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by Andrew D. Liehrlb
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(Received Ju ly  21+, 1963)
Who shall be a light between truth and intellect.— Dante

A complete theory of the electronic properties of trigonal dihedral compounds is outlined, 
with special emphasis upon their optical rotatory power. Molecular orbitals are derived, 
many electron configurations constructed, and various spectral parameters computed. A 
number of points of general interest have been uncovered and elucidated: (1) a zeroth- 
order molecular orbital theory is capable of explaining the observed optical rotary strengths 
of trigonal dihedral compounds; (2) the electron-hole formalism is not directly applicable 
to optical rotatory or spectral strength calculations; (3) there is a direct correspondence 
between the rotational and spectral powers of d" and d5+" (n = 0, 1, 2, 3, 4, 5) spin-free 
systems, between d 1’4’6'9 spin-free systems, and numerous indirect relationships between 
these and other systems; (4) strong natural electronic optical rotatory dispersion, di- 
chroism, and dissymmetry are possible in the infrared and microwave regions of the spec
trum; (5) spin magnetic dipole transition moments alone, in conjunction with an allowed 
electric dipole transition moment, may give rise to large rotational strengths; (6) to good 
approximation, <r- and a-, x-bonded compounds are formally identical in their dihedral 
optical rotativity and intensity behavior; (7) electronic transitions to or from bonded 
and antibonded dihedral molecular states rotate electromagnetic radiation parallelly or 
oppositely dependent upon conditions; (8) for a fixed molecular conformation, the sign 
and magnitude of the rotational, dichroic, dissymmetric, and spectral strengths depend 
upon the degree of local electronic trigonal dihedral asymmetry as measured by such param
eters as the covalency and hybridization constants and the angle of metal-ligand orbital 
mismatch; (9) the absolute and relative geometrical configurations of ground electronic 
states of chemically distinct and variegated series of trigonal dihedral compounds can be 
theoretically fixed and correlated, and possible geometric deformations of these configura
tions in excited electronic states can sometimes be inferred, and their nature guessed, from 
optical rotatory, circular dichroic, and circular dissymmetric behavior; (10) cubical optical 
rotatory selection rules do not always hold in zeroth order for trigonal dihedral compounds. 
Examples have been given, a course for future research outlined, and a plan for closer 
theoretical-experimental cooperation entered.
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I. Introduction
Of all the natural phenomena observed in nature, 

none has had so profound an effect on chemical thought 
as that of natural optical rotatory power. Discovered by 
Biot in 1812, physically justified by Fresnel in 1822- 
1824, and structurally interpreted by Pasteur in 1846- 
1860, this phenomenon has been the foundation upon 
which all modern structural theory has been built. 
The modern concept of chemistry in space is a direct 
outgrowth of its discovery and explanation. Indeed, 
the tetrahedral geometry of four-coordinate carbon 
compounds and the octahedral geometry of six-coordi
nate metal compounds to a large extent owe their final 
acceptance to the incontrovertible evidence provided 
for these structures by the resolution of optically active 
stereoisomers.1 2 In this paper we wish to demonstrate 
the role played by geometry in inducing optical activity 
in six-coordinate dihedral metal compounds. In later 
works we shall take up the problem of four-coordinate 
dihedral compounds and of nondihedral compounds of 
metals and nonmetals, and in particular of the transi
tion metal and carbon compounds.

II. Theory §1. Molecular Orbitals for Dihedral 
Compounds: Zero Spin-Orbit Forces

1.1 The <T-Molecular Orbitals. In Fig. 1 we sche
matically sketch the geometry of a typical v-bonded 
(neglecting so-called “ ammonia” framework hypercon-

(1) (a) This paper was initially prepared and submitted for possible
presentation at the Quantum Chemistry Conference held at Oxford 
University, Oxford, England, April 10-14, 1961. I t  was not sched
uled in the final select program and, hence, was not officially pre
sented until August, 1961 at the Sixth International Conference on 
Coordination Chemistry, W ayne State University, Detroit, Michi
gan, August 27-Sep‘ ember 1, 1961. Its main contents also have 
been disclosed subsequently in the open discussional sessions of the 
Seventh International Conference on Coordination Chemistry, 
Stockholm, Sweden, June 25-29, 1962, and of the International Sym 
posium on Molecular Structure and Spectroscopy, T okyo, Septem
ber 10-15, 1962. Other more specific portions were detailed at the 
Symposium on Molecular Structure and Spectroscopy, Ohio State 
University, Columbus, Ohio, June 10-14, 1963. (b) Mellon Insti
tute, Pittsburgh, Penna.

(2) In this regard, it is interesting to note that it took nearly 20 years 
for Werner’s theory of octahedral metal complexes to gain acceptance, 
and that this acceptance was finally granted only after he prepared 
and characterized the optically active dihedral complex potassium 
trisoxalatochromium(III). For a masterly discussion of the his
tory, theory, and practice of optical rotary phenomena, read T . M. 
Lowry, “ Optical Rotatory Power,”  Longmans, Green, and Co., 
London, 1935.
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jugative effects) complex cation, the copper(II) tris- 
ethylenediamine cation. Figure 2 illustrates the 
idealized disposition of the ligand a-bond orbitals which 
we assume in our later numerical work, and Fig. 3 a 
typical, but not universal, level pattern. Note es
pecially the explicit allowance made in Fig. 2 for an 
angle of cant, a, between the ligand orbitals and the 
metal orbitals, which are here imagined to be directed 
octahedrally along the x, y, and z axes of the figure.

Figure 1. The idealized planar right-angled geometry of 
the trisethylenediaminecopper(II) cation.

If we designate the localized ligand <r-bond orbitals 
by the symbol, \j, (j  =  0, 1, 2, 3, 4, 5), we may ap
proximate the trigonal dihedral one electron <r-molecu- 
lar orbitals, A„ as a linear combination of these localized 
orbitals.3

5
a , =  £  (l)

3 =  0

Now since our molecular system has the symmetry D3, 
the threefold axis being the z '  axis of Fig. 2, and the 
three twofold axes being the y '  axis and its trigonal 
equivalents of y "  and y ' "  [ y "  equals e 3(z')?/ and y ' "  

equals e 32 ( z ’ ) y '  equals e 3{ z ' ) y " , where e 3(z') is a counter
clockwise replacement rotation (i.e., the so-called rota
tion operator of the D 3 point group) by 120° about the 
z '  axis defined by Table I], we can always require that

Figure 2. The local ligand orbital spatial disposition for the 
idealized planar right-angled geometry of the • 
trisethylenediaminecopper( I I ) cation.

T ab le  I :  Definition of the e 3(z ') and e 2{ y ' )  Symmetry
Operations

k e.(*o* (H) e S(2')(H) e,:«o (ki)
0 2 3 (04) (23) (32)
1 0 5 (23) (15) (40)
2 1 4 (15) (04) (51)
3 5 0 X Z ~y
4 3 2 V X — x

5 4 1 Z y — z

our molecular orbitals, A„ be trigonally sym m etric
th at is, th a t4

63AS = cosAs, co =  e2W3, (s =  0, ± 1 ) (2)

(3) It is important to keep in mind that the existence of one-electron 
molecular orbitals (or atomic orbitals for that matter) is a complete 
figment of man’s imagination. Although pictorially and physically 
appealing, it is nonetheless only a very rough and ready picture of the 
actual electronic paths in real molecules. Peruse, e.g., (a) “ Papers 
from the Conference on Molecular Quantum Mechanics, University 
of Colorado, Boulder, Colorado, June 21-27, 1959,”  Rev. Mod. Phys., 
32, 169 (1959); and (b) H. Conroy, J . Chem. Phys., 40, 603 (1964), 
et seq. The use of misguided localized orbitals to form one electron 
molecular orbitals like those of eq. 1 is not new with the author; 
they have been employed before by Spitzer, Coulson, and Moffitt, 
and others. For a review of these uses and of the pertinent litera
ture, read (c) W. H. Flygare, Science, 140, 1179 (1963), and (d) 
C . A. Coulson and T . H. Goodwin, J . Chem. Soc., 3161 (1963).

(4) For a simple-minded justification of this procedure read A. D. 
Liehr, “ Theory and Structure of Complex Compounds,” B. Jezowska- 
Trzebiatowska, Ed., Pergamon Press, London and New York, 1964, 
pp. 95-135, and Progr. Inorg. Chem., 5, 385 (1963).
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e“(t,u>

\ a,(a,g)
'"'H I}""'

DsJ d3
MOLECULAR ORBITALS—PRIMARY ATOM ORBITALS OF THE COMPOUNDS LIGAND CT-MOLECULAR ORBITALS

Figure 3. A schematic molecular orbital energy level diagram for a trigonally dihedral transition metal compound 
in the v-bond approximation.

In the localized orbital representation, eq. 1, for the one- 
electron molecular orbitals, A„ we find that the au 
equal wJVi0s, (j =  0,1, 2), and a>Jsa3„  (j  =  3, 4, 5), or that 
[since by eq. 2, w3+1 equals toJ, (j  =  0, 1, 2) ]4

2 5
A, =  a0l E  +  a3f E  (s =  0, ± 1) (3)

y=o y=3

where the constants a0l and a3j are jointly determined by 
normalization, further symmetrization, orientation, 
and/or energy minimization requirements. It will be 
convenient for later work to define the first member of 
the two-part summation in eq. 3 as As(1) and the second 
as A,(s).

A,(1) =  Oqt E  « %
y B° (4)

A,<2) =  a3j E  « % ,  (* =  0, ± 1)y - 3
In the case that s equals zero, the symmetrization 

requirement

G2Ao = ± A0 (5)

where C2 is the 180° rotation, e 2(y'), about the y' axis of 
Fig. 2 which is specified in Table I, fixes a3s as ± a 0„ 
(s =  0), in eq. 3. Hence, with the neglect of localized 
ligand-ligand overlap, we may write

A0(±) = (6)

when (s =  0). For the case s =  ± 1, however, no such 
simple symmetrization is possible as the functions A±i 
are eurythmically doubly degenerate and by definition 
thus cannot be made simultaneous eigenfunctions of 
<32(y1) and 6 3 (2 ') .  We must therefore be content to 
work with the functions defined in eq. 4, or suitable 
linear combinations of these as indicated in eq. 3.6 In

(5) One such linear combination is readily obtained by the orienta
tional requirement ©2A±i =  +  or — A^i. This requirement implies 
that Oos = =kas-s, a particular solution of which is given by

1 ( 2 5
A«(±) = 775 { E  “ ” xi ±  E  u” x>

v ° ty= 0 y=3

where e 2A ,(±) = ± A - t(±), (5 = ± 1). In terms of these functions, 
the functions of eq. 4  may be written as Aj(1) =  Oos(1)\ / 8/ t(A i (+) +  
At<_)] andAf(s) = au':2>\ / 3/![As(+) — As*_)] , where aos(I) and a u (!) are 
arbitrary real or complex constants, so that GiAt(I> = A - ,<2) and 
SiAjO) - whenever oor<1) equals a?y The suitable re
definition of A t'“ ’ a sA _ i(-) = — A_!<+) and A+ i(-)  = A+i(+) allows 
both Ai( +) and A/ +) to satisfy the same Gi(y') equations, e ;A ±,< +) 
= At i‘ +) and C2A±i +> = At i( +), so that both sets of doubly de
generate (E) functions may be properly oriented for combination with 
compatible central atom orbitals for (D3) compound formation [see 
Tables II and III]. It is not impropitious to remember that only 
properly, compatibly oriented symmetrized functions may be combined 
to form  molecular orbitals.
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the point group D 3, A0(+) is of species Aj, A0(_) of species 
A2, and A±, A±0), or A±c+) (we now drop the subscript 1 
in ± 1  for notational convenience)6 of species E, in
dividually as indicated in Table II.

Table II : The D 3 Point Group and Transformation 
Standards

D, E 2C «(*0 3C,(»') Transformation standards

A, 1 1 1 r \  z ' \  x '2 +  y ' \  A„<+>
A2 1 1 - 1 2', IJ , A„<->
E 2 - 1 0 O ', y ' \  (1x', ly'); O '2 -  y '2, x 'y ') ,  (x 'z  

y ’z ') ,  A±1, A±1<^>, A±1(±), A±<+>

At this point it is convenient to decompose the local
ized ligand orbitals Â  into a “ a-part”  and a “ 7r-part” 
which are separately directed along the axes x, y, and z 
of Fig. 2 as indicated in Fig. 4.6 We may then write

Ao = OxO +  ITzO, A2 — <rz2 +  irv2, A4 =  0"z4 +  TTX4,

Aj = av 1 +  irxi, A3 = <rv3 +  7t23, Ag =  <rxti +  Kyi (7) 

where [w = x, y, z; j  =  0, 1, 2, 3, 4, 5]6 

Gjoj — ksnsj -F kp cos ex dpc,,., trwj kp sin a npx«,,■
(8)

and where a superscript c and s have been added in eq. 
8 to indicate the presence of the factors k v cos a and 
k v sin a in the a- and 7r-like functions, separately. [If 
these factors are absent, the superscripts c and s are to 
be discarded. ] The =f and ±  factors in eq. 8 give the 
phases needed for maximum bonding power [view Fig. 
2 and Table V]. In terms of this symbolism we may 
define

2 ,(1) =  a 0 ;  E  n ,(1) =  a o :  E
3 — 0 3 = 0

2 ,(2) =  a o :  E  0, % ,  n / «  =  a , :  E  ««V,, (, =  ± 1 )
i  = 3 i  = 3

(9)

where the subscript w equals x, y, z, which is rendered 
redundant by Fig. 2, has been dropped, and where the 
superscripts c and s must be inserted if the factors

k P cos a and k v sin a appear in the definitions of the a- 
and 7r-like localized orbitals. The v-portion of the 
localized ligand functions, \j, may be further arranged 
to yield a pseudo-octahedral cr-bond system. This ar
rangement is accomplished by choosing the sums, 2„ 
(s =  0, ±1) ,  of eq. 9 to transform as do the true octa
hedral v-molecular orbitals under the counterclockwise 
replacement rotation, C4(z), about the z axis of Fig. 2 and 
under the inversion operation i about the coordinate 
origin of Fig. 2 as indicated in Tables III and IV. Care 
must be exercised in so doing in order that the resulting 
functions are properly oriented with respect to the 
central atom functions with which they are to combine. 
The result is that the 20(+> sum is already the proper 
pseudo-octahedral molecular orbital of species Ais and 
that 2± is equal to 2 ,(1) +  2S<2), with a0s and a3_ s* equal 
to &>V\/6, (s =  ± 1), that is

2± =  —7- co*1 E  co*Vj -|-----co* 1 E  co±Jer, (10)
V 6  3 = 0  V 6  j  = 3

(6) For simplicity of illustration, we have assumed the ligating atom 
to be situated on the x, y, or z axes. In actual practice this will 
seldom be the case for polydentate ligands due to steric encumbrances 
[c/. Fig. 16-19, for example]. However, even in the more general 
case we m ay still decompose our charge amplitudes into portions di
rected along lines parallel to m etal-ligand nuclear directions [or, if 
desired, parallel to the x, y, or z axes] and perpendicular to it. This 
decomposition is most simply and rigorously accomplished by the 
expansion of the ligand charge amplitude function in a Fourier series 
[if it  is taken to be initially axially symmetric] or a spherical harmonic 
series [if it is not taken to be initially axially symmetric] about the 
metal—ligand [or coordinate axes] directions, the polar angle being 
measured from this latter direction and the azimuthal angle [if neces
sary] being measured about this new direction. If it is assumed, as 
we shall do presently, that the ligand charge amplitude 'unction is 
expansible in a cosine Fourier series in which only the first two terms 
need be kept, we obtain

X,- =  X(r,-,0,) =  X<0)(r,)  +  cos 0,- X(1)(r,)  +  . . . .

In the two-dimensional case pictured in Fig. 4a, we see that 0; equals 
|0,- — a] and so

\ j  =  \(r,-,0 ,) =  X°(r,) +  cos (0,- -  m)\a>(ri ) +  . . .
= \° ( r ,)  +  cos 0,X(1)(r,)  cos a  +  sin 0,X(1>(r,) sin a  +  . . .

More generally, in the three-dimensional case drawn in Fig. 4b, we 
find that cos 0,- = cos 0,- cos a -[- sin 0,- sin a cosily  — <pa) , and hence 
for ipa equals 0 or 90° as in Fig. 2, we have

\ j  =  X°(r,) +  cos 0,X<1)(r,) cos a  +
sin 0,- j S*n [ <5,'Xa )(r,') sin a  +  . . .

( cos]

When the radial functions X°(r,) and X(1)(r:0 are identified with 
atomic-like ligand functions [this does not imply that these functions 
are actually atomic in nature— see A. D. Liehr, to be published, for 
further discussion, generalizations, and ramifications of this as well 
as other related matters] of the types ns and np, we have the desired 
atomic-like basis decomposition

X, =  X(r,,0,') =  k„m , +  kp cos a  rap„, +  kv sin a  rap*,- =  <r,' +

where ks and kp are the fractional contents [the so-named “ hybridiza
tion” ratios (see A. D. Liehr, ibid.) ] of the res and rep atomic-like basis 
functions in the Fourier expansion.
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is the proper pseudo-octahedral molecular orbital of 
species Eg?  The 7r-portion of the localized orbitals 
cannot be so oriented since the six 7r-like orbitals of eq. 
7 do not form a symmetrically complete set under 64(2) 
and i [for example from Tables IV and V, \irza equals 
— ir26 and G47tji equals — ir„o, neither of which again be
longs to the original ir-orbital set of eq. 7]. Only when 
all twelve varieties [Table V] of localized tr-orbitals are 
available [as in the 7r-bonded complex anions (such as

In theUto plane cos  0 - cos ( a -01  = cos  0 cos  a + sin 0 sin a

(a)

7-b ' r b c o s f l 'U b j  + fi b , +ft>bto
-r b (cos 0 cos a + sin 8 s iny  sin a sin5»,+ sin 0 cos f  sin a c o s y .)  

c o s 0 = c o s 0cosa  + sln0s ln a co s (9>-$»«)

(b)

Figure 4. A diagrammatic picturization of the decomposition 
of a misaligned ligand orbital into <r- and x-parts. Part a 
illustrates the divisional procedure for a two-dimensional 
orbital cross-cut in a coordinate plane and part b 
illustrates that for the true three-dimensional 
orbital figure in an arbitrary constellation.

the chromium(III) trisoxalato anion) of the next para
graph, § 1.2] can a pseudo-octahedral combination of 
7r-like orbitals be obtained. By footnote 5, however, we 
do see that these orbitals are eurythmically complete 
under 62(y') [as they must be since this is an operation 
of the D3 point group] and obey the relationship
e 2n ±(» =  r v 2>.

It is now a simple matter to write down the one-elec
tron molecular orbitals of a trigonal dihedral com
pound: all that need be dene is to add, with suitable 
multiplicative variational constants, the appropriately 
oriented and symmetrized localized ligand molecular 
orbitals to the proper central atom orbitals. If we let 
these multiplicative constants be 17, £(1), £<2), p(1), and 
p<2) for the ligand functions l V (+), n ±8(1), n ±C(1), and 
2±C(2), respectively, we find that7 8 9

ai(t2„) =  -Vai(i){ f’2ffa +  J/noS( + ) }, a2 =  IIo  ̂ *

e± (W  =  V e(,){t2ff(‘ ) +  i<i)n±*(1) +  £^)n±8(2)}

e±(e„) =  N eM{eM) +  p « > V (1) +  p(Ds±c(2)} (11)

where NUlu), Neuo and N eie- are the molecular normal
ization constants which we choose to be real, and where 
the central atom orbitals are as defined in Table III and 
ref. 9. The multiplicative constants are not all inde
pendent, and hence, eq. 11 may be further simplified. 
To see this fact ad one need note is that the functions e± 
and e±* must have the same energy since the complex 
conjugate operator, *, commutes with the Hamiltonian 
[i.e., leaves it invariant], and hence, with N eW and

(7) These statements follow when it is demanded that the functions
2± equal to 2S(1) -f 2S(2), (s = ±1), satisfy the selfsame orientation 
relations with respect to ©4(2 ), ©2 ( y f),  and t as do the central atom 
orbitals of Table III. Thus the orientational requirements
[Tables III and IV] © 4  2± = 2T, ©22± = 2T, and iz ± = 2±, 
uniquely fix a0s and «35, and hence 2 ±, to be as given above in eq. 1 0 .

(8 ) One m i g h t  t h i n k  o f f - h a n d  t h a t  t h e r e  s h o u l d  b e  n i n e  c o n s t a n t s  77,

£±(2\ P±(1\ P±(2) instead of only five as printed in eq. 11. 
However, this thought is quickly dispelled once it is noted that, as 
before, orientational and symmetry requirements demand that 
©2(y ' ) e±  equal e ,̂ since the Hamiltonian is invariant of ©2(2/')- Hence, 
we must have [by Table III and footnote 5]

eje±(t*,) =  Af.,n (W i)  +  £±(1,IV < 2> +  i±<2>nT«<1>}

=  eT ( t 2S) =  Ne(t) | t 2o ( ')  +  £=F(1>n T ,(1 ) +  { T <2) n T >(2)j

e 2e ± ( e „ )  =  JV ,(„ ! e , ( * )  +  p ± <» 2 T‘ <2> +  P ±<2> S ^ » }

— ê (e) = leP(|) +  +  pT(2>sTc(2>]
as only one pair of wave functions each can be constructed from the 
prefactors Are(()t2a(^ and Are(e)ee("). Therefore, f+ (1) must equal 
£-(2), £ -(1) must equal £+<2), p+(I) must equal p_<2), and p+(2) must 
equal p -(,), and so we arrive at eq. 11 and its five tentatively inde
pendent variational parameters. Actually, of these five parameters 
only three, rj, £ [equals =<= |̂ (“ )|], and p [equals ±|p(2)|] are sym
metrically independent. The proof of this statement is outlined 
in the text above and in footnote 10.
(9) A. D. Liehr, J. Phys. Chem., 64, 43 (1960).
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Ne(e) real in eq. 11 we must have e±* equals eT. Now 
by Table III

e±(W* = N e ( t ' ) * { t 2 g ( l )  +  i V (1) +  (̂?)*nT8<2)}

e±(eff)* =  NeW*\eg(X) +  p(*)*ZTc(1) +  p ( ? ) % c(2)}

(12a)

and so with IV««) and N eW real, we must have £(1) equals 
£<2)*, £<2) equals £(1)*, p(1) equals p<2)*, and p(2: equals 
p(n*. If we absorb the arbitrary phase factors con
tained in and p^) into the normalization constants 
<*(<>), "'and «(») /  of the functions Hsd ) and 2,^), (s =  ±  1), 
severally, where5 a0 * equals «3- /  equals a3sT* and a0l" 
equals equals a3 °* [the latter equality of both the 
7r and <j set of equalities is one of arbitrary phase choice 
associated with the normalization process], and call £ 
equal to +  or — and p equal to +  or — |p(»)|, we 
may rewrite eq. 11 in the shape10

e±(t2S) =  +  £[n±8(1) +  n ±s(2)]j

e ± (e , )  =  t f .w l e r f i )  +  p [2± ‘ (1) +  S ± i(2 )] }  (1 2 b )

A few final remarks will allow us to deduce the ter
minal structure of eq. 11 and 12. First, we note that in 
order for e±(e„) to reduce to the octahedral ef as the 
angle of cant, a, goes to zero [this corresponds physi
cally to either increasing the “ chain length” of the 
attached polydentate ligand or to cutting the chain of 
the attached polydentate ligand to produce a group of 
monodentate ligands in its stead— study Fig. 1 and 2], 
the sum 2±c(1) +  2±c!2) of eq. 12 must reduce to the 
special form 2±c of eq. 10. That is, that the constants 
Co,' and a3/  of eq. 9 must be chosen to have the values 
a0f'  =  a3_ , ' =  o3,"* =  w’/ \ / 6, (s =  ±1)- Second, we 
mark that although the sum n ±(1) +  II±(2) cannot re
duce to an octahedral t2„ ir-type ligand molecular orbital 
as the angle cant, a, becomes zero since the sum vanishes 
in this limit [Cf. eq. 8. Physically this vanishing is due 
to the alignment of the ligand orbitals, X;-, along the 
localized ligand orbital-central atom orbital axis, as 
shown in Fig. 2. Notice, though, that because of this 
null value of n ±H) when a vanishes, we have that e±(t2„) 
tends to its octahedral t2ff(J) expression as a tends to zero 
as needed], it can be made to assess correctly the di- 
hedrality of the orbitals. This assertion is readily 
proved by the consideration of the dihedral molecular 
orbitals formed by the bidentate localized pairs (15), 
(23), and (04) of Fig. 2.

Es = bos(l5) +  &ts(23) +  &2s(04) (13)

The eurythmic requirement

e 3s , = w'E,, e2Es = E _„ (s =  0, ± 1) (14)

implies11

{S, =  60,(15) +  cos(23) +  oj2s(04) } (15)

The identification of the bidentate localized pair orbitals 
(kl) with the pseudo-ir-localized orbital pair nk +  ir: of 
eq. 8 and 9 then yields eq. 16.

(10) It  is readily apparent that any choice of functions

n±o>' = e=F»rn±o), n±<2>' = e±o-n±<2>, s ±<‘)' = e±tf2 ±<i>,
2 ±W ' = e=FtrZ±<2>

will give a satisfactory basis when added to t2«(S) and e„(j) as 
these will likewise behave properly under and ¿ 8(2 '), for arbi
trary t and f, as needed. Furthermore, it is evident that this choice 
will lead to real values of the covalency parameters {(2) and p( 2 ) as 
desired, since the selection of a real basis

«e M t*) = AT,,'{seew +  £<»' 9ien+',<1>' +  |<2>' 5Ren+»'2)'|

3me+(t2„) = Ar,(()"{3 m w  +  £<1>"smn+s<1)' +  {(,)"3m n +,<*)')
9iee+ (e„) = N .w ' (9ieesa +  p (1>' iReS+'d)' +  p<»' SKes+c<2)')

3tne+(ea) =  A , w "|3m e„a +  p (1)"  3 m 2 + t|1)' +  p(2)" 3 m 2 +el2)'j

plus the requirement that these functions transform correctly ur.der 
62(y ') and Qz(z') [that is, that all these e-type functions obey the rela
tions C29f?ee = 9iCe, C23me — — 3me (when e is a II or 2  function 
62 sends superscript (1) into superscript (2) also), and CsSRCe = 
— l /2$Ce — v '3/2 3me, Canine =  v /3/29?ee — 1 ] shows that

= N e(t)" , N e(e)' = N eW ' \  £<*>' =  = £“ >" = £<2>",
p(1)/ = p(2)/ — p(1)// = p(2)"  with all the constants real [as a real set 
of basis functions plus a real Hamiltonian must yield real variational 
parameters. The normalization constants can always be picked 
real]. The redefinition of the e-type functions as e±  = 2 “ 1/* {5RCe =fc 
¿3me} then yields the one parameter imaginary e-type trigonal di
hedral functions with real variational coefficients as wanted. B ut 
note that there are a continuous in finity o f such functions which formally 
differ only in  the value o f t  or f  assigned {of course, the values o f £ and 
p are also functions o f r  and  f, individually). This continuous in
finity of solutions corresponds in a sense to the formal infinite re
dundancy of our model, as illustrated in Fig. 5. From this figure we 
see there are an infinite number of D 3 geometries corresponding to each 
bonding scheme, that is, to each localized orbital directive assign
ment, dependent upon the angle r  or f  of the skewness of the molecu
lar framework with respect to the x 'zz’ plane. It is important to 
note though that although a geometry, as far as the orbital 'phase 
requirements are concerned, which schematically looks like that of 
the optical enantiomorph can be obtained by setting both r  and f  
equal to 7t/3 or — 2-^/3, this geometry is definitely not that of the 
enantiomorph as the associated electronic charge distribution, pic
tured by the directed ligand orbitals of Fig. 2, is not that corre
spondent to the enantiomorph but is still that associated with the 
original conformation under consideration. The true value of r  or f  
for a set of real normalization constants a ( o y  and to be
assigned to the molecular framework picked here is determined by 
cubical (Oft) correspondence principles as outlined in the accompany
ing text. This attendant complication of the trigonal dihedral 
molecular orbital problem seems to have escaped [because of their 
neglect of the cant angle a of Fig. 2 or the nonoctahedral placement 
of the terminal ligand atoms or both] several coetaneous workers in 
this field [(a) L. E. Orgel, J . Chem. Soc., 3683 (1961); (b) D. W. 
Barnum, J . Inorg. Nucl. Chem ., 21, 221 (1961); 22, 183 (1961); 
(c) G. Weber, Z. physik. Chem. (Leipzig), 218, 204, 217 (1961)]. 
M ark that it is not suprising that two parameters £ and r  or p and f  
are needed to specify the trigonal dihedral molecular orbitals as 
three sets of basis functions ts?^), n ±(1), II±(2:> or eff(“), 2±(1\ 
2 ±(2) always require two sets [the third is the normalization constant 
N e(t) or iVe(e)] to fix the final three sets of molecular orbitals [we 
here use only two of these three possible sets— the two corresponding 
to the “ metallic”  bonding and antibonding molecular orbitals].

(11) Note that tEs is not equal to ± 3 s so these functions are not 
centrosy mmetric.
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Table III : Central Atom Orbital Transformation Properties

Central atom 
-orbital designaticn- -Transformation properties-

D, Oh d and p representations e ,(2o Ca ( » 0 6 4 (3)

ai 120a d(T =  dj*^— t2ga tîpo -  V3t2sa +  V 3<*> ~ V 2„b

e± t2o(») Vs d7r<± “ Vsd5% W±1t*(î) V f ) / ! t2io 1/3t2ff(«) ~

e± V̂ d",±+Vsd5'T e» a )

e± d x  ± -  (d x/z, r t  idy/z, ) W± 1d7T,-t dir'^ e *(a) (V¿ V S )  +  V
e± d í '±  =  V2 ±  iàxV ) wT1d5,± dô% e<(z) V¿ V f )  +  '

as tl ua p<r' =  p z' ti ua ~  t 1Uo ‘ A buo +  ! / s « - 1 / l W  H

e± titl(k) p x '±  =  V¿ (P * ' ±  W )
±1j.w ~ V i ) V j/ V iua +  V ititi(«) ■

V sê )

=  b0, +  Oj’ 53  C0,J7Ty\, (s =  0 , ± 1 )
l  i = 0  J “ 3 )

Table I V : Definition of the e4(z) and i Symmetry 
Operations

(16)
i *' ( IN 11' PLANE BEHINO Z) A x' (IN Z Z'PLANE BEHIND Z)

k 6 4 (3)* t* (Id) 6 4 ( 2  )(H) i m
0 3 5 (04) (34) (52)
1 0 3 (23) (25) (41)
2 2 4 (15) (01) (30)
3 5 1 X - y — X
4 4 2 y X - y
5 1 0 z z — z

Comparison with the sum n ,(1> +  IIf(2) of eq. 9 and 12 
shows that for proper dihedrality, the constants a0 / 
and « 3 /  must be taken as w~*b0, and w'bo» distribu
tive^. Normalization of the sum n f(1) +  n t(2) with 
the neglect of localized ligand-ligand overlap finally sets 
d o / equal to as ^ sr equal to a3/* equal to co "V V 6 , 
(s =  0 , ± 1) .12 Letting n ± stand for the sum II±(1) +  
n ±<2) when d o / and a3/  are as determined above, we 
may put down the end forms of eq. 11 and 12b as

arit,,) = N ^ t){U ta +  r?n08(+)}, a2 = no8' " 1
e± (W  =  #«(«){ W*) +  £11/ }

Figure 5. Pictorial representation of the geometrical 
indeterminateness of the trigonal dihedral architecture.
The physical angle t of relative movement of the equilateral 
halves of the skewed prismoidal structure can be put in 
one-to-one correspondence with the mathematical phase 
angle t of a molecular orbital treatment of their electronic 
structure. However, as the geometry remains fixed in 
a molecular orbital phase variation, t, but not in a physical 
variation, r, this correspondence is not faithful.

®±(®p) ^e(e){^g(l) "t" } (17)

where [the symbol £[xi; X2] represents the group over
lap of xi and X2 J their detailed forms are given in the 
Appendix]

(12) The normalization expressions when ligand-ligand overlap is 
not neglected are given in the Appendix.
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N aiU) = {1 + 2 tyS[tita; n08(+)] + „*}",A
Ne(t) =  { l  +  2iS[t2e(‘ ); n ±s] +  £2} 'A 
N e(e) =  {1 +  2 P(S[eff(?); S±c] +  P2} - ‘A (18)

and where IIo*<+) and 2 ±c are given by eq. 9 and 10 
serially, and 18

n±s — co
V e

=Fl 1 5I ±1 V '  ±J !-1---Tj w L, 0} *1
V  6  j - 3

(19)

1.2 The tt- M olecuiar Orbitals. When localized 
ligand functions are available which offer true ligand- 
central atom 7r-bond possibilities, the above molecular 
orbital analysis must be amended accordingly. Figures 
6 and 7a picture the geometry and idealized local ligand 
orbital distribution, individually, for a typical tr-bonded 
trigonal dihedral complex anion, the copper(II) trisoxa- 
lato anion, and Fig. 8 illustrates a possible, but not 
essential, level pattern. Again the <r~ and ir-ligand 
frameworks are canted by an angle a to the central 
atom-ligand atom axes, which have been here taken to 
be the x, y , z axes for presentational simplicity.

To get the requisite truly ir-bonding linear combina
tion of localized ligand orbitals, we proceed as in eq. 1 
through 19. We again parse the available localized 
ligand orbitals when possible. If we denote by X/1 the

Figure 6. The idealized planar right-angled geometry 
of the trisoxalatocopper(II) anion.

Figure 7a. The diagonal local ligand orbital spatial 
disposition for the idealized planar right-angled 
geometry of the trisoxalatocopper(II) anion.

localized 7r-like ligand orbitals perpendicular to those of 
eq. 1 through 8, and which lie in the shaded planes of 
Fig. 7a canted at an angle /3 =  90° — a to the x, y , and z 
axes of that figure, and by iq the ir-type orbital of Fig. 7a 
which is mutually perpendicular to both and X,x, we 
may scribe13 14 eq. 20

(13) Since the Z± functions are centrosymmetric but the IIo(±). 
H ±  ones are not , 11 the only truly dihedrally asymmetric functions of 
eq. 17 are ai(t2S), a2, and e±(to„). Th is circumstance occurs because 
we have banished the contributions of the tiu-like ligand v-molecular 
orbitals in our treatment by our assumption that the ir-bonded di
hedral functions e± (ec) reduce simply to the octahedral tr-bonded 
functions e,(j)(e0) The omission of these ti„-like c-molecular 
combinations is the cause of the different phase factors and the differ
ent derivations of the 2 ± and n ± ligand molecular orbitals [cf. 
eq. ID, 15, 16, and 19]
(14) This decomposition is carried out exactly as in footnote 6 . To
obtain it from footnote 6  one need only rotate the coordinates 
by 90° about either the z axis or y axis thus replacing cos 6 by 
sin $ sin <f> or sin 9 cos if, consecutively. Please mark that here, in 
sharp contrast to footnote 6 , ambiguity may occur in the final choice 
of a local ligand orbital basis (view Fig. 7b). The use of an alternant 
such basis, |X,,X,<,jr,j, as for example that of Fig. 7b, rather than 
the basis of Fig. 7a, j j , in the present algebraic formula
tion, leads to no mathematical structural change: The formal
theory abides inviolate whatever the circumstantial local spatial 
disposition of ligand orbitals chosen. Of course, definitional modi
fications do enter, as now eq. 2 0  and 2 1  must include an altered 
angle of cant, a, not equal to either a or 90° — a, hybridization 
coefficients for the orbitals np»„- and nPx„„ and an additional ns orbital 
contribution for the orbitals <rVi of eq. 2 1 .
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Figure 7b. The isosceles local ligand orbital spatial 
disposition for the idealized planar right-angled 
geometry of the trisoxalatocopper(II) anion.

ko — O"a:0 +  ’TiO) 2̂ — 0*2 +  ¡̂,2, X4 — <TZ4 -|- TTxi,

Xl"*" =  Oyl +  7rrl. Xb-1 =  <7„3 +  1TZ3, X5"1" =  O' xb +  7r„6

(20)

where [w =  x, y, z; j  =  0, 1, 2, 3, 4, 5 ]14

<rwjs =  ±sin a np<r,c), 7rwjc =  ±COS a npTwj (21)

The use of these functions in conjunction with the 
dialectics of eq. 1-9 and the data of Tables I-V  gives 
the desired dihedral cr-like one-electron molecular orbi
tals as

2 5
v  »(1) _  n  M V '  , >2_ s s(2) _  II V '  t j  a i'QO\— ROj 2-, “  <f] i ¿¡t ~  ®3j 2-, 01 Oj {¿4)2=0 2=3

The 7r-like orbitals generated by the 7r / localized ligand 
orbitals [we now drop the subscript w equals x, y, z 
which is made redundant by Fig. 7a and Table V] are 
likewise given by

"•“ - T i

n.c( 1) 7F \ ' sj C TT c(2) 7T \ ' ij ca0i 2-i 0} TTj , n, — a3t 2-1 0} TTj ,
2=0 2=3

(t =  ± D  (23)
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PRIMARY ATOM ORBITALS OF THE COMPOUNDS ORBITALS ORBITALS

Figure 8 . A  schematic molecular orbital energy level diagram for a trigonally dihedral 
transition metal compound in the <r- andv-bond approximation.

Also for the pure ir-type molecular orbitals, IT,, (s =  0, 
± 1 ), created by the network [Fig. 7a and Table V], 
we can scrive

2 5
n , (1) =  a0j  E  n / 2> =  as/  E  « * * * *

1=0 3=3

(* =  ± D  (24)

As in the case of cr-bonded dihedral molecules, it is 
necessary to orient the a- and ir-like molecular orbitals 
of the <r- and 7r-bonded ligands so that they transform

in D 3 [i.e., under G3(z') and e 3(y')] as do the central 
atom orbitals. This orientation [watch Table III] de
mands that a o ° 'r,ir equals a3 equals « 3/ ' ’r,x*, (s = 
0 , ± 1 ) [the latter equality arises once normalization 
requirements are prescribed]. The imposition of the 
further stipulation that these <r~, ir-bonded ligands have 
pseudo-octahedral [i.e., that they also transform under 
6 4 (a) and i in 0 h as do the central atom-orbitals of 
Table III] <r-molecular orbitals, 2 ±s, equal to 2 ±]s(1) 
+  2 ±js(2), determines that equals a3/ equals 
co '/v^ i and the stipulation that the ir-molecular 
orbitals n ±c equal to n / (1) +  n ,c(2), (s =  ± 1 ), sets, by 
eq. 13-16, a0/  equals a3/* tobea>_s/ \ / 6 , (s =  0, ±1), 
where

V o lu m e 6 8 , N u m b e r 4 A p r i l , 1964
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1 2 1  5v S 1 ±1 V  ±; » _i_ 1 =Fl v  ±J 82 ±  =  — f r  <0 2-J <*> <Tj i ------7 r  w 2-ff «  A /
V  6  j = o V  6  i  — 3

n±c =  4 ?  Ü ,T 1  fe  u±v  +  W ± 1  i  W±V  (25)
V o  y = o v 6  i  =  3

It will be convenient for our later purposes to con
struct ir-molecular orbitals which possess octahedral 
symmetry but are of a trigonal orientation. To this 
goal we define as previously the functions wj, n 0(±), II± 
as those functions obtained either from the functions 
Tj8, n 0s(±), n ± 8 of eq. 8 , 9, and 17 by dropping the factor 
kv sin a or from the functions 7r/, n 0c(±>, and n ±c of 
eq. 21, 23, and 25 by dropping the factor cos a. We 
then find that the sums n0(,(+>, n ±i

n°c' +> =  n̂ °(+> +  n °i+)^

n±, =  -  4 =  {n± +  n ± } (2 6 )

where fl± is the sum n ±(I) +  n ±(2) of eq. 24 with a0/  
equals a3/  equal to l / \ / 6

n± =  — 7= Y  u ±3tti -I-----Y  (27)
V 6 j  =  o V 6 j = 3

transform under 6 3 (2 '), 6 2 (y ') , 6 4 (2 ), and i as the species 
T2i, just as do their central atom octahedral counter
parts tïga and t 2g{\), sequentially. 16 From eq. 24, 26, 
and 27 we see that the imposition of octahedrality on 
the ir-molecular orbital system determines the co
efficients a0 and a3/  in the sum n ± equals n ,(1) +  

(s =  ±1 ), to be Although functions of
the sort given by eq. 26 cannot, of course, be used 
directly to describe the 7r-bond molecular orbitals of a 
dihedral compound, they can be used indirectly as will 
become apparent.

The molecular orbitals for a a- and 7r-bonded dihedral 
complex may thus be set as

ai(t2„) =  A ai(i)<r,T{ t2fa +  Vn08<+) +  r?cn 0c(+) +  ijn0(+)} 
e±(t25) =  N +  £8^ n ±8(1) +  £8(?)n±S(2) +  

^d )n ±c(1) +  ^(?)n±c(2) +  ê(=)n±a) +  |(?)n±<2)} 

e±(e„) =  N m -  1 e e(?) +  P̂ X ± c(l) +  / ? > 2 ±<2> +  

p°(l)2 ± °(1) +  p»(f)2 ±*(2)} (28)

The reduction of the twelve possible £±‘, ( 1  =  1 , 2 ), type 
coefficients to the six and four, respectively, listed in 
eq. 28 is accomplished by the orientational symmetry re
quirement that e 2(y ')e± equals eT, as before. 8

We cart obtain a considerable simplification of eq. 28 
if we add and subtract the quantities A ai(!)'r,T/IIo(+) and

A e(()‘r'’ £(l )n ± from the expressions ai(t2f) and e±(t2i), 
serially, and subsequently employ the definitions, eq. 26.

a ,(W  =  N a ^ i U g a  +  ^ n 08(+) +  i?TV(+) -
W +) +  y / 2  i?n0/+>}

e±(W  =  N e(t)” *{ w ? )  +  f (i)n±8(1) +  f ( f ) n±8(2) +  

f d ) n ±c(1) + f(?)n±c(2) -  ^ i)n ± -  (|̂ ) -  
f(?))n±<2> +  +  f i i 111 +  n ±]} (29)

Three things now strike us. One is that we can factor out 
of the expressions n 0s(+), n ±8̂ ), n 0c(+\ and n ±c(0  all 
multiplicative quantities such as kv sin a and cos a, 
distributively, which appear in them by virtue of the 
definitions, eq. 8. 9, 21, and 23, to obtain terms of the 
kind i7"'TIo(+) and £<T',rd )n ±(d) where n 0<+) and n ±(D are 
the jr-like molecular orbitals of the type indicted in eq. 
26; the second is that we can rearrange the expressions 
2±s(l), S±ĉ ), by virtue of eq. 8, 9, 21, and 22, to obtain 
terms of the kind p,,iI(a)2±(J), where are the <r-like 
molecular orbitals of the types given by eq. 9 and 25; 
and the third is that the multiplicative factors i/"’8, 
^•’■(1), and P" ‘w(a> and the localized <r-basis orbitals, aJt 
thus introduced take on the structure

r;'7'1 =  kvif  sin a +  if  C O S a — rj

=  kp̂ ŝ  sin a  +  cos a — £(!)
p<r,*{\) =  pc(\) (30)

Sj =  ksnSj =f [kp cos a +  (p*(i)/pc(D) sin a]npff„,.

(31)

when the constants a0,a'x''r'‘ 'c equal a3 ° 'T,’r,,,c* are 
picked uniformly [this picking can always be accom
plished as all differences can be absorbed into the arbi
trary constants r;8'8, ij, |(1); and p*-e(*)]. A par
ticularly simple form for eq. 28 and 29 is gotten when 
this uniformity is chosen to be that of the pseudo-octa
hedral basis for which a0,'” 'c equals u / - \ /6 ,  a0, ’" l'c

(15) A  particularly simple way of deriving these formulas, as well as 
that of eq. 10, is to substitute the <r,\ iry, and ir,. orbitals of Table V, 
i.e., the pawj and pTtjj-type orbitals into the tetragonally oriented 
«ip, ip, rip, T2ff, riu, T2u nuclear displacement formulas tabulated in 
A. D. Liehr and C. J. Ballhausen, Ann. Phys. (N. Y.), 3, 304 (1959), 
and diagonalize these with respect to (Ba(z') (this diagonalization 
is easily accomplished as these displacements behave elementarily 
under fia(z'). A s an instance, GzSta.h.c -  Sa.c.o, (k =  3, 5), and 
C8(Aa,Yo,Yc) =  ( Xb, — X c,X a), (Xa.b.c ~  Sba.b.e. P\a.b.e)t SO that 
S k ,  = 3 - l/KSta +  iff'Ste +  ^ ‘Skb), and X t =  3 -V . ( Y „  -  u‘Xb +  
oj2lXc), (t — 0, =tl) are diagonal]. Th is method shows that the 
related sums n 0o(_), l W -), and n 0u<+>, noff1-1 =  l / v ^ l n o 1-’ -  
llo1-1), IXoff(±) =  1 / V 2 in 0(±) =F n («| , are of species Ti„, Ti„, and 
T 2„, respectively [the other components of the Toj, T,„, and T 5u ir- 
like functions are easily generated by the nuclear displacement tech
nique just outlined].
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equals w !/ \ / 6, and a0 * equals l / \ / 6, (s =  0, ± 1).10 
Then

ai(t2f) =  lVn1(l)'','{  tina +  5?<r’’rIIo(+) +  \ /2i?no/+- } 

e±(W> =  I W l W * )  +  +  r iT(?)n ±<2) -
(f(D -  i(?>)[n±<« +  n±<2>] -  y/ 2

e(e„) =  Me(e)<r,’r{eff(j) +  2it  —
(p-.R!) _  p'. ’KJ))s±(*)} (32)

where the octahedrally oriented functions n ()i,(+>, II±i, 
and S±„ are as defined by eq. 26, 27 and 10, 31. When 
the normalization constants are elected to be real, as 
earlier, the need that eT and e±* be identical implies 
that equals £'■*(»)* and |(1) equals £(2)*, and p,7'T(!) 
equals p'M’ )*. Thus the pairs and £‘,',r(2), |o>
and f (2), and p'r,’r<1) and p'7,’r(2) differ internally only by a 
phase factor and not in amplitude. The further re
quirement that the functions ai(t2„), e±(t2i), and e±(e„) 
tend to the octahedral one-electron molecular orbitals 
as the angle of cant, a, tends to zero, demands that ij 
equals -rf and equals in this limit (this truth 
may be conditionally confirmed by a sight of the equal
ity of the pertinent group overlap integrals imprinted 
in eq. A-12 of the Appendix) so that 77̂  ̂ and 
vanish [cf. eq. 30 and Fig. 2], and that |C1) equals |(2) 
equals £ and p'r,,r(1) equals p'1-*1'2'1 equals p"’’r. For the 
proper dihedrality of the pair n±(1), n±(2) at nonzero 
angles, a, we must have £'r,,r<1) equals ^•r(2> equals 
also when a is not null [cf. eq. 13-16 and footnote 10]. 
Hence, the ultimate form of eq. 28 is

ai(t.,) =  NaM'-T{Uea +  +  y/2 W ” }

e± (W  =  NeU)̂ {  tâ it) +  T H I± -  y/ l  |n±,} 

e± ( e i)  =  l e<f(S) +  P<r’ ’r2 ±ff} (33 )

A comparison of eq. 17 and 33 shows that apart from 
the added octahedral terms n 0i,(+) and H±s the mathe
matical structures of the cr-bonded and a-, 7r-bonded one- 
electron molecular orbitals are identical. This circum
stance will be of great consequence for our later optical 
intensity and rotativity computations.16

§2 . Molecular Orbitals for Dihedral Compounds: 
Nonzero Spin-Orbit Forces

The appropriate trigonal one-electron spin-orbital 
functions for orbital states of octahedral parentage e„(;) 
and t2i0  have been worked out previously by the
author9; hence, we need only summarize the results 
here.

T6(i)(e,) = fepCe^f' ( ±  Va)
g=FtP/4

7 (i)fe,) =  {e+(e,)f'(V i) T te_(e,)* • '(-% )}

76(?)<7)(t2C) =  =f -

V v 8eT(t2l, ) r ( ± V 2)

7 6 ( ! ) i 8 ) ( t 2i, )  =  ±  V / ' 2/ 3 t 2 l!a f , ( T 1A )  -

V y 3 eT( w r ' ( ± y 2) 

7 Ct)(W =  {e+(t2, ) f ' ( y 2) =F t e _ ( W f '( - y 2)}

(34)

The substitution of either eq. 11, 12, and 17 or eq. 28, 
32, and 33 into eq. 34 yields the desired v-bonded or a-, 
x-bonded trigonal dihedral one-electron spin-orbital 
molecular orbitals. Figure 9 shows the connection of 
the two schemes, that with and that without spin-orbit 
forces, in both their one- and nine-electron aspects.

§3 . The Optical Rotatory Power
3.1 General Concepts. Before entering upon a de

tailed exposition of the optical rotatory power of di
hedral inorganic compounds, it is necessary to recall a 
few basic facts. Firstly, one must remember that plane 
polarized light is a superposition of right and left circu
larly polarized light [Fresnel, 1822] as pictured in Fig. 
10, and that the rotation of the plane of polarization of 
light incident upon an optically active medium ["optical 
rotation” ] is due to the different indices of refraction,

(16) In  both eq. 17 and 33 and their antecedents we have consistently 
suppressed the contributions of the <r- and x-like octahedral gerade 
and ungerade orbitals Aig and T i 9 and T iu and T 2«, respectively. 
The former suppression does no harm as the gerade orbitals cannot 
contribute to the optical intensity or rotational strengths, except 
insofar as they alter the normalization constants Nai(t), Ne(t), and 
Ne(e). The latter suppression can do great harm as the ungerade 
orbitals can contribute quite directly to both the optical intensity 
and the rotational strengths, as they also allow a nonzero electronic 
transition moment between the ai(t2$), e±(t2ff), and e±(eg) molecular 
orbitals. The ungerade orbitals were omitted in the present de
velopment solely to avoid unnecessary complication and a prolifera
tion of unknown variational constants. Future refinements of the 
present theory should, of course, include their contributions which 
are probably far from negligible. For our current purpose of demon
strating the feasibility of the present model, the approximate wave 
functions of eq. 17 and 33 will more than suffice. H ark  that in the 
limit in which the angle of cant, «, becomes 90° (or in which 
equals 90°, a becomes zero) the multiplicative variational constants 

and £<r»7r of eq. 33 also vanish as we again obtain an octahedral s- 
and 7r-like local ligand electron configuration, which demands tha^ 
7j equals rjs and £(2 ) equals £®(1) in this limit [cf. eq. 30 and Fig. 7a. 
A s before (see text above), this fact may be qualitatively verified by 
a view of the equality of the relevant group overlap integrals tabu
lated in eq. A-12 of the Appendix]. Hence in this limit, the one 
electron trigonal dihedral molecular orbitals, eq. 33, anew become 
centrosymmetric, and therefore, optically inactive in the electric 
dipole approximation. [Please note that in this respect a a-,in- 
bonded compound differs markedly from its <r-bonded progenitor. 
Cf. eq. 11 and 17, §1.1.]
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ZERO SPIN-ORBIT 
FORCES

NON-ZERO SPIN-ORBIT FORCES
( a )

r 6 [ r 8 (2T 2g)]

ZERO SPIN-ORBIT 
FORCES

ZERO SPIN-ORBIT 
FORCES

NON-ZERO SPIN-ORBIT FORCES
(b)

ZERO SPIN-ORBIT 
FORCES

Figure 9. A  schematic molecular spin-orbital energy level diagram for a one [part a] and nine [part b] electron transition 
metal compound.

nr and nh for these two circularly polarized components 
[“ circular birefringence” ] as demonstrated in Fig. 11. 
Secondly, one must remember that the refrangibility of 
a medium [be., its indices of refraction, na] is a function 
of the wave length, X, or the frequency, v (or circular 
frequency co), of the light employed [“ optical disper
sion” ], and hence that the optical rotation is also a 
function of the wave length of frequency of the light 
used [“ optical (circular) rotatory dispersion” ]. Thirdly, 
one must remember that optical dispersion is inti
mately connected with optical absorption, and there
fore that optical circular rotatory dispersion, which is due 
to the existence of two different indices of refraction, nT 
and nh is also accompanied by optical circular rotatory 
absorption, due to the correspondent existence of two

different indices of absorption kt and Kt [“ circular di- 
chroism” ]. Fourthly, one must remember that the 
presence of two different indices of absorption kt and k, 
implies unequal extents of absorption of the right and 
left circular components of the initially linearly (plane) 
polarized light, which in turn implies that the resultant 
rotated emergent light can no longer be linearly (plane) 
polarized but must now be elliptically polarized with its 
major axis defining the new (or rotated) direction of the 
“ plane” of polarization of the light as indicated in Fig. 
12 and 13. Fifthly, one must remember that the 
refrangibility and absorptivity of a medium varies 
strongly and characteristically in regions of optical 
absorption [“ anomalous dispersion and adsorption” ], 
and hence that the optical circular rotatory dispersion
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and absorption should likewise vary strongly and 
characteristically in such regions [“ Cotton effects” ].

3.2 Mathematical Considerations. The basic facts 
are expressed mathematically as follows. If we let D 
represent the dielectric displacement vector, which

D =  Dr +  Êh =  2DÎ cos
2 irnz

(36)

If now the indices of refraction nr and n, in the medium 
under consideration are different for right and left circu
larly polarized light but the indices of absorption are

D 2Dtcos(^t - 2rr̂ Z-~) = Dr + d[
277~nZ )

K ) + COMPLEX
REPRESENTATION,

♦ 5E„ )

Figure 10. Pictorial and mathematical representation 
of the Fresnel decomposition of plane polarized light 
into right and left circularly polarized light.

equals, for an isotropic medium, the dielectric constant, 
e, times the electric vector, E, right and left circularly 
polarized and sinusoidally varying light (traveling along 
the z axis) may be given the expression

Dr =  D r Î cos

D; =  D, Î cos

/  2 Tnrz\
-  — )

(  2irnrz\
-  — )

(  2 it nxz\
-  j sin Cut -  ——  )

2tm lZ\
+  j sin (a>t -  — I

(35)

where D r and D ( are dielectric displacement vectors 
which rotate in time in a right-hand (clockwise) and 
left-hand (counterclockwise) direction, respectively, as 
viewed down the z axis [Fig. 10-13].17 Thus we see by 
simple addition that for a medium with equal indices of 
refraction nT and n, [equal n] and equal indices of ab
sorption kt and ki [equal k] that D, +  D( equals a dis
placement vector, D, of amplitude 2D, where D equals 
D r equals I),, directed along the x axis for all time, that 
is, linearly (plane) polarized along the x axis [Fig. 10]

sin dp - sin 6\ 2 cosA-(rfP + 5i )sin 4r(ir -*  )TAN 6 ~ ------ !-------- ^ = --------r , ---- 4 ----- “7------*‘-4-COS<Jr + COS 2 COS j; [ip + 6̂  J COS 2 )

. „ , 2irnrz „ 2irn, z= TAN £(ifr -£$]_). 6p- cot------ -̂--> cfl,= &jt------ •

= i  Ow l )  = 2 [(*>t - ̂ x 1̂ ) - (*>t - 27r̂ ) ]

THUS AT Z = d , t = t

<r=Ir ( nr nr ) AND *  O w )

Figure 11. Pictorial and mathematical demonstration of 
the rotation of the plane of polarization of a light wave 
which passes through a medium with different 
indices of refraction, nr and ni, for right and left 
circularly polarized light, respectively.

still the same, and if we call the sinusoidal arguments 
cof — 2irnrz/\ and ut — 2-rrnlz/\ appearing in eq. 35, hT 
and ¿¡¡, separately, we further see that the total dis-

(17) This cimcumstance is most readily seen by examining the time 
behavior of D r and Dz in the plane z equals zero. A t  time zero, both 
D r and Dz are directed along the positive x axis, and at time ir /2u> 
they are directed along the negative and positive y axis, and hence, 
they have rotated clockwise and counterclockwise, serially, in time 
[Fig. 10]. Alternatively, one can see from Fig. 10 that taking com

ponents of the vectors D r and Dz there pictured, which each make 
angles u>t with the positive x axis, along the x and y axes leads im
mediately to eq. 35. The displacement amplitudes D r and Dz 
are related to the absorptivities kt and ki by the relations D (j) =

D o6 ~ 2 ,r'c(0 <*//\  Therefore, for equal absorptivities right and left, 
D r equals Dz equals D. [For another expositional survey of the 
mathematics of the optical rotation problem, read A. D. Liehr, 
“Advances in the Chemistry of the Coordination Compounds,’ 
S. Kirschner, Ed., Macmillan, New York, N. Y., 1961, pp. 422-429.]
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Dx = D • l  = D r cos âr + cos <5̂

Dy = D ■ j' = s in  <$̂  -  Dr siN<5r

Ox' = 0 • L' = Dx C t  * 1!') + Oy ( 'j • 'h') = Dy COS Ô -  Dy SIN Ô

Dy'= D • j ' = Dy ( l • JO + Oy( j“ ■ J1') = Dx SINtf + DyCOS<?

Figure 12. Pictorial and mathematical illustration of the 
simultaneous rotation and elliptization of a plane polarized 
light wave which traverses a medium of different 
absorptivities for right and left circular polarized light.
The equations indicate the vectorial decomposition 
of the electric displacement vector D = Dr +  Di 
into components along the two sets of coordinate 
axes { î, j J and jî ', j '}  defined in the figure.

placement after passage through a thickness z equals d 
of the medium is given by18

D =  Dr +  D; =  D[1 (cos fir +  COS 5;) —
j (sin fir — sin fij) ] (37)

Hence, the total displacement, D, which on entering 
the medium at z equals zero was directed along the 
positive x axis has been turned clockwise and is now 
directed at an angle 5 to the axis [Fig. 11 ], where by eq. 
37

tan fi =
sin 5r — sin Si 
cos fir +  cos fi ; (38)

or, by use of the trigonometric identities, sin a — sin b 
=  2 cos 1/i(a +  b) sin ]/ 2(a — b) and cos a +  cos b = 
2 cos '/-¿(ft +  b) cos V¿(a — b) we obtain

t a n  yj ; Dr ~ P i
Dr + Dt

277V *IF Dr = D0e XV r° 27T
|\= D0e-— 'H1K,d

.THEN TAN \p
\ -  e - S7c(* l-*r) ^ («I-Kr)

---- ^ ■
t + ~Kr)

b u t  t a n  y j ta yt

7Tdip »b • ( angle of ellipticity )

Figure 13. Pictorial and mathematical exemplification of the 
simultaneous rotation and elliptization of a plane polarized 
light wave which goes through a medium of different 
indices of absorption, ¡cr and k., for right and left 
circularly polarized light, respectively. The equations 
outline the reduction of the general ellipticity formula, 
tan p =  D r — D , /D r +  D ,, to its common 
approximate form, y  =  (rd/\)(Kl — kt).

and is independent of time, and that the angle of optical 
rotation per unit path length is

g

<t> =  ", =  7 (n, -  nr) (41)a X

These results are summarized in Fig. 11.
To see that elliptical polarization of the incident 

linearly (plane) polarized light is a necessary accompani
ment of the rotation of the plane of polarization by a 
medium with different indices of refraction and absorp
tion, nr, Kr and nh Kt for right and left circularly polarized 
light, separately, let us rewrite eq. 35 and 37 in the form

tan fi =  tan V2(5r — fi;) (39)

Therefore, we deduce that the total angle of optical 
rotation 5 is given by

fi =  Vt(«, -  fil)
TT d

{nl -  nr) (40)

(18) It is instructive to note that since 2 cos (cot — 2 imz/\) equals 
e-\-i(<at — 2irnz/\) _}_ e—i(cat — we can obtain an alternative view
of D  as equal to D  [g+»(«< — 2 irn*/X) 4 - e~i(M — 27rnz/A)]5 which is now 
interpreted as a superposition of two vectors rotating in the com
plex plane with D r identified with D e + l'(“<~ 2’rWZ/x) which equals
cos (ojt — 2icnzl\) +  i sin (cot — 2irnzf\) and T>i identified with 
D e ~ i(*t — 2xz/X) which equals cos (cot — 2ttnzj\) — i  sin (cot — 2irnz/\) 
where the real axis is pointed upward and the imaginary axis 
toward the right [cf. Fig. 10 and eq. 35].
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D — Dr +  D; =  D*1 -)- D;,i

D j =  D 'l  =  Dr cos 8, +  D ( cos 8;, Dv =  D- j =
D; sin &i — D r sin L (42)

where we have now allowed the indices of absorption kt 
and ki and hence16 the displacement amplitudes D rand 
D, for right and left circularly polarized light to be 
different. When the amplitudes D r and D ; are equal, 
as they are in a medium which absorbs right and 
left circularly polarized light equally, eq. 42 reduces 
to our previous equation describing this situation, 
eq. 37. In this notation it is seen that the com
ponents of the displacement vector D parallel and per
pendicular to the direction i' [Fig. 12] defined by our 
previous angle of optical rotation, 8 equals l/i(bT — hi) 
of eq. 40, are given by [cf. eq. 42]

D,- =  D 1 ' =  D,(i-tO +  D„(j •!')

D„< =  D -J ' =  D ,( l• J ') +  D„(J • J') (43)

As the angle between the !' and i axes is 8 and that be
tween the i' and j axis is 90° +  8 by definition (i.e., 
geometrical construction) of the direction i ', we have 
that (t -f)  equals cos 8, (J -i') equals cos (90° +  8), (i- J ') 
equals cos (90° — 8), and (j • j ') equals cos 8, and so by 
eq. 42 and the trigonometric sine and cosine addition 
laws

Dz> =  (D, cos br +  D| cos 80 cos 8 —
(Dj sin 8j — D r sin 8r) sin 8 

Dx> =  Dr cos (8r — 8) +  D i cos (8, +  8)

D„- =  (D r cos &t +  D i cos 80 sin 8 +

(Dj sin 8; — D r sin bT) cos 8 

Dy' =  D r sin (8 — 8r) +  D; sin (8; +  8) (44)

With the substitution of the definition of 8 into the 
sinusoidal arguments of eq. 43, we see that 8r — 8 equals 
8; +  8 equals V2(Sr +  80 equals cot — 2imz/X, where n is 
the mean index of refraction l/t(nr +  n,). Hence, we 
may rewrite eq. 44 in the more physically meaningful 
form

Dr’ =

Dy' =

[Dr +  Dj] cos

[Dj — D r] sin

2 irnz\
>T )

2 imz\
T ~  J

(45)

which we see is the equation of an ellipse19

D*'2 Dy'2 =
[Dr +  D ,]2 +  [D, -  D r]2

„ (  2mz\ . „ (  2irnz\ ,
cos2 (cot------ — J +  sin8 (cot------— ) =  1 (46)

Thus, the displacement vector D equals D^i +  D^j 
equals D*<i' 4- Dj,<j' traverses in time an ellipse whose 
major axis lies along the direction i' and whose minor 
axis lies along the direction j ' [inspect eq. 45 and 46]. 
Therefore, the displacement vector D, initially polar
ized along the i direction, upon traversing the optical 
medium undergoes an elliptization to become ellipti- 
cally polarized with the major axis of the ellipse of 
polarization inclined at an angle 8 to the incident direc
tion of linear polarization. The ellipticity of the emer
gent ellipse is measured by the angle \p, where tan is 
defined as the ratio of the minor to the major axis of the 
ellipse, tan ip =  (D, — D j / (D ,  +  D j ,  with the angular 
sign convention as indicated. The ellipse of polariza
tion is said to be traversed in the positive sense (clock
wise) when ip is greater than zero and in the negative 
sense (counterclockwise) when ip is less than zero, that is 
it is said to be traversed positively (clockwise) if left 
circularly polarized light is absorbed more strongly than 
right (ki and D, greater than kt and D,— scan eq. 45 
and Fig. 12 and 13), and negatively (counterclockwise) 
if right circularly polarized light is absorbed more 
strongly than left ( kt and D; greater than k i and D r— 
look at eq. 45 and Fig. 12 and 13). These results are 
recapitulated in Fig. 12 and 13.

The magnitude of the optical rotation and elliptiza
tion of the plane of (linear) polarization is determined 
as noted in eq. 41 and Fig. 11 and 13 by the difference 
in the indices of refraction and absorption, n, — nr and 
ki — Kr, individually, of left and right circularly polar
ized light. This difference can be shown20 to depend 
upon the quantity (Ra6, called the rotational strength, 
where (Ra6 equals the imaginary part of the scalar 
product of the quantum mechanical matrix ele
ments (o|p|6) and (6|m|o), and where p and in are the 
electronic electric and magnetic dipole operators

(19) A  similar but somewhat more complicated derivation of this 
well known result has been given by F. M . Jaeger. “Spatial Arrange
ments of Atomic Systems and Optical Activity,” The George Fisher 
Baker Non-Resident Lectures in Chemistry, Cornell University, M c 
Graw-Hill Book Co., Inc., New York, N. Y., 1930. The present 
derivation was conceived in ignorance of Jaeger’s previous pedagogi
cal analysis.
(20) A  most excellent demonstration of this fact as well as many 
others concerning optical rotatory power may be found in the truly 
wonderful book of J. P. Mathieu, “Les Théories Moléculaires Du 
Pouvoir Rotatoire Naturel,” Centre National De L a  Recherche 
Scientifique, Paris, 1946.
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J2er} and Y^Pnih +  2sy), severally,21'22 and

(a|p or m|ò) =  fxa * f>  or m)x&dr. Hence, it is this 
quantity, the rotational strength, which we wish to 
assess in order to determine the optical activity of 
trigonal dihedral compounds.

3.3 Matrix Elements. The computation of the 
requisite matrix elements is straightforward and needs 
little comment. Since the electric and magnetic dipole 
moment operators are one-electron operators, the mag
nitude of their matrix elements between many electron 
functions is just the sum of their one-electron transition 
charge density component matrix elements.23 In the 
one-electron molecular orbital approximation which we 
here employ from calculational necessity, this sum of 
one-electron transition charge density component

matrix elements reduces to a sum of the one-electron 
molecular orbital matrix elements

ai(t2,) or e±(t2s or e„)

and

< e±(t29)

\e±(t*,)

e±(t2„ or e„) 

eT(ta, or e„)

The use of eq. 11, 17, 33, and 34 and of Tables I-V , 
together with the neglect of localized ligand-ligand con
tributions to both the electric dipole and magnetic dipole 
integrals and of localized ligand-metal contributions 
to the magnetic dipole interaction, then yields the basic 
spinless one-electron molecular orbital matrix elements24

n \ e f ' > u * 1-\ /ï /tk p sin a (K 2A, +  w^AAi.) -
m ftiCfai;) i =  0

e f W V t K  sin a (K iAt +  u ^ K sa,) ±

P e±(tîs)^> =  (Î +  co±1] +  a,±2k)Aai(1)*A U i e ^ u ^ x / ' / t k p  sin a ( K 3A, — K 2Al)
m

aiCtaj)

e±(W

e±(e„) )  =  (Î +  a,*1} +  co± 2k)Aai(i,*AU>
T t-r)*ai±1-\/1A ^  sin a (V /3A'4a, +  K 7a.) +¿1

e(p(D — p(ï))cJ± V 1A(fcsAo^1 +  h,, cos a K 2Al) 

=FMfl'\/V3“ ±1

e±(W  > =  (Î +  j +  k)N .W*N,«(»)

e±(ta») & e±(e„) =  (î +  Î +  k )N tltì*N,eie)

V '/ j f c p  sin a (KiA, ±  iK 1Al) -  sin a (KAAlL Z

iK7A>) -  e(p(») — p('i))\/1/i(ksK ÜA, +  kP cos a K 2A,)

~ e ( f '>  +  fi ')*

(Î +  +  co±2i )N e(t)*NeU)

^ \ f ) *  +  f ) ) )  x

\/1/ekP sin a (K2Ai +  K 3a,)

0

(21) The dipole length representation, ^  ery, of the electric dipole
— j

operator p is by no means the only one possible: the dipole velocity 
representation ^  itiV , can also be used. Indeed, the latter 

i
representation is usually the more accurate one for approximate wave 
functions (as its derivation requires fewer assumptions as to their 
goodness) and is the one to be preferred in exact calculations. How
ever, in view of the exploratory nature of the present work, we have 
here followed the historical procedure of preferring the former repre
sentation over the the latter in view of its somewhat simpler struc
ture. 22

(22) For a comparison of the actual performance of these two alterna
tives in optical intensity and rotativity (part c of this reference)

calculations, read: (a) H. Shull, Astrophys. J., 114, 546 (1951); 
J. Chem. Phys., 20, 18, 1095 (1952); (b) M . Wolfsberg, ibid., 23, 
793 (1955); (c) A. J. Moseowitz, “On Optical Activity— Hexaheli- 
cene,” Thesis, Harvard University, Cambridge, Mass., 1957, Appen
dix V I I  (copies of this thesis are available from Dr. Moseowitz upon 
request); (d) A. S. Chakravorty and A. D. Liehr, to be published.
(23) For a recent discussion of the theory of one-electron operators, 
see: (a) M . Karplus, A. Kuppennann, and L. M . Isaacson, ./. Chem. 
Phys., 29, 1240 (1958); and (b) A. Kuppermann, M . Karplus, and
L. M . Isaacson, Z. Naturforsch., 14a, 311 (1959).
(24) The techniques employed in the evaluation of these matrix 
elements are well known. However, the use of elementary symmetry 
concepts to reduce these integrals to more simple forms seems to be 
less familiar. Thus in the Appendix we have sketched the pro
cedures utilized to obtain the results collected in eq. 47 and 49.
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e±(tî„)

e±(e„)

e±(e»)

eT(e„) > =  (Î +  w j +  u ^ i)N e M*N, («)

-^(“) V ' A K  sin a ( K iAl T i K 1Al) -

^ ^ * w FlV l/ìK sin a ( K 4A, ±  i K 7At) +

2e(p(i) -  p(ï ))v /'1/ 3ù)± 1(W oa, +  kP cos a K 2A.)

^P ba/ W » * 1

e±(e„)

e^e,)

=  0

(Î +  co*1] +  co±2k )Ne(e)*N,e(e)

e(p(î) — p(i) -f- p(a)* — p7)*) X

co*1 (kxKuAi +  fcp COS a /A a.)

0

(47)

In eq. 47 the normalization constants a(°)t‘r'’r, (s = 0, 
± 1), have all been chosen to be of absolute value 
V V e  and t° have complex phases in agreement with 
our previous conventions.

The addition to these elements of the values

(,f ( ±1/ 2)|2s | f '(± 1A)) =  ± Mb\ /  Vs(i +  j +  k)

<r'( ±  v 2|2b [f'(=f v*)) =

PboA 1 a/ 2/;^! +  w=Flj +  coT2k) (48) 

allows the determination of the basic one-electron

molecular spin-orbital matrix terms. Since these 
matrix elements are already quite messy within the 
mathematical formalism in which £(1) equals £(2) equals 
£ and p(1) equals p(2) equals p, with £, p, ij, N Biu), N*uh 
and Nei,) real, we shall tabulate them only in this limit. 
As previously discussed, no actual generality is lost in 
so doing. If the notationally more general spin-orbital 
elements are desired, they may be readily generated 
from eq. 34, 47, and 48 [they are simply appropriate 
linear combinations of the elements printed in eq. 47 
and 48]. The spin-orbital matrix array is then given by

W 8)(W>

7 * ® (t.f)

76a(8)(t2ff)

76.® (W

76a(7)1(tit) )  =  (Î +  j +  £)

766<7)(t2t) /  =  (î +  COJ +  C02k)

„*0/4

74(tst)y =  (Î +  «  'i  +  «  2k) ^ 2

7s(t2t) /  =  (Î+CD +  07 2k)

76a<7)(t2t) 7i(t2t) > =  (Î +  co Jj +  CO 2k)

0

„MbA /V sO /s +  73Ne(t)2)_

ieNai(t)N,it)u\ /ì/ìkv sin a (K2AjJi — v) +  vK3A>)

MbA /’/ W / 3 +  VsNa,(t)N,(t))

-eN ai(t)Ne(t)U>~W'/%K sin a (A W £ ~  v) +

r\K%A,) — ie£N eu)2Gj~ W * /J c ,  sin a (K 3A, +  K iAi)

ißB « " ‘ (I — Na,(,)Ne(t))

elVai(i)Ae(i)co_ 1A /V 3̂ p si« “  (K2a,(Ì — v) +  vK3A,) —

ie^Ne(D2ia~1\/2/3kp sin a (K3A, +  K 2Al) 
A/o

— ißB - g -  CO '(1 — Nat(i)Ne(t))

~eNai(t)Ne(t)u~'-\/'i/Jcv sin a (K2A,(t — v) +  vK3A,) -
2

fe /̂VeO)2« -1 ^ ; — kp sin a (K3A, +  K 2A,) 

fpfcCÔ KVs +  V sN aj(t)N e(t))

-iS/A

y/2

eWA

a/2
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T«o<7> (tif) Ts(t2:
\  « e ~w '4

,)/  =  (i +  +  « “ *£)

— eNa,(t)Ne(.t)U 1VV«^J> sin “ (AiA,(£ “  v) +  A i j  —

ie£Ne(t)‘iu>-l - ^ k v sin a ( K 3A, +  K 2At) 

-i/tBW_1(V 3 +  VsNm(.t)N e(t))

^74(ts„)

^7s(tif)

74(e()^> =  0

\  ,  Ti e \ / T/J cp sin a £ K tA ~
74 (e ,) ')  =  (t +  J +  —

/  L V 7 sMb J

<7«a(,>(t2o) 74(e,,)^  =  (1 +  <0 ‘ j +  w sk ) e
-•3/4

v T

-  2 ^ « .(0 N e M s /V i K  sin «  u ~ K x /z K iA, +  K 7A,) -

i   ̂Z N 'w N eU)\ / ' / 3kp sin a « - ‘ ( V i i n ,  -  A™,) 

\ /2
*M b  - g -  “  1 N ai( t ) N e(e) —  i / 3UBU  1 N e (t)N e (e )

( — \ —iß/A

7w(7>(t2f) 74(eff) ^  =  (i +  WJ +  wJ£)

* 2 A .w i V .w V Y ^  sin a 0 1 ( ^ 4 4 ,  +  A Ml) +

"  EAVoA ^ iV 'M p sin a w(\/3A4a, -  A?a,) 

-y/2“ Mb - g -  “ A’a,(,)Ae(e) — ¿7 ¡PbmN e(,)Ne(e)

7«a(8)(W
\ . ,  ,-<0/4

74(e„)y =  (1 +  »  *j +  «  *£)

2 v N ai(t)N eW,\ / ' /J c v sin a « - ‘ ( V ä i « ,  +  A 7a.) -

* 2 i N e i o N e w V ^ t K  sin a u - ^ s /z K i A ,  -  A 7a,)

>/2“ ¿73Mb« - 1N’al(t)Ne(e) — flB - g -  « "  W.«(,)iV,«(e)

7 « (8>(W >> =
74(e„) )  =  (1 +  w| +  ws£)

-•3/4

V 2

* 2 vNal( i ) ^ e ( ,) V 1/ 3kP sin a u (\ /% K aa, +  K 7At) +

0 __  _
-  fiV,(,)JV.(.)\/1 M i. sin a w ( x /3 K iA, -  K 7A,)

y/2
7 3PbuN a,(t)N e(e:, — i  ß Bu N e(t)N e(e)

74 (M

75(̂ 2«)

7«»(e ,) )> =  (« +  m-1j +  «-*£ )

!,)^> -  (i +  « - ‘ I +  « - * £ ) '

-tß/*

V 2

,-*3/4

v i

“  2 lN *it)Ne( e ) - W i h  sin a iö~l( V 3A 4a, -  A™,) 

iMBV7 sw-W,(,)iV,(rt

l N « t > N * > V W c P sin a w - ^ x /z K i A ,  -  K 7A,)

“ ¿MbV T s«  WniiNtM
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y*aa)(he)

7 fcC7,(t2f)

7

7*,W(Uç)

74 (e„)

75 (e„)

76a (Dp)

7 es(es) )  =  (î +  « j  +  cd2£)
* 2 yN<h(t)Ne(e)W(ikp sin a o>(^SKiA, +  K 7A,)

y/2 AT „
M s —̂ -w N ai{t)Ne{e)

7«(e«) /  =  (Î +  j +  £)
-M Ne^NeM s/'/skp  sin a K ia I

— V* MbAAojAAm

p
76*(e»)\ =  (Î +  CD j +  CD2£)

- *  7y nN a,u)N e<,e)W Jtp sin a io(\ Z 3K 4A, +  K 7A,)

m
u

/
— 2/sHBuNa,(l)Ne(e)

766(e„) y =  (Î+  ] +  £)
i&l;N e(t)N e(e) V v  *&„ sin a K ia ,

a/ 2  , r A.
—  M S  - y  Me( . t )Ne(e)

74(e„) y  =  o

74(es) )  =  (î +  î +  k)e_ii3/2

74(e,) y =  (Î +  cu *j +  cd 2£)

0

_MsVV3_
¿3/4

7̂6» (e») 74(ef) )  =  (Î +  CD j +  CD2k)

\ /2  

»0/4

0

_ — »Mba/ V s«

0

V 2  3CD_

76a ( »̂)

76a(Cp)

76a(7,( W

76a (ß»)^y 9

76s(e») )  =  0

76a(7>f( W  y — 0  +  î  4- t )

76a(7)(12»)

76a(8,(t2») 

76a<8,(t2») 

74(̂ 2») 

75(12»)

76i(7)(t2»)y> =  (Î +  <*>j +  CD2k)

76a(8)(t2»)N)  =  (Î +  j +  k)

S| 766(8>(t2») /  =  (î +  CD] +  CD2Ê)

74(t2» )y  — 0

74(12») )̂ =  (Î +  j +  k )elß/2

r

0

MsV^VsO/3 +  */sAA(i)2) _

0

_ — MsVVswO/'s +  V sAA.CoAAo)). 

0

. - « « V V ^ 'A  -  VsiNA,«,2)

0

_ — UB\ /̂ /su(i/3 — * / iN  a,(t)N C{t)) _

0

,nsv /1A (l — AA <n2)_

u M u r o iW i i i*  j
V o lu m e 6 8 , N u m b er J,

(49)
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The matrix elements not enrolled in eq. 49 may be ef
fortlessly derived by use of the momentum reversal 
operator 3C and the rotation operators C2(y') and 63(2') 
as outlined below.25

It is to be especially noted that the magnetic dipole 
transition moments which are not prefaced by the 
product of two normalization factors in eq. 49 arise 
solely from spin alone. The quantities K nAj which occur 
in eq. 47 and 49 are certain localized ligand-metal in
tegrals which evaluate the localized electric transition 
dipole moment in the x direction. These integrals are 
posted in the Appendix.26

3.4 Rotational and Spectral Strengths. As mentioned 
previously, the rotatory power of a substance, as ex
pressed in terms of its rotational dispersion and circular 
dichroism, is determined by the quantity, (5ta6

=  -3m {(a|p|6)-(6|m|a)} (50)

as this matrix element is simultaneously both a constant and a func
tion of the indicated spin-orbitals. Therefore, we derive

'>'e(a)<7)(ti‘') TÄs) = i [ ± ] < J 6Ü)<7)(t2»> T5(t!g)

In  general, as a consequence of momentum reversal symmetry, we 
have for spin-orbitals of either or both and eg parentage the rela
tions

the so-called rotational strength of the substance. 
Closely related to this quantity is the so-named (elec
tric dipole) spectral strength, &ab

§aS = <o|p|6)-<6|p|o> = |(a|p|5)|2 (51)

which measures the electric dipole absorptive power of 
a medium. In this paper we shall deal with only 
what we might designate as the electronic rotatory and 
absorptive power, that is, only that rotatory and 
absorptive power which owes its origin to the existence 
of an electronic, as opposed to a vibrational-electronic 
[“ vibronic” ], electric transition dipole. Hence, the 
rotational strength, (Ra6, and the spectral strength, §ab, 
of the electronic transition a to b, as defined here, are 
only that portion of the total rotational and spectral 
strength which are nonvibronic in nature. We shall 
take up the more general case of electronic plus vibronic 
rotational and spectral strengths in a later publication.27

plus those derivable from these by the invocation of the matrix 
Hermiteness property.

The rotation operators Qz(y') and 6 3 (2 ')  defined in Table I  wielded 
to the spin-orbital functions of eq. 34 brings the disclosures

Cj(l/')7e(;) = ±7e(»), &i(y')y(i) = ±*7(J)
and

C3(2')T6(“) = a>TlA76(g), &*(*')y(i) = W±,/*7(!)
[recall footnote 27 of ref. 9 and that « +,A  and « “V iand  <r(x' — z') and 
6 2 (yf) equals ta(x' — z') are equivalent. The latter equivalence 
follows as the spin-orbitals there tabulated are even functions}, 
irrespective of the origin. t20 or eg, of the spin-orbitals, and 
6 2 ( v ' ) v x . y  z  =  — V y . x . z ,  €•*(z')vx.v,z =  V z . x . y  for any true or pseudo-vec
tor v  [Table I]. Therefore, when these operators are worked both 
internally and externally on a specimen matrix element like

Tslho)
we educe that
e2(T6(J)(7)(t2g)|Vx,„,l|T5:bg)> =

(T6(“)(7)(t2g)|vI,!,,s|76(t2i)> = ±l<76(J)(,)(t2g)|Vj,J.t|76(t2e)>
and

e3(7S(“)<7>(t2i)|v,,„.I|75:t2i)> = (7«(J)<,)(t2g)|vI.„.2|75(t2o)> =
“ =F1<7«(;)<7)(t2s)lv2.i.g|75(t2S)>, (v = p, in)

(25) The momentum reversal operator 3C applied to the spin-orbital 
functions of eq. 34 leads to the results 3Ct6(£) =  ±76(2). 3Ct (£) =
^ ¿ 7 ( 5 ) [note the misprint in footnote 37 of ref. 9], regardless of the 
source, 1 2g or eg, of the spin-orbitals, when it is recalled that 

A) =  1 A) and 3Cc =  c* for any constant c [read (a) E.
Fick, Z. Physik, 147, 307 (1957), for example]. Hence, when this 
operator is applied both internally and externally to a typical matrix 
element such as

as this matrix element is instantaneously both a constant and a func
tion of the denoted spin-orbitals. Thus we elicit

<76(j)(,)(t2g)| Vx,»..| 7s(t»g)> =  ± i ( ?,(» ) <7)( tjs ) | Vy | 7 ,( t2(,)>
and

“=F1̂7«(J)(7)(t2g)|v2.i,!,| 76(t2i)), (V = p, in)

we find that 

3C <̂ 76(;)(7,(t2g)

<(76(J)<7)(t2i) 75(bi)

75(t2s)  ̂ = <̂ 76(;)(7>(t2o) £ 75(tj5)^

±76(‘ )(,)(t2o) P
— in

274(^0)^

These relationships demonstrate, in particular, that

<\ 7e(;)’7>(t2i) y(\Jy -  ±f^7«(;)<7,(t2,) |j£j 7*(W)>

and

<(t*(s)(7,(w  t j  y ^ y  -

|ĵ J 7i(t„)^> = a>±1< 7̂6(;)<7)(t2£r) ll̂ J 7s(t2i)̂ >

T h e J o u r n a l o f  P h y s ic a l C h em is try
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and so

76(;)<7,(t2o) 76(t2„)̂ > =

et+ t  °r Ä |

<(76(?)<7>(t2c)

<Te(;)'7,(t2i) fe j  7a(t*,)> =

±¿«±>(5 +  +  w*2k) <J.(J)(7)(t») |{£j yrft*)^

[see the Appendix for other examples]. The conjunction of the 
C;(?/) and 6 3 (2 ') pronouncements then yields

TsiW)/' = w+'ii +  uT1j -|- u^k)

v =  2 ~ lA (v i' +  iv „ ') -2 _ 1A (î' — f j ')  +

2 _ ,A (v * ' — tv » , ) - 2 - l A ( ! '  +  ¿ j')  +  v .'k ' =  v+ '£_  ' +

v_ 'k+ ' +  Vo'k0i

as is quickly verified by multiplicative expansion of the rearrange
ment. I f  the components and unit vector bases

v ± ' =  2 ~ 1A (v*' ±  ivy'), vo' =  v2' and

k ±' = 2 - A ( î ' ±  if'), ko' = k '

are re-expressed in the tetragonal representation by means of the 
coordinate transformation mentioned above, we find

V,-' =  S~l/ î’ (vx -)- u’vy +  w2’v«), k ,' =  3 ~ ‘A&>'(Î a’ +  a 2'k),

U = 0, ± 1)
and

<^T e (;)(7)( t î i )  S  76(ti„)^> =  ± i u ± l 76(tiic)

where

< 7̂e(;)(7)(t2„)

is a matrix element identical with

except that its vectorial direction

( i  +  a , * 1]  +  C0T 2 k )

is the complex conjugate of that of

V =  Vi[(v* +  wv, +  wV«)(î +  U ‘j +  u 2k) +  (v* +

<*>_ 1v„ +  oj_ 2vz)(î +  «1 +  w2k) +  (vx +  v„ +  V2XÎ +  j +  k)]

The symmetry operations 6 2 { y f) and 6 3 (2 ') put to the trigonal vec
tor components v 7', 0  =  0 » ± 1 ), establish ©2V7' =  — v _ /  and
©3V; ' =  o)3Vj', (j =  0 , ± 1 ), as may be speedily confirmed in either 
their trigonal or tetragonal representations penciled in the previous 
sentence. Therefore, if (v ) designates a matrix constituent of v, 
and if the wave function product characteristic of this matrix constitu
ent transforms as cj7 under ©3(z')> we can say that (v ) will possess 
the vectorial dependence k (; =  0, =1=1). In  this event we shall 
obtain {vz) = o)3{vy) =  <j23(vx), so that

(v*') =  3 -1/2co*(vx) (1 +  <o(Z+y) +  o>w+» )  =

u ,i = 0, ± 1)
and

<^7«(J)(7)(t2S) E 3 ‘Aw '{vz)kj ' (Î - f  « ' j  - f  Ol^kXVj;)

In  the whole, as an aftermath of the rotational symmetry, we have for as previously. The use of ©2 (yf) yields the other desired connections
the spin-orbitals of either or both t2o and e0 ancestry the connections which bring out the harvest reaped before [e.g.

( j d )  | ^ ( i ) X -

These ties together with those of the previous paragraph and of eq- 
49 suffice to inpanel all the necessary matrix terms.

It  is instructive to rederive the issue of the last paragraph in a 
somewhat different way. W e do this act by transferring to the tri
gonal basis for the vectors p and m, here given the collec'ive symbol,Zy _ » —» _ »  A A A .
v, that is, v  =  p, m. In  this basis, v =  v * V  +  v „ 'j ' +  v , 'k ' =  
v*i +  v„j +  v»k, where both v * a n d  i', j', k ' are related to their 
tetragonal analogs v x . y , t  and 1, j, k, serially, by the transformation 
matrix printed in footnote 28 of ref. 9. [Please note that as this 
matrix is orthonormal its transpose is also its inverse. The coordi
nate systems in question are pictured in Fig. 2 and 7a[. A  rearrange
ment of the trigonal representation for the vector v  can always be 
made such that

<7«(;) (t*)|y| 7«(tj»)>= kT'<76(J)(7)(ti0)|v±'|7B(t2p)> = 

k'r<±76(‘ )<7,(t2l,) | — v=f'| -  iytU.)) =

±iu±1(7e(J)<7)(t2o)|v|75(t2i))* )
Sim ilar but different trigonal symmetry arguments for the evaluation 
of trigonal matrix elements have been given independently by (b) 
W. E. Moffitt, J. Chem. Phys., 25, 1189 (1956), and (c) S. Sugano and
Y. Tanabe, J. Phys. Soc. Japan, 13, 880 (1958).

(26) The null value of the matrix elements

<7e(;)|p|7e(;)>, <7«(S)|pl7«(;)>, <7(j)|p|7(«)>, and <7(j)|p|7(|)>
when both spin-orbitals have the same genesis is an offshoot of 
Kramers’ theorem which states that the degeneracy of Kram ers’ 
doublets cannot be removed by electric fields [cf. Fick,25a Griffith,34 
and Kramers79 ]. In  the present case this universal theorem is facilely 
substantiated by either marking that the momentum reversal and 
rotation operations, JC and ©2(yf), and matrix Hermiteness require 
these elements to be zero, or that the antisymmetric direct product of 
the integrand wave functions does not contain the D 3 species A 2 

and E  of p. [Since the composite angular momentum operator 
m is an imaginary operator, m * equals — m, it is the symmetric 
direct product of the integrand wave functions which deter
mines the nullity of its matrix elements (consult Griffith,34 for ex
ample). A s the pertinent symmetric direct products all contain 
either the D 3 species A i and A 2 (7 4 ,7 5 ) or A 2 and E  ( 7 6 ), the relevant 
angular momentum matrix terms do not all group theoretically 
vanish, a forecast which is obviously required if the last six entries of 
eq. 49 are to be valid.]

(27) A. D. Liehr, to be published.
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(a) N o Configuration Interaction: Zero Spin-Orbit 
Forces. The substitution of eq. 47 into 50 and 51 gives 
the appropriate basic one-electron rotational and spec
tral strengths in the absence of spin-orbit forces. To 
condense the resultant expressions, we now take the 
normalization constants and variational parameters to 
be real in accord with our previous discussion of § 1 and 
footnote 10. We then have

®[ai(t2s) — >  a,(t2ff)] =  S[a,(t2e) — >  aj(t2gf)] =  0 

<R[(ai(t2„) — > e±(t*,) ] =  -  sin a Nadt)2Neu,2
X (KzAfili — v) +  yKiA,)

S[ai(t2ff) — »-e±(t2s)) =  3/üe2V s i n 2 aJVs,(i)We(1)! X

(K iaXH — v) +  yKiA,)*

V 3[ai(t2ff) -► e±(e„)] =  epukj, sin a N ai(t)2N eM2 X

(\^ SK ha, +  K ia ,)v

S[ai(t2o) — > e±(es) ] =  8/ se2V  sin2 a Na,u)Wew2 X

( V s k <a, +  K 7Al)W

(k[e±(t2i) ► ß±(t2i)] =  Sfe±(t2e) *■ e-tft̂ i,) ] =  0

« [e ± (W  — > e±(e„) ] =
\/3efiBkp sin a N e(i)2N eW2K 7A£  

S[e±(W  — > e±(e„) ] =  3/n e2kp2 sin2 a N e(t)2N e(e)2K 7A2$2 

®[e±(t2?) — > eT(t2ff) ] =  0 

S[e±(t2s) — > eT(t2s)] =  6e2fc„2 sin2 a Ne(i)* X

{K m , +  KiAt) 2i;2
V^3

^  ] =  2 Sill &  ^ e ( t ) ^ ^ e ( e ) ^  X

(\ZdKiA, — K 7a,)I;

S[e±(t2S) — > eT(e„)] =  3/se % 2 sin2 a N e(l)2N e(e)2 X

( V zK<a, -  K 7A,)2e
(R[e±(ee) — > e±(e„)] =  S[e±(e„) — > e±(e„)] =  0 

®[e±(e„) — *■ eT(e„)] == 0, S[e±(e„) — > eT(e„)] =  0
(52)

These individual rotational and spectral strengths sum 
to the total rotational and spectral strengths given 
below.

(k[ai(t2„) ai(t2„)] =  S[ai(t2j) ► &i(tay)] =  0

<R[a,(t2„) — 5- e(t2ff) ] =  2(Rfa,(t2j) — »■ e±(t2t) ]

S[ai(t2„) ► e(t2?) ] =  2S[ai(t2i) ► e±(t2̂ ) ]

<9 M W  — > e(e„) ] =  2(R[a,(t2ff) — >■ e^e,)]

S[ai(t2f) — > e(e„)] =  2§[ai(t2i) — > e±(e„)]

®[e(t2ff) — >  e(t2„) ] =  0

S K W  — > e(t2s) ] =  S[e±(t2„) — > eT(t2(,)]

(R[e(t2j) — > e (e c) ] = m(e±(t2i) — > e±(e„)] +
<k[e_.(t2l,) — *■ eT(e„)] =

\ /30 enBkv sin a N e(t)2N e(e)2('\ /3 K iA , +  K 7A,)^ 
z

S[e(t2„) — >  e(e„)l =  S[e±(tüf) — >  e±(e„)] +
S[e~(t2S) e=p(e„) ] =

3Ae 2K 2 sin2 a N e(t)‘N e{C)2{A K 7A2 +  (\ Z 3 K iA, ~  K 7Ai) 2)i,2

(R[e(e„) — *■ e(e„)] =  0, S[e(e„) — >  e(e„)] =  0 (53)

(b) N o  Configuration Interaction: Nonzero S p in -
Orbit Forces. The insertion of eq. 49 and its momentum 
reversal related counterparts26 into eq. 50 and 51 pro
duces the apropos basic one-electron rotational and 
spectral strengths registered below.28

®[7««)(3)(t2„) — > 76(»(7)(t2c)] =

S[7«(S)(8)(W  — ► 76(f)(7)(W ] =  o

®t76(;)<8)(W  — >  76(S)(7,(t2i,)] =
-  v 'V «  sin a Nal(t)Ne<t)(2 +  N ai(l)N e«)) X

(f^2A,(? — V) +  l/f̂ 3A,)

S[76(S)(s:‘(W  — ► 7 ß(a)<7) (*2p) ] =
3/ & 2kp2 sin2 a N ai(t)2Ne(t)2(H 2As(£ — v) +  v K 3A,) 2

® [7 6 (f)(8)(t2„) ---- *■ 74 or 6 ( W  ] =

(1 ~  N aiU)N eU))

(2 +  N ai(t)N e(l))
«[76(n(8>(t2f) ----► 78(S)(7>(t2f)]

(28) The coincidence of certain rotational and spectral strengths 
follows quite naturally from the use of the connections of footnote 
25. A s a sample, since by footnote 25 we can write

and

and so

dUV6a ----► 74] = öl [7tb

and similarly for

74] =
(51 [760----► 75] = (51 [768 ----7s]

§[76«. , 74 ,
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S[78« ) (8)(t2l,) ---->  74 or 5 (t*,)] =

V 3S[76(;)(8)(W  — ► 76(?)(7,(t2s)] +

e % 2 sin2 «  N e(t)*(KzA, +  

®t7 e(?)(7>(t2ff) *■ 74 or 6 (t2(,)] =
1M [ 7 «(?)<f)(t2„) — > 7«C)(7)(W)] 

S[76(f)<7)(W  74 or 5 (t2„)] =

VeS [76(f)® (W  — ► 7 <2)(7)(t2i)] +
2e V  sin2 a N eU)\ K 3A, +  K iA, ) V

®[7 (|)(W  — *■ 7 (i)(e,)] =  §[7 (i)(t2„) — *■ 7 (i)(e ,)]=  0  

®[7 ( l)(W  — *■ 7 (f)(e„)] =
V s  efigkp sin a

S[7(i)(W  — > 7(t)(eer) ] =

3/ 2e2V  sin2 a N eU)W el'Y K 7AX

®[76(;)(7)(W  — >  74 or 6 (e„)] =
V 2‘V ^ 'V 3 C/i/;/'p s i n  (X N e(e)3( I V e ( t Y ( '\ / 3 i^ 4 A j

K 7A,)^ +  l/lNalu Y {V S K iA, +  K 7A,)ll)

S[76(;)(7,(W  74 or 6 {et)\ =
Vse2fc„2 sin2 a N e<eY(Ne<tY (-\ /3K 4A , — K 7Ai) 2£2 +

l/iNantY{y/3K\A, +  K iajYv*)

[76(f)® (t2?) ^ 74 or 5 (ßi) ] =

V *V V » ^ bK  sin a N 'ie Y Y /iN e u Y i^ /s K iA , -

K 7A,)£ +  N aiu Y iV sK \ A, +  K 7A,)ri)

S[7 *(S)®(ti») 74 or 5 (GsJ ] =
Vse2fc„2 sin2 a N e ^ Y Y /^ e u Y i V s K t A ,  ~  K ia ,Y V  +

V2N aii t Y ( V 3 K iA, +  K 7A,Y )

&[7 4 or6 (tü„) >  76(?)(e(7) ] =
W o

—  e^Bkp sin a N e(,Y N eteY ( \ /'3K4Ai — K 7A,)£
4

§[7 4or5 (t2|i) 7 e(g) (©p) ] —

3/iee2V  sin2 a N eu Y N  e(tY ( V s K AA, — K ia .Y Y  

<R[76(s)(7)( t2p) — ► 7 « ( ;) (e » ) ]  =

s [76(;)(7,(W

V s

7«C)(e,)] =

engkp sin a N  e(tY N  ̂ Y K ia Y

e2fcP2 Sin2 a Ne(tYNe(eYKlAYk2 

®[76(;)(7)(t2f) — *• 7 «(i)(e»)] =

W V i  eiiBkp sin a N aiuYNe(eY ( V s K tA, +  K 7A,)v

S[7«(;)(7)(t2<,) — > 7 «(S)(es)] =
V s e 2fc„2 s in 2 a  N,h{lYNe(eYiVsKAA, +  K7AYW

(R[7 »(;)(8,(W  — *■ 7«(;)(e,)] =

‘/ 2(R[76(;)<7j — ► 7 «(:)(e, )]

s [7 «(;)(8)(W  — *• 7 «(?)(e») ] =

V2S[7 «U)<7)(t2j) — ► 7 «(!)(e,)]

® [7 s(?)<8> (t2f) — *• 7 *(i)(ep) ] =

2(R[7 «(;)<7)(tüs) — > 7 *a)(e, )]

s[>«(;)(8)(W  — ► 7«C)(e,)] =

2S[76(?)(7)(his) — > 7 *(i)(e, )]

<R[7 (J)(e«,) — *■ 7(i)(e,)] =  S[7(i)(e,) — »- 7 (i)(e,)] = 0

®[7 (J)(e„) — > 7(i)(e„)] =  S[7(J)(e«) 7 (i)(e,)J = 0

® [7 «(;)(ei) — ► 74 or 6 ißg) ] ~
S[7«(?)(ep) — ► 74 or 6 (e„)] ==0

® [7 «(ï)(e,) — ►7 ««)(e,)] =
*[7 «CS)(e#) — ►76(;)(e„) ] = 0

(R[76(s)(e„) — *■ 7«Ci)(e»)] =
S[7«(S)(ep) 7e(‘ )(ep) ] = 0

<R[7 «(:)(î)(t*») — *■ 7 *«)(î)(t*,)] =
S[7 «(;)(' )(t2l,) — >  7 «(:s)(S)(t^)] = 0

« [ 7 <;)a ) (W  — *• 7«C:)(")(t2p)] =
S[7 «(;)(»V W  — *  7 «(;;)(S)(tap)] = 0

« [ 7 (i)(t2i) — * 7 (i)(t*,)] =  S[7 (i)(ts

7 ( i ) (W l = 0

<R[v(i)(tap) — > 7 (S)(t*»)l =
S[YC)(W  — »• 7 (i)(t2»)] =  o (54)

These monadal rotational and spectral strengths add to 
the whole rotational and spectral strengths printed 
beneath.

(R[76(8)(W) — ► 76<7>(W ] =

« [ 7 »(;)(8,(t2ff) — ► 76(‘ )<7'(t2(I) ] 

S[7«<8)(W  — > 7 . (7,(W>] =

s (7«(?)(8)(W  — *• 7o(;)(7:(W ]  

(R[76(8)(t2t) *  74 or 6 (t2j)] =
® [7 «(!)<8)(t*») ----** 74 or 6 (tap) ]

S[76(8)(W  ----*  74 or 6 (tap) ] =

S[76« ) (8)(W  — *• 74 or 6 (tap)]
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® [7 6 <7)(t2ff) > y\ or 5 (t2(,)] —

7 2(R[76(8)(W Tahiti,)]

(R [76(c 9) 74 or g (e g) ]

S[76(Cj) ^  74 or 6 (Gj) ]

S [76(7) (t2 j) *" 74 or 5 ( t2„) ] —

7 6S [76t8)(t2ff) — ► 76(7>( W ]  +

2 e 2/fp s in 2 a N tw*(KiA, +  K 2Ai) 2Z2 

® [7 ( i ) ( t 2 „ )  — >  7 ( f ) ( e „ ) ]  =  S [7 ( i ) ( t 2„) -— >  7 ( i ) ( e „ ) ]  =  0  

® [ 7 ( i ) ( W  — >  7 ( i ) ( e „ ) ]  =

V 3 enBkv sin  a N e(,)2N eM2K 7A£

S [ 7 ( i ) ( W  — >  7 ( i ) ( e „ ) ]  =

3A e 2fcp2 s in 2 «  N 'w 'N 'w 'K i m K*

(R[76( » ) (t2ff) ----->• 74 or 5 (e „ ) ]  =

® [ 7 * ( ï / 8H W  74 or 5 (e ( ) 1

cS [76(8 )( W  ----->  74 or 5 (e „ ) ]  =

* [7 * (ï) ( î ) (t*f) ----->  74 or 5 (P j)](ft[74or5 (t2p) ► 7.(e,)] =
2(Ü [74 or 5 (tap) ^  76(&)(Gff)] 

^ [74 or 5 (t2p) ^  76(pp) ] =  2 S [y 4or5 (t2,)  ^  7 6(b) Ĉ îz) ]

® [7 6 (7)(t2 j) — >  7 . ( e , ) ]  =  ® [7 6 (? )(7,( W  — >

7 6 (;)(e „ ) ] +  5 l[7 6 (;)(7> — »* 7 6 fi)(e „ )]  =

2 V V z  elxiikp s in  a Neu^iNed^KTA^ +

1/ ‘iNai(t)2( \ /'3KtA, +  K jaJ v)

St76<7)( t 2») — ^  7 e (e „ )]  =

S [7 6 « ) (7>( t 25) *■ 7 e (;)(e t) ] +

S [7 6 (n <7)(t29) -----^  7 * ( i ) (e ,) ]  =

e 2V s i n 2 <*NeM2(N eU)2K 7aW  +

l/*N ai(l)2( V 3 K AA, +  K 7A,)W )

® [7 6 (8) ( t 2„) — >  7 « (e „ ) l  =

® [7 6 ( ;) (8)( W  *■ 7 6 (;) (e „ )]  +

« Î 7 6 ( ; ) (8)(t2„) — ■> 7e(8) (e „ ) ]  =

V ’ / i  vhbK  s in  a N e(e)2(Ne(,)2K 7A£  +

N n,{l)2(V 3 K < Al +  K M

S [7 6 (8)(t2„) ----->  76(6,,)] =

s [7 ( ; ) (8)( W  — *■ 7 6 (» (e 9) l  +

s  [76(?)<S)( t 2f7) — >  7 « (» )(e „)]  

S [76(8)( t 2c) — *■ 7 « (e » ) ]  =  ‘ A e 2V  s in 2 a N eM2 X

( N M iaX  +  W M i V s K u *  +  K M 2)

dl [74 or 5 (pfl) ^  74 or 6 (e g) ] =

[̂74 or g (pff) ^  74 or 5 (pp) ] === 0

® [7 « (e „ )  — >  7 b(c<,) ] =  S [7 6(e c) — >  7 e(eff) ]  =  0

g{[76(8)(t2ff) >  76k8̂ (t2o)] =
S[76(s)(t2lï) > 7Ĝ 8̂ (Ag) ] =  0

^ [7 4  or g (t-2g) ^  74 or 5 (Aff) ] ----

S[74 or 5 (ti2g) ^  74 or 5 (A g) 3 :̂ = 6  (6 5 )

(c ) Configuration Interaction: Zero and Nonzero
Spin-Orbit Forces. I n  e q . 53 a n d  55  w e  see th a t  in  th e  
lim it  o f  n o  c o n fig u ra t io n  in te r a c t io n  th e  e ± (e „) t o  
e ± (e „) se t o f  t r a n s it io n s  g iv e s  rise t o  n o  o p t ic a l  r o t a t o r y  
o r  r e fr a c to r y  p o w e r  as  b o t h  th e  r o ta t io n a l  a n d  sp e ctra l 
s tre n g th s  v a n ish  in  th is  c ir c u m sta n ce . W h e n  su ch  in 
te r a c t io n  is co n s id e re d , h o w e v e r , b o t h  r o t a t o r y  a n d  re 
f r a c t o r y  p o w e r  d o  a p p ea r , i f  o n ly  s l ig h t ly  a n d  fo r  o n ly  
ce r ta in  o f  th e  e ± (e 6) t o  c ± ( c 5) set. T o  w itn e ss  th is  fa c t ,  
w e  p u t  th e  c o n fig u ra t io n a lly  m ix e d  e ± (e c) w a v e  fu n c 
t io n s  in  th e  fo r m

è ±  — jVe i { e ± (e 9) +  K.±e ± (t2!7) ]

7  ( i )  =  # ( i ) { 7 ( i ) ( e , )  +  K(‘ ) 7 ( t ) ( W l

7e(?) =  AT6(j){ 7 6(S)(e0) +  /C6(;)(7)7e(;)(7)(t2i ) +

M7dî)(S)(Ug)\ (56 )

S y m m e tr y  a n d  m o m e n tu m  rev ersa l a r g u m e n t s 10-28 
a g a in  im p ly  th a t  Ne± e q u a ls  N e, k ,±  e q u a ls  k ,, JV) e q u a ls  
A/g*, ¡c4 e q u a ls  A * ,  A76(;)  e q u a ls  Nr, Ke(9(7) e q u a ls  k6(7), 
a n d  K6(°d(8) e q u a ls  xef8). F ir s t -o rd e r  p e r tu r b a t io n  t h e o r y  
req u ires

at

K  4

Sr,(l) ~  _

<e± (t2g)|5C trigonal [e ± (e g) >

E ,°  -  E e°

<74(t2g)|jC trigonal [74 (eg) )

E ,°  -  E °

(76(8)^8 / ( f 2g) trigonal| 76(g)^87 e g))
E °  -  E °

(5 7 )

s o  th a t  Ki e q u a ls  e “ ’ 3/2K4, (c6<7) a p p r o x im a te ly  e q u a ls  
b o t h  v / 2 k6(8) a n d  V  V ^4 or <, w ith  Ne, iV4, Nr, k„ 
Kt, k6C7), a n d  k6(8> a ll rea l n u m b e r s .29 T h e r e fo r e , th e  * 34

(29) These statements are forthwith certified by the insertion of eq.
34 into 58 and the reduction of the ensuing spin-orbital expres
sions to orbital form. For example, such a reduction leads to a 
value -< e ±(t2o)|3Ctrig„n„i|e±(ej))/(S,° -  E,°) for A s the
same Hamiltonian matrix terms enter into a variational calculation 
of the configuration interaction, the affirmations as to the reality of 
the constants remain valid in this case also [actually these affirma
tions are universally true as the reality of these constants cannot 
change as OCtrigonai tends to zero, in which limit perturbation theory 
is most certainly valid].
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desired interacted total rotational and spectral strengths 
to lowest order in k,, k4, k6(7\ and k6(8> are30
(R[ë — > ë ] =  0

S[ë > ë] =  4Ne2Kt2S[e±(t2i) e^(t2ÿ)]

« [7 (î) — 7(i)] =  S[7(i) — >  7(1)] =  0
(R[74 — *■ 7s] =  §[74 — >  7s] =  0
« [7 6 — > 7(î)] =  -  V^nskp sin a X

{y /Z K iA , +  K 7A,)(lC6a) — V/ 2k6(8)),Î 
s [76 — > 7(|)] =  Viee2/c„2 sin2 a NfiN^Ne^2 X 

( N ^ i V â K u ,  +  K 7As) 2(k̂  -  V W 8)) V  +  
N eit)W 3 K iA, -  K 7A>) W W 7> +  K6(8) -  V 3 « ù 2e ) )

(58)

Thus, even with configuration interaction the rotational 
and spectral strengths of the e±(e„) to e±(e„) type 
transitions are small, as k6<7) — -\/2k6(8) and V 2k6(7> 
+  K6(8> — "\/d«4 are almost zero in the weak interaction

(a) No Configuration Interaction: Zero Spin-Orbit 

G[ai(t2(J) — >  ai(t2„)] =  indeterminate

limit. It is interesting to note, however, that the 
zeroth-order magnetic dipole which gives the rotational 
strengths of eq. 58 their nonzero value is entirely of a 
spin transition moment origin [this situation also holds 
for the 74 —► 76 transition, but in this latter case the 
electric dipole transition moment is still zero, and so the 
over-all rotational strength vanishes anyway].

3.5 Dissymmetry Factors. As been shown by Kuhn 
and others,2'20’31 the dissymmetry factor, Gtj, of an elec
tronic transition of frequency vi} from the state i to the 
state j, defined by

— — ( Kl ~  Kr\ _  ( n< ~  nA
Vij §ij \ K j  a V n 1 )  a

(59)

is quite a useful quantity in the analysis of intricate 
optical rotatory phenomena of the kind observed in 
actual molecular systems.32 We therefore tabulate 
here for ready reference the theoretical values of these 
factors for the basic one-electron molecular orbitals 
derived priorly. We shall discuss their significance in 
a later publication.33

Forces

G[ai(t2i)

<j[ai(t2„)

e(t2f)] — — 4-v/ 2/ 3 

e(e,)] =  W V s -

r[ai(t2(,)

[ai(t2„)

_______  Mb 1_______________ 1__________
> e(t2f)] e kv sin a (K2a,(£ — y) +  y K iA,)

_______  Ub 1  1

e(e„)] e kv sin a  (V 3 K 4A, +  K 7A,)ri

G[e(t2i) — >  e(t2„) ] =  0 

G [e(W  — > e(e„)] =  16 W s M b  1 (\ /3  K 4A, +  K 7At)
d e (W  — > e(e„)] e kP sin a (4K 7A2 +  (\ZsK4A, -  K 7A,)2)£

G[e(e„) — > e(e„) ] =  indeterminate

(6) No Configuration Interaction: Nonzero Spin-Orbit Forces

v mb (i + 2Nad, r lN eUr 1) i

(60)

G[76(8)(t2„) 76(7)(t2f7) ] =  -V s V V e r[76(8)(t2„) — ► 76(7)(W ]  e kp sin a (K ÌAt(ì, — fi) +  t]K3Al)

(30) In  deriving these results the employment of the rotational sym
metry, momentum reversal, and matrix Hermiticity techniques of
footnotes 10 and 25 is very helpful. To  illustrate, matrix Her
miticity requires that

e±(e„) e=F(hi) — ho ) eT(e„)

rotational symmetry under Gs(z') and and matrix Hermiticity
requires

e±(hs)^> =  [ + ]< ^ e±(t2o)

and momentum reversal and matrix Hermiticity requires that

(31) (a) W. Kuhn, Trans. Faraday Soc., 46, 293 (1930); (b) W . Kuhn 
and E. Braun, Z. physik. Chew., B8, 281 (1930); (e) W. K uhn  and 
K . Bein, ibid., B24, 335 (1934), et seq.
(32) For a survey of these uses read ref. 2, 20, 30 and the recent 
reviews (a) J. P. Mathieu, “Handbuch der Physik,” S. Flügge, Ed., 
Vol. X X V I I I ,  “Spektroskopie I I , ” Springer-Verlag, Berlin, 1957, 
pp. 333-432; (b) S. F. Mason, Quart. Rev. (London), 27, 20 (1963).

(33) F. Woldbye and A. D. Liehr, to be published.
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G[76(8)(t2,) ----*■ 7lor5 (t2ff) ] =  4\ / 1/ 9 Mß N „ M  (1 — Na^fiNeV))

r[76(8,(t2j) — ► 74 or 5 (t2„) ] e Ne(t) K  sin «

( K i a XS — v )  +  y K »  A,)

(N eM K z Al +  K 2Ay  +  
V/tN«»*(K*A,(£ -  y) +  ^ 3^ , )

Ö[7 o<7)(t2„) >  74 or 5 (t2p) ] — — 2 \ /V » Mb #«,(<)(2 +  Nai{,)Nt(t)) X
I'[7«(7)( W — ^74or6 (t2C)] e iVe(£) kv sin a

( K i A t(£ — j?) +  y K 3Aj)

( 2N e(l)2? ( K 3A, +  A 2.4t)2 +
V A tf.,(.)*(W f  -  v) +  7^ m ,)s

0 [ 7 ( i ) ( W  — >  7 (J )(e s) ]  =  in d e te rm in a te  

G! f 7 ( j ) ( W  :— 7 ( i ) ( e „ ) ]  =  8 a / 1/
Mb 1 1

"[" (1 )(W — ► 7(i)(e«r)] e fcp sin a

G[76(7)(t2p) — *■ 74 or 5 (e,)] =  16-v/Vs

G[7«(8)(W  --- ^ 74 or 5 (e„)] =  1 6 V ‘/s

Ms 1

G [74 or 5 (W  

G[76(7)(t2?) -

-► 7.(ef)] =  16 a/ 1/; 

7»(e„)] =  8 a/ 1/

t'[7 e<7,(t2l,) — »■ 74 or 5 (e„) ] e sin a

(N Hl)\ V 3 K iA, — K iA,)£ +  1/ 2Ara1(D2(V'3/f4A, +  K i .^ y )  

( N ^ V s K aa, -  K 7Ay e  ± l/ iN ai(l)H V ^ K IA> +  ffMl)V)

____________ / ___________ /g  1 x
i'[7«(8)(tsi) — *■ 74 or 5 (e„) ] e k„ sin a

( ‘ / '?NeU)*(\^3KjA, — K 7A,)  ̂ +  Nalit)2(\^3KjA, +  KiA^y)
(W .lo K V ä K tA , -  K 7Al)2¥  +  Nâ (V 3 K A A, +  J G J V )

r MB 1  1

[̂74 or 5 (tin) — > 7«(e»)] e sin a ( V 3K AA, -  K 1Aj)£ 

v mb 1

[76(7)(t2o) — ► 7#(e„)] e K  sin a
X

(Ne(t)2K 7A£  +  '/ iN g^iV zK tA , +  KiA,)y)
(N e(t)*K iA * e  +  VsiVa.o/U / 3K AAl +  K 7Ai) V )

G[ 76(8)(t2s) — ► 7s(e„)] =  8 a/ 1/ Mb
r[76(8)(t2e) — ► 76(e„)] e k p sin a

X

(NeU)2K 7AJi +  N„lU)i{'\/^KAA, +  K 7A,)r))
+  ‘/ ^ . « / ( V ^ A ,  +  K 1Az) W )

G [74 or 5 (e„) — > 74 or 5 (e„) ] =  indeterminate, t?[76(e„) — > 74 or 5 (e„)] =  indeterminate 

l?[76(es) — *• 7e(e„)] =  indeterminate, Gf7e^ (t2|,) — *■ 7« ^ /t2s)] =  indeterminate 
(?[74 or 5 (t*,) — > 4 or 5 (t2„) ] =  indeterminate (61)

(/') Configuration Interaction: Zero and Nonzero Spin-Orbit Forces

G [e  — *■ e] = 0 ,<?[74Or5— ^74 ore] =  indeterminate

v Mb 1 NadOG\yt — *■ 7(J)] = - 1 6
r[7e— >-7(i)] e kv sin a N,

X
e(t)

(a/3A"4a, +  K 7A,)W !) — \ /2k8(8))>?
Na,(0 2( V Z K iA, +  K 7A,)2{k̂ 1) — a/ 2k6(8))27;2 +  \
N 'u A V Z K t A ,  -  A 7.4j)2(a/ 2k6(7) +  K6<8> -  A /3<f4)2?2/

(62)
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If magnetic dipole or other sources of spectral 
strength are included in the definition of Gijt eq. 59, the 
indetermindness of some of the dissymmetry ratios is 
lifted.

III. Applications. §4 . The Many-Electron 
Systems : Wave Functions and Matrix Elements

4.1 The One- and Nine-Electron Case. The relevant 
rotatory and refractory parameters for one-electron 
systems have already been given in eq. 47 through 62. 
Thus we need only consider the nine-electron case at 
this point. The appropriate orbital wave functions 
follow.

(a) No Configuration Interaction: Zero Spin-Orbit 
Forces, (i) Wave Functions: One Electron. These are 
the same as eq. 17 and 33.

(it) Wave Functions: Nine Electrons

2E± [2Et(t2S6e„3) ] : | ai (t?i>) 2e±(t2p) 4e± (eff) 3|

2Ai[2T2f(t2!I6ei,4) ] : |a1(t2, )1e±(t2i) 4e±(e(,)4|

2E± [2T2ff(t2/ e / )  ] : k ( W 2e±( W 3e±(ef) 4| (63)

where in eq. 63 the spin function f'C+Vs) is associated 
with a molecular orbital on its first appearance in a de
terminant and the spin function f '(  —*/*) on its second. 
The molecular orbital e+(t2„ or e„) is ordered before 
e_(t2? or e„) in eq. 63 for a given spin function. A com
putation of the requisite matrix terms with these func
tions shows that the nine- and one-electron situations 
are related as follows

(Hi) Matrix Elements: One Electron. These are the 
same as eq. 47.

(iv) Matrix Elements: Nine Electrons

2E± [ % ( V e s3)] 2E± [2T 2f( V e / ) ]

— ( e^(t2i) 6  ̂(ßß)

2E± [ % ( V e / ) ] g j 2ET[2T2,(t2fV ) ]  )  =

-  ( e±(t2„) eT(e„)
2E± [ % ( V e s3)]

2A ![2T2c(t2/ e / ) ]

^ [ ^ . ( V e , 4)] )  =

eT(e„)-  paliti,)

2E± [2T2i(t2/e /)]^ >  =

ai(t»e) )  (64)— \̂ eT(t2i))

Because of the great similarity of the predictions which 
can be made on the basis of eq. 64 to those which can 
be made on the basis of the nonzero spin-orbit force 
equation, eq. 66, of the next paragraph, §4.lb, we shall 
der’er discussion of the consequence of this equation until 
after eq. 66 of that paragraph, and there present a joint 
analysis of the one- and nine-electron orbital and spin- 
orbital forecasts.

• b) No Configuration Interaction: Nonzero Spin- 
Ornt Forces. The correct spin-orbit wave functions 
include the following.

n) Wave Functions: One Electron. These are the 
same as eq. 34.

(it) Wave Functions: Nine Electrons

r(i)[r.(*E f)]:

176® (W  276(7) (t2„) 27 A , )  ‘7s(tse) 1,y(J)(e<7) 17«(e„)2

r6(|)[r8(%)]:

|T6(8)(t2S)276(7)( W 274(W 176(W 174(e„)176(e„)176(?)(e„)1|

r 6(i)[r7(2T2,):

|"6®(W 276a)(7)( W 174(t2ii) 176(W 174(e,)176(es) I76(ef)2j

r (i)[r8(2T2i) ] ;

|76(8)( W 276(7)(t2i ) 27 a ) ( t 2 5) 17 4 (e „ )176 (e?) 176 (ei ) 2|

r6(j)[rs(2T2i)]:
I ■73(?)<8)( W  I7e(7) ( t2„) 274 (t2i) *74 (e ,)  W « * )  ‘ 7 « ( e , ) 21

(65)

In eq. 65 the molecular spin orbital 76a(t2o or e„) has 
been placed before 76i>(t2l, or e„). A calculation of the 
needed matrix array with these functions demonstrates 
that the nine- and one-electron instances are conjoined 
as indicated.

i Hi) Matrix Elements: One Electron. These are the 
same as eq. 49.

i iv) Matrix Elements: Nine Electrons

r4[r8(2E„)]

r 4[r8( % ) ]

r 4[r , (% ) ]

p
!m

P
in

r 6[r8( % ) ] ]  =  (  76(ec) 

r 6(o [r8( % ) ]

r ( i )[r 8(2T2,)]

74(e5)

± ( 76(i)(e„)

T \ 7(î)(t2»)

74(eff)

74 (et)
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r ,[rg( % ) ]

iM r8(2E5)]

r 6« ) [ r r(2T2„)] J  =

±  ^76(i)(7)(W

r 6(g)tr8(2T2(,)] =

=*=

r fc[r8(2Es)]

r te[r8(2Ef)]

r te[r8(*Ef)]

m

r (i) [r8(2T2o) ]

±  (  7 ( i ) ( W

r 6(» [r 7(2T2,)]

74 (®i)

74(^0)

766 (®?)

^ \ 76Ü)(7)(W

r 6(;)[r8(2T2i)]^> =

r 6a[r7(2T2i)]

r ta[rg(*T*,)]

^  \^7'6(2)C8)(t2|?)

r (i)[r8(2T2t)]N> =

p
in

766 (e„)

766 (®i)

=*= \  7 ( i ) ( t * ,) 766(7)(t2„)

r (i)[r8(2T2s)] > =

±  \ 7(i)(t*») 766(8)( W )  (66)

The r 6lT8( % ) ]  and r 6&[r8(2E£,) ] analogs of eq. 66 are 
immediately obtained upon consultation of footnote 25 
and its tabulated momentum reversal connections. 
As a sample, since by construction 3(T(f) equals =FîT(») 
and 3Cr6(;) equals ±  r»(j) and since by content 3Cp equals 
p and 3Cm equals — m and by definition Sic equals c*, 
for any constant c, we have

x (  r te[r8(*E,)] r 4[r8(2T2(,)]

equals (by definition)

[r8(2E„) ] p
rh r 4[ra(2T 2, ) ] V

equals (by operation of 3fC on the integrands)

[r8( % ) ] - f p r 6[r8(2T2,)]^>

The substitution of eq. 64 and 66 into 50 and 51 
demonstrates that the one- and nine-electron rotational 
and spectral strengths are directly related: the nine- 
electron I to J transition has the same sign and alge
braic structure as the one-electron j  to i transition (I,J  
=  Ai(T2i), E±(T „), E±(E,), r a ) ( % ) ,  r 6(;)(2Ef), 
r(*)(2T2i), r 6(»/«)(2T3(?); i,j =  a i(W , e± (t%), e±(e,), 
7(f)(eff) 5 7«(î)(e,), 7 (i)(W , 76(?)(I)(W )  [these strengths 
would also have the same magnitudes if the molecular 
parameters a, kv, £, tj, and K ua , were by chance the 
same]. Thus, if formally the nine-electron orbital wave 
functions J (J =  Aj(T2i), E±(T2f), E±(E„), r(f)(E„), 
etc.) were replaced by the one-electron functions j  (j  = 
ai(t2„), e±(t2„), e±(e,), 7(;)(e„), etc.) in one-to-one corre
spondence, as is done in the theory of electron-hole con- 
gates,34 35 we should find that the one-electron and one- 
hole configurations rotated oppositely for the same con
formation.36 This discovery, however, is a purely 
formal one and of academic interest only, as in actuality, 
energetically correspondent electronic transitions of 
homomorphous nine- and one-electron configurations 
rotate electromagnetic radiation isodirectionally [view 
Fig. 14].36 It is patent that all that was said of eq. 47 
through 62 for the one-electron situation applies equally 
well for the nine-electron situation. In particular, eq. 
56 through 58 of §3.4c apply straightway (with the 
appropriate sign changes), upon use of the state func
tion correlation suggested by eq. 66.

4.2 The Two- and Eight-Electron Case. There are 
many more electronic dispositions possible for the dn 
(n =  2, 3, 4, 5, 6, 7, 8) electron configurations than for 
the one- and nine-electronic situations. However, of 
this burgeoned multitude only a few are of great rota
tional import. This happenstance springs as an effect 
of the one-electron nature of the electronic electric and 
magnetic dipole moment operators: matrix elements 
which connect electronic configurations which differ 
by more than one orthogonalized electron molecular 
orbital vanish identically.23'34 Hencè, here and in what 
succeeds we need only concern ourselves with the
(34) Read J. S. Griffith, "The Theory of Transition Metal Ions," 
Cambridge University Press, Cambridge, England, 1961.
(35) This assertion follows from the antisymmetry of the rotational 
strengths [examine eq. 50] with respect to the interchange of their 
transition indices, that is, (R»/ equals — (R,t. [Note that this anti
symmetry implies that the dissymmetry factors Gij [eq. 59] are like
wise antisymmetric in their indices, Gij equals — Gji,  as the spectral 
strengths are indicially symmetric, &ij equals S/», by eq. 51.]
(36) By a homomorphous configuration is meant one of the same con
formation in which the two central atoms compared are in the same 
row of the periodic table, and the two ligand groups compared are of 
similar bonding tendencies and of similar rows of the periodic table. 
This reservation is made as there is a slight chance that the inte
grals KnAj may change sign on going from one row of the periodic 
table to another without those of the variational parameters £ and rj 
changing sign correspondingly, or that the sign of the dihedral trig- 
onality might vary with alternate bonding properties.
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Figure 14. Diagramatic illustration of the conjugate one- and nine-electron electronic transitions in both the orbital [part a] 
and spin-orbital [part b] representations. Correspondent pairs of transitions are depicted by correspondent lines.

singly excited electronic configurations in order to de
termine all the transition moments of interest for the 
discussion of nonmetastable optical rotations. For 
rotations associated with metastable electronic states 
(that is, rotations due to electronic transitions between 
states not inclusive of the (cubical) ground electronic 
state) further work must be done.37’37 38 The rotational 
and spectral strengths of nonmetastable multi-electron 
jumps are obtained as functions of those of the related 
one-electron leaps, as are those of spin-forbidden jumps

(37) Actually, the hole-electron formalism allows cèrtain of the 
metastable rotational and spectral strengths to be determined from 
eq. 67 through 92 also.
(38) The wave functions and energies for the multiply excited elec
tronic states of transition metal compounds of trigonal and other 
low symmetries will be the subject of future communication [A. D.

Liehr, to be published]. A s a preview of the methods employed to 
set up these sorts of wave functions, a few sentences entered now 
might not be misplaced [read also ref. 50c]. The d2-8 trigonal In
disposed cubical determinantal wave functions are built by the process 
of syrr metrization and orthnormalization of cubical two-electron 
determinants composed of the one-electron functions of Table I I I .  
[The ancestral one-electron origins as listed in Appendix I I  of ref. 34 
are of great help in formulating these determinants.] A ll deter
minantal functions are made to transform in the standard manner of 
Table I I I  under the symmetry operations ©4(2). ©3(2') ,  and ©2 (y') of 
Tables I  and IV . The process is made facile by first fabricating the 
nondegenerate trigonal components of a given cubical species and 
then using this component to generate the two doubly degenerate 
components by means of the ©4(2) symmetry operation [cubically 
doubly degenerate species, of course, go over into trigonally doubly 
degenerate species so no significant effort is involved in their re
orientation]. The d2-8 wave functions may alternatively be manu
factured by a direct transformation of their known34 tetragonal repre
sen tati^n to their desired trigonal representation by means of the 
connections of Table I I I  and eq. 3.4-4 of ref. 59. The apropos 
configurational wave functions for the d 10-71 systems are obtained 
from those for the correspondent d" (n = 1,2,3,4) systems by recourse 
to elect.ron-hole conjugation.
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also, by configurational interaction. This process will 
be discussed later in §4.2c. With these reservations, 
the apropos two- and eight-electron charge amplitudes 
follow.

(a) No Configuration Interaction: Zero Spin-Orbit 
Forces, (i) Wave Functions: Two Electrons

3A2 [3T1(,(t22,) ] : |e+(t2l,)e_(t2(,) |

3E±3[Tls(t22ff)]: |ai(t2f)e±(t25)|

3Ai[3T2ff(t2ffef) ] : ^  { |e+(t2(,)e_(e„)| +  |e_(t2£,)e+(e„)|}

3E±[3T2ff(t29eff) ] : { |ai(t2i,)e±(e9)| — |eT(t29)e+(e0) [ }

3A2[3T]„(t2„e„)] : { |e+(t2?)e_(e?)| -  ¡e^(t2?)e+(es)|}

3E± [3T l5(t2(,es)]: ±  { |a,(t2,)e±(e„)] +

]e=F (t2ff)eT(e0) |}

3A2[3A29(e„2)] : |e+(e0)e_(ei,) |

^ [ ^ ( V ) ] : “  { 2ja,(t2ff)a1(t2ff)| -

|e+(t2ÿ)è_(t2ÿ)| +  |ë+(t29)e_(t2„)|} 

' E i p T ü / V ) ] : - ^  {|a1(t2i)ê±(t2ll)| -

|â](t2ff)e±(t2ff)| +  2jeT(t2j)eT(t2i,)|} 

1E± [1Elff(t2£?2) ] : { |ai (t2ff)ê±(t2ff) 1 —

|âi(t2„)e±(t2ff)| — |eT(t25)ëT(t2f)|} 

!Ai [1Ai<,(t2p2) ] : { |a,i(t2£7)â1 (t2(7) | +

|e+(t2„)ê_(t2„)| -  |ë+(t2s)e_(t2l,)|} (67)

!A2[3T ,, (V e ,3)]: 

1
V 2

a i(W  2e+ (t2„)e- (t2„) 2e+ (e„) 2e-(e„) J -

I ai (t2„) 2e+ (t2ff) 2e_ (t2„) e+ (e9)e_ (e„)21}

*E±[3T lf(t2,ief3) ] : ± ^  { |ai(t2ff)e±(t29) 4e±(e9) 2eT(e,)| +

[ ai (t29) 2e± (t2(7) ĉ : (t2ff) 2e± (e9) e ( e 9) 2 j j 

3A2[3T ls( V e / ) ] :  |ai(t2o)2e+(t2i,)e_(t2l,)e±(eff)4| 

3E±[3Tl9(t2„4eff4)l : ±|ai(t2f,)ei (t29)2eT(t29)e±(e9)4| 

1E± [1E9(t296e92) ] : |ai(t2!,)2e±(t2!,)4eT(e(,)eT(e(,)|

1A1 [1Aie,(t2o6e(,2) ] : ~;= { |ai(t29)2e±(t29)4e+(ee)e_(es)| -

|ai(t2s)2e±(t29)4e+(e9)e^(ec)|} (68)

The rotatory and spectral matrix elements which 
follow are faeilety obtained from eq. 67 and 68.

(in) Matrix Elements: Two Electrons

3A2[3T1(,(t2?2)]

3a 2[3t 19(v )]

3A2[3Tlf(t2a2)]

3A2[3T Ic(t2/ ) ]

3E± [3T l9( V ) ]  )  =

CrCfo»)

•Ai^Ta/tje,,)]^ =

V 2  (  e_(t2„)

3E± [3T2s(t9es)] > = 

1
± \ /2  \ e±(t2i) 

8A2[3Tjf(t2̂ (,).]\ =  0

ai(t2„ )y

e_(e9)

=̂f(̂ £?)

(ii) Wave Functions: Eight, Electrons.

3A2 i3A2?(t2/ e 02) ] : I a! (t2„) 2e±(t2ç) 4e+(es)e^(e9) | 

3Ai[3T2t,(t2/ ’e„3) ] :

{ |ai(t2f) 2e+(t2i)e_(t29) 2e+(ei;)2e_(e(,)| +

Iai(t2„)2e+(t2ff)2e_(t2j)e+(e1,)e-(e,,)2|} 

3E±[3T2f(t2o5e93) ] : ~  { |aI(t2i,)e±(t2ff)4e±(eff) 2eT(e(,)| -  

I ai (t2„) 2e± (t2£,)eT (t2„) 2e±(e9)eT (e„) 2|}

U [* T „(V ) ]

3A2[3Tl9(t2s2)]

3E± [3Tl9(t2oe9)] > =

y/2 \ e±(t2s)

3A2[3A2(,(e(,2)]N  =  0 (69)

3E± [3Tl5(t2ff2)] 3Ai [3T2£,(t2ieff) ]

±
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3E± [3Ti<,(t2(,2)]

3E± [3T]ff(t2ff2) ] 

1

3E± [3T2£7(t2t,e£,) ] )  = 

1
T a/ 2   ̂ e±^ 2̂ e±(e„)

8Et [3T2ir(t2(,eJ,) ] ) =

V 2 e±(W

3E± [3T „ ( V ) ]

3E±[3Tls(t2c2)]

3E± [3Tiff(t2ff2)]

eT(e„)y  +  <^aj(t2t) 

3A2[3T,5(t,e ,)]\  =

al(W  gj

e±(e„)

V 2

3E± [3Tlc(t2ces)] )  =

eT(e„)

V 2 { e±(t2‘ } 3i e±(e„)

^ [ M ^ e , ) ]

e±(t2f) e^e,) )  -  < ai(t2„)

3E±[3T1(( V ) ] 3A2[3A2f(e,2)] )  =  0

®± (®<?) 

(70)

(tv) Matrix Elements: Eight Electrons

3As[3A2,(t2t6e,2)] *A,[*T„(t,,«e,3)] > =

V 2

3A2[3A2c(t2?V ) ]  

1
V 2 {<■ai(t2„)

3A2[3A2o(t2/ e / ) ]

3A2[3A2c(t2/ e ,2)]

V l  Ke±(t2i)
3A2[3A2s( V e / ) ]

3A2[3A2, ( W ) ]

3E± [3T2ff(t2, V ) ]  )  =

e±(e„) /  +  \ e±(W m eT (eff)

3A2[3Tlff(t2„ V ) ]  ̂  =  0 

3E± [3TJc( V e c3)]

3A2[3Tii7(t2e4e /) ]

e±(ep)

3E± [3TJc(t2„ V ) ]  )  =  0 (71)

We again see that the rotational and spectral strengths 
and dissymetry factors are simply related in a formal 
algebraic manner to the one-electron mathematical 
rotational, spectral, and dissymmetry expressions of eq. 
52, 53, and 60. Observe that, because of the elementary 
structure of the one-electron electric and magnetic di
pole matrix terms of eq. 47, many electron rota
tional and spectral strengths due to single electron 
hops between many electron configurations of the type 
N  and V (N , V =  Ai, A2, E±) , which depend on sums of 
the form

\
erte,) )/

can be succinctly expressed as 

(R[N — >  V] =

a (a ±  bNai ( ~ W e (()) At [ai (t2a) — > e±(ef)] +
b(b ±  aAai(oA'e(i)-1)(R[e±(t2c) — ■> eT(e„)] 

S [A  — >  V] =  a 2S [ai(t2„) — >  e±(ec)] +  

b2S[e±(W  — >  eT(e„)] ±
2a6(S[ai(t2c) — > e±(e5)]S[e±(t2„) — >  e ^ e ,)])7,

(72)

The sign of the square root in eq. 72 is that of the prod
uct £rj when the normalization constants of eq. 11, 17, 
18, 33, and 47 of §1.1, 1.2, and 3.3 are taken to be 
positive. The external explicit plus and minus signs 
are chosen in accord with the rule that when the final 
state V is of species T 2(, the sign is positive and when V 
is of species Ti„ the sign is negative [cf. eq. 70 and 71]. 
An equation parallel to (72) may be obtained for the 
associated dissymmetry factors by substitution into 
eq. 59 of §3.5. In the case of the electronic transitions 
N to V, where {M,F} equals { 3E±(Tle), 3E t (Ti or i„ ) } or 
{ 3A2(A2„), 3E±(Ti or 2„) |, of eq. 70 and 71, in which a and 
b equal ±  x / 1/ ,̂ we can write

<R[N — >  V] =
' / 2{ (1 ±  AajuWWeCiOtRlai^,,) >  e±(e„)] +

(1 ±  Naiu)Neit)- !)(R[e±(t2s) — >  eT(e„)]} 

S[N — >  V] =  V2{s[a,(t2ff) — ► e±(e„)] +

S[6±(t!») > eT(e»)] ±
2(S[ai(t2i) — > e±(eff)]S[e±(t2ff) — > e^ e ,)])7’ } (73)

Note that as the rotational and spectral strengths are 
observables they are invariant of all symmetry opera
tions permitted the conformation and, hence, thay they 
are independent of the subscripts ±  on the many elec
tron state functions or on the one-electron molecular

ai(t2ff) o±(c^) )  ±  b ( e± (t2„) P
m
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Figure 15. Digramatic illustration of the conjugate two- and eight-electron electronic transitions in the orbital 
representation. Correspondent pairs of transitions are depicted by correspondent lines.

orbitals, since these subscripts are inverted by the sym
metry operation e2(y'). Therefore, expressions like 
those of eq. 72 and 73, and their relatives, are inde
pendent of the individual signs of the many electron 
state function subscripts or the one-electron molecular 
orbital subscripts, but are, of course, dependent upon 
their relative order, { ± , ±  } or { ± , =f }. Witness that, 
unlike the one- and nine-electron case, there is no formal 
equivalence of the two- and eight-electron rotational 
and spectral strengths. This declaration ensues be
cause the electronic leaps of usual practical import are 
not electron-hole complements [view Fig. 15].

(6) No Configuration Interaction: Nonzero Spin- 
Orbit Forces. Two and Eight Electrons. The many 
electron spin-orbit wave functions are readily built up 
by the successive population of the one-electron trigonal 
molecular spin-orbital functions of eq. 34.39 40 It should 
be noticed, however, that many electron spin-orbit 
functions of this sort are not simply related to the 
correspondent orbital functions. For example, from eq. 
34, we have

r,[76(7)( W 2]
l
3

âi(t2f)aj (t2?) +

orbit forces they are useful, though. In our further 
work in this paper we shall have no use for functions of 
this kind, and so we defer to later communication an 
extensive demonstration of their utility.40 Needless to 
say, however, the two- and eight-electron rotational 
and spectral strengths obtained with such wave func
tions are simply expressed in terms of those of the one- 
electron problem as in §4.la and b.

(c) Configuration Interaction: Zero and Nonzero
Spin-Orbit Forces. When configuration interaction is 
included the results summarized in §4.la and b above 
are but slightly modified. Two examples should serve 
to make this point clear. For the two- and eight-elec
tron cases, the trigonal 3A2(T i<,) and 8E(Ti„) state func
tions can be written as given below.

00 Wave Functions: Two Electrons. Zero Spin- 
Orbit Forces.

T(3A2) =  ß 3A2( T^V» +  C3A2(Tlp)<2> +  D 3A2(A2(,) (74)

(ii) Wave Functions: Eight Electrons. Zero Spin- 
Orbit Forces

T(3E±) =  ß 3E±(T,c)<» +  C3E±(T](,)(2) +  Z>3E±(T2c)

V 2
3

ä] (t2i)e+(t2„) ai (t2l,)e_(t2i)

2
3 e+(t2i,)e_(t2i,)

(75)

where the superscripts (1) and (2) order the cubical 
8T i£, states and their trigonal components in an energetic 
sequence. The constants B, C, and I) which appear in

which is a complicated mixture of the usual orbital 
singlets and triplets formed from the t2s2 configuration. 
Hence, for systems of small spin-orbit forces these spin- 
orbital functions are most inconvenient; for large spin-

(39) Since the author’s formulation of this method (1957), reported in 
ref. 9, the general technique has been applied to a few specific in
stances by W. E. Moffitt, G. L. Goodman, M . Fred, and B. Wein- 
stock, Mol. Phys., 2, 109 (1959).

(40) A. D. Liehr, to be published.
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eq. 74 and 75 are real.41 With these wave functions, 
the configurationally interacted rotational strengths 
become as shown below.

(in) Rotational Strengths: Two Electrons. Zero
Spin-Orbit Forces

(R[3A2 — >  3A1(T2„)] =  (B +  D)[2(B - D ) + C ] X

(R[e_(t2f) — e_(e„)] (76)

(iv) Rotational Strengths: Eight Electrons. Zero 
Spin-Orbit Forces

(R[3A2(A2S) *■ 3E± ] =

JS(R[3A2(A2c) — ► 3E±(Tl£?) (1> ] +

Z)(R[3A2(A2„) >  3E±(T2!7)] (77)

where the rotational strengths (R[3A2(A2ff) -*■ 3E±(Tq )9) ] 
of eq. 77 are as given in eq. 73, with the external plus 
sign in eq. 73 associated with the upper state E±(T29) 
and the minus with the upper state E±(Tlff) (1) [recall eq. 
71]. In this connection, note particularly from eq. 71 
and 73 that the eight-electron [e.g., nickel(II)] trigonal 
dihedral electronic leaps to the 3T ]9-like electronic states 
from the 3A2 ground electronic state should be much 
more weakly rotatory than those to the 3T2s-like states, 
as would be predicted on the basis of cubical selection 
rules [the A2ff-to T l9 transition is magnetically forbidden 
in the point group 0*], and that the T ]s-like electronic 
states become rotationally active solely by virtue of the 
difference in bond strengths [as measured by the varia
tional parameters rj and £] and ligand metal overlaps [as 
reflected in the different normalization constants NaiU) 
and N e(t)] for the ai(t2„) and e±(t2„) one-electron molecu
lar orbitals, and by the trigonal mixing of the active 
3T2?-like states into the 3Tiff-like states. This weakness 
is actually observed.42

(v) Wave Functions and Rotational Strengths: Two 
and Eight Electrons. Nonzero Spin-Orbit Forces. For
mulas analogous to (74) through (77) can be derived 
also for the spin-orbital configurational hybrids by 
straightforward but tedious and lengthy calculations 
as described in §4.2b. Mark especially in this connec
tion that without spin-orbit forces no rotatory or spec
tral power is available to the two- and eight-electron 
singlet electronic states. Only when spin-orbit con
figurational interaction is included do these states be
come rotationally active. This topic will be further 
considered in section IV.

4.3 The Three- and Seven-Electron Case. In accord 
with our earlier comments in §4.2 we confine our con
siderations of the three- and seven-electron problem to 
the single electron excitations alone, the others to be

left for ensuant work.38’43 With this restriction, the 
suitably oriented trigonal electronic state functions for 
the three- and seven-electron configurations are as 
shown below.

(a) No Configuration Interation: Zero Spin-Orbit 
Forces, (i) Wave Functions: Three Electrons

4A2[4A29(t2?3) ]: |ai(t2j)e+(t2„)e_(t2j) |

4A, [4T2ff(t2£,2eir) ]: ^  { |ai(t2i,)e+(t2ff)e^(e,)| +

¡ai(t25)e_(t2S)e+(ei)|}

4E±[4Tlp( V e 9) ] : ™  { |ai(t2£,)e=F(t2ff)eT(e6,)| -

|e±(t29)eT(t2!,)e± (e5)|}

4A2[4T l9(t2i2e9) ] : ^  { |ai(t2ff)e+(t2ff)e_(e„)[ -

|ai(t2„)e_(t2l,)e+(ei)|}

4E;J 4T ii ( V e i, ) ] : ^  { |a1(t2?)eT(t2ff)eT(e1,)| +

|e±(t2c)eT(t2o)e±(e1,)|} 

4A2[4TJi,(t2(,e(f2) ]: |ai(t29)e+(e9)e_(e9)|

4E±[‘T l!;(t2(;e92) ]: -  |e±(t2l7)e+(e9)e_(eff) |

2E± ['E9(t2?3)] :^ -^  { |ai(t2j)ai(t2f)e±(t2„)| —

|a,(t2o)eT(t2(,)eT(t2ff)| +  |e±(t2„)e±(t2i)eT(t;2i)|}

(41) This allegation is hurriedly averred by invocation of symmetry 
arguments and first-order perturbation theory [recall footnotes 29 
and 30]. It is proved by the circumstance that B, C, and D depend 
on many electron matrix elements of the sort (As]3Ctrigonni| As) 
and (E±|3Ctrigonai|E±) which are both proportional to the one-elec
tron matrix element (e±(t2W) |3Ctrigonai|e± (efl)), except that for E ±(T2p) 
and E ±(I)(Tifl) which is proportional to (e± (t?p) |3Ctrigonai|e± (t?f7)) 
— (at(tip) |3Ctrigonai|ai(t2C)) [cf. eq. 67 and 68]. But as these matrix 
terms are Hermitean and as ©2(y/)e±(t2f? or e„) equals e^O^ or eff), 
with e±(t20 or eg)* equals eq:(t2ff or en), we have that the matrix 
terms are real, and hence, that the constants B, C, and D are real. 
Notice in passing that for the two-electron problem, in the limit of 
first-order perturbation theory, with A2(Tif7) (2) and E± (Eiff) '2) the 
highest T^-like states, that the constant C, which mixes the Ti^-like 
state (2) with the Tig-like state (1), is in the ratio of 2:1 for the Aa and 
E ± state mixtures, respectively.
(42) (a) J. P. Mathieu, Ann. Phys., 19, 335 (1944); (b) F. Woldbye, 
“Optical Rotatory Dispersion of Transition Metal Complexes,” 
Final Technical Report to the European Research Office, U. S. De
partment of the Army, Frankfurt am Main, June 30, 1959, Contract 
No. DA-91-508-EUO-246.
(43) The trigonallv oriented cubical dn, (n — 3, 4, 5, 6 , 7), deter- 
minartal wave functions are most painlessly constructed by a two- 
step procedure. First one constructs the trigonally oriented d 1-2.8.9 
functions by the techniques of ref. 9 and footnote 38, and second one 
conjoins these by the Tanabe and Sugano parental relations as tabu
lated, for example, in ref. 34, Appendix 2, making certain that the 
issuart expressions are both orthonormally and transformationally 
sound [cf. Table III ] under integrations and under symmetry opera
tions such as ©4(z), 63(«')» and Qi(y') of Tables I and IV. [The 
d10~n functions are gotten from the d" functions, (n = 1, 2, 3, 4), by 
electron-hole conjugation as before.38]

V o lu m e 6 8 , N u m b er 4 A p r i l , 1964



700 A n d rew  D. L iehr

2A i [2T25( V ) ] : ^  {|ai(t29)e+(t29)e_(t29)| -

|a,(t29)e+(t29)e^(t2p)|}

2E± [2T29(t298) ] : { |a](t25)ai(t2S)e±(t2ii) | —

|e±(t2„)e±(t29)eT(t2(7) [ }

2A2[2T]9(t293) ]: {2|ai(t29)e+(t29)e_(t29) —

Iai(t2ff)e+(t2„)e_(t2s) | -  |a,(t2,)e+(t2ff)e_(t2ff)|}

2E± [sT ,i (t2r8) ] : :F^ |  { 2[a1(t2f,)eT(t2o)eT(t2o)| +

|ai(t29)ai(t29)e±(t2„)| +  |e±(t29)e±(t29)e:p(t29)|} (78)

(u) Wave Functions: Seven Electrons 

4A2 [4Ti9(t29se92) ]: |ai(t25)e±(t2j) 4e+(e9) e_(e9) | 

4E±[4T l9(t295e92) ]: - 1 ai(t29) 2e±(t29) 2eT (t2„)e+ (e9)e_(e„) | 

4A![4T2ff(t294e / ) ] :

^  { | ai(t2„) e 4-(t2„)e_(t29) 2e+ (e9) 2e_(e9) | +

I ai (t2s)e+(t2ff) 2e_(t2„)e+(e9)e-(e9)21 j

E±[4T2ff( V e / ) ] :

{ | ai (t2p)e± (t2ff) eT (t2ff) 2e± (e9) eT (e9)21 -

I ai (t2„) 2eT (t2ff) e±(t2„) e± (e9) 2eT (e„) [}

4A2[4Tl9(t29V ) ] :

^  { |ai(t29)e+(t29)e-(t29) 2e+(e9)2e_(e9) | -

|ai(t29)e+(t29)2e^(t29)e+(e9)e4 e9) 2|}

4E± [4Tl9(t2eV ) ] :

{ |ai(t29)e±(t29)eT(t2|,)2e-t(ea)eT(e),)2[ +

lax(t2„)2eT(t29)e±(t2!,)e±(e!,)2eT(e9) 11 

4A2[4A29(t298e94] : Iai(t2„)e+(t29)e 4 t29)e+(e9) 2e-(e9) 2|

2E± [2E9(t298e„) ]: |ai(t2<7)2e±(t2!?) ( e „ )  |

2A2[2Ti5(t2!,5e02) ] : ^ |  i !ai(t29)e±(t29) 4e+(e9)e^(e9)| +

|ai(t2s)e±(t29)4e+(e9)e_(e9)l -

2|a1(t2ff)e±(t2ff) 4e+(ei,)e^(e!,)|}

2E± [2Tl9(t2/ e 92)]:

± V ^  ilai(t2̂ e±( W 2e ,(t2»)e±(e5)eT(e9)| +

I ax (t2p) 2e± (t2„) 2eT (t2c)e±(e9)eT (e9) | -

21 ax (t2i) 2e± (t2„) 2eT (t2i) e±(e9) eT (e9) |}

2A,[2T29(t2/ e ff2)]:

{|ai(t29)2e+(t29)e-(t2!,)2e_(ep)e^(ei,)| +

|a1(t2f,)2e+(t2i,)2e_(t2!,)e+(ei)e+(ep) [} 

2E± [2T2(,(t2/ e p2) ] : ^  { |ai(t2ff)e±(t2j) 4eT(el7)eT(e(7)| -

|ai(t2p) 2e±(t2!,)eT(t29)2e±(e(,)e± (e9) [}

2A2[2Ti0(t2ffV ) ] :

{ |ai(t29) 2e+(t29)e^(t29)2e-(e9)e^(e9)| -

| ai(t2„) 2e+ (t2?) 2e_(t2p) e+(e9)e+ (e9) |} 

2E±[2Tl9(t296e92) ]: —̂  { a1(t29)e±(t29)4eT(e9)e:F(e9)[ -

|ai(t2ff) 2e±(t2(,)eT(t2i,)2e±(e!,)e±(el7) |} 

^ [ ^ „ ( V e , 8) ] : ^  {|a1(t29)e±(t29)4e+(e9)e4 e9)| -

|ai(t29)e±(t29)4e+(e9)e_(e9) | j

2E± [2T29(t?.95e92) ]:

 ̂I al(̂ 2<7) 2e±('fc2£r) 2e^(t2!7')e:[-(e£,)eT(ei,) | — 

|ai(t2i,)2e±(t29)2eT(t29)e±(e!J)eT(e9) j ) (79)

From these functions the gyratory and optical matrix 
arrays, which succeed, are swiftly determined.

{ivi) Matrix Elements: Three Electrons

4a 2[4a 2j(v )] ^ [ ^ ( V e , ) ]  )  =

\ /2  \ e^(t2p) e-(e9)

4a 2[4a 29(v )] 

e± (W

4E± [4T29(t292e,)] )  =

T l
y/2

4A2[4A29(t298)]

eip(e9) )  +  (  ai(t2ff)

4A2[4Ti9(t292e9) ] \  =  0

e±(e9)
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4A2[4A23(t2s3)] 

1

4E± [4Tl9( V e 9)] )  =

y/2
e±(t2ff) ^(e,,) )  — \ ai(t2ff) m e±(e„)

\

4A2[4A2„(t2/ ) ]

4A2[4A2, ( V ) ]

4A2[4Tl9(t2ÿee2) ] y  =  0 

4E± [4T ls(t2ie / ) l )  =  0 (80)

(iv) Matrix Elements: Seven Electrons 

P4A2[4Tlff( V e / ) ]

4A2[4T1?(t2ffV ) ]

4A2[4T l3(t2sV ) ]

4A2[4T l5(t2/ e (,2)]

^ 4A2[4T li(t2/ e ,2)]

4A2[4T lp(t2/ e / ) ]

4E± [4T l5(t2/ e 32)]

ml 4E± [4T i„ (V e / ) ]  > =

— (^eT(W  

4A1[4T2s(t2/e /)]^ >  = 

a/ 2  (  e_(t2„) e-(ef)

±1 /
x / 2  \ 6 ± (U m eT(e9)

4A2[4Tls( V e 93)] )  =  0

4E± [4Tlff(t2/ e s3)] > =

-  <\ e± t̂2̂  |in eT(es)

4E± [4Ti9(t2i,5ec2) ]

4E± [4Tls(t2ffV ) ]

T V l  ^  e±(t2s)

4A2[4A2, ( V e / ) ] \  = 0  (81)

4Ax[4T2i(t2„ V ) ]  )  =

±  ^/2 (  ai^ 2̂

4E± [4T2s(t2/ e / ) ]  7 = 

1
T (  e± (W

e T (e„)

e±(e5)

4ET[4T23(t2?V ) ]  

eT(e?) /  +  \ al(W) e ± (e „ )

4E± [4Tl3(t2„ V ) ]

4E± [4Tis(t2/ e (?2)]

4E± [4Tl9(t2, V ) ]  

1
' V  2 e * ( t 2l,)

mi 4A2[4T ls( V e ff3)] 7 =

~  \ /I  { ai(t2s) M e ,)

4E± [4TIf(t2/ e 53)] 7 =

1 /  ip
^ 2  \ e±^ 2̂  [ml e± ê«)

4E=F[4Tl!,(t2j4e!,3)] 7 =

eT(es) 7 ~  (  ax(tïg) e ± (e „ )

ai(t2?) 7 (  4E± [4Ti9(t2/ e 32) ] 4A2[4A29( V e 94)] 7 = 0 (82a)

2E± [2E9( V e 9)]

2E±[2E9(t2/ e 9)]

2A2[2Tl9( V e s2)] 7 =

=f V äA ^ ai(t*f) 

2E± [2Tl9(t2 V ) ] ' )  = 

=F W i (  e T ( t 2i)

m, e T (e s)

eT(e?)

2E± [2E9(t296e9)]

2E± [ % ( V e 9)]

2E± [2E9(t296e9)]

m 2ET[2Tls( V e ?2)] 7 =

±  V /sA  \ e ± ( t 2„)

2Ax[2T2i(t27e92)] 7 =

~  V 2 '  eT(t2s)

2E± [2T29(t2/ e 92)] 7 = 

1
V 2 < e±(t2s)

2E± [2E9(t2/ e 9)]
!m

2ET[2T29(t2/ e 92)] 7 =

ai(t2s)

2E± [2E9(t2f6e9)]

V 2

2A2[2Tl9(t2sV ) l  7 =

±  ^ 2  eT^ 2̂

eT (e 9)

e±(e„)

e ± (e f )

e±(e3)

e±(e„)
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2E±[2Ej(t2„6e(,)]

2E± pEff( V e 5)]

2E± [2Ea(t2/ e !I)]

2E± [2Tlff( V e 92)] > =

T y/2 { e±(t2s)

*ET[*Tlj(tii5e,*)] > = 

1
±  v i   ̂ ai(t2i?) e±(e„)

2Ai [2T2i(t2,,5e,2) ] > =

the pertinent trigonally disposed determinantal func
tions for the four- and six-electron coveys follow.

(a) No Configuration Interaction: Zero Spin-Orbit 
Forces, (i) Wave Functions: Four Electrons

5E± [5Es(t2S3e„)l: ±  |a1(t2l,)e+it21,)e-(t25)e±(e!,)|

] : |e+(t2„)e_(t21,)e+(e?)e_(ei,') | 

6E± [eTS|, ( V e (2)]: =f |ai(t2£,)e±(t2(7)e+(e(7)e_(e£,) | 

3A2[3T1(,(t2/ )  ] : |ai(t2(,)äi(t2s)e+(t2i,)e_(t2(,) |

3E±[*Tii,(t21;4) ] : T |ai(t2ÿ)e±(t2i,)ê::1;(t2iï)eT(t2l,) |

1
V 2

2E± [2Et,(t2„6e£,) ] 2E± [2T2s( V e ,2)] > =

1
y/2

\̂ e=F(t2!()

2E± [2Eä(t2/ e c)[ 2ET[2T25(t2/ e / ) ]  )  =

1
y/2

(82b)

We espy from eq. 80, 81, and 82 that the rotational and 
spectral strengths of the three- and seven-electron 
puzzle are simply related to those of the two- and eight- 
electron problems anteriorly discussed. Indeed, we 
witness an exact one-to-one correspondence of the two- 
and seven-electron spin free rotational and spectral 
strengths and of the three- and eight-electron strengths, 
respectively. The seven-electron spin-paired rotational 
and spectral strengths are related multiplicatively to the 
one, four, six, and nine [confer §3.3, 3.4, 4.1, and 4.4] 
spin free strengths and to certain of the five-electron 
spin paired strengths [refer §4.5] as we shall see in §4.4 
and 4.5. The far-reaching consequences of this corre
spondence will be expounded in section IV.

(b) No Configuration Interaction: Nonzero Spin- 
Orbit Forces. Three and Seven Electrons. The com
ments appropriate to this paragraph are identical with 
those of §4.2b.

(c) Configuration Interaction: Zero and Nonzero
Spin-Orbit Forces. Three and Seven Electrons. The 
effects of configuration interaction are exactly as out
lined in §4.2c.

4.4 The Four- and Six-Electron Case. Consistent 
with our antecedent remarks of §4.2, we limit our ex
amination of the four- and six-electron teaser to the 
single-electron excitations alone, the remainder to be 
left for subsequent study.38’43 With this curtailment,

4E±t'E ^tü/)]: { |ai(t2i)e±(t25)ê±(t2i,)êiF(t20) ] —

|â1(t25)e±(t2S)ë±(t2s)eT(t2o)| -
! ai (t2s) äx (t2o) eT (t2i) êT (t2ÿ) I}

‘A x p T s ^ V ) ] :^  [2|e+(t2,)ë+(t2i)e-(t29)ë_(t2(,)| -

|ai(t2iI)âi(t2ff)e+(t2C)ë_(t25) ( +

I ai (t2#) âi (t2„) ë+(t2i,)e_(t2l,) |}

'Ej-pTüp^f4) ]: — ; 2|ai(t2ÿ)âi(t25)e_(t2ÿ)ë_(t2j) I +

|ai(t2„)e+(t2(,)e+(t2i)ê_(t2l,)| -

|ài(t2ff)e+(t2?)ë+(t2?)e_(t2f)|}

JAj [!Al5(t2lI4) ] : { |e+(t2i)e+(t25)e_(t2i,)e_(t2i,) | -
V  3

|ai(t2i,)âi(t2i,)ë+(t2i,)e_(t2l,) | +

[ai(t20)â1('t2ff)e+(t2i,)6_(t2(,) |}

3E± [3E5(t2„3es) ] : ±  ^ | {3 | a 1(t2i)e+(t2,)e_(t2i)ê±(ei)| -

|ai(t25)e+(t2ÿ)ê_(t25)e±(eff)| -  

|ai(t2,)e+(t2i)e_(t2<,)e±(e(,)| -

|âi(t2,)e+(t2i)e_(t2j)e±(e(,)|}

3A2 [3Tis(t2ÿ3e(,) ] : { 2|a1(t2|,)e_(t2()e_(t2i,)e_(e(,) | —

| ai (t2i) âi (t2?) e+(t2s) e_ (es) | — 

|e+(t2,)ê+(tîi)e_(t2(,)e_(e,)| +  

2|ai(t2j)e+(t2(,)ê+(t2i;)e+(e5) | +  

!ai(t2o)äi(t25)e_(t2l,)e+(e5) | +

|e+(t2i,)e_(t2i,)è_(t2f)e+(e5) |}
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3E± [3Tip(t2£,ae(7) ]: ± 2_y/g{2|âl(W e± (W eT (W e±(e‘')i ~

|ai(W e±(tsi)M W e±(e») | -  
|a-i(t2ff)è±(t2£,)eT(t2ff)e±(e£,) | E  

2|ai(t2i,)e±(t2„)e±(t2(,)eqr(e„) I E  
|ai(t2i;)âi(t2lï)eT(t20)e^(el,)| E

I eT (t2„) (t2f) e=p (t2iI)eT (e„) |}

3Ai[8T2o(t2/ e ff) ] : I2|ai(t2i,)e-(t2i,)e_(t2i,)e_(ei)| +

|ai(t2f)ài(tiìi)é+(tif)e_(ei,)| E  
|e+(t2i)ë+(t2(,)e_(t2()e_(el,)| E  
2 1 ai (ts() e+(t2„) ë+ (t2„) e+(e„) I E  
I ai (t2i/) äj (t2c) e_ (t2„) e+ (ef) I E

|e-(tî„)e_(t2t)e+(tîl7)e+(e()|}

3E± [3T2, ( V e , , ) ] : ^ ^  {2|äi(t2,)e±(t2»)er(We±(e»)| -

|ai(t2l,)e±(t2|,)ë:F(t2(,)e±(ei,)| —
I ai (t2f) ê± (t2,) eT (t2i) e± (e„) I -  

21 ai (t2j)e± (t2i) ë± (t2„)eT (e„) I -  

|ai(t2y)âi(tiîi)eT(t2i).&F(e,)| — |e=F(t2ff) (t2e)e±(t2if)ê = (e„)|}

*Ai[8A i ,(V e ,) ] :—^  {|e+(t2,)ë+(t2(,)e_(tii)e_(e(,)| E

|ai(t2iI)ài(t2(,)e+(t2i,)e_(ei)| -  

I ai (t2„) e_(t2„) ê_ (t2ff) e_ (ê  ) ( +

I e -(t2t) ë_ (t2„) e+(t2„) e+(e„) I E  

Iai(t2f)âi(t2i)e_(t2„)e+(e„)| |ai(t2iî)e+(t2l,)ë+(t2(,)e+(e|?)|}

IEi [% (t i,^ , ) ] :^ |  {|eT(t2,)M t*,)ei (t2,)eT(e,)| +

Iai(t2£,)âi(t2p)e=F(t2ff)e=F(e„)| — |ai(t2i,)e±(t2f)ë±(t2i)eT(e(,)|} 

sA2[3A2i(t2/ef) ] : —/g { |e+(t2[,)ë+(t2l,)e_(t2i,)e_(ei,)| E

|ai(t2„)â1(t2|,)e+(t2i,)e_(ee) f 

I ai (t2„) e_ (t2ff) ë_ (t2f)e_ (e„) | -  

I e_ (t2„) ê_ (t2„) e+ (t2„) e+ (e„) | -  

|ai(t2„)âi(t2(,)e_(t2„)e+(e(,)| E  |ai(t2„)e+(t2c)ë+(t2|,)e+(e1,)|} 

3Ai[3T2i(t2i,3ec)]: */2 j |ai(t2a)ài(t2f)G+(t2l,)6_(ec)| 

|G+(t_>p)ê+(t20)6—(t2p)6— (ëp)| E

lai(t2„)âi(t2!,)e_(t2(,)e+(eJ)| — |e_(t2(,)ë_(t2„)e+(t2(î)e+(e(,)|}

3E± [3T2(ï(t2/ e f) ] : V2 { l a ^ t ^ i ^ e ^ t ^ e ^ e , ) !  -
|ai(t2„)ê± (t2(,)e^(t2i,)e± (e(,)| — 

|ai(t25)âi(t2„)eqF(t2f)eT(ec)| E  |e+(t2i,)eT(t2f)e±(t2i,)T(e1,)|} 

3A2[3T1(7(t2ff3e(7) ] : V2 f|ai(t2p)äi(t2£,)e+(t2£,)e_(e£,)| -
|e+(t25)ë+(t2<,)e_(t21,)e_(e(,)| -

I ai (t2i,) âi (t2„) e_(t2(,) e+(e„) | E  |e_(t29)e_(t2„)e+(E!,)e+(e(,'(} 

3E± P T i^ V e ,) ] : ±  V2 { |ai(t2i,)e±(t2s)ëT(t2i,)e±(ec) | -  
|ai(t2l,)ë±(t2|,)eT(t2l,)e±(e(,)| E  
|ai(t2„)âi(t2(,)eT(t2l!)eT(ei,)| —

leT (E ii)ëT (t2 f)e± (t2!,)e T (e 1,) |} (8 3 )

(n) Wave Functions: Six Electrons 

6Ai[6T2!,(t2/ e (,2) ] : |ai(t2p)âi(t2!,)e+(t2i,)e_(t2i,)e+(e(,)e_(eiî)|

=f I ai (t2„) e± (t2ff)ê± (t2„) eT (t2s)e+(ec)e_(elï) | 

5E± [% ( E /e / ) ] :
±|aj(t2il)e+(t2i,)e_(t2?)e±(eff)é±(e1,)eT(ec)|

'Ai [1 Alç ( V )  ] : I ai (t2„) âi (t2<I)e+(t2i,)ë+ (t2„) e_ (t?,,) ë_ (t2„)|

1A2[1Tlff(t2i76ei,) ] :
!A  I|ai(t2ll)âi(t21,)e+(t2i)ê+(t2t,)e_(t2!,)ë_(e!,)| -  

|ai(t2„)à1(t2|7)e+(t2(,)è+(t2i,)ë_(t2i,)e-(e(,) | -  
I ai(t2„) âi (t2„)e+ (t2p)e^(t2lJ)ë_(t2„)ë+(e*) | E

laiCE^âi^^ë+^^e-CEjê-fe^e+Ce,,) |}

1E±[1Tii (t2i6ei)]:

±  Vü i |âi(t2l,)e+(t25)ê+(t2?)e-(t2i,)ë_(t2!,)e±(e5) | -

laiE^a^E^e-tE^e* (W è ^ t^ e ^ e ,,)  I —
I ai (t2(,) âi (t2f) e± (t25) (t2ff) ëT (t2i,) ëT (e<,) |}

Va {|ai(t2i,)a1(t2c)e+(t2l,)ë+(t2i,)ë-(t2(,)e_(e1,)| -  

I ai (t2„) à! (t2i) e+ (t2i) ë+ (t2i) e_(t2i,) ë_ (e„) | E 

I ai (t2c) âi (t2(,)ë+(t2i,') e_ (t2„) ë_ (t2„) e+ (es) |

I ai (t2„) âi (t2„) e+ (t2|J)e_ (t2c) ë_ (t2c) ë+ (e„; ) )

*E±[*T2,(W e ,)]:

V2 ilâiCt^e+CWë+Ez^e^Cts^ë-Ct^eiCef)] -  

|ai(t2!l)e+(t25)ë+(t29)e-(t2i,)ë_(t2c)ë±(e!,) | E  

|ai(t2i!)â1(t2(,)e±(t2(,)eT(t25)ëT(t2(;)ëT(e(,) | — 

|ai(t2£,)âi(t2i,)ë±(t2£,)e=F(t2i7)ë=F(t2i,)eT(e£,) |} (84)
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The triplet wave functions, 3Ti,2ff(t2/ e ff), correspondent 
to those of 1T I i2i,(t2!,5e(,) tabulated above are readily gen
erated by a simple change of sign between the conjugate 
spin exchanged determinantal pairs, in accord with 
the restrictive conditions e2(t/')A2(Ti) =  —A2(T]), 
e ,(y ')E±(T0 = —ET(Ti), e ,(j/')A i(Ts) =  A^TO,
e 2(2/')E ±(T2) =  Et (T2).

These functions allow the spiratory and spectral 
matrix entries, which follow, to be inscribed.

