelatin, unless otherwise 
stated. In the case of Ks[Cr(NCS)e], 1 M  potas
sium chloride solution containing 0.005% gelatin 
was used as the supporting electrolyte. The first 
five complexes did not show any marked adsorb
ability under the experimental conditions, whereas 
the other complexes, which have NCS -  coordinated, 
exhibited remarkable effects on the drop-time as 
shown in Fig. 1. Their adsorbability must be at
tributed to the sulfur atom rather than to the nitro
gen atom of the NCS-  ligand, because the azido 
complex ion was not adsorbed.

The structure of crystalline NII4[Cr(NCS)4- 
(NH3)2]-2/ 3H20  has been determined; the NCS-  
ligands are coordinated to the central ion through 
the nitrogen atoms.8'9 The same structure has 
been assumed for [Cr(NCS)(NH3)5](N0 3)2 and 
frans-[Cr(NCS)2(en)2]CLH20  in the solid state.10 
On the other hand, Linhard, Siebert, and Weigel sug
gested that the NCS-  ligand of [Cr(NCS)(NH3)5]2 + 
ion is bonded with the sulfur atom from the absorp
tion spectrum of its aqueous solution.-1 The pres
ent results, how-ever, lead to the conclusion that 
these rhodanatochromium(III) complex ions may 
have the Cr(III)-NCS structure in aqueous solu
tions.

The extremely high adsorbability of these isothio- 
cyanatochromium(III) complex ions may be real
ized when the electrocapillary curves of these com-

(8) Y. Saito, Y. Takeuchi, and R. Pepinsky. Z . K r is t . ,  106, 476 
(1955).

(9) Y. Takeuchi and Y. Saito, Bull. Chem. Soc. Japan., 30, 319 
(1957).

(10) J. Fujita, K. Nakamoto, and M. Kobayashi, J. Am. Chem. Soc., 
78, 3295 (1956).

(11) M. Linhard, H. Siebert, and M. Weigel, Z. anorg. all gem. Chem. 
278, 287 (1955).
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plex ions are compared with that of potassium thio
cyanate; 1 mM  of these complex ions gave an 
effect on the drop-time comparable to that given by 
1 M  potassium thiocyanate (Fig. 1). Coordina
tion of NCS~ ion to Cr(III) seems to increase the 
affinity of the sulfur atom in NCS~ ion to mercury.

The electrocapillary curves of [Cr(NCS)- 
(NH3)6]2+, m -[Cr(NCS)2(NH?)4]+, and irons-[Cr- 
(NCS)2(en)2] + ions clearly indicate that these 
cations are strongly adsorbed in the positive 
branch of the electrocapillary curve. In this re
spect, they exhibit the character of capillary-active 
anions. The adsorbability of these complex ions 
seems to depend on the local charge distribution 
rather than on the total charge of the complex ion. 
Figure 1 also shows that frons-[Cr(NCS)2(en)2] + 
ion has much higher adsorbability than irons-[Cr- 
(NCS)2(pn)2] + ion. This difference may be due to a 
kind of steric effect.

The current-potential curves of these complex 
ions also were obtained, which indicated clearly 
that anomalies on the electrocapillary curves are 
closely related to the reduction or oxidation of 
these complexes. The current-potential curve of 
irons-[Cr(NCS)2(en)2]+ ion showed a sudden in
crease in reduction current at —0.92 volt vs. s.c.e., 
where the electrocapillary curve shows an anomaly 
as seen in Fig. 1. On the current-potential curve 
of [Cr(NCS)6]3~ ion a small anodic wave appeared 
at —0.15 volt vs. s.c.e.,6 where an anomalous change 
is observed also on the electrocapillary curve in 
Fig. 1. These relations suggest, in turn, that the 
adsorption of reacting species plays an important 
role in the electrode reactions.

The present results provide not only interesting 
examples of electrocapillary phenomena of inor
ganic ions, but also some important experimental 
data pertinent to the discussion of the structure of 
complex ions in solution and their electrode reac
tions.

Acknowledgment.— The authors thank the Japan 
Society for the Promotion of Science for the 
financial support granted for this research.
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By R. P. R a s t o g i ,*  P a b m j it  S. B a s s i ,*  a n d  S. L. C h a d iia

Chemistry Department, Panjab University, Chandigarh, India 
Received March 19, 1962

Reactions in the solid state are a class by them
selves. Because of difficulties in analysis of the 
composition of the solid phase, studies have been 
confined mainly to those cases where the course of 
reaction could be followed by X-ray crystallographic 
methods or by measuring the amount of gas evolved 
in suitable reactions.1 The present note describes a 
new technique for studying the kinetics of reaction 
between naphthalene and picric acid in the solid 
state by following the movement of the colored in
terface which apparently gives worthwhile results.

* Chemistry Department, Gorakhpur University, Gorakhpur, India.
(1) S. W. Benson, “ The Foundations of Chemical Kinetics,”  

McGraw-Hill Book Co., Inc., New York, N. Y., I960, p. 616.

However, the reaction under study may be con
trolled by vapor phase diffusion.

Naphthalene and picric acid were purified by 
sublimation in vacuo and fractional crystallization 
with ethanol, respectively. The melting points 
were 80.3 and 121.4°, respectively. The reaction 
in the solid state was studied in the following way.

Experimental
Clean thick-glass capillaries (5 in. long) with uniform diam

eters (internal 3 mm. and external 9 mm.) were taken. 
Finely ground naphthalene was introduced in the capillary 
with a clean metal rod from one side while picric acid was 
introduced from the other side in a similar manner and the 
position of the interface was noted. The capillaries were 
sealed from either side with a paste which hardened after 
some time. These capillaries were kept in air-thermostats 
maintained at suitable temperatures but below the eutectic 
temperature. The temperature fluctuations were of the 
order of ± 1 ° .  A scale was attached to these capillaries. 
The start of the reaction was indicated by a change in color 
at the naphthalene-picric acid boundary. The distance 
through which the boundary moved was noted at different 
time intervals. The induction period at room temperature 
was found to be only 7 to 10 min. It also was observed that 
picric acid did not diffuse through product layer whereas 
naphthalene did. This is schematically shown below.

Naphthalene AB Picric acid
A B

->
In this case it appears that the phase-boundary 

processes are so rapid that equilibrium is established 
at the boundaries during the entire course of reac
tion. The diffusion in the product layer is alone 
rate determining as happens in the case of tarnish
ing reactions so that if £ is the thickness of the diffu
sion layer2

£2 =  kt (1)
where k is a certain constant and t is the time. 
Modification has been made in the above relation
ship to account for the heating at the interface due 
to poor thermal conductivities of the solids. For 
such a case it has been shown that

|2 =  2/vji exp (—P£) (2)
where

h  =  C exp(—E/RTmax)
C =  certain constant
E =  energy of activation
P =  proportionality constant
Tmax =  maximum temp, attained instantaneously 

in the mixture
In this derivation it is assumed that T, — T — 
k'| where k' is another constant so that P =  k'E/ 
RT-,T; Ti is the initial temperature and T is any 
temperature intermediate between T-, and Tmax. 
Equation 1 did not satisfy the data. For testing 
eq. 2 log i/t was plotted against f. Straight lines 
were obtained at all temperatures of observations, 
justifying the validity of eq. 2. This is shown in 
Fig. 1.

It is interesting to note that all the curves have 
approximately the same slope, indicating thereby 
that P  has the same value, which should be the case. 
Further, with increase in the value of Ti, h  also

(2) G. Cchn, Chem. Rev., 42, 527 (1048).
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log (£2/i), mm.2/hr.
Fig. 1.—Estimation of fc and p.

would increase. This is confirmed by the fact that 
the intercepts of the straight lines increase with 
rise in temperature. The values of k, and P  were 
determined by the method of least squares. These 
are given in Table I.

Table I
P abameters op E quation 2

T e m p . ,  °C. &i (mm.2/hr.) P  (mm. 2)
26 ±  1 1.08 0.206
31 ±  1 1.47 .205
37 ±  1 4.225 .218
45 ±  1 4.68 .223
54 ±  1 5.77 .234
59 ±  1 10.8 .225

Ti/Tm&x «  1, as appears to be the case, an
proximate idea of the energy of activation of the 
reaction can be obtained by plotting log /c; against 
l /7 j .  The energy of activation is found to be 14 
kcal. The enthalpy and the entropy of activation 
would be of the order of 13 kcal. and —11 cal./deg./ 
mole. The sign and magnitude of these quantities 
is not unexpected. It is premature to speculate on 
the mechanism of the reaction. Kinetic data show 
that the reaction is diffusion controlled. There is a 
possibility that in the present study the kinetics of 
diffusion of naphthalene in the gas phase through 
the porous reaction product is primarily involved. 
Further studies are in progress to investigate the 
nature of the diffusion mechanism.

Acknowledgment.— Thanks are due to Prof.
F. C. Tompkins, F. R. S., for a critical read
ing of the manuscript. This work forms part 
of a project sponsored by the Indian Council of 
Scientific and Industrial Research.
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The Weizmann Institute of Science, Rehovoth, Israel 
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The absorption intensity of the X = 0 18 (X  = 
C, P, S) stretching bands seems to be generally 
significantly different from that of the correspond

ing X = 0 16 absorptions.1 The ultraviolet absorp
tion intensity of a number of 0 18-labeled X = 0  
compounds also appears to be measurably different 
from the parallel normal compounds.ld'1 2 Since 
the absorption intensity of molecules, both in the 
infrared and in the ultraviolet region of the spec
trum, is a function of their respective transition 
dipole moment, this (unexpected) 111 change in the 
absorption intensity of X = 0 18 compounds made 
it interesting to measure their permanent dipole 
moment in comparison with that of the correspond
ing normal substances. Theoretically, however, 
the dipole moment of two isotopic modifications 
of the same compound should differ only very 
slightly, mainly as the result of the change in the 
zero-point energy of the molecules. The calculated 
dipole moment of HD is thus only3 5.67 X 10-4 D. 
(as compared with zero for H2) .

No dipole moment measurements of 0 18-com- 
pounds seem to have been reported yet, although 
some comparative values for various pairs of 
normal and deuterated molecules were reported4 
and the effect of Cl13 and S34 on the moment was 
estimated5 in one case. It thus was observed that 
even for ammonia-eL the increase in the electric 
moment is only small4 (0.03 D.), although the rela
tive difference in all three isotopic masses is 
here very high and in spite of the fact that X -H  
bonds show the largest anharmonicities6 (which 
are the main cause for the observed changes in the 
dipole moment of labeled compounds41 |d) .

The electric moment of the following pairs of 
X = 0  compounds therefore has been measured 
accurately: (a) normal and 90 atom %  0 18-benzo- 
phenone, (b) normal and 54 atom %  0 18-triphenyl- 
phosphine oxide, (c) normal and 90 atom %  O18- 
diphenvl sulfoxide, and (d) normal and 69 atom %  
0 18-N,N-dimethylbenzamide. Special care was 
taken to minimize the relative error by using iden
tical methods of measurement as well as calculation 
for each pair of compounds.

Experimental Details
The measurement of the benzophenones was carried out in solution in 2,2,5-trimethylhexane, while the other compounds were dissolved in p-xylene. Both solvents were chosen because of their low vapor pressures, p-xylene being used because of its higher dissolving power. The physical constants at 30°, the specific polarizations po, and the constants Co, defined by C0 =  3/(e0 +  2)2d0, were:

do no co Co po

Trimethylhexane 0.6995 1.3960 1.941 0.2762 0.3410 
p-Xylene 0.8531 ..  2.243 0.1953 0.3434

( 1 )  ( a )  M .  H a l m a n n a n d  S . P i n c h a s ,  J. Chem. Soc., 1 7 0 3  ( 1 9 5 8 ) ;  ( b )
3 2 6 4  ( 1 9 5 8 ) ;  ( c )  S .  P i n c h a s ,  D .  S a m u e l ,  a n d  M .  W e i s s - B r o d a y ,  ibid.,
1 6 8 8  ( 1 9 6 1 ) ;  ( d )  2 3 8 2  ( 1 9 6 1 ) ;  ( e )  2 6 6 6  ( 1 9 6 1 ) ;  ( f )  3 0 6 3  ( 1 9 6 1 ) ;  ( g )  
in  p r e s s .

( 2 )  M .  Halmann and S . Pinchas, ibid., 1 2 4 6  ( 1 9 6 0 ) .
( 3 )  S .  H .  B l i n d e r ,  J. Chem. Phys., 35, 9 7 4  ( 1 9 6 1 ) .
( 4 )  ( a )  C .  A .  B u r r u s ,  ibid., 2 8 ,  4 2 7  ( 1 9 5 8 ) ;  ( b )  M .  H .  S i r v e t z  a n d  

R .  E .  W e s t o n ,  ibid., 21, 8 9 8  ( 1 9 5 3 ) ;  ( c )  H .  R .  J o h n s o n  a n d  M .  W .  P .  
S t r a n d b e r g ,  ibid., 20, 6 8 7  ( 1 9 5 2 ) ;  ( d )  R .  P .  B e l l  a n d  I .  E .  C o o p ,  Trans. 
Faraday Soc., 34, 1 2 0 9  ( 1 9 3 8 ) ;  ( e )  V .  W .  L a u r ie ,  J. Chem. Phys., 26, 
1 3 5 9  ( 1 9 5 7 ) ;  ( f )  J .  M .  A .  D e  B r u y n e  a n d  C .  P .  S m y t h ,  J. Am. Chem. 
Soc., 57, 1 2 0 3  ( 1 9 3 5 ) ;  ( g )  L .  G .  G r o v e s  a n d  S . S u g d e n ,  J. Chem. Soc., 
9 7 1  ( 1 9 3 5 ) ;  ( h )  V o n  F .  H .  M u e l l e r ,  Physik. Z., 35, 1 0 0 9  ( 1 9 3 4 ) ;  ( i )  
J .  N .  S h o o l e r y ,  R .  G .  S h u lm a n ,  a n d  D .  M .  Y o s t ,  J .  Chem. Phys., 19, 
2 5 0  ( 1 9 5 1 ) .

( 5 )  R .  G .  S h u lm a n  a n d  C .  H .  T o w n e s ,  Phys. Rev., 77, 5 0 0  ( 1 9 5 0 ) .
( 6 )  G .  H e r z b e r g ,  “ I n f r a r e d  a n d  R a m a n  S p e c t r a  o f  P o l y a t o m i c  

M o l e c u l e s , ”  D .  V a n  N o s t r a n d  C o . ,  I n c . ,  P r i n c e t o n ,  N .  J .  1 9 4 5 ,  p .  2 0 7 .
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T able I
D ielectric I ncrement, Se, and D ensity  I ncrement, 5d, at  V arious W eight F ractions, w, of the L ight and H eavy

C ompounds
N o r m a l  b e n z o p h e n o n e 1 0 4w 5 . ,5 1 0 . 8 1 5 . 9 5 2 6 . 7 3 6 . 6 5 4 5 . 8 5 5 4 . 5 7 2 ., 1 9 8 1 8 7 2 8 2

1 0 4ôe 2 0 , .7 4 0 . 8 5 6 1 . 0 5 1 0 8 . 0 1 5 0 ..5 1 8 4 . 0 2 2 2 , .0 2 9 2 . . 5
1 0 45d 2 6 . 0 4 9 . 5 7 5 . .6

9 0 %  0 18- B e n z o p h e n o n e 104U> 5 .2 10 .2 15 . 0 2 5 . 1 3 4 . . 5 4 3 . . 1 51 .2 6 7 .7 5 1 0 0 1 8 5 2 7 6
1 0 45e 2 0 .5 4 1 .4 6 0 .3 9 8 . 0 1 3 4 .5 1 6 9 ..0 2 0 3 .8 2 7 2 .6
10*8d 2 7 . 1 5 0 7 5 . 0

N o r m a l  t r i p h e n y l p h o s p h i n e  o x i d e 10*w 4 . 4 8 . 6 0 2 0 . 6 3 1 . 3 4 0 . 8 4 9 . 6 6 2 . 4 7 3 . 9 7 8 . 5 1 7 4 . 5 2 2 8
1 3 3 7 0 1 6 0 ..0 2 4 5 . 0 3 1 8 . .0 3 8 4 . .5 4 8 5 .5 5 7 2 .0

1 9 . 7 4 4 . 2 5 7 . 4

5  4 %  O 18- T r i p h e n y l p h o s p h i n e  o x i d e 1 0  w 4 .3 8 . ,4 2 0 . .0 5 3 0 . 5 3 9 . 7 5 4 8 . 3 6 0 . .8 7 1 . .8 7 6 2 2 8
1 0  45€ 2 8 , ,4 5 6 1 . 0 5 1 5 2 ,.0 2 3 1 . 5 3 0 6 . ,0 3 6 9 . 5 4 6 8 . ,5 5 5 1 . 0
1 0 4ôd 1 9 . 8 5 9 . 0

N o r m a l  d i p h e n y l  s u l f o x i d e 1 0 4u> 4 . 5 8 .8 8 21 .2 3 2 . 2 5 4 2 . .0 5 5 1 . .0 5 6 4 .3 7 5 .9 5 8 5 . 5 1 9 0
1 0 45c 3 6 7 3 .4 1 7 5 .6 2 6 5 . 3 3 6 0 . .4 4 2 6 , .7 5 3 8 . .9 6 3 4 ..0
1 3 45d 2 1 . 9 4 7 . 9

9 0 %  O 18- D i p h e n y l  s u l f o x i d e 1 0  hü 4 .3 8 ,.4 2 0 . .1 5 3 0 . 6 3 9 . .9 4 8 . .5 6 1 . .1 7 2 , .1 5 7 7 1 5 7
1 0 4Ôe 3 5 , ,5 7 2 . ,5 1 7 4 .,7 2 5 6 . 3 3 3 4 . ,8 4 0 5 . 6 5 0 8 . .7 6 0 1 . ,8
10 45d 1 9 . 4 4 1 . 3

N o r m a l  N , N - d i m e t h y l b e n z a m i d e 1 0 h ü 4 .,3 8 . , 5 2 0 . .3 3 0 . 9 4 0 . ,3 4 8 . 9 5 6 1 . .6 5 7 2 . .8 7 4 . 5
l 0 4ôe 4 0 .1 7 9 ,.3 1 9 4 ,.1 2 9 6 . 4 3 9 1 . ,2 4 6 8 . 1 5 9 8 . .4 7 0 6 . .5
1 0 45d 1 3 . 2 5

6 9 %  0 18- N , N - d i m e t h y l b e n z a m i d e 1 0 h ü 4 . 5 8,.7 5 2 0 . .9 3 1 . 8 4 1 . 5 5 0 . 4 6 3 . .4 5 7 4 . 9 7 8 1 5 4 2 2 8
1 0 45e 4 0 ,.9 8 2 ..7 1 9 5 .,5 3 0 2 . 0 3 9 5 . .0 4 8 2 . .0 6 0 9 ..0 7 1 7 ..5
I 0 45d 1 4 . 1 2 8 . 2 0 4 1 . 5

T a b l e  II
E mpirical C onstants, M olar P olarizations and R efractions, and D ipole M oments for Isotopic C ompound Pairs

Compound Caco ß P ÄD 1.05ÄD Por Moment Moment
(lit.)

Normal benzophenone 1.124 0.381 243.2 57.8 60.7 182.5 3.013 dz 0.015 2.95“
90% 0 18-Benzophenone 1.110 .386 242.9 58.15 61.05 181.85 3.007 dz 0.015
Normal triphenylphosphine oxide 1.507 .296 486.2 96.0 390.2 4.403 dz 0.01 4.286
54% 0 18-Triphenylphosphine oxide 1.515 .300 490.2 (96.0) 394.2 4.425 dz 0.02
Normal Diphenyl sulfoxide 1.C36 .299 379.3 61.2 64.3 315.0 3.954 dz 0.015 4.00c
90% O18-Diphenyl sulfoxide 1.619 .302 379.0 (61.2) (64.3) 314.7 3.951 dz 0.015
Normal N,N-dimethylbenzamide 1.892 .209 322.1 43. Sd 46.0 276.1 3.703 dz 0.015
69% 0 I8-N,N-dimethylbenzamide 1.872 .213 322.6 (43.8) (46.0) 276.3 3.705 dz 0.015

Solvent: for benzophenone, trimethylhexane; otherwise p-xylene.
° M. J. Granier, C o m p t .  r e n d . ,  223, 893 (1946). 6 G. M. Phillips, J. S. Hunter, and L. E. Sutton, J .  C h e m .  S o c . ,  146 (1945)- ‘ G. C. Hampson, R. H. Farmer, and L. E. Sutton, P r o c .  R o y .  S o c .  (London), A143, 147 (1933). d Calculated from bond refractions, A. I. Vogel, e t a l . ,  C h e m .  I n d .  (London), 358 (1950).
For each compound four to five series of dielectric measurements were carried out, each series corresponding to eight solutions of different concentrations.The normal and labeled compounds were synthesized as already described.Is'b'f's Each isotopic modification was synthesized and purified (by repeated recrystallizations) exactly in the same way as the other.The experimental set-up for the measurement of the dielectric constant already has been described.7

Results
Characteristic results of one series of dielectric 

measurements for each compound are given in 
Table I in the form of dielectric increments he =  
t — e0 and density increments hd = d — d.0 as 
functions of the weight fraction w. (The subscript 
0 denotes the solvent.) As usual, he and 8d were 
found to be linear functions of w: he =  aeew;
hd =  pdow. The slopes Coceeo found for all the series 
of each compound were averaged and the resulting 
value was used for the computation of its polariza
tion at infinite dilution.7-8

The resulting empirical constants and molar 
polarizations at infinite dilution P c„ are given in 
the first three columns of Table II. In all cases

(7) E. D. Bergmann, A. Weizmann, and E. Fischer, J. Am. Chem. 
Soc., 72, 5009 (1950).

(8) B. Harris, R. G. W. Le Fevre, and E. P. A. Sullivan, J. Chem. 
Soc., 1622 (1953).

the sum of the atomic and electronic polarizations 
Pa +  Pe was taken to be 1.05/in , /¿ d denoting 
the molar refraction observed by previous authors 
for the normal compound. It was assumed that 
the molar refractions of the normal and labeled 
compounds are in all cases identical within the 
experimental error of the present method and this 
was proved experimentally for benzophenone. The 
dipole moment values of three out of the four normal 
compounds investigated were reported in the litera
ture and are listed in Table II. Values for the 
corresponding Ru were taken from the same papers 
while the Jin for N,N-dimethylbenzamide was 
calculated from bond refraction data. The errors 
in the electric moments indicated in Table II are 
relative ones, calculated from the mean deviation 
of the results obtained for all the series of each 
compound.

The results thus indicate that the electric mo
ments of 0 I8-labeled benzophenone, diphenyl sul
foxide, and N,N-dimethylbenzamide are practically 
the same as those of the corresponding normal 
analogs, as can be expected from the small relative 
change in mass of the isotopic oxygen atom. The 
small difference in moment observed between the 
two isotopic modifications of triphenylphosphine
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oxide (0.022 D.), although somewhat less than the 
combined experimental error (of the two values), 
still seems to be interesting.

The somewhat different values for the moment 
of the two isotopic benzophenones observed pre
viously9 seem now to be due to insufficient purifica
tion of the measured samples.

Acknowledgments.— The authors thank Dr. D. 
Samuel and Mrs. M. Weiss-Broday for the synthe
sis of all the samples and Mrs. N. Castel for tech
nical assistance.

(9) Mentioned in a footnote to ref. 2.
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The influence of the nature of the cation in the 
double layer correction for electrode kinetics has 
been investigated mostly by Frumkin and his 
school2 and, more recently, by Giersy and co
workers.3 The cations of the alkali metals have 
been primarily studied, though the influence of 
the alkaline earth cations has been examined in 
some instances. It generally is observed for re
duction on a mercury electrode that the absolute 
value of the overvoltage, at a given current density 
and for given concentrations of reactant, and sup
porting electrolyte, increases from Li+ to Cs+ 
for the reduction of cations and decreases from Li + 
to Cs+ for the reduction of anions. This varia
tion of overvoltage is explained (a) by specific 
adsorption of the heavier cations (especially Cs+) 
and (b) by the abnormally high hydration of Li+. 
Hence, the actual difference of potential across the 
diffuse double layer is somewhat different from the 
value calculated from the Gouy-Chapman theory. 
Application of the Brodowski-Strehlow theory4 * 
of the diffuse double layer improves somewhat the 
agreement between theory and experiment but the 
two foregoing effects remain predominant.® In all 
cases, to our knowledge, a monotonic variation of 
overvoltage was observed from Li+ to Cs+. Ab
normal overvoltages were found in the course of 
this work for the reduction of iodate on mercury 
in alkaline solution in the presence of Li+. These 
results are described and interpreted.

Experimental
Experimental methods, which were quite conventional, 

were the same as in previous work.6 RbOH and CsOH were
(1) Graduate student since September, 1960.
(2) For a survey, see, e.g., R. Parsons, Advan. Electrochem. Eleclro- 

chem. Eng., 1, 1 (1961).
(3) L. Gierst, private communication.
(4) H. Brodowski and H. Strehlow, Z. Elektrochem., 63, 262 (1959); 

64, 891 (1960).
J (5) E. A. Maznichenko, B. B. Damaskin, and Z. A. Iofa, Dokl. Akad. 
Nauk SSSR, 138, 1377 (1961).

(6) (a) K. Asada, P. Delahay, and A. Iv. Sundaram, J. Am. Chem.
Soc., 83, 3396 (1961); (b) P. Delahay and A. Aramata, J. Phys. Chem.,
66, 2208 (1962).

prepared by electrolysis of the chloride solutions on a mer
cury cathode and subsequent decomposition of the amalgam.

Description and Discussion of Results
Tafel plots were parallel in the range 25 to 500 

pa. cm.-2 for the solutions of Table I and yielded 
aria, =  0.76 ±  0.02 (a, transfer coefficient; na, 
number of electrons in the activation step). Re
sults were interpreted according to the corrected 
Tafel plot6a

In /  +
zF_
RT

A <p =  In 7° +
RT

Ee -

anJS_
RT

(.E  — A <p) (1)

where 7 is the current density, 7° the exchange 
current density, E  the electrode potential, Ee 
the equilibrium electrode potential, Av the dif
ference of potential across the diffuse double layer 
from the plane of closest approach to solution, z 
the ionic valence (with sign) of the reduced species 
(iodate), and F, R, and T are as usual. Values of 
A<p were computed from the Gouy-Chapman 
(G. C.) and Brodowski-Strehlow (B. S.) theories.7 
Correction for ionic association in the bulk of the 
solution was made8 for LiOH but was neglected for 
NaOH and the other hydroxides and metal iodates.6b

T a b l e  I
R e d u c tio n  o f  5 m t f  I 0 3-  on  H g  a t  25°

-0.02 M  MOH--------- .
-  (E  -  -  (E -  

Â Og.c/ ’7 A«!)B.S.e,/

0.02 M  1 

- E

UOH +  0.1 M  MCI“ 
— (E — - ( E  -  
AîOg.C. A(o)b .8.

mv. mv. mv. mv. mv. mv.
Li 192 57 49 148 90 80
Na 229 92 78 159 98 84
K 247 10 1 96 106“ 108“
Rb 2 2 2 78 72 152 92 84
Cs 197 54 49 103 37 26

“ Except for KC1 which was 0.4 M . b All values of E  
and E — Av are referred to the hydrogen electrode in the same 
electrolyte, but without I0 3~, as for the reduction of I0 3~. 
c Values of E  for I  =  102/ta. cm .-2. d G. C. =  Gouy-Chap- 
man theory. c B. S. =  Brodowski-Strehlow theory. 
1 Values of E  — A<p for log I  — (7A y/2 .3 /f 7’ ) = 4 (7 in ¡¿a. 
cm .-2).

The corrected Tafel plots were parallel (Fig. 1) 
and yielded for the G. C. theory an& =  0.90 ±  
0.03 except for the 0.1 M  CsCl solution, for which 
aria, =  0.96. The B. S. theory yielded the same 
average value of a «a except for the 0.1 M  CsCl 
solution, for which ana =  0.98. The same trend 
in the variation of E — A ip for the alkali metal 
cations, for a given value of log 7 — (FA<p/2.2>RT), 
was observed by correction either by the G. C. 
theory or the B. S. theory (Table I). The cor
rected Tafel plots of Fig. 1 are almost independent 
of the cation concentration for K  + and Na+.

(7) (a) Radii of solvated ions needed in the B. S. theory were taken 
from C. B. Monk, “ Electrolytic Dissociation,”  Academic Press, Inc., 
New York, N. Y., 1961, p. 271. Thus r =  2.50, 2.17, 1.75, 1.53, and 
1.47 A. from L i+ to Cs+. (b) Dielectric constants needed in the B. S. 
theory: e — 77.5.

(8) Association constants were taken from J. Bjerrum, G. Schwar- 
zenbach, and L. G. Sill6n, “ Stability Constants, Part II,”  The Chemical 
Society, London, 1958. log K — 0.18 and —0.57 for LiOH and NaOH, 
respectively. Association for iodate is quite negligible for KlOa (log 
K = —0.23) and probably for the iodates of the other alkali metals.
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Fig. 1 .— Corrected Tafel plot for the reduction of 5 mM  
MIO3 at 25° on mercury in 0.02 M  MOH (open symbols) 
and 5 m Ji M I0 3 in 0.02 M  MOH and 0.1 M  MCI (solid sym
bols; except for KC1, which was 0.4 M ); I  in ¡xa,. cm.-2.

There is a shift toward lower values of |E — Ao| 
with increasing concentration for Rb + and especially 
for Cs+. This observation is in agreement with 
previous work2'3 on the reduction of other anions 
and is accounted for by specific cation adsorption. 
The position of the two lines for Li+ in Fig. 1, 
however, is abnormal, since they correspond to 
lower values of |E — A<?| than for Na+ and K +. 
A monotonic increase of \E — Â | from Cs+ to 
Li+ would be expected from previous work2,3 
on other anions. Such an abnormal behavior of 
Li+ also was observed recently by Gierst3 in the 
polarographic reduction of I0 3_ . It was suggested 
by this author that addition of Li+ to I0 3~ affects 
in some way the hydration shell of that ion and 
renders reduction easier. The strong hydration of 
Li+ ion and probably I0 3_ (X° =  40.8 ohm-1 
cm.2 for9 I 0 3~) seems to support this view. Less 
strongly hydrated ions (Br03- , S20 8“ 2) do not ex
hibit this abnormal behavior. Investigation of 
the influence of Li+ on the kinetics of the purely 
chemical reduction of I0 3~ would be of interest in 
this connection.

Acknowledgment.— This investigation was sup
ported by the Office of Naval Research. We are 
indebted to Dr. L. Gierst, University of Brussels, 
for discussion of this work.

(9) R. Parsons, “ Handbook of Electrochemical Constants," Aca
demic Press, Inc., New York, N. Y., 1959, p. 85.

FREEZING POINT DEPRESSIONS IN 
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TETR A VALENT FLUORIDES1
B y  St a n l e y  C a n t o r  an d  T e r r y  S. C a r l t o n 2

Oak Ridge National Laboratory,3 P. O. Box X, Oak Ridge, Tennessee 
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The objectives of these studies and the usefulness
(1) Presented before the Southeastern Regional Meeting, American 

Chemical Society, Birmingham, Ala., Nov., 1960.
(2) Summer employee, Oak Ridge National Laboratory, June- 

Sept., 1960.
(3) Operated for the United States Atomic Energy Commission by 

Union Carbide Corporation.

of NaF as a high temperature cryoscopic medium 
were discussed in a previous publication.4

For fixed alkaline earth fluoride concentration it 
was found4 that the smaller the alkaline earth cat
ion radius the greater was the negative deviation 
from ideal solution behavior for NaF. In this 
particular investigation it was of interest to test 
whether this trend in solution behavior also ap
plied to tetravalent fluorides. The tetravalent 
fluorides were chosen because their cations have 
electric field strengths that are considerably greater 
than those of any alkaline earth cation.

Experimental
Apparatus, procedures, and NaF purification used in this 

investigation were outlined in a previous publication.4
UF4 (Mallinckrodt) was purified by hydrofluorination at 

650°. Adsorbed HF was flushed away with a helium stream 
while the sample cooled. This product was found to contain 
100 p.p.m. oxygen when analyzed by the KBrF4 technique.6 
Spectroscopic analysis indicated the only other impurity that 
exceeded 50 p.p.m. was Ni, 70 p.p.m. Commercial ThFi 
(made by National Lead Company) was recrystallized from 
slowly cooled melts from which clear crystalline portions 
were selected. The melt was contained in graphite and pro
tected by a helium atmosphere. Analyses of the clear por
tions showed 370 p.p.m. oxygen, 300 p.p.m . Ca, and none of 
the rare earth elements in excess of 800 p.p.m. ZrF4 was 
obtained at Oak Ridge National Laboratory and further 
purified by sublimation at 720° under vacuum. Translucent 
crystals were selected from the sublimate. Spectrochemical 
analyses showed these impurities in p.p.m .: Hf, 40; Si, 
200; Al, less than 100; Fe, less than 100; Ni, less than 300. 
HfF4 was produced by treating H f0 2 (from Wah Chang 
Corp., Albany, Oregon) with NH4HF2, at 250°, in a graphite 
vessel. Unreacted NH 4HF2 and sorbed HF were driven 
off by heating at 600° under continuous helium flush. The 
HfF4 was further purified in the manner indicated for ZrF4. 
Clearer portions of the sublimates were found to contain 500 
p.p.m. Al and 570 p.p.m. Zr. Other impurities determined 
by spectroscopic means did not exceed 200 p.p.m.

Microscopic examination of the purified tetravalent fluo
rides indicated the absence of inclusions with higher indices 
of refraction except for ThF4. In general, such inclusions are 
associated with the presence of oxides.6 In the case of 
ThF4, the inclusions occupied very little volume in the crys
tal, and the subsequent oxygen analysis (given above) 
showed a negligible oxide content.

Results and Discussion
Freezing Points of NaF With One Tetravalent 

Fluoride Solute.—The temperatures at which NaF 
began precipitating from solution are given in 
Table la. The excess partial molal free energies 
of solution of NaF, (F — F°) NaF, were calculated 
from these temperatures and are shown in Fig. 1. 
The thermochemical quantities used for these calcu
lations are the same as those previously given (for 
NaF: melting point =  1268.0°K., heat of fusion = 
8017 cal., Cp(liquid) — Cp(solid) =  6.00 — 3.88 
X 10~3T).4 As expected, the excess free energies 
with ZrF4 and HfF4 solutes were identical within 
experimental error. All deviations from ideality 
were negative.

At the same concentration, the excess partial 
molal free energies of solution of NaF with these 
tetravalent fluoride solutes were lower than with 
alkaline earth fluoride solutes (see Fig. 1). These 
observed differences are consistent with the

(4) S. Cantor, J .  Phys. Chem., 65, 2208 (1961).
(5) G. Goldberg, A. S. Meyer, Jr., and J. C. White, Anal. Chem., 32, 314 (1960).
(6) C. J. Barton, H. A. Friedman, W. R. Grimes, H. Insley, R. E;

Moore, and R. E. Tlioma, J. Am. Ceram. Soc., 41, [2] 63 (1958). <



2712 N otes V o l. 66

Fig. 1.— Excess partial molal free energy of solution of NaF 
vs. mole fraction of solute.

Fig. 2.— Excess partial molal free energy of solution of 
NaF in NaF-M F4 systems as a function of solute ionic 
radius.

plausible assumption that the solutes and solvent 
are ionic. The tetravalent cations, with electric 
fields greater than those of any alkaline earth cat
ions, have greater attraction for fluoride ions;

T a b l e  la
O b se r v e d  F r e e zin g  P o in ts  ok  NaF C o n t a in in g  M F4 

So lu tes

Mole /----------- — F.p. of NaF, °C.----------------------- '
fraction Solute

NaF ZrF4 HfF4 ThF4 u f 4
1 . 0 0 0 9 9 5 . 0 995.0 9 9 5 . 0 995.0
0.980 985.9 985.0 985.6

.979 985.4
950 968.4 967.0 966.0 966.7

.900 924.3 924.8 911.4 915.C

.875 892.7 892.7 873.0 878.2

.865 854.1

.855 834.8

.850 854.0 854.4 824.0 833.5

T a b l e  lb
O b se r v e d  F r e e zin g  P o in ts  o f  NaF C o n t a in in g  T w o  M F4

So lu tes

F.p. of
-» ff , f , . NaF,Mole 11 action

NaF ZrF4 T I1F 4 UF. °c.
0.900 0.0500 0.0500 920.1

.900 .0329 0.0671 915.4

.850 .0750 .0750 839.7

.850 .0494 .1006 830.7

consequently, the establishment of long-range order 
for NaF (crystallization) is more difficult.

The trend of the liquidus temperatures (and free 
energies of solution) of NaF within the series of 
tetravalent solutes is opposite to that observed for 
the alkaline earth fluorides. At fixed concentra
tion, the larger the tetravalent cation radius, the 
greater were the deviations from ideal solution 
behavior. At first sight, this trend appears to 
contradict the explanation as given, i.e., ZrF4 
and HfF4 would have been expected to yield the 
lowest liquidus temperatures for NaF because 
Zr4+ and Hf4+ have the strongest electric field 
strengths. However, the existence of very strong 
electric field strength for these cations provides a 
hypothesis for this seemingly anomalous trend. In 
these solutions the number of nearest-neighbor 
fluorides to the tetravalent ions is probably large, 
perhaps eight or greater. (In crystalline ZrF4 
and UF4 the cations are known7’8 to be eight- 
coordinated.) Assuming that in solution there are 
at least eight coordinated fluoride ions around each 
M 4+ ion, then the sizes of the tetravalent cations 
impose significant steric consequences if all the 
ions are spherical. In the case of Zr4+ eight 
spherical fluoride ions cannot be in contact with 
the cation simultaneously. The U4+ cation could 
be in contact with eight fluoride ions provided the 
coordinated fluoride ions had a regular Archimedean 
antiprism arrangement, while Th4+ is large enough 
to contact eight fluoride ions arranged cubically. 
If the number of nearest-neighbor fluorides aver
ages eight or more, those coordinated anions not 
in contact with the tetravalent cation should be 
less tenaciously held and therefore more “ available”

(7) R. D. Burbank and F. N. Bensey, Jr., “ The Crystal Structure 
of ZrF4,”  Report No. K-1280, Union Carbide Nuclear Company, 
Oct. 31, 1956.

(8 ) R. D. Burbank, “ The Crystal Structure of U F 4,”  Report No. 
K-769, Union Carbide Nuclear Company, June 6, 1951.
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to sodium ions for crystallization. In short, steric 
effects probably operate in these melts in a direction 
opposite to the expected coulombic effects. Appar
ently these steric effects are directly related to the 
size of the solute cation. The nature of the rela
tionship between the excess partial molal free energy 
of solution of NaF and the tetravalent cation radius9 
is shown in Fig. 2. Similar plots were obtained 
for concentrations other than 10 and 15 mole %  
where melts contained one MF4 solute.

Freezing Points of NaF with Two Tetravalent 
Fluoride Solutes.— To test whether the linear 
relationship indicated by Fig. 2 holds when two 
tetravalent fluorides are in solution, the liquidus 
temperatures of four samples were measured. 
Microscopic examination of these samples after 
cooling showed crystalline NaF to be the primary 
precipitating phase.

The compositions and liquidus temperatures of 
the solutions are given in Table lb. The derived 
excess partial molal free energies of solution of 
NaF vs. tetravalent cation radius are plotted in

(9) W. H. Zachariasen, “ Crystal Chemistry of the 5f Elements,”  
“ The Actinide Elements,”  G. T. Seaborg and J. J. Katz, Ed., 
McGraw-Hill Book Co., New York, N. Y., 1954, pp. 775-776.

Fig. 2. The radius for the solute pair was taken 
as the concentration-weighted arithmetic average 
of the two cations, i.e.

Rl,2 —
N !

Ni +  N2Ri +
N,

m  +  n , Ri

where N  is mole fraction.
Seemingly, for melts containing these components 

in the concentration ranges 0-15 mole %  M F4, 
the radius of the solute (s) cation (s) is the key 
variable in setting the liquidus temperature of NaF. 
At higher concentration (15 mole %  MF4 with 
two solutes), two tetravalent cations appeared to 
have a synergistic effect for fluoride attraction, 
i.e., the partial molal excess free energies of mixing 
of NaF were somewhat lower than expected. The 
reasons for these lower free energies are presently 
not understood.

Acknowledgments.—The authors wish to thank 
Mr. Clayton F. Weaver for performing some of the 
petrographic examinations and the Analytical 
Chemistry Division of Oak Ridge National Labora
tory for performing spectrochemical and oxygen 
analyses.

COMMUNICATIONS TO THE EDITOR
EXTENDED CALCULATIONS OF THE 

ELECTRON AFFINITIES OF POLY
NUCLEAR AROMATIC HYDROCARBONS 

BY THE LCAO-MO «-TECHNIQUE
Sir:

Recently Ehrenson1 has derived and discussed 
closed equations for the calculation of ionization 
potentials and electron affinities of organic com
pounds using the «-technique in the LCAO-MO 
approximation. Previously, Streitwieser2’3 had 
made successful correlations between experimental 
ionization potentials and those calculated from the 
semi-empirical «-technique. In the «  method, the 
coulomb integral (a) is assumed to be linearly 
related to the charge density (9) within the Hiickel 
MO approximation through the parameter « .4 
Normally, an iterative process is used where the 
Hiickel MO values of a and q are used to calculate 
new values of a and q. This process is repeated 
until the value of a becomes self-consistent. How
ever, Ehrenson has shown that an approximation 
to the iterative results for electron affinities of 
alternant aromatic hydrocarbons may be had by 
using the expression

(1) S. Ehrenson, J. Phys. Chem., 66 706, 712 (1962).
(2) A. Streitwieser, Jr., and P. M. Nair, Tetrahedron, 5, 149 (1959).
(3) A. Streitwieser, Jr., J. Am. Chem. Soc., 82, 4123 (1960).
(4) See ref. 1 for further details*

In this equation, A is the electron affinity, a° =  
— 9.878 e.v., d° =  —2.110 e.v., win is the coefficient 
of the highest occupied level of the anion as given 
by Hiickel theory, tj is the number of x-electrons in 
the neutral molecule, and «  is given some constant 
value.

Wentworth and Becker6 have recently completed 
measurements of the electron affinities of several 
aromatic hydrocarbons using a gas chromatographic 
technique. Also Hoyland and Goodman6 have 
recently published SCF calculations of electron 
affinities of several aromatic compounds. Ehren
son noted that the calculated electron affinities 
using «  =  1.4 did not correlate well with those of 
Hush and Pople7 or the limited and questionable 
experimental values. However, Ehrenson did sug
gest that the use of «  =  3.8 gave more meaningful 
results. We wish to pursue this correlation further 
with the aid of new experimental and theoretical 
data.

In Table I we give the experimental electron 
affinities for the alternant aromatic hydrocarbons5 
and the values calculated by using eq. 1 for various 
values of «. We have included the electron affinities 
calculated by using «  =  1.40, 3.80, and 3.73. The 
value of «  =  1.4 is the one which is preferred by 
Streitwieser. This value also was used by Ehren-

(5) W. E. Wentworth and Ralph S. Becker, J. Am. Chem. Soc., 84, 
4263 (1962).

(6) J. R. Hoyland and L. Goodman, J. Chem. Phys., 36, 21 
(1962).

(7) N* S. Hush and J. A. Pople, Trans. Faraday Soc., 61 600 (1955).
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T a b l e  I

Compound

E l e c t r o n  A f f in it ie s

✓--------------Calculated (e.v.)
Exptl. CO =  CO =  CO =
(e.v.) 1 .4  3 .80  3.73 SCF“

Benzene . . .  4.32 -1 .5 9 -1 .4 2 - 1 .4 0  ±  0.2
Naphthalene . . .  5.33 -0 .2 5 - 0 .0 8 - 0 .2 0  ±  .2
Anthracene 0.42 5.84 0.42 0.58 0.61 ±  .2
Naphthacene . . .  6.14 .79 .95
Pentacene . . .  6.33 1.04 1.19
Phenanthrene
3,4-Benzophen-

.20 5.44 0 .0 1 0.17 .25 ±  .2

anthrene .33 5.56 .2 1 .37
Chrysene .33 5.66 .31 .47
Benzanthracene .46 5.81 .46 .61
Pyrene .39 5.80 .42 .57 .55 ±  .2
Triphenylene .14 5.32 -0 .0 3 . 1 2
Pentaphene . . .  5.87 0.58 .73
Picene . . .  5.73 .44 .59
Perylene
1,2-3,4-Dibenz-

. . .  6.04 .73 .88

anthracene
1,2-5,6-Dibenz-

. . .  5.74 .43 .58

anthracene
1,2-7,8-Dibenz-

. . .  5.79 .50 .65

anthracene
3,4-5,6-Dibenzo-

. . .  5.75 .40 .62

phenanthrene
1,12-Benzo-

. . .  5.66 .37 .52

perylene . . .  5.87 .57 .73
Coronene . . .  5.66 .39 .54
Biphenylene . . .  5.74 .26 .42 . . .

“ Error estimated by J. R. Hoyland in a private communi
cation to R. S. B.
son in his very successful calculation of ionization 
potentials using an approximation similar to that of 
eq. L We also have included the SCF calculated 
values of Hoyland and Goodman.6 As noted by 
Ehrenson, the electron affinities calculated using 
co =  1.4 are significantly larger than the theoretical 
or experimental values. However, if co =  3.80 is 
used, then a better correlation between the co-tech
nique values and either the experimental or theo
retical values is noted. Ehrenson used co =  3.8 on 
the basis of the value of co which would give graphite 
an electron affinity of 4.39 e.v. (work function of 
the crystal) — 2.53 e.v. (correction from crystal to 
vapor).8 In fact, our agreement with experiment 
or SCF theory is excellent except for phenanthrene,
3,4-benzophenanthrene, and triphenylene. For 
these compounds, it appears that co =  3.73 gives 
much greater agreement with experiment.

Ehrenson has noted that the co-technique intro
duces a correction for x-electron repulsion and 
<T-electron rearrangement which is omitted in the 
Huckel MO method. Hoyland and Goodman6 
also have emphasized the importance of these 
factors as well as reminimization of the negatively 
charged state. The necessity of using co =  3.73 for 
the three compounds mentioned above may be 
caused by varying t and cr-deformation within the 
series of aromatic compounds which are reflected in 
a varying value of co. Table I also includes calcu
lated values of electron affinities of several alternant 
aromatic hydrocarbons for which the necessary
. (8) D. II. Kearns and M. Calvin, J. Chtm. Phys.: 34, 2026 (1961).

Huckel results were available. It is suggested that 
future calculations of electron affinities of alternant 
aromatic hydrocarbons using the co-technique em
ploy the value co =  3.77 until additional experi
mental work dictates an alternative value. This 
procedure should give very good approximations 
to the electron affinities where such may be re
quired, e.g., in charge transfer studies. We should 
point out that the very good agreement between the 
calculated and experimental values for these com
pounds provides a further confirmation of the valid
ity of the recent experimental values determined 
by Wentworth and Becker.5 We wish to thank 
Dr. W. E. Wentworth for helpful discussion.

(9) National Science Foundation Cooperative Predoctoral Fellow 
1962/1963. On leave from Texaco Research Laboratories, Bellaire, 
Texas.

D e p a r t m e n t  o f  C h e m istr y  D o n ald  R . S cott9
U n iv e r s it y  o f  H ou ston  R alp h  S. B e c k e r
H o u st o n , T e x a s

R e c e iv e d  O c to b e r  10, 1962

ISOPROPYLBENZENE CONVERSION ON
PRE-IRRADIATED SILICA-ALUMINA

Sir:
In 7-irradiation of isopropylbenzene adsorbed on 

microporous silica-alumina (400 m.2/g .), G(ben
zene) was observed to be greater than one at electron 
fractions of isopropylbenzene, F, ranging from 
0.0107 down to 0.00106 and to fall to (7(benzene) =  
0.40 at F — 0.00046.1 These results were inter
preted as indicative of energy transfer from the 
solid to the adsorbed isopropylbenzene. Further, 
the persistence of such a high yield as (7(benzene) 
=  1.13 to such a low electron fraction as F =  
0.00106, at which presumably 99.9% of the radia
tion energy is initially absorbed in the solid and 
which corresponds to about 0.6%  surface coverage, 
suggested that transfer of energy is rapid relative 
to the decay time of the responsible transfer entity 
produced by radiation in the solid. Additional 
evidence now has been obtained in support of these 
interpretations.

Using the same chemicals and procedures as 
previously reported,1 the following experiments 
were performed in which about 30 g. of silica- 
alumina (400 m.2/g .) was irradiated to a dose of
5.3 X 1021 e.v. at 36° in the absence of isopropyl
benzene, and then about 0.2 g. of isopropylbenzene 
was introduced to the pre-irradiated solid and 
products were recovered.

1. Irradiation imparted a very dark, essentially 
black, color to the solid. No gas was obtained from 
the solid. With liquid nitrogen on the reaction cell 
which had been attached to a vacuum line, iso
propylbenzene was distilled onto the dark solid 
after it had stood for 2 hr. at room temperature 
following irradiation. The cell with contents then 
was brought to room temperature, and the upper
most beads of solid were observed to be partially 
decolorized. The beads appeared white on the 
periphery first with dark centers, and decolorization 
proceeded inward to the bead centers. At the same

(1) R. R. Hentz, J. Phys. Chem., 66, 1625 (1962).
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time decolorization proceeded down the column 
of beads in the reaction cell and appeared to be 
essentially complete in 3-4 hr. The decolorization 
process apparently is governed by isopropylbenzene 
diffusion. (Kohn2 has observed similar phenomena 
in decolorization of irradiated silica, silica-alumina, 
and alumina by hydrogen, ethylene, water vapor, 
and ammonia.) Cell and contents stood overnight 
and products were removed. Only total gas and 
benzene could be measured with reasonable 
accuracy: F — 0.0070; 6'(total gas) =  0.011; 
(7 (benzene) =  0.42.

2. The cell with irradiated solid was kept in 
liquid nitrogen from the termination of irradiation 
to introduction of isopropylbenzene: F  =  0.0067; 
©(total gas) =  0.012; ©(benzene) =  0.42. After 
product recovery the cell with decolorized solid was 
opened to the vacuum line and pumped overnight 
at 10- 5-1 0 ~6 mm. Another 0.2-g. portion of pure 
isopropylbenzene was introduced to give F  =  
0.0068 and allowed to stand overnight on the solid. 
There was no detectable product formation or 
isopropylbenzene decomposition.

3. Isopropylbenzene was allowed to distil onto 
irradiated solid which was at room temperature 
(this process required only 10 min.). Decoloriza
tion proceeded much more uniformly over the 
whole solid in this case, although the rate still was 
slightly more rapid in the uppermost beads than in 
the lowest. Complete decolorization required about 
3 hr.: F =  0.0070; ©(total gas) =  0.009; ©- 
(benzene) =  0.43.

4. Irradiated solid was maintained at 100° for 
four hours. The solid remained quite dark, but 
some bleaching did occur. Isopropylbenzene then 
was introduced as in the third experiment, and 
decolorization proceeded in the same fashion: 
F =  0.0068; ©(total gas) =  0.001; ©(benzene) =  
0.33. Thus, a 10-fold decrease in gas yield and a 
21%  decrease in benzene yield occurred as a result 
of the 4 hr. at 100°. Since complete deactivation 
of the solid was observed in experiment 2, the de
activation could not have been due to the product 
recovery procedure (4 hr. at 100° )1 but must have 
been due to the prior contact with isopropylben
zene.

5. Irradiated solid was stored in the sealed 
reaction cell for 1 year at room temperature prior 
to introduction of isopropylbenzene. Darkness of 
the solid after the year’s storage had definitely 
decreased to a shade judged roughly equivalent to a 
dose one-fourth of that originally received: F  =  
0.0072; ©(total gas) =  0.0045; ©(benzene) =  
0.41.

Under conditions comparable with these experi
ments, irradiation of isopropylbenzene adsorbed on 
the solid gave ©(benzene) =  1.05 and ©(total 
gas) =  0.219. The gas was 95% hydrogen.1

These experiments demonstrate the longevity at 
room temperature of certain benzene-producing 
“ excited states of the solid” formed by irradiation. 
(The general expression “ excited states of the solid” 
is used in the absence of definitive evidence for the 
mechanism of energy storage in the solid. It is 
considered probable that the long-lived excited

(2) H. W. Kohn, Nature, 184, 630 (1959).

states responsible for benzene formation are trapped 
electrons and/or concomitant positive holes.1) 
Further, these experiments suggest that benzene 
formation involves energy transfer from “ excited 
states of the solid”  which are destroyed thereby. 
If one molecule of benzene is produced per “ excited 
state,”  then ©(benzene) =  0.42 gives 7 X  1017 
excitations per gram of solid. The approximately 
20-fold lower ©(total gas) in these experiments is 
consistent with the previously proposed mechanism 
for hydrogen formation1 in that hydrogen atoms 
formed on irradiation of the solid would be re
captured at surface sites in the absence of adsorbed 
isopropylbenzene. The results of experiment 5 
suggest that although gas formation on contact of 
isopropylbenzene with the pre-irradiated solid may 
be associated with visible “ excited states,”  benzene 
formation is not but probably involves “ excited 
states”  which absorb in the ultraviolet. Dose- 
effect and other studies are in progress to determine 
the nature and concentration of defects responsible 
for the energy storage and to explain the 40% lower 
©(benzene) as compared with that in simultaneous 
irradiation of solid and adsorbed isopropylbenzene.

To the author’s knowledge these experiments 
constitute the first conclusive demonstration of a 
chemical conversion due to transfer of energy stored 
in a solid (without destruction of the solid3-4) by 
exposure to high-energy ionizing radiation.

(3) T. Westermark and B. Grapengiesser, Arkiv Kemi, 17, 139 
(1961).

(4) T. Westermark, N. Biesert, and B. Grapengiesser, ibid,, 17, 151 
(1961).

So co n y  M o b il  O il  C o m p a n y , I n c . R o b e r t  R . H e n tz  
R e se a r c h  D e p a r t m e n t  
P r in c e t o n , N e w  J e r se y

R e c e iv e d  Se p t e m b e r  21, 1962

ELECTRONIC PARAMAGNETIC
RESONANCE OF MANGANOUS ION IN 

CALCIUM PYROPHOSPHATE AND 
CALCIUM FLUORIDE

Sir:
Kasai1 recently published electronic para

magnetic resonance (e.p.r.) spectra of divalent 
manganese in calcium fluorophosphate (fluorap- 
atite) and calcium compounds used in the syn
thesis of the fluorophosphate. We believe that the 
e.p.r. spectra shown in the publication are in
correct for divalent manganese in calcium pyro
phosphate and in calcium fluoride.

We have prepared polycrystalline alpha calcium 
pyrophosphate and beta calcium pyrophosphate 
by pyrolysis of dibasic calcium orthophosphate, 
CaHPCh, at 1200 and 1050°, respectively.2 The 
chemical identity and crystalline form of the 
pyrophosphates were confirmed by the weight 
loss during preparation, X-ray diffraction analysis, 
and measurement of the refractive indices. Man
ganese was introduced in the atomic proportion, 
M n/Ca =  10-3, by slurrying the CaHPCh in

(1) P. H. Kasai, J. Phys. Chem., 66, 674 (1962).
(2) A. O. McIntosh and W. L. Jablonski, Anal. Chem., 28, 1424 

(1956).
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gave the same e.p.r. spectra involved introducing 
manganese into pre-formed pyrophosphates by the 
same procedure and then firing at the above 
temperatures.

The same method was used to introduce man
ganese into phosphor grade calcium fluoride and 
into calcium oxide prepared by ignition of phosphor 
grade calcium carbonate at 1000°. The man
ganese was fired into these samples at 1050°. 
The M n/Ca ratio was 10” 4 in CaF2 and 10 3 in 
CaO. The e.p.r. spectra of M n+2 in the two 
pyrophosphates and calcium fluoride are given in 
Fig. 1 and in calcium oxide in Fig. 2.

Comparing these spectra with Kasai’s, it is seen 
that (a) Kasai’s spectrum of CaF2 +  MnS04 is 
identical with our spectrum of /3-Ca2P20 7 : 2 X 
10~3 Mn, Fig. 1(b); and (b) his spectrum of Ca2- 
P20 7 +  MnS04 resembles neither of our pyro
phosphates, but rather it appears to be the spectrum 
of M n+2 in CaO, Fig. 2(a). Our spectrum of 
M n+2 in polycrystalline CaF2, a large number of 
sharp lines superimposed on six broad lines, Fig. 
1(a), appears to be consistent with the results of 
Baker, Bleaney, and Hayes3 for the e.p.r. of M n+2 
in a single crystal of CaF2. They found that each 
M n+2 line, of which there are normally 30, is 
further split into nine components by hyperfine 
interaction between the M n+2 ion and eight 
nearest-neighbor fluorine nuclei.

A re-interpretation of Kasai’s experiment in
vestigating the behavior of manganese during the 
course of reaction to form fluorapatite based on 
our identification of his reactants follows. Man
ganese first diffuses into calcium oxide, which then 
reacts in formation of the apatite. In support of 
our interpretation, we present in Fig. 2(b) a com
posite spectrum of calcium fluorapatite, CasF- 
(P0 4)3 : 1.5 X 10-3 Mn, and calcium oxide, CaO: 
10 ~3 Mn, made by introducing both materials simul
taneously into the resonant cavity. It matches 
exactly Kasai’s curve for his fluorapatite mixture 
after 10 min. of firing at 1150°. Further sub
stantiation for our interpretation was obtained 
from time-temperature studies on the rate of 
manganese diffusion into calcium oxide and beta 
calcium pyrophosphate. We found that man
ganese diffused much more rapidly into CaO 
than into /3-Ca2P20 7 at temperatures between 900 
and 1150°.

(3) J. M. Baker, B. Bleaney, and W. Hayes, Proc. Roy. Soc. (London), 
A247, 141 (1958).
L am p  D iv isio n
G e n e r a l  E le c tr ic  C o m pa n y  R . L . H ic k o k
L ig h t in g  R e se a r c h  an d  J. A. P a r o d i

D e v e l o p m e n t  O p e r a t io n  W. G . Se g e lk e n
L am p  R e se a r c h  L a b o r a t o r y  
C l e v e l a n d , O hio

R e c e iv e d  O c to b e r  22, 1962
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Fig. 2.— E.p.r. spectra of M n+2 in polycrystalline sub
stances: (a) CaO, (b) mixture of CaO and CasFCPO-ib, and 
(c) CaiJXPOds.

THE EFFECT OF THE IONIZATION OF 
AVATER ON DIFFUSIONAL BEHAVIOR IN 

DILUTE AQUEOUS ELECTROLYTES
acetone to which an aqueous solution of a man
ganous salt (acetate, nitrate, or sulfate) had been 
added, then drying. A second method which

Sir:
If one ion of a binary salt is radioactively tagged 

and an aqueous solution of the salt is allowed to
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diffuse into pure water, we would normally expect 
to obtain the binary salt diffusion coefficient by 
measuring the movement of radioactivity. The 
restriction of electroneutrality ensures that each 
tagged ion is accompanied by its oppositely charged 
counterpart.

However, it has been pointed out recently1 that 
if, in such a system, the salt concentration was 
reduced to the order of 10-7 M, then a different 
diffusional behavior might be observed. At this 
order of dilution, the concentration of salt and that 
of the ions resulting from the ionization of water 
become comparable. We now have an effective 
multicomponent system in which coupling can 
occur between the various species of ions so that 
the measured diffusion coefficients will contain 
contributions from cross-term coefficients. Due 
to the high mobilities of H+ and OH-  ions, the 
effect should be quite pronounced and may be 
detectable at considerably higher concentrations 
than 10~7 M . If the concentration of salt is 
reduced to a sufficiently low value, we might also 
expect to measure the trace-ion diffusion coefficient 
of the tagged ion in the above system. In this 
case it is a trace species in a uniform electrolyte of 
H+ and OH-  ions of much higher concentration.

In this Laboratory we have been calibrating 
open-ended capillaries by allowing fairly dilute 
tagged salt solutions to diffuse into pure water. 
It is imperative to know the concentration above 
which the assumption is valid that the binary salt 
diffusion coefficients are being measured. The 
effect also is of considerable interest for its own 
sake and therefore we have undertaken the explora
tory studies reported below.

The two salts used in these experiments were 
sodium chloride and magnesium bromide. “ Carrier- 
free”  22NaCl was purified by selective elution 
through a cation ion-exchange column. Mg82Br2 
was made by adding Analar HBr to “ Specpure” 
MgO and then irradiating in the high neutron flux 
of the Lucas Heights Reactor, Sutherland, N.S.W. 
The specific activity obtained was of the order of 
7 curies/g. of bromine. Solutions were made up 
approximately by weight and then successively 
diluted, all concentrations being checked by con
ductivity measurements. The water used in these 
studies was purified first by distillation and then 
by passage through an Elgastat de-ionizer at a rapid 
flow rate. Its specific conductance was 8.4 X 10-7 
mho/cm. For the diffusion measurements a simple 
open-ended technique was used,2 the capillaries 
being of Perspex to minimize absorption.

The diffusion coefficients obtained in this work 
are given in Table I. The measured coefficients 
are integral ones and for the purposes of this survey, 
the approximation has been made that they are 
equal to the differential coefficients at half the 
solution concentration. To demonstrate the in
cidence of the effect, these values are compared 
to salt diffusion coefficients calculated by the

(1) L. A. Woolf, D. G. Miller, and L. J. Gosting, J. Am. Chem. Soc., 
84, 317 (1962).

(2) R. Mills, ibid., 77, G11G (1955).

Onsager and Fuoss limiting equation.3 The pre
cision of the measurements is from 1 to 2%.

Salt
NaCl

MgBr.

T a b l e  I
-^obsd. -Dea led.
X 105, X 105,

C, mole/1. cm.2/sec. cm.2/sec.
2 X 10  " 5 1 ..51 1 .61
9 X 1 0 " 6 1..54 1 .60
5 X i o - 4 1 .58 1 .59
2 X 1 0 ~ 3 1 .58 1 .58
3 X 10  -« 2 ..13 1 .26
3 X 10 2 .16 1.26
2 X i o - 6 2 ..10 1 .25
5 X 10 1 .75 1.25
2 X 1 0 _s 1 .62 1 .24
2.9 X 1 0 -" 1 .30 1 .2 1
2.83 X 1 0 ~ 3 1 .14 1 .15

From Table I, the change-over from binary to 
mixed diffusion is clearly seen for both salts. In 
the case of NaCl, the presence of some inactive 
carrier made it impracticable to use concentrations 
below 10_s M. Consequently only the beginnings 
of the transition to the trace-ion coefficient can be 
seen. For MgBr2, however, which was chosen 
because of the large numerical difference between 
the values of binary and trace coefficients and for 
the high specific activity obtainable, the change
over as illustrated in Fig. 1 is quite striking. In 
both cases the effect commences at about 10-4 M  
and in the MgBr2 case the rate of change is a maxi
mum at ~ 4  X 10-6 M. The surprisingly high

(3) L. Onsager and R. M. Fuoss, J. Phys. Chem., 36, 2689 (1932).
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concentration at which the effect becomes notice
able is undoubtedly related to the high mobilities 
of II + and OH-" ions.

Further studies would require greater control of 
water purity and a more refined diffusion technique 
to increase precision. It is of interest to speculate 
whether the shape of the curve in the transitional

region would give information about the cross
term coefficients which are required to describe 
multicomponent diffusion.
R e s e a r c h  S c h o o l  o p  P h y s i c a l  S c i e n c e s  R .  M i l l s
A u s t r a l i a n  N a t i o n a l  U n i v e r s i t y  
C a n b e r r a , A. C. T., A u s t r a l i a

R e c e iv e d  N o v e m b e r  9, 1962
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A D D I T I O N S  A N D  C O R R E C T IO N S

1960, Vol. 64
W. A. T. Macey. The Physical Properties of Certain 

Organic Fluorides.
Page 254. The author wishes to note that the experi

mental work was largely carried out at the Woolwich Poly
technic in 1953-1957 and some work described was a part 
of a thesis approved for the award of the Ph.D. degree by 
the University of London.— W. A. T. M acey.

1961, Vol. 65
Edward P. Egan, Jr., and Basil B. Luff. Heat of Solution 

of Orthophosphoric Acid.
Page 524. In column 1, 4th line from bottom, for 

“  — 2913”  read “  — 2931” ; the correct value appears in 
Table II.— Edward P. Egan, Jr .

Joshua Jortner, Rapahel Levine, Michael Ottolenghi, 
and Gabriel Stein. The Photochemistry of the Iodide Ion 
in Aqueous Solution.

Page 1233. In the legend to Fig. 1, J should be equal to
9.7 X 10~7 einstein l . - 1  sec.-1; in Fig. 1 and 6 the unit of 
[I2] concentration should read 106 mole 1.-1.

Page 1234. In Fig. 3 the unit of (d [I2]/di)o should read 
10 6 mole- 1 1 . - 1  sec.-I .

Page 1237. The left side of eq. X  should read (d[I2] /d i)0 
instead of d [I2] t/df. The last equation on the page should 
read

fcn =  kuh +  kn* K j [  I - ]
Page 1238. The first equation on the page should read 

kn =  knb +  k ^ K j l  I - ]
The calculation of the quantum yields and rate constant 
ratios presented in the paper was carried out using the 
correct data.— Gabriel Stein.

R. J. Thom and G. H. Winslow. Correction of the Po
tassium Vapor Pressure Equation by Use of the Second Virial 
Coefficient.

Page 1297. The constant term in the equation obtained 
by reworking the data of Makansi, et al. (ref. 8 of the paper) 
is 4.127 rather than 4.927. The equation given for log p 
(total) in the Abstract is preferred over the one in the Sum
mary.— George H. W inslow.

L. S. Bartell and D. Churchill. Polarimetrie Determina
tion of Absorption Spectra of Thin Films on Metal. I. 
Interpretation of Optical Data.

Page 2243. In eq. 5 k' should road /<'. The absorption 
index, is related to the absorption coefficient, k', by 
k' =  n'k. The symbol cos 4> in eq. 8 should be replaced by 
tan 4>.

Page 2244. The constant c should read c =  (4-ir/X) 
sin $ tan <f>.— L. S. Bartell.

A. G. Buyers. A Study of the Rate of Isotopic Exchange 
for Zn65 in Molten Zinc-Zinc Chloride Systems at 433-681°.

Page 2256. The authors of ref. 5 should read L. E. 
Wallin and A. Lunden.— A. G. Buyers.

Stuart E. Lovell and John D. Ferry. Influence of Molec
ular Weight Distribution of Viscoelastic Properties of Poly

mers as Expressed by the Rouse and Zimm Theories.
Page 2275. In the second line below eq. 3, “ thermal” 

should read “ terminal.” — J o h n  D. F e r r y .

1962, Vol. 66

Paul H. Kasai. Electron Paramagnetic Resonance Study 
of M n++ Ion in Polycrystalline Calcium Fluorophosphate.

Page 674. Re-examination of our original samples by 
X-ray proves that the figure captions given to Fig. 4 were 
incorrect and should be changed to (a) CaC03 +  MnS04, 
(b) Ca2P20 7 +  MnS04, (c) CaF2 +  M nS04.

This change, of course, leads to a revision in the inter
pretation of the behavior of Mn + + ions during the reaction, 
as pointed out by Hickok, et al.1 It also was learned that 
the sharp sextet observed in the spectrum (c) of Fig. 4 is 
due to M n++ ion in CaO impurity in CaF2. 2 The author 
wishes to express his thanks to Drs. Hickok, Parodi, and 
Segelken for pointing out the mistake.

(1) R. L. Hickok, J. A. Parodi, and W. G. Segelken, J. Phys. Chem., 
66, 2715 (1962).

(2) R. L. Hickok, J. A. Parodi, and W. G. Segelken, private com
munication.

R. C. Millikan. Non-equilibrium Soot Formation in 
Premixed Flames.

Page 798. M y attention has kindly been directed by C.
P. Fenimore to an arithmetic error in the constant terms 
of eq. 9, 10, and 12. In eq. 9 and 10 the constant terms 
should be 4.37, not 5.41 as given. In eq. 12 the constant 
term should read 9.54. These changes do not affect the 
reasoning or conclusions of the paper, for they were con
cerned solely with the temperature-dependent terms of these 
equations. However, if one wishes to go beyond that and 
ask what is the ratio of pre-exponential factors for the com
peting reactions, a reasonable answer is now obtainable from 
the corrected equations.— R o g e r  C. M i l l i k a n .

Charles M. Apt, Frederick F. Margosian, Ivan Simon, 
Jay H. Vreeland, and Raymond M. Fuoss. Pressure De
pendence of Electrolytic Conductance in Toluene.

Page 1211. Equation (1) should read

Ac’a  =  A 0A a _ i / !  +  (\0/ K a 1/% ) c

R a y m o n d  M. F u o s s

J. B. Ott, J. R. Goates, and A. H. Budge. Solid-Liquid 
Phase Equilibria and Solid Compound Formation in Mix
tures of Aromatic Compounds with Carbon Tetrachloride.

Page 1389. The references to the formation of a com
pound between CC14 and p-xylene should read 1 and 7 
instead of 1 and 6 . The names in ref. 7 should read C. J. 
Egan and R. V. Luthv.

In addition the authors failed to mention that C. J. Egan 
and R. V. Luthy [Ind. Eng. Chem., 47, 250 (1955)] found 
a 1:1 compound between CC14 and pseudocumene, and did 
not find compounds in the CCl4-o-xylene and CCl4-m-xylene 
systems. Our results are in agreement with this earlier 
work.—J. B .  O t t  a n d  J. R .  G o a t e s .
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Binding energies, of gaseous alkaline earth halides.. . . Biphenyl, absorption maxima of, complexes with organic compounds, 353; ionization constant of 2,2'-dihydroxy-, in light and heavy water, 534; dielectric constant of monosubstituted, in a viscous solvent, 1105; formation of, by intramolecular dimerization in the electrooxidation of tetraphenyl-borateion......................................................................
Biphenylene, molecular orbital study of polarographic reduction in dimethylformamide of, and 2,3-benzo-............................................................................
2,2'-Bipyridyl, base strength..........................................
Birefringence, of a solution of rod-shaped molecules. . Bismuth, phase diagrams of systems of, with BiBr3 and Bil3, 28; magnetic susceptibility of Bi-BiCl3 molten system, 1163; absorption spectra of and solute species in Bi-BiCls liquid system, 1178; phase diagram of the system Bi-S, 1205; pseudo-binary systems of, with Sb, Pb, Te, Tl, and Sn, 1408; electromotive force, polarographic, and chrono- potentiometric studies in molten Bi-BiBr3 solns., 1587; liquidus curves of binary alloys writh Cu, Ag,and A u...........................................................................
Bonds, hydrophobic, in proteins, 1773; nature of thetwo-electron chemical; the heteropolar case............Boron, coordination in potassium borate glasses, 174; thermoluminescence of fused borax seeded writh Ni, Mg, and U 03, 551; heat of formation of BF2, 1209; dipole moment and magnetic susceptibility of decaborane, 1449; vaporization of the Ti-B system, 1492; y-ray radiolysis of methyl-substituted borazoles, 1526; sublimation and decomposition of BN, 1556; biphenyl formation by intramolecular dimerization in electrooxidation of tetraphenylbo- rate ion, 1743; Ar and N multilayers on hexagonal BN, 1810; applications of semi-empirical valencebond theory to B H .......................................................
Bromine, exchange between, and CCl3Br, 271; heats of formation of bromine fluorides, 288; radiolysis of bromates writh y-rays, 300; secondary isotope rate effect in iodide-promoted removal from s y m -  tetrabromoethane, 655; bromide complexing of Se(III) and Y (III)inaq . soln., 1248; variation writh aq. electrolyte activities cf, absorption of bromide ion by tri-re-octylamine and strong-base anion exchange resin, 1383; molecular complex compounds of IBr with dioxane and pyridine derivatives, 1397; catalytic decomposition of bromate in fused alkali nitrates, 2114; transient charge-transfer complexes in Br recombination and photohalogenation processes .......................................................................
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Bromophenol blue, acid-base equilibria between, andsome N-heterocyclics in non-aq. so lven ts................  915Butadiene, molecular motion in, 1; x-electron delocalization in, 2306; split p-orbital treatment of, and relationship to other molecular orbital treatm ents. . 2310»-Butane, second virial coefficients for system with perfluoro-re-butane, 635; gas compressibilities and virial coefficients of system with isobutane, 1082;thermal decomposition of, on B h ...............................  1742Butane, perfluoro-re-, second virial coefficients for, -re-butane system, 635; bis-(weso-2,3-diamino)-, electrolyte effect on ions of Ni complex of, 1544; 2- thia- and 2,3-dithia-, electron impact spectroscopyof.....................................................................................  1648But.anethiol, 2-methyl-2-, chemical thermodynamicproperties and rotational isomerism of......................  13342-Butanol, vapor heat capacity and latent heat ofvaporization of.............................................................  1444Butanone, system with polystyrene, 4; diffusivitiesand viscosities of sj-stem with CCl4............................  899Butene-1, free radicals from thermal decompositionof................................................................................   1569Butene-2, c i s -  and irares-chloroheptafluoro-, couplingbetween CF:, and F groups of......................................  11921-Butene, 3,4-epoxy-, electron impact spectroscopj'’of..................................................................................... 1652cis-2-Butene, proton chemical shift in Ag complexo f ....................................................................................  1554Butylamine, perfluorotri-, solubility in cyclohexane. .  573re-Butylamine, conductivity of acetonitrile-, system. . 89Butyric acid, strength of.................................................  1188
7 -Butyrolactam, acid dissociation in water..................  369
Cadmium, polarography of Complex of, w-ith triethyl- enetetramine, 134; cubic crystals of CdS, 185; formation constants of complexes with oxalate in light and heavy water, 249; decomposition pressure of UCdu, 362; conductances of perchlorate aq. solns. of, 439; heat capacity of (NH4)2Cd2- (S0 4)3, 787; partition of liquid metals in Al-Cd system, 1028; magnetic susceptibility of Cd-CdCB molten system, 1163; activity coefficients of CdCl2-  HCl-HoO system, 1321; non-stoichiometry in CdSeand equilibria in the system Cd-Se............................Cage effect, of peroxide, 1591; in aq. iodide ion photochemistry......................................................................Calcium, thermodynamic data for system Ca0 -P 205-  H F-H 2O, 315; phase equilibria in system CaO- P2O5-H F -H 2O, 318; electron paramagnetic resonance study of M n++ in polycrystalline calcium fluorophosphate, 674; complexing of, by methylene diphosphonates, .1349; development of surface in hydration of Ca3Si05, 1804; micelle phase of calcium dinonylnaphthalene sulfonate in »-decane, 1843; reaction with cephalin a t air and liquid-liquid interfaces............................................................Calorimeter, isothermal constant heat exchange.........Caratheodory’s principle, and the thermokineticpotential in irreversible thermodynamics.................Carbon, heats of adsorption of benzene and re-hexane on graphitized, black, 205; doublet nature of stretching vibration of C-H bond, 232; production during the pyrolysis of ethylene of diatomic, 282; limiting isosteric heats of adsorption of gases on graphitized, 696; non-equilibrium soot formation in premixed ethylene-air flames, 794; dissociation energy of C-H bond in benzene, 821; adsorption of Ar on graphitized C black; surface area and heatsand entropies of adsorption.........................................Carbon, C13, coupling constant between, and directly- bonded F, 768; effect on coupling constants ofC:.C1S...............................................................................
Carbon, C14, compounds containing, produced by neutron irradiation of cyanoguanidine, 152; in compounds produced by neutron irradiation ofcrystalline acetamide...................................................Carbon compounds, adsorption of CO on Pt-on-alu- mina catalysts, 48; radiolytic and photochemical decomposition and exchange in liquid and gaseous CCl3Br, 271; graphite oxide interactions with ammonia, 396; CO and C02 adsorption in Ni, 450; diffusivities and viscosities of CCl4-butanone and CCU-acetie acid systems, 899; CSj standard for

vapor-flow calorimetry and CS2 heat capacity, 1074; destruction of Al-C bond in aluminum alkyls by CCh, 1354; phase diagrams for and solid compounds formation in CC14 binary systems with benzene, toluene, pseudocumene, and anisole, 1387 ; infrared spectrum of CO and C02 adsorbed on silica- supported Fe, 1464; interaction of CO and H on silica-supported Fe, 1664; mass spectrum of C3O2, 1756; adsorption of CF4 on polytetrafluoroethyl- ene, 1815; adsorption of CO on Pt; significance of the “polarization curve,” 2657; 7 -irradiation ofCF4...................................................................................  2672Carbonium ions, produced by 7 -irradiation of adsorbates on silica gel....................................................  1185Carboxylic acids, determination of self-associationconstants of, in soln......................................................... 1187/3-Carotene, charge transfer complex between, and I;synthesis and optical spectra......................................  2221Cation, transfer rates of, through ion-exchange membranes, 1549; nature of, depopulation in synthetic crystalline zeolites, 2271; apparent dissociation constants as a function of the exchanging monovalent, of carboxylic polymers.................................... 2275Cell potentials, and gas solubility theory......................  645Cephalin, reaction with Ca at air and liquid-liquidinterfaces.........................................................................  1928Cerium, electrical conductivity of Ce-CeCl3 system,44; association constants of, with sulfate ions, 160; partition of, in liquid Al-Cd system, 1028; preparation and crystal structure of Ce formate..................  1737Cesium, the system NaF-Te-CsCl, 31; phase diagram of Ni-CsCl system, and CssNiCl», 65; volume change of CsNCh-NaNOs liquid system, 103; 7 -ray radiolysis of CsBr03, 300; solubility of CsNCb inaq. H2O2, 548; ionic transport and crystallographic transition in CsCl, 557; effect of intensity on radiation-induced decomposition of CsN03, 755; thermal decomposition of 7 -ray irradiated CsMn04, 961; solutions in ethylenediamine, 1254; malate complex of, 1702; CsCl in the ultracentrifugative preparation of foot-and-mouth virus, 1976; solns. of CsCl in ultracentrifugation of bovine serum mer-captalbumin.................................................................. 19902210 Cetane, diffusion of radioactively tagged, in polyiso- butylene-cetane mixtures and in three methacry-2029 late polymers...............................................................  2699Cetyl esters, of dicarboxylic acids, monolayers of........  1846Chain transfer constant, of vinylpyrrolidone withdextran..........................................................................  828Charge transfer, in radiolysis of organic liquids;evidence from H gas yields.......................................... 2132Charge transfer complex, between /3-carotene and I;synthesis and optical spectra......................................  2221Chelates, stability constants of metallic, of adenosine triphosphate.................................................................  101928 Chlorine, system with R.h at high temperature, 490; 2127 translational energy accommodation in the Ni-Cl surface reaction, 554; velocity of, hydrolysis in 1414 presence of various bases, 701; chloride complexing of Sc(III) and Y(III) in aq. soln., 1248; molecular complex compounds of IC13 and IC1 with dioxane and pyridine derivatives, 1397; exchange rate of, between chloride and chloroacetate ions, 1719; infrared spectrum of N 0 2C104, 2066; associationconstants of chloride ions in molten KNO3...............  2069Chlorine, Cl36, exchange between NaCl36 and ethylchloroacetate............................................................ 1368Chloroacetic acid, decomposition in aq. soln. by 2154 atomic H; comparison with radiation chemicaldata, 2078; reaction mechanism in alkaline solns.. . 2081Chloroform, H bond formation in system with ben- 945 zene and cyclohexane, 1469; rate of telomer production from mixtures with ethylene initiated byCo60 7 -radiation............................................................  2164Chlorophyll, in photoreduction of thionine by ascorbic 1730 acid, 954; phototropy of, in soln. in anaerobic ethyl acetate, methanol, pyridine, cyclohexanol, and castor oil solutions, 2533; reversible photochemical reactions of, in photosynthesis...................  2537Chromatography, gas, in determination of stabilityconstants of complexes................................................  120SChromium, electron paramagnetic resonance absorption of chromia-alumina catalysts, 276; gelation
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in chromic ferrocyanide, 356; viscosity and hydrogen ion concentrations during gelation in chromic ferrocyanide, 357; lattice energy and stability of monohalides, 433; mechanism of K promotion of chromia-alumina dehydrogenation catalysts, 871; adsorption of isothiocyanatochromium(III) complex ions at the Hg-aq. soin, interface......................Chromotropism, electrolyte effect on, of bis-(meso-2,3-diaminobutane)-Ni(II) ions.................................Chronopotentiometry, of Bi-BiBr3 molten soins.........Chrysene, absorption maxima of complexes withorganic compounds......................................................Cinnamic acid, photochemical isomerization in aq.soins................................................................................Cinnamic acid nitrile, p-dimethylamino-, photochemical c i s - t r a n s  isomerization of............................Clay, color reaction of, with aromatic tertiaryamines...........................................................................Coacervation, of polyvinylsulfonic acid salts inducedby heavy metal ions.....................................................
Cobalt, polarography of complex of, with triethylene- tetramine, 134; transference number and activity coefficient of tris-(ethylenediamine)-Co(III) in water, 550; oxidation of Fe(II) by Co(III) in aq.soin.................................................................................
Colloids, binding of counterions on charged, 943; micelle formation in, 1375; low-frequency dielectric dispersion of spherical colloidal particles in electrolyte soin., 2626; theory of low-frequency dielectric dispersion of colloidal particles in electrolytesoin.................................................................................
Complexes, determination by gas chromatography ofstability constants of...................................................
Complexing, of calcium and magnesium, by methylene diphosphonates......................................................
Conductance, electrical, of the system Ce-CeCh, 44; for determination of dissocn. equilibria of water, 225; of dilute aq. cadmium perchlorate soins., 439; effect of exponential distribution function on electrophoretic contribution to, of electrolytes, 477; of ion pairs in an alternating field, 669; of isotopic Li chlorides, 930; of sodium dodecyl sulfate soins, below the critical micelle concentration, 942; electric, of the system Pr-PrCL, 1201; dependence on pressure of, of toluene, 1 2 1 0 ; equivalent, and ionic association in aq. TlOH soins., 1341; of polyvalent electrolytes, 1520; of symmetrical electrolytes, 1722; of RbBr in dioxane-water mixtures, 1727; of 2-2 electrolytes with multiple charge sites,1749; of Lil and NH4I in n-butanol..................
Congo red, interaction with carboxylated starches, amylose, amylose hydrolysates, and amylodex-trins................................................................................
Contact angles, in surfaces, determination of..............Contraction, of fibrous proteins, effect of monomericreagents on....................................................................
Copper, stability in a cation-exchange resin and an aq. soin, of complexes of Cu(II) -with 2-aminoethanol and ethylenediamine, 75; polarography of complex of, with triethylenetetramine, 134; electrode potentials of Cu(II)-Cu(I) and Cu(I)-Cu(0) in molten Li2S04-K 2S04 eutectic, 164; complex of Cu(TT) with poly-N-ethyleneglvcine, 246; formation constants of complexes of Cu(II) with oxalate in light and heavy water, 249; infrared spectra of complexes of Cu(II) with hexafluoro- and trifluoro- acetylacetone, benzoylaeetone, and dibenzoylmeth- ane, 346; heat of solution of Cu dimethylglyox- ime, 389; oxidation of, to CuO0.67, 816; density and critical constants of liquid, 1080; rate of reaction of Cu(II) with /3-diketones, 1132; rate of formation of H20 2 during dissolution of polvcrystal- line, 1370; rate of reduction of CuO by H, 1573; rate of exchange of Cu(II) between ethylenedia- minetetraacetic acid and Eriochrome Blue Black It, 1582; heat capacity of Cu20 , 1645; liquidus curves of Bi-Cu system, 2 0 1 2 ; complex compounds with ethylenediamine, pyridine, and o-phenanthroline, in catalyzed anthracene tripled decay, 2577 ; structure of active centers in, 2691; thermoelectric force and lattice defects as active centers in metallic ....................................................................................

Corresponding state treatment, of chemical kineticsolvent effects...............................................................  2 10 1Coulometry, secondary electrode reactions in controlled potential............................................................ 2173Counterions, binding of, on charged colloids andmacromolecules............................................................  943Coupling, in linear polymers.............................................  1567Coupling constant, of carbon-13 with directly-bondedfluorine, 768; in normal and isotopic C3H8................ 945Cracking, of hydrocarbons over a promoted aluminaca ta ly st......................................................................... 1559Critical micelle concentration, determination, 374; discontinuity of, during ultracentrifugation ofemulsions.........................................................................  1966Crotonic acid, adsorption on anatase of, copolymerwith vinyl acetate...........................................................  1907Crystallization, of fibrous proteins, effect of monomeric reagents on .........................................................  375Crystallization rate, relation between, and liquidstruc tu re ....................................................................... 609Cyanide, reaction of, with thiosulfate, 956; ion-pair intermediate in the phototropic reaction of CN-with methyl violet........................................................  2426Cyanogen, jr-electron delocalization in.......................... 2306Cyclization, rate of, of 2,2'-diphenic acids in sulfuricacid ............................................................................... 840Cyclobutadiene, molecular orbital study of C4H 4 and C4H4+ which have orbitally degenerate ground states, 2299; tetraphenyl-, molecular orbital study of C4(C6H6)4 and C4(C6H 5)4+, which have orbitallydegenerate ground states............................................. 2299Cycloheptadiene, [2 ,2 ,1  ]bi-, rate of thermal decomposition of.......................................................................... 568Cyclohexane, reaction of NO with electron-irradiated,401; heat of immersion of silica in, 511; photolysis,521; solubility in perfluorotributylamine, 573; H yield in radiolysis of, 767; H bond formation insystem with benzene and chloroform......................... 1469Cyclohexane-di», effect of HI on 7 -radiolysis of...........  1097Cyclohexene, Ag complex of, proton chemical shiftin ....................................................................................  1554Cyclohexyl radical, reactions.......................................... 521Cycloôctatetraene, molecular orbital study of CSHS and CaH8_, which have orbitally degenerate groundstates.............................................................................  2299Cyclopentane, radiolysis of, ethylene scavenger in . . .  . 730Cyclopentanone, luminescence of..................................  1739Cyclopropane, reactions of T atoms with frozen, 2272; reactions with recoil T atoms of complex compoundwith P tC lj.....................................................................  2622Cyclopropyl radical, ionization potential of.................  957
Decarboxylation, rate of, of cinnamahnalonic acid in aromatic amines, 836; rate of, of oxanilic acidin ethers and in the molten s ta te ................................. 1543Decomposition, of BN and AIN, 1556; thermal, of FeCl3, 1705; mechanism of, radiation-induced, ofinorganic nitrates.........................................................  2249Dehydration, of porous glass............................................. 1517Dehydrogenation, mechanism of K  promotion ofchromia -alumina catalyst........................................... 871Density, temperature relation with, of liquid m etals. . 1686Density gradient, and gravitational stability duringfree diffusion in three-component, systems................... 1740Desorption, effect of veratrine and procaine on, ofmonooctadecyl phosphate monolayers......................... 1923Detergent, micellar character in solution of non-ionic,574; pseudo-phase separation model for micellar, soins., 577; micellar structure of non-ionic, in aq.soins..................................................................................  1326Deuterium, H bonding of, 429; OH-OD exchange in silica gel, 805; exchange with methane and H on silica gel initiated by 7 -radiation, 1017; structure theory of liquid, in its ortho-para forms, 1128; isotope effect in nitrosation of aniline and on equilibrium constants, 1212; exchange with H on chemically doped Ge, 1241; dependence of electrolytic H -D  separation factor on electrode potential, 1487 ; secondary D isotope effect in pyrolysis of dimethyl- mercury, 2192; isotope effects in photochemical evolution of H from aq. ferrous soins., 2200; formation and decay of atoms and small free radicals by 
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Deuteron, activation of metal hydrogenation catalysts
b y ........................................................... ........................Development, mechanism of photographic..................Dextran, chain transfer constant of, with vinylpyr-rolidone.........................................................................Dielectric behavior, of adsorbed vapors of water andbenzene..........................................................................Dielectric constant, and loss of iron pentacarbonyl a t microwave frequencies, 186; and loss of the alumina-ethyl chloride system, 326; of water, 383; of ion pairs in an alternating field, 669; of quinoline, isoquinoline, and monosubstituted biphenyls in a viscous solvent, 1105; of emulsions of the water-in-oil type, 2259; of soins, of acetic acid andits derivatives in N-methylacetamide.......................Dielectric dispersion, low-frequency, of spherical colloidal particles in electrolyte soin., 2626; theory of low-frequency, of colloidal particles in electrolyte soin.........................................................................Dielectric interface, adsorption free energy of polyelectrolytes a t ...............................................................Dielectric properties, of polyvinyl isobutyl ethers,polyethyl acrylates, and poly-p-chlorostyrenes.......Dielectric relaxation, of quinoline, isoquinoline, and monosubstituted biphenyls in a viscous solvent. . . .  Diethylamine, conductivity of acetonitrile-, system. . Diethyl phthalate, viscosity of system with polymethyl acrylate............................................................Differential thermal analysis, sublimation equilibriadetermination by ..........................................................Diffusion, in non-ideal liquid mixtures, 899; isothermal, in the system IDO-NasSCh-ILSO.! and tests of the Onsager reciprocal relation, 1279; of Ni in NiO single crystals, 1308; of thiourea in water, 1540; density gradient and gravitational stability during, in three-component systems, 1740; interference optical studies of restricted, 1960; isothermal, in an ideal mixture of toluene, chlorobenzene, andbromobenzene..............................................................Diffusion coefficients, in liquid Ar-Kr mixtures, 379;time-lag measurement of, 760; polarographic.........Diffusional behavior, in dilute aqueous electrolytes,effect of ionization of water on..................................../3-Diketones, rate of reaction with Cu(II), and enolstability of.....................................................................Dimerization, effect of, on «-phosphorescence of acri- flavine in glucose glass, 1353; intramolecular, in the electrooxidation of tetraphenylborate ion withbiphenyl formation......................................................N,N-Dimethylamides, proton magnetic resonancestudy of hindered internal rotation in ........................Dimethyldodecylamine oxide, non-ionic-cationic micellar properties of........................................................Dimethylglyoximes, nickel and copper, heats of solution of ...........................................................................1,1-Dimethylguanidine, conductivity of acetonitrile-,system...........................................................................Dimpling, during the approach of two interfaces.........Dioxane, complex compounds of, with iodine halides.. p-Dioxane, molecular complex with tetracyanoethyl-ene..................................................................................2,2'-Diphenic acid3, rate of cyclization of, in H2SO.1 .. . 1,3-Diphenylguanidine, conductivity of acetonitrile-,system...........................................................................Diphenylmethylene, stabilization of.............................Diphenyl sulfoxide, dipole moments of 0 18-labeled__Dipole moment, of decaborane, 1449; of 0 I8-labeledX= 0  compounds.........................................................Dispersion, rotatory, of aqueous tartrate solutions,effects of electrolytes on ...............................................Dispersion forces, determination of, in surfaces...........Displacement reaction rate, isotope effects in ..............Dissociation, of diatomic molecules and the recombination of atom s.............................................................Dissociation constant, of 2-ammonium-2-methyl- propanediol-1,3 in water, and related thermodynamic quantities, 308; a function of the exchanging monovalent cation of carboxylic polymers, 2275; and related thermodynamic quantities of f-butyl-ammonium ion..............................................................Dissociation energy, C-H bond in benzene..................Dissociation equilibria, of w ater.....................................Dissociation reaction rate, isotope effects in .................

Distillation, extractive, in chemical engineering..........  640Drops, sliding of liquid, on solid surfaces......................  883Dyes, fluorescein, luminescence of, 838; fluorescein, photo-induced binding of, to ZnO, 1536; spectralsensitizing and desensitizing.......................................  2403Dysprosium hydride, crystal structure.........................  148
Eckart potential energy barriers, tunnelling corrections for unsymmetrical..............................................  532Electric moments, of amides and thioamides, 1372; of substituted succinic acids, 1634; of ¿-butyl esters of long-chain aliphatic peracids and of¿-butyl perbenzoate......................................................  2185Electrode, reference, for molten salt solutions, 173; thermodynamic treatment of electrocapillary curve for reversible, and properties of double layer, 724;oxide-coated, in acid solutions..................................  866Electrode double layer, and ionic association............. 1194Electrode potential, effect on electrolytic H-D separation factor, 1487; photo-induced.............................. 1602Electrode processes, and faradaic rectification, 1108; faradaic rectification and, 1744; fast, theory of coulostatic method for rate study' of, 2204; fast,experimental results..................................................  2208Electrode reactions, secondary, in controlled potentialcoulometry...............................      2173Electrolytes, effect of exponential distribution function on electrophoretic contribution to conductance of, 477; effects on rotatory dispersion of aqueous tartrate solutions of, 494; photovoltaic effect of, AgBr systems, 857; conductance of polyvalent, 1520; effect on soln. chromotropism of bis-( meso- 2,3-diaminobutane)-Ni(II) ions, 1544; phase unmixing in benzene and diethyl ether solns. of, 1595; conductance of symmetrical, 1722; partial specific volume and micelle density of association colloidal,1733; conductance of, with multiple charge sites.. 1749Electromotive force, of the cell P t; H2(g, 1 atm.), HBr(m), AgBr; Ag, 1423; of Bi-BiBr3 molten soins. 1587 ^-Electron, distribution in ground, double, and tripletstates.............................................................................  2324Electron affinities, LCAO-MO co-technique determination of, 706; extended calculations of, of polynuclear aromatic hydrocarbons by the LCAO-MOco-technique...................................................................  2713Electron irradiation, of methane..................................  372Electron paramagnetic resonance, of M n++ in polycrystalline calcium fluorophosphate, 674; free radicals detected by, of 7 -irradiated potassium nitrate, 779; of manganous ion in calcium pyrophosphate and calcium fluoride..................................  2715Electron spin resonance, of ZnO with adsorbed O, 99; of neutron-irradiated polypropylene, 849; of some N-containing aromatic free radicals, 937; spectrum, effect of gases on, of diphenylethylene ad-sorbed in alumina-silica..............................................  1214Electroösmosis, of water across ion-exchange membranes............................................................................  1006Electrooxidation, biphenyl formation by intramolecular dimerization in, of tetraphenyl borate ion 1743Electrophoresis, intermittent current effects in .......... 830Elimination reaction rate, isotope effects in .................  978Emulsions, stability to ultracentrifugation of, and discontinuity at the critical micelle concentration,1966 ; determination by an ultracentrifugal method of stability of, 1969; dielectric constant of water-inoil ...................................................................................  2259Energy, one-component system, -temperature-volume surface for............................................................  600Energy accommodation, translational, in the Ni-Clsurface reaction............................................................  554Energy transfer, intermolecular, in gas reactions, 342; intermolecular, in polyethylene-polybutadiene system during 7 -irradiation, 1202; in aq. soin............... 2547Entanglement, in linear polymers................................  1567Enthalpy, of F N 0 2 reactions, 1636; in photochemicalaromatic halogen interchange.................................... 2118Enthalpy of formation, of HSO4- , LiSOr, and NaSCh-  ions in water................................................................. 519Entropy, of potassium hexachlororhenate(IV) and of the hexachlororhenate(IV) ion, 82; of trifluoro- methane, 392; of methyl-substituted polythia- adamantanes, 524; of pentaerythrityl halides. 74X:
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of melting a t constant volume of polyethylene oxide, 852; of F N 0 2 reactions, 1636; of Hg2>S04,2049; in photochemical aromatic halogen interchange, 2118; of adsorption of Ar on carbon black.. Enzymes, phosphorolytic, in polysaccharide and polyribonucleotide synthesis, 680; catalysis of equilibrium polymerizations by, 680....................................Eosin, triplet-singlet luminescence from, in ethanoland glycerol solution...................................................Epibromohydrin, electron impact spectroscopy o f. . .  Epichlorohydrin, electron impact spectroscopy o f. . . Equilibria, acid-base, between bromophenol blue andsome N-heterocyclics in non-aq. solvents................Equilibrium constant, of phenol-pyridine system, 952;D isotope effects on, 1212; of F N 0 2 reactions..........Erbium hydride, crystal structure................................Erioehrome Blue Black R, Cu(II) exchange between,and ethylenediaminetetraacetie acid........................Ethane, 1,2-bis- [2-di-( carbcxymethyl )-aminoeth- oxy]-, stability constants of complexes with rare earths, 311; sym-tetrabromc-, secondary isotope rate effect in iodide-promoted debromination of,655; reaction of, with active nitrogen, 854; formation of, in photolysis of azomethane........................Ethanol, 2-amino-, complexes with Ag, Ni(II), and Cu(II), stability in a cation-exchange resin and in aq. soln., 75; N 13-labeled products from deuteron irradiated, 474; 2-mercapto-, oxidation by K 3Fe(CN)e, 1238; n-alkoxy, rate of spreading and equilibrium spreading pressure of monolayers of,1361; adsorption of, on activated a-Fe20 3.............Ether, 2,2 '-bis- [di-( carboxymethyl)-amino] -diethyl, stability constants of complexes with rare earths,311; dimethyl, second virial coefficients for, -1- hydroperfluoropropane system, 635; polyvinyl isobutyl, stereospecificity and dielectric properties of, 1390; diethyl, heat of adsorption by zeolite,2127; ionization potentials of, 2269; relative basicities of, 2277; adsorption of ethyl, on activateda-Fe20 3..........................................................................Ethyl chloride, adsorption and dielectric studies ofthe system alum ina-...................................................Ethyl chloroacetate, rate of chlorine exchange withsodium chloride-Cl34....................................................Ethylene, velocity of production of diatomic carbon molecules during pyrolysis of, 282; decomposition products from radiolysis with 7 -rays and electrons,322; scavenger in liquid cyclopentane radiolysis,730; non-equilibrium soot formation in premixed ethylene-air flames, 794; 1,2-dichloro-, c i s  t r a n s  isomerization of, 1144; ion-molecule condensation in polymerization of, by ionizing radiation, 1158; diphenyl-, effect of gases on electron spin resonance spectrum of, adsorbed on alumina-silica, 1214; adsorption of, on aluminum oxide, 1451; tetra- cyano-, molecular complexes of, with tetrahydro- furan, tetrahydropyran, and p-dioxane, 1754; poly- tetrafluoro-, adsorption on, of CF4, Ar, and N,1815; rate of telomer production from mixtureswith chloroform initiated by Co60 7 -radiation........  2164Ethylenediamine, complexes with Ni(II), Cu(II), and Zn, stability in a cation-exchange resin and in aq. soln., 75; complexes wth Ag, stability in a cation- exchange resin and in aq. soln., 78; solutions of alkali metals, 1254; H electrode equilibrium studies of some acids and Na salts in, 2228; complex compound with Cu in catalyzed anthracene tripletdecay..............................................................................Ethylenediaminetetraacetie acid, Cu(II) exchangebetween, and Erioehrome Blue Black R .................Ethylene terephthalate, polymer hydrolysis kinetics. Etioporphyrin I, effect of light on oxidation and reduction reactions of, complex compounds with Mn(II), M n(III), Mn(IV), Fe(III), and C o (III)... Europium, near infrared transitions of E u(III) insoln. in molten LiN03-K N (ls eutectic.....................Eutectic, freezing point-solubility curve of, of NaOH-NaOH-H20 . . ..............................................................Exchange reaction, between As(III) and As(Y) in HC1soln.................................................................................Excited states, transfer of triplet state energy and thechemistry of..................................................................Explosives, thermal initiation of..................................

Faradaic rectification, in alkali metal discharge onamalgams, 1683; and electrode processes...............Ferricyanide, oxidation of 2-mercaptoethanol by2154 K 3Fe(CN)«........ ............................................................Field effect, extension of, of Onsager, to relaxation ofion pairs in an alternating field.................................685 Films, structure and molecular orientation in, of long-chain «-hydrocarbon derivatives, 1010; H 2506 bonding in monomolecular, 1854; damping of 1652 water waves by monomolecular, 1858; penetration1652 and adsorption of.........................................................Fischer-Tropsch synthesis..............................................915 Flames, of premixed ethylene-air, non-equilibriumsoot formation in .........................................................1636 Flexibility, of unimolecular layers of bovine serum148 albumin and its derivatives.......................................Flotation equilibrium, in the ultracentrifuge..............1582 Fluorescein dyes, luminescence of, 838; photo- induced binding of, to ZnO, 1536; halogenated, extremely long-lived intermediates in photochemical reactions of, in tertiary amines.................Fluorescence quenching, by oxygen of dissolvedaromatic hydrocarbons...............................................2681 Fluorine, heats of formation of bromine fluorides, 288;effect on wettability of adsorbed monolayers of heptadecanoic acids of fluorination, 740; spectroscopy of F  compounds, 764, 945; coupling constant between C13 and directly-bonded, 768; n.m.r. spectroscopy of, 1192; preparation, structure, and properties of K2N b03F, 1318; molecular complex 2597 compounds of IFs with dioxane and pyridine derivatives, 1397; calorimetry of, in organic compounds, 1529; heat of reaction of, with graphite, 1562; thermodynamic properties of F N 02, 1636; effect of tetravalent fluorides on freezing pointdepressions in N aF......................................................Fluorocarbons, effect of 7 -radiation on........................Fluoroolefin spectra, assignment of shielding valuesand spin-spin coupling constants in .........................2597 Forces, definition of generalized....................................Formaldoxime, microwave spectrum of.......................326 Formamide, partial molai volumes of some uniunivalent electrolytes in, solns. of high dielectric1368 constant.........................................................................Formates, rare earth, preparation and crystal structures of...........................................................................Formation constant, of the 1:1 pyridine-iodine complex, 766; determination of, of lead halidecomplexes in fused N aN 03-K N 0 3.............................Formic acid, radiation chemistry of, 70; decomposition on chemically doped G e.....................................Free energy, of potassium hexachlororhenate(IV), 82; of methyl-substituted polytbiaadamantanes, 524; adsorption, of polyelectrolytes a t dielectric interface, 823; of formation of GeH4 monomer, 1003; excess, of mixing of alcohols with aromatic hydrocarbons, 1301; of formation of MoOs and “Mo2C,” 1539; of F N 0 2 reactions, 1636; transfer, for some univalent chlorides from H20  to D20  from measurements of ion exchange membrane potentials..........Free radicals, electron spin resonance of aromatic N- containing, 937; from the thermal decomposition of toluene and butene-1 , 1569; formation and decay of, by 7 -radiation on solid H2, D2, N2, and CH4. . .Freezing point, of NaOH-NaOH-H20  eutectic...........Freezing point depression, effect of tetravalent fluorides on, in N aF ...........................................................2577 Fricke dosimeter, oxidation yield of, at high dose ratesof electrons...................................................................1582 Friction, on polymer surfaces........................................175 Furan, tetrahydro-, molecular complex with tetra- cyanoethylene...............................................................
2517 Gadolinium formate, preparation and crystal structure of..........................................................................2159 Gallium, molecular species in Ga phosphide and Ga arsenide, 575; thermodynamic data for liquid 2051 ternary Zn-In-Ga solns., 658; pressure of Ga20  over Ga20 3 mixtures and heat of formation of 

886 Ga2G, 877; Raman-spectral study of molecularspecies in diisopropyl ether-aq. extraction systems2569 containing GaCl3..........................................................2646 Gas adsorption, limiting isosteric heats of, on
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graphitized carbon, 696; and lattice vacancytheory............................................................................. 1305Gas solubility theory, cell potentials and .........................  645Gases, partial molal volume of dissolved, 597; adsorption of..................................................................... 1736Generalized coordinates, definition..................................  585Germanium, electron impact spectroscopy of Ge tetramethyl, 155; H isotope exchange on surfaces of, 2 22 ; standard free energy of formation of GeH4 monomer, 1003; H -D  exchange and formic acid decomposition on chemically doped, 1241; vapor pressure of GeTe, 1563; water adsorption onn-type............................................................................Gibbs adsorption isotherm.............................................Glass, boron coordination in potassium borate, 174; solvent for low-temperature spectroscopy, 561; changes in length and infrared transmittance duringthermal dehydration of porous..................................Glucose, addition to a limit dextrin of glycogen........Glutaric acid, cetyl ester of, monolayers of................Glycerol, rate of solution of NaCl crystals in .............Glycine, poly-N-ethylene-, complex with C u(II). . .. Glycogen, limit dextrin of, addition of glucose to . . . .  Gold, vapor pressure and heat of sublimation of, 754; thermodynamic data for Au-Ni system, 1532; liquidus curves of Bi-Au system, 2012; mechanism of antifogging and sensitizing action of Au salts onphotographic emulsion................................................Graphite, heat of reaction with F .................................Greases, influence of n-hcptyl derivatives of nonsoap, on silica-non-polar liquid gel stability..........Guanidine, cyano-, neutron irradiated, C-14-contain- ing compounds produced from..................................
Hafnium, heat of formation of HfF4, 1345; thermodynamic properties and phase relations in theH-Hf system...............................................................Hammett correlations, for solubility of HC1 inaromatic systems.........................................................Heat capacity, of potassium hexachlororhenate(IV), 82; of trifluoromethane, 392; of methyl-substituted polythiaadamantanes, 524; and open and closed ensemble averages, 591; of pentaervthrityl halides, 748; of (NH4)2Cd2(S04)2, 787; "of CS2 vapor, 1074; of 2-butanol vapor, 1444; of Ag2S, Ag2Se, and Ag2Te, 1546; of Cu20, 1645; of Te02 and Na2Te04, 1713; of Hg2S04, 2049; of NaOH and NaOH • H20 . Heat of adsorption, of benzene and n-hexane on graphitized C black, 205, 210; isosteric, of gases on graphitized C, 696; on zeolites, 812; measurement of, of ra-pentane and ether by zeolite by means of an isothermal constant heat exchange calorimeter,2127; of Ar on C black..............................................Heat of combustion, of ReS2 and Re2S?, 791; of 1 ,2- bis-difluoroamino-4-methyl pentane, 958; of di- fluorobenzenes, 4-fluorotoluene, and m-trifluoro-toluic acid.....................................................................Heat of dilution, of perchloric acid, lithium perchlorate, and sodium perchlorate in water..............Heat of dissociation, of protons from ribonueelotidesand related compounds..............................................Heat of formation, of bromine fluorides, 288; of silica, 380, 381; of SiF4, 381; of triiodide and iodate ions, 752; of Ga20, 877; of 1 ,2-bis-di- fluoroamino-4-methylpentane, 958; of SiF2, 120 0 ; of BF2, 1209; of TiF4 and HfF4, 1345; of difluoro- benzenes, 4-fluorotoluene, and m-trifluorotoluicacid, 1529; of gaseous methyl n itrite......................Heat of fusion, of FeCl3, 219; of trifluoromethane,392; of TeOs.................................................................Heat of immersion, of silica in benzene and cyclohexane, 511; variation with particle size and out- gassing temperature of, of silica, alumina, andtitania in hexane..........................................................Heats of mixing, of alcohols with aromatic hydrocarbons ..........................................................................Heats of neutralization, and relative strengths ofamines in benzene........................................................Heat of reaction, of F with graphite............................Heat of solution, of potassium hexachlororhenate(IV), 82; of nickel and copper dimethylglyoximes, 389;of NaOH and NaOH ■ H20 .......................................Heat of sublimation, of gold..........................................

Heat of vaporization, of FeCls, 219; of trifluoromethane, 392; of l,2-bis-difluoroamino-4-methvl-pentane..........................................................................Heat of wetting, determination of................................Helium, atomic orbital configuration wave functionsfor He2+.........................................................................«-Hematite, zero point of charge of.............................Hemin, recoil-free 7 -ray transition of iron-57 in ........Heptadecanoic acids, fluorination effect on wettabilityof adsorbed monolayers of.........................................Heptane, l-hydro-n-perfluoro-, thermodynamic datafor -acetone system........................................ ............1819 Heterocyclic compounds, acid-base equilibria be- 618 tween, and bromophenol blue in non-aqueoussolvents.........................................................................1,5-Hexadiene, radiolysis of...........................................Hexane, adsorption on graphitized C black, 205, 210; 1517 internal pressures of, -perfluoro-n-hexane system, 685 631; thiacyclo-, complex with I, 1198; effect of1846 particle size and outgassing temperature on heats665 of immersion in, of silica, alumina, and titan ia .. . .246 Hippuric acid esters, solubility o f.................................685 Holes, Hall mobility of, in AgBr..................................Holmium hydride, crystal structure.............................Hyamine 1622, I compds. w ith....................................Hydration, reversible, of 2-hydroxypteridine, 1689;development of surface in, of Ca3Si05......................2411 Hydrazine, complexes with Ni(II), stability in a 1562 cation-exchange resin and in aq. soln., 78; shock tube study of homogeneous decomposition of, 366; 1217 inhibition of 7 -induced oxidation of aq. solns. ofFe(II) b y ......................................................................152 ITydrazinium bromide, as a solvent.............................Hydrocarbons, reaction of Cs, over alumina catalysts, 950; interaction of Pt-alumina catalyst with, in the presence of H and He, 1193; heats and excess free 1657 energies of mixing with alcohols, 1301; cracking of, over a promoted alumina catalyst, 1559; radiolysis 1752 of saturated, 1611; penetration of monolayers by, 1863; electronic spectra of catacondensed and pericondensed aromatic, 2334; extended calculations of electron affinities of polynuclear aromatic,by the LCAO-MO co-technique................................Hydrogen, adsorption on Pt-on-alumina catalysts, 48; effect of light on chemisorption of H on ZnO, 54; K X-ray absorption edge of H adsorbed on Ni 2052 metal, 105; reactivity of H atoms with org. solutes, 117; effect of adsorbed H on crystal structures of Pr, Nd, and Sm hydrides, 148; isotope exchange in 
7 -irradiated polyethylene, 193; isotope exchange on Ge surfaces, 2 2 2 ; recombination in propane flame gases of atomic, 229; doublet nature of stretching 2154 vibration of H-C bond, 232; reactivity with olefins of atoms of, 291; quantum yields of H from photochemical reduction of water, 336; transport through Ni, 351; reactivity of H atoms in aq. 1529 solns., 361; crystal structure of NiZrH;i, 370;bonding of D, 429; adsorption on W and Ni films, 519 482; OH-OD exchange in silica gel, 805; dissociation energy of C-H bond in benzene, 821; SCF- 1030 LCAO-MO study of H2 + and H2, 845; poisoning by telluride ions of evolution of H from Te cathodes, 890; formation of H in 7 -irradiated silica gel, alumina, and silica-alumina catalysts, 921; bonding, in phenol-pyridine system, 952; 7 -ray-initiated exchange with ~D on silica gel, 1017; rate of recombination of H atoms on Pyrex glass and fused 1750 quartz, 1049; structure theory of liquid H in its ortho-para and isotopic forms, 1128; rate of 1713 adsorption on Ni-magnesia catalysts, 1222; exchange with D on chemically doped Ge, 1241; evolution from photolysis of aq. ferrous solns. at low pH, 1258, 1264; dependence of the electrolytic 1823 H-D separation factor on the electrode potential, 1487; n.m.r. study of H exchange in benzyl 1301 mercaptan, 1535; thermodynamic properties and phase relations in the H-Hf system, 1657; CO 2149 reaction with H on silica-supported Fe, 1664; rate 1562 of CuO reduction by, 1673; ortho-para conversion of H by Cu, Ni, Fe, Au, Cu-Ni, Fe-Au, oxidized Ni, and oxidized Fe surfaces, 1715; decomposition 2052 of chloroacetic acid in aq. soln. by atomic H; 754 comparison with radiation chemical data, 2078;
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reaction mechanism in alkaline solns., 2081; from radiolysis of organic liquids, 2:32; D isotope effects in photochemical evolution of H from aq. ferrous solns., 2200; reactivity of H atoms in the liquid phase; reaction with halogenated compounds,2246; applications of semi-empirical valence bond theory to H2, LiH, BeH, and BH, 2294; atomic orbital configuration -wave functions for LiH, 2332; formation and decay of atoms and small free radicals by 7 -irradiation of solid, 2602; matrix effects in reaction of gaseous H with a condensed olefin; surface reaction—olefin diffusion model. . . . 2677Hydrogen bonding, in pyrrole-pyridines system,546; in monomolecular films; strength of the keto- imino H bond in aq. media, 1854; of excited sta tes.. 2491 Hydrogen bonds, chemical shift of protons and intramolecular, 613; formation of, in the chloroform-benzene-cyclohexane system, 1469; effect of, on photoisomerization of 2-phenylazo-3-naphthol,2478; in associated and monomeric /3-nitroalcohols............................................................................. 2643Hydrogen chloride, activity coefficients of CdCl2-  HCI-H2O system, 1321; solubility in aromatic systems of, 1752; activity coefficients of, measuredwith glass electrodes...................................................... 2268Hydrogen disulfide, ionization potential of..................... 1214Hydrogen electrode, adsorption in constant current transition time studies of, 727; equilibrium studies of some acids and Na salts in ethylenediamine. . . . 2228Hydrogen fluoride, thermodynamic data for system C a0-P 206-HF-H 20, 315; phase equilibria insystem C a0-P 20 6-H F -H 20 .......................................  318Hydrogen iodide, effect on 7 -radiolysis of cyclo- hexane-di2 of....................................................................  1097Hydrogen peroxide, radiation chemistry of, 70; aq., R bN 03 and CsN03 solubility in, 548; partial pressure of H20 2 and H20  in alkali nitrate-H 20 2-  H20  system, 923; stabilization of, by amides, 932; rate of formation of, during dissolution of poly-crystalline Cu, 1370; Pb(II) oxidation b y ................ 1421Hydrogen sulfide, infrared spectrum of, adsorbed on silica-supported Ni, 1288; adsorption of, onactivated <*-Fe20 3......................................................... 2597Hydrogenolysis, catalytic, of benzene and toluene,1190; of dicyclopropylmethane on P t catalysts,1431; of dicyclopropylmethane on Ni catalyst........  1.438Hydrohalic acids, affiinity of, for tri-n-octylamine. . . . 1552Hydrolysis, mechanism of, of chlorine in the presence of various bases, 701; of acetal in amide-water solvents, 1496; of Zr ion, detection by coagulation,1799; effects of micellization on the rate of, ofmonoalkyl sufate.......................................................... 2239Hydroperoxo, activation energy for the disproportionation of the H 0 2 radical in acid solutions...........  2266o-Hydroxybenzophenone, spectroscopic study of complex compounds of, with La3+, P r3+, Sm3+,Eu3+, and Ge3 +...............................................   2493Hydroxylapatite, solubility in water and physiologicalsalt soin, of.......................................................................  973
Indium, ordering of the octahedrally coordinated cation position in the system In-N b-Ba oxides, 131; thermodynamic data for liquid ternary Zn-In-Gasolns................................................................................ 658Interfaces, dimpling during approaching, 190; measurement of properties of, between condensed phases, 410; rate of adsorption of a neutral substance a t metal-electrolyte, 959; molecular interactions between phospholipids and salts a t air andliquid-liquid............................................. _..................  1928Interfacial tensions, determination of in surfaces,382; measurement of liquid......................................  946Iodine, structure of As2S3- I  glasses, 733; heat of formation of iodate ions, 752; formation constant of 1:1 complex with pyridine, 766; complex compounds with saturated cyclic sulfides, 1099; complexes with sym-trithiane, thiacyelohexane, and thiacyclopentane in CCL soln., 1198; molecular complex compounds of ICI3, IF 3, IC1, and IBr with dioxane and pyridine derivatives, 1397; Hyamine 1622 complex with, 1829; cage effects and scavenging mechanisms in the photochemistry of aq. iodide ion, 2029; effect of N20  and nature of

intermediates in the photochemistry of aq. iodide ion, 2037; effect of O in the photochemistry of aq. iodide ion, 2042; conductance of Lil and N H J in «-butanol, 2075; production in the 7 -radiolysis of cyclohexane-alkyl iodide solns., 2188; charge transfer complex between /3-carotene and I; synthesis and optical spectra, 2 2 2 1 ; transient charge-transfer complexes in I recombination and photohalogenation processes, 2423; visible and ultraviolet studies of complex compounds of I, IBr, or IC1 with phosphine oxide, sulfide, and selenide, 2579; influence of alkali metal cations onthe reduction of iodate ion on Hg in alkaline soln__Ion exchange, velocity of particle-diffusion controlled, 39; metal-amine complexes in, 75, 78; of polyelectrolytes under steady-state electrolysis across a porous frit, 995; in study of fast coordination reactions in soln...................................................
Ion-exchange membrane, variable-charge, 570; water transport across, under electroosmosis, 1006; univalent cation transfer rates in, 1549; transfer free energies for some univalent chlorides from H20to D20  from measurements of, potentials...............Ion transport, in AgCl and AgBr, 2380; role of, inlatent-image formation...............................................Ionic association, and electrode double layer.............Ionic transport, and crystallographic transition incesium chloride.............................................................
Ionization, of aryl sulfonic acids, n.m.r. study of, 268; of water, effect on diffusional behavior in diluteaqueous electrolytes....................................................
Ionization constants, acid, in H20  and D20, 429; of 

2 ,2 '-dihydroxybiphenyl in light and heavy w ater.. . Ionization potentials, effect of methyl groups on, 368; effect of substituent groups on, of benzenes, 436; LCAO-MO «-technique determination of, 706; LCAO-MO «-technique determination of, of cyclic polyenes, 712; determination of, 947; of cyclopropyl radical and cyclopropvl C3ranide, 957; of H2S2, 1214; in isothiocyanic acid, 2074; 5k valuesfor alcohols, ethers, thiols, and sulfides......................
Iron, radiation chemistry of FeSCh in aq. soln., 70; ordering of the octahedrally coordinated cation position in the S3rstem Fe-Nb-Ba oxides, 131; dielectric constant and loss at microwave frequencies of Fe pentacarbon3d, 186; heat of vaporization and heat of fusion of FeCl3, 219; quantum yields of photochemical oxidation of Fe(II) to Fe(III) sulfate, 336; reaction velocfly studies of Fe-thionine system, 349; 2,3-dimercapto-l-propanol complexes with Fe(II), 426; catalysts for Fischer-Tropseh synthesis, prepoisoning b3r S compounds, 501; re- coil-free 7 -ray transition of Fe57 in hemin, 564; thionine reaction with Fe(II) in a heterogeneous S3̂ stem, 663; zero point of charge of Fe20 3, 967; potential of Fe(II-III) couple, 1065; H from photolysis of ferrous aq. solns. at low pH, 1258, 1264; oxidation of Fe(II) by Co(III) in aq. soln., 1275; vaporization and decomposition of solid FeCl3, 1705; internal structure and assemblies in Schiller layers of colloidal crystals of /3-FeOOH, 1757; hydrazine-inhibited oxidation of Fe(II) in aq. soln., 2108; D isotope effects in photochemical evolution of H from aq. ferrous solns., 2200; infrared and volumetric data on adsorption of ammonia, water, and other gases on activated Fe20 3. . . Isobutane, gas compressibilities and virial coefficientsof system with «-butane............................................
Isomerism, geometrical, in arylazophenols and naph- thols; effect of internal II bonds on photoisomerization of 2-phen3dazo-3-naphthol..............................
Isomerization, see also P h o t o i s o m e r i z a t i o n ;  photochemical, of cinnamic acid in aq. solns., 2 0 1 ; c i s  

I r a n s ,  of piper3rlenes, 1 ,2-diehloroethylenes, and 2- pentenes, 1144; thermal, of vinykyelopropane, 1671; catalytic, of 2-pentene, 2070; photochemical c i s - t r a n s ,  of p-dimethylaminocinnamic acid nitrile, 2430; photochemical c i s - t r a n s ,  of substitutedstilbenes........................................................................
Isoprenes, molecular motion in .......................................
Isoquinoline, dielectric relaxation of, in a viscous solvent ................................................................................
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Isosbestic points, generated by variations in temperature of fused salts........................................................ 2169Isotherm, for soluble and “gaseous” monolayers.........  385Isothioeyanates, adsorption of isothiocyanatochro- mium(III) complex ions at the Hg-aq. soin, interface.................................................................................  2706Isothiocyanic acid, ionization potential of....................  2074Isotope effect, in the nitrosation of aniline, 1212; secondary, in the iodide-promoted debromination of syrei-tetrabromoethane and syja-tetrabromoeth- ane - d i ,  655; in displacement, dissociation, elimination, and addition reactions......................................... 978
Keratin, polymorphism in fibrous polypeptides;

a ^ ± f i  transformation in naturally occurring.............. 2096Ketals, heats of formation............................................... 97Ketones, relaxation times and viscosities of aliphatic,1739; structural effects in the photochemical processes of aromatic, in solution....................................... 2456Knight shift, temperature dependence of, of the N a-NH3 system...................................................................  1693Krypton, surface area measurements with, 182; coefficients of self-diffusion of Ar-Ivr liquid mixtures. 379
Lanthanide, hydride, crystal structures, 148; crystal structure and lattice constants of, disilicides, 693; near-infrared transitions of Pr(III), Nd(III), Sm(III), and Eu(III) in soln. in molten LiNOr-K N 0 3 eutectic..............................................................
Lanthanum, structure of silicides, 758; partition of,in liquid Al-Cd system.................................................Latent heat of vaporization, of 2-butanol.....................Latex, particle size distribution in rubber.....................Lattice energy, of chromium monohalides....................Lattice vacancy theory, adaptation to gas adsorptionphenomena....................................................................Laurie acid, surface pressure-area properties of,monolayers on H g........................................................Layers, unimolecular, of bovine serum albumin andits derivatives................................................................LCAO-MO «-technique, closed form analysis of,706,712; mechanism of...............................................Lead, polarography of complex with triethylenetetra- mine, 134; thermal expansion coefficient, 266; effects of neutron irradiation on thermal decomposition of lead styphnate, 416; thermal decomposition of Ag-coated <*-Pb azide, 421; effect of intensity on radiation-induced decomposition of Pb- (NO,),, 755; xanthate adsorption by PbS, 879; pseudo-binary systems of, with Sb, Bi, Te, Tl, and Sn, 1408; oxidation of Pb(II) by H20 2, 1421; formation constants of complexes of Pb halides............Light scattering, by catalyst-supported platinum, 1021; NaCl influence on, by colloidal silica, 1377;by colloidal spheres......................................................Lipoproteins, subfractionation of..................................Liquid crystals, orientation of, of p-azoxyanisole andanisaldazine...................................................................Liquid structure, relation between, and crystallization ra te .........................................................................
Lithium, solid phases in the system Li20 -T a 20 5, 15; volume change of LiN03-N aN 0 3 liquid system, 103; electrode potentials in molten eutectic of Li2S04-K 2S0 4, 164; radiolysis with 7 -rays of LiBr03, 300; retardation of thermal decomposition of Li- CIO4, 358; heat of dilution in water of LiC104, 519; Li-Li halide systems, 572; partial pressure of H20 2 and H20  in LiN03-H 20 2-H 20  system, 923; conductance of isotopic chlorides, 930; thermal decomposition of 7 -ray-irradiated LiM n04, 961; compound repetition in Li20-V 20 5 system, 1181; solutions in ethylenediamine, 1254; complex structures of ThCl4 and LiCl, 1299; malate complex of, 1702; conductance of Lil in re-butanol, 2075; Li-Sr equilibrium system, 2138; crystal structure of Sr6Li23 and Sr3Li2, 2142; molecular dimensions and interactions of Li polyphosphate in aq. LiBr solns., 2235; applications of semi-empirical valence bond theory to LiH, 2294; atomic orbital configuration wavefunctions for L iH ..........................................................London-van der Waals constants, determination of, from suspension and emulsion viscosity and surface energy d a ta ...........................................................

Luminescence, of fluorescein dyes, 838; of cyclopen- tanone, 1739; triplet-singlet emission from solns. of eosin and proflavine hydrochloride in ethanol orglycerol..........................................................................  2506Lutetium, crystal structure of hydride..........................  148
Macromolecules, charged, binding of counterions on, 943; adsorption of isolated flexible, at a plane interface, 1872; adsorbed, shape of the molecule, adsorption isotherm, surface tension, andpressure.........................................................................  1884Magnesium, reaction velocities in MgS04 solns., 360; liquid temperature range, density, and critical constants of, 737; rate of H adsorption in Ni-MgO catalysts, 12 2 2 ; complexing of, by methylene diphosphonates, 1349; effect of pressure on equilibrium of aq. solns. of MgS04 and MgCl2, 1607 ; effects of neutron and ultraviolet irradiation on thecatalytic activity of MgO..............................................  2591Magnetic susceptibility, of liquid metals, molten salts,and their solutions, 1163; ofdecaborane..................  1449Maleic anhydride, absorption maxima of complexeswith organic compounds.............................................. 353Malic acid, alkali metal complexes of...............................  1702Malonic acid, decarboxylation in the molten state and in solution, 125; cinnamal-, decarboxylation rate of, in aromatic amines, 836; monolayers of cetyl esters of...................................................................  18462159 Manganese, reaction velocities in manganous sulfate solutions, 360; electron paramagnetic resonance 1028 study of M n++ in polycrystalline calcium fluoro- 1444 phosphate, 674; effect of neutron irradiation on1768 rate of dehydration of manganous oxalate dihy-

433 drate, 926; thermal decomposition of 7 -ray irradiated permanganates, 961; effect of light on oxida- 1305 tion and reduction reactions involving phthalocya- nine and etioporphyrin I-M n complex compounds, 1867 2517; electronic paramagnetic resonance of Mn + +in calcium pyrophosphate and calcium fluoride. . . . 27151918 Mannitol, activity coefficients of, -KC1 aq. solns........ 506Mass spectrum, of C30 2 ...................................................  1756712 Melting, effect of monomeric reagents on, of fibrousproteins.......................................................................... 375Membranes, monolayer permeability and propertiesof natural....................................................................... 1911Mercaptan, re-octyl-, ferricyanide oxidation of, inacetone-water soln., 1233; methyl and ethyl, infrared spectra of, adsorbed on silica-supported Ni,1288; f-amyl, chemical thermodynamic properties and rotational isomerism of, 1334; benzyl, nuclear magnetic resonance study of H exchange in .. . 15351565 Mercury, electron impact spectroscopy of Hg dimethyl, 155; potentials of Ilg(O-I) and Hg(I-II) couples, 1065; discharge of Hg(I) on Hg, 1108;2059 color of Hgl2 adsorbed on alumina, 1206; stability2007 constants of Hg(II) halide ternary complexes insoln., 1661; heat capacity and entropy of Hg2S04,1826 2049; secondary D isotope effect in pyrolysis of di-methylmercury............................................................. 2192
609 Merocyanines, mechanism of phototransformation tospiropyrans...................................................................  2470Mesitylene, transient charge-transfer complexes in halogen atom recombination and photohalogenationprocesses........................................................................  2423

Mesophases, orientation of nematic............................... 1826Methacrylic polymers, wetting properties of, containing fluorinated side chains, 1207; diffusion of radio- actively tagged cetane in ............................................. 2699Methane, dibenzoyl-, hexafluoro- and trifluoro-, complexes with Cu(II) and Ni(II), infrared spectra of, 346; electron irradiation of, 372; N 1’-labeled products from deuteron-irradiated, 474; hydrate in aq. soln., 605; solubility of, hydrates in water, 605; reaction of, with active N, 854; 7 -ray-induced exchange with D on silica gel, 1017 ; dicyclopropyl-, hydrogenolysis of, on P t catalysts, 1431; dicyclopropyl-, hydrogenolysis of, on Ni catalysts, Î438; trifluoro-, thermodynamic constants of, 392; formation and decay of atoms and small free radicals2332 by 7 -irradiation of solid, 2602; 7 -irradiation of. . .  . 2672Methanol, deuteron-irradiated, N ls-labeled productsfrom ...............................................................................  4711077 Methyl chloride, infrared spectrum of, in SnCL and
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SbCU soin., and addn. compds. with SnCl4 and SbCUMethyl groups, effect on ionization potentials of.........Methyl nitrite, heat of formation of gaseous................Methyl red, acid-base equilibria of..............................Methyl violet, ion-pair intermediate in the phototropic reaction of, with cyanide ion...........................N-Methylaeetamide, solutions of high dielectric constant in ...........................................................................Methylene, stabilization of.............................................Methylene blue, interaction with carboxylated amylose, amylose hydrolysates, and amylodextrins a-Me'thylstyrene, mechanism of formation of livingdimer and tetramer of..................................................Metrazoles, electric moments of.....................................Micelle, determination of critical concentration, 374; density of association colloidal electrolytes, 1733; of Ca dinonylnaphthalene sulfonate in n-decane, 1843; effect of pressure on formation in sodium do- decyl sulfate aq. soins., 1359; formation in association colloids, 1375; pressure effect on formation insoap solutions................................................................
Microwave absorption, and molecular structure inliquids............................................................................Mobility, of the H2S04-HS0 4_ ior. in acetonitrile........Molal volume, partial, of gases in solution....................Molar volume, partial, of some uni-univalent electrolytes in formamide soins, of high dielectric constant ...............................................................................Molecular complexes, of tetracj^anoethylene with tetrahydrofuran, tetrahydropyran, and p-dioxane.. Molecular dissociation, and the recombination ofatoms.............................................................................Molecular motion, in some isoprenes and butadienes. Molecular orbital, study of the effect of methyl groups on ionization potentials, 368; of the ground state of benzene, 2288; study of aromatic molecules and ions having orbitally degenerate ground states, 2299; split p-, relation to other molecular orbital treatments and application to benzene, butadiene, and naphthalene, 2310; study of polarographic reduction in dimethylformamide of unsubstituted andmethyl-substituted aromatic hydrocarbons..............Molecular weight, of unimolecular layers of bovine serum albumin and its derivatives, 1918; determination of, with an untracentrifuge.............................Molecules, birefringence of a solution of rod-shaped,2046; electronic structure of simple..........................Molybdenum, free energy of formation of MoO? and“Mo2C” .........................................................................Monolayers, isotherm for soluble and “gaseous,” 385; effect of fluorination on adsorbed, of fluorinated heptadecanoic acids, 740; rate of spreading and equilibrium spreading pressure of, of n-fatty alcohols and ra-alkoxy ethanote, 1361 ; of myristyl and cetyl esters of dicarboxylic acids, 1846; hydrocarbon penetration in, 1863; surface pressure- area properties of organic, on Hg, 1867; permeability of, and properties of natural membranes........Myristyl esters, of dicarboxylic acids, monolayers of.
Naphthalene, absorption maxima of complexes with organic compounds, 353; split p-orbital treatment of, and relation to other molecular orbital treatments, 2310; tetrachloroketodihydro-, phototropy of, as a reversible photochemical reaction, 2449; band structure and transport of holes and electrons in, 2461 ; 1-monohalogenated, phosphorescence spectra and decay times of externally perturbed, 2499; phosphorescence spectra and decay times of externally perturbed, 2499; rate ofsolid-state reaction with picric acid............................1-Naphthoic acid, surface pressure-area properties of,monolayers on H g........................................................Naphthol, 2-phenylazo-3-, effect of internal H bond onphotoisomerization of..................................................Neodymium, hydride crystal structure, 148; preparation and crystal structure of Nd formate, 1737; near infrared transitions of N d(III) in soin, in molten LiN Os-K N  0 3 eutectic........ ..........................Neptunium, reaction velocity in perchlorate soins, of V(III)-Np(V), 442; potential of Np(V-VI)couple.............................................................................Neutron, effect of irradiation on subsequent lead

1380 styphnate thermal decomposition, 416; activation368 of metal hydrogenation catalysts by, 510; e.s.r.1750 investigation on irradiated polypropylene................  849527 Neutron magnetic resonance spectroscopy, of C3Fg. . . 945Nickel, phase diagram of Ni-Cs chlorides system,2426 and tetrahedral NiCLr ion in Cs3NiCl5, 65; stability of complexes of Ni(II) with 2-aminoethanol 2684 and ethylenediamine in a cation-exchange resin and 1535 in aq. soin., 75; stability in a cation-exchange resin and in aq. soin, of complexes of Ni(II) with hy- 2585 drazine, 78; K X-ray absorption edge perturbations due to small crystal size and hydrogen chemisorp- 904 tion on Ni metal, 105; polarography of complex of,158 with triethylenetetramine, 134; infrared spectra of complexes of Ni(II) with hexafluoro- and trifluoro- acetylacetone, benzoylacetone, and dibenzoylmeth- ane, 346; crystal structure of NiZrH3, 370; heat of solution of Ni dimethylglyoxime, 389; adsorption of CO and C 02 by, 450; adsorption of Xe and H on evaporated films of, 482; high-energy irradia- 1839 tion activation of hydrogenation catalysts, 510;translational energy accommodation in the Ni-Cl 1105 surface reaction, 554; rate of H adsorption on N i-1675 MgO catalysts, 1222; infrared spectra of S corn-597 pounds adsorbed on silica-supported, 1288; diffusion of, in NiO single crystals, 1308; structure of active centers in Ni catalyst, 1374; thermodynamic 2704 data for Au-Ni system, 1532; electrolyte effect on ions of bis-(7raeso-2 ,3-diaminobutane) complex of 1754 Ni(II), 1544; rate of formation of Ni(II)-EDTA,2214; thermoelectric force and lattice defects as ac-2111 tive centers in metallic.................................................  26941 Niobium, ordering of the octahedrally coordinated cation position in ternary systems of Ba and Nb with rare earth, In, or Fe oxides, 131 ; permeability to H, 351; preparation, structure, and propertiesofK 2N b03F .....................................................................  1318Nitric acid, O18 enrichment in the NO-HNOs system .. 1480
0-, m - ,  and p-Nitrobenzoic acids, ultraviolet absorption spectra of...............................................................  562o-N itrobenzyl derivatives, phototropism of....................  24342316 Nitrogen, electron impact spectroscopy of saturated heterocyclic compounds of, 136; adsorption on graphitized C black 205, 210; ammonia reaction 1948 with active, 408; effect of intensity on radiation- induced decomposition of inorganic nitrates, 755;2329 reactions of active, with methane, ethane, and acetylene, 854; separation factors in NO-NOBr 1539 system, 1189; active N reactions with N lsO and N 215, 1362; O18 enrichment in the NO-HN 0 3 system, 1480; thermodynamic properties of FNO2,1636; NO decomposition induced by excited N molecules in active, 1747; multilayers on hexagonal BN, 1810; adsorption on polvtetrafluoroethylene,1815; infrared spectrum of NO2CIO4, 2066; mechanism of the radiation-induced decomposition of inorganic nitrates, 2249; formation and decay of 1911 atoms and small free radicals by 7 -irradiation of1846 solid...............................................................................  2602Nitrogen, N 13, labeled compounds from deuteron irradiation of methane, methanol, and ethanol........... 474Nitrogen, N 15, reaction with active N ............................ 1362Nitrogen oxide, adsorption of NO by alumina gel,365; reaction of electron-irradiated cyclohexane with NO, 401; reaction of nitrosocyclohexane with NO, 401; effect of N20  in aq. iodide ion photochemistry......................................................................... 2037Nitrosocyclohexane, dimerization of, and reaction ofNO with......................................................................... 401o-Nitrotoluene, photoisomerization of, in aq. soln.......  25602707 Nuclear magnetic resonance, study of the ionization of aryl sulfonic acids, 260: spectroscopy of fluoro-1867 carbon sulfides, 764; of P 31 in P compounds.......... _. 901Nucleoside diphosphates, equilibrium copolymeri- 2478 zation of......................................................................... 685
n-Octacosane, surface pressure-area properties ofmonolayers on Hg...................................................... _. 18672159 tri-n-Octylamine, variation with aq. electrolyte activities of absorption of bromide ion from aq. salt solns. by, 1383; affinity of hydrohalie acids for, 1552; sec- 1065 ondary reaction of, with HC1 and thenoyltrifluoro-acetone........................................................................... 2262
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Oil, interfacial tension with water on solid surfaces. . . Olefin, stability constants of complexes with Ag ions in ethylene glycol soln., 1208; electronic spectra of, adsorbed on silica-alumina catalysts, 1457; condensed, matrix effects in the reaction with gaseousH; surface reaction—olefin diffusion model..............Onsager reciprocal relation, tests of...............................Orientation, molecular, in multimolecular films of long-chain n-hydrocarbon derivatives, 1 0 10 ; ofnematic mesophases.....................................................Osmotic coefficient, activity coefficient calculationfrom...............................................................................Oxalate, formation constants of complexes with Cu-(II) and Cd(II) in light and heavy water.................Oxalic acid, monolayers of myristyl and cetyl esters of Oxanilic acid, decarboxylation rate of, in ethers and inthe molten state............................................................Oxides, zero point of charge of........................................Oxiranes, substituted, electron impact spectroscopy of Oxygen, adsorption on Pt-on-alumina catalysts, 48; adsorbed on ZnO, effect on electron spin resonance, 99; electron impact spectroscopy of saturated heterocyclic compounds containing, 136; quenching of fluorescence of dissolved aromatic hydrocarbons, 455; diffusion and reaction during -y-irradiation of polyethylene, 463; transient species in 0  adsorption by ZnO, 566; infrared spectrum of O adsorbed on silica-supported Fe, 1464; effect in aq. iodide ion photochemistry, 2042; adsorption on Pt; significance of the “polarization curve” ..............................Oxygen, O18, enrichment of by chemical exchange of NO with H N 0 3 solutions............................................
Palladium, electrode potentials of Pd(II)-Pd(0) in molten Li2S04-K 2S04 eutectic, 164; high-energy irradiation activation of hydrogenation catalysts,510; partition of, in liquid Al-Cd system................Paraffins, proton magnetic resonance of........................Partial specific volume, of association colloidal electrolytes..........................................................................Particle size distribution, determination by turbidim-etry ................................................................................Penetration, of films........................................................Pentacene, band structure and transport of holes andelectrons in ....................................................................Pentaerythrityl, halides, heat capacities and entropiesof....................................................................................Pentane, l,2-bis-difluoroamino-4-methy]-, heats of combustion, formation, and vaporization of, and vapor pressure of, 958; thiacyclo-, complex with I, 1198; 2-thia-, electron impact spectroscopy’ of,1648; heat of adsorption by zeolite...........................Pentanone, photolysis in perfluorodimethyleyclobu-tane soln.........................................................................2-Pentene, c i s + r i r a n s  isomerization of, 1144; catalyticisomerization or............................................................
Peptides, polymorphism in fibrous; ar=-'d transformation in naturally occurring keratin.......................Peracids, electric moments of i-butyl esters of.............Perchloric acid, heat of dilution in water, 519; thermaldecomposition of vapor...............................................Permeability, of a monolayer and properties of naturalmembranes....................................................................Perovskite structure, ordering of the octahedrally coordinated cation position in .........................................Peroxide, decomposition and cage effect, 1591; electric moments of organic...............................................Phases, measurement of properties of plane interfacesbetween condensed......................................................Phase transitions, impurity effect on, in a binaryliquid system.................................................................Phase separation, in electrolyte solns. in benzene anddiethyl ether.................................................................Phenant.hrene, absorption maxima of complexes withorganic compounds......................................................1,10-Phenanthroline, base strength...............................o-Phenanthroline, complex compound with Cu incatalyzed anthracene triplet decay............................Phenol, p-nitro-, ionization constant, 171; intramolecular H bonds in, 613; equilibrium constant of system with pyridine.........................................................Phenosafranin, complex compound with polymetha- crylie acid, stepwise photoreversion of......................

Phenyl radicals, gas-phase reactions of.......................... 821p-Phenylenediamine, N,N,N',N'-tetramethyl-, photooxidation of......................................................... . .. 1168Phosphine oxide, tri-n-octyl-, isopiestic investigation of, in n-octane soln., 1629; triphenyl-, dipolemoments of 0 18-labeled................................................ 2708
Phospholipids, molecular interactions between, andsalts at air and liquid-liquid interfaces......................  1928«-Phosphorescence, effect of dimerization on, of acri-flavine in glucose glass................................................. 1353
Phosphorescence spectra, and lifetimes of externallyperturbed naphthalenes............................................... 2499
Phosphoric acid, di-(2-ethylhexyl)-, isopiestic investigation of, in n-octane soln............................................  1629Phosphorous acid, oxidation of.......................................  1356
Phosphorus, effect of phosphates on SrS04 crystallization and crystal habit, 252; thermodynamic data for the system CaO-PaOvlI F-H 20 , 315; phase equilibria in the system CaO-PîOs-HF-HîO, 318; molar refractions of aq. solns. of condensed phosphates, 377 ; radiation induced exchange of, in the PCI3-POCI3 system, 863; n.m.r. of P 31 in P compounds, 901 ; extraction of acids by tri-n-butyl phosphate and acid complexes of, 983; mechanism of the extraction of uranyl salts by tri-n-butyl phosphate, and complex compound formation, 989; extraction of aq. NaSCN by tributyl phosphate, 1014; acidity constants and Ca and Mg complexing by methylene diphosphonates, 1349; effect of veratrine and procaine on desorption of monolayers of monoocta- decyl phosphate, 1923; visible and ultraviolet studies of complex compounds of phosphine oxide,sulfide, and selenide with I, IBr, or ICI.....................  2579Photochemical processes, reversible (Symp.) 2423-2579 Photochemistry, of oxidation of Fe(II) to Fe(III) sulfate and accompanying reduction of water to H,336; photochemical reaction, in gases, intermolec- ular energy transfer in, 342; at irradiated ZnO surfaces, 932; of arsenite oxidation, 1473; cage effects and scavenging mechanisms in, of the iodide ion in aq. solns., 2029; effect of N20  and the nature of intermediates in, of the iodide ion in aq. soln., 2037; effect of O on, of aq. iodide ion, 2042; interchange of halogens in aromatic compounds; temperature dependence of some substituent effects, 2118; D isotope effects in the photochemical evolution of H from aq. ferrous solns., 2200; phototropy of tetra- chloroketodihydronaphthalene as a reversible photochemical reaction, 2449; structural effects in the, of aromatic ketones in soln., 2456; c i s ^ t r a n s  isomerization of substituted stilbenes, 2486; extremely long-lived intermediates in, of dyes in non- viscous media, 2514; of phthalocyanine Mn and metal derivatives of porphyrins, 2517; reversible photochemical reactions of chlorophyll in photosynthesis .............................................................................. 2537
Photoehromism, of spiropyrans, 2275; of anils, 2442; of sydnones, 2446; effect of temperature and solvent on spectrum of colored photochromie spiropyrans, 2465; mechanism of phototransformationspiropyran<=±merocyanine..........................................  2470Photographic processes (Symposium)......................2359-2422Photographic sensitivity, Mitchell theory of................  2359Photoisomerization, see also I s o m e r i z a t i o n ;  effect of internal hydrogen bonds on, of 2-phenylazo-3-naph- thol, 2478; temperature dependence of, and quantum yields of c i s t ^ t r a n s  isomerizations in azo compounds, 2482; mechanism of c i s * ± t r a n s ,  2555; ofo-nitrotoluene in aq. soln.............................................  2560Photolysis of CChBr, 271; of cyclohexane and acetone, 521; of diethyl ketone in perfluorodimethyl- cvclobutane soln., 690; of aq. ferrous solns. at low pH, 1258, 1264; of azomethane and CH3N 2CH3-  CD3N 2CD3 mixtures, 2253; of halogenated fluorescein dyes in the presence of tertiary amines, 2514; of azomethane at higher pressures with productionof ethane........................................................................ 2681
Photooxidation, of acetone, 556; in a rigid medium,1168; primary absorption act in one-electron, in arigid medium................................................................. 2279
Photopolymerization, thionine-sensitized, of acrylamide ...............................................................................  2563

236

26771279

1826
508
2491846

15439671652

2657
1480

1028718
1733
4581923

2461
748

2127
690

2070
20962185
1092
1911

131
2185

410
625

1595
353115

1334

952
2511



Dec., 19(52 Su b j  K ex Index 2749

Photoreactions, mechanisms of, in soln., 1144, 1148;of phytochrome which regulates plant growth.........Photoreduction, chlorophyll-sensitized, of thionine by ascorbic acid, 954; of uroporphyrin to dihydroporphyrin; effect of pH on the reaction with EDTA. . . Photoreversion, stepwise, of phenosafranin-polymeth-acrvlic acid complex compound.................................Photosynthesis, reversible photochemical reactions ofchlorophyll in ................................................................Phototropy, rate studies of, and evidence for an ion- pair intermediate in the reaction of methyl violet with cyanide ion, 2426; of orfim-nitrobenzyl derivatives, 2434; of tetrachloroketodihydronaphthalene as a reversible photochemical reaction, 2449; of chlorophyll in soln. in anaerobic ethyl acetate, methanol, pyridine, cyclohexanol, and castor oilsolutions........................................................................Photovoltaic effect, of silver bromide-electrolyte systems ...............................................................................Phthalic acid, absorption maxima of complexes withorganic compounds......................................................Phthalic anhydride, absorption maxima of complexeswith organic compounds.............................................Phthalimide, complexes with organic compounds, absorption maxima of......................................................Phthalocyanine, effect of light on oxidation and reduction reactions of complex compounds with M n........Phytochrome, reversible photoreaction of, which regulates plant growth........................................................Picolinic acid, decarboxylation......................................Picric acid, rate of solid-state reaction with naphthalene ................................................................................Pimariein, photodecomposition of, sensitized by riboflavin and lumichrome in aq. soln...............................Pimelic acid, monolayers of cetyl ester of......................Piperylenes, c i s ^ l r a n s  isomerization of........................Platinum, adsorption of H, O, and CO on Pt-on-alu- mina catalysts, 48; high-energy irradiation activation of hydrogenation catalysts, 510; spectrophotometry and light scattering by catalyst-supported, 1021; interaction of hydrocarbons with Pt-alumina catalyst in the presence of H and He, 1193; reactions of recoil T atoms with cyclopropane compound with PtCl2, 1407; adsorption of CO and 0 2 by, and significance of the “polarization curve” Polarity, correlation with organic scintillator pulseheight.............................................................................Polarization curve, significance of, in the adsorptionof CO and O jo n P t............ ..........................................Polarographic diffusion coefficient.............................Polarography, of triethylenetetramine complexes with Cd, Cu, Pb, Zn, Ni, and Co, 134; of Bi-BiBr3molten solns...................................................................Polyacrylate, sodium, transference of, under steadjr-state electrolysis...........................................................Polyacrylonitrile, ultraviolet spectrum.........................Polybutadiene, intermolecular energy transfer in,-polyethylene system during 7 -irradiation..............Polyelectrolyte gels, electrostatic interactions between simple ions and highly swollen...................... .Polyelectrolytes, adsorption free energy of, a t a dielectric interface, 823; ion exchange rate of, under steady-state electrolyis across a porous frit, 995;adsorption of copolymer................. .......................Polyenes, cyclic, LCAO-MO «-technique determination of ionization potentials of....................................Polyethylene, radiation chemistry of 7 -irradiated, 193; oxygen diffusion in and reaction with 7 -ir- radiatedl! 463; proton magnetic resonance of, 718; intermolecular energy transfer in, -polybutadienesystem during 7 -irradiation....................... ...............Polyethylene oxide, thermal pressure coefficient andentropy of melting at constant volume of.................Polyisobutylene, diffusion of radioactively tagged ce
tane in ............................................................................Polymerizations, equilibrium, enzyme-catalyzed, 680, 685; 7 -ray-induced, of octamethylcyclotetrasilox-ane, 1119; polyfunctional addition...........................Polymers, initial deviation from Newtonian flow of solutions, 176; adsorption and boundary friction on surfaces of, 1136; -wetting properties of acrylic and methacrylic, containing fiuorinated side chains, 1207; entanglement coupling spacings in linear,
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1567; adsorption-flocculation reactions with an aq. colloidal dispersion of, 1835; synthesis and characterization of some highly conjugated semiconducting, 2085; nature of semiconduction in some acene quinone radical, 2 1 2 1 ; apparent dissociation constants as a function of the exchanging monovalent cation of carboxylic.............................................. 2275Polymethacrylic acid, stepwise photoreversion ofcomplex compound with phenosafranin.................... 2511Polymethyl acrylate, viscosity of system with diethylphthalate..............................    1053Polymorphism, in fibrous polypeptides; a^ /3  transformation in naturally occurring keratin..................  2096Polyolefins, sorption of organic vapors b y ....................  2146Polypeptides, proton magnetic resonances of synthetic................................................................................  1292
Polypropylene, neutron-irradiated, e.s.r. of.................. 849Polysaccharide, synthesis by phosphorolytic enzymes,680; interaction with methylene blue and Congored ..................................................................................... 2585
Polystyrene, system with methyl ethyl ketone, 4; viscoelastic properties of solutions, 536; conformation and frictional properties of, in dilute solns., 1932; light scattering by, latex, 2059; proton resonancespectra and tacticity of deuterio-.................................. 2067Polyvinyl chloride gels, dynamic mechanical properties o f................................................................................ 1639Polyvinylsulfonic acid salts, coacervation of, inducedby heavy metal ions.....................................................  1070
Polyvinyltoluene, light scattering by, latex....................  2059Porphyrins, see also E l i o p o r p h y r i n  I ;  uncatalyzed decay of, triplets in fluid solvents.....................................  2574
Potassium, heat capacity, entropy, free energy, solubility, and heat of soln. of KiReCh, 82; electrode potentials in molten eutectic of K2S04-Li»S0 ,i,164; B coordination in borate glasses, 174; radiolysis with 7 -rays of KBr03, 300; mechanism of promotion of chromia-alumina dehydrogenation catalysts by, 871; solutions in ethylenediamine,1254; preparation, structure, and properties of K 2N b03F, 1318; pressure effect on equilibrium ofaq. solns. of K2SO4, 1607; malate complex of........... 1702Potassium chloride, activity coefficients of mannitol- aq. solns., 506; thermal expansion of, 948; complex structures in aq. solns. of ThCl4 and, 1299; pressure effect on equilibrium of aq. solns., 1607;adsorption of water vapor on, films............................ 2260Potassium nitrate, volume change of K N 03~NaN03 liquid system, 103; effect of intensity on radiation- induced decomposition of, 755; free radicals in 7 - irradiated, detected by electron paramagnetic resonance, 779; partial pressure of H20 2 and H20  in KN03-H 20 2-H 20  system, 923; liquid soln. in, of Sr(N03)2 and Ba(Nb3)2, 1668; effect of pressure on y-radiolysis of, 2068; association constants of Ag(I) and chloride ions in molten, 2069; catalytic decomposition of bromate in fused, 2114; f-poten-tial, calculation from mobility measurements..........  1367Potential energy barriers, tunnelling corrections forunsymmetrical Eckart................................................. 532
Potentials, of oxide-coated A1 electrodes in acid solns.,

8 66 ; determination of ionization and appearance,947; of Np(V-VI), F e(II-III), Hg(0-I), and Hg- (I II) couples, 1065; photoinduced electrode,1602; oftotalforce......................................................  1722
Praseodymium, hydride crystal structure, 148; partition of, in liquid Al-Cd system, 1028; electrical conductivity of the Pr-PrCl3 system, 1201; preparation and crystal structure of Pr formate,1737; near-infrared transitions of P r(III) in soln.in molten LiN03-K N 0 3 eutectic................................  2159Procaine, effect on desorption of monooctadecyl phosphate monolayers.........................................................  1923
Proflavine hydrochloride, triplet-singlet luminescence from, in ethanol and glycerol soln....................  2506Propane, 2,2-dimethoxy- and 2,2-diethoxy-, heats of formation of, 97; atomic H recombination in, flamegases, 229; 1-hydroperfluoro-, second virial coefficients for, -dimethyl ether system, 635; perfluoro-, coupling constants in normal and isotopic, 945; reaction with T initiated by /3-decay, 1619; 1,2-epoxy-3-methoxy-, electron impact spectroscopy of,
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1652; vinylcyelo-, thermal isomerization of, 1671;thermal decomposition of, on R h .............................. 17421,3-Propanediamine, stability in a cation-exchangeresin and in aq. soin, of complexes with Ag............ 78Propanediol-1,3, 2-ammonium-2-methyl-, dissociation constant of, in water............................................  3081- Propanol, 2,3-dimercapto-, -iron(II) complexes. . . .  42GPropylene sulfide, electron impact spectroscopy of.. . 1551Proteins, effect of monomeric reagents on the melting(contraction) and recrystallization of fibrous, 375; structure of water and hydrophobic bonding in. . . 1773Protons, chemical shift of, in intramolecular H bonds,613; dissociation in dilute aq. soin., 1030; chemical shifts in aq. Ag ion complexes of cyclohexene,«s-2-butene, benzene, and toluene............................ 1554Proton dissociation, equilibrium constants for, from protonated adenine, adenosine, ribose-5-phosphate,and adenosinediphosphate in dil. aq. soin.....................  359Proton magnetic resonance, of normal paraffin and polyethylene, 718; of ion-exchange resin-solventsystems, 1150; of benzene solutions..........................  2653Proton resonance spectra, of polystyrene and deu-teriopolystyrenes.......................................................... 2067Pseudocumene, phase diagram for system with CChand solid compound formation in ............................... 1387Pteridine, 2-hydroxy-, reversible hydration rate of. . .  1689Pyran, tetrahydro-, molecular complex with tetra-cyanoethylene............................................................... 1754Pyrazine, stability constants of complexes with Ag. . . 10632- Pyrazolines, 1,3,5-triaryl-, as wavelength shifters inscintillation plastics................................................. .. . 404Pyrene, absorption maxima of complexes with organiccompounds........................................................................ 353Pyridine, H bonding in, -pyrrole system, 546; formation constant of 1:1 complex with I, 766; equilibrium constant of system with phenol, 952; complex compounds of, derivatives with I halides, 1397; 2-(2',4'-dinitrobenzyl)-, optical properties of, in the adsorbed state, 2439; complex compound with Cu, in catalyzed anthracene triplet de-cay.................................................................................. 2577Pyridoxal, rate of alanine reaction with........................  1678Pyrocatechol, 4-i-butyl-, 7 -radiation-induced oxidation of........................................................................  1203Pyrollidine, electron impact spectroscopy of................  136Pyrolysis, of azomethane in a shock tube, 1426; secondary D isotope effect in the, of dimethylmercury. 2192Pyrrole, H bonding in, -pyridines system, 546; 1-n- butyl-, thermal isomerization and decompositionof.............................._..................................................... 1245Pyrrolidine, conductivity of -acetonitrile system........  89
Quantum efficiency, of c is < = d r a n s  photoisomerization in azo compounds.................................................  2482Quantum mechanics, applications of, to chemistry(Symposium) ........................................................... 2281-2359Quantum theory, of atoms, molecules, and their interactions ...........................................................................  2283Quantum yields, of oxidation of Fe(II) to Fe(III) sulfate and accompanying reduction of water to I I . . .  . 336Quinoline, dielectric relaxation of, in a viscous solvent 1105
Radiation chemistry, theory of, generalized spur diffusion model, 242; rate constants for radicalprocesses in water, 255; of ionic solids......................Radical processes, rate constants for, in water radiation chemistry...............................................................Radiolysis, reducing radicals produced in, of water, 262; of CCfiBr, 271; of crystalline alkali metal bromates with 7 -rays, 300; with slow neutron sources, 300; decomposition products from, of ethylene with 7 -rays and electrons, 322; reducing radical in, of water, 471; ethylene scavenger in, of liquid cyclopentane, 730; “unimolecular” yield of hydrogen from, of cyclohexane, 767; 7 -ray-induced, of chlorobenzene, bromobenzene, and iodobenzene, 1041; effect of hydrogen iodide on, of cyclohexane- 

d vt, 1097; of octamethylcyclotetrasiloxane, 1119; 
7 -ray, of methyl-substituted borazoles, 1526; of toluene by electrons, 1538; of saturated hydrocarbons, 1611; of 1,5-hexadiene, 1746; charge transfer in the, of organic liquids; evidence from H gas yields, 2132; I  production in the 7 -ray, of cyclo
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hexane-alkyl iodide solns., 2188; of azomethaneand CH3N2CH3-C D 3N2CD3 mixtures.....................Rare earths, ordering of the octahedrally coordinated cation position in the system of, with Ba and Nb oxides, 131; stability constants of complexes of, with l,2-bis-[2-di-(carboxymethyl)-aminoethoxy]- ethane and 2 ,2 '-bis-[di-(carboxymethyl)-amino]-di- ethyl ether, 311; crystal structure and lattice constants of, disilicides, 693; preparation and crystal structure of, formates, 1737; spectroscopic studies of complex compounds with o-hydroxyben-zophenone.....................................................................X-Ray, activation of metal hydrogenation catalystsby, 510; arsenite irradiation by, in O-free soln........Reaction velocity, of uranium hydride with ammonia a t room temperature, 145; of hydrolysis of polyethylene terephthalate film, 175; of production of C2 molecules during the pyrolysis of ethylene, 282; of thionine-iron system, 349; of LiC104 thermal decomposition, 358; in MgSCh and manganous sulfate solns., 360; of H atoms in aq. and formic acid solns., 361; shock tube study of, of hydrazine homogeneous decomposition, 366; of NO with electron-irradiated cyclohexane and with nitroso- cyclohexane, 401; of thermal decomposition of previously neutron-irradiated lead styphnate, 416; of vanadium(III) with neptunium(V) in perchlorate solns., 442; of dissolved aromatic hydrocarbon fluorescence quenching by O, 455; of acetone photooxidation, 556; of [2,2,1 Jbicvcloheptadiene thermal decomposition, 568; of Cl hydrolysis in the presence of various bases, 701; of cinnamalmalonic acid decarboxylation in aromatic amines, 836; of 2,2'-diphenic acids cyclization in IRSO4, 840; effect of neutron irradiation on, of manganous oxalate dihydrate dehydration, 926; isotope effects in, 978; of keto-enol equilibration in benzoylacetanilide, 1034; of H atom recombination on Pyrex glass in fused quartz, 1049; validity of statistical thermodynamic treatments of, 1058; of barium azide photochemical decomposition, 1113; of Cu(II) with /3-diketones, 1132; of D isotope effect in aniline nitrosation, 1 2 1 2 ; of n-octyl mercaptan oxidation by ferricyanide in acetone-water soln., 1233; of Fe(II) oxidation by Co(III) in aq. soln., 1275; of Ag oxidation in molten NaCl, 1311; of Cl exchange between NaCl36 and ethyl chloroacetate, 1368; of H20 2 formation during dissolution of polycrystalline Cu, 1370; of azomethane pyrolysis in a shock tube, 1426; of acetal hydrolysis in amide- water solvents, 1496; of decarboxylation of oxa- nilic acid in ethers and in the molten state, 1543; of CuO reduction by H, 1573; of Cu(II) exchange between ethylenediaminetetraacetic acid and Erio- chrome Blue Black R, 1582; of vinylcyclopropane thermal isomerization, 1671; of pyridoxal and alanine, 1678; of 2-hydroxypteridine reversible hydration, 1689; of Cl exchange between chloride and chloroacetate ions, 1719; corresponding state treatment of chemical kinetic data; solvent effects, 
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NO. EPR AT WORK SERIES

E X A M P L E
The g-Value of Peroxyle Amine Disulphonate

-Tetracene
peroxylamine disulphonate

INCREASING FIELD

The Varían EPR Spectrometer contains two independent systems 
for modulation, amplification and phase detection, one at 100 
kcps and one at audio frequencies (400 cps). The V-4532 Dual 
Sample Cavity (Fig. 1) operates in the TEi04 mode, permits in
sertion of two samples, and utilizes two pairs of modulation 
coils, with one pair excited at 100 kcps and the other at 400 cps. 
Effectively, each sample “sees" the modulation field from only 
its pair of coils. The Varían G-22A Dual Channel Recorder pro
vides a convenient recorder display of the simultaneous and in
dependent signals from the two samples.
Figure 2 illustrates the superposition of the spectrum of peroxyle 
amine disulphonate (EPR at Work #1] and tetracene positive 
ion (EPR at Work $-21). Bloise, Brown, and Moling1 have meas
ured the g-value of tetracene to a high degree of accuracy 
using an NMR fluxmeter, transfer oscillator and frequency 
counter. They report 2.00250 ±  0.00003. This provides á con
venient standard to determine the g-value of peroxyle amine 
disulphonate.

The expression used to calculate the unknown g-value is:
A hg= 2.00250 (1 — •— )

Here AH is the shift of the unknown resonance field with re
spect to tetracene, and is positive for a shift to higher fields. It 
may be determined from known hyperfine splittings. The field 
at which the center line of tetracene resonates, H, may be cal
culated from the tetracene g-value and knowledge of the micro- 
wave frequency. (Wavemeter accuracy is sufficient.) One must 
initially calibrate the V-4532 Dual Sample Cavity by placing 
identical samples in each channel to determine the difference 
in magnetic field at the two sample positions.
Using the outlined technique, a g-value for peroxyle amine di
sulphonate of 2.00550± 0.00005 has been obtained.
This comparison technique can be applied equally .well for the 
determination of hyperfine splittings and spin concentrations.
(1) M. S. Bloise, Jr., H. W. Brown, and J. E. Moling, Free 

Radicals in Biological Systems (Academic Press, New York, 
1961) p. 121. .

For literature which fully explains the 100 kc 
EPR Spectrometer and its application to basic and 

applied research in physics, chemistry, biology, and 
medicine, write the Instrument Division.
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