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A crossed-beams apparatus, equipped with an electron bombardment ionizer-massfilter detector unit, has 
been employed to measure scattered angular distributions of: MI+ from Ba, Sr, and Ca + CH3I and 
CH2I2; Bal+ from Ba + CF3I; and BaCl+ from Ba + CCI4. Product center-of-mass (CM) recoil angle 
and energy distributions have been fit to the measured laboratory (LAB) data by averaging the CM —<• 
LAB transformation over the (nonthermal) beam speed distributions. The MI + CH3 products from M + 
CH3I scatter predominately backward in the CM system (i.e., MI scatters in the direction defined by the 
CH3I reactant) with substantial recoil energy (average value = 10-15 kcal/mol); the Bal product angular 
distribution is broader than is that of Sri or Cal. All of the other reactions preferentially scatter products 
into the forward CM hemisphere. For these reactions, the MX+ massfilter signals might arise from ioni
zation of MX or MX2 products. Features of the derived CM distributions, as well as other indirect evi
dence, suggest (but do not confirm) that MI and MI2 are formed from M + CH2I2 and Bal and BalF are 
formed from Ba + CF3I.

This paper reports measurements of angular distribu
tions of reactive scattering from crossed beams of alkaline 
earth atoms (M) and CH3I, CH2I2, CF3I, and CCI4. The 
reactions of alkali atoms (A) with these halides of meth
ane are known to span a wide range of dynamical behav
iors, and this present study was undertaken in order to 
further compare the chemical behaviors of gaseous alka
line earth and alkali atoms. Reference 1 cites the variety 
of crossed-beams studies of the A + CH3I reactions. Stud
ies with Li,2 Na,3 and K4"6 indicate that the A + CH3I 
reactions provide classic examples of a “rebound” mecha
nism wherein the products scatter backward in the cen
ter-of-mass (CM) coordinate system (i.e., AI scatters pref
erentially in the direction defined by the CH3I reactant) 
with a relatively large product recoil energy, E'. A recent 
study7 showed that the Cs + CH2I2 reaction was an ex
ample of the opposite extreme direct reaction mechanism 
wherein the products recoil forward with a relatively small 
E' value; K + CH2I2 also exhibited7 somewhat similar 
behavior, although the KI was less sharply forward peak
ed. The intermediate case between these extreme direct 
reaction mechanisms is provided by the A + CCI4 reac- 
tions;2-5'8 here, the product CM angular distributions 
peak at intermediate angles and are especially sensitive to

the identity of the alkali atom. There are no published 
product angular distributions for A + CF3I. However, 
electric deflection experiments with spatially orientated 
CF3I9 and CH3I10’11 indicate quite different steric effects 
for reactions of these molecules with alkali atoms.

Experimental Procedure
The apparatus is the same as that which was used to 

study the reactions of Ba, Sr, Ca, and Mg with CI2 and

(1) M. E. Gersh and R. B. Bernstein, J . C h e m . P h y s .,  56, 6131 (1972).
(2) D. D. Parrish and R. R. Herm, J. C h e m . P h y s .,  54,2518 (1971).
(3) J. H. Birely, E. A. Entemann, R. R. Herm, and K. R. Wilson, J. 

C h e m . P h y s ., 51,546 1 (196Ô).
(4) G. H. Kwei, J. A. Noms, and D. R. Herschbach, J . C h e m . P h y s .,  

5 2 ,13 17  (1970).
(5) J. C. Whitehead, D. R. Hardin, and R. Grice, M o l.  P h y s .,  23, 787 

(1972).
(6) A. M. Rulis and R. B. Bernstein, J. C h e m . P h y s .,  57,5497 (1972).
(7) E. A. Entemann, J. C h e m . P h y s .,  55,4872 (1971).
(8) K. R. Wilson and D. R. Herschbach, J . C h e m . P h y s .,  49, 2676 

(1968).
(9) P. R. Brooks.J. C h e m . P h y s .,  50,5031 (1969).

(10) P. R. Brooks and E. M. Jones, J . C h e m . P h y s .,  45, 3449 (1966).
(11) R. J. Beuhler, Jr., R. 3. Bernstein, and K. H. Kramer, J . A m e r .  

C h e m . S o c .,  88, 5331 (1966); R. J. Beuhler, Jr., and R. B. Bern
stein. C h e m . P h y s . L e t i . ,  2, 166 (1968): 3, 118  (1969); J .  C h e m .  
P h y s .,  51, 5305 (1969).
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TABLE I: Experimental Beam Conditions“

Alkaline earth atom beam Halogenated methane beam

Collision partners

Source conditions Speed distribution6 Source conditions Speed distribution1

Temp Pressure «1 3i Temp Pressure «2 32

C H 3 I +  Ba 10 30 0.3 3 .1 1 . 1 360 3.6 2 , 1 1 . 7

C H 3 I +  Sr 980 0.6 3.7 1 . 3 330 3 .3 2 . 0 1 . 7

C H 3 I +  C a 10 50 0.6 5.8 1 . 9 370 3.4 2.1 1 . 7

C H 2 I2 +  Ba 10 50 0.3 3 .1 1 . 1 330 0.6 1.4 0 . 7

C H 2 I2 +  Sr 970 0.5 3.7 1 . 3 340 0.5 1 .5 0 . 6

C H 2 I2 +  C a 10 30 0.4 5.8 1 . 9 330 0.4 1.4 0 . 4

C F 3I +  Ba 1060 0.4 3.1 1 . 1 330 3.8 1 .7 1 . 4

C C I4 +  Ba 1040 0.3 3 .1 1 . 1 370 3.0 2.0 1 . 6

o Temperatures are given in °K, pressures in Torr, and speeds in 100 m /sec. 6 These are parameters of eq 1. Parameters for Ba are from m easure
ments reported in ref 13b; parameters for Sr and Ca are from an extrapolation d iscussed in ref 13b. c These are parameters of eq 1. Param eters for C H 3 I, 
C H 2 I2, and CCI4 are.from measurements reported in ref 13b; parameters for C F 3I are from an extrapolation d iscussed in ref 13b. Note that this beam is 
much more "nontherm al’’ than is the alkaline earth atom beam.

Br2;12 it is described in detail in ref 13. The two beams 
cross at right angles, resulting in a 1-5% attenuation of 
the M beam (beam 1) and negligible attenuation of the 
halide beam (beam 2). The laboratory (LAB) scattering 
angle, 9, is measured from the M beam; the halide beam 
direction defines 0 = 90°. The number density speed 
probability distributions of beams 1 and 2 are nonthermal 
and are given by

Pi(vi) = N fo ; -  a, ) 2 exp[-(i)i -  a^/aj2] u(d; -  a;) (l) 
Here, u(t) is the unit step function (u(t) = 0 for t < 0, 
u(t) = 1 for t > 0); ai and or are parameters which de
pend on the source temperature and pressure of beam i; 
and Nj = 4ir“ 1/2aj~3. Table I gives beam operating con
ditions.

The scattered species are ionized by ~150-eV electrons 
and mass analyzed. The detector unit rotates about the 
beam collision zone in the plane defined by the two 
beams. The speeds of the scattered species are not mea
sured; only product LAB angular distributions are deter
mined. All reactive scattering angular distributions which 
are reported here were measured with the massfilter tuned 
to the alkaline earth monohalide (MX) ion peak. Interfer
ence from fragment ions due to methyl halide reactants 
precluded angular distribution measurements of the 
methyl and halogenated methyl products. No alkaline 
earth dihalide signals were observed for scattering of M 
from CH2I2, CF3I, or CCI4. However, alkaline earth dihal
ides formed in these reactions would probably be vibra- 
tionally excited and would be expected to fragment into 
MX+ upon electron bombardment ionization.

As Table LI indicates, a number of reactions were exam
ined in this study. Although uncertain and changing de
tector response factors precluded determinations of total 
reaction cross sections ( Q r ), we estimate that our detec
tion sensitivity is such that: Q r  < 1 A2 for those reactions 
which failed to produce any detectable product (NR in 
Table II); Qr ~ 1-5 A2 for those reactions which provided 
only a fragmentary product signal (F in Table H); and QR 
> ~  5 A2 for the eight reactions for which product angu
lar distributions are reported.

Results and Data Analysis

The data analysis procedure, described in more detail 
in ref 12 and 13, consists in assuming a form for the CM

cross section, <r(0,u), and calculating the resultant LAB 
number density angular distribution by

/ lab(0)=  f  f  f  V0 ( 6 ,u)(vIu£) p i ( v 0 di’ dii2dt; (2)Jo Jo Jo
the procedure is repeated until the calculated / i.ab(9) fits 
the measured data. In eq 2, V is the initial relative veloc
ity, and u and v are, respectively, the CM and LAB recoil 
velocities of the species which is detected; the CM scat
tering angle, 8 , is defined as 0° when u lies along V in the 
direction defined by the M velocity; v*, the upper limit on 
v, is calculated from the reaction exoergicity, AD0. Table 
HI lists values of ADo as well as the relative collision ener
gy, E, and average thermal reactant internal excitation, 
W.

The derived CM cross sections which are presented here 
are of the simple functional form

a(e,u) = T(6 )U(u) (3)
the limited information content of the data do not war
rant use of a more sophisticated form. For convenience, 
T(6 ) and U(u) are also often expressed as

T(e) = ( 1  -  c,) exp[-ln 2((0 -  S,)///,)2] + C, ( 6  > 6 ,)

T{6 ) = 1 (d1 > 9 > 02) (4a)

T(6 ) = (1 -  C2) exp[-ln 2((0 -  d2)lH2)2[ + C2 (e < 02)

U(u) = (ulux ) n 1 expKnJmJU -  (u/uj)7"1)] (« < « 1 ) (4b)

U(u) = (a/uj) " 2 exp[(n2/m2)(l -  (uluj"'")] (u > ut) 
where all subscripted variables serve as adjustable param
eters. Three T(8 ) -  U(u) functions are presented for each 
CH3 I reaction in order to provide insight into the range of 
possible CM cross sections which will provide fits to the 
measured LAB data. One of these, termed the “single re
coil energy” (SRE) result, should provide an upper limit 
on the breadth of the true CM product angular distribu
tion because it unrealistically treats the product recoil 
speed distribution as a delta function.

M  + CH3 I. Figures 1-3 show that the measured MI+ 
angular distributions from M + CH3I all peak at larger

(12) S.-M. Lin, C. A. Mims, and R. R. Herm, submitted for publication in 
J . C h e m . P h y s .

(13) (a) S.-M. Lin, Ph.D. Thesis, University of California, Berkeley, 
Calif., 1972; (b) G. A. Mims, Ph.D. Thesis, University of California, 
Berkeley, Calif., 1973.
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TABLE II: Summary of Reactions Studied"

Alkaline earth atom

Ba Sr Ca Mg Mass peak detected

ch3i R R R NR MI +
ch2i2 R R R NS MI +
cf3i R NS NS NS MI +
cf3i F i> NS NS NS MF +
CH2Br2 NS NS F NS MBr +
CH2CIBr F NS NS NS MBr +
CH2CIBr NR NS NS NS MCI +
CCI3Br NS NS NR NS MCI + ; MBr+
CCI4 R I NR NS MCI +
(CH3)3C-OH NR NS NS NS MO + ; MOH + ; MOC(CH3):

°  R, product angular distribution is reported here; NR, no product signal was observed; F, a product signal was observed which was too weak to permit 
measurement of a reliable angular distribution; I, it proved impossible to draw any conclusion about this reaction because of an interfering reactant mass 
peak; NS, this reaction was not studied. ‘ The mass spectrometer cannot actually distinguish between BaF+ and C IF+. However, this mass peak clearly 
corresponded to a scattered product because it was confined to a narrow range of LAB angles (~ 10 °-3 0 °) .

TABLE III: M +  X — R —*• MX +  R Reaction Energetics"

Reaction

Relative 
collision 

energy, E b

Reactant 
internal 

excitation, Wc

Reactive
exoergicity,

ADo".6

Ba + l-CH3 2.6 1.4 34
Sr + l-CH3 2.5 1.4 26
Ca + l-CH3 2.8 1.4 23
Ba + l-ICH2 2.4 1.9 34
Sr + I-ICH2 2.3 1.9 26
Ca +  l-ICH2 2.6 1.9 23
Ba +  l-CF3 2.6 2.8 34
Ba +  CI-CCI3 2.7 3.5 37

°  All energies are given in kcal/mol. b Calculated for the most prob
able (number density distributions) beam speeds. c The average thermal 
rotational and vibrational reactant excitation which is given here will be too 
large if the internal degrees of freedom relax somewhat in the expansion 
process. " ADo =  Do (M-X) — Do (R -X ); Do taken from: for MCI, ref 21; 
for Ml, A. G. Gaydon, "Dissociation Energies and Spectra of Diatomic 
Molecules,” 3rd ed, Chapman and Hall, London, 1968; forCH3l and CCI4 , 
B. de B. Darwent, “Bond Dissociation Energies in Simple Molecules,” 
U. S. National Bureau of Standards Report NSRDS-NBS 31 (1970); for 
CH2 I2 and CF 3 I, value taken as the same as in CH3 I. e In the event that 
two halogen atoms are transferred in the last five reactions, the esti
mated ADo values become: 70 (Ba12 +  CH2); 59 (Sri2 +  CH2); 54 (Cal2 
+  CH2); 46 (BalF +  C F 2); and 80 (BaCI2 +  CCI2).

LAB scattering angles than do the calculated (assuming 
an energy independent collision cross section) angular dis
tributions of the LAB velocity of the center-of-mass, C, 
indicating that the MI products rebound predominately 
into the backward CM hemisphere (i.e., 90° < 8 < 180°). Ex
amples of CM cross sections, of the form of eq 3, which 
provide fits to the data for each reaction are given in Fig
ures 1-3 as well as Table IV; the product recoil energy 
distributions plotted in these figures are calculated from 
P(E') AE' = U(u) du. The fits to the data which were pro
vided by the A CM cross sections are also shown in Fig
ures 1-3; the SRE and B CM cross sections provided fits 
of comparable or only slightly poorer quality. A recent 
study1 of the K + CH3I reaction indicated that Qr(E) ex
hibits a maximum for E = 4 kcal/mol. In order to investi
gate the significance of this to the data analysis presented 
here, LAB MI angular distributions were calculated for 
the Ba, Sr, and Ca + CH3I reactions using a CM cross 
section of the form: a(6,u) = T(0)U(u)Qr(E). Here, T(8) 
and U(u) were taken as the A functions given in Table IV. 
Although the true form of Qr(E) for CH3I reactions is un
doubtedly dependent on the metal atom reactant,14 the

form of Qr(E) reported1 for K + CH3I was employed in 
the calculation. The resulting calculated MI LAB angular 
distributions were practically indistinguishable from those 
shown in Figures 1-3. Thus, although the true form of 
a{8,u) for these reactions is undoubtedly more complex, 
this calculation supports the reliability of the product 
angle and energy distributions which are derived here by 
use of eq 3.

The rather wide range of CM cross sections which can 
be fit to the data presented for any one reaction prevents 
a detailed comparison of the features of the Ba, Sr, and 
Ca + 'CH3I reactions; however, some features are clearly 
established. The CM MI product angular distributions 
clearly peak in the backward direction, at or near 180°. 
Moreover, the Ba reaction leads to a broader product an
gular distribution than do the Sr and Ca reactions; this is 
shown in Figures 1-3 and in the entries in Table IV for 
the fraction of the products which scatter backwards

Qb = f  T{0) sin 8A8/ f  V (0 ) sin 9dd (5)*'TT /2 JO
Figures 1-3 also show that, for a given reaction, the de
rived form of the product angular distribution is relatively 
insensitive to the assumed form of the recoil energy distri
bution (except for fit B for the Ca reaction). The approxi
mate constancy of the average product recoil energy

/»A£>o f* AD o
<E '>  = E'P(E')AE'/\ P(E') AE' (6)

Jo J)
for very different assumed forms of P(E') which is shown 
in Table IV also clearly establishes that the products sep
arate with a recoil energy which is relatively large and is 
rather insensitive to the identity of the attacking atom. 
The SRE and B fits represent two extremes for the 
breadth of the true P(E') function; thus, the true T(8) 
and P(E') should lie within the ranges provided by these 
fits. The A fits are obtained for a more likely form of 
P(E') and are likely to closely approximate the true CM 
cross sections. Recent product velocity measurements of 
the KI scattered from a beam of CH3I crossed by a veloci
ty selected K beam have determined6 a P(E') function for 
this reaction which is of roughly the same breadth (al
though peaking at a somewhat higher E') as the P(E') A 
fits shown in Figures 1-3.

(14) D. L. Bunker and E. A. Goring, C h e m . P h y s . L e t t . ,  15, 521 (1972).
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Fraction of Exoergicity, AD0

Figure 1. Data points show measured Bal+ LAB angular distri
bution from Ba + CH3I; different data symbols show results 
measured on different apparatus pumpdowns. The upper panel 
shows three derived CM cross sections ( T ( d )  and associated 
P ( E ' ) ) \  parameters for these are given in Table IV as SRE (dot- 
dashed), A (solid), and B (dashed); the corresponding fit to the 
LAB data provided by the A CM cross section is shown as the 
solid curve in the lower panel. Also shown in the lower panel 
are: (1) a calculated angular distribution for the LAB velocity of 
the center-of-mass, C (dashed curve); and (2) a LAB «• CM 
transformation diagram for Ba + CH3I —*• Bal + CH3. This latter 
was drawn for most probable beam speeds; the circles show 
loci of Bal CM recoil velocities for some possible product recoil 
energies, £'.

M + CH2I2, CF3I, and CCU. Figures 4 and 5 show that 
the measured angular distributions of MX+ for the CH2I2, 
CF3I, and CCU reactions are skewed to smaller LAB an
gles than the calculated angular distributions of C, indi
cating that the products are preferentially scattered into 
the forward CM hemisphere. All of these reactions share 
the property that the MX+ signal observed might have 
arisen from ionization of product MX, MX2 (MIF for the 
CF3I reaction), or a combination of the two. Indeed, if 
both MX and MX2 products are formed the data analysis 
provided here, using a cross section of the form of eq 3, 
could be misleading because the two products might scat
ter with quite different angle and recoil energy distribu
tions. Because of this possibility, derived CM cross sec
tions are not presented graphically. For each reaction, how-

Fraction of Exoergicity, AD0

Figure 2. Measured Srl+ LAB angular distribution and derived 
product CM cross sections for Sr + C H 3 I —*■ Sri +CH3. Con
ventions as described for Figure 1.

ever, an example of a CM cross section of the form of eq 3 
is given in Table IV, and Figures 4 and 5 show the corre
sponding fits to the measured data. A number of other 
calculations, also based on eq 3, which are discussed in ref 
13a indicate that T(6) must peak within the ranges of 0°- 
-70° for M + CH2I2 and Ba + CC14 and -50°— 90° for 
Ba + CF3I.
Discussion

Reactions of metal atoms of the type studied here in
volve the rupture of a covalent reactant bond to form an 
ionic product bond. Since this involves the transfer of an 
electron from the metal atom, it is natural to discuss the 
observed dynamical features in terms of the reactant at
traction and product repulsion which are suggested by the 
known (or estimated) electron attachment behavior of the 
halogen containing reactant.

M + CH3I. Herschbach15 discusses the dynamics of the 
A + CH3I reactions in terms of the known electronic ab
sorption spectrum of CH3I and the likely structure of 
CHsI- ; he estimates the vertical electron affinity of CH3I
a s ---- 20 ±  20 kcal/mol. Thus, reaction of CH3I with a
metal atom is not expected to proceed via a long-range
(15) D. R. Herschbach, A d v a n .  C h e m . .P h y s ., 10, 319 (1966).
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TABLE IV: M + X — R —*■ MX +  R Derived CM Reaction Cross Sections“

Angular distribution6 Speed distribution6 Recoil energy“

Reaction Legend 01 02 H i h 2 C i C2 O b U 1 n  1 n 2 m 2 £' <f'>

Ba + I-CH3 SRE 0.58 10 10
A 180 140 80 80 0.3 0.3 0.59 1.4 6 2 6 2 9.6 13
B 180 180 100 100 0.2 0.2 0.62 2.0 2 1 2 2 5.9 16

Sr +  I-CH3 SRE 0.70 10 10
A 180 180 60 60 0.1 0.1 0.77 1.6 6 2 6 2 8.3 1 1
B 180 180 40 40 0.1 0.1 0.78 2.5 2 1 2 2 6.1 13

Ca +  I-CH3 SRE 0.74 8.0 8.0
A 180 180 40 40 0.1 0.1 0.78 1.9 6 2 6 2 7.3 9.7
B 180 180 20 20 0.0 0.0 1.00 2.5 2 1 2 2 3.8 11

Ba +  l-CH2l 0 0 100 100 0.3 0.3 0.39 1.2 2 2 2 2 0.7 2.0
Sr + l-CH2l 0 0 100 100 0.3 0.3 0.39 1.2 2 2 2 2 0.5 1.4
Ca + l-CH2l 0 0 100 100 0.5 0.5 0.43 1.0 2 2 2 2 0.2 0.7
Ba + I-CF3 90 70 45 15 0.0 0.8 0.42 2.5 6 6 6 6 9.0 9.0
Ba + CI-CCI3 30 30 60 30 0.2 0.5 0.31 4.0 2 2 2 2 4.0 11
°  Energies are given in kcal/mol, speeds in 100 m/sec, and angles in degrees. 6 d i ,  d2 , H i ,  H 2, C 1 , and C 2 are parameters of eq 4a; if no entries are 

given, 7(0) was not restricted to the form of eq 4a. Or is the fraction scattered backwards (eq 5). “These are parameters of eq 4b. d ( E ' )  is the average 
product recoil energy (eq 6); E , the most probable E '  value is obtained from dP(E')/d£ ' | £■ „ £ =  0. Values are given for formation of an alkaline earth 
monohalide product. If the dihalide product were formed In the last five reactions, the corresponding E ' , <£") entries would be: 9.7, 25 (Ba 12 +  CH2); 7.5, 
20 (Sr12 +  CH2); 3.8, 11  (Cal2 +  CH2); '3 , 13 (BalF +  CF2); and 7.0, 20 (BaCI2 +  CCI2).

the A (or M) and I electron distributions. This is consis
tent with the backward product scattering which is ob
served with both the alkali and alkaline earth atoms. 
Moreover, the observation that both the A and M + CH3I 
reactions channel a considerable fraction of A-D0 into 
product recoil energy is consistent with the picture15 of 
considerable C-I repulsion in CH3IT. The M + CH3I reac
tion dynamics might have differed somewhat from those 
of A + CH3I because of a possible substantial attraction 
between the departing MI and CH3 free radical products. 
However, the observed similarities of the A and M + 
CH3I reactions indicate that this effect is not important, 
possibly because of an unfavorable combination of appre
ciable C-I repulsion, which leads to rapid product separa
tion, and a steric effect which, for the K10 and Rb11 reac
tions, has been shown to favor approach of the metal atom 
along the I end of the C-I bond. The trend toward narrow
er product angular distributions on proceeding to lighter 
and less readily ionizable atoms which is observed in this 
work runs counter to that observed for K, Na, and Li.2 
However, this could simply be a consequence of decreas
ing ADo’s in the alkaline earth family which might re
strict reaction to a decreasing range of impact parame
ters.16

Ba + CF3I. For the Ba + CF3I reaction, four exothermic 
reaction channels are possible, corresponding to formation 
of Bal, BaF, BalF, and BaF2 products. Table IV indicates 
that the measured Bal+ angular distribution, which might 
arise from ionization of Bal and/or BalF, can be fit, using 
eq 3, to a CM angular distribution which peaks at 0 = 
70-90°. However, the bimodal structure of this measured 
distribution is striking and is suggestive of contributions 
from two reaction mechanisms. Table II shows that a 
weak BaF+ signal was observed as well, with a peak mag
nitude about 5-10% of that seen for Bal+; this might arise 
from ionization of BaF, BaF2, or BalF. Berkowitz and 
Marguart17 have reported that fragmentation into MgF+ 
upon electron bombardment ionization of MgF2 is much 
more likely than is fragmentation into Mgl+ upon ioniza-

(16) D. D. Parrish and R. R. Herm.J. C h e m . P h y s .,  53, 2431 (1970).
(17) J. Berkowitz and J. R. Marguart, J . C h e m . P h y s .,  3 7,18 53  (1962).

Fraction of Exoergicity, AD0 
0.2 0.5 0.8

Figure 3. Measured Cal+ LAB angular distribution and derived 
product CM cross sections for Ca + CH3I —► Cal + CH3. Con
ventions as described for Figure 1.
electron transfer and is likely to take place only for small
er impact parameters which permit appreciable overlap of
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Lab Scattering Angle, ©(deg)

Figure 4. Data points show measured MI+ LAB angular distribu
tions from the Ba, Sr, and Ca + CH2I2 reactions. Solid curves 
show fits to the data provided by CM cross section functions 
given in Table IV; dashed curves show calculated distributions 
'in C. On the LAB •*-»- CM transformation diagram, solid circles 
correspond to Bal CM recoil velocities (for £' = 0.3 and 1) 
whereas dashed circles correspond to Bal2 CM recoil velocities 
(for E '  =  10  and 30).

tion of Mgl2. This suggests that ionization of BalF would 
likely involve a vertical transition to a repulsive BaF bond 
in BaFI+, leading one to expect formation of Bal+ to be 
favored over formation of BaF+. Thus, the magnitudes of 
the BaF+ and Bal+ signals which are observed here are 
consistent with formation of BalF, and possibly some Bal 
as well.

Figure 5. Data points show measured Bal+ (from Ba + CF3 I) 
and BaCI+ (from Ba + CCI4) angular distributions. Solid curves 
show fits to the data provided by CM cross sections gven in 
Table IV; dashed curves show calculated distributions in C. Cir
cles on the LAB •*-»■ CM transformation diagrams show loci of 
possible CM recoil velocities of alkaline earth monohalide prod
ucts.

Diffusion flame studies18-19 of the reactions of Na with 
CF3I, CF3Br, and CF3CI have been analyzed in terms of 
primary reactions giving only NaX -F CF3. In his classic 
diffusion flame study, Polanyi20 found that the rate con
stants for the Na + CH3X reactions followed the sequence 
ki > kBl > kC\ > kF, with ki > 10® kF. Presumably this 
trend arises because the Na atom must transfer an elec
tron into the a* antibonding C-X orbital which becomes 
progressively more repulsive on going from I to F. Al
though Do°(BaF) > D0°(NaF), these trends are likely to 
hold, at least qualitatively, for Ba reactions as well; evi
dence of this is provided by entries in Table II. This 
suggests that it is unlikely that the observed BaF+ signal 
arose from ionization of BaF or BaF2. The reaction of CF3 
with a metal atom, on the other hand, might well be quite 
fast because the metal atom can initially transfer its elec
tron into a nonbonding orbital on CF3. Moreover, Bal 
might react in much the same way as Ba because the ion
ization potentials of the two species are comparable;21 
thus, it is reasonable to expect some decomposition of an

(18) J. W. Hodglns and R. L. Haines, Can. J . C h e m .,  30, 473 (1952).
(19) E. D. Kaufman and J. F. Reed, J. P h y s . C h e m .,  67,896 (1963).
(20) M. Polanyi, "Atomic Reactions," Williams and Norgate, London, 

1932.
(21) D. L. Hildebrand, J. C h e m . P h y s .,  52, 5751 (1970).
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FaC-IBa reaction intermediate into BalF and CF2. Al
though bimolecular reactions which involve the transfer of 
two groups are rare in conventional kinetics literature, 
these considerations suggest that the observed Bal+ and 
BaF+ signals indicate formation of BalF, and possibly 
Bal, from Ba + CF3I.

M  + CH2I2 ■ A previous study7 of K and Cs + CH2I2 in
dicated that the AI + CH2I products scattered, via a di
rect reaction mechanism, with SRE E', values of about 3 
and 2 kcal/mol, respectively. The MI+ signals observed in 
the present study might have arisen from ionization of 
product MI and/or MI2. However, analyses of the MI+ 
data assuming no MI2 product result in surprisingly small 
values for the product recoil energies. This is illustrated 
by the E' values listed in Table IV and by the fact that 
SRE fits' (not shown here) are obtained13® for E' values of 
0.7 (Ba), 0.6 (Sr), and 0.3 (Ca) kcal/mol. Thus, these 
comparisons suggest that these alkaline earth reactions do 
not produce exclusively the MI + CH2I products via the 
mechanism characteristic of the K and Cs reactions. 
These low E' values might be understandable22 in terms of 
a mechanism which proceeded via an intermediate com
plex whose lifetime was long enough to statistically parti
tion the reaction energy and still short enough to be con
sistent with the anisotropic angular distribution given in 
Table IV; the divalency of the alkaline earth atoms could 
give rise to such a difference in the M and A reactions. In 
view of the ideas developed in discussing the Ba + CF3I

reaction, however, it seems likely that such a statistical 
complex would produce some MI2 product as well. Be
cause of the mass differences, the measured angular dis
tributions shown in Figure 4 can be fit to CM cross sec
tions with more reasonable E' values for MI2 + CH2 prod
ucts; Table IV gives the recoil energies obtained in this 
case. Thus, as for Ba + CF3I, the data are inconclusive 
but suggest formation of MI2 product, and possibly some 
MI as well. Interestingly, rupture of both C-I bonds has 
also been observed23 in the uv photodissociation of 
CH2I2, yielding CH2 and an electronically excited I2.

Ba + CCU. Here again, the observed BaCl+ signal 
might have arisen from ionization of product BaCl and/or 
BaCl2; the measured BaCl+ LAB distribution provides no 
basis for estimating which is formed. In analogy with 
CH2I2 and CF3I, both products might form; this would 
also be consistent with dissociative electron attachment 
results for CCI4, where both C l- and CL -  are observed.24
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B im o le c u la r  D is s o c ia t io n  o f  C y a n o g e n  b e h in d  In c id e n t  S h o c k  W a v e s

T. Fueno,* K. Tabayashi, and O. Kajimoto
D e p a r tm e n t  o f  C h e m is t r y .  F a c u lt y  o f  E n g in e e r in g  S c ie n c e .  O s a k a  U n iv e r s it y .  T o y o n a k a ,  O s a k a .  J a p a n  

( R e c e iv e d  S e p te m b e ' 15 , 1 9 7 2 )

The kinetics and thermodynamics of the dissociation of cyanogen behind an incident shock wave have 
been studied in the temperature range 2200-3700°K. The course of the dissociation was followed by mon
itoring the CN (0-1) B22+-X 22+ absorption and emission centered at 4216 Â. Analysis of the absorption 
coefficients at equilibrium resulted in AHf°0(CN) = 99.5 ±  0.5 kcal/mol [Do(NC-CN) = 125.5 ±  1.0 
kcal/mol]. The bimolecular rate constants ku for the reaction, C2N2 + Ar —► 2CN + Ar, obtained from 
the initial slopes of absorption were best fitted by kD = [3.51 X  1012/5!]7n/2(E//?T')5 exp{-E/RT) cm3 
mol-1 sec-1, with E = 125.5 kcal/mol. Emission studies gave essentially the same kinetic results. These 
findings permit critical assessment of the kinetic data which were reported for the same reaction by pre
vious workers.

I. Introduction
The bimolecular dissociation of cyanogen in argon be

hind shock waves
C2N2 + Ar. ---- -v 2CN + Ar (l)

is of fundamental importance to the studies of the chem
istry of CN radicals. Tsang, et al.,1 followed the dissocia
tion process by monitoring the CN X22+ —*■ B22 + absorp
tion in the temperature range 1700-2500°K. They showed 
that the second-order rate constant is fitted by
kp = [3.3 x 1012/ 5.5!] t '^{EIRT)b6 x

exp(-EjRT) cm3 m ol1 sec"1 (2)

with E = 125 kcal/mol, which is the NC-CN bond disso
ciation energy determined from the absorption intensities 
at equilibrium. Recently, Slack, et al.,2 measured the 
rates of the same reaction by monitoring the time-depen
dent CN B22 + —► X 22 +  emission over the temperature 
range 2700-4000°K. The results were best fitted by the 
Arrhenius expression

kD = 4.58 x 1014 exp(-69,0001RT) cm3 mol"1 sec"1 (3)

11) W. Tsang, S. H. Bauer, and M. Cowperthwaite, J .  C h e m . P h y s .,  36, 
1768 (1962).

12) M. W. Slack, E. S. Fishburne, and A. R. Johnson, J. C h e m . P h y s .,  
5 4 ,16 5 2 (19 7 1).
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Figure 1. Schematic diagram of the optical and electrical sys
tems of the shock-tube apparatus used.
These two expressions, eq 2 and 3, differ greatly in tem
perature variation. Thus, the emission data obtained at 
“ high” temperatures show an experimental activation 
energy considerably smaller than E -  5RT which is to be 
expected from the absorption results obtained at “ low” 
temperatures. A question now arises as to whether the 
above apparent discrepancy indeed reflects the true 
mechanistic character of the reaction at varying tempera
ture or is due to inadequacy of either the absorption or 
emission spectroscopy used.

We have thus undertaken to reinvestigate kinetics and 
thermochemistry of the C2N2 dissociation in the “ middle” 
temperature range 2200-3700°K, using both the absorp
tion and emission techniques. Special precautions were 
taken to conduct precise measurements. The two tech
niques gave essentially the same results, if perturbation of 
the thermal equilibrium CN + Ar «=* CN* + Ar by the 
electronic quenching of CN* was duly taken into consider
ation. The results obtained were found to be in good 
agreement with the rate data of Tsang, et ai, except for a 
constant factor of ca. 2.

II. Experimental Section
(A) Apparatus. A stainless-steel cylindrical shock tube 

of 10.4-cm diameter was used. The driver section was 1.0 
m in length, while the driven section was 4.0 m in length. 
The two sections, separated by a Mylar diaphragm, had 
flange ends to be bolted together. A dump tank of 21.2 1. 
capacity was fitted to the downstream end of the driven 
section.

Figure 1 is a schematic diagram of the test section. The 
detection system had two piezoelectric detector stations, 
one being located about 300 cm downstream from the dia
phragm and the other 60 cm further downstream. The op
tical station consisted of two diametrically opposed quartz 
windows which were sealed with O-rings and held in com
pression by close-tolerance steel collets.

The light source used for the absorption measurements 
was an Ushio 300 D (300 W) xenon lamp. The light was» 
focused with a mirror on the radial center of the shock 
tube, collimated with a 1-mm slit, and refocused on the 
entrance slit of a Rikotsusho MG-50 grating (Bausch and 
Lomb) monochromator. The violet light, whether trans
mitted or emitted, was collected on an RCA-1P28 photo
multiplier, whose output signal was amplified and dis
played on the beams of a Sony/Tektronix 564B storage 
oscilloscope. The collimating slit width of 1 mm gave a

reaction volume with a gas passage time less than 1 nsec 
over the range of the incident shock velocities adopted. 
The response time of the photomultiplier and its associ
ated electronics was no greater than 2 /nsec.

The time intervals for the incident shock to traverse the 
distance between the two stations were measured with an 
Iwatsu UC-6131 universal counter to ca. ±1 ^sec. This un
certainty (about 0.3%) in shock velocity resulted in a 
±30°K uncertainty in the calculated incident shock tem
perature.

(B) Material. Cyanogen was generated by pouring an 
aqueous solution of sodium cyanide onto cupric sulfate at 
50° and was dried by passing through phosphorus pentox- 
ide.3 Mass spectrometric analysis revealed slight amounts 
of HCN and CO2 as impurities. In order to remove vola
tile impurities, the material was solidified and degassed 
at the temperature of a Dry Ice-acetone bath (—78°). It 
was further purified by trap-to-trap distillations using a 
carefully controlled acetone bath (—78 to —40°). Mass spec
trometric analysis of the purified samples showed no indi
cation of impurities. High-purity (99.999%) argon was 
used without further purification.

(C) Procedure. Mixtures of 0.1, 0.2, and 0.5% C2N2 in 
Ar were prepared. They were kept in 10-1. glass flasks for 
more than 12 hr before use.

The driven section was evacuated with a trapped-oil 
diffusion pump, prior to introducing the test gas. To min
imize impurities due to the residue of air, the driven tube 
was purged with argon after the evacuation down to 10-4 
Torr, and then re-evacuated to a pressure less than 5 X 
10-6 Torr before each run. The leak rate was less than 10 
X  10~6 Torr/min.

Shocks were driven with hydrogen gas. Mylar dia
phragms of 0.05-, 0.1-, and 0.188-mm thickness, which 
corresponded to the driver bursting pressures of 2, 4, and
7.5 kg/cm2, respectively, were used. Diaphragm rupture 
was initiated with a stainless plunger.

The temperature, pressure, and density of the shocked 
gas were calculated from the measured shock velocity. 
Boundary layer effects4 on gas properties were estimated 
to be small under our experimental conditions and hence 
were neglected throughout. Further, since low concentra
tion mixtures of cyanogen were used for the present mea
surements, we also neglected possible temperature drops 
due to the enthalpy effect of the dissociation reaction.

Specific absorption and emission of the P branch of the 
(0-1) band (head at 4216 A) of the B22 +-X22 + system 
was used to determine the concentrations of the CN radi
cals. The grating monochromator with 300-m entrance and 
exit slits was set to isolate the spectral bandwidth
4212.9-4217.1 A. This region encompasses the overlapping 
rotational lines J = 9-36 of the ground state CN (X22+, v 
= 1) and J' = 8-35 of CN (B22+, 1/  = 0).

III. Absorption Studies
(A) Dissociation Equilibrium. Figure 2 shows a typical 

oscillogram of the CN (X22+ — B22+) light absorption 
with time behind the shock front. At temperatures below 
3200°K, a rise to the fiijal constant value was observed. 
This constancy in absorption suggests that the equilibri
um

C2N2 2CN
holds behind the incident shock waves and that side reac-
(3) G. J. Janz, “Inorganic Syntheses," Vol. 5, McGraw-Hill New York,

N. Y., 1957, p 43.
(4) R. L. Belford and R. A. Strehlow, A rm . R e v . P h y s .  C h e m . .  20, 247 

(1969).
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Figure 2. Typical experimental oscillogram showing the variation 
of CN(0-1) violet absorption with time. C2N2 = 0.501 mol %; P 1 

= 11.1 Torr; T2 = 2950°K; ordinate, 0.2 V/division; abscissa, 
20 psec/division.

tio n s o f  C N  w o u ld  n o t  a ffec t th e  e q u ilib r iu m  a p p re c ia b ly  
d uring th e  t im e  in terv a ls  reco rd ed .

In  a n a ly z in g  th e  e q u ilib r iu m  reco rd s, w e b a sic a lly  fo l 
low ed  th e  m e th o d  o f  T s a n g , et al.1 T h e  o b served  a b so r b 
an ce a t e q u ilib r iu m  is re la ted  to  th e  e q u ilib r iu m  c o n c e n 
tration  o f  C N  ra d ic a ls  th ro u g h

In ( / „ / / ) .  = ßlFab(T)|[CN ]e (5)

w here d  is th e  e ffec tiv e  a b so rp tio n  for th e  C N  ra d ic a ls  in  
th e  a b so rb in g  lev e ls , l is th e  o p tic a l p a th  len g th , a n d  
F ab( T )  is th e  fra c tio n a l p o p u la tio n  o f  th e  a b so rb in g  
C N ( X 22 + )  ra d ic a ls . T h e  Fab(T) is g iven  in  ou r p re sen t in 
sta n c e  b y

=

36 /

XX2J +  1) expf -
J - 9  \

i J(J  +  l)er,
kT

_ 6vib\

kT)

^rot^vib
(6 )

w here f rot a n d  f Vib re sp ec tiv e ly  d en o te  th e  ro ta tio n a l a n d  
v ib ra tio n a l q u a n ta  o f  C N  ra d ic a ls  a n d  w here Q rot a n d  
Qvib sta n d  for th e  co rresp o n d in g  p a r titio n  fu n c tio n s . T h e  
a b so rp tio n  c o effic ie n t (1 th u s  re la ted  w ith  (Io/I)e sh o u ld  be  
lea st te m p e r a tu r e -d e p e n d e n t .

T h e  m a g n itu d e s  o f  ¡3 c o u ld  b e  d e te r m in e d  fro m  th e  o b 
served  a b so r b a n c e , g iv en  th e  e q u ilib r iu m  co n ce n tra tio n  
[C N ]e. T h e  [ C N ] e in  tu rn  c o u ld  re a d ily  b e  c a lc u la te d  if  
th e  a p p ro p ria te  h e a t a n d  e n tro p y  o f  rea ctio n  w ere a v a il 
ab le  as th e  fu n c tio n s  o f  te m p e ra tu re . B e c a u se  ou r u lt i 
m a te  p u rp o se  here w a s to  e v a lu a te  th e  h e a t o f  fo rm a tio n  
o f  C N  ra d ic a ls  A H f° o ( C N ) , w e tr ea te d  th is  p a rtic u la r  h e a t  
as th e  o n ly  u n k n o w n  q u a n tity . T h e  re m a in in g  th e r m o d y - : 
n a m ic  q u a n tit ie s , i.e. th e  e n tr o p y  ch a n ge  A S° a n d  th e  
sp ec ific  h e a t  ch a n g e  A C P° o f  th e  re a ctio n  a n d  th e  h e a t o f  
fo rm a tio n  o f  C 2N 2 [ A / / f ° o ( C 2N 2) =  7 3 .4  k c a l /m o l] , w ere  
a ll e v a lu a te d  a c co rd in g  to  th e  J A N A F  ta b le s .5 U n d e r  
th ese  c o n d itio n s , b o th  th e  m a g n itu d e  a n d  te m p e ra tu re  d e 
p en d e n ce  o f  th e  ft v a lu e  c a lc u la te d  fro m  eq  5 sh o u ld  e v e n 
tu a lly  h in g e  on  th e  v a lu e  o f  A / / f ° o ( C N )  se le c te d . T h u s , we  
so u g h t a v a lu e  for A / i f ° 0( C N )  su c h  th a t th e  re su ltin g  0 
v a lu es  w o u ld  b e  in v a r ia n t over th e  te m p e ra tu re  ran ge  
s tu d ie d . A d o p t io n  o f  A H f° o (C N )  =  9 9 .5  ±  0 .5  k c a l /m o l ,  
w h ich  c o rresp o n d ed  to  D o ( N C -C N )  =  1 2 5 .5  ±  1 .0  k c a l /  
m o l, w a s fo u n d  to  g ive  s ta tis t ic a lly  th e  b e st  re su lts . T h e  
e x p e r im e n ta l (3 v a lu e s  o b ta in e d  in  th is  b e st  ca se  are p lo t 
te d  a g a in st  th e  re a c tio n  te m p e ra tu re s  in  F igu re  3 . A l 
th o u g h  th e  p lo tte d  p o in ts  -a re  so m e w h a t sc a tte r e d , th e y  
sh ow  n o  a p p a r e n t te m p e ra tu re  d e p e n d e n c e . T h e  average  /5 
v a lu e  w as (9 .1 6  ±  0 .7 6 )  x  10® c m 2/m o l .

(B) Dissociation Kinetics. T h e  b im o le c u la r  d isso c ia tio n  
rate  c o n sta n ts  kD w ere d e te r m in e d  fro m  th e  in it ia l s lo p es

C2N2 in Ar 
0  0.5% 
3 0.2%
•  O.l %

O
O

5 *  <J

•  •  
•

3 *
°  O

Q
O O » *  ©p O O

O
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"a ¡T 0 - 0 0

2000 2500 3000 3500
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Figure 3. Temperature variation of CN absorption coefficient at 
4216 À.

T (°K)
4 0 0 0  3 5 0 0  3 0 0 0  *2500 2 2 0 0

ioVt  ("k 'i
Figure 4. Arrhenius plots of k D.

o f  th e  a b so rp tio n  reco rd s, co rresp o n d in g  to  th e  first 1 0 -  
2 0 %  rise in  th e  C N  c o n c e n tra tio n s . G u id e d  b y  eq  5 , we  
m a y  w rite

k» =  2 
1

1 d [ C N ( X 22 + )]
/ [ C 2N 2]o [A r]0

\r0lßlFJ(T)\I [ C ^ i A r l (7)

w here ro is th e  in itia l slop e  o f  a b so rb a n c e  d efin e d  as

/ d l n ( 7 p /1)\
\ dt )o (8 )

a n d  w here [C 2N 2]o a n d  [Ar]o are th e  c o n c e n tra tio n s  o f  c y 
an o gen  a n d  argon a t  zero t im e , im m e d ia te ly  b e h in d  th e  
sh o c k . W e  se t  /? =  9 .1 6  X 10® c m 2/m o l  as d e te r m in e d  in  
th e  p reced in g  se c tio n .

K in e t ic  d a ta  w ere ta k e n  for th e  0 .1 , 0 .2 , a n d  0 .5 %  
C 2N 2- A r  m ix tu r e s  a t  th e  to ta l p ressu res b e tw e e n  0 .2 1  a n d  
1 .3 5  a tm . T h e  te m p e ra tu re  range w a s  lim ite d  b y  im m e a s 
u ra b ly  w eak  lig h t a b so r p tio n  b e lo w  2 2 0 0 °K  a n d  b y  s ig n ifi
c a n t  in flu en c e  o f  C N  e m iss io n  o n  th e  a b so rp tio n  in ten sity  
a b o v e  3 7 0 0 °K . E x p e r im e n ta l d a ta  a n d  th e  v a lu e s  o f  kD o b 
ta in e d  for so m e  re p re se n ta tiv e  ru n s are liste d  in  T a b le  I.

F igu re 4  sh ow s th e  A rrh en iu s  p lo ts  o f  kD o b ta in ed  for a 
to ta l o f  52  e x p e r im e n ts . A  sin g le  stra ig h t line  f its  th e  
p lo ts , irresp ective  o f  th e  C 2N 2/A r  ra tio  a n d  th e  to ta l ga s

(5) D. R. Stull, Ed., “JANAF Thermochemlcal Tables," Dow Chemical 
Co., Midland, Mich., 1965.

r m jQ v it n p n f lP H
«
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TABLE I: Absorption Rate Data

C2N2, 
mol %

Pi.
Torr

Us,
mm/ßsec P21 t2, °k

[Ar]0,
10-6 mol/cm3 tie

Tl/2>
¿¿sec

KD,a
cm3 mol-1 sec 1

0.105 29.0 1.58 3.57 2498 5.71 0.379 106.9 9.23 X 107
0.105 23.6 1.66 3.60 2742 4.69 0.753 42.9 5.12 X 108
0.112 18.8 1.76 3.64 3041 3.79 0.958 11.2 4.46 X 109
0.105 8.41 1.88 .3.68 3422 1.70 0.998 1.54 4.58 X 1010
0.217 32.4 1.54 3.55 2397 6.29 0.176 81.5 5.99 X 107
0.217 28.9 1.58 3.57 2499 5.67 0.285 55.0 1.34 X 108
0.232 13.2 1.68 3.61 2801 2.59 0.789 40.8 1.38 X 109
0.232 8.28 1.98 3.68 3445 1.65 0.996 3.76 2.38 X 1010
0.501 36.4 1.46 3.50 2163 7.04 0.0311 126.3 5.42 X 106
0.501 19.1 1.51 3.53 2312 3.68 0.100 107.2 3.90 X 107
0.501 16.6 1.57 3.56 2477 3.23 0.231 83.0 1.29 X 108
0.501 13.8 1.64 3.59 2690 2.69 0.517 37.4 9.58 X 108
0.501 23.4 1.68 3.61 2787 4.57 0.556 14.2 1.16 X 109
0.501 11.1 1.73 3.63 2950 2.18 0.847 15.6 3.51 X 109
0.512 8.70 1.83 3.67 3287 1.75 0.978 5.79 1.51 X 1019
0.512 3.47 1.96 3.70 3720 0.698 0.999 2.84 5.67 X 1010

° Determined by the initial slope method (eq 7).

p ressu re . L e a st-sq u a r e s  tr e a tm e n t o f  th e  lin e a rity  le d  to  
th e  A rrh en iu s  exp ression

feD =  6 .6 6 ( ± 1 .2 5 )  X

ini6 (  9 8 ,6 4 0  ±  1210 \ ,  , - i  - i  „
1016 e x p  I -------- ~~jif------------- J c m 3 m o l  s e c  (9 )

T h e  rate  c o n sta n ts  w ere also  e v a lu a te d  b y  th e  h a lf -t im e  
m e th o d . F or th e  rev ersib le  d is s o c ia tio n -r e c o m b in a tio n  
re a c tio n s  in  th e  p resen ce  o f  a  th ird  b o d y

A  +  M  2 B  +  M  (1 0 )
kn

on e  ca n  w rite
dA 
d t

1 dB
2 (11)

w here Ke is th e  e q u ilib r iu m  co n sta n t

Ke =  kDlKR = B,*IA, (12 )

W e  m a y  exp ress th e  re a c ta n t c o n c e n tra tio n s  b y  use o f  th e  
in itia l co n c e n tra tio n  A o  a n d  th e  d egree o f  d isso c ia tio n  x

A = A 0( l  -  x); B =  2 A 0x  (13 )

E q u a tio n  11 is n o w  rew ritten  in to

! - - ( 1ÿ î) w ', (* + f ^ ) <*-*•> (i4)
xe b e in g  th e  d egree o f  d isso c ia tio n  a t  e q u ilib r iu m . In te 
g ra tin g  e q  14  fro m  x =  0  to  x =  xe/2, w e o b ta in  

Xe In (3  — X e )

kD ( 2  Xe)M ¿1/2
(15 )

w here t i /2 is th e  re le v a n t h a lf  t im e . In c id e n ta lly , for th e  
case w here x e <s 1 , eq  15 red u ces  to

feD =  (Be In 3 ) / ( 4 A nM ii/2) (1 6 )

a  fo rm  w h ich  w a s d eriv ed  a n d  u se d  b y  T s a n g , et al.,1 for  
th e  lo w er -tem p e ra tu re  d isso c ia tio n  o f  C ? N 2 .

T h e  h a lf -t im e  t i /2 a p p ea rin g  in eq  15  a n d  16  is e q u a l to  
th e  la b o ra to ry  h a lf -t im e  r i /2 t im e s  th e  g a s  d e n s ity  ra tio  
a cro ss th e  sh o c k  fro n t p2i -  In  d e te r m in in g  th e  n / 2 , w e e x 
p e d ie n tly  a ssu m e d  th a t  th e  la b o ra to ry  t im e  co rresp on d in g  
to  o n e -h a lf  th e  a b so rb a n c e  a t  e q u ilib r iu m , ( % )  In ( / 0/ 4 ) ,  
c a n  b e  a p p r o x im a te d  to  th e  t im e  co rresp o n d in g  to  th e  
h a lf -h e ig h t  o f  th e  e q u ilib r iu m  a b so rp tio n  reco rd , ( % ) ( /0 -
4 ) .  In  re a lity , th is  e x p ed ie n c e  in tro d u c e d  n o  seriou s error 
in to  th e  fin a l re su lts , b e c a u se  (70 -  h)/h  <  0 .1  in  th e  
m a jo r ity  o f  ou r ru n s.

T h e  d isso c ia tio n  ra te  c o n sta n ts  e v a lu a te d  fro m  e q  15

Figure 5. Agreement of the kD values determined by the half
time method with those obtained by the initial-slope method.

w ere c o m p a re d  w ith  th o se  o b ta in e d  b y  th e  in it ia l slope  
m e th o d . T h e  g o o d  a g re e m en t fo u n d  b e tw ee n  th e  tw o  sets 
o f  d a ta  (F ig u re  5 ) p ro v id es  co n fid e n ce  in  th e  a ssu m p tio n s  
w h ich  w ere in v o lv e d  in  th e  e s tim a tio n s  o f  ft anc  
A t f f °o ( C N ) .

T h e  e x p e r im e n ta l a c tiv a tio n  en erg y  E& =  9 8 .6  k c a l /m o  
is c o n sid era b ly  sm a lle r  th a n  D 0( N C - C N )  =  1 2 5 .5  k c a l /  
m o l, in d ic a tiv e  o f  th e  p a r tic ip a tio n  o f  th e  in tern a l degrees 
o f  fre ed o m  in  th e  a c tiv a tio n  p ro ce ss . In  c a ses  lik e  th< 
p re sen t, th e  F o w le r -G u g g e n h e im  ex p re ssio n 6 is a p p lica : 
b le .

feD = A(Z/n!)(£/flT)'1 exp {-EjRT) (17)

I f  3 0 0 0 ° K  is ta k e n  as th e  a v erag e  te m p e ra tu re  a t  w h ich  
d a ta  w ere ta k e n , a n d  if  E is a ssu m e d  to  b e  e q u a l to  
D o ( N C - C N ) ,  th e n  th e  te m p e ra tu re  v a ria tio n  o f  eq  9  is 
b e st fitte d  to  th a t  o f  e q  17 w h en  n is a ssig n ed  a  v a lu e  o f  5 . 
T h e  le a st-sq u a r e s  f it  o f  eq  17 w ith  n = 5  to  th e  e x p e r i
m e n ta l v a lu e s  led  to  th e  exp ressio n

kD = [ 3 .5 1 ( ^ 1 .0 6 )  x  10nl5\]TVi(ElRT)5 e x p ( - E / U T )

c m 3 m o l -1  s e c -1  (1 8 )

A s s u m in g  a  co llis io n  d ia m e te r  o f  3 .9  A , w e d e d u c e  th e  ste r -  
ic fa c to r  A =  0 .4 0 , a v a lu e  w h ich  se e m s to  b e  re a so n a b le .

(6) R. Fowler and E. A. Guggenheim, “Statistical Themodynamics," 
Cambridge University Press, Cambridge, 1952, pp 495-499.
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TABLE II: Emission Rate Data

c2n2, 
mol %

P1 , 
Torr

Us,
mm/fisec P21 t2,°  k

[Ar]0,
10-6 mol/cm3 xe 7

AD',a
cm3 mol-1 sec-1

0.232 17.5 1.55 3.55 2419 3.41 0.247 0.239 1.44 X 108
0.232 11.0 1.74 3.63 2981 2.17 0.931 0.181 4.98 X 109
0.232 8.42 1.87 3.68 3403 1.69 0.995 0.156 2.77 X 1010
0.232 6.05 1.97 3.71 3743 1.22 0.999 0.123 9.16 X 1010
0.503 31.9 1.53 3.54 2374 6.20 0.107 0.361 4.64 X 107
0.507 16.5 1.57 3.56 2476 3.21 0.230 0.230 9.86 X 107
0.507 9.60 1.58 3.56 2500 1.87 0.319 0.149 2.89 X 10®
0.485 13.8 1.63 3.59 2649 2.70 0.465 0.206 7.08 X 10®
0.485 12.8 1.68 3.61 2785 2.52 0.660 0.199 1.35 X 109
0.507 7.17 1.69 3.62 2843 1.41 0.807 0.123 2.18 X 10®
0.507 4.97 1.82 3.66 3234 0.991 0.983 0.0954 1.08 X 1010
0.507 4.05 1.92 3.69 3566 0.813 0.997 0.0833 3.55 X 1010

“ Determined by the initial slope method (eq 21).

IV. Emission Studies
(A) Emission Profile. T h e  C N  B 2S +  —* X 22 +  em iss io n  

in ten sities  w ere m o n ito re d  in m ix tu r e s  o f  0 .2  a n d  0 .5 %  
C 2N 2 in  A r  ov er th e  te m p e ra tu re  ran ge 2 3 0 0 -3 8 0 0 ° K . A  
ty p ic a l o sc illo g ra p h ic  record  is sh o w n  in  F igu re 6 .

I f  all in tern a l m o d e s  o f  th e  C N ( B 2 2 + )  are re la x ed  in 
s ta n ta n e o u s ly  an d  i f  th e  e ffe c t o f  in d u c e d  a b so rp tio n  ca n  
be n e g le c te d , th e  e m iss io n  in te n s ity  H (m e a su re d  in  v o lts )  
from  C N ( B 22 + )  ra d ic a ls  m a y  be w ritten  as

H = c [ C N ( B 2n U  =  cFem(T) [ C N ( B 2Z+)] (1 9 )

w here c is an  in str u m e n ta l c o n sta n t d e p e n d in g  on  th e  
b a n d p a ss  c h o sen ; [ C N ( B 22 + ) ] | A„ is th e  c o n c e n tra tio n  o f  
th e  r a d ia tin g  ra d ic a ls  in  th e  o b serv e d  s ta te s  (B 2 2 + , v' =  
0 , J' =  8 - 3 5 ) ;  a n d  Fem(T) is th e  fra c tio n a l p o p u la tio n  o f  
the [ C N ( B 2 2  + )] au in  th e  C N ( B 22  +  ) ra d ic a ls , as  w as d e 
fin ed  in  e q  6 . F u rth er , i f  e le c tro n ic  re la x a tio n  is a ssu m e d  
to  be so  ra p id  th a t  th e  th e r m a l e q u ilib r iu m  b e tw ee n  th e  
C N ( B 22  + ) a n d  C N ( X 22  + ) sp ec ies  is m a in ta in e d , th en

[ C N ( B V ) ] / [ C N ( X 2X+)] =  e x p  (-E*IRT) (20 )

w here E* = 7 3 .5 8  k c a l /m o l  is th e  e lectro n ic  e x c ita tio n  
en ergy o f  th e  B 22 +  s ta te .

I f  th e  a ssu m p tio n s  u n d er ly in g  e q  19  a n d  2 0  are a c c e p t
ab le  a t  a ll, th e  th re sh o ld  h e ig h t He o f  th e  e m iss io n  p ro file  
d iv id e d  b y  Fem sh o u ld  b e  p ro p o rtio n a l to  e q u ilib r iu m  c o n 
c e n tra tio n s o f  C N ( B 22  + ) c a lc u la te d  fro m  [ C N ( X 22 + ) ] e 
an d  eq  2 0 . T h e  p ro p o rtio n a lity  h e ld  ro u g h ly  over a 
[ C N ( B 2 2  + )] ran ge  o f  ca. 3 0 0  (F ig u re  7 ) . T h e  p ro p o rtio n a l
ity  c o n sta n t c c a m e  o u t to  b e  1 .0  X 1 0 13 c m 3 m o l - 1 .

(B) Dissociation Rates. W it h  th e  in stru m e n ta l c o n sta n t  
in  h a n d , w e c a n  e v a lu a te  th e  d isso c ia tio n  ra te  c o n sta n ts  
fro m  th e  in it ia l s lo p e s  s 0 =  ( d H /d t ) o  o f  th e  e m iss io n  re c 
ords.

* D' =  \ \sJcFejT )\  e x p ( E * / * T ) / [ C 2N j 0[A r ]0 (2 1 )

e x p e r im e n ta l re su lts  fo r  so m e  re p re se n ta tiv e  ru n s are g iven  
in  T a b le  II.

T h e  v a lu e s  o f  feD'  so  o b ta in e d  fo r  a to ta l o f  27  ru n s are  
p lo tte d  as a  fu n c tio n  o f  te m p e ra tu re  in F igu re  8 . A lth o u g h  
in  g en era l th e  p lo tte d  p o in ts  are fo u n d  to  lie  in  th e  v ic in i
ty  o f  th e  a b so r p tio n  re su lts  (d o tte d  lin e ), th o se  for th e  
h ig h er -te m p e ra tu re  region  s y s te m a tic a lly  sh ow  a d o w n 
w ard  d e v ia tio n . A s  a  c o n seq u en c e , a  le a s t-sq u a r e s  f it  o f  
th e  p lo ts  to  th e  A rrh en iu s  e q u a tio n  (fu ll  lin e ) h a s  led  to

kD' =  9 .3 2 ( ± 1 .3 5 )  X

1 0 »  e x p  ( — 8 7 ' 4 4 °b t ±  * m)  cm• m o l -  s e c -  ( 2 2 ,

Figure 6 . Typical experimental oscillogram showing CN(0-1) 
emission profile. C2N2 = 0.232 mol %; P-y =  11.0 Torr; T2 = ’ 
2981°K; ordinate, 0.05 V/ division; abscissa, 20 ¿rsec/division.

Figure 7. Variation of the emission intensities with calculated 
concentration of CN(B22  + ) at equilibrium. Solid line; He/  
Fem(T) =  1.0 X 1013[CN(B22  + )]e.

w h ich  h a s  an  a p p a ren t a c tiv a tio n  en ergy  Ea =  8 7 .4  k c a l /  
m o l, a b o u t  11 k c a l sm a lle r  th a n  th a t  o b ta in e d  fro m  th e  
a b so rp tio n  stu d ie s .

W e  su sp e c t th a t  th e  a p p a r e n tly  s m a lle r  te m p e ra tu re  
c o effic ie n t o f  kD' (eq  2 2 ) as c o m p a re d  w ith  kv (e q  9 ) is a t  
le a s t  p a r tly  a sc rib a b le  to  in a d e q u a c y  o f  th e  a ssu m p tio n  o f  
th e  th e r m a l e q u ilib r iu m  b e tw e e n  C N ( B 22 + )  a n d  
C N ( X 22 + ) .  O b v io u s ly , th e  e q u ilib r iu m  sh o u ld  b e  a ffec ted  
i f  th e  ra te  o f  th e  co llis io n a l d e e x c ita tio n  o f  C N ( B 2 2 + ) does  
n o t su rp a ss  th e  ra te  o f  its  ra d ia tiv e  q u e n c h in g .

C N ( X 22 + ) +  M  ^  C N ( B 22 + ) +  M  ( 2 3 )
ki
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C N ( B 22 + ) C N ( X 22 + ) +  hv (2 4 )

T h e  s te a d y -s ta te  a ssu m p tio n  le a d s , in stea d  o f  eq  2 0 , to

[ C N ( B 2l +) ] / [ C N ( X 2f +)] =  y e x p (~E*lRT) (25 )

w h e r e

y = (1 + k J k ^ M ] ) - 1 (26)
F a ir b a irn 7 h a s  a lrea d y  n o ted  th is  d ep a rtu re  fro m  e q u ilib 
r iu m  a n d  e s tim a te d  th e  c o llis io n a l d ee x c ita tio n , cross se c 
tio n  to  be as s m a ll  as ca. 0 .1  À 2 . T h e  s ig n ific a n ce  o f  th e  
n o n e q u ilib r iu m  c h a ra cte r  o f  th e  C N ( B 22 + )  e m iss io n  h as  
re c e n tly  b e e n  e m p h a s iz e d  b y  J a ck so n  an d  F a r is .8

A d o p t in g  F a ir b a irn ’s cross sectio n  0 .1  À 2 for k à a n d  the  
ra d ia tiv e  q u e n c h in g  rate  c o n sta n t k r = 1 .2  X  10 7 s e c - 1  
o b ta in e d  b y  B e n n e tt  a n d  D a lb y ,9 w e fin d  th a t  u n d er our 
e x p e r im e n ta l co n d itio n s  th e  y  ta k e s  on  v a lu e s  ra n gin g  
fro m  0 .0 8  to  0 .3 6 , d ep e n d in g  on  [ M ] . O u r rate  d a ta  n eed  
to  b e  co rrected  a c c o rd in g ly . C o rrectio n s p ro ceed  as fo l
lo w s. C a lc u la te  [ C N ( B 22  + )] fro m  eq  25  a n d  d e te r m in e  a 
n ew  in stru m e n ta l c o n sta n t c’ w h ich  sa tisfies  th e  p ro p o r

tio n a lity  b e tw ee n  H/Fem(T) a n d  [ C N ( B 2 2 + ) ] .  E v a lu a te  
k D' for e a c h  ru n  fro m  eq  21  b y  re p la cin g  c w ith  c'y.

T h e  c' v a lu e  th u s  o b ta in e d  w as 5.5 X IO13 V  c m 3 m o l ” 1. 
A rrh en iu s  p lo ts  o f  th e  k D' th u s  co rrected  (F igu re  9 ) ga ve

&D' cor =  7 .5 9  ( ± 1 .5 6 )  X

(  9 8 ,9 7 0  ±  2 5 4 0 \  ,  /iV7N
10 16 e x p  ( ----------------- ^ j ,----------- J c m 3 m o l 1 se c  (2 7 )

w h ich  is in  e ssen tia l a g re e m en t w ith  kD o b ta in e d  b y  th e  
a b so rp tio n  s tu d ie s  (eq  9 ) . T h e  im p ro v e d  a g re e m en t b e 
tw e en  fen an d  k D' h as resu lted  fro m  re la tiv e ly  sm a lle r  
v a lu e s  o f  y  a t  h igh er te m p e ra tu re s ; e x p e r im e n ta lly , h igh er  
te m p e ra tu re s  w ere a tta in e d  b y  re d u cin g  th e  in itia l gas  
p ressu re  in th e  d riv en  sectio n  a n d  h en ce  b y  low erin g [M ]  
in  th e  re a ctio n  zon e .

V. Discussion
T h e  h e a t o f  fo rm a tio n  A H t0o (C N )  =  9 9 .5  ±  0 .5  k c a l /  

m o l d e d u c e d  fro m  th e  p re sen t w ork is in e x c e lle n t ag ree
m e n t w ith  9 9 .0  ±  4  k c a l /m o l  fo u n d  b y  T s a n g , et al.,1 an d
1 0 0 .0  ±  1 k c a l /m o l  rep o rted  recen tly  b y  D ib e le r  a n d  L is 
to n .10 F u rth er , it a lso  c o m p a re s  w ell w ith  100  ±  3 k c a l /  
m o l o b ta in e d  b y  B o d e n  a n d  T h r u s h 11 fro m  a k in e tic  s tu d y  
o f  th e  re a c tio n , C N  +  H 2 -»■ H C N  +  H , b y  m e a n s  o f e le c -

2.5 3.0 35 4.0 4.5

io4/ t  rK"'>

Figure 9. Arrhenius plots ot kD' cor. The least-squares fit to the 
data is shown by the solid line (eq 27). The dashed line is from 
the absorption data (eq 9).

T (X  )
4 0 0 0  3 0 0 0  2 0 0 0

ioV t  (V )

Figure 10. Comparison of the shock wave measurements of the 
rate of dissociation of C2N2 in Ar.

Figure 8 . Arrhenius plots of the second-order rate constant kD' 
determined by the emission technique. The least-squares fit to 
the data is shown by the solid line (eq 22). The dashed line is 
from the absorption data (eq 9).

iro n ie  a b so r p tio n  sp e c tro sc o p y . K in e t ic  d a ta  for th e  flo w -  
tu b e  s tu d y  o f  H  +  C 2N 2 —  H C N  +  C N  b y  D u n n , et 
al.,12 requ ire  A / i f °o ( C N )  <  1 00  k c a l /m o l ,  w h ich  is a lso  
c o m p a tib le  w ith  th e  p resen t resu lt.

F igu re 10  c o m p a re s  th e  b im o le c u la r  d isso c ia tio n  rate  
c o n sta n ts  o b ta in e d  in th is  w ork w ith  th o se  rep orted  b y  
p rev io u s w orkers. O u r  resu lts  (eq  9  an d  2 7 ) agree c lo se ly  
w ith  th e  lo w -te m p e ra tu re  a b so rp tio n  re su lts  (e q  2 ) 13 o f  
T s a n g , et al.1 H o w e v e r , th e  h ig h -te m p e r a tu re  e m iss io n  re 
s u lts  (e q  3 ) o b ta in e d  b y  S la c k , et al.,2 d o  n o t agree w ith  7 8 9 10 11 12 13

(7) A. R. Fairbairn, J. C h ew . P hys.. 51,972 (1969).
(8) W. M. Jackson and J. L. Faris, J. C h em . P h ys.. 56, 95 (1972).
(9) R. G. Bennett and F. W. Dalby, J. C hem . P h ys.. 36, 399 (1962).

(10) V. H. Dibeler and S. K. Liston, J. C h em . P h ys.. 48, 4765 (1968).
(11) J. C. Boden and B. A. Thrush, P roc . R oy. S o c ., Ser. A. 305, 107 

(1968).
(12) M. R. Dunn, C. G. Freeman, M. J. McEwan, and L. F. Phillips, J

Phys. C h em .. 75, 2662 (1971).
(13) Tsang, e t  al.,' defined the rate constant kD by d[CN]/df =  

kD ([C2N2] — [CN]2/Ke)[M], instead of eq 11. Thus, by definition, 
their kD is twice as large as ours. Thetr rate results shown in Figure 
10 are those obtained by dividing eq 2 by 2.
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ours in  th e  te m p e ra tu re  d e p e n d e n c e , th e ir  v a lu e  o f  Ea 
b ein g  a n o m a lo u s ly  lo w  (6 9 .0  k c a l /m o l ) .  T h e  d isc rep a n c y  
is n o t lik e ly  to  b e  e lim in a te d  b y  th e  n o n e q u ilib riu m  co r
rection s o f  th e ir  kD' v a lu e s . I t  a p p ea rs  th a t  th e ir  ra te  d a ta  
in v olve  so m e  te c h n ic a l errors w h ich  te n d  to  low er th e  kD' 
v a lu es  a t  h ig h  te m p e ra tu re s .

In  th is  c o n n ec tio n , it  sh o u ld  b e  n o ted  th a t  e m iss io n  e x 
p e r im e n ts  a p p ea r  to  n e c e ss ita te  far  greater te c h n ic a l p re 
c a u tio n s th a n  a b so r p tio n  stu d ie s . In  p re lim in a r y  stu d ie s , 
w e o b serv e d  th a t  b o th  p e a k  in ten sities  a n d  in itia l s lop es  
o f em iss io n  s tro n g ly  d e p e n d e d  on  th e  c le a n lin e ss  o f  th e  
v a c u u m  s y s te m . O n ly  a fte r  m o s t  str in g e n t p re c a u tio n s to  
av oid  c o n ta m in a tio n  c o u ld  re lia b le  v a lu es  o f  kD' be  o b 
ta in e d .

S la c k , et al., c o m b in e d  th e ir  h ig h -te m p e r a tu re  d a ta  
w ith  th e  lo w -te m p e ra tu re  re su lts  o f  T s a n g , et al., a n d  o b 

Surface Interactions between Water and Plutonium Dioxide

ta in e d  a F o w le r -G u g g e n h e im  e x p ressio n  w ith  n =  8  a n d  E 
= 1 2 8 .7  k c a l /m o l .  I t  is n ow  e v id e n t  th a t  th ere  w as no  
p h y s ic a l grou n d  fo r  d o in g  th is . In  fa c t , h =  8  requires th a t  
a ll th e  v ib ra tio n a l d eg rees o f  fre ed o m  fo r  C 2N 2 be in 
v o lv e d  in  th e  a c tiv a tio n  p ro cess , a  s itu a tio n  w h ich  is h ig h 
ly  u n lik e ly  to  o ccu r. F u rth er , n =  8  g ives th e  steric  fa cto r  
X =  0 .0 1 7 , w h ich  is so m e w h a t to o  s m a ll  fo r  rea ctio n s o f  
th e  ty p e  s tu d ie d  h ere . T h e ir  in terp reta tio n  o f  th e  k in etic  
d a ta  is th u s  h a r d ly  ju s tif ia b le .
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T h e  in tera c tio n s b e tw ee n  w ater v a p o r  a n d  p lu to n iu m  d io x id e  h a v e  b e e n  in v e stig a te d  u sin g  a  m a ss  sp e c 

tro m é tr ie  th e r m a l d eso rp tio n  te c h n iq u e . C h e m iso rb e d  w a ter v a p o r  w as fo u n d  to  b e  d eso rb e d  in  tw o  t e m 
p eratu re  ra n g e s : on e  b e tw ee n  100  a n d  1 50 ° a n d  th e  se c o n d  b e tw ee n  3 0 0  an d  3 5 0 ° . In  te rm s o f  a d so rp tio n , 
th ese  re su lts  are a ttr ib u te d  to  th e  h y d r o x y la tio n  o f  th e  ox id e  fo llow ed  b y  th e  d o u b le  h yd ro g en  b o n d in g  o f  
w ater m o le c u le s  *0  th e  h y d ro x y l g rou p s. T h e  h e a t  o f  a d so rp tio n  w as c a c u la te d  to  b e  6 8  k c a l /m o l  for h y 
d ro x y la tio n  a n d  20  k c a l /m o l  for th e  h yd ro g en  b o n d in g .

Introduction
F o llo w in g  e x p o su re  to  th e  a tm o sp h e re  th e  su rfa ces  o f  

m e ta l o x id es  are u su a lly  co vered  w ith  a d so rb e d  w ater . 
T h is  c o n ta m in a tio n  c a n  s ig n ific a n tly  a ffec t ox id e  sin terin g  
ch a ra cteristics  a n d  o th er  su rfa ce  p ro p erties su c h  as c a ta 
ly tic  a c tiv ity  a n d  se le c tiv e  a d so rb a b ility . A  k n o w led g e  o f  
th e  m e c h a n is m  o f  w a ter a d so rp tio n  in c lu d in g  a d so rb e d  
sp ec ies , b o n d  s tr e n g th s , a n d  th e  te m p e ra tu re  req u ired  for  
d eso rp tio n  c o u ld  p ro v id e  v a lu a b le  criteria  for p o w d er c o n 

d itio n in g .
T h e  in tera c tio n  b e tw e e n  w a ter a n d  severa l m e ta l o x id es  

h as b e e n  s tu d ie d  fa ir ly  e x te n s iv e ly  b y  a  n u m b e r  o f  w ork 
e rs .2' 6 I t  is g e n e ra lly  agreed  th a t  ox id e  su rfa ces b e c o m e  
h y d r o x y la te d  u p o n  e x p o su re  to  w a te r  v a p o r . T h e  e x a c t  
co n d itio n s u n d er  w h ich  th is  o c cu rs , h ow ever, h a v e  n o t  
b e e n  ag reed  u p o n  a n d  m a y  in  fa c t  d e p e n d  on  th e  n a tu re  o f  
th e  o x id e . In  a d d itio n  to  th e  d isso c ia tiv e  a d so rp tio n  fo r m 
in g a h y d r o x y la te d  su rfa ce , w a te r  m a y  a lso  b e  a d so rb e d  in  
tw o  m o le c u la r  fo rm s.

L it t le  h a s  b e e n  d o n e  to  in v estig a te  th e  p lu to n iu m  d io x 
id e -w a te r  s y s te m  b e c a u se  o f  th e  to x ic  n a tu re  o f  p lu to n i
u m . A n  earlier s tu d y  sh o w e d  w a ter v a p o r  to  b e  irrevers
ib ly  a d so rb e d  on  p lu to n iu m  d io x id e .7 T h e rm o g r a v im e tr ic  
d eso rp tio n  m e a su r e m e n ts  fu rth er re v ea le d  th a t  th is  irre

v e r s ib ly  a d so rb e d  w a ter co n siste d  o f  tw o  d iffe re n t a d 
so rb ed  p h a se s  or sp ec ies . T o  p ro v id e  a d d itio n a l in fo r m a 
tio n  on  th e  ch a ra c te ristic s  o f  th e se  tw o  sp ec ies  th e  d eso rp 
tio n  o f  w ater fro m  p lu to n iu m  d io x id e  w as in v e stig a te d  b y  
a “ th e r m a l d e so rp tio n ”  te c h n iq u e .

T h e r m a l d eso rp tio n  is th e  re m o v a l o f  a d so rb e d  sp ecies  
b y  h e a tin g  th e  sa m p le  u n d er  v a c u u m . D u r in g  th e  lin ear  
h e a tin g  cy cle  d iffe re n t sp ec ies  are d eso rb e d  a t  d ifferen t  
te m p e ra tu re s  d e p e n d in g  u p o n  th e ir  b in d in g  en ergy . T h is  
te c h n iq u e  p ro v id es  in fo r m a tio n  on  severa l a d so rp tio n  p a 
ra m e te rs  in c lu d in g  (a )  th e  n u m b e r  o f  a d so rb e d  p h a se s  or 
sp ec ies , (b )  th e  a d so rb e d  p o p u la tio n  in  e a c h  p h a se , (c ) th e  
a c tiv a tio n  en ergy  o f  d eso rp tio n  re a ctio n s , a n d  (e ) th e

(1) (a) Work performed under the auspices of the U. S. Atomic Energy 
Commission, Contract No, AT(29-1)-1106. (b) Presented, in part, 
at the 163rd National Meeting of The American Chemical Society, 
Boston, Mass., April 9-14, 1972.

(2) P. J. Anderson, R. F. Horlock, and J. F. Oliver, Trans. F araday  
S o c . , 61, 2754 (1965).

(3) (a) P. T. Dawson, J. Ph/s. C h em ., 71, 838 (1967); (b) A. Zecchi- 
na, S. Coluccia, E. Guglielminotti, and G. Ghiotti, ibid., 75, 2774 
(1971).

(4) R. C. Day and G. D. Parfitt, Trans. F araday S o c ., 63, 708 (1967).
(5) J. B. Peri and R. B. Hannan, J. P hys. C h em ., 64, 1526 (1960).
(6) J. H. deBoer, J. M. H. Fortuin, B. C. Lippens, and W. H. Meijs, J. 

Catal., 2, 1 (1963).
(7) J. L. Stakebake and L. M. Steward, J. C olloid In te r fa ce  S ci., in 

press.
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p re e x p o n e n tia l k in e tic  fa cto r  for th e  d eso rp tio n  o f  each  
p h a se .

T h e  d eso rp tio n  p ro cess w as fo llo w ed  w ith  a  t im e -o f -  
f lig h t m a s s  s p e c tr o m e te r .8 T h is  in s tru m e n t p ro v id ed  a s i

m u lta n e o u s  m e a su r e m e n t o f  d eso rp tio n  ra tes  a n d  an  id e n 

tif ic a tio n  o f  th e  d eso rb e d  sp ec ies . T h is  p a p e r  is a d isc u s 
sio n  o f  th e  re su lts  o b ta in e d  fro m  th e  th e r m a l d eso rp tio n  o f  
w a ter fro m  p lu to n iu m  d io x id e  a n d  p ro p o ses a m e c h a n ism  
for w a ter a d so rp tio n .

Theory
W h e n  p lu to n iu m  d io x id e  is h e a te d  a t  a lin ea r rate  

u n d er  v a c u u m , th e  a m o u n t o f  su rfa ce  co vera ge  b y  w ater  
m o le c u le s  va ries as a fu n c tio n  o f  t im e  (t) a n d  te m p e ra tu re  
( T) .  T h e  ra te  o f  d eso rp tio n  o f a c h e m iso rb e d  ga s h a s  been  
fo u n d  to  b e  go vern ed  b y  th e  A rrh en iu s eq u a tio n

d o /d f  =  -v xax exp (-E j RT) ( l )

w h ere a is th e  su rfa ce  co vera ge  a t te m p e ra tu re , T; v th e  
p re e x p o n e n tia l k in e tic  fa c to r ; Ed th e  a c tiv a tio n  en ergy  o f  
d e so rp tio n ; a n d  x th e  order o f  th e  re a c tio n . D u r in g  th e  
th e r m a l d eso rp tio n  p ro cess th e  sa m p le  te m p e ra tu re  is in 
crea sed  a t  a lin ear ra te , /3; h e n ce , T = T0 +  fit w here 7 o  
is th e  in it ia l te m p e ra tu re  an d  T is th e  te m p e ra tu re  a t  
t im e  t. A t  so m e  te m p e ra tu re  Tm in th e  d eso rp tio n  process  
th e  ra te  o f  d eso rp tio n  fro m  th e  sa m p le  w ill rea ch  a  m a x i
m u m  v a lu e  a n d  d 2<r/dt2 =  0 . Im p o s in g  th is  c o n d itio n  on  
e q  1 th e  fo llo w in g  re la tio n s  b e tw ee n  Ed a n d  T m h a v e  b een  
d e r iv e d .9-12

PEjRTm\  = exp (-E jR T j  (fo r *  =  1) (2)

Pe alR T jo0v2 =  e x p (-EJRTJ  (fo r  x = 2)
w here cro is th e  in itia l su rfa ce  co vera ge .

W h e n  th e  d eso rp tio n  re a ctio n  is first ord er w ith  a  fi. 
a c tiv a tio n  en ergy o f  d eso rp tio n , th e  p e a k  w h ich  ap p ea rs  a t  
T m in th e  d eso rp tio n  sp e c tru m  is n o t a ltered  b y  a ch a n ge  
in  th e  su rfa ce  co v era g e . F or a first-o rd e r  re a c tio n , eq  2  can  
b e  fu rth er s im p lifie d  to

2 In Tm -  In p =  EjRTm + In EjRv  (4)

w h ic h  is th e  e q u a tio n  u se d  b y  severa l w ork ers.10 ’11 A  p lo t  
o f  th e  le ft sid e  o f  eq  4  vs. 1 / T m w ill y ie ld  a s tra ig h t line  
fro m  w h ich  Ed a n d  v m a y  b e  c a lc u la te d . I f  a v a lu e  for th e  
p re ex p o n e n tia l fa cto r  is a ssu m e d , an  e s tim a te  o f  th e  a c ti
v a tio n  en ergy  o f  d eso rp tio n  ca n  b e  o b ta in e d  fro m  eq  2 . 
T h e  th e o r e tic a l v a lu e  o f  th e  p re ex p o n e n tia l fa c to r  v , at  
so m e  a b so lu te  te m p e ra tu re  T , ca n  b e  c a lc u la te d  fro m  
tr a n sit io n  s ta te  th e o ry  b y

v = kTlh (5)

w here k is th e  B o ltz m a n n  c o n sta n t a n d  h is P la n c k ’s c o n 
s ta n t . F o r  th e  d eso rp tio n  o f  w a ter v is a p p ro x im a te ly  
e q u a l to  10 13 s e c - 1 . R e d h e a d  h a s  n u m e ric a lly  e v a lu a te d  
Ed as a fu n c tio n  o f  T m u sin g  v a rio u s v a lu e s  o f  /S9 a n d  v.13 
T h is  re la tio n sh ip  w as v ery  n ea rly  lin ear. A  ch a n g e  in  v  o f  
10 3 w a s fo u n d  to  p ro d u c e  a  c h a n g e  o f  o n ly  2 0 %  in  Ed c a l 
c u la te d  fro m  m e a su r e d  Tm.

TABLE I: Physical Properties of Plutonium Dioxide

Composition 
Surface area, m2/g  
Crystallite size, A 
Particle size, p 
Lattice parameter, A

PUO2.0

1.3
26C
1-5
5.394 ±  0.001

In  p re p a ra tio n  for th e r m a l d eso rp tio n , s a m p le s  o f  o x id e  
w ere p la c e d  in th e  a d so rp tio n  sy ste m  sh ow n  in  F ig u re  1. 
T h is  sy s te m  c o n ta in s  an  e le c tro m a g n etic  reco rd in g  m ic r o 
b a la n c e  for m e a su rin g  a d so rp tio n . T h e  sa m p le s  w ere o u t-  
g a ssed  to  a c o n sta n t w eig h t a t  1 0 0 0 ° . W a t e r  w as th e n  in 

tro d u c e d  in to  th e  sy s te m  fro m  su lfu r ic  a c id  so lu tio n s . T h e  
w ater w as a d so rb e d  on  th e  ox id e  a n d  p a r tly  re m o v e d  b y  
e v a c u a tio n  a t  3 0 ° . T h e  w ater re m a in in g  a fte r  e v a c u a tio n  
w as irreversib ly  a d so rb e d  a n d  w a s o f  p r im a ry  in terest . 
S a m p le s  co n ta in in g  a p p ro x im a te ly  th ree  m o n o la y e r s  o f  ir 
rev ersib ly  a d so rb e d  w ater w ere u sed  for th e  th e r m a l d e 

so rp tio n  stu d ie s . T h e  a m o u n t o f  w ater a d so rb e d  on  th e  in 
d iv id u a l s a m p le s  w as d e te r m in e d  b y  m e a su r in g  th e  to ta l  
w ater d eso rb e d  d u rin g  th e  th e r m a l d eso rp tio n  cy c le .

PL1O 2  

S A M P L E  ' ' l

-C A H N  M I C R O B A L A N C E  

H g  M A N O M E T E R  

rU R N A C E S  /

-T H E R M O C O U P L E

Figure 1. Gravimetric adsorption system.

V A C U U M

H 2 S 0 4  S A M P L E  B O T T L E S

Apparatus. T h e  th e r m a l d eso rp tio n  p ro cess w as fo l 
low ed  w ith  a B e n d ix  M o d e l  1 2 -1 0 7  t im e -o f -f l ig h t  m a ss  
sp e c tro m e te r . T h is  in s tru m e n t p ro v id ed  s im u lta n e o u s  
q u a lita tiv e  a n a ly se s  o f  th e  d eso rp tio n  p ro d u c ts  a n d  a  
q u a n tita tiv e  m ea su re  o f  th e  d eso rp tio n  ra te s . T h e  m/e 
ra n ge  o f  1 to  100  m a y  b e  sc a n n e d  a t  a p p r o x im a te ly  5 -s e c  
in terv a ls  or a n y  g iven  p ea k  ca n  b e  m o n ito re d  c o n tin o u s ly . 
F or th is  s tu d y  th e  w a ter p e a k  (m/e 1 8 ) w as m o n ito re d  
c o n tin u o u sly  a n d  reco rd ed  a t  3 0 -s e c  in te r v a ls .

P rior to  b e g in n in g  a ru n  th e  sa m p le  d eso rp tio n  ce ll w a s  
c o n n ec te d  to  a  sh o rt in le t tu b e  le a d in g  d ire c tly  in to  th e  
io n iz in g  region  o f  th e  sp ec tro m e te r  (F igu re  2 ) . D u r in g  d e 

sorp tion  th e  s a m p le  w a s p u m p e d  on  c o n tin u o u sly  w ith  all 
o f  th e  d eso rb e d  g a ses  b e in g  p u m p e d  th ro u g h  th e  s p e c 
tr o m e te r  sou rce  a n d  d e te c te d . T h e  te m p e ra tu re  o f  th e  
sa m p le  w as c o n tin u o u sly  reco rd ed  u sin g  th e  th e r m o c o u p le  
a t  th e  b o tto m  o f  th e  sa m p le  tu b e . T h is  th e r m o c o u p le  h a d  
p re v io u sly  b een  c a lib ra te d  w ith  a  se c o n d  th e r m o c o u p le  
b u rie d  in  th e  s a m p le .

Experimental Section
Sample Preparation. P lu to n iu m  d io x id e  u se d  for th is  

s tu d y  w as p rep a red  b y  th e  air o x id a tio n  o f  p lu to n iu m  
m e ta l. T h is  ox id e  w a s c o n d itio n ed  b y  exp osu re  to  ox y g en  
a t 8 0 0 °  for 2 h r. T h e  p h y s ic a l p ro p erties o f  th e  p lu to n iu m  
d io x id e  p rep a red  in  th is  m a n n e r  are sh o w n  in  T a b le  I.

(8) J. L. Stakebake, R. W. Loser, and C. A. Chambers, A ppi. S p e c 
i o s e . ,  25, 70 (1971).

(9) P. A. Redhead, Trans. F araday S o c ., 57, 641 (1961).
(10) Y. Amenomiya and R. J. Cvetanovic, J. P hys. C h em ., 67, 144 

(1963).
(11) I. V. Krylova, A. P. Filonenko, and Yu. P. Sitonite, Zh. Fiz. Khim ., 

41, 2839 (1967).
(12) P. A. Redhead, V acuum , 12, 203 (1962).
(13) P. A. Redhead, A m er . V acuum  S o c . S ym p., 12, (1959).
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thermal desorption.

Procedure. F or e a c h  ru n  a  sa m p le  w eig h in g  a p p ro x i
m a te ly  5 0  m g  w as lo a d e d  in to  th e  sa m p le  tu b e  w h ich  w as  
in  tu rn  a tta c h e d  to  th e  m a ss  sp e c tro m e te r . I t  w as fo u n d  
th a t w h en  sa m p le s  larger th a n  5 0  m g  w ere u se d  th e  
a m o u n t o f  w a ter d eso rb e d  d u rin g  a ru n  w o u ld  o v erloa d  
th e  in stru m e n t. T h e  s a m p le  tu b e  w a s  e v a c u a te d  a t  ro o m  
te m p e ra tu re  u n til th e  p ressu re  in th e  io n iza tio n  region  o f  
th e  sp e c tro m e te r  re a c h e d  th e  1 0 ~ 7 T o rr  ra n g e . A c tu a l  
p ressu res in  th e  sa m p le  c h a m b e r  w ere s lig h tly  h ig h er d u e  
to  th e  lo c a tio n  o f  th e  io n iza tio n  ga u g e  tu b e . D u r in g  e a ch  
ru n  a te m p e ra tu re  p ro g ra m m e r  w a s u se d  to  in crease  th e  
te m p e ra tu re  o f  th e  s a m p le  a t  a  lin ea r ra te  fro m  25  to  9 0 0 ° . 
T h e  in ertia  o f  th e  s y s te m  req u ired  th e  u se  o f  fa ir ly  slow  
h e a tin g  ra te s . F or th is  s tu d y  a p p ro x im a te  h e a tin g  ra tes  o f  
5 , 10 , 2 0 , a n d  3 0 ° /m i n  w ere c h o sen . T h e  e x a c t h e a tin g  
rate  w as m e a su r e d  for  e a c h  in d iv id u a l ru n . T h e  te m p e r a 
tu re o f  th a t  p o rtio n  o f  th e  d eso rp tio n  ce ll a b o v e  th e  fu r 

n ace  w a s m a in ta in e d  a t  a b o u t  135° to  m in im iz e  re a d so rp 
tio n  o f  th e  g a ses  b e fo re  th e y  re a c h e d  th e  m a ss  sp e c tr o m e 

ter  sou rce .
T h e  sp ec tra  o b ta in e d  fro m  th e  sp e c tro m e te r  d u rin g  a  

d eso rp tio n  ru n  w ere p ro cessed  via a  t im e -sh a r in g  F o rtra n  
c o m p u te r  p r o g r a m .14 T h is  p ro g ra m  c o n v erted  m e a su red  
p e a k  h e ig h t in to  o u tg a ss in g  ra tes  in  s ta n d a rd  c m 3 p er sec . 
T h e  p ro g ra m  a lso  p ro v id ed  a s u m m a tio n  o f  th e  w a ter d e 

sorb ed  d u rin g  a ru n .

Results and Discussion
Gravimetric Desorption. T h e  in itia l w ater d eso rp tio n  

stu d ie s  h a d  p re v io u sly  b e e n  ca rried  o u t g r a v im e tr ic a lly .7 
W a te r  w a s first  a d so rb e d  on  a sa m p le  o f  p lu to n iu m  d io x 
ide a t  2 7 ° . F o llo w in g  a d so rp tio n  th e  su rfa ce  w as sa tu ra te d  
w ith  a d so rb e d  w a te r . W h ile  th e  sa m p le  w a s s t ill  in  th e  
m ic ro b a la n c e , th e  w a te r  w as d eso rb e d  b y  h e a tin g  th è  
s a m p le  u n d e r  v a c u u m  a t s u c c e ss iv e ly  h ig h er te m p e r a 
tu res. T h e  resu lts  o f  th is  s tu d y  are su m m a r iz e d  in  F igu re
3 . T h e  d eso rp tio n  curve c o n ta in s  tw o  d isc o n tin u itie s  in 
d ic a tin g  th ree  d iffe re n t m o d e s  o f  a d so rp tio n . T h e  first  
ty p e  o f  d eso rp tio n  re su lts  fro m  th e  p h y s ic a l a d so rp tio n  o f  
w a te r. A p p r o x im a te ly  6 7 %  o f  th e  w a te r  w a s a d so rb e d  in  th is  
m a n n e r  a n d  c o u ld  b e  re m o v e d  u n d er  v a c u u m  w ith o u t th e  
a p p lic a tio n  o f  h e a t . T h e  re m a in in g  3 3 %  o f  th e  w a ter w as  
p resen t as tw o  c h e m iso rb e d  p h a se s  w h ich  c o u ld  o n ly  b e  re 
m o v e d  b y  h e a tin g  u p  to  1 0 0 0 ° .

ide.

T h e  first c h e m iso rb e d  p h a se  to  b e  d eso rb e d  is b e liev ed  
to  c o n sist o f  w a ter m o le c u le s  h y d ro g e n  b o n d e d  to  th e  su r
fa c e . M o le c u le s  in th is  p h a se  w ere re m o v e d  b y  h ea tin g  
u n d er  v a c u u m  to  5 0 0 ° . T h e  se c o n d  c h e m iso rb e d  p h a se  e n 
c o u n tered  d u rin g  d eso rp tio n  w a s  th e  re su lt o f  w h a t is b e 
lie v e d  to  b e  a d e h y d ro x y la tio n  p ro cess . A s  m e n tio n e d  ea r
lier th e  in itia l a d so rb e d  la y er o f  w a ter is b e lie v e d  to  c o n 
s ist  o f  h y d ro x y l g rou p s. W h e n  th e se  h y d ro x y l grou p s are 
d eso rb e d  fro m  m e ta l  o x id es , th e y  re a sso cia te  to  form  
w a ter m o le c u le s . T e m p e r a tu r e s  o f  1 00 0 ° w ere requ ired  to  
re m o v e  th is  se c o n d  c h e m iso rb e d  p h a se .

Thermal Desorption. R e su lts  fro m  th e  th e r m a l d eso rp 
tio n  o f  w a ter v a p o r  are p re sen te d  as th e r m a l d eso rp tio n  
sp e c tra  w h ich  in d ic a te  a tw o -p h a se  c h e m iso rp tio n  o f  
w a ter on  p lu to n iu m  d io x id e  (F ig u re  4 ) . S a m p le s  u sed  for 
th ese  sp e c tra  c o n ta in e d  fro m  0 .7 2  to  1 .1  m g  o f  c h e m i
sorb ed  w a ter p er  g ra m  o f  o x id e . S im ila r  sp ec tra  w ere o b 
ta in e d  fro m  sa m p le s  c o n ta in in g  v a rio u s a m o u n ts  o f  c h e m 

iso rb ed  w ater .
T a b le  II s u m m a r iz e s  th e  resu lts  o f  th is  s tu d y  a n d  sh ow s  

th e  lo c a tio n  o f  th e  w a ter d eso rp tio n  p e a k s . A l l  o f  th e  d e 
so rp tio n  re su lts  sh ow  on e  sp ec ies  to  be d eso rb e d  in  th e  
te m p e ra tu re  ran ge  fro m  100  to  1 5 0 ° w h ile  a  seco n d  sp ec ies  
w a s re m o v e d  b e tw ee n  3 0 0  a n d  3 5 0 ° .

T h e  to ta l c h e m iso rb e d  w a ter re m o v e d  fro m  th ese  s a m 
p le s  v a rie d  fro m  a b o u t  0 .7 2  to  1 .1 5  m g /g  a n d  w a s a sso c i
a te d  w ith  b o th  a d so rb e d  sp ec ies . S in c e  th e  p e a k  h e ig h t o f  
e a c h  sp ec ies  is p ro p o rtio n a l to  th e  to ta l w ater rem o ved

(14) R. W. Loser, C. A. Chambers, and E. D. Ruby, RFP-1400, “Time
sharing Fortran Program for the Dynamic Analysis of Gases by 
TOF Mass Spectrometry," The Dow Chemical Co., Rocky Flats Di
vision, Golden, Coloradc, 1969.
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TABLE li: Analysis of Thermal Desorption Spectra for H20 Adsorbed on Pu02

Maximum desorption

Species I Species II

Run ffo. mg/g ß, °C/sec 7m. °K Rate, cm3/sec

FD -A 0.72 0.073 371 1.5 X  1 0 -3

FD -B 1.15 0.161 378 4.5 X  1 0 ~ 3

FD -C 0.99 0.363 393 8.0 X  IO “ 3

F D -D 0.72 0.498 398 7.5 X  1 0 -3

Tm, °K Rate, cm3/sec

598 1.2 X  1 0 -3
601 3.5 X  1 0 - 3
613 6.9 X  1 0 “ 3
618 7.4 X  1 0 '3

TEMP., “C

Figure 4. Thermal desorption spectra of water chem isorbed on 
plutonium dioxide.

d u rin g  th e  ru n , th e  a p p ro x im a te  a m o u n t o f  w ater a d 
sorb ed  in  e a ch  p h a se  c a n  be c a lc u la te d . T a b le  III sh ow s  
th e  a p p ro x im a te  a m o u n ts  o f  w ater ad so rb ed  as sp ec ies  I 
a n d  II a n d  th e  re la tiv e  su rfa ce  coverage  for e a ch  sp ecies. 
T h e  ra tio  o f  th e  w ater ad so rb ed  as sp ec ies  I to  th a t  a d 
sorb ed  a s  sp ec ies  II va ried  fro m  1 to  1 .3 . T h e  fa c t  th a t  th e  
re la tiv e  su rfa ce  co vera ges w ere greater th a n  1 .0  for e a ch  
sp ec ies  is a ttr ib u te d  to  tw o p ro b a b le  ca u ses : (1 )  so m e  o f  
th e  w ater w as b e in g  a d so rb e d  in  th e  n e x t m o le c u la r  layer , 
a n d  (2 )  v a ria tio n s in  th e  su rfa ce  area o f  th e  in d iv id u a l  
sa m p le s  d u e  to  th e  su rfa ce  area b e in g  m e a su red  on  th e  
b u lk  s a m p le .

A n o th e r  illu str a tio n  o f  th e  tw o -p h a se  a d so rp tio n  o f  
w a ter is sh ow n  in  F igu re  5 . T h e s e  sp ec tra  w ere o b ta in e d  
b y  th e r m a lly  d eso rb in g  w ater fro m  a sa m p le  over th e  t e m 
p eratu re  ra n ge  fro m  100  to  9 0 0 °  a n d  th en  co o lin g  th e  
sa m p le  to  ro o m  te m p e ra tu re  w h ile  s till u n d er v a c u u m . T h e  
d eso rp tio n  p ro cess w as th e n  re p ea te d  a se c o n d  tim e  over  
th e  s a m e  te m p e ra tu re  ra n g e . B o th  a d so rb e d  sp ec ies ap p ea r  
to  b e  d eso rb e d  a t  a h igh er te m p e ra tu re  th a n  th e  c o m p a ra b le  
o n e s sh o w n  in F igu re 4 . T h is  is th e  re su lt o f  a 1 -¡i p a rticu la te  
filter  w h ich  w a s  u se d  to  co n ta in  th e  ra d io a ctiv e  c o n ta m in a 
tio n . T h is  filter  re ta rd ed  th e  flo w  in to  th e  m a ss  sp e c tro m e 
ter th u s  p ro d u c in g  T m v a lu e s  w h ich  w ere a b n o r m a lly  h igh  
a n d  d ec re a sin g  th e  sp ec tra l re so lu tio n . N e v e rth e le ss , th ese  
d a ta  still  p ro v id e  q u a lita t iv e  co m p a riso n s.

T,°C

Figure 5. Run 1, thermal desorption spectrum of water chem i
sorbed on plutonium dioxide. Run 2, thermal desorption spec
trum of water readsorbed on plutonium dioxide which had been 
heated under vacuum  to 900°.

A ll  o f  th e  w ater ad so rb ed  as sp ec ies  I w as re m o v e d  d u r 
in g  th e  first d eso rp tio n  ru n . T h e  stro n g ly  b o u n d  w a ter a d 
so rb ed  as sp ec ies  II a lso  ap p ea re d  to  be  c o m p le te ly  re 
m o v e d  d u rin g  th e  first ru n . H o w e v e r , w h en  th e  seco n d  run  
w as m a d e , d eso rp tio n  sp e c tru m  2 sh ow n  in F igu re  5  w as  
o b ta in e d  in d ic a tin g  so m e  rea d so rp tio n  o f  sp ec ies  II. T h is  
is in d ic a tiv e  o f  a  very  rea ctiv e  p lu to n iu m  d io x id e  su rfa ce  
b ein g  fo rm e d  d u rin g  th e  h ig h -te m p e r a tu re  e v a c u a tio n . 
W h e n  th e  sa m p le  w as co oled  tra c es  o f  w ater in th e  re s id u 
a l gas w ere rea d so rb ed  as sp ec ies  II. S u c h  a d so rp tio n  
u n d er v a c u u m  h a s  a lso  b e e n  o b serv e d  in th e  ca se  o f  th o r i
u m  o x id e .15

T h e  a c tiv a tio n  en ergy  o f  d eso rp tio n  for e a c h  o f  th e  tw o  
C h em isorb ed  sp ec ies  sh ow n  in F igu re  4  w as c a lc u la te d

(15) E. L. Fuller, Jr., H. F. Holmes, and C. H, Secoy, J. P hys. C h em ., 
70, 1633 (1966).
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TABLE III: Surface Coverage of Chemisorbed Species

Run
Total chemisorbed 

water, mg/g

Species I

Adsorbed 
water, mg/g

Relative surface 
coverage

Species II

Adsorbed 
water, mg/g

Relative surface 
coverage

FD-A
FD-B
FD-C
FD-D

0.72
1.15
0.99
0.72

0.41
0 .66
0.53
0.36

1.3
2.1
1.7
1.2

0.31
0:49
0.46
0.36

1.0
1.6
1.5
1.2

STEP I: AH = 68 kcal/mola

\  / ' “ s  __
Pu Pu + HgO ■

• v ?

" 'P u ^  " P U ^

STEPH: AH= 20 kcal/mole

OH OH
I I

-P u  -  Pu -  +  H20

H - o - H

H H
0  0
1 I

— Pu — Pu —

OH OH 
► I I 
—  Pu— Pu-

IOOO/Tm

Figure 6. Activation energies for the desorption of chemisorbed 
water from plutonium dioxide.

u sin g  e q  4  for a first-o rd e r  rea ctio n  a n d  eq  3 for a se c o n d - 
order re a c tio n . T h e  b e s t  f it  o f  th e d a ta  w a s o b ta in e d  fro m  
th e  first-o rd e r  e q u a tio n . A  p lo t o f  eq  4  for th e  tw o  sp ecies  
is sh ow n  in  F ig u re  6 . F o r  th e  first d eso rb ed  sp ec ies  th e  a c 
tiv a tio n  en ergy  o f  d eso rp tio n  w as c a lc u la te d  fro m  a le a s t -  
sq u a res f it  o f  th e  d a ta  a n d  fo u n d  to  b e  20  k c a l /m o l  a n d  
th e  p re ex p o n e n tia l k in e tic  fa cto r  w a s e q u a l to  4  x  10® 
sec  1. T h is  o b serv e d  v a lu e  is s o m e w h a t less  th a n  th a t  c a l

c u la te d  fro m  tra n sitio n  s ta te  th e o r y . H o w e v e r, it  is p r o b a 
b ly  m o re  re a listic  s in ce  it  w a s d e te r m in e d  fro m  e x p e r i
m e n ta l d a ta . T h is  a lso  te n d s  to  su g g e st th a t  th is  sp ec ies is 
n o t c h e m iso rb e d  in  th e  str ic te s t  sen se  o f  th e  w ord.

In  th e  ca se  o f  th e  se c o n d  d eso rb e d  sp ec ies th e  a c tiv a tio n  
en ergy o f  d eso rp tio n  w as c a lc u la te d  to  b e  68  k c a l /m o l .  
T h e  p re ex p o n e n tia l k in e tic  fa c to r  w a s e q u a l to  4  X  1012 
s e c - 1 . B o th  o f  th ese  v a lu e s  are ty p ic a l o f  a  c h e m iso rb e d  
sp ec ies .

Mechanism of Water Adsorption. R e su lts  fro m  th e  
g ra v im etric  a n d  th e r m a l d eso rp tio n  s tu d ie s  h a v e  sh ow n  
w ater to  b e  d eso rb e d  fro m  p lu to n iu m  d io x id e  in th ree  d if 
feren t s te p s . T h is  is in terp reted  as b e in g  in d ic a tiv e  o f  
th ree  a d so rb e d  sp ec ies  in v o lv in g  tw o  or th ree  d ifferen t  
ty p e s  o f  b o n d s . A d so rp tio n  o f  th ese  sp ec ies is th e  re su lt o f  
a c o m b in a tio n  o f  p h y s ic a l a n d  c h e m ic a l a d so rp tio n  p ro 
cesses. P o sit iv e  id e n tific a tio n  o f  e a c h  sp ec ies  h a s  n o t b een  
m a d e . H o w e v e r , on  th e  b a sis  o f  th is  in v estig a tio n  a n d  th e  
co n clu sio n s re a ch e d  b y  oth er w ork ers7 4 6 ,1 7  th e  th r e e -ste p  
a d so rp tio n  m e c h a n is m  sh ow n  in  F igu re  7 ca n  b e  p ro p o sed .

Step I. Chemisorption. T h e  in titia l s te p  (in  te rm s o f  d e 
sorp tion  th is  is sp ec ies  H ) in v o lv e s  th e  a d so rp tio n  an d  d is 
so c ia tio n  o f  th e  w a ter m o le c u le  to  fo rm  tw o  a d so rb e d  h y 
d ro xyl g rou p s. T h is  p ro cess occu rs v e ry  ra p id ly  on  a c lean  
p lu to n iu m  d io x id e  su rfa ce  w h ich  is ty p ic a l o f  n o n a c t iv a t-  
ed  c h e m iso rp tio n . T h e  h e a t  o f  a d so rp tio n  ca n  b e  a ssu m e d

STEP HI: AH = 10 kcal/mole

H H

X

? 0 + 2H20 -
—  Pu —  Pu —

\  /
0

H H
\ /,1o._

H H
0 0
I I 

— Pu—  Pu —

H

Figure 7. Proposed mechanism for the adsorption of water on 
plutonium dioxide.

to  b e  e q u a l to  th e  a c tiv a tio n  en ergy  o f  d eso rp tio n  for 
sp ecies II. F or th is  h y d r o x y la tio n  s te p  th is  is 6 8  k c a l /m o l .  
T h is  v a lu e  is c o m p a ra b le  to  th e  6 0  k c a l /m o l  o b served  b y  
U s tin o v  an d  Io n o v 18 for th e ir  @2 a d so rb e d  p h a se  o f  w ater  
on tu n g ste n .

Step II. Quasi-Chemisorption. T h e  se c o n d  ste p  in  th e  
c h e m iso rp tio n  p ro cess in v o lv es  a sp ec ies w h ich  is n o t to o  
stro n g ly  b o u n d . T h e  m o s t  lik ely  c a n d id a te  for th is  ty p e  o f  
a d so rp tio n  is a w ater m o le c u le  h e ld  b y  a h yd ro g en  b o n d  
b e tw ee n  th e  o x y g en  o f  th e  w a ter m o le c u le  a n d  th e  h y d ro 

gen  a to m s  o f  th e  su rfa ce  h y d ro x y l g rou p s. W a te r  ad so rb ed  
in  th is  m a n n e r  m a y  e ith er b e  s in g ly  or d o u b ly  h y d rogen  
b o n d e d  to  u n d er ly in g  su rfa ce  h y d r o x y ls . I f  th e  m o le cu le s  
are d o u b ly  b o n d e d , th e  m a x im u m  n u m b e r  w h ich  c o u ld  b e  
a d so rb e d  in  th is  m a n n e r  w o u ld  e q u a l th e  n u m b e r  o f  m o le 
cu les  a c tu a lly  c h e m iso rb e d . S in g le  h yd ro g en  b o n d s  w ou ld  
a llo w  tw ice  as m a n y  w ater m o le c u le s  to  b e  q u a s i-c h e m i

so rb ed .
A  rou gh  c o m p a riso n  o f  th e  a m o u n t o f  w a ter a d so rb e d  as  

sp ec ies  I a n d  II in d ic a te s  th a t  the' ra tio  o f  c h em iso rb ed  
w ater m o le c u le s  to  h y d rogen  b o n d e d  m o le c u le s  is 1 :1  as

(16) T. Morimoto, M. Nagao, and F. Tokuda, J. Phys. C h em ., 73, 243 
(1969).

(17) H. F. Holmes, E. L. Fuller, Jr., and C. H. Secoy, J. P hys. C h em .. 
72, 2095 (1968).

(18) Yu. K. Ustinov and N. I. Ionov, P h en o m en a  loniz. G a s e s , Int. 
C on f., Contrib. P ap ., 8th, 1967, 2 , 6, 4 (1967).
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req u ired  fo r  d o u b le  h yd rogen  b o n d in g . T h e  h e a t o f  a d 
so rp tio n  fo r  th is  s te p  ca n  b e  a p p ro x im a te d  b y  th e  a c t iv a 
tio n  en erg y  o f  d eso rp tio n  o f  sp ec ies  II o f  a b o u t  20  k c a l /  
m o l. T h is  v a lu e  is th e  sa m e  as th a t  rep orted  b y  U st in o v  
a n d  Io n o v 18 for th e ir  d i  w ater sp ec ies  a d so rb e d  on  tu n g 
s te n . I t  is a lso  s im ila r  to  th e  19  k c a l /m o l  rep orted  b y  
H o lm e s , e t  a l . ,17 for th e  h e a t o f  a d so rp tio n  en co u n te re d  in  
th e  h y d r o x y la tio n  o f  th o r iu m  d io x id e .

Step III. Physisorption. T h e  fin a l s te p  in  th e  a d so rp tio n  
o f  w ater v a p o r  is th e  a c tu a l p h y siso rp tio n  o f  w a ter m o le 
c u le s  on  a w a te r  co vered  p lu to n iu m  d io x id e  su rfa ce . In te r 
a c tio n s in  th is  s te p  are p rim a rily  b e tw ee n  w a ter m o le 
c u le s . T h e  h e a t  o f  a d so rp tio n  for th is  ste p  w as n o t d e te r 
m in e d , h ow ever, it sh o u ld  a p p ro x im a te  th e  h e a t  o f  l iq u e 

fa c tio n  o f  w ater .

S u m m a r y  a n d  C o n c lu s io n s

G r a v im e tr ic  a n d  th e r m a l d eso rp tio n  stu d ie s  h a v e  il lu s 
tr a te d  th e  c o m p le x ity  o f  th e  w ater a d so rp tio n  p ro cess . 
T h e r m a l d eso rp tio n  sp ec tra  sh o w ed  w ater to  b e  c h e m i
sorb ed  as tw o  d iffe re n t sp ec ies w ith  d iffe re n t b in d in g  
en ergies. H y d r o x y la tio n  o f  th e  ox id e  su rfa ce  to o k  p la c e  
w ith  a h e a t  o f  a d so rp tio n  o f  68  k c a l /m o l  w h ile  c h e m iso rp 
tio n  on  th e  h y d r o x y la te d  su rfa ce  to o k  p la c e  w ith  a h e a t  o f  
a d so rp tio n  o f  2 0  k c a l /m o l .  A  sin g le  p h y siso rp tio n  p ro cess  
a c c o m p a n ie d  th e  tw o  c h e m iso rp tio n  p ro cesses .
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O x y g e n -c o n ta in in g  p ro d u c ts  in  th e  ra d io ly sis  o f  c y c lo h e x a n e  so lu tio n s  o f  N 2O  h a v e  b e e n  q u a n tita tiv e ly  
m e a su red  a n d  fo u n d  to  be  H 20  a n d  c - C e H n O H , d en o te d  b y  R O H . T h e  y ie ld  o f  R O H , m o s t  o f  w h ic h  is 
H 20 ,  is in good a g re e m en t w ith  th a t  o f  N 2. T h is  f in d in g  sh ow s th a t  th e  d e c o m p o sit io n  o f  N 20  in  liq u id  
cy clo h e x a n e  fin a lly  le a d s  to  N 2 a n d  R O H  w ith  th e  ra tio  o f  one to  o n e . A  fu rth er s tu d y  o f  th e  co rrelation  
o f  th e  n itrog en  y ie ld  w ith  th e  d e c re m e n t in  th e  h yd ro g en  y ie ld  h as b een  m a d e  in  order to  e s tim a te  th e  
n itrog en  y ie ld  p er e lectro n  ca p tu re d  b y  N 20 .  P o ssib le  p ro cesses on  th e  d e c o m p o sit io n  m e c h a n is m  o f  N 20  
in  th e  ra d io ly sis  o f  cy c lo h e x a n e  so lu tio n s  are d isc u sse d .

In tr o d u c t io n

N itr o u s  oxid e  h as rece iv ed  m o re  a tte n tio n  th a n  an y  
oth er so lu te  a m o n g  e lectro n  sca v en g ers , p a r tic u la r ly  b e 
ca u se  o f th e  co m p a ra tiv e  ease  w ith  w h ich  th e  n itrog en  
fo rm ed  c a n  b e  m e a su r e d . T h e  fo rm a tio n  o f  N 2 fro m  c y c lo 
h e x a n e  so lu tio n s  o f  N 20  h a s  b e e n  s tu d ie d  b y  m a n y  
g ro u p s .1 T h e  re su lts , h ow ever, c a n n o t a lw a y s  b e  in terp ret
ed  so le ly  in  te rm s o f  e lectro n  c a p tu re . T h e  d iff ic u lty  in  in 
terp retin g  th e  re su lts  arises fro m  th e  fa c t  th a t  th e  o b 
served  y ie ld  o f  N 2 is m u c h  g reater th a n  th e  e x p e c te d  y ie ld  
o f  e lectro n  in  th e  ra d io ly sis  o f  liq u id  c y c lo h e x a n e  a n d  a lso  
fro m  th e  fa c t  th a t  th e  o v erall s tu d y  on  th e  fo rm a tio n  o f  
o x y g e n -c o n ta in in g  p ro d u c ts  a fter  th e  d e c o m p o sit io n  o f  
N 2O  h a s n o t b e e n  e s ta b lish e d  y e t .

A s  th e  o x y g e n -c o n ta in in g  p ro d u c ts , th u s  fa r , th e  fo r m a 
tio n s o f  c -C 6H h O H 2j4 a n d  H 20 5 w ere rep orted  in th e  c y -  
c lo h e x a n e -N 20  s y s t e m .6-8  T h e  y ie ld  o f  c - C 6H n O H ,  w h ich  
o c cu p ie d  o n ly  a few  p er ce n t o f  th e  e x p e c te d  y ie ld  o f  o x y 
g e n -c o n ta in in g  p ro d u c ts , w a s m e a su red  q u a n tita t iv e ly .3 
T h e  y ie ld  o f  H 20 ,  h ow ever, h a s  sca rce ly  b e e n  k n o w n . In  
th e  p re sen t s tu d y , th e  m e a su r e m e n ts  o f  H 20  a n d  oth er  
o x y g e n -c o n ta in in g  p ro d u c ts  in  th e  ra d io ly sis  o f  c y c lo h e x 
an e  so lu tio n s o f  N 2O  h a v e  b e e n  a c c u ra te ly  ca rried  o u t .9 '10
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F u rth er , a n  a t te m p t  h as b e e n  m a d e  on  th e  co rrela tio n  
o f  th e  n itrog en  y ie ld  w ith  th e  d e c re m e n t o f  th e  h y d ro g e n  
y ie ld  u p o n  th e  a d d itio n  o f  N 20  in  th e  ra d io ly s is  o f  liq u id  
c y c lo h e x a n e . A s s u m in g  th a t  e lectro n  sca v e n g e rs  d ep ress  
th e  h yd ro g en  y ie ld  fro m  liq u id  c y c lo h e x a n e  b y  a n  a m o u n t  
a p p ro x im a te ly  e q u iv a le n t to  th e  y ie ld  o f  sc a v e n g e d  e le c 
tr o n s , 1 1  on e  ca n  e s tim a te  th e  n itrog en  y ie ld  p er e lectro n  
ca p tu re d  b y  N 20 .
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T h e  resu lts  w ill b e  u se fu l for tine u n d e r sta n d in g  o f  th e  
d e c o m p o sit io n  m e c h a n is m  o f  N 2 C  in  th e  ra d io ly sis  o f  c y 
cloh ex an e  so lu tio n s .

E x p e r im e n t a l  S e c t io n

P h illip s  R e sea rc h  grad e cy c lo h e x a n e  w as u sed  as s u p 

p lie d . S in c e  th e  G v a lu e  o f  h yd ro g en  d id  n o t ch a n ge  w ith 
in e x p e r im e n ta l errors b y  th e  ch r o m a to g ra p h e d  tr e a tm e n t  
o f th e  cy c lo h e x a n e  on  s ilic a  g el, fu rth er p u rific a tio n  w as  
n ot m a d e . Im p u rit ie s  o f  less  th a n  0 .0 1 %  in th e  c y c lo h e x 

an e, a b o u t h a lf  o f  w h ich  w as 2 ,4 -d im e th y lp e n ta n e , w ere  
d etec te d  b y  gas c h r o m a to g ra p h y  w ith  a  f la m e  io n iza tio n  
d etec to r . C y c lo h e x e n e  a n d  oth er o le fin s  w ere n o t d e te c te d . 
N itro u s ox id e  su p p lie d  b y  T a k a c h ih o -S h o ji  C o . w a s th o r 
ou g h ly  d eg a sse d  a n d  sto red  u n d er  v a c u u m  th ro u g h  a 
— 1 2 0 ° co ld  tra p .

T h e  cy clo h e x a n e  w a s c o m p le te ly  d e h y d ra te d  b efo re  ir
ra d iation  b y  u sin g  liq u id  N a - K  alloy  u n d er  v a c u u m . In  
th e cy c lo h e x a n e , c y c lo h e x e n e  an d  oth er o le fin s w ere again  
a b sen t. T h e  ga s c h r o m a to g ra m  sh ow ed  th e  sa m e  im p u r i
ties as in th e  ca se  o f  n o n d e h y d r a te d  c y c lo h e x a n e .

T h e  d e h y d ra te d  c y c lo h e x a n e  so lu tio n  o f  N 2O  w as sea led  
in vacuo in to  a s m a ll  s a m p lin g  g la ss  tu b e  (a b o u t 2 .5  m l)  
w ith  a b rea k a b le  se a l. T h e  c o n c e n tra tio n  o f  N 2O  at room  
tem p e ra tu re  w a s c a lc u la te d  b y  u sin g  th e  O stw a ld  a b so r p 

tio n  c o effic ie n t o f  2 .6 2 .5 S p e c ia l c a u tio n  w as u sed  in order  
to  a v o id  th e  c o n ta m in a tio n  o f  th e  sa m p le s  w ith  H 2O .

T h e  sa m p le s , 2 m l o f  th e  c y c lo h e x a n e  w ith  v a rio u s co n 
cen tra tio n s o f  N 2O , w ere irra d ia te d  b y  60C o  7  ra ys to  a 
to ta l dose o f  8 .8 - 9 .2  x  10 19  e V /g  a t ro o m  te m p e ra tu re . In  
c a lc u la tin g  th e  d o se , G (F e 3 + )  =  1 5 .6  w as u se d  in F ricke  
d o sim e try .

T h e  p ro d u c ts  n o t co n d e n sa b le  a t  th e  te m p e ra tu re  o f  l iq 
u id  n itrog en  w ere m e a su red  b y  a ga s b u ret a tta c h e d  to  a 
T o e p le r  p u m p  a n d  a  c o p p er o x id e  fu rn a ce  k e p t a t  2 5 0 ° . 
T h e  c o m p o sitio n  o f  th e  n o n c o n d e n sa b le  ga ses after th e  re 

m o v a l o f  H 2 th ro u g h  th e  fu rn a ce  w a s m a ss  sp e c tro m e tr i-  
c a lly  c o n firm e d  to  b e  n itro g en  a n d  a tra c e  o f  m e th a n e . N i 
trogen  co u ld  n o t b e  d e te c te d  in th e  ra d io ly sis  o f  c y c lo h e x 

ane sa m p le s  n o t c o n ta in in g  N 2O .
A fte r  th e  m e a su r e m e n ts  o f  N 2 a n d  H 2 y ie ld s  an d  th e  re 

m o v a l o f  re m a in in g  N 2O  u sin g  a - 1 2 0 ° co ld  tra p , a ll th e  
m ix tu re  c o n d e n sa b le  a t  - 1 2 0 ° w a s co lle c te d  a n d  sea led  
in to  th e  p re p a re d  g la ss  tu b e  w ith  a c le a n  liq u id  N a - K  
a llo y . T h e  to ta l y ie ld s  o f  H 2O  a n d  a lc o h o ls , d e n o te d  b y  
R O H , w ere c a lc u la te d  s to ic h io m e tr ic a lly  on  th e  b a sis  o f  
th e  h yd ro g en  y ie ld  p ro d u c ed  b y  th e  re a ctio n  w ith  N a - K  
a llo y . G r e a t c a u tio n  w as a g a in  u se d  for th e  a n a ly sis  o f  
R O H  c o n ta in in g  th e  m a in  p ro d u c t, H 2O , b y  th e  m e th o d  
d escrib ed  e lse w h ere .12

O th e r  p ro d u c ts  in  th e  so lu tio n  w ere a n a ly z e d  b y  a  gas  
ch ro m a to g ra p h  w ith  a f la m e  io n iz a tio n  d etec to r  u sin g  a  
6 .0 -m  d im e th y ls u lfo la n e  c o lu m n  a t  3 0 °  a n d  a 0 .7 5 -m  p o ly 
e th y le n e  g ly co l 6 0 0  c o lu m n  a t 1 0 0 °.

R e s u lt s  a n d  D is c u s s io n

F igu re  1 sh ow s th e  y ie ld  o f  o x y g e n -c o n ta in in g  p ro d u c ts  
to geth er w ith  th e  y ie ld s  o f  H 2 a n d  N 2 in  th e  ra d io ly sis  o f  
cy clo h e x a n e  so lu tio n s o f  N 2O . T h e  y ie ld  o f  R O H , th e  to ta l  
yield  o f  H 2O  a n d  a lc o h o l, is e s t im a te d  to  b e  tw ice  th e  
yie ld  o f  H 2 p ro d u c ed  b y  th e  re a ctio n  w ith  N a - K  a llo y . 
T h e  re a c tio n  h a s  b e e n  ju stif ie d  sto ic h io m e tr ic a lly  b y  th e  
p rep ared  c y c lo h e x a n e  so lu tio n s  o f  c - C e H n O H  or H 2O . 
T h e  y ie ld  o f  H 20  is c a lc u la te d  fro m  th e  d ifferen ce  b e 
tw een  th e  y ie ld  o f  R O H  a n d  th a t  o f  c - C g H n O H  w h ich  is

Figure 1. Yields of H2(0 ) ,  N2(# ) ,  ROH(©), c-CeHnOH (O),
and H20 ( -------) from the cyclohexane solutions of N20. The yield
o f H20  Is  e s t im a t e d  b y  th e  d if f e r e n c e  b e t w e e n  th e  y ie ld  o f ROH 
a n d  th a t  o f c-C6 H n O H.

m e a su red  b y  ga s c h r o m a to g ra p h y . H 20  w as n o t d e tec te d  
before a n d  after irra d ia tio n  in th e  d e h y d ra te d  pu re c y c lo 
h e x a n e . T h e  gas c h r o m a to g ra m  d id  n o t rev ea l o th er o x y 
g e n -c o n ta in in g  p ro d u c ts , su ch  as a ld e h y d e s , k eto n e s , e tc .

T h e  h yd rogen  y ie ld  for pure c y c lo h e x a n e  is 5 .5 7  ±  0 .0 5  
b y  th e  average o f  5 .5 2 , 5 .5 5 , a n d  5 .6 3  at a d ose  o f  8 .8  x  
1019  e V /g .  In  a recen t p a p e r , 1 1  th e  o b serv e d  h yd rogen  
yie ld  o f  5 .6 0  w as rep orted  a t  a d o se  o f  a b o u t  1 X  10 19 e V /g  
an d  th e  e ffec t o f  C O 2 as  an  im p u r ity  in cy c lo h e x a n e  on  
th e  h yd rogen  y ie ld  w a s p o in te d  o u t . S in c e  cy c lo h e x a n e  in  
th e  p resen t e x p e r im e n t h as b een  p u rified  b y  u sin g  N a - K  
a llo y , im p u r itie s  su c h  as C O 2 , O 2 , a n d  H 20  in it ia lly  d is 
so lv ed  in th e  cy c lo h e x a n e  m a y  be e lim in a te d .13  T h e  in i
tia l y ie ld  o f  h yd rogen  sh o u ld  be ta k e n  5 .7 7  ±  0 .0 5  b y  th e  
co rrection 1 1  for th e  d ose  d ep e n d e n ce  o f  h y d ro g e n  y ie ld . 
T h is  v a lu e  is a tittle  larger th a n  th a t  rep o rted  earlier , 5 .6 7  
±  0 .0 5 .11

T h e  y ie ld  o f  R O H  is su rp risin g ly  in  go od  a g re e m en t  
w ith  n itro g en  y ie ld  a t  a ll c o n c e n tra tio n s  fro m  0 .6  to  0 .0 1  

m o l/1 . T h e  y ie ld  o f  c - C e H n O H  a t 0 .4  m o l/1 . o f  N 20  is 
a b o u t 0 .3 , w h ich  is o n ly  a few  per c e n t o f  th e  to ta l y ie ld  o f  
o x y g e n -c o n ta in in g  p ro d u c ts . T h e  y ie ld  o f  c - C e H n O H  a p 
p ro x im a te ly  agrees w ith  th a t  p re v io u sly  re p o rte d .3 T h e  
yie ld  o f  H 2O  w as m e a su red  as an  o x y g e n -c o n ta in in g  p ro d 
u ct in  th e  ra d io ly sis  of n -h e x a n e  so lu tio n  o f  N 2O , 7 in  
w h ich  th e  m e th o d  u sin g  L i A lH 4 w as a p p lie d . T h e  resu lt, 
h ow ever, in v o lv e s  large e x p e r im e n ta l errors a n d  th e  m e th 
od  its e lf  re m a in s  a p ro b le m  o f  sto ic h io m e tr ic a l re a c tiv ity .

A s  d esc rib e d  a b o v e , th e  y ie ld  o f  R O H , m o s t  o f  w h ich  is 
H 2O , is in  good a g re e m en t w ith  th a t  o f  N 2 . T h is  fin d in g  
sh ow s th a t  th e  d e c o m p o sit io n  o f  N 20  in  liq u id  c y c lo h e x 
an e  f in a lly  le a d s  to  N 2 e n d  R O H  w ith  th e  ra tio  o f  one to  
on e. P o ssib le  sc h e m e s  o f  R O H  fo rm a tio n  th ro u g h  ionic  
p ro cesses m a y  b e  d e d u c e d  a s  fo llo w s.

c - C 6H 12 e - c 6h 12+ +  e (1 )

e~ +  N 20  - ---------*- N 20 " (2 )

N , 0 "  +  c; -C 6H 12+  ^ n 2 +  O H +  c- C 6H u (3a )

n 2 +  h 2o +  c- C 6H io (3b )

n 2o -  + c - C 6H 12 •— n 2 +  O H ' +  C-C^H n (4 )

O H +  c- C 6H 12 *■ H 20  + C^CeHn (5)

O H - +  c- C 6H 12+  ■ a b + c- C 6H u (6 )

(12) K. Takeuchi, K. Shlnsaka, S. Takao, Y. Hatano, and S. Shida, Bull. 
Chem. Soc. Jap., 44, 2004 (1971).