(in) Matrix Elements: Four Electrons

•E± [‘E ,(V e ,) ]

iE± [% (t , ,3e,)]

« E Ä i V e , ) ]

% P T 2s(t2/ e i2)] > =

-  < al(W

^ ± n 2s(uaw ) ] )  =

eT(t2i)

*ET[*T2a(t2iV ) ]  > =

|pe±(t2„) er(e,) > (85)

3A2[3T a V ) ] 3e ± [3t „ ( V ) ]  )  =

al(t2„)

3A2[3T1(,(t2s4)]

3A2[3T lff(t2s4) ]

m 3E± [% ( t 2c3e„)] > =  

2

8A2[3Ti„(t2i,4)]

2a/ 3  { 2 

3A2[*Tli?(t2ff4)]

m

\ W )

3A2[3T lo( V e e) ] ^ 0  

3E± [3Tlff(t2c3e„)]

e± (W  /

e±(e„)

e±(e#) /  +  \^e±(t2(,)

■ A ilT ^ V e ,) ]^  =

~  V I  <\ e - ( t 2 i ) (fio)

*A2[zTlg(W)]

2V S  { 2<( ai(t^

3E± [3T2ff(t2i3e5)] 

e±(e„) )  -  (  e±(t2i) *+(®if)

3A2[3Tiff( V ) ]

3A2[8T1(,(t2„4)]

3A2[3Tla(t2/ ) ]

3A2[3Tlff(t2/ ) ]

3A2[3Tlff(t2/ ) ]

3A2[3T1o( V ) ]

3A2[3Tlff(t2/ ) ]

3E_[3Tlf,(t2/ ) ]

3E± [*Tlff(t2i,4)]

8E±[3Tlff(t2/ ) ]

3Ai[3Aic(t2/ e 7 ] ̂  =

V 2A  (  e - ( t 2„ )

»E± [ % ( V e , ) y  =

=F 1 /
V 3  V ±(t2f m

e-(e„)

ev(e,)

3A2[3A2f(t2?3ef) ] y  =  0 

,A i[8T *,(t* /e ,)]\  =

e-(tü„)

3E± [3T2„(t2i,8e£,) ] \  =

± ‘/2 <^e±(t2i)

m e-(e5)

3A2[3Tl5(V e ,) ]  )  =  0

3E± [3Ti(,(til(,3et,) ] > =

V* \ e±(t2S) e¥(e») 7 (86)

3E±[3Ec( V e ff)] ̂  =

±  V i  { e±(t2’ }

3ET[3Ei(t2ff3e7]^> =

2
V 3  \ e±(t2?)

3A2[8Ti5(t2|73es) ] \  =

e±(e„)

2 V 3  { ( « M W  /  +  2  < V T ( t 2ff) e ± ( e „ )

3E±[3Tlc(t2/ ) ]

3E± [3Tls( V ) ]  

1 L

3E± [3T1(,(t2l,3e„)] > =

" v 3 {eT(t2c) 1 ev(eff)

3ET[3T1(,(t2f3e7] )  =

2 V 3  V e ± ( t 2„) eT(eo) ai(t2ff) ®±(®i)
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3P]± [3Tlp( V ) ]  

T l
2 V 3  \ \ ai(t2s) 

3E± [3Ti5(t2ff4)]

P
m

P
in

P
m

3A1[3T2,(t2c3ec)]

eT(ep) / ~  2 \ eT(t2g) e±(ef)

3E± [3Tls(t2/ ) ]  

=Fl

3E± [3T2i(t2i3e9) ] y  =

*  2V 3 Y T(t2f)

*ET[*T2(,(t2,3e1,)] /  =

eT(e5)

2 y / P K e± (tJ

*E±[*Ti,(V )]

3E± [3Tlf( V ) ]

eT(ef) 7 +  \ ai(W e±(e„

3E± [3T1(, ( V ) ]

i  \7e {W0

3E± [3E0( V e p)]

*  V s  (6t(W
3ET[3E „ (V e 0) ] ^  =

±  Y i  \ ai(W

• A iP A ^ V e,)] )  =

I l  eT(e5) \  +  ( e T(t2c) |

3E± [3T1?(t2/ ) ]  £  3A2[3A2p( V e c)] )  =

ai(t2j)
a/O

3E± [3Ti„(t2/ ) ]

3E± [3T ls( V ) ]

— (^eT(t2i) ^  

3Ai[3T2„(t2|,3e(,)]y  =  

t  Va \ ai(t2„)

e±(e„)

e±(e„)

3E± [3T25(t2/ e c)] ̂  =

±  V2 \ e±(t2(,)

m eT(ec)

e±(e„)

3E± [3T lf( V ) ]  H  3ET[3T28( V e f)] )  =

±  V 2

3E±[3Tlc( V ) ]

e±(es) 7 +  \ e±(t2i?) M e ,)

3A2[3Tls(t2s3e9)] ) =

1 /  2 \ ai(t2„) eT(e„)

3E± [3Tl9(t2ff4)]

3E± [3Ti(,(t2/ )  ] 

V2 ai(t2i)

3E± [3T i , (V e 9)] > =

V2 ^ e ±(t2f) 

3ET[3Tli(t2/ e ff) ]N)  = 

e±(e„)

e±(e„)

e±(t2(j) gj 6T(es)

(87)

(iv) Matrix Elements: Six Electrons

iA1[5T2s(t2„4e /) ]

5A1[5T2„(t2!,4e(,2)]

5E± [5T2„(t2(,4e(,2) ] )  =

al(t2ff)

6E± [ % ( V e c3)] )  =

3E± PT29(t2iV ) ]  [

6E± [6T2„(t2i,4e92)]

m

-  < &i(u„)

*E±[‘E ,(t* ,V )]  > =

e±(t2„)

e±(ef)

-  <^e±(t2i,) 

3ET[sEff(t2, V ) ] \  =

e±(e„)

-  < e±(t2s) eT(e,) > (88)

‘A^A ^t*,*)] ‘A ^ T W e , ) ]  y  =

2 /  e_(t2„) e_(e9)

'A .l ’A i^ V 5)]

^  al(W

m ‘E ^ T W e , ) ]  ) =

e±(et) > +  ( e±(t2l,') eT(e„)

'A ^ A ^ V ) ]  Si 'A . I 'T v i W ]  )  =  0

'A i  [1 A i ff(ta»6) ] U  ’E-t [1T 2s(t2i,5ei ) ] y

a5(t2ff) £  e±(ep) y  +  /  e±(t2o) t eT(eg)

(89)
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Because of the spin ambiguity and prolificity of the 
four- and six-electron arrangement, we perceive that no 
simple relationship exists either within itself or between 
the one-, two-, three-, seven-, eight-, or nine-electron 
situations. However, in a restrictive domain such rela
tionships can be uncovered. To elucidate, (1) the 
quintet four and six electronic state verticilatory and 
spectral strengths are identical with one another and 
with the one- and nine-electron strengths, and are multi- 
plicatively related to the spin-paired seven-electron 
strengths; (2) some of the triplet state four-electron 
helical and spectral strengths are formally one-half those 
of the correspondent two- and seven- spin-free electron 
strengths; and (3) the singlet six-electron rotational 
and spectral strengths are formally twice those of the 
kindred three- and eight-electron strengths. These re
lationships will be again emphasized in section IV.

(6) No Configuration Interaction: Nonzero Spin- 
Orbit Forces. Four and Six Electrons. The remarks 
apropos to this paragraph are the same as those of 
§4.2b.

(c) Configuration Interaction: Zero and. Nonzero
Spin-Orbit Forces. Four and Six Electrons. The fruits 
of configuration interaction are coequal to those of 
§4.2c.

4.5 The Five-Electron Case. Concordant with our 
prior words of §4.2, we fix our scrutiny of the five-elec
tron enigma and study the single-electron excitations 
alone, the leftovers to be relegated to future look- 
sees. 3S'43 With this circumscription, the apt trig- 
onally directed cubical many electron functions for 
the five-electron bunch are as given below.

(a) No Configuration Interaction: Zero Spin-Orbit 
Forces, (i) Wave Functions: Five Electrons

6Ai p A i/ta /e /)  ] : |ai(t2t)e+(t2ff)e_(t2l> +(e(,)e_(e(,)|

4A2[4Tiff(t2ff4es) ] :

^r2 {|ai(t2s)e+(t25)e+(t2(,)e_(t2i)e+(e?)| -

! ax (t2„) e_(t2„) ë_ (t2„)e+ (t2„)e_(e„) |}

4E± [4Tls( V e ff)]:

=F \/'?  ̂lal(t2!?)&1(t2£,)e=t(t2i7)eT(t2/7)e±(eff) | +

j ax (t2(7) e± (t2i) e=F (t2„) ëT (t2„) e  ̂(e„) |}

4Ax[4T2ff(t2ff4eff) ] :

ai (t2„) e+ (t2„) “+ (t2„) e_ (t2„) e+ (e„) | +

|ax(t2„)e_(t2„)e_(t2„)e+ ( t , 0) e - ( e „ )  \ }

4E± [4T2s(t2ff4e0)] :

1
a/ 2

{ | ai (t2s)e± (t2„) erp (t2f)eT (t2,) e  ̂(e„)

la^ W â ^ t^ e ift^ e if (t^ e ^ e ,) |} 

2Ax[2T2„(t2/ )  ] : | ax (t2ff) e+ (t2„) ë+ (t2i) e_ (t2f) e_ (t2„) | 

2E± [2T2(,(t2„5)] : | a (t2„) âi (t2„) e± (t2„) e± (t2ff) e  ̂(t2i) [

2A2[2A2ff(t2/ e s)]:

^  {|ai(tj„)â1(t2|;)e+(t2lï)ê+(t2l,)e+(el,)| -

|ai(t2e)â1(t2s)e_(t2„)ê_(t2„)e_(el7)| +
| àx (t2„) e+ (t2y) e+ (t2o) e_ (t2„) e_(es) | -  
| âi (t2() e+ (t2„) e_ (t2„) e_ (t2t) e+ (ef ) | +
| ax (t2„) c+ (t2ii)e_ (t2ff)ë_ (t2ff)e+(e„) | -

|ax (t2„) e+ (t2„) ë+ (t2„) ê_ (t2„) e_ (e„) |}

2A2[2Tls(t2ff4et) ] :

{ | âx ( t21) e+ (t2ï) ë+ (t2f) e_ (ti,) e_ (e,) | -

21 ax (t2„' e+ (t2„) ë+ (t2ff) e_(t2() 5 (e„) j +  
|a1(t2,)e+(t2„)ê+(t2,)ë_(t2o)e_(e„)| -  
|à1(t2„)e+(t2„)e_(t2a)ë_(t2i)e+(e()| +

21 ax (t2p; e+ (t2„) e_(t2ff)ë„(t2t,) ê+(e„) | —
|ai(t2s)ë+(t2(,)e_(t2(,)ë_(t2,)e+(ef)|}

2E± [2Tl5(t2/ ej)]:

T 2\7i   ̂ (t2« ? ) ( t 2£, ) ( t 20)ëzp(t2„)e;F(e| —

21 ax (t2„) e± (t?e)eT (t2ÿ) ëT (t2i)êT(e<l) | +
| ai (t2f ) e± (t2f ) eT (t2„) (t2„) e  ̂(e„) | —
| ax (t2|7) ax (t2„) e± (t2j) (t2i ) e± (et) j +

21 ax (t2„) âx (t2„) e± (t2o) eT (t2„) ë± (e„) | -
|ax(t2e)àx(t2ff)ë±(t2„)eT(t2„)e±(ec) |}

2Ax[2T2ff(t2/ e p)]:

-  { 2|ai(t2„)âi(t2l,)e+(t2e)ë+(t2(,)e+(el,)| +

I ■aX (t2c) e+ (t2„) e_ (t2j) e_(t2„) e+ (e„) | -  

! ax (t2„) e+ (t2„) e_(t2i) e_(t2„)e+(e5) | +

2| ax (t 2g, âx (t2ff)e_ (t2(I) ë_ (t2ff)e-(e(,) | +  

|âx(t2t)e+(t2i)ë+(t2|l)e_(t2j)e_(e(,)| -

I ax (t2c) e+ (t2„) ê+(t2s) e_ (t2„) e_(eff) |}
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2Edt[2T2fl(t2!,4e!7) ] :

1
2 V 3

{2|e±(t2„)e±(t21,)eT(t2i)eT(t2f)e±(el,)| +

! ai (t2„) äi (t2|))e± (t2i,) (t2|,)e±(e„) | —
! ai (t2s) âi (t2ff)ë± (t2il)eT (t29)e± (e„) | +

2 [ ai (t2(, ) âi (t2„) e± (t2„) ë± (t2?) (eg) | +
I âi (t2(ï) e± (t2„) (t2ÿ) êT (t2s) (e9) | —

|ai(t2|7)ë±(t2(,)e=F(t2i,)éT(t2s)e^(eiï)|}

*E± [2E0(V e„)]:

a/3
{ |âi(t29)e±(t2ff)eT(t2|7)êT(t2!/)e^(e(,)

J Ri (t2d) âi (t2p) (t2p) (t29) (̂ g) |
I ai (t2s) ë± (t2s) eT (t2s) ëT (t2„) eT (e0) |}

2Ai[2T2ff( V e ff)]:

2^  { l ä i C V e + ^ e + ^ e - C W e - C e i , ) !  -

2|ai(t20)e+(t29)é+(t2(,)e_(t20)ë_(e(/)| +  
|ai(t2Je+(t25)e+(t20)è_(t2i,)e-(e(,)| +
I ài (t2„) e+(t2s) e_  (t2i,) ë_  (t25) e+ (e0) [ -  

2 [ai(t2S)e+ (t,2ÿ) e - ( t 29)ë _ (t2s)ê+ (e(I)[ +

|ai(t29)ë+(t25)e_(t29)ê_(t2i,)e+(e9)|}

,E ± [sT 2i(t2s4ef) ] :

=F2v /3  ̂[âl(t2»)e±Ct2ii)eH:(t2É,)ë=F(t2ff)eT(e<7) I —

21 ai (t2,) e± (t2„) eT (t2„) ëT (t29) ëT (e„) [ +
I ax (t2„)ê±  (t29) (t2j) ëT (t2?) eT (e„) | +

|ai(t2„)â1(t2f,)e±(t2,)êT(t2g)e±(e(,) | —

21 ai (t2„) âi (t2s)e :t (t29) eT (t2„) ë± (ef) | +

I ai (t2|7) â, (t2o) ê± (t2ff) eT (t2e) e± (e„) î }

2A 2[2T i9(t2, 4e„) ] :

1
2 a/ 3

{2|ai(t2(7) âi(t29)e+(t2i)ë+(t29)e+(e(,)f +

|âi(t29)e+(t29)e_(t29)ë_(t2i)e+(e0)! —
I ai (t2„) ê+(t2s) e - (t2p) ë_(t2„) e+ (e„) | — 

2|ai(t2s)à1(t29)e -(t2|7)è_(t20)e_(es)| -  
( at (t2ff) e+ (t2ff) é+ (t2 ¡7) e_ (t2ii) e—(e I +

J ai (t2„) e+ (t2„) ê+ (t29) ë_ (t2„) e_  (e„) |}

2E ± '2Ti9(t2s4e(,)]:

=F2\/3 ^ ^ e±^ ff̂ ê±^ 2̂ e:F̂ 2̂ ëlF̂ 2̂ e± ê|’^

|ai(t2a)âi(t2?)e+(t29)èT(t2,)e;t(e5) | -  
I ai (t2„) âi (t29)ê±  (t2„) eT (t2ff)e± (e„) | -  

2|ai(t29)âi(t29)e±(t29)ë±(t2!7)eT(eff)| -  
I âi (t ¡g) e± (t2i) (t29) ëT (t2i) (e„) | +

|ai(t20)ë±(t25)eT(t2e)ëT(t20)e=F(e,,)|}

2Ai[2Ai9(i2(,4e9)]:

{ I âi (t2i) e+ (t2i) ë+ (t2?) e_(t2s) e_ (e9) +  

|âift2(,)e+(t20)e-(t2„)ë_(t29)e+(ei,)| -
!ai(tî,)e+(t,,)ë+(t,i)ë_(t!,)e-(ei)| -  
I ai (t2„) ë+ (t2„) e-(t25) ê_ (t2s) e+(e9) J -
|ai(t2„)âi(t29)e+(t2s)ê+(t29)e+(e9) [ -

I ax (t2{,) â! (t2(;) e_ (t29) (t2i,) e_(e„) |}

2E± [2E9( V e 9)]:

1
V 3

{ |e±(t2ff)ê±(t2,,)e^(t29)êiF(t29)e±(e6l)| —

I ai (t2„) âi (t2„'l e± (t2ff) ëT (t2(ï) e± (e9) | +  
|ai(t2lJ)âi(t2!;)ê±(t2(,)ei;(t2|7)e±(e3) j } (90)

These configurational functions enable the vortical 
and photical matrix displays, which supervene, to be en
graved.

(ii.) Matrix Elements: Five Electrons

2AiPT29(t2/ ) l

2Ai [2t 29(v )1

2A i[2T 2ff( V ) ]

2Ai(2T29(t2/) ]

2E±f2T2i(t2/) ]  ) =

m

e^(t2„)

2A2[2A2f(t2ff4e9) ] )  =

W s  (  e-Ct-.,!

2A2[2Ti9(t2o4e9)]

— V 3  (  e_(t2(7)

2E± [2T,9(t2ff4eff)]

±  ^  (  e±(W

ai(t2„)

e-(e9)

e_(e9)

eT(es)
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2Ax[2t 2s(v )]

2Ax[2T2i( V ) ]  

1

m 2Ax [2T2(,(t2<74ei7) ] y  =  0 

2E± [2T2, ( V e , ) ] \  =

2 V 3  ai(t2s) e±(e„) e±(t2t) (fin)

2Ax[2t 2„ ( V )1

2Ai[2T2ff(t2(76)]

2Ax[2T2,(t2/ ) ]

2Ax[2T2„(t2/ ) ]

2E±[!E,(t2/ e t)]

1
V s e±(t2,;) eT(e„)

2Ax[2T25(V e ff)] 7 = 0

2E±[2T2e(t2/e , ) ]  )  =

±  ~y  (  e±^2̂

2A2[2Tl5(t2/e „)]  )  =

e-(t2f)

^ 2Ai[2T2„(t2/ ) ]

¿ ^ { < ^ e±(w

2Ax[2t 2„(v )]

2Ax[2T29(t2„5)]

P
m

P
m

P
m

P
m

V 3

2E± [2T1„(t2/ e !7) > =

y  — 2 <^ax(t2i,')

eq=(eir)

e-(e„)

e±(W)

2Ax[2Alff( V e 5)] ̂  =  0 

2E± [2Ef(t2/ e , ) ] ^  =

e±(e„) )  (91)

2E± [2T20( V ) ]  

1 i

V 3

2A2[2A2ff(t294e„)] )  =

y/Q 1\ ^ ( V )

2E± [2T2s(t2„5) ]

e±(e» )y  +  \ ax(t2„) eT(e„)

2A2 [2Tit,(t2ff4e!7) ]

V 3±  J r  {  ax(t2„)

!E±[2T2„ (V ) ] m 2E± [2T x ,(V e ff)] > =

*  ~y  (  e± (W

(®ff)

e±(ei)

2e ±[2t 2s( V ) ] 2ET[2Tlff( V e ff)] > =

T ^  V  W )

2E± [2T25( V ) ]

e±(ei) / +  (^e±(t2u) 

2Ax [2T2i7(t2x,4eJ7) ]

W

2 V 3 ax (t2j) eT(e /)y  +  2(  eT(t2„) e±(e„)

2E± [2T2ff(t2/ ) ]

2E± [2T2c( V ) ]  

1

2E± [2T2ff(V e , ) ]  )  =

eT(t2ff)V 3

2ET[2T2s(V e „ ) ]  )  =

w

2 V 3 al(t2s)

2E± [2T2ff( V ) ]

e±(e„) )  -  <V±(t2ff) eT(ef)

2E± [2Ec(V e ,) ]  ̂  =

V s  ( 6 t (W

2E± [2T2ff( V ) ]

2E±[2T2(, (V ) ]

*E ±[*T „(V )]

2ET[2EP(t2/e ,) ]  ) =

ai(t2„) ^

m

V 3

2Aa[2T2ff(t2/ e 5)] )  =

ax(t2„)V 3

2E± [2T2i(t2/e ,) ]  ̂  =

m

eT(es)

e=F(e„)

e±(e„)

^ 2E± [2T2,(t2/ ) ] 2ET[2T2i(t2/e , ) ]  )  =

2E± i2T25( V ) ]

2 V 3  { ( a i(W

2E±[2T2i,(t2/ ) ]

e±(e„) y  -  \y±(tig) 

!A! [2Tx((t!t4et) ] \  =

e=F(ei) 7 — 2 (  eT(t2„)

e je „ )

e±(es)

2E± [2Txff(t2/ e ff)] )  =

1
2 V 3O \ eT (W e^V )

T h e  J o u r n a l o f  P h y s i c a l C h e m i s t r y



Interaction of Electromagnetic R adiation with Matter 709

2e ± [2t 2„ (V ) ] 2ET[2T1„(t2„4e(,)] ) =

ai(t2„) e±(e„) > +  ( e±(t2„) m

2E± [2T2i(t2/ ) ]

V 6 {(ai(W
2E± [2T2i(t2/ ) ]

2Ai[2Ai„(t2/e ,) ]  ) —

eT(e5) /  — \^e^(t2ff) e±(e„)

e±(t2i)

2E± [2T2(,(t2„6)]

2E± [% ( t 2/ e 5)]

1
V 3

2ET[2E8( V e s)] )  =  

1

e±(e„)

V 3 e±(t2s) eT(ec) 7 (92)

Again, as in the four- and six-electron situation, the 
multiplicity of the spin electronic states precludes any 
close uniform accord of the five-electron vortical and 
photical strengths with those of the one-, two-, three-, 
four-, six-, seven-, eight-, or nine-electron bevies; but 
certain relationships nonetheless exist in bounded do
mains. As a tutorial, the four- and five- spin-paired 
trigonally ordered cubical electron collections of the 
optically allowed single-electron hops can be put in a 
one-to-one correspondence with each other so that their 
vertigal and photical strengths become (for the most 
part) equal when the trigonal and cubical specie sub
scripts 1 and 2 are interchanged, that is, so that the 
A2(T i„), E±(Ti„) to A2(Tiff), E±(Ti5) transition of the 
four-electron case corresponds to the A](T2„), E±(T2„) 
to A i(T2„), E±(T2„) transition of the five-electron case, 
and so on [three exceptions to this rule exist: one of 
the four-electron A2(Ti„), E±(Ti„) to E±(E„) transitions 
is four times as strong as the correspondent five-electron 
transition and one each of the four-electron A2(Tli,) 
E±(Ti„) to Ai,2(T2ili,), E±(T2,is) transitions is one-third 
as strong as its correspondent five electron transition]. 
It thus follows that the five-electron vertigal and photi
cal strengths are also related to those of the two- and 
seven-electron spin-free (and hence other) situations, 
just as were the four-electron strengths of §4.4. In ad
dition, there is a direct multiplicative relationship be
tween the two sets of 2Ai ]2T2„(t2/ )  ], 2E± [2T 2s(t2/ )  ] to 
2E± [2Ei(t2/ e ff) ] five-electron spin-paired rotational and 
and spectral strengths and the associate sets of 
2E± [ % ( V e , ) ]  to 2A1[2T2s(t2ff6e(,2) ], 2E± [2T29(t2/ e / ) ] 
seven-electron spin-paired strengths [compare eq. 82b

with eq. 91 and 92], as well as several other less direct 
relationships.

(o) No Configuration Interaction: Nonzero Spin-
Orbit Forces. Five Electrons. The utterances relevant 
to this paragraph are coincident with those of §4.2b.

(<:) Configuration Interaction: Zero and Nonzero
Spin-Orbit Forces. Five Electrons. The blossoms from 
configurational interaction are synonymical with those 
of §4.2c.

4.6 A Numerical Example: The Trisethylenedi-
amine- and TrisoxalatocopperQJ) Cation and Anion. 
To affirm that the electrical asymmetries entertained 
in the antecedent paragraphs are of a suitable magni
tude to rationalize the observed optical rotations of 
transition metal compounds, we shall here present a 
numerical examplar. Consider the a- and er-, T-bonded 
complex ions, copper(II) trisethylenediamine and 
copper(II) trisoxalato, respectively, and assume for the 
sake of simplicity that these are describable by a linear 
combination of Slater type metallic and ligand atomic 
orbitals with Slater (effective charge) exponents
7.85 (Cu: 3d),44 3.80 and 3.90 (N:2s, 2p) ,45 4.55 or 
4.4456 (0 : 2s, 2p, or 2p),46 with the metal and ligando
nuclear centers separated by a distance of 2.00 A.44 
Als e assume that the ligand cr-bond 2s- and 2p-like 
content, ks and kv, are fit and \ /3 /2 , each,47 that the

(44) (a) J. Bjerrum, C. J. Ballhausen, and C. K . Jorgensen, Acta 
Chem. Scand., 8, 1275 (1954); (b) C. J. Ballhausen, Dan. Mat. Fys. 
Mea., 29, No. 4 (1954). Of our two examples of trigonal dihedral 
optimally active eopper(II) complex ions, only the copper(II) tris- 
eth> lenediamine cation has actually been prepared and resolved. 
Unfortunately, its instability in solutions suitable for optical rotatory 
dispersion and circular dichroism measurements has thus far pre
cluded any close experimental study of these properties [read (c) 
G. Gordon and R. K . Birdwhistell, J. Am.. Chem. Soc., 81, 3567 
(1959)]. Hence, the computations to be described in what follows 
are at this time but an indicatrix of things yet to come.

(45) (a) J. Higuchi, J. Chem. Phys., 24,534 (1956) [NH3, E ffective  =  
3.80]; (b) A. B . F. Duncan, ibid., 27 , 423 (1957) [ Errata, ibid., 39 , 240 
(1963)] NHs, Z ^  effective = 3.90]. W ith the latter of these two values 
and the metal-ligand bond distance of 2.00 A. cited above, the rele
vant, copper(II) K nAi integrals become

[Zets =  3.90] K 2M =  2.9898 X 10~10, K 3A* =  5.4703 X 10"11 
K ,Ai = -1 .4449 X 10“ 10, K-jaz =  -1 .0120 X 10~10 

K uA< =  7.0735 X 1 0 -2, #26.44 =  -2 .6143 X 10"2 
K ŝ a, =  -4 .5274 X 10 " 2

(46) (a) F. O. Ellison and H. Shull, J . Chem. Phys., 21, 1420 (1953); 
23 , 2348 (1955) [H 20 , E ffective = 4.55]; (b) J. Sidman, ibid., 27, 
1270 (1957) [CHaO, ¿^effective = 4.4456]. W ith the flatter of these 
two values and the metal-ligand bond distance of 2.00 A. cited above, 
the relevant copper(II) K nAj integrals become

[Zetf =  4.4456] K 2As =  2.3847 X lO '10, K 3a3 =  3.3716 X 10 "11 
K 4A3 =  -1 .1112 X 10“ 10, K 7A3 =• -9 .7103 X 10“ 11 

K 24A4 =  6.1327 X 10 " 2, #26^ = -2 .0399 X 10~2 
#32 As = —3.9575 X 10 “ 2

(47) These values are very close to those obtained by J. Higuchi,458 
A. B. F . Duncan,45b and H. Kaplan (J. Chem. Phys., 26 , 1704 (1957). 
[Hartree-Fock nitrogen orbitals]) for ammonia for a variety of differ
ent orbital assumptions [their values for ks are 0.551, 0.439, and 0.442, 
and for kp, 0.855, 0.904, and 0.896, apiece, as compared with our con
venient “ average” of 0.500 and 0.866].
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ligand-metal a-, ?r-mixture parameters, £, 77, and p, are 
Vio, — V10, and — W i ,  serially,48 and that the angle of 
ligand-metal orbital cant, a, is 5°. Under these con
servative conditions the rotational, (R, and spectral, S, 
strengths for copper(II) trisethylenediamine {ZNeffeotive 
taken to be46 3.90) in the conformation of Fig. 2 be
come, in the limit to zero spin-orbit forces

(R[2E(Eff) — 2Ax(T2s)] =
-<R[2E(E») — 2E(T2„)] =  +0.087B

S[*E(E,)— >*A I(T „)] =
1.0 X lO ^D 2, S[2E(E„) — > 2E(T2(,)] =  2.7 X 10- 7D 2
« [ ‘AxCT,,) — ► 2E(T2j)] =

-0 .22B , S[2Ai [T2(] — »► 2E(T2i)] =  5.7 X 10- 6D 2
(93)

where [cf. §3.3, eq. 47, with £, 77, and p real]

h  =  e \Z$/i kp sin a [K2a6(£ — y) +  yKuzWoi(t)Ne(t)

ro =  | v sin a (\ /3  K tA, +  K ,A,)NaMN .M

n = | f  V V 2 4, sin a {2K1A,)Nei.t)NeM

r2 = | i  V V 2 sin a (\ /3  X .a, -  K 1At)NcWNtM

mo =  pbN  ai{t)N t)

mo = \ /2pbNnx i ) N mi = m2 = V^pbN'«qN
In terms of these the appropriate single-electron rotational and 
spectral strengths are [compare §3.4, eq. 52]

<R[ai(tso)— >  e±(W )] = —r0OTo, (R[ai(tj„)— ► e±(es)] =  r0mo,

®[e±(t2o) — >  e±(e„)] =  nmi, <R[e±(tj0) — >  e¥(t2(,)] =  r2m2

and

where the symbols B and D denote the fundamental 
units of rotational and spectral strength, the Biot [10-40 
c.g.s.] and the Debye [10-18 c.g.s. ].49 If further the 
transition frequencies involved, r[2Ai(T2„) 2E(T2!,)]
and ^ [^(E j) —► 2Ax(T2„), 2E(T2„) ] are taken to be of the 
order of 103 cm.-1 and 1.5 X 104 cm.-1, separately,44'60

(48) The sign of these constants is determined by the requirement 
that their associated wave functions have the antibonding radial 
nodal pattern. As the ligand metal overlap is negative for the 
c±(t2if) molecular orbital and positive for the ai(tiff) and e±(e0) molecu
lar orbitals, this nodal pattern is attained only with the sign choice 
given above (cf. section VII, §5.7, eq. A -12 ).

(49) We have here introduced a new unit, the Biot, in honor of the 
great French scientist who first discovered optical rotatory disper
sion.3 We hope that it will find favor. [An alternative unit has re
cently been introduced by W. E. Moffitt and A. J. Moscowitz (per
use, e.g., A. J. Moscowitz, in C. Djerassi, “ Optical Rotatory Disper
sion,” M cGraw-Hill Book Co., New York, N. Y ., 1960, Chapter 12). 
While convenient theoretically, it is experimentally a nuisance be
cause of its nonunit conversion factor, just as would the Debye be if 
it had been defined inclusive of the magnitude of the electronic charge. 
The name of Biot has been used, to the author’s knowledge, but 
twice before as a unit. Unfortunately, one of these two uses is also 
in the field of optical rotatory dispersion and again in a mensural 
sense (look at W. Heller, “ Technique of Organic Chem istry,”  Vol. I, 
Part III, “ Physical Methods of Organic Chem istry,”  A. Weissber- 
ger, Ed., Interscience, New York, London, 1960, p. 2299. The other 
use is in the field of electromagnetism where 10  amp. is sometimes 
called 1 Biot). However, as this previous employment does not 
seem to have gained wide use, its present proposed utilization is, 
to a great extent, relatively free of possible confusion. Other 
equally good names would be3 the Arago, the Cotton, the Fresnel, and 
the Pasteur. The initials of several of these (Arago, Cotton, and 
Fresnel), as luck would have it, coincide with those already in wide 
use as common units (the Angstrom, the degree Celsius, the degree 
Fahrenheit, the Faraday, and the Farad (the Farad is usually abbrevi
ated as a lower case letter)). It is thus six of one and half a dozen of 
the other! However, by calling Heller’s specific and molecular rota
tions specific Biot and molecular Cotton rotations designated by 
[</>]b and [3)i]c, respectively, all confusion can be eliminated, and our 
proposed new utilization rendered free and clear]. The individual 
electric and magnetic dipole matrix elements utilized in eq. 93 are

p e±(t2tr) > =  ±  [  ? ° ]  k ± ', \  äl(t2a) P
m / L — moJ \ m

=f [£0 k±',< e ±( w H e ±(e#) > = ± £ ]  k„',

S[ai(t2„) — >  e±(tj,); =  hi2, S[ai(t2(, ) ----->■ e±(ef )] =  r02,
S[e±(ts„) — >  e±(e„)] =  n 2, S[e±(t20) — >  eT(e„)] =  r22

Their many electron state sums are as cataloged in Tables V I and V II 
[these sums were obtained from eq. 50, 51, 53, 64, 69-71, 80-82a,b, 
85-89, 91, and 92]. The specific numerical values of the individual 
electric and magnetic dipole strengths for the C u(II) case may be found 
by use of the recorded integral magnitudes of footnotes 45 and 46. 
[For a = 5° and |£| = |q| = 1 /io, p = —l / y / 2 ,  the normalization 
constants become Nai(t)2 =  =  0.99105, N e(e)2 = 0.86241
for C u(II) trisethylenediamine and the ratios of ro:n:r* become 
2.34: - 1 .3 4 :  -1 .0 0 ].

(50) For recent quantitative estimates of typical trigonal field 
separations, look at (a) S. Geschwind and J. P. Remieka, J .  A ppl. 
Phys. S up pl., 33, 370 (1962). Other estimates quantitative and 
qualitative may be found in (b) H. S. Jarrett, J . Chem. P hys.y 27, 
1298 (1957) [results marred by an error in ligand field formulation]; 
(c) M. H. L. Pryce and W. A. Runciman, Discussions'Faraday Soc.t 
26, 34 (1958); (d) S. Sugano and Y . Tanabe, ibid., 26, 43 (1958); 
(e) S. Yam ada and R. Tsuchida, Bull. Chem. Soc. Japan , 33, 98 
(I960); (f) T . S. Piper and R. L. Carlin, J . Chem. Phys., 33, 1208 
(1960); 35, 1809 (1961); T . S. Piper, ibid., 35, 1240 (1961) [Errata, 
ibid., 36, 1089 (1962)]; T. S. Piper and R. L. Carlin, ibid., 36, 3330 
(1962); Inorg. Chem., 2, 260 (1963); and in ref. 25c [in these refer
ences the trigonal field cleavage is variously referred to as 3K  or v, 
with v equals —3K . So take care to avoid puzzlement]. Trigonal 
field intensities have also been estimated by (g) T . S. Piper and R. L. 
Carlin, J .  Chem. Phys., 33, 608 (1960). The ref. l i b  and 50b and 
many of the references under 50f pertain to studies of the most enig
matic acetylacetonates. Although we have not explicitly considered 
these compounds in this paper, it might be hoped that the theory 
here outlined, suitably generalized to explicitly include the molecular 
orbitals of predominantly ligand character [view Fig. 8], would be 
serviceable and help to reveal their secret. [Our theory of inclined 
bonds is not confined to trisbidentate coordinate situations alone, but 
is universally applicable, and hence, usable in bisbidentate and mono- 
bidentate circumstances also (as an instance, bisbidentate compounds 
of digonal dihedral symmetry may have their rotational and spectral 
strengths estimated by those of the combined trigonal states ai(t2P), 
e +(t2o) =fc e_(t2ff), and e+fe^) ±  e_ (eff) , respectively, in the absence 
of configuration interaction). A  survey of some of the riddles in
volved in such circumstances may be found in (h) R. L. Belford,
M . Calvin, and G. Belford, J . Chem. Phys., 26, 1165 (1957); (i) J. 
Ferguson, R. L. Belford, and T . S. Piper, ibid., 37, 1569 (1962); 
(j) C . K. J0rgensen, Acta Chem. Scand., 16, 2406 (1962); and (k) K , 
DeArmond and L. S. Forster, Spectrochim. Acta, 19, 1393, 1403, 
1687 (1963); P. X . Armendarez and L. S. Forster, J . Chem. Phys., 
40, 273 (1964).] Further chemicals of trigonal dihedral form which 
are also treatable by our theory and which experimentally and the
oretically nettle are discussed in ref. 10c and (1) C. K . Jprgensen, 
Mol. Phys., 5, 485 (1962); and (m) E. König and H. L. Schläfer,
Z . physik. Chem. (Frankfurt), 34, 355 (1962); K . M adeja and E. 
König, J . Inorg. Nucl. Chem., 25, 377 (1963); E . König, to be pub
lished.
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Table VI: The Spin-Free dn (n = 1, 2, 3, 4, 5, 6, 7, 8, 9) Trigonal Dihedral Rotational and Spectral Strengths for Zero 
Spin-Orbit Forces“

---------------------------Spectral strengths---------------
n Transitions Rotational strengths Electric Magnetic

1(8 =  2 ) and *A,(T2e) -  -E(T,t) — 2f0mo 2r„2 2 w 0 2
6(s =  5) —  *E(E„) 2r0mo 2r„2 2mo2

*E(T2s) -  *E(Et ) nmi +  r2m2 n 2 +  r22 mi2 +  m22

2(s =  3) and ■A*(T„) -  *E(T„) 2f0iho 2f„2 2iMo2
7(s =  4) -  *Ai(TSs) 2nmi 2n 2 2mi2

-  *E(T„) r2ra2 r22 m22
-  *A2(T !o) 0 0 0
-  *E(Tl5) r2m2 r22 m22
—» *A2(A2o) 0 0 0

'E (T ij) -  *Ai(T 2j) ‘An, mo ‘Arc2 ‘Amo2
-  *E(Tj„) ‘Anmi +  ‘Afro +  r2)(m0 +  m2) ‘ Ari2 +  ‘ Afro +  r2)2 ‘Ami2 +  ‘A (m0
-  sA2(T l0) ‘A 'oTOo ‘A 'o2 ‘ Amo2
-  'E(Tij) ‘ Anm,i +  ‘A(ro — r,)(mo — mo) ‘ A n 2 +  ‘A(r0 -  n )2 ‘ Ami2 +  ‘ A(mo
-  *A2(A2o) 0 0 0

3(s =  4) and *A2(A2„) —  *Ai(T 2o) 2rimi 2n 2 2 TO,2
8(s =  3) -  *e (t „ ) Go +  r2)(m0 +  m2) Go +  n )2 (mo +  m2)2

—  ’A2(T 1o) 0 0 0
-  'E (T i0) (r0 — r2)(77io -  mo) Go -  n )2 (mo — m2)2
-  *A2(T It) 0 0 0

-  *E(T„) 0 0 0

4(s = 5) and •E(E„) *Ai(T 25) rQmo n>2 Too2
9(8 =  2) -  *E(T2o) riTOi +  r2m2 n 2 +  r22 TOi2 +  TO22

•a ,(T „ )  -  *E(T2o) 2f0m0 2fo2 2»io2
5 'Ai(Ai0) -  *“ A ,(T „) 0 0 0

2,4E(Ti0)
2-4A,(T2„)
2'4E(T2„)
2l4A2(A2i)
2'4E(ES)
2'4A,(A ,5)

“ The quantities r0, ro.1,2, mo, mo.1.2 are as defined generally and specially in footnote 49.

the oscillator strengths, /, and the dissymmetry factors, 
G, convert to
G[2E(ES) — >  2A1(T2<7) ] =  0.22 X 10~\

/ [ 2E(E9) — > «AriT,,)] =  0.74 X 10“ 8
G[2E(E„) — ► 2E(T2„)] =  -0 .8 7  X 10"2r,

/ [ 2E(E„) •— > 2E(T2c)] = 1.9 X  10- 2
©[«AiiTO — > 2E(T2„)] = -1 .5  X 10~2c,

/ [ 2Aj(T2,) — > 2E (T2e)] = 2.7 X 10.r9 (94)
where v is the frequency of the measuring light probe in 
c m r 1. If all other things are kept constant except the 
effective ligand charge, êffective, the rotatory strengths 
for the copper(II) trisoxalato anion should be lower 
than those for the copper(II) trisethylenediamine 
cation by a factor of about 0.8, and the spectral 
strengths by a factor of about 0.65, for both Z° effective
4.55 and 4.4456. Of course, all else cannot be kept 
equal because of true 7r-bond possibilities for the tris
oxalato anion. However, the above numbers do show

that the ligand field rotations should be of the same order 
ot magnitude and the same sign for the same ionic con
ic rmation.

In actual practice the dihedral rotational strengths 
run from ~0 .5  to ~ 8B. Hence, the above numerical 
sample was much too conservative. We know from 
other sources that the a- and 7r-molecular orbital mixing 
parameters N eMp, Na,wy, are about equal to one 
another61 and large62—of the order yk/ 1/ 2. Therefore, 
a more faithful numerical estimate would be had by 
taking 1̂1 equal to |rj| equal to ]p| equals V V s  [this

(£1) R. G. Shulman and K. Knox, Phys. Rev. Letters, 4, 603 (1960), 
et seq.
(£2) This conclusion comes from electron  spin resonance and optical 
estimates of <r-, x-bond covalency. Eye (a) J. Owen, Proc. Roy. Soc. 
(London), A227, 183 (1955), (b) C. J. Ballhausen and A. D. Liehr, 
J  Mol. Spectry., 2, 342 (1958) [Errata, ibid., 4, 190 (I960)], and R. 
Rajan and T. R. Reddy, J . Chem. Phys., 39, 1140 (1963). (The 
former reference estimates the hexaamminenickel(II) covalency to be 
'■ "‘-'38%, and the latter estimates the copper(II) triethylenediamine 
covalency to be '-^50%, for example, which is not far from the values 
assumed above).
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Table VII : The Spin-Paired d* (n  ■= 1, 2, 3, 4. 5, 6, 7, 8, 9) Trigonal Dihedral Rotationa- and Spectral Strengths for Zero
Spin-Orbit Forces“

✓-------------------------Spectral strengths—— =-------------------- -
n Transitions Rotational strengths Electric Magnetic

4 3A2(T1o) —  sE(Ti0) — 2f0m0 2r„2 2m02
-  3E(E9) Vsnmo a/ W 8 Amo2
-> 3A2(T18) 0 0 0
-  3E(Ti„) 1 /6( 2ro +  r2)(2mo +  m2) ‘A(2r0 +  r2)2 ‘A(2m0 +  m2)2
-  3A,(T2i,) ‘An mi ‘A n2 ‘Ami2
-  3E(T2„) Ve(2r0 — n)(2mo -  m2) ‘Af2r0 -  r2)2 'A(2mo — m2)2
-  3Ai(Ai„) VlHWli V>rV 2Ami2
-  3E(E„) 2Anm2 2A n 2 2A m22
—►  3A2(A 2ff) 0 0 0
->• 3Ai(T2a) nnii ri2 mV
-  3E(T2s) ‘Anm2 'A n 2 ‘Am22
-  3A2(TI(,) 0 0 0
-  ’E(Ti„) ‘Anm2 'Aro2 ‘Am22

3E(Tis) -  3E(E„) 1 + 1 Vori2 +  Yon2 4 Ami2 +  4Am22
-  ’A.iTij) l/12(^0 +  2?’2)(wo +  2m2) Vnfro +  2n)2 Vnfmo +  2m2)2
-  3E (Tls) +  Vnfro -  r2)(m0 -  m2) 3A n 2 +  Vnfro -  n )2 3Ami2 +  Vnfmo — m2)2
-  3A i(T2„) Vnfro -  2n)(m0 — 2m2) Vnfro -  2n)2 Vnfmo — 2m2)2
-  3E(T2c) l/i¿rm ¡ +  Vnfro +  n)(m0 4 - m 2) Vnn2 4  Vnfro +  n )2 +  Vnfrn» +  m2)2
-> 3E(E„) ‘Anm0 +  '/3r,mi ‘A n 2 +  ‘A n 2 ‘Am«2 4- ‘Ami2
—  3Ai(A1(,) ‘Afro +  n)(m0 +  m 2) ‘ A in  +  n )2 ‘ Afmo 4- m2)2

3A2(A2g) ‘Afro -  r2)(»io — m 2) ‘Afn -  n )2 ‘A(m0 — m2)2
-  3A,(T2s) ‘Anmo ‘A n 2 ‘Am02
-  3E(T2c) ‘Anmi +  ‘A(r0 +  r2)(m0 4- m2) ‘Ari2 +  ‘Afro +  n )2 ‘AmV +  ‘Afmo 4- m2)2
-  r'A2(Ti(,) ‘Aromo ‘A n 2 ‘Amo2
-  sE (Tle) Virimi +  'Afro — r2)(m0 — m2) ‘A n2 4- 'A fn  -  n )2 ‘AmV +  ’Afmo — m2)2

5 2Ai(T2„) -  2E(T2„) 2f0wo 2r02 2mo2
~* £A2(A‘2g) * Arimi 2/3n 2 2 AmV
- *  iA2(Tlf) orimi 3r,2 3mV
-  *E(T„) 3/2r2m 2 3A n 2 3A m22
—  2A i(T2„) 0 0 0
—  2E(T29) ‘A(2ro +  n)(2m0 +  m2) l/e(2ro +  n )2 V»(2m0 4- m2)2
-  2E(E„) 2Ar2m2 Vs n 2 V3m22
—  2Ai(T2„) 0 0 0
-  2E(T2o) 3/2r2m2 3 A n 2 3 A m22
-  2A2(Tl8) ‘Arimi ‘A n 2 ‘A mV
-  2E(T,„) ‘A(2r0 -  r2)(2m0 — m2) ‘A(2r0 — n )2 ‘A(2m0 — m2)2
—  2Ai(2Ai„) 0 0 0
-  2E(ES) ‘ Anmo 'A n 2 ‘Am02

2E(T2„) —  2A2(A28) ‘Afro +  r2)(m0 +  m2) ‘Afn +  n )2 ‘Afmo +  m2)2
-  2A2(T18) 3AroTO0 3A n 2 3A m02
-  2E(Tlo) •Arimi +  3 Afro +  r2)(m0 4- m 2) V*ri2 +  3 Afro 4- n )2 3AmV 4- 3A(m0 +  m2)2
—  *A,(T2f) ‘ /isfro +  2r0)(m0 +  2 m2) V lîĈ o 4~ 27*2)2 Vnfmo +  2m2)2
-  2E(T2„) 3A nm, +  V i2(r0 — r2)(m0 — m2) 3 A n 2 4- Vnfro — n )2 3Ami2 +  ‘/i2(mo — m2)2
-  2E(E„) V3rom0 +  ‘Arimi ‘A n 2 +  ‘A n 2 ‘Amo2 4- ‘AmV
-  2A i(T2j) 3Anmo 3 A n 2 3 Amo2
-  2E(T2„) Virimi +  3A(r0 -  r2)(m0 — m2) •An2 4- 3A(n — n )2 3AwV +  3A(?iio — m2)2
-  *A2(Tls) V i2(ro — 2 r2)(m0 — 2m2) Vnfn -  2n)2 1 1

-  2E(Ti„) Visrimi +  Vnfro +  n)(m0 +  m2) Vnn2 +  Vnfro +  n )2 VnmV +  Vnfmo +  m2)2
-  2A,(Al0) 'Afro — r2)(m<i — m2) 'A fn  -  n )2 ‘Afmo — m2)2
-  2E(E„) ‘Arim, +  ‘A r2m2 ‘A n 2 +  ‘A n 2 ‘AmV 4 - 'Am22

6 ‘Ai(Ai„) —  >A2(T,t) 4rimi 4n2 4m V
-  ‘EfT,,) 2(r0 +  r2)(mo +  m2) 2(r0 +  r2)2 2(mo +  m2)2
-  ’A i(T25) 0 0 0
-  ‘EfT*,) 2(r0 — r2)(m0 — m2) 2(r„ -  r2)2 2(mo — m2)2

7 2E(E„) -  2A2(Tl8) 3/2r0mo 3 A n 2 3A m02
-  2E(Ti„) 3Anmi +  3 A r2m2 3/2n 2 +  3 A n 2 3Ami2 +  3/2m22
-  2A i(T 2„) ‘A  r2m2 ‘A n 2 ‘A m22
-  2E(T2s) ‘Aromo +  ‘Anmi ‘A n 2 +  ‘A n 2 ‘Amo2 +  ‘AmV
-  2A2(T 1o) ‘/Vom 2 ‘A n2 ‘ AmV
-  2E(Ti„) ‘Aromo +  ‘Anmi ‘A n 2 +  ‘A n 2 ‘Am02 4  ‘AmV
-  2A,(T2„) ‘Aromo ‘A n 2 ‘Am02
-  2E(T28) ‘Arimi +  ‘Ar2m2 ‘A n 2 +  ‘A n 2 'AmV +  V2m22

“ The quantities r0, r0.i.a, mo, m0.i.2are as defined generally and specially in footnote 49.
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choice makes the per cent o--covalency, equals 7Vc(e)2p2, 
•— 43%, and the per cent ir-covalency, equals Ara,{l)2T]2 or 
NeW2%2, ~ 33% ], and also by upping the-trigonality by 
setting a to ~15°. These modifications5toward reality 
would then increase the rotational strengths by a factor 
of '~~10\ /2, the spectral and oscillator strengths by 
—̂ 300, and would decrease the dissymmetry factors by 
~ \ /2 /3 0 . The rotational, spectral, oscillator, and dis
symmetry strengths would then become of the order IB, 
10_ 4D 2, 10-6, and 2 X 10~4r, which are of the order 
of what is actually observed.63 [Usually the Slater 
orbital technique of approximating the electronic elec
tric dipole transition moment integrals, K nAit under
estimates them,62b’ 54 and thus an additional amplifica
tion springs from this source too. Also, from eq. 69 
through 92 it is apparent that other multiplicative fac
tors enter into the calculation for d" systems where n is 
not equal to one or nine. Therefore, specific computa
tions must be done for each situation separately. These 
computations will be carried through in other publica
tions.33]

IV. Discussion
It is apparent from the foregoing theory that the 

optical rotatory power of dihedrally asymmetric com
pounds can be adequately explained on the basis of an 
internal inherent dihedrally asymmetric local electronic 
charge distribution, both in quality and in quantity. 
It is, however, also evident that this theory unfortu
nately contains a number of difficultly specified parame
ters and integrals. Despite these hitches, much useful 
information may still be gathered from the theory with 
a minimum of effort. First, the sign of the rotation for 
a given conformation can be determined by simple 
inspection.56 Second, the order of magnitude of the 
rotation may be estimated with relative ease. Third, 
the degree of covalency, hybridity, and dihedrality may 
be inferred by comparative means.66 Fourth, the ac
curacy of spectral assignments may be checked with 
little effort.67 Fifth, the cleavage of the threefold de
generate electronic states may be gaged and as
sessed.67’58 Sixth, the proportionate symmetry of ex-

(53) For example, consult A. J. M acCaffery and S. F. Mason, Trans. 
Faraday Soc., 59, 1 (1963).
(54) Similar difficulties are encountered in the semi-empirical assess
ment of the electrostatic ligand field parameter Dq ,44 and of the octa
hedral vibronic oscillator strengths, /  [peruse A. D . Liehr and C. J. 
Ballhausen, Phys. Rev., 106, 1161 (1957), and ref. 22d].
(55) The usefulness of such a determination has been re-emphasized 
and well illustrated in the recent papers of (a) R. E. Ballard, A. J. 
M cCaffery, and S. F. Mason, Proc. Chem. Soc., 331 (1962); (b) A. J. 
M cCaffery and S. F. Mason, ibid,., 388 (1962); (c) A. J. M cCaffery 
and S. F. Mason, Mol. Phys., 6, 359 (1963) ; (d) Proc. Chem. Soc., 211 
(1963). [But be sure to read also the classical papers of (e) W. Kuhn 
and K. Bein, Z. anorg. allgem. Chem., 216, 321 (1934), and (f) J. P. 
Mathieu, Bull. Soc. Chim. France, 5e série, 3, 463, 476 (1936), on this

subject]. In this regard, notice that the d3,6 correspondence in
ferred in ref. 55a is well substantiated by eq. 80 and 81 of §4.3 and 
4.4 and by the discussion of §4.4.

(56 These, in a sense fictious (read A. D. Liehr, to be published), 
parameters can be fixed, for instance, by a comparison of nuclear 
magnetic resonance, electron spin resonance, optical polarization and 
intensity, and optical rotatory dispersion and dichroism measure
ments. Such measurements determine N ai(t)y, N e(t)£, N e(e)p, k8, 
kp, a, and the sign and magnitude of the trigonal field splitting inde
pendently, and their mutual cross-check should be most enlightening 
as to the physical actuality of the concomitant concepts involved. 
Some such comparisons have already been made in other connections. 
View T . S. Piper, J . A m . Chem. Soc., 83, 3908 (1961). as a sample.

(57 • This suggestion although arrived at unaided by the author is not 
original with him. Others have made the same comment. See, for 
instance, ref. 25b and (a) S. F. Mason, Proc. Chem. Soc., 137 (1962); 
(b) J. G. Brushmiller, E. L. Amnia, and B. E. Douglas, J . A m . Chem. 
Soc., 84, 111, 3227 (1962); B. E. Douglas, J. G. Brushmiller, 
anc E. L. Amnia, “ Proceedings of the Seventh International Con
ference on Coordination Chem istry,’ ’ Stockholm, Sweden, June 
25-29, 1962, p. 42, paper 1E2; B. E. Douglas, R. A. Haines, and 
J.G . Brushmiller, Inorg. Chem., 2, 1194 (1963); J. G . Brushmiller, E. L. 
Arrma, and B. E. Douglas, ibid., in press; (c) R. D. Gillard, Nature, 
198, 580 (1963); (d) Th. Btlrer, Helv. Chim. Acta , 46, 2388 (1963). 
The optical rotatory dispersion and circular dichroism method in 
principle allows the determination of the symmetries (and thus 
orders) of the electronic excited states, and of the singular or multiple 
nature of the associated electronic jumps [in this last regard be 
sure to read the classic papers (e) W. Kuhn and H. K . Gore, Z. Physik. 
Chem., 12B, 389 (1931), and ref. 31c and 55f].

(58) This task m ay be accomplished by noting the change of sign (or 
in some cases, the drastic relative reduction in magnitude) of the cir
cular dichroism or dissymmetry factor.B6f-67 The need for such a
change (or reduction) is hurriedly seen from eq. 52 through 92 which 
shew that within a cubical triply degenerate band the two trigonal 
conponents rotate oppositely. To expound, we consider the sums 
1 / f  ^  (Rij, where i(eg) equals e±(eff) or 7 e(°)(ep), 7 (f)(ee) and 

i'.eo), j(Uo)
j(U g) equals ai(t2P), e±(tae) or 7 (|)(W b  76(«)(s)(t2ff), and where g 
equals the degeneracy of the ground electronic state [equals two for 
the spinless orbital set e±(e0), ai(t2<?), e±(t20) and four for the spin 
orbital set 76(“)(e*), 7 (|)(ea), 7 ($)(t2ff), 76(®/s)(t2a)]• From eq. 
52 and 54 we see that these sums both equal

— sy-skp sin a Ne(e)2(Nai(t)2y 4- Ni(02£)(M'SKiAs 4- -K4a$)
[This statement follows since the molecular spin orbitals of eq. 34 
are related to the ordinary molecular orbitals of eq. 17 and 33 by a 
sort of generalized unitary transformation. Thus since by eq. 50 
anil 51 the sum considered, as well as the analogous one over Si3-, 
which equals

3/se2kp2 sin2 a Ne(e)2\Nai{t)2v2( V%K4as 4- Kiaz)2 +
^  e{t)2̂ 2[^KlAz2 4“ (\Z3KiAz — K7Az)2] )

is an unitarily invariant diagonal trace, the orbital and spin- 
orbital sums must coincide. In the general notation, of footnote 49, 
the sums over (Rij and S*j are rorao +  nwii 4- ^2m 2 and r02 4- n 2 4- 
r22 separately, and that over the magnetic transition dipole moments 
2ill j is wo2 +  mi2 4- m 22. These sums reduce to

W o

AX<oand m{)‘

+ I Oi -  r2)2

(' + » * & )
individually, for the molecular orbital model used here, as may readily 
be checked], and that for equal covalency, where N a^ t) e q u a l s  
— Ne(t)2£ (recall y and £ have opposite signs when both are either 
bonding or antibonding orbitals48), these sums vanish [for the catholic 
symbolism of footnote 49, this limit implies that all rm, (i = 0, 1, 2) ,  
are equal, that n  rs +  n  = 0, and that ro2 +  n 2 +  r21 — 3Aro2 4~
1 /2(n — 7*2) 2]. For unequal covalencies the sum of the ai(t2p) and 
e(t.20) trigonal component rotational strengths is not fully com
pensated internally and may attain a nonzero value. As the corre- 
sp indent sums for all the many electron triply degenerate electronic 
configurations reduce to multiples of this one-electron sum [cf. eq. 
52 through 92], the contention is proved.

V o l u m e  6 8 , N u m b e r  J, A p r i l , 1964
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cited electronic states may be surmised.59 Seventh, the 
overlap of optical absorption bands may sometimes be 
resolved.60 Eighth, the possibility of observable spin- 
only magnetic dipole natural optical rotatory power can 
be demonstrated.61 Ninth, the sum of the dihedral ro
tational strengths within a triply degenerate band need 
not vanish.w’62 Tenth, for a fixed electronic configura
tion, d", the sign of the rotation for a given conforma
tion may conceivably change as one proceeds from the 
first to the second to the third transition series and from 
ligands in the first to the second to the third, etc., rows 
of the periodic table.63 Eleventh, the feasibility of per- 
ceptibile electronic natural optical rotary power in the 
infrared and microwave regions of the spectrum is 
manifested.64 Twelfth, the variation of the optical 
verticity with bidentate (or polydentate for that matter) 
chain length and bond angle can be predicted,65 and so 
on.

Besides the above the theory here developed has 
several other important advantages. One, it shows that 
a- and <r-,7T-bonded compounds, to good approxima
tion, have mathematically the same formal expressions 
which relate rotary and spectral power and covalency.

t

Figure 16. T h e factualistic  acute-angled geom etry of the 
trisethylenediam inecopper(II) cation. (Ligand nonplanarity 
has been suppressed for illustrative c larity  only.)

Two, it reveals the mathematical conjugation of the 
rotary and spectral strengths of the kdn and kdn+h, (n 
=  0, 1,2, 3, 4, 5), spin-free systems. Three, it uncovers 
the simple formal multiplicative and additive relations 
among the rotational and optical capacities of non- 
conjugative kdn configurations, whether spin-free or 
spin-paired. Four, it unveils a direct correspondence 
of the rotational and optical potentialities of the d 1’4'6'9 
spin-free arrangements and a simple multiplicative 
connection between these and the d7 spin-paired ar

(59) The admissable geometries of excited electronic states m ay be 
enumerated by symmetry techniques of the kind discussed in foot
notes 10 and 25 [read A. D. Liehr, J . Phys. Chem., 67, 389 (1963)1 
The assignation as to which geometry is actually attained may be 
made on the basis of large deviations from the sum rule of footnote 
58. Whenever the sum of the circular dichroisms and dissymmetry 
factors of the components of a triply degenerate band do not any 
where near vanish [that is, whenever the dichroism and dissymmetry 
do not come near changing signs somewhere in the band], one of the 
electronic states must be structurally deformed [Jahn-Teller or 
otherwise] or a most unlikely inversion of bonding and antibonding 
properties must have occurred, as only in these fashions can large re
ductions of one rotational strength with respect to another be attained. 
[The deformational reduction is obtained by a Franck—Condon 
dimunition— see A. D. Liehr, to be published]. B y this means one 
would infer that one of the excited states of chromium (III) and co- 
balt(III) is distorted in certain complexes.33

(60) As the circular dichroism and dissymmetry factor curves are 
much sharper than the analogous absorption curves occasional optical 
resolutions might be expected [careful dispersion measurements and 
analyses can also yield identical results49]. Illustratively, weak spin 
forbidden or close spin-orbit component bands might be at times sepa
rated out.

(61) As examples, in eq. 55 and 58 the electronic transitions 75 to 
7 (4 ) are rotationally only spin allowed, and those from 7 e(8)(t2p) 
to 76(7)(t2p) and 76(7)(t20) to 7 (|)(t2ff) owe a substantial part of their 
rotational strength [that portion which is only multiplied by two 
rather than the usual four normalization constants] to spin magnetic 
transition moments.

(62) This situation will be the normal occurrence [cf. footnote 58].

(63) This possibility arises from conceivable alterations in the sign of 
the electronic transition moment integrals K nA,■ without a concomi
tant change in that of the variational parameter £ and 77 [since these 
are determined by integrals with different spatial weighing factors] 
as one changes the radial nodal patterns of the central atom or ligand 
atoms.

(64) The electronic transitions which might be active in these regions 
of the spectrum are the internal |ai(t20), e (t2(7) ! ,  { 7e(8)(t2i7) , 74(t2ff), 
75(t2ff), 76(?)(t2ff) I , and ¡7e(eff), 74(eff), 75(eff)| transitions and their 
many electron orbital and spin-orbital analogs. [In symmetries 
lower than trigonal and electronic configurations greater than d 1 
(or less than d 9) the possibilities become more pronounced.
(65) The dependence of the rotation and circular dichroism on the 
local orbital mismatch parameter, a, through the functions £ sin a  or 
7] sin a which occur in a.l the many electron rotational strength ex
pressions, eq. 59 through 92, foretells that as this angle goes to zero 
and through it, the rotation will likewise go to zero, and after the 
angle a has passed through zero, the rotation will re-emerge with un
changed sign (as the sign of £ and -q are fixed by the sign of sin a-— 
look at footnote 48 and section VII, §5.7, eq. A-12). Some experi
mental evidence exists to substantiate the first of these forecasts. 
[F. Woldbye, “ Proceedings of the Seventh International Conference 
on Coordination Chemistry, Stockholm and Uppsala, Sweden, June 
25-29, 1962,” p. 41, paper 1 E l ; private communications. For a 
most excellent generalized survey of optical rotatory and dichroism 
measurements read F. Woldbye, “ Technique of Inorganic Chemis
try ,” H. B. Jonassen, Ed., Interscience, New York, London, to be 
published. A  more specialized but equally fine survey has also been 
given by Th. Btlrer, Helv. Chim. Acta, 46, 242 (1963).]

T h e  J o u r n a l o f  P h y s i c a l C h e m i s t r y
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rangement. Five, it discloses that electronic transitions 
to or from bonded and antibonded molecular orbitals 
rotate electromagnetic radiation both parallely and 
oppositely, dependent upon conditions.66

To embellish upon the above mentioned theoretical 
revelations, a few more comments would not be out of 
place. (a) In normal circumstances configuration 
interaction can do little to alter the rotational and 
spectral trends cataloged aloft.67 (6) It is only by 
figuration interaction that spin forbidden electronic 
states appear in an optical rotatory dispersion or di- 
chroism spectrum.68 (c) Although formally forbidden 
to appear in an optical rotatory dispersion or dichroism 
spectrum on the basis of cubic selection rules, Ai to T2 
or A2 to Ti electronic hops may appear without corre
lational type electronic configurational interaction 
within the trigonal field if the molecular orbital co
valencies of the ai(t2„) and e±(t2i) one-electron molecular 
orbitals differ to a sufficient degree.69 (d) Due to the 
one-electron nature of the electric and magnetic di
pole operators, no matter how complex the electronic 
configuration, the many electron theory of optical ac
tivity always subsumes the aspect of a one-electron 
summation.23 Clearly, further remarks of a similar 
vein are readily conjured.

At this point it is but logical to inquire as to how the

Figure 17. The local ligand orbital spatial disposition for the 
factualistic acute-angled geometry of the trisethylenediamine- 
copper(II) cation. (Ligand nonplanarity has been 
suppressed for illustrative clarity only.)

theory may be improved. Several suggestions imme- 
mediately advance themselves. (1) The use of improved 
wave functions, for example, self-consistent field tri
gonal molecular orbitals should yield a better numerical 
accord.70 (ii) The employment of the more exact (for 
approximate wave functions) 21-22 differential expression 
„  h _

t Vj, rather than the simpler multiplicative expres-
j i

sion, Xleru f°r the electric dipole operator should give
i

improved values for the rotatory and spectral powers, 
(¡ii) The application of the true ground electronic state 
molecular geometry to the mathematical development 
of the theory should produce increased concurrence [cf. 
Fig. 16-19].71 (iv) The relaxation of the simplifying
restriction that the one-electron molecular orbitals 
ai(t2(,), e±(t2„), and e±(e„) retain their pseudo cubical 
character would make an enhanced concert.72 (v) The 
inclusion of metal-ligand magnetic transition di
pole moment contributions and ligand-ligand electric 
and magnetic transition dipole moment contributions

(66) This remark follows from the linear dependence of the rotational 
strength, (R»y, on the sign of the variational parameters £ and ??, and 
from its indieial antisym m etry35 [perceive Fig. 3 and 8 for examples. 
In a later publication, we shall discuss charge-transfer transitions 
more fully. In this connection it is interesting to notice that the 
comparison of the sign of the optical rotation of a given bonded to 
antibonded and antibonded to antibonded transition pair, such as are 
formed by the e(eg) and e(t2fl) pairs of Fig. 3, will afford an experi
mental proof of the indieial antisymmetry of the rotational strength,

(67) B y unusual means, configuration interaction can sometimes 
change the sign of the optical rotation, if for instance, it inverts the 
positions of two nearby electronic states of opposite verticity.

(68) Elucidatively, the 2E and XE  electronic states of chromium (III) 
and nickel(II), each, attain to 10% 4T 2ff and 3T 27 character, and 
hence, should capture ~ 1  to 10% of the 4T 2g and 3T 2g rotational 
strength, seriately, through spin-orbit coupling, in particular in
stances. [(a) A. D. Liehr and C. J. Ballhausen, A nn . Phys. (N. Y .), 
6, 134 (1959); (b) A. D. Liehr, ,/. Phys. Ghent., 67, 1314 (1963) J. 
For a recent application of this concept to the JA iff —►  1T i0 state of 
cobalt(III) view (c) C. J. Ballhausen, Mol. Phys., 6, 461 (1963).

(69) This fact may be easily manifested by the substitution of the 
relevant expressions from eq. 69 through 89 into eq. 72.

(70) For an evaluation of the goodness of Slater type wave functions 
in ligand field calculations read (a) R. L. Belford and M. Karplus, 
J . Chem. Phys., 31, 394 (1959), and (b) Ii. E. Watson and A. J. 
Freeman, Phys. Rev., 120, 1134, 1254 (1960), and related papers.

(71) For actual geometries three principal modifications of the theory 
would enter. One, the cr-molecular orbitals could no longer be made 
cubosymmetric,13,16 and hence, would contribute to the optical 
activity. Two, the cubical symmetry operations such as a(x' — z'), 
OiOr), i, etc., could no more be used to equate localized electron 
transition moment integrals one to another [cf. section V II, §5.3 
and 5.4]. Three, an additional angle l which measured the localized 
metal-ligand bi- (or (poly-) dentate directed orbital nonplanarities 
would participate [for insight, read (a) E . J. Corey and J. C. Bailar, 
Jr., ./. Am . Chem. Soc., 81, 2620 (1959), and (b) F. Woldbye, Record 
Chem. Progr., in press. These modifications can be incorproated 
into the theory without difficulty.6
(72) This .relaxation would destroy the cubical <r-,7r-dichotomy and 
would invite odd cubical <r-molecular orbitals to enter the calculation, 
and therefore would enhance the optical rotivity.16 It would also 
make possible configurational interaction between the e±(t2ff) and 
e-tie^) molecular orbitals which would likewise augment) the rotivity.

V o l u m e  6 8 , N u m b e r  4 A p r i l , 1964
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should create heightened accord.73 Other emendments 
should suggest themselves.

A word of comparison: contemporary workers2615'74 to 
date have all adopted an electrostatic outlook in the 
treatment of the optical activity of trigonal dihedral 
compounds, and have as a consequence fallen into one 
trap or another.75 Indeed, the present work was 
undertaken to rectify the false result of Moffitt25b and 
to demonstrate the inadequacy of his model. Fortu
nately, a portion of this task which was not too directly 
connected with the author’s purposes was accomplished 
for him while he has engaged in the present develop
ment: Sugano,7.4a'76 and later Piper,74b Hamer,740 Piper 
and Karipides,74d and Poulet74e discovered a mis
laid minus sign in Moffitt’s treatment. This 
discovery was most gratifying as it had been the 
author’s contention since 1956 that Moffitt’s error lay 
here among other places.77 Thus the present theory of 
the trigonally dihedral compounds is the first internally 
consistent one to be published.78

V. Conclusion

To end this disquisition we emphasize the principal 
finds of this research.

Figure 18. T h e factualistic acute-angled geom etry of the 
trisoxalatocopper(II) anion. (Im probable ligand 
nonplanarity has been suppressed.)

(1) There is an infinite ambiguity in the mathemati
cal formulation of dihedral molecular orbitals from a 
directed localized ligand-metal orbital basis.

(2) The optical rotary and spectral powers are 
directly proportional to the covalent strength of the 
compound.

(3) The electron-hole formalism is not straightly ap
plicable to optical rotatory or intensiveness computa
tions.

(4) There is a direct correspondence between the ro

(73) The embodiment of ligand-ligand additaments is of paramount 
importance whenever the angle cant a, and the degree of covalence 
£ or rj [or p if the assumption of pseudo-octahedrality is dropped] 
are large [see as a sample ref. 10a and (a) A. Carrington and D . S. 
Schonland, Mol. Phys , 3, 331 (I960)]. In this event quadratic 
terms in these two sets of parameters, individually, cannot be neg
lected, as was done in §3.3, eq. 47 and 49 and their descendants. 
For example, in the approximation of pseudo octahedrality, the 
a-bonded electric transition dipole (ai(t2ff) |p| e±(t2p)) of §3.3, 
eq. 47, should include the term (neglecting ligand-ligand overlap)

i i a A 1 6 akp2 sin2 a Nai(t)*Ne(t)v*£(i +  w±lj +  w±2k), where a 2j-\' 3
is the metal-ligand bond length, which arises from the integral 
eN ai(t)*Ne(t)y*i;J'Ilos(' +) r ll±adr. Note that due to the product 

this term is of opposite sign to that given in eq. 47. [Compare 
also footnotes 45, 46, and 49. This oppositely signed contributent to 
(ai(t2fl) |p| e±(t20)) is only of order + 0 .0 35 in the parameterization 
of eq. 93 and 94, but rapidly attains an order of many-fold times this 
value as £. 77, and a increase. Indeed, when lAGno^l and | be

come ^  and a ~  15°, this previously neglected ligand-ligand term 
V  2

becomes dominant and exceeds the metal-ligand term of the text by a 
factor of two! Hence, for large covalencies and cantations the formu
las of the text must be supplemented in the manner indicated.] 
In pseudo-octahedral r-bonded compounds this is the only such 
electric transition dipole addition needed [a ligand-ligand magnetic 
transition dipole additament to (e±(t2?) |m| e± or t C^)) also oc
curs]. However, for pseudo-octahedral a-, 7r-bonded compounds and 
nonpseudo-octahedral <r- or <r-, 7r-bonded compounds several others 
also occur [cf. §1.2, eq. 33 and footnotes 71 and 72. In the latter 
instance (the general case) the matrix expressions become rather 
cumbersome; cf. (b) part I, topic B, A. D. Liehr, in preparation].

(74) (a) S. Sugano, J. Chem. Phys., 33, 1883 (1960); (b) T. S. Piper, 
ibid., 36, 2224 (1962); (c) N. K . Hamer, Mol. Phys., 5, 339 (1962); 
(d) T . S. Piper and A. G. Karipides, ibid., 5,475 (1962); (e) H. Poulet, 
J. Chim. Phys., 59, 584 (1962); (f) M. Shinada and S. Sugano, Inter
national Symposium on Molecular Structure and Spectroscopy, 
Tokyo, Japan, September 10-15, 1962, private communication, and 
to be published.

(75) All of these treatments have had difficulty in convincingly re
producing the observed rotations.

(76) Sugano’s74a investigations on this point were synchronously 
timed with those of the author while both were neighbors at the Bell 
Telephone Laboratories, Inc., Murray Hill, N. J His most 
elegant result rendered the author’s planned proof (planned along the 
lines of Piper’s74b direct check-see method) both totally redundant 
and unnecessary [this planned proof was to have been inserted as an 
appendix to the present paper],

(77) The other errors here implied are in the use of the electrostatic 
approach in the first place. Shinada and Sugano74f are presently at
tempting to rigorize this approach, however, and have made most 
impressive progress.

(78) Shinada, Sugano,74f and Th. Borer [(a) Mol. Phys., 6, 541 
(1963), and (b) to be published], and A. G. Karipides and T . S. Piper 
[(c) J. Chem. Phys., 40, 674 (1964)] are also at this time developing 
a harmonious molecular orbital theory of such compounds. It is 
expected these will be equally good, if not better than the present 
one.
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tational and spectral powers of d" and d6+7i, (n =  0, 1, 2, 
3, 4, 5), spin-free systems, between d 1'4’5 6 7 8-9 spin-free sys
tems, and various indirect relationships between these 
and other d", (n =  0, 1, 2, 3, 4, 5, 6, 7, 8, 9) configura
tions.

Figure 19a. The digonal local ligand orbital spatial 
disposition for the factualistic acute-angled geometry 
of the trisoxalatocopper(II) anion. (Improbable 
ligand nonplanarity has been suppressed.)

(5) The sign and magnitude of the optical rotation, 
the ellipticity, and the dissymmetry, for a given con
formation, are directly dependent upon the sign and mag
nitude of the covalency and hybridization parameters, 
the localized metal-ligand transition moment, and the 
angle of bidental cant.

(6) Cubic magnetic and electric selection rules are 
nontrivially relaxed in zero order in dihedral com
pounds.

(7) Strong natural electronic optical rotatory dis
persion and dichroism are possible in the infrared and 
microwave regions of the spectrum for spin-orbitally 
coupled and uncoupled d” electronic systems.

(8) Spin magnetic dipole transition moments alone, 
in conjunction with an allowed electric dipole transition
moment, can induce large rotational strengths.

'9) To good approximation a- and cr-,7r-bonded 
compounds are formally identical in their mathematical 
optical rotatativeness and intensiveness behavior.

'10) The optical rotatory and spectral powers of 
many electron dihedral systems are expressed as multi-

Figure 19b. The isosceles local ligand orbital spatial 
disposition for the factualistic acute-angled geometry 
of the trisoxalatocopper(II) anion. (Improbable 
ligand nonplanarity has been suppressed.)

phs and simple sums of those of the primogenital one- 
electron system, and an addition invariance relationship 
for these expressions.

It is apparent that a large number of further relation
ships could be derived and recorded by extensions and 
enlargements of the theory developed above. However, 
without corroborative detailed experimental informa
tion such derivations seem a little premature, at least 
at this time. It is hoped that at a future date de
velopments will be such as to allow a further evolution 
of the theory. Plans are now in progress for its ac
complishment.33
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VII. Appendix §5. Evaluation of the Integrals
5.1 Algebraic Reduction. The algebraic reduction 

of the requisite molecular and localized integrals to 
elementary forms is straightforward. A few samples 
will be given here to illustrate the procedure. First, 
due to the trigonal dihedral symmetry all vectorial 
integrals can be immediately reduced to one component 
form. To illustrate, as Qz(z')\x,y,z) =  [z,x,y] and 
Qs(z') [aj,e± ] =  [ai.aji’e-fc] (Fig. 2 and 7 and Tables I 
and III), we have26'30

/  ai*(t2(i) |p|
|m| e±(t2e) dr =

(i +  +  ûj±2k)i/'a i(t2il)* p*
m* e±(t2|7) dr (A-l)

expressed in terms of their trigonal momental basal 
representations d7r±', d5±' and d</2 [Table III] and the 
angular momentum components are trigonally oriented 
[the latter orientation is accomplished by use of the 
vectorial transformation matrix given in ref. 9, footnote 
28]. The values of the integrals are then read off by use 
of the standard angular momentum matrices as cata
loged, e.g., by Kramers79 [but remember in using these 
tables the definitions of d7r± ', d8± ', and do-'2 and their 
phase relation to the standard Condon and Shortley 
angular momentum bases \lrrii >  as given in ref. 9],

5.3 Local Electronic Transition Moment Integrals. 
The localized electronic transition moment integrals are 
not so quickly assessed as were those for the angular mo
mentum, as the integrals have as their only first-order 
nonzero parts those of the metal-ligand cross-term 
type. They come in a variety of sorts. To demon
strate the techniques let us consider the integrals

A m , =  f  (2s)Aixdz * dr, K lAj =  f ( 2 p x)Aixd ^ d r  

A 2a, = J"(2py)AxdZ't dr, A sa, =  f  (2pz)ApdX'i dr

(A-3)

The decomposition of the trigonally oriented metallic 
orbital dz-2 into its tetragonal basis, 3~'h(dxy +  dIZ 
+  dyz), by means of the transformation matrix printed 
in ref. 59, eq. 3.4-4, and the use of the cubical sym
metry elements then shows that

Thus all integrals may be evaluated with the ^-com
ponent alone. Second, as Q2(y')[x,y,z] = ( — y, — x, 
— z] and <32(y') [ai,e± ] =  [ai,eT] (Fig. 2 and 7 and Tables 
I and III), we also have26’30

f e ±(t2ey p
m eT(ea) dr =

_l_ 7" en (ec) * e±(t2„) dT (A-2)

A oAo.s — 0, A oa,., — ~  A oaM) A oam =

V 'A  J~(?&)A,xdxv dr

A ia, =  o, (.j  = 0, 1, 2, 3, 4, 5)

A 2am =  A sac, =  W s  f ( . ‘2‘Vv)Atxdxy dr

A sa,,, =  A sa,,, =  W a f ( 2 p y)A,xdxy dr

A 2am =  A sa,,, =  V T z  f{^Vz)A,xdzz dr (A-4)

and so on.
5.2 Angular Momentum Integrals. The angular mo

mentum integrals are readily evaluated if it is assumed 
that ligand-metal and ligand-ligand contributions can 
be neglected [the neglect corresponds to a first-order ro
tational strength assessment in terms of the variational 
parameters £, q, and p]. This assumption has been 
utilized in the present work to simplify the end ex
pressions; however, it is by no means a necessary one 
as the integrals neglected may be easily evaluated by 
the same techniques used for the electronic transition 
moment integrals to be described later.73b In this ap
proximation the resolution of the angular momentum 
integrals proceeds rapidly once the metal orbitals are

As an examplar, reflection [< r ( x  — A ] in the x - z  plane 
(y replaced by —y, 1 replaced by 3) of Fig. 2 and 7 
shows that f  ( 2 s )  A i i x d x y  d r  is zero and f ( 2 s ) A l x d x y  d r  

=  —  J ' ( 2 s )  A l x d x y  d r ,  and reflection [ < r ( y  — A] in the 
y - z  plane ( x  replaced by — x, 0 replaced by 5) of 
Fig. 2 and 7 shows that J ' ( 2 s ) A ^ x d yz d r  is zero 
and that f ( 2 s ) Aox d x v  d r  = f ( 2 s ) A t x d x y  d r ,  and so 
forth. Similarly a counterclockwise rotation of 90° 
[C4(a;) ] about the x  axis (0, 1, 2, 3, 4, 5, x, y ,  z  replaced 
by 0, 4, 1, 2, 3, 5, x ,  — z ,  y )  of Fig. 2 and 7 shows that 
V l / i f ( 2 s ) A t x d Z!. d T [ K ( )A l] =  V V s / (2s) aM ,,, dr [Aoa,]-

(79) H. A. Kramers, “ Quantum Mechanics,”  North-Holland Pub
lishing Co., Amsterdam, 1958.
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The other localized electronic moment integrals are 

K iAi =  V V s /  (2pI)Aj.a:da2 dr,
a / 2

K iAj =  -  —  f ( 2 p v)A.xdxvdT 

A m =  ^  y  (2pz)AfTdJZ dr,D
K 7Ai =  V V s /  (2pi)A,.a:dl2 _ „2 dr 

A sa, =  W e  / ( 2 p I)A(a;d*2 dr,
A 9A, =  -  W s  / ( 2p JA,.Td3.2_„2 dr 

A joa, =  W a  / ( 2pz)A,-a:dI2 dr,
-Aha, =  W V  f  (2p2)A,TdZ2 dr 

A ka, =  Va / ( 2p„)Ai.TdOT dr,
A i3a, =  -V a  y*(2pz)A,.a;d„ dr

A im,,, =  W a  y  (2s)A0llzdZ2 dr,

A i5A!l4 =  “  /  (2s)A!i4TdIZ dr

A i6Ai„ =  -  ^  f ( 2 s ) Awxdxv dr,

A i7a„„ =  W a  dr

^ - y ( 2 p , ) A ^ - , 2 d r |  = - ' / » A m , -  ^ A 7a,

All other possible integrals besides those listed above 
vanish.

5.4 Local Overlap Integrals. The onlv nonzero 
localized overlap integrals are those registered below.

A 24A, =  W a  / ( 2s)A,dZ2 dr,
A 25A0ll,„ = W a  / ( 2s)a„1, W _,2 dr,

A 26a2i4 = W a  y  (2pi)A2l4diZ dr,
A27A,., =  W a  y  (2pVa, A ,  dr,

A 28a2,4 = W a  y(2p,)A 2l4d,z dr,
A 29a0,5 =  W a  y (2 p v)A„,sd-„ dr

A 30a0,5 = W a  y (2 Pz)A„,dIZ dr,
A sia,>3 = V^/a y  (2pz)AI,,dvz dr 

A 32am =  W a  y ( 2p,)A0„dZ2 dr,
AaaA,,, =  V V a  y  (2p!4)All,dz2 dr

A 34a2.4 = W a  y ( 2pz)A2lidZ2 dr,
A 35A0,s =  \Z2/3 y ( 2 PVA0„d.2-,2 dr

A 36A,,3 =  a/ V j y ( 2pt)A„,dI2- i2dr (A-6)

A]8a2i4 = V V e  y(2s)A2.4a:d2:Z dr,
A I9A„„ = -  W a  y ( 2s)A„,,TdI2_V2 dr 

A 2oa2i4 = V V a  y  (2s)A2,4̂ dj;Z dr,
A 21A0,, =  W a  y ( 2s)A0„Tdz2 dr 

A 22a,4 =  -  Va y  (2s)A,AxdX2 dr,

A 23A,,3 =  Va y  (2s)A]i3a;dIÎ, dr (A-S)

which are straightway obtained by likewise expressing 
the imaginary trigonal metallic orbitals dir± and d5±' 
in terms of the real Cartesian trigonal orbitals dX'Z-, 
dj,/z/, dj/2 _ ¡,-2, and dx>v> [Table III], and these in turn 
In terms of the real Cartesian tetragonal orbitals dzy, 
dzZ, d„z, dl2 _ V2, and dz2 by means of the transformation 
matrix, eq. 3.4-4 of ref. 59. Note that of these 20 
integrals only three, A 4a„ A 7a,, and A ha,, are really 
distinct: the remainder are simple multiples of these 
and of those previously considered in eq. A-3 and 4. 
The application of the counterclockwise 90° replace
ment rotation Qt(x) about the x axis of the last para
graph manifests that not even all of the K nAj, (n = 
4, 7, 14), are distinct. As a sample

A 4a, =  W a  y ( 2PW d Z2 dr =
e 4(x) V v a  y  (2px)A4TdZ2 dr =

By means of simple coordinate transformations, many 
of these integrals may be expressed in terms of the 
others. To indicate, the application of the counter
clockwise replacement rotation by 90° [e4(x)] yields as 
before

A 24a, =  e 4(.r) W a  y ( 2s)A3dZ2 dr =

■\/2/a■j' V? y ( 2s)A2dZ2 dr —

y ( 2s)A2dx2_„2 d r j =  - V 2A 24A2

In truth, such applications show that the sole inde
pendent local overlap expressions are K UAi, A 26a 4, and 
A 32a,.

5.5 Algebraic Evaluation of the Basic Integrals. The 
requisite basic integrals are directly evaluated by thesuc- 
cessive use of the standard bipolar and elliptic coordi
nate transformations.80 To refresh the memory Fig. 20 
and eq. A-7 and 8 exemplify the procedure (a0 is the 
Bohr radius) for the localized ligand orbital situated on 
the negative y axis of Fig. 2 and 7 [atom As].

rA sin 7,4 = f M sin y M, (r  =  -  ),
\ «0/

( -  a \rM cos 7 m = a — rA cos y A, a =  -
\ a j

V V . V2 y ( 2Px)A3-TdZ2 dr - (80) See, for example. A. D. Liehr, Z. Naturforsch., 13a, 429 (1958), 
and ref. 23b, among other places.
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sin dA sin <pA =  cos yA, sin dM sin <pM — —cos yM

sin dA cos <pA =  sin yA sin /3,

sin dM cos <pM = sin yM sin ¡3

cos dA =  sin yA cos /3, cos dM =  sin yM cos (A-7)

à à
rA =  -  (X +  id, f M =  -  (X -  m)

i +  \n . V J y  — i ) ( i  — n2)
cos yA =  -—:----- , sin yA =  ---------- — --------------

A +  M A +  n

drAM =  (X2 — ti2)d\d[idl3,

(1 <  X <  “> , - ! < / « <  l , 0 < / 3 < 2 i r )  (A-8)

Figure 20. The bipolar coordinate system utilized for the 
algebraic evaluation of the localized ligand-metal 
electronic transition dipole moment and overlap integrals.

The employment of these transformations in the inte
grals leads to their resolution. The emergent expres
sions are as epitomized beneath.

K o a u1 =  — K 0 A m  =  V s V V s  f>'/!cSAa0 (^ )  X

[(As — A 3)(B0 — 2B2 + B4) —

(A 3 — Ai) (B2 — 2B4 +  Be) +

(Ae 2A 4 T  A 2XB1 — B3) —

(A4 -  2A 2 +  Ao)(B3 -  Be)]

K]Aj =  0

k ,a =  k ÌAm =  ( ^ j  X

[(A4 — A 2) (Bo — B2) -T 2(As — A 3)(Bi — B3) +

(Ae -  A 4XB2 -  B4) -  (A , -  A o)(B2 -  BO -  

2(A3 -  AO(3s -  BO -  (A 4 -  A 2XB4 -  Be)]

K,Al„ =  K Um =  -  ~  b'W'ao ( “ ) 7 X

[(A4 — A «)(Bo — Be) +  (Ae — Ao)(B4 — B2)]

K 2A,.t =  K 3Aha =  -  -7^  i>v,cv,aoV 2
12 X

K* au =  -

[(A 4 — 2A«  T  Â o)(Be — 2B4 T  B2) —
(A,e — 2A 4 +  A 2)(B4 — 2B2 T  Bo)]

1
3\/3

b‘hc /2a0 ( 7 ) X

{3 [(A 4 — A 2)(Bo — B2) — (Ae — A 4)(B2 — B4) — 
(As A 0)(B2 — B4) +  (A 4 — A 2)(B4 — Be)] — 
2[A4Bo T  2A 3B1 — AeB2 2A 5B3 — 2A 1B3 —

A0B.1 T  2A 3B5 T  A 2Be]}

K“ “  “  3 v l  b"'C" '“'  ( 1) '  X

[3/ 4(Ae — 2A4 +  A 2)(B0 — 2B2 -(- B4) —
”/ 4(A 4 — 2A 2 +  A 0XB2 — 2B4 -t- Be) —

(Ae — A 4) (Bo — Bs) — 2(A6 — A 3)(B] — B3) +  
2(A 3 — A 1XB3 — Bs) +  (A2 — A 0)(B4 — Be)]

K 4Am  =  - ' U K A, -  ~ K , a .

K 6Ai = 3 tV2Ai, /V 6At
V 6  KsA<

K tam =  ~ V s

V sK 7, = K iA, +  'UKia,

K 7Ai„ =  'U W 'a * X

P/4(Ae — 2A 4 +  A2)(B0 — 2B2 +  B4) —

‘A (A 4 — 2A2 T  A 0XB2 — 2B4 T  Be) —

(Ae — A 4) (Bo BO — 2(As — A 3)(Bi — BO A

2(A 3 -  A i)(B3 -  BO +  (A 2 -  A o)(B4 -  Be)]
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KiAi — KiAp K$Ai —

K u a , ~  y / 2  KiAi

K u A, — ^ 7 =  K iA ,; Kl3A, —

V z
K lA it KiOAj — K za,

1
V 3-  K?,a

K liAo = - K 1Ut =  V ,b'W'ao ^  ) X

{3 [(As — A 3)(Bo — 2B2 +  B4) —

(A 3 — Ai)(Ba — 2B4 +  Bö) +

(Ae — 2A 4 +  A 2) (Bi B3) ~

(A 4 — 2A 2 +  A o)(B3 — B5) —

2[A8(Bo -  Bs) +  2A 4(B4 -  BO -  

2A2(B3 — Bs) — A](B4 — Bô) +

(As — A 4)Bj -T 2(Aä — A 3)Bs —

2(A 3 — A i)B4 — (As — Ao)Bo]}

1
K

K

K,

K.

15 A,,,
v &  K oAm

ISA,,3 = — V 2/t K 0Al,

18A,t, ■xoII

19A0,,i A/ /2 -̂ 14a4(),6J

21A0jt, =  y j l  i f -

22 A
“  V s  K oa V s

= - 1/*KUAm =  -V s 6 V!ci/! M  X

[3A 3B0 "f" 5A 4B1 3A 5B2 — A 5B0 — 3A iB2

4A 2B3 — 3A 3B4 — 3A 2B1 — 4A 3B2 3A 4B3

3B3A 0 +  5A 1B4 3A 2B5 A 0B5]

\ /3
l25A0,î =  -K>25i4j,3 — K>24 A 2j4

K UAt =  - K » * .  =  ~ 6 ’V / ! ( ? ) 6 X

[(A4 -  As) (Bo -  BO -  (As -  Ao)(Bs -  BO +

(As — A 3)(Bi — Bs) — (As — A i)(B3 — Bo)]

K i 7Alr, — K ï(,a ,,„ K ïM m  — Kìf,A2,t! K m a m  — K itA tii

K$OA0lh =  K i i A lit, K i i A u3 =  K i t A M

K 32Ae = - K , lAl =  ò’/v / !  ( i f  x
{3 [(A 4 -  As)(Bo -  Bs) -  (As -  Ao)(Bs -  BO -  
(As — A 3) (Bi — Bs) +  (As — A i)(B3 — Bo)] —
2 [A4B0 A 5B1 T- 2A 3B1 — 2A 1B3 — 2A4Bs

2A sB4 B4A o 4- A 1B5]}

K33A,.i1 -̂ ”̂34̂4.2,4 27̂32̂4(5̂5

K 35A0A = _  V s  K 32Am

K ma,,, = V s  K mam (A-9)

where b and c equal Zid/S and Z2s or 2p/ 2, individually, 
and where the arguments, v, of the auxililarv A n and 
Qn integrals

A M  = f ~  \ne~ vX d\, B,(«) =  J 1, Mne - " “ dp

(A-10)

are 1/zâ(b +  c) and V2à(b — c), separately. These latter 
integrals may be either be evaluated recursively or by 
recourse to tables.81

5.6 Group Electronic Transition Moment Integrals. 
The group electronic transition moment integrals are 
speedily determined as linear combinations of the local
ized integrals collected in eq. A -l. Their expressions 
are

T M iir , v (1)] = J ' T M uy, v (1)] =
ksK UAt +  kv cos a K iAt

Tx[t2(,a; 2±i(1)] = A V ' / s ( M am, +  K  cos a KiA,) 

T M m  2±c(1)] =  ^ a V V ts ,® ; V (I)] =
- V 2 ^ lTx[tW  2±c(1>] 

Tx[U,a] 2±e] =  0, T,[t*({); 2±c] =  0

Tx[n 0s(+); e*,] =  Tx[n„s(+); e j *  =
to sin a ,  . rr .

— ~ kp(V S  K iAt +  K ta,)

t a n ±s(1); efi(;)] =  - T V n ±s(2); e9(;)]* =

2f y -  kp sin a (K4Al ±  iKiA,)

TVn±s(1); e,a)] =  - 0)=FlTI [n±s(2); e „(;)]* =

L [ n ±s:i); eg{î)}*

(81) M. Kotani, A. Amemiya, E. Ishiguro, and T. Kimura, “ Table 
of Molecular Integrals,” Maruzen Co., Ltd., Tokyo. 1955.
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Tx[t2ja; n±s(1)] == —-1= fcpOX̂ 1 sin a 
V  6

(K2Ai +  ax* lK iAt)

Tx[t2sa; II±s(2)] = — —7= kviz±x sin
V e

a ( f f » A ,  + e ■H

Tx[ n„s(+) ; W i)]
i , .=  ±  -  kP sin a a * \ K M, - K 2Ai)

V N y n±s(1)] =  — W e  kp sin a (K2Ai + ^ ' k za„

Tx[t 2ff(‘ ); n±s(2)] = V V e  kp sin a (K2At +  “ Tlffsj,)
Tx[tie(i)> n Ts(1)] =  - u * xTx[t2̂ )-, n y (2)] =

1
_  \ /6

kp ax̂ 1 sin a (K2A +  K za3) (A -ll)

where Tx[xij X2] is an ersatz for f x 1*^X2 dr, and 
where the functions 2±c(1,2), n 0t+), n ±s(1,2) are as de
fined in the text with| o(g)/,T| equals -y/'/g, (s =  0, ±  1). 
The integrals Tx[x  1; 2± or Tc(2)], (xi = e<K;)> t2„0,
t2s(‘ )), are the negatives of those for 2± or ±c(1) because 
of the inversion relation i2±c(1> = 2±c(2) [cf. Table
IV]. The group electronic transition moments
Tx [t2fl(‘ ); n±s(1,2)] do not appear in the calculations as the 
matrix elements (e±(t29)|p|e±(t2i,)) vanish identically [this 
fact is readily proved by use of the Hermiteness of these 
matrix elements and their transformation properties 
under e 2(y'), where Q*(y)[x’ , y', z', e±] = \—x', y',

—z', eT] and p =  e(a:'i' +  y '} '  +  z'\c') or t i' +

5 5 , \
—  i ' H------ - k ' ), dependent upon whether the electric
by oz /
dipole length or velocity is employed in the computa
tions].26 Those involving 2±c(1,2) do not appear be
cause of the centrosymmetric nature of 2±° = 2±c(1) +  
2±c(2).

5.7 Group Overlap Integrals. The group overlap in
tegrals are promptly enumerated as linear combinations 
of the localized overlap integrals gathered before. 
Their forms are

5[e„(;), 2±c(1,2)] =  ~  (ksK 24At -

2K  cos a K 32At) =  ‘ASfe^»); 2± ] 

<S[t2lM; n 0s(1'2)] = — y/6  kv sin a K 26A, =
V 2S[t?aa] n„s(+)]

S[t2B(*); n ±s(1,2)] =  V ’ / i  K  sin a K ma, =
‘A S fW i); n ±s]

S[t2oa; ft0a-2)] =  - y / 6  K 26a, =  '/2S[t2„a; fl0(+)]

S[taB(‘ ); n±(1,2)] =  =  V*S[W .); n ± ]
S [ 2 o(1,2); 2 o(1,2)] =  V 2(fc,2( l  +  2soi) -

4kskv cos a %  +  cos a (1 +  2f01))

S [20(1); 2o(2)] =  V*(fc.*(28«i +  S05) ~
2ksk„ cos a (2%  — Jos) +  K 2 cos2 a (2 f0i — fa,)) 

S[20(+); 20c+)] =  ks*(l +  4s0i +  s05) -  
2kskp cos a (4ici — Vs) T-

V  cos2 a (1 +  4 fox -  f05) 

S[2±(1,z); 2±(1,2)] = V2(/c.,2( 1 -  s01) +
2k.skp cos a sm +  K 2 cos2 a (1 — f0i)) 

tS[2±(1); 2±(2)] = - V 2(fc,2(soi -  s05) -  
2kskv cos a (%  T  Vs) +

fcj,2 cos2 a (fox -H fa))

S [2± ; 2± ] =  fcs2(l — 2soi +  S05) +
2kskv cos a (% T~ Vs) +

Kp2 COS2 a (1 — 2 foi — t'05)

S[n±8(1); n ±8(2)] =  y 2/cp2 sin2 a (fa -  <oT1fa)

S[n±8; n ±8] =  1 +  29ieS[n±s(1) n ±s(2)] =
1 +  V  sin2 a (fa +  v 2fox) 

S [n±(1), n±(1)] =  v 2(f02 -  coT1fox) =  S [n±(2); n±(2>]* 

S [n±(1), n±(2)] = - v 2fo5 = -S[n±(2); fr±(1>]

S[n±(1\ n±(2)] =  V2( f02 -  co= 1f0x)

S[n0a); fi0(2)] =  y 2(io2 -  fox) =  S [n0(1>; n 0(2) ]

S [n0(1); n 0(1)] = v 2(fox +  fo2; =  S[n0(2); n0(2) ]

<S[n„(1); n 0(2)] =  - y 2fo5 = >S [n0(1); n0(2)] (A-12)

where $[xx; x2], fa, fa, sJK, and sjk are replacements for 
integrals of the sort /x i * x 2dr, f  (2pir)Aj(2pir)AkdT, 
V (2p<r)^,(2pJ,4)sdr, f ( 2 s ) Ai(2s)AkdT, f ( 2 s ) Ai(2pa)Akdr, 
serially. In particular, fa equals f  (2p2)/i0(2pz)/i1dr, 
f02 equals f  (2pz)Ak(2px)AkdT, fa equals f  (2pz)Ao(2pz)AtdT, 
fox e q u a ls /(2p J /lo(2p!,)ylldr,fo5equals f  {2px)All{2pz)Aldr, 
Sox equals f  (2s)A„(2s)Aldr, s(6 equals f  (2s)Aa(2s)Ahdr, 
So i equals f  (2s) aX^Vv) aJ t , and %  equals
y (2 s )/i0(2p7.)yltdr, each. The local ligand-ligand 
overlap integrals may be adapted from expressions 
tabulated by Kotani, Amemiya, Ishiguro, and Kimura81 
or be evaluated directly.82 The related group overlap 
integrals for the functions 2o(1,2), ¿o(+), 2±(1'2) and 2± 
are speedily obtained from those for 20(1'2). 20(+), 
2±° ’2), and 2± enscrolled above by the substitution of 
kv cos a +  (p’Vl/pdD) sin a everywhere for kv cos a. 
Please note that the functions n s and n / '- 2) [but not 
the 2S and 2S (see eq. A-12 above)], (s =  0, ±1 ), 
normalize exactly to l/ 2 as a consequence of their tex
tual definition [compare eq. 9 and 24 with Table V],

(82) See ref. 73b, topic B, Appendix.
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by Walter L. Gagen and John Holme
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Physical properties, such as optical rotation, viscosity, sedimentation, ultraviolet absorp
tion, and partial specific volume of ovalbumin exposed to urea in neutral solutions have 
been examined. In addition, the reactivity of SH groups in such solutions has been deter
mined by amperometric titration. The changes which occur in these parameters during 
extended exposure to 6 M urea solutions have been shown to be related to the production 
of an aggregated form of the ovalbumin macromolecule. Although indirect evidence 
(e.g., increased levorotation) might suggest that the aggregated form has as its precursor 
a denatured species, no direct evidence for such a species in urea solutions was observed. 
The conformation of native ovalbumin in urea solutions is not markedly different from 
its conformation in simple salt solutions. The significant reductions in intrinsic sedimenta
tion coefficients noted in such solutions are adequately described by changes in selective 
solvation parameters and are not indicative of changes in molecular asymmetry.

Introduction

The examination of changes in various physical and 
chemical properties that may be related to the dénatura
tion and aggregation of ovalbumin in urea solutions 
has drawn the attention of numerous workers.

The changes in optical rotation, viscosity, and the 
gelation of ovalbumin during exposure to various con
centrations of urea have been studied by Simpson and 
Kauzmann,1 Frensdorff, et al.,2 and Steven and Tris
tram.3 The latter workers, in addition, have measured 
changes in molar extinction coefficients at 295 van and, 
after iodination, at 310 rpu. Imahori4 5 and Schellman and 
Schellman6 have studied tie optical rotatory dispersion of 
ovalbumin in concentrated urea solutions, while partial 
specific volume measurements in such systems have 
been made by McKenzie, et al.,6 and Charlwood.7 
The volume changes accompanying the exposure of 
this protein to urea have been measured dilatometrically 
by Christensen8 and Simpson and Kauzmann.1

Generally, these and other similar studies have been 
interpreted to indicate the existence of a denatured 
species of ovalbumin in concentrated urea solutions, 
although Imahori4 has found that /3-form association 
can and does occur in such solutions.

Recent studies by Holme9 on the thermal denatura-

tion of ovalbumin have shown, however, that only 
native and aggregated forms of ovalbumin are found 
in heated solutions. The present study was initiated 
in an effort to determine whether such was also the 
case for urea denaturation, and if not, to isolate and 
characterize the denatured species.

Experimental
Materials. A single lot of crystalline, lyophilized 

ovalbumin, purchased from Worthington Biochemical 
Corp., was used throughout. Reagent grade urea and 
buffer salts were used without further purification.

Preparation of Ovalbumin-Urea Solutions. Oval
bumin was dissolved in distilled water (previously

(1) R. B. Simpson and W. Kauzmann, J . Am . Chem. Soc.. 75, 5139 
(1953).
(2) H. K . Frensdorff, W. T. Watson, and W Kauzmann, ibid., 75, 
5157 (1953).
(3) F. S. Steven and G. R. Tristram, Biochem. J ., 73, 86 (1959).
(4) K . Imahori, Biochim. Biophys. Acta, 37, 336 (1960).

(5) J. A. Schellman and C. Schellman, Compt. rend. trav. lab. Carls
berg, Ser. chim., 30, 363 (1958).
(6) H. A. McKenzie, M . B. Smith, and R. G. Wake, Nature, 176, 
738 (1955).
(7) P. A. Charlwood, J . Am . Chem. Soc., 79, 776 (1957).
(8) L. K . Chri&tensen, Compt. rend. trav. lab. Carlsberg, *Ser. chim., 
28, 37 (1952).
(9) J. Holme, J . Phys. Chem., 67, 782 (1963).

V o l u m e  68 , N u m b e r  4 A p r i l , 1964



724 Walter L. Gagen and John Holme

adjusted to pH 7.0) or phosphate buffer (pH 7.0, ionic 
strength 0.1). To this was added an equal volume of 
urea solution, pH 7.0, freshly prepared to avoid the 
complications of cyanate formation.10 The solutions 
were then mixed by very gentle stirring. The final 
concentrations of ovalbumin and urea are given in the 
individual experiments. Protein concentrations were 
determined by semimicro Kjeldahl nitrogen analysis 
(%  N X 6.3) in the absence of urea, and by differential 
refractometry in the presence of urea.

Density. Solution densities were measured at 30 ±  
0.02° using 25-ml. pycnometers. All samples were 
equilibrated in a constant temperature bath for about 
30 min. prior to weighing.

Partial Specific Volume. The conventional pycno- 
metric technique11 and the ultracentrifugal technique 
proposed by Martin, et al.,u were both used for the 
determination of partial specific volumes.

Using the conventional technique, the apparent 
partial specific volume, <f>, at ovalbumin concentra
tions from 0.23 to 1.80% was calculated from the equa
tion13

Ps _

Ap
c

where p3 is the density of the solvent, Ap is the increment 
in density due to the solute, and c is the solute concen
tration in g./ml. Since <t> was observed to be independ
ent of ovalbumin concentration, the partial specific 
volume, V, was determined as the average of the <p- 
values determined at the various concentrations.

Sedimentation measurements in H20  and D20  (at 
an ovalbumin concentration of 0.25%) permitted 
calculation of the partial specific volume by the equa
tion of Martin, et al.u

where iji, pi, and Si are the viscosity, density, and sedi
mentation coefficients, respectively, in H20  and ij2, 
Pa, and <S2 are the comparable values in D20. A 
value for k, the ratio of the molecular weights in the 
two media, 1.015, was calculated from the amino 
acid composition.

Viscosity. Relative viscosities were determined 
from the product of the ratio of flow times for solution 
and solvent and the ratio of their densities, in the usual 
manner. Flow times were determined at 30 ±  0.2° 
using an Ostwald-Fenske viscometer having a flow 
time for phosphate buffer of 59.4 sec. Viscosities are 
expressed, throughout this paper, in units of (g./

100 ml.)-1. Kinetic correction factors were found to 
be negligible and were therefore omitted.

Optical Rotation A Rudclph precision polarimeter
o

equipped with a mercury ligat source (5461 A.) and a 
water-jacketed 1-dm. cell maintained at 30 ±  0.2° 
was used for all optical rotation measurements.

Ultracentrifugation. Sedimentation analyses were 
made using a Spineo Model E ultracentrifuge equipped 
with temperature control and a phase-plate schlieren 
optical system. Sedimentation coefficients were de
termined in the usual manner14 from plots of In xn vs. 
time, where xn has been calculated from the maximal 
ordinate of the peak position. Peak areas were de
termined, by planimetry, from tracings of the schlieren 
patterns that had been enlarged fivefold. Relative 
concentrations were calculated from the peak areas 
after correction for radial dilution14 and Johnston- 
Ogston1416 effects. The correction of sedimentation 
coefficients to standard conditions is treated in a later 
section.

Ultraviolet Absorption Spectra. The ultraviolet ab
sorption spectra were obtained using a Beckman DU 
spectrophotometer with matched 1.00-cm. silica cells. 
In addition, a limited number of spectra were obtained 
using a Cary Model 14 recording spectrophotometer 
with matched 1.00-cm. cells.

Sulfhydryl Determinations. Sulfhydryl groups were 
measured in TRIS buffer oy amperometric titrations16,17 
utilizing silver- or mercury-plated rotating platinum 
electrodes operating at potentials of —0.1 and - 0.2 v ./ 
v., respectively. Titrations were carried out with 
10-3 M  silver nitrate or 10-3 M  mercuric chloride 
solutions.

Results and Discussion
Properties of Native Ovalbumin in Urea Solutions. 

Obviously, the definition of a denatured state of a 
protein macromolecule in solution requires previous 
definition of the macromolecule’s native state. In this 
study, the native state was defined as that conforma-

(10) G. R. Stark, W. H. Stein, and S. Moore, J . Biol. Chem., 235, 
3177 (1960).

(11) T . Svedberg and K. O Pedersen, “ The Ultracentrifuge,”  
Oxford University Press, London, 1940.

(12) W. G. M artin, W. H. Cook, and C. A. Winkler, Can. J .  Chem., 
34, 809 (1956).

(13) E. F. Casassa and H. Eisenberg J . Phys. Chem., 65, 427 (1961).

(14) H. K . Schachraan, “ Ultracentrifugation in Biochem istry,” 
Academic Press, New York. N. Y ., 1959.

(15) J. P. Johnston and A. G. Ogstcn, Trans. Faraday Soc., 42, 789 
(1946).

(16) R. E. Benesch, H. A. Lardy, and R. Benesch, J . B iol. Chem., 216, 
663 (1955).

(17) I. M. Kolthoff, W. Stricks, and L. Morren, Anal. Chem., 26, 366 
(1954).

T h e  J o u r n a l o f  P h y s i c a l C h e m i s t r y



Denaturation and Aggregation of Ovalbumin 725

Figure 1. Concentration dependence of sedimentation for 
ovalbumin in 1, 3, 4, and 6 M  urea-water solutions. s2o,w 
values corrected in usual manner ( V — 0.750; see text).

tion naturally assumed by the ovalbumin macromole
cule immediately after dissolution in urea solution. 
In order to define such a state in terms of physical 
parameters, the properties of ovalbumin immediately 
after dissolution (or as soon thereafter as experimentally 
possible) were studied as functions of both urea and 
protein concentration.

a. Viscosity. The reduced viscosities of ovalbumin 
in 1-6 M  urea solutions were measured at various 
protein concentrations from 0.23 to 1.80%. The 
intrinsic viscosity (he., the reduced viscosity extrapo
lated to infinite dilution) was found to be 0.040 ±  
0.005 regardless of urea concentration.

b. Optical Rotation. From measurements of the 
optical rotation of ovalbumin (at 5461 A.) as a function 
of protein concentration in 4 and 6 M  urea solutions, 
it was found that the specific rotation increased only 
slightly with protein concentration. The specific 
rotation at infinite dilution was —35 ±  3°.

c. Sedimentation. The concentration dependence 
of sedimentation for ovalbumin in urea solutions was 
found to be influenced markedly by the urea concen
tration. If one corrects the sedimentation coefficients 
to the usual standard conditions,11’14 the plots shown in 
Fig. 1 are obtained. Obviously, either the intrinsic 
sedimentation coefficient is lowered in the presence of 
urea or the standard conditions correction is not ade
quate. In attempting to choose between these alterna
tives, one is immediately confronted with the problem 
of “ correcting”  sedimentation coefficients to “ standard 
conditions.”  Schachman and Lauffer18 have shown, 
in studies on tobacco mosaic virus in 40% sucrose 
solutions, that selective solvation can lead to serious 
errors in the correction of sedimentation data. As 
pointed out by these workers, sedimentation data

can be corrected for selective solvation through the 
substitution of an arbitrarily defined parameter, Fh 
(designated in this paper as the hydrodynamic or ef
fective partial specific volume), for V in the standard 
conditions correction equation. The parameter Fh is 
defined, in hydrodynamic terms, as the reciprocal of 
the medium density at which the product rjs =  0 ; 
i.e.

Vh = 1 / /

where p° is the medium density at ys =  0 (obtained 
from the linear plot of rjs vs. p for the protein in sol
vents of different viscosity and density). Calcula
tion of Vh was accomplished by sedimentation of 
ovalbumin in H20  and D20  containing 3-6 M  urea 
according to the technique of Martin, et al.12 By this 
technique a value of 0.80 ±  0.01 was found for Fh. 
If this value for the effective partial specific volume is 
substituted for V (the thermodynamic partial specific 
volume) in the usual standard conditions correction 
equation, the sedimentation data shown in Fig. 1 
extrapolate to approximately the same value (3.5 
svedbergs) at all urea concentrations. Additional 
studies concerning the parameter Fh and the effect of 
various additives upon this parameter are now in prog
ress but, for the present study, one need not be dis
concerted by the concept of visualizing Fh as an 
effective partial specific volume since an alternative 
procedure for treating the present data is available.

The equation for sedimentation in a mixed-solvent 
system

Nfs = M p( l -  Fpp) +  «M ,(l -  Vip)

permits the calculation of sedimentation coefficients 
in such systems if the selective interaction parameter, 
a, is known. As shown by Schachman,14 this param
eter can be obtained in a manner similar to that de
scribed for Fh determinations (i.e., from plots of ijs vs. 
p). Thus, as an alternative to the concept of an 
effective partial specific volume, one can determine 
the selective interaction parameter a (in this instance, 
] .31 X 103 moles/mole), use this value in the equation 
for sedimentation in a mixed-solvent system, and de
scribe the characteristics of native ovalbumin in such 
systems solely in terms of selective interactions. 
This procedure leads to intercepts (s20,w°) similar to 
those shown in Fig. 1.

The “ /3-function” of Scheraga and Mandelkern,19 
which combines data from intrinsic viscosity and sedi

(18) H. K . Schachman and M. A. Lauffer, J . Am . Chem. Soc., 72, 
4266(1950).
(19) H. A. Scheraga and L. Mandelkern, ibid., 75, 179 (1953).
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mentation measurements, allows one to describe 
more adequately the conformation of a macromolecule 
in solution (in terms of an effective ellipsoid of revolu
tion) than does either measurement alone. Calcula
tion of /3-functions for ovalbumin in 1-6 M  urea solu
tions yields values, at all urea concentrations, not 
unlike those observed in simple salt solutions (i.e., 
~2 .4  X 106). Although the relationship between the 
effective ellipsoid and the actual conformation of the 
macromolecule in solution cannot be ascertained 
from these measurements, it seems obvious that nothing 
resembling a major conformational change occurs upon 
the introduction of urea to a neutral solution of oval
bumin. Hence, the decreased intrinsic sedimentation 
coefficients noted in urea solutions evidently result 
from factors associated with Ch and not from changes 
in molecular asymmetry.

d. Partial Specific Volume. The partial specific 
volume of ovalbumin in H20  was determined pycno- 
metrically to be 0.752. In excellent agreement with 
this was the value of 0.750 obtained by the ultracen
trifugal method.

However, in 3 M  urea, solution, a partial specific 
volume of 0.730 ±  0.025 was found by the pycnometric 
method, while the ultracentrifugal method, as men
tioned in the previous section, yielded a value of 0.80 
±  0.01, presumably due to selective solvation effects.

e. Sulfhydryl. The sulfhydryl content of ovalbumin 
in H20  and 4 and 8 M  urea solutions was found to be
3.9, 4.4, and 4.4 moles of SH/mole of ovalbumin, re
spectively, when determined by mercurimetric ampero- 
metric titration.

On the other hand, argentimetric titrations yielded 
a value of 3.9 moles of SH/mole of ovalbumin, regardless 
of urea concentration.

/. Discussion of the Native State. An isotropically 
expanded or swollen state has been observed in the 
urea denaturation of bovine mercaptalbumin by Kay 
and Edsall,20 for bovine serum albumin by Doty and 
Katz,21 for bovine fibrinogen by Scheraga, et aZ.,22 and 
has been suggested by Scheraga and Mandelkern19 
as an explanation for the diffusion and viscosity be
havior of horse serum albumin noted by Neurath and 
Saum.23 The increased reactivity of the SH groups of 
ovalbumin to Hg+2 ions might suggest that similar 
swelling behavior also occurs in urea solutions. (The 
failure of Ag+ ions to react with such SH groups could 
be the result of steric hindrances imposed upon the 
somewhat larger Ag+ ions.) Hoviever, such expansion or 
swelling would be expected to manifest itself, assuming 
the shape factor remains constant, as an increase in 
the intrinsic viscosity. Within the limits of experi
mental error, no obvious differences between the in-

Figure 2 . The effect of exposure time on the specific rotation 
and reduced viscosity of ovalbumin in 6 AT urea-water.

trinsic viscosity of ovalbumin in simple salt solutions 
and that in urea solutions have been noted.

From these various observations, it would appear 
that native ovalbumin in urea solution at neutral pH 
assumes a conformation not markedly different from 
its conformation in simple salt solutions. The signifi
cant reductions in the intrinsic sedimentation coef
ficients noted in such solutions are readily understood 
in terms of selective solvation effects and are not in
dicative of changes in molecular asymmetry.

Properties of Ovalbumin during Extended Exposure to 
/  M Urea Solution. The specific rotation and reduced 
viscosity of ovalbumin at a concentration of 1.80% 
in 4 M  urea-water at pH 7.0 were determined at 
various time intervals during an extended period of 
exposure at 30 ±  0.2°. The specific rotation was 
— 35 ±  2° and the reduced viscosity was 0.038 ±  
0.003 during the entire 0-348 min. observational 
period.

Studies of a similar nature on ovalbumin in 4 M  
urea-phosphate buffer at pH 7.0 yielded results not 
unlike those obtained with 4 M  urea-water.

Evidently, the presence of 4 M  urea in neutral solu
tions of ovalbumin produces no marked time-dependent 
changes in the optical rotation and viscosity of such 
solutions. The present data, together with data 
reported by others.1 -3 indicate that the native state of

(20) C. M. K a y  and J. T. Edsall, Arch. Biochem. Biophys., 65, 354 
(1956).

(21) P. D oty and S. K atz, Abstracts, 118th National M eeting of the 
American Chemical Society, Chicago, III., September, 1950, p. 14C.
(22) H. A. Scheraga, W. R. Carroll, L. F. Nims, E. Sutton, J. K . 
Backus, and J. M. Saunders. J . Polymer Sei., 14, 427 (1954).

(23) H. Neurath and A. M. Saum, J . Biol. Chem., 128, 347 (1939).
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Table I : Sedimentation Characteristics of 1.8% Ovalbumin during Extended Exposure to 6 M  Urea-Water

Exposure -—■-----------------------------------------------sao,w. svedbergs-

min. Component A Component B
Vh

Component A Component B
-— — Relative con 

Component A
centration, yc----------•

Component B

25 2 .0 9 100
10 5“ 2 .1 6 2 .9 2 — 100
2 8 5 “ 1 .9 1 2 .5 8 — 100
717 2 .2 6 — 2 .8 3 .0 5 - 3 . 8 56 44

1 ,0 8 5 2 .4 3 3 .2 9 3 .2 8 4 .4 3 45 55
1 ,2 2 8 2 .0 0 2 .9 2 2 .7 0 3 .9 5 22 78
1 ,2 5 4 2 .0 7 2 .7 6 2 .8 0 3 .7 3 18 82
1 ,4 4 4 ~ 1 .9 2 .6 1 - 2 . 6 3 .5 3 14 86
1 ,8 6 2 — 1 .9 2 .6 0 — 2 .6 3 .5 1 10 90
7 ,2 1 4 b 2 .2 1 . . .  6 2 .9 9 v .  sm . — 100

1 1 ,5 8 8 b 2 .0 3 b 2 .7 4 v .  sm .

OOT

a Indications of heterogeneity. 6 Values not determinable.

ovalbumin in urea solutions is stable for prolonged time 
intervals if the urea concentration is less than 5-6 M.

Properties of Ovalbumin during Extended Exposure 
to 6 M  Urea Solution, a. Optical Rotation, Viscosity, 
and Sedimentation. Denaturation of proteins by rea
gents such as urea is generally considered to involve a 
rather marked unfolding of the naturally-occurring 
folded macromolecular structure leading to increases 
in levorotation and reduced viscosity. Aggregation 
or dissociation into sub-units is frequently observed, 
but such processes are generally considered to be secon
dary phenomena.

The specific rotation, reduced viscosity, and sedi
mentation characteristics of ovalbumin at a concentra
tion of 1.80% in 6 M  urea-water and 6 M  urea-phos
phate buffer at pH 7.0 were examined at various time 
intervals during an extensive period of exposure at 
30 ±  0.2°. As shown in Fig. 2, the changes in specific 
rotation and reduced viscosity in 6 M  urea-water solu
tions take place in two fairly distinct stages: (1) a 
relatively rapid, initial stage, during which both the 
specific rotation and reduced viscosity increase at 
rather rapid rates, lasting for about 1500-2000 min.,

Figure 3. Sedimentation patterns for ovalbumin in 6 M  urea- 
water at pH 7.0; speed 59,780 r.p.m.; bar angle =  60°; samples 
exposed to urea solution, prior to sedimentation analysis, for (A) 
24 min.; (B) 1085 min.; (C) 1254min.; and (D ) 11,588 min.

and (2) a relatively slow, secondary stage during which 
the reduced viscosity continues to increase, although 
at a somewhat slower rate, after the specific rotation 
values have reached a plateau. The data for oval
bumin in 6 AT urea-phosphate buffer are similar in most 
respects to those obtained for 6 M  urea-water solutions. 
The primary difference would seem to be that the in
creases in these parameters occur at a slightly dimin
ished rate and reach lower final values in the presence 
of phosphate ions.

The sedimentation characteristics of 1.8%  ovalbumin 
in 6 AT urea-water solutions show rather marked 
changes during exposure. Initially, a single, relatively 
symmetrical, slow-moving boundary, as shown in Fig. 
3A, is observed. After progressively longer standing 
intervals, sedimentation patterns show increasing 
boundary asymmetry until, after approximately 700 
min., a second, slightly faster-moving boundary is 
resolved (e.g., Fig. 3B). The relative concentration 
of this faster-moving component progressively increases 
while that of the slower-moving component decreases 
(see Fig. 3C), indicating conversion of the slower 
species to the faster species. Continued exposure 
yields sedimentation patterns, such as that shown in 
Fig. 3D, exhibiting an increased sharpening of the 
faster-moving boundary, and eventually a single, 
hyper-sharp boundary of gradually decreasing sedimen
tation rate. This hyper-sharpness and the decreasing 
sedimentation rate are typical of gels and gel-like mater
ials and are not unexpected in such viscous solutions. 
The sedimentation data, corrected to standard con
ditions using V =  0.75 and Vh = 0.80, are tabulated in 
Table I.

The aggregation process begins immediately and 
closely parallels in extent the changes in optical rotation
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Table I I : Sedimentation Characteristics of 1.8% Ovalbumin during Extended Exposure to 6 M  Urea-Phosphate

-820,w. -svedbergs-
Exposure ,------------ — —  V = 0 .75— -------------——  Vh = 0 .8 0 - ✓-------—Relative concentration, % —*--------

time, Component Component Component Component Component Component Component Component Component
min. A B c A B c A B c

26 2 . 1 1 2.85 1 0 0

1087 2 . 2 0 3.81 2.98 5 .16 40 60
1406 2 .27 3.81 > 3 .8 3 .07 5.14 > 5 .1 15 60 25
2843 3.96 4 .56 5.35 6.16 55-60 •40-45
7230 3.64 4.18 4.92 5.65 48 52

and viscosity which occur as a function of exposure 
time, as shown in Fig. 4. Here sedimentation results 
are superimposed on the optical rotation and viscosity 
measurements as a function of exposure time.

The results of sedimentation measurements in 6 M  
urea-phosphate buffer, although less extensive in 
nature, apparently differ slightly from those observed 
in urea-water solutions. The resolution of two faster- 
moving species and slightly increased sedimentation 
coefficients, the latter presumably due to decreased 
solution viscosity and diminished charge effects, are 
the primary differences. These data are shown in 
Table II.

Several additional sedimentation studies, tabulated 
in Table III, were conducted on 1.8% ovalbumin ex
posed to 6 M  urea-water, then dialyzed against phos
phate buffer prior to sedimentation analyses. As 
expected, the relative concentration of the monomeric 
species progressively decreases with time in favor of 
an aggregated species.

In a second series, a similar concentration of oval
bumin was exposed to 6 M  urea-water or 6 M  urea-

Figure 4. The effect of exposure time on the specific 
rotation, reduced viscosity, and extent of 
aggregation of ovalbumin in 6 M  urea-water.

Table III: Sedimentation Characteristics of 1.8% 
Ovalbumin in Phosphate Buffer after Extended 
Exposure to 6 M Urea-Water

«20,w, svedbergs Relative concen-

Exposure
'— —  V 

Com-
= 0.75C----------- -

Com-
/•-----tration,
Com-

% ----- •
Com-

time, ponent ponent ponent ponent
min. A B A B

140 3 . 2 -T O . 5 84 16
1,082 3 . 4 ^ 1 3 .5 40 60

11,000 3 . 4 — 11.9 17 83

phosphate buffer for approximately 1085 min., then 
subjected to sedimentation analyses under various 
conditions of solvent environment. The results, 
shown in Table IV, indicate further the integrity of the 
two sedimenting species, their relative concentrations 
not being appreciably altered by mild variations in the 
solvent medium.

Table IV : Sedimentation Characteristics of
1.8% Ovalbumin in Various Media after 
Extended Exposure to 6 M  Urea Solution

Sample A

Exposed @  30° to 6 M urea-POi 
for 1087 min.

Sedimentation in 6 M urea-P04: 
Component 1 2.48 S (40%)
Component 2 4.00 S (60%)

1
Dialysis vs. H2O

1
Sedimentation in H2O:

Component 1 2.23 S (35%)
Component 2 4.63 S (65%)

I
Added PO4 salts

1
Sedimentation in phosphate buffer: 

Component 1 3.45 S (40%)
Component 2 ~ 13 .5  S (60%)

Sample B

Exposed @  30° to 6 M  urea-HaO 
for 1082 min.

1
Added PO4 salts

1
Sedimentation in 6 M  urea-PO*: 

Component 1 2.89 S (35%)
Component 2 3.48 S (65%)

1
Dialysis vs. H2O

1
Sedimentation in H2O:

Component 1 2.02 S (30%)
Component 2 4.81 S (70%)

1
Added PO4 salts

1
Sedimentation in phosphate buffer: 

Component 1 3.43 S (40%)
Component 2 ~13.5  S (60%)
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Figure 5. Ultraviolet absorption spectra for ovalbumin 
exposed to 6 M  urea-water (concn. = 0.1998 g./100 ml.): 
O, 0 min.; A, 30 and 140 min.; and □, 1380 min.
Since the values determined at 30 and 140 min. 
were identical, both are identified by the same symbol.

Fig. 6 . Ultraviolet absorption spectra for 
tyrosine: O, in water; □, in 6 M  urea-water.

b. Ultraviolet Absorption Spectra. The ultraviolet 
absorption spectra for ovalbumin in 6 M  urea-water 
after exposure intervals of 0, 30, 140, and 1380 min. 
are shown in Fig. 5. The only spectrum which ap
pears to be different from the initial spectrum is that 
for the 1380-min. sample, which contains more than 
80% aggregated form as determined by sedimentation 
analysis. The spectral broadening and general in
tensification of absorbancy indicated in Fig. 5 is also 
evidenced in positive difference spectra obtained on 
similar solutions using a Cary Model 14 recording 
spectrophotometer. (It should be pointed out that 
although the ovalbumin concentrations during urea 
exposure were 1.80%, the ultraviolet spectra were ob
tained after dilution to 0.1- 0.2%  with urea solution.)

The ultraviolet absorption spectrum of tyrosine, 
at pH 7.0, is altered significantly by the presence of 
6 M  urea as shown in Fig. 6. Wetlaufer, et al.,2i have 
previously reported the difference spectrum of iso
electric tyrosine in 6 M  urea. Yanari and Bovey24 25 have 
questioned the significance of difference spectra as a 
measure of solvent-induced spectral shifts. As shewn 
in F g. 6, the presence of 6 M  urea at pH 7.0 does result 
in both spectral broadening and over-all absorption 
increases, the primary objectionable aspects indicated 
by Yanari and Bovey.25 However, when plotted as 
difference spectra (i.e., At — Curea Grater VS. X) a 
readily discernible “ red shift”  with maxima at 286 
and 278 niju is indicated in good agreement with the 
data of Wetlaufer, et al.24 The rather marked increase 
in absorption in the 295-310-npu range, which was not 
noted by Wetlaufer, et al.,24 probably results from 
the spectral broadening and intensification effects, 
sjnee Rayleigh scattering corrections have been found 
to be negligible.

Bigelow and Geschwind26 have reported similar 
spectral shifts for tryptophan produced by 3 and 7.5 
M  u ’ea in 0.1 M  KC1. In the present study, individual 
spectra for tryptophan, at pH 7.0, in water and in 6 
M  urea-water have been obtained. Although the 
individual spectra did not appear to be markedly 
different (probably as a result of the rather low con
centration of tryptophan; 1.05 X 10~4 M), the differ
ence spectrum calculated from such measurements 
was quite similar to that reported by Bigelow and 
Geschwind.26

Hence, the changes in absorption characteristics 
observed in urea solutions of ovalbumin could result

(24) D. B. Wetlaufer, J. T. Edsall, and B. R. Hollingworth, J . B io l 
Chem.. 233, 1421 (1958).
(25) 3. Yanari and F. A. Bovey, ibid., 235, 2818 (1960).
(26) C. C. Bigelow and I. I. Geschwind, Compt. rend.trar. lab. Carls
berg, 31, 283 (1959).

V o lu m e  6 8 , N u m b e r  4 A p r i l , 1964



730 W alter L. Gagen and John Holme

simply from an increased susceptibility of the amino 
acid residues of the aggregated form to solvent effects 
in such systems. One cannot, however, overlook the 
possibility that increased scattering, arising from the 
aggregation process, could also result in similar be
havior. Since Rayleigh scattering corrections were 
not calculated, the choice between these alternatives 
cannot be made. Nevertheless, it should be empha
sized that no spectral change was observed until an 
appreciable concentration of the aggregated form was 
produced.

c. Discussion of the Effects of Extended Exposure to 
6 M Urea Solution. Simpson and Kauzmann1 have 
previously reported observing changes in the specific 
rotation and reduced viscosity of ovalbumin in con
centrated urea solutions which indicated the occurrence 
of two relatively distinct stages in the denaturation 
process. It was suggested that the first stage results 
from an unfolding of the macromolecule, leading to 
increased levorotation and viscosity, followed by second
ary aggregation processes which in the second stage 
become predominant and produce continued increases 
in viscosity without further changes in specific rotation.

The optical rotation and viscosity measurements 
reported here confirm the observation that the changes 
in these parameters occur in two fairly distinct stages. 
The sedimentation studies, however, indicate that the 
observed increases in specific rotation and reduced 
viscosity are closely paralleled, even during the first 
stage, by increases in the amount of an aggregated 
form of ovalbumin in such solutions. Sedimenting 
species other than the native form or the aggregated 
forms of ovalbumin have not been observed in such 
solutions. These observations are similar to the heat 
denaturation studies of Holme9 which also yielded evi
dence for the presence of only native and aggregated 
forms of ovalbumin in heated solutions.

ki ki
In a sequence, native (N) denatured (D) — ag

gregate (A), the present results would demand that h, 
be very large in comparison with k\. However, this 
in no way implies how D, the necessary intermediate, 
differs from N, and the present study (and similar 
studies in the 1- 2%  protein concentration range) 
does not provide any assistance here. Studies at lower 
protein concentrations might be expected to reduce the 
rate of aggregation and consequently permit one to

observe the denatured intermediate. However, be
cause of the relatively small differences in sedimenta
tion coefficients and the large Johnston-Ogston effects, 
the presence of the aggregate in such solutions would 
be more difficult to detect by sedimentation in urea.

It has been noted in these studies that the changes 
in solution properties, including ultraviolet absorption 
spectra, which occur during exposure to urea, are 
closely paralleled by the production of aggregated 
forms. It might be possible that some conformational 
changes in the monomer take place during or after the 
aggregation process which make unknown contribu
tions to the properties of such solutions. This would 
not imply that the aggregation process precedes denat
uration (the changes in optical rotation would seemingly 
preclude this), but simply that the solution properties 
might be markedly influenced by the aggregation process. 
It can be concluded that solutions of ovalbumin upon 
exposure to urea under the conditions described here 
do nor contain a detectable denatured monomer and 
should not be expected to exhibit properties solely 
characteristic of the intramolecular change commonly 
referred to as urea denaturation.

Addendum

Since submission of the present paper, the authors 
have become aware of the observations on bovine serum 
albumin and ovalbumin reported by McKenzie, 
Smith, and Wake27 and Glazer, McKenzie, and Wake.28

The difference spectrum for ovalbumin in 7 M  urea 
solution reported by the latter authors28 (see their 
Fig. 4) would appear to be in disagreement with the 
spectra reported in the present paper (see Fig. 5) for 
6 M  urea solutions. However, difference spectra ob
tained by the present authors, using a Cary Model 
14 recording spectrophotometer and employing a 
modification of the “ tandem-cell” technique of Hersko- 
vits and Laskowski,29 have essentially confirmed both 
sets of data under the particular conditions of pH, salt 
concentration, protein concentration, and urea con
centration employed.

(27) H. A. M cKenzie, M . B. Smith, and R. G. Wake, Biochim. 
Biophys. Acta, 69, 222 (1963).

(28) A. N. Glazer, H. A. McKenzie, and R. G. Wake, ibid., 69, 
240 (1963).

(29) T . T . Herskovits and M. Laskowski, Jr., J . Biol. Chem., 237» 
2481 (1962).

T h e  J o u r n a l o f  P h y s i c a l C h e m i s t r y



T hermal D ecomposition of Irradiated Nickel Oxalate 731

T h e  T h e r m a l  D e c o m p o s i t i o n  o f  I r r a d ia t e d  N ic k e l  O x a la t e 1

by Joseph Jach2

State University of New York, Stony Brook, New York
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The thermal decomposition of unirradiated and reactor-irradiated dehydrated nickel 
oxalate has been studied in the temperature range 253-360°. Reaction begins at surface 
nuclei and there is evidence that the activation energy for nucleus formation is less than 
for the growth process. In those temperature regions where the amount of decomposi
tion due to the growth of existing nuclei overshadows that due to growth of newly formed 
nuclei, the acceleratory region is described by a t'1 law. The value of the fraction of total 
decomposition (a) at the point where the rate is a maximum (the point of inflection) 
changes drastically with temperature and irradiation. Irradiation appears to increase 
the number of potential nuclei but does not enhance the growth rate.

Several recent studies4 5” 6 of the thermal decomposi
tion of nickel oxalate have been published. Attention 
has also been given to the compound silver oxalate7’8 
which behaves similarly to the nickel salt. In both 
cases the curve representing a, the fraction of the total 
decomposition, vs. time is sigmoidal. Apparently 
conflicting rate laws for the acceleratory region have 
been reported which may be described as the “ exponen
tial” and “ power”  laws, given, respectively, by the 
equations

«  =  Aekt (1)

a =  Btm (2)

The “ exponential”  form is generally regarded as in
dicative of a chain reaction whereby a growing nucleus 
can branch. The power law is interpreted in terms of a 
fixed topochemical decomposition scheme in which the 
power “ m”  depends upon whether the nuclei grow in 
one, two, or three dimensions and also depends on the 
law governing their rate of increase. The contradic
tions in the silver oxalate work have reportedly been 
resolved.8 There seems to be general agreement that 
aging of a crystal can influence the observed kinetic 
scheme.

The objectives of thermal decomposition studies are 
twofold, i.e., answers must be found to the questions

where and how do reactions occur? The first question 
refers to the topochemical behavior while the second 
refers to the fundamental molecular step leading to the 
decomposition. Studies of the kind reported here 
threw light mainly on the first question and it is the 
object of the current investigation to find such answers 
with the use of irradiation which has proved to be a 
powerful tool in such probes.

Experimental

The nickel oxalate was prepared from the nitrate by 
slow precipitation at 70° in an ammonium acetate- 
acetic acid buffered solution with the oxalate ion

(1) Work performed primarily at Brookhaven National Laboratory 
and supported jointly by Picatinny Arsenal and the U. S. Atomic 
Energy Commission.
(2) Guest Scientist, Brookhaven National Laboratory, Upton. N. Y .

(3) Summer Visitor, Brookhaven National Laboratory. Upton, N. Y .

(4) P. W. M . Jacobs and T. Kureishy, Proceedings of the 4th Inter
national Symposium on the B e activity of Solids, 1960, de Boer, et al., 
Ed., Elsevier Publishing Co., Amsterdam, 1961, p. 352.

(5) J. A. Allen and D. E. Scaife, J . Phys. Chem.. 58, 677 (1954).
(6) V. Danes and V. Ponec, Collection Czech. Chem. Commun., 23, 
858 (1958).
(7) A. Finch, P. W. M . Jacobs, and F. C. Tompkins, Chem. Soc., 
2053 (1954).
(8) R. M . Haynes and D . A. Young, Discussions Faraday Soc.. 31, 
229 (1961).
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being furnished by hydrolysis of diethyl oxalate. 
This method, adapted from standard procedures, was 
used in an effort to minimize the precipitation of 
crystals of colloidal dimensions. The filtered precipi
tate was washed and dried at room temperature and 
then dehydrated at 200° in a muffle furnace. The par
ticle size distribution is not known but the crystals 
are larger than colloidal size.

The decomposition yields only nickel and C 02 and, 
within experimental error, eventually goes to comple
tion. The course of the reaction was followed by 
measurement of the pressure of the C 02 evolved in a 
closed system. A Pirani gage was used whose signal was 
reproduced on a Brown recorder so that data were 
obtained automatically. The reaction vessel was a 
long horizontal quartz tube heated by a furnace elec
tronically controlled to ±0.1 °. At the part of the tube 
located at the center of the furnace there was a flat 
depression 2.5 cm. in length. Reaction occurred in 
this depression. Located in front of the main furnace 
and concentric with the tube was an auxiliary heater 
which could be maintained at 200°.

About 5 mg. of the material were weighed and placed 
in a small platinum bucket which was attached by a 
long stiff wire to an iron slug. This unit was placed in 
the quartz tube the end of which was then closed. 
After evacuation to about 10-5 mm., the platinum 
bucket was moved by magnetically acting on the slug 
so that the sample was located in that part of the quartz 
tube which was maintained at 200°. To remove sur
face moisture it was left in this position for about 2 hr. 
During this time the system was still open to the 
vacuum pump and a liquid nitrogen trap. The pump 
and trap were then closed off and the sample moved 
further along the tube into the part heated by the 
furnace. The crystals were then tipped out of the 
bucket into the depression and the bucket withdrawn. 
Pressures were immediately and automatically recorded. 
One. advantage of this system is that final dehydration 
took place in situ and the samples were thereafter never 
exposed to the atmosphere. The reaction always oc
curred on a surface of nickel oxide; the latter was 
formed by oxidation of deposited nickel by air intro
duced between runs. The reaction rates thus found 
were the same within experimental error as those ob
tained with a bare quartz surface. Before decompo
sition the dehydrated crystals were a bright yellow.

It was decided that, in the time available for this 
study, the most profitable experiment^ would be a set 
of runs at different temperatures using unirradiated 
material and a similar set for material subjected to 
a particular dose of irradiation. A few preliminary 
neutron and y-ray irradiations at different doses were

performed in order to determine the order of magnitude 
of the dose which would be effective in producing 
large observable effects. The irradiation chosen was a 
reactor irradiation in the Brookhaven graphite re
search reactor for 390 hr. at a flux of 1013/cm .2 sec. 
(of which approximately 4 X 1011 were epi-Cd) and at 
an ambient temperature of 70°. When the irradiated 
samples were transferred, they were in contact with the 
atmosphere. They too were subjected to the prelimi
nary in situ heating procedure at 200° to ensure com
plete dehydration.

The irradiated material was found to be about 15% 
decomposed by the irradiation (prior to the thermal 
decomposition). This figure was obtained by exami
nation of the average P^/w ratio where P a is the final 
pressure developed and w is the sample mass. At the 
end of all runs the temperature was deliberately raised 
to about 400° to ensure an accurate P „ value. The 
irradiated crystals were black.

Results
The Form of the a-t Curves. The decomposition 

was studied in the temperature range 253-360° which 
represents a much wider range than had been used in 
previous studies. A typical plot of a, the fraction of 
the total decomposition, vs. time is shown in Fig. 1, 
the open circles being experimental points for unir
radiated material. The general form is sigmoidal 
with a gradual approach to the acceleratory region. 
There is a small initial gas evolution of one type ob
served by Jacobs and Kureishy,4 but the kinetics are 
obscured by the generally increasing rate before the 
acceleratory region proper. However, prior to the ac-

MINS (CÜRVE C)
10 20 30 40 50

Figure 1. Fractional decomposition (a) vs. time; 
O, run for unirradiated material at 279.9°;
•, run for irradiated material at 282.7°.
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Figure 2. Arrhenius plot of fa,.

celeratory region proper, it is possible to discern a 
linear region of low rate from which some kinetic in
formation is obtainable. This rate, fcj,, is simply the 
slope of the line in this region. The acceleratory 
region is followed by a maximum rate and a subsequent 
decay stage. The most satisfactory equation describ
ing the acceleratory region is

(a -  a0) = a(t -  t0)m (3)

where a is a rate constant and to and a0 are constants 
which separate complicated initial reactions (such as 
initial surface reactions, etc.) from the acceleratory 
region.9 This technique has been extensively used in 
the field and provided due care is taken in curve analy
sis and interpretation very much useful information 
can be obtained from the power “ m” . In the present 
case “ m”  was found to decrease somewhat with in
creasing values of a0 but in general was close to a value 
of 2. If was found that increasing temperature brought 
“ m” to a value of 2 with practically no a0 correction. 
The same effect occurred with irradiation at all tempera
tures.

Figure 3. Arrhenius plot of fcmax.

The decay stage is best described by a simple ex
ponential decay of the form

a = D { 1 — exp[fcd(¿ — to')]} (4)

Irradiation Effects. The effect of irradiation at a 
comparable temperature on the form of the a-t curve 
is shown alongside the “ unirradiated” case in Fig. 1. 
Curve A has the same time scale as the “ unirradiated”  
curve and shows the over-all shape. Curve C is the 
same run as A but with an expanded time scale to 
display more details about the acceleratory and decay 
stages. Three important effects are at once evident:
(a) the time required to reach the maximum rate is 
drast cally reduced by irradiation, (b) the value of the 
maximum rate itself is not affected (see also Fig. 3), 
and (c) the value of a at the point of inflection, i.e., 
amax, is reduced.

Temperature Effects. Arrhenius plots are shown for 
the following parameters: (1) the quantity in Fig. 
2 ; (2) the maximum rate, frniax, in Fig. 3 (this is

(9) Once «0 has been chosen to follows .since the point ao. to cor
responds to an actual point on the experimental curve.
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merely the slope of the curve at the point of inflection);
(3) the quantity kd in Fig. 4.

A few general features of these plots are worth noting. 
First, irradiation has no effect on rate or activation 
energy for the region beyond the acceleratory stage, 
while it decreases the activation energy and increases 
the rate in the early stages of the reaction. Second, 
there is a complex temperature dependence of the 
maximum rate in the sense that a simple classical

Figure 4. Arrhenius plot of foj in the equation 
a = D{ 1 -  exp{ —kd(t -  <„)}].

straight line Arrhenius plot is not observed. This 
complexity is much smaller for the kd plot, i.e., for the 
end of the reaction.

Another temperature effect is that of the quantity 
Ĉmax which is the value of a at the inflection point or 
maximum rate. A plot of this vs. temperature is 
shown in Fig. 5. With unirradiated material a large 
increase of a?max with temperature is evident (from 
32% to about 48%). Irradiation results in a marked 
decrease of amax and although it is possible that here too

an increase of temperature causes an increase in amax, 
the scatter is too large to allow a definite conclusion.

Discussion

We believe that the results can be interpreted in 
terms of the following topochemical model. Reaction 
begins at the surface of each crystallite from a certain 
number of potential nuclei which become activated by 
change thermal fluctuations. Growth then proceeds 
two-dimensionally into the crystallite, probably along 
preferred planes. The square law is evidence for this. 
Jacobs and Kureishy4 draw the same conclusion. The 
activation energy for the nucleation process is some
what lower than that for growth. Irradiation greatly 
enhances the number of potential nuclei but does not 
affect the rate of growth.

The justification for this model is as follows. The 
complexity in the Arrhenius plot indicates that two 
or more processes of different activation energies are 
occurring simultaneously. There are many reasons for 
believing that these two processes are nucleation and 
growth. At the beginning of the reaction these two 
processes would occur simultaneously and the activa
tion energy (%) would represent some complex com-
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L

Figure 6. Simplified topochemical model.

posite of that for nucléation and growth and would be 
higher than for growth alone. At the end of the re
action where nucléation is either complete or its ef
fects completely dominated by growth, the activation 
energy (kd) is much lower and represents growth alone.10 11 
If the activation energy for growth is higher than for 
nucléation, it is expected that at elevated tempera
tures growth would dominate the rate (da/d/). This 
is responsible for the diminishing value of the slope 
in the Arrhenius plot at high temperatures. The fact 
that the value of the power “ to”  settles down to a 
value of 2 (even for no a0 correction) at high tempera
tures tends to confirm the hypothesis that growth alone 
is dominant in causing a given amount of decomposition, 
for the nucléation, which is shown below to add one 
to the power to, is not effective, whereas at low tempera
tures the power is higher than 2 (see Appendix). It 
is of interest to note that Jacobs and Kureishy obtain 
a value of m =  2. The model is further strengthened 
by the behavior of «max- This quantity represents 
that stage of the reaction when growing nuclei begin 
to overlap. A simplified picture of this process is 
shown in Figure 6a where random nucléation (in 
terms of position and time) began on the surface and 
pictures the situation at the maximum rate or amax- 
Clearly any further reaction results in a contracting 
area and thus smaller values of da /d t. The fact that 
«max is higher at higher temperatures means that less 
nuclei can be formed before the maximum rate stage. 
An extreme case is shown in Fig. 6b where only two 
nuclei could be formed before the rapidly growing nuclei 
overlapped. In this case amax = 79% as compared to 
21% for the situation represented by Fig. 6c.

The effects of irradiation tend to confirm the cor
rectness of the model. The induction period is vastly 
reduced as would be the case if the number of potential 
nuclei were increased by the irradiation, for then the 
time required to reach any given rate must be reduced. 
There are two concurrent events at the beginning of 
the reaction, nucléation and growth. Since there are 
now so many more potential nuclei and hence more 
growing nuclei after a given time, the power law tends

to reflect growth alone and so the observed drop in 
“ to”  to 2 upon irradiation, even without any a0 cor
rection, is understandable. The drop in activation 
energy of the beginning stages of reaction upon irradia
tion is also understandable, since now the activation 
energy is closer to that for pure growth. The maximum 
rate is unaffected by irradiation. Referring to Fig. 6c 
one can make a simplified calculation of the maximum 
rate as follows: Suppose there are N  nuclei and L 
is the length of the side of the crystallite (assumed 
to be a square). The radius of each nucleus (assuming 
they all started growing at the same time and were 
equally spaced around the crystallite) is 2L/N. If 
the reaction front moves with a velocity r, it can be 
easily shown that

/  da\ 2irv

\df /  max L
(5)

which is independent of N .n This equation also 
shows, why the activation energy for the maximum rate 
is unaffected by irradiation, since the only temperature 
dependent quantity in eq. 5 is v which we believe is not 
affected by irradiation. However, the fact that N 
is laiger with irradiated material implies that the 
value amax would be lower. Figure 5 shows that in
deed "his is the case. It is also easy now to understand 
why the activation energy is changed by irradiation 
only near the beginning of the reaction for in the later 
stages the growth of existing nuclei masks growth due 
to new nuclei since the former are so much bigger.

There remains the decay stage. The fact that it 
follows a simple exponential decay rather than a con
tracting area formula does not mean tha.t a contracting 
area mechanism is not operative. This has been amply 
demonstrated in the literature.12

There are many complicated events that can render 
the decay stage exponential. An exponential particle 
size distribution resulting from break-up due to strains 
is one example. We, therefore, have no reason to be
lieve "Jiat the decay stage is anything other than a con
tinuation of the growth after nuclei overlap. One 
woulc then, of course, not expect irradiation to have 
any effect since nucleation has at this point long

(10) The amount of decomposition contributed by a nucleus of 
radius - growing two-dimensionally is proportional to r 2. A  nucleus 
of any size other than the very smallest and newest will contribute 
very much more to the total decomposition than will a newdy born 
growth nucleus.
(11) A t the maximum rate, the radius of each nucleus is 2L / N  and
the total length of the reaction “ front” is 2w L (N  — 2 ) /N .  In time 
d£, the increase in area da == 2irL{N  — 2 )vd t/N  and therefore the 
increase in a, da = da/L2 = 27r(A: — 2 )vd t/N L . Therefore,
(da/d/'nutx = 2 7t(A” — 2)v /N L \  when N  is large, (da/d/)max =
2 7T V /  L .
(12) See, for example, J. Jach, ref. 4, p. 8.
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ceased to  be influencial. T h is  lack  o f e ffect is dem on 
strated  in F ig. 4.
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A ppendix

T h e  su pposed  n ucléation  results from  ran dom  therm al 
fluctuations. T h e ir  num ber w ill then  be g iven  as a 
fu n ction  o f tim e t b y

AT0[1 — e x p ( — kt)]

w here No is the num ber o f  p oten tia l nuclei, k  being  a 
rate constan t. I f  the v e lo c ity  o f  radial grow th  o f  a 
nucleus is v and L 2 is the area o f  a  p la te let then

a = /o  {t ~  y)2ekVdy

w here the in tegration  accou n ts fo r  nuclei beg in n ing  to  
g row  at tim e t =  y . 13

T h is equ ation  evaluates to

N otv2 r  w
a =  L 1 “  h 5 +  T  "  e x p (~ fci)

T h is  equ ation  reduces to  a tz depen den ce fo r  sm all t 
and t2 fo r  h igh  t, a t w hich  p o in t the e ffect o f  nucleation  
is ou tw eigh ed  b y  the t2 grow th  dependence.

(13) For more details, see W. E. Garner, “ Chemistry of the Solid 
State,”  Butterworths Inc., Washington, D. C., 1955, Chapter 7.
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T h e d ielectric constan t and loss o f  the fo llow in g  am ines have been m easured at 10, 3, 2 , 
and 1 cm . from  0 ° dow nw ard  ov er  a range o f tem peratures in the solid  phase: eth yl, n- 
p ropyl, re-butyl, re-amyl, d iethyl, di-re-propyl, and di-re-butyl. T h e  static d ielectric  co n 
stants o f  these com p ou n ds have also been m easured ov er  the sam e tem perature range. 
T h e  relaxation  tim es and the th erm odyn am ic param eters o f the m olecu les have been 
determ ined. T h e  d ielectric constan ts in the solid  phase w ere com p u ted  using an I B M  
1620 com pu ter. T h e data in the solid phase do n ot lend them selves to  qu an tita tive inter
p reta tion ; nevertheless, the results p rovide  ev iden ce o f rotation  ov er  h indering potential 
energy  barriers in the crystal la ttice  in a tem perature region  n ot far be low  the respective 
m elting poin ts in the case o f  prim ary  am ines. T h e secon dary  am ines, on  the oth er hand, 
do n ot show  a transition  to  a rota tor  phase. T h e  difference in the beh av ior  o f  re-amyl- 
am ine and oth er am ines is em phasized.

In troduction

T h e  general beh av ior  o f  p olar liqu ids has been 
in vestigated  for  m any  years, bu t the com p lica ted  
nature o f  liqu id  structure w here clear in dications as to  
m olecu lar configurations and m otion s are n ot readily  
obta in ed  has m ade a detailed  m olecu lar in terpretation  
o f d ielectric relaxation  difficu lt. T h e  stu d y  o f  dielectric 
dispersion  during phase transition  provides, in general, 
considerable in form ation  ab ou t the m olecu lar m echanism  
o f  d ielectric relaxation  and also g ives an insight into 
m olecu lar k inetic beh avior. In  particu lar, the inter
action  o f polar m olecu les and their neighbors is re
vealed, the effective  v iscosity  o f  the m ed ium  for m olec
ular m otion  is determ ined , and the freedom  o f  m otion  o f 
the polar grou ps in the solid  state is m easured. T he 
prob lem  is o f  further interest, since very  little  theoretical 
or experim ental w ork  is reported  in the literature on 
the processes responsible for anom alous beh av ior 
during such transitions in sim ple polar liquids. H ill , 1 2 

on the basis o f  availab le experim ental data, has d iv ided  
polar liquids in to tw o  categories. In  the first ca tegory  
are liquids w ith  rigid m olecu les w here the rotation  o f 
the dipoles is preven ted  u pon  solid ification  and an 
equilibrium  equ ation  sim ilar to  D e b y e ’s can be used

to  relate their d ielectric relaxation  tim es w ith  the co r 
responding  viscosities. In  the second  ca tegory  are 
liqu ids such as the tetrasu bstitu ted  m ethanes in vesti
gated  b y  Pow les, W illiam s, and S m y th . 3 N o  relation 
ship need exist betw een  their respective relaxation  
tim es and viscosities, as the ty p e  o f  association  w hich 
gives rise to  v iscosity  m ay have little or no effect on 
d ipole  rotation . T h e d ielectric constan ts o f  such 
liqu ids are n ot altered m uch  b y  solid ification , in d icating  
th at the dipoles have considerable freed om  o f rotation  
in the solid  state. T h is freedom  o f  ro tation  is lost at a 
transition  poin t considerably  be low  the freezing point. 
T h e relaxation  tim es o f these liqu ids can  be related 
th eoretica lly  to  the transition  p oin t at w hich  the 
freedom  o f d ipolar ro tation  is lost. H o ffm a n 4 has 
developed  a th eory  relating the h indered rotation  with 
the therm al and d ielectric properties o f  long-chain  
com pou nds. T h e th eory  is based on the assum ption

(1) (a) This work was assisted by a contract, with the U. S. Atomic- 
Energy Commission; (b) Postdoctoral Research Fellow.
(2) N. E. Hill, Proc. Roy. Soc. (London), A240, 101 (1957).
(3) J. G. Powles, D. E. Williams, and C. P. Smyth, J. Chem. Phys., 
21, 136 (1953).
(4) J. D. Hoffman, ibid., 20, 541 (1952).
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th at the rotation  in the solid phase is hindered b y  
potentia l en ergy  barriers w hich  g ive  one deep m in i
m um  and a num ber o f  relatively  shallow  m inim a.

In  a previous investigation  b y  one o f  the au
th ors ,5 the m icrow ave absorption  o f  several am ines 
was investigated  in the liqu id  phase a b ov e  0 °. 
T h e  results on prim ary  am ines gave an in d ication  o f 
free ro tation  o f the -N F I2 grou p  around the C -N  
axis. T h e  purpose o f  the present investigation  is to  
exten d  the m easurem ents to  tem peratures below  0 ° 
and to  in vestigate  in particu lar to  w hat exten t freedom  
o f  d ip olar orientation  exists in the solid  phases o f  pri
m ary  and secon dary  amines.

E xperim ental

T h e  real and im aginary  parts o f  the dielectric  co n 
stants o f  eth y l-, n -p rop y l-, n -b u ty l-, n -am y l-, d iethyl-, 
d i-n -p rop y l-, and d i-n -bu ty lam in e have been m easured 
from  0 ° dow nw ard  ov er  a range o f tem peratures in the 
solid  phase at 10, 3, 2, and 1 cm . T h e m ethod  o f 
m easurem ent w as different in the liqu id  phase as co m 
pared w ith  th at in the solid  phase. T h e  m eth od  w ould  
also depend on the loss-tangent tan 8 o f  the substance 
under in vestigation . F or the liqu id  phase, three 
m ethods have been used. F or  the range o f  tan  8 
betw een  0.1 and 0.5, a reflection  m eth od  based upon  
the variation  in the reflection  coefficient o f  a uniform  
layer o f  the d ie lectric6 was used. V ery  g ood  results 
have been obta in ed  using a m eth od  d evelop ed  b y  P o le y .7 8 

T h e  values o f  the d ielectric con stan t obta in ed  b y  
the a b ov e  tw o  m ethods were self-consistent, w ithin  the 
lim its o f  experim ental errors. F or som e o f  the m eas
urem ents in the solid  phase, a tech n iq u e6 w hich  in
v o lves  the determ ination  o f the c ircu it param eters o f 
a four-term inal d issipating netw ork  w as tried. T he 
m eth od  o f  R ob erts  and V on  H ip p e l9 w as to  be preferred, 
how ever. D u rin g  the course o f  ca lcu lations the 
charts o f  <f vs . 1 /c , develop ed  b y  V on  H ippel, were 
fou nd  to  be inadequate. So the results were p ro 
gram m ed on  an IB M  1G20 com p u ter  y ie ld in g  the final 
values o f  t and e " .  T h e  accu racy  in the determ ination  
o f  e' was 1 %  and in the determ ination  o f V 3 % .

T h e  static d ielectric  con stan t o f  the various am ines 
were m easured at a frequ en cy  o f 1 M e. using the 
G eneral R a d io  T y p e  916-A  bridge and a superhetero
d y n e  receiver for the detector.

A  D ry  Ice -a ce to n e  bath  w as used up to  — 75°. 
T h e  tem peratures be low  — 75° were obta in ed  w ith  the 
help o f  liqu id nitrogen . T h e  flow  o f  liqu id nitrogen 
w as contro lled  b y  a  th ree-w ay  solenoid  va lve. T h e 
v a lv e  was actu ated  b y  a U nited  E lectric  therm oregu - 
la tor set at a desired tem perature. C om pressed  
n itrogen  gas was used to  force  the coo lan t in to the sys

tem . T h e  liqu id n itrogen  bath  used w as sim ilar in 
con stru ction  to  the bath  described  b y  V a jd a  and H a r t . 10 

T h e accu racy  o f tem perature m easurem ent w as ± 1 °  
th rou gh ou t th e  investigation .

M aterials. T h e  various am ines used w ere obta in ed  
from  M ath eson , C olem an  and Bell C o. and w ere o f
C .p . grade. T h eir  m elting poin ts are as fo llow s : eth yl,
— 8 0 .6 ° ; n -p rop y l, — 8 3 ° ; n -b u ty l, — 5 0 .5 ° ; n -am yl,
— 5 5 ° ; d ieth y l, — 4 9 ° ; and d ip rop y l, — 39 .6°.

R esu lts  and D iscu ssion

T h e  values o f  the d ielectric con stan ts e '  and the 
losses t "  o f  the various alkyl am ines m easured at 
w ave lengths o f  1, 2, 3, and 10 cm . from  0 °  dow n w ard  
o v er  a range o f tem peratures in the solid  phase are 
g iven  in T a b le  I. T h e  so-called  static d ie lectric  co n 
stants e0 m easured at 1 M e. are also in clu ded  in the 
sam e table.

C o le -C o le  arc p lo ts 11 have been con stru cted  from  the 
da ta  in T ab le  I. T ab le  I I  conta in s the va lu es o f  the 
h igh frequ en cy  dielectric  con stan ts e„, the d istribu tion  
param eters a, and the critical w ave lengths Xm, o b 
tained in the usual m ann er12 from  the arc p lots.

T h e  m a croscop ic  relaxation  tim es are ca lcu lated  by  
the equ ation

where c is the v e lo c ity  o f  light.
C o le -C o le  arc p lots  for  som e o f the representative 

am ines are given  in Fig. 1 . S ince the poin ts are n icely  
d istribu ted  ov er  the arc, th e  arc is a g o o d  representa
tion  o f the data.

T h e m ethod  o f  absolute  rate th e o ry 13' 14 has been  
used to  calcu late, from  the tem perature depen den ce o f 
the relaxation  tim es, the th erm odyn am ic param eters 
govern ing  the relaxation  process. T h ese are the 
m ost proba b le  free en ergy  o f a ctiva tion  A F 0 an d  the

(5) S. K. Garg, Ph.D. Thesis (unpublished), University of Alla
habad, 1960.
(6) W. H. Surber, Jr., J. Appl. Phys., 19, 514 (1948).
(7) J. P. Poley, Australian J. Phys., 6, 352 (1955).
(8) “ Plandbook of Microwave Measurements,” Polytechnic Insti
tute of Brooklyn, Microwave Research Institute, 1954, Chapter IV, 
pp. 77-82.
(9) “ Dielectric Materials and Applications,”  A. II. Von Hippel, Ed., 
John Wiley and Sons, Inc., New York, N. Y., 1954, pp. 88 103.
(10) J. Vajda and D. P. Hart, Rev. Sci. Instr., 24, 354 (1953).
(11) K. S. Cole and R. H. Cole, J. Chem. Phys., 9, 341 (1941).
(12) C. P. Smyth, “ Dielectric Behavior and Structure,”  McGraw- 
Hill Book Co., Inc., New York, N. Y., 1955, pp. 69, 70.
(13) S. Glasstone, J. Laidler, and H. Eyring, “ The Theory of Rate 
Processes,” McGraw-Hill Book Co., Inc., New York, N. Y., 1941, 
Chapter IX,
(14) W. Kauzmann, Rev. Mod. Phys., 14, 12 (1942).
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Table 1: Values of the Dielectric Constants t', Losses t" ,  and the Static Dielectric Constants t0 of the Various Amines

--------------------------------------------------------------------------------Temperature, °C--------------------------------------------------------------
0 -10 -20 -30 -40 -50 -60 -70 -80

Ethylamine
to 8.7 9.3 10 .1 1 0 .S 11.9

X = 10 cm.
t ' 8.6 9.0 9.5 9.6 9.7
t " 0.6 0.9 1.9 2 . 1 2.9

X = 3 cm.
e' 8.0 8 .1 8 .2 8.2 7.8
t " 1.7 2.15 2.7 3.0 3.7

X = 2 cm.
e' 6.8 7.0 7.0 6.8
t " 2.6 2.8 3.05 3.4

n-Propylamine
to 5.90 6.30 6.55 7.25 7.75 8.20 8.60 8.90

X = 10 cm.
<=' 5.85 6.25 6.55 6.8 7.0 7.0 6.85 6.5 6.05
t " 0.3 0.5 0.75 1.05 1.4 1.75 2.2 2.65 3.25

X = 3 cm.
t ' 5.75 5.8 5.9 5.75 6.0 5.0 4.35 3.75 3.25
t " . 0.95 1 . 2 1.55 2.05 2.3 2.4 2.35 2 .1 1.15

X = 2 cm.
t* 5.45 5.35 5.15 4.9 4.65 4.3 3.95 3.5 3.15

1.25 1 .6 1.95 2.2 2.35 2.35 2.2 1.75 1.25

X = 1 cm.
4.75 4.5 4.3 3.75 3.75 3.4 3.2 3.05 2.95

t " 1 .8 1.95 2.05 2 .1 2.0 1 .8 1.4 1 . 1 0.9

n-Butylamine ( - 4 9 ° )

to 5.4 5.65 5.95 6.15 6.35 6.55 6.74 6.85 3.0
( — 52°) ( - 5 5 ° ) ( — 56°)

X = 10 cm.
t ' 5.35 5.5 5.6 5.65 5.62 5.57
t " 0.25 0.55 0.75 0.95 1 . 1 1.25

X = 3 cm.
r€ 5.07 5.05 4.95 4.75 4.40 4.00
//€ 0.92 1 .20 1.42 1.57 1.62 1.57

X = 2 cm.
e' 4.62 4.45 4.20 3.95 3.65 3.40
e " 1 40 1.55 1.65 1.65 1.57 1.40

X = 1 cm.

e' 4.0 3.75 3.55 3.3 3.2 3.0
e " 1.65 1.85 1 .8 1.65 1.45 1 . 2

tt-Amylamine

€0 4.6 4.75 4.88 5.03 5.2 5.375 5.68 5.75

X = 10 cm.

( - 6 5 ° ) ( - 6 7 ° )

/€ 4.4 4.5 4.5 4.45 4.35 4.05
/ /€ 0.44 0.52 0.65 0.8 0.91 0.98
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Table I Continued

0 -1 0 -2 0
------------------- Temperature, °C.----

-3 0  -4 0 -5 0 -6 0 -7 0 -8 0

w-Amylamine
X =  3 cm.

e' 4.2 4.15 4.1 4.0 3.85 3.6
t r€ 0.7 0.9 1 .0 1 . 1 2  1 . 1 2 1.05

X =  2 cm.
3.85 3.75 3.65 3.45 3.25 3.05

e " 1 .0 1.03 1.15 1.13 1.08 0.98

X =  1 cm.
e' 3.5 3.4 3.3 3.15 3.0 2.98
e' 1 .22 1.24 1.24 1.2 1.13 0.95

Diethylamine ( - 4 9 ° )
€0 4.5 4.85 5.2 5.55 6.0 6.35 6 .6 2.42

( - 5 1 ° ) ( - 5 2 ° )

X =  10 cm.
e' 4.45 4.65 4.7 4.6 4.25 3.7

/ / e 0.3 0.67 0.95 1.3 1.4 1.47

X =  3 cm.
e' 3.75 3.05 3.3 3.2 3.0 2.9
e " 1.06 1.25 1.3 1.3 1.17 1 .0

X =  2 cm.
/e 3.3 3.15 3.0 2.9 2.75 2.7

e'' 1.06 1 .22 1.36 1.07 0.91 0.84

X =  1 cm.
€ 2.9 2.8 2.75 2.7 2.65 2.6
e " 1.14 1.06 1 .0 0.92 0.84 0.78

Di-n-propylamine
eo 3.73 4.0 4.2 4.3 4.4 4.475 4.5 3.32 3.20

( - 5 5 ° ) ( - 5 6 ° ) ( - 6 0 ° )

X = 10 cm.
e 3.4 3.5 3.5 3.425 3.25 3.0
€ 0.5 0.6 0.7 0.8 0.9 0.85

X = 3 cm.
e' 2.95 2.9 2.825 2.75 2.625 2.575
e 0.67 0.715 0.72 0.69 0.63 0.56

X =  2 cm.
/e 2.65 2.625 2.575 2.50 2.45 2.40
//e 0.67 0.73 0.68 0.58 0.46 0.37

X = 1 cm.
e' 2.50 2.475 2.45 2.425 2.40 2.375
e" 0.59 0.56 0.51 0.47 0.40 0.23

Di-re-butylamine
eo 3.20 3.27 3.34 3.41 3.48 3.56 3.62 3.7 3.11

( —65°) ( - 7 0 ° )

X =  10 cm.
er 3.075 3.025 2.95 2.85 2.70 2.575 2.475
e " 0.34 0.46 0.50 0.525 0.51 0.46 0.33
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Table I Continued

— 1  e m p e r a tu r e ,
0 - 1 0 - 2 0 - 3 0 - 4 0 - 5 0 - 6 0 - 7 0 - 8 0

Dibutylamine
X =  3 cm.

t '  2.525 2.50 2.45 2.45 2.40 2.375 2.35
e" 0.52 0.525 0.49 0.44 0.39 0.35 0.31

X =  2 cm.
«' 2.375 2.375 2.35 2.325 2.325 2.30 2.30
t "  0.05 0.44 0.395 0.36 0.33 0.28 0.20

X =  1 cm.
e' 2.30 2.30 2.30 2.275 2.25 2.25 2.25
e "  0.41 0.39 0.36 0.32 0.28 0.23 0 17

Table I I : Values of the High Frequency Dielectric Constants Distribution Parameters a,
Relaxation Times r ,  and Critical Wave Lengths Xmfor the Various Amines

rr<_ _ J. o/~<

0 - 1 0 - 2 0 - 3 0 - 4 0 - 5 0 - 6 0 - 7 0

Ethylamine
Cco 2 2 2 2 2
a 0.07 0 .1 1 0.13 0.16 0.17
t X 10“ 12, sec. 4.72 5.75 7.39 9.16 17.04
A„, cm. 0.89 1.084 1.39 1.73 3.21

re-Propylamine
€<» 1.95 1.95 1.95 1.95 1.95 1.95 1.95 2.60
a 0.0 0.05 0.05 0 .12 0.13 0.15 0.18 0.09
r X 10“ 12 4.0 4.95 6.94 8.97 12.78 15.31 24.77 35.71

0.75 0.93 1.31 1.69 2.41 2.89 4.67 6.73

re-Butylamine ( - 4 9 ° )
Cco 2.05 2.0 2 0 2.0 2.0 2.0
a 0.0 0.02 0.08 0.13 0.17 0.21

T  x  i o - « 5.74 6 .1 2 8.66 10.84 15.23 17.25
xm 1.08 1.15 1.63 2.04 2.87 3.25

re-Amylamine
Èco 1.95 1.95 1.95 1.925 1.90 1.90
a 0.08 0 11 0.13 0.18 0.22 0.29
T  X 10- ‘2 5.01 6 .1 2 7.12 10.23 13.17 17.55

0.96 1.15 1.35 1.93 2.48 3.31
Diethylamine ( — 49°)

Cco 2.05 2.07 2.07 2.07 2 .1 2 .1

a 0.07 0.07 0 .12 0.14 0.19 0.21

r X 10“ 12 8.16 12.32 17.40 23.96 30.68 48.10
1.54 2.32 3.28 4.52 5.79 9.06

Di-re-propylamine
2.05 2.05 2.05 2.13 2.25 2.25

a 0.13 0.17 0.18 0.23 0 13 0.13
r X lO^12 12.44 17.70 2 1 .1 0 30.95 45.15 56.97
Xm 2.35 3 34 3.98 5.84 8.51 10.74

Di-n- butylamine
2 . 1 1 2 13 2.13 2.17 2.17 2.17 2.17

a 0.00 0.01 0.06 0.05 0 .12 0 16 0.20

t X IO“ 12 17.09 21.51 25.88 32.53 39.08 54.02 30.71
3.22 4.05 4.88 6.13 7.36 10.18 5.79
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Table III: Values of the Most Probable Free Energy of Activation AF0 (kcal.) for the Various Amines

-Temperature, °C.-
0 -10 -20 -30 -40 -49 -50

Ethylamine 1.873 1.887 1.902 1 940 2.073 1.961
ra-Propyl- 1.783 1.809 1.890 1.920 1.986
re-Butyl- 1.959 1.920 2.002 2.0 11 2.067 2.025
n-Amyl- 1.913 1.920 1.908 1.947 1.999 2 031
Diethyl- 2.169 2.285 2.353 2.395 2.391 2 481
Di-n-propyl- 2.398 2.475 2.450 2.470 2.570 2.557
Di-n-butyl- 2.571 2.577 2.552 2.542 2.503 2.519

-60

2.557

-70

Table IV : Values of the Most Probable Entropy of Activation AS„ (e.u.) for the Various Amines (All Negative)

0 - 1 0

Ethylamine 1.36 1.47
re-Propyl- 0.94 1.07
n-Butyl 2.73 2.69
n-Amyl- 2.40 2.52
Diethyl- 1.28 1.77
Di-n-propyl- 4.32 4.78
Di-n-butyl- 5.20 5.43

-20 -30
—Temperature, °G, 

-40

1.59 1.81 2.46
1.44 1.62 1.97
3.11 3.32 3.66
2.57 2.83 3.19
2 .10 2.36 2.45
4.87 5.15 5.57
5.54 5.72 5.81

-49 -50 -60 -70

1.94 2.49 2.77
3.62
3.45
2.95
5.98

6.14 6.61

m ost p robab le  en trop y  o f  a ctiva tion  ASo and are g iven  
in T ab les I I I  and IV , respectively .

T h e  AF 0 values for  prim ary  am ines in T a b le  I I I  are 
nearly  the sam e irrespective o f  the size o f  the m ole
cule. T h is  ind icates th at the rotatin g  unit is o f  the 
sam e size in all the m olecu les. F or  the secon dary  
am ines cited , the increase in AF0 w ith  m olecu lar size 
is from  a b ou t 2.169 to  2.571 kcal.

T h e  AtS0 values g iven  in T a b le  IV  are fou nd  to  be 
m ore and m ore negative as the size o f  the m olecu le  
increases. T h is  w ou ld  be  possib le if we assum e th at 
the m olecu les neigh borin g  the rota tin g  m olecu le  pack  
them selves c lose ly  togeth er in order to  a llow  the 
central m olecu le  to  m ove. T h e to ta l decrease in en 
tro p y  o f  these neighbors m ight be greater than  the 
increase in en trop y  o f th e  rotatin g  m olecu le  itself, 
y ie ld in g  a net n egative en trop y  change. T h e  larger 
the centra l m olecu le, the greater is the degree o f  p a ck 
ing required and therefore the m ore n egative is the 
en trop y  change.

T h e  d ielectric  con stan t and loss values o f  som e o f  the 
representative am ines at d ifferent w ave lengths are 
p lo tted  against tem perature in Fig. 2 and 3. T h e 
p lots  extend from  the liqu id  phase through  the solid
phase.

T h e  d ielectric  constan t o f  d iethylam ine drops upon  
freezing and there is an absence o f  frequ ency  dependence

Figure 1 . (a) Cole-Cole arc plots of re-amylamine at 0, — 10,
— 20, —30, —40, and —50°. (b) Cole-Cole arc plots of di~ 
ethylamine at 0, —1.0, —20, —30, —40, and —49°.
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in the solid  phase. T h is result is in d icative  o f  the 
fa ct that in crystalline d iethylam ine, the m olecules 
are frozen  rig id ly  in their location s and hence there 
can n ot be an y  appreciable  con trib u tion  from  the d i
poles to  the dielectric  con stan t o f  the m aterial. I t  has 
been observed  that oth er secon dary  am ines also do

Figure 2. Dielectric constant e' and loss e "  vs. 
temperature of diethylamine at 1, 2, 3, and 10 cm.

n ot possess an y  appreciable  am oun t o f  m olecu lar 
orientational freedom  in the solid phase.

T h e  beh av ior o f  n -am ylam in e differs m arkedly  from  
those o f  the secon dary  am ines. T h ere is no drop  in the 
d ielectric  con stan t at the freezing poin t, ind icating  
som e degree o f  d ipolar orientation  in the solid  phase. 
A  sharp drop, h ow ever, at a few  degrees be low  the 
freezing p o in t indicates a transition  in volv in g  p roba b ly  
the cessation  o f rotation al ju m p s around the C -N

axis. T h e  ev iden ce o f  som e degree o f  m olecu lar rota
tion  has been indicated  p rev iou s ly 15 in n -octy lam in e 
and n -dodecylarnine, a lthough  no such freedom  was 
fou n d  in the higher m em bers o f  the series. D ielectric  
loss decreases m arkedly  at the freezing poin t, p rob a b ly  
as the result o f  greater h indrance to  rotation  near the

Figure 3. Dielectric constant e' and loss e" rs. 
temperature of rt-amylamine at 1, 2, 3, and 10 cm.

m e ting poin t and in the solid phase. T h is h indrance 
is p rob a b ly  due to  associa tion  in am ines and is generally  
considered to  be  the result o f H -b on d  form ation . T he 
nitrogen  a tom  being  a g ood  “ d o n o r ”  bu t a p oor  “ a c
ce p to r ,”  the association  in prim ary  am ines w ould 
be m uch  less than th at in alcohols, h ow ever. In  
alcohols, the oxygen  atom  being  a g ood  don or  as well 
as a g ood  acceptor, the association  w ould be m ore 
pronou n ced  at low er frequencies.

(15' J. D. Hoffman and C. P. Smyth, J. Am. Chem. Soc., 71, 3591 
(1949).

Volum e 68, N um ber 4 A p r il , 1964



744 Karl Heinzinger and R alph E. W eston, Jr.

In  conclu sion , the present in vestigation  indicates 
c learly  th at prim ary  am ines can  rotate  in their crystal 
la ttices ov er  h indering potentia l en ergy  barriers in 
a tem peratu re region  n ot far be low  their m eltin g  poin ts. 
T h e  extrem e sharpness o f  the drop  in th e  d ielectric 
con stan t at the transition  testifies to  the p u rity  o f  the 
m aterials. T h e  secon dary  am ines d o  n ot show  a tran 
sition  to  a rota tor  phase as ev iden ced  b y  the sharp drop  
in their d ielectric  constants at the freezing  poin ts and

b y  the absence o f  an y  ap preciable  loss in their solid  
phases.
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Isotopic Fractionation of Hydrogen between Water 

and the Aqueous Hydrogen Ion1

by K arl H e in z in g e r2 and R alph  E . W e s to n , Jr.

Department of Chemistry, Brookhaven National Laboratory, Upton, New York (Received August 13, 1963)

T h e  fraction ation  o f h ydrogen  isotopes betw een  aqueous solutions o f  p erch loric  acid  and 
the v a p or  phase in equ ilibrium  w ith  the solutions has been  m easured at 13 .5°. W ith  the 
usual assum ption  th at the p ro ton  is so lva ted  in the form  H 30 + , the separation  fa ctor  thus 
obta in ed  can  be used to  calcu late the equ ilibriu m  constan t, K L, fo r  the iso top e  exchange 
equilibrium , H 20  +  H 2D O  + =  H D O  +  H 30 + .  T h e  value o f  0 .96 ±  0 .0 2  determ ined  in 
this w ork  is in g o o d  agreem ent w ith  values obta in ed  b y  other, generally  in d irect, m ethods. 
I t  is show n th at ou r results are consistent w ith  those obta in ed  b y  oth er ty p es  o f  m easure
m ent on ly  if the p ro ton  is form u lated  as H 30 + .

S om e th irty  years ago, an exp lan ation  fo r  the kinetic 
beh av ior o f  acid -ca ta lyzed  reactions in m ixtures o f  
light and h ea v y  w ater w as proposed  b y  G ross and c o 
w orkers3-6 and b y  B utler and co -w ork ers .6-8 T h ey  
d eve lop ed  a th eory  fo r  the e ffect o f  deuterium  in the 
aqueou s so lven t on  the ion ization  constan ts o f  w eak  
acids and o n  the experim ental rate con stan t o f  acid - 
ca ta lyzed  reactions fo llow in g  the m echan ism

S +  H + ^ S H +  (rapid)

SH  + — >  p rod u ct (rate-determ in ing)

In a so lven t com posed  o f ligh t and h ea v y  w ater, 
the isotop ic  com p osition  o f the so lva ted  h yd rogen  ion

differs from  th at o f  the solvent. T h ese tw o  quantities 
are related b y  equ ilibrium  constan ts such as

K l =  (H s0 + ) ( H D 0 ) / ( H 2D 0 + ) ( H 20 )  (1) 1 2 3 4 5 6 7 8

(1) Research performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) On leave from the Max Planck-Institut für Chemie, Mainz, 
Germany.
(3) P. Gross, H. Steiner, and F. Krauss, Trans. Faraday Soc., 32, 
877 (1936).
(4) P. Gross and H. Wischen, ibid., 32, 879 (1936).
(5) P. Gross, H. Steiner, and H. Suess, ibid., 32, .883 (1936).
(6) J. C. Hornel and J. A. V. Butler. J. Chem. Snc., 1361 (1936).
(7) W. J. C. Orr and J. A. V. Butler, ibid., 330 (1937).
(8) W. E. Nelson and J. A. V. Butler, ibid., 958 (1938).
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T h is m ay  be recognized as the equ ilibrium  constan t for 
the isotope exchange reaction

H 20  +  H 2D O +  =  H D O  +  H 30  + (2)

A  further sim plifica tion  results from  the assum ption  
o f  the rule o f  the geom etric m ean 9 as applied  to  the 
isotop ica lly  h om ologou s series H 30 +, H 2D O + , H D 20 + ,  
and D 30 + .  T h is  m akes it possib le  to  relate all the 
equ ilibria  such as (2 ) to  a single one, w hich  has tra
d ition a lly  been  described  b y  the equ ilibrium  constan t
L.

2 D 30 +  +  3 H 20  =  2 H 30 +  +  3 D 20  (3)

T h e  iso top ic  fraction ation  betw een  solven t and h y - 
dron ium  ion  is reflected in the beh av ior o f  the rate con 
stant as a fu n ction  o f  the iso top ic  con ten t o f  the sol
vent. F or th is reason, the kinetic beh av ior o f  acid - 
cata lyzed  reactions in m ixtures o f light and h eavy  
w ater has been used fo r  m any years as a criterion  o f a 
m echanism  w hich  in volves a rapid  equ ilibrium  betw een  
reactant an d  h ydrogen  ion.

A  few  years ago, th is prob lem  w as exam ined again  
b y  P u rlee , 10 w ho re-eva luated  L  from  m odern  data. 
H is paper w as rapid ly  fo llow ed  b y  several oth er co m 
m u nications on  the su b ject. In  one o f  these, G o ld 11 

poin ts ou t th at in m ost o f  the data used b y  Purlee 
the value o f  L  is extrem ely  sensitive to  sm all errors in 
the experim ental values o f  rate constants. H e also 
show ed that sim ilar solven t isotope  effects m ay  be 
expected  in reactions w hich  have a p ro ton  transfer as 
the rate-determ in ing step. Sw ain and co -w ork ers12' 13 

evaluated  L  from  the v ibration a l frequencies o f  H 30  + 
and D 30 + ,  and also from  a som ew hat different treat
m ent o f  e lectroch em ica l da ta  than that o f  Purlee, 
obta in in g  a value o f L  a b ou t 2 5 %  low er than  P u rlee ’s 
value. H alevi, L ong, and P a u l14 have also discussed 
this problem , and in particu lar, have em phasized the 
im portan ce o f the changing  m edium  on  ion ic a ctiv ity  
coefficients. R e ce n tly , K re sg e 15 has derived , v ery  gen 
erally , th e  equ ation s fo r  p ro to ly t ic  reaction s in m ix 
tures o f  H 20  an d  D 20 .  E qu ilib riu m  and rate expres
sions fo r  b o th  rap id  and rate-determ in in g  p ro ton  trans
fer reaction s are considered .

U ntil v ery  recen tly  there has been  no d irect m eas
urem ent o f  an equ ilibrium  constan t related to  L. 
T h ere now  are tw o  sets o f  experim en ts16' 17 w hich  
g ive data leading d irectly  to  L. T h ese depend u pon  
the fa ct th a t the position  o f  the p ro ton  n .m .r. peak 
in an  aou eou s acid  solution  is related to  the con cen tra 
tion  o f  the h yd rogen  ion. B y  m easuring this shift in 
H 20  and in a m ixture o f D 20  and H 20 ,  it is possible to  
obta in  relative h ydrogen  ion  con cen tra tion s in  the 
tw o solvents and thus to  evaluate L. T h e  agreem ent

betw een  these tw o  sets o f  experim ents is w ith in  ex
perim ental error. In  this ty p e  o f m easurem ent, it is 
ta c itly  assum ed th at there is no sign ificant con tribu tion  
to  the n.m .r. sh ift from  the w ater m olecu les solvating  
the an ion . 18

W e  have now  m ade a d irect m easurem ent o f  the 
equ ilibrium  constan t K L using a qu ite different tech 
nique. Essentially , this in volves the determ ination  
o f the isotop ic  com p osition  o f the w ater in  an  aqueous 
acid  solution  b y  m easuring the D /H  ratio o f  the vapor  
phase (w hich  contains on ly  w ater) in equ ilibrium  w ith  
the acid  solution . K n ow in g  the analogous separation  
fa ctor  for  pure w ater and the iso top ic  com p osition  o f 
the entire liquid phase togeth er w ith  the con cen tra tion  
and extent o f d issociation  o f the acid , one can  calculate 
K l .

P rin cip le  o f  the M easurem ent. T h e  equ ation  w hich  
relates the separation  fa ctor  betw een  v a p or  and liqu id 
o f an  aqueous acid  solu tion  to  the desired equilibrium  
constan t K L can  be derived  b y  the sam e m eth od  as 
th at used b y  W e tze l19 to  describe the fraction ation  
in an  azeotrop ic  a c id -w a te r  m ixture.

In  ou r experim ents the a to m  fraction  o f deuterium  
is so sm all ( ~ 3  X  1 0 ' 4) th at m olecu lar species con 
tain ing m ore th an  one deuterium  a tom  need n ot be 
considered. In  addition , A hdo < <  A h,,o, A h2d o + < <  
A h,o +, and A da < <  A ha- A lso , it w as show n  ex
perim enta lly  that, for  our case, no acid  is in the vap or  
phase. T h is being  so, the fraction ation  fa ctor  is g iven  
by

( D /H )  liquid A h d o  +  A Da +  A h 2d o  + 2 A ' h , o

( D /H ) v a p o r  2 A h 20  +  A h a  +  3 A h „0  -  A ' h D O

(4)
In  this equation , the prim e refers to  the va p or  phase, 
the A ’ s are m ole fractions, and H A  represents the un
dissociated  acid . Isotop e  fraction ation  due to  h y 
dration  oth er than the prim ary  h yd ration  o f the p roton

(9) J. Bigeleisen, J. Chem. Phys., 23, 2264 (1955).
(10) E. L. Purlee, J. Am. Chem. Soc., 81, 263 (1959).
(11) V. Gold, Trans. Faraday Soc., 56, 255 (1960).
(12) C. G. Swain and R. F. W. Bader, Tetrahedron, 10, 182 (1960).
(13) C. G. Swain, R. F. W. Bader, and E. R. Thornton, ibid., 10, 
200 (1960).
(14) E. A. Halevi, F. A. Long, and M. A. Paul, J. Am. Chem. Soc., 
83, 305 (1961).
(15) A. J. Kresge, paper No. SM-50/32 of the International Atomic 
Energy Agency Symposium on Isotope Mass Effects in Chemistry and 
Bioiogy, Vienna, 1963; Pure Appl. Chem., to be published.
(16) A. J. Kresge and A. L. Allred, J. Am. Chem. Soc., 85, 1541 
(1963).
(17) V. Gold, Proc. Chem. Soc., 141 (1963).
(18) J. C. Hindman, J. Chem. Phys., 36, 1000 (1962).
(19) K. Wetzel, Isctopentechnik, 1, 15 (1960).
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is neglected  in th is equation . T h e fo llow in g  additiona l 
relations are needed :

(a) the separation  fa ctor  for  pure w ater

A hDoA ' h,0
“ w ~  N N' ^iV H iO -iV  H D O

(b ) the equ ilibrium  constan t for the exchange be
tw een  acid  and w ater

K  A
A haA hdo

A d a A h2o

(c ) the m ole ratio o f  acid  species in solution

A°HA _  A ha +  A h,0 + 

N an,0 N h,o +  A h,o +

(6 )

(7)

w here the su perscript zero refers to  the “ form al”  
concentra tion .

(d) the fraction  o f  d issocia tion  o f the acid  H A

9  =  A h 3o  + / ( A h , o  + +  A h a )  ( 8 )

(e) A h ,o +  A ha +  A h,o + +  A a - =

A h , o  +  A h a  +  2 A h , o *  =  1 ( 9 )

since the concentra tion s o f  deuterated  species are 
negligible.

T h e  com bin a tion  o f  eq. 4 -9  leads to  the expression

( « a /  <*w) [1 +  ( r / 2 ) ] -  1 +  rq +  r ( l  — q )/ K A

( 1 0 )

In  the case o f  a com p lete ly  d issociated  acid  th is sim pli
fies to

( a A/ a w) [ l  +  ( r / 2 ) ]  -  1 +  r

In  the ab ove  d erivation  we have neglected a possible 
e ffect o f  the an ion  o f the acid  on  the separation  fa ctor  
o f  w ater. T h e e ffect o f  d issolved  e lectro ly tes has been 
m easured b y  G oog in  and S m ith ,20 w ho ascribe m ost 
o f  the e ffect to  the an ion  and show  th at it is a linear 
fu n ction  o f  the an ion  m ole fraction . T h erefore , the 
value o f a w in eq. 10  and 1 1  shou ld  be replaced b y

a w' =  (1  — 6A a -) a w ( 1 2 )

where b depends on  the anion.

E xperim ental P roced u re

T h e  separation  factors a „ ,  a A, and a w' w ere de
term ined sim p ly  by  m easuring the isotop ic  com p osi
tion  o f the vap or  phase in equ ilibrium  w ith  the ap pro
priate solution , togeth er w ith  the iso top ic  com position  
o f  the solution . A  500-m l. P yrex  bu lb , in to  w hich  the

solution  w as in troduced , w as con n ected  w ith  a 6 -m m . 
bore s to p co ck  to  a 1 -1. bu lb , in w hich  the v a p or  was 
isolated b y  closing the stopcock . B efore  the experi
m ent, the solution  w as degassed and the entire vessel 
w as evacuated , in order to  speed up the equ ilibration  
rate. T h e low er bu lb  w as im m ersed in a th erm ostat 
at a tem perature o f  13.5 ±  0 .5 ° , w hile the u pper bu lb  
w as at room  tem perature. T h is  tem perature differ
ence w as necessary to  preven t conden sation  in  the 
upper bu lb . One day  sufficed to  g ive com plete  equ il
ib ra tion  betw een  va p or  and liqu id . In  order to  m in i
m ize the e ffect o f  tem perature fluctuations or  other 
system atic errors, both  a w and o A (or a w and « „ ' )  
were determ ined sim ultaneously, i.e., a vessel con ta in 
ing pure w ater w as p laced  in the th erm ostat togeth er 
w ith  one contain ing  the ap propria te  solution , and 
th ey  w ere rem oved  at the sam e tim e.

S olutions were m ade up from  a large su pp ly  o f  tr ip ly  
distilled w ater w hich  served as the iso top ic  standard, 
and from  7 0 %  perch loric acid  (B ak er ’s A n a lyzed ) or 
sod ium  perch lorate  (A m end D ru g  and C h em ica l C o .) .

V a por sam ples were rem oved  from  the upper bu lb  
b y  conden sation  in  a trap at. — 196° and were subse
qu en tly  prepared for  m ass spectrom etric analysis b y  
reduction  ov er  uranium  turnings at 7 0 0 ° .21 A n  acid i- 
m etric analysis o f  the v a p or  in equ ilibrium  w ith  
a 4.35 M  H C 1 0 4 solution  indicated  th at the acid  co n 
centration  in th e  v a p or  w as < 3 .6  X  10 - 4  M  (i.e., 
r <  10  5 for  the v a p or  com pared  w ith  ~ 0 . 1  for  the 
so lu tion ). T h is  justifies the assu m ption  th at the 
v a p or  phase contains on ly  w ater, w hich  w as used in 
deriv ing  eq. 1 0 .

Sam ples from  the liqu id  phase w ere reduced  in an 
iden tica l m anner in the case o f  pure w ater. In  the 
case o f  acid  solutions, th ey  were first neutralized w ith  
sod ium  carbonate, a fter w hich  the w ater w as rem oved  
from  the resulting sod ium  perch lorate so lu tion  b y  
heating it to  dryness while the v a p or  was co llected  in 
a trap at — 196°. W ith  increasing con cen tra tion  o f 
acid , a decreasing D /H  ratio in  the liquid sam ple w as 
fou nd , w hich  indicates that the D /H  ratio in the 7 0 %  
perch loric acid  used in this w ork  was low er than  th at 
o f  the trip ly  distilled w ater used for  dilution .

T h e fa ctor  b w as determ ined b y  m easuring the sepa
ration  fa ctor  ( a , ' )  for a 7.15 M  so lu tion  o f N  a  CIO 4. 
F or  th is solution , w ith  A a - =  0.1628, w e obta in ed  
a w’/ a ,  =  1 — 6A a - =  0.9887 ±  0 .0 0 2 . T h is g ives 
a value o f 0.069 ±  0.012 for  5, w hich  agrees w ell w ith  
th at fou nd  b y  G oog in  and S m ith .20 T h e  value o f

(20) J. M. Googin and H. A. Smith, J. Phys. Chem., 61, 345 (1957).
(21) J. Bigeleisen, M. L. Perlman, and H. C. Prosser, Anal. Chem., 
24, 1356 (1952).
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Table I : Data Used to Obtain K h

HC104,
moles./l. r Na~ oa/ « w 1 -  bN A-

0.958 0.0181 0.0178 0.9905 0.9988
4.353 0.0965 0.0880 0.9552 0.9939
7.125 0.1829 0.1546 0.9249 0.9893

-------------------- _Kl---------------------
✓-------U n c o r r e c t e d — — < -----------C o r r e c t e d ---------- •

a a/«w ? = 1 Q 7e 1 9 = 1 <1 7i 1 9

0.991” 1.031 1.038 0.964 0.970 0.985
0.96U 0.987 1.030 0.929 0.962 0.920
0.9349 0.951 1.025 0.899 0.957 0.855

a j  a t oth er an ion  con cen tra tion s were ca lcu lated  from  
eq. 12.

T h e iso top ic  analysis w as done w ith  a M o d e l M 86 
m ass spectrom eter m anufactured  b y  A tlas W erke, 
B rem en, G erm an y. T h e  m easured m ass 3/'m ass 2 
ratio m ust be corrected  for  the p rod u ction  o f H 3 + 
in the ion  source b y  ex trap ola tion  to  zero pressure in 
the sou rce .22 (T h e  pressure is in d icated  b y  the peak 
height for  m ass 2.) F or  a few  sam ples, the pressure 
dependence o f the 3 /2  ratio w as m easured and com 
pared w ith  th at o f  the standard. W ith in  experim ental 
error, the sam e slope was obta in ed . In  th is case, one 
obta in s

a  a  1  —  [ ( I ? l ,w  ~  R v ,w ) / R 0l ,w ] . .

a w 1 — [(-R l .a  — R v , a ) / R \ , a \

where R  is the 3 /2  ratio m easured a t som e arbitrary  
pressure w hich  is the sam e fo r  b oth  sam ples, R° the cor 
responding value obta in ed  b y  ex trapola tion  to  zero 
pressure, and the indices Y , L , W , and A  refer to  va p or  
phase, liqu id phase, w ater, and acid.

R esu lts  and D iscu ssion  o f  E rrors

T h e  results o f  these m easurem ents for  three different 
acid  concentra tion s are g iven  in T a b le  I. T h e num ber 
o f experim ents carried o u t w as: 1 M  H C IO 4, 2 ; 4 
M  H C IO 4, 4 ; 7 M  H C IO 4, 4 ; and 7 M  N a C 104, 4. 
T h e factors w hich  enter in to  the ca lcu lation  o f  K L 
require som e discussion . T h e  “ u n corrected ”  values 
are those in w hich  b is assum ed to  be zero, i.e., the anion 
e ffect is neglected . It is seen th at this correction  has a 
substantial e ffect on  K L. T h ere  is som e d ou b t ab ou t 
the proper value o f  q. T h e  values listed in  T a b le  I 
are those obta in ed  from  n .m .r. m easurem ents b y  F lood 
and R e illy ,23 alth ough  Y o u n g 24 has m ade som e pre
lim inary R am a n  m easurem ents w hich  indicate th at q 
is close to  u n ity  even  in  10 M  solutions. Our results 
show  a defin ite trend w ith  con cen tra tion  if w e assum e 
q is unity, w hich  is absent if we use the values o f  q 
obta in ed  b y  H ood  and R e illy . H ow ever, the experi
m ental error in K L is such th at it perm its dev iation s o f  
several per cent from  H o o d  and R e illy ’s values for  q.

If q is n ot unity, a  value o f  K a is needed. E q u a tion  6 
can  be rew ritten  as

„  -Yha-Yhdo M 'haM 'hdo aw . . . .
K  A =  - r  — ------=  xr,-----------------(14)

-Y d a A hjO N  d a Y  H jO « ha

T h e first term  can be w ritten  in  term s o f  reduced parti
tion  fu n ction  ratios25 as / hdo / / d a . T h e value used for 
/ h d ( in  th is tem perature region  w as ca lcu lated  fro m  the 
data o f L ib b y 26 and m ay  be expressed as

/ hdo =  1.2752 exp  (8 8 6 /7 ’ ) (15)

T h e corresponding  value for  perch loric acid  and per
ch loric a c id -d  can  be calcu lated  ap prox im a te ly  from  the 
v ibration a l frequencies o f  (¡ign ore  and S a vo ie27 to  be 

/ hcio , =  0.439 e x p (1 0 2 0 /T )  (16)
w ith  an u n certa in ty  o f  a b ou t 1 0 % .

T h ere  are no experim ental data o n  the value o f an a . 
O ne w ould  guess th at it w ou ld  be greater than  u n ity  
for  a h yd rogen -bon d ed  m olecu le  such as perch loric 
acid . F or  exam ple, in a series o f  a liph atic  a lcohols, a  
is betw een  1.04 and 1.08 a t  2 0 ° .28 C on versely , h ow 
ever, fo r  n itric acid  a t 0 ° , a  is fou n d  to  be 0 .9 3 5 .29 
T h erefore  the possib le range o f <*ha/ « ,  is a b o u t 0.86 
to  1.00. T h e  final value o f K A lies betw een  the rather 
w ide lim its o f  1.82 to  2.11. T h is  is close to  the statis
tica l value o f  2.00, w hich  we have used in ou r ca lcu 
lations.

B y  taking su itable p a rtia l derivatives o f  K L in eq. 
10, one obta in s an  ap prox im ate  expression  for the 
error in K L

± A K r. =
1 f a  a \ 1

A -  , +  _ A r
qr \ « »  / 2 qr

1

2 q

, 1  — q
Aq “f"

q K A2
A K a ! (17) 

i
(22) I. Friedman, Geochim. Casmochim. Acta, 4 , 89 (1953).
(2.3) G. C. Hood and C. A. Reilly, J. Chem. Phys., 32, 127 (1960).
(24) Quoted in rel. 18, and private communication from Professor 
Young.
(25) J. Bigeleisen and M. G. Mayer, J. Chem. Phys., 15, 261 (1947).
(26) W. F. Libby, ibid., 11, 101 (1943).
(27) P. A. Giguère and R.. Savoie, Can. J .  Chem., 40, 495 (1962).
(28) I. B. Rabinovich, N. A. Sokolov, and P. A. Artyukhin, Dakl. 
Akai. Nauk SSSR, 105, 762 (1955).
(29) J. G. Dawber and P. A. H. Wyatt, J. Chem. Sec 3636 (1958).
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Table II : Estimate of the Error in K L

HClCh,
m o l e s / l .

111
M 1 ^ r i

1 1 1
—  A r |2 qr 1

IA — I
1 a  w

11 OA I

\gr a„ \ 1------- 9 A A a I
1 i  1

| AAL |
u n c o r .

A I
[ “ w ' 1

|l ®A 1

la r orw '  1

A A l  
1 co r .  1

0 . 9 5 8 5 6 0 . 0 0 0 2 0 . 0 0 6 0 . 0 0 0 5 0 . 0 2 8 0 . 0 0 1 0 . 0 3 5 0 . 0 0 0 8 0 . 0 4 4 0 . 0 5 1

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

7 . 1 2 5 6 0 . 0 0 0 6 0 . 0 0 2 0 . 0 0 0 2 0 . 0 0 1 0 . 0 0 6 0  0 0 9 0 . 0 0 2 2 0 . 0 1 3 0 . 0 2 1

Table III : Comparison of Values of K L and L

1. °C. Kl L Method Ref.

25 0.99 1 1 .0 E.m.f. data“ 10
25 0.98 10 .1 Dissociation constants and 10

rate constants
25 0.95 8.4 E.m.f. data 12
31 0.97 ±  0.03 9.7 ±  1.5 N.m.r. 17

(25) 0.97 10.0-10.4 Preceding value corrected
to 25°

? 1.00  ±  0.01 11.4 N.m.r. 16
13.5 0.96 ±  0.02 8.9 Fractionation between This work

solution and vapor
(25) 0.95 8 .0- 8 .4 Preceding value corrected

to 25°

“ These values are probably incorrect. See text.

T h e  estim ated m agnitudes o f  the error term s are o f an an ion  from  light to  h eav y  w ater. T h is  is seen
g iven  in T a b le  II . T h e  e ffect o f  an error Iin q is not to  be incorrect, how ever, w hen  the actu al cell reactions
tabu lated , since H ood  and R eilly  d o  n ot g ive  any are considered
estim ate o f  the precision  w ith  w hich  th ey  h ave m easured 
this qu an tity .

I t  m ay  be noted  th at the value o f a „  obta in ed  in this 
w ork  agrees exactly  w ith  a value o f 1.088 at 13.5° 
obta in ed  b y  in terpola tin g  the da ta  o f M erliva t, et a l.3t>

A  useful qu an tity  is the reduced partition  fu n ction  
ratio fo r  the h ydron iu m  ion, / h 2d o  +, w hich  can  be o b 
tained from  K l , / hdo, and o\v. A t  13.5°, / h,d o + is 
31 .9 ; if the sym m etry  num bers for H 30  + and H 2D O  + 
are 3 and 1, respectively , then the n onclassica l part o f 
th is ( s / / s ')  is 10.6.

Com parison with Other M easurem ents. T h e  values 
o f  K l and L  ob ta in ed  in  th is w ork  are com pared  w ith  
previous results in T ab le  I I I .  Som e com m en t on  the 
other types o f  m easurem ent is necessary.

Purlee evalu ated  L  from  the e lectrom otive  force 
m easurem ents o f  Schw arzenbach  and co -w ork ers30 31 32 for 
the cells

H 2 =  2 H +  (H ,0 )  +  2 e -  (H ,0 )

H g 2C l2 +  2e~  (H 20 )  =  2H g  +  2C 1" (H *0 ) (19)

D 2 =  2 D +  (D 20 )  +  2 e "  (D 20 )

T h e  ca lom el reference e lectrode is the sam e for  b oth  
cells and the difference in the e.m .f. values corresponds 
to  the reaction

H 2 +  2 D +  (D 20 )  +  2e~  (D 20 )  =

D 2 +  2 H +  (H 20 )  +  2 e -  (H »0 ) (20)

L  w as obta in ed  from  the com bin a tion  o f  the free energy 
o f  reaction  20 w ith  th at for  reaction  21, w hich  is know n 
from  both  th erm och em ica l82 and sp ectroscop ic33 data.

D 2(g) +  H 20(1 ) =  H 2(g) +  D 20(1 ) (2 1 )

H ow ever, there rem ains a con trib u tion  from  the transfer

P t, H 2(g)|H C l (H*0)||KC1 (sa td .), H 20||Hg2C l2, H g  

and (18)
P t, D 2(g)|D C l (D ,0)||K C1 (sa td .), H 20||Hg2C l2, H g

Purlee assum ed th a t the m easurem ents w ith  these cells 
elim inated the p rob lem  o f  the free energy o f  transfer

(30) L. Merlivat, R. Botter, and G. Nief, J. chim. phys., 60, 56 
(1963).
(31) G. Schwarzenbach, Z. Elektrochem., 44, 302 (1938); G. Schwar
zenbach, A. Epprecht, and H. Erlenmeyer, Heir. Chim. Acta, 19, 
1292 (1936).
(32) F. D. Rossini, J. W. Knowlton, and H. L. Johnston, J. Res- 
Natl. Bur. S t d 24, 339 (1940).
(33) H. C. Urey, J. Chem. Soc., 5C2 (1947).
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Table IV : Vibrational Frequencies of the Hydronium Ion

Method
Mai) Mai) Me) Me) 0 Substance and ref.

H80  +
3235 1060 2590 1700 770 OHaCl (solid) Infrared (34)
3285 1182 ~3285? 1577 995? OH3CIO4 (solid) Raman (35)

1205 2900 1750 605-625 HCl (soin.) Infrared (36)
2600 1190 3025 1720 675 HCl (soin.) Infrared (37)
3025 (3025) HCl (soin.) Raman (38)

643 HCl (soin.) Infrared ( 12 , 13)

D 30  +
2455 785 2000 1255 OD3CI (solid) Infrared (34)

960 2170 ~1400 DC1 (soin.) Infrared (36)
465 DC1 (soin.) Infrared ( 12 , 13)

o f  a  so lva ted  e lectron  from  on e so lven t to  the other. T he 
value o f  L  thus derived  b y  P urlee should be corrected  for 
the free energy o f  th is transfer process.

Purlee also obta in ed  L  from  a large num ber o f ex
perim ental data fo r  d issociation  constants o f  w eak 
acids and for  rate con stan ts o f  ac id -cata lyzed  reactions. 
T h e  value o f L  thus obta in ed  is in g o o d  agreem ent 
w ith  the value obta in ed  from  electroch em ica l data.

V ery  recen tly , G o ld 17 and K resge and A llred 16 have 
m easured an equ ilibriu m  constan t for  the exchange

D 30 +  +  H D O  =  H D 20 +  +  D 20  (22)

w hich  is

K n =  ( H /D )  solvated proton/ ( H /D )  water L ‘a  (23)

T h eir  m easurem ents depend u pon  the fa ct th at the 
p ro ton  n .m .r. signal in  an  acid ic aqueou s solu tion  is 
a single p eak , ow in g  to  the rapid  p ro ton  exchange be 
tw een  h vdron iu m  ion  and w ater m olecu les. T h e shift 
o f  the peak  from  th at o f  the pure so lven t is related 
to  the con cen tra tion  o f  h ydron iu m  ion , and the m easure
m en t o f  th is sh ift in ligh t w ater and alm ost pure h eavy  
w ater leads to  K N. In  th is w ork  it has been  ta citly  
assum ed th at an y  sh ift caused b y  the an ion  o f  the acid 
used (i.e., e ffects o f  the ty p e  treated b y  H in d m a n 18) w ill 
can cel ou t in the com parison  o f  ligh t and h eav y  w ater 
solvents. T h e fa ct th at w e have tried to  correct for 
such an an ion  e ffect in  our v a p or  pressure m easure
m ents m a y  accou n t, to  som e extent, for  the difference 
in the values obta in ed  b y  the tw o  m ethods. D ev ia tion s 
from  the rule o f  the geom etric m ean cou ld  also lead to  
a d iscrepancy.

Sw ain and B a d er12'13 have prop osed  a m odel for 
ca lculating the p a rtition  fu n ction  ratio for  D 30  + /H 30  + 
in  aqueous solution . T h e y  find a free energy differ

ence o f  9270 cal. m o le -1 betw een  H 30 +  and D 30 + .  
W h ile  th ey  do n ot describe their calcu lations in detail, 
it is apparent th at there is an error in them . T h e intra
m olecu lar v ib ra tion a l frequencies o f  H 30 +  and D 30  + 
have been  m easured b o th  in  acid  solutions and in 
h ydron iu m  ion  sa lts,34-38 bu t there is considerable 
d isagreem ent as to  the assignm ents, particu larly  
o f  the O -H  stretch ing  frequ encies (cf. T a b le  IV ). 
W e  have calcu lated  the p a rtition  fu n ction  ratio from  
the v ibrationa l frequ en cy  assignm ent o f  Ferriso 
and H orn ig  togeth er w ith  the estim ated  librational 
frequencies o f  Sw ain and B ader. In  this w a y  (pre
su m ably  th at fo llow ed  b y  Sw ain  and B ader) we obta in  
F d,o + — F h3o + =  — 5500 cal. m o le -1  com p ared  w ith 
their value o f  — 9270 cal. m o le -1 .

B o th  Purlee and Sw ain and B ader have em phasized 
the care w hich  m ust be taken  to  exclude con tribu tion s 
to  L  from  the process o f  transferring an ion  from  light 
to  h eavy  w ater. T h e latter authors have proposed  a 
m od el fo r  calcu lating  th erm od yn a m ic  quantities for  
such a transfer o f  single ions. In  the case o f  the h y 
dron ium  ion, it is believed  th a t its effect on  the structure 
o f  w ater is relative slight, since it is capable  o f  h ydrogen  
bon d in g . Sim ilar argum ents have been  used (for  ex 
am ple, b y  H in d m a n 18) in the case o f  the am m on iu m  ion. 
T h e  assum ption  is m ade, therefore, th a t the free energy 
o f  transfer o f  the h yd ron iu m  ion  is zero, and th at AF L, 
the free energy  change correspon d in g  to  L,  is g iven  b y  the 
isotop ic  free energy differences o f  H 30  + and H 20 .  I f  this 
is don e w ith  the values obta in ed  from  the spectra  o f

(34) C. C. Ferriso and D. F. Hornig, J. Chem. Pkys., 23, 1464
(1955) .
(35) R. C. Taylor and G. L. Vidale, J. Am. Chem. Soc., 78, 5999
(1956) .
(36) M. Falk and P. A. Giguere, Can. J. Chem., 35, 1195 (1957).
(37) G. E. Walrafen, J. Chem. P h y s 36, 1035 (1962).
(38) W. R. Busing and D. F. Hornig, J. Phys. Chem., 65, 284 (1961).
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H 30 +, one obta in s L  =  24.0. (T h e  value o f AF  used 
b y  Sw ain  and B ader leads to  L  less than  u n ity .) It 
is apparent th at the sp ectroscop ic  d a ta  are not a good  
basis for the ca lcu lation  o f L, since an  error o f  50 c m .-1 
in the zero-p oin t energy difference betw een  H 30  + and 
D 30  + produ ces a  2 5 %  error in L.

I f  one accep ts the calcu lations o f  Sw ain  and B ader 
for  ion  transfer processes, another p ossib le  route tow ard 
L  is open , w hich  th ey  have utilized. T h is  in volves the 
e.m .f. m easurem ents b y  N oon an  and La M e r39 on  the 
cell

H 2, H C l(H 20)| A g, AgCl||Ag, A gC l| D C l ( D ,0 ) ,  D 2

(24)

the over-a ll reaction  for w hich  m ay  be w ritten  

H *(g) +  2 D 30  + (D 20 )  +  2 C 1 - (D * 0 ) +  2 H 20(1 ) =

D 2(g) +  2H .,0+  (H ,0 )  +  2C 1 - (H ,0 )  +  2 D 20(1 )

AF  =  - 2 0 6  cal. m o le " 1 (25) 

T h is m ay  be com bin ed  w ith  the AF  v a lu es12'32 for 

D 2(g) +  H 20 (1 ) =  H 2(g ) +  D 20(1 )

AF  =  — 1510 cal. m o le -1  (21)

and

2C 1" (H ,0 )  =  2 C 1 - (D ,0 )

AF  =  466 cal. m o le -1  (26)

to  g ive AF L =  — 1250 cal. m o le -1 and L  =  8.25 at 
25°. I f  the an ion  transfer e ffe c t  were neglected , the 
value o f L  w ould  be  18.1 at 25 °. T h is  sam e value 
(be., w ith  the an ion  transfer effect neglected) has been 
obta in ed  b y  K in gerley  and L a M e r40 from  m easure
m ents w ith  the qu in h ydrone electrode  in light and 
h eav y  w ater.

The Effect o f  Tem perature on L. In  order to  com pare 
the experim ental values o f  L  or K L ob ta in ed  a t  various 
tem peratures, som e estim ate o f  H L is needed. In  v iew  
o f  the u ncerta in ty  o f  the sp ectroscop ic  da ta  for  the 
h ydron ium  ion, it seem s useless to  a ttem p t to  ca lcu 
late H h3o < — 77d,o ♦ from  that d irection .

T h e com bin ation  o f AH  values for  reactions 25, 
21, and 26 g ives AH L =  — 1096 cal. m o le -1 . T h e  one 
d o u b tfu l qu an tity  here is the heat o f transfer o f  a 
ch loride ion  from  light to  h eavy  w ater. I f  th is con tri
bu tion  is set equ al to  zero, then  AH h is a lm ost tw ice  
as large, w ith the value o f  — 1856 cal. m o le -1 .

A n oth er  m ethod  o f  evaluating  the tem perature 
coefficient is to  calcu late the en tropy  difference betw een  
H 30 + and D 30 + and to  com bin e  this w ith  an experi
m ental value o f L  to  obta in  AH L. I f  this is d on e w ith  
the v ibration a l frequencies used to  calculate L  (on ly

the librations and ben din g  v ibration s con tribu te) and 
ou r va lu e o f  L  =  9.1, we find — 1555 cal. m o le -1  for  
AH l . T h e  rather unreasonable assu m ption  o f free 
ro ta tion  for  the icn  in solution  w ou ld  lead to  a value o f 
— 760 cal. m o le -1 .

F ortu nately , th is tem perature e ffect is redu ced  b y  a 
fa ctor  o f  six in its effect on  K L, so th at the u n certa in ty  
does n ot exceed the experim ental error i n K L. W e  have 
used an approx im ate  value o f — 1000 cal. m o le -1 for  
AH l to  correct K ,  to  the values g iven  in T a b le  I I I . '

Structure o f  the H ydrogen Ion  in  A queous Solution. 
In  the preceding  section  o f  the paper w e have show n  
th at ou r value o f K L is in g ood  agreem ent w ith  th at from  
oth er m easurem ents, if w e assum e that the so lva ted  
p ro ton  is form u lated  as H sO +. W e shall now  show  
th at such agreem ent is fou n d  on ly  fo r  th is form u la 
tion , and th at an y  oth er one leads to  d isagreem ents 
outside the lim its o f  experim ental error.

L et us rewrite eq . 3 in the m ore general form

2 D +  (D 20 ) m +  (2 n  +  1 )H 20  =

2 H +  (H 20 ) „  +  (2 n  +  1 )D 20  (27)

w here there are 2 n +  1 equ ivalent h ydrogen  atom s in 
the so lva ted  proton . T h e  equ ilibrium  con stan t is

x =  (P *Q ) 2n+1[H +  (H 2Q ) J 2
(H 20 ) 2" +1[D  + (D 20 ) J 2 ( ’

and o f course, X is identica l w ith  L  w hen  n  is un ity . 
T h e  con stan t x L for  the general form  o f  the equ ilibriu m

H 20  +  D +  (H 20 ) „  =  H D O  +  H +  (H 20 ) „  (29)

now  becom es

x L =  2\ I/2(2n + 1)/ (2n  +  1) (30)

w hile the q u an tity  m easured in  the n .m .r. experim ents 
is

(K/D)golvated proton/(H/D)water =  KN =  X1/2(2" + 1) (31)

T h is  leads to

* L
2

2 n  +  1
x N (32)

W e should  also reform ulate the expression  for  x L in 
term s o f  ou r  experim ental quantities. E q u a tion s  5 
and 6 are unchanged, while eq. 1, 4, and 7 -1 1  now  b e 
com e

A^HDoA h *<H20)„ 
A h2oA d +(HjO)„

(33)

(39) E. C. Noonan and V. K. La Mer,./. Phys. Chem., 43, 247 (1939).
(40) R. W. Kingerley and V. K. La Mer, ./, Am. Chem. Snc., 63,  
3256 (1941).
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<*A =
( D /H ) z
( D /H ) ,

A h d O +  A  D A  +  A d + (H 20 ) „

r =

2 A h2o +  A ha  +  (2  n +  1 ) A :H + (H 20 ) n

(34)

A °  H A A ha  +  A h +(h ,o )„

A °  m o A h20 +  w A h + (H jO )„
{ÓD)

1Ifeï
IIC

jh

A h + (H 20 ) »

+(h 20 )„ +  A ha
(36)

,o +  A ha +  2 A h +(h2o)„ =  1 (37)

r q

* L  =
(aA/ a w)[  1 +  ( r / 2 )  ] -  1 +  rqn — r ( l  — g ) / A A

(38)

I f  g =  1

r

Xl ( « a / « w) [ 1 +  (r /2 )  1 -  1 +  m  (39) 

T h e dependence on  n is m ore apparent w hen  w e w rite

Xl - 1 =  n +  ( r g ) _ 1 [ ( a A/ « w ) ( l  +  r / 2 )  — 1] —

(1 -  q )/ K Aq (40)

A  com parison  o f  our values for  x L fo r  d ifferent values 
o f  n w ith  those o f G o ld 17 and o f K resge and A llre d 16 
is g iven  in  T ab le  V . A greem ent w ith  b o th  sets o f

Table V : Relation between x l  and x n

2

n G o ld 0
K re s g e  a n d  

A llr e d 6

0 23.8 2.92 2.80
l 0.96 0.97 0.98
2 0.49 0.58 0.63
3 0.33 0.42 0.50
4 0.25 0.32 0.49

See ref. 17. h See ref. 16.

n .n .r .  m easurem ents is fou n d  on ly  w hen  n  is unity, 
a lthough  the tw o  n .m .r. experim en ts w ere treated  
slightly  d ifferently .

W e have in d icated  a b ov e  th at there are difficulties 
in the eva lu ation  o f X from  e lectroch em ica l da ta  or 
from  the depen den ce o f rate and equ ilibriu m  constan ts 
on  so lven t iso top ic  com p osition . B ecause o f this, we 
consider a com parison  o f  x N and x L values a  b e tter  w ay  
o f determ ining n  than  a com parison  o f  either o f  these 
w ith  X. F urtherm ore, the com parison  o f x L and X is 
particu larly  insensitive to  n  becau se o f the w ay  in 
w hich  x L is determ ined from  experim ental param eters. 
A s n  increases, x L from  either eq. 30 or 40 approaches 
n -1 . F or  exam ple, if X is either 8.1 or  18.1, the agree
m ent betw een  the experim ental value o f x L and 
2x i /2(2n + D /( 2n  -f- l )  is w ith in  experim ental error for  
n  >  1.

T h ese conclusions d o  n ot exclu de the m od el fo r  the 
h ydrogen  ion  proposed  several years ago b y  W ick e , 
et a l.,il in w hich a h ydron iu m  ion  is further so lva ted  
b y  three w ater m olecu les h yd rogen -b on d ed  to  the ion. 
S u pport fo r  th is m od el com es from  heat capacities 
and m olal volum es, w h ich  are m arkedly  sim ilar for  
solutions o f HC1 and L iC l, fo r  exam ple. T h e  form u la 
tion  a b ov e  is a  slight over-s im plifica tion , in th at the 
effect on  the three h yd rogen -b on d ed  so lven t m olecu les 
is neglected. T h a t is, the n .m .r. sh ift fo r  these p ro 
ton s is neglected  b y  com parison  w ith  th ose  on  the 
centra l ion. T h is  appears to  be a n ot unreasonable 
sim plification , in v iew  o f the relative m agn itude for 
the shifts caused b y  the h yd rogen  ion  and other 
ca tion s .17 Sim ilar considerations shou ld  ap p ly  to  the 
e ffect on  the separation  fa ctor  betw een  liqu id  and vapor.
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(41'; E. Wicke, M. Eigen, and T. Ackermann, Z. Physih. Chvm 
(Frankfurt), 1, 340 (1954).
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Chain Reactions in the Chemiluminescent Oxidation of Certain 

Phthalazinediones by Potassium Peroxydisulfate1

b y  John  R . T otter, W a yn e  S teven son , and G . E. P h ilbrook

Chemistry Department, University of Georgia, Athens, Georgia (Received August 14, 1963)

A  stu d y  o f  the relationship betw een  m axim um  in ten sity  o f  chem ilum inescence o f  m ixtures 
o f  phthalazinedione and peroxyd isu lfa te  ions in 0.1 M  N a O H  has been  m ade fo r  5 -[N - 
m eth y la m in o]-2 ,3 -d ih yd ro -l,4 -p h th a la zin ed ion e . T h e  results m ay  be  explained  on  a 
k in etic basis b y  the assum ption  th a t a  chain  reaction  is in itiated b y  a reaction  betw een  
the phthalazinedione and peroxyd isu lfa te  w hich  produces a radical from  each  reactant. 
Chains are presu m ably  term inated  b y  reaction  o f  the SO 4"" radical w ith  H 20  and subse
quent d ecom p osition  o f  the O H  form ed , and b y  a reaction  o f  tw o  phthalazinedione radicals 
w ith  S 20 8-2  w ith  no radical end products. Sim ilar studies w ith  the 5 -h y d rox y -2 ,3 -d ih yd ro -
1 ,4 -phthalazinedione indicate th at th is com p ou n d  reacts on ly  very  slow ly  w ith  p erox y 
disulfate io n ; h ence a m ixture o f  the tw o  serves as a chem ilum inescent “ in d ica tor”  for 
radicals w hich  are capable  o f  in itiating  a sim ilar chain  reaction  at rates a b o v e  the spon 
taneous rate for  S O C  radical form ation . 5 -A m in o-2 ,3 -d ih y d ro -l,4 -p h th a la zin ed ion e  
lum inescence (as w ell as th at o f  o th er phthalazinediones) is sharply  reduced b y  the add ition  
o f a radical scavenger w hich  does n ot react at an appreciable rate w ith  peroxyd isu lfa te  ion.

In troduction

A lth ough  there have been num erous theories con 
cerning the course o f  reaction  o f  phthalazinediones w ith  
ox id izing  agents leading to  the em ission  o f  light, few 
o f these have been based upon  extensive k inetic d a ta .2-4 

In part, this dou btless results from  the fact that the 
end prod u ct o f  the reaction  leading to  light em ission  
has not been identified w ith  certa in ty . In  ad d ition , it 
is hazardous to  base conclusions on data derived  from  
a disappearance o f  the reactants w hen the light-em itting  
reaction  m ay be on ly  a m inor fraction  o f the tota l re
action  tak in g  place. B rem er4 and others have sug
gested th at the chem ilum inescence p rob a b ly  arises 
from  the reaction  o f  tw o radicals: one derived  from  the 
phthalazinediones, the oth er arising from  the ox id izing  
agent, w hether this is oxygen  or som e oth er substance. 
It w as poin ted  ou t b y  Brem er that it is unlikely  th at 
nonradica l reactions cou ld  p rov id e  the energy o f  75 
k ca l./e in ste in  required to  em it the short w ave lengths 
characteristic o f  lum inol (5 -a m in o -2 ,3 -d ih y d ro -l,4 - 
phthalazinedione) chem ilum inescence.

R ecen t revival o f  interest in the p ossib ility  o f  using

the phthalazinediones as “ in d icators”  o f  radical in
v o lvem en t in o th er reactions6-7 has encouraged  us 
to  restu dy  som e o f the k inetics o f  chem ilum inescence 
in th is series. I t  is h oped  th at careful studies m a y  lead 
to  a sounder basis upon  w hich  to  con stru ct h ypotheses 
concern in g  the reactions leading to  light em ission. 1 2 3 4 5 6 7

(1) This work was supported in part by a grant from the Air Force 
Office of Research and Development (AFOSR-62-7.3), and by a con
tract with the U. S. Atomic Energy Commission (AT-(40-l)-2851). 
The authors are indebted to Dr. W. J. DeAngelis of the Department 
of Chemistry of The University of Georgia for the preparation of 
the xanthine oxidase used in the experiment.
(2) P. C. Wilhelmsen, P... Lumrv, and H. Eyring, in “ The Lumines
cence of Biological Systems,” F. H. Johnson, Ed., American Associa
tion for the Advancement of Science. Washington, D. C., 1955 pp 
75-98.
(3) F. H. Johnson, H. Eyring, and M. J. Polissar, “ The Kinetic 
Basis of Molecular Biclogy,” John Wiley and Sons, New York
N .  Y . ,  1 9 5 4 , p p .  1 3 9 - 1 8 6 .

(4) T. Bremer, Bull. soc. chim. Beiges, 62, 569 (1953).
(5) J. R. Totter, V. J. Medina, and J. L. Scoseria, J. Biol. Chem., 
235, 238 (1960).
(6) J. R. Totter, E. C. de DuGros, and C. Riveiro, ibid., 235, 1839 
(1960).
(7) L. Greenlee, L. Fridovich, and P. Handler. Biochemistry 1, 779 
(1962).
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A t the sam e tim e, efforts have been  m ade to  iden tify  
the p rod u ct w hose activa ted  state em its light. T h e 
latter studies have been  o n ly  partia lly  successful, 
ow in g  to  the d ifficu lty  th at the p rod u ct is unstable in 
the presence o f  ox id izin g  agents used for  its prod u ction . 
I t  is for this reason th at k in etic studies based on  the 
disappearance o f the reactants or  the appearance o f 
an y  single end  p rod u ct are u nsatisfactory . T h e  pres
ent report, therefore, deals chiefly  w ith  the relationship 
o f  the con cen tra tion  o f  the reactants to  m axim um  light 
in tensity, w hich  is taken  to  be a m easure o f  the rate o f  
form ation  o f  the significant a ctiva ted  interm ediate.

L ight em ission from  5 -a m in o -2 ,3 -d ih y d ro -l,4 -p h th a l- 
azinedione (lum inol) in the presence o f  peroxyd isu l- 
fate  ion  w as n oted  b y  S teigm ann8 som e years ago. 
T h is reaction  has been  in vestigated  further b y  T o tte r  
and G ord illo ,9 w h o n oted  sustained light em ission  sug
gestive o f  a chain  reaction  w hen  lum inol and potassium  
peroxydisu lfa te  are m ixed u nder p roper p H  con d i
tions. I t  w as suggested b y  these authors th at the 
relationship betw een  light in ten sity  and h yd roxy l 
ion  con cen tra tion  m ight be used as a m easure o f d is
socia tion  con stan t o f  O H  radicals, since a ty p ica l t i
tra tion  cu rve  w as observed . Subsequent w ork , h ow 
ever, ind icates th at such  a titra tion  curve can n ot alw ays 
be seen, esp ecia lly  if h igh ly  purified lum in ol is em p loyed  
in the determ inations.

It  m ay  be assum ed th at if ox idation s n ot requiring 
a chain  m echan ism  are the on ly  reaction s in vo lved  in 
the p rod u ction  o f  lum inescence in m ixtures o f  potas
sium  p eroxyd isu lfa te  and ph thalazinediones under 
alkaline cond ition s, the m axim um  light in ten sity  under 
ap propria te  con d ition s should  bear a sim ple relationship  
to  the con cen tra tion s o f  reactants. H ow ever, if a 
chain  m echan ism  is operative , one w ou ld  exp ect th at 
there m ight be dev iation s from  such a relationship. 
A ccord in g ly , the m axim u m  light intensities have been 
determ ined  for  m ixtures o f  certain  phthalazinediones 
and potassiu m  peroxyd isu lfa te  w ith  w ide variations in 
reactant con cen tra tion s. I t  w as in fa ct observed , 
in som e cases at least, th a t the m axim u m  intensities 
d o  n ot bear a relationsh ip  to  the p rod u ct o f  the co n 
centrations o f  the tw o  reactants expressible w ith  a 
single p rop ortion a lity  constan t. In  the case o f 
5 -  [N - m eth y la m in o ] -2 ,3 -d ih y d r o -1,4 -ph th alazin ed ion e 
w ith  peroxyd isu lfa te  con cen tra tion  held constan t, 
the relationship  ap paren tly  varies from  the V 2 pow er o f 
the phth alazin edion e to  the 3A  pow er at extrem e 
ranges o f  con cen tra tion s tested. O ther phthalazine
diones show  less m arked  deviation s, bu t in som e cases 
tested, the p lo t o f  the logarith m  o f the m axim um  in 
tensity  o f  light against the logarith m  o f the con cen tra 
tion  o f the phthalazinedione at constan t peroxvd isu l-

Table I : Ultraviolet Spectra of Phthalazinediones

C o n c n . W a v e 6,
o f  N a O H , le n g th 1. cm .  -1

S u b s t itu e n t m o l e  1. ~l m a x . ,  m/i m o le  -1

5-NH2 0 . 1 3 4 8 7 8 7 0

3 1 5 7 2 1 0

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

3 1 5 6 6 2 0

5- [ N-methyl ami no ] 0 . 0 1 3 6 6 7 8 5 0

3 0 3 8 1 5 0

2 2 3 7 8 0 0

fate con cen tra tion  gives either a cu rved  line (as in the 
case w ith  the 5 -[N -m e th y la m in o ] com p ou n d ) or a 
line w hich  has a slope d iffering  m ore or  less from  1, 
in d icatin g  the occu rren ce o f  fraction al pow ers in the 
k in etic equ ation s describ ing  th e  reactions. T h is 
beh av ior is characteristic  o f  chain  reactions, and other 
da ta  availab le su pport the con clu sion  that a chain 
reaction  is im portan t in the chem ilum inescent ox id a 
tion  o f  certain  o f  the ph thalazinediones b y  p eroxyd isu l
fate  in alkaline solutions.

E xperim ental

5- [N -M eth y la m in o  ] - 2,3 - d ih y d ro  -1 ,4  - ph th alazin ed i
one w as prepared a ccord in g  to  the m eth od  o f 
D rew  and H a t t10 and purified b y  repeated  recrysta l
lization  from  acetic acid  w ith  charcoal treatm ent. 
5 -H y d roxy -2 ,3 -d ih y d ro -l,4 -p h th a la z in ed ion e  was pre
pared from  3 -h ydroxyp h th a lim ide  b y  the m eth od  o f 
D rew  and P earm a n .11 5 -A m in o -2 ,3 -d ih y d ro -l,4 -p h th a l- 
azinedione w as prepared b y  the m eth od  o f  D rew  and 
P earm a n 12 from  the correspon d in g  phthalim ide.

U ltravio let absorption  da ta  on  these com pou n ds 
are presented in T ab le  I. T h e  spectral da ta  and paper 
chrom atogram s indicate on ly  v e ry  m inor am ounts of 
im purities.

M easurem ents o f  the in ten sity  o f  the light em itted  
w ere m ade b y  m eans o f  a p h otom u ltip lier  w ith  am pli
fier and recorder sim ilar to  th a t described  b y  C orm ier.13 
A  tritiated  light source (T racerlab  C orp .) w ith  an area 
o f  1 c m .2 em itting  ap p rox im a tely  1 X  1011 q u a n ta / 
sec. w ith  a w ave length  m axim um  at 500 m n w as used 
to  determ ine instrum ental correction s for  am plifier

(8) A. Steigmann, J. Soc. Chem. Ind., 61, 68 (1942).
(9) J. R. Totter and A. E. Gordillo, Anales Fac. Med., Montevideo, 
46, 37 (1961).
(10) H. D. K. Drew and H. H. Hatt, J. Chem. Soc., 140, 16 (1937).
(11) H. D. K. Drew and F. H. Pearman, ibid., 140, 26 (1937).
(12) H. D. K. Drew and F. H. Pearman, ibid., 140, 686 (1937).
(13) M. J. Cormier and L. S. Dure, J. Biol. Chem., 238, 786 (1963)
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variation . T h e  equ ipm en t in d icated  a current o f  
7 X  1(U 6 am p. w ith  th is source in the sam ple p os ition .

M ixtures o f  potassium  peroxyd isu lfa te  and sod ium  
h ydroxide , prepared in a 1.2 X  10.0 cm . test tu be  so 
th at the final vo lu m e w ou ld  be 5 ml. o f  so lu tion  0.1 
M  in sod ium  h ydroxide , were p laced  in the sam ple 
com partm en t w ith  the shutter closed . O xygen  w as 
bu bb led  th rough  the sam ples for  1 -2  m in. before  adding  
an ap propria te  am oun t o f  the phthalazinedione from  
a p ip et and th rou gh ou t the course o f  the subsequent 
readings. T h e  sam ple h older was closed  and the shutter 
open ed  as qu ick ly  as possib le. T h e  readings were 
taken  im m ediately  or after the light in ten sity  had 
reached its m axim um  in those cases w here the m axi
m um  w as delayed  presum ably because o f  traces o f  
scavenging  im purities. U nderestim ation  o f  th e  m axi
m um  light in tensity , because o f  the speed o f  the re
action , occu rred  on ly  w hen the phthalazinedione co n 
centration  w as higher than  0.01 M . In  all o f  the cases 
there w as am ple tim e for  the m anipulations before  
the in tensity  reached its m axim um  or the decline in 
in ten sity  was su fficiently  slow  th at extrapola tion  to  
m ixing tim e w as possible.

T em peratu re variations were less than  ± 0 .5 ° .  
T h e  actual tem peratures o f  the solutions are g iven  in 
legends to  the figures.

R esu lts

T h e  da ta  from  a series o f  experim ents w ith  5- 
[N -m eth y la m in o]-2 ,3 -d ih y d ro -l,4 -p h th a la zin ed ion e  are 
show n in Fig. 1. E m pirica lly  it w as determ ined  th at a

Figure 1. The relationship between maximum chemilumines
cence intensity in 0.1 M  NaOH and the concentrations of 
S2Os “ 2 ion and 5-[N-methylamino]-2,3-dihydro-l,4- 
phthalazinedione. Ordinate: [ //(B H 2) ' / !(S208~2)]1/!; 
abscissa: (BH2) ,,/!; the intensity is given in arbitrary units; 
O, (S20 8~2) 1 X  10“ 2 M ; □, 5 X 10~3 M ; A, 5 X 10~s M ;
T = 25.5°. The observed values for 5 X  10~6 M  (S2Os-2) 
have been multiplied by 1.09 to correct for photomultiplier 
sensitivity.

Figure 2. The relationship between maximum chemilumines
cence intensity and 5-hydroxy-2,3-phthalazine~l,4-dione 
concentration in 0.1 M  NaOH. Ordinate: logarithm of 
maximum intensity in arbitrary units; abscissa: logarithm 
of the phthalazinedione concentration. The upper curve is 
the theoretical curve calculated from the constants obtained 
from Fig. 1. The points are typical results with 5-[N-methyl- 
amino]-2,3-phthalazine-l,4-dione; temperature, 26°.

straight line was g iven  w hen [//(BH2)1/!(S208-2) ]Vs 
w as p lo tted  against the square ro o t o f  the ph thalazine
d ione con cen tra tion .14 A  large num ber o f  experim ents 
o f  th is ty p e  were con d u cted  and the results in variab ly  
con form ed  to  the relationship  show n in Fig. 1. (M a n y  
o f the poin ts have been om itted  fo r  the pu rpose o f  
c la r ity .) T h e  relationship

I  =  K S {  B H 2) ,/2(S20 8" 2) +

2 K 1A 2(B H 2)(S 20 8“ 2) +  A Y (B H 2) a/!(S20 8- 2)

was derived  from  the da ta  o f  F ig . 1. T h is  equ ation  
has been tested  w ith  phthalazinedione con cen tra tion s 
from  10-7 to  1CU2 M  and S20 8^2 con cen tra tion s from  
5 X  10 ~5 to  1 X  10 ~2 M  w ith  no in d ication  o f  system atic  
dev ia tion  from  the stated  relationship. So far as can 
be determ ined w ith ou t the use o f  high speed eq u ip 
m ent, the equ ation  is applicab le  to  the initial stages 
o f  the reaction  up to  and in cluding  the m axim um , 
provided  extraneous scavengers are rig id ly  excluded . 
T h e  reprod u cib ility  o f  determ inations is fair consider
ing th at this is p rob a b ly  a free radical system . T w e n ty - 
four replicates o f  one experim ent gave an average d ev ia 
tion  from  the m ean o f  1 2 %  w ith  a m axim um  d ev iation  
o f  2 6 % .

In  contrast to  the 5 -[N -m eth y la m in o ]-2 ,3 -d ih yd ro -
1 ,4 -phthalazinedione, sim ilar experim ents w ith  .5-

(14) Where I is the maximum chemiluminescence intensity, (BH2) 
is the concentration of phthalazinedione, and (S2O8-2) is the concen
tration of peroxydisulfate.
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Figure 3. Effect on luminescence intensity of addition of 
mercaptoethanol to 8 X 10~6 M  (at arrow) to a 2.5 X  10~4 
M  5-amino-2,3-phthalazine-l,4-dione solution in 0.1 M  NaOH 
and 5 X  10 ~z M  K 2S20 8.
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Figure 4. Effect of enzymatic oxidation of hypoxanthine on 
chemiluminescence of 5-hydroxy-2.3-phthalazine~l,4-dione 
in the presence of K 2S20 8. Conditions: 2 X 10-4 M  
phthalazinedione; 3.3 X  10“ 4 M  hypoxanthine; 6.7 X 
10-4 M  K 2S20 8; 0.09 M  Na2C03 and 0.1 ml. milk xanthine 
oxidase solution added at arrows to a total volume of 3 ml. 
Blanks: hj^poxanthine omitted in first test, K 2S2Os in second.

h y d roxy -2 ,3 -d ih y d ro -l,4 -p h th a la z in ed ion e  resulted in 
the d a ta  show n in  F ig . 2, w here the logarithm  o f  the 
m axim um  in ten sity  is p lo tted  against the logarithm  
o f  the phth alazin edion e con cen tra tion . In  this case 
the d ev iation  from  a stra ight line is v ery  slight. T h e 
curve obta in ed  w ith  the 5 -[N -m eth y la m in o ] analog 
is sh ow n  on  the sam e figure for  com parison . C on d i
tion s w ere com p arab le  fo r  th e  tw o  com pou nds.

T h e  postu late  th at these reactions fo llow  a radical 
m echanism  is su pported  b y  the results show n in Fig. 
3 and 4. F igure 3 show s th at a k n ow n  radical scaven 
ger, m ercaptoethan ol, is cap ab le  o f  dram atica lly  
reducing the ligh t em ission  fo r  the 5 - [N -m eth y la m in o  ]

com p ou n d  even  w hen  the scaven ger con cen tra tion  is 
v ery  low  com pared  w ith  the ox id izin g  agent con cen tra 
tion . W ith  5 -h y d rox y -2 ,3 -d ih yd ro -l,4 -p h th a la z in e - 
d ion e it is possib le to  increase grea tly  the ligh t ou tpu t 
b y  add in g  a source o f  “ rad ica ls”  as show n  in Fig. 4. 
T h is  w as accom plish ed  b y  ad d in g  the en zym e xanth ine 
oxidase and its substrate, h yp oxan th in e , to  th e  chem i
lum inescent system . T h e  ox id a tion  ca ta lyzed  b y  this 
e m y m e  is k n ow n  from  the w ork  o f  o th ers15' 17 to  p ro 
du ce radicals. D ifferences as observed  in th is case 
were scarcely  d etecta b le  w ith  th e  5 - [N -m eth y la m in o] 
com p ou n d  and are relatively  sm all w ith  lum in ol itself.

D iscu ssion

T h e  fo llow in g  reactions m a y  a ccou n t fo r  th e  k inetics 
observed  and are am on g  th ose  w hich  m igh t be postu 
la ted  to  occu r  in alkaline m ixtures o f  ph thalazinediones 
and peroxyd isu lfa te  ions.

S A “ 2 2SO W ( 1 )

B H 2 +  0 2 - X  B H - +  0 2H - (2)

b f : 2 +  s a - 2 — ►

B H -  +  S O W  +  S O 4 - 2 +  H +  (3) 

S O W  +  B H 2 B H -  +  S O 4 - 2 +  H +  (4) 

B H -  +  S A - 2

B  +  SO W  +  SO 4 - 2 +  H +  (5)

As
2 B H -  +  S A ” 2 — ►  2 B  +  2 S O 4 - 2 +  2 H +  (6) 

B H -  +  S O W  — B  +  S O 4 - 2 +  H +  (7) 

S O W  +  H 20  S O 4 - 2 +  - O H  +  H +  (8)

B  +  X  l ig h t  +  ?  (9)

U n der con d ition s w here reaction  3 is m u ch  faster than 
reaction s 1 and 2 , these la tter m a y  be ignored. 
A  steady -state  so lu tion  for  ligh t in ten sity  w hen  re
action  5 is the m a jor  source o f  B  (hence (4) and (5) 
are go in g  at a b ou t the sam e rates) is ap prox im ated  by  
the equ ation  * 71

(15' G. Parravano, ■/. Am. Chem. Soc.. 73, 183 (1951).
(1 6 ' R. C. Bray. B. G. Malmstrom. and T. VRimgard, Biochem. J.,
71, 24p (1959 ).'
(17 1 I. Fridovich and P. Handler, ./. Biol. Chem., 233, 1578 (1958).
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/  cc fc,ÇB)(X) = 

fe(BHî) (S20 8- 2)

k'3

.2fc6
fc6(B H 2) ,/!(S208- 2) +

r k;h ir ( B H 2) iA(S20 8- 2)1L(2fc6)1AkJL (h2o) J
( 1 0 )

I f

fc8(H 20 ) (H )

the relationship is a perfect square and m a y  be expressed 
in the form

r  * ; , (B ) (x )  i 1/2 k3

L (B H 2) lA(S20 8“ 2)J

h 3/i
_2fc9v ‘fc81A(H 20 ) lA_

(B H ,) ‘a

w hich  is analogous to  the square root o f  the em pirical 
equ ation  g iven  ab ove . T h e constan t (k3) and the ratio 
o f  constants obta in ab le  from  Fig. 1, how ever, contain  
an expression for  the qu an tu m  y ie ld  and g eom etry  o f  
the light m easuring system , neither o f  w hich  is know n 
accurately.

I t  m ay be o b je cte d  th at it is im probab le  th at eq. 11 
shou ld  be va lid  fortu itou sly . N o  sim pler expression  
w hich  reduces the num ber o f constan ts has been 
fou n d  satisfactory , how ever, and m ost o f  the eq. 1 -9  
appear to  be u n ob jection ab le . E quation s 1 and 8 
have been  postu lated  b y  K o lth o ff and M ille r18 and b y  
W ilm arth  and co lla b ora tors ,19 w ho have m ade recent 
studies o f  the decom position  o f  peroxyd isu lfa te . 
T h e  O H  radical m ay  be equ ivalent to  the S 0 4 radical, 
bu t if so m ust also d isappear b y  a first-order reaction  
to  satisfy  the experim ental data. E qu a tion  2 helps 
to  accou n t for a sm all am oun t o f  light g iven  b y  solu 
tions o f  phthalazinediones in  alkali. I t  is n ot used in 
the derivation  o f eq. 10 bu t m ay be o f  som e significance 
in chem ilum inescence o f  the 5 -h v d rox y  com p ou n d .

E q u a tion  3 is sim ilar to  in itiation  reactions o f  oth er 
typ es as discussed b y  F rost and P earson 20; reactions 
4 and 5 are typ ica l chain  propagation  reactions. Chain 
breaking m ust in vo lve  a reaction  w hich  is second  order 
w ith  respect t o  B H - in order to  accou n t for  the frac
tional pow ers seen in the kinetic m easurem ents and (6) 
m a y  be w ritten  in o th er w ays. H ow ever, the m ethod  
chosen, even  th ou gh  it in volves a  th ird -order reaction , 
appears the m ost sa tis factory  since all o th er form u la
tions tried  created  add itiona l com plexities. T h e  su b 
stance X  in reaction  9 m ay  be oxygen  (or an oxygen - 
contain ing  radical) as ind icated  b y  B rem er ’s conclu sion

(5). O xygen  is required as show n b y  a sharp red u c
tion  in light in tensity  (less tn an  5 %  o f  th at w ith  0 2) 
w hen the oxygen  is replaced b y  N 2. W ilhelm sen , 
et a l . 2 have stud ied the effects o f  oxygen  con cen tra tion  
in the h ydrogen  peroxide ox idation . T h e  end p ro d u ct 
is u nknow n, how ever, and m ust be  left unidentified .

T h e  fa ct th at the th eoretica l equ ation  appears to  
be va lid  ov er  a w ider range th an  is ju stified  b y  th e  as
sum ptions used in its d erivation  m ay  be  due to  com p en 
sating ad ju stm ents in the rates as (7) becom es qu an ti
ta tiv e ly  im portan t as a term ination  reaction . T h u s 
the B H 2sa in the th ird  term  o f  (10) ap proach es B H 22 
as reaction  7 increases in im portan ce and is co m p en 
sated for  b y  an increased rate o f  d isappearance o f  S0 .4" .

W ith  the clarification  o f  the series o f  reaction s in 
v o lv e d  (at least in a kinetic, if  n ot in a m ech an istic  
sense) it w as ev id en t at on ce th at if  a ch em ilu m i
nescent phthalazinedione cou ld  be fou n d  th at d id  n ot 
react rap id ly  w ith  peroxyd isu lfa te  to  in itiate chains as 
in reaction  3, it w ould  be possible to  use it in the pres
ence o f  S20 8~ 2 to  dem onstrate b y  chem ilum inescence 
the presence o f  radicals from  other sources w hen  these 
were capable  o f  reacting  w ith  either B H 2 or  S20 8-2  
to  start a chain. 5 -H y d ro x y -2 ,3 -d ih y d ro -l,4 -p h th a l- 
azinedione is such a com p ou n d . T h e  “ b la n k ”  light 
in ten sity  w ith  this com p ou n d  arises presu m ably  ch iefly  
from  reaction  5, the chains being  in itiated  b y  reactions 
1 and to  a lesser exten t b y  (2). T h e  B H - con cen tra 
tion  does n ot get high enough  from  (2) t o  m ak e the 
th ird -order reaction  qu an tita tive ly  im portan t, a lth ough  
the line relating light in ten sity  to  phth alazin edion e 
concentra tion  does show  a slight curvatu re (F ig . 2). 
T h e  fu lfillm ent o f  the p red iction  based u pon  the k in etic 
studies is seen in F ig. 4 as in dicated  ab ove . I t  is 
in teresting th at in experim ents n ot show n, the ad d ition  
o f  P 32 as a “ sou rce”  o f  radicals caused no increase in 
ligh t in ten sity  a b ov e  the b lan k  value unless H 20 2 w as 
substitu ted  fo r  S20 8" 2. T h is u n d ou b ted ly  indicates 
som e qu a lita tive  d ifference in the ty p es  o f  radicals 
derived  from  this source as com p ared  w ith  th e  en zym ic 
reaction .

A lth ou gh  the precise reactions in vo lved  are n ot 
necessarily  in d icated  b y  a set o f  equ ation s sa tis fa ctory  
from  the k inetic po in t o f  v iew , th e 1 equ ation s p ostu 
lated a b ov e  are h igh ly  suggestive. It  has n ot been  
possible, fo r  exam ple, to  obta in  a sa tis fa ctory  k inetic 
solu tion  w ith  a on e-equ iva len t ox id ation  o f  lum inol

(18) I. M. Kolthoff and I. K. Miller, J. Am. Chcm.. Soc., 73, 3055 
(1951).
(19) M. Tsao and W. K. Wilmarth, J. Phys. Chem., 63, 346 (1959).
(20) A. A. Frost and R. G. Pearson, "Kinetics and Mechanism,” 
2nd Ed., John Wiley and Sons, New York, N.Y., 1961, pp. 236-261.
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fo llow ed  solely  b y  reaction s w ith  o th er ox id izin g  radi
cals.

T h e tw o-equ iva len t ox id a tion  prior  to  chem ilu m i
nescence stron g ly  suggests th at the activa ted  in ter
m ediate w hich  em its light m igh t be  derived  from  “ B ”  
b y  the spontan eous e lim ination  o f  N 2 fo llow ed  b y  re
action  w ith  ox yg en  o f  the su bstitu ted  ph th a ly l b i
radical left. A  sim ilar reaction  occu rs w hen  ph enyl-

hydrazine is ox id ized  w ith  ox yh em og lob in  g iv in g  rise 
to  N 2, and apparently  fleetingly  to  ph eny l radical and 
H  atom s w hich  appear as ben zen e.21-23

(21) G. H. Beaven and J. C. White, Nature, 173, 389 (1954).
(22) H. H. Rostorfer and J. R. Totter, J. Biol. Chem., 221, :047 
(1951).
(23) H. H. Rostorfer and M. J. Cormier, Arch. Biochem. Biophys., 
71, 235 (1957).

The Exchange o f Twenty Metal Ions with the Weakly 

Acidic Silanol Group of Silica Gel1,2

b y  D on a ld  L . D u gger , J im m y H . S tanton , B o b b y  N . Irby , B o b b y  L.
M cC o n n e ll, W illiam  W . C u m m in gs, an d  R u sse ll W . M a a tm a n 3

Department of Chemistry, The University of Mississippi, University, Mississippi (Received August 26, 1963)

F ree energies, heats, and enthalpies are reported  for  the exchange o f  17 m etal ions, and 
free energies for  three o th er ions, w ith  the w eak ly  acid ic silanol ( SiOFT) grou ps o f  the 
surface o f  h yd rated  silica gel. T h e  reaction  is that o f  the form ation  o f  a m eta l-su r fa ce  
com plex  in fin itely  dilute on  the surface. T h e  acid  d issocia tion  con stan t o f  -S iO H  is 
estim ated  to  b e  10-6 to  10- 8 ; w ith  th is value the free en ergy  o f  the - S iO - -m e ta l ion  b on d  
is ca lcu lated . T h e  b o n d  free en ergy  depen ds to  a first ap p rox im a tion  u p on  the charge 
den sity  at the surface o f  the bare ion  and n ot u pon  the e le ctron eg ativ ity  o f  the corre
sp ond ing  a to m  or  the a b ility  o f  the ion  to  form  inner com plexes. T h e  free energy o f  the 
b on d  is p rop ortion a l to  log  K  fo r  th e  associa tion  o f th e  m etal ion  w ith  one h yd roxy l ion. 
T h e  surface com p lex  exh ib its the chela te  effect.

In troduction

T h e  silanol grou p  (-S iO H ) o f the h yd rated  silica 
gel surface is w eak ly  acid ic  an d  there is therefore  som e 
cation  exchange w hen  the gel is m ixed  w ith an aqueous 
e lectroly te . T h e  reaction

M " + +  m (-S iO H ) M (O S i- )m" ~ m +  m H +  (I )

is reversible in acid  so lu tion .4-6
T h e purpose o f  the present w ork  is the determ ina

tion  o f the th erm odyn am ic fu n ction s o f  cation  exchange 
at infinite surface d ilu tion  and in terpretation  o f  the 
results in term s o f a  lig a n d -ca tion  ty p e  o f reaction .

O ther w orkers have generally  been  in terested  in ex 
change at a finite am ou n t o f m etal coverage . E arlier, 1

(1) Presented to the faculty of The University of Mississippi in 
partial fulfillment of the requirements for the Ph.D. degree by J. H, 
Stanton and B. L. McConnell, and for the M.S, degree by D. L. 
Dugger.
(2) This work was supported by a grant from the Petroleum Research 
Fund and by AEC Contract No. AT-(40-1)-2759. B. N. Irby and 
W. W. Cummings were summer research participants in the National 
Science Foundation programs.
(3) Correspondence concerning this work should be sent to this 
author at Dordt College, Sioux Center. Iowa.
(4) J. Stanton and R. W. Maatman, J. Colloid Sc.i., 18, 132 (1963).
(5) A. M. Petrov, Tr. Khim. i Khim. TekhnoL, 1, 229 (1958).
(6) D. N. Strazhesko and G. F. Yankovskaya, Ukr. Khim. Zh... 25, 
471 (1959).
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w e reported  results fo r  U 0 22+ 4 and T h 4+ 7; the results 
for  20 m ore cations are g iven  here, and it is now  possible 
to  m ake som e general conclusions.

E xperim ental

M aterials. C ode  40 D av ison  silica gel, 6 -1 2  mesh, 
w as acid -w ashed  accord in g  to  the procedu re o f A h r- 
land, G renthe, and N oren , w h o show ed th at the p rod 
u ct is com p lete ly  in the silanol fo rm .7 8 T h e  pore volum e 
(w ater absorption ) is 0 .40 m l./g . and the surface area 
(B .E .T .)  is 498 m .y g .9

T o  av o id  m eta l-so lu tion  an ion  reaction , the salts 
used were nitrates, excep t for  F e 3+, w here it was neces
sary to  use the perch lorate. T h e salts used and their 
sources w ere: ferric perch lorate (conta in in g  som e
H C 1 04), K  and K  L abora tories ; the n itrates o f g a d o 
linium , strontium , and sam arium  from  Lindsay, 
M allin ck rod t, and F airm oun t, resp ective ly ; the nitrates 
o f barium  and nickel, B ak er; lanthanum  nitrate, A .
D . M a ck a y  and F isher; scan d iu m  nitrate, special 
preparation  from  F isher; other salts, F isher reagent 
grade.

B u ffer o f  p H  4.00 ±  0.01, 4.0, and 7.0 ±  0 .02 w ere 
ob ta in ed  from  Fisher, Sargent, and B eck m an , respec
t iv e ly . A  p H  2.0 bu ffer w as m ade b y  d iluting to  100 
ml. a m ixture o f 5.3 ml. o f 0 .200 M  HC1 and 25 ml. o f 
0.200 M  KC1.

General Procedure. In  the standard experim ent the 
ratio o f  the vo lu m e o f the salt solu tion  used to  the 
w eight o f the gel w as 1.667 m l ./g .;  usually, 20 m l. o f 
solution  w as m ixed w ith  12 g. o f gel. T h e  solution  and gel 
rem ained in con tact, w ith  frequ ent shaking, fo r  48 hr. 
excep t w here otherw ise noted . T h e tem perature was 
controlled  b y  using either a room  con tro lled  a t 2 0 ° 
or  a  w ater b a th ; at the elevated  tem peratures the 
so lu tion -g e l m ixtures w ere kept in flasks fitted w ith  
reflux condensers. A nalyses for b o th  h yd rogen  ion  
and m etal ion  were carried  ou t on a liqu ots of the stock  
solution  and the equ ilibrium  solution .

A nalytical. T h e  m etal ion and m eth od  o f analysis, 
respectively , w ere: alkali m etal and B a 2+, d ry in g  o f 
n itrate at 110° fo r  at least 18 h r.; A g+ , th iocya n a te  
titra tion ; C r3+, sp ectroph otom etric  (B eck m an  D U );  
all others, E D T A  titration .

T h e  p H  values w ere m easured on  a B eckm an  M odel 
G S p H  m eter. T h e  determ ination  o f h yd rogen  ions 
p roduced , as distinguished from  h ydrogen  ions p ro
du ced  b y  h ydrolysis, w as m ade in  system s w here h y 
drolysis w as significant b y  the special titration  tech 
nique described earlier.4 W ith  L i+ , N a +, K +, M g 2+, 
C a 2+, Sr2+, B a 2+, N i2\ Z n 2+, C d 2+, A g+ , L a 3+, S m 8+, 
and G d 3+, h yd rolysis is slight and the h ydrogen  ion  
p rod u ction  b y  the gel reaction  w as ca lcu lated  d irectly

from  p H  m easurem ents on  the, s tock  and equ ilibrium  
solutions. N o  correction  due to  g e l-w a te r  in teraction  
w as necessary, since the p H  values at equ ilibriu m  in 
5 and 2 0 °  blanks, respectively , w ere 6.25 an d  6.29, 
m uch  higher than  all solution  equ ilibriu m  values.

Silver ch loride precip ita tion  preven ts the use o f  an 
ord inary  ca lom el electrode in the determ ination  o f the 
p H  o f a s ilver 'sa lt solution . A  B eckm an  s leeve-type  
electrode, w ith  KC1 in the inner com p a rtm en t and 
saturated N a N 0 3 in the outer, w as used.

R esu lts

D eterm ination o f n  and m in  Reaction I .  C a tion  
h ydrolysis w as m inim ized b y  carry in g  ou t experim ents 
at low  pH . W ith  F e 3+ acid  was ad ded  to  repress 
h ydrolysis. H ydro lysis  is n ot a serious p rob lem  w ith  
the other ions. T h u s fo r  C r3+, the ion  w hich  h yd ro ly zes  
m ore than an y  o th er o f  the grou p , log  * K ,  fo r  h yd ro ly sis  
is — 3 .9 10; in the m ost dilute C r3+ so lu tion  used (9 .0  
X  10 -3  M )  a t the tem perature o f  the m ost h yd ro lysis  
(6 5 °) 1 0 %  o f the chrom iu m  in the s tock  so lu tion  h y 
drolyzed , and in the solution  w hich  equ ilibrated  w ith  
the gel, 2 .5 %  h yd rolyzed . T hus, n  is essentia lly  the 
charge o f the u n h yd rolyzed  ion.

F or  the fou r  m on ova len t ions, m  is o f  course equal to  
n ; the sam e w as show n earlier fo r  U 0 22+ and T h 4+. 
B y  the sam e tech n ique (determ ining the n um ber o f 
h ydrogen  ions p rod u ced  per m etal ion  in  the pores at 
equ ilibrium  at low  concentra tion s) it w as show n  th at 
m  =  n  for  F e 3+, one of the ions reported  in the present 
w ork. T h u s fo r  seven o f the tw en ty -tw o  ions co n 
sidered, m =  n, and n o  excep tion  is k n ow n . Som e 
assum ption  a b ou t the relationship betw een  m  and n  
for  the oth er fifteen ions is necessary fo r  the calcu lation  
o f  the th erm odyn am ic fu n ction s for  th ose  ions. It  is 
assum ed th at m =  n  in  all cases. T h is assu m ption  is 
plausible, since it leads to  reasonable relationships 
betw een  the ca lcu lated  values o f the th erm od yn a m ic  
fu nction s fo r  all ions, including  the grou p  fo r  w h ich  it 
is k n ow n  th at m =  n. In  ad d ition , it m ay  be  in ferred 
from  the results o f K ozaw a  in a stu d y  o f the Z n 2+ and 
Cu2+ reactions w ith  silica gel th at m =  n  u nder the

(7) J. Stanton and R. W. Maatman, J. Colloid Sri., 18, 878 (1963).
(8) S. Ahrland, I. Grenthe, and B. Noren, Acta Chem. Scand., 14, 
1059 (1960).
(9) For the TJOa24 study4 a higher surface area was incorrectly used; 
the UO»24" values used here therefore differ slightly from those 
reported.
(10) The equilibrium constants used in this work are taken from 
(a) the best-value table of D. D. Hedberg, “Sargent Equilibrium 
Constants of Inorganic Compounds,” Copyright 1963 by E. H. Sar
gent and Co., and (b) estimates of best values from the values com
piled by J. Bjerrum, G. Schwarzenbach, and L. G. Sillen, “ Stability 
Constants of Metal-Ion Complexes. Part II. Inorganic Ligands,” 
The Chemical Society, London, 1958.
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cond ition s o f  ou r exp erim en t.11 W h ere it has n ot 
been  p roved  th at m  =  n, experim ents at v e ry  low  m etal 
concentrations, such as are possib le  with rad ioactive  
tracer m ethods, m a y  be carried  ou t later to  settle  the 
m atter.

The E quilibrium  Constant. T h e  apparent equilibrium , 
K ',  for  reaction  I w as ca lcu lated  fo r  several con cen tra 
tions for  all ions and fo r  several tem peratures fo r  all 
bu t three ions. A ssum ing th at the -S iO H  and M  (O S i-)m 
surface species con stitu te  a surface solution , and that 
their activ ities are p rop ortion a l to  their m ole fractions, 
K '  is g iven  b y

K '  =
~ i -  e 

_ mdm .
e + i -  e

m
( c H+ r

Gm” +

w here m — n, 6 is the fraction  o f  -S iO -  groups in the 
h ydrogen  form , and C h + and C m" + are equ ilibriu m  m olar 
concentrations. I f  there is m olecu lar ad sorption  o f 
e lectro ly te  on  the gel surface, it is s ligh t12' 13; at any  
rate, it is irrelevent for  the present purpose because 
K '  does n ot depend u pon  the am ou n t o f  ad sorbed  m etal 
ion. T h e  “ con sta n t”  K '  is designated  “ ap p aren t”

Values of p K  for Metal Ion-Gel ReactionTable I :

Cation
Li+M
N a ^ '” 
K +h,c 
M g2+6,e 
Ca2+M
Sr2+M
Ba,+i,t
A p w
Sc3+/.<-
Cr3+/.0
Pe3+C>A
Co!+l’"
NÌ2+4.0
Cu2+1>.»
Zn2^ '"
A g+6,c
Cd2+I,'s
La3+6'c
Sm3+t,c
Gd3+M

5 “

7.2 (12)
6.9 (12)
6.9 (10)

12.4(6)

11.9(11)
9 .6 (10)
7 .6 (5 )

11.7(10)

12.1 (5)

12.1(5) 
14.9(10) 
13.9(10) 
15.9(9)

20°

7 .4 (11) 
7 .0 (9 ) 
6 .9 (12) 

12.5(6) 
12.1(7) 
1 2 .2 (6 ) 
11.9(10) 
8 .5 (20) 
7 .6 (10) 

1 0 . 1 (8 ) 
4 .3 (16) 

1 1 .2 ( 10 ) 
1 1 .8 ( 10) 
10 .9(4) 
11.9(5) 
6 .1 (4 ) 

11.9(5) 
14.9(10) 
13.7(8) 
15.8(10)

—p Ka—  
3 5 °

7 .8 (5 )
7 .2 (5 )
7 .1 (9 )

12.5(6)

11.9(5)
7.9 (10)
7.3 (10)
9 .2 (8 )
4 .0 (15)

1 1 .2 ( 10)
11.9(10)
10.9(5)
11.7(5)

11.9(5)
15.0(10)
13.6(10)
15.8(10)

5 0 °

7.5(10)
7.1(5)
7.1(9)

7 .5 (5 )
7 .1 (5 )
8 .6 (8 )
3 .7 (10)

1 1 .2 ( 10)
1 2 .0 ( 10)
10 .8(4)
11.6(5)

11.8(5)
15.0(13)
13.6(13)
15.6(9)

6 5 °

6 .4 (8 )

8 .2 (8 )
3 .5 (10)

“ Average error in pK  is ±0 .2 . Number of p K ' values in 
plots given in parentheses after pK. h pH values at equilibrium 
between 3.00 and 4.40. c Equilibrium concentration lower limit 
between 0.01 and 0.05 M : upper, between 0.3 and 0.6 M .
d Equilibrium concentrations between 0.11 and 0.91 M. ‘ Equilib
rium concentrations between 0.09 and 0.60 M  1 pH values at 
equilibrium between 1.00 and 2.70. ‘  Equilibrium concentration
lower limit between 0.01 and 0.05 M ; upper, between 0.07 and 
0.13 M. h pH values at equilibrium <  1.30.

Table I I : Thermodynamic Functions for the Reaction of 
Metal Ions and the Uranyl Ion with the Surface of Silica Gel°

AF°298, AH°, AíS°298, A F 2 °/m,Cation kcal. kcal. e.u. kcal.
Li + 10.1 -3.5 — 45.5 0.5
Na + 9.6 -2.6 — 40.9 0.0
K + 9.6 -2.5 -40.2 0.0
M g2 + 17.0 -1.4 -61.9 -1.1
Ca2 + 16.2h -1.56
Sr2 + 16.46 — 1.46
Ba2 + 16.2 0.0 -54.3 -1.5
Al3 + 11.5 21.6 34.0 -5.8
Sc3 + 10.2 7.3 10.0 -6.2
Cr3 + 13.3 24.6 38.0 -5.2
Fe3 + 5.8 8.6 9.5 -7.7
Co2 + 15.3 0 0 -51.4 -2.0
Ni2 + 16.2 -2.0 -61.0 -1.5
Cu* + 14.9 2.0 -56.5 -2.2
Zn2 + 16.1 4.2 -39.8 -1.6
Ag~ 8.16 —1.56
Cd- + 16.3 3.1 -44.5 -1.5
La3 + 20.2 -1.7 -73.6 -2.9
Sms + 18.7 3.2 -52.0 -3.4
Gd:: + 21.6 2.2 -65.2 -2.4
Th ' +c 8.3 1 1 .0 9.1 -7.5
U022+d 7.0 3.6 -11.5 -6.1

“ Average error in A F° 298 is ~0.3 kcal.; AH0, ~ 0 .5  kc!
For 293°K. c See ref. 7. d See ref. 4.

because there are nonideal fa ctors at finite con cen tra 
tions. F or  each experim ent, 6 was ca lcu lated  from  a 
com parison  o f the num ber o f h yd rogen  ions released 
w ith  the num ber o f silanol grou ps present (7 .8 5 /m p 214). 
U sually 6 w as w ell a b ov e  0.99. T h e  logarith m  o f  the 
th erm odyn am ic constan t, K ,  w as obta in ed  b y  ex trap 
ola tion  o f log K '  to  C m” + =  0 in a log  K '  vs. C m» + 
p lot.

T h e  standard states for  the species in reaction  I  are 
the usual ones for  the ions in solution , the pure silanol 
surface for  -S iO H , and for  M (O S i- )m the surface fu lly  
covered  w ith  m etal, w ith  each site possessing  the p rop 
erties it has w hen in fin itely  d ilute on  the surface. 
In  T a b le  I are the p K  values at various tem peratures 
for  al the cations. In T ab le  I I  are the free' en ergy, 
heat (calcu lated  from  the tem peratu re coefficien t of 
pIT), and en tropy  o f  reaction , at 2 5 °  e x cep t where 
noted

(11) A Kozawa, J. Inorg. Nticl. Chem.. 21, 315 (1961).
(12) While there was considerable discussion many years ago whether 
or not silica gel adsorbed acid, it is now generally agreed that electro
lyte adsorption other than exchange is due chiefly to gel impurities.13
(13) F. Umland and K. Kirchner. Z. anorg. allgem. Chem., 280, 211 
(1955).
(14) R K. Her, “ The Colloid Chemistry of Silica and Silicates,” 
Cornell University Press, New York, N. Y., 1955. p. 242.
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Figure 1. Plot of AF2°/m vs. log *Ki. Three 293°K. values 
of Table II and AF,° are included.

D iscu ssion

N ature o f  the M eta l-O xygen  Bond. R ea ction  I is 
the sum  o f tw o  reactions

m (-S iO H ) ^  m ( -S iO - )  +  m.R+  ( I I )

M™+ +  m ( -S iO - )  M (O S i- )mB-m (I I I )

T h e free energy of reaction  I I I  is o f  interest in com 
paring cations. L et A F i°  and AF 2° be the standard 
free energies o f reactions II  and I I I ,  respectively . 
In  assigning A F 2° values to  the various cations, the 
AF 2° values for  K +  and N a + w ere assum ed to  be 
0.0 ±  1.4 kcal. T h e assum ed values were obta in ed  
by  considering that the associa tion  constan ts o f  N a +  
and K +  with oxygen -con ta in in g  an ions o f m oderate 
com p lex ity  are w ith in  an order o f m agn itude o f 1 
(i.e., a free energy o f  reaction  o f 0 .0  ±  1.4 kca l.). 
Since

A F ° 2$s — m.Al'\° A F  2 0

and since the A F ° 29s values for  N a +  an d  K +  are 9.6 
kcal.

AF i°  =  9 .6  ±  1.4 kcal.

(T herefore , the d issociation  con stan t o f  the silanol 
group, for  the first h ydrogen  to  leave the pure silanol 
surface, is 10 -6 to  10 -8 .) F or  any  ion

A F 2° =  A F  °298 — 9 .6m

T h e free energy o f the single m etal surface bon d , 
A F 2° / wi, is o f  interest and is g iven  in the last co lu m n  
o f T ab le  I I . (A ll AF2°fm  values w ou ld  be in error b y  
the sam e am oun t were she assu m ption s concern in g  
N a +  and K +  in error.)

In  general, the greater the ion ic  charge den sity  (as 
defined b y  the ratio o f the charge to  the crysta l rad iu s15), 
the greater the negative value o f AF 2°/m. A  secon d 
ary effect is the chelate e ffect : fo r  a g iven  charge 
density  the p er-bon d  stab ility  o f  the m on ov a len t 
ions is less than  the d ivalent, etc. T h e  im portan ce  
o f the ion ic  con trib u tion  so the m eta l-su r fa ce  b on d  is 
further show n b y  a lack  o f correlation  betw een  AF 2 °/rn 
and e lectron egativ ity , and b y  the absen ce o f an un
usual stab ility  o f bon d s w ith  m etals w h ich  can form  
inner com plexes. O thers have con clu ded  this b on d  to  
be essentially  io n ic .16-19

T h e  en viron m en t o f  the oxygen  atom s o f -S iO -  and 
aqueous O H -  m ay be sim ilar en ough  so th at the re
actions of each  w ith  m etal ions m ay  be  com parable . 
T h is is confirm ed by  the p lo t o f F ig . 1, w here even  H  + 
falls near the curve.

(15) G. H. Cartledge, J. Am. Chem. Soc., 50, 2855 (1928).
(16) S. S. Bhatnagar, K. N. Mathur, and P. L. Kapur, Indian J. 
Phys., 3, 53 (1928).
(17) M. T. Rogers and R. Vander Vennen, J. Am. Chem. Soc., 75, 
1751 (1953).
(18) C. M. French and J. P. Howard, Trans. Faraday Soc.. 52, 712 
(1956).
(19) R. J. Faber and M. T. Rogers, J. Am. Chem. Soc., 81, 1849 
(1959).
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Evidence for Thermal Hydrogen Atoms and Other Reactive 

Species in Irradiated Liquid Hydrogen Halides1

by  R o b e rt C. R u m fe ld t and D av id  A . A rm strong

Department of Chemistry, University of Alberta, Calvary, Alberta, Canada (Received September 3, 1963)

T h e  effects o f  each  o f the scavengers, ethylene, chlorine, and brom ine, on  the h ydrogen  
y ield  from  liqu id  HC1 irradiated a t — 79 ° can be in terpreted in term s o f  a  com n etition  
betw een  HC1 and th e  scavenger, S, for  therm al h ydrogen  atom s. T h e  observed  rate con 
stan t ratios, fcH+Hci/fcH+s (1.7 X  H H 3 fe r  S =  C l2, 0 .79 X  10~3 for  S =  B r2, and 5.9 X  
10 ~3 for  S =  C 2H 4), are in agreem ent w ith  ratios ca lcu lated  on  the basis o f  the availab le 
k in etic data fo r  h ydrogen  a tom  reactions. In  contrast to  these com p ou n ds, sulfur hexa
fluoride does n ot have an appreciable  e ffect on  the h ydrogen  y ield . T h e  use o f  brom ine 
as a scavenger in m ixtures o f  HC1 and H B r perm itted  an eva lu ation  o f the ratio /îh +hbi-/ 
fcH+Biv T h e  value observed  in  m ixtures conta in in g  less than  10 m ole %  H B r  is in excellent 
agreem ent w ith  the w ell-established and v irtua lly  tem perature in d epen den t value (0.12 
±  0.02) obta in ed  from  investigation s o f the gas phase brom in ation  o f hydrogen . T hese 
results p rovid e  con v in cin g  ev iden ce th at the m ore easily scaven ged  o f  the h yd rogen 
form in g  species in liqu id  h ydrogen  halides (H ')  is a therm al h yd rogen  a to m  and in liqu id  
H C l G  H- =  2.2 ±  0.3. It has also been  show n th at in H C l-H B r  m ixtures the y ield , 
G h , o f  the rem aining h yd rogen -form in g  species increases m u ch  m ore rap id ly  th an  Gn> as 
the p rop ortion  o f H B r is increased. R eason s fo r  believing  th at excited  m olecu les (or h ot 
H  atom s form ed  from  th em ) are respon sib le  fo r  a  sign ifican t p ortion  o f  thé h yd rogen  y ield  
from  H B r  are presented .

In troduction

E arlier stud ies2 o f  the radiolysis o f  the h ydrogen  
halides were confined  largely  to  the gas phase and did  
n ot fu lly  exp lo it the use o f  radical scavengers to  
elu cidate th e  m echanism s in vo lved . R ecen tly , the 
use o f  ch lor in e3 and b rom in e4 in this w ay  has dem on 
strated  th at m ore th an  one reactive species contributes 
to  h ydrogen  form ation  from  liqu id  H C 1 irradiated at 
— 79 °. I t  has been  suggested  th at the first or m ore 
easily  scavenged  o f  these is a therm al h ydrogen  atom . 
T h e  y ield  (G h -) o f  th is species, h enceforth  referred to  
as H ' ,  was fou n d  to  be  2.3 ±  0.1, and the to ta l h y d ro 
gen  y ield  w as G ( H 2) hci, - 79» =  6.53 ±  0 .10 . T h us 
the y ield  o f  the rem aining h yd rogen -form in g  entities 
m ust be  G h "  =  4 .2 ±  0.2. I t  has also been sh ow n 4 
that the radiation  sen sitiv ity  o f  liqu id  H B r  is m uch  
greater ( G ( H 2) HBr, - 79» =  12.4) than  th at o f  HC1.

T o  acqu ire further and m ore defin ite in form ation  
concern ing  the id en tity  o f  H '  w e have exam ined and

n ow  report the effects o f  eth ylene and sulfur hexa
fluoride on  the h ydrogen  y ie ld  from  liqu id  HC1. In  
add ition , the large difference betw een  the radiation  
sensitiv ities o f  H B r  and HC1 has p rom p ted  us to  use 
brom ine as a radical scaven ger to  determ ine the 
y ields o f  H ' and H "  in m ixtures con ta in in g  vary in g  
p roportion s o f  HC1 and H B r. I t  w as exp ected  th at 
the results o f  these experim ents w ou ld  perm it m ore 
detaiied  conclu sion s regarding the origin  o f  the d if
ference betw een  HC1 and H B r.

(1) (a This work comprises part of the Ph.D. dissertation of R. C. R. 
and was supported b}' the National Research Council of Canada; 
(b) presented at the 146th National Meeting of the American 
Chemical Society, Denver, Colo., January, 1964.
(2) Fcr a review of the earlier work, see S. C. Lind, “ The Radiation 
Chemistry of Gases,” Reinhold Publishing Corporation, New Ycrk, 
N. Y., 1961.
(3) D. A. Armstrong, Can. J. Chem., 40, 1385 (1962).
(4) R. C. Rumfeldt and D. A. Armstrong, ibid., 41, 1104 (1963).
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Experim ental

A pparatus and M aterials. T h e  m ercury-free vacu u m  
line fo r  p u rify in g  an d  storing  the h yd rogen  halides and 
solu te  gases and the h yd rogen  analysis system  have 
already  been  d escr ibed .3 T h e  m eth od s o f purifica
tion  o f HC1, H B r, and brom ine w ere iden tica l w ith  
those prev iou sly  e m p lo y e d .4 E th y len e  and sulfur 
hexafluoride were obta in ed  from  the M ath eson  C o ., 
degassed, and su b jected  to  b u lb -to -b u lb  distillation . 
A fter  th is th ey  w ere stored  as gases. N itric  oxide, 
w h ich  w as used to  inh ib it the free radical chain  ad d ition  
o f  HC1 to  ethylene, w as dried  o v er  fused potassium  
h yd rox ide  an d  degassed b y  b u lb -to -b u lb  distillations 
in w h ich  on ly  the m iddle  fraction s w ere retained. It  
w as used im m edia te ly  after purification .

D osim etry. D ose  rates w ere ca lcu lated  in units o f 
e .v . /g . /m in .  from  m easurem ents o f  ferrou s-ferric  
con version  in the F ricke d osim etry  solution . C or
rections fo r  d ifferences in the n um ber o f  e lectrons per 
gram  in liqu id  HC1, liqu id  H B r, and the d osim etry  
so lu tion  w ere m ade on  the basis o f  the C om p ton  scat
tering  process alone. T h e  scatterin g  cross sections 
per e lectron  w ere assum ed to  be  iden tica l in all three 
liqu ids. G (F e + 3) w as taken  as 15.6 m olecu les /1 00  
e .v . and the value used for  epe+s, the ex tin ction  c o 
efficient o f  ferric ions at 304 m/x in the dosim etry  solu 
tion , w as 2220 at 25° ( + 0 . 6 % / ° C . ) .  In  m ixtures 
o f  H B r and HC1 the to ta l dose w as taken  as the sum  
o f  the in div idual doses ca lcu lated  separately. D ose  
rates w ere in  the range 5 -9  X  1016 e .v ./g './m in .

R esu lts

A s in previous studies, the y ie lds o f  h yd rogen  from  
liqu id  HC1 and H B r w ere fou n d  to  be  linear w ith  dose 
b o th  in the presence and absence o f  scavengers. T h e

(C2H4), m o le s /g .  o f  HC1 X  10*.

Figure 1. Variation of ©(HA from y-irradiated liquid HC1 at 
— 79° with scavenger concentration: •, SF6 as scavenger;
■, C2H4 as scavenger;----------, data obtained earlier
with C h ; ----------, data obtained earlier with Br2.

0 .1  0 .2  Q.3 0 .4  0 .5  0 .6

IA C 2H4) X  1 0 -* .

Figure 2. The reciprocal of the reduction in the hydrogen yield 
(1/AG(.H2)) plotted against the reciprocal of the ethylene 
concentration (1 / ( C 2 H 4 ) )  in liquid H C 1 at —79°.

effects o f  sulfur hexafluoride and eth y len e  at several 
d ifferent con cen tra tion s on  the h yd rogen  y ie lds from  
HC1 are show n in Fig. 1, and for  purposes o f  com parison  
the earlier da ta  obta in ed  w ith  ch lorine and brom ine 
are included . T h e  m arked  decrease in h yd rogen  y ie ld  
at low  eth ylene concentration s, fo llow ed  b y  the co n 
tinu ed  b u t m ore gradual redu ction  at con cen tra tion s in 
excess o f  4 X  1C 4 m o le /g ., is qu a lita tive ly  sim ilar to  
the effects orig ina lly  observed  w ith  ch lorin e in HC1. 
H ow ever, eth y lene is c learly  a less efficient scavenger 
th an  either ch lorine or brom ine, since m u ch  higher 
con cen tra tion s o f  it w ere required to  suppress th e  h y 
drogen  form ation . B ecau se o f  th is a d eterm in ation  o f  
G h ' from  the da ta  for  eth y lene is less lik e ly  to  reflect 
the true y ie ld  o f  H ' in pure HC1.

In  th e  first s tu d y 3 it w as show n  th at 0.1 m ole  %  
nitric ox ide  h ad  no e ffect on  the h ydrogen  y ie ld  from  
liqu id  HC1, and such a  percen tage o f  n itric  ox ide  has 
also been  show n  to  in h ib it th e  free-rad ica l cha in  ad d i
tion  o f  h yd rogen  halides to  olefins co m p le te ly .5 6 S ince 
th is q u a n tity  o f  n itric ox ide w as ad ded  to  all sam ples 
con ta in in g  m ixtures o f  eth ylene and HC1, th e  co n 
su m p tion  o f  eth ylene in the ad d ition  reaction  during 
the course o f  the radiolyses cou ld  n ot have been  sig
n ificant.

I f  H ' is assum ed as before  to  be a therm al h yd rogen  
atom , th en  the d ep letion  o f the h yd rogen  y ie ld  b y  
eth y lene m ust be  a ttribu ted  to  a  com p etition  betw een  
reactions 1 and 2

H  +  HC1 — ► H 2 +  C l (1)

H  +  C 2H 4 — ► C 2H 6 (2)

(5) R. C. Rumfeldt, Ph.D. Thesis, University of Alberta, Calgary,
Alberta, Canada, 1963. Spontaneous Markownikoff addition of 
HC1 to ethylene is negligibly slow.
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Table I : Summary of Kinetic Data for HC1 and HBr If Cl Mixtures

M e d iu m
H  a t o m  

s c a v e n g e r Gh ' Gh "
C o m p e t i t iv e

re a c t io n s
K a t e  c o n s t a n t  r a t io s  

O b s d . C a le d .

HC1 Cl2 2.3 4.2 H ' +  HC1/H ' +  Cl2 1.7 X IO“ 3 2.6 ±  1.2 X IO -3« A
HC1 c 2h 4 2.0 4.5 H ' +  HC1/H' +  C2H4 5.9 X IO- 3 8 .6  X IO- 36 B
HC1 Br2 2.4 4.1 H ' +  H C I/H ' +  Br2 7.9 X  IO* 4 1 X IO- 4 to 9 X 10~4 « C
HCl-HBr mixtures 

4.37 mole %  HBr Br2 2.5 4.9 H ' +  H B r/H ' +  Br2 1.20 X IO- 1 1.20 ±  0.20 X 10_1 d D

7.62 mole %  HBr Br2 2 .6 5.4 H ' +  H B r/H ' +  Br2
(DO

1.05 X IO“ 1 1.20 ±  0.20 X IO“ 1 d D

24.8 mole %  HBr Br2 3.0 6.4 H ' +  H B r/H ' +  Br2
(D .)

6.3g X IO“ 2 1.20 ±  0.20 X 10_1 d D

HCl-HBr 
4 to 8 mole %  

HBr
HBr H ' +  H CI/H ' +  HBr

(D .)

6.6  X IO“ 3 8 X IO“ 4 to 8 .7  X IO- 36 E

“ Calculated with the expression of Klein and Wolfsberg (see text).14 6 Calculated using the kinetic parameters given by Yang16 
for the ethylene-hydrogen atom reaction (log fcH+c,.H 4 = 9.10 +  0.5 log T — (2600/2.30312T )) and log &h + h c i  = 9.40 +  0.5 log T — 
(4700/2.303BT). The latter expression was derived from the data for the reverse reaction and the equilibrium constant for H +  
HC1 H2 +  Cl computed by the methods of statistical mechanics.6 E  for Cl +  H2 must lie between 4.6 and 6.1 kcal.616 Since the 
heat of reaction is 1.0 kcal., E  for the reaction H +  HC1 must be in the range 3.6 to 5.1 kcal. The value used here is slightly different 
from that given by Benson, but it is still within the acceptable range. e Derived from fcH +HBr and the ratio D (see below). d Deter
mined from the inhibitory effect of HBr in the bromination of hydrogen and found to be independent of temperature over the range 
300-1700°K. (see ref. 6 and 7). ‘  The extreme values of -Ebf+hz in the data summarized by Britton and Cole are 18.0 and 18.8 kcal./
mole. Thus &Br+H2 =  3.35 X  109 X  T 'A  exp —((18,000 to 18,800)/RT), using their mean value of the pre-exponential factor. From 
this expression, the heat of reaction and the equilibrium constant derived on the basis of statistical mechanics one finds ¿ h+hbi = 1.3 X 
109 X  T exp —((1800 to 2600)/ffi71). This expression was used in conjunction with the one given above for log fe+Hci to evaluate 
ratio E. The calculated value of ratio C must be 0.12 X  ratio E. The ratio of the pre-exponential factors Ai/A, is (2.5/1.3) X  0.12 — 
0.25.

T h e usual steady-state  ap prox im a tion  leads to  the re
lation

1 =  J _  L  fci(H C l) \
A G (H 2) G w \  fc2(C2H 4) j  W

betw een  the observed  redu ction  in th e  h ydrogen  y ie ld  
(A (? (H 2)) ,  the y ie ld  {G w ) o f  therm al h ydrogen  atom s 
In the system , and the ratio fcx(H Cl)/fc2(C 2H 4). T h e  
p lo t o f  1 /A G (H 2) against 1 / ( C 2H 4) in F ig. 2, w here 
(C 2H 4) has been  expressed in term s o f  m oles o f  ethylene 
per gram  o f  HC1, exhib its th e  sharp break  in d icative  o f  
tw o  h yd rogen -form in g  species. C on sidering  the m uch  
larger con cen tra tion s o f  eth y lene  w hich  w ere em p loyed , 
the value o f  2 .0  ±  0 .3  ca lcu lated  for  G n> from  the first 
in tercep t com pares fa v o ra b ly  w ith  th ose observed  
earlier w ith  ch lorin e and brom ine. T h e  rate constan t 
ratio  k,/k2 w as fou n d  from  the slope o f  the u pper linear 
p ortion  to  be  5.9 X  10 ~ 3 (see T a b le  I, ratio  B ). T h e 
low er and m ore steep ly  slop in g  p ortion  o f  the curve 
in F ig. 2 ind icates th at eth y len e  also suppresses h y d ro 
gen form ation  b y  H " .

In  contrast to  eth y lene and the halogens, sulfur 
hexafluoride has a v e ry  low  efficiency  for  suppressing 
the h ydrogen  y ie ld  from  liqu id  HC1 (see F ig. 1).

E xperim en ts w ith  th is solute  in liqu id  H B r  w ere u n 
fortu n a te ly  restricted  because o f  its low  solub ility . 
H ow ever, the decrease in y ie ld  (A (7 (H 2) =  0 .27) 
caused  b y  ap prox im a te ly  1 m ole  %  (0.91 X  1 0 ” 4 
m ole  o f  S F 6/g .  o f  H B r) w as again  re la tive ly  small. 
A lth ou gh  the effects o f  th is solute  can n ot be  a ttribu ted  
w ith  certa in ty  to  the scaven gin g  o f  an y  particu lar 
reactive  interm ediate, it can  be  show n th a t fo r  b o th  
liqu id  h ydrogen  halides the ratio k w  +  w x / k w  +  s f 5 

m a y  be o f  the order o f  b u t n ot less th an  10 _1.
T h e  results o f  the experim en ts in w hich  brom ine 

w as used as a scavenger in m ixtures o f  HC1 an d  H B r  
w ere also qu a lita tive ly  sim ilar to  th ose  observ ed  earlier 
w ith  brom ine and chlorine in pure HC1 (see F ig . 1). 
In  these solutions reaction  1 and the analogou s and 
m ore  rapid  reaction  fo r  H B r

H  +  H B r  — ► H 2 +  B r  (3)

w ill b o th  con tribu te  to  h yd rogen  form ation . W h en  
brom ine Is added  there will be  a com p etition  fo r  h y 
drogen  atom s betw een  reactions 1 and 3 and reaction  4

H  +  B r2 — >  H B r  +  B r  (4)
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1/(Bn) X 10-‘.
Figure 3. The reciprocal of the .reduction in the hydrogen yield 
(1/A(?(H 2)) plotted against the reciprocal of the bromine 
concentration ( l /(B r 2)) in liquid mixtures of HC1 and HBr at 
— 79°: •, 4.37 mole %  HBr; O, 7.62 mole % HBr; ■, 24.80 
mole %  HBr. (Br2) is expressed as moles/g. of (HC1 +  HBr).

F or  a particu lar con cen tra tion  o f  brom ine, the o b 
served  value o f G (H 2) w ill be g iven  b y  the expression

G (H 2) — Gh
( _____ fci(H C l) +  fc3(H B r) \

U i(H C l)  +  fca(HBr) +  fc4(B r 2) j
+  Gh "

(ii)

In  this, G w  m ay  be taken  as constan t w hen  on ly  low  
concentra tion s o f  brom ine are requ ired  to  deplete the 
y ie ld  o f  h ydrogen  form ed  b y  H ',  and it can  be show n 
th at

1 = J _  i fci(H Cl) +  fcs(HBr)
A G (H 2) G h ' l ' fc4(B r2)

T h e  qu an tity  1 /A G (H 2) has been  p lo tted  in F ig. 3 
against l / ( B r 2) o v er  the range o f  brom ine con cen tra 
tions in  w hich  scavenging  o f  H ' is the m a jor effect. 
T h e three lines are for  H C l-H B r  m ixtures o f  d ifferent 
com position s. T h e  values o f  G H' obta in ed  from  their 
in tercepts are presented in T a b le  I. F rom  (iii) it 
can  be  seen th at the ratio fc3/fc4 m ay  be evalu ated  from  
the slopes o f  these lines on su bstitu tion  o f  1 /G H', 
the concentration s o f  HC1 and H B r and the value o f 
ki/kt prev iously  ob ta in ed 4 from  experim ents w ith  
brom ine in pure HC1 (ratio C  in T a b le  I ) . A s show n 
in T a b le  I, the values o f  ks/ki in the tw o  m ixtures w hich  
con ta in  the low er proportion s o f  H B r (ratios D 4 and 
D 2) are in reasonable agreem ent. M oreover, their

Figure 4. The reciprocal of the reduction in the hydrogen 
yield (1/A(?(H 2) plotted against the reciprocal 
of the bromine concentration in liquid HBr at —79°; 
inset: higher concentrations of bromine.

m ean value (1 .13) is consistent w ith  the value o f  the 
sam e ratio obta in ed  from  con ven tion a l gas phase 
k inetic studies6-7 o f  the in h ib itory  e ffect o f  H B r  on  
the brom in ation  o f  h ydrogen  (0.12 ±  0 .02 ). T h is  re
action  has been  stud ied ov er  a w ide range o f  tem pera 
tures and fc3//c 4 has been  show n to  be  essentially  inde
pen den t o f  tem perature. T h e  m u ch  sm aller value o f 
ratio D 3, w hich  w as observed  in the m ixture conta in in g
24.8 m ole %  H B r, w ill be discussed later.

T h e so lu b ility  o f  brom ine w as greater in th e  H C 1- 
H B r m ixtures than  in pure HC1 (c/. ref. 4 ), and the 
brom ine con cen tra tion s em p loyed  ranged from  0.2 to
7.5 X  10~4 m o ie /g . (i.e., up to  a b ou t 3 m ole  % ) .  
In  the case o f  the m ost dilute so lu tion  o f  H B r  in HC1 
the value o f  G (H 2) fell from  7.43 7n the absence o f  b ro 
m ine to  5 .34 at 3.05 X  10 4 m o le /g . A  fu rther in 
crease in the brom ine con cen tra tion  to  a va lu e o f  6 .4 i X  
1 (D 4 m o le /g . reduced  G (H 2) to  5.02- I t  is clear from  
th is th at brom ine does n o t com p ete  v e ry  e ffectiv e ly  
for  H "  w ith  the h yd rogen  halide m ixture, o f  w hich  
HC1 in this case constitutes 95.6 m ole % .  In  fa ct if 
IT " is a h ot h ydrogen  atom , w hich  undergoes a set o f  
reactions analogous to  (1), (3 ), and (4) w ith  rate co n 
stants ki*, fc3* and fc4*, it can  be  show n b y  a m ore de 
ta iled  k inetic analysis (cf. ref. 3) th at fci*//c4* m u st lie 
in the range 0 .2 -0 .3 . T h is  va lu e is v e ry  close  to  the 
m agn itude o f  the ratio o f  the p re-expon en tia l factors 
fo r  the reactions o f  HC1 and brom ine w ith  therm al 
h ydrogen  atom s (see ref. 6 and foo tn otes  to  T a b le  I ) .

(6) S. W. Benson, “ The Foundations of Chemical Kinetics,” Mc
Graw-Hill Book Co., Ltd., Toronto, 1960.
(7) D. Britton and R. M. Cole, J. Phys. Chem., 65, 1302 (1961).
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T he effects o f  brom ine oil the h yd rogen  y ie ld  from  
liqu id  H B r were in vestigated  ov er  a m uch  w ider range 
o f con cen tra tion s (0 to  7 m ole  % )  than  w as em p loyed  
In the m ixtures. T h e  p lo t o f  1 /A G (H 2) v s . l / ( B r 2) 
In Fig. 4 show's on ly  a gradual curvatu re  (c /. F ig . 1), 
and the reciprocal o f  the in tercep t o f  the low er portion  
( 1 2 .5  ±  O.g, see inset in Fig. 4) is in agreem ent w ith  the 
tota l h ydrogen  y ield . F rom  the slope o f  th is low er 
portion  the ratio o f  the rate con stan ts for  the reactions 
o f  the h yd rogen -form in g  species w ith  H B r and brom ine 
was fou n d  to  be  0.1 p. T h is agrees well w ith  the rate 
constan t ratio fc3/ /c 4 for  therm al h ydrogen  atom s (see 
a b o v e ), w hich  w as also show n  b y  E yrin g , H irschfelder, 
and T a y lo r 8 to  be  consistent w ith  the effects o f  brom ine 
at high con cen tra tion s in the gas phase radiolysis. 
C on sequen tly , it w ou ld  appear that on ly  a  single h y 
drogen -form in g  species, the therm al h ydrogen  atom , is 
p rod u ced  in irradiated H B r. H ow ever, since /c3/ /c 4 

Is know n to  be essentia lly  indepen den t o f  tem perature, 
the a ctiva tion  energies o f  reaction s 3 and 4 m ust be 
v irtua lly  identical, and 0 . 1 2  is actu a lly  the ratio o f  
their pre-expon en tia l factors. T h is should  also be 
a reasonable ratio for  the rate con stan ts o f  the co r 
responding reactions o f  h ot h ydrogen  atom s (i.e., 
fc3*/A'4*), p rov id ed  their energy is n ot excessively  h igh . 9 

I t  is n ot therefore  possib le to  exclu de hot h ydrogen  
a tom  reactions on  the basis o f  the observed  ratio. 
Furtherm ore, the sm aller slope and the in tercep t o f  the 
upper portion  o f  the cu rved  p lo t in F ig. 4 suggest that 
in pure H B r there is in fact a h yd rogen -form in g  species, 
w hich  correspon ds to  H ' in HC1 and the H C l-H B r  
m ixtures. T h is w ou ld  have a ratio o f  rate constan ts 
m uch  less than  0 . 1 2  (D 4 —  2 X  1 0 %  and a y ield , G%, 
o f  ab ou t 3.0. T h e  rem ainder o f  the h ydrogen  w ou ld  
then  have to  be a ttribu ted  to  a secon d  species, H " ,  
an alogous to  th at occu rrin g  in HC1 and the m ixtures, 
and w ith  a y ie ld  o f  G H"  —  9. A  feature o f  the results 
in T ab le  I w hich  su pports such an in terpretation  o f 
F ig. 4 is the fa ct that, while G w  increases rather slow ly  
w ith  increasing p rop ortion  o f H B r in the m ixtures, 
G h "  rises rapid ly , and at 24.8 m ole %  H B r is a lready 
equ iva len t to  the to ta l h yd rogen  y ie ld  from  pure HC1. 
T h u s the p rop ortion  o f H "  resulting from  H B r m ust 
be larger than  th at from  HC1. F urther su pporting  
ev iden ce com es from  a s tu d y 10 o f  the effects o f  brom ine 
and sulfur hexafluoride on  h yd rogen  y ie lds from  the 
gaseous h ydrogen  halides. T h is  stu d y  has dem on 
strated  that tw o  h yd rogen -form in g  species are p ro 
du ced  in b oth  HC1 and H B r. In  the la tter gas the 
first species, H ',  con tribu tes som e 3 0 %  o f  the tota l 
observed  h ydrogen  y ield , w hich  is sim ilar in m agn itude 
to  that reported  here. B ecause the rate constan t ratios 
for H ' and H "  differ m uch  m ore in gaseous H B r

(see be low ), the resolu tion  o f  the tw o  species is co n 
siderably  easier than  in liqu id  H B r.

D iscu ssion

T h e  ion ic and free-rad ica l reaction s w hich  are likely 
to  occu r  in these system s h ave already  been dis
cu ssed 8'4’8 and on ly  th ose o f  particu lar relevance need 
be considered  here. O ne im p ortan t p oin t w hich  
shou ld  be m en tioned  at the ou tset is the fa ct th at b oth  
su lfur h exa flu oride11 and b ro m in e 12 13 h ave been  show n 
expei im eritally to  have zero en ergy  thresholds for  
e lectron  capture. T h e y  shou ld  therefore  have high 
cross sections for  reaction  w ith  therm al electrons, a 
p rop erty  w hich  in the case o f  sulfur hexafluoride has 
been  con firm ed  b y  experim ent (<r =  5.7 X  10 -16 c m . 2) . 18 

T h us, these tw o  scavengers shou ld  co m p e te  w ith  io n -  
e lectron  com bin a tion s and also w ith  e lectron  capture 
b y  hvdrogem  halide m olecu les. I f  these com p etition s 
are im portan t at scaven ger con cen tra tion s sim ilar to  
(or  low er than ) those requ ired  for  th e  scaven gin g  o f 
h ydrogen  atom s, then the observed  rate con sta n t ratios 
shou ld  differ m arkedly  from  th ose ca lcu lated  p u rely  for  
h ydrogen  atom  reactions. Such  e ffects  h ave in fact 
been  fou n d  in the gaseous h yd rogen  h a lid es10 at 25 °, 
w h e n  the rate con stan t ratios fo r  th e  reaction s o f  
the first species (kw  + Hci/kw  + Br, =  2 X  1 0 %
k w  + HBr/^H' + Br, =  5 X  1 0 %  k w  + H C l/% ' + SF,
1 0 %  and k w  + hbi- A h ' + sf„ =  5 X  1 0 %  are m uch  
sm al’ er than  th ose observed  in th is study .

T i e  first six co lu m n s o f  T a b le  I sum m arize th e  values 
o f  G k ', G h ", and the rate con stan t ratios ob ta in ed  w ith  
different scavengers in HC1 and H C l-H B r  m ixtures. 
T h e  experim ental ratios are in all cases considered  to  
be  reliable w ith in  ± 1 5 % .  In  the case o f  ratios A  
and G, the reliab ility  is p ro b a b ly  con siderab ly  better 
than  this. C olum n  seven con ta in s the correspon d in g  
ratio? ca lcu lated  for h ydrogen  a tom  reaction s on  the 
basis o f  in form ation  from  con v en tion a l gas k in etic 
studies. T h e origin  o f  ratio  D  has already  been  g iven  
and its reliab ility  is unquestion ab le . S om ew h at sim ilar 
considerations ap p ly  to  the correspon d in g  ratio  for

(8) Cf. their interpretation of the Lind Livingston data: H. Eyring, 
J. O. Hirschfelder, and H. S. Taylor, J. Chem. Phys., 4, 570 (1936), 
and ref. 2.
(9) Some experimental evidence which supports this has been sum
marized by J. L. Ma'gee and W. H. Hamill, J. Chem. Phys., 31, 1380
(1959) .
(10) (a) R. A. Lee and D. A. Armstrong, in press; and (b) further 
work with R. S. Davidow, which indicates that SFe is unreactive 
toward thermal H atoms and behaves essentially as an electron 
scavenger.
(11) TV. M. Hickman and R. E. Fox, J. Chem. Phys., 25, 622 (1956) ; 
D. C. Frost and C. A. McDowell, ibid., 29, 503 (1958).
(12) D. C. Frost and C. A. McDowell, Can. J. Chem., 38, 407
(1960) .
(13) N. S. Buchelnickova, Soviet Phys. Tech. Phys., 35, 783 (1959).
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ch lorine and h ydrogen  ch loride (ratio A ). T h is was 
evalu ated  earlier3 from  the da ta  o f  K lein  and W olfs - 
b e rg 14 15 and has been in cluded  here for  the sake o f  com 
pleteness. T h e  rem aining ratios B , C , and E  w ere ca l
cu la ted  using k in etic param eters fo r  the ind iv idu al 
reactions ob ta in ed  from  the recent litera tu re .16’ 16 I t  
can  be  seen th at the ca lcu lated  and observed  values 
for  ratio B  are in fair agreem ent. In  the case o f 
ratios C  and E , w hich  should  be considered together, 
the observed  values are w ith in  the estim ated  ranges. 
It  shou ld  be n oted  th at the sm aller value o f  E 3 =  E t =  
0 .9  k ca l./m o le , w hich  w as previou sly  a ccep ted ,6 w ou ld  
p red ict m u ch  low er values fo r  C  and E  th an  were 
found. Su ch  discrepancies are in the w ron g d irection  
to  be accou n ted  for  on  the basis o f  com p etition s for 
e lectrons as w ell as h ydrogen  atom s. T h u s the results 
o f  the present stu d y  su pport the conclu sion s o f  B ritton  
and C ole  (th at the value o f  E 3 =  E 4 ~  2 k ca l./m o le ), 
and are at the sam e tim e com p a tib le  w ith  Y a n g ’s 
investigations, w hich  in dicate  a m in im um  value o f 
ab ou t 2.6 k ca l./m o le  for  E n  + c,h4.

T ak en  as a w hole the da ta  o f  T a b le  I are consistent 
w ith  and stron g ly  su pport the hypothesis th at in liq 
u id  HC1 IT' consists o f  therm al h ydrogen  atom s. 
Furtherm ore, the agreem ent betw een  the observed  
and ca lcu lated  values o f  ratios D , and D 2 show s that, 
ov er  the con cen tra tion  range o f  brom ine necessary to  
scavenge ab ou t 8 0 %  o f  H ' (0 to  1.0 m ole % )  in  the tw o  
m ore dilute solutions o f  H B r in HC1, it does n o t react 
sign ificantly  w ith  species oth er than  H . E lectron s 
m ust therefore be captured  m u ch  m ore rap id ly  in 
these liqu ids than  in the correspon d in g  gaseous system s. 
T h e  com p a ra tiv e ly  sm all e ffect o f  sulfur hexafluoride 
leads to  a sim ilar conclu sion , and we a ttribu te  th is 
capture to  reaction  5, w hich  in vo lves m olecu lar agg lom 
erates o f  tw o  or m ore h yd rogen  halide m olecules 
(H X ) ,  viz.

e +  H - X -  - H - X  — *■ H  +  X - H - X -  (5)

I t  is perhaps w orth  restating the reasons for expectin g  
this reaction  to  replace reaction  6 in the liqu id  phase

e +  H X  — >  H  +  X -  (6)

H yd rogen  halide m olecu les are k n ow n  to  undergo 
m utual associa tion  as a result o f  h ydrogen  b o n d in g .17 
A  sim ilar bu t rather stronger associa tion  occu rs 
betw een  halide ions and h ydrogen  halide m olecu les.18 
T h e  en ergy  o f b oth  o f  these in teraction s w ill becom e 
an integral part o f  the over-a ll en ergy  change in re
action  5 and w ill have the e ffect o f  reducin g  its energy 
threshold  below  th at o f  reaction  6 (0 .7  e .v . for  HC1 
and 0 .2  e .v . for  H B r). R ea ction  5 should  therefore 
be m ore  efficient for  e lectrons o f therm al or  v ery  low

energies, and should  g ive  rise to  therm al h ydrogen  
atom s.

T u rn in g  to  a consideration  o f  the low er value o f  ratio  
D 3, we see th at it is in fa ct part o f  a  general trend  
(c/. D i, D 2, and D 4) as the p rop ortion  o f  H B r  is in 
creased. T h ere are in d ications th at the effects o f  
sulfur hexafluoride are largely  due to  e lectron  scaven g 
in g .1015 T h u s ke + H x / h e  +  s f ,  in the liqu id  h yd rogen  
halides should  be o f  the order o f  10-1 . S ince brom ine 
and sulfur hexafluoride have m uch  the sam e efficien cy  
fo r  reducing  the gas phase h yd rogen  y ields, fce + h x /  
ke + Br, in liqu id  h ydrogen  halides also ou gh t to  be 
ap prox im a tely  10“ 1. On this basis, G w  in expression  
(ii) w ill depen d  on  the brom ine con cen tra tion  and be 
equal to  Ge { l  +  [10 (B r2) / '( H X )  ]}  _1. In  accorda n ce  
w ith  ou r previous rem arks the q u a n tity  in  brack ets is 
n ot v e ry  different from  u n ity  (~ 0 .9 0 )  at 1 m ole %  
brom ine. H ow ever, at brom ine con cen tra tion s equal 
to  and greater than  2 m ole %  a rather larger p rop ortion  
o f  the electrons (5*2 0% ) w ou ld  be  scaven ged  b y  b ro 
m ine. B ecause k3 is m uch  larger than  k h th is is pre
cisely  the con cen tra tion  range o f brom ine n ecessary  
to  ach ieve a sign ificant reduction  o f  the h ydrogen  
y ie ld  in pure H B r and the 24.8 m ole  %  solu tion  o f  
H B r  in HC1. H ence in these solutions the scaven gin g  
o f  therm al h ydrogen  atom s and their electron  pre
cursors w ou ld  occu r  ov er  the sam e range o f brom ine 
concentra tion s, and the low er rate con stan t ratios 
for  H ' m ay  be a ttribu ted  to  the com b in a tion  o f these 
tw o  effects. T h ou g h  the slight difference betw een  D i 
and D 2 is w ith in  experim ental error, it m a y  be  caused 
b y  the sam e effect, since there w ill o b v io u s ly  be som e 
electron  scaven gin g  below  2 m ole  %  brom ine. T h e 
trend  in rate constan ts m a y  therefore be  explained  
w ith ou t postu lating  reactions oth er than  th ose  pre
v iou s ly  considered  in HC1.

T h e  fo llow in g  poin ts are o f  particu lar interest in 
relation  to  the v ery  large y ie ld  o f  h yd rogen  from  liqu id  
H B r.

(1) T h e  ion iza tion  o f  H B r m olecu les shou ld  be 
fo llow ed  b y  rapid p ro ton  transfer to  form  H 2B r+ . I f  
reaction  5 d id  n ot occu r, then  on  en ergetic g rou nds the 
n eutra lization  o f  this species b y  e lectrons cou ld  g ive  
rise to  tw o  h ydrogen  atom s, thus p rov id in g  tw o  m ole 

(14) F. S. Klein and M. Wolfsberg, J. Chem. Phys., 34, 1494 (1961).
(15) K. Yang, J. Am. Chem. Soc., 84, 3795 (1962).
(16) P. G. Ashmore and J. Chanmugan, Trans. Faraday Soc., 49, 
254 (1953).
(17) D. F. Hornig and W. E. Osberg, J. Chem. Phys., 23, 662 (1955); 
D. F. Hornig and G. L. Hiebert, ibid., 27, 752 (1957).
(18) T. C. Waddington, J. Chem. Soc., 1708 (1958) ; D. W. A. Sharp,
ibid., 2558 (1958); S.-S. Chang and E. F. Westrum, J. Chem.
Phys., 36, 2571 (1962); D. G. Tuck and E. J. Woodhouse, Proc. 
Chem. Soc., 53 (1963).
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cules o f  h ydrogen  per ion ization . H ow ever, it w ould  
be difficult to  explain  the large y ie ld  o f  h ydrogen  w hich  
persists in the presence o f  7 m ole %  brom ine (G '(H 2) =
8 .5 ) en tirely  on  the basis o f  e le ctro n -io n  recom binations. 
In  any case, electron  capture is a h igh ly  proba b le  p ro c 
ess in H B r even  w ith  isolated m olecu les (<x =  5.8 X  
1 0 ~ 17 c m . 2) , 18 and all o f  the da ta  to  date  are consistent 
w ith  it.

(2) I f  reaction  5 is accep ted , then the neutra lization  
o f  the resulting B r -H -B r  " ions and the H 2B r + ions 
m ust be considered  as a possib le source o f  h ydrogen  
(atom ic or m olecu lar). Since recent stu d ies19 o f  a c id -  
base reactions in liqu id  H B r have p rov id ed  ev iden ce 
for  an au top roto lys is  equ ilibriu m  sim ilar to  that 
occu rrin g  in  H C 1

3 H X  H 2X +  +  X - H - X -  (7)

it seem s likely  th at n eutra lization  should  occu r  in the 
reverse o f  th is process. A ltern ative  neutralization  
reactions shou ld  on ly  take place in cases w here ion 
com bin ation  p receded  dielectric  relaxation . T h is 
w ould  presu m ably  require th at e lectrons b e  captured  
v ery  close to  the parent positive  ions and seem s im 
probable .

(3) A lth ou gh  the ab ove  reaction  sequence can n ot be 
entirely  excluded , it is ob v iou sly  rather d ifficu lt to  
accou n t for  H ',  H " ,  and the large to ta l y ie ld  from  
liqu id  H B r on  the basis o f  sim ple ion ization  alone. 
O ther possib ilities are d issociative ion ization , for  w hich  
there is ev iden ce  from  the m ass sp ectru m  o f  H B r , 20 

and excitation . A  large num ber o f  the low  ly in g  
excited  states21 o f  the h ydrogen  halides dissociate or 
predissociate to  ground state halogen  and h ydrogen  
atom s, the la tter possessing an excess o f  k inetic energy. 
T h is m akes ex cita tion  a particu larly  p lausib le source 
o f  H " ,  since it w ou ld  n ot in vo lve  the disadvantages 
o f  ion -e lectron  com bin ation s as did  ( 1 ) ab ove . F u r

therm ore, the observed  rate con stan t ratios for  H "  
were seen to  be in a ccord  w ith  reasonable expectations 
for  those o f  h ot h ydrogen  atom s. F or these reasons 
w e are o f  the op in ion  th at e lectron ic  ex cita tion  to  low  
ly in g  d issociative states p lays an im portan t role in the 
decom position  o f  h ydrogen  halide m olecules, particu 
larly  in H B r. M o re  detailed  conclu sion s regarding 
the exact num bers o f  these species form ed  in HC1 and 
H B r are not, how ever, possib le at present.

S u m m ary

T h ere  is ev iden ce for  tw o  h yd rogen -form in g  species 
in HC1 and also in H C l-H B r  m ixtures. T h e  first o f 
these, H ',  has k inetic characteristics w hich  strongly  
su pport its iden tifica tion  as a therm al h ydrogen  atom . 
T h e  second, H " :  (1) becom es m ore prom in en t in 
H C l-H B r  m ixtures as the p rop ortion  o f  H B r is in
creased , (2) is scavenged b y  ch lorin e in H C18 and by  
brom ine in H C l-H B r  m ixtures, the ratios o f  the rate 
constan ts /cH"  _  h x /T h"  + x, in each case being  close 
to  t i e  ratios o f  the pre-exponentia l factors for  the cor 
responding reactions o f  therm al h yd rogen  atom s. 
T h ere are indications th at analogous species are form ed 
in H B r, and th at H "  m ay consist largely  o f  h ot h y 
drogen  atom s arising from  excited  m olecules.
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J. G. Stamper, Proc. Roy. Soc. (London), A263, 259, 277 G961).

Volum e 68, N um ber 4 A p r i l, 1964



768 K, A. G i n g e r ic h

V a p o r i z a t io n  B e h a v io r  a n d  P h o s p h o r u s  D e c o m p o s i t i o n  
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The vaporization of tungsten monophosphide, WP, has been studied by Ivnudsen effusion 
techniques in combination with a mass spectrometer. The major vapor species was P2 
with a small amount of P4. No tungsten-containing species was observed. At 1000° 
tungsten monophosphide vaporizes by decomposition into gaseous phosphorus and tung
sten metal saturated with phosphorus. No range of homogeneity was observed for WP. 
An average molal enthalpy of decomposition, Hn00"K, of 75.63 ±  1.06 kcal. per mole of 
P2(g) was obtained from a second law treatment for the composition range WIYae-WIYes, 
where the uncertainty represents the standard deviation. The temperature dependence 
of the P2 decomposition pressure was found to be linear over the temperature range from 
950 to 1250°K. and can be expressed by the equation

16 534
log ip (atm.) [P2] = ------ -------- b 8.501 ±  0.111

Introduction

The system tungsten-phosphorus has been included 
as part of a program in which the high temperature 
properties of the most thermodynamically stable 
transition metal phosphides are investigated.1 2 3“ 4 5 These 
phosphides are expected to form with the inner transi
tion metals and the d block transition metals of groups
III-V . Preliminary experiments have shown that com
pact tungsten metal shows little tendency to react with 
phosphorus and that it forms phosphides of relatively 
low stability. For these reasons, and because of its 
high melting point, tungsten metal has been found to 
be a suitable oxygen-free container which may be used 
for more stable transition metal phosphides during 
preparations and property measurements at high 
temperatures. In order to predict and to understand 
possible interactions of tungsten with gaseous phos
phorus and with other transition metal phosphides, 
the vaporization behavior of tungsten phosphides 
has beenstudied and vapor pressures have been measured 
in order to obtain thermodynamic properties of the 
processes involved.

The system W -P has been studied by tensimetric

and X-ray powder methods by Faller, et ale According 
to these authors only WP and WP2 occur as interme
diate phases. T.ie phosphorus decomposition pressures 
of WP could not be determined by these authors be
cause they were too low. They succeeded, however, 
in degradating WP in vacuo to metallic tungsten at 
1050°. Schonberg,6 Bachmeyer, et al..7 and Rund- 
qvist8 have confirmed that WP has the MnP(B31)- 
type structure and have determined the unit cell 
dimensions. According to Rundqvist and Lundstrom9

(1) K . A. Gingerich and J. Efimenko, “ Thermodynamics of Nuclear 
M aterials,” International Atomic Energy Agency, Vienna, 1962, 
p. 477.

(2) K . S. Irani and K. A. Gingerich, Phys. Chem. Solids, 24, 1153 
(1963).

(3) K . A. Gingerich, P. K. Lee, and J. Efimenko, Nature, 200, 774 
(1963).

(4) K . A. Gingerich, ibid., 200, 778 (1963).

(5) F. E. Faller, W. Biltz, K . Meisel, and M. Zumbusch, Z. anorg. 
allgem. Chem., 248, 209 (1941).

(6) N. Schonberg, .4rla Chem. Scand., 8, 226 (1954).

(7) K , Bachmeyer, H. Nowotny, and A. Kohl, Monatsh. Chem., 86, 
39 (1955).

(8) S. Rundqvist, Acta Chem. Scand., 16, 287 (1962).

(9) S. Rundqvist and T. Lundstrom, ibid., 17, 27 (1963).
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WP2 has the orthorhombic MoP2-type structure with 
the possible space group Cmc2i. These authors also 
report that the compositions of the monophosphide 
WP and of the diphosphide WP2 correspond closely to 
stoichiometry and that there are no indications of 
extended homogeneity ranges. The existence of W 3P 
is still controversial. Hsu, et ah,10 prepared W3P 
by fused salt electrolysis below 900° and reported its 
X-ray diffraction powder data. After W3P was heated 
to 1050° and quenched, it was found to be dispro- 
portionated into W and WP. Other authors6'9 were 
unable to prepare W3P by direct synthesis.

In the present investigation, the vaporization of 
tungsten monophosphide, WP, has been studied by 
Knudsen effusion techniques in combination with 
a mass spectrometer in order to identify the various 
species produced and to obtain thermodynamic data 
for the reaction involved. Preliminary results have 
already been reported.4

Experimental
As starting material, a monophosphide produced by 

fused salt electrolysis10 was used. For the mass spec- 
trometric studies a 60°-sector, 12-in. radius, first-order, 
directional focusing instrument manufactured by 
Nuclide Analysis Associates Inc. was used. The 
sample was placed directly into a tungsten Knudsen 
cell which had an orifice area of 1.52 X 10-2 cm.2 and 
a Clausing factor of 0.71. The ratio of the orifice 
area to the geometrical surface area of the sample was 
less than 1:88. The temperature was measured by 
a Pt vs. Pt-10% Rh thermocouple which was inserted 
into a hole at the bottom of the cell. The heating was 
by radiation from a single tungsten ribbon that was 
arranged in a concentric spiral around the Knudsen 
cell. Due to the thermocouple arrangement and the 
fact that the sample was placed directly in the tungsten 
effusion cell, the temperatures reported should have 
given the sample temperature accurately within a few 
degrees. The molecular beam was ionized with 55 
e.v. electrons. The ions were detected with an electron 
multiplier and the ion current was recorded automat
ically. The variation of ion intensity of a particular 
species was observed as a function of temperature and 
composition. Species effusing from the Knudsen cell 
were distinguished from background species by placing 
a shutter into the beam periodically.

Results and Discussion
The vaporization of tungsten monophosphide, WP, 

was investigated over a temperature range of 950- 
1300°K. and an approximate composition range of 
WP-WPo.i. The following ionic species were observed

in the effusing vapor: P+, P2+, and P4+. No P3+, 
nor any species containing tungsten and phosphorus 
could be detected. From the experimental conditions 
under which the check for tungsten-containing species 
was carried out, it can be concluded that their concen
tration is less than 1/1000 of that of the phosphorus 
vapor concentration in equilibrium with the solid. 
The appearance potentials of P+ and P2+ were found to 
be 13.4 e.v. and 9.2 e.v., respectively, on a relative 
scale, but they show that P2+ is a primary species and 
P+, a secondary one. If one considers the shift in 
electron energy scale to lower values by a factor of 
approximately 0.9 as derived from the ratio 9.2 : 10.2 
of the measured value for P2 to the accepted value, the 
appearance potential for P+ becomes 14.9 e.v. Taking 
this shift into account, the difference between the ap
pearance potentials of P+ and P2+ is 4.7 e.v., which is 
in fair agreement with the dissociation energy of P2 
of 5.0 e.v.11 This shows, in addition, that P+ is pri
marily produced by fragmentation of P2, most likely 
by the reaction

P2 +  e -  = P+ +  P +  2e- (1)

Additional proof that the P+ ion is produced by frag
mentation of P2 can be derived from the observation 
that, over the whole temperature range of investigation, 
the ion intensity of P2+/P+ had a constant value of 10. 
The contribution to the P+ intensity from the frag
mentation of P4 is considered to be minor, because the 
ion intensity of P4+ is, under experimental conditions, 
less than that of P2+ by a factor of 20 to 30. Because 
of the low intensity of P4, its appearance potential 
was not measured. It is assumed that the parent of 
P4+ ion is P4. In Fig. 1, the ionization efficiency curves 
for P+ and P2+ are represented. Analysis of these 
ionization efficiency curves shows further that the 
concentration of primary monatomic phosphorus 
was too low to be detected.

The observed ion intensity of P2+ was independent 
of composition and a reversible function of tempera
ture over the composition range WPo.96~WPo.65. This 
indicates that equilibrium conditions were prevailing 
and that the rate of effusion out of the Knudsen cell 
was smaller than the rate of diffusion of phosphorus 
through the phase formed on each individual grain by 
the decomposition of WP. In checking the reversibil
ity of the ion intensity with temperature, it was ob
served that the largest source of error was the slowness 
in attainment of temperature equilibrium. The attain-

(10) S. S. Hsu, P. N. Yocom, and T. C. C. Cheng, Interim Report 
from December, 1953, to July, 1955, Contract N6ori-071 (50), Office of 
Naval Research, Department of the Navy.

(11) G. Herzberg, A nn. Physik, 15, 677 (1932).
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Electron energy, ev (uncorrected scale)

Figure 1 . Ionization efficiency curves for 
P + and P2 + observed over W -W P.

Com position W P„

Figure 2. P2 decomposition pressures as a function 
of composition in the system W -W P at 1300 °K.

ment of temperature equilibrium after each change in 
temperature was tested by reaching constant tempera
ture and constant intensity. The constancy in tem
perature as indicated from the thermocouple reading 
was reached somewhat earlier than the constancy 
in ion intensity, which is assumed to be due to the low 
thermal conductivity within the powdered sample. 
As a result, vapor pressure values which were ob
tained while raising the temperature are, on the average, 
slightly lower, as are those obtained during cooling. 
The general observation that the ion intensity of P2+

is reversible wiki temperature is modified by observa
tions made in the initial and final stages of the tensi- 
metric analysis of WP in this investigation. Although 
thermal equilibrium was attained, a set of intensity 
data obtained in the composition range W P-WPo.96 at 
the beginning of the experiment shows values that are 
too low. A possible explanation is that in the early 
stage of vaporization a fraction of the phosphorus vapor 
reacted with the tungsten effusion cell to form a solid 
solution of phosphorus in tungsten. This process 
would have to occur at a more rapid rate than the rate 
of vaporization of WP. As the rate of phosphorus 
take-up by the tungsten cell falls markedly below that 
of the vaporization of WP, the equilibrium pressure 
observed in the Knudsen cell corresponds closely to 
the equilibrium pressure of the WP phase. In the 
later stage of vaporization, while at a constant high 
temperature and high ion intensities, a decrease in the 
ion intensity with decreasing phosphorus content of 
the solid was observed for the composition range 
WPo.se-WPo.i. This is illustrated in Fig. 2, in which 
the relation between the logarithm of the P2 partial 
pressure and composition at 1300°K. is represented. 
Two possible interpretations are suggested for this ob
servation. (a) It may be because of kinetic effects 
such as a diffusion barrier caused by the tungsten coat 
formed on each WP grain that becomes larger as the 
coat grows in thickness, or to a bulk diffusion barrier 
that becomes more pronounced as the rate of vapori
zation increases, (b) It may indicate the presence of 
a homogeneity range of a condensed phase with lower 
phosphorus content, the phosphorus-rich boundary of 
which has a phosphorus activity similar to that of WP. 
X-Ray analysis of the final product showed that it 
consisted largely of metallic tungsten. Additional 
very weak lines observed on an overexposed film were 
analysed for W 02, W40 9, W180 9, W180 19, W2P0 28, 
/3-W2C, and WC by comparison with the corresponding 
ASTM data and for W30, W3P, and WP by comparison 
with the corresponding X-ray diffraction patterns. 
They could not be identified with any of these sub
stances. It was, however, possible to attribute all 
but one of these additional lines to the most intense 
tungsten reflections for Cu K/3 and Fe Ka radiation, 
respectively. The fact that no WP could be detected 
would indirectly support explanation b. It is, how
ever, more likely that so little WP was left that it 
was not visible by X-ray diffraction and that explana
tion a accounts for the observed decrease in ion in
tensity. In support of this, the standard deviation 
is shown in Fig. 2 by the vertical line on the curve, in
dicating that the effects discussed above are small 
and of the order of the standard deviation. If ex
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planation b were to hold, a much larger intensity 
decrease with change in composition, as well as the 
appearance of a new phase on the X-ray diffraction 
pattern would be expected.

The fact that the end product was largely tungsten 
metal and that there was no significant abrupt change 
in ion intensity at any composition covering the range 
WP-WPo.i indicates that there is no stable phase exist
ing between WP and W above 1000°. Thus above 
1000°, WP vaporizes incongruently* by decomposition 
into gaseous phosphorus and phosphorus-saturated 
tungsten metal according to the equation

- WP = -  WPi _ o +  -  P* (2)
a a x

where a <  1 and x is either 2 or 4.
For the composition range WPo.s6-W Po.66 over 

which the ion intensity of P2+ was independent of com
position, the variation of ion intensity I of P2+ has been 
determined as a function of temperature over the

Figure 3. Second-law plot for the reaction: 
(2/a)WP = (2/a)WPi_„ +  P„.

Table I : Mass Spectrometric Vaporization 
Data for WPo.ss-o.es0

/(PD), -log
Temp., arbitrary p(atm.)

°K. ìoy t units p(atm.) [P2] [Pd

992 10.079 13.9 5.85 X 10“ 9 8.233
969 10.320 6.50 2.67 X IO“ 9 8.573
949 10.535 3.45 1.39 X IO-9 8.868
948 10.553 3.20 1.29 X 10"9 8.891

1026 9.751 50.9 2.22 X 10“8 7.655
1051 9.516 116.1 5.18 X 10“ 8 7.286
1065 9.394 167.7 7.58 X 10~8 7.121
1065 9.390 169.5 7.66 X IO“ 8 7.116
1096 9.123 398 1.85 X 10~7 6.732
1192 8.388 5590 2.83 X 10“ 6 5.548
1187 8.423 - 5290 2.67 X 10~6 5.574
1220 8.200 20610 1 07 X IO“ 5 4.972
1219 8.202 20600 1.07 X 10“ 6 4.972
1153 8.672 3890 1.90 X 10"« 5.720
1152 8.685 3850 1.87 X 10~6 5 739
1085 9.217 631 2.91 X IO“7 6.537
1085 9.214 658 3.03 X IO- 7 6.518
1026 9.747 57 2.48 X 10"8 7.605
1183 8.457 88206 4.43 X 10“ 6 5.354
1219 8.206 20100'1 1.04 X IO“ 5 4.993
1182 8.643 6330" 3.-18 X 10 ~6 5.498
1148 8.711 23301 1.14 X 10“6 5.945
1096 9.124 5494 2.55 X IO“ 7 6.539
1054 9.491 1286 5.73 X 10~8 7.242
1027 9.740 54.36 2.37 X 10~8 7.626
1262 7.925 41800 2.24 X IO"5 4.650
1262 7.923 41700 2.23 X 10~6 4.651

“ The sequence of data corresponds to decreasing phosphorus 
content in the solid. b Values were measured as 7 (P +) and con
verted to 7 (P2+) by multiplication by 10 .

temperature range from 950 to 1250°K. From the re
versible ion intensity-temperature relationship, the 
average enthalpy of decomposition, Affnoo, for reac
tion 2 was obtained from a second-law treatment of the 
dependence of the decomposition pressure upon tem
perature.

AHnoo =  75.66 ±  1.06 kcal./mole P2(g) (3)

The uncertainty given represents the standard devia
tion. The accuracy is probably lower because of a 
possible temperature gradient between the position of 
the thermocouple and the location of the sample.

(12) W. A. Chupka and M. G. Inghram, J. Phys. Chem., 59, 100
(1955) .
(13) M. G. Inghram, W. A. Chupka, and R. F. Porter, J. Chem. 
Phys., 23, 2159 (1955).
(14) J. W. Otvos and D. P. Stevenson, J. Am. Chem. Soc., 78, 546
(1956) .
(15) S. Dushman and J. M. Laffertv, “ Scientific Foundation of 
Vacuum Technique,” 2nd Ed., John W iley and Sons, Inc., New 
York, N. Y „  1962, p. 94.
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The ion intensities of P2 + were correlated to vapor 
pressures through an external silver calibration.12’13 
The difference in electron multiplier efficiencies of 
Ag+ and P2 + were determined separately. Corrections 
for fragmentation and double ionization were con
sidered. For the relative ionization cross section of 
Ag the value given by Otvos and Stevenson14 was used. 
For the cross section of P2, a value of 21.8 was esti
mated with reference to the cross section of 13.8 for 
P by considering the geometrical shape of the molecule. 
The Clausing factor for the geometry of the cell orifice 
was taken into account.15 The results are represented 
in Fig. 3 and in Table I. The temperature dependence 
of the P2 partial pressures over the temperature range 
950-1250 °K. and the composition range WP0.96-  
WPo.65 is linear within the limits of experimental error 
and can be expressed by the equation

—16 534
log p (atm.)[P2] =  -----f -------b 8.501 ±  0.111 (4)

The rather large standard deviation reflects in part the 
influence of the observations made during the initial 
and final stages of the investigation into the region 
selected for the computation of vapor pressures. In 
the selection of ion intensity values, the main considera
tion was attainment of temperature equilibrium. Pos
sible slight deviations from temperature equilibrium 
are, however, included in the standard deviation since 
the values used correspond to three different tempera
ture cycles. An additional source for the large stand
ard deviation comes from the observation of a pos
sible reaction of phosphorus vapor with the tungsten 
cell. As indicated earlier, this effect appeared to be

most pronounced at the very beginning of the investi
gation, but is estimated to have continued to the ex
tent indicated by the dotted line in Fig. 2 for the com
position region WP-WPo.65- Reaction of part of the 
phosphorus would make the pressures reported too 
low. A systematic error in addition to that reflected 
in the standard deviation may be because of the 
change in sensitivity of the instrument during the 1- 
week period between the silver calibration and the in
vestigation of WP. Additional experiments have 
shown, however, that the sensitivity fluctuation of the 
mass spectrometer-Knudsen cell assembly over a 1- 
year period is within 30%. An additional systematic 
error would arise from a vaporization coefficient, 
a, which is considerably less than unity. The ratio of 
orifice to sample area applied in this investigation would 
require a vaporization coefficient less than 10~2 before 
it would influence the vapor pressure values markedly. 
That a low value of a must be considered as a possi
bility is apparent from estimates by Lewis and Myers16 
for the vaporization of iron phosphides where a is esti
mated to be between 4 X 10-5 and 6 X 10~2.
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by Noubar Tcheurekdjian, A. C. Zettlemoyer, and J. J. Chessick

Surface Chemistry Laboratory, Lehigh University, Bethlehem, Pennsylvania (.Received September 16, 1968)

Four adsorption isotherms of water vapor on silver iodide were obtained in the tempera
ture interval of —15.8 to 20°. Water coverage is only about one-quarter of the argon area 
at the nominal monolayer value and, therefore, the surface is largely hydrophobic. In 
accord with similar hydrophobic surfaces possessing isolated hydrophilic sites, adsorption 
is weak such that the isosteric heats are below the heat of liquefaction, amounts adsorbed 
at the same relative pressure increase with increasing temperature, and the entropy of the 
adsorbed molecules is high, indicating considerable lateral movement. No phase change 
is apparent down to —15.8°. As the pressure is increased, the adsorbed molecules form 
clusters. These clusters are no doubt precursors to ice nucleation when silver iodide Is 
employed as a cloud seeder in supercooled atmospheres.

In an earlier communication1 we reported on the 
curious state of affairs concerning the nature of the 
surface of silver iodide. It had been regarded as being 
hydrophobic in classical colloid chemistry2 but as 
hydrophilic in cloud physics.3 Our preliminary re
port indicated that three different preparations gave 
ratios of B.E.T. specific surface areas for water to 
nitrogen from 0.07 to 0.37, meaning that the surface 
was largely hydrophobic. Hence, the historical con
clusion of the colloid chemist was correct, yet his 
argument was specious, since the particles simply 
flocculate and settle out of sols due to gravity when the 
electrical double layers are reduced.

Recently, Hall and Tompkins4 5 confirmed our 
findings of Type II isotherms plus sparse coverage by 
water and, from multitemperature isotherms, calcu
lated isosteric heats of adsorption vs. coverage. They 
then developed an adsorption model based on an 
idealized uniform surface. Sites in a regular array 
were supposedly induced by the first water molecules 
adsorbed, followed by gradual clustering around these 
sites which made up about one-fifth of the total surface 
area.

The few earlier investigations of the adsorption of 
water by silver iodide led to quite different conclusions. 
Coulter and Candela6 reported Type III isotherms and 
isosteric heats of ca. 11 kcal./mole. Birstein6 also 
reported Type III isotherms, a fantastically large 
number of adsorbed layers (150) before saturation

pressure, and isosteric heats of 18 kcal./mole. In 
contrast, Moskvitin, Dubinin, and Sarakhov7 obtained 
Type II isotherms and, using benzene to monitor the 
surface area, concluded that water adsorbs in a clcse- 
packed film on silver iodide; they also reported a 
phase transition around 0°. One of the purposes of 
the present study was to discover the cause of these 
anomalous results.

Water adsorption measurements were made oil several 
different preparations to try to establish differences. 
Much effort was first expended in attempting to pre
pare a sample of high specific surface area so that good 
precision could be obtained and so that extension to 
measurements of heats of immersion would be possible 
with ordinary calorimetry.8 In accord with the recent

(1) A. C. Zettlemoyer, N. Tcheurekdjian, and J. J. Chessick, N ature , 
192, 353 (1961).
(2) J T. G. Overbeek, in “ Colloid Science,” H. R. Kruyt, Ed., 
Elsevier Publishing Co., Amsterdam, 1952.
(3) E. J. Mason. “ The Physics of Clouds,” Oxford University Press, 
London, 1957. A  gradual recognition of the hydrophobic character 
of A g l has been emerging; see, e.g., N. H. Fletcher, J . Met enrol., 16, 
173 (1959), on contact angles.
(4) F. G. Hall and F. C. Tompkins, Trans. Faraday Soc. 58, 1734 
(1962).
(5) L. V. Coulter and G. A. Candela, Z. Elektrochem., 56, 449 (1952).

(6) S. J. Birstein, J . Meteorol., 12, 324 (1955).
(7) N. H. M oskvitin, M. M. Dubinin, and A. I. Sarakhov, Izv. Akad. 
N auk S S R , Otd. Khim . N auk, 12, 2080 (1959).
(8) J J. Chessick and A. C. Zettlemoyer, Advan. Catalysis, 11, 233 
(1959).
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findings of Corrin and Storm,9 it was found that silver 
iodide sinters much too rapidly, even at room tempera
ture, to work with high area samples. Most of the 
results reported here were obtained with a stabilized 
low area sample.

Experimental

Adsorption Apparatus. A sensitive spoon gage was 
used to measure pressure.10 It was nulled by an inert 
gas monitored by an oil manometer. Thus, water 
vapor and organic vapors could be used as adsorbates 
without concern for dissolution by the manometer 
liquid or stopcock grease. Over-all accuracy of the 
determination of dosing and equilibrium pressures 
was ±0.03 mm. Measurements were made at 
-1 5 .8 ,0 , 10, and 20°.

Silver Iodide Preparation. Numerous methods were 
employed to attempt to prepare high area samples. 
Sublimation in an inert atmosphere in the dark (added 
iodine vapor was sometimes employed) yielded a surface 
area of 15 m.2/g. This product sintered rapidly even 
at 0 ° in an inert atmosphere.9

Main effort was centered on a precipitate from solu
tions of potassium iodide and silver nitrate following 
the method of Birstein.6 The sample was aged to a 
stable area of 0.11 m.2/g . as determined by argon 
adsorption at liquid nitrogen temperature. The aver
age area as determined by water adsorption (10.5 
A.2 per molecule) at the four temperatures was 0.032 
m.2/g. An important finding was that the water- 
argon surface area ratio was not constant from prepa
ration to preparation in accord with our earlier report.1

Samples were also prepared at various excesses of 
iodide and nitrate, and were washed until apparently 
free of contaminants. A sample was also prepared in a 
drybox filled with nitrogen using freshly boiled and 
still hot solutions to attempt to avoid contamination 
by oxygen. The precipitate was filtered and dried 
as quickly as possible. Finally, a sample was pre
cipitated using ammonium iodide in place of the potas
sium iodide solution to reproduce the results reported 
by Coulter and Candela6 and by Birstein.6

The solutions were prepared from Baker Analyzed 
reagents. The silver nitrate was reported to be 100.0%; 
the potassium iodide 99.8% (0.002% insoluble matter, 
0.02%  water); and the ammonium iodide 100.0%  
(insoluble matter 0.003%). Of course, trace amount 
of impurities could be of critical importance with re
gard to surface cleanliness of the precipitated silver 
iodide.

A few adsorption results were also obtained on a 
commercial product (Baker’s C.P.); the water-argon 
ratio was also low.

Results
Results of the studies of the effect of surface con

taminants will be discussed first and then results ob
tained with the main preparation will be presented.

Surface Contamination of Silver Iodide. No trends 
in the water-argon surface area ratios were uncovered 
for the preparations from the different excesses of 
iodide and nitrate. The sample prepared in the ab
sence of all but trace oxygen gave a ratio of 0.19 
instead of 0.29 obtained with the main preparation. 
This decrease is in the proper direction to account for

Figure 1 . Adsorption isotherms for water vapor on Agl.
Note increasing adsorption with increasing temperature; 
argon area, 0.11 m.!/g.

water adsorption occurring on oxygenated, hydro
philic sites. The decrease is, however, too small to 
be decisive.

The effect of sintering on the relative amount of 
water adsorption was also studied on a sample which 
had an argon surface area of 2.3 m.2/g. at the outset. 
The water area remained ca. 0.02 m.2/g. as the argon 
area was reduced to 0.04 m.2/g. In other words, the 
number of polar sites remained essentially constant 
while the total area was reduced 56-fold.

(9) M. L. Corrin and N. S. Storm, J . Phys. Chem., 67, 1509 (1963).

(10) Y . F. Yu, J. J. Chessick, and A. C. Zettlemoyer, ibid.. 63, 1626 
(1959),
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2 90° K 2 60°

Figure 2. Isosteres for water vapor on Agl. Straight lines 
indicate no phase change over the conditions studied.

An odor of ammonia was detected from the sample 
prepared from ammonium iodide, particularly when 
heated. The powder tested basic to moist litmus. 
It is pertinent that the literature11 refers to a number 
of silver ammonium salts. Adsorption isotherms 
similar to those reported by Birstein6 and by Coulter 
and Candela5 were obtained with this sample except 
that plateaus were found at low pressures not in accord 
with Type III plots. Apparent condensation pressures 
shifted to higher relative pressures as the ammonia 
contaminant was gradually removed by pumping and 
heating. The large adsorption (or absorption) ap
peared to be a direct consequence of the presence of 
ammonia. Thus, the peculiar results reported for 
such samples previously are simply due to the water- 
soluble contaminant. It is interesting to note, how
ever, that our ammonium iodide preparation was the 
most efficient cloud seeder ever tested by Professor 
Sanger’s Laboratory in Zurich.12

Adsorption measurements were also made on one 
sample with benzene to attempt to explain the result 
of Moskvitin, et aV  Using 50 A.2 for the close-packed 
area of benzene, as they did, good agreement with 
the argon area was obtained. Thus, our results and

o

Figure 3. Isosteric heats of adsorption of water vapor 
on Agl. Two lower and two higher temperatures are 
averages of l/T: for A, —8.2; for B, +9.6°.

those of Hall and Tompkins4 are not in accord with 
theirs. Other differences in the water isotherms will 
also be revealed.

Water Adsorption Isotherms. The water isotherms 
obtained at —15.8, 0, 10, and 20° are given in Fig. 1. 
Note that more water was adsorbed the higher the 
temperature. The B.E.T. plots yielded two linear 
branches as reported previously.4 For this reason, 
B-points were chosen for the monolayer values. These 
values generally agreed with those obtained from the 
lower branches of the B.E.T. plots, but were more 
consistent.

Desorption points fell on the adsorption curve. 
The absence of hysteresis suggests that no pores were 
present and that no further chemisorption occurred 
on the adsorbent surface during the adsorption runs.

Adsorption isosteres are plotted as log p vs. l / T  
in Fig. 2. For the various amounts adsorbed, the ex
perimental points all fell on the straight lines indicated. 
Therefore, no phase change is evident. In contrast, 
Moskvitin, et al.,7 reported a phase transition near 
0°, but the break was based on a line drawn through 
only two points. Birstein also concluded there is ice

(11) “ Gmelin’s Handbuch der Anorganischen Chemie,”  E. H. E. 
Pietsch, Ed., No. 61, Verlag Chemie, Weinheim/Bergstrasse, 1962.

(12) A. C. Zettlemoyer, N. Tcheurekdjian, and C. L. Hosler, Z. 
angew. Math, Phys., 14, 496 (1963).
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formation at —20°, but the ammonia contamination 
beclouds the issue.

Heats of Adsorption. The isosteric heats of adsorp
tion were calculated from the two lower temperature 
and from the two higher temperature isotherms. 
Smoothed curves are plotted in Fig. 3. The shape of 
these curves does not differ appreciably from that 
presented by Hall and Tompkins.4 Both sets of results 
yield heats of adsorption below the heat of liquefaction 
until the apparent monolayer coverage is approached 
in agreement with increasing adsorption with increas
ing temperature.

VOLUME ADSORBED, m l.(STP)/g.
Figure 4. Integral and differential entropies: 
at A, —8 .2 ; at B, +9.6°.

The shape of these differential heat curves resembles 
those we reported earlier for Graphon.13 In this case, 
the values could be determined more precisely because 
the high surface area enabled calculations to be made 
from heats of immersion and one isotherm. Similar 
heat curves have also been reported for water on 
Spheron-2800-6,14 on molybdenum sulfide,15 and on 
Teflon.16

Entropies of Adsorption. From the equilibrium 
heats of adsorption, calculated from d In p/dT at 
constant spreading pressure, the integral entropies of 
the adsorbed water were obtained. These entropies 
were calculated with the assumption that the perturba
tion of the solid is negligible for the rather weak ad

sorption. They are plotted in Fig. 4 along with the 
differential entropies obtained from the isosteric heats 
for the two average temperatures of —7.9 and +,9.6°. 
The values lie between 25 and 35 e.u. in the region 
studied. In comparison, the molar entropy of water 
at 0° is 14.3 e.u., and that for ice is calculated to be
9.1 e.u.17 Large entropies at very low coverages are 
expected due to the configurational entropy.

The nominal monolayer capacity from the B-points 
lies slightly above 0.01 ml. adsorbed. Hence, the 
minimum in the integral entropy curves falls far below 
0 = 1 .  Obviously, what is called the Hill criterion for 
the monolayer18 does not agree with the B-points, as 
Halsey19 has recently pointed out for other systems. 
This situation seems to arise when interaction energies 
are low and lateral interaction is absent, although there 
was good concordance for the Graphon-water system. 
For argon on P33(2700) graphitized carbon black, 
Sams, Constabaris, and Halsey19 did not get a mini
mum in the integral entropy curve.

Nature of Adsorbed Water on Silver Iodide. It seems 
to be firmly established that silver iodide (not made 
from the ammonium salt) possesses hydrophilic sites on 
a largely hydrophobic surface. On the average for the 
various samples tested, one in four sites which adsorbed 
argon also adsorbed water. Questions arise as to 
what the nature of the hydrophilic sites might be and 
as to the behavior of the adsorbed water on these sites.

Hall and Tompkins4 propose that the halide surface 
is uniform and adsorbs first in an idealized manner 
across the lattice from iodide to iodide ion. Then, 
the increase in heat of adsorption with coverage is 
attributed to lateral interaction as doublets, triplets, 
and clusters form. No argument is presented for the 
lack of complete coverage and isolated cluster forma
tion. It seems difficult to adhere to their idealized 
surface approach on the basis of the evidence at hand.

The variability in fraction of hydrophilic sites from 
sample to sample in itself suggests that variations in 
surface concentrations of polar impurities may be the 
cause. The fact that the number of sites which ad
sorbed water did not change with the large area de
crease due to sintering also supports the impurity

(13) G. J. Young, J. J. Chessick, F. H. Healey, and A. C. Zettle
moyer, J . Phys. Chern., 58, 313 (1954).

(14) E. V. Baloo and S. Ross, H id.. 57, 653 (1953).

(15) D. Graham, ibid., 66, 1815 (1962).

(16) J. J. Chessick, F. H. Healey, and A. C. Zettlemoyer, ibid., 60, 
1345 (1956).

(17) W. E. Giauque and J. W. Stout, J . Am . Chern. Soc.. 58, 1144 
(1936).

(18) T. L. Hill, J . Chern. Phys., 17, 520 (1949).

(19) J. R. Sams, Jr., G. Constabaris, and G. D. Halsey, Jr., J . Phys. 
Chem., 66, 2154 (1962).
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concept. It is well known that impurities often con
gregate on the surfaces of solids.

The colored motion pictures taken by Professor B. J. 
Mason, Imperial College, of the nucleation and growth 
of ice crystals on single silver iodide crystals show 
that they form on isolated sites. These localities ap
pear to be mostly at steps in the crystal face. Harris, 
Sparks, and Layton,20 studying nucleation by lead io
dide single crystals, also showed that steps and edges 
were the active sites. In the latter case, it was found 
that there was a strong tendency for growth to repeat 
at these specific sites. Exposure to liquid water, how
ever, changed the locales. These findings in ice nuclea
tion studies support the contention that impurities 
are the likely origin of the hydrophilic sites. These 
studies, however, did not reveal any distinctive char
acteristic at these places. The steps themselves and 
dislocations may also provide active sites along with 
contaminants and hydrolysis products such as hydroxyl 
groups located there and occasionally elsewhere.

Lead iodide is accepted to be a poorer nucleating 
agent for ice crystals than silver iodide. Fletcher21 
has shown that for idealized surfaces, an entropy effect 
in the ordering of water molecules on the substrate 
leads to the conclusion that it is the prism rather than 
the basal faces which are active as nuclei. The misfit 
for ice on the prism face is greater for lead iodide than 
for silver iodide; the basal misfit, on the contrary, is 
less for silver iodide. Thus, he explains the hitherto 
puzzling relative inefficiency of lead iodide. It is 
interesting to note that Hall and Tompkins4 reported 
a much lower fraction of hydrophilic sites (0.054) on 
lead iodide. Therefore, it may be that the efficiency 
depends on an optimum concentration of such sites. 
If this is the case, then Fletcher’s analysis based on 
idealized surfaces may be of secondary importance.

Graham22 took a statistical mechanical approach to 
the behavior of adsorbed water in the monolayer on 
Graphon using our results. A similar approach may 
be fruitful here in assaying the area of freedom of an 
adsorbate molecule necessary to prevent interaction 
between adsorbed molecules. The monolayer entropy 
is about the same as in the case of water on Graphon,
29.3 e.u. Subtracting from this value similar contri
butions for configurational entropy, rotational entropy, 
and vibrational entropy with the surface, the residual 
entropy of two-dimensional translatory motion is
17.3 e.u. Putting this quantity into the equation for
ST

ST =  R
2irmkT

1 +  In ———  a (1)

(where R is the gas constant, m is the mass of each 
adsorbate molecule, k is the Boltzmann constant, 
T is the absolute temperature, a is the area covered 
by the wandering of each adsorbate molecule, and h is 
Planck’s constant) gives a value of 120 A.2 for the 
average area over which each water molecule wanders. 
The adsorption measurement suggests that each water 
molecule has only about 100 A.2 at monolayer coverage 
not considering earlier clustering before the nominal 
monolayer coverage is reached. These values are in 
agreement considering the uncertainties in the analysis. 
Therefore, it appears that silver iodide surfaces, what
ever the source of the hydrophilic sites may be, possess 
the maximum hydrophilic area possible without ap
preciable lateral interaction between the first molecules 
adsorbed.

Such hydrophilic sites on an essentially hydrophobic 
surface seem to be conducive to ice nucleation. Ad
sorption energy is low and clustering about the first 
down molecules readily occurs. If the surface would 
adsorb the water molecules in an ordered array over 
the entire surface, then the sticking coefficient for 
subsequent adsorption would no doubt be low, as sug
gested by the work of Eyring and Wanlass.23 Then, 
growth of clusters would be slow.

This work has led to an understanding of the hydro
phobic-hydrophilic balance on silver iodide surface. 
The evidence seems to favor impurity sites largely lo
cated in geometrical heterogeneous locations such as 
steps. The adsorption energy for water on these sites is 
low and the entropy of the adsorbed molecules is high. 
Adsorption of water molecules with increasing pressure 
leads to cluster formation. These clusters are no 
doubt formed in the nucleation process which is re
sponsible for cloud seeding; subsequent to the cluster 
formation, ice crystals develop. From these concepts 
based on the nature of water adsorption on silver iodide, 
new and cheaper nucleation agents have been de
veloped.12 They possess the common attribute of 
having hydrophilic adsorption sites each located in a 
matrix of hydrophobic sites.
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Dynamic viscosity 7 7 dynamic rigidity (?', and apparent viscosity r?a of polyethylene blends 
in the molten state have been measured by means of a concentric cylinder-type rheometer 
which enables us to measure not only dynamic but also steady flow properties. The 
frequency ranges from about 5 X 1(D4 5 to 1 c.p.s., and the rate of shear from about 0.004 to 
4 sec.“ 1, j?' and G' as functions of frequency as well as i]a as a function of rate of shear for
each blend of two components at different temperatures (140-200°) can be superposed 
according to the usual time-temperature superposition principle, and shift factors a-t 
from V and G' are practically the same. Master curves superposed with respect to tem
perature can also be superposed very well with respect to the blending ratio or to the 
weight-average molecular weight. For blends of two components whose molecular weights 
are not so different, the logarithm of the shift factor c M bears a linear relationship to the 
blending ratio. On the other hand, for blends of two components differing very much in 
their molecular weights, the linearity holds only approximately. The theory proposed 
by Ninomiya for polymer blends can also be applied to G' of our systems, and the equi
librium compliance Je and viscosity have been evaluated. The evaluated values coincide 
fairly well with the observed values, but Je plotted against blending ratio shows no peak. 
This result differs from those reported by the previous authors for blends of amorphous 
polymers having different molecular weights.

Introduction

The flow properties of polymer melts are significant 
in connection with their internal structure and with 
their processing, and therefore have been studied by 
many authors.2 However, the viscoelastic properties 
of polymer melts in a wide range of frequency have 
been studied only by Cox, et al.,3 for polystyrene 
and polyethylene and by Ballman and Simon4 for 
polystyrene, so far as the authors know. In the pre
vious paper,6 a concentric cylinder-type rheometer has 
been described, which was designed to measure not 
only the dynamic but also steady flow properties of 
polymer melts and solutions over the wide ranges of 
frequency and rate of shear. Measurements with this 
rheometer of rheological properties such as the dy
namic viscosity 17', the dynamic rigidity (?', and the 
apparent viscosity r)a of polyethylene blends in a molten 
state have been reported in this paper. Our main

purpose is to investigate the effects of temperature 
and blending on the flow properties of the blends.

Experimental
Materials. Three types of commercial polyethylene 

were used as original samples. Two of them were 
Dow polyethylene 544 and 910M having melt indices

(1) Presented at the 145th National M eeting of the American 
Chemical Society, New York, N. Y ., Sept., 1963, and supported by 
a grant from the scientific research funds (Kagaku Kenkyu-hi) of 
the M inistry of Education, Japan.

(2) See, for example, T. G  Fox, S. Gratch, and S. Loshaek, “ Rheology 
Theory and Applications,” Yol. I, F. R. Eirich, Ed., Academic Press, 
New York, N. Y ., 1956, Chapter 12.

(3) W. P. Cox, L. E. Nielsen, and R. Keeney, J . Polymer Sc i., 26,. 
365 (1957); W. P. Cox and E. H. Merz, Special Technical Publica
tion of A ST M , No. 247, 1958, p. 178.

(4) R. L. Ballman and R. H. Simon, paper presented at the 145th 
National Meeting of the American Chemical Society, New York, 
N. Y ., Sept.., 1963.

(5) M . Horio, S. Onogi, and S. Ogihara, J . Japan. Soc. Testing
Mater., 10, 350 (1961).
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2.2 and 20, respectively. The other was Epolene C 
of Eastman Chemical Products having a very low molec
ular weight. They will be designated hereafter as 
polymers A, B, and E.

Polymers A and B were blended in four different 
ratios by passing them through a nonvent-type ex
truder equipped with du Pont-type screw, whose di
ameter D =  1.5 in. and the ratio of length L to D was 
equal to 20. Stainless steel screens of 60, 100, and 60 
mesh were mounted in front of a breaker plate of the 
extruder in order to remove impurities and enhance the 
blending effect. The blended polymer was obtained in a 
form of bristle having a diameter of 0.125 in. Polymers 
A and E, on the other hand, were blended between 
two rollers having 4 in. diameter and 15 in. length for 
20 min. at 140°, because the difference in viscosities 
of these two polymers was too large to blend uniformly 
with the above extruder. The blends were obtained 
in a sheet form.

Uniformity of the blending was considered to be 
satisfactory, because the intrinsic viscosity and the 
melt viscosity of the blended samples from different 
portions of the bristles and sheets gave practically the 
same values.

Measurements. As mentioned above, the dynamic 
viscosity t]', the dynamic rigidity O', and the apparent 
viscosity i7a were measured by means of a concentric 
cylinder-type rheometer specially designed for our 
study. The details of this rheometer have been de
scribed in the previous paper.6 A merit of this ap
paratus is that it can be used as a torsionally oscillating 
rheometer, a forced vibration torsion pendulum, or a 
Couette-type viscometer by a minor change in the 
driving system. Another merit is that the oscillation 
and rotation of the outer and/or inner cylinders during 
the measurements are changed into electrical potential 
by means of a differential transformer device, and after 
being amplified are recorded on a X -Y  recorder. 
The thermostat has been designed to keep temperature 
constant from room temperature to 300°, and inert gas 
such as nitrogen flows under a slight positive pressure 
through a spiral pipe in the thermostat over the surface 
of the sample in order to minimize chemical degrada
tion at higher temperatures. By using many torsion 
wires and bobs having different diameters, a very wide 
range of rheological properties can be measured. 
The frequency and number of revolutions of the cup 
range from 5 X 10 ~4 to 1 c.p.s. and from 0.122 to 240 
r.p.m., respectively.

When we use the rheometer as a torsionally oscil
lating rheometer, the complex viscosity r;* can be eval
uated from the following equation, which is a reduced 
form of a general equation given by Markovitz6'7

D N Ci 1 "sin é  . ( COS <p\ 1(Ai +  Bxp)w------ - 1 ( 1 -  —
* _ L co JL m \ m J J

sin <A2 /  cos <A2
m )  \ m )

where A h Bh and Ci are apparatus constants, a> is the 
angular frequency, m is the amplitude ratio, 4> is the phase 
angle, p is the density of the sample, and i =  (— 1)1/2 

When the rheometer is used as a forced vibration 
torsion pendulum, 17' and G’ can be evaluated from the 
following equations8

/ =  A  ( L  _  i \  G. =  A  f l  _  ± \
’ 47rl \ri2 r22/ ’ 47d \7-x2 r22/

where, r2 and r2 are the radii of the bob and cup, l is an 
immersion length of the bob, and

kTf sin 4> f  cos <p
R —= ~ , JK. — k

2irm
( cos <t> _  A  
\ m ) +

4wl

where k is a torsion constant of the wire, Tt is the period 
of vibration of the bob, <j> is the phase angle, m is the 
amplitude ratio, and I  is the moment of inertia. In 
general the results obtained by the above two methods 
are practically the same as have been reported in the 
previous paper,5 and therefore the former method was 
chiefly employed in this study.

Finally, when we use the rheometer as a Couette- 
type viscometer, the flow curves of non-Newtonian 
liquids can be determined accurately by the single
bob method proposed by Krieger and Maron.9 Then 
the apparent viscosity can be evaluated as a ratio of 
shearing stress to rate of shear or velocity gradient D.

The most important thing in the dynamic measure
ments is to choose a suitable torsion wire to give suf
ficient value to m and </>. Otherwise, one will obtain 
the final result including a systematic error which can 
not easily be detected when one relies upon only one 
method. The choice of the wire depends not only 
upon the nature of the sample but also upon the meas
uring frequency. This forced us to interchange wires 
very often even in a series of frequency-varying ex
periments of the same sample.

Results and Discussion
Effect of Temperature. The frequency dependence 

curves of ■>/ and G' as well as the rate of shear depend
ence curves of for blends and their components at

(6) H. M arkovitz, J . A ppl. Phys., 23, 1070 (1952).
(7) H. M arkovitz, P. M. Y avorsky, R. C. Harper, Jr.. L. J. Zapas, 
and T. W. DeW itt, Rev. Sei. Instr., 23, 430 (1952).
(8) T. Nakagawa, “ Jikken Kagaku K oza,” Vol. 8, Maruzen, Tokyo, 
1957, Chapter 6.
(9) I. M . Krieger and S. H. Maron, J . A ppl. Phys., 25, 72 (1954).
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Figure 1. Master curves of 17' for the system of polymers , 
A and B. The reference temperature is 160°. «  denotes the
angular frequency in sec.-1.

Figure 2. Master curves of O' for the. system of polymers 
A and B. The reference temperature is 160°. w denotes the 
angular frequency in sec.-1.

various temperatures can be superposed very well to 
give master curves according to the usual method of 
time-temperature superposition without any cor
rection for temperatures. Figures 1 and 2, for in
stance, give master curves of -q' and G' measured 
for polymers A, B, and their blends at 140°, 160°, 180°, 
and 200°. Similarly, Fig. 3 and 4 give master curves 
of r\' and G' for the blends from polymers A and E at 
the same temperatures, respectively. The ratio on 
the curves denotes the blending ratio in weight, A :B  
in Fig. 1 and 2 and A :E  in Fig. 3 and 4. The values 
of the shift factor a-r determined from the data of r}', 
G', and are almost the same, and moreover inde
pendent of the composition or the blending ratio of the

blends, as illustrated in Fig. 5 for the blends from 
polymers A and B. Log (It plotted against the tem
perature is almost linear and the activation energy 
for relaxation processes therefore varies with the tem
perature. For example, its value for polymer A at 
160°is about 13.7 kcal./mole.

Effect of Blending. As is seen from Fig. 1 to 4, the 
rheological properties of the blends change systemati
cally with their composition, indicating that there is 
great possibility of superposition in respect to the blend
ing ratio or to the weight average molecular weight 
similar to the time-temperature superposition just men-

Figure 3. Master curves of 17' for the system of polymers 
A and E. The reference temperature is 160°. m denotes the 
angular frequency in sec.-1.

Figure 4. Master curves of O' for the system of polymers 
A and E. The reference temperature is 160°. u> denotes the 
angular frequency in sec.- I .
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Figure 5. Log aj vs. temperature for the system of 
polymers A and B.

Figure 7. Composite curves of q' and G' for the system 
of polymers A and E. The reference temperature is 
160° and the reference composition is 8 : 2 . a denotes the 
angular frequency in sec.-1.

Figure 6. Composite curves of q' and G’ for the system 
of polymers A and B. The reference temperature is 
160° and the reference composition is 6:4. u denotes the 
angular frequency in sec.-1.

tioned above. In fact, this superposition was applied 
satisfactorily to the master curves shown in Fig 1-4.

By shifting the viscosity curves along straight 
line having slope — 1 and the rigidity curves along the 
abscissa, we could obtain new composite curves, which 
are shown in Fig. 6 for the blends from polymers A and 
B, and in Fig. 7 for the blends from polymers A and E. 
These composite curves include all the data for the 
blends having different blending ratios and the com
ponent polymers at different temperatures. The refer
ence temperature and reference composition are, re
spectively, 160° and 6:4 for the system of polymers A 
and B, and 160° and 8:2 for the system of polymers 
A and E. In making this superposition, we can 
determine a new shift factor am similar to üt in the case

BO 2  4  6  8  10
Figure 8. Log aM vs. blending ratio for the 
system of polymers A and B.

A 10 9  8  7
E 0  I 2  3

Figure 9. Log a m  vs. blending ratio for the 
system of polymers A and E.
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a io 8  6  4  2  o
B 0  2  4  6  8  10

Figure 10. Log y0 vs. blending ratio for the 
system of polymers A and B.

E 0  2  4  6  8  10
Figure 11. Log ya vs. blending ratio for the 
system of polymers A and E.

of the time-temperature superposition. Log a« cor
responds to the distance by which the viscosity or 
rigidity curve for any blend or component was shifted 
in the horizontal direction along the abscissa. Log 
asi thus determined was plotted against the blending 
ratio in Fig. 8 for the first system and Fig. 9 for the 
second. The plots are substantially linear, and the 
shift factor from the viscosity data gives almost the 
same values as those from the rigidity data.

Since üm is equal to the ratio of the steady flow vis
cosity of any blend or component to that in the refer
ence state, the zero shear or zero frequency viscosity 
plotted logarithmically against the blending ratio 
should also give a straight line. These plots are shown

in Fig. 10 and 11 for the two systems. In the first 
system, in which the two components A and B do not 
differ greatly in their molecular weights, all the points 
for the blends are located on a straight line connecting 
the two points for the component polymers. This 
indicates that the zero shear viscosity r/ob and shift 
factor ciMb of the blends can be represented by the 
following equations, respectively

log y0b = Wi log 77oi +  w2 log 7702,

log oMb = wi log am +  w2 log am

where w denotes the weight fraction of each com
ponent, and the subscripts 1 and 2 refer to the com
ponents of higher and lower molecular weight. On the 
other hand, in the case of the second system, in which 
the two components do have greatly differing molecular 
weights, the plots for the intermediate blends have a 
tendency to deviate somewhat from the straight line.

To the dynamic viscosity and rigidity data given 
above, the theory presented by Ninomiya10 for polymer 
blends composed of two components differing only in 
molecular weights from each other was applied, and the 
interaction parameters X, and X2 were determined from 
the rigidity data. These values for the system of poly
mers A and B are tabulated in Table I as an example. 
As is seen from this table, Xi increases and X2 decreases

Table I : Interaction Parameters X, and X2 for 
the System from Polymers A and B at 160°

Blending
ratio Xi X2

8 :2 1.33 0.678
6 :4 1.45 0.443
4 :6 1.55 0.320
2 :8 1.56 0.295

monotonously with the blending ratio. With these in
teraction parameters and weight fractions of two com
ponents, Wi and w2, the steady flow viscosity yo and 
steady state compliance J e of the blend are given, respec
tively, by the equations10'11

yob — WiXirjoi +  lV2\2yo2

Je b =  ( W l X l V / e l  +  w2X22y22Je2)/yob2

In Table II, the observed values of y0 and Je for the 
above system are compared with those calculated from 
these equations. The latter coincides fairly well with

(10) K. Ninomiya, J. Colloid Sci., 14, 49 (1959).
(11) K. Ninomiya, ibid., 17, 759 (1962).
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Table I I : A Comparison of the Observed Values of yt> and 
/ e with the Calculated Values for the Same System

into Ninomiya’s formulation, then obtain 

VOb =  ( W l  +  W 2) m W' X  J?02WI

Blending 770, 105 poises (160°) Je, 10 4 cm. a/dyne (140°)
ratio Obsd. Calcd. Obsd. Calcd.

1 0 :0 4.30 1.19
8 :2 2.32 2.39 1.64 1.51
6:4 1.30 1.29 2 .0 2 1.73
4:6 0.740 0.782 2 .6 8 2.73
2 :8 0.480 0.564 4.32 5.19
0 :1 0 0.250 6 .6 8

the former. However, Je decreases monotonously 
with the blending ratio and does not show any peak at 
the intermediate composition. This result differs 
from those reported previously on other polymers such 
as polyisobutylene12 and polyvinyl acetate.10 The 
difference might be due to the polyethylene samples 
used in this study, which were different in their nature, 
especially in molecular weight distribution, from the 
other polymers cited above. A further study with 
fractionated species will be required.

Now, it is interesting to make clear the relation be
tween our viscosity equation and Ninomiya’s. When 
we put

Xi =  (7702/ 1701)

and

X2 — (7)0l/7?0?) m

_ wi v  u
— Voi A  7702

Th:s is the same as our equation given above. As 
seen from this derivation, our case corresponds to a 
simple one of Ninomiya’s general treatment in which 
the interaction parameters are functions of only weight 
fractions of the components.

The ratio X1/X2 is very simple and equal to the 
ratio 7702/ 7701- Consequently, we can obtain

7)0b — 770lXi — 7702X2

and the shift factor aM is given as

_  770b __ 7701X1 ^ 7702X2 
7/0bO 770b0 77obO

77obO >70b0Xi = ait , X2 = aM
7701 7702

where, 770bo is the steady flow viscosity of the blend 
having the reference composition. These equations 
give connection between the shift factor aM and the 
interaction parameters Xi and X2 given by Ninomiya, 
respectively.

(12) H. Leaderman, R. G. Smith, and R. W. Jones, J. Polymer Sci., 
14, 47 (1954).
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U r e th a n e  E la s t o m e r s  C o n t a in in g  D is u l f id e  a n d  T e t r a s u l f id e  L in k a g es

by G. D. T. Owen, W. J. MacKnight, and A. V. Tobolsky

Department of Chemistry, Princeton University, Princeton, New Jersey (Received September 30, 1963)

The chemorheology of two cross-linked polyurethane elastomers containing (1) disulfide 
groups and (2) tetrasulfide groups was investigated by stress relaxation experiments. It 
was found that the tetrasulfide-containing elastomer underwent stress decay at a rate 10 
times faster than the disulfide-containing elastomer, showing that the tetrasulfide linkage 
undergoes bond interchange much more rapidly than the disulfide linkage. Spectroscopic 
evidence is cited tending to confirm the greater stability of the disulfide linkage. The 
behavior of a cross-linked polyurethane elastomer without polysulfide linkages is presented 
for comparison.

Introduction
The chemorheological behavior of thiokol-type 

polymers has been thoroughly investigated by a number 
of workers.1 In the case of cross-linked polymers of 
this type it has been established by Tobolsky and co
workers that stress relaxation takes place by a mech
anism of interchange between polysulfide linkages. 
This mechanism involves scission of the linkage and 
recombination to give an unstressed chain. The ki
netics of the process have been completely worked out 
on the basis of this mechanism.1 On the basis of a 
proposal of Gee2 and of spectroscopic data on low molec
ular weight polysulfides3'4 5 6 7 it would seem that the di
sulfide linkage should be more stable than the higher 
poly sulfides. In order to test this hypothesis, two 
“ model” compounds were prepared. Both are cross- 
linked polyurethane elastomers differing only in that 
one contains disulfide linkages while the other contains 
tetrasulfide linkages. Such polyurethane elastomers 
are conveniently prepared in the following manner.

A low molecular weight polyether or polyester, 
terminated with hydroxyl groups, is treated with 
excess diisocyanate (usually 2,4-toluene diisocyanate), 
to form polyurethane chains terminated by isocyanate 
groups. This material, the prepolymer, can be cured 
by reaction with hydroxyl-containing substances, and 
cross links can be introduced by curing with triols. The 
properties of these polymers have been described else
where.8-7 Schonfeld8 introduced monosulfide bonds 
into such a polymer by utilizing the hydroxy-terminated 
polythioacetal, namely, HOCH2CH2(-SCH2CHOCHO-

CH2CH2)n-SCH2CH2OH. However, the physical prop
erties of the polymer were not described.

In the present work, the disulfide linkage was intro
duced into the polymer by partially replacing the 
curing agent (1,2,6-hexanetriol) with dithiodiglycol, 
namely, HOCH2CH2-S-S -C H 2CH2OH. The tetra
sulfide linkage was added in an identical manner ex
cept tetrathiodiglycol was used, namely, HOCH2- 
C H2- S-S--S-S-C112CI120II. The polyurethane elas
tomer prepared from 1,2,6-hexanetriol was studied as 
a basis for comparison.

Experimental

Urethane prepolymer, Cyanoprene 4590, was kindly 
donated by the Cyanamid Corporation. Cyanoprene 
4590 is a polyester terminated by isocyanate linkages. 
The free NCO concentration of cyanoprene 4590 is 
about 2.75%.

Tetrathiodiglycol was prepared by treating 2 moles

(1) A. V. Tobolsky, “ Properties and Structure of Polymers,’ ’ John 
Wiley and Sons, Inc., New York, N. Y ., I960, Section IV, pp. 12, 
13, and Section V, p. 8.

(2) F. Fairbrother, G. Gee. and G. T. Merrall, J . Polymer Sci., 16, 
459 (1955).

(3) J. E. Baer and-M. Carmack, J . Am . Chem. Soc., 71, 1215 (1949).

(4) J. A. Barltrop, P. M. Hayes, and M. Calvin, ibid., 76, 4348 
(1954).

(5) J. A. Offenbach and A. V. Tobolsky, J . Colloid Sci., 11, 39
(1956) .

(6) P. C. Colodny and A. V. Tobolsky, J . Am . Chem.. Soc., 79, 4320
(1957) .

(7) R. J. Athey, Rubber Age (N. Y .), 85, 77 (1959).

(8) E. Schonfeld, J . Polymer Sci., 49, 277 (1961).
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of 2-chloroethanol with 1 mole of sodium tetrasulfide 
in an aqueous medium according to the reaction

2H0CH2CH2C1 +  Na2S4 — ■>
HOCH2CH2S4CH2CH2OH +  2NaCl

After adding the 2-chloroethanol over a period of 0.5 
hr. (using 0.5 M  quantities) the temperature had risen 
from 40 to 75°. The reactants were held at 70-80° 
for a period of 2 hr. On cooling to room temperature 
the product was isolated by ether extraction, filtered, 
and dried by heating for 2 days in a vacuum oven at 
50°. The product was a yellow oil and the analysis 
corresponded very closely to the composition C4- 
H10O2S4.

Dithiodiglycol was obtained commercially from the 
Wateree Chemical Co.

The cure recipes studied are shown in Table I. 
The required weight of prepolymer was weighed out 
and heated to 100° in vacuo and the required quantities 
of curing agents were added. The mixture was stirred 
well and poured into a mold preheated to 130-135°. 
The cure mixture became extremely viscous and almost 
solidified within a few minutes. The sample was

Table I

—-------- -— S a m p le  n u m b e r ------------— -
1 2 3

Urethane prepolymer 20 g. 
1,2,3-Hexanetriol“ 0.29 g.
Dithiodiglycol 0.411 g.
Tetrathiodiglycol

20 g. 20 g.
0.29 g. 0.509 g. 

0.56 ml.

° Acetone solution containing 0.29 g. of 1,2,6-hexanetriol per 
ml.

then molded at 130° for 30 min. under a pressure of
10,000 p.s.i. Curing was completed by heating in a 
forced-draught oven at 100° for 24 hr. A Gehman 
torsion tester9 was used to determine the 10-sec. 
modulus (3(7(10)) as a function of temperature and the 
stress relaxation studies were made with a relaxation 
balance.10

Results and Discussion
Figure 1 shows the 10-sec. modulus temperature 

curves for samples 1, 2, and 3 prepared according to 
the recipes in Table I. Each network chain in sample 
1 contains one disulfide linkage and has the structure

—0R,'0CNHRNHC0(CH2)2S2(CH2)20CN H RC0It,0

O O  O O O O

Figure 1. Ten-sec. modulus (30(10)) plotted as 
a function of temperature for samples 1, 2, and 3.

where R is the urethane prepolymer backbone and R ' 
is CH2C(C2H6)CH2. Sample 2 has a structure iden
tical with the above except that S2 is replaced by S4.

Inspection of Fig. 1 shows that, up to 180°, 
samples 1 and 3 exhibit the characteristic viscoelastic 
behavior of a cross-linked polymer with the rubbery 
flow region entirely suppressed. Sample 2 on the other 
hand has an apparent rubbery flow region starting at 
just above 100°. Since polymers 1 and 2 are identical 
in structure with the exception of the polysulfide link
age, it is concluded that the apparent rubbery flow 
region in sample 2 is due to bond interchange between 
tetrasulfide groups. The various linkages of sample 
3 and these plus the disulfide linkages of sample 1 
are “ stable” within the 10-sec. measurement interval 
up to 180°.

Figure 2 shows the relative stress decay of sample 3 
at 120°.6 This is compared with sample 1 at 120° 
and sample 2 at 100° and it can be seen that stress 
decay in sample 2 is faster than in the other polymers

(9) A ST M  Book of Standards D 1043-51, 1958.

(10) Ref. 1, Section IV, p. 1, and Plate IV , p. 1.
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Figure 2. Relative stress at constant extension 
vs. log time for Bample 1 at 120°, for sample 2 at 
100°, and for sample 3 at 120°.

though 20° lower in temperature. The chemical 
relaxation time, rch, defined as the time when the ratio 
of the stress at time t to the initial stress (f(i)/f(0)) 
is equal to 1/e, is presented in Table II for the three 
polymers at 120°. This further serves to point out 
the striking differences among the three samples.

Table II

Teh.
Sample Reference sec.

1 This work 26.3 X 103
2 This work 3.5 X 102
3 Sample IV of 34.9 X 103

ref. 6

Figure 3 gives a plot of the relative stress decay vs. 
logarithmic time of sample 2 at several temperatures

Figure 3. Relative stress at constant extension 
vs. log time for sample 2 at various temperatures, 
and also log r0h vs. 1 /T for sample 2 .

and also includes a plot of log r ch as a function of l/T. 
The slope of this line gives the activation energy for 
chemical flow1 and this has a value of 24.4 kcal. mole“ 1. 
The agreement between this value and the value of
25.9 kcal. mole“ 1 obtained for the activation energy for 
stress .decay by bond interchange in cross-linked poly
ethylene tetrasulfide11 is reasonably good.

The specific i-ate constant for the interchange re
action in sample 2 is 1.00 X 10-3 sec. “ 1 at 100° 
For cross-li, ked polyethylene tetrasulfide,11 the specific 
rate constant is 1.79 X 10-s sec.-1 at this tempera
ture. The similarity between the two values tends to 
show that the mechanism of stress decay in sample 2 
is the same as in cross-linked polyethylene tetrasulfide, 
that is, interchange between tetrasulfide linkages.

The results presented above indicate that the di
sulfide linkage is much more stable than the tetra
sulfide linkage. That this is so can be explained by 
Gee’s analogy2 between the bonding in 0 2 and that in S2- 
He attributes the binding in S2 to a normal single 
bond plus two three-electron bonds. Thus in the 
scission of a tetrasulfide (or higher polysulfide) linkage, 
the odd electron on each free-radical end will be able 
to form a three-electron bond with the adjacent sulfur 
atom as shown.

a,vvS4'— — > :. • S +  S ' • 'S«"

In the scission of a disulfide linkage, three-electron 
bond formation is not possible and thus the linkage is 
more stable than higher polysulfide linkages.

Calvin4 and co-workers studied the ultraviolet absorp
tion spectra of cyclic disulfides and attributed the ab-o
sorption peak found at 2500 A. to the transition

S - S - ^ S -  +  -S

Baer and Carmack3 observed the ultraviolet spectra of 
low molecular weight aliphatic disulfides and tetra- 
sulfides and found the absorption peak for the disulfides 
to be at 2520 A. corresponding to an energy of 115 
kcal. mole-1 and the absorption peak for the tetra- 
sulfides to be at 3000 A. corresponding to an energy of
95.2 kcal. mole-1.

If the ultraviolet absorption of polysulfides is due 
to the transition suggested by Calvin, the observations 
of Baer and Carmack tend to lend further support 
to the greater stability of the disulfide linkage relative 
to the tetrasulfide linkage. The disulfide linkage may 
however show rapid interchange in the presence of 
ionic catalysts such as mercaptides.

(11) A. V. Tobolsky, R. B. Beevers, and G. D. T . Owen, J . Colloid 
Sci., 18, 359 (1963).
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R e la x a t io n  o f  D is u l f id e  a n d  T e t r a s u l f id e  P o ly m e r s

by A. V. Tobolsky, W. J. MacKnight, and M. Takahashi

Department of Chemistry, Princeton University, Princeton, New Jersey (Received September 30, 1963)

The chemorheology of'cross-linked polyethylene disulfide, polyethylene tetrasulfide, and 
mixtures of these polymers with elemental sulfur is investigated. It is shown that stress 
decay in the disulfide polymer occurs by scission of the small quantities of higher poly- 
sulfide linkages present in the network. It is also shown that elemental sulfur decreases 
the chemical relaxation time in cross-li iked polyethylene disulfide in a predictable manner.

Introduction

In the previous publication from this laboratory1 
it was shown that the disulfide linkage in the absence 
of catalysts possesses a stability equal to the weakest 
linkage of the polyurethane network. It was also shown 
that the tetrasulfide linkage is quite labile relative to 
the disulfide linkage. This was explained as a conse
quence of the formation of three-electron bonds2 3 4 5 6 7 by 
the disulfide radical, a scission product of the tetra
sulfide linkage. In previous papers it had been shown 
that ionic materials such as mercaptides catalyze di
sulfide interchange.3-7

In the light of these results and of a study of the 
chemorheology of cross-linked polyethylene tetrasul
fide rubbers8 it was decided to conduct an investiga
tion of the viscoelastic properties of cross-linked poly
ethylene disulfide rubbers (known commercially as 
“ thiokol” type rubbers) with a view to elucidating the 
mechanism of stress decay in these substances. 
The effect of elemental sulfur on the chemical relaxation 
time of these polymers was also studied.

Elemental sulfur (S8) is a good plasticizer for poly
meric sulfur,9 “ thiokol” type rubbers, and other poly
mers.10 In particular, large amounts of S8 can exist 
dissolved in a liquid condition in polysulfide polymers. 
In many cases S8 shows no tendency to crystallize and 
the mechanical properties of such mixtures are just 
what would be expected for plasticized cross-linked 
amorphous polymers.10

In this paper the chemical relaxation time ( r Ch) 
of cross-linked polyethylene disulfide is studied as a 
function of temperature .and of sulfur concentration. 
These data are compared with those obtained for cross- 
linked polyethylene tetrasulfide.

Experimental

The polysulfide polymers were prepared by the inter- 
fac.al poly condensation of mixtures of ethylene di- 
chbride, 1,2,3-trichloropropane, and sodium poly- 
sulfide of the appropriate sulfur rank. The method is 
described in the literature.11'12 The cross-linked poly
ethylene disulfide was obtained by using sodium di
sulfide as the reactant. The cross-linked polyethylene 
tetrasulfide was obtained by using sodium tetrasulfide 
as the reactant. However, when using sodium di
sulfide as the reactant, there is still a likelihood that some 
trisulfide, tetrasulfide, etc., linkages are formed in the 
polymer.12 This is probably due to an equilibration 
among the ionic species in the sodium disulfide solution.

(1) G. D. T. Owen, W. J. M acKnight, and A. V. Tobolsky, J . Phys. 
Chen., 68, 784 (1964).

(2) F. Fairbrother, G. Gee, and G. T. Merrill, J . Polymer Sei., 16, 
459 (1955).

(3) P. C. Colodny and A. Y . Tobolsky, J . A pp l. Polymer Sei., 2, 
39 ;i959).

(4) G . Goren, A. V. Tobolsky, and G. Dougherty, J . A m . Chem. Soc., 
71, 3551 (1949).

(5) D. T . McAllan, J. V. Cullum, R. A. Dean, and F. A. Fidler, 
ibid., 73, 3627 (1951).

(6) A. Fava, A. Fliceto, and E. Camera, ibid., 79, 833 (1957).
(7) A. V. Tobolsky, F. Leonard, and G. P. Roeser, J . Polymer Sei., 
3, 604 (1948).

(8) A. V. Tobolsky, R. B. Beevers, and G. D. T . Owen, J . Colloid 
ScU  18, 359 (1963).
(9) A. V. Tobolsky, W . J. M acKnight, R. B. Beevers. and V. D. 
Gupta, Polymer, 4, 423 (1963).
(10', A. V. Tobolsky and M. Takahashi, J. A ppl. Polymer Sei., 
in press.

(IF  A. Y . Tobolsky, R. B. Beevers, and G . D. T . Owen, J . Colloid 
Sei1, 18, 353 (1963).
(12; “ High Polymers. Volume X III, Polyethers. Part III, 
Polyalkylene Sulfides and Other Polythioethers,”  N. G. Gaylord, Ed., 
Interscience Publishers, Inc., New York, N. Y ., 1962.
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Similarly the polymer formed with sodium tetrasulfide 
must contain other linkages as well. For convenience 
however we refer to these polymers as polyethylene 
disulfide and polyethylene tetrasulfide.

Sulfur was added by heating the polymers with 
sulfur at 155° until the mixtures were homogeneous 
according to the method of Tobolsky and Takahashi.10 
/3-Naphthol was mixed with the polymers in the same 
way. Sulfur was extracted from the mixtures with 
benzene in a Soxhlet extractor.

Stress relaxation studies were carried out with a 
relaxation balance.13

Results and Discussion

Figure 1 illustrates the relative stress decay as a 
function of log time for cross-linked polyethylene di
sulfide while Fig. 2 is a similar plot for cross-linked 
polyethylene tetrasulfide. Both elastomers undergo 
stress decay by the same mechanism, namely, the re
versible interchange of polysulfide linkages.14 15

Figure 1. Relative stress decay v s . log time for polyethylene 
disulfide (sulfur rank 2.2) cross linked with 10 mole % of 
trichloropropane, and also log rch v s .  1  / T  for the same polymer.

Figure 2. Relative stress decay v s .  log time for polyethylene 
tetrasulfide cross linked with 10 mole % of trichloropropane, 
and also log r„h v s .  1/7’ for the same polymer.

The rate law for the disappearance of network chains 
supporting stress at time t in such a system is16

d N(t) 
di

= kmN(t) (1)

where Nit) is the moles of network chains per cc. sup
porting stress at time t, k is a specific rate constant for 
the interchange reaction, and m is the number of bonds 
per network chain capable of undergoing interchange.

Integration of eq. 1 gives

Nit) = N {0) e x p ( - i /r ch) (2)

—  =  km (3)
T oh

From the equation of state for rubber elasticity, 
it can be shown16 that for a cross-linked rubber main
tained at constant extension

f (0
f(0) AT(0)

exp ( ¿/ Tch) (4)

where f(t) is the stress on the rubber at time t, f(0) 
is the initial stress, and iV(0) is the moles of network 
chains per cc. supporting the stress initially.

According to eq. 2 and 4, a plot of f(i)/f(0 ) vs. log t 
should be Maxwellian with rCh occurring at the time 
when f(t)/f(0) =  1 /e. The curves in Fig. 1 and 2 closely 
approximate the behavior of a single Maxwell element.

Figures 1 and 2 also show a plot of log r,* vs. the re
ciprocal of the absolute temperature. Since rCh is 
related to the specific rate constant by eq. 3, the slopes 
of such plots give the activation energy for the bond 
interchange process. This was found to be 24 ±  1 
kcal. mole-1 for both the disulfide and the tetrasulfide 
polymers.

Feher16 found that the activation energy for the 
decomposition of the higher sulfanes (RSmR where m 
may have any value up to about 350) is of the order 
of 25 kcal. mole-1. This agrees well with the data 
obtained from stress relaxation.

In view of the relative stability of the disulfide link
age1 and the similarity between the activation energies 
found for interchange in disulfide and tetrasulfide 
polymers, it seems reasonable to conclude that chemical

(13) A.. V. Tobolsky, “ Properties and Structure of Polym ers,” 
John W iley and Sons, Inc., New York, N. Y ., 1960, Section IV, p. 1, 
and Plate IV.

(14) M. Mochulsky and A. V. Tobolsky, Ind. Eng. Chem., 40, 2155 
(1948).

(15) Ref. 13, Section IV, pp. 12, 13, and Section V, p. 8.

(16) F. Feher, Special Publication No. 12, The Chemical Society, 
London, 1958, p. 305.
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stress relaxation of cross-linked polyethylene disulfide 
occurs by scission of occasional higher polysulfide 
linkages present along the network chains and not by 
scission of disulfide linkages. Further, it seems 
probable that the stability of all polysulfide linkages of 
rank higher than two is approximately the same since 
all are capable of three-electron bond formation2 upon 
scission. We should point out however that a trisul
fide linkage has two equivalent S-S bonds that can 
be cleaved, a tetrasulfide linkage has three nearly equiv
alent S-S bonds that can be cleaved, etc.

For cross-linked ethylene tetrasulfide polymers we 
have previously used eq. 1-4 to compute the absolute 
rate constant k for the interchange reaction of the 
tetrasulfide linkage.8 We have calculated m in eq. 3 
from the relative amount of ethylene dichloride and
1,2,3-trichloropropane used in the polymerization.8 
We made the tacit assumption that all the polysulfide 
linkages along the chain were tetrasulfide linkages, 
which is not exactly true but represents a good ap
proximation.

On the other hand, for the cross-linked polyethylene 
disulfide polymer, the occasional tri-, tetra-, penta-, 
etc., sulfide linkages are the only ones that contribute 
to stress decay since the disulfide linkages are stable.

Table I gives the rch for 10 mole %  cross-linked poly
ethylene disulfide and for 10 mole %  cross-linked 
polyethylene tetrasulfide at several temperatures. 
It is seen that Tch for the disulfide polymer is much 
greater than for the tetrasulfide polymer. Ideally, 
the tetrasulfide polymer has an average of seven tetra
sulfide linkages per network chain, and the disulfide 
polymer has an average of seven disulfide linkages 
per network chain. From the values of rCh in Table 
I we infer that the disulfide polymer behaves as though 
6%  of its polysulfide linkages were tri-, tetra-, and/or 
pentasulfide linkages rather than disulfide linkages. 
Quantitatively speaking, the disulfide polymer be
haves as though it contained 0.42 tetrasulfide equivalent 
linkages per network chain, i.e., the value of rn in eq. 
3 is 7 for the tetrasulfide polymer but only 0.42 for the 
disulfide polymer.

Table 1

Temp.;
"eh

disulfide;
Tch

tetrasulfide,
°C. sec. sec.

92.2 1050 73
94.8 890 48
98.4 560 32

104.6 320 19

The Effect of Dissolved Sulfur. Table II shows the 
effect of admixed sulfur on rCh for polyethylene disulfide 
cress linked with 10 mole %  of trichloropropane. 
It is seen that sulfur causes a marked decrease in 
rCh and the effect is strongly concentration dependent. 
The sulfur can be almost completely extracted from the 
mixtures whereupon rch returns to approximately its 
value for pure polyethylene disulfide. On the other 
hand the effect of sulfur on the rCh of polyethylene tetra
sulfide is very slight. For example rCh for a sample of 
polyethylene tetrasulfide cross linked with trichloro
propane was measured at 62.5° and found to be 1280 
sec. rch for the same sample mixed with 20%  sulfur by 
weight was 1220 sec. at 62.5 °.

Table I I : Cljemieal Stress Relaxation of 10% Cross-Linked
Polyethylene Disulfide-Sulfur Systems at 100°

% Sulfur rch (exptl.), rch (theoret.).
by wt. sec. sec.

0 470 470
5

O00 260
10 132 179
20 96 101
30 64 65
40 52 44
60 23 23

30% (3-naphthol 345

There is a profound difference between the cross- 
linked polyethylene disulfide plasticized by elemental 
sulfur and the cross-linked polyethylene tetrasulfide 
polymer. In the former case the elemental sulfur can 
be extracted by carbon disulfide. Nothing can be 
extracted in the latter case.

Although the sulfur has a profound effect on rch 
of cross-linked polyethylene disulfide, stress decay 
must still occur by polysulfide bond interchange since 
the plots of relative stress decay vs. log time are Max
wellian for the mixtures.

If the sulfur were to act merely as a diluent it would 
have no effect on rch since it would reduce both N(t) 
and ¿V(0) by the same amount leaving the ratio un
changed. Then, from eq. 4, f(¿)/f(0) would also 
remain unchanged and consequently r0h would remain 
constant. This point was checked experimentally 
by mixing the disulfide polymer with 30 weight %  ¡3- 
naphthol and measuring rCh. The result is shown in 
Table II. The probable reason for the slight reduction 
of rCh is a minor catalytic effect on disulfide interchange 
due to the /3-naphthol. However, the effect on the re
duction of rch is very small compared to that produced 
by a comparable amount of dissolved elemental sulfur.
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The effect of elemental sulfur on the chemorheology 
of cross-linked polyethylene disulfide may be explained 
by assuming that the elemental sulfur interchanges 
with the disulfide linkages. The process must be a 
dynamic one, because at any given moment, the ele
mental sulfur is completely extractable. However 
the dynamic interchange must allow the network chains 
to relax.

The fact that elemental sulfur can attack disulfide 
linkages in a reversible interchange reaction is reconcil
able with our theoretical postulates. The S8 rings must 
be able to cleave into diradicals, with a specific rate con
stant essentially the same as that established for the 
tetrasulfide linkage. These radicals can then cleave 
the disulfide bond in an interchange reaction.

Sg (ring) < > • S8 • (diradical chain)

•S8- +  R -S2- R ± ^ R S 9- +  -SR

The attack of radicals on the disulfide linkage is 
well known from chain-transfer reactions in vinyl 
polymerization.17

We shall postulate that the rate-controlling reaction 
is the cleavage reaction rather than the radical transfer 
reaction.

We now write the following theoretical equation for 
T„h for the disulfide polymer plasticized by elemental

sulfur. This equation follows immediately from our 
postulates.

—  = k ( m +
T eh \

8 S8 \ 
3 N(0)J

(5)

In eq. 5 k is the specific rate constant for the cleavage 
of the tetrasulfide linkage, S8 is the concentration of 
dissolved sulfur in moles per cc., and N(0) is the moles 
of network chains per cc. The quantity m has been 
discussed in the previous section and was found to be 
0.42. The factor 8/3 appears because there are eight 
equivalent sites for cleavage of S8 and only three for the 
tetrasulfide linkage. All of the quantities in eq. 5 
are predetermined from other experiments. We can 
thus compute rCh (theoretical) for the sulfur plasticized 
samples of cross-linked polyethylene disulfide on a 
completely a 'priori basis.

In Table II we show a comparison of rch (theoretical) 
from eq. 5 with the experimentally determined values 
of TCh- In all cases the agreement is within a factor 
of two. Our mechanism is supported by these calcu
lations.
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(17) A. V. Tobolsky and B. Baysal, J. Am. Chem. S o c 75, 1757 
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T h e  T h e r m o d y n a m i c  a n d  P h y s i c a l  P r o p e r t i e s  o f  B e r y l l iu m  C o m p o u n d s .

V .  H e a t  o f  F o r m a t i o n  a n d  E n t r o p y  o f  B e r y l l iu m  ( I )  C h lo r id e  ( g ) 1

by Michael A. Greenbaum, M. Louis Arin, Madeline Wong, and Milton Farber

Rocket Power, Inc., Research Laboratories, Pasadena, California  (Received October 2, 1963)

The equilibrium BeCl2(g) +  Be(l) =  2BeCl(g) was studied over the temperature range 
1573-1723°K. by the molecular flow effusion technique in order to obtain the heat of forma
tion and entropy for BeCl(g). Over this temperature range AHr was found to be
89.1 ±  7.6 kcal./mole and A<Sr was 39.4 ±  4.6 cal./deg./mole. From recent experi
mental data and available thermal functions, the second law for BeCl(g) was
+  3.7 ±  3.8 kcal./mole, which compared favorably with the corresponding third law 
value of +2.0 ±  0.8 kcal./mole. The experimental value for (S°29s for BeCl(g) was found 
to be 53.0 ±  2.3 cal./deg./mole.

Introduction
The heat of formation of BeCl(g) has not been de

termined experimentally. As was the case with 
BeF(g) ,2 estimates of the heat of formation have been 
based on the dissociation energy of the BeCl molecule, 
for which several values have been reported. The 
first spectroscopically determined dissociation energy 
value (Do°) for the BeCl(g) species was reported by 
Fredrickson and Hogan3 in 1934. By employing new 
physical constants and conversion factors, Herzberg,4 5 
in 1950, recalculated a new D0° value from the original 
data of Fredrickson and Hogan3 and obtained a value 
of 4.2 e.v. Gaydon6 applied further corrections de
pendent upon the ionic character of BeCl and obtained 
a value of 3.0 e.v. for D0°. In 1960, Novikov and 
Tunitskii6 obtained a new set of spectral data for 
BeCl(g) which yielded a value of 5.9 ±  0.5 e.v. for the 
dissociation energy of BeCl.

This wide variation in the dissociation energy of 
BeCl results in a correspondingly large variation in the 
heat of formation of this molecule. Using the heat of 
sublimation of beryllium of 78 kcal./mole7 and the dis
sociation energy of chlorine of 57.8 kcal./mole,8 the 
values obtained for the heat of formation of BeCl(g) 
are: +9.5 kcal./mole (Herzberg), +37.1 kcal./mole 
(Gaydon), and —29.7 kcal./mole (Novikov and Tunit
skii) .

Since all previously available values for the heat of

formation of BeCl(g) were based on widely varying 
spectroscopic data, an experimental thermodynamic 
study of the reaction was carried out. This reaction

BeCl2(g) +  Be(l) — ► 2BeCl(g) (1)

was studied over the temperature range 1573-1723 °K. 
using the molecular flow effusion technique.9

Experimental
Introduction. The apparatus and general experi

mental procedures for the determination of thermo
dynamic properties of BeF as reported previously2 
have been employed in the present investigation. The

(1) This research was supported by the Air Research and Develop
ment Command of the United States Air Force.

(2) M. A. Greenbaum, R. E. Yates, M . L. Arin, M. Arshadi, J. 
Weiher, and M . Farber, J . Phys. Chem., 67, 703 (1963).

(3) W . R. Fredrickson and M. E. Hogan, P hys . Rev., 46, 454 (1934).

(4) G . Herzberg, “ Molecular Spectra and Molecular Structure. I.
Spectra of Diatomic Molecules,”  2nd Ed., D. Yan Nostrand Co., 
New York, N. Y ., 1950. ,

(5) A. G. Gaydon, “ Dissociation Energies and Spectra of Diatomic 
Molecules,”  Chapman and Hall, Ltd., London, 1953.
(6) M. M. Novikov and L. N. Tunitskii, Opt. i  Spektroskopiya, 8, 
396 (1960).
(7) G. T . Armstrong, H. W. Wooley, W. H. Evans, and L. A. Krieger, 
National Bureau of Standards (U. S.), Report No. 6928, U. S. Govt. 
Printing Office, Washington, D. C., July 1, 1960.

(8) D. R. Stull and G. C. Sinke, “ Thermodynamic Properties of the 
Elements,”  American Chemical Society, Washington, D. C., 1956.
(9) M. Farber, J . Chem. Phys., 36, 1101 (1962).
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following sections discuss in some detail the modifi
cations in this apparatus and procedure necessary for 
the study of the reaction of BeCl2 and beryllium.

Apparatus. The molecular flow effusion method 
developed by Farber9 was employed to determine the 
requisite experimental data for the reaction of gaseous 
beryllium chloride with liquid beryllium at tempera
tures between 1573 and 1723°K. This procedure con
sists of vaporizing solid BeCl2 and allowing it to pass 
over the sample of Be which is heated to the desired 
temperature, and allowing the resulting vapor species 
to escape through an effusion orifice into a high vacuum.

The container for the BeCl2 consisted of an aluminum 
oxide tube, 50 mm. in length and 20 mm. in diameter, 
closed at one end with a high purity, high density 
graphite plug. The other end was fitted with a graphite 
adapter. The alumina tube was wrapped with heating 
wire contained in an asbestos matrix. The sample of 
BeCl2 was contained in a nickel boat placed inside the 
alumina cell. The graphite adapter had an opening 6 
mm. in diameter. Connecting the BeCl2 cell to the Be 
cell was a high purity BeO tube 150 mm. long with an 
inside diameter of 6 mm. This BeO tube was connected 
to the Be cell by another graphite adapter. The BeO 
cell was made of two tight-fitting BeO tubes. The 
back part had a 1-mm. orifice to allow entry of the 
gaseous BeCl2, while the front section had a 0.7-mm. 
effusion orifice. No reaction was found to occur be
tween the A120 3 and the BeCl2. This was established 
by passing BeCl2 vapor through an empty A120 3 tube 
over the temperature range of interest and weighing 
the tube after this treatment. No change in weight 
of the A120 3 tube was found to occur under these con
ditions. The remaining parts of the cell were con
structed of BeO.

To permit uniform distribution of heat over the BeO 
cell, as well as to prevent contamination of materials 
on the outside of the cell (and thus result in an apparent 
weight gain), the BeO cell was encased in a graphite 
shield. The opening in the shield above the cell ori
fice permitted unhindered effusion. Weighing of the 
BeO cell before and after reaction was done with the 
graphite shield removed.

Measurement of the Be temperature was accom
plished by means of a Leeds and Northrup optical 
pyrometer which was calibrated before and after the 
experimental determinations. Correlation of the tem
perature inside the BeO cell with that read by the py
rometer on the outside of the cell was accomplished by 
using a calibrated platinum-rhodium thermocouple 
placed inside of the cell and taking readings with 
thermocouple and pyrometer simultaneously. This 
was done in the empty cell before and after experimental

determinations were made as well as during some ex
perimental runs. No significant difference in tempera
tures was observed in any case.

Experimental Procedure. The extreme hygro- 
scopicity of BeCl2(s) necessitated very special handling 
precautions. Even when these precautions were taken 
early samples of BeCl2 were found to be totally un
satisfactory. The first samples of BeCl2 obtained 
were reported to be in excess of 99% purity. However, 
they were provided in the form of a very fine, fluffy 
material. After many unsuccessful attempts to obtain 
reproducible data with this material some of it was re
sublimed in vacuo. Under these conditions large 
amounts of material were left behind. In addition, 
the sublimed materials had only a slightly larger 
crystalline size and thus d:d not significantly reduce 
the surface area of the material. Suitable material 
of 99.5+%  purity in the form of large crystals was 
finally obtained from Beryllium Corporation of America. 
This material yielded reasonably reproducible results 
when handled in a drybox or drybag under dry nitro
gen. All of the BeCl2 cells were filled under these con
ditions and on completion of a reaction the entire 
three-part cell assembly was immediately placed in a 
drybag under nitrogen. For weighing purposes, the 
BeCl2 remaining in the cell was transferred to a weigh
ing bottle (nickel boat and all) and then weighed on a 
semimicro balance. Initial weighings were made in 
the same manner. The bottles of BeCl2 were kept 
under dry nitrogen in a drybox at all times. The 
beryllium employed has been described previously.2

The Be sample was heated to the desired tempera
ture in the 1573-1723° K. range. After reaching tem
peratures in the Be cell the temperature of the BeCl2 
cell was generally around 470-500 °K. The tempera
ture of the cell was then so raised that a reasonable 
pressure of BeCl2 could be obtained. Based on a recent 
vapor pressure study of BeCl2(s) 10 this was generally 
around 525-555 °K. The length of the runs was be
tween 1 and 3 hr. and corrections were made for the 
weight loss of BeCl2 during the heat-up and cool
down cycle at each temperature studied. Tempera
tures of both BeCl2 and Be containers were constantly 
monitored and controlled, the former manually and the 
latter automatically. The variation in temperature 
was usually less than ±7°K . while the temperature of 
the Be varied less than ± 2°. Temperatures of both 
cells were recorded at 10-15-min. intervals during each 
run. The average temperature over the 1-2 hr. of the 
run was used in making the calculations. * 67

(10) M. A. Greenbaum, R. E. Yates, and M. Farber, J . Phys. Chem.,
67, 1802 (1963).
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Table I : Summary of Data for the Be-BeCfi Reaction

Go, ÖBeCl!', G, ÖBe',
BeCh wt. cor. BeCh Be wt. cor. Be

T, Time, loss, wt. loss, loss, wt. loss, A Ft, AHf.BeCl,
°K. hr. mg. mg. mg. mg. Log K kcal./mole kcal./mole

1724 i 243.9 81.8 14.1 6 .6 -2 .9 2 8 7 23.105 -1 .4 8 8
1722 î 216.3 62.4 13.1 5.6 -2 .6 4 2 8 20.825 -2 .6 5 3
1696 î 132.5 34.8 11.5 5.3 -2 .7 5 8 0 21.405 -2 .7 9 3
1695 i 114.3 30.1 1 1 . 1 4.9 -2 .74 33 21.278 -2 .8 6 5
1664 î 214.3 123.6 1 1 . 6 6.9 -3 .0 5 9 4 23.296 -2 .3 5 2
1636 î 246.1 206.1 9.7 6.4 -3 .3 4 6 9 25.056 -1 .9 5 2
1603 2 287.0 224.8 9.6 7.0 -3 .6 0 7 8 26.464 -1 .7 5 3
1573 2 138.8 103.6 6.0 4.0 -3 .7 5 7 5 27.081 -1 .4 7 9
1574 3 269.1 205.7 10.2 7.2 -3 .7 2 0 8 26.794 -1 .6 1 3
1575 2 349.2 291.5 8.5 6.5 -3 .7 8 4 4 27.275 -1 .3 7 8

Weight loss corrections for vaporization of Be were 
found to be in excellent agreement with those previously 
reported.2'11’12

Treatment of Experimental Data. In the study of the 
reaction

BeCl2(g) +  Be(l) — ► 2BeCl(g) (1)

over the temperature range 1573-1723 °K. the experi
mentally determined weight loss data of Be and Be- 
Cl2(s) were converted into partial pressures of BeCl(g) 
and BeCl2(g) at equilibrium by using the basic Knudsen 
effusion equation

P(mm.) 17.4
G' V T  

W 0At M (2)

where P(mm.) is the pressure (mm.) of the effusing 
compound, G' is the corrected weight loss (g.) of the 
compound due to effusion through an orifice of area 
A (cm.2) during time t (sec.), Wo is the Clausing factor, 
T is the temperature (°K.), and M  is the average molec
ular weight of the effusing material.

The weight loss of Be was corrected by subtracting 
the amount of Be vaporized Gv from the total weight 
loss measured G. The amount lost due to the vapori
zation of beryllium was determined experimentally 
for each temperature studied and these values were 
found to agree with the previously reported values2 
obtained in this same manner.

At equilibrium, according to eq. 1, 2 moles of BeCl 
are formed from the reaction of 1 mole of Be; thus, 
if Gr represents the weight loss of Be due to reaction, 
89.0/9G, or 9.89Gr will be the weight of BeCl effusing 
from the cell at equilibrium. Also, for each mole of 
Be reacting 1 mole of BeCl2 reacts; if G0 stands for the 
total weight loss of BeCl2 during an experiment, G0 — 
8.89Gr should be the weight of BeCl2 effusing from the

cell at equilibrium. Gt is, however, equal to G — Gv 
by definition. The weight loss of BeCl2 due to the 
heat-up and cool-down cycle of the furnace, Gt, must 
also be subtracted from the total weight loss of BeCl2. 
This value was determined experimentally for every 
temperature at which measurements were made. The 
final corrected value for the weight loss of BeCb is 
Go -  8.89(G -  Gv) -  Gf.

In the present investigation A was found to be 5.514 
X 10-8 cm.2 and W 0 was determined to be 0.4006 by 
direct measurement. Substituting these values and 
the weight losses into eq. 2 and converting the equation 
to pressures in atm. and weight losses to mg., the equi
librium partial pressures of BeCl and BeCl2 are given by

PBeci =  1.513 X 10- 2 (G -  Gv) (3)

P BeCi2 =  1.42 X 10- 8 (Go -  8.89[G -  Gv] -  Gt)

(4)

The equation for the equilibrium constant for the 
reaction given in eq. 1 is

K  = P  BeCl2 

P BeCl;
(5)

Substituting into the above equation the expressions 
for PBeci and PBeci, the following equation is obtained

K  =  5.556 X lO“ 6
J t  / [G -  Gy]2 
* t \Gn — 8.89 [G -  Gv] -  Gt.

(6)

(11) E. H, Gulbransen and K. J. Andrew, J. Electrochem. Soc., 97, 
383 (1950).
(12) R. B. Holden, R. Spieser, and H. L. Johnston, J. Am. Chem. 
Soc., 70, 3897 (1948).
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The reported vapor pressure values were calculated 
from eq. 3 and 4 and are reported in Table I along with 
the values for the equilibrium constant K, as calcu
lated from eq. 6.

Validity of the Reaction. The reaction taking place 
between the gaseous beryllium chloride and liquid 
beryllium in the effusion cell at the temperatures 
studied was assumed to be that represented by eq. 1. 
The corresponding reaction between beryllium fluoride 
and beryllium was previously demonstrated to occur in 
this manner.2 Dimerization of BeC'U in the vapor 
phase at these temperatures and pressures has also 
been shown not to occur.10

Although it was not possible to carry out a detailed 
analysis of the effect of the partial pressure of BeCl2 
on the equilibrium constant as was done in the case of 
BeF,2 due to the much steeper vapor pressure curve 
of BeCh coupled with the larger scatter in the data, 
some evidence of the nature of the reaction is available 
from the data. A plot of log P bcci vs . log P Beci* 
based on the limited data available yields a slope 
around 2 in agreement with the slope predicted from 
reaction 1. In addition, the agreement of the vapor 
pressure data for BeCl2 found in this study with that 
obtained in a detailed effusion study reported earlier10

demonstrates that neither (BeCl2)2 nor any dissociation 
products (Be, Cl, Cl2, etc.) are the species reacting 
with Be(l). Further, the good agreement found be
tween second and third law values for coupled
with agreement between experimental and theoretical 
values for S°29s of BeCl(g) (vide infra), lends further 
support to the fact that the indicated reaction is the 
only one occurring to a significant extent.

As demonstrated previously,2 no reaction was found 
to occur between the BeO and graphite components 
of the cell. In addition neither BeO nor graphite 
loses any weight by volatilization at the temperatures 
employed in this study. No reaction was found to 
occur between BeCl2 and any of materials used in this 
study (Ni, BeO, C, A120 3) . The passage of considerable 
quantities of BeCl2 through an empty BeO tube at 
1723°K., the highest temperature investigated, fol
lowing the procedure previously described for BeF2(g) ,2 
resulted in no change in weight of the BeO tube.

Because of the previously demonstrated reaction 
between beryllium and graphite, the cell used in this 
study was so designed (vide infra) that no contact 
occurred between these materials. In no instance 
was any trace of beryllium carbide found in the graphite 
adapter. This was also considered good evidence for

- 4-o L—-----1____________ j____________|____________ [_
0.58 0.60 0.62 0.64

1 /T  (°K .) X 10".
Figure 1 . The equilibrium constant for the reaction 
BeCl2(g) +  Be(l) = 2BeCl(g) as a function of temperature.

20--------------------- 1--------------------- 1______________ I
1500 1600 1700 1800

T (°K .).
Figure 2. The AFr for the reaction BeCl2(g) +  Be(l)
=  2BeCl(g) sis a function of temperature.

T h e  J o u r n a l  o f  P h y s i c a l  C h e m i s t r y



T h e r m o d y n a m ic  a n d  P h y s i c a l  P r o p e r t ie s  o f  B e r y l l i u m  C o m p o u n d s 795

the lack of back diffusion of Be(g) during the course of 
the experiments. However, further confirmation for 
the absence of back diffusion was obtained by varying 
the inlet diameter for the BeCl2 as previously described 
for the study of BeF(g).2

Based on all the above observations it is considered 
that the postulated reaction of BeCl2(g) with Be(l), 
eq. 1, is the only reaction occurring within the experi
mental error of the resulting data.

Results and Discussion
The experimental data obtained from the study of 

reaction 1 over the temperature range 1573-1723 °K. 
have been summarized in Table I. A plot of log K  vs. 
1/T, as represented in Fig. 1, leads to a value for the 
second law heat of reaction. Similarly, a plot of 
AF vs. T in Fig. 2 yields a value for the entropy of re
action. Least-squares analyses of the experimental 
data leads to a value for the heat of reaction over the 
experimental temperature range of 89.1 ±  7.6 kcal./ 
mole and an entropy of reaction of 39.4 ±  4.6 cal./ 
deg./mole. The fairly high least-squares standard 
deviations are due largely to the extreme hygroscopicity 
of the BeCl2 employed. This resulted in considerably 
more scatter in the points (due to liberation of HC1 
on heating the BeCl2) than has previously been en
countered. However, by taking the special precautions 
previously described (vide supra) this problem was 
reduced to a minimum.

Employing the experimental value for the heat of 
reaction, a value of —86.3 kcal./mole for A // / ,298 
for BeCl2(g)13 and estimated theoretical heat capacity 
data for the species involved, BeCl2(g), Be(l), and Be- 
Cl(g),13 a value of 3.7 ±  3.8 kcal./mole is obtained 
for A //f  ,298 of BeCl(g). The experimental entropy of

reaction combined with a value of 57.9 cal./deg./mole 
for S °298 for BeCl2(g)13 and 3.95 cal./deg./mole for fS°298 
of Be(l),13 together with the theoretical entropy data,13 
result in a value of 53.0 ±  2.3 cal./deg./mole for $ 0298 
of BeCl(g). This compares with a theoretical value 
for S°29S of BeCl(g) of 52.0 cal./deg./mole.13 The 
third law value for AH {,MS of BeCl(g) is 2.0 ±  0.8 
kcal./mole, which is in excellent agreement with that 
obtained from the van’t Hoff equation.

At the lowest temperature employed in this study, 
1573 °K., the contents of the BeO cell were examined 
after the runs to make sure that the beryllium metal, 
which was heated to only about 15° above its melting 
point, had actually melted; in all cases, the beryllium 
was found to be completely fused.

All previous values for the heat of formation of Be- 
Cl(g' have been based on spectroscopically determined 
dissociation energies. These dissociation energies are 
inherently of a low order of accuracy as a result of 
the very long extrapolations of vibrational quanta 
required for these calculations. The magnitude of 
these uncertainties are well illustrated both by the ad
mitted deviations of 0.5-1.0 e.v. and by the large di
vergence of values which have been reported. It is 
not surprising, therefore, that the more precise, ther
modynamically determined value of AHf,298 of BeCl, 
+3.7 kcal./mole, agrees reasonably well only with one 
of the three previously reported values. As was found 
to be the case in a comparable study of the BeF(g) 
molecule,2 the experimental value obtained in this ex
perimental study lies midway between the extremes of 
the spectroscopic values.

(13) JA N A F  Thermochemical Tables, U SA F Contract No. A F  
33(616)-6149, Advanced Research Projects Agency, Washington 25,
D. C.
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Critical solution temperatures for several paraffins and mixtures of paraffins in fluoro
chemicals can be correlated well with AE v even though the Hildebrand-Scatchard solution 
theory is inadequate. A single curve of mole fraction composition vs. T/Tc will reproduce 
the solubility data for an isomeric series of compounds with (C4F9)3N, and a solubility 
curve of volume fraction vs. reduced temperature, T/T0, will adequately represent the solu
bility data for pentanes, hexanes, and heptanes in (C4F9)3N. From the correlations of 
critical solution temperatures of a series of hydrocarbons with different fluorochemicals 
one would expect similar behavior for other noncomplexing fluorochemical-hydrocarbon 
systems. Chemical shifts for paraffins in (C4F9)3N showed no correlation with AEV and 
gave no indication of any solution anomalies.

Introduction
Solutions of fluorochemicals and hydrocarbons 

furnish examples of highly nonideal mixtures (without 
the complication of complex formation) whose com
ponents may be varied through a wide range of chemi
cally similar materials. It has been observed, however, 
that solutions of fluorochemicals and hydrocarbons do 
not behave as one would expect from Hildebrand- 
Scatchard solution theory. Although extensive com
ment has been forthcoming, no satisfactory reconcilia
tion of theory with experiment has been achieved.1

The critical solution temperature is a reasonable, 
though indirect, measure of solution nonideality and 
one which is relatively easily obtained. Critical solu
tion temperatures for various compounds with fluoro
chemicals have been measured and it has been found 
for many fluorochemical-hydrocarbon systems that 
predictions based upon the Hildebrand-Scatchard 
equations (including a correction for inequalities in 
molar volumes)2

RTa ^  (5! -  52)2(2F1F2) / (F 1i/! +  F21/!)2

do not agree with the experimental values. V is the 
molar volume; S is the solubility parameter, (AEv/V)'/l, 
in which AEV is the molar energy of vaporization; 
R is the gas constant; and T0 is the critical tempera
ture in °K. Disagreement between theory and ex
periment should not be surprising since Tc is related

to the second derivative of the excess free energy of 
mixing3 and drastic approximations are made in the 
development of an equation for the excess free energy 
of mixing in solubility parameter theory. The param
eters of the solution theory, S or AE  and V, have 
proved useful in describing “ weakly interacting” 
systems and should be helpful with the noncomplexing 
fluorochemical-hydrocarbon systems.

Results and Discussion
Solubilities of several hydrocarbons were determined 

with portions of fluorochemical taken from one care
fully purified sample. The purity of this sample of 
fluorochemical (C4F9)3N, perfluorotributylamine from 
the Minnesota Mining and Mfg. Co., was estimated 
at >95%  by gas chromatographic analysis. The 
impurities were close-boiling fully fluorinated com
pounds. The purification procedure involved passing 
through silica or alumina, refluxing with K M n04 +  
H2S04, refluxing over KOH, and distilling. Of these 
procedures, only extremely careful fractionation had 
any effect on the distribution of fully fluorinated ma
terials. The hydrocarbons were Phillips Research 
grade. A comparison of the critical solution tempera

ci) R. L. Scott, J . Phys. Chem., 62, 136 (1958).

(2) J. H. Hildebrand, B. B. Fisher, and H. A. Benesi, J . A m . Chem. 
Soc., 72, 4348 (1950).

(3) J. S. Rowlinson, “ Liquids and Liquid M ixtures,”  Butterworths 
Publications, Ltd., London, 1959, Chapter 5.

T h e  J o u r n a l  o f  P h y s i c a l  C h e m i s t r y



S o l u t i o n s  o f  F l u o r o c h e m ic a l s  a n d  H y d r o c a r b o n s 797

Table I : Mixtures of Paraffins with (C 4F9)3N

Ô298, 2̂98, A E v ,  298, to ,

(cal./cc.)V2 CC. kcal. °c. (-Xhc)o

2,2-Dimethylbutane 6.71 133.7 6.024 26.29 0.780
2,3-Dimethylbutane 6.97 131.2 6.367 37.42 0.783
2-Methylpentane 7.02 132.9 6.545 45.04 0.781
3-Methylpentane 7.13 130.6 6.642 48.28 0.795
n-Hexane 7.27 131.6 6.947 59.90 0.786

132.0 ±  1.0 0.785 ±  0.005

n-Pentane 7.02 116.1 5.723 36.94 0.807
2-Methylbutane 6.75 117.4 5.344 22.83 0.798

116.8 ± 0 . 7 0.802 ±  0.005

»-Heptane 7.43 147.5 8.142 81.02 0.764
2,4-Dimethylpentane 6.96 149.9 7.267 50.63 0.763

148.7 ±  1.2 0.764 ±  0 001

(C4F»)3N 5.9« 358.0 13.2«

« G. J. Rotariu, R. J. Hanrahan, and R. E. Fruin, J . Am. Chem. Soc., 76, 3752 (1954).

tures reported here and others in the literature affords 
fair agreement, which is all that one may reasonably 
expect.

The solubility curves were determined in the ac
customed manner by changing the temperature of a 
mixture of known composition (with agitation of the 
sample vessels) until two phases appeared (or disap
peared). The thermometers were calibrated and the 
accuracy of the temperature measurements is ± 0.02°. 
Critical solution temperatures and compositions were 
obtained by plotting the average hydrocarbon concen
tration, VsCXhc(hydrocarbon phase) +  X Hc(fluoro- 
chemical phase)), against temperature and noting 
the intersection with the solubility curve. The lines

Figure 1. Critical solution temperature 
vs. energy of vaporization.

exhibited only a slight curvature and were easily ex
trapolated.

The values of the critical solution temperatures 
and compositions, together with pure component 
properties, are given in Table I. For hydrocarbons 
of the same molar volumes, the critical concentrations 
are constant and decrease as the molar volume of the 
hydrocarbon increases toward that of the fluorochemi- 
cal. From a plot of TC‘A vs. Sue (which for the hexanes 
is not a good fit to the data) one obtains average values 
for the solubility parameter of the fluorochemical 
(C4F9)3N : 4.87 from the pentanes, 4.46 from the 
hexanes, and 3.24 from the heptanes. This agreement 
is not good and the values thus obtained do not agree

Figure 2. Mole fraction solubility vs. reduced temperature.
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Figure 3. Volume fraction solubility vs. reduced temperature.

with that calculated from the properties of (C4F9)3N. 
If one disregards the specific equations of the Hilde- 
brand-Scatchard theory but still considers the energy 
of vaporization and molar volume to be measures of 
the interaction energy and size of the molecules, one 
may hope to find an empirical equation relating the 
critical solution temperature and these parameters. 
Figure 1 shows a plot of tc vs. A7iv(298°K.) which 
gives a good fit to a straight line for the hexanes. The 
slopes of the lines are substantially the same for the 
homologs and the intercepts decrease with increasing 
hydrocarbon volume. A plot of te vs. 5hc shows ap
preciably more scatter for the hexanes than does the 
plot of tc vs. AEv and does not allow the data for 
pentanes, hexanes, and heptanes to be plotted on one 
curve. A plot of te vs. <52 shows slightly more scatter 
of the data than indicated in Fig. 1 and does not allow 
the points to be considered as one curve. Although 
the quantitative description of the theory is poor, 
the qualitative agreement is good in that the critical 
concentrations of the isomeric species are the same and 
an increase in 5hc (or AEv) is paralleled by an increase 
in tc. Similar behavior was noted for the hexanes with 
“ perfluoroheptane” 4 5 and “ perfluoropentane.” 6 

By an obvious (although shaky) analogy to the cor
responding states treatment of gases, one would expect 
a one-parameter equation to correlate the solubilities 
of isomers in a given solvent, since the molar volumes 
(which are perhaps the same as the sizes) are the same. 
Figure 2 shows the solubilities for the heptanes, hex
anes, and pentanes plotted as functions of the reduced 
temperature, 9 =  T/Tc. In this figure, the curve for 
the heptanes has been displaced upward by 0.02 and 
the curve for the pentanes downward by 0.02 to im
prove legibility. The data fit remarkably well to these 
curves. The solubility curves for the homologs are

not superimposable. The marked assymetry of the 
curves is that usually observed in systems with a large 
disparity of molecular sizes. These data also seem 
to indicate that there is no pronounced effect of molecu
lar shape within this range.

Since a one-parameter equation was so successful 
for molecules of the same size, one is led to attempt to 
reduce all of these solubility data to a single curve. 
It has been observed repeatedly that the pronounced 
assymetry in solubility curves for mixtures of molecules 
of different size is reduced by using volume fractions 
instead of mole fractions. Figure 3 shows a plot of 
volume fraction solubility of hydrocarbon against re
duced temperature. The volume fractions are cal
culated at 25° assuming no volume change on mixing— 
the volume change on mixing is small, though not zero.6 
The curve is much more nearly symmetric than those 
in the previous figure, but the critical solution com
position is at 0hc =  0.572 ±  0.002 (for pentanes, 
hexanes, and heptanes) and not <buc =  0.500. As 
indicated by the legend in Fig. 3, the solubilities of 
nine paraffins (two pentanes, five hexanes, and two 
heptanes) are reproduced by one curve. The observed 
correlations may perhaps be fortuitous or perhaps the 
range of hydrocarbon volumes is not great enough to 
test it accurately, but the representation of the present 
data is good.

A hasty search of the literature indicates no other 
available tabulation of data on solubility of paraffin 
isomers in fluorochemicals. Some studies have been 
made but they are not extensive enough to be of 
utility in verifying a reduced equation of solubilities. 
Taking all of the available data on solubilities of various 
compounds with different fluorochemicals and plotting 
as volume fraction solubility against reduced tempera
ture, one can obtain a “ semiquantitative”  fit to a single 
curve, with an appreciable scatter of the data points. 
Considering the general discordance of solubility data, 
one should not expect much more.

There are several other ways of plotting solubility 
data which may yield information of interest. These 
data are not accurate enough to add anything of 
value to the discussions of whether or not the solu
bility curve has an absolutely flat top,7 since either 
a discontinuous or smooth curve can be drawn through 
the points in the critical region with equal confidence.

(4) J. B. Hickman, J . Am . Chem. Soc., 77, 6154 (1955).

(5) R. Dunlap, R . Digman, and J. Vreeland, Abstracts, 124th 
National Meeting of the American Chemical Society, Chicago, 111., 
September, 1953.

(6) See, for example, R. G. Bedford and R. D. Dunlap, J . A m . Chem. 
Soc., 80 , 282 (1958).

(7) See, for example, O. K . Rice, J . Chem. Phys., 23, 164 (1955).
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Figure 4. Log (X Hc / l  — A hc) v s . (Ta — T )1/’ 
for the hexanes with (C iF ^N .

Cox and Herrington8 have reported that solubility 
data may be represented by the equations

(Tc — T) =  [A'  log (x'/l -  x') +  B '] 3

and
(To -  T) = [A"  log (x"/\ -  x " )  +  B " f

in which ' and "  refer to the two coexisting phases. 
They found for several mixtures that A ' =  A Rudd 
and Widom9 in another examination of one of the sys
tems for which Cox and Herrington found A ' ^  A "  
observed that within the experimental precision for 
pure ethylene glycol monoisobutyl ether with water 
A' =  A " ,  but with impure materials A ' ^  A ". 
Figure 4 shows a plot of log (X/l — X ) vs. (Tc — T)l/‘ 
for the hexanes with (G iF^N . The points for (Tc — 
7’) 1/1 less than about 0.7 are not reliable because any 
reasonable value for the uncertainty in the critical 
temperature produces an appreciable uncertainty in 
these values. All of the points, however, fall close to 
the curves indicating that this method would probably 
be an excellent one for determining the critical tempera
ture. The plots are good straight lines over a fairly 
wide temperature range, up to about (Tc — T) =  
25°, where the precision of the data becomes bad, 
and intersect at (Tc — T) almost zero. The inter
section at (To — 7’) 1/1 <  0.1 corresponds to only a 
trivial discrepancy in the critical temperature. As in 
the previous reduced equation (Fig. 2) all of the hexanes 
fit on the same curve. The slopes of the two curves 
are not the same and cannot be considered the same 
within experimental error. Whether this disagreement 
of slopes is to be considered as characteristic of fluoro- 
chemical-hydrocarbon mixtures or the results of 
known impurities in the fluorochemical is unknown. 
The slopes of the curves are different for the pentanes 
and heptanes as well: 2.97 and 3.41 for the pentanes

Figure 5. Critical solution temperature 
vs. energy of vaporization.

and 2.90 and 3.38 for the heptanes. The intercepts 
are slightly different, so that the curves are essentially 
parallel. A plot using volume fractions would make 
the curves for pentanes, hexanes, and heptanes super- 
imposable but the slopes for the two phases would still 
be different.

From Fig. 2 or 3 one can see that the ratios of the 
temperatures of miscibility for two paraffins in (C.t- 
F9)3N are independent of concentration and that 
the temperature of miscibility of an equal volume mix
ture of fluorochemical and hydrocarbon is very close 
to the critical solution temperature. Consequently, 
since it was easier to measure the miscibility tempera
ture of equal volume mixtures, tc', than to determine 
the critical solution temperatures, these quantities, 
to', were determined for mixtures of hydrocarbons with 
another fluorochemical for comparison : C8Fi60  from the 
Minnesota Mining and Mfg. Co., purified in the same 
manner as (C4F9)SN. These data are listed in Table II.

Figure 5 shows a plot of tc' vs. A /iv for hexanes with 
C8F i60. A good linear relationship is observed (the 
dotted line is drawn from Fig. 1 for comparison). 
The points on this curve represent the hexanes and

(8) J D. Cox and E. F. G. Herrington, Trans. Faraday Soc.} 52, 
926 (1956).
(9) DeF. P. Rudd and B. Widom, J. Chem. Phys., 33, 1816 (1960).
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Table I I : Miscibility Temperatures of Equal
Volumes of Fluorochemical and Hydrocarbon

'—■■ * "* ” 'to', °C.-
(C.F.),N CsFieO

2,2-Dimethylbutane - 5 . 0
2,3-Dimethylbutane 6 . 0

2-Methylpentane 1 1 . 8

3-Methylpentane 16.0
n-Hexane 2 6 .3
2,2,4-Trimethylpentane 5 3 .3 18.2
n-Heptane 4 5 .6
Methylcyclohexane 6 5 .0

methylcyclohexane, which has essentially the same 
molar volume as the hexanes. Mixtures of hexanes 
and methylcyclohexane, even 2,2-dimethylbutane and 
methylcyclohexane whose miscibility temperatures 
differ by about 70°, fall close to this curve if plotted 
against average AEv. Other data on solubilities of 
mixtures of paraffins show that that data can be well 
represented by a solubility curve as a function of 
reduced temperature as indicated in Fig. 2 and 3.

To illustrate the similarity in solution behavior for 
other noncomplexing fluorochemical-hydrocarbon sys
tems, Fig. 6 shows a plot of tc or t,.' for one set of hy
drocarbons with a fluorochemical against t0' for the 
same set of hydrocarbons with (C4F9)3N. The data

20 30 40 50 60 70 80
tc(C4F9)3N, “C

Figure 6 . Correlation of critical solution temperature of 
a series of hydrocarbons with different fluorochemicals.

for C&Fi2 are the critical solution temperatures from ref. 
5 and the data for C7Fi6 are from ref. 2 and 4. The 
similarities in behavior are striking and one can expect 
similar behavior for solutions of other noncomplexing 
fluorochemical-hydrocarbon systems.

Simple nuclear magnetic resonance studies were 
undertaken on solutions of fluorochemicals and hydro
carbons to see if any information could be obtained 
with regard to any anomalous solution behavior. A 
solvent shift in excess of that due to the differences in 
magnetic susceptibility has been observed for several 
systems for gas going into solution and has been con
sidered as due to dispersion forces.10-11

The nuclear magnetic resonance data were obtained 
using a 60 Me. Varían spectrometer with proton-con- 
trolled magnetic field. Benzene sealed into a melting 
point capillary was used as an external standard. 
The benzene standard and all samples were degassed 
by several freezing, evacuating, and melting cycles. 
The concentration of all samples was ~ 2 % . Line 
separations were determined using a modification of 
the side-band superposition method.12 Instead of 
superimposing a modulation side band from the stand
ard directly on the peak to be measured, the modula
tion frequency was adjusted to place the benzene side 
band adjacent to the unknown peak. This region of 
the spectrum was then scanned repetitively in both 
increasing and decreasing field directions. The sepa
ration between the side band and the unknown peak 
was determined from the horizontal scale which had 
been calibrated previously using the side-band tech
nique. This separation was added to the audio oscil
lator frequency to give the chemical shift data reported 
here. The frequency of the oscillator was monitored 
with a Hewlett-Packard Model 522B frequency 
counter. The solvent shift measurements were made 
at room temperature 29 ±  3°.13 For 2,2,4-trimethyl- 
pentane and 2,2-dimethylbutane, the peak observed 
was the unresolved -GH3 peak; for the other com
pounds the composite -CH2-  peak was observed.

Table III shows the measured solvent shifts; the 
column headed A represents the experimental difference, 
in parts per million, of the chemical shift for the hydro
carbon in a 2%  solution in the fluorocarbon (CMYhN 
minus the value for the pure hydrocarbon with refer
ence to benzene as an external standard. The column

(10) A. A. Bothner-By, J . M ol. S p ectry ., 5, 52 (1960).
(11) A. D. Buckingham, T. Schaefer, and W. F. Schneider, J . Chem . 
P hys., 32, 1227 (1960).

(12) J. T. Arnold and M. G. Packard, ibid., 19, 1608 (1951).
(13) The author is grateful to Mr. R. K . Saunders and Dr. F. C. 
Stehling for performing the nuclear magnetic resonance experiments 
and for discussions concerning the interpretations thereof.
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Table III : N .m .r. Solvent Shifts for Several Hydrocarbons

§298 V m ATTsfls — K\a A A '

Cyclopentane 8 10 95 8 .54 0 .629 - 0 .0 4 7  ± 0 .0 2 2 + 0 .1 7 1
n-Decane 7 72 195 12.28 0 .612 - 0 .0 5 6  ± 0 .0 2 7 + 0 .1 9 5

2,2,4-TrimethyIpentane 6 .85 166 8 .4 0 0 .596 - 0 .1 7 2  ±  0 .033 + 0 .1 7 0
n-Octane 7 .57 163 9 .92 0 .595 - 0 .0 8 6  ± 0 . 0 1 1 + 0 .2 0 3

Methylcyclohexane 7 .82 128 8 .4 5 0 .618 - 0 .0 2 5 + 0 .2 1 5
ra-Hexane 7 .2 7 132 7 .5 4 0 .567 - 0 .1 8 0 + 0 .1 6 8
2,2-Dimethy lbutane 6 .71 132 6 .62 0 .577 - 0 .1 4 4 + 0 .1 8 2

(C 4F 9)8N 5 .9 358 13 .2 0.733*

S. Broersma, J. Chem. Phys., 17, 873 (1949); volume susceptibility, all values X  10 ~6. * Determined by Dr. J. T . Richardson,
Humble Oil and Refining Co., Baytown, Texas.

headed A' represents the solvent shift corrected for 
differences in magnetic susceptibility. A reasonable 
estimate of the precision of the data, as shown, indi
cates that the excess solvent shifts are equal within 
experimental error. The positive shift is to be ex
pected in going from hydrocarbons to fluorochemicals 
(<5Ho >  5 f c  ; hydrocarbon intermolecular forces greater 
than fluorochemical intermolecular forces) as would be 
predicted from other data10 and is of a reasonable value. 
The expected trend with S was not observed. The 
solvent shifts (Table III, column A) show a variation 
with the difference in volume susceptibility of the 
fluorocarbon and hydrocarbon, but are not proportional 
to it. Further, the ratio of A/(K* — K x), the ratio of

solvent shift to magnetic susceptibility difference 
shows no constancy for hydrocarbons of the same 
volume and no trend with the volume of the hydro
carbon.14 A further comparison was made of the 
nuclear magnetic resonance spectrum of 2,3-dimethyl- 
butane as pure liquid and in solution in (C4F9)3N at 
various temperatures (25-90°). The spectra were 
essentially identical under all conditions. There is no 
evidence for any solution anomalies from the nuclear 
magnetic resonance measurements. * 31

(14) R. E. Glick, D. F. Kates, and S. J. Ehrenson, J . Chem. P h ys.,
31, 567 (1959).

V o l u m e  6 8 , N u m b e r  4 A p r i l , 1964



802 James L. B ills and F. Albert Cotton

T h e  H e a t  o f  F o r m a t i o n  o f  G e r m a n i u m  D i o x i d e 1

by James L. Bills2 and F. Albert Cotton3

Departm ent o f  Chem istry, M assachusetts Institu te o f  Technology, Cambridge 39, M assachusetts 
(.Received October 10, 1963)

A new procedure has been used to measure the standard enthalpy of formation of hexagonal 
germanium(IV) oxide, Ge02(c, I), affording the value —132.2 ±  1.2 kcal./mole. This 
agrees very well with the result obtained by Yokokawa, el al. ( — 132.3 ±  1.0), and one 
which can be calculated from data of Jolly and Latimer ( — 132.6 ±  2.0), but differs by
3.9 kcal./mole from the value, based on combustion data, listed in the National Bureau 
of Standards Tables ( — 128.3 kcal./mole).

Introduction

In the course of some thermochemical studies of 
organogermanium compounds, reported elsewhere,4 
we became aware of some discrepancies and consequent 
uncertainty about the heat of formation of germanium-
(IV) oxide. Since this quantity plays a role in the in
terpretation of our data, and will do so in other thermo
chemical studies of germanium compounds, a re
investigation of the heat of formation of Ge02 was car
ried out and is reported here.

The value of —128.3 kcal./mole listed in the National 
Bureau of Standards tables5 for AH °  (Ge02, amor
phous) is based upon two determinations of the heat 
of combustion of elemental germanium.6'7 In both 
determinations, errors may possibly have been intro
duced by incomplete combustion and by the reaction 
of the Ge02 with water, which was either introduced 
deliberately or formed by combustion of paraffin oil 
used as a combustion aid. Other difficulties are also 
encountered in this direct combustion method.6'8

Later, Jolly and Latimer9 measured the heats of solu
tion of Ge(c) and of Ge02(c, I) in basic hypochlorite 
solution, obtaining for AHt° of Ge02(c, I) the value 
— 129.2 ±  2.0 kcal./mole, which was considered to 
confirm the value derived from the combustion data. 
However, they used —24.5 kcal./mole for &H°  of 
aqueous hypochlorite ion, whereas a more recent de
termination10 yields —26.2 kcal./mole, thus leading 
to a AH{° for Ge02(c, I) of —132.6 ±  2.0 kcal./mole, 
which does not agree satisfactorily with the combustion 
result.

Still more recently, a group of Japanese investigators11 
carefully measured the equilibrium

Ge(c) +  2H20(g) =  Ge02(c, I) +  2H2(g)

between 500 and 650°, from which data they calcu
lated — 132.3 ±  1.0 kcal./mole for A//f° of Ge02(c, I) 
at 25°. They give reasons for believing that their 
result is more reliable than that (—141.8 kcal./mole) 
obtained in an earlier study12 of the same equilibrium 
by a different method. While their result agrees

(1) This work was supported in part by the National Science Founda
tion and by the donors of the Petroleum Research Fund, adminis
tered by the American Chemical Society, to whom grateful acknowl
edgment is made.
(2) Standard Oil of Ohio Fellow, 1960-1961; National Science 
Foundation Cooperative Fellow, 1961-1962.
(3) Alfred P. Sloan Foundation Fellow.
(4) J. L. Bills and F. A. Cotton, J. Phys. Chem., 68, 806 (1964).
(5) F. D. Rossini, et al., “Selected Values of Chemical Thermo
dynamic Properties,’ National Bureau of Standards Circular 500,
U. S. Govt. Printing Office, Washington, D. C., 1952.
(6) G. Becker and W. A. Roth, Z. physik. Chem., A161, 69 (1932).
(7) H. Hahn and R. Juza, Z . anorg. Chem., 244, 120 (1940).
(8) Although it is stated8 that about two thirds of the GeOz was the 
hexagonal modification, the N.B.S. tables assign the A H t°  value to 
amorphous (or glassy) GeOz. In this paper we shall follow the estab
lished nomenclature in which the hexagonal and tetragonal forms 
of GeOz are denoted GeOz(c, I) and GeOz(c, XX), respectively.
(9) W. L. Jolly and W. M. Latimer, J. Am . Chem. Soc., 74, 5757 
(1952).
(10) J. E. McDonald, J. P. King, and J. W. Cobble, J. Phys. Chem., 
64, 1345 (1960).
(11) T. Yokokawa, M. Koizumi, M. Shimoji, and K. Niwa, J. Am . 
Chem. Soc., 79 , 3365 (1957).
(12) K. Ono, Y. Inada, and I. Konno, Bull. Rea. Inst. M ineral Dressing 
M et., 11, 159 (1955).
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Table I : Data Pertaining to Calibration of Calorimeter

Final Moles
Run temp., — A H n, of acid Calories Measured s. Sstd,no. °C. cal./mole neutralized evolved Ai, deg. cal. /deg. cal./deg.

1 2 4 .8 4 14,394 0.25028 3 ,602 1.0441 3 ,450 3 ,320
2 24 .8 2 14,394 0.24967 3 ,594 1.0420 3 ,449 3 ,319
3 25.01 14,290 0.25022 3 576 1.0323 3 ,464 3 ,32 2
4 25 .0 8 14,130 0 .25000 3 532 1.0118 3 ,491 3 ,324

Mean value of S8td: 3 ,321
Std. dev. of the mean: 1 . 1

well with that recalculated from Jolly and Latimer’s 
measurements, the difficulties of the high temperature 
measurements raise some concern as to the certainty 
of that result, although, as will be seen, the result is 
indeed quite accurate.

In the course of our studies with germanium com
pounds, it was observed that both germanium and 
Ge02 can be dissolved fairly rapidly in a solution of 
hydrogen peroxide and hydrofluoric acid. These re
actions were used for a new and independent determi
nation of AH t°  for Ge02(c, I).

Experimental13
Apparatus. The rotating-bomb calorimeter de

scribed elsewhere4 was used. In order to use it as a 
heat of solution calorimeter with hydrogen peroxide- 
hydrofluoric acid as solvent, the usual combustion 
bomb was replaced by a 16-oz. wide-mouth polyethylene 
bottle fitted with a leak-proof cap and a weighted brass 
sleeve, to which the gear girdle of the bomb was fitted. 
The tumbling motion usually imparted to the bomb 
immediately following combustion was then used to 
effect mixing and agitation of the solute and solvent. 
In all experiments, about 100 ml. of one solution was 
contained in the 16-oz. bottle, while 50 ml. of a second 
solution was contained in a 2-oz. wide-mouth poly
ethylene bottle, which was covered loosely and initially 
stood upright in the other solution.

Calibration. The energy equivalent of the calor
imeter was determined using the heat of neutralization 
of hydrochloric acid by sodium hydroxide. The value 
of —14,555 cal./mole, given by Bender and Biermann14 15 
for the heat of neutralization of 4 m  HC1 with 4 rn 
NaOH was used as the standard. Various corrections 
for heats of dilution were made by graphical interpola
tion of data in the N.B.S. tables6 and checked against 
data in the literature16 17'16 recalculated after Bender 
and Biermann.14 19 A standard deviation of 40 cal./mole 
was assigned to each AH n measurement, which includes 
the 0.1% uncertainty assigned by Bender and Biermann

to their own results. Correction of the AH n values 
from 25° to the actual final temperatures were made 
using appropriate heat capacity data from the litera
ture.17-19 Table I summarizes the calibration data. 
8 is the energy equivalent of the initial system including 
the heat capacities of the HC1 and NaOH solutions 
and any excess water over the standard amount in the 
calorimeter can. S8td is the energy equivalent of the 
initial system after subtraction of these three contri
butions.

M aterials. The elemental germanium was the 
“ intrinsic metal”  obtained from Eagle-Picher Co. 
It was crushed in a stainless steel press and ground in 
an agate mortar under absolute ethanol until it passed 
through a 200-mesh sieve, and then dried in vacuo 
at 100°. The oxygen content was estimated by the 
vacuum fusion method20 as 0.003%.

Germanium(IV) oxide from three different sources 
was tested for use. Samples from Eagle-Picher Co. 
and from Fisher Scientific Co. were found to be in
completely soluble in hydrofluoric acid, presumably 
because they contain some of the tetragonal modifi
cation.21 A third sample, which originated with the 
Raytheon Co., kindly provided by Professor J. W. 
Irvine, Jr., was found to be completely soluble. It was 
used for runs 1, 2, and 5 (Table III). The Fisher

(13) A  more detailed description may be found in the Ph.D. thesis 
of J. L. Bills, Massachusetts Institute of Technology, 1963.

(14) P. Bender and W. J. Biermann, J. Am. Chem. Soc., 74, 322 
(1952).

(15) G. Akerlof and J. W. Teare, ibid., 59, 1855 (1937).
(16) J. W. Bertetti and W. L. McCabe, Ind. Eng. Chem., 28, 247 
(1936).

(17) F. T. Gucker, Jr., and K . H. Schminke, J. Am. Chem. Soc., 54, 
1358 (1932).

(18) J. W. Bertetti and W. L. McCabe, Ind. Eng. Chem., 28, 375 
(1936).

(19) L. J. Gillespie, R. H. Lambert, and J. A. Gibson, Jr., J. Am. 
Chem. Soc., 52, 3806 (1930).
(20) A. L. Beach and W. G. Guldner, Am. Soc. Testing Mater., Spec. 
Tech. Publ., 222, 15 (1958).
(21) A. W. Laubengayer and D. S. Morton, J. Am. Chem. Soc., 54, 
2303 (1932).
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Table II : Data Pertaining to the Heat of Solution of Elemental Germanium

W t. of Ge, g.
W t. of 1 5%  H F, g.
W t. of 5 %  H 20 2, g.
S, eal./deg. (see text)
At, deg.
Q, cal.
Initial moles of H F-6.294H 20  
Final mole ratio (H 20  +  H 2O s)/H F  
Q d iln j C a l.

Q cor =  Q  Q d iln j Cal.
Qcor/mole, kcal./mole

-Run number---------
2 3

1.4518
104.20

50.93
3466.6

1 . 2 0 1 2

4164.1  
0.7811  
9 .82 7

3 5 .9
4128.2

206.41

1.4528
104.02
5 0 .77

3465 .2
1 .2037

4171.1  
0 .7798  
9 .823

3 5 .8
4135.3  

206.62

1.4535
104.30

51.08
3465.8

1 . 2 0 2 1
4166.2  

0.7819  
9 .835

3 6 .0
4130.2  

206.27

Mean Qcor/m ole, kcal./m ole: 206 .37  
Std. dev. of the mean: 0 .1 0

4

1.4510
104.77

51 .16
3466 .3  

1.1993
4157.1  

0 .7854  
9 .825

3 6 .0
4121.1

206 .17

Table III: Data Pertaining to the Heat of Solution of Germanium(IV) Oxide(c, I)

-Run number-
l 2 3“ 4“ 5

W t. of G e02, g. 2 .0994 2 .0912 2 .0310 2.0651 2 .0917
W t. of 1 5%  H F, g. 105.33 104.75 103.34 104.04 105.26
W t. of 2 .3 6 %  H 20 2, g. 50.81 50 .23 50 .30 49.91 50.28
S, cal./deg. (see text) 3467.5 3466.4 3465 .5 3465.4 3468.2
Af, deg. 0 .1780 0 .1770 0.1731 0 .1754 0 .1770
Q,  cal. 617 .2 613 .6 599 .9 607 .8 613 .9
Initial moles of H F-6.294H 20 0 .7896 0 .7852 0 .7747 0 .7799 0.7891
Final mole ratio (H 20  +  H 20 2) /H F 9 .826 9 .80 5 9 .858 9 .806 9 .79 2

1/diin, cal. - 3 6 . 2 - 3 5 . 9 - 3 5 . 7 - 3 5 . 6 - 3 6 . 0
Qvap, cal. 0 .4 0 .4 0 .4 0 .4 0 .4

Qcor, Cal. 581 .4 578.1 564 .6 572 .6 578 .3
Qcor/mole, kcal./mole 2 8 .9 6 28.91 2 9 .07 29 .0 0 28 .9 2

Mean Qcor/mole, kcal./m ole: 28 .93
Std. dev. of the mean: 0 .015

° Results of runs 3 and 4 excluded ; see text.

Ge02 was used for runs 3 and 4 and a correction was 
made for the isolated residue.

The hydrofluoric acid (15%) and hydrogen peroxide 
(5.00 and 2.36%) solutions were prepared from Baker 
Analyzed reagents. The hydrogen peroxide was 
diluted with demineralized water to which 2 p.p.m. of 
sodium stannate was added as stabilizer. The sta
bility of hydrogen peroxide in presence of fluorogerman- 
ate ion was established by analyzing the product solu
tions from runs 2 and 4 on Ge02. These analyses 
were carried out by adding 15 g. of boric acid and then 
titrating with standard potassium permanganate 
solution.22 The millimoles of H20 2 initially added and 
the total millimoles found in the titrations were, in 
that order: 34.85 and 34.88 in run 2 and 34.66 and

34.68 in run 4. The possibility of catalyzed peroxide 
decomposition during solution of the germanium metal 
was similarly tested. For the four runs, the millimoles 
found by titration compared to millimoles calculated 
to remain after stoichiometric reaction to oxidize the 
germanium were as follows: 34.7/34.9, 34.9/34.5, 
35.4/35.0, and 35.3/35.3.

Procedure. Polypropylene graduated cylinders were 
used to measure 100 ml. of the HF solution and 50 
ml. of the H20 2 solution into the polyethylene bottles. 
The actual amounts were measured by weight. The 
germanium or germanium(IV) oxide was weighed into

(22) I. M .  Kolthoff and E. B. Sar.dell, “Textbook of Quantitative 
Inorganic Analysis,” Third Ed., Macmillan Co., New York, N. Y., 
1952, pp. 711, 712.
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a polyethylene crucible which was loosely closed with 
a polyethylene stopper and placed on top of the loose 
cover over the small polyethylene bottle containing 
the H20 2 solution.

Tables II and III record the essential data for the 
heat of solution measurements. The energy equiva
lents, 8, of the initial systems were obtained by adding 
to the Setd value (Table I) the heat capacity contribu
tions of the Ge or Ge02, of the HF and H20 2 solutions, 
and of the polyethylene and any water in excess of the 
standard amount placed in the calorimeter can. The 
data used for calculation of these increments to 8std 
are listed in Table IV.

Table IV : Heat Capacities, cal./g, deg., Used in 
Calculating Energy Equivalents, 8, in Tables II  and III

Material cal./g. deg. Ref.

Ge 0 .074 a
G e0 2(c, I) 0 .119 b
1 5%  H F 0 .892 c
5 .0 0 %  H 20 2 0 .969 d
2 .3 6 %  H 2O2 0 .985 d
Polyethylene 0 .5 5 a

a C. D . Hodgman, Ed., “ Handbook of Chemistry and Physics,”  
44th Ed., Chemical Rubber Publishing Co., Cleveland, Ohio, 
1961, pp. 1554, 2353. b K . K . Kelley and A. U. Christensen, 
U. S. Bur. Mines, Rept. Invest., No. 5710, U . S. Govt. Printing 
Office, Washington, D . C ., 1961. e T . Thorvaldsen and E. C. 
Bailey, Can. J. Res., 24B, 51 (1946). d See ref. 24.

For the Ge02 runs a correction of 0.4 cal. was made 
for the energy of vaporization of water.23 The final 
temperatures for all measurements on Ge02 were within 
0.03° of 25°, while for the Ge runs, they were 25.28, 
25.19, 25.02, and 25.01°. No corrections for these 
differences were made.

In computing the mean value of Qcor/mole for Ge02 
(Table III), the results of runs 3 and 4 were omitted 
since the corrections for the insoluble residues make 
these results inherently less accurate. The mean 
value, when included, is 0.04 kcal./mole higher, so 
that for most purposes it may be said that they provide 
a check on the results obtained with the completely 
soluble Ge02.

It should also be noted that the approximation has 
been made that the heat of dilution of the HF solution 
by ;cH20 2 ■ t/H20  {x «  y) solution is the same as would 
be found for dilution by (x +  i/)H20. In view of the 
similarities of liquid H20 2 and H20  and the near 
cancellation of whatever error there may be this seems

a tolerable approximation. The required heat of di
lution data were taken (by graphical interpolation) 
from the N.B.S. tables.6 25

Results

The following set of reactions is considered

2H20 2(aq) =  2H20(1) +  0 2(g) A H ,

Ge02(c, I) +  n W Y -x U iO  =  solution — Q Ge0lcoi 

Ge(c) +  nHF-(z -  y )H20  +  2H20 2-(?/ -  2)H20  =

solution — Q^cor — Qdiln

raHF-(:c — y)H20  +  t/H20  = n il F ■ a;H20  — Qdnn

Ge(c) +  02(g) =  Ge02(c, I) AHf°[Ge02(c, I)]

As explained above, dilution corrections have been 
made so as to make the two “ solutions”  formally 
identical; therefore

Ai?f°[Ge02(c, I)] = - Q Gecor +  QGe° !cor -  A H , =  

-206.37 +  28.93 +  45.24 =

— 132.20 kcal./mole

The value of A H , was taken from ref. 24. The stand
ard deviation to be assigned to AHf° was computed26 
to be 0.60 kcal./mole and taking the uncertainty 
interval to be twice this, the final result is that A H °  
for Ge02(c, I) is —132.2 ±  1.2 kcal./mole at 25°. 
This and all other quantities of heat are in terms of the 
defined calorie (4.1840 abs. joules) and are referred to 
atomic weights as given in the 1961IUPAC table.26

Discussion

Bues and Wartenberg27 found Q =  29.9 ±  0.2 kcal./ 
mole for the heat of solution of Ge02(c, I) in 20% H F; 
the difference between their results and ours should 
be equal to the difference between the heat of dilution 
of 20% HF to 10% HF and that of diluting a solution

(23) W . D . G o o d  and D . W . S cott, “ E xperim en ta l T h erm och em is
t r y ,”  V ol. II , H . A . Skinner, E d ., In terscien ce  Publishers, In c ., N ew  
Y ork , N . Y ., 1962, C h a pter 2, p. 31.
(24) P . A . G iguere, B . G . M orissette, A . W . O lm os, a n d  O. K n o p , 
Can. J. Chem., 33 , 804 (1956).
(25) F . D . R ossin i, “ E xperim enta l T h erm och em istry ,”  F . D . R ossin i, 
E d ., In terscience Publishers, In c ., N ew  Y ork , N . Y., 1956, C hapter 
14, pp. 309, 318.
(26) A . E . C am eron  and  E . W ichers, J. Am. Chem. Soc., 84 , 4175 
(1962).
(27) W . B ues and H . von  W arten berg, Z. anorg. Chem., 266, 281 
(1951).

V o l u m e  6 8 , N u m b e r  4 A p r i l , 196&



806 James L. Bills and F. Albert Cotton

of Ge in 20% HF to give a solution of Ge in 10% HF, 
but the relevant data for a check are apparently un
available.

Our final result, —132.2 ±  1.2 kcal./mole, for the 
A//f° of Ge02(c, I) is in excellent agreement with that

of Yokokawa, et a l.n ( — 132.3 ±  1.0) and with the 
value recalculated from the data of Jolly and Latimer9 
( —132.6 ±  2.0). It therefore appears that the value 
in the N.B.S. tables6 based on combustion measure
ments ( — 128.3) is :n error by about 4.0 kcal./mole.

T h e  E n t h a l p y  o f  F o r m a t i o n  o f  T e t r a e t h y l g e r m a n e  a n d  t h e  

G e r m a n i u m - C a r b o n  B o n d  E n e r g y 1

by James L. Bills2 and F. Albert Cotton3

Department of Chemistry, Massachusetts Institute of Technology, Cambridge 39, Massachusetts 
{Received October 10, 1963)

The heat of formation of tetraethylgermane has been determined by combustion calorim
etry. A rotating-bomb calorimeter of the type devised by Hubbard, Katz, and Wadding- 
ton was used with 10% aqueous HF as the bomb liquid. The method of comparative 
measurements was employed to minimize errors. The chief results are: =
— 50.0 ±  1.9 kcal./mole for Ge(C2H6)4(l) ; mean thermochemical bond energy of Ge-C 
bond = 58 ±  2 kcal./mole.

Introduction

At the time this work was begun there was no reliable 
value for the germanium-carbon bond energy. In the 
interim, two different values have been reported. 
The entire literature on the thermochemistry of organo- 
germanium compounds is very small and will be briefly 
reviewed here.

The first compound studied was tetra(/3-styryl)- 
germane,4 5 6 7 8 for which the standard energy of combustion, 
Ai?0°, was reported to be —4293.1 ±  2.9 kcal./mole. 
No effort was made to derive a Ge-C bond energy. 
Later, one of these authors burned tetraphenylgermane,8 
obtaining AE °  =  —3277.4 kcal./mole, from which a 
Ge-C bond en ergy o f  3 2 .2  kcal./mole was derived. 
However, because of various errors in the calculations,6’7 
this result should be 36 kcal./mole.

Very recently, some Russian workers8 have measured 
the heats of combustion of tetraethylgermane (TEG) 
and hexaethyldigermane, obtaining for the former

— 1515.6 ±  1.5 kcal./mole. A comparison of this 
result with ours will be given in the Discussion section.

(1) A ck n ow led gm en t is m ade to  th e  donors o f  th e  P etroleum  R e
search F un d, adm inistered b y  the A m erican  C hem ica l S ociety , and 
to  the  N ational Science F ou n dation  fo r  su pp ort o f  this w ork .
(2 ) N ation a l Science F ou n d a tion  C oop era tive  P red octora l Fellow .
(3) A lfred  P . S loan F oun dation  F ellow .
(4) K . H . B irr  and D . K raeft , Z. anorg. allgem. Chem., 311, 235 
(1961).
(5) K . H . B irr, ibid., 315, 175 (1962).
(6) In  evaluating  A t f f0 from  AEc°, au xiliary AHf° values h a ve  been 
added  d irectly  to  AEc°. U sing A (F F ) =  AnRT, AHc° should  be 
— 3281.0 k ca l./m o le  and this, together w ith  th e  correct AH{° for  
GeCM c, I ) 7 g ives AH{° for  G e(C6H 5)4(c ) as 208.3 k ca l./m o le . T ak in g  
the heat o f  su b lim ation 6 o f GeCCeHs^ as 20.9 k ca l./m o le , AH{° o f 
G e(g ) as 89 kcal./mole, and the heat of formation of the pheny l 
radical as 71 k ca l./m o le , the G e -C  bon d  energy  com es o u t  as 36 
k ca l./m o le . I t  m ay  also be noted  th at B irr ’s ow n  d a ta  g iv e  66.5 
k c a l./m o le  (n o t 51 .3 ) for  the S i-C  bon d  energy, and th at the  nu m bers 
in co lum n 4 o f  T a b le  IV  are actu ally  — A&[°.
(7) J. L . B ills  and F . A . C otton , J. Phys. Chem., 68 , 802 (1964).
(8) I. B . R a b in ov ich , V . I. T e l ’noi, N . V . K ariak in , and  G . A . 
R azu vaev , Dokl. Akad. Nauk SSSR, 149, 324 (1963).
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Experimental9
Apparatus. Except for a few small changes, the 

calorimeter and platinum-lined bomb are identical 
with those of the U. S. Bureau of Mines, Bartlesville, 
Oklahoma, and designated by them as BMR2 and 
Pt-5.10 Jacket temperature was regulated by a Model 
S Sargent Thermonitor, powered by a Sola constant 
voltage transformer, which provided regulation to 
within about 0.001°. An Automatic Timing and Con
trols electronic dial timer was used to limit the ignition 
current, drawn from a 6.3-v. transformer, to a fixed 
period of time. Quartz crucibles were used, rather 
than platinum ones, which were found to alloy with 
the germanium. Crucibles of 7-ml. capacity (Thermal 
American Fused Quartz Co.) were treated with HF 
to reduce their mass to 3-4 g.

Recording Thermometry. The practices of the Bureau 
of Mines workers were modified to provide thermistor 
temperature sensing and millivoltmeter recording. 
A 2000-ohm disk thermistor (Veco 32 D 12) was pre
aged at 110° for a few weeks to improve its stability 
and then coated with epoxy resin to maintain it in a 
constant immediate environment.11 The use of this 
large thermistor required some modification of the lead 
arrangements, since it is too large to be inserted through 
the thermometer hole of the calorimeter can. The 
use of smaller thermistors was undesirable because 
they respond too quickly to a small volume of the water, 
thus giving a wavy recording trace.

The thermistor formed one arm of a Wheatstone 
bridge. The adjacent arm of the other branch was 
a 1-10,000-ohm decade box of 0.05% accuracy. The 
other two arms were 2000-ohm wound Manganin 
wire resistors. The bridge was powered by a Sorensen 
Model QM 3.0-0.66 transistorized d.c. power supply 
of nominal voltage 3.0 with 0.05% regulation, line 
and load. The bridge output was fed to a Leeds and 
Northrup Speedomax G millivolt recorder equipped 
with a special range switch providing for ranges of 
0 to 1, 2, 5, 10, 20, 50, and 100 mv. The fore- and 
after-periods of each run were recorded on the 0-1- 
mv. range but the main reaction periods covered 
several spans of the 0-10-mv. range. The algebraic 
details of converting the mv. vs time traces to tempera
ture rises will not be given here.9

Calibration and Test of Calorimeter. The energy 
equivalent of the bomb and calorimeter was deter
mined using benzoic acid supplied by the National 
Bureau of Standards (sample 39h). Measurements 
were made over temperature intervals corresponding 
to those in the combustion and comparison experiments. 
The average values in cal./deg. and their standard 
deviations were 3519.2 ±  0.9 for At ~  1.3° and 3518.3

±  1.0 for At «  2.2° (four measurements each). The 
heat of combustion of succinic acid was measured 
(four runs) against that of benzoic acid in a separate 
set of experiments, giving a value (with standard 
deviation) of 3020.1 ±  0.5 cal./g. which may be com
pared with the value of 3019.8 ±  0.4 cal./g. from the 
Bureau of Mines.12 13

Sample Enclosure. Several attempts to burn TEG 
sealed in thin-walled Pyrex bulbs were unsuccessful 
due to incomplete combustion and the impossibility 
of separating the residues from fused glass. We 
therefore had recourse to polyester film, which bums 
completely and thus also serves to promote combustion. 
Mylar Type A, 100 gage, was used and the procedure9 
for making bags, filling and sealing them, and correct
ing for the heat of combustion of the film was similar 
to that recommended in the literature.18 Unmercerized 
cotron thread (heat of combustion taken12 as 4050 
cal./g.) was used as fuse material.

M aterials. Tetraethylgermane was purchased from 
Peninsular ChemResearch Inc. It was redistilled 
under a reduced pressure of nitrogen through a 4-ft. 
Todd fractionating column at a high reflux ratio. A 
middle fraction was used for the combustions.

The germanium(IV) oxide was from the same batch 
as the completely soluble hexagonal material used 
earlier.7

Oxygen gas was purified by passage over hot copper 
oxide and then through Ascarite and Drierite.

The 10% hydrofluoric acid solution used in the bomb 
was prepared by dilution of Baker Analyzed reagent 
HF. A 25-ml. volume was weighed in a stoppered 
polypropylene vessel.

Procedure. The method of comparative measure
ments14 was used. The comparison experiments were 
designed to produce the same amount of carbon 
dioxide as the corresponding combustion experiments. 
Thus corrections for dissolved carbon dioxide are 
nearly identical and residual errors about cancel. 
Equivalent amounts of benzoic acid (N.B.S. sample 
39h) and Ge02(c, I) were substituted for tetraethyl
germane. The temperature rises were about 1.3° in 
the comparison experiments as compared to 2.2° in

(9 ) A  m uch  m ore deta iled  accou n t will be fou nd  in th e  P h .D . thesis 
o f  J . L . B ills, M assachusetts In stitu te  o f  T e ch n o log y , 1963.
(10' W . D . G o o d , D . W . S cott, and G . W a d d in gton , J. Phys. Chem., 
60, 1080 (1956).
(1 1 ' S. A . F riedberg  in “ T em peratu re , Its M easu rem en t and C on 
trol in S cience and In d u s try ,”  V ol. I I , H . C . W olfe , E d ., R einhold  
P ublish ing  C orp ., N ew  Y ork , N . Y ., 1955, pp. 364, 365.
(12) W . D . G o o d , et al, J. Phys. Chem., 63 , 1133 (1959).
(13) H . A . Skinner, “ E xperim ental T h erm och em istry ,”  V c l. II , 
In terscience Publishers, In c ., N ew  Y ork , N . Y ., 1956, p . 19.

(14) See ref. 13, C hapter 4.
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the combustion experiments; as noted earlier, cali
brations were made for each of these approximate 
temperature rises.

In the comparison experiments, the Ge02 was weighed 
into a quartz crucible. A platinum insert-type crucible 
cover served to cover the Ge02 and to hold the poly
ester film and benzoic acid. With the appropriate 
materials in place, the bomb was flushed with about 
3 1. of purified oxygen and filled to a pressure of 30 
atm. Rotation of the bomb was begun when the tem
perature had risen about 60% of the expected amount 
and continued to the end of the experiment. (Sub
sequent calculations revealed the mid-time to lie closer 
to 58% for these experiments.)

Complete combustion of tetraethylgermane was not 
achieved; the residues of carbon, ranging from 0.2 to 
0.5 mg. were assumed to have the same heat of com
bustion, — 7.8 cal./mg., as pure carbon, and corrections 
made were taken to have an uncertainty of ±0.10 mg. 
of carbon. A corresponding contribution was included 
in the standard deviation assigned to the combustion 
reaction.

Entirely negligible amounts (<0.012 mmole) of 
nitric acid were produced in the calibration reactions. 
Hence it was considered unnecessary to attempt analy
sis of the HF solutions for nitric acid.

Reduction to Standard States. This was accom
plished with the computation form for fluorine com
pounds given in Chapter 2 of ref. 13. A few simple and 
obvious modifications were required to have it apply 
to germanium compounds. Since the effect of fluoro- 
germanic acid on the properties of the final solution 
was unknown, the germanium was, for this purpose, 
treated as if it remained as Ge02(c, I). The heat of 
solution of Ge02 was taken from ref. 7, although the 
concentrations of the final solutions are somewhat 
different. It is the purpose of the comparison experi
ments to assure cancellation of the errors resulting from 
such assumptions.

The quartz crucibles were found to dissolve in the 
HF to the extent of about 0.04 g. in both sets of runs. 
Assuming the rate of solution to be constant, there is 
no need to consider an energy correction. This is 
because rotation was begun very near the “ mid-time,” 
to which the initial and final slopes are extrapolated. 
The heat of any constant process which begins at that 
point simply adds to the final slope and is taken care 
of in the extrapolation.

The physical constants used for tetraethylgermane 
are density, 0.988 g ./m l.; specific heat, 0.392 cal./g.- 
deg.; and ( b E /b P ) t, —0.0065 cal./atm.-g. The last 
two values were unknown and assumed to be the same 
on a mole basis as for tetraethyllead.16 The cor

responding constants for the benzoic acid and poly
ester film were taken from the literature. 12>16

Results
The H eat o f Combustion o f Tetraethylgermane. The 

results are expressed in terms of the defined calorie 
equal to 4.1840 absolute joules and the 1961 Table of 
International Atomic Weights. The weights of ma
terials used in the five satisfactory combustion runs 
and four comparison runs are given in Table I.

Table I : Reactant V/eights

Combustion experiments

Polyester,
mg. (at

Run TEG , 37% rei. Thread, 10% HF,
no. g- hum.) mg. g-

i 0 .92864  4 3 .37 3 .7 8 26.31
2 0 .88073  43 .65 3 .3 5 26 .34
3 0 .95295  43 .1 9 3 .6 7 26 .23
4 0.91969  43 .23 4 .1 0 26 .3 8
5 0.94659  42 .7 4 4 .3 6 26.29

Comparison experiments

Benzoic Polyester,
Run acid, mg. (at % Thread, 10% HF, GeOa,
no. g- rel. hum.) mg. g.° g-

i 0.68226 4 3 .3 8  (41) 3 .3 6 26 .3 0 0.51000
2 0.68718 42 .6 3  (44) 3 .41 26.45 0.51187
3 0.65118 43 .4 3  (41) 3 .35 26 .1 7 0.48984
4 0 .70270 43 .1 3  (44) 3 .05 26 .2 6 0 .52662

“ Contained additional 0.60 g. of H 20 .

The manner in which the comparison runs were 
treated is indicated in Table II. Essentially, it 
amounted to a comparison of the quantity of heat meas
ured with that expected on the basis of the various 
heats of combustion, solution, and vaporization. A 
discrepancy existed because of errors in evaluating 
the extent of one or more processes, and/or in assigning 
each process the energy associated with it. It is 
reasonable to expect this “ error in reduction” to in
crease with sample size. Since the number of moles 
of Ge is a convenient measure of the sample size for 
combustions and comparisons, the reduction error 
is expressed in kcal./mole of Ge. (The results were 
also calculated assuming the average error per experi
ment, 4.3 cal., to apply regardless of sample size. The 
same final AE °  resulted, with the same standard 
deviation.) The average error of the four comparison * 60

(15) D. W. Scott, W. D. Good, and G. Waddington, J. Phys. Chem.,
60, 1090 (1956).
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Table I I : A  Typical Pair of Combustion and Comparison 
Experiments with Tetraethylgermane (T E G )“

m (TEG ), g.

Combustion

0.91969

Comparison

m(benzoic acid), g. 0.68226
m(polyester), g. (at % 0.04323(37) 0.04338(41)

rei. hum.)
tn(Ge02), g. 0.51000
« ‘(BbO), mole 1.318 1.347
n ‘(H F ), mole 0.1319 0.1315
Aic, deg. 2.19119 1.32741
8 (calor.)( — Ai„), cal. —7709.3 -46 71.4
8 (cont.)( — A4), cal. - 6 1 . 5 - 3 7 .9
AEign, cal. 0.6 0.6
AE, cor. to std. states, cal. 9.5 11.9
AAf0Omb(carbon), cal. - 2 . 7
AEhoiolGeCh), cal. 140.9 141.1
— mAjEe°/Af(benzoic 4307.1

acid), cal.
— m AEc °/M ( polyester ), 236.3 237.1

cal.
—mAÆ0°/M (fu se), cal. 16.6 13.6
mAEc7 A f(T E G ), cal. 7369.6
AEC(T E G ), kcal./m ole — 1513.2
Error in reduction, cal. 2.1
Error in reduction, 0.43

kcal./m ole of Ge
(Average error, kcal./ (0.9)

mole)
Reduction correction, - 0 . 9

kcal./mole
AE0° /(T E G ), kcal./ 1514.1

mole
AA0o/M (T E G ), cal./g . - 8017.9

“ Symbols follow the usage in ref. 10 and 15.

experiments was 0.88 ±  0.26 kcal./mole Ge, or 4.3 
cal. per experiment. This is slightly less than 0.1% 
of the total heat evolved. On page 24 of ref. 13, it is 
reported that reduction errors this large have been 
encountered in the combustion of fluorine compounds.

Table III : Summary of Comparison-Measurement Results“

Reduction

S ( t o t . )  ( A i0) , A l? co r /
A i?  fs o ln
(GeO,), 2 (  — mAE0°/M );

error,
k c a l . / m o l e

c a l . c a l . c a l . c a l . of Ge

1. 4709.3 12.5 141.1 4557.8 0.43
2. 4731.3 12.7 141.6 4584.9 1.61
3. 4506.9 12.2 135.5 4361.8 0.56
4. 4838.5 13.0 145.7 4684.2 0.88

Mean reduction error: 0.88 
Standard deviation of mean : 0.26

“ Symbols follow usage of ref. 10 and 15. b Includes ignition 
energy.

A summary of the reduction errors appears in Table
III.

The results with tetraethylgermane have been sum
marized in Table VI. A reduction correction of

Table IV : Summary of Results with Tetraethylgermane“

8 (tot.) (Aio), AFcor.6
-ABo'

(carbon).
cal. cal. cal.

1. 7846.3 10.1 2.7
2. 7457.4 9.7 1.6
3. 8042.8 10.4 3.9
4. 7770.8 10.1 2.7
5. 7990.2 10.3 2.7

A E' 
A H

Almoin 2 (— mAEG°/ — AEg°
(GeOi), M), (TEG),

cal. cal. kcal./mole

142.4 252.4 1513.0
134.9 252.2 1515.1
146.0 251.0 1514.7
140.9 252.9 1514.1
145.0 251.3 1514.3

’298.16 (eq. 1 ), mean: -1 5 1 4 .2
’298.16 (eq. 1 ), mean: - 1 5 1 7 .8

Standard deviation of m ean: 0 .3 6
Total“ deviation of mean: 0 .7 5

Uncertainty interval ( 2 s ' t o t ) :  1 . 5

“ Symbols follow the usage in ref. 10 and 15. 6 Includes
ignition energy. c The total standard deviation includes terms 
from the combustion and comparison runs, both sets of calibra
tions, the carbon residue corrections, and the benzoic acid certi
fication.

—0.9 kcal./mole was included in the values of A E 0° 
(TEG) in the last column. These results apply to the 
equation

(C2H6)4Ge(l) +  1402(g) =
8C02(g) +  10H,O(l) +  Ge02(c, I) (1)

A ff°298.i6 =  —1517.8 ±  1.5 kcal./mole

Derived Results. The values in the N.B.S. table16 
for the standard heats of formation of C 02(g) and 
H20(1) were combined with A / / f° of Ge02(c, I), —132.2 
±  1.2 kcal./mole,7 and A //0298.i6 (eq. 1) to calculate 
the heat of formation of liquid tetraethylgermane. 
The result is

A //f°298.i6(Et4Ge, 1) = —50.0 ±  1.9 kcal./mole

where the uncertainty includes that for Ge02. Using 
10.1 ±  0.3 kcal./mole for the heat of vaporization o 
tetraethylgermane,8 this becomes

A //f°298 16(Et4Ge, g) = —39.9 ±  2.0 kcal./mole

Discussion
Comparison with Other Results. The value of 

A/70298.i6 (eq. 1) found in this study, —1517.8 =  1.5 
kcal./mole, does not differ significantly from the value

(16) F. D . Rossini, D. D. Wagman, W. H. Evans, S. Levine, and I  
Jaffe, “Selected Values of Chemical Thermodynamic Properties," 
National Bureau of Standards Circular 500, U. S. Govt. Printing 
Office, Washington, D. C., 1952.
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of —1515.6 ±  1.5 kcal./mole reported by Rabinovich, 
et al.s However, little importance is to be attached 
to this close agreement, since the a priori accuracy of 
the Russian work is very uncertain and certainly much 
poorer than that implied by the assigned uncertainty of 
±1.5 kcal./mole.17

The G e -C  Thermochemical B ond Energy. Using the 
following heats of formation in kcal./mole at 25° for 
the gaseous atoms, 170.9 for C, 52.09 for H, and 89 ±  4 
for Ge, and the following bond energies, 82.6 kcal./mole 
for C -C and 98.7 kcal./mole for C II, all taken from 
Cottrell,18 the mean thermochemical Ge-C bond energy 
is calculated to be 58.4 ±  2 kcal./mole. The average 
Ge-C bond energy may also be estimated by using 
25 ±  2 kcal./mole for the heat of formation of the 
ethyl radical19; the result is 57.2 ±  2 kcal./mole, in 
good agreement with the former estimate. For most

purposes, the result E Ge-c  =  58 ±  2 kcal./mole should 
be appropriate. The result (~ 36  kcal./mole) obtained 
by Birr for Ge(C6H6)4 seems unlikely to be correct, 
even allowing for possible differences between Ge- 
C2H6 and Ge-C6H6 bonds.

(17) The Russian paper gives practically no experimental details, 
such as method of enclosing samples, sizes of samples, number of 
runs or data for individual runs, energy equivalent of calorimeter, 
or the temperature rises. There is no indication that they used the 
method of comparative measurements and some of their discussion 
suggests positively that they depended on direct comparison of com
bustions of T E G  with calibrations using simply benzoic acid. Such 
a procedure is full of dangers. Finally, they give no details concern
ing reduction of data to standard states, and no mention is made of 
incompleteness of combustion and yet from our experience and that 
of Birr,4’6 it is difficult to believe that combustion could have been 
complete.

(18) T. L. Cottrell, “The Strengths of Chemical Bonds,” 2nd Ed., 
Academic Press, Inc., New York, N. Y., 1958.

(19) C. T. Mortimer, “Reaction Heats and Bond Strengths,” Per- 
gamon Press, New York, N. Y., 1962, p. 127.
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N u c l e a r  M a g n e t i c  R e s o n a n c e  S t u d y  o f  M o l e c u l a r  C o m p l e x e s  o f  

7 , 7 , 8 , 8 - T e t r a c y a n o q u i n o d i m e t h a n e  a n d  A r o m a t i c  D o n o r s 12

by Melvin W. Hanna and Alan L. Ashbaugh

D epartm ent o f  Chem istry, U niversity o f  Colorado, Boulder, Colorado (Received October ¡ 4 ,  1963)

An n.m.r. method has been developed which gives the equilibrium quotients and shifts of 
pure complex for the association of 1:1 7r-molecular complexes. A series of complexes 
between 7,7,8,8-tetracyanoquinodimethane and various methyl-substituted benzenes has 
been studied. The equilibrium quotients determined by the n.m.r. method agreed we 11 
with previous data determined spectroscopically by the Benesi-Hildebrand method. A 
curious concentration scale dependence was noted, and this indicated the care which mu st 
be exercised when any Benesi-Hildebrand-type method is used to evaluate equilibriu m 
quotients. Various contributions to the shift of pure complex are discussed in relation to 
the experimental shifts and the structure of the complex.

Introduction

T h e  s tru c tu re  a n d  c h e m is try  o f  tr -m olecu la r  c o m 
p lex es  h a v e  b e e n  th e  s u b je c t s  o f  e x te n s iv e  in v e s t ig a 
t io n  in  th e  la s t  t w o  d e ca d e s . A r e c e n t  b o o k 1 2 3 4 a n d  
sev era l r e v ie w s4-6 su m m a rize  th e  w o rk  in  th is  fie ld  
th r o u g h  1961. I n fo r m a t io n  a b o u t  th e  e q u ilib r ia  
b e tw e e n  c o m p o n e n ts  a n d  7r-com plex  a n d  a b o u t  th e  
s tru c tu re  o f  7 r-com plexes h a s  c o m e  fr o m  m a n y  d iffe r e n t  
e x p e r im e n ta l m e t h o d s .3-6 T h e  m o s t  u se fu l o f  th ese  
h a s  b e e n  th e  u se  o f  v is ib le , u lt r a v io le t ,3'5 6 a n d  in fra re d  
s p e c t r o s c o p ic  te c h n iq u e s .7

It is a natural next step to apply nuclear magnetic 
resonance (n.m.r.) to a study of these complexes.
N.m.r. has been successfully used to evaluate equi
librium constants in hydrogen-bonding systems,8 
and should be similarly useful in ir-complex equilibria 
since the two types of equilibria are formally the same. 
Further, n.m.r. is extremely sensitive to small changes 
in the electronic environment of a magnetic nucleus, 
and a study of the appropriate n.m.r. parameters may 
be another means of obtaining structural information 
about TT-complexes. It is the object of this paper to 
report an investigation of these possibilities for t -  
complexes formed from 7,7,8,8-tetraeyanoquino- 
dimethane (TCNQ, I) and various aromatic donors.

The applicability of n.m.r. to a study of tr-complex 
formation has been shown in several recent investiga-

NC^ -CN

NCT CN 
I

tions. Hatton and Richards9 have discussed solvent 
effects on the chemical shifts of amides and other solutes 
in terms of complex formation. Hatton and Schneider10

(1) Supported in part by Grant G M  09187-0152 from the National 
Institutes of Health, Public Health Service, and by the Directorate 
of Chemical Sciences, A ir Force Office of Scientific Research, under 
Grant A F -A F O S R -2 16-63.
(2) This paper is based on portions of a thesis submitted by A. L. 
Ashbaugh to the Graduate School of the University of Colorado in 
partial fulfillment of the requirements for the degree Master of 
Science.
(3) G. Briegleb, “Electronen-Donator-Acceptor Kornplexe,” Springer- 
Verlag, Berlin, 1961.
(4) L. J. Andrews, Chem. Rev., 54 , 713 (1954).

(5) S. P. McGlynn, ibid., 58, 1113 (1958).
(6) R. S. Mulliken and W. B. Person, A n n . Rev. P h ys. Chem., 13, 
107 (1962).
(7) E. E. Ferguson, J . chim. P h ys ., in press.

(8) See, for example, P. J. Berkeley, Jr., and M . W. Hanna, J . P hys. 
Chem ., 67,846 (1963).
(9) J. V. Hatton and R. E. Richards, M ol. P h ys., 5, 139, 153 (1962).

(10) J. V. Hatton and W. G. Schneider, Can. J . C hem ., 40, 1285 
(1962).
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h a v e  u sed  a  s im ila r  e x p la n a t io n  in  d e s c r ib in g  th e  sh ifts  
o f  to lu e n e  p r o to n s  u p o n  a d d it io n  o f  a c c e p to r s  su ch  as 
a ce to n itr ile , p -b e n z o q u in o n e , a n d  N ,N -d im e t h y l fo r m -  
a m id e . T h e  resu lts  o f  th ese  e x p e r im e n ts  a n d  o th ers  
are  d is cu sse d  in  an  e x ce lle n t  a r t ic le  b y  S c h n e id e r .11 
N o  a t t e m p t  w a s  m a d e  in  th e se  s tu d ie s  t o  e v a lu a te  
e q u il ib r iu m  c o n s ta n ts  o r  th e  sh ift  o f  p u re  co m p le x . 
S u ch  a n  a t te m p t  w a s  m a d e  b y  S c h u g  a n d  M a r t in  in  
th e ir  s t u d y  o f  s ilv e r  io n  c o m p le x e s  o f  b e n ze n e  a n d  o le 
f in s .12 T h e  e q u il ib r iu m  co n s ta n ts  o b ta in e d  fr o m  n .m .r . 
d id  n o t  ag ree  w ith  th o se  d e te rm in e d  earlier  in  s o lu b ility  
s t u d ie s ,13 h o w e v e r .

Determination of Equilibrium Constants by N.m.r.

C o n s id e r  th e  e q u ilib r iu m

A  +  D  =  A D  (1 )

w h e re  A  a n d  D  rep re se n t a c c e p to r  a n d  d o n o r  m o lecu les , 
r e s p e c t iv e ly , a n d  A D  rep resen ts  th e  7r-m olecu lar c o m 
p lex . E q u ilib r iu m  c o n s ta n ts  or, m o re  a c c u r a te ly , 
e q u il ib r iu m  q u o t ie n t s 14 15 fo r  7r-com plex  fo r m a t io n  h a v e  
u su a lly  b e e n  d e te rm in e d  b y  th e  B e n e s i -H ild e b r a n d  
m e t h o d 16 o r  a  m o d if ic a t io n  t h e r o f .16 T h is  m e th o d  
ta k e s  a d v a n ta g e  o f  th e  fa c t  th a t  m o s t  7r-com plexes 
h a v e  a  n e w  a b s o r p t io n  b a n d  in  th e  v is ib le  o r  u ltr a v io le t  
r e g io n  o f  th e  sp e c tru m  w h ich  is  ch a ra cte r is t ic  o f  th e  
c o m p le x . F r o m  a n  a p p ro p r ia te  p lo t  o f  o b s e rv e d  o p t ica l 
d e n s ity  vs. d o n o r  c o n c e n tra t io n , th e  e q u il ib r iu m  q u o 
t ie n t  a n d  m o la r  a b s o r b a n c y  in d e x  o f  th e  c o m p le x  can  
b e  c a lcu la te d .

I t  is  p o s s ib le  t o  d e r iv e  an  e x p re ss io n  a n a lo g o u s  to  
th e  B e n e s i -H ild e b r a n d  e q u a t io n  fo r  u se w ith  n .m .r . 
d a ta . C o n s id e r  th e  ch e m ica l s h ift  o f  p r o to n s  o n  A  
m o le cu le s  w h ic h  are  u n d e r g o in g  ra p id  e x c h a n g e 17 
b e tw e e n  th e  c o m p le x e d  a n d  th e  u n c o m p le x e d  sta te . 
F o llo w in g  tre a tm e n ts  u sed  in  n .m .r . s tu d ies  o f  h y d r o 
g e n -b o n d in g  e q u il ib r iu m 8' 18’ 19 it  ca n  b e  sh o w n  th a t

50b8dA —  5oA =  — ;  ( 5a d A —  5oA ) ( 2 )
1 +  f e v

w h ere  <50A is th e  sh ift  o f  a c c e p to r  p r o to n s  in  u n c o m 
p le x e d  fo rm , 50bsdA is th e  o b s e rv e d  sh ift  o f  a c c e p to r  p r o 
to n s  in  c o m p le x in g  m ed ia , <SADA is th e  sh ift  o f  a c c e p to r  
p r o to n s  in  th e  p u re  c o m p le x , a n d  £d is th e  c o n c e n tra t io n  
o f  d o n o r  o n  so m e  sca le  t o  b e  d e fin ed  la ter.

E q u a t io n  2 req u ires  th a t  £d  >  >  £ a - I t  fu rth e r  assu m es 
th a t  th e  so lu t io n s  are  id ea l, in  w h ich  case  Q =  K ,  
o r  th a t  th e  q u o t ie n t  v a d / t a t d  rem a in s  c o n s ta n t  o v e r  
th e  ra n g e  o f  s o lu t io n s  s tu d ied .

D e fin in g  A0b8dA =  50b8dA — <50A a n d  A a d A =  5a d A — 
<50a , eq . 2 b e c o m e s

£d Q
A a d

1 +  £d  Q

Writing eq. 3 in reciprocal form gives20

1 1

A0bsd
+

1

Q A a d  £d  A a d

(3)

(4)

Equation 4 is analogous to the Benesi-Hildebrand 
equation except that the concentration of acceptor 
does not appear, and the shift of acceptor protons in 
pure complex replaces the molar absorbancy index of 
complex. The first difference means that the chemical 
shift of acceptor protons does not depend on acceptor 
concentration as long as £d  > >  £ a . This has been 
confirmed in experiments on several different types of 
complexes.21 The shift of acceptor protons in pure 
complex is the quantity which holds the promise of 
providing structural information about these complexes.

The ideal system for n.m.r. study of molecular com
plexes would have the following properties.

1. Both donor and acceptor molecules should con
tain protons (or other magnetic nuclei), preferably 
giving a single sharp line.

2. Both donor and acceptor concentrations should 
be able to be made large with respect to the other 
component.

3. The n.m.r. absorptions of donor or solvent should 
not overlap the absorption of acceptor (vice versa if 
donor shifts are being studied).

If these three conditions hold, it would be possible to 
determine A Ad A , A a d D , and two values of Q which should 
check each other. Unfortunately, it is very difficult to

(11) W. G. Schneider, J. P h ys. Chem., 66, 2653 (1962).

(12) J. C. Schug and R. J. Martin, ibid., 66, 1554 (1962).

(13) L. J. Andrews and R. M . Keefer, J . A m . Chem. Soc., 71, 3644 
(1949).

(14) The term equilibrium quotient Q represents just the quotient 
of concentrations of products and reactants. The equilibrium con
stant K is equal to the product of Q and the appropriate quotient of 
activity coefficients 7 a d /t a 7 d - Equilibrium quotient is the more 
accurate term if activity coefficients are not evaluated or known, 
and will be used in the rest of this paper.

(15) H. A. Benesi and J. H. Hildebrand, J . A m . Chem. Soc., 70, 
2832 (1948); 71, 2703 (1949).

(16) R. L. Scott, R ec. trav. chim ., 75, 787 (1956).

(17) H. M . McConnell, J. Chem. P h ys., 28 , 430 (1958).

(18) C. M . Huggins, G. C. Pimentel, and J. N. Shoolery, ib id ., 23, 
1244 (1955).

(19) E. D . Becker, U. Liddel, and J. N. Shoolery, J . M ol. S pectry., 
2,1 (1958).

(20) A n  identical equation can be written for the shift of donor 
protons.

(21) M . W. Hanna, W. Trigg, and A. L. Ashbaugh, to be published.
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find an experimental system for which these conditions 
all hold. As a compromise, the complexes formed 
between TCNQ22 and a series of aromatic donors were 
chosen. One advantage of these systems is that 
TCNQ forms reasonably strong x-complexes with a 
large number of aromatic donors.23 Further, it has a 
single sharp n.m.r. absorption at 2.45 r. The main 
disadvantage is that TCNQ is not very soluble in most 
organic solvents and, consequently, only the acceptor 
shifts could be studied. A further disadvantage 
is that, for complexes with polynuclear aromatic hy
drocarbons, the n.m.r. absorptions of the donor overlap 
the absorption of TCNQ and prevent their study.

Experimental

M aterials. An initial sample of TCNQ was supplied 
by Dr. T. L. Cairns of E. I. du Pont de Nemours and 
Company, and was used without further purification. 
Additional TCNQ was synthesized by the method of 
Acker and Hertler.22 Reagent grade p-dioxane was 
distilled from over stannous chloride and then redis
tilled. All other liquids were reagent grade and were 
distilled before use. Pentamethylbenzene and hexa- 
methylbenzene were recrystallized from methanol and 
ethanol, respectively, until a constant melting point 
was obtained.

Procedure. A standard solution of TCNQ in dioxane 
was prepared with the concentration of TCNQ just 
sufficient to observe an n.m.r. line (0.008 M ). An 
appropriate amount of donor was weighed out in 10- 
ml. ground glass stoppered flasks. A 5.0-ml. aliquot 
of the standard solution was then added, and the 
flask reweighed. Concentrations of donor in dioxane 
could then be calculated in both molal and mole fraction 
units.

N.m.r. spectra were taken on a Varian Associates 
A-60 spectrometer. The dioxane line was used as an 
internal reference. Chemical shifts were measured 
by displaying the signal of interest and a modulation 
side band of the dioxane reference peak on the 50 
c.p.s. sweep of the A-60. This sweep was carefully 
calibrated to 50.0 ±  0.2 c.p.s. full scale. A Hewlett 
Packard Model 202-A low frequency function generator 
and a Model 521-C electronic counter were used for the 
modulation source and frequency counter. Chemical 
shifts were reproducible to better than 0.3 c.p.s. All 
measurements were made at 37.0 ±  0.5°, the tempera
ture of the probe.

Results and Discussion
Equilibrium Quotient. Typical plots of 1 /A0bedA 

vs. 1 / otd are shown in Fig. 1 and 2. It can be seen 
that good straight lines are obtained in all cases. The

Figure 1. Plots of l/ A obBcJ vs. 1 /otd0 for the n.m.r. 
shifts of T C N Q  protons using as donors: benzene, O; 
toluene, □ ;  and o-xylene, A.

increased deviation at high values of 1/ wid is to be 
expected since this corresponds to low molalities of 
donor and to the breakdown of the approximation 
that m-o »  m.\. The range of donor concentration, 
the observed shifts, and the calculated values of equi
librium quotients and shifts of acceptor protons in 
pure complex for both the molal and mole fraction con
centration scales are given in Table I.

The first question that arises is whether the equi
librium quotients derived from n.m.r. data are meaning
ful, or if some kind of general solvent effect on the 
spectra is being measured. This question is especially 
appropriate in view of the relatively small absolute 
value of the measured shifts.

There are three facts which argue that it is indeed 
the effect of molecular complexing that is giving rise 
to the observed shifts. The first is that the equi
librium constants go in the right order. That is, as 
the ionization potential of the donor becomes lower, 
the equilibrium constant increases. The second is 
that, when comparison with equilibrium quotients

(22) D . S. Acker and W. R. Hertler, J. Am. Chem. Soc., 84, 3370 
(1962).
(23) L. R. Melby, R. J. Harder, W. R. Hertler, W. Mahler, R. E. 
Benson, and W. E. Machel, ibid., 84, 3374 (1962).
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Table I : Measured and Calculated Properties of ir-Molecular Complexes of T C N Q  and a Series of Aromatic Donors in Dioxane

Qmi
Range of donor kg. of
concentration, Max. A0badA, solvent/ (AADA)m, Qx, (Aada)*,

Donor m c.p.s. mole p.p.m. m.f. -1 p.p.m.

Benzene 0 .4 6 8 -2 .1 5 8 .6 0.061 1 .28 C C
Toluene 0 .4 0 1 -2 .8 8 12 .4 0 .085 1 .06 C C

o-Xylene“ 0 .3 5 3 -2 .5 4 13.7 0 . 1 2 0 .91 0 .4 7 2.86
Mesitylene 0 .2 9 8 -2 .1 8 12.7 0 .1 6 0 .8 0 1 . 1 0 1.43
Durene 0 .2 0 7 -0 .9 6 7 9 .3 0 .33 0 .6 7 2 .7 1 . 1 0

Pentamethylbenzene 0 .0 5 6 -0 .4 5 7 8 . 0 0 .5 5 0 .5 9 6 .2 0 .6 7
Hexamethylbenzene 0 .1 0 0 -0 .2 9 5 7 .1 1 .15 0 .5 6 9 .7 0 .5 7

“ The results for the m- and p-xylenes were identical with those of o-xylene. b These are calculated values from the data of ref. 21. 
These authors determined Kx values at “ room temperature.”  The values were 5.6 and 14.5 for the durene and hexamethylbenzene 
complexes, respectively. c Values undetermined, see text.

calculated from spectroscopic data is possible (the 
complexes with durene and hexamethylbenzene), 
the agreement is good. The third is that, when the 
TCNQ is replaced by an aromatic molecule which is 
not expected to complex with the donor, toluene for 
example, no shift (<0.5 c.p.s.) of the protons on this 
molecule is observed under the conditions that the 
TCNQ experiments were carried out. All of these 
facts argue strongly against the observed shifts of the

Figure 2. Plots of l /A obsd vs. 1 /tod° for the n.m.r. shifts 
of T C N Q  protons using as donors: mesitylene, O ; durene, 
□  ; pentamethylbenzene, • ;  and hexamethylbenzene, A .

TCNQ protons being due to some kind of a general 
solvent effect, and for  their being due to molecular 
complexing.

There are other problems apparent from the data of 
Table I that must be resolved before these n.m.r. 
results can be accepted with confidence. The first 
of these problems is that the calculated equilibrium 
quotients and shifts of acceptor protons in pure com
plex are dependent on the concentration scale used. 
Since the quantity A a d A is a function only of the struc
ture of the complex, it should be independent of the 
concentration scale.24 25 In fact, the values of A a d A 

determined on the molal scale are different from the 
corresponding quantities determined using the mole 
fraction scale. The values of ( A a d A) x  could not even 
be determined for benzene and toluene because the 
intercept of a plot of l /A 0bsdA vs. l / X  D was negative 
and equal to zero, respectively. It is important to 
note, however, that as the complexes become stronger, 
the values of A a d A determined from the two scales 
approach one another.

These facts are indicative of a situation discussed 
by King, Espensen, and Visco in their study of halide 
complexes of hexaamminecobalt(III),26 and illustrate 
the care which must be taken in evaluating equilibrium 
quotients using a Benesi-Hildebrand procedure. A 
consideration of eq. 3 shows that, if the denominator is 
a constant, a plot of A0bsdA vs. £D will be a straight line 
whose slope is QAadA. Under these conditions, it

(24) Strictly speaking, there may be differences in Aad a  determined 
using the molal and mole fraction scales since the former refers to the 
shift of acceptor protons in a “ 1 m solution of pure complex in 
dioxane,” while the latter refers to the shift of acceptor protons in 
"pure liquid complex.” These shifts may differ by the order of 
solvent effects on spectra, 0.1 p.p.m.

(25) E. L. King, J. H. Espensen, and R. E. Visco, J. Phys. Chem.,
63, 755 (1959).
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is not possible to extract values of both Q and AAdA 
from the data, but only the value of their product. 
There are two sets of conditions which would make 
the denominator of eq. 3 a constant. The first condi
tion is if £dQ «  1. The second is if £DQ remains 
essentially constant over the range of concentrations 
studied. The basic point is that, before values of Q 
and AadA can be trusted, a plot of A0bedA vs. £d must 
give a curved line.

Plots of A0bsdA vs. both mole fraction and molality 
of donor for the TCNQ-benzene system are shown in 
Fig. 3. It can be seen that a plot against mole fraction 
is a straight line, while that against molality is curved. 
Thus, values of Qz and AAdA derived from a mole frac
tion plot will not be meaningful. This is in agreement 
with the observations listed in Table I.

The differences in behavior of the plots using molal 
and mole fraction units is difficult to explain in a com
pletely satisfying manner. It is true that in the con
centration range studied, concentrations on the molal 
scale are increasing faster than concentrations on the 
mole fraction scale, thus making the product m j,Qm 
increase faster than the product X-dQx. This may be 
the explanation of the observed difference between the 
two plots. A second factor which must be considered 
is the assumption of solution ideality. Since in this 
concentration range the two concentration scales are 
not proportional, it is impossible for the solutions to 
be ideal on both scales. A possible factor involved in 
the better behavior of the molal scale may be that the 
“ hypothetical 1 m ”  standard state is more appropriate 
to these experiments than the “ pure liquid complex” 
standard state.

The conclusion that can be drawn from this work 
is that the equilibrium quotients derived from n.m.r. 
measurements are valid as long as a plot of A0bsdA 
vs. the appropriate concentration gives a curved line. 
The values of Qm for benzene and toluene in this work 
are so small that the effects of molecular complexing 
are of the same order as solution nonideality effects. 
Their significance is uncertain. The remaining Qm 
are significant, however.

The major advantage of the n.m.r. method is that 
complexes can be studied that have no separate charge- 
transfer band in the visible or ultraviolet spectrum, 
or where the charge-transfer band is buried beneath 
the spectrum of one of the components. This is the 
case with the first four donors listed in Table I.

A second advantage is that it is experimentally easier 
to measure a line position than an intensity.26 The 
major disadvantages of the n.m.r. method is that it is 
difficult to find experimental systems which satisfy 
all of the requirements discussed above. It is obvious

Figure 3. Comparison of plots of A0bSd of T C N Q  protons 
vs. concentrations expressed on the molal scale, O, and the 
mole fraction scale, □ . The molal plot is curved while 
the mole fraction plot is a straight line.

that in many cases the n.m.r. and optical spectroscopic 
methods can supplement each other.

The Shift o f Pure Com plex. One of the initial ob
jectives of this work was to gain insight into the struc
ture of molecular complexes from the value of the shift 
of pure complex. Ideally, both AAdA and AAdD should 
be found, but, since it was not possible to make the 
TCNQ concentration large compared with the donor 
concentration, it was not possible to calculate AAdA.

A consideration of the shifts of pure complex in 
Table I shows first, that all complex shifts are to high 
field, and second, that as the complex becomes stronger, 
the upheld shifts become less. These results can be 
rationalized by a consideration of the possible effects 
on the acceptor proton resonance position that the 
donor might have. These effects are: 1. transfer of
charge from donor to acceptor, 2. effect on acceptor 
protons of ring currents in the donor, 3. electric field 
effects of donor on acceptor protons, 4. modification of 
ring currents in acceptor, if present, by interaction with 
donor, 5. alteration of the paramagnetic contribution 
to the acceptor proton shifts.

(26) This point was discussed some time ago by G. C. Hood, O. 
Redlich, and C. A. Reilly, J. Chem. Phys., 22, 2067 (1954).
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Effect 1 would result In an upfield shift if the electron 
density in the acceptor molecule were increased by 
transfer of charge from the donor. All theories of 
7r-molecular complexes agree, however, that the amount 
of such charge transfer is very small. Using the results 
of Fraenkel, et a l.,27 which indicate that the shielding 
of a o-proton is increased by approximately 10 p.p.m. 
for a one x-electron increase on the adjacent carbon, 
one calculates that there would have to be a “ transfer” 
of from 0.5 to 0.9 electron from donor to acceptor to 
explain the shifts. This is clearly too large. Further, 
if effect 1 were the cause of the upfield shift, this shift 
should go to even higher fields as the complexes become 
stronger. Such is not the case, and therefore effect 
1 is ruled out.

Effect 2 would also give an upfield shift. This can 
be seen by carrying out a classical ring current calcu
lation28 or making use of the more elaborate calcula
tions of Johnson and Bovey.29 The maximum shift 
predicted in these calculations is only about 0.3 p.p.m., 
and remains essentially the same even though the 
spacing between donor and acceptor is varied between 
3.1 and 3.5 A. Work by McWeeny has suggested that 
all classical ring current calculations may underestimate 
the ring current effect, however.30 This effect is 
certainly of importance and may be the principal 
cause of the upfield shift of all complexes. The 
upfield shifts are the same order as those discussed by 
Schneider.11

Effect 3 would be very small since the donor molecules 
have very small dipole moments.

Effect 4 can be ruled out because, regardless of the 
way in which the acceptor ring currents were modified 
by interactions with the donor, the effect would be 
expected to increase as the complex became stronger. 
This effect, like effect 1, is unlikely to be important 
because complex formation is only a small perturbation 
on the ground state of the acceptor.

Effect 5 would predict a downfield shift of the ac
ceptor protons. A combination of this effect with

effect 2 may be the explanation of the order and di
rection of the AadA values. Thus, all complexes are 
shifted upfield by a constant amount due to effect 2. 
The excited state of the x-complex as a whole adds a 
new term in the sum of terms comprising the para
magnetic shift. The contribution of this new term to 
the sum would be inversely proportional to the fre
quency of the charge-transfer band since rcT = 
(Ed+a - — EDA)/E  Thus, the downfield shift super
imposed on effect 2 should increase as the complex gets 
stronger and the charge-transfer band shifts to longer 
wave lengths. This hypothesis can be tested if a series 
of complexes can be found in which the AAdA begins an 
upfield shift, goes through zero, and ends as a downfield 
shift as the complex becomes stronger.

In summary, this work has shown that n.m.r. can 
be used to evaluate equilibrium quotients for x- 
molecular complexes, but that special care must be 
taken in choosing the appropriate concentration scale. 
In this respect, it can serve as a valuable supplement 
to the Benesi-Hildebrand method. The shifts of 
acceptor protons in pure complex, which are also ob
tained in these experiments, can be rationalized in 
terms of the effect of ring currents of the donor on the 
acceptor molecule and a new contribution to the 
paramagnetic part of the chemical shift.
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The primary reactions between the triplet state of fluorescein and molecular oxygen have 
been studied in aqueous solutions by the flash photolysis method. Rate constants for 
physical and chemical quenching of the triplet state by oxygen were determined over a 
wide range of pH. The semioxidized dye is formed in the quenching reaction, and the 
possible role of this species in dye photosensitized reduction-oxidation reactions is dis
cussed.

Introduction

In autoxidation reactions in solution, photosensi
tized by fluorescein dyes, the interaction between 
the photoexcited dye and the reactants generally seems 
to be of a chemical nature. Although the dye may react 
in the excited singlet state, there is strong evidence 
that the triplet state is in practice responsible for the 
photoactivity of the dye2-4 due to the long lifetime of 
this state. Schenck6 presented evidence for an associa
tion reaction between the photoexcited dye and oxy
gen to give a short-lived, reactive compound, which 
in turn oxidizes the oxidizable reactant and regenerates 
the dye in the ground state. This reaction mechanism 
has been supported in other studies.6 8 A second sensi
tization mechanism that has been proposed in a number 
of cases7-9 involves the reduction of the photoexcited 
dye by the oxidizable reactant to give a semireduced 
dye radical, which is re-oxidized to the ground state 
by the oxygen present in the solution. This mecha
nism is supported by the observed existence of a semi
reduced form of the dyeA9 A third sensitization mecha
nism can be imagined in which the photoexcited dye 
is oxidized by oxygen to a semioxidized dye radical, 
which is then re-reduced to the ground state by the 
oxidizable reactant.7’10 This mechanism has been 
discussed very little, probably because evidence for 
the existence of a semioxidized form of the dye was 
lacking. However, the possibility of its formation has 
recently been established 4 5,3 and its properties have been 
studied.11 The results indicate that the semioxidized

radical may be important as an intermediate in photo
sensitized reactions. The present study was under
taken to investigate this possibility further. A kinetic 
analysis of the primary reactions between oxygen and 
the triplet state of fluorescein in aqueous solutions was 
made by means of the flash photolysis method, with 
particular regard to the formation of the semioxidized 
dye. A technique for preparing solutions with ac
curately known oxygen content, in the p M  concentra
tion range, is also described.

Experimental
The flash photolysis apparatus has been described 

previously.12 An energy of 6 kj. (100 pi., 11 kv.) was 
dissipated in a pair of 60-cm. long quartz discharge 
tubes, the flash duration time being 60 /¿sec. (1/e-
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Capillary in

Over flow 
out

Figure 1. Device for preparation of solutions of known 
oxygen concentration in the micromolar concentration range.

time). The solution to be exposed was contained in 
a cylindrical silica cell with end windows (length 60 
cm. or alternatively 20 cm. and inner diameter 2.3 and
2.7 cm., respectively). The photolysis light was 
filtered through a 0.5-cm. layer of filter solution trans
mitting from 390 to 630 m/j, (10 g. of ferric alum, 200 
g. of crystallized copper sulfate, 5 ml. of concentrated 
sulfuric acid, and water to make 11.). The filter solu
tion was circulated through a jacket surrounding the 
reaction cell and through a thermostat maintained at 
25°.

The transient changes in optical density (AE ) of 
the flash-exposed solutions were measured as a func
tion of time using a time-resolved single-beam spectro
photometer with oscilloscopic recording.s’4 The band 
width was 1 m/i or less and the time resolution ca. 
2 /usee. No appreciable excitation occurred 60 Msec, 
after the initiation of the flash, and this time point was 
chosen as the zero time for the “ dark”  reactions follow
ing excitation. A recording spectrophotometer (Bausch 
and Lomb Spectronic 505) was used for complementary 
measurements of the spectra of the solutions before 
and after flashing.

The solutions were prepared from chromatographi- 
cally pure fluorescein3 and triple-distilled water. The 
pH of the solutions was maintained using sulfuric 
acid at pH 2 and below, citrate buffer at pH 2.6 and
4.5, phosphate buffer at pH 8.4, and sodium hydroxide 
at pH 12. The ionic strength of the citrate and phos
phate buffers was kept at 0.01. Sulfuric acid, reagent 
grade, was fractionally vacuum-distilled; other chemi
cals were reagent grade.

Fluorescein solutions of known oxygen content were 
prepared by mixing deaerated fluorescein solutions with 
air-saturated water. The aliquot required for filling 
the reaction cell was deaerated in a flask which was 
connected by means of greased glass joints both to the 
cell and to a mercury diffusion pump through a liquid

nitrogen trap. The ice-cooled solution was shaken 1 
min. during evacuation and then exposed to oxygen- 
free argon (welding quality) for 1 min. under con
tinued agitation at a pressure slightly below atmospheric 
pressure. This procedure was repeated eight times. 
After one further evacuation the solution was allowed 
to attain room temperature, poured into the reaction 
cell, and argon at atmospheric pressure was applied 
above the solution. The cell was removed from the 
degassing apparatus and was closed off by means of 
a stopper provided with a three-way stopcock (Fig. 
1). To avoid the introduction of air, a stream of 
argon was blown around the cell neck during removal. 
A known amount of air-saturated water contained in a 
pipet was introduced into the cell through the opened 
stopcock via a stainless steel capillary which was ex
tended to the bottom of the cell. An argon stream 
through the stopcock kept air from diffusing into the 
solution. Conditions were arranged such that a small 
amount (less than 0.5 ml.) of the degassed solution was 
pressed out through the stopcock during the mixing 
procedure. After removal of the capillary the stopcock 
was closed, thus leaving no empty space above the solu
tion for the dissolved oxygen to escape. Under these 
conditions the oxygen concentration could be calculated 
directly from the volumes of the degassed and air- 
saturated solutions. In order to avoid the formation of 
bubbles by contraction of the solution, the cell was 
filled at a temperature slightly lower than that of the 
flash experiments. A thick layer of vacuum grease was 
applied between stopper and cell neck to allow for ex
pansion of the solution and to prevent air diffusion into 
the cell. The solution was mixed by means of a number 
of glass balls within the cell. The oxygen concentra
tion in the air-saturated water was determined by io- 
dometry to be 2.83 X 10-4 M  (at 22°). Blank tests 
showed that the accidentally introduced air produced 
an oxygen concentration in the solution of less than
0.03 Mmole/1. This value was calculated from studies of 
the decay of the triplet state of fluorescein using the rate 
constant reported below. Blank runs also showed that 
neither the stainless steel capillary nor the grease in 
contact with the solution introduced any impurities 
that affected the triplet decay.

Results

Proposed Reaction Scheme. Fluorescein in aqueous 
solution, although stable to visible light in the absence 
of oxygen, is photobleached rapidly in the presence of 
oxygen. The fluorescence of the dye is not noticeably 
quenched by the oxygen present in air-saturated water, 
thus indicating that the fluorescent state is not in
volved in the oxidation process. A calculation of the
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quenching effect, using known values of the lifetime of 
the fluorescent state,13 and assuming that the quenching 
reaction is diffusionally controlled, gives a value of the 
order of only 0.1%. This effect is neglected in the 
following treatment of data. Instead, it is assumed 
that the oxygen attacks the dye in the lowest triplet 
state,14 which is populated by intersystem crossing 
from the fluorescent state. The efficiency of this reac
tion is expected to depend upon the protolytic state of 
the triplet dye; the following forms have been re
ported3'4: the cation (pK *  =  —2.1), the neutral mole
cule (pXa =  4-5), the monovalent anion (pK& =  7.0), 
and the divalent anion.

In a previous study,3 the triplet state has been shown 
to undergo the following reactions in the absence of 
oxygen.

T -►S (rate constant k f ) (i)
T + T —-►s + T ( b ) (2)
T + S - -►s + s (*.) (3)

T + T —->■ X + R (fc4) (4)

T + S - -> X + R ( h ) (5)

T, S, R, and X  represent the triplet, ground state, semi- 
reduced, and semioxidized dye, respectively. In the 
same study the reactions between the triplet dye and 
molecular oxygen were investigated qualitatively and 
the results gave some evidence for the occurrence of a 
“ physical-quenching”  reaction

T +  0 2 — ► S +  0 2 (h )  (6)

as well as a chemical quenching reaction

T +  0 2 — ► X  +  H 02 (or 0 , - )  (h )  (7)

(the term “ physical quenching”  denotes here quenching 
processes where no chemical reaction was observed ex
perimentally) .

The kinetic analysis of the results is based on the 
assumption that the above reactions represent the only 
interactions between the triplet dye and oxygen.

Rate Constants o f  Triplet Quenching by Oxygen. 
Oxygen-containing aqueous solutions of fluorescein 
were flash-exposed, and transient changes in op
tical density were measured at wave lengths where 
the triplet state of the dye is the only absorbing species. 
The rate of disappearance of the triplet absorption 
was measured as a function of the oxygen concentra
tion. The fluorescein concentration was kept low (0.2 
p M , and alternatively, 0.5 p M )  in order to suppress the 
concentration-quenching reactions 2-5. The oxygen 
concentration was 0-7 p M , the upper limit being set by 
the time resolution of the flash photolysis apparatus.

Figure 2. The initial logarithmic decay rate (see eq. 8 ) of the 
flash-induced light absorption at 540 mp in solutions of 0.2 and 
0.5 nM fluorescein at pH 8.4 and 12, as a function of the 
oxygen concentration. The dianionic form of the dye triplet 
is responsible for the light absorption at this wave length.

The amount of transient change in optical density pro
duced by the flash and, hence, the transient concentra
tion of triplet dye, were found to be independent of the 
oxygen concentration. Quantitative conversion of the 
dye to the triplet state was observed3 in the absence of 
oxygen under the present conditions and is consequently 
realized also in the oxygen-containing solutions. The 
initial (indicated by a subscript zero) rate of triplet 
decay after flash exposure can in this case be expressed 
by the equation

d In ct~|
_ d t Jo

=  fci +  (fc2 +  2 kf)C  +

(&e +  kf)Co, (8 )

where C  and C o, are the concentrations of fluorescein 
and oxygen, respectively, before the flash.

The decay of the dianionic triplet was studied at 540 
m/u at pH 8.4 and 12. The initial logarithmic rates of 
decay (left-hand side expression of eq. 8) are plotted in 
Fig. 2 as a function of the oxygen concentration. The 
linear relationship required by the above equation is 
verified experimentally. The results obtained at pH
8.4 and 12 agree with each other, as is expected from 
the fact that the same protolytic form of the triplet is 
formed in both cases. The slope of the line in Fig. 2

(13) E. A. Bailey, Jr., and G. K . Rollefson, J. Chem. Phys., 21, 1315 
(1953).
(14) G. N. Lewis and M. Calvin, J. Am. Chem. Soc., 67, 1232 (1945).
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Table I : Rate Constants of Quenching of the Fluorescein
Triplet by Oxygen (fc„), and of the Chemical Reaction (7) 
between the Triplet and Oxygen (ki)

Triplet species pH

Cation — 4a
Neutral molecule 2 .0

2 .6
Monoanion 4 .5
Dianion 8 .4

1 2 .0

kq X IO“ », ki,
M ~1 sec. _1 M ~l sec. _1

0 . 2 < 108

1 . 2 (1 .0  ±  0 .5 )  X  107
1 . 2

1 . 2

1 .7
1 .7 (1 .4  ±  0 .1 )  X  10s

“ The Hammett acidity function of 8 M  sulfuric acid.

gives the rate constant of triplet quenching by oxygen 
(fcq = k<j +  k7), presented in Table I.

Corresponding triplet decay measurements were 
done at 510 m/r in solutions of pH 2.0 and 2.6, where the 
neutral triplet predominates, and at pH 4.5, where the 
monoanionic triplet is expected to appear. A plot of the 
initial logarithmic rate of decay as a function of the 
oxygen concentration at these acidities is shown in Fig.
3. The points describe a line from which the quenching 
constant, given in Table I, was calculated.

Figure 3 and Table I also show the results pertaining 
to a study of the cationic triplet in 8 M  sulfuric acid 
(Hammett acidity function H 0 =  — 4). In this case 
the linear relationship is also satisfied.

Chemical Quenching. The relative importance of 
chemical and physical quenching of the triplet dye by

L

Figure 3. The initial logarithmic decay rate of the flash- 
induced light absorption at 510 mM in 0.5 yM  fluorescein 
solutions of different acidities, as a function of the oxygen 
concentration. The monoanionic form of the dye triplet 
is responsible for the light absorption at pH 4.5, the neutral 
form at pH 2.0 and 2.6, and the cationic form in 8 M 
sulfuric acid.

Figure 4. The flash-induced change in optical density at 
428 my in 0.2 yM  fluorescein solutions of pH 12, as a 
function of time, at different oxygen concentrations. The 
numbers given in the figure indicate the oxygen concentration 
in ^m oles/l. ; cell length, 60 cm.

oxygen was determined by measuring flash-induced 
changes in optical density of oxygen-containing solu
tions of fluorescein at wave lengths where the semi- 
oxidized dye has a high light absorption. Previous 
stu d ie s 3' 11 have shown that in strongly acidic solutions 
this species has an intense absorption peak at 442 m/r 
(molar ext. coeff. 6 X 104), which is probably due to the 
cationic radical (pK h =  —1.5). The peak is shifted to 
428 mji (ext. coeff. 5 X 104) in moderately acidic and 
alkaline solutions, probably due to the formation of the 
neutral and anionic radical (the ionization of the car
boxyl group does not affect the peak position).

The semioxidized dye is expected to be formed by the 
triplet-triplet and triplet-singlet dismutation reac
tions 4 and 5 in the absence of oxygen, and by the trip
let-oxygen reaction 7 in the presence of oxygen. The 
total concentration, (cx) total, of semioxidized dye formed 
can be expressed as

(cx) total — Ck-,/kq (9 )

at oxygen to dye concentration ratios such that reac
tions 4 and 5 are unimportant compared to reaction 7, 
with the additional requirement that no appreciable 
deactivation of the triplets occurs during the flash. 
Since kq is known (Table I), the value of k7 can be de
termined by measuring the amount of semioxidized dye 
formed after the flash.

The curves in Fig. 4, obtained from measurements at 
428 m y, demonstrate the effect of oxygen on the amount 
of semioxidized dye formed after flash exposure of 0.2 
y M  fluorescein solutions at pH 12. At this wave length 
the semioxidized dye is the only strongly absorbing 
species present in the solution, and the changes in opti-
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Figure 5. Maxim um concentration, (cx)totai, of semioxidized 
fluorescein appearing after flash-excitation of 0.2 and 0.5 ixM 
fluorescein solutions at pH  12, as a function of the oxygen 
concentration.

cal density are therefore proportional to the amount of 
semioxidized dye formed. From the difference between 
the extinction coefficient of the semioxidized dye and of 
the ground state (4.5 X 104), the changes in optical 
density were converted to changes in concentration of 
the semioxidized dye. The steeply rising parts of the 
curves in Fig. 4 demonstrate the appearance of the 
semioxidized dye by reactions 4, 5, and 7, and the 
slightly descending parts indicate the slow disappear
ance by subsequent reactions. A value of (cx) total was 
taken at each oxygen concentration from the point of 
the corresponding curve in the figure (and from other 
measurements) where the optical density change has a 
maximum. The small amount of triplet which had not 
reacted at this time and the small amount of semioxi
dized dye which had already disappeared by subsequent 
reactions were neglected. These values are plotted 
against the oxygen concentration in Fig. 5. At high 
oxygen concentrations, the yield of semioxidized dye 
reaches a limiting value, from which fa (Table I) was 
calculated.

A corresponding determination of k7 was made at pH
2.0 where the neutral triplet appears. Reaction 7 
was in this case found to be very inefficient compared to 
reactions 4 and 5, and it was necessary to use a high 
oxygen concentration in order to suppress the latter 
reactions. Measurements were done in air-saturated 
solutions at a fluorescein concentration of 0.5 ¡xM  using a 
60-cm. cell. The optical density increased during the 
flash by 0.012 at 428 m;u, and then decreased compara

tively slowly to a value 0.017 below the original value. 
Since it is not known if the permanent bleaching occurs 
during or after the flash, the mean value of 0.012 +  
0.029 was used to calculate the concentration of semi
oxidized dye formed. (The difference between the ex
tinction coefficients of the semioxidized dye and the dye 
in the ground state is 2.0 X 104 at this wave iength.) 
In air-saturated solutions deactivation of the triplet 
state by reaction 6 may occur during the flash and sev
eral-fold conversion of the same molecule to the triplet 
state is possible. The number of times that each dye 
molecule can be reactivated to the triplet state during 
one flash was determined in a separate study. The 
amount of dye converted per flash to the triplet state in 
deaerated 0.5 \iM fluorescein solution of pH 2.0 was 
measured as a function of the amount of light incident 
in the cell. The light input was varied by means of 
calibrated screens. At low light levels the triplet con
centration was directly proportional to the light input, 
and an extrapolation to the light level of unscreened 
flash gave a triplet concentration of 1.5 fiM . This 
means that each dye molecule in a 0.5 n M  solution 
should be converted to the triplet state on an average of 
three times, provided that the triplet deactivation is 
instantaneous. The value of the concentration of 
semioxidized dye calculated above was, after reduction 
by this factor of three, inserted in eq. 9 (which applies 
to a onefold conversion to the triplet state), and a value 
of fa (Table I) was obtained.

The value of fa for the cationic triplet state was deter
mined from measurements of the dye in 8 M  sulfuric 
acid. The accuracy of the determination of the con
centration of semioxidized dye was lower in this case, 
because the absorption peak of the cationic semioxi
dized dye which appears at this acidity is close to that of 
the cationic dye in the ground state. The difference in 
extinction coefficients amounts to 1.3 X 104 at 442 mu, 
the most suitable measuring wave length. No absorp
tion change was observed in air-saturated solution. 
From the limit of detectability of the measurements, 
an upper limiting value of fa was calculated (Table 1).

Reaction between Semireduced Fluorescein and Oxygen. 
Reactions 4 and 5, producing semioxidized and semi
reduced dye, compete with reactions 6 and 7 at low 
oxygen concentrations. The semireduced dye is 
known3 to have a pronounced absorption peak at 355 
m/u at pH below 9.5. At this wave length the extinction 
coefficients of the other species present in the reaction 
mixture are an order of magnitude smaller. The flash- 
induced formation and disappearance of the semire
duced fluorescein was measured at 355 mu at different 
oxygen concentrations, at pH 2 and 8.4. The results, 
presented in Fig. 6, show that when the oxygen concen-
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Figure 6 . The logarithm of the flash-induced change in 
optical density at 355 rrin in 0.5 ixM fluorescein solutions 
of pH 2.0 and 8.4, as a function of time, at different oxygen 
concentrations. The numbers given in the figure indicate the 
oxygen concentration in /im oles/1. ; cell length, 60 cm.

tration is increased, the yield of semireduced dye is de
creased, due to the increasing importance of the 
quenching reactions 6 and 7. At the same time, the 
rate of disappearance of the semireduced dye increases, 
probably due to the occurrence of the reaction

R +  0 2 — S +  H 02 (or 0 2- ) (fcio) (10)

The simultaneous presence of semioxidized dye in the 
reaction mixture made a determination of kw difficult, 
but a rough calculation gave a value in the range 108 
to 109 M ~ l sec.-1.

Reactions o f the Semioxidized D ye. The reactions of 
the semioxidized dye to form stable photooxidation 
products are not of direct importance in connection with 
the use of the dye as a photosensitizer, and were not 
studied in detail. It was observed, however, that in 
alkaline medium the permanent decrease in dye con
centration after flash exposure was smaller than the con
centrations of the transiently appearing semioxidized 
dye. Since the absorption spectrum of the photoprod
uct is known,3 the permanent decrease in dye concen
tration could be obtained by measuring the decrease in 
optical density of the dye solution at the wave length 
of the absorption maximum of the dye in the visible 
region. It was found for air-saturated solutions that 
at pH 12, co. 4% of the dye was oxidized by one flash, 
whereas the amount of semioxidized radical formed was 
8%  of the total dye concentration. At pH 2 the corre
sponding figures were 2 and 4%. Since at both pH values 
one-half of the semioxidized dye is reduced to give the

original dye, a reasonable mechanism for the recovery 
would be that two semioxidized dye radicals dispro
portionate when encountering. However, studies of 
the photooxidation of fluorescein by ferric salts11 do not 
support this reaction and it seems more probable that 
the reaction

X  +  H 02 (or 0 2") — S +  0 2 (11)

is occurring and that this reaction competes favorably 
with the reactions which give stable photoproducts.

Discussion

The results show that “ physical”  quenching of the 
triplet state of fluorescein by oxygen (reaction 6) is a 
very efficient process. It seems very probable that 
this quenching reaction involves the actual formation of 
a reactive compound between the excited dye and 
oxygen as proposed by Schenck,6 but that the lifetime 
of this compound is shorter than the time resolution 
of the flash photolysis apparatus. Due to the high 
efficiency of this reaction it woum appear to be im
portant in autoxidation reactions photosensitized by 
fluorescein. On the other hand, the one-electron oxida
tion of the triplet dye (reaction 7), although less effi
cient, also may be important under certain conditions, 
considering the comparatively long lifetime of the 
semioxidized dye. At high oxygen-to-dye ratios the 
yield of this species per triplet molecule formed is equal 
to k7/ k q, 0.0084 at pH 2, and 0.082 at pH 12. The 
fluorescence yield15 16 is 0.31 at pH 2 and 0.93 at pH 12, 
giving a maximum yield of conversion from the excited 
singlet state to the triplet state of 0.69 and 0.07, re
spectively. The maximum quantum yield of formation 
of the semioxidized dye is 0.006 in both cases. How
ever, this value is obtained by making the improbable 
assumption that no radiationless transition from the ex
cited singlet to the ground state is occurring. It should 
be possible, in principle, to calculate the extent of the 
radiationless transition from the observed permanent 
photobleaching per flash, using known values of the 
quantum yield of photooxidation of the dye.9 How
ever, this could not be done in the present case because 
at the high light intensities used, photobleaching was 
observed even in the absence of oxygen, and the origin 
of this bleaching is not known.

The oxidized dye is produced not only by reaction 
of the triplet dye with oxygen but at ordinary 
light intensities also by the electron dismutation reac
tion with the dye in the ground state (reaction 5). 
The semireduced dye which is formed in this process

(15) G. Weber and F. W. J. Teale, Trans. Faraday Soc., 54, 640
(1958).
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reacts readily with oxygen (reaction 10) to regenerate 
the dye in the ground state, and to give the reduced 
species of oxygen. The net result of these reactions is 
the same as that of the direct reaction between oxygen 
and the triplet dye. Reaction 5 has a high rate con
stant in moderately acidic solutions where it may en
hance the quantum yield of formation of the semioxi- 
dized dye. (For example, in an air-saturated 10 y.M  
fluorescein solution of pH 2, the dismutation reaction is 
twice as efficient as the direct photooxidation reaction 
in producing semioxidized dye.) The above treatment 
of data shows that the production of semioxidized 
fluorescein in the photolysis of air-containing dye solu
tions is appreciable (except at acidities realized in con
centrated sulfuric acid solutions) and this radical, 
therefore, should be taken into account in the discus
sion of photosensitized autoxidation reactions.

The values of the triplet quenching constants pre
sented in Table I are of the order of magnitude cal
culated for diffusionally controlled reactions. The low 
value observed for the cationic triplet is accounted for 
by the high viscosity of the solvent used (8 M  sulfuric 
acid), which has a viscosity four times greater than that 
of water. The results agree with previous observations 
that oxygen is an efficient quencher of the triplet state, 
as has been shown in the case of chlorophyll16 and of

anthracene.17 In contrast to this, a rate constant for 
quenching of triplet eosin by oxygen ca. 1000 times 
smaller has recently been reported,18 a difference com
pared to the present results on fluorescein that is sur
prising in view of the similarity of these dyes.

The H 02 and 0 2 radicals formed in the chemical 
quenching reaction were not observed directly, and 
probably have too weak an absorption spectrum in the 
visible or near ultraviolet region of the spectrum to be 
detectable under the present conditions. Indirectly, 
the results show that the chemical reaction between two 
H 02 radicals must be at least an order of magnitude less 
efficient than the observed reaction between semioxi
dized dye and the products of the one-electron reduction 
of oxygen (reaction 11). Baxendale19 has estimated the 
rate constant of the reaction between two H 02 radicals 
to be on the order of 106 M -1 sec.-1. This is a suffi
ciently small value to agree with the results of this 
study. No effects were found of the protolysis of the 
H 02 radical.

(16) E. Fujimori and R. Livingston, Nature, 180, 1036 (1957).

(17) G. Porter and M , W. Windsor, Proc. Roy. Soc. (London), 
A245, 238 (1958).
(18) E. F. Zwicker and L. I. Grossweiner, J. Phys. Chem., 67, 549 
(1963).
(19) J. H. Baxendale, Radiation Res., 17, 312 (1962).
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T h e  P r o t o n a t i o n  a n d  D e p r o t o n a t i o n  o f  S u l f a m i d e  

a n d  S u l f a m a t e  i n  A q u e o u s  S o l u t i o n s

by Michael Garrett,1 Terence Tao,1 and William L. Jolly

Department of Chemistry, University of California, Berkeley J+, California {Received October 17, 1963)

The width of the n.m.r. signal of water in aqueous solutions of sulfamide varies with the 
pH; maxima are observed at pH values 4.1 and 5.7. The data have been interpreted in 
terms of reactions of sulfamide with hydrogen ion and hydroxide ion. Similar data for 
aqueous solutions of sodium sulfamate have been analogously interpreted.

Introduction
Sulfamide acts as a very weak acid in aqueous solu

tions. Thus, although various salts of sulfamide have 
been isolated from alkaline aqueous solutions, solutions 
of pure sulfamide are practically nonconducting.2’3 
On the other hand, apparently no basic character has 
ever been detected in sulfamide in its aqueous solutions. 
In the present study, we have measured the broadening 
of the proton magnetic resonance signal of water in 
sulfamide solutions as a function of pH, and have in
terpreted the data in terms of an acid-catalyzed ex
change reaction and a base-catalyzed exchange re
action. Each of these reactions has been studied in 
pH regions of moderately slow exchange (separate 
signals for sulfamide and water) and of fast exchange 
(one merged signal).

The sulfamate ion, NH2SO3 , is known to be weakly 
basic4 and to be very weakly acidic.5 Although we 
never observed a separate n.m.r. signal due to the sulfa
mate ion, we found that the n.m.r. line broadening 
data of sulfamate solutions, like those for sulfamide 
solutions, could be interpreted in terms of acid- and 
base-catalyzed exchange reactions.

Experimental
Sulfamide from the General Chemical Division of 

Allied Chemical Corporation was purified by repeated 
recrystallization from 95% ethanol, followed by re
crystallization from an acetone-ethyl acetate mixture. 
The purified product had a melting point of 90-93° 
(lit.2 m.p. 93°) In each experiment, purified sulfamide 
was dissolved in the appropriate amount of buffer 
solution to make a solution 1.5 M  in sulfamide. The

pH of the solution was determined with a pH meter, 
and the solution was transferred to an n.m.r. tube. 
In the pH range 3.2-5.2, 0.1 M  acetic acid-acetate 
buffers were used; in the pH range 5.2-7.3, 0.1 M  
dihydrogen phosphate-monohydrogen phosphate buf
fers were used.

Sulfamic acid from the G. F. Smith Chemical Com
pany was dissolved in the appropriate amount of so
dium hydroxide solution to make solutions 2 M  in 
sodium sulfamate. The pH was adjusted with potas
sium dihydrogen phosphate and borax at concentra
tions near 0.03 M .

A Yarian Model A-60 n.m.r. spectrometer was used. 

Results

Sulfamide. The measured line widths at half height 
of the water signal Av-,/, are plotted vs. pH in Fig. 1. 
The curve shows two maxima (at pH values ~4.1 
and ~5.7) and a minimum (at pH 5.1). In the pH 
range between the two maxima, a broad signal due to 
sulfamide was observed approximately 104 c.p.s. to 
low field of the water signal. At pH values outside 
of this range, only one signal (essentially that of the 
water) was observed. We shall interpret the data 
in terms of the following two reactions, each of which

(1) W ork performed by M . Garrett and T. Tao in partial fulfillment 
of the requirements for the B.S. degree.

(2) L. F. Audrieth, M . Sveda, H. H. Sisler, and M . J. Butler, Chem. 
Rev., 26, 49 (1940).

(3) E. C. Franklin, “The Nitrogen System of Compounds,” Rein
hold Publishing Corp., New York, N. Y., 1935, pp. 169-170.

(4) E. G. Taylor, R. P. Deseh, and A. J. Catotti, J. Am. Chem. Soc., 
73, 74 (1951); E. J. K in g  and G. W. King, ibid., 74, 1212 (1952).
(5) Ref. 3, pp. 167-168.
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Figure 1. N.m .r. line width as a function of pH for 1.5 M 
sulfamide. The circles and squares represent separately 
determined data. It is believed that the squares represent 
more accurate data than the circles. A»i/ 2°, the value of A n /, for 
the buffer solutions in the absence of sulfamide, has the values 
1.27 and 1.0 c.p.s. for the circles and squares, respectively.

leads to an exchange of a proton between sulfamide 
and water.

NH2S02NH2 +  H + — > NH2S02NH3+ (1)

NH2S02NH2 +  O H - — > NH2S 02N H - +  H20  (2)

The sum of the rates of these reactions is represented 
by the equation

R  =  fci (H +) (NH2S02NH2) + /c2(0H - )(NH2S02NH2)

At the minimum in the Avy, vs. pH curve, we use 
the relation

l/r =  1/7Y -  1/T,  (3)

where r is the mean lifetime of a proton on a particular 
site, and TV and 7’2 are the transverse relaxation times 
in the presence of exchange and in the absence of ex
change, respectively.6 By using eq. 3 and the data 
Avi/, =  3.2 c.p.s. and Ari/,0 =  1.0 c.p.s., we obtain an 
approximate value for rw ( j  for protons on water). 
From the relation

Ts/ tw- =  Ps/Pw (4)

(where ra is r for the protons on sulfamide, and 
p s and pw are the fractions of the protons on sulf
amide and water, respectively) we calculate rs = 
7.95 X 10-3 sec. Equation 3 is valid only when 
27rr(i'w0 — rs°) > >  1, where v j  — vs° is the chemical 
shift (c.p.s.) between water and sulfamide in the 
absence of exchange.6 From our data we calculate 
that, at the minimum, 2 tttb(vw0 — va°) ~  5; thus, for

our purposes, eq. 3 is a fairly good approximation. 
Because R  =  4(NH2S02NH2) / t8, and because, at the 
minimum, the acid- and base-catalyzed reaction rates 
are equal, we may write

2 /ra =  k i(H+) = fc,(OH-)

Using the H + and OH-  concentrations corresponding 
to pH 5.1, we calculate ki =  3.2 X 107 M ~ l sec.-1 and 
fc2 =  2.0 X 1011 M -1 sec.-1.

At pH 4.1 the two signals coalesce to one broad signal, 
and we may write

27tt(vw° — vs°) ~  1 (5)

where r is a “ reduced”  lifetime for the system.7’8 We 
take rs as a good approximation for r. The term k2 
(OH- ) is negligible compared to fci(H+); thus 4 / t8 ~ 
fci(H+). The data yield fci «  3.1 X 107 M ~ l sec.-1. 
At pH 5.7, the two signals coalesce to one broad signal, 
and again we use eq. 5. At this pH, we may neglect 
the term fci(H+); thus 4 /r s = fc2(OH- ). The data 
yield fe ~  5 X  10n i l /-1 sec.-1.

W.ien — rs0) < <  1, the “ fast exchange”
approximation is valid8’9

i / r * '  =  pw/ t 2„ +  pb/ t 2s +

47r2pA2PB2(rw° — rs°)2(rw +  r8)

Such conditions prevail in solutions of very low pH 
and :n solutions of very high pH. However, there are 
practical limits to the useful pH values because, if 
the exchange becomes too rapid, the difference between 
1/7Y and (pw/ T 2w +  p s/ T 2e) becomes very small and 
subject to considerable uncertainty. We have chosen 
to use the data at pH 3.38 and 6.85, at which points 
27TTa(rw° — »a0) ~  0.2. Although it was not possible 
to measure 1/T 2b directly, we obtained an approximate 
value of 19.5 sec.-1 for this quantity from measure
ments of 1 / T 2J  and 1 /7 V  in the region of moderately 
slow exchange and by application of eq. 3 and 4. 
This large value for T2j is probably due to N 14 quad u- 
pole broadening of the resonance. From the 1/7Y 
value at pH 3.38, we calculate t8 =  2.9 X 10-4 sec. 
and fci = 3.3 X 107 i li -1 sec.-1. From the 1 7V 
value at pH 6.85, we calculate r8 =  3.25 X 10-4 
sec. and k2 =  1.7 X 1011 M -1 sec.-1.

Sulfamate. A plot of the measured line widths at

(6) J. A. Pople, W. G. Schneider, and H. J. Bernstein, "H igh - 
Resolntion Nuclear Magnetic Resonance,” McGraw -H ill Book Co., 
Inc., New York, N. Y., 1959, p. 221.

(7) H  S- Gutowsky and C. H. Holm, J. Chem. Phys., 25, 1228 
(1956) ; see ref. 6, pp. 222-223.
(8) A. Loewenstein and T. M . Connor, Ber. Bunsenges. physik. 
Chem.. 67, 280 (1963).

(9) Ref. 6, pp. 221-222.
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half height vs. pH for sulfamate solutions is similar to 
the corresponding plot for sulfamide solutions, except 
that the minimum is not as pronounced as in the case 
of the sulfamide solutions, and the maxima occur at 
pH values 7.2 and 8.8. Even in approximately 7 M  
sulfamate solutions, it was not possible to observe a 
separate signal for sulfamate; however, a shoulder on 
the water peak was observed at this high concentra
tion in the region of pH 8.

Let us assume that proton exchange occurs by the 
reactions

NH2S03-  +  H+ — (NH2S03)H (6)

NH2S03-  +  O H - — ► NHS032- +  H20  (7)

The sum of the rates of these reactions is then given by

R  =  fc6(H+)(NH2S03-)  +  k7(0H -)(N H 2S03-)

If we further assume that the chemical shift for sulfa
mate is similar to that for sulfamide and that the 
maxima at pH 7.2 and 8.8 correspond to “ coalescence 
points,”  then we calculate, using eq. 5 as above, fc6 «  
1010 and kn ~  10s.

Discussion

The three different determinations of fci and fc2 are 
in accidentally good agreement. We shall take fci =  
3 X 107 Af-1 sec.-1 and fc2 = 2 X 1011 A /-1 sec.-1.

The magnitude of ki (for the protonation of sulfamide) 
is similar to that of rate constants for the protonation 
of other weak bases such as H20 2.(2 X 107 A /-1 sec.-1) 
and methanol (108 Af-1 sec.-1).8 The protonation 
rate constant for N-methylacetamide, which might 
be expected to be comparable to that for sulfamide, 
is very low (400 M  1 sec.-1).8 This low value is prob
ably attributable to partial double bonding of the type 

+
~0— C(CH3)=N H (C H 3), and the data suggest that 
double bonding to the nitrogen atom is more important 
in the latter molecule than in sulfamide. The rate con
stant k2 (for the reaction of sulfamide with OH- ) 
falls in line with the rate constants for the reactions 
of OH-  with acids stronger than water (k ~  1010 to 
1011 Af-1 sec.-1).10

The protonation rate constant for sulfamate (k6 ~  
1010 Af-1 sec.-1) is similar in magnitude to the cor
responding rate constants for bases stronger than water 
(k ~  1010 to 1011 Af-1 sec.-1) .10 The rate constant for 
the reaction of OH-  with sulfamate (k «  10s Af-1 
sec.-1) is reasonable when compared with the cor
responding rate constants for water and methanol 
(k =  5 X 109and 3 X 106 Af-1 sec.-1, respectively).8

Acknowledgment. This research was supported in 
part by the U. S. Atomic Energy Commission.

(10) M . Eigen, Pure Appi. Chem, 6, 97 (1963).
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P - T - x  D i a g r a m s  i n  t h e  C r i t i c a l  R e g i o n . A c e t o n e - n - A l k a n e  S y s t e m s

by Webster B. Kay

Ohio State University, Columbus, Ohio (Received October 18, 1968)

The P - T - x  phase diagrams of nine binary systems composed of the w-alkanes from ethane 
through n-octane plus n-decane and tridecane, with acetone as a common component, 
were determined in the critical region. Critical positive azeotropes were found to exist in 
the n-pentane-acetone and n-hexane-acetone systems and possibly in the n-heptane- 
acetone system. In general, systems which form positive critical azeotropes possess a 
minimum temperature point in the critical locus curve. Exceptions to this rule are dis
cussed. The results suggest a general pattern of phase behavior of binary systems com
posed of the members of a homologous series of compounds and a common azeotrope
forming compound that may be used for a qualitative prediction of their critical locus.

The P - T - x  relations of mixtures at elevated pressure, 
in addition to their practical value in engineering 
operations, are of interest to the physical chemist be
cause they yield fundamental information on the 
molecular behavior of fluids. Of particular interest 
are those systems whose solutions deviate from ideality 
to such an extent that azeotropes are formed. Many 
years ago, Kuenen showed1 that the principal dif
ference in the phase diagrams of systems that form 
critical azeotropes and those that do not is the exist
ence of a minimum or a maximum temperature point 
in the critical locus curve of the former, but not in the 
latter. Kuenen did not explore the subject further.

In 1951, this laboratory began a study of azeotrope
forming systems2" 6 which indicated that their P -T -x  
diagrams may exhibit a great variety of forms depend
ent on the difference in the critical temperatures of 
the components. This was demonstrated convincingly 
in a recent paper on the critical properties of perfluoro- 
n-heptane-n-alkane systems.6 Further evidence of 
this diversification is presented here as a result of a 
study of the binary systems of the n-alkanes from 
ethane through n-octane plus n-decane and n-tridecane, 
with acetone as the common component. The present 
study deals with systems in which the common com
ponent, acetone, has a critical pressure greater than 
that of any hydrocarbon with which it is paired. 
This is in contrast with the previous series where 
the common component, perfluoro-n-heptane, had a 
critical pressure less than that of the hydrocarbons.

Experimental
P - T - x  relations at the liquid-vapor phase boundaries 

of the nine binary systems were obtained by the 
determination of the pressure-temperature border 
curves of a series of mixtures of known composition. 
From plots of these curves the P - T - x  diagrams were 
derived. The apparatus and experimental procedures 
were, in general, the same as those employed in earlier 
studies.3 4 5’7 Briefly, an air-free sample of a mixture cf 
known composition was confined over mercury in a 
glass capillary tube which was surrounded by a con
stant temperature bath. The tube was fastened in a 
mercury-filled compressor with means provided for 
controlling and measuring the pressure on the sample. 
Equilibrium between the liquid and vapor was estab
lished by a magnetic stirrer. Bubble and dew point 
pressures were determined for a series of temperatures 
from which data the P - T  border curves were derived. 
Critical points were obtained by observing the tempera
ture and pressure at which the meniscus visually dis
appeared.

(1) J. P. Kuenen, “ Theorie der Verdampfung und Verflüssigung von 
Gemischen,” Johann A. Barth, Publisher, Leipzig, 1906, pp. 78-94.

(2) W. B. K ay  and D. B. Brice, Ind. Eng. Chem., 45, 615 (1953).

(3) W. B. K ay  and G. M . Rambosek, ibid., 45, 221 (1953).

(4) W. B. K a y  and F. M . Warzel, A. 1. Ch. E. J., 4, 296 (1958).

(5) W. B. K ay  and H. A. Fisch, ibid., 4, 293 (1958).
(6) L. W. Jordan and W. B. Kay, Chem. Eng. Progr. Symp. Ser., 59, 
No. 44, 46 (1963).
(7) W. B. K a y  and W. E. Donham, Chem. Eng. Sei., 4, 1 (1955).
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Figure 1. P-T-x  diagrams in the critical region.

The temperature of the sample was measured to 
within 0.2° by means of a copper-constantan thermo
couple and a sensitive potentiometer. For the pres
sure, a 16-in. dial precision spring gage graduated in 
2-lb. (0.13 atm.) divisions was used.

Preparation of Materials. Reagent grade acetone 
was dried with dehydrated calcium sulfate and the 
decanted acetone distilled in a 1.5-m. silvered and 
vacuum-jacketed fractionating column using a reflux 
of 20:1. Samples of the paraffin hydrocarbons, 
ethane through n-octane of a purity of the order of
99.9 mole %  and n-decane and n-tridecane of a purity

of about 99 mole %, were available and were used 
without further purification.

Mixtures of acetone with ethane, propane, and n - 
butane were prepared by loading the capillary tube 
with a sample of pure acetone, calculating its weight 
from the measured volume and density, and then 
adding a measured volume of gas at a known tempera
ture and pressure to make a mixture of known com
position. Mixtures of acetone with n-pentane and 
higher homologs were prepared by t ransferring small 
measured quantities of the pure components by 
molecular distillation to the experimental tube attached

T h e  J o u r n a l o f  P h y s i c a l C h e m i s t r y
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to a high vacuum line. The estimated error in the 
composition of the mixtures that were studied was 
about 1-2%.

Table I : Critical Temperatures and 
Pressures of Binary Mixtures

Ethane—acetone system® Propane-acetone system®
Mole % To, Pc, Mole % To, Pc,
ethane °C. atm. propane "C. atm.

0 234 .5 4 6 .4
2 6 .5 204 .8 6 8 .9 13.8 2 18 .3 5 1 .9
4 9 .9 163.3 8 7 .8 3 3 .9 191.2 5 7 .3
6 6 . 1 122.9 9 0 .9 5 0 .7 164.9 5 7 .5
7 8 .8 8 8 . 1 8 0 .0 6 6 . 6 139.8 5 3 .6
8 2 .7 7 5 .0 7 9 .8 7 7 .9 122.9 4 9 .2

100. 0 3 2 .3 4 8 .7 1 00. 0 9 6 .8 4 2 .0

n-Butane-acetone system6 n-Pentane-acetone system6
Mole % T0, Pc, Mole % To, Pc,
butane °C. atm. pentane °C. atm.

2 5 .4 2 08 .8 4 7 .6 7 .1 226 .8 4 5 .6
4 0 .3 192.7 4 6 .2 3 1 .5 210 .5 4 2 .7
6 2 .6 173 .0 4 3 .0 5 3 .9 199.1 39 .1
77 .1 161.3 4 0 .4 6 2 .6 195.5 3 7 .2

1 00. 0 152.2 3 7 .5 7 9 .9 194.5 3 5 .3

n-Hexane-acetone system0 n-Heptane—acetone system^
Mole % To, Pc, Mole % To, Pc,
hexane °c . atm. heptane "C. atm.

7 .2 2 30 .6 4 5 .0 6 .0 6 2 3 3 .4 4 5 .3
16.1 225 .5 4 3 .0 2 0 . 0 2 32 .6 4 2 .4
3 5 .9 220 .4 3 9 .8 3 6 .7 2 35 .5 3 9 .9
44.1 2 19 .9 3 7 .6 5 7 .5 244.1 3 6 .9
6 9 .6 223 .2 3 5 .3 100. 0 2 6 7 .4 2 7 .3
8 8 .9 229 .4 3 2 .7

1 00. 0 234 .7 2 9 .9

n-Octane-acetone system0 7i-Decane-acetone system0
Mole % To, Po, Mole % To, Po.
octane °C. atm. decane °C. atm.

1 .87 234 .7 4 6 .0 2 .5 240.1 4 5 .7
4 .1 2 34 .9 4 5 .4 5 .7 2 41 .9 4 5 .7

15.1 237 .8 4 3 .4 1 1 1 2 42 .3 4 5 .8
2 8 .6 2 4 4 .9 4 1 .4 16.2 248.1 4 5 .9
5 1 .4 261 .9 3 7 .9 2 0. 6 259 .9 4 5 .7
6 1 .4 2 7 0 .0 3 5 .9 3 1 .8 2 6 9 .7 4 5 .3
7 7 .2 2 8 1 .7 3 1 .8 3 6 .5 2 7 7 .5 4 4 .4

n-Tridecane-acetone system0
Mole % To, Pci
tridecane ” C. atm.

5 .5 247 .5 49. Ï
1 0. 8 263 .3 51 .1
18.5 290 .7 5 3 .5

“ L. Jones, M .S. Thesis, Ohio State University, 1958. 6 C.
Brown, M .S. Thesis, Ohio State University, 1959. c S. Chun,
M .S. Thesis, Ohio State University, 1959. * R . Congelliere,
M .S. Thesis., Ohio State University, 1951 . * E. McAdams,
M .S. Thesis, Ohio State University, 1958.

Results and Discussion
The P - T - x  diagrams of the nine binary systems are 

shown in Fig. 1. The critical data are given in tabular 
form in Table I. For each system the vapor pressure 
curves of the pure components and the P - T  border 
curves of the various mixtures are indicated by broken 
lines. Tangent to each of the border curves in the 
critical point and terminating in the critical points of 
the pure components is the critical locus curve which 
forms the upper boundary of the liquid-vapor region.

The P - T - x  phase diagram of the ethane-acetone 
system is typical of those systems whose components 
differ greatly in physical and chemical properties 
but which do not form azeotropes. Such systems 
invariably possess a point of maximum pressure in the 
critical locus curve. The diagrams of the propane- 
and n-butane- acetone systems are similar but due to 
the decrease in the volatility of the hydrocarbon com
ponent, there is a notable decrease in the value of the 
maximum critical pressure.

When n-pentane is substituted for n-butane, a fold
ing of the P - T - x  space occurs and a minimum tempera
ture point appears in the critical locus curve in the 
pentane-rich region. As a consequence, the condition 
for the existence of a positive critical azeotrope is 
fulfilled. From an inspection of the diagram one can 
see that the critical azeotrope must occur in a mixture 
containing between 54 and 63 mole %  n-pentane, 
whereas the minimum temperature point on the critical 
locus curve occurs in a mixture of about 85 mole %  
n-pentane. It is evident, therefore, that the critical 
azeotropic point and the minimum temperature point 
are separate and individual points, though it is possible 
that in some systems they may coincide.

As the critical temperatures of the components ap
proach each other in the n-hexane-acetone system, 
the folding of the P - T - x  space is more severe and the 
critical locus curve is nearly symmetrical around a 
constant pressure line drawn through the minimum 
temperature point. The composition of the minimum 
point is between 40 and 45 mole %  hexane. In the n- 
heptane-acetone system, the critical locus curve termi
nates in a nearly vertical section in the acetone-rich 
region, making it difficult to decide whether or not a 
critical azeotrope is formed.

When n-octane replaces n-heptane, there is no mini
mum temperature point in the critical locus curve, 
though in the vicinity of pure acetone the slope of the 
curve approaches infinite slope. This becomes less 
pronounced in the n-decane-acetone and completely 
disappears in the n-tridecane system. To be noted 
also in the latter system is the return of the maximum 
pressure point in the critical locus curve.
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Critical Pressure-Com position Relations. The varia
tion of the critical pressure with composition, shown 
in Fig. 2, is noteworthy. The maximum critical 
pressure in the ethane-acetone system is 91 atm. in a 
mixture of 63 mole %  ethane. This decreases to 58 
atm. in a mixture of 45 mole %  propane in the propane- 
acetone system and continues to decrease, becoming
47.5 atm. in a mixture of 20 mole %  of n-butane in 
acetone. In all systems from n-pentane through n- 
octane, the critical pressure lies between the critical

Composition
Mole Fraction of Hydrocarbon

Figure 2. C ritical pressure tis. com position relations.

pressures of the pure components with no maximum 
or minimum. In the re-decane-acetone system, the 
critical pressure decreases from the critical pressure of 
pure acetone, passes through a minimum pressure point 
of 45.6 atm. and a maximum pressure point of 45.9 
atm. in mixtures containing 10 and 16% decane, 
respectively, and then decreases to the critical pressure 
of pure decane. Finally, in the re-tridecane system, 
the critical pressure shows a gradual increase and must 
eventually pass through a maximum pressure point.

The latter was not determined because of the thermal 
decomposition of the mixtures.

Critical Tem perature-Com position Relationships. The 
critical temperature-composition relations for each of 
the systems are shown in Fig. 3. The broken line curve 
is the locus of the minimum temperature points. It 
is notable that only those systems whose critical 
temperatures lie within a given range of each other 
possess a point of minimum temperature. Since the 
latter are identifiable with systems that form azeotropes,

Composition
Mole Fraction of Hydrocarbon

Figure 3. Critical temperature vs. composition relations.

this critical temperature range has been termed the 
critical “ azeotropic range.” 8 The azeotropic range of 
the systems under study is approximately 160 to 270°. 
Only the critical temperatures of n-pentane, n-hexane, 
and possibly n-heptane fall within this range. Kreg- 
lewski,9 found similar relationships for the acetic acid- 
n-alkane and pyridine-re-alkane systems.

(8) A. Kreglewski, Bull. Acad. Polon. Sci. Cl. Ill, 5, 323 (1957).

(9) (a) A. Kreglewski, ibid., 5, 329 (1957); (b) Roczniki Chern., 31, 
1001 (1957).
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Temperature in °C
Figure 4. P-T  critical locus curves.

These relations are quite similar to those existing 
between the standard boiling point and the azeotropic 
composition at atmospheric pressure, first noted by 
Swietoslawski in systems similar to those studied here.10

General Pattern of Phase Relations. When a com
posite plot is made of all of the critical locus curves, 
as in Fig. 4, there is revealed a pattern of phase rela
tions which, in general, will be the same for many bi
nary systems composed of a homologous series of 
compounds and a common positive azeotrope-forming 
compound. If the critical temperatures of the com
ponents differ greatly from each other, no azeotrope 
is formed and the critical locus curve will possess a 
point of maximum pressure. As the critical tempera
tures approach each other, the maximum critical 
pressure decreases until the critical temperature of the

homolog fails within the azeotropic range of the 
systems. When this occurs, the P  T  x  space begins 
to fold, with the result that an azeotrope forms. 
Within the azeotropic range, the critical locus curve 
will possess a point of minimum temperature whose 
composition will vary from a mixture rich in the 
common component when the critical temperature 
of the homolog becomes greater than the critical 
temperature of the common component. Beyond the 
azeotropic range, the critical locus curve reverts to 
one with a maximum pressure.

The greatest deviation from this pattern of phase 
relations for systems whose components are completely 
miscible in the critical region may be expected when the 
critical pressures of the components differ greatly. 
For example, if the homolog has a critical pressure 
much lower than that of the common component and 
a critical temperature less than the common component 
but within the azeotropic range, a critical azeotrope 
may form without a minimum temperature point in 
the critical locus curve. Such conditions exist in the 
ethane-hydrogen sulfide system.2 Other possible forms 
that the critical locus curve may take have been dis
cussed in some detail in an earlier paper.4
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experimental data that have been presented as a partial 
requirement for the M.S. in Chemical Engineering 
at the Ohio State University, and to Phillips Petroleum 
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(10) W . Swietoslawski, “ Ebulliometric Measurements,”  Reinhold 
Publishing Corp., New York, N. Y ., 1945, p. 114.
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by Charles P. Nash and Gary E. Maciel

Department o f Chemistry, University o f California, Davis, California {Received October 19, 1968)

The C13 nuclear magnetic resonance spectra of N,N-dimethylaniline, N,N-diethylaniline, 
and three N-phenyl-substituted cyclic imines have been examined. It is shown that the para 
chemical shift correlates well with other measures of phenyl-ring nitrogen resonance, 
such as ultraviolet spectroscopic data and molar refraction exaltation, for all the com
pounds studied. The para chemical shift correlates moderately well with the base strengths 
(in 50% ethanol) of all the compounds except N,N-diethylaniline. It is proposed that 
N,N-diethylaniline exhibits an anomalously high base strength in hydroxylic solvents 
arising from steric inhibition to hydrogen bonding in the free base.

Introduction
In a recent paper,1 the ultraviolet spectra of N,N- 

dimethylaniline and a series of phenyl-substituted 
cyclic imines whose ring sizes varied from three to 
six members were reported. It was shown that the 
oscillator strengths of the two readily accessible ab
sorption bands in the ultraviolet decreased in the same 
order as both the exaltation in molar refraction and the 
PNa values of the compounds in 50% aqueous ethanol. 
By inference, the molecular property of major interest 
which changed from compound to compound was the 
degree of resonance interaction between the lone-pair 
electrons on nitrogen and the x-electrons of the benzene 
ring. Several experimental studies of C 13 magnetic 
shieldings in aromatic rings2-10 have shown that these 
parameters correlate with local ir-electron densities. 
Karplus and Pople11 recently investigated theoretically 
the various contributions to the C13 chemical shift in 
conjugated systems and showed that a significant 
charge-dependent term of this type is to be expected. 
We have chosen here to examine the C 13 n.m.r. spectra 
of several phenyl-substituted cyclic imines, N,N-di- 
methylaniline, and N,N-diethylaniline to determine 
the extent to which the supposed resonance interaction 
is reflected in the magnetic shieldings of the various 
carbon atoms.

Experimental
Materials. The aromatic amines N,N-dimethyl-

aniline and N,N-diethylaniline were both Eastman 
White Label products, and were used without fur
ther purification.

The cyclic imines I-phenylaziridine (three-membered 
ring), 1-phenylpyrrolidine (five-membered ring), and 
1-phenylpiperidine (six-membered ring) were supplied 
by A. T. Bottini. Their preparation has been de
scribed earlier.1 Spectro grade acetonitrile, benzene, 
and methanol were used in solvent studies to be dis
cussed below. Ultraviolet spectra were taken with a 
Cary Model 14 recording spectrophotometer using 
matched 1.0-cm. glass-stoppered silica absorption 
cells.

N.m.r. Spectra. The carbon-13 magnetic resonance 
spectra were obtained at a fixed frequency of 15.1 
Mc./sec. by measuring natural abundance C13 reso
nances, using dispersion mode and rapid passage condi- 1 2 3 4 5 6 7 8 9 10 11

(1) A. T. Bottini and C. P. Nash, J . A m . Chem. Soc., 84, 734 (1962).

(2) P. C. Lauterbur, A nn. A'. Y. Acad. Sci., 70, (4), 841 (1958).

(3) P. C. Lauterbur, J . A m . Chem. Soc., 83, 1838 (1961).
(4) P. C. Lauterbur, ib id ., 83, 1846 (1961).

(5) P. C. Lauterbur, Tetrahedron Letters, 274 (1961).

(6) P. C. Lauterbur, J . Chem. Phys., 38, 1406 (1963).
(7) P. C . Lauterbur, ibid., 38, 1415 (1963).

(8) P. C. Lauterbur. ibid., 38, 1432 (1963).

(9) H. Spieseeke and W. G. Schneider, Tetrahedron Letters, 468 
(1961).

(10) H. Spieseeke and W. G. Schneider, J . Chem. Phys., 35, -731 
(1961).

(11) M . Karplus and J. A. Pople, ibid., 38, 2803 (1963).
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Table I: C 13 Chemical Shifts and Other Properties of Aromatic Amines and Imines

-Chemical shift (p.p.m. w.r.t. benzene)-
Compound Ci Cortho Crnota C para N-CH. CHj /-sum ARd pKa

l-Phenylpyrrolidine -2 0 .3 15.5 - 1 . 6 12.3 79.2“ 100.4“ 0.37 1.64 3.45
Diethylaniline -1 9 .9 15.3 - 1 . 4 12.2 83.1 114.2 0.34 1.58 5.85
Dimethylaniline - 22.6 15.6 - 1 . 0 11.5 89.0 0.33 1.49 4.39
Dimethylaniline (1 :2 in - 22.6 15.5 - 0 . 9 1 1 . 8 88.4

acetonitrile)
1-Phenylpiperidine -2 4 .7 10.9 - 1 . 6 8.7 76.3“ 1 0 1 .0“ 0.26 0.96 > 5 .2
1-Pkenylaziridine -2 7 .4 7.3 - 0 .1 7.3 103.0 0.20 0.43 5.22
1-Pkenylaziridine (1:2 -2 6 .7 6. 2 - 1 . 5 6. 2 99.1

in methanol)

“ The assignment of these peaks was based on a comparison with the chemical shift of cyclohexane carbons given by P. C. Lauterbur, 
J. Chem. Phys., 26, 217 (1957).

tions as described by Lauterbur.3 The sample con
tainer was similar to that described by Spiesecke and 
Schneider12 except for the absence of provisions for 
spinning the sample, and consisted of two concentric, 
thin-walled spherical bulbs about 0.2 and 1.4 cc. in 
volume, a geometry which eliminates the need for bulk 
susceptibility corrections in these results. The small 
inner bulb contained the reference, a saturated aqueous 
solution of sodium acetate enriched to 55% C 13 at the 
carbonyl carbon. For calibration purposes, 300-c.p.s. 
side bands on the reference line were employed, and 
at least five forward and reverse sweeps were taken to 
minimize errors in line position caused by variations 
in sweep rate and saturation effects. The reproduci
bility of this technique was about ± 5  c.p.s. or ±0.3 
p.p.m. Since the shifts were determined with respect 
to a sodium acetate reference whereas it seemed desir
able to report them with respect to benzene, a calibra
tion of the acetate reference relative to benzene was 
obtained. The center of the benzene doublet was found 
to lie 804 ±  2 c.p.s. to higher field than the acetate 
reference. Thus a 53.6 ± 0 .1  p.p.m. correction was 
applied to the raw data to convert them to shifts with 
respect to benzene, and the reproducibility of these 
derived shifts may also be considered to be about ±0.3 
p.p.m.

Results and Discussion
Table I contains the C13 chemical shifts, referred to 

benzene, of all the interpretable peaks in the C 13
n.m.r. spectra of the compounds we have examined. 
In addition we have included in the table the sum of 
the oscillator strengths (/-sums) of the ultraviolet 
absorption bands, the exaltation in molar refraction, 
ARd, and the pK A values of the bases in 50% aqueous 
ethanol. Most of the auxiliary data in Table I have 
been abstracted from ref. 1. The value of pA a for

N, N-diethylaniline in 50% aqueous ethanol was 
determined by the method previously described.1 
The /-sum for N,N-diethylaniline has been estimated 
from the data of Wepster, et al.n The C13 n.m.r. 
spectrum of N.N-dimethylaniline has been reported 
previously by Spiesecke and Schneider10 and by 
Lauterbur.7 Our results for the chemical shifts of 
the benzene-ring carbons agree with those of Spiesecke 
and Schneider to within 0.3 p.p.m., all our values being 
smaller than theirs. The discrepancy is probably due 
to errors in the calibration of one or both of the external 
references with respect to benzene. Our values agree 
with Lauterbur’s results for the ring carbons to within
O. 7 p.p.m., no trend being present. Our value for the 
chemical shift of the N-methyl carbons exceeds Lauter
bur’s by 1.4 p.p.m. The agreement may be considered 
satisfactory, since Lauterbur’s measurements were ob
tained at a lower radiofrequency (8.5 M e./sec), and 
he employed nonspherical sample containers.

One striking feature of Table I is the close similarity 
between the chemical shifts of N,N-diethylaniliae and 
the five-membered ring compound. Evidently the 
electron distributions in the benzene rings of these 
two compounds are nearly the same, although the 
former is the strongest base in our series while the 
latter is the weakest. On the basis of their ultraviolet 
spectra, Wepster13 has concluded that appreciable 
resonance interaction exists in all the higher N,N- 
dialkylated anilines, and the present n.m.r. data are :n 
accord with this deduction. We shall shortly demon
strate that the exaltation in molar refraction, which is a 
commonly accepted measure of resonance interaction, 
correlates well with the para-carbon chemical shift of

(12) H. Spiesecke and W. G. Schneider, J . Chem. Phys., 35, 722 (1961)

(13) J. A. C. Browers, S. C. Bijlsma, P. E. Verkade, and B. M. 
Wepster, Rec. trav. chim., 77, 1080 (1958).
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all the compounds here studied. The exaltation in the 
molar refraction of N,N-diethylaniline further indicates 
that there must be a substantial resonance interaction 
in this compound. It is therefore apparent that the 
relatively high basicity of this compound is anomalous, 
when viewed from the standpoint of its resonance 
stabilization.

It is well known that the pKp, values of the series 
of symmetrically substituted N,N-dialkyl anilines in 
alcohol or water solution display a maximum about 1 
pK  unit high at diethylaniline.13’14 The basicities of 
the higher homologs are essentially constant. On 
the basis of inductive effects, as measured by the rela
tive base strengths within numerous series of alkyl- 
amines having the same degree of substitution of the 
nitrogen atom,15 one might reasonably expect the 
basicity of N,N-diethylaniline to exceed that of N,N- 
dimethylaniline by perhaps 0.6 pK  unit, but no fall in 
pK a at N,N-dipropylaniline is to be anticipated.

Taylor,16 in a previous discussion of this problem, 
has attributed the observed drop in pK.\ to a steric 
strain in the anilinium ion arising from interaction 
between the alkyl side chains and the ortho positions 
of the benzene ring when the alkyl groups contain 
three or more carbon atoms. We are in agreement with 
this view. His argument that basicity of free diethyl
aniline is enhanced by steric inhibition of resonance is, 
however, untenable in the light of the present results.

Recent work by Forman and Hume17 has shown that 
a good correlation exists between the heat of neutrali
zation of aromatic amines by hydrogen bromide in 
acetonitrile solution and the basicity of the amines in 
water, as measured by pK. The one conspicuous devia
tion from this correlation occurred with N,N-diethyl- 
aniline. These workers assume N,N-diethylaniline 
is a weaker base than it should be in acetonitrile. If 
we adopt a counter proposal, namely that N,N- 
diethylaniline is a stronger base than it should be in 
water, the curious behavior of the dialkyl anilines can be 
understood.

We suggest that the alkyl groups in free N,N-di- 
ethylaniline produce a sufficiently cluttered situation 
in the vicinity of the nitrogen atom that hydrogen bond
ing between hydroxylic solvent molecules and the 
nitrogen atom is inhibited. The resulting loss of 
solvation energy will increase the free energy of the 
free base, reduce the energy gap between N,N-diethyl- 
aniline and its anilinium ion, and correspondingly in
crease the base strength of the former, relative to 
dimethylaniline, by an additional amount over and 
above the “ normal” increase which arises from induc
tive effects.

Indirect evidence for this proposal may be inferred

from miscibility studies of dialkylated anilines with 
hydroxylic solvents. In mixtures containing either 
ethylene glycol or glycerol, the critical solution temper
ature of N,N-diethylaniline exceeds that of N,N- 
dimethylaniline in each case,18 and hence the excess 
free energy of mixing of the former compound must 
be the larger. Similarly, diacetone alcohol is com
pletely miscible with N,N-dimethylaniline but immisci
ble with N,N-dipropylaniline,19 a fact which also 
indicates a more positive free energy of mixing for the 
higher homolog.

Much more direct evidence for our hypothesis may 
be obtained from an examination of the ultraviolet 
absorption spectrum of N,N-diethyIaniline dissolved 
in both methanol and acetonitrile. The principal 
absorption maxima in these two solvents differ in 
intensity by only 3%, and have essentially the same 
extinction coefficient as was observed by Wepster, 
et al.,n in isooctane solution. Moreover, the absorption 
maximum is at 261.9 ni/u in acetonitrile, at 260.8 npi 
in methanol, and at 259 rri/n in isooctane. Our previous 
studies1 indicate that if N,N-diethylaniline were as 
strong an electron donor as its pK  leads one to believe, 
the absorption maxima in the two polar solvents would 
be separated by at least 5 m^, the maximum in methanol 
would be displaced to shorter wave lengths relative to 
isooctane, and the extinction coefficient would be 
smaller in methanol than in either acetonitrile or 
isooctane by some 20%. As regards solvent effects 
on ultraviolet spectra, N,N-diethylaniline is again 
remarkably similar to 1-phenylpyrrolidine.

In summary, we propose that the order of base 
strengths of the N,N-dialkylanilines can be explained 
by assuming that the dimethyl and diethylanilinium 
ions have virtually equal free energies in solution but 
the free N,N-diethylaniline is less solvated than the 
free N,N-dimethylaniline, and hence appears to be too 
basic by several tenths of a pA unit. The free energies 
of the neutral N,N-diethyl- and N,N-dipropylanilines 
are nearly equal, but to form the dipropylanilinium 
ion requires a free energy expenditure attributable to 
steric strain, and hence the base strength of the N,N- 
dipropylaniline is correspondingly reduced.

The remainder of the data on the pure liquids in

(14) N. F. Hall and M. R. Sprinkle, J . A m . Chem. Soc., 54, 3469 
(1932).

(15) H. K . Hall, ibid., 79, 5441 (1957).

(16) H. T. Taylor, Nature, 181, 265 (1957).

(17) E. J. Forman and D. N. Hume, J. Phys. Chem., 63, 1949 (1959).

(18) A. W. Francis, “ Critical Solution Temperatures,” Advances 
in Chemistry Series, No. 31, American Chemical Society, Washington, 
D. C., 1961, pp. 70, 73.

(19) J. S. Drury, Ind . Eng. Chem., 44, 2744 (1952).
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Table I require little discussion. The chemical shifts 
of the meta carbons are rather insensitive to structural 
variations, as is generally the case,2-4-6-8 whereas the 
para-carbon shieldings reflect rather well the changes 
in the phenyl-ring nitrogen resonance interaction which 
are to be expected on the basis of the oscillator 
strengths, molar refraction exaltations, and even pK a  

values.7 For example, in 1-phenylaziridine, which 
gives the least other evidence of resonance interaction, 
the para-carbon shifts relative to benzene are the 
smallest tabulated.

It might be assumed that the small variations in 
the meta-carbon shieldings arise from effects which 
do not depend on the resonance interaction: e.g., 
changes in ring currents and local electron densities 
produced by inductive effects. Such effects might be 
expected to influence meta and para positions more 
or less equally. If we “ correct”  the observed para 
chemical shifts by the amount of the corresponding 
meta shifts, we may attempt to correlate the “ cor
rected”  shifts, as measures of the resonances contribu
tions to the local 7r-electron densities, with other physi
cal properties.

Some justification for considering our “ corrected” 
para chemical shifts as being determined by resonance 
interactions can be found in the well-known correla
tions of the F19 magnetic resonance shielding constants 
of meta- and para-substituted fluorobenzenes with

Figure X. Correlation betw een "corrected”  para  
chemical sh ift and molar refraction exaltation 
or oscillator strengths for three N -phenyl- 
substituted cyclic imines and tw o N ,N -dialkylanilines.

Taft’s inductive and resonance parameters.20~23 Taft 
has demonstrated that the difference between the F19 
chemical shifts of para- and meta-substitute d fluoro
benzenes is directly proportional to the resonance 
parameters <m20 and o-r'1 21 of the substituent. Whereas 
the F19 shifts of para-substituted fluorobenzenes de
pend linearly on both the inductive parameter <n 
and on <tr or ctr0, the F19 shifts of raeta-substituted 
fluorobenzenes are proportional to or, but are inde
pendent of the resonance parameters.20'21 22 These 
relationships bear an apparent resemblance to the 
present treatment if we assume that our uncorrected 
C13 shifts are influenced by both inductive and reso
nance effects while the “ corrected” shifts depend mainly 
on resonance interactions.

It is found empirically that a correction of the kind 
indicated yields definite improvement in the correla
tions to be discussed below. In Fig. 1 we have plotted 
the “ corrected” para shift against both the /-sum and 
the ARd values. Sensibly linear plots obtain in both 
cases, but whereas N,N-diethylaniline is well removed 
from the line for the /-sum, it is definitely in line with 
regard to the exaltation in refraction. On this frag
mentary evidence we might conclude that the exalta
tion in refraction is probably the best-simple measure 
of resonance interaction in the N-alkylated anilines.

To the extent that variations in magnetic anisotropy 
may be neglected within this class of closely similar 
compounds, we may conclude that the changes in the 
7r-electron densities of the C-l and the orthc carbon 
atoms parallel those on the para carbon, and are some
what larger in magnitude.

Lauterbur7 found that within a series of ring-methyl
ated N,N-dimethylanilines the N-methyl shieldings 
decreased linearly as pA a. increased. Our data on 1- 
phenylpyrrolidine and 1-phenylpiperidine show* a simi
lar decrease in the shielding of the N-methylene 
carbons. In this respect N,N-diethylaniline again 
appears to be anomalous.

Our previous studies1 indicated the possibility of 
appreciable amine-solvent interaction in polar and 
hydroxylic solvents. We assumed that a bathochromic 
shift in acetonitrile vs. isooctane could be interpreted 
as solvent-stabilization of the highly polar excited 
state, while the fact that the spectra in methanol show 
a hypsochromic shift relative to the acetonitrile medium 
was supposed to reflect a hydrogen-bonding stabiliza

(20) R. W. Taft, Jr„ J. Am . Chem. Soc.. 79, 1045 (1957).
(21) R. W. Taft, Jr., S. Ehrenson, I. C. Lewis, and R. E. Glick, 
ibid.. 81, 5352 (1959).
(22) R. W. Taft, Jr., E. Priée, I. R. Fox, I. G. Lewis, K . K . Ander
sen, and G. T. Davis, ibid-, 85, 709 (1963).

(23) R. w .  Taft, Jr.. J . Phys. Chem., 64, 1805 (1960).
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tion of the free base. If these explanations are correct, 
the C13 n.m.r. spectra in acetonitrile solution should 
be virtually unaffected while the ring carbons would 
be expected to experience changes in shielding in meth
anol solution due to hydrogen bonding. As the 
greatest bathochromic shift was observed with N,N- 
dimethylaniline and the greatest hypsochromic shift 
with N-phenylaziridine, these two systems were selected 
for the present experiments. In addition, 50 mole %  
solutions of N,N-dimethylaniline in benzene and N- 
ethylethylenimine were examined to assess the effects, 
if any, of dilution with structurally similar molecules. 
As the results in Table I show, the n.m.r. spectrum 
of N,N-dimethylaniline in acetonitrile is identical with 
that of the pure liquid within experimental error. Simi
lar results were also obtained when benzene and N- 
ethylethylenimine were employed as diluents. The 
environments of the phenyl-ring carbons of 1-phenyl- 
aziridine, on the other hand, are definitely altered by

the presence of methanol. The resonance lines of the 
ortho, meta, and para carbons were all displaced down- 
field by about 1.1 p.p.m.. while the Ci resonance moved 
upfield by 0.7 p.p.m. Since the difference between 
the para and meta carbon shifts is essentially unchanged 
by the presence of methanol, one might conclude that 
the resonance interaction between the nitrogen atom 
and the benzene ring is largely unaffected by a hydrogen 
bond, while some change in the ring-carbon electron 
densities does occur as a result of a modified inductive 
effect. Similarly, the N-methylene carbons are very 
much less shielded in the presence of methanol. Evi
dently, an electron acceptor polarizes the charge 
distribution about nitrogen in such a way that electrons 
flow toward the nitrogen lone pair from both the phenyl 
ring and the imine ring. It is interesting that the C-l 
position seems to behave like a bottleneck, in that its 
charge density appears to be enhanced by the flow 
from more remote locations within the molecule.
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M o le c u la r  A b s o r p t i o n  S p e c t r u m  o f  C y a n in e  D y e s

by W. West and A. L. Geddes

Kodak Research Laboratories, Eastman K odak Company, Rochester, New York  (Received October 26, 1968)

The solvent displacement of the molecular absorption maximum of representative cyanine 
dyes was found to be linear in the refractive index of the solvent or in various refractive 
index functions. The dielectric constant, hydrogen-bonding capacity, or surface tension 
of the solvent had little influence on the displacement, which is determined essentially by 
dispersion interactions and can be interpreted as the “ universal red shift”  of Bayliss. In 
binary solvent mixtures of varying composition, deviations from linearity of the frequency 
of the absorption maximum with the refractive index, when the components differ con
siderably in polarity, point to selective solvation of the dye cations in the mixed solvents. 
At low coverages of an adsorbed cyanine dye on solid substrates, the structure of the ab
sorption spectrum reduplicated that of the molecular spectrum in solution, and the position 
of the maximum was mainly governed by the refractive index of the substrate. The dis
placement coefficient, the frequency shift per unit change in refractive index or in refrac
tive index function, for adsorbed dye was little more than half that for the dye in solution, 
probably because of the one-sided interaction of the medium in adsorption. The spec
trum of the adsorbed molecular dye on silver chloride and silver bromide fell, for the most 
part, in line with those on other substrates, but silver iodide induced a uniquely great 
tendency to dye-dye aggregation, even at very low coverages. Anomalously small dis
placements of the molecular spectrum of the dye on some hydrated surfaces can be at
tributed to interaction between adsorbed dye and adsorbed water molecules. On unfired 
samples of zinc sulfide prepared under acid conditions by precipitation of zinc ion by 
hydrogen sulfide, proton transfer from active acidic sites in the surface of the substrate 
catised the dye to be adsorbed in a colorless form from solvents of acidic nature.

Part I. Spectra in Solution A typical merocyanine chromophore is the resonance
Cyanine dyes exhibit only small bathochromic sol

vent displacements of their visible absorption spectra1’2 
in contrast to the relatively large displacements ob
served among merocyanine dyes, some of which exhibit 
hypsochromic displacements when dissolved in polar 
solvents.3-6 The chromophore in both of these types 
of dye molecule consists of N or 0  atoms, of variable 
valence, linked by a conjugated chain of carbon atoms. 
The cyanine chromophore is the singly charged cation

hybrid between the structure > N (— C— C)„— C = 0 , 
n =  1,2. . ., and the usually energetically nonequiva
lent, over-all uncharged but highly polar structure * S.

(2) 3. E. Sheppard, Rev. Mod. Phys., 14, 303 (1942).

(3) L. G. S. Brooker, G. H. Keyes, R. H. Sprague, R. H. Van Dyke,
E. Van Lare, G. Van Zandt, F. L. White, H. W. J. Cressman, and
S. J Dent, Jr., J . A m . Chem. Soc., 73, 5332 (1951).

(1) S. E. Sheppard, P. T . Newsome, and H. R. Brigham, J . Am . 
Chem. Soc., 64, 2923 (1942).

+
> N = C — (C = C —)„N <, n =  1,2. . ., which resonates 
with an equivalent terminal structure in which the 
positive charge is carried by the other N atom, with a 
concomitant rearrangement of single and double bonds.

(4) L. G. S. Brooker, G. H. Keyes, and D. W. Heseltine, ibid ., 73, 
5350 (1951).

(5) L. G. S. Brooker, Experimenta Supplementum II, X IV  Internat. 
Conf. Pure and Applied Chemistry, 1955, p. 229.
(6) A. I. Kiprianov, Russ. Chem. Rev., 29, 618 (1960).
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> N (= C — C )„= C — O.3 Brooker3-6 interpreted the 
peculiarities of the solvent displacements of the 
spectra of merocyanine dyes as originating in the dif
ferential stabilization of the unpolarized and polarized 
structures by electrostatic interactions with the 
molecules of polar solvents, and essentially equivalent 
interpretations, in terms of differential stabilization of 
the dipoles of the ground and excited states of these 
dyes and of other molecules containing intramolecular 
ionoidic chromophores, have been proposed.7-12

Any solvent effect on the position of the absorption 
spectrum of a solute must originate in the differential 
interaction of solvent molecules on the ground and 
excited states of the solute (greater stabilization of the 
excited than of the ground state causing a shift to 
longer wave lengths, and preferential stabilization of 
the ground state causing a shift to shorter wave lengths), 
but the cyanines, because of their lack of strong 
permanent dipoles in the chromophore, cannot be 
subject to the types of solvent interaction responsible 
for the large spectral effects of solvents on the mero- 
cyanines. No systematic study of solvent effects on 
the absorption of cyanine dyes seems to have been 
published, and the following observations were there
fore made to determine what properties of the solvent 
did govern the position of the absorption spectrum of 
those dyes.13

The refractive index turns out to be the macroscopic 
property of the solvent that essentially determines 
the absorption of dissolved cyanines; the dye-solvent 
interaction originates mostly in dispersion forces. In 
the adsorbed state of the dye at low concentrations on 
solid adsorbents, also, the refractive index of the 
adsorbent appears to be the most important factor in 
determining the position of the absorption band 
(part II).

This study is restricted to the spectrum of the dye 
as isolated molecules, contrasted with the dimers and 
multimolecular aggregates that appear with increasing 
concentration of the dyes in aqueous solution and in 
the adsorbed state. Dimers and higher aggregates 
rarely appear in organic solvents at room temperature. 
In the formation of adsorbed layers, conditions were 
chosen so that the absorption band of isolated adsorbed 
molecules alone was present or predominated in the 
spectrum.

Experimental
Dyes I, II, and III of the 2,2'-cyanine series were 

examined, along with the thiacyanine dyes, IV and V 
(Table I).

Molecules III, IV, and V are probably nearly co-

Table I

I. l,V-Diethyl-2,2'-cyanine chloride, n =  0, R  =  H, 
X -  =  c i -

II. l , l ,,9-Triethjd-2,2,-cyaiiiiie perchlorate, n =  0, R  =
c2h5, x -  = c io4-

III. 1,1 '-Diethyl-2,2 '-carbocyanme chloride, n =  1 , R = H,
x -  = c i -

(CH=CH)n-C H = ^ SJ ^ j  X "

T+ V
c 2h 5 c 2h 5

IV. 3,3'-Diethylthiacyanine iodide, n =  0, X ~  =  1“
V. 3,3'-Diethylthiacarbocyanine chloride, n = 1 , X -  =  C l-

planar with respect to the atoms in the heterocyclic 
nuclei and the chromophore; in I, the two quinoline 
nuclei are probably slightly twisted from coplanarity 
about the methine bridge because of some steric im
pingement of the hydrogen atoms in the 3- and 3'- 
positions, and in II, the heterocyclic nuclei are strongly 
forced from coplanarity because of the severe crowding 
introduced by the ethyl group in the bridge.14 Con
sequently, the intensity of absorption of II is consider
ably lower than that of 1.14

The solvents used were Eastman Grade organic 
chemicals, selected to show wide variations in dielectric 
constant, D, refractive index, n, and in hydrogen
bonding capacity. They are listed in Table II, to
gether with values of the dielectric constant and the 
refractive index and of the function (n2 — 1) /  (2n2 + 1), 
introduced into the analysis of spectral solvent dis
placements by Bayliss.7 8 9 10 11 12 13 14 15’16

The spectra were examined in dilute solution, about 
10-5 M, by a Cary spectrophotometer, Model 14. 
The dye dissolved with difficulty in some of the sol-

(7) T . Forster, Z. Elektrochem., 45, 548 (1939).

(8) W. T . Simpson, J . Am . Chem. Soc., 73, 5359 (1951).

(9) E . Lippert and F. Moll, Z . Elektrochem., 58 , 718 (1954).

(10) Y . Ooshika, J . Phys. Soc. Ja p an , 9 , 594 (1954).

(11) J. R. Platt, J . Chem. Phys., 25, 80 (1956).

(12) E. G . McRae, Spectrochim. Acta, 12, 192 (1958).

(13) Bathochromic shifts of the spectra of cyanine dyes dissolved in 
cellulose acetate films with increasing pressure have been reported 
recently by  G. A. Samara, B. M. Riggleman, and H. G . Drickamer, 
J . Chem. Phys., 37, 1482 (1962).

(14) L. G. S. Brooker, F. L. White, R. H. Sprague, S. G . Dent, Jr., 
and G . Van Zandt, Chem. Rev., 41, 325 (1941).

(15) N. S. Bayliss, ./. Chem. Phys., 18, 292 (1950).
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Table I I : Solvents Used

Solvent Z>26
n2 -  1 

2n2 +  1

1 Methanol 32.6 1.329 0.169
2 Water 78.5 1.333 .171
3 Acetonitrile 37.0 1.345 .175
4 Methyl acetate 6. 6 1.359 .181
5 Acetone 20.7 1.359 .181
6 Propionitrile 27.0 1.368 .183
7 »-Propyl alcohol 20.1 1.378 .187
8 2-Butanone 18.5 1.379 .187
9 »-Heptane 1.9 1.388 .192

10 Pentyl alcohol 13.9 1.397 .194
11 »-Butyl alcohol 17.1 1.399 .195
12 4-Methylvaleronitrile 15.0 1.404 .196
12a Tetrahydrofuran 1.404 .196
13 Dichloromethane 9.1 1.424 .204
14 Octyl alcohol 10. 1 1.430 .205
15 Dimethylnitrosoamine 52.0 1.437 .207
16 1,2-Dichloropropane 8.9 1.439 .208
17 Dodecvl alcohol 6.5 1.440 .208
18 1,2-Dichloroethane 10.4 1.445 .210
19 Formamide 107.0 1.447 .210
20 Cyclohexanone 18.2 1.451 .212
21 1,2,3-Trichloropropane 7.3 1.484 .222
22 Chloroform 4.7 1.490 .224
23 Benzene 2.3 1.501 .227
24 Pentaehloroethane 3.7 1.504 .228
25 Pyridine 12.3 1.509 .230
26 Iodoethane 7.8 1.513 .231
27 Chlorobenzene 5.6 1.525 .234
28 Iodomethane 6.7 1.531 .236
29 1,2-Dibromoethane 4.8 1.538 .238
30 Dibromomethane 7.1 1.541 .240
31 Bromobenzene 5.4 1.560 .244
32 Ethyl einnamate 6.1 1.560 .244
33 Bromoform 4.4 1.596 .254
34 Iodobenzene 4.6 1.620 .260
35 1 ,1 ,2 .2-Tetrabro moethane 6.8 1.638 .264
36 1-Bromonaphthalene 4.8 1.658 269
37 Diiodomethane 5.3 1.740 .287

vents, and in such cases, 0.5 to 1% methanol added 
to the solvent facilitated solution of dyes I, III, IV, 
anc V, and 1% 1,2,3-trichloropropane aided that of 
dye II. In solvents in which the dye dissolved without 
difficulty, the addition of 2%  methanol shifted the 
absorption maximum by no more than 0.5 m/z, and it 
appears reasonable to assume that the spectra in sol
vents containing no more than 1%  of auxiliary solvent 
are, within the precision of measurement, insignifi
cantly different from those in the pure solvents.

Results
As is shown in Fig. 1, the shape of the absorption 

bands is essentially the same in the different solvents, 
whh only minor differences in the separation and in

Wavelength (m/x)

Figure 1. Absorption spectra of l,l'-diethyl-2,2'-eyanine 
chloride in various solvents: ( 1 ) methanol; (2 ) pyridine; 
(3) methylene iodide.

the intensity ratios of the submaxima with respect to 
the main maximum. The invariance of the band 
structure over such a range of solvents, differing greatly 
in polarity and tendency to form hydrogen bonds, 
suggests that the sequence of maxima and shoulders 
represent poorly resolved vibrational structure in a 
single electronic transition. There appears to be a 
vibrational interval of about 1300 cm.“ 1, about that 
to be expected from a conjugated C = C  linkage in the 
excited electronic state. The data reported refer to 
the position of the main maximum, which probably 
is approximately the frequency of the 0 0 transition
of the spectrum.

The only property of the solvent which can be cor
related with the observed positions of the maximum of 
the absorption band of these dyes is the refractive in
dex; the absorption maximum is displaced regularly 
to longer wave lengths with increasing refractive index. 
In Fig. 2 and 3 the wave number of the absorption 
maximum is shown to be in essence linear in the func
tion (n2 — l) /(2 n 2 +  1), suggested by Bayliss16 to be 
the relevant solvent parameter that controls the 
“ general red shift” caused by interaction between the 
solvent and the transition dipole moment of the solute
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Figure 2. Molecular absorption band maxima of 2,2'-cyanine 
dyes in relation to the Bayliss refractive index function.

--1---- 1---- 1___I___I___I I i___l---- 1___l_
.18 .20 .22 .24 .26 .28

(n2-i) /  (2nz+i)
Figure 3. Molecular absorption band maxima of thiacyanine 
dyes in relation to the Bayliss refractive index function.

chromophore.16-17 A somewhat similar deduction of 
the spectral shift of nonpolar solutes in nonpolar sol
vents predicts a bathochromic shift proportional to 
the polarizability of the solvent,18 or to (n2 — 1) /  
(ra2 +  2) .19a

There is no correlation between the spectral shift 
of the cyanines and the dielectric constant of the sol
vent, or additive functions of the dielectric constant 
and the refractive index, or with Kosower’s Z-value.19b 
Nor are the shifts well correlated with the surface

tension of the solvent, as might be expected if the effect 
of the restrictive solvent cage on the energies of the 
ground and excited states cf the solute, as considered 
by Bayliss and Rees,20'21 were an important factor. 
The solvents included in Fig. 2 and 3 differ greatly in 
hydrogen-bonding power, and the fact that the spectral 
displacements are so nearly linear in refractive index 
indicates that hydrogen bonding is not involved in the 
environmental interaction responsible for the shifts.

With regard to the refractive index factor, linearity 
of the spectral shift in the function (n2 — l ) / ( 2n2 +  1) 
is not unique; the refractive index itself, plotted against 
the frequency of maximum absorption, yields as satis
factory a straight line, as does the electronic polariz
ability function (n2 — l ) / (n 2 +  2). What seems 
certain is that the refractive index is the essential 
macroscopic property of the solvent that determines 
the position of the molecular spectra of these dyes in 
solution. The observed scatter is partly attributable 
to experimental error, the precision of the maxima being 
about ±0.5 m/i in wave length, equivalent to about 
±18 cm._1 in the wave number. The observed maxima 
may also differ from the position of the 0 0 transi
tion by slightly different amounts in different solvents, 
and probably other factors than the refractive index, 
such as molecular size and shape, as well as permanent 
dipolar properties influence the absorption maximum 
to minor extents.

Discussion
The approximate equations of McRae16 17 18 19 20 21 for the total 

solvent-induced displacement of the absorption spec
trum associated with a strong optical transition in a 
dissolved chromophore may serve as the basis of dis
cussion of the experimental observations on the 
cyanines. In McRae’s treatment, the spectral shift 
is the result of additive contributions arising from the 
interaction of all the dipoles present in the system 
in the radiation field, including the transition dipole 
induced by the light in the solute molecule, any perma
nent dipoles in the solute and solvent molecules, and 
the induced dipoles associated with the polarizability 
of solute and solvent molecules. The interaction be
tween the rapidly fluctuating transition moment and 
the solvent involves only the electronic polarizability

(16) N. S. Bayliss and E. G. M cRae, J . Phys. Chem., 58, 1002 
(1954).

(17) E. G. M cRae, ibid., 61, 562 (1957).

(18) H. C. Longuet-Higgins and J. A. Pople, J . Chem. Phys., 27, 
192 (1957).

(19) (a) F. A. Bovey and S. S. Yanari, Nature, 186, 1012 (1960); 
(b) E. M. Kosower, J . A m . Chem. See., 80, 3253 (1958).

(20) N. S. Bayliss and A. L. G. Rees, J . Chem. Phys., 8, 377 (1940).
(21) A. L. G. Rees, ibid., 8, 429 (1940).
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of the solvent molecules, and can be described as a 
dispersive interaction. For strong transitions such 
as those associated with the visible absorption of cy
anine dyes, the dispersive contribution to the shift 
is approximately17

Lf n2 _  i
Ay(dispersive) = —2.14 X 10~14---------------- (1)

a3 2m2 4 - 1

The shift is measured from the position of the ab
sorption in the vapor, /  is the oscillator strength of the 
transition of the solute, and a is the Onsager cavity 
radius22 of the solute molecule. L is a property of the 
solvent, the “ weighted mean wave length,” the value 
of which for solvents absorbing at wave lengths distant 
from the absorption band of the solute corresponds to 
a wave length in the far-ultraviolet region and can be 
regarded as approximately constant for different

o
solvents, at about 1250 A., and n is the refractive index 
of the solvent. The dispersive interaction produces a 
bathochromic displacement referred to as the “ general 
red shift.”

If the solute molecule contains permanent dipoles, a 
contribution to the spectral shift depending on the re
fractive index of the solvent arises from the reaction 
back on the solute of the dipoles induced by the solute 
in the solvent molecules. This contribution is ap
proximately

A v (dipole-induced dipole)
M „2 -  M e2 n2 -  1 

hca3 2 n2 +  1 (2)

where M „ and M e are the dipole moments of the solute 
in the ground and excited states, and h and c have their 
usual significance. Permanent solute dipoles also come 
under the influence of the fields of oriented permanent 
solvent dipoles, yielding a contribution to the shift, 
Ar(orientation), approximately expressed by a form 
similar to (2), but including terms in the dielectric 
constant afid polarizability of the solute in the ground 
and excited states in addition to the refractive index. 
The spectral shifts of merocyanines and of other in
ternal ionoidic compounds in different solvents are 
dominated by the orientation contribution,11 or by an 
additive superposition of the dispersive and of the orien
tation contributions.23

The insignificance of any dielectric constant, term in 
the solvent effect on the absorption of cyanine dyes 
shows that there is very little difference in the perma
nent dipole moments of their ground and excited states. 
It is not immediately obvious that cyanine cations are 
“ nonpolar solutes.” As ions they must exert an elec
trostatic attraction on polar solvent molecules, and 
the fact that their crystals from polar solvents tend to

be solvated24 suggests appreciable interaction between 
dye cations and dipolar solute molecules. In non- 
aqueous solvents, the dye is probably present, even in 
dilute solution, largely as ion pairs, i.e., as polar ag
gregates of the cation and anion, and the positive charge 
of the dipole is in the chromophoric part of the dye.

Such dipole moments, however, are largely outside 
the chromophore, and must be small in comparison 
with the static moments present in the chromophore 
of strongly polar merocyanines. The concentration of 
absorption in the 0 0 vibrational transition in the
spectra of the cyanines indicates that bond lengths are 
not very different in the ground and excited 
states, and the fact that for fluorescent cyanines, 
the Stokes shift is not very large shows that the 
Franck-Condon configuration of the excited state is 
not highly strained. The shape of the molecule is not 
greatly changed on excitation and the static moments 
and polarizabilities are therefore not greatly different 
in the ground and excited states. These general con
siderations indicate why orientation polarization makes 
only minor contributions to the spectral shifts of cyanine 
cations, and the dispersive term must then predominate.

According to the Bayliss-McRae formulation, the 
magnitude of the dispersive contribution to the spectral 
shift is proportional to the quotient of the oscillator 
strength of the solute and the cube of the Onsager 
rad us. In the third and fourth columns of Table III 
the displacement coefficient, the change in frequency of 
the absorption maximum per unit change of the func
tion f(n) =  (n2 — l ) / ( 2n2 +  1), is compared with the 
value of the oscillator strength, /, of the dyes investi
gated.

Table I I I : Solvent Displacements and Oscillator
Strengths of Cyanine Dyes

ry e
E  X 
IO"5

S E A v  X 
IO“8 /

A v / A [ f ( n ) ]  
X IO"®

a (A), 
calcd.

I 0.74 1 .7 4 0 .75 - 5 . 7 6 .3
II 0.20 0 .72 0 .31 - 5 . 5 2 .5
III 1.89 2.88 1.2 4 - 5 . 6 3 .9
IV 0.90 2 .12 0 .9 1 - 7 . 5 3 .2
V 1 .5 4 2.36 1.0 2 - 7 . 6 3 .3

In the table, E is the molar extinction coefficient of 
the dye at the absorption maximum, and /  is computed 
from the relation f  =  4.313 X 10~9 f  Edv. Dye III

(22) L. Onsager, J . A m . Chem. Soc., 58, 1486 (1936).

(23) O. Popovych and L. B. Rogers, ibid., 81, 4469 (1959).

(24) P. J. W heatley, J . Chem. Soc., 3245 (1959).
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is the higher vinylogous homolog of I, and shows the 
normal increase in E  and /  resulting from the addition 
of a double bond in the methine bridge of the chromo- 
phoric chain. Dyes IV and V are similarly related. 
The oscillator strength of the crowded dye II is less 
than half its value in dye I, but the displacement co
efficient is about the same as that for dye I, as is also 
that for III, which has a higher oscillator strength than 
I and II. On the other hand, the displacement coef
ficient for the dyes IV and V containing benzothiazole 
nuclei is distinctly greater than for the dyes derived 
from quinoline, although the oscillator strengths are 
comparable. Using McRae’s approximate value of 
1250 A. for the parameter L in eq. 1, one can evaluate 
a, the cavity radius of the solute molecule, from the 
experimental value of the displacement coefficient. 
The values thus calculated, listed in the fifth column 
of Table III, are considerably smaller than the values 
corresponding to the dimensions of the dye molecules.

If, for the moment, the small calculated value of the 
cavity radius is neglected, the conclusion to be drawn 
from the application of the Bayliss-McRae treatment 
is that in interaction with solvents the low value of 
the oscillator strength of dye II is compensated for 
by a smaller distance of approach of the perturbing 
solvent molecules to the chromophore of this dye. It 
is not clear from the structures of dyes I and II how 
this can be; the presence of the 9-ethyl substituent 
would appear to inhibit access of solvent molecules to 
this dye more than to dye I. In general, the theory 
is not in very satisfactory agreement with observation 
regarding the dependence of the spectral solvent shift 
on the intensity of the absorption band of the solute. 
The low values of the cavity radius a usually calculated 
from the shifts may possibly be explained, as suggested 
by Bayliss and Hulme,26 if the transition moment is 
buried within the solute molecule, the outer parts of 
which may function as part of the solvent in its dis
persion interaction with the chromophore, but the ob
served shifts of feeble bands, according to current data, 
seem to be much larger in comparison with those of 
strong bands than the Bayliss-McRae treatment pre
dicts. For example, the observed shifts of the strong 
benzene transition at 2000 A. and of the weak transition

o
at 2600 A. are only in the ratio of from 2:1 to 4:1, 
although the oscillator strengths are in the ratio of 
about 45:1.®

Spectra of Cyanines in Solvent Mixtures. The effect 
on the absorption spectrum of changing the refractive 
index of the solvent by using as solvent binary mixtures 
of different compositions is shown in Fig. 4 and 5. 
The mixtures used were acetonitrile-methylene iodide, 
acetone-methylene iodide, and methylene chloride-

CH2I2 in CH3CN

Figure 4. M olecular absorption band m axim a of cyanine 
dyes in m ixtures of C H 2I2 and C H 3C N  in relation to the 
B ayliss refractive index function.

methylene iodide. The two extreme points in each 
curve refer to the pure liquids as solvents. In aceto
nitrile-methylene iodide (Fig. 4), the displacements of 
the two thiacyanines examined, dyes IV and V, are 
practically linear in the Bayliss function (or in the 
refractive index itself) in solutions containing from 0 to 
about 90% by weight of methylene iodide; at higher 
concentrations of methylene iodide, the curve plunges 
downwards, indicating disproportionally large batho- 
chromic- displacements for the last additions of methyl
ene iodide, or disproportionally large hypsochromic 
displacements caused by the first additions of aceto
nitrile to methylene iodide. The corresponding devia
tion from linearity is smaller in the case of the 2,2 '- 
cyanines, dyes I and III, although it seems to exist. 
Mixtures of methylene iodide and acetone behaved 
similarly to the methylene iodide-acetonitrile mixtures, 
with somewhat smaller downward curvature at the 
high concentrations of methylene iodide, whereas in 
methylene chloride-methylene iodide mixtures, Fig. 
5, deviations from linearity were small.

The dielectric constants of acetonitrile, acetone, 
methylene chloride, and methylene iodide at 25° are 
37, 20.7, 9.1, and 5.3, respectively. For the mixed

(25) N. S. Bayliss and L. Hulme, Australian J. C h em 257 (1953).
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CH 2I2 in CH2CI2

Figure 5. Molecular absorption band maxima of cyanine 
dyes in mixtures of CH2Ij and CH2CI2 in relation to the 
Bavliss refractive index function.

solvents, the deviations from a linear dependence of 
the spectral displacement on the refractive index or 
the Bavliss function are greatest when the components 
differ most in polarity and size and are nearly absent 
for the mixture of the two methylene halides. The 
deviations indicate that small additions of the more 
polar and smaller molecule, which also possesses the 
lower refractive index, cause a disproportionally large 
hypsochromic shift, as if the microscopic refractive 
index in the neighborhood of the solute molecules were 
less than the average refractive index throughout the 
bulk of the solution. Preferential solvation of the dye 
cations, especially of the thiacyanine cations, by aceto
nitrile or acetone, respectively, in binary mixtures with 
methylene iodide would account for the observations. 
The more open structure of dyes containing benzothia- 
zole nuclei, compared with those containing quinoline 
nuclei, might accentuate the selective approach of the 
negative end of the dipoles in acetonitrile and acetone 
to the chromophore, in competition with methylene 
iodide. Effects on the conductivity and other proper
ties associated with the dissociation equilibrium of 
quaternary ammonium salts in mixed solvents arising 
from selective solvation have been described in the 
literature.26

Part II. Spectrum of Diethyl-2,2'-cyanine 
Adsorbed to Solid Substrates

The optically sensitized photographic process, in 
which silver halide photographic layers are rendered 
sensitive to light of longer wave lengths than those 
absorbed by the silver salt, is brought about by adding 
an adsorbed layer of sensitizing dye to the surface of 
the silver halide crystallites in the sensitive layer and 
exposing the layer to light absorbed by the dye. Many 
studies have therefore been made of the absorption 
spectra of adsorbed sensitizing dyes in photographic 
gelatin emulsions and in model single-crystal or poly
crystalline silver halide systems, and of the relation 
between the spectral absorption and the spectral sensi
tization.

An important feature of the adsorption of dyes to 
silver halides is the marked tendency of the dye to 
enter into cooperative aggregated states having 
characteristic absorption spectra different from that 
of the adsorbed dye at very low surface coverage, when 
the dye appears to be adsorbed as isolated molecules. 
In normal photographic emulsions, sensitizing dyes are 
usually aggregated in some form. Dyes, however, 
can act as photographic sensitizers both in unaggre
gated and in aggregated states.27 The present study 
was undertaken partly to find out how the spectral 
effects of adsorption of sensitizing dyes on silver bro
mide were related to the scheme of spectral effects of 
adsorption on substrates in general. For simplicity 
of interpretation, the present observations refer only 
to the molecular spectrum of a cyanine dye adsorbed 
to a number of finely divided solid substrates dyed 
under conditions of little or no aggregation.

Experimental
Three milliliters of a solution of dye I28 in water or 

in an organic solvent was shaken with 1 g. of the 
pcwdered material, the suspension was centrifuged, 
freed from the supernatant liquid, washed once with 
the solvent, recentrifuged, and the powder was spread 
on a glass plate and rapidly dried in a current of air. 
A glass cover was applied, the “ sandwich” was sealed 
with tape around the edges, and the diffuse reflectance 
spectrum of the dyed powder was measured by a

(26) H. Sadek and R. M. Fuoss, J . A m . Chem. Soc., 72, 301 (1950);
Y . H. Inami, H. K . Bodenseh, and L. B. Ramsey, ibid., 83, 4745 
(1961); J. Buffalini and K. H. Stern, ibid., 83, 4362 (1961); J. B. 
Hyne, ibid., 85, 304 (1963).
(2 )̂ C. E. K . Mees, “ The Theory of the Photographic Process,” 
Revised Ed., The Macmillan Co., New York, N. Y ., 1954, Chapters 
11 and 12.
(28) In the case of adsorption to solid halides as substrate, as AgCl, 
Hg2B r2, the anion of the dye used was the same as that of the sub
strate. The iodide was used for the other substrates.
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General Electric recording spectrophotometer. The 
particle size of the substrates was small enough for 
Fresnel reflectance to make only a minor contribution.29

The substrates LiF, CaF2, Si02-.rH20, A120 3, Bi20 3, 
Hg2Br2, ZnO, and PbBr2 were analytical grade com
mercial preparations; silver halides and thallous halides 
were precipitated from the corresponding nitrates by 
the appropriate potassium halide in aqueous solutions, 
washed well with water, and dyed moist with water or 
organic solvent according to the solvent used for the 
dye.

Dye I, in concentrated aqueous solution or adsorbed 
to silver halides, readily aggregates in a form char
acterized by a sharp absorption band at about 573 
m/z, referred to as a / - band.27 Of the substrates used 
in this study, the silver halides and lead bromide 
strongly induced ./-aggregation of the dye adsorbed 
from aqueous solution, and the adsorbed layer on most 
of the other substrates contained a small proportion 
of /-aggregated dye, indicated by a small shoulder 
at about 575 m/x. Except for the dye adsorbed to the 
silver halides and to lead bromide, the ./-band associated 
with adsorption from aqueous solution did not interfere 
with the measurement of the absorption of the molecular 
band of the adsorbed dye. Aggregation on silver or 
lead halides was found to be eliminated or greatly re
duced when small quantities of the dye, of the order of 
ICG5 mole per formula weight of substrate, dissolved 
in nitromethane or chloroform, were adsorbed on these 
substrates. To prepare dyed silver halides, the adsorb- 
ant, precipitated from aqueous solution, was freed from 
water by repeated washing with methanol and centri
fuging; the methanol was then replaced by repeated

Figure 6. Reflectance spectra of 1 ,1 '-diethyl-2,2'-cyanine 
cation at low concentration on various substrates. The 
decreasing reflectance at short w ave lengths arises from the 
substrate.

washing and centrifuging with the solvent from which 
the dye was to be added ; the necessary amount of dye 
solution was then added to the precipitate suspended 
in the solvent, the suspension was centrifuged, and the 
dyed powder was rapidly air-dried on a glass plate and 
prepared for spectral examination as already described. 
Methanol can be used as a solvent, but if the substrate 
strongly favors /-aggregation, much dye aggregate 
may form on air-drying. Air-drying of dyed powders 
which have been dyed from solvents such as nitro
methane, of lower water affinity than methanol, can 
be readily carried out without special precautions, 
without introducing disturbing amounts of aggregated 
dye.

No comparison of adsorbability of the dye on the 
various substrates is made in this paper. The specific 
surfaces of the substrates were not measured, and 
probably varied considerably. In all cases, the con
centration of adsorbed dye was kept low, with the 
object of avoiding aggregation, and the fraction of the 
surface covered is probably low.

Results

The nature of the reflectance spectra of the dye ad
sorbed on these substrates is illustrated in Fig. 6, in 
which increasing percentage reflection is plotted down
ward as the ordinate against the wave length.

It is well known that the reflectance minima of the 
dyes in photographic emulsions coincide, within the 
accuracy of measurement, with absorption maxima, 
and the shapes of the reflectance spectra in Fig. 6, 
viewed as if the ordinates increased upward in the usual 
way, represent the shapes of the absorption curves, 
the peaks representing absorption maxima (and re
flection minima) and the valleys absorption minima. 
In the subsequent discussion of the spectra of the ad
sorbed dye, the wave length of minimum reflectance 
will be referred to as “ the wave length of the absorp
tion maximum.”

With the exception of the shoulders representing 
feeble /-bands that appear in some of the reflection 
curves, the shape of the inverted reflectance curves 
of the adsorbed dye in Fig. 6 is very similar to that of 
the absorption curves in organic solvents illustrated in 
Fig. 1. The structure in the absorption curve is re
produced in corresponding peaks and shoulders in the 
inverted reflection curve, and there can be little doubt 
that the absorbing species in the adsorbed layers under 
the condition of these experiments and in the solutions 
are the same ; that is, they are essentially unaggregated

(29) G. Kortüm, Trans. Faraday Soc., 58, 1624 (1962).
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dye molecules interacting with the solvent or substrate, 
but only to a minor degree among themselves.

As in the solution spectra, the approximate invariance 
and the general appearance of the pattern in the re
flection spectra of adsorbed dye I strongly suggest 
that the structure, probably incompletely resolved at 
room temperature, is determined by vibronic progres
sions, with about the same main interval of about 1300 
cm.-1, corresponding to that to be expected for a 
conjugated C = C  linkage in the excited electronic state.

On many of the substrates examined, the wave 
length of the absorption maximum of the adsorbed 
dye did not depend on the solvent, nor on the coverage 
of the surface by dye, provided the coverage was low. 
When, however, the adsorbability of the dye on a sub
strate was sufficiently high, the absorption spectrum 
shifted with higher coverage to longer wave lengths 
by as much as 10 ma, without change in shape, i.e., 
without introduction of new bands. For example, 
the absorption spectrum of dye I adsorbed from nitro- 
methane on silver chloride in amounts varying from 
0.5 X 10-6 to 2 X 10-6 mole per mole of substrate 
showed its main maximum at wave length 531 m/i, 
with a subsidiary maximum at 497 m/x and a shoulder 
at about 462 m/x, but at 5 X 10-6 and at 5 X 10-4 
mole of dye per mole of adsorbent, the corresponding 
maxima were at 540 m/x, 504 m/x, and about 467 m/x- 
The displaced spectrum is still the molecular spectrum, 
and no new state of aggregation characterized by its 
own spectrum appears (except that with increasing con
centration of the adsorbed dye, increasing small 
amounts of the ./-aggregate band may appear, at wave 
lengths sufficiently removed from the molecular spec
trum not to interfere with the spectral distribution of 
the molecular absorption). Nevertheless, some inter
action between adsorbed dye molecules, less intense 
than those responsible for dimerization and for the 
polymerization, appears to set in as the concentration 
is increased, leading to a bathochromic displacement 
of the molecular absorption band. Displacements of 
the molecular band of dye I with increasing concentra
tion of the adsorbed dye, similar to those observed 
on AgCl, have been found on AgBr, Til, and Bi20 3.

The molecular absorption spectrum of adsorbed 
cyanine dyes seems therefore, in general, to be in
fluenced (a) by the substrate, and (b) at sufficiently 
high concentration, by neighboring dye molecules. 
To isolate the effect of the substrate on the absorption 
spectrum, one considers the spectrum of the adsorbed 
dye at low concentrations, at which the maximum is 
independent of concentration. Figure 7 contains a 
plot of the wave number of maximum absorption at low 
concentration of adsorbed dye against the refractive

index function (n2 — l) /(2 n 2 +  1). The values of 
the refractive index, n, are from standard tables or 
from the original literature, and for anisotropic crystals, 
the mean of the values along the principal axes has been 
used. Most of the points fall fairly well on a straight 
line, but, as for the cyanines in liquid solvents, an 
equally valid linear relation holds between the wave 
number and the refractive index itself. Deviations 
from the line are greater than for the corresponding 
relation in solution, but the main factor governing the 
spectral shift of adsorbed mutually non interacting 
cyanine molecules, as of those molecules in solution, 
appears to be the refractive index of the environment. 
The environmental interactions are therefore principally 
governed by dispersion forces. The line showing the 
displacement of the molecular band of dye I in solution 
is also drawn in Fig. 7. It can be seen that the “ general 
red shift”  in the molecular spectrum of the dye is less 
in adsorbed layers than in solution; for a given re
fractive index, the maximum absorption is at a higher 
frequency in the adsorbed state than in solution. The 
displacement coefficient, measured by the slope of the 
line, for the adsorbed dye is —3.1 X 10-3 cm.-1 per 
unit increase in the Bayliss function, little more than 
half that for the dye in solution, —5.7 X 10-3. The 
dispersion interaction of a solid substrate with the dye 
is only about half that of a liquid solvent of the same 
refractive index, probably because in adsorption the 
interaction occurs from one side only. It seems likely 
that the bathochromic shift of the molecular band of

Figure 7. Molecular absorption band maxima of
1 ,1 '-diethyl-2 ,2 '-cyanine cation adsorbed to solid adsorbents
in relation to the Bayliss refractive index function.
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the adsorbed dye with increasing concentration like
wise originates in dispersive interactions between the 
adsorbed dye molecules themselves.

The absorption spectrum of the molecular form of 
dye I on silver halides falls essentially in line with that 
on other substrates, although the deviation of the 
observed absorption maximum on silver bromide from 
the line in Fig. 7 is greater than for most other sub
strates. On silver iodide, the dye aggregated to a con
siderable degree even at very low concentrations, and 
a satisfactory molecular spectrum was not observed on 
this substrate. Of the solids examined, silver iodide 
was unique in this respect.

Adsorbed on powdered zinc oxide from water on 
methanol, dye I exhibited the maximum of its molecu
lar absorption at about 520 m^, a value consistent with 
a refractive index about 1.3 instead of the observed 
value of 2.0 for zinc oxide. Adsorbed from bromoform 
or nitromethane on zinc oxide which had been well 
shaken previously with these solvents and examined in 
a layer protected from the action of atmospheric water 
vapor, the dye showed its absorption maximum at 
532 m,u, or 1.88 X 104 cm.-1, close to the value, as 
shown in Fig. 7, to be expected for adsorbed dye on 
zinc oxide, for which the value of the Bayliss function 
is 0.333. On exposure of this layer to atmospheric 
water vapor, the absorption maximum shifted to 521 
Hpi. The appearance of molecular absorption spectra 
of adsorbed cyanines at wave lengths much shorter 
than is consistent with the refractive index of the sub
strate seems therefore very probably to be the effect 
of accompanying adsorbed layers of water.

Adsorption of Dye I in a Colorless Form on Zinc Sul
fide. Zinc sulfide prepared by precipitation of zinc 
ion by hydrogen sulfide under alkaline conditions ad
sorbed the dye in the normal pink form from water 
or from nitromethane, showing maximum absorption 
near a wave length consistent with the refractive 
index of zinc sulfide. On material precipitated by 
hydrogen sulfide under acid conditions, the nature of 
the adsorbed dye depended on the solvent. From group 
1 of solvents, including water, methanol, chloroform, 
pyridine, or pyrrol, the dye was adsorbed in the normal 
colored form, but from group 2, comprising solvents 
of acidic nature, like nitromethane, nitrobenzene, 
glacial acetic acid, dilute acetic acid in chloroform, 
o-chlorophenol, or bromoform, the dye was adsorbed 
in a colorless form. Solutions of the dye in solvents 
of both groups are strongly colored. The absence of 
color in the zinc sulfide treated with solutions of the 
dye in solvents of group 2 was not the result of poor 
adsorption or of permanent destruction of the dye, for 
addition of water to the white powder left after cen

trifuging from the solvents of acidic nature immediately 
caused the appearance of strong color, which was found 
by centrifuging to reside in the zinc sulfide. Similarly, 
addition of a drop of water to a dry layer of white zinc 
sulfide which had been treated with a solution of the 
dye in nitromethane caused the development of an in
tense pink spot, and, on exposure to moist room air, 
the dry white layer of treated zinc sulfide slowly be
came uniformly pink. The interconversion between 
the colorless and colored forms of the dye on zinc sul
fide was reversible from both sides. Addition of 
nitromethane to a sample of zinc sulfide deeply dyed 
from aqueous solution rendered the solid white, but 
the color was regained on addition of water to the 
surface.

The colorless form of the dye adsorbed from solvents 
of acidic nature was observed on commercial samples 
of precipitated zinc sulfide as well as on samples pre
pared by precipitation with hydrogen sulfide by Mr.
D. Pearlman of these laboratories. All of these 
samples were prepared under acid conditions. The 
potentiometric pFl values of aqueous suspensions of 
these various samples were about 3.25, while an aqueous 
suspension of zinc sulfide prepared under alkaline con
ditions, which adsorbed the dye in the colored form 
from all solvents, showed a pH value of 5.00. Acid- 
precipitated zinc sulfide which had been heated to a 
temperature of 600-700° in helium or air adsorbed dye 
in the colored form from all solvents, and the pH values 
of aqueous suspensions of the fired samples increased to 
between 6 and 7.

It is well known that cyanine dyes in acid solution 
can be reversibly protonated to yield colorless sub
stances. The value of pA a for the equilibrium between 
the colored and the protonated forms of dye I is about
4.0.30 The decolorization of the dye in these adsorp
tion experiments cannot, however, be attributed to 
protonation in the solution in equilibrium with the 
zinc sulfide. For example, when the dye is adsorbed 
from water, the pH of the solution in equilibrium with 
the zinc sulfide is such as to cause considerable, but 
incomplete protonation, but the adsorbed dye is un- 
protonated. If zinc sulfide is first vigorously shaken 
with nitromethane and then centrifugally settled, the 
addition of a solution of the dye in a little nitromethane 
to the supernatant liquid gives a colored liquid layer 
over the powder. Only after shaking with the zinc 
sulfide does decolorization occur. If a limited amount 
of dye is added, both the powder and the supernatant 
liquid are colorless after shaking; addition of dye can

(30) Dr. A. Herz, of these laboratories, private communication; 
cf. G. Scheibe and D. Brücke, Z. Elektrochem., 54, 403 (1950).
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be made until the supernatant liquid remains colored 
after shaking with the zinc sulfide, but the powder re
mains white.

Decolorization of the dye added from acidic solvents 
to unfired, acid-precipitated zinc sulfide must there
fore be attributed to protonation at active acidic sites 
in the zinc sulfide surface in equilibrium with the sol
vent. The situation appears similar to that discussed 
by Walling,31 who utilized the ability of surfaces of 
powdered calcium fluoride, calcium sulfate, etc., to 
convert adsorbed indicating dye bases to their dif
ferently colored conjugated acids to measure the acid 
strengths of solid surfaces. In Walling’s experiments, 
as in those reported here on zinc sulfide, the surface 
acid strength depended on the medium from which the 
indicator was adsorbed, weakly basic solvents such as

water and the other members of group 1 depressing the 
acid strength of the surface and promoting adsorption 
in the unprotonated form. These examples of proton 
transfer between surface sites and adsorbed molecules 
apf'ear to be analogous to recently studied examples of 
electron transfer between surface sites and adsorbed 
molecules.24'32

Acknowledgments. We wish to acknowledge the 
ass stance of Mr. Frank Grum in securing the reflect
ance spectra of the adsorbed dye layers, o: Mr. D. 
Pearlman in providing samples of zinc sulfide, and of 
Dr. L. G. S. Brooker, for supplying the dyes.

(31) C. Walling, J . A m . Chem. Soc., 72, 1164 (1950).
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The reaction between gold and chlorine in fused zinc chloride and in fused NaCl-KCl 
and the reaction between gold and bromine in fused NaBr-KBr have been studied. Equi
librium concentrations have been determined and, from these, thermodynamic data have 
been calculated.

Introduction
Most of the existing thermodynamic data concerning 

fused salt solutions have been obtained by cell potential 
measurements. The relative scarcity of directly ob
tained data on chemical equilibria can be attributed 
to analytical difficulties inherent in the study of equi
libria involving extremely small concentrations of 
some reactant and to the difficulty or practical impos
sibility of varying equilibrium, concentrations suf
ficiently to permit reliable extrapolations to infinite 
dilution or to unit mole fraction, for example. The 
gold-halogen equilibrium studies reported here were

not hampered by the first difficulty. Because of the 
second difficulty, however, data for making the men
tioned extrapolations were not obtained.

This paper reports the results of studies on these 
thme reactions

2Au +  Cl2 — *■ 2AuCl (1)

in fused zinc chloride at 786°K.

2Au +  Cl, — >  2AuCl (2)

in fused equimolar NaCl-KCl in the temperature, range 
1025 to 1100°K., and
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2Au +  Br2 — >■ 2AuBr (3)

in fused equimolar NaBr-KBr in the temperature 
range 1035 to 1200°K.

Experimental
There was much similarity in the procedures used 

in studying the three reactions. The reaction mixtures 
were heated in an electric furnace supplied through 
a constant-voltage transformer. The gold used was 
specified to be of 99.95% purity. The chlorine was 
specified by the manufacturer (Matheson) to be of at 
least 99.3% purity. It was used without further 
purification except for drying in the cases of the NaCl- 
KC1 experiments. Other chemicals including the bro
mine were all of reagent grade. The reaction vessel 
In the zinc chloride experiments was Pyrex glass. In 
the NaCl-KCl and NaBr-KBr experiments, the vessel 
was an alundum tube. Temperatures were measured 
with a platinum-platinum rhodium thermocouple.

In each case the halogen was bubbled under prevail
ing atmospheric pressure through the fused salt in 
which the gold was immersed. One atmosphere was 
used in calculations as the halogen pressure. Actual 
departures from this value would lead to insignificant 
changes in the results of such calculations. In the 
case of the chlorine experiments, the exit gas was 
trapped or exhausted through the fume hood system. 
In the case of the bromine experiment, the gas was ob
tained by boiling liquid bromine in an apparatus in 
which the exhaust bromine was condensed and re
cycled. This system contained anhydrous Mg(C10,i)2 
as a desiccant. In all cases the fused salt was dried 
by the passage of the halogen through it. In each 
case, the reaction vessels were arranged to permit the 
insertion of a sampling pipet.

The analytical procedure was gravimetric. The 
sample of fused salt, withdrawn into a pipet, was cooled 
and weighed. It then was mixed with water in which 
most of it dissolved, leaving a residue of precipitated 
gold. The dissolved gold was precipitated by sulfur 
dioxide. In all cases the total precipitated gold was 
weighed. In the NaCl-IvCl experiments and in some 
of the NaBr-KBr experiments the gold precipitated 
before and after treatment with sulfur dioxide was 
weighed separately.

Results
Gold-Chlorine Reaction in Fused ZnCh. This was 

the first of the three reactions studied. The reaction 
was found to be very slow. The run reported here 
covered a period of 53 days during which 27 samples 
were taken and analyzed. The temperature of this 
run was 736 ±  5°K. The temperature fluctuations

observed were less than ± 5 °. Control and mainte
nance of the chlorine flow was not entirely satisfactory; 
the flow was interrupted several times. Samples 
taken during or shortly after the interruption of chlo
rine flow showed lessened gold content, a fact presum
ably resulting from escape of chlorine to the air and 
consequent reduction of chlorine concentration in the 
solution. This interpretation is supported by the 
facts that after chlorine flow interruption, very fine 
platelets of gold precipitated and this precipitate re
dissolved rapidly when chlorine flow was resumed.

The data are shown in Fig. 1. The dotted portions 
of the curve indicate periods where the chlorine flow 
was, or recently had been, cut off.

Gold-Chlorine Reaction in Fused NaCl-KCl. Equi- 
molal NaCl-KCl was used as the solvent. The re
action was found to be much faster than in zinc chlo
ride but the temperature was also much higher. The 
data from this experiment are shown in Table I. 
These represent two different runs. In the table, the 
first column is the time from the beginning of the run. 
The second is the observed temperature at the time of 
sampling. One entry is missing from this column 
because the thermocouple had been removed at the 
time of this sampling. The third and fourth columns 
express the concentrations in milligrams of gold per 
gram of sample and mole fraction of aurous chloride, 
respectively.

The last column gives the ratio of gold precipitated 
by treatment of the sample with water only to this 
gold plus the gold which was reduced by the sulfur 
dioxide. The significance of this column is that it con
firms what would be predicted by extrapolation of lower 
temperature data,1-8 namely, that most of the gold

Figure 1. Approach to equilibrium in reaction between 
gold and chlorine in fused zinc chloride at 736 db 5°K. 
Dotted lines indicate intervals during which chlorine 
flow was or recently had been interrupted.
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Table I : Data of the Gold-Chlorine 
Experiments in NaCl-KCl

Concn. of
Concn. AuCl,

Time, Temp., of Au, mole
Run hr. °K. mg./g. fraction Ratio

2.25 1025 296 0.133 0.645
8.0 1033 529 0.322 0.600

I 11.5 1020 528 0.322 0.619
21.5 535 0.329 0.665
25.5 1019 542 0.337 0.638

1.25 1096 457 0.251 0.657
3.0 1089 464 0.257 0.655

II 5.25 1097 468 0.262 0.654
7.25 1094 468 0.262 0.655
9.25 1089 481 0.272 0.630

i§ gold(I) at the temperatures of these experiments. 
The proportionation reaction

3AuCl —■> 2Au +  A u C13

which presumably occurs when the fused salt sample 
cools indicates 0.667 as the number to be expected in 
the ratio column if in the melt all the gold were gold- 
(I). The fact that the experimental ratios are some
what less than this and that they fluctuate more than 
the values for total gold concentration could be ab- 
counted for in part, at least, by assuming that dissolved 
chlorine reacted with some of the AuCl during the 
cooling process. The fact that the lower temperature 
run gave a bit lower average ratio is of dubious sig
nificance although reliable data are not yet available 
to rule out the possibility that the observed difference 
could result in appreciable part from the greater 
concentration of gold (III) at the lower temperature.

Gold-Bromine Reaction in Fused NaBr-KBr. Two 
experimental runs are reported. In the first experi
ment the temperature was first held at 1059 ±  2.9 °K. 
After equilibrium had been attained, as determined 
by sample analysis, the temperature was raised to 
1178 ±  2.4 °K. In the second experiment, the tem
perature was initially maintained at 1038 ±  4.3 °K .; 
it was then raised to, and maintained at, 1202 ±  3.1 °K .; 
then it was again lowered and the final data were ob
tained at 1037 ±  5.9 °K. These temperatures are the 
means observed at 0.5-hr. intervals during equilibrium 
periods. The data from these experiments are pre
sented in Table II. The first column is the time elapsed 
from the start of the experimental run at the particular 
rheostat setting which controlled the temperature of 
the reaction cell. The second column is the observed 
temperature of the melt just before sampling. The

third and fourth columns express the observed concen
trations in milligrams of gold per gram of sample and 
mole fraction of aurous bromide, respectively. The 
last column again presents, for the cases in which the 
requisite data were obtained, the ratio described in 
connection with Table I.

Table II : Data of the Gold-Bromine 
Experiments in NaBr-KBr

Time, Temp.,
Concn. 
of Au,

Concn. of 
AuBr, 
mole

hr. °K. mg./g. fraction Ratio

' 14.5 1057 171 0.112
19.5 1057 173 0.114 0.614
21.5 1057 168 0.110
22.5 1062 173 0.114 0.663
24.0 1058 174 0.115 0.662

3.0 1174 136 0.0865
6.0 1175 129 0.0815 0.670
8.5 1186 142 0.0909

9.0 1032 186 0.124
10.0 1031 192 0.129
13.0 1038 186 0.124
16.5 1047 191 0.126
17.5 1044 194 0.131

9.5 1201 13S 0.0881
11.5 1202 138 0.0881
12.5 1206 143 0.0916

18.0 1032 192 0.129
19.5 1033 191 0.126
23.0 1034 178 0.118

Treatment of Results
Several standard thermodynamic properties may be 

estimated from the data presented in Fig. 1 and in 
Tables I and II. The standard state to which these 
properties will be referred will be the hypothetical unit 
mole fraction solution having properties extrapolated 
from those of the solutions actually studied.

The work with the ZnCl2 solvent, although an experi
ment of long duration (53 days), involved essentially a 
single temperature and therefore only a value for 1 2 3

(1) L. Brewer, L. A. Bromley, P. W. Gilles, and N. L. Lofgren, 
“ Chemistry and M etallurgy of Miscellaneous Materials; Thermo
dynamics,’ ’ L. L. Q.uill, Ed., M cGraw-Hill Book Co., Inc., New \ork, 
N. Y ., 1950.
(2) W. J. Hamer, M. S. Malmberg, and B. Rubin, J . Electrochem. 
Soc., 103, 8 (1956).
(3) A. Glassner, “ The Thermodynamic Properties of the Oxides, 
Fluorides and Chlorides to 2500°K.,” U. S. Atomic Energy Com 
mission Report ANL-5750 (1957).
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AG° of formation of AuCl can be calculated. This 
value, like the values for AG° calculated hereafter from 
the data in Tables I and II, is based on the familiar 
relation AG° =  — RT In K, K  in these cases being 
taken simply as the mole fraction of the aurous halide 
corresponding to the equilibrium solution. For AuCl 
in ZnCl2 at 736°K., then, AG° =  4.6 kcal. mole-1.

Since the reaction between Au and Cl2 and Br2 
in the corresponding alkali halide eutectics involved a 
range of temperatures, more calculations could be 
made in these cases and certain extrapolations and 
interpolations were possible. First, by least-squares 
treatment of the primary data, empirical equations 
were developed for the equilibrium constants (equi
librium mole fraction of AuCl or AuBr) of the reactions

Au +  0.5C12 — AuCl (in fused NaCl-KCl)

Au +  0.5Br2 — > AuBr (in fused NaBr-KBr)

as a function of temperature. From these empirical 
equations and applicable thermodynamic relations, 
values at 1000°K. for the AG°, AH°, and AN'0 of forma
tion of the gold halide in the specified solvent were 
calculated. For these calculations the approxima
tion was made that AH° (and then likewise AS°) was 
constant in the temperature range to which the calcu
lations were applied. The results of these calculations 
are shown in Table III.

Table III : Values Computed from Data in Tables I and II

AuCl AuBr

log K (1.55 X 103) /7 ’ -  2.00 (1.20 X 103)/T -  2.07
log K looo -0 .4 5 -0 .8 7
A£r°i000 2 . 1  kcal, mole-1 4.0 kcal, mole-1

AH°mo — 7.1 kcal, mole-1 — 5.5 kcal, mole-1

AS°iooo — 9.2 cal. mole-1 deg. -1 — 9.5 cal. mole-1  deg.-

For oxidation-reduction reactions, much of the ex
perimental work and the published data are in terms 
of cell potentials. We therefore .give in Table IV 
some cell potential figures to which our experimental 
data correspond.

Discussion
The only previously published experimental results 

we have found which can be compared directly with 
our data involve measurements by Gitman and Deli- 
marskii4 5 of the potential of the cell: Au/AuCl +  KC1-

NaCl/KCl-NaCl +  PbCl2/Pb. They reported a cell 
potential of 1.00 ±  0.02 v. in the temperature 
range 700-738°. Flengas and Ingraham6 report values

Table IV : Calculated Cell Potentials

Temp., E°,
Cell °K. volt

Au-Ch in ZnCl2 736 - 0.100
Au-Cls in NaCl-KCl 1000 -0 .0 4 2
Au-Br2 in NaBr-KBr 1000 -0 .0 8 7
Au-C12 in NaCl-KCl 736 + 0.02
(extrapolated to 736°K. for comparison)

for the Pb, P b+2 and Cl- , Cl2 electrodes in fused Na
Cl-KCl, the difference between which, interpolated 
to 727° (1000°K.), is 1.225 v. This, combined with 
our value of -E° for the Au-C12 reaction in the same 
solvent (Table IV) would lead to a prediction of 1.26 
v. for the Gitman-Delimarskii cell.

If thermodynamic data for the pure gold halides 
were known with sufficient accuracy at the tempera
tures of our experiments, activity coefficients could be 
calculated. However, consideration of ref. 1 and 3 
and of the dissociation pressures of the gold halides 
reported by Meyer6 lead us to conclude only that our 
values of AG° for the gold halides in solution are the 
same as those for the pure compounds within the range 
of uncertainty of the pure-compound AG° values and 
that because of this considerable uncertainty, activity 
coefficients could be unity or either significantly greater 
or less than unity with the pure compound as reference 
state.

The results with zinc chloride compared to those with 
the alkali chloride melt are just the opposite of what 
one might predict on the basis of a simple common-ion 
effect and the assumption that zinc chloride contains 
relatively few chloride ions. The fact probably is that 
complex ion formation is importantly involved in these 
systems and that the zinc competes with gold more 
effectively than the alkali metals for the complexing 
chloride ions.

(4) E. B. Gitman and Y . K . Delimarskii, Ukr. Khim . Zh., 22, 731 
(1956).

(5) S. N. Flengas and T . R. Ingraham, J . Blectrochem. Soc., 106, 
714 (1959).

(6) Meyer, International Critical Tables, Vol. 7, 1933, p. 273.
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by L. E. Topol and F. Y. Lieu

Atomics International, A  Division o f North American Aviation, Inc., Canoga Park, California  
{Received October 28, 1963)

Magnetic susceptibility measurements were made with a Gouy balance on the molten 
Bi-BiBr3 system from 250 to 620°. Th3 susceptibilities were diamagnetic throughout and 
in the composition range 0 through 20 mole %  Bi were temperature independent as in the 
Bi-BiCL system, whereas in the 30 to 100%  metal region the susceptibilities became less 
diamagnetic with increasing temperature as in Bi- Bib, solutions. The molar susceptibility 
as a function of composition resembled that of the B i-B il3 system and is described in 
terms of chemical entries, e.g., BiBr, or completely localized electrons in the salt-rich 
melts, and in terms of the free electron model in the metal-rich compositions.

Introduction
In previous magnetic susceptibility studies on molten 

bismuth-bismuth halide solutions, the Bi-BiCl;; system 
over the composition range 0 to 28.5 mole %  Bi2 and 
the B i-B il3 system with 0 to 100% Bi3 concentrations 
were measured. In Bi-BiCl3 the susceptibilities were 
found to be linear with composition and temperature 
independent in the range 280 to 430°. In B i-B il3 
melts at 450 to 600°, on the other hand, die suscepti
bilities varied with composition and temperature 
throughout. Since it is known that at low concentra
tions Bi dissolves in BiCl3 to form subhalides4 of the 
type (BiCl)*, where x equals one and higher integers 
such as four, the susceptibility data of the salt-rich 
iodide system were also related to the formation of 
a monovalent subhalide

2Bi +  B il3 = 3BiI (1)

The susceptibility behavior in Bi-BiCl3 and B i-B il3 
with low metal concentrations then indicates that the 
equilibrium constant for reaction 1 is smaller than that 
for die corresponding chloride. (It is assumed that 
no distinction can be made here between the specific 
susceptibility of BiX and (BiX)*.) For metal-rich 
Bi-Bil3 solutions the susceptibility data were consistent 
with the model of a free electron gas diluted by the 
salt anions. The phase diagram of the Bi-BiBr3 
system6 appears to be very similar to that of B:-BiCl3,6 
and low metal concentration bromide melts also contain 
the subhalide (BiBr)*.7 Thus a magnetic suscepti

bility investigation of Bi-BiBr3 solutions should afford 
an interesting comparison between the different bis
muth systems at low metal compositions. In addition, 
since the consolute temperature of the bromide system, 
538°,6 is much lower than that of the chloride, 780°,6 
the entire composition range can be covered at tempera
tures where vapor pressures are not too large for Vycor 
containers; this will enable a comparison to be made 
with the iodide system at higher metal concentrations.

Experimental
Materials. The purification of bismuth3 and the 

preparation and treatment of BiBr35 have been de
scribed previously.

Apparatus and Procedure. The susceptibility meas
urements were made with a Gouy balance and the ap
paratus and procedure were similar to those used in the 
iodide study.3 Samples with metal compositions of 
5 tc 30 mole %  were equilibrated at 450° in a rocking 
furrace for several hours to ensure complete solution.

(1) This work was supported by the Research Division of the U. S. 
Atomic Energy Commission.

(2) N. H. Nachtrieb, J . Phys. Chem., 66, 1163 (1962).

(3) L. E. Topol and L. D. Ransom, J . Chem. Phys., 38, 1663 (1963).
(4) L. E. Topol, S. J. Yosim, and R. A. Osteryoung, J . Phys. Chem., 
65, 1511 (1961); also C. R. Boston, G. P. Smith, and L. C. Howick, 
ibid. 67, 1849 (1963).
(5) S. J. Yosim, L. D. Ransom, R. A. Sallach, and L. E. Topol, 
ibid. 66, 28 (1962).

(6) S. J. Yosim, A. J. Darnell, W. G. Gehman, and S. W. Mayer, 
ibid. 63, 230 (1959).
(7) L. E. Topol and R. A. Osteryoung, ibid., 66, 1587 (1962).
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Samples with metal concentrations of 40 mole %  or 
higher were equilibrated at 600° for longer periods of 
time. The absence of ferromagnetic impurities was 
checked by testing the constancy of sample suscepti
bility with varying field strength.

The density of a 70.0 mole %  Bi solution was meas
ured as described elsewhere.3 Since the vapor pres
sures above 540° are high, frequently resulting in 
rupture of the Pyrex pycnometer, a measurement at 
only one temperature could be obtained. This density,
6.69 g./ml. at 543°, was extrapolated to other tempera
tures by assuming a temperature dependence similar 
to the average of the 40 mole %  and pure Bi melts.

Results and Discussion
The specific susceptibility x' is calculated from the 

relation

x' =  2gAw/H2ad (2)

where g is the gravitational constant, Aw the apparent 
change in weight of the sample on application of the 
magnetic field of strength H, a the cross-sectional 
area of the sample, and d the density of the solution. 
The density results of Keneshea and Cubicciotti for 
0 to 40.0 mole %  Bi-BiBr3 solutions8“ and for pure 
Bi,8b as well as the density of a 70.0 mole %  Bi melt 
measured in this laboratory, were used. The densities 
of all the intermediate compositions involved in this 
study were obtained from the interpolated values of 
the measured molar volumes of the 0 to 40.0, 70.0, 
and 100% Bi solutions. The molar susceptibility 
X is given by x'M  = x'(NiMi +  N 2M 2) where Ni, 
N 2, Mi, and M 2 are the mole fraction and molecular 
weight of the two components, respectively.

The specific susceptibilities as a function of tempera
ture for 0 to 100 mole %  Bi are plotted in Fig. 1. The 
results for a 5% Bi solution have been omitted from 
the figure for the sake of clarity. For the composition 
range, 0 to 30% metal, the 250 to 450° temperature 
scale at the top of the graph should be used; for the 
60 to 100% Bi solutions the 450 to 650° temperature 
scale at the bottom of the plot pertains. Suscepti
bilities for 40 and 50% samples were measured from 
285 to 625° and are thus represented on both tempera
ture ordinates. Duplicate samples were measured for 
the pure components as well as the 40 and 80% com
positions; the agreement between the duplicates was 
good for all but the 40% solution. The susceptibility 
of pure fused BiBr3 is —0.265 ±  0.005 X 10~6 per g. 
and is essentially independent of temperature in the 
range 250 to 460°. This behavior is similar to that of 
BiCl32 but is unlike the iodide,3 the susceptibility of 
which exhibits a small temperature dependence. It is

T ' C

Figure 1. The specific susceptibilities of Bi-BiBr3 solutions 
vs. temperature. Concentrations are in mole %  Bi; the 
arrows designate the temperature range for that composition.
The results of duplicate samples are distinguished by different 
points.

also interesting that the decrease in the diamagnetic 
susceptibility between solid and liquid BiCl3, —0.3229 
and —0.280 X 10-6, respectively, and solid and liquid 
BiBr3, —0.3039 and —0.265 X 10-6, respectively, is 
about the same, 13%. The specific susceptibility of 
bismuth was found to vary with temperature from 
-0 .036 ±  0.002 X 10^6 at 450° to -0 .030  ±  0.002 X 
10-6 at 600° in excellent agreement with the earlier re
sults,3 — 0.038 and —0.032 X 10~6 at 450 and 600°, 
respectively.

As illustrated in Fig. 1 all the solutions are diamag
netic and a decrease in diamagnetism with increasing 
temperature is noted for compositions of 30% Bi or 
greater. The largest variation in susceptibility with 
temperature appears to occur in the 40 to 70% melts. 
Thus, it seems that for compositions of 20% Bi or less 
and for temperatures below 500° the bromide system 
resembles the chloride magnetically, whereas for the 
higher metal compositions above 450° a similarity with 
the iodide is evident. (It should be noted that no sus
ceptibility measurements have been accomplished in 
metal-rich Bi-BiCl3 melts due to the limited solubilities 
at these temperatures. Such measurements would be 
expected to show a similar behavior as the bromide and 
iodide, i.e., a temperature dependence.) The dotted 
lines in the 50 to 80% plots represent extrapolations of 
the data into the two phase liquid region. For the 50 
mole %  composition where measurements were taken

(8) (a) F. J. Keneshea, Jr., and D. Cubicciotti, J . Phys. Chem., 63, 
1112 (1959); (b) ibid., 62, 843 (1958).

(9) M. Prasad, C. R. Kanekar, and L. N. M ulay, J . Chem. Phys. 
19, 1440 (1951).
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Table I : Molar Susceptibilities and the Effect of Bi in Bi--BiBr3 Melts

- x  X A x 6 X A x  X  10« - x  X A x 6 X A x  X  10« - x  x A x* X A x  X  10« - x  X A x 6 X A x  X  Ï 0 '

A^Bi Ma 10« 10« Nbì 10« 10« Nbì 10« 10« Nbì 10« 10« Nbì

0 448.7 118.9 0 118.9 0 118.9“ 0 118.9“ 0

0.05 436.8 113.1 0.3 6. 0 113.1 0.3 6. 0 113.1“ 0. 2 4.0 113.1“ 0 .2 4.0
0. 10 424.8 107.9 - 0 . 1 - 1 . 0 107.9 - 0. 2 - 2.0 107.9“ - 0. 2 - 2.0 107 9“ - 0 . 3 - 3 . 0
0.20 400.8 98.2 - 1 . 4 - 7 . 0 98.2 - 1 . 6 - 8.0 98.2“ - 1 . 8 - 9 . 0 98.2“ - 1 . 9 - 9 . 5
0.30 376.8 90.8 - 5 .1 -1 7 .0 88.2 - 2. 8 - 9 . 3 85 .5“ - 0 . 3 - 1 . 0 82.9“ 2. 1 7.0
0.40 352.8 80.1 - 5 . 4 -1 4 .0 74.8 - 0 . 5 - 1 . 2 68.8 5.2 13.0 64.2 9.5 24.0
0.50 328.9 69.1 - 5 . 4 — 1 1 . 0 61.8“ 1.4 2.8 56.2 6 . 6 13.0 52.3 10.2 20.0
0.60 304.9 46.6“ 6.0 10.0 43.9“ 8. 2 14.0 41.2 10.4 17.0 38.4 12.7 21 . 0
0.70 280.9 36 .2“ 5.4 8.0 32.9“ 8.0 12.0 29.5 10.9 16.0 25.8 15.0 21 . 0
0.80 256.9 20 .0“ 10.5 13.0 19.0“ 10.8 13.0 18.0 1 1 . 2 14.0 16.7 1 1 . 8 15.0
0.90 233.0 14.0“ 5.5 6. 1 12. 6 6. 0 6.7 1 1 . 2 6.7 7.4 9.8 7.4 8. 2
1.00 209.0 8.4 0 0 7.5 0 0 6.7 0 0 5.9 0 0

“ M  = NiMi +  N'iM2. b Ax = x — (A'ixi +  where — Ax and +Ax indicate deviations in diamagnetic and paramagnetic
directions, respectively. c Extrapolated value.

both below and above this immiscibility region, it is 
difficult to ascertain if the data are continuous; i.e., 
the slopes of the two sets of data appear to be somewhat 
different and susceptibility values of —0.291 and 
— 0.284 X 10“ 6, respectively, are found at 450° by 
extrapolation of the measurements from below and 
above the two-phase region.

Since the slopes of the 30 to 70% compositions in Fig. 
1 are greater than those of the pure components, it 
appears, as in the B i-B il3 system, that one or more new 
species are formed. Furthermore, in order to be con
sistent with these data, these new species must be para
magnetic or less diamagnetic than the pure components 
and their concentrations must increase with tempera
ture in the 30-70% Bi melts.

Typical molar susceptibilities as a function of com
position are given at 350°, 450°, 550°, and 650° in Table 
I. For the 0 to 30 mole %  Bi solutions at 550 and 650° 
as well as for those compositions that are in the two- 
phase liquid region (60-90% Bi at 350° and 50-80% 
at 450°) hypothetical susceptibilities were taken from 
extrapolated data in Fig. 1. The Ax data, where Ax 
= Xsoin — (Mixi +  M2X2), indicate negligible deviations 
from simple additivity at all temperatures for melt com
positions of 5 to 20 mole %  Bi. At the higher metal 
compositions deviations occur at first in a more dia
magnetic direction from additivity and then in a more 
paramagnetic direction. The diamagnetic deviations 
decrease in magnitude as the temperature is increased 
and at temperatures of 550° and above are virtually 
nonexistent. On the other hand, the paramagnetic 
deviations increase with increase in temperature. 
These effects are accentuated by comparing the devia
tions from additivity per addition of metal, Ax/Am

(Table I), and here again, as in the B i-B il3 system, a 
maximum paramagnetic effect is found at all tempera
tures around a composition corresponding to a Bi
anion ratio of unity.

As discussed previously,3 the negligible deviations 
from additivity in melts of low metal concentration 
should not be taken to indicate that little or no inter
action occurs between the components. Since bulk 
metals consist of cations and free electrons, the addi
tive susceptibility behavior (see eq. 9 and 10) would 
be expected to follow that represented by curve 5 in 
Fig. 2. Furthermore, since strong interactions result
ing in the new species, (BiBr)*, are known to occur in 
this system,7 an interpretation of these results must be

Figure 2. Molar susceptibilities in Bi-BiBr3 at 350 and 550° 
as a function of mole fraction of Bi: 1, Bi atoms (x = 456 X 
10-« at 550°); 2, Bi2 (x =  - 8 0  X 10“ «); 3, BiBr2 (x =
390 X 10 « at 550°); 4, BiBr (x = - 6 7  X 10“«); 5,
B i+3 Br_, and e ”  (at 550°). The dashed line represents 
linear additivity between the two components.
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made in this light. However, the possible occurrence 
of other chemical entities as well as the free electron 
gas model will also be considered.

I. Solution by Reaction. If solution of the metal 
in its molten salt occurs by a chemical reaction, the 
following possibilities must be considered

nBi =  Bi„ (3)

2Bi +  BiBr3 = 3BiBr (4)

Bi +  2BiBr3 =  3BiBr2 (5)

where Bi„ are metal polymers of the order n. The
entities BiBr3, BiBr, and Bin (n even) are diamagnetic 
and Bi„ (n odd) and BiBr2 would be paramagnetic. 
Of these, reaction 4 is known to occur in solutions of 
low metal composition7 and reaction 3 with an n = 
2 has been observed in the gas phase.10 As for reaction 
5, no evidence for the existence of Bi+2 is known and 
its occurrence in this system is not readily apparent.

A comparison between the experimental results and 
the above mechanisms of solution will be made with 
the aid of the additivity relation

x = E  N iX i (6)
i

Although this relation is an empirical one, it has been 
found to apply quite generally to mixtures of nonreact
ing diamagnetic liquids.11 Since the susceptibilities 
of some of the equilibrium species, Bi (atoms), Bi„, 
BiBr, and BiBr2, are not available, estimates of these 
values will be made as described previously.3 If the 
susceptibility of Bi+3 in molten BiBr3 is taken equal to 
that in fused BiCl3,2 —20 X 10-6, then the bromide ion 
susceptibility becomes —33 X 10-6. With this value 
and the susceptibilities of Bi+, —34 X 10-6 (derived3 
from XBici -  xci =  -  (57 -  23) X lO“ 6) and Bi+2, 
456 X 10-6 at 550°, susceptibility values of —67 X 
10~6 and 390 X 10~6, are arrived at for BiBr and BiBr2, 
respectively. The susceptibilities of the paramagnetic 
species, B i+2 and Bi, 456 X 10~6 at 550°, were calcu
lated3 from the Van Vleck equation12

x = [ApHS(S +  l ) /3  kT] (7)

where A is Avogadro’s number, ft the Bohr magneton, 
and k the Boltzmann constant; it was assumed that 
both species contain only one unpaired electron, i.e., 
the resultant spin moment S = ' / 2, and that there is 
complete quenching of the orbital angular momentum 
contribution of the electrons to the magnetic moment 
(L =  0). Finally, for Bi2 a minimum susceptibility 
value3 of —80 X 10^B is taken.

In Fig. 2 are plotted the experimental data at 350 
and 550 ° and the calculated curves that would result at

550° using relation 6 for the cases where the metal 
goes into solution completely as: a, discrete atoms 
(curve 1); b, metal dimers (curve 2); c, BiBr2 (curve 3); 
and d, BiBr (curve 4). The linear additivity depend
ence between the components has also been included 
(dashed line). Although the experimental results at 
low metal compositions resemble those for Bi-BiCl3 
in that they are linear and temperature independent, 
they fall somewhat below the calculated line for 
BiBr. (It should be recalled that the susceptibility 
values for BiBr were based on the Bi-BiCl3 results.) 
However, as in the B i-B il3 system, curves 4 and 2 are 
the only ones that approach the experimental data at 
low metal concentrations. Although reaction 4 ap
pears to be favored, the susceptibility results certainly 
do not preclude the occurrence of reaction 3 or a com
bination of reactions. If one reaction is predominant, 
e.g., reaction 4, the data appear to indicate that this 
reaction goes furthest to completion in the chloride 
system and least in the iodide. The effect of an in
crease in temperature on the susceptibilities of the solu
tions is to increase the concentration of paramagnetic 
entities, i.e., the mass action constant of reaction 4 
(or 3) decreases with increase in temperature.

II. Solution of Bi as Ions and Electrons. Since 
many properties of liquid metals are described quite 
adequately by the free electron theory, the addition 
of bismuth to its fused salt may be considered analogous 
to adding cations and free electrons to the melt. Con
versely, the addition of salt to the metal can be con
sidered as a dilution of the free electron gas of the metal. 
To calculate the susceptibilities with this model, i.e.

Bi =  Bi+Z +  ze- (8)

we shall utilize the additivity relation

x = -Yixi + A2X2 +  Xe (9)
where the subscripts 1 and 2 denote iodide ion and 
bismuth (III) cation, respectively, and Xe is the contri
bution to the molar susceptibility of the solutions made 
by free electrons

Xe =  (8m/32/3/l2)(9T2AYB¡),/■(M/d)v, (10)

where, in turn, m is the mass of the electron and h is 
Planck’s constant. It has been assumed in relation 10 
that bismuth metal has three free electrons per atom, 
i.e., z =  3. Although there is some evidence that there

(10) M. Yoshiyama, J . Chem. Soc. Ja p an , 62, 204 (1940); E. 
Brackett and L. Brewer, U CRL-3712 (1957).

(11) P. W. Selwood, “ M agnetochemistry,”  2nd Ed., Interscience 
Publishers, Inc., New York, N. Y ., 1956, p. 108.

(12) J. H. Van Vleck, “ The Theory of Electric and M agnetic Sus
ceptibilities,”  Oxford University P^ess, London, 1932, Chapter IX .
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may actually be five electrons13 per atom, the suscepti
bility results for three or five electrons per Bi in the metal- 
rich compositions are virtually identical.3 (The weak 
dependence of xe on the number of electrons per atom 
of Bi in eq. 10 arises from the one-third power of the 
electron concentration, zA N bî.) With this result at 
high metal compositions and the fact that in the salt- 
rich solutions no oxidation state for bismuth higher 
than + 3  is known, only the three electron case will be 
considered. Equation 9 can therefore be rewritten as

X =  (1 — M B i)X B iB r, +  fV B iX B i+ 3 +  Xe (11)

where XBiBr, =  —119 X 10-6 and xbî+8 is taken as 
— 2C X 10~6, and the results at 550° are presented in 
Fig. 2 as curve 5. The fit between curve 5 and the 
experimental points at 550° in the metal-rich compo
sition range is fair, whereas in the salt-rich solutions 
there is no correspondence. Thus, as in the B i-B il3 
system, it appears that the metal-rich melts are, to a 
first approximation, metallic in their magnetic behavior, 
but no metallic behavior is evident in the low-metal 
composition range. If reaction 4 is assumed to be im
portant in the salt-rich portion of this system and if

the free electron model persists at higher metal com
positions, the system (except for the pure components) 
can be simply described by the equilibrium

Bi+3 +  2e~ = Bi(e)2+ (12)

i.e., there is an equilibrium between free electrons and 
electron pairs localized around bismuth ion cores to 
form the entity Bi+. The mass action “ constant” 
for reaction 12 should decrease monotonically with in
creasing metal concentration and with increasing tem
perature.

Thus from the free electron viewpoint it appears that 
the Bi-BiBr3 system is similar to the B i-B il3. In 
the low metal compositions virtually all of the electrons 
are localized around bismuth ion cores and are in 
diamagnetic states. With continued addition of metal, 
overlap of electron orbitals occurs and in the metal- 
rich region of the system (70 to 100% Bi) free electron 
or metallic behavior is predominant. In the interme
diate compositions both localized and delocalized 
electrons probably exist.

(13) S. Takeuchi and H. Endo, Trans. Japan  Inst. Metals, 2, 188, 
243 (1961).
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K in e t ic s  o f  E t h y le n e  H y d r o g e n a t io n  o v e r  a  P la t in u m —S il ic a  C a ta ly s t

by J. H. Sinfelt

Esso Research and Engineering Co., Linden, New Jersey (Received October 80, 1968)

The kinetics of ethylene hydrogenation have been investigated over a silica-supported 
platinum catalyst in the temperature range 45-93° using a flow reactor system. The 
reaction rate was found to be proportional to the square root of the hydrogen partial 
pressure. With respect to ethylene partial pressure, the rate was observed to decrease 
with increasing pressure at the lower ethylene pressures studied (0.007 to 0.10 atm.), but 
to approach a zero-order dependence at sufficiently high pressures. The apparent activa
tion energy was 16 kcal./mole. The rate data support a mechanism involving adsorption 
of both hydrogen and ethylene on the active catalyst sites, the rate being determined by 
the rate of reaction between hydrogen atoms and ethylene molecules adsorbed on the 
surface.

The kinetics of ethylene hydrogenation over nickel 
catalysts have been studied extensively, but much less 
has been reported on the kinetics over other metals, 
such as platinum.1 Furthermore, kinetic studies over 
supported metals have received much less attention 
than studies over metal films, wires, or powders. In 
the case of supported platinum catalysts, the reported 
data on the kinetics of ethylene hydrogenation appear 
to be limited to those of Bond,2 along with some very 
briefly reported results of Schuit and van Reijen.3 
The latter results were obtained at low temperature 
( — 40°), while the former were obtained in the tempera
ture range 0-50°. The supported platinum catalysts 
employed by these investigators differed markedly in 
platinum content, the catalyst studied by Schuit and 
van Reijen containing about 50% Pt on Si02 as com
pared to 1-5% Pt on several different supports in the 
studies of Bond. Furthermore, these investigators ob
served marked differences in the way in which the reac
tion rates varied with the partial pressures of ethylene 
and hydrogen. This is not unreasonable, considering 
the differences in conditions and the nature of the 
catalysts employed. However, differences such as 
these observed over wide ranges of conditions can be 
illuminating with regard to the over-all mechanistic 
picture of the system and how it can vary with condi
tions.

In the present paper, the kinetics of ethylene hydro
genation over supported platinum have been extended

to higher temperatures using a Pt-Si02 catalyst of 
much lower platinum content (0.05%). Reaction 
rates have been measured over a wide range of hydro
gen and ethylene partial pressures (40-60-fold varia
tion), and some significant differences from what has 
been reported at lower temperatures have been ob
served.

Experimental
Apparatus and Procedure. A flow reactor system at 

atmospheric pressure was used in this work. The reac
tor consisted of a stainless steel tube approximately
1.0 cm. in diameter and 8.0 cm. in length. In place, 
the reactor was held in a vertical position and was 
surrounded by an electrical heater. A small electrically 
heated coil was placed in the inlet line to the reactor 
to serve as a preheater. The catalyst was located 
midway along the length of the tube and occupied a 
space amounting to about 20%  of the volume of the 
tube. The catalyst was supported on a fritted stainless 
steel disk and was held in place by packing quartz 
wool on top. The reaction temperature was measured 
with an iron-constantan thermocouple housed in a 3- 
mm. axial thermowell extending upward through

(1) G. C. Bond. "Catalysis by M etals,”  Academic Press Inc., New 
York, N. Y ., 1962, p. 240.

(2) G. C. Bond. Trans. Faraday Soc., 52, 1235 (1956).

(3) G. C. A. Schuit and L. L. van Reijen, Advan. Cat.alysis, 10 242 
(1958).
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the fritted steel disk to the center of the catalyst 
charge. The reactant gases, ethylene and hydrogen, 
were passed downflow through the reactor in the 
presence of helium as a diluent. The flow rates of the 
individual gases were measured with orifice-type flow 
meters. The total gas flow rate was maintained at 
1 l./min. throughout, and the partial pressures of the 
hydrogen and ethylene could be varied individually 
by appropriate adjustment of the helium flow rate.

The reaction products were analyzed by a chroma
tographic unit coupled directly to the outlet of the 
reactor. The chromatographic column, 0.6 cm. in 
diameter and 1 m. in length, was packed with 100-mesh 
silica gel and operated at 40°. Excellent resolution 
of the ethylene and ethane was obtained. A thermal 
conductivity detector was used with the column, and 
helium was employed as the carrier gas.

The run procedure involved passing the reactant 
gases over the catalyst for a period of 3 min. prior to 
sampling the products for chromatographic analysis. 
The ethylene was then cut out and the hydrogen flow 
continued for 10 min. prior to another reaction period. 
Most of the reaction periods were bracketed by periods 
at a standard set of conditions, as an insurance against 
possible complications due to changing catalyst activity.

Materials. Research grade ethylene was obtained 
from the Matheson Co. A chromatographic analysis 
of the ethylene showed no detectable hydrocarbon 
impurities such as ethane or methane, although it is 
estimated that levels of the order of 100 p.p.m. would 
have been detected. High purity hydrogen obtained 
from the Linde Co. was further purified by passing 
it through a Deoxo unit containing palladium catalyst 
to remove trace amounts of oxygen as water and then 
drying with a molecular sieve.

The Pt-S i02 catalyst used in this work contained 
0.050 wt. %  Pt and was prepared by impregnating 
calcined silica gel with aqueous chloroplatinic acid, 
and then calcining the finished catalyst at 538° in air 
for 1 hr. The silica gel, obtained from Davison Chemi
cal Co., was calcined for 4 hr. at 538° prior to impregna
tion with platinum. The B.E.T. surface area of the 
calcined silica gel was 388 m.2/g. The particle size 
of the Pt-S i02 catalyst as used in the rate studies was 
approximately 0.3 mm. The catalyst was reduced in 
place in the reactor at 500° for 3 hr. in flowing hydrogen 
(200 cc./min.) prior to making any reaction rate 
studies.

Results

The hydrogenation of ethylene to ethane over the 
Pt-Si02 catalyst used in this work was studied over the

temperature range 45 to 93°. The reaction occurred 
very selectively, no side products being detected.

The approach in studying the kinetics was to meas
ure nitial reaction rates, and 90% of the data was 
obtained at conversion levels less than 5%. The rates 
were calculated using the relation

F
■ r = w x (1)

where F represents the ethylene feed rate in gram-moles 
per hour, W  represents the weight in grams of plati
num on the catalyst charged to the reactor, and x 
represents the fraction of the ethylene converted to 
ethane. The reaction rate r is then expressed as gram- 
moles of ethylene hydrogenated per hour per gram of 
platinum.

The effect of temperature on reaction rate is shown in 
Pig. 1. The data in the plot were obtained in succes
sive reaction periods in a falling temperature sequence. 
During the measurements at the different temperatures, 
the hydrogen partial pressure pu and the ethylene 
partial pressure ¡de were maintained constant at 0.20 
and 0.030 atm., respectively. From the slope of the 
Arrhenius plot of the data, the apparent activation 
energy is 16 kcal./mole. While the data in Fig. 1 
show satisfactorily the effect of temperature on re
action rate, the absolute values of the rates are less 
meaningful. It has been observed that the activity 
of the catalyst can vary markedly over an extended 
series of measurements and is also sensitive to the 
length of time that the catalyst is reduced.

Figure 1. E ffect of tem perature on the rate  of 
C 2F (  hydrogenation; p H = 0.20 atm ., pE =  0.030 atm .
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In determining the effects of hydrogen and ethylene 
partial pressures on the rate of hydrogenation, it was 
decided to bracket all the reaction periods with periods 
at a standard set of conditions. This made it possible 
to detect variations in catalyst activity during the 
course of the measurements. The effect of hydrogen 
or ethylene partial pressure, varied one at a time away 
from the standard conditions, was then determined by 
simply comparing the rate, r, at the particular set of 
conditions with the average, r0, of the rates at the 
standard conditions immediately before and after the 
period in question. This procedure serves to minimize 
the complications due to varying catalyst activity. 
The results on the effects of hydrogen and ethylene 
partial pressures on the relative rates, r/r0, are presented 
in this form in Fig. 2 and 3.

In the logarithmic plot of r / r 0 vs. ph at constant p& 
in Fig. 2, a single line with a slope of approximately 
0.5 fits the data for both temperatures. This indicates 
that the reaction rate is proportional to the square 
root of the hydrogen pressure over the range of pres
sures investigated. In Fig. 3, a similar logarithmic 
plot of r / r 0 vs. pe at constant pn shows that the effect 
of ethylene partial pressure varies somewhat with 
temperature. However, at both temperatures the 
rate falls with increasing ethylene partial pressure at 
the lower ethylene pressures, but tends to become in
dependent of ethylene partial pressure at the higher 
pressures. Thus, at sufficiently high ethylene partial 
pressures, the reaction approaches zero order with 
respect to ethylene.

Figure 2. Effect of ¡bh on rate of C2H, hydrogenation 
at pe =  0.030 atm.: O, 77°; A, 45°.

Figure 3. Effect of joe on the rate of C2H4 
hydrogenation at pH =  0.20 atm.: O, 77°; A, 45°.

Discussion
The kinetic data on ethylene hydrogenation over the 

Ft -Si02 catalyst used in this work appear to be best 
explained by a mechanism involving adsorption of 
both reactants on the active catalyst sites. On the 
assumption that the hydrogen is chemisorbed dissocia- 
tively to atoms on the platinum surface, the surface 
reaction can be written

C2H4 (a) C2H5 (a) ™  C2H6

where the symbol (a) denotes an adsorbed species. 
The reaction rate is given by

r = (2)

where 0 h and 0E represent the fractions of the active 
surface covered by hydrogen and ethylene, respectively. 
Assuming that 0H can be expressed in terms of a Lang
muir isotherm, and that hydrogen is chemisorbed in 
competition with ethylene, we can write

0H r + O T (1 - #E) (3)

If the term &h'/!Ph is small compared to unity, 
corresponding to weak adsorption of hydrogen, the 
denominator of eq. 3 can be ignored, and eq. 2 for the 
rate expression becomes

r =  fc&HVW /,(l -  0e)0e (4)

This equation accounts for the observed dependence 
of the rate on the square root of the hydrogen partial
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pressure. The equation also predicts that at constant 
hydrogen pressure the rate will go through a maximum 
at 0E = 0.5 and then decrease with further increase of 
0E- Since 9e is determined by the ethylene pressure 
P e , the rate should then decrease with increasing pE 
for values of pe above that corresponding to Oe = 0.5. 
The results of the present study show that the rate 
decreases with increasing pE even at the lowest ethylene 
pressures investigated, and to make the results con
sistent with eq. 4 it must be postulated that an ethylene 
coverage of 0.5 is attained at ethylene pressures lower 
than any covered in this work. This could well 
be the case. However, eq. 4 cannot readily account 
for the observation that the rate becomes essentially 
zero order with respect to ethylene at the higher ethyl
ene pressures investigated, unless one assumes that 
0e  approaches a maximum value less than unity as 
Pe is increased without limit. It is conceivable that 
the packing of ethylene molecules on the surface of the 
platinum crystallites is such that the ethylene cannot 
completely cover the platinum sites; i.e., a certain 
fraction of the sites is not accessible to ethylene, but is 
accessible to hydrogen. Making an assumption of 
this nature, we can write a modified Langmuir adsorp
tion expression for 0e

0e  = c
ÒePe

1 +  6ePe
(5)

where c represents the maximum degree of coverage 
by ethylene as pE is increased without limit. On sub
stitution of expression 5 for 0e in eq. 4, the rate expres
sion becomes

,,  >/, i/, (1 +  (1 -  c)6ePe) cbEpE
f 1 + i,Es  / f T i s (6)

Equation 6 indicates that, at very low ethylene partial 
pressures, the rate will increase with increasing ethylene 
pressure up to a maximum value, beyond which the 
rate declines with further increase in ethylene pressure. 
As the ethylene pressure is increased without limit, 
however, the rate approaches a constant limiting value.

Applying eq. 6, we can write an expression for r/r0, 
the rate at a particular set of conditions relative to the 
rate at standard conditions. Arbitrarily taking c =  
0.90, and noting that pE = 0.030 atm. at the standard 
conditions employed in this study, we obtain for r/r0

r (1 +  0.106ePe) ( I T  0.0306e) 2
~  33 3p-  f i +  ».«.(.soJ  t T T S j r i  ( ,)

Taking a value of 6e equal to 500 atm.-1, we obtain 
satisfactory agreement between eq. 7 and the data at 
77° for the range of ethylene pressures investigated,

Figure 4. Comparison of eq. 7 with observed rate data; 
curve calculated from eq. 7; points represent data at 77°.

as illustrated in Fig. 4. We note that all the data were 
obtained in the region to the right of the maximum in 
the curve in Fig. 4. It was not possible to obtain 
data at low enough ethylene pressures to observe the 
maximum. In Fig. 3, the data indicated that the 
curve of r/r0 vs. pE was flatter at the lower tempera
ture. This would be predicted by eq. 7 provided that 
a higher value of 5E was assumed at the lower tempera
ture. Such an assumption is reasonable since adsorp
tion constants should increase with decreasing tempera
ture. The position of the maximum in the curve of 
r/r0 vs. Pe would be expected to shift to a lower value 
of pe at the lower temperature.

The apparent activation energy of 16 kcal./mole ob
served in this work is somewhat higher than has gener
ally been observed for ethylene hydrogenation (about 
11 kcal./mole). However, the catalyst employed in 
the present study represents a marked departure from 
the usual catalyst employed, e.g., metal films, or in 
the case of supported metals, much higher metal con
tents than the 0.05% used in this work.

The kinetic analysis presented in this paper is un
doubtedly oversimplified, but it does appear to account 
reasonably well for the negative order with respect to 
ethylene at low ethylene pressures and for the shift 
toward zero order at the higher pressures. This type 
of analysis could tend to reconcile some of the apparent 
discrepancies in the literature regarding the effect of 
ethylene pressure, since part of this might arise simply 
from the fact that rate measurements were obtained 
in different ranges of conditions. However, it is likely
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that the kinetic treatment presented here would not 
be satisfactory for situations where a large excess of 
ethylene relative to hydrogen is employed, since in 
such cases side reactions involving excess decomposition 
and possibly polymerization of unsaturated fragments 
could lead to irreversible poisoning of the surface.

The activity of the 0.05% Pt on Si02 catalyst used 
in this study, expressed as rate per unit weight of plati
num, appears to be much lower than has been observed 
by Bond1 2 for platinum catalysts containing 1 to 5% 
platinum. While this might merely reflect differences 
in catalyst preparation techniques, it might also indicate

heterogeneity of platinum centers, such that successive 
increments of platinum have different intrinsic catalytic 
activities. In support of this hypothesis, it has been 
observed that for a series of platinum-on-charcoal 
catalysts prepared in the same way, the rate of ben
zene hydrogenation per unit weight of platinum shows 
a sharp decrease below 0.1% platinum.4 It is conceiv
able that this effect may be associated with an inter
action between the platinum and support.

(4) A. M . Rubinshtein, K . M. Minachev, and N. I. Shuikin, Dokl. 
Akad. N auk S S S R , 67, 287 (1949).
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N io b iu m ,  a n d  T a n t a lu m  C a r b id e s 1

by Wayne L. Worrell2 and John Chipman

Department o f M etallurgy, Massachusetts Institute o f Technology, Cambridge, Massachusetts 
(.Received October 30, 1963)

By measuring the pressure of carbon monoxide in equilibrium with graphite-carbide- 
oxide mixtures at temperatures of 1180 to 1370°K , the free energies of formation of the 
carbon-rich carbides VC, NbC, and TaC have teen determined. The notations MC 
and MC are introduced to denote carbide compositions, respectively, at the carbon-rich 
and at the metal-rich boundaries of the homogeneous field. The thermodynamic proper
ties of other group VA carbides (MC and M2C) are estimated from the MC data and the 
phase diagrams.

Introduction
With the increasing interest in refractory metal 

carbides, any determination of their thermodynamic 
properties at elevated temperatures should be very 
useful. In this investigation, the thermodynamic 
properties of vanadium carbide, niobium carbide, and 
tantalum carbide were determined by bringing a graph
ite-carbide-oxide pellet into equilibrium with a carbon 
monoxide atmosphere. Since the metal carbide is in 
equilibrium with carbon, the experimental results are 
valid for only the most carbon-rich composition of the 
carbide (MC).

Because the group Va carbides exhibit a homogeneity 
range,3 the simple formula MC is insufficient to desig
nate a particular carbide composition. In this study, 
the formula for the carbide is modified to indicate pre
cisely the carbide under discussion even when its exact

(1) This paper is based on a thesis submitted by W avne L. Worrell 
in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy at the Massachusetts Institute of Technology, M ay 
1963.

(2) Inorganic Materials Research Division, Lawrence Radiation 
Laboratory, University of California, Berkeley, Calif

(3) E. K . Storms, Los Alamos Scientific Lab Report LAMS-2674 
1962.
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composition may be unknown. The use of MC indi
cates that carbide composition at the metal-rich phase 
boundary, while MC refers to that carbide composition 
at the carbon-rich boundary. Since the carbide phase 
boundaries vary with temperature, the compositions 
of the carbides MC and MC change with temperature. 
However, recent phase diagram investigations of the 
group Va carbides3-“4 5 6 show that the composition 
of MC varies only slightly with temperature.

Method
The experimental apparatus was very similar to that 

of Gleiser and Chipman.6 The porcelain reaction tube 
was glass-sealed to a Pyrex tube which connected the 
reaction chamber to a vacuum pump, to gas cylinders, 
and to a mercury manometer used to measure pressures. 
After the reaction boat containing a sample pellet was 
placed in the reaction tube, a ground-glass stopper 
sealed the system.

A thin silica tube was used to withdraw gas samples 
from the reaction zone to a glass sampling bulb. The 
gas was analyzed for carbon dioxide and carbon mon
oxide in an Orsat apparatus.7

Elevated temperatures were obtained using a plati
num-wound resistance tube furnace fitted with radia
tion shields and having a uniform temperature zone 5 
cm. long. Temperatures were measured and controlled 
with a Pt-Pt +  10% Rh thermocouple which was ac
curate to ±  10 at the gold point.

Shieldalloy Corporation, Newfield, New Jersey, was 
the source of YC (vacuum grade, 81% V, 18.4% total 
C, 0.3% free C) and of TaC (Grade I with 1% Nb). 
The NbC (11.07% combined C, 0.66% free C) was 
purchased from the Vascoloy-Ramet Company.

Ta20 6 of reagent grade was used in the TaC investi
gation. V2Os and N b02, which were used in the other 
studies, were prepared by the standard method8'9 
of hydrogen reduction of the pure pentoxide.

The finely powdered oxide and graphite in stoichio
metric ratio were mixed with an equivalent quantity of 
carbide and cold-pressed into pellets weighing ap
proximately 10 g. Usually two of these sample pellets 
were placed in an alumina reaction boat lined with small 
carbon rods. After the reaction boat was positioned 
in the reaction tube, the system was evacuated.

If no variation of the pressure in the reaction chamber 
was detected in 20 hr., an experimental run was started. 
After reaching the desired temperature, the system 
was evacuated again to remove gaseous impurities from 
the chamber. To avoid reducing the oxide in the 
sample pellet, the system was never evacuated for an 
extended period at elevated temperatures. The pres
sure in the system was measured with the mercury

manometer. By slightly evacuating the system one 
could reduce the pressure below the equilibrium 
value; the pressure could be increased above this value 
by introducing CO from the gas cylinder. Thus the 
equilibrium value was approached from both high and 
low pressures. After a constant pressure was observed 
(usually in 6 to 18 hr., depending on the reaction tem
perature), a gas sample was taken and the furnace 
evacuated. CO was then reintroduced, and the 
temperature setting was either decreased or increased 
so a new equilibrium pressure could be determined.

The gas samples contained no C 02, and CO accounted 
for 94 to 99% of the total volume. The 1 to 6%  residue 
was either H2 or N2, which most likely evolved from the 
graphite. In similar equilibrium studies with chro
mium carbide, Kelley, et al.,10 found that 95 to 98% 
of the gas was CO in the experimental runs which used 
high-purity carbon. Only when carbon had been 
preciously purified with chlorine gas to remove hy
drogen did the gas from the reaction chamber analyze 
99 to 100% CO.

An experimental run was terminated by completely 
evacuating the system and quenching with high-purity 
argon. The silica gas sampling tube and the radiation 
shields were removed, and the reaction boat was pulled 
to the cold zone of the reaction tube.

After each experiment, an X-ray diffraction pattern 
indicated that only the initial carbide, the initial oxide, 
and graphite were present in the sample pellet.

The experimental results are shown in Tables I, 
II, and III.

Discussion
In each carbide study, the investigated reaction is 

of the general form

M*0„(s) +  (x +  y) C(gr)
rcMC(s) +  j/CO(g) (1)

where M refers to either V, Nb, or Ta. With a de
termination of the temperature (T) and the equilibrium 
CO pressure (Pco), the standard free energy change of

(4) 3 . K . Storms and R. J. M cNeal, J . Phys. Chem., 66, 1401 (1962).

(5) 3 . K . Storms and N. H. Krikorian, ibid., 64, 1471 (1960).

(6) M. Gleiser and J. Chipman, ibid., 66, 1539 (1962).

(7) “ Manual for Gas Analysis.”  Catalog No. 80, Burrell Technical 
Supply Co., Pittsburgh, Pa.
(8) A. D. Mah and K . K . Kelley, U. S. Department of the Interior. 
Bureau of Mines, Report of Investigation, No. 5858, Mines Bureau, 
Pittsburgh, Pa., 1961.
(9) 3 . G. King, J . Am . Chem. Soc., 80, 1799 (1958).

(10) K . K . Kelley, F. S. Boericke, G. E. Moore, E. H. Huffman, and 
W. M. Bangert, U. S. Department of the Interior, Bureau of Mines, 
Technical Paper No. 662, Mines Bureau, Pittsburgh, Pa , 1944.
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Table I : Experimental Data from
the Vanadium Carbide Study

T, °K. Pco, mm. AF°, cal.

1276 343 6130
1322 646 1269
1232 147 12175
1323 662 1090
1255 235 8785
1304 488 3401
1241 170 11071

Table I I : Experimental Data from 
the Niobium Carbide Study

T, °K. Pco, mm. AF°, cal.

1249 743 114
1180 205 6154
1210 377 3322
1261 844 -5 7 7
1183 211 6008
1241 667 625
1201 344 3846
1175 185 6612
1211 408 2992

Table III : Experimental Data from
the Tantalum Carbide Study

T. °K. Pco, mm. AF°, cal.

1311 314 11546
1265 145 20835
1355 590 3255
1366 654 2031
1289 217 16070
1332 411 8074

th is  r e a c t io n  (A F r ° )  ca n  b e  c a lc u la te d  u sin g  th e  e x 
p ress ion

AFr ° =  - y R T ] n P Co (2)

Since the calculation is based on y moles of CO, 
the experimental interpretation depends heavily on 
the stoichiometry of the oxide phase. Only if the 
oxide is exactly M*0„ will x be the correct number of 
moles of carbide. If the oxide possesses an extended 
homogeneity range, it would be very difficult to specify 
the correct value of x for reaction 1. However, there 
is evidence that V20 3u and N b0212'13 are essentially 
stoichiometric compounds. Since a detailed phase in
vestigation of Ta20 6 is unavailable, its stoichiometry is 
assumed.

Although the final X-ray diffraction patterns in
dicated the presence of both the M^O,, and MC phases, 
oxide saturation of the MC phase could influence the 
results. Investigations of the carbon reduction of 
V20 311 12 13 14 15’16 above 1700° indicate that it is very difficult 
to eliminate oxygen completely from the VC phase. 
From his extensive investigations of the carbon re
duction of niobium oxides, Shveikin16 concludes that 
N b02 and NbC do not interact below 1200° but do 
form a solid solution above 1450°.

In the NbC investigation the effect of oxygen solu
bility on the activity of NbC can be estimated from the 
following reaction

N b02(s) +  C(gr) ^  (NbO) +  CO(g) (3)

where (NbO) is considered to be dissolved in NbC. 
Using the available free energy of formation data for 
NbO,17 CO,18 and N b02,19 the standard free energy 
change of reaction 3 is calculated to be +12.6 kcal. 
at 1200°K. Since the measured CO pressure is ap
proximately 0.5 atm. at this temperature (see Table II), 
one can calculate the equilibrium activity of NbO in the 
carbide to be 0.01. Assuming that the activity of 
NbC is thus reduced to 0.99 by the presence of this 
NbO, the calculated free energy of formation would 
be modified by only 25 cal. at 1200°K., which is con
siderably less than the experimental uncertainty from 
other causes. Similarly, the effect of oxygen contami
nation on the calculated thermodynamic properties of 
TaC is probably negligible. However, the oxygen 
solubility in VC can be significant,20 and its effect is 
considered in the subsequent analysis of the VC data.

The experimental temperature range was too small 
to permit evaluation of the entropy change (A S r ° )  
of reaction 1 from the linear variation of A F r °  with 
temperature. Instead a value for A<Sr °  calculated 
from available t.hermochernical data was used for the

(11) G. Anderson, Acta Chem. S tand., 8, 1599 (1954).
(12) G. Bauer, Z . anorg. allgem. Chem., 248, 1 (1941).

(13) L. Brewer, Chem. Rev., 52, 1 (1953).

(14) G. A. Meerson and O. E. Krein, Zh. Neorgan. K him ., 5, 1924 
(1960).

(15) V. I. Zhelankin, V. S. Kutsev, and B. F. Ormont, ibid., 3, 1237 
(1958).

(16) G. P. Shveikin, Tr. Tust. K him . Akad. N auk S S S R , Uralsk. 
Filial, 2, 45 [translation AEC-TR-4303], 51 [translation A E C -T R - 
4304], 57 [translation AEC-TR-4305] (1958).

(17) V. I. Lavrent’ev, Y a. I. Gerasimov, and T . N. Rezakhima, 
Dokl. Akad. N auk S S S R , 136, 1372 (1961).

(18) J. F. E lliott and M. Gleiser, “ Thermochemistry for Steel
making,”  Vol. I, Addison-Wesley Publishing Co., Inc., Reading, 
Mass., 1960.

(19) W. L. Worrell, J . Phys. Chem., 68, 952 (1964).

(20) H. Krainer and K . Konopieky, Berg- Huettenmaenn. M onatsh. 
Montan. Hochschule Leoben, 92, 166 (1947).
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Figure 1. Standard free energy changes of the 
VC, NbC, and TaC reactions.

slope of the lines shown in Fig. 1. Using the least- 
squares method,21 22 23 this calculated slope was combined 
with the measured free energy changes to yield the 
enthalpy change of reaction 1. By combining these 
with the free energies and enthalpies of formation of 
the oxide and carbon monoxide, the free energy and 
enthalpy of formation of the carbide (MC) were ob
tained.

The uncertainties in the reaction free energy changes 
were calculated from the estimated uncertainties in the 
temperature (± 2 °K .) and pressure measurements 
(± 5 % ) according to standard procedures.21 The 
uncertainties in the enthalpy changes of reaction 1 were 
determined from the uncertainties in the measured 
free energy changes and in the values adopted for the 
entropy changes. By combining the uncertainties 
in the tabulated thermochemical data11* for the oxides 
and for carbon monoxide with those of reaction 1,

the uncertainties in the free energy and enthalpy of 
formation of the carbide were evaluated.

Vanadium Carbide. The experimental data from 
the vanadium carbide study are shown in Table I.

The entropy of formation of VC at 298°K. is —1.5 
e.u. using the value of Bieganski and Stalinski22 for 
S°298 of vanadium, since their metal was of higher purity 
than that on which Kelley and King’s tabulation23 
is based. Values of Kelley and King were used for 
<S°298 of C and VC. The entropy of formation of VC 
at 1300°K. is also —1.5 e.u., because the high-tempera
ture heat capacity of VC obeys Kopp’s rule.24 With 
this value and the thermal data for CO18 and V20 38 
at 1300°K., the entropy change of the VC reaction 
is +115.6 e.u. This fixes the slope of the dotted line 
drawn through the experimental data in Fig. 1 and gives

m ( c )  +  5C(gr) 2VC(c) +  3CO(g)

AF°( ±850) =  154,150(± 1000) -  115.6F cal. (4)

However, VC and VO can form a continuous series 
of solid solutions,20 and a significant amount of VO 
may be dissolved in the VC. With the thermody
namic data for the vanadium oxides8 and CO,18 * the 
activity of VO dissolved in the VC is calculated to be 
0.42 ±  0.02 over the experimental temperature region 
using eq. 5 and the experimental data tabulated in 
Table I.

V20 3 +  c  (2VO) +  CO(g)
AF° =  57,600 -  40.9T cal. (1200-1350°K.) (5)

By assuming the solid solution to be ideal, r,he 
maximum correction to eq. 4 is obtained. With this 
assumption, the standard free energy change for re
action 4 would be 2800 cal. more positive, and this 
determines the lower boundary of the shaded area 
shown in Fig. 1.

Because VO and VC should separate into two im
miscible phases at some critical temperature, one would 
expect positive deviations from ideality and a smaller 
correction to eq. 4. If the critical temperature for 
phase separation were known, the extent of the posi
tive deviations from ideality could be calculated using 
regular solution theory.26 The lowest temperature

(21) Y , Beers, “ Introduction to the Theory of Error,” Addison- 
Wesley Publishing Co., Inc., Reading, Mass., 1958.

(22) Z. Bieganski and B. Stalinski, Bull. Acad. Polon. Sei., Ser. Sei. 
Chim ., 9, 367 (1961).
(23) K . K . Kelley and E. G. King, U. S. Department of the Interior, 
Bureau of Mines, Bulletin No. 592, U. S. Govt. Printing Office, 
Washington, D. C., 1961.

(24) K . K . Kelley, U. S. Department of Interior, Bureau of Mines,
Bulletin No. 584, U. S. Govt. Printing Office, Washington, D. C.,
1960.
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at which complete solid solubility has been experimen
tally observed is 900°K.20; thus the maximum possible 
value for the critical temperature is 900°K. Using 
this value, one calculates that the minimum correction 
to eq. 4 is +700 cal., which determines the upper boun
dary of the shaded area in Fig. 1.

The correct equation for the standard free energy 
change of reaction 4 would be represented by a line 
parallel to the dotted line and lying within this shaded 
area. Lacking more precise information, eq. 4 is 
revised to eq. 6 which represents a line passing through 
the center of the shaded area; the distance between 
this line and the area boundaries is incorporated into 
the uncertainty term.

AF°(±1100) =  155,900(± 1300) -  115.6T, cal. (6)

Combining the free energy of formation equations 
for V20 38 and CO18 at 1300°K. with eq. 6, the following 
expression for the free energy of formation of VC be
tween 1200 and 1350°K. is obtained

AFf°(±600) =  -24,100(±700) +
1.571 cal./g.-atom of V (7)

Fujishiro25 26 has measured the equilibrium pressure 
of vanadium over VC and graphite in a graphite 
Knudsen effusion cell between 2350 and 2550°K. 
and obtained a free energy of formation equation of
— 23.300 +  2.071 cal. for VC. The effusion of vana
dium through the pores in the graphite cell and the 
vaporization of graphite itself accounted for 50 to 75% 
of the total weight loss; thus the experimental un
certainty may be as large as ± 5  kcal./mole. Using 
the same data Fujishiro and Gokcen27 calculated a 
value of —22.7 ±  5 kcal./mole for A H °  of VC at 
298°K.

Mah28 has obtained —24.35 (±0 .4 ) kcal./g.-atom of 
V for the AHf° of VC at 298°K. from recent heat of 
combustion experiments. Mah’s value can be compared 
directly with our value of —24.1 (±0 .7 ) kcal./mole in 
eq. 7 since the high-temperature heat contents24 of 
VC obey Kopp’s rule.

Niobium Carbide. N b02 is the stable oxide under 
the experimental conditions of temperature and CO 
pressure, and no other oxide phase was detected in 
the final sample. The experimental data from the 
niobium carbide study are shown in Table II.

The entropy of formation of NbC at 298 °K. is
— 1.6 e.u. using the known entropies of Nb,29 C,23 and 
NbC.30 Using Kelley’s data30 which are in excellent 
agreement with Gel’d and Kusenko’s31 high-tempera- 
ture heat capacity data, —0.4 e.u. is obtained for the 
entropy of formation of NbC at 1200°K. With this

value and the available data for CO18 and N b0219 
at 1200°K., the entropy change in the reaction is
80.3 e.u. This determines the slope of the line drawn 
in Fig. 1 and thus the free energy change in the reaction

N b02(c) +  3C(gr) ^  NbC(c) +  2CO(g) .

AF°(±400) =  100,400(±800) -  80.3T cal. (8)

Combining the free energy of formation equations 
for N b0219 and CO18 at 1200°K. with eq. 8, the follow
ing expression for the free energy of formation of NbC 
between 1170 and 1260°K. is obtained

AFf°(±600) =  —31,100(±900) +
0.4T cal./g.-atom of Nb (9)

Using the high-temperature heat content data for 
Nb,29 C,24 and NbC,30'31 the heat of formation of NbC 
at 298°K. is calculated to be —31.8 (±0 .9 ) kcal./g.- 
atom of Nb. The heat of formation of NbC at 298°K. 
has been determined in the combustion calorimetric 
investigations of Mah and Boyle32 as —33.6 ±  0.8 
kcal., and of Huber, Head, Holley, Storms, and Krikor- 
ian33 as —33.6 ±  0.6 kcal. Our value is less negative 
than the calorimetric values, but this may be the 
result of the compositional differences in the investi
gated carbide. Calorimetric values were obtained 
by extrapolation to a hypothetical NbC: 0 composition, 
while our value is applicable to the graphite-saturated 
carbide which is NbCo.99.5

Tantalum Carbide. Ta2Of was the oxide used in the 
TaC study. Although other tantalum oxide phases 
have been reported,34 tantalum pentoxide was the 
only oxide phase detected in the X-ray diffraction 
pattern of the sample pellet. The experimental 
data from the tantalum carbide study are shown in 
Table III.

(25) See, for example, G. N. Lewis, M. Randall, K . S. Pitzer, and 
L. Brewer, “ Thermodynamics,” 2nd Ed., M cGraw-Hill Book Co., 
New York, N. Y ., 1961, pp. 284-287.

(26) S. Fujishiro, Trans. Japan Inst. Metals, 1, 125 (1960).
(27) S. Fujishiro and N. A. Gokcen, J. Electrochem. Soc., 109, 835 
(1962).

(28) A. D. Mah, U. S. Department of the Interior, Bureau of Mines, 
Report of Investigation, No. 6177, Mines Bureau, Pittsburgh, Pa. 
1963.

(29) R. Hultgren, R. L. Orr, P. D. Anderson, and K . K . Kelley, 
“ Selected Values of Thermodynamic Properties of M etals and 
Alloys,” John W iley and Sons, New York, N. Y., 1963.

(30) K . K . Kelley, private communication, 1963.

(31) P. V. G el’d and F. G. Kusenko, Izv. Akad. Nauk SSSR, Otd. 
Tekhn. Nauk Met. i Toplivo, 79 (1960).

(32) A. D. M ah and B. J. Boyle, J. Am. Chem. Soc., 77, 6512 (1955).

(33) E. J. Huber, Jr., E. L. Head, * E. Holley, Jr., E. K . Storms, 
and N. H. Krikorian, J. Phys. Chem., 65, 1846 (1961).

(34) M. Hansen, “ Constitution of Binary Alloys,” M cGraw-H ill 
Book Co., Inc., New York, N. Y ., 1958.
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Considering the similarity between NbC and TaC, 
the entropy of formation of TaC at 298 °K. was esti
mated to be —1.6 (±0 .3 ) e.u. Using the tabulated 
entropies of Ta29 and C,23 this value would require 
that S°298 of TaC equals 9.65, which is felt to be more 
reasonable than the 10.11 e.u. determined by Kelley.23’35 36 
Because the values of <S°29s for VC and NbC are both 
lower than $ °298 for pure V and Nb, respectively, it 
seems plausible that <S°298 for TaC should be less than 
the S°298 of Ta which is 9.92 e.u. Since Kelley’s 
study36 was conducted in 1940, his TaC sample may 
have been inaccurately analyzed; even today it is 
extremely difficult to know precisely the composition 
of carbide samples.1 There is also evidence36 that 
Humphrey’s37 TaC, which was a similar commercial 
sample, was inaccurately analyzed. Thus a rede
termination of the low-temperature heat capacity of 
TaC would be worthwhile.

To raise our estimated value of A<Sf° at 298°K. for 
TaC to 1300°K., the high-temperature increments of 
TaC were assumed equal to those of NbC30'31; the 
high-temperature heat and entropy contents of TaN 
are virtually identical with those of NbN.24 The re
sulting value of —0.5 e.u. for the entropy of formation 
of TaC and the thermochemical data for CO18 and 
Tasty8 at 1300°K. were combined with the cata in 
Table III to yield the following equation for the line 
shown in Fig. 1.

Ta20 5(c) +  7C(gr) ^  2TaC(c) +  5CO(g)

AF°(±800) =  274,900(± 1200) -  200.5T cal. (10)

Combining the free energy of formation equations for 
Ta20 618 and CO18 at 1300°K. with eq. 10, the following 
expression for the free energy of formation of TaC 
between 1250 and 1400°K. is obtained.

AF,°(±600) = —34,900(±700) +
0.5T cal./g.-atom of Ta (11)

Using the high-temperature heat content data for 
NbC,30’31 the heat of formation of TaC at 298°K. is 
calculated to be —35.6 (±0 .7 ) kc,al./g.-atom of Ta.

The heat of formation of TaC at 298°K. has been 
measured by Huber, et al.36 ( — 34.6 ±  0.9), by Hum
phrey37 ( — 38.5), by McKenna38 ( — 38.5 ±  5.0), and 
by Smironovaand Ormont39 ( — 35.7).

Our value agrees with the most recent investigation 
by Huber, et al., within the experimental uncertainties. 
Because they used TaC samples which probably con
tained free carbon, Humphrey’s and McKenna’s 
results have been questioned by Huber, et al. The 
close agreement between our value and that of Smiro- 
nova and Ormont is probably fortuitous because their

heat of formation-composition data deviate widely 
from those of Huber, et al, who suggest that the samples 
of Smironova and Ormont were probably inhomogen
eous.

In comparing our values for heat of formation with 
the calorimetric data, we do not imply equality of 
accuracy in AH°m8. Our values are subject not only 
to the normal uncertainties in heat capacity but also 
to unknown contributions of the small shifts in equi
librium compositions of the MC phases, including solu
tion of the oxide. Conversely, when it is the free energy 
of the equilibrium phase at elevated temperatures 
that is of primary interest, our values are to be pre
ferred over those deduced from thermochemical 
measurements.

Estimates for the M2C Carbides
In addition to the MC carbide phase, the group VA 

metal-carbide systems3-6 also exhibit the M2C carbide 
which has a narrow homogeneity range. Using the 
thermodynamic data obtained for the MC composi
tions, it is possible to assign limits for values of the MC 
carbides. Within somewhat wider limits, values for 
the M2C carbides also can be estimated.

If the compositions of the carbide phase boundaries 
are known, the free energy of formation of the carbide 
at one phase boundary can be estimated from that of 
the carbide at the other phase boundary. For example, 
at 1000° the VC phase extents VC0.73 to VCo.ss-4 Since 
VC0.88 is that carbide in equilibrium with carbon and 
VC0.73 is that carbide at the metal-rich boundary, the 
following two reactions must occur spontaneously

VC0.88 +  V — > 1.205VCo.73 (a)

VC0.73 +  C >  VCo.ss (b)

Thus, one can write

— A F ° v c 0.88 >  - a f ° v c „.73 >  A F ° v C„.88 (c)

Using eq. 7 at 1273°K, AF°VC„.88 is —22.2 kcal./g.- 
atom of V. From eq. c, therefore, AFov c 0.73 must have 
a value between —22.2 and .—18.4 kcal./g.-atcm of V, 
and one can estimate that A F ° v c 0.73 =  —20.3 ±  2.0 
kcal./g.-atom of V at 1273°K. Assuming the entropy 
of formation of VC0.73 has the same value as that of

(35) K . K . Kelley, J. Am. Chem. Soc., 62, 818 (1940).
(36) E. J. Huber, Jr., E. L. Head, C. E. Holley, Jr., and A. L. 
Bowman, J. Phys. Chem., 67, 793 (1963).
(37) G. L. Humphrey, J. Am. Chem. Soc., 76, 987 (1954).

(38) P. M. McKenna, Ind. Eng. Chem., 28, 767 (1936).
(39) V. I. Smironova and B. F. Ormont, Dokl. Akad. Nauk SSSR» 
100, 127 (1955).
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Table IV : Observed and Estimated Thermodynamic
Properties of the Vanadium, Niobium, and Tantalum Carbides

This study
Calorimetric A(S°298,

Carbide AH°29s, kcal. AH°m, kcal. e.il.

Obsd.
VC„_.88 -2 4 .3 5  =fc 0 .4 a -2 4 .1  ±  0.7 - 1 . 5
NbCo-S9 - 3 3 .6  ±  0 .8 6 - 3 1 .8  ±  0.9 - 1 .6
TaCo- 99 - 3 4 .6  ±  0 .9 e - 3 5 .6  ± 0 .7 - 1 .6

Estd.
VCo-73 - 2 2 .2  ± 2.0 - 1 . 5
NbCo.vi - 2 8 .2  ± - 2 8 .0  ±  4.0 - 1 .6

TaCo.7i -2 8 .1  ±  1 .5e - 3 1 .0  ±  4.0 - 1 .6
V2C - 3 5 .2  ±  5 - 1 .0 '
Nb2C - 4 6 .4  ±  1 .2 i> - 1 . 0
Ta2C - 4 7 .2  ±  3 .4 e - 0 . 5 '

° See ref. 28. 6 See ref. 33. e See ref. 36. d See ref. 41.

VCo.88, the following free energy of formation equation 
is obtained for VC

A/',f°(±2000) =  -22,200 +  1.571 cal./g.-atom of V
(12)

The thermodynamic properties of the other MC car
bides were estimated using a similar procedure.

Properties of the M2C phases can be estimated only 
very roughly, and the calorimetric data lie well within 
the limits of these estimates. The entropies of forma
tion of the M 2C carbides have been estimated by 
Krikorian40 and by Worrell.41 The heat of formation 
of V2C is estimated from the ratio of the calorimetric 
values for M2C to MC, which for the other elements 
of the series is 1.375 ±  0.01. To apply this ratio to 
VC requires first extrapolation of the VC and VC data 
to VCi.o which gives about —25.6 kcal. at the stoichio
metric ratio. Then for V2C the estimate becomes 
— 35.2 kcal. Tire uncertainty is large.

The estimates, along with the observed values for 
the heat and entropy of formation, are summarized 
in Table IV.
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(40) O. H. Krikorian, Lawrence Radiation Lab Report UCRL-2888' 
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(41) W. L. Worrell, J. Phys. Chem., 68, 954 (1964).
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by N. W. TschoegPb and John D. Ferry

Department o f Chemistry, University of Wisconsin, Madison, Wisconsin {Received October 31, 1963)

Storage ((?') and loss ((?") shear moduli have been measured for solutions of a sharply 
fractionated polyisobutylene (M v =  840,000) in a naphthenic oil, at concentrations of 
1%  and 2%, temperatures of 0° and 25°, and frequencies between 0.016 and 160 c./sec., 
using the apparatus of Birnboim and Ferry. The results, expressed either as the polymer 
contributions to the complex modulus, G' andG " — uwdjs, or as the relative contributions 
to the complex viscosity, (i)' — rir/„)/(»? — r^s) and tj" /(  ̂ — v^s), exhibited a frequency 
dependence intermediate between the predictions of the Rouse and Zimm theories. (Here 
co is the circular frequency, v, the volume fraction of polymer, and t)s the solvent viscosity.) 
The frequency dependence was described by a recent extension of the Zimm theory with 
e, a parameter describing deviation from gaussian chain statistics, set at 0.080, and h, 
an adjustable parameter describing the strength of hydrodynamic interaction, set at 7.5 
for the 1% and 2 for the 2% solution. Earlier data on two polyisobutylenes of lower 
molecular weight (63,000 and 129,000) are closely fitted by the extended theory with e = 
0.03 to 0.04 and h =  , representing a scarcely perceptible departure from the original
Zimm theory. The molecular weights calculated by matching theory to experiment are 
too high, however, by a factor of 1.5 to 2.3.

Introduction

Measurements of the dynamic viscoelastic properties 
of dilute solutions of two fractionated polvisobutylenes 
of moderately low molecular weight (63,000 and 
129,000) have been reported in an earlier paper.1 2 
The frequency dependence of the contributions of the 
polymer to the storage and loss shear moduli, G' 
and G "  — ior)s, conformed closely to the theory of 
Zimm.3 (Here a> is the circular frequency and r)a 
the solvent viscosity, so oirjs is the solvent contribution 
to the loss modulus.) Another polyisobutylene with 
much higher molecular weight (M v =  1,100,000) and a 
broad molecular weight distribution showed a fre
quency dependence of G' and G "  — op7s which resembled 
more closely the theory of Rouse.4 5

In the present paper, measurements on a sharply 
fractionated high molecular weight polyisobutylene, 
undertaken to clarify this difference, are presented. 
The concentration dependence of the viscoelastic prop
erties is examined; the frequency dependence of the

components of the complex modulus, as well as of the 
complex viscosity, is compared with a recent extension 
of the Zimm theory6-6 in which varying hydrodynamic 
interaction together with deviations from gaussian 
chain statistics are taken into account.

Materials and Method
A sample of polyisobutylene fractionated by a con

tinuous chromatographic method7 was generously 
provided by Dr. R. S. Porter and Dr. J. F. Johnson 
of the California Research Corporation. Its viscosity-

(1) (a) Part X L V  of a series on mechanical properties of substances 
of h.gh molecular weight; (b) Stanford Research Institute, Menlo 
Park, Calif.
(2) N. W. Tschoegl and J. D. Ferry, Kolloid-Z., 189, 37 (1963).

(3) B. H. Zimm, J . Chern. P hys ., 24, 269 (1956).

(4) P. E. Rouse. Jr., ibid., 21, 1272 (1953).

(5) N. W. Tschoegl, ibid., 39, 149 (1963).

(6) N. W. Tschoegl, ibid., 40, 473 (1964).
(7) M. J. R. Cantow, R. S. Porter, and J. F. Johnson, J . Polymer 
Sci., C l ,  187 (1963).
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average molecular weight was 840,000, and it is believed8 
to have a sharp molecular weight distribution, though 
probably broader than in the two samples studied 
previously.

Solutions containing 1% and 2%  polymer by weight 
were prepared in Primol D, a naphthenic oil of suitable 
viscosity for the viscoelastic measurements.2 Several 
more dilute solutions were prepared for measurements 
of steady-flow viscosity in a capillary viscosimeter,9 
from which the intrinsic viscosity in Primol D was 
calculated to be 1.94 dl./g.

The storage and loss moduli, G' and G", of the 1% 
and 2%  solutions were measured over a frequency range 
from 0.016 to 160 c./sec. by the apparatus of Birnboim 
and Ferry,10 with modifications which have been de
scribed in subsequent publications.2'11

Results
Measurements were made at 0 ° and 25 °. The former 

were reduced to 25° as previously described.2-11 In 
Fig. 1 and 2, the reduced values of the contributions of 
the polymer to the components of the complex shear 
modulus, namely, G' and G " — cowî s, are plotted loga
rithmically against reduced frequency for the 1%  and 
2% solutions. Here vx is the volume fraction of sol
vent, calculated on the assumption that the volumes 
of solvent and polymer are additive. In earlier 
papers,2-11 this factor was omitted, and the polymer 
contribution to the loss modulus was written as G "  —

lo g  cv a T

Figure 1 . Logarithmic plots of G' and G " — avm, for 1 % 
polyisobutylene, M  = 840,000, in Primol D, referred to 
25.0°: pip down, measured at 0.0°; pip left, at 25.0°. Curves 
represent extended Zimm theory with e = 0.080, h = 7.5, 
origin of dimensionless plot at cross.

Figure 2. Logarithmic plots of G' and G "  = a>vnj, for 2% 
polyisobutylene, M  =  840,000. Key to temperature same 
as in Fig. 1. Curves represent extended Zimm theory with 
e = 0.080, h = 2, origin of dimensionless plot at cross.

wv]s. The difference is small except for quite high con
centrations, but it is more appropriate12 to include the 
factor Vi.

The superposition of data from the two tempera
tures is very good in both cases, showing that all relaxa
tion times depend identically on temperature. The 
frequency dependence shows a distinct departure from 
the theory of Zimm; at the high frequency end, the 
ratio (G " — wViris)/G' is about 1.3 instead of 1.73, 
and the slopes of the logarithmic plots in this region 
are about 0.55 to 0.60 instead of 0.667 as specified by 
the Zimm theory. Both these deviations are in the 
direction of the theory of Rouse, so it may be concluded 
that the Rouse-like behavior observed earlier for an 
unfractionated polyisobutylsne of high molecular 
weight2 was associated primarily with the magnitude 
of the molecular weight rather than with its broad 
distribution.

Discussion
Reduction of Components of Complex Viscosity. An 

alternative reduction which in principle provides for 
dependence on both temperature and concentration

(8) R. S. Porter and J. F. Johnson, personal communication.

(9) We are indebted to Mr. J. E. Frederick for these measurements.
(10) M. H. Birnboim and J. D. Ferry, J. Appl. Phys., 32, 2305 
(1961).

(11) R. B. DeMallie, M . H. Birnboim, J. E. Frederick, N. W. 
Tschoegl, and J. D. Ferry, J. Phys. Chem., 66, 536 (1962).

(12) K . Ninomiya, J. Colloid Sci., 17, 759 (1962), and private com
munication.

The Journal of Physical Chemistry



D y n a m i c  M e c h a n i c a l  P r o p e r t ie s  o f  P o l y i s o b u t y l e n e  S o l u t i o n s 869

Figure 3. Logarithmic plots for the contributions of a polymer 
solute to the components of the complex viscosity, expressed in 
dimensionless form, as predicted by the theories of Rouse and 
Zimm.

may be employed with the following dimensionless 
variables

VR =  W  — vii?„)/(?? — i>i»?») (1)

Vr"  =  r)"/(v ~  ViyB) (2)

Theoretical logarithmic plots of tjr' and t)r"  against 
ioti, where n  is the terminal or longest relaxation time, 
are shown in Fig. 3 for the Rouse and Zimm theories. 
In terms of the components of the dimensionless com
plex modulus GV and Gr"  previously defined,2’11 
W  = GR"/omS and m "  =  Gn'/unS. Here S =  
2 rt/ri, where rk is the /c’th relaxation time specified 
by the theory; S =  2.369 for Zimm and 1.645 for 
Rouse.

The appropriate frequency reduction for experi
mental plots can be inferred from the relation between 
the terminal relaxation time and the steady flow vis
cosity for either Zimm or Rouse theory

n  =  [(v ~  vlVa)/cRT)M/S (3)

where c is the concentration in g. of polymer per ml. 
and M  is the molecular weight. A plot of vr and vr"  
against «(17 — Vitjb)/cRT should give coincidence of 
data at different concentrations provided all relaxation 
times have the same concentration dependence.

The data of Fig. 1 and 2 are plotted logarithmically 
in this manner in Fig. 4. The two concentrations are 
nearly coincident, though the maximum in 17"  is 
slightly lower at the higher concentration. Similar 
plots are given in Fig. 5 and 6 for the earlier data2 on 
sharply fractionated polyisobutylenes of lower molecu
lar weight. Here the coincidence of data at different 
concentrations is also rather close.

Plots of r)R' and vr"  have an advantage in matching 
against theoretical curves to determine the apparent 
molecular weight; the ordinate position is fixed, unlike

Figure 4. Logarithmic plots of v r  and v r "  against 
— viv,)/cRT for data of Fig. 2 and 3: open circles,

1%  ;Fig. 2); black circles, 2%  (Fig. 3). Curves represent 
extended Zimm theory with e = 0.080, h = 5.

Fig.ire 5. Logarithmic plots of v r ' and v r "  against 
co(v — viv,)/cRT for polyisobutylene, M  =  63,000, from 
data of ref. 2 : open circles, concentration 2% ; black circles 
4%. Curves represent extended Zimm theory with e =
0.031, h = <».

the case for matching GV and G'r"  against theory as 
previously described.11 Thus, a single shift of the 
abscissa scale for coincidence of theoretical and ex
perimental curves identifies ur, =  1 at 01(17 — UVb)/
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Figure 6 . Logarithmic plots of i j r '  and 1711"  against 
oj(rj — virie)/cRT for polyisobutylene, M = 129,000, 
from data of ref. 2 : open circles, concentration 2% ; 
black circles, 4%. Curves represent extended Zimm 
theory with e = 0.042, h =

cRT = S/M. Then the position of the theoretical 
cross of origin on the experimental abscissa scale is 
simply log S/M.

The data of Fig. 1-2 and 4-6 do not exactly fit either 
the Rouse or the Zimm theoretical plots, however, and 
we therefore apply a recent extension of the Zimm 
theory5'6 in which behavior intermediate between the 
Rouse and Zimm types is predicted on the basis of 
varying hydrodynamic interaction and departures 
from gaussian chain statistics.

Theoretical Curves for Complex Viscosity from Ex
tended Zimm Theory. In the extended theory, the 
frequency dependence of the complex modulus and 
complex viscosity is specified by two dimensionless 
parameters, h and t. The first is Zimm’s strength of 
the hydrodynamic interaction; h =  m corresponds to 
the Zimm case of dominant interaction, and h =  0 
to the Rouse theory. The parameter c is that used 
by Ptitsyn and Eizner13 to describe expansion of a 
random coil in good solvents. The mean square sepa
ration of chain ends, for example, is proportional to 
M i + e instead of to M as would be specified by gaussian 
statistics in a 9-solvent. For h =  » ,  increasing values 
of t toward the theoretical maximum of 1/3 cause a 
shift in the character of the frequency dependence of 
dynamic mechanical behavior from the Zimm type 
partially toward the Rouse type.6

An estimate of e can be obtained from the molecular 
weight dependence of the intrinsic viscosity [77 ] in a 
given solvent, leaving h as an adjustable parameter. 
Following Stockmayer and Fixman,14 15 a plot of \r\}/M'h

against M 1/2 should be linear and the intercept a and 
slope b can be used to calculate the molecular weight 
dependence of the expansion factor a. From the rela
tion e =  òlnaVòln M, it follows6 that

e =  (M lAb/a)/[(3M'/'b/a +  0.497) +

2.308(3M1/!6/a +  0.497)v>] (4)

The intrinsic viscosity values given in Table I have 
been treated in this manner to give a value of e for each 
of the molecular weights, and these are also listed in 
the Table. Equation 4 was chosen in preference to the 
simpler eq. 39 of ref. 5 since it predicts lower e-values 
and is therefore more in accordance with the experi
mental results for the lower molecular weight polymers 
whose solutions have been shown previously2 to fit 
the Zimm theory for e = 0 quite closely. In the latter 
solutions it could be anticipated from this close ap
proach to the Zimm theory that h =  “ . To determine 
h for the solutions with M  =  840,000, the frequency 
dependence of tjr' and tjr"  was calculated for various 
values of h and e =  0.080, using a Control Data Corpo
ration 1604 computer, from the relations given by the 
extended theory6; the curves whose shapes most closely 
matched the experimental data were selected. For 
the 1% concentration, h =  7.5 and for 2%, h =  2.

Comparison of Theory with Experiment and Calcula
tion of Molecular Weight. Theoretical curves for G’ 
and G " — wvwB are drawn in Fig. 1 and 2 for h =  7.5 
and h =  2, respectively, with e = 0.080, and the agree
ment with experimental points is excellent in both 
cases. No basic theoretical significance can be at
tributed to the change in h with concentration, how
ever, since the theory is really limited to infinite dilu
tion. It can only be said that there is a slight apparent 
shift toward Rouse-like behavior with increasing con
centration. A similar effect has been noted in poly
styrene solutions.1116

In Fig. 4, a compromise pair of theoretical curves 
for tjr' and ?jr"  has been drawn for e =  0.080 and h =  
5, and these fall quite near the data at both concentra
tions. In Fig. 5 and 6, theoretical curves for the ap
propriate values of h and e agree with the experi
mental points quite well. These curves differ very 
little from those for the original Zimm theory, since 
h =  00 and « is only slightly greater than zero.

The values of S calculated theoretically6 for the ap
propriate values of h and e are intermediate between

(13) O. B. Ptitsyn and Y u. E. Eizner, Zh. Fiz. K him ., 32, 2464 
(1958).

(14) W. H. Stockmayer and M . Fixman, J . Polymer Sci., C l ,  137 
(1963).

(15) J. E . Frederick, N. W. Tschoegl, and J. D. Ferry, J . Phys. 
Chem., submitted.
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Table I : Parameters Obtained from Extended Zimm Theory Reduced to 25°

Polymer F'17° F-22° H .M .6
log M 4.80 5.11 5.924
[ij] in Primol D, dl./g. 0.437 0.641 1.94
€ 0.031 0.042 0.080
Canon., wt. % 2 4 2 4 1 2
Concn., g./ml. 0.0176 0.0352 0.0176 0.0352 0.0088 0.0176
h 00 CO OO CO 7.5 2
S 2.323 2.309 2.124 1.977
Abscissa cross, 4.63 -5.11 -5 .8 5 -5 .8 5

■on and tjr"  
log M from eq. 3 4.99 5.47 6.17 6 15

See ref. 2. 6 H.M. = high molecular weight.

the extreme values for the Rouse and Zimm theories; 
they are also given in Table I. From these together 
with the positions of the cross of origin on the experi
mental abscissa scale, values of molecular weight have 
be’en obtained as described above. The values (last 
row of Table I) for the lower molecular weights are 
practically the same as those derived previously2 
from the original Zimm theory. The apparent molecu
lar weight from viscoelastic measurements is too large 
by a factor which lies between 1.5 and 2.3; it does not 
depend much on concentration in the range covered 
and its dependence on molecular weight appears to be 
erratic with the limited data thus far available. It 
may be remarked that the procedure for deriving the 
molecular weight by matching scales of experimental 
and theoretical curves will give a complicated molecular 
weight average if there is any molecular weight dis
tribution. If the selection is made primarily on the 
basis of the left limb of m "  and the Zimm theory is 
followed, this average can be shown to be M j4 „M n2/ 

where M ’/2 is (p(M) being the

number-distribution of molecular weights.16 The high 
molecular weights are weighted somewhat more than 
in M w, but not enough to account for the observed 
discrepancy unless the molecular weight distribution 
were quite broad. Further work will be necessary, 
therefore, to clarify this discrepancy. However, the 
agreement of theory and experiment in all other respects 
is gratifying.

Applications of the extended Zimm theory to dilute 
polystyrene solutions will be presented subsequently.16
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O n  th e  O r i g i n  o f  U n p a ir e d  E le c t r o n s  in  M e t a l -F r e e  P h t h a lo c y a n in e

by J. M. Assour and S. E. Harrison

R C A  Laboratories, Princeton , New Jersey {Received November 4, 1963)

Metal-free phthalocyanine single crystals were found to contain 1017 unpaired electrons/cm.3. 
By heat treatments under vacuum and in oxygen and hydrogen ambients, the centers 
responsible for the “ free radical”  resonance were found to be oxygen impurities absorbed 
by the compounds. Experimental evidence indicates that the unpaired electrons may be 
either in the bulk or on the surface of the phthalocyanine. The absorbed oxygen may be 
associated with the electronically active centers in phthalocyanine semiconduction.

I. Introduction
Free radicals in residues of diamagnetic phthalo

cyanine metal derivatives were first detected through 
e.s.r. experiments by Ingram and Bennett.1 Winslow, 
et al.,2 observed similar free radicals in metal-free 
phthalocyanine (H2Pc) and suggested that the origin 
of the unpaired electron occurs as a result of a broken 
7r-bond in the phthalocyanine matrix. FuYen, Erd- 
man, and Saraceno3 believed that diradical structures 
of phthalocyanines might be responsible for the free 
radical concentration obtained in petroleum asphaltene. 
We have observed the “ free radical”  resonance both 
in metal-free phthalocyanine (H2Pc) powder purchased 
from du Pont and that synthesized in our laboratory. 
The strong e.s.r. signal of the radical indicated that its 
concentration is large. Quantitative estimates of un
paired spins were made by comparison with the absorp
tion of l,l-diphenyl-2-picrylhydrazyl (DPPH) which 
contains 1021 unpaired electrons/g.

Our initial experimental studies began with H2Pc 
crystals grown by sublimation from du Pont crude 
powder. A semiquantitative chemical emission spec
trograph analysis for the compound revealed Cu as 
the major metallic impurity (200-2000 p.p.m.). The 
e.s.r. spectra of the single crystals consisted of Cu+2 
hyperfine and nitrogen superhyperfine structures.4 
No evidence of the free radical resonance was observed. 
However, when the crystals were lightly crushed into 
powder, the free radical resonance was observed in 
addition to the Cu+2 and nitrogen lines. Subse
quently, crystals were sublimed from “ pure” H2Pc 
and no metallic resonances were found; only the free 
radical resonance was observed. Evaporated thin

films using single crystals as a starting material also 
revealed the free radical resonance.

Since the phthalocyanine compound are being 
studied in our laboratory as organic semiconductors,6 
the existence of free radicals in the system may prove 
to be significant in the semiconduction of the compound. 
Large concentrations of free radicals were shown to 
increase the electrical conductivity of some organic 
compounds.2 The possibility of the radical contribut
ing to the free carrier concentration6 as a donor or 
acceptor of free carriers will determine the polarity 
of the involved carriers. Furthermore, if the radical 
is situated on the surface, it may have an influence on 
the relative importance of surface and bulk conductivi
ties.

In the present paper, attempts to study the nature of 
the free radical, its location, as well as its chemical 
bonding and stability are reported. The investiga
tions were carried out primarily by e.s.r. measurements 
with samples that were heat-treated under vacuum and 
in oxygen and hydrogen ambients. In attempting to

(1) D. J. E. Ingram and J. E. Bennett, Phil. Mag., 45, 545 (1954).

(2) F. H. Winslow, W. O. Baker, and W. A. Yager, J . A m . C'hem. Soc., 
77, 4751 (1955).

(3) T . FuYen, J. G. Erdman, and A. J. Saraceno, Anal. Chem., 34, 
694 (1962).

(4) S. E. Harrison and J. M. Assour, Proceedings of the First Inter
national Conference on Paramagnetic Resonance, Academic Press, 
New York, N. Y ., 1963.

(5) For a discussion of organic semiconductors, see C , B. G. G arett 
in "Semiconductors,” N. B. Hannay, Ed., Reinhold Pubi. Corp., 
New York, N. Y ., 1959.

(6) L. S. Singer and J. Kommandeur, J . Chem. Phys., 34, 133 
(1961).
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create radicals by irradiation, samples treated with 
y- and neutron rays were also examined.

II. Experimental Methods

The microwave resonance equipment used was a 
Varian spectrometer. The magnetic field modulation 
was 100 kc. while the microwave frequency was 9.5 
kMe. The magnetic field was determined by a Harvey 
Wells n.m.r. gauss meter in conjunction with a Hewlett 
Packard 524D counter. The samples were placed in 
quartz tubes purchased from Varian with 2.9-mm. 
i.d. A calibrated quartz rod was used for accurate 
positioning of the samples in the microwave cavity. 
The radiofrequency power was properly adjusted to 
prevent saturated e.s.r. signals while the amplitude 
modulation was set to be less than one-tenth of the 
free radical line width. In all measurements reported 
here, the derivative of the absorption is recorded at 
~ 2 5 ° and the line width AH is taken between two 
points of maximum slope.

The actual spin concentration, spins/cm.3, in the 
powdered samples was not established because only 
the relative change in the spin concentration was of 
interest. Therefore, the variation in the unpaired 
electron concentration in each sample as a function of 
heat-treatment temperature is expressed in arbitrary 
units.

III. Experimental Results
Pure H2PC was synthesized according to the method 

of Linstead.7 Crystals grown from this powder con
tained the following metallic impurities by emission 
spectroscopy fin p.p.m.): Cu, 0.3-3; Li, 3-30; Al, 
1-10; Si. 0.3-3; Mg, 3-30. Electron spin resonance 
of single crystals of 15-mm. length and 0.1-mm. width 
was examined at 25° in air. The resonance spectra 
were recorded for the ac, plane of the H2Pc crystal to 
determine their angular dependence. The spectra con
sisted of one narrow line shown in Fig. 1. The line 
width AH =  4.3 ±  0.5 gauss and the 0-value was 2.0026 
±  0.0003. Both AH and g were isotropic and no 
metallic resonances were found in these crystals. To 
our Knowledge this is the first time that H2Pc single 
crystals exhibited the free radical resonance. The con
centration of the free radicals in the single crystals 
was determined by a comparison method using the 
DPPH as a standard sample. The unpaired electron 
concentration in the H2Pc crystals was found to be 
approximately 10'7/cm .3.

Single crystals were lightly crushed into powder 
between two sheets of glassine paper and packed into 
a quartz tube which was then evacuated to 10~4 torr 
and sealed. The tube was placed in a furnace for

Figure 1 . Electron spin resonance of free radical 
in metal-free phthalocyanine crystal.

heat treatment at temperatures ranging from 25 to 
500°. After each heat-treatment period which lasted 
for 2 hr., the spectrum of each sample was recorded. 
The spin concentration increased slightly up to 300° 
and then decreased at 400°. The decrease in spin 
concentration was found to be caused by sublimation 
of H2Pc. At this temperature the powder began to 
sublime and small crystallites grew in the cooler zone 
of the quartz tube. At 600° the powder sublimed 
completely. Under vacuum, the total increase in spin 
concentration was negligible. The line width was AH =
5.3 ±  0.5 gauss and g =  2.0026 ±  0.0003. These 
values remained essentially constant during the 
entire heat-treatment process.

A second powdered sample was first evacuated and 
then filled with oxygen and sealed. The sample was 
heat-treated as above. Figure 2 represents the plot 
of the variation of the unpaired electron concentration 
as a function of heat-treatment temperature. The 
concentration remains almost constant to 200° and 
then increases linearly with temperature. In this 
case a significant increase in spin concentration is ob
tained. The line width AH = 5.4 ±  0.5 gauss varied 
slightly with heat treatment while g =  2.0024 ±  0.0003 
remained constant.

Ir. a third quartz tube containing H2Pc powder, 
hydrogen was allowed to flow continuously while the 
sample was heat-treated at 300°. The spectrum of 
this sample was recorded every hour. The spin con
centration is seen to decrease in a hydrogen ambient 
as shown in Fig. 3. The decrease is seen to reach a

(7) R. P. Linstead, ct al., J . Chem. Soc., 1710 (1936).
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Figure 2 . Electron spin resonance of free radical in sublimed 
H2PC powder heat-treated in oxygen ambient.

Figure 3. Electron spin resonance of free radical in H2P0 
heat-treated at 300° in hydrogen ambient.

constant level after 6 hr. of heat treatment. To in
vestigate the reversibility of the experimental results, 
the flow of hydrogen was stopped after 7 hr. of heat 
treatment and oxygen was allowed to flow through the 
same sample. Indeed, the spin concentration was 
found to increase at a rapid rate. During the heat- 
treatment process, the line width and the ¡7-value did 
not vary at all. In this case, the heat-treatment 
temperature, 300°, was below the sublimation temper

ature and after 9 hr. of heat treatment no evidence of 
sublimation was observed. The entire procedure was 
repeated for two different samples and in each case the 
same results were obtained.

IV. Discussion
The spin concentration of the order of 1017 unpaired 

electrons/cm.3 found experimentally in the II2Pc com
pound is surprisingly high considering the fact that the 
molecule is diamagnetic and highly stable.8 The 
spectra recorded for the ac plane show that the line 
width AH and the ¡7-factor are independent of the 
angular variation with respect to the applied magnetic 
field. The line width in the single crystal is approxi
mately equal to that obtained in the crystalline powder 
and seems to be invariant to the changing ambients 
and to the changing spin concentration. The single 
crystals utilized in these experiments have a large 
surface-to-volume ratio. In comparing the radical 
concentration/cm.3 to the surface area of the crystals, 
it is found that a surface concentration of the order of 
1014 unpaired electrons/cm.2 would manifest the same 
e.s.r. characteristic. Assuming that the crystal con
tains 1021 sites/cm.3, the density of surface sites is

1014 sites/cm.2. Therefore, it appears possible that 
these unpaired electrons are located in surface sites 
rather than in the bulk of the material.

The experimental results obtained from the heat- 
treatment method show that the number of free radicals 
remained essentially constant under vacuum, increased 
with oxygen treatment, and decreased with exposure 
to a hydrogen ambient. During the entire heat treat
ment in different ambients, the only parameter which 
varied significantly was the unpaired electron concen
tration. These results are quite different from those 
obtained with similar experiments on carbon blacks8 9 
and charred hydrocarbons.10 In these compounds, 
it was found that the presence of molecular oxygen 
severely broadens9 the unpaired electron resonance 
line and decreases10 the unpaired spin concentration in 
the samples. The origin of the unpaired electron in the 
above compounds has been identified as a broken n-bond 
in the molecular matrix. Our experimental results 
clearly show that a reversible effect which gives an in
crease in spin concentration was obtained when a 
powdered sample was heat-treated in air. This result 
is in accord with that obtained by Winslow, et al.2

The mechanism for the reduction of spin concentra

(8) J. M. Robertson, "Organic Crystals and Molecules,”  Cornell 
University Press, Ithaca, N. Y ., 1953.

(9) R. I. Collins, M. D. Bell, and G. Kraus, J . A pp i. Phys., 30, 56 
(1959).

(10) J. Uebersfeld, A nn. Phys., 1, 393 (1956).
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tion in the presence of a hydrogen ambient can be 
explained in terms of the experimental results obtained 
by Calvin, Cockbain, and Polanyi.11 Their studies 
indicate that H2Pc and its metal derivatives act as 
catalysts in the formation of water from its elements. 
Their experiments were carried out by heating a mixture 
of hydrogen and oxygen between 250 and 370° in the 
presence of H2Pc crystals and observing the catalytic 
reaction. It seems reasonable to expect that in our 
experiments hydrogen may remove oxygen in much the 
same catalytic process. Therefore, our experimental 
results suggest that the unpaired spins may have 
their origin in reversibly absorbed oxygen Oxygen 
is known to assume the role of a free radical. It may, 
in fact, exist as a diradical, though such a role is not 
implied by our spectra with a single sharp resonance. 
Our results indicate that oxygen may attach itself to 
the surface or diffuse into the bulk of the material.

In the case of carbon blacks and similar compounds, 
in which free radical resonances have been found and 
to which the phthalocyanine resonance has been com
pared,1-3 the unpaired spins react differently. When 
oxygen diffuses in these compounds, which are as
sumed to contain free radicals, it attaches itself to 
the free radicals and may annihilate them.10 Con
sequently, a decrease in spin concentration is observed. 
Singer, Spry, and Smith12 have noted that in sucrose 
charred at 670°, only the line width decreases and the 
total absorption remains constant as the oxygen pres
sure increases. However, in sucrose charred at 450°, 
the resonance line width increases and the spin con
centration decreases as a function of oxygen pressure. 
Now the effects of oxygen on charred carbons may be 
due to either the compensation of the broken 7r-bond 
or a broadening of the line due no the paramagnetism 
of the oxygen. In our case, the presence of oxygen 
manifests itself in an increase of spin concentration 
which indicates the absence of free radicals due to 
broken x-bonds in the phthalocyanine matrix. Our 
results are then in disaccord with prevailing assump
tion1-3 that the unpaired electron responsible for the 
free radical is a delocalized electron from a broken 
x-bond in the phthalocyanine molecule.

Additional evidence for the absorption of oxygen 
by phthalocyanines has been obtained from con
ductivity measurements in various ambients. In 
H 2? c, conductivity measurements on single crystals 
without guard rings indicate a reversible 1000-fold 
increase in conductivity on exposure to an oxygen 
atmosphere at room temperature along with a 15% 
decrease in activation energy.13 With guard rings the 
same crystals show no change of conductivity. This 
indicates that the oxygen centers are effective on the

surface in increasing the conductivity but not in the 
bulk. This result, however, does not rule out the dif
fusion of oxygen into the bulk of the compound, for 
it has been found, on the other hand, that oxygen will 
affect the bulk conductivity of CuPc and this oxygen 
can be identified with a deep-lying electron donor.14 15 
Though the interaction of CuPc and H»Pc with 
oxygen may not be identical, the diffusion processes 
should be similar because of the congruence of the molec
ular and crystal structures of these two derivatives.8 
In H2Pc single crystals measurements of space-charge- 
limited currents reveal the existence of effective traps 
in the bulk of the crystal of the order of 1014/cm .3 
at a trap depth of 0.8 e.v. below the bottom of the 
conduction band.16 Whether the oxygen active in 
the conduction processes gives rise to these traps and 
is the same as the oxygen that is responsible for the 
e.s.r. signal cannot be unequivocally established at the 
present time.

It is difficult at the present state of our knowledge 
to determine with certainty the site of the trapped 
oxygen. The absence of hyperfine structure suggests 
that the unpaired electron spin density on the sur
rounding nuclei is very small. Also, the narrowness of 
the resonance line shows that the free radical is an un
paired electron localized or possibly “ trapped” in 
limited orbits which do not overlap with the phthalo
cyanine molecular orbitals. We have excluded ex
change narrowing as the source for the narrow line 
width for two reasons. The first is that the spin density 
is so low compared to that of DPPH (i.e., 1021 spins/ 
cm.3). Secondly and more importantly, even if there 
were exchange narrowing with densities for less than 
1021 spins/cm.3, we would have expected the line width 
to vary as the spin concentration was altered. Further 
evidence that the resonance signal is not altered by ex
change is given by the fact that Li2Pc dissolved in 1- 
chloronaphthalene also manifests a resonance signal 
that is very similar in both AH and (7-value4 to the H2Pc 
signal.

It may be that in phthalocyanine the free radical 
center is a complex of oxygen and some other unknown 
item in the phthalocyanine crystal. This unknown 
moiety of the free radical may be intrinsic to the

(11) M. Calvin, E. G. Cockbain, and M. Polanyi, Trans. Faraday 
Soc., 32, 1436 (1936).
(12) L. S. Singer, W. J. Spry, and W. H. Smith, Proceedings of the 
Third Conference on Carbon, Pergamon Press, New York, N. Y ., 
1959, p. 121.
(13) J. M. Assour and S. E. Harrison, unpublished.
(14) G. H. Heilmeierand S. E. Harrison, Phys. Rev.. 132,2010 (1963).

(15) G. H. Heilmeier and G. Warfield, ./. Chem. Phys., 38, 163
(1962).
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phthalocyanine crystals or a chemical or physical 
(■e.g., lattice imperfection) impurity.

The generation of free radical resonances on exposure 
to oxygen has been noted in experiments on biological 
materials by Miyagawa, Gordy, Watabe, and Wilbur.16 17 
In that work the oxygen was also reversibly absorbed. 
Even though the free radical resonances described in 
ref. 16 are somewhat asymmetrical whereas the reso
nances generated by oxygen in Pc are symmetrical and 
approximately half the width of the biological reso
nances, it may be that the centers that cause the oxygen 
to be absorbed in that material are electronically similar 
to the absorbing centers in Pc.

Samples of fine H2Pc powder were irradiated with 
7- and neutron rays. Preliminary studies of the ir

radiated samples point out that the resulting e.s.r. 
spectra indicate that the free radical, as well as the 
phthalocyanine molecule, is stable under irradiation. 
The stability of phthalocyanines with regard to 
ionizing radiation may, as in the case of porphyrins,1’ 
be due to the very high resonance energy of the com
pound.
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(16) I. M iyagawa, W. Gordy, N. W atabe, and K . M. Wilbur, Natl. 
Acad. Sci.,4:4, 613 (1958).

(17) B. Pullman and A. Pullman, N ature , 196, 1137 (1962).
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N - M e t h y lp r o p io n a m id e  f r o m  2 0  t o  4 0 o1 3 *

by Thomas B. Hoover

National Bureau of Standards, Washington, D. C. (Received November 7, 1968)

The conductance of potassium chloride in N-methylpropionamide was measured at 5° 
intervals from 20 to 40° and in the concentration range of 5 X 10‘ 5 to 3 X 10-2 N. The 
Fuoss-Onsager conductance equation represents the data with only a small contribution 
from the term linear in concentration. The ion size parameter &j increases from 0.6 to
1.5 with increasing temperature, while the mean hydrodynamic (Stokes) radius is 3.1 A.

N-Methylpropionamide (NMP) is of interest as a 
solvent for electrolytes because of its unusually high 
dielectric constant (176 at 25°). Dawson, Graves, 
and Sears2 have shown that a Kohlrausch plot repre
sents the conductance data for potassium chloride 
fairly satisfactorily to much higher concentrations in 
NMP than in water. They found, however, that the 
slope of the plot differed by a few per cent from the theo
retical limiting value of the Onsager equation. The 
present study was undertaken in order to obtain data

of sufficient precision to permit application of the ex
tended conductance equation of Fuoss and Onsager.8

(1) Presented before the Division of Physical Chemistry at the 145th 
National M eeting of the American Chemical Society, New York, 
N. Y ., September 9-13, 1963.

(2) L. R. Dawson, R. H. Graves, and P. G. Sears, J .  A m . Chem. Soc.-, 
79, 298 (1957).

(3) R. M. Fuoss and F. Accascina, “ Electrolytic Conductance,”
Interscience Publishers, Inc.. New Y crk, N. Y ., 1959, p. 195.
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Experimental
The Jones-Dike conductance bridge4 5 used in this 

work was found, by comparison with precision a.c. 
coils, to introduce a frequency-dependent error. In 
order to keep the error from this source negligible, 
frequencies were restricted to 2 kc.p.s. when the cell 
resistance was greater than 2000 ohms, and to 4 kc.p.s. 
at lower resistances.

Conductance cell I, with constant of 0.010747, 
had concentric cylinders of bright platinum as 
electrodes. The outer electrode was the longer and 
was constricted at the ends to provide partial shielding 
of the inner cylinder, which was always connected to 
the high potential corner of the bridge. Cell II, with 
a constant of 0.10684, was of the Jones and Bollinger6 
design and was calibrated against potassium chloride.6 
Concentrations of 0.01, 0.005, and 0.001 N  revealed 
no Parker effect greater than 0.05%. Cell I was cali
brated by intercomparison with II by means of 10" 3 
and 10” 4 M  solutions of sodium bicarbonate7 and 0.1 
M  boric acid. Lead resistances were determined by 
measuring the conductance of constant-boiling hydro
chloric acid in each cell in series with a precision 1000- 
ohm resistor.

The automatically regulated oil bath was stable to 
±0.002° for several hours. Temperatures were meas
ured with a calibrated platinum resistance thermometer.

Solutions were prepared by weight in 125-ml. flasks 
and were transferred to the conductance cells under 
dry nitrogen. Magnetic stirrers were used to dissolve 
the salt; the stirring bars were enclosed in glass or 
polytetrafluoroethylene. Within the range of molali
ties (m) and temperatures covered by this investiga
tion, the densities of the solutions could be represented 
by the equation

p  =  po(l +  km) (1)
where k has the value 0.042 ±  0.002. Molarities (c) 
were calculated from molalities by the equation

d m  =  P0(l +  M / ( 1 +  0.07456m) (2)

Measured viscosities were fitted by least squares 
to an equation of the form

v/v0 ~  Svcl/i =  1 +  Be (3)

where S,,, the Falkenhagen coefficient, was estimated 
from A0 on the assumption of equal ionic mobilities.8 
Values of B are given in Table I.

The conductance measurements, summarized in 
Table II, covered the concentration range of 5 X 10-6 
to 3.3 X 10~2 M. Each solution was prepared inde
pendently and each was measured at three or more 
temperatures. Because plots of R vs. / _1, where R

Table I : Viscosity Coefficients for Potassium Chloride 
Solutions in N-Methylpropionamide

t 20 25 30 35 40
B  1.39 1.37 1.35 1.33 1.31

is resistance and /  is frequency, usually showed a slight 
curvature, resistances were extrapolated to infinite 
frequency by the equation

Rt =  R* +  aft b (4)

which can be fitted exactly to three points for which 
the frequencies lie in geometric progression. Thus

Ra> = (R1R3 — Rd) / (Ri +  R3 — 2R%)
(for / 22 -  / 1/ 3) (5)

At least five such frequencies in the range 0.5 to 4 
kc.p.s. were used and the equation was fitted to the 
widest range consistent with the graph of all the points. 
The exponent b in eq. 4 varied from 0.76 to 1.10, being 
higher in the more concentrated solutions. The maxi
mum difference between the extrapolated resistance 
and that measured at 2 kc.p.s. was 0.4%. The con
ductance of the solvent was subtracted from that of 
the solution.

Dielectric Constant. The substitution method9 was 
used to obtain the dielectric constant of NMP at 
audio frequencies with the same bridge and cell as 
were used for the conductance measurements. Cali
bration of cell I with chlorobenzene, 1,2-dichloroethane, 
and water yielded an extrapolated vacuum capacitance 
of 8.64 pf. (the conductance cell constant corresponds 
to 7.41 pf.). The results for NMP, given in Table III, 
have an estimated error of ±0.5% . Literature values10 
are about 2%  lower. The effect of moisture was in
vestigated and the discrepancy, which is slightly 
greater than the combined estimates of error, could be 
accounted for by less than 0.2%  water in the sample 
used by Leader and Gormley.

N-Methylpropionamide. The solvent was prepared 
by the procedure of Leader and Gormley10 and was 
purified by repeated fractional distillation at 5 mm in 
a 1000 X 4 cm. column packed with 3-mm. glass helices.

(4) P. H. Dike, Rev. Sci. Instr., 2, 379 (1931).
(5) G. Jones and G. M. Bollinger, J . Am. Chem. Soc., 53, 411 (1931).

(6) J. E. Lind, Jr., J. J. Zwolenik, and R. M. Fuoss, ibid., 81, 1557 
(1959).
(7) J. E. Lind, Jr., and R. M. Fuoss, J . Phys. Chem., 65, 999 (1961).

(8) See ref. 3, p. 234.
(9) C. P. Smyth, “ Dielectric Behavior and Structure,”  M cGraw- 
Hill Book Co., Inc., New York, N. Y ., 1955, p. 212.
(10) G. R. Leader and J. F. Gormley, J . Am. Chem. S o c . .  73, 5731 
(1951).
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Table II : Conductance of Potassium Chloride in N-Methylpropionamide

-20° -35° -40°
KM c A l(Mc A l(Mc A l(Mc A

6.76 8.906 0.53 11.621 3.91 13.326 3.89 15.042
14 66 8.891 3.92 11.723 4.05 13.270 4.04 14.979
47.48 8.882 4.07 11.681 8.58 13.278 6.65 15.062
81.67 8.894 6.71 11.702 19.80 13.289 8.54 14.996

155.63 8.907 8.62 11.693 35.46 13.307 19.71 15.022
204.25 8.915 14.54 11.711 41.00 13.274 35.31 15.031
204.25 8.913 14.54 11.720 66.21 13.301 40.79 15.006
312.88 8.927 19.88 11.697 80.62 13.317 46.67 15.018

35.61 11.711 110.62 13.326 65.92 15.026
1 41.14 11.685 186.25 13.360 110.14 15.052

14.60 10.240 66.49 11.699 237.80 13.382 185.45 15.105
47.28 10.227 111.10 11.717 308.87 13.406 200.77 15.108
81.32 10.244 154.30 11.744 236.77 15.126

154.97 10.257 187.06 11.754 307.54 15.155
203.38 10.269 238.83 11.764
311.55 10.290 310.21 11.783

Table III : Properties of N-Methylpropionamide

t p D 100, 10’™
20 0.9347 185 6.06 1.94
25 .9308 176 5.25 2.23
30 .9268 167 4.58 2.53
35 .9228 159 4.03 2.85
40 .9188 151 3.56 3.15

A conductivity cell in the line to the receiver was used 
to monitor the purity of the product. The NMP 
was stored and transferred under dry nitrogen. Gas 
chromatography of a sample 8 months after its prepara
tion showed 0.1%  water and an unidentified peak 
corresponding to a substance present in the amount 
of about 0.02%. 0 This substance was eluted just be
fore the water. The specific conductance of different 
batches of solvent fell within 2%  of the values given in 
Table III, which are an order of magnitude lower than 
those of the previous study.2 The freezing point, 
— 30.9°, was 12° higher than the literature value11; 
other physical properties are given in Table III.

Potassium Chloride. Reagent grade potassium chlo
ride was further purified by ion-exchange treatment 
with the use of Dowex 50 resin. A 0.1 IV aqueous solu
tion of the salt was passed through the column and 
eluted with the same concentration of hydrochloric 
acid prepared from bromide-free potassium chloride.12 
The middle half of the eluate was put on a second 
column and eluted with 30% hydrochloric acid, dis
carding the first and last quarters of the eluate. The 
salt obtained by evaporation of the eluate was re

crystallized once from conductivity water to free it from 
soluble resin. After drjung at room temperature, the 
salt was fused under nitrogen. Spectrographic analy
sis showed less than 10 p.p.m. each of A1 and Si, less 
than 1 p.p.m. of Ca and Mg, and no other detectable 
impurities. The pH of a 3.5 N  solution in carbon 
dioxide-free water (pH 7.1) was 6.4.

Results and Discussion
The function A,', defined by

K  =  (J?Ao)A +  Bc'A -  Ec log c =  A0 +  Jc (6)

was accurately linear in concentration. The viscosity 
correction to the observed equivalent conductance, A, 
consisted of the right side of eq. 3(1 +  Be) without in
clusion of the Falkenhagen term8; S and E  are theo
retical terms whose values are given in Table IV. 
A least-squares fitting of eq. 6 gave A0 and ./, which are 
given in Table IV along with the estimates of their 
standard deviations. In order to reduce the effect of 
experimental scatter at the lower concentrations, the 
points were weighed by c. Consequently, the derived 
parameters depend chiefly on the four or five measure
ments obtained at concentrations greater than 0.01 N.

Values for A0 at 30 and 40° may be compared with
11.6 and 14.9, respectively, reported by Dawson, 
Graves, and Sears.2 These authors also called attention 
to the fact that the Walden product (last column of 
Table (V) varies somewhat with changes of tempera
ture.

(11) G. F. D ’Alelio and E. E. Reid, J . A m . Chem. S o c 59, 109 (1937).

(12) G. D. Pinching and R. G. Ba^es, J . Res. Natl. B ur. Std., 37, 
311 (1946).
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Table IV : Conductance Parameters and Constants for Eq. 6

t S - B Ao

20 6.4340 0.1828 8.884
25 7.5584 .2109 10.225
30 8.8420 .2408 11.691
35 10.2685 .2669 13.280
40 11.8374 .2926 15.002

Std. Std.dev. J dev. AoTJO àJ

0.003 1.4 0.1 0.5377 0.65
.003 2.1 . 1 .5368 0.92
.004 3.0 .2 .5354 1.18
.005 4.2 .2 .5347 1.43
.005 5.1 .3 .5341 1.52

The J  coefficients provide a measure of the ion size 
parameter, dj, if short-range interionic attractions are 
neglected and if the proper allowance has been made 
for the viscosity of the medium. The resulting values 
for &j, shown in Table IV, are impossibly small. Some 
other estimates of the ion sizes may be made if it is 
assumed that both ions have the same radius and 
mobility. The Walden product, at 30°, corresponds to 
a.hydrodynamic (Stokes) radius of 3.06 A. Inclusion 
of the Sutherland correction7 gives 4.59 A. If the 
large values of the viscosity coefficient B in Table I 
are interpreted as a purely hydrodynamic phenomenon 
due to the Einstein volume effect13 they correspond 
to a mean ionic radius of 4.74 A. However, the elec
trostatic interaction of the ions with solvent dipoles 
constitutes a far more plausible explanation of the vis
cosity effect. Zwanzig14 15 has recently derived an equa
tion for the contribution of this effect to conductance, 
but the dielectric relaxation time of NMP, which would 
permit a test of this theory, is not known.

The apparent molar volume of potassium chloride 
at 30° is 36 cc., corresponding to an ionic diameter of
3.85 A. The small values calculated for &j indicate 
that this parameter has been forced to include other 
short range effects. The most likely of these is ionic 
association, although it is also possible that an under
correction was made for viscosity. If a plausible value 
for & j  is used in the calculation of J, e.g., 3.33 A. (the

value found for potassium chloride in water7) then an 
ion pair association constant of 0.5 is required, to 
account for the slope of the A,' vs. c curve at 30°.

It is clear that the sphere-in-continuum model is 
unsatisfactory for potassium chloride in N-methyl- 
propionamide. Indeed, this model could scarcely be 
expected to apply strictly as it is well-established16 
that the structure of N-substituted amides is that of 
long, polymeric chains held together by hydrogen bonds. 
There is evidence, however, of ion solvent interactions. 
These effectively increase the viscosity and decrease 
the dielectric constant near an ion, as indicated by 
the large apparent hydrodynamic radii and by the exis
tence of ion pairs despite the very high bulk dielectric 
constant.
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(13) See ref. 3. p. 63.
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The kinetics of discharge of Zn(II) on a hanging Zn(Hg) drop was studied by the galvano- 
static method in perchlorate medium without and with n-amyl alcohol. The Frumkin cor
rection for the double layer structure was verified in the absence of n-amyl alcohol for 
Mg(C104)2 and Ba(C104)2, but departure was considerable for NaC104 and A1(C104)3. 
This discrepancy is tentatively explained. The variations of apparent exchange current 
density in the presence of n-amyl alcohol and Mg(C104)2 were essentially accounted for up to 
coverages of 0.5 by the change of current density with coverage and by the change of 
potential across the diffuse double layer. At higher coverage, exchange current densities 
appear to be somewhat smaller than the values computed on the basis of the above two 
corrections. An explanation is offered, and the significance of coverage, as computed 
from thermodynamic surface excesses, is discussed. The transfer coefficient was not 
affected by the presence of n-amyl alcohol.

Electrode processes in the presence of an adsorbed neu
tral substance, which is not directly involved in the 
charge-transfer reaction, have been considered from 
two points of view,1-4 namely the effects of adsorption 
(a) on processes controlled by mass transfer and (b) on 
kinetics of charge transfer. Adsorption kinetics is also 
relevant, particularly with the dropping mercury elec
trode.4’6 This paper deals with the second problem in a 
somewhat novel way.

Conditions were selected to simplify as much as 
possible the interpretation of experimental results 
and to eliminate effects which are only incidental to 
the problem. The discharge of Zn(II) on zinc amalgam 
was selected because its kinetics can be investigated 
by a relaxation method (e.g., the galvanostatic method) 
over a narrow interval of potentials in which coverage 
by the adsorbed additive hardly varies. Furthermore, 
this process occurs at sufficiently negative potentials 
to preclude anion specific adsorption. Complexation 
was avoided by the use of a perchlorate medium,6 
and the charge of the discharged species was un
ambiguously known. Complications due to adsorp
tion kinetics, as would have been encountered with a 
dropping amalgam electrode, were eliminated by the 
use of a hanging zinc-amalgam electrode.

Experimental
Solutions. Solutions of Ba(C104)2, Mg(C104)2, and 

Zn(C104)2 were prepared by dissolution of the cor
responding oxides. A1(C104)3 was prepared by dis
solution of aluminum foil in HC104 (in the presence of Hg 
to speed up metal attack), and the solution was ana
lyzed by an ion-exchange technique. Analytical grade 
NaC104 was utilized without further purification. 
Solutions were prepared with double-distilled water 
(once over KM n04) and were treated with purified 
activated charcoal to remove adsorbable impurities.7

(1) For a review see A. N. Frumkin, paper presented at the C .I.T .- 
C .E . Moscow meeting, Aug., 1963; abstract in Electrochim. Acta, 8, 
iii (1963).

(2) R. Parsons, “ Advances in Electrochemistry and Electro
chemical Engineering,” Vol. I, P. Delahay, Ed., Interscience Pub
lishers, New York, N. Y ., 1961, pp. 54-68.

(3) In polarography; (a) J. Weber, J. Koutecky, and J. Koryta,
Z. Elektrochem., 63, 583 (1959); J. Koutecky and J. Weber, Col
lection Czech. Chem. Commun., 25, 1423 (1960); (c) J. Kuta, J. Weber, 
and J. Koutecky, ibid., 25, 2376 (I960); (d) J. Weber and J. Kou
tecky, ibid., 25, 2993 (1960).

(4) For a review in polarography see C. N. Reilley and W. Stumm, 
"Progress in Polarography,” Vol. I, P. Zuman, Ed., Interscience 
Publisher, New York, N. Y ., 1962, pp. 81-121.

(5) See ref. 2, pp. 20-26.

(6) J. Bjerrum, G. Schwarzenbach, and L. G. Sillen, “ Stability Con
stants,” The Chemical Society, London, 1958, p. 111.
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Zinc amalgam was prepared by electrolysis of zinc 
perchlorate in acidic solution and was stored, with 
cathodic protection, under a layer of 0.01 M  HC104. 
The zinc concentration was determined by treatment 
of the amalgam with perchloric acid and subsequent 
polarographic analysis. n-Amyl alcohol was redistilled 
at 135-136°.

Cell for Galvanostatic Measurements. An all-glass 
H-cell was used with a fritted glass disk between the 
arms of the cell. Both compartments were filled 
with the solution being studied. One compartment con
tained a zinc-amalgam pool, a dropping amalgam 
electrode, and a hanging amalgam drop, which was 
prepared according to DeMars and Shain.7 8 The zinc- 
amalgam pool served as auxiliary electrode in galvano
static measurements. The other compartment was 
connected by a 1 M  NaCl bridge to a calomel electrode 
prepared with 1 M  NaCl. The latter electrode was 
part of the potential stabilization circuit, described 
below, and the liquid junction potential was cf no con
sequence. The solution in the compartment with the 
zinc-amalgam electrodes was freed of oxygen by nitro
gen bubbling. Nitrogen was purified over activated 
charcoal at Dry Ice temperature and by a vanadous 
sulfate solution according to standard polarographic 
practice.

Galvanostatic Measurements. The conventional 
bridge9 was fed by a Tektronix pulse generator, Type 
161. The potential of the zinc-amalgam drop was 
somewhat unstable with n-amyl alcohol in solution, 
possibly because of slow hydrogen gas evolution, and 
the resulting error in galvanostatic measurements was 
minimized by polarization of the electrode at the equi
librium potential with the 1 M  NaCl-calomel electrode 
as counter electrode. The polarization circuit was 
opened with a Clare mercury relay, Type 1010, just 
before the galvanostatic determination of the over
voltage-time curve. Overvoltages at t =  0 were de
termined by extrapolation against i'A in the interval 
t =  2 to 50 msec.

Surface Tension. Measurements were made with 
a Gouy electrometer after substitution of Zn(IT) by 
Mg(II) in equivalent amount, regardless of the sup
porting electrolyte. Conditions corresponding to an 
ideal polarized electrode were thus practically achieved. 
The resulting error was negligible since, at any rate, 
the Zn(II) concentration was small in comparison 
with that of the supporting electrolyte. Charge 
densities and surfaces excesses were computed from 
electrocapillary curves.10 Double layer capacity data, 
which lead to more precise values of the charge density 
in the absence of adsorbed organic substance, were not 
determined here because their interpretation is com

plicated by a frequency-dependent mass-transfer com
ponent5 when n-amyl alcohol is present.

Discussion and Results
Zn(II) Discharge without n-Amyl Alcohol. The 

transfer coefficient a for Zn(II) discharge was de
termined by application of11

h ° = n F W zniiD1- " ^ "  exp

(1)
where 7a° is the apparent exchange current density; 
n =  +  2 ; k° is the standard rate constant for the 
reaction Zn(II) +  2e =  Zn(Hg) in the medium being 
studied; the C values are the concentrations; is the 
difference of potential from the plane of closest ap
proach to the bulk of the solution at the equilibrium 
potential; and F, R, and T are as usual. One had 7a° 
=  1.75, 2.66, 4.52, and 7.47 ma. c m r 2, respectively, for 
1, 2, 4, and 8 mmoles l._1 of Zn(II); other conditions 
were Czn(ii) =  0.048 mole l.-1 for Zn(Hg), C =  0.25 
M Mg(C104)* for supporting electrolyte. A plot12 
of log 7a° against log C'z„ai, yielded a = 0.30. The 
same value of a was also computed from measure
ments with 0.05 M  Mg(C104)2.

Validity of the Frumkin correction was ascertained 
from the linearity of a plot of log 7a° against A<p for 
a varying concentration of supporting electrolyte and 
for fixed concentrations of Zn(II) and Zn(Hg). Results 
for Mg(C104)2 and BafCICh)? (Table I) yielded a = 
0.30, in good agreement with the above determination 
of a. Results for NaClCfi gave the absurd value of 
a =  —0.38; likewise, a = 0.53 for A1(C104)3 was 
abnormal. This indicated a definite departure from 
the Frumkin correction for the A<p values calculated 
from the plane of closest approach to the bulk of the 
solution. The disagreement may be ascribed to the 
differences in ionic charges13 or, more likely, to dif
ferences in ionic radii of Zn(II) and Na(I) or Al(III). 
One has the following radii in solution according to 
Monk14: 1.83 [Na(I)], 2.88 [Ba(II) ], 3.45 [Mg(II)],

— (1 — a)nF 
RT

A < p

(7) G. C. Barker, “ Transactions of the Symposium on Electrode 
Processes,” E. Yeager, Ed., John W iley and Sons, Inc., New York, 
N. Y ., 1961, pp. 325-365.
(8) R. D. DeM ars and I. Shain, Anal. Chern., 29, 1825 (1967).

(9) See ref. 2, pp. 305-306.
(10) D. C. Grahame, Chem. Rev., 41, 441 (1947).

(11) For a review see ref. 2, pp. 237-247.

(12) The more rigorous plot of log /a° vs. log C zn(in — (0.434/?,F/ 
RT)A<p yielded a = 0.28, but variations of a resulting from the 
change of equilibrium potential, as C of Zn(II) varied, were so small 
(0.4 mv.) to hardly affect the determination of a.
(13) K . Asada, P. Delahay, and A. K . Sundaram, J . Am . Chem. Soc.,
83, 3396 (1961).
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T ab le 1 : Variations of A 0 with Supporting Electrolyte
Concentration in the Absence of ra-Amyl Alcohol“ at 26 ±  1°

S u p p o r t in g
electrolyte, A<p, T 0 1 a ,

mole 1. -1 mv. ma. cm.~ ma. cm. ~2

0.025 M  Mg(C10i)2 -6 3 .0 12.0 0.40
0.05 -5 6 .8 9.0 0.43
0.125 -4 6 .3 4.7 0.37
0.25 -4 1 .1 2.7 0.38
0.025 M  Ba(C104)2 -6 0 .8 9.1 0.33
0.05 -5 2 .7 5.7 0.39
0.125 -4 2 .8 3.2 0.31
0.250 -3 6 .0 2 . 1 0.39

“ For Czn(n) = 2 mmoles 1. CZn(Hg) := 0.048 mole 1. *. The
exchange current density 7°, defined as 7» = 7a° for A y = 0,
was computed for a = 0.30.

and 3.47 A. [Zn(II) ]. The difference in ionic radii in 
mixed electrolytes, as pointed out by Joshi and Par
sons,14 15 16 17 is a cause of departure from the Gouy-Chapman 
theory. Specific cation effects might possibly play a 
role.16 At any rate, all work with adsorbed n-amyl 
alcohol was done with Mg(C104)2 since the Frumkin 
correction did hold in that case.

Zn(II) Discharge with Constant n-Amyl Alcohol 
Concentration and Varying Supporting Electrolyte Con
centration. Before applying eq. 1 to Zn(II) discharge 
in the presence of adsorbed n-amyl alcohol, one must 
consider the main assumptions made in the derivation 
of this equation. These assumptions are: (a) The dis
charge process is of the first order with respect to all 
reactants, and its rate-determining step involves the 
same number of electrons as the over-all reaction,
(b) The double layer correction is made by using Ay, 
as calculated from the plane of closest approach and 
the bulk of the solution; and the concentration of 
Zn(II) in the plane of closest approach is correlated 
to that in the bulk of the solution on the assumption of 
purely electrostatic interactions. We shall assume 
that these assumptions can also be made when n- 
amyl alcohol is adsorbed on the electrode. The dif
ference of potential Ay is now calculated by combination 
of the theoretical dependence of the charge density q 
on the electrode as a function of Ay with the experi
mental dependence of q on the electrode potential. 
The former relationship is given by the Gouy-Chapman 
theory, and the function q =  HE) is obtained from 
electrocapillary curves. The procedure is the same as 
for solutions free of adsorbed neutral organic species, 
and its extension to electrodes with adsorption was 
made by Parsons.2

The rate constant fc° in eq. 1 is some unknown func

tion of the n-arnyl alcohol coverage 6, but one deduces 
from this equation that a plot of log 7a° against E — 
Ay  is linear and has the slope 0.434(1 — a)(nF/RT) 
provided 6 and the Zn(Hg) concentration are kept 
constant. This relationship provides one means of 
ascertaining the validity of the above method of cal
culation of A y, especially if a is constant whether or 
not n-amyl alcohol is present. At constant n-amyl 
alcohol concentration, Ay can be changed by variation 
of the supporting electrolyte concentration. The n- 
amyl alcohol coverage then varies slightly but could 
be kept constant, in principle, by adjustment of the 
potential E  at which 7a° is measured. The Zn(II) 
concentration therefore should be adjusted to maintain 
6 constant, as the supporting electrolyte concentration 
varies. In practice, however, variations of 6 due to the 
change of the supporting electrolyte concentration are 
smaller than the experimental error on 6. Measure
ments thus were made at constant E, i.e., with con
stant concentration of Zn(II) and Zn(Hg), and dat'a 
were plotted as log 7a° against Ay . Results in the 
presence of 0.1 M  n-amyl alcohol (Table II) gave a 
linear plot with a slope corresponding to a = 0.32. 
This value of a for a high electrode coverage (6 =  0.78) 
is the same within experimental error as that de
termined without n-amyl alcohol (a =  0.30). It ap
pears that a, in this case, is not affected by the pres
ence of n-amyln alcohol and that the Frumkin correction 
holds for the value of A y  calculated by the above method.

Zn(II) Discharge with Constant Supporting Electro
lyte Concentration and Varying n-Amyl Alcohol Concen
tration. Values of 7a0 were determined for different 
n-amyl alcohol concentrations in order to determine 
the influence of coverage. Since it was shown above 
that the correction for Ay car. be made in presence of n- 
amyl alcohol, one can calculate the value of (7a°)9=0 
that would be measured if only Ay varied by addition 
of n-amyl alcohol and 6 remained equal to zero (Table
III). A plot of the ratio 7a0(measured)/(a7°)s=0 
then gives the influence of coverage (Fig. 1). The

(14) C. B. Monk, “ Electrolytic Dissociation,”  Academic Press, 
Inc., New York, N. Y ., 1961, p. 271.

(15) K . M. Joshi and R. Parsons, Electrochim. Acta , 4, 129 (1961).

(16) (a) A. Aramata and P. Delahay, J . Phys. Chem., 66, 2710 
(1962); (b) F. Lamy, J. J. Tondeur, and L. Gierst, paper presented 
at the C .I.T .C .E . Moscow meeting, August, 1963; abstract in Elec
trochim. Acta, 8, xii (1963).

(17) The method for the determination of a in the absence of n-amyl 
alcohol cannot be applied here because 0 varies too rapidly with the 
equilibrium potential as a result of the change in the Zn(II) concen
tration. An attempt to apply this method for 0.1 n-amyl alcohol 
gave the abnormal value a = 0.63. Thus, when CzndT) increases, 
Czn(HR) being constant, E  becomes more positive and 0 increases; 
hence, Ja° is lower than the value expected for the same C zn(n> and 
a constant 0. The plot of log 7a° against log Czn(ii) yields too low a 
value of 1 — a. This is indeed observed.
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Table I I : Variations of 7a° with Supporting Electrolyte 
Concentration in the Presence of 0.10 M  re-Amyl Alcohol“ 
at 26 ±  1°

DMg(Ci04;!, A <p, T 0Ja i I e .

mole 1. mv. ma. cm. ~2 ma. cm.

C .05 -4 0 .0 0.32 o o :;7
C . 125 -3 0 .5 0.20 0.037
C. 25 -2 3 .5 0.14 0.039

“ Per Czn(n) = 2 mmole 1. C z „(h e) = 0.048 mole 1. *. 7° 
computed for a =  0.30.

significance of the coverage plotted in Fig. 1, however, 
must be scrutinized. Thus, 9 was defined as F /r m 
were F is the surface excess of n-amyl alcohol and F,„ 
is the maximum value of F. One had Y =  1.26 X 
10~9 mole emu* at E =  —0.55 v. vs. n.c.e. for 0.12 
M  n-amyl alcohol. This value of F was adopted18 
as.being Tm in the preparation of Fig. 1. There 
results some uncertainty on F„(, as determined in this 
way, and, furthermore, experimental errors on F can 
be as large as 10%  under the best experimental condi
tions.21 One should also expect the covered area per

Table III: Variation of 7a° with re-Amyl Alcohol 
Concentration in 0.05 M  MgCClChfi“ at 26 ±  1 °

Cf.lcoholt Atp, / a° (measured), (/a°)9 =
mole 1. -1 mv. ma. cm. “2 ma. cm. '

0 - 5 5 . 8 9 .0 9 .0
0 .02 - 5 3 .5 7 .7 8.1
0 .04 - 4 9 .2 4 .2 6 .4
0 .08 - 4 3 . 6 0 .6 5 4 .5
0 .12 - 3 7 . 5 0 .2 3 3 .4

“ For Czn(n) =  2 mmoles 1. ', Czn(eE) = 0.048 mole l . -1. 7a° 
(for 0 = 0) computed from eq. 1 for a = 0.30.

molecule to vary with 9, as pointed out by Frumkin.1 
Keeping in mind these reservations, one concludes from 
Fig. 1 that, in the present case, the influence of adsorbed 
n-amyl alcohol is essentially accounted for up to 
9 =  0.5 by consideration of two effects: variation of 
/ a° with A ip and the concomitant variation of current 
density with coverage. At high coverages (6 >  0.5), 
exchange current densities are somewhat smaller than 
the values expected after correction for the above 
effects. Reservations made about the definition of 
9, made above, may be invoked to explain results for 
9 >  0.5.

Further work is now in progress to examine the 
validity of this interpretation for other systems. The 
validity of the A ̂ -calculation for a variable 9 is also 
being re-examined.
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(18) It  is somewhat larger than r m = 1.03 X 10 -9 mole cm .-2 com
puted by Parsons19 for 0.1 M  n-amyl alcohol in 1 M  N aC 104 from 
data from this laboratory.20 Differences in conditions and experi
mental errors may account for the difference.

(19) 3,. Parsons, J . Electroanal. Chem., 5, 397 (1963).
(20) M . Breiter and P. Delahay, J . A m . Chem. Soc., 81, 2939 (1959).

(21) 3 . Blomgren, J. O ’M . Bockris, and C. Jesch, J . Phys. Chem., 65, 
2000 (1961).
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by John T. Clarke

Brookhaven National Laboratory, Upton , New York (.Received November 14-, 1963)

A method has been developed to measure the surface area of small samples of low surface 
area materials using the 7-radiation of Kr86-traced Kr to determine the amount of Kr 
adsorbed. Since the count rate observed is directly proportional to the Kr adsorbed, the 
method is much more rapid and the calculations much less time-consuming than other 
methods of surface area measurement. The method is applicable over a wide range of 
surface areas (0.001 to 10 m.2/g.) and to sample sizes of 0.5 g. or less. The long half-life 
of Kr86 (10.4 years) minimizes the corrections necessary for radioactive decay. The usual 
advantages of Kr over nitrogen (inertness, low vapor phase corrections, and spherical 
shape) are utilized in this method. Using this new method, it was found that the surface 
area of TSX nuclear graphite increased by a factor of four as the particle size was reduced 
from 3-mm. cubes to 80-mesh. This is interpreted as indicating that the increased surface 
area results primarily from the opening of closed pores; this allows one to estimate the 
surface area of graphite samples having different sizes and shapes.

Introduction

The properties of graphite can be markedly changed 
by varying the coke, binder, and graphitization tem
perature and atmosphere. They can also be modified 
by impregnation and degassing at high temperature. 
As a consequence, nuclear grade graphites are generally 
characterized2“ in terms of the starting materials and 
the conditions of their manufacture rather than by 
their observable properties. Surface area is an im
portant property in investigating chemical reaction 
rates between a solid and a gas; therefore, a simple, 
rapid method of measuring it is of considerable im
portance. The specific surface of a graphite and its 
variation with degassing temperatures and with particle 
size, can be used to help characterize it in terms of its 
present properties rather than by specifying its method 
of manufacture.

In studying the reaction of graphite with a gas, 
the results are found to vary depending on the size 
and shape of the graphite sample. Thus the change of 
surface area with particle size is particularly im
portant as it allows one to estimate the shape factor.

Before developing the present method, the surface 
area of graphite samples was determined using a stand
ard nitrogen adsorption apparatus. It was necessary 
to use large samples and minimize the gaseous volume

in the sample cell in order to obtain the desired 5% 
accuracy.

Various additional modifications of the standard 
B.E.T. apparatus were considered. The substitution 
of Kr for N2 would minimize the gaseous volume cor
rection since the vapor pressure of Kr is only 2.3 mm. at 
liquid N2 temperature. This method however, re
quires an entirely different apparatus. The use of 
nonradioactive Kr for surface area measurements is 
reported in detail by Rosenberg2b and Tomlinson.3 
This method does allow accurate measurement of small 
surface areas with gram-size samples, but it is as slow 
and tedious as the nitrogen method. In either method, 
the amount of gas adsorbed on the surface at liquid 
nitrogen temperature is determined by accurately 
measuring the amount of gas in an exterior system 
before and after the adsorption, and involves many 
measurements and arithmetical calculations.

Aylmor and Jepson4 have simplified the Kr method

(1) This work was performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) (a) R. E. Nightingale, Ed., “ Nuclear Graphite,”  Academic Press, 
New York, N. Y ., 1962, pp. 182-185; (b) A. J. Rosenberg, J . A m . 
Chem. Soc., 78, 2929 (1956).

(3) L. Tomlinson, United Kingdom Atomic Energy Authority,
Industrial Group Report 1032, 1959, Her M ajesty ’s Stationery 
Office, London, England.
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by counting the /3-radiation of Kr86-traced Kr in a 
thermostated constant-volume cell to determine the 
pressure; the pressure is directly proportional to the 
count rate. They used a constant amount of Kr 
(adsorbed and unadsorbed) for one isotherm, and 
varied the external volume to vary the equilibrium 
pressure. The method works satisfactorily, but the 
amount of Kr adsorbed is still obtained by subtracting 
the amount of gas in the external system from that 
originally present. It is also necessary to control 
carefully the amount of Kr added to the volumetric 
system so that a monolayer covers the sample surface; 
this may vary widely with different samples.

Experimental

In the present method, the amount of Kr adsorbed 
by the sample is measured directly by counting the 
y-radiation from the Kr85-traced Kr. This simplifies 
the calculations and allows one to work with small 
samples having widely different surface areas. We 
have measured 0.5-1.0-g. samples with surface areas 
varying from 0.001 to 10.00 m.2/g., but these are not its 
limits. The time involved in a surface area measure
ment is about one-third of that using the earlier B.E.T. 
apparatus. Samples having only 0.01 of the surface 
area/g. can be determined. Kr85 has a half-life of
10.4 years so radioactive decay is a small correction.

A schematic drawing of the apparatus is given in 
Fig. 1. The essentials of the apparatus consist of a 
tube containing the sample which is connected to a 
reservoir of Kr86-traced Kr. The sample tube is held 
at liquid N2 temperature while the Kr storage tube is 
held at a series of constant temperatures below liquid 
nitrogen temperature to keep the vapor pressure of the 
solid Kr at a desired value. The sample adsorbs Kr 
at constant pressure until it equilibrates with Kr in the 
storage tube. The amount adsorbed is a function of 
the surface area and is measured by counting the 0.53 
Mev. y-radiation of Kr85-traced Kr. This measures 
directly the amount of Kr adsorbed, and only a small 
correction is needed for the Kr in the gas phase de
tected by the counter. The equilibrium Kr pressure 
(100 to 500 y) is determined by a thermistor gage28 
to an accuracy of 1 /*. The Kr storage tube is shut 
off from the cell for this pressure measurement. The 
amount of Kr adsorbed as a function of the Kr pressure 
above the sample allows one to calculate its surface 
area. The rate of Kr adsorption can also be measured 
directly with this apparatus. The apparatus for main
taining the solid Kr storage tube at different tempera
tures below 77 °K., greatly simplifies the surface area 
measurement, since it supplies the amount of Kr

Figure 1.

needed at a suitable pressure whether the sample has 
a small or large surface area.

A measure height of the sample (22), whose surface 
area is to be measured, is placed in a sample tube (24) 
which has been removed from the apparatus for loading 
and weighing. The counterweighted assembly con
taining the de war and scintillation crystal is then 
raised so that the sample tube (24) is centrally located 
and rests on the bottom of the thin-walled dewar (26). 
A nitrogen thermometer (28) is used to determine the 
temperature of the liquid nitrogen. A 1.0 X  1.5-in. 
Al-covered scintillation crystal (30) is mounted directly 
below the dewar (26) and above the photomultiplier 
tube (32) ; the preamplifier (34) is connected to a 
discriminator and scaler (38) by coaxial leads (36). 
The sample tube and detection apparatus are enclosed 
in a brass tube which is shielded by 8 mm. of lead and 
counterweighted by weights (48) so that the assumbly 
may be raised or lowered.

Kr86-traced Kr is stored in a Pyrex bulb (52) sur
rounded by 0.5 in. of lead (54) and is connected to the 
pumping manifold (56). The assembly (64-88) is 
used to control the temperature in the Kr storage tube 
(76) and thus the Kr pressure. A metal dewar (64)

(4) D. W . Aylmor and W . P. Jepson, J . Sci. Instr., 38, 156 (1961).
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with a stainless steel cover (66) and vacuum sealed 
with an “ 0 ” -ring is connected to a vacuum pump by a 
valve (78). A bundle of 0.375-in. copper tubes is held 
in a vertical position by brass rings (74 and 82) to 
maintain a uniform temperature inside the dewar 
(66). This dewar is half-filled with liquid N2 through 
the port (70) and closed by a rubber stopper which 
also serves as a safety valve. The pressure is measured 
with a vacuum gage (80) and gaseous nitrogen can be 
added through the valve (88). The Kr storage tube 
is vacuum sealed to the cover (66) by means of a 
short piece of rubber tubing. A thermocouple has 
also been introduced at this point. By pumping on 
the nitrogen in the dewar; the temperature can be con
trolled between 55 and 77°K. This storage tube also 
serves as a convenient means of keeping the Kr pure; 
cooling the Kr to below the solid point reduces its pres
sure to <5  ix and allows one to pump off 0 2 or N2 
without appreciable loss of Kr.

Counting Equipment. Kr86 decays by ft- and y- 
emission. Rider and Peterson5 6 have experimentally 
found that the 0.513 Mev. y : ,3 ratio is 0.0036 ±  0.0008. 
Thus Kr86 gives off 280 /3 for 1 y. The /3-rays do not 
penetrate far into the graphite or Pyrex wall, but in 
the process of being stopped, give rise to “ brems- 
strahlung” which are only partially absorbed by the 
Pyrex and activate the counter. The “ bremstrahlung” 
reaching the counter may not be proportional to the 
Kr adsorbed. In addition, our proximity to the 
Brookhaven Research Reactor with its Ar41 effluent 
gives a background which varies with wind conditions.

To correct for these two sources of error, two scalers 
with separate discriminators were used.6 One dis
criminator was set to screen the “ bremsstrahlung” 
which were experimentally found to be below 0.46 
Mev. The other discriminator was set at 0.60 Mev. 
and the ratio of the two discriminated count rates 
determined as a function of the background activity 
when no Kr85 was in the sample cell. In measuring 
Kr, the two discriminators were run simultaneously so 
the count rate could be corrected for the observed 
background. In most locations the 0.60 Mev. dis
criminator would be an unnecessary addition.

Geometry and Activity. The apparatus was designed 
to count as much of the y-radiation from the Kr86 
adsorbed as was practical. The diameter of the sample 
tube and the height of the sample can be arbitrarily 
fixed. Once fixed and calibrated, however, either the 
same or a similar sample tube must be used. Two 
different size cells were used in this work, but all the 
reported results were made by using precision glass 
7-mm. i.d. tubes and a sample height of 1.0 in. The 
over-all geometry, including the integrated solid angle,

the absorption by glass, and absorption by the sample, 
gave about 13% efficiency for the count of the total 
y-emmission from the Kr adsorbed on the graphite.

This may be broken down as:
1. Average solid angle of Nal crystal with respect 

to the total sample equals 0.97r or 22.5% is 
absorbed.

2. 96% of the y-rays from Kr86 on the sample is 
transmitted through the graphite.

3. The walls of the sample tube and dewar absorb 
5% ; 95% is transmitted.

4. For a 1 X 1.5-in. Nal crystal, 64% of the y- 
rays are absorbed and activate the counter.

Thus, 0.22 X 0.96 X 0.95 X 0.64 =  12.8% of the 
y-rays emitted by Kr86 adsorbed on the graphite surface 
activate the photodetector and are counted. The 
efficiency is not used in any absolute sense, but rather 
for sizing the equipment and estimating the Kr86 activ
ity needed.

For calibration, a measured volume (STP) of K'r86- 
traced Kr is condensed on a 1-in. graphite sample 
in a standard cell at liquid nitrogen temperature. The 
cell is then closed and kept as a standard sample. The 
graphite used has sufficient surface area so that less 
than one-half of a monolayer of Kr is adsorbed at liquid 
N2 temperature; this insures uniform coverage and 
low Kr pressure in the tube. The observed count was 
16,700 counts/min./ml. of Kr (STP) on January 1, 
1963. This corresponds to 1.0 me./ml. for total 
/? +  y activity and 3.6 mc./l. of y-activity. In sub
sequent work the activity was increased to over 106 
counts/min./ml. of Kr (STP).

To obtain Kr of the proper activity, Kr86-traced Kr, 
as received, was diluted with pure Kr. It was purified 
additionally by cooling to approximately 55 °K. and 
pumping off any 0 2 or N2. This purification was done 
routinely in the course of the runs to remove any air 
impurities that might inadvertently have been in
troduced.

Procedure. In carrying out a surface area measure
ment, the sample tube was filled to a height of 1 in. 
and weighed. The sample tube was mounted on the 
apparatus surrounded by a small furnace maintained 
at 200° and evacuated for 15 min. The movable dewar 
and crystal assembly was raised and the sample tube 
centered accurately at the bottom of the dewar cone. 
Liquid nitrogen was added to a height of 2 in. and main
tained within 0.125 in. of this during the course of the 
run.

(5) B. F. Rider and J. P. Peterson, General Electric GEAP-3496 
(1960).

(6) This method was suggested by R. L. Chase of the Instrument 
Division of Brookhaven National Laboratory.
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Before opening the Kr storage tube to the graphite 
sample, it was cooled by pumping on the storage tube 
dewar so that the vapor pressure of the Kr was 500 p. 
The Kr storage tube was then opened to the sample 
tube. The adsorption was followed by the rate meter, 
but it was found that a leveling off of the pressure as 
measured by the thermistor gage was more satisfactory.

The storage tube was then closed and equilibrium 
adsorption indicated by a constant pressure on the 
thermistor gage and a constant count rate on the 
scaler. The equilibrium pressure of Kr over the 
sample was measured by means of a Rosenberg2b 
thermistor gage (60) and was sensitive in the pressure 
range 10-1500 p. The sample was then counted for 
three 5-min. periods and the results recorded. Each 
count rate was corrected for the background and gas 
pressure. The counts/min. were converted to ml. of 
Kr adsorbed by using the counts/min./ml. of Kr ob
tained in calibrated Kr86 standard sample. Since 
Kr86 has a 10.4-year half-life, the standard changes 
vary slowly.

The temperature of the Kr in the storage tube was 
then lowered to another fixed value by pumping on the 
solid nitrogen crap. The storage tank was connected 
to the sample tube and the excess Kr condensed in the 
storage tube. The adsorption at four or five points 
was measured. The sample tube was then allowed to 
warm and the Kr transferred to the storage tube. The 
amount of Kr adsorbed at each pressure was used to 
calculate the surface area of the sample.

Calculations

Various methods of calculating the data are avail
able and have been reviewed by Emmett.7 A plot is 
made of ml. of Kr (STP) adsorbed vs. P/Po, where 
P =  observed pressure, and P 0 =  extrapolated vapor 
pressure of liquid Kr at the observed liquid N2 tem
perature.

The intersection of the lower pressure slope with 
that between P/Po =  0.05 to 0.15 gives a close approxi
mation to the volume of gas contained in the mono- 
layer.

The B.E.T. approach uses the equation

P/Po
F (1 -  P/Po)

1
VJJ + (P/Po) (1)

where V =  ml. of Kr at STP adsorbed at a pressure P, 
Fm = ml. of Kr at STP adsorbed for a monolayer, and 
C =  constant. Thus by plotting (P/P0)/V(l — P/Po) 
vs. P/Po one obtains 1 /VmC for the intercept and (C — 
l ) /F mC' for the slope. The B.E.T. method was used 
as it reduces the data to a straight line in the region of

interest. The experimental results gave straight lines 
for eq. 1 between P /P 0 = 0.05 to 0.15.

Corrections
(a) Amount of Kr in the Vapor Phase. The bulk 

density of most of the pulverized graphite samples is 
about 1.0 while the helium density is 2.25. The vapor 
volume is thus F(1 — (1/2.25)) or 55.5% of the cell 
volume.

Since the volume of the cell is 0.58 ml., the gas 
volume is 0.32 ml. At the pressure of Kr necessary to 
form a monolayer (200 p for graphite), this corresponds 
to 2.5 counts/min. or 0.15% for a sample of 0.5 m.2/g. 
This has been experimentally verified but is normally 
an insignificant correction.

(b) Surface Area of Cell. The cell with a diameter 
of 0.63 cm. is immersed in liquid nitrogen to a depth 
of 2.0 in. This has a surface area of 10 cm.2 or 0.001 
m.2. For a 0.5-g. sample of 0.5 m.2/g ., this amounts 
to a 0.4% correction. Experimentally, this correction 
appears larger than calculated, i.e., about 0.005 m.£/g. 
Whether this results from tube roughness or trace 
amounts of carbon from glass blowing is not known.

(c) Effect of Sample Height. Since the sample is 
mounted perpendicular to the scintillation crystal, 
different sections of the sample are at different distances 
from the crystal and are recorded at different efficiencies. 
Table I shows the results obtained for 80-mesh TSX 
graphite with the tube filled to different heights. The 
top 0.25 in. of the sample contributes less than half as 
much as bottom 0.25 in. Thus the variation in the height 
of 5% would introduce an error of only 2% in the 
surface area measurement.

Table I : Effect of Sample Height on Count Rate

Sample Total
height, relative

in. count

0.25 0.86
0.50 1.42
0.75 1.92
1.00 2.26

Con % of
tribution total for
from last each 0.25-in.
0.25 in. section

0.86 38.0
0.56 24.8
0.50 2 2 .1
0.34 15.1

(d) Thermal Transpiration. Since the Kr is absorbed 
at liquid nitrogen temperature and the pressure is read 
at 46°, the pressure over the sample is less than that 
read at the thermistor. For a 1.0-mm. capillary, an 
observed pressure of 200 p has only a pressure of 182 
¡1 at liquid N2 temperature. For this reason, a 6-

(7) P. H. Emmett, Catalysis, 1, 31 (1954).
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mm. i.d. sample tube was used. It was found better 
not to decrease the vapor phase correction by putting 
a glass tube inside the sample tube, for this greatly 
increased the thermal transpiration. With a 6-mm. 
tube, the true pressure is 198 n for an observed pressure 
of 200 ¡x. Calculations were made by using the equa
tion of Liang8 as reported by Rosenberg.2b

Results
In the initial runs with the Kr86 apparatus using 

20 to 40-mesh samples of TSX graphite, the surface 
area was found to be 1.0 m.2/g. compared to 0.40 m.2/  
g. for 15-g. cylinders obtained using a standard nitrogen 
B.E.T. apparatus modified to measure these low 
surface areas. Further runs with the Kr85 apparatus 
on more finely ground TSX showed that the surface 
area increased much more rapidly than one would an
ticipate from the increase in external surface. In 
making these comparisons the surface area of a mono- 
layer of N2 was taken to be 4.37 m.2/ml. of N2 at STP 
while that of Kr was taken to be 5.21 m.2/ml. of Kr at 
STP. These are the values reported by Tomlinson3 
in his comparison of surface area measurements ob
tained using N2 and Kr and appear to be the best 
values available.

Since this sample size effect was so large, it was 
necessary to compare the N2 absorption apparatus 
and the Kr86 apparatus on the same size samples. 
This was done on a variety of samples and the results 
are summarized in Table II.

Table I I : Comparison of Surface Area Measurements 
Use Kr89 Method vs. Standard B.E.T. Nitrogen Method

Surface
area, Surface

m-Vg- Radio Surface area, %
16.700 active area. m.Vg- varia

Graphite c./min. per decay m.Vg. of N, tion
(TSX) ml. of Kr factor (corrected) (B.E.T.) Kr-N 2

0.125-in.
cubes

0.435 0.987 0.429 0.421 +  1.9

20-mesh 1.018 1.000 1.018 1.00 1.8
40-mesh 1.59 1.000 1.59 1.47 8 .1
80-mesh 3.43 0.989 3.46 3.27 3.4
80-mesh 3.45 0.998 3.46 3.27 3.4

The two methods agree within 4% over an eightfold 
change in surface area. The nitrogen apparatus was 
designed to give an accuracy of 4%  on 10-g. samples, 
and repeat runs agreed better than this. For the 
Kr58 apparatus using 0.5-g. samples having 1.0 m.2/g., 
approximately 0.1 ml. of Kr is adsorbed. For a 5-min.

count, this corresponds to 8 X 103 counts or a precision 
of 2%  for background counts less than 103 counts/min. 
For counting rates less than 104 counts/min., the 
results of three 5-min. count periods were averaged. 
The surface area as measured by Kr appears somewhat 
larger than by N2 adsorption, but is within the accuracy 
of the calibration constants. Pore volume measure
ments on graphite indicate that it has many pores 
less than 20 A. so packing on the surface could be dif
ferent for N2 and Kr. The two methods do agree 
within the planned reproducibility of 5%.

The observed increase in surface area with decreased 
particle size is of particular interest since it is approxi
mately 100 times the increased external or geometric 
surface area. A plot of total surface area vs. geometrical 
surface area gives a straight line whose intercept at 
zero geometrical surface area equals the surface area ob
tained for large single piece samples. Thus determin
ing the surface area for two or three samples of known 
external area allows one to obtain the surface area of 
any size sample. This effect can be accounted for by 
assuming that large samples have internal pores that 
may be opened by subdividing the graphite. These 
internal pores must be very small since the helium 
density shows that with 80-mesh material the internal 
volume is <1% . Work is continuing on this and other 
types of nuclear graphite, and results will be reported 
and discussed in a subsequent paper.

Conclusions
1. A new method, involving the counting of the y- 

radiation of adsorbed Kr85-traced Kr, has been de
veloped to measure the surface area of porous materials.

2. The method is rapid and the calculations simpler 
than other methods since the amount of Kr adsorbed 
is directly proportional to the count rate observed.

3. The method gives the same results as standard 
N2-adsorption methods, but is about three times as 
rapid and can be used on samples of one-tenth the 
weight and having much lower specific surfaces.

4. The surface area of TSX-grade nuclear graphite 
varies as a function of particle size; it has a lower 
limiting value for large pieces and increases linearly 
with external surface area as the particle size is reduced. 
This allows one to calculate the surface area for any 
regularly shaped graphite specimen.
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(8) S. C. Liang, J . A vp l. Phys., 22, 148 (1951).
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H y d r o g e n  C h lo r id e  in  A n h y d r o u s  B e n z o n i t r i le :  E le c t r i c a l  

C o n d u c t a n c e ,  T i m e  E f f e c t ,  a n d  I o n —S o lv e n t  I n t e r a c t io n s

by George J. Janz, Iqbal Ahmad,la and H. V. Venkatasettylb

Department o f Chemistry, Rensselaer Polytechnic Institu te, Troy, New York (Received November 14, 1963)

The conductance of hydrogen chloride in benzonitrile for the concentration range 0.823 X 
10 3 to 0.13 mole/1. at 25° has been investigated. The conductance-time effect is found 
to be less marked than in the acetonitrile solutions. The conductance data for the aged 
solutions were examined by the various extrapolation techniques for weak electrolytes. 
The values for A0, K, and a thus obtained are, respectively, 1.5 ±  0.2 ohm" 1 cm ."1, 2.5 ±  
0.5 X 10"4, and 1.6 A. The sharp decrease in A with concentration in the dilute solution 
range can be attributed to ion pair formation. Two solid substrates of composition cor
responding to C6H5CN • HC1 and C6H6CN-2HC1 can be isolated from the saturated solu
tions. The structural data and physical properties of these substrates are considered in 
the light of possible chemical interactions in the system.

Introduction
Benzonitrile is the simplest aryl derivative of hy

drogen cyanide. The relatively high dielectric con
stant (25.2 at 25°) is understood in large part as due 
to the polar nature of the nitrile group which gives the 
force field a highly directional character (dipole mo
ment 4.05). Like acetonitrile (D =  35.99 at 25°) 
the values of its viscosity and Trouton constant in
dicate that association in the liquid state is much less 
than in other organic solvents, making it a less complex 
solvent for the study of ion-solvent interactions. The 
properties of HC1 as an electrolyte in acetonitrile 
have recently have been reported from this labora
tory.2 The present communication reports an 
investigation of the electrical conductance of this 
solute in anhydrous benzonitrile, particularly with 
reference to the values for aged solutions. Attention 
was also directed to the problem of the time effect and 
the solid substrates, first noted for CH3CN-HC1 
systems.

Experimental
Benzonitrile. Benzonitrile (Eastman Organic Chem

icals) was magnetically stirred with CaH2 (20 g ./l.)8 
for 24 hr., decanted, and then refluxed for 18 hr. with 
freshly added CaH2 (20 g.). It was next fractionally 
distilled using a vacuum-jacketed strip-silvered distil

lation column (100 X 25 cm.) packed with 0 .125-in 
Hastelloy stainless steel helices (Podbielniak Inc.) 
and a solenoid-controlled partial take-off condenser. 
Separate fractions were collected using a magnetically 
controlled policeman distributor.4 Unless otherwise 
indicated, at all times the exits to the atmospheric 
pressure on the flasks and conductance cells were 
through Mg(C104)2 guard tubes. The middle cut of 
this distillate (b.p. 191.0°) was again refluxed (18 hr.) 
with fresh CaH2 (20 g.) and refractionated. The 
specific conductivity of the solvent thus purified was 
5-9 X 10" 8 ohm" 1 cm. " 1 (25°). The water content 
(Karl Fischer titration) was found to be less than 0.009 
wt. %.

Hydrogen Chloride. The hydrogen chloride gas, 
available commercially (Matheson Co.), was passed 
successively through a sulfuric acid bubbler and columns 
of Si02 gel and Mg(C104)2 prior to use.

Preparation of Solutions. For the conductance
time effect study, the solutions were made directly in 
the conductivity cell (cylindrical electrode type) .20 1 2 3 4

(1) (a) Postdoctorate Fellow, 1962-1963; (b) Postdoctorate Fellow, 
1961-1962.
(2) (a) G. J. Janz and S. S. Danyluk, J . A m . Chem. Soc., 81, 3846 
(1959); (b) ibid., 81, 3850 (1959); (c) ibid.. 81, 3854 (1959).

(3) J. F. Coetzee, et al., Anal. Chem., 34, 1139 (1962).

(4) G. J. Janz and E. J. Rock, ibid., 22, 626 (1950).
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Excess hydrogen chloride gas from the solution and the 
cell flask was removed by a dry nitrogen sweep. For 
regular concentration-conductance runs, a concentrated 
stock solution was made in a similar fashion and the 
dilutions in an experiment were by weight pi pet, 
technique. All concentrations were checked after 
each conductance measurement by a volumetric analy
sis of a small amount of the solution. The accuracy of 
this, down to 0.005 M  HC1, was ± 1 % ; at lower con
centrations because of the poor end point, it was not 
better than ±3% .

Conductance. Measurements were made with the 
cells in a thermostated bath at 25° (±0.002°) using 
a Jones Dike conductance bridge and accessories. 
The cell constants for the conductance cells determined 
in the conventional manner were 1.258, 0.05403, 
1.3363. Bright platinum electrodes were used; cor
rections for polarization were made by taking measure
ments at frequencies of 1000, 2000, and 10,000 c.p.s. 
as required for extrapolation to the infinite fre
quency. This correction was less than 0.05% (on 
resistance) at all times.

Conductance-Time Effects. To study this effect, 
the measurements of the resistance were initiated 
immediately after the preparation of this solution and 
its temperature equilibration in the bath. The meas
urements were made first at 5 min., followed by 30- 
min. intervals for the first 6 hr., after which readings 
were spread in accord with the total time of the ex
periments.

The concentration, aging time, specific conductance 
at t =  0 by extrapolation and t =  t (final) and the per 
cent increase of conductance are given in Table I. 
Figure 1 illustrates the change of conductance with 
time for a 0.13 M  HC1 solution over some 360 hr.

Table I : Conductance-Time Effect in 
HCl-Benzonitrile Solution (25°)

Aging -— Sp. conductance,— s
Sp. con
ductance

Concn., period, ohm 1 cm. ' X 10« increase;
mole/1. hr. Initial Final %

0.0575 7 5 1.70 2.87 69
0.0693 4 9 2.40 3.73 55
0.0810 4 9 5.20 6.06 16
0.2660 50 14.20 25.11 77
0.130 40 17.00 18.90 11
0.130 400 17 00 21 66 27.5

Equivalent Conductance. In Table II, the specific 
conductivity and equivalent conductance data for 
various aged solutions are summarized. At lower

Figure 1. Conductance-time effects for 0.13 M  HC1 solution.

Figure 2 . Phoreogram of the “ aged”
HCl-benzonitrile solutions.

concentrations, the conductivity of the solvent was 
significant, and therefore due account of this was taken 
in calculating the A-values for these concentrations. 
Figure 2 gives the phoreogram of this system. The 
limits of accuracy shown in this table have been cal
culated by taking into account the errors involved in 
the chemical analysis (± 1 -3 % ), resistance measure
ment, and temperature variation of the bath ( ± 0.1%  
on resistance), as well as errors due to the conductance
time effect.

Solid Substrates. When a saturated solution of HC1 
in benzonitrile was chilled to —8 ° and allowed to
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Table II : Equivalent Conductance of the “ Aged”
HC1 Solutions in Benzonitrile (25°)“

Sp. con- 
Sp. con- ductivity 

ductivity, corrected Equivalent
Concn.,
mole/1. V e

ohm -* 
cm. _1 X 10«

for solvent 
X 10«

conductance, 
ohm -1 cm.

0.0686 0.2620 11.080 10.996 0 .1 6 0 ^ :3 %
0.0545 0.2335 8.854 8.760 0.161 ±  3%
0.0342 0.1849 6.044 5.950 0.174 ±  3%
0.0285 0.1688 5.064 4.970 0.175 ±  3%
0.0188 0.1371 3.805 3.711 0.197 =  3%
0.0119 0.1091 2.870 2.776 0.233 =  3%
0.0091 0.0954 2.550 2.456 0.270 =  3%
0.0057 0.0755 1.932 1.838 0.323 =  4%
0.0026 0.0510 1.406 1.312 0.510 =  6 %
0.00124 0.0352 0.774 0.680 0.547 ±  10%
0.000823 0.0286 0.156 0.062 0.753 ±  10%

° Specific conductivity of benzonitrile = 0.094 X 10 6 ohm 1 
cm.-1.

stand for a long time, a white crystalline substrate 
was obtained. This was insoluble in benzene, carbon 
tetrachloride, and diethyl ether, but soluble in methyl 
alcohol and acetone. The substrate was fairly stable 
at room temperature; in a sealed capillary, it sintered 
at 57c and melted at 62-65°. Analytical results con
firmed it to correspond stoichiometrically to a 1:1 
addition compound C6H6CN-HC1 (%HC1: theoretical, 
26.13; experimental, 25.3, 25.16, 24.26).

The infrared spectrum of the crystalline product 
was obtained with a Perkin-Elmer Model 21 spectrom
eter having NaCl optics and the KBr disk technique. 
It showed a complete absence of C = N  stretching 
frequency (2240 cm.-1). A strong absorption band at 
1640-1660 cm.-1 was also apparent; the latter cor
responds to the characteristic C = N  stretching mode of 
imino-type compounds.5 6

When HC1 gas was bubbled for prolonged periods 
Into benzonitrile cooled in a freezing mixture (—10°) 
another crystalline compound was obtained. This was 
highly unstable and readily decomposed into 1:1 
substrate and HC1. On analysis it was found to cor
respond stoichiometrically to a 1:2 addition com
pound C.H.CN-2HC1: (%  HC1: theoretical, 41.45; 
experimental, 38.00, 39.70, 39.32). Because of its 
high instability, attempts to gain the infrared spectrum 
were not successful.

Discussion
The only other work on the conductance of HC1 in 

benzonitrile reported in the literature is by Zil’berman, 
et alf Unfortunately, the results are reported as a

small scale phoreogram which precludes precise values. 
It can be estimated that the value of A is less than 0.1 
ohm-1 cm.-1 (0.04-0.12 M  HC1). The solutions were 
apparently aged for 24 hr.; this may account for the 
over-all lower values as compared with those obtained 
in this study (Table II, Fig. 2). The phoreogram in 
Fig. 2, for solutions which were aged for 21 days, con
clusively shows that HC1 behaves as a weak electrolyte 
in benzonitrile.

By a free-hand extrapolation of a large-scale phoreo
gram, the value of 1.5 ohm-1 cm.-1 is obtained for 
A0'. Attempts to use this value for subsequent 
Shedlovsky7-type extrapolation were not fruitful, 
since the function S

Z2 Z 3
S(z) =  Z +  ^  +  ^ ..........

does not coverge. With somewhat higher values, i.e., 
16, this function is convergent, and the extrapolation 
gives 1.44 ohm-1 cm.-1 and 2.33 X 10-4 for A0 and K, 
respectively (Fig. 3(i)).

Less accurate relationships for the weak electrolytes 
were also examined and are listed here.

(i) From the equation given by Robinson and 
Stokes8

. . „  (Ao'a +  S )V C
A -  A0 ------------" .1 +  xa

where (aA0' +  ¡8) =  Onsager function (A0' taken as
1.5), x =  (2.9127 X 10s -\/677ivy  and a =  distance 
of closest approach (taken as 4 A. in this case), the 
Ao" values were gained and plotted against C. The 
extrapolated A0"  at C =  0 is A0 (Fig. 3(ii)).

(ii) The Ostwald dilution9 law: A0 and K  are ob
tained, respectively, from the intercept and slope of 
the graph of 1/A vs. CA (Fig. 3(iii)).

(iii) Davies’ method10: the dissociation constant
K  is obtained from the graph of y/C i (where C s is the 
ionic fraction of the solute) vs. log C\2/Cu (where Cu is the 
fraction of the undissociated molecules) (Fig. 3(iv)).

(iv) K  can be obtained11 from a graph of Cu vs. 
(log K  — log / ±2), where the activity coefficients are

(5) L. J. Bellamy, “ Infrared Spectra of Complex Molecules,”  J. 
W iley and Sons, Inc., New York, N. Y ., 1956.

(6) E. N. Zil’berman, et al., J .  Gen. Chem. U SSR , 31, 1905 (1961).

(7) T. Shedlovsky, J . Franklin Inst., 225, 739 (1938).
(8) R. H. Stokes and R. A. Robinson, “ Electrolyte Solutions,”  
Academic Press, Inc., New York, N. Y ., 1955, p. 144.
(9) C . A. Kraus and W. C. Bray, J . A m . Chem. Soc., 35, 1315 (1913).

(10) C. W. Davies. “ The Conductivity of Solutions,”  John W iley 
and Sons, Inc., New York, N. Y ., 1933.

(11) H. S. Harned and B. B. Owen, “ Physical Chemistry of Electro
lyte Solutions,”  Reinhold Publishing Corp., New York, N. Y ., 1858, 
pp. 171, 312.
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Figure 3. Extrapolation curves according to various 
relationships: (i) Shedlovsky; (ii) Robinson and Stokes; 
(iii) Ostwald’s dilution law; (iv) Davies; (v) taking 
into account the activity coefficient in Davies.

estimated by the Debye -Hückel limiting law (Fig. 
3(v)).

The values of A0 and K  thus obtained are summarized 
in Table III. Taking into consideration the lack of 
refinement in the latter analyses, the values of 1.5 ±
0. 2 ohm^1 cm.-1 and 2.5 ±  0.5 X 10“ 4 for A0 and K, 
respectively^ are recommended.

The initial rapid decrease in A with concentration 
suggests strong association. The slope of log A vs. 
log C (inset Fig. 2) is —0.5 in this concentration range 
(characteristic of ion pair formation12). The critical 
distance calculated from Bjerrum’s13 theory is 11.2 Á.,
1. e., ionic association is not improbable for simple 
solutes in benzonitrile. The distance of the closest 
approach can be calculated if the value of K  is known 
from the relationship14

Table I I I : Summary of A0 and K  Calculated by 
Various Extrapolation Methods

Method Ao K
Free-hand extrap. 1.5
Robinson and Smokes 1.4
Ostwald 1 .3 -1 .7 3.1 X 10
Davies 2.5 X 10 " 4
Taking into account 2.5 X 10 " 4

activity coeff. in Davies
Shedlovsky 1.44 2.33 X IQ" 4

—log K  =  6.12 — 3 log D +  log Q(b)

where D is the dielectric constant and Q(b) is a numeri
cal function of b, values of which are available.11 
From Q(b) thus gained, a can be readily calculated. 
Taking K  =  2.5 X 10~4, the a is found to be 1.6 A.
in this manner. Recognizing that the internuclear°
distance in the HC1 molecule is 1.28 A., the distance of 
the closest approach thus found seems quite reasonable. 
From the infrared spectral evidence it follows that the 
1-1 benzonitrile-HCl substrate may be formulated as 
an imino chloride, C6IIs(C1) C= X H . Further inter
action with HC1 can be foreseen, e.g.

C6HB(C1)C=NH +  HC1 ^  [C6H5(C1)C=NHi>] + C1 ~

(1)
Thus an imino dihydrochloride is seen the likely 
structure of the 1:2 compound. Such compounds 
are notably unstable and evolve HC1 readily.

The time effect for conductance also warrants 
comments. This effect is not as marked as in the HC1- 
acetonitrile solutions. After 50 hr., the specific 
conductance increased at the most by 77% as com
pared with as much as 400% in acetonitrile. This is 
one of the major reasons of the larger scatter in the 
results of the equivalent conductance vs. concentra
tion in acetonitrile as compared with benzonitrile. 
Some insight in the nature of the time effect can be 
gained from a consideration of the various possible 
solute-solvent interactions in these solutions.

The ionization process of hydrogen chloride in C6HB- 
CN, by analogy with the scheme advanced for aceto
nitrile,2a may be expressed as

C6H6CN +  HC1 C6H6CN • HC1 (2)

C6H6CN • HC1 : z ±  C6H6CNH +C1 -  (3)

(12) C . A. Kraus, Trans. Electrochem. Soc., 66, 182 (1934).

(13) N. Bjerrum, Kgl. Danske Videnskab. Selskab, 7, No. 9 (1926).

(14) R. M . Fuoss and C. A . Kraus, J. Am. Chem. Soc., 55, 1019 
(1933).
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C6H6CNH+C1-  C6H6CNH+ +  C l-(80iv)

(4)

In (2), the nitrile acts as an onium donor and HC1 
as had acceptor, according to the donor-acceptor classi
fication of Mulliken.15 16’16 The rearrangement from the 
“ outer”  to the “ inner”  complex (3) is normally con
sidered as the slow step, and may contribute to the 
time effect. In addition, in this system, chemical 
interactions such as iminochloride formation (slow) 
with subsequent acid-base interactions (1) may further 
contribute to this effect through the formation of addi

tional ionic species. It may be possible to assess 
the relative contributions of the two types of processes 
to the time effect by temperature-dependence studies, 
since charge-transfer processes are generally tempera
ture insensitive.
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The charge-transfer-to-solvent (c.t.t.s.) spectra of polyvalent anions are considered. The 
treatment is based on the continuum model and extends the previous treatment of mono
valent anions. An expression for the transition energies is derived and this is used to 
explain the environmental effects on these spectra. The theory is compared with available 
data.

Polyvalent anions do not exist in the gas phase. 
The small electron affinity for the formation of uni
valent anions makes it improbable that even a second 
electron could be attached with decrease of energy, 
i.e., the electron affinity of a univalent anion is always 
negative.1’2 Polyvalent anions in crystals and solu
tions owe their existence to the interactions with their 
surroundings. Consider the process

X g* — > Xg2“ 1 +  e (1)

where 2 denotes the number of negative charges. 
The endothermicity of this reaction is by definition the 
electron affinity of X z_1 or the ionization potential 
(detachment energy) of X z. If the process is carried

out in water to give an electron which is completely 
unbound3

X*(aq) — >  X*- 1(aq) +  e (2)

the endothermicity of (2) will be greater than that of 
(1) by an amount representing the difference between 
the heats of solvation of X* and X z_1. For the bi-o
valent anion with a radius of 2 A., the difference 
amounts to about 250 kcal.4

(1) H. S. W. Massey, “ Negative Ions,”  Cambridge University Press, 
Cambridge, England, 1950.

(2) H. O. Pritchard, Chem. Rev., 52, 529 (1953).

(3) The inner potential of the solvent is ignored since in all the
processes considered here the electron does not leave the solvent.
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Absorption of light may lead to detachment of 
electrons from negative ions. In the case of univalent 
anions, this is known to occur in the gas phase. Re
cently, appreciable concentrations of nearly free halide 
ions were produced and their light absorption was 
measured.6 The corresponding excitation process is 
adequately described by eq. 1, and the onset of absorp
tion gives the electron affinity of the halogen atom. 
More generally, the spectroscopic method will lead to 
the vertical ionization potential, since the positions of 
the nuclei remain unchanged in the electron-detach
ment process (Franck Condon principle). Electron 
detachment from anions in solution is very well known. 
The so-called charge-transfer-to-solvent (c.t.t.s.) spec
tra of univalent anions have been discussed in detail.9’7 
The c.t.t.s. process differs essentially from process 2 by: 
(a) the nonequilibrium state of solvent and X 2' 1 
resulting from the electron transfer, according to the 
Franck-Condon principle; (b) the binding of the de
tached electron to the medium. These two important 
points were considered in detail for univalent anions. 
Using the oversimplified continuum model,8 the ener
gies,7'8 intensities,9 and environmental effects7-10 were 
calculated.

Evidently, a process like (1) cannot be carried out 
with polyvalent anions. On the other hand, some of 
these ions show intense bands in the ultraviolet which 
behave like c.t.t.s. bands toward environmental 
effects. Such bands are the 215-rn^ band of S2O3-2,11'12 
the 360-ni/u band of S-2, '3 and that of Fe(CN)6~4 
below 300 m/i.1415 The origin of other bands assigned 
to c.t.t.s. (e.g., that of SOs~2) is still not clear and should 
be investigated, but first the theory of such bands 
must be developed and compared with the available 
experimental results. By means of such a theory we 
expect to derive information about some important 
properties of polyvalent anions as their ionization 
potentials, radii, solvation energies, etc. This is the 
purpose of the following discussion, which is essentially 
an extension of a previous treatment.7-10

The Binding of the Electron in the C.t.t.s. State. 
For X - , the continuum model considers the binding 
energy as due partly to the persistent polarization of 
the medium and partly to the electronic polarization 
induced by the electron in its excited state (the c.t.t.s. 
state). In this state the electron is on the average 
fairly removed from the neutral radical X , so that the 
effect of the latter on the binding energy could be 
neglected. Now consider the general excitation process

X 2(aq) >  {X 2 1(aq)} +  ebound (3)

{} represents the nonequilibrium conditions where

all the nuclei keep their positions as in the ground state. 
The electrostatic repulsion exerted by X 2-1 should 
now be taken into account. The repulsion potential 
at a distance r is (z — l)e/rDop, where Dop is the optical 
dielectric constant. The use of Dop is due to the 
atomic nuclei being unable to follow the electronic 
motion. The attraction potential exerted by the 
persistent polarization of the medium, polarized around 
the ion X 2, is (ze/r)(l/Dov — 1/Z)8), where DB is the 
static dielectric constant. Therefore the net potential 
by which the electron is bound to the medium is V  (r) =  
(e /r )(l/D op — z/Ds). For polar solvents (i.e., large 
Da) this gives a potential which differs only little from 
that corresponding to a univalent anion.8 Thus 
within the approximation of the continuous medium 
we expect for all anions nearly the same binding energy 
of the electron in the c.t.t.s. state and the same average 
distance from the center of the radical. The values 
of the binding energy B in various solvents show little 
variation with the nature of the solvent, being about 
35-32 kcal. for H20, acetonitrile, and alcohol.10

The Transition Energy. Consider the cycle

X g2 +  {aq} i  { X / - 1} +  {aq} +  eg

X 2(aq) HZ? {X 2- 1(aq)| +  ebound

This is a generalization of a previous cycle.7 I x is the 
vertical ionization potential of the ion in the gas 
phase. In order to calculate Ei and E2 it is first as
sumed that the ion occupies a cavity of radius rx in a 
continuous medium with dielectric constants D„ and 
Dop. Then a correction term will be added to take 
account of dielectric saturation.

Ex =  —  ( l /D op -  1 m  +  (1 -  1/D„p)
Tx ¿TT

(4) Calculated by means of the Born equation.
(5) R. S. Berry, C. W. Riemann, and G. N. Spokes, J. Chem. Phys., 
37, 2278 (1962).

(6) M. Smith and M. C. R. Symons, Trans. Faraday Soc., 54, 338 
(1958).

(7) G. Stein and A. Treinin, ibid., 55, 1086, 1091 (1959).

(8) R. L. Platzman and J. Franck, “ Farkas Memorial Volum e,”  
Weizmann Press, Jerusalem, 1952, p. 21; Z. Physik, 138, 411 (1954).

(9) J. Jortner and A. Treinin, Trans. Faraday Soc., 58, 1503 (1962).

(10) I. Burak and A. Treinin, ibid., 59, 1490 (1963).

(11) M. Smith, Thesis, University of Southampton, Southampton, 
England. 1958; M. Smith and M. C . R. Symons, J. Ghent. Phys. 25, 
1074 (1956).

(12) R. Sperling and A. Treinin, to be published.

(13) M. J. Blandamer, J. M . Gross, and M. C. R. Symons, Proc. 
Chem. Soc., 147 (1963).

(14) W. S. Fyfe, J. Chem. Phys., 37, 1894 (1962).

(15) M . Shirom and G. Stein, to be published.
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where the first term represents the binding of a charge 
ze by the persistent polarization of the medium, and 
the second term represents the electronic polarization 
induced by this charge.

Ei =  ^ ^  (1/Dop -  1 /A )  +

(z — l ) 2e2 
2 rx

(1 -  1/ A P)

where the two terms represent the corresponding inter
actions for an ion of charge (z — 1) in a medium which 
keeps all the positions of the nuclei fixed as in the 
ground state. Altogether the following expression is 
derived from the cycle

hvx =  I x +  e2 ^ ( 1  -  1/22 +  l/2zDov -  l/Da) -  B

(4)

The cavity radius rx is related to the crystallographic 
radius Rx : rx =  aRx, where a is a factor larger than 
one, accounting for the loose packing of solvent mole
cules around the ion. For many ions in water, a was 
shown to be nearly constant irrespective of their 
charge,16 a ~  1.25 at room temperature.

The foregoing calculation ignored the dielectric 
saturation effect near the ion. This becomes of in
creasing importance with increasing charge of the ion. 
The effect will be treated here using a simple method 
introduced by Jortner17 and based on Buckingham’s 
treatment of ion-solvent interaction.18 The depend
ence of the dielectric constant on the field intensity E 
is given by the expression

A '  =  A  +  bE2 +  . . . (5)

The field at a distance r from X* is thus

„  ze ze z3esbE =  ------  '—>-----  — ------- (6)
A 'r 2 A r 2 A 4r6

From the relation between the displacement vector 
ze/r2 and the field intensity, the total polarization of 
the medium P  is calculated

P
ze

4xf2 (1 -  1 /A )  +
z3e3b

4 x A 4r6 (7)

By subtracting the electronic polarization PE =  (ze/  
4xr2)( l  — l /A p ) , the persistent polarization P D is 
obtained

P d  =
ze

4 xr2 ( l /A p  -  1/2).) +
zze3b

4 x A 4r6 (8)

The potential due to this polarization at the ionic 
cavity of radius rx is

v(r^ = / :  (tt) 4irr2dr=
ze
rx ( i / A * 1/ A )  +

zzezb
5 A A 6 (9)

Using this expression of V(rx) in our previous calcula
tion we obtain

h v x  =  I x +  e2(z/rx)(  1 — 1/22 +
zze*b

1/22A p -  1 /A )  +  5£)^ 6 -  B (10)

For water, b =  —3 X 10~7 e.s.u.18; hence, the cor
rection term accounting for dielectric saturation is 
- l b 3/ 7/  kcal. (rx is given in A). For the halide 
ions with 2 = 1  and rx ~  2.5 A., the correction term is 
negligible, but this term may be quite important for 
polyvalent anions.

For divalent anions in water ( A P =  1-77, A  = 80, 
a =  1.25), eq. 10 reduces to

hvx =  I x +  465/Rx -  29/Rx3 -  35
o

(Rx in A., h v  in kcal.) (11)

Table I contains the available data concerning some 
divalent anions. (HS-  was also included for com
parison with S' 2, its A max calculated in a similar way.) 
In the few cases where A max is known, the agreement is 
satisfactory, taking into account all the approxima
tions involved. Apart from the oversimplification 
involved in the continuum model, the present theory 
ignores all but simple electrostatic interactions. In 
some cases the contribution of the X z_1 orbitals to the 
binding should not be overlooked.

Environmental Effects. According to the theory 
derived for X “ , the environmental effects on c.t.t.s. 
spectra are mainly due to variations in rx, i.e., in a .7’10 
The study of solvent effects has shown that A mai£ of 
X “  in various solvents varies nearly linearly with 
their c.t.t.s. values.10 (The c.t.t.s. value, C, of a sol
vent is defined as h v m ax of A  in that solvent.) The 
slope of the line i3 measures the solvent sensitivity of 
the c.t.t.s. band. This relation was given a simple 
theoretical interpretation,10 which will now be extended 
to polyvalent anions. It is based on the assumption 
that in analogy with H20, a is the same for all anions 
in the same solvent.

From the definition of the c.t.t.s. value, C, and by 
using eq. 4 (i.e., the dielectric saturation effect is 
neglected), the following relation is obtained

(16) J. Jortner, unpublished work.
(17) J. Jortner, Thesis, Hebrew University, Jerusalem, 1959.

(18) A. D. Buckingham, Discussions Faraday Soc., 24, 151 (1957).
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hvx — fixC  +  I x — fixli +  B {(ix — 1 )  ( 1 2 )

w here /3 =  z ( R i /R x) ( l  —  1/2z +  1/2 z D op — 1 / D s)- 
( V , +  l/2 Z )op — 1 /Z)S) _1. F or m on ovalen t anions 
/3 =  R i / R x and  so we o b ta in  th e  sim ple expression 
a lrea d y  d eriv ed . 10 In  general, for solven ts w ith  
D op -—- 2, /3 -—' z ( R i /R x) (4/ 3 — l/3 z). T h is  m eans th a t 
th e  so lven t se n sitiv ity  of th e c .t.t.s . band of an  ion 
should be n ea rly  proportional to  its  e lectrical poten tia l, 
z / R .  In deed, th is relation  w as show n to  a p p ly  to  
m on ovalen t an ion s10’19 and also to  S 2O 3- 2 . 12 I ts  origin  
is v e r y  sim ple: th e  electron  tran sfer results in th e ion 
losing one electron  a t  a poten tia l w hich is proportional 
to  z /R .

T h e  situ ation  is q u ite  different w ith  respect to  tem -

T a b le  I : E xperim ental and C alcu lated  D ata  C oncerning 
C .t.t.s . B ands o f  D iva len t A nions

Rx. Ix,
hvxn&x

(e x p t l . ) , (ealed.),
Ion L keal. keal. keal.
g -2 1.84“ — 128c’ d 79.5e 87.5
H S - 1.956 53“ 124* 123
O - 2 1.40“ — 210d 81.5
S e " 2 1.98“ - (£ 1 3 7  Y 70f 62

“ Pauling crystallographic radius. b K . B . Yatsim irskii, Bull. 
Acad. Set., URSS, 753 (1947). “ D . A . Ansdell and F . M . Page, 
Trans. Faraday Soc., 58, 1084 (1962). T h e  vertica l ion ization  
potentia l o f H S ~  is p roba b ly  a little larger. d See ref. 2. T he 
value for S e~ 2 is questionable. * See ref. 13. 1 D . J. G . Ives 
and R . W . P ittm an, J. Chem. Soc., 766 (1948 ); a peak  o f un
know n origin in the spectrum  o f H 2Se in water.

peratu re and pressure effects. T o  show  th is, eq. 4 is 
d ifferen tiated  w ith  respect to  X, w here X denotes T  or
P . Ign o rin g th e sm all dependence o f th e d ielectric  
prop erties on X w e obtain

d ( h v x) / d \  ~  — e 2( l  — \ /k z)(z / a r x) ( d a / d \ )  (1 3 )

da/dX  represents th e effect o f chan gin g X on th e  average 
d istan ce b etw een  th e ion and th e so lvatio n  layer. 
T h is  effect should be in v ersely  prop ortional to  the 
e lectro static  p o ten tia l o f th e ion, since th e  larger the 
po ten tia l th e  m ore t ig h tly  th e so lvatio n  la y e r  is held. 
Therefore, a ltogeth er it  follow s from  eq. 13 th a t 
d ( h v ) / d \  should be n ea rly  independent o f th e ionic 
po ten tia l. A n d  indeed n ea rly  th e sam e tem peratu re 
se n sitiv ity  is d isp layed  b y  th e peaks of th e  c .t.t.s . 
bands of I " , 7 S 20 8- 2 , 12 and S ~ 2. 18 A s  for th e pressure 
effect, th is w as m easured a t th e on set o f th e c .t.t.s . 
ban d of S 2O 3“ 2 (260 ni/u) and w as foun d to  be tw ice  
th a t on th e p eak  of I ~ ,14 b u t since th e  tem p eratu re 
effect on th e  onset is also tw ice th a t on th e p e a k ,7 we 
should exp ect th e  sam e pressure effect on th e  peaks 
o f S 20 3-2  and I~ .

T h u s, to  inflict a certain  change upon th e 
so lvatio n  la y e r  of an ion becom es m ore d ifficu lt as its 
p o ten tia l increases, b u t once th e change is accom 
plished, its effects increase w ith  po ten tia l. T h e  s tu d y  
of c .t.t.s . bands in m ixtures o f solven ts differing larg e ly  
in solvation  pow er is also in accord w ith  th is con clu
sion . 12

(19) The smaller solvent sensitivity of the onset relative to the peak10 
agrees with this conclusion, since the radius of the cavity correspond
ing to the onset is larger.
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C h a r g e - T r a n s f e r - t o - S o l v e n t  S p e c t r a  o f  P o l y v a l e n t  A n i o n s .  I I .  

T h e  E l e c t r o n i c  S p e c t r u m  o f  S 20 3 ~ 1 2 3

b y  R u t h  S p e r l in g  a n d  A v n e r  T r e in in

Department of Physical Chemistry, Hebrew University, Jerusalem, Israel {Received November 16, 1968)

T h e electronic absorption spectrum  of S 20 3 2 in solution w as in vestigated . F or th is p u r
pose en viron m ental effects on the spectrum  were studied. In  the 190 300-m/i region the 
sp ectrum  consists o f a t  least three bands, labeled  A , B , and C . B an d  A , w hich is o f m oder
ate  in ten sity  (« ~ 2 0 0  1. m ole - 1  c m .-1 ) has a peak a t abou t 240 npi and is assigned to 
t * ■*- n tran sition  in vo lvin g  the no-bonding electrons on th e sulfur atom . B an d  B  (Amax 
a t ab ou t 215  m t̂) originates from  a charge tran sfer to  th e so lven t (c .t.t.s .). B an d  C, the 
p eak  of w hich is a t  the vacu u m  u ltrav io let, is assigned to  the allow ed ir* ■*- n tran sition  
in v o lv in g  the no-bonding electrons on the oxygen  atom s. T h e  en viron m ental effects on 
th e c .t.t.s . b an d  are related  to the th eo ry  derived in p a rt I  o f th is series. T h e  ph oto
chem istry o f S2O 3-2  a t 229 mju w as studied b y  using suitable electron scavengers. T h e 
ph otochem ical b ehavior is in general sim ilar to  th a t d isplayed b y  th e halide ions, b u t 
th e lim itin g and residual q uan tum  yields are ap p reciab ly  sm aller. S 20 3-2  itse lf is shown 
to  a ct as an efficient electron scavenger.

T h e  u ltra v io le t absorption  spectrum  of S 20 3-2  in 
solution appears as a single intense ban d w ith  a peak 
a t ab ou t 215  npi. 1-2 I t  has been assigned to  a charge- 
tran sfer-to-so lven t (c .t.t.s .) ty p e  of ex cita tio n .2-4 T h e  
evidence for th is assignm ent is lim ited and is en tirely  
based on th e s tu d y  of some en viron m ental effects in
cluding tem p eratu re2 and pressure4 effects. N o a t
tem p t has been m ade to  d ete ct oth er electronic tran 
sitions w hich m a y  be concealed under th e m ain  band.

T h e  p h otoch em istry  o f S 20 3-2  has h a rd ly  been in
vestig ated . T h e  recent ph otochem ical studies of I -  
in the presence o f specific electron scaven gers (H+, 
N 20 , 0 2) 5 h a ve  established a m ethod to  d etect electron 
release to th e solvent. Such release results from  th e 
spectroscopic excited  sta te  (c .t.t.s . state) w ith  an 
efficiency <f>, w hich depends on th e com petition  betw een 
the d eactivatio n  of th e c .t.t.s . s tate  and its decom po
sition to  a rad ical and so lvated  electron  in th e p h oto
chem ical cag e .5b,c P ro vid ed  th a t  th e efficien cy is n ot 
too sm all, th e electron  scaven gin g m ethod th us adds 
photochem ical evidence for c .t.t.s . transitions. H ow 
ever. b y  itse lf it is n ot conclusive, since it does not deal 
d irectly  w ith  th e spectroscopic excited  state. T h u s 
electron release to  th e  solven t m a y  result from  the

th erm al dissociation of an intram olecular excited  state, 
as in th e case o f th e phenolate io n .6d

T h e photochem ical m ethod togeth er w ith  an ex
ten sive s tu d y  of en viron m ental effects w ere used in the 
present w ork to id en tify  th e electron ic tran sition s re
sponsible for the u ltrav io let absorption  spectrum  of 
S 20 3-2  in solution. T h e  en viron m ental effects are 
related  to  th e th eo ry  derived in p a rt I of th is series .6

E x p e r im e n t a l

A bsorp tion  S pectra and M a teria ls. T h e  spectropho
tom eter, its calibration, and th e solven ts used were 
described elsew here .7 U nless otherw ise stated, the 
tem perature w as k ep t constan t a t 25 ±  0.5°.

(1) H. Ley and E. König, Z. Physik. Chem.. B41, 365 (1937); A. 
Kiss, Z. anorg. Chem., 246, 28 (1941); A. D. Autrey and R. E. Con- 
nick, J. Am. Chem. Soc., 73, 1842 (1951).
(2) M . Smith, Ph.D, Thesis, University of Southampton, 1958; 
M . Smith and M . C. R. Symons, J. Chem. Phys.. 25, 1074 (1956).

(3) D. P. Ames and J. Willard, J. Am. Chem. Soc., 75, 3257 (1953).

(4) W. S. Fyfe, J. Chem. Phys., 37, 1894 (1962).
(5) (a) M . Ottolenghi, Ph.D. Thesis, Hebrew University, Jerusalem,
1962; (b) J. Jortner, M . Ottolenghi, and G. Stein, J. Phys. Chem.,
66, 2029 (1962); (c) ibid., 66, 2037 (1962); (d) J. Am. Chem. Soc., 85, 
2712 (1963); (e) J. Chem. Phys., 37, 2488 (1962).

(6) A. Treinin, J. Phys. Chem., 68, 893 (1963).
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N a 2S 20 3 (A nalar) w as used w ith o u t fu rth er purifica
tion. T etra eth yla m m o n iu m  th iosu lfate  w as prepared 
b y  ad din g an  excess of fresh ly  prepared B a S 20 3 to a solu
tion  of te traeth ylam m on iu m  sulfate in m ethanol, 
sh akin g for 24 hr., filtering, and evap o ratin g  the filtrate 
to  dryn ess under vacu u m  (at room  tem perature to 
avoid  decom position). T h e  th iosulfate w as th en  re
cry sta llized  from  dim ethylform am ide and dried over 
alum ina. Its  p u rity  w as checked b y  m easuring its 
sp ectrum  in aqueous solution, w hich w as found to  be 
n early  iden tical w ith  th a t  of N a 2S 20 3. A ll o th er m a
teria ls used w ere A n alar.

In  a ll m easurem ents th e sam ple differed from  the 
reference solution  on ly  b y  contain ing th e th iosulfate. 
T h e  concen tration  of th e la tte r  w as k ep t as low  as 
possible (10 ~ 3 to  10 4 M )  in order to  dim inish th e effect 
o f ionic association. S m all d eviatio n s from  B e e r ’s 
law  (up to  3 % ) w ere still observed a t this concen tra
tion  range, and hence for recording th e w hole spec
tru m  (from  e 1 ) the concen tration  w as k ep t constan t 
( ~ 1 0 -3  M )  and th e cell th ickness w as varied  (from  
40 to 1 m m .).

P hotochem ical E xp erim en ts . L ight Sou rces. M o st 
ph otochem ical experim ents were carried o u t a t 2288 
A. using an O sram  C d /1  cadm ium  lam p op erated  a t 
12 v. and 1.5  am p. In  a ll solutions used, th e op tical
p a th  w as 3 cm. and conditions of to ta l absorp tion  were°
a tta in ed . T h e  ligh t o u tp u t a t 2288 A. w as determ ined 
b y  a d ifferen tial actin om etric  m ethod using th e u ran yl 
o xa la te  actin o m eter.6d T h e  to ta l o u tp u t w as first 
m easured b y  irradiatin g th e a ctin om eter in the reactiono
vessel w ith o u t filter. T h e  o u tp u t a t X >  2400 A. w as 
th en  m easured b y  perform ing th e sam e experim ent 
w ith  a  filter of 3-cm. p a th  len gth  4 N  acetic  acid. From  
th e difference betw een  th e tw o values, th e ligh t in
te n s ity  a t 2288 A. w as determ ined as J  =  8.4 X  10 “ 7 

ein stein  l . “ 1 se c .“ 1.. o
Som e experim ents were conducted a t 2537 A. using 

a T h erm a l S y n d ica te  low  pressure m ercu ry lam p. 
A  I 2/ I “  filter63 w as em ployed to cu t off o th er lines. 
T h e  ligh t in ten sity  a t th is w a ve  len gth  w as J  =  2.2 
X  10 “ 6einstein  l . “ 1 se c .“ 1.

P rocedu re. N a 2S20 3 solutions contain ing 5 X  10 “ 3 

KTI9P O 4 N a 2H P ()4 buffer (pH  7.5) and 1 M  m ethan ol 
were ev acu a ted  un til th eir gas pressure w as 1-2  X  10 “ 6 

m m . T h is w as b est achieved  b y  a b rief evacu ation  
follow ed b y  lea vin g  th e solution  stirred  overnigh t 
and th en  another brief evacu ation . T h e  m ethanol 
served  to  scaven ge 0 “  (or O H ) resulting from  th e ir
radiation.

T h e  preparation  of N 20  contain ing solutions and the 
pressure m easurem ent a fte r  irradiation  were per
form ed as described elsew here .50 A t  low  tem peratures,

Figure 1. T h e absorption  spectrum  o f  (E t4N )2 S20 3 in M eC N
(—  — ) and of N a2S20 3 in H 20  (----------- ), 1 M  sucrose
(------- ), C H 3O H  ( ----------), and ethylene g lyco l ( ---------------- ).

N 2 seem s to be occluded in ice (prob ab ly b y  form ing a 
clath rate) and hence special care w as tak en  to  condense 
all th e w ater vap o r in a C ()2 acetone trap  and then  to 
disconnect the trap  from  th e system . In  som e experi
m ents hydrogen  w as evolved . Its  id en tity  and pres
sure were determ ined b y  collecting th e gas o ver a  trap  
of silica gel a t liquid air tem p eratu re .8

R e s u l t s

Spectra . F igure 1 shows th e spectrum  of S 20 3-2  in 
various solvents. In  w ater, a p eak  appears a t a b ou t 
215  m g and there is also an indication  of an other tra n 
sition a t shorter w ave lengths (labeled band C ). In  
alcohols, tw o  opposite effects are ob served: a t w a ve  
len gth s shorter than  abou t 250 m g th ere is a rem ark
able blue shift, w hile a t longer w a ve  len gth s there is a 
sm all sh ift to th e red. Som e in ten sification  of the 
peak also occurs, p ro b ab ly  due to  increasing overlap  b y  
band C , w hich is red-shifted b y  alcohols. T h e  spec
trum  in alcohols th us reveals a new  tran sition  (labeled 
band A ) w hich in w ater m erges into another band 
(labeled band B ) to y ield  (w ith considerable overlap  
of C) the a p p a ren tly  single band of S 20 3“ 2 a t  2 15  m g. 
T h e  alcohols, b y  h a vin g  opposite effects on A  and B , 
succeed in sep aratin g them  a little , causing ban d A  to 
appear as a shoulder on th e lon g w a ve  len gth  branch 
of B .

In  e th ylen e  glycol, w here th e separation  is the 
largest, th e properties of band A  were determ ined b y  
m eans of a rough graphical an alysis: Xmax ~ 2 4 5  m g,
fmax ~ 2 0 0 . In  M e C N  all th ree bands are shifted  to

(7) I. Burak and A. Treinin, J. Chem. Phys., 39, 189 (1963).
(8) G. Kuhn, Z. angew. Chem., 44, 757 (1931).
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the red, b u t band B  suffers th e largest sh ift and appears 
as a w ell-defined p eak  a t X ^ 2 6 0  m/x w ith  emax ~ 2 0 0 0 .9 

B an ds A  and C , w hich  sh ift to  a sm aller exten t, lag 
behind w ith  A  p ro b ab ly  ly in g  a t th e onset of th e m uch 
more intense band C . T h e  decrease in overlap  w ith  
bands C  and B  leads to  th e low ering o f th e  p eak  and 
to increase in th e steepness o f th e onset.

T h e  high so lven t se n sitiv ity  and its n ature suggest 
th a t band B  is a c .t .t .s . band, w hich in w a ter con
trib u tes th e m ajo r p a rt o f th e  absorption  in th e 2 1 5 -  
240-mjx region (the c .t.t.s . region). On the oth er hand, 
bands A  and C  b ehave like ir* •*- n tran sition s, exh ib it
ing th e regular blue sh ifts when passing from  a less 
polar to  a m ore polar solven t. T h is in terpretation  
is consisten t w ith  th e follow ing observation s.

(a) T h e  tran sition  en ergy in variou s solven ts (at 
e 1000) 10 is p lotted  again st hv!mlK of I -  in those sol
ven ts (F ig. 2). A p a rt from  th e M e C N  +  H 20  m ix
tures, th e various m edia fit a  linear relation, th e slope 
o f the line obtained  is ~ 1 .8 .

(b) F igu re 3 shows th a t, in  general, th e c .t.t.s . 
region behaves like th e c .t.t.s . band of I -  tow ard  ionic

Figure 2. M S s O s -2 ) at « 1000 against hvm*% o f I  at the 
same solvent (i.e., its c .t.t .s . v a lu e): (1 )  M e C N ; ( 2 )6 7 .5 %  
M e C N ; (3 ) 9 5 %  M e C N ; (4 )  9 0 %  M e C N ; (5 )  2 5 %  N H S; 
(6 ) 7 6 %  M e C N ; (7 )  H 20 ;  (8 )  1 M  sucrose; (9 )  4 M  K F ; 
(10 ) CH 3OH ; (1 1 ) 8 M  K F ; (12 ) ethylene glycol.

F igure 3. T h e  spectrum  o f IO-4 M  N a 2S20 3 alone (curve 
1) and in presence o f : 1 M  N aC l (cu rv e  2 ), 1 M  N aC lO ,
(cu rv e  3 ), and 2, 4, 6, 8 M  K F  (curves 4, 5, 6, 7).

effects,11® b u t there are still som e differences, especially  
in th e cationic effect, which d isp lays a m ore pronounced 
sp ecifity, being larg e ly  dependent on th e charge of the 
cation  (Fig. 4).

(c) T h e  effect of sugar, w hich  is o f p a rticu la r im 
portan ce for the iden tification  of c .t .t .s . tran sition s ,7 

is m ost pronounced in th e c .t.t.s . region (F ig. 1).
(d) T h e tem peratu re effect shows clearly  th a t  at 

least tw o tran sition s con trib u te to  th e long w a ve  
len gth  branch of th e  spectrum . In  F ig . 5, the tem pera
ture coefficient d {h v )/d t is g iven  a t four different 
extin ctio n  coefficients. M o vin g  from  th e p eak  to 
longer w a ve  lengths, d (h v )/d t first increases and then 
decreases, so th a t its v a lu e  a t th e  onset is n early  the 
sam e as th a t a t th e p eak . T h is is com p letely  different 
from  th e b eh avior of the c .t .t .s . band of 1 “ , w hich 
d isp lays a regular increase o f d (h v )/d t w ith  X, being a t 
th e onset n early  tw ice as large as a t th e p e a k . 110

(e) P hotoch em ical experim ents w ith  solutions of 
N a A C h  contain ing N 20  indicate th a t  th e quan tum  
yield  of N 2 is m uch larger a t 228 rn/i th an  a t 254 m/x.

P h otoch em istry. T h e  u ltrav io le t irradiation  of aque
ous th iosu lfate  solutions results in form ation  of sulfur,

(9) S 2O 3 - 2  is unstable in M e C N ; the spectrum changes slowly with 
time. After rapidly recording the spectrum of a fresh solution, an 
equal volume of water was added, and the spectrum of the solution 
obtained was nearly identical with that of the aqueous solution, 
This was considered as a proof that a chemical reaction has 
not yet occurred, since in the solutions which had reacted, the spec
trum of S 2O 3 “ 2 could not thus be regained.
(10) € 1000 was chosen because band B  seems to have the largest 
contribution there.
(11) (a) G. Stein and A. Treinin, Trans. Faraday Soc., 56, 1393 
(I960); D. Meyerstein and A. Treinin, J. Phys. Chem., 66. 446 
(1962); (b) G. Stein and A. Treinin, Trans. Faraday Soc., 55, 1091 
(1959).
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Figure 4. T h e  spectrum  o f 10 4 M  N a2S20 3 alone ( --------------- )
and in presence o f 1 M  o f  the fo llow ing salts: N (C H 3)4C1 and
N H 4C1 ( ---------), N a C l and KC1 ( ----------), M g C h  (------------),
C aC l2 (—  — ). NH4CI and KC1 bring a bou t slightly larger 
shifts than N (C H 3)4C1 and N aC l, respectively .

F igure 5. T h e  tem perature effect on  the spectrum  of 
S20 3~2 at various extinction  coefficients. (T h e  therm al 
expansion  o f w ater was taken into accou n t.)

sulfite, H 2S, and p ro b ab ly  oth er products w hich h a ve  n o t  
y e t  been identified. T h e  gases w h ich  resu lt from  the 
irradiation  (H 2S is readily  detected) can be condensed in 
a C 0 2-a c e to n e  trap .

Irrad iation  a t 228.8 m/i of N 20 -co n tain in g solutions 
led to  th e form ation  of N 2. T h è  in itia l q u an tu m  yield  
o f N 2 (v n ,) could be determ ined ea sily  since in a ll our 
experim ents (up to  25 min. o f irradiation) th e  y ie ld s 
were lin e arly  dependent on tim e of irradiation . A t  
con stan t concen tration  of N 20 , <?n, w as found to  d e
pend stro n gly  on th e concen tration  of S 20 3~2. T h u s 

a t C n 2o (  2 X  IO -2 M  and C s,o„-* ^ 0.1 M ,  ^n2 is 
negligible. A t  constan t CV-,o th e y ie ld  increases w ith  
decrease o f Cs,o,-> un til i t  reaches a lim itin g con stan t 
va lu e. T h is  suggests a com petition  b etw een  N 20  
and S20 3-2 for th e so lvated  electrons, a su b ject w hich 
w ill be discussed later. In  order to s tu d y  th e  depend
ence o f <PN; on C NjO, w e irradiated  IO-3 M  N a 2S 20 3 
solutions a t C'n,o )  7  X  IO-4 M . T h e  low er lim it for 
C n2o w as chosen so th a t  fu rth er decrease of th e  th io 
su lfate concen tration  (at to ta l absorption  conditions) 
had no d etectab le  effect on p Nl. F igure 6 shows th e 
dependence o f ^n, on C n2o- A t  high concentrations, 
an upper lim itin g y ield  is approached. Its  exa ct 
va lu e  could n ot be determ ined b y  extrapolation , 
being ab ou t 0.08. T h e  fa ll of <p below  th is v a lu e  is 
ascribed to  th e com petition  betw een  th e  scaven gin g 
action  of N 20  and th e secon dary recom bin ation  of 
S20 3~ and th e electron  in th e solven t cage. F igu re 7 
shows th a t th e experim ental results are consisten t w ith  
the general eq uation  for diffusion-controlled scaven g
in g .615

In (1 — 1p/4>) =  A  — 5 V C n2o

(T h e va lu e  $  =  0.080 seems to  g iv e  b e tte r  agreem ent.) 
F rom  th e slope and in tercep t of th e line we o b ta in 615 
<pr ~  0, 2a(irfc)‘/! ^  17 w here <pT is th e  residual
yield , k is th e rate con stan t for scaven gin g of th e  elec
tron b y  N 20 , and a is a param eter ch ara cteristic  o f th e 
cage. T h e  p lot of <p aga in st y /< C  (F ig. 7) also in dicates 
th a t (pr ~  0.

F ew  ph otochem ical experim ents w ere conducted  
w ith  H 2P 0 4_ as an electron  scav en ge r.56 A n  excess of 
m ethanol w as added to con vert H  atom s to H 2. F or 
a m ixture contain ing 10 _s M  N a 2S 20 3, 1.54 X  H) 1 M  
K H 2P 0 4, 2 X  10 -2 M  N a 2H P 0 4, and 1 M  m ethan ol, 
th e qu an tu m  yield  o f H 2 w as 0.055.

D i s c u s s i o n

T h e  electron stru ctu re of S 20 3-2 has h a rd ly  been dis
cussed. T h e  ion is stru ctu ra lly  analogous to  S 0 4-2 
w ith  one sulfur atom  replacin g an o xygen  atom . 
R am an  sp ectra  of S 20 3-2 in aqueous so lu tio n 12 prove
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PN,o.mm Hg

Figure 6. D epen den ce o f  ^  on  N 20  concentration .

Figure 7. Scavenging p lots  for N 20 :  continuous 
line, 3> =  0 .075; dashed line, *  =  0.080.

th a t it possesses th e C 3v sym m etry, w ith  bond angles 
differing on ly s lig h tly  from  those in th e tetrah edral 
S 0 4-2  ion. T h e  S- -O bond length  in S20 3-2  is n early  
the sam e as in S 0 4 2, 13 show ing th a t  in both  ions the 
S - 0  bond has the sam e 7r-bond order, 5 0 % .14 T h e 
len gth  of th e S - S  bond 1.97 A . is 0 .11 A . shorter than a 
single b o n d 15 and 0.08 A. larger th an  th e double bond in 
S 2. A ssum in g a linear relation  betw een  r-b on d  order 
and shortening, th e  valu e obtained  for S -S  in S20 3- 2 is 
5 8 % . H ence in S 20 3-2  the double system  of x -  
orbitals is n early  eq u ally  shared b y the four bonds. 
T h e sam e conclusion w as also reached from  force con
stan ts consideration .12b

T h e  electronic structure of S 0 4-2  has been discussed 
in some d e ta il14-17; th e m olecular orbital treatm en t 
has been used for its  descrip tion . 14' 17 T h e  highest filled 
energy level is a tr ip ly  degenerate M O  (ti) in volvin g 
the no-bonding electrons on th e oxygen  atom s. T h e

first em p ty orbital is p rob ab ly  th e d ou b ly  degenerate 
ir-antibonding orbital (e), w hich is m ain ly  concen
trated  on th e cen tral S atom . T h u s th e low est energy 
electronic tran sition  in S 0 4 2, (the p eak  of w hich ap
pears in the vacu u m  ultravio let) is the allow ed ■*- n 
tran sitio n 18 e •*- ti. On going from  S 0 4-2  to  S 20 3-2, 
tw o m ain differences should be considered: (a) the 
sym m etry  is lowered from  T a to  C 3v ; (b) the binding 
of th e no-bonding p-electron on sulfur is appreciably 
w eaker. T h e  low ering o f sym m etry  leads to  the 
sp littin g  of ti into  a doublet and a  s in glet . 19 T h u s on 
going from  S 0 4-2  to  S20 3-2  th e x *  ■*- n tran sition  is 
expected  to  sp lit into tw o  co m p o n en ts: th e low  energy 
one essen tially  in volvin g th e no-bonding electrons on 
th e sulfur atom , w hile th e other, not m uch rem oved 
from, the band of S 0 4-2, in volves th e no-bonding elec
trons on th e oxygen  atom s. T h is  prediction  seem s to  
be confirm ed by our results. T h e low  en ergy x *  •*- n 
tran sition  of S20 3-2  (band A ) appears a t abou t 245 
m/i in ethylen e g lyco l w ith  m oderate in ten sity  and it 
d isp lays th e regular blue sh ift w hen changing to  a  m ore 
polar solvent. B an d  C  is accordin gly  in terpreted  as 
being due to  the second com ponent o f th e  x *  ■*- n 
transition, since S 0 4-2  starts  to  absorb in th is region .20 

T h e  solven t sen sitiv ity  of ban d C  seem s to  be larger 
than  th a t o f A , w hich w e ascribe to  th e larger nega
t iv ity  of oxygen  com pared w ith  sulfur: oxygen  is m ore 
liable to  H -bond form ation  than  sulfur.

T h e C .t.t .s . B a n d  o f  S 20 3-2. B etw een  th e tw c  x *  
com ponents S 20 3-2  d isp lays a c .t.t.s . band prob ab ly 
origin atin g from  a tran sfer o f one no-bonding electron 
on th e sulfur atom  to  a  d iscrete lev el large ly  defined 
b y  the polarized m edium . T h e  nature and th eo ry  of 
such bands were discussed in d e ta il .9 A n  expression 
w as derived for relatin g /mmax of a p o ly v a len t anion to 
its crystallograp h ic radius R  and ve rtica l ionization  
p o ten tia l I

h v m m  =  /  +  465/#  -  2 9 /# 6 -  35

(.R  in A ., h v  in  kcal.)

(12) (a) H, Gerding and K. Eriks, Rec. trav. chim., 69, 659 (1950); 
(b) H. Siebert, Z. anorg. allgem Chem., 275, 225 (1954).

(13) “Interatomic Distances," Special Publication No. 11, The 
Chemical Society, London, 1958.
(14) D. W. J. Cruickshank, J. Chem. Soc., 5486 (1961).

(15) L. Pauling, “The Nature of the Chemical Bond.” Cornel^ 
University Press, Ithaca, N. Y., 1960. In  Sa06~2 where S has no 
available free p-orbitals for double bond, the S - S  distance is 2.08 A.
(16) G. W. Chantry and R. A. Plane, J. Chem. Phys., 32, 319 (1960).

(17) D. S. Urch, J. Inorg. Nucl. Chem., 25, 771 (1963).
(18) S. P. M cG Iynn  and M . Kasha, J. Chem. Phys., 24, 481 (1956)-
(19) L. Helmholtz and H. Brennan, ibid., 23, 853 (1955); U. Klàning 
and M . C. R. Symons, J. Chem. Soc., 3204 (1961).

(20) J. L. Weeks, G. M . A. C. Meaburn, and S. Gordon, Radiation 
Res., 19, 559 (1963).
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o
T a k in g  R s20,-2 =  2.4 A . 21 and hvmax =  133 kcal., we 
ob tain  / s2o a - 2  =  — 26 kcal. T h e norm al ionization  
poten tia l is p rob ab ly  m ore n egative, since th e vertica l 
ionization process leads to  a strained radical.

T h e  en viron m ental effects in general are in accord 
w ith  the th e o ry .6 T h u s the solven t sen sitiv ity  /3 is 
n early  tw ice th a t of I ” , w hile th e tem perature sensi
t iv ity  is n early  th e sam e.22 T h e  d eviations of the 
H 20  +  M e C N  m ixtures from  the line (Fig. 2) are of 
particu lar interest. T h e y  indicate th a t th e w a ter 
m olecules in th e solvation  laye r  of S 20 3 2 are replaced 
b y  m olecules of M e C N  w ith  m ore d ifficu lty  th an  in the 
case of I “ . T h is  is due to  th e higher electrical poten tia l 
of S20 3- 2, b u t once th e solvation  la y e r  is to ta lly  re
placed, the spectroscopic sh ift is n early  doubled.

Spectroscopic Shifts and Ionic Association. In  several 
w orks3-24 ionic effects were studied a t th e lo n g  w a ve  
length  branch  of the absorption  spectrum  of S20 3~2, 
and the sp ectral shifts were attrib u ted  to  ionic as
sociation. A ccordin gly , th e effect of alcohol w as 
ascribed to  increasing ionic association  as the p o larity  
of the solven t decreases.241* F rom  th e sp ectral shifts, 
association  constan ts were d eterm in ed24 for N a +S 20 3 2, 
K + S 20 3-2, etc. I t  w as assum ed th a t th e m olar 
absorption  coefficient of S20 3~2 is not affected b y  the 
change of en viron m ent and th a t th e ion pairs h ave a 
discrete spectrum . T h a t th is assum ption is w rong 
w as a lread y pointed ou t b y  Sm ith  and S ym o n s,2 w ho 
studied some ionic effects on th e peak. O ur results 
com pletely  sup port th eir conclusions, as can be readily  
seen from  th e n early  parallel sh ifts o f th e whole- spec
trum  up to  v e ry  high concen trations o f added salts 
(Fig. 3). Furtherm ore, there is a pronounced anionic 
effect w hich is v e ry  sim ilar to  th a t d isplayed  b y  I - . 
T h u s a t the sam e concentration  the difference betw een 
the effects of N a C l and N a C lO i is larger th a n  th a t 
betw een N a C l and K C 1  (Fig. 3 and 4). Such specific 
anionic effects were observed b y  us a t th e concen tra
tion  range in vestigated  b y  G im b le tt and M o n k ,24 
w ho com pletely  ignored th em  in th eir calculations. 
A s in th e case of I - ,Ua our results led us to  a ttr ib u te  
the m ajor p a rt of th e ionic effect to  th e changes in
duced in th e solvatio n  la y e r  of th e  ligh t absorbing ion. 
T h ese changes p rob ab ly  go in parallel w ith ion-pair 
form ation, if on ly th e  n ature of th e cation  is varied . 
T h e  term  “ ion -pair”  w as recen tly  discussed in d e ta il,28 
and w as shown to  a p p ly  to several ty p e s  of ionic as
sociation  differing in closeness of co n tact betw een 
anion and cation. O n ly v e ry  in tim ate co n tacts  are 
exp ected  to  bring abou t an ab ru p t change in th e spec
trum  of the light absorbing ion .26 T h io su lfa tes  belong 
to the group of ion pairs w here solvation  is a predom i
n an t fa cto r; th e association  con stan ts increase w ith

decreasing size of solvated ca tio n .26 T h is  is also th e 
order of increasing spectroscopic effects (F ig. 4), b u t 
none of th e cations studied  changes the n atu re of the 
excitation . T h is  becom es even  clearer w hen w e v a ry  
th e n ature of the solvent. T h e association  constan t 
does increase w ith  decrease of p o la rity , b u t th is  is 
not the origin of the large solven t sh ifts ob served  a t 
low  concen trations of S20 3~2. (T h e sm all d ev iatio n s 
from  B eer ’s law  should be ascribed to  th is effect.) 
A c tu a lly , in th e c .t.t.s . region there is no relation  b e
tw een solven t p o la rity  a n c  the sp ectroscopic s h ift ,23 
as can be easily  checked b y  com paring th e  effects of 
M e C N  and M eO H .

The Photochemistry of S 20 3-2 at 229 mp. In  aqueous 
solution, th e absorption  a t 229 m/i is p ro b ab ly  due to 
b oth  internal (71-* ■*— n) and c.t.t.s . tran sition s, th e 
la tte r  con trib u tin g the m ajor p art. O ur w ork  has a 
bearing on ly on th e  c .t.t.s . con trib ution , leading to  
S20 3~ radical and so lvated  electron  accordin g to  th e 
schem e

hv

S 20 3- 2 S 20 3- 2* — >  (S20 3-  +  e)

S 20 - r 2* represents the c .t.t.s . sta te  and ( ) represents 
th e so lven t cage w here th e p articles m a y  undergo 
secon dary recom bin ation.8 T h e  q u an tu m  yield  $  for 
th e form ation  of the cage can be determ in ed b y  th e 
ph otochem ical y ield  under to ta l scaven gin g conditions. 
T h is  is a tta in ed  a t N 20  concen trations larger th a n  2 X  
10 -2  M .  T h e  va lu e  0.08 obtained  for <t> is re la tiv e ly  
sm all (for I - , 4> = 0.295b). T h is  is on ly p a rtly  due to  
the “ internal filter effect”  of th e 71-* ■*—  n tran sition , 
w hich absorbs less th an  h alf of th e light. I t  seem s to  
result m ain ly from  a  large p ro b ab ility  of d eca y  of th e 
c .t.t.s . sta te  b ack  to  th e  ground sta te . A ssu m in g 
th e v a lid ity  of the continuum  m odel,6 th e a v era ge  
radius of the excited  orbital in S 20 3~ 2* is a t m osto
6 A . (it is p rob ab ly  lesslla), i.e., th e excited  electron  
resides a t m ost 4 A. from  th e cen ter of th e su lfur atom , 
from  w here it  w as detached. T h is  m a y  be th e reason 
for the high d ea ctiva tio n  yield . I t  seem s th a t  even

(21) The thermochemical radius of SO 4 - 2  is 2.3 A. (A. F. Kapustin- 
skii, Quart. Rev. (London), 10, 283 (1956)); 0.1 A. is added to account 
for the difference between the radii of S and O averaged over the four 
ligands.

(22) M ov ing  from the onset of a c.t.t.s. band toward its peak, the 
solvent sensitivity 0  increases while the temperature sensitivity 
d(hv)/dT decreases.23-llb Hence at the peak /3g208-2 should be larger 
than 1.8 while d(hvmax)/dT is prooably not far from that observed 
at 215 m#i.

(23) I. Burak and A. Treinin, Trans. Faraday Soc., 59, 1490 (1963).

(24) (a) F. G. R. Gimblett and C. B. Monk, ibid., 51, 793 (1955); 
(b) C. B. M on k  and G. D. Thomas, ibid., 52, 685 (1956).

(25) C. W. Davies, “Ion Association,” Butterworths, London, 1962.

(26) T. R. Griffiths and M . C. R. Symons, Mol. Phys., 3, 90 (1960).
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in th e cage, the recom bination  p ro b ab ility  is v e ry  h ig h : 
the residual y ie ld  <pr is v e ry  low  and a high con cen tra
tion of scaven ger is required to  overcom e secon dary 
recom bination  com p letely  (F ig. 6 ).

M oreover, our results show  th a t S 20 3“ 2 itse lf acts  as 
an efficient electron scaven ger, being able to  com pete 
w ith  N 20  for th e so lvated  electrons. T h e  rate  con
stan ts ratio  for scaven gin g b y  S20 3' 2 and N 20  could be 
determ ined in th e fo llow ing w a y : 5 X  10 -2  M  N a2S 20 3 

w as irradiated  in presence of C n,o >  10 2 M  and the 
q uan tum  y ie ld  o f N 2 w as m easured. (A t such N 20  
concen trations there is n early  to ta l electron scaven gin g 
even a t 10 “ 3 M  N a 2S 20 3.) T h e  electron s are now 
scavenged b y  N 20  and S 20 3~ 2 w h ich  a ct in parallel; 
the fraction  8 scaven ged  b y  N 20  is given  b y  th e ex
pression

g ___ <PNj _  ____________fc(N,Q +  e ) C N;Q____________

F  f c ( N 20  + c) C n .O  +  ^ ( 8 , 0 3 - 2  +  e)Cs,Os-i

<p n 2 observed a t 1.82 X  10 “ 2 M  and 1.23 X  10 “ 2 M  N 20  
were 0.046 and 0.040, resp ectively . T h is  gives 
[k(s20j-2 + e)]/[fc(NjO + e)] =  0 .2 , w hich shows th a t 

S 20 3' 2 is a ctu a lly  a  v e ry  efficient electron scavenger.
T h e possible occurrence of self-electron scaven gin g 

in th e p h otochem istry of p o lya to m ic  anions should 
a lw a ys be considered. I t  p ro b ab ly  p la ys  an im portant 
role in th e ph otolysis of S 20 3“ 2, N 3~ ,27 and C N F “ . 28 1 

T h e chem ical effect of th is self-scaven gin g should be 
considered in such cases.

(27) M . Sm ith and P. Kelly, J. Chem. Soc., 1479, 1487 (1961).

(28) M . S. Matheson, W. A. Mulac, and J. Rabani. to be published

C a l i b r a t i o n  o f  H i g h - R e s i s t a n c e  C o n d u c t a n c e  C e l l s 1

b y  J a m e s  J .  Z w o le n i k 2 a n d  R a y m o n d  M .  F u o s s

Contribution No. 1746 from, the Sterling Chemistry Laboratory of Yale University, New Haven, Connecticut 
{Received November 13, 1963)

C o n sta n ts A0, J ,  and K a in th e  conductance equation  A =  A0 — S c ^ y ' / !  +  E c y  log c y  +  
J c y  — K ,\ C yf2A were determ ined for tetrab u tylam m on iu m  tetrap h en ylb orid e in ethylene 
chloride a t  25°. A  convergent series o f successive approxim ations then  perm its A to  be 
calcu lated , g iven  th e  concentration. I t  is shown th a t th is system  m a y  be used as a second
a ry  stan dard for determ ining con stan ts for conductance cells in th e  range o f 0 .0 1  c m .“ 1, 
w ith  an a ccu racy  o f 0 .1% . D a ta  are also given  for th e sam e salt in o-dichlorobenzene in 
th e range 0.24 <  10 “ 4c <  36; these specific conductances, in th e  range 3-2 5  X  10 “ 6, are 
reproducible and stable, and m ay also be used for calibration.

For precision conductance w ork on d ilute solutions 
in solven ts o f dielectric con stan t low er th an  a b ou t 15, 
cells w ith  con stan ts o f th e order o f 0 .0 1  or less m ust 
be used. T h ese con stan ts are too  low  to  be determ ined 
b y  th e use o f aqueous potassium  chloride solutions8 

and th e cells m ust be calib rated  b y  intercom parison. 
T h e purpose o f th is paper is to present d a ta  for a sec
on dary standard, te trab u ty lam m on iu m  tetraph en yl-

boride in ethylen e dichloride, w hich w ill perm it direct 
calibration  of such cells w ith  an a ccu racy  o f abou t 0 .1 % .

(1) This paper is based on part of a thesis presented by James J. 
Zwclenik to the Graduate School of Yale University in partial ful
fillment of the requirements for the Degree of Doctor of Philosophy, 
June, 1960.
(2) Grateful acknowledgment is made for National Science Founda
tion Fellowships.
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T h e follow ing m ethod w as used. A  .Jones -Bollinger3 4 

cell w as calib rated  using potassium  chloride in w ater, 
then  an E rlen m eyer ce ll5 w as calib rated  again st the 
Jon es-B o llin ger cell b y  com parison, and fin ally  a 
N iehol- Fuoss6 cell w as calib rated  b y  com parison against 
th e  E rlen m eyer cell. T h en  th e conductance o f tetra- 
b u tylam m on iu m  tetraph en ylb oride in eth ylen e ch lo
ride o v er th e range 1 - 7  X  10 -4  N  w as determ ined in 
th e E rlen m eyer cell. T h e  d a ta  were an a lyzed  to 
ob tain  th e con stan ts A 0, K a , and J  o f th e conductance 
eq u a tio n 7

A =  A0 — S c, ' y /t +  K e y  log c y  +

J c y  — K \ c y p A  (1)

w here th e v isco sity  coefficient F  has been absorbed in 
J  and  th e c '/! term  has been dropped. A c tiv it ie s  are 
ca lcu lated 5 b y  th e lim itin g law

- I n /
2 D k T

(2 )

N e x t a  program  (the G am m a program ) w as developed 
w hich solves eq. 1 for A, g iven  c, A0, J ,  and K a ;  we 
are gratefu l to D r. John E . L ind, Jr., and to M r. 
Jam es F. Skinner for th eir aid in th e com puter w ork. 
F in a lly , a  series o f th e sam e solutions w as m easured 
in th e N - F  cell. From  th e know n concen trations in 
th is  cell and th e G am m a program , A w as calcu lated ; 
th en  th e cell con stan t &n-f w as ob tain ed  from  th e 
definition

¿N -F  =
c A R m

10 0 0
(3)

w here R a is th e cell resistance extrap olated  to  infinite 
frequ en cy. B y  the com parison m ethod, /cn-f =  
0.013382 ±  6  X  10 -6 ; b y  th e G am m a m ethod, &n-f 
w as found to  be 0.013400 ±  7 X  10 -6. T h e  constan ts 
o f th e eq uation  are g iven  b y  th e coefficients in eq. 4

A =  y(49 .77 -  428cv y /! +

4400cy In c y  +  29,100c7) (4)

w ith  K a =  950.

E x p e r im e n t a l

T h e conductance cells h ave a lread y  been described4-6; 
electrical equipm en t and general tech n ique were as 
g iven  b y  Lind and F u oss .5 T etra b u tyla m m o n iu m  
tetra p h en ylb o rid e8 w as recrystallized  from  3 : 1  ace
to n e -w a te r  (1 g. o f salt/50 ml. o f m ixed so lven t); 
m .p. 235°. E th y le n e  dichloride (M atheson  C olem an 
and B ell 5636, b.p. 8 3-85°) w as fraction ated  in the 
T o d d  still. T h e  m aterial collected  a fter a 10 %  dis
carded forerun boiled sh arp ly  a t 83.7° a t a reflux ratio

of 5 :1 .  P roperties a t 25° o f th e solven t are: den sity, 
1.2460 g ./ m l.; d ielectric constan t, 10.35 a t 300 k c.; 
and visco sity , 0.007834. A  0.02 N  solution o f te tra 
b utylam m on ium  tetraph en ylb oride in eth ylen e chlo
ride had a d en sity  o f 1.2472; our solutions w ere so 
dilute th a t solven t den sity  could be used to  calcu late  
volum e concen trations from  th e experim ental w eigh t 
concentrations. T h e  solven t conductance w as less 
th an  1 0 -9  and com p letely  negligible.

Som e m easurem ents were also m ade in o-dichloro- 
benzene. S o lven t from  M ath eson  C olem an and B ell 
(b.p. 179 .5-18 0 .5°) w as redistilled a t 11  mm. in th e 
T od d  still to  b.p. 60.4°. S o lven t properties are: 
den sity, 1.3010; dielectric constan t, 10.07; v isc o s ity ,9 

0.01324.

R e s u l t s

C a lib ra tio n 3 o f th e Jon es-B ollin ger cell w as done 
using aqueous potassium  chloride solutions in th e range 
0.00172219 to  0.00258738; th e correspon din g cell 
resistances (corrected for w a ter con ductan ce and 
extrap olated  to infinite frequ en cy on an R  — f ~ l /’ 
scale) were 976.31 to  654.93 ohm s. E leven  determ i
nations were m ade w hich ga v e  fc j-B  =  0.24733 ±  
0.00005 c m .- 1 . D ev iatio n s ( X 1 0 6) o f th e in d iv id u al 
determ inations from  the average were + 1 0 , — 6 , 
+ 2 ,  - 6 , + 2 , - 6 , + 2 ,  - 1 ,  - 2 ,  - 2 ,  and + 5 .

T rib u ty lam m o n iu m  picrate in isop rop yl alcohol w as 
used as th e electro lyte  for th e calib ration s b y  com 
parison. I t  w as found th a t th e resistance o f these 
solutions drifted  w ith  tim e for several d a ys  a fter  their 
preparation, b u t a fter a w eek or so, th e resistance 
thenceforth  rem ained constan t (except for sm all sy ste m 
atic changes ob viou sly  due to  evap oratio n  of solven t). 
A ll com parisons were therefore m ade w ith  aged solu
tions. F or th e com parison of th e Jo n es-B ollin ger 
cell and th e E rlen m eyer cell, solutions o f t r ib u ty l
am m onium  picrate  in isopropyl alcohol ranging from  
0.017 to  0.0043 N  were used. T h e  resistances in the 
J - B  cell ranged from  4106.9 to  9678.4 ohm s and in th e 
E rlen m eyer cell from  643.52 to  1516.58 ohm s. T w elv e  
com parisons were m ade; th e ratio  R e/Rj-b w as found 
to  be 0.15670 ±  0.00002. D ev iatio n s ( X 1 0 6) o f 
ind ivid u al ratios were — 0 .8 , + 0 .1 , — 3.0, — 2 .8 ,

(3) J. E. Lind, Jr., J. J. Zwolenik, and R. M . Fuoss, J. Am. Chem. 
Soc., 81, 1557 (1959).

(4) G. Jones and G. M . Bollinger, ibid., 53, 411 (1931).

(5) J. E. Lind, Jr., and R. M . Fuoss, J. Phys. Chem., 65, 999 (1961).

(6) J. C. Niehol and R. M . Fuoss, ibid., 58, 696 (1954).

(7) R. M . Fuoss, J. Am. Chem. Soc., 81, 2659 (1959).

(8) F. Aceascina, S. Pétrucci, and R. M . Fuoss, ibid., 81, 1301 
(1959).

(9) V . Griffing, M . A. Cargle, L. Carvese, and D. Eby, J. Phys. 
Chem., 58, 1054 (1954).
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- 0 . 1 ,  + 1 .9 ,  + 1 .9 ,  + 1 .5 ,  - 2 .9 ,  + 0 .3 , - 1 . 4 ,  and - 0 .3 .  
T h e  result is kE =  0.038757 ±  5 X  1 0 " 6. In  a sim ilar 
fashion, th e ratio R n - v/ R e w as found to  be 0.34527 
±  0.00003, (average over six determ inations) w hence 
&n -f =  0.013382 ±  1 X  10 +  A d d in g  th e u n ce rta in ty  
in each of th e three operations w hich  lead to  th e valu e 
o f /fN-F, w e estim ate th a t  th e cell con stan t o f th e la tter  
is determ ined to ± 0 .0 5 %  and therefore exp ect the 
a ccu racy  to be no w orse th a n  0 .1 % .

T a b le  I gives th e conductance d a ta  for te tra b u ty l-  
am m onium  tetrap h en ylb orid e in eth ylen e dichloride 
a t 25°. I t  w ill be noted th a t  no d a ta  for concen tra
tions greater th an  7 X  10 -4  are included; here m  =  
0.16 for a =  7 X  10 -8. A t  a dielectric con stan t th is 
low, deviatio n s from  th e  fu n ction al form  of eq. 1 appear 
rath er sh a rp ly; va lu es o f A0 w hich are ob viou sly  in
correct appear, a long w ith  n ega tive  va lu es o f K a , 
when d a ta  points a t too  high concen tration  are in
cluded in th e im p u t to  th e  com puter, or else the 
program  refuses to converge.

T able  I : C on du ctan ce o f T etrabuty lam m om u m  
T etraph enylboride in E thylen e C hloride (Superscripts 
D esignate Series o f D eterm inations)

10‘ c A 104c

6 .6871* 3 2 .028 6 .3 1 0 0 d
3 .7 98 2 3 5 .37 4 4 .5001
2 .8040 37 .109 3 .1 20 6
2 .4 10 2 3 7 .93 6 1 .5653
2 .0253 38 .915 5.3960*
6.9390b 3 1 .6 5 8 4 .4 7 4 0
3 .6711 3 5 .439 3 .2 33 2
2 .5361 3 7 .54 3 2 .1 92 6
2 .0815 3 8 .59 7 1.2211
1 .7193 3 9 .59 6 4 .9 0 1 4 f
4.3380* 34.. 510 3 .2 4 1 2
3 .1097 3 6 .43 4 1 .5870
2 .2567 3 8 .21 5 5.5593*
1 .4468 4 0 .50 2 3 .8 81 8

2 .9101
1 .6093

A 10«c A

3 2 .303 5 .5 1 1 2 h 33 .023
3 4 .3 0 8 4 .3 0 0 4 34 .493
36 .441 3 .0 74 6 3 6 .42 7
4 0 .1 4 0 2 .0 7 7 4 3 8 .57 6
3 3 .1 9 2 1 .1629 4 1 .46 7
3 4 .29 3 6 .2 9 3 7 ’ 3 2 .24 3
3 6 .1 8 2 4 .6 25 0 3 4 .0 5 8
3 8 .33 6 3 .1 05 4 3 6 .37 7
4 1 .2 8 0 1 .7916 3 9 .36 8
3 3 .7 4 2 6 .2 3 7 D 32 .303
36 .151 4 .5 8 8 4 3 4 .11 2
3 9 .99 4 3 .2 56 2 3 6 .10 0
3 2 .98 6 2 .3601 3 7 .9 0 6
3 5 .0 9 4 1 .1578 4 1 .4 8 8
3 6 .73 9
3 9 .9 0 4

T h e d a ta  o f T a b le  I were an a lyzed  b y  th e I B M  709 
com puter in order to  obtain  th e con stan ts A 0, K a , 
and J . T h e  average values, w ith  stan dard  d ev ia 
tions, are: Ao =  49.77 ±  0.10, J  =  29,100 ±  230, 

and K a =  950 ±  40.
G iven  th e va lu es o f th e  constan ts, we m a y  now  use 

eq. 1  and observed resistances a t know n concen tra
tions in a given  cell in order to  ob tain  its constant. 
T h e  problem : “ given  c, to find A”  m ust be solved b y  
successive approxim ations, because y  and /  are related  

b y  the tran scen den tal equation

— In /  =
d « 7 Va

2
(5)

w hile c, f ,  and y  are related  b y  th e m ass action  equation. 
T h e  la tte r  can be solved for y  in term s o f th e variab le

m =  4 K acP

to  g ive

2 [ ( 1  +  m ) ‘A  -  1 ]
7  =  -----------------------------------

m

(6 )

(7)

so a va lu e  o f /  is needed to  com pute y  and vice versa. 
In  order to b reak th is cycle  o f interdependence, we set 
/  =  1 as zeroth  approxim ation  in eq. 6 , w hich  then 
b y  3q. 7 gives an in itia l va lu e  70. T h is  is used in eq. 5 
to  get the first approxim ation  to  /, w hich is n ext fed 
b ack  into eq. 6 . T h e  cycle  is continued un til ¡7 ,  — 
y n _ i| <  5 X  10~+ T h en  A is com puted , using eq. 1 
in th e form

A =  7 (A0 — S c /2y ' h  +  E c y  log c y  +  J c y )  (8)

T a b le  II  shows th e results o f th e  determ ination  of 
th e cell constan t o f th e N - F  cell b y  th is m ethod. Six 
series (T ab le  II)  o f determ in ations were m ade. D e v ia 
tions from  th e average va lu e  o f th e d a ta  w ith in  a given  
series show no system atic  p attern  com m on to  all 
series. T h e  first colum n gives the know n concentra-

T ab le  I I : C ell C on stant (Superscripts D esignate 
Series o f D eterm inations)

10*c R 100&N-F

2.8487* 1273.94 1 .3408
2 .1 04 0 1650.32 1 .3406
1 .5397 2164.67 1 .3398
3 . 5880b 1047.73 1.3391
2 .4089 1468.46 1 .3399
1 .5408 2162.14 1.3391
5 .9 5 2 5 ” 688 .81 1 .3392
4 .5 50 5 8 5 9 .5 8 1 .3389
3 .7 63 8 1007.80 1 .3406
2 .6911 1335.98 1 .3398
1 .6730 2013.52 1 .3403
5 . 9676d 6 8 8 .3 4 1.3411
4 .1 13 2 9 3 5 .6 9 1 .3402
3 .0 42 3 1204.63 1 .3403
1.9663 1749.41 1 .3403
1 .2257 2647.06 1 .3389
4 .1 9 9 6 ” 919 .50 1 .3399
2 .7103 1328.47 1 .3403
1 .9970 1726.69 1 .3408
1 .3006 2 511 .62 1 .3392
6 .0 6 7 1 ' 6 7 8 .9 0 1 .3408
4 .3 70 2 8 8 9 .2 8 1 .3395
3 .3649 1106.20 1.3397
2 .1184 1640.58 1 .3406
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tion  o f salt, and th e  second th e corrected  cell resistance. 
T h e  last colum n gives the individual values o f th e cell 
con stan ts, w hich average to  0.013400 ±  7 X  10 ~6. 
T h e  m axim um  d eviatio n  is 11 X  10 ~6.

In  our case, so lven t conductance w as n eglig ib ly  
sm all. T h e  m ethod m a y  still be used if a  correction, 
w hich  is not negligible, m ust be considered. In  this 
case, th e observed cell resistance R „  m easures the spe
cific con ductan ce aa o f th e sa lt plus th e  specific con d u ct
ance cr0 o f th e  so lv e n t; then

k/Rc =  (Ts +  (To (9)

F ro m  R m and  c, th e com puter calcu lates an apparen t 
cell con stan t Jc'

k ’ =  <reRco ( 1 0 )

I t  is ob viou s th a t

k' =  k — cr0R<» (11)

A  p lot o f th e  va lu es of k' against cell resistance, extrap o
lated  to  zero resistance, then  gives th e true con stan t k.

In  principle, th e m ethod can be extended to  cells 
w ith  con stan ts still low er th a n  0 .0 1 , because th e re
lia b ility  o f extrap olation  b y  eq. 1  to  low er concen tra
tions (and hence higher cell resistances) has been estab 
lished. A dsorp tion  on the electrodes, how ever, begins 
to be n oticeable below  a b ou t 10  ~ 4 N ,  and p reca u tio n s10 

to elim inate its effects m ust be taken . B riefly  de
scribed, one prepares a sm all am ount o f solution  of 
a b ou t th e desired concen tration  in a  P yrex  flask, uses 
it to rinse th e w alls o f the flask, and discards it. T h is  
operation  satu rates the adsorption  c a p a c ity  o f the 
glass w alls. T h en  a large b atch  of solution is m ade in 
th is flask; successive portions are added to  th e con d u ct
ance cell, m easured, and discarded, un til th e resistance 
for tw o  successive fillings agrees to the desired precision, 
sa y  0 .0 2 % .

T ab le  I I I : C on du ctan ce o f T etrabutylam m oniu m
T etraph enylboride in o-D ich lorobenzene

10 4c A 104c A

0 .24258 24 .943 1 .0447 19 .141
0 .41300 23 .092 1 .4977 17 .532
0 .8 96 3 7 20 .963 2 .6 76 7 14 .983
2 .2 03 6 15 .700 4 .0439 13 .252
3 .3275 14 .020 1 1 .570 9 .4 9 8
4 .7 72 6 12.604 16 .596 8 .4 5 9
7 .0 89 11 .152 2 3 .53 0 7 .561

11 .330 9 .6 0 7 36 .411 6 .5 9 3

T h e conductance o f tetra b u ty la m m o n iu m  te tra 
ph enylboride in 9-dichlorobenzene w as m easured in 
th e  N - F  cell whose calib ration  has ju st been described. 
T h e  d a ta  are sum m arized in T a b le  I I I . A p p roxim ate 
va lu es o f th e  constan ts are A 0 =  29.6 and A a =  8300; 
m ore d a ta  in th e  range below  10 _4 N  w ould be needed 
to  perm it a reliable extrapolation . T h is  system  is 
quite stable, and could also serve as a calib ratin g  system , 
because in th e range 0.0003 <  c <  0.003 it  provides a 
reproducible set of specific conductances in th e ap 
proxim ate range 4 X  10 6 <  a <  20 X  10 -6. Since 
the eq u iva len t conductance changes on ly slow ly  w ith  
concen tration  in th is range, em pirical in terpolation  
from  th e va lu es given  in T a b le  I I I  is re la tiv e ly  ea sy  
and precise. T h e association  constan t K a for te tra 
b utylam m on ium  tetraph en ylb oride in o-dichloroben- 
zene is ab ou t one order o f m agnitude greater th a n  in 
th e isodielectric so lven t eth ylen e dichloride. A  sim ilar 
difference w as fo u n d 11 for te trab u ty lam m on iu m  per
chlorate in these tw o so lven ts; K a  =  641 in th e  la tter  
and 9340 in th e form er.

(10) N. L. Cox, C. A. Kraus, and R. M . Fuoss, Trans. Faraday Soc., 
168, 749 (1935).

(11) Y. H. Inami, H. K. Bcdenseh, and J. B. Ramsey, J. Am. 
Chem. Soc., 83, 4745 (1961).
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E l e c t r o l y t e - S o l v e n t  I n t e r a c t i o n .  X I V .  T r i i s o p r o p a n o l a m i n e  

B o r a t e  w i t h  T r i i s o a m y l b u t y l a m m o n i u m  S a l t s 1

b y  T h o m a s  L .  F a b r y 2 3 4 5 a n d  R a y m o n d  M .  F u o s s

Contribution No. 1749 from the Sterling Chemistry Laboratory of 
Yale University, New Haven, Connecticut (.Received December 7, 1963)

T h e conductance of solutions of triisoam ylb u tylam m on iu m  tetrap h en ylb orid e, picrate, 
and iodide w as determ ined in m ixtures of aceton itrile and triisopropanolam ine borate in 
the dielectric range 36 <  D  <  61. In itia l addition  of the h igh ly  polar borate (m om ent,
8.0 D . in dioxane) decreases conductance due to short-range ion -dip ole interaction . T h e 
W alden  product then goes through a m inim um , conductance finally  increasing w ith  increas
ing D  as the long-range relaxation  effect predom inates.

E lectro static  forces betw een  th e ion s and the sol
v e n t dipoles o f an e lectro lytic  solution have tw o d if
ferent effects on the conductance. F irst, th e polari
zation  and relaxation  in th e volum e of th e so lven t as 
ions m ove through it  decreases conductance b y  adding 
to the w ork required to  m ove the ions. T h is effect3-5 

decreases w ith  increasing dielectric con stan t; hence in 
m ixtures of a polar and a nonpolar solvent, the lim iting 
conductance increases w ith  increasing content o f polar 
com ponent. T h is is a vo lu m e effect, in th a t it  is pro
duced b y  long-range in teraction  betw een  a g iven  ion and 
its entire d ielectric en vironm ent. A  second effect, w hich 
acts in  the opposite direction, has also been ob served .6 

A d d ition  of p-nitroaniline to  solutions of electrolytes 
in aceton itrile decreases conductance. Such a decrease 
w ould be expected  if ion -dip ole forces were so strong 
th a t ion -dip ole  pairs b eh aved  like  k inetic un its in their 
m otion in an  electric field. T h is  effect w as observed 
w hen th e p-nitroam line concen tration  w as in large 
excess over th a t of the electrolyte, b u t not high enough 
to increase the d ielectric con stan t significan tly. Solu
b ility  lim ited the concen tration  range w hich could be 
studied in the case of p-nitroaniline. Triisopropanol
am ine borate is h igh ly  polar and quite soluble in aceto
nitrile. W e therefore in vestigated  the conductance of 
several electrolytes in m ixtures o f the borate and aceto
nitrile in the range o f high dielectric constan ts (36 
<  D  <  6 1). T h e  W alden  p roduct goes th rough  a 
m inim um , d em on strating the com petition  betw een 
the short-range and long-range effects o f ion -dip ole 
forces.

E x p e r im e n t a l

M a teria ls. T riiso am ylb u tylam m on iu m  iodide, p ic
rate, and tetraph enylboride were prepared b y  D r. M . A . 
C c p la n .7 D ioxan e w as purified accordin g to L in d ’s 
procedure8 (b.p. 101.3°, d en sity  1.0280). A ceto 
nitrile (M atheson) w as refluxed o ver D rierite and then 
fraction ated ; solven t conductance, <x0 ~  3 X  10 -8. 
T h e  conductance increased on standing, so aceton itrile 
w as a lw a ys distilled ju st before use.

T riisopropanolam ine borate (T P A B )  as obtained 
from  th e U .S . B orax  R esearch  C orp. m elted a t 148- 
1 5 1 ° ;  literature va lu es9 are 15 3 -15 6 °. (T he m aterial 
is a m ixture of op tical isom ers; the m olecule contains 
three asym m etric  carbon atom s.) T h e  borate w as 
recrystallized  from  benzene (150 g./400 ml. o f h o t 
benzene) in  a drybox. On pum ping, the large tran s
paren t crysta ls  lost benzene of crysta lliza tio n  and 
becam e ch alk y  w hite, m .p. 15 4 -15 6 °. T P A B  can 
also be recrystallized  from  dioxane, b u t the product

(1) This paper is based on part of a thesis submitted by T. L. Fabry 
to *:he Graduate School of Yale University in September, 1963, in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy.
(2) D u  Pont Teaching Fellow, 1962-1963.
(3) R. M . Fuoss, Proc. Natl. Acad. Sci. U. S., 45, 807 (1959).

(4) R. H. Boyd, J. Chem. Phys., 35, 1281 (1961).

(5) R. Zwanzig, ibid., 38, 1603 (1963).
(6) A. D ’Aprano and R. M . Fuoss, J. Phys. Chem., 67, 1722 (1963).

(7) M . A. Coplan, Thesis, Yale University, 1963.
(8) J. E. Lind, Jr., and R. M . Fuoss, J. Phys. Chem., 65, 999 (1961).

(9) H  Steinberg and D. L. Hunter, Ind. Eng. Chem., 49, 174 (1957); 
J. Am. Chem. Soc., 82, 853 (1960).
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gra d u ally  turns yellow , p o ssib ly  due to in teraction  
w ith  th e peroxide w h ich  rap id ly  form s in  dioxane ex
posed to  a ir . 10

In  th e b orate  N ( C H 2 C H C H 3 0 ) 3B , w hich  has a 
“ tr y p ty c h  b oraxazo lid in e” 9 structure, there is a h igh ly  
polar tran san n ular N : B  bond. P u gh  and S to k e s11 

found for the m om ent, m easured in benzene, p =
6.69 ±  0.04 D . T rieth an o lam in e borate, m easured 12 

in  dioxane, g a v e  p =  8 .8  D . W e m easured dielectric 
constan ts, densities, and indices of refraction  of solu
tion s of T P A B  in dioxane; the d a ta  are show n in T a b le  
I. D ielectric  con stan ts were m easured a t 25.00° 
and 1 M e., using L in d ’s c e ll .8 R e fra ctiv e  indices were 
m easured a t 25.0°, using lig h t from  a sodium  lam p 
and a Spencer refractom eter. In  T a b le  I, / 2 is m ole 
fra ctio n  of b o ra te  in  th e  dioxan e solution. T h e  densities 
can be reproduced  b y  th e  e q u a tio n 13

p / po =  1 +  ( M c / 1 0 0 0 ) ( P o  -  V.) ( 1 )

w here vB =  0.890 for dioxane solutions and va =  
0.877 for aceton itrile  solutions of T P A B . W e ob tain  
p =  8.00 ±  0.04 D ., using G uggen h eim ’s m eth od 14 15 of 
trea tin g  th e d ata. In teractio n  betw een  dioxane and 
T P A B  enhances the m om ent o f the la tter; oth er in
stances of h igher m om ents being found in dioxane th an  
in benzene h ave been reported . 16-16

T a b le  I : Properties o f Tripropanolam ine B orate in D ioxane

10 Vi D P n %

0.00 2.207 1.02800 1.4203
7.01 2.72 1.02930 1.4208
8.61 2.86 1.02962 1.4210

11.32 3.11 1.03026 1.4216
13.97 3.35 1.03069 1.4218
15.20 3.49
17.87 3.78
20.30 4.05 1.03188 1.4219
23.76 4.48

C on du ctan ces of three e lectro lytes were m easured in 
various m ixtures of aceton itrile  and  T P A B  : the proper
ties of th e m ixtures are g iven  in  T a b le  I I  w here w  is 
w eigh t %  T P A B  in  th e m ixture. M eth od s and equip
m ent have been described8 earlier. A ll solutions were 
m ade up on a w eigh t basis, using the equation

c /m  =  po +  A m  (2)

where

A  =  (p — p0)/m — Afp0/1000 (3)
to relate m o la rity  c and m o la lity  m , for a solution  of

d en sity  p o f a  solute of m olecular w eigh t M  in  a  solven t 
of d en sity  po. T a b le  I I I  sum m arizes th e d en sity  
d a ta  and the A -v alu es for th e system s studied. C om 
position  of solven ts is given  b y  th e code num bers o f 
th e first colum n of T a b le  II . P reca u tio n s to exclu de 
m oisture w ere ta k en  since T P A B  is h ygroscop ic. A ll 
m easurem en ts were m ade a t 25.00°. T h e  con d u ctan ce 
d a ta  are sum m arized in T a b le  IV .

T ab le  II : Properties o f Solvents

No. W P 100t? D

1 0.0 0 .77681 0 .3 3 5 3 6 .01
2 10.71 .80460 .400 4 0 .6 0
3 11.01 .80549 .403 4 0 .6 7
4 2 0 .6 3 .83166 .477 4 6 .3 2
5 2 7 .1 4 .85027 .548 5 1 .3 0
6 3 3 .5 8 .86954 .641 5 6 .81
7 3 7 .4 0 .88180 .719 6 1 .2 4  .
8 4 5 .7 7 7 2 .9 5

T able  I I I :  D ensities o f  Salt Solutions in M ixtures

No. I03ri P — A

î-A m 3B u N I
3 18 .23 0 .80731 0 .2 3 2
5 19 .42 .85235 .242
7 2 4 .1 6 .88407 .228

¿-A m 3B u N P i
2 9 .5 7 0 .80582 0 .2 8 5
4 1 6 .05 .83351 .311
6 2 0 .9 6 .87161 .347

¿-A m 3B u N B P h 4
3 13 .12 0 .80549 0 .3 8 9
5 16 .98 .85158 .436
7 2 0 .8 0 .88321 .465

D is c u s s i o n

A n a lysis  o f the d a ta  ga v e  the constan ts A0 and J  o f 
the equation

(10) R. MacFarland and R. M . Fuoss, J. Am. Chem. Soc , 77, 2194 
(1955).

(11) J. M . Pugh and R. H. Stokes, Australian J. Chem., 16, 204 
(1963).

(12) H-C. Fu, T. Psarras, H. Weidmann, and H. K . Zimmermann, 
Ann., 641, 116 (1961).

(13) D. F-T. Tuan and R. M . Fuoss, J. Phys. Chem., 67, 1343 
(1963).

(14) E. A. Guggenheim, Trans. Faraday Soc., 47, 573 (1951).

(15) C. Curran and G. K . Estok, J. Am. Chem. Soc., 72, 4575 (1950).

(16) A. V. Few and J. W. Smith, J. Chem. Soc., 753, 2663 (1949).
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A =  A 0 -  S c A +  E 'c  In c +  Jc (4 )

w h ich  d e s cr ib e s  c o n d u c ta n c e  in  s o lv e n ts  o f  h ig h  d i
e le c tr ic  c o n s ta n t . H e re  th e  eb te r m  in  th e  r e la x a t io n  
f ie ld ,17 w h ich  g iv e s  a  c / 2 te r m  in  c o n d u c ta n c e , h as b e e n  
c o m b in e d  w ith  th e  lin ea r  te r m  b y  a p p ro x im a tin g  th e  
a c t iv it y  c o e ffic ie n t  /  =  e ~ T b y  u n ity . T h e  resu lts  are 
su m m a r iz e d  in  T a b le  V . V a lu e s  fo r  a ce to n itr ile  
( z e r o  %  T P A B )  are  in c lu d e d ; th e se  w ere  d e te rm in e d  
b y  C o p la n .7

T able  IV : C on du ctan ce in M ixtures

¿-ArmBuNI t-AmsBuNPi i-ArmBuNBPtu
10% A 10% A 10% A

D = 40.67 D = 40.60 D = 40.67

9 .4 6 2 126 .67 5 .9 7 2 108 .73 10 .633 8 9 .4 4
17.811 123 .80 1 0 .59 0 106 .83 19 .833 8 7 .0 7
2 5 .8 1 8 121 .67 16 .377 104 .97 2 8 .94 6 8 5 .2 5

'3 5 .0 4 0 119 .63 24 .411 103 .07 4 0 .2 9 2 83 .51
4 5 .42 3 117.71 2 9 .3 9 3 101 .89 5 1 .41 5 8 2 .0 9

D = 51.30 D = 46.32 D = 51.30

17 .722 9 1 .8 8 1 5 .7 6 8 8 8 .5 4 2 2 .8 2 6 6 3 .1 3
3 4 .34 3 8 9 .3 5 3 0 .1 4 7 8 6 .0 3 3 5 .1 9 6 6 1 .7 3
5 0 .47 2 8 7 .4 9 51 651 8 3 .3 5 5 2 .50 4 6 0 .21
6 6 .2 5 8 5 .9 4 6 4 .92 2 8 2 .11 6 6 .94 5 5 9 .1 6
8 5 .2 6 8 4 .3 8 7 9 .1 7 4 8 0 .8 3 8 4 .9 4 4 5 8 .0 5

D = 61.24 D = 56.81 D = 61.24

2 1 .34 8 7 1 .1 5 3 3 .3 0 65 .31 2 4 .7 0 48 .31
4 1 .9 4 8 6 9 .2 3 6 6 .0 9 6 2 .7 0 4 5 .8 2 4 6 .8 2
6 2 .52 4 6 7 .8 0 9 8 .6 5 6 0 .8 6 6 8 .9 9 4 5 .5 7
8 3 .3 9 6 6 .5 8 125 .03 5 9 .5 9 93 .01 4 4 .5 3

103 .15 6 5 .5 3 147 .49 58 60 116 .19 4 3 .6 8

T ab le  V : C onstants o f C on du ctan ce  E quation

D Ao J

i-A n n B u N I

3 6 .01 160 .68  ±  0 .0 0 1440 ±  2
4 0 .6 7 1 3 5 .0 4  ±  0 .0 5 987 ±  15
5 1 .3 0 9 8 .8 1  ±  0 .0 3 319 ±  6
6 1 .2 4 7 6 .1 8  ±  0 .0 3 131 ±  4

¿-A m 3B u N P i

36 .01 135 .70  ±  0 .0 1 1550 ±  7
4 0 .6 0 1 1 5 .0 0  ±  0 .0 7 1009 ±  35
4 6 .3 2 9 6 .0 6  ±  0 .0 6 572 ±  11
56 .81 7 2 .3 3  ±  0 .0 4 193 ±  4

i-Am .iBuNBI-’h,

3 6 .01 1 1 6 .2 6  ±  0 .0 2 1678 ±  12
4 0 .67 9 7 .1 0  dt 0 .0 5 970 ±  14
5 1 .3 0 6 9 .9 0  ±  0 .0 3 370 ±  6
6 1 .24 5 3 .0 8  ±  0 .0 3 168 ±  4

Figure 1. D ependence o f W alden  products 
A0j7 on solvent com position .

T h e  e f fe c t  o f  a d d in g  th e  h ig h ly  p o la r  a m in e  b o r a te  
is sh o w n  in  F ig . 1, w h ere  th e  W a ld e n  p r o d u c ts  are  
p lo t te d  a g a in st c o m p o s it io n  o f  s o lv e n t . T h e  p r o d u c t  
d ecrea ses  in it ia lly  fo r  a ll th re e  sa lts , sh o w in g  th a t  
a d d it io n  o f  T P A B  d ecrea ses  th e  m o b il i ty  o f  th e  ion s , 
ju s t  as w a s  o b s e rv e d  o n  th e  a d d it io n  o f  p -n itr o a n ilin e .6 
A s  th e  c o n t e n t  o f  b o r a te  is in cre a se d , h o w e v e r , th e  
A or?- w c u r v e  g o e s  th r o u g h  a  m in im u m  a n d  th e  W a ld e n  
p r o d u c ts  in crea se  in  th e  ra n g e  o f  h ig h er  d ie le c tr ic  
co n s ta n ts . T w o  e ffe c ts  are  c le a r ly  in v o lv e d . A s  th e  
d ie le c tr ic  c o n s ta n t  in creases, sh o r t-ra n g e  i c n -d ip o le  
in te r a c t io n  is d e crea sed , a n d  h e n ce  th e  in it ia l d e cre a se  
in  m o b il i ty  w h ich  w a s a scr ib e d  t o  d ip o le  s o lv a t io n  
d isa p p ea rs . T h e n  th e  lo n g -ra n g e  re la x a t io n  e f fe c t 3 
p r o d u c e d  b y  th e  m o t io n  o f  io n s  in  a  p o la r iz a b le  d i
e le c tr ic  ta k e s  c o n t r o l ,  a n d  th e  W a ld e n  p r o d u c t  in crea ses  
w ith  in cre a s in g  d ie le c tr ic  c o n s ta n t  as  e x p e c te d  fr o m  th e  
re la t io n

Aov  =  (fFe/18007r)2i_1,2i : j- 1(l +  A J D R ^  (5)

w h e re  R i  is  th e  h y d r o d y n a m ic  ra d iu s  o f  th e  c a t io n  a n d  
R i  th a t  o f  th e  a n ion . A s  D  in crea ses , th e  d e n o m in a to rs  
in  (5 ) d ecrea se , a n d  h en ce  th e  su m  o f  th e  tw o  te rm s  
in crea ses .

T h e  sh ift  o f  th e  m in im a  in  F ig . 1 t o w a r d  h ig h e r  
d ie le c tr ic  o f  th e  a n io n  is  as e x p e c te d . T h e  sm a ll ion s  
h a v e  la rg e  s lo p e s  o n  a n  R - D ~ x p lo t 3 in  a p r o t o n ic  so l-

(17) R. M. Fuoss and L. Onsager, J. Phys. Chem., 67, 621 (1963).
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0  1 0 0 /D 2 3
Figure 2. D ependence o f Stokes radii on  dielectric constant.

ven ts and therefore the long-range relaxation  effect 
w ill dom inate the short-range so lvatio n  a t a lower 
valu e of dielectric constant. A s seen in F ig. 1, the 
m inim um  com es a t abou t 2 0 %  b orate  for th e iodide 
(top curve), and appears around 4 0 %  for th e tetra- 
phenylboride, w ith  th e p icrate  interm ediate.

I t  has been show n 7 th a t th e single ion conductances 
of th e tw o ions t-A m 3B u N  + and B P h 4' are equal w ith in  
1 %  in m ethanol. I f  we assum e them  eq u al in th e 
present m ixtures, then  h alvin g th e lim itin g con
ductan ce o f i-A m 3B u N B P h 4 g ives A ofB P h/) =  
\o(Bu4N + ) =  A0/2 as a fun ction  of com position, and 
then  th e single ion conductances of th e iodide and 
picrate in th e m ixtures becom e know n. F rom  these, 
the Stokes radii of the anions can  b e calcu lated  from  
the equation

£ b± =  0.8194 X  lO -y X o ^  (6)

T h eir dependence on dielectric con stan t is show n in 
F ig. 2; in our range o f dielectric constan ts (36 <  D  
<  61), R  goes through a  m axim um . T h e  dashed 
extrapolations to D  =  are draw n to  term in ate a t th e 
values o f R ,  found for the anions in n itrob en zen e- 
carbon tetrachloride m ixtu res . 18’ 19 I t  is ev id en t th a t 
the sphere-in-continuum  m odel fails com pletely  to 
describe these system s h yd ro d yn am ically ; on the 
other hand, the va riatio n  of th e S tokes radius w ith  
com position of the solven t can  be rationalized  if  both  
short- and long-range effects o f ion -dipole forces are 
considered.

(18) R. M . Fuoss and E. Hirsch, J. Am. Chem. Soc., 82, 1013 (1960).

(19) E. Hirsch and R. M . Fuoss, ibid., 82, 1018 (1960).
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O s m o t i c  a n d  A c t i v i t y  C o e f f i c i e n t s  f o r  t h e  S y m m e t r i c a l  T e t r a a l k y l  

A m m o n i u m  H a l i d e s  i n  A q u e o u s  S o l u t i o n  a t  2 5 o l

b y  S .  L in d e n b a u m  a n d  G .  E . B o y d

Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee (Received November 26, 196S)

T h e  sym m etrica l te tra a lk y l am m onium  halides h ave been em ployed in a s tu d y  of th e  
effect o f cation  size on electro lyte  beh avior in aqueous solution. O sm otic and  a c t iv ity  
coefficients were m easured b y  th e gravim etric  isopiestic va p o r pressure techn ique for 
te tram eth yl-, te tra eth yl-, tetrap rop yl-, and te trab u ty lam m on iu m  chlorides, brom ides, 
and iodides. F o r concen trations below  1 m , th e osm otic coefficients for th e chlorides 
increased w ith  the size o f the catio n : B u 4N  + >  P r4N + >  E t4N  + >  M e 4N + . T h e  brom ides 
and iodides, how ever, showed the reverse order. A t  higher concentrations, th e osm otic 
coefficients o f th e  larger cation  salts decreased sh arp ly  and some o f th e sequences were 
reversed. T h e  dependence o f the osm otic and a c t iv ity  coefficients on cation  size and con
cen tration  is explained as the result of three effects. T h e  order for th e chlorides in d ilute 
solution  is due to th e a b ility  of large organic cation s to  enforce th e w a ter structure, and the 
m ore carbon  atom s on an ion, the larger th is effect w ill be. H ow ever, w ith  th e brom ides 
and iodides, “ w a ter structure-enforced ion pairin g”  overshadow s th e “ stru ctu re m a kin g” 
a b ility  o f th e cations, causin g an opposite order in the osm otic coefficients. A t  higher 
concen trations th e  te tra b u ty l salts form  m icelles, and hence a sharp low ering of th e osm otic 
coefficient is observed.

I n t r o d u c t i o n

T h e sym m etrical te tra a lk y l am m onium  halides 
form  a  useful hom ologous series for th e s tu d y  of the 
effect of cation  size on th e equilibrium  and tran sp o rt 
properties o f aqueous e lectro ly te  solutions. M e as
urem ents of th e osm otic coefficients o f d ilu te  solutions 
on some of th ese salts a t  th e freezin g poin t w ere first 
reported b y  E b e rt and L a n g e 2 in 1928 and b y  L a n g e 3 

in 1934. T h e  osm otic coefficients of th e chloride salts 
showed a  b eh avior ch aracteristic  of stron g 1 - 1  e lectro
lytes. T h e  va lu es  for th e iodides, how ever, fell below  
the lim iting law  prediction, suggesting th a t  stron g ion 
association  occurred even  in d ilu te  solution.

In terest has been stim u lated  recen tly  b y  th e paper of 
D ev an ath an  and F ern an d o 4 5 w hich reports a c t iv ity  
coefficient va lu es for te tra a lk y l am m onium  iodides 
derived from  m easurem ents of cells w ith  liquid ju n c
tions. E xtre m e ly  h igh  coefficients {e.g ., / r ,n i  =  13.5 
for 1 N  E t 4N I) w ere found. S to k es6 has suggested  
th a t these results are unreasonable and in d isagree
m ent w ith  those o f Lange. Soon afterw ard , how ever,

a paper b y  F ra n k 6 appeared in w hich  th e cell m easure
m ents are reported to  h ave been confirm ed, b u t th e y  
are interpreted  to  y ield  the ratio  of iodide single ion 
a c t iv ity  coefficients betw een R 4N I and K I  in aqueous 
solutions.

V e ry  recently, B ow er and R obin son 7 h ave published 
a c t iv ity  coefficients for tetraeth ylam m on iu m  iodide 
solutions a t 2 5° w hich w ere d erived  from  m easurem ents 
em p lo yin g the isopiestic vap o r pressure com parison 
technique. V alu es for the osm otic and a c t iv ity  coef
ficients in good agreem ent w ith  th e freezin g p o in t d ata

(1) Presented before the Division of Colloid Chemistry, 145th 
National Meeting, American Chemical Society, New York, N. Y., 
September 8-13, 1963; see Abstract 17, p. 71.

(2) L. Ebert and J. Lange. Z. physik. Chem., 139A, 584 (1928).

(3) J. Lange, ibid., 168A, 147 (1934).

(4) M . A. V. Devanathan and M . J. Fernando, Trans. Faraday Soc., 
58, 784 (1962).

(5) R. H. Stokes, ibid., 59, 761 (1963).

(6) H. S. Frank, J. Phys. Chem.. 67, 1554 (1963).
(7) V. E. Bower and R. A. Robinson, Trans. Faraday Soc., 59, 1717 
(1963).
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T ab le  I : M olalities o f Isop iestic Solutions

Salt“ (CH.).NCl (C2Hs)<NC1 (C»H7)4NC1 (C,H,),NC1 (CHaBNBr (CXHshNBr (CiHv).NBr (CiHdBNBr

0.2350 0.2446 0.2498
0.2470 0.2556 0.2645
0.4523 0.4780 0.4715 0.4625 0.5270 0.5404 0.5504
0.4709 0.4983 0.4911 0.4810 0.5516 0.5646 0.5759
0.5042 0.5377 0.5683
0.5059 0.5379 0.5684
0.7183 0.7674 0.7421
0.7197 0.7668 0.7421 0.7251 0.8775 0.8869 0.9245
1.018 1.107 1.219
1.039 1.125 1.243
1.050 1.116 1.005 1.040 1.320 1.298 1.446
1.092 1.162 1.091 1.077 1.376 1.344 1.517
1.105 1.167
1.274 1.390 1.541
1.343 1.424 1.317 1.319 1.720 1.646 2.008
1.348 1.455 1.630
1.516 1.597 1.459 1.487 1.945 1.836 2.381
1.668 1.800 2.049
2.201 2.269 2.010 2.238 2.818 2.585 4.306
2.255 2.311 2.045 2.296 2.875 2.633 4.397 ‘
2.358 2.544 2.972
2.530 2.724 3.201
2.641 2.842 3.353
2.867 2.864 2.491 3.074 3.588 3.265 6.258
2.924 2.924 2.533 3.154 3.654 3.324 6.454
3.128 3.363 4.014
4.174 4.001 3.483 5.143 5.062 4.753 9.417
4.227 4.042 3.529 5.238 5.111 4.834 9.893
6.135 5.605 5.119 8.355 7.140 7.464 14.36
6.138 5.613 5.121 8.341 7.148 7.454 14.37

A 2.694
B 3.498
C 4.562 5.585
D 5.392
E 6.788 5.601 5.136 8.386 7.172 7.465 14.25
F 5.681 5.226 8.519 7.272 7.597 14.53
G 6.335 6.008 9.77 8.145 8.964 16.29
H 9.955 7.911 8.138 12.70 10.31 21.02
I 9.471 10.55 15.61 12.65 26.39
J 14.594 13.29
K 14.853 13.57
L 19.060 18.66

“ P ertinent data are given  for salts ( A -L )  other than N aC l. A : satd. K N 0 3, = 0.9248; B : satd. B aC l2-2H 20 , a„ =  0.9019
C : satd. KOI, a„ == 0.8426; D : satd. K B r, a w = 0.8071; E : satd. N aC l, a„ = 0.7528; F : 4.4182 m H 2S 0 4, aw = 0.7484; G : satd .
SrCl2-6H 20 ,  a* = 0.7083; H: satd. NH4NO3, a w = 0.618; I : satd. M g (N 0 3)2-6H 20 ,  aw = 0.5286; J: 8.526 m H2S04, aw = 0.4472;
K : 8.647 m H 2S 0 4, a ,  =  0 .4397; L : satd. M g C l2-6H 20 ,  o w = 0.3300.

o f  L a n g e 3 w ere  fo u n d , c o n s id e r in g  th e  te m p e ra tu re  d if 
fe re n ce  b e tw e e n  th e  tw o  se ts  o f  m e a su re m e n ts . B o w e r  
a n d  R o b in s o n  a lso  w e re  a b le  t o  r e p ro d u c e  th e  v e r y  
h igh  p o te n t ia ls  fo r  th e  ce lls  u se d  b y  D e v a n a th a n  
a n d  F e r n a n d o ,4 b u t  th e y  su g g e s t  th a t  th e  in te r p r e ta t io n  
o f  th e  ce ll r e a c t io n  b y  th e  la t te r  w a s  in co r r e c t .

E x p e r im e n t a l

Materials. T h e  te t ra a lk y l a m m o n iu m  h a lid es  e m 
p lo y e d  in  th is  re se a rch  w e re  o b t a in e d  fr o m  M a th e s o n

C o le m a n  a n d  B e ll, E a s t  R u th e r fo r d ,  N . J . ; E a s tm a n  

O rg a n ic  C h e m ica ls , R o c h e s te r , N . Y . ; a n d  K  & K  

L a b o ra to r ie s , J a m a ica , N . Y .  I n  th o s e  ca se s  f o r  w h ich  

o n ly  th e  io d id e  sa lt  w a s a v a ila b le , th e  c h lo r id e  a n d  

b r o m id e  sa lts  w e re  p re p a re d  as fo llo w s . A  so lu t io n  o f  

th e  io d id e  sa lt  in  m e th a n o l w a s  tr e a te d  w ith  e x ce s s  

s ilv e r  h y d r o x id e  a n d  filte red . T h e  filtra te  w a s  n e u 
tra lize d  w ith  H C 1 o r  H B r ,  th e  s o lv e n t  w a s  b o i le d  o f f ,  

a n d  th e  sa lt  d r ie d  in vacuo. A l l  sa lts  w e re  re c r y s ta lliz e d
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from  suitable solven ts follow ing th e w ork  of K ra u s  and 
o th ers8-16; th e ir  p u rity , w hich  w as confirm ed b y  
halide analyses, showed th a t  a ll sa lts w ere a t least 9 9.4 %  
pure.

Iso p iestic  V a p or  P ressu re  C om p a rison s. O sm otic 
coefficients were determ ined b y  th e  gravim etric  iso
piestic  va p o r pressure m ethod of R obin son  and Sin 
c la ir . 17-19 A  special ap p aratu s w as constructed  from  
a “ lo w ”  form  P y re x  vacu u m  desiccator w hich w as 
equipped w ith  a m echanism  for th e  rem ote closure of 
the sam ple dishes. T h e  dishes w ere m ade of silver 
and w ere gold-plated. T h e y  rested  in depressions in a 
gold-plated  copper b lock. T h e  gold p la tin g  w as essen
tia l because som e of th e solutions m easured were 
severely  corrosive to  silver.

D u p licate  sam ples of th e d ry  salts w ere w eighed into 
th e tared  dishes and dissolved  in a m inim um  of added 
w ater. T w o  dishes contain ed  sodium  chloride reference 
solutions; a t  th e  low er w a ter a ctiv itie s  w here these 
Were satu rated , su lfuric acid  w as used. In  a depression 
in th e  cen ter of th e copper b lo ck  w as a large go ld-p lated  
silver dish w hich contained eith er a sa tu rated  solution 
of know n  va p o r p ressu re18 or, a t  th e  high er w a ter  ac
tiv ities, a solution  of sodium  chloride.

T h e  en tire u n it w as im m ersed in  a 625-1. constan t- 
tem perature w a ter b a th  held a t  25.000 ±  0.005° and 
evacu ated  w ith  an aspirator. T h e  u n it w as rocked 
g e n tly  w hile bein g e v a cu a ted  and durin g th e entire 
va p o r equilib ration  period. T h e  dishes w ere a lw ays 
covered before a d m ittin g  air into th e u n it and rem ovin g 
it  from  th e  b ath . C h an g es in th e com position  of the 
solutions th e re b y  w ere avoid ed  durin g th e  tim e required 
for rem ovin g th e u n it from  th e b a th  and w eighin g the 
sam ple dishes. T h e  dishes w ere w eighed a t  in tervals 
v a ry in g  from  3 d a ys  to  2 w eeks (depending on th e tim e 
found n ecessary to  reach equilibriu m ). E quilibrium  
w as assum ed to  h ave been atta in ed  if th e  solutions in 
du plicate dishes a rrived  a t  th e sam e m o la lity  (w ithin  
0 .5 % ) and if th e  m olalities of th e tw o reference solu
tions agreed w ith  th e w a ter a c t iv ity  of th e satu rated  
solution in th e large cen ter dish. E qu ilibriu m  w as ap 
proached a ltern a te ly  from  higher and low er w a ter  ac
tiv ities. T h e  equilibrium  isopiestic m olalities ob
tained are g iven  in T a b les  I and II . M easu rem ents 
were carried ou t to  th e so lu b ility  lim it of each salt; 
th e h igh est va lu es of th e m olalities listed  in each case 
are therefore approxim ate m easures o f th e solubilities.

R e s u l t s  a n d  D i s c u s s i o n

O sm otic coefficients w ere e v alu a ted  from  th e equation  

vm<f> =  vrm ^>T ( 1 )

where v is th e n um ber of ions ( =  2 ), m is th e m ola lity  of

q u ate rn ary  am m onium  salt, 4> is th e osm otic coefficient 
(m olal scale) o f th e q u ate rn ary  am m onium  salt, mr 
is th e m o la lity  of th e reference e lectro ly te  (N a C l), and 
4>t is the osm otic coefficient of th e reference electro lyte .

T h e  required <pT- v alues w ere interpolated  from  the 
tables of R obinson and S to k e s . 19 F o r  w a te r  a ctiv ities  
low er than th a t of sa tu rated  N a C l, eq. 2  w as used

vm<j> =  — 55.51 In a w (2)

T ab le  II : M olalities o f  Isop iestic Solutions

N a C l ( C H 3) ,N I (C 2H B) ,N I (C sH v U N I

0 . 0 6 8 8 0 . 0 7 2 2 0 . 0 7 4 2

.0 7 4 8 . 0 8 0 7 0 . 0 8 3 0

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

.1 1 8 7 . 1 2 6 2 . 1 3 0 8

.1 3 9 3 . 1 4 9 8 . 1 5 6 5

.1 5 4 9 . 1 7 6 6 . 1 8 8 4

.1 6 0 3 . 1 8 3 2 . 1 9 4 1

.1 7 0 1 . 1 8 5 4 . 1 9 4 6 . 2 0 9 0

. 1 9 7 8 . 2 1 6 8 . 2 3 0 1 . 2 4 9 5

.2 0 9 2 . 2 3 1 4 . 2 4 6 7 . 2 7 0 6

.2 6 0 5 . 3 1 6 6 . 3 5 7 7

. 2 6 2 1 . 3 2 1 4 . 3 6 5 3

. 2 9 1 3 . 3 6 3 8 . 4 1 8 3

. 3 3 0 7 . 4 2 2 2 . 5 0 7 5

. 4 2 3 0 . 5 7 3 5

. 5 2 9 7 . 7 6 9 5

. 8 4 3 3 1 . 4 4 0

1 . 0 4 1 1 . 9 1 0

1 . 0 4 8 1 . 9 2 7

T a b les of a w (w ater a c t iv ity  a t 25°) for various sa tu 
rated aqueous solutions are a va ila b le  in th e litera 
tu re . 18-19 M ean  m olal a c t iv ity  coefficients, 7 , w ere 
ca lcu lated  from  th e osm otic coefficients w ith  th e 
G ib b s-D u h em  equation  (eq. 3).

(8) L. M . Tucker and C. A. Kraus. J. Am. Chem. Soc., 69, 454 
(1947).

(9) W. E. Thompson and C. A. Kraus, ibid., 69, 1016 (1947).

(10) E. G. Taylor and C. A. Kraus, ibid.. 69, 1731 (1947).
(11) C. R. Witschonke and C. A. Kraus, ibid., 69, 2472 (1947).

(12) W  F, Luder and C. A. Kraus, ibid., 69, 2481 (1947),
(13) M . B. Reynolds and C. A. Kraus, ibid., 70, 1709 (1948).

(14) A. K . R. Unni, L. Elias, and H. I. Schiff, J. Phys. Chem., 67, 
1216 (1963).
(15) S. C. Blum  and H. I. Schiff, ibid., 67, 1220 (1963).

(16) R. L. Kay, S. C. Blum, and H. I. Schiff, ibid., 67, 1223 (1963).
(17) R. A. Robinson and D. A. Sinclair. J. Am. Chem. Soc.. 56, 
1830 (1934).
(18) R. H. Stokes and R. A. Robinson. Ind. Eng. Chem., 41, 2013 
(1949).

(19) R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 
2nd Ed., Academic Press, New York, N. Y., 1959.
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T ab le  III : O sm otic and A ctiv ity  C oefficients o f T etraa lkyl A m m onium  C hlorides

--------(CHANCI -(C2H1),NC1 (C,H,).NC1------------ .----------- (C,H9),NC1
771 <t> y <t> y y <t> 7

0 .1 0 .9 1 4 0 .7 4 6 0 .9 1 3 0 .7 5 0 0 .9 1 7 0 .7 53 0 .9 1 8 0 .7 5 2
0 .2 .892 .683 .901 .688 .896 .694 .904 .701
0 .3 .880 .644 .880 .647 .886 .655 .898 .670
0 .4 .872 .617 .874 .620 .882 .633 .899 .650
0 .5 .867 .597 .870 .600 .883 .615 902 .637
0 .6 .863 .580 .868 .586 .887 .604 .907 .629
0 .7 .861 .566 .868 .574 .894 .598 .914 .626
0 .8 .860 .556 .870 .565 .902 .595 .922 .625
0 .9 .860 .546 .872 .557 .913 .596 .932 .625
1 .0 .862 .539 .875 .554 .926 .598 .943 .627
1 .2 .865 .527 .891 .549 .954 .610 .963 .629
1 .4 .871 .520 .907 .548 .986 .627 .975 .638
1 .6 .879 .516 .922 .549 1 .023 .648 .978 .639
1 .8 .888 .514 .937 .551 1 .059 .673 .980 .640
2 .0 .898 .514 .951 .554 1 .095 .702 .982 .640
2 .5 .926 .516 .993 .568 1.181 .797 .980 .636
3 .0 .957 .525 1 .047 .600 1 .264 .918 .972 .627
3 .5 .989 .542 1.108 .650 1.346 1 .043 .957 .614
4 .0 1 .023 .564 1.172 .710 1 .426 1.171 .936 .597
4 .5 1 .054 .588 1.239 .777 1 .489 1.303 .920 .583
5 .0 1 .084 .610 1.308 .865 1 .533 1 .435 .913 .574
5 .5 1 .112 .632 1.379 .966 1 .567 1 .569 .910 .568
6 .0 1 .138 .654 1.453 1.073 1.593 1.703 .911 .564
7 .0 1 .1 90 .705 1.596 1 .410 1.631 1 .950 .920 .562
8 .0 1 .238 .762 1 .722 1.742 1 .653 2 .1 7 0 .932 .564
9 .0 1 .280 .822 1.818 1 .985 1 .666 2 .3 73 .958 .574

10 .0 1.321 .885 1.673 2 .5 6 4 .985 .587
1 1 .0 1.361 .952 1 .676 2 .7 47 1.013 .603
1 2 .0 1 400 1.022 1 .679 2 .9 23 1 .042 .621
1 3 .0 1 .435 1.094 1 .680 3 .1 0 0 1 .0 68 .644
14 .0 1 .469 1 .170 1 .678 3 .2 53 1 .096 .667
15 .0 1.501 1 .250 1 .674 3.391 1 .123 .688
16 .0 1 .532 1 .332 1 .668 3 .5 1 8
1 7 .0 1 .562 1 .418 1.661 3 .6 33
18 .0 1.591 1 .5 06 1 .654 3 .7 4 5
19 .0 1 .617 1 .596

— In 7 = 1 — <#> +  2 J*0v/m [(1  — < p ) / \ / m \  d  y / m

(3)
T h e in tegral in th e right-hand m em ber of eq. 3 w as 
ev alu a ted  graphically. G rap h s of th e osm otic and 
a c t iv ity  coefficients w ere draw n from  th e experim ental 
d a ta  in T a b les  I  and II , and these w ere em ployed to 
prepare T a b les  I I I ,  IY , and V .

C om p u ter m eth ods20 were n ot used to  calcu late  the 
osm otic and a c t iv ity  coefficients from  th e isopiestic 
m olalities, because no single expression w ould  ade
q u a te ly  fit the w idely d ivergen t b ehavior exhibited 
b y  th e series of sa lts studied.

T h e  calculation  of the a c t iv ity  coefficients w ith  eq. 
3 in volves an extrapolation  to infinite d ilution. Since 
th e n ature of th is extrapolation  is n ot know n exa ctly ,

the 7 -va lu es reported m ay be su b ject to  a sm all con stan t 
correction (applied to  log 7 ) w hen d a ta  on m ore d ilu te  
solutions becom e availab le. T h e  error introduced b y  
this u n certa in ty, how ever, is n ot exp ected  to  be greater 
than  0.010 in the a c t iv ity  coefficient. T h e  a c t iv ity  
coefficients for te traeth ylam m on iu m  iodide (T a b le
V) are in good agreem ent w ith  those reported b y  B ow er 
and R obinson. T h e  concen tration  dependence of th e 
a c t iv ity  coefficients is shown in F ig . 1 for th e  chloride 
and brom ide salts. T h e  osm otic coefficients of th e 
iodide salts are com pared w ith  those of E b e rt and 
L an ge and B ow er and R obinson in F ig. 2.

In  th e d ilute solutions the coefficients for th e chlo
rides increase w ith  cation  size, w hile for th e  brom ides

(20) M . H. Lietzke and R. W. Stoughton, J. Phys. Chem., 66, 508 
(1962).
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Table IV  : O sm otic and A ctiv ity  C oefficients o f T etraalkyl A m m onium  B rom ides

---------- (CHsLNBr- ------- (CîHtLNBr- ---------- (C3H7)4NBr- ------ (CiHiLNBr
m 0 7 0 7 0 7 0 7

0 .1 0 .9 1 0 0 .7 4 6 0 .8 9 2 0 .7 1 6 0 .8 8 6 0 .7 0 8 0 .8 8 9 0 .7 1 4
0 .2 .879 .672 .855 .631 .842 .620 .843 .620
0 .3 .857 .624 .828 .575 .813 .560 .808 .558
0 .4 .840 .587 .807 .536 .791 .517 .782 .513
0 .5 .826 .558 .793 .505 .776 .486 .763 .478
0 .6 .815 .533 .781 .479 .765 .461 .751 .452
0 .7 .806 .513 .772 .458 .757 .441 .743 .431
0 .8 .799 .497 .764 .441 .752 .424 .734 .413
0 .9 .794 .483 .758 .427 .749 .411 .726 .397
1 .0 .790 .471 .753 .414 .749 .400 .718 .384
1 .2 .786 .450 .748 .393 .754 .383 .702 .357
1 .4 .784 .435 .746 .377 .763 .373 .686 .335
1 .6 .785 .423 .746 .364 .775 .366 .671 .316
1 .8 .787 .413 .748 .354 .789 .362 .655 .299
2 .0 .789 .406 .751 .346 .805 .360 .640 .284
2 .5 .796 .391 .764 .335 .843 .360 .602 .251
3 .0 .803 .381 .786 .331 .881 .366 .570 .226
3 .5 .811 .372 .818 .330 .917 .373 .541 .205
4 .0 .820 .365 .856 .332 .952 .382 .520 .188
4 .5 .831 .360 .898 .338 .984 .393 .504 .177
5 .0 .840 .354 .938 .348 1 .0 10 .403 .492 .166
5 .5 .842 .349 .976 .362 1 .026 .410 .482 .156
6 .0 1 .014 .377 1 .038 .416 .476 .148
7 .0 1 .087 .411 1 .052 .425 .473 .134
8 .0 1 .159 .449 1 .062 .432 .476 .125
9 .0 1 .225 .490 1 .069 .439 .484 .120

10 .0 1 .284 .534 .499 .116
11 .0 1 .3 34 .576 .514 .112
12 .0 1 .373 .619 .528 .109
13 .0 .541 .106
1 4 .0 .552 .104
15 .0 .563 .102
17 .0 .584 .098
19 .0 .608 .096
2 1 .0 .630 .095
2 3 .0 .650 .094
2 5 .0 .665 .093
2 7 .0 .672 :091

a decrease w ith  increasing size occurs. A t  high er con
cen tration s th e  order for th e chlorides rem ains th e sam e 
excep t for te tra b u ty la m m o n iu m  chloride, for w hich  th e 
a c t iv ity  coefficient cu rve rises to  a m axim um  and crosses 
a ll the others. N o  discernible p a ttern  appears to 
ex ist for th e  brom ide cu rve  crossovers. T h e  iodide 
osm otic coefficients, F ig. 2, are in th e  sam e sequence 
as the brom ides in d ilute solution, and th is order is 
m aintained th rou gh ou t th e  con cen tration  range

T h e  b eh avior of th e chlorides in  d ilute solution  is 
readily  understood in term s of theories of th e effect of 
large u n h yd rated  ions on w a ter  structure. T h e  de
crease in en tro p y  on dissolvin g a hydrocarb on  in w a ter 
has been in terpreted  b y  F ra n k  and E v a n s 21 as in d icat
ing a  tigh ten in g of th e w a ter stru ctu re around the

m olecule. B y  a n a lo gy  it  is to  be exp ected  th a t  th e 
large, nonpolar q u atern ary  am m onium  ions w ill en
force th e stru ctu re o f w a ter  around them selves. T h e 
m ore carbon atom s surrounding th e  nitrogen, th e m ore 
h ydroph ob ic these ions w ill be, th e m ore th e  w a ter 
stru ctu re w ill b e enforced, and th e  greater th e  free 
en ergy  o f th e ion. Therefore, th e larger th e cation  th e 
larger th e a c t iv ity  coefficient, and  th is is ob served  w ith  
th e  chlorides in d ilu te  so lu tio n .22 T h e  order of th e 
iodide salts is the opposite and, therefore, som e oth er

(21) H. S. Frank and M . W. Evans, J. Chem. Phys., 13, 507 (1945).

(22) An analogous regularity may be observed in the osmotic and 
activity coefficients for the sodium salts of the fatty acids; see
E. R. B. Sm ith and R. A. Robinson, Trans. Faraday Soc., 38, 70 
(1942).
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Figure 1. A ctiv ity  coefficients o f  tetraalkyl 
am m onium  chlorides and brom ides.

effect m ust predom inate. D iam o n d 23 recen tly  has 
suggested an exp lanation  v e ry  sim ilar to the phenom enon 
o f hydrophobic bonding  which has been treated  b y 
N ém eth y  and S ch erag a .24 T h is  ty p e  of bond m a y be 
defined as one w hich form s “ . . .w hen tw o or m ore non
polar groups com e into con tact, th e re b y  decreasing the 
ex te n t of the interaction  w ith  the surrounding w a te r .”  
T h u s, it  has been proposed th a t  large, hydrophobic 
cations and  anions w ill tend  to com bine w ith  each other 
to m inim ize th eir interaction  w ith  th e surrounding 
w ater as w ell as to decrease th e e lectrostatic  free 
en ergy  o f the system . T h is process has been described 
as “ w a ter structure-enforced  ion p a irin g ,”  and it w ill 
occur to a greater exten t the larger the cation. Also, 
the iodide salts w ould be exp ected  to associate in this 
m anner m ore readily  than  the chlorides and brom ides. 
T h e  form ation  of such ion pairs w ill, o f course, lead to a

T able  V  : O sm otic and A ctiv ity  C oefficients 
o f  T etraalkyl A m m onium  Iodides

-(C H 3)4N I— . ^-(CîH sJiNI— - -— (C.HiliNI— .
m 7 7 0 7

0 .1 0 0 .8 8 5 0 .7 0 8 0 .8 5 5 0 .6 8 3 0 .8 3 0 0 .6 3 4
.15 .866 .668 .831 .616 .794 .572
.20 .846 .630 .806 .568 .759 .519
.25 .828 .590 .783 .528 .727 .476
.30 .762 .496 .696 .438
.35 .743 .468 .669 .406
.40 .726 .445 .644 .378
.45 .710 .424 .622 .354
.50 .696 .406 .603 .332
.6 .670 .374
.7 .648 .346
.8 .630 .324
.9 .615 .306

1 .0 .601 .290
1 .2 .574 .263
1 .4 .549 .239
1 .6 .528 .221
1 .8 .514 .206
1 .9 .510 .199

'TifT

Figure 2. O sm otic coefficients o f  tetraalkyl 
am m onium  iodides.

drastic low ering o f the a c t iv ity  coefficients, and th is is 
observed w ith  th e iodide salts. T h e  brom ides a t low  
concen trations show  the sam e b eh avior as th e iodides, 
suggesting th a t icn  pairing occurs. A t  higher concen 
tration s the brom ide curves cross each oth er, suggesting 
a  beh avior in term ediate betw een  th a t of chloride and

(23) R. M . Diamond, J. Phys. Chem., 67, 2513 (1963).

(24) G. Némethy and H. A. Scheraga. J. Chem. Phys., 36, 3382, 
3041 (1962); J. Phys. Chem., 66, 1773 (1962).
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iodide. T h e  form ation  of “ w a ter structure-enforced 
ion pairs”  is p rob ab ly  preven ted  in th e case of th e chlo
rides b y  th e h yd ra tio n  of th e  chloride ion.

Structure-enforced ion pairing is o n ly  possible in a 
stron gly  structured  so lven t such as w ater. K rau s and 
co-w orkers h a ve  shown b y  co n d u ctiv ity  m easurem ents 
th a t in solven ts such as eth ylen e ch loride ,8’9 n itro 
benzene , 10’11 p yrid in e , 12 and a ceton e , 13 the association 
constants for the te tra a lk y l am m onium  halides de
crease w ith  increasing catio n  size and th e chloride salts 
are m ore associated  than  the brom ides and iodides. 
Sim ilar results h a ve  been reported recen tly  b y  Schiff 
and co-w orkers14-16 for c o n d u c tiv ity  and transference 
m easurem ents in n itrom ethane. T h is is the expected 
order for electro static  ion pairing, and the opposite of 
the order observed b y  us in aqueous solution.

A c tiv ity  coefficients o f th e te tra a lk y l am m onium  
m ethane- and ethan esulfon ates in aqueous solution 
have been published re c e n tly . 25 26 In  these m easure
m ents it w as also found th a t  th e  curve for th e te tra - 
b u ty l salt passed through a m axim um  and crossed all 
other curves. T h e  authors h ave suggested th a t the 
exp lanation  for this phenom enon is th a t the tetra- 
butylam m on ium  ions aggregate to form  m icelles.

T h e  critical m icelle concen tration  (c.m .c.) o f te tra b u ty l-  
am m onium  m ethan esulfon ate w as estim ated  w ith  the 
d ye  solubilization  techn ique and a v a lu e  o f 0.03 M  

w as obtained. W e h ave m ade c.m .c. m easurem ents on 
solutions o f tetrab u tylam m on iu m  brom ide using the 
spectral change m eth od 26 w ith  th e  d ye 2 ,6 -dichloro- 
indophenol, and a va lu e  o f 0.039 M  w as obtained. 
Sm ith  and R obin son 22 h ave suggested  th a t m icelle 
form ation  w as responsible for the crossovers th e y  found 
in th e osm otic coefficients o f th e sodium  salts o f th e n- 
fa t ty  acids. L ig h t scatterin g  m easurem ents were 
later reported b y  D e b y e 27 on the potassium  salts, 
and th e presence of m icelles w as verified . A n  im p ortan t 
fa cto r in the association of the te tra a lk y l am m onium  
cations doubtless is th e low ering of en ergy accom p an y
ing th e reduction of the h y d ro ca rb o n -w a te r  interface 
on m icelle form ation. T h e  n ature o f these m icelles 
and a d irect proof o f the existence o f structure-enforced 
ion pairs in solution rem ain as problem s for the future.

(25) H. C. Gregor, M . Rothenberg, and N. Fine. J. Phys. Chem. 
67, 1110 (1963).
(26) M . L. Corrin and W. D. Harkins, J. Am. Chem. Soc., 69, 679 
(1947).

(27) P. Debye, J. Phys. Colloid Chem., 53, 1 (1949).
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S e l f - E x c h a n g e  M e a s u r e m e n t s  i n  a  C h e l a t i n g  I o n - E x c h a n g e  R e s i n 1

b y  A .  S c h w a r z , 2 J .  A .  M a r i n s k y ,  a n d  K .  S .  S p ie g le r

Department of Chemistry, State University of New York at Buffalo, Buffalo 14, New York 
(.Received August 2, 1963)

Self-exchange m easurem ents using N a 22, C o 60, and Z n 66 were m ade w ith  D ow ex A - l  
chelating resin, a p o lystyren e-d ivin ylb en zen e copolym er containing th e im inodiacetic 
acid  functional group attach ed  to the hydrocarbon  m atrix. T h e  experim ental results 
indicate th a t a particle diffusion m echanism  is the rate-controlling step in the self-exchange 
process.

I n t r o d u c t io n

T h e preparation  of an ion-exchange resin w ith  im ino
diacetic acid  fun ctional groups to provide chelating 
properties w as reported b y  M orris, et a /.3 4 5 T h eir 
o b jective  w as to  produce a resin w ith  sufficient cation  
specificity  to  im prove chrom atographic separations. 
Such sp ecificity  w as indeed exhibited  b y  th eir p ro d u ct .4 6 
Its  rate o f exchange, how ever, w as shown to  be som e
w hat slow, leading to  diffuse elution  b an d s6'6 and th e  
exchange in vo lvin g  one or tw o  stron gly  chelated  cations 
w as reported to be controlled b y  a second-order chem i
cal reactio n .6 T h is  result w as unexpected since it w as 
the first ob servation  of a chem ically  controlled process 
in an ion-exchange reactio n .7 Self-exchange experi
m ents sim ilar to  those perform ed b y  B o y d  and Soldan o8 

w ith  D ow ex 50 were in itia te d 9 to  reduce th e com 
p le xity  of th e system . In  th a t s tu d y  it w as show n th a t 
if th e isotopic exchange is controlled  b y  chem ical re
action, a three-param eter equation  is needed to  describe 
th e rate  curves.

In  this investigation, we h ave m ade additional self
exchange studies o f N a+  and the stron gly  chelated  ions 
Z n 2+ and C o 2+ in unbuffered system s and h a v e  found 
th a t the rate o f th e self-exchange is diffusion- rath er than  
chem ically  controlled.

E x p e r im e n t a l

M a teria ls . D ow ex C h elatin g  R esin  A - l ,  a  product 
o f the D o w  C hem ical C o., M id lan d , M ich ., w as em 
ployed  in the experim ental program . T w o  different 
resin preparations were used. T h e  isotopic exchange 
experim ents w ith  sodium  were perform ed a t th e T ech - 
nion-Israel In stitu te  o f T ech n ology, w ith  one resin 
sam ple source, while the experim ents w ith  co b alt and

zinc were perform ed a t th e S ta te  U n iv ersity  o f N ew  
Y o r k  at B uffalo  w ith  th e second resin sam ple source.

T h e nuclides, 5 .27-year C o 60 and 250-day Z n 66, w ere 
received from  th e R adioisotopes D ivision  of th e O ak 
R id ge N atio n al L ab orato ry . C arrier-free 2 .6-year 
N a 22 w as obtained  from  T h e  R adiochem ical C en tre, 
Am ersham , E n glan d. R eag en t grade chem icals were 
used th rou gh ou t th e program .

R esin  P reparation . T h e  resin w as cycled  rep eated ly  
w ith  2 M  H C 1 and 2  M  N aO H . A fte r  th e sixth  con
version to  th e hydrogen form , th e resin w as w ashed 
w ith  distilled w ater u n til th e effluent ga v e  a n egative 
test for chloride ion. T h e  resin w as then dried at 
room  tem perature over P2O5. T h e d ry  resin, a fter 
separation  into four size fractions, 40/60, 60/80, 
80/100, and 100/120 mesh (U. S .), w as stored  o ver 
P2O5 a t th e am bien t tem perature.

P rep aration  for a self-exchange experim ent consisted 
of con vertin g  1.0 g. o f th e d ry  resin (2.70 m m oles of 
im inodiacetic acid) to th e sodium  form  w ith  con 

(1) Dowex Chelating Resin A-l, a product of the Dow  Chemical 
Co., Midland, Mich.

(2) Postdoctoral Research Fellow, 1962-1963; address correspond
ence to Oak Ridge National Laboratory, Oak Ridge, Tenn.

(3) L, R. Morris, R. A. Mock, C. A. Marshall, and J. H. Howe 
/. Am. Chem. Soc., 81, 377 (1959).

(4) R. Turse and W. Rieman, I I I ,  Anal. Chim. Acta, 24, 202 (1961).

(5) R. Christen, S. Forberg. and T. Westermark, J. Inorg. Nucl 
Chem., 19, 187 (1961).

(6) R. Turse and W. Rieman, I I I ,  J. Phys. Chem., 65, 1821 (1961).

(7) F. Helfferich, “ Ion-Exchange,” McGraw-Hill Book Co., Inc., 
New York, N. Y., 1962, pp. 250-322.

(8) G. E. Boyd and B, A. Soldano, J. Am. Chem. Soc., 75, 6091 
(1953).

(9) A. Schwarz, Ph.D. Thesis, Technion-Israel Institute of Tech
nology, Haifa. Israel, 1962.
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cen trated  N a N 0 3 solution  w hich w as th en  d iluted  
w ith  a sm all excess o f sodium  hyd ro xid e solution. T h e 
resin in th e sodium  form  w as then  w ashed free o f ex
cess N a N 0 3-N a O H  solution  and an excess o f th e m etal 
n itrate  solution of th e desired concen tration  w as added. 
T h is  conversion  p a th  w as selected since th e  exchange 
reaction  is m ore rapid  and proceeds fu rth er tow ard  
com pletion  when th e  resin is origin ally  in th e sodium  
rath er th a n  th e hydrogen  form .

E q u ilib riu m  o f th e resin w ith  th e  m etal n itra te  solu
tion  w as assured b y  replacin g th e extern al solution 
three or four tim es, a fter  a co n tact tim e for a t least 24 
hr. A fte r  th e first solution  change, no ob servab le 
loss o f m etal from  th e  extern al solution  w as detectab le  
and  th e p H  of th e solution  u su a lly  rem ained constan t.

T h e  chelated  m etal in th e resin w as th en  ta gg ed  w ith  
its  rad ioactive isotope b y  equilibration  for a t least 1 

w eek w ith  a m etal n itra te  solution  con tain in g th e  
rad io a ctive  nuclide. T h is  m ethod ensured atta in m en t 
o f equilibrium  betw een resin and solution.

P article S ize  M ea su rem en t. T h e  d iam eter o f th e  w et 
resin beads o f a  g iven  m esh size in equilibrium  w ith  th e 
desired solution w as m easured b y  m icroscopic exam in a
tion  w ith  a calib rated  eye piece ocular w hich  had been 
p reviou sly  stan dardized  again st a  stage m icrom eter. 
M easu rem ent o f 300 to  400 beads w as em ployed to 
ob tain  a represen tative average p article  size.

E xp erim en ta l A rra n gem en t. A  schem atic represen
tation  of the a p p a ratu s for m on itoring th e  isotopic 
exchange is show n in F ig . 1. A  four-necked 250-ml. 
flask w as used to  contain  th e resin and solution in a 
therm ostated  b ath . A  stirrer extended  into th e 
m ixture th rough  th e cen ter n eck o f th e flask. A  filter 
stick  o f coarse sintered glass confined th e resin in th e 
flask durin g continuous circu latio n  of th e solution (b y 
m eans o f a peristaltic  pum p) th rou gh  a P lexig lass flow 
cell situ ated  in th e c ry sta l w ell o f a shielded scin til
lation  counter a tta ch ed  to a  recordin g count-rate

Figure 1. Schem atic representation  o f experim ental 
arrangem ent fo r  stu d y  of iso top ic  exchange.

m eter. T h e  flow  all w as held firm ly  in th e  w ell b y  tap e, 
th u s assurin g con stan t geom etry.

E xp erim en ta l P rocedu re. In  a  ty p ic a l experim ent, 
tracer-free m etal ion solution  of th e sam e concen tration  
as th a t  used for th e resin eq u ilib ratio n  w as pum ped in 
and through th e system  u n til th erm al equilibrium  w as 
attain ed . T h e  pum p ing rate  w as sufficiently high to 
assure circulation  of th e entire solution  a t least once 
e v e ry  m inute.

Self-exchan ge w as in itia ted  b y  in trod u cin g th e  w et 
rad ioactive resin th rough  th e fou rth  flask  n eck (Fig. 1) 
into  the circu latin g  solution, follow ed b y  rinsing w ith  a 
sm all q u a n tity  o f th e m etal sa lt solution. U niform  
m ixin g o f th e  solution  and  resin p a rticles w as a ch ie ved  
b y  vig orou s stirrin g. T h e  vo lu m e of th e final solu
tion  w as ad justed  to  m ake th e  ratio  betw een  to ta l 
exchan gin g ion in th e resin and  th a t  in solution (w ) 
equal to  0.1. W ith  th is ratio  10/n of th e rad ioactive 
isotope w ill ev en tu a lly  en ter th e solution. P rogress o f 
th e self-exchange process, as in dicated  b y  the increas
in g a c t iv ity  in th e solution, w as follow ed b y  th e record
in g rate  m eter.

A  self-exchange reaction  w as considered to  be com 
plete w hen no change in solution  a c t iv ity  w as n otice
able in a 24-hr. period. A  rad io a ctive  m aterial 
balance w as period ically  carried ou t to  check  on the 
a tta in m en t o f equilibrium . T h e  b ackgrou n d  w as 
m easured a t th e com pletion  o f each run b y  rem ovin g 
the flow cell from  th e scin tilla tion  cou n ter and b y  re
cordin g th e rate m eter readin g w hile th e  resin and solu
tion  w ere still in place. T h e  tim e con stan t o f th e rate 
m eter w as increased in th e  final solution  a c t iv ity  
m easurem ent to g iv e  1 %  stan dard  d eviatio n . B e 
cause o f th e im portance of th is final a c t iv ity  va lu e  for 
th e accu rate  estim ate of th e  fraction al exchange, 
a  sep arate check on in stru m en t s ta b ility  w as m ade b y  
recordin g th e a c t iv ity  o f a C o 60 reference source b e
fore and a fter represen tative runs. (N o correction for 
in sta b ility  w as ever needed, h ow ever.)

R e s u l t s

T h e  resu lts of th e self-exchange experim ents w ith  
N a 22, C o 60, and Z n 65 are sum m arized in T a b le s  I -IV. 
I f  th e  self-exchange is controlled  b y  ion diffusion in 
th e resin, th e eq uation s shown in  T a b le  I V  a p p ly . 
T h e  con ven tion al test for th is condition  is a  p lot o f B t, 
as determ ined from  th e exp erim ental va lu es o f fraction al 
a tta in m en t of equilibrium  b y  th is form ula, again st 
tim e. I f  th is y ield s a stra ig h t line th rough  th e  origin, 
it  is proven th a t B  rem ained indeed con stan t durin g 
th e experim ent, as dem anded b y  th e  th eory. A n  
ad dition al criterion  is th e  va riatio n  of th e slope of the 
line in versely  w ith  th e  square root o f th e radius, r 0,

Volume 68, Number 4 April, 1964



920 A. Schwarz, J. A. Marinsky, and K. S. Spiegler

T ab le  I : Self-E xchange o f Sodium  in D ow ex A - l “ at 29.0 ±  0 .1°

Solution
pH in 
soin.

Particle 
radius, 

cm. X 102

Half
exchange,

sec.

Rate meter 
time const., 

sec. w
Water

content^
D X 10’ , 

cm .2 sec. -1

N a N 0 3c 0.08 M 3 .2 1 .1 7 34 3 0 .01 0 .5 2 1 .2
N aA c 0.1 M 7 .6 1 .43 5 1 0 .1 1 .3 7 11
N aO H  0.1 M 1 2 .6 d 1 .44 9 1 0 .2 1 .72 6 .7

“ Self-exchange studies with N a !! were m ade w ith a different ba tch  from  those reported for Zn and C o. b G ram s o f  water per gram  
o f  dry  resin in the H  form . c Solution  also contained 0.05 M  acetic acid. d p H  uncorrected for sod iu m  error.

T ab le  I I : Self-E xchange o f Z inc and C obaltou s Ions 
in D ow ex  A - l °  in 0.1 M  M eta l N itrate Solutions a t 29°

Apparent
diffusion

Half- coefficient0
Expt. Wet radius, exchange, P&pp X 10®,

no. cm. X 10“ min. cm.2 sec. -1 Remarks

Z n 66 pH  5 .3  =fc 0 .3

1 0 .8 7 4  ± 0 . 0 5 6 .2 6 .4  0 .1 M Z n ( N O s)2
2 1 .0 5  ± 0 . 0 9 8 .4 6 .3  0 .1 M Z n ( N O 3)2
3 1 .3 2  ± 0 . 0 9 1 7 .0 5 .1  0 .1 M Z n ( N O 3)2
4 1 .7 6  ± 0 . 1 4 2 8 .4 5 .4  0 . 1 J Í  Z n (N O i)!
5 1 .3 2 9 .5 9 .1  O . l M Z n S O ,
6 1 .3 2 1 1 .9 7 .4  0 .2  M  Z n (N 0 3)2

w = 0 .0 5

C o60 p H  4 .6  ± 0 . 1

7 1 .05 9 .0 6 .1
8 1 .29 11 .6 7 .4
9 1 .69 19.1 7 .5

° R esin  w ater con ten t =  (38 .5  ±  1 .4 )%  w ater b y  w eight in
the zinc form  and 4 2 .5 %  w ater b y  w eight in the coba lt form . 
b See A ppend ix  for  explanation and definition  o f this term .

of th e resin spheres used . 10' 11 T h e  resu lts in  F ig. 2 
dem on strate th a t b oth  criteria  were m et in th e self-ex
change of zinc, a t  least th rou gh ou t th e m ajor pa rt of th e 
reaction. A  sim ilar test applied to th e self-exchange of 
sodium 9 and cob alt also leads to  th e conclusion th a t 
th e self-exchange of these ions is particle-diffusion  
controlled.

In  these calculations, th e va lu es o f B t  as functions of 
F  were read from  R eich en b erg ’s ta b le , 10 w hich applies 
when the ratio, w , of to ta l m etal ion in the resin to th a t 
in solution  is close to  ze ro ; in th is case th e rate o f the 
reverse reaction  (re-absorption of rad ioactive ion into 
the resin) m ay be neglected. T h is  ta b le  w as used in 
all experim ents in w h ich  w  w as 0.1 or sm aller. F or 
the evalu atio n  of a ll those experim ents in w hich 
w  w as larger th a n  0 . 1 , how ever, we used a ta b le  due to 
B o y d  (ref. 7, p. 585), based on a m ore com plicated  rate

T ab le  I I I : R ep rod u cib ility  o f  Self-E xchange o f Zn  in 
D ow ex  A - l  in 0.1 M  M etal N itrate  Solu tion  at 29°

Apparent
diffusion

Half coefficient,
Expt. Wet radius, exchange, Dapp X 109,
no.® cm. X 10“ min. cm .2 sec.

3 1 .3 2 1 7 .0 5 .1  '
10 1 .3 2 14 .5 5 .9
11 1 .3 2 1 8 .5 5 .0

6b 1 .3 2 19 .2 4 .6
6f 3 3 .0
6 g6 8 .9
1 0 .8 7 4 6 .2 6 .4
l c 0 .8 7 4 9 .0 4 .2

“ A n experim ent num ber w ith ou t a letter (co lum n  1) corre
sponds to  a fresh sam ple. E xperim ents designated b y  a  num ber 
fo llow ed b y  a letter were carried ou t b y  recharging a used sam ple. 
C on secutive letters refer to  consecutive experim ents. 6 In  this 
experim ent the sam ple was treated w ith  acid  and base prior to 
use.

form ula, w hich takes due accou n t o f th e reverse 
exchange reaction.

T h e  diffusion coefficient values th a t  are presented in 
T a b le  I were calcu lated  from  one point b etw een  50 and 
60 %  exchange. Since th e self-exchange o f N a + is 
re la tiv e ly  fast, th e rate m eter w as op erated  a t a low  
tim e con stan t settin g and th e sta tistica l d eviatio n  w as 
5 %  a t the h a lf exchange; th e over-all a ccu ra cy  for 
th e  diffusion coefficient is believed  to  be ± 1 0 % . T h e  
results indicate th a t  th is exchange is particle-diffusion  
controlled. R iem an  and T u rse also found th e same 
m echanism  in exchange reactions in w hich one of the 
ions w as sodium . T h e  increase o f th e diffusion  co
efficient w ith  increasing w a ter con ten t o f th e  resin in 
th e first tw o  experim ents in T a b le  I can be correlated  
w ith  enhanced ra te  o f diffusion in th e less to rtu o u s path

(10) D. Reichenberg, J. Am. Chem. Soc., 75, 589 (1953).

(11) G. E. Boyd, A. W. Adamson, and L. S. Myers, Jr., ibid., 69, 
2836 (1947).

The Journal of Physical Chemistry



Self-Exchange Measurements in a Chelating Ion-Exchange Re,sin 921

Figure 2. Infinite bath  diffusion  p lo t for self-exchange of zinc 
betw een D ow ex  A - l  resin o f different particle  radius, r0, and 0.1 
M  Z n (N 0 3)2 solution s: • , r0 =  0.874 X  10 -2 cm ., expt. no. 1; 
A , r0 =  1.05 X  10 -2 cm ., expt. no. 2 ; □ , r0 =  1.32 X  10-2 
cm ., expt. n o. 3 ; O , r0 = 1.76 X  10 -2  cm ., expt. no. 4.

T ab le  IV  : N um erical E valu ation  o f the Self-D iffusion
C oefficient for a R epresen tative  E xperim en t“

sec. F Bt B, sec. 1 X 104

43 2 0 .2 0 .0 3 8 6 8 .9 4
115 .2 0 .3 0 .0 9 2 8 8 .0 6
2 1 1 .5 0 .4 0 .1 7 7 8 .3 7
369 0 .5 0 .3 01 8 .1 6
560 0 .6 0 .4 7 9 8 .5 5
927 0 .7 0 .7 3 4 7 .9 2

1440 0 .8 1 .120 7 .7 8
8 .2 5  ±  0 .7  (av .

B t 2
£>app =  — 7 - =  6.38 X  IO - 9 cm . 2 sec . - *1

' 7r2

« Solution, 0.103 M  Z n (N 0 3)2; resin, D ow ex  A - l  in the zinc 
form ; average particle  radius, r0 =  8.74 X  10 -3 cm .; w =  0.1. 
Infinite bath  equation  used to  calcu late the apparent diffusion 
coefficient from  the fraction a l atta inm ent o f  equilibrium , F, at 
tim e t

F =  1 -  X )  h  exP( - n 2Bt)■k1 nl n — 1

B =  ¿ )app7r2A o2

N um erical values o f  Bt as a function  o f F are from  R eich en b erg .10

availab le  in th e m ore sw ollen resin. T h ese tw o  sodium  
exchange reactions in volve th e first ionized carb o xylate  
group of th e im ino d iacetic acid  and th e com parison 
is straightforw ard . In  the th ird  experim ent, how ever, 
the geom etry o f the system  is p ro b ab ly  chan ged b y  
the presence o f the second ionized c arb o xy la te  group.

T h e  resin becom es a less open stru ctu re as show n b y  the 
low er w a ter con ten t per sodium  atom  a t  h igher pH . 
A lth o u gh  the to ta l w a ter con ten t o f the resin is higher, 
th e  stru ctu re is m ore restrictive  to  m ovem en t o f the 
sodium  ion.

T h e  diffusion coefficient va lu es reported  in T a b le  I I  
for Z n 2+ and C o 2+ are each an  a vera ge  o f seven  points. 
A n  exam ple of a detailed  num erical ev a lu a tio n  of "he 
self-diffusion coefficient is g iven  in T a b le  IV .

From  experim ents 1, 2, 3, and 4 w ith  zinc, and ex
perim ents 7, 8 , and 9 w ith  cobalt, th e stron g dependence 
o f th e exchange rate on particle size is c learly  evident. 
T h e  half-exchange tim e changes from  6  m in. for the 
sm allest particle exam ined to  28 m in. for th e largest 
particle in th e case of Zn and from  9 min. to  19 m in. for 
Co. On th e other hand, a single diffusion coefficient 
w ith  average values o f (5.7 ±  0.7) X  10 -9  c m .2 sec . - 1  

and (7.0 ±  0.9) X  10 -9  cm . 2 sec . - 1  for zinc and cobalt, 
resp ectively , describes th e com plete exchange reaction.

B y  com paring experim ents 3, 10, and 1 1  (T a b le  I I I) , 
w e can ju d g e  th e  reproducibility  o f th e  experim ents. 
T h ese experim ents were perform ed w ith  new' sam ples 
from  a prepared resin source. A p p a ren t diffusion co
efficient va lu es o f (5.7 ±  0.7) X  10 -9  c m . 2 sec . - 1  were 
a lw ays obtained.

H ow ever, when an  experim ent w as repeated w ith  the 
sam e sam ple b y  rechargin g th e  resin w ith  fresh radio
a ctiv e  tracer, the rate of th e  self-exchange a lw ays 
decreased. T h is phenom enon is illustrated  b y  the 
results obtained from  experim ents 1 and l c  and from  
experim ents 6 to 6 f. W hen try in g  to  rep eat experi
m en t 1 , a fter  carryin g ou t an exp erim ent a t  a lower 
tem perature, th e rate w as observed to  decrease (ex
perim en t lc ) .

In  experim ents 6b to  6 f, a  single sam ple o f resin was 
exchanged in five runs including a run a t 50°, and th e 
decrease o f exch an ge rate w as q uite large. I t  is believed 
th a t  poor chem ical and ph ysical s ta b ility  of D ow ex A - l  
is responsible for th is d ifficu lty.

T h e  D ow ex A - l  b atch  used to  carry  ou t th e  self
exchange stu d y  w as on ly 1 %  D V B  cross lin k ed . 12 Also, 
it  has been sh o w n 13 th a t a polym eric m ixture is leached 
from  th e low  cross-linked resin into th e eq u ilib ratin g  
solution. T h is leach m aterial m a y  b lo ck  diffusion 
through th e pores and th u s decrease th e exchange 
rate.

In an a tte m p t to  support th is hypothesis, the resin 
sam ple a fter  experim ent 6 f wras regenerated  and cycled  
twdce betw een  2 M  HC1 and  2 M  N a O H  solutions. A fter

(12) R. M . Wheaton, The Dow  Chemical Co., private communica
tion, 1961.

(13) C. Eger and J. A. Marinsky, private communication, 1963.
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th is treatm en t ar_ additional run was m ade. T h e half
exchange tim e dropped to  8.9 min. A  m icroscopic 
exam ination  of the beads a t th is stage revealed  th a t a 
high percen tage was broken, as com pared to  9 5 %  
sp h ericity  of the fresh resin sam ple. T h e  w ater con
te n t of th e sam ple a fter this experim ent w as also 
h igher (43% ) th an  th e average value reported in T a b le  
II .

I t  is of interest to  note th a t a sodium  h ydroxide tre a t
m en t is also recom m ended 14 b y  th e D o w  C om p an y 
w hen th e resin loses its exchange a b ility  due to  long 
storage in th e hydrogen  form . A  possible explanation  
for th is recom m ended procedure is th e opening of the 
stru ctu re and rem oval of trap ped  soluble m aterial 
when th e resin is con verted  to  th e sodium  form .

N o fu rth er a ttem p t w as m ade to in vestigate  this 
b reakdow n  of th e resin. D esp ite  th is difficulty, freshly 
prepared sam ples ga v e  repeatable diffusion coefficients. 
T h e  resin decom position is a p p a ren tly  m uch slower 
than  th e self-exchange process so th a t b y  ta k in g  a 
fresh sam ple for each experim ent, m eaningful diffusion 
coefficient values are obtained.

B y  changing th e sa lt solution, th e effect of concen
tra tio n  (T ab le  II , exp t. 6 ) and n ature of th e co-ion 
(T a b le  II , exp t. 5) w as studied. W hen th e extern al 
solution concen tration  is doubled, th e rate increases 
b y  a b o u t 20 % . I t  is believed  th a t the increase in 
counter-ion diffusion coefficient w ith  the increase 
in extern al solution concen tration  is due to electro lyte  
invasion  as observed w ith  other resins. 15 16 In  D ow ex 
A - l  th is effect w ill be m agnified when th e resin is 
loaded w ith  a chelate-form ing m etal ion because of the 
decrease of D onnan exclusion due to  th e m etal-ligan d  
bond.

A  pronounced co-ion effect is found; self-exchange is 
m uch faster w ith  an extern al solution of 0.1 M  Z n S 0 4 

than  w ith  0.1 M  Z n (N 0 3)2. T h e su lfate ions are know n 
to  form  ion pairs w ith  zinc and abou t 5 5 %  of th e Zn 
is estim ated  to be bound to S 0 4^ 2 16 a t th e concen tration  
of the experim ent. T h u s m uch of the diffusible zinc 
In the resin pores is in th e form  of th e noncharged Z n S 0 4 

m olecule, and one species instead of tw o  or three species 
as in th e case of Z n (N 0 3)2 prevails in th e resin phase. 
B o th  effects increase th e  rate  o f exchange.

D i s c u s s i o n

T h e th eory  o f ion-exchange k in etics is w ell-estab
lished. E vid en ce in th e exten sive literatu re7 indicates 
th a t th e rate-determ ining step is interdiffusion of the 
exchangin g counter-ions either in the particle (particle- 
diffusion m echanism ) or in a film  of solution surround
ing th e resin sphere (film -diffusion m echanism ). 
F urtherm ore, diffusion exchange w as also found to be a

rate-controlling step in a different ch elatin g  resin 
studied b y  H o jo . 17 T h e  rate equations for hom ogen
eous reaction were inapplicable to the absorption  of 
A g , H g, and C u  b y  (3-hydroxyphenyl) th iou rea-phenol 
resin. T h e diffusion of ions in the resin phase seem ed 
to be th e  rate-determ ining step in this case. W e con
clude from  our results th a t the self-exchange of 
Zn and C o  in D ow ex A - l  is also diffusion-controlled 
in contradiction  to th e results o f earlier w ork 6 w ith  th is 
resin.

W e believe th a t the lack  of dependence of exchange 
rate on p article  size observed b y  T u rse  and R iem a n 6 

in th eir earlier w ork w as due to a com posite o f com pli
catin g effects resulting largely  from  th e  difference b e
tw een exchange of different ions and of isotopic ions. 
T h e  a n alogy  betw een heat transfer and ion exchange 
which leads to th e basic equations for p article-d if
fusion controlled exchange is justified  on ly  for exchange 
of ions of equal m ob ility  and charge, as in isotopic 
exchange experim ents, and not for other cases (ref. 7, 
p. 269). M oreover, sw elling and desw elling during 
th e exchange reactions of T u rse and R iem an  m a y h ave 
further com plicated their exchange k in etics and ob
scured the effect c f  particle size variation  on th e rate.

A d d ition al experim ental evidence on w hich T u rse 
and R iem an  base their earlier conclusion is the de
pendence on th e extern al solution concentration. T h is 
observation, how ever, does not exclude a diffusion 
process , 15 esp ecially  in a system  w here e lectro ly te  in
vasion  can becom e significant. F in ally , recent w ork 
b y  R iem an  and V a ro n 18 also supports particle-diffusion  
control as th e rate-lim itin g factor.

M o st com plexes of Z n 2+ and C o 2+ are know n  to  be 
labile, i .e . , exchange rap id ly  w ith  isotopic free ions, 
and there is no apparen t reason for them  to  becom e 
inert when chelated  in a resin w hen on ly  three bonds 
need to  be broken sim ultaneously. T h e  im inodiacetic 
acid  group in D ow ex A - l  is connected to th e po lym er 
chain through a m ethylene bridge and is therefore 
re lativ e ly  free to oscillate.

I t  m ight be expected  th a t a tru ly  ch em ically  con
trolled self-exchange reaction  w ill be encountered in 
th e case w here the m etal ion is inert (e .g ., N i2+ and 
C r 3+). W ork  on C r 51 s+ self-exchange has been 
in itiated  and prelim inary results indicate th a t th e  ex
change m a y be chem ically  controlled.

(14) “ Dowex Chelating Resin A - l,” The Dow Chemical Co., M id- 
land, Mich., 1959.

(15) R. Sohlogl, Z. Elcktrochcm., 57, 195 (1953).

(16) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions/' 
Academic Press, Inc., New York, N. Y., 1955, p. 402.

(17) N. Hojo, J. Chem. Soc. Japan, Ind. Chem. Sect., 62, 1145 
(1959); Chem. Abstr., 57, 10756 (1962).
(18) W. Rieman, I I I ,  private communication, 1963.
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A ck n ow ledgm en t. F in an cial support through C on 
tra c t N o. A T (3 0 -l)-2 2 6 9  w ith  the U . S. A tom ic E n erg y  
Com m ission is gra tefu lly  acknow ledged.

A p p e n d ix

S elf-D iffU sion  in  a Traced Chelating R esin . C onsider 
th e internal dissociation

M + R ^ M +  +  R -  (1 )

w here M +  Is th e m etal ion and R th e resin anion. 
T h e  effect of e lectro lyte  invasion  is neglected. T h is 
equilibrium  is assum ed to  be instantaneous.

T heorem . T h e  self-diffusion flux o f th e m etal ions 
can be treated  as if th ere were no chelatin g or other 
binding b etw een  M +  and R - ; how ever, th e  apparent 
self-diffusion coefficient, D apP, calcu lated  from  this 
procedure is sm aller th an  th e true self-diffusion co
efficient o f M + , Z)M. In  fact, D app =  aDM, a being th e 
ratio  of free M +  to  to ta l M  (M + R -  +  M + ) in  th e  resin.

P ro of. T h e  basic flux eq uation  for free  ions M  + in 

th e resin is

<t>*U +
D u  ^  dju*M + 

~  R T  C  M+ d x

D m

R T
a C *  st

d /i*M  +

da;

(2 )

T h e  asterisk  refers to  th e  rad ioactive species. C * st is 
the to ta l (stoichiom etric) concen tration  of th e radio
a ctiv e  ion, bound and free, in th e resin (mole c m v J), 
C*m + th e concen tration  of th e  free  rad ioactive ions on ly.

B ecause o f th e equilibrium  (1), th e chem ical poten tial 
o f th e rad ioactive com pound M + R -  is equal to  th e sum 
of th e  chem ical poten tia ls o f th e respective ions

M*MR =  M*M+ +  M3- (3)

and since u n -  is independent o f position w ith in  the 
resin particle, because there is no concentration  
gradient of R -  w ith in  th e particle

d/a*M + d/U*MR

da; da;
(4)

B y  definition

M*MR =  (m*MRJo +  R T  In <2*MR =

(/u* mr)o +  R T  In / C * mr (5)

N ote th a t th e concentration, C * mr, in th e resin is a l
m ost iden tical w ith  th e  to ta l stoichiom etric concen tra
tion  of M *, C*,t, in th e  resin. R em em berin g th a t 
th e a c t iv ity  coefficient, /, is n ot a function  of x

dju*MR _  R T  dC'*,t , .

da; C *st da;

A ccord in g to  eq. 4 th is expression equals dyu*M * /d x .  

S u b stitu tin g  it  in eq. 2, w e obtain

i *  n  ^  st0 M + — a&M
d x

(7)

or, if we define

^app --- (8 )

we obtain

, * n  d C * st9 M+ — ¿Vapp ,
da;

(9)

T h e  m eaning of eq. 9 is th a t for th e self-diffusion 
flux of free ions, M + , in th e  resin, one does not h a ve  to 
use th e P ick  law  for free ions (whose concentration, 
a fter  all, one does not know , because th e degree o f dis
sociation  and th e ex te n t of invasion  are unknow n). 
In stead  one can use, in K ick ’s law , th e  to ta l stoichio
m etric concen tration  of rad ioactive ions. T h e  ap 
parent diffusion coefficient o b ta in ed  w hen th is is done 
is sim ply th e true ionic diffusion coefficient m ultiplied 
b y  the fraction  of the free ions in th e resin. T h e  sam e 
trea tm en t applies w hen e lectro ly te  in vasion  is not 
en tirely  negligible, provided  th e  ratio  o f in vad in g  M  + 
to  th e to ta l (stoichiom etric) am ount of M  in th e  resin 
is sm all, w hich w as no d ou b t th e  case in our experi
m ents, because dilute electro lyte  solutions w ere used.

S y m b o l s

A ll sym bols refer to  th e resin phase.

ô *mr a c t iv ity  of rad ioactive M + R - , m ole c m . -3  

B  con stan t defined in T a b le  IV , sec . - 1  

C * M+ concentration  of free rad ioactive M +  ions, 
m ole cm . -3

C * mr concen tration  of rad io a ctive  M + R -  
C *5t concen tration  o f rad io a ctive  M + R -  plus free 

rad ioactive M  +
D app self-diffusion coefficient ob tain ed  from  P ic k ’s law  

w hen concen tration  grad ien t o f rad io a ctive  M + R -  is 
used in th a t law , cm .2 sec . - 1  

D m true ionic self-diffusion coefficient o f M +  ob tain ed  
from  F ic k ’s law  when grad ien t o f rad ioactive M +  is 
used in th a t  law  

/  a c t iv ity  fa cto r o f M + R -  
F  fraction al a tta in m en t o f equilibrium  
r0 resin radius, cm.
R  gas constan t, jou le m o le - 1  d eg . - 1  

t tim e, sec.
T  absolute tem perature, °K .
w  the ratio o f to ta l m etal in th e  resin to  th a t  in solu

tion  a t th e end of a self-exchange experim ent. Its  
num erical va lu e  is determ ined b y  th e equilibrium  
distribution  of the tracer betw een resin and solution 

x  len gth  coordinate, cm.
a  ratio  o f free ions M +  to  to ta l M  in th e  resin
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0 * M+ flux o f rad ioactive M + , m ole cm . “ 1 2 sec . - 1  

ix*u*  chem ical poten tial of rad ioactive Ions M + , 
joule m ole - 1

ix*m r , (ix*m r ) o chem ical poten tia l and stan dard  chem i
cal poten tial o f ra d io a ctive  M + R - , resp ectively  

ixR- chem ical poten tial o f R -

E x p e r i m e n t a l  I n v e s t i g a t i o n s  o n  t h e  L i g h t  S c a t t e r i n g  o f  C o l l o i d a l  

S p h e r e s .  V I .  D e t e r m i n a t i o n  o f  S i z e  D i s t r i b u t i o n  C u r v e s  b y  

M e a n s  o f  T u r b i d i t y  S p e c t r a 1

b y  M o r t o n  L . W a l la c h  a n d  W i l f r i e d  H e l l e r

Department of Chemistry, Wayne State University, Detroit, Michigan (Received August 18, 1968)

Sp ectra  of tu rb id ity  exhib ited  b y  p o lystyren e latices were in vestig ated  and th e results were 
used to  derive th e size d istributions in these system s. T h e  tu rb id ity  sp ectra  m ethod  w as 
found to  be eq u iva len t in perform ance to  th a t based upon the stu d y  of sp ectra  of the 
scatterin g  ratio  (depolarization) provided  the spectral tu rb id ity  m axim um  is w ith in  or 
near the spectral range in vestigated . T u rb id ity  sp ectra were determ ined for system s 
show ing a n eg a tiv e ly  skew ed, a p o sitive ly  skew ed, and a gaussian -typ e d istribution. T h e 
d istribution  curves derived from  the sp ectra were com pared w ith  electron  m icroscopic 
d istribution  curves obtained on the sam e system s. Sim plifications of the m ethod pro
posed here are outlin ed w hich m a y be sufficient if the ob jective  is m erely  a determ in ation  
of the m odal and/or m ean particle d iam eter or if the concen tration  of the scatterin g  m a te
rial is n ot ex a ctly  known.

I n t r o d u c t io n

T h e preceding paper in th is series2 d ea lt w ith  a m ethod 
for determ ining size distribution  curves in heterodis- 
perse system s of colloidal spheres b y  m eans of the 
spectra of the scatterin g ratio. A n  altern ate m ethod 
m ay be based upon the use of tu rb id ity  spectra. T h e 
th eory  of this a lternate m ethod w as given  some 
tim e a g o .3 T h e  present paper is concerned w ith  the 
experim ental test of th is a lternate m ethod, using again  
heterodisperse polystyren e latices as m odel system s. 
T h e  d istribution  curve is again  assum ed to  be of the 
ty p e

f(r) =  (r — r0)e _ 1(r_r°)/s]‘ (1 )

=  0 , r <  r0

H ere, C f(r) dr is the num ber of particles per u n it volum e 
of a system  contain ing particles w ith  radii betw een  r 
and r +  dr, s is a param eter proportional to  th e w id th

(1) This work was supported by the Office of Naval Research. 
The results given in the present paper were presented at the 134th 
National Meeting of the American Chemical Society, Chicago, 111., 
Sept., 1958,

(2) W. Heller and M  L. Wallach, J. Phys. Chem., 67, 2577 (1963).

(3) M . L. Wallach, W. Heller, and A. F. Stevenson, ,/. Chem. Phys. 
34, 1796 (1961).
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of the distribution, and r0 is the radius of the sm allest 
particles present in consequential num bers. P articles 
w ith a radius sm aller than  r0 are q u a n tita tiv e ly  defined 
here as those h a vin g  a radius sm aller than  9 9 %  of all 
the particles present in the system . T h is  definition, 
for the present system s, is based upon electron m icro
scopic histogram s.

E x p e r im e n t a l

T h e system s in vestigated  were the sam e latices as 
used p rev io u sly . 2 T h e y  represent a p o sitive ly  skew ed 
distribution  (H .D . 1 ) in line w ith  eq. 1, a  n ega tively  
skewed distribution  (H .D . 2), and a  gaussian d istribu
tion (H .D . 3). T h e ap p aratu s used and preparation 
and treatm en t o f th e latex  sam ples were the sam e as in 
the preceding in v estig a tio n . 2 D eta ils of the optical 
setup were on the whole the sam e as before when 
tu rb id ity  m easurem ents were carried out on m onodis- 
perse system s .4 5 M odifications a lread y described 2 were 
taken  a d van tage of. In addition, the follow ing changes 
were introduced: (1) Since it  w as desirable to h ave 
radiation  of the h igh est possible spectral p u rity , the 
radiation  em erging from  the incandescent ligh t source 
w as passed through interference filters supplem ented 
b y  colored glass filters prior to  en try  of the ligh t beam  
into the m onochrom ator proper. (2) T h e solid angle 
w as decreased to 1.1 X  10 ~ 4 steradian  in order to 
elim inate, as m uch as possible, th e contribution  of 
forw ard scatterin g .6

T u rb id ity  m easurem ents were carried ou t at each 
w a ve  length  a t sy ste m atica lly  varied  concentrations, 
the low est concentration  w ith in  a series being given 
b y  (¡> =  0.24 X  10 ~6 (</>, volum e fraction  of the polym er). 
T h e  specific tu rb id ity , \ t /<I> (X, the w a ve  length in the 
m edium ; t , the tu rb id ity ), w as then p lotted  again st 
concentration  and extrap olated  to infin ite dilution. 
T h e tu rb id ity  sp ectra to  be given  ap p ly  therefore to 
in fin itely  d ilute system s. T h e respective Xt/ 0  values 
are d ifferen tiated  from  those a ctu a lly  m easured b y  a 
subscript, viz. (X r/0 )o.

R e s u l t s

Figure 1 sum m arizes the specific tu rb id ity  spectra 
derived from  experim ent for the three system s. T h e 
w idth  of the rectangles represents th e m axim um  un
certain ty  in X0; their h eigh t is the m axim um  uncer
ta in ty  in ( \ t / 4 > )o. T h e d a ta  indicated b y  the black 
dots are the m ost probable values. In the case of
H .D . 3, the com bined use of a  H g-vap or lam p (instead 
of the P ointo lite  lam p used in the other tw o cases), a 
m onochrom ator, and interference filters reduced the 
form er u n certa in ty  to  a negligible valu e a t tw o of the 
three w ave  lengths used.

Figure 1. A ctual ( r / 0 ) o spectra o f the heterodisperse system s 
H .D . 1 and 3 investigated. N um erical data iden tify in g the 
three characteristic param eters o f the d istribution  curves are 
due to  electron  m icroscopy  (su bscript e ) : dots, m ost probable 
values; height o f rectangles, tota l w idth  o f spectral band 
entering apparatus. (In  tw o  instances, use o f H g-v ap or lam p, 
instead of incandescent source— in com bination  with 
m onochrom ator, interference filters, and color filters— reduced 
w idth o f rectangle to  p ractica lly  zero.)

T h e shapes of the curves differ ch aracteristically . 
T h e  tu rb id ity  m axim um  is seen to m ove tow ard 
shorter w a ve  len gth s in the direction H .D . 2 - * H .D .  
1 H .D . 3. T h is  indicates, as w ill be seen, a decrease, 
in th is direction, of the m odal diam eter, D m. T h e 
direction in the sh ift is therefore q u a lita tiv e ly  th e same 
as th a t expected  in m onodisperse system s.

In  order to derive distribution  curves, the experi
m ental sp ectra are com pared w ith  a series of theoretical 
sp ectra until th a t  theoretical sp ectrum  is found w hich 
fits th e experim ental spectrum  in a sa tisfa cto ry  approxi
m ation. T h ese theoretical sp ectra  are constructed  
b y  v a ry in g  system atica lly  the p r  and qR va lues defined 
as

P r  =  p X /X  r  (2 )

<7r  =  ? X /X R (3 )

where

p  =  2 ir  r0/X  (4 )

q =  2-7TS/X (5 )

s =  (rm — r 0) \ / 3  (6 )

T h e q u a n tity  p  depends on the radius of th e sm allest

(4) R. M . Tabibian, W. Heller, and J. N. Epel, J. Colloid Sci., 11, 195 
(1956).
(5) For a discussion of this effect, see R. M . Tabibian and W. Heller,
ibid., 12, 25 (1957).
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particles present in consequential num bers, r0; and the 
q u a n tity  q is a m easure of the spread of the d istribution  
curve, rm being the m odal radius. T hese quan tities 
are related to  the (Xr/0 )o value b y  the equation

(Xr/0) o =
3 tt f  “  2 (a ) (a  -  p) exp{ — [(a -  p ) /q ] 3} d a

---------------------------------------7------------------------------------ T--------------( 7 )
J  a 3(a  — p) exp { — [a — p ] / q } 3 \da

In  these equations, r is the particle radius, dr =  (X/ 
27r)da, and a  =  2nr/X. T h e electron ically  com puted 
theoretical values of (Xr/0)o h ave been g iv en 3 for 
a wide range of p  and q values for ni =  1.05(0.05)
1.30, where m  =  (p2/mi), ms being the refractive index of 
the particles and mi th a t of the m edium . In contra
distinction  to p  and q, pn  and <jn are norm alized w ith  
respect to  the reference w ave length  XR which, in the 
present w ork (the m edium  being w ater a t 25°), is 
4093.57 A. (the corresponding vacu u m  w ave length 
is the green H g line, 5460.73 A .). T h e procedure 
follow ed in finding the best theoretical spectrum  is as 
follow s: T h e values of qn, pR pairs are varied first 
w ith in  large intervals. H avin g come reasonably close 
to  the norm alized experim ental spectra, the intervals 
in the num erical values of gR and p R are reduced to 
0.4 or 0.2. (A fter some experience, the first step of 
wide variation s in gR and pR can be elim inated). F our 
(Fig. 2) or three (Fig. 3) theoretical spectra are re
produced for each of the three system s investigated. 
T h e y  cover the entire range of accep table q r , pR com 
binations. T h e best gR, pR p a iriso b tain ed su b seq u en tly. 
T h is  final selection m ay be m ade b y  sim ply picking

4500 5000 5500 6000
X0 A.U.

Figure 2. N orm alized experim ental and theoretical ( \ t / 0 ) o  

spectra o f H .D . 1 and H .D . 3 : heavily draw n curves, spectra 
derived from  experim ent; other curves, theoretical spectra.

\ 0 A.u.

Figure 3. N orm alized experim ental and theoretical 
(\ t /<£)0 spectra o f H .D . 2. A  th ird th eoretica l curve 
(¿3) Is om itted  (see text for details).

th a t theoretical spectrum  w hich com es closest to  the 
experim ental one. Instead, one m ay, for a still b etter 
approxim ation, obtain  the best gR, pR pair b y  interpola
tion  betw een the r.wo or three closest fittin g  theoretical 
spectra. T h e  spectra used for such interpolations are 
identified in F ig . 2 and 3 b y  the sym bols i x and i2, 
respectively. In order n ot to crow d Fig. 2 and 3, 
on ly  three or four instead of the larger num ber of 
a ctu a lly  consideied theoretical sp ectra are shown. 
T h e  ¿2 curve in F ig. 2, pertin en t to H .D . 3, is om itted 
(qr  =  1.8, pn  =  5.6). S im ilarly, an ¿3 cu rve in Fig. 
3 (1.8, 7.2) is om itted.

T h e  experim ental spectra are also norm alized b y  
p lottin g  (Xt/<f>)0,x/(Xr/<f>)0,xR. T h is  elim inates un
certain ties connected w ith  concentration  determ inations 
and corrections in the num erical values associated w ith  
the use of a finite solid an g le .6 I t  also allow s one to 
accom m odate several spectra in a single graph.

T h e norm alized experim ental (X 7/ 0)0 spectra are 
represented b y  the h ea v ily  draw n curves in F ig. 2 and
3. T h e open circles correspond to the m ost probable 
experim ental values given  in F ig. 1. T h e  b la ck  circles 
are obtained b y  interpolation b y m eans of the curves 
in F ig. 1.

F igures 4, 5, and 6  g ive th e op tical d istribution  curves 
and electron m icroscopic histogram s obtained for H .D .

(6) Electronic computation would, of course, carry out automatically 
the equivalent of such interpolations.
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Figure 4. Size d istribution  curves derived from  tu rb id ity  
Bpectra and com parison  w ith  electron  m icroscopic histogram . 
System  (H .D . 1) w ith  positively  skew ed distribution  
con form ing to  eq. 1: fu lly  draw n curve, using interpolated 
<?r ,  P r  values; d otted  curves, using the tw o  q r ,  ¡o r  pairs 
which com e closest to  ach ieving spectral fit on  using A<?r 
and Apr intervals o f 0.4.

Figure 5. Size distribution  curve derived from  tu rb id ity  
spectra and com parison  w ith  electron  m icroscopic histogram . 
System  (H .D . 2 ) w ith  negatively  skewed distribution  curve 
(interpolated q r , ¡o r  values used).

1, H .D . 2, and H .D . 3, respectively. (T h e procedure 
used for the electron m icroscopic determ inations of 
the size d istribution  has been described p rev io u sly .2) 
T h e  fu lly  draw n cu rve in F ig. 4 (H .D . 1) results from  
the interpolated q-R and pn  values interm ediate between 
those of the ii and i2 sp ectra in F ig. 2 .' T h e  dotted  
curves pertain  to the i, and i2 spectra them selves.

Figure 6. Size distribution  curves derived from  tu rb id ity  
spectra and com parison  w ith  curves obtained  from  spectra 
o f scattering ratio and w ith  electron  m icroscopic histogram . 
System  (H .D . 3) approxim ating gaussian d istribution :
I and II , using tu rb id ity  spectra and the tw o </r ,  pR pairs 
w hich  cam e closest to ach ieving spectral fit on  using AgR 
and Apr intervals o f 0.2. (In terpolation  o f §r  and pr values 
w ould yield curve w ith in  area bounded b y  curves I and I I ) ;
I I I , using »--spectra and interpolated ? r  and p R values.

T h e m odal diam eter is h a rd ly  affected  b y  the interpola
tion. On the other hand, the p eak  heigh t of the curve 
is im proved b y it. F igure 5 (H .D . 2) contain s only 
the curve obtained b y  interpolation  am on g the i h 
f2, and ¿3 curves (see F ig. 3). F igure 6  g ives tw o 
distribution  curves (I, II) derived for H .D . 3 from  the 
ii and ii  pairs of gR, pn  va lu es (see Fig. 2). T h e  dis
tribution  curve w hich w ould result from  an in terpola
tion betw een th e  h  and i 2 pairs is om itted. I t  would 
be interm ediate betw een the curves I and II.

In stead  of extrapolatin g th e experim ental spectra to 
zero concentration  it  m ay be sufficient to  operate a t 
a single reasonably sm all concentration  if optim um  
accu racy is not required for th e d istribution  data. 
A lth o u gh  the ind ivid u al (Xr/0) values are then  sligh tly  
different from  the extrapolated  (\ t /4>)o values, the shape 
of the norm alized (Xr/0) vs. X0 curve is n ot m aterially  
affected. T h is  is tested  for H .D . 1 . N orm alized 
data  of (Xt/</>) obtained a t th e v e ry  sm all concentra
tion of 0.827 X  10 -3  g . of solids/100 g. of latex  are 
identified b y  crosses in F ig. 2. T h e y  agree throughout 
to w ith in  1 %  w ith  those obtained b y  extrapolation  to 
zero concentration (circles). T h e  q r , pn  pair satisfy in g  
these a lternate d ata  (1.0, 7.0) w ould g ive  a  d istribu 
tion curve v e ry  sim ilar to  th a t of the pair 1.0, 7.2 
except for a sligh tly  low er m odal diam eter. On using 
th is approxim ation  m ethod, it is really  not necessary 
to  know  the absolute concentration  provided  th a t one 
has proof th a t one operates w ith in  a “ safe”  range of 
low  concentrations. T h e  safe range is defined b y  the 
fa ct th a t r  varies, w ithin  it, linearly  w ith  the degree 
of dilution a t all w ave lengths used (negligible m ultiple 
scatterin g ).
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Table I gives a comprehensive survey of the numerical 
results obtained for the number average diameter, 
Dn; modal diameter, D ,„; diameter of the smallest 
particles present in consequential numbers, D0; and 
half-width, W. (The half-width W  considered here is 
twice the half-width, w, defined previously.2 The

T a b le  I : Summary of Numerical Results“

System Dn Dm Do W

H.D. 1 1 .028(6 .5) 1.020 (5 .6 ) 0 .912(3 .3 ) 0 .1 4 i( —1)
H.D. 2 1 .102(3 .3) 1 .093(0 .6 ) 0.955 (4 .5) 0.180 (26)
H.D. 3 0 .9 0o(2 .5 ) 0 .888 (2 .1 ) 0 .717(6 .5 ) 0.223(27)

“ All data are in m except bracketed data which represent 
% deviations relative to electron microscopic data.

latter would apply if the independent variable were the 
particle radius, r, rather than the diameter used here.) 
In each instance, the %  deviation with respect to the 
electron microscopic data is given in parentheses. The 
quantities enumerated being those of principal im
portance, it can be stated from the results obtained 
here that the present method fo r , determining size 
distribution curves is very satisfactory in those cases 
where the actual distribution curve does not differ 
much in type from that assumed (eq. 1). If the dis
tribution curve is not of this type then the results for 
D n, D m, and D0 are still satisfactory, but the half
width W  is obviously very much in error. If better 
results are to be obtained for the half-width in such a 
case, it is necessary to use the two term equation or 
other procedures discussed previously.2 It is, fortu
nately, easy to ascertain when this contingency arises. 
A major departure of the distribution curve from that 
assumed by eq. 1 is indicated by the fact that it is 
impossible to obtain good agreement with experiment 
for any gR, pn pair. In Fig. 2 the experimental curve 
for H.D. 1 which satisfies eq. 1 is nearly parallel to 
any of the best fitting theoretical curves. On the other 
hand in Fig. 3, no theoretical curve can be found which 
fits more than 1/3 or V 2 of the spectral range considered. 
This indicates at once that the system investigated 
does not possess the distribution assumed. For the 
gaussian distribution in Fig. 2 (H.D. 3) the situation 
is intermediate. Here, it is seen from the degree of 
agreement between experimental and theoretical spectra 
that the distribution curve differs, but not as much as 
in the preceding case from that assumed. The rather 
poor partial fit in Fig. 3 leads to the distribution curve 
in Fig. 5 which has the wrong skew, but does not— 
except for this feature—differ radically from the actual

distribution curve. It therefore depends on the ob
jective as to whether or not in such cases use of the 
more time consuming two term equation or of other pro
cedures is warranted.
Approximation Methods for Attaining 
Limited Objectives

Less exacting procedures are warranted if the ob
jective is merely the determination of Dn, D m, and D0. 
The reason is that the numerical value of these quanti
ties changes relatively little on varying qR and pR 
within modest limits. Thus, the agreement between 
the electron microscopic D m value and that derived 
from any of the theoretical spectra in Fig. 2 and 3 is 
within at least 7, 3, and 2% for H.D. 1, H.D. 3, and
H.D. 2, respectively. Similarly, the agreement be
tween the electron microscopic D0 values and those 
derived from any of the theoretical spectra in Fig. 2 
and 3 is within at least 5%, 12%, and 9%, respectively. 
An approximate fit of theoretical and experimental 
spectra is therefore sufficient if one is satisfied with a 
determination of these three quantities.

If the objective is even more limited, i.e., if one is 
merely interested in determining an approximate 
value of Dm or D n, one may dispense with spectra 
entirely and operate at a single wave length. The 
diameter thus obtained is an apparent quantity since 
the system is treated as if it were monodisperse. It is 
of interest to evaluate the error committed by using 
such a very simple technique on heterodisperse systems. 
Choosing, for this purpose, the data obtained at the 
green mercury line, the theoretical specific turbidities 
would yield a particle diameter of 1.196, 1.214, and 
0.736 ju for H.D. 1, H.D. 2, and H.D. 3, respectively. 
The differences between these diameters and the 
modal diameters obtained from the optical distribution 
curves are 15, 10, and 21%, respectively. The numeri
cal error would be larger in systems more heterodis
perse than those used here and smaller in the reverse 
case. Similarly, in a given system, the error would 
obviousfy vary with the wave length. Therefore, the 
ratio of the apparent diameters obtained at two wave 
lengths—treating the system as if it were monodisperse 
(q = 0)—can provide a rough measure of the relative 
degree of heterodispersion. It is clear that the ap
parent diameter should increase with decreasing wave 
length if the spectral range considered comprises wave 
lengths larger than that at which the turbidity maxi
mum occurs. It should decrease with decreasing wave 
length in the inverse case.
Probable Range of Usefulness of Turbidity Spectra

The usefulness of turbidity spectra (within the visible 
spectral range) for determining size distribution curves
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and the sensitivity of the spectra to changes in the 
degree of heterodispersion have been investigated in 
the present work for size distributions extending from 
particle diameters of about 0.7-1.4 g and for half
widths from 0.14-0.24 m- It can be anticipated (see 
Fig. 1 in ref. 3) that the sensitivity to heterodispersion 
for systems with particles smaller than 0.7 n and with 
larger half-width is similar to that found here. While 
experiments in this lower range of particle diameters 
and with wider distributions are desirable, the situa
tion which one is bound to find if Da is as small as 0.26 
ii (pa =  2.0) can be derived from an inspection of Fig. 
3 of ref. 3. An increase of qn from 1.0 to 4.0 changes 
the normalized (Xr/0)o spectrum just as profoundly 
no matter whether pn has the value 6.0 (D0 ~  0.8 tx) 
or the value 2.0. Finally, it should be noted that the 
method described here, like any other light scattering 
method, will, of course, be wholly insensitive to particle 
size distributions if all the particles are so small com
pared to the wave length that Rayleigh scattering 
applies.

Turbidity spectra will become quite insensitive to 
particle size distributions if the particles are large rela
tive to the wave length. Inspection of Fig. 1 and 2 in 
ref. 3 shows that the range of sensitivity terminates 
for slightly heterodisperse systems at p ~  16 and for 
moderately heterodisperse systems (q =  4.0) at p ~  12. 
Thus a system with a distribution half-width W  of 
0.5 /u will not respond well to the analysis if D0 is about 
2 /i. Work done by Wu in continuation of the present 
work shows that the sensitivity within the visible range 
of the spectrum begins in fact to fall off seriously if the 
distribution extends appreciably into the microscopic 
range.

On being faced with systems in which the particles 
are too small (Rayleigh range) or too large (upper 
microscopic range) to apply turbidity spectra usefully 
within the visible spectral range, one may, of course, in 
favorable instances (no true absorption), resolve the 
problem by making use of turbidity spectra in the ul
traviolet or intermediate infrared, respectively.

Comparison of the Present Method With That Based 
on the Spectra of the Scattering Ratio

On comparing the results presented here with those 
given previously,2 it is clear that the method of de
termining size distribution curves from turbidity spectra 
is, for the systems investigated, comparable in perform
ance to that based upon spectra of the scattering ratio. 
A specific example is given in Fig. 6. The size distri
bution curve obtained for H.D. 3 from v-spectra (curve
III) is compared to that obtained by the method de
scribed in this paper. The curves are in satisfactory

agreement. For a closer check, the results given in 
Table I may be compared with the results obtained for 
the same systems by the alternate method (see Table 
I, ref. 2). An advantage of the present method is its 
relative experimental simplicity inasmuch as any 
properly modified spectrophotometer may be > used. 
A further advantage is the fact that the sensitivity of 
turbidity spectra to heterodispersion is preserved even 
at very high degrees of heterodispersion (a half-width 
of 0.5 fi) provided D0 <  1 n- In addition, owing to 
their monotonic character, theoretical ( \ t / 4 > ) 0  vs. X 
curves can be derived and constructed faster. Also, 
a high brightness of the light source is not as imperative 
here as in the case of scattering ratio spectra.

On the other hand, an advantage of the method based 
upon the scattering ratio is that the spectra of the 
latter are more profoundly affected by changes in pR 
(by the smallest particle size at which the distribution 
curves effectively begin). The larger the quantity 
pn is, the larger is the number of maxima and minima 
exhibited by the spectra. Thus, giving a qn value of
1.4, one has one maximum if D0 ^  1/ 3 g, one maximum 
and one minimum if D0 ~  2/ 3 g, and two maxima and 
one minimum if D0 ~  1 ^on investigating a spectrum 
extending from the vacuum wave length of 4500 A. 
to 6000 A.7 There is, therefore, no upper limiting 
pn value beyond which the method is not applicable 
except that the occurrence of many maxima and minima 
in the upper microscopic range may make the resolu
tion of the spectra a difficult task. This may well be 
the most important advantage of scattering ratio spectra 
over turbidity spectra, the latter of which should, as 
stated, become rather insensitive to size distributions if 
Do is in the microscopic range. As regards the sensi
tivity of the spectra of the scattering ratio, a, to hetero
dispersion, it will most likely exceed that of the turbidity 
spectra as long as the degree of heterodispersion is 
small or moderate. This is due to the strong effect 
of <?r upon the amplitude of the a vs. X oscillations.7

Some of these differences between the two types of 
spectra also lead to differences in the ease with which 
one may find, for a given system, the best qn, pn com
bination. The number of maxima and minima observed 
in a e-spectrum, within a given spectral range, suggests 
at once the range of pn values to be examined. The 
amplitude of the spectral oscillations suggests the 
range of qn values to be examined (see, e.g., Fig. 4, 5, 
and 6 in ref. 7). In the case of the turbidity spectra, 
on the other hand, the number of possible maxima is 
reduced to one. A quick analysis is therefore possible * 34

(7) A. F. Stevenson, W. Heller, and M . L. Wallach, J . Chem. Phys.,
34, 1789 (1961).
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only if the (Xr/#)o maximum occurs within the visible 
range. The presence of such a maximum immediately 
limits the number of prt values that may be considered. 
The degree of shallowness of the maximum is a reliable 
indicator of the approximate <?r range to be considered. 
The absence of a maximum within or very close to the 
experimental spectrum of (Xr/<£)0 increases the labor 
of finding the best qn,pn pair; it does, however, not 
interfere with the applicability of the (Xr/</>)0 method. 
Only one of the three systems investigated here ex
hibited a (Xt/</>)o maximum.

The availability of both the <r(X) and (Xr/</>)0 vs. X 
methods provides a welcome opportunity to check the 
results obtained with one against those obtained with 
the other. It allows one to make a quicker decision as 
to the proper qr and 71 r combination than with one 
spectrum alone. Furthermore, a combination of the 
two methods and, if necessary, consideration of a third

(variation of lateral scattering with the angle of ob
servation) may allow one to derive distribution curves 
without having to make any assumption about its 
basic type. This possibility which appears very 
promising—provided the degree of heterodispersion is 
not so large as to wipe out spectral and angular maxima 
and minima completely—is being explored at the pres
ent time.

In conclusion, it may be noted that with systems 
which show a strong dispersion (of the refractive index), 
the dispersion should be taken into account in the cal
culation of the theoretical spectra on applying the 
method described here. With the systems investi
gated here, these corrections proved to be negligible.

Acknowledgment. The authors are indebted to Pro
fessor Arthur F. Stevenson of the Physics Department 
at Wayne State University for valuable discussions.
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Experimental Investigations on the Light Scattering of 

Colloidal Spheres. VII. Resolving Power of the <r-Spectra 

Method for Determining Size Distribution Curves1

by Wilfried Heller and Morton L. Wallach

Chemistry Department, Wayne State University, Detroit 2, Michigan (Received August 15, 1968)

The resolving power of a previously described method for determining size distribution 
curves in colloidal dispersions of spheres was examined. The method is based upon use 
of the spectra of the scattering ratio or of the depolarization of scattered light. The sys
tems used were two of those Dow latices of polystyrene which have a distribution curve so 
narrow that they are often referred to as monodisperse. The spectra of the scattering 
ratio showed that these systems are not strictly monodisperse and, in addition, allowed 
one to derive this distribution curve. The half-width of the distribution curve thus deter
mined differed by 2.6 and 0%, respectively, from that obtained by electron microscopy. 
Similar good agreement with electron microscopic data was found for the mean and modal 
diameters and other quantities of statistical interest. Since the half-width was, in the 
systems investigated, one order of magnitude smaller than the modal diameter, the resolv
ing power of the method can be stated to be most satisfactory.

Introduction
In two preceding papers the theory2 and experimental 

test3 of a method were given which allows one to de
termine the size distributions of spherical colloidal 
particles from spectra of the scattering ratio. It was 
found that the modal diameter Dm can be obtained with 
a high degree of accuracy, the %  deviation with re
spect to electron microscopic results being at the most 
5%  no matter whether or not the particular type of 
distribution curve agreed or disagreed with that as
sumed. This is just within the range of uncertainty 
of electron microscopic data. If the distribution 
was of the type assumed,2 the diameter of the smallest 
particles present in consequential numbers, Z)0, and the 
“ half-spread” (Dm — D0), of the distribution curve 
were obtained with an error not in excess of 6%  and 
2%, respectively. For other types of distribution, 
the error in D0 and (Dm — D0) was somewhat but not 
appreciably larger. The same applied to the number 
average diameter, Dn. Only the result for the half
width of the distribution curve proved to be quite 

‘ sensitive to the type of distribution actually present.

A question not explored previously was the sensitivity 
of the method to deviations of a system from strict 
monodispersity. This problem of the resolving power 
of the method, based upon ^-spectra, is the subject 
of the present paper.

It may be recalled3 that a = I\\/I± where 1  ̂ is the 
intensity of light scattered from an incident polarized 
beam of unit intensity whose electric vector vibrates 
parallel to the plane of observation. Similarly, I ± 
refers to the light scattered from an incident polarized 
beam vibrating perpendicular to the plane of observa
tion. The angle of observation with respect to the 
incident beam is again 90°.

Experimental
Electron microscopy gave the following informa

tion on the number average diameter, Dn, and the 
standard deviation, S, of the two “ monodisperse”

(1) This work was supported by the Office of Naval Research.

(2) A. F. Stevenson, W. Heller, and M. L. Wallach, J. Chem. Phys., 
34, 1789 (1961).
(3) M. L. Wallach, and W. Heller J. Phys. Chem., 68, 924 (19?34).
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Figure 1. CT-Spectra of “ monodisperse”  latex M.D. 1 (part a) and M.D. 2 (part b). Part a: black circles, most probable 
experimental value; rectangle, range of experimental uncertainty; two curves, theoretical curves which satisfy 
experimental data best on varying ¡ » r  and c/ r  in intervals of 0.2 . Part b: curve represents result of 
interpolation between four pR and ?r values.

Dow latices investigated, both Dn and S being expressed 
in fj.: M.D. 1, Dn =  0.761; S =  0.039; M.D. 2, Dn =  
1.230; S =  0.042. The use of quotation marks for 
“ monodisperse” means here, as is customary, that the 
size distribution curve in these latices, though remark
ably narrow, is finite; i.e., the systems are not ideally 
monodisperse.

The apparatus used for the optical studies, the treat
ment of the systems prior to the light scattering 
measurements, and all of the experimental details in
cluding electron microscopy were throughout the same 
as in the preceding investigation.3

Results
The spectra of the scattering ratio are given in 

Fig. 1. Two theoretical curves which come closest

1------ 1------ 1------ 1------ 1 I------ 1------ T

Figure 2. Size distribution curves of M.D. 1 and M.D. 2.
M.D. 1: Curve obtained by linear interpolation between two 
distribution curves derived from the two spectra in Fig. 1, 
part a. M.D. 2: Curve derived from interpolated spectrum . 
in Fig. 1, part b.
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to satisfying the experimental data of M.D. 1 are 
traced in Fig. 1, part a; only one is given in Fig. 1, 
part b, for M.D. 2.

In the case of M.D. 1, separate distribution curves 
were derived from the two theoretical spectra. The 
distribution curve actually given in Fig. 2 is the result 
of interpolation between these two primary distribu
tion curves. This technique approximates *he per
formance of the two-term distribution function.3 
It will be noted that by virtue of this interpolation 
procedure the rigidity in form of the basic distribution 
assumed is removed as documented particularly 
by the appearance of a curvature near the lower end 
of the distribution curve.4 5

The single cr(A) spectrum of M.D. 2 in Fig. 1, part b, 
was obtained by using the previously described pro
cedure of interpolating between the pn and qn values 
pertinent to the four best fitting theoretical spectra 
(Pr, 9r pairs: 9.0, 0.6; 9.0, 0.8; 9.2, 0.6; 9 2, 0.8).6 
From the resulting single theoretical «/(A) spectrum of
M.D. 2, the distribution curve in Fig. 2 was derived.

It may be recalled that

Pr =  p V  Ar (1)

<?r = (/A/Ar (2)

where

p = 27/ro/A (3)

q = 2irs/\ (4)

Ar is the reference wave length, in the medium used for 
normalization (it corresponds to the vacuum wave 
length 5460.73 A .); A is the wave length, in the medium, 
used in a given experiment; r<> is the radius of the 
smallest particle present in consequential numbers 
(still smaller particles accounting for not more than 
1%  of the total number); s is a quantitative measure 
of the spread of the distribution, i.e., it is a measure 
of the degree of departure from monodispersity. The 
defining relation is

s = (rm — r0) /\ /  3 (5)

where rm is the modal radius.
The electron microscopic histograms, also given in 

Fig. 2, agree very well with the distribution curves 
derived from the (/-spectra.

Table I gives the numerical values for the modal 
diameter, /),„; number average diameter, Dn; and 
diameter of the smallest particles present in conse
quential number, D0. In addition, the half-width 
W  is given.6 The values in parentheses represent the 
%  deviation of these data relative to those obtained 

•from the electron microscopic histograms.7 Tne agree

ment of the numerical data obtained by electron 
microscopy, on the one hand, and from the «/-spectra, 
on the other, is excellent. The deviations are through
out within the limits of the combined uncertainty of the 
two methods.

T ab le  I :  The Diameters, Do, Dm, and the Half-Width,W,b 
as Derived from the «/-Spectra of “ Monodisperse”  Latices 
M.D. 1 and M.D. 2, and Comparison with the Apparent 
Diameter, Da, Obtained at 5460.73 A. on Assuming 
Strict Monodispersity'

M.D. 1 M.D. 2

Do 678 (0.9) Do 1179 (3.0)
Dra 773 (5 .9) Dm 1242 ( 1 .0)
Dn 776 (2 .0) Do 1246 (3.0)
W 106 (2 . 6 ) W 82 (0 .0)
Do 800 [3.4] D, 1213 1[ - 2 .4 ]

Dm, and Dnare in mp. b See ref. 6. c Data in paren-
theses, %  deviation from electron microscopic data; data in 
brackets, %  deviation from Dm value.

It is of interest to note the large difference in the fre
quencies and amplitudes of the oscillations in the 
«/(A) curves of Fig. la and lb. This illustrates well the 
fact that it is rather easy to pick out those pn and q-R 
values which should be considered in a given instance.8

Discussion
The principal conclusion to be drawn from the re

sults is that the method proposed is sensitive to rela
tively minor degrees of heterodispersity, i.e., it has 
a very high resolving power. One clearly can de
termine the essential features of size distribution curves 
in practically monodisperse systems.

It may be recalled that nearly monodisperse Dow 
latices of the type investigated here were used in this 
laboratory for the purpose of experimentally verifying 
light scattering functions predicted by the Mie theory.9

(4) Interpolation between the p r  and qn values of the two curves 
given in Fig. 1, part a, one of the procedures used previously,3 would 
lead to a distribution curve almost identical with that given here 
except that it would reproduce rigidly the type of distribution 
assumed by eq. I .3
(5) The four curves were obtained by varying p r  and q-R in intervals 
of 0.2 and picking those four spectra which came closest to a fit 
with the experimental data.

(6) The half-width W is the numerical difference between the two 
particle dimensions— expressed in terms of diameters— for which the 
particle number is V 2 of the number at the peak of the curve. Thus 
W  = 2w, the latter quantity having been used in some of the pre
ceding publications.
(7) The electron microscopic value of Do is obtained b y  disregarding 
those cells at the lower end of the polygonal frequency distribution 
in which the number of particles is less than 1%  of the total number 
of particles present in all cells.

(8) See also, for example. Fig. 5 and 6 in ref. 2.

V o lu m e  68 , N u m b e r  J+ A p r i l , 1964



934 N. K. Smith, D. W. Scott, and J. P. M cCullough

One is now in a position to compare the modal particle 
diameter obtained by the method described in this 
paper to the particle diameter to be expected from those 
earlier experiments which were carried out in mono
chromatic light by using the Mie data and on assuming 
ideal monodispersity. To that effect Table I gives the 
particle diameter /)„, derived from the scattering ratio 
obtained at the green Hg line assuming ideal mono
dispersity (gR =  0). Comparison with the modal 
diameter obtained from the size distribution analysis 
shows that the %  deviations are within the range of 
uncertainty of the electron microscopic diameters 
used as a reference in the experiments carried out by

Tabibian.9 It follows from the near coincidence of 
the Dm and D„ values in Table I that the same state
ments apply also to the number average diameter, 
D „, as compared to the apparent diameter, Da, obtained 
in nearly, but not strictly, monodisperse systems from 
monochromatic scattering experiments.

Acknowledgment. The authors are indebted to 
Dr. J. H. L. Watson, Director of the Physics Depart
ment of the Edsel B. Ford Institute for Medical Re
search, for his electron microscopic collaboration.

(9) W. Heller and R. Tabibian, J. Phys. Chem., 66, 2059 (1962), and 
earlier papers.

Combustion Calorimetry of Organic Chlorine Compounds. The Heat 

of Combustion of 2,3,5,6-Tetrachloro-p-xylene1
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A rotating-bomb method was developed for precision combustion calorimetry of organic 
chlorine compounds. The heat of combustion of 2,3,5,6-tetrachloro-p-xylene was deter
mined. Two reducing agents, hydrazine dihydrochloride and arsenious oxide, were used 
to reduce the free chlorine produced in the combustion reaction to chloride ion. Arsenious 
oxide proved to be the superior reducing agent. The heat of formation of tetrachloro- 
p-xylene from graphite and gaseous hydrogen and chlorine was found to be —42.06 kcal. 
mole“ 1.

Introduction
Most combustion calorimetry of organic chlorine 

compounds has been done by static-bomb methods. 
The status of such methods for chlorine compounds was 
reviewed by Smith and Hubbard in 1956.2 The chief 
problem, aside from the corrosive nature of the combus
tion products, is the appearance of chlorine as both

HC1 and Cl2 in these products. To obtain a chemically 
well-defined final state, a reducing agent is placed in

(1) Abstracted from the Ph.D. Thesis submitted by N. K . Smith to 
the Graduate School of Oklahoma State University.
(2) L. Smith and W. N. Hubbard. “ Experimental Thermochemistry,” 
Vol. I, F. D. Rossini. Ed.. Interscience Publishers, Inc., New York,
N. Y ., 1956. Chapter 8. pp. 181-203. *
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the bomb initially to convert Cl2 to HC1. Arsenious 
oxide and hydrazine dihydrochloride both have been 
used as reducing agents. Because the reaction with 
the reducing agent is slow, the surface area of the solu
tion has been increased by supporting the solution on 
quartz fibers or glass cloth. However, even with that 
expedient, complete homogeneity of the final bomb 
solution and equilibrium with the gas phase are not 
attained.

Moving-bomb methods have been very effective in 
ensuring homogeneity and equilibrium in the final 
state for combustion calorimetry of sulfur compounds, 
fluorine compounds, bromine compounds, and a variety 
of organometallic compounds. Such methods have 
not been developed extensively for chlorine compounds 
heretofore, although pioneering work was done by 
Popoff and Schirokich3 and by Smith and co-workers.4

The purpose of the present investigation was to 
develop moving-bomb methods for chlorine compounds 
and to investigate the relative merits of arsenious oxide 
and hydrazine dihydrochloride as reducing agents. 
To that end, a compound was chosen with a high 
enough chlorine content to provide a rigorous test of 
the special techniques, namely, 2,3,5,6-tetrachloro- 
p-xylene (58% Cl). Series of calorimetric experiments 
were done with each reducing agent using identical 
samples of the chlorine compound. It was hoped 
that the compound also would prove suitable as a 
reference substance for combustion calorimetry of 
chlorine compounds; it will be seen that this hope was 
not realized, although the primary aims of the investi
gation were attained.

Experimental
Apparatus. The rotating-bomb calorimeter BMR-2 

has been described.8'6 For reasons given below, it 
was necessary to minimize the amount of platinum 
inside the combustion bomb. To do this, a tantalum- 
lined bomb (Ta-1) was equipped with tantalum 
internal fittings (flushing tube, crucible support, and 
valve inlet fittings), and specially prepared, thin- 
walled Vycor crucibles were used. The crucibles, 
complete with supporting side arms, weighed from 300 
to 550 mg. The bomb was sealed with a gold gasket. 
The only platinum present in bomb Ta-1 was 80 mm. 
of 0.05-mm. diameter ignition wire. The volume of 
the bomb was 0.341 1. A schematic sectional view 
of the bomb is shown in Fig. 1.

Materials. A commercial sample of tetrachloro- 
p-xylene was purified by recrystallization from ben
zene and then by zone melting.5 An indicator-tim- 
purity dye was removed from four-fifths of the column 

"after six passes of the molten zone, and a sample then

Figure 1. Schematic sectional view of combustion bomb Ta-1 .

was melted from the tube. This sample exhibited a pale 
yellow color; the substance apparently is unstable 
at its melting point (248°), but the decomposition 
products were removed by the zone-melting process as 
fast as they formed. To avoid decomposition of the 
purified product, another sample was removed from the 
tube, without melting, by inverting and shaking the 
tube. For analysis, a sample was burned in an oxy
gen bomb in the presence of arsenious oxide, and the 
resulting chloride ion was precipitated and weighed 
as silver chloride. The yield of silver chloride was 
100.0% of theoretical.

A commercial sample of hydrazine dihydrochloride 
was purified by dissolving it in water and then precipi
tating a portion by slowly adding hydrogen chloride 
gas; this sample then was recrystallized from water. 
Titration with standard iodine solution7 indicated 
a purity of 99.8%.

Reagent grade arsenious oxide and arsenic oxide 
were used without further purification.

Iodine solutions, prepared from reagent grade iodine 
and potassium iodide, were standardized against 
National Bureau of Standards sample 83a arsenious 
oxide.

(3) M. M. Popoff and P. K . Schirokich, Z. physik. Chem., A 167, 
183 (1933).
(4) L. Smith, L. Bjellerup, S. Krook, and H. Westermark, Acta 
Chem. Scand., 7, 65 (1953).

(5) W. D. Good, D. W. Scott, and G. Waddington, Phys. Chem.; 
60, 1380 (1956).

(6) W. D. Good, D. R. Douslin, D. W. Scott, A. George, J. L. 
Lacina, J. P. Dawson, and G. Waddington, ibid., 63, 1133 (1959).
(7) R. A. Penneman and L. F. Audrieth, Anal. Chem., 20, 1058
(1948).
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The samples of auxiliary oil and cotton thread fuse 
material have been described.6’6 The value of AEc°/M 
for the auxiliary oil obtained in experiments chrono
logically near the experiments with tetrachloro-p- 
xylenewas —10,983.8 ±  0.2 cal. g.-1.

The benzoic acid was National Bureau of Standards 
sample 39h, with a certified heat of combustion of 
26,434 ±  3 abs. joules g.-1. Conversion from certifi
cate conditions to standard conditions8 gives —6312.97 
±  0.72 cal. g.-1 for AEc°/M, the energy of the idealized 
combustion reaction.

Combustion Experiments. Samples of tetrachloro- 
p-xylene were compressed into pellets; the amount 
of sample was adjusted to give a temperature incre
ment of 1° for experiments with arsenious oxide and 2° 
for experiments with hydrazine dihydrochloride. An 
aliquot of reducing agent solution was added to the 
bomb, 10 ml. in the experiments with hydrazine di
hydrochloride and 25 ml. in the experiments with 
arsenious oxide. The bomb was flushed and charged 
with oxygen to 30 atm. in all combustion experiments. 
The combustions were initiated at temperatures such 
that the final temperatures were in each case very 
nearly 25°. The calorimetric observations were made 
in the usual wav.6>9

Comparison Experiments. The apparent energy 
equivalent of the calorimetric system was determined 
by a series of comparison experiments.6 The samples 
in these experiments consisted of benzoic acid and 
paraffin oil; the amounts were adjusted to give an 
evolution of energy and a quantity of carbon dioxide 
both nearly the same as in the combustion of the 
chlorine compound. The bomb initially contained 
an aqueous solution of hydrazine dihydrochloride 
and hydrochloric acid (or arsenious oxide, arsenic 
oxide, and hydrochloric acid) which, upon dilution 
with the water produced by combustion of the sample, 
produced a solution of nearly the same amount and 
concentration as obtained from combustion of the 
chlorine compound. The paraffin oil was contained in 
small Pyrex containers placed on top of the benzoic 
acid pellets in the Vycor crucibles. Comparison ex
periments were used because of a lack of experimental 
data necessary for corrections to standard states.8 
In particular, the solubility and heat of solution of 
carbon dioxide in solutions of arsenious oxide-arsenic 
oxide-hydrochloric acid and in solutions of hydrazine 
dihydrochloride-hydrochloric acid as a function of 
concentration have not been measured.

Analytical Procedures. At the conclusion of the 
calorimetric part of the experiment, the bomb was dis
charged and the contents were rinsed with hot water 
into a beaker. The entire solution then was titrated

with standard iodine solution. The solution was 
transferred to a 500-ml. volumetric flask and made up 
to volume; aliquots were taken for further analysis. 
In experiments with hydrazine dihydrochloride as the 
reducing agent, ammonium ion was determined by 
Kjeldahl distillation. Immediately afterward, and 
in the same apparatus, nitrate ion was determined by 
Devarda’s method. In experiments with arsenious 
oxide as the reducing agent, only nitrate ion was de
termined, again by Devarda’s method.

The platinum ignition wire remained intact in about 
half of the experiments, so it was possible to show that 
no corrosion of the platinum occurred, by weighing 
the wire before and after the experiments. A quali
tative test for gold in the solutions from trial combus
tions gave negative results.

Results
Units of Measurement and Auxiliary Quantities. 

All data reported are based on the 1961 atomic 
weights,10 the 1951 fundamental constants,11 and 
the definitions: 0°C. =  273.15°K.; 1 cal. =  4.184 
joules (exactly). The laboratory standard weights 
had been calibrated at the National Bureau of Stand
ards. For use in reducing weights in air to in vacuo, 
and in correcting to standard states, the following 
values were used for physical properties of tetrachloro- 
p-xylene: density, p =  1.688 g. ml.-1 ; specific heat, 
cp =  0.289 cal. deg.-1 g.-1 ; and (dE/dP)t =  —0.0028 
cal. atm.-1 g.-1. The density value is from measure
ments of a pellet; others are estimates. The value 
used for the heat of reaction 6 (see Discussion) was that 
of Bjellerup, Sunner, and Wadsô,12 —77.4 ±  0.1 
kcal. mole-1. Values used for heats of reactions 7 
and 8 were —132.68 kcal. mole-1 and +4.25 kcal. 
mole-1, respectively, as given by Smith and Hubbard.2 
To compute the value of the standard heat of forma
tion of tetrachloro-p-xylene, the following values were 
used for the standard heats of formation of carbon 
dioxide, water, and hydrochloric acid, in kcal. mole-1 : 
C 02(g), -94.0517; H.O(l), -68.3149; HCl(in 14- 
H20), -38.975; and HCl(in 85H20), -39.687.
These values are from N.B.S. Circular 50013 with

(8) W. N. Hubbard, D. W. Scott, and G. Waddington, “ Experi
mental Thermochemistry,” Vol. I, F. D. Rossini, Ed., Interscience 
Publishers, Inc., New York, N. Y ., 1956, Chapter 5, pp. 75-128.

(9) W. N. Hubbard, C. Katz, and G. Waddington, J . Phys. Chem., 
58, 142 (1954).

(10) A. E. Cameron and E. Wichers, J . Am. Chem. Soc., 84, 4175 
(1962).

(11) F. D. Rossini, F. T. Gucker, Jr., H. L. Johnston, L. Pauling, 
and G. W. Vinal. ibid.. 74, 2699 (1952).

(12) L. Bjellerup, S. Sunner, and I. Wadsô, Acta Chem. Scand., 11,
1761 (1957). *
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T able  I : Summary of Typical Calorimetric Experiments“

-------Reducing agent-----
N2H4-2HC1 As20 3

Comparison experiments
m'(benzoic acid), g. 0.73407 0.41740
»»"(oil), g. 0 30490 0.12145
ro""(fuse), g. 0 00116 0 00121
n't H20 ), mole 0 5135 1.3626
re’fHCl), mole 0 03961 0 01630
ni(N 2H4-2HCl), mole 0 0004676
n'(A820 3), mole 0 0004637
re'(As205), mole 0 0017902
m(Vycor), g. 0.38078 0.38665
m(Pyrex), g. 0.05728 0.05395
Aie, deg. 1.99551 0.98969
nf(NH 4Cl), mole 0
n'(N 2H4-2HCl), mole 0.004552
raf(As20 3), mole 0,0004461
m'AEc°/Af(benzoic acid), cal. -4634 .16 -2635 .03
m"AEc°/M(o\\), cal. -3348 .97 -1333 .99
to" " AEc°/M (fuse), cal. -4 .7 0 -4 .9 0
- A E 'dee(HN03), cal. -0 .1 8 -0 .3 3
— AE, cor. to std. states, cal. —9.936 —8.28e
— AEign, cal. -0 .7 4 -0 .4 8
- A E '0X,d(NH 4Cl), cal. 0.00
-  AE’redfNt*), cal. -1 .6 4

A-Z? ̂ decom p( AS2O5 )} Cài. -1 .3 7
S(cont.)(Ai0),d cal. 21.92 26.03
SaPp(calor.)( — Ai0), cal. -7879 .40 -3958 .35
Sapp(calor.), cal. deg. -1 3998.18 3999.59

Combustion experiments”
m '(C8H6Cl4), g. 1.95145 0.99604
m '"'(fuse), g. 0.00110 0.00121
wi(Vycor), g. 0.54878 0.47834
Aic, deg. 1.99234 0.98835
ref(NH 4Cl), mole 0.0001478
nf(N 2H4-2HCl), mole 0.0004411
nf(As20 3), mole 0.0004631
8apP(calor.)( — Aic), cal. — 7966,637 -3952.25"
S(cont.)( — Aic), cal. -2 5 .1 2 -2 7 .0 9
AEig„, cal. 0.67 0.85
AE, cor. to std. states, cal. s .s o 1- 8.22e
AEfdec(H N 03), cal. 1.18 0.23
AEfoxid(NH4Cl), cal. - 0 .6 3
AE'red(N2*), cal. 508.47
AÊ̂ decomp(A.82O5), C-âl. 138.39
—m ""AEc°/M (fuse), cal. 4.46 4.90
m'AEc°/M(CgiizCU), cal. -7468 .71 -3826 .75
AEc°/ARCsHsCh), cal. g . -1 -3827 .26 -3841 96

“ The symbols and abbreviations in this table are those of ref. 
8 except as noted. b Items 81-85, 87-91, 91c, 93, and 94 of 
the computation form of ref. 8 . 5 Items 81-85, 87-91, 91b, 93,
and 94 of the computation form of ref. 8 . d S,(cont.)(fi — 25°) 
+  Sf(cont.)(25° — t, +  t00I). ” 9.97e ml. of 0.4357y M  N2H4'
2HC1 solution added to bomb for experiments with this reducing 
agent; 24.99fi ml. of 0.09006 M As20 3 solution added to bomb 
for experiments with As20 3. 7 Calculated from average value
of Sapp(calor.), 3998.63 cal. deg.-1, from eight comparison experi
ments. " Calculated from average value of £»pP(calor.), 3998.84 
cal. deg.-1, from eight comparison experiments.

corrections for changes in molecular weights of C 02 
and H20.

Reduction to Standard States. The computation 
forms of Hubbard, Scott, and Wadding-ton3 were used 
to reduce experimental results to standard states. 
In several instances, it was necessary to estimate 
numerical data used in the computation forms.

Calorimetric Results. Detailed results of calorimetric 
experiments selected as typical with each reducing 
agent are given in Table I. The results of eight ex
periments with each reducing agent are shown in Table 
II. The value of AEc° / M  obtained from experiments 
with hydrazine dihydrochloride as the reducing agent 
refers to the reaction

C8H6Ch(c) +  17/ 20 2(g) +  55H20(1) =
8C02(g) +  4[H CM 4H 20](1) (1)

The value of AEc°/M obtained from experiments with 
arsenious oxide as the reducing agent refers to the 
reaction

C8H6Cl4(c) +  17/ 20 2(g) +  339H20(1) =
8C02 (g) +  4 [HC1 ■ 85H20  ] (1) (2)

T a b le  II : Summary of Experimental Results

-̂--------Reducing agent-
N2H4-2HC1 As2Oa

AEc°/M(CsHeCU), -3827 .26 -3841 .96
cal. g . -1 -3828.11 -3841 .14

-3827 .95 -3841 .70
-3828 .82 -3841.41
-3827 .52 -3841 .19
-3828 .00 -3840.71
-3825 .15 -3841 .66
-3827 .24 -3841 .50

Mean value -3827.51« -3841 .41"
Std. dev. of the mean ± 0 .3 8 ± 0 .1 4

“ For reaction 1. b For reaction 2.

Derived Residts. The molal values of AEc°. the 
standard change in internal energy, and AHc°, the 
standard heat of combustion, are given in Table III. 
The uncertainties given are the “ uncertainty intervals” 
equal to twice the final over-all standard deviation of 
the mean.14 * *

(13) F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, and
I. Jaffe, “ Selected Values of Chemical Thermodynamic Properties,”  
National Bureau of Standards Circular 500, U. S. Govt. Printing 
Office, Washington, D. C.. 1952.
(14) F. D. Rossini, “ Experimental Thermochemistry,” Vol. I, F. D.
Rossini, Ed., Interscience Publishers, Inc., New York, N. Y .. 1956,
Chapter 14, pp. 297-320.
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T ab le  III : Comparison of Results

AE c°  (eq. 1)

(eq. 2)

AH c°  (eq. 1) 
A //°d iln °
AH c°  (eq. 2) 
A H /°(c)‘

------------Reducing agent-
N2H4-2HC1 AS2O3

-9 3 3 .7 2  ± 0 .2 1  
kcal. mole-1

-9 3 4 .0 2  ± 0 .2 1
-2 .8 5

-9 3 6 .8 7  ±  0.21

-9 3 7 .1 1  ± 0 .1 4  
kcal. mole-1

-93 7 .41  ±  0.14 
-4 2 .0 6

“ According to the reaction 4[HC1 ■ 14HjO](l) +  234HjO(l) = 
4[HCl-85HiO](l); data from N.B.S. Circular 500.13 6 Based on 
experiments with AS2O3.

Discussion
Chemistry of the Bomb Process. When a compound 

containing carbon, hydrogen, and chlorine is burned 
in an oxygen bomb, the following reactions occur

CaH6CU(c or 1) +  [a +  (b -  d )/4 ]0 2(g) +
[dn — (b — d)/2]H 20(l) =

oCO*(g) +  d[HCl-nH,0](l) (3) 

CaH6Cl,(c or 1) +  [a +  b/4]0,(g) =
aC02(g) +  6/2H20(l) +  d/2Cl,(g) (4)

If arsenious oxide is present in the bomb, the following 
reaction also occurs

d/2Cl2(g) +  d/4As20s(aq) +  d/2H*0(l) =
d/4As20 5(aq) +  dHCI(aq) (5)

From an examination of these stoichiometric relations, 
it may be seen that a quantitative description of the 
reactions occurring is given by considering that all of 
the organic chlorine compound reacts according to eq.
3, and that all of the arsenious oxide reacts according 
to the equation

d/4As20 8(aq) +  d /402(g) = d/4As20 B(aq) (6)

Similarly, if hydrazine dihydrochloride is present in 
the bomb, a quantitative description of the bomb 
process is given by considering that all of the organic 
chlorine compound reacts according to eq. 3, and that 
the hydrazine dihydrochloride reacts according to the 
equations

N2H4-2HCl(aq) +  0 2(g) =
X2(g) +  2H20(1) +  2HCl(aq) (7) 

y 2N2H4-2HCl(aq) +  V2H20(1) =
NH4Cl(aq) +  l/ 40 2(g) (8)

Thus, with the proper thermochemical corrections 
for reactions 6, 7, and 8, one may relate the observed 
energy evolution to eq. 3, the idealized combustion 
reaction.

Evaluation of Reducing Agents. Preliminary tests 
of the stabilities of hydrazine dihydrochloride and 
arsenious oxide under bomb conditions were performed 
in each of two bombs, Ta-1 described above and a 
platinum-lined bomb of similar construction. Ali
quots of standard solutions of the reducing agents 
were placed in the bombs and the bombs were 
closed and charged with oxygen to 30 atm.. After 
various periods of time, the bombs were discharged, 
opened, and rinsed. The resulting solutions then 
were titrated with standard iodine solution. Quanti
tative recovery of arsenious oxide was obtained from 
both bombs. Quantitative recovery of hydrazine 
dihydrochloride was obtained only from the tantalum- 
lined bomb. It was concluded that platinum catalyzes 
a decomposition reaction of hydrazine dihydrochloride-, 
and that this combination of reducing agent and bomb 
lining material must be avoided in precision combustion 
calorimetry of organic chlorine compounds. This 
situation places a severe restriction on the use of hy
drazine dihydrochloride for this purpose.

A potential advantage associated with the use of 
hydrazine dihydrochloride is its high solubility in 
water. A relatively small aliquot of hydrazine di
hydrochloride solution placed in the bomb will suffice 
to reduce the free chlorine, and with a small volume of 
solution the problem of homogeneity with respect to 
gas solubilities is reduced. However, for several 
reasons, arsenious oxide has proved to be the preferred 
reducing agent. Homogeneity is assured through the 
use of a rotating-bomb calorimeter, despite a large 
volume of bomb solution. The thermal effect asso
ciated with the reduction of chlorine by arsenious oxide 
is only about one-half that involved in the use of 
hydrazine dihydrochloride, on a molar basis. Finally, 
both the chemistry and thermochemistry of arsenious 
oxide are better denned. In related work, the authors 
have noted that the amount of ammonium chloride 
found in the bomb at the conclusion of experiments 
with hydrazine dihydrochloride varies widely for as 
yet unknown reasons.

As seen in Table III, the results obtained with the 
two reducing agen-s differ by 0.54 kcal. mole-1, and 
the sum of the uncertainties is only 0.35 kcal. mole-1. 
The N.B.S. Circular 50013 value for the heat of forma
tion of N2H4• 2HCl(aq), —84.0 kcal. mole-1, is ap
parently the average of three values cited by Roth* 3 15:

(15) W. A. Roth, .Z, Elektrochem., 50, 111 (1944).
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— 83.2, —82.7, and —86.2 kcal. mole-1. Thus the 
uncertainty in the heat of formation of NJI, ■ 2HC1- 
(aq) might explain the difference obtained with the 
two reducing agents. The results of this work favor a 
more negative value for the heat of formation of 
N2H4-2HCl(aq).

Tetrachloro-p-xylene as a Reference Substance. As 
discussed by Beckers,16 a reference substance must 
satisfy certain minimum requirements: (1) it should 
be obtainable in a pure state; (2) it should be stable;
(3) it should not be hygroscopic; (4) it should not be 
too volatile; (5) it should be easily compressed into 
pellets; and (6) it should ignite readily and burn com
pletely in the bomb. Tetrachloro-p-xylene is unstable 
at its melting point, making purification by zone 
melting questionable, and its crystal habit does not

favor purification by recrystallization. The last four 
requirements listed above are fulfilled by tetrachloro- 
p-xylene ; however, in the absence of a suitable method 
of purification, this compound is not proposed as a 
reference substance. Several organic chlorine com
pounds have been studied in this laboratory for possible 
use as reference substances in combustion calorimetry; 
no entirely satisfactory compound has yet been found.
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(16) M. Beckers, B ull. soc. chim. Beiges, 40, 871 (1931).
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The structure and energetics of dihalobiphenyls were investigated by thermochemical 
methods. Heats of combustion of four dihalobiphenyls were determined by rotating- 
bomb combustion calorimetry, and the vapor pressure of each was measured by the Knud- 
sen effusion technique. The following values, in kcal. m ole"1, are reported for the heat of 
formation in the vapor state, AH/°298.io, from graphite and gaseous hydrogen, fluorine, and 
chlorine: 2,2'-difluorobiphenyl, —45.4; 4,4'-difluorobiphenyl, —46.5; 2,2'-dichloro-
biphenyl, +30.4; and 4,4'-dichlorobiphenyl, +28.8. The results are shown to be consistent 
with known values of interplanar angles of the molecules and earlier calculations of de- 
localization energy.

Introduction
Electron diffraction, dipole moment, and other kinds 

of studies have shown that biphenyl and its derivatives 
exist in the gas state with the phenyl rings in a non- 
ooplanar configuration.2 The angle between the rings, 
measured with respect to rotation about the central 
C -C ' bond, increases with increasing size of substi
tuent groups in the 2,2'-positions. Resonance conju
gation between the rings would be greatest when the 
rings are coplanar and also should vary with the size 
of substituents in the 2,2'-positions. The develop
ment of precision methods for combustion calorimetry 
of organic halogen compounds3'4 5 has made possible 
an experimental study of the effects of 2,2/-substituents 
on the extra delocalization energy resulting from con
jugation between the rings of biphenyl.

In this research, the heats of combustion and forma
tion of 2,2'- and 4,4'-difluorobiphenyl and of the cor
responding dichlorobiphenyls were determined by 
rotating-bomb calorimetry and vapor pressure measure
ments. The angle between the rings in each 4,4'- 
derivative is approximately the same as in biphenyl; 
thus, the observed differences in energy between the

isomers should be greater for the chloro compounds 
because the greater size of the substituents forces a 
greater deviation from coplanarity. The experimental 
results confirm this supposition and provide an experi
mental verification of some theoretical calculations of 
delocalization energy in biphenyls.

Experimental
Calorimetric Apparatus and Procedures. The ro

tating-bomb calorimeter BMR-2 has been described.6 
Platinum-lined bomb Pt-3b,6 internal volume 0.353
1., was used for the experiments with the difluoro- 
biphenyls. Tantalum-lined bomb Ta-1,4 internal vol-

(1) Abstracted from the Ph.D. thesis submitted by N. K . Smith 
to the Graduate School of Oklahoma State University.

(2) G. H. Beaven and D. M. Hall, J . Chem. Soc., 4637 (1956).

(3) W. D. Good and D. W. Scott, “ Experimental Thermochemistry,” 
Vol. II, H. A. Skinner, Ed., Interscience Publishers, Inc., New York,
N. Y ., 1962, Chapter 2, pp. 15-39.

(4) N. K . Smith, D. W. Scott, and J. P. McCullough. J . Phys. 
Chem., 68, 934 (1964).

(5) W. D. Good, D. W. Scott, and G. Waddington, ibid., 60, 1080 
(1956).

(6) W. D. Good, D. It. Douslin, D. W. Scott, A. George, J. L. •  
Lacina, J. P. Dawson, and G. Waddington, ibid., 63, 1133 (1959).
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ume 0.341 1., was used for the experiments with the 
dichlorobiphenyls.

The basic procedures used in this investigation for 
the combustion calorimetry of organic fluorine com
pounds have been described.3 The volatility of the 
difluorobiphenyls was judged to be of borderline sig
nificance; therefore, pellets of these compounds were 
sealed in polyester bags to prevent loss of sample.7 
In all experiments with the difluorobiphenyls, the bomb 
initially contained 10 ml. of water. For the com
parison experiments,3 a solution of HF was put into 
the bomb initially in such amount and concentration 
that the solution obtained after combustion was nearly 
the same as that produced in the combustion of the 
difluorobiphenyls.

The procedures used for the combustion calorim
etry of the dichlorobiphenyls are described in the 
preceding paper.4 Sample confinement was not neces
sary. In all experiments with the dichlorobiphenyls, 
the bomb initially contained 9.976 ml. of O.II563 
M  hydrazine dihydrochloride solution. For the com
parison experiments, the bomb initially contained a 
solution of hydrazine dihydrochloride and hydro
chloric acid, which upon dilution with the water pro
duced by combustion of the sample, produced a solu
tion of nearly the same amount and concentration as 
that obtained from combustion of the dichlorobiphenyls.

Combustion calorimetry of the dichlorobiphenyls 
was done before the work reported in the preceding 
paper4 showed that arsenious oxide is superior to 
hydrazine dihydrochloride as a reducing agent. The 
uncertainty about the thermochemistry of hydrazine 
dihydrochloride discussed in that paper affects the 
accuracy of the present results; however, they are re
ported in enough detail that they can be revised, if 
necessary, whenever better thermochemical data for 
hydrazine dihydrochloride become available. The 
results for the 2,2'- and 4,4'-compound are affected 
nearly the same, so the difference between the heats 
of formation reported here would be unchanged by 
such a revision.

Vapor Pressure Apparatus and Procedures. The 
vapor pressures of the four dihalobiphenyls were 
measured by the Knudsen effusion method.8-9 The 
effusion cells, made of aluminum with brass lids and 
polytetrafluoroethylene gaskets, weighed about 8 g. 
The areas of the two orifices used were computed 
from measurements of their diameters and the assump
tion that the orifices were circular. The diameters 
were measured with a microscope-stage micrometer, 
with a traveling microscope, and with an optical 
comparator; an average of the values so obtained 

" was used in the calculations. The rate of effusion was

determined by weighing the cells before and after 
evacuation for a known period of time. Timing of 
the experiments (using an electric timer) was started 
when a Pirani gage indicated a pressure of 10“ 3 mm. 
and stopped when air was admitted into the system 
through the same three-way stopcock through which 
the system was evacuated. The cells were contained 
in a metal vacuum chamber that was immersed in a 
bath thermostatically controlled to ±0.001°. Tem
peratures were measured with a platinum resistance 
thermometer and a Mueller bridge.

Before measurements were made on a sample, it 
was subjected to a preliminary process of evacua
tion for 1 hr.

Materials. The 2,2'- and 4,4'-difluorobiphenyl 
were synthesized by Drs. H. B. Gottlieb and J. D. 
Park of the University of Colorado Chemistry Depart
ment. Elemental analyses of the two compounds 
were: Calcd. for Ci2H8F2: C, 75.78; H, 4.24; F, 
19.98. Found for 2,2'-difluorobiphenyl: C, 75.90;
F, 19.65. Found for 4,4'-difluorobiphenyl: C, 75.55; 
H, 4.49; F, 19.89. Both compounds were further 
purified by J. L. Lacina of this Center using a zone
melting procedure.5 An indicator-impurity dye, initi
ally present at a concentration of 0.01 wt. %, was 
completely removed from the 2,2 '-difluorobipheny 1 
sample used for combustion experiments; some of the 
dye remained in the final sample of 4,4'-difluorobi- 
phenyl.

Commercial samples of 2,2'- and 4,4'-dichlorobi- 
phenyl were purified by recrystallization from meth
anol and toluene, respectively, and further purification 
was attempted by zone melting. The indicator- 
impurity dye was removed from three-quarters of the 
4,4'-dichlorobiphenyl after eight passes of the molten 
zone. The 2,2'-dichlorobiphenyl was not purified by 
zone melting. The materials were analyzed by com
bustion in an oxygen bomb in the presence of arsenious 
oxide and determination of the chlorine as silver chlo
ride. Anal. Calcd. for Ci2H8C12: Cl, 31.78. Found 
for 2,2'-dichlorobiphenyl: Cl, 31.75. Found for 4,4'- 
dichlorobiphenyl: Cl, 31.84.

Gas-liquid chromatographic analysis of the biphen
yls10 showed no impurity peaks for the difluorobi-

(7) J. L. Lacina, W. D. Good, and J. P. McCullough. J . Phys. Chem... 
65, 1026 (1961).
(8) G. W. Thompson, “ Physical Methods of Organic Chem istry,” 
Third Ed., A. Weissberger, Ed., Interscience Publishers, Inc., New 
York, N. Y ., 1959, Chapter IX , Part 1.
(9) J. L. Margrave, “ Physico-Chemical Measurements at High Tem
peratures,” J. O’M. Bockris. J. L. White, and J. D. Mackenzie, Ed., 
Academic Press, Inc., New York, N. Y ., 1959, Chapter 10.
(10) H. Weingarten, W. D. Ross, J. M. Schlater, and G. Wheeler, 
Jr., Anal. Chim. Acta, 26, 391 (1962).
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T a b le  I : Summary of Typical Combustion Experiments"
2,2'-Difiuoro- 4,4'-Difluoro- 2,2'-Diehloro- 4,4'-Dichloro-

biphenyl biphenyl biphenyl biphenyl

Comparison experiments'’
m'fbenzoic acid), g. 0.99111 0.99425 0.91669
?n"(oil), g. 0.15906 0.15737 0.19973
m ""(fuse), g. 0.00113 0.00111 0.00127
rdfHîO), mole 0.5353 0.5358 0.5301
ra'(HF), mole 0.01079 0.01079
« ‘(HCl), mole 0.01250
«¡(N üHî ^HCI), mole 0.0004211
TO(Vycor), g. 0.46698
m(Pyrex), g. 0.03186
Aie, deg. 1.99652 1.99686 1.99416
7i f(NH 4Cl), mole O.O582

7i f(N2H4-2HCl), mole 0.0004110
m' AEc° /M{benzoic acid), cal. -6256 .85 -6276 .67 -5787 .04
m"AEc°/M(oi\), cal. -1747 .15 -1728 .58 -2193 .80
m,""AEc°/M(fuse), cal. -4 .5 8 - 4  50 -5 .1 4
— AÜ/heclHNCh), cal. -3 .8 2 -3 .8 5 -0 .2 5
— AE, cor. to std. States, cal. - 9 .9 9 ' -10 .0 4»
— A£?ign, cal. -0 .4 1 -0 .3 8 -0 .7 1
— A£,i„ id(NH4Cl), cal. 0.03
- A £ 'red(N2*), cal. -0 .8 0
£(cont.)( Atc),e cal. 26.37 26.21 23.97

Sapp(calor.)( — A4), cal. -7996.43 -7997.81 -7973 .30
Sapp(calor.), cal. deg. -1 4005.18 4005.19 3998.32

Combustion experiments
wt'(compound), g. 1.02633 1.02616 1.24371 1.24367
m " ’{polyester), g. (at %  rel. hum.) 0.06679(54) 0.06739(58)
m ""(fuse), g. 0.00106 0.00112 0.00109 0.00119
n'(H 20), mole 0.5530 0.5530
m(Vycor), g. 0.51370 0.34636
A4, deg. 1.99660 1.99727 2.00207 1.99504
ref(NH 4Cl), mole 0.0000365 0.0000442
ref(N 2H4'2HCl), mole 0.0004161 0.0004194
£apP(calor.)( — A4), cal. -7 9 9 6 .2 0 ' -7999.05" -8004.52'* —7976.41*
S(cont.)( — A4),” cal. -2 6 .7 8 -2 6 .7 8 -2 5 .5 1  -2 5 .3 5
AEisa, cal. 0.41 0.60 0.76 0.47
A E, cor. to std. States, cal. 10.25e 10.25e 9.58**
A£J'dec(H N 03), cal. 3.40 3.76 0.33 0.30
Ai?f0xid(NH4Cl), cal. -0 .1 6  -0 .1 9
Aj5fred(N2*), cal. 95.42 94.47
~m"'AEc°/M(po\yeater), cal. 364.84 368.05
— m""AEc°/M (fuse), cal. 4.29 4,54 4.41 4.82

m'Ai?c0/fli(compound), cal. -7639 .79 -7638 .63 -7919 .69  -7892 .30
Ai?c0/M(compound), cal. g. -1 -7443 .79 -7443 .90 -6367 .79  -6345 .98

“ The symbols and abbreviations of this table are those of ref. 11, except as noted. hOne series of comparison experiments was used
for both series of combustion experiments with the dichlorobiphenyls. c Items 81-85 inch, 87-91 inch, 93, and 94 of the computation
form of ref. 3. d Items 81-85 inch, 87-91 inch, 91c, 93, and 94 of the computation form of ref. 11. ” £‘(cont.)(4 — 25°) +  £((cont.)
(25° — tj +  A4„„). z Calculated from average value of £apP(calor.), 4004.91 cal. deg. *, from eight comparison experiments. 0 Cal-
culated from average value of £,,pP(calor.), 4004.99 cal. deg.-1, from six comparison experiments. K Calculated from average value 
of Sapp(calor.), 3998.12 cal. deg."', from eight comparison experiments.

phenyls or for 4,4'-dichlorobiphenyl. An impurity 
with a relative retention time corresponding to that of 
2-chlorobiphenyl was found in the 2,2'-dichlorobi- 
phenyl. Comparison of peak areas indicated the im

purity to be present to the extent of 0.50 ±  0.05%. 
These analyses were performed by H. J. Coleman of 
this Center.

The benzoic acid used was National Bureau of
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Standards sample 39h, with a certified heat of combus
tion of 26,434 ±  3 abs. joules g.~ 1. Conversion from 
certificate conditions to standard conditions11 gives 
— 6312.97 ±  0.72 cal. g.“ 1 for AEc°/M, the energy of 
the idealized combustion reaction.

The samples of auxiliary oil, polyester film, and 
cotton thread fuse material have been described.6'6 
Values of AEc°/M for the auxiliary oil obtained chrono
logically near the experiments with the difluorobi- 
phenyls and the dichlorobiphenyls were —10,984.2 ±  
0.5 and —10,983.8 ±  0.2 cal. g .-1, respectively.

The samples of hydrazine dihydrochloride and iodine 
are described in the preceding paper.4

Results

Units of Measurement and Auxiliary Quantities. All 
data reported are based on the 1961 atomic weights,12 
the 1951 fundamental constants,13 14 and the definitions: 
0°C. =  273.I5°K.; 1 cal. = 4.184 joules (exactly). 
The laboratory standard weights had been calibrated 
at the National Bureau of Standards. For use in 
reducing weights in air to in vacuo, the following values 
were used for the densities of the materials: 2,2'- 
Ci2H8F2, 1.331; 4,4'-C12H8F2, 1.336“ ; 2,2'-C12H8Cl2, 
1.349; and 4,4'-C i2H8C12, 1.439 g. ml.“ 1.14 The values 
for the 2,2'-compounds were determined from measure
ments on pellets. In correcting the energy of the actual 
bomb process to the isothermal bomb process and in 
correcting to standard states, estimates of 0.385 cal. 
deg.“ 1 g.“ 1 and —0.0028 cal. atm.“ 1 g .“ 4 were used for 
specific heat and (àE/àP)t, respectively, for each 
compound. The thermochemical corrections applied 
for the reaction of hydrazine dihvdrochloride were the 
same as in the preceding paper.4

Reduction to Standard States. The computation 
form of Good and Scott3 was followed for reduction to 
standard states of the data obtained for the fluorine 
compounds. Reduction to standard states for the 
chlorine compounds was done as prescribed by Hubbard, 
Scott, and Waddington,11 who discuss the modifica
tions necessary to make their detailed correction 
scheme devised for sulfur compounds applicable to 
chlorine compounds. Reliable experimental values 
for some of the numerical quantities that enter into 
the corrections are lacking; estimates were made in 
these instances.

Calorimetric Results. Table I lists the detailed 
results of representative calorimetric experiments for 
each dihalobiphenyl. The results refer to the reactions

• C12H8F2(c) +  2V 20 2(g) +  97H20(1) =

12C02(g) +  2[HF-50H2O](l) (1)

C]2H8C12(c) +  2V20 2(g) +  87H20(1) =

12C02(g) +  2[HC1-45H20](1) (2)

HF recovery from the combustion experiments with 
the difluorobiphenyls averaged 100.1% of theoretical. 
The results of all experiments are summarized in 
Table II.

Vapor Pressure Results. Measurements of the ef
fusion cell orifices yielded the following values, in 
cm.: orifice A, diameter 0.0666 ±  0.0003, length 
(thickness of lid) 0.0160 ±  0.0005; orifice B, diameter 
0.0537 ±  0.0002, length 0.0130 ±  0.0005. Values of 
the Clausing factor, interpolated from the table of 
Dushman,15 were 0.8075 and 0.8068 for orifices A and 
B, respectively.

The experimental data and calculated vapor pres
sures are shown in Table III. The vapor pressures 
were calculated from the equation

W l2wRT 
V ~ a K t '  M

where p is the vapor pressure, W  the weight loss over 
a corresponding time t, a the area of the orifice, R the 
gas constant, T the absolute temperature, M  the molec
ular weight of the effusing species, and K  the Clausing 
factor. The effect of the impurity in the sample of 
2,2'-dichlorobiphenyl was neglected in the vapor pres
sure calculations.

To calculate heats of sublimation, equations of the 
form log p = a +  b/T (p in mm. and T in °K.) were 
fitted to the vapor pressure data by the method of 
least squares. The equations are as follows: 2,2'- 
C i2H8F2, log p = 13.880 -  4967/7; 4,4'-C12H8F2, 
log p = 13.584 -  4771/T; 2,2'-C12H8Cl2, log p = 
13.837 -  5019/7; 4,4'-Ci2H8C12, log p =  13.460 -  
5416/7'. The heats of sublimation were calculated 
from the vapor pressure equations by application of the 
Clausius-Clapeyron equation.

Derived Results. To correct for the presence of 2- 
chlorobiphenyl in the sample of 2,2'-dichlorobiphenyl, 
a value for the heat of combustion of the former was 
estimated as follows: Briill16 gives the value —7697.9

(11) W. N. Hubbard, D. W. Scott, and G. Waddinarton, “ Experi
mental Thermochemistry,” Vol. I, F. D. Rossini. Ed., Interscience 
Publishers, Inc., New York, N. Y .. 1956, Chapter 5, pp. 75-128.

(12) A. E. Cameron and E. Wichers, J . A m . Chem. Soc., 84, 4175 
(1962).

(13) F. D. Rossini, F. T. Gucker, Jr., H. L. Johnston, L. Pauling, 
and G. W. Vina!, ibid., 74, 2699 (1952).

(14) N. A. Lange, “ Handbook of Chem istry,” Handbook Publishers, 
Inc., Sandusky, Ohio. 1956.

(15) S. Dushman, “ Scientific Foundations of Vacuum Technique,” 
John Wiley and Sons, New York, N. Y ., 1949, p. 99.

(16) L. Briill, Gazz. chirn. Hal.. 65, 17 (1935).
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T ab le  II : Summary of Combustion Experiments

-C o m p o u n d -
2,2'-Difluoro- 4,4'-Difluoro- 2,2'-Dichloro- 4,4'-Dichloro

biphenyl biphenyl biphenyl biphenyl

A£Jc°/M(compound), cal. g. 1 -7444 .48 -7443 .90 -6366 .34 -6345 .98
-7443 .79 -7442 .18 -6367 .79 -6345 .75
-7444 .18 -7444 .20 -6367 .50 -6345 .59
-7444 .69 -7444 .48 -6367 .99 -6345 .90
-7444 .44 -7443 .52 -6367 .78 -6345 .54
-7444 .74 -7443 .23 -6368 .10 -6345 .91
-7444 .87 -6367 .95 -6345 .10
-7444.71 -6368 .32 -6344 .88

Mean value -7444 .49 -7443 .58 -6367 .72“ -6345 .58
Std. dev. of the mean ± 0 .1 3 ± 0 .3 4 ± 0.22 ± 0 .1 4

“ Uncorrected for 2-chlorobiphenyl impurity. See text.

able IH  : Vapor Pressure Data for Dihalobiphenyls

T im e , W e ig h t P re ssu re , W e ig h t P ressu re»
T, °K. 10 s se c . lo s s , m g . lo s s , m g . M

2,2'-Difluorobiphenyl
301.68 12.42 2.74 2.61 4.17 2.58
303.11 16.02 4.32 3.20 6.49 3.12
306.04 1 1 . 22 4.24 4.50 6.45 4.45
308.64 29.58 14.99 6.06 22.82 5.99
313.20 11.64 10.36 10.7 15.77 10.6
318.26 10.32 16.03 18.9 24.34 18.6

4,4'-Difluorobiphenyl
294.92 11.34 3.73 2.50
298.99 26.70 9.69 4.27 14.98 4.29
303.24 10.14 9.13 6.93
303.24 7.20 4.43 7.30
309.93 8.64 11.06 15.3 17.46 15.7
312.72 6.60 11.55 2 1 . 1 18.72 22. 2
313.23 7.20 19.83 2 1 . 6
313.26 7.68 14.22 22.3
318.60 3.60 1 2 . 1 1 40.9

2,2'-Dichlorobiphenyl
310.27 21.96 9.24 4.66 14.13 4.62
314.57 12.84 8.80 7.64 13.47 7.59
319.04 7.20 8.09 12. 6 12.38 12.5
323.59 8.46 15.94 21.3 23.97 20.8
328.07 3.60 11.15 35.2 17.01 34.9

4,4 '-Dichlorobiphenyl
303.03 16.98 1.67 1 . 1 2 2.62 1.14
339.73 13.50 3.78 3.24 5.81 3.24
349.93 18.78 15.13 9.47 23.44 9.53
360.15 24.18 53.83 26.6 83.76 26.8

cal. g.-1 ; correction for combustion to HCT90H2O 
gives —7725 cal. g. 1. The value obtained by adding 
the difference between the heats of combustion of 
ethylbenzene17 and o-chloroethylbenzene18 to that for

biphenyl19 was —7695 cal. g.-1. The average of the 
experimental and calculated values, —7710 cal. g. ', 
was used for the heat of combustion of 2-chlorobiphenyl. 
The following equation was then written, in which x 
is the heat of combustion of 2,2'-dichlorobiphenyl:
0. 995a: +  0.005(-7710) =  -6367.72. The solution 
is a: =  —6360.97 cal. g.-1.

Table IV lists the derived results. The uncer
tainties shown for AEc° and AHc° are the uncertainty 
intervals equal to twice the final “ over-all”  standard 
deviation20 except for 2,2'-dichlorobiphenyl, which 
has a larger uncertainty because of the impurity in 
the sample.

To compute the values of the standard heats of for
mation, the following values were used for the standard 
heats of formation of hydrochloric and hydrofluoric 
acids: HCl(in 45H20), —39.550 kcal. mole-1 ; and 
HF(in 50H2O), —75.660 kcal. mole-1.21 Values used 
for carbon dioxide and water are given in the preceding 
paper.4
Discussion

Comparison with Previous Work. The heats of com
bustion of 2,2'- and 4,4'-dichlorobiphenyl were found 
by Briill16 to be —6251.2 and —6231.5 cal. g.-1,

(17) “ Selected Values of Physical and Thermodynamic Properties 
of Hydrocarbons and Related Compounds,” American Petroleum 
Institute Research Project 44, Carnegie Press, Pittsburgh, Pa., 1953, 
Table 5n.

(18) W. N. Hubbard, J. W. Knowlton, and H. M. Huffman, J . Phys. 
Chem., 58, 396 (1954).

(19) G. S. Parks and L. M. Vaughan, J . A m . Chem. Soc., 73, 2380 
(1951).

(20) F. D. Rossini, “ Experimental Thermochemistry,”  Vol. I, F. D. 
Rossini, Ed., Interscience Publishers, Inc., New York, N. Y ., 1956, 
Chapter 14, pp. 297-320.

(21) F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, and
1. Jaffe, “ Selected Values of Chemical Thermodynamic Properties,” *  
National Bureau of Standards Circular 500, U. S. G ovt. Printing 
Office, Washington, D. C., 1952.
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T able  IV  : Derived Thermochemical Data at 298.15°K., kcal. mole 1

2,2'-Difiuoro- 4,4'-Difluoro- 2,2'-Dichloro- 4,4'-Dichloro-
State biphenyl biphenyl biphenyl biphenjd

A Ec° Crystal -1415 .90  ±  0.15“ -1415 .72  ±  0.22“ -1419 .16  ±  0.4D -1415 .72  ±  0 . 15s
A Hc° Crystal -1416 .79  ±  0.15“ -1416.61 ±  0.22" -1420 .05  ±  0.41'' -1416.61 ±  0 . 156
A Hf° Crystal -6 8 .0 9 -6 8 .2 7 +  7.39 + 3 .95
A Hs + 2 2 .7  ±  1 +  2 1 . 8  ±  1 +  23.0 ±  1 + 2 4 .8  ±  1
a H r

1 For eq. 1.

Gas

b For eq. 2.

-4 5 .4 -4 6 .5 + 30 .4 + 28 .8

respectively. A static-bomb calorimeter was used and 
no details were given regarding the bomb solutions or 
the determination of final states within the bomb, but 
it is stated that the results were calculated for the for
mation of Ch gas. With data from Circular 500,21 
the results reported here can be converted to the equa
tion

Ci2H8C1o(c) +  140,(g) =
12C02(g) +  4H,0(1) +  Cl2(g) (3)

The results are —6313.8 cal. g .-1 for 2,2'-d:chlorobi- 
phenyl and —6298.4 for the 4,4'-isomer. The results 
of this research are about 15 kcal. mole ~1 more nega
tive than Briill’s and they differ from one another by
1.0 kcal. mole-1 less.

Vapor Pressure Results. The agreement of the 
results from the two effusion cells is an indication that 
equilibrium vapor pressures were measured; the ratio 
of effective orifice areas of the two cells was 1.54. 
As may be seen from Table III, the smaller orifice 
gave slightly higher results for two of the four com
pounds, and slightly lower results for the other two.

The ratio of mean free path (Xj to orifice diameter (d) 
was calculated for these experiments, and the data 
given in Table III cover a range of \/d ratios from 0.5 
to 15. Data from experiments in which the \/d ratio 
was below 0.5 were rejected because there was indica
tion that the flow conditions through the orifice changed 
from molecular to viscous. The mean free paths were 
calculated from the relation

kT
7rv/2<r2p

Values for a, the collision diameter of the molecule, 
were obtained by taking the average of the three di
mensions of the molecule calculated from the molecular 
parameters tabulated by Beaven and Hall.2

Energy Differences between Biphenyl Isomers. The 
• characteristics of biphenyl and its derivatives pose an 

interesting question. Do the two benzene rings interact

in such a way as to reduce the energy of the molecule 
relative to benzene?

Theoretical calculations have been made of the 
hypothetical case in which the rings would be coplanar; 
these calculations have led to a delocalization energy 
of 6.1 kcal. mole-1.22 However, steric interference 
between the hydrogen atoms in the ortho positions 
forces the two rings out of the same plane; electron 
diffraction studies indicate an interplanar angle 6 = 
41.6°.23 Dewar24'25 has suggested that the delocali
zation energy is proportional to cos2 0; the calculated 
delocalization energy of the actual biphenyl molecule 
then becomes 3.4 kcal. mole-1. This value may be 
compared with the value 1.5 kcal. mole-1 obtained from 
Wheland’s table,26 with revisions utilizing more recent 
data for the heat of combustion19 and heat of subli
mation27 of biphenyl.

The interplanar angles for 4,4'-difluoro-, 2,2'- 
difluoro-, and 2,2'-dichlorobiphenyl also have been 
measured.28’29 For the first compound, the value is 
44°, which is very similar to the angle in biphenyl, 
as should be expected; for the second and third com
pounds, the angles are, respectively, 60 and 74°, in 
accordance with the greater van der Waals radii of 
fluorine and chlorine. These data and the thermo- 
chemical energy differences found in this research can 
be used to calculate the delocalization energy, AEp, 
for the hypothetical coplanar form, by the equation

AEP = AE/(cos2 8 — cos2 44°)

(22) A. Streitwieser, Jr., “ Molecular Orbital Theory for Organic 
Chemists,’ ’ John W iley and Sons, New York, N. Y ., 1955, p. 243.

(23) A. Almenningen and O. Bastiansen, Kgl. Norake Videnskab- 
Selskabs. Skrifter, 1 (1958); Chem. Abstr., 53, 11917c (1959).

(24) M. J. S. Dewar. J. Am. Chem. Soc., 74, 3345 (1952).

(25) L. L. Ingraham, “ Steric Effects in Organic Chem istry,”  M. S. 
Newman, Ed., John W iley and Sons, New York, N. Y ., 1956, Chapter 
11.
(26) G. Wheland, “ Resonance in Organic Chem istry,”  John W iley 
and Sons, New York, N. Y ., 1955, p. 98.

(27) A. H. Jones. J. Chem. Eng. Data. 5. 196 (I960).

(28) O. Bastiansen, Acta Chem. Scand., 4, 926 (1950).

(29) O. Bastiansen and L. Sinedvik, ibid.. 8, 1593 (1954).
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where AE is the observed energy difference. From 
Table IV, it may be seen that the 4,4'-dihalobiphenyls 
are more stable than the 2,2'-isomers, by 1.1 kcal. 
m o le '1 for the difluoro compounds, and 1.6 kcal. 
m ole '1 for the dichloro compounds. The results 
calculated from the above equation are 4.1 kcal. 
m ole '1 for AEp for the difluorobiphenyls and ,3.6 
kcal. m ole '1 for the dichlorobiphenyls. A similar 
calculation for biphenyl, based on the experimental 
stabilization energy of 1.5 kcal. m ole '1, leads to the 
result 2.8 kcal. mole“ 1 for AEp. Because the results 
of the present work were obtained from paired ex
periments, performed under nearly identical conditions, 
the uncertainty associated with the energy difference 
under discussion is much smaller than the uncertainties 
in the heats of formation.

In the calculations described above, the assumption 
is made that the entire difference in energy between the 
2,2'- and 4,4'-isomer is caused by the distortion from 
coplanarity. A better approximation, would correct 
for the stabilization attributable to the attraction 
between the 2,2'-substituent atoms. That such an 
attraction exists is shown by the fact that the halogen 
atoms are found in the cis rather than the trans posi
tion. A quantitative estimate of the energy involved 
is difficult to make, but it is expected to be smaller 
than the respective heats of vaporization of hydrogen,

carbon tetrafluoride, and carbon tetrachloride, and to 
parallel their increase in that order. This correction 
would bring the values of AEP calculated from the data 
for the difluoro and the dichloro isomers closer together, 
but would increase the discrepancy between them and 
biphenyl.

Independent estimates of the stabilization energy 
of the planar form of biphenyl have been made in con
junction with calculations of rates of racemization 
of optically active biphenyls; Westheimer30 has 
estimated a value of 3 kcal. m ole '1, and Howlett31 
reported 7 kcal. m ole '1. The accumulated evidence, 
considered together and with no attempt at a critical 
evaluation of the assumptions underlying each esti
mate, suggests the stabilization energy of a planar 
biphenyl structure relative to benzene is about 4 to 
5 kcal. m ole '1
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(30) F. H. Westheimer, "Steric Effects in Organic Chemistry,” 
M. S. Newman, Ed., John Wiley and Sons, New York, N. Y., 1956, 
Chapter 12.
(31) K. E. Howlett, J. Chem. Soc., 1055 (1960).

N O T E S

The Heats of Formation of 

Trisilane and Trigermane1

by Stuart R. Gunn and LeRoy G. Green
Lawrence Radiation Laboratory, University o f California;
Livermore, California (Received September 13, 1963)

Simple bond energy additivity rules do not hold 
for light alkanes. Thus the standard heat of forma
tion of CH42 is —17.89 kcal. m ole '1 and that of C2H6 
is —20.24, an increment of —2.35 for the CH2 group; 
C3H8 is —24.82, an increment of —4.59. The incre
ment for straight-chain hydrocarbons becomes con
stant at —4.93 per CH2 group only beyond n-pentane. 
Using 52.09 and 170.9 for the heats of atomization of 
hydrogen and carbon,3 the C-H  bond energy in methane

is 99.29 and the C-C bond energies in ethane and pro
pane are 78.85 and 79.97, respectively. In the present 
investigation, the heats of formation of Si3H8 and 
Ge3H8 have been measured for comparison with 
previous determinations4 for SiH4, Si2H6, GeH4, and 
Ge2H6 to ascertain corresponding trends in these similar 
series.

Experimental
Trisilane was prepared by reaction of magnesium 

silicide with hydrochloric acid and purified by bulb-

(1) This work was performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) E. J. Prosen and F. D. Rossini, J. Res. Natl. Bur. Std., 34, 263 
(1945).
(3) T. L. Cottrell, “The Strengths of Chemical Bonds,” 2nd Ed.,
Butterworth Scientific. Publications, London, 1958.
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to-bulb distillation. Although the vapor pressure 
approached the literature value, analysis of the melting- 
curve4 5 indicated several per cent impurity. The ma
terial was then purified by gas-liquid partition chroma
tography using a column of Octoil-S on firebrick. 
Melting point analysis then indicated a purity of 99.5 
mole %  and an extrapolated melting point of —114.8° 
(lit.6-117.4°).

Trigermane was prepared by J. E. Drake of the 
University of California, Berkeley, by reaction of 
germanium dioxide and potassium hydroborate in 
sulfuric acid.7-8 Melting point analysis indicated a 
purity of 99.9 mole %  and an extrapolated melting- 
point of — 101.8° (lit.9 —105.6°).

Measurements were performed by explosion in mix
tures with stibine in glass cells as previously de
scribed.4-10 A new copper-block calorimeter, labora
tory designation X X IX ,11 with copper surface thermom
eter was used. This system is more precise than that 
previously used. Three runs with stibine only at 25° 
gave 34.99, 34.99, and 34.95 kcal. m ole"1 for — AE; 
the previously used average4 was 34.98 ±  0.10. Dupli
cate calibrations were performed for all runs and 
agreed on the average within 0.04%.

Results
Results of the trisilane-stibine runs are given in 

Table I. The percentage of Si3H8 decomposed is

T ab le  I : Heat of Decomposition of Si3H s at 25°

SisHs, S b H î ,
SisHs C o n d e n s a b l e  

d e c o m p o s e d ,  gas , (o S h H s ) ,
- A B .
kcal .

R u n m m o l e s m m o l e s % % cal. m o l e "

1 0 . 5 5 4 2 . 4 1 2 9 9 . 3 0 . 6 1 5 . 2 5 2 7 . 7 3

2 0 . 7 6 6 2 . 7 1 3 9 7 . 4 1 . 7 2 0 . 6 7 2 7 . 7 1

3 0 . 8 5 9 2 . 2 6 6 9 7 . 9 2 . 9 2 3 . 2 3 2 7 . 6 2

4 0 . 8 9 8 1 . 5 7 9 9 2 . 9 1 1 . 1 2 3 . 1 8 2 7 . 7 9

calculated from the total hydrogen found after the run 
minus that expected from stibine. The condensable 
gas found is expressed as percentage of the trisilane; 
it tends to be somewhat larger than the hydrogen 
deficiency, probably indicating some decomposition 
into di- and monosilane, but since the heat shows no 
trend with completeness of decomposition, the thermal 
effect of this is evidently negligible. In all cases, 
flaming the tube to the softening point liberated hydro
gen corresponding to about 0.1% of the Si3H8. The 
heat is corrected for the fuse energy and the stibine 

Contribution and AE is calculated from the amount of 
trisilane decomposed. Taking the average, 27.71,

for — A7i and converting to constant pressure, AH °  
(Si3H8) is +25.9.

Results for the Ge3H8 runs are given in Table II.

T ab le  II : Heat of Decomposition of Ge.iH» at 75°

Run
GeaHs,
mmoles

SbH.3,
mmoles

Ge3H$ Condensable 
decomposed, gas,

% %
<2(Ge3Hs),

cal.

-A  E, 
kcal, 

in ole~
1 0.791 1 . 5 7 3 9 9 . 8 41.30 52.35
2 0.894 1.369 9 9 . 7 <0.1 47.27 52.99
3 0.736 0.791 9 9 . 0 0.5 39.48 54,16
4 0.841 0.450 9S.9 0.7 45.72 54.95
5 0.762 0 89.6 5.8 37.97 55.59

Flaming tubes from runs 2, 3, and 4 gave hydrogen 
corresponding to about 0.1% of the Ge3H8; run 5 gave 
0.6%. Probably some polymeric germanium hydrides 
were formed, but the value is consistent with the other 
runs; as before, A/t’ is calculated from the amount of 
Ge3H8 decomposed. A value of —34.71 is used for 
AEV+SbEL), calculated from the enthalpy data of 
Sunderam12 for SbH3 and Stull and Sinke13 for Sb 
and H2.

Least-squares fitting of a straight line to the plot of 
V3A/i vs. Sb-Ge gives an intercept of —18.59 and a 
slope of 1.70 ±  0.08 (probable error). Similar fitting 
of the earlier data for GeH4 and Ge3H8 gives for AE 
(GeH4), —22.22 with a slope of 1.48 ±  0.15 and for 
1/2A7?(Ge2H6), —19.94 with a slope of 1.48 ±  0.07. 
Since the heat of formation of the Ge-Sb alloy presum
ably produced should vary very little with tempera
ture, we take a weighted average, 1.57, for the slope 
and fit this by least squares again to obtain —22.29, 
-19.98, and -18 .54  for A£,(GeII.1), 1/ 2A7?(Ge2H6), 
and VsAA+siGesHs), respectively. Then converting 
to constant pressure, we obtain the slightly revised 
values of +21.7 and +38.8 for A fff°(GeH4) and AH t° 
(Ge2H6), and +53.6 for A //°348(Ge3H8).

(4) S. II. Gunn and L. G. Green, J. Phys. Chem., 65, 779 (1961).
(5) S. R. Gunn, Anal. Chem., 34, 1292 (1962).
(6) A. Stock, “Hydrides of Boron and Silicon,” Cornell University 
Press, Ithaca, N. Y., 1933.
(7) W. L. Jolly, J. Am. Chem. Soc., 83, 335 (1961).
(8) J. E. Drake and W. L. Jolly, J. Chem. Soc., 2807 (1962).
(9) L. T. Dennis, R. B. Corey, and R. W. Moore, J. Am . Chem. Soc., 
46, 657 (1924).
(10) S. II. Gunn, W. L. Jolly, and L. G. Green, J. Phys~. Chem., 64, 
1334 (1960).
(11) S. R. Gunn, Rev. Sci. Instr., in press.
(12) S. Sunderam, Can. J. Phys., 39, 370 (1961).
(13) D. R. Stull and G. C. Sinke, “Thermodynamic Properties of 
the Elements,” Advances in Chemistry Series, No. 18, American 
Chemical Society, Washington, D. C., 1956.
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In order to correct this to 25°, we must estimate the 
heat capacity of Ge3H8. Using the spectroscopic data 
of Gutowsky and Styskal14 for Si2H6 and Dows and 
Hexter15 for Ge2H0, we calculate the heat capacities 
at 325° by standard statistical-mechanical procedures 
to be approximately 19.6 and 21.4, respectively. Using 
heat capacities for CH4, C2H6, C3H8, SiH4, and GeH4 
at 325° from Rossini, et al.,'6 and Kelley,17 18 we then esti
mate values for Si3H8 and Ge3Hs by correlations indi
cated in the diagram.

C Si
M H„ 8 .8 1 *— 2 . 2  »  10 .9 7 -«------ 0 .3

t i l l
4 .5 5 * . 4 .0

1 ° - 9  1

8 . 6 * .
1 0 . 8
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1 /  t
- * 1 9 .6  * 7 -  

t /
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t
1 /  

5 .4 8  
I

4 .0
I

Î /
9 .4 *

I

1
1 .5

1

M oH8 1 8 .8 4 * -
Y

— 1 0 . 2 —
Y

-* (2 9 .8 )* ------
i

- 3 .3

Ge
11.26

Î
10.2t,

i  0 . 7

r j
10.9

1
(32.3)

Taking data from Stull and Sinke13 for Ge and H2, 
we obtain +f)4.2 for A77t°(Ge3H8).

X-Ray diffraction analyses of the products were 
not performed, but they presumably would be similar 
to those found earlier with monosilane and mono- 
germane.4 The uncertainty in the nature of the Si 
might contribute an error of 1 kcal./g.-atom or more 
to the heats of formation of the silanes; the uncer
tainty for the germanes should be less. These un
certainties cancel out in derivation of differences 
between the mono-, di-, and tri- species.

Discussion
The change of heat of formation upon adding a SilL 

group to SiH4 is +9.8 kcal. and upon adding SiH2 
to Si2H6, +8 .8 ; adding GeH2 to GeH4, +17.1 and 
GeH2 to Ge3H8, +15.4. The thermochemical bond 
energy ¿'(Si-Si) is 0.5 kcal. greater in Si3H8 than in 
Si2H6, and 7?(Ge-Ge) is 0.8 kcal. greater in Ge3H8 
than is Ge2H6, while E {C-C) in C3H8 is 1.1 kcal. greater 
than in C2H6. These differences appear to be somewhat 
outside our experimental uncertainty, and do not 
represent a monotonic trend with increasing atomic 
number in the group.

The thermochemical bond energies for silanes and 
germanes are given in Table III. Values not in 
parentheses are based on heats of sublimation selected 
by Cottrell3; those in parentheses, on values selected 
by Rossini, et al.is The current JANAF tables19 
select 106 ±  4 for AH f°(Si,g). A value of 52.09 
kcal. mole _ 1 is used for AHf°(H,g).

Saalfeld and Svec have reported mass spectrometric

T able  III : Thermochemical Bond Energies

Si Ge

A if,°(M ,g ) 105 (88 ) 89 (78)
ÌJ(M -H ) in M H , 7 6 .5 (7 2 .3 ) 6 8 .9 (6 6 .2 )
E( M -M )  in M 2H 6 4 6 .4 (3 7 .9 ) 3 8 .2 (3 2 .7 )
E( M -M )  in M 3H 8 4 6 .9 (3 8 .4 ) 3 9 .1 (3 3 .6 )

appearance potentials of Si+ and Ge+ from SiH4 
and GeH4.20 The potentials in electron volts attributed 
to the three processes

MH4 — ► M+ +  2H2 +  e~ (1)

MH4 — ► M+ +  H2 +  2H +  e "  (2)

MH4 — > M+ +  4H +  e -  (3)

are 11.7 ±  0.2, 16.4 ±  0.2, and 20.8 ±  0.2 for Si and
10.7 ±  0.2, 14.1 ±  0.5, and 18.3 ±  0.3 for Ge. The 
differences between successive values in these series 
should be the dissociation energy of hydrogen, 104.18 
kcal. or 4.52 e.v. The Si values are consistent on this 
basis but the Ge values are not.

Heats of formation and bond energies can be ob
tained from the appearance potentials if the fragments 
are assumed to have no excess potential energy. 
From reaction 1

A77,°(MH4) = AHt°(M~) -  AHi =
Afff°(M,g) +  7(M) -  AHi (4) 

where 7 is the ionization potential. Since 

E{ M -H ) = 1/ 4[A77f°(M,g) +
4A77f°(H,g) -  A77+(MH4)] (5)

substituting eq. 4 into 5 gives

¿ (M -H ) = A/7f°(H) +  >/4[AJh  -  7m] (6)

Comparing eq. 4 and 6, it is seen that determination of 
A77f°(MH4) from the appearance potential requires 
both the ionization potential and the heat of subli

(14) H. S. Gutowsky and E. D. Styskal, J. Chem. Phys., 22, 939 
(1954).
(15) D. A. Dows and R. M. Hexter, ibid., 24, 1029 (1956).
(16) F. D. Rossini, et al., “Selected Values of Physical and Thermo
dynamic Properties of Hydrocarbons and Related Compounds,” 
American Petroleum Institute, 1953.
(17) K. K. Kelley, U. S. Bureau of Mines Bulletin 584, U. S. Govt. 
Printing Office, Washington, D. C., 1960.
(18) F. D. Rossini, et al., “Selected Values of Chemical Thermo
dynamic Properties,” National Bureau of Standards Circular 500, 
U. S. Govt. Printing Office, Washington, D. C., 1952.
(19) JANAF Interim Thermochemical Tables, The Dow Chemical
Co., Midland, Mich., 1962. 9
(20) F. E. Saalfeld and H. J. Svec, Inorg. Chem., 2, 46 (1963).
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mation whereas determination of /?(M H) requires 
only the ionization potential and the well established 
A7/f°(H). From calorimetry, on the other hand, 
the heat of formation is obtained directly, but calcu
lation of 2?(M-H) requires use of the heat of subli
mation.

For SiH4, using AH, =  11.7 e.v. or 270 kcal. and I  = 
189.4,18'21 2?(Si-H) is 72 kcal. For GeH4, using Hi =
10.7 e.v. or 247 kcal. and I  =  183.218 (converted from 
0°K. to 25°C.), 2?(Ge-H) is 68 kcal.

Saalfeld and Svec22 also measured appearance po
tentials of Si+ and Ge+ from Si2H6, Ge2H6, and Ge3H8, 
assuming the processes

M2H6(g) M+(g) +  M °(g) +  3H2 (7)

M3H8(g) — > M+(g) +  2M°(g) +  4H2 (8)

From eq. 7

.A tf{°(M 2H6) =  2A//f°(M ,g) +  7(M) =  AH, (9) 

Since

£?(M-M) =  2Afff°(M,g) +  6Afff°(H) -
A77f0(M2H6) -  62?(M II) (10)

substituting 6 and 9 into 10 gives

E( M -M ) = AH7 -  1/2 A Hi +  V*7(M) (11)

For Si2H6, using AH, =  15.2 e.v. or 350 kcal., E(Si-Si) 
is 40. For Ge2H6, using AH, =  13.3 e.v. or 307 kcal., 
2?(Ge-Ge) =  28.

For Ge3H8, by similar reasoning

A22f°(M3H8) =  3A77f°(M,g) +  2(M) -  AHs (12)

B (M -M ) = */*A Hs -  A Hi +  V2/(M ) (13)

Using AH, — 16.3 e.v. or 376 kcal., E(Ge-Ge) =  33.
The bond energies from the appearance potential 

work are more consistent with the calorimetric work if 
the lower values of the heats of sublimation of Si and 
Ge are used. However, recent work rather strongly 
supports the higher value in both cases.

Stone and co-workers23 24 have reported appearance 
potential work indicating that the bond dissociation 
energies 2)(H-SiH3) and 2)(H3Si-SiH3) are much higher 
than the thermochemical bond energies 2?(Si-H) and 
2?(Si-Si) from our work. This seems surprising, since 
for the carbon analogs the values are quite similar. 
In genera], the thermochemical measurements leading 
to E are much less ambiguous than appearance poten
tial measurements leading to D; a reinvestigation of D 
might well be in order.
* Feher, Jansen, and Rohmer25 have recently reported 
values of —11.3, —36.2, and —54.4 kcal. mole-1 for

the heats of formation of SiH4(g), Si2H6(g), and Si3- 
Hs(l) at 20° from combustion calorimetry. The calcu
lations are apparently based on —205.4 for the heat of 
formation of quartz,18 and the derived heats of forma
tion would be even more negative if the better value 
of —217.5 for quartz were used.26'27 These large 
discrepancies apparently illustrate the difficulty of 
obtaining correct results for silicon compounds by 
ordinary combustion calorimetry.
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The Heats of Formation of H2Se and H2Te. 

Correlations of Simple Covalent Hydrides1 2

by Stuart R. Gunn
Lawrence Radiation Laboratory, University of California,
Livermore, California (Received September 13, 1963)

Measurements of the heats of formation of several 
hydrides of groups IV and V2-4 and of boron5'6 by the 
method of explosion in mixtures with stibine have 
been previously reported. This method appeared 
rather unattractive for H2Te and H2Se because of 
compounds in the product Sb-Te and Sb-Se systems7 
with unknown heats of formation. However, SnH4 
had been found to explode by itself,3 4 more violently 
than SbH3, and it appeared possible that H2Te, lying

(1) This work was performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) S. R. Gunn, W. L. Jolly, and L. G . Green, J . Phys. Chem., 64, 
1334 (1960).
(3) S. R. Gunn and L. G. Green, ibid., 65, 779 (1961).

(4) S. R. Gunn and L. G. Green, to be published.

(5) S. R. Gunn and L. G. Green, J . Phys. Chem., 65, 2173 (1961).

(6) S. R. Gunn and L. G. Green, J . Chem. Phys., 36, 1118 (1962).

(7) M. Hansen, "Constitution of Binary Alloys,” M cGraw-Hill 
Book Co., Inc., New York, N. Y ., 1958.
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in the same row of the periodic table, might also explode 
by ignition with a fuse, although extrapolation would 
suggest it to be less explosive than SbH3. Preliminary 
experiments showed this indeed to be the case; it does 
not explode as completely at low pressures or propagate 
as readily into narrow tube sections as does SbH3, 
although its spontaneous slow decomposition is con
siderably more rapid.

Experimental
Materials. H2Te and H2Se were prepared by the 

hydrolysis of Al2Te3 and Al2Se3, essentially according 
to the procedure of Watkins and Shutt.8 The yield of 
H2Te was much poorer, perhaps 10% that of H2Se. 
Purifications were performed by bulb-to-bulb distil
lations, after a preliminary passage through CaCl2 
and P20 6 in the case of H2Te. The principal criterion 
of purity was equality of vapor pressure of initial and 
final small fractions distilled from the total purified 
batch. Measurements of H2Te were especially poor 
because of deposition of Te metal in the manometers; 
the value was approximately 95 mm. in a chlorobenzene 
slush bath ( — 45.2°); the vapor pressure equation of 
Kelley9 gives 105 mm. The vapor pressure of H2Se 
was about 230 mm. in a chloroform slush bath ( —63.5°); 
Kelley’s equation9 gives 247 mm. Chemical analysis 
of the Te metal produced in the calorimeter runs 
showed less than 0.1% Se.

Calorimetry. The reaction tubes were as previously 
described2 except for being 10 cm. long instead of 20 
cm. and having a volume of about 45 ml.; this was done 
because of the difficulty of preparation of H2Te and 
the apparently improved decomposition yield at higher 
pressures. The bulbs were equipped with ungreased 
Teflon-tipped high vacuum needle valves.10 The gases 
were measured by weighing in the reaction tubes, 
H2Se being loaded first when used. There appeared 
to be some evidence that H2Te was decomposed by the 
room fluorescent lighting, so it was handled largely in 
the dark. Some decomposition of H2Te still occurred 
during the weighing, so after completion of the weighing 
the gases were frozen out with liquid nitrogen and the 
hydrogen was pumped off and measured; this usually 
amounted to about 0.2 or 0.3%. The tube was then 
sealed off and placed in the calorimeter; further de
composition occurring during the somewhat shorter 
interval before firing is neglected in the calculations 
below.

Copper block calorimeter X X IX , described else
where,11 was used. It was calibrated six times using 
a dummy glass cell, similar to the reaction cells, with 
a heater wound on its outer surface. Temperature 
intervals used were 0.25 to 0.5° (70 to 150 cal.); the

total spread of the calibrations was 0.15%. After 
reaction runs, the cells were weighed and a small cor
rection was applied to the calibrated heat capacity 
to allow for the weight difference of the experimental 
cells and the calibration heater cell. Runs were per
formed at 25.0 ±  0.2°.

After the runs, the hydrogen was transferred with 
a Toepler pump through traps at —196° and meas
ured; in the case of H2Te-H 2Se runs, the traps were 
then warmed and the condensable gas also was meas
ured.

Results
Four runs were performed with H2Te only. The 

amounts in millimoles, corrected for decomposition 
during weighing, were 1.809, 2.041, 2.607, and 3.348. 
Observed heats, q, corrected for fuse energies, were 
43.18, 48.32, 61.82, and 79.30 cal. The hydrogen 
found was 1.807, 2.024, 2.597, and 3.336 mmoles, or
99.9, 99.2, 99.6, and 99.6% of theoretical, respectively. 
The molar heats of reaction, AH, calculated with re
spect to the hydrogen found, are then —23.90, —23.87, 
— 23.81, and —23.77 kcal. mole-1, respectively. X - 
Ray diffraction observations of the powder produced 
gave strong, clear patterns for the known structure 
of Te.

Five runs were performed with H2Te H2Se mixtures. 
The data are summarized in Table I.

The amounts of H2Se and H2Te are calculated from 
the sample weights, the H2Te being corrected for de
composition during weighing. “ H2Se decomposed” 
is taken as H2 found minus 99.5% of the H2Te. The 
value qtot is the observed heat corrected for fuse energy; 
ĤjSe is gtot minus 0.995 times 23.83 kcal. mole-1 times 

the amount of H2Te (0.990 was used instead of 0.995 for 
run no. 3, where firing was considerably delayed). 
A //h2sc is then sB divided by H2Se decomposed.

The sum of H2 and condensable gas found agrees 
quite well with the sum of H2Se and H2Te taken. 
Chemical analysis of Se and Te in the powder pro
duced gave results which, while not very precise, were 
consistent with the gas measurements except for run 
no. 5, where the chemical ratio of Se to Te was sig
nificantly higher than calculated from the gas measure
ments. The condensable gas from all runs was con
densed in tubes which were then sealed off and stored 
in light at room temperature. Run no. 5 developed

(8) G. R. W atkins and R. Shutt, “ Inorganic Synthesis,”  Vol. II. 
W. C. Feme!ius, Ed., McGraw-Hill Book Co., Inc., New York, 
N. Y ., 1946, pp. 183-186.

(9) K . K . Kelley, Bureau of Mines Bulletin 383, U. S. G ovt. Printing 
Office, Washington, D. C., 1935.

(10) Fischer and Porter Co., Warminster, Pa. #

(11) S. R. Gunn, Rev. Sci. In str ., in press.
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Table I : Heats of Explosion of H2Te—H2Se Mixtures

Hj Se

Run
H,Te,

mmoles
H2Se,
mmoles

H2 found, 
mmoles

Condensables,
mmoles

decomposed
mmoles

Çtot.
cal.

ÎHîSe,
cal.

-  AHHjSe. 
kcal. mole-1

1 2.991 0.661 3.289 0.360 0.313 73.92 2 . 0 0 6.39
2 2.264 0.919 2.694 0.441 6 6 . 1 1 2.43 5.50
3 2.506 1.329 3.114 0.713 0.621 62.08 2.94 4.73
4 2.264 1.562 2.958 0.861 0.705 56.47 2.80 3.97
5 1.655 2.068 2.160 1.542 0.513 41.08 1.84 3.59

Table II: Heats of Formation of Simple Hydrides
CH4, -17.89 (+ 6 .8 ) NH3, -11.04 (-46.8) H2O, -57.80 (-6.4) HF, -64.2

(+25.2) ( +  12.3) (+53.0) (+42.1)
SiH4, +7.3 ( - 6 .0 ) PH3, +1.3 ( - 6 .1 ) H2S, -4.82 (-17.2) HC1, -22.06

(+14.3) ( +  14.6) ( +  13) ( +  13.4)
GeH4, +21.6 (-5.7) AsH3, +15.9 ( - 8 ) H2Se, + 8  ? (-17) HBr, —8 .66

(+17.3) ( +  18.9) ( +  16) ( +  14.8)
SnH4, +38.9 (-4.2) SbH3, +34.7 (-10.9) H2Te, +23.8 (-17.6) HI, +6.20

a much stronger mirror than the others; it is evident 
that in this run considerably more H2Te was unde
composed. It may be noted that the per cent of H2Se 
decomposed, calculated from the gas measurements, 
ranges from 48 to 45% in the first four runs, tending 
to decrease with increasing H2Se:H2Te ratio, but is 
25% for run no. 5. X-Ray diffraction analysis of 
the products showed them to be crystalline solid 
solutions.12

Discussion

The results for H2Te seem to be straightforward and 
adequately precise; the explosions give well defined 
crystalline tellurium. The standard heat of forma
tion, AH°,  is +23.83 kcal. mole-1, with ±0.20 as an 
estimated over-all limit of error. Bichowsky and 
Rossini13 give +34.2 (at 18°) based on work of Berthe- 
lot and Fabre14 15; Rossini, et al.,u give +36.9, referring 
to the same work. Awad16 has proposed 23.1 for 
AFf(H2Te) at 30°; neglecting heat capacities and using 
tabulated entropies,16 this corresponds to +26.9 for 
AH<° at 25°.

Our values for H2Se show a regular trend, slightly 
curved, when plotted against the H2Se:H2Te ratio, 
which extrapolates to about + 8  kcal. mole-1 for 
AH{° at a ratio of zero. This could be rationalized 
if an increasing fraction of H2Te were undecomposed 
as the H2Se:H2Te ratio in the runs was increased, 
ilowever, there is no direct evidence for this except in 
the case of run no. 5. Tellurium and selenium are

isomorphous and completely miscible as solids7; the 
heat of solution would not be expected to be large.

Bichowsky and Rossini13 give +18.5 (at 18°) for 
AH t° (H2Se) based on several investigations. Fabre17 
measured the heat of oxidation of H2Se by FeCl3; 
this gives 18.5 for AHt°. This is the same method 
that gave a high value for H2Te. Fabre17 also meas
ured the heat of reaction of H2Se with aqueous Se02; 
this gives 19.8 for AH°.  Equilibrium data of Rolla18 
for the reaction of H2Se with I2 and of Pelabon19 for 
the dissociation of H2Se to the elements give 16.9 and
19.0 for AH ° , respectively. Rossini, et al.,lb give
20.5 for AH°,  referring only to Fabre.17 More re
cently, Kapustinskii and Kankovskii20 have reported 
a value of +18.16 from measurements of the heat of 
combustion of H2Se.

Table II gives standard heats of formation (as gases)

(12) E. Grison, J . Chem. Phys., 19, 1109 (1951).

(13) E. R. Bichowsky and F. D. Rossini, “ The Thermochemistry of 
the Chemical Substances,” Reinhold Publishing Co., New York, 
N. Y ., 1936.
(14) M. Berthelot and M . C. Fabre, A nn. Chim. Phys., (6) 14, 92 
(1888).
(15) F. D. Rossini, et al., National Bureau of Standards Circular 
500, U. S. G ovt. Printing Office, Washington, D. C., 1952.

(16) S. A. Awad, J . Phys. Chem., 66, 890 (1962).

(17) C . Fabre, A nn. Chim. Phys., (6) 10, 472 (1887)-

(18) L. Rolla, Atti. Accad. Nazi. L in ed , Mem. Classe Sci. Fis., Mat. 
N at. Sez., 21 II, 278 (1912).

(19) H. Pelabon, A nn . Chim. Phys., (7) 25, 365 (1902).

(20) A. F. Kapustinskii and R. T. Kankovskii, Zh. Fiz. K him ., 33, 
722 (1959).
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from Rossini, et al.,is and our earlier2 '5 and present 
work.

The values in parentheses are the differences between 
successive compounds. For periods 3, 4, and 5 these 
differences are remarkably regular, both horizontally 
and vertically, and a value near +20 for H2Se would 
be entirely out of line. All in all, a value of around 
+ 8  kcal. mole-1 for AHf° (H2Se) appears most prob
able, with an unknown but large uncertainty. Using 
Cottrell’s21 22 23 24 values for the heats of formation of the 
gaseous atoms: H, 52.1; Se, 49; Te, 48, the thermo
chemical bond energies A'(Se-H) and F(Te-H ) are 
73 and 64, respectively, forming a regular trend with 
the values of 110.6 for /f(O -H ) and 83 for 7i(S-H).

The 4 X 4  matrix of heats of formation of simple 
gaseous binary hydrides given in Table III should pro
vide a valuable test of theory when and if theoretical 
chemistry becomes capable of giving reasonably rigor
ous a priori calculations of molecular bonding energies. 
An attempt has been made to correlate the thermo
chemical bond energies derived from these heats of 
formation with electronegativity schemes22-24

A = F (M -H ) -  y 2[£(M -M ) -  i?(H-H) ]

X m — X H =  0.208\/a

Results are unsatisfactory, except for the halogens. 
For Si, Ge, and Sn, A is negative, and for groups V and 
VI the E(M  M) values to be used are poorly defined.

The regular trends shown in Table I suggest that 
fairly good estimates may be made for period 6. As
suming that the differences between periods 6 and 5 
will be somewhat greater than those between 5 and 4, 
as those between 5 and 4 are greater than between 4 
and 3, reasonable values would be PbH4, 60; BiH3, 
55; H2Po, 45; HAt, 25. However, the intervening 
lanthanide contraction might perturb this extrapola
tion somewhat. Saalfeld and Svec25 1 have given values 
of 60 and 66 for AH °  for SiiH, and BiH3, respectively, 
from mass spectrometric appearance potentials; this 
method in general is subject to fairly large experimental 
uncertainties, although their values for several other 
hydrides are in rather good agreement with ours.

(21) T. L. Cottrell, “ The Strengths of Chemical Bonds,” 2nd Ed., 
Butterworth, London, 1958.

(22) L. Pauling, “ The Nature of the Chemical Bond,” 3rd Ed., 
Cornell University Press, Ithaca, N. V., 1960.

(23) A. L. Allred, J . Inorg. Nucl. Chem., 17, 215 (1961).

(24) H. O. Pritchard and H. A. Skinner, Chem. Rev., 55, 745 (1955).

(25) F. E. Saalfeld and H. T . Svec, Inorg. Chem., 2, 46 (1963).

The Free Energy of Formation of 
Niobium Dioxide between 1100 and 1700°K.1

by Wayne L. Worrell

Inorganic Materials Research Division,
Lawrence Radiation Laboratory,
University o f California, Berkeley, California 
{Received October 7, 1963)

The free energy of formation of N b02 has been de
termined by measuring the carbon monoxide equi
librium pressure of reaction 1 between 1050 and 1200°K.

Nb20 5(s) +  C(gr) ^  2NbO*(s) +  CO(g) (1)

Combining these results with recent thermal data2 
and with another equilibrium study3 yields free energy 
of formation values for N b02 which are more precise 
than those tabulated by Elliott and Gleiser4 and by 
Coughlin.6

To obtain an expression for the free energy of for
mation of N b02 between 1100 and 1700°K., the stand
ard free energy change of the reaction

Nb20 5(s) ^  2Nb02(s) +  0.5O2(g) (2)

was calculated from the results of the three investiga
tions.

In this study a solid pellet of X b 0 2 Nb2Or,--C was 
equilibrated with a carbon monoxide atmosphere at 
elevated temperatures. Tne experimental apparatus 
and procedures are described elsewhere.6’7 The 
amount of CO (usually >94% ) was determined by 
Orsat analysis,8 and an X-ray diffraction pattern of 
the remaining pellet indicated that only the initially 
charged phases were present. The results are sum
marized in Table I, in which AF°(1) and AF°{2) are the 
standard free energy changes of reactions 1 and 2,

(1) This note is based on a thesis submitted in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy at the 
Massachusetts Institute of Technology, M ay, 1963. The work was 
supported principally by the National Science Foundation and the 
U. S. Atomic Energy Commission.

(2) E. G. King and A. O. Christensen, U. S. Bur. Mines Rept. Invest. 
5789, U. S. Govt. Printing Office, Washington, D. C., 1961.

(3) V. I. Lavrent’ev, Y . I. Gerasimov, and T. N. Rezakhina, 
Dokl. Akad. N auk S S S R , 136, 1372 (1961).

(4) J. F. Elliott and M. Gleiser, “ Thermochemistry of Steelm aking,” 
Vol. I, Addison-Wesley Publishing Co., Inc., Reading, Mass., 1960.

(5) J. P. Coughlin, U. S. Bur. Mines Bull. 542, U. S. G ovt. Printing 
Office, Washington, D . C., 1954.

(6) W. L. Worrell and J. Chipman, J . Phys. Chem., 68, 860 (1964).

(7) M. Gleiser and J. Chipman, ibid., 66, 1539 (1962).

(8) “ Manual for Gas Analysis,”  Catalog No. 80, Burrell Teehnica? 
Supply Co., Pittsburgh, Pa.
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Estimation of the Entropy of Formation 
at 298°K. for Some Refractory Metal Carbides1

b y  W a y n e  L . W o r re ll

Inorganic Materials Research Division,
Lawrence Radiation Laboratory,
University o f California, Berkeley, California 
{Received October 7, 1963)

A lth o u g h  th e ir  h e a ts  o f  fo r m a t io n  are fa ir ly  w ell 
k n o w n , fe w  e n tr o p ie s  o f  fo r m a t io n  a t  2 9 8 ° K . (A<S°29s) 
o f  r e fr a c to r y  m e ta l c a rb id e s  h a v e  b e e n  d e te rm in e d . 
U n til  su ch  d a ta  b e c o m e  a v a ila b le , a n y  e s t im a tio n  o f  
A<S°298 sh o u ld  b e  v e r y  u se fu l. B y  c o m b in in g  th e  est i
m a te d  A<S°298 w ith  th e  m e a su re d  A H ° MS, o n e  ca n  o b 
ta in  a  free  e n e rg y  o f  fo r m a t io n  e q u a t io n  fo r  th e  c a r b id e  
a t  2 9 8 ° K . B e ca u se  K o p p ’s ru le  (A Cp ~  0 ) is u su a lly  
a  g o o d  a p p r o x im a t io n  f o r  c a r b id e s ,2 th is  e q u a t io n  is 
a lso  a p p lic a b le  a t e le v a te d  te m p e ra tu re s .

K r ik o r ia n 3 h as e s t im a te d  v a lu e s  fo r  AtS°298 fo r  som e 
r e fr a c to r y  m e ta l c a rb id e s  b y  co r r e la t in g  th e  e n tr o p y  
o f  fo r m a t io n  o f  th e  ca rb id e s  fr o m  th e  .gaseou s e lem en ts . 
In  h is c a lc u la t io n s , th e  e le c tr o n ic  c o n tr ib u t io n s  t o  th e  
e n tr o p ie s  o f  th e  g a seou s  a to m s  w e re  n e g le c te d  a n d  o n ly  
th e ir  t r a n s la t io n a l e n tro p ie s  w ere  c o n s id e ie d . B y  
c o m p a r in g  th e  resu lts  o f  s im ilar  ca lc u la t io n s  fo r  th e  
o x id e s  a n d  fo r  so m e  n itr id e s  w ith  th e  ta b u la te d  e n 
tr o p ie s  o f  K e l le y ,4 5 K r ik o r ia n 3 d e m o n s tr a te d  th a t  q u ite  
re a so n a b le  e n tr o p y  v a lu e s  w ere  o b ta in e d  fo r  th e  re 
f r a c to r y  m e ta l ca rb id e s , n itr id es , a n d  o x id es .

In  1949, R ic h a r d s o n 6 a t te m p te d  t o  co rre la te  th e  sign  
o f  A iS °298 w ith  th e  s tru ctu re  a n d  m e lt in g  p o in t  o f  
th e  c a r b id e . H e  n o te d  th a t  a  fa c e -c e n te r e d -c u b ic  
c a r b id e  h a d  a  m e lt in g  te m p e ra tu re  s ig n ifica n tly  h igh er  
th a n  th a t  o f  its  p a re n t m e ta l a n d  a  n e g a t iv e  A iS,° 298, 
b u t  th a t  a h e x a g o n a l-c lo s e -p a c k e d  c a r b id e  u su a lly  
m e lte d  a t a  c o m p a ra b le  o r  lo w e r  te m p e ra tu re  th a n  its 
p a re n t m e ta l a n d  h a d  a p o s it iv e  A i8° 298-

H o w e v e r , fu rth e r  re sea rch 6 h as in d ic a te d  th a t  th e  
v a n a d iu m  g ro u p  m e ta ls  fo r m  a  h e x a g o n a l-c lo s e -p a c k e d  
c a r b id e  ( M 2C )  w h ich  m e lts  a t  a  h ig h e r  te m p e ra tu re  
th a n  its  p a re n t m eta l a n d  p r o b a b ly  h as a  n e g a tiv e  
A iS °298. A lth o u g h  th is  in d ica te s  th a t  th e  sign  o f  
A 5 ° 298 o f  a c a r b id e  p r o b a b ly  is n o t  lin k e d  t o  its  c ry s ta l 
s tru c tu re , a  c o rr e la t io n  sh o u ld  b e  p o ss ib le  b e tw e e n  its 
m e lt in g  te m p e ra tu re  a n d  its  v a lu e  fo r  A<S°298.

R e c e n t  m e lt in g  p o in t  d a ta  fo r  th e  t ita n iu m  g ro u p , 
th e  v a n a d iu m  g ro u p , a n d  th e  c h r o m iu m  g r o u p  m e t a l -  
ca rb id e  sy s te m s6 h a v e  b e e n  u sed  to  ca lcu la te  B i /f c  v a lu es  
w h ere  tu a n d  ¿c are  th e  m e lt in g  p o in ts  o f  th e  m e ta l 
a n d  th e  ca rb id e , r e sp e c tiv e ly . T h e  m e lt in g  p o in ts , 
th e  c a lc u la te d  tu / tc  v a lu es , a n d  th e  a v a ila b le  e n tr o p y

d a ta 7 fo r  th ese  m e ta l-c a r b id e  sy s te m s  are ta b u la te d  
in T a b le  I. I f  th e  m e lt in g  te m p e ra tu re  v a r ie s  w ith  th e  
c o m p o s it io n  o f  th e  ca rb id e , its  m a x im u m  v a lu e , w h ich  
is n o t  n ecessa r ily  th a t  a t ûhe s to ic h io m e tr ic  c o m p o s i
tio n , is ta b u la te d . T h e  p e r ite c t ic  te m p e ra tu re  is 
u sed  t o  c a lcu la te  B i/'fc  fo r  th o se  c a r b id e s  w h ich  p e r ite c -  
t ica lly  d e c o m p o s e .

Figure 1. Variation of AS°298 with ¿M/fe for some refractory 
metal carbides.

A  q u a lita t iv e  c o rr e la t io n  b e tw e e n  th e  m e lt in g  
p o in t  q u o t ie n t  (tn/tc) a n d  A S °298 ca n  b e  e x p e c t e d .8 
T h e  m a in  c o n tr ib u t io n  to  th e  e n tr o p y  o f  fo r m a t io n

(1) This note is based on a thesis submitted in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy at the Massa
chusetts Institute of Technology, M ay, 1963. The work was sup
ported principally by the National Science Foundation and the 
U. S. Atomic Energy Commission.

(2) O. Kubaschewski and E. L. Evans, “ Metallurgical Thermo
chemistry,” Pergamon Press, New York, N. Y ., 1958.

(3) O. H. Krikorian, Lawrence Radiation Lab Report UCRL-2888. 
1955.

(4) K . K . Kelley, U. S. Bur. Mines Bull. 477, U. S. G ovt. Printing 
Office, Washington, D . C., 1950.

(5) F. D. Richardson, J . Iron Steel Inst. (London), 163, 382 (1949).

(6) E. K . Storms, Los Alamos Scientific Lab Report LAMS-2674- 
1962.

(7) K . K . Kelley and E. G. King, U. S. Bur. Mines Bull. 592, U. S. 
G ovt. Printing Office, Washington, D. C ., 1961.

(8) See L. Brewer, L. A. Bromley, P. W. Gilles, and N. L. Lofgren, 
Paper 6, “ Chemistry and M etallurgy of Miscellaneous M aterials: 
Thermodynamics,”  Vol. 19 B, National Nuclear Energy Series, ed. 
by L. L. Quill, 1950. They have estimated entropy values for som^ 
halides by considering S°ws to be a linear function of the melting 
temperature.
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Table I : Melting Point Data6 and Entropy Data7
for Some Refractory Metal Carbides

Melting AS°29B,
point, cal./deg.

Substance °C. î m / îc g.-atom C

Ti 1660
TiC (fee) 3180 0.52 - 2 . 9  ± 0 .0 7
Zr 1855
ZrC (fee) 3480 0.53 -2 .6 9  ±  0.1"
Hf 2222
HfC (fee) 3890 0.57
V 1888
V2C (hep) 2165 0.87
VC (fee) 2650 0.71 — 1.5 ±  O .l6
Nb 2467
Nb2C (hop) 3090 0.80
NbC (fee) 3500 0.71 - 1 . 6  ±  0 . 1*
Ta 3000
Ta2C (hep) 3500 0.86
TaC (fee) 4000 0.75 - 1 . 6  ±  0 .3fc
Cr 1915
Cr23C6 (fee) 1520 1.27 1.32 ±  0.35
Cr7C3 (hep) 1780 1.08 1.39 ±  0.19
Cr3C2 (orth) 1895 1 . 01 0.30 ±  0.12
Mo 2620
MojC (hep) 2410 1.09
MoC (hep) 2575 1 . 02
W 3407
W2C (hep) 2800 1 . 22
WC (hep) 2720 1.25

“ Obtained from the low temperature heat capacity data of 
E. F. Westrum, Jr., and G. Feick reported in Tech. Doc. Rept. 
No. ASD-TDR-62-204, part II, May, 1963. b Obtained from 
W. L. Worrell and J. Chipman, J. Phys. Chem., 68, 860 (1964).

of the refractory metal carbides would be from 
vibrational effects because changes in the electronic 
and configurational entropies are very small. A 
carbon atom is more loosely bonded in the carbide 
than in pure graphite; hence the lattice vibrations 
and the vibrational entropy of a carbon atom should 
be greater in the carbide. However, A<S'°29S of a car
bide is probably influenced more by the entropy 
changes of the metal atom because the vibrational 
entropy of a pure metal at 298°K. is five to seven times 
that of carbon.

A metal should be more rigidly bonded in a carbide 
whose melting point quotient (<n/fc) is less than one. 
The lattice vibrations and the vibrational entropy of 
the metal in this carbide would be less than that in the 
pure metal, and A<S,029s is probably negative. A similar 
argument would predict a positive AiS°29s for a carbide 
Trhich has a lower melting point than that of its parent 
metal (tu/tc >  1).

The linear variation of A$ °298 with the melting point 
quotient (tu/tc) is shown in Fig. 1 and can be repre
sented by the equation

AN°298 = — 6.0 -f  6.0(fivi/fc) cal./deg. g.-atom of C

(1)
This expression has been used to calculate values of 
A<S°298 tabulated in Table II. Krikorian’s estimates3 
and recommended values are also presented in Table 
II.

Table I I : Estimated Values of A5°298 for 
Some Refractory Metal Carbides

------ -——*—• AiS°298i cal./deg. g.-atom C-

Carbide tu/tc
This

study Krikorian8 Recommended

HfC 0.57 - 2. 6 - 4 . 0  ±  1.0 — 3 .0  ±  1.5
Nb;C 0.80 - 1 . 2 - 1 . 0  ±  1.5 - 1 .0 ±  1 .0
V2C 0.87 - 0.8 - 2. 0  ±  1 . 0 - 1 . 0  ±  1 3
Ta2C 0.86 - 0.8 - 0 . 4  ±  1.0 - 0 . 5  ±  1.3
MoC 1.02 0. 1 0. 0  ±  1 . 0 0. 0  ±  1 . 0
Mo,C 1.09 0.6 2 . 1  ±  1 . 0 1.5 ±  1.0
W 2C 1 . 22 1.3 2.5 ±  1.5 2 .0 ±  1 .5
WC 1.25 1.5 0 . 6  ±  1 . 0 1 . 0  ±  1 . 0

A precision of ±  100° in the melting points of the 
carbides would result in a variation of approximately 
±  10% in the calculated values of A<S°298- However, 
because of the empirical nature of eq. 1, no quantitative 
estimate of the uncertainties associated with the values 
of A(S°298 calculated in this study has been made. The 
uncertainties quoted for the recommended values in 
the last column of Table II are based arbitrarily on 
those of Krikorian3 and on the agreement between his 
estimates and those of this study.

Acknowledgment. The author wishes to express his 
appreciation to Professor John Chipman for many 
helpful discussions.

The Nuclear Magnetic Resonance 

Spectra of Bromodiborane1

by Donald F. Gaines and Riley Schaeffer
Contribution No. 1172 from  the Department of Chemistry;
Ind iana  University, Bloomington, Indiana  
(.Received October 2, 1968)

From studies of the aminodiboranes, Burg and 
Randolph2 postulated that the halogen atom occupied 
a bridge position in the halodiboranes. However, the
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preliminary microwave study of Cornwell3 could be 
interpreted only in terms of a terminal bromine in 
bromodiborane. This paper presents the UB and *H
n.m.r. spectra of bromodiborane and interprets them 
in terms of a terminal substituted model.

Experimental
Bromodiborane was prepared and purified by the 

method of Schlesinger and Burg.4 The purified prod
uct had a vapor pressure of 40 mm. at —45°, in good 
agreement with the literature.4'5 Samples of the liquid 
for the n.m.r. spectra were contained in 5-mm. o.d. 
Pyrex tubing. The UB and *H spectra were obtained 
using a Varian Model 4300B high resolution spectrom
eter operating at 19.3 and 60 Me./sec., respectively. 
To minimize decomposition, the temperature of the 
sample was maintained at about —40° using the 
standard Varian variable temperature accessories.

Results
The nB n.m.r. spectrum (Fig. 1) of bromodiborane 

can be interpreted only in terms of a terminal bromine. 
The boron to which the bromine is bonded is coupled 
to a single terminal hydrogen, giving rise to the large 
doublet at lower field. Each member of the doublet 
is further split into a triplet, with relative intensities 
of 1:2:1, by the two less strongly coupled bridge 
hydrogens. The other boron is coupled to two termi
nal hydrogens giving rise to a large triplet each member 
of which is also split into smaller triplets by the bridge 
hydrogens, as in diborane.6 The resonances of the two 
borons are partially overlapped, so that the central 
portion of the spectrum is a composite of the different 
resonances.

The 4H n.m.r. spectrum of bromodiborane also indi
cates two types of terminal hydrogens in a ratio of 
2:1 (Fig. 2). The peaks arising from one terminal 
hydrogen coupled to UB (I =  3/ 2), marked a, occur at 
lower field while those arising from two terminal 
hydrogens coupled to nB, marked b, occur at higher 
field.7 Coupling of the bridge hydrogen with two dif
ferent borons, using coupling constants obtained from 
the nB spectrum, results in a sixteen-lined group, 
marked c. Only the highest field members of the group 
are clearly visible, and they are partially overlapping.

The contribution of 10B coupling with the hydrogen 
has not been included in the derived spectrum. The 
chemical shifts for hydrogens coupled to 10B would be 
expected to be the same as for hydrogens coupled to 
UB,S but the coupling constant is smaller by a factor of 
about three, and there are seven lines (the spin of 10B 
is 3) instead of four. Thus the presence of 20% 1CIB 
produces only a background, which is of little signifi-

Figure 1. T h e n B  n.m .r. spectrum  of brom odiborane.

Figure 2. T he 'H  n.m .r. spectrum  of brom odiborane.

(1) Studies of Boranes X. For paper IX , see I. A. Ellis, D. F. Gaines, 
and R. Schaeffer, J . Am . Chem. Soc., 85, 3885 (1963).

(2) A. B. Burg and C. L. Randolph, ibid., 71, 3451 (1949).

(3) C. D. Cornwell, J . Chem. Ph.ys., 18, 1118 (1950).

(4) H. I. Schlesinger and A. B. Burg, J . Am . Chem. Soc., 53, 4321 
(1931).

(5) A. Stock, E. Kuss, and O. Priess, Ber., 47, 3115 (1914).

(6) R. A. Ogg, Jr., J . Chem. Phys., 22, 1933 (1954); J. N. Shoolery, 
Discussions Faraday Soc., 19, 215 (1955); W. D. Phillips, H. O.’ 
Miller, and E. L. Muetterties, J . Am . Chem. Soc., 81, 4496 (1959); 
D. F. Gaines, Inorg. Chem., 2, 523 (1963).

(7) It has been found that general chemical shift trends observed 
in " B  n.m.r. spectra c f boron hydrides are also observed in >H n.m .r» 
spectra, though there is at present no theoretical justification for this 
correlation.
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cance in terms of the over-all spectrum observed.
Though the UB and 'H n.m.r. spectra of bromodi- 

borane contain regions where the overlap is sufficient 
to render interpretation difficult, other regions are 
sufficiently free of overlap so that there is no doubt 
as to the assignments shown. Thus the structure of 
bromodiborane has been confirmed by an entirely in
dependent method.

Table I : Chemical Shifts and Coupling Constants
for the UB and 'H n.m.r. Spectra of Bromodiborane

H H Br H
\  / \  / \  /  \  /

B B B B
/  \ /  \ /  \  /  \

Br H H

llB 8° ( ± 0 .5 ) , p.p.m. -1 8 .9 - 12. 2
J (± 3 ) ,  e.p.s. 163 141 5 6 .4 /  44.2''

H &b ( ± 0. 1  ), p.p.m. -4 .9 8 -4 .0 2 - 1  2 (est.)
J (± 3 ) ,  e.p.s. 167 140

“ With reference to BF3-G(C2H5)2. 5 With reference to
( C H a b S i .  r Bridge hydrogen coupling to the boron attached to 
bromine. d Bridge hydrogen coupling to the boron attached to 
two terminal hydrogens.

Acknowledgment. This work has been supported by 
a grant from the National Science Foundation.

(8) D. F. Gaines, R. Schaeffer, and F. Tebbe, ,/. Phys. Chem., 67, 
1937 (1963).

Association of Silver(I) and Chloride in Molten 
Cesium Nitrate and in Molten Mixtures of 
Potassium Nitrate with Cesium Nitrate or 
Lithium Nitrate1

by C. Thomas and J. Braunstein

Department of Chemistry, University of M aine;
Orono, M aine {Received October 28, 1968)

The solvent effect on the association constants of 
silver(I) with chloride, bromide, or iodide in the molten 
solvents NaN03 and K N 03 has been correlated with 
the relative sizes of the cations and the relative sizes 
of the anions in terms of a “ reciprocal coulomb effect.” 2'3 
The solvent effect of Na+ or K+ on the association 

• constants of lead(II) or cadmium(II) with bromide in 
mixtures of NaN03 and K N 034 also is in the direction

predicted by the reciprocal coulomb effect.4 In mix
tures of LiNOa and K N 03, however, association 
constants of cadmium(II) with bromide increase with 
increasing proportions of lithium ion in the solvent,5 
in apparent disagreement with the reciprocal coulomb 
effect.

This note describes measurements of association 
constants of silver(I) with chloride in molten CsN03, 
in molten 67-33 mole %  K N 03-C sN 03, and in molten 
67-33 mole %  K N 03-L iN 03. We show that the 
results in CsN03 are consistent with the reciprocal 
coulomb effect while the solvent effect of lithium ion 
is anomalous if a single “ effective radius” of nitrate 
ion is used for all the alkali nitrate solvents.

Experimental
Cesium nitrate was prepared by treating cesium 

carbonate (purified) from Fisher Scientific Co. with a 
slight excess of nitric acid, recrystallizing twice from 
water, and drying at 140°. All other chemicals were 
reagent grade from Mallinckrodt or J. T. Baker and 
were used without further purification other than 
drying.

Electromotive force measurements were made, 
by methods described previously,6 of the cell

AgNOs
AgNOa KC1
K N 03-C sN 03 K N 0 3 C s N  0 3

(LiNOi) (LiNOs)

both in the presence and in the absence of KC1.

Results
In the absence of chloride, the e.m.f. of the cell 

followed the Nernst equation in the concentration of 
AgN03. The change of e.m.f. on addition of KC1 is 
given in Table I as a function of the mole ratios, R, 
(moles of solute/mole of solvent) of AgN 03 and of KC1 
(CsCl).

Association constants for the formation of AgCl 
in the three solvents were evaluated graphically by 
methods described previously.7 The constants are 1 2 3 4 5 6 7

(1) Supported by the U. S. Atomic Energy Commission under Con
tract No. A T  (30-1)-2873.

(2) D. L. Manning, R. C. Bansal, J. Braunstein, and M. Blander,
J . Am . Chem. Soc., 84, 2028 (1962).

(3) R. E. Hagman and J. Braunstein, J . Phys. Chem., 67, 2881 
(1963).
(4) D. L. Manning, M. Blander, and J. Braunstein, lnorg. Chem., 2, 
345 (1963).
(5) J. Braunstein and A. S. Minano, ibid., 3, 218 (1964).

(6) (a) M . Blander, F. F. Blankenship, and R. F. Newton, J . Phys. 
Chem., 63, 1259 (1959); (b) J. Braunstein and M. Blander, ibid., 64, 
10 (1960).
(7) J. Braunstein, M. Blander, and R. M. Lindgren, J. Am . Chem. 
Soc., 84, 1529 (1962).
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listed in Table II along with values of the specific 
Helmholtz free energy of association, AH, which were 
calculated from the equation of the quasi-lattice 
model8

K ! =  Z(exp( -AA/RT)  -  1)

for values of Z, the quasi-lattice coordination number, 
4, 5, and 6. Also listed in Table II, for comparison, 
are previously reported values of A A in K N 039 and in 
NaN03,10 and an estimate of AH in LiN03 based on a 
linear extrapolation of the values of AH in pure K N 03 
and in the mixed solvent, 0.67 KNO3-0.33 LiN03.

Discussion
The results in Table II indicate that AgCl is more 

stable in CsN03 than :n K N 03 by 0.65 kcal./mole. 
This is in the direction predicted by the reciprocal 
coulomb effect, but the observed stabilization is smaller 
than the value of 2.0 kcal./mole calculated for the ex
change of nearest neighbor ions2’3,6 using the Pauling 
radii11 for Cs+, K +, and C l" and 2.19 A. for the radius 
of nitrate ion.12 The observed solvent effect is 0.32 
of the calculated effect, which is high because of the 
neglect in the calculation of the effect of next nearest 
neighbor and more distant ions.2

Table I : Change of E.m.f. (in millivolts) on Addition of KC1

(a) CsNOs, T =  441°

ßAgNOj “  0. 102 x io -• ÄAgNOi = 0.218 X 10-» ßAgNO# =* 0.305 X 10 » ßAgNOj = 0.522 X 10-»
ßCaCl X 10» — Ae.m.f. ßCaCl X 10» — Ae.m.f. Bead X 10» —Ae.m.f ßCaCl X 10» — Ae.m.f.

0.162 4.49 0.219 6.17 0.192 4.87 0.216 4.61
0.335 9.06 0.522 14.69 0.506 12.97 0.516 10.13
0.864 24.18 1.441 39.44 1.105 27.61 0.807 17.45
1.538 40.06 2.327 57.74 2.352 55.45 1.515 33.79
2.644 63.21 3.397 77.56 3.144 70.77 2.308 50.05
3.522 79.81 4.510 92 ±  3 4.315 91.56 3.497 71.24
4.486 95.81 4.783 91.14

ÄAgNOi = 0.944 X io -» ÄAgNOj = :1.133 X 10-»
ßCaCl X 10» — Ae.m.f. ßc.ci X 10» — Ae.m.f.

0.144 3.20 0.146 3.34
0.421 9.81 0.404 8.69
0.791 18.85 0.787 16.37
1.522 33.39 1.466 27.69
2.071 44.99 2.267 44.46
2.941 60.90 3.669 69.12
4.413 85.01 5.010 91.49

(b) 0.33 CsNO3- 0 .67 K N 03, T =  385°

ÄAgNOi = 0.1018 X 10“ • ÄAgNOi = 0.3101 X 10-’ RAgNOj =■ 0.511 Xio » ßAgNOj = 0.863 X 10 1
ßKCl X 101 - Ae.m.f. RKCl X 10» — Ae.m.f. ßKCl X 10» — Ae.m.f. ßKCl X 10» — Ae.m.f.

0.1095 3.34 0.0814 2.17 0.505 13.27 0.915 22.76
0.1971 4.67 0.230 7.50 1 139 27 49 1 .222 29.86
0.329 8.59 0.349 10.31 1.980 4507 1.812 41.98
0.656 17.47 0.851 22.28 3.132 67.31 2.543 55.97
0.873 22.40 1.285 32.96 4.005 82.46 3.279 68.97
1.392 35.63 1.756 43.92 4.962 96.33 4.232 88.26
2.008 49 ±  1 2.408 58.56
2.558 58.25 3.219 74.35

ÄAgNOl = 1 ■ 282 x io-» ÂAgNOî = 1.568 X 10-« ßAgNOj = 2.729 X 10-' ß AgNOj = 4.112 x  io-»
ßKCl X 10» - Ae.m.f. RKCl X 10» — Ae.m.f. ßKCl X 10» — Ae m.f. ßKCl X 10» — Ae.m.f.

0.170 3.99 0 452 9.17 0 190 6.58 0 338 6. 21
0.595 14.17 0.985 19.54 0.7778 16.13 0.973 15.04
1.0755 23.46 1.707 32.76 1.356 24.12 1.885 25.57
2. 122 44.08 2.327 44.95 2.033 36.37
2.747 55.08 3.699 66.85
3.404 67.62
4.520 35.72
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Table I (Continued)

(c) 0.33 LiNOs-O.67 KNO„ T =  391°

ÄAgNOi —0.1095 X IO“» ÄAgNOi - 0.412 X 10-* T̂ AgNO, —0.653 X 10-* ÄAgNO! = 0.866 X 10-3
ÄKC1 X 10* - Ae.m.f. ÄKCI X 10» — Ae.m.f. ÄKCI X 10» — Ae.m.f. ÄKCI X 10» — Ae.m.f.

0.0975 1.77 0.544 9.90 0.348 5.98 0.460 7.90
0.245 5.52 1.316 23.74 0 965 16.78 1.277 20.35
0.565 13.27 2.056 34.60 1.622 26.30 1.526 24.29
1.154 24.20 2.649 41.90 2.098 33.05 1.906 30.15
1.758 37.27 3.309 50 56 2 737 41 56 2.252 36 11
2.475 50.00 3.902 57.88 3 614 52.70
3.459 65.00 4.427 64.55 4 054 57.71

ÄAgNO, = 0.964 X IO“* ÄAgNOs = 1.747 X 10-» ÄAgNOi =■ 2.615 X 10-»
ÄKCI X 10» - Ae.m.f. ÄKCI X 10» — Ae.m.f. ÄKCI X 10» — Ae.m.f.

0.321 5.36 0.181 3.30 0.283 5.51
0.817 13.20 0.781 9.95 0.713 8.50
1.219 19.44 1.092 14.20 1.801 18.62
1.505 24.87 1.574 21.30
1.910 31.06 2.187 31.95
2.318 36.41

Table II : Association Constants, K, (moles/mole of solvent) and Specific Helmholtz 
Free Energies of Association, — A A (kcal./mole), for Z =  4, 5, or 6

-------------- Solvent, mole % —■
CsNO, KNOs LiNOs T, °K .

100 0 0 713
33 67 0 658

0 67 33 664
0 100» 0 6 2 3 -7 0 9
0 NaNOs5 0 6 0 4 -7 7 3
0 0 100» 713

See ref. 9. b See ref. 10. » Extrapolated value.

The value of &A for the mixed solvent 0.67 K N 03-  
0.33 CsN03 is given, within the experimental error, 
by the linear expression A knojAAkno, +  Nono,- 
A A c 8n o , where the N  are mole fractions of the sol
vents K N 03 and CsN03 in the mixed solvent. Such 
linearity has been observed also for the AgCl associa
tion in the mixed solvent NaN03-K N 0 38 9 10 11 12 13 and for the 
formation of CdBr+ in mixtures of LiN03 and K N 03.5 
Since cells with high proportions of LiN03 in the sol
vent did not give stable e.m.f. values at temperatures 
high enough to keep AgCl in solution, A A in LiN03 
was estimated from the measured value of AA in the 
solvent 0.67 KNO3-0.33 LiN03 and the known value 
of A A in pure K N 03 by assuming a linear relation in 
the mole fractions of K N 03 and LiN03. This led 
to a value of A A more negative in LiN03 than in NaN03 

"by  nearly 0.6 kcal./mole in spite of the small radius

K, Z = 4
-----— A A — ---------—

Z = 5 Z -- 6

5 0 6  ±  20 6 .8 5 6 .5 5 6 .2 9
53 0  ±  10 6 .3 8 6.10 5 .8 6
3 8 0  ±  25 6.0 5 .7 5 .5

5 64 
4 .5 9  
5 . 2 e

of Li +. (It is unlikely that the error in the estimate of 
A A in LiN03 can be high enough to account for this.) 
Thus, although the direction and approximate magni
tude of the solvent effect in NaN03, K N 03, and CsN03 
can be correlated with the ionic radii, the results 
with LiN03 indicate the possibility of a smaller “ ef
fective radius” of nitrate ion in LiN03 than in the other 
alkali nitrates.5

(8) M. Blander, J. Chem. Phys., 34, 432 (1961).
(9) D. L. Manning, J. Braunstein, and M. Blander, J. Phys. Chem., 
66, 2069 (1962).

(10) D . G. Hill, J. Braunstein, and M. Blander, ibid., 64, 1038
(1960).
(11) “ Handbook of Chemistry and Physics,”  9th Ed., Handbook Pub
lishers, Inc., Sandusky, Ohio, 1956, p. 108.
(12) O. J. Kleppa and L. S, Hersh, J. Chem. Phys., 36 , 544 (1962).

(13) D. G. Hill and M. Blander, J. Phys. Chem., 65, 1866 (1961).
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The Vapor Pressures o f  Silicon 

Tetrachloride and Germ anium  Tetrachloride 

below Their M elting Points

by P. Balk and D. Dong
International Business Machines Corporation, Thomas J. Watson 
Research Center, Yorktown Heights, New York 
(Received October 17, 1963)

In the course of an investigation of the interaction of 
chlorine with silicon and germanium,1 the need arose for 
accurate data on the temperature dependence of the 
saturation vapor pressures of SiCl4 and GeCh in the 
range from 0.01 to 0.5 mm. Since no published data 
below 1 mm. were available, it was decided to measure 
these quantities. For both substances the pressures 
at the melting points are about 0.6 mm.; thus in 
the pressure range of interest both substances are 
solids. Considerable undercooling (by more than 
20°) was observed when trying to freeze the liquids in 
both cases. This provided a convenient opportunity 
to extend the range of liquid vapor pressure data, 
particularly since the published values show consider
able scatter between 1 and 10 mm. for SiCl42 as well as 
for GeCl4.3 The present note describes the measure
ments and discusses their results.
Experimental

A 100-g. sample of semiconductor grade SiCl4 (or 
GeCl4) was transferred in a dry nitrogen atmosphere 
to a glass apparatus consisting of a purification section, 
a pressure-measuring section, and a vacuum station, 
separated from each other by a set of metal valves 
(Hooke A 434 K). After sealing off the apparatus, 
the sample was subjected to several cycles of freezing, 
evacuating, and melting to remove traces of dissolved 
permanent gases. Next, the sample was distilled over 
mercury to remove chlorine. Finally, the liquid was 
fractionated, retaining a middle fraction of about 20 g. 
After flushing several times with vapor, about 0.5 g. 
of sample was introduced into the evacuated pressure 
measuring section. Here, the compound was frozen 
out in a side arm and subsequently sublimed into a 
cryostated container kept at a temperature where the 
saturation vapor pressure is approximately 0.01 mm. 
The residual vapor was pumped off.

Mercury was used in the cryostat as a heat transfer 
medium. The desired temperatures, measured with 
a calibrated copper-constantan thermocouple, were 
obtained by adjusting the input to a built-in heater, 
while cooling continuously with liquid nitrogen. The 
pressure was monitored continuously with a thermistor 
gage.4 5 After the temperature and the vapor pressure

had reached constant values, the pressure was measured 
with a McLeod gage. Then the heater current was 
increased slightly and the next point was taken. When 
repeating a run, the sample was removed from the pres
sure measuring section by pumping and a new charge 
was introduced. From this point, the same procedure 
was applied as described above. The melting points or, 
more accurately, she triple points, were taken from the 
onset of a plateau in the plot of the thermistor bridge 
off-balance voltage vs. temperature, for a continuous 
slow temperature rise.

During the measurements, the McLeod gage was 
separated from the cryostat by a U-tube immersed in 
an ice-salt mixture. The readings were corrected for 
the mercury vapor pressure. Thermomolecular pres
sure effects at the cryostat were estimated following 
Liang,6 using collision diameters calculated according 
to Jona and Mandel.6 The corrections were always 
less than 0.2% and were therefore omitted. The un
certainty of the McLeod gage readings (the gage had a
3-mm. precision bore capillary) ranged from 2% at the 
lowest pressures to 0.2% at the melting points. The 
accuracy of the temperature readings was better than 
0.1 °. It is thought that the scatter in the experimental 
data is mainly caused by material condensed in the 
temperature transition zone at the top of the cryostat 
and by sticking of the mercury in the gage.

The vapor pressures for the undercooled liquids were 
obtained using the thermistor gage, after sealing 
off the McLeod gage from the system. The thermistor 
gage was first calibrated, using the vapor pressure data 
for the corresponding solids, at increasing tempera
tures. After passing through the melting point, the 
direction of temperature change was reversed and the 
liquid vapor pressure data were taken. The error in 
the pressures obtained with the thermistor gage is 
about 0.3% over the entire range, discounting system
atic errors in the calibration.

Results and Discussion
The data points for independent runs on each solid 

are indistinguishable and yield straight lines when 
plotted as log pressure vs. 1/ T, as shown in Fig. 1. 
They can thus be represented by an equation of the form

log p (mm.) =  —a/T +  b (1)

(1) P . B alk, to  be published.
(2) A . S tock , C . Som ieski, and R . W in tgen , Ber., 50 , 1754 (1917).
(3) A . W . L aubengayer and D . L . T abern , J, Phys. Chem., 30 , 1047 
(1926).

(4) A . J. R osenberg , J Am. Chem. Soc., 78, 2929 (1956).
(5) S. C . L iang, J. Phys. Chem., 57 , 910 (1953). •
(6) F . Jona and G . M andel, J. Chem. Phys., 38 , 346 (1963).

T h e  J o u r n a l o f P h y s i c a l C h e m is t r y



N otes 961

—T (°K)

Figure 1. Vapor pressures of solid SiCl4 and GeCl4. 
Different symbols indicate different independent 
runs. Solid lines are least-square representations 
(eq. 1, Table I) of experimental points.

— T (°K)

Figure 2. Vapor pressures of undercooled liquid SiCL and 
GeCl4. Dashed and solid lines are least-square representations 
(eq. 1, Table I) of experimental points for liquids and solids, 
respectively.

Values of the constants a and b, obtained by a least- 
square treatment, are listed in Table I, along with the 
probable errors (A) in the pressures. Experimental 
points for the undercooled liquids (Fig. 2) can also be 
represented by an expression of the form of eq. 1 (see 
Table I). There seems to be a very slight curvature 
in the plot of the SiCl4 data points, and the values for a 

^nd b computed for the first half set of points from the 
melting point down are slightly different from those

obtained for the entire set. It should be noted that 
the straightness of the plot of the data for the under
cooled liquid is conditioned by the straightness of that 
for the solid, since the latter data were used in the form 
of eq. 1, to calibrate the thermistor gage for the measure
ments on the undercooled liquid. Upon solidification

Table I : Values for a, b, and A

Range, A,

SiCl4

°K. a b %

(Solid) 174.5-m.p. 2262 ±  5 10.86 ±  0.03 1.3
(Undercooled

liq.)
182.7-m.p. 1879 ±  2 8.99 ±  0.01 0.5

(Undercooled
liq.)

GeCl,

193.0-m.p. 1871 ±  4 8.95 ±  0.02 0.3

(Solid) 186.8-m.p. 2437 ±  8 10.77 ± 0 .1 2 2. 0
(Undercooled

liq.)
197.8-m.p. 2036 db 1 8.959 ±  0.004 0.3

of the liquid the data points fall on the vapor pressure 
line of the solid (Fig. 2), which is indicative of the 
absence of volatile impurities in the tetrachlorides. 
The melting points (triple points) were found to be
204.3 ±  0.1 °K. for SiCl4 (lit.7 204.4°K.) and 221.6 ±  
0.1 °K. for GeCl4. The melting point for GeCl4 
seems to indicate that the solid was identical with the 
metastable /3-phase, for which melting point values of 
221.4°K.8 and 221.2°K.9 have been reported, as com
pared to 223.7°K.10 for the stable «-phase. It is be
lieved that the lack of success in obtaining the stable 
phase may be due to the large degree of undercooling 
which was invariably exhibited by the very pure liquid 
in several trials and which could not be reduced by 
vibrating the apparatus during cooling.

By application of Clapeyron’s equation to the vapor 
equilibria11 one calculates for the heats of vaporization 
(liquid data from 193.0°K. to the melting point), 
sublimation, and fusion of SiCl4 8.56 ±  0.03, 10.35 ±  
0.02, and 1.79 ±  0.03 kcal. mole-1, respectively. 
The value for the heat of fusion is compatible with 
Latimer’s calorimetric value of 1.845, ± 2 % .12 The 
heats of vaporization, sublimation, and fusion of GeCl4

(7) L andolt-B örn stein , “ Zahlenw erte und F unktionen  aus P hysik , 
C hem ie, A stronom ie, G eophysik , T e ch n ik ,’ ’ I I . 2a, Springer, B erlin , 
1960, p . 39.
(8) P . A . B on d  and E . B . C rone, J. Am. Chem. Soc., 56, 2028 (1934).
(9) H . H . Sisler, W . J. W ilson , B . J. G ibb ins, H . H . B atey , B . P fah ler, 
and R . M atta ir , ibid., 70, 3818 (1948).
(10 ) See ref. 7, p. 52.
(11) E . A . G uggenheim , “ T h erm od yn a m ics ,”  4th  E d ., N orth -
H olla  nd Publish ing C o., A m sterdam , 1959, p p . 148, 149.
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are 9.31 ±  0.01, 11.14 ±  0.04, and 1.83 ±  0.02 kcal. 
mole-1, respectively. The data permit calculation of 
the entropies of the solids. Starting from Kelley and 
King’s value for the standard entropy of SiCl4 vapor 
(79.1 ±  1.0 e.u.),12 13 one obtains the entropy at the 
melting point and 760 mm. by subtracting 7.75 e.u. 
(from Kelley’s specific heat equation),14 15 and the en
tropy of the vapor at the saturated vapor pressure at 
the melting point by subsequently adding a pressure 
correction term (to 0.617 mm.) of 14.14 e.u. By sub
traction of the entropy of sublimation: 10350/204.3 =
50.65 e.u. (present data), a value of 34.8 ±  1.3 e.u. 
is found for the entropy of solid SiCl4 at the melting 
point. This value is close to that obtained in ref. 13 
from a recalculation of Latimer’s data12 (35.05 e.u.), 
and it is still compatible with Latimer’s original value 
(33.85 e.u.).12 The entropy of GeCL vapor at the 
melting point and saturated vapor pressure (0.590 
mm.) is obtained similarly by subtracting 6.53 e.u.16 
from the standard entropy of the vapor (83.0 ±  0.8 
e.u.)16 and next adding a pressure term of 14.22 e.u. 
A value of 40.4 ± 1 .2  e.u. for solid GeCl4 follows after 
subtraction of 11,140/221.6 =  50.30 e.u. for the en
tropy of sublimation (present data). No value for 
solid GeCl4 has been listed in the literature.

Vapor pressure equations for the liquid tetrachlorides 
also follow from Kelley’s free energy equations.17 * 
They are of the form

log V =  —A/T +  B +  C log T (2)

where C is the difference between the specific heats of 
vapor and liquid, divided by the gas constant R, and 
the constants A and B were apparently chosen to fit 
the experimental data above 10 mm. The present 
data for undercooled SiCl4 are about 5% higher than 
the values obtained from Kelley’s expression. In
spection shows that a satisfactory fit to the present 
data and the higher pressure data can be obtained by a 
slight adjustment in the values of A and B. For 
undercooled GeCi4, the data reported in this note are 
20% higher. It is not unlikely that this discrepancy 
is caused by the larger scatter in the experimental 
points from which the constants of eq. 2 were derived, 
and by the rather high estimate of the value for the 
difference in the specific heats.

(12) W . M . L atim er, J. Am. Chem. Soc., 44 , 90 (1922).
(13) K . K . K elley  and E . G . K in g , B ureau o f  M ines B ulletin  592, 
U . S. G o v t . Printing O ffice, W ashin gton , D . C ., 1961, p. 83.
(14) K . K . K elley , B ureau o f  M ines B u lletin  584, U . S. G o v t . Print
ing O ffice, W ashington , D . C ., 1960, p . 163.
(15) See ref. 14, p. 72.
(16) See ref. 13, p . 42.
(17) K . K . K elley , B ureau o f  M in es B ulletin  383, U . S. G o v t . P rint
ing O ffice, W ashin gton , D . C ., 1935, p p . 47, 91.

Electrolytic Separation and Purification 

o f  Oxygen from  a Gas Mixture

by Stanley H. Langer* and Robert G. Haldeman
Central Research Division, American Cyanamid Company,
Stamford, Connecticut (.Received September 9, 1968)

Oxygen is usually prepared by fractional distillation 
of air or electrolysis of water. The latter has the dis
advantages of overvoltage, resulting in greater than 
theoretical power requirements, and the need to 
separate and dispose of simultaneously evolved hy
drogen. An alternate convenient electrolytic tech
nique would be separation of oxygen from air or other 
gaseous mixtures using porous catalytic oxygen elec
trodes working in opposite directions with an electro
lyte transport and barrier phase between them. Oxy
gen is selectively removed, transported, and regener
ated according to the following equations in basic 
aqueous solution.

0 2 +  2H20  +  4e — > 40H -  (at the cathode) (1) 

40H -  transported through the
electrolyte to the anode (2) 

40H -  — *■ 0 2 +  2H20  +  4e (at the anode) (3)

Thus, oxygen is separated from other less electroactive 
materials which are relatively insoluble in the elec
trolyte barrier phase. The applied external voltage 
must be sufficient to overcome the characteristic 
overvoltage loss for reactions 1 and 3 as well as concen
tration and ohmic polarization. This may still be 
considerably less than the 1.5 v. or more generally 
necessary for the electrolysis of water; furthermore, 
no hydrogen is evolved.

In acid solution, reaction may be represented as

0 2 +  4H + +  4e — >  2H20  (cathode) (4) 

2H20  — >  0 2 +  4H+ +  4e (anode) (5)

Using the schemes above and molded catalyst- 
polyethylene or catalyst-polytetrafluoroethylene1'2 gas 
permeable electrodes, we have obtained substantially 
pure oxygen from air (purity >  97%, mass spectro- 
metrically) with acid, base, and ion-exchange membrane

* C h em ica l E ngineering D ep t., U niversity  o f W isconsin , M ad ison  6, 
W ise.
(1) (a) G . V . E lm ore and H . A. T ann er, J. Electrochem. Soc., 108, 669
(1 961 ); (b ) W . T . G ru b b , “ P roceedings o f  the 16th A nn ual P ow er 
Sources C on feren ce ,”  PSC P ublications C om m ittee , R ed  B ank, 
N .  J . ,  p p .  3 1 - 3 4 . •
(2) S. H . L anger and R . G . H aldem an, Science, 142, 225 (1963).
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T ab le  I :  0 2 Purification Cell Performance Data (Cell Initially at 25°)

Initial
cell — Voltage drop at--------n

resistance, given current Inlet
Electrodes Electrolyte ohms Volts Amp. gas

Pt (11.2 m g./cm .2) on stainless 5 disks of filter paper saturated 0.44 0.62 0.05 0 2
steel screen with 23% KOH 0.95 0.2 o 2

1.00 0.2 Air
Pt (9 m g./cm .2) on tantalum 5 disks of filter paper saturated 0.23 0.78 0. 1 0 2

screen with 6 A  H2S04 1.05 0.5 0 2
1.08 0.3 Air

Ni (1 .6  m g./cm .2) deposited on 3 disks of filter paper saturated 0.43 1.19 0.3 0 2
graphite (14.4 m g./cm .2) with 23% KOH 1.24 0.15 Air

electrolyte phases. The purified oxygen is saturated 
with water vapor as is the inlet air (except when water 
is added directly to the electrolyte phase). Platinum, 
silver-carbon, and nickel-carbon have all been found 
to be effective catalysts for oxygen purification.

•For the work described here, we have used a purifica
tion cell (electrode area 4.9 cm.2) and ancillary ap
paratus similar to that which we have described pre
viously for hydrogen purification.2'3 The arrangement 
differs in that the impure gas stream impinges on the 
cathode while purified oxygen emerges from the anode 
compartment. Voltage and current, coulombicly 
related to the amount of oxygen purified, are monitored 
in the same fashion as previously.2 Some operating 
data are given in Table I. Performance can be im
proved by varying catalyst, electrolyte, and pore 
distribution, to minimize gas diffusion polarization.4

A polarization curve for a high performance cell 
with platinum black catalyst (9 mg./cm.2) is shown in

Figure 1. Performance of 0 2 purification cell: Pt black- 
poly tetrafluoroethylene electrodes; electrolyte, glass fioer 
disk saturated with 2 :Y HC104; internal resistance, 0.07 ohm.

Fig. 1. We have compared the rate of evolved oxygen 
with current supplied to the cell with both acid and 
base electrolyte and found the over-all four-electron 
mechanism to be operative. On this basis, 1 amp.- 
min. is equivalent to about 4 ml. of 0 2 at our operating 
conditions. Where power requirements are a considera
tion, it would be desirable to have the oxygen react 
through a two-electron mechanism5 if it were possible.

The cell described is useful for pumping and metering 
oxygen in addition to providing a convenient source 
of the pure gas. It also provides a tool for studying 
catalytic materials and mechanisms at the oxygen 
electrode and makes possible simultaneous studies 
of polarization at both the oxygen-reducing and oxygen- 
evolving electrode.

(3) See also J. E . M cE v o y , R . A . H ess, G . A . M ills , and H . A . Shalit, 
P etroleum  Preprints, S ym posiu m  on P rod u ction  o f H yd rogen , 
145th N ational M eetin g  o f  th e  A m erican  C h em ica l S ociety , N ew  
Y ork , N . Y ., Septem ber, 1963, p. B61.
(4) H . B . U rbach , “ F uel C ells ,”  V ol. II, E . G . Y ou n g , E d ., R einhold  
P ublish ing C orp ., N ew  Y ork , N . Y ., 1963, C h a pter 7; L . G . A ustin , 
ibid., C ha pter  8.
(5 ) W . G . Berl, Trans. Electrochem. Soc., 83 , 253 (1 943 ); M . O. 
D avies, M . C lark, E. Y eager, and F . H ovark a , J. Electrochem. Soc., 
106, 56 (1959), and references therein.

An Effusion Study o f  the D ecom position 
o f  Iron(III) Bromide

by R. R. Hammer and N. W. Gregory

Department of Chemistry, University of Washington,
Seattle, Washington (Received October 31, 1963)

The kinetic behavior of vaporization-decomposition 
processes appears quite varied and unpredictable. We 
have been studying a number of reactions of the type
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A(s) =  B(s) +  C(g)

by effusion methods.1-3 An analysis of steady-state 
pressures of Fe2Cl6(g) and of chlorine in effusion cells 
containing solid iron(III) chloride shows that, with 
proper allowance for dependence of steady-state 
pressures on cell geometry, equilibrium vaporization 
characteristics of Fe2Cls can be obtained; however, 
the effusion pressures of chlorine, which effuses simul
taneously with Fe2Cl6, do not provide a reliable source 
of equilibrium data for the decomposition reaction 
2FeCl3(s) =  2FeCl2(s) +  Cl2(g).1 2 On the other hand, 
satisfactory equilibrium data for the similar reaction 
2CuBr2(s) =  2CuBr(s) +  Br2(g) were obtained by the 
effusion method.3

We now wish to report results of an effusion study 
of the decomposition

2FeBr3(s) =  2FeBr2(s) +  Br2(g)

The iron(III) bromide solid and vapor phases are very 
similar in structure and molecular composition, re
spectively, to these of the chloride system. The prin
cipal difference is that the bromide is less stable; bro
mine decomposition pressures are expected to be in the 
effusion range below room temperature (based on dia
phragm gage study of the system at higher tempera
ture) .4 5 The vapor pressures of the iron bromides are 
negligible at temperatures of interest for an effusion 
study of the decomposition reaction, in contrast to the 
vapor pressure of Fe2Cl6 in the chloride system.

Experimental
The torsion effusion apparatus used has been de

scribed previously.3,5 It consists of a double orifice 
Pyrex (or quartz) effusion cell, ca. 4 cm. long and 2 
cm. in diameter, suspended by a tungsten fiber. The 
cell was surrounded by a copper cylinder heated in
side the vacuum system by radiation from photoflood 
lamps. Temperatures of the cell were assumed to 
be the same as those measured by a thermocouple 
inserted into a well on an adjacent dummy cell. The 
apparatus was calibrated by comparison of measured 
vapor pressures of zinc and mercury with well-estab
lished values from the literature.6 The effusion meas
urements on FeBi'3 were made between 40 and 70°.

Samples of anhydrous FeBr3 were prepared by re
action of Merck’s reagent grade bromine, previously 
dried over P2Os, and reagent grade iron wire. The iron 
was placed in one leg of a V-shaped Pyrex tube and 
held at 175-200° while the liquid bromine in the other 
leg was held at ca. 120°. After standing for several 
weeks, virtually a 100% yield of FeBr3 was obtained. 
Samples were transferred in a drybox to effusion cells 
and the orifices temporarily sealed while cells were

mounted in the torsion tower. The weight loss of the 
cell after a series of measurements was compared with 
the amount of bromine calculated to have effused 
through the orifices during the measurements to de
termine the degree of decomposition at various points. 
After brief degassing periods, the entire pressure indi
cated by the twist of the torsion fiber was attributed 
to bromine.

Results and Discussion
Bromine steady-state pressures in effusion cells 

showed considerable scatter. Pressures were de
pendent on sample size unless more than ca. 0.5 g. of 
undecomposed FeBr3 was present. With from 0.5 
to 3-g. samples, reasonably consistent pressures were 
obtained. Results shown in Fig. 1 correspond to the

Figure 1. Effusion bromide steady-state pressure above 
iron(III) bromide. Cell: An, total area (cm.2) of the two 
nearly identical orifices; At, cell cross-sectional 
area (cm.2); A, 0.0375, 4.8; B, 0.00715, 7.3; E, 0.00219, 6.3.

observed behavior when the solid composition was 
between 12 and 80% FeBr2. On either side of these 
approximate limits, pressures were appreciably lower, 
falling toward zero as the reaction neared completion 
and rising slowly in the initial stages of the decom
position. In the intermediate steady-state pressure 
plateau region, the temperature could be varied ran

(1) E . K a y  and N . W . G regory , J. Phys. Chem., 62, 1079 (1958).
(2) R . R . H am m er and N . W . G regory , ibid., 66, 1705 (1962).
(3) R . R . H am m er and N . W , G regory , ibid., 68 , 314 (1964).
(4) N . W . G regory  and B . A . T h a ck rey , J. Am. Chem. Soc., 72, 
3176 (1950).

(5) R . J. Sim e and N . W . G regory , J. Phys. Chem., 64, 86 (1960).
(6) F or z in c: R . F . B arrow , et al., Trans. Faraday Soc., 51, 1354
(1955); K . K . K elley , U. S. Bureau o f M ines B ulletin  385, U . S. 
G ov t . P rin ting Office, W ashington , D . C ., 1935; for m e r c u r y «  
R . H . B usey  and W . F . G lauque, J. Am. Chem. Soc., 75, 806 (1953).
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domly with reproducible pressures (within the large 
scatter shown) obtained at any given temperature.

It will be observed that effusion pressures are from 
V10.000 to V5oo as large as expected equilibrium values, 
extrapolated from the higher temperature diaphragm 
gage study.4 Whereas the pressures increase as the 
orifice diameters decrease, no simple systematic re
lationship could be found to correlate the pressures with 
effusion cell geometries or to predict from the various 
steady-state pressures the value of the equilibrium 
limit. It appears that the condensation coefficient is 
very small, of the order of 10 " 7, similar in magnitude 
to the apparent value for the iron(III) chloride de
composition reaction.1 2 The appearance of the sample 
after removal of considerable amounts of bromine 
suggests that decomposition occurs largely at the edges 
of the plate-like crystals. No appreciable yellow color
ation (FeBr2) could be seen on the large faces of FeBr3 
crystals. The effective surface area for the decom
position may be limited to the edges of these crystals, 
similar to the behavior (loss of water) in the Mg(OH)2 
system.1 4 The condensation coefficient on these edges 
alone may be considerably larger; the average value 
of a could appear very small because the reacting edges 
constitute only a small fraction of the total area of the 
sample. The large scatter of data may well be caused 
by variations in the effective reacting surface area as 
well as possible variations in the condensation and 
vaporization coefficients as the decomposition pro
gresses.

The slopes of the least-squares lines in Fig. 1, drawn 
through effusion data from the various cells, are dif
ferent from that of the equilibrium line. From the 
variation in condensation coefficient with temperature 
suggested by these slopes, an apparent heat of activa
tion for condensation of 12 kcal. mole" 1 of bromine, 
and for vaporization of 28 kcal. m ole"1, is obtained.7 
In view of the large difference between steady-state 
and equilibrium pressures, these apparent values may 
have little significance. It is of interest, however, 
that the apparent heat of activation for vaporization 
of bromine is virtually the same as that indicated for 
release of chlorine from FeCl3 (26).2 However, the 
value for condensation of chlorine appeared to be near 
zero. Simultaneous vaporization of Fe2Cl6 in the chlo
ride case provides a mechanism for renewing the FeCh 
solid surface which was not present in the bromide 
system.

These results emphasize that caution must be exer
cised in the application of the effusion method to the 
study of decomposition reactions. The method is 

*not useful as a means for determination of relative

thermodynamic properties of iron(III) and iron(II) 
bromides and chlorides, respectively.
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The Vapor Pressure and Heat and Entropy 

o f Sublim ation o f  Solid Magnesium Fluoride

by Michael A. Greenbaum, Hon Chung Ko,
Madeline Wong, and Milton Farber
Rocket Power, Inc., Research Laboratories, Pasadena, California 
(.Received October 8, 1968)

The first vapor pressure measurements of MgF2 
w'ere reported by Ruff and LeBoucher1 in 1934. These 
investigators used a manometric method to obtain 
a vapor pressure curve for liquid MgF2 between 
1934 and 2129°K. In 1945, Naylor2 reported values 
for the melting point and heat of fusion of MgF2. 
Using these values, a heat of sublimation at 298°Iv. 
was calculated for MgF2.3 The value obtained in this 
manner was 85.6 ±  1.0 kcal./mole. In 1962, Berko- 
witz and Marquart4 reported the first experimental de
termination of the vapor pressure of solid MgF2 to
gether with the heat of sublimation. The solid was 
studied at 1220-1450°K. by means of a mass spec
trometer. However, only nine points were measured in 
this range. From a plot of log P  vs. 1 / T  the authors 
obtained a second-law value of 86 kcal./'mole for the 
heat of sublimation of MgF2 at 1330°K. Their third- 
law value for Afl/ub was found to be only 81 kcal./ 
mole, however.

Because of the limited amount of experimental data 
available on the vapor pressure of solid MgF2 coupled 
with the lack of a definitive value for the heat of subli
mation, it was decided to undertake a detailed meas
urement of the vapor pressure of MgF2(c) by means of 
the torsion effusion procedure.
Experimental

The measurement of the vapor pressure of MgF2(c) 
was carried out over the temperature range 1273-

(1) O. R u ff and L . L eB oucher, Z. anorg. allgem. Chem., 219, 376 
(1934).
(2) B. F . N aylor, J. Am. Chem. Soc., 67 , 150 (1945).
(3) J A N A F  T herm och em ica l T ables, U S A F  C on tra ct N o. A f3 3 (6 1 6 )- 
6149, A d vanced  R esearch P ro jects  A gen cy , W ashington  25, D  C., 
D ecem ber, 1960.
(4) J. B erkow itz  and J. R . M arquart, J. Chem. Phys., 37 , 1853
(1962).
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1513°K. by means of the torsion effusion procedure. 
This procedure is sufficiently well established and widely 
used to eliminate the necessity of any detailed discus
sion of the theory of experimental procedure involved. 
Such discussions and descriptions of the specific ap
paratus and experimental procedures used can be 
found in several previous papers from these labora
tories6-7 as well as in a recent article by Schulz and 
Searcy.8

The MgF2 employed in this investigation was 99.8+ 
%  material obtained from City Chemical Corp. 
Since MgF2 is nonhygroscopic, no special handling 
precautions were necessary in this study. The material 
was placed in graphite effusion cells which were in 
turn placed in the torsion apparatus. The cells used 
in this work have previously been described in detail.6-7 
Two different cells which had orifice areas differing by 
a factor of four were used in this work. The tempera
ture of the furnace, which was identical with one pre
viously described,7 was recorded and automatically 
controlled to ± 1 °. The suspension wire employed in 
these studies was a 1.5-m. length of 2-mil molybdenum.

Measurements were made at 10° intervals within the 
temperature range studied after baking of the MgF2 
sample for 18 hr. at 1125°K. Runs were repeated in 
the same cell on three consecutive days to ensure that 
no minor amounts of impurities were present in the 
MgF2 sample. After completion of this procedure, 
the sample was cooled, the apparatus opened, and a 
fresh sample of MgF2 contained in the second cell was 
placed in the apparatus and the above procedure re
peated. In no case was there any evidence of a measur
able amount of impurity in the MgF2 sample.

Data Treatment
The effusion of vapor through an orifice imparts a 

torque to the wire supporting the effusion cell. The 
angle through which the cell (and wire) rotates is cal
culated from the displacement of a beam of light by a 
galvanometer mirror attached to the torsion wire. 
The displacement distance is measured experimentally 
by using a cathetometer to observe the readings on a 
meter stick. The experimental values obtained are 
the rest point of the cell when no material is effusing 
and the distance the light beam moves on the meter 
stick at temperatures where vapors are effusing from 
the cell. These distances (in cm. or mm.) are com
bined with the measured perpendicular distance of 
the mirror from the meter stick to yield, via the tangent 
relationship, the angle of rotation.

The vapor pressure is calculated from the angle of rota-

Pmm =  X 7.5 X 10-4 (1)
/  j ij iQ i

tion by eq. 1 where P is the vapor pressure; D is the 
torsion constant of the suspension wire in dyne-cm./ 
radian; 6 is the angle of rotation in radians; a¡ is the 
cross-sectional area of orifice i in .cm.2; f\ is the Searcy 
correction factor for nonideality of orifice i; and is the 
horizontal distance of orifice i from the suspension wire 
in cm. (moment arm).

Results and Discussion
The vapor pressure of MgF2(c) was measured at 

40 different points in the temperature range 1273- 
1513°K. using the torsion effusion apparatus. The 
results of these measurements are presented in Table 
I. The geometrical factors of the effusion cells em
ployed in this work are presented in Table II.

Since the torsion effusion procedure yields vapor pres
sure values which are independent of the molecular 
weight of the effusing species, the validity of the 
vapor pressure data reported here is dependent on a 
knowledge of the nature of the effusing species. The 
identity of the species effusing from the orifice of the 
graphite cells can be obtained in three ways. First, a 
mass spectrometric study cf the effusing species will 
yield the most accurate analysis of the effusing gases. 
Second, simultaneous torsion and gravimetric effusion 
studies will permit the calculation of the average 
molecular weight of the effusing gas. The third 
method of identifying the effusing species is an indirect 
one and depends upon agreement between the second- 
and third-law values for the heat of sublimation as 
calculated from the experimental vapor pressure data. 
As the slope of the vapor pressure curve is independent 
of the nature of the vapor species while the third-law 
value does depend on this factor, it is obvious that good 
agreement between these two values is evidence for the 
existence of the assumed species.

The study of the vapor species of MgF2 in the 
temperature range of interest in the present investi
gation has been carried out by several groups. Berko- 
witz and Marquart4 carried out a detailed spectroscopic 
examination of MgF2 vapor to 1450°K. At these 
temperatures it was determined that no more than 1%  
of (MgF2)2 was present. No evidence for the exist
ence of any MgF was obtained. Thermodynamic 
calculations also indicate that the existence of MgF(g) 
at these temperatures and pressures is highly improb
able. Hammer910 has studied the vapor species of 5 6 7 8

(5) M . A . G reenbaum , J. N . F oster, M . L . A rin, and M . Färber,
./. Phys. Chem., 67 , 36 (1963).
(6) M . A . G reenbaum , R . E . Y ates, and M . Färber, ibid., 67 , 1802
(1963).

(7) R . E . Y ates, M . A . G reenbaum , and M . F ärber, ibid., in press. 9
(8) D . A . Schulz and A . W . Searcy, ibid., 67 , 103 (1963).
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T ab le  I : Summary of Data from Vapor Pressure 
Studies on M gF.(c) by Torsion Effusion

P, Affüub.
6, atm. X kcal./ kcal./

T. °K. Cell radian IO« mole mole

1273 1 0.045 2.218 32.936 78.955
1273 1 0.053 2.613 32.522 78.541
1283 1 0.052 2.563 32.826 79.142
1292 1 0.060 2.958 32.689 79.349
1293 1 0.075 3.697 32.140 78.766
1304 1 0.076 3.747 32.379 79.362
1314 1 0.104 5.128 31.808 79.086
1323 1 0 . 1 1 2 5.522 31.832 79.381
1323 2 0.031 7.872 30.899 78.448
1333 1 0.155 7.642 31.212 79.067
1343 1 0.177 9.726 31.092 79.252
1343 1 0.170 8.382 31.199 79.359
1352 1 0.227 11.192 30.631 79.073
1363 1 0.274 13.513 30.370 79.138
1373 1 0.339 16.711 30.013 79.084
1373 2 0.070 17.776 29.845 78.916
1373 2 0.081 20.564 29.447 78.518
1383 1 0.408 20.118 29.722 79.095
1383 2 0.086 21.841 29.496 78.869
1393 1 0.425 20.947 29.826 79.500
1393 2 0.114 28.945 28.927 78.601
1394 2 0.109 27.683 29.073 78.769
1403 1 0.491 24.211 29.635 79.610
1403 2 0.127 32.235 28.837 78.812
1404 1 0.624 30.765 28.988 78.984
1413 2 0.158 40.118 28.429 78.704
1414 1 0.644 31.750 29.106 79.416
1415 2 0.184 46.726 28.040 78.372
1423 1 0.712 35.105 29.007 79.580
1423 2 0.177 44.934 28.309 78.882
1433 1 0.838 41.316 28.747 79.604
1433 2 0.231 58.654 27.745 78.602
1444 2 0.268 68.051 27.535 78.725
1454 2 0.307 77.961 27.333 78.819
1465 2 0.384 97.511 26.888 78.705
1473 2 0.426 108.171 26.739 78.780
1484 2 0.520 132.105 26.341 78.711
1494 2 0.582 147.763 26.187 78.853
1504 2 0.716 181.842 25.742 78.698
1513 2 0.866 219.868 25.325 78.552

T able  II : Geometrical Constants of Torsion Cells

D,
dyne-cm./ 31 , QU

Cell

Cell 1,

radian cm.2 h cm.

four 1 .0-mm. 
holes 

Cell 2,

0.6337 7.856 X 10~3 0.734 0.55

four 0.5-mm. 
holes

0.6337 1.964 X 10~3 0.570 0.55

Figure 1. Vapor pressure of MgF2 as a function of 
temperature: O, cell I; •, cell II.

MgF2 by effusion procedures and calculated the 
average molecular weight of gas. Within experi
mental error this was found to be that of MgF2 mono
mer. This result was subsequently confirmed by 
Hildenbrand.11 Similar results have been obtained in 
the study of the vapor pressure of CaF2.9 10'12

Based on these experimental data, the vapor pressures 
in this study were considered to be those of MgF2(g) 
only. A plot of the data in Table I in the form of log 
P vs. l/T was made (Fig. 1). A least-squares analysis 
of the data yields a value for the slope of —17.10 ±  
0.23, which corresponds to a A//1400Sub of 78.23 ±
1.03 kcal./mole. A plot of AF vs. T yields a value 
of 35.16 ±  0.75 cal./deg./mole for the A(S14008ub. 
Using the available thermal functions for MgF2 gas 
and solid,3 conversion of these values to 298°K. yields 
A H 298sub 83.21 ±  1.03 kcal./mole and A S 298sub 41.78 
±  0.75 cal./deg./mole. The vapor pressure in the

(9 ) R . R . H am m er, “ T h e  V ap or Pressure o f  M agnesium  F lu orid e ,”  
P h .D . Thesis, U niversity  o f  C aliforn ia , B erkeley, C a lif., Septem ber, 
1961.
(10) R . R . H am m er, D . R . M essier, and J. A . Park, U niversity  o f  
C aliforn ia  C eram ic L aboratories, Series 18, Issue 8, 1960.
(11) D . L . H ildenbrand and L . P . T heard , A eronutron ic R ep ort 
U -1187, N ew p ort B each, C a lif., M arch , 1961.
(12) G . D . B lue, J. W . G reen, R . G . B autista, and J. L . M argrave, 
J. Phys. C hem 67, 877 (1963).
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temperature region studied (1273-1513°K.) Is defined 
by

iog =  ~ 177° 96 +  7.6845 (2)

Using the available values for the entropies of solid 
and gaseous MgF23 coupled with the experimentally 
determined vapor pressures, a third-law value for 
A/7298sub of MgF2 of 83.95 ±  0.64 kcal./mole is ob
tained. The excellent agreement between second- 
and third-law values obtained in this investigation for 
A77298SUb of MgF2 coupled with the fine agreement of 
the AiS298sub with the theoretical value of 42.2 cal./ 
deg./mole confirms the previous experimental ob
servation that the vapor species above MgF2(c) con
sists of only MgF2(g) within experimental error (1-2%).

The value of Ai/298SUb obtained in this work is in 
reasonably good agreement with the value previously 
calculated3 by combining the vapor pressure data 
of the liquid1 and the melting point and heat of fusion2 
(85.6 ±  1.0 kcal./mole), and the third-law value of 
Berkowitz4 (~85 kcal./mole). It should also be men
tioned that the vapor pressure of MgF2(c) at 1450°K. 
reported by Berkowitz4 (2.8 X 10“ 6 atm.) is only about 
one-third of the measured value (7.3 X 10-6 atm.) 
reported here. Based on the excellent agreement be
tween the second- and third-law values for A772988Ub 
obtained in the present investigation, coupled with the 
very large number of points obtained in the 240° 
temperature range studied, it is considered that the 
present vapor pressure curve and the heat and entropy 
of vaporization reported here are more definitive than 
those previously reported.

It should be pointed out that in this investigation, 
in which two effusion cells were employed having ori
fice areas differing by a factor of four, no dependence 
of the vapor pressure on orifice area was observed. 
This is consistent with previous experimental observa
tions made in this laboratory in studies of BeF26 and 
BeCl2,6 where orifice areas of cells were varied by as 
much as a factor of sixteen.

Mass Spectra, Radiolysis, and Photolysis 
o f Phenyl Alkyl Ketones

by Seymour Meyerson
Research and Development Department, American Oil Company, 
Whiting, Indiana (.Received October 31, 1963)

A recent paper1 reported that radiolysis of n-butyro- 
phenone is dominated by a reaction leading to ethylene

and acetophenone, and that r.o such specificity of prod
uct formation is displayed by isobutyrophenone or ben- 
zoylcyclopropane. The parallel with the Norrish 
Type II photolytic reaction of aliphatic ketones2̂ 4 
suggested that similar mechanisms may be important 
in radiolysis and photolysis of phenyl alkyl ketones. 
At the same time, the paper reported failure to find 
any correlation between these results and mass spectra. 
The spectra were stated to be so similar as to be useless 
for predicting how radiolytic reactions of the three 
ketones might differ. The present writer furnished 
the spectra referred to, but does not concur in this 
judgment.

The statement cited is correct if only the grossest 
spectral features are taken into consideration. For 
example, the three most intense fragment-ion peaks in 
each of the three spectra are those due to C7H60 +, 
C8H5+, and C4H3+, of masses 105, 77, and 51. Among 
peaks of lower intensity, however, the partial spectra 
shown in Table I reveal significant differences, some of. 
which parallel closely differences found in radiolysis. 
In particular, the normal peak at 120 and the meta
stable peak at 97.3 arise from primary rearrangement- 
dissociation of w-butyrophenone to ethylene and aceto
phenone (enol) ion5; no indication of an analogous 
process is observed in the spectra of isobutyrophenone 
and benzoylcyclopropane. This reaction, character
istic of a wide variety of carbonyl compounds under 
electron impact provided they have the requisite struc
tural features, has been shown6 to parallel precisely 
the Norrish Type II photolysis of aliphatic ketones.

Admittedly, the reaction leading to acetophenone in 
radiolysis of w-butyrophenone looms far larger than the 
analogous reaction in the mass spectrum. Such a dif
ference might have been anticipated even if reaction 
mechanisms in radiolysis were assumed identical with 1 2 3 4 5

(1) D . J. C oy le , J. Phys. Chem., 67 , 1300 (1963).
(2 ) R . G . W . N orrish , Trans. Faraday Soc., 33, 1521 (1 9 3 7 ); W . 
D a v is  and W . A . N oyes, J. Am. Chem. Soc., 69, 2153 (1 9 4 7 ); J. R . 
M cN e s b y  and A . S. G ordon , ibid., 80 261 (1 958 ); N . C . Y an g  and 
D . H . Y ang, ibid., 80 , 2913 (1958); P . A u sloos-and  E . M u rad , ibid., 
80, 5929 (1 9 5 8 ); R . Srinavasan, ibid. 81 , 5061 (1 959 ); P. A usloos, 
J. Phys. Chem., 65 , 1616 (1 961 ); R . P. B ork ow sk i and P. A usloos, 
ibid., 65 , 2257 (1961).
(3 ) T h e  w ell-know n correspondence betw een  prim ary  rearra n gem en t- 
d issociation  reactions o f  a liphatic ketones in ph oto lys is  and under 
electron  im pact [A . J. C . N icholson , Trans. Faraday Soc., 50 , 1067
(1 9 5 4 ) ; T . W . M artin  and J. N . P itts, J. Am. Chem. Soc., 77 , 5465
(1 9 5 5 ) ; P . P . M ann ing, ibid., 79, 5151 (1 957 ); F . W . M cL a fferty , 
Anal. Chem., 31 , 82 (1 959 )] w as Recently exten ded  to  in clude also 
radiolysis [J. N . P itts  and A . D . O sborne, J. Am. Chem. Soc., 83 , 
3011 (1961)].

(4 ) R eference  1 reports, on  the basis o f prelim inary experim ents, 
that “ the photolys is w ith  2537-A . radiation  o f  th e  neat aralkyl 
ketones in vacuo y ie lds p rod u cts  an ticipated  on  the basis o f  the 
photoch em istry  o f  d ia lk y l ketones.”
(5) S. M eyerson  and J. D . M cC o llu m . Advan. Anal. Chem. Instr., 2 , 
179 (1963), and references cited  there.
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T able I : Partial Mass Spectra of Phenyl Alkyl Ketones'*

n-C3ÏÎ7

AIxyl group 
1-C3H7

cyclo-
C3IÌ5

39 2.33 2.38 4.89
41 1.60 2.18 3.63
42 0.40 0.34 0.28
43 1.26 1.40 0.12
51 7.21 7.28 7.41
77 16.0 15.5 13.6

105 37.9 47.6 27,5
120 2.75 0.01 0 01

Parent less 1 0.30 0.06 1 84
Parent 6.00 2.78 7.56

Metastable peaks corresponding to 
primary reaction steps5

74.5 0.06 0.08
75.5 0.69
97.3 0.15

144.0 0.13
146.0 0.04

74.5
75.5 
97.3

144.0
146.0

Transitions denoted by metastable peaks5

(148+) -*  (105+) +  43 
(146+) -*  (105+) +  41 
(148+) — (120+) +  28 
(146+) — (145+) +  1 
(148+) — (147+) +  1

0 Total ion intensity = 100.0. No corrections made for con
tributions of naturally occurring heavy isotopes. 5 For inter
pretation of metastable peaks, see ref. 5.

those in the mass spectrometer. Extrapolation of 
results from the gas phase at 10 _6 torr to the liquid 
phase may be possible for primary reaction steps and 
especially for low-energy processes, but would seem 
progressively less likely for succeeding steps and for 
higher-energy processes. Moreover, involvement in 
radiolytic processes of reactive intermediates, such as 
those appearing in mass spectra, might well be ob
scured in the ultimate reaction products even if the 
latter were all isolated and identified.

Common intermediates and reaction paths in mass 
spectra— as in photolysis— and radiolysis of phenyl 
alkyl ketones are certainly not established by available 
evidence. However, the parallel is striking. In
terpreted with care, mass spectra can furnish helpful 
guidance in exploring radiolytic systems.

Experimental
Mass spectra were measured with 70-v. electrons on a 

modified6 Consolidated 21-103 instrument with the 
sample-introduction system at 250°.

(6) H . M . G ru b b , C . IT. Ehrhardt, R . W . V ander H aar, and  W . H. 
M oeller, presented before  A S T M  C om m ittee  E -14 on M ass S pectrom 
etry , L os Angeles, C alif., M a y , 1959.

Charge-Transfer Complexes o f  
Oxygen and Inorganic Anions

by G. Navon

Department of Physical Chemistry, The Hebrew University,
Jerusalem, Israel (Received October 3l, 1963)

Oxygen was recently found to bring about an extra 
light absorption when dissolved in various solvents.1-5 
The linear dependence of the transition energy on the 
ionization potential of the solvent molecule has led 
to the conclusion that this absorption is of charge- 
transfer type.1'4"5 For the same reason Meyerstein 
and Treinin,6 following the suggestion of Mulliken,7 
concluded that the spectrum of the trihalide ions is 
also of charge-transfer character, where the halogen 
molecule acts as an acceptor and the halide ion as a 
donor. The purpose of this note is to present spectro
scopic evidence for the existence of analogous complexes 
between oxygen and the iodide, bromide, chloride, and 
thiocyanate ions in solution.

Experimental
Materials. The oxygen used was the Extra Dry 

Grade of the Matheson Co., with minimum purity of 
99.6%. The nitrogen was the Perpurified Grade of 
the Matheson Co., with minimum purity of 99.996%. 
Water was triply distilled. Ethylene glycol of Riedel- 
De Haen Ag. was distilled in vacuo. All other chemi
cals were of A.R. grade without further purification.

Spectrophotometric measurements were carried out 
at room temperature (24 ±  1 °) using a Hilger Uvispek 
spectrophotometer. Quartz cells (4 cm.) with ground 
glass stoppers were used.

Procedure. All solutions were near neutral pH. 
No buffers were used. Oxygen was bubbled through 
the solutions for 5 min. and the absorption spectra were 1 2 3 4 5 6 7

(1) D . F. E vans, J. Chem. Soc., 345 (1953); J. Chem. Phys., 23, 1424 
(1955).
(2) .A . U. M unek and J. F. S cott, Nature, 177, 587 (1956).
(3) L . J. H eid t and L . E . E k strom , J. Am. Chem. Soc., 79 , 1260 
(1957).
(4) H . T su b om u ra  and II. S. M ulliken , ibid., 82 , 5966 (1960).
(5) J. Jortner and U . S ok olov , J. Phys. Chem., 65 , 1633 (1961).
(6) D . M eyerstein  and A . T rein in , Trans. Faraday Soc., 59 , 1114 
(1963).
(7) R . S. M ulliken , J. Am. Chem. Soc., 72 , 600 (1950).
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T ab le  I

Salt present Solvent
A i W /K 0 2)(X -) , 

mole-2 cm .-1
XmgTrfOgX ), 

m fi
XmaxtUX ), 

m n

hv(O2X - )  -  
fa?(l2X -) , 

kcal.

1 . 0.2 M  Nal Ethanol 43 285“ 360*"“ 21

2 . 0.5 M  KI Glycol 207 286 3616 21

3. 1 M  KI Water >55 <278 352“ >22

4. 0.2 M KSCN Ethanol 36 274.5 3136 13
5. 0.2 M  KSCN Glycol 158 277 3156 12.5
6. 1 M  KSCN Water >70 <265 310M >15
7. 1 M NaBr Water >47 <236 270e >15
8 . 1 M  NaCl Water >31 <214 248e >18

“ An approximate value estimated from a shoulder. b Present work. c L. I. Katzin, J. Chem. Phys., 23, 2055 (1955). d C. Lewis 
and D. A. Skoog [J. Am. Chem. Soc., 84, 1101 (1962)] and ref. 2 gave a value of 303 mu. This value is probably not due to the I2SCN” 
ion but to the I(SCN)2_ ion (see Experimental). 6 Ref. 2.

measured against the same solutions through which 
nitrogen was bubbled instead of oxygen. The results 
were reproducible and did not change during the time 
of the measurements. This is true also for the iodide 
solutions in which an absorption at 350-360 m^ (due 
to the autoxidation product, the I3_ ion) appears only 
after a few hours. When nitrogen was bubbled through 
solutions previously saturated with oxygen, the ab
sorption spectra became nearly identical with those of 
the reference solutions. All these facts confirm that the 
absorption bands found are not due to oxidation prod
ucts. To avoid false maxima due to stray light the 
total optical density of the solutions was kept below 
D =  1.3.

Preliminary experiments with the I2SCN~ complex 
have shown that the Xmsi of the complex varies with 
the concentration of SCN- . This seems to indicate 
the existence of the equilibrium

I2SC N - +  S C N -^ I(S C N )2-  - k i 

ln order to supress the formation of I(SCN)2-  the 
spectrum of I2SCN~ in the various solvents was 
measured in the presence of added iodide and the 
absorption of I3~ was subtracted. The concentration 
of I3 was determined by the absorbance at 380-410 
m̂ i where the absorption of the thiocyanate complexes 
is negligible. Because of the slow reduction of iodine 
by the thiocyanate ion all absorption measurements 
were repeated several times moving back and forth 
from the shorter to the longer wave length, and an aver
age was taken.

The positions of band maxima recorded in this work 
are accurate within ±  1 m/x.

Results and Discussion
Figure 1 presents the difference in optical density 

between various salt solutions saturated with oxygen

Figure 1. Absorption spectra of 0 2X _ in solution 
at room temperature. The optical path length l 
is 4 cm. For the numbers see Table I.

and the same solutions saturated with nitrogen. The 
absorbance of oxygen itself in the corresponding sol
vents was subtracted when necessary.

The absorbance of the anions themselves made ab
sorption measurements in the ultraviolet impossible. 
This is probably the reason why we could not find 
absorption maxima in the aqueous solutions. In 
ethanol and ethylene glycol the absorption bands of 
the halides (and other charge-transfer-to-solvent bands) 
are shifted to the blue8'9 while internal charge-transfer 
bands of the type considered here are usually shifted 
to the red, compared to aqueous solutions.6'8'10 These

(8) M . Sm ith  and M . C . R . S ym ons, Trans. Faraday Soc., 54 , 338 
(1958).
(9) I. B urak  and A . T rein in , ibid., 59, 1490 (1963).
(10) E . M . K osow er, J. Am. Chem. Soc., 80 , 3253 (1958).
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shifts of opposite directions allow the absorption 
maxima of the 0 2I _ and 0 2SCN~ ions to be observed. 
Unfortunately, the large correction for the oxygen 
absorbance in ethanol and ethylene glycol made the 
absorption spectra of 0 2Br and 0 2C1 in these sol
vents unreliable.

Experiments with air-saturated and pure oxygen- 
saturated solutions indicate that the absorbance due 
to the oxygen-iodide complex is proportional to the 
oxygen partial pressure. The dependence of this 
absorption on the concentration of the iodide was 
measured to 4 M  in aqueous solutions and was found 
to be roughly proportional to the iodide concentration. 
The accuracy of the experiments was not sufficient 
for the determination of the stability constant by the 
Benesi and Hildebrand method.11 However an upper 
limit o fN C O .lM - 1 can be estimated.

Using known and estimated oxygen solubilities12 
the quantities Keet =  ADmax /l (0 2) (X _) were calcu
lated and recorded in Table I. The relatively small 
variation of Keet in the various solvents suggests that 
a dominant part of the total absorption intensity is 
due to contact charge-transfer pairs.13

In Table I the absorption maxima of 0 2X ~ and I2X  
are compared. This comparison provides an oppor
tunity to check the assumption of Jortner anc Sokolov14 
that for a series of oxygen and iodine charge-transfer 
complexes with various electron donors (D), the dif
ference M D 0 2) — hv{DI2) is constant and equal to 
the difference in the vertical electron affinities of oxygen 
and iodine molecules. The values of this difference 
recorded in the last column of Table I should be com
pared with the corresponding value of 19 ±  3 kcal. 
for complexes with organic solvents.14 The general 
trend of the transition energies of the anion-oxygen 
pairs shows clearly that they are of charge-transfer 
character.

The existence of anion-oxygen complexes has a 
bearing on the mechanism of their thermal and photo
chemical autoxidation. It supports the suggestion of 
Abel15 about the participation of iodide-oxygen com
plex in the thermal autoxidation of iodide ion. How
ever some of the subsequent stages in Abel’s mech
anism are liable to criticism.

Acknowledgment. The author is indebted to Prof.
G. Stein and Dr. A. Treinin for helpful discussions and 
comments.

(11) H . A . B enesi and J. H . H ildebran d, J. Am. Chem. Soc., 71, 
2703 (1949).
(12) G m elin , ‘ ‘ H a n d b u ch  der an organ isch en  C h e m ie ,"  8 A u f., Verlag
C hem ie, G .M .B .H ., W e in h e im /B ergs tra sse , 1958. F or  ox y gen  so l
ub ilities in the organ ic  so lu tions a sa lt :n g -ou t con sta n t k, = 0.2 was
assum ed. T he results d o  n ot depend ap p reciab ly  upon  this choice.

(13) L . E . Orgel ar.d R . S. M ulliken , J. Am. Chem. Soc., 79 , 4839 
(1957).

(14) J. Jortner and U. S ok olov , Nature, 190, 1003 (1961).
(15) E . A bel, Monatsh. Chem., 89 , 313 (1958).

Conductance o f  the Alkali Halides. VIII. 
Lithium -7 Chloride in Dioxane-W ater Mixtures 
at 2501

by Thomas L. Fabry2 and Raymond M. Fuoss

Contribution No. 174-7 from the Sterling Chemistry Laboratory 
of Yale University, New Haven, Connecticut 
(Received November 26, 1963)

The conductance of lithium-7 chloride in dioxane- 
water mixtures covering the range 12.95 ( h  ^ 62.43 
in dielectric constant which is presented here com
pletes our study of the chlorides of the alkali metals.3 
Symbols used in discussion have been defined in pre
ceding papers of this series.

Experimental
Lithium-7 chloride was used as received from the 

Isotope Division of the Oak Ridge National Laboratory; 
it was certified to contain 99.9926 atomic %  Li7. 
Stock solutions (approximately 0.1 and 0.025 N) were 
made up in water. No precautions were taken to 
avoid water take-up by the salt during weighing; 
concentrations were determined by conductance. 
Portions of the stock solution were diluted by weight 
in a conductance cell to give solutions in the range 
0.002 ^ c ^ 0.012 N. Kunze’s data4 * * were analyzed 
to give the constants in the conductance equation as 
shown

A = 115.117 -  86.91c‘a +

40.29c log c +  170.2c (1)

(1) T h is  paper is based on part o f  a thesis presented b y  T . L . F abry  
to  the G raduate School o f Y a le  U n iversity  in partial fu lfillm ent o f  
the requirem ents fo r  the D egree o f D o c to r  o f P h ilosop hy , Septem ber, 
1963.
(2) D u  P on t T each ing  F ellow , 1962-1963.
(3) (a) N aC l, R . W . K u nze and R . M . Fuoss, J. Phys. Chem., 67,
911 (1 963 ); (b ) KC1, J. E . L ind , Jr., and R . M . F uoss, ibid., 65 , 999
(1 961 ); (c) R b C l, R . JV. K u n ze  and R . M . Fuoss, ibid., 67, 914
(1 963); (d ) C sC l, J. C . Justice and R . M . F uoss, ibid., 67 , 1707
(1963).
(4) In eq. 1 o f ref. 3c, th e  J«czh  term  was u n fortunately  om itted ;
the constants o f T a b les  I I I  and IV  o f ref. 3c are for the equation
with the c sA  term  retained. H ere, in order to  sim plify  the inter
polation , we om itted  the c 3A  term , and our Ao and /-v a lu e s  therefore
differ slightly  from  K u n ze ’s.
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From the observed cell resistance R and the cell con
stant k , one calculates

Z = 100Qk(R~l -  Ro~1) (2)

where R<>~' is the resistance with water in the cell. 
Now

Z = cA (3)

The concentration of the lithium chloride solution is 
known approximately from the weight of lithium 
chloride and water used to make up the stock solution; 
call it ci. Substituting cj in (1) gives Ai, whence

c2 = Z (obsd.)/Ai (4)

Then c2 is returned to (1), and the cycle continued 
until |cn — c„_i| <  10~4c. From the volume concentra
tions, the weight concentrations are calculated and 
from these, the weight concentration of the correspond
ing stock solution is determined. Concentration of 
stock solution was checked at least once a week. For 
conductance measurements, appropriate amounts of 
dioxane, water, and stock solution were weighed to 
give the initial concentration for a run. Subsequent 
points were obtained by diluting this solution with 
a dioxane-water mixture adjusted to exactly the same 
solvent ratio as that at the initial point.

Electrical equipment and cells have already been 
described.31’ One modification was made in cell design, 
thanks to a suggestion from Prof. R, H. Stokes. The 
platinum tube seals through Pyrex have been re
placed by tungsten; the tungsten electrode supports 
are considerably more sturdy than the thin-walled 
platinum tubes. All measurements were made at 
25 ±  0.002°.

Properties of the mixed solvents, where w is weight 
%  of dioxane, are summarized in Table I. Conduct
ances are given in Table II, where AA is the difference 
between observed conductance and that computed 
by the equation

A = A0 — Sc'hy'h +  E 'cy  In cy +
Jcy  — K\C.yP\. (5)

Activity coefficients were calculated by the limiting 
law, / 2 = e-2r.

Discussion
The data were analyzed by the IBM 709 computer 

in order to obtain the constants of eq. 5. We are 
treating ./, the coefficient of the linear term, as an 
empirical constant, pending the completion of a re
vision5 of the interpretation of ./ and K a, the coef
ficients of the cy and cy/ 2 terms. The values of the 
constants are summarized in Table III. For systems

Table I : Properties of Solvents

No. W P D lOOl? 10® tro

i 0.0 0.99707 78.54 0.8903 2.44
2 18.8 1.01308 62.43 1.268 2.20
3 45.9 1.03154 39.44 1.845 0.195
4 65.1 1.03670 23.14 1.976 0.123
5 69.8 1.03680 19.30 1.928 0.065
6 75.6 1.03619 14.98 1.827 0.055
7 78.4 1.03577 12.95 1 .761 0.009

Table II : Conductance of Lithium-7 Chloride 
in Dio.xane-Water Mixtures at 25°

104c A 1 0 0  A  A 10‘ c A 1 0 0  A  A

D = 62.43 D =  19.30
38.063 78.304 - 1  . 6 5.811 35.001 0.4
66.470 77.155 3.0 10.972 33.125 -1 .2
86.912 76.477 -0 .2 15.515 31.948 0.5

103.933 76.016 - 1 . 1 20.244 30.969 0.7
25.275 30 116 -0 .6

D = 39.44 D -  14.98
8.724 51 .336 - 0 .6 3.971 30 412 0.5

16.388 50.491 0.6 7.611 27.921 - 1 .6
26.371 49.673 0.6 11.356 26.235 0.7
35.733 49.058 - 0 .5 15.117 24.985 1.1

18.961 23.989 - 0 .8

D =  23.14 D =  12.95
6.815 38.213 -0 .1 3.424 27.041 0.6
8.735 37.666 0.1 6.594 24.092 - 1 .9

12.655 36.745 0.1 9.832 22.241 1.1
17.086 35.905 0.0 13.192 20.887 1.2
20.490 35.362 0.0 16.619 19.857 - 0 .8

2 and 3, at high dielectric constants, & was taken equal 
to 6.4 to compute ./(a), and K a  and A0 were determined 
by the \K method.6

A plot of log K a against reciprocal dielectric constant 
is shown in Fig. 1 for the five alkali chlorides. For 
D >  30, association constants were determined by the 
Ak method; the others were computed from the data 
by means of eq. 5. Lithium chloride is seen to be the 
least associated of the group, and comes nearest to 
giving a linear plot. From the slope of the linear 
portion at low dielectric constants, we obtain & =  6.4; 
this value was used to determine the association con
stants for systems 2 and 3. This value of d is con-

(5) R . M . F uoss and L . Onsager, J. Phys. Chem., 66, 1722 (1 9 6 2 ); 
67, 621 (1963); 67, 628 (1963); 6 8 , 1 (1964).
(6) R . M . F uoss. J. Am. Chem. Snc., 81. 2659 (1 959 ); eq . 39 and 40*
C orrection : in the sam e paragraph , delete “ o r  as the  s lope . . •
against x,"
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Figure 1. Dependence of association constants of the 
alkali chlorides on dielectric constants.

siderably higher than the sum of the lattice radii and 
suggests that the lithium ion remains hydrated, even 
in a contact pair with chloride ion.

A comparison of the Stokes radii for the alkali ions 
is shown in Fig. 2. Here

T able  III : Derived Constants

N o . Ao J Kx

2 8 2 . 6 7  ± 0 . 0 4 2 1 7 . 5  =  5 . 0 2.1  ±  0 . 1

3 5 3 . 7 6  ± 0 . 0 1 4 2 0  ±  4 7 . 9  ± 0 . 3

4 4 2 . 1 2  ± 0 . 0 1 1 7 7 0  ±  2 0 3 4 . 5  ±  1 . 1

5 3 9 . 7 7  ± 0 . 0 5 2 7 8 0  ±  5 0 7 2 . 8  ±  5 . 6

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

7 3 5 . 7 4  ± 0 . 1 1 9 2 5 0  ±  8 0 9 1 5  ±  2 8

s E' <T

2 7 4 . 3 2 9 . 8 6 0 . 0 1 6

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

4 110.6 4 6  0 6 0.001
5 1 3 1 . 1 6 7  8 5 0.012
6 1 6 9 . 0 1 1 8 . 9 0 . 0 1 6

7 1 9 7 . 6 1 6 5  0 0 . 0 1 9

Figure 2. Dependence of Stokes radii of the alkali 
cations on dielectric constant.

R+ =  0.8194 X 10-yXo+»? (6)

Like the other alkali cations, the apparent radius is 
linear in reciprocal dielectric constant over the range of 
intermediate and low dielectric constants, showing 
a drag on the ion due to polarization and relaxation 
of solvent dielectric as ions move through it.7-9 Ex
trapolation to D = co gives Rc„ =  1.06, which, as ex
pected, is the largest among the alkalis. This value 
is, however, certainly smaller than the actual radius of 
the kinetic cation in lithium solutions containing water. 
It will be noted that the greatest curvature among 
the alkalis of the R-l/D  plots in the water-rich region 
is shown by lithium. This must be a consequence of 
the strong interaction expected between the nearest 
neighbor water molecules and the small lithium ions. 
There is a close parallel between the structure of the 
R-l/D  plots of Fig. 2 and the viscosity B-coefficients,10 
which are Li+, +0.147; Na+, +0.086; K+, —0.007; 
R b+, —0.029; and Cs+, —0.045. As B increases 
with decreasing atomic number, the curvature in the 
78 ^ D ^ 50 range steadily increases. At D =  50, 
the mole ratio of the solvent is about 10 water : 1 dioxane; 
for mixtures containing more dioxane than this, the 
R-l/D  curves become linear. These results suggest 7 8 9 10

(7) R . M . Fuoss, Proc. Natl. Acad. Sei. U. S., 45 , 807 (1959).
(8) R . H . B o y d  J. Chem. Phys.. 35 , 1281 (1961).
(9) R . Zw anzig, ibid., 38 , 1603 (1963).
(10) R . W . G u rn ey, “ Ion ic  Processes in S o lu tion ,”  D o v e r  P u b lica 
tions, In c ., N ew  Y ork , N . Y ., 1962, p. 168.
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that the water structure persists in the mixtures up to 
about 30 wt. %  dioxane and that beyond this, the mixed 
solvent behaves like an ordinary liquid. We plan to 
study the viscosities of the alkali chlorides in this re
gion.

Relaxation data are available for dioxane-water 
mixtures containing less than 50% dioxane"; from 
these data, t% = 8.0 X 10~14 sec./poise, where r is 
dielectric relaxation time and rj is viscosity. From Fig. 
2, the slope s of the line

R+ = R M  +  s/D) (7)
o

is found to be 17 A. Boyd’s equation gives

sb =  2 e iT/277rVR 3 (8)
°where e is the unit charge. With R = 3 A., the cal

culated slope is 16. Zwanzig’s equation is

Sz =  (e2r/97ri;/t>3) ( l  — t „ /e 0) (9)

where e „  and e0 are, respectively, the limiting dielectric 
constants at infinite and zero frequencies. For our 
mixtures e /̂en < <  1; eq. 9 gives sz = 22. Since the 
theoretical slope depends on the cube of the radius, 
the agreement between experiment and either theo
retical value must be considered satisfactory.

(11) J. B . H asted , G . H . H aggis, and P . H u tton , Trans. Faraday 
Soc., 47, 577 (1951).

Conductance o f the Alkali Halides. IX. 
R ubidium  Iodide in Dioxane-W ater 
Mixtures at 25°1

by Thomas L. Fabry2 and Raymond M. Fuoss

Contribution No. 174-8 from the Sterling Chemistry Laboratory 
of Yale University, New Haven, Connecticut 
{Received.November 26. 1968)

The conductances of rubidium bromide3 and chlo
ride4 in dioxane-water mixtures have been reported 
previously. We present here the conductance of 
rubidium iodide in dioxane-water mixtures in order to 
complete the series of rubidium halides. The conduct
ance in water of rubidium chloride, prepared from our 
iodide by ion exchange, was also determined in order 
to obtain another check on the limiting conductance 
of the rubidium ion.5 Our final result is X0(Rb+, 
H A  25°) =  77.18 ±  0.10.

Experimental
Rubidium iodide, as received from A. D. MacKay 

Co., gave a conductance in water about three units 
higher than expected. It was purified by first washing 
with ice-cold methanol until it became white and then 
recrystallizing from methanol. The washed residue 
from 10 g. of starting material was dissolved in 50 ml. 
of methanol; slow evaporation under a nitrogen stream 
gave two crops of crystals, which were heated in vacuo 
in an Abderhalden drier for a week at 131°. A second 
crystallization gave a product whose limiting conduct
ance agreed with that of the first within 0.01%. Analy
sis in the flame photometer showed 0.033% Lil, 0.026% 
Nal, 0.046% KI, and 0.028% Csl. These impurities 
lead to a correction6 AA0 = —0.026 in water.

Rubidium chloride was prepared from recrystallized 
iodide by ion exchange on a Dowex 1-X8 column. 
The resin was conditioned by five cycles of alternate 
charging with 1 N  potassium iodide and 2 N  hydro
chloric acid; it was then boiled in distilled water for 
1 hr. The column was made up again and regenerated 
with 2 N  hydrochloric acid prepared from constant
boiling acid.7'8 The column was then washed with 
deionized water until the effluent had a conductance of 
0.10 X 10“ 6. Finally, 1 N  rubidium iodide solution 
was fed in at 1 drop/sec. and eluted at the same rate 
with deionized water. Analysis by flame photometry 
showed 0.020% LiCl, 0.005% NaCl, 0.035% KC1, 
and 0.041% CsCl, which led to a correction AA = 
— 0.057. The rubidium chloride eluate was then 
further diluted to about 0.1 N  as stock solution for 
the conductance determinations. The solution was 
standardized by potentiometric titration against silver 
nitrate solution (silver indicating electrode, Beckman 
glass electrode as reference). The precision9 was 
better than 0.01%.

The properties of the solvents are given in Table I 
and the conductance data in Tables II and III.

(1) T liis  paper is based on part of a thesis presented b y  T . L . F abry  
to  the G raduate  School o f  Y ale  U niversity  in partial fu lfillm ent o f 
the requirem ents for the D egree o f  D o c to r  o f  P h ilosop h y , Septem ber, 
1963.
(2) D u  P on t T each ing  F ellow , 1962-1963.
(3) J. E . L ind , Jr., and R . M . Fuoss, J. Phys. Chem., 66, 1727
(1 962 ) .

(4) R . W . K u nze and R . M . Fuoss. ibid., 67, 914 (1963).
(5) R . W . K unze, R . M . Fuoss, and B . B . O wen, ibid., 67 , 1719
(1 963 ) .
(6) See ref. 4, eq. 6 -11 .

(7) S. W illiam s and W . W eiss, J. Assoc. Offic. Ayr. Chemists, 36, 
354 (1953); 37, 462 (1954).

(8) I. M . K o lth o ff and M . Stenger. “ V olum etric  A n a lys is ,”  V o l. II , 
Interscience Publishers. Inc., N ew  Y ork , N . Y ., 1947, p. 67.
(9) E . B ishop , Anal. Chim. Acta, 20, 315 (1959).
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T able  I  : Properties o f  Solvents

No. W p D 100, 10«<ro

1 0.0 0.97707 78.54 0.8903 2.09
2 47.6 1.03226 37.96 1.869 0.36
3 63.7 1.03661 24.39 1.983 0.122
4 70.7 1.03677 18.68 1.918 0.125
5 76.1 1.03613 14.73 1.819 0.035
6 77.2 1.03592 13.53 1.782 0.028

T able II  : C on du ctan ce o f R ubid iu m  
C hloride in W ater at 25°

10 <c A 100 A A 10<c A 100 A A

19.598 149.64 3.4 23.725 149.21 -0.8
37.684 148.10 -4.5 45.696 147.64 -0.4
59.124 146.90 -0.4 67.147 146.53 0.2
82.338 145.86 0.8 90.167 145.62 3.8
93.720 145.43 0.6 114.709 144.72 -2.7

T able  I I I : C on du ctan ce o f R u bid iu m  Iod id e  in D iox a n e - 
W ater M ixtures at 25° (Superscripts D esignate 
Series o f D eterm inations)

10<c A 100 AA 104c A 100 A A

D = 78.54 D = 18.68
15.692« 150.30 0.0 4.699 43.14 0.4
30.996 148.87 -0.4 9.467 40.88 -1.2
46.718 147.80 0.8 14.253 39.33 0.8
61.385 146.97 0.0 18.537 38.25 0.4
77.489 146.20 -0.3 23.455 37.27 -0.4
14,975b 150.37 -0.5
30.062 148 93 -0.4 D = 14.73
44.921 147.90 1.5 3.292 38.07 0.7
60.300 147.02 0.4 6.347 35.27 -2.1
75.012 146.29 -0.9 9.570 33.30 0.5

D = 37.96 12.333 32.03 2.1
11.135 61.12 0.0 15.353 30.90 -1.3
21.827 59.97 -0.7
32.372 59.17 0.4 D = 13.53
43.748 58.49 0.9 2.902 35.99 0.7
55.949 57.88 -0.7 5.755 32.75 -2.0

D = 24.39 8.522 30.74 0.6
6.349 48.61 0.6 11.585 29.14 2.1

11.090 47.33 -1.3 14.393 28.00 -1.4
19.143 45.83 -1.0
31.941 44.21 -0.2

Discussion
Analysis of the data of Table III gives the values of 

the constants A0, K a, and J which are summarized 
in Table IV. The values of K a for systems 1 and 2 

•were obtained by the A^-program, using A =  5.7 
(from the slope of the log K a~D~1 plot at low dielectric

constants). In the table are also given the theoretically 
calculated coefficients S and E ', and a, the standard 
deviation between calculated and observed conduct
ances in a given run. Figure 1 shows the dependence

Figure 1. D ependence o f association  constant 
on dielectric constant for rubidium  halides.

of association constant on dielectric constant for the 
three rubidium halides. At a given value of dielectric 
constant, association increases in the sequence Cl' >  
Br' >  I '; that is, the smallest halide ion is most as
sociated. This is just the reverse of the sequence 
found for the alkali cations where lithium is least 
associated (for a given halide); this difference supports 
the argument that cations are hydrated while halide 
ions are not.

A plot of Stokes radius against reciprocal dielectric 
constants for the iodide ion in rubidium iodice is 
linear (including the water point) with a slope s of 
10 A. Using the value r/p =  8 X 10" 14 sec./poise,10 
Boyd’s equation11 gives s = 16 and Zwanzig’s equa

(10) J. B . H asted, G . H . H aggis, and P . H u tton , Trans. Faraday 
Soc., 47 , 577 (1951).
(11) R . M . B o y d . J. Chem. Phys.. 35 , 1281 (1961).
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tion12 gives s =  22. Agreement with either is satis
factory, since an arbitrary parameter (radius) enters 
as a cube.

Finally we consider the limiting conductance of the 
rubidium ion in water at 25°. The limiting conduct
ance of rubidium iodide (corrected for known impuri
ties) is 154.01 ±  0.01 from the data of Table II. 
Extrapolation of the data of Owen and Zeldes13 for 
potassium iodide gives A0 (KI) = 150.48 ±  0.02. Using 
Longsworth’s14 15 value n+ =  0.4906 and Lind’s16 1 value 
Ao(KCl) =  149.89, X0(K+) =  73.54, whence X0(I') = 
76.94 and X0(Rb+) =  77.08.

T ab le  IV : Derived Constants

No. K0 J Kk

l 154.01 ±  0.01 204 ±  2 1 . 1  ± 0. 1
2 64.14 ± 0 .0 1 604 ±  2 5.8 ± 0 .2
3 52 40 ±  0 06 1910 ±  80 16.8 ±  4.5
4 48.22 ± 0 .0 4 3990 ±  50 77.8 ±  4.3
5 45.03 ±  0 11 7860 ±  140 331 ±  19
6 44.02 ±  0.11. 10300 ±  130 587 ±  23

s E' <T

1 95.82 26.42 0.01
2 85.19 1 1 2 . 1 0.01
3 118.1 359.6 0.02
4 152.8 748.3 0.01
5 195.4 1441 0.02
6 213.9 1824 0.01

The data of Table II for the chloride in water can 
be summarized by the equation

A = 153.72 -  95.75S c/l +  26.34c In c +  228c

The corrected value of the limiting conductance for 
the chloride is A0(RbCl) = 153.66; from Longsworth’s 
transference number and Lind’s limiting conductance 
for potassium chloride, we find Xo(Cl') = 76.36, 
whence X0(Rb+) = 77.30. (Differences of ±0.01 in 
this paragraph are trivial: the arithmetic was done 
carrying three digits after the decimal point, and the 
figures cited have been rounded off to two.) Taking 
the average of these values and earlier ones,6 we find 
X0(Rb+, H20, 25°) = 77.18 ±  0.10.

(12) R. Zwanzig, J. Chem. P h y s 38, 1603 (1963).
(13) B. B. Owen and H. Zeldes. ibid., 18, 1083 (1950).
(14) L. Longsworth, J. Am. Chem. Soc., 54, 2741 (1932).
(15) J. E. Lind, Jr., and R. M. Fuoss, J. Phys. Chem., 65, 999
(1961).

Nuclear M agnetic Resonance Studies o f  BF3 
Addition Com pounds. II. The Exchange o f  
BF3 between C6ll60CH3-BF3 and (C2H5)2O B F 3

by A. C. Rutenberg, A. A. Palko, and J. S. Drury

Chemistry Division, Oak Ridge National Laboratory 
Oak Ridge, Tennessee (Received November 1, 1968)

Boron trifluoride forms stable 1:1 molecular addi
tion compounds with many ethers. In many systems 
containing BF3 and more than one ether, rapid ex
change of BF3 occurs between the ether-BF3 species. 
This paper presents the results of n.m.r. kinetic studies 
of the system (CJLOCH^-fC-TIshO BF3 using the 
19F resonance. The present system differs from the 
previously reported (CH3)20- -(C2H6)20  BF3 system2 
primarily because anisole (C6H6OCH3) forms a much 
weaker BF3 addition compound than (CH3)20  and 
(C2H5)20. Thus, if sufficient BF3 is added to a mixture 
of anisole and (C2H6)20  to form observable quantities 
of the anisole BF3 species, essentially all of the (C2H6)20  
is complexed. From the standpoint of kinetics, such 
a system is more amenable to analysis than one also 
containing free (C2H6)20.

The present system is also better suited for accurate 
rate measurements since the equilibrium compositions 
of the three major constituents are more accurately 
known, and the rate measurements could be taken 
over a more advantageous temperature and com
position range. Rate constants and activation energies 
were calculated for the reaction of (C2H5)20 -B F 3 
with CefROCFL • BF3 and with CJLOCIL.

Experimental
Eight mixtures of C6H60CH 3-(C 2H6)20  and BF3 

were prepared from purified chemicals using high 
vacuum techniques. N.m.r. measurements of these 
solutions were maae over a temperature range of about 
70° using a Varian Associates high resolution spectrom
eter operating at 56.445 Me. Modulation frequencies 
were determined with a Hewlett Packard 521C fre
quency counter. The experimental techniques were 
described in a previous paper.2
Calculations

The values of r, the mean lifetime in seconds of an 
ether-BF3 addition compound, were calculated2-3

(1) Operated for the U. 8. Atomic Energy Commission by the 
Nuclear Division of Union Carbide Corporation.
(2) A. C. Rutenberg, A. A. Palko, and J. S. Drury, J. Am. Chem
Soc., 85, 2702 (1963).
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T able  I : Characteristics of the Eight C6H50C H 3-(C 2Hs)20 -B F 3 Mixtures

A B c D K F G H

Initial composition
(C 2H 5)20 , moles 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1 .00
CeHsOCH.,, moles 14.06 5.63 1.67 2.99 6.80 1.86 1.01 1.00
BF3, moles

Equilibrium composition at 0°
1.96 1.99 1.33 2.00 3.92 2.09 1.78 1.97

(C2H5)20  • BF3, moles/1- 0.61 1.34 3.32 2. 1 2 1.08 2.84 4.01 3.97
C6H5OCH3 • BF3, moles/1. 0.59 1.33 1 , 1 1 2 . 12 3.13 3.09 3.13 3.87
C6H5OCH3, moles/1. 8.03 6.22 4.43 4.23 4.19 2.20 0.93 0.095

BF3 as C6H5OCH3-BF3, mole fraction 0.490 0.497 0.250 0.500 0.745 0.522 0.438 0.492
t  X 105 at 0°, sec. 39.4 59.4 31.1 91.9 124 155 279 401
t X 106 at 25°, sec. 7.63 8.61 6.44 14.4 16.3 20.6 30.2 35.6
AE ' ,  kcal. mole“ 1 10.6 12.5 10.2 12.0 13.2 13.1 14.4 15.7
95% confidence limits on AE' 0.5 0.5 0.5 0.6 0.8 0.4 0.5 1.4
R  X 10“ 3 at 0°, moles l x 1 sec. “ 1 0.76 1 . 1 2 2.67 1.15 0.65 0.96 0.63 0.49
R  X 10“ 3 at 25°, moles l . _1 sec. “ 1 3.85 7.56 12.4 7.22 4.80 7.02 5.60 5.28

from experimental line width and peak separation 
data. A least-squares equation of the form

log r =  m/T +  c

was obtained for each of the eight mixtures, r- 
Values at 0 and 25° were calculated from the least- 
squares equations. An equation was then set up for 
each mixture in terms of the rate of exchange R, 
concentration of the species involved, and rate con
stants for each exchange path

„  [(C2H6)20 -B F 3]Pl [C6H5OCH3 • BF3 ]p2
K = ------------------------- =  (.1;

r  t

where R is the rate of exchange of an ether BF3 com
plex in moles l._1 sec.“ 1; px and p2 are mole fractions 
of C,HsOCH,.BF, and (C2H6)20 -B F 3, respectively; 
and the brackets denote molar concentrations. Thus

R =  ki [ (C2H6) 20  • BF3 ] [C6H6OCH3 • BF3 ] +
A:2[(C2H6)20 -B F 3][C6H60CH3] (2)

Values of Aq and k2 were obtained from a least-squares 
solution of eight rate equations of the above form.

Results and Discussion
Compositions, mean lifetimes, and rates of exchange 

for the eight mixtures studied are presented in Table 
I. The R values were calculated from the mean life
times using eq. 1.

Most of the experimental r-values in this study were 
obtained from measurements on the single peak of the 
combined complexes. These calculations required 
values for the separation between the two ether BF3 
peaks, in the absence of exchange, at the temperatures 
of interest. The separation changed with tempera

ture; the values used in the calculations were obtained 
from extrapolation of low temperature measurements 
of the separation between the individual peaks. This 
extrapolation was a source of error in the rate measure
ments and was least satisfactory in the case of mixture
H, contributing to the poorer fit of the data for that 
mixture.

Figure 1 shows the experimental r-values plotted as 
a function of reciprocal temperature. The curves 
shown are the least-squares straight lines. The AE' 
values in Table I were calculated from the slopes of 
these lines. AE' represents an average activation 
energy for the various paths contributing to the BF3 
exchange. A similar average activation energy may 
be calculated from the 0 and 25° rates of exchange. 
The temperature coefficients of the rates of exchange 
give values of AE' that are 1- 2%  lower than the slope 
values, since the concentration of (C2H6)20 -B F 3 is 
slightly lower at the higher temperature due to a 
change in solution density.

A previously studied mixture2 of (C2H6)20, (CH3)20, 
and BF3 similar in composition to mixture D (R =
I . 15 X 103 moles l.“ 1 sec.“ 1) had an R value of ~  2 X 
1C4 moles l.“ 1 sec.“ 1. Since the main reaction for the 
mixtures under consideration, in both cases, was the 
transfer of BF3 from (C2H5)20 -B F 3 to a free ether, the 
reaction of (C2H5)20 -B F 3 +  (CH3)2() is more rapid 
than (C2H6)2O BF3 +  C6H5OCH:i.

Table II gives the values of Aq and k2 at 0 and 25° 
calculated from the n.m.r. measured rates of exchange 
using eq. 2. The reactions associated with the rate 
constants are

(3) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “ High-
Resolution Nuclear Magnetic Resonance,” McGraw-Hill Book Co., 
Inc., New York, N. Y., 1959, Chapter 10.
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(C2H6)20 -B F s +  C6H6OCH3-BF3 - X

(C2H6)20 -B F 3 +  C6H6OCH3-BF3
k,

(C2Hb)20 -B F 3 -|- c 8h 6o c h 3 >■
(C2H6)20  +  C«H6OCH3-BF3

Reaction 1, which should involve more rearrangement 
of the solution, has the larger activation energy and

Figure 1. Temperature dependence of r for eight 
mixtures of (CjHOjO, C6HeOCH3, and BF3. 
Compositions of mixtures are given in Table I.

smaller rate constant. Reaction 2 appears to proceed 
by way of a displacement mechanism since its acti
vation energy is somewhat less than the heats of for
mation of the ether ■ BF3 complexes.4 5'6

An upper limit for the equilibrium constant for the 
reaction

(C2H6)20 -B F 3 +  C6H6OCH3 ^
(C2H6)20  +  C6H6OCH3-BF3

was estimated from low temperature observations of 
several reaction mixtures containing a large excess of 
anisole

K *  =  <  0.005
fc reverse

Since ¿forward =  ¿2 =  798 1.-mole-1 sec.-1 at 25°, we 
may set a lower limit on the rate constant for the re
action of C6H6OCH3 BF3 with (C2H6)20  (¿reverse) at 25°.

¿reverse >  106 1. m ole-1 SeC.-1

The available kinetic data on these systems indicate 
the fastest BF3 exchanges between different ethers 
involve the transfer of a BF3 molecule from a weaker 
complex to a free ether to give a stronger complex.

(4) A . A . P a lk o, R . M . H ea ly , and L . L and au , J. Chem. Phys., 2 8 , 
214 (1958).
(5) D . E . M cL au gh lin  and M . T am res, J. Am. Chem. Soc., 82 , 5618 
(1960).

The Standard Molar Free Energy o f 
Form ation o f Thorium  Carbide by 
Electrom otive Force M easurem ents1

by J. J. Egan

Brookhaven National Laboratory, Upton, New York 
(Received Nmember 8, 1963)

Table II : Rate Constants and Activation Energies for

Reactions of (C 2H6)20-BF3 with C 8H6OCH3'B F 3 
and CsHsOCHT

25°
0°

Ali
I. mole-1 sec.“ 1

hi,
1. mole-1 sec.-1

353 ±  11 798 ± 4 2
28.5 ± 2 .2  155 ± 1 3

—-------------AE,  kcal, mole-1----------------

16.3 ±  0.5 10.6 ±  0.6

“ Confidence limits all at 95% level.

The thermodynamic properties of ThC2 have been 
studied by Prescott and Hincke2 at high temperatures 
by measuring the equilibrium of the reaction, T h02 +  
4C =  ThC2 +  2CO. Several authors have used the 
resulting data to obtain the heat and free energy of 
formation of ThC2, but the free energy values remain 
uncertain to ± 10kcal.3

(1) T h is w ork  was perform ed  under th e  auspices o f  the TJ. S. A tom ic  
E nergy  C om m ission .

(2) C . H . P rescott and  W . B . H in ck e, J. Am . Chem. Soc., 49, 2744
(1927).
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This work employs a solid-state galvanic cell3 4 in the 
temperature range 700 to 970° in order to measure 
the free energy of formation directly. The cell may 
be represented as

Mo|Th,ThF4(s)|CaF2(s) |ThF4,ThC2,C(s) |Mo

where the CaF2 acts as an auxiliary electrolyte and the 
two adjoining tablets are powders of the constituents, 
intimately mixed. Molybdenum* served as an inert 
electrode material.

At the left-hand electrode

Th = T h+4 +  4e 

At the right-hand electrode

4e +  Th+4 +  2C — > ThC2 

and the over-all reaction on passing 4 f. is 

Th +  2C — >  ThC2

with CaF2 conducting by means of F _ ions from right 
to left.

Thus the standard molar free energy of formation of 
ThC2 is given by

AF°Thc1 — —4 FE

Experimental
The cell arrangement was the same as that used 

previously to measure the free energy of formation of 
solid chlorides5 with the exception that molybdenum 
was used as an electrode material in place of platinum.

The thorium carbide was prepared by mixing 
thorium powder with a stoichiometric excess of graphite 
powder, pressing the resulting mixture into a pellet, 
and then heating the pellet with an induction furnace 
for approximately 0.5 hr at 1650° in a graphite crucible 
under vacuum. The thorium carbide containing excess 
carbon was then rapidly crushed and mixed with ThF4 
and again pressed into a pellet suitable for the cell. 
The cells were operated for approximately 2 weeks.

Only results of the last week of operation were used 
since it generally took 4 days to 1 week to attain com
plete equilibrium at 800°.

Results
The results of two separate cells at various tempera

tures are shown in Fig. 1. At 800° the standard molar 
free energy of formation of ThC2 is —29.4 ±  0.3 kcal./ 
mole. Since entropy measurements made from tem
perature coefficients of cells are in general not always 
accurate, one may only estimate the entropy and heat 
of formation of ThC2 from the results. These calcu
lations yield the values AiS°xhc, =  —7.2 e.u. and 
Atf°Thc, = —37.1 kcal./mole in the temperature range 
of the experiments.

Acknowledgments. The author wishes to acknowl
edge the help of Mr. J. Bracker for his work on the 
design, assembly, and operation of the cells. The sug
gestions of Dr. R. Wiswall and Mr. R. Heus during 
the course of the work are also gratefully acknowledged.

(3) O. K u baschew ski and  E . E vans, “ M eta llu rgica l T herm och em is
try ,”  P ergam on  Press L td ., N ew  Y ork , N . Y ., 1958.
(4) K . K iu k k ola  and  C . W agner, J. Electrochem. Soc., 104, 308 
(1957).
(5) J. J. E gan , W . M cC o y , and J. B racker in “ T h erm od yn a m ics  o f 
N uclear M ateria ls ,”  Internation a l A tom ic  E n ergy  A gen cy , V ienna, 
1962, p . 163.
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COMMUNICATIONS TO THE EDITOR

First Observation o f  a Solution o f  Li3Bi, An 
In ter m etallic in M olten Lithium  Chloride and 
L ithium  C hloride-L ithium  Fluoride1

Sir: Evidence has been obtained for the first time of
the existence of an intermetailic species in a molten 
salt. The first indication that such a solution might 
exist occurred during the study of the bimetallic con
centration cell

Li(l) |LiCl—LiF(1) ¡Bi(l) saturated with Li3Bi(s)

over the temperature range of 500 to 1000°. The 
fused salt electrolyte, which had been maintained under 
a helium atmosphere, became intensely red in color. 
Analysis of the electrolyte revealed that both bismuth 
and lithium were present. Solubility and spectro- 
photometric measurements were undertaken to gain a 
better understanding of the nature of the molten salt 
solution.

The solubilities of high-purity, activated bismuth in 
LiCl-LiF eutectic were measured at 600, 700, 800, 
and 900° and were found to be 0.9 X 10 3, 1.6 X 10%
2.0 X 10~3, and 1.8 X 10“ 3 wt. %, respectively. The 
liquid bismuth metal equilibrated with the fused lithium 
salts gave colorless solutions.

High-purity lithium (99.99%, sodium and potassium 
content each less than 30 p.p.m.) was added to the 
bismuth to prepare an alloy containing 70 atom %  
lithium. The alloy was equilibrated with the fused 
salt at various temperatures between 600 and 1000°. 
The bismuth content of the solutions was determined 
by ^-counting, the lithium content by titration of 
hydrolyzed samples of the fused salt solutions. The 
experiments were carried out in a glove box containing 
a very high-purity helium atmosphere.

The solubility data are given in Table I and are 
shown in Fig. 1 as mole %  Li3Bi vs. l/T, °K.

Equilibration of the Li-Bi alloy with the eutectic 
resulted in clear, deep red solutions. The solutions 
contained from about 350 to 2000 times the bismuth 
found in solutions equilibrated with pure bismuth in 
the temperature range of 600 to 900°. The clear deep 
red fused salt solutions quickly became black with a 
fine dispersion of insoluble bismuth precipitating when 
the solutions were allowed to come in contact with air. 
The lithium content appears to be of the same order of 
magnitude as found for the equilibration of pure lithium 
metal in lithium chloride, ca. 0.5 mole %  lithium at 
640° in lithium chloride2 compared to 0.3 mole %  in 
the 70 mole %  lithium chloride-30 mole %  lithium 
fluoride eutectic salt mixture. The latter value was

obtained by multiplying the Li3Bi mole %  at 640° in 
Fig. 1 by three. The lithium fluoride would have the 
effect of decreasing the solubility of pure lithium metal, 
but the exact value of the solubility of lithium metal in 
lithium chloride-lithium fluoride eutectic salt mixture 
is not known.

6 7 8 9 10 II 12
( l / T ) ° K ,  X  I04

Figure 1. Solubility of Li3Bi in LiCl-LiF eutectic salt mixture.

Approximately 0.5 g. of Li3Bi was prepared in situ 
in a small tantalum crucible by fusing together the 
appropriate amounts of lithium and bismuth metals. 
About 25 g. of purified LiCl-LiF eutectic (70 mole %  
LiCl, m.p. 505°) was placed in the tantalum crucible, 
and a saturated solution of Li6Bi in the molten eutectic 
waa prepared by heating the crucible to 800°. The 
mixture was decanted from the tantalum crucible, 
crushed, and placed in the rectangular well of a 0.5 X
1.5-in. rectangular sapphire absorption cell. The sap
phire cell was placed in a quartz outer envelope con
sisting of a rectangular bottom and a round upper 
portion provided with a vacuum stopcock. The fore-

(1) T h is w ork  was perform ed under the auspices o f  the U . S. A tom ic  
E nergy  C om m ission .
(2) A . S. D w ork in , H . R . B ronstein , and M . A . B redig , , / .  Phys.
C hem 66, 572 (1962).
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going steps were carried out in a high-purity helium 
atmosphere. The quartz and sapphire assembly was 
evacuated and placed in the heated sample chamber 
of a Cary 14H spectrophotometer.

The spectrum of the red solution was measured at 
525° in the range 5000-30,000 cm.-1. The spectrum is 
characterized by an intense absorption band whose 
long wave length edge is located at 2.0 e.v. (16,300 
cm.-1) at 525°. Preliminary studies of the tempera
ture shift of the band have shown that the band edge 
shifts ~ 0.1 e.v. to lower energies for each 100° rise in 
temperature.

The absorption spectra of lithium metal in LiCl3 and 
of bismuth metal in BiCl34 have been reported in the 
literature. The absorption bands reported for both 
of these systems have their energy maximum at 
~18,000 cm.-1.

Since the Li-Bi ratio of the soluble species was very 
close to three, we wish to suggest that the absorption 
spectrum is due to an Li:iBi entity. The cata pre
sented constitute the first evidence for the existence of 
intermetallic species in a molten salt.

It is of interest to note that a large number of inter
metallic compounds form solutions in liquid ammonia. 
However, Zintl, Goubeau, and Dullenkopf5 * 110 found Na.r 
Bi3 and Na3Bi6 soluble in liquid ammonia while Na3Bi 
was not soluble (no study was reported for Li3Bi).

Table I : Lithium and Bismuth Metal Solubilities Found
in Fused LiCl- LiF Eutectic Salt Mixture Equilibrated

ith 0.70 Atom Fraction of Lithium in Bismuth

Atom ratio
Temp.,

°C.
,-----Wt. % Li“----- - ,-----Wt. % Hift----- - Li: Hi

600 0.0322 ±  0.0005 0.314 ±  0 004 
0.259 ±  0.05c

3.09 ±  0.06

700 0.098 ± 0 .0 0 2 0.968 ±  0.012 
0.64 ± 0 .0 5 '

3.C3 ±  0 06

800 0.207 ±  0 .003e 
0.223 ±  0.003c

2.19 ± 0 .0 3  
2.16 ±  0 .04c

2.84 ±  0.06

900 0.380 ± 0 .0 0 6 3.74 ± 0 .0 5 3.05 ±  0.07
1000 0.957 ± 0 .0 1 4 10.01 ± 0 . 1 3

Average
2.88 ±  0.06 
3.0 ± 0 . 1

“ Hydrolysis and titration with a standard hydrochloric acid 
solution. h Bismuth containing Bi-210 tracer at a known specific 
activity was used in making the alloy. e Results of first experi
ment.

(3) J. P . Y ou n g . J. Phys. Chem., 67, 2507 (1963).
(4) C . R . B oston  and G . P . Sm ith , ibid., 66, 1178 (1962).
(5) E. Zintl, J. G ou beau , and W . D u llen k op f, Z. physik. Chem., 15A, 
1 (1931).

A rgon ne  N a t io n a l  L a b o r a t o r y  M. S. F o st e r

A r g o n n e , I l l in o is  C. E. C ro u th a m e l
D. M. G r u e n  

R . L. M c B e t h

R e c e iv e d  J a n u a r y  4, 1964

Study o f  Electrode Kinetics at Open Circuit 
with an Electrode o f  Varying Area

Sir: The algebraic sum of the faradaic and double
layer charging currents is equal to zero at open circuit 
for an electrode of varying area. Current-potential 
characteristics thus can be determined1 from calculated 
capacity currents and measured potentials (electrom
eter amplifier). Correction for mass transfer is made, 
if necessary. Study of electrode processes should be 
possible in electrolytes of very low conductivity because 
no external polarization device is needed and the 
electrometer input resistance is very high. This seems 
hardly possible with present methods. Details are 
given for application of the streaming mercury electrode 
to fast processes, and potentialities of some other elec
trodes (solid, mercury) are examined.

Streaming Mercury Electrode. The capacity current 
at constant E is (see discussion of sign and transient 
below)

| ¿a i | = \c(E — Ez)(2m/r8)\ (1)

where c is the double layer integral capacity per unit 
area; E, potential; Er., zero charge point; m, mercury 
rate of flow; r, mercury column radius; and 8, mercury 
density. (2m/rS) represents the renewal rate of the 
electrode surface, i.e., the electrode area 2wrl divided 
by the time, 7rr28l/m, an element of surface travels the 
length l of the mercury column. It is assumed that r 
is constant along the column, and that the exposed area 
at ‘ he column end, if any, is negligible.

The faradaic current for O +  ne = R (0  and R solu
ble) and an overvoltage tj not exceeding a few milli
volts is

G =
nF

T  RT ’, (2 r f)
T d 1 A

(2)

where 7a° is the apparent exchange current density; 
7cd and 7Ad are diffusion current densities for the 
cathodic and anodic processes, respectively; F, R, and 
T are as usual. One has: ii ^ Oand r) ^ 0 for cathodic 
and anodic processes, respectively; 7cd >  0 and 7Ad > 
0. Equation 2 was derived by introducing the concen
trations C o  and C r  at the electrode surface, calculated 
according to the diffusion layer model, in the linearized 
7 — 77 characteristic. The explicit form2 of the 7d’s

(1) D ou b le  layer capacities w ere m easured b y  W ata nab e w ith  a 
v ibrating  m ercu ry -e lectro ly te  in terface. A p p lica tion  to  e lectrod e  
k inetics is not m entioned . See A . W ata n ab e , J. Electrochem. Soc.,
110, 72 (1963).
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is now introduced in eq. 2, and the resulting equation 
is combined with eq. 1. Signs are such that it 0 for 
E  ^ Ez. Thus

1 = 2 W  1
t, RT 1 1 X

Co0Z>o‘A +  C ^ D ^ '

rb■A

c(E -  Ez \mj L1 -  -  In (1 +  X) (3)

X = • r ^ i _ L _  +  - J _ Y i r 7 o
nF \Co°Do1/2 CRnDRl/'J\m) a

(4)

(D’s are diffusion coefficients; C°’s are bulk concentra
tions). The function 1 — (1/X) In (1 +  X) varies from 
0 for X = 0 to 1 for X —*■ , and these two limits cor
respond to pure control by charge transfer and by dif
fusion, respectively. Hence, —1/?? is proportional to 
l/m for X 0 and to (l/m)^2 for X -*• co. In the gen
eral case, 7a° can be computed either directly from eq. 
3 or from a plot of d [(f/m )‘A] /d (— 1/ jj) against (m/l)'/t. 
Apparent standard rate constants up to at least 5 X 
10-2 cm. sec.-1 could be measured.

The above treatment was modified to include the 
transient resulting from the term |c(di?/di)A| (A is 
the electrode area) to be added in eq. 1 when E varies. 
It was concluded that the transient for fast processes 
dies out too rapidly to interfere.

Since it ^  0 for E ^ Ez, anodic processes cannot be 
studied for E >  Ez (and cathodic processes for E <  
Ez) with the streaming mercury electrode. This is 
not a drawback with fast processes since they can be 
studied in either direction, but application to slow 
processes in the Tafel region is limited (see below).

Other Electrodes. Generalization to any electrode is 
based on the fundamental equation (c is constant)

cA(dE/dt) +  c{E -  Ez){dA/dt) -  I tA =  0 (5)

where A is the electrode area, and If ^ 0 for 5  0- 
If A = A0 exp (pi) (p ^ 0), E is constant, when A 
varies, after the transient has died out. A “funnel 
mercury electrode”  of easily calculated profile can be 
used to measure E while mercury flows at a constant 
rate (for slow processes when the streaming electrode 
cannot be utilized). Or, a solid electrode with suitable 
profile may be used for slow processes. Fast processes 
could possibly be studied with a metallic membrane 
electrode whose area varies according to a known func
tion of time, and the case corresponding to A = A0 +  A\ 
sin cof was treated. The foregoing ideas were also applied 
to the dropping mercury electrode, and 7a° can be deter
mined from potential-time curves during drop life. 
The capacity current density is very large in the initial 
moments of drop life, and large overvoltages then 
prevail. This difficulty is avoided with a drop (ex
pelled from a microsyringe) with interruption of drop 
growth to allow equilibrium to be reached before drop 
growth is resumed.

In conclusion, the above ideas should allow the study 
of slow or fast processes in media of very poor conduc
tivity (e.g., nonaqueous solvents of low dielectric con
stant) when conventional methods fail. Experimental 
data and further results will be reported in a subse
quent paper.
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(2) Survey and va lid ity  cond ition s: I. M . K o lth o ff and Y . O kinaka, 
“ Progress in P o la rogra p h y ,"  P. Zum an, E d ., In terscience D ivision , 
John W iley  and Sons, In c ., N ew  Y ork , N . Y ., V ol. 2, 1962, pp. 3 6 7 - 
372. T he equ ation  for  IAd for anodic ox idation  o f  a m etal (a m alga m ) 
used here is valid  prov ided  the d iffusion layer thickness is very  
sm all in com parison  w ith  r. M igra tion  can also be corrected  for, if 
necessary.
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