(13) K. Ueno, K. Hayashi, and S. Okamura, J. Polym. Sci., Part B, 3, 
363 (1965); K. Tsuji, H. Yoshlda, and K. Hayashi, J. Chem. Phys., 
46, 810 (1967); K. Funabashi, C. Hebert, and J. L. Magee, J. Phys. 
Chem., 75, 3221 (1971).
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OH +  c-CsH» ^  c-C 6HuOH (7a)
^  cu-C6H10 +  H20  (7b)

The ion-molecule reaction (4) is not established conclu
sively, since the electron affinity of N2O is not yet known 
accurately. At present, however, this reaction seems to be 
possible.14 If both the neutralization (3a) or (3b) and the 
ion-molecule reaction (4) are possible, it may be rather 
difficult to decide which process is more important. The 
above scheme may explain the yields of N2 and ROH, at 
least arising from the electron scavenging, but not their 
yields in excess of the expected yield of electron. The ex
cess yields of N2 and ROH will be interpreted effectively 
as

N ,0  +  X —  > N, +  ROH (8)
c - L 6H 12

where X  might be intermediates other than N20~  or an 
electron which is captured by N 20  as shown in reaction 2. 
The intermediate X  is not determined here, but it must 
finally lead to the formation of N2 and ROH with the 
ratio of one to one.

A following attempt has been made in order to realize 
the relative importance of reactions 2 and 8 . The decrease 
in the hydrogen yield by the addition of N20  to cyclohex
ane has been considered,1’11 at least at lower concentra
tions, as a result of electron capture by N2O with subse
quent interference in the normal ion-electron recombina
tion.

e -  +  c-C 6H12+ —+  f  H2
e -  +  N20  — ► N ,(T  

N TT +  c-C6H12+ • — ■> f"  H, 
where / '  and / "  are the efficiencies of H2 formation. If hy
drogen is formed with unit efficiency ( / ' — f"  = l ) ,11 7  = 
G(N2) /(G (H 2)o ~ G(H2)) gives approximately the ratio of 
nitrogen and electron contributing to the electron sca
venging of N 2O. G(N2) is obtained by the correction for 
the direct radiolysis of N2O using G(N2) = 12.9,15 al
though its adequacy has not yet been certified. G(H2)o is 
estimated to be 5.73 ±  0..05 by the correction11 for the 
ionic part of dose effect on the hydrogen yield from pure 
cyclohexane at a dose of 8.8 X 1019 eV /g, and G(H2) is the 
observed hydrogen yield at this dose from the cyclohexane 
containing N 2O.

The ratio 7  in Figure 3 can be estimated by using the 
experimental results in Figure 2 where the yields of N2 
and H2 are shown as a function of Ns(N2 0 ), the mole 
fraction of N2O. The ratio 7  is larger than unity, which 
indicates, as is now generally recognized at least at the 
higher N2O concentrations, more than one N 2 is formed 
per electron captured. The ratio 7  seems to be approxi
mately constant, 1.6 , at all N2O concentrations, although 
it is not so clear at iVs(N20 )  < 10-S. Even in the lower 
concentration region it appears to be evident that 7  is 
larger than unity, which seems to be different from the 
previous suggestion.1-11 Because of the following reason, 
however, this conclusion in the lower concentration region 
might be unwarranted. The value of G(H2)o may be re
duced by the unknown impurities in the cyclohexane if 
they had high reactivities for electrons or other precursors 
for hydrogen formation via neutralization. Assuming the 
ratio 7  at the lower N2O concentrations to be unity, one 
can estimate the value of G(H2)o to be more than about
5.9.

Various species will be considered as possible sources of

Figure 2. Yields of H2(0 ) ,  N2(• ), and ROH(O) as a function 
of N20  mole fraction. The corrected yield of N2(X ) for the di
rect radiolysis of N20  is also shown, taking G(N2) 0 =  12.915 for 
pure N20.

Figure 3. The 7  values, 7  = G(N2)/(G (H 2)0 -  G(H2)), as a 
function of N20  mole fraction.

the excess nitrogen in the radiolysis of cyclohexane solu
tions of N2O, that is, the intermediates X  in reaction 8 . 
Nitrous oxide has been generally recognized to be inert 
with respect to reactions with thermal hydrogen or alkyl 
radicals.1 The reaction with OH radical to produce N2 
may also be excluded, because this reaction seems to be 
very slow compared with reaction 5 .16 Excited cyclohex
ane may not be directly responsible for the formation of 
the excess nitrogen at least at lower concentrations of 
N20 .

Secondary reactions with N 20  of negative ion formed on 
electron capture by N20  have frequently been proposed to 
explain the excess nitrogen at higher N2O concentrations.1 
The secondary reaction of negative ion, however, could 
not easily explain the experimental results in the present 
study on the oxygen-containing products. The reaction of 
N 20 _ with N20  would be expected to produce N202- ,1 
which is the precursor of the excess nitrogen at higher 
concentrations of N20 . To explain the experimental result 
of oxygen-containing products the process

N2( V c-C6H12+or c-C6H12
N2 +  ROH

must be provided, and N20 2~ must exclusively give ROH 
as the oxygen-containing products. It seems rather diffi
cult to expect such a process. In the case of the secondary 
reaction of 0  , it also seems difficult to expect that the 
reaction of 0 2~ with c-C6H i2+ or c-CeHi2 exclusively
(14) S. Takao, Y. Hatano, and S. Shida, J. Phys. C h em ., 75, 3178 

(1971).
(15) M. G. Robinson and G. R. Freeman, J. P hys. C h em ., 72, 1394 

(1968).
(16) N. R. Greiner, J. C h em . P hys., 53, 1070 (1970); R. Simonaitis, J. 

Heicklen, M. M. Maguire, and R. A. Bernheim, J. Phys. C h em ., 75, 
3205 (1971).
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gives R O H  as o x y g e n -c o n ta in in g  p ro d u c ts . K e to n e s  or 
other o x y g e n -c o n ta in in g  p ro d u c ts  m ig h t be  p ro d u c ed  in  
such  a p ro cess. E s p e c ia lly  a t  low er co n ce n tra tio n s it also  
se em s d iffic u lt to  a ssu m e  th a t  N 2O -  or O -  rea cts  p re 
d o m in a n tly  w ith  N 2O  itse lf. T h e  rate  o f  th e  re a ctio n  b e 

tw een  O -  a n d  n -C i H io  in th e  g a s -p h a se  is 1 .2  X  1 0 - 9  c m 3 
m o le c u le - 1  s e c - 1 .17 I f  we ta k e  th is  v a lu e  for th e  rate o f  
rea ctio n  4  a n d  a ssu m e  th e  excess  n itro g en  a t  low er c o n 
cen tra tio n s o f  N 2O  to  be d u e  to  th e  se c o n d a ry  rea ctio n  o f  
N 2O -  w ith  N 2O , th e  rate  o f  th is  se co n d a ry  rea ctio n  
sh ou ld  be a t  lea st a b o u t  104 tim e s  as large as th a t o f  re a c 
tio n  4 . T h u s  th e  p o ss ib ility  o f  th e  e x ce ss  n itro g en  fo r m a 

tio n  via se co n d a ry  rea ctio n s o f  n eg a tiv e  ion s w ith  N 2O  
m a y  be e x c lu d e d  at le a st a t low er c o n c e n tra tio n  o f  N 2O .

O th e r  p o ssib ilitie s  for th e  fo rm a tio n  o f  th e  excess  n itro 
gen , su ch  as the role o f  p o sitiv e  io n s, e lectro n s w h ich  c a n 
n ot be ca p tu red  b y  N 2O , e tc ., sh o u ld  a lso  b e  e x a m in e d  in  
d eta il.

Acknowledgment. T h e  au th ors w ish  to  th a n k  P rofessor
S . S h id a  a n d  D r . S . S a to  for v a lu a b le  su g g e stio n s .

(17) D. K. Bohme and F. C. Fehsenfeld, Can. J. C h em .. 47, 2717 
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T h e  ra d io ly sis  o f  a q u eo u s so lu tio n s o f  n itro b en z e n e , ch lo ro b en ze n e , a n d  to lu en e  w as in v e stig a te d . T h e  
e ffec t o f  O 2 a n d  N 2O  on  th e  iso m er d istr ib u tio n  w as s tu d ie d . In  p resen ce  o f  O 2 a s u b s ta n tia l in crease  in  
th e  y ie ld  o f  p h en o ls  w as o b served  as e x p ec te d  for a h o m o ly tic  su b st itu t io n . O u r  resu lts  in d ic a te  a se le c 
t iv ity  in  th e  d isp ro p o rtio n a tio n  s te p . E v id e n c e  is p resen ted  for th e  fo rm a tio n  o f p -n itr o p h e n o l b y  a m e c h 
a n ism  in v o lv in g  th e  n itro b en zen e  a n ion  ra d ic a l. A  ch a n ge  in iso m er d istr ib u tio n  o f n itro p h e n o ls  in p res
en ce o f  N 2O  as c o m p a re d  to  d ea era ted  or o x y g e n a te d  so lu tio n s in d ic a te s  th e  in v o lv e m e n t o f  a m ore n u 
c le o p h ilic  sp ec ies  lik e  O -  or N 2O -  in  th e  h y d ro x y la tio n  re a ctio n . In  th e  case  o f  ch lo ro b en ze n e  p h en o l 
w as fo rm e d  in a d d itio n  to  th e  c h lo ro p h e n o ls . In  d ea era ted  to lu en e  so lu tio n s N 2O  p ro d u c ed  a th re e - to  
fo u rfo ld  in crease in th e  to ta l y ie ld  o f  su b s t itu te d  p h en o ls , b u t  n o  ch a n ge  in  iso m er d istr ib u tio n  w as o b 
serv ed . O n  th e  oth er h a n d , O 2 p ro d u c ed  a s ig n ific a n t ch a n ge  in  iso m er d istr ib u tio n  p a r tic u la rly  in the  
ca se  o f  to lu e n e . T h e  ra tio  o f  G ( b ib e n z y l ) :G ( t o t a l  creso ls) w as fo u n d  to  increase in go in g  fro m  an  argon - 
sa tu ra te d  to  N 2 0 -s a t u r a t e d  so lu tio n  o f  to lu e n e . T h is  in d ic a te s  th e  in v o lv e m e n t o f  a n u c le o p h ilic  sp ecies  
like O -  or N 2O - . E v id e n c e  for a d ire c t d is p la c e m e n t o f  ch lorin e  b y  O H  ra d ica l is p re se n te d . T h e  ex p er i
m e n ta l re su lts  are in terp reted  on  th e  b a s is  o f  S C F - M O  ( C N D O -2  a n d  I N D O )  c a lc u la tio n s .

A  large a m o u n t o f  w ork  on  ra d ia tio n -in d u c e d  h y d r o x y l
ation  o f  a r o m a tic  c o m p o u n d s  h a s  a p p ea re d  in th e  lite ra 
tu r e .2 S ev era l w orkers h av e  re c e n tly  in v e stig a te d  th e  h y 
d ro x y la tio n  o f  n itro b e n z e n e ,3 b u t  n o q u a n tita tiv e  w ork on  
th e h y d ro x y la tio n  o f  ch lo ro b en ze n e  a n d  to lu en e  h as been  
carried  o u t.

W e  h ave  sta rte d  a p ro g ra m  on  r a d ia tio n -in d u c e d  h y 
d ro x y la tio n  o f  a series o f  a r o m a tic  c o m p o u n d s , a n d  w e are  
try in g  to  in terp ret ou r resu lts  on  th e  b a sis  o f  S C F -M O  
th eory .

E x p e r im e n t a l  S e c t io n

Materials. A ll  so lu tio n s  w ere p re p a re d  u sin g  tr ip ly  d is 
tille d  w ater as so lv e n t . N itr o b e n z e n e , ch lo ro b en z e n e , an d  
to lu en e  a n a ly tic a l re a g e n t grade w ere re d istille d  prior to  
u se . A rg o n , n itro g en , o x y g en , a n d  n itro u s ox id e  sa tu ra te d  
so lu tio n s w ere p rep a red  b y  b u b b lin g  th e  ga s th ro u g h  1 1. 
o f  tr ip ly  d istilled  w a ter for a b o u t 1 h r. T h e  gas w as in tro 
d u ced  b y  m e a n s  o f  a h y p o d e rm ic  n e ed le  in serted  th rou g h

a silico n e  sto p p e r . T h e  sa tu ra tio n  w as e n h a n c e d  b y  fre 
q u e n t sh a k in g . A fte r  sa tu ra tio n  th e  a r o m a tic  so lu te  w as  
in tro d u ce d  w ith  a H a m ilto n  syrin ge  a n d  d isso lv e d  b y  v ig 
orou s sh ak in g .

Irradiations. Irra d ia tio n s w ere ca rried  o u t w ith  a  60C o  
ro om  sou rce . T h e  d ose  rate w as d e te r m in e d  b y  F ricke  
d o sim e tr y  u sin g  a v a lu e  o f  1 5 .6  for G (F e 3 + ). T h e  d ose  rate  
w a s 0 .8 7 5  x  103 r a d s /m in  u n le ss  oth erw ise  in d ic a te d  in  
th e  ta b le s . S a m p le s  (1  1.) w ere u su a lly  irra d ia te d  for 30  
m in  or a m a x im u m  o f  1 hr. A ll  irra d ia tio n s w ere carried  
o u t in u n b u ffered  so lu tio n s  a n d  a so lu te  co n c e n tra tio n  o f

(1) (a) Presented at the Metrochem Meeting, April 30-May 3, 1971, 
San Juan, Puerto Rico. This work was part of a Ph.D. Thesis pre
sented by M. Yoshida, at the University of Sao Paulo, Brazil, 1971. 
(b) The Puerto Rico Nuclear Center is operated by the University of 
Puerto Rico for the U. S. Atomic Energy Commission under Con
tract No. AT-(40-1)-1833.

(2) E. J. Fendler and J. H. Fendler, Progr. Phys. Org. C h em ., 8, (1970).
(3) (a) R. W. Matthews and D. F. Sangster, J. Phys. C h em ., 71, 4056 

(1967); (b) J. H. Fendler and G. L. Gasowski, J. Org. C h em ., 33, 
1965 (1968).
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TABLE I: Yields of Nitrophenols in 4.9 X  10 3 M  Unbuffered Aqueous Nitrobenzene

Conditions“ G(total 0 2NC6H40H) G(ortho) G(meta) G(para)

Ar sat., 1 hr 0.65 0.16 (25.3%) 0.12 (18.9%) 0.37 (56.7% )

N 2 sat., 1 hr 0.77 0.18 (23.4% ) 0.14 (18.8% ) 0.45 (57.8% )

O 2 sat.,6 30 min 1.52 0.70 (46.0% ) 0.36 (23.6% ) 0.46 (30.4% )

0 2 sat., 30 m inc 1.33 0.59 (44.4%) 0.36 (27.4% ) 0.38 (28.2% )

0 2 sat., 1 hr 1.69 0.82 (48.5% ) 0.38 (22.6% ) 0.49 (28.9% )

N 20  sat.,d 30 m ine 1.49 0.70 (46.8%) 0.22 (14.5% ) 0.58 (38.6% )

N 20  sat.,0 1 hre 1.56 0.69 (44.3%) 0.28 (18.1%) 0.59 (37.6% )

N 20  sat.,d 30 min'' 1.36 0.64 (46.7%) 0.15 (11.3%) 0.57 (42.0% )

N 20  sat.Y  30 min® 1.17 0.50 (42.5%) 0.13 (12.5%) 0.53 (45.0% )

“ Dose rate 0.875 X 103 rads/min. 6 1 X  10“3 M. “Solution extracted after 1 day. d 2.0 X  10 2 M. 
solution left 1 day with NaOH. * Extracted 1 day after irradiation.

e Extracted immediately after irradiation. 1 Irradiated

4 .9  X  1 0 ~ 3 M  for n itro b en ze n e  a n d  ch lo ro b en ze n e  a n d  4 .7  
X  1 0 " 3 A i  for to lu e n e .

Analysis of Irradiated Nitrobenzene Solutions. T h e  irra
d ia te d  so lu tio n s w ere se p a ra te d  in tw o  p o rtio n s o f  5 0 0  m l  
e a c h . E a c h  p a rt w as m a d e  a lk a lin e  b y  a d d itio n  o f N a O H ,  
a n d  th en  th e  so lu tio n  w as ex tra c te d  w ith  1 0 0  m l o f  ether  
a n d  tw o  tim e s  w ith  50  m l o f  e th er. T h e  a q u eo u s  so lu tio n  
w as th en  a c id ifie d  w ith  H 2S O 4 a n d  e x tr a c te d  fiv e  tim e s  
w ith  5 0  m l o f  e th er. T h e  eth er ex tra c ts  w ere th e n  dried  
over N a 2S 0 4  a n d  su b se q u e n tly  c o n c e n tra te d  to  a b o u t 30  
m l. T h e n  30  m l o f  e th ereal d ia z o m e th a n e  so lu tio n s  (p re 
p ared  fro m  D ia z a ld , A ld r ic h  C h e m ic a l C o .)  w a s a d d ed  
a n d  th e  rea ctio n  m ix tu r e  w as a llow ed  to  s ta n d  for a b o u t  

4 8  hr. T h e  so lu tio n  w a s th en  co n c e n tra te d  to  10  m l an d  
a n a ly z e d  b y  v a p o r -p h a se  c h r o m a to g ra p h y  u sin g  a h y d ro 
gen  f la m e  d etec to r . T h e  c o lu m n  w as a 6  ft  b y  Ys in . s ta in 
less stee l c o lu m n  p a c k e d  w ith  d ie th y le n e  g ly co l su cc in a te  
( 1 0 % )  on C h ro m o so rb  W - A W  D M C S  1 0 0 -1 2 0  m e sh  (V a r -  
ian  A e r o g ra p h ). T h e  te m p e ra tu re  w as 1 75 ° a n d  th e  flow  
rate  w as 35  m l o f  N 2 /m i n .  U n d e r  th ese  co n d itio n s  good  
sep a ra tio n  o f  th e  iso m ers w as o b ta in e d . T h e  seq u e n ce  o f  
e lu tio n  w as m e ta , orth o , an d  p ara . T h e  a n a ly tic a l te c h 
n iq u e  w as ch e ck e d  severa l t im e s  w ith  sta n d a rd  a q u eo u s  
so lu tio n s o f  n itro p h e n o ls  an d  w as fo u n d  to  give  q u a n tita 
tiv e  recovery o f  th e  n itro p h e n o ls .

Analysis of Irradiated Chlorobenzene and Toluene Solu
tions. T h e  irra d ia ted  so lu tio n s w ere se p a ra te d  in to  tw o  
5 0 0 -m l  p o rtio n s . E a c h  p ortion  w as e x tr a c te d  on ce w ith  100  
m l o f  e th e r a n d  fou r tim e s  w ith  50  m l o f  e th e r . T h e  eth er  
ex tra c ts  w ere dried  over N a 2S 0 4  a n d  c o n c e n tra te d  to  10  

m l. T h e  a n a ly sis  w as carried  o u t b y  v a p o r -p h a se  c h r o m a 
to g ra p h y  u sin g  a h yd ro g en  f la m e  d etec to r . T h e  c o lu m n  
w as a 6 -f t  b y  Ys in . s ta in less  stee l c o lu m n  p a c k e d  w ith  d i
e th y le n e  g ly co l su c c in a te  (1 0 % )  on  C h ro m o so rb  W - A W  
D M C S  1 0 0 -1 2 0  m e sh  (V a ria n  A e r o g ra p h ). T h e  te m p e r a 
tu re w as 160° a n d  th e  flo w -ra te  w a s 22  m l o f  N 2 /m i n .  
U n d e r  th ese  co n d itio n s th e  m e ta  a n d  p a ra  iso m ers  co u ld  
n ot b e  se p a ra te d . In  order to  se p a ra te  th e  m- a n d  p -c h lo -  
ro p h en o l th e  eth er e x tr a c t w as a llo w ed  to  rea ct w ith  an  
eth erea l d ia z o m e th a n e  so lu tio n  (p rep a red  fro m  D ia z a ld , 
A ld r ic h  C h e m ic a l C o .) .  T h e  d ia z o tiz e d  so lu tio n  w as c o n 
ce n tra ted  an d  a n a ly z e d  b y  v a p o r -p h a se  c h r o m a to g ra p h y  
u sin g  a 1 5 0 -f t  c a p illa ry  c o lu m n  (0 .0 1 -in . d ia m e te r ) co a ted  
w ith  S ilic o n e  S F -9 6  (P e r k in -E lm e r  C o r p .) . T h e  te m p e r a 
tu re  w as 9 0 °  an d  th e  sp litt in g  w as su c h  th a t  o n ly  37c o f  
th e  in je c te d  l - p l  sa m p le  p a ssed  th ro u g h  th e  d e te c to r . T h e  
d etec to r  w as a h yd ro g en  f la m e  d ete c to r  a n d  th e  carrier gas  
w as n itro g en . T h e  m- a n d  p -c r e so l c o u ld  n o t be  se p a ra te d  
b y  th is  c a p illa r y  c o lu m n , nor c o u ld  th e  m e th o x y  d e r iv a 
tiv e s . T h e  ra tio  m -c r e s o l :p -c r e s o l  w as d e te r m in e d  b y  the

iso to p e  d ilu tio n  te c h n iq u e . 1 4 C -la b e le d  to lu e n e  ( 0 .5  m C i)  
w as d ilu te d  w ith  5 0  /d  o f  u n la b e le d  to lu en e  a n d  d isso lv e d  
in 1 0 0  m l o f  d ea era ted  or o x y g en a te d  w ater a n d  irra d ia te d  
for 1 hr a t  2 X  10 3 r a d s /m in . A fte r  irra d ia tio n  th e  so lu tio n  
w as se p a ra te d  in to  tw o p a rts  o f  50  m l e a c h . T o  o n e  p o r
tio n  3 g o f  m -c re so l a n d  to  th e  oth er p o rtio n  3 g o f  p -c r e so l  
w as a d d e d . T h e  so lu tio n s w ere m a d e  a lk a lin e  w ith  N a O H  
an d  e x tra c te d  fou r t im e s  w ith  25  m l o f  e th e r . T h e n  th e  
a q u eo u s p h a se  w as a c id ified  w ith  H 2S O 4 a n d  ex tra c te d  
eigh t tim e s  w ith  25  m l o f  e th er. T h e  eth er e x tr a c t w as  
dried  over N a 2S 0 4  an d  co n c e n tra te d . T h e n  3 .7 5  m l o f  
p h e n y liso c y a n a te , 0 .7 5  m l o f  p y r id in e , a n d  2 2 .5  m l o f  p e 
tro le u m  eth er ( 3 7 .5 -4 6 .8 ° )  w ere a d d e d . T h e  p h e n y lu re -  
th a n e  p re c ip ita te s  a n d  w as re cry sta llized  e ig h t t im e s  fro m  
C C I 4 ,  after w h ich  th e  a c tiv ity  o f  th e  sa m p le  re m a in e d  
c o n sta n t. T h e  ra tio  m e ta :p a r a  in argon  sa tu ra te d  s o lu 
tio n  w as fo u n d  to b e  627o m e ta  an d  387o p a ra . In  th e  o x y 
ge n a te d  so lu tio n  th e  ra tio  w as 66 .67o  m e ta  a n d  33.47o  
p a ra .

R e s u lt s

T h e  m a in  p ro d u c ts  w h ich  we m e a su red  w ere th e  iso 
m eric  p h e n o ls . T h e  sa m p le s  w ere irra d ia te d  w ith  a to ta l  
dose o f  2 6 .2  X  103 ra d s (3 0  m in ) or a m a x im u m  o f  5 2 .4  X  
103 ra d s (1  h r ). T h is  d ose  is low  e n o u g h  to  ren d er se c o n 
d ary  rea ctio n s in sig n ific a n t. T h e  G  v a lu e s  o f  th e  n itro p h e 
n ols  in th e  a b sen c e  a n d  p resen ce  o f  ox y g en  a n d  in N 2O -  
sa tu ra te d  so lu tio n s are su m m a riz e d  in  T a b le  I . A l l  ou r e x 
p e r im e n ts  w ere carried  o u t in d u p lic a te  a n d  tr ip lic a te  a n d  
w ere fo u n d  to  be rep ro d u cib le  w ith in  th e  lim its  o f  th e  a n 
a ly tic a l m e th o d  ( ± 5 7 o ) .  T h e  resu lts  a t  th e  low er d o se  are  
s o m e w h a t less a c c u ra te . In  th e  e x p e r im e n ts  w ith  a rg o n - 
sa tu ra te d  so lu tio n s o f  n itro b en ze n e  a ca re fu l se a rch  w as  
m a d e  for p h en o l, b u t  n on e  w as fo u n d . T h is  is in  a g ree 
m e n t w ith  th e  re su lts  o f  F en d ler  an d  G a so w sk i3b w ho  
fo u n d  p h en o l o n ly  a t  very h igh  d oses o f  10® ra d s . In  g en er
al our resu lts  are in  fa ir a g re e m en t w ith  th o se  o f  M a t 
th ew s a n d  S a n g ste r 30 a lth o u g h  w e fin d  c o n sid e r a b ly  h ig h 
er G v a lu e  for p -n itr o p h e n o l in th e  a b sen c e  o f  air in  a g ree 
m e n t w ith  th e  re su lts  o f  F e n d le r  a n d  G a s o w s k i .3b O u r  
G (o -n itr o p h e n o l)  is in  all cases h igh er th a n  th o se  rep orted  
b y  F e n d le r  a n d  G a so w sk i. T h is  is p r o b a b ly  d u e  to  our  
low er d ose  ra te , w h ich  w as fo u n d 30 to  in crease  th e  a m o u n t  
o f  orth o  iso m er . T h e  general tren d s are h ow ever in  good  
a g re e m en t w ith  p rev io u s resu lts .

T h e  G v a lu es  for ch lo ro p h en o ls  an d  p h en o l are sh o w n  in  
T a b le  II. A ll  ou r resu lts  are th e  av erag e  o f  a t  le a s t  tw o  
an d  m a n y  t im e s  th ree  or fou r d e te r m in a tio n s . T h e  resu lts  
w ere fo u n d  to  be  rep ro d u c ib le  w ith in  an  a c c u r a c y  o f  ± 5 7 o.
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TABLE II: Radiation-Induced Hydroxylation of Chlorobenzene11

Conditions G(C6H5OH) G (total CIC6H4OH) G (ortho) G (meta) G(para)

Ar sat., 30 min 0.107 0.23 0,10 0.05 0.07
(44.6%) (23.1%) (32.3%)

Ar sat., 1 hr 0.083 0.18 0.08 0.04 0.06
N20  sat., 30 min6 0.050 0.88 0.40 0.18 0.30

(45.4%) (20.3%) (34.2%)
N20  sat., 1 hr6 0.039 0.69 0.31 0.14 0.24
0 2 sat., 30 minc 0.050 0.86 0.32 0.19 0.35

(37.1%) (21.8% ) (41.1%)
0 2 sat., 1 hrc 0.044 0.80 0.30 0.17 0.33
H20 2, 30 mind 0.070 0.84 0.36 (42.9%) 0.16 (19.3%) 0.32 (37.8%)

° Dose rate 0.875 X 103 rads/min. 6 2.0 X  10“ 2M. c 1.0 X 10~3M .d 1.4 X  10'~2M.

TABLE III: Radiation-Induced Hydroxylation of Toluene0

Conditions G (ortho) G (meta) G (para) G(H5C6CH2CH2C6H5) G(H5C6CH2OH)
G(H5C6CH2CH2C6H5)/ 

G (total phenols)

Ar sat., 30 min 0.24 (73%) 0.059 (18%) 0.030 (9%) 0.115 0.35
Ar sat., 1 hr 0.26 (72%) 0.066 (18.5%) 0.034 (9.5%) 0.15 0.08 0.42
N20  sat., 30 min 0.68 (74%) 0.24 (26%) 0.50 0.54
N20  sat., 1 hr 0.74 (75%) 0.24 (25%) 0.55 0.065 0.56
0 2 sat., 30 min 0.21 (37%) 0.24 (42%) 0.12 (21%) None
0 2 sat., 1 hr 0.22 (35.5%) 0.27 (43%) 0.13 (21.5%) None

° Dose rate 0.875 X  103 rads/min g.

T h e  re su lts  for to lu en e  are s u m m a r iz e d  in  T a b le  I Q . In  
a d d itio n  to  creso ls , b ib e n z y l a n d  b e n z y l a lc o h o l w ere  
fo rm ed  in  d ea era ted  so lu tio n . In  th e  o x y g e n a te d  so lu tio n  
b e n z a ld e h y d e  w as d e te c te d . In  th e  d e a era ted  to lu en e  so lu 
tio n  so m e  p r o b a b ly  d im e ric  p ro d u c t w as fo rm e d . T h is  
p ea k  h ow ever w a s a b se n t in  th e  o x y g e n a te d  so lu tio n . W e  
h av e  ch e ck e d  th e  re te n tio n  t im e s  o f  4 ,4 , -d ito ly l- a n d  p -  
b e n z y lto lu e n e , b u t  w e fo u n d  th a t  th e se  c o m p o u n d s , a l 
th o u g h  very  c lo se , w ere d iffe re n t fro m  th e  u n k n o w n  p ea k . 
W e  h a d  h o p e d  th a t  th e  d e te c tio n  o f  th e se  c o m p o u n d s  
w ou ld  im p ly  th e  p resen ce  o f  p -to ly l  ra d ic a ls  w h ich  cou ld  
re a ct w ith  O 2 to  g iv e  p -c r e s o l a n d  e x p la in  th e  in crease  o f  
p -c r e so l in  th e  o x y g e n a te d  so lu tio n .

M o s t  o f  th e  S C F - M O  c a lc u la tio n s  w ere carried  o u t  
u sin g  th e  c o m p le te  n e g le c t  o f  d iffe re n tia l o v erla p  ( C N D O -
2) a p p r o x im a tio n .4 T h is  ty p e  o f  c a lc u la tio n  in c lu d e s  all 
y a len c e  o r b ita ls  (ir a n d  tr) in  a  s e lf-c o n s is te n t fie ld  a p 
p ro a ch . T h e  H O M O  (h ig h e st o c c u p ie d  m o le c u la r  o rb ita l)  
a n d  L U M O  (lo w e st u n o c c u p ie d  m o le c u la r  o r b ita l)  c o e ffi
c ie n ts  o f  n itro b en z e n e , c h lo ro b en ze n e , a n d  to lu e n e  are  
sh ow n  in F ig u re  1. T h e  H O M O  a n d  L U M O  o f  th e se  aro 
m a tic  c o m p o u n d s  are p u re  ir -m o le c u la r  o r b ita ls . T h e ir  
H O M O  a n d  L U M O  en erg y  lev els  a n d  S O M O  (s in g ly  o c c u 
p ied  m o le c u la r  o r b ita l)  o f  so m e  a tta c k in g  sp ec ies  ( O H ,
O - , a n d  N 20 ~ )  are sc h e m a tic a lly  re p resen ted  in  F igu re  2. 
F igu re 3  sh o w s th e  sp in  d en sitie s  in  th e  n itro b en ze n e  ra d i
ca l a n io n . In  a d d itio n  w e h a v e  c a lc u la te d  th e  d ifferen t  
h y d r o x y c y c lo h e x a d ie n y l ra d ic a ls , w h ose  to ta l en ergies a n d  
energy lev e ls  o f  th e  S O M O ’s are sh o w n  in  T a b le s  I V - V I .  
F or th e  c a lc u la tio n  o f  n itro b en ze n e  a n d  th e  o - , m - ,  a n d  
p -h y d r o x y n itr o c y c lo h e x a d ie n y l ra d ic a ls  th e  N 0 2 grou p  
w as a ssu m e d  to  b e  in  th e  p la n e  o f  th e  a r o m a tic  ring. 
O w in g  to  th e  d ifferen ce  in  b o n d  le n g th  b e tw e è n  N  -► O  
a n d  N = 0 ,  th e  m o le c u la r  o r b ita ls  are s lig h tly  a ssy m e tr ic . 
T h e  fo llow in g  b o n d  d is ta n c e s  w ere u se d : C - C ,  1 .4 0  À ;  
C - H ,  1 .0 8 5  A ;  C - N ,  1 .4 6  À ;  N = 0 ,  1 .1 0  À ;  N  O , 1 .1 8  A ;

Figure 1. HOMO and LUMO coefficients.

C a ii -H , 1 .0 9  A; C a r -C H a , 1 .5 2  A; C a r -C l , 1 .7 0  A. D ih e d ra l  
a n g les  w ere 1 20 ° a n d  te tra h e d ra l a n g les  1 0 9 ° . In  th e  c a lc u 
la tio n  o f  th e  h y d r o x y c y c lo h e x a d ie n y l ra d ic a ls  th e  aro m a tic  
sk e le to n  w a s le ft  u n d istu r b e d  a n d  th e  a tta c k in g  O H  r a d i
ca l w a s a ssu m e d  to  fo rm  a te tra h e d ra l a n g le  w ith  th e  C - H  
b o n d : b o n d  d ista n c e  C - O ,  1 .4 2  A; O - H ,  0 .9 7  A; C - O - H  
a n g le , 1 0 9 ° .

T h e  c o m p le te  n e g le c t o f  d iffe re n tia l o v erla p  ( C N D O )  
a p p ro x im a tio n  d o es  n o t m a k e  a d e q u a te  a llo w a n c es  for th e  
d ifferen t in tera c tio n s  b e tw ee n  tw o  e le ctro n s w ith  p aralle l  
or a n tip a ra lle l sp in s . T h is  d ifferen ce  is t o  so m e  e x te n t
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TABLE IV: CNDO-2 Calculations on Hydroxynitrocyclohexadienyl Radicals0-6

1 ,1 1,2 1,3 1,4 1,5 1,6

£ (total), -113.9726 -113.9934 -113.9890 -113.9926 -113.9891 -113.9937
au (-109.4238) (-109.4466) (-109.4419) (-109.4448) (-109.4419) (-109.4463)

A £, 12.9 2.8 2.2 2.2 2.9
kcal (14.1) (2.9) (1.8) (1.8) (2.7)

£ (SOMO), -0 .3667 -0 .3686 -0.3618 -0.3679 -0 .3616 -0 .36 73
au (-0 .3626) (-0 .3660) (-0 .3603) (-0 .3668) (-0 .3606) (-0 .36 69 )

“ Results of INDO calculations are given In parentheses. 6 The numbers in the column headings indicate the position of the hydroxy and nitro group, 
respectively.

ta k e n  in to  co n sid era tio n  in th e  in te r m e d ia te  n e g le c t  o f  
d iffe re n tia l ov erlap  ( I N D O )  a p p r o x im a tio n ,4 w h ich  in 
c lu d es  o n e -c e n te r  ex ch a n g e  in teg ra ls . T h e  I N D O  m e th o d  
th erefore  gives b e tter  resu lts  for o p e n -sh e ll s y s te m s . W e  
h av e  u se d  th e  I N D O  a p p ro x im a tio n  for th e  c a lc u la tio n  o f  
th e  h y d ro x y n itro c y c lo h ex a d ien y l ra d ic a ls , th e  h y d ro x y - 
m e th y lc y c lo h e x a d ie n y l ra d ica ls , a n d  th e  n itro b en zen e  
ra d ic a l a n io n . T h e  resu lts  are given  in  p a ren th ese s  in T a 
b le s  I V  a n d  V I  a n d  F igu re 3 , re sp ec tiv e ly . A ll  ou r c a lc u la 
tio n s  on  o p e n -sh e ll sy s te m s  w ere carried  o u t in th e  sp in - 
u n restricted  fo r m a lis m .4 F or th e  c a lc u la tio n  o f  th e  sp in  
d en sitie s  o f  th e  n itro b en ze n e  ra d ica l an ion  no sp in  p ro je c 
tio n  w as carried  o u t. C o m p a rin g  th e  resu lts  o f  I N D O  a n d  
C N D O -2  c a lc u la tio n s  w e ca n  see th a t  th e  S O M O  energy  
lev e ls  ch a n ge  very  litt le , a n d  th e  re la tiv e  s ta b ility  o f  th e  
ra d ica ls  is th e  sa m e  in b o th  a p p ro x im a tio n s . T h erefo re  
ou r co n clu sio n s d o  n ot ch a n ge  th ro u g h  th e  use, o f  th e  
le ss -a p p r o x im a te  I N D O  c a lc u la tio n s . W e  h av e  a lso  c a r 
ried  o u t I N D O  c a lc u la tio n s  a ssu m in g  an  e q u a l b o n d  
len g th  (1 .2  A )  for th e  tw o  N - 0  b o n d s  o f  th e  n itro  group  
w ith o u t o b serv in g  a n y  s ig n ific a n t d ifferen ce .

C6H5N 0 2 C6H 5C1 CeHsCHj -OH -0| N 2CT 

L U M O  — 0.0719 — 0.1024 — 0.1404 -{ -0 .0 7 8 4  -{ -0 .1092

(SOM O) (SOM O)

H O M O  -{{■-0.4741 -{ { --0 .4 6 7 7  -{ { -0 .4 7 3 0

- { — 0.6943

(SOMO)

Figure 2. HOMO-LUMO and SOMO energy levels.

D is c u s s io n

In  th e  ra d io ly sis  o f  liq u id  w ater th e  im p o r ta n t in te r m e 
d ia te  sp ec ies are H - ,  -O H  a n d  eaq _ . A ll  o f  th ese  sp ec ies  
ca n  rea ct w ith  an  a ro m a tic  c o m p o u n d  p resen t a t  a low  
c o n c e n tra tio n . F or th e  co n ven ien ce  o f th e  rea d er, th e  rate  
c o n sta n ts  for th e  rea ctio n  o f  th ese  sp ec ies  w ith  n itro b e n 
zen e , ch lo ro b en ze n e , to lu en e , a n d  so m e  a d d itiv e s  u sed  in  
ou r w ork are su m m a riz e d  in  T a b le  V II . T h e  m o s t  reliab le  
a n d  recen t d e te r m in a tio n s  o f  th e G  v a lu e s  o f  th e se  sp ecies  
a t p H  7  ga ve  th e  fo llow in g  re s u lts :5 G ( -O H )  =  2 .7 4  ±
0 .0 8 ;  G ( e a q -)  =  2 .7 1  ±  0 .0 5 ; G ( H -)  =  0 .6 .

A  c o n sid era b le  a m o u n t o f  w ork on th e  m e c h a n is m  o f  ra 
d ia tio n -in d u c e d  a r o m a tic  h y d ro x y la tio n  h as b e e n  carried  
o u t on  b e n z e n e ,2 a n d  th e  correct m e c h a n ism  w as fin a lly  
e sta b lish e d  th ro u g h  th e  w ork  o f  D o r fm a n , T a u b , an d  B iih - 
le r .6 T h e s e  au th ors d e te c te d  th e  h y d ro x y c y c lo h e x a d ie n y l  
ra d ic a l as an  in te r m e d ia te  in  th e  p u lse  ra d io ly sis  o f  an

TABLE V: CNDO-2 Calculations on 
Hydroxychlorocyclohexadienyl Radicals“

1,1 1,2 1 3 1,4

£ (total), -81 .6989 -81.6829 -81.6781 -81 .6823
au

A £, 10.0 3.0 2.6
kcal

£(SOMO), -0 .3427  -0 .3423  -0 .3470  -0.3411
au

“ The numbers in the column headings indicate the position of the 
chloro and hydroxy group, respectively.

a q u eo u s b e n z en e  so lu tio n . T h ro u g h  stu d ie s  on  h o m o ly tic  
a ro m a tic  p h é n y la tio n  by th e r m a l d e c o m p o sit io n  o f b e n z o 
y l p erox id e , th e  m e c h a n ism  o f  h o m o ly tic  su b st itu t io n  is 
w ell e s ta b lis h e d ,7 a n d  is su m m a riz e d  in  S c h e m e  I.

S c h e m e  I

(0.3 m ol/m ol (C6H5COO)2)

T h is  re a ctio n  seq u e n ce  e x p la in s  th e  low  y ie ld s  o f  b i 
p h e n y l in  th e  a b sen c e  o f  o x y g en . T h e  sa m e  lo w  y ie ld  o f  
p ro d u c t is a lso  o b served  in ra d ia tio n -in d u c e d  h y d r o x y l-  
a tio n s (G  v a lu es  o f  0 .0 7 -0 .6 5 ) .  T h e  m a x im u m  G  v a lu e  for  
to ta l p h en o l fo rm a tio n  w ou ld  be ca. 2 .7  if  a ll h yd ro x y l  
ra d ica ls  are c o n v erted  to  p h en o l. O x y g en  in creases th e  
y ie ld s  co n sid era b ly . S in ce  ox yg en  is k n o w n  to  sca v en g e  
e aq _  a n d  H  a to m s  th e  in crease m ig h t  b e  d u e  to  s u b s t itu 
tio n  b y  0 2 “  or H O 2 ra d ica ls , w h ich  w ou ld  e v e n tu a lly  lea d  
to  p h en o ls . T h e  d isco very  o f  th e  o x y g en  e ffe c t8 in  th e  b e n -

(4) For a detailed description of this method see J. A. Pople and D. L. 
Beveridge, “Approximate Molecular Orbital Methods," McGraw-Hill, 
New York, N. Y., 1970. The computer program was obtained from 
the Quantum Chemistry Program Exchange, Bloomington, Ind.

(5) B. H. J. Bielski and A. O. Allen, Int. J. Radiat. Phys. C h em ., 1(2), 
153 (1969). For a review see G. V. Buxton, Radiat. R es . R ev ., 1, 
209 (1968).

(6) L. M. Dorfman, I. A. Taub, and R. E. Buhler, J. C h em . P hys., 36, 
3051 (1962).

(7) D. H. Hey, Advan. F ree -R a d ica l C h em ., 2, 59 (1967).
(8) M. K. Eberhardt and E. L. Eliel, J. Org. C h em ., 27, 2289 (1962).
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TABLE VI: CNDO-2 Calculations on Hydroxymethylcyclohexadienyl Radicals“ 6

1,1 1,2 1,3 1,4

£  (total), -7 4 .9 3 3 2 -7 4 .951 8 -7 4 .9 4 7 7 -7 4 .9 5 0 9
au

A E ,

( -7 2 .3 0 4 1 )
10.8

(-72 .32 16 )
2.5

(-72 .31 75 )
2.0

(-72 .32 05 )

kcal
£ (SO M O ), -0 .3 1 5 5

(10.8)
-0 .3 1 9 7

(2.5)
-0 .3 3 2 0

(1.9)
-0 .3 1 6 8

au (-0 .3 1 3 4 ) (-0 .320 1 ) (-0 .331 0 ) (-0 .3 1 6 9 )

a See footnote a , Table IV. 6 The numbers in the column headings Indicate the position of the methyl and hydroxy group, respectively.

zoy l p erox id e  in d u c e d  th e r m a l p h e n y la tio n  o f  b e n z en e , 
h ow ever, d e m o n str a te s  th a t  O 2 ca n  o x id ize  in term ed ia te  
c y c lo h e x a d ien y l r a d ic a ls . E v id e n c e  for  a  p erox y  ra d ica l in 
te rm ed ia te  in  th e  o x id a tio n  o f  c y c lo h e x a d ie n y l ra d ica ls  
has b een  p resen ted  b y  H o w a rd  a n d  In g o ld  in  th e  c h a in  o x 
id a tio n  o f 1 ,4 -d ih y d r o n a p h th a le n e .9 A d d it io n a l ev id en ce  
a g a in st a  s u b st itu t io n  b y  H 0 2- or 0 2 ~ ra d ica ls  h a s  b een  
p resen ted  b y  M a tth e w s  a n d  S a n g ste r3® in th e  h y d ro x y l- 
a tio n  o f n itro b en ze n e .

S ev eral th e o re tica l a p p ro a ch e s to  th e  p ro b le m  o f  aro 
m a tic  s u b stitu tio n  h av e  ap p ea re d  in th e  lite ra tu r e .10 O n e  
o f  th e  m o st su c c e ssfu l on es h as b e e n  th e  “ fro n tier  e lectron  
th eo ry ”  d ev e lo p e d  b y  F u k u i a n d  co w o rk ers .10' 11 T h e  fro n 
tier e lectro n  th e o ry  s ta te s  th a t  in  e le c tro p h ilic  a ro m a tic  
su b stitu tio n  th e  p o in t  o f  a tta c k  sh o u ld  b e  a t th e  p o sitio n  
o f greatest e lectro n  d e n s ity  in  th e  h ig h est o c c u p ie d  m o le c 
u la r  o rb ita l ( H O M O ) ,  a n d  in  n u c le o p h ilic  su b st itu t io n  a t 
ta c k  is e x p e c te d  w here th e  lo w est u n o c c u p ie d  m o le cu la r  
o rb ita l ( L U M O )  h a s  th e  m a x im u m  e lectro n  d e n s ity . For  
h o m o ly tic  a tta c k  th e  o v erla p  b e tw ee n  th e  S O M O  o f  th e  
ra d ica l a n d  b o th  th e  H O M O  a n d  L U M O  o f  th e  su b stra te  
h a s to  b e  co n sid ered . In  ca ses o f  h ig h ly  e le c tro p h ilic  ra d i
ca ls  th e  in tera c tio n  b e tw ee n  th e  S O M O  an d  H O M O  
p re d o m in a te s . A n  ex te n sio n  o f  F u k u i’s fron tier e lectro n  
th eory  w as d ev e lo p e d  b y  K lo p m a n  a n d  H u d s o n .12 T h is  
th eory  h ow ever lea d s to  th e  sa m e  c o n c lu sio n s as o u tlin ed  
a b o v e , e sp e c ia lly  for ra d ic a l re a ctio n s . A n o th e r  th eory  
w h ich  h a s  b e e n  q u ite  su c c essfu l is th e  “ lo c a liz a tio n  a p 
p ro a c h ”  o rig in a lly  p ro p o sed  b y  W h e la n d .13 A c c o rd in g  to  
th is  th eory  th e  p o sit io n  o f  a tta c k  is d e te r m in e d  b y  th e  
en ergy o f  th e  in te r m e d ia te  lo c a liz ed  a c o m p le x , o fte n  re
ferred  to  as W h e la n d  in te r m e d ia te . T h e  resu lts  o f  C N D O -  
2  a n d  I N D O  c a lc u la tio n s  o f  th ese  in te r m e d ia te s  are s u m 
m a rize d  in  T a b le s  I V - V I .  In  th e  ca se  o f  n itro b en ze n e  th e  
fron tier o rb ita l th eo ry  a n d  th e  lo c a liz a tio n  a p p ro a c h  d o  
n o t give  th e  sa m e  p re d ic tio n s . H o w e v e r , w e h av e  to  rea lize  
th a t a lth o u g h  th e  fro n tier  o rb ita l th e o ry  co rrec tly  p red icts  
th e  p o sitio n  o f  in itia l in tera ctio n  th is  m a y  n o t b e  re flected  
in  th e  iso m er d istr ib u tio n  o f  th e  fin a l s ta b le  p ro d u c ts .

(0.0458) (0.1507)
0.0195 (°-°692) o.1027

0 ,. 0.0194 O

I 0.3006 
l(02321)

0.1469 01615
(0.1667) If J I (0.1759)
-00455 -0.0574

(-0.0783) 03464 (-0.0856)
(0.3235)

Figure 3. Total spin densities of nitrobenzene radical anion
(CNDO-2). Numbers in parentheses are results of INDO calcu
lation.

TABLE VII: Rate Constants for Reaction of eaq~ and 
•OH with Solutes (M -1 sec 1)

Solute
(pH 7.0) ®aq Ref •OH Ref

c 6h 5n o 2 3.0 X  1010 a 2.0 X  109 c
3.2 X  109 d
4.7 X  109 e

c 6h 5c i 5.0 X  10s a 4.2 X  109 a
c 6h 5c h 3 1.2 X  107 a 3.0 X  109 a
0 2 2.0 X  101C b
n 2o 8.7 X  109 a
h 2o 2 1.3 X  101C a, b 4.5 X  107 a, b

“ M. Anbar and P. Neta, Int. J. Appl. Radlat. I so to p e s , 16, 227 (1965). 
6J. H. Baxendale, "Pulse Radolysls," Academic Press, London, 1965, 
p 15. c M. Anbar, D. Meyerstein, and P. Neta, J. Phys. C h em .. 70, 2660 
(1966). d Reference 16. e Reference 17.

In  ou r e x a m p le  o f  h o m o ly tic  h y d r o x y la tio n  o f  n itro b en 
zen e, ch lo ro b en ze n e , an d  to lu e n e , th e  in tera c tio n  o f  th e  
sin g ly  o c cu p ied  M O  o f  th e  O H  ra d ica l w ith  th e  H O M O  o f  
th e  a ro m a tic  p re d o m in a te s , sin ce  th e  O H  ra d ica l h as a 
very  lo w -ly in g  S O M O , i. it is h ig h ly  e le ctro p h ilic  (see  
F igu re 2 ) . T h e  .transfer o f  an  e lectro n  fro m  th e  O H  ra d ical 
to  th e  L U M O  o f  th e  a ro m a tic  w ou ld  Vequire a h ig h  a c tiv a 
tio n  en ergy . I f  th e  a tta c k in g  sp ec ies , h ow ever, is th e  O '  or 
N 20  ra d ica l th e  in tera ctio n  b e tw ee n  th e  S O M O  o f  th ese  
ra d ica ls  a n d  th e  L U M O  o f  th e  a r o m a tic  b e c o m e s  p re d o m 
in a n t d u e  to  th e  h ig h -ly in g  S O M O  en ergy lev el o f  th ese  
sp ec ies  (F igu re  2 ) . A  c h a n g e  in  s u b stitu tio n  p a tte r n  is to  
be e x p e c te d , if  th e  H O M O  a n d  L U M O  o f  th e  aro m a tic  
h av e  d ifferen t c o e ffic ie n ts . T h e  H O M O  an d  L U M O  c o effi
c ie n ts  are sh ow n  in F igu re 1. T h e  H O M O  co effic ie n ts  o f  
n itro b en ze n e  a t  th e  ring p o sitio n s are all very  sm a ll in  
a g re e m en t w ith  th e  resista n ce  o f  n itro b en ze n e  tow ard  
e lectro p h ilic  su b st itu t io n . T h e  H O M O  c o effic ie n ts  in d i
ca te  a s lig h t p referen ce  for m e ta  s u b s t itu t io n , w h erea s th e  
L U M O  co effic ie n ts  are co n sid era b ly  g reater a n d  in d ic a te  a 
preferen ce for o r th o -p a r a  su b st itu t io n . O n  th e  oth er h a n d , 
th e  H O M O  a n d  L U M O  c o effic ien ts  o f  ch lo ro b en ze n e  an d  
to lu en e  are o f  e q u a l m a g n itu d e  a n d  sh ow  a p referen ce  for 
o r th o -p a r a  s u b s t itu t io n . A n  in terestin g  o b serv a tio n  are

(9) J. A. Howard and K. U. Ingold, Can. J. C h em ., 45, 785 (1967).
(10) For a review of the older literature see A. Streltwleser, Jr., "Molec

ular Orbital Theory for Organic Chemists,” Wiley, New York, N. Y., 
1961, p 307 ff. For a more recent review see F. Fukui, Top. Cur
ren t C h em ., 1 5 ,1 (1970).

(11) K. Fukui, T. Yonezawa, and H. Shingu, J. C h em . P h ys ., 20, 722 
(1952); K. Fukui, T. Yonezawa, C. Nagata, and H. Shingu, ibid., 
22, 1433 (1954); F. Fukui, T. Yonezawa, and C. Nagata, Bull. 
C h em . S o c . Jap., 27, 423 (1954); J. C h em . P h ys., 27, 1247 
(1957).

(12) G. Klopman and R. F. Hudson, Theor. Chim. A c ta , 8, 165 (1967);
G. Klopman, J. A m er . C h em . S o c . , 90, 223 (1968).

(13) G. W. Wheland, J. A m er . C h em . S o c ., 64, 900 (1942).
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th e  h ig h  H O M O  co effic ie n ts  a t  th e  o x y g en  a to m s  o f  n itro 
b e n z e n e . T h is  w o u ld  lea d  on e to  p o stu la te  a tta c k  a t  th e  
ox y g en  a to m s , fo llo w ed  b y  a rea rra n g em en t to  th e  rin g - 
su b st itu te d  h y d ro x y n itro c y c lo h ex a d ien y l ra d ic a l. T h is  
ty p e  o f  m e c h a n is m  h as b een  p ro p o sed  in h o m o ly tic  p h é n 
y la tio n  in order to  e x p la in  th e  h ig h  p ercen ta g e  o f  ortho  
s u b s t itu t io n .14 M o r e  recen tly  a tta c k  b y  a -a lk o x y  ra d ica ls  
a t th e  n itro  grou p  h a s b e e n  o b served  b y  m e a n s  o f  esr s p e c 
tr o sc o p y .15 O n  th e  oth er h a n d , p u lse  ra d io ly sis  s tu d ie s  on  
aq u eo u s n itro b en ze n e  so lu tio n  h av e  clea rly  sh ow n  a tta c k  
a t th e  n u c le u s . T h is  d iscrep a n c y  b e tw ee n  th e o ry  a n d  e x 
p e r im e n t m a y  b e  d u e  to  a so lv a tio n  sh e ll su rro u n d in g  th e  
n itro  grou p  in a q u eo u s so lu tio n .

T h e  h y d ro x y la tio n  o f n itro b en zen e  h a s  b e e n  stu d ie d  b y  
severa l w orkers u sin g  th e  te c h n iq u e 16’ 17 o f  p u lse  ra d io ly sis . 
F ro m  th is  w ork  it  fo llow s th a t  O H  ra d ic a ls  a tta c k  n itro 
b e n z e n e  a t  th e  ring p o sitio n s a n d  n o t  a t  th e  n itro  group  
(S c h e m e  H ). T h e  fron tier o r b ita l th eo ry  p re d icts  th e  p o si-

S c h e m e  I I

tio n  o f in itia l in tera c tio n , b u t  w e ca n  n o t b e  sure th a t  th ese  
p re d ic tio n s  w ill b e  re fle cted  in  th e  fin a l p ro d u c t d is tr ib u 
tio n . O n e  p o ss ib ility  is th a t  th e  p r im a rily  fo rm ed  h y d r o x y 
n itro c y c lo h e x a d ie n y l ra d ic a ls  rearran ge to  fo rm  th e  m ore  
sta b le  W h e la n d  in te r m e d ia te  (I, H , a n d  H I). M a n y  1 ,2  ra d i
c a l re a rra n g e m e n ts  are d esc rib e d  in  th e  lite ra tu r e .18 A n  im 
p o r ta n t fa c to r  ca u sin g  1 ,2  sh ifts  is th e  te n d e n c y  o f  a  less  
sta b le  ra d ica l to  rearrange fo rm in g  a ra d ic a l o f  greater  
s ta b ility . U n d e r  g iv en  co n d itio n s th e  m e a n  life t im e  o f th e  
ra d ica l m a rk e d ly  a ffec ts  th e  re a rra n g e m e n t. V o lk e r t  a n d  
S c h u lte -F r o h lin d e 19 h a v e  s tu d ie d  th e  h y d r o x y la tio n  o f  
b e n z o ic  a c id  in  p resen ce  o f  N 20  a n d  K 3 [ F e ( C N ) 6]. T h e y  
w ere a b le  to  c o n v ert a ll th e  O H  ra d ic a ls  ( G ( O H )  =  5 .4 )  
in to  h y d ro x y b e n zo ic  a c id s , b u t  th e y  fin d  a ch a n g e  in  iso -

TABLE VIII: Isomer Distribution in Homolytic Substitution of 
Some Aromatic Compounds

Ortho :
Reaction Ref Ortho Meta Para meta

C6H6CI + ch3- b 64.0 25.0 11.0 2.60

C6H5CI + -CeHs c 50.1 31.6 18.3 1.59
C6H5CI + -OH This work 44.6 23.1 32.3 1.93

C6H5CH3 +  ch3- b 56.5 26.5 17.0 2.13
C6H5CH3 +  -CeHs c 66.5 19.3 14.2 3.45
C6H5CH3 + -OH This work 72.5 17.0 10.5 4.26
C6H5N02 + CH3- b 65.5 6.0 28.5 10.90

C6H5N02 +  -CeHs c 62.5 9.8 27.7 6.38
C6H5N02 +  -OHa This work 48.5 22.6 28.9 2.15

a In the presence of 1 x  10-3 M 0 2■ 6 G. H. Wil lams, "Homolytic Aro
matic Substitution," Pergamon Press, New York, N.Y., 1960, p 106. 
c D. H. Hey, Advan. F re e  R adical C h em .. 3, 60 (1967).

m e r c o m p o sitio n  w ith  ch a n g in g  c o n c e n tr a tio n  o f  
K 3 [ F e ( C N ) 6]. T h e y  e x p la in e d  th is  e ffe c t  b y  a rev ersib le  
a d d itio n  s te p . A  rev ersib le  a d d itio n  s te p  in  th e  c a se  o f  n i
tro b en zen e  ap p ea rs  h ig h ly  u n lik e ly , d u e  to  th e  fa c t  th a t  
th e  a d d itio n  rea ctio n  is e x o th e rm ic  b y  a b o u t  106  k c a l /  
m o l. T h e  re su lts  o f  V o lk e r t a n d  S c h u lte -F r o h lin d e  c a n  be  
e q u a lly  w ell e x p la in e d  b y  1 ,2  sh ifts . A  g reater s ta b ility  o f  
th e  o -  a n d  p -h y d r o x y n itr o c y c lo h e x a d ie n y l ra d ic a ls  as c o m 
p ared  to  m e ta  w a s fo u n d  b y  S C F - M O  c a lc u la tio n s  (T a b le

H I).
A n o th e r  re a ctio n  w h ich  m a y  c o n tr ib u te  in  fo rm in g  a 

d iffe re n t ra tio  o f  n itro p h e n o ls  th a n  th e  in it ia l ra tio  o f  
I : I I :I I I  is th e  d isp ro p o rtio n a tio n  re a c tio n . I f  ra d ic a l I an d  
II (see  S c h e m e  II) u n d erg o  a d isp ro p o rtio n a tio n , w h ich  
a c ts  as o x id iz in g  a n d  w h ich  as re d u cin g  r a d ic a l?  In  p re s
en ce  o f  o x y g en  th e  d isp ro p o rtio n a tio n  re a c tio n  is s u p 
p ressed  b e c a u se  th e  c y c lo h e x a d ien y l ra d ic a ls  are o x id ized  
to  th e  co rresp o n d in g  p h en o ls . T h e  c h a n g e  in  iso m e r d istr i
b u tio n  in  go in g  fro m  an  a r g o n -sa tu ra te d  to  a n  o x y g e n -s a t 
u ra te d  so lu tio n  (o r t h o :m e t a  ra tio  ch a n g e s fro m  1 .3 :1  to  
a b o u t  2 :1 )  sh ow s a se le c tiv ity  in  th e  d isp ro p o rtio n a tio n  
s te p , i.e., i f  m- a n d  o -h y d ro x y n itr o c y c lo h e x a d ie n y l r a d i
ca ls  d isp ro p o rtio n a te  th e  m e ta  a c ts  as re d u c in g  a n d  th e  
orth o  as o x id iz in g  ra d ic a l. T h is  b e h a v io r  is in  a g re e m en t  
w ith  th e  S C F - M O  c a lc u la tio n s  ( T a b le  I V ) ,  w h ich  sh ow  
th a t  th e  m e ta  a d d u c t  h a s  a h ig h er S O M O  en erg y  lev e l  
th a n  th e  o rth o  a n d  p a ra  ra d ic a ls . T h e  o x id a tio n  o f  th e  
h y d ro x y n itro c y c lo h ex a d ien y l ra d ica ls  b y  o x y g en  as c o m 
p ared  to  d isp ro p o rtio n a tio n  sh o u ld  o f  cou rse b e  fa v o re d  b y  
a  low  d ose  ra te , an  e ffec t w h ich  w as o b serv ed  in  th e  w ork  
o f  M a tth e w s  a n d  S a n g s te r .3®

A  very  in terestin g  resu lt is th e  h ig h  p e rc e n ta g e  o f  p -n i -  
tro p h en o l in  a r g o n -sa tu ra te d  so lu tio n s . T h is  h ig h  r e a c tiv i
ty  a t  th e  p ara  p o sitio n  is n o t o b serv ed  in  o th er  h o m o ly tic  
s u b stitu tio n  re a c tio n s . P h e n y la tio n  a n d  m e th y la tio n  give
2 7 .7  a n d  2 8 .5 % , re sp ec tiv e ly , o f  p a r a -s u b s titu te d  n itro b e n 
zen e . T h e  p erce n ta g e  o f  p -n itr o p h e n o l, h ow ever, d ecreases  
in  p resen ce  o f  0 2 a n d  N 20 .  T h e s e  c o m p o u n d s  are go od  
e lectro n  sca v e n g e rs . T h e  d ecrease  in  p a ra  s u b st itu t io n  
m u s t th erefore  b e  re la ted  to  th e  h ig h  re a c tiv ity  o f  n itro -

(14) C. S. Rondestvedt and H. S. Blanchard, J. Org. Chem., 21, 229 
(1956).

(15) E. G. Janzen and J. L. Gerlock, J. Amer. Chem. Soc., 91, 3108 
(1969).

(16) P. Neta and L. M. Dorfman, Advan. Chem. Ser., No. 8 1 ,222 (1968)
(17) K. D. Asmus, B. Cercek, M. Ebert, A. Hengleln, and A. Wigger, 

Trans. Faraday Soc., 63, 2435 (1967).
(18) R. K. H. Freidllna, Advan. Free-Radical Chem., 1 , 211 (1965).
(19) O. Volkert and D. Schulte-Frohlinde, Tetrahedron Lett., No. 17, 

2151 (1968).
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b en zen e  w ith  so lv a te d  e lectro n s (3  X  lO 10 M  1 s e c 1) (see  
th e  m e c h a n is m  p ro p o sed  in S c h e m e  III). N itro b e n ze n e  is

Hydroxylation of Nitrobenzene, Chlorobenzene, and Toluene

S c h e m e  I I I

k n ow n  t o  b e  an  e ffe c tiv e  o x id iz in g  a g en t in  h o m o ly tic  
a r o m a tic  s u b s t itu t io n .7 S c h u lte -F r o h lin d e  a n d  c o 
w orkers20 h a v e  fo u n d  in  th e  a y d ro x y la tio n  o f  p -n i -  
tro p h en o l th a t  th e  p -h y d r o x y n itr o b e n z e n e  ra d ic a l a n io n  
ca n  o x id ize  th e  in te r m e d ia te  c y c lo h e x a d ie n y l ty p e  ra d i
c a ls . T h e  re a c tio n  o f  O H  ra d ic a ls  w ith  th e  n itro b en ze n e  
ra d ic a l a n io n  at th e  p a ra  p o sitio n  ap p ea rs  re a so n a b le  on  
th e  b a sis  o f  S C F - M O  ( C N D O -2  a n d  I N D O )  c a lc u la tio n s . 
T h e  n itro b en ze n e  ra d ic a l a n ion  h a s  th e  h ig h est sp in  d e n 
s ity  a t  th e  p a r a  p o sitio n  (see  F igu re 3 ) .

T h e  o n ly  w ork  on  ch lo ro b en ze n e  so lu tio n s  w as rep orted  
b y  J o h n so n , S te in , a n d  W e is s 21 w h o carried  o u t th e  X -r a y  
irrad ia tio n  o f  ch lo ro b en ze n e  in  a e ra te d  a q u eo u s  so lu tio n s  
an d  fo u n d  th e  fo llo w in g  iso m e r  d is tr ib u tio n  a t  p H  6 : 1 5 -  
2 0 %  orth o , 2 0 - 2 5 %  m e ta , a n d  5 0 - 3 0 %  p a r a . T h e y  a lso  re 
p orted  th e  fo rm a tio n  o f  u n sp ec ified  a m o u n ts  o f  p h en o l. 
O u r resu lts  (T a b le  II) sh o w  a m u c h  greater p ercen ta g e  o f

o -c h lo ro p h e n o l, m o re  in  a g re e m en t w ith  th e o re tic a l e x p e c 
ta tio n s  for a h o m o ly tic  a ro m a tic  s u b s t itu t io n  b y  an  
e le ctro p h ilic  ra d ic a l. A ll  th e  a d d itiv e s  s tu d ie d  in creased  
th e  to ta l y ie ld  o f  ch lo ro p h en o l a b o u t fo u rfo ld . O x y g e n  n ot  
on ly  ca u ses an  in crease  in to ta l c h lo ro p h e n o l, b u t  a lso  
ch a n g es th e  iso m er d istr ib u tio n  s lig h tly . T h e  p ercen ta ge  
o f  orth o  d ecreases a n d  p a ra  in creases. T h e  d ec rease  in th e  
o r th o :m e ta  ra tio  co u ld  b e  e x p la in e d  b y  a se le c tiv ity  in  
th e  d isp ro p o rtio n a tio n  s te p , i.e., th e  m e ta  a d d u c t  acts  
p re fe ren tia lly  as o x id iz in g  sp ecies in  d isp ro p o rtio n a tio n  
re a ctio n s , a n d  th erefore  in p resen ce  o f  O 2 w h ich  su p p re ss 
es th e  d isp ro p o rtio n a tio n  rea ctio n  th e  o r th o :m e ta  ratio  
sh o u ld  d ec rea se . T h is  is in  a g re e m en t w ith  C N D O -2  c a l
c u la tio n s  (T a b le  V )  w h ich  sh ow  th a t th e  m e ta  a d d u c t has  
a lo w er -ly in g  S O M O  en ergy lev e l th a n  th e  orth o  a n d  p ara  
a d d u c ts .

A c c o rd in g  to  th is  m e c h a n is m , h ow ever, th e  p ercen ta g e  
y ie ld  o f  p -c h lo r o p h e n o l sh o u ld  a lso  d ec re a se . In  a d d itio n  
to  O H  ra d ica l a tta c k  an o th er m e c h a n is m  for  p -c h lo r o p h e 

n ol fo rm a tio n  m u s t  b e  in v o lv e d . O 2 sca v e n g e s 8 9 %  o f the

Caq-

0 2 +  eaq~ —► 0 2 — *- H02-

P re v io u sly  e v id en ce  w as p resen ted  a g a in st s u b stitu tio n  o f  
n itro b en ze n e  b y  H C V  or ( V  r a d ic a ls .33 T h is , how ever, 
d oes n o t p reclu d e  re a ctio n  o f  th ese  ra d ica ls  w ith  ch lo ro 
b e n z en e  or to lu e n e , w h ich  h ave  m u c h  greater co e ffic ie n ts  
in  th e  H O M O ’s a n d  are th erefore  m ore re a c tiv e  tow ard  
e lectro p h ilic  su b st itu t io n . T h e  low er re a c tiv ity  o f  H C V  
ra d ica l c o m p a re d  to  O H  ra d ica ls  w ill m a k e  HC>2 - m o re  se 
lec tiv e  an d  it m ig h t th erefore  p re fe ren tia lly  a tta c k  a t th e  
p a ra  p o sitio n , w h ich  h a s  th e  h ig h est H O M O  co effic ie n t.

A n o th e r  in terestin g  p ro b le m  is th e  m e c h a n is m  o f  p h e 
nol fo rm a tio n . P h en o l w a s rep orted  in  th e  ra d io ly sis  o f  
flu o ro b e n ze n e 22 an d  an iso le 23 so lu tio n s . T h e  fo rm a tio n  o f  
p h en o l in  n itro b en ze n e  c o u ld  n o t  b e  c o n fir m e d . T w o  o f  
th e  m o st o b v io u s m e c h a n is m s  are sh ow n  in eq  1 a n d  2 .

595

c i  c r

•c6h5 +  -oh —  c6h5oh

T h e  e ffec t o f  e lectro n  sca ven gers w ill d ecrease  th e  a m o u n t  
o f  p h en o l fo rm e d  a c co rd in g  to  m e c h a n is m  1. T h is  h as in 

d ee d  b e e n  fo u n d . In  0 2- or N 20 -s a t u r a t e d  so lu tio n  or in  
p resen ce  o f  H 2O 2 ( 1 .4  x  10 2 M) th e  G (p h e n o l)  is low ered  
to  a b o u t o n e -h a lf  th e  v a lu e  in  a rg o n -sa tu ra te d  so lu tio n s  
( T a b le  I I ) . A  d ecrease  o f  G (p h e n o l)  b y  O 2 or N 2O  w as also  
rep orted  for a n iso le .23 M e c h a n is m  1 c o u ld  e x p la in  th e  a b 
sen ce  o f  p h en o l in  th e  ca se  o f  n itro b e n z e n e . T h e  n itro b e n 
zen e ra d ica l a n ion  is q u ite  s ta b le , u n lik e  th e  c h lo ro b e n 

zen e  ra d ica l a n io n .

(20) D. Grasslln, F. Merger, C. Schulte-Frohlinde, and O. Volkert, Z. 
Phys. C h em . (F rankfurt am  M ain), 51, 84 (1966); O. Volkert, G. 
Thermens, and D. Schulte-r rohllnde, ibid., 56, 261 (1967).

(21) G. R. A. Johnson, G. Stein, and J. Weiss, J. C h em . S o c ., 3275 
(1951).

(22) J. H. Fendler, unpublished results, reported by F. J. Fendler and J.
H. Fendler, Progr. P hys. Org. C h em ., 7, 282 (1970).

(23) J. H. Fendler and G. L. Gasowskl, J. Org. C h em ., 33, 2755 (1968).
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However, mechanism 1 cannot be the only one, other
wise no phenol should be formed in presence of N2O or 
H2O2, since 99% of the eaq “ are scavenged. The residual 
G(phenol) must be due to a different mechanism for 
which we suggest a direct displacement of chlorine by OH 
radical (mechanism 2). Another mechanism (eq 3) was 
proposed by Fendler and Gasowski.3b

This mechanism was suggested on the basis of pulse radi
olysis results of the hydroxylation of phenols (eq 4) .24

OH+

The elimination of water from the dihydroxycyclohexadi- 
enyl radical was found to be acid-base catalyzed. In the 
mechanism proposed by Land and Ebert the H +  comes 
from the substituent and the OH -  from the attacking OH 
radical. An elimination of H X ,  where X  is NO2, halogen, 
or OCH3 from the corresponding hydroxycyclohexadienyl 
radicals is much more difficult to visualize.

The direct displacement mechanism appears more at
tractive since CNDO-2 calculations have shown that the 
intermediate a-hydroxychlorocyclohexadienyl radical has 
a considerable greater stability than the other hydroxy- 
chloroxycyclohexadienyl radicals (see Table V). This re

sult could explain the relatively small percentage of ortho 
substitution (eq 5).
The most striking result in the hydroxylation of toluene as 
compared to chlorobenzene is the high percentage of ortho 
substitution. This big difference between chlorobenzene 
and toluene is unexpected on the basis of frontier orbital 
theory (see HOMO coefficients of chlorobenzene and tolu
ene). The frontier orbital theory predicts the position of 
initial interaction, but this ratio of hydroxycyclohexadi
enyl radicals may change due to 1,2 radical shifts leading 
to the more stable intermediate. In the case of chloroben
zene the formation of IV is favored over V, due to the 
greater stability of IV (Table V). On the other hand, for 
toluene the situation is reversed (Table VI) and we obtain 
a high percentage of o-cresol.

Oxygen considerably increases the G value for m- and 
p-cresol. The decrease of the ortho :meta ratio may be 
due to selectivity in the disproportionation step, i.e., the 
meta adduct acts preferentially as an oxidizing radical in 
agreement with the CNDO-2 calculations. The increase in 
p-cresol cannot be explained this way. Besides homolytic 
substitution by OH radical, other reactions must be in
volved, possibly attack by HO2 radical. The detailed 
mechanism involved in the radiolysis of aqueous toluene 
in presence of oxygen requires further study.

Effect of N2 O. N2O has been extensively used in the ra
diolysis of aqueous systems since it is a very effective eaq_ 
scavenger. It is usually assumed that N2O is completely 
converted to OH radicals.25 However, other possible inter
mediates may be able to react before being transformed 
into OH radicals (eq 6).

N2OH —  N2 +  -OH
N20 +  eaq- - v  N2c r  (g)

^  n 2 +  - o r

Evidence for species other than OH radicals has been pre
sented by Nakken, et al.,26 in the hydroxylation of benzo
ic and anthranilic acid.

From our theoretical results (Figure 2) we can see that 
the SOMO level of OH radical is very low, i.e., the OH 
radical is electrophilic. On the other hand, O -  -or N2O" 
radicals have high-lying SOMO levels which are close in 
energy to the LUMO level of nitrobenzene, and will there
fore interact strongly with the LUMO; in other words they 
are nucleophilic. We can therefore expect more ortho-para 
and less meta substitution. The experimental results show 
an increase in the ortho:meta ratio as compared with 
argon- or oxygen-saturated solutions (Table I). In N2O- 
saturated solution of chlorobenzene or toluene no change 
in isomer distribution was observed. Since the HOMO 
and LUMO of chlorobenzene do not differ substantially 
from each other one would not expect a drastic change in 
going from attack by an electrophilic radical like OH to a 
more nucleophilic radical like O ”  or N2 0 - . Therefore we

(24) E. J. Land and M. Ebert, Trans. Faraday Soc., 63, 1181 (1967).
(25) G. E. Adams, J. W. Boag, J. Current, and B. D. Michael, "Pulse 

Radlolysls,” M. Ebert, J. P. Keene, A. J. Swallow, and J. H. Bax- 
endale, Ed., Academic Press, London, 1965. p 117; F. S. Dainton, 
and D. B. Peterson, Nature (London), 186, 878 (1960); °roc. Roy. 
Soc., Ser. A, 267, 443 (1962); F. S. Dainton and W. S. Watt, N a
ture (London), 1 9 5 , 1294 (1962); Proc. Roy. Soc., Ser. A, 275, 447 
(1963); S. Gordon, E. J. Hart, M. S. Mattheson, J. Rabanl, and J.
K. Thomas, Discuss. Faraday Soc., 36, 193 (1963); J. K. Thomas, 
Trans. Faraday Soc., 61, 702 (1965).

(26) K. F. Nakken, T. Brustad, and A. Karthum Hansen, Advan. Chem. 
Ser., No. 81, 251 (1968).
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d o n ot e x p e c t to  o b ta in  a n y  ev id e n c e  for th e  p resen ce  o f  
0 _  or N 20 -  in  th e  rea ctio n  w ith  ch lo ro b en z e n e . T h e  
sa m e  a rg u m en t h o ld s  for to lu en e . In  th e  ra d io ly sis  o f  
N 20 -s a t u r a te d  so lu tio n s o f  n itro b en ze n e  a s ig n ific a n t  
ch a n ge  in iso m er d istr ib u tio n  w as fo u n d  d u e  to  th e  fa c t  
th a t H O M O  a n d  L U M O  o f  n itro b en ze n e  d iffe r  greatly . 
T h e  m u c h  greater se n s itiv ity  o f  n itro b en ze n e  tow ard  
ch a n g es in  th e  e le c tro p h ilic ity  o f  th e  a tta c k in g  sp ecies  
c o m p a re d  w ith  ch lo ro b en ze n e  or to lu en e  is e v id e n t in  
loo k in g  a t th e  su b st itu t io n  p a ttern  o f  th ese  c o m p o u n d s  
w ith  m e th y l, p h e n y l, a n d  h y d ro x y l ra d ica ls  (see  T a b le  
V III ) . T h e  orth o :m e t a  ra tio s for n itro b en ze n e  va ry  over a 
m u c h  larger ran ge th a n  th o se  for ch lo ro b en ze n e  a n d  to lu 
en e. In  th e  ra d io ly sis  o f  aq u eo u s so lu tio n s  o f  to lu en e  we 
ob served  in a d d itio n  to  a ro m a tic  s u b stitu tio n  a large  
a m o u n t o f  s id e -c h a in  a tta c k , w h ose re la tiv e  im p o r ta n c e  is 
ch a n gin g  in th e  p resen ce  o f  N 20 .  T h e  resu lts  in  T a b le  III 
sh ow  th a t th e  ra tio  o f  G ( b ib e n z y l ) : G (to ta l  creso ls) is in 
creasin g in  N 20 -s a t u r a t e d  so lu tio n s . S in ce  s id e -c h a in  a t 
ta ck  is favo red  b y  a n u c le o p h ilic  sp ec ies  ou r re su lts  in d i
ca te  th e in v o lv e m e n t o f  a sp ec ies lik e  0 _  or N 20 ~  w h ich  
is m ore n u c le o p h ilic  th a n  th e  O H  ra d ica l.

C o n c lu s io n

T h e  a p p lic a tio n  o f  S C F - M O  th eory  to  r a d ia tio n -in 
d u ce d  a r o m a tic  h y d ro x y la tio n  gives a b e tter  u n d e r 
sta n d in g  o f  th e  o b serv ed  iso m er d is tr ib u tio n . T h e  resu lts  
sh ow  th a t a v a rie ty  o f  fa cto rs  p la y  an  im p o r ta n t role in  
d e te r m in in g  th e  iso m er d is tr ib u tio n . T h e  H O M O - L U M O  
o v erla p , th e  to ta l S C F  en ergies, a n d  th e  en ergy lev els  o f  
th e  sin g ly  o c cu p ie d  m o le c u la r  o rb ita l ( S O M O )  o f  th e  in 
te rm ed ia te  c y c lo h e x a d ie n y l ra d ica ls  h ave  to  b e  c o n sid 
ered . T h e  e x p e r im e n ta l a n d  th e o re tica l re su lts  sh ow  fu r
th er th e  e le ctro p h ilic  ch a ra cter  o f  th e  h y d ro x y l ra d ical 
a n d  th e  n u c le o p h ilic  ch a ra cter  o f  0 - _ . T h e  e lectro p h ilic  
h y d ro x y l ra d ica l in tera cts  p r im a rily  w ith  th e  h ig h est  
o c cu p ie d  m o le cu la r  o rb ita l ( H O M O )  w h ereas th e  n u c le o 
p h ilic  0 - _  ra d ica l in tera cts  m a in ly  w ith  th e  lo w est u n o c 
c u p ied  m o le cu la r  o r b ita l ( L U M O ) .
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R a d ia tio n  y ie ld s  o f  ion s h av e  b een  m e a su red  b y  p u lse  ra d io ly sis  in m e th a n o l so lu tio n s co n ta in in g  b e n zy l  
ch lo rid e , u sin g  an  ac c o n d u c to m e tr ic  m e th o d . F or th e  so lv a te d  e lectro n  a y ie ld  o f  G (e sor )  =  1 .8  ±  0 .2  
h as b e e n  m e a su red  w ith  b e n z y l ch lo rid e  co n ce n tra tio n s o f  1 to  10 m M. W a te r  h a s  n o  e ffec t on th e  e le c 
tron  y ie ld . F or th e  C H 30  a y ie ld  o f  G  =  0 .3 5  ±  0 .1 5  h as b een  m e a su re d .

I n tr o d u c tio n

W h e n  ra d ia tio n  is a b so rb ed  b y  m a te r ia l, io n iza tio n  an d  
ex c ita tio n  p ro cesses ta k e  p la c e . T h e  p r im a ry  e ffe c ts  o f  ra 
d ia tio n  h a v e  b een  a  m a tte r  for m a n y  d isc u ss io n s .4 D e sp ite  
th e e x te n siv e  w ork w h ich  h as b een  carried  o u t in the p a s t  
tw o d ec a d es , th e  role o f  io n iza tio n s  a n d  e x c ita tio n s  is n ot 
y e t  fu lly  k n o w n . O n ly  a fra c tio n  o f th e  ra d ia tio n  en ergy  is 
u sed  in  th e  fo rm a tio n  o f ra d ica l a n d  ion ic sp ec ies . In  
w ater, th e  n e t y ie ld  for w ater d e c o m p o sit io n  is a b o u t 4 
m o le c u le s /1 0 0  e V , w h ile  100  e V  en ergy  is su ffic ie n t to  d is 
sociate  a b o u t  10 w ater m o le c u le s . A c c o rd in g  to  th e  sp u r  
d iffu sio n  m o d e l, o r ig in a lly  d ev e lo p e d  b y  S a m u e l an d  
M a g e e 5 a n d  later re fin ed  b y  m a n y  oth ers, p a rt o f  th e  ions  
an d  ra d ica ls  p ro d u c ed  p rim a rily  re a ct in th e  sp u rs rath er  
th a n  d iffu se  in to  th e  b u lk  o f  th e  so lu tio n . S c h w a r z 6 e s ti 
m a te d  th a t a c tu a lly  b e tw ee n  5 a n d  6  w ater m o le c u le s  are 
d ec o m p o se d  b y  1 00  e V  o f  ra d ia tio n . O f  th o se , a s u b s ta n 
tia l fractio n  re c o m b in e s  in th e  sp u rs .

L e ss  is k n ow n  on  m e d ia  oth er th a n  w ater . A lc o h o ls  are 
a m o n g  th e  m o s t  e x te n s iv e ly  s tu d ie d  m e d ia , n e x t to  
w a te r .7 H o w e v e r , in  a d d itio n  to  in su ffic ie n t d a ta , there is 
o fte n  d isa g re e m e n t c o n cern in g  th e  n a tu re  a n d  th e  y ie ld s  
o f  p ro d u c ts  in a lco h o ls .

T h e  p u rp o se  o f  th is  a rtic le  is to  rep ort th e  y ie ld s  o f  so l
v a te d  e le ctro n s (e soi —) a n d  m e th o x id e  ion s ( C H 30 ~ )  in  
m e th a n o l. S im ila r  w ork has b e e n  carried  o u t p re v io u sly  in

(1) Postdoctoral Fellow from the Pakistan Atomic Energy Commission 
Karachi, with a grant from the Alexander von Humboldt-Stiftung, 
Bad Godesberg.

(2) On leave from The Acce erator, The Hebrew University. Jerusalem 
91 000, Israel.

(3) Visiting professor from the Department of Physical Chemistry, The 
Hebrew University, Jerusalem 91 000, Israel.

(4) See, e  g .. U. L. Parsegian and H. M. Clark, Vol. 4, “Survey of Prog
ress in Chemistry," Academic Press, New York, N. Y., 1968.

(5) A. H. Samuel and J. L. Magee, J. C h em . P hys.. 21, 1080 (1953).
(6) H. A. Schwarz, J. Phys. C h em ., 73, 1928 (1969).
(7) See, e g.. J. Teply, Radiation R es. R ev .. 1,361 (1969).
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e th a n o l.8 A  lo n g -ra n g e  p u rp ose  o f su c h  w ork  is to  u n d e r 
sta n d  th e  fa cto rs  w h ich  d e te r m in e  th e  io n ic  y ie ld s  (e.g., 
d ie le ctr ic  c o n sta n t a n d  v isc o sity  o f  th e  m e d ia )  so th a t  the  
p rim a ry  y ie ld s  in p re v io u sly  n o t m e a su red  m e d ia  ca n  be  
p re d ic te d . In  th e  p resen t artic le  w e w ill p ro v id e  d a ta  c o n 
cern in g th e  m e th a n o l sy s te m  w h ich  a d d s  to  p rev io u s in 
v e stig a tio n s8-11 to  y ie ld  in fo r m a tio n  on  m e d ia  w it i  a 
grea t v a r ie ty  o f  p h y s ic a l a n d  c h e m ic a l p ro p erties . In  a d d i
tio n , th e  m e a su r e m e n ts  o f  th e  ra d ia tio n  y ie ld s  in va rio u s  
m e d ia  are e sse n tia l for a cross ch e ck  o f d iffu sio n  m o c e ls .  
A t  p re sen t, th ere  are to o  m a n y  p a ra m e te rs  w h ich  are free 
ly  c h o sen , a n d  th e  s ig n ific a n ce  o f  a fit  w ith  a d iffu sio n  
m o d e l is q u e stio n a b le . A n y  a c cu ra te  m e a su r e m e n ts  o f  th e  
y ie ld s  o f  p ro d u c ts  red u ces th e  n u m b e r  o f a d ju sta b le  p a 
ra m e te rs .

E x p e r im e n t a l  S e c t io n

T h e  p u lse  ra d io ly s is  a p p a r a tu s  a n d  ce ll f illin g  te c h 
n iq u e 12 h a v e  b e e n  d esc rib e d  p re v io u sly . T h e  1 0 -M H z  ac  
c o n d u c tiv ity  se tu p  h as b een  rep orted  p r e v io u s ly .13 U n d e r  
ou r c o n d itio n s , th e  t im e  reso lu tion  o f  th e  m e a su r e m e n ts  
w as a b o u t 3 nsec in  a d d itio n  to  th e  p u lse  d u ra tio n . E le c 
tron  p u lses  o f  0 .3 - 3  ¿¿sec fro m  a V a n  de G r a a ff  m a c h in e ,
1 .5  M e V , w ere u se d . T h e  cell co n siste d  o f  tw o  a p p ro x i
m a te ly  m a tc h e d  pairs o f  e lectro d es in one q u a rtz  ce ll. T h e  
cell c o n sta n t w as ~ 0 . 5  c m - 1 . T h e  b rid ge  w orks lin early  
o n ly  for sm a ll ch a n g e s in  th e  c o n d u c tiv ity  ( < 5 % ) ;  th e re 

fore w e a lw a y s a d d e d  1 0 - 5  M N a C I C L  to  th e so lu tio n .
S in c e  b e n z y l ch lorid e  d e c o m p o se s  in m e th a n o l a t  ro om  

te m p e ra tu re , th e  so lu tio n s w ere k ep t a t — 4 0 ° u n d er h e li
u m  a n d  w a rm ed  u p  to  17° im m e d ia te ly  (sev era l seco n d s)  
b efore irra d ia tio n . (T h is  w as carried  o u t w h en  th e  so lu tio n  
w as flo w in g  fro m  a co o led  storage fla sk  to  th e  irrad ia tio n  
c e ll.)

T h e  th e r m a l d e c o m p o sit io n  o f  b e n z y l ch lo rid e  in m e th 
an o l p ro d u c es  p ro d u c ts  w h ich  h av e  e le c tr ic a l c o n d u c tiv i
ty , a p p a r e n tly  H + a n d  C l - . C o n d u c tiv ity  m e a su r e m e n ts  
sh ow ed  th a t  p ra c tic a lly  no th e r m a l d e c o m p o sit io n  o f b e n 
zy l ch lorid e to o k  p la c e  at —4 0 ° . T h e  c o n d u c tiv ity  ob served  
a fter  1 hr w as sm a ll c o m p a re d  w ith  th e  c o n d u c tiv itie s  
p ro d u c ed  b y  th e  e lectro n  p u lses .

D o s im e tr y  w as carried  ou t u sin g  a te tr a n itro m e th a n e  
sa tu ra te d , d ea era ted  aq u eo u s so lu tio n  c o n ta in in g  0 .1  M 
iso p rop yl a lc o h o l. B o th  c o n d u c tiv ity  a n d  a b so rb a n c e  m e a 
su r e m e n ts  w ere carried  ou t s im u lta n e o u s ly . T h e  c n ly  
p ro d u c ts  w h ich  co n tr ib u te  to  th e  c o n d u c tiv ity  a n d  o p tic a l  
a b so rb a n c e  a t  3 5 0  n m  in th e  m ic ro se c o n d  tim e  ran ge are 
H +  an d  C ( N 0 2) 3 -  (e 1 4 ,8 0 0  M~1 c m - 1  a t  3 5 0  n m ) . G =  6  
w as a ssu m e d  for th e  n itro fo rm . T h e  d ose  in m e th a n o l w as  
a ssu m e d  to  b e  0 .8  o f  th e  d ose  in  w ater . A ll  m e a su r e m e n ts  
w ere d o n e  a t  17°.

Materials. P erch loric  ac id , H 2 S O 4 ,  N a C 1 0 4 - H 20 , I2 , 
a n d  d in itr o p h e n y lh y d r a z in e  w ere M e r c k ’s A n a ly t ic a l re 
a g e n ts ; M g  p o w d er w as R ie d e l ’s rea g en t. T h e y  w ere u sed  
as rece iv ed . M e t h a n o l o f  M e r c k  ( “ for a n a ly s is” ) w as p u ri
fied  fro m  ca rb o n y l c o m p o u n d s  b y  re flu x in g  for 12 hr w ith  
3 m l o f  H 2 S O 4  an d  1 .5  g o f  d in itro p h e n y lh y d ra z in e  per 
l ite r .14 A fte r  d is tilla tio n  th ro u g h  a c o lu m n , p a rt o f  w h ich  
w as h e a te d  to  p re v e n t ion m ig ra tio n , it  w as re flu x ed  w ith  
2 g o f  M g  a n d  0 .2  g o f  I 2 for a t  lea st 10  hr. It w as s u b s e 
q u e n tly  d istille d  six  tim e s  th ro u g h  a c o lu m n . T h e  w hole  
p rocess o f  c le a n in g  o f  th e  m e th a n o l w as carried  o u t u n d er  
d ried  argon  (L in d e , e x tr a  p u re ). A n  ab sorb er (L in d e ’s) for  
th e  e lim in a tio n  o f  w ater an d  o x y g en  w as u se d . T h e  p u ri
fied  m e th a n o l w as fu rth er d e a era ted  b y  b u b b lin g  for 20  
m in  w ith  d ry  p u rified  argon . E v e n  a fter  th is  p ro ced u re,

th e  c o n d u c tiv ity  o f  th e  m e th a n o l w as m u c h  h ig h er th a n  
th e  th e o re tic a l v a lu e . W e  a ssu m e  th a t  so m e  m a g n e s iu m  
m e th o x id e  w as tran sferred  d esp ite  our re p ea te d  d is t i l la 
tio n s . T h is  is su p p o rted  b y  th e  fa c t  th a t  v ery  low  c o n d u c 
t iv itie s  w ere ob serv e d , w h en  m e th a n o l fro m  th e  b o ttle  w as  
d is tille d  w ith o u t th e  a d d itio n  o f  M g . A fte r  th e  in tro d u c 
tio n  o f  M g , th is  w as th e  m a in  im p u r ity , all o th er ions  
b e in g  p re sen t in  m u c h  sm a lle r  c o n c e n tra tio n s . In  a d d i
tio n , th e  c o n d u c tin g  im p u r ity  w as a b a se , as  d e m o n 
stra ted  b y  a c o n d u c to m e tr ic  titra tio n  w ith  p erch lo ric  ac id . 
C h e c k s  for c o n d u c tiv ity  w ere a lw a y s carried  o u t a n d  th e y  
sh ow ed  0 .5  to  1 n-M m a g n e s iu m  m e th o x id e  to  b e  p re sen t. 
U n le ss  o th erw ise  s ta te d , a su ffic ien t a m o u n t o f  p erch loric  
acid  w as a d d e d  to  n e u tra lize  th e  m e th o x id e  a n d  o b ta in  a 
s lig h tly  a c id ic  p H  (in  th e  range 6 - 7  fo r  m o s t  o f  th e  e x p e r i
m e n ts ) . In  so m e  ca ses , th e  C H 3O  ion s w ere n e u tr a liz e d  
b y  H + gen era ted  b y  p u lse  irrad ia tio n . M o r e  d e ta ils  a b o u t  
th ese  w ill be g iven  la ter . C o n d u c to m e tr ic  titra tio n s  w ere  
a lw a y s ca rried  o u t to  co n firm  th e  p resen ce  o f  e x ce ss  o f  
ac id . B e n z y l  c h lo rid e , M e r c k ’s (for a n a ly sis ) w as d is tille d  
five  t im e s  in vacuo th ro u g h  a c o lu m n .

T h e  p u rity  o f  th e  m e th a n o l w ith  resp ec t to  th e  life tim e  
o f  e soi -  w as ch e ck e d  in e a ch  o f  th e  so lu tio n s ju s t  b efo re  
th e  a d d itio n  o f th e  b e n z y l ch lo rid e.

R e s u lt s

T h e  e ffe c t o f  ra d ia tio n  on  m e th a n o l ca n  be rep resen ted  
by

C H ;iO H  ---------------------- C H 3O H 2+ , e sof ,  C H :,CT, R  ( 1 )

w here R  rep resen ts n e u tra l free ra d ic a ls . W h e n  b e n z y l  
ch lo rid e  is a d d e d , rea ctio n  2  ta k es p la c e .

e„i +  Ü .I 1 C H  Ci — ► C 6H 5C H 2 +  c r  (2 )

R e a c tio n  2 is in  a g re e m en t w ith  th e  d isa p p ea ra n c e  o f  th e  
e soi a b so rp tio n  u p o n  th e  a d d itio n  o f  b e n z y l ch lo rid e . 
R e a c tio n s  s im ila r  to  (2 )  h ave  b e e n  rep orted  p r e v io u s ly . 18 

In  all our e x p e r im e n ts , su ffic ie n t a m o u n ts  o f  b e n z y l c h lo 
ride w ere a d d e d  so  th a t  esoi -  re a cte d  e x c lu siv e ly  w ith  it 
as w as co n tro lled  b y  ob serv in g  th e  d e c a y  o f  th e  o p tic a l a b 
so rp tio n  o f  th e  e le c tro n . T h e  h a lf -life  a lw a y s w as sh o r t 
e n ed  b y  m o re  th a n  a fa c to r  o f  1 0  b y  th e  a d d itio n  o f  th e  
b e n z y l c h lo rid e . A n y  C H 3O -  w h ich  is fo rm e d  b y  th e  irra 
d ia tio n  is e x p e c te d  to  be  n e u tr a liz e d  b y  th e  e x c e ss  o f  
R O H 2 + . W h e n  th e  so lu tio n  c o n ta in s  in it ia lly  a large e x 
cess o f  C H 3 0 H 2 + io n s, th e  n e u tr a liz a tio n  rea ctio n  ta k e s  
p la c e  d u rin g  th e  p u lse . A t  th e  en d  o f th e  p u lse  a n e t c o n 
d u c tiv ity  c h a n g e  is e x p e c te d  d u e  to  th e  p e r m a n e n t p r o d 
u c ts  C H s O H 2 + an d  C l -  ( A 0 =  195 o h m - 1  c m 2 m o l - 1  a t  
2 5 ° ) .  T h is  is in  ac co rd a n ce  w ith  our o b se r v a tio n s . T h e re  
w as n o  fu rth er c o n d u c tiv ity  c h a n g e  in d ic a tin g  n o  a d d i
tio n a l rea ctio n s in v o lv in g  io n s. (M e a s u r e m e n ts  w ere c a r 
ried  o u t in th e  t im e  range 4 -5 0 0  /usee.) F ro m  su ch  e x p eri-

(8) J. Rabani, M. Grätzel, and S. A. Chaudhri, J. Rhys. C h em .. 75, 3893 
(1971).

(9) (a) J. Rabani, M. Grätzel, S. A. Chaudhri, G. Beck, and A. Hen- 
glein, J. Phys. C h em ., 75, 1759 (1971); (b) G. C. Barker, P. Fowles, 
D. C. Sammon, and B. Stringer, Trans. F araday S o c . . 66, 1498 
(1970); (c) G. C. Barker, and P, Fowles, ibid., 66, 1661 (1970) 
(1970).

(10) D. A. Flead and D. C. Walker, Can. J. C h em .. 48, 1657 (1970).
(11) (a) W. F. Schmidt and A. O. Allen, J. Phys. C h em .. 72, 3730 

(1968); (b) W. F. Schmidt and A. O. Allen, J. C h em . P hys.. 52, 
2345 (1970).

(12) G. Beck, Int. J. Radial. Phys. C h em .. 1,361 (1569).
(13) J. Lilie and R. W. Fessenden, J. Phys. C h em .. in press.
(14) D. D. Perrin, W. L. F. Armarego, and D. R. Perrin, “Puri-ication of 

Laboratory Chemicals," Pergamon Press, Oxford, 1966.
(15) R. J. Hagemann and H. A. Schwarz, J. Phys. C h em .. 71, 2694 

(1967).
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Figure 1. Oscilloscope traces (various pulse Intensities) In 10 - 5  M NaCI04 deaerated methanol solutions containing 5 m/W benzyl 
chloride: (a )-(e ), excess of 0.2 pM  HCI04 initially present, dose 60-1000 rads; (f), solution containing 0.2 f iM  HCIO4 has been pre
viously pulse-irradiated until 2 pM  HCI has been accumulated.

m erits, G (e sot ) w as c a lc u la te d . T h e  re su lts  a t severa l 
b en zy l ch lorid e  a n d  C H 3O H 2 + c o n c e n tra tio n s are p re se n t
ed  in T a b le  I.

In  th e  p resen ce  o f  w ater , e q u ilib r iu m  3 e x ists .

R O H  +  H 30 + ^  R O H 2+  +  H 20  (K =  0 .2  Mm) (3 )

T h e  e q u iv a le n t c o n d u c tiv ity  o f  H 30 +  a t  2 5 °  is 5 0  c o m 
p ared  w ith  144  o h m - 1 c m 2 m o l - 1  for C H 3O H 2 + . 17

T h e  re su lts  o f  T a b le  I  sh ow  th a t  th e  e lectro n  y ie ld  in  
m e th a n o l is s im ila r  to  th a t  rep orted  for e th a n o l8 a n d  d e 
p en d s o n ly  s lig h tly , if  a t  a ll, on th e  b e n z y l ch lo rid e  an d  
C H 3O H 2 + c o n c e n tr a tio n s  in th e  ran ge o f  ou r m e a su r e 
m e n ts . O u r  re su lts  agree w ith  th o se  rep orted  b y  F re e 
m a n .18

T h e  e lectro n  y ie ld s  w h ich  are d eterm in e d  fro m  th e  c o n 
d u c tiv ity  ch a n g e s  a t  lo n g  t im e s , are th e  sa m e  w ith  an d  
w ith o u t w ater , ta k in g  in to  a c c o u n t th e  d iffe re n t m o b ilitie s  
o f  th e  io n s, b u t  th e  b e h a v io r  a sh o rt tim e  a fter  th e  p u lse  is 
d ifferen t sin ce  C H 3O H 2 + a n d  C H 30 ~  re a ct w ith  H 20  
fo rm in g  H 30 + a n d  O H ' .  T h e re fo re  for th e  su b se q u e n t  
m e a su r e m e n ts  d ry  m e th a n o l w as a lw a y s u sed .

Measurements at Very Low Acid Concentrations. W h e n  
a so lu tio n  c o n ta in in g  b e n z y l ch lo rid e  an d  a re la tiv e ly  low  
acid  c o n c e n tra tio n  w as p u lse -irr a d ia te d , th e  in itia l c o n 
d u c tiv ity  c h a n g e  w as h ig h er b y  ro u g h ly  1 5 %  th a n  in th e  
stron g er a c id ic  so lu tio n s  (T a b le  I ) . T h e  in crease in c o n 
d u c tiv ity  w h ich  to o k  p la c e  d u rin g  th e  p u lse  p a r tia lly  d e 
ca y ed  a w a y  w ith in  th e  first 3 0 -1 0 0  ¿¿sec. T y p ic a l  o sc illo 
sco p e  tra c es  are p re sen te d  in F igu re  1. U n d e r  th e  c o n d i
tio n s o f  F igu re  1 , th e  c o n c e n tra tio n s  o f  C H 3O H 2 + , p ro 
d u ce d  b y  a sin g le  e lectro n  p u lse , ra n g ed  b e tw ee n  0 .1  an d
1 .5  pM. T h e  d e c a y in g  fra c tio n  is in  a ll ca ses (F igu re  l a - e )  
a b o u t 1 5 % , b u t  th e  rate  o f  th e  d e c a y  in creases n ea rly  p ro 
p ortion al w ith  p u lse  in te n sity . A fte r  several p u lses  h ave  
been  g iven  to  th e  sa m e  so lu tio n , n o  d e c a y  is o b served  
(F igu re  I f ) .  W e  in terp ret th e  d e c a y  as b e in g  d u e  to  th e

n e u tra liz a tio n  rea ctio n

C H :(O H ,+  +  C H 3CT — ► 2C H 3O H  (4)

U p o n  re p etitiv e  p u lse  irrad ia tio n  o f  th e  sa m e  so lu tion , 
C H 3O H 2 + b u ild s  u p . R e a c tio n  4  is e n h a n c e d , a n d  a t  su ffi
c ie n tly  h ig h  C H 3O H 2 + c o n c e n tra tio n  th e  d e c a y  o f  c o n d u c 
t iv ity  ta k e s  p la c e  d u rin g  th e  p u lse  a n d  c a n n o t be o b 
serv ed . T h e  p la te a u s  o b serv ed  in F igu re  1  corresp on d  to  
G (e so i_ ) =  1 .9  ±  0 . 1 . T h is  agrees w ell w ith  G (e sor )  m e a 
su red  a t h igh er H C I O 4 c o n c e n tra tio n s . T h e  y ie ld  o f  
C H 30  ion s ca n  b e  c a lc u la te d  u sin g  eq  5 .

G (C H 30 “ )
[ \ ( c n  +  x ( c h 3o h 2+ )]

Gleso, ) x  j-x (C H 3 C r )  +  x (C H 3O H 2+ )]

Ko a n d  K „  are th e  sp ec ific  c o n d u c tiv itie s  ex tra p o la te d  
b a c k  to  th e  m id d le  o f  th e  p u lse  an d  a t  th e  p la te a u , re
sp e c tiv e ly . E x tr a p o la tio n  to  th e  m id d le  o f  th e  p u lse  w as  
n o r m a lly  carried  o u t fro m  th e  lin ear p lo ts  o f  In (K -  K„) 
vs. t im e .

In  T a b le  II w e p re sen t v a lu e s  o f  G ( C H 30 ~ )  o b ta in ed  in 
va rio u s b e n z y l ch lorid e  a n d  C H 3O H 2 + co n c e n tra tio n s . A  
ra tio  [ X ( C l - )  +  X (C H 30 H 2+ ) ] / [ X ( C H 30 - )  +  X ( C H 3O H 2+ )]  
=  0 .9 8 19 h a s  b e e n  u se d  for th ese  c a lc u la tio n s .

F ro m  th e  re su lts  o f  F igu re 1 an d  T a b le  II w e co n clu d e  
th a t  G ( C H 30  ) =  0 .3 5  ±  0 .1 5  as an  average  o f  all v a lu es . 
T h e  v a lu es  a t  h ig h er d oses are m o re  re lia b le  b e ca u se  o f  
th e  b e tter  s ig n a l to  noise  ratio .

(16) L. S. Guss and I. M. Kolthoff, J. A m er . C h em . S o c .. 62, 1494 
(1940).

(17) B. E. Conway, J. O'M Eockris, and H. Linton, J. C h em . P hys . 24, 
834 (1956).

(18) K. N. Jha and G. R. Freeman, J. C h em . P hys.. 48, 5480 (1968).
(19) Landolt-Börnstein, ''Zahlenwerte und Funktionen," Vol. Il, Part 7, 

Springer-Verlag, Berlin, 1960.
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TABLE I: G(esor )  in Acidic Benzyl Chloride Solutions0

[C6H5CH2CI], m [CH3OH2 + ] , 0 M [H2o], m Ö (©sol )

1 .4  X  1 0 - 3 3 X  1 0 - 6 1 .6
3 .2  X  1 0 - 3 8 .5  X  1 0 - 6 1 .6
5 .0  X  1 0 - 3 2 X  1 0 - 6 1 .8
5 .0  X  1 0 - 3 1 .5  X  1 0 - 6 0 .1 8 2 .0
5 .0  X  1 0 - 3 1 .5  X  1 0 - 6 1.9 1.9
1 .3  X  1 0 - 2 8 .5  X  1 0 - 6 1.8
1 .3  X  1 0 - 2 1 .0  X  1 0 -2 0 .0 2 5 1.9

“ The solution contained 10-5 M NaCI04 in order to increase the initial 
(before pulse) conductivity. Pulse intensity varied between 6 X 1018 
and 1.8 X  1019 eV l.~ 1 per pulse. The above results represent averages 
of five measurements per G value. b HCIO4 (from a 70% aqueous solu
tion) added.

I t  m ig h t  b e  argu ed  th a t  th e  p a rtia l d e c a y  o f  c o n d u c tiv i
t y  is d u e  to  a rea ctio n  w ith  an  a lk a li or a b u ffe r  p resen t  
in it ia lly  a n d  n o t d u e  to  th e  re a ctio n  w ith  th e  ra d ia tio n  
p ro d u c t C H 3O  . F ro m  our m e th o d  o f  p re p a ra tio n  one  
m ig h t su sp e c t tra c es  o f  w ater a n d  o f u n titra te d  m a g n e s i
u m  m e th o x id e  as p o ssib le  im p u ritie s . T h e  m e th o x id e  ions  
w ere n e u tr a liz e d  b y  titra tio n  w ith  H C I O 4 . A lth o u g h  an  
error in th e  d e te r m in a tio n  o f  th e  en d  p o in t is p o ss ib le , 
w h en  th e  excess  o f  a c id  is so s m a ll, ou r resu lts  w h ich  sh ow  
th a t  G ( C H 3 0 - ) is in d e p e n d e n t o f  th e  p u lse  in te n sity  rule  
o u t a n y  s ig n ific a n t a lk a lin ity  in  our so lu tio n s b efore  p u l 
s in g . I f  G ( C H 3 0 ~ ) w a s zero a n d  th e  d e c a y  w as e n tire ly  
d u e  to  n e u tr a liz a tio n  o f  a lk a li a lrea d y  p re sen t in  th e  so lu 
tio n s  b e fo re , on e  w o u ld  e x p e c t th e  m a g n itu d e  o f  th e  c o n 
d u c tiv ity  w h ich  d ec a y s  a w a y  to  be  in d e p e n d e n t o f  
C H 3O H 2 f  fo rm ed  b y  th e  p u lse . O u r  o b serv a tio n s  (F igu re  
1  a n d  T a b le  II) sh o w  th a t  th e  re la tiv e  fra c tio n  w h ich  d e 
ca y e d  a w a y  w as c o n sta n t w ith in  e x p e r im e n ta l error, a l 
th o u g h  th e  p u lse  in te n sity  h as b e e n  va ried  b y  1 5 -fo ld .

T o  d e m o n str a te  th e  e ffec t o f  in itia lly  p re sen t a lk a li, 
p u lse  e x p e r im e n ts  w ere carried  o u t in  so lu tio n s c o n ta in in g  
in it ia lly  7 -1 5  f iM  m a g n e s iu m  m e th o x id e  a n d  5  X  1 0 - 3  M 
b e n z y l c h lo rid e . T h e  c o n d u c tiv ity  p ro d u c ed  u p o n  p u lse  ir
ra d ia tio n  d e c a y e d  a w a y  to  zero as lo n g  as th e  so lu tio n  
c o n ta in e d  an  ex cess  o f  a lk a li w h ich  w as su ffic ie n t to  n e u 
tra lize  a ll th e  H +  p ro d u c ed  b y  th e  p u lse . U n d e r  su ch  c o n 
d itio n s , p ro cess 1 is fo llo w ed  b y  rea ctio n s 2 a n d  4 , an d  th e  
n e t e ffe c t  is to  su b stitu te  C H 3O  b y  C l - . T h e s e  tw o  ions  
p o ssess  n e a r ly  th e  sa m e  c o n d u c ta n c e s  an d  th erefore  n o  n e t  
c o n d u c tiv ity  ch a n g e  is ob serv e d . T h e  d e c a y  ra te  o f  the  
c o n d u c tiv ity  co rresp on d s to  (¡4 s  5  X  10 10 M - 1  s e c - 1 , in  
a g re e m e n t w ith  p rev io u s m e a su r e m e n ts 20 a n d  w ith  our  
e x p e r im e n ts  in th e  a c id  p H  ra n ge , w here rou gh  e s tim a te s  
o f  &4 c o u ld  be m a d e . W h e n  th e  sa m e  so lu tio n  is ag ain  
p u lse  irra d ia te d , th e  d e c a y  o f  th e  c o n d u c tiv ity  b e c o m es  
slow er, sin ce  p a r t o f  th e  m e th o x id e  io n s h av e  b e e n  n e u tra l-, 
ized  b y  th e  p rev io u s p u lse . P u lse s  w ere re p ea ted  u n til all 
o f th e  C H 3O -  ion s w ere n e u tra lized  a n d  an  excess o f  
C H 3O H 2 + w as o b ta in e d . A  p a r tia l d e c a y  o f  th e  c o n d u c tiv 
ity  co u ld  b e  o b serv ed  u n d er su c h  co n d itio n s , co rresp o n d 
in g  to  G ( C H a O - ) a n d  G (e so, - ) 0 .3  a n d  1 .8 , re sp ec tiv e ly . 
T h e s e  e x p e r im e n ts  su p p o rt th e  m e c h a n ism  a n d  v a lu es  o f  
G ( C H a O - ) a n d  G (e soi - ) p ro p o sed . T h e  to ta l ion  y ie ld  can.

TABLE II: G(eS0l- ) and G(CH3 0 - ) in Benzyl Chloride Solutions

[HCIO4],
4iM

[CH3OH2+],a
ßM

[C6H5CH2CI],
rr\M G (eSoi )b G (CH3O - )ö

0 .6 1 .0 1 .4 1 .7 G.25
0 .2 0 0 .3 5 .0 “ .9 0 .4
0 .2 0 0 .4 5 .0 1 .6 0 .6
0 .20 0 .5 5 .0 1 .7 0 .5
0 .2 0 0 .65 5 .0 1 . 8 0 .35
0 .2 0 0 .8 0 5 .0 1.9 0 .35
0 .2 0 1 .2 5 .0 ' . 9 0 .3 5
0 .2 0 1.7 5 .0 1.9 0 .3 5

° Average concentration during the decay of conductivity (including 
the HCIO4 initially added). 6 Average values of two r-ns.

be d e te r m in e d  fro m  th e  in itia l (e x tra p o la te d ) c o n d u c tiv ity  
p ro d u c ed  in b o th  a lk a lin e  a n d  a c id ic  so lu tio n s . T h e  re 
s u lts  y ie ld  [G (e soi - ) +  G ( C H s O - )] =  2 .2  ±  0 .3  (5  x  1 0 - 3  

M  b e n z y l ch lo rid e) in  a g re e m en t w ith  th e  v a lu e  w h ich  ca n  
b e  c a lc u la te d  fro m  p revio u s e x p e r im e n ts  in th e  s lig h tly  
a c id  ra n ge  (T a b le  II) . O u r re su lts  agree w ith  th o se  o f  
F o w les , w h o rep orted  a to ta l y ie ld  o f  free ion s in  m e th a n o l  
2 .0  ±  0 .2 .20

T h e  y ie ld  o f  free ions d ecreases fro m  3 .5  in  w ater an d  
fo r m a m id e 10 to  v a lu e s  b e low  1  in  liq u id  h y d r o c a rb o n s . 11  

M e th a n o l w ith  an  in te r m e d ia te  d ie lectric  c o n sta n t, y ie ld s  
an in te r m e d ia te  v a lu e  for G (free  io n s). T h e  y ie ld  o f  free  
ion s is e x p e c te d  to  in crease w ith  th e  d ie le c tr ic  c o n s ta n t . 21 

T h e  in te r m e d ia te  v a lu e  G (fre e  ion s) for m e th a n o l is in  
q u a lita tiv e  a g re e m e n t w ith  th is  co n clu sio n .

H ig h e r  y ie ld s  w ere rep orted  in e th a n o l . 8 A lth o u g h  th e  
d ie le c tr ic  c o n sta n t is n o t th e  on ly  fa cto r  w h ich  is e x p e c te d  
to  d eterm in e  th e  y ie ld  o f  free io n s, it is d iff ic u lt  to  ra tio 
n a lize  a re m a rk a b le  in creased  y ie ld  in e th a n o l, as c o m 
p a red  w ith  m e th a n o l. T h e  w ork  in  e th a n o l w as carried  ou t  
u sin g  a d iffe re n t te c h n iq u e , in  w h ich  so m e  u n c e r ta in ty  e x 
ists  w ith  re sp ec t to  th e  s h o r t-tim e  ran ge ( 1 0 -2 0  /xsec). In  
th ese  m e a su r e m e n ts  b e ca u se  o f  th e  e x tr e m e ly  low  c o n d u c 
ta n c e  o f  th e  so lu tio n , th e  d istu r b a n c e s  fro m  th e  b e a m  
to o k  a lon g er t im e  to  se ttle  d o w n  th a n  n o rm a l a n d  on  th e  
oth er h a n d  th e  sig n a ls  w ere m u c h  sm a lle r  th a n  in  w a ter or 
m e th a n o l, d u e  to  th e  low  m o b ility  o f  th e  ion s in  e th a n o l. 
T h e re fo re , w e fee l th a t  th e  p rev io u s e th a n o l re su lts  are re 
lia b le  w ith  re sp ec t to  G (e sor ) ,  b u t  G ( C 2H 50 - ) c a n n o t be  
u sed  s a fe ly  b efo re  fu rth er e x p e r im e n ts  c o n firm  th e  p re 
v io u sly  rep orted  v a lu e . In  fa c t , th e  w ork  b y  F o w le s , 20 

c o m b in e d  w ith  G (e sor )  =  1 .8  ±  0 . 1 s su g g e sts  th a t  
G ( C 2H 5 0 - ) is less  th a n  0 .7 . U n fo r tu n a te ly , th e  p ro je c t  
h a d  to  be te r m in a te d  before  fu rth er e x p e r im e n ts  in e t h a 
n ol so lu tio n s  c o u ld  b e  carried  o u t . F ro m  p re lim in a r y  w ork  
it se e m s  p ro b a b le  th a t  th e  y ie ld s  o f  b o th  R O -  a n d  e so l-  
m a y  be s im ila r  in  b o th  m e th a n o l a n d  e th a n o l.

Acknowledgment. W e  w ish  to  th a n k  A . H e n g le in  an d
W .  F . S c h m id t  for v a lu a b le  d isc u ssio n s  d u rin g  th e  course  
o f  th is  w ork .

(20) P. Fowles, Trans. F araday S o c .. 67, 428 (1971).
(21) P. G. Fuochi and G. R. Freeman, J. C h em . Phys.. 56, 2333 (1972).
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E x c i t e d  S t a t e  R e a c t i v i t y  o f  A z a  A r o m a t i c s .  I .  B a s i c i t y  o f  
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T h e  b a sic it ie s  o f  th e  th ree  iso m eric  fr a n s-sty ry lp y r id in e s  in th e  first e x c ite d  s in g le t s ta te  h ave  been  c a l
c u la te d  fro m  th e ir  a b so rp tio n  a n d  flu o rescen ce  sp e c tra . F or 3 -s ty ry lp y r id in e  a n d  so m e  o f its  4 '-s u b s t itu t -  
e d  d er iv a tiv es  th e  p K *  h as a lso  b e e n  d ire c tly  m e a su red  b y  flu o rim etrie  titra tio n . T h e  b a s ic ity  increases  
s tro n g ly  on  e x c ita t io n , w ith  th e  e x c e p tio n  o f  th e  4 ' - N 0 2 d er iv a tiv e  w h ich  b e c o m es  a stron g er ac id  in the  
e x c ited  s ta te . T h e  s u b s t itu e n t  e ffec t on  th e  b a s ic ity  o f  3 -s ty ry lp y r id in e  is larger in th e  e x c ite d  th a n  in the  
g r o u n d -sta te  m o le c u le . K in e tic  p a ra m e te rs  for th e  p ro to ly tic  eq u ilib ra tio n  in th e  e x c ite d  s ta te  h ave  been  
e v a lu a te d  fro m  flu o r e s c e n c e -p H  cu rves an d  flu o rescen ce  life tim e s .

In tr o d u c t io n

C a lc u la tio n s  o f  th e  b a sic it ie s  o f  s ty ry lp y rid in e s  ( S t P ’s) 
b y  a p p ly in g  th e  F orster  c y c le 1 to  th e  a b so rp tio n  sp ec tra  
sh ow ed  th a t  2 - a n d  4 -S t P  b e c o m e  m u c h  stron ger b a ses  in  
th e  e x c ite d  s in g le t  s t a t e .2 -3 T h e  p K* o f  3 -S t P , ro u gh ly  
e v a lu a te d  fro m  a b so r p tio n  m a x im a , s e e m e d  close  to  th e  
grou n d  sta te  pK. H o w e v e r , m o le c u la r  o rb ita l c a lc u la tio n s  
in d ic a te d  a n o tic e a b le  m ig ra tio n  o f  ch arge  to w a rd  th e  h e t
ero a to m  for all th ree  iso m ers  on  e x c ita t io n .2 T h e  p K *  
v a lu es h av e  n ow  b een  re c a lc u la te d  u sin g  th e  m o re  re liab le  
m e th o d  o f  av era g in g  th e  a b so rp tio n  a n d  flu o rescen ce  
freq u en cies4 a n d  th e y  in d ic a te  a stro n g  in crease o f  b a s ic i
ty  for th e  e x c ite d  3 -S t P  a lso . T h is  resu lt h as b e e n  c o n 
firm e d  d ire c tly  b y  m e a su r e m e n ts  o f  flu o rescen ce  in ten sity  
as a fu n c tio n  o f  p H  (o b v io u s ly  restr icted  to  th e  flu o rescen t  
tra n s iso m er , w h ich  a tta in s  a p a rtia l e q u ilib r iu m  w ith  th e  
p ro ton  d u rin g  th e  life tim e  o f  th e  flu o re sce n t s ta te ) . T h e  
in v estig a tio n  h a s  b e e n  e x te n d e d  to  in c lu d e  so m e  4 '-s u b s t i -  
tu te d  3 -S t P ’s . T h e  d a ta  o b ta in e d , to g eth er w ith  flu o re s
cen ce  life t im e s , are im p o r ta n t in th e  in terp reta tio n  o f  th e  
p h o to c h e m ic a l b e h a v io r  o f  th e se  c o m p o u n d s .5

E x p e r im e n t a l  S e c t io n

T h e  sty ry lp y rid in e s  w ere p re p a re d  b y  s ta n d a rd  p ro ce 
d u re s .6 G r o u n d -s ta te  p K  v a lu e s  w ere d ete r m in e d  b y  b o th  
a b so rp tio n  a n d  flu o rescen ce  sp e c tro m e tr y . A s  th e  p re ci
sion  o f  th e  a b so rp tio n  m e a su r e m e n ts  c a n n o t b e  h igh  for
3 -S t P ’s , d u e  to  th e  s m a ll  ch a n ges o f  th e  sp ec tra  w ith  p H ,7 
th e  d isso c ia tio n  c o n sta n ts  w ere a lso  m e a su red  b y  flu o -  
rim etry , w here th e  sp ec tra l sh ift d u e  to  p ro to n a tio n  is 
m u c h  la rg e r .8

E x c ite d  s ta te  io n iz a tio n  c o n sta n ts  w ere d ire c tly  d eter 
m in e d  b y  f lu o r im e try , w h en  p a r tia l e s ta b lis h m e n t o f  th e  
e x c ited  s ta te  e q u ilib r iu m  w as d e te c te d  in a p lo t o f  th e  rel
a tiv e  flu o re sce n ce  in te n s ity  as a fu n c tio n  o f  p H . V a lu e s  in  
th e ta b le s  are m e a n s  o f  th ree  in d e p e n d e n t e x p e r im e n ts  
w ith  a m e a n  d e v ia tio n  o f  0 .0 5 . A ll  p K* v a lu es  w ere also  
c a lc u la te d  b y  th e  F orster  cy c le  u sin g  th e  average  o f  th e  
a b so rp tio n  a n d  flu o re sce n ce  m a x im u m  freq u en cies  ( i f  d e 
te c ta b le , th e  lo n g -w a v e le n g th  sh o u ld e r  o f  th e  a b so rp tio n  
sp ec tra  w as u s e d ) . U n c e r ta in ty  fro m  fre q u e n cy  d e te r m in a 
tion  can  in tro d u ce  errors o f  0 .3 - 0 .4  p K  u n its . T h e  low  s o l
u b ility  o f  th ese  c o m p o u n d s  d id  n o t a llow  u s to  ta k e  a b 
sorp tion  sp ec tra  a t  h ig h  c o n c e n tra tio n s  a n d  so  to  g et a c c u 

ra te  b a n d  o n se ts  for th ese  m e a su r e m e n ts . T h a t  c a lc u la te d  
p K* v a lu es  are re lia b le  is in  a n y  case  c o n firm e d  b y  th e  very  

. good  a g re e m en t w ith  th o se  f lu o r im e tr ic a lly  m e a su red .
A b so r p tio n  sp ec tra  w ere ta k e n  w ith  b o th  s in g le - an d  

d o u b le -b e a m  g ra tin g  O p tic a  C F 4  sp e c tro p h o to m e te rs . For  
flu o rescen ce  sp ec tra  a C G A  D C - 3 0 0 0 /1  sp ec tro p h o to flu o ri-  
m e te r  w as u se d . S o m e  co rrected  sp ec tra  w ere run on  a 
P e r k in -E lm e r  M P F -3  flu o rescen ce  sp e c tro p h o to m e te r  w ith  
an  accessory  for sp ec tra l correction  w h ich  u ses R h o d a m in e  
B  as a q u a n tu m  co u n te r . F lu o r e s c e n c e -p H  cu rves w ere  
o b ta in e d  e x c itin g  th e  c o m p o u n d s  a t  th e  iso sb estic  p oin t  
b etw een  th e  a b so rp tio n  b a n d s  o f  th e  free b a se  a n d  its c o n 
ju g a te  a c id .

A ll  m e a su r e m e n ts  w ere m a d e  at ro o m  te m p e ra tu re  in  
w ater c o n ta in in g  1 0 %  ( v /v )  e th a n o l. S o lu tio n s  w ere fre sh 
ly  p rep ared  a n d  k e p t in th e  d ark  b efore  use to  avoid  
tr a n s -c is  p h o to iso m e r iz a tio n . B r itto n  b u ffers w ere u sed  in 
th e  p H  in terv a l 2 to  12; N a O H  so lu tio n s w ere u sed  for 
higher p H ’s .

A  S a r g e n t P X B  p H  m e te r  w ith  a gla ss e lectro d e  w as  
e m p lo y e d . H ig h  p H ’s w ere corrected  for th e  a lk a lin e  error. 
S o lu te  co n c e n tra tio n  w as o f  th e  order o f  2 X 10 5 M. T h e  
ionic stren g th  w as k ep t c o n sta n t a t  0 .0 1  for th e  m e a su re 
m e n ts  o f  g r o u n d -sta te  e q u ilib ria  an d  a t 1 in  th e  region  o f  
th e  e x c ited  s ta te  p K*. In  th e  la tte r  ca se , N a 2SO<t w as  
u se d  as a d d ed  s a lt  b e ca u se  o f  its very low  q u e n ch in g  
pow er on  th e  lu m in e sc e n c e . U n d e r  th ese  c o n d itio n s th e  
em issio n  in te n sity  w as p ro p o rtio n a l to  co n ce n tra tio n  and  
th e  f lu o r e s c e n c e -p H  cu rv es  sh ow ed  a reg u la r tren d .

A p p a r e n t  p K* v a lu es  (K* is th e  d isso c ia tio n  c o n sta n t o f  
th e  sty ry lp y r id in iu m  a c id ) w ere co rrected  ( - 0 . 3 )  to  th e  
th e r m o d y n a m ic  v a lu e s  in T a b le  II b y  th e  a p p ro x im a te  for
m u la  for th e  a c tiv ity  co e ffic ie n ts  (see  e.g., re f 8 ) .

(1) See e .g . . A. Weller, Progr. R ea c t . K inet.. 1, 187 (1961), and refer
ences cited therein.

(2) P. Bortolus, G. Cauzzo, U. Mazzucato, and G. Galiazzo, Z. Phys. 
C hem . (Frankfurt am  M ain). 51, 264 (1966).

(3) J. C. Doty, J, L. R. Williams, and P. J. Grisdale, Can. J. C h em .. 47, 
2355 (1969).

(4) (a) E. L. Wehry and L. B. Rogers, S p ec tro ch im . A c ta . 21, 1976 
(1965); (b) J. A m er . C h em . S o c .. 8 7, 4234 (1965).

(5) G. Bartocci, P. Bortolus, and U. Mazzucato, J. Phys. C h em .. 77, 
605,(1973).

(6) G. Galiazzo, Gazz. Ch'tm. /fa/.. 95, 1322 (1965).
(7) G. Cauzzo, G. Galiazzo, U. Mazzucato, and N. Mongiat, T etra h e

dron, 22, 589 (1966).
(8) G. Beqqiato, G. Favaro, and U. Mazzucato, J. H e te ro cy c l. C h em .. 

7 , 583 (1970).
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TABLE I: Assumed 0-0 Frequencies (103 cm “ 1) and Basicity of 
frans-Styrylpyridines in the Ground and Excited States in 90/10 
(v/v) Water-Ethanol at 25°

Compd i 'S t P x s t P H  + P K pK* (calcd)

2-StP 29.22 26.22 4.98“ 11.4
3-StP 29.45 25.87 4.76 12.4
4-StP 29.57 26.02 5.73“ 13.3

“ From ref 7.

TABLE II: Assumed 0-0 Frequencies (103cm -1 ), Basicity, and 
Percentage of Excited Molecules in Acidic Form at pH ~ 8  for 
Some frans-4'-X-3-Styrylpyridines in 90/10 (v/v) Water-Ethanol 
at Room Temperature

X P S t P ^ S t P H -F pK pK* (calcd) pK* (fluor) % StPH + *

H 29.45 <25.87 4.76 12.4 12.3 17
c h 3 28.50 24.82 4.77 12.6 12.5 34
o c h 3 27.17 23.32 4.73 12.9 13.0 20
Cl 29.25 25.68 4.74 12.4 12.3 9
Br 29.10 25.45 4.74 12.5 12.4 6.5
I 28.35 24.80 4.73 12.3 <1
n o 2 23.07 24.42 4.44 1.6

T h e  flu o rescen ce  life tim e s  w ere m e a su red  b y  th e  p u lse  
s a m p lin g  te c h n iq u e  w ith  an  a p p a r a tu s  d esc rib e d  e lse 
w h ere .9

R e s u lt s  a n d  D is c u s s io n

C a lc u la te d  io n iza tio n  c o n sta n ts  for th e  th ree  isom eric  
sty ry lp y r id in iu m  c a tio n s  in th e  first e x c ite d  sin g le t s ta te  
are rep o rted  in T a b le  I to g eth er w ith  th e  e x p e r im e n ta l p a 
ra m e te rs  u se d  for th e ir  c a lc u la tio n  th ro u g h  th e  F orster  
c y c le . I t  a p p ea rs  th a t  3 -S t P , w h ich  h as th e  lo w est p K  in  
th e  grou n d  s ta te , d isp la y s  a  p K  in crease o f  a b o u t  8  
u n its  on  e x c ita tio n , s im ila r  to  th e  4  iso m er a n d  a little  
h igh er th a n  th e  2 iso m er . T h e  p o sitio n  o f  n itrog en  h as  
o n ly  a sm a ll e ffe c t on  th e  p K*.

3-Styrylpyridine. T h e  flu o rescen ce  m a x im u m  o f  trans-
3 -sty ry lp y r id in e  is, a t  350  n m  in  n -h e x a n e , n o tic e a b ly  d is 

p la c e d  to w a rd  lon g er w a v e len g th s  w ith  re sp ec t to  th e  a b 
so rp tio n  ( ~ 3 0 0  n m ) . A  fu rth er red  sh ift o f  a b o u t 10  n m  (a  
litt le  h ig h er th a n  for th e  iso m eric  2 - a n d  4 -S t P )  is o b 
serv ed  on  goin g fro m  n -h e x a n e  to  p o la r  s o lv e n ts , w h ile  th e  
a b so rp tio n  sp e c tru m  re m a in s  p ra c tic a lly  u n c h a n g e d .

P ro to n a tio n  b ro a d en s th e  a b so rp tio n  sp e c tru m  tow ard  
th e  red  (a p p r o x im a te  o n se t sh ift 3 0 0 0  c m “ 1) le a v in g  th e  
m a x im u m  p ra c tic a lly  u n c h a n g e d . O n  th e  oth er h a n d , th e  
p ro ton  a d d itio n  p ro d u c es  a m u c h  larger b a th o c h ro m ic  
s h ift  o f  e m iss io n , th e  flu o rescen ce  m a x im a  o f  th e  b a sic  
a n d  a c id ic  fo rm s b e in g  a t  3 6 0  a n d  4 6 0  n m  (AF  ~  6 0 0 0  
c m “ 1), re sp ec tiv e ly , in  b u ffered  so lu tio n s (F igu re  1 ) . T h e  
m u c h  larger S to k e s  sh ift for th e  c a tio n  is ra th er su rp ris 
in g , b e ca u se  th e  So a n d  S i  s ta te s  are n o t e x p e c te d  to  be  
m u c h  d iffe re n t in  stru ctu re  a n d  p o la r ity . H o w e v e r, th e  
im p o rta n c e  o f  so lv e n t re la x a tio n  e ffec ts  b e c o m e s  e v id e n t  
fro m  th e  larger flu o rescen ce  b lu e  sh ift o b serv e d  for th e  
a c id ic  th a n  for th e  b a sic  fo rm  in  rigid  m a trix  a t  7 7 ° K , re l
a tiv e  to  so lu tio n  sp e c tra . F u rth er  w ork  on  th e  lu m in e s 
cen ce  o f  th is  c o m p o u n d  is in  p rogress in ord er a lso  to  c la r 
ify b e tter  th is  p o in t .

S o lv e n t a n d  p ro to n a tio n  e ffec ts  on  e m iss io n  sp e c tra  in 
d ic a te  ir,w* flu o re sce n t s ta te s ; a c o m p a riso n  b e tw ee n  a b 
so r p tio n 10 a n d  co rrected  e x c ita tio n  sp ec tra  co n firm s th is  
a ss ig n m e n t.

Figure 1. Corrected fluorescence spectra of frar?s-3-s:yrylpyri- 
dine in 90/10 (v/v) water-ethanol: (1) neutral form at oH 13.7; 
(2) protonated form at pH 2; dotted line show spectrum of a so
lution at pH 8, when 17% of 3-StP is protonated in the excited 
state (Aexc = 280 nm, absorbance 0.1).

A n  in v e stig a tio n  o f  th e  ch a n ge  in th e  flu o rescen ce  s p e c 
tru m  as a fu n c tio n  o f p H  sh ow s th a t  it y ie ld s  tw o  m a x im a  
(F igu re  1) ov er a w id e  ran ge o f  p H  ( 3 .5 -1 3 .5 ) .  T h e  e m is 
sion  m a x im u m  at 4 6 0  n m , c h a ra cteristic  o f  th e  c a tio n , 
d oes n o t c o m p le te ly  d isa p p ea r  w ith  in crea sin g  p H  a b o v e  
th e  grou n d  s ta te  p K  ( 4 .7 6 ) . A lth o u g h  its  in te n sity  is lo w 
ered on  g o in g  fro m  p H  3 .5  to  6 .5 , th e  b a n d  is s till p resen t  
a t th e  la tte r  p H , w h en  th e  a b so rp tio n  is d u e  o n ly  to  th e  
n eu tra l m o le c u le . Its  in ten sity  re m a in s p ra c tic a lly  th e  
sa m e  u p  to  p H  11, th e n  it  b e g in s  to  d ec rea se  a g a in , b e in g  
c o m p le te ly  q u e n c h e d  b y  fu rth er in crease in p H . T h e  b a n d  
a t 3 6 0  n m , ch a ra c te riz in g  th e  e m iss io n  o f th e  free b a se , 
co rresp o n d in g ly  in creases a b o v e  p H  11 . A n  e x p e r im e n ta l  
p K* o f  1 2 .6  w as th u s  o b ta in e d  for th e  first e x c ite d  s in g le t  
s ta te ; th e  c o rresp o n d in g  th e r m o d y n a m ic  v a lu e  is rep orted  
in  T a b le  II. T h e r e  is a fa ir ly  go od  a g re e m en t w ith  th e  c a l 
c u la te d  v a lu e , c o n fir m in g  th e  a p p lic a b ility  o f  th e  F orster  
cy cle  to  th e  o b serv e d  sp ec tra , d esp ite  c h a n g e  o f  th e  c o n 
fig u ra tio n  on  e x c ita tio n . T h is  is p ro b a b ly  d u e  to  a p a rtia l  
c a n c e lla tio n  o f  th e  so lv e n t re la x a tio n  e ffec ts  in  th e  a v era g 
in g  o f  th e  a b so rp tio n  a n d  flu o rescen ce  fre q u e n c ie s .4®

F ro m  th e  e m iss io n  in ten sities  o f  th e  ca tio n ic  a n d  n e u 
tra l fo rm s a t  p H  8 , re la tiv e  to  th o se  in  a c id ic  a n d  b a sic  
so lu tio n s  ( p H  2 a n d  1 3 .5 , r e sp e c tiv e ly ) , th e  fra c tio n  o f  e x 
c ited  m o le c u le s  e q u ilib ra te d  w ith  th e  p ro ton  is fo u n d  to  
be a b o u t 1 7 %  in 9 0 /1 0  ( v /v )  w a te r -e th a n o l (r a p id ly  d e 
c rea sin g  w ith  in crease  in a lco h ol p e r c e n ta g e ). T h e  a c id -  
b a se  e q u ilib r a tio n  o f  th e  e x c ited  s in g le t s ta te , ev en  if  p a r 
t ia l, in d ic a te s  a lon g er life tim e  o f  th is  iso m er co m p a re d  
w ith  2 - a n d  4 -S t P . Tb is, h ow ever, sh orter ( < 1  n sec) th a n  
th e  tim e  re so lu tio n  o f  our a p p a ra tu s  for flu o rescen ce  l ife 
t im e s . It m u s t  a lso  b e  stressed  th a t , o f  th e  iso m ers , 3 -S t P

(9) F. Masetti and U. Mazzucato, Ann. Chinn. (R o m a ), in press.
(10) G. Favini, S. Fasone, and M. Raimondi, Gazz. Chim . Ital.. 9 7 , 1434 

(1967).
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Figure 2. Plot of 1 /  (</>t>°/0b — 1) against OH activity, according 
to eg 2.

has th e  h ig h est f lu o rescen ce  e ffic ie n c y  (0b  =  0 .0 4 ) .2 ’5 ’ 11’12 
T h e  flu o rescen ce  q u a n tu m  y ie ld  a n d  ra d ia tiv e  life tim e  b e 
co m e  even  h ig h er for th e  c a tio n  (<6a =  0 .2 , r a =  5 .5  n se c ).

F ro m  th e  flu o re sce n ce  q u a n tu m  y ie ld s  a n d  life tim e s  o f  
th e  tw o  c o n ju g a te  sp ec ies

S t P *  +  H 20  « = =  S t P H + *  +  O H “  (1 )  
■*r

th e  k in e tic  p a r a m e te rs  o f  th e  h y d ro ly tic  e q u ilib r iu m  can  
be c a lc u la te d , fo llo w in g  th e u su a l k in etic  p ro c e d u r e ,1 ’ 13 
u tiliz in g  th e  e q u a tio n

[ l / ( 0 b° / 0 b)  ~  1 ) ]  =  ( l / * T b )  +  ( ^ T a / ^ b ) a O H -  ( 2 )

T h e  lin ear p lo t (F ig u re  2 ) o f  1 / ( 0 b° /0 b  ~  1) a g a in st th e  
O H  a c tiv ity  (w h ere  0 b° is th e  e m iss io n  q u a n tu m  y ie ld  o f  
1 0 0 %  b a se  a n d  0 b th a t  in  so lu tio n s  w here S t P H + *  co ex ists  
w ith  S t P * )  g ives Jl s lo p e  =  150 , an  in terce p t =  5 , a n d  
s lo p e /in te r c e p t  =  ftra =  30

F ro m  th e  o b serv e d  flu o rescen ce  life tim e  o f  th e  ca tio n , 
th e  rate  c o n sta n ts  o f  th e  p se u d o -first-o r d e r  a n d  se c o n d - 
order p ro to ly tic  re a c tio n s  (e q  1) ca n  b e  e v a lu a te d  (see  first  
row  in T a b le  I II) . B o th  rate  c o n sta n ts , m a in ly  th a t  o f  p ro 
to n a tio n , are sm a lle r  th a n  th e  d iffu sio n a l rate  c o n sta n t  
(kd ~  3 X  10 10 M " 1 s e c “ 1) , c a lc u la te d  fro m  th e  th e o ry  o f  
d iffu sio n -c o n tr o lle d  r e a c tio n s .1 A ls o  Tb ca n  be c a lc u la te d  
fro m  th e  slop e

T a / i - b  =  s l o p e ( i T A )  =  s l o p e U W - K * )  ( 3)

A  c a lc u la tio n  o f  r  v a lu e s  fro m  th e  lu m in e sc e n c e  q u a n tu m  
y ie ld s  a n d  th e  n a tu ra l l ife tim e s , r °  v a lu es , o b ta in e d  from  
th e  a b so rp tio n  a n d  flu o rescen ce  sp e c tra  b y  th e  in teg ra tio n  
fo rm u la  o f  S tr ic k le r  a n d  B e r g ,14 lea d s to  ra th er low er  
v a lu es  (1  a n d  0 .1  n sec  for 3 -S t P H +  a n d  3 -S t P , re sp e c tiv e 
ly ) . T h e  la c k  o f  q u a n tita tiv e  a g re e m en t (fo u n d  a lso  fo r  th e  
T -s u b s t i t u t e d  d e r iv a tiv es) b e tw ee n  c a lc u la te d  a n d  m e a 
su red  life tim e s  is n o t u n e x p e c te d  as th e  co n sid era b le  
co n fig u ra tio n a l d isto rtio n  on  g c in g  fro m  th e  grou n d  to  th e  
e x c ited  s ta te , m a in ly  for th e  c a tio n , in v a lid a te s  th e  a p p li 
c a tio n  o f  S tr ick le r  a n d  B e r g ’s fo rm u la .

4'-Substituted 3-Styrylpyridines. A b so r p tio n  an d  f lu o 
rescen ce  sp e c tra  o f  4 ' -s u b s titu te d  3 -S t P  fo llo w  a  tren d  
w ith  p H  a n a lo g o u s to  th a t  o f  th e  u n s u b s t itu te d  c o m 
p o u n d . D ifferen c es  b e tw ee n  th e  flu o rescen ce  m a x im a  o f  
th e  n e u tra l a n d  c a tio n ic  fo rm s are m o re  n o t ic e a b ly  d e p e n 
d en t on  th e  s u b s t itu e n ts  th a n  th o se  b e tw ee n  th e  a b so r p 
tio n  m a x im a . T h is  in d ic a te s  th a t  th e  ch arge  d istr ib u tio n

Figure 3. Hammett plot for the ionization constants of 3-styryl- 
pyridines in their excited singlet state in 90/10 (v/v) water- 
ethanol.

in th e  e le c tro n ic a lly  e x c ite d  s in g le t s ta te  is sig n ific a n tly  
d iffe re n t fro m  th a t  in th e  grou n d  s ta te , a n d  m o re  sen sitiv e  
to  s u b stitu tio n , le a d in g  to  a d iffe re n t o r ie n ta tio n  o f  th e  
so lv en t c a g e . T h e  freq u en cies rep o rted  in T a b le  II refer to  
th e  a ssu m e d  0 - 0  b a n d s , u sed  for th e  p K* c a lc u la tio n s . A  
general b a th o c h ro m ic  s h ift  is o b serv e d  for th e  ca tio n s w ith  
re sp ec t to  th e  b a se s , th e  on ly  e x ce p tio n  b e in g  th e  n itro  
d eriv a tiv e  for w h ich  ar. o p p o site  sh ift is fo u n d . M o re o v e r , 
th is  d eriv a tiv e  d isp la y s  a low er em iss io n  in te n s ity  in th e  
a c id ic  th a n  in th e  b a sic  fo r m . T h e  h y p so c h ro m ic  e ffec t o f  
b o th  s o lv e n t p o la r ity  a n d  p ro to n a tio n  on  th e  sp ec tra  seem s  
to  in d ic a te  a n ,ir*  n a tu re  (p r o b a b ly  in v o lv in g  th e  N O 2 

grou p ) o f  th e  flu o re sce n t lev e l o f  th is  d eriv a tiv e .
T a b le  II sh ow s th e  io n iz a tio n  c o n sta n ts  o b ta in e d , w hen  

p o ssib le , b y  b o th  th e  F orster cy c le  a n d  d irect flu o rim etric  
titra tio n , to g eth er w ith  th e  g r o u n d -sta te  p K  v a lu es  and  
th e  p erce n ta g e s  o f  a c id ic  fo rm  still p resen t in th e  excited  
s ta te  a t  a b o u t 3 p H  u n its  a b o v e  th e  g r o u n d -sta te  p K. In 
sp ec tio n  o f th e  ta b le  sh o w s a s ig n ific a n t h ea v y  a to m  e f
fe c t , w h ich  m a k e s  th e  d ire c t flu o rim etric  m e a su r e m e n t o f  
p K* for 4 '- I - 3 -S t P  im p o ss ib le , d u e  to  th e  low  fra c tio n  o f  
m o le c u le s  w h ich  a tta in  a c id -b a s e  e q u ilib r iu m  d u rin g  th e  
e x c ite d  s ta te  life t im e . T h e  em iss io n  in te n s ity  o f  4 ' - N 0 2 -
3 -S t P  is so  low  th a t  th ere  is so m e  d o u b t  as to  w h eth er  
su ch  e q u ilib ra tio n  is ever a tta in ed  b y  th is  c o m p o u n d . T h e  
c a lc u la te d  d ecrease  o f  its pK  on  e x c ita tio n  (a b o u t  3 u n its)  
is , h ow ever, in a g re e m e n t w ith  th a t  fo u n d  for th e  other  
iso m eric  4 ' - N 0 2-S t P ’s .3 E x p e r im e n ta l a n d  c a lc u la te d  p K* 
v a lu e s  are in fa ir ly  go od  a g re e m en t in th e  oth er cases, 
w here d irect f lu o rim etric  m e a su r e m e n ts  w ere p o ssib le .

T h e  m a in  e ffe c t p ro d u c ed  b y  e x c ita tio n , w ith  th e  e x c e p 
tio n  o f  th e  N 0 2 d er iv a tiv e , is a large increase in b a sic ity  
(a b o u t  8  pK  u n its )  an d  a se c o n d -o rd e r  e ffe c t is in d u ced  by  
su b st itu e n t  p e rtu rb a tio n .

T a b le  III rep orts th e  flu o rescen ce  life tim e s  a n d  k in etic  
p a ra m e te rs  o f  th e  h y d ro ly tic  re a ctio n  1, c a lc u la te d  in the  
w a y  d esc rib ed  for th e  u n s u b s t itu te d  c o m p o u n d . T h e  life 
t im e  o f  th e  4 ' - C H 3 0  d er iv a tiv e  is to o  sh o rt to  b e  m e a 
su red  in b o th  n e u tra l a n d  a c id ic  so lu tio n s  a n d  th e  c a lc u -

(11) G. Favaro and G. Beggiato, G azz. Chim. /fa/.. 100, 326 (1970).
(12) D. G. Whitten and M. T. McCall, J. A m er . C h em . S o c .. 91, 5097, 

(1969).
(.13) The equation used Is derived by application of stationary state ki

netics1 and does not take Into account the effect of transients on 
reaction rates. The results are, therefore, approximate but still sig
nificant because the corrections would be small (see also R. M. 
Noyes, Progr. R ea c t . K inet.. 1, 129 (1961)).

(14) S. J. Strickler and R. A. Berg, J. C h em . P hys.. 37, 814 (1962).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 77, N o . 5 , 1 9 7 3



604 G. Favaro, U. Mazzucato, and F. Masetti

TABLE III: Fluorescence Lifetimes for Some Neutral and 
Protonated 4'-Substituted 3-Styrylpyridines and Kinetic 
Parameters of Equilibrium 1 as Obtained from the Experimental 
ra Values and the Plots of Figure 2 in 90/10 (v/v) Water-Ethanol 
at Room Temperature

4'-X
Ta(exptl),

nsec
Slope/¡0 ter- 
cept =  kTa

Tb,
nsec

TT x 1 0 -«,
sec - 1

V  X  10 9, 
M ~ ' sec -1

H 5 . 5 30.0 0.91 2.2 5.5
c h 3 6 . 0 33.0 1.70 3.5 5.5
o c h 3 (1.6)“ 8.9 (0.31) (10.0) (5.5)
Cl 5.3 29.0 0.46 2.2 5.5
Br 3.2 17.5 0.24 3.1 5.5

“ Value obtained from the plot, assuming It =  5.5 X 109 M ~ ' sec
For comparison, ra =  4>ara° =  0.1 nsec.

la te d  v a lu e  (fr o m  th e  in teg ra ted  sp ec tra ) c a n n o t b e  u t i liz 

ed , d u e  to  th e  p oo r a g re e m en t fo u n d  b e tw ee n  th e  e x p e r i
m e n ta l a n d  c a lc u la te d  life tim e s  o f  th e  oth er 3 -S t P ’s . T h e  
p a r a m e te rs  rep orted  on  T a b le  III for th is  c o m p o u n d  are  
o b ta in e d  a ssu m in g  for k th e  sa m e  c o n sta n t v a lu e  (5 .5  x  
1 0 9 M 1 s e c 1) as fo u n d  for th e  oth er 3 -S t P ’s . T h e  resu lts  
in d ic a te  th a t  life t im e s  o f th e  e x c ite d  sp ec ies  are th e  m a jo r  
fa c to r  in d e te r m in in g  th e  p ercen ta g e  o f  e q u ilib r a te d  m o le 
cu les  in th e  p H  ra n ge  6 -1 1 .  A t  p H  ~ 8  th e  b a c k  rea ctio n  
o f eq  1 ca n  b e  n e g le c te d , so o th e  e q u ilib r iu m  p ercen ta g e  
d e p e n d s  o n ly  on  th e  p ro d u c t kpp. A s  th e  ra te  c o n sta n t for  
h y d ro ly sis  o f  th e  b a se  is sca rce ly  in flu en c ed  b y  s u b s t itu 
tio n , th e  b a se  life tim e s  a p p ea r to  d e te r m in e  th e  e x te n t o f  
e q u ilib r a tio n . T h e y  are in fa c t  a lm o s t  in  th e  sa m e  ra tio  as  
th e  re sp ec tiv e  p erc e n ta g e s  o f  e x c ite d  e q u ilib r a te d  m o le 
cu les  in  th is  p H  ra n ge . B e c a u se  o f th e  a p p ro x im a tio n s  in 
v o lv e d  in  th e ir  c a lc u la tio n , th e  v a lu es  o f  Tb rep o rted  in  
T a b le  III m a y  o n ly  b e  co n sid ered  as a p p ro x im a te .

T h e  p o ss ib ility  o f  a p p ly in g  th e  H a m m e t t  e q u a tio n  to  
th e  a c id -b a s e  e q u ilib r iu m  c o n sta n ts  in e le c tro n ic a lly  e x 
c ite d  s ta te s  h a s  b e e n  te s te d  for certa in  series o f  a ro m a tic  
c o m p o u n d s .4b l6  N o t  very  p recise  co rrelation s w ere fo u n d ,

p ro b a b ly  d u e  to  th e  great u n c e rta in ty  in th e  p K* v a lu e s  
a n d  a lso  to  th e  fa c t  th a t  th e  s u b s t itu e n t  c o n sta n ts  re fle ct  
e lectro n ic  d istr ib u tio n  in th e  grou n d  s ta te .

C a lc u la te d  p K* v a lu e s  for 2 - an d  4 -S t P  w ere fo u n d  to  
f it  b e tter  on  u ±  th a n  on  cr p lo ts  b e c a u se  o f  th e  h ig h  p o la r i
ty  o f  th e  e x c ite d  s u b s tr a te .3 O u r  pK* v a lu es  for 4 '-s u b s t i -  
tu te d  3 -S t P ’s a lso  sh ow  a sa tis fa c to ry  H a m m e t t  co rrela 
tio n  if  o >  for p a ra  s u b stitu e n ts  are u se d  ( T a b le  III a n d  
F ig u re  3 ) . T h e  re a c tio n  c o n sta n t (p =  0 .7 ;  r =  0 .9 4 8 )  is 
s ig n ific a n tly  larger th a n  th a t  for th e  re a c tio n  in th e  
grou n d  s ta te  (p  ~  0 .3 ) .7 T h e  n itro  d er iv a tiv e  h a s  n o t b een  
c o n sid ered , b e c a u se  o f  th e  p ro b a b le  n o n e q u iv a le n c e  o f  its 
e lectro n ic  tr a n s it io n s .15 In sertio n  o f  th e  4  -N O 2 d er iv a tiv e  
in  th e  H a m m e t t  p lo t  w o u ld  le a d  to  a m u c h  g reater r e a c 
tio n  c o n sta n t ( 6 - 7 ) ,  b u t  to  a very  p oo r co rrela tio n .

T a k in g  in to  a c c o u n t th a t  th e  b a sic  cen ter is d is ta n t  
fro m , a n d  u n c o n ju g a te d  w ith , th e  su b s t itu te d  rin g , th e  
s u b s t itu e n t  e ffe c t on  p K* o f  3 -S t P ’s is c o n sid e r a b le . T h is  
b e h a v io r  e m p h a s iz e s  th e  im p o r ta n c e  o f  re so n a n ce  e ffe c ts  
a n d  su p p o rts  th e  su g g estio n  th a t  grou n d  s ta te  trm v a lu e s  
d o  n o t a p p ly  in  th e  e x c ited  s ta te s .15 ’16

F u rth er ev id e n c e  o f th e  greater im p o r ta n c e  o f  reso n a n ce  
e ffec ts  in  e le c tro n ic a lly  e x c ite d  m o le c u le s  is g iv e n  b y  th e  
pK* v a lu es  o b ta in e d  fro m  th e  a b so rp tio n  sp e c tra  o f  cis-2 -  
S t P ’s .3 W h ile  d ire c t m e a su r e m e n ts  are n o t p o ssib le  for  
c ts -a z a stilb e n e s , d u e  to  th eir la c k  o f  flu o rescen ce  a t ro o m  
te m p e ra tu re , c a lc u la te d  p K* v a lu es  lea d  to  p* e v e n  h igh er  
th a n  th o se  o f  tra n s iso m e r s ,3 th u s  in d ic a tin g  a re le v a n t  
reso n a n ce  c o n tr ib u tio n  b y  sty ry l p a rt o f  th e  m o le c u le  a lso  
in  c o m p o u n d s  w h ich  n o tic e a b ly  d ev ia te  fro m  p la n a r ity  in  
th e  grou n d  s ta te .

Acknowledgment. T h is  s tu d y  w as su p p o rte d  b y  th e  
C o n sig lio  N a z io n a le  d elle  R icerc h e  u n d er co n tra c t N o .  
7 0 .0 0 0 8 2 .0 3 . I t  is a lso  p a r t o f  th e  p ro g ra m s o f  th e  “ L a b o r a 
t o r y  d i F o to c h im ic a  e R a d ia z io n i d i A lt a  E n e r g ia ”  o f  th e
C .N .R .  (B o lo g n a ) .

(15) H. H. Jaffe and H. L. Jones, J. Org. C h em .. 30, 954 (1965).
(16) H. E. Zimmerman, T etrahed ron  Suppl., 2, 393 (1963).
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T h e  flu o re sce n ce  a n d  c is -tr a n s  p h o to iso m e r iz a tio n  o f  th e  th ree  iso m eric  2 -, 3 - ,  an d  4 -s ty ry lp y r id in e s  and  
so m e  4 '  d e r iv a tiv e s  o f  th e  3 iso m er , h av e  b e e n  in v estig a te d  in n -h e x a n e  an d  in w a te r -a lc o h o l so lu tio n s , in 
th e  b a sic  a n d  a c id ic  fo rm s . W h ile  <t>t o f  th e  2 an d  4 iso m ers in creases on  go in g  fro m  n o n p o la r to  p olar  
s o lv e n t a n d  fro m  n e u tra l to  a c id ic  so lu tio n s , <fit o f  3 -s ty ry lp y r id in e  sh ifts  in  th e  o p p o site  d irectio n . T h e  
rea ctio n  an d  lu m in e sc e n c e  y ie ld s  h av e  b een  c o m p a re d  to  ex tra c t in fo rm a tio n  on  th e  n atu re  o f  th e  excited  
s ta te  re sp o n sib le . D a ta  on  p h o to sta tio n a r y  sta te s , te m p e ra tu re  d ep e n d e n c e  o f  <pt, flu o rescen ce  q u a n tu m  
y ie ld s , a n d  life tim e s , a s  w ell as  a c o m p a riso n  w ith  rea ctio n  p h o to se n sitiz e d  b y  tr ip le t  d on o rs, a llow  th e  
rea ctio n  m e c h a n is m  to  b e  d isc u sse d , a lso  in te rm s o f  a v a ila b le  in fo r m a tio n  on  M O  c a lc u la tio n s . A  re la 
tio n  h a s  b een  fo u n d  b e tw ee n  th e  p h o to re a c tio n  y ie ld  o f  3 -s ty ry lp y r id in e s  in th e  p H  ran ge 0 -1 4  an d  a c id -  
b a se  eq u ilib r ia  in  th e  grou n d  a n d  first e x c ite d  s in g le t s ta te . A  s im u lta n e o u s  sin g le t an d  tr ip le t m e c h a 
n is m , w ith  a p re v a le n c e  o f  th e  fo rm er , se e m s to  a c c o u n t re a so n a b ly  for th e  e x p e r im e n ta l re su lts . T h e  re l
a tiv e  im p o r ta n c e  o f  e ith er p a th w a y  m a y  d ep e n d  on  th e  n itrog en  p o sitio n , s u b st itu e n ts , so lv e n ts , an d  p ro 
to n a tio n .

I n tr o d u c t io n

In tro d u c tio n  o f  a n itro g en  a to m  in th e  ring n o tic e a b ly  
affec ts  th e  p h o to p h y s ic a l an d  p h o to c h e m ic a l b e h a v io r  o f  
stilb e n e 1 -2 p r o b a b ly  b e c a u se  o f  th e  in v o lv e m e n t o f  n,rr* 
sta te s  in th e  re a c tio n  m e c h a n is m . T h e r e  is gen eral a g ree 
m e n t th a t th e  se n sitiz e d  iso m eriz a tio n  occu rs at th e  tr ip 
let le v e l ,1-4 a lth o u g h  th e  q u e stio n  o f  th e  m e c h a n ism  o f  
iso m eriz a tio n  fo llo w in g  d irect e x c ita tio n  re m a in s  o p en . 
T h e  s im ila r ity  b e tw ee n  th e  se n sitiz e d  a n d  d irect p h o to s ta 
tio n a ry  c o m p o sitio n s  (th e  la tte r  co rrected  for d iffe re n t e x 

tin c tio n  co e ffic ie n ts  o f  th e  tw o iso m ers at th e  w a v e len g th  
o f  d ire ct e x c ita tio n ) s e e m e d  to  im p ly  th e  sa m e  m e c h a n ism  
for th e  d ire ct a n d  se n sitiz e d  p ro cesses , a t lea st for 2 - an d
4 -s ty ry lp y r id in e s  ( S t P ’s) in a p ro tic  s o lv e n t .1 B y  e x te n tio n  
o f  th is  re su lt, a  c o m p a riso n  o f  d ire c t a n d  se n sitiz e d  y ie ld s  
in b e n zen e  h a s  sh ow n  th a t  th e  m a x im u m  in tersy ste m  
crossin g ( I S C )  p r o b a b ility  sh o u ld  b e  h igh er for 3 -s ty r y lp y 
rid in e ( 3 -S t P )  c o m p a re d  to  its tw o  iso m e r s .3 T h e  b eh a v io r  
o f f r a n s -3 -S t P  is n o tew o rth y  in th a t , inter alia, b o th  f lu o 
rescen ce  a n d  p h o to iso m e r iz a tio n  q u a n tu m  y ie ld s  are h ig h 

er th a n  th e  o th er is o m e r s .1 -2
T h e  d ifferen ces in th e  p h o to c h e m ic a l b e h a v io r  o f  S t P ’s 

an d  stilb e n e  are e n h a n c ed  in a c id ic  m e d iu m .1 Q u a lita t iv e  
o b serv a tio n s on  p h o to c y c liz a tio n  o f cis iso m ers h ave  
show n an  e sp e c ia lly  stro n g  e ffe c t o f  p ro to n a tio n  in low er

ing th e  re a ctio n  ra te .
T h e  e ffe c t o f  s o lv e n t a n d  p ro to n a tio n  on  th e  g e o m etric a l  

co n versio n  a n d  flu o re sc e n t p ro p erties o f  S t P ’s an d  so m e  o f  
th eir d er iv a tiv es  in w a te r -a lc o h o l so lu tio n s  is n ow  in v e sti
g a ted  in m o re  d e ta il , w ith  th e  a im , a lso , o f  o b ta in in g  in 
fo rm a tio n  on  th e  e x c ite d  s ta te  re sp o n sib le  for iso m e r iz a 
tio n . T h e  p o ssib le  re la tio n  o f  p h o to iso m e r iz a tio n  o f  a z a -  
stilb e n e s  to  th e  a c id -b a s e  eq u ilib r ia  in  th e  g ro u n d 5 a n d  e x 
cited  s ta te  h a s  a lr e a d y  b e e n  c o n sid ered 1 a n d  is n o w  s t u d 
ied  on  th e  b a sis  o f  re c e n tly  a v a ila b le  in fo r m a tio n  on  th e  
d isso c ia tio n  c o n sta n ts  o f  s ty ry lp y r id in iu m  ion s in th e  first  
e x cited  sin g le t s t a t e .6

E x p e r im e n t a l  S e c t io n

trans- a n d  c ts -s ty ry lp y r id in e s  w ere p rep a red  for p re v i
ous research  b y  m e th o d s  d esc rib e d  e lse w h e r e .7 T h e  cis 
iso m ers w ere p u rified  b y  d is tilla tio n  u n d er red u ced  p res
sure fo llow ed  b y  c h r o m a to g ra p h y  on  a lu m in a . T h e ir  p u 
r ity  w as ch e ck e d  b y  ga s c h r o m a to g ra p h ic  a n a ly sis , the  
o n ly  im p u r ity  b e in g  a s m a ll  q u a n tity  o f  tra n s isom ers  
w h ich  d id  n ot e x ceed  1 %  ( 2 %  for 2 -S t P ) .

T h e  tra n s —*■ c is (4>t) a n d  cis  —► tra n s (<f>c) q u a n tu m  
y ie ld  d e te r m in a tio n s  a t  low  ion ic stren g th  (n = 0 .0 1 )  w ere  
p erfo rm ed  in B r itto n  b u ffers c o n ta in in g  5 0 %  eth a n o l, 
w h ich  is th e  sa m e  m e d iu m  in w h ich  th e  p h o to se n sitize d  
rea ctio n  w as s tu d ie d .8 F or th e  s tu d y  o f  th e  d ep e n d e n c e  o f  
<pt an d  <t>r (flu o re sc en c e  q u a n tu m  y ie ld )  on  e x c ited  sta te  
a c id -b a s e  e q u ilib r iu m  o f  3 -S t P ’s , B r itto n  b u ffers or N a O H  
so lu tio n s o f  h igh  ion ic stren g th  (p  =  1) w ith  1 0 %  eth a n o l  
w ere u sed  d u e  to  th e  n ecessity  o f  ca rry in g  m e a su r e m e n ts  
u p  to  p H  14 . Io n ic  stren g th  w a s in th is  ca se  b u ffered  w ith  
N a C l or N a 2 S 0 4 . T h e  stro n g  q u e n c h in g  e ffe c t o f  ch loride  
ion  on  th e  1w,ir* s ta te  o f  3 -S t P H + h e lp ed  to  m a g n ify  the  
ch a n ge  o f  4>t as a fu n c tio n  o f  p H  (F ig u re  1 ). H o w e v e r , th e  
f lu o r e s c e n c e -p H  cu rves w ere o b ta in e d  b u fferin g  th e ionic  
stren g th  w ith  N a 2S 0 4, th e  q u e n c h in g  e ffic ie n cy  o f w hich  
is n e g lig ib le .
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Figure 1. Photoisomerization and fluorescence quantum yields 
(fi = 1, by NaCI and Na2S04, respectively) of frans-3-styrylpyri- 
dine as a function of pH in 90/10 (v/v) water-ethanol at room 
temperature.

E x c ita t io n  w as b y  3 1 3 -n m  ra d ia tio n , iso la te d  fro m  a 
s ta b iliz e d  O sr a m  H B O  2 0 0 -W  h ig h -p re ssu re  m erc u ry  la m p  
b y  a H ilg e r -W a tts  D 2 9 2  gratin g  m o n o c h r o m a to r  (recip ro 

ca l d isp ersio n  6 6  A /m m ) .
Irra d ia tio n  w a s p erfo rm ed  in d ea era ted  so lu tio n s (b y  

b u b b lin g  p u re  n itro g en ) in co n d itio n s o f  to ta l a b so rp tio n  
o f  in c id e n t lig h t (c o n c en tra tio n s  w ere a b o u t  2 X  10 4 M 
for th e  tra n s iso m ers a n d  1 X  1 0 “ 3 M  for th e  cis iso m ers). 
A fte r  d ilu tio n , th e  e x te n t o f  iso m eriza tio n  w as m ea su red  
b y  u v  sp e c tro p h o to m e try  in th e  2 9 0 -3 2 0 -n m  region , u sin g  
U n ic a m  S P 5 0 0 /2  s in g le -b e a m  a n d  O p tic a  C F 4  d o u b le 
b e a m  s p e c tro p h o to m e te rs . C o n v ersio n s ra n ged  fro m  2 to  
3 %  for cis - *  tra n s a n d  fro m  10 to  1 2 %  for tra n s - *  cis re a c 
tio n . C o n tro l e x p e r im e n ts  w ere run to  verify  th e  ab sen c e  
o f  sid e  re a c tio n s ; e x c e p t for tw o  d o u b tfu l cases ( 4 ' - N 0 2 - 
a n d  4 '- I -S t P  at p H  8 ) good  c is -tr a n s  iso sb estic  p o in ts  w ere  
o b ta in e d  for m o re  th a n  5 0 %  c o n v ersio n . T h e  iso m eriza tio n  
q u a n tu m  y ie ld s  w ere corrected  for th e  b a c k  re a ctio n , by  
u tiliz in g  th e  p h o to sta tio n a r y  c o m p o sitio n s , a n d , in  th e  
ca se  o f  th e  cis —*• tra n s p ro cess, for th e  lig h t a b so rb ed  by  
th e  tra n s fo rm  p ro d u c ed . V a lu e s  in th e  ta b le  are m e a n s  o f  
th r e e -f iv e  in d e p e n d e n t e x p er im e n ts  w ith  a m e a n  d e v ia 
tio n  o f  1 .5 - 2 % .  T h e  p h o to sta tio n a r y  c o m p o sitio n s  w ere  
d e te r m in e d  a p p ro x im a te ly  in p re lim in a ry  e x p e r im e n ts  by  
irra d ia tio n  o f  pu re iso m ers an d  th en  rea ch ed  fro m  b o th  
sid es  b y  irra d ia tio n  o f  so lu tio n s o f  c o m p o sitio n  n ear to  th e  
p h o to sta tio n a r y  s ta te . F errio x a la te  a c tin o m e try  w as u s e d . 9

F lu o resc en c e  m e a su r e m e n ts  w ere m a d e  w ith  a C G A  
D C -3 0 0 0 /1  sp e c tro p h o to flu o rim e te r . F or th e  fa d e te r m in a 
tio n s (th r e e -fo u r  in d e p e n d e n t e x p e r im e n ts ; m e a n  d e v ia 
tion  .1 a n d  5 %  for y ie ld s  o f  th e  order 1 0 _ 1  a n d  1 0 “ 3 , re 
sp e c tiv e ly ) , th e  fo llo w in g  sta n d a rd s  w ere u se d : q u in in e  
su lfa te  in 0 .1  N H 2S O 4 ( 0 r =  0 .5 5 )  for 3 -S t P H +  a n d  its  
d e r iv a tiv e s ; 9 ,1 0 -d ip h e n y la n th r a c e n e  {fa = 0 .8 3 )  for 2 - 
an d  4 -S t P H  + ; a -n a p h th y la m in e  (4n =  0 .3 8 )  a n d  a -N P D  
(fa = 0 .5 8 )  for a ll S t P ’s in  b a sic  fo rm . E x c e p t  for q u in in e  
su lfa te , th e  v a lu e s  o f  flu o rescen ce  q u a n tu m  y ie ld s  o f  s ta n 
d a rd s are referred  to  c y c lo h e x a n e  so lu t io n s .10 S o m e  0 f 
w ere a lso  c h e c k e d  on  a P e r k in -E lm e r  M P F -3  sp ec tro flu o -  
rim eter w ith  an  a c cessory  for sp e c tru m  correction  w h ich  
u ses R h o d a m in e  B  as a q u a n tu m  co u n ter (fo r 4 '-O C H g -3 -  
S t P H + , th is  w as th e  on ly  m e th o d  e m p lo y e d ) . G o o d  ag ree

m e n t w as a lw a y s fo u n d  b e tw ee n  fa v a lu es  o b ta in e d  b y  th e  
tw o m e th o d s .

P re lim in a r y  e x p e r im e n ts  on fa a t 7 7 ° K  w ere carried  o u t  
in  E P A  u sin g  s tilb e n e  (0 r  =  0 .7 5 ) 11 as a s ta n d a rd .

R e s u lt s

T h e  c is -tr a n s  p h o to iso m e r iz a tio n  a n d  flu o rescen ce  
q u a n tu m  y ie ld s  o f  th e  th ree  iso m eric  S t P ’s in  n e u tra l an d  
ca tio n ic  fo rm s are rep orted  in T a b le  I, to g e th e r  w ith  th e  
p h o to sta tio n a r y  c o m p o sitio n s . T h e  y ie ld s  in w a te r -e th a n o l  
are a litt le  h igh er th a n  th o se  p rev io u sly  re p o rte d ,1 b e c a u se  
o f  th e  sm a lle r  ion ic stren g th  o f th e  so lu tio n s  a n d  th e  co r 

rectio n  for re v ersib ility .
trans-2- and 4-Styrylpyridines. B o th  iso m ers are c h a r a c 

terized  b y  very  low  e m iss io n  in ten sity  in all m e d ia , w h ich  
a c c o u n ts  for o n ly  a sm a ll fra c tio n  o f  th e  a b so rb ed  q u a n ta . 
O n ly  in E P A  a t liq u id  n itrog en  te m p e ra tu re  d o es  fa in 
crease to  s o m e w h a t m o re  th a n  0 .6 .

W h ile  th e  e m iss io n  y ie ld  rem a in s p ra c tic a lly  u n c h a n g e d  
for 4 -S t P  a n d  in creases for 2 -S t P  on  go in g  fro m  n -h e x a n e  
to  w ater , th e  iso m eriza tio n  y ie ld  in creases for b o th  iso 
m ers in p o la r  so lv e n ts . N o  d e te c ta b le  te m p e ra tu re  e ffe c t  
on  fa w as o b serv e d  in th e  ran ge 1 5 -7 0 ° .  I t  w ill b e  o f  in te r 
e st to  rea ch  m u c h  low er te m p e ra tu re s  a n d  in v estig a te  th is  
e ffe c t in m o re  d e ta il , a lth o u g h  th e  s o lv e n t n a tu re  d oes n ot  
a llow  u s to  exp lore  a w ide te m p e ra tu re  ran ge b e lo w  0 ° .

P ro to n a tio n  a ffe c ts  iso m eriz a tio n  in th e  sa m e  d irection  
as s o lv e n t p o la r ity : fa b e c o m e s  still larger w h ile  fa d e 
creases for th e  c a tio n ic  sp ec ies . E v e n  in th is  ca se , fa is in 
d e p e n d e n t o f  te m p e ra tu re  in th e  ab o v e  ra n ge .

T h e  a -m e th y l  d er iv a tiv e  o f  4 -S t P  w as fo u n d  to  b e h a v e  
lik e  th e  u n s u b s t itu te d  c o m p o u n d  (a t  p H  8 , fa = 0 .4 3 , fa 
=  0 .2 9 ;  a t  p H  2 , fa =  0 .5 1 , fa =  0 .2 6 ) .

L ife t im e s  are to o  sh o rt to  be  m e a su red  (re so lu tio n  tim e  
o f  our a p p a r a tu s  1 n se c ) . A p p r o x im a te  e v a lu a tio n 6 fro m  
th e  in teg ra ted  a b so rp tio n  sp ec tra  a n d  e m iss io n  y ie ld s  o f  
th e  b a sic  an d  a c id ic  fo rm s gives life tim e s  o f  th e  ord er o f  
0 .0 1  n sec  for b o th  iso m ers . T h e  sh ort life tim e s , ev en  for 
th e  c a tio n s , are c o n firm e d  b y  th e  n e g lig ib le  q u e n c h in g  o f  
th e ir  e m iss io n  b y  a n ion s o f  a d d e d  sa lts , su ch  as C l “  an d  
B r - .

trans-3-Styrylpyridine. A s  a lrea d y  n o te d , th is  iso m er  
d isp la y s  a low  y ie ld  o f  d e a c tiv a tin g  ra d ia tio n less  p ro cesses  
in  n -h e x a n e , its e ffic ie n c y  o f  iso m eriza tio n  a n d  flu o re s 
cen ce  b e in g  n o t ic e a b ly  greatest in  th e  series. T h e  s i t u a 
tio n  b e c o m e s  d iffe re n t w h en  th e  so lv e n t is c h a n g e d  fro m  
th e  h y d ro ca rb o n  to  a c eto n itr ile 1 or to  w a te r -e th a n o l, a n d  
fro m  b a sic  to  a c id ic  so lu tio n s . B o th  fa a n d  fa d ec rea se  in 
th e  m ix e d  p o la r  so lv e n t ; th e  co n versio n  rate  o f  3 -S t P  a t  
p H  8 h as a 3 5 %  in crease w ith  te m p e ra tu re  b e tw ee n  15 a n d  
7 0 ° , w h ile  th e  lu m in e sc e n c e  y ie ld  c o rresp o n d in g ly  d e 
crea ses, b u t  a t  d iffe re n t rate (|A0t| >  |A0r| in th e  sa m e  
te m p e ra tu re  ra n g e ).

P ro to n a tio n  a lso  a ffec ts  iso m eriza tio n  in th e  o p p o site  
d irectio n  th a n  th e  tw o oth er iso m ers : fa b e c o m e s  still  
sm a lle r  w h ile  fa in creases. N o  te m p e ra tu re  e ffec t on  fa 
w as o b serv ed  for th e  ca tio n ic  sp ec ies in th e  a b o v e  ra n ge .

T h e  e m iss io n  life tim e s  are lon ger for th is  iso m er b o th  in 
n eu tra l a n d  a c id ic  fo rm s ( r a =  5 .5  n se c , Tb ~  1 n se c 6 ). 
T h e  lon g er life tim e  is re fle cted  in th e  flu o rescen ce  
q u e n c h in g  o f  3 -S t P H +  b y  th e  co u n ter ion X “  o f  a lk a li

(9) G. G. Hatchard and C. A. Parker, P roc . R oy. S o c .. S er. A. 235, 518 
(1956).

(10) J. B. Birks, "Photophysics of Aromatics Molecules," Wiley, London. 
1970, pp 98, 123, 124.
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TABLE I: Quantum Yields of Cis-Trans Photoisomerization and Fluorescence (Trans), and Photostationary Qompositions of 
Styrylpyridines in n-Hexane and in 50/50 (v/v) Water-Ethanol (/1 =  0.01) at pH 2 and 8“

Medium

n-Hexane Water-ethanol (pH 8) ' Water-ethanol (pH 2)

Isomers 0t 4>c <t>f %  cis 0 1 0C <t> r %  cis 0 1 0C 0  f %  cis

2-StP 0.23 0.24 0.002 90 0.39 0.35 0.004 90 0.55 0.28 0.003 73
3-StP 0.52 0.22 0.065 90 0.39 0.17 0.042 92 0.27 0.18 0.205 77
4-StP 0.39 0.34 0.003 90 0.44 0.25 0.003 91 0.53 0.25 0.002 76

° At this alcohol percentage, the acid-base equilibration of the excited 3-StP at pH 8 is practically negligible.

h a lid es , an  e ffe c t w h ich  is n e g lig ib le  for th e  tw o  oth er c a tio n 
ic iso m ers a n d  for all th e  n eu tra l m o le c u le s . T h is  d e a c t i
v a tio n , w h ich  is s tro n g ly  d e p e n d e n t on  th e  n a tu re  o f  th e  
an ion , is u n d er  s tu d y  fro m  a m e c h a n is tic  p o in t o f  v iew  in  
th is  la b o ra to ry .

A s  a c o n seq u en c e  o f  th is  q u e n c h in g , in  th e  e x p er im e n ts  
a t h igh  ion ic s tren g th  (n = 1 ), a large d ecrease  o f  0 t (o f  
a b o u t on e  ord er o f  m a g n itu d e  w ith  resp ect to  th e  va lu e  
m ea su red  a t fi -  0 .0 1 , in th e  a b sen c e  o f  N a C l)  w as o b 
serv ed  in a c id ic  m e d iu m  w h en  N a C l  w as u sed  to  b u ffer  
th e ion ic s tr e n g th . T h e  S t e m -V o lm e r  p lo ts  o f  <tn a n d  4>f 
a g a in st [N a C l]  for 3 -S t P H + h av e  p ra c tic a lly  th e  sa m e  
slop es (kqTa ~  14 M - 1  in 9 0 /1 0  ( v /v )  w a te r -e th a n o l) .

T a b le  II sh ow s th e  4 '-s u b s t itu e n t  e ffec t on  th e  flu o re s

cen ce  a n d  iso m e r iz a tio n  rate  o f  3 -S t P . M e th y l a n d  m e th -  
o x y  s u b stitu tio n  lea d s to  a co n sid era b le  e ffec t in  ac id ic  
m e d iu m . T h e  la tte r  d er iv a tiv e , in p a rtic u la r , h a s  a very  
low  co n versio n  y ie ld  w h en  p ro to n a te d . T h is  c a tio n ic  d e r iv 

a tiv e  is ch a ra cte rize d  b y  a low  e m iss io n  y ie ld  an d  life 
t im e 6 a n d  b y  an  e m iss io n  u n q u e n c h e d  b y  a d d e d  N a C l . Its  
<pt in creases m a rk e d ly  w ith  te m p e ra tu re  (m o re  th a n  one  
order o f  m a g n itu d e  in th e  ran ge 1 5 -7 0 ° ) .  T h e  h alo gen  e f
fec t is a lso  in terestin g ; w h ile  th e  4 ' -C l  ch a n g es th e  ra te  
litt le , th e  4 '-B r  su b st itu t io n  lea d s to  a rath er fa ste r  iso m 
eriza tio n . T h e  in terp reta tio n  o f  d a ta  for th e  iodin e  d e r iv a 
tiv e  is less  c lea r b u t  in  th is  ca se  a c o m p e titiv e  p h o to ly sis  
o f  th e  C - I  b o n d  m a y  b e  o p e ra tiv e . In  an y  ca se , th e  resu lt, 
in  ac id ic  m e d iu m , sh o w s a large in crease in iso m eriza tio n  
ra te . T h e  4 ' - N 0 2  grou p  e ffec t w as o n ly  in v estig a te d  at 
h igh  ionic s tren g th  a n d  is d esc rib e d  la ter . A s  for 2 a n d  4 
iso m ers , 3 -S t P  a n d  its 4 '-d e r iv a tiv e s  d isp la y  h igh  <pr ( 0 .6 -  
0 .7 )  in  E P A  a t 7 7 ° K , w ith  th e  e x c e p tio n  o f  th e  B r  
( ~ 0 .1 5 ) ,  I, a n d  N O 2 d er iv a tiv e  ( < 0 .0 1 ) .

Cis to Trans Photoisomerization and Photostationary 
States. C is  —► tra n s y ie ld s  are all low er th a n  th e  corre
sp o n d in g  tra n s —► cis on es a n d  a lw a y s low er for 3 -S t P  
th a n  th e  oth er iso m ers . T h e r e  is n o  c lear tren d  for th e  e f
fec t o f  s o lv e n t a n d  p ro to n a tio n  in th is  ca se . In  co n tra st to  
(¡>1, 4>c is p r a c tic a lly  c o n sta n t a t  d ifferen t p H  v a lu e s . H ere  
th e  s in g le t life tim e  is very  sh o rt, as in d ic a te d  b y  th e  a b 
sen ce  o f  flu o re sce n ce ; th e  im p o rta n c e  o f  so lv a tio n  m a y  
co n seq u en tly  b e  re d u c e d . A s  for th e  su m  +  <t>t, <t>c is 
also  far fro m  u n ity  for b o th  th e  free b a se  a n d  its  co n ju g a te  
a c id , in d ic a tin g  im p o r ta n t ra d ia tio n less  d e a c tiv a tio n s .

P h o to sta tio n a ry  s ta te  c o m p o sitio n  a t 3 1 3  n m  sh ifts  
tow ard  th e  tra n s fo rm  in a c id , in  a g re e m en t w ith  a 
m a rk ed  d ecrease  o f  th e  e x tin c tio n  c o effic ie n t ra tio  e t / t c  in 
th is  m e d iu m .

Photoisomerization and Acid-Base Equilibria. A  d e 
ta ile d  c o m p a riso n  b e tw ee n  th e  p h o to re a c tio n  a n d  th e  f lu 
orescen ce  y ie ld s , b o th  as a fu n c tio n  o f  p H , is rev ea lin g , 
an d  sh o u ld  a llow  c o n c lu sio n s to  b e  d ra w n  co n cern in g  in -

TABLE II: Photoisomerization and Fluorescence Quantum Yields 
of frans-4'-X-3-Styrylpyridines and Their Conjugate Acids in
50/50 (v/v) Water-Ethanol at Low Ionic Strength (/i = 0.01)

4'-X

pH 8 pH 2

01 0f 0t 0 f

H 0.39 0.042 0.27 0.21
c h 3 0.40 0.034 0.20 0.22

o c h 3 0.45 0.018 ~ 0 .0 0 0 6 0.014
Cl 0.43 0.071 0.26 0.28
Br 0.48 0.048 0.37 0.20
I 0.34 0.005 0.42 0.035

v o lv e m e n t o f  th e  a c id -b a s e  e q u ilib r iu m  in th e  e x cited  
s ta te , p a r tic u la rly  for 3 -S t P ’s th e  p K* v a lu es  o f  w h ich  
h av e  re c e n tly  b e e n  d e te r m in e d  b y  flu o rim etric  t itr a tio n .6 
T h is  c o m p a riso n , n ecessa rily  carried  o u t u p  to  p H  ~  14 at 
a h igh er c o n sta n t ion ic stren g th  (¡1 =  1 ), co u ld  su p p ly  in 
fo rm a tio n  on  th e  role p la y e d  b y  th e  e x cited  s in g le t sta te  
in th e  iso m eriz a tio n . T h e  e m iss io n  m a x im u m  ch a ra cte ris 
tic  o f  th e  p ro to n a te d  3 -S t P H + a t  4 6 0  n m  is s till p resen t, 
a lth o u g h  m u c h  red u ced  in in te n s ity , in a ra th er large p H  
ran ge over th e  grou n d  s ta te  p K  a n d  d isa p p ea rs  o n ly  in a l
k a lin e  so lu tio n  ( p K* =  1 2 .5 ) . T h e  flu o rescen ce  vs. p H  p lot  
ru n s p a ra lle l to  th a t  o f  a b so rp tio n  vs. p H  in th e  region  o f  
th e  grou n d  s ta te  p K  ( 4 .7 ) ,  b u t d isp la y s  a seco n d  in flection  
a t h igh er p H  v a lu e s , w h ich  in d ic a te s  a p a rtia l h yd ro ly tic  
eq u ilib r iu m  o f  3 -S t P *  w ith  th e  p r o to n .6 T h e  p ro ton  donor  
stren g th  o f  w ater is w ea k , b u t s till  e ffec tiv e  en ou g h  to  
p ro to n a te  a fra c tio n  o f  m o le c u le s  w h en  th e  a lco h o l p er 
cen ta ge  is low . T h e  w ea k er b a n d  a t 3 6 0  n m , ch a ra cteristic  
o f  th e  free b a se , b e h a v e s  in th e  o p p o site  m a n n e r . F rom  
th e  in ten sity  ra tio  o f  th e  tw o  e m iss io n  b a n d s  th e  fraction  
o f  e x c ited  m o le c u le s  e q u ilib ra te d  w ith  th e  p ro ton  is 1 7 %  
a t 1 0 %  e th a n o l.6

I f  e/>t is n ow  p lo tte d  a g a in st  p H  a t c o n sta n t ionic  
stren g th , tw o p o in ts  o f  in flec tio n  are a g a in  ob serv e d , as 
for th e  flu o rescen ce  vs. p H  c u rv es . In  p a rtic u la r , th e  tren d  
o f  th e  p h o to re a c tio n  y ie ld  is o p p o site  to  th a t  o f  th e  overall 
flu o rescen ce  y ie ld  (F igu re  1 ) . T h e  <f>t for 3 -S t P  increases  
fro m  0 .0 3 i  a t p H  2 to  0 .3 3 i  a t p H  8  (w h ere  th e  free b a se  is 
1 0 0 %  in th e grou n d  a n d  8 3 %  in th e  e x c ite d  sta te ) an d  
a g a in  to  0 .3 8 4 at p H  14 (1 0 0 %  o f  free b a se  in b o th  ground  
a n d  e x c ited  s ta te ) . T h e  e x p e r im e n ta l rea ctio n  y ie ld  a t a 
p H  n ear 8 , w here on ly  th e  free b a se  is p resen t in the  
grou n d  s ta te , is n early  th e  sa m e  as th a t c a lc u la te d  from  
th e  lim itin g  y ie ld s  for 3 -S t P  a n d  S -S t P H 1“, ta k in g  in to  a c 
c o u n t th e  p erce n ta g e  o f e q u ilib ra te d  m o le c u le s

0 t . p H  8  =  O . l 7 0 t , p H  2  +  0 . 8 3 < i t . p H  1 4  =  0 . 3 2 5

S im ila r  b e h a v io r  w as o b served  for so m e  4 '  d er iv a tiv es .
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TABLE III: Photoisomerization Quantum Yields (Uncorrected for 
Photostationary State) of frans-3-Styrylpyridine and Some 
4'-Substituted Derivatives in 90/10 (v/v) Water-Ethanol at 
Different pH’s (/u = 1, by NaCI)a

0t

4'-X pH 0 pH 2 pH 8 pH 14

H 0.03 0.33 (17) O.3 8 4

c h 3 0.045 0.326 (34) 0.37
o c h 3 ~0.0006 0.29 (20) 0.42

Cl 0.02 0.38e O) 0.44
n o 2 0.37 0.33 0.204 O.2 O4 (pH 10)

a Percentages of excited acidic molecules at pH 8 are reported in 
parentheses.

Table III shows their <pt values at low and high pH, where 
they are present in solution as 100% acidic and 100% basic 
forms, respectively, and at the intermediate pH 8, where a 
certain amount of excited acid was detected by fluorime- 
tric measurements. A change of <j>i was always found on 
passing from lower to higher pH’s of the corresponding 
pK *  values. Also for these derivatives the yields at inter
mediate pH are approximately equal to those calculated 
from the limiting yields and the measured equilibrium 
percentage.6

We have investigated in more detail the 4'-NC>2 deriva
tive, for which a base-weakening effect on excitation was 
observed.6 While for electron-donating substituents the 
yield increases, if any, with pH, for 4'-NC>2 derivative an 
opposite trend was observed (see Figure 2). The low fluo
rescence efficiency, which is a well-known characteristic 
of aromatic nitro derivatives (for the corresponding hydro
carbon, 4-nitrostilbene, no detectable emission has been 
found11), and the blue shift with polarity and protonation, 
could indicate a significant n,3r* character of the fluo
rescent state.6 It may also be noted that in this case the 
cation displays less intense emission than the neutral 
molecule.

D is c u s s io n

The results of Table I indicate an important role of the 
medium and nitrogen position in affecting <pt and </>f, pos
sibly through a change of the relative position of the ex
cited energy levels, so as to favor the geometrical conver
sion for 2- and 4-StP in polar and acidic solutions, but in 
the opposite direction for 3-StP. The 2 and 4 isomers dis
play in all media fluorescence yields too small to compete 
with isomerization. The quite larger effect of polar solvent 
and protonation on the photoreaction could mean that 
isomerization originates from a different nonemitting ex
cited state. The fluorescence of 3-StP is one to two orders 
of magnitude more intense, so in this case, possible rela
tions (coupling or competition) between photoreaction 
and emission appear more significant. The reaction yields 
in the tables can be discussed in term of two different 
mechanisms, which consider the isomerization as taking 
place in the singlet or in the triplet manifold, respective
ly. Correspondingly, activated processes in the reaction 
pathway may be variously assigned to ISC or to conver
sion to a twisted form in the singlet or triplet states.

As the sensitized isomerization at the triplet level is 
characterized by rather high yields for all three isomers,2-4 
both as free bases and as their conjugate acids,8 it may 
be inferred that radiative or radiationless deactivation at

Figure 2. Photoisomerization quantum yield of trans-4'-nitro-3- 
styrylpyridine as a function of pH (ft = 1, by NaCI) in 90/10 
(v/v) water-ethanol at room temperature.

the singlet levels is the factor which mainly determines 
the photoreactivity of azastilbenes on direct excitation.

Before considering in detail the evidence in favor of the 
singlet or triplet mechanism, it seems thus interesting to 
examine the possible role of deactivating processes in the 
singlet manifold. Molecular orbital calculations have sug
gested the existence of low-lying non-fluorescent and non- 
isomerizable n,7r* singlets.12 The weak n,7r* transitions 
could be masked by the much more intense ir,ir* ones, to 
which the long-wavelength absorption bands are assigned. 
The fluorescence emission of the trans isomers (with the 
exception of 4'-N02-3-StP) shifts to longer wavelengths 
with increasing solvent polarity and with protonation, in
dicating a 7t,7t* nature also for their lowest emitting sin
glets. These hidden n,7r* states should be very easily 
available through internal conversion from for the 2
and 4 isomers, while the conversion should be improbable 
for the 3 isomer, because the heteroatom is located at a 
near node in the n  and 7r* MO.13 This theoretical predic
tion may be very important in explaining the different 
photochemical and photophysical behavior of the 3 isomer 
compared to the other two isomers. In particular, more 
probable intercombinational transitions are expected for 
the 2 and 4 isomers which do not possess nodes in the po
sition occupied by the heteroatom in either the it or 7r* 
MO.

From these n,7r* states, it is possible to have either in
ternal conversion to the ground state or to a twisted 1ir,ir* 
(activated step), either ISC to a triplet level, probably 
3ir,ir*. In fact, according to the El-Sayed selection rules 
for radiationless transitions of heteroaromatics,14 efficient 
ISC can take place when it is accompanied by a change of 
configuration Oir,^* -*■ 3n,tr* or 1ir,ir* — 1n,7r* —* 
depending on the relative position of these levels, which 
can be influenced by solvents, nitrogen position, and sub
stituents).

To account for the experimental results, we try now to

(11) D. Gegiou, K. A. Muszkat, and E. Fischer, J. A m er . C h em . S o c ., 90 
3907 (1968).

(12) L. Pedersen, D. G. Whitten, and M. T. McCall, C hem . Phys. L ett.. 
3, 569 (1969).

(13) Y. J. Lee, D. G. Whitten, and L. Pedersen, J. A m er . C h em . S o c ..  
93, 6330 (1971).

(14) M. A. El-Sayed, J. C h em . P hys.. 38, 2834 (1963); S. K. Lower and
M. A. El-Sayed, C h em . R ev .. 66, 199 (1966).
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a c c o m m o d a te  th e m  in tu rn  to  th e  s in g le t a n d  tr ip le t  m e c h a 
n ism .

Singlet Mechanism. I t  h a s  b e e n  p o s tu la te d , on  th e  b a sis  
o f  M O  c a lc u la tio n s  a n d  o f  resu lts  on  q u e n c h in g  b y  a zu le n e  
o f th e  d ire ct an d  se n s itiz e d  iso m eriz a tio n  o f  oth er a z a s til-  
b e n e s , 13  th a t 2 - a n d  4 -S t P  iso m erize  via in tern a l co n v e r

sion  to  a Ln ,7r* s ta te  a n d  s u b se q u e n t a c tiv a te d  co n versio n  
to  a tw iste d  1ir,ir* s ta te  w h ich  d e c a y s  w ith  iso m eriza tio n . 
T h e  h y p o th e sis  o f  a fa s t  d e a c tiv a tio n  o f  th e  flu o re sce n t  
sta te  is in  a g re e m e n t w ith  th e  very  low  em iss io n  e ffic ien cy  
in b o th  n o n p o la r a n d  p o la r  s o lv e n ts . T h e  la tte r  in creases  
th e  en ergy o f  1n , 7 r *  lev e ls , th u s low erin g th e  en ergy  barrier  
to  th e  tw is te d  1ir,ir* s ta te , fa v o rin g  iso m eriz a tio n . T h e  a b 

sen ce  o f  a  te m p e ra tu re  e ffe c t  on  0 t in  th e  ran ge in v e sti
g a te d  c o u ld  be d u e  to  a to o  low  a c tiv a tio n  en ergy w h ich  
sh o u ld  b e c o m e  d e te c ta b le  o n ly  a t  low er te m p e ra tu re s .

O n  th e  oth er h a n d , th e  in tern a l co n versio n  to  1 n ,x *  
sh ou ld  ta k e  p la c e  a t  a m u c h  red u ced  rate  in  3 -S t P  b e 
cau se o f  th e  n ear n o d e  a t  th e  3 p o sitio n . T h is  co u ld  e x 
p la in  b o th  th e  h ig h er ra te  o f  iso m eriza tio n  a n d  flu o re s 

cen ce  for th is  iso m e r , a ssu m in g  th a t  th e  c h e m ic a l p rocess  
occurs in n -h e x a n e  a t  th e  flu o re sce n t s in g le t b y -p a s s in g  
th e  ^n ,7t*  s ta te . P o la r  so lv e n t m a y  red u ce  th e  en ergy  o f  
1 7r,7r* a n d  in crease  th a t  o f  1 n,7r* lev e l, so  th e  in tern a l c o n 
version  to  xn ,7r* c o u ld  b e c o m e  less fo rb id d e n  for rea son s o f  
en ergy , le a d in g  to  a d ecrease  o f  b o th  c h e m ic a l a n d  p h y s i
ca l p h o to p ro c esse s . T h e r e  is a  p o sitiv e  te m p e ra tu re  e ffec t  
on (/>t, h igh er th a n  th e  n eg a tiv e  on e on  <j>f , b e c a u se  th e  
p h o to re a c tio n  a t  th e  tw is te d  1 7r ,7r* s ta te  ca n  orig in ate  
fro m  b o th  1ir,Tr* a n d  1 n,Tr* lev els .

T h e  1 7r ,7r* s ta te  re m a in s  th e  c n ly  p recu rsor o f  iso m e r i

zation  in  th e  u n s u b s t itu te d  p ro to n a te d  m o le c u le s . D e a c t i 
va tio n  b y  in tern a l co n v ersio n  to  th e  grou n d  s ta te  is now  
m u c h  red u ced  in th e  2 a n d  4  iso m ers w h ich  m a y  iso m erize  
in  th e  tw iste d  s ta te  a t  a fa ste r  ra te , in  c o m p e titio n
w ith  flu o rescen ce  a n d  m a in ly  w ith  I S C . U n fo r tu n a te ly  
th is  sc h e m e  d o es  n o t c o n v in c in g ly  e x p la in  w h y th e ir  f lu o 
rescen ce  re m a in s  so low , ev en  m o re  th a n  for th e  n eu tra l  
m o le c u le s . D e a c t iv a t in g  p ro cesses re m a in  p ra c tic a lly  th e  
sa m e  for th e  3 iso m e r  w h ich  n ow  iso m erizes  w ith  a re 
d u ce d  y ie ld  c o m p e n s a te d  b y  th e  in crease  o f  flu o rescen ce . 
T h a t  th ese  tw o  p ro cesses o f  3 -S t P H +  orig in ate  in th e  
sa m e  e x c ite d  s ta te  m a y  b e  sh ow n  b y  th e ir  c o m p e titio n  at 
th e  v a rio u s p H ’s a n d  b y  th e  sa m e  k Q o b ta in e d  in th e  
q u e n c h in g  e x p e r im e n ts  b y  N a C l  in a c id ic  so lu tio n s . O n  
the oth er h a n d , th is  b e h a v io r  m ig h t a lso  im p ly  th a t  
q u e n ch in g  o f  th e  flu o re sc e n t s ta te  red u ces I S C  a n d  is o m 
erization  at th e  37r ,7r* s ta te , and  so  c a n n o t be  ta k e n  as a 
p ro o f for th e  s in g le t s c h e m e . T h e  q u e n c h in g  e x p er im e n ts  
sh o u ld  a llow  th ese  tw o  a ltern a tiv e s  to  b e  d istin g u ish e d , if  
th e  tr ip le t 3 -S t P H +  w ere a lso  q u e n c h e d . H o w e v e r , th e  
C l “  ion s h av e  n o  e ffe c t b o th  on  th e  en ergy tra n sfer  ( k Q) 
fro m  b ia c e ty l to  3 - S t P H + a n d  on  th e  p h o to se n s itiz e d  0 t 'o f  
th e  sa m e  c o m p o u n d . T h e s e  resu lts  co n firm  th a t on ly  
17r,7r* is q u e n c h e d .

T h e  e ffec t o f  m e th y l, ch lo rin e , a n d  m e th o x y  grou p s on  
th e  p h o to c h e m ic a l b e h a v io r  o f  3 -S t P  ca n  be sa tis fa c to rily  
e x p la in e d  b y  th e  s in g le t  m e c h a n is m . T h e  drop  in 0 t for 
th e  p ro to n a te d  m e th o x y  d e r iv a tiv e , in  w h ich  th e  c o m 
b in e d  e ffec t o f  d o n o r ( - O C H 3 ) a n d  a c c e p to r  (—N = )  grou ps  

p ro b a b ly  in crea ses  th e  d ip o le  m o m e n t  o f  th e  e x c ited  m o l
ecu le  le a d in g  to  s tro n g ly  s o lv e n t -d e p e n d e n t  en ergy lev els , 
is a ttr ib u te d  to  a p re d o m in a n c e  o f  in tern a l co n versio n  
p rocesses, p r o b a b ly  th ro u g h  n,7r* s ta te s  o f  th e  su b st itu e n t , 
in a n a lo g y  w ith  4 -n it r o -4 '-m e th o x y s t i lb e n e  in p olar so l

v e n t . 1 1  T h e  large  in crease  in cj>t w ith  te m p e ra tu re  for th is  
d eriv a tiv e  in d ic a te s  a  h ig h  e n d o th e rm ic  p a th  to  th e  iso m -  
e riz a b le  s ta te  in  th e  p ro to n a te d  m o le c u le .

F or th e  n itro  d er iv a tiv e , im p o r ta n t ra d ia tio n less  d ec a y  
o c cu rs, m a in ly  in  b a sic  so lu tio n , p r o b a b ly  b e ca u se  n ,x *  
lev e ls  b e c o m e  m o re  a c c e ss ib le  th a n  in 3 -S t P  or b eca u se  
th e y  are p ro v id ed  b y  th e  su b s t itu e n t  g ro u p . In  a c id , 0 t in 
crea ses for th is  c o m p o u n d  an d  a m a rk ed  q u e n c h in g  e ffec t  
b y  o x y g en  w a s fo u n d , w h ich  is n o t ea sily  e x p la in e d  b y  th is  
m e c h a n is m .

T h is  sc h e m e  fa ils  to  a c c o u n t for th e  e ffec t o f  h ea v y  
a to m s  a lso .

Triplet Mechanism. In te rsy ste m  cro ssin g  to  th e  tr ip le t  
m a n ifo ld  c o u ld  a lso  b e  a p a th w a y  for iso m e r iz a tio n . For  
th e  2 a n d  4  iso m ers , th e  e x c ite d  m o le c u le s  ra p id ly  reach  
th e  1n ,7r* s ta te , th e n  so m e  cross to  an  a lm o s t  isoen ergetic  
3 7r,7r*, a  p ro cess w h ich  sh o u ld  b e  fa v o red  in  p o la r  so lv en ts , 
w here it  c o u ld  b e c o m e  e x o th e rm ic . T h e  a b sen c e  o f  p o ss i
b ly  d e a c tiv a t in g  1 n,7r* s ta te s  in a c id ic  so lu tio n s  also  
agrees w ith  th e  in crease  o f  0 t a c c o m p a n ie d  b y  a s lig h t d e 
crease o f  flu o rescen ce , w h ich  c o m p e te s  w ith  I S C .

F or 3 -S t P , I S C  sh o u ld  sta rt  fro m  T h e  h igh  v a lu es
for b o th  <t>t a n d  4>t in  n -h e x a n e  c o u ld  a g a in  b e  e x p la in e d  
b y  th e  in a c c e ss ib ility  o f  th e  d e a c tiv a t in g  1 n ,ir*  s ta te  for 
th is  iso m er . T h e  e ffec t o f  p o la r  s o lv e n t c a n  b e  in terp reted  
as for th e  s in g le t m e c h a n is m , im p ly in g  a  p a rtia l d e a c ti
v a tin g  role o f  th e  1 n,Tr* b u t  a s su m in g  here an  a c tiv a te d  
I S C , d ire c tly  fro m  or th ro u g h  n,?r* s ta te s . P ro to n a 
tio n  g re a tly  in creases th e  en ergy  o f  3n ,ir*  s ta te  a n d  th e  
I S C  to  37t, 7t*  re m a in s  th e  o n ly  p a th  for iso m eriz a tio n  in  
th is  s c h e m e ; th e  d ec rea se  in 0 1 an d  in crease  in 0 f are so  
ju s tif ie d . T h e  re la tiv e ly  lon ger flu o re sce n ce  life tim e  o b 
served  for 3 -S t P H +  is in a g re e m en t w ith  a sm a lle r  IS C  
y ie ld  a n d  th e  c o n se q u e n t low er iso m eriz a tio n  y ie ld  o f  th is  
c a tio n ic  iso m er . I t  is a lso  to  b e  n o te d  th a t  p re lim in a ry  
q u e n c h in g  e x p e r im e n ts  o f  th e  p h o to re a c tio n  o f  3 -S t P H + 
b y  B r _  se e m  to  in d ic a te  a sm a lle r  s lo p e  th a n  in  th e  f lu o 
rescen ce  S te r n -V o lm e r  p lo ts .

T h e  tr ip le t m e c h a n is m  a c c o u n ts  for th e  resu lts  o b ta in ed  
w ith  th e  4 ' -s u b s titu te d  3 -S t P ’s lik ew ise  for th e  u n su b st i
tu te d  c o m p o u n d . In a d d itio n , th e  4 '  h a lo g en  su b stitu tio n  
(w ith  th e  e x c e p tio n  o f  4 '- I  a t p H  8 ) 15  h a s  an  e ffe c t w h ich  
is go od  ev id e n c e  for a p rocess go in g  th ro u g h  th e  tr ip le t  
m a n ifo ld . In  fa c t , it  ca n  re a so n a b ly  b e  a sc rib ed  to  a 
h e a v y -a to m  e n h a n c e d  I S C . M o re o v e r , th e  o x y g en  e ffec t on  
0 t o f  th e  4 ' - N 0 2  d er iv a tiv e  in a c id ic  so lu tio n  c o u ld  a lso  
in d ic a te  an  in v o lv e m e n t o f  th e  tr ip le t  p a th .

U s in g  b ia c e ty l , 3 b e n z o p h e n o n e , 2 a n d  a n th ra q u in o n e 4 as 
tr ip le t  d on ors a n d  a ssu m in g  th a t  th e  d irect iso m eriza tio n  
p ro ceed s b y  w a y  o f  tr ip le ts , 3 -S t P  h a s  b e e n  fo u n d  to  h ave  
th e  h ig h est , a n d  2 -S t P  th e  lo w est, v a lu e  o f  th e  c a lc u la te d  
m a x im u m  0 is c  in  b e n z e n e . I t  is re m a rk a b le  th a t  th e  s it 
u a tio n  is reversed  in w a te r -a lc o h o l so lu tio n s , w here 0 isc  
o f  3 -S t P  is a b o u t 0 .6  an d  d ecreases ag ain  to  a b o u t  0 .5  in 
a c id , w h ile  it rea ch es a lm o s t  u n ity  for th e  o th er  iso m ers .8 

T h is  ch a n ge  o f  I S C  w ith  m e d iu m  is u n u su a l a n d  c o u ld  be  
ju s tifie d  on ly  b y  a d m it t in g  a  so lv e n t -d e p e n d e n t  energy  
barrier. T h is  se e m s to  b e  c o n firm e d  b y  th e  lu m in escen ce  
y ie ld s  at liq u id  n itro g en  te m p e ra tu re , w h ich  also  have  
h igh  v a lu es  for th o se  iso m ers d isp la y in g  very  low  lu m in e s 

cen ce  in flu id  so lu tio n s .

C o n c lu s io n s

It  is d iff ic u lt  to  a c c o m o d a te  all th e  e x p e r im e n ta l resu lts  
in  a u n iq u e  m e c h a n is tic  sc h e m e , b e ca u se  th e  p resen ce  o f
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th e  h e te ro a to m  c o m p lic a te s  th e  s itu a tio n  w ith  resp ec t to  
th e  h y d ro c a rb o n  a n a lo g . N e ith e r  o f  th e  tw o  m e c h a n ism s  
e x a m in e d , w h ich  c o n sid er iso m eriza tio n  to  ta k e  p la c e  in  
o n ly  on e m a n ifo ld , s in g le t or tr ip le t, is  c o m p le te ly  s a t is fa c 
to r y . O n  th e  oth er h a n d , th e  d isp u te  a b o u t th e  stilb e n e  
p h o to iso m e r iz a tio n  occu rrin g  in on e  or th e  oth er m a n ifo ld  

is s till  n o t  c o m p le te ly  re so lv e d ;16 so  it  is n o t su rp risin g  
th a t  re c e n tly  a v a ila b le  ev id e n c e  for a z a stilb e n e s  in  favo r  
o f  th e  tr ip le t1 -2 ’ 17  or th e  s in g le t13  m e c h a n ism  ap p ea rs  to  
b e  far fro m  a d e fin ite  c o n c lu sio n . In  p a rtic u la r , it  se em s  
th a t  c o n c lu sio n s  re a ch e d  for a certa in  a z a stilb e n e  ca n n o t  
be g e n e ra lize d  to  o th er iso m eric  c o m p o u n d s , s in ce  th e  n i 
trog en  p o sitio n  ca n  force th e  p a th w a y  in o n e  sen se  or th e  
o th er .

A lth o u g h  th e  a ssu m p tio n  o f  tw o  c o n cu rren t m e c h a n ism s  
s e e m s  th e  b e st  c o m p ro m ise  to  a c c o m o d a te  th e  a v a ila b le  
e x p e r im e n ta l re su lts , th e  e v id en ce  in fa v o r o f  th e  s in g le t  
m e c h a n is m  o u tw eig h s th a t  for th e  tr ip le t , e sp e c ia lly  in  
th e  ca se  o f  3 -S t P . Im p o r ta n t  a r g u m e n ts  in d ic a tin g  th a t  
th e  sa m e  s ta te  is resp o n sib le  for b o th  flu o rescen ce  an d  
iso m eriz a tio n  o f  3 -S t P , are (1 )  th e  c o u p lin g  b e tw ee n  0 t 
a n d  4n on  go in g  fro m  n -h e x a n e  to  w ater a n d  (2 ) th e  sa m e  
p ercen ta g e  o f  m o le c u le s  w h ich  flu o resce  in  a c id ic  fo rm  a t  
p H  8  as o b ta in e d  fro m  th e  4>{ vs. p H  cu rve  a n d  c a lc u la te d  
fro m  th e  0 t  vs. p H  cu rv e . T h is  a lso  im p lie s  th a t  th e  p ro to 
n a tio n  o f  th e  e x c ite d  b a se  b y  w a ter (Jz ^  1 0 8 s e c - 1 ) 6 is 
c o m p e titiv e  w ith  b o th  e m iss io n  a n d  p h o to re a c tio n . H o w 
ever, th e  s in g le t m e c h a n is m  is n o t th e  o n ly  on e  o p e ra tiv e , 
at le a st for th e  h a lo g e n -su b st itu te d  3 -S t P ’s , as d e m o n 
stra ted  b y  th e  re su lts  o b ta in e d  in flu id  so lu tio n s as w ell as 
b y  th e  lo w -te m p e ra tu re  <f>f ’s.

T u r n in g  to  th e  2 an d  4  iso m ers , so m e  su p p o rt for a tr ip 
let m e c h a n ism  c o m e s  fro m  ( 1 ) th e  re la tio n  b e tw ee n  d irect  
a n d  se n s itiz e d  p h o to sta tio n a r y  s ta te  ratios fo u n d  in n o n 
p o la r  s o lv e n t , u sin g  h ig h -e n erg y  tr ip le t  d o n o rs1 18 a n d , 
b u t  less im p o r ta n t; ( 2 ) th e  low  flu o rescen ce  life tim e s  an d

q u a n tu m  y ie ld s  for th ese  iso m ers in  a c id ic  fo rm , w h en  th e  
d e a c tiv a t in g  ro le  o f  1 n ,jr*  lev els  sh o u ld  be n o  lon g er o p e r a 
t iv e ; (3 )  th e  re su lt o f  M O  c a lc u la tio n s  fo r  th e se  tw o  is o 
m e rs , w h ich  p re d ic ts  a h igh er ra te  o f  I S C  for b o th  n e u tr a l  
a n d  p ro to n a te d  fo r m s .19 It a p p ea rs , h o w ev er, th a t  m o s t  o f  
th e se  a rg u m e n ts  in fa v o r o f  th e  tr ip le t  m e c h a n is m  for 2 - 
a n d  4 -S t P  are ra th er w ea k  a n d  th a t , a lso  for th e se  iso 
m e rs , a s in g le t  m e c h a n is m  a c co u n ts  b e tter  for th e  e x p e r i
m e n ta l re su lts , co n sid erin g  a lso  th a t  th e  d ire c t 0 t for 2 - 
S t P H +  is a lit t le  h ig h er th a n  th a t  se n sitiz e d  b y  b ia c e ty l .8

I t  is c o n c lu d e d , th erefore , th a t, a lth o u g h  b o th  s in g le t  
an d  tr ip le t  s ta te s  m a y  be in v o lv e d  in th e  d ire c t tr a n s -c is  
p h o to iso m e r iz a tio n  o f  a z a stilb e n e s , th e  s in g le t m e c h a n is m  
p re v a ils  for th e  u n su b stitu te d  S t P ’s . T h e  e ffec t o f  th e  m e 
d iu m  a n d  o f  s u b st itu e n ts  e n h a n c in g  I S C  e ffic ie n c y  m a y  
alter  th e  m e c h a n is m  c h a n g in g  th e  re la tiv e  im p o r ta n c e  o f  
th e  tw o  p a th s . F u rth er  w ork  is in  progress on  th e  te m p e r 
a tu re  e ffe c ts  an d  on  th e o re tica l c a lc u la tio n s .

Acknowledgment. T h is  s tu d y  w a s su p p o rted  b y  th e  
C o n sig lio  N a z io n a le  d elle  R icerc h e  u n d er  c o n tr a c t N o .  
7 0 .0 0 0 8 2 .0 3 . I t  is a lso  p a rt o f  th e  p ro g ra m s o f  th e  “ L a b o r a -  
to rio  d i F o to c h im ic a  e R a d ia z io n i d ’A lt a  E n e r g ia ”  o f  th e
C .N .R .  (B o lo g n a ) . T h e  au th ors w o u ld  like to  a c k n o w le d g e  
th e  a ssista n c e  o f  V . R o sse tto  in  th e  d e te r m in a tio n  o f  f lu o 
rescen ce  y ie ld s .

(15) The low 0 1 for 4'-i-3-StP at pH 8 may not be significant, both be
cause of the above-mentioned possibility of photolysis of the C-l 
bond and because the triplet deactivation may be important for this 
derivative. Unfortunately, we cannot compare 0 1 for direct and sen
sitized reaction because of the insufficient solubility for sensitized 
experiments.

(16) For a review of stilbene photoisomerization, see J. Saltiel e t  a!.. 
O rg. P h o to ch em ., in press.

(17) D. G. Whitten and Y. J. Lee, J. A m er. C hem . S e e .. 92, 415 (1970).
(18) The relationship is not easy to establish in aqueous ethanol,8 mainly 

because of low solubility of the most commonly used high-energy 
triplet donors in this medium.

(19) Unpublished results; see also ref 1.
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T h e  a n io n  ra d ica ls  o f  a series o f  n itro sa m in e s  h a v e  b een  gen era ted  b y  a lk a li m e ta l re d u c tio n . In  te tr a h y - 
d rofu ran  a n d  in a m ix tu r e  o f  te tra h y d ro fu ra n  a n d  h e x a m e th y lp h o sp h o r a m id e  three d iffe re n t ion  pairs  
w ere o b serv ed  s im u lta n e o u s ly  in so lu tio n . F or a ll o f  th e  n itro sa m in e  an ion  ra d ic a ls  s tu d ie d , th e  m a jo rity  
o f th e  sp in  d e n s ity  w a s fo u n d  on  th e  n itro so  n itro g en , a n d  th is  sp in  d e n sity  in creases w h en  th e  N - N  b o n d  
is tw iste d  b y  steric  in tera ctio n  o f th e  a lk y l grou p s w ith  th e  ox y g en  a to m . L o w -te m p e ra tu re  esr sp ec tra  o f  
th e  n itro sa m in e  a n io n  ra d ic a l so lu tio n s e x h ib ite d  a sin gle  b ro a d  lin e  su p e r im p o se d  u p o n  th e  sp ec tru m  o f  
th e  m o n o m e r  ra d ic a l. T h is  sin g le  lin e  is a ttr ib u te d  to  a “ liv in g ”  p o ly m e r  p ro d u c ed  fro m  th e  an ion ic  p o ly 
m e riz a tio n  o f  th e  n itro sa m in e  m o n o m e r  a n io n  ra d ic a ls .

M u c h  o f  th e  recen t in terest in  th e  c h e m istry  o f  n itro 
sa m in es ca n  b e  a ttr ib u te d  to  th e  fa c t  th a t  th ese  c o m 
p o u n d s h av e  b e e n  ch a ra cte rize d  as p ow erfu l ca rcin ogen s  
th a t occu r in  to b a c c o  sm o k e  a n d  m a y  b e  fo rm e d  in  th e  
h u m a n  s to m a c h  fro m  th e  in tera ctio n  o f  n itr ite s , u sed  as  
food p reserva tiv e , w ith  th e  n a tu ra l a m in e s  in  th e  b o d y .1

In  a p re lim in a ry  c o m m u n ic a tio n  w e rep orted  th e  re d u c 
tio n  o f  T V -m e th y l-A f-n itro so a n ilin e , IV -n itro so d iiso p ro p y la m - 
ine, a n d  N -n itr o s o d ie th y la m in e  in  1 , 2 -d im e th o x y e th a n e  
( D M E )  a n d  te tra h y d ro fu ra n  ( T H F ) .2 F or th e  ca se  o f  N- 
n itro so d ie th y la m in e  re d u ce d  b y  p o ta ss iu m  m e ta l in  D M E ,  
tw o d iffe re n t ion  p a irs  o f  th e  n itro sa m in e  a n io n  ra d ica l  
w ere fo u n d  to  e x is t  s im u lta n e o u s ly  in so lu tio n . T h e  tw o  
ion p airs w ere p ro p o sed  to  b e  th e  t ig h t ion  p air  a n d  th e  
so lv en t se p a ra te d  ion p air  as sh ow n  in e q u a tio n  1. W e  now  
p ropose  a  n u m b e r  o f  IV -n itro sa m in e  a n ion  ra d ica ls  in c lu d 
ing th o se  fro m  I -V I I  to g eth er w ith  so m e  o f  th e  so lu tio n  
eq u ilib ria  in w h ich  th ese  a n ion  ra d ica ls  are in v o lv e d .

Ir
OK+ ^0\\K+

N— N (1 )

E x p e r im e n t a l  S e c t io n

T h e  jV -n itr o sa m in e s  w ere p rep a red  b y  th e  m e th o d  d e 
scrib ed  b y  V o g e l .3 T H F , D M E , a n d  h e x a m e th y lp h o s p h o 
ra m id e  ( H M P A )  w ere d istille d  d ire c tly  in to  th e  rea ctio n  
vessel fro m  th e  so lv a te d  e lectro n  u n d e r  h ig h  v a c u u m  
( 1 0 - 4  m m  p ressu re).

S o lu tio n s  o f  th e  V -n itr o s a m in e s  ( 1 0 _ 2- 1 0 - 3  M) w ere  
sh a k e n  on  an  a lk a li m e ta l m irror to  y ie ld  th e  yellow -co lo red  
an ion  ra d ica l so lu tio n s .

T h e  esr sp ec tra  w ere record ed  on  an  X -b a n d  V a r ia n  E -3  
esr sp e c tro m e te r  e q u ip p e d  w ith  a V a r ia n  V -4 5 5 7  te m p e ra 

tu re  co n troller .

R e s u lt s

U n d e r  lo w -reso lu tio n  co n d itio n s  (h ig h  m o d u la tio n  a m 
p litu d e ) a ll o f  th e  n itro sa m in e  a n ion  ra d ic a ls , e x c e p t for 
th o se  o f  I a n d  V I , ga ve  esr p a tte r n s  o f  n in e  lin es due to  
tw o n o n e q u iv a le n t n itro g en s. U p o n  h ig h  reso lu tio n  m ore  
lin es w ere ob serv e d . T h e s e  ex tra  lin es are in terp reted  in 
te rm s o f  ion  p a ir in g . N o n e  o f  th e  n itro sa m in e  a n io n  ra d i
ca ls  w ere sta b le  e n o u g h  in pure H M P A  to  afford  esr 
sp ec tra . A  sta b le  a n ion  ra d ic a l so lu tio n  o f N -n itr o s o d i-  
m e th y la m in e  c o u ld  n o t b e  gen era ted  u n d er a n y  so lv en t  
m e ta l co n d itio n s .

T h e  e x p e r im e n ta l s o rb ita l sp in  d en sitie s  w ere d eter 
m in e d  fro m  sp ec tra l d a ta  u sin g  'the s ta n d a rd  e q u a tio n  pi 
=  A N/5 1 0 ,  w here A N =  1 2 .6  a n d  2 .4  G  (see  T a b le  I ) .  C a l 
c u la te d  s o rb ita l sp in  d en sitie s  o b ta in e d  u sin g  an  I N D O  
tr e a tm e n t sh ow  good  a g re e m en t w ith  th e  e x p er im e n ta l  
v a lu e s . E x p e r im e n ta l 7r-electron  sp in  d e n sitie s  are also  
sh ow n  in T a b le  I. T h e  resu lts  sh ow  th a t  th e  o d d  electro n  
resid es p r e d o m in a n tly  on  th e  n itroso  n itro g en .

Diethyl-N -nitrosamine (II). T h e  s y s te m  I I - D M E - K  
u p on  esr a n a ly sis  y ie ld s  an  e le v e n -lin e  p a tte r n  a p p a ren tly  
resu ltin g  fro m  th e  e x p e c te d  n in e -lin e  p a tte r n , b u t  w ith  
th e  en d  lin es sp lit  (F igu re  1 ).

T h e s e  resu lts  ca n  b e  n ice ly  in terp reted  in te rm s o f  tw o  
d ifferen t ra d ica l a n io n s in so lu tio n  (a a n d  /3), b o th  h a v in g  
id en tic a l g v a lu es , b u t  8 h a v in g  s lig h tly  larger co u p lin g  
c o n sta n ts  for b o th  n itrog en s ( T a b le  I I ) . T h is  resu lts  in  th e  
m = 0 ,0  lin es su p e r im p o sin g , th u s  y ie ld in g  a sh arp  cen ter  
lin e . H o w e v e r, d u e  to  th e  sm a ll d ifferen ces  in th e  c o u p lin g  
c o n sta n ts , th e  m = 0  ±  1  lin es d o  n o t e x a c tly  ov erla p . 
T h e  resu lt is th a t  th ese  lin es b e c o m e  b ro a d e n e d  a n d  less  
in ten se . T h e  c o u p lin g  c o n sta n ts  d iffer  b y  less th a n  th e  
line  w id th . T h e  large n itrog en  co u p lin g  c o n sta n ts  a lso  d if 
fer b y  less th a n  th e  line w id th , w h ich  re su lts  in  s lig h tly  
b roa d er m = ± 1 , 0  lin es . S in c e  th e  /3 a n ion  ra d ica l h as th e

(1) (a) M. F. Argus, J. C. Arcos, A. Alam, and J. FI. Mathison, J. M ed. 
C h em ., 7, 460 (1964); (b) C h em . Eng. N ew s . 49 No. 50, 15 
(1971).

(2) G. R. Stevenson and C. J. Colón, J. Phys. C h em ., 75, 2704 (1971).
(3) A. I. Vogel, "Practical Organic Chemistry," 3rd ed., Wiley, New 

York, N. Y., p 426.
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]
jepatlir ation greater tha e-width

o< radical

& radical
Figure 1. Esr spectrum (upper tracing) of II reduced by potassi
um In DME and recorded at room temperature. The line width of 
the center line is 0.28 G. The high-field lines are broader than 
the low-field lines due to g tensor anisotropy. The reduction in 
THF gives a similar spectrum, but with less obvious separation 
of the end lines. Lower tracing shows stick diagram for the low- 
field half of radicals a  and /?.

TABLE I: Calculated and Experimental Spin Densities

Figure 2. Esr spectrum of the system ll-THF-K at —20°.

TABLE II: Coupling Constants for Nitrosamine Anion Radicals at 
Room Temperature

Ion
System ^N(nitroso) AN(alkalated) pair

ll-THF-K 12.56 ±  0.05 2.26 ±  0.02 ß
12.5 ±  0.05 2.1 ±  0.02 a

ll-THF: HMPA-K 12.56 ± 0 .0 5 2.29 ±  0.02 7
12.4 1.8 ß
12.1 1.7 a

lll-THF-K 13.0 3.1 7
12.9 2.8 ß
12.8 2.3 a

IV-THF-K 12.7 2.54 ±  0.02
V-THF-K 12.8 2.7
VI-THF-K 12.9 1.29 ±  0.02

^ N 1 —  W ''  
R5

O3 g e o m etric a l iso m ers or fro m  d iffe re n t ion  p a irs . I f  th e  tw o  
or th ree  ra d ic a ls  w ere d u e  to  a h in d ered  in tern a l ro ta tio n  
as o b serv ed  b y  M c K in n e y  a n d  G e sk e 4 or so m e  o th er  in tra -

Experimental
Calculated s orbital Experimental s ir-electron spin 

Position spin density orbital spin density density

1 +  0.0002 0.0047 0.16
2 +  0.0210 0.0247 0.84
3 +  0.0067 0.0000 0.00
4 -0.0051
5 -0 .0030

larger c o u p lin g  c o n sta n ts  for b o th  n itro g en s, th e  d iffe r
en ces are a d d itiv e  in  th e  en d  lin es , an d  th e  re su ltin g  d i f 
feren ce in  line  p o sitio n s b e c o m e s  s lig h tly  larger th a n  th e  
lin e  w id th . T h e  co u p lin g  c o n sta n ts  for th e  /3 ra d ic a l are 
1 2 .6 0  a n d  2 .4 0  G . T h o s e  for th e  a ra d ic a l are 1 2 .4 5  a n d
2 .2 3  G .

A s  th e  te m p e ra tu re  is low ered  a th ird  ra d ic a l a p p ea rs . 
T h is  n ew  ra d ica l e x h ib its  o n ly  a  sin g le  b ro a d  line w h ich  
n arrow s as th e  te m p e ra tu re  is low ered  (see  F igu re  2 ) . A t  
a b o u t —7 0 °  on ly  th e  sin g le  b ro a d  line ca n  b e  ob serv ed . 
T h e  lin e  w id th  is 15 G .

W h e n  II is re d u ce d  b y  p o ta ss iu m  m e ta l in a 1 :1  m ix 
ture o f  H M P A  a n d  T H F , th e  re su ltin g  esr sp e c tru m  co n 

sists  o f  17 lin es . T h is  sp e c tru m  ca n  b e  in terp reted  in  
te rm s o f  th ree  ra d ic a ls  w h ich  are sh ow n  in  eq  2 , w ith  th e  
sa m e  g  v a lu e , b u t  w ith  d iffe re n t co u p lin g  c o n sta n ts . T h e  
three ra d ic a ls  in  th is  case  a n d  th e  tw o  ra d ic a ls  e x h ib ite d  
for th e  sy s te m  II T H F - K  ca n  re su lt fro m  e ith e r  d ifferen t

r #  THF
N— N +  K

HMPA r
/ O K +

N— N +

L >IIk* L >N— N +  — N +  K+ (2)r r
m o le c u la r  p ro cess, an  in crease in  th e  te m p e ra tu re  sh o u ld  
tim e  average  th e  tw o  sp ec tra . E x p e r im e n ta lly  th is  is n o t  
th e  ca se  for a t  + 6 0 °  n o  co a lesc in g  o f  th e  lin es is o b 
serv ed . In  fa c t  th e  lin es narrow  as th e  te m p e ra tu re  in 
creases a n d  b e tter  sep a ra tio n  o f th e  lin es d u e  to  th e  d i f 
feren t ra d ic a ls  is o b serv e d . A t  + 6 0 °  th e  lin e  w id th  is 0 .1 9  
G  a n d  a t  + 2 5 °  th e  lin e  w id th  is 0 .2 8  G . T h is  le a d s  us to  
b eliev e  th a t  for b o th  sy s te m s  th e  d iffe re n t a n io n  ra d ic a ls  
seen  s im u lta n e o u s ly  are d u e  to  d iffe re n t ion  p airs , a tig h t  
ion p a ir  ( a ) ,  a  loose ion p a ir  (¡3 ), a n d  an  e sse n tia lly  free  
ion ( 7 ) . T a b le  II g ives th e  co u p lin g  c o n sta n ts  for a , /3, a n d  
7  (F igu re  3 ) .

N-Nitrosodiisopropylamine (III). T h e  H K T H F - K  s y s 
te m  e x h ib its  17 lin es a t  ro o m  te m p e ra tu re  ju s t  as fo r  th e

(4) T. M. McKinney and D. H. Geske, J. C h em . P h ys., 44, 2277 (1966).
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5 G

Figure 3. Esr spectrum (upper tracing) of II reduced by potassi
um in THF.HMPA and recorded at room temperature. The line 
width of the center line is 0.27 G. Lower tracing shows stick dia
gram for the low-field half of radicals a, /?, and 7 .

sy ste m  I I - T H F : H M P A - K .  A t  — 4 0 °  th e  sp e c tru m  c o n 

sists o f  n in e  e q u a lly  in ten se  h y p erfin e  lin es d u e  to  tw o  
n o n eq u iv a le n t n itro g en s. O n ly  a sin g le  b ro a d  lin e  ca n  be  
ob served  a t  - 8 0 ° .  F o r  th e  s y s te m  I H - T H F - C s  th e  s p e c 
tr u m  c o n sists  o f  3 6  lin es d u e  to  A n  =  1 2 .7 0  G , A n  =  2 .7 3  
G , a n d  A Cs =  0 .8 9  G . W h e n  III is re d u ce d  in  T H F  b y  N a  
an  u n in te r p r e ta b ly  c o m p le x  esr s ig n a l re su lts  w ith  o b v io u s  
m e ta l sp littin g .

N-Nitrosodiisobutylamine (IV). T h e  esr sp e c tru m  o f  I V  
y ie ld s  n in e  lin es o f  a b o u t  e q u a l in te n s ity  a t  ro o m  te m p e r 
atu re . O n ly  th e  m =  — 1 ,— 1 line h a s  a  s lig h tly  low er in 

te n sity . A t  - 4 0 °  o n ly  a  sin g le  b ro a d  lin e  is ob serv e d .
N-Nitrosopyrolidine (V). A t  ro o m  te m p e ra tu re  th e  s y s 

te m  V - T H F - K  g iv es  tr ip le ts  o f  tr ip le ts  su p erim p o se d  
u p o n  a sin g le  b ro a d  lin e . T h e  c o u p lin g  c o n sta n ts  are  
sh ow n  in T a b le  II. A t  2 0 ° o n ly  a sin g le  b ro a d  lin e  ca n  be  
o b served  u p o n  esr a n a ly sis  o f  th is  s y s te m . T h e  a n io n  ra d i
ca l o f  V  is to o  sh o rt liv e d  in  a m ix tu r e  o f  T H F  a n d  H M P A  
to  ob serve  an  esr s ig n a l.

N-Nitroso-cis-2,6-dimethylpiperidine (VI). A s  sh o w n  in  
T a b le  II, th e  a n ion  ra d ic a l o f  V I  g iv es  an  esr sp e c tru m  re 
su ltin g  fro m  tw o  n o n e q u iv a le n t n itro g en s, b u t  th e  a lk a la t -  
ed  n itro g en  g ives a m u c h  sm a lle r  h y p erfin e  sp litt in g  (1 .2 9  
G ) th a n  a ll o f  th e  o th er  n itro sa m in e  a n io n  ra d ic a ls  (T a b le  

n ) .
1,2,3,4-Tetrahydroisoquinoline-N-nitrosamine (VII). A ll  

m e th o d s  o f  re d u c tio n  o f  th is  c o m p o u n d  le a d  to  so lu tio n s  
th a t y ie ld  v ery  c o m p le x  u n in te r p r e ta b le  esr sp e c tra . T h is  
is p r o b a b ly  d u e  to  th e  fa c t  th a t  th ere  are tw o  p o ssib le  ro - 
to m e rs  o f  th is  a n io n  ra d ic a l to  a d d  fu rth er c o m p le x ity  to  
th e  a lrea d y  e x istin g  ion p airs .

D is c u s s io n

T h e  ion p a ir in g  in terp reta tio n  o f  th e  th ree  ra d ic a ls  o b 
ta in e d  for th e  I I - T H F :H M P A - K  s y s te m  is su p p o rte d  b y  
th e fa c t  th a t  so d iu m  re d u c tio n  o f  II le a d s  to  m e ta l  s p lit 

tin g  in  T H F . T h r e e  d iffe re n t ion  p a irs  h a v e  b e e n  p revio u s- 
, ly  o b serv e d  s im u lta n e o u s ly  for h y d ro c a rb o n  a n io n  ra d ica ls  
b y  H ir o ta 5 a n d  m o re  re c e n tly  b y  A lle n d o e rfe r  a n d  P a p e z .6

A ll  o f  th e  n itro sa m in e  a n ion  ra d ic a ls  ga ve  a  sin g le  broa d  
esr lin e  su p e r im p o se d  u p o n  th e  sp e c tru m  for th e  m o n o m e r  
a n ion  ra d ic a l a t  low  te m p e ra tu re . T h is  b ro a d  lin e  is r e m i

n isc e n t o f  th e  sin g le  b ro a d  lin e  o b ta in e d  for  liv in g  p o ly 
m ers p ro d u c ed  d u rin g  a n io n ic  p o ly m e r iz a tio n . 7"9 S in ce  
low erin g th e  te m p e ra tu re  in crea ses  th e  p o ly m e r -c o n c e n 
tra tio n  at th e  ex p en se  o f  th e  m o n o m e r , a n d  ra isin g  th e  
te m p e ra tu re  d im in ish e s  th e  co n c e n tra tio n  o f  th e  p o ly m e r  
ra d ic a l w ith  a  s u b se q u e n t  in crease  in  th e  m o n o m e r  an ion  
ra d ica l c o n c e n tra tio n , th e  e n th a lp y  o f  th e  rea ctio n  fo r m 
in g th e  liv in g  p o ly m e r  fro m  th e  m o n o m e r  a n io n  ra d ica l  
m u s t b e  less  th a n  zero . T h is  te m p e ra tu re  e ffe c t  is c o m 

p le te ly  rev ersib le  for th e  c o m p o u n d s  s tu d ie d  e x c e p t for 
p y ro lid in e . T h e  n in e -lin e  esr s ig n a l fro m  th e  N -n itr o s o p y -  
ro lid in e  a n io n  ra d ic a l re d u c e s  to  a sin g le  lin e  a t  low  te m 
p era tu re , b u t  u p o n  w a rm in g  th e  s ig n a l irreversib ily  d isa p 
p ea rs . T h e  a p p a r e n t n arro w in g  o f  th e  esr lin es u p o n  in crea s
in g  th e  te m p e ra tu re  is d u e  to  th e  d isa p p ea ra n c e  o f  th e  liv in g  
p o ly m e r  a n d  th e  d ec re a sin g  o f  th e  d ie le c tr ic  c o n sta n t o f  
th e  s o lv e n t . T h is  la tte r  e ffe c t a fford s b e tte r  sep a ra tio n  o f  
th e  d iffe re n t ion  p a irs .

T h e  te m p e ra tu re  reg ion , w here th e  io n  p a irs  ca n  b e  o b 
served  s im u lta n e o u s ly , is very  s m a ll . F or th is  rea son , it is 
im p o ssib le  to  o b ta in  esr te m p e ra tu re  d a ta  for th e  variou s  
ion  p airs . O v er th e  ra n ge  a v a ila b le  (a b o u t  2 0 °)  th e  c o u 

p lin g  c o n sta n ts  are in v a r ia n t w ith  te m p e ra tu re .
A ll  a t te m p ts  to  red u ce  J V -n itro so d im e th y la m in e  to  its  

an ion  ra d ic a l re su lte d  in  th e  im m e d ia te  fo rm a tio n  o f a 
p o ly m e ric  p re c ip ita te , w h ich  ca n  b e  se en  fo rm in g  oh the  
m e ta l su rfa ce . T h e  a n ion  ra d ic a l o f  IV -n itro so p y ro lid in e  is 
a lso  very  u n sta b le  to w a rd  a n io n ic  p o ly m e r iz a tio n . A t  room  
te m p e ra tu re  th e  m o n o m e ric  a n io n  ra d ic a l c o u ld  be o b 
serv ed  b y  esr, b u t  a low erin g  o f th e  te m p e ra tu re  to  2 0 ° led  
to  th e  o b serv a tio n  o f  ju s t  th e  sin g le  esr lin e . T h e  n itro 
sa m in e  a n io n  ra d ic a ls  te n d  to w a rd  a n io n ic  p o ly m e riz a tio n  
in  th e  order I >  V  >  II >  I V  >  III . F u rth er , th e  te m p e r a 
tu re a t  w h ich  th e  sin g le  lin e  b e c o m e s  p r e d o m in a n t  fo llow s  
th e sa m e  order. W e  n o tice  th a t th e  order sh ow n  is th e  
sa m e  order th a t  on e w o u ld  w rite for th e  a c id ity  o f  th e  a 
p ro to n s. T h e  a c id ity  o f  th e  a p ro to n s o f  V  is g reater th a n  
th o se  o f  II d u e  to  th e  p resen ce  o f  th e  s m a ll  f iv e -m e m b e r  
rin g . I f  steric  in tera c tio n  w ere th e  o n ly  co n sid era tio n  in  
th e  p o ly m e r iz a tio n , I V  w o u ld  b e  slow er to  p o ly m e rize  
th a n  III . J u st  th e  o p p o site  is ob serv e d .

T h e  a n io n  ra d ic a l o f  V II  e x h ib its  a c o u p lin g  c o n sta n t for  
th e  a lk a la te d  n itro g en  o f  o n ly  a b o u t  h a lf  o f  th e  m a g n itu d e  
o f  th a t  for th e  oth er n itro sa m in e  a n io n  ra d ic a ls  (1 .2 9  G ) . 
c is - l ,3 -D im e th y lc y c lo h e x a n e  m u s t  a ssu m e  th e  d ie q u a to -  
r :a l p o sitio n  for th e  m e th y l grou p s d u e  to  th e  steric  in ter
a c tio n  o f th e  m e th y l grou p s w h en  th e y  are in  th e  d ia x ia l  
p o s it io n .10 T h e  a n ion  ra d ic a l o f  V I  a ssu m e s  th e  co n fig u ra 
tio n  sh ow n  b e lo w  in order to  m a in ta in  th e  m e th y l grou ps  
in  th e  d ieq u a to ria l p o sit io n . H o w e v e r , th is  in tro d u ce s  a 
steric  in tera ctio n  b e tw ee n  th e  o x y g en  a n d  on e o f  th e

(5) N. Hirota, J. P hys. C h e n ., 71, 127 (1967).
(6) R. D. Allendoerfer and R. J. Papez, J. Phys. C h ew ., 76, 1012 

(1972).
(7) F. J. Smentowski and G. R. Stevenson, J. P hys. C h em ., 74, 2525 

(970).
(8) K. Hirota and K. Kiuwata, J. Polym . S ci., 60, S52 (1962).
(9) H. P. Leftin and W. K. Hall, J. Phys. C h em ., 64, 382 (1960).

(10) J. B. Hendrichson, D. J. Cram, and G. S. Hammond, “ Organic 
Chemistry,” McGraw-Hill, New York, N. Y., 1970, p 214.
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m e th y l grou p s. T h is  in tera ctio n  tw ists  th e  N - 0  grou p  o u t  
o f  th e  p la n e  o f  th e  N - N  b o n d . T h is  h as th e  e ffe c t o f  in 
crea sin g  th e  n itroso  n itrog en  co u p lin g  c o n sta n t a n d  d e -, 
crea sin g  th a t  for th e  a lk a la te d  n itro g en . A  good  a n a lo g y  to  
th is  e ffe c t  lies w ith  th e  a n io n  ra d ica ls  o f  d i-o r th o -s u b s t i
tu te d  n itro b en z e n e s . B o th  c a lc u la tio n  an d  e x p e r im e n t  
sh ow  th a t  for h in d ered  n itro b en ze n e  a n io n  ra d ic a ls  th e  n i 

trog en  co u p lin g  c o n sta n t in creases a n d  th e  rin g  p ro to n  
c o u p lin g  c o n sta n ts  d ecrease  as th e  N O 2 grou p  is tw isted  
b y  steric  in tera c tio n  fro m  th e  p la n e  o f th e  r in g . 1 1  -12
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T h e  red u ction  o f  H g C l2 to  H g 2C l2 in  aq u eo u s so lu tio n s h as b een  in v estig a te d  b y  o p tic a l a b so rp tio n  an d  
c o n d u c tiv ity  p u lse  ra d io ly sis . T h e  first s te p  is a d isso c ia tiv e  electro n  c a p tu re  y ie ld in g  C D  a n d  H g C I. T h e  
fo llow in g  rate c o n sta n ts  w ere o b ta in e d : /e(eaq-  +  H g C l2) =  (4 .0  ±  0 .3 )  x  1010 M - 1  s e c - 1 ; fe(H - +  H g C l2 
=  (1 .0  ±  0 .5 )  X 10 10 M - 1  s e c - 1 ; fe ((C H 3)2C O H  +  H g C l2) =  (2 .0  ±  0 .2 )  =  10« M - 1  s e c - 1 . H g C I  a b so rb s  
in  th e  u v  w ith  a b so rp tio n  m a x im a  a t  3 3 0  (e330 2 .3  X 103 M - 1  c m - 1 ) a n d  2 45  n m  («245 7 .5  X 103 M -1  
Clp - 1 ) -H g C I  d im e rize s  to  H g 2C l 2 w ith  2k =  ( 8 .0  ±  0 .5 )  x  1 0 9 M - 1  s e c - 1 , rea cts  w ith  ox yg en  w ith  k = ( 1 .0 :
0 .3 )  X 109 M - 1  s e c - 1 , tran sfers an  e lectro n  to  te tr a n itro m e th a n e  w ith  k =  (4 .5  ±  0 .3 )  X 1 0 9 M - 1  s e c - 1 , 
a n d  u n d ergoes a  fa s t  rea ctio n  w ith  th e  h yd ro x y l ra d ica l, k ~  10 10 M~1 s e c - 1 . T h e  y ie ld  o f  H g 2C l2 p re 
c ip ita te  h a s  b e e n  m e a su red  in 7 -irra d ia te d  so lu tio n s  o f  m erc u ric  c h lo rid e . In  th e  p resen ce  o f O H  ra d ica l  
sca v en g ers G (H g 2C l2 ) =  % G ( H g C l ) .  M u c h  less p re c ip ita te  is fo rm e d  in  th e  ab sen c e  o f  O H  ra d ic a l s c a v 
en gers. T h is  is e x p la in e d  in  te rm s o f  a reo x id a tio n  o f  H g 2C l2 ( fo rm e d  b y  d im e riz a tio n  o f  H g C I)  b y  h y 
d ro x y l ra d ica ls . M e c h a n is tic  d e ta ils  o f  H g C l2 re d u c tio n  are d isc u sse d . In fo rm a tio n  h as a lso  b e e n  o b ta in e d  
on  th e  h yd rolysis  a n d  d isso c ia tio n  e q u ilib r iu m  o f  m erc u ric  ch lo rid e .

I n tr o d u c tio n

T h e  red u ctio n  o f  m ercu ric  ch lo rid e  in  a q u eo u s  so lu tio n  
b y  7 -irra d ia tio n  lea d s to  th e  fo rm a tio n  o f  H g 2C l2 p re c ip i
ta te  as a fin a l p r o d u c t .1  T h e  m e c h a n ism  o f  th is  ra d iation  
c h e m ic a l red u ctio n  h as n o t y e t b een  s tu d ie d . F la sh  p h o 
to ly s is  o f  H g C l2 so lu tio n s h a s  b een  carried  o u t, h ow ever, 
a n d  th e  C I2 -  ra d ic a l an ion  h a s  b een  d etec te d  as an  in ter 
m e d ia te .2 In  s tu d ie s  o f  th e  re d u ctio n  o f H g C b  v a p o r b y  
so d iu m  a to m s  H g C I  c o u ld  b e  id en tified  as a sh o rt-liv e d  
in te r m e d ia te  w ith  a h a lf-life  o f  a b o u t  1 0 - 5  s e c .3 T h is  
sp ec ies w as fo u n d  to  h av e  o p tic a l a b so rp tio n  b a n d s  in  th e  
u v.

M e r c u ric  ch lo rid e  is k n ow n  to  be e sse n tia lly  u n d isso 
c ia te d  in p o la r  so lv e n ts . In  aq u eo u s so lu tio n s  o f  2 X  1 0 - 3

M  m erc u ric  c h lo rid e , for e x a m p le , o n ly  ca. 0 .5 %  o f  th e  
H g C l2 is d isso c ia te d  a n d  ca. 1 - 2 %  is h y d r o ly z e d  acco rd in g  
to  th e  e q u ilib ria

H g C l 2 5 =  H g C l+ +  C l '  ( 1 )

a n d

2 H g C l2 +  H 20  H g 2O C l 2 +  2 H aq+ +  2 C 1 "  ( 2 )

re sp e c tiv e ly  (a t  2 0 ° ) .  T h e s e  tw o  e q u ilib r ia  are o n ly  th e  
tw o  m o st im p o r ta n t o n es. O th ers  a lso  e x ist , th e y  are c o n -

(1) G. Stein, R. Watt, and J. Weiss, Trans. F araday S o c . , 48, 1030 
(1952).

(2) M. E. Langmuir and E. Hayon, J. Phys. C h em ., 71 ,3808 (1967).
(3) D. Maeder, H elv. Phys. A c ta , 16, 503, 520 (1943).
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tr ib u tin g , h ow ever, o n ly  to  a m in o r e x te n t to  th e  overall 
c o n cen tra tio n  o f  io n s a n d  m o le c u le s  in a q u eo u s so lu tio n s  
o f  m ercu ric  c h lo r id e . 4 -5 I t , th erefore , ca n  b e  e x p ec te d  th a t  
th e  H g C l2 m o le c u le  is th e  m a in  re a ctio n  p a rtn e r o f  th e  re
ac tiv e  sp ec ies  (e aq" ,  H - ,  e tc .)  fo rm e d  in th e  ra d io ly sis  o f  
th e  so lv en t.

T h e  p resen t s tu d y  w as u n d erta k e n  to  in v estig a te  th e  
m e c h a n ism  o f  th e  red u ctio n  o f  m erc u ric  ch lo rid e  b y  h y 
d ra ted  e lectro n s a n d  re d u cin g  r a d ic a ls . P a rtic u la r  in terest  
w as fo cu ssed  on  th e  p o ssib le  fo rm a tio n  o f  H g C l, a n d  th e  
c h e m ic a l p ro p erties o f  th is  ra d ica l sp ec ies .

E x p e r im e n t a l  S e c t io n

T h e  e x p e r im e n ta l d e ta ils  o f  o p tic a l a n d  c o n d u c tiv ity  
p u lse  ra d io ly sis  m e a su r e m e n ts  h a v e  a lrea d y  b een  d e 
sc r ib e d .6 -7 T h e  p u lse  e x p e r im e n ts  w ere d o n e  w ith  a 1 .5 -  
M e V  V a n  d e G r a a ff  (1 0  m A )  a t p u lse  len g th s o f  ca. 0 .5 - 2  
fisec an d  an  a b so rb ed  d ose  o f  ca. 3 5 0 -1 4 0 0  ra d s . A  60C o  
source o f ca. 150 0  C i a n d  an  a b so rb ed  dose rate  o f  ca. 3  X  
104 r a d s /h r  w as u se d  for th e  y irra d ia tio n s . T h e  ex p er i
m e n ts  w ere carried  o u t u n d er c o m m o n ly  u sed  ra d ia tio n  
c h e m ic a l c o n d itio n s .6 S o lu tio n s  w ere p rep ared  fro m  re 
ag en t grad e c o m p o u n d s  a n d  tr ip ly  d is tille d  w ater , d e a e r

ated  w ith  e ith er argon  or N 2O , th e  la tte r  b e in g  u sed  if  
rea ctio n s o f  O H  ra d ica ls  w ere to  b e  in v estig a te d .

D o s im e try  w as b a se d  on  o p tic a l m e a su r e m e n ts  o f  
C ( N 0 2 )3 ~ ion s (€350 1 .5  x  104 M “ 1 c m - 1 ) fro m  th e  re d u c 
tio n  o f  te tr a n itro m e th a n e  b y  ea q "  a n d  ( C H 3)2C O H  in s o 
lu tio n s o f  IO - 3 M  C ( N 0 2)4 a n d  1 0 " 1  M  ( C H 3)2C H O H  
( G ( C ( N 0 2) 3 - )  =  6 .O . 7 -8 F irst - a n d  se co n d -o rd e r  rate  c o n 
s ta n ts  g en era lly  w ere o b ta in e d  fro m  log  c vs. t im e  a n d  1 / c  
vs. t im e  p lo ts , re sp ec tiv e ly . P u re first or seco n d  order  
m e a n s  n o  o b v io u s d e v ia tio n  fro m  th e  order ov er a t lea st  
fou r h a lf-liv e s .

Q u a n tita tiv e  a n a ly sis  o f  th e  c o n d u c tiv ity  d a ta  w as  
b a sed  on eq  I w h ich  d esc rib es  th e  o b served  v o lta g e  sig n a l, 
A V s, d u e  to  th e  c o n d u c tiv ity  ch a n g e s in th e  p u lse  irra
d ia te d  s o lu t io n s .7

AVs = (VbR„/l0%) Z a C, 2j A / (I)

w here Vb is th e  v o lta g e  b e tw ee n  th e  e lectro d es (3 0  V ) ,  Ra 
( 1  k il)  is an  op e ra tin g  re sista n ce  in series w ith  th e  ce ll, kz 
is th e  cell c o n sta n t in recip roca l c e n tim e te r s , Ac* is th e  
co n ce n tra tio n  o f  th e  ch a rg ed  sp ec ies p ro d u c ed  as a resu lt  
o f th e  irra d ia tio n , zt is th e  ch arge  n u m b e r , a n d  A* is th e  
e q u iv a len t c o n d u c tiv ity  in i2_ 1  c m 2 e q u i v " 1 . T h e  cell c o n 
s ta n t w as d e te r m in e d  for e a ch  set o f  e x p e r im e n ts  u sin g  
th e  d o sim e tr y  so lu tio n  (a v era g e  v a lu e  kz =  0 .7  c m - 1 ) an d  
th e  k n ow n  e q u iv a le n t c o n d u c tiv ity  o f  C ( N 0 2) 3 "  o f  40  i l - 1  

c m 2 e q u iv " 1 . 7 H g 2C l2 fo rm e d  d u rin g  th e  irrad ia tio n  w as  
m ea su red  g r a v im e tr ic a lly . T h e  p re c ip ita te  w as filtered , 
w ash ed  w ith  a c eto n e , a n d  dried  in a v a c u u m  d esic ca to r . 
A ll d a ta  refer to  ro om  te m p e ra tu re .

R e s u lt s  a n d  D is c u s s io n

Reaction of HgCh with Reducing Species. T h e  rea ctio n  
o f  H g C l2 w ith  h y d r a te d  e lectro n s w as in v estig a te d  b y  
p u lse  irra d ia tio n  o f  a rg o n -sa tu ra te d  so lu tio n s o f  m ercu ric  
ch lo rid e . T o  re m o v e  O H  ra d ic a ls  a n d  H - a to m s  w h ich  are  
p ro d u c ed  s im u lta n e o u s ly  w ith  e aq"  as p r im a ry  sp ecies  
fro m  th e  ra d io ly sis  o f  w ater , 5 X  1 0 _ 1  M  fe r f -b u ty l  a lc o 
hol w as a d d e d  to  th e  so lu t io n s .9 F ro m  th e  k in e tic  a n a ly sis  
o f  th e  d ec a y  o f  th e  ea q "  a b so rp tio n  a t  7 2 0  n m  a n d  variou s  
H g C l2 c o n c e n tra tio n s  (3  X  1 0 _ 6 - 2  X  1 0 " 5 M) th e  b im o le 

Figure 1. Absorption-time curves: (a ).2 X 1 0 "4 M  HgCI2 and 5 
X 10~1 M ferf-butyl alcohol In Ar-degassed aqueous solution, X 
330 nm, time scale 10 jtsec/large division, dose ca. 5000 rads; 
(b) 2 X 1 0 "4 M HgCi2 and 1 0 "1 M  isopropyl alcohol in Ar-de
gassed aqueous solution, X 235 nm, time scale 20 /xsec/large 
division, dose ca. 2500 rads; (c) 2 X 1 0 " 4 M  HgCI2 In Ar-de- 
gassed aqueous solution, X 235 nm, time scale 50 /zsec/large 
division, dose ca. 900 rads

cular rate constant /j(eaq"  +  H g C l2) =  (4.0 ±  0.3) X 1010 
M " 1 sec"1 was obtained.

T h e  red u ctio n  o f  H g C l2 b y  h y d ra te d  e lectro n s lea d s to  
th e  im m e d ia te  fo rm a tio n  o f  a tr a n sie n t sp ec ies  w ith  
stro n g  a b so rp tio n  in th e  n ear u v . F igu re  l a  sh ow s th e  a b 
s o r p tio n -t im e  curve tra c ed  a t 3 3 0  n m  from  a p u lsed  so lu 
tio n  o f  2 X  1 0 " 4 M  H g C l2 a n d  5 X  10 1 M  fe r f -b u ty l  a lc o 
h ol. A t  th is  H g C l2 co n c e n tra tio n  th e  re d u ctio n  p rocess is 
c o m p le te  w ith in  th e  1 -jisec p u lse . T h e  h a lf-life  o f  th e  
tra n sie n t d ecreases w b h  in crea sin g  d o se , i.e., w ith  in 
crea sin g  co n c e n tra tio n  o f th e  sp ec ies , an d  th e  d e c a y  p ro 
cess w as fo u n d  to  be  o f  pu re se c o n d -o rd e r  k in e tic s . F ro m  
th e  p ro p o rtio n a lity  b e tw ee n  th e  first h a lf -life  o f  th e  tr a n 
sie n t an d  its  recip roca l c o n cen tra tio n  (c a lc u la te d  from  
G (tr a n sie n t)  =  G (e aq )) a t v a rio u s d o ses  th e  b im o le c u la r  
d e c a y  rate c o n sta n t 2k = (8 .0  ±  0 .5 )  x  109 M " 1 s e c " 1 w as  
d erived .

T h e  sa m e  red u ctio n  p ro d u c t o f  m erc u ric  ch lorid e  is p ro 
d u ce d  in p u lsed  N 20 -s a t u r a t e d  so lu tio n s o f  H g C l2 and  
iso p rop yl a lco h ol (1 0  1 M). In  su ch  a so lu tio n  a ll p rim a ry  
sp ec ies (ea q ~ , O H - ,  an d  H - )  are c o n v erted  into

(4) “Gmelin's Handbuch der anorganischen Chemie,” Part B, Vol. 2, 
Verlag Chemie, Weinheim, 1967.

(5) H. Remy, “Lehrbuch der anorganischen Chemie,“ Vol. 2, 9th ed. 
Akademische Verlagsgesellschaft Geest und Portig KG, Leipzig.

. 1959.
¡6) A. Henglein, Allg. Prakt. C h em ., 17, 296 (1966).
(7) G. Beck, In t.J . Rad. Ph/s. C h em ., 1, 361 (1969).
(8) K. -D. Asmus, A. Henglein, M. Ebert, and J. P. Keene, B er. Bun- 

s e n g e s .  Phys. C h em ., 68, 657 (1964).
(9) (a) Primary reactive species in the radiolysis of aqueous solutions 

are eaq", OH-, and H- which are produced with G -  2.7, 2.8, and 
0.6, respectively,10 (G represents the number of species per 100 
eV absorbed energy), lb) In solutions containing N20. ferf-butyl al
cohol, and HgCI2, where all eaq", H-, and OH- are converted to 
t-BuOH radicals no HgCI2 reduction product can be observed.

(10) M. S. Matheson and L. M. Dorfman, "Pulsed Radiolysis,” The M.l.T. 
Press, Cambridge, Mass., 1969.
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Figure 2. Absorption spectrum of HgCI.

( C H 3)2C O H  ra d ic a ls11) w h ich  th e n  a c t  as red u cin g  
sp ec ies . T h e  ra te  c o n sta n t for th e  re d u c tio n  o f H g C l2 b y

i -P r O H  ra d ic a ls  w a s c a lc u la te d  fro m  th e  p se u d o -firs t-  
order b u ild u p  o f th e  tra n sie n t a b so rp tio n  to  be  
fe ((C H 3)2C O H .+  H g C l2) = (2 .0  ± 0 . 2 )  X 10» M - 1  s e c - 1 .

T h e  tra n sie n t a b so rb in g  sp ecies is a lso  fo rm e d  in  acid  
so lu tio n s ( 1 0 - 1  M  H C I O 4 ) o f  m erc u ric  c h lo rid e . S in c e  h y 
d ra te d  e lectro n s are “ c o n v e rte d ”  in to  H -  a to m s  in  su ch  
so lu tio n s  th is  im p lie s  a red u ctio n  o f  H g C l2 b y  h yd rogen  
a to m s . T h e  b im o le c u la r  rate  c o n sta n t for th is  re a ctio n  h as  
a lso  b e e n  d erived  fro m  th e  k in etic  a n a ly sis  o f  th e  b u ild u p  
o f  th e  3 3 0 -n m  a b so rp tio n  a t  va rio u s H g C l2 c o n cen tra tio n s  
a n d  fo u n d  to  be  fe(H - +  H g C l2) =  (1 .0  ±  0 .5 )  x  10 10 M - 1  

s e c - 1 .
Identification of the Transient Species. T h e  tra n sie n t  

c o u ld  be on e  o f  th e  sp ec ies fro m  th e  fo llo w in g  reaction  
p a th s : (a ) e lectro n  c a p tu re  w ou ld  le a d  to  th e  m o le c u la r  
a n ion  H g C l 2 ; (b )  d isso c ia tiv e  e lectro n  ca p tu re  w ou ld  
y ie ld  e ith er H g C I  +  C l - , (c ) H g +  +  2 C l - , (d )  or H g  +  
C l2 . T h e  tr a n sie n t a b so rp tio n  a c c o rd in g ly  c o u ld  b e  due  
to  one o f th e  fo llo w in g  sp ec ies : H g C l2 - , H g C I , H g + ,  C l2 ~ , 
or H g . T h e  se c o n d -o rd e r  d e c a y  o f  th e  tr a n sie n t w as fou n d  
n o t to  be  a ffe c te d  b y  th e  ionic s tren g th  o f  th e  so lu tio n . 
T h is  e x c lu d e s all io n ic  sp ec ies m e n tio n e d  a b o v e . F u rth er
m o re , th e  k n o w n  a b so rp tio n  sp ec tra  o f  b o th  H g +  12 an d  
C l2 -  13  are d iffe re n t fro m  th a t o f  ou r tr a n sie n t. A ls o , n o  
sp ec ific  re a ctio n  o f  C l2 -  a s , for e x a m p le , w ith  iso p rop yl 
a lc o h o l , 2 c o u ld  b e  o b serv e d . R e a c tio n  p a th  b  is th e  on ly  
on e in  a g re e m en t w ith  all e x p e r im e n ta l re su lts . T h e  tr a n 
sie n t o p tic a l a b so rp tio n , th erefore , is a ttr ib u te d  to  th e  
H g C I ra d ica l m o le c u le  resu ltin g  fro m  th e  processes

H g C l 2 +  e aq-  —  H g C I  +  C F  (3 )

H g C l2 +  H - -  H g C I  +  C F  +  H aq+ (4 )

H g C l 2 +  ( C H 3)2C O H  —

H g C I +  C F  +  ( C H 3)2C O  +  H aq+ (5 )

Spectrum of HgCI. F igu re  2 sh ow s th e  sp e c tru m  o f  th e  
H g C I ra d ic a l m o le c u le . I t  h a s  b e e n  o b ta in e d  fro m  th e  
m a x im u m  a b so rp tio n  im m e d ia te ly  a fter  th e  p u lse  o f  
a r g o n -sa tu ra te d  so lu tio n s o f  5  x  1 0  -  4 M  H g C l2 an d  2  x  
1 0 - 1  M  iso p ro p y l a lc o h o l. G (H g C l)  in  su ch  so lu tio n s is 6 .0  
[ =  G (e a q -  +  ( C H 3 ) 2C O H )  =  G (e a q -  +  -O H  +  -H ) ] .  
Id e n tic a l sp ec tra  w ith in  th e  e x p e r im e n ta l lim its  o f  error

Figure 3. Conductivity-time curves: (a) 2 X 10-4  M  HgCI2 and 
2 X 1 0 - 1  M isopropyl alcohol in Ar-degassed aqueous solution, 
time scale 50 gsec/large division, dose ca. 300 rads; (b) 2 X 
10-4  M  HgCI2 in Ar-degassed aqueous solution, time scale 50 
gsec/large division, dose ca. 850 rads; (c) 10-3  M HgCI2 in Ar- 
degassed ethanol, time scale 50 gsec/large division, dose ca. 
600 rads.

w ere o b ta in e d  fro m  so lu tio n s a t  p H  5 a n d  1 w ith o u t a lc o 
h ol a n d  ta k in g  G (H g C l)  =  G (e a q -  +  H - )  =  3.4, a n d  also  
fro m  N 20 -s a t u r a t e d  so lu tio n s o f  H g C l2 (w h ere  ea q ~ are  
c o n v erted  to  th e  u n rea ctiv e  O H - )  ta k in g  G ( H g C l)  =  
G ( H -)  =  0.6. T h e  a b so rp tio n  sp e c tru m  sh ow s a m a x im u m  
a t ca. 245 n m  (c 7.5 X 103 M - 1  c m - 1 ) a n d  a n o th e r  p ea k  
a t 330 n m  (e 2.3 X 103 M -1 c m - 1 ).

Conductivity Measurements. T h e  c o n d u c tiv ity -t im e  
cu rve  o b ta in e d  fro m  a p u lse -irr a d ia te d  sa tu ra te d  so lu tio n  
o f  2 X 1 0 - 4  M  H g C l2 an d  2 x  1 0 - 1  M  iso p ro p y l a lco h o l is 
sh ow n  in  F igu re  3 a . T h e  in itia l in crease  in  c o n d u c tiv ity  
resu lts  fro m  th e  re d u c tio n  rea ctio n s 3  an d  5 w h ich  u n d er  
th e  e x p e r im e n ta l co n d itio n s are c o m p le te  w ith in  th e  
p u lse . F ro m  th e  o b serv e d  sig n al A V S a n d  ta k in g  G (re d u c -  
tio n ) =  6 . 0  th e  ch a n g e  in e q u iv a le n t c o n d u c tiv ity  is c a lc u 

la te d  to  b e  A A  =  3 7 0  f t - 1  c m 2. T h is  is e q u iv a le n t to  th e  
fo rm a tio n  o f  six  C l -  +  H aq+ ion p a irs  p er 100  e V  a b 

sorb ed  en ergy sin ce  A (C 1 ~  +  H aq+ )  =  3 8 0  SI- 1  c m 2 

e q u iv - 1 ; 14 i.e., th e  re su lt is in  a g re e m en t w ith  th e  s to ic h i
o m e try  o f  th e  rea ctio n s 3 a n d  5 (th e  H aq+ y ie ld  in c lu d e s  
th e  origin al co u n te r ion o f  eaq- ). T h e  re su lt a lso  in d ica te s  
th a t  th e  H g C I  is n o t d isso c ia te d  sin ce  th is  w ou ld  lea d  to  a 
h ig h er in itia l c o n d u c tiv ity  sig n al.

A fte r  th e  in itia l in crease , th e  c o n d u c tiv ity  s ig n a l is seen  
to  d ecrease  b y  ca. 6 0 % . A n a ly s is  o f  th e  p a r tia l d ec a y  
sh ow s th a t  its  k in e tics  are o f  m ix e d  ord er a n d  d iffe re n t to  
th a t  o f  th e  d isa p p ea ra n c e  o f  th e  o p tic a l H g C I  a b so rp tio n . 
It h a s  b een  m e n tio n e d  a lrea d y  in  th e  In tr o d u c tio n  th a t

(11) ea„ - +  H20  —  OH- +  OH-  +  N2; OH/H +  (CH3)2CHOH —  
H20/H 2 +  (CH3)2COH.

(12) M. Faraggi and A. Amozig, Int. J. Rad. P hys. C h em ., 4, 353 
(1972).

(13) (a) L. I. Grossweiner and M. S. Matheson, J. Phys. C h em ., 61, 
1089 (1957); (b) F. H. C. Edgecombe and R. G. W. Norrish, P roc. 
R oy. S o c ., S er. A, 253, 154 (1959); (c) M. Anbar and J. K. Thom
as, J. Phys. C h em .. 68, 3829 (1964).

(14) Landolt-Bornstein, “Zahlenwerte und Funktionen,” Vol. 11/7, 
Springer-Verlag, Berlin, 1970.
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Reduction of HgCI2 by Hydrated Electrons 6 1 7

H g C l2 to  a s m a ll  e x te n t is d isso c ia te d  a n d  h y d ro ly ze d  in  
aq u eo u s s o lu t io n s .4 ' 5 A t  a to ta l c o n c e n tra tio n  of 2 X 1 0 ~ 4 

M  m ercu ric  ch lo rid e  ca. 1 0 “ 6 M  H g C l+  ion s are p resen t in  
th e  so lu tio n . S in c e  C l -  ion s are p ro d u c ed  at ca. 2 X  1 0 “ 6 

M, d u rin g  th e  0 .5 -itse c  p u lse  th e y  w ill b e  p a r tia lly  n e u 
tra lize d  a c co rd in g  to  th e  d isso c ia tio n  e q u ilib r iu m  (eq  1 ). 
T h e  b a c k  re a ctio n  o f  th e  h y d ro ly sis  e q u ilib r iu m  (e q  2) w ill 
a lso  co n tr ib u te  to  th e  d e c a y  o f  th e  c o n d u c tiv ity  s ig n a l.

Reactions of HgCl. Formation of HgzCh. T h e  in so lu b le  
p re cip ita te  H g 2C l2 is on e  o f  th e  fin a l rea ctio n  p ro d u c ts  
from  th e  re d u c tio n  o f  m erc u ric  ch lo rid e  as is k n ow n  from
7 -ra d io ly sis  e x p e r im e n ts 1  an d  c la ss ic a l red u ctio n  p ro 
cesses. S in c e  sa tu ra te d  a q u eo u s so lu tio n s  o f  H g 2 C l2 (s o lu 
b ility  p ro d u c t 2 x  1 0 “ 18 M3 a t  2 5 °15) sh ow  stron g  a b so r p 

tio n  b e low  2 5 0  n m , o p tic a l m e a su r e m e n ts  w ere a lso  c a r 
ried  ou t a t  th ese  w a v e len g th s  d u rin g  th e  p u lse  ra d io ly sis  
e x p erim e n ts . F igu re l b  sh ow s th e  a b s o r p t io n -t im e  curve  
from  a p u lsed  so lu tio n  o f  2 X  1 0 " 4 M  H g C l 2 a n d  10 ~1 M  
isoprop yl a lco h ol tra c ed  at 235  n m . A  tw o -s te p  in crease  o f  
th e  sig n al is o b se r v e d . T h e  in itia l s te p  is c o m p le te  w ith in  
th e  p u lse  a n d  is a ttr ib u te d  to  rhe a b so rp tio n  o f  H g C l  
( G (H g C l)  =  6 .0 ) .  T h e  slow  se c o n d a ry  in crease  is o f  s e c 
o n d -o rd er k in e tics  a n d  occu rs s im u lta n e o u s ly  w ith  th e  
d ec a y  o f  H g C l sh ow n  in  F igu re  l a .  T h e  fin a l a b so rp tio n  a t  
235  n m  re m a in s  s ta b le  a n d  is a ttr ib u te d  to  m ercu ro u s  
chloride fo rm ed  in th e  d im e riz a tio n  p ro cess

2 H g C l  —  H g 2C l2 ( 6 )

w h ich  occu rs w ith  2k =  (8 .0  ±  0 .5 )  X  10 9 M~1 s e c - 1  (see  
R e su lts  a n d  D isc u ss io n  s e c tio n ). W i t h  G ( H g 2C l2) =  % G  
(H g C l)  =  3 .0  th e  e x tin c tio n  c o effic ie n t o f  H g 2C l2 a t  235  
n m  is c a lc u la te d  to  b e  2 .4 5  x  104 M “ 1  c m ' 1 . T h e  sp e c 
tru m  o f  H g 2C l2 w h ich  co u ld  be m e a su red  fro m  2 7 0  n m  to  
ca. 2 3 2  n m  in  th e  p u lse  e x p e r im e n ts  is q u ite  s im ila r  to  
th a t  o f  sa tu ra te d  so lu tio n s  o f  m erc u ro u s ch lo rid e.

Reaction of HgCl with Hydroxyl Radicals. F igu re l c  
show s th e  a b s o r p t io n -t im e  curve tra c ed  a t  235  n m  for a 
so lu tio n  o f  2 x  1 0 ' 4 M  H g C l2 in  th e  a b sen c e  o f iso p rop yl  
alco h ol as an  O H -  ra d ica l sca v en g er. T h e  sig n al im m e d i
a te ly  after th e  p u lse  is sm a lle r  th a n  in  so lu tio n s w ith  iso 

p ro p y l a lco h ol s in ce  H g C l is n ow  fo rm e d  o n ly  b y  h y d ra te d  
e lectro n s a n d  h yd ro g en  a to m s  w h h  G  =  G (e aq +  H - )  =
3 .4 . A fte r  th e  p u lse  a s lig h t d ecrease  in  a b so rp tio n  is fo l
low ed  b y  a s lig h t in crea se . T h e  fin a l s ta b le  sig n al w h ich  is 
again  a ttr ib u te d  to  H g 2C l2 is ju s t  as stro n g  as th e  in itia l 
H g C l s ig n a l. I f  all o f  th e  H g C l h a d  d im e riz e d , as in  th e  
e x p erim e n t sh o w n  in F igu re l b ,  a m u c h  larger in crease in  
th e  sta b le  2 3 5 -n m  a b so rp tio n  w o u ld  h a v e  b een  e x p e c te d  in  
F igure l c .  T h e  d ec rea se  in  H g 2C l2 fo rm a tio n  b y  a lm o s t  a 
factor o f  2  c o m p a re d  w ith  iso p rop yl a lco h o l co n ta in in g  s o 
lu tio n s is e x p la in e d  b y  an  o x id a tio n  o f  p a rt o f  th e  H g C l  
via h y d ro x y l ra d ica ls

H g C l  +  -O H  —  H g C l + +  O H "  (7 )

T h e  H g C l+  fo rm e d  in th is  rea ctio n  is e x p e c te d  to  b e  n e u 
tra lize d  b y  C l '  fo rm e d  d u rin g  th e  p u lse  via rea ctio n s 3 
a n d  4 , a n d  th e  O H ~  w ill be n e u tra lized  b y  th e  p ro ton s  
p ro d u c ed  d u rin g  th e  p u lse . T h e  c o n d u c tiv ity  e x p e r im e n t  
carried  ou t s im u lta n e o u s ly  w ith  th e  o p tic a l m e a su r e m e n t  
co n firm s th is  m e c h a n ism  as ca n  be seen  fro m  F igu re 3 b . 
T h e  c o n d u c tiv ity  s ig n a l in creases im m e d ia te ly  after the  
p u lse  ow in g  to  th e  fo rm a tio n  o f H aq + a n d  C l “  w ith  G  =
3 .4 . I t  th e n  d ec rea ses  m u c h  m o re  th a n  th e  sig n al in  F igure  
3 a lea v in g  a lm o st n o  p e r m a n e n t ch a n g e  in  c o n d u c tiv ity . 
S in ce  O H - ra d ica ls  are p resen t in  n e a r ly  th e  sa m e  c o n 

ce n tra tio n  as H g C l after th e  p u lse  ( G ( O H )  =  2 .7  an d  
G (H g C l)  =  3 .4 )  a n d  sin ce  th e  tw o p ro cesses c o m p e tin g  
w ith  rea ctio n  7 , i.e., O H  +  O H  —  H 20 210 a n d  H g C l +  
H g C l —► H g 2C l2 , o c cu r w ith  d iffu sio n -c o n tr o lle d  ra te  c o n 
s ta n ts , a s im ila r ly  h igh  rate  c o n sta n t m u s t  b e  a ttr ib u te d  
to  th e  rea ctio n  o f  H g C l w ith  h y d ro x y l ra d ic a ls . A  v a lu e  o f  
£ ( O H  +  H g C l)  =  10 10 M _ 1  s e c - 1  b e s t  e x p la in s  th e  re
su lts  g iven  in F igu re  l c  a c co rd in g  to  w h ich  ca. 4 0 - 5 0 %  o f  
th e  H g C l fo rm ed  in it ia lly  is o x id ized  b y  O H -  ra d ica ls .

A c c o rd in g  to  th e  c o n d u c tiv ity  re su lts  an  a ltern a tiv e  
rea ctio n

H g C l +  -O H  —  H g (O H )C l  —  H g O  +  H aq+ +  C l "  ( 8 )

is less  lik ely  sin ce  it  w ou ld  lea d  to  th e  fo rm a tio n  o f on ly  
H aq+  a n d  C l -  io n s, i.e., to  e sse n tia lly  th e  sa m e  s itu a tio n  as 
in so lu tio n s w here a lco h o ls  are p re se n t. In  su ch  a case  a 
c o n d u c tiv ity  cu rve  o f  th e  ty p e  sh o w n  in  F igu re 3 a  w ou ld  
b e  e x p e c te d . T h o u g h  H g C l  ap p ea rs  to  b e  re a d ily  o x id ized  
b y  h y d ro x y l ra d ic a ls  n o  re a ctio n  h a s  b een  o b served  b e 
tw een  H g C l an d  H 20 2 . A d d it io n  o f  h yd ro g en  p erox id e  to  
so lu tio n s o f  m ercu ric  ch lo rid e  d id  n o t a ffe c t  th e  d ec a y  o f  
th e  H g C l  a b so rp tio n  sig n a l.

Reaction of HgCl with Tetranitromethane. T e tra n itr o -  
m e th a n e  w h ich  is k n o w n  to  b e  a go od  e lectro n  a c c e p to r6 -8 is 
red u ced  b y  H g C l. In  so lu tio n s o f  1 0 - 3  M  H g C l2, 2 x  1 0 _ 1  

M  iso p rop yl a lc o h o l, an d  sm a ll c o n c e n tra tio n s  o f  C ( N 0 2 )4 

[ ( 1 .2 -8 .8 ) X  1 0 “ 5 M] th e  ra te  o f  d isa p p ea ra n c e  o f  th e  in i
tia lly  p ro d u c e d  H g C l  (re a ctio n s 3 a n d  5 ) in creases w ith  th e  
C ( N 0 2 )4 c o n c e n tra tio n . T h e  d e c a y  o f  th e  H g C l a b so rp tio n  
is a c c o m p a n ie d  b y  a  s im u lta n e o u s  b u ild u p  o f  th e  n itro- 
fo rm  ion  a b so rp tio n . F ro m  th e  k in e tic  a n a ly sis  o f  th e  a b 
s o r p tio n -t im e  cu rves tra c ed  a t  2 7 0  (H g C l  d e c a y ) or 370  
n m  ( C ( N 0 2) 3 ~ fo rm a tio n ) th e  b im o le c u la r  rate  co n sta n t  
for th e  rea ctio n

H g C l +  C ( N 0 2) 4 -  C ( N 0 2) 3"  +  N 0 2 +  H g C l+ (9 )

is c a lc u la te d  to  b e  &9 =  (4 .5  ±  0 .3 )  X  10® M “ 1 'sec- 1 .
C o n d u c tiv ity  e x p e r im e n ts  h av e  b e e n  carried  o u t w ith  

so lu tio n s co n ta in in g  2 x  1 0 - 2  M  H g C l2, 2 x  1 0 “ 4 M 
C ( N 0 2)4, a n d  2 X  1 0 “ 1 M  iso p rop yl a lc o h o l. U n d e r  th ese  
co n d itio n s th e  red u ction  o f  H g C l2 to  H g C l  a n d  th e  e le c 
tron  tran sfer rea ctio n  to  te tr a n itro m e th a n e  (e q  9 ) occur  
d u rin g  th e  t im e  o f  th e  p u lse  itse lf. T h e  c o n d u c tiv ity -t im e  
s ig n a l w h ich  is  o b ta in e d  is  o f  th e  ty p e  g iven  in F igu re 3a , 
i.e., th e  in itia l sig n al d o es  n o t re m a in  sta b le  a n d  d ec ays  
w ith  a h a lf-life  o f  ca. 2 0 - 3 0  fisec to  a p p ro x im a te ly  o n e -h a lf  
o f  its m a x im u m  v a lu e . T h is  is , o f  cou rse , e x p e c te d  since  
b o th  C l “  ion s (fr o m  rea ctio n s 3 a n d  5 ) a n d  H g C l + ions  
(fro m  rea ctio n  9 ) w ill u n d erg o , a t  lea st p a r tia l, n e u tr a liz a 
tio n . T h is  c o n d u c tiv ity  e x p e r im e n t m a y  a lso  serve as a 
fu rth er a r g u m e n t a g a in st th e  e x isten c e  o f  a re lative ly  
lo n g -liv e d  m o le c u la r  an ion  H g C l2 “ . I f  su ch  sp ec ies  w ere  
fo rm ed  as a resu lt o f  th e  red u ctio n  o f  H g C l2, a n d  th u s  th e  
e lectro n  tran sfer  rea ctio n  to  te tr a n itro m e th a n e  w as

H g C l2"  +  C ( N 0 2) 4 —  H g C l2 +  C ( N 0 2)3"  +  N 0 2 (10 )

no C l '  a n d  H g C l+  ior.s w o u ld  b e  p ro d u c ed  d u rin g  th e  
rea ctio n . C o n se q u e n tly  th e  c o n d u c tiv ity  s ig n a l w h ich  
w ou ld  th en  b e  d u e  to  C ( N 0 2 )3 “  a n d  H aq + ion s alone  
sh o u ld  n ot d e c a y  sin ce  n itroform  is k n ow n  to  be  s ta b le  
a n d  c o m p le te ly  d isso c ia te d  u n d er th e  e x p e r im e n ta l c o n d i

t io n s .8 ’ 16

(15) R. C. Weast, Ed.. Handbook of Chemistry and Physics, 51st ed.
The Chemical Rubber Publishing Co., Cleveland, Ohio, 1970-1971. 

(15) S. A. Chaudhri and K.-C. Asmus, J. C h em . S o c . ,  F araday Trans. 1,
68, 385 (1972).
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TABLE I: Yields of Hg2CI2 from 7 -lrradiated Argon-Saturated
Solutions of 2 X 10 1 M  HgCI2

G-
Dose, rads O H  scavenger, M •pH (Hg2CI2)

2.9 X 106 Isopropyl alcohol 
5 X 1 0 "1

5.0 3.1

1.0 X 106 Isopropyl alcohol 
5 X 1 0 "1

0
( 1  M H C I O 4 )

2.7

0.75 X 10s No scavenger 5.0 0.15
2.9 X 106 No scavenger 5.0 0.05
5.8 X 105 No scavenger 5.0 0.02
1.0 X 106 No scavenger 0

( 1  M H C I O 4 )

0.05

Reaction of HgCl with Oxygen. In  a ir -sa tu r a te d  so lu 
tio n s  ( O 2 ca. 2  X 1 0 " 4 M) o f  5  x  1 0 " 3 M  H g C l2 th e  o p t i
ca l a b so rp tio n  o f  H g C l  d isa p p ea rs  b y  a first-o rd e r  p rocess. 
T h is  in d ic a te s  a rea ctio n

H g C l +  0 2 —*■ p r o d u c ts  ( H )

F ro m  th e  o b serv e d  h a lf-life  o f  3 .5  gsec th e  b im o le c u la r  
rate  c o n sta n t kn  =  1 0 9 M " 1 s e c - 1  is d eriv e d .

7 -Irradiation Experiments on the Reduction of HgCh- 
T h e  fo rm a tio n  o f  th e  sta b le  red u ctio n  p ro d u c t, H g 2C l2 , 
w as a lso  in v e stig a te d  b y  7  irrad ia tio n  o f  m erc u ric  ch lorid e  
so lu tio n s . T h e  re su lts  are p resen ted  in  T a b le  I  a n d  F igu re

4 . In  so lu tio n s o f  2 X 1 0 " 1 M  H g C l2 an d  5 X 1 0 " 1  M  iso 
p ro p y l a lco h ol G ( H g 2 C l2) is fo u n d  to  be  3 .1  a n d  2 .7  a t p H  
5 a n d  0 , re sp e c tiv e ly . G (H g C l)  =  6 .0  in  su c h  so lu tio n s  a n d  
d im e riz a tio n  o f  H g C l, th erefore , sh o u ld  y ie ld  G ( H g 2C l2) =
3 .0  w h ich  is in  go od  a g re e m en t w ith  th e  e x p e r im e n ta l re 
su lts .

O n ly  sm a ll y ie ld s  o f  H g 2C l2 are p ro d u c ed  in th e  ab sen c e  
o f O H  ra d ica l sca v en g ers , th o u g h  H g C l is fo rm e d  w ith  G  
=  G (e aq"  +  H - ) .  F u rth erm o re , G ( H g 2C l2) w as fo u n d  to  
d ecrease  w ith  in crea sin g  d ose . I f  tert-b u ty l a lc o h o l w h ich  
sca v en g es O H  ra d ic a ls  is a d d ed  to  th e  so lu tio n s G ( H g 2C l2) 
in creases fro m  a lm o s t  zero to  ca. 2  a t  h igh  a lco h o l c o n c e n 
tra tio n s  (F igu re  4 ) . (U n d e r  th e  e x p e r im e n ta l co n d itio n s  
fe r i -b u ty l  a lco h o l w ill n o t c o m p e te  for H  a to m s  w ith  
H g C l2 ; th e  ra d ic a l p ro d u c ed  fro m  th e  rea ctio n  o f tert- 
b u ty l a lco h ol a n d  Ô H  a p p a ren tly  d oes n o t red u ce  H g C l2 .)

T h e s e  re su lts  im p ly , as a lrea d y  in d ic a te d  b y  th e  sin gle  
p u lse  e x p e r im e n ts , th a t  rea ctio n s o f  H g C l w ith  O H  ra d i
ca ls  are resp o n sib le  for th e  low er H g 2C l2 y ie ld s . T h u s , th e  
rea ctio n  o f  H g C l  w ith  th e  h yd ro x y l ra d ic a l (eq  7 ) w h ich  
c o m p e te s  w ith  th e  d im e riz a tio n  o f  H g C l  (e q  6 ) red u ces  
G ( H g 2C l2) b y  a fa cto r  o f  ca. 2 on  a c c o u n t o f  th e  s im ila r  
rate  c o n sta n ts  o f  th ese  tw o re a ctio n s . T h e  c o m p e titio n  o f  
th e se  tw o rea ctio n s ca n n o t, h ow ever, q u a n tita tiv e ly  e x 
p la in  th e  low  H g 2C l2 y ie ld s  in th e  7 -irra d ia tio n  ex p er i
m e n ts . F u rth erm o re , th e  resu lts  p resen ted  in  F igu re 4  
sh ow  th a t ca. 1 0 " 3 M  te r t -b u ty l a lco h o l is n e ed e d  to  o b 
ta in  G (H g 2C l 2 ) ~  1 , i.e., h a lf  o f  th e  m a x im u m  yie ld  
w h ich  is fo u n d  w h en  all h yd ro x y l ra d ic a ls  are r e m o v e d . I f  
o n ly  th e  c o m p e titiv e  rea ctio n s H g C l +  H g C l, H g C l  +  O H ,  
O H  +  O H , a n d  O H  +  te r£ -b u ty l a lc o h o l1 7  occu rred  a n a ly 
sis o f  th e  d a ta  fro m  F igu re 4  w ou ld  le a d  to  an  u n rea listic  
h igh  v a lu e  for & (O H  +  H g C l) .

I t  is , th erefore , a ssu m e d  th a t, u n d er 7 -irra d ia tio n  c o n 
d itio n s , H g 2C l2 ca n  a lso  be a tta c k e d  b y  h y d ro x y l ra d ica ls  
le a d in g  to  th e  reo x id a tio n  o f  th e  m erc u ro u s c h lo rid e . S u c h  
a rea ctio n  c o u ld  a lso  e x p la in  th e  o b serv e d  d o se  d e p e n 
d en c e  o f G ( H g 2C l2 ) . F u rth er e x p e r im e n ta l e v id en ce  for

Figure 4. Yield of Hg2CI2 as a function of ferf-butyl alcohol con
centration from 7 -lrradiated aqueous solutions of 2 X 1 0 "1 M  
HgCI2.

th e  a tta c k  o f  H g 2C l2 b y  O H -  ra d ic a ls  is p ro v id ed  b y  th e  
fo llo w in g  e x p e r im e n t. A  su sp en sio n  o f  H g 2C l2 (c a . 100  m g )  
in  N 2 0 -sa tu r a te d  w ater w as 7  irra d ia te d  w ith  o c c a sio n a l  
sh a k in g  o f  th e  s a m p le . B e tw ee n  2 a n d  1 0 %  o f  th e  H g 2C l 2 

w a s fo u n d  to  go in to  so lu tio n  a t  d oses o f  10 6- 1 0 7 ra d s . P o s 

s ib ly  O H - ra d ic a ls  a tta c k  th e  su sp e n d e d  H g 2C l2 d ire c tly  
or re a ct w ith  H g 22 +  ion s w h ich  are a lso  p re sen t in  th e  s o 
lu tio n s  (a lth o u g h  o n ly  in sm a ll c o n c e n tra tio n s  a ccord in g  
to  th e  s o lu b ility  p r o d u c t15  o f  H g 2C l2).

Experiments on the Dissociation and Hydrolysis Equi
librium of HgCk. T h e  p a rtia l d ec a y  o f  th e  c o n d u c tiv ity  
sig n al o b ta in e d  for a p u lsed  aq u eo u s so lu tio n  o f  m erc u ric  
ch lorid e  (F igu re  3 a ) h as b een  a ttr ib u te d  to  th e  n e u tr a liz a 
tio n  o f  ch lo rid e  io n s (w h ic h  w ere p ro d u c ed  d u rin g  th e  
p u lse ) via th e  b a c k  rea ctio n s o f  th e  eq u ilib r ia  g iv en  in  eq  
1 a n d  2 . T h is  in terp reta tio n  is a lso  su p p o rted  b y  th e  fo l 
low in g  e x p e r im e n ts . In  so lu tio n s o f  m erc u ric  ch lo rid e  in  
e th a n o l th e  so lu te  is red u ced  b y  so lv a te d  e lectro n s

H g C l 2 +  e tor  H g C l +  C P  (1 2 )

a n d  e th a n o l ra d ica ls  

H g C l 2 +  C H 3C H O H  — -

H g C l +  C F  +  H sol+ +  C H 3C H O  (13 )

T h e  tra n sie n t a b so rp tio n  sp e c tru m  o f  H g C l is id en tic a l  
w ith  th a t  in  aq u eo u s so lu tio n . T h e  c o n d u c tiv ity  s ig n a l o b 
ta in e d  fro m  a p u lsed  so lu tio n  o f 1 0 " 3 M  H g C l2 in  e th a n o l  
is sh ow n  in  F igu re 3 c . I t  is seen  to  re m a in  s ta b le  a fte r  its  
in itia l fo rm a tio n  (ow in g  to  rea ctio n s 12 a n d  1 3 ). T h is  
m e a n s  th a t th e  C l -  ion s p ro d u c ed  d u rin g  th e  p u lse  d o  n o t  
u n d erg o  a n y  n e u tr a liz a tio n  rea ctio n  as in  th e  a q u eo u s  s y s 
te m . T h is , h ow ever, is e x p ec te d  sin ce  H g C l 2 is p r a c tic a lly  
u n d isso c ia ted  a n d  n o t so lv o ly ze d  in e th a n o l . 4

F ro m  th e  o p tic a l m e a su r e m e n ts  th e  to ta l red u ctio n  
y ie ld  o f  H g C l2 in  th e  1 0 " 3 M  H g C l2 so lu tio n  in e th a n o l is 
fo u n d  to  be G  =  4 .3 , i f  th e  e x tin c tio n  c o e ffic ie n t o f  H g C l  
is a ssu m e d  to  b e  th e  sa m e  as in w a te r . T h e  c h a n g e  in  c o n 
d u c tiv ity  (F igu re  3c) c a lc u la te d  fro m  th is  y ie ld  a n d  eq  I 
co rresp on d s to  A A  =  85  i l " 1  c m 2 . T h is  is in  go od  a g ree 
m e n t w ith  th e  th e o re tica l v a lu e  o f  A  =  8 7 .7  f i " 1  c m 2 14 (in  
e th a n o l a t  2 5 °)  e x p ec te d  for th e  fo rm a tio n  o f  on e  C l "  ion  
p lu s  th e  a sso c ia te d  so lv a te d  p ro ton  per re d u cin g  sp ec ies .

(17) /((OH +  ferf-butyl alcohol) =  2.5 X 108 /W"1 s e c "1: G. E. Adams,
J. W. Boag, J. Currant, and B. D. Michael, "Pulse Radiolysis,” J. H. 
Baxendale, M. Ebert, J. P. Keene, and A. J. Swallow, Ed., Aca
demic Press, New York, N. Y., 1965.
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P u lse  e x p e r im e n ts  h a v e  a lso  b e e n  carried  o u t w ith  
aq u eo u s so lu tio n s c o n ta in in g  2 ,2 , 2 -tr ic h lo ro eth a n o l an d  
m ercu ric  c h lo rid e . In  a r g o n -sa tu ra te d  so lu tio n s c o n ta in in g  
1 0 “ 2 M  C C I 3C H 2O H  a lo n e , th e  rea ctio n

C C 13C H 20 H  +  e aq'  —  -C C 1 2C H 20 H  +  C l '  (14 )

y ie ld s  ch lo rid e  ion s w h ich  to g eth er w ith  H aq+ give  a s ta 
b le  c o n d u c tiv ity  s ig n a l o f  th e  ty p e  sh o w n  in  F igu re  3 c . 
U p o n  a d d itio n  o f  1 .5  X  1 0 “ 4 M  m erc u ric  ch lo rid e  to  th is  
so lu tio n  a ll h y d ra te d  e lectro n s are still  sc a v e n g e d  b y  th e
2 ,2 ,2 -tr ic h lo ro e th a n o l a n d  a c co rd in g ly  n o  H g C l fo rm a tio n  
ca n  be ob serv e d . N e v e rth e le ss , :;he c o n d u c tiv ity  sig n al 
p a rtia lly  d e c a y s  fro m  its in it ia l m a x im u m  v a lu e  in  a  m a n 
ner s im ila r  to  th e  cu rve  sh o w n  in  F igu re 3 a . T h is  fin d in g  
is e x p la in e d  b y  th e  n e u tr a liz a tio n  o f  th e  C l -  ion s p ro 
d u ced  fro m  th e  2 ,2 , 2 -tr ic h lo ro eth a n o l via th e  b a c k  re a c 
tio n s o f  th e  m erc u ric  ch lo rid e  e q u ilib r ia  g iven  in  eq  1  and
2 .

T h e  d ec a y  o f  th e  c o n d u c tiv ity  s ig n a l to  its  fin a l va lu e  
can  b e  d esc rib e d  b y  an  a lm o s t  p se u d o -firs t-o r d e r  process  
w ith  a h a lf-life  o f  49  a n d  i 9  ¿¿sec a t H g C l2 c o n cen tra tio n s  
o f  1 .5  X  1 0 “  4 a n d  6 .2  X  1 0 “  4 M, re sp e c tiv e ly . In  b o th  s o 
lu tio n s th e  H g C l + a n d  H aq + c o n c e n tra tio n s  (resu ltin g  
from  th e  eq u ilib r ia  1  a n d  2 ) are larger (e s t im a te d  at ( 2 - 6 ) 
X  1 0 “ 6 M) th a n  th e  C l -  ion  c o n c e n tra tio n s  p ro d u c ed  
fro m  rea ctio n  14  d u rin g  th e  p u lse  ( 1 0 “ 6 M). F ro m  th e  o b 
served  h a lf-liv e s  a n d  th e  H g C l+ / H aq+ c o n c e n tra tio n s  th e  
rate c o n sta n t for th e  overall n e u tra liz a tio n  p ro cess is c a l
c u la te d  to  so m e  1 0 10 M “ 1 sec  1, i.e., to  be in th e  ran ge o f  
d iffu sio n -c o n tro lle d  rea ctio n s .

T h e  e q u ilib r ia  g iv en  in  eq  1  a n d  2  w ill, o f  co u rse , be  a f 
fec te d  b y  ch a n g es in  th e  c o n c e n tra tio n  o f a n y  o f th e  ionic  
sp ecies in v o lv e d , i.e., b y  H g C l+ , H aq+ , a n d  C l “  io n s. In  
p u lsed  so lu tio n s o f  2 X  1 0 “ 4 M  H g C l 2 a n d  2 x  1 0 _ 1  M 
iso p rop yl a lc o h o l, for e x a m p le , th e  c o n d u c tiv ity  sig n al 
(see  F igu re 3 a ) w as fo u n d  to  d e c a y  fro m  its  in itia l v a lu e , 
AAmax, to  a fin a l p e r m a n e n t v a lu e , AAperm, w ith  a ratio  
AAperm/AAmax =  0 .3 8  (A v a lu es  c a lc u la te d  fro m  eq  I ) . I f  
ch lorid e ions ( N a C l)  are a d d e d  to  th e  so lu tio n  p rior to  th e  
p u lse  h igh er y ie ld s  o f  th e  p e r m a n e n t c o n d u c tiv ity  ch a n g e , 
AAperm, are fo u n d , i.e., less  n e u tr a liz a tio n  o c cu rs. T h is  is 
sh ow n  in F igu re  5 w here th e  ra tio  AAperm/AAmax is p lo t 
ted  a g a in st th e  C l “  ion  co n ce n tra tio n  o f  th e  so lu tio n . T h e  
in creasin g cu rve  is se en  to  level o ff  a t  a ra tio  o f  0 .7  a t  h igh  
ch lo rid e  c o n c e n tr a tio n s . T h e  a d d itio n  o f  C l “  io n s to  th e  
m ercu ric  ch lo rid e  so lu tio n s  w ill, o f  cou rse , red u ce  th e  
H g C l+ a n d  H aq+  c o n c e n tra tio n s  a c co rd in g  to  th e  e q u ilib 
riu m  co n d itio n s o f  eq  1 a n d  2 . A s  a re su lt m u c h  less  o f  th e  
C l “  ion s p ro d u c ed  fro m  th e  re d u c tio n  o f H g C l2 (rea ctio n s  
3 a n d  5) w ill b e  n e u tr a liz e d  a n d  AAperm is e x p ec te d  to  be  
larger. T h e  d e c a y  o f  th e  c o n d u c tiv ity  curve c a n n o t , h o w 
ever, b e  en tire ly  su p p re ssed  ev en  a t th e  h ig h est C l “  ion  
co n cen tra tio n .

F or th e  sa m e  rea son s th e  a d d itio n  o f  H aq+  ion s (HCIO4 ) 
to  so lu tio n s o f  H g C l2 a n d  iso p rop yl a lco h o l lea d s to  an  in 

crease in AAperm. B u t  ag ain  th e  ra tio  AAperm/AAmax 
d oes n o t re a ch  th e  v a lu e  o f  1 .0  a t h ig h  H aq+ c o n c e n tr a 
tio n s . T h e  h a lf -liv e s  o f  th e  d ec a y  are fo u n d  to  d ecrease  
w ith  b o th  in crea sin g  C l “  a n d  H aq+ c o n c e n tra tio n .

T h e  e ffe c t o f  in crea sin g  m ercu ric  c h lo rid e , i.e., H g C l+  
ion  c o n c e n tra tio n , on  th e  c o n d u c tiv ity  s ig n a l ca n  be seen  
fro m  th e  re su lts  lis te d  in  T a b le  II. B o th  th e  h a lf -life  o f  th e  
c o n d u c tiv ity  a n d  th e  AAperm/AAmax ra tio  are fo u n d  to  
d ecrease  w ith  in crea sin g  m erc u ric  ch lo rid e  c o n c e n tra tio n . 
T h is  is e x p ec te d  sin ce  in  th e  p resen ce  o f  h ig h er H g C l+

TABLE I!- Effect of HgCI2 Concentration on the Decay of the 
Conductivity Signal®

HgCI2, M AAperm/AAmax 11 /2 , Msec

2 X  10“ 4 0.40 35
1 X  10“ 3 0.33 25
1 x  1 e r 2 0.22 20

a Dose ca. 300 rads; A A max =  370 O“ 1 cm2; isopropyl alcohol 2 X
10

TABLE III: Effect of Dose on the Decay of the Conductivity Signal0

Dose, rads AAperm/ A A max

300 0.38
700 0.40

1400 0.43
1800 0.49
3000 0.54

“ A A max =  370 O “ 1 cm2.

Figure 5. Ratio AAperm/AAmax as a function of chloride ion 
concentration in pulsed aqueous solutions of 2  X 10“ 4 M  HgCI2 
and 2 X 1 0 "1 M isopropyl alcohol; dose ca. 300 rads.

c o n cen tra tio n s n e u tr a liz a tio n  o f  th e  C l “  io n s (p ro d u ce d  
d u rin g  th e  p u lse ) sh o u ld  occu r fa ster  an d  m o re  c o m p le te 
ly . T a b le  H I f in a lly  sh ow s th e  e ffec t o f  d o se  on  th e  c o n 
d u c tiv ity  s ig n a l fro m  a p u lsed  so lu tio n  o f  2 x  1 0 “ 4 M 
H g C l2 a n d  2 x  10 1  M  iso p rop yl a lc o h o l. T h e  ratio  
AAperm/A AmaX is seen  to  in crease  w ith  d o se , i.e., th e  
y ie ld  o f  n e u tr a liz a tio n  d ec rea ses . W it h  in crea sin g  dose  
C l “  ion s w ill b e  p ro d u c ed  d u rin g  th e  p u lse  a t  c o n c e n tr a 
tio n s  w h ich  to  an  in crea sin g ly  larger e x te n t e x ceed  th e  
H g C l+  co n c e n tra tio n  a v a ila b le  fro m  th e  d isso c ia tio n  o f  
th e  m ercu ric  c h lo rid e . T h u s  a d ec re a sin g  fra c tio n  o f th e  
C l “  ions w ill b e  n e u tr a liz e d  a n d  an  in creasin g  y ie ld  o f  
c o n d u c tiv ity  a fter  th e  n e u tr a liz a tio n  is e x p e c te d  to  re

m a in .
N o  a t te m p t  h a s  b e e n  m a d e  to  a n a ly z e  th e  c o n d u c tiv ity  

re su lts  q u a n tita tiv e ly . T h e  k in e tic s  o f  th e  d e c a y  o f  th e  
c o n d u c tiv ity  sig n a ls  w ere fo u n d  to  b e  o f  first or m ix ed  
(first a n d  se c o n d ) order d ep e n d in g  on  th e  e x p er im e n ta l  
co n d itio n s . S o  m a n y  sp ec ies  ( H g C l+ , H aq+ , C l “ , 
H g 2O C l2, H g 2 +  , H g C U 2 “ , e tc .)  fo rm e d  in v a rio u s e q u ili
b ria  are p re sen t in aq u eo u s so lu tio n s o f  m erc u ric  ch lorid e  
a t co n ce n tra tio n s o f  th e  sa m e  order o f  m a g n itu d e  as th e  
p ro d u c ts  o b ta in e d  fro m  th e  s in g le -p u lse  e x p e r im e n ts 4 -5 

th a t  it d oes n o t a p p ea r  very  m e a n in g fu l to  a ttr ib u te  a rate
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c o n sta n t (w ith in  re a so n a b le  lim its )  to  a  p a rtic u la r  n e u 
tr a liz a tio n  re a ctio n . T h e s e  c o n sid era tio n s a lso  a p p ly  to  
th e  a b so lu te  y ie ld s  o f  c o n d u c tiv ity  ch a n g es o b ta in e d  fro m  
th e  p u lse  e x p e r im e n ts . In  a d d itio n  to  th e  io n s resu ltin g  
fro m  th e  e x ist in g  eq u ilib r ia  (eq  1  a n d  2 , a n d  to  a  m in o r  
e x te n t a lso  fro m  oth ers4 -5) , th e  rea ctio n  p ro d u c ts  in c lu d 
in g  th e  H g 2C l2 (th e  la tte r  acco rd in g  to  its  s o lu b ility  p ro d 

u c t)  co n tr ib u te  to  th e  fin a l c o n d u c tiv ity  to  an  u n c a lc u la -  
b le  ek ten t.
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R a d ic a l an io n s p ro d u c ed  b y  th e  rea ctio n  o f  h y d ra te d  e le ctro n s w ith  b e n z o ic , p h th a lic , iso p h th a lic , ter- 
e p h th a lic , tr im e sic , p y r o m e llit ic , m e llit ic , a n d  b ip h e n y ld ic a rb o x y lic  ac id s in a q u eo u s so lu tio n s  h a v e  b een  
s tu d ie d  b y  esr. S o lu tio n s  c o n ta in in g  th e  a r o m a tic  c o m p o u n d  to geth er w ith  a sca v en g er for O H  ra d ica ls  
w ere irra d ia te d  b y  2 .8 -M e V  e lectro n s w h ile  flo w in g  th ro u g h  th e  esr c a v ity  a n d  th e  sp ec tra  w ere reco rd ed  
u n d er s te a d y -s ta te  c o n d itio n s . T h e  a c id -b a s e  p ro p erties  o f  th e  ra d ic a ls  h av e  b e e n  e x a m in e d  an d  in m o s t  
ca ses severa l d iffe re n t s ta g e s  o f  p ro to n a tio n  w ere id e n tifie d . A ll  p ro to n a tio n s  o f  th e  ra d ic a l a n io n s w ere  
fo u n d  to  ta k e  p la c e  on  th e  ca rb o x y l grou p s a n d  n o t on  th e  rin g . T h e  lo ss  o f  th e  la s t  d isso c ia b le  p ro ton  
fro m  e a ch  e lectro n  a d d u c t  w as fo u n d  to  o c cu r a t  a p H  m u c h  h igh er (a t  lea st 4  u n its) th a n  in th e  ca se  o f  
th e  p a ren t m o le c u le s . T h e  p resen ce  o f  tw o  orth o  c a rb o x y l grou p s w as fo u n d  to  resu lt in  a stro n g  h y d r o -  
g e n -b o n d e d  b rid ge  w h ic h , in  th e  ca se  o f  p h th a la te , d oes n o t d isso c ia te  ev en  a t p H  14.

I n tr o d u c t io n

A n  e le ctro n  sp in  reso n a n ce  s tu d y  o f ra d ic a l an ion s fro m  
a r o m a tic  c a rb o x y la te  ion s in  liq u id  a m m o n ia  h a s  b e e n  re 
p o r te d .2 T h e  sp e c tra  w ere in terp reted  in  te r m s  o f  ra d ica ls  
w ith  on e m o re  u n it  o f  n eg a tiv e  ch a rg e  th a n  in  th e  p a ren t  
c a rb o x y la te  io n . T h e s e  ra d ica ls , w h en  p ro d u c ed  in  a q u e 
ou s so lu tio n s , are e x p e c te d  to  p ro to n a te  a t  low  p H  v a lu e s . 
In  a  recen t p u lse  ra d io ly s is  s tu d y  o f  th e  ra d ic a l an ion  fro m  
b e n z o a te  it  w as c o n c lu d e d  th a t  tw o  su cc essiv e  p r o to n a 
tio n s  ta k e  p la c e  on  th e  c a rb o x y l grou p  w ith  p Ka v a lu es  o f
5 .3  a n d  1 2 .0 .3 A n  esr s tu d y  o f th is  ra d ic a l c o u ld  rev ea l a d 
d itio n a l in fo r m a tio n  on  its stru c tu re . T h e  p re se n t s tu d y  
w as u n d e r ta k e n  for th is  rea son  an d  w as e x te n d e d  to  th e  
p o ly c a rb o x y  d e r iv a tiv e s .

In  recen t s tu d ie s 4 -5 o f  ra d ic a l a n io n s fro m  o le fin ic  c a r 
b o x y la te  ion s a m a jo r  d ifferen ce  h a s  b een  fo u n d  b etw een  
ra d ic a ls  fro m  m a le a te  a n d  fu m a r a te . T h e  cis iso m er fo rm s  
a stro n g  in tra m o le c u la r  h yd rogen  b o n d  w h ich  resists  d is 
so c ia tio n  ev en  in 1 M  b a s e , 4 w h ereas th e  tra n s iso m er is 
c o m p le te ly  d isso c ia te d  a t  p H  a b o v e  11. In  p a r a lle l w ith  
th ese  fin d in g s  one e x p e c ts  th e  ra d ic a l an ion  fro m  p h th a l
ate  to  fo rm  a  stro n g  h yd ro g en  b rid ge  b e tw ee n  th e  tw o c a r 
b o x y l g rou p s w ith  a h ig h  p Ka w h ile  low er p Ka v a lu es  are  
p re d ic te d  for th e  o th er  iso m ers . T h e s e  p re d ic tio n s  w ill be  
e x a m in e d  b o th  in th e  d ic a rb o x y b e n z e n e s  a n d  a lso  in  
p y r o m e llit ic  a n d  m e llit ic  a c id s .

E x p e r im e n t a l  S e c t io n

B e n z o ic  a c id  w as a B a k e r  A n a ly z e d  R e a g e n t, p h th a lic  
an d  iso p h th a lic  ac id s w ere o b ta in e d  fro m  E a s tm a n , th e  
b ip h e n y ld ic a rb o x y lic  ac id s  fro m  C h e m ic a ls  P ro c u re m e n t  
L a b o ra to rie s , a n d  th e  oth er a c id s  fro m  A ld r ic h . A ll  th ese  
c o m p o u n d s  w ere o f  th e  p u re st grad e c o m m e r c ia lly  a v a il 
a b le  a n d  w ere u sed  w ith o u t fu rth er p u rific a tio n , tert- 
B u ty l  a lc o h o l w a s o f  M a llin c k r o d t  A R  g ra d e . S o d iu m  fo r 
m a te  a n d  all th e  in o rga n ic  c o m p o u n d s  w ere B a k e r  A n a 
ly z e d  R e a g e n ts . S o lu tio n s  w ere p rep a red  in  w a te r  w h ich  
w as d istille d  a n d  th e  v a p o r  p a sse d  w ith  o x y g en  th ro u g h  a  
silic a  tu b e  a t  6 0 0 °  to  d estro y  a ll orga n ic  im p u r itie s . T h e  
p H  w a s a d ju ste d  u sin g  K O H , H C I O 4 , N a 2B 4 0 7 , K H 2P O 4 , 
a n d  K 2H P O 4 , th e  la tte r  three b e in g  u se d  as b u ffe rs . S o lu 
tio n s w ere d e o x y g e n a te d  b y  b u b b lin g  w ith  p u re  n itrog en  
a n d  w ere irra d ia te d  w ith  2 .8 -M e V  e le ctro n s d ire c tly  in  th e  
esr c a v ity . A ll  th e  o th er d e ta ils  o f  th e  e x p e r im e n t w ere as  
d esc rib e d  p r e v io u s ly .6
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R e s u lt s  a n d  D i s c u s s i o n

A q u e o u s  so lu tio n s  o f  th e  a r o m a tic  c a rb o x y la te  ion s  
( 1 0 - 4- 1 0 2 M), c o n ta in in g  an  e x ce ss  ( 0 .1 -1  M) o f  a n  e f 
fec tiv e  sca v e n g e r fo r  O H  ra d ic a ls  su c h  as fo rm a te  or tert- 
b u ty l a lc o h o l, w ere irra d ia te d  a n d  th e  esr sp e c tra  reco rd ed  
u n d er  s te a d y -s ta te  c o n d itio n s . T h e  sp e c tra  o f  th e  ra d ic a ls  
fro m  th e  O H  sca v e n g e rs  h av e  b ro a d  lin es a n d  are n o t o b 
served  u n d er  c o n d itio n s  o f  lo w  m o d u la tio n  a m p litu d e  a n d  
low  m ic ro w a v e  p ow er u se d  for th e  o b serv a tio n  o f  th e  n a r 
row  lin es o f  th e  ra d ic a l a n io n s . (T h e  lin e  o f  C O 2 is a lso  
m a sk e d  b y  th e  s ig n a l fro m  th e  silic a  c e ll.)  T h e  q u a lity  o f  
th e  sp ec tra  w a s s im ila r  to  th a t  :n  p re v io u s stu d ie s  a n d  
non e w ill b e  sh ow n  in  th e  p re se n t a rtic le . In  m o s t  cases  
very  in ten se  sp e c tra  w ere reco rd ed  as a re su lt o f  th e  sm a ll  
n u m b e r  o f  h y p e rfin e  lin e s  a n d  th e  h ig h  s te a d y -s ta te  c o n 
ce n tra tio n  c a u se d  b y  slow  r a d ic a l-r a d ic a l  re a ctio n  b e 
tw een  m u lt ip ly  ch a rg ed  sp ec ies .

Benzoic Acid. T h e  sp e c tru m  reco rd ed  w ith  an  ir ra d ia t
ed  so lu tio n  o f  b e n z o a te  ( 1 0 - 2  M) a n d  tert-b u ty l a lco h o l (1  
M) a t  p H  1 3 .0  c o n ta in s  tw o  tr ip le ts  o f  4 .1 8  a n d  0 .8 3  G  a n d  
a d o u b le t  o f  7 .5 8  G . T h e s e  h y p erfin e  c o n sta n ts  c a n  b e  a s 
s ig n ed  to  th e  orth o , m e ta , a n d  p a r a  h y d ro g en  a to m s , re 
sp e c tiv e ly , b y  a n a lo g y  to  b e n z y l-ty p e  ra d ica ls  (see , e.g., 
re f 7 -1 0 )  a n d  b y  referen ce  to  c a lc u la tio n s  for th is  sp ec ific  
r a d ic a l .2 T h e  s im ila r ity  o f  a n ion  ra d ic a ls  o f  th e  ca rb o x y lic  
ac id s an d  th e  c o rresp o n d in g  n itr ile s  ca n  a lso  b e  u sed  in  
th is  c o n n ec tio n . T h e  ra d ic a l stru ctu re  a n d  th e  esr p a r a m 
eters are s u m m a r iz e d  in  T a b le  I . T h e  v a lu e s  rep o rted 2 for  
th e  sa m e  ra d ic a l in  liq u id  a m m o n ia  are in  a g re e m en t w ith  
th e  p re sen t re su lts  e x c e p t  for th e  g  fa c to r  w h ich  w as p re 
v io u sly  rep o rted  to  b e  s lig h t ly  h igh er.

T h e  sp e c tru m  o b se r v e d  a t  p H  7 h a s  ra th er s im ila r  esr  
p a r a m e te rs  (see  T a b le  I) b u t  w ith  an  a d d itio n a l 1 .0 8 -G  
d o u b le t . T h is  sp e c tr u m  is re a d ily  a ssig n e d  to  th e  sin g ly  
p ro to n a te d  fo rm  w ith  th e  ca rb o x y l p ro to n  ca u sin g  the  
ex tra  s p littin g . A t  p H  11 no s p e c tr u m  w as o b serv ed  b e 
ca u se  o f  lin e  b r o a d e n in g  a sso c ia te d  w ith  th e  p ro to n a tio n  
re a ctio n . T h e  d isa p p e a ra n c e  o f  th e  esr sp e c tru m  a t p H  11  
a n d  th e  e x isten c e  o f  d iffe re n t h y p e rfin e  c o n sta n ts  for th e  
ring p ro to n s a b o v e  a n d  b e lo w  th is  p H  are in  a g re e m en t  
w ith  th e  p Ka o f  1 2 .0  as d e te r m in e d  b y  p u lse  ra d io ly s is .3 It  
w a s n o t p o ssib le  to  o b serv e  th e  a c id  fo rm  o f  th is  ra d ica l  
(first p Ka =  5 .3 3) b e c a u se  o f v ery  low  esr lin e  in ten sities . 
T h e  a b sen c e  o f  p ro to n a tio n  on  th e  rin g  is in  accord  w ith  
p rev io u s su g g e stio n s . 3

Phthalic Acid. In  th is  case  th e  sa m e  sp e c tru m  w a s o b 
serv ed  in  th e  p resen ce  o f  tert-b u ty l a lco h o l a t  p H  9 , 12, 
13, a n d  14  a n d  a lso  in  th e  p resen ce  o f  fo rm a te  a t  p H  1 2 .1  
an d  1 3 .3 . In  th e  la tte r  case  so m e  ex tra  lin es w ere also  
p resen t w h ich  are n o t a c c o u n te d  for. In  b o th  cases all 
lin es d isa p p e a re d  w ith  th e  a d d itio n  o f N 2O  w h ich  sc a v e n 
ges eaq ~ very  e ffic ie n tly  b u t  d oes n o t re a c t w ith  C O 2 -  
(see , e.g., re f  4 ) .  T h is  re su lt in d ic a te s  th a t  th e  ra d ic a l o b 
served  w as p ro d u c ed  b y  re a c tio n  o f  eaq a n d  th a t  C O 2 ”  
does n o t tra n sfe r  an  e le ctro n  e ffic ie n tly  to  p h th a la te . A t  
p H  5 .5  a  d iffe re n t sp e c tru m  w as o b serv e d  a n d , a t  th e  in 
te rm e d ia te  p H  o f  6 .7 , w ea k  lin es o f  b o th  th e  b a sic  a n d  th e  
a c id  fo rm  o f  th e  ra d ic a l w ere p re se n t. A t  p H  3 .5  th e  lin es  
b e c a m e  less in ten se  a n d  a n o th er sp litt in g  s e e m e d  to  a p 
p ea r b u t  a c cu ra te  a n a ly sis  w a s n o t p o ssib le .

T h e  esr p a r a m e te rs  d e te r m in e d  fro m  th e  sp ec tra  a n d  
th e  su g g e ste d  ra d ic a l stru ctu re s  are g iv en  in  T a b le  I . T h e  
a ssig n m e n t o f  th e  h y p e rfin e  c o n sta n ts  to  th e  sp e c ific  ring  
h yd rogen s o f  th e  fo rm  o b serv e d  in b a sic  so lu tio n s is m a d e  
on th e  b a s is  o f  th e  re su lts  a n d  sp in  d e n s ity  c a lc u la tio n s  
for th e  p h th a lo n itr ile  a n io n .1 1 ’ 12 T h e  s m a ll  d o u b le t  s p lit 

tin g  o f  0 .1 9  G  m u s t  b e  c a u sed  b y  a p ro to n  on  a  ca rb o x y l  
grou p  a n d  th e  fa c t  th a t  th e  rin g  p ro to n s c o n stitu te  tw o  
e q u iv a le n t p a irs  in d ic a te s  th a t  th e  a d d itio n a l p ro to n  m u s t  
fo rm  a  b rid g e  b e tw ee n  th e  tw o  c a rb o x y l g rou p s. T h is  p ro 
to n  is u n d isso c ia te d  e v e n  a t  1 M  b a se  as w as fo u n d  for th e  
m a le a te  ra d ic a l a n io n .4 A  se c o n d  p ro to n a tio n  a t  th e  low er  
p H  c a u ses  c o n sid era b le  a s y m m e tr y  a n d  ch a n g e s th e  tr ip 
le t  sp litt in g  o f  3 .1 2  G  in to  tw o  d o u b le ts  o f  1 .9 3  a n d  4 .7 4  G . 
T h e  average  o f  th e se  v a lu es  r e m a in s  s im ila r  to  th a t  o f  th e  
tr ip le t . O n ly  tw o  o th er  s p littin g s  o f  a b o u t  0 .9 7  G  w ere o b 
serv ed  ra th er th a n  th e  fou r e x p e c te d . T h e  u n reso lv ed  
sp littin g s  w ere s u ffic ie n tly  large as to  c a u se  n o tic e a b le  
line  b ro a d e n in g  b u t  lo w  s ig n a l in te n sity  p re v e n te d  th e  use  
o f  th e  low  m o d u la tio n  a m p litu d e s  n e ce ssa ry  for reso lv in g  
th e se  s p littin g s . B e c a u s e  o f  th e  a s y m m e tr y  e v id e n t fro m  
th e  rin g  p ro to n  sp littin g s  a lrea d y  m e n tio n e d , th e  p roton s  
a t th e  3 a p d  6  p o sitio n s  are a ssig n e d  sp littin g s  o f  0 .9 7  an d  
~ 0  G  le a v in g  v a lu e s  o f  0 .9 7  a n d  ~ 0  G  for th e  tw o  ca rb o x 
y l p ro to n s. A  v a lu e  o f  0 .9 7  G  for th e  h y p e rfin e  c o n sta n t o f  
th e  n o n b rid g e d  ca rb o x y l p ro ton  is in  a g re e m e n t w ith  th e  
v a lu es  fo r  b e n z o a te , iso p h th a la te , a n d  tr im e sa te . A lte r n a 
tiv e  a ss ig n m e n ts  o f  th e  h y p e rfin e  c o n sta n ts  for th is  sp e c 
tr u m  are a lso  p o ssib le .

Isophthalic Acid. T h e  sp e c tru m  o b serv ed  in  10 3-L 0 - 2  

M  so lu tio n s  o f  iso p h th a la te  c o n ta in in g  fe r f -b u ty l  a lco h ol  
w as th a t  o f  th e  te re p h th a la te  ra d ic a l a n io n  (see  b e lo w ). 
T h is  f in d in g  su g g e sts  th a t  a s m a ll  a m o u n t o f  te re p h th a lic  
a c id  is p re sen t in  c o m m e r c ia l iso p h th a lic  a c id  a n d  th a t  
e lectro n  tra n sfer  fro m  [is o p h th a la te ] -  to  te re p h th a la te  
ta k e s  p la c e . P u lse  ra d io ly s is  e x p e r im e n ts  h a v e  in d eed  
v erified  th is  a ss u m p tio n  a n d  a llo w e d  m e a s u r e m e n t o f  th e  
ra te  c o n sta n t for th e  e lectro n  tr a n s fe r . 13  A c c o rd in g ly , 
w h en  th e  co n c e n tra tio n  o f  iso p h th a la te  w as low ered  to  
1 0 -  4 M, th e  c o n c e n tra tio n  o f  th e  te re p h th a la te  im p u r ity  
w a s n o t su ffic ie n t to  re a c t w ith  a ll th e  [is o p h th a la te ] -  an d  
lin e s  o f  b o th  ra d ic a l an io n s w ere fo u n d  a t  c o m p a ra b le  in 
te n sit ie s .

T h e  h y p erfin e  c o n sta n ts  d e te r m in e d  fro m  th e  sp e c tru m  
reco rd ed  a t  p H  13 ( T a b le  I) d o  n o t agree w ith  th o se  re 
p o rte d  for th e  sa m e  ra d ic a l in  liq u id  a m m o n ia 2 a n d  b o th  
o f th ese  se ts  o f  p a r a m e te rs  d o  n o t re se m b le  th o se  d e te r 
m in e d  for th e  iso p h th a lo n itr ile  ra d ic a l a n io n . 12 In  all 
three s tu d ie s  a  7 - 8 - G  tr ip le t  w as o b served  b u t  th e  other  
tw o n o n e q u iv a le n t rin g  p ro to n s sh ow  v ery  d iffe re n t s p lit 
tin g s . T h e  rea son  for th is  d isc r e p a n c y  is n o t c lea r a n d  it 
ca n  o n ly  be su g g e ste d  th a t  a large s o lv e n t e ffe c t on  th ese  
sp littin g s  is p resen t.

T h e  sin g ly  p ro to n a te d  fo rm  o f  th is  ra d ic a l w as ob served  
in  n e u tra l so lu tio n s . T h e  h y p erfin e  c o n sta n ts  ( T a b le  I) are 
s im ila r  in  m a g n itu d e  to  th o se  for th e  b a sic  fo rm  b u t  th e  
p ro to n s a t  p o sitio n s  4  a n d  6  are n o  lon g er e q u iv a le n t . A l 
th o u g h  it  m ig h t  se e m  re a so n a b le  to  assig n  th e  sp littin g s  o f
1 .41  a n d  0 .9 2  G  b o th  to  th e  p ro to n s a t  p o sitio n s  2 a n d  5 
th is  g ives th e  c a rb o x y l p ro to n  a very  s m a ll  s p littin g  w h ich  
is n o t in  a g re e m en t w ith  th o se  fo r  th e  a d d u c ts  to  b e n zo a te  
a n d  tr im e sa te . I t  is for th is  rea son  th a t  th e  a ss ig n m e n t  
sh o w n  w ith  a  0 .9 2 -G  c a rb o x y l sp littin g  is p referred .

Terephthalic Acid. T h e  sp e c tru m  reco rd ed  a t  p H  1 2 .2  
a n d  1 3 .3  c o n siste d  o f  a 1 .5 4 -G  q u in te t  (T a b le  I ) .  T h is

(7) H. Fischer, Z. N a tu rforsch . A. 20, 488 (1965).
(8) R. Livingston and H. Zeldes, J. C h em . P h ys .. 44, 1245 (1966).
(9) P. Neta, M. Z. Hoffman, and M. Simic, J. Phys. C h em .. 76, 847

(1972).
(10) A. Carrington and I. C. P. Smith, Mol. Phys.. 9, 137 (1965).
(11) P. H. Rieger and G. K. Fraenkel, J. C h em . P hys.. 37, 2795 (1962).
(12) P. H. Rieger, I. Bernal, W. H. Reinmuth, and G. K. Fraenkel, J.

A m er . C h em . S o c .. 85, 683 (1963).
(13) L. K. Patterson and P. Neta, to be submitted for publication.
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TABLE I: Esr Parameters of Radicals Produced by Reaction of eaq with Aromatic Carboxylic Acids

Irradiated solution3 Radical g  factor6 Hyperfine constants6

Benzoate 
pH 13.0

Benzoate 
pH 7.0

Phthalate
pH 9, 12, 13, 14

Phthalate 
pH 5.5

Isophthalate 
pH 13.0

Isophthalate 
pH 7.2

Terephthalate 
pH 12.2, 13.3

Terephthalate 
pH 4.5, 5.2, 6.1

Trimesate 
pH 7.0

Pyromellltate 
pH 13.7, 14

2.00306 a0H = 4.18 (2)
amH =  0.83 (2)
apH = 7.58

2.00302 a0H =  4.82 (2)
amH =  1.33 (2)
apH = 7.26
aCOOHH = 1 08

2.00321 a3,6H = 0.05 (2)
a4’5H = 3.12 (2) 
aCOOHH =  019

2.00319 a3,6H =  0.97; ~ 0 d 
a„,5H =  1 93; 4.74 
aCOOHH =  0.97; ~ 0 d

2.00305 a 4,6H =  7 .4 2  (2) 
a 2,5H =  1 3 4 ;  1 .32

2.00304 a„,6H = 9.34; 7.75 
a2,sH = 1.41; 0.12
aCOOH 0.92e

2.00328 aH =  1.54 (4)

2.00330 aH = 1.56 (4)
acooHH = 0.25 (2)

2.00305 a2,6H = 4.56; 4.65
a„H =  8.31 
aCOOHH = 0.81

2.00352 aH = 0.31 (2)
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TABLE I (Continued)

Irradiated solution“ Radical

Pyromellltate 
pH 12.2

Pyromellitate 
pH 5.5, 7.2, 9.0

Mellltate 
pH 13.5

Mellitate 
pH 11.5

Mellitate 
pH 9.2

4-4'-Biphenyl- 
dlcarboxylate 
pH 11.3, 12

g  factor6 Hyperfine constants“

2.00340 aH = 0.53 (2)
aCOOHH = 0.12

2.00347 aH = 1.08 (2)
acooHH = 0.28 (2)

2.00369

2.00352 acooH^ — 0.69

2.00352 acooHH = 0.35 (2)

2.00300 a2,2 -H =  1.63 (4)
a3,3'H =  0.40 (4)

“ All solutions contained either feri-butyl alcohol or formate as a scavenger for OH. 6 Determined by comparison to the peak from the silica cell and 
accurate to ±0.00005. c Given in Gauss and accurate to ±0.03 G. The number of protons displaying the splitting is given in parentheses. d The two split
tings of 0.97 G are sligntly different in magnitude as shown by the reduced intensity of the central line of these triplets. Alternative assignments which 
correlate both 0.97-G splittings with either the two carboxyl protons or those at the 3 and 6 positions are possible. e This assignment is made by analogy to 
the results for benzoate and trimesate but the alternative assignment of the 0.12-G splitting to the COOH proton cannot be ruled out completely.

sp littin g  is s im ila r  to  th a t  o b serv e d  w ith  liq u id  a m m o n ia  
as s o lv e n t2 a n d  a lso  to  th a t  for th e  te re p h th a lo n itr ile  r a d i
c a l a n io n . 12  A  s im ila r  sp e c tru m  w a s o b serv e d  a t  p H  9 .6  
b u t th e  lin es w ere less  in ten se  an d  p r o b a b ly  b ro a d er. A t  
p H  8 - 9  n o  lin es w ere o b serv ed  b e ca u se  o f  c o n sid era b le  
b ro a d e n in g . A t  p H  4 .5 , 5 .2 , a n d  6 .1  th e  sp e c tru m  c o n 
ta in e d  an  a d d itio n a l tr ip le t  s p littin g  o f  0 .2 5  G  w ith  little  
ch an ge  in th e  m a in  sp litt in g  a n d  in  th e  g fa c to r . C le a rly  
tw o su cc essiv e  p ro to n a tio n s  on  th e  ca rb o x y l grou p s ta k e  
p la ce  in  th e  p H  region  o f  7 -1 0 .  T h e  s in g ly  p ro to n a te d  r a d 
ical w a s n o t  o b serv e d  p r o b a b ly  b e c a u se  o f  o v erla p p in g  
p ro ton  ex ch a n g e  reg ion s. T h e  la s t  p A a o f  th e  te r e p h th a l-  
ate  ra d ic a l a n io n  h a s  b e e n  re c e n tly  d e te r m in e d  b y  p u lse  
c o n d u c tiv ity  a n d  fo u n d  to  b e  1 0 .1 . 14

Trimesic Acid. T h e  sp e c tru m  o b serv e d  a t  p H  7 .0 , 7 .5 ,  
an d  8 . 6  sh o w e d  fou r d iffe re n t p ro to n  h yp erfin e  c o n sta n ts  
(T a b le  I ) .  B y  c o m p a riso n  w ith  th e  p a r a m e te rs  for th e  b e n 
zoa te  ra d ic a l a n io n  th e  s m a lle s t  v a lu e  is a ssig n e d  to  a  c a r 
b o x y l p ro to n , th e  tw o  very  s im ila r  sp littin g s  o f  a b o u t  4 .5  
G  are a ssig n e d  to  th e  orth o  p o s it io n s , a n d  th e  larger s p lit 

tin g  is a ssig n ed  to  th e  p a ra . A t  p H  4  th e  sp e c tru m  w as n ot  
o b serv e d  b e c a u se  fu rth er p ro to n a tio n s  ta k e  p la c e . In  the  
a lk a lin e  region  on e e x p e c ts  an  in ten se  sp e c tru m  for th e  
fu lly  d isso c ia te d  fo rm  w ith  sp littin g s  b y  th ree  e q u iv a len t  
p ro ton s b u t  u n d er  n o  co n d itio n s  w as su c h  a sp e c tru m  o b 
serv ed .

Pyromellitic Acid. T h e  ra d ica l s tru ctu res  an d  th e ir  esr 
p a r a m e te rs  are sh o w n  in  T a b le  I . A t  p H  1 3 .7  a n d  14  on ly  
th e  sp littin g  b y  th e  tw o  ring h y d ro g en s is ob serv e d . T h e  
first p ro to n a tio n  ta k e s  p la ce  a ro u n d  p H  13 a n d  a n  in tra 
m o le c u la r  h yd ro g en  b rid ge  is fo rm e d  le a v in g  th e  tw o  ring  
h yd rogen s e q u iv a le n t . T h e  d o u b ly  p ro to n a te d  ra d ic a l o b 
serv ed  a t  p H  9 , 7 .2 , a n d  5 .5  m u s t  c o n ta in  tw o  b rid ge  
stru ctu res  b e c a u se  th e  sp e c tru m  co n sists  o f  tw o  tr ip le t  
sp littin g s  in d ic a tin g  tw o  e q u iv a le n t p airs o f  p ro to n s. T h e  
sm a lle r  sp littin g  is a ssig n ed  to  th e  ca rb o x y l p ro ton s to  
give  th e  c lo se st a g re e m e n t w ith  th e  a ss ig n m e n t for th e

(14) J. Lilie and R. W. Fessenden, J. Phys. C h em ., in press.
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s in g ly  p ro to n a te d  fo r m . L in e  b ro a d e n in g  occu rs a t  p H  4 .8  
a n d  4 .0  a n d  n o  sp e c tru m  w as fo u n d  a t  p H  3 .3 .

W it h  p y r o m e llit ic  a c id  a t  p H  1 2 .2  w e a lso  o b serv e d  tw o  
O H  a d d u c ts  a n d  w e w ish  o n ly  to  p re sen t th e  esr p a r a m e 
ters d e te r m in e d  a n d  th e  su g g ested  a ss ig n m e n ts  as sh ow n  
in stru ctu re s  I  a n d  II . T h e  sp littin g  o f  0 .6 8  G  is a ssign ed  
to  th e  O H  p ro to n  b y  co m p a riso n  w ith  th e  v a lu e  fo u n d  for  
th e  p re c e d in g  ra d ic a l. T h e s e  tw o  ra d ic a ls  w ere p re sen t a t  
c o m p a ra b le  c o n c e n tra tio n s  a n d  th e  sp ec tra  o f  b o th  o f  
th e m  d isa p p e a re d  w ith  th e  a d d itio n  o f  fo rm a te .

I
g  =  2.00263 

o3h = 29.85 G 
a6H = 12.25 G 

a0HH = 0.63 G

n
g  =  2.00312 

o3h = 11.79 G 
a6H < 0.2 G 

®oh ~ 0.68 G

Mellitic Acid. A  sin g le  line  w as o b serv ed  a t  p H  1 3 .5  as  
n o  h y d ro g en  a to m s  are p resen t in  th e  ra d ic a l. A t  p H  1 2 .7  
tw o  b ro a d  lin es w ere se en  a n d  a t  p H  1 1 .5  th e  lin es h ad  
n arro w ed  to  a 0 .6 9 -G  d o u b le t . A  tr ip le t  a p p ro p ria te  to  tw o  
e q u iv a le n t p ro to n s w as o b serv e d  a t  p H  9 .2  in d ic a tin g  a  
s y m m e tr ic a l stru ctu re  w ith  tw o  h y d ro g en  b rid g es  (T a b le  
I ) .  N o  a n a ly z a b le  sp e c tra  w ere o b ta in e d  a t  p H  < 8  p ro b a 
b ly  b e ca u se  o f  th e  m a n y  p o ssib le  p ro to n a tio n s  in o v e r la p 
p in g  p H  ra n ges.

Biphenyldicarboxylic Acids. T h e  sp e c tru m  o b served  
w ith  irra d ia te d  so lu tio n s o f  4 ,4 ' -b ip h e n y ld ic a rb o x y lic  ac id  
a t p H  1 1 -1 2  in th e  p resen ce  or a b sen c e  o f  fo rm a te  w as  
a n a ly z e d  in te rm s o f tw o  sets o f  fou r e q u iv a le n t p roton s  
(T a b le  I) sh o w in g  a c o m p le te  d e lo c a liz a tio n  o f  th e  e le c 
tro n  ov er th e  w h ole  m o le c u le . T h e  a ss ig n m e n t o f  th e  s p lit 
t in g s  to  th e  p ro to n s a t  th e  tw o d iffe re n t ty p e s  o f  p o sitio n s  
is m a d e  b y  a n a lo g y  to  th e  b ip h e n y l a n io n .12-ls  T h e  a d d i
tio n  o f  N 2O  c a u sed  th e  d isa p p ea ra n ce  o f  th e  sp e c tru m  
b o th  in  p resen ce  a n d  ab sen c e  o f  fo rm a te . T h is  fa c t  in d i
ca tes  th a t  C 0 2 -  d id  n o t tra n sfer  e lectro n  to  th e  b ip h e n ic  
a c id . In  n e u tr a l so lu tio n  th e  sp e c tru m  w as n o t su ffic ie n tly  
in ten se  to  a llow  a n a ly s is . W it h  2 ,2 '-b ip h e n y ld ic a r b o x y lic  
a c id  a t  p H  1 2 .4  o n ly  a few  lin es o f  low  in te n s ity  w ere o b 
served  a n d  n o  a n a ly sis  c o u ld  b e  m a d e .

Magnitudes of the Hyperfine Constants. T h e  re la tio n 
sh ip  o f  th e  a n io n  ra d ic a ls  s tu d ie d  here to  b e n z y l-ty p e  r a d 
ica ls  is n o ted  b y  c o n sid erin g  th e  seq u e n ce  C 6H 5C H 2 , 7 ’10 

C e H g C H O - , 9 a n d  C 6H 5C 0 2- .  A lth o u g h  th e  rin g  p ro ton  
sp littin g s  are s im ila r  for a ll th ree  ra d ic a ls , c a lc u la tio n s 2 

p la c e  o n ly  2 6 %  o f  th e  sp in  d e n s ity  in  th e  la tte r  on  th e  
C ( V  grou p  as co m p a re d  w ith  6 0 - 7 0 %  on  th e  - C H 2 group  
in  b e n z y l .10 T h e  d ifferen ce  arises m a in ly  b e c a u se  a p o s i
tiv e  sp in  d e n s ity  is c a lc u la te d  for  th e  su b st itu te d  ring ca r 
b o n  in th e  fo rm er w h ile  in  b e n z y l a  n e g a tiv e  sp in  d en sity  
is p r e d ic te d . T h e  ra d ic a l C g H s C H O  is e x p e c te d  to  be  in 
te rm e d ia te  b e tw ee n  th e  oth er tw o .

A  ra th er large v a ria tio n  is seen  in  th e  h yp erfin e  c o n 
s ta n ts  o f  th e  rin g  p ro to n s in th e  v a rio u s ra d ica ls  stu d ie d  
h ere. B e c a u se  o f  th e  s im ila r ity  o f  th ese  ra d ic a ls  to  th o se  
d eriv ed  fro m  th e  c o rresp o n d in g  n itriles  th e se  v a ria tio n s  
sh o u ld  be u n d e r sta n d a b le  in  a s im ila r  w a y . T h e  h yp erfin e  
c o n sta n ts  for a r o m a tic  ra d ic a l a n io n s are c u sto m a rily  u n 
d ersto o d  in  te rm s  o f  th e  s y m m e tr ic  a n d  a n tisy m m e tr ic  o r
b ita ls 16  (o rb ita ls  S  a n d  A , re sp ec tiv e ly , w here th e  n u m 
b e rs  g ive  th e  a m p litu d e  o f  th e  w ave  fu n c tio n  a t  th a t  ca r 

X  = ( 12)—1/z

b o n  a t o m ) . T h u s  for p h th a la te  th e  o r b ita l A  is o f  lo w est  
en erg y  a n d  th e  s m a ll  sp littin g s  o f  0 .0 5  G  b e lo n g  to  th e  
p ro to n s a tta c h e d  to  th e  ca rb o n s w ith  n ear zero sp in  d e n s i
ty . T h e  h y p erfin e  c o n sta n ts  o f  th e  c a rb o x y l p ro to n s va ry  
a lso  c o n sid era b ly  a n d  se e m  to  be  in flu en c ed  b y  s im ila r  
fa cto rs . T h e  h y p erfin e  sp littin g  o f a b o u t 1  G  in  th e  a n io n  
ra d ica ls  o f  b e n z o a te , iso p h th a la te , a n d  tr im e sa te  a p p ea rs  
to  b e  th e  v a lu e  ap p ro p ria te  to  a ca rb o x y l p ro to n  in  a  
grou p  a tta c h e d  a t  a rin g  p o sitio n  o f  h ig h  sp in  d e n s ity . T h e  
very  m u c h  sm a lle r  v a lu es  in  th e  ra d ic a ls  d er iv e d  fro m  
p h th a la te , p y r o m e llita te , an d  m e d ita te  are a ll for p ro to n s  
w h ich  b rid ge  b e tw ee n  ca rb o x y l grou p s a tta c h e d  a t  a d ja 
c e n t p o sitio n s  w ith  o p p o site  sig n s for th e  w ave  fu n c tio n  
(see  o r b ita l A ) .  T h u s  th e  p ro ton  is in  th e  n o d a l p la n e  o f  
th e  o rb ita l a n d  litt le  sp littin g  is to  be e x p e c te d . T h e  s in 
gly  p ro to n a te d  ra d ica l fro m  m e d ita te  h a s  a  s o m e w h a t  
larger sp litt in g  (0 .6 9  G )  th a n  th e  oth ers  in  th is  grou p  b u t  
h ere th e  s y m m e tr ic  o r b ita l m a y  b e  m o re  s ig n ific a n t . T h e  
o n ly  o th er v a lu e  th a t  se e m s to  d ep a rt fro m  th is  o v era ll  
p a tte r n  is th a t  fo r  te re p h th a la te  w here th e  p ro to n s in  th e  
d o u b ly  p ro to n a te d  fo rm  h av e  sp littin g s  o f  0 .2 5  G  in  c o n 
tra st to  th e  1 G  e x p e c te d  for th e m .

W e  sh o u ld  n o te  f in a lly  th a t  th e  fu lly  d isso c ia te d  r a d i
ca ls  fro m  tr im e sa te  a n d  m e d ita te  h a v e , on  p a p e r  a t  le a st , 
a  th re efo ld  s y m m e tr y  a n d  so  m ig h t  sh ow  th e  in creased  
lin e  w id th  g en era lly  a sso c ia te d  w ith  th e  o r b ita l d eg en e ra 
cy  in  su ch  ra d ic a ls  (e.g., C ^ H e  ) . 17  T h e  sin g le  lin e  fro m  
m e d ita te  se e m s  to  h a v e  n o  e x cessiv e  w id th  b u t  in  fa c t  no  
sp e c tru m  w as d e te c te d  for th e  fu lly  d isso c ia te d  fo rm  o f  
th e  ra d ic a l fro m  tr im e sa te . T h is  m a y  be th e  re su lt o f  th e  
s y m m e tr y  or o f  c h e m ic a l c o m p lic a tio n s  re la ted  to  th e  
low er s ta b ility  o f  th is  ra d ic a l. (N o te  th a t c o n sid era b le  d if 
fic u lty  w as ex p er ie n ce d  in  p rep arin g  th e  ra d ic a l fro m  iso 
p h th a la te .)

Discussion of Acid-Base Equilibria. A lth o u g h  a c cu ra te  
d isso c ia tio n  c o n sta n ts  for th e  a c id -b a s e  e q u ilib r ia  o f  th e  
e lectro n  a d d u c ts  h a v e  n o t b een  m e a su re d , th e  n a tu re  o f  
th e  e q u ilib r ia  a n d  th e  p H  region  a t  w h ich  th e y  ta k e  p la c e  
h av e  b e e n  d e te r m in e d  in m o st ca ses . P rev io u s p u lse  r a d i
o ly sis  e x p e r im e n ts 3 h a v e  sh ow n  th a t  th e  pKa v a lu e s  for  
th e  b e n z o ic  a c id  e lectro n  a d d u c t are 5 .3  a n d  1 2 .0 . T h e  
first v a lu e  is n o t  g re a tly  d iffe re n t th a n  th e  pKa ( 4 .1 7 )  for  
b e n zo ic  a c id  its e lf  b u t  th e  h igh  v a lu e  for th e  se c o n d  d is s o 
c ia tio n  sh ow s th e  large e ffe c t o f  th e  a d d itio n a l n e g a tiv e  
ch a rg e.

F or te re p h th a lic  a c id  th e  p Ka v a lu e s  are 3 .5 1  a n d  4 .8 2 .  
T h e  first p Ka o f  th e  ra d ic a l is a lso  ~ 4 ,  b u t  th e  oth er tw o  
d isso c ia tio n s  o c cu r at p H  ~ 8  a n d  1 0 .1 . 14  T h e  e ffec t o f  th e  
n e g a tiv e  ch arge  on  th e  p Ka v a lu e s  o f  th e  e le ctro n  a d d u c t  
is sm a lle r  in  te re p h th a la te  th a n  in  b e n z o a te  a p p a r e n tly  
b e c a u se  th e  a d d itio n a l charge is sp re a d  ov er th e  tw o  c a r 
b o x y l g rou p s.

T h e  p Ka v a lu es  for p h th a lic  a c id  are 2 .9 8  a n d  5 .2 8  a n d  
are so m e w h a t d iffe re n t fro m  th o se  for te re p h th a lic  a c id  as

(15) F. C. Adam and C. R. Kepford, Can. J. C h em .. 49, 3529 (1971).
(16) See the discussion given by J. E. Wertz and J. R. Boiton, “Electron 

Spin Resonance,” McGraw-Hill, New York, N. Y., 1972, p 99 ft.
(17) See the discussion of relaxation in such radicals by R. G. Kooser, 

W. V. Volland, and J. H. Freed, J. C h em . P hys.. 50, 5243 (1969); 
M. R. Das, S. B. Wagner, and J. H. Freed, ibid.. 52, 5404 (1970).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 77, N o . 5 , 1 9 7 3
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a resu lt o f  th e  p o ss ib le  h y d ro g e n  b rid ge  b e tw ee n  th e  tw o  
c a rb o x y l g ro u p s. T h e  first tw o  p Ka v a lu e s  for th e  p h th a lic  
acid  e lectro n  a d d u c t  are in th e  reg ion s o f  3 - 4  a n d  6 - 7 ,  
a g a in  w ith  litt le  c h a n g e  fro m  th o se  o f  th e  p a r e n t c o m 
p o u n d . H o w e v e r , th e  e x tr a  ch arge  a sso c ia te d  w ith  th e  u n 
p aired  e le ctro n , lo c a te d  in  p a r t on  th e  tw o  ca rb o x y l  
g rou p s, g re a tly  s tr e n g th e n s  th e  h y d ro g e n  b o n d  b etw een  
th ese  tw o  g ro u p s a n d  ra ises  th e  la s t  p Ka to  ov er 14.

A l l  th e  p Ka v a lu e s  for p y r o m e llit ic  a c id  are b e tw ee n  2 
a n d  5 .6 . T h e  first th ree  p K ’s o f  th e  e lectro n  a d d u c t are  
b elo w  4  a n d  w ere n o t  o b serv e d . T h e  la st  tw o  p ro to n s w ere  
fo u n d  to  in v o lv e  tw o  in tra m o le c u la r  h yd ro g en  b rid ges in  a 
s y m m e tr ic  stru ctu re  a n d  th eir p Ka v a lu e s  are ~ 1 0  a n d  
~ 1 3 .  T h e s e  v a lu e s  are h ig h  b u t  n o t as h ig h  as th a t  fo u n d  
for th e  h y d ro g e n  b o n d e d  p h th a la te  ra d ic a l. T h e  d ifferen ce  
is m o s t  p r o b a b ly  d u e  to  .th e  d istr ib u tio n  o f  n eg a tiv e  
ch arge ov er a ll th e  c a rb o x y l g ro u p s w h ich  re su lts  in  a 
w eaker e ffe c t  on  th e  p a r tic u la r  p o sit io n s . S im ila r ly , th e  
la st  tw o p Ka v a lu e s  for th e  m e llit ic  a c id  e lectro n  a d d u c t  
are ~ 1 0  a n d  ~ 1 2 . 5 ,  th u s  th e  in crea sed  ch arge  d e lo c a liz a 
tio n  se e m s to  re su lt in  a d ec rea sed  e ffe c t  on  th e  p Ka.

T h e  o b serv a tio n s  rep o rted  here p ro v id e  in  ce rta in  cases  
q u a lita tiv e  in fo r m a tio n  on  th e  k in e tic s  o f  th e  p ro to n  e x 
ch a n ge  a sso c ia te d  w ith  th e  a c id -b a s e  eq u ilib r ia . F or “ n o r

m a l”  d isso c ia b le  p ro to n s th e  ra te  c o n sta n t fo r  th e  forw ard  
re a ctio n  o f  th e  e q u ilib r iu m  R O H  +  O H -  -± R O  +  H 2O  
sh o u ld  be ~  1 0 10 M - 1  sec  1 * so  th a t  lin e  b ro a d e n in g  in  an y  
sp e c tru m  w h ich  sh ow s a s p littin g  b y  th is  p ro to n  w ill b eg in  
a t  p H  1 0 -1 1  ( / ¡ [ O H - ] ~  106- 1 0 7 s e c - 1 ) . 18  D e p e n d in g  on  
th e  m a g n itu d e  o f  th e  s p littin g , th e  lin es o f  th e  sp e c tru m  
sh o u ld  b e c o m e  n arrow  a b o v e  a b o u t  p H  1 2 . T h is  resu lt is 
o b ta in e d  for th e  ea q -  a d d u c t  to  b e n z o a te  in th a t  th e  sp e c 
tr u m  d isa p p e a rs  a t  p H  1 1 . T h e  ra d ic a ls  w ith  in tra m o le c u 
lar h y d ro g en  b o n d s  d o  n o t b e h a v e  in  th is  n o r m a l fa sh io n . 
T h e  ra d ic a l a n io n  o b ta in e d  fro m  p h th a la te  sh ow s n o  e v i
d en c e  o f  e x c h a n g e  e v e n  a t  p H  14 a n d  so  it  m u s t  b e  c o n 
c lu d e d  th a t  th e  forw ard  rea ctio n  ra te  c o n sta n t is less  th a n  
~  10® M - 1  s e c - 1 . A  s im ila r  co n c lu sio n  m u s t  be reach ed  
for th e  a n io n  ra d ic a ls  p ro d u c ed  fro m  o -n itr o p h e n o l6 an d  
m a le a te 4 * w h ich  a lso  sh o w  n o  e x c h a n g e  o f  th e  brid ge h y 
d ro gen  in  1 M  b a se . T h e  ra d ic a ls  fro m  p y r o m e llit ic  an d  
m e llit ic  ac id s sh ow  in te r m e d ia te  b e h a v io r  in  th a t  d isso 
c ia tio n  occu rs a t p H  ~ 1 3  w ith  lin e  b ro a d e n in g  sta rtin g  
arou n d  p H  1 2 .5 . In  th is  case  th e  forw ard  rate  co n sta n t  
m u s t  b e  10 7- 1 0 8 M ~ 1  sec  ~ 1 .

(18) See the discussion in G. P. Laroff and R. W. Fessenden, to be pub
lished. Also G. P. Laroff, Ph.D. Thesis, Carnegie-Mellon University, 
1972.
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H e ise n b e r g  sp in  e x c h a n g e  in  d im e th o x y e th a n e  ( D M E )  so lu tio n s o f  p o ta ss iu m  te tr a c y a n o e th a n a lid e  
( K T C N E )  w as s tu d ie d  b y  esr in th e  a b se n c e  a n d  p resen ce  o f  th e  m a c ro c y c lic  p o ly e th e r  d ib e n z o -1 8 -'c ro w n - 
6  ( D B C ) . R e su lts  in d ic a te  th a t  at c o n c e n tra tio n s  o f  ~ 1 0 - 3  M  K T C N E  e x ists  p rim a rily  as an  ion p air in  
D M E . M e a s u r e m e n ts  o f  line  w id th  for a 1 .9  X  1 0 - 3  M  so lu tio n  o f  K T C N E  in D M E  as a fu n c tio n  o f  D B C  
c o n c e n tra tio n  le a d  to  th e  c o n clu sio n  th a t  D B C  fo rm s a 1 : 1  c o m p le x  w ith  th e  K +  in  th e  ion  p air  an d  
th a t  th e  e q u ilib r iu m  c o n sta n t for th e  c o m p le x a tio n  rea ctio n  is a b o u t  4 x  103 M - 1  a t  1 5 ° . T h e  se c o n d - 
order rate  c o n sta n t for sp in  ex ch a n g e  for th e  c o m p le x e d  ion p air  is (1 .5  ±  0 .3 )  X  109 M - 1  s e c - 1  a t  1 5 °; 
th a t  o f  th e  u n c o m p le x e d  ion p air h a s  p re v io u sly  b e e n  sh ow n  to  b e  (4 .1  ±  0 .6 )  x  10® M - 1  s e c - 1 . T h e  rate  
c o n sta n t for sp in  ex ch a n g e  b e tw ee n  th e  c o m p le x e d  a n d  u n c o m p le x e d  ion p a irs  is d e te r m in e d  to  b e  (3 .0  ±  
0 .5 )  X  109 M - 1  s e c - 1  a t  1 5 ° . S tu d ie s  o f  lin e  w id th  vs. T / tj in d ic a te  bu :. d o  n o t p rove th a t  th e  c o m p le x e d  
fo rm  o f  th e  ion  p a ir  u n d ergo es stron g  e x c h a n g e  in  th e  te m p e ra tu re  ran ge 0 -4 0 ° .

I .  I n tr o d u c t io n

P rev io u s stu d ie s  o f  H e ise n b e r g  sp in  e x c h a n g e  h av e  d e m 
on stra ted  th a t th e  H e ise n b e r g  sp in  e x c h a n g e  rate  ( u>He )
for free ra d ica ls  in  so lu tio n  ca n  be exp ressed  as

ca„E =  [ 1  / ( t2) ] [ ( < / V ) / ( 1  +  < / V ) ]  ( 1 )

w here T2 is th e  m e a n  t im e  b e tw ee n  r a d ic a l-r a d ic a l  c o lli
sions, n  th e  m e a n  life tim e  o f  a c o llis io n  p a ir , a n d  J is

m in u s tw o  t im e s  th e  ex ch a n g e  in teg ra l for th e  ra d ic a ls  in

th e co llision  p a ir .1 -5

F or th e  case  o f  s im p le  B ro w n ia n  d iffu sio n  o f  u n ch a rg ed  

free ra d ic a ls 6

To 1 = 4 ndDN
(2 )

V 1 =  (6  Did*)
H ere  d is th e  “ in tera c tio n  d is ta n c e ”  for ex ch a n g e  a n d  N  is

(1) G. E. Pake and T. R. Tuttle, Jr., Phys. R ev . L ett., 3, 423 (1959).
(2) D. Kivelson, J. C h em . P h ys., 33, 1094 (1960).
(3) J. D. Currin, Phys. R ev ., 126, 1995 (1962).
(4) C. S. Johnson, Mol. P h ys., 12, 25 (1967).
(5) M. P. Eastman, R. G. Kooser, M. R. Das, and J. H. Freed, J. 

C h em . P h ys., 51, 2690 (1969).
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th e  n u m b e r  d e n sity  o f  ra d ic a ls . T h e  S t o k e s -E in s te in  d if 

fu sio n  c o effic ie n t D is g iven  b y

D = kTl6rcar] (3)

w here tj is  th e  v isc o sity  a n d  a th e  m o le c u la r  ra d iu s . F or  
th e  ca se  o f  like ch a rg ed  free ra d ica ls  T2 ~ 1 w ill b e  d e 
crea sed  fro m  th e  v a lu e  c a lc u la te d  on  th e  b a s is  o f  eq  2  an d  
r i - 1  w ill b e  in c re a se d .7 -8

T h e  lin e  w id th s  m e a su red  in  an  esr e x p e r im e n t are re 

la te d  to  ojh e  b y  th e  ex p re ssio n 5

w he =  / m (1 -5 2  x i o 7) [ r M -  r M(0 )] (4)

H e re  M  is th e  sp ec tra l in d e x  o f th e  lin e  b e in g  m e a su r e d , 9 

I ’ M is th e  line  w id th  in  th e  p resen ce  o f  e x c h a n g e , a n d  
T m IO) is th e  lin e  w id th  in th e  a b sen c e  o f  e x c h a n g e . T h e  
s ta tis t ic a l fa c to r  f M c o m p e n sa te s  for th e  la c k  o f  o b serv a b le  
lin e -b r o a d e n in g  e ffec ts  in  ex ch a n g e  b e tw ee n  ra d ic a ls  w ith  
th e  s a m e  n u c le a r  sp in  co n fig u ra tio n .

I t  h a s  b e e n  sh o w n  th a t  p o ta ss iu m  te tr a c y a n o e th a n a lid e  
( K T C N E )  u n d erg o es  stro n g  ex ch a n g e  (<Pti 2 3> 1) in  d i-  
m e th o x y e th a n e  ( D M E ) . 5 T h e  se c o n d -o rd e r  ra te  c o n sta n t for  
th is  p rocess is (4 .1  ±  0 .6 )  X 10 9 M - 1  s e c - 1  a t  1 5 ° .5 T h e  
e x p e r im e n ta l ev id e n c e  in d ic a te d  th a t  th e  ra d ic a l ex ists  
p rim a rily  in  th e  fo rm  o f an  ion  p a ir  in  th e  co n ce n tra tio n  
ran ge 1 0 _ 3 - 1 0  4 M. T h is  co n clu sio n  is su p p o rted  b y  th e  
w ork o f S z w a rc , et al., w h ich  sh ow ed  th a t  a  re a so n a b le  e s 
t im a te  o f  th e  d isso c ia tio n  c o n sta n t for an  ion p a ir  in  D M E  
w o u ld  b e  ~ 1 0 ~ 6. 10

R e c e n tly  c o n sid era b le  w ork  h a s  b e e n  ca rried  o u t on  th e  
class o f  c o m p o u n d s  k n ow n  as m a c ro c y c lic  p o ly e th e rs  or 
crow n  e th e rs .1 1  13  T h e s e  c o m p o u n d s  h a v e  e x h ib ite d  th e  
a b ility  to  c o m p le x  a w ide v a r ie ty  o f  c a tio n s . In  p a rticu la r  
th e  w ork  o f  S m id , et a l , 14 -1 7  h as sh o w n  th a t  crow n  eth ers  
stro n g ly  c o m p le x  th e  a lk a li a n d  a lk a lin e  e a rth  sa lts  o f  f lu -  
o ren yl. In  e th e re a l so lv en ts  th e  sa lt  crow n  c o m p le x e s  ex ist  
in  th e  fo rm  o f ion  p a irs  w h ich  ca n  h a v e  tw o  iso m eric  
fo rm s. In  gen eral th e  s to ic h io m e try  a n d  n a tu re  o f  cy c lic  
p o ly e th e r c o m p le x e s  d ep e n d  on  th e  size  o f  th e  “ h o le ”  in  
th e  p o ly e th e r  rin g , th e  size  o f  th e  c a tio n  b e in g  c o m p le x e d , 
an d  th e  n atu re  o f  th e  m e d iu m  in w h ich  th e  re a ctio n  ta k es  
p la c e .

I t  w o u ld  b e  a n tic ip a te d  th a t  if  th e  p o ta ss iu m  ion in  th e  
K + T C N E -  ion p a ir  w ere c o m p le x e d  b y  a  crow n  eth er th e  
H e ise n b e r g  sp in  ex ch a n g e  rate  for th e  ra d ic a l ion  p air  
w ou ld  be c o n sid era b ly  a ltered . T h is  c o u ld  arise b e ca u se  o f  
a n  in crease  in  T2 d u e  to  th e  in crea sed  size  o f  th e  ra d ica l  
ion  p air , b e ca u se  p o ly e th e r  c o m p le x a tio n  led  to  an  in 
crease in th e  charge sep a ra tio n  in  th e  ion  p a ir  a n d  th u s  to  
e le c tro sta tic  r a d ic a l-r a d ic a l  re p u lsio n , or b e c a u se  th e  
b u lk y  p o ly e th e r p re v e n te d  stron g  o v erla p  o f  th e  w ave  
fu n c tio n s  for th e  u n p a ired  e lectro n  on  th e  ra d ic a ls  in 
v o lv ed  in  a co llisio n  p a ir . A  p o ssib le  co n seq u en c e  o f  th e  
la tte r  co n d itio n  w o u ld  be th a t  J 2 n 2 ~  1. I t  h a s  been  
sh ow n  th a t  in th e  ca se  o f  th e  d i -te r i -b u t y l  n itro x id e  ra d i
ca l - / 2 t i 2 ~  1 ; a p p a r e n tly  th e  b u lk y  te rtia ry  b u ty l grou ps  
lea d  to  w ea k  u n p a ired  e lectro n  w ave  ju n c t io n  ov erlap  in  
r a d ic a l-r a d ic a l co llis io n  p a ir s .5 -1 8 -19

I I .  E x p e r im e n t a l  S e c t io n

T h e  sy n th e sis  o f  K T C N E  w as carried  o u t u n d er v a c u u m  
a c co rd in g  to  th e  p ro cedu re  d esc rib e d  b y  W e b s te r , M a h le r , 
an d  B e n s o n . 20 D ib e n z o -1 8 -c r o w n -6  (D B C )  w as p u rc h a sed  
fro m  th e  A ld r ic h  C h e m ic a l C o . a n d  w as p u rifie d  b y  re- 
cry sta liz in g  tw ice  fro m  to lu en e  a n d  d ry in g  u n d er  v a c u u m . 
T h e  m e ltin g  p o in t o f  th e  p u rified  m a te r ia l w as 1 6 3 -1 6 4 ° .

E sr  sa m p le s  o f  K T C N E  in  D M E  w ere p re p a re d  in a  
m a n n e r  p re v io u sly  d e sc r ib e d .5 T h e  c o n c e n tra tio n  o f  r a d i
ca ls  w a s d e te r m in e d  fro m  th e  lin e  w id th  o f  th e  sa m p le  a t  
15° u sin g  th e  ra te  c o n sta n t for sp in  e x c h a n g e  a t  1 5 ° ( (4 .1  
±  0 .6 )  X  10 9 M _ 1  s e c - 1 ) a n d  th e  e x p e r im e n ta l lin e  w id th . 
F or th e  Tjt\ v s . lin e  w id th  p lo ts  th e  D B C  w a s a d d e d  to  th e  

sa m p le  b y  m e a n s  o f a  b rea k  sea l after th e  lin e  w id th  m e a 
su r e m e n ts  h a d  b e e n  m a d e  on  th e  so lu tio n  o f  K T C N E  in  

D M E .
T h e  v isc o sity  v a lu es  u se d  w ere th o se  o f  p u re  D M E .21 

T h e  lin e  w id th s  w ere co rrected  fo r  ch a n g es in  ra d ic a l c o n 
ce n tra tio n  d u e  to  ch a n g e s in  sa m p le  te m p e ra tu re  b y  
m e a n s  o f  th e  p u b lish e d  d e n sity  v a lu es  for p u re  D M E .21

T h e  titra tio n  cu rve  in  F igu re 1 w as o b ta in e d  u s in g  a 1 .9  
X  1 0 - 3  M  sa m p le  o f  K T C N E  in  D M E . A  m e a su r e d  v o l 
u m e  o f  a 4 .4  X  1 0 - 3  M  so lu tio n  o f  D B C  in  D M E  w as  
a d d e d  to  th e  K T C N E  so lu tio n  th ro u g h  a F ish e r -P o rte r  
M o d e l  7 9 5 -5 0 0  T e flo n  n eed le  v a lv e  a n d  th e  D M E  u se d  to  
carry th e  D B C  w as th e n  d istille d  a w a y . T h u s  th e  ra d ic a l  
co n c e n tra tio n  re m a in e d  co n sta n t th r o u g h o u t th e  titr a tio n .

T h e  s a m p le  tu b e  e m p lo y e d  in  th e  o p tic a l w ork  h a d  a  
P y ro ce ll N o . 6 0 0 8  q u a rtz  o p tic a l ce ll (1  m m  p a th  len g th )  
side a r m . A fte r  th e  o p tic a l sp e c tru m  o f  K T C N E  in  D M E  
w as d e te r m in e d  a m e a su red  a m o u n t o f  D B C  w as a d d e d  to  
th e  so lu tio n  th rou g h  a b rea k  se a l. A ll  o p tic a l s tu d ie s  w ere  
m a d e  on  a C a r y -14  sp e c tro p h o to m e te r  a t  ro o m  te m p e r a 

ture .
E s r  m e a su r e m e n ts  w ere m a d e  on  a V a r ia n  V -4 5 0 0 -1 0  

sp ec tro m e te r  e m p lo y in g  a V -3 9 0 0  1 2 -in . m a g n e t . T e m p e r 
atu re  w as c o n tro lled  b y  m e a n s  o f  a V a r ia n  V -4 5 5 7  v a ria b le  
te m p e ra tu re  co n tro ller . F or sa m p le s  h a v in g  lin e  w id th s  
greater th a n  100  m G , 1 0 0 -K H z  fie ld  m o d u la tio n  w as e m 
p lo y e d . S m a ll  co rrection s for m o d u la tio n  fre q u e n c y  b r o a d 
e n in g  w ere m a d e  for lin e s  n arrow er th a n  2 0 0  m G .5 -22 F or  
n arrow  line sa m p le s  ( 2 0 -4 0  m G ) , 4 0 0 -H z  f ie ld  m o d u la tio n  
w as e m p lo y e d . A t  all m o d u la tio n  fre q u e n cie s  th e  m o d u la 
tio n  a m p litu d e  w a s k e p t  to  1 / 1 0  or less  o f  th e  first d e r iv a 
tiv e  lin e  w id th . In  a ll th e  e x p e r im e n ts  rep o rted  here th e  
o v erlap  o f  h yp erfin e  lin es ca n  b e  n e g le c te d  b e c a u se  ooex/ a  
<  O .3 .5 -19  H ere  a is th e  14N  h y p erfin e  s p littin g  c o n sta n t  
f o r t h e T C N E -  ra d ic a l.
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I I I .  R e s u lt s  a n d  D is c u s s io n

T h e  o p tic a l sp e c tru m  o f  D B C  in D M E  co n sists  o f  an  
u n reso lv ed  a b so rp tio n  b a n d  w ith  a m a x im u m  a t 2 7 7  n m  
and sh o u ld ers  a t  2 7 3  a n d  2 8 3  n m . In th e  p resen ce  o f  th e  
K +  ion th e  D B C  sp e c tru m  c o n siste d  o f  tw o p ea k s , one a t  
273  n m  a n d  on e  at 2 7 9  n m . T h e  sp e c tru m  o f  T C N E -  
w h ich  h as b een  d esc rib e d 20,23 w as n o t  m e a su r e a b ly  a f 
fec ted  b y  th e  p resen ce  o f  D B C . T h e  o p tic a l sp ec tra  in d i
c a te d , as e x p ec te d  on  th e  b a s is  o f  earlier s tu d ie s , 11  th a t  
D B C  fo rm ed  a 1 : 1  c o m p le x  w ith  th e  K +  io n , b u t th e y  d id  
n ot in d ic a te  w h eth er or n o t th e  c o m p le x  e x iste d  as an  ion  
pair w ith  T C N E - .

F igu re  1 sh ow s th e  e ffe c t on  th e  w id th  o f  th e  M = 0  line  
o f  a d d in g  D B C  to  a 1 .9  X  1 0 - 3  M  so lu tio n  o f K T C N E  in  
D M E  at 1 5 °. Q u a lita t iv e ly  it  is seen  th a t  th e  a d d itio n  o f  
p o ly e th e r lea d s to  a lin e  w id th  d ec rea se  u n til [D B C ]o /  
[K T C N E ]o  ~  1. H ere  [D B C ]o  is th e  to ta l p o ly e th e r  c o n 
cen tration  an d  [ K T C N E ] o  is th e  to ta l ra d ica l c o n c e n tr a 
tio n . F ro m  th is  p o in t on  th e  line w id th  is e sse n tia lly  u n 
ch a n ged  o u t to  th e  la s t  e x p e r im e n ta l p o in t.

T h e  esr line  sh a p e s  for a ll th e  p o in ts  on  F igu re  1  w ere  
show n to  be  L o r e n tz ia n  w ith in  e x p e r im e n ta l error ou t to  
at lea st fiv e  first d er iv a tiv e  h a lf -w id th s  fro m  th e  first d e 
rivative  zero.

T h e re  w ere n o  in d ic a tio n s  th a t  th e  reso n a n ce  c o n d itio n s  
ch a n ged  as th e  p o ly e th e r  w as a d d e d . T h u s , in th e ab sen c e  
o f  d eta ile d  g  v a lu e  s tu d ie s  it is a ssu m e d  th a t  th e  g  v a lu es  
for th e  T C N E -  ra d ic a l d ep e n d  litt le  or n o t a t  all on  the  
p resen ce  o f  D B C .

S in c e  th e  o p tic a l sp ec tra  in d ic a te  a 1 : 1  c o m p le x  b e 
tw een  K + a n d  D B C , w h ile  th e  esr line  w id th  stu d ie s  in d i
cate a red u ction  in th e  H e ise n b e r g  sp in  ex ch a n g e  rate  for 
th e T C N E -  ra d ica l u p o n  th e  a d d itio n  o f D B C , it  seem s  
rea son ab le  to  co n clu d e  th a t  D B C  is c o m p le x in g  th e  K +  in 
th e  K T C N E  ion p a ir  a c co rd in g  to  th e  e q u ilib r iu m

D B C  +  K + ,T C N E ~  D B C ,K + , T C N E  '

B a se d  on  stu d ie s  o f  crow n eth er c o m p le x e s  o f  flu o ren yl 
alk ali m e ta l ion p a irs 16  an d  on  s tu d ie s  o f  ion  p air d isso 
cia tio n  c o n sta n ts  in D M E 10 th e  d isso c ia tio n  c o n sta n t for  
D B C ,K + ,T C N E -  w o u ld  b e  e x p e c te d  to  be  o f  a b o u t  th e  
sa m e  order as p re d ic te d  for th e  K T C N E  ion p air , i.e., 
1 0 - 6 . T h u s , a t th e  ra d ic a l a n d  crow n  eth er co n ce n tra tio n s  
u sed  in th is  s tu d y  d isso c ia tio n  in to  free ion s is n ot e x p e c t

ed  to  be  im p o r ta n t.
F igu re  2 sh ow s p lo ts  o f  line  w id th  vs. T/t] for a 2 .2  X  

1 0 - 3  M  so lu tio n  o f  K T C N E  in D M E  a n d  for th e  sa m e  s o 
lu tio n  in th e  p resen ce  o f 4 .5  X  1 0 - 3  M  D B C . S o lu b ility  
stu d ie s  sh ow ed  th a t  th e  so lu tio n  c o n ta in in g  D B C  w as s a t 
u rated  w ith  D B C  in th e  te m p e ra tu re  ran ge  8 -1 0 °  a n d  th a t  
it  w as re la tiv e ly  e a sy  to  p rep are su p ersa tu ra te d  so lu tio n s . 
In  F igure 2 th e  p o in t a t  T/v = 4 .6  X  10 2° K /c P  w as o b 
ta in e d  fro m  a su p ersa tu ra te d  so lu tio n .

T h e  o b serv a tio n  th a t  th e  lin e  w id th  for th e  sa m p le  c o n 
ta in in g  D B C  is lin ear w ith  T/rj in d ic a te s  th a t  ov er th e  
te m p e ra tu re  range in v e stig a te d  th e  c o m p le x e d  ion pairs  
u n d ergo stron g  e x c h a n g e . H o w e v e r , b e c a u se  o f so lu b ility  
p ro b lem s on  th e  on e  h an d  a n d  sh iftin g  o f  th e  c o m p le x a -  
tion  eq u ilib r iu m  w ith  te m p e ra tu re  on  th e  oth er, a w ide  
tem p e ra tu re  range c o u ld  n o t b e  re lia b ly  in v e stig a te d .

A  le a st-sq u a r e s  fit  to  th e  p o in ts  for th e  so lu tio n  c o n ta in 
ing o n ly  K C T N E  y ie ld s  a le a st-sq u a r e s  slop e  o f  (7 .7  ±  0 .2 )  
x  1 0 - 4  G  c P / ° K  a n d  an  in terc e p t o f  10  ±  4 m G . T h e se  
resu lts  agree w ith in  e x p e r im e n ta l error w ith  th o se  p re 
v iou sly  rep o rte d .5 F or th e  c o m p le x e d  ion p airs th e  slop e  is

Figure 1. Width of the M = 0 line for 1.9 X 10-3 M  KTCNE in 
DME as a function of [DBC]o/[KTCNE]0 at 15°. The solid line rep
resents the least-squares fit to the experimental line widths.

3 .9  x  1 0 - 4  G  c P / ° K .  D u e  to  th e  n arrow  ran ge o f  T/-q 
v a lu es  stu d ie d , th is  v a lu e  m u s t  be reg ard ed  as a p p ro x i
m a te .

A  5 x  1 0 -  5 M  so lu tio n  o f  K T C N E  in D M E  y ie ld e d  a 
line w id th  o f 25  m G  a t 1 5 °. T h e  a d d itio n  o f  D B C  (5 X  
1 0 - 3  M) in creased  th e  line w id th  to  33  m G . T h e  o b se r v a 
tion  th a t th e  line w id th  in creased  b y  3 0 %  w h en  th e  crow n  
eth er w as a d d ed  in d ic a te d  th a t a s u b s ta n tia l p ortion  o f  
th e ra d ica l w as in th e  fo rm  o f  th e  D B C ,K + ,T C N E -  ion  
p air . T h is  w ou ld  b e  e x p e c te d  if  th e  d isso c ia tio n  co n sta n t  
for th e  D C B ,K  + ,T C N E -  ion p air  w a s, as  w as p revio u sly  
e s tim a te d , a b o u t 1 0 - 6 . A fte r  co rrectin g  for s lig h t sp in  e x 
ch a n ge  e ffe c ts  th e  lin e  w id th  for th e  D B C  c o m p le x e d  ion  
pair in th e  ab sen c e  o f  ex c h a n g e  a t  15° is e s t im a te d  to  be  
28  ±  4 m G . T h e  line w id th  for K T C N E  in D M E  in th e  
a b sen c e  o f  ex ch a n g e  is rep orted  to  be  16 m G  a t 1 5 ° .5

T h e  14N  h yp erfin e  sp litt in g  for ra d ic a l w as m ea su red  
before a n d  after th e  a d d itio n  o f  D B C  in th e  ab o v e  ex p er i
m e n ts . T h e s e  m e a su r e m e n ts  in d ic a te d  th a t  th e  sp littin g  
for th e  co m p le x e d  ion p air  d id  n o t d iffer  b y  m o re  th a n  1 %  
fro m  th e  v a lu e  rep orted  for K T C N E  in D M E  (1 .5 9  ±  0 .0 2  
G ) . 5

T h e  rate  o f  c o m p le x a tio n  o f  D B C  w ith  N a + ions in d i-  
m e th y lfo r m a m id e  h as b een  d e te r m in e d  to  be 6  X  107 M - 1  

s e c - 1  w hile  th e  rate o f  th e  d e c o m p le x a tio n  rea ctio n  w as  
d eterm in e d  to  be a b o u t 105 s e c - 1 .24 In  te tra h y d ro p y ra n  
th e rate  o f  c o m p le x a tio n  o f  te tr a g ly m e  w ith  N a + in a s o 
d iu m  n a p h th a le n e  ion p air  is a b o u t  1 0 8 M  1 s e c - 1  w hile  
th e d e c o m p le x a tio n  rate  is on  th e  order o f  1 0 6 s e c - 1 .25 

P r e su m a b ly  th e  forw ard  an d  reverse rate  c o n sta n ts  in th e  
ab o v e  eq u ilib r iu m  are o f s im ila r  m a g n itu d e . B e c a u se  th e  
14N  h yp erfin e  sp litt in g  c o n sta n ts  for T C N E - 1  are n ot a f 
fec te d  b y  c o m p le x a tio n , a n d  b e ca u se  our e x p e r im e n ts  in 
d ic a te  litt le  or no d ifferen ce  in g v a lu e  for th e  co m p le x e d  
an d  u n c o m p le x e d  fo rm s, it  is a ssu m e d  th a t th e  ob served  
esr lin es rep resen t th e  fa st ex ch a n g e  a v erag e  o f  lin es aris
ing fro m  th e  tw o fo rm s o f th e  ion p a ir .26 A s  e x p ec te d  for

(23) M. Itoh, J. A m er . C h em . Soc.. 92, 886 (1970).
(24) E. Shchori, J. Jagur-Grodzinski, Z. Luz, and M. Shporer, J. A m er.

C h em . Soc., 93, 7133 (1971).
(25) K. Hofelmann, J. Jagur-Grodzinski, and M. Szwarc, J. A m er . C hem .

Soc., 91,4645 (1969).
(26) A. Carrington and A. D. McLachlan, “Introduction to Magnetic Res

onance,” Harper and Row, New York, N. Y., 1967.
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Figure 2. Width of the M  = 0 line for 2.2 X 10-3  M KTCNE in 
DME as a function of Tjry. top line in the absence of DBC; bottom 
line in the presence of 4.5 X 10~3 M DBC.

fa s t  ex ch a n g e  th e  o b serv e d  lin es a ll h a v e  a L o r e n tz ia n  line  
sh a p e .

O n  th e  b a sis  o f  th e  a b o v e , th e  e x p e r im e n ta lly  o b served  
line  w id th  m a y  b e  re la ted  to  th e  lin e  w id th  for th e  c o m -  
p le x ed  a n d  u n c o m p le x e d  fo rm s o f  th e  ion  p air  b y  th e  
m o d ifie d  B lo c h  e q u a tio n  for fa st ex ch a n g e

r ;  =  x c( r c) +  x u( r j  (5 )

H ere  X c a n d  X u rep resen t th e  fra c tio n s o f  ion  p airs w h ich  
are c o m p le x e d  a n d  u n c o m p le x e d , re sp ec tiv e ly . F ro m  eq  4  
it is seen  th a t  I '(. a n d  I 'u d ep e n d  on  th e  e x c h a n g e  ra te  an d  
th e  lin e  w id th  in  th e  a b sen c e  o f  ex ch a n g e .

In  th e  sy s te m  u n d er  c o n sid era tio n  th ere  are th ree  p o ss i
b le  sp in  e x c h a n g e  rea ctio n s w h ich  ca n  ta k e  p la c e  a n d  c o n 
tr ib u te  to  th e  to ta l lin e  w id th . T h e s e  are e x c h a n g e  b e 
tw een  u n c o m p le x e d  ion  p airs , d esc rib e d  b y  ra te  c o n sta n t  
kuu, e x c h a n g e  b e tw e e n  c o m p le x e d  ion  p a irs , d esc rib e d  b y  
rate  c o n sta n t k cc, a n d  m ix e d  sp in  e x c h a n g e  d esc rib e d  b y  
rate  c o n sta n t k cu. E x p re ssio n s  for th e  ex c h a n g e  fre q u e n 
cies o f  th e  c o m p le x e d  a n d  u n c o m p le x e d  fo rm s (o>ex,c a n d  
ojex.u, re sp ec tiv e ly ) in  te rm s o f  th ese  ra te  c o n sta n ts  ca n  be  
w ritte n  as

^ex,u — ^uu(u) +  V2  ^-uc(c)
(6 )

«ex,c =  M e )  +  lkk  Uc(u)

w here (c) a n d  (u ) refer to  th e  co n ce n tra tio n s o f  co m p le x e d  
a n d  u n c o m p le x e d  ion  p a irs . T h e  fa c to r  o f  V2 in  fro n t o f  k uc 
in  eq  6  re flects  th e  fa c t  th a t  on ly  o n e -h a lf  o f  th e  m e m b e rs  
o f a m ix e d  co llis io n  p air  are o f  a g iv en  ty p e .

T h e  d a ta  in F igu re  1 sh ow  th a t  for [ D B C ] o / [ K T C N E ]  0 

~  2 th e  lin e  w id th  a p p ro a c h e s  a v a lu e  o f  a b o u t  175  m G .  
U s in g  th e  va lu e  o f  coex c a lc u la te d  fro m  eq  4 , w here F o(0)

=  28  m G , a n d  th e  re la tio n

kcc =  c o J [ K T C N E ] 0 (7)

th e  v a lu e  o f  kcc is d e te r m in e d  to  b e  (1 .5  ±  0 .3 )  X  10 9 M ~ 1 

s e c - 1  a t  1 5 ° . T h e  v a lu e  c a lc u la te d  b y  m e a n s  o f  eq  4  an d  7 
fro m  th e  d a ta  in  F igu re  2 (1 .6  X  10 9 M “ 1 s e c - 1 ) agrees  
w ith  th is  v a lu e  w ith in  e x p e r im e n ta l error.

T h e  e q u ilib r iu m  c o n sta n t for th e  c o m p le x a tio n  re a ctio n , 
K, c a n  b e  exp ressed  as

K  =  ( C ) /( [ D B C ] 0 -  ( C ) ) ( [ K T C N E ] 0 -  (C ))  (8 )

H ere  th e  c o n c e n tra tio n  o f  c o m p le x  is g iven  b y  ( C ) .  B y  
m e a n s  o f eq  4 - 6  th e  e x p e r im e n ta l lin e  w id th s  ca n  b e  re 
la te d  to  th e  rate c o n sta n ts  for th e  sp in  e x c h a n g e  re a c tio n s . 
T h e  v a lu e s  o f  X c a n d  X u in  eq  6  ca n  b e  e x p re sse d  in  te rm s  
o f  K, [D B C ]0, a n d  [ K T C N E ] 0 . U s in g  th e  fo llo w in g  v a lu e s  
kuu =  4 .1  X  10 9 M - 1  s e c - 1, kcc =  1 .5  X  10 9 M “ 1  s e c - 1, 
r o(0 ) c =  28  m G , a n d  r o( 0 ) u =  16  m G , th e  le a s t -s q u a r e s  f it  
to  th e  e x p e r im e n ta l lin e  w id th s y ie ld  K — 4 .3  x  10 3 M _ 1  

a n d  kuc =  3 .0  X  10 9 M  1  s e c - 1 . A s  e x p e c te d  on  th e  b a s is  o f  
th e  s im p le  B ro w n ia n  d iffu sio n  m o d e l6

^UC ~  V 2  (̂ UU "I" ^cc)

T h e  p rin c ip le  sou rce o f error in  th is  e x p e r im e n t is in  
d e te r m in in g  an  a c cu ra te  v a lu e  for [ K T C N E ] o . In  th e  e x 
p e r im e n ta l w ork su m m a r iz e d  in  F igu re  1 th e  v a lu e  o f  
[K T C N E J o  d e te r m in e d  fro m  th e  lin e  w id th  agreed  w ith  
th e  v a lu e  d e te r m in e d  on th e  b a sis  o f  th e  w eig h t o f  
K T C N E  a n d  th e  v o lu m e  o f  so lv e n t in th e  sa m p le  w ith in  
e x p e r im e n ta l error or a b o u t 5 % .  C a lc u la tin g  th e  error in K  
resu ltin g  fro m  a  5 %  error in  [ K T C N E ]0 le a d s  to  K = (4  ±  
1) x  10* M -1.

S tu d ie s  in  te tra h y d ro fu ra n  ( T H F )  o f  th e  c o m p le x a tio n  
o f  th e  K +  ion  in  th e  flu o re n y l p o ta ss iu m  c o n ta c t  a n d  s o l
v e n t se p a ra te d  ion  p airs b y  4 -m e th y lb e n z o -1 8 -c r o w n -6  
h av e  y ie ld e d  a c o m p le x a tio n  c o n sta n t 104- 1 0 5 M - 1 . P r e 
s u m a b ly  th e  c o m p le x a tio n  c o n sta n t for th ese  ion  pairs  
w ith  D B C  in  T H F  w o u ld  b e  a b o u t  th e  sa m e  order o f  m a g 
n itu d e . C le a r ly  th e  v a lu e  o f K  d e te r m in e d  in  th is  e x p e r i
m e n t w ith  K T C N E  a n d  D B C  in  D M E  is su b s ta n tia lly  
sm a lle r . I t  is d iff ic u lt  to  a ttr ib u te  th is  to  a sin g le  fa c to r  
sin ce th e  v a lu e  o f  K  d ep e n d s  b o th  on  th e  io n s in v o lv e d  in  
th e  ion  p a ir  a n d  o n  th e  so lv en ts  e m p lo y e d . In  T H F  
K T C N E  ion  p airs h av e  b een  sh ow n  to  fo rm  a d ia m a g n e tic  
d im e r .27 E x p e r im e n ts  in d ic a te  th a t  th e  a d d itio n  o f  D B C  
to  so lu tio n s  o f  K T C N E  in T H F  in h ib its  or p re v e n ts  th e  
fo rm a tio n  o f  th e  d ia m a g n e tic  d im e r  a n d  th a t  th e  v a lu e  o f  
K  for th e  c o m p le x a tio n  rea ctio n  in  T H F  is larger th a n  in  
D M E .28
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Low e ll D. K isp e rt , *  K ic h o o n  C h a n g , and  C a ro lyn  M . B o g a n 2

D ep a r tm en t o f  C h em istry . The U niversity  o f  A labam a. T u sca loosa . A labam a 3 5 4 8 6  / R ece iv ed  N o v em b er  18. 1972) 

Publication  c o s t s  a s s is te d  b y  The U niversity  o f  A labam a

E le c tr o n -e le c tr o n  d o u b le  reso n a n ce  (eld or) sp ec tra  o f  th e  C H 2C O O _  ra d ic a l in  irrad ia ted  sin g le  crysta ls  
o f  z in c  a c e ta te  a n d  th e  C H 2C O O H  ra d ic a l in  irrad ia ted  m a lo n ic  ac id  w ere o b ta in e d  over a tem p e ra tu re  
range fro m  - 1 0 0  to  + 5 0 ° .  A  m a x im u m  in th e  eld or in te n s ity  o f  th e  a llo w ed  lin es w as o b serv ed  at - 7 0 °  
for C H 2C O O  a n d  a t  0 °  for C H 2C O O H . A  m a x im u m  in th e  in te n sity  o f  th e  fo rb id d e n  e ld o r lin es w as o b 
serv ed  a p p ro x im a te ly  5 0 ° b e lo w  th e  m a x im u m  in ten sity  o f  th e  a llo w e d  lin es . T h e  q u a lita tiv e  asp ects  o f  
th e  te m p e ra tu re  d ep e n d e n c e  o f  th e  e ld o r sp e c tra  o f  C H 2C O O -  a n d  C H 2C O O H  ca n  b e  e x p la in e d  in term s  
o f  th e  co rrela tio n  tim e s  o f  th e  n o n a d ia b a tic  sp in  e x ch a n g e  pro cess.

In tr o d u c t io n

T h e  te m p e ra tu re  d e p e n d e n c e  o f  th e  esr sp e c tra  o f  
C H 2C O O  or C H 2C O O H , fo u n d  in irra d ia ted  c ry sta ls  o f  
m a lo n ic  a c id , 3 g ly c in e , 4 -5 so d iu m  a c e ta te  tr ih y d r a te , 6 -7 

an d  zin c  a c e ta te  d ih y d r a te , 8 -9 h a s  b een  th e  su b je c t  o f  
m u c h  in terest . M a r k e d  te m p e ra tu re  d ep e n d e n c e  o f  th e  
p ro to n  c o u p lin g  c o n sta n ts  h as b e e n  rep orted  in a d d itio n  to  
th e  co alescen ce  o f  th e  in n er p e a k s 6 -8-9 a t h igh  te m p e ra tu re , 
a n d  th e  sh iftin g  o f  th e  ou ter  p ea k s  to w a rd  th e  cen ter o f  
the s p e c tr u m .8 -10 D e s p ite  th ese  ch a n g es w ith  te m p e r a 
ture , th e  g  v a lu e s  r e m a in  c o n sta n t6 a n d  th e  d ire ctio n  o f  
the ca rb o n  p  o rb ita l re m a in s  q u e n c h e d  in s p a c e .6

R e c e n tly , H a y e s , et al.,10 p ro p o sed  th a t  a n o n a d ia b a tic  
sp in  ex ch a n g e  is re sp o n sib le  for th e  o b served  te m p e ra tu re  
d ep e n d e n c e  o f C H 2C O O  a n d  w ere ab le  to  rep ro du ce  
m a n y  o f  th e  fea tu res  o f  th e  sp e c tru m  u sin g  th is  m o d e l.

E le c tr o n -e le c tr o n  d o u b le  reso n a n ce  (e ld o r) h a s  b een  
q u ite  su cc essfu l in  p ro b in g  in tra - an d  in te r m o le c u la r  re 
la x a tio n  p ro c e sse s .1 1 *17  It h a s  b een  p o ssib le  in several 
cases to  co rrelate  th e  m a g n itu d e  o f th e  v a rio u s e ld o r R 
v a lu es  w ith  th e co rrelation  tim e s  o f th e  in tra m o le c u la r  m o 
tio n .

K is p e r t , et al.,12 p ro p o sed ' th a t  th e  e ld o r s ig n a ls  o b 
serv ed  ab ove  10° in  ( C H 3 )2C C O O H  w ere d e p e n d e n t on  th e  
m a g n itu d e  o f  th e  co rrela tio n  t im e s  o f  th e  d y n a m ic  p rocess  
w h ich  m a d e  th e  tw o  m e th y l grou p s a p p ea r  e q u iv a le n t in  
th e  esr sp e c tru m .

T h e  n o n a d ia b a tic  sp in  e x c h a n g e  p ro p o sed  b y  H a y e s , et 
al.,10 for C H 2C O O _  is a lso  e x p e c te d  to  h a v e  so m e  e ffec ts  
on  th e  re la x a tio n  p ro cesses re sp o n sib le  for th e  o b serv a tio n  
o f an  eld or s p e c tr u m . It is o f  in terest th e n  to  e x a m in e  the  
te m p e ra tu re  d ep e n d e n c e  o f  th e  e ld o r sp e c tru m  o f C H 2-  
C O O  in th e  h op e  th a t  m o re  ca n  b e  lea rn ed  a b o u t th e  origin  
o f th e  te m p e ra tu re  d ep e n d e n c e  o f  th e  esr s p e c tr a .18

E x p e r im e n t a l  S e c t io n

A ll  sp ec tra  w ere ru n  on  a s ta n d a rd  V a r ia n  E -8 0 0  eld or  
accessory  c o u p le d  to  a V a r ia n  E -1 2  esr sp e c tro m e te r . T h e  
m a g n e tic  fie ld  w as m e a su red  b y  a tra c k in g  n m r sy ste m . 
S in g le  c ry sta ls  o f  m a lo n ic  a c id  a n d  z in c  a c e ta te  w ere  
grow n fro m  a q u eo u s so lu tio n  b y  slow  e v a p o ra tio n . T h e  
crysta ls  w ere X -ir r a d ia te d  at ro o m  te m p e ra tu re  a n d  s u b 
se q u e n tly  in v e stig a te d  b y  esr ov er a range o f  te m p e r a 

tu res . T h e  cry sta ls  w ere ag ed  a few  d a y s to  e lim in a te  an y  
u n sta b le  ra d ic a ls  in it ia lly  p re sen t a t  ro om  te m p e ra tu re . 
T h e  e ld o r sp e c tra  o f  C H 2C O O H  in irra d ia te d  tr ic lin ic  m a 
lon ic  a c id  c ry sta ls  w ere ta k e n  in th e  ab  p la n e , n ea rly  p a r 
a lle l to  th e  b a x is  w here a fo u r -lin e  (e q u a lly  in ten se ) esr
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Figure 1. Eldor reduction factors for CH2COO~ (in zinc acetate) 
vs. temperature. A and B are the “allowed" eldor lines; both the 
observing and the pumping esr transitions are allowed with AM j  
= 0. C and D are the “forbidden” eldor lines; the observing esr 
transition is allowed but the pumped esr line is forbidden with 
AW.; = 1. For all curves, the M j =  — 1 esr line is the observing 
esr line. Rexpt = eldor line helght/esr line height. No correc
tions were made for the difference in the eldor (5.0 MHz) and 
esr (6.5 MHz) line widths. The M j =  - 1  esr and eldor line 
widths did not vary significantly (<  10%) with temperature.

p a tte r n  occu rred  a t  te m p e ra tu re s  b e lo w  5 0 ° . O n  th e  oth er  
h a n d , th e  C H 2C O O -  ra d ica l in  m o n o c lin ic  zin c  a c eta te  
cry sta ls  w as in v estig a te d  a t  v a ry in g  c ry sta l a n g les . H o w 
ever, th e te m p e ra tu re  d ep e n d e n c e  o f th e  e ld o r in ten sity  
d id  n o t d e p e n d  on  th e h fs  a n iso tro p y  o f  th e  cry sta l p o s i
tio n . T h e  resu lts  rep orted  here are p rim a rily  th o se  o b 
serv ed  for th e  m a g n e tic  fie ld  p a ra lle l to  a c ry sta l d irection  
21° fro m  th e  a* a x is . In  th is  d ire ctio n , a 1 :2 : 1  esr tr ip le t  
w as o b served  a t  all te m p e ra tu re s  b e tw ee n  — 100  a n d  5 0 ° .  
A ll  listed  R v a lu es  h ave  b een  c a lc u la te d  w ith  th e  o b serv 

ing fie ld  p o sitio n e d  a t  th e  cen ter o f  th e  first d er iv a tiv e  esr  
line  (m o d u la tio n  a m p litu d e  <  0 .7  G ) .

A ll  e ld o r sp ec tra  w ere ta k e n  w ith  th e  p ow er o f  th e  o b 
serv in g  k ly stro n  set to  less  th a n  o n e -fo u r th  o f  th e  p ow er  
req u ired  for m a x im u m  esr sig n al (ty p ic a lly  0 .5 - 2  m W ) .  A  
very  sm a ll ( < 1 0 % )  d ep e n d e n c e  o f  th e  e ld o r re d u c tio n  factor  
on o b serv in g  m ic ro w a v e  p ow er w as n o ted . H o w e v e r , sin ce  
th e  re p ro d u c ib ility  o f  m e a su rin g  th e  red u ctio n  fa cto r  w as  
o f  th e  sa m e  m a g n itu d e , th is  o b serv in g  p ow er d ep e n d e n c e  
w as ig n ored . A ll  m ic ro w a v e  p ow er rea d in g s w ere ta k e n  
w ith  a H e w le tt -P a c k a r d  4 3 2 A  te m p e r a tu r e -c o m p e n sa te d  
p ow er m e te r . F u ll m ic ro w a v e  p ow er o f  th e  p u m p in g  k ly 
stron  e q u a lle d  3 3 6  m W  a t th e  in p u t fla n g e  to  th e  ca v ity  
a n d  w h en ever n o t s ta te d , a p u m p  p ow er o f  3 3 6  m W  w as  
u se d . T h e  lo a d e d  Q ’s o f  th e  p u m p in g  an d  o b serv in g  c a v i
ties  w ere a p p ro x im a te ly  100 0  a n d  2 5 0 0 , re sp ec tiv e ly .

Results
A  p lo t  o f  re d u c tio n  factors us. te m p e ra tu re  is g iven  in  

F igu re 1  for th e  C H 2C O O  ra d ic a l in  sin g le  cry sta ls  o f  
z in c  a c e ta te  w h en  th e  o b serv in g  fie ld  is p o sitio n e d  a t  th e  
h ig h -fie ld  esr lin e  o f  a 1 :2 :1  tr ip le t . T h e  e ld o r re d u c fio n  
fa cto rs  (R) for th e  a llo w e d -a llo w e d  lin es A  an d  B  in F ig 
ure 1 sh ow  a m a x im u m  fro m  — 70  to  —5 0 ° . C le a rly , line  A  
h as a d iffe re n t m a x im u m  th a n  line B . T h e  fo rb id d e n  
lin es , C  an d  D , h av e  n ear zero R v a lu es  a t  - 5 0 ° .  U p o n  
low erin g th e  te m p e ra tu re , th e  R v a lu e s  o f  th e  lin es D  a n d  
C in creased  w hile  th e  R v a lu es  o f  th e  a llo w ed  lin es A  an d  
B  d ec re a se d . I t  is to  be  n o ted  th a t  th e  m a x im u m  R va lu e

Figure 2. Eldor reduction factors for CH2COOH (in malonic 
acid) vs. temperature. Only the allowed elder lines observed at 
64 .9 (0 ) and 48.0 MHz (A) and the forbidden eldor lines ob
served at 36 .5 (0 ) and 19.0 MHz(X) were plotted. A maximum 
occurs at approximately 0° for the allowed eldor lines and from 
- 5 0  to —30° for the forbidden eldor lines. fiexpt was calculated 
in the same manner as In Figure 1. The eldor (4.5 MHz) and 
esr (8.5 MHz) line widths did not vary with temperature. The 
observing field is set at position a.

o f  th e  a llo w e d  line A  occu rs (a t  —7 0 °)  w h en  th e  co rre la 
tio n  t im e  for th e  sp in  ex ch a n g e  d e te r m in e d  b y  H a y e s , et 
al.,10 e q u a lle d  0 . 2  x  1 0 - 6  sec.

A  s im ila r  d ep e n d e n c e  w as a lso  o b serv e d  for th e  
C H 2C O O H  ra d ica l in  m a lo n ic  ac id . T h e  o b serv e d  re d u c 
tio n  fa ctors (R) us. te m p e ra tu re  (w h en  o b serv in g  a fo u r- 
lin e  esr p a tte r n ) are p lo tte d  in  F igu re 2 for th e  a llo w e d  
e ld o r lin es a t  6 4 .9  a n d  4 8 .0  M H z  a n d  th e  fo rb id d e n  lin es  
a t  3 6 .5  a n d  1 9 .0  M H z. T h e  m a x im u m  R v a lu e  for b o th  a l 
low ed  lin es (a n a lo g o u s  to  line  A , F igu re 1) occu rred  a t  a p 
p ro x im a te ly  0 °  w h ile  th e  m a x im u m  R v a lu es  for th e  fo rb id 
d e n  lin es occu rred  fro m  —3 0  to  - 5 0 ° .  A t  5 0 ° , th e  cen tra l  
tw o  lin es o f  th e  fo u r -lin e  esr p a tte r n  b e g a n  to  n o t ic e a b ly  
c o lla p se  to  a  sin g le  line  as ev id e n c e d  b y  a ch a n g e  in  s e p a 
ra tio n  o f  th e  tw o  c e n tra l lin es fro m  5 .5  G  a t  0 ° to  2 .5  G  at  
5 0 ° . In  fa c t , th e  ch a n ge  in th e  esr h y p erfin e  p a tte r n  fro m  0  
to  5 0 °  a p p ea re d  to  be  s im ila r  to  th e  c h a n g e  in th e  fou r- 
lin e  p a tte r n  sh ow n  for C H 2C O O -  in  F igu res l a ( - 7 0 ° )  
a n d  l b ( - 3 1 ° )  o f  re f 10 w here th e  co rrelation  t im e  w as c a l 
c u la te d  to  ch a n ge  fro m  0 .2  x  1 0 - 6  to  0 .3  x  1 0 - 7  se c . T h e  
o n ly  d ifferen ce  b e tw ee n  F igu res 1 a n d  2 a p p ea rs  to  be  
th e  te m p e ra tu re  a t  w h ich  th e  m a x im u m  is o b serv e d . 
F ro m  th e  s im ila r ity  in th e  tw o  figu res, it is su g g e ste d  
th a t  an  in te n sity  m a x im u m  occu rs for th e  e ld o r re d u c tio n  
fa cto rs  w h en ever an  in tra m o lec u la r  m o tio n  is p re se n t w ith  
a sp in  e x c h a n g e  co rrela tio n  t im e  e q u a l to  a p p r o x im a te ly  
0 .2  X  1 0 - 6  sec .

S o m e  A p p r o x im a t e  C a lc u la t io n s

S in c e  th e  re la tio n sh ip  b etw een  th e  e ld o r in ten sity  a n d  
th e  sp in  e x c h a n g e  co rrelation  tim e  ap p ea rs  to  be  so a p p a r 
e n t, it w as h o p ed  th a t  a s im p le  c a lc u la tio n  w o u ld  give  
m o re in sig h t in to  th e  m e c h a n ism  re sp o n sib le .

(17) L. R. Dalton and W. L. Gamble, Bull. A m er . Phys. S o c .. 17, 1182 
(1972); L. R. Dalton. A. L. Kwlram, and J. A. Cowen. C h em . Phys. 
L ett., 14, 77 (1972); H. Yoshlda, D. Feng, and L. Kevan, J. A m er . 
C h em . Soc., 94, 8922 (1972). The effect of Intermolecular cross 
relaxation. These effects were not included in tie present study.

(18) Preliminary eldor results for CCH2COOH were reported by L. D. 
Kispert, K. Chang, and C. M. Bogan at the 164th National Meeting 
of the American Chemical Society, New Yo'k, N. Y., Aug 1972, 
Physical Chemistry Abstract No. 76.
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Mj =  +1 M j =  0  M j -  - I  

J= i  D j .  i

l " w b— ’

J= 0 _______ Dj  = i

DM/ 1  =  1  DMj = 0  =  2

Figure 3. J manifolds for two completely equivalent protons.

T h e  first a p p ro a c h  tried  w as to  a ssu m e  th a t  th e  tw o  
p ro ton s c o u ld  be tr ea te d  as c o m p le te ly  e q u iv a le n t p ro to n s. 
I t  is th en  p o ssib le  to  c a lc u la te  R fro m  a tra n sitio n  p r o b a 
b ility  m a tr ix  u sin g  F r e e d ’s gen era l th e o ry  o f  d o u b le  reso 
n a n c e . 19 I f  o n ly  E N D  (e le c tr o n -n u c le a r  d ip o la r) in tera c 
tio n s are co n sid ered , o n ly  th e  J  =  1  m a n ifo ld  (F igu re  3 ) 
w ill be  e ld o r -a c tiv e  a n d  a ssu m in g  g en era lized  n o n sa tu r a 
tion  c o n d itio n s 19  a n d  th a t  Aw 0 =  Aw p =  0 , th e  red u ctio n  
fa cto r  ca n  b e  w ritten

r  =  iiop/ftp =  ( z y z w ^ c V ' V S V -1 ) ( i )

w here D p a n d  D a are th e  d eg en era cies  o f  th e  p u m p e d  a n d  
o b served  esr lin es , re sp ec tiv e ly , a n d  fiopJ = 1  a n d  QPJ = 1 are  
d eriv ed  fro m  th e  a p p ro p ria te  d o u b le  co fa cto rs o f  th e  W  
m a tr ix . 19

T h e  re su lts  for d iffe re n t v a lu e s  o f  b ( =  Wn/ W e), 
X l = W x i / W e), a n d  X2  ( = W x 2 /We)  are sh o w n  in  F ig 
ures 4  an d  5 . (W n is th e  pu re n u c le a r  sp in  flip  tra n sitio n  
p ro b a b ility , We is th e  p u re  e lectro n  sp in  flip  tra n sitio n  
p ro b a b ility , a n d  Wxi  a n d  Wx 2 are c r o ss -r e la x a tio n  p ro b 
a b ilities) .

Q u a lita t iv e  a g re e m e n t for  th e  a llo w ed  lin es A  a n d  B  
(F igu re  1) ca n  be o b ta in e d  if b in creases w ith  te m p e ra tu re  
(fro m  — 1 0 0  to  —7 0 °)  a n d  in th e  region  arou n d  —7 0 ° , th e  
c ro ss -re la x a tio n  te r m s  b e c o m e  c o m p e titiv e  a n d  red u ce  th e  
v a lu es  o f  R. 20

T w o  d efin ite  p r o b le m s  are n o te d  w ith  th is  tr e a tm e n t . 
T h e  e x p e r im e n ta l cu rves for A  an d  B  us. T d o  n o t h av e  
th e ir  m a x im a  a t  th e  sa m e  te m p e ra tu re  (F igu re  1) w h ile  
th e  c a lc u la te d  cu rves h a v e  m a x im a  a t  th e  sa m e  v a lu e s  o f  
b, X I ,  a n d  X 2 .  W h e n  cr o ss -r e la x a tio n  te rm s are a d d e d  
(for c o n sta n t b) B  d ec rea ses  fa ste r  th a n  A . E x p e r im e n ta l
ly , A  fa lls  o f f  fa ste r  th a n  B .

T h e s e  are n o t th e  o n ly  e ld o r lin es o b serv ed  w h en  o b 
serv in g  th e  M j ,  - 1  lin e . T h e  lin es la b e le d  C  a n d  D  in  
F igu re 1 are “ fo rb id d e n  lin e s”  sin ce  th e  n u c le a r  sp in  fu n c 
tio n s are d iffe re n t in  th e  tw o  en ergy lev e ls  w h ich  c o n tr ib u te  
to  th e  p a rtic u la r  esr lin e .

T h e s e  fo rb id d e n  lin e s  h av e  n o t b e e n  e x p lic itly  in c lu d e d  
in  th e  esr th eo ry  o f  sa tu ra tio n  o f  F r e e d .19  H o w e v e r , a  s im 
p le  e x te n sio n  o f  th e  d o u b le  co fa cto r m e th o d  ca n  b e  u se d . 
T h e  re su lts  o f  su c h  a c a lc u la tio n  are sh o w n  in  F igu re  4  for  
v a ry in g  b. T h e  in te n s ity  o f  th e  fo rb id d e n  lin e  is a lw ay s  
greater th a n  th a t  o f  th e  c lo se st a llo w ed  e ld o r lin e . T h is  
w a s a lso  c a lc u la te d  w h en  th e  cr o ss -r e la x a tio n  p a r a m e te rs  
w ere in c lu d e d  in  th e  W  m a tr ix  (F ig u re  5 ) .

E x p e r im e n ta lly , th e  in te n s ity  o f  th e  fo rb id d e n  lin e s  w as  
greater th a n  th e  a llo w e d  lin es a t  v ery  lo w  te m p e ra tu re s

Figure 4. Calculated eldor reduction factors v s . b  for two com
pletely equivalent protons, assuming that cross relaxation is 
negligible. A, B, C, and D refer to the eldor lines as in Figure 1.

Figure 5. Calculated eldo' reduction factors vs. X2 ( =  Wx 2/  
We) for two completely equivalent protons with b  =  1.0 and XI 
= X2/6.0. A, B, C, and D refer to the eldor lines as in Figure 1.

a n d  d ec re a se d  to  a b o u t  zero  in  th e  region  w here th e  R’s 
fo r  th e  a llo w e d  lin e s  w ere a m a x im u m . T h is  ty p e  o f  b e 
h a v io r w a s n ever c a lc u la b le  for th e  fo rb id d e n  tra n sitio n s  
w h en  th e  c a lc u la tio n  o f  th e  a llow ed  e ld o r tra n sitio n s  
agreed  w ith  th e  e x p e r im e n ta lly  o b serv e d  R v a lu e s .

C a lc u la t io n  o f  th e  E ld o r  R e d u c t io n  F a c t o r s  f o r  T w o  
S y m m e t r ic a l ly  E q u iv a le n t  P r o t o n s

T h e  re d u c tio n  fa cto rs  for th e  a llo w e d  e ld o r lin es b egin  
to  d ecrease  a t  a b o u t  th e  sa m e  te m p e ra tu re  region  w here

(19) J. H. Freed, J. C h em . P h ys.. 43, 2312 (1965).
(20) The reduction factors calculated for two completely equivalent pro

tons using the “average eldor" approximations’5 are qualitatively 
the same as those obtained from eq 1. However, "average eldor” Is 
restricted to temperatures where ft «  1.
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Figure 6. Calculated eldor reduction factors vs. PN (a pseu- 
donuclear spin-flip transition probability) for two symmetrically 
equivalent protons, with b =  0.5, X1 = X2 =  PEE = 0; PX2 = 
0.5, PX1 = PX2/6.0, and PE = 0.33. PEE is a pseudoelectron 
spin-flip probability between off-diagonal density matrix ele
ments, PX2 and PX1 are pseudocross relaxation transition 
probabilities, and PE is a pseudoelectron spin-flip transition 
probability. A, B, C, and D refer to the eldor lines as in Figure 1.

th e  ou ter  p ea k s  b eg in  to  sh ift to w a rd  th e  c en ter  o f  th e  esr  
sp e c tra  d u e  to  n o n a d ia b a tic  sp in  e x ch a n g e  e ffe c ts .8

T h e  n o n a d ia b a tic  sp in  e x ch a n g e  w h ich  a ffe c ts  th e  esr  
in v o lv e s  an  a i f o  faa2 ex c h a n g e . In  te rm s o f  J m a n i

fo ld s  th is  c o u ld  b e  p ic tu re d  as

act a/3, ¡3a ¡3/3

w here th e  arrow s in d ic a te  th e  sta te s  w h ich  are e x c h a n g 
in g . T h is  w o u ld  lea d  to  a co u p lin g  o f  th e  J m a n ifo ld s  a n d  
in d ic a te s  th a t  th e  a ssu m p tio n  o f o n ly  in tra  J processes is 
n o t v a lid . T h e  se le c tio n  ru le  o f  A J  =  0  arose  fro m  th e  a s 
su m p tio n  o f  c o m p le te ly  e q u iv a le n t n u c le i. It is o b v io u s  
fro m  th e  esr sp e c tra  th a t  th is  is n o t th e  case .

A n  a ssu m p tio n  o f  tw o sy m m e tr ic a lly  e q u iv a le n t p ro to n s  
w ou ld  a llo w  co u p lin g  o f  th e  J m a n ifo ld s  a n d  m a y  give b e t 
ter  a g re e m en t th a n  th e  c a lc u la tio n s  o f  th e  p rev io u s s e c 
tio n . I f  tw o  p ro to n s are s y m m e tr ic a lly  e q u iv a le n t , a  c o m 
p le te  W m a tr ix  m u s t  b e  u sed  to  in c lu d e  in ter  J co u p lin g . 
F re e d 19 h a s  d ev e lo p e d  th e  th e o ry  for W in  co n n ec tio n  w ith  
a d ilu te  so lu tio n  esr sa tu ra tio n  stu d y .

T h e  rea so n  for u sin g  a W m a tr ix  w h en  th e  n u cle i are 
n o t c o m p le te ly  e q u iv a le n t is th a t  p seu d o tra n sitio n  p r o b a 
b ilities  ca n  b e c o m e  im p o r ta n t a n d  m a k e  im p o r ta n t c o n 
tr ib u tio n s  to  th e  sp in  re la x a tio n  p ro cesses . T h e  c o n str u c 
tio n  o f th e  W m a tr ix  is d isc u sse d  in  d e ta il b y  F r e e d . 19

Figure 7. Calculated eldor reduction factors vs. PE (a pseudoe
lectron spin-flip transition probability) for two symmetrically 
equivalent protons with b = 0.5, X1 = 0.667, X2 = 0.4, PN = 
0.1, PX1 = 0.167, PX2 = 1.0, and PEE = 0.66. A, B, C, and D 
refer to the eldor lines as in Figure 1. The notation has been de
fined in the caption to Figure 6.

A s  ca n  b e  seen  fro m  ref 19, A p p e n d ix  A , th is  in c lu sio n  
o f  p se u d o tra n sitio n  p ro b a b ilit ie s  h a s  in crea sed  th e  n u m 
ber o f  p a r a m e te rs  s ig n ific a n tly . A s  th ese  are n o t k n ow n  for  
C H 2C O O  ~ fro m  th e  esr sp e c tru m  or fro m  th e o re tica l c a l
c u la tio n s , th e y  h av e  to  be va ried  u n til so m e  a g re e m en t  
b e tw ee n  th e  e x p e r im e n ta l an d  c a lc u la te d  R is n o te d . T h e  
resu lts  o f  severa l c a lc u la tio n s  are given  in  F igu res 6  a n d  7 . 
O n ly  a lim ite d  n u m b e r  o f  c a lc u la tio n s  w ere d o n e  b e ca u se  
o f th e  n u m b e r  o f  p a r a m e te rs  a n d  b e ca u se  p re lim in a r y  c a l
c u la tio n s  in d ic a te  th a t  th e  sa m e  R’s (w ith in  e x p e r im e n ta l  
errors) ca n  b e  c a lc u la te d  w ith  severa l d iffe re n t se ts  o f  p a 
ra m e te r  v a lu e s . In  th e  ab sen c e  o f  so m e  in d e p e n d e n t d e te r 
m in a tio n  o f  a t  lea st a few  o f th e  p a r a m e te rs , a  u n iq u e  fit  
c a n n o t b e  o b ta in e d .

H o w e v e r , th e  tren d s se em  to  in d ic a te  th a t  th e  a d d itio n  
o f  th e  p se u d o tra n s itio n  p ro b a b ilitie s  ch a n g es so m e  o f  th e  
q u a lita tiv e  a sp e c ts  fro m  th o se  o b ta in e d  w h en  tw o  c o m 
p le te ly  e q u iv a le n t n u cle i are a ssu m e d .

T h re e  o f  th e  m a jo r  fa ilin g s  o f  th e  c a lc u la tio n  w h ich  a s 
su m e d  c o m p le te  eq u iv a len c e  ca n  b e  re m e d ied  b y  th e  a d 
d itio n  o f  p se u d o tra n sitio n  p ro b a b ilit ie s . T h e  m a g n itu d e  o f  
th e  d ifferen ce  b e tw ee n  A  a n d  B  c a n  b e  v a rie d ; A  a n d  B  
ca n  re a ch  a m a x im u m  a t d ifferen t te m p e ra tu re s  a n d  th e  
in ten sity  o f  th e  fo rb id d e n  lin es ca n  b e  less  th a n  th a t  o f  

th e  a llow ed  b y  th e  in c lu sio n  o f  p se u d o tra n sitio n  p r o b a b ili 
ties .

W h e n  c o m p le te  e q u iv a len c e  w as a ssu m e d , th e  b e h a v io r  
o f  A  a lw a y s  m im ic k e d  th a t  o f  B , (F ig u res  4  a n d  5 ) . T h e  
a d d itio n  o f  P E , a p seu d o e le ctro n  s p in -f l ip  tra n sitio n  p r o b 
a b ility  (X  in  eq  A 2  o f  F re e d 19) , a n d  P N  (e q  A 5 )  ca n  
c h a n g e  th is  d ra stic a lly .

T h e  e x p e r im e n ta lly  o b served  A  a n d  B  m a x im a  occu r a t  
d iffe re n t te m p e ra tu re s . I t  ap p ea rs  th a t  b y  a d d in g  a s u it 
a b le  c o m b in a tio n  o f  P N , th e  p seu d o n u c lea r  s p in -f l ip  
p ro b a b ility , a n d  P E , th e  ob served  b e h a v io r  ca n  b e  c a lc u 
la te d .

T h e  c a lc u la te d  d ifferen ce  b e tw ee n  A  a n d  B  is a lw a y s  
fa ir ly  large (F ig u res  4  a n d  5 ) w h en  A  is g reater th a n  0 .2 0  
for c o m p le te  e q u iv a le n c e . T h e  a d d itio n  o f P N , P E , a n d

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 77, N o . 5 , 1 9 7 3
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P E E  (a  p seu d o e le c tro n  s p in -f l ip  p r o b a b ility  b e tw ee n  o ff-  
d ia g o n a l d e n s ity  m a tr ix  e le m e n ts , in c lu d e d  in  X  in  eq  A 2  
o f  F re e d 19) ca n  red u ce  th is  d iffe re n ce  to  a b o u t 0 .0 3  w h ich  
is th e  order o f  th e  e x p e r im e n ta l d ifferen ce  b e tw ee n  A  an d  
B  in  zin c  a c e ta te  b e tw ee n  — 30  a n d  2 0 ° . T h e  te m p e ra tu re  
d ep e n d e n ce  o f  th e  e ld o r sp e c tru m  o f  C H 2C O O H  in  m a lo -  
n ic ac id  is q u a lita t iv e ly  th e  s a m e  as th a t  o f  C H 2C O O  in  
zin c a c e ta te . H o w e v e r , th e  m a g n itu d e s  o f  th e  re d u c tio n  
fa c to r  for  th e  a llo w e d  lin es A  a n d  B  (F igu re  2 ) are fa ir ly  
s im ila r  over th e  e n tire  te m p e ra tu re  ra n g e . B o th  re d u ctio n  
fa cto rs  re a ch  a m a x im u m  a t  th e  sa m e  te m p e ra tu re  
( 2 8 0 ° K ) .  T h e s e  fe a tu r e s  ca n  b e  a c c o u n te d  for b y  va ry in g  
th e  m a g n itu d e s  o f  th e  p se u d o tra n sitio n  p ro b a b ilit ie s  at  
d ifferen t te m p e ra tu re s .

In  m a lo n ic  a c id , th e  ra d ic a l b e g in s  to  d e c a y  soo n  after  
th e  o n se t o f  n o n a d ia b a tic  sh ifts  in  th e  esr p ea k  p o sitio n s  
w h ich  occu rs a t  6 0 -7 0 °  h ig h er th a n  in  z in c  a c e ta te .

D is c u s s io n

E x a c t  v a lu e s  o f  b, P N , e tc ., are n o t n ecessa ry  to  ga in  a 
q u a lita tiv e  u n d e r sta n d in g  o f  th e  d o m in a n t  re la x a tio n  p ro 
cesses in  C H 2C O O  a n d  C H 2C O O H . T h e  im p o r ta n t fe a 
tu res ca n  b e  u n d ersto o d  fro m  th e se  lim ite d  c a lc u la tio n s . 
T h e  fa c t  th a t  th e  m a x im u m  e ld o r re d u c tio n  fa c to r  occu rs  
in  th e sa m e  te m p e ra tu re  ran ge  as th e  n o n a d ia b a tic  sp in  
ex ch a n g e  e ffe c ts  are e v id e n t in th e  esr sp e c tru m  is n o t  
rea lly  su rp risin g  if  th e  sp in  ex ch a n g e  p ro cess ca n  b e  r e la t 
ed  to  th e  re la x a tio n  p ro cesses .

T h e  e ld o r in te n s ity  is d ire c tly  re la ted  to  th e  m a g n itu d e  
o f b w h ich  is p ro p o rtio n a l to  th e  n u clea r s p in -f l ip  p r o b a 
b ility . T h e  esr e ffec ts  arise fro m  an  au32 ** /? ia 2 ex ch a n g e  
w h ich  is rea lly  n o th in g  m o re  th a n  th e  s im u lta n e o u s  f lip 
p in g  o f  tw o  n u c le a r  sp in s . A s  th e  rate  o f  f lip p in g  in 
crea ses, th e  f lip p in g  b e c o m e s  “ e a sie r”  a n d , co rresp o n d in g 
ly , th e  re la x a tio n  p a th s  arisin g  fro m  th is  sa m e  flip p in g  
b e c o m e  very  e ffe c tiv e . T h e  n u c le a r  s p in -f l ip  p ro b a b ility  
in creases, c a u sin g  R to  in crea se . W h e n  th e  ex ch a n g e  b e 
c o m e s  fa s t  e n o u g h  to  c o m p e te  w ith  th e  esr line  
w id th s ( ~ 1 0 7 s e c - 1 ) (w h ic h  d ep e n d  on  re la x a tio n ) , th e  e x 
ch an ge sh o u ld  b e  “ o p e n in g  a n ew  p a th  for th e  tra n sfe r  o f  
sa tu ra tio n ”  w h ich  is c o m p e titiv e  w ith  oth er re la x a tio n  
p a th s  in  th e  sp in  s y s te m . R fo r  th e  a llow ed  lin es sh o u ld  
th e n  b e  a m a x im u m . W h e n  th e  ex ch a n g e  ra te  b e c o m e s  m u c h  
fa ster  th a n  th e  esr line  w id th  ( 1 0 7 s e c - 1 ), th e  cross re 
la x a tio n  m e c h a n is m s  b e c o m e  c o m p e tit iv e 12 a n d  red u ce  
th e  m a g n itu d e  o f  R. T h e  co rresp o n d in g  d ecrease  in in te n 
s ity  o f  th e  fo rb id d e n  e ld o r lin es ca n  be co rrelated  w ith  the  
in crea sin g ly  im p o r ta n t  role o f  th e  p se u d o tra n sitio n  p r o b a 
b ilities . B e lo w  th e  c o a lescen ce  te m p e ra tu re , th e  p ro ton s  
are n o t e q u iv a le n t a t  a ll cry sta l or ie n ta tio n s b u t  ab o v e  
th is  te m p e ra tu re , th e  p ro to n s ca n  b e  v iew ed  as s y m m e tr i
c a lly  e q u iv a le n t a lo n g  a ll o r ie n ta tio n s . In  co n stru c tin g  th e  
re la x a tio n  m a tr ix  for tw o  sy m m e tr ic a lly  e q u iv a le n t p ro 
to n s , F re e d 21 h a s  sh o w n  th a t, in  th e  lim it  o f  u n co rrela ted

n u c le i, th e  p se u d o tra n sitio n  p ro b a b ilit ie s  are zero a n d  in  
th e  lim it  o f  c o m p le te  e q u iv a le n c e , th e  sp ec tra l d en sities  
for th e  p se u d o tra n sitio n  p ro b a b ilit ie s  b e c o m e  e q u iv a len t  
to  th o se  fo r  th e  tr a n sit io n  p ro b a b ilit ie s . T h e  ca lc u la tio n s  
o f  th e  p rev io u s se c tio n  h av e  in d ic a te d  th a t  in order for th e  
in te n sity  o f  th e  fo rb id d e n  lin es to  b e  c o m p a ra b le  to  or less  
th a n  th a t  o f  th e  a llo w e d  lin es, th e  p se u d o tra n sitio n  p ro b a 
b ilities  m u s t  be  n o n n e g lig ib le . T h is  is in  a g re e m en t w ith  
th e  p o stu la te  th a t  th e  p ro to n s are b e c o m in g  m o re  e q u iv a 
le n t  a n d  th e  p se u d o tra n sitio n s  b e c o m e  m o re  im p o r ta n t as 
th e  te m p e ra tu re  is ra ised .

In  th e  p a rtic u la r  ca se  o f  C H 2C 0 0 - , in w h ich  exten siv e  
in tern a l m o tio n  h as b e e n  ru led  o u t as a ca u se  o f  th e  t e m 
p eratu re  d e p e n d e n c e , 6 a co rrela tio n  b etw een  th e  sp in  e x 
ch a n ge  a n d  th e  p se u d o n u c le a r  s p in -f l ip  p r o b a b ility  (P N )  
h as b een  d e d u c e d . W ith o u t  P N , th e  fo rb id d e n  lin es are 
a lw a y s m o re  in ten se . A s  P N  in crea ses , th e  fo rb id d e n  lines  
d ecrease  in in te n s ity  a n d  th e  a llo w e d  e ld o r lin es b e c o m e  
m o re in ten se . E x p e r im e n ta lly , th e  fo rb id d e n  lin es d e 
crease in in te n sity  as th e  rate  o f  th e  n o n a d ia b a tic  sp in  e x 
c h a n g e  in creases. S in c e  th is  sp in  ex ch a n g e  in v o lv e s  tr a n s i
tio n s  b etw een  d eg en erate  s ta te s  ( a i (¡2 ** @11x2) a n d  it in 
v o lv es  p seu d o n u c lea r  sp in  flip s , it  is q u ite  re a so n a b le  to  
e x p e c t P N  to  in crease  as th e  ex c h a n g e  rate  in creases.

C o n c lu s io n

S p in  ex ch a n g e  is a d y n a m ic  p ro cess  w h ich  h a s  q u ite  a 
large e ld o r e ffe c t. T h e  m a g n itu d e  o f  th e  e ld o r e ffe c t is fre 
q u e n c y  d e p e n d e n t a n d  th u s  v ery  te m p e ra tu re  d e p e n d e n t . 
A n  a n a ly sis  o f  th e  te m p e ra tu re  d e p e n d e n c e  o f  th e  eldor  
sp ec tra  o f C H 2C O O -  a n d  C H 2C O O H  h a s resu lted  in  
so m e  u n d e r sta n d in g  o f  th e  ro le  o f  n o n a d ia b a tic  sp in  e x 
ch a n ge  e ffe c ts  in re la x a tio n  p ro cesses .

T h e  co rrelation  b e tw ee n  th e  e sr -o b se rv ed  n o n -a d ia b a tic  
sp in -e x c h a n g e  e ffe c ts  a n d  th e  e ld o r in ten sities  is q u ite  
str ik in g . T h e  o u ter  esr p ea k s  b eg in  to  sh ift in w ard  ( - 7 0 ° )  
in  C H 2C O O -  a t  a p p r o x im a te ly  th e  sa m e  te m p e ra tu re  a t  
w h ich  th e  a llo w ed  e ld o r lin es sh ow  m a x im u m  in ten sity  
(fro m  - 7 0  to  - 5 0 ° )  in  C H 2C O O -  a n d  th e  in te n s ity  o f  th e  
fo rb id d e n  e ld o r a p p ro a c h e s  zero . In  b o th  C H 2C O O H  an d  
C H 2C O O  , a m a x im u m  re d u c tio n  fa c to r  occu rs w h en  th e  
co rrelation  t im e  o f  th e  in tra m o le c u la r  m o tio n s  e q u a ls  a p 
p r o x im a te ly  0 .2  x  1 0 - 6  se c . A s  th e  te m p e ra tu re  in creases, 
a n d  p r e s u m a b ly  th e  co rrela tio n  t im e  sh o rten s , cross e x 
ch a n ge  in crea ses , re su ltin g  in a d ecrease  in  th e  ob served  R 
fa c to r .
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N i t r o g e n - 1 4  C o n t a c t  S h i f t s  a n d  L i n e  B r o a d e n i n g  S t u d i e s  f o r  A c e t o n i t r i l e  

C o m p l e x e s  o f  C o p p e r ( l l ) ,  N i c k e l ( I I ) ,  C o b a l t ( l l ) ,  a n d  T i t a n i u m ( l l l )
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N itr o g e n -1 4  c o n ta c t sh ifts  a n d  lin e  b ro a d e n in g  s tu d ie s  are rep orted  for aceton itrile  c o m p le x e s  o f  C u (I I ) ,  
N i( I I ) ,  C o (I I ) , a n d  T i( I I I ) .  A c e to n itr ile  n itr o g e n -1 4  h y p e rfin e  co u p lin g  c o n sta n ts  fo r  th e  series o f  m e ta l  
ion  c o m p le x e s  are C u (II )  (3 0 .0  ±  2 .0  M H z ) ,  N i( I I )  (2 7 .0  ±  2 .0 0  M H z ) ,  C o (II )  (9 ,5  ±  1 .0  M H z ) ,  an d  
T i(III )  (n e g a tiv e ). O p p o s ite  s ig n s for th e  14N  c o u p lin g  c o n sta n t w h en  th e  sp in  d en sity  is e x c lu s iv e ly  in  
th e  <7 o rb ita ls  (C u (H )  a n d  N i( I I ) )  or e x c lu siv e ly  in  w o r b ita ls , T i ( H I ) , p rovid e  d ire ct ev id e n c e  for p o sit iv e  
a n d  n eg a tiv e  c o n tr ib u tio n s  fro m  o a n d  it lig a n d  sp in  d e n s ity , re sp ec tiv e ly . O p p o s in g  c o n tr ib u tio n s  fro m  a 
a n d  7r sp in  d e n sity  re su lt in  th e  s m a ll  14N  c o u p lin g  c o n sta n ts  o b served  for C o (II )  , F e ( I I ) - ,  M n (I I )  -a c e to 
n itrile  c o m p le x e s . K in e t ic  d a ta  for p su e d o -first-o r d e r  lig a n d  ex ch a n g e  for th e Ni(EE) a n d  C o (II)  c o m p le x e s  
are e v a lu a te d  fro m  14N  lin e  w id th  s tu d ie s .

I n tr o d u c t io n

C o n ta c t  sh ifts  o f  lig a n d  n u cle i are w id e ly  u se d  to  d e 
d u ce  th e  m e c h a n is m  a n d  m a g n itu d e  o f  sp in  d e lo c a liz a tio n  
in  p a r a m a g n e tic  m e ta l  ion  c o m p le x e s .1 T h e  p re p o n d er
a n ce  o f  th e se  s tu d ie s  h a v e  u tiliz e d  p ro to n  n m r .2 C o n c lu 
sio n s d ra w n  fro m  p ro ton  c o n ta c t sh ifts  are n e ce ssa r ily  in 
d ire c t for th e  p ro ton s are n o t th e  lig a n d  d on o r a to m s . A s  
p a r t o f  a gen era l in v estig a tio n  o f  th e  14N  c o n ta c t  sh ifts  o f  
n itro g en  b o u n d  lig a n d s , th is  p a p er  rep orts on  th e  14N  c o n 
ta c t  sh ifts  a n d  lin e  b ro a d e n in g  for  a c eto n itrile  c o m p le x e s  
o f  C u d ) ,  N i ( I I ) ,  C o (D ) , an d  T i( I I I ) .

E x p e r im e n t a l  S e c t io n

Materials. E a s tm a n  aceton itrile  w as u sed  for th e  p r e p a 
ra tio n  o f  c o m p le x e s . I t  w a s d e h y d ra te d  a n d  p u rified  b y  
tr ip le  d is tilla tio n  over B a O , P 2O 5 , a n d  C a H 2 , re sp ec tiv e ly . 
T h e  c o m p le x e s  o f  C u 2 + , N i 2+ ,  an d  C o 2 +  w ere p rep a red  b y  
W ic k e n d e n  a n d  K r a u s e 3 m e th o d , fro m  th e  h y d r a te d  p e r 
ch lo ra te  sa lts  o b ta in e d  fro m  th e  G . F red rick  S m ith  C h e m 
ica l C o . S o lu tio n s  for tita n iu m (II I)  s tu d ie s  w ere p rep ared  
b y  d isso lv in g  a n h y d ro u s T iC l.i in  a c eto n itrile .

Sample Preparation. T h e  sa m p le s  for n m r w ere p re 
p a red  su c h  th a t  th e  w eig h t o f  e a ch  c o n stitu e n t (c o m p le x  
a n d  a c eto n itrile  so lv en t) a n d  th e  to ta l v o lu m e  w ere  
k n o w n . A ll  sa m p le  p re p a ra tio n  a n d  m a n ip u la tio n s  w ere  
carried  o u t in a d ry b o x  u n d er d ry  n itro g en  or on  a  v a c u u m  
lin e . S o lu tio n s  o f  c o m p le x e s  w ere fu rth er a n a ly z e d  for th e  
m e ta l ion  c o n c e n tra tio n , as an  in d e p e n d e n t ch eck  on  the  
so lu tio n  c o m p o sitio n . S o lu tio n s  o f  m e ta l c o m p le x e s  w ere  
d eg a sse d  a n d  sea led  in 5 -m m  o .d . th in -w a lle d  tu b e s  a lo n g  
w ith  a  se a led  d eg a sse d  c a p illia ry  tu b e  o f  C H s N O ^  as e x 
tern a l s ta n d a rd . S a m p le  tu b e s  w ere se a led  as close  to  th e  
so lu tio n  as p o ssib le  w h ile  s till p e r m ittin g  a d e q u a te  e x p a n 
sio n  for h ig h er te m p e ra tu re  s tu d ie s . A  sa m p le  co n ta in in g  
p u re  a c eto n itr ile  a n d  a c a p illa ry  o f  n itro m e th a n e  w as p re 
p a red  as a referen ce  an d  th e  n m r  sp ec tra  w ere reco rd ed  at  
e v ery  te m p e ra tu re  a t w h ich  sa m p le s  o f  m e ta l c o m p le x e s  
w ere s tu d ie d . S ev e r a l m e ta l ion  c o n c e n tra tio n s  w ere s tu d 
ied  for e a c h  c o m p le x .

Apparatus. A ll  14N  sp e c ta  w ere ru n  on a V a r ia n  H A - 100  
sp e c tro m e te r  u sin g  th e  H R  m o d e , a t 7 .2 2  M H z  a n d  u sin g

14N  p ro b e  N o . V -4 3 3 3 A . V a r ia b le  te m p e ra tu re  co n tro ller  
N o . V -4 3 4 1  w a s u se d  to  m a in ta in  c o n sta n t te m p e ra tu re . 
T h e  te m p e ra tu re  w a s m e a su red  u sin g  a c o p p e r -c o n s ta n -  
ta n  th e r m o c o u p le  a n d  w as fo u n d  to  be  c o n sta n t w ith in  
± 0 .5 °  th ro u g h o u t m o s t  o f  th e  te m p e ra tu re  ra n ge .

T h e  sh ifts  w ere m e a su red  re la tiv e  to  n itro m e th a n e  as an  
e x te rn a l s ta n d a r d .4 T h e  sp e c ta  w ere reco rd ed  b y  sw eep in g  
b o th  fro m  h ig h  to  low  fie ld  a n d  th e  reverse . L in e  w id th  
a n d  c o n ta c t sh ift v a lu e s  are a v erag es o f  a t lea st th ree  ru n s  
a t e a ch  te m p e ra tu re . S p e c tra  w ere reco rd ed  w ith  th e  
sp e c tro m e te r  in th e  H R  a n d  s id e -b a n d  m o d e s . T h e  rf  
p ow er w as k e p t m u c h  b e lo w  th e  sa tu ra tio n  le v e l. T h e  c a li 
b ra tio n  o f  th e  sp e c tra  w as d on e  b y  s id e -b a n d  te c h n iq u e . 
T o  e x p a n d  th e  sc a le , th e  m o d u la tio n  fre q u e n c y  w as  
c h a n g e d  fro m  2 .5  to  1 .5  k H z , w h ich  w as a c c o m p lish e d  b y  
d isc o n n ec tin g  th e  2 .5 -k H z  o sc illa to r  a t V -2 0 1  (in  in te g ra 
tor d ec o u p ler  u n it)  a n d  co n n ec tin g  an  e x te rn a l o sc illa to r  
w ith  a d ju sta b le  freq u en cies  a t  V -4 0 5  in  th e  sa m e  b o x  ( V -  
3 5 2 1 A ) .

Analysis of Data. T h e  b a sic  e q u a tio n s  for c a lc u la tin g  
th e  co u p lin g  c o n sta n ts  a n d  k in e tics  p a r a m e te rs  are5 as  
fo llow s

A c o j c o  =  -A ng J eS(S + l )h lg J n3kT 
w here A n is th e  h y p erfin e  c o u p lin g  co n sta n t in  H z .

Awobsd = i ’mAom/[(rm/ i ’2m + l)2 + rm 2 A wm2]

w here Pm =  co n c e n tra tio n  o f  co o rd in a ted  lig a n d  vs. to ta l  
lig a n d  co n ce n tra tio n

w here T2 -  (irAv) \  T2A is tran sv erse  re la x a tio n  tim e  o f

(1) G. A. Webb, Annu. R ep . N M R (N ucl. M agn. R e s o n a n c e I  S p e c -  
tr o sc .. 3, 211 (1970).

(2) W. D. Horrocks, Jr., and D. L. Johnston, Inorg. C h em .. 10, 1835 
(1971).

(3) A. E. Wickenden and R. A. Krause, Inorg. C h em .. 4, 404 (1965).
(4) M. Witanowski and H. Januszewski, J. C hem . S o c . B. 1062 (1967).
(5) T. J. Swift and R. E. Connick, J. C h em . Phys.. 37, 307 (1962).
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Acetonitrile Complexes of Cu(II), Ni(ll), Co(II), and Ti(lll) 635

TABLE I: Representative Data of Contact Shifts and Line Widths vs. Temperature for Cu(ll), Ni(ll), and Co(ll) Complexes

[Cu(CH3CN)6](CI04)2a [Ni(CH3CN)6](CI04)2 [Co(CH3CN)6](CI04)2

103/ r,°K -’ 104 P m -Au)/2ir, Hz 103/r,°K-1 104 Pm - A w/2tt, Hz Au,c Hz 103/7,°K-1 104 Pm -Au/2 ir, Hz An, Hz

3.32 10.62 102 2.08 4.398 34 2.42 19.91 212
3.23 7.152 65 2.13 4.398 57 37 2.59 19.91 241
3.23 7.127 63 2.18 4.398 63 41 2.69 19.91 251
3.02 7.152 61 2.23 4.398 58 44 2.73 9.499 17
2.82 10.62 77 2.28 4.398 47 2.73 6.638 90
2.82 7.127 50 2.28 8.797 106 2.82 4.691 15
2.65 10.62 72 2.34 4.398 46 54 2.82 6.638 96
2.65 7.152 47 2.40 4.398 34 56 2.915 9.499 136 47

2.46 8.797 69 3.02 4.691 68 35
2.46 4.398 54 3.12 9.499 98 89
2.59 4.398 26 47 3.23 4.691 34 47
2.59 8.797 43 3.32 9.499 42 80
2.69 8.797 89 3.41 4.691 13
2.73 8.797 16 59 3.47 4.691 23
2.82 8.797 9 40 3.50 9.499 56
2.91 4.398 13 3.59 4.691 17
3.02 8.797 16 3.64 9.499 28
3.31 8.797 9

No line width data were collected for Cu (11). 6 -A w / 2x is the observed shift in Hz downfield from pure acetonitrile. c An is full line width at half-height.

Figure 1. Contact shifts in radians per second normalized to P m 
=  1, for the solutions of acetonitrile complexes of Cu(II), Ni(ll) 
and Co(II) plotted against 1 /T. O, Ni(ll) (Pm =  4.398 X  10 -4  
and 8.797 X  10“ 4); A, Cu(ll) (P m  =  7.127 X  1 0 '4, 7.157 X  
1 0 - 4, and 10.62 X  10“ 4); □, Co(ll) ( P m  =  4.691 X  10“ 4, 
9.499 X  1 0 ~ 4, and 19.91 X  1 0 ~ 4).

th e  pure s o lv e n t a n d  A v is th e  o b serv e d  fu ll lin e  w id th  a t  
h a lf -h e ig h t . T h e  e ffe c t  o f  te m p e ra tu re  on r m an d  th u s on  
T2 is g iv en  b y

t m =  (hjkT ) e x p [ (A  H flRT) -  (A  S'IR)]
w here A H\ a n d  A S ?  are th e  e n th a lp y  a n d  e n tro p y  o f a c t i 
v a tio n .

R e s u lt s

Cu(II) Complex. N itr o g e n -1 4  c o n ta c t sh ifts  for [C u -  
( C H 3C N ) 6] ( C 1 0 4)2 in  n e a t  a c eto n itrile  are d o w n fie ld  re la 
tiv e  to  p u re  a c eto n itrile  ( T a b le  I) w h ich  co rresp on d s to  a 
p ositive  14N  c o u p lin g  c o n sta n t ( + 3 0  ±  2 M H z ) .  T h e  c o n 
ta c t  sh ifts  are fo u n d  to  b e  in v ersely  d e p e n d e n t on  te m p e r 
atu re w h ich  d e m o n str a te s  th a t th e  o b served  sh ifts  are a u 
th e n tic  c o n ta c t  sh ifts . T h e  l im it in g  fa s t  ex ch a n g e  region  is 
o b ta in e d  for th e  en tire  te m p e ra tu re  ran ge o f ou r s tu d ie s  
a n d  th erefore  k in e tic  p a r a m e te rs  w ere in a c c e ssib le  from  
line  b r o a d e n in g  d a ta .

Figure 2. Log of transverse relaxation time normalized to P m =  
1 for the solutions of acetonitrile complexes of Nl(ll) and Co(II) 
plotted against 1/7: O, Ni(ll) (Pm =  4.398 X  1 0 ~ 4 and 8.797 
X  1 0 ~ 4); □  Co(II) (Pm =  4.691 X  1 0 ~ 4 and 9.499 X  1 0 - “).

Ni(II) Complex. T e m p e r a tu r e  d ep e n d e n c e  d a ta  for th e  
14N  c o n ta c t sh ifts  a n d  line w id th s  for so lu tio n s o f  [N i-  
( C H 3C N ) 6 ) (C 1C>4)2 in  n e a t  a c eto n itrile  are fo u n d  in T a b le  
I. T e m p e r a tu r e  d ep e n d e n c e  o f  th e  c o n ta c t sh ifts  an d  th e  
lin e  w id th s are p lo tte d  in F igu res 1 a n d  2 , resp ec tiv e ly . 
N itr o g e n -1 4  c o n ta c t  sh ifts  for N i(I I )  so lu tio n s are d o w n - 
fie ld  re la tiv e  to  free a c eto n itrile . T h e  k in e tics  p a ra m e te rs  
fro m  th e  lin e  b ro a d e n in g  are g iv en  in T a b le  II. T h e  14N  
co u p lin g  c o n sta n t fro m  lin e  w id th  d a ta  (2 5  ±  2 M H z )  is in 
sa tis fa c to ry  a g re e m en t w ith  th e  va lu e  o b ta in e d  d irectly  
fro m  th e  c o n ta c t sh ifts  (2 7  ±  2 M H z ) .

Co(II) Complex. N it r o g e n -14 c o n ta c t sh ifts  an d  line  
b ro a d e n in g  d a ta  for so lu tio n s o f  [ C o ( C H 3C N ) 6] (C 1 0 4 ) 2  in 
aceton itrile  are fo u n d  in T a b le  I . T e m p e r a tu r e  d e p e n 
d en c e  o f  th e  c o n ta c t sh ifts  a n d  th e  lin e  w id th s  are p lo tte d  
in  F igu res 1 a n d  2 , re sp ec tiv e ly . T e m p e r a tu r e  d e p e n d e n t  
e ffec ts  are fo u n d  to  be  c o m p le te ly  re v ersib le . T h e  14N  
c o u p lin g  c o n sta n t e v a lu a te d  fro m  line b ro a d e n in g  d a ta  is
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TABLE II TABLE III: TiCI3 in CH3CN Contact Shifts vs. Temperature“

Ni(CH3CN)62 + Co (CH3CN)62 + 103/ 7"„ °K - 1 Am,6 Hz A u2,c Hz Shift (A i>2 — A 112)

AH\ , kcal 9.44 8.79 3.32 986 999 +  13
A S f , eu -7 .8 -4 .2 2.92 970 1007 +  37
k  (25°), sec - 1 1.45 X 1 0 4 2.7 X 105 2.53 960 1013 +53
A n, M H z 27.0 9.5

0 Molality = 5.0429 X  10~2. 6 14N shift of pure CH3CN relative to
nltromethane. « 14N shift of Tl3+ -acetonitrile solution relative to nitro-

fo u n d  to  va ry w ith  te m p e ra tu re  fro m  7 to 10 M H z .  T h e methane.

origin  o f th is  d isc r e p a n c y  in th e  a n a ly sis  o f  th e  d a ta  is n ot  
y e t  c lear . T h e  14N  co u p lin g  c o n sta n t o b ta in e d  d irectly  
fro m  c o n ta c t  s h ift  m e a su r e m e n ts  is 9 .5  ±  1 M H z .  K in e t ic  
p a r a m e te rs  for lig a n d  e x ch a n g e  o f  [ C o ( C H 3C N ) e ] ( C 1 0 4 ) 2  

w ith  b u lk  C H 3 C N  are g iv en  in T a b le  II.
Ti(III) Complexes. S tu d ie s  o f  T Ì C I 3 is a c eto n itrile  w ere  

lim ite d  to  a re la tiv e  sm a ll te m p e ra tu re  ran ge b eca u se  
th ese  so lu tio n s  u n d ergo  an  irreversib le  c h e m ic a l ch a n ge  
a b o v e  9 0 ° . T h e  o b serv ed  n itr o g e n -14 sh ifts  for so lu tio n s  o f  
T i C l 3 in  a c eto n itrile  are u p fie ld  re la tiv e  to  free a c e to n i
tr ile , w h ich  is o p p o site  to  th a t  o b served  for C u (I I ) , N i ( I I ) ,  
a n d  C o (II)  so lu tio n s . T h e  14N  c o u p lin g  c o n sta n t c o u ld  n o t  
b e  o b ta in e d  fro m  th is  s tu d y  b e ca u se  th e  e x p e r im e n ts  
co u ld  n ot b e  carried  to  su ffic ien tly  h igh  te m p e ra tu re s  to  
reach  th e  l im it in g  fa s t-e x c h a n g e  reg ion . T h e  in creasin g  
p o sitiv e  v a lu e  o f th e  s h ift  (T a b le  III) w ith  in creasin g  t e m 
p eratu re  d o es , h ow ever, in d ica te  th a t  th e  14N  co u p lin g  
c o n sta n t is n e g a tiv e  (| A (14N)| »  5 M H z ) .

D is c u s s io n

T h e  rep orted  p ro ton  c o u p lin g  c o n sta n ts  for [ M -  
( C H 3C N ) 6] ( C 1 0 4 ) 2 ( M  =  N i(I I )  a n d  C o (I I ) ) 6 in  a c e to n i
tr ile , d ec rease  b y  an  order o f  m a g n itu d e  in goin g from  
N i(I I )  to  C o (I I ) . O c ta h e d r a l N i( I I )  c o m p le x e s  t 2g6eg 2 h ave  
tw o  u n p a ired  e le ctro n s in  th e  d  m o le c u la r  o r b ita ls  w h ich  
ca n  tra n sfer  sp in  d e n sity  to  th e  a o rb ita ls  o f  th e  lig a n d . 
W h ile  o c ta h e d ra l C o (II )  c o m p le x e s  t 2g5e g 2 h a v e  u n p a ired  
electro n s b o th  in  th e  t 2g (?r) an d  e g(<r) o r b ita ls , so  th a t  sp in  
d e n sity  ca n  d ire c tly  rea ch  b o th  th e  a a n d  tt lig a n d  o r b i
ta ls . T h e  very  m u c h  sm a lle r  p ro ton  co u p lin g  c o n sta n t for  
th e  C o (II )  c o m p le x  h as b een  p ro p o sed 6 to  re su lt fro m  
c o m p e titiv e  sp in  d e lo c a liz a tio n  m e c h a n is m s . S p in  d en sity  
in  th e  a o r b ita ls  g iv in g  a n eg a tiv e  c o u p lin g  c o n sta n t for  
m e th y l p ro to n s a n d  ir sp in  d e n sity  g iv in g  a p o sitiv e  c o n 
tr ib u tio n  to  v4 ( H ) . T h e  n e t n eg a tiv e  A ( H )  v a lu e  for a sp in  
d e n sity  w as p ro p o sed  to  resu lt fro m  a-ir co rrelation  (n e g a 
tiv e  c o n tr ib u tio n  to  A ( H ) ) .  S p in  d e lo c a liz a tio n  in  7r lig a n d  
m o le c u la r  o rb ita l g iv es  a p o sitiv e  co u p lin g  c o n sta n t b y  d i 
re ctly  p la c in g  sp in  d e n s ity  in th e  m e th y l h yd ro g en  Is  o r
b ita ls  w h ich  m a k e  a su b sta n tia l co n tr ib u tio n  to  th e  tt o r 
b ita ls .

N itr o g e n -1 4  c o u p lin g  c o n sta n ts  for [ N i ( C H 3C N ) 6] (C 1 0 4 ) 2  

a n d  [C u ( C H 3C N ) 6 ] (C 1 0 4 ) 2  are p o sitiv e . T h e  d ire ct d e -  
lo c a liz a tio n  o f  p o sitiv e  sp in  d e n sity  to  th e  a c eto n itrile  a 
m o le cu la r  o rb ita ls  a n d  th u s to  th e  n itrog en  2 s a to m ic  orb ita l 
resu lts  fro m  m o le c u la r  o rb ita l fo rm a tio n  w ith  th e  m e ta l e g 
o rb ita ls  w h ich  c o n ta in  th e  u n p a ired  e le ctro n s. A  14N  
c o u p lin g  c o n sta n t o f  + 3 0  M H z  for th e  C u (II )  c o m p le x  
co rresp on d s to  a N 2S sp in  d en sity  o f  + 0 .0 1 9 .  In  c a lc u la tin g  
th e  2 s sp in  d e n s ity , w e h av e  u sed  th e  re la tio n  fs = 
( 2 s ) A n/ A 2s a n d  th e  v a lu e  o f  a to m ic  h yp erfin e  c o u p lin g  
c o n sta n t u sed  for N 2s is 1545  M H z . 7 B o th  th e  N i( I I )  t 2g6eg 2 

an d  C u (II )  t 2g8e g 3 c o m p le x e s  h av e  u n p a ired  electro n s  
e x c lu siv e ly  in  th e  <r(eg) d  o rb ita ls . T h e  m e c h a n is m  o f  sp in  
d elo c a liz a tio n  to  th e  C H 3C N  is th erefore  e x p e c te d  to  be  
th e  sa m e  in  b o th  c o m p le x e s , w h ich  req u ires th a t  th e  ratio

o f A ( 14N ) / A ( 1 H ) be a p p ro x im a te ly  c o n sta n t. In  sa tis fa c to ry  
a g re e m en t w ith  th is  e x p e c ta tio n , th e  A ( 1 4 N ) / A ( 4H ) ra tio  
is 72  a n d  8 0  for th e  C u (II)  an d  N i( I I )  c o m p le x e s , re sp e c 
tiv e ly .

P ro to n  c o u p lin g  c o n sta n ts  u se d  in  th is  c o m p a riso n  o f  
ratios w ere d e te r m in e d  on  th e  sa m e  so lu tio n s  u se d  in  th e  
14N  stu d ie s : C u (II )  A ( H )  =  4 .7  x  105 H z  a n d  N i( I I )  A ( H )  
=  3 .3 4  x  10 s H z .

T h e  n itro g e n -1 4  co u p lin g  c o n sta n t for [ C o ( C H 3C N ) 6 ]- 
( C 1 0 4 ) 2  (9 .5  M H z )  in aceton itrile  is s u b s ta n tia lly  sm a lle r  
th a n  th o se  for C u (II )  (3 0 .0  M H z )  a n d  N i( I I )  (2 7 .0  M H z )  
c o m p le x e s . O c ta h e d ra l c o b a lt(II)  ( t 2g5e g2 ) ca n  d ire c tly  
d elo ca lize  sp in  in  b o th  th e  a a n d  ir lig a n d  o r b ita ls . T h e  
red u ced  A ( 1 4 N )  c o u ld  resu lt fro m  a p o sitiv e  c o n tr ib u tio n  
fro m  a sp in  d e n sity  an d  n eg a tiv e  c o n tr ib u tio n  fro m  th e  ir 
sp in  d e n s ity . T h e  ra tio  A ( 14N ) / A ( 4H ) for th e  C o (II )  c o m 
p le x  is 3 3 2 , w h ich  is d istin c tly  d ifferen t fro m  th e  ra tio  
ch a ra cteristic  o f  a d e lo c a liz a tio n  a n d  su p p o rts  th e  p resen ce  
o f  c o m p e titiv e  (b o th  a a n d  tt) m e c h a n ism s . T h e  still  sm a lle r  
v a lu es  o f  14N  co u p lin g  c o n sta n t ( 5 .0  M H z )  for F e ( I I ) -  8 a n d  
(3 .2  M H z )  for M n (I I ) -a c e to n itr i le 9 c o m p le x e s  a lso  su p p o rt  
th e p resen ce  o f  co m p e titiv e  m e c h a n ism s .

In  order to  o b ta in  d irect ev id e n c e  for th e  sig n  o f  th e  
c o n tr ib u tio n  to  th e  A ( 14N )  from  tt sp in  d e n s ity , so lu tio n s  
o f  T i C l 3 in  a c eto n itrile  w ere s tu d ie d . T h e  T i(I I I )  c o m p le x  
is fo u n d  to  b e  in th e  slow  lig a n d  ex ch a n g e  region  a t  3 0 °  
an d  e le v a te d  te m p e ra tu re s  w ere requ ired  to  ob serve  s ig 
n ific a n t 14N  sh ifts  o f  th e  b u lk  C H 3C N . T h e  o b serv ed  
sh ifts  a n d  line w id th s are rev ersib le  u p  to  ~ 8 0 ° .  A b o v e  
9 0 °  T i(II I )  p ro b a b ly  d isp ro p o rtio n a tes  to  T i ( I I )  a n d  T i ( I V )  
an d  irreversib le  ch a n g es o ccu r. T h e  d a ta  o b served  w ere  
in su ffic ie n t to  d e te r m in e  th e  v a lu e  for A ( 14N ) ;  h ow ever, 
th e  u p fie ld  14N  c o n ta c t sh ifts  co rresp on d s to  a n eg a tiv e  
A ( 14N )  co u p lin g  c o n sta n t (| A (14N )  | » 5 . 0 0  M H z ) .

T h e  o b serv e d  n eg a tiv e  14N  c o u p lin g  c o n sta n t for th e  
T i(I I I ) -a c e to n itr i le  so lu tio n s , w here th e  m e ta l h a s  o n ly  
u n p a ired  d T e lectro n  d e n s ity , co rrob o ra tes th e  c o n te n tio n  
th a t  sp in  d e n s ity  tran sferred  fro m  th e  m e ta l to  th e  lig a n d  
in  th e  7r o rb ita ls  re su lts  in  a n eg a tiv e  c o n tr ib u tio n  to  
A ( 14N ) .  T h e  o b served  A ( 14N )  for C o ( I I ) - ,  M n ( I I ) - ,  an d  
F e (I I ) -a c e to n itr ile  c o m p le x e s  th u s resu lt fro m  o p p o sin g  a 
a n d  tr sp in  d e n s ity  c o n tr ib u tio n s to  A ( 14N ) .  T h e  n eg a tiv e  
c o n tr ib u tio n  to  A ( 14N )  fro m  7r sp in  d e n s ity  c o u ld  resu lt  
fro m  e ith er p o sitiv e  or n eg a tiv e  sp in  d e n sity  on  th e  lig a n d  
w ith  d iffe re n t m e c h a n ism s  for tran sferrin g  th e  e ffe c ts  to  
th e  14N  n u c le u s . P ro to n  h yp erfin e  co u p lin g  is im p o r ta n t  
in  d ec id in g  th is  issu e . P ro to n  c o n ta c t sh ifts  in  th e  T i(II I )  
c o m p le x  are d o w n fie ld 10 re lative  to  free a c eto n itr ile  corre-
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sp o n d in g  to  a p o sit iv e  sp in  d e n s ity  in th e  lig a n d  -rr o r b i
ta ls . T h e  n eg a tiv e  A ( 14N )  fro m  p o sitiv e  7r sp in  d e n sity  
m u st re su lt fro m  it-a sp in  co rrela tio n  in d u c in g  n eg a tiv e  
sp in  d e n sity  a t  th e  14N  n u c le u s .

T o  ou r k n o w led g e  th is  is th e  first rep orted  n e g a tiv e  14N  
co u p lin g  c o n sta n t. T h e  rep orted  14N  co u p lin g  c o n sta n t in  
N H 3-4 an d  n itro g en  c o n ta in in g  free ra d ic a ls  are all p o s i
t iv e . 11  S p in  co rrelation  in  N H 3 + p la c e s  p o sitiv e  sp in  d e n 
s ity  in th e  N 2s a n d  n e g a tiv e  in th e  N i s w ith  th e  p o sitiv e  
N 2s sp in  d e n s ity  d o m in a tin g  th e  co u p lin g  c o n sta n t. In  th e  
T i(H I) -a c e to n itr i le  s y s te m  e ith er b o th  N i s a n d  N 2s c o n 
ta in  n e g a tiv e  sp in  d e n s ity  or th e  N is  sp in  d e n s ity  d o m i
n a tes . F u rth er th e o r e tic a l w ork  is n eed ed  to  fu lly  u n d e r 
sta n d  th e  origin  o f  th is  n e g a tiv e  14N  co u p lin g  c o n sta n t.

It is o f  in terest to  n ote  th a t  s im ila r  tren d s h av e  been  
o b served  in th e  1 7 0  c o u p lin g  c o n sta n t for aq u o  c o m p le x e s .

In  a q u o  c o m p le x e s , th e  co u p lin g  c o n sta n t ch a n g es sign  
fro m  n eg a tiv e  v a lu es  o f  - 5 . 5  x  1 0 7 for C u (I I ) 12  an d  - 3 . 0  
x  10 7 for N i ( I I ) 13  to  a p o sitiv e  v a lu e  o f  4 .4  x  106 for 
T i(I I I )  c o m p le x . 14 T h e  sig n s o f  th e  170  c o u p lin g  c o n sta n ts  
are reverse fro m  th a t  o f  14N , b e ca u se  th e  g y ro m a g n etic  
ra tio  o f  1 7 0  is n e g a tiv e .
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59C o  reso n an ce  o f  C o (e n ) 33 +  (en  =  e th y le n e d ia m in e )  in th e  p resen ce  o f  p h o sp h a te  a n d  31P  reso n an ce  o f  
p h o sp h a te  in  th e  p resen ce  o f  C o (e n ) 33 + w ere s tu d ie d  at d iffe re n t s a lt  c o n c e n tra tio n s  a n d  p H ’ s . T h e  e q u i
lib r iu m  q u o tie n t for th e  fo rm a tio n  o f  o u ter  sp h ere  c o m p le x  w as c a lc u la te d  fro m  th e  59C o  c h e m ic a l sh ift  

d a ta  a n d  w a s fo u n d  to  b e  1 2 .0  ±  2 .0  M "- 1  a t  io n ic  stren g th s arou n d  on e . T h is  v a lu e  fits  th e  31P  ch e m ic a l  
sh ift  d a ta  very  w ell. T h e  p H  d ep e n d e n c e  o f  th e  59C o  sh ift is a lso  s tu d ie d .

N u c le a r  m a g n e tic  re so n a n ce  (n m r ) is a u se fu l m e th o d  
for th e  s tu d y  o f  th e  se c o n d  c o o rd in a tio n  sp h ere  o f  tr a n si
tion  m e ta l c o m p le x e s . A  n u m b e r  o f rep orts on  th a t  su b je c t  
has ap p ea red  in recen t y e a r s .2-9 T h e  fo rm a tio n  o f  an  outer  
sphere c o m p le x  u su a lly  occu rs b e tw ee n  a tra n sitio n  m e ta l  
c o m p le x  an d  a so lv e n t m o le c u le  or a n o th e r  a n io n . T h e  
ou ter sp h ere c o m p le x  b e tw ee n  C o (e n ) 33+ (en  =  e th y le n e 
d ia m in e ) a n d  P O 4 3 ~ is o f  p a rtic u la r  in terest b e c a u se  o f its  
p o ssib le  stereo sp e c ific ity  d u e  to  h yd ro g en  b o n d in g 10 a n d  
its e ffe c t on  th e  c o n fo rm a tio n  o f  th e  c h e la te  rings in  
C o (e n ) 33 + .5 6 Its  fo rm a tio n  h as b e e n  s tu d ie d  b y  circu lar  
d ic h r o ism 10 12 a n d  p ro to n  n m r .4-6 H o w e v e r , to  our k n o w l

edge, th e  e q u ilib r iu m  c o n sta n t h as n o t b e e n  d e term in e d , 
a lth o u g h  th a t  b e tw e e n  C o (e n )33 +  a n d  oth er a n io n s has  
been  re p o r te d .1 1 1 3 ’14  In  th is  p a p er  we rep ort th e  s tu d y  o f  
outer sp h ere  c o m p le x  b e tw ee n  C o (e n ) 33+  a n d  P 0 4 3 -  b y  
59C o  an d  31P  n m r w ith  th e  d e te r m in a tio n  o f  th e  e q u ilib r i
u m  q u o tie n t.

T h e  ch o ice  o f  59C o  a n d  31P  as th e  p ro b in g  n u c le i in  th e  
n m r s tu d y  is b a se d  u p o n  th e  se n s itiv ity  o f  th e ir  c h e m ic a l  
sh ifts  to  a c h a n g e  in th e  e n v ir o n m e n t. It is w ell k n ow n  
th a t d ia m a g n e tic  C o (III)  c o m p le x e s  sh ow  e x tr e m e ly  large  
59C o sh ifts  d u e  to  th e  ex isten c e  o f  lo w -ly in g  e x c ite d  e le c 

tronic s ta te s .15  V e r y  s m a ll  ch a n g e s , su c h  as th e  so lv en t  
c o m p o sitio n  in tr isa c e ty la c e to n a to c o b a lt (H I ) 9 a n d  isotop e  
su b stitu tio n  in C o (e n ) 33 + , 5 ca u se  a p p re c ia b le  va ria tio n  in

th e  59C o  c h e m ic a l sh ift . T h e  m a g n itu d e  o f  th e  ch a n ge  o f  
31P  c h e m ic a l sh ift w ith  th e  e n v ir o n m e n t is m u c h  sm a lle r  
b u t ca n  b e  m e a su red  m ore a c c u ra te ly  b e c a u se  31P  is a 
sp in  1 / 2  n u c le u s , a n d  therefore  has m u c h  sh a rp er n m r  
lin es. T h e  ch a n ge  o f  31P  reso n an ce  in p h o sp h a te  a n d  p o ly 
p h o sp h a te  ion s d u e  to  io n -p a ir  fo rm a tio n  w ith  a lk a li m e ta l  
ca tio n s h as b een  re p o rte d .16  T h e  p ro to n  reso n an ce  o f  th e
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lig a n d s  in C o (III)  c o m p le x e s  is a lso  a ffe c te d  b y  th e  fo r m a 
tio n  o f  th e  seco n d  c o o rd in a tio n  sp h ere . H o w e v e r , th e  
c h e m ic a l sh ifts  ch a n g e  a p p re c ia b ly  o n ly  w ith  a c h a n g e  in  
th e  a c id ity  o f  th e  s o lv e n t2 '3 a n d  are n o t su ita b le  for th e  
s tu d y  o f  p h o sp h a te  in  b a sic  m e d iu m . T h e  re so lu tio n  o f  th e  
sp littin g s  d u e  to  in d ire ct s p in -s p in  c o u p lin g  im p ro v e s  in  
th e  p resen ce  o f  p h o s p h a te , 4-6 b u t th e  c h a n g e  is n o t large  
e n o u g h  for q u a n tita tiv e  s tu d y . I t  w as th erefore  ex p ec te d  
th a t  S9C o  a n d  31P  n m r  w o u ld  b e  th e  m o s t  u se fu l tool in  
th e s tu d y  o f th e  ou ter  sph ere c o m p le x  b e tw ee n  C o (e n )33+  
an d  P O 4 3 ” .

E x p e r im e n t a l  S e c t io n

[C o (e n ) 3]C l3 w as p rep ared  b y  sta n d a rd  m e th o d s 17  an d  
re cry sta llized  fro m  aq u eo u s e th a n o l. T é tr a m é th y la m m o 
n iu m  p h o sp h a te  ( T M A P )  sto ck  so lu tio n  w a s p rep a red  b y  
a d d in g  té tr a m é th y la m m o n iu m  h y d ro x id e  to  co n ce n tra te d  
p h o sp h o ric  ac id  u n til a p H  o f  1 3 .5  w a s rea ch ed .

59C o  n m r sp ec tra  w ere ta k e n  on  a V a r ia n  V F -1 6  s p e c 
tro m e te r  a t  8 .0  M H z ,  u sin g  co n c e n tra te d  [ C o ( N H 3 )e ]C l3 

as e x te rn a l s ta n d a rd  in a co a x ia l tu b e . 31P  sp ec tra  w ere  
ta k e n  on a V a r ia n  H A -1 0 0  sp ec tro m e te r  a t  4 0 .4 8  M H z  in  
th e  fie ld -sw e e p  m o d e , w ith  a c a p illa ry  c o n ta in in g  7 5 %  
H 3 P O 4  as an  e x tern a l referen ce. T h e  c h e m ic a l s h ift  o f  
each  s a m p le  w a s d e te r m in e d  from  th e  average  o f  a t  lea st  
four d iffe re n t reco rd in g s. C o rrectio n s in m a g n e tic  su sc e p 

t ib ility  w ere n o t m a d e  b eca u se  th e y  w ere s m a ll  for d ia 
m a g n e tic  so lu tio n s , a n d  w ou ld  be w ith in  th e  e x p e r im e n ta l  
error ( 5 % ) .  A ll m e a su r e m e n ts  w ere m a d e  a t  ro om  te m p e r 
atu re .

R e s u lt s  a n d  D is c u s s io n

T h e  59C o  c h e m ic a l sh ift o f  [C o (e n )3]C l3 in a q u eo u s s o 
lu tio n  m o v e s  u p fie ld  u p on  th e  a d d itio n  o f  T M A P  w hile  
th e p H  w a s k ep t c o n sta n t at 1 3 .5  (F igu re  1 ) . In  th e  a b 
sen ce o f  p h o sp h a te , th e  59C o  c h e m ic a l s h ift  is s lig h tly  d e 
p e n d e n t u p o n  th e  co n ce n tra tio n  o f  th e  c o m p le x , sh ow in g  a 
sm a ll in tera ctio n  b e tw ee n  C o (e n ) 33 + a n d  C l - . T h e  sig n al 
ap p ea rs  a t  a low er fie ld  for a m o re  c o n c e n tra te d  so lu tio n , 
in d ic a tin g  th a t  C l -  a n d  P O 4 3 -  sh ift th e  59C o  reso n an ce  i n  

o p p o site  d ire ctio n s . T h is  w as verified  b y  th e  fa c t  th a t  
ste p w ise  a d d itio n  o f  té tr a m é th y la m m o n iu m  ch lo rid e  
ca u sed  th e  59C o  sig n al to  m o v e  g ra d u a lly  d o w n fie ld , b u t  
m u c h  less p ro n o u n ced  th a n  th e  u p fie ld  s h ift  c a u sed  b y  
T M A P . B e c a u se  o f  th e  c o m p le x ity  o f  th e  ca u se  for 59C o  
s h ifts , 15  w e d o  n o t a t te m p t  to  ra tio n a lize  th e  o p p o site  e f 
fec t o f  ch lorid e a n d  p h o sp h a te  on  th e  d ire ctio n  o f  th e  59C o  
sh ift in C o (e n ) 33 + . A n  a t te m p t  w as m a d e  to  m in im iz e  th e  
ou ter sp h ere  c o m p le x  fo rm a tio n  in  th e  a b sen c e  o f  p h o s 
p h a te  b y  u sin g  th e  p erch lorate  s a lt  in stea d  o f  c h lo rid e ; h o w 
ever, th e p erch lo ra te  is m u c h  less so lu b le , e sp e c ia lly  a t  
h igh  p H  a n d  u p o n  th e  a d d itio n  o f  T M A P . T h e re fo re  th e  
ch lorid e  h a d  to  b e  u sed  a n d  correction s in th e  c a lc u la tio n  
o f  th e  e q u ilib r iu m  q u o tie n t w ere m a d e . T h e  u se  o f  
té tr a m é th y la m m o n iu m  in stea d  o f  a lk a li m e ta l p h o sp h a te  
w ou ld  red u ce  th e  ion p a ir in g  to  a m in im u m  a lth o u g h  not  
c o m p le te ly  e lim in a te  i t .16

A t  p H  > 1 2 .7 ,  p h o sp h a te  ex ists  m a in ly  as an  e q u ilib r i
u m  m ix tu re  b etw een  H P O 4 2 -  a n d  P O 4 3 - . S in c e  H P O 4 2 -  

m a y  h ave  a sm a lle r  e q u ilib r iu m  c o n sta n t for th e  outer  
sph ere c o m p le x  fo rm a tio n  w ith  C o (e n )33 + , it  is ex p ec te d  
th a t th e  59C o  c h e m ic a l sh ift is p H  d e p e n d e n t . T h is  w as  
in d eed  ob serv ed , a n d  th e  d a ta  in  F igu re 2  sh ow  th a t  ra is 
in g  th e  p H  c a u ses  larger u p fie ld  sh ift for th e  59C o  p ea k . A t

Figure 1. 59Co chemical shift of Co(en)33+ from saturated 
[Co(NH3)6]Cl3 as a function of phosphate concentration at pH 
13.5: O, 0.100 M  [Co(en)3]CI3; □ , 0.300 M  [Co(en)3]CI3. The 
solid curves are calculated from K = 12 A4 1.

Figure 2. 59Co chemical shift of a solution with 0.100 M 
[Co(en)3]CI3 and 0.300 M [(CH3)4N]3P04 as a function of pH.

p H  1 3 .5  a n d  2 5 ° , a b o u t 9 3 %  o f p h o sp h a te  p re sen t w ou ld  
b e  in  th e  fo rm  o f  P O 4 3 - . P re cip ita te s  fo rm e d  a t  h ig h er p H ’s .

In  order to  o b ta in  th e  eq u ilib r iu m  q u o tie n t for

C o (e n ) 33+ +  P 0 43 ^  C o ( e n ) s- P 0 4 (1 )

from  th e  59C o  c h e m ic a l sh ift d a ta , th e  fo llo w in g  a s s u m p 
tio n s w ere m a d e : ( 1 ) on ly  a 1 : 1  ou ter sp h ere  c o m p le x  is 
fo rm e d ; (2 )  if  th e  d iffe re n t co n fo rm ers o f  C o (e n ) 33 + d o  n o t  
h ave  th e  sa m e  e q u ilib r iu m  c o n sta n t, th e  o b serv ed  v a lu e  
sh o u ld  be a w eig h te d  average b e tw ee n  all sp e c ie s ; (3 )  th e  
e q u ilib r iu m  q u o tie n t is exp ressed  in te rm s o f  c o n c e n tr a 
tio n s in stea d  o f  a c tiv itie s  a n d  is a p p lic a b le  o n ly  in a sm a ll  
range o f  ion ic s tr e n g th ; (4 ) a t  p H  1 3 .5  o n ly  e q u ilib r iu m  1 
is co n sid ered ; (5 )  th e  e ffec t o f  ch lorid e  is c o n sta n t a t  all 
p h o sp h a te  c o n c e n tra tio n s . D a ta  fro m  w orks on  circu lar  d i-  
c h ro ism 1 0 ’1 1  h a v e  d e m o n str a te d  th a t  for C o (e n ) 33 + an d  
p h o sp h a te  (b u t  n o t a ll a n io n s) th e  fo r m a tio n  o f  ou ter  
sph ere c o m p le x  is n o t im p o r ta n t b e y o n d  th e  ion  ratios  
1 :1 .  A s s u m p tio n s  4 a n d  5 are ce rta in ly  in a c c u ra te  b u t  th e  
resu ltin g  errors are p ro b a b ly  no larger th a n  th e  u n c e r ta in 
ty  in th e  c h e m ic a l s h ift  d a ta  ( ± 5 % ) .  A t  p H  1 3 .5  a n d  2 5 ° ,  
a b o u t 7 %  o f  th e  p h o sp h a te  p resen t is in  th e  fo rm  o f  
H P O 4 2 - , th e  e q u ilib r iu m  c o n sta n t o f  w h ich  d iffers  fro m  
th a t o f  P O 4 3 - ; h ow ever, th e  ex isten c e  o f  a b o u t  7 %  o f

(17) J. B. Work, Inorg. Syn., 2, 221 (1946).
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TABLE I: Comparison of the Observed and the Calculated 
59Co Chemical Shifts (ppm)

PO43 cone, M
0 .1 0 0 /WCo(en)33+ 0.300 M Co(en)33+

Exptl Calcd Exptl Calcd

0 .05 0 1129 1125 1106 1109
0 .1 0 0 1146 1152 1125 1 1 2 2

0.2 00 1176 1172 1149 1143
0 .3 0 0 1189 1182 1160 1159
0 .4 0 0 1192 1188 1169 1170
0 .5 0 0 1192 1192 1174 1177
0 .6 0 0 1198 1195 1185 1182
0 .70 0 1196 1197 1186

H P O 42 -  d oes n o t in trod u ce a large error in th e  eq u ilib r i-
u m  c o n sta n t b e c a u se  th e  p H  d ep e n d e n c e  o f th e  59C o  sh ift

is less  p ro n o u n ced  w h en  th e  p H  a p p ro a ch e s 14 (F igu re  2 ) . 
T h e  la st a ssu m p tio n  lea d s to  a correction  in th e  c h e m ic a l  
sh ift w h ich  w ill be  d isc u sse d  later .

I f  C is th e  in it ia l c o n c e n tra tio n  o f  C o (e n ) 33 + , A is th e  
in itia l co n ce n tra tio n  o f  p h o sp h a te , a n d  x is th e  c o n c e n tr a 
tion  o f the ou ter sp h ere  c o m p le x  fo rm e d , th e n  th e  e q u ilib 
riu m  q u o tie n t o f  1 is

K =  [ C o ( e n ) 3- P 0 4] / [ C o ( e n ) 33+ ] , '[ P 0 43- ]  =
x I (C -  x)( A -  x) (2 )

T h e  ob served  * 59C o  c h e m ic a l sh ift (50) is a w eig h te d  a v er
age o f th e sh ift for th e  first c o o rd in a tio n  c o m p le x  ( 6 f ) an d  
the sh ift for th e ou ter  sp h ere  c o m p le x  (o s)

60 = ^ 6 f + ^ 6 s (3 )

E q u a tio n  3 ca n  be rew ritten  in a s im p le r  form

<V  =  (x/C)5s' (4 )

w here 80r =  5 0 -  5 f a n d  5S' =  5S -  <5f . B y  e lim in a tin g  x 
fro m  (2) a n d  (4) w e o b ta in

is__________________
C<50'2 +  A<5/2 -  {A +  C)80'8S' y ’

A s  a first a p p ro x im a tio n , th e  59C o  c h e m ic a l sh ift  in the  
ab sen c e  o f  p h o sp h a te  ca n  be ta k e n  as 8, a n d  th e  a s y m p 
to tic  sh ift a t  v ery  large p h o sp h a te  co n ce n tra tio n  ca n  be  
ta k en  as 8S. T h e n , K  for e a ch  m e a su red  v a lu e  o f 8„ ca n  be  
ca lc u la te d  from  (5 ) . T h e  a v erag e  v a lu e  o f  K  w as s u b s e 
q u e n tly  u sed  to  re c a lc u la te  th e  c h e m ic a l sh ifts  fro m  ( 2 ) 
and (3 ) , a n d  w as th e n  va ried  s lig h tly  to  o b ta in  th e b e st fit  
w ith  th e  e x p e r im e n ta l d a ta . T h e  e q u ilib r iu m  c o n sta n t o b 
ta in e d  for ( 1 ) is K  = 1 2 .0  ±  2 . 0  M _ 1  a n d  th e  c a lc u la te d  
c h e m ic a l sh ifts  are liste d  in T a b le  I a n d  sh ow n  as th e  
sm o o th  cu rves in F igu re  1 . T h e  fa ir ly  large lim its  o f  error 
are se t to  a llow  for th e  ch a n ge  in ionic stren g th , as d is 
cu ssed  later . In th e  a b sen c e  o f  o th er in tera c tio n s , 5S' (th e  
sh ift b e tw ee n  th e  first sp h ere  a n d  th e  seco n d  sp h ere  c o m 
p lex es) sh o u ld  be c o n sta n t. H o w e v e r, th e  e ffe c t o f  ch lorid e  
ca n n o t be n e g le c te d , as d isc u sse d  a b o v e . T h e  correction  
a p p ea rs in th e  v a lu e  o f  5S' ,  th e  b e st fit o f  w h ich  w as 97  ±  
3 p p m  for 0 .1 0 0  M  C o (e n ) 33 + a n d  107 ±  3 p p m  for 0 .3 0 0  
M  C o (e n ) 33 + .

T o  verify  th e  e q u ilib r iu m  q u o tie n t o b ta in e d  w e h ave  
also  s tu d ie d  th e 31P  c h e m ic a l sh ifts  o f  p h o sp h a te  so lu tio n s  
w ith  c o n sta n t p h o sp h a te  co n c e n tra tio n  a n d  p H . T h e  a d d i

tio n  o f C o (e n )33 + ca u ses  th e  31P  p e a k  to  m o v e  d o w n fie ld  
(F igu re 3 ) , w h ich  is s im ila r  to  th e  e ffe c t o f  a lk a li m e ta l  
ions. S in c e  th e  o b serv e d  31P  reso n an ce  is a w eig h te d  aver-

Figure 3. 31P chemical shift of phosphate from 75% H3 PO4 as a 
function of [Co(en)3]CI3 concentration at pH 13.5: O, 0.100 M 
[(CH3)4N]3P04; □ . 0.300 M  [(CH3)4N]3 P0 4 . The solid curves 
are calculated from K =  12 M~ T.

TABLE II: Comparison of the Observed and the Calculated 
31P Chemical Shifts (ppm)

0.100 /WPO43-  0.300 M P 043“

Co(en)33+ cone, M Exptl Calcd Exptl Calcd

0 .12 5 - 5 .88 - 5 . 9 0 - 5 . 6 0 - 5 . 6 2
0 .2 5 0 - 6 . 2 8 - 6 . 2 9 - 6 . 0 8 - 6 . 0 8
0 .5 0 0 - 6 .5 1 - 6 . 5 9 - 6 . 5 4 - 6 . 5 6
0 .7 5 0 - 6 . 6 6 - 6 . 6 8 - 6 .7 1 - 6 . 7 4
1 .000 - 6 . 8 6 - 6 . 7 4 - 6 . 7 6 - 6 . 8 3

age b etw een  all p h o sp h a te  io n s, th e  low erin g  o f  p H  cau ses  
th e  p ea k  to  sh ift u p h e ld  regard less o f  th e  e x isten c e  o f  
ou ter sp h ere c o m p le x . T h e  31P  c h e m ic a l s h ift  ca n  be c a l
c u la te d  fro m  (2) a n d  (3 ) e x c e p t th a t  C is re p la c e d  b y  A in
(3 ) . U s in g  th e  v a lu e  o f K = 12 M~x d e te r m in e d  fro m  the
59C o  d a ta , th e  31P  c h e m ic a l sh ifts  w ere c a lc u la te d  an d  
sh ow n  in T a b le  II an d  as th e  sm o o th  cu rv es  in F igu re 3. 
S in ce  th e  e ffe c t o f  th e  b u lk y  te tr a m e th y la m m o n iu m  ion is 
sm a ll, w e fo u n d  th a t  5S' h as th e  sa m e  v a lu e  o f  1 .9 8  p p m  
for b o th  0 .1 0 0  a n d  0 .3 0 0  M  p h o sp h a te .

S u d m e ie r  a n d  cow orkers h av e  sh ow n  th a t th e  reso lu tion  
o f  th e  p ro ton  reso n a n ce  o f th e  C H 2 group  in C o (e n )33 + 
im p ro v es  m a rk e d ly  u p o n  th e  a d d itio n  o f  p o ta ss iu m  p h o s 
p h a te .4 5  W e  h av e  te s te d  th e  p H  d ep e n d e n c e  o f th e  C H 2 

a b so rp tio n  an d  fo u n d  th a t th e  reso lu tio n  a t 100  M H z  for a 
D 2O  so lu tio n  w ith  0 .1 0 0  M  C o (e n ) 33 + a n d  0 .3 0 0  M  p h o s 
p h a te  d id  n o t c h a n g e  s ig n ific a n tly  w h en  th e  p H  o f  th e so 
lu tio n  ch a n ged  fro m  1 2 .0  to  1 3 .5 . T h e re fo re , p ro ton  reso
n an ce  is n o t se n sitiv e  e n o u g h  for q u a n tita tiv e  m e a su r e 
m e n t o f  th e  e q u ilib r iu m  b e tw ee n  C o (e n )33+  a n d  P O 43 “ .

A n  a t te m p t w a s m a d e  to  s tu d y  th e  e q u ilib r iu m  b e tw ee n  
C o ( N H ) 63 +  an d  P 0 43 - . H o w e v e r , h e x a m in e c o b a lt(III )  
sa lts  are n o t very  so lu b le  a n d  th e  p h o sp h a te  rea d ily  
p re c ip ita te s . T h e re fo re  q u a n tita tiv e  m e a su r e m e n ts  cou ld  
n o t b e  m a d e .

T h e  sh o rtc o m in g  o f  th e  n m r  m e th o d  in d e te r m in in g  the  
e q u ilib r iu m  c o n sta n t is th a t  a series o f  so lu tio n s  o f  re la 
tiv e ly  h igh  ionic stren g th s (¿¿) m u s t  b e  u se d . In  our w ork  
|p /2 va ries fro m  0 .3 2  to  2 .8 , an d  it  is for th is  reason  we  
m u st rep ort an  e q u ilib r iu m  q u o tie n t in stea d  o f  a tru e c o n 
s ta n t. A s  a m a tte r  o f  fa c t , P o se y  a n d  T a u b e 13  sh ow ed  th a t  
th e  eq u ilib r iu m  q u o tie n ts  for th e  ou ter  sp h ere  c o m p le x e s
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o f [C o ( N H s ) 6]3+  a n d  [ C o ( N H 3 )5H 2 0 ]3+ w ith  S 0 42 -  are 
d e p e n d e n t u p on  p1/2. T h e y  b e c o m e  q u ite  large in d ilu te  
so lu tio n s , b u t  th e ir  ch a n ges at h ig h  ion ic stren g th s are 
m u c h  less . T h e  eq u ilib r iu m  q u o tie n t for [ C o ( N H 3 )s -  
H 20 ] 3+ w ith  S 0 42 ^ is 1 0 . 1  at fi = 1 .0 5  a n d  2 5 ° , a n d  th e  
v a lu e  for [ C o ( N H 3 )e]3+  is s im ila r . E v a n s  an d  N a n c o d a s  
rep orted  th a t  th e  e q u ilib r iu m  q u o tie n ts  for th e  outer  
sp h ere  c o m p le x e s  b e tw ee n  [C o (e n )3 ]3 +  a n d  h a lid e s  a t  g =  
0 .3 0  are o f  th e  order o f  1 0 -2 0 ,  a n d  w o u ld  b e  sm a lle r  a t  
higher ion ic stren g th s . O u r m e a su r e m e n ts  w ere lim ited  to  
so lu tion s o f  m o d e r a te ly  h igh  co n c e n tra tio n s . It w as d iff i 
cu lt to  k eep  th e ion ic stren g th  c o n sta n t b e c a u se  o f lim ite d  
so lu b ility  for p erch lo ra te  in th e  p resen ce  o f  [C O (e n )s ]3 +  , 
an d  th e  use o f  oth er sa lts  for th e  a d ju s tm e n t o f  ionic  
stren g th s are n o t s u ita b le . P o se y  a n d  T a u b e  sh ow ed  tiia t  
a t h igh er c o n c e n tra tio n s  th e  c h a n g e  o f  th e  eq u ilib r iu m  
q u o tie n t w ith  g1/2 is n o t large . M o re o v e r , in  our resu lts  
the e ffec t o f  ch lo rid e  on  th e  59C o  c h e m ic a l sh ift is re fle c t

ed  b y  th e  d ifferen ce  in 8S' in  eq  5 , a n d  5S'  for 31P  is n o t a f 
fec ted  b y  th e  co n c e n tra tio n  o f té tr a m é th y la m m o n iu m

p h o sp h a te . In fa c t , th e  re a so n a b le  a g reem en t b e tw ee n  th e  
e x p e r im e n ta l re su lts  a n d  th e  d a ta  c a lc u la te d  fro m  a sin g le  
eq u ilib r iu m  q u o tie n t for b o th  th e  59C o  a n d  31P  reson an ce  
a t d iffe re n t co n cen tra tio n s in d ic a te s  th e  v a lid ity  o f our a s 
s u m p tio n s . T h e  v a ria tio n  o f  th e  e q u ilib r iu m  q u o tie n t  w ith  
th e  ionic s tren g th  stu d ie d  is lik e ly  to  b e  w ith in  th e  error 
l im its 13  a llow ed  for th e  c a lc u la te d  v a lu e  1 2 .0  ±  2 .0  M - 1, 
an d  th e  v a lu e  o f  1 2 . 0  ca n  b e  regard ed  as a m e d ia n  on e a t  
H arou n d  u n ity . T h e  fa c t  th a t  K ~  12 M _ 1  im p lie s  th a t  
th e  outer sp h ere  c o m p le x  b etw een  C o (e n ) 33+  a n d  PO4 3- 
is a w eak  on e  a t  m o d e ra te  io n ic  stren g th s . T h e  in tera ctio n  
is p ro b a b ly  e le c tro sta tic  in  n atu re  b u t m a y  a lso  in volve  
h yd rogen  b o n d in g  b etw een  th e  N H  p ro to n  a n d  o x y g en . 
T h e  p H  d ep e n d e n c e  o f  th e  59C o  sh ift a n d  th e  m u c h  s m a ll 

er e ffec t o f  C l -  co m p a re d  to  an e q u a l a m o u n t o f  PO4 3-  
are co n siste n t w ith  b o th  k in d s o f in tera ctio n .
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T h e  m a g n e siu m  c h lo r a te -w a te r  sy s te m  h a s b een  in v e stig a te d  b y  R a m a n  sp ec tro sco p y . S p e c tra  o f  so lid s  
from  th e  an h y d ro u s s a lt  th ro u g h  to  th e  c ry sta llin e  h e x a h y d ra te  are c o m p a re d  w ith  sp ec tra  o b ta in e d  fro m  
s im p le  a q u eo u s so lu tio n s  o f  M g f C lO s h  over th e  co n c e n tra tio n  range from  d ilu te  to  sa tu ra te d  so lu tio n  
and th ro u g h  a , series o f  m o lte n  sa lt  h y d ra te s  to  th e  c o m p o sitio n  M g ( C 1 0 3 )2 -2 .8 H 20 .  T h e  so lu tio n  a n d  
m e lt  d a ta  h a v e  b e e n  a n a ly z e d  in th ree  m a in  c o m p o sitio n  reg ion s: d ilu te  so lu tio n  to  h e x a h y d ra te ; h e x a h y 
d ra te  to  te tr a h y d r a te ; an d  th e  region  o f  low er h y d ra tio n  n u m b e r s . P ertu rb a tio n s  o f  th e  s im p le  Czv C 1 0 3 -  
ion sp e c tru m  are in terp reted  as arisin g  fro m  h yd rogen  b o n d in g  w ith  w ater in th e  first so lu tio n  reg ion ; 
fro m  fo rm a tio n  o f  M g 2 + - C 1 0 3 ~ c o n ta c t ion  p airs in th e  in term ed ia te  region , w ith  c o n tin u in g  C 1 0 3 _ - H 20  

in tera c tio n s ; a n d , in  p a rt, fro m  m ore e x te n siv e  q u a sila tt ic e  in tera c tio n s in  th e  fin a l region  o f  lo w est w ater  
co n te n t.

I n tr o d u c t io n

It  is w ell e sta b lish e d  th a t  R a m a n  sp ec tro sco p ic  s tu d .e s  
ca n  p ro vid e  s ig n ific a n t s tru c tu ra l in fo rm a tio n  on  aq u eo u s  
electro ly te  so lu tio n s an d  on  m o lte n  s a lt s .1 In  p a rticu la r , 
m u c h  u se  h as b e e n  m a d e  o f  th e  c h a ra cte ristics  o f  o x y -  
a n ion  sp ec tra  a n d  th e ir  se n sitiv ity  to  ch a n g in g  e n v iro n 
m e n t in th e  liq u id  s ta te  for th e  p u rp ose  o f  p ro b in g  s tru c 
tu ral re la tio n sh ip s  th a t  e x is t  in  co n c e n tra te d  a q u eo u s  s o 
lu tio n s a n d  m o lte n  sa lts . S p e c tro sc o p ic  criteria  for d is t in 
g u ish in g  b e tw ee n  th e  fo rm a tio n  o f  d irect , or c o n ta c t , ion  
p a irs  a n d  so lv e n t-se p a ra te d  ion  p airs h av e  b een  e s ta b 
lish ed  w ith  m e ta l  n itra te  so lu tio n s ,2 3 a n d  it w as on e o f  
th e  p u rp o se s  o f  th e  p re sen t w ork  to  d eterm in e  th e  e x te n t  
to  w h ich  s im ila r  e ffe c ts  cou ld  be o b served  w ith  C 1 0 3 ~ as  
th e  str u c tu ra l “ p r o b e .”

P rev io u s w ork  b y  O liv e r  a n d  J a n z 4 h as sh ow n  th e  C 1C>3 _  
ion sp e c tru m  to  b e  se n sitiv e  to  th e  n a tu re  o f  ion  h y d ra tio n  
a n d  in terion ic  in tera c tio n s  in th e  L iC 1 0 3 - H 2 0  sy s te m .

T h e  s u ita b ility  o f  th e  m a g n e siu m  s a lt  for th e  p u rp ose  at  
h a n d  w as su g g e ste d  b y  th e  recen t d eta ile d  s tu d y  b y  P e le g 5 

o f  th e  co rresp o n d in g  n itrate  sy s te m  w here fo rm a tio n  o f  
c o n ta c t ion  pairs w as in d ic a te d  o n ly  on  re d u c tio n  o f  th e  
w ater c o n te n t to  b e lo w  th a t  o f  th e  h e x a h y d ra te , a n d  b y  
th e  h igh  a q u eo u s s o lu b ility  o f  m a g n e s iu m  c h lo ra te . B o th  
H 20  a n d  th e  M g 2 + ion are k n ow n  to  in tera c t m o re  s tr o n g 
ly  w ith  O  th a n  w ith  C l a to m s , so  th a t  it c o u ld  be a n t ic i
p a te d  th a t  a n y  su ch  a sy m m e tr ic  in tera c tio n s w ith  C 1 0 3 -  
w o u ld  lea d  to  loss o f  d eg en e ra cy  o f  th e  E  ty p e  v ib ra tio n a l  
m o d e s  o f  th is  ion , th u s  p ro v id in g  a se n sitiv e  in d ic a tio n  o f  
lo c a l stru ctu re  in th e  liq u id .

(1) R. E. Hester, Annu. R ep . C hem . S o c .. 6, 79 (1970).
(2) D. E. Irish and A. R. Davis, Can. J. C h em .. 46, 943 (1968).
(3) D. E. Irish, A. R. Davis, and R. A. Plane, J. C hem . P h ys.. 50, 2262 

(1969).
(4) B. G. Oliver and G. J. Janz, J. Phys. C h em .. 75, 2948 (1971).
(5) M. Peleg, J. Phys. C h em .. 76, 1019 (1972).
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Figure 1. Raman spectra of molten hydrates and solutions of 
composition MgCI03-xH20  using vertically polarized light.

Experimental Section
Raman spectra were recorded on an instrument com

prising a Hilger and Watts D330/331 double monochroma
tor and a Brookdeal ac amplification/phase-sensitive de
tection system tuned to 800 Hz, the frequency at which a 
Coherent Radiation Model 52A argon ion laser beam (used 
at 5145 A) was chopped. Right angle scattering was used 
throughout. The system was calibrated with hexane and 
the curve-resolved band positions are believed to be accu
rate to ±5 cm-1. The sample holder and furnace have 
been described elsewhere.6 The temperatures required to 
melt the range of hydrates studied varied from ambient 
for the higher hydrates and solutions to 120° for Mg(C103)2- 
2.8H20. This composition was found to be the limit 
of the stable melt range; at lower water contents the salts 
decomposed on heating without melting.

Reagent grade Mg(C103)2-6H20 (BDH) was used with
out further purification. Anhydrous Mg(ClC>3)2 was pre
pared from this by heating in a vacuum oven at 100° for 
72 hr. The various hydrates were then prepared by addi
tion of calculated amounts of water to the anhydrous salt. 
Magnesium chlorate was always handled in a drybag as it 
is extremely hygroscopic. Compositions were checked by 
analysis for Mg2+ (EDTA), CIO3 (iodimetry), and H20 
(nmr and elemental analysis on a Perkin-Elmer Model 240 
CHN analyzer).

Raman spectra of the solid hydrates were obtained by 
allowing an anhydrous sample to pick up water slowly 
from the atmosphere, spectra being obtained at the begin
ning and at intervals during the hydration to the hexahy- 
drate.

Considerable band overlap was found to be a character
istic of all the spectra obtained, so that it was necessary 
to adopt standard curve-resolving procedures to facilitate 
analysis of the spectra. A Du Pont Model 310 curve re
solver was used for this purpose, with care being taken to 
avoid generating more bands than were needed to give a 
close fit to the experimental profiles. A 50/50 Gaussian/ 
Lorentzian product function gave a fit with a physically

Figure 2. High-frequency region of the Raman spectra of molten 
hydrates and solutions of composition MgCI03-xH20  using hori
zontally polarized light.

reasonable number of bands, the residuals in all cases 
being less than 10% of the total band area. Greatest diffi
culty was encountered in curve fitting in the wings of 
sharp bands, and the procedure was adopted of accumu
lating the errors in curve fitting to a single residual as 
shown in Figures 3 and 4 by a broken line. No physical 
significance is to be attached to these residuals.

In order to test the ability of a simple polarization per
turbation model to predict changes in the C103-  ion spec
trum, due to association with Mg2+ or H20, calculations 
were made of the effects of adjusting Cl-0 bond force con
stants such that as one decreased the other two increased 
so as to maintain a constant sum of the three. This polar
ization simulation was performed in a manner analogous 
to earlier work with other oxyanions.7-8

Results
Raman spectra of the molten hydrates and aqueous so

lutions of Mg(C103)2, obtained with parallel plane polar
ized laser light, are shown in Figure 1. Figure 2 shows the 
high-frequency region using perpendicular plane polarized 
light which, due to the polarized nature of the lowest fre
quency component, renders the multiplet structure more 
readily resolvable. Typical results of the curve resolution 
procedure are shown in Figures 3 and 4, taken from three 
different composition regions. The experimentally ob
served variation of band frequencies with composition is 
shown graphically in Figure 5, water content of the system 
being expressed as percentage by weight in order to show 
detail in the low water content region. The measured 
frequencies are listed in Table I.
(6) J. H. R. Clarke and R. E. Hester, J. C h em . Phys.. 50, 3106 (1969).
(7) H. Brintzinger and R. E. Hester, Inorg. C h em .. 5, 980 (1966).
(8) R. E. Hester and W. E. L. Grossman, Inorg. C h em .. 5, 1308 (1966).
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Figure 5. The experimentally observed variation of band frequen- 
Figure 3. Typical curve resolution results on three Raman spectra Cjes wj(h percentage by weight of water content of MgCI03-xH20 .
of Figure 1 taken from three different composition regions, The three composition regions A, B, and C are indicated.
MgCI03-xH20.

Figure 4. Typical curve resolution results on three Raman spectra 
of Figure 2 taken from three different composition regions, 
MgCI03-xH20

In a separate series o f  exp erim en ts w ith  several o f  t i e  
system s o f  d ifferen t com p osition  the e ffects  o f  varying 
tem perature over the range 20-120° were exam ined . W ith 
in the lim its o f  u ncerta in ty  in volved  in  the curve resolu 
tion  procedu re , the tem perature effects  were fou n d  to  be 
in sign ifican t th rou ghou t.

T h e  series o f  R am an  spectra  o f  solids, from  anhydrous 
M g (C 1 0 3)2 th rough  to  M g (C 1 0 3 )2 -6H 20 , are show n in 
Figure 6. T a b le  II lists the observed  frequen cies o f  the an 
hydrous solid  and  the hexahydrate.

TABLE I: Observed Raman Frequencies of Molten 
Mg (CI03)2 • xH20

Frequencies, cm-

200 475 608 930 961 996
100 474 606 929 963 1000

50 476 608 930 965 998
20 477 607 930 962 994

9.8 474 605 930 968 997
8.1 476 607 932 964 1002
6.0 473 604 928 965 1012
4.6 467 484 605 930 967 1017
4.4 467 487 608 932 986 1022
4.0 474 495 616 946 1009 1044
3.8 474 493 614 941 995 1039
3.2 473 489 603 947 999 1041
2.8 474 496 612 949 1015 1052

Figure 7 show s the results o f  the C 1 0 3_ ion  polariza tion
ca lcu la tion s d escribed  in the previous section , w ith  the
various b a n d  frequen cies be in g  p lo tted  as a fu n ction  o f  the 
p o lariza tion  d istortion  o f  the C l - 0  b on d  force  constants, 
AF.

Discussion
T h e  u npertu rbed  C 1 0 3~ ion belongs to  the C s v sy m m e

try p o in t group  and has a v ibra tiona l representation  I' = 
2 A i +  2E, g iv ing  rise to  four fun dam en ta l m od es, all o f  
w hich  are active  in both  R am an  and in frared spectra . O ur 
previous w ork9 estab lish ed  the full v ib ra tion a l assignm ent 
and  force  con stants  for C 103 - .

It is con ven ien t to  con sider the d ata  ob ta in ed  in the fo l
low ing three com p osition  regions: (A ) d ilu te  M g (C 1 0 3)2 
solu tion  in  w ater to  the m olten  sa lt hydrate  o f  c o m p o s i
tion  M g (C 1 0 3)2 -6 H 2 0 ; (B ) liqu ids M g (C 1 0 3)2 -6 H 2 0  to  
M g (C 1 0 3)2-4 H 20 ;  (C ) liqu ids M g (C 1 0 3)2 -4H 20  to
M g (C 1 0 3)2 -2 .8 H 20 .  A lthou gh  the full liqu id  com p osition  
range exam ined  was a tta inab le  on ly  b y  varying te m p e ra 
ture over the range from  room  tem perature to  120°, it  has 
been  estab lish ed  th at the spectra  u nder d iscu ssion  are es
sentia lly  invariant over th is range. T h e  trends in  th e d ata  
presented  in T a b le  I and Figure 5 therefore  reflect the 
changing structural features o f  the liqu ids th rou gh  the d if-
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Figure 6. Series of Raman spectra of solids from anhydrous 
MgCI03 to MgCI03-6H20.

TABLE II: Observed Raman Frequencies of Solid Anhydrous 
Mg(CI03)2 and Mg(CI03)2 • 6H20

Frequencies, cm

Mg(CI03)2-6H20  470 494 600 935 970
Mg(CI03)2 485 660 949 (sh) 966 1054

ferent composition regions. Although no sharp divisions 
exist between the regions A, B, and C, there are sufficient 
differences in the overall patterns of the spectra to justify 
separate consideration of these regions.

Throughout region A the Raman band frequencies re
main essentially constant and may be assigned to internal 
modes of the C103 ion as follows9
475 cm-1 *4(E) asymmetric O—Cl—O deformation
605 cm-1 F2(Ai) symmetric 0-C1-0 deformation
930 cm-1 fi(Ai ) symmetric Cl-0 stretch
965 cm-1 L3a(E) asymmetric Cl-0 stretch
997 cm-1 v3b(E) asymmetric Cl-0 stretch
This assignment is based on the Csv model, but is modi-
fied in recognition of the observed vs band splitting to 
cover the evident loss of degeneracy from this E mode. By 
analogy with the nitrate analyses of Devlin and cowork
ers,10-11 this vs splitting might be attributed to LO-TO 
phonons in a liquid quasilattice, although this interpreta
tion might more appropriately be applied to the most con
centrated systems. Alternatively, a perturbation of C103_ 
arising from a specific interaction with water molecules 
may be invoked. Throughout composition region A the 
chlorate ions may be assumed to have a water environ
ment, and the invariance of the spectra through this re
gion implies that the C103 ion probe is insufficiently

Figure 7. A plot of calculated frequencies against polarization 
distortion AF  for the CI03~ ion.

sensitive to distinguish “ free” water environment from the 
cation hydration water environment which must exist at 
the upper concentration limit of this region. That this 
j>3(E) band splitting is the most sensitive spectroscopic 
feature available is apparent from the results presented 
here, and also is consistent with expectations based on ion 
polarization force constant calculations (Figure 7) of the 
type which have proved useful in analyses of nitrate spec
tra.78 In region A it is not proposed that Mg2+ ions are 
effective in polarizing C103 , but that the dipolar H20 
molecule, either electrostatically or through hydrogen 
bonding, could have a similar, but weaker, effect.

Our composition region B corresponds with what 
Braunstein12 has called “ hydrate melts,” and it is useful 
to examine spectral data for this region for evidence of the 
coexistence of various hydrated magnesium ions, ranging 
from Mg(H20)62+ to Mg(H20)42+, the C103~ ions oc
cupying outersphere sites around the metal ions. In this 
region we note (Table I and Figure 5) the onset of a dis
tinct upward trend in the frequencies of the split ¡^(E) 
band components, while vi remains essentially constant 
and V4 also splits into two components. This latter split
ting is substantial, reaching ca. 20 cm-1, necessitating 
more than 2 mdyn A -1 change in the relative values of 
the Cl-0 bonds if the C103 ion polarization model is to 
explain the effect (see Figure 7). This change is unreason
ably large, implying a corresponding ca. 50% change in 
the Cl-0 bond order. The model predictions also fail to 
reproduce the behavior of vi (compare Figures 5 and 7). 
Analogous splitting of the V4 deformation band of N03 in 
concentrated aqueous solutions has been interpreted as 
indicative of formation of contact ion pairs.2'3 However, 
although the loss of H20  from Mg(H20)62+ does leave in-

(9) D. J. Gardiner, R. B. Girling, and R. E. Hester, J. M ol. S truct.. 13, 
105 (1972).

(10) J. P. Devlin, D. W. James, and R. Freeh, J. C h em . P hys.. 53, 4394 
(1970).

(11) J. P. Devlin, P. C. Li, and G. Pollard, J. C h em . P hys.. 52, 2267 
(1970).

("2) J. Braunstein, Ion ic In tera ction s. 1, 179 (1971).
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nersphere coordination sites available for CIO3-  ion occu
pancy, it seems likely that interactions between H2O and 
CIO3" simultaneously coordinated to Mg2+ are responsi
ble for differences observed between nitrate and chlorate 
systems. In composition region B we propose the forma
tion of mixed aquo chlorate complexes with ligand inter
actions, which may be represented in the following sche
matic way, to account for the observed spectra.

H \  A .
O'

I
i 0

IE Cl
' " O ' '  x o

Plots were made of trends in intensities and half-widths of 
bands in region B. However, these were largely unsuccess
ful due to the accummulation of errors in the curve reso
lution procedures and no structural conclusions were 
made on the basis of these data.

In the concentration region C, extending from Mg- 
(C103)2-4H20 to Mg(C103)2-2.8H20 , the several changes 
in the spectral features recorded for region B are seen to be 
further extended (Table I and Figure 5). The splitting of 
the two components of ¡/3(E) does not vary significantly 
from 40 cm 1 throughout the region, but the upward 
trend in the frequencies of both components is more 
marked. Unless an increased Cl-0 bond order is proposed, 
this upward trend implies an external restriction on Cl-0 
bond stretching, which also is reflected in the upward 
trend of the ¡'i(Ai) frequency through this region C. In the 
molecular deformation region, however, the changes are 
smaller. c2(Ai ) remains virtually constant, while the com
ponents of j<4(E) remain separated by ca. 20 cm-1, both 
shifting to slightly higher frequencies than observed for 
region B. This behavior is in general accord with the pre
dictions of the polarization calculations (Figure 7), with 
the notable exception of the ¡/i(Ai) frequency. More ex
tensive interactions between Mg2+-H20 -C 103 mixed li
gand complexes are probable in this region, the order and 
cohesion of the liquid quasilattice so formed being due in 
part to intermolecular H bonding between mixed H20 _ 
CIO3-  complexes of magnesium, viz.

H 0

M g -------0 — H ------------- 0 — C l— 0 _____M g

The general broadening of the bands in the low water re
gion C (Figures 3 and 4) could be interpreted in terms of 
disorder in the extended quasilattice. In this situation 
Devlin’s TO-LO component interpretation of the ¡^(E) 
mode splitting may be applicable. Alternatively, an inter
pretation in terms of a multispecies equilibrium, involving 
species of which the ion pair is merely one simple form,

might be entertained. Attributing the band at 930 cm 1 
to the essentially “ free” C1C>3_ species, the broadening 
and shift to higher frequencies observed with increasing salt 
concentration may be attributed to the growth of a band 
(bands) at ca. 945 cm-1 characteristic of ion-pair or ion- 
cluster species.

The solid-state spectra, given in Figure 6, may profit
ably be compared with those obtained from the liquids of 
corresponding composition in regions B and C (molten 
salt hydrates). There are clearly marked differences be
tween the two states throughout the composition range, 
perhaps the most significant being the apparent lack of 
splitting of the C103-  »3(E) band, which occurs at 970 
cm-1 in the solid hexahydrate. The corresponding band in 
the anhydrous salt occurs at 1054 cm-1. This lack of split
ting may be used as evidence of symmetric CIO3' in the 
anhydrous solid lattice, but the splitting of ¡/4(E) in the 
solid hexahydrate excludes this conclusion in this case. 
The high-frequency shifts noted in the liquid spectra as 
water was removed also are apparent in the solid spectra, 
though in the solids i/2(Ai ) also is strongly affected by de
hydration. Spectra of solids of intermediate composition 
appear in the main to be weighted superpositions of the 
hexahydrate and anhydrous salt spectra, though addition
al features in the regions 900-930 and ca. 630 cm-1 are 
apparent in some of the traces and perhaps arise from dis
tinct hydrate species containing fewer than six H20. How
ever, the situation is still more complex for the liquids. 
The shoulder at 949 cm 1 in the spectrum of the anhy
drous solid may be assigned to a 37C1 isctope component, 
by comparison with KCIO3 spectra,13 though the absence 
of this feature from anhydrous LiClOa spectra14 suggests 
an alternative assignment, perhaps in terms of factor 
group splittings which are absent from the LiClOs case.

In conclusion, these results favor the following structur
al features for the Mg(C103)2-H20 systems. With excess 
water, the Mg2+ ions are fully hydrated and exert little 
influence on the spectrum (molecular symmetry and elec
tronic distribution) of C103- . C103-  is, however, per
turbed by interaction with H20, either in bulk water or in 
the Mg2+ hydration sheaths. At water levels less than the 
hexahydrate CIO3 occupies innersphere, or contact, coor
dination sites around Mg2+, thereby undergoing polariza
tion distortion in addition to local interactions with hy
drate water molecules. There is no evidence for discrete 
Mg(H20 )„2+ species with n < 6, but extended lattice-like 
interactions appear likely in melts of low water content.

Acknowledgment. We thank Dr. A. Covington of 
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curve resolver.
(13) J. B. Bates, J. C h em . P hys.. 55,494 (1971).
(14) We thank a reviewer for this datum.
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The N-H stretching vibrations of lactams with ring sizes greater than seven (n = 7) have been studied in 
the fundamental infrared region in benzene, carbon disulfide, carbon tetrachloride, and other halocarbon 
solvents. Doubling of the N-H absorptions, which was observed in all the weakly interacting solvents, was 
interpreted as being due to the existence of two preferred conformations, both of which interact with sol
vent. Temperature and solvent composition had little effect on the percentages of the conformers.

Introduction
Lactams of varying sizes have oeen useful as models for 

studying properties of peptide linkages, particularly with 
regards to the properties of cis and trans isomers.1' 5 Ring 
sizes (n) less than 9 have a cis peptide linkage and those 
greater than 9 have a trans peptide linkage with the n = 9 
lactam being a mixture of cis and trans forms.6'7 These 
forms are readily distinguished from their infrared spec
trum in the fundamental N-H stretching region where the 
trans form absorbs at approximately 3450 cm-1 and the 
cis form absorbs at 3410 cm '1. In general the cis forms 
absorb at lower energies than the trans forms, except for 
ring sizes of n = 5 or less; these lactams have strained 
rings and the N-H absorptions occur at the same frequen
cy as the trans forms or even higher.1

The possible existence of an equilibrium between cis 
and trans conformations for the n = 9 lactam suggested it 
as a model for environmental effects on cis-trans inter
conversions for peptides and/or proteins. In an earlier 
study8 several solvents were used but little or no intercon
version was detected for this lactam or those of any other 
ring size. Furthermore, there was little effect of tempera
ture on the cis-trans absorption ratios in carbon tetra
chloride solution. In summary, neither solvent nor tem
perature affected the cis-trans ratio. When measuring the 
spectrum for the above studies an interesting observation 
was noted, namely, that monomeric lactams in carbon 
tetrachloride show a doubling of the N-H absorption for 
ring sizes greater than 7. That is two cis or two trans ab
sorption were observed, whereas one was expected. In this 
report we discuss experiments which were performed in 
order to explain the spectral observations.

Experimental Section
Materials and Methods. Lactam samples were synthe

sized and purified as previously described.1’8 Solvents 
were from Fisher Scientific Co. and Eastman Organic 
Chemicals and were used without purification if they were 
certified, spectral, or reagent grade. Other solvents from 
the same sources of lower grade were distilled prior to use. 
Deuterium oxide (99.5%) was obtained from Stohler Iso
tope Chemicals, Inc.

A Perkin-Elmer Model 521 infrared spectrometer was 
used for all the measurements. The solution spectra were 
measured at a spectral slit of about 1-2 cm“ 1 in cells 
which ranged from 0.1 mm to 2.5 cm in path length. In- 
frasil quartz was the window material for the 1- and 2.5-

cm cells and calcium fluoride was used for the shorter 
path lengths. Solvent compensation was used for all mea
surements and the gain was adjusted to give the proper 
pen response.

Preparation of most of the solutions was performed in a 
drybox to exclude water. Concentrations ranged from
0. 001 to 0.1 M; most were run at the higher concentra
tions in the short path length cells.

Temperature was controlled in the sample and refer
ence compartments by variable temperature chambers 
from Barnes Engineering Co.

Results and Discussion
Infrared spectra of the N-H stretching region for the 

four lactams in carbon tetrachloride are shown in Figure
1. For both cis and trans forms two N-H absorptions are 
observed. The difference between the absorption frequen
cies is smallest for the n = 8 lactam (<10 cm '1), is a 
maximum for n = 9 (17 cm-1 cis, 20 cm ' 1 trans), and de
creases from n = 9 to n = 13 (14 c m 1). Asymmetry in 
the N-H absorption band of the n = 8 lactam hints at its 
being split. Two possible explanations for such doubling 
are (1) a spectroscopic splitting such as Fermi resonance 
and (2) the existence of two conformers possibly in equi
librium in the solution. In order to investigate the first 
possibility the peptide hydrogen of the n = 9 lactam was 
replaced with deuterium and the spectrum run. The ab
sorption pattern was the same except for the isotope fre
quency shift and thus clearly shows the splitting not to be 
a Fermi resonance interaction as it would have been ex
pected to disappear or at least change markedly upon iso
tope substitution. Thus it seems likely that the doubling 
is due to the presence of some conformational equilibria. 
Using this concept as the “ model,” the observed spectra 
suggest that there are two highly preferred conformations. 
This seems difficult to accept since in going from n = 9 to 
13 the number of conformational variables must increase 
exponentially. Although it need not be the case, it is
(1) M. Tsuboi, Bull. C h em . Soc. Jap., 22, 855 (1949).
(2) R. C. Lord and T. J. Porro, Z. E lek tro ch em ., 64, 672 (1960).
(3) H. Susi, S. N. Timasheff, and J. S. Ard, J. Biol. C h em ., 239, 3051 

(1964).
(4) H. Susi, J. Phys. C h em ., 69, 2799 (1965).
(5) C. Y. S. Chen and C. A. Swenson, J. Phys. C h em ., 73, 2999 

(1969).
(6) R. Huisgen and H. Walz, C h em . B er., 89, 2616 (1956).
17) R. Huisgen, H. Brade, H. Walz, and I. Glogger, C h em . B er.. 90, 

1437 (1957).
(8) C. Y. S. Chen, Ph.D. Thesis, University of Iowa, Iowa City, Iowa, 

1968.
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TABLE I: Free N-H Stretching Vibrations of n = 8 Lactam in Various Solvents“

Solvent

Frequency, cm- '

Trans Ai>t Cis Avc

Carbon tetrachloride 3462 ±  2 3442 ±  1 20 ±  3 3415 ±  1 3398 ±  1 17 ±  2
Cyclohexane 3463 ±  2 3442 ±  1 21 ±  3 3419 ±  1 3396 ±  1 23 ±  2
Tetrachloroethylene 3460 ±  2 3440 ±  1 20 ±  3 3414 ±  1 3392 ±  1 22 ±  2
trans-1 ,2-Dichloroethylene 3460 ±  2 3438 ±  1 22 ±  3 3408 ±  1 3392 ±  1 16 ±  2
cis- 1,2-Dichloroethylene 3455 ±  2 3435 ±  1 20 ±  3 3406 ±  1 3392 ±  1 14 ±  2
1,1,2-Trichloroethylene 3460 ±  2 3440 ±  1 20 ±  3 3410 ±  1 3395 ±  1 15 ±  2
1,1,1-Trichloroethane 3460 ±  2 3440 ±  1 20 ±  3 3412 ±  1 3391 ±  1 21 ±  2
Carbon disulfide 3453 ±  2 3434 ±  1 19 ±  3 3406 ±  1 3387 ±  1 19 ±  2
Chloroform 3457 ±  2 3440 ±  1 17 ±  3 3406 ±  1 3393 ±  1 13 ±  2
Methylene chloride (3455) 3435 ±  1 20 ±  5 3405 ±  1 3395 ±  1 10 ±  2
s-Tetrachloroethane (3458) 3436 ±  1 22 ±  5 3405 ±  1 3395 ±  1 10 ±  2
1,2-Dichloroethane 3438 ±  1 3400 ±  1
Benzene (benzene-d6> 3423 ±  1 3387 ±  1 .
Methylene iodide 3409 ±  1 3375 ±  1

“ Values In parentheses indicate a shoulder rather than a distinct maximum.

Figure 1. Infrared spectra of monomeric lactams in carbon 
tetrachloride.

tempting to suggest, since the peptide group is the most 
likely to interact with solvent, that in solution there is an 
equilibrium between conformations which have the pep

tide group in a more or less favorable position for solvent 
interaction. A similar suggestion was made by Luck9 from 
near-infrared data. In order to test this idea we have stud
ied the magnitude of the splittings and the relative inten
sities of the components as a function of temperature and 
solvents.

The effect of temperature on the observed spectra was 
studied extensively for the n  = 9 and 13 lactams in carbon 
tetrachloride solution. The results can be summarized as 
follows. The bands broaden slightly (less than 10% in
crease in half-width) and the maximum shifts less than 2 
cm ' 1 in the temperature range from 2 to 50°. When the 
concentration used for the temperature study allowed 
small amounts of self-association by hydrogen bonding, 
the temperature effects were dominated by these intensity 
changes; i.e., production of more free lactam as the tem
perature increased more than overcame the density cor
rection. Furthermore, it was noted that the cis lactam 
dimer is the predominant dimer species in solution for the 
n = 9 lactam.1 Intensity changes as a function of temper
ature indicate that cis-trans interconversion does not 
occur as noted earlier. Further, there was no alteration of 
the intensity of the split cis and trans components which 
indicates that there is little interconversion between 
structures giving rise to them and that neither structure is 
preferentially involved in self-association by hydrogen 
bonding. Similar temperature effects were observed with 
all the other lactams.

Haloearbon solvents were used with the exception of 
benzene, cyclohexane, and carbon disulfide. Several crite
ria were used in choosing the solvents: (1) they should in
teract weakly with the peptide group, (2) they should 
have negligible absorption from 3350 to 3500 cm '1, (3) 
they should represent a range of refractive indices and di
pole moments. Strongly interacting solvents, such as ke
tones, show only a broad hydrogen-bonded N-H absorp
tion which would mask any effects observed for the mono
mer.

Data for the n  = 9 lactam in the various solvents are 
presented in Table I. The frequency difference for the 
trans components, Avt, for the various weakly interacting 
solvents is constant to within experimental error for most 
solvents. For the strongly interacting solvents, 1,2-dichlo-

(9) W. Luck, N a tu rw issen sch a tten , 52, 25 (1965).
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Figure 2. Effect of solvent on the N-H stretching region of n — 
9 lactam: (A) trichloroethylene, (B) frans-1,2-dichloroethylene, 
(C) c/'s-1,2-dichloroethylene, and (D; 1,2-dichloroethane.

roethane, benzene, and methyl iodide, only one broad 
component is observed. This peak is at a lower frequency 
than the low-frequency component of the trans doublet in 
weakly interacting solvents. Most likely the stronger in
teraction leads to a broadening which obscures the weaker 
component in the trans doublet, although a shift in con- 
former equilibria could occur. Resolution of the absorption 
into four Gaussian peaks on a Du Pont 310 curve resolver 
indicates the former to be likely. Similar arguments could 
be made for the cis components concerning broadening of 
the absorptions although in this case the observed maxi
ma is an average for the two cis components interacting 
with solvents since they are nearly of equal intensity. The 
frequency difference, A^c, for the two cis components 
shows a variation which is outside of the experimental 
error. More strongly interacting solvents compared to car
bon tetrachloride, such as chloroform or methylene chlo
ride, tend to decrease the splitting in the cis components. 
There appears to be a correlation between dielectric con
stant and/or refractive index and frequency of absorption 
of both of the cis and trans components in the nonpolar 
solvents carbon tetrachloride and carbon disulfide which 
suggests that a linear Kirkwood-Bauer plot would re
sult.10 Solute-solvent interactions are then the likely 
cause for the poor correlation of the more polar solvents.

Slight intensity variations are observed for the cis and 
trans components but are difficult to measure with an ac
curacy that would allow interpretation after correcting for 
field effects.11 Intensity ratios as noted in Figure 2 are 
consistently observed in all the solvents although the pat
tern does appear different due to the changes in band
width. In general the lower frequency components are 
broader and more intense for both cis and trans forms as 
would be expected if these are the absorptions due to the 
forms which are in more intimate contact with the sol
vent.

Mixed solvents were used to follow the behavior of the 
cis and trans components of toe n — 9 lactam as the sol

vent was changed from carbon tetrachloride to 1,2-dichlo- 
roethane or benzene. For these solutions the maximum for 
most of the components are are quite easy to discern to a 
mole fraction of 0.9. For 1,2-dichloroethane-carbon tetra
chloride solutions the single cis and trans components are 
intermediate in frequency to an extrapolation of the two 
components for each in the mixed solvent. This likely re
sults from a broadening of the components of the cis and 
trans doublets by increased interaction with the added 
solvent components over that with carbon tetrachloride. 
Similar broadening is responsible for the single compo
nent of the two doublets in benzene although the broad
ening is more pronounced than with 1,2-dichloroethane; 
also for the benzene-carbon tetrachloride mixed solvent 
there is an increase in intensity as the mixed solvent be
comes benzene rich.

It is impossible to be specific about the interactions be
tween solvent and the conformers which give rise to the 
spectral doublet; however, some general comments are 
useful in light of the assumed model. We consider the 
most strongly interacting solvents first: benzene, 1,2-di
chloroethane, and methyl iodide. All cause a collapse of the 
band structure of an apparent single cis and single trans 
component. Benzene is in a class by itself as has been dis
cussed by Hatton and Richards.12 They suggested a struc
ture from their nmr data which makes apparent the spe
cial structural requirements for the interaction (a copla- 
nar arrangement of the benzene ring and the peptide 
bond). Thus the conformers for which this is sterically 
possible would interact strongly. Methyl iodide and 1,2- 
dichloroethane both have dipole moments, 1.6 and 1.9 D, 
respectively, and can interact with the peptide via a dipo
lar interaction, and/or a hydrogen bond with the carbonyl 
via their acidic hydrogens. Steric effects due to the halo
gens would be expected to be minimal in both cases. 
There may be a shift in the conformer equilibria in all the 
strongly interacting solvents, but is is impossible to detect 
in the spectra. Methylene chloride (1.54 D) also causes 
broadening of the bands though not as pronounced as 
methylene iodide. Steric effects are likely the primary 
reason why s-tetrachloroethane does not interact as 
strongly as 1,2-dichloroethane since its dipolar moment is 
larger (1.36 D). Chloroform (1.02 D) causes a slight broad
ening which is possibly due to a hydrogen bonding inter
action of its acidic hydrogen with the carbonyl group of 
the peptide linkage. cfs-l,2-Dichloroethylene also causes a 
slight broadening. The other solvents give frequency and 
intensity patterns which are similar to carbon tetrachlor
ide. Carbon disulfide is an example which shows the same 
intensity pattern but with all peaks shifted to a lower fre
quency. This is likely to be a field effect as noted pre
viously.

In summary, the spectral observations suggest that the 
observed doubling of N-H absorptions arises from two 
preferred conformations of the peptide group that are 
present in the solution for these lactams. Both conforma
tions seem to interact with solvent. For the solvents stud
ied, all of which are thought to be weakly interacting ex
cept for benzene, 1,2-dichloroethane, and methyl iodide, 
no measureable effect was noted on the relative amounts 
of the conformations. Intensity changes could, however, be

(10) W. West, Ed., “Techniques of Organic Chemistry,” Vol. IX, Inter
science, New York, N. Y., 1956, p 306.

(11) S. R. Polo and M. K. Wilson, J. C h em . P hys., 23, 2376 (1955).
(12) (a) J. V. Hatton and R. E. Richards, Mol. P hys., 3, 253 (1960); (b)

J. V. Hatton and R. E. Richards, ibid., 5, 139 (1960).

The Journal of Physical Chemistry, Vol. 77, No. 5, 1973



6 4 8 G is e la  W itz  a n d  B e n ja m in  L . V a n  D u u r e n

interpreted as a shift in the equilibrium in favor of the 
forms which interact best with solvent. Temperature had 
no effect on the relative amounts. The solvents do interact 
differently with the peptide linkage causing frequency 
shifts in both components and for the more strongly inter
acting ones intensity changes and band broadening occur 
as well. The low-frequency components for the cis and 
trans forms likely arise from the conformers which inter
act more strongly with solvent as they are broadened and

show intensity increases to a greater degree than the high- 
frequency components.
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T h e in teraction  betw een  2 -p -to lu id in y ln ap h th a len e-6 -su lfon ate  (TNS), a h y d rop h ob ic  fluorescen t probe, 
and  poly-L -lysine was exam ined  b y  fluorescen ce  and u ltrav io let sp ectroscop y . P oly-L -lysines w ith  degrees 
o f  po ly m eriza tion  (DP) 35, 210, and 445 were con verted  to  the ran dom  co il, a -h e lix  and /3-sheet co n fo r 
m ations. F lu orescen ce titrations o f  TNS w ith  /3-sheet poly -L -lysine were p erform ed  in order to  determ ine 
the e ffect o f  po lym er cha in  length  and con cen tra tion  on  (3-sheet structure. T h e  d ata  in d ica te  th at TNS 
b ind s sp ecifica lly  to  /3-sheet poly -L -lysine and to  the sam e k in d  o f  h yd rop h ob ic  sites regardless o f  p o ly 
m er ch a in  length  or con cen tra tion . T h e  fluorescen ce  titration  curves for TNS b ou n d  to  /3-sheet poly-L - 
lysine, DP 210 and DP 445, were id en tica l. M oreover, th is curve show s a break  at 0.67 x  10“ 2 g o f  p o ly - 
p e p tid e /1 0 0  m l. T h e  fluorescen ce titration  curve' for  TNS bou n d  to  /3-sheet poly -L -lysine, DP 35, has no 
break  and show s a sm aller degree o f  fluorescen ce  en hancem en t com p ared  to  the h igh  m olecu lar w eight 
po lym er titration  curves. T h e  isotherm  con stru cted  from  the titration  curves in d icates th at the en h a n ced  
fluorescen ce in tensity  o f  TNS bou n d  to  high m olecu lar w eight /3-sheet poly-L -lysine a t in itia l co n ce n tra 
tions less than  0.67 X  10 ~2 g o f  p o ly p e p t id e /100 m l is n ot due to  a change in the quan tu m  y ie ld  o f  b ou n d  
TNS. T h ese  flu orim etric  studies in d ica te  th at the structure o f  /3-sheet poly-L -lysine varies b o th  w ith  the 
in itia l con centra tion  and  the ch a in  len gth  o f  th e po ly m er used.

Introduction
Many reports have appeared concerning the binding of 

hydrophobic fluorescent probes to proteins.13 Since these 
probes reflect the nature of their environment through 
characteristic features of their fluorescence spectra, they 
have been employed in the study of conformational states 
of proteins,4 lipid-protein interactions in membranes,5 
and rapid structural changes accompanying biological 
processes.6

Previous studies have shown that the conformation of 
poly-L-lysine in aqueous solution depends upon the extent 
of ionization of the terminal amino group of the polymer.7 
Although the (3 structures of several synthetic polypep
tides have been prepared in the laboratory and /3-sheet re
gions have been detected in a number of naturally occur
ring proteins,8“10 the exact nature of the /3-sheet confor
mation is still a matter of dispute.

A previous report by Lynn and Fasman11 indicated that 
TNS binds specifically to /3-sheet poly-L-lysine. In the 
present work, the interaction between TNS and poly-L- 
lysine of different molecular weights was examined by flu

orescence and ultraviolet spectroscopy; the poly-L-lysines 
were converted to the /3 sheet, random coil, and a helix for 
these studies.

Materials and Methods
2-p-Toluidinylnaphthalene-6-sulfonate, TNS (Sigma 

Chemical Co., St. Louis, Mo.), was recrystallized twice

(1) W. O. McClure and G. M. Edelman, B ioch em istry , 5, 1908 (1966).
(2) S. Ainsworth and M. T. Flanagan, B ioch im . B ioph ys. A c ta , 194, 213 

(1969).
(3) H. Takashina, B ioch im . B iophys. A c ta , 200, 319 (1970).
(4) W. O. McClure and G. M. Edelman, B ioch em istry , 6, 567 (1967).
(5) D. F. H. Wallach, E. Ferber, D. Selin, E. Weidekamm, and H. 

Fischer, B ioch im . B iophys. A c ta , 203, 67 (1970).
(6) A. Azzi, B. Chance, G. K. Radda, and C. P. Lee, P roc . Nat. A ca d . 

Sci. U .S ., 62, 612 (1969).
(7) B. Davidson and G. H. Fasman, B ioch em istry , 6, 1616 (1967).
(8) C. C. F. Blake, D. F. Koenig, G. A. Mair, A. C. ~ North, D. C. Phil

lips, and V. R. Sarma, N ature (L on d on ), 206, 757 (1965).
(9) G. M. Reeke, J. A. Hartsuck, M. L. Ludwig, F. A. Quiocho, T. A. 

Steitz, and W. N. Lipscomb, P roc . Nat. A ca d . S el. U .S ., 58, 2220 
(1967).

(10) H. W. Wyckoff, K. D. Hardman, N. M. Allewell, T. Inagami, L. N. 
Johnson, and F. M. Richards, J. Biol. C h em ., 242, 3984 (1967).

(11) J. Lynn and G. D. Fasman, B io ch em . B ioph ys. R es . C om m u n ., 33, 
327 (1968).
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from 2% aqueous potassium hydroxide and dried in a high 
vacuum for 4 hr at room temperature; the salt showed a 
single spot on a thin-layer chromatogram, silica gel, with 
isopropyl alcohol as solvent, Rf=0.26.

Anal. Calcd for C17Hi4KN03S: C, 58.07; H, 4.01; K,
11.12; N, 3.99. Found: C, 57.96; H, 4.22; K, 11.34; N, 4.27.

Poly-L-lysine hydrobromide (Miles Laboratories, El
khart, Ind.), mol wt 7315, 43,870, and 97,500, was dried in 
a high vacuum at room temperature for 4 hr.

Anal. Calcd for (C6Hi3N2OBr-H20 )„: Br, 35.21 N, 
12.34. Found: Br, 34.79; N, 12.80 (mol wt 7315); Br, 35.70; 
N, 12.65 (mol wt 43,870); Br, 34.29; N, 12.48 (mol wt 
97,500).

Quinine bisulfate (K & K Laboratories, Inc., Plainview,
N. Y.) was recrystallized from 0.1 N H2S04.

Anal. Calcd for C20H24N2O2-H2SO4-H2O: C, 54.53; 
H, 6.41; N, 6.36; S, 7.29. Found: C, 54.33; H, 6.26; N, 
6.33; S, 7.29.

Instrumentation. All ultraviolet absorption spectra were 
measured on a Cary, Model 14, spectrophotometer (Ap
plied Physics Corporation, Monrovia, Calif.). All Fluores
cence spectra were measured on a custom-designed multi
purpose luminescence spectrophotometer (Farrand Opti
cal Co., New York).12 With this instrument corrected ex
citation and emission spectra are recorded automatically 
in energy units; fluorescence emission spectra were also 
recorded in quantum units for measuring quantum ef
ficiencies. Slits 5 mfi wide were used.

Titration of TNS with 0-Sheet Poly-L-lysine. All solu
tions were prepared using pure distilled water; TNS solu
tions were stored in amber flasks at 4°. A typical titration 
of 10~5 M  TNS with d-sheet poly-L-lysine for a 1:1 solu
tion of TNS:polypeptide, mol wt 7315, is as follows: 1 ml 
of 0.15 M NaCl plus 0.01 M NaOH, 6.5 ml of 0.15 M 
NaCl, and 1 ml of 10~4 M  poly-L-lysine hydrobromide in
O. 15 M NaCl were mixed; a corresponding protein blank 
was also prepared. Both solutions were heated for 10 min 
at 50° and cooled to room temperature. All heating vol
umes were kept constant, i.e. 8.5 and 4.25 ml for protein 
solutions in 10- and 5-ml volumetric flasks, respectively. 
After cooling, 1 ml of 10-4 M TNS in 0.15 M  NaCl was 
pipetted into the 10-ml volumetric, and both solutions 
were diluted up to final volume with 0.15 M  NaCl. All 
fluorescence and ultraviolet absorption spectra were mea
sured at 24-26° on freshly prepared solutions only. In the 
case of fluorescence, corrected emission spectra of the 
TNS-protein solutions were recorded in quantum units 
using 350 m  ̂ as the excitation wavelength. After each 
TNS-protein emission measurement two quinine bisulfate 
emission spectra were measured under the same optical 
conditions but at two sensitivity settings. The ultraviolet 
absorption spectra of the TNS-polypeptide solutions were 
measured against the corresponding protein d-sheet blank 
immediately after both solutions had been made up.

a Helix. The procedure used for preparing poly-L-lysine 
in the a-helical conformation differed from that for the 0 -  
sheet conformation only in that the protein solutions were 
not preheated.

Random Coil. Solutions of poly-L-lysine in the random 
coil conformation were prepared exactly like those of poly- 
L-lysine in the a-helical conformation, except that 0.15 M 
NaCl was substituted for 0.15 M NaCl plus 0.10 N NaOH.

pH Measurements. Nonirradiated solutions had the fol
lowing pH’s: TNS-7315 mol wt polypeptide, ¡3 sheet,
11.05-11.24; a helix, 11.08-11.19; random coil, 6.2; TNS-

Figure 1. Fluorescence titration of TNS with d-sheet poly-L-ly- 
sine, mol wt 7315. TNS, 10-5  M, was titrated with /3-sheet poly- 
L-lysine as described in Materials and Methods. Per cent fluo
rescence refers to emission relative to that of a 10 5 At quinine 
bisulfate solution.

43,870 mol wt polypeptide, 0 sheet, 11.15-11.26; a helix, 
11.16; random coil, 6.5-6.7; TNS-97,500 mol wt polypep
tide, 0 sheet, 11.6-11.9. The corresponding irradiated so
lutions had pH’s which generally were 0.1 to 0.2 units 
higher.

Results
0-Sheet P o ly -L -ly s in e , m o l  wt 7315, a n d  TNS. TNS, 

10" 5 M. in 0.15 M NaCl, 0.01 N NaOH, and d-sheet poly- 
L-lysine, 0.5 x 10-5 M, showed no detectable fluores
cence; there was a slight background emission at 397 m/x 
ascribed to the aqueous solution of NaCl-NaOH.

The results for the titration of 10~5 M TNS with 10-5 
M d-sheet poly-L-lysine, mol wt 7315, are shown in Figure 
1. A ratio of 1:1 TNS:d-sheet poly-L-lysine in this case 
corresponds to 10-5  M TNS and 10^5 M poly-L-lysine. 13- 
S h e e t  poly-L-lysine, mol wt 7315, was soluble at all con
centrations used and no precipitate or opacity was ob
served. The bound TNS showed an emission maximum at 
428 m /x which does not shift regardless of TNS:poly-L- 
lysine ratio. The excitation spectra of the various TNS- 
d-sheet solutions have maxima at 355, 320, 274, and 228 
m u .  These maxima remain constant throughout the titra
tion but they vary in relative intensities.

The absorption spectrum of TNS, 10~5 M, in 0.15 M 
NaCl and 0.01 N NaOH shows maxima at 351, 315.3, 262, 
and 223 m^. In the presence of d-sheet poly-L-lysine, the 
262-npi absorption peak is progressively red shifted with 
increasing amounts of 0 sheet. At a ratio of 1:12 
TNS:d-sheet polypeptide, where most of the available 
TNS is bound to the polymer, the red shift is ~11 m -̂ 
The 315.3-m/x absorption peak is also progressively red 
shifted in the presence of increasing amounts of 0 sheet. 
However, even at the highest d-sheet concentration, 15 x 
10_ 5 M, the red shift amounts only to ~3 mfx. Absorption 
at 223 and 351.5 m / x  remains relatively unchanged as more 
TNS binds. TNS in ethanol has absorption maxima at 
274 (t 3.79 x 104), 318 (e 3.15 x 104), and 353 mM (s 8.5 x 
103). As more TNS binds to d-sheet poly-L-lysine, absorp
tion maxima characteristic of TNS in ethanol are ob
tained.

Conversion of excitation spectra from energy units to 
quantum units allows comparison with their respective 
absorption spectra.12 At high d-sheet concentrations,

(12) S. Cravitt and B. L. Van Duuren, C h em . Instrum .. 1,71 (1968).
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Figure 2. Fluorescence titration of TNS with /3-sheet poly-L-ly- 
sine. TNS, 1 0 "6 M, was titrated with /3-sheet poly-L-lysine, mol 
wt 7315, 43,870, and 97,500, as described in Materials and 
Methods. Per cent emission (Xexc 350 m/x) relative to 10“ 6 M 
quinine bisulfate in 0.1 N H2S 04 was calculated from the re
spective areas under the emission curves. The polypeptide con
centrations, M, were converted to moles of lysine residue per 
liter: (A ) TNS: /3-sheet poly-L-lysine, mol wt 7315; (O) TNS: /3- 
sheet poly-L-lysine, mol wt 43,870; (# )  TNS: /3-sheet poly-L- 
lysine, mol wt 97,500.

there is a close correspondence between the maxima of the 
ultraviolet absorption spectra and the converted excita
tion spectra. On the other hand, at low /3-sheet concentra
tions, there are real differences. The 1:0.5 solution, for 
example, has absorption maxima at 262.5 and 316 m/x. 
The corresponding converted excitation maxima, however, 
occur at 274 and 319 m/x. Thus, the quantum excitation 
maxima are red shifted by 11.5 and 3 m/x compared to 
their corresponding absorption maxima.

The fluorescence of 10“ 6 M  TNS was also examined for 
several /3-sheet concentrations. The per cent fluorescence, 
relative to that of a 10“ 6 M quinine bisulfate solution, is 
shown in Figure 2, together with the same titrations for 
the higher molecular weight polymers.

/3-Sheet Poly-L-lysine, mol wt 43,870 and 97,500, and 
TNS. Because of the limited solubility of the /3 sheets 
formed from poly-L-lysine mol wt 43,870 and 97,500 com
pared to poly-L-lysine mol wt 7315, lower concentrations 
of both TNS and /3 sheets were chosen for the titration 
procedure. A 1:1 solution in these titrations corresponds 
to 10“ 6 M TNS and 10-6 M polypeptide. A plot of rela
tive fluorescence vs. /3-sheet concentration in lysine units, 
Figure 2, shows that the fluorescence increases linearly up 
to ~300 x 10“6 M lysine residues (1 X 10“6 M  in terms 
of poly-L-lysine). At higher polypeptide concentrations, 
TNS fluorescence is enhanced to a lesser extent. On the 
basis of equal lysine contents, TNS bound to the /3 sheets 
of the 7315 mol wt polypeptide shows a decreased fluores
cence intensity compared to the 43,870 and 97,500 mol wt 
polymers. At 300 x 10“6 M  lysine, TNS bound to the 13- 
sheet polypeptides of the high molecular weight polymers 
has a fluorescence intensity three times higher than TNS 
bound to the /3 sheets of the lowest molecular weight poly- 
L-lysine. Figure 2 also indicates that at equal lysine con
tents, /3 sheets of the 43,870 mol wt polypeptide bind the 
same amount of TNS as /3 sheets of the 97,500 mol wt 
polypeptide, since the per cent fluorescence is identical.

The fluorescence and absorption characteristics of TNS 
bound to high molecular weight poly-L-lysine are identical 
with those of TNS bound to /3 sheet poly-L-lysine, mol wt 
7315. Emission of bound TNS occurs at 428 m/x upon exci
tation of 350 and 325 m/x. Excitation maxima are identical 
with those of TNS bound to /3-sheet poly-L-lysine mol wt 
7315. The ultraviolet spectra of TNS:/3-sheet solutions 
show the same progressive red shift of the 262 and 315 m/x 
absorption peaks with increasing /3 sheet concentration. 
Conversion of the energy excitation spectra to quantum 
spectra reveals a close correspondence between the ultra
violet absorption maxima and. the converted excitation 
spectra only at high /3-sheet concentrations.

a-Helix and Random Coil Poly-L-lysine, mol wt 7315 
and 43,870, and TNS. Neither the 1:1 nor 1:5 solution of 
TNS;a helix or TNS:random coil poly-L-lysine shows 
any real TNS fluorescence emission and the ultraviolet 
absorption spectra of these solutions are characteristic of 
TNS in aqueous alkaline sodium chloride.

Discussion
The results obtained in this study indicate that TNS 

binds specifically to /3-sheet poly-L-lysine, and not to a -  
helical or random coil poly-L-lysine which is in agreement 
with the findings by Lynn and Fasman.11 However, our 
work indicates that TNS bound to /3-sheet poly-L-lysine 
has a corrected emission maximum at 428 m/x, compared 
to the uncorrected maximum at 440 m/x reported by these 
authors.

Previous studies by McClure and Edelman1 have estab
lished that TNS exhibits a blue shift ir. the emission and 
an increased quantum yield when the solvent polarity is 
decreased. The observed 428-m/x emission maximum of 
bound TNS is therefore indicative of TNS binding to a re
gion of low polarity. The similarity of the ultraviolet spec
tra of TNS bound to ¡3 sheet and TNS in ethanol com
pared to TNS in aqueous solution also supports TNS 
binding to low-polarity regions. The discrepancies be
tween the absorption spectra and converted excitation 
spectra (in quantum units) of TNS at lew /3-sheet concen
tration result from the type of process measured. Since 
excitation spectra are characteristic only of bound TNS, 
and ultraviolet spectra measure absorption both of bound 
and free TNS, a close correspondence between absorption 
and excitation spectra is expected only for solutions in 
which most or all of the TNS is bound.

Experimental conditions were varied in order to estab
lish whether sites of higher or lower polarity than that in
dicated by emission at 428 m/x would become available. 
Addition of TNS to the polypeptide solution before con
version to the /3 sheet, length of heating time and effect of 
pH were investigated with the 43,870 mol wt polypeptide 
and no changes in fluorescence were detected. Thus TNS 
binds to more or less the same kind of hydrophobic re
gions of the /3 sheets of these polypeptides.

The titration curves, Figure 2, show that the fluores
cence intensity for TNS bound to low molecular weight 
/3-sheet poly-L-lysine is decreased compared to TNS 
bound to high molecular weight /3-sheet polypeptide, at 
equal TNS and lysine contents. A double-reciprocal plot 
of the titration data, Figure 3, shows a break at ~300 X 
10“ 6 M  lysine residues (~0.67 X 10“ 2 g of polypeptide/ 
100 ml); this corresponds with the data shown in Figure 2. 
There is no break in the titration curve of the low molecu
lar weight poly-L-lysine. Extrapolation of the low concen-
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Figure 3. Double-reciprocal plot of TNS bound to 0-sheet poly- 
L-lysine (frbm the data of Figure 2): (A) TNS:0-sheet poly-L- 
lysine mol wt 7315; (O) TNS: 0-sheet poly-L-lyslne, mol wt 
43,870; (• ) TNS; 0-sheet poly-L-lysine, mol wt 97,500.

tration region of the high molecular weight curve to infi
nite concentration results in a y intercept identical with 
that for poly-L-lysine, mol wt 7315. Thus the enhanced 
fluorescence intensity of TNS bound to high molecular 
weight 0-sheet poly-L-lysine results from an increase in 
the number of bound TNS molecules at low polypeptide 
concentrations; i.e., this enhanced fluorescence is not due 
to increased quantum efficiencies. Since saturation curves 
were not obtained for TNS binding, it is not possible at 
present to determine whether the increase in the number 
of bound TNS molecules is due to binding at new sites, or 
tighter binding.13 Extrapolation of the high molecular 
weight poly-L-lysine curve (Figure 3) at high polypeptide 
concentrations to infinite concentration results in a y  in
tercept different from that of the curve for poly-L-lysine

degree of polymerization (DP) 35. These data indicate a 
decrease in quantum yield for TNS bound to high molec
ular weight 0 sheet formed at high initial ’polypeptide 
concentrations. This decrease in quantum yield of bound 
TNS is not accompanied by a red shift of the emission 
maximum, as is usually the case for hydrophobic fluo
rescent probes.1 These results may point to differences in 
rigidity of the 0-sheet structures of the high molecular 
weight polypeptides depending on initial polymer concen
tration.

The data plotted in Figure 3 show that the isotherms 
for TNS bound to 0-sheet poly-L-lysine, DP 210 and 445, 
are identical. These 0 sheets, although formed from poly
peptides of greatly different chain length, bind the same 
number of TNS molecules.

Recently, Wooley and Holzwarth14 determined first- 
order rate constants for 0-sheet formation of polylysines of 
different chain lengths at different initial concentrations. 
These data were interpreted in terms of intra- arid inter- 
molecular 0-sheet formation. The present fluorimetric 
studies could be interpreted similarly, since the two re
gions of the high molecular weight titration curve (Figure
2) correspond closely to the concentration regions for 
which intermolecular (>300 x 10 6 M lysine residues) 
and intramolecular (<300 X 10-6 M  lysine residues) 0 
sheets have been proposed. Similarly the titration curve 
for poly-L-lysine, DP 35, may represent binding of TNS to 
intermolecular 0 sheets. This interpretation leads to the 
conclusion that intramolecular 0 sheets bind more TNS 
than intermolecular 0 sheets.

In conclusion, these spectroscopic studies point to 
structural differences in 0 sheets of poly-L-lysine depend
ing on polymer chain length and initial concentration.
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The crystal structure of three nickel-exchanged Y zeolites were studied using X-ray diffraction in order 
to determine the location and the population of the different cation sites as a function of both exchange 
and dehydration level. On progressive removal of water molecules nickel ions enter the hexagonal prisms 
but their population is limited to 12 Ni2+ per unit cell. The nickel to framework oxygen distances vary 
with the number of nickel in Si sites and with the total number of nickel ions. A chart, which enables us 
to obtain the population of Si sites as a function of the cubic unit cell constant and of the total number 
of nickel ions, is proposed.

Introduction
It can be inferred from the available data on zeolite 

structures that the positions of exchangeable cations in 
the porous framework depend upon the nature of both 
cations and adsorbed molecules. Hence in a previous 
X-ray diffraction study1 of a copper-exchanged Y zeolite it 
was shown that copper ions occupy Si- sites on total re
moval of water molecules and can move back toward the 
supercages when various reagents are added. Because of 
their great stabilization energy in an octahedral ligand 
field, nickel ions should exhibit a different behavior and 
one may expect that on total dehydration they fill up Si 
sites. However, Olson’s results2 on a Ni faujasite indicate 
that even if nickel ions have a preference for Si sites they 
are still distributed on various sites. As any discussion 
concerning the catalytic activity of exchanged zeolhes 
needs information about reagent accessibility to cations 
(or cations accessibility to reagents) an extensive study 
was planned about nickel ions properties in Y zeolites. 
The first part of this work deals with the crystal structure 
determination of Ni NaY zeolites evacuated at different 
temperatures. It was undertaken in order to locate nickel 
ions as a function of both exchange and dehydration level.

Experimental Section
Linde NaY zeolites without binder were ion exchanged 

in Ni(NC>3)2 aqueous solutions stirred at room tempera
ture for 24 hr. Large volumes of diluted solution (<0.05
N) were used in order to avoid any pH increase and pre
cipitation of basic nickel salts. Low exchange levels were 
obtained by allowing the zeolite to exchange with the cal
culated amounts of nickel ions introduced in the solution. 
Several subsequent fresh solution must be used to obtain 
the exchange levels greater than 50%. The composition of 
washed and dried samples were determined by chemical 
analysis of nickel and sodium.

Thermal treatments were made in Pyrex or quartz ves
sel connected to a vacuum line free of grease, then the ze
olite was transferred under vacuum in Lindemann glass 
capillary (0.2 mm diameter) sealed for X-ray investiga
tion. In order to burn possibly adsorbed hydrocarbons 
standard treatment includes an overnight heating in a:r, 
followed by a 6-hr evacuation (10_s Torr) at the same 
temperature. Unit cell composition and treatment conci-

tions for the selected samples are given in Table I.
The crystal structure of the samples was determined 

from powder data according to the experimental tech
niques and resolution methods described in previous pa
pers.1-3 Atomic parameters were refined with 232 struc
ture factors corresponding to all reflections with h2 + k2 
+ l2 < 395 except 111 line.

TABLE I: Composition and Treatment Conditions of the Samples

Sample
Unit cell 

composition“
Heat treatment,

°C

Al40 Nh4Na23H5Y 6 140
A2oo Ni14Na23H5Y 200
A 280 Ni14Na23H5Y 280
A 300 Ni14 Na23H5Y 300
A 600 Ni14Na23H5Y 600
B 200 NhoNa3iH5Y 200
B 600 Ni10Na3iH5Y 600
C 200 Ni19Na15H3Y 200
C 600 Ni^Na-isb^Y 600

“ After calcination of the sample. ” Y =  AI56Sii360384.

Results
No attempt has been made to locate extra-framework 

species which would eventually occupy positions outside 
the symmetry axes. The cation to framework oxygen dis
tances and the evolution of sites occupancy under the de
hydration process were taken as the two main criteria to 
distinguish nickel from sodium and water molecules. On 
these bases, electronic density appearing on sites Si and 
Sii4 was readily attributed to nickel and sodium, respec
tively. Scattering matter was also found in most of the in
vestigated samples at x = y = z = 0.05; 0.08; 0.16; 0.21. 
The double peaks on sites Si- and Sn- are similar to those 
encountered by Olson.2 Taking in account the results of 
Olson and from the criteria stated above, the Si- (0.05) 
sites were ascribed to nickel ions only bonded to the
(1) P. Gallezot, Y. Ben Taarlt, and B. Imelik, J. C atal . 26, 295 (1972).
(2) D. H. Olson, J. Phys. C h em .. 72, 4366 (1968).
(3) P. Gallezot and B. Imelik, J. Chim. P hys.. 68, 34 11971).
(4) Cation sites nomenclature: J. V. Smith, Advan. C h em . S er .. No. 101 

171 (1971).
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TABLE II: Tabulated Data for the Number of Species per Unit Cell, Assignment of Species Type, and Itsx = y = z Coordinates“

Unit cell

Sample
Final 

R Index* 5 6
constant, Ä 

(±0.01) Si Sv Sr Sir Sn- Sil

A-I40 0.078 24.625 3.5(2) Ni 2.5(6) Ni 3.5(4) Ni 12.5(1.5) Ow 1.9(4) Ni 23,6(1.5) Na
0.0 0.058(3) 0.078(2) 0.167(2) 0.196(3) 0.236(1)

A 200 0.063 24.615 4.1(2) Ni 3.6(4) Ni 2.9(4) Ni 9.5(1.0) Ow 2.1(2) Ni 20.0(1.5) Na
0.0 0.055(1) 0.076(2) 0.166(2) 0.209(2) 0.237(1)

A28O 0.066 24.565 6.9(2) Ni 3.3(2) Ni 2.5(2) Ni 5.0(1.0) Ow 1.5(2) Ni 20.0(1.2) Na
0.0 0.053(1) 0.078(2) 0.176(3) 0.208(3) 0.236(1)

A 300 0.059 24.51 10.0(2) Ni 1.5(6) Ni 1.3(6) Ni 23.2(1.0) Na
0.0 0.055(1) 0.073(6) 0.234(1)

A 600 0.066 24.47 11.7(2) Ni 1.1(2) Ni 21.3(1.0) Na
0.0 0.065(3) 0.235(1)

B 200 0.074 24.67 4.4(2) Ni 3.6(4) Ni 2.1(4) Ni 7.5(1.5) Ow 25.9(1.5) Na
0.0 0.055(2) 0.076(3) 0.169(2) 0,236(1)

B 600 0.064 24.59 8.8(2) Ni 1.7(2) Ni 27.2(1.0) Na
0.0 0.052(2) 0.235(1)

C 200 0.059 24.555 3.6(2) Ni 3.1(2) Ni 5.2(2) Ni 12.0(1.0) Ow 4.2(2) Ni 12.1(1.0) Na
0.0 0.051(1) 0.076(1) 0.167(1) 0.211(1) 0.237(1)

C 600 0.069 24.40 11.3(2) Ni 1.9(2) Ni 20.2(1.1) Na
0.0 0.047(2) 0.236(1)

a Estimated standard errors (in parentheses) may in some case be greatly underestimated especially for atoms with low occupancy factors. b R -  
2 |F0 ~ KFC|/Z|F0|.

framework and the Si- (0.08) sites to nickel ions carrying 
in addition water molecules or hydroxyl groups occupying 
Sii- (0.16) sites. Finally Sn- (0.21) sites were ascribed to 
nickel ions bonded to oxygen atoms of the sodalite to su
percage aperture. Cubic unit cell constants a, final R in
dexes (R = 2 |F0 -  KFc\/y,\F0\), and population of extra
framework sites are given in Table II. Atomic parameters 
and structure factors listings are given in the microfilm 
edition.5 Interatomic distances and angles computed with 
the ORFFE program6 can be found in Table III.

For the discussion of the results, one has to bear in 
mind the two following points. An absolute distinction 
between extra-framework atoms can never be exactly 
done, i.e., one or two sodium ions, for instance, may well 
be mixed with nickel on a definite site although the re
ported results indicate no sodium on this position. More
over, some deficiency appears in the count of localized 
nickel. Cations are generally bonded to framework oxygen 
atoms inside the hexagonal prism (hp) and on symmetry 
axes near the centers of the various six-membered rings of 
tetrahedra; whenever they are out of these special posi
tions they cannot be located with certainty. This is espe
cially true when nickel ions are still solvated by water 
molecules in zeolite cages, but this also happen for highly 
exchanged zeolite evacuated at high temperature. Hence, 
there are only 13 out of 19 Ni2+ found in sample C6oo and 
even if one argues that about two Ni2+ are mixed with 
Na+ on Sn sites (considering that sodium Sn population 
is far too high compared to C200 one) there are neverthe
less four missing Ni2+. These nickel ions are out of the 
special positions mentioned above and probably attached 
to the cage walls.

Discussion
Table II summarizes the distribution of extra-frame

work atoms. The discussion will Heal first with the analy
sis of nickel displacement occuring on water removal, then 
with the special features of nickel ions in each zeolite site.

Nickel Ions Shifts during Dehydration Process. The oc
cupancy of Si sites by nickel ions increases as the water

N

100 200 300 400 500 600 T(°C) >
Figure 1. Number N of Ni2+ ions in hexagonal prisms vs. the 
heating temperature of the A samples. The N value for sample 
heated at 250° was derived from the Figure 2 diagram after 
measurement of its unit cell constant.

molecules attached to the cations are removed. The num
ber N of nickel ions occupying the hp (Figure 1) sharply 
increases between 250 and 300° but this temperature 
range may change under the influence of factors such as 
residual gas pressure or thickness of the zeolite bed. Table 
IV gives the variations of some site populations for a num
ber of heating temperature intervals.

The increase of N first occurs (A140-A200) at the ex
pense of the nonlocalized nickel ions which probably still 
are fully coordinated by water molecules; the occupancy 
of Sr (0.05) also increases substantially. In the next step

(5) Listings of structure factors, atomic coordinates, temperature fac
tors, and occupancy factors will appear following these pages In the 
microfilm edition of this volume of the journal. Single copies may be 
obtained from the Business Operations Office, Books and Journals 
Division, American Chemical Society, 1155 Sixteenth St., N.W., 
Washington, D. C. 20036. Remit check or money order for $4.00 for 
photocopy or $2.00 for microfiche, referring to code number JPC- 
73-652.

(6) W. R. Busing, K. O. Martin, and H. A. Levy, ORFFE, Oak Ridge Na
tional Laboratory, Oak Ridge, Tenn., 1964.
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(A200-A280) the increase of N  is balanced by the diminu
tion of the other site populations, all nickel ions being lo
calized. In the following steps more nickel ions migrate 
toward Si but it appears that only 12 out of the 14 nickel 
enter the hp. The nickel ions migration in B and C sam
ples seems to be similar, although the intermediate steps 
have not been investigated.

It can be noticed that especially in samples treated at 
low temperatures nickel ions may be found simultaneous
ly in different kind of sites with specific coordination. For 
example, fully dehydrated, partly dehydrated, and solvat
ed nickel are observed together in sample A140 . This may 
be due to an heterogeneous desorption; the cations do not 
loose their water molecules or hydroxyl groups at the same 
time in all the cages. Tnis temperature or time-spreading 
effect is probably the consequence of factors like zeolite 
crystallite size or sample bed thickness.

S U' (0 .21) and  Sr  (0 .05 ) N ick e l Ions. The Si- (0.05) and 
S11- (0.21) sites are both located inside the sodalite cages 
and close to an hexagonal aperture. Nickel ions on Sp 
(0.05) are bonded to three 0(3) of the hp, with a Ni-0 
distance of about 2.15 A .  In the same way nickel ions on 
S11- (0.21) lare bonded to three 0(2) of the sodalite to su
percage aperture.

Since Si 1- (0.21) nickel are only present in moderatly 
heated samples they probably still are bonded to extra
framework oxygen so that these nickel should be hexa- 
coordinated. However, the corresponding water molecules 
or hydroxyl groups cannot be detected because their occu
pancy factor is too low. According to Olson2 each Su- 
(0.21) nickel may well be coordinated in addition to three 
0(2), by one water molecule occupying Sn- (0.16) sites.

A similar problem arises for Sp (0.05) nickel ions. The 
reported results do not allow us to conclude that these 
cations are only bonded to three framework oxygens. The 
presence in some samples of spurious peaks on difference 
Fourier synthesis at x  =  y  =  z =  0.105 may even indicate 
that one oxygen atom is still attached to each nickel and 
this would complete a tetrahedral coordination.

However, results about cations having low occupancy 
factors (or with stronger reasons, about extra-framework 
species attached to these cations) must be regarded with 
caution; results about sample C200 in which Sp and Sn- 
sites populations are relatively higher are more realistic.

Sp (0 .08 ) N ick e l  Ions. Nickel ions occupying Sp (0.08) 
sites are bonded to three Sip (0.16) water molecules at 
about 2.25 A .  The ratio between water molecules and 
nickel population is 3:1, discrepancies being within the 
standard deviations. On the other hand Sp nickel ions are 
bonded to three 0(3) framework oxygen at 2.60 A .  The 
Ni(T)-0(3) and Ni(T)-Ow(II') bond lengths certainly re
flect the differences in the nature of these two ligands; 
however, nickel ions tend to maintain very similar values 
for 0(3)-Ni(F)-0(3) and Ow-Ni(I')-Ow angles (83 and 
84.6°, respectively, as mean value calculated on five sam
ples).

Si N ick e l Ions. Fully dehydrated nickel ions enter the 
hp and get a near perfect octahedral coordination with the 
six 0(3) oxygens of the double six-membered ring. Precise 
Ni(I)—0(3) distances cannot be reached because X-ray 
diffraction gives an information averaged on occupied and 
empty hp. The given distances undergo two kind of varia
tion.

(i) The Ni(I)—0(3) distances decrease when the Si site 
population increases (the discrepancy observed for the 
A140 sample may be due to its high residual water con-

TABLE IV: Variation of the Nickel Site Population 
for the A Samples

Structures
compared Si

Si-
(0.05)

S i 
to.0 8 )

S i l 
fo.2 1 )

Un-
iocated

> 0 i > ro 0 0 +  0.6 +  1.1 -0 .6 +  0.2 - 1 .3
A 200- A 280 +  2.8 -0 .3 - 0 . 4 -0 . 6 - 1 .3
A 280- A 300 +  3.1 -1 .8 - 1 . 2 -1 .5 + 1 .2
A300- A 600 +  1.7 - 0 . 4 -1 . 3 0 0

tent). This diminution is readily explained because nickel 
ions involved in the hp attract their six 0(3) ligands so 
that the observed average distance decreases as the hp are 
progressively filled.

(ii) For a same nickel Si population, this distance de
creases as a function of the zeolite nickel content. Thus 
2.37 A  is observed in sample Aeoo (14 Ni2 + /unit cell), 2.32 
A in C600 (19.5 Ni2+/unit cell), and 2.29 A in Olson’s sam
ple (27 Ni2+/unit cell). For all samples the population of 
hexagonal prism is very similar: 11.7, 11.3, 10.6 Ni2+, re
spectively. The following interpretation is tentatively pro
posed. Substitution of monovalent by multivalent cations 
results in a wrong balancing of framework charges. On the 
other hand nickel ions occupying hp are associated with 
twelve tetrahedra via six 0(3) oxygen atoms so that they 
are very efficient in neutralizing the charges. It may then 
be supposed that the specific charge carried by 0(3) oxy
gens increases in relation with the zeolite nickel content; 
stronger nickel-oxygen interactions produce a shortening 
of the Ni(I)—0(3) bond length.

One can wonder why Si population is limited to about 
12 Ni/unit cell whereas hp can accomodate 16. A compre
hensive interpretation was given by Dempsey and Olson7 

who were the first to show the reason of this limit from an 
acute analysis of a set of data. Moreover the relation N\ -  
(24 — N 1 -)/2 that they have proposed (N 1 and N v being 
the population of Si and Si- sites, respectively) holds with 
an excellent agreement for Agoo and Cgoo samples.

Finally a special comment has to be made about the 
particular ligand field which is applied to nickel ions oc
cupying hp. Even if the effect of the six 0(2) of the double 
six-membered ring is neglected, the field due to the six 
0(3) is nevertheless unusual although they are arranged in 
a near perfect octahedron. This is mostly due to the fact 
that the six 0(3) cannot approach nickel ions at usual 
Ni-0 bond length in spite of an important elongation of 
T-0(3) bonds and displacement toward the center of hp 
of the two six-membered rings of tetrahedra. It should be 
mentioned that crystal field calculations performed in this 
laboratory on the basis of present results allowed us to 
find with a good approximation the values of electron 
transition energy observed in the uv spectra of Ni NaY 
samples.8

C orrela tion  b e tw een  N ick e l S 1 S ites  P op u la tion , Z eo lite  
U nit C ell C onstan t, and T ota l N ick e l C on ten t. A previous 
note9 reported that a linear relationship exists between N  
and the zeolite unit cell constant a for a given sample 
(Nii4Na23H5Y). This result has now been extended to 
other nickel-exchanged Y zeolites. In Figure 2 the N  
values for the investigated samples have been plotted as a 
function of a. The two straight lines drawn from B2oo to

(7) E. Dempsey and D. H. Olson, J. Phys. C hem .. 74, 305, (1970).
(8) H. Garboski, Y. Kodratoff, M. V. Mathieu, and B. Imelik, J. Chim .

Phys.. 69, 1386 (1972).
(9) P. Gallezot, Y. Ben Taarit, and B. Imelik, J. Catal.. 26, 481 (1972).
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Figure 2. Chart giving N (number of Ni2+ ions in hexagonal prisms) vs. the cubic unit ceil constant a (A) for any sample: heavy lines, 
plot of N for the A, B, and C samples; light lines, set of equidistant parallel lines drawn for each Nt value which enables us to obtain N 
as a function of a; dashed lines, proposed limits of the chart best validity domain.

B6oo and from C200 to C6oo are nearly parallel to the well- 
defined A samples line (previously determined with 11 
points). Furthermore it may be noticed that for a given 
ordinate N, A a is proportional to AiVT, N-v being the total 
number of nickel ions per unit cell (for N = 10, Aa/ANT 
= 0.015). A family of straight lines was drawn parallel to 
the A line at 0.015-A absciss intervals; this set of lines 
gives a graphical solution to estimate N in a Ni NaY zeo
lite each time NT and a values are available. The analyti
cal expression

N  = 1368 -  54.945a -  0.808A?T

may also be used for the same purpose. These graphical 
and analytical solution are only valid in a definite range of 
hp population and of zeolite nickel content. Within the 
domain restricted to 3 < N < 12 and 7 < NT < 20, one 
expects that N is obtained with an accuracy of ±1 nickel 
ion.

The variations of unit cell parameter are related to the 
variations of Ni(I)—0(3) distances discussed above. How
ever, zeolite unit cell constants may be influenced by 
other factors such as chemisorption of certain molecules 
which may share or even exchange electrons or protons 
with the zeolite framework. Hence the relations given 
above can be used to determine N  in a simply activated 
Ni NaY zeolite but, in other respect, must be used with 
caution according to the nature of adsorbed molecules.

Conclusion
The conspicuous feature which comes out of these re

sults is the raising of nickel population in hexagonal 
prisms on progressive dehydration of the zeolite. This sit
uation is entirely different from that encountered for cop
per ions located in the same conditions essentially in Si- 
sites. One may expect that nickel ions in hexagonal prism 
get a rather stable coordination so they can neither move 
easily toward the supercages to react with adsorbed mole
cules nor be reachable by these molecules. Thus, these 
cations should be inactive in many catalytic processes un
like Si- copper ions which can migrate out of the sodalite 
cages. As soon as the exchange level rises above 12 Ni/ 
unit cell the Ni NaY zeolite should exhibit a greater cata
lytic activity (unless other factors prevent it) because ad
ditional ions are then outside the hp and may be involved 
in the catalytic process. However, even in the low level 
exchanged samples, there may be Ni ions available out
side the hp so that some activity may always occur.

This study has also shown some interesting results on 
structural chemistry of nickel ions in the zeolite sites, 
especially inside hexagonal prisms, ir. which Ni(I)-0(3) 
distances vary as a function of both Si population and ze
olite exchange level. A graphical and analytical solution 
was established in order to determine the number of nick
el ions caged in hexagonal prisms each time unit cell con
stant and total nickel content are known.
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Two- and three-parameter potential laws are considered for the interaction between nonbonded carbon 
atoms in graphite. Only the latter can be adapted to fit interlayer spacing, compressibility, and cohesion 
energy of graphite crystals, in the additive pairwise approximation. Potential energies of adsorption for 
rare gas atoms on graphite have been calculated using three-parameter potential laws derived from inde
pendently determined self-interaction potentials for the gas and for the solid atoms. A satisfactory agree
ment with experimental data cannot be automatically obtained from self-interaction empirical parame
ters, even using anisotropic potentials.

Introduction
Due to the homotactic character of its surface, graphite 

and graphitized carbon black appear ideally suited for ex
perimentally testing the theories about physical adsorp
tion. A number of studies (see, for instance, ref 2 and 3) 
have then been devoted to comparison of experimental 
data to theoretical calculations in the simple case of rare 
gas adsorption. Theoretical calculations are all based on 
the following simplified assumptions: (1) the adsorbed 
atom can be considered as a distinct system moving in the 
field produced by the solid; (2) the potential field can be 
evaluated in the additive pairwise approximation. Differ
ent potential laws have been used in such approximate 
evaluation, which sometimes render quite difficult a com
prehensive discussion, but the essentially empirical ap
proach used by Crowell4’5 is generally accepted. This re
quires the availability of (1) a self-interaction potential for 
the rare gas being considered, (2) a self-interaction poten
tial for the nonbonded carbon atoms in graphite, and (3) a 
combination rule to define the potential law for the corre
sponding unlike pair.

As far as rare gas atoms are concerned, very good poten
tial laws are available, which are derived in essentially a 
phenomenological way from experimental data referring to 
both the gaseous and the solid state of rare gases; the 
same, however, is not true for carbon atoms in graphite. If 
the phenomenological approach is to be maintained, po
tential laws for the van der Waals interactions between 
nonbonded carbon atoms in graphite must be derived 
from those physical properties of graphite which may be 
thought of as due to its molecular-solid nature (each layer 
as a molecule). The model of graphite as planes of hexag
onal carbon networks held together by van der Waals’ 
forces is, of course, an oversimplification but this approxi
mation seems to be necessary in order to obtain the po
tential energy expressions which are used to study gas ad
sorption on graphite that are compatible with the proper
ties of graphite.

Observational Equations for Graphite
Different experimental data are available to character

ize the “ intermolecular” interactions in graphite. Of 
these, three have been taken into account in previous 
works concerning the potentials to be used for adsorption 
studies: (1) the equilibrium interlayer distance in the lat

tice, (2) the compressibility of the crystal in a direction 
normal to the basal plane, and (3) the energy of cohesion. 
Further qualitative information arises from the relative 
stabilities of the three different lattices that could be ob
tained by the three stacking sequences XYXY, XYZXYZ, 
and X XX  of the parallel layers, where the planes denoted 
by the same letter are in exact register, while the other 
planes are rotated by 60°. The XYXY  sequence is the 
most stable one and gives the actual hexagonal lattice of 
graphite. The XYZXYZ sequence gives the less stable 
rhombohedral lattice, which appears only at high temper
atures, in association with the hexagonal one. Finally, no 
“ in registry” lattices have been found experimentally in 
graphite, corresponding to the stacking sequence XXX.

The interlayer spacing d = 3.354 A is known with 
great accuracy from X-ray measurements,6 and a suit
able observational equation may put in the form

(d(j)ldh)M  = 0 (1)
where h is the interlayer spacing and 0 is given by

0(/i) =  ( l / S ) ^ ^ | e [ R A.,(/i)] +  e[RB.,0i)]! =  T
m = 1 i(m) m

(2)
Here S = 5.202 A2 is the surface area of the elementary 
cell in the basal plane. This elementary cell contains one 
A atom (with two nearest neighbors in the two adjacent 
planes at a distance d = 3.354 A) and one B atom (with 
twelve nearest neighbors in the same two planes at a dis
tance d ' =  3.640 A). The expression e(R) gives the poten
tial energy of interaction for a single pair of carbon atoms 
lying on two different planes, whose relative position is 
given by R; RA i and RB,i are the vectors joining the ith 
atom in the mth plane to the A and B atom, respectively, 
in the elementary cell at the plane considered. The sum 
2 j(mi extends to all the atoms belonging to the mth plane at 
a distance mh and the sum 2 m extends from 1 to “ . It 
turns out that <pm(h) gives the interaction energy between
(1) This work has been partia ly supported by the Italian Council of Re

search (CNR).
(2) (a) M. Bretz and J. G. Dash, Phys. R ev. L ett., 26, 963 (1971); (b)

D. E. Hagen, A. D. Novaco, and F. J. Milford, "Adsorption-Desorp
tion Phenomena," F. Ricca, Ed., Academic Press, London, 1972.

(3) J. S. Brown, S u r fa c e  S ci., 19,259 (1970).
(4) A. D. Crowell, J. C hem . P hys., 29,446 (1958).
(5) A. D. Crowell and C. Ok Chang, J. C h em . P hys., 38, 2584 (1963).
(6) W. N. Reynolds, “Physical Properties of Graphite,” Elsevier, Am

sterdam, 1968.
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the unit area of a layer and the whole parallel layer at a 
distance mh, while gives half the potential energy 
per unit area of a single basal plane in an infinite graphite 
crystal, thus giving a direct measure of the crystal lattice 
energy.

The compressibility of the graphite crystal can be ex
pressed in terms of the previously defined <j>(h), if refer
ence is made to the corresponding Young’s modulus in a 
direction normal to the basal plane l/s 33 (si;- being the 
compliance moduli). The observational equation is

dx(d2<t>ldh2)h=d = l / s 33 (3)
where s33 =  (2.75 ± 0.10) x 10-12 cm2 dyn-1, as found in 
the complete set of elastic constants given by Reynolds.6

In a similar treatment, Girifalco and Lad7 assumed s33 
to be equal to the volume compressibility 0 , which 
amounts to the assumption that the total volume change 
under hydrostatic pressure is only due to the change in 
the interlayer spacing. In such an approximation they 
used 0 = 2.97 x 10" 12 cm2 dyn-1, which was extrapolated 
to atmospheric pressure by Brennan8 from the original 
Bridgman9 data. More recently Brown3 used, in a similar 
approach, 0 = 2.60 x 10"12 cm2 dyn-1 , as extrapolated 
from Lynch and Drickamer compressibility data.10

The cohesion energy for graphite may be expressed in 
terms of <pmA so that the following equation must be obeyed

£  m<pm(d) = (AE)C (4)
m = 1

where (AE)c = -238 erg cm-2 is the average value of the 
cohesion energy, as estimated by Good, et al.,11 from a 
critical review of the available heat of immersion data, 
with an error which may be evaluated to be about 10%.

Equation 4 disregards the contribution from relaxation 
energy, which can be calculated only after the interatomic 
potential has been determined. However, since the relaxa
tion energy is of the order of 0.1 erg cm-2, while the un
certainty in the experimental data is about 25 erg cm-2, 
this contribution may be dropped without any appreciable 
consequence.

In order to solve equations such as 1, 3, and 4, with re
spect to the parameters involved in potential laws, it is 
expedient to rewrite such potential laws, by explicitely 
separating the linear from the nonlinear parameters

i ( R ,7 . . 5,)  =  £ y ,/ » ( R A )  (5)
v

where yv and are general terms for the two sets of pa
rameters. The linear operators which occur in eq 1, 3. and 
4 leave the linear dependence unchanged, so that, from
these equations one immediately obtains

0 = £ 7 ,F ,[R W )A ] (6)
v

I/S33 = £ t ,GIR(c0,5J (7)

(A E)e = £ % # ,[R (c0,<5J (8)

where F , G , and H are defined by

F „ = (dJ^<Pm,Jdh) (9)

Gy = did^pm.y/dtl2) (10)
\  m / h —d

Hy = J~jrupm,y (G)
m

with

<7V, = (1 /S )£| /,[R A. . W J  + /,[R b,,W,<5J (12)
i(m)

Expressions 9-11, which depend only on the nonlinear pa
rameters and on the crystal lattice, can be evaluated sep
arately, while the linear parameters may be easily ob
tained by solving equations 6- 8. Since tne aim is to apply 
the potential laws to defining a topographically detailed 
potential energy in the adsorption of gases on the surface 
layer of graphite, it is a matter of logical consistency and 
of uniform computational technique to use direct summa
tions instead of approximating integrals in evaluating all 
such quantities.

Central Potential Laws
Let the interaction potential between two carbon atoms 

have the form of a Lennard-Jones 12-6 potential
potential la

e(R) = (AIR6) + (B/R12) (13)
In this case only the modulus of the vector R is involved 
(central potential) and only two linear 7 parameters have 
to be determined, so that eq 5 can be written as

c(R, 7i, 72 =Y i/ i(R) + y ifi(R) (14)
where 71 = A, 72 = B, fi = R-6, and/2 = R -12. Equations
6-8 give

B/A = -F jF 2 (15)

A = F2I s33 (F2G1 -  F1G2) (16)
A = F2(AE)CI(F2H1 -  F1H2) (16')

where Fi, Gj, Hi, F2, G2, and H2 are still defined by 
equations 9-11. These quantities have been evaluated by 
direct summation over all the atoms in the underlying 
layers at a distance Rt < p = 20 A from the A or the B 
atom in the unit cell considered. For atoms at distances 
greater than p, Crowell’s approximation12 was used. The 
equilibrium interlayer spacing univocally determines the 
ratio B/A (eq 15). However, different values for the single 
constants A and B are obtained depending on their deri
vation from the compliance modulus (s33 = 2.75 X 10" 12 
cm2 dyn" 1 gives A = -2.612 x 10"11 erg A6; B = 4.072 x 
10"8 erg A12) or from the cohesion energy ((AE)c = -238 
erg cm-2 gives A = -1.694 X 10" 11 erg A6; B = 2.640 X 
10"8 erg A12). The disagreement existing between the two 
sets cannot be reduced within the limits of the experi
mental errors affecting s33 and (AE)c. In fact the Len
nard-Jones potential derived from the experimental 
compressibility would lead to a cohesion energy value of 
-367 erg cm-2, while if the cohesion energy is taken as 
input data a value of s33 = 4.24 X 10"12 cm2 dyn-1 would 
be obtained.

Let us now write the interaction potential between two 
carbon atoms in the form of an exp 6 potential

(7) L. A. Girifalco and R. A. Lad, J. Chem. Phys., 25, 693 (1956).
(8) R. O. Brennan, J. Chem. Phys., 20, 40 (1952).
(9) P. W. Bridgman, Proc. Amer. Acad. ArtsSci., 76, 9 (1945).

(10) R. W. Lynch and H. G. Drickamer, J. Chem. Phys., 44, 181 (1966).
(11) R. J. Good, L. A. Girifalco, and G. Kraus, J. Phys. Chem., 62, 1418 

(1958).
(12) A. D. Crowell, J. Chem. Phys., 22, 1397 (1954).
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potential lb
e(R) = {AIR6) + B exp (-Ci?) (17)

This is still a central potential (only the modulus of the 
vector R is of interest), but three parameters have to be 
determined, one of which is a nonlinear 8 parameter. 
Equation 17 can be written as

f (fli. 7 ,1 . 7 2 , <5) =  y jA R )  +  y 2f2{R,$) (18)
with 71 = A, 72 = E, 8 = C, fi = R 6, and f2 -  
exp(-CR). Equations 15-16' hold true also in this case, 
where, however, F2, G2, and H2 are all functions of the 
parameter 8. Dividing (16) by (16') the following equation 
is obtained

F.HziC) -  F 2(C}Hl 
F f i 2(C) -  F 2(C)G,

(AE)cs¡¡ (19)

which enable us to evaluate C from the experimental data 
from both compressibility and cohesion energy. Such an 
equation has been solved numerically. Fit Glt and Hi are 
the same as in the previous case, while the evaluation of 
F2, G2, and H2 must be carried out for each assigned 
value of C.

For S 33 =  2.75 X  10-12 cm2 * dyn“ 1 and ( A E ) c  =  -238 
erg cm' 2 a value C = 5.139 A ' 1 has been found; A = 
1.387 X  10' 11 erg A6 and B = 3.332 X  10-7 erg have then 
been obtained. The resulting potential law is illustrated in 
Figure 1, together with the two Lennard-Jones potentials 
previously defined. Since all three observational equations 
have been employed in defining the three parameters, the 
adequacy of such a potential cannot be tested through the 
experimental data considered here for graphite. One can 
merely say that the exp 6 potential does not present the 
inner contradictions which were previously found for the
12-6 potential.

As far as the relative stabilities of different lattices are 
concerned, the situation is illustrated in Table I, where 
the lattice energies per unit volume = (p/d and the 
equilibrium interlayer spacing d are given, as calculated 
for the hexagonal, rhombohedral, and in registry packing 
of graphite layers. No matter which potential is consid
ered, the in registry lattice appears to be less stable than 
the rhombohedral and hexagonal lattices, which are char
acterized by the same calculated stability.

One should conclude that central potential laws are not 
able to justify the greater stability of the hexagonal with 
respect to the rhombohedral lattice, even if they explain 
the lower stability of the hypothetical XXX  structure.

Anisotropic Potential Laws
The inverse sixth power law used for the attractive term 

in the previous potentials is generally interpreted as due 
to the dispersion forces arising from dipole-dipole interac
tions. The polarizability of the involved atoms plays a 
fundamental role in current expressions for the dispersion 
forces, and an attractive potential which is simply propor
tional to R~6 * is justified only when such polarizabilities 
are isotropic. Meyer and Deitz13 14 15"16 first pointed out that 
the anisotropic nature of carbon atom polarizability in 
graphite can markedly affect the dispersion energies, since 
the attraction should be limited by the restricted elec
tronic oscillation perpendicular to the graphite layers. 
Searching for an explanation of the heterogeneities con
nected to the edge effects in the adsorption of gases on 
graphite, they used the treatment given by de Boer and

Figure 1. Potential laws for the van der Waals’ interaction be
tween carbon atoms in graphite, la (AE)c and la (S33) are the 
Lennard-Jones potentials derived from cohesion energy and 
compressibility, respectively; lb is the modified Buckingham exp 
6 potential.

TABLE I: Lattice Energy per Unit Volume \p (108 erg c m '3) and 
Equilibrium Interlayer Spacing d  (A) for the Actual Hexagonal, 
the Nonequilibrium Rhombohedral, and the Hypothetical in 
Registry Lattice as Evaluated from Different Potential Laws0 ®

Potential
law

X Y X Y X Y Z X Y Z XXX

* d * d i d

la (AE)c 60.041 (3.354) 60.041 3 .3 5 4 58.463 3.380
la (S33) 92.264 (3.354) 92.264 3 .3 5 4 90.188 3.380

It 61.914 (3.354) 61.914 3 .3 5 4 59.471 3.389

Ma (A£)c 60.371 (3.354) 60.371 3 .3 5 4 60.908 3.356
Ha (S33) 92.706 (3.354) 92.706 3 .3 5 4 93.352 3.356
lib 66.528 (3.354) 66.528 3 .3 5 4 65.340 3.376

lie (AE)c 60.412 (3.354) 60.412 3 .3 5 4 60.110 3.365

He (S33) 92.656 (3.354) 92.656 3 .3 5 4 92.194 3.365

0 For potentials lie a polarizability ratio D =  0.1 has been used. 6 The 
value d =  3.354 A for the equilibrium spacing in hexagonal graphite has 
been used In the evaluation of the parameters for all potential laws.

Heller,17 which is an extension to the case of anisotropy of
London’s representation of interacting atoms as harmonic
oscillators. Furthermore, they assumed, by referring to the
work of Lippincott and Stutman,18 that the component of
the polarizability perpendicular to the basal plane in
graphite is zero, while the polarizability is isotropic in
that plane. Finally they assumed that repulsive forces are 
isotropic, so that the repulsive term can be treated as a

(13) E. F. Meyer and V. R. Deitz, J. Phys. Chem., 71, 1521 (1967).
(14) E. F. Meyer, J. Phys. Chem., 71,4416 (1967).
(15) E. F. Meyer, J. Chem. Phys., 48, 5284 (1968).
(16) E. F. Meyer, N. R. L. Report No. 6547, Washington, D. C., 1967.
(17) J. H. de Boer and G. Heller, Physica, 4, 1405 (1937).
(18) E. R. Lippincott and J. M. Stutman, J. Phys. Chem., 68, 2926 

(1964).
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central one. These assumptions that, as far as we are 
aware, were not directly tested by Meyer and Deitz 
against the properties of graphite crystals, will be adopted 
to define non-isotropic self-interaction potentials for car
bon atoms in graphite, in a way which strictly parallels 
that followed in the preceding section for central poten
tials. The interaction potential proposed by Meyer15 for 
carbon atoms in graphite 
potential Ila

‘<R) -  ¿ ( 2 - % +  D ) +  w> (20)
and the corresponding three-parameter potential 

potential lib

e(R) = ~ %  + +  B exp(-C R ) (21)

can be treated in a way strictly similar to that employed 
for the 12-6 and the exp 6 potentials. Here r is the projec
tion of R on the basal plane.

For potential Ila, the observational equations are again 
the eq 15-16' of the preceding section, obviously with dif
ferent values of Flt Gy, and Hi still defined by eq 9-11.

As in the case of the Lennard-Jones potential, while the 
ratio B/A is univocally determined, the single A ar.d B 
values depend on their derivation from the compliance 
modulus (A = -1.748 X 10-11 erg A6; B = 4.035 x 10-8 
erg A12) or from the cohesion energy (A = -1.139 x ID-11 
erg A6; B = 2.628 x erg A12). Again, such a disagreement 
cannot be reduced to the experimental errors in the deter
mination of S33 or (AE)c. This should not be considered 
too surprising since, as was already pointed out by 
Meyer,16 potential Ila gives, in Crowell’s approximation, 
the same results as the Lennard-Jones potential, and it is 
well known that Crowell’s approximation is quite satisfac
tory for graphite.

It can be concluded that the anisotropy of polarizabil
ity, as considered in the model by Meyer and Deitz, is not 
able to take into account the essential features of the van 
der Waals’ interaction in graphite.

For potential lib, which introduces a nonlinear 8 pa
rameter (8 = C), this again can be derived from the ex
perimental data for both compressibility and cohesion 
energy, by numerically solving an equation of the same 
form as eq 19 in the preceding section. The sums F2, G2, 
and H2 must be evaluated for each assigned value of C. 
For the same s33 and (AE)c values used above, C = 5.123 
A-1 has been found. The values calculated for the re
maining parameters are A = -9.354 X 10“ 12 erg A6 and B 
= 3.167 x 10“ 7 erg. The angular dependence of the corre
sponding potential is illustrated in Figure 2. This poten
tial law, which has been defined to fit the three chosen 
observational equations, does not present the intrinsic 
contradiction previously shown by potential Ila. The same 
situation as in the case of spherically symmetric laws is 
found also for the anisotropic polarizability treatment; 
only the three-parameter potential is compatible with the 
“ molecular” properties of graphite which have been taken 
into account. This does not mean, however, that such a 
potential is effective in describing interactions between 
unlike pairs or in forseeing adsorption heats or different 
graphite properties. In particular, the angular dependence 
of the carbon-carbon interaction, which is shown in Fig
ure 2, is quite unacceptable. This exaggerated variation 
with d does not produce untreatable results just because,

Figure 2. Polar diagram of minimum potential energy of interac
tion e* and corresponding equilibrium distance Ft* as a function 
of the angle d (potential lib). The minimum energy e,* and the 
equilibrium distance R i*  for the isotropic exp 6 potential lb are 
also given for comparison.

as a consequence of the crystal structure of graphite, those 
carbon atoms whose relative position is characterized by 
high d values are too removed from each other to heavily 
interact.

As far as the relative stabilities for different graphite 
lattices are concerned, Table I presents the lattice ener
gies and the equilibrium interlayer spacings that can be 
calculated for the XYXY, XYZXYZ, and XXX packing of 
the graphite layers. The striking result for the potential 
Ila is that the in registry XXX packing appears to be en
ergetically preferred, against any experimental evidence. 
So the Meyer and Deitz model, which does not enable us 
to overcome the difficulties encountered with the Len
nard-Jones potential, introduces a further paradox from 
the point of view of lattice stabilities. This paradox, 
which is avoided with potential lib, deserves further at
tention and leads to criticize the way in which the anisot
ropy has been introduced.

Of course the first criticism concerns the unrealistic as
sumption that the polarizability in a direction normal to 
the basal plane is zero.

Following the treatment of anisotropic polarizability 
that was given by de Boer and Heller, the expression for 
the attractive dispersion interaction between two atoms is

h ' v ¡V f'
Ca ttr  =  “  J  ¿2 C i k 2 -------J -------; « / « * '  ( 2 2 )

4 ; , * = 1 Vi +  vk'

where the n’s are the components of the polarizabilities 
and the vs are the corresponding characteristic frequen
cies; cik is the interaction energy of two unit dipoles ori
ented in the directions defined by the corresponding unit 
vectors i and k

Cik = (l/R 3)[i-k -  (3//?2)(i-R)(k-R)] (23)
Using a model which maintains the isotropy of the carbon 
atom polarizability in the plane parallel to the graphite 
layers corresponds to the assumption

a , = a , =  an'

Oik Oik‘' =  a~

■ = V j =  v/

Vk = V k ' =  v x

(24)

The Journal of Physical Chemistry, Vol. 77, No. 5, 1973



A d s o r p t io n  o f  R a re  G a s e s  o n  G r a p h it e 6 61

which gives

t(R)a„r = -  \ Ä6{ 1/:■ • * * { * - %
, 9r4 

R4,

Vh± a»«1
18r2z2

+  Zi 6 z2
p» +  ^  “  u R1 R2

+

9zl
R4)}

(25)
where r is the projection of R on the basal plane and z is 
the distance between the planes. This expression suggests 
a way for writing an interaction potential taking into ac
count the anisotropy of polarizability according to the 
model illustrated above 
potential lie

e(R) A J ( 9 _  A i
Rf \\ R2

+ +  D 18 r2z2 
R4

+

D2('
6z2 , 9z4
R2 ^  R4» (26)

Such a potential can be formally derived by associating 
the attractive term with an inverse twelfth-power repul
sive term (as in the potential of Meyer and Deitz), by as
suming v = v-1 = v, and by setting A = - ( hva 2)/8 and 
D = aL/a . This expression defines a reasonable three- 
parameter potential law with a D parameter directly re
lated to the polarizability ratio /a'1 . For a1- = a 1 it im
mediately reduces to a simple term in R~6, while for ax = 
0 it reduces to the attractive term proposed by Meyer15 
for carbon atoms in graphite.

Exact determination of the three parameters A, B, and 
D from the observational equations is not possible, since 
experimental data for graphite bring us to a quadratic 
equation in D having imaginary roots. We can, however, 
assume any arbitrary D value intermediate between the 
two extreme values D = 0 and D = 1 (implicitly involved 
in the Meyer and Deitz and in the Lennard-Jones poten
tial, respectively) and determine the other two parameters 
by proceeding in the usual way. It is found that lattice 
energies calculated in this way vary regularly with D\ a 
value as low as 0.1 is sufficient to produce the inversion in 
the relative stabilities of the hexagonal and in registry lat
tice, as shown in Table I. So it appears that the above 
paradox was not related to the physically obvious strong 
anisotropy of graphite, but strictly to the crude assump
tion aL = 0. On the other hand, one finds that potential 
lie results unable, in the same measure as the two-param
eter potentials la and Ha, to justify both the experimental 
data for compressibility and cohesion energy, irrespective 
of the value which is assigned to D.

One can finally observe that, as for the central poten
tials of preceding section, the anisotropic potential laws 
examined here fail to explain the higher stability shown 
by the normal hexagonal lattice with respect to the high- 
temperature rhombohedral lattice.

Adsorption Potential Energies for Rare Gases on 
Graphite

The adsorption energies which can be calculated in the 
additive pairwise approximation for the interaction of rare 
gases with a graphite surface were thoroughly discussed 
by Sams19 some years ago. In that work, the Lennard- 
Jones potential was employed, and attention was primari
ly given to the effect of using different sets of self-interac
tion parameters for the various rare gases, and different 
combination rules for obtaining unlike pair potentials. It

was apparent that the choice of rare gas parameters is not 
a critical one; while large differences are introduced by 
different combination rules.

The potential adsorption energies will now be discussed 
which can be calculated by using potential laws arising 
from suitable combinations of independently determined 
self-interaction potentials for the solid and the gas.

In the preceding sections two different potentials lb and 
lib have been selected for the self-interaction of carbon 
atoms in graphite, which are compatible with the physical 
properties of the graphite crystal.

Since both are three-parameter potentials, a three-pa
rameter exp 6 potential must be used also for the self-in
teraction of rare gas atoms. The parameters employed for 
different rare gases are those proposed by Srivastava20 
which are essentially the same as used by Mason and 
Rice21 with the exception of Kr. In any case it was pre
viously said that their choice was not a critical one in the 
evaluation of the adsorption energies. As far as the combi
nation rules are concerned, different situations arise in the 
isotropic and anisotropic case.

For the exp 6 potentials, the Srivastava’s combination 
rules may be adopted, which proved useful in studying 
unlike pair interactions in rare gases. They can easily be 
used to numerically evaluate the corresponding A, B, and 
C parameters in the expression 17 of the exp 6 potential.

On the other hand, the model of Meyer and Deitz13 in
volved in defining the attractive term in potential lib, 
also defines in a rather rigid way the combination rule for 
the attractive term for the unlike pair. By applying the 
formulas of de Boer and Heller17 to the attractive interac
tion between an isotropic rare gas atom and a carbon 
atom in graphite (as treated in the anisotropic model of 
Meyer and Deitz), the following expression is obtained
ea»r(R) =  —

hvcVcWaJ' (  2 , 3r2\ „ /  2 , 3r2\
4(vg +  vc" )U 6 +  Rs)  A<:0 \R6 +  Rs)  (27)

where a, v, a11, and v1 have the same meaning as in the 
preceding section and indices G and C are for the gas 
atom and the carbon atom, respectively. The isotropic po
larizabilities aG for different rare gases are given by Hol- 
lis-Hallett22 and the anisotropic ac for the carbon atom 
in graphite was determined in a semiempirical way by 
Lippincott and Stutman.18 Using these polarizabilities, 
the corresponding characteristic frequencies can be ob
tained from the attractive constants in the self-interaction 
potentials and the new attractive constants A CG' can be 
calculated. The remaining B and C parameters in the re
pulsive term have then been assumed to be given by the 
geometric and arithmetic mean, respectively, of the corre
sponding parameters in the self-interaction potentials. 
Such simple combination rules have been used, for in
stance, in the Williams’ studies on the carbon-hydrogen 
interaction in hydrocarbons.23

The procedure used for the anisotropic case suggests 
that similar combination rules (corresponding, for the at
tractive part to the London combination rules) may be 
used also in obtaining the exp 6 potential law for the

(19) J. R. Sams, Jr., Trans. F araday Soc., 60, 149 (1964).
(20) K. P. Srivastava, J. C h em . P hys., 28, 543 (1958).
(21) E. A. Mason and W. E. Rice, J. C h em . P h ys., 22, 843 (1954).
(22) A. C. Hollis-Hailett, “Argon, Helium, and the Rare Gases,” inter

science, New York, N. Y., 1961.
(23) D. E. Williams, J. C h em . P h ys., 45, 3770 (1966).
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TABLE II: Values of Parameters for the Interaction between Rare Gases and Graphite“

Interacting atoms
Combination ---------------------------------------------------------------------

rules Parameters He-C Ne-C Ar-C Kr-C Xe-C

Srivastava A -5 .6 8 5
Potential Law lb 

-1 1 .0 0 -3 7 .21 -5 6 .6 5 -8 0 .0 0
B 81.21 441.8 774.1 696.1 925.8
C 4.547 4.873 4.380 4.078 4.030

London A -4 .1 6 9 -8 .0 2 7 -3 0 .8 6 -4 6 .8 4 -7 1 .0 9
B 98.06 495.3 715.9 508.2 635.9
C 4.547 4.873 4.380 4.078 4.030

de Boer-Heller A -1 .6 6 2
Potential Law lib 

-3 .2 0 3 -1 1 .7 9 -1 7 .9 2 -2 6 .2 6
B 95.48 48.22 697.0 494.7 619.1
C 4.539 4.865 4.372 4.070 4.022

“ A is in units of 10” 12 erg A -6 ; B in units of 10 10erg;C inA

isotropic case by employing, for the carbon atom in graph
ite, the calculated mean value ac, corresponding to a hy
pothetical isotropic polarizability, also given by. Lippin- 
cott and Stutman.18 Comparison of the results obtained 
by using the two different exp 6 potentials so obtained, 
should enable us to evaluate how far the combination 
rules affect the calculated potential energies of adsorp
tion.

The evaluated parameters corresponding to the three 
different potential laws are given in Table II for all the un
like pairs here considered.

For each of the proposed potential laws, the local poten
tial energy for a single rare gas atom adsorbed on the 
basal plane of a semi-infinite graphite crystal has to be 
calculated.

The asymmetric field near the surface of a crystal intro
duces a relaxation in its upper layers, which may be of 
importance in adsorption studies. The surface relaxation 
in graphite has been assumed to involve changes solely in 
the interlayer distances, and has been evaluated for a 
semi-infinite graphite crystal by minimizing the lattice 
energies with respect to the spacings. In practice only the 
spacing between the surface layer and the second layer 
undergoes an appreciable change (by +0.36%) on relaxa
tion. The relaxation energy corresponds to only 0.06 and 
0.05 erg cm-2 for potentials lb and lib, respectively. The 
potential energy of the adsorbed atom on the relaxed 
graphite crystal has then been calculated with reference 
to a Cartesian system, the x and y axes lying on the sur
face plane and the z axis pointing upward. The potential 
V(x,y,z) has been calculated at each point by directly 
summing up the single-pair interactions for all the atoms 
of the solid within a sphere of radius 20 A centered at that 
point and by adding the contribution from outer atoms as 
evaluated in Crowell’s approximation. The minimum of V 
with respect to z gives the potential energy of adsorption 
V°{x,y).

Three points of particular interest may be identified: 
the center of the hexagon where the minimum of V° oc
curs and which therefore corresponds to the preferential 
adsorption site; surface atoms corresponding to maxima of 
V°, no appreciable difference existing between the two 
topologically different types of surface carbon atoms; and 
saddle points at the middle between two nearest carbon 
atoms. In Table III values of V° are given at these points 
for all the rare gases and for the three different potential 
laws adopted.

TABLE III: Values of the Potential Energy of Adsorption at Site 
( V s ° ) ,  Saddle ( V Sp ° ) ,  and Atom ( V a ° ) for Rare Gases on Graphite 
as Compared with Adsorption Potentials (Ve°) from 
Experimental Data“

Potential law and combination rules

Adsorbed
gas

Potential 
energy of 
adsorption

lb
Srivastava

lb
London

lib
deBoer-
Heller 4 °

He <
 

i
Cfl o - 3 0 6 .3 -1 8 1 .3 -2 3 5 .8 - 3 3 7

4 p ° -2 8 5 .2 -1 7 1 .8 -2 1 8 .7

Va° -2 8 2 .7 -1 7 0 .7 -2 1 6 .8
Ne 14° -6 0 7 .5 -3 7 5 .4 -4 8 5 .2 - 5 1 2

I4 p 0 -5 6 0 .9 -3 5 0 .9 -4 4 4 .9
Va° -5 5 5 .4 -3 48 .1 -4 4 0 .5

Ar 4 ° -1 3 4 2 -1 0 6 7 -1 2 9 1 -1 4 7 4

V.p° -1 2 8 5 - 1 0 2 4 -1 2 2 6
Va° -1 2 7 9 -1 0 1 9 -1 2 1 9

Kr 4 ° -1 6 0 2 -1 3 9 2 -1 6 8 9 -1 9 4 6
VSp° -1 5 5 9 -1 3 5 1 -1 6 2 5

V -1 5 5 3 -1 3 4 6 -1 6 1 9
Xe 4 ° -2 1 5 2 -2 1 1 9 -2 4 4 9 -2 5 6 5

14p° -2 0 9 8 -2 0 5 7 -2 3 6 0
V -2 0 9 1 -2 0 5 0 -2 3 5 0

“ Energies are in units of 10~16 erg.

In the same table the data Ve° of adsorption potential 
deduced from experimental data are also given for com
parison; they are those proposed by Yang, et al.,24 for he
lium and by Olivier and Ross25 for the other gases. All 
these data were calculated starting from experimental ad
sorption isotherms of rare gases on graphitized carbon 
black at different temperatures in the range of validity of 
Henry’s law.26-29 Steele30 recently discussed the possible 
ways of deducing the adsorption potentials from experi-

(24) K. Yang, P. L. Gant, and D. E. Cooper, J. Phys. C h em ., 69, 1768 
(1968).

(25) S. Ross and J. P. Olivier, "On Physical Adsorption," Interscience, 
New York, N. Y„ 1964.

(26) G. Constabaris and G. D. Halsey, Jr., J. C h em . P h ys., 27, 1433 
(1957).

(27) G. Constabaris, J. H. Singleton, and G. D. Halsey, Jr., J. Phys. 
C h em ., 63, 1350 (1959).

(28) J. R. Sams, Jr., G. Constabaris, and G. D. Halsey, Jr., J. Phys. 
C h em ., 64, 1689 (1960).

(29) W. A. Steele and G. D. Halsey, Jr., J. Phys. C h em ., 59, 181 
(1955).

(30) W. A. Steele, J. L ow  Tem p. P h ys., 3, 257 (1970).
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mental data in the case of He on graphite, and a substan
tial agreement is found starting from different approach
es.

The results given in Table III show a marked disagree
ment of the potential energies as calculated through the 
different potential laws with the values obtained from ex
perimental adsorption data. Such a disagreement is high
er than found by Sams19 using a Lennard-Jones 12-6 po
tential law, even if the Lennard-Jones potential proved to 
be inconsistent with the physical properties of the graph
ite crystal.

Conclusions
The Lennard-Jones 12-6 potential and the two-parame

ter potential proposed by Meyer were not found to fit the 
experimental data as far as spacing in the lattice, 
compressibility in a direction normal to the basal plane, 
and cohesion energy are concerned. The two potentials 
must then be excluded if potential laws, which are ade
quate to study the adsorption of rare gases on graphite in 
the additive pairwise approximation, have to be obtained 
by suitably combining empirical self-interaction poten
tials independently defined for each interacting species. 
The modified Buckingham exp 6 potential and the aniso
tropic three-parameter potential -hat can be obtained by 
combining an attractive term owing the model of Meyer 
and Deitz with an exponential repulsive term obviously 
can be adapted to fit the three observational equations 
considered here for graphite. These two potential laws 
succeed in assigning the correct relative stabilities to the

hexagonal (XYXY) and in registry (XXX)  stacking, but 
are not able to introduce any difference between the hex
agonal and the rhombohedral (XYZXYZ) stacking. Their 
suitability in giving useful interaction potentials for un
like pairs must then be judged from the results they are 
able to give for the potential energies of adsorption of dif
ferent rare gases. As was seen in Table III such results are 
not very satisfactory.

This perhaps could indicate that it is not possible to ob
tain adequate potential laws for the physical adsorption of 
rare gases on graphite by rigorously applying the criterion 
of combining empirical self-interaction potentials inde
pendently defined. The fundamental reason should proba
bly be found in the inadequacy of the additive pairwise 
approximation to describe van der Waals’ interactions in 
graphite.

Another possible reason, however, can certainly be 
found in the rather arbitrary nature of combination laws. 
To this purpose, one must take into account that greater 
discrepancies are introduced by using different combina
tion rules in the exp 6 potential, than by changing from 
the exp 6 potential to the modified Meyer and Deitz po
tential (i.e., by passing from isotropic to anisotropic de
scription of dispersion forces in graphite).

Finally one must consider that the uncertainty in many 
of the experimental data (both for graphite properties and 
for adsorption energies) are of the order of some per cent, 
and that a much better agreement with calculated ener
gies either reflects a pre oriented selection of the possible 
potential laws, or represents a lucky and fortuitous goal.

A d s o rp t io n  o f  A m m o n ia  in C o p p e r ( l l )  Y  Z e o l i t e s

Yun-yang Huang* and E. F. Vansant1
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Adsorption and desorption of ammonia in Cu(II)Y zeolites were measured gravimetrically. In comparison 
with NaY, CaY, and decationated Y zeolites, the large ammonia uptakes in Cu(II)Y samples were attrib
uted to the formation of copper(II)-ammine complexes, which were mainly in the form of Cu(NH3)42-  
Desorption study showed that both the decationated Y and Cu(II)Y zeolites had stronger adsorption sites 
than other cation forms. No specific interaction between carbon monoxide and Cu(II)Y was observed, 
suggesting that Cu2+ ions were not exposed to the supercages. Adsorption of ammonia, however, would 
pull most Cu2+ ions out of the small cavities to form copper(II)-ammine complexes. Preadsorbed ammo
nia enhanced the reduction by carbon monoxide of cupric ions to cuprous ions.

Introduction
Ammonia is a small polar molecule. It has been used as 

a probe to study the gas-zeolite interaction, especially in 
terms of electrostatic energies. In particular, the adsorp
tion of ammonia on X type zeolites exchanged with alkali 
metal and alkaline earth metal ions was investigated by 
Barrer and Gibbons.28 They concluded that the electro
static components, i.e., the polarization energy and the 
field-dipole energy, were important contributions to the

initial heat of adsorption. A sequence of increasing heat 
with increasing polarizing power of the cation was clearly 
indicated. The heats of adsorption are in general between 
10 and 20 kcal/mol, but are as high as 26 kcal/mol in the

(1) On leave from the Laboratorium voor Oppervlaktescheikunde, Hev- 
erlee, Belgium.

(2) (a) R. M. Barrer and R. M. Gibbons, Trans. F araday S o c .. 59, 2569 
(1963); (b) J. E. Benson, K. Ushiba, and M. Boudart, J. Catal.. 9, 
91 (1967).
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TABLE I: Adsorption-Desorption Measurement of Ammonia in Y Zeolites

Zeolite
Cation content

CuY(75%) CuY (48%) CuY(13%) CaY (77%) NaY Decationated Y

in mmol/g 1.60(Cu2+) 1.12(Cu2+) 0.27(Cu2 + ) 1.66(Ca2 + ) 4.40(Na+) 3.92(H +)
in cations/unlt cell 

NH3 adsorption 
at 23° and 20 Torr,

21 (Cu2 + ) 14.5(Cu2 + ) 3.5(Cu2+) 21 (Ca2+) 56(Na + ) 46(H+)

mmol/g
NH3 remaining after 

evacuation at 25°,

12.25 10.23 7.60 7.50 6.95 11.00

mmol/g
NH3 remaining after 

evacuation at 100°,

3.98 1.57 2.24 1.16 4.38

mmol/g 2.47 0.56 1.25 0.15 2.70

case of Ca2+ and Sr2+ forms at very low surface covera
ges.

Because of its strong basicity, ammonia has also been 
widely used to investigate the acidic sites on the surface 
of catalysts. For instance, Benson, Ushiba, and Boudart2b 
studied the adsorption of ammonia on a decationized Y 
zeolite. Isosteric heat of adsorption was determined to 
characterize the binding force between ammonia and the 
acidic sites on the catalytically superactive material. At 
high surface coverages, the heat is only 10 kcal/mol, but 
increases to about 40 kcal/mol at very low coverages. This 
shows that on few acidic sites, ammonia is bound more 
strongly than on cation sites. In fact, calorimetric mea
surement on Y type zeolites3 indicated that the heats of 
ammonia adsorption at coverages below one N H 3  per cav
ity were above 20 kcal/mol for HY, CaY, and LaY sam
ples, but not for NaY. The authors attributed the high 
initial values to the interaction of ammonia with proton 
centers, which would be present only in decationated and 
multivalent Y zeolites.

It is well known that ammonia forms complexes with 
transition metal ions in solutions. The nature of this coor
dination is different from those just mentioned due to the 
role which d electrons play in transition metal ions. By 
.analogy, complex formation would be expected in zeolite 
cavities in which transition metal ions are present. This 
has indeed been observed. Much work has been devoted to 
study the copper(H)-ammine complexes in zeolites by 
electron spin resonance (esr) spectroscopy. Recently, Van
sant and Lunsford4 reported that the Cu(NH3)42+ com
plex in Y zeolite had a square planar symmetry and that 
desorption of ammonia at 10CT gave an esr spectrum cor
responding to a distorted tetrahedral symmetry with one 
ammonia per Cu2+ ion. Esr studies of complex formation 
in CuY zeolites prior to their work were properly surveyed 
and listed in the reference of their paper.

In spite of the extensive work which has been done in 
this area, all the esr investigations were limited to sam
ples with low copper contents only, in order to avoid the 
spin exchange interaction between neighboring copper 
ions occurring at higher concentrations. Yet, it is conceiv
able that high exchanged zeolites might have adsorption 
properties and catalytic activities different from those of 
the low exchanged ones. We thus decided to study the 
complex formation of ammonia in high exchanged CuY 
zeolites by gravimetric adsorption—desorption measure
ment. The method would provide more quantitative infor
mation about the copper(II)-ammine complexes in zeol
ites, which would not be directly available from esr spec
troscopy alone. Since ammonia would adsorb on acidic 
and cation sites, NaY, CaY, and decationated Y zeolites

were also studied in addition to CuY samples with various 
copper contents so that we could ensure the specific com
plex formation due to copper ions.

Experimental Procedure
Various cation-exchanged Y zeolites were prepared from 

Linde NaY zeolite by a conventional ion-exchange proce
dure. The high exchanged samples were obtained by 
treating the zeolite several times with the respective salt 
solutions. The contents of exchanged cations are given in 
Table I.

Anhydrous ammonia, 99.99% purity, supplied from Ma- 
theson Gas Products, was used for the adsorption study 
without further purification. Carbon monoxide, CP grade 
with 99.5% purity, also from Matheson, was passed slowly 
through a liquid nitrogen cold trap before use. Commer
cial oxygen, 99.5% purity, supplied from Airco Inc., was 
condensed in a liquid nitrogen cold trap and then distilled 
into a gas storage bulb for the pretreatment of CuY sam
ples.

The adsorption-desorption experiment was carried out 
by a Cahn recording electrobalance, Model RG 2002, Ven- 
tron Instruments Corp. The apparatus of the gravimetric 
adsorption system in connection with a vacuum system 
was similar to that described by Huang, Benson, and 
Boudart.5

Zeolite samples were evacuated overnight at room tem
perature before heating up slowly at an increment of 
100°/hr to 400°. The evacuation was continued at the final 
temperature for at least 3 hr. The CuY samples were then 
treated with 150 Torr of oxygen at 400° for 6 hr, followed 
by evacuation for 1 hr. The dehydrated samples showed 
a light green color.

Ammonia was adsorbed on dehydrated samples at room 
temperature and at pressures up to 70 Torr. A deep blue 
color developed in Cu(II)Y samples. Desorption points of 
the isotherms were then taken down to 5 Torr before the 
samples were evacuated. In the desorption runs, the sam
ples were evacuated at room temperature for 9 hr, at 100° 
for 7 hr, at 200° for 6 hr, and then finally at 400° for at 
least 1 hr. The ultimate vacuum was 10- 3 Torr at room 
temperature, but was 10 4 Torr or lower above 100°. The 
weight of the sample in each desorption step was record
ed. For all zeolites, about 0.1 g of the dehydrated sample 
was used. The experimental precision of the weight mea
surement was less than 0.01 mmol/g. Reversibility of the

(3) B. V. Romanovskii, K. V. Topchieva, L. V. Stolyarova, and A. M. Al
ekseev, Kinet. Catal.. 12, 890 (1971).

(4) E. F. Vansant and J. H. Lunsford, J. Phys. C h em .. 76, 2860 (1972).
(5) Y. Y. Huang, J. E. Benson, and M. Boudart, Ind. Eng. C h em ., 

Fundam .. 8,346(1969).
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adsorption isotherms could be assured above 1 Torr of 
pressure. Desorption measurement was also found to be 
reproducible.

To examine the effect of the reduction of copper(II) 
ions, the higher exchanged Cu(II)Y sample was treated 
with 120 Torr of carbon monoxide at 400° for 28 hr. The 
sample turned white after this treatment. Adsorption of 
ammonia at room temperature was then measured. No 
change of color was observed.

Adsorption of carbon monoxide on Cu(II)Y and CaY 
samples at 0° was carried out in order to probe the acces
sibility of bivalent cations to the supercages. This method 
has been used by Egerton and Stone.6

The electron spin resonance measurements were made 
by a Varian (V4502) spectrometer, with a TE102 mode mi
crowave cavity. The instrument was operated in the X- 
band region at 9.3 GHz. The g values were measured 
by comparison with a 2,2-diphenyl-l-picrylhydrazyl 
(DPPH) sample (g = 2.0036) attached to the outside of 
the sample tube.

Results and Discussion
Adsorption isotherms at 23° of ammonia in various Y 

zeolites are shown in Figure 1. Obviously, more ammonia 
was adsorbed on CuY samples even at pressures as low as 
a few Torrs, and the amount increased with increasing 
copper contents. For the CuY(13%) sample, which was 
used by Vansant and Lunsford4 :n their esr study, the ad
sorption was close to NaY and CaY zeolites. Because of its 
low copper content, the specific interaction of ammonia 
was hardly noticeable from adsorption measurements. In 
the case of CuY(48%) and CuY (75%) samples, however, 
the adsorption was remarkably different from other cation 
forms. The uptake at 50 Torr for the CuY(75%) sample 
reached a value of 12.7 mmol/g, which corresponds to 167 
N H 3  molecules per unit cell. This is very close to the sat
uration capacity of 170 NH3 molecules per unit cell at 30° 
for NaX zeolite, as was reported by Barrer and Gibbons.23 
But before assessing the copper(II)-ammine complexes, 
let us consider the adsorption of ammonia on other sur
face sites.

The large ammonia adsorption on decationated Y zeo
lite is expected since it has more acidic sites than other 
cation forms. By means of deuterium exchange, Uyt- 
terhoeven, Christner, and Hall7 found that the hydrogen 
contents in the Na+ and Ca2+ forms were much lower 
than in the decationated zeolites, although that in the 
Ca2+ form, they were several times higher than the Na+ 
form. With the adsorption of pyridine, Ward investigated 
by infrared spectroscopy the proton acidity of various cat
ion-exchanged zeolites.8-10 Both the Cu2+ and Ca2+ forms 
were found to have much fewer acidic sites than the deca
tionated form. Hence, to account for the adsorption on 
acidic sites, CuY must be compared with NaY or CaY, 
but not with the decationated Y zeolite. The role of cation 
sites other than Cu2+ ions is less pronounced, as is indi
cated by the small difference in adsorption at 23° between 
NaY and CaY samples. Therefore, the high uptake of am
monia in CuY zeolites must mainly be due to the forma
tion of copper(II)-ammine complexes.

Adsorption isotherms indicate that the formation of 
complexes was probably completed at pressures less than 
20 Torr. Further increase of pressure to 70 Torr only in
creased slightly the amount of adsorption, especially in 
the CuY(75%) sample. If the uptake at 20 Torr is plotted 
against the copper content in zeolite samples, a fairly

Figure 1. Adsorption isotherms at 23° of ammonia in Y zeolites 
(open symbols, adsorpton; solid symbols, desorption): O, 
CuY(75%); O', CuY(48%); Ö, CuY(13%); A, decationated Y; 
□  , CaY; V, NaY; 9 , CO-reduced CuY(75%).

Figure 2. Ammonia adsorption in relation to the copper content 
in Y zeolites (T = 23°, P = 20 Torr).

good, correlation line is shown in Figure 2, with a slope 
corresponding to 3.3 NHs/Cu2+. It is quite likely that in 
samples with higher copper contents, not all the Cu2+ 
ions were involved in the complex formation. The ammo
nia to copper ratio of the complexes would be slightly 
greater than this value; it would probably be very close to 
four. We conclude that the major portion of the ammine

(6) T. A. Egerton and F. S. Stone, Trans. F araday S o c .. 66, 2364 
(1970).

(7) J. B. Uytterhoeven, L. 3. Christner, and W. K. Hall, J. Phys. C h em .. 
69, 2117 (1965).

(8) J. W. Ward, J. Catal.. 22, 237 (1971).
(9) J. W. Ward, J. Catal.. 10, 34 (1968).

(10) J. W. Ward, J. Catal.. 13, 364 (1969).
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dehydrated CuY(75%); (2) ammonia adsorbed in CuY(75%); 
(3) ammonia adsorbed in CuY(13%),4

complexes in zeolites, even with high copper contents, was 
in the form of Cu(NH3)42+.

In the CuY(13%) sample, there were only 3.5 Cu2+ ions 
per unit cell. Because of the low copper content, it is most 
likely that only one Cu(NH3)42+ would be formed in a su
percage. The well-resolved hyperfine structure of the esr 
spectrum did indicate so.4 In CuY(48%) and CuY(75%) 
samples, there were 14.5 and 21 Cu2+ ions per unit cell, 
respectively. If all the Cu2+ ions were involved in the for
mation of complexes, then, there would be about two and 
three copper(II)- ammine complexes, respectively, in a su
percage of approximately 13 A in diameter. The complex
es would be so close together and the distance between 
two neighboring Cu2+ ions would be so small that the 
spin exchange interaction would occur.11 Indeed, this was 
revealed from the esr spectrum of the copper(II)-ammine 
complexes in the CuY(75%) zeolite (Figure 3). Only a 
broad symmetric line with giso = 2.089 was observed. Be
fore the adsorption of ammonia, the dehydrated sample 
also gave a symmetric spectrum, but with giso = 2.170, 
due to the copper pair formation inside the sodalite cages, 
as was pointed out by Chao and Lunsford.12

Adsorption of carbon monoxide showed that, in dehy
drated CuY zeolites, high or low exchanged, a negligibly 
small number of Cu2+ ions were exposed to the superca
ges (Figure 4). X-Ray diffraction study by Gallezot, Ben 
Taarit, and Imelik13 indicated that Cu2+ ions prefer Sp 
sites in the sodalite cages. In contrast, about 25% of the 
exchanged Ca2+ ions in CaY(77%) was interacting with 
carbon monoxide. According to Egerton and Stone,6 the 
calcium ions occupy preferentially the hexagonal prisms 
(site I), the remainder will be in site II positions so that, 
on these sites, each calcium ion would adsorb specifically 
one CO molecule. Since Cu2+ ions occupied site I and F 
positions,13 they were not accessible to carbon monoxide. 
However, adsorption of ammonia would pull Cu2+ ions

Figure 4. Adsorption isotherms at 0° of carbon monoxide in Y 
zeolites (open symbols, adsorption; solid symbols, desorption): 
O, CuY(75%); 6 , CuY(13%); □ , CaY(77%); V, NaY.6

out of the small cavities and form copper(II)-ammine 
complexes in the supercages. The migration of Cu2+ ions 
upon the adsorption of ammonia in low exchanged CuY 
has been reported by esr studies.4 It is interesting that, 
even in high exchanged samples, most Cu2+ ions migrated 
out of the small cavities to form complexes.

Adsorption isotherms at higher temperatures for CuY 
zeolites were not measured because of the possible reduc
tion of Cu2+ ions by ammonia above 100°, according to 
Kriierke and Jung.14 The isosteric heat of adsorption on 
CuY, especially at very low surface coverages, cannot be 
reliably determined. Nevertheless, the affinity of ammo
nia interaction with various cation-exchanged Y zeolites 
may be inferred by comparing adsorption isotherms at 
room temperature and also from the results of desorption 
measurements. The extent of desorption during a period 
of pumping would depend on the heat of adsorption; it is 
harder to desorb molecules held on stronger adsorption 
sites. After several hours of evacuation at room tempera
ture and at 100°, the amount of ammonia remaining in 
zeolite samples, as indicated in Table I, had the following 
order: decationated Y > CuY(75%) > CaY > CuY(13%) 
> NaY. Apparently, at surface coverages less than 4 
mmol/g or about 6 NH3/cage, ammonia was adsorbed 
more strongly on the CuY(75%) and decationated Y zeol
ites than on others. Desorption at room temperature and 
at 100° also revealed that CuY(75%) did not have stronger 
adsorption sites than the decationated Y sample.

Desorption measurements of CuY(13%) zeolite at room 
temperature and at 100° showed that the NH3/Cu2+ ratio 
was 1.5.4 This was based on the difference in the amount 
of ammonia remaining between CuY(13%) and NaY sam
ples. Similarly, the ratios were calculated for CuY(75%) 
sample, based on the amount in excess of NaY or CaY 
(Table II). The latter would be more suitable if the con
tribution from acidic sites is considered. The NH3/Cu2+

(11) J. H. Lunsford, Advan. Catal.. 22, 265 (1972).
(12) C. C. Chao and J. H. Lunsford, J. C h em . P hys.. 57, 2890 (1972).
(13) P. Gallezot, Y. Ben Taarit, and B. Imelik, J. C atal.. 26, 295 (1972).
(14) U. Kruerke and P. Jung, Z. Phys. C h em .. 58, 53 ('968).
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TABLE II: Ammonia to Copper(ll) Ratios from 
Desorption Measurements

Desorption Temp CuY(75%) CuY(13%)

Room temperature 1.76° 1.09® 1.52“
100° 1.45“  0.76® 1.52“

° Ratio based on NaY. 6 Ratio based on CaY.

ratio was close to one when evacuated at room tempera
ture, but less than one after desorption at 100°. In other 
words, more Cu2+ ions were detached from ammonia in 
the latter. The esr spectrum showed a symmetric line 
with giso = 2.170, but was broader than that of the dehy
drated sample.

The effect of the reduction of cupric ions on the adsorp
tion of ammonia must also be mentioned. From Figure 1, 
we see that much less ammonia was adsorbed on the CO- 
reduced CuY(75%) sample, the difference being about 1.8 
NH3 molecules per Cu2+ ion present in the Cu(II)Y zeo
lite. Naccache and Ben Taarit15 have pointed out that cu
pric ions were reduced to cuprous ions during the CO

treatment. Consequently, less ammonia would be ad
sorbed since the common cuprous-ammine complex in so
lution is known to be Cu(NHa)2+. In the course of this 
study, we also discovered that the reduction of cupric ions 
in Cu(II)Y zeolite was much easier when a small amount 
of ammonia was introduced before the CO treatment. Due 
to the complex formation, Cu2+ ions were pulled out of 
the small cavities and could easily be reduced by carbon 
monoxide. The reduction was completed within 3 hr at 
100°; no esr signal of Cu2+ ions was observed. Without 
preadsorbed ammonia, the sample must be treated with 
carbon monoxide at temperatures higher than 400° for a 
much longer period.

In conclusion, the adsorption-desorption measurement 
on Cu(II)Y zeolites, in comparison with other cation 
forms, indicated that a considerable amount of ammonia 
was specifically coordinated to copper(II) ions. The ani
mine complexes were mainly Cu(NH3)42+. Migration of 
Cu2+ ions from the sodalite cages to the supercages, when 
ammonia was adsorbed, was observed by esr spectroscopy 
incorporation with the CO adsorption measurement.

(15) C. M. Naccache and Y. Ben Taarit, J. Catal.. 22, 171 (1972).
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Martin.Goldstein
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Earlier studies of the application of thermodynamics to the glass transition appeared to show that dTg/ 
dP ~  TVAa/ACp < Ad/A«. These results gave support to an entropy or energy theory of the transition 
over free volume theory. Recently it has been proposed that the experimental definitions of certain quanti
ties in the above relations have been at fault, and new definitions have been suggested that give dTg/dP 
= A/3/Aa in agreement with free volume theory. The physical meanings of the various experimental pa
rameters are examined in this paper and it is concluded that the original definitions are the appropriate 
ones to use in the thermodynamic analysis and that the original conclusion is correct. It is pointed out 
that the success or failure of the thermodynamic equations is equivalent to the question of whether glass
es prepared by cooling under different pressures do or do not have the same free volume or the same 
configurational entropy or energy.

I. Introduction
Davies and Jones,2a extending an equation of irrevers

ible thermodynamics derived by Prigogine and Defay,2b 
proposed that if certain conditions are met the following 
equations would apply to glass transition phenomena (see 
sections III and IV below for definitions of these quan
tities)

d T j d P  = Aß/ Act (1)

Aß I A a = TVA al A Cp (2)
Examination of experimental data by various authors3-7 

appeared to show that

d T j d P  = T V A a / A  Cp < A / J / A a  (3)

The conditions for validity of (1) and (2) are therefore not 
met.

(1) Previous papers in this series: M. Goldstein, J. C h em . P hys., 51, 
3728 (1969); G. P. Johan and M. Goldstein, ibid., 53, 2372 (1970); 
G. P. Johari and M. Goldstein, ibid., 55, 4245 (1971).

(2) (a) R. O. Davies and G. O. Jones, Advan. P h ys., 2, 370 (1953); (b)
I. Prigogine and R. Defay, “Chemical Thermodynamics,” Long
mans, Green and Co., London, 1954.

(3) R. D. Maurer, J. A m er . C eram . S o c ., 40, 211 (1957).
(4) F. Bueche, J. C h em . P hys., 36, 2940 (1962).
(5) J. M. O’Reilly, J. Polym . S ci., 57, 429 (1962).
(6) M. Goldstein, J. C h em . Phys., 39, 3369 (1963); 43, 1852 (1965).
(7) G. Gee, P olym er, 7, 177 (1966); C on tem p . P hys., 11,313 (1970).
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The conclusion was drawn that the glass transition, 
rather than being determined by free volume,8 was deter
mined by configurational entropy, as proposed in a theory 
of Gibbs.9-10

However, the question was reopened in a series of publi
cations by Bianchi,11'12 Kovacs,13 Ferry,14 and Quach and 
Simha15 in this journal and elsewhere, who proposed al
ternate experimental definitions of the observables dTg/ 
dP and A/?, which when substituted in eq 1 satisfy the 
equation. This of course gives new support to the free vol
ume approach to the glass transition.

This paper attempts a reexamination of the definitions 
of dTg/dP and A/?- The problem of concern may seem 
purely semantic, but it is carried out in the belief that 
good definitions permit asking good scientific questions 
and getting sensible answers. The thesis presented here is 
that the old definitions are best, and the failure of the 
quantities so defined to satisfy (1) is a true weakness of 
the free volume theory.

II. The Definition of Configurational Properties
I will begin by assuming that no apology is needed for 

applying thermodynamics to the glassy state well below 
Tg where the properties are reproducible and time inde
pendent, nor to the supercooled metastable liquid.

The starting point for a thermodynamics of the glass 
transition is the possibility of performing “ fast” experi
ments which still maintain thermodynamic equilibrium 
and during which therefore such thermodynamic proper
ties as entropy, free energy, and temperature are unambi
guously defined. Whether the quantities measured in such 
an experiment are truly thermodynamic is determined by 
whether the “ fast” experiment is done reversibly or not. 
The reader should remember that a reversible process is 
defined as one in which the work done on the system in 
going in one direction, is completely recovered in going in 
the reverse direction. This definition is an experimental 
one, and it does not presuppose any knowledge of the 
thermodynamic stability of the system studied.

In a practical sense the kind of experiment we can per
form depends on the characteristic relaxation time of the 
system. In the transition range such fast experiments may 
be performed isothermally or isobarically if we wish, and 
T and P are the natural variables. When the structural 
relaxation time is short, the high frequency of an acoustic 
wave is needed and the experiment is adiabatic.

A nonthermodynamic but plausible assumption is gen
erally made about fast experiments, at least as performed 
in the transition region: in such an experiment the “ struc
ture” does not change, and the only changes in thermody
namic properties observed are those that result from the 
changes in population of the vibrational energy levels of 
the fixed “ structure.”

The concept of an invariant structure is equivalent to a 
hypothesis proposed in the first paper of this series:16 the 
state point in configurational space (a 3N  dimensional 
vector representing the instantaneous atomic configura
tion) spends most of its time near the bottom of minima 
of the potential energy U of the whole system, and in a 
fast experiment remains trapped in one such minimum. 
Such a hypothesis is necessary if we assert that the only 
changes in thermodynamic properties are vibrational.

This hypothesis cannot remain valid indefinitely as 
temperature is raised. In the earlier paper it was suggest
ed on the basis of several different criteria that the range

of validity cannot extend beyond that temperature where 
the characteristic structural relaxation time rv of the liq
uid is about 10“ 9 sec. This is well above Tg, but usually 
below the melting point of simple liquids.

It should be noted that high-frequency adiabatic experi
ments distinguish “ fast” and “slow” adiabatic compressi
bilities in liquids at temperatures well above the tempera
ture for which tv = 10~9 sec. What ceases to be valid at 
this temperature is the concept of a fixed structure in a 
fast experiment.

We refer now to the transition region, where the separa
tion of thermodynamic contributions at Fixed structure or 
configuration from those arising from the change in con
figuration is believed to be valid.

The hypothesis of a fixed structure for the liquid at 
equilibrium at some starting temperature Tj and pressure 
Pi does not of course imply that each atomic position is 
the same in each sample of the liquid at Ti and Pi, but 
only that there are a large number 12 of structures appro
priate to Ti and Pi, each one differing in the atomic coor
dinates and therefore differing to some extent in the vi
brational spectrum; however, there will be some ensemble 
average vibrational partition function for all samples at 
equilibrium at Ti and Pi. The entropy of the liquid will 
thus be

*^liq,l =  ^  l 11 121 +  S vjb i

where Svib,i is the entropy associated with the ensemble 
average vibrational partition function. In a fast experi
ment only this latter changes and

dS = Cp vib jd TI T

In a slow experiment a new set of structures, F>2 in num
ber, becomes available. These will in general have a dif
ferent ensemble average vibrational partition function, 
and the new entropy is

■5iiq,2 =  ̂ In 122 + Svib 2

dS = £d ln!2 + Svib2 -  Svib j
The usual assumption made is that the vibrational 

spectra are not much altered by structure and that

Svib,2(T2) -  S ^ T . )  ~  Cp lvibd t / t

This is clearly an approximation, as the looser struc
tures that are the equilibrium ones at higher temperature 
should surely have lower average vibrational frequencies 
and a higher vibrational entropy even when compared at 
the same temperature. Fortunately, this is a question that 
can be answered by experiment. If the differences in en
tropy between the equilibrium states at tv/o different tem
peratures were largely vibrational and only marginally due 
to the change in k In 12, these entropy differences would 
tend to diminsh with temperature and vanish at absolute

(8) M. L. Williams, R. F. Landel, and J. D. Ferry, J A m er . C h em . Soc 
77,3701(1955).

(9) J. H. Gibbs, “Modern Aspects of the Vitreous State,” Vol. I, Butter- 
worths, London, 1960, Chapter 7.

(10) G. Adam and J. H. Gibbs, J. C h em . P hys., 43, 139 (1965).
(11) U. Bianchi, J. Phys. C h em ., 69, 1497 (1965).
(12) U. Bianchi, A Tuturro, and G. Basile, J. Phys. C h em  71, 3555 

(1967).
(13) A. J. Kovacs in "Relaxation Phenomena in Folymers.” R. Long- 

worth, Ed., Interscience, New York, N. Y., in press.
(14) J. D. Ferry, "Viscoelastic Properties of HIgh Polymers,” 2nd ed, 

Wiley, New York, N. Y., 1970.
(15) A. Quach and R. Simha, J. Appl. P h ys ., 42, 4592 (1971); J P hys  

C h em ., 76, 416 (1972).
(16) M. Goldstein, J. C h em . P hys., 51,3728 (1969).
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zero. If we compare then two samples of liquid at equilib
rium at T1 and T2, respectively, and cool them both in 
“ fast” experiments to absolute zero, the entropy differ
ences observed at Ti and T2 would disappear. While the 
experiment is straightforward, it has not been done often, 
or with sufficient care. Chang, et al.,17 have reviewed 
such data as were available to them and concluded that 
most of the excess entropy at Ts is truly configurational, 
and in a careful experiment on diethyl phthalate, Bestul 
and Chang found that 77% of the entropy difference be
tween two samples in effect equilibrated at two different 
temperatures in the transition region was retained at 
4°K.18 While the evidence is scanty, we will accept as a 
working hypothesis for the present that the difference in 
the changes in entropy between a slow and fast experi
ment thus arises primarily from changes in k  In Q.

Other first derivative thermodynamic properties V and 
E will be assumed to behave similarly. We use the sub
script c to denote a change in a configurational property 
and write

dSc =  (ACp/T )dT -  VAadP (2.a)

dVc =  VAccdT - VApdP (2.b)

Cp.c -  A Cp -  Cp liq Cp gi (3.a)

a c ~  An =  aliq -  a gi (3.b)

O'

II<II (3.c)

define the configurational specific heat, thermal expan
sion, and compressibility, respectively.

The subscript liq in the above denotes the equilibrium 
properties observed in a slow experiment on a liquid; the 
subscript gl denotes a glassy property measured in a fast 
experiment that maintains the sample on which it is per
formed at constant structure. As will be seen later, other 
definitions of glass properties such as (3gl have been pro
posed. These, however, are not equivalent to a measure
ment at fixed structure, and therefore have a different 
physical significance.

Note that eq 2.a and 2.b define changes dSc and dVc, 
but not total quantities Sc,and Vc. These quantities can
not as easily be operationally defined without reference to 
some molecular theory.

“Free volume” is a concept that has been defined by 
different workers in many different ways. In the original 
formulation of the well-known WLF free volume equation 
for viscosity or relaxation time, what I have called the 
configurational volume Vc was used.8 The free volume 
fraction /  is thus given by

df = V jV  (4)
The concept of free volume has been used by Simha 

and coworkers to develop a modified cell theory of liquids 
and polymers.1519’20 The changes in thermodynamic 
properties arise both from the changes in volume, energy, 
etc. of the cell with its imprisoned molecule, and from the 
introduction of vacant cells. This treatment has given a 
good description of the P-V-T  properties of polymers, but 
has not been extended to nonthermodynamic properties 
such as viscosity.

A different free volume quantity proposed by Simha 
and Boyer21 is the product Aa-Tg, which has a surpris
ingly constant value close to 0.113 for many different

polymers when Tg is measured at atmospheric pressure. 
The behavior of this product as pressure is varied will be 
discussed in section VII.

In section IV the glass transition temperaure Tg is de
fined in the conventional way as a relaxational or viscous 
parameter of a substance. The theories to be considered in 
this paper are those that attempt a prediction of relaxa
tional behavior. For this reason the definition of free vol
ume of eq 2b and 4 will be given the closest examination.

III. The Criterion of Validity of One-Parameter 
Theories

We have defined configurational or excess properties 
operationally near Tg. Statistical mechanical models must 
provide quantitative predictions of them and from them 
in turn conditions any model must meet can be inferred. 
There is a class of theories which introduce a single pa
rameter such as the numbers of holes or of broken bonds, 
which determine the configurational contributions to the 
thermodynamic properties. If a hole is assigned a volume 
and energy, and if the entropy of mixing is random, it is 
intuitively obvious that if the number of holes is fixed, the 
configurational volume, energy, and entropy are also.

As is well known, if such a model is valid, the following 
relation holds

A/?’ACiL  = R  =  1 (5)
TV(Aa)2

R being the Prigogine-Defay ratio.2 The above relation is 
equivalent to the assertion that ACV, the configurational 
contribution to the specific heat at constant volume, is 
zero.6

If one parameter is not sufficient, considerations of 
thermodynamic stability ensure

R > 1 (6)
These relations can also be written

A / l l  A a  >  T V \ a l A C p (7)
These relations may be derived in a number of equiva

lent ways. Most usually, an internal ordering parameter Z 
is postulated, which at equilibrium is a function of P and
T. If one is constructing a statistical mechanical model, Z 
is some parameter defined in the model, such as the num
ber of holes in a hole model, or the number of A-B pairs 
in a mixing model. The free energy G is calculated as a 
function of T, P, and Z, and the dependence of Z on P 
and T at equilibrium is found from setting dG/dZ = 0 at 
each temperature and pressure. It is further assumed that 
in a fast experiment, Z is unchanged. From a purely 
thermodynamic point of view it is not necessary to specify 
a molecular meaning for Z, but the idea that it is a vari
able with respect to which G is a minimum at equilibri
um, and which remains constant in a fast experiment is 
still necessary. Some workers applying free volume theory 
to relaxation below Tg, have assumed that free volume 
may still change with temperature below Tg, but at a dif
ferent rate from that observed above TR.14

(17) S. S. Chang, A. B. Bestul, and J. A. Horman. P roc . 7th Int. C ongr. 
G lass, B ru sse ls , 1965, 26-1.3.1 (1966).

(18) S. S. Chang, J. A. Horman, and A. B. Bestul, J. R es . Nat. Bur. 
Stand., 71 A, 293 (1967).

(19) R. Simha and T. Somcynsky, M a cr o m o le cu le s , 2, 342 (1969).
(20) T. Somcynksyand R. Simha, J. Appi. P h ys., 42, 4545 (1971).
(21) R. Simha and R. F. Boyer, J. C h em . P h ys., 37, 1003 (1962).
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Somcynsky and Simha20 have found that their cell 
model, which worked well for polymer liquids, did not 
give a good description of the glassy state. The discrepan
cy could be explained by assuming that at least some 
vacancies do not freeze in at Tg but are eliminated as 
temperature is lowered further. Also, Simha and cowork
ers have demonstrated that small changes in « gl occur 
below Tg, at the temperatures where secondary relaxa
tions are known to occur.22’23 So far, these changes in 
thermal expansion have not been incorporated as a correc
tion to the free volume model of viscosity. Without pass
ing on the merits of an attempt to do so, we may state 
that eq 5 and the subsequent analysis here will not be ex
pected to be relevant.

We note that the Gibbs-diMarzio theory9 introduces 
two internal ordering parameters explicitly: the number of 
flexed bonds in a polymer chain and the number of unoc
cupied lattice sites. The configurational energy and entro
py will be functions of both parameters, the configura
tional volume only of the second.

It would be expected, therefore, that if the Gibbs-di
Marzio theory is correct, the configurational properties 
will obey the inequality (6) rather than the equality (5). 
However, Moacanin and Simha24 and Eisenberg and 
Saito25 have given evidence for the view that while the 
Gibbs-diMarzio theory is formally a two-parameter theo
ry, the two parameters it contains are found experimen
tally not to be independent of each other, but to vary si
multaneously in such a way as to reduce effectively to a 
single one. Their analysis is based on an examination of 
the values of the parameters found by fitting the theory to 
experimental data on polymers. Further, the idea that en
tropy and free volume should vary together is a plausible 
one, aside from the question of whether the Gibbs-diMar
zio theory is right or wrong. The crucial point, however, is 
that the question of whether one parameter is sufficient or 
not is one we can and should answer experimentally, by 
examining whether R of relations (5) and (6) is unity or 
not. We can do this without committing ourselves in ad
vance to any particular molecular theory.

In earlier papers I and others5 7 reviewed the somewhat 
scanty experimental data and came to the conclusion that 
the equality is almost never satisfied. A/3/Aa appeared 
consistently to be about twice TVAa/ACp. The conclusion 
was tentative, as Ad is difficult to measure, and the three 
second derivative quantities are hardly ever determined in 
a single laboratory on the same sample.

Recently, Breuer and Rehage26 have claimed that (5) is 
valid for polystyrene, but Ichihara and coworkers27 find R 
= 2.1, in agreement with the earlier conclusion.

IV. The Definition of Tg and Its Pressure Dependence
There are a number of techniques that have been used 

to define a glass transition temperature Tg. The usual 
dilatometrie technique is to cool the liquid at a constant 
rate and extrapolate the linear portions of the volume- 
temperature relation above and below the transition re
gion to their intersection. The temperature of this inter
section is taken as Tg. It is obviously dependent on the 
cooling rate chosen but for a given cooling rate it is quite 
reproducible, and because of the marked temperature de
pendence of relaxation rates near Tg it does not vary that 
much with experimentally achievable cooling rates. A rate 
of l°/min is typical. The rate cannot be so fast that a 
sample of convenient size is appreciably nonuniform in

temperature. On the other hand, there is nothing to be 
gained by cooling much more slowly than sufficient to 
avoid temperature nonuniformity, as thermodynamic 
equilibrium is not achievable much below Tg on any ex
perimentally accessible time scale.

The kinetics of the volume relaxation process are quite 
complex.28 Experiments performed under linear condi
tions usually demonstrate a spectrum of relaxation times, 
and the dilatometric determination of Tg is invariably 
performed under nonlinear conditions. Roughly, Tg is the 
temperature at which some mean structural relaxation 
time <rv> has reached a characteristic value determined by 
the cooling rate chosen, but there is no precise relation
ship. The definition of Tg is retained because the experi
ment is easy to do, because of value of Tg is not very sen
sitive to cooling rate, and because the resulting Tg is a 
useful predictor of a variety of other relaxational proper
ties. The statement above about a mean structural relaxa
tion time is phenomenological and does not tell us how in 
a particular substance the molecular properties determine 
Tg. There is thus no contradiction between the above 
statement and the hypothesis that Tg occurs when the 
free volume fraction drops to some characteristic value.

The view that the liquid at Tg is an “ iso-viscous” state 
with shear viscosity usually being implied is also an at
tempt at a phenomenological definition. The definition in 
terms of structural relaxation time is closer to the experi
mental reality and can be applied equally well to cross- 
linked polymers which do not possess a finite shear viscos
ity. However, in molecular liquids structural or volume 
relaxation times and shear relaxation times are almost 
equal to each other over wide variations of temperature 
and pressure;29 also the effect of pressure on Tg, on di
electric relaxation time, or on shear viscosity in liquids in 
which it can be measured, is about the same. Again the 
“ iso-viscous” definition is not in contradiction to the free 
volume theory, being a phenomenological rather than a 
molecular description.

Lately calorimetric methods have also been used for Tg 
determinations. The phenomenological basis is equivalent 
and the Tg s by both methods usually agree.

It is important to keep in mind that Tg as so defined 
measures a relaxational or kinetic property, not a thermo
dynamic one. This is independent of the question of 
whether the glass transition is regarded as having a 
thermodynamic origin or not. Both the free volume theo
ry8 and the entropy theory of Gibbs10 regard relaxational 
behavior as being intimately connected with the thermo
dynamic properties, and of course the use we intend to 
make of the equations of the paper is to help us decide 
which of these theories is closer to the truth.

It is also important to keep in mind that if we agree 
that what we want to measure by our determination of Tg 
is a relaxational property, the method of extrapolating two

(22) J. L. Zakin, R. Simha, and H. C. Hershey, J. Appl. Polym . Sc/'., 10, 
1455 (1966).

(23) W. J. Schell, R. Simha, and J. J. Aklonls, J. M a crom ol. S ci., A3, 
1297 (1969).

(24) J. Moacanin and R. Simha, J. C h em . P h ys., 45, 964 (1966).
(25) A. Eisenberg and S. Saito, J. C h em . P hys., 45, 1673 (1966).
(26) H. Breuer and G. Rehage, K olloid Z. Z. P olym ., 216-217, 159 

(1967).
(27) Ichihara, Komatsu, Tsujita, Nose, and Hata, Polym . J., 2, 530 

(1971).
(28) M. Goldstein, “Modern Aspects of the Vitreous State," Vol. Ill, But- 

terworths, London, 1964, Chapter 4.
(29) K. F. Herzfeld and T. A. Litovitz, “Absorption and Dispersion of Ul

trasonic Waves," Academic Press, New York, N. Y., 1959.

The Journal of Physical Chemistry, Vol. 77, No. 5, 1973



V is c o u s  Liquids and the G la s s  Transition 6 71

straight lines to their intersection is only one way to do it. 
We could have defined Tg just as well as the point in the V- 
T curve at fixed cooling rate where d2V/d7'2 has a maxi
mum. We would have gotten about the same Tg as by the 
present definition except that it is more troublesome this 
way and we have not gained anything in return for the 
extra trouble. However, there is nothing sacrosanct about 
the intersection of two straight lines. It is the concept the 
definition attempts to embody that counts, not the defini
tion.

V. Experimental Results for Volume
In Figure 1 we represent schematically the V-T rela

tionships observed in isobaric cooling experiments at vari
ous fixed pressures. The decrease in volume in the liquid 
region observed between the samples under different pres
sures at a given temperature of course gives us the liquid 
compressibility. The relation of the difference in volume 
for the various glass samples tc the glass compressibility 
is a more complicated question, which we hope to clarify 
in this paper. ABC represents isobaric cooling at atmo
spheric pressure (essentially zero pressure), and DEF, JKL 
cooling under successively higher pressures.

Analogous experiments can be done by increasing pres
sure at a fixed rate isothermally, producing a glass transi
tion at a pressure Pg, which in turn will depend on the 
temperature of the experiment.15 We will not discuss 
them here.

In Figure 2 we represent the volumes at atmospheric 
pressure of the samples of liquid and glass observed under 
various pressures in Figure 1. Here the transition region 
must be excluded from consideration as the volumes are 
time dependent: the removal of a high pressure may con
vert a glassy sample into a relaxing liquid. The liquid of 
course returns on removal of pressure to its equilibrium 
volume and retains no memory of the high pressure to 
which it was exposed. ABC is the same as in the previous 
diagram.

The glasses, however, do retain a memory. Those 
formed under higher pressure have lower volumes at any 
given pressure and temperature below the transition 
range. This is an experimental fact for almost all glasses 
that have been tested so far, and it is not so far as I know 
disputed by any of the parties to the controversy over the 
definition of Tg or dgi- The lines H and M thus represent 
the volumes at P = 0 of samples cooled under high pres
sures.

Figure 3 shows a three-dimensional representation of 
the V-P-T  behavior of the liquid and of samples of glass 
prepared by cooling under various fixed pressures. Once 
the glasses are formed, the transition region is avoided, so 
that the volume of each sample is a single-valued function 
of P and T. The isobaric cooling paths ABC, DEF, and 
JKL are represented in Figure 1, and the zero pressure 
behavior by ABC and the lines H and M in Figure 2.

For simplicity, both in the figures and in the subse
quent discussion, it is assumed that the liquid surface and 
the various glass surfaces are planes of small slope and 
that the glass surfaces Vi, V2, V3, . . .  are parallel. Also, 
the transition from liquid to glass is shown as a sharp 
break, instead of a rapid but continuous change in slope. 
As we noted before, the experimental fact is that the glass 
surfaces are displaced vertically from each other in this 
diagram. There is no a priori reason why the surfaces 
could not have coincided, and indeed, if the free volume

Figure 1. V-T  relationship for a liquid cooled under various 
pressures. ABC represents a cooling curve at Pi =  0. B is the 
transition, shown here schematically as a sharp break. DEF and 
JKL represent experiments done under successively higher 
pressures P2 and P3.

T

Figure 2. V-T  relationship at zero pressure. ABC is the isobaric 
cooling curve under Pi = 0, H and M representing the volumes 
at P = 0 of glasses cooled through the transition region at P, 
and Pi-

Figure 3. V -T -P  relationship of a liquid and the various glasses 
that can be made from it. ADJ KEB is the V -T -P  relationship of 
the equilibrium liquid (schematically represented as a plane sur
face). ABC, DEF, JKL are isobaric cooling curves for Pi = 0, 
P2 >  Pi,  and P3 >  P2. respectively. These three cooling pro
cedures produce glasses whose V -T -P  behavior Is represented 
by the parallel surfaces Vi, V2, and V3.

frozen in at the glass transition temperature Tg at various 
pressures were a constant, they would have. The experi
mental fact that they do not is evidence against the free 
volume theory.
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Let us use the usual definitions of the thermodynamic 
second derivative properties of the samples of glass. The 
slope of the V surfaces of the glasses in the direction of in
creasing T is Vag\ and of increasing P is -  V@g]. As we ar
gued before, for testing the correctness of one-parameter 
thermodynamic theories these are the correct definitions 
to use.

According to this definition, a change in the free vol
ume fraction df would be given by

d f = AadT -  A/3dP (8)
In Figure 3 the glass transition takes place (as we have 

defined it) along the line BEK. The projection of this line 
on the P-T  plane has the slope dTg/dP (Figure 4).

If Tg(P) also coincides with constant /, we have
d T jd P  = (dTldP), = A/31 Aa (9)

It is an experimental fact that this equation does not 
hold, Afl/Aa usually being about 2 or more times greater 
than dTK/dP. It was pointed out by Maurer3 and by 
Bueche4 and by Gee7 that its failure is equivalent to the 
observation that glasses prepared by cooling under differ
ent pressures have different volumes at a given T and P 
below the transition range. The proof is simple, upon con
sideration of Scheme I.

Scheme I
V(T,,o) - A-^U  y (r ,,p )

a v „|t 8(0) a v 2J t b(P )= 7V0) +  (drg/dP)P

V(T2,0 ) + ^ -  V(T2,P)

We compare the final volumes of two samples of glass, 
one which has been cooled at zero pressure from a tem
perature Ti in the liquid state to a final temperature T2 
in the glassy state; the second has been compressed as a 
liquid to a pressure P, cooled under constant pressure to 
T2, undergoing its transition at Tg{P) = Tg(0) + (dTg/ 
dP)-P and then decompressed at T2 to P = 0.

The volumes of the two samples at Ti and P = 0 are of 
course equal. The first undergoes a volume change A V0

AV0 = Vallq[Tg(0) -  T,] + Vagl[T 2 -  Tg(0)] (9.a)
The second undergoes a volume change AVP = AVi + 
A V 2 +  AV3

AT, = -  Vptiq P (9.b)

AF2 = Valiq[Tg(0) + (d T jd P )P  -  T j + (9.c)

Vag[[T2 -  Tg(0) -  (d T jd P ) P]

A V3 = V p # P  (9.d)
we find

(V„ -  AVp)/V  = [A/I -  Aa(dTgldP)P] (10)

which vanishes only if Afj/Aa = dTJdP. Experimentally 
A/3/ A a is greater than d Tg/dP, implying that glasses pre
pared under high pressures have lower volumes.

The free volume theory has had some success in de
scribing the temperature dependence of viscosity and 
other relaxation phenomena and besides has the merit of 
considerable intuitive plausibility in a field where rigorous 
molecular theories are unlikely to appear for some time. 
Those who accept it have quite reasonably been led to a

Figure 4. Projection onto the P- T  plane of the transition lines 
Tg (P) (BEK) and Te*(P)  (BR).

reexamination of the experimental quantities in eq 1 to 
see if alternate definitions can enable the equation to 
hold.

Some of these attempts have basically treated Aft or An 
as adjustable parameters and have of course succeeded. 
Others have not been so arbitrary and require more seri
ous analysis.11-15

It has been proposed that Tg under a pressure P not be 
defined by dilatometric isobaric cooling curves, but rather 
by mathematically extrapolating the glass surface along a 
line of constant P to its intersection with the liquid sur
face. In Figure 3, line NQ is extrapolated to its intersec
tion with the plane Vliq at point R; the locus of such in
tersections of Vi with Vjjq is shown as line BR. It should 
be noted that point B is Tg at P = 0, the pressure the 
sample was formed. However, at higher pressure the tem
peratures of intersection differ from Tg(P) as measured by 
isobaric cooling. Let us call these temperatures Tg*(P). 
The projection of Tg*(P) on the P,T plane is a line with 
slope dTg*/dP, which coincides with Tg as ordinarily de
fined only at P = 0 (Figure 4). It has been noted that this 
definition of Tg leads to

dTg*ldP = AfilAa (11)
being satisfied.

However, it has not been generally realized that the 
“ experimental” result is exact because it is a tautology. It 
is a purely geometric consequence of the hypothesis that 
the two planes Vi and Vljq intersect, and contains no new 
information not already implied by the definition of 
Tg*{P) as the intersection of the planes. The proof of this 
will be given below.

While this is a matter of definition, it should be clear 
that the Tg* so defined tells us nothing whatever about 
the effect of pressure on relaxation. It should be obvious 
that in the procedure proposed for defining it, a relaxa- 
tional property has been measured only at P = 0, not at 
any other pressure.

In fact experimentally if glass Vi is heated under a high 
pressure P at a fixed rate, it begins to relax at lower tem
peratures than Tg*, as noted by Bianchi, et al.,12 who 
therefore required that Tg be obtained by extrapolating 
across the transition region from low temperatures rather 
than by direct measurement. The definition proposed by 
Bianchi thus retains the intersection of two straight lines 
but drops the relationship to structural relaxation.

A second proposal is as follows. Consider a plane V* 
that contains the lines BC, EF, KL, that represent the 
V-T relationship in the glassy state for isobaric cooling. 
While this plane does not represent the volume of any sin
gle chemical substance, but rather is the envelope of the
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isobaric cooling lines of an infinite series of glasses which 
differ in their volumes at any P and T, it does indeed pos
sess derivatives with repsect to P and T.

dV*/dT = Vag] as before but dV*/dP ^  -  V/3gl as pre
viously defined. Define /3gi* by dV*/dP = — and
Ad* as diiq -  dgi*- E*, if extrapolated to its intersection 
with Vliq, intersects along the transition line Tg(P) as it is 
defined dilatometrically. Using this definition we find

d T jd P  = A/i*/Aa (12).

is satisfied. Again this is a tautology.
We have defined Ac; by assuming the liquid and glassy 

states are represented by two intersecting plane surfaces. 
The tautological character of this equation was pointed 
out by Passaglia and Martin.30 A simple proof adapted 
from their paper applicable both to eq 11 and 12 is as fol
lows. Consider the planes zi(x,y) and z-i(x,y) known to in
tersect at *o,yo. What is the equation of their line of inter
section? Let x0,yo be the coordinates of a point where the 
surfaces are known to intersect. Then

2i(*o>:yo) = zi(xo>yo)
dZj = (dzjdx)dx -  (dzjdy)dy

dz2 = (dz2ldx)dx + {dz2l dy)dy

Along the intersection dzi = dz2.
The relationship between x and y along the intersection 

is thus

On setting x = T, y = P, z2 = VUa, Zi = V*, eq 12 results.
A similar analysis applies if dx/dy is set equal to 

dTg*/dP. “ Experimental” comparisons of dTg*/clP with 
A/?/A a or of dTg/dP with Ad*/A a will of course not nec
essarily give exact numerical equality, as a result of 
rounding-off errors, estimation of derivatives by finite dif
ferences, etc.

To summarize; the failure of eq 1 to hold is equivalent 
to the fact that there is not a single glass surface but a 
family of parallel surfaces. If it had happened that there 
were a single surface V’gi for all glasses, lines BEK and BR 
would coincide and eq 1 would hold.

The failure of eq 9 to hold has been sometimes recon
ciled with free volume theory by suggesting that along the 
transition line Tg(P) the order parameter Z, here being 
equivalent to free volume, is not remaining constant. 
Bianchi11 and Quach and Simha15 have proposed a cor
rection term d Vf/dT  along the transition line, which 
eliminates the discrepancy. In my view, this evades the 
question. The great strength of the free volume theory lay 
in its apparent success in explaining Tg as a point of con
stant free volume. If this is taken away, what is left?

VI. Experimental Results for Entropy
A similar analysis can be applied to the entropy surfac

es S. The slopes of these surfaces in the T and P direc
tions are Cp/T  and —Va, respectively. Most glasses that 
have been examined obey the equation analogous to (1)

dTg/dP =  TVAa/ACp (14)

This may not be general: Angell has found that ZnCL 
glass does not obey it31 and Breuer disputes it for polysty

rene26 although he is again contradicted by Ichihara.27 If, 
however, it is generally true, it in turn implies that glasses 
prepared under different pressures all have the same en
tropy at a given T and P below the transition range, or in 
other words that there is a single surface Sg¡ and not a set 
of parallel surfaces.

Again, that this is the experimental situation for most 
glass formers that have been studied is not disputed. Fur
ther, that this is so can hardly be irrelevant to the relative 
merits of free volume theory and the entropy theory of 
Gibbs.

If the classic definitions are used, as has been proposed 
here, the experimental situation is summarized by

dTg/dP s  TVAa/ACp < A/3/Aa (15)
While we may redefine some of the above quantities to 
satisfy an equation similar in appearance to (1), we will 
be concealing from ourselves an important aspect of real
ity.

VII. The Simha-Boyer Relation
If it is assumed that the Simha-Boyer product Aa-Tg 

should be constant for a single substance as pressure is 
varied, a prediction of dTg/dP is readily obtained

d T jd P  = -  {T jA a)dA aldP  (16)
Recent very careful measurements by McKinney32 on 

polyvinyl acetate permit a test of this relation. His results 
show that at low pressures Aa = 4.3 X 10~4/°K, dAa/dP =
1.0 X  10-4/°K-kbar, and Tg = 304°K. dTg/dP is thus pre
dicted to be 70°K/kbar. Afi/Aa was found to be 48°K/kbar. 
McKinney’s measured value for dTg/P is 26.6°K/kbar. 
Specific heat data on McKinney’s sample of polyvinyl ace
tate were not available. O’Reilly, in his paper first pointing 
out the approximate validity of eq 14, gave 22°K/kbar for 
dTg/dP and 25°K/kbar for TVAa/ACp. He determined 
dTg/dP by dielectric relaxation and he used literature 
values for Aa and ACP.

VIII. Energy Considerations
We close by noting that eq 14 is also consistent with an 

energy model of the transition. Let us represent the ener
gy E as a function of the variables P, T. We have

(dEj3 T)p = [9(77 -  PV) /3 T]p = Cp -  PVa (17)

. (a £ /0 T)t = (9 £ /9 V )T(9 V /0T)t = VTa + PVfi (18)
In the limit of low pressures, and for condensed phases, 

the quantities PVa and PVf} are negligible, and eq 14 
would imply that glasses prepared under various pressures 
have the same energy as well as the same entropy. It 
would take more careful experiments over a wider range of 
P and T than have so far been performed to distinguish 
between an entropy and an energy description of the glass 
transition.
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An ac method for detecting conductivity changes in aqueous solution produced by pulse radiolysis is de
scribed. This method is applicable with constant sensitivity to solutions of up to 10 2 M of ionic solute 
and hence can be used in the range pH 2-12. The sensitivity corresponds to a signal-to-noise ratio of 10 
for a product H+ ion concentration of 10- 6 M. The response time is <2 psec. Initial applications de
scribed here are to the radicals formed by scavenging of eaq- by the pairs of compounds o- and p-nitro- 
phenol, maleate-fumarate, and phthalate-terephthalate. In each case it is demonstrated that the eaq 
adduct of the first member of the pair retains an otherwise dissociable proton at pH >11 while the radi
cal formed from the second member of the pair is essentially fully dissociated at pH 11. In the cases of 
fumarate and terephthalate a decrease in the conductivity change is found at lower pH which can be in
terpreted in terms of the equilibrium for dissociation of the final proton to give the trianion. The pK 
values are 10.7 and 10.1, respectively. The results are in agreement with esr data on these systems and 
demonstrate the unusual stability of the proton in those radicals which can form an intramolecular hy
drogen bond.

Introduction
Conductivity changes in aqueous solutions have provid

ed a method of investigating the reactions in pulse irra
diated solutions which is often complementary to optical 
detection techniques.2-3 The method is specific for the 
state of ionization of the transient species so that the 
extra information provided is of great value when com
bined with optical results. Often the combination can pro
vide essentially complete identification of the transient 
species where the optical results alone are not unambig
uous. Much of the work which has been reported is based 
on conductivity as sensed by dc currents. The main limi
tation of this approach is that ionic solutes above ~  10 - 4 
M  cannot be studied conveniently because of the high 
conductivity of the solution before irradiation. Even at 
this level only small percentage changes in cell resistance 
occur and the sensing current is likely to cause electrolysis 
of the sample solution.

These limitations are particularly evident in a study of 
the dissociation of the eaq_ adducts the three isomeric ni- 
trophenols.4 In that paper, Griinbein and Henglein found 
conductivity changes in the region pH 9-10 (i.e., near the 
upper pH limit) which were interpreted in terms of the 
equilibrium for dissociation of the phenolic proton of the 
radicals and pK  values were assigned on this basis. Subse
quent esr investigations5 have shown very clearly that 
while the para and meta isomers are dissociated in basic 
solution the ortho isomer remains undissociated to pH 14. 
As a result considerable doubt exists as to the correctness 
of results obtained by this method near the ends of its 
useful pH range. The conclusion makes clear the value of 
a conductivity method which is valid in solutions contain

ing a high background concentration of ionic solute. The 
purpose of the present paper is to describe an ac conduc
tivity detection system which can be applied to solutions 
of up to 10- 2 M  of ionic solute and to demonstrate the 
method in the cases of the two nitrophenols and several 
related systems.

Experimental Section
The approach used here is derived from an application 

of 10-MHz conductivity to detect a moving boundary in 
studies of transference.6 In that work contact with the so
lution was avoided by use of capacitance coupling to the 
solution from electrodes on the outside of the glass cell. 
Initial attempts in the present work to use that type of 
cell were not very satisfactory because the series combina
tion of electrode-solution capacitance and solution resis
tance did not allow sufficient voltage drop across the solu
tion resistance and seriously lowered the sensitivity. This 
problem was overcome by reverting to a cell with internal 
parallel electrodes. To maintain a constant sensitivity up 
to high electrolyte concentrations it was necessary to use 
electrodes with a small surface area. The design finally 
adopted has parallel electrodes of 0.5-mm platinum wire 1 
cm long and 2 cm apart and gives a resistance of ~100 fi

(1) (a) Supported in part by the U. S. Atomic Energy Commission, (b) 
Address correspondence concerning this work to Carnegie-Mellon 
University, Pittsburgh, Pa. 152t3.

(2) G. Beck, Int. J. Radiat. Phys. C hem .. 1 ,361 (1969).
(3) See, e.g.. K.-D. Asmus, Int. J. Radiat. P h y s. C hem .. 4, 417 (1972).
(4) W. Grunbein and A. Henglein, Ber. B u n se n g e s .  Ph ys. C h em ., 73, 

376(1969).
(5) K. Eiben and R. W. Fessenden, J. Ph ys. C hem ., 75, 1186 (1971).
(6) K. S. Pribadi, Ph.D. Dissertation, Carnegie-Mellon University, 1971;

J. So lut ion  C hem .. 1,455 (1972).
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A
(a) O ^  | 1 } | ^  ~Q <■— flow

B E'

Figure 1. (a ) C o n d u c tiv ty  cell show ing the tw o sections (AB  
and A B ') . Th e  ap p ro x im ate  size and location of the irradiation  
zone are  shown by the  dashed c irc le . Th e  cell w as fabrica ted  
from  1-cm  square tubing and the e lec tro d e s  a re  separated  by 2 
cm  so little or no e lec tro n  beam  is incident on the e lec trodes , 
(b) S ch em a tic  represen ta tion  of the co nductiv ity  c ircu it. The  
1 0 -M H z  bridge is at the  le ft w ith the eq u iva len t c ircu it of the cell 
enclosed in a dashed line. The dose m easuring  c ircu it is co n 
nected to the bridge a t the th ree  points ind icated . Th e  am p lifi
ers, 1, 2, and 3 a re  M o toro la  M C 1 5 1 0 G , M C 1 4 3 9 G , and F a ir- 
child C ontro ls A D O -8 4 /1 0  (FET inpu t), respective ly . The syn
chronous d e te c to r is a  M o toro la  M C 1 5 9 6 G .

at 10-1 M  KOH. The cell has two approximately matched 
sections as shown in Figure la. The center electrode is 
used as for the 10-MHz input and the two sections are 
connected in a bridge as in Figure lb. Irradiation is in 
only one of the two sections. Thus overall changes in sam
ple affect both arms of the bridge in the same way and are 
largely balanced out while changes produced in the pulse 
radiolysis occur in one arm only.

Operation at 10 MHz was considered a convenient com
promise between circuit design (easier for lower frequen
cies) and the need for a sufficiently high frequency to 
allow response in the l-/isec region. The detection circuit 
used is shown in Figure lb. It consists of an input trans
former, amplifier, and balanced mixer to provide phase- 
sensitive detection. This form of detection provides a sig
nal with a sign which depends on the direction of imbal
ance of the bridge and responds only to changes in cell re
sistance. Because only dc amplification is provided after 
the phase-sensitive detector it is possible to monitor con
ductivity changes occurring at times of up to seconds after 
the pulse.

Radiolysis was with a pulse of 2.8-MeV electrons from a 
Van de Graaff accelerator. The usual pulse length was 0.5 
//sec. The absorbed dose given 'he sample was monitored 
by integrating the instantaneous voltage produced by the 
electron beam current which appears across resistors in 
the ground return of the bridge. It was found that the col
lected charge depended slightly on the conductivity of the 
solution so all solutions contained 10-4 M  NaC104 or 
Na2S04 if they were not otherwise conducting. For the 
work described here a continuous flow of solution was 
maintained through the cell at 0.5-1 cm3 sec-1.

The output of the conductivity detector and the beam 
current monitor are processed by a Digital Equipment 
Corp. PDP-8 computer in a fashion very much like that 
used for the polarography work reported earlier.7 The out
put, which is proportional to conductivity change, is sam
pled8 at 20 equally spaced time intervals and the values

stored digitally. A base-line reading before the irradiation 
pulse is also provided. The change in voltage of the beam 
current monitor is also read before and after the pulse. 
The measured conductivity voltage is divided by the out
put corresponding to the integrated electron beam current 
and scaled by the expected radiation chemical yield and a 
further calibration factor to provide direct values of equiv
alent conductance. This calibration factor is chosen from 
the results on a system of known chemistry such as the 
reaction of eaq- with methyl chloride.9 The approximate 
constancy of this factor from day to day showed that vari
ations in cell positioning under the beam port do not 
greatly affect the results. Provision exists for averaging 
the results of a number of experiments on the same sam
ple for improvement of signal-to-noise ratio. Output from 
the computer is provided both to an oscilloscope display 
and to an X-Y recorder.

Typical doses corresponded to the formation of ~5 x 
10-6 M  of product with G = 3. For a system such as 
C H 3 C I  in acid solution, which has a large conductivity 
change (AA = 425), the signal-to-noise ratio was 10 for 1 
x 10_6 M  of product. The sensitivity seems to be about a 
factor of 10 less than obtainable with the dc method. In 
the present work most curves of condutivity change were 
averaged four times for some improvement in signal-to- 
noise ratio before being plotted.

The experiments were carried out at 25°. Chemicals 
were of the purest grade commonly obtainable and were 
used without further purification. Most were the same as 
had been used in the esr experiments. The water was dou
bly distilled. Solutions were deoxygenated by bubbling 
with Baker ultra pure nitrogen or, for the calibration runs, 
with CH3CI (Matheson Co.). The pH was adjusted with 
HCIO4 or NaOH.

Results and Discussion
The reaction

eaq- + CH3CI — «► CH3 + CF (1)
was used as a calibration and to verify the behavior as a 
function of pH. In acid solution the conductance change 
for each electron scavenged should correspond to an 
equivalent conductance of A A = 425 U~2 cm2 equiv-110 
for the net formation of H+ + Cl- . The yield for this 
reaction is taken9 as G = 3.1 because of the high concen
tration of methyl chloride in a saturated solution (0.1 M). 
Data for CH3CI at pH ~6  with 10-4 M  NaClC>4 are shown 
in Figure 2 with an interpoint spacing of 5 //sec. From the 
fact that the first point has reached >90% of the final 
value it is clear that the response half-time is <2 //sec. 
The average deviation is ~10 units with a maximum de
viation of about 20 units so that relative measurements 
appear to be reliable at the several per cent level. In basic 
solution the conductance change corresponds to produc
tion of Cl-  and removal of OH- and should give A A = 
-125. Data for CH3CI in basic solution show conductivity 
changes of -160, -170, and —140 units for pH 10.2, 11.7,

(7) J. Lilie, J. Ph ys. C hem .. 76, 1487 (1972).
(8 ) J. M. Warman, R. W. Fessenden, and G. Bakale, J. C h em . Phys.. 

57,2702 (1972).
(9) T. I. Balkas, J. H. Fendler, and R. H. Schuler, J. Phys. Chem .. 74, 

4497 (1970).
(10) Values for equivalent conductance at 25° tabulated in the "Hand

book of Chemistry and Physics," Chemical Rubber Publishing Co., 
Cleveland, Ohio, 1966-1967, p D89, are H + , 350; OH- , 192; Cl- , 
75 (S2- 1  cm2 equiv-1 )- The value for C6H5NO2 -  is 4.03 and is typical 
of that of large anions.
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Figure 2. V o lta g e  ch an g e from  the conductiv ity  d e te c to r fo l
low ing pulse radiolysis of a  sa turated  aqueous solution of C H 3CI 
contain ing 1 0 ~ 4 M  N a C I0 4 (pH ~ 6 ) .  The curve represen ts  the  
av e ra g e  ob ta ined  w ith four pulses as ac cu m u la te d  by the co m 
puter. The yield for eaq + C H 3CI is tak en  as 3.1 and the c a li
bration fac to r ad justed  to g ive A A  =  42 5 .

and 12.1, respectively. In this case no further adjustment 
of the calibration was made so a direct comparison be
tween basic and acid solution is possible. The conductivi
ty change (-160) is somewhat higher than the expected 
-125. The values are quite constant and only a moderate 
decrease is observed at pH 12.1. A decrease in response is 
expected under these conditions because here the cell re
sistance becomes comparable to that of the other arms of 
the bridge.

As a test of the system for basic solutions an experi
ment was carried out with nitrobenzene ( ~ 10-3 M) in the 
presence of isopropyl alcohol (0.1 M). The reactions here 
are 3

eaq- + C6H5N02 —  C6H5N 02- (2)

OH + (CH3)2CHOH —  (CH3)2COH + H20 (3).

(CH3)2COH + C6H5N 02 —-
C6H5M02- + (CH3)2CO + H+ (4)

so that the yields of both eaq_ and OH lead to production 
of H+ + C6H5N02-  with a total yield of 6. The data from 
this experiment (pH 10) are shown in Figure 3 and give a 
conductivity change of -170 (±10). The expected value is 
-160 showing excellent agreement.

All of the systems to be studied involved eaq~ adducts 
so that experiments were done with 0.1 M tert-butyl alco
hol present to avoid complications from OH reaction 
products. Appropriate blank experiments were carried out 
with only 0.1 M  tert-butyl alcohol and a typical result is 
shown in Figure 3. The curve (pH 11) shows an initial 
change of -30 and values of -15 for times from 20-100 
fisec after the pulse. The amplitude of this change was re
producible and approximately constant with dose so it 
contributed less at higher doses.

The problems which were selected for further investiga
tion were suggested by the disagreement between esr and 
dc conductivity results mentioned above for o-nitrophenol 
and all involved the question of the state of ionization of 
the eaq adduct. Thus data were sought on the isomeric 
pairs maleate-fumarate11’12 and phthalate-terephthal- 
ate13 which have also been studied by esr. Under the pH 
conditions used, the reactions in the case of the nitrophe-

100

©O
cDO
~a
o 0 o
c©o

« -100o>

-200

O 40 80 120 160 200

Time (^sec)

Figure 3. C onductivity  ch anges produced in solutions of 0.1 M  
ferf-buty l a lcohol a t pH 10 .8  (O )  and ~ 2  X 1 0 - 3  M  n itroben
zen e  contain ing 0.1 M  2 -prop anol at pH 1 0 .0  ( • ) .  C urves a re  
av erag es  of four runs and the doses a re  sim ilar. The am plitude  
of the upper curve is scaled for G =  2 .8 0  w hile  th at for n itro 
be n ze n e  (low er) is for G  =  6 .0 .

nols should be
p --0 C 6H4N 02 + eaq~ — *► ~OC6H4N (V  (5)

o-'OC6H4N02 + eaq- + H+ —*- HOC6H4N (V  (6)

The data of Table I show complete agreement with this 
expectation. The behavior of the para isomer is like that 
of nitrobenzene itself in showing a decrease of conductivi
ty corresponding to removal of OH- by H+. In the case of 
the ortho isomer the H+ is incorporated into the radical 
product and essentially no net change is observed. The 
behavior of the pairs maleate-fumarate and phthalate- 
terephthalate should be similar on the basis of the esr re
sults which show in each case a hyperfine splitting by an 
acid proton for the eaq_ adduct to the first member of the 
pair. The data of Table I support this conclusion fully. It 
is worthwhile noting that a sequence of reactions is in
volved in the case of the undissociated species such as 
with o-nitrophenoxide. On the 1-psec time scale one has 
the eaq_ scavenging and H+ + OH reactions and subse
quently the protonation of the phenoxide anion radical by 
water. From the fact that no large conductivity change is 
observed for times 5-10 /¿sec after the pulse it must be 
concluded that this protonation is completed in very short 
times.

While the results for fumarate and terephthalate in 
Table I show essentially the full change expected at high 
pH, a lower change is found at pH ~10. More complete 
data taken at a number of pH values are shown in Figure
4.14 These curves can be interpreted in terms of the equi
librium associated with the dissociation of the last readily 
dissociable proton to give the trianion radical ( - 0 2C- 
CHCHC02_)_ . The pK  values are found from the curves 
to be 10.7 for fumarate and 10.1 for terephthalate. These 
values are consistent with esr data in that for fumarate a
(11) P. Neta, J. Ph ys. C hem .. 75, 2570 (1971).
(12) P. Neta and R. W. Fessenden, J. Ph ys. C hem .. 76, 1957 (1972).
(13) P Neta and R. W. Fessenden, J. P h ys. C hem ., 77, 620 (1973).
(14) These data were taken on another version of the apparatus con

structed at the Hahn-Meitner Institut fur Kernforschung, Berlin, 
West Germany.

O O 0 O 0 0 0 0 0 ° 0 0 0 0 0 0 0 0
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TA B LE I: Conductivity C hanges Follow ing Pulse R adio lysisa

Compound* pH ± \ c

P - - o c 6h4n o 2 10.9 -1 7 0
11.9 -1 6 0

o- 'O C 6H4N02 10.7 - 1 8
11.5 - 2 0

Fumarate 10.0 - 6 0
1 0.6 -1 2 0
11.0 -1 0 0
11.2 -1 6 0

Maleate 10.5 -1 2
11.5 -1 6

Phthalate 11.0 -1 1
11.6 - 2 4

Terephthalate 10.3 - 5 0
10.7 -1 1 0
11.2 -1 4 0

Benzoate 10.0 -3 0
10.7 - 5 0
11.1 -1 2 0

“ Values pertain to the approximate time period 30-100 psec after the 
pulse and were obtained by averaging the data of four runs. Correction 
was made for the change of — 15 units observed with (erf-butyl alcohol 
alone. 6 Concentration 1-2 X  10-3 M. Solutions also contained 0.1 M 
(erf-butyl alcohol. c In units cf i i ~ 1 cm2 equiv- 1.

change in the spectrum is observed over the region pH 
10-11.15 Similarly, the esr data for terephthalate13 show a 
change in the spectrum around pH 9-10.

Experiments were also carried out with maleic and fu- 
maric acids in acid solution. In each case 2 x 10' 3 M  acid 
was half-neutralized by addition of an equal concentration 
of NaOH. The results at pH 3.0 and 3.6, respectively, 
show a significant decrease in conductivity by 100-160 
units. A quantitative interpretation of the decrease is dif
ficult because of the buffering action of the acids but the 
fact that a decrease is observec shows that the net reac
tion involves some take-up of H+ in addition to incorpora
tion of the radiolytically produced eaq_ + H+. The radi
cals should exist, therefore, as partially dissociated for the 
first dissociation. This result is consistent with the esr re
sults16 which show spectra clearly attributable to the 
singly charged radicals at pH 4-5 and changes in the spec
tra between this region and more strongly acid solutions.

Benzoate was studied as a final example. Here optical 
pulse radiolysis data17 show the second pK  of the eaq ad
duct to be near 12

[C6H5C0 2H]' ^ * C6H5C0 22~ + H+ (7)
The conductivity results in Table I are consistent with 
this interpretation in that no conductivity change is ob
served in the region pH 9-10 indicating incorporation of 
both eaq~ and an equivalent amount of H+ into the radi
cal. The existence of a larger change at pH 11.1 suggests 
the shift of equilibrium 3 to the right in agreement with 
the optical data. The change is occurring at a somewhat 
lower pH than expected, however.

Figure 4. Changes in equivalent conductance produced by pulse 
irradiation of solutions of fumarate and terephthalate. The pK 
values at the midpoints of these curves are indicated by the ar
rows.

Conclusion
The preceding results show very clearly that high-fre

quency ac conductivity methods are applicable for 
studying conductivity changes following pulse radiolysis 
and can significantly extend the region available for study 
to pH 2-12. Although some loss of sensitivity over the dc 
method occurs, the sensitivity is still adequate for most 
purposes and does not require an excessive radiation dose 
per pulse. The response time of this detection system has 
not been investigated in detail but it is estimated to be 
<2 fisec and may be slightly superior to that of the dc 
method. Because of the 10-MHz carrier frequency there is 
also less potential for interference produced by direct col
lection of the electron pulse. The dc coupling after the 
phase-sensitive detector makes it possible to monitor con
ductivity changes at long times after the pulse. This fea
ture may be of use in certain special instances.

The chemical results obtained clearly show that while 
the eaq_ adducts of o-nitrophenol, maleate, and phthalate 
contain a potentially dissociable proton, this proton in 
fact does not dissociate up to pH 12. These results are in 
agreement with esr results which show no dissociation to 
pH 14. The special stability of these radicals toward dis
sociation appears to be the result of the intramolecular 
hydrogen bond.

(15) A previous study1' reported the esr spectrum of the eaq_ adduct to 
be the same over the pH range 7-14. More recent work (O. P. 
Chawla, unpublished results) shows that a spectrum is found In the 
pH region 9-10 which Is clearly assignable to the singly protonated 
radical.

(16) N. H. Anderson, A. J. Dobbs. D. J. Edge, R. O. C. Norman, and P. 
R. West, J. C h em . S o c . B, 1004 (1971).

(17) M. Simic and M. Z. Hof'man, J. Phys. C h em .. 76, 1398 (1972).
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The electrochemical behavior of the Ti(III) |Ti(IV) couple was investigated in methanol solutions con
taining 0.02-0.22 M  chloride ion and 0 02-7.0 M water. The presence of two electrochemically distinct 
Ti(ni) complexes was observed and the mechanism of the electrode processes was shown to consist of the
reactions e~ + Ti(IV) =± Ti(III)(a) (E1/2----- 0.4 V); Ti(III)(a) + H20 ^Ti(III)(b) + C1~(K); Ti(III)(b)^
Ti(IV) + e_ (£i /2 ~  0.1 V). The equilibrium constant K  was evaluated from pulse polarographic and cy
clic voltammetric data to be 0.029 ± 0.006. The reaction rates have been calculated from the kinetic con
tribution to the kinetic polarographic current, and the parameters ks and a of the first electron transfer 
reaction were estimated from pulse polarographic data. Combining these results with electron spin reso
nance measurements, the species Ti(III)(a) comprised [TiCl2(CH30H)4]+ and [TiCl(CH3OH)5]2+. These 
two species equilibrate rapidly on an electrochemical time scale. Ti(III)(b) was assigned the structure 
[TiCl(CH30H)4H20 ]2+. In addition, the Ti(IV) in methanol containing more than 0.3 M  H20  contains 
at least one more water ligand than the Ti(III), based on the negative shift of the half-wave potential 
with the concentration of water.

Introduction
A recent paper from this laboratory reported the oxida

tion state of titanium after electrochemical dissolution in 
methanol-HCl solutions.1 Some evidence was given in 
this work to suggest that in the presence of more than 
0.5% water Ti(III) gave two electrochemically distin
guishable complex species. Electron spin resonance (esr) re
sults, which have recently been obtained in this laborato
ry,2 have indicated that in dilute solutions of TiCl3 in an
hydrous methanol, two distinct Ti(III) complexes are dis
tinguishable at low temperatures.

Other electrochemical studies of the Ti(III) |Ti(IV) cou
ple in nonaqueous solvents3-5 have been reported. This 
couple has also been studied by polarography in acetoni
trile6 and methanol7 containing small amounts of water. 
A study of methoxide complexes of Til IV) in neutral and 
basic solutions was also reported.8 Some studies have 
been reported in which esr has been used to elucidate the 
structure of the Ti(III) species in solution. Various titani- 
um(III) chelates9 in aqueous media, fluoride and methox
ide complexes in methanol,103 and the complexes in a 20% 
fert-butyl alcohol-water mixture1015 have been studied.

In this work the combination of normal and pulse polar
ography, linear sweep voltammetry, and esr spectroscopy 
has been employed to investigate the nature of titanium 
complexes in HCl-methanol solutions containing various 
amounts of H20. Values of the equilibrium constants be
tween different chloride complexes of Ti(III) and the rates 
of conversion between the complexes have been estimated, 
structures of complexes have been postulated, and the 
heterogeneous rate constants for the Ti(IV)—Ti(III) elec
tron transfer process have been estimated.

Experimental Section
Anhydrous methanol solutions containing HC1 were pre

pared by adding gaseous HC1 to Mallinkrodt Nanograde 
absolute methanol (H20  content ~0.02%) to make a 
stock solution which was standardized by acid-base titra

tion. The approximate water content of these solutions 
was 0.05-0.06% as determined by coulometric Karl Fisch
er titration. Subsequent solutions were made by taking 
suitable aliquots of this stock solution. The stock solu
tions were prepared weekly since HC1 reacts slowly with 
methanol to give nethyl chloride and water. A stock solu
tion of Ti(IV) in methanol was made by adding a known 
amount of reagent grade TiCU to a measured volume of 
Baker Nanograde methanol and calculating the concen
tration. Previous work1 showed that the calculated value 
agreed with the value obtained by complexometric titra
tion to within 5%.

For some experiments, Ti(III) was required. This was 
prepared by complete reduction of a given concentration 
of Ti(IV) in the supporting electrolyte of interest at a 
large mercury pool or was prepared from TiCl3 powder 
(Alfa Chemical Co.). The latter material was analyzed by 
titration with dichromate and found to be 99.4% TiCl3.

A multipurpose electrochemical instrument and a pre
viously described pulse polarograph built in this laborato-

(1) E. P. Parry and D. H. Hern, J. E le c tr o ch em . S o c ., 119, 1141 
(1972).

(2) I. B. Goldberg and W. F. Goeppinger, Inorg. C h em .. 11, 3129 
(1972).

(3) I. M. Kolthoff and F, G. Thomas, J. E lec tro ch em . S o c . , 111, 1065 
(1964).

(4) V. Gutmann and M. Mlchlmayr, M on atsh . C h em . 99, 316 (1968); V. 
Gutmann, M. Kogelnig, and M. Mlchlmayr, ibid., 99, 707 (1968); V. 
Gutmann and E. Nedbalek, ibid., 88, 320 (1957); V. Gutmann and 
G. Schober, ibid., 88, 206 (1957); 93, 1353 (1962); G. Schober, V. 
Gutmann, and E. Nedbalek, Z. Anal. C h em ., 186,115 (1962).

(5) H. G. Brown and Hsiao-shu Hsiung, J. E le c tr o ch em . S o c . , 110, 
1085 (1963).

(6) P. J. Shlrvington, A u st. J. C h em ., 20, 447 (1967).
(7) P. Desideri and F. Patami, R ic. S ci., 30, 125, 233 (1966).
(8) R. Gut, E. Schmid, and J. Serrallach, H elv. Chim. A cta , 54, 593, 

609 (1971).
(9) S. Fujiwara and M. Codell, Bull. C h em . S o c . Jap., 37, 49 (1964); S. 

Fujlwara, K. Nagashima, and M. Codell, ibid., 37, 773 (1964); T. 
Watanabe and S. Fujlwara, J. M agn. R e s o n a n c e , 2,103 (1970).

(10) (a) E. L. Waters and A. H. Maki, Phys. R ev ., 125, 233 (1962); (b) 
Rt Johnson, P. Wormlngton Murchison, and J. R. Bolton, J. A m er . 
C h em . S o c ., 92, 6354 (1970).
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TABLE I: Effect of Water on the Normal Polarographie and Pulse Polarographie Reduction Waves of Ti(IV) in HCI-Methanol Solutions“

[H20], m

E, ,2 (nor
mal pol.), V

E 1/2 (nor
mal pulse), V A £ ,/2a

Derivative 
peak half
width, V

i
¡1 cathodic 
(pulse), (uA

'd (Nor
mal). pA

ip (deriv
ative), ¿u A

0.04 -0 .3 6 0 -0 .3 9 8 -0 .0 3 8 0.123 27.6 4.27 1 .6
0.13 -0 .3 7 4 -0 .4 1 3 -0 .0 3 9 0.120 28.5 4.49 2 .2
0.39 -0 .3 9 0 -0 .4 3 5 -0 .0 4 5 0.107 28.8 4.31 2 .2
0.71 -0 .4 0 8 -0 .4 5 5 -0 .0 4 7 0.115 29.6 4.20 2 .0
1.41 -0 .4 2 4 -0 .4 7 9 -0 .0 5 5 0.114 28.4 4.22 1.8

° Methanol, 0.02 M HCI, 1 X 1 0  3 M TI(IV). b Difference between half-wave potentials measured by normal pulse polarography and normal polarography.

ry1 were used for the electrochemical measurements and 
for the large-scale reduction. The water was determined 
using a Photovolt Model II Aquatest coulometric water ti- 
trator.

Electron spin resonance spectra were obtained on a 
modified Varían V-4502 spectrometer equipped with a 
Hewlett-Packard X532B wavemeter, dual cavity, and 
Magnion 15-in. magnet. The titanium sample was moni
tored with 100-kHz field modulation, and the DPPH (di
phenyl picryl hydrazyl) reference with 18-kHz field modu
lation. The experimental procedure is described else
where.2 To improve resolution D2O, DC1 in D2O, and 
CH3OD, obtained from Bio-rad Laboratories, were used as 
the solvent system for measurements of hyperfine split
tings and g factors. The CH3OD was found to contain 
0.04% D20.

Results
Polarography. The cathodic scan normal pulse polaro- 

gram for the reduction of Ti(IV) in 0.02 M  HCI in metha
nol gives a well-defined wave. The half-wave potential 
shifts to more negative potentials with increasing amounts 
of water (Table I), but the single wave remains well de
fined. The plots of log [(¿d -  i)/i] us. E for the normal 
pulse polarograms deviate from linearity at i > %id indi
cating irreversible behavior, although similar plots for po- 
larographic waves are linear. The effect of various 
amounts of water on the half-wave potential and limiting 
current for both the polarographic and pulse polarograph- 
ic reduction wave of Ti(IV) in methanol-0.02 M HCI is 
shown in Table I. The derivative pulse polarographic data 
were obtained with a pulse amplitude of 10 mV. Both the 
polarographic and pulse polarographic waves shift about 
the same amount with increasing water content. The nor
mal polarographic wave appears reversible even in 1.4 M 
water as indicated by the slope of the plot of log [(¿d -
1) /i] vs. E11 and by the equivalence of the half-wave po
tentials for oxidation of Tifili) and reduction of Ti(IV). 
This shows at least quasireversible behavior. The differ
ence between the normal and pulse polarograms results 
from the different time scales of these measurements. A 
plot of the polarographic Ei/2 vs. log [H2O] is shown in 
Figure 1. The slope of the upper linear portion of the plot 
is 60 mV per decade.

In anodic pulse polarography, the initial potential is set 
on the cathodic diffusion plateau (e.g., -0.7 V) so that 
during most of the drop life Ti(IV) is reduced to Ti(III). 
For each drop successively more anodic potentials are 
then applied near the end of the drop life in order to reox
idize the Ti(in). Polarograms recorded in this manner ex
hibit two waves when sufficient water is present (Figure
2) . This suggests that there is either a transient Ti(III) 
species formed upon reduction of Ti(IV), or there is an

El /2

Figure 1. Log [H20] vs. half-wave potential for the polarograph
ic reduction of 1 mM  TI(IV) In methanol containing 0.02 M HCI.

equilibrium between two Ti(III) species which are oxi
dized at different potentials. In 0.24 M  H2O the half-wave 
potential of the first anodic wave was -0.37 V (as com
pared to -0.41 V for the cathodic wave) and that of the 
second wave was -0.11 V. The total anodic wave height in 
methanol containing up to about 1.5 M  H2O was constant, 
and was also approximately the same height as that of the 
cathodic wave. The relative heights of each of the oxida
tion waves to the total wave height and the half-wave po
tentials as a function of water content are given in Table
II. The relative wave height ratios were also found to be a 
function of chloride ion concentration as shown in Table
III. Moreover in the pulse polarographic anodic scan in

(11) A plot of log [(/'d — /)//] vs. £ for the pulse polarographic wave as 
well as tables of results for cyclic voltammetry, measured values of 
the equilibrium constant, and kinetic currents will appear following 
these pages in the microfilm edition of this volume of the journal. 
Single copies may be obtained from the Business Operations Of
fice, Books and Journals Division, American Chemical Society, 
1155 Sixteenth St., N. W., Washington, D. C. 20036. Remit check 
or money order for $3.00 for photocopy or $2.00 for microfiche, re
ferring to code numbe' JPC-73-678.
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TABLE II: Effect of Variation of Water Content on Normal Pulse Scan for 1 X 10~3 /WTi(IV) in Methanol Containing 0.02 M  HCI

Water
concn ,M

Oxidation1' Reduction“

f i/2(1)a /(h), mA“ £i/2(2)ft /(l2),MA* ‘ Ei/, 'i

0.038 -0 .3 9 8 27.6 No second wave -0 .3 9 8 27.6
0.133 -0 .3 7 3 23.3 -0 .0 9 3 5.4 -0 .4 1 3 28.4
0.392 -0 .4 0 2 19.5 -0 .1 1 0 10.0 -0 .4 3 5 28.8
0.705 -0 .4 2 8 15.7 -0 .1 1 6 15.0 -0 .4 5 5 29.6
1.41 -0 .4 5 5 11.9 -0 .1 4 0 17.8 -0 .4 7 9 28.4

0 First oxidation wave of Ti(lll). 6 Second oxidation wave of T i(lll).1 Starting potential -0 .7  V; anodic scan. “ Starting potential -0 .0  V; cathodic scan.

Figure 2. Anodic and cathodic pulse polarograms of the Ti (111) | 
Ti(IV) couple In methanol containing 0.02 M HCI and 0.24 M  H20. 
H20.

TABLE III: Effect of Lithium Chloride on the Relative Wave 
Heights for Anodic Pulse Polarographie Scan at 1.1 M  Water 
Content“

LiCI concn Relative height of Relative height of
Added, M wave a t -0.35 V w a v e a t~ ~ 0 .1 V

0.0 0.54 0.46
0.067 0.79 0.21
0.10 0.83 0.17
0.10 0.82 0.18
0.20 0.88 0.12
0.20 0.89 0.11

° [Ti(IV)] =  1 X  10“3 M. [HCI] =  0.02 M.

methanol solutions containing up to 1.5 M  H20, the lim
iting current for both waves is diffusion controlled as indi
cated by the constancy of the product of the current and 
the square root of the measuring time. In a similar man
ner the pulse polarographic limiting current for the reduc
tion of Ti(IV) was shown to be diffusion controlled.

In order to study the oxidation process of Ti(III) inde
pendently, solutions of Ti(IV) were reduced at a large 
mercury electrode at constant potential until the current 
decayed to less than 1% of the initial value, and an anodic 
pulse polarogram was recorded. Such an experiment 
would indicate whether the two Ti(HI) species noted in 
the anodic pulse polarogram were in equilibrium or one 
was a transient species. It was observed that the pulse 
polarogram obtained with the Ti(HI) from bulk reduction 
was identical with the above anodic waves. It was also 
found that the wave heights were independent of whether 
the addition of up to 1 M  deaerated water was made be
fore or after reduction of Ti(IV). Moreover, pulse polaro

grams recorded on methanol-water solutions in which 
TiCl3 was added directly to the electrochemical cell gave 
equivalent results to both of the other experiments. These 
results thus suggest two electrochemically distinguishable 
species of Ti(III) in equilibrium in the methanol-water 
system. Since the pulse polarographic waves are diffusion 
controlled, the equilibrium concentrations of the two 
species can be determined from the pulse polarographic 
wave heights.

Normal polarograms of Ti(III) solutions prepared as de
scribed above also exhibit two waves. The relative heights 
of the first oxidation wave to the second oxidation wave 
are considerably greater than those recorded by pulse po- 
larography. Measurements of the dependence of the cur
rent on the mercury height show that the current increas
es more slowly than the expected proportionality to the % 
power of the mercury height. The data therefore suggest 
that there is a kinetic contribution to the first polarograph
ic wave. In solutions containing 7 M  H20, where the first 
wave is considerably smaller than the second, a plot of log 
[(¿a — i)/i] us- E for the second wave is linear with a slope 
of 0.059 V. At this water concentration the half-wave po
tential is -0.022 V.

Cyclic Voltammetry. Cyclic voltammetric studies of the 
Ti(III)-Ti(IV) systems were carried out at sweep rates be
tween 50 and 400 mV/sec. Several typical results are 
shown in Figure 3. A negative shift of the Ti(IV) reduction 
potential at maximum current (E(pc) ) with water is found 
to be similar to that of the polarographic measurements. 
Only one cathodic peak is observed throughout the range 
of water concentrations studied. One reoxidation wave is 
observed at about -0.3 V in solutions with less than 0.1 
M  H20. However, at 0.2 M  H20, a shoulder on the posi
tive side of the oxidation wave can be observed. At con
centrations of water greater than 0.5 M, a second oxida
tion peak at about -0.1 V becomes evident (Figure 3a). 
The height of the peak (¿(pa)1) at -0.3 V decreases with 
water content (Figure 3b) and sweep rate (Figure 3c) 
while the height of the peak at -0.1 V (i(pa)2) increases. 
At 5 M  H20, the peak near —0.3 V is barely visible. These 
results also suggest an equilibrium between two different 
Ti(HI) species where the rate of conversion from one com
plex to the other is significant at the slower sweep rates 
and higher water concentrations.

Esr Studies. Spectra of Ti(III) produced by controlled 
potential electrolysis of TiCU in HC1-H20-CH 30H media 
were obtained and were identical with those obtained 
from solutions prepared directly from TiCl3. Since it has 
been shown that there is significant unresolved hyperfine 
interaction with the protons of the solvent,12 better reso
lution is obtained if deuterated solvents are used.10b Re-

(12) A. M. Chmelnick and D. Fiat, J. C h em . P h ys., 51, 4238 (1969).
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Figure 3. Cyclic voltammetry of 1 mM  Ti(IV) In methanol con
taining 0.02 M HCI and water: (a) £0 m V/sec, 0.5 M  H20; (b) 
200 m V/sec, 0.5 M  H20; (c) 50 m V/sec, 2 M H20; (d) 200 
mV/sec, 2 M H20.

suits obtained using CH3OD as the solvent are reported 
here.

Figure 4 shows typical esr spectra obtained from solu
tions of TiCU in CH3 OD at -10°. In each spectrum a low- 
field (1) and high-field (h) absorption can be observed. 
When the concentration of TiCl3 is decreased from 7.8 
(Figure 4) to 3.1 mM  (Figure 4b), the amplitude of h de
creases relative to 1. The addition of 0.064 M  LiCl to 7.0 
mM TiCU decreases 1 relative to h, whereas the addition of 
0.4 M  D2O increases 1 relative to h.

Discussion
Equilibrium. The results from the electrochemical mea

surements suggest that the following reactions and equili
bria are important in the titanium-HCl-methanol system 
in the presence of water

Ti(IV) + e ^=± Ti(III)(a) (E %,------0.4 V) (1)

Ti(III)(a) + H20 Ti(III)(b) + Cl“ (slow) (2) 
Ti(III)(b) =5=* Ti(IV) + le . (E Vi~ -0.1 V) (3)

where Ti(III)(a) and Ti(III)(b) are two different complexes 
of Ti(HI) which are electrochemically distinguishable. 
Reactions 1 and 3 appear reversible by normal polarogra- 
phy but kinetically controlled by pulse polarography 
whereby it is possible to evaluate the kinetic parameters 
of the electron transfer (see below). The conversion from 
Ti(III)(a) to Ti(III)(b) is slow and thus allows both species 
to be observed electrochemically.

In solutions of low water content, a Ti(IV) complex con
taining no water is reduced to a Ti(III) complex which 
also contains no water and the polarographic half-wave 
potential is independent of water. As more water is added 
and a significant amount of aquated complex is formed, 
the half-wave potential shifts tc reflect an elimination of 
one water molecule per ion of Ti(IV) reduced (i.e., a slope 
of 60 mV/decade, see Figure 1). Since the exchange be
tween methanol and water is rapid in Ti(IV),13 only one 
reduction wave is observed.

The esr data definitely indicate two different species at 
low temperature. In anhydrous methanol, absorption 1 
(see Figure 4) has been attributed to [TiCl(MeOD)5]2+ 
and absorption h to [TiCl2(MeOD)4] + .2 This was based on 
the following: (1) Chmelnick and Fiat found that in con-

Figure 4. Esr spectra ot TICI3 in CH3OD at —10°. Solutions 
contain (a) 7.1 mM TiCI3, (b) 3,1 m/W TiCI3, (c) 7.0 mM  TICI3 
and 65 m/W LICI, and (d) 7.2 mM  TiCI3 and 0.5 M  D20.

centrated solutions of TiCl3, the Ti(III) ion is solvated by 
four methanol ligands;12 and (2) [Ti(MeOH)6]3+ would 
exhibit a very broad line and would be difficult to observe 
above liquid nitrogen temperatures in dilute solutions. It 
was further observed that at room temperature, absorp
tions 1 and h begin to broaden which suggests that there is 
an exchange between ligands of each complex in solution. 
For this reason the complexes containing only methanol 
and chloride ligands would not be expected to be dis
tinguishable by electrochemical measurements. As a re
sult, the species labeled Ti(DI)(a) in eq 1 and 2 is a com
bination of chloro and dichloro complexes, which do not 
contain water. The following reaction, eq 4, therefore, 
must be added to eq 1-3

[TiCl2(CH3OH)4]+^ [T iC l(C H 3OH)5]2+ + Cl" (4)
Since the amplitude of 1 increases and that of h de

creases with the addition of D20, a complex containing 
water must contribute to 1. Because water and methanol 
exhibit similar crystal field effects on titanium ions,14 the 
complexes containing different ratios of water to methanol 
would be expected to give nearly the same esr absorption. 
Thus, the esr spectrum of [TiCl(D20)(CH30D)4]2+ would 
be expected to be almost identical with the spectrum of 
[TiCl(CH3OD)5]2+.

Esr measurements of solutions of TiCl3 at 25° which 
were equivalent to those used in the electrochemical ex-

113) A. Fratlello, R. E. Lee, D. P, Miller, and V. M. Nishida, Mol. Phys., 
13,349 (1967).

(14) R. J. H. Clark, “The Chemistry of Titanium and Vanadium," Elsev
ier, Amsterdam, 1968, Chapter 6.
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periments, except that deuterated solvents were used, 
show that the contribution of the dichloro complex to the 
amplitude of the spectrum is in the order of 10% when 0.5 
M  D2O and 0.02 M DC1 is present. At D2O concentrations 
of about 1 M only a relatively small contribution to the 
spectrum can be seen. This appears as a high-field broad
ening of the line rather than a second absorption. When 
H2O and CH3OH are used as the solvents, the distinction 
between two complexes is more difficult because the spec
tra appear to be high-field broadened. This broadening 
had previously been attributed by other authors both to 
slow rotation time of the Ti(III) in methanol and to vibra
tional interactions.15

Combining these observations with the results of the 
electrochemical measurements, we can define in greater 
detail the nature of the Ti(III)(a) and Ti(III)(b) species. 
As indicated above, [TiCl2(CH3OH)4] + and [TiCl- 
(CH3OH)5]2+ are indistinguishable electrochemically, so 
this combination represents Ti(III)(a). The equilibrium of 
eq 2, therefore, is better given by eq 4 and
[TiCl2(CH3OH)4]+ + H20 ^

[TiCl(H20)(CH30H)4]2+ + Cl (5)
where Ti(III)(b) is the complex [TiCl(H20)(CH30 H)4] + . 
Ti(III)(a) oxidation gives rise to the first polarographic 
wave (-0 .3  V) and Ti(III)(b) oxidation to the second wave 
(-0.1 V). The fact that certain complexes which are in
distinguishable by electrochemical measurements can be 
defined by esr (and vice versa) illustrates the power of the 
combined technique for studies of transition metal com
plexes.

As the results have indicated, the rate of conversion cf b 
to a is on the same time scale as that for normal polarog- 
raphy so the wave for the oxidation of a (first wave) has a 
kinetic contribution. However, because there is a differ
ence of 150-fold in the current measurement time scale 
between normal polarography and pulse polarography 
(i.e., 3 vs. 0.02 sec), the pulse polarographic waves are dif
fusion controlled and thus give the equilibrium concentra
tions. With known concentrations of water and chloride 
ion, the equilibrium constant K  for eq 2 can be calculat
ed. The equilibrium expression, neglecting activity coeffi
cients, is given by

K = [ Cr][Ti(III)(b)]/[H20][Ti(III)(a)] (6)

Values of K were calculated for variation of both the 
water content between 0.1 and 7.0 M at constant chloride 
ion concentration and for variation of the chloride ion 
concentration between 0.02 and 0.22 M at constant water. 
The average value for K  was found to be 0.029 with a 
standard deviation of ±0.006.

Even though no corrections were made for ionic 
strength effects or for changes in the solvent activity, the 
values were reasonably constant. It was assumed that HC1 
and LiCl are completely dissociated. The value for the 
dissociation constant of HC1 in anhydrous methanol is re
ported to be 6 x 10-2 16 Thus, 0.02 M HC1 would be about 
75% dissociated. In methanol containing about 2.4 M 
water, however, the dissociation constant increases by 
bout threefold.16 Thus, in the range of water content 
covered by these experiments, the dissociation of HC1 
may actually increase to about 90 or 95%. No dissociation 
constant for LiCl in methanol has been reported,17 but at 
concentrations as high as 0.2 M, it would be expected to 
be partially associated.

682

The effect of the two methanol-chloride species which 
comprise Ti(III)(a) can also be considered. For simplicity 
we can represent [TiCl(CH30H)5]2+ by TiCl2+ and [Ti- 
Cl2(CH3OH)4]+ by TiCl2+. Assuming constant activity of 
methanol and neglecting activity coefficients, the equilib
rium constant K2 for these complexes is

[TiCl2+][Cr]/[TiCl2+] = K2 (7)
Since Ti(III) (a) is the sum of two complexes given by 
[Ti(III)(a)] = [TiCl2+] + [TiCl2+] =

[TiCl2+]!l + (A2/[C r])l (8)
the equilibrium expression for K becomes 

K = [Cr][Ti(III)(b)]/[H20][TiCl2]|l + (A 2/[ Cl“]) I O)
If K2 is small, or the equilibrium is shifted toward the di
chloro species, then the measured values of K  would be 
approximately constant. However, in more dilute chloride 
media, deviations of K  calculated from eq 6 might be ob
served. The most likely source of deviation in the values 
of K, however, appears to arise from measurements of the 
diffusion currents from the incompletely separated polaro
graphic waves.

If we assume that a 20% deviation from the value of K 
= 0.029 for a tenfold change in chloride can be observed, 
then an upper limit for K2 is estimated to be about 5 X 
10-3 M. Thus, at a concentration of 0.02 M  HC1 and 0.001 
M  TiCl3 in methanol in the absence of added water about 
20% of the Ti(III)(a) could be in the TiCl2+ form.

Rate of Conversion of Ti(III)(b) to Ti(III)(a). In normal 
polarography the oxidation wave of Ti(HI)(a) is larger 
than that observed in pulse polarography. During the time 
of the polarographic measurement, the reverse reaction of 
eq 2 contributes to the amount of Ti(III)(a) at the elec
trode surface, and the amount oxidized is greater than 
would be predicted from the equilibrium concentrations. 
From this kinetic contribution to the polarographic wave, 
the rate constant for the conversion of Ti(III)(b) to 
Ti(HI)(a), eq 10, can be calculated.

Ti(III)(b) + CF - —>-Ti(III)(a) + H20 (10)
If the concentrations of Cl- and H20  are sufficiently 

greater than the concentrations of the titanium complex
es, the reaction is pseudo first order, and first-order reac
tion rate expressions, eq 11, can be used, where k' is the 
pseudo-first-order reaction rate constant.

— d[Ti(III)(b)]/d t = *[Ti(III)(b)][Cr] = ¿'[Ti(III)(b)]

(11)
After Brdicka and Wiesner,18 we can write

¿k = nF103 Afxk1 [Ti(III)(b)]0 (12)
where ik is the kinetic current, n the number of electrons 
transferred, F the Faraday, A the electrode area, p the

E. P. Parry, I. B. Goldberg, D. H. Hern, and W. F. Goeppinger

(15) N. F. Garifyanov, E. I. Semenova, N. F. Usacheva, Zh. Strukt. 
K him ., 3, 596 (1969); J. Strukt. C h em .. 3, 570 (1962); N. S. 
Garifyanov and E. I. Semenova, D okl. A kad. N auk SSSR . 140, 157 
(1961); D okl. Phys. C h em ., 140, 568 (1961); A. V. I. Aurakova, N. 
S. Garifyanov, and E. I. Semenova, Sov. P hys. JETP. 12, 847 
(1961); 14, 243 (1962); N. S. Garifyanov, A. V. Danilova, and R. 
R. Shagidvllin, Opt. S p e c t r o s c ., 13,116 (1962).

(16) T. Shedlovsky and R. L. Kay, J. Phys. C h em .. 60,151 (1956).
(17) G. Chariot and B. Tremillon, "Chemical React ons in Solvents and 

Melts,” Pergamon Press, New York, N. Y., 1969, p 276.
(18) R. Brdicka and K. Wiesner, C ollect. C ze c h . C h em . C om m u n ., 12, 

138 (1947); see also I. M. Kolthoff and J. J. Lingane, "Polarogra
phy,"2nd ed, Interscience, New York, N. Y., 1952, pp 269-273.
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TABLE IV: Values of the Rate Constant for Conversion of Ti(ll I)(b) to T i(lll)(a)Q

Water
concn,

M
'd (total), 

mA

'd (Ti (III) 
(a) equil), 

pA

<d (TI (III) 
(b) equil), 

pA

Kinetic
current,

pA
k ’ ,

s e c "1
k, M " 1 
sec - 1

0.5 4.19 2.17 2.12 1.7 4.3 231
1.0 4.0 1.47 2,53 1.8 2.0 100
2.0 3.6 0.88 2.74 1.9 3.3 167
5.0 2.6 0.31 2.3 1.4 4.0 198

0 Chloride ion concentration constant at 0.02 M.

thickness of the reaction layer, and [Ti(III)(b)]o is the 
concentration of the species at the electrode surface. We 
also have the relation

h = X l[Ti(III)(b)]_ -  [Ti(III)(b)]0| (13)
where [Ti(III)(b)] is the concentration of these species 
in the solution bulk, and x is 70(5 x 103 nD1/2m2/3t1/6 
when the maximum current is taken. Equation 12 can be 
rewritten as

ik = ¿d(Ti(III)(b» -  x[Ti(IH)(b)]0 (14)
where id(Ti(III)(b) would be the diffusion current of 
Ti(III)(b) if no.reaction occurred. Koutecky and Brdicka19 
have derived an expression for the thickness of the reac
tion layer

H =  i/d 7  '15)

where r is the mean life time of the depolarizer. The 
mean life time of a first-order reaction is the reciprocal of 
the rate constant. Using pseudo-first-order rate constants 
for the forward and reverse reactions, it can easily be 
shown that the thickness of the reaction layer is given by

M y ^ ( [H ,o ] / [ c r ] )  ( ■
where K is the equilibrium constant of eq 2, k' is the 
pseudo-first-order rate constant cf eq 10, and D is the dif
fusion coefficient of the Ti(M)(a) complex. If we assume 
that the diffusion coefficients of both titanium complexes 
are equal, we can combine eq 13. 14, and 16 to obtain the 
expression

u /  A:([H20 ]/[C n ) 706m %t %  i k

k 2 /■’ A j ? )17)
*  A  ïdtTidllXb)] — ik

Values of k' and k for eq 10 calculated from eq 17 are 
given in Table IV. For these conditions m2/3i1/6 and A 
were 2.30 mg2/3sec1/6 and 0.036 cm2’ respectively. The 
data for the equilibrium values of td(Ti(III)(a)) and id" 
(Ti(III)(b)) were obtained by multiplying the appropriate 
fraction of the total current as determined by the ratio of 
wave heights of the pulse polarograms by the total current 
of the polarogram. Considering that no corrections have 
been made for double layer and activity effects and possi
ble changes in ionization, we consider the agreement very 
good.

It is evident from Table IV that the value of id de
creases significantly at water concentrations greater than 
2 M. Since Ti(IV) is easily hydrolyzed, as shown by Shir- 
vington for TiCl4 in acetonitrile containing 0.03 M  water,6 
it seems likely that at high water contents in methanol 
even in 0.02 M HC1, some hydrolysis can occur. This 
product may be electroinactive at the low values of the 
negative potentials which can be reached in acidic metha

nol. The additional possibility that an electroinactive 
product of Ti(lll) is formed must also be considered, but 
this appears less likely. These questions are under current 
investigation.

To verify the magnitude of the rate constants obtained 
by the above calculations, digital simulations20 of the cy
clic voltammetry were carried out. Although many pa
rameters could be varied in the simulation process to find 
the optimized results, only the equilibrium constant and 
rate constant were varied. The electron transfer was treat
ed as Nernstian, and the rate constants were again pseudo 
first order. Linear diffusion was also assumed. The best 
values of the equilibrium constant obtained here based on 
superposition of the simulated and actual current voltage 
plots was 0.03 ±  0.01 for K  and 1.6 ±  0.3 sec-1 for the 
pseudo-first-order rate constant k'. This corresponds to a 
value of about 80 M -1 sec-1 for the value of k. These re
sults agree well with the values obtained from polaro- 
graphic data, especially considering the assumptions 
made in the digital simulations as well as the method for 
calculation of k' from the kinetic current.

Heterogeneous Kinetics. The reversibility of the normal 
polarographic wave for the Ti(IV) |Ti(III) couple in metha
nol with and without water present is evident from the 
data. Plots of E vs. log [(¿d -  i)/i] are linear with a slope 
of 0.059 V, and the oxidation of Ti(III) and reduction of 
Ti(IV) have the same half-wave potentials. However, the 
electrode reaction is not fast enough for the pulse polaro
graphic wave to be diffusion controlled. The heterogene
ous rate constant for the electrode reaction and the trans
fer coefficient can be estimated from the normal and de
rivative pulse data of Table II. It is acknowledged that 
these values will also reflect the presence of homogeneous 
chemical reactions, and possible uncompensated iR.

Using a small pulse amplitude (~10 mV), the width at 
half height of the derivative pulse polarogram (VFi/2) can 
be used to obtain a value of na for the electrode reaction. 
The equation for this calculation21 is given by

na = (0.0835 / W y2) V (18)

Since the half-width does not change significantly with 
water content, the value of a is not markedly affected by 
addition of water.

In a previous paper,21 it was shown that the electrochem
ical rate constants can be determined from the normal 
pulse polarographic wave from a simple algebraic expres
sion rather than from graphical or tabular interpolation. A

(19) J. Koutecky and R. Brdicka, C ollec t. C z e c h . C h em . C om m u n ., 12, 
337 (1947); see also J. Heyrovsky and J. Kuta, “Principles of Po- 
larography," Academic Press, New York, N. Y., 1966, p 346.

(20) S. W. Feldberg, “Electroanalytical Chemical," Vol. 3, A. J. Bard, 
Ed., Marcel Dekker, New York, N. Y., 1969, p 299 ff, S. W. 
Feldberg, J. Phys. C h em .. 7 5 ,2 3 7 7  (1971).

(21) K. B. Oldham and E. P. Parry, Anal. C h em ., 40, 65 (1968).
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of 1 mM  TiCI4 in methanol containing 0.02 M HCI.

plot of log [X2(1.75 + X 2) /( l  -  X)] us. £  where X  = i/ir} 
for a pulse polarographic wave will yield a straight line for 
an irreversible reaction with a slope of na/0.059 V" 1 and 
an intercept £ 1/2. The £ 1/2 value is related to the electro
chemical rate constant by the expression

E y2 = Es + (0.0592 /an) log |2.31£s(f/£>)‘/2| (19)
where £ s is the standard potential of the system, ks is the 
rate constant, t is the time of measurement after pulse 
application, and D is the diffusion coefficient which was 
found to be 1.0 ±  0.1 x 10~5 cm2 sec- 1.1 A plot of log [(¿d 
-  i)/i] us. E for an irreversible pulse polarographic wave 
has been shown to be nonlinear.21 Figure 5 shows a plot of 
log [X2(1.75 + X 2) /( l  -  X)] vs. E, and the corresponding 
plot of log [¿d - 0/£] us. £. The value of an obtained from 
the slope of the line is 0.06, while eq 18 gives a value of 0.68. 
By assuming that the normal polarographic wave is reversi
ble and using this half-wave potential for the value of £ s, 
the value of the electrochemical rate constant can be cal
culated from eq 19. The values of k and a are given in Table 
V as a function of water content.

TA B LE V: E le c tro ch em ic a l (H e te ro g e n e o u s ) R ate C onstant and  
T ran sfer C oeffic ien t for T i( IV )  R eduction in M e th a n o l-H C I 
as Function of W a te r C onten t0

E. P. Parry, I. B. Goldberg, D. H. Hern, and W. F. Goeppinger

Water
concn, 103, fcs

M A£i/2,V Wi/2, V art cm sec

0.038 -0.038 0.123 0.68 3.5
0.133 -0.039 0.120 0.70 3.5
0.392 -0.045 0.117 0.71 3.0
0.705 -0.047 0.115 0.73 2.8
1.41 -0.055 0.114 0.73 2.3

O 1 m M  Ti(IV), 0.02 M HCI.

The maximum variation of a over the range of water 
concentration is about 7% which is well within the accu
racy of the method, especially considering the agreement 
(see above) between the value of a obtained from the half
width of the derivative pulse polarogram compared to that 
obtained from the slope of the log plot. For this reason the 
value of a was taken as 0.65 ± 0.07 for all values of water 
concentration.

Previous work has indicated that the upper limit of 
applicability for the determination of ks using normal 
pulse polarography is about 2 x 10 2 cm sec-1 for values 
of D and t of 10 ~ 5 cm2 sec and 20 msec, respectively. It is, 
therefore, expected that for values of ks in the order of 
10-3 cm sec-3 the precision of the measurement would 
not be high. The experimental techniques used did not 
optimize the accurate measurement of these small differ
ences in half-wave potential. Therefore, when the uncer
tainty of the measurement of a is considered, the values 
of rate constant should be considered only as an approxi
mation, and no real difference in the value of ks with 
varying water content can be suggested by these data. 
The value of the heterogeneous rate constant for the re
duction of titanium(IV) in methanol-0.02 M  HCI calcu
lated here is approximately 3 X 10_3 cm sec-1 with an 
uncertainty of at least ±50%. This rate is fast enough to 
appear reversible in normal polarography.

Possible reasons for the apparently slow electron trans
fer step may be the result of changes in the geometry or 
coordination between the electroactive reactant and prod
uct. It could be expected from the dependence on water of 
the normal polarographic E1/2 values that at high water 
concentrations Ti(IV) loses one H2O ligand during reduc
tion to Ti(III). This could account for some degree of 
irreversibility. The effect of the homogeneous reaction (eq
2) on these measurements should be fairly small during 
the time scale of the pulse polarographic measurements.
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S e lf-D iffu s io n  in N o rm a l a n d  H e a v y  W a ter  in th e  R a n g e  1 - 4 5 °

R. Mills

D iffusion  R e s e a r c h  Unit. R e s e a r c h  S ch o o l o f  P h ysica l S c i e n c e s ,  Australian N ational U niversity, C anberra , A .C . T., Australia  
(R e c e iv e d  N o v em b er  7, 1972)

Self-diffusion coefficients of tritiated water in normal (H2O) and heavy water (D2O) have been measured 
over the temperature range 1-45°. The diaphragm-cell technique was used and the results are considered 
to be probably accurate to ±0.2%. The data of Longsworth1-2 for HDO diffusion in both H20  and D20 in 
conjunction with The tritiated water values measured here have been used to calculate the self-diffusion 
coefficients of pure normal water (H2O-H2O) and pure heavy water (D20 D20). These coefficients have 
been tabulated and compared with molecular dynamics and nmr data.

Introduction
One hesitates to report yet another set of data for self

diffusion in liquid water. The fact remains that present 
values for tritiated water (HTO) in normal water (H20) 
over a temperature range are sparse and inaccurate and 
even at 25° vary from 2.2 to 2.6 X 10~9 m2 sec-1. There 
are similar variations in respect to HDO, H2180  and also 
to pure H20  self-diffusion as determined by nmr methods. 
The serious discrepancies between these various sets of 
data have been discussed extensively in recent reviews.3-5 
In the last of these,5 it was pointed out that probably the 
only reliable data of good precision were those of Long- 
sworth2 for HDO in H20  and D20. However, two sets of 
values, both by capillary methods, for tritiated water in 
normal water at 25° those of Devell3 and Jones, Monk, 
and Rowlands6 were considered to be reliable within their 
limits of error, each of ~2%. It was considered necessary 
therefore to confirm the value at 25° to better precision 
using diaphragm cells and to extend the measurements 
over the temperature range 1-45°.

Measurements have also been made of the self-diffusion 
of tritiated water in pure D20. The motivation here was 
to try and gain more insight into the mass dependence of 
the self-diffusion rates of the various isotopic forms of 
water. In particular, in order to compare isotopic diffusion 
data with those determined by the nmr spin echo method, 
one needs to extrapolate from isotopic data to the value 
for pure water.7 The availability of Longsworth’s accurate 
optical data2 of the mutual diffusion of light and heavy 
water allows such an estimate tc be made. Finally, it is 
hoped that the extrapolated values for pure water re
ported here will provide calibration points for the nmr 
method and so bring self-diffusicn data obtained by this 
technique into better agreement with those from isotopic 
work.

Experimental Section
The normal water used in these experiments was dis

tilled and passed through an ion-exchange column at a 
fast rate. It was then heated to boiling and vigorously de
gassed on a water pump. The specific conductance mea
sured with a Jones-Dike bridge was 0.85 x 10-6 ohm*1 
cm-1. Heavy water (99.7 atom % D) was obtained from 
Merck Sharp and Dohme, Canada, and tritiated water 
from the Radiochemical Centre, Amersham, England. 
Both of these were used without further purification.

The magnetically stirred diaphragm cell method as de
veloped originally by Stokes8 was used in these determi
nations. The solvent-filled technique in which tracer is 
added to the top compartment was used throughout. De
tails of the apparatus and general procedure are given in a 
recent publication.9 Additional precautions arising from 
work with organic solvents,10 in particular the thermo- 
stating of the cells during sampling, were also incorpora
ted. The counting techniques were based on the method 
outlined in ref 9. It was found that the usual dioxane- 
based scintillator solutions were not stable enough to give 
the precision required for these studies. A solution con
taining 750 ml of toluene, 300 ml of ethanol, and 9 g of 
butyl-BPD scintillator gave excellent results, however.

Analysis of Errors
As the isotopic extrapolations used later in this paper 

involve the use of small differences between diffusion 
coefficient values, a discussion of error limits is necessary.

The diaphragm cell was calibrated using the system 0.5 
M  KC1 diffusing into water for which accurate Gouy data 
are available.9 The cell compartment concentrations were 
determined by measuring their conductance with a Jones- 
Dike bridge which gives analyses accurate to ±0.01%. Du
plicate calibration runs usually agreed to 0.05%. As the 
cell had a platinum sinter and Teflon-coated stirrers no 
correction for a wear factor was necessary.

(1) L. G. Longsworth, J. Phys. C h em ., 58, 770 (1954).
(2) L. G. Longsworth, J. P hys. C h em ., 64, 1914 (1960).
(3) L. Devell, A c ta  C h em . S ca n d ., 16, 2177 (1962).
(4) H. R. Pruppacher, J. C h em . P h ys., 56, 101 (1972).
(5) R. Mills, B er. B u n s en g es  Phys. C h em ., 75, 195 (1971).
(6) J. R. Jones, D. L. G. Rowlands, and C. B. Monk, Trans. F araday  

S o c . , 61, 1384 (1965).
(7) Some explanation Is neeced as to what is meant by “the self-diffu

sion coefficient for pure water.” A diffusion coefficient is defined 
relative to a gradient of some kind. In a tracer experiment it would 
be a gradient of radioactivity but in the absence of a tracer it be
comes a little more difficult. In an assemblage of identical mole
cules one can, however, conceptually identify a certain number of 
them and then a gradient of identified molecules exists. The essen
tial point is that the process of identification must not change any 
of the chemical or physical properties of the molecules. In practice 
a molecular dynamics "experiment" does this insofar as the mo
mentum and space coordinates of all the molecules are known at 
any time. It is also very closely approached In an nmr experiment 
where the only gradient present is related to the phase of nuclear 
magnetic moments present in the molecules which will not sensibly 
affect their rate of diffusion.

(8) R. H. Stokes, J. A m er . C h em . S o c ., 72, 763 (1950).
(9) R. Mills and L. A. Woolf, "The Diaphragm Cell,'1 DRU Report RR1, 

A.N.U. Press, Canberra, 1968.
(10) A. F. Colllngs and R. Mills, Trans. F araday S o c ., 66, 2761 (1970).
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When tracers are used analytical errors are somewhat 
greater. The liquid-scintillation counting apparatus has 
been described in detail in ref 9. All samples for counting 
are prepared by accurate weight dilution. Each sample is 
counted simultaneously by two independent counter sys
tems and any appreciable difference between the two re
sults gives an indication of malfunction in one of the elec
tronic components. Normally agreement between the two 
counters is ±0.1%. More than 106 counts are recorded on 
all samples so that statistical counting error is expected to 
be <±0.1%. The top compartment solution is diluted by 
weight to give the same counting rate as the bottom to 
avoid coincidence errors. Other procedures automatically 
correct for drift in the photomultipliers and amplifiers in 
the time between analyses of the two compartments. 
Overall reproducibility between tracer runs is ±0.2%.

One serious source of error was found, however, in rela
tion to the radioactive tritiated water. In the first 20 or so 
runs, at several temperatures, the measured diffusion 
coefficients showed a slight linear increase with time. This 
effect appears to be due to the high specific activity of the 
tracer. Tritiated water is readily available at very high 
specific activities and there is a natural tendency to use 
high counting rates with consequent low backgrounds. 
When the specific activity used in the above runs was re
duced by a factor of 30, the time variation disappeared 
and the reproducibility was excellent. It is well known 
that the recoils of disintegrating tritium atoms can affect 
molecules in their vicinity and this effect is in fact the 
basis of the Wilzbach method of tritium labeling. It would 
appear in the diffusion case that high activities cause 
some alteration to the water structure although more work 
needs to be done to specify this more closely. The effect 
may have contributed to previous anomalous results for 
tritiated water.

The cells were immersed in a well stirred water thermo
stat, and temperature fluctuations were measured contin
uously for all runs with a recording platinum resistance 
thermometer. In the range 1-35° these fluctuations were 
not greater than ±0.002° and at 45° not greater than 
±0.01°. Absolute temperatures as measured with calibrat
ed calorimeter thermometers and the platinum resistance 
thermometer are probably correct to ±0.005°.

At a given temperature runs were repeated at least 
three times for normal water runs and twice for all heavy 
water runs. The overall reproducibility as shown in Table 
I was at least of order ±0.2%. There always remains of 
course the possibility of some unrecognized systematic 
error.

Results
In Table I are listed the self-diffusion coefficients mea

sured in this work together with Longsworth’s extrapolat
ed values for HDO in both normal and heavy water. An 
asterisk denotes that the species is present effectively in 
trace amounts.

Before discussing the data in more detail a few com
ments should be made as to the tracer species present in 
these experiments. It is obvious that due to the ionization 
of water there will be rapid exchange between hydrogen, 
deuterium, and tritium ions. Thus if a small amount of 
D20 is introduced into a large volume of H20, the only 
two species virtually present will be HDO and H20 and 
similarly for other combinations. In Longsworth’s mutual 
diffusion work on H20-D 20 mixtures the limiting mutual
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diffusion coefficients (obtained by extrapolation) refer to 
the diffusion of vanishingly small amounts of HDO in 
H20  and D20 at each end of the concentration scale. This 
fact does not seem to have been appreciated by some au
thors (see, e.g., Eisenberg and Kauzmann,11 pp 218-219). 
Theory indicates12-13 that these limiting mutual coeffi
cients should be identical with the tracer or self-diffusion 
coefficients of HDO in these solvents and this equivalence 
has been borne out by experiment for similar systems. For 
this reason our tracer coefficients obtained with HTO are 
directly comparable with Longsworth’s data. Another im
portant consequence of this exchange process is that when 
tritiated water is added to D20, the effective tracer 
species is DTO*. It should be added that tritiated water is 
not obtained in a pure state but is in trace quantities in 
normal water. However, the amount of normal water ac
companying the tritiated water which is added to the D20 
in the diffusion cell is very small (< 0.02 mol %) and has a 
negligible effect. For a 50 mol % H20-D 20 solution, the 
tracer is an equimolar mixture of DTO* and HTO*.

Comparison with all previous results for tritiated water 
would serve no useful purpose. However, it may be noted 
that the two values previously considered most reliable by 
Mills5 for HTO in H20  at 25° were those of Devell3 (2.25) 
and Jones, Rowlands, and Monk6 (2.22) and the average 
of these is practically the same as the value shown in 
Table I. Their combined error limits of ±3% obviously 
lessen the significance of this agreement. The value of
2.029 in the last column is for an equimolar HTO*-DTO* 
mixture diffusing in a 50/50 mol % H20-D 20  solution. 
This value is almost half-way between the corresponding 
tracer values for pure H20  and D20  and supports Long
sworth’s conclusion2 that there are no unusual properties 
connected with solutions of this composition. It will be 
observed in Table I that, as might have been expected 
from mass considerations, the HTO values in H20  and the 
DTO values in D20 are consistently lower than the corre
sponding HDO ones. These systematic differences are tab
ulated as percentages in Table II. In all cases the data for 
HDO are from Longsworth.2 The parentheses enclose sol
vents; tracer species either have an asterisk or are sub
scripted.

Column 2 presents the differences observed when 
changing from H20  to D20  as solvent for the tritiated 
species used in this work whereas column 3 differences are 
for the same solvent change but for Longsworth’s HDO 
values. The parallelism between the two sets of data over 
the three temperatures is quite remarkable. It is even bet
ter than it seems because the tritiated tracer changes 
from HTO to DTO when in D20 and the mass increase of 
one unit would slightly increase the differences in column
2. In columns 4 and 5, the differences in diffusion rate be
tween HTO* and HDO* in H20  and between HDO* and 
DTO* in D20  are tabulated and again considering the 
small differences involved, the data are very consistent.

An analysis of the information contained in Table II 
now allows calculation of the self-diffusion coefficients of 
pure normal water7 (H20  in H20) and also of pure heavy 
water (D20  in D20). In the first place it can be deduced 
from columns 2 and 3 that over the range 5 to 45°, HDO 
and HTO react similarly in changing from one solvent

(11) D. Eisenberg and W. Kauzmann, "The Structure and Properties of 
Water,” Clarendon Press, Oxford, 1969, pp 218-219.

(12) R. J. Bearman, J. Phys. C h em ., 65, 1961 (1961).
(13) D. W. McCall and D. C. Douglass, J. Phys. C h em ., 7 1 , 987 (1967).
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TABLE I: Self-Diffusion of Isotopic Species of Water

HTO*\ /50 mol %
H T0*-H 20  H D 0 *-H 20 o D T 0 *-D 20  H D O *-D 2Oa DTO*// d 2o - h 2o

Temp, °C D *  x  109 m2 sec“ 1

1 1.113 ±  0.002 1.128
4 1.236 ±  0.003
5 1.272 ±  0.002 1.295

15 1.724 ±  0.003
25 2.236 ±  0.004 2.272
35 2.838 ±  0.002
45 3.474 ±  0.003 3.532

a Longsworth’s data1’2 (precision ±0.1%).

TABLE II: Differences in Diffusion Rate Due to isotopic Mass

1.001 ±  0.001 1.034

1.849 ±  0.001 1.902 2.029

2.939 ±  0.005 3.027

[D*(H20) -  D *(D 20)] X 102 [D*hdo _  D*hto] X 102 [D*hdo _  D*dto] x 102
D *(H 20) D*hdc D *  HDD

H~0* _
Temp. °C D 'O * HDO* (H20) (D20)

5 21 .4% 20 .2% 1.8% 3 .2%
25 17.3 16.3 1.6 2.8
45 15.4 14.3 1.6 2.9

TABLE III: Calculated Self-Diffusion Coefficients of H20 and D20

Temp, °C
D * x  109 m2 sec~ \

h 2o - h 2o
D * X  109 m2 s e c -1, 

D2O—D2O

1 1.149
4 1.276
5 1.313 1.015

15 1.777
25 2.299 1.872
35 2.919
45 3.575 2.979

(H2O) to another (D2O) and the mass effects are carried 
over in almost exact proportion. Therefore it is reasonable 
to assume that changes in diffusion rate arising from mass 
differences between isotopic species in solvent D2O should 
be equally applicable to the change in solvent H2O. In 
column 5 of Table II, there is tabulated the percentage 
change in diffusion rate in the solvent D2O between mole
cules of mass 21 (DTO) and mass 19 (HDO), a difference 
of 2 mass units. Now for the solvent H2O, we have mea
sured diffusion coefficients for molecules of mass 20 (HTO) 
and what we are trying to calculate are values for mole
cules of mass 18 (H2O), again a difference of 2 mass units. 
Therefore increasing our measured values for HTO by the 
percentages given in column 5 should give the correspond
ing values for self-diffusion in pure water, (H2O in H2O). 
Similarly self-diffusion :n pure heavy water (D2O in D2O) 
can be obtained by decreasing Longsworth’s HDO in D2O 
values by the percentages given in clumn 4 which corre
spond to a mass change of one unit in H2O. The coeffi
cients so obtained should be accurate to a few tenths of a 
per cent and are listed :n Table III. For values other than 
5, 25, and 45°, averaged percentages have been used.

An Arrhenius plot (log D us. 1 /  T) for both sets of data 
is given in Figure 1. If activation energy theories are ap
plicable to diffusion in liquids one would expect a linear 
relation among the points; instead there is a gentle curva
ture in both sets. However, without implying that the ac-

103 th
Figure 1. Arrhenius plot of log D vs. 1 / T  of the self-diffusion 
coefficients of pure H20 (O) and pure D20 (A): (#.▲). nmr 
values of Murday and Cotts;15 (C), nmr value of O’Reilly and 
Peterson.16

tivation approach is valid one can give experimental acti
vation energies for the temperature regions 1-15° and 15- 
45° as these data are useful to workers in the biological 
sciences and other areas. For H2O, EA = 4.7 kcal/mol (1- 
15°) and 4.2 kcal/mol (15-45°) and for D2O, EA -  5.0 
kcal/mol (1-15°) and 4.5 kcal/mol (15-45°).
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The only comparisons that can be made with the data 
in Table III are as has been implied earlier, with molecu
lar dynamics and nmr results where the identification 
process has virtually no effect on physical or chemical 
properties. A molecular dynamics study of liquid water 
has recently been reported by Rahman and Stillinger.14 
At a temperature of 34.3° they obtain a figure of 4.2 X 
10~9 m2 sec-1 for the self-diffusion coefficient of water 
which can be compared with our value at that tempera
ture of 2.84. Although the discrepancy is large, the tech
nique of computer simulation of the properties of complex 
liquids such as water is in its infancy. It might be hoped 
indeed that feedback from our results into the calcula
tions may eventually help to refine the simulation tech
niques.

In nmr studies, up until a year or two ago, there was a 
wide scatter of results for the self-diffusion of liquid water 
at 25°. These values ranged from 2.13 to 2.51 x 10-9 m2 
sec-1 (see, e.g., ref 5). More recently, Murday and Cotts15 
have reported a value of 1.98 ±  0.14 x 10~9 m2 sec-1 at 
18.4° and O’Reilly and Peterson16 2.23 ±  0.06 x 10-9 m2 
sec 1 at 25.0°. For D2O, Murday and Cotts15 have deter
mined also a value of 1.73 ±  0.12 x 10-9 m2 sec“ 1 at 
21.7°. These values have been included in our Figure 1

and it is seen that within their limits of error there is sat
isfactory agreement. The actual reproducibility of nmr re
sults can be of the order of ±0.5% and the large errors 
quoted in nmr data therefore appear to be due to uncer
tainties in the machine calibration factor. It might be 
more practical now to obtain this calibration factor by di
rect comparison with the data presented in Table III.

So far in this discussion we have been using experimen
tal considerations only to obtain these self-diffusion coeffi
cients. It will be realized that for both H2O and D2O, we 
now have original and derived experimental data for the 
diffusion of three isotopic forms of water over a consider
able temperature range. There is the possibility therefore 
that the functional form of the mass dependence can be 
determined. This functional relationship does not appear 
to be a simple square root of the mass dependence and it 
seems probable that the differing interaction potentials of 
the various isotopic species are also involved. This prob
lem is undergoing further study.

(14) A. Rahman and F. H. Stillinger, J. C h em . P h ys., 55, 3336 (1971).
(15) J. S. Murday and R. M. Cotts, J. C h em . P h ys., 53, 4724 (1970).
(16) D. E. O'Reilly and E. M. Peterson, J. C h em . P h ys., 55, 2155 

(1971).
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D ep a r tm en t o f  C hem istry, U niversity  o f  A rk a n sa s , F a yetteville, A rk a n sa s  72701  (R e c e iv e d  O c to b e r  30, 1972)

At 40.00° and in 0.9914 mole fraction NMA, A values for perchloric acid were determined over a range of 
concentrations of the acid. Ao was obtained from the A values using the methods of Kohlrausch, Fuoss 
and Kraus, and Shedlovsky. The Ao values obtained by the three methods were in excellent agreement 
and, if the limiting equivalent ionic conductances recorded in the literature are applicable to anhydrous 
NMA, indicate little or no Grothuss conductance in NMA, and no formation of hydrated entities with 
ions of perchloric acid which were of different mobilities than the ion entities existing in pure NMA.

Shedlovsky1 noted in his studies of hydrochloric acid in 
the water-methanol system that a remarkable drop oc
curred in the equivalent conductance at infinite dilution 
when trace amounts of water were added to the pure 
methanol solvent. Similar decreases were found by 
Goldenberg and Amis2-3 for perchloric acid in water-etha
nol and water-methanol solvents. The reasons for such 
sharp decreases are usually ascribed to a breaking up of 
the Grothuss conduction chains in the alcohols and the 
formation of H3 O4  and H9 O4 + which move as entities 
through the solution. The highly hydrogen bonded nature 
of N-methylacetamide suggests that if could be a good 
solvent to test whether a proton jump mechanism is gen
eral for strong acids in hydrogen bonded solvents rather 
than just for water or low molecular weight alkyl alcohols.

Dawson, Newell, and McCreary4 have suggested that the 
proton does not move by a unique method in formamide.

Experimental Section
The conductance measurements were made at 0.5, 1.0,

2.0, 5.0, and 10.0 kHz and extrapolated to infinite fre
quency. The conductance apparatus and methods were

(1) T. Shedlovsky, “The Structure of Electrolytic Solutions," W. J. 
Hamer, Ed., Wiley, New York, N. Y., 1959.

(2) N. Goldenberg and E. S. Amis, Z. Phys. C h em . (F rankfurt am  
M ain), 30, 65 (1961).

(3) N. Goldenberg and E. S. Amis, Z. Phys. C h em . (F rankfurt am  
M ain), 31, 145 (1962).

(4) L. R. Dawson, T. M. Newell, and W. J. McCreary, J. A m er . C h em . 
S o c ., 76, 6024 (1954).
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TABLE I: Equivalent Conductances and Limiting Equivalent 
Conductances at infinite Frequence of Perchloric Acid in 0.9914 
Mole Fraction at 40.00°

104C 104C

315.41
204.21
128.88

78.38
A 0(A(H + ) +  

X(Ci04- )  
25.9

23.38
23.92
24.37
24.75

Ao(Kohlrausch)
26.06

51.31
30.60
19.01 
6.642

Ao(Fuoss-
Kraus)
26.02

25.00
25.24
25.44
25.62

Ao(Shedlovsky)
26.02

described previously.5'6 Reagent grade perchloric acid was 
standardized against sodium hydroxide which was pre
viously standardized with potassium acid phthalate. The 
iV-methylacetamide was distilled and then fractionally 
crystallized repeatedly until a melting point of 30.28° was 
obtained.7’8 Analyses by Karl Fischer reagent and gas- 
phase chromatography showed a purity of 99.998 wt % or 
greater.

Results
Table I gives the values of the equivalent conductance 

of perchloric acid at infinite frequency in 0.9914 mole 
fraction N-methyl acetamide at 40.00°. Figure 1 shows a 
Kohlrausch type9 plot of the data. The value of Ao in pure 
A'-methylacetamide was found by adding the limiting 
ionic conductances of the perchlorate ion and hydrogen 
ion given by Dawson, Wilhoit, Holmes, and Sears.10 
Ao(H+) = 9.1; Ao(C104) = 16.8. These values give 
A0(HClO4) = 25.9.

The values of Ao in 0.9914 mole fraction iV-methylacet- 
amide were obtained by the methods of Kohlrausch,9 
Fuoss and Kraus,11 and Shedlovsky.12 The values are also 
shown in Table I.

If the limiting ionic conductances of ref 10 are applica
ble to anhydrous NMA, the very small difference in the 
calculated Ao in pure NMA and in 0.9914 mole fraction 
NMA implies that there is little if any Grothuss type con
duction of the hydrogen ion in this solvent. At least a 
small amount of water did not reduce the limiting equiva
lent conductance of H C I O 4  in NMA, thus apparently not

Figure 1. Perchloric acid in 0.9914 mole fraction NMA at 40°.

breaking down Grothuss conductance chains, and also not 
forming hydrated entities with ions of perchloric acid 
which were of different mobilities than the ion entities ex
isting in pure NMA.

(5) J. F. Casteel and E. S. Amis, J. E le c tr o ch em . S o c . , 117, 213 
(1970).

(6) J. F. Casteel and E. S. Amis, J. C h em . Eng. Data, 17, 55 (1972).
(7) L. R. Dawson, J. W. Vaughn, M. E. Pruitt, and H. C. Eckstrom, J. 

Phys. C h em ., 66, 2684 (1962).
(8) L. R. Dawson, J. W. Vaughn, G. R. Lester, M. E. Pruitt, and P. G. 

Sears, J. Phys. C h em ., 67, 278 (1963).
(9) F. Kohlrausch and L. Hobron, “Das Leitvermogen der Electrolyte," 

Teubner, Leipzingand Berlin, 1916.
(10) L. R. Dawson, E. D. Wi hoit, R. R. Holmes, and P. G. Sears, J. 

A m er . C h em . S o c ., 79, 3004 (1957).
(11) R. M. Fuoss and C. A. Kraus, J. A m er . C h em . S o c ., 55, 476 

(1933).
(12) T. Shedlovsky, J. A m er. C h em . S o c ., 54, 1405 (1932).
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H ig h -T e m p e r a tu r e  K in e t ic s  o f  P y ro ly tic  G ra p h ite  G a s if ic a t io n  by  

F lu o r in e  A to m s  an d  M o le c u le s 1

Daniel E. Rosner*2 and Joseph P. Strakey

D ep a rtm en t o f  E n gin eerin g a n d  A p p lied  S c i e n c e ,  Yale U niversity, N ew  H aven , C o n n e c ticu t 0 6 5 2 0  ( R e c e iv e d  A u g u st 17. 1972 ) 

Publication  c o s t s  a s s is te d  b y  th e U.S. A rm y  R e s e a r c h  O ffic e— D urham

Kinetic data for basal and edge plane pyrolytic graphite gasification in atomic and diatomic fluorine are 
reported in the surface temperature range 1036-1715°K, and at fluorine pressures from 3 x 10~3 to 0.6 X  
10 _1 Torr. Inferred carbon atom removal probabilities, e, for the F atom attack of either basal or edge 
plane graphite reveal a sharp maximum at intermediate temperature (~  1122 K), with tmax Under 
these conditions it appears that each incident F atom chemisorbs and is ultimately used in the produc
tion-desorption of one CF4(g) molecule. In contrast, C atom removal probabilities observed in F2 are 
much lower above 1050°K, show a much shallower (max at noticeably higher surface temperature (near 
1280°K), and exhibit great sensitivity to crystallographic orientation of the surface. It is concluded that 
F2 has difficulty chemisorbing, especially on the predominantly basal plane, whereas F atoms chemisorb 
with nearly unit probability on either face provided the adsorbed F atom population sufficiently low. De
spite the thermodynamic stability of the reaction product CF4 over the entire surface temperature range 
examined here, the decrease in c observed at high temperatures is attributed to the thermal desorption of 
F adatoms which have not been able to find reactive sites by the process of surface diffusion. At the 
lower temperatures investigated here, both kinetic and electron micrograph evidence for the formation of 
carbon subfluoride reaction product layers is presented. Instructive comparisons are made between this 
system, and the gasification kinetics of graphite in oxygen and hydrogen atom-containing gas streams.

1. Introduction
In ref 3 it was demonstrated that the kinetics of reac

tions of F atoms and F2 molecules with refractory solids 
forming volatile fluorides can be studied in the absence of 
the intervention of physical phenomena at temperatures 
up to the onset of substrate sublimation or melting. In the 
present paper we document our application of these ex
perimental techniques to the important and interesting 
refractory solid, pyrolytic graphite (PG), in the surface 
temperature range 1036-1715°K. Our choice of PG stems 
from a number of diverse considerations, not the least of 
which is its widespread use as a high-temperature con
tainment material in rocket motors employing fluorine- 
containing oxidizers. In addition, pyrolytic graphites now 
commercially available (i) offer the possibility of studying 
the “ structure sensitivity” of gasification rates in atomic 
and diatomic fluorine since both the “ basal” plane and 
“ edge” (prismatic) plane (see Figures 1 and 2) can be inde
pendently investigated in the same experiment, (ii) come 
sufficiently close to the theoretical density of single crys
tal graphite to eliminate the kinetic complications of pore 
diffusion and crystallite removal (“ ablation” ) commonly 
encountered in oxidation studies of lower density poly
crystalline graphites, (iii) can be cut into strips easily 
heated resistively to temperatures which are not only in 
the range of interest but also remarkably uniform in the 
span-wise direction (owing to the high thermal conductiv
ity of PG in the ab direction, and (iv) could probably be 
used in research applications as a thermal (oven) source of 
atomic fluorine4 for atomic beam experiments at suffi
ciently high oven temperatures (see section 4).

In view of the above, one might expect that the high- 
temperature fluorination kinetics of pyrolytic graphite, or 
fluorine chemisorption on “ clean” single crystal graphite 
(Figure l )5 would have been extensively studied before

this, however, this turns out to be far from the case. 
Moreover, while several investigators have studied the 
reaction of F2(g) with “ isotropic” (randomly oriented, 
polycrystalline) graphites at temperature corresponding to 
the volatilization of simple fluorocarbon gases (predomi
nantly carbon tetrafluoride (CF^ig)),6 none of these exper
iments was carried out under reactor conditions such that 
the observed raction rates were free of the influence of 
gas-phase transport limitations. Hence, previously avail
able data are difficult to generalize, and unsuitable as a 
starting point for instructive mechanistic inferences. As 
noted in ref 7-11, these difficulties can be circumvented, 
even for reactions which are “ successful” upon nearly 
every reactant gas collision with the surface, only by com
bining the experimental conditions of small specimen size, 
low total pressure and high gas flow rate over the speci
men (section 2). As will be seen (section 4) these reactor

(1) This research was supported by the U. S. Army Research Office, 
Durham, N. C., under Contract No. DAH C04-C-0027.

(2) Associate Professor, Chemical Engineering Group, Mason Laborato
ry; to whom inquiries concerning this manuscript should be sent.

(3) D. E. Rosner and H. D. Allendorf, J. Phys. C h em .. 75, 308 (1971).
(4) Until now, only isotropic graphites have been used for this purpose.
(5) In pyrolytically deposited graphites an oriented, hexagonal net, la

mellar structure is obtained, however, carbon atom stacking in the 
c direction is imperfect (randomly shifted) with respect to the posi
tions shown in Figure 1.

(6) See, e .g . , A. K. Kuriakose and J. L. Margrave, J. Phys. C h em ., 69, 
2772 (1965), and the background references cited therein.

(7) D. E. Rosner, Sym p. (In t.) C om b u st., [P ro s .] . 11th, 1966, 181 
(1967).

(8) D. E. Rosner and H. D. Allendorf, “Heterogereous Kinetics at Ele
vated Temperatures," Plenum Press, New York, N. Y., 1970, pp 
231-251.

(9) D. E. Rosner, “Annual Review of Materials Science,” Vol. 2, Annual 
Reviews Inc., Palo Alto, Calif., pp 573-606.

(10) D. E. Rosner and H. D. Allendorf, J. E le c tr o ch em . S o c . . 114, 305 
(1967).

(11) D. E. Rosner, NATO Advisory Group for Aerospace Research and 
Development, Conference Proceedings on High-Temperature Corro
sion of Aerospace Alloys, in press.
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C-AXIS

3.45 A

-a -b  or BA SA L  PLANE 

1.42  Â

-PRISMATIC PLANE or 
"EDGE" ATOMS

Figure 1. Graphite crystal structure/nomenclature.

conditions are particularly important for investigations of 
dissociated gas-solid interactions when reaction (in this 
case C atom transfer) rather than surface-catalyzed atom 
recombination is the favored “ path,” 8’12 (and the reaction 
probability is large). Indeed, our preliminary F atom data 
on an isotropic graphite3 suggested that when T ~ 1110°K 
at pF «  10~2 Torr every F atom encounter leads to 
chemisorption and the ultimate formation and desorption 
of a CF4(g) molecule.

In what follows, our approach is to focus attention on the 
probability, e, that an F atom or F2 molecule incident 
upon the surface will lead to the removal (via fluorocar
bon desorption) of a carbon atom originally bound in the 
solid. Apart from practical interest in this carbon loss 
(“ gasification”), it will be seen (section 4) that insight 
into the reaction mechanism can be obtained by systema
tically studying the dependence of t on the (i) chemical 
state of the attacking gas (ground-state atoms or mole
cules), (ii) crystallographic structure of the solid surface 
(basal or edge plane), (iii) surface temperature, T, and
(iv) reactant gas arrival rate corresponding to the pre
vailing fluorine partial pressure. Additionally, scanning 
electron microscope (sem) pictures have been taken of the 
PG specimen surfaces before and after fluorination; some 
of these photographs are included and discussed in section
3.

In view of the rich possibilities inherent in fluorocarbon 
chemistry,13 direct sampling and mass spectrometric 
identification of the vapor-phase reaction products would 
certainly be of added interest. While this has not been at
tempted in the present exploratory investigations, reason
able estimates of the likely reaction products can be de
rived from our observed carbon atom removal probabili
ties when suitably combined with quasiequilibrium con
cepts, and previous data on the analogous H/graphite 
reaction. We will return to these kinetic and thermody
namic considerations in section 4, following a description

Figure 2. PG specimen configuration for atom flow reactor gasi
fication kinetic studies.

A DISCHARGE TUBE (ALUMINA)
B MICROWAVE CAVITY 
C TEST SECTION (VYCOR)
D PYROMETER SIGHT TUBE 
E OPTICAL FLAT 
F PRESSURE TAP 
G SPECIMEN
H TO FLUORINE TRAP, PUMPS 
I GROUND JOINT 
K TO DC POWER SUPPLY

Figure 3. Specimen fluorination apparatus (schematic).

of our experimental techniques (section 2), and principal 
experimental results (section 3).

2. Experimental Section
Fluorination Apparatus. The fluorination apparatus, 

shown schematically in Figure 3, is a modification of that 
previously used by Rosner and Allendorf3 to study the flu
orination kinetics of tungsten and molybdenum. Gas 
mixtures of 0.2-5 vol % diatomic fluorine in argon were 
passed through a 0.95 cm i.d. x 45 cm long dense alumina 
tube (A, Coors AD-998) at about 1.1 Torr pressure and 
1300 standard cc/min. The corresponding average gas ve
locity was about 2.3 X  104 cm/sec. As discussed in ref 3, 
under these conditions extensive dissociation of F2 occurs

(12) Owing to the low bond erergy, D 0°, for F2(g), (ca. 37 kcal mol“ 1) 
a sso c ia tiv e  desorption of F2(g) from the graphite surface can be 
shown to be thermodynamically unlikely at all surface temperatures 
In the range experimentally studied herein (T >  1000°K), at the 
prevailing fluorine pressures.

(13) As is now well known, the family of fluorocarbons is architecturally 
and stoichiometrically similar to their hydrocarbon analogs, having 
the same C atom skeletal structure. Thus, one has saturated and 
unsaturated fluorocarbons, straight chain, branched chain, and cy
clic (ring) fluorocarbons, as well as fluorocarbon polymers. How
ever, owing primarily to the greater strength of the C -F  bond, the 
analog of dehydrogenation is thermodynamically unfavorable with 
respect to C -C  bond cleavage.
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Figure 4. Fluorination rate as determined by transverse speci
men dimension as a 'function of time: edge plane recession in 
atomic and diatomic fluorine.

as the gas mixture passes through a modified Evenson- 
type microwave discharge cavity14 (B) surrounding the 
alumina discharge tube approximately 28-cm upstream of 
the reacting PG specimen. Microwave power (2450 mHz) 
was supplied to this cavity from a Scintillonics, Inc., 
120-W power supply operated at an output power level of 
92 W. The discharge products entered the 4.8 cm i.d. 
Pyrex test section (C) through a Teflon-lined aluminum 
“ header” (not shown in Figure 3) with provision for two 
additional discharge tubes to be used for subsequent ex
periments on PG reactivity in mixed atomic gases. Seals 
to the Pyrex test section and discharge tubes were made 
with Viton O rings.

The PG specimen (G) was supported on a two-pronged 
monel probe inserted via a ground joint (I) in the rear. 
Downstream of the test section the gas mixture (com
prised of fluorine, reaction products, and argon) passed 
through a large radial-flow packed bed (not shown in Fig
ure 3) of 8-14 Tyler mesh activated alumina within which 
the fluorine is removed via an oxygen displacement reac
tion. The resulting gas mixture then passed on to a large 
(130 CFM) Kinney KDH-130 mechanical vacuum pump. 
Gaseous diatomic fluorine was supplied from a barricaded 
cylinder in accord with Matheson Co. recommendations. 
Any HF contained in the cylinder gas was removed by a 
NaF-packed bed trap operating at room temperature in 
the fluorine supply line. Aluminum and Teflon tubing 
with Al-Si bronze valves and a Matheson Model B15F- 
679K regulator were used upstream of the test section, 
and copper and brass parts were used downstream. Fluo- 
rinated hydrocarbon stopcock greases and manometer oils 
(supplied by Halocarbon Products Corp.) were used where 
necessary. Occasional ignition of the stopcock grease ex
posed to pure fluorine necessitated vigilance on the part of 
the experimenter. As a precautionary measure a high-ca
pacity aluminum ventilating hood was installed over the 
entire apparatus and frequent leak testing of the fluorine 
supply system and reactor was performed.

Argon and fluorine were metered separately with the 
aid of critical flow orifices15 and fluorocarbon oil-filled bu
rets, respectively. The two gases were then mixed just up

stream of the entrance to the discharge tube. The gas 
mixture static pressure level in the test section was con
trolled at about 1.1 Torr by bleeding air into the high- 
capacity pump downstream of the fluorine trap.

Specimen Preparation. The specimens were cut from 
commercially available thin plates of pyrolytic graphite 
(Union Carbide Corp., Carbon Products Div., New York,
N. Y., grade HPG). This graphite is formed by high-tem- 
perature vapor deposition and is free-standing (no sub
strate), quite strong, and free of voids, with a density 
(2.18 g/cc) approaching the theoretical single crystal 
graphite density. The 1.5 X  1.0 X  0.020 in. “ as received” 
PG plates were first fastened to a flat carbon block using 
a small amount of plastic cement applied to the ends of 
the plate. The block was then mounted in a milling ma
chine and a thin circular metal saw which cut through 
into the carbon block was used to slice the plate into 
specimens suitable for resistive heating. The nominal di
mensions of the resulting specimens were 0.051 X  0.102 X
3.8 cm with the basal plane being the largest face. They 
were mechanically secured to the monel specimen holder 
(using small stainless steel washers and screws)16 with the 
basal planes parallel to the gas flow direction and the 
prism planes perpendicular, as shown in Figure 2.

Reaction Rate Measurements. In almost all cases the 
PG specimens were reacted in fluorine-argon mixtures for 
a time sufficient to remove about 0.25 mm from the edge 
plane. However, at high temperatures, this was not always 
possible since a higher reaction rate prevailed near the 
cooler regions of the specimen (see section 3) where local
ized burn out often terminated the run. The transverse 
dimensions for both planes were measured using an opti
cal microscope before and after reaction of measured du
ration. A small shallow pit drilled into the basal plane 
was used to locate the span-wise point at which the speci
men size measurements were made. During an experi
ment, the optical pyrometer used for temperature control 
was sighted on the basal plane in the area around this pit. 
Time independence of the reaction rate, expected for gas/ 
solid reactions forming volatile or “ nonprotective” prod
ucts, was verified for the edge plane at temperature levels 
corresponding to maximum fluorination rate by measuring 
this dimension at several successive exposure times. The 
inferred reaction rate was found to be quite constant for 
both F and F2 attack, as shown in Figure 4.

Pyrometry. The direct heating current passing through 
the specimen was manually adjusted tc maintain a con
stant apparent (“ brightness” ) temperature, T\, as ob
served with a vanishing-filament micro-optical pyrometer 
(Pyro Instrument Co., Bergenfield, N. J.). The brightness 
temperature of the basal plane in the presence of a low 
concentration17 of F2 was related to the true PG-specimen 
temperature, Tw, by determination of the apparent melt
ing points of gold, silver, and nickel in intimate contact 
with the specimen. Thus, small chips of these metals were 
forced into a small hole drilled into the basal plane of the
(14) The modification used, described by McCarroll (R ev . S ci. Instrum ., 

41, 279 (1970)) was obtained from Ophthos Instrument Co., Rock
ville, Md. While it did not appear to significantly increase the frac
tion dissociated, it was much easier to “tune” (i .e ., to minimize the 
reflected microwave power).

(15) D. E. Rosner, J. B a sic  Eng., 84, 459 (1962).
(16) Constancy of the observed reaction rate (regardless of time at tem

perature) and the absence of enhanced reactivity In the immediate 
vicinity of the specimen supports at midpoint temperatures less 
than 1100°K suggest the absence of specimen contamination due 
to this cause.

(17) The presence of F2 altered the observed brightness temperature 
less than 2°K.
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specimen, and the specimen temperature was gradually 
increased until the melting point of the metal was at
tained, at which a “ collapse” of the metal chip could be 
observed. This was straightforward and repeatable for 
gold, but somewhat more difficult for the other metals. 
The normal spectral emittance of the basal plane at
0.65 n calculated from these observed reference tempera
tures is shown in Table I.18 Window-loss corrections have 
already been applied to the observed specimen brightness 
temperatures.19 True specimen temperatures used in re
porting the reaction rate behavior below were calculated 
from a calibration curve passing through the basal plane 
data of Table I. During each experiment it was according
ly assumed that both planes were at the same tempera
ture, i.e., transverse temperature gradients within the PG 
specimen at mid-span were neglected.

Reactant Arrival Rate. To infer the C atom removal 
probability, t, from a knowledge of the measured reaction 
rate (via dimension change) it is necessary to (a) convert 
the observed recession rate to C atom flux, 8,0 , via the 
known density of the specimen and atomic mass, mc, of 
carbon, and (b) calculate the arrival (impingement) rate 
Z of F or F2 with the surface at the prevailing flow rate 
and reactant partial pressures. Then, regardless of the 
stoichiometry of the reaction products, we define

i =  £ (ci/^  (1)

Provided the fluorine plus argon gas mixture flow rate is 
sufficiently large, and the specimen size and total pres
sure level are sufficiently small, reactant partial pressure 
gradients normal to the specimen surfaces can be sup
pressed,7-11 thereby simplifying the inference of Z if the 
ambient reactant partial pressure is known, together with 
the mixture pressure distribution around the specimen 
cross section. Thus, for reactant species i (i = F or F2) the 
Hertz-Knudsen equation provides

Z\ = [pi/{kT)]lkTivs/{2irmi)î 2 (2)

where p\ is the average prevailing reactant partial pres
sure at the specimen surface in question, 7\w is the tran
slational temperature of species : one mean-free-path from 
the surface, k is the Boltzmann constant, and Z\ has the 
units molecule cm -2 sec-1. Since the ambient mean-free- 
path at the free stream static pressure of 1.1 Torr is less 
than one-tenth of the smallest specimen transverse di
mension, we tentatively estimate Ti,w -= Tw, i.e., incident 
fluorine atoms or molecules20 are raised to near the sur
face temperature (by collisions with argon) prior to im
pacting on the surface. Estimating the value of pFz clearly 
presents a simple problem than that of pF since the value 
of pF2 in the feed stream is known from the total pressure 
and relative flow rates of Ar and F2. However, for either 
F2 or F it is necessary zo correct for the fact that, at the gas 
flow rates required to suppress external diffusional limita
tions, the local pressures on the specimen surfaces can 
depart noticeably from the free stream static pressure. 
Since the overriding effect here is the increased (“ stagna
tion” or “ impact” ) pressure on the leading surface of the 
specimen, a flat-faced cylindrical Pitot (impact pressure) 
probe, comprised of a 0.508 mm circular opening in a 2.54 
mm o.d. cylinder facing upstream, was introduced to 
measure the impact pressure at a flow rate of 1300 cc/min. 
The result was found to be a factor of 1.94 larger than 
the ambient steam pressure, in approximate accord with

TABLE I: Normal Spectral Emittance“ of Pyrolytic Graphite6

Face r, °k Emittance“

Basal 1234 (Ag) 0.697
Basal 1336 (Au) 0.669
Basal 1726 (NI) 0.613
Edge 1336 (Au) 0.834

“ Spectral emittance at 0.65 p. 6 Union Carbide Grade HPG.

that expected by isentropically stagnating the dis
charge tube gas flow.21 Peripheral pressure distribution 
measurement on an unheated cylinder in crossflow made 
in our laboratory, and by others,22 suggests smaller de
partures from the steam pressure at other locations on the 
specimen, especially in the rear stagnation region.23 In the 
absence of more direct experimental pressure distribution 
data on rectangular cross section objects in the Reynolds 
number, Mach number, and surface temperature range 
encountered in our flucrination experiments, in what fol
lows we have therefore estimated arrival rates based on an 
average24 pressure on the edge planes (forward plus rear 
facing; cf. Figure 2) of 1.47 times ambient, and an average 
pressure on the basal planes of approximately the ambient 
value. All values of e reported herein incorporate eq 2 for 
Z, with these pressure correction factors applied to the 
edge and basal plane rate data.

If a reliable and convenient absolute F atom detection 
scheme were available (e.g., based on a chemiluminescent 
titration reaction, or the energy released upon surface-cat
alyzed F atom recombination; cf. ref 3) then the arrival 
rate for F atoms could be calculated as above, in terms of 
the measured F atom partial pressure, pF, at the speci
men location downstream of the microwave electrical dis
charge. Pending the development of satisfactory F atom 
detection methods, we have adopted an alternative ap
proach based on maximum inferred e values for the fluo- 
rination of molybdenum, titanium, boron, and graphite in 
the present apparatus. As reported in ref 3, we have found 
that in the latter three cases (Ti, B, and C) the maximum 
gasification rates observed all correspond to an F atom 
arrival rate of about 4.6 X 1018 atom cm -2 sec-1 at 1.1 
Torr if it is assumed that every incident F atom leads re
spectively to the production of TiF(g), BF(g), and CF4(g). 
Since this also proved to be true for our present results on 
edge plane pyrolytic graphite, this in effect validates the

(18) For comparison, a similar procedure was used to determine the 
spectral emittance of the edge plane at 1336°K. This value is also 
included in Table I.

(19) To calculate the specimen brightness temperature in the absence 
of an intervening window It was assumed that the reduction In 
transmitted intensity at 0.65 p is due to relectlon at the two gas/ 
glass Interfaces. In that case the intensity ratio at normal Incidence 
would be (1 -  p)2 where p =  [(n -  1 )/(n +  1)]2 and n is the 
refractive index of the glass. The brightness temperature difference 
corresponding to this intensity ratio at 0.65 p was then calculated 
from Wein's law.

(20) The procedure ultimately adopted for estimating the F atom arrival 
rate (see below) Is insensitive to this specific assumption, however, 
F2 arrival rates were calculated on this basis.

(21) A. H. Shapiro, “The Dynamics and Thermodynamics of Compress
ible Fluid Flow," Vol. 1, Ronald Press, New York, N. Y., 1953.

(22) See, e .g ., the review of G. K. Batchelor, "An Introduction to Fluid 
Mechanics," Cambridge University Press, New York, N. Y., 1967, 
Section 4.12.

(23) The perimeter-averaged static pressure on a 2.54-mm o.d. cylinder 
under these conditions (1300 cc/mln, 1.1 Torr) was 1.12 times the 
free stream static pressure.

(24) Edge-plane surface-recession measurements were based on an av
erage of both forward-facing and rear-facing surfaces (Figure 2). 
Hence, the average overpressure used In estimating e for the edge 
planes was (1/2) (1.94 +  1.00) times ambient.
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procedure of ref 3, and permits the calculation of all e 
values for PG based on setting emax = % for the edge 
plane. At other surface temperatures it was assumed that
(a) the F atom arrival rate varied as Tw 12 (cf. eq 2) and
(b) the F2 contribution to the observed C atom removal 
rate in partially dissociated fluorine is estimable using 
c(T) for the F2 contribution as determined in our experi
ments with undissociated fluorine. In effect, this latter 
procedure treats the F and F2 contributions to the gasifi
cation rate as additive, and assumes that the F2 reaction 
is nearly first order in pFz- But since even for the edge 
plane the F2 correction never amounted to more than 
about 11%, and was negligible near emax, this data reduc
tion procedure was deemed adequate for PG fluorination 
experiments carried out in highly dissociated F plus F2 
mixtures, as obtained using the present microwave dis
charge technique.25

An interesting question arises as to whether the reaction 
rates we report in “ undissociated” fluorine are influenced 
by thermal dissociation in the vicinity of the 1000-1800°K 
PG specimens. This possibility was quantitatively consid
ered in ref 3, dealing with the fluorination kinetics of 
tungsten and molybdenum under similar conditions but 
at filament temperatures up to 3000°K. There, it was con
cluded that the F2 residence time in the vicinity of the 
specimen is quite inadequate to permit any appreciable 
thermal dissociation. Flowever, this does not preclude the 
surface-catalyzed dissociation of F2 molecules that may 
suffer multiple encounters on the microscopically rough 
specimen surfaces. The extent of this latter effect is diffi
cult to assess, and, if present, it would cause our reported 
e for F2 to differ from the true (usually lower) single-en
counter reaction probability for F2.

3. Experimental Results
Using the definition of the carbon atom removal proba

bility, eq 1, and estimates of the F and F2 arrival rates as 
outlined in section 2, our data for the temperature depen
dence of the specimen recession rates can be cast in the 
Arrhenius form shown in Figure 5. Examination of these 
experimental results reveals the following noteworthy fea
tures. (i) The maximum C atom removal probability for F 
atom attack of edge plane PG is about %, and occurs at 
about 1120°K; at this rather well-defined temperature the 
reaction probability for atom attack of the basal plane is 
only slightly lower than that corresponding to the edge 
plane, (ii) In contrast, there is a much more marked effect 
of orientation on the fluorination probabilities with F2, 
with basal plane values being lower than those for the 
edge plane by some five-tenfold over a considerable tem
perature range on either side of the more shallow F2 rate 
maxima, (iii) Above about 1030°K, dissociation of fluorine 
causes a dramatic increase in the C atom removal proba
bility on basal plane graphite, with rate enhancements 
near emax of about 45-fold. While significant, the rate en
hancement caused by dissociation is considerably smaller 
on the edge plane, amounting to about eightfold near 
€max. Interestingly enough, for both planes, the rate en
hancement due to dissociation seems to disappear at suffi
ciently high surface temperatures. Moreover, at sufficiently 
low surface temperatures, and on both the basal and edge 
planes, C atom removal probabilities associated with F 
atom attack will evidently drop below the corresponding 
F2 values. In this “ low-temperature” regime the F atom 
reaction is significantly more temperature sensitive than 
the corresponding F2 reaction, the latter exhibiting a tem-

SURFACE TEMPERATURE, T(°K)

2000 1800 1400 1200 1000

Figure 5. Carbon atom removal probabilities vs. temperature for 
the attack of pyrolytic graphite by atomic and diatomic fluorine: 
O, F/edge at pF =  1.9 X 10-2 Torr; □ , F/basal at p F =  1.3 
X 10-2 Torr; •, F2/edge at pF2 =  0.84 X 10-1 Torr, □ , F2/  
basal atpF2 =  0.57 X 10-1 Torr.

perature dependence equivalent to an overall activation 
energy of only some 4.4 kcal mol-1, (iv) All C atom re
moval probabilities above about 1800°K at the prevailing 
fluorine pressures are less than 10“ 3 regardless of graphite 
face or fluorine dissociation, (v) The F atom attack of 
both planes of graphite peaks at a temperature which is 
noticeably lower (ca. 100°K) than the corresponding at
tack of graphite by F2. Even the maximum C atom re
moval probability for F2 on basal plane is less than 10-2. 
It is appropriate to remark here that our experimental re
sults for a more isotropic, commercially available grade of 
polycrystalline graphite (Speer 580, data not shown)9 ex
hibit many features similar to those shown in Figure 5, 
with the notable exceptions that (i) the maximum F2 
reaction probability was somewhat higher than the edge 
plane value shown in Figure 5, resulting in a maximum en
hancement in C atom removal probability due to dissocia
tion that never exceeded about threefold and (ii) the F 
atom rate data did not peak at a noticeably lower surface 
temperature than that of the corresponding F2 reaction.

Two types of experiments were performed to investigate 
the dependence of the C atom probability on fluorine 
atom pressure. First, the temperature dependence of the F/ 
edge and F/based-plane reactions was studied at F atom 
pressures nominally double those shown in Figure 5. 
Values of e calculated based on the reasonable assumption 
that the dissociation efficiency of the electrical discharge 
is constant in this (low) range of initial F2, mole fractions, 
are shown in Figure 6. While the qualitative behavior is

(25) When due account Is taken of the impact pressure effect, the in
ferred F atom arrival rate corresponds to an ambient F atom pres
sure of about 1.3 X 10-2 Torr for most of the Arrhenius data re
ported here (see Figure 5), or the dissociation of about 57% of the 
F2 molecules passing through a microwave discharged 1%  F2 plus 
Ar mixtures. For investigating the F atom pressure dependence of 
the gas-solid reactions It is further assumed that the discharge effi
ciency for F atom production Is Insensitive to the mole fraction of 
F2 In the electrically discharged gas mixture. This assumption is 
defensible for the dilute F2 plus Ar mixtures investigated herein 
( — 5%  F2), but would certainly fall for discharges through nearly 
pure fluorine.
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SURFACE TEMPERATURE, T(°K)
1 6 0 0  1 4 0 0  1 2 0 0  1 0 0 0

Figure 6. Carbon atom removal probabilities vs. temperature for 
the attack of pyrolytic graphite by atomic fluorine: O, F/edge at 
Pf = 3.7 X 10“ 2 Torr; □ , F/basal atpp = 2.5 X 1 0 '2 Torr.

identical with that shown in Figure 5, detailed comparison 
of Figures 5 and 6 reveals that the increased F atom pres
sure has had the effects of (i) slightly lowering imax, and 
(ii) shifting TVnax < t° higher temperature, especially for the 
basal plane. To explore a wider range of F atom pressures, 
additional experiments were performed at a fixed graphite 
temperature of 1122°K (i.e., Tmax t for the conditions of 
Figure 5). As shown in Figure 7 these results indicate 
virtually constant value of e near \  for both basal and edge- 
plane graphite at F atom pressures up to about 2 x 10“ 2 
or 3 x 10 2 Torr, respectively. Above these “ threshold” 
pressures e sharply decreases, with a slope revealing an 
insensitivity of the absolute C atom removal rate to pF in 
this range of pressures. This reduction in e is a kinetic con
sequence of high F atom pressure and is not due to atom 
loss via homogeneous recombination or a decrease in atom 
production efficiency in the discharge since our previous 
work on the F/Mo and F/W reactions in this same pF range 
exhibited no such drop off above 2 x 10~2 Torr. Cooled- 
down PG specimens exposed to these high F atom pres
sures exhibited a surface coating readily visible under an 
optical microscope. Subsequent examination of this sur
face via scanning electron microscopy (sem) indicated the 
presence of rough fluorocarbon product layers on these 
surfaces (Figure 8f and the discussion below). These layers 
were absent at pF < 2 x 10-2 Torr (Figure 8d).

Since the unaided eye is not a reliable indicator of the 
presence or absence of significant topographical changes 
on the specimen surface, a series of sem photographs of 
PG specimens was taken over a range of conditions repre
sentative of the reaction rate data shown in Figures 5-7. 
Photographs at 100X, 1000X, and 10,000X were taken 
using a Jeolco JSM-U3 instrument26 on a series of PG 
specimens whose basal and edge-plane surfaces were 
mounted at 45° to the electron beam with the downstream 
edge plane (see Figure 2) and/or the basal plane surface 
(opposite the allignment pit) “ illuminated” by the elec
tron beam. The specimen orientation for the photographs 
is evident from the low magnification (100X) photograph 
of the as-received diagonally cut specimen shown in Fig
ure 8a. This photograph, incidentally, illustrates the la
mellar nature of the as-received (deposited) PG basal 
plane surface, and the presence of abrupt, ledge-like de-

F-ATOM PRESSURE, Torr
Figure 7. Carbon atom removal probabilities vs. fluorine atom 
pressure at 1122°K.

fects on this “ basal” plane surface. Extensive localized 
damage to the edge plane associated with the PG plate 
cutting operation (section 2, Specimen Preparation) was 
readily apparent at 10,000 x, however, all evidence of the 
cut-off operation was removed upon exposure to F atoms 
or F2 molecules at sufficiently high temperature (cf. Fig
ure 8h, which reveals the orientation of the individual co
lumnar grains comprising the specimen). Perhaps the 
most interesting aspect of the sem photographs are what 
appear to be complex reaction product overlayers27 ob
served if the fluorine pressure is sufficiently large at the 
prevailing specimen temperature. Figures 8b and 8c com
pare the rather different product layers observed at 
1036°K for an F atom pressure of 2.7 X 10' 2 Torr. One 
notes a rather isotropic “ moss-like” overlayer on the basal 
surface and a vine-like (oriented) overlayer on the edge 
surface. Neither of these structures was apparent to the 
unaided eye. Rough product layers are also observed in F2 
if the pressure is sufficiently large. An interesting example 
is shown at 1000 x in Figure 8i, for the edge surface of a 
1715°K specimen exposed to p F2 = 6 X 10' 2 Torr. To the 
naked eye this surface looked like it was covered with 
black soot. It is interesting to compare these product-cov
ered surfaces to the corresponding product-free surfaces at 
somewhat lower fluorine pressures. Two examples at 
1000 X near their respective Tmax t are shown in Figures 8d 
and 8e for the basal plane exposed to F atoms (1.3 X 10' 2 
Torr) and F2 (5.5 x 10" 2 Torr). Figure 8e also shows the 
“ developed” appearance of the surface obtained by expos
ing the basal plane to F2 molecules under conditions for 
which the edge/basal e ratio is greatest. Any suggestion 
that the basal surface is nearly defect free (cf. Figure 1) in 
the absence of a product layer, or nearly identical with

(26) Selected specimens were supplied to Structure Probe Inc. (West 
Chester, Pa.) where they were treated with a vacuum-deposited 
Au-Pd alloy prior to sem examination. We are indebted to Dr. C. A. 
Garber for his cooperation in preparing these specimens and 
supplying the photographs included here,

(27) While these layers have not been subjected to further analysis, 
their white color at high fluorine pressures and available evidence 
in the literature indicates they are of the polymeric carbon subfluo
ride form, (CF*)„, as opposed to restructured carbon. For exam
ple, nonprotective, solid polycarbon subfluorides (0.65 <  x <  0.8) 
were observed below 920°K by Kuriakose and Margrave6 in their 
studies of graphite fluorination at p f 2 =  1.32 x  101-0.747 X  102 
Torr. It is interesting to note that (C F x ) n powders (0.7 <  x  <
1.12) are useful as solid lubricants in high-temperature corrosive 
environments (marketed by Air Products and Chemicals Inc.) and 
electrode materials for non-aqueous high-energy batteries (see 
C h em . Eng. N ew s . 78, 26 (1971)).
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g  h  i

Figure 8. Scanning electron micrographs of pyrolytic graph te specimens:!(a)i as received and cut, basal and edge plane, 100X; 
(b) F/basal at pF = 2.7 X 10“ 2 Torr, T =  1036°K, 10.000X; (c fF /e d g e  at pF = 2.7 X 1 0 -2 Torr, T =  1036°K, 10.000X; (d) F / 
basal at pF = 1.3 X 1 0 "2 Torr, T =  1122°K, 1000X; (e) F2/basal at pFs = 0.55 X 10“ 1 Torr, T =  1303°K, 1000X; (f) F/basal at 
pF = 0.53 X 10_1 Torr, T =  1122°K, 1000X; (g) F/basal at pF = 1.3 X 10“ 2 Torr, T =  1465°K, 1000X; (h) F /edge at pF = 1.3 X 
1 0 -2 Torr, T =  1465°K, 1000X; (i) F2/e d g e a tp F2 = 0.6 X 1 0 "1 Torr, T =  1715°K, 1000X.

the as-received surface (Figure 8a) is dispelled upon 
studying Figures 8d and 8g which pertain to F atom expo
sures (1.3 X 10~2 Torr) at temperatures 1112 and 1465°K, 
respectively. The heavily “ cratered” appearance shown in 
Figure 8g indicates that edge (prismatic plane) C atoms 
are in abundance even on the “ basal” plane during F 
atom reaction.
4. Discussion and Conclusions

Besides providing direct information on pyrolytic graph
ite gasification rates in fluorine-containing environments 
likely to be encountered in engineering practice, our pres
ent data contain valuable clues concerning the reaction 
mechanism, especially when viewed against the back
ground of available thermodynamic and kinetic data for 
this, and related gas/solid systems. Thus, despite (a) the 
evident complexity in our e trends (Figures 5-7) and scan

ning electron micrographs (Figure 8) and (b) the inevita
ble need for additional measurements using independent 
and perhaps more “ atomistic” experimental methods, we 
would be remiss in not seeking potentially instructive or 
useful regularities in presently available data, or extract
ing the maximum possible amount of information from 
them. At the very least such discussion and speculation 
can provide guidance for extrapolating our results to other 
combinations of fluorine pressure and temperature of pos
sible future interest. But equally important, we would 
hope to pinpoint significant chemical implications of 
these results both as an aid to our ultimate understanding 
of gas/solid chemical reactions, and as a guide to fruitful 
future experiments.

A clearer picture of the processes underlying the overall 
rate parameter e reported in section 3 can be derived from 
F element balances which must be satisfied regardless of
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the detailed reaction mechanism. Thus, in the steady 
state the rate of fluorine element chemisorption on the PG 
surface must be equal to the rate at which F atoms leave 
either as elemental fluorine (F, F2) or in the form of vola
tile fluorocarbon products (e.g., CF„, n = 1,2,3,4; C2Fm, 
m = 2,4,6, etc.) If we provisionally neglect the presence of 
two-carbon (and higher) products then the F element bal
ance can be expressed

vsZ = SF +  2S?2 +  ¿«S ,„  (3)
n = l

where s is the chemisorption probability, v is the number 
of fluorine atoms per incident reactant “ molecule” (v = 1 
for F atoms, 2 for F2), Sf and SF2 are respectively the 
evaporation rates of F and F2 from the graphite surface, 
and &n represents the evaporation rate of CF„(g). If eq 3 
is combined with the definition of t, and use is made of 
the fact that the total carbon element flux will be given 
by28

4

6(0 = X / 6n (4)
n =0

then we find
4

e = "s[ X > n/ ( s F +  2sF2 +  X X ) ]  (5)

In this form we note that when carbon vapor sublimation 
is negligible the C atom removal probability, e, cannot ex
ceed vs, where s is the chemisorption probability. More
over, it is clear that the desorption rate of “ unreacted” 
fluorine (i.e. SF + 2S'F2 and the product distribution 
determine the amount by which e falls beneath vs. For 
reasons which will become clear below, it is interesting to 
consider the special cases (a) 28F2 SIf and (b) pre
dominance of one reaction product (with evaporation rate 
Sn). Then eq 5 specializes to

e  =  (vs/n)/ [1 +  (SF/nSn)] (6)

Thus, in the absence of F atom desorption, e cannot ex
ceed vs/n, or s/4 if, say, v = 1 (F atom impingement) and 
n — 4 (carbon tetrafluoride product). We have already re
marked (section 3) that emax for the F atom attack of 
basal or edge PG was observed to be about Comparison 
with eq 6 reveals that this can come about if29 s = 1 and 
n = 4, i.e., every incident F atom chemisorbs, and ulti
mately leaves in the form of a carbon tetrafluoride mole
cule.30 For F2 attack with CF4 as the dominant product 
eq 6 reveals that e can be as large as s/2. The fact that 
cmax for F2 attack of either the basal or edge plane was 
observed to be much lower than % (cf. Figure 5) suggests 
that the chemisorption probability for F2 on these surfaces 
is always much less than unity {e.g., about 1.2 X 10 _3 for 
“ basal” plane PG near 1250°K). This large disparity in 
the chemisorption probability for F and F2 on the pre
vailing basal plane of PG is of considerable fundamental 
interest, and reminiscent of recently reported disparities 
in the chemisorption probability of atomic and diatomic 
hydrogen on ordinary graphite at low coverage.31

Perhaps the most striking feature of our Arrhenius data 
is the phenomenon of the maximum in e at some interme
diate surface temperature, Tmax (. While observed here for 
the first time for the fluorine /pyrolytic graphite reactions, 
qualitatively similar maxima have been reported for the 
oxygen/graphite reaction,32“35 as -well as for the low-pres
sure oxidation of metals forming volatile oxides10-36 or

halides.3-37 Of interest here is the question of whether the 
cause of emax is the same in these diverse chemical sys
tems. Inspection of eq 5 and its counterpart for the O/C, 
O2/C, O/Ra, and 0 2/Re systems reveals that there are 
two distinct possibilities to consider. The first, invoked by 
Strickland-Constable and Walls32 and Olander, et al.,35 to 
account for emax and reaction rate “ hysteresis” in the 
O2/PG reaction, is the reduction in the adsorption proba
bility, s, at high temperature due to the thermal destruc
tion of adsorption sites.38 The second alternative, appar
ently operative for the oxidation or halogenation of refrac
tory metals,3-36-37 is the reduction in c at high tempera
ture associated with the desorption of “ unreacted” gas 
atoms/molecules while s increases or plateaus at the bare 
surface value smax. Further discussion of these alterna
tives is best postponed until after a brief consideration of 
the thermodynamics of the F/C system, however, it is in
teresting to observe here that the thermal destruction of 
adsorption or reaction sites, and the possible generation or 
interconversion of types of adsorption or reaction sites are 
common postulates in describing reactions on graphitic 
materials.32-35 While invoked to explain the complex tem
perature and pressure dependence of these reactions, it is 
sobering to note that the details and uniqueness of such 
variable site type-variable site number-variable reactant 
coverage schemes remain questionable even when the 
basic kinetic data include the dynamic response of the 
reaction to changing (modulated) reactant pressure, sur
face temperature, and mass spectrometric sampling of 
reaction products.35

Since it is now known that many features of the product 
distribution for high-temperature gas-metal reactions 
(e.g. O2/W, O2/M 0) are in accord with the notion of 
quasiequilibrium (QE) among all desorbing reaction prod
ucts,39 it is interesting to inquire into the consequences of 
this postulate for the F,F2/PG reaction. For this purpose a 
series of computer calculations was made in which we as
sumed thermochemical equilibrium between a selected set 
of eligible reaction products and constrained the quantity 
e to take on the experimentally observed values. The out
put of each such calculation was then a predicted product 
distribution and an effective adsorption (or “ equilibra-
(28) Here 80. by definition, represents the total flux of elemental carbon 

vapor, regardless of its detailed state of polymerization (i.e., C, C2, 
C3, . . . ) .  Based on available equilibrium vapor pressure data for 
pure graphite, it Is readily shown that So is negligible compared to Z 
even at the maximum temperatures (=» 1715"K) studied herein. 
Thus, the sublimation contribution to the inferred C atom removal 
probability defined by eq 1 is disregarded in the following discus
sion.

(29) Of course, It Is also possible that s = V2 and n = 2, i.e., only half 
of the Incident F atoms chemisorb, ultimately to leave in CF2 radi
cals, etc. However, as shown below, CF4 is the most thermody
namically favored reaction product under the experimental condi
tions explored here.

(30) Obviously such a reaction would reveal a pF independent C atom 
removal probability, as observed here below pF = 2 X 10~ 2 Torr 
(see Figure 7).

(31) G. A. Beltel, J. Mac. S c i. Tech., 6 , 224 (1969).
(32) J. R. Walls and R. F. Strickland-Constable, C arb on , 1, 333 (1964).
(33) D. E. Rosner and H. D. Allendorf, A IA A  J., 6 , 515 (1969).
(34) D. E. Rosner and H. D. Allendorf, C arbon , 7, 515 (1969).
(35) D. R. Olander, W. Slekhaus, R. Jones, and J. A. Schwarz, J. 

C h em . Phys., 57, 408 (1972).
(36) D. E. Rosner and H. D. Allendorf, J. C h em . Phys.. 49, 5553 (1968).
(37) D. E. Rosner and H. D. Allendorf, J. Ph ys. C hem .. 69, 4290 (1965).
(38) In principle, s could decrease due to a decrease In any one of the 

following factors: (a) surface concentration of adsorption sites, (b) 
cross sectional area/slte, (c) Intrinsic adsorption probability for 
molecules incident upon a bare site, and (d) fraction of sites unoc
cupied by fluorine adatoms. Here, attention is focused on contribu
tion a. The existence of hysteresis (double-valued high-temperature 
t behavior observed in the 0 2/PG reaction) could not be conve
niently studied for F,F2/PG using the present techniques.

(39) J. C. Batty and R. Stickney, J. C h em . Phys., 51, 4475 (1970).
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Figure 9. C atom removal probabilities for the attack of an iso
tropic polycrystalline graphite ( p  = 1.73 g cm -3 ) by O, O2, OH, 
F, F2 , and H; ref 9.

tion” ) probability, sqe. Calculations using JANAF ther
mochemical data40 and made “ allowing” only the six 
product species F, F2, and CFn (n = 1-4) revealed (a) CF4 
to be the dominant species desorbed under all conditions 
investigated here,41 with F and CF3 (the only competi
tors) being negligible even at 1420°K, and (b) the reduc
tion in t at T > Tmax < is formally associated with a reduc
tion in sqe rather than the onset of appreciable F atom 
desorption. When these calculations were repeated allow
ing in addition the equilibrium desorption of C2F2(g), 
C2F4(g), and C2F6(g), similar results were obtained, ex
cept the product C2F2(g) became important at the highest 
temperatures investigated. Thus, if the quasiequilibrium 
model were valid CF4 should be the dominant reaction 
product near (max and, in contrast to previous work on 
gas-metal reactions, the reduction of e at higher tempera
tures would not be attributed to the desorption of atomic 
fluorine from the graphite surface. However, each of these 
conclusions must be critically examined in the light of the 
implicit assumptions underlying the quasiequilibrium 
postulate, since it is questionable that QE applies to each 
overall consequence of the actual fluorine-graphite reac
tion mechanism. In particular, it is interesting to inquire 
whether the prediction of negligible SF for T > Tmax i is 
compatible with what is known about the binding energy 
of foreign adatoms on crystalline graphite. In this connec
tion the semiempirical molecular orbital (MO) calcula
tions of Bennett, McCarroll, and Messmer42'43 for the 
chemisorption behavior of H, C, N, 0, and F on a simu
lated basal (0001) graphite surface are of interest. At low 
coverages these authors concluded that (a) the adsorbates 
H, F, and 0  are most tightly bound (most stable) above 
the center of each bond connecting nearest neighbor car
bons, (b) the sequence of binding strengths, Fbind, in
creases in the order H < F < 0 < N  <C , and (c) a single 
adatom (e.g., H(ads)) binds much more strongly to an 
edge carbon than to the periodic basal plane C atoms 
( ~ 3.5 times for H(ads)). While the MO methods used are 
presently not capable of predicting absolute values for 
Ebind, it would appear from the calculated and experi
mental values quoted in ref 42 and 43 that Fbmd for 
F(ads) on a defect-free basal plane should be in the vicini
ty of 50 kcal mol-1. If this were the case, the adatom 
thermal desorption rate, 8F, from such binding sites 
could be estimated from an absolute rate theory expres
sion which takes advantage of the absence of an apprecia

ble activation entropy term for simple bond cleavage, i.e.

S'F = Nsd{(kT/h)exp[-EbiJ (R T )1 } (7)

(where Ns is the total adsorption site density,44 6 is the 
fraction of these sites occupied by F(ads), k is the 
Boltzmann constant, h is Planck’s constant, and R the 
universal gas constant). Inserting Ns ~ 5.7 x 1015, 8 ~ 1, 
¿-bind ~ 50 kcal mole-1 we find that SF can indeed be
come comparable to the arrival rate Z at temperatures 
near Tmax< for the F atom/PG reaction. Thus, in contrast 
to the QE expectation, it appears that the cause of the 
drop in e beyond Tmax t could indeed be the thermal de
sorption of Fiads) prior to their finding a reactive (edge 
atom or defect) site by the random process of surface dif
fusion along C-C bonds on the (0001) surface.45

Another argument against adsorption site annealing as 
the “ universal” cause of emax for gas atom reactions with 
graphite is provided by inspection of our pooled data9 for 
the gasification kinetics of an isotropic graphite in atomic 
oxygen, fluorine, and hydrogen, shown in Figure 9. The 
large disparity in Tmax e for these systems, and their se- 

•quence (cf. the Fbind sequence) makes it unlikely that 
thermal destruction of adsorption or reaction sites ac
counts for (max in each case. Especially for the H/C and 
F/C reactions, it appears more likely that e decreases 
above Tmax e owing to the thermal desorption of H2 and F, 
respectively. Another interesting pattern, which emerges 
upon studying the magnitudes of (max in Figure 9, is that 
(max appears to be large for those systems (O/C, F/C) in 
which product formation is more exothermic than surface- 
catalyzed recombination, and small for those systems 
where atom recombination is energetically more favorable 
(H/C, Cl/C, N/C; the latter two not being shown).9

It thus appears that the C atom removal probability, t, 
for the fluorine-PG reaction drops to low values (<10-2) 
at surface temperatures above about 160Q-1700°K for ki
netic reasons. Advantage could be taken of this in the de
sign of a “ clean, ” thermal F atom source using a PG oven 
into which F2 is directed, however, the average dissocia
tion probability for incident F2 is not yet known on such a 
surface, and might be quite low in comparison to that on 
refractory metals.46

It is now interesting to consider the possible cause of 
the fact that (max evidently occurs at lower temperatures 
for the F atom/PG reactions than for the corresponding 
F2/PG reactions (see Figure 5). This can be explained by 
recalling that if incident F atoms can adsorb and bind 
anywhere, but must surface diffuse to widely separated 
reactive positions where CF4 is constituted, then thermal

(40) D. R. Stull and H. Prophet, "JANAF Thermochemical Tables,” 2nd 
ed, National Standard Reference System, NBS Publication No. 37, 
U. S. Government Printing Office, Washington, D C., June 1971.

(41) It Is interesting to note that CH4 has been found to be the dominant 
C-contalnlng reaction product In the H atom reaction with carbon 
films (from 365 to 500°K; A. B. King and H. Wise, J. Phys. C h em ., 
67, 1163 (1963)) and graphite (from 500 to 1250°K, R. K. Gould, 
Ph.D. Dissertation, University of Wisconsin, 1969).

(42) A. J. Bennett, B. McCarroll, and R. P. Messmer, S u r fa c e  S ci., 24, 
191 (1971).

(43) A. J. Bennett, B. McCarroll, and R. P. Messmer, P hys. R ev. B, 3, 
No. 4, 1397 (1971).

(44) It Is readily shown from the geometry of Figure 1 that there are 5.7 
X  1 0 15 such binding sites per square centimeter of the basal plane
(0001) graphite surface.

(45) Of course we do not rule out the possible contribution to CF4 for
mation-desorption due to the occasional direct F atom Impact at a 
reaction site.

(46) Our preliminary work on the fluorinatlon kinetics of Pt and, espe
cially, Ir suggests that these metals would make vastly Improved F 
atom oven sources.
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desorption should cause e to diminish when the average 
surface diffusion range becomes shorter than the mean 
separation of reactive sites.47 However, if incident F2 can 
only chemisorb “ at” such sites then the effects of thermal 
desorption for the F2/PG reaction would not be expected 
to set in until much higher temperatures are achieved. In 
these terms the disparity between the F2/edge and F2/  
basal rates shown in Figure 5 is largely due to the in
creased concentration of adsorption-reaction sites on the 
prevailing “ edge” plane surface 48 The fact that our previ
ous data for Tmax < for gas-metal reactions is about the 
same for either atom or molecule attack is compatible 
with this picture since, in contrast to (0001) graphite, 
clean metal surfaces offer abundant adsorption sites even 
for diatomic molecules.49

It remains for us to consider the observed e behavior at 
temperatures lower than Tmax „ and the remarkable fact 
(suggested in Figure 5 and shown in Figure 9 for an isotro
pic graphite) that e for F atom attack of PG can be lower 
than that in undissociated fluorine. It is reasonable to at
tribute this “reversal” behavior to the formation of nonvol
atile carbon subfluoride films in the presence of atomic 
fluorine; indeed, qualitatively similar kinetic behavior was 
observed by us in the oxidation of silicon carbide by 0 
and O2 at temperatures such that Si02(c) was stable on 
the reacting surface.50 Of course carbon subfluoride films 
also form in F2 at sufficiently low temperatures, however, 
our sem photographs indicate their macroscopic structure 
is very different from these shown in Figures 8b and 8c .51 
At somewhat higher temperatures, but below Tmax o the 
steady-state surfaces are probably partially covered with 
T(ads), causing the adsorption probabilities to be less 
than the bare surface values achieved near Tmax(. Thus, 
referring again to eq 5 and 6, we expect that e decreases 
for T < Tmax e because s decreases on a “ crowded” sur
face, not because F or F2 desorption remains important. 
At sufficiently high steady state F(ads) concentrations it 
is not surprising that macroscopic subfluoride “ patches” 
would nucleate, and ultimately appear under sem exami
nation at 10,000 X .  In the light of these results it would be 
interesting to extend the present rate measurements 
below 1050°K, correlating these results with both the 
morphology and stoichiometry of the resulting reaction 
product films. However, even in the absence of these mea
surements, it is clear that the remarkable differences in 
low-temperature reaction rate behavior between the F/C 
system (Figures 5, 6, and 9), and the O/C and H/C sys
tems (see Figure 9) must be attributed to the blockage ef
fect of nonvolatile product layers in the fluorine/graphite 
reaction.

This concludes our initial survey high-temperature ki
netics of the fluorine/graphite reaction, with emphasis on

the effects of fluorine dissociation, and graphite surface 
orientation. While the present experimental methods 
should be supplemented in the future to more directly 
verify several of the inferences made herein, their simplic
ity has enabled a wide range of new conditions to be con
veniently explored, thereby establishing the magnitudes of 
the important C atom removal probability for F and F2 
attack of basal and edge-plane pyrolytic graphite. We 
hope that these experimental measurements, and the ac
companying discussion, will both stimulate and help di
rect further research on this important class of relatively 
unexplored gas/solid reactions.
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(47) Moreover, for T >  Tmax , this decrease should be more severe on 
the prevailing “basal” surface than on the “edge" plane surface (on 
which the reactive sites are far more abundant). This is consistent 
with the F atom data shown in Figure 5.

(48) Recall W. H. Florton’s inference (for the O2/PG reaction) that rela
tive measurements in the two principal directions of PG are not in
dicative of the relative rates of edge atoms and atoms in perfect 
basal planes, but rather relative rates of attack of the same kind of 
C atoms present in different surface concentrations on each face 
(W. S. Horton, N B S J . R es .. 74A, No. 3, 325 (1970)).

(49) This difference in 7max < is masked for the F,F2/isotropic graphite 
reaction (Figure 9) anc did not show up in our previous investiga
tion of the O, Oi/basal plane PG reaction.33 However, for this latter 
reaction the recent molecular beam work of Olander, e t  at,,35 
suggests the absence of appreciable oxygen desorption ({0 , 
|o2) i.e., «max is attributed to the thermal destruction of adsdrp- 
tion-reaction sites at high temperatures.

(50) D. E. Rosnerand H. D. Allendorf, J. Phys. C h em .. 74, 1829 (1970).
(51) Recall that, as shown in Figure 8, there are also marked differ

ences in the nature of the carbon subfluoride overlayer on the basal 
and edge planes in either F or F2. Additionally, Badachhape and 
Margrave have reported that a white, solid carbon subfluoride 
forms on d iam on d  exposed to 2 X 101 Torr at 1073°K. In contrast 
to the product layer formed on graphite, this film impedes the dia
mond fluorination reaction at lower pressures. Carbon subfluoride 
nucleation and growth kinetics on the edge plane graphite surface 
would be of particular interest in view of the well-known ability ot 
graphite to form in terca la tion  compounds via halogen atom pene
tration of the interlayer spaces in graphite. For example, isotherm 
studies in the Br/C system reveal that compounds of successively 
lower adduct/C ratios are found at higher temperatures, each com
pound corresponding to an increase in the c direction lattice spac
ing (cf. Figure 1), spec men weight, and electrical resistance. How
ever, our recession rate vs. time data near Tmax, (see Figure 4), 
and the superficial nature of carbon subfluoride formation observed 
at 1036°K (Figure 8b,c) preclude the possible importance of exten
sive F atom penetration of our reacting specimens under conditions 
of the present experiments.
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Mass spectroscopic investigation of the vapor above the EuN-Ag system led to the derivation of the dis
sociation energy (D0°, kcal mol-1) and heat of formation (A/if,298°> kcal mol-1), respectively, of Eu2(g) 
(11.4 ± 4.0, 71.9 ±  4.4) and EuAg(g) (30.5 ± 3.0, 78.8 ±  3.4) from a consideration of the enthalpy changes 
(AH0°, kcal) of the following reactions: Eu2(g) = 2Eu(g) (11.4 ± 4.0), Eu2(g) + 2Ag(g) = 2Eu(g) + 
Ag2(g) (-26.3 ± 3.0), EuAg(g) = Eu(g) + Ag(g) (30.9 ±  2.5), and EuAg(g) + Ag(g) = Eu(g) + Ag2(g) 
(-7.7 ± 3.3). These thermodynamic properties permit the application and a first test of the Pauling 
model of a polar bond to europium compounds. A method of estimating the heats of formation of yet un
known diatomic lanthanides is also suggested.

Introduction
Dissociation energies of numerous diatomic homo- and 

heteronuclear gaseous metallic molecules have been re
ported.1-3 Of the homonuclear diatomic lanthanides only 
the dissociation energies of Ce2(g),3 Hx>2(g),4 Tb2(g),5 and 
Lu2(g)6 are presently known. It was the intent of the pres
ent study to add another member of the lanthanides to 
this list and eventually, as opportunity arises, to complete 
the series entirely. The choice of Eu2(g) is particularly 
significant insofar as europium with its six 4f electrons 
lies adjacent to the half-filled 4f shell that is customarily 
associated with perturbations in the normal progression of 
the thermodynamic properties of the lanthanide series. 
Similar considerations prompted us to investigate the dis
sociation energy of EuAg(g). The only previous gaseous 
diatomic lanthanide-silver compound investigated in this 
way is HoAg(g),4 whereas with the corresponding lanthan
ide-gold compounds considerably more has already been 
accomplished.3-6 The knowledge of the bond energy of 
Eu2(g) permits the application of the Pauling model of a 
polar single bond7 to gaseous europium compounds. The 
determination of the dissociation energy of the molecule 
EuAg permits a first test of this model for an intermetal- 
lic europium compound.

Experimental Section
The mass spectrometer and the experimental proce

dures used for this work have been described previously.4’8 
The mass spectrometer operations were standardized for 
the measurement of the metallic ion species at 2-mA 
emission current, 12-eV electron voltage, and 4.5-kV 
accelerating voltage. The ionic species were characterized 
by their mass to charge ratios, normal shutter profiles, ap
pearance potentials, and isotopic abundances. A molybde
num Knudsen cell with a 0.010-in. orifice was employed. 
The sample charge consisted primarily of EuN with a 
minor component of silver. Temperatures were measured 
by focusing a calibrated optical pyrometer on a black- 
body hole at the base of the Knudsen cell. All necessary 
window and prism reflector corrections were applied to 
the temperature readings.

Results and Discussion
The relevant ion intensities are shown in Table I. Fre

quently, measurements were made on all the isotopic 
species, but those listed in Table I are the ones of highest 
abundance and these are the ones from which the thermo
dynamic data were computed after adjustments for isoto
pic abundance.

The partial pressures were obtained from the corre
sponding intensities by the standard relationship = 
kjlj+T, where Ps was expressed in atmospheres, T in K, 
/¡+ in amperes and whence follows in atm A 1 K -1 
units. The pressure constant, ki} was itself derived from k, 
= ^Ag(o’Ag7Ag)/(o’i7 i), where the cr’s and Vs are the ioni
zation cross sections and multiplier gains of secondary 
electrons, respectively. The primary calibration constant, 
kAg, was obtained from the equilibrium dissociation of 
Ag2(g) = 2Ag(g),4 where the enthalpy change for this 
reaction was taken to be AHo0 = 38.0 ± 1 .5  kcal.3 The 
multiplier gains of Ag+ (3.76 X 105) and Eu+ (3.23 X 105) 
were obtained experimentally, those of Ag2+ and Eu2+ 
were assumed to be the same as of the respective mona
tomic species, and that of EuAg+ (3.50 x 105) was as
sumed to be the mean of those of Eu+ and Ag+. The max
imum ionization cross sections of the singly ionized atom
ic species were obtained from the tables of Mann.9 The 
ionization cross sections of Ag2+ and Eu2-  were taken to 
be 1.5 times that of the respective monatomic species,10 
and similarly that of EuAg+ was assumed to be 0.75 times 
that of the sum of those of Ag+ and Eu+. In all cases, the

(1) B. Siegel, Quart. R ev ., C hem . See., 19, 77 (1965).
(2) J. Drowart, "Phase Stability in Metals and Alloys,” P. S. Rudman, J. 

Stringer, and R. I. Jaffee, Ed., McGraw-Hill, New York, N. Y., 
1967.

(3) K. A. Gingerich, J. C ryst. G row th, 9, 31 (1971).
(4) D. L. Cocke and K. A. Gingerich, J. Phys. C h em ., 75, 3264 (1971).
(5) J. Kordis, K. A. Gingerich, and R. J. Seyse, submitted for publica

tion.
(6) K. A. Gingerich, C hem . Phys. L ett., 13, 262 (1972).
(7) L. Pauling, “The Nature of the Chemical Bond,” 3rd ed, Cornell Uni

versity Press, Ithaca, N. Y., 1960.
(8) K. A. Gingerich, J. C hem . P hys., 49, 14 (1968).
(9) J. B. Mann, Recent Develop. Mass Spectrom., P roc . Int. C oni. 

M a ss S p e c t r o s c . ,  1970, 814 (1970).
(10) J. Drowart and P. Goldfinger, A n gew . C h em ., 79, 589 (1967).
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TABLE I: Observed Intensities at 12 eV

/ X 1 D12, A
T. °K 153E u + 3 °4 Eu2 + 107Ag + 216Ag2 + 260EuAg +

1406 41,700 0.145
1426 42,500 0.175
1474 62,130 0.30 300 0.125 4.8
1464 38,800 0.14
1430 27,200 0.075
1375 9,450 42.0 0.27
1358 7,800 33.5 0.20
1333 6,100 30.0 0.15
1285 3,400 15.0 0.08 .
1299 4,900 23.0 0.125
1376 16,650 75.5 0.60
1407 25,800 166 1.23
1450 47,220 0.16 255 0.09 4.0
1471 36,800 0.08 189 0.12 1.4
1499 61,130 0.18 243 0.14 3.0
1460 43,000 0.15 218 0.13 2.5
1479 55,900 0.13 310 0.15 3.8
1517 36,300 171 0.15 1.05
1548 24,300 114 0.69
1572 30,000 144 0.57
1606 8,400 910 0.48 1.08
1646 6,400 1380 0.99 0.90
1685 8,400 2130 4.0 1.55

intensities had to be adjusted by an empirical factor, 
/max/A to bring them in line with the maximum cross sec
tions given by Mann. The Imay/I factor as obtained from 
the ionization efficiency curves was 1.14, 1.10, 1.22, 1.17, 
and 1.12 for Ag+, Ag2+, Eu+, Eu2+, and EuAg+, respec
tively. Concurrently, the ionization efficiency curves 
yielded (by the linear extrapolation method) the appear
ance potentials (in eV) of the new species, Eu2(g) (6.3 ±
1.0) and EuAg(g) (6.1 ±  0.5), relative to Ag(g) (7.574)11 as 
the standard. Insofar as Eu2(g) is concerned, it can be fur
ther stated that in the temperature range where this mol
ecule was studied (1406-T499°K), no oxides of europium 
were observed, so that there can be no question of any 
fragment contribution to the Su2+ intensities from this 
source.

In the single instance of the reaction of EuAg(g) = 
Eu(g) + Ag(g), where a second-law evaluation of the en
thalpy change was justified by the extent of the tempera
ture range, this was done according to log K = -A H° / 
4.576T + AS°/4.576. For the third-law evaluation, A//o°/ 
T = -4.576 log K  -  AGt ° -  Ho°)/T. The free energy 
functions, - (G T° -  Ho°)/T, of Ag(g) and Eu(g) were 
taken from Hultgren, et al.,12 those of Ag2(g)4 were calcu
lated from known molecular parameters,13 and those of 
Eu2(g) and EuAg(g) from estimated parameters by means 
of the rigid-rotator, harmonic oscillator approximation. 
The equilibrium internuclear distances of Eu2(g) (re = 
3.700 A) and EuAg(g) (re = 2.885 A) were calculated from 
the sqm of the Pauling single bond metallic radii,7 with 
corrections for bond shortening in EuAg(g) in the same 
proportions as observed in MgAu(g) and AlAu(g), respec
tively.13 No corresponding correction was made for Eu2(g) 
in view of the very small observed bond shortening in 
Al2(g),14 a molecule with a larger bond energy than has 
been found for Eu2(g) in this investigation. In fact, the 
sum of the metallic single bond radii may well be too low 
a value for the internuclear distance in Eu2(g). The vibra

tional frequencies of Eu2(g) (o>e = 110.6 cm "1) and 
EuAg(g) (<x>e = 193.0 cm-1) were obtained from the 
Guggenheimer relationships15 by taking z values of 3 and 
5 for Ag and Eu, respectively. The resultant free energy 
functions, — (GT° -  Ho°)/T, with an arbitrary addition of 
3 entropy units for the electronic contributions, are (60.23, 
59.02), (71.31, 70.85), (72.67, 72.19), (74.85, 73.36), and 
(76.37, 74.40) at 298, 1200, 1400, 1600, and 1800°K for 
Eu2(g) and EuAg(g), respectively. The (//298 -  i/o) values 
came to 2.43 kcal for EuAg(g) and 2.52 kcal for Eu2(g).

The equilibrium constants and third-law enthalpy 
changes for the reactions investigated are shown in Table 
II. Error limits in the enthalpy changes refer to standard 
deviations only. The enthalpy change of the direct disso
ciation of Eu2(g) = 2Eu(g), A//o° = 11.4 ±  0.5 kcal is in 
good agreement with the value Ai/o° = 11.7 ± 2.9 kcal, 
obtained from a combination of the enthalpy change of 
the pressure-independent reaction, Eu2(g) + 2Ag(g) = 
2Eu(g) + Ag2(g), A//o° = -26.3 ±  1.3 kcal, and the en
thalpy change of Ag2(g) = 2Ag(g), Ai/o° = 38.0 ±  1.5 
kcal.3 This agreement is, however, only independent to 
the extent to which different data sets have been used in 
the reactions evaluated.

The use of an auxiliary pressure-independent reaction, 
such as the one above, provides a suitable cross check on 
the reaction of our main interest since the reference con
stant, in this case kAg, cancels out and hence also any 
error that might be associated with it. However, the fur
ther frequently employed simplification of mutual cancel
lation of cross sections and multiplier gains would lead to 
a considerably different value for the enthalpy change, 
A//o° = —30.1 ±  1.4 kcal, for the reaction Eu2(g) + 
2Ag(g) = 2Eu(g) + Ag2(g) than obtained previously. This 
is primarily due to the almost threefold larger ionization 
cross section of Eu(g) as compared to Ag(g)9 that finds no 
appropriate compensation in the multiplier gains. The 
present severe case of imbalance in the ionization cross 
sections emphasizes the desirability of avoiding, whenever 
possible, the simplifying assumption of mutual cancella
tion of cross sections and multiplier gains.

The final enthalpy change values for the reactions 
Eu2(g) = 2Eu(g) and Eu2(g) + 2Ag(g) = 2Eu(g) + Ag2(g) 
are chosen as A//o° = 11.4 ±  4.0 kcal (47.7 ± 17 kJ), or 
A //298° = 11.9 ± 4.0 kcal (49.8 ±  17 kJ) and AH0° = 
-26.3 ±  3.0 kcal, respectively, after inclusion of all possi
ble sources of error. The enthalpy change for the dissocia
tion of Eu2(g) as obtained from the latter reaction in con
junction with the dissociation enthalpy of Ag2(g) was 
given no weight because it results in considerably wider 
error limits. Thus we select jD 0° ( E u 2) = 11.4 ± 4.0 kcal 
mol" 1 or 47.7 ± 17 kJ mol-1, or D298°(Eu2) = 11.9 ± 4.0 
kcal mol-1 or 49.8 ± 17 kJ mol-1. The standard heat of 
formation of Eu2(g) comes to A / / f>2 9 8° = 71.9 ±  4.4 kcal 
mol-1 (300.8 ±  18.4 kJ mol"1) when the heat of sublima
tion of eruopium (A //v,298° = 41.9 ±  0.2 kcal mol"1)12 is 
combined with the presently derived heat of atomization of 
Eu2(g).

(11) R. W. Kiser, "Introduction to Mass Spectrometry and its Applica
tions,” Prentice-Hall, Englewood Cliffs, N. J., 1964.

(12) R. Hultgren, R. L. Orr, and K. K. Kelley, "Supplement to Selected 
Values of Thermodynamic Properties of Metals and Alloys." Univer
sity of California, Berkeley, Calif., 1968.

(13) C. J. Cheetham and R. F. Barrow, Advan. High Tem p. C h em ., 1, 
7 (1967).

(14) D. S. Glnter, M. M. Ginter, and K. K. Innés, A strop h ys . J.. 139, 365 
(1964).

(15) K. M. Guggenheimer, P roc . Phys. S o c .. 58, 456 (1946).
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TABLE II: Equilibrium Constants and Third-Law Enthalpy Changes tor Various Reactions of Europium

Eu2(g) =2Eu(g)
Eu2(g) +  2Ag(g) = 
2Eu(g) +  Ag2(g) EuAg(g) =  Eu(g) +  Ag(g)

EuAg(g) +  Ag(g) = 
Eu (g) +  Ag2(g)

T, °K Log K AH 0”, kcal Log K — A h 0°, kcal -L o g  K AHj", kcal Log K - AH0’, kcal

1406 
1426 
1474 
1464 
1430
1375 
1358 
1333 
1285 
1299
1376
1407 
1450 
1471 
1499 
1460 
1479 
1517 
1548 
1572 
1606 
1646 
1685

3.04
2.98
3.09
3.01
3.00

11.4
11.9
11.6
12.1
12.1

3.75 24.8

3.12
3.21
3.31
3.07
3.20

11.2
10.8
10.4
11.7
10.9

3.89
4.25
4.19
3.91
3.91

25.3 
28.1
27.4 
25.6 
25.9

0.179

0.630
0.687
0.725
1.023
0.867
0.475
0.402
0.351
0.0725
0.0657
0.198
0.107

-0.0164
0.143

-0.140
-0.119
-0.272
-0.353

AH0° = 11.4 ± 0.5 AH0° = -26.3 ±  1.3 AH0‘

30.3

31.0
30.9
30.5
31.1
30.6
30.0 
30.3
30.9
29.5
30.0
30.1
29.9
29.9
31.6
30.1 
31.0
30.6 
30.8

= 30.5 ± 0.5

0.47 6.1

0.42
0.97
0.81
0.64
0.60
1.22

0.36
0.45
0.75

5.6
9.4
8.5 
7.1 
6.9

11.5

5.8
6.6
9.1

AHo° =
-7.7 ±  1.8

Figure 1. Second-law plot tor the reaction EuAg(g) = Eu(g) +  
Ag(g).

Of the lanthanide homonuclear gaseous diatomic 
species thus far reported,3-5 the dissociation energy of 
Eu2(g) is clearly the lowest. In ascending order the other 
dissociation energies (D0°, kcal mol-1) are Ho2(g) (19 ±
4),4 Tb2(g) (30.5 ±  4.0),5 Lu2(g) (33, preliminary value),6 
Ce2(g) (57.0 =E 5.0),3 and for the other rare earths,3 Y2(g) 
(37.3 ±  5.0), Sc2(g) (38.0 ±  5.0), La2 (57.6 ±  5.0). The ac
curacy of these data do not allow for any specific correla
tion among the dissociation energies of Ln2(g) species but 
it is quite evident that the dissociation energies follow the 
trend of the heats of sublimation of the corresponding lan
thanide elements. Thus, the heat of sublimation of euro
pium also has the lowest value among the elements of the 
Ln2(g) species examined. The best that can be said at 
present is that the ratio A /ifio°/Afiv,0 where A //r,o° is the

standard heat formation of Ln2(g), and A/iv,o the heat of 
sublimation of Ln(s), falls between 1.44 and 1.74. This 
ratio is also applicable in regard to Sc2(g), Y2(g), and 
La2(g). It might be regarded as a useful guide in estab
lishing favorable experimental conditions for the measure
ment of the dissociation energies of the remaining Ln2(g) 
species. A similar approach, namely, the assumption of a 
constant value for Ai7Vi0[Ln(s)]/Do°(Ln2), had previously 
been used to predict the dissociation energies of the yet 
unknown diatomic lanthanides.16 The predictions had 
been somewhat higher for Ho2, Tb2, Lu2, and Eu2 than 
the experimental values found later, but they gave the 
correct trend. Thus the predicted value £>o0(Eu2) = 18 
kcal mol 1 compares with 11.4 ±  4.0 kcal mol- 1 found in 
this investigation.

As shown in Figure 1 and Table II, the second- and 
third-law enthalpy changes, respectively, for the reaction 
EuAg(g) = Eu(g) + Ag(g) are in good agreement. The 
second-law enthalpy change at temperature, A i/i46o° =
33.0 ±  1.7 kcal, reduces to A//o° = 31.3 ±  1.7 kcal, as 
compared to the third-law value, AH0° = 30.5 ±  0.5 kcal. 
The agreement between second-law and third-law entropy 
changes, ASi460° = 21.4 ±  1.1 eu and ASi46o° = 20.9 eu, 
respectively, is also satisfactory. In view of the fact that 
the total pressure in the Knudsen cell might be consid
ered to approach non-Knudsen conditions at the higher 
temperatures, full weight is given to the third-law enthal
py change.

The third-law enthalpy change for the dissociation of 
EuAg(g) is also well supported by the subsidiary pressure- 
independent reaction, EuAg(g) + Ag(g) = Eu(g) + 
Ag2(g), whose enthalpy change Ai/o° =  -7.7 =E 1.8 kcal 
(Table II), and as corrected for all possible errors, AH0° =
(16) K. A. Gingerich, C h em . C om m u n ., 9 (1969); K. A. Glngerich and H.

C. Finkbelner, ibid.. 901 (1969).
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-7.7 ±  3.3 kcal, yields in conjunction with the dissocia
tion energy of Ag2(g) a value of AH0° = 30.3 ± 4.8 kcal for 
the dissociation in EuAg(g). As in the previous case of the 
pressure-independent reaction involving Eu2(g), the sim
plifying assumption of mutual cancellation of cross sec
tions and multiplier gains would yield, for similar reasons, 
a significantly different value of AH0° = -9.7 ± 1.8 kcal.

The final value of the dissociation energy of EuAg(g) is 
chosen to be D0° = 30.5 ± 3.0 kcal mol“ 1 (127.6 ±  12.6 kJ 
mol“ 1) or D29g° = 31.0 ±  3.0 kcal mol“ 1 (129.7 ±  12.6 kJ 
m o l1), from which follows that with the inclusion of the 
heats of sublimation of europium and silver,12 the stan
dard heat of formation of EuAg(g), AH( 29g° = 78.8 ±  3.4 
kcal mol- 1 (329.7 ±  14.2 kJ mol“ 1).

The dissociation energy of the only other LnAg(g) 
species reported thus far, HoAg(g), has a somewhat simi
lar value, ADo° = 28.6 ±  4 kcal mol- 1,4 to the one above 
for EuAg(g). However, the Pauling model of a polar bond7

yields, with an electronegativity value of 1.3 for Eu and 
Ho, and of 1.9 for Ag, Do° = 36.6 kcal mol- 1 4 for the disso
ciation energy of HoAg(g), and D0° = 33.4 kcal mol-1 for 
that of EuAg(g). Thus it appears that the better agree
ment between the experimental and Pauling model disso
ciation energies in the case of EuAg(g) means an apprecia
bly larger ionic contribution to bonding in this molecule 
relative to that of HoAg(g). It will be most instructive to 
see how the series progresses as data on other LnAg(g) 
molecules become available, and to what extent they con
form to the Pauling model of a polar bond, as evidently is by 
and large the case for the corresponding LnAu(g) mole
cules.

Acknowledgment. The authors wish to acknowledge the 
continued support of the Robert A. Welch Foundation 
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Binary diffusion coefficients, DJ2, are reported as a function of concentration for the system He-CC1F3 at 
300 K and 1 atm pressure. The data agree, within the estimated experimental error of approximately 
0.1%, with the Kihara second approximation of the Chapman-Enskog theory, and permit calculation of 
potential parameters.

The Kihara second approximation for the Chapman- 
Enskog theory1 predicts an expression for the concentra
tion dependence of the binary diffusion coefficient, Dj2, at 
constant temperature and pressure. According to this 
theory, the graph of D12 vs. the mole fraction, x2, of the 
heavy component is sensitive to the ratio of the molecular 
masses of the two components and to the magnitude of 
their potential energy of interaction. The purpose of this 
paper is to report data for the concentration dependence 
of the binary diffusion coefficient of the system He-CC1F3 
and, using these results, to test the Chapman-Enskog 
theory. It was hoped that, since the theory should only be 
valid for atoms, the values of DJ2 might show an unusual 
concentration dependence. However, no unusual behavior 
was observed.

Experimental Section
The details of the method used to measure the binary 

diffusion coefficients have been described previously.2 It is 
suggested that that paper be read in conjunction with this 
article. As before, all experiments were performed in a 
water bath controlled at 300 K to better than 0.001°. The

purities of the He and CCIF3 were stated by the manufac
turers to be better than 99.99 and 99.0%, respectively.

We have now shown that two small corrections must be 
made to diffusion data obtained with the present appara
tus.2 The first is an end correction of +0.3% due to the 
presence of the jets and the Nupro bellows valves in each 
end of the cell, and the second correction is due to the 
“ heat-of-mixing” which varies from experiment to experi
ment. The maximum correction in the present experi
ments was +0.1%. These corrections were investigated in 
a Loschmidt type cell3,4 and will be described in detail in 
a future publication.

Results
Table I summarizes the diffusion coefficients, D12exPtl, 

which were measured at a series of mole fractions of 
CCIF3, x2. Each coefficient was measured at approximate-
(1) E. A. Mason, J. C h em . P hys., 27, 75 (1957).
(2) P. J. Carson, T. N. Bell, and P. J. Dunlop, J. C h em . P h ys., 56, 531 

(1972).
(3) L  E. Boardman and N, E. Wild, P roc . R oy. S o c ., S er. A, 162, 511 

(1937).
(4) R. A. Strehlow, J. C h em . P hys., 21,2101 (1953).
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TABLE I: Binary Diffusion Coefficients for the System He-CCIF3 
at 300 K and 1 Atm

*2 P, atm

D i2, cm2 sec-1

Corrected to 
Exptl 1 atm

0.0499 0.5662 0.7407 0.4194
0.0518 0.5819 0.7192 0.4185
0.0547 0.5809 0.7215 0.4191
0.0793 0.5750 0.7280 0.4186
0.1305 0.5808 0.7266 0.4220
0.1956 0.6243 0.6790 0.4239
0.2910 0.5808 0.7328 0.4256
0.3975 0.5836 0.7308 0.4265
0.5052 0.6283 0.6802 0.4274
0.5385 0.6736 0.6355 0.4281
0.5996 0.5811 0.7384 0.4291
0.6468 0.6281 0.6848 0.4301
0.8996 0.5809 0.7414 0.4307
0.9495 0.5669 0.7604 0.4311
0.9754 0.5513 0.7807 0.4304

ly 0.6 atm pressure and then corrected to a pressure of 
unity to give, D12. The corrected data can be represented 
by the equation

D12 = 0.4161 + [0.05959x2/(1 + 2.985x2)] (1)
with a standard error of 0.15%. We have shown that this 
type of equation, first suggested by Amdur and Schatzki5 
and later by Mason and Marrero,6 reproduces with ex
tremely accuracy concentration dependences generated by 
Kihara’s second approximation to the Chapman-Enskog 
theory.

An iterative procedure and values of D12 calculated 
from eq 1 for the lowest and for the highest concentration 
in Table I were used to determine intermolecular parame
ters for the Lennard-Jones 12-6 potential from the Kihara 
second approximation and quantum collision integrals.7 
Errors in these parameters were calculated from the stan
dard error ̂ of eq 1. This procedure, which has previously 
been shown8 to yield parameters of somewhat similar pre-

Figure 1. Test of the Chapman-Enskog theory for He-CCIF3 at 1
atm and 300 K: O, experimental po in ts ;-------, eq 1 a n d  the
Kihara second approximation using e12/k  = 48.1 and cri2 = 
3.83 for the Lennard-Jones 12-6 potential.

cision to that obtained from temperature dependence 
studies gave n 2/k = 48.1 ±  12.4 K and oi2 = 3.83 ±  0.10 
A (95% fiducial limits) for this system. Figure 1 compares 
the experimental data with the concentration dependence 
of D12 predicted by theory and these parameters. The dif
ference between values of D12 generated by eq 1 and by 
the theory is approximately 0.01%, and therefore we have 
used the single smooth curve in Figure 1 to represent both 
the theoretical and experimental concentration dependen
ces. We were unable to find similar data in the literature 
for comparison with this work.
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The relative DT yields per Si-D bond for the abstraction of D by recoil tritium atoms have been mea
sured as 4360 for (CH3)3SiD, 3790 for (CH3)2SiD2, and 3680 for CH3SiD3, as compared with yields per 
C-D bond of 2380 for (CH3)3CD and 1190 for CH3CD3. The substantially higher yields from Si-D bonds 
than from C-D bonds suggest that all Si-D bond dissociation energies are appreciably less than 90 kcal/ 
mol. The Si-D bond dissociation energies in CH3SiD3 and (CH3)2SiD2 are each estimated to be approxi
mately 2-3 kcal/mol higher than that in (CH3)3SiD. These differences are substantially smaller than 
those found with the corresponding C-D bonds in alkanes.

Introduction
Energetic tritium atoms are capable of abstracting hy

drogen atoms from all carbon-hydrogen positions, as in 
(1), and the yields of these reactions with alkanes and cy- 
clanes correlate quite well with the accepted bond disso
ciation energies of the corresponding C-H bonds.2-3 Mea
surements with several amines have also shown a similar 
correlation for N-H bonds.4 While studies with CHF3 and 
CH3CD=CD2 have indicated ’’.hat important deviations 
from the C-H correlation are found in comparisons involv
ing rather dissimilar residual R radicals,8-6 comparison of 
the HT yields from molecules with similar residual radi
cals permits estimation of the relative bond dissociation 
energies involved. In connection with studies of all of the 
reactions of recoil tritium atoms with methylsilanes,7-8 we 
have measured the abstraction yields from several kinds 
of silicon-hydrogen bonds. For more accurate comparative 
measurements, we have now carried out abstraction ex
periments in the presence of excess moderators, using 
both C2H4 and N2 in this role.

T* + RH —► HT + R (1)
The abstraction contributions from carbon-hydrogen 

and silicon-hydrogen bonds in the methylsilanes have 
been separated through the utilization as substrates of the 
partially deuterated compounds (CH3)3SiD, (CH3)2SiD2, 
and CH3SiD3, and measurement of the yield of DT, as il
lustrated for (CH3)2SiD2 in reaction 2. These measure
ments confirm that abstraction from silicon-hydrogen 
bonds occurs in higher yields than from most hydrocarbon 
C-H bonds. If the plausible assumption is made that ab
straction from silicon-hydrogen and carbon-hydrogen po
sitions occurs by similar mechanisms, the higher yields 
suggest that the silicon-hydrogen bonds are normally 
weaker than carbon-hydrogen bonds. However, much less 
variation in DT yield, and therefore in apparent bond 
strength, is observed among the primary, secondary, and 
tertiary silicon-hydrogen bonds than among the corre
sponding carbon-hydrogen bonds.

T* + (CH3)2SiD2 — DT + (CH3)2SiD (2)

Experimental Section
Chemicals. The three partially deuterated methylsil

anes were synthesized by the reaction of LiAlD4 with the 
corresponding methylsilyl chlorides.9-10 The LiAlD4 was 
obtained from Merck Sharpe and Dohme and had a stated 
isotopic purity of >99% D; the isotopic purity of the Si-D 
positions was not checked. Each of the methylsilanes was 
purified by preparative gas chromatography using silicone
011 columns.

Preparation and Irradiation of Samples. The samples 
were filled following the standard techniques used in our 
laboratories for gas-phase recoil tritium experiments, rely
ing on neutron irradiation of 3He for the formation of the 
energetic tritium atoms.2*8 Each sample bulb was about
12 ml in volume, and contained 10-18 Torr of 3He, 8-22 
Torr of 0 2, about 50 Torr of methylsilane, and about 700 
Torr of C2H4 or N2. Groups of samples were irradiated si
multaneously in the rotating specimen rack of a Triga nu
clear reactor for about 12 min in a flux of 1012 n/cm2/sec. 
Complete details are given in ref 8.

Radio Gas Chromatography. The isotopic hydrogen 
molecules were separated with a 12-ft activated alumina- 
Chromosorb P column operated at —196°, and assayed by 
routine proportional counting procedures.11-12 The macro-

(1) This research was supported by A.E.C. Contract No. AT(04-3)-34, 
Agreement No. 126, and constituted part of the work submitted by 
A. Hosaka in partial fulfillment of the requirements for the Ph.D. 
degree at the University of California, Irvine.

(2) J. W. Root, W. Breckenridge, and F. S. Rowland, J. C h em . Phys., 
43, 3694 (1965).

(3) E. Tachikawa and F. S. Rowland, J. A m er . C h em . S o c ., 90, 4767
(1968) .

(4) T. Tominaga and F. S. Rowland, J. P hys. C h em ., 72,1399 (1968).
(5) E. Tachikawa, Y.-N. Tang, and F. S. Rowland, J. A m er . C hem . 

S o c ., 90, 3584 (1968).
(6) E. Tachikawa and F. S. Rowland, J. A m er . C h em . S o c ., 91, 559

(1969) .
(7) T. Tominaga, A. Hosaka, and F. S. Rowland, J. Phys. C h em ., 73, 

465 (1969).
(8) A. Hosaka, Ph.D. Thesis, University of California, Irvine, 1971.
(9) A. E. Finholt, A. G. Bond, K. E. Wllzbach, and H. I. Schlesinger, J. 

A m er. C h em . S o c ., 69, 2692 (1947).
(10) C. Eaborn, “Organosilicon Compounds," Academie Press, New 

York, N. Y., 1960.
(11) J. K. Lee, E. K. C. Lee, B. Musgrave, Y.-N. Tang, J. W. Root, and 

F. S. Rowland, Anal. C h em ., 34, 741 (1962).
(12) E. Tachikawa, Ph.D. Thesis, University of California, Irvine, 1967.
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scopic content of 3He was measured for each sample 
through the difference in thermal conductivity between 
3He and the 4He of the flow gas. The yields of HT and DT 
have all been normalized per unit amount of 3He, and are 
thus based on sequential thermal conductivity and radio
activity measurements on the same gaseous aliquot of 
each sample.

Results and Discussion
DT Yields in Excess C2H4. Since the absolute yields of 

hot reactions are dependent upon both the reactivity of 
the particular bond involved and upon the specific energy 
loss processes in each individual molecular system, we 
have followed our standard procedure of making these 
comparisons in the presence of a large excess of some 
moderator-scavenger molecule combination.2-6 The data 
for DT yields from the methylsilanes are given in Table I 
for systems in which C2H4 is the moderator, and for which 
both C2H4 and O2 serve as scavenger molecules for remov
ing thermal atoms and radicals. Although HT was also 
routinely measured, its primary source in these mixtures 
lies in abstraction from C2H4 and the yield for abstraction 
from the CH3 groups in the methylsilanes represents a 
small, very imprecisely measured increment to the HT 
formed by reaction with the moderator. For two of the 
methylsilane samples, the O2 concentration was reduced 
by about a factor of 2, with a measurable increase in the 
observed DT yield as a result. This sensitivity of yield to 
the precise O2 scavenger concentration is typical of very 
weak bonds from which abstraction occurs quite readily. 
In the comparisons made in Table I and Figure 1, these 
low O2 concentration experiments have been excluded.

TABLE I: Specific Yields of DT from Recoil Tritium Reactions 
with Partially Deuterated Methylsilanes in Excess C2H4

Substrate“

Specific DT activity 

Per molecule Per bond
Average yield 
per S i-D  bond

(CH3) 3SiD

(CH3) 2SiD2

CH3SiD3

(CH3) 3CD

C-C4D8
CH3CD3

4,290 ±  70 
4,430 ±  80 
8,090 ±  806
7.580 ±  60 

11,700 ±  90ft 
11,130 ±  90 
10,820 ±  80 
11,210 ±  110

2,410 ±  90 
2,350 ±  80 

12,530 ±  90
3.580 ±  60

4290 ±  70t 
4430 ±  80l 
4050 ±  40 
3790 ±  30 
3900 ±  30 
3710 ±  3Ch 
3610 ±  30 > 
3730 ±  40/ 
2410 ±  90) 
2350 ±  80/ 
1570 ±  20 
1190 ±  20

4360 ±  80 

3790 ±  30

3680 ±  40

2380 ±  90

1570 ±  20 
1190 ±  20

“ Standard sample pressures (Torr): 3He, 18; 0 2, 15; RH, 50; C2 H4 , 
700. 6 These samples contained only 8 Torr of 0 2 and are not included in 
the averages.

Normalization points were measured for several deuter
ated hydrocarbons, irradiated simultaneously and mea
sured under closely normalized conditions: CH3CD3 for 
primary C-D; C-C4D8 for secondary C-D; and (CH3)3CD 
for tertiary C-D. The relative yields of DT per bond sum
marized in Table I show that the DT yields per bond from 
Si-D bonds are all much higher than from any of the C-D 
positions. Further, the relative increase in DT yield from 
progressively more substituted central silicon atoms is

(e.v.)
Figure 1. Relative specific DT yields per bond vs. C -D  or Si-D 
bond dissociation energy. All deuterated bond dissociation ener
gies assumed as 0.12 eV higher than the corresponding Si-H or 
C-H  bond dissociation energies. Si-D in (CH3)3SiD from ref 16. 
Measured DT yields are indicated for (CH3) 2SiD2 and CH3SiD3 
for which no bond dissociation energy values are available.

markedly less than for the comparison hydrocarbons (even 
the absolute increments in yield are less for Si-D than for 
C-D).

Previous experiments have established a correlation 
curve between HT yields for abstraction from RH in 
C2D4, as well as the fact that deuterated positions rou
tinely give lower yields for abstraction than the corre
sponding protonated positions (e.g., HT/DT from CH2D2 
= 1.32 ±  0.01).13 Under our standard conditions, the DT 
yields from C-D positions show essentially the same cor
relation found in the RH-C2D4 systems but shifted to 
higher energies as shown in Figure 1.

The data of Table I have been graphed us. the bond dis
sociation energies of the individual C-D and Si-D bonds 
in Figure 1. Very few C-D bond dissociation energies have 
actually been measured, so that data have been plotted 
vs. the accepted bond dissociation energies, with an esti
mated correction for deutération.14-15 The bond dissocia
tion energies of DC1, DBr, and DI are 0.137, 0.126, and 
0.108 eV higher than those for the respective protonated 
halides, and the few hydrocarbon values seem consistent 
with a spread of this magnitude. Accordingly, we have 
adopted 0.12 eV (2.8 kcal/mol) as an approximate added 
correction for calculation of the bond dissociation energies 
of the deuterated hydrocarbons from the best estimates 
for the corresponding protonated species. It should be 
noted that the yields for abstraction from C-D bonds fit 
rather well to the curve established for abstraction from 
C-H bonds (lower DT yields and higher bond dissociation

(13) J. W. Root and F. S. Rowland, J. A m er . C h em . S o c . , 85, 1021 
(1963).

(14) J. A. Kerr, C h em . R ev ., 66,465 (1966).
(15) See J. W. Root, Ph.D. Thesis, University of Kansas, 1964.
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energies). The implication is that there is very little isotop
ic influence on the mechanistic process of abstraction 
other than those differences already reflected in the in
creased bond dissociation energies of the deuterated 
species.

Substantial disagreement exists concerning the bond 
dissociation energies of Si-H (and Si-D) bonds, with 
values for Si-H in (CH3)3SiH ranging from 81 ±  2 16 to 
8817 kcal/mol, while the more recent values for Si-H in 
SÍH4 are 94 ±  3 18 and 95 19 kcal/mol. The concave up
ward curve through the hydrocarbon data in Figure 1 
would fit smoothly through a value of about 87-88 kcal/ 
mol for Si-D in (CH3)3SiD, corresponding to about 85 
kcal/mol for Si-H in (CH3)3SiH (a value midway between 
the two discrepant literature numbers for the Si-H bond). 
However, no information exists concerning the relative 
yields of DT to be expected from (hypothetical) C-D, Si-D, 
N-D, or O-D bonds of the same bond dissociation ener
gies. Therefore, we do not know how to extend a hydrocar
bon curve to fit silicon-hydrogen bond yield data, and can 
make no legitimate estimate of the absolute bond disso
ciation energies of these Si-D bonds.

Estimates of relative bond dissociation energies can be 
obtained by assuming that the slope of the yield vs. bond 
dissociation energy curve for Si-D will be similar to that 
for C-D bonds. The general uncertainty in this slope leads 
to the estimate that the Si-D bonds in (CH3)2SiD2 and 
CH3SÍD3 are 1.5-2.0 and 1.8-2.4 kcal/mol stronger, re
spectively, than in (CH3)3SiD. The total spread in Si-D 
bond dissociation energies from tertiary to primary is in
dicated as <3 kcal/mol, substantially less than the 7 kcal/ 
mol difference between the tertiary C-H in isobutane 
and the primary C-H in ethane.14

DT Yields in Excess N2. When N2 is used as the moder
ator, together with O2 as the scavenger molecule, a much 
larger fraction of the tritium atoms reacts by abstraction 
of H or D from the substrate molecule. Data for the three 
deuteriomethylsilanes is given in Table II for N2-moderat
ed experiments. The DT yields per bond increase from 
primary to tertiary Si-D more strikingly here than in 
C2H4 moderator systems because there is far less competi
tion for the low-energy tritium atoms in the N2 system. 
The absolute DT yields in comparable samples are more 
than ten times larger in N2 than in C2H4; in C2H4, these 
“ extra” tritium atoms do not find the substrate molecule 
at low energy because they have been removed in prior 
collisions at higher energies by abstraction or addition 
reactions with the olefin itself.

The sums of the HT plus DT observed yields in Table II 
are roughly constant, indicating that approximately the 
same fraction of the total tritium atoms (~  30-40%) reacts 
by abstraction with each of the methylsilane substrates. 
In each case, the per bond specific yield is far greater for 
Si-D bonds than for C-H, since the Si-D bonds are com
petitive with the reaction of T + O2 to much lower tri
tium atom kinetic energies. The absolute observed yields 
of DT increase steadily from (CH3)3SiD to CH3SÍD3, 
demonstrating that three Si-D bonds scavenge low-energy 
tritium more efficiently than one Si-D bond for equal 
numbers of substrate molecules. On the other hand, the 
one Si-D bond in (CH3)3SiD is more efficient than each of 
the three Si-D bonds in CH3SÍD3 taken individually, as 
the latter are all in competition with one another as well 
as with the O2 for the low-energy tritium atoms. In the N2

TABLE II: Specific Yields of HT and DT from Recoil Tritium 
Reactions with Partially Deuterated Methylsilanes in 
Excess Nitrogen

Observed yields6 Specific yields per bondc

Substrate“ HT DT HT DT

(CH3)3SiD 3480 5320 4990 ±  20 68,620 ±  230
(CH3) 2SiD2 2270 6830 5280 ±  40 47,570 ±  180
CH3SID3 1630 9980 6800 ±  50 41,540 ±  120
(CH3)4C 4590 4790 ±  50

“ Standard sample pressires (Torr); 3He, 10: 0 2, 22; RH, 50; N2, 700. 
b HT and DT yields per unit amount of 3He, in arbitrary units. c After cor
rection for chromatographic flow rates, and small variations in actual 
composition.

moderator system, then, the spectrum of recoil tritium 
atoms available to each substrate molecule is dependent 
in part upon the characteristics of the substrate itself, 
making comparisons less significant, especially for those 
reactions which can be initiated by relatively low-energy 
tritium atoms.

The observed HT yields furnish an upper limit to the 
HT yields from the CH3 positions in partially deuterated 
methylsilanes, and would lead to good estimates of the 
bond dissociation energies in each molecule, were it not 
for the isotopic impurity Si-H in the nominally fully deu
terated Si-D positions. The data are not available for ac
curate corrections in N2 moderator systems since we have 
no measure of either the per cent H impurity in Si-D 
bonds or the HT/DT ratio to be expected from such weak 
bonds under N2 moderator conditions. While the HT yield 
of 6800 from CH3SiD3 is suggestive of a weaker C-H bond 
than, for example, in neopentane, an accurate experiment 
would best be done through observation of the DT yield 
from the oppositely deuterated CD3SiH3, for which isotop
ic impurity C-H in the methyl groups would cause only 
a minor effect.

Mechanism of the Abstraction Reaction. Two general 
mechanistic arguments have been presented in explana
tion of the clear dependence of the measured abstraction 
yields upon the bond dissociation energies of the attacked 
C-H bonds in alkanes and cyclanes.2 s-20 Our own pre
ferred explanation is that most of these abstraction reac
tions occur at relatively low tritium atom energies (a few 
electron volts or less), and that the higher yields from 
weaker bonds are a natural consequence of the lower acti
vation energies for those abstraction processes.2-8 The al
ternate proposal is that the H or D atoms are “ stripped” 
off at relatively high energies (generally 10 eV or more), 
and that weaker bonds permit such stripping to occur in 
higher yield.20

The current experiments were not designed with any in
tention to provide information about the relative merits of 
these two mechanistic proposals. Nevertheless, we believe 
that the tenfold higher yields of D from Si-D than of H 
from C-H in Table II, and the general sensitivity of the

(16) S. J. Band, I. M. T. Davidson, C. A. Lambert, and I. L. Stephenson,
C hem . C om m u n ., 723 (1967).

(17) G. G. Hess, F. W. Lampe, and L. H. Sommer, J. A m er . C hem .
S o c .. 87, 5329 (1965).

(18) F. F. Saallfield and H. J. Svec, Inorg. C h em ., 3,1442 (1964).
(19) W. C. Steele, L. D. Nichols, and F. G. A. Stone, J. A m er . C hem .

S o c ., 84, 4441 (1962).
(20) For a review of the proposed stripping mechanism, see R.

Wolfgang, Progr. R ea ct. K inet., 3, 97 (1965).
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yields from Si-D bonds to the concentration of O2 pres
ent, are both completely consistent with our low-energy 
model. On the other hand, abstraction with 30-40% yields 
in moderator systems in which the relatively few collisions 
in the 10-50-eV range are mostly with N2 seems to us to 
make the stripping mechanism an increasingly implausi

ble explanation except for a negligibly small fraction of all 
of the observed events. In any event, the postulate of a 
correlation between DT yields and Si-D bond dissociation 
energies is not mechanism dependent, and the conclusions 
about relative Si-D bond energies are valid whatever the 
mechanistic details of the abstraction process itself.

Electron Paramagnetic Resonance Studies of the Kinetics of the 
Intramolecular Cation Migration Process in Alkali Metal Anthraquinone1

Kuang S. Chen, Takuo Takeshita, Kazuo Nakamura, and Noboru Hirota*

D ep a rtm en t o f  C h em istry , S ta te  U niversity  o f  N ew  York a t S ton y  B rook , S ton y  B rook , N ew  York 11790  (R e c e iv e d  Ju ne 12, 1972 )

Detailed epr studies of the kinetics of the intramolecular cation migration processes in alkali metal an
thraquinone are reported. The analysis of the epr spectra and the determination of the rate constants, 
activation energies, and entropies of activation were made by using the relaxation matrix theory and the 
computer-simulated spectra obtained by the steady-state solutions of the modified Bloch equations. The 
obtained rate parameters were explained in terms of the suggested model of the cation migration process.

1. Introduction
Since de Boer and Mackor discovered the line width al

ternation due to intramolecular cation migration between 
two equivalent sites in anion radicals,2 numerous epr in
vestigations of such processes have been reported.3 Quan
titative measurements of migration rates have been made
in several systems.4 * * * * **11 Nevertheless, there remain several 
questions concerning the migration process.

First, agreements among the values of rate constants,
activation energies, and entropies of activation reported 
by different workers on the same system are rather poor.
Consequently some of the reported values are not very re
liable. Second, although it appears that the entropy of ac
tivation (ASJ) is important in determining the migration
rate and solvation is largely responsible for it, two differ
ent views on the major factors contributing to A St have
been given.10-11 Third, ASJ appears to vary considerably
depending on the system, but it is not completely clear
how ASt depends on the type of system.

In the course of our studies on the spin distributions in
anthraquinone ion pair systems12 we noted that potassium
and sodium anthraquinones undergo cation migration
(Figure 1) with rates suitable for epr studies. It was 
thought that the detailed investigations of the cation mi
gration rates in this system may be helpful in clarifying 
the uncertainties associated with the migration processes 
and in obtaining information about the factors controlling 
the rates. Accordingly, we have made detailed investiga
tions of the migration processes in ethereal solvents and in 
a mixture of THF and DMF.

The epr spectra of ion pairs of anthraquinone are rather 
complex and the accurate determination of the rate pa

rameters are often not trivial. In order to analyze the 
spectra we used Freed-Fraenkel relaxation matrix theo
ry13 in the rapid migration region whenever it was appli
cable, but in most cases we analyzed the observed spectra 
over wider ranges of migration rates with the help of the 
computer-simulated spectra obtained by solving the mod
ified Block equation.14

While our work was in progress two papers concerning 
the anthraquinone anion appeared in the literature.15-16 
However, no detailed studies on the kinetics of the cation 
migration have been reported so far.

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

(2) E. deBoer and E. L. Mackor, J. A m er. C h em . S o c . , 86, 1513 
(1964).

(3) Numerous examples of line width alternation in the epr spectra due 
to intramolecular cation transfer are given In a review article by P. 
D. Sullivan and J. R. Bolton, Advan. M agn. R e s o n a n c e , 4, 39
(1970).

(4) (a) N. M. Atherton and A. E. Goggins, Trans. F araday S o c . , 61, 
1399 (1965); (b) J. C. Chippendale and E. Warhurst, ibid., 64, 
2332 (1968).

(5) A. F. Neiva Correia, Thesis, University of Amsterdam, 1968.
(6) K. Nakamura, Bull. C h em . S o c . Jap., 40, 1019 (1967).
(7) P. S. Gill and T. E. Gough, Trans. F araday S o c ., 64, 1997 (1968).
(8) B. S. Prabhananda, M. P. Khakhar, and M. R. Das, J. Ind. C h em . 

S o c ., 46, 659 (1969).
(9) J. Oakes and M. C. R. Symons, Trans. F araday S o c .. 66, 10 (1970).

(10) E. Warhurst and A. M. Wilde, Trans. F araday S o c . , 67, 605 (1971).
(11) T. E. Gough and P. R. HIndie, Can. J. C h em ., 49, 2412 (1971).
(12) T. Takeshita and N. Hirota, J. A m er . C h em . S o c . , 93, 6421 (1971).
(13) J. H. Freed and G. K. Fraenkel, J. C h em . P h ys., 39, 326 (1963).
(14) (a) H. S. Gutowsky, D. W. McCall, and C. P. Slichter, J. C hem . 

P hys., 21, 279 (1953); (b) H. S. Gutowsky and C. H. Holm, ibid., 
25, 1288 (1956).

(15) A. W. Rutter and E. Warhurst, Trans. F araday S o c . . 64, 2338 
(1968).

(16) T. E. Gough and P. R. Hindle, Trans. F a ra oa y  S o c . , 66, 2420 
(1970).
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Figure 1. Schem e for cation migration and the numbering of 
protons and splittings.

2. Experimental Section
The preparation of most of the samples and the epr 

measurements were made in the usual manner using an 
alkali metal mirror.17 The Li anthraquinone samples were 
reduced by Li-Hg amalgam. Pink colored solutions of an
thraquinone anions were easily obtained, but they were 
converted easily into blue-green solutions of dinegative 
ions when they were in contact with metal for long periods 
of time.

Good concentrations of radical anion can be obtained by 
adding a small amount of neutral molecule to the solution 
of dinegative ions. In order to render the solution free of 
any small particles of precipitate, the radical anion solu
tions were filtered through fritted glass.

The preparation of the sample in the mixture of THF 
and DMF was made by adding a small amount of DMF to 
the sample cell through a vacuum line. Epr measurements 
were made on a Varian V-4502 spectrometer according to 
the procedure already described elsewhere.17

3. Results and Discussions
3.1. Epr Spectra. Most spectra are interpreted as those 

of ion pairs. However the spectra of dissociated ions are 
often observed, particularly at low temperature. The ex
tent of the mixing of free ion spectra increases as the size 
of counter ion increases. In Figures 2-5 some representa
tive epr spectra are shown together with the computer- 
simulated spectra obtained with appropriate rate con
stants. The values of hyperfine splittings were reported in 
a previous paper.12 Both proton and alkali metal split
tings are very sensitive to temperature. The temperature 
dependence of these splittings is shown in Figures 6 and 7. 
A few comments on the characteristics of the individual 
systems are given below.

A. Li-Anthraquinone (Li+A~). Over the entire temper
ature range the spectrum of Li-anthraquinone was found 
to be in the slow-limit region (k -c Awo where Aw* is 
the difference in the hyperfine splitting in the ith proton 
in the structure A and B). Only in the mixture of THF 
and DMF at higher temperature Li+A-  goes into the in
termediate migration region (k ~ Aojj). No free ion spec
tra were detected in this system. No kinetic studies were 
made in this system.

B. Na-Anthraquincne (Na+A~). In THF and DME 
most epr lines are in the slow limit at low temperatures 
(—30° and lower). At higher temperatures some lines are 
in the intermediate to the fast migration limits.

C. K-Anthraquinone in THF and DME (K +A~). At 
room temperature many epr lines are in the intermediate 
region, but at higher temperature they go to the fast 
limit. Lines due to the free ion are very strong at low tem
perature, particularly in DME. This is clearly seen in the 
spectrum shown in Figure 4.

Figure 2. Na-anthraquinone In TH F at 14.4°: (a) experimental 
spectrum, peak Indicated by —*■ is modulated by J, +  J 2 +  2J 12 
and is most sensitive to temperature changes; (b) computer- 
simulated spectrum with k  =  1.11 X  106 s e c - 1 .

Figure 3. Na-anthraquinone in TH F at 44.6°: (a) experimental 
spectrum; (b) computer-simulated spectrum with k  =  2.09 X  
106 s e c - 1 .

D. Cs-Anthraquinone in THF (Cs+A~). This spectrum 
can be explained by assuming the fast migration limit. No 
kinetic studies were made in this system.

3.2. Structure of Ion Pairs. Temperature dependence of 
the alkali metal splittings is shown in Figure 6. It is seen 
that the magnitudes and the temperature dependence of 
the alkali metal splittings of anthraquinone systems are 
very similar to those observed in fluorenone ketyls. There
fore the discussion made concerning the ion pair struc
tures of fluorenone ketyls18 should be applicable to the 
anthraquinone anion case. A MO calculation based on the 
structure shown in Figure 1 can explain the proton hyper
fine splittings and g values reasonably well. As in the case 
of fluorenone ketyls18 cations are located in the vicinity of 
oxygen, but not on the the C = 0  group.

The position of the cation in the ion pairs of small cat
ions is considered to be close to the plane of molecule, but 
deviating toward an on-plane position as the size of cation 
increases and as the temperature is raised.

3.3. Bases of Analysis. In order to analyze the observed 
spectra we have used two methods: (1) comparison of the 
experimental spectra with the computer-simulated spec
tra obtained by the solution of the modified Bloch equa
tion14 with appropriate migration rates and (2) use of the 
Freed-Fraenkel relaxation matrix theory13 whenever cer-

(’ 7) N. Hirota, J. A m er . C h em . S o c ., 89, 37 (1967).
(18) K. S. Chen, S. W. Mao, K. Nakamura, and N. Hirota, J. A m er.

C h em . S o c ., 93, 6004 (1971).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 77, N o . 5 , 1 9 7 3



710 Chen, Takeshita, Nakamura, and Hirota

Figure 4. K-anthraquinone in THF at 10.5°: (a) experimental 
spectrum, —* indicates the peak position for free ion spectrum, 
—* indicates the peak with J q modulation, (b) computer-simu
lated spectrum for ion pair only (k =  2.02 X 107 s e c -1 ); (c) 
computer-simulated spectrum obtained by the superposition of 
ion pair spectrum with small amount of free ion spectrum.

Figure 5. K-anthraquinone in THF at 49.1°: (a) experimental 
spectrum; (b) computer-simulated spectrum with k =  6.28 X
107 se c -1 .

tain well-separated peaks can be treated as being in the 
fast limit. The bases of these analyses are given below.

(1) Modified Bloch Equation, 1 4  The steady-state solu
tion of the modified Bloch equation for anthraquinone ion 
pair undergoing cation migration is given by
G = Ga + Gb =

-■^iyeHiMoT
(2 +  rqA) 1 +  (2 +  raB) 1 

1 — (2 +  ra A) 1 — (2 +  raB)_1 (1)

Here we follow the standard notations for G, a, and r . 1 4  r 
is given by r = 1 /k.

The computer program for the solution of this equation 
was written assuming T2 ,o(A) = T2 ,o(B) (T 2 for A and B 
in the absence of cation migration) and the spectra were 
simulated for various values of k and the hfs, ai, a2, a3, 
and 0 4 . The computer program used in this work is very 
similar to that by Sullivan and Bolton, 3  but slightly mod
ified to save computing time.

Temperature C

Figure 6. Temperature dependence of alkali metal splittings of 
anthraquinone (A , Li in THF; • , Na in DME; O, Na in THF;
□  , K in THF; X, Cs in THF) and fluorenone ( -------, Li in THF; -
------ , Na in THF;----------, Cs in THF).

(2) Relaxation Matrix Theory.13 The Freed-Fraenkel 
relaxation matrix theory was applied to the cation jump 
process. Assuming that the process is two jumps and fol
lowing the standard procedure of the relaxation matrix 
theory already described elsewhere,13 we obtain the line 
width formula for the line broadening of the resonance 
peaks. They are given by
A «  = (1/T2) -  (1 /7y0) =  J i { M 1 -  M 4Y  +

J2(M2 -  M3y  + 2J12(M1 -  M4) (M2 -  M3) (2)
where

Ji = lk  Ye2(ai "
J2 = '/a Ye2(«2 -  a 3) 2T 

j 12 = % Ye2(ai -  a 4) {a 2 -  a s h
and
1/T2 = (1/T2i0) + \  y/U M K  -  a4Y (M 4 -  M4Y  +

(a2 -  a3Y (M 2 -  M 3Y  +

2(a1 -  a4)(a2 -  a3)(M1 -  M4)(M2 -  M3)] (3)
Here Mi, M2, M3, and M4 are given by Mi = m3 + mT, 
M2 = m2 + m2', and so forth, mi, m3 , and others are the 
magnetic quantum numbers of respective protons. Au> 
were calculated from the comparisons of intensities as
suming Lorentzian line shape. However, overlapping of 
lines with different M sometimes takes place. In order to 
make accurate intensity comparisons, computer-simulated 
spectra with the trial values of Aco were compared with 
the experimental spectra.

For the kinetic studies peaks which overlap least with 
others and are in the region of appropriate modulation 
ranges were selectively used. Usually the intensities of 
these peaks and the one which is not affected by the cat
ion migration were compared. The sets of peaks used for 
kinetic measurements are tabulated in Table I together 
with the modulation associated with these peaks.

3.4. Calculation of Rate Constants. (1) Temperature 
Dependence of the Proton Splittings and the Estimates of 
ai, a2, 0 3 , and a4. In order to make accurate determina
tions of the migration rates the proton splittings, 0 1 , a2, 
03, and 0 4  have to be determined correctly. This, of 
course, is trivial if all lines are in the slow migration lim
its, and can be determined directly from epr spectra. At
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TABLE I

Peaks used
Temp range of

Systems M 2 M 3 Modulation kinetic measurements

A +  Nain THF 0 0 -1
-1 - 1 0

0 0 1
1 1 0

A +  Na in DME 0 0 -1
- 1 - 1 0

0 0 1
1 1 0

-1 -1 -1
0 - 1 -1
1 1 1
0 1 1

A +  Na + -1 - 1 -1
4.79 mol % DMF 0 -1 -1
in THF 1 1 1

0 1 1
A +  K -1 - 1 - 1

in THF and DME 0 - 1 -1
1 1 1
0 1 1

Figure 7. Temperature dependence of proton splittings: , Li;
---------, Na; ........... , K; +  indicates the observed splittings; X
indicates the splitting obtained by the best fits of the simulated 
spectra to the experimental spectra.

low temperature in sodium systems these splittings can be 
determined in this way. However, in other systems spec
tra are in the intermediate or rapid migration region and 
these splittings cannot be determined directly. As shown 
in Figure 7 proton splittings are quite temperature depen
dent. Therefore the values determined at low temperature 
cannot be used at higher temperatures.

Proton splittings in Na-anthraquinone system change 
linearly with temperature over the range from —20 to

- 1 J 1 +  _/2 +  2J 12 +  15 ~  +50°
0 almost temp
1 incependent
0

-1 J 1 +  J2 +  2J-I2 - 1 0 ------40°
0 almost temp
1 incependent
0
0 J i strongly +  60 ~  +80°

-1
0
1
0

temp
dependent

J 1 strongly +  15 ~  +55°
-1

0
1
0

temp
dependent

J 1 strongly +  10 ~  +50°
-1 temp

0
1

dependent

-95° as shown in Figure 7. The values at higher tempera
tures were first estimated by the extrapolation of the low- 
temperature values anc then checked by comparison be
tween the observed spectra and the simulated ones. The 
values best fit to the observed spectra were used for the 
calculation of kinetic parameters. In the case of potassium 
systems, spectra are mostly in the intermediate region ex
cept at very low temperatures. Therefore, proton split
tings cannot be determined directly from the observed 
spectra. However, the detailed features of the simulated 
spectra are very sensitive to the choice of splittings as well 
as the migration rates. Therefore, splittings for potassium 
systems were determined from the best fit between the 
simulated spectra and the experimental spectra. These 
values are given in Figure 7.

The broadening due to the migration process in the fast 
exchange region is proportional to terms such as (ai -  
a4)2, (o 2 ~  GE3 )2, and (d i -  a4) (a 2 -  a3). Over the temper
ature range from -80 to +50°, (ai -  a4)2 changes from 
~0.5 to ~1.35 G2 in the case of sodium system in THF 
and from ~0.25 to ~0.60 G2 in the case of potassium sys
tem in THF. Other values change similarly. Therefore, it 
is very clear that the rates determined without taking into 
account of the temperature dependence of the proton 
splittings could be erroneous.

Similar temperature dependence of the proton splittings 
has been found in other semiquinone systems in recent 
studies by Gough and Hindle,11 as well as those made in 
our laboratory.19 It is our belief that one of the major 
causes of the discrepancies among the reported values of 
migration rates is due to failure to recognize the tempera
ture dependence of the modulation amplitude caused by 
the temperature dependence of the proton splittings.

(2) Estimates of l/T2.o- 1/T2.0 was estimated from the 
measurement of the line width of the peak with Mi = 1, 
M2 = 1, M3 = 1, and M4 = 1. 1/T2,0 of this peak is not 
affected by the cation migration.

(3) Calculation of Rate Constants. Whenever possible 
approximate values of rate constants were first estimated
(19) K. S. Chen and N. Hirota, J. A m er . C h em . S o c . , 94, 5550 (1972).
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TABLE II: Rate Parameters tor the Intramolecular Cation Migration in Anthraquinone Ions

System

N a+A “ 4.79 mol %
Data N a+A “ THF Na+ A “ DME DMF in THF K + A “ THF K + A “ DME

£a, kcal/mol 4.
Log A a 9.
k293, sec" 1 1.
A S °t  eu -1 8 .
AG°J, kcal/mol 9,
A H ° t,  kcal/mol 3.

“ A units are in sec“ 1.

0 ±  0.3 3.7 ± 0 . 3
1 ±  0.2 9.6 ±  0.2
38 X  106 7.80 X  106
8 ±  1.0 - 1 6 . 6  ±  1.0
1 ± 0.1 8.0 ± 0.1

,5 ±  0.3 3.1 ±  0.3

1 / T

Figure 8. Log k vs. 1 /T  plots for cation migration in anthraqui
none (from bottom to top): Na in THF; Na in DME; Na in THF 
plus 4.79 mol % of DMF; K in THF; K in DME.

by the relaxation matrix method. The estimated rate con
stants and the splittings were put into simulation program 
and the entire spectra were compared with the experi
mental spectra. The rate constants and the splittings were 
adjusted until the best fit was obtained. Generally the 
rate constants determined by the relaxation matrix theory 
agree within 10% with the rate constants which best sim
ulate the experimental spectra.

The overall agreement between the observed spectra 
and those simulated by the solution of the modified Bloch 
equation was found to be excellent as shown in Figures
2-5, indicating the appropriateness of the use of the modi
fied Bloch equation in treating this type of problem. The 
determined rate constants at various temperatures for five

4.7 ±  0.7
10.7 ±  0.5
I .  82 X  107
II . 6 ±  2.0

7.6 ±  0.1
4.1 ±  0.6

5.3 ±  0.7
11.4 ±  0.5 
3.18 X  107 

- 8 . 5  ±  2.0
7.2 ±  0.1
4.7 ±  0.6

4.9 ±  0.7
11.2 ±  0.5 
4.54 X  107 

-9 .1  ±  2.0 
7.0 ±  0.1
4.3 ±  0.6

different systems are plotted in Figure 8. As seen from the 
figure the plots of log k us. 1/T give quite satisfactory 
straight lines over relatively wide temperature ranges.

The activation energies and preexponential factors were 
determined from these plots. The values of A Hi, ASÍ and 
AGÍ were also determined by using the usual transition 
state expression.20 These values are tabulated in the 
Table II. Several noteworthy observations are described 
below.

A. Pure Solvents. From Table II it is quite clear that 
ASÍ plays an important role in determining the transfer 
rates. The order of Ea does not follow the order of reaction 
rates. The values of activation energy (Ea) are relatively 
small, being 3.7 ~  5.3 kcal/mol, but smaller Ea were 
found for the systems with slower migration rates. Quite 
large negative ASÍ were found for the Na systems but 
ASi for the K systems are much smaller. Large negative 
entropy indicates increased solvation in the transition 
state.

B. Mixed Solvents. It is known from our previous stud
ies18 that DMF preferably solvates to the cation in the 
mixtures of ethereal solvents and DMF. In the mixture of 
5% DMF about 60% of ion pair is DMF solvated. Thus the 
mixture of THF and DMF is useful in seeing the effect of 
solvation of cation on the migration rates. A striking in
crease of the migration rates was found upon DMF solva
tion. The conversion rate between DMF solvated and un
solvated ion pairs are faster than the intramolecular mi
gration process. The apparent rate constant k for migra
tion is given by

k = k j s + kufu (4)
where fs and / u are the fractions of DMF solvated pair and 
unsolvated pair and ka and ku are the cation migration 
rates for each species. The increase of the rate constants 
in the DMF mixture indicates ks ~  20feu. Then the sec
ond term in the above expression is negligible and the 
thermodynamic parameters given in Table II represent 
those for DMF solvated pairs. It is shown that the de
crease in ASÍ is primarily responsible for the increase.

3.5 Factors which Control the Migration Rates. The 
value of ASÍ obtained for anthraquinone systems in THF 
and DME are —16 ~  19 eu for sodium and —8 ~  —10 eu 
for potassium. These values are close to those for duroqui- 
none systems reported by Gough and Hindle very recent
ly.11 For a given solvent the value of Ea (or A Hi) is small
er for sodium systems than for potassium systems, al
though the migration rates are faster in the potassium 
systems. The major contributions to ASi and EH1 may be

(20) I. Amdur and G. G. Hammes, “Chemical Kinetics, Principles, and 
Selected Topics," McGraw-Hill, New York, N. Y. 1966, p 65.

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o i. 77, N o . 5 , 1 9 7 3



Kinetics of Intramolecular Cation Migration 713

In itia l state Transition state Final state

Figure 9. Schematic presentation of the model of cation migra
tion with solvent shared transition state. Arrow indicates solvent 
dipole.

divided into the following for the purpose of discussion
AS* =* ASA-S* +  ASc-s*

AH* =* AHC_ /  +  AHc_* +  AHa_*
Here the subscripts A-S, C-S, and C-A indicate the con
tributions from anion solvation, cation solvation, and cat
ion-anion interaction. The negative entropy of activation 
indicates that the degree of solvation increase at the tran
sition state. This can arise from (1) the increased solva
tion to anion and (2) the increased solvation of cation. 
The former was emphasized by Warhurst and Wilde,10 
while the latter was suggested by Gough and Hindle.11 
The changes in the solvation are schematically shown in 
Figure 9.

When the cation moves away from the oxygen, solvation 
to anion is expected to increase. Our recent MO calcula
tion does indicate that there is significant solvation of the 
carbonyl oxygen not associated with metal ion by THF.19 
Thus negative ASIa-s is expected. However, contrary to 
the suggestions made by Warhurst and Wilde, we think 
that this contribution does not change much depending on 
the cation for the following reasons. Warhurst and Wilde 
suggested that the negative charge density at the oxygen 
atom not associated with cation changes substantially de
pending on the size of cation. In order to see whether or 
not the charge densities on the oxygen are significantly 
altered by changing the cation from sodium to potassium, 
we made MO calculations of the charge densities on the 
oxygen. Our calculation indicated that the difference in 
charge densities at the oxygen between the potassium and 
the sodium systems are less than 4% of the total charge 
density on the oxygen. We think this difference is not suf
ficient to cause the observed large differences in ASt in 
going from the potassium to the sodium systems. Thus 
the large decrease in ASt in going from the potassium sys
tem to the sodium system is considered to be due to

AStc-s. It is well known that the solvation of cation by 
ethereal solvent strongly depends on the size of cation.21 
It is also known that large entropy changes (~  -30 eu) 
are associated with the changes from contact to solvent 
separated ion pairs in sodium naphthalenides.22 There
fore, a large negative Atc-s can accompany the migration 
process depending on the structure of the transition 
states.

The ion pair structure of anthraquinone is considered to 
be the contact type.12A« However, the cations are solvat
ed. If the transition state is the contact type ASJc-s could 
be positive because of the less space available for solva
tion. On the other hand, if the transition state is a solvent 
shared or solvent separated structure, a negative ASJc-s is 
expected for the following reasons. First, more space for 
solvation is available. Second, when the cation is attached 
to the oxygen, the negative charge on the oxygen reduces 
the effective charge and solvation of the cation (in other 
words, solvents are less tightly bound to cation because of 
the less effective positive charge). This effect is stronger 
for cations of smaller size.23 When the cation is removed 
from a position near oxygen and forms a solvent shared or 
separated ion pair, solvation to cation can increase sub
stantially because neighboring negative charge has less 
effect. We think that the contribution of ASIc-s is respon
sible for the large negative ASt in the sodium system and 
that the transition state is a solvent shared type as shown 
in Figure 9.

The above argument is also consistent with the cation 
dependence of AHt. A fit a-a is probably large and positive 
but AH1a-s is expected to be negative. AHtc-s depends on 
the structure of the transition state, but is expected to be 
negative if the cation is more solvated at the transition 
state. Larger negative values of AH$c-s due to stronger 
solvation of sodium ion can make AHt smaller for the so
dium system than for the potassium system.

The importance of the cation solvation in determining 
the migration rates is also clearly demonstrated by the 
large increase of the migration rates caused by the solva
tion of sodium ion by DMF. DMF solvation of cation 
changes the solvation of THF both at the initial and the 
transition state and reduces | ASJc-s|.
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Dielectric Studies. X X X III. Establishment of Acetyl Group 
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The dielectric absorption of five or six microwave frequencies of acetophenone, co,o),a>-trifluoroacetophe- 
none, and all four p-haloacetophenones in cyclohexane solution at 40° has been determined. Acetophe
none has also been examined in the same solvent at 25°. For aj.uj.aj-trifluoroacetophenone the predomi
nant process detectable is molecular relaxation while for the p-haloacetophenones the identifiable pro
cess is largely group relaxation. Acetophenone, however, is a case in which both relaxation processes 
yield appreciable contributions to the dielectric absorption which is detectable in the microwave region. 
A procedure is outlined where for para-substituted acetophenones—by the choice of a suitable substitu
ent in that position—the dielectric absorption can be arranged to be principally group relaxation.

Introduction
Several dielectric studies have been made on acetyl 

group substituted aromatic molecules.2-3 One of the first 
was by Fischer,2 on acetophenone at a single wavelength 
of 4.5 m, who compared the observed relaxation time with 
that of an estimated molecular relaxation time. Since the 
observed relaxation time was only slightly shorter, Fischer 
concluded that there was a slight indication of intramo
lecular relaxation of the acetyl group. A more rigorous study 
of acetyl group rotation was made by Fong and Smyth3 
who examined the molecules p-phenylacetophenone, 2- 
acetonaphthone, 4-acetyl-o-terphenyl, and p-diacetylben- 
zene at three microwave frequencies and three to five 
temperatures. In each case there was found to be a small 
contribution ( —15%) of the total dielectric absorption 
from acetyl group rotation. With such a small weight fac
tor on the group relaxation process it must now be consid
ered difficult to be sure whether group relaxation is in fact 
taking place, especially since there may be a weak contri
bution to the dielectric absorption at the high-frequency 
side of the microwave region; this absorption corresponds 
with the tail end of a broad band exhibited by most (if 
not all) liquids somewhere in the 5-150-cm_1 region of the 
far-infrared.4 Thus, with the possibility of such a contri
bution to the dielectric absorption it becomes imperative 
to establish group relaxation by this approach with great 
care when the analysis from the Budô equation5 yields a 
small C2 value. In fact, Klages and Krauss6 in a recent 
study on acetophenone, p-chloroacetophenone, and p-di- 
acetylbenzene in nonpolar solvents concluded that the 
acetyl group is rigid. If this conclusion is correct, then it 
would seem unlikely that acetyl group relaxation would 
occur in, for example, p-phenylacetophenone and 2-aceto- 
naphthone where the conjugation is greater than in aceto
phenone, and the energy barrier about the C a i ip h a t ic -  

C a r o m a tic  bond is likely to be greater and the molecule, 
consequently, more rigid.

It was the intention of our study to examine molecules 
where the calculated weight factor ( C 2 )  for acetyl group 
relaxation is varied from ~ 0.8 to ~0 by a suitable choice 
of substituents. The most interesting case is when C2 3> 
C i  since the group relaxation, if it occurs, can then be 
studied more precisely. By examining a number of such

cases for substituted acetophenones of differing sizes and 
comparison of their observed relaxation times with the 
molecular relaxation time of a rigid molecule of corre
sponding shape and size, it should become feasible to es
tablish whether acetyl group relaxation is taking place.

From bond and group moment calculations of C 2  three 
systems suitable to this type of study are (i) a>,a>,co-trifluo- 
roacetophenone ( C 2  ~  0), (ii) acetophenone ( C i  ~  0.4), 
and (iii) p-haloacetophenones ( C 2  ~  1.0). In addition, this 
study ought to indicate the adequacy or otherwise of such 
estimations.

For this investigation cyclohexane was chosen as sol
vent, since it is one of the most inert, while 40° was pre
ferred to room temperature, since this would tend to less
en any possible dipolar association of the solute mole
cules. Acetophenone was also examined in this solvent at 
25°.

Experimental Methods
Apparatus. The apparatus and techniques employed 

have been described previously7-8 and the errors as
sessed.9 The dielectric constant (t') and loss factor (e") 
were determined by a bridge method at some of the fol
lowing frequencies: 70.0, 35.11, 23.98, 9.313, 16.20, and 6.70 
GHz. For p-iodoacetophenone the frequency 1.9 GHz was 
also employed. The static dielectric constant {to) was 
measured with a heterodyne beat apparatus at 2 MHz.

Purification of Materials. With the exception of p- 
iodoacetophenone these commercially available liquids 
were dried prior to distillation and then distilled by using 
a (30 theoretical plates) spinning band column, and a 
small center fraction was collected and then stored over a

(1) Correspondence should be addressed to 44 Park Town, Oxford, 
England.

(2) E. Fischer, Z. N aturtorsch . A. 9, 695 (1954).
(3) (a) F. K. Fong and C. P. Smyth, J. A m er . C h em . S o c .. 85, 548

(1963); (b) F. K. Fong and C. P. Smyth, ibid., 85, 1565 (1963).
(4) M. Davies, G. W. F. Pardoe, J. E. Chamberlain, and H. A. Gebble, 

Trans. F araday S o c .. 64, 847 (1968).
(5) A. Budo. Phys. Z . 39, 706 (1938).
(6) G. Klages and G. Krauss, Z. N aturtorsch . A, 26, 1272 (1971).
(7) W. F. Hassell, M. D. Magee, S. W. Tucker, and S. Walker, T etra h e

dron. 20, 2137 (1964).
(8) D. B. Farmer and S. Walker, T etrahed ron , 22, 111 (1966).
(9) M. D. Magee and S. Walker, Trans. F araday S o c .. 62, 3093 (1966).
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suitable drying agent in darkened glassware. The p-iodoa- 
cetophenone was vacuum-distilled and recrystallized. The 
observed boiling and melting points compared well with 
literature values, and gas-liquid partition chromatography 
could not then detect impurities in these compounds.

Results
The evaluation of the high-frequency dielectric constant 

(f „), distribution coefficient (a), mean relaxation time 
( t o ) ,  discrete relaxation times (ri and 7-2 ), weight factors 
(Ci and C2 ), and dipole moment ( n)  has been described 
previously.8 The use of Debye distributions to analyze the 
dielectric data of dilute solutions can be defended empiri
cally and theoretically10 and has been confirmed by ex
periment.9 If the dielectric data are analyzed into contri
butions from two relaxation times, t\ and 7-2, then the 
values of the dielectric constant (e'caicd) and the loss 
(C'caicd) calculated from the ri, T2 , and Ci values5 have 
to correspond with the measured values within the limits 
of the appropriate experimental error.9 In fact, for the sys
tems listed in Table I there is, in general, good agreement 
between the calculated and experimental values within 
the limits of experimental error. It should be noted that it 
might prove equally feasible to analyze the results in 
terms of a mean relaxation time (to) and a distribution 
parameter (a), where both this approach and the Budo 
one (i.e., analysis into rj, T2, and Ci) yield calculated 
values of the dielectric constant and loss which correspond 
with the observed ones within experimental error. How

ever, the Budo analysis is acceptable only if a plausible 
physical mechanism can be associated with the evaluated 
parameters.11

For the computer analysis on the data of acetophenone 
Ci was fixed at 0.33, while for the p-haloacetophenones a 
value of 0.25 was employed (see later). The analyses are 
given in Table II together with the mean relaxation time, 
weight fraction, dipole moment, static and high frequency 
dielectric constant, and distribution coefficient.

Discussion
If the mono- and para-substituted acetophenones exhib

it two relaxation times ri and T2, the possible candidates 
for these processes are (i) molecular relaxation for ri and 
group relaxation for T2 and (ii) molecular relaxation about 
more than one axis. The latter can be ruled out since pre
vious studies have shown that for such small molecules 
the relaxation data cannot be analyzed into relaxation 
contributions about different axes.12 Thus, we shall now 
consider whether process i is a reasonable candidate for 
the interpretation of the dielectric data.

If relaxation of the acetyl group is detectable in the fre
quency range employed, then the weight factors Ci and 
C2 of the molecular and group relaxation times in aceto
phenone will depend on the angle, 8, that the molecular 
dipole moment subtends with the long axis of the mole
cule (between the carbon-l-carbon-4 axis in the benzene 
ring). If  ̂ is the dipole moment of the molecule, then m 
= fi cos 8 and ¿12 = M sin 8 while C1/C 2 = (mi/ w )2 and Ci 
+ C2 = l .13 One way of evaluating 8 is from the knowl
edge of the dipole moment of a para-substituted acetophe
none. This will be the resultant of contributions from the 
group moments of the acetyl group and that of the para: 
substituent. If the group moment of the para-substituent 
is in a direction along the -ong axis of the molecule and 
away from the molecule, taen the resultant dipole mo

ment is found from the equation 
p(p-X-acetophenone)2 = [p(acetophenone)2 +

p(C6H5X)2 -  2p'acetophenone)p(C6H5X) cos 6]^2

where X is the parasubsutuent and 8 is the angle that the 
moment of the acetyl group subtends with the long axis of 
the molecule. This value of 8 may be taken as equal to 
that in acetophenone if there is but little mesomeric in
teraction between the acetyl group and the parasubst- 
ituent. By taking the moment of 4-bromoacetophenone in 
p-xylene at 15° to be 2.27 D and the moments of aceto
phenone and bromobenzene14 under the same conditions 
to be 2.83 and 1.59 D, respectively, the resulting angle 6 = 
53° 15'. Similar calculations using 4-chloroacetophenone,
4-acetylpyridine, and 4-nitroacetophenone as the para- 
substituted compound yield 54° 23', 52° 32', and 55°. An 
angle 8 = 54° (the appropriate mean of the above) pro
duces a molecular weighting factor for acetophenone of 
0.33. In a similar way the molecular weighting factor for 
p-bromoacetophenone turns out to be zero. This would 
suggest that the p-haloacetophenones are ideal com
pounds for studying intra-molecular rotation (C2 ~  1) if it 
is detectable in the frequency range employed. The above 
method of determining 8 does assume that there is no 
mesomeric interaction between the acetyl group and the 
para-substituent. The fairly constant value of 8 from the 
various para-substituents supports such a concept.

The dielectric data of acetophenone were analyzed with 
a fixed Ci value of 0.33 to determine whether this yielded 
a reasonable value for the molecular relaxation time. The 
values for ri and t2 obtained for acetophenone are listed 
in Table II. A molecular relaxation time of 17 x 10~12 sec 
for acetophenone in cyclohexane at 25° seems at least of 
the correct order when compared with the value of 14 X  
10 12 sec for anisole in p-xylene15 at the same tempera
ture, since the anisole is a slightly smaller molecule of fairly 
similar shape.

The Ci value of acetophenone was also calculated for 
acetophenone by the bond moment procedure employing 
data given in Smith,16 and this yielded a value of 0.51. A 
number of computer analyses were carried out on the ace
tophenone data for a number of fixed values of Ci, and it 
would seem that Ci = OA2 ± 0.1 would provide an ac
ceptable value for the molecular weight factor. This 
value of Ci is in agreement with the mean value calculat
ed from bond and group moment data.

To establish the ri of acetophenone more precisely 
ai,a),a)-trifluoroacetophenone was examined at the same 
temperature in the same solvent. Bond and group mo
ment calculations on co,a),uj-trifluoroacetophenone indicate 
that this has a high Ci value (— 1) and thus n  —► r0. This 
molecule is similar in shape to acetophenone and only 
slightly larger since the van der Waals radii17 of fluorine

(10) C. J. F. Bottcher, “Theory of Electric Polarization," Elsevier, Am
sterdam, 1952, pp 374-378.

(11) F. K. Fong and C. P. Smyth, J. C h em . P hys., 40, 2404 (1964).
(12) J. Crossley and S. Walker, Can. J. C h em .. 46, 2369 (1968).
(13) E. L. Grubb and C. P. Smyth, J. A m er. C h em . S o c .. 83, 4873 

(1961).
(14) A. L. McClellan, "Tables of Experimental Dipole Moments,” W. H. 

Freeman and Co., San Francisco, Calif., 1963,
(15) D. B. Farmer, Ph.D. Thesis, University of Aston In Birmingham, En

gland, 1967.
(16) J. W. Smith, “Electric Dipole Moments," Butterworths, London, 

1955.
(17) L. Pauling, “The Nature of the Chemical Bond,” Cornell University 

Press, Ithaca, N. Y., 1960.
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TABLE I: Dielectric Constant and Loss Data for Acetophenone, a),&),w,-Trifluoroacetophenone, and p-Haloacetophenones in 
Cyclohexane Solution at Specified Weight Fractions (1*2)“

Solute W2 /, °C Frequency, GHz er e" £ calcd calcd

Acetophenone 0.02030 25 70.0 2.040 0.027s 2.04s 0.025s
35.11 2.052 0.0377 2.05s 0.042s
23.98 2.06e 0.0502 2.070 0.0504
16.20 2.09g 0.0532 2.08s 0.053s
9.313 2 .1 1 a 0.0476 2 .1 1 s 0.0477
6.7 2 .1 2 3 0.0400 2 .1 2 7 0.0406

Acetophenone 0.02168 40 70.0 1.99s 0.033, 2 .0 1 7 0.0313
35.11 2.03s 0.046! 2.037 0.047s
23.98 2.05, 0.0534 2.05s 0.0526
16.20 2.07; 0.0536 2.074 0.0517
9.313 2.092 0.0442 2.097 0.0422

ei,<<j,i<j-Trifluoroaceto- 6.7 2 .IO5 0.0346 2.1 C6 0.034s
phenone 0.02541 40 70.0 1.98s 0 .0 2 2 0 2 ,0 C6 0 .0 2 0 o

35.11 2 .0 1 1 0.035? 2 .OI4 0.036,
23.98 2.022 0.046s 2.02s 0.047s
16.20 2.044 0.0603 2.042 0.058s
9.313 2.06s 0.0640 2.076 0.0647

p-Fluoroacetophenone 0.03800 40 35.11 2.036 0.044s 2.037 0.044,
23.98 2.04s 0.0507 2.053 0.0515
16.20 r° b 00 0.052s 2.073 0.052s
9.313 2.098 0.0433 2.09s 0.0433
6.70 2.109 0.0347 2.10s 0.034s

p-Chloroacetophenone 0.04400 40 70.0 2.024 0.025s 2.02, 0.024s
35.11 2.033 0.0403 2.03s 0.041s
23.98 2.050 0.0502 2.050 0.0503
16.20 2.07s 0.054, ro b -j 0 0.054,
9.313 2.096 0.048s 2.096 0.0483

p-Bromoacetophenone 0.04308 40 70.0 2.258 0.018o 2.25s 0.018?
35.11 2.270 0.0343 2 . 2 6 4 0.034,
23.98 2.27s 0.0417 2.274 0.0436
16.20 2.293 0.0522 2.29, 0.051,
9.313 2.31s 0.0503 2.3j 9 0.0506
6.70 2.337 0.043s 2.338 0.0443

p-lodoacetophenone 0.03482 40 35.11 2.01s 0.0193 2016 0.0194
23.98 2.024 0.0236 2.023 0.0236
16.20 2.03s 0.0272 2.03, 0.025e
9.313 2.043 0.023s 2.044 0.023s
1.9 2.06o 0.01 1 2 2.062 0.009s

0 *' and t "  are the measured values while e'Caicd and e"Caicd are the values estimated from t,, t2, and C, values in Table II.

and hydrogen are 1 .35  and 1.2 A, respectively. The to 
value for this molecule in cyclohexane at 4 0 °  is 16 X  1 0 - 12 
sec (see Table II) and may be taken as a good approxima
tion to the molecular relaxation time value. This is to be 
compared with the value of 14 X  10 12 sec obtained from 
the analysis of the acetophenone data in cyclohexane at 
4 0 ° . Thus the observed relaxation time value for cu,o>,u)-tri- 
fluoroacetophenone supports our analysis of the acetophe
none data as being a reasonable one, providing the true 
value of Ci is approximately unity, as both bond and 
group moment calculations indicate. Fortunately the p- 
haloacetophenones provide a means of assessing the valid
ity of such calculations for acetophenone and probably for 
its derivatives.

For all the p-haloacetophenones the Ci values calculat
ed from group and bond moments are respectively 0 and 
0.25. Thus, if Ci is of this order, then the observed relaxa
tion time would tend to approximate to the value of that 
for group relaxation (t.e., r0 — t2) which is roughly the' 
case in Table II for the p-haloacetophenones even when 
the Ci value is 0.25 as opposed to zero when t2 = to. In 
Table II it is striking how similar are the t0 values of p-

fluoro-, p-chloro-, p-bromo-, and p-iodoacetophenone in 
cyclohexane at 40°, the values being respectively, 8.7, 10,
11.4, and 11.4 X 10~12 sec. These values are to be con
trasted with the molecular relaxation time values for flu- 
oro-, chloro-, bromo-, and iodobenzene which in p-xylene 
at 15° are 6.8, 10, 14, and 18 X 10~12 sec.18 Thus, as the 
halogen atom increases in size (the van der Waals radii17 
being 1.35, 1.80, 1.95, and 2.15 A, respectively), the relax
ation time exhibits an appreciable increase, altering by 
more than 100% from the fluorine to the iodine deriva
tives. In fact, for monohalobenzene compounds the molec
ular relaxation time is proportional to the cube of half the 
distance measured across the long axis (between the halo
gen and C-H group in the para position).18 Hence varia
tion in the size in the p-haloacetophenones on passing 
from the fluoro to the iodo derivatives .should produce a 
much greater alteration in the molecular relaxation times 
than the variation seen in the observed relaxation times. 
There can be little doubt from the near constancy of the

(18) W. F. Hassell and S. Walker, Trans. F araday S o c . . 62 2695 
(1966).
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TABLE II: Relaxation Times, Distribution Parameter (a), Static Dielectric Constant (c0), Dielectric Constant at Very High Frequency 
( U i  and Dipole Moment (p) for Solutions of Weight Fraction w2 at Temperature t (°C) for Molecules Containing Acetyl Groups or 
Substituted Acetyl Groups0

Compound t, °C w 2 TO T1 T2 c, a «0 m. d

Acetophenone 25 0.02030 10.2 17 7.8 0.33 0.05 2.147 2.033 2.82
40 0.02168 8.0 14 6.0 0.33 0.03 2.120 2.006 2.84

co,o),co-Trifluoro-
acetophenone6 40 0.02541 15.6 0.01 2.134 2 .OO2 3.40

p-Fluoroaceto-
phenone 40 0.03300 8.7 12 7.9 0.25 0.01 2.121 2 .OI3 2.24

p-Chloroaceto-
phenone 40 0.04400 10 18 8.6 0.25 0.03 2.125 2.01s 2.25

p-Bromoaceto-
phenone 40 0.04308 11.4 26 9.3 0.25 0.04 2.097 2.006 2.31

p-lodoacetophenone 40 0.03482 11.4 35 9.0 0.25 0.09 2.065 2 .OO7 2.33

“ The solvent in all cases is cyclohexane. Relaxation time values have been multiplied by 1012. s The dielectric data of w,a>,u>-tnfluoroacetophenone 
may be analyzed to give n  =  16 X 10-12 sec, r2 =  2.5 X 10” 12 sec, and C1 =  0.98, but in view of the small C2 value the analysis is of dubious 
significance.

observed relaxation times for chloro-, bromo-, and iodoa- 
cetophenone that the contribution of the molecular relax
ation time to the dielectric absorption is not the major 
absorption process, that is C1 <SC C2. Under such circum
stances, for these a major contribution to the absorption 
by the acetyl group is to be inferred.

For the cyclohexane solutions at 40° in Table II it is to 
be noted that the increase in molecular relaxation from 14 
x 10“ 12 sec for acetophenone to 16 x 10-12 sec for w,u,u- 
trifluoroacetophenone would seem reasonable, since the 
van der Waals radius of the fluorine atom is only 0.15 À 
greater than that of the hydrogen atom. However, the ti 
value of p-fluoroacetophenone comes out ~15% shorter 
than that for acetophenone, whereas the reverse order 
would be expected. For such analyses with a small Ci of 
about 0.25 the ti values may well be no more accurate 
than about ±20%. At least the sequence of r 1 values of 
the fluoro-, chloro-, bromo-, and iodoacetophenones of 12, 
18, 26, and 35 X  10“ 12 sec is correct. The value for p-bro- 
moacetophenone would appear reasonable when compared 
with the observed relaxation time of p-bromoanisole in p- 
xylene at 40° which is 22 X  10“ 12 sec.19 For p-bromoani
sole Ci ~  0.8, and this corresponds with a molecular re
laxation time of 27 X  10“ 12 sec.19 Since p-bromoanisole is

very similar in size and shape to p-bromoacetophenone, 
the ti value of 26 X  10-12 sec is (within the errors of anal
ysis) in good correspondence.

The T2 values, which have a weight factor ~0.75, would 
be expected to be more accurate, and it is to be noted 
that for the p-haloacetophenones the T2 value is 8.6 X  

10“ 12 sec (± 8%). This approximate constancy of T2 
would seem to bear out the dipole moment calculations 
given earlier which indicate that there are no mutual con
jugation effects between the substituents in these para- 
substituted acetophenones.

The analyses in Table II for the p-haloacetophenones 
are, on the whole, convincing and, further, support the C2 
value calculated from group and bond moments as being 
of the correct order for the p-haloacetophenones. Since 
these C2 calculations appear adequate for these molecules, 
there is no reason to doubt the validity of this approach in 
the case of acetophenone. Hence, it would seem that our 
Ci value of 0.42 ±  0.1 (a mean of the value calculated 
from group and bond moments) is of the correct order for 
this molecule and that acetyl group relaxation in aceto
phenone is to be inferred.

(19) D. B. Farmer and S. Walker, Can. J. C h em ., 47, 4645 (1969).
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Conductance of 1-1 Electrolytes in Sulfolane and 3-Methylsiilfolane at 30.0°

Arden P. Zipp
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Conductance measurements have been made for several alkali metal and tetraalkylammonium picrates 
in 3-methylsulfolane and for i-Am3BuN ! BPh4 in both sulfolane and 3-methylsulfolane. Single ion con
ductivities were calculated using the Fuoss-Onsager equation and the Fuoss-Coplan split for i-Am3- 
BuN TBPh4 . These values were generally lower in 3-methylsulfolane, in which a greater degree of asso
ciation was found to occur as well. These results are discussed in terms of the theory of dielectric friction 
and the differences in the properties of the solvent produced by the change in molecular structure.

Introduction
In recent years much interest has been shown in the sol

vent properties of sulfolane (tetramethylenesulfone). This 
study has been due in part to its dielectric constant (e =
43.3) which makes it an important solvent for extending 
the knowledge about the properties of electrolytes in in
termediate dielectric constant solvents, especially with re
gard to their conductance behavior.1 In addition, it has 
received some interest as a solvent for potentiometry2 and 
polarography.3 This high level of interest has prompted an 
investigation of the closely related solvent, 3-methylsulfo
lane, in order to determine how the change in molecular 
structure alters the properties of the solvent, particularly 
its behavior as a medium for conductance. The results of 
this investigation are presented here.

Experimental Section
Materials. Sulfolane (S) and 3-methylsulfolane (3-MS) 

were purified by repeated distillation from sodium hy
droxide in vacuoi until specific conductivities less than 5 
x 10-8 (S) and 2 x 10-8 mhos (3-MS) were obtained. For 
even the most dilute solutions studied, these values rep
resented less than 0.5% of the solution conductivities and 
no correction for the solvent conductance was employed. 
The values for the solvent parameters used in the calcula
tions for S were taken from the literature (density = 1.2618 
g/ml,5 viscosity = 0.1029 P,la and dielectric constant =
43.3) .6 The values used for 3-MS determined in the course 
of the present investigation (density = 1.1838 g/ml, vis
cosity = 0.1013 P, and dielectric constant = 29.5) are in 
excellent agreement with literature values (density = 1.1833 
g/ml, viscosity = 0.10137 P, and dielectric constant = 
29.2).6

Triisoamylbutylammonium iodide, picrate, and tetra- 
phenylborate were prepared and purified according to 
known methods.7 Sodium and potassium picrate were ob
tained by neutralizing picric acid with the appropriate 
hydroxide7 and the tetraalkylammonium picrates were 
prepared by reacting picric acid with the tetraalkylammo
nium hydroxides, which had been made by the reaction of 
silver oxide with the tetraalkylammonium halide.8 After 
purification, all salts were dried and stored in vacuo until 
needed.

Apparatus and Procedure. Conductances were measured 
in Kraus-type erlenmeyer cells fitted with platinized plati
num electrodes.9 The cell constants of 0.1347 and 0.1763 
cm" 1 were determined using two different aqueous KC1

solutions.10 An atmosphere of dry N2 was used to protect 
the solutions from air and moisture during preparation 
and measurement. All measurements were made at a 
temperature of 30.00 ±  0.01° which was set with an NBS- 
calibrated thermometer. A Wayne-Kerr capacitance 
bridge, Model 221B, was used throughout the investiga
tion, which entailed duplicate runs for each salt.

Solutions in S and 3-MS were prepared by the succes
sive addition of weighed quantities of a stock solution to a 
known weight of the pure solvent. The stock solutions 
were prepared by weight and all weights were corrected to 
vacuum.

Results
The measured equivalent conductances and correspond

ing electrolyte concentrations have been filed with the 
ACS Microfilm Depository Service.11 The molarities were 
calculated from the weights and densities of the various 
solutions. These densities were determined by using the 
equation d = d0+Am, in which d is the solution density, 
d0 is the solvent density, A a correction factor, and m the 
concentration in moles of solute per kilogram of solution. 
Values of A were obtained from densities measured pyc- 
nometrically for the most concentrated solution of each 
electrolyte.

(1) (a) R. Fernandez-Prini and J. E. Prue, Trans. F araday S o c ., 62, 
1257 (1966); (b) M. Della Monica, U. Lamanna, and L. Janelll, 
G a zz. Chim. Ital.. 97, 367 (1967); (c) M. Della Monica, U. Laman
na, and L. Senatore, J. Phys. C h em ., 72, 2124 (1968); (d) M. Della 
Monica and U. Lamanna, ibid.. 72, 4329 (1968); (e) M. Della Moni
ca, J. A m er . C h em . S o c .. 91 ,508 (1969).

(2) D. H. Morman and G. A. Harlow, Anal. C h em .. 39, 1869 (1967).
(3) J. F. Coetzee, J. S. Simon, and R. J. Bertozzi, Anal. C h em .. 41, 

766 (1969).
(4) R. L. Burwell and C. H. Langford, J. A m er. C hem . S o c .. 81, 3799 

(1959).
(5) U. Lamanna, O. Sclavelli, and L. Janelli, Gazz. C hem . Ital.. 94, 567

(1964).
(6) J. W. Vaughn and C. F. Hawkins, J. C h em . Eng. D ata. 9, 140

(1964) .
(7) M. A. Coplan and R. M. Fuoss, J. Phys. C h em .. 68, 1177 (1964).
(8) D. F. Evans, C. Zawoyski, and R. L. Kay, J. Phys. C h em .. 69, 3878

(1965) .
(9) H. M. Daggett, E. J. Bair, and C. A. Kraus, J. A m er . C h em . Soc.. 

73, 799 (1951).
(10) J. E. Lind, J. J. Zwolenik, and R. M. Fuoss, J. A m er . C h em . S o c ..  

81, 1557 (1959).
(11) Molar concentrations and equivalent conductivities will appear fol

lowing these pages in the microfilm edition of this volume of the 
journal. Single copies may be obtained from the Business Opera
tions Office, Books and Journals Division, American Chemical Soci
ety, 1155 Sixteenth St., N.W., Washington, D. C. 20036. Remit 
check or money order for $3.00 for photocopy or $2.00 for micro
fiche, referring to code number JPC-73-718.
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TABLE I: Conductance Parameters for 1-1 Electrolytes in 
Sulfolane and 3-Methysulfolane at 30°

Salt Aq K J cr A

3-Methylsulfolane
NaPIc 6.823 ±  0.008 174 ±  82 125 0.04
KPIc 7.281 ±  0.030 88 ±  39 305 0.02
Me4NPic 7.792 ±  0.003 1.5 ±  1.3 142 0.002
Et4NPic 7.676 ±  0.015 10 ±  7 115 0.01
Pr4NPic 7.321 ±  0.064 0.07
Bu4NPic 6.508 ±  0.028 57 ±  37 307 0.03
/-Am3BuNPic 6.449 ±  0.007 0 98.7 0.009
/-Am3BuNPh4 4.617 ±  0.008 0 90.6 0,01

Sulfolane
/-Am3BuNPic 6.282 dt 0.006 0 0.03
/'-Am3BuNI - 9.801 ±  0.036 ' 0 0.06
/-Am3BuNBPh4 4.900 ±  0.038 0 0.01

The data were analyzed by means of the Fuoss-Onsager 
equation12

A = A0 — S iC y f2 +  ECy log Cy +
(J ~ BA0)Cy -  KAC y A f  (1)

employing a computerized least-squares program.13 The 
values of A were unweighted and the viscosity correction 
factor B was set equal to zero. It has been shown14 that 
the value of B does not affect the limiting conductance or 
the association constant of the electrolyte and has only a 
slight influence on the value of a. At 30° the constants a, 
id, -Ei, and E2 are respectively 0.9700, 8.612, 9.470, and 
12.313 for 3-MS and 0.5455, 6.9978, 2.9946, and 5.6264 for
S.

The conductance parameters obtained for the various 
electrolytes are listed in Table I. Values for the limiting 
single ion conductivities were found from the Ao value of 
the electrolytes by making use of the conductivity equiv
alence of the ¿-Ani3BuN+ and BPh4- ions which has been 
demonstrated to apply in many nonaqueous solvents.7 
The value of Ao-  found by this method for the iodide ion 
in sulfolane (7.33 ±  0.04) is in reasonable agreement with 
that established earlier (7.25 ±  0.02) from transport stu
dies10 and supports the use of i-Arr.3BuNBPh4 as a refer
ence electrolyte in these solvents. The limiting single ion 
conductivities in 3-MS are listed in Table II along with 
the Walden products where they can be compared with 
similar data for the same ions in S.

Discussion
Limiting Conductivities. The data in Table I show the 

conductivities of a given salt to be very similar in S and
3-MS, but much lower than those found in most other sol
vents even at lower temperatures, e.g., A0Et4NPic = 7.68 
(3-methylsulfolane), 32.43 (nitrobenzene),15 and 73.31 
(pyridine).16 That this behavior is due primarily to the 
high viscosities of the sulfolanes is indicated by the much 
closer agreement of the Aov values calculated for the same 
salt in these solvents, Aov = 0.789 (3-methylsulfolane), 
0.647 (pyridine), and 0.587 (nitrobenzene).

The conductivities of specific salts as well as single ion 
conductivities in S and 3-MS do not show any simple cor
relation with the solvent viscosities, however. Indeed a 
comparison of the single ion conductivities (Table II) 
shows the Ao of every ion except picrate to be greater in S 
than in 3-MS, contrary to expectations based on viscosity

Table II: Single Ion Conductivities and Walden Products in 
Sulfolane and 3-Methylsulfolane

Cation Ao+ 0̂ + V0

Sulfolane
Na+ 3.61° 0.372“
K+ 4.05“ 0.417“
Rb + 4.16“ 0.428“
Cs+ 4.27“ 0.439“
Me4N + 4.316 0.425s
Et4N + 3.95“ 0.390“
Pr4N + 3.23“ 0.319s
Bu4N + 2.80s 0.276s
/-Am3BuN + 2.45 0.252

3-Methylsulfolane
Na+ 2.68 0.272
K+ 3.14 0.318
Me4N + 3.65 0.370
Et4N + 3.54 0.358
Pr4N + 3.18 0.322
Bu4N + 2.37 0.240
/-Am3BuN + 2.31 0.234

Anion Ao- Ao- >;o
Sulfolane

Cl” 9.30“ 0.957“
Br- 8.92“ 0.918“
I“ 7.33 0.756
c io 4- 6.68“ 0.687“
Pic- 3.83 0.394
BPh4 2.45 0.252

3-Methylsulfolane
Pic- 4.14 0.420
BPh4- 2.31 0.234

“ Reference 1c. 6 Reference 1d. The remaining values are from this 
work.

considerations alone (ijs = 0.1029, j/3-ms = 0.1013). This 
apparent difference in mobilities is even more obvious 
when the Xov products are compared (Table II). Thus, Ao?7 
is greater in S than in 3-MS for every ion except picrate 
and tetrapropylammonium. The lower mobility in the 
lower dielectric solvent (3-MS) is in accord with the equa
tion17

V 1 =  ¡\eFI \\_Avirri +  A DZ , 2re2(e0 -

€„)]/r,;3 77e0(2e0 +  1)| (2)
which has been proposed to account for specific ion-sol
vent interactions. In this equation, the parameters Av and 
Ad refer to the effects of viscous and dielectric friction on 
the mobility of the ion, f0 and e„ are the low-frequency 
and high-frequency dielectric constants, respectively, and 
the other symbols have their usual meaning. The depen
dence of the ionic mobility on the solvent dielectric con
stant can be seen to result primarily from the (to -  e»)/ 
eo(2to + 1) term which occurs in the denominator, and
(12) R. M. Fuoss and Accascina, "Electrolytic Conductance,” Inter

science, New York, N. Y., 1959.
(13) R. L. Kay, J. A m er. C hem . S o c .. 82, 2099 (1960).
(14) D. F. Evans and P. Gardam, J. Phys. C h em .. 72, 3281 (1968).
(15) E. G. Taylor and C. A. Kraus, J. Phys. C h em ., 51, 1731 (1947).
(16) H. L. Pickering and C. A. Kraus, J. Phys. C h em .. 71, 3288 (1949).
(17) R. Zwanzig, J. C hem . P hys.. 38, 1603 (1963); 52. 3625 (1970).
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Figure 1. Walden product vs. 1 / r x for cations in S (O) and 
3-MS (• ) . (The lines have been drawn to aid the eye and
have no theoretical significance.)

leads to a greater A017 value in the higher dielectric medi
um.

In Figure 1 the Ao?j products have been plotted against 
the reciprocals of the crystallographic radii18 for all the 
cations studied in S and 3-MS. Several features are ap
parent from these plots; (1) maxima occur at 1 ¡r x values 
corresponding to small tetraalkylammonium or large al
kali metal ions; (2) Aor? differences between ions in the 
two solvents are greater for alkali metal than for tetraalk
ylammonium ions; (3) the Ao>? maximum occurs at a 
greater \jrx value in S than in 3-MS.

With regard to 1, the occurrence of maxima in such Aor/ 
plots is typical of electrolyte behavior in a wide range of 
solvents.19 The rise in the Ao?; plot found with increasing 
l/rx (up to the maximum) is due to the inherent mobili
ties of the tetraalkylammonium ions alone, since these 
ions are generally considered to be unsolvated. The de
crease in Xov observed with still further increase in l/rx 
can be attributed to a lowering of the mobilities of the al
kali metal ions due to increasing solvation with decreasing 
radii.

The greater Aon difference between the two solvents for 
the alkali metal ions than for the tetraalkylammonium 
ions is the behavior which would be expected for specific 
ion-solvent interactions, since small ions would interact 
more extensively with the solvent than larger ones. It is 
unclear at this time exactly how this difference in ion-sol
vent interaction is related to the replacement of a hydro
gen atom in S with a methyl group, but the solvent prop
erties which might be expected to be altered by such a 
substitution are the molecular volume and the dipole mo
ment.

The difference in the sizes of ions solvated by a given 
number of S or 3-MS molecules might be sufficient to 
lower the mobilities of the latter species as has been sug
gested to explain the difference in mobility of various ions 
in methanol and ethanol,20 and to explain the differences

in the viscosities of electrolytes in a variety of solvents.21 
While solvent dipole moments have been invoked to ex
plain differences in ionic mobilities (between acetonitrile 
and methanol),20 the dipole moments of these solvents are 
quite different (4.0 and 1.7D, respectively22), whereas 
those of S and 3-MS are rather similar (4.90 and 4.38D, 
respectively6) so this effect would be expected to be quite 
small. Of these two parameters, therefore, the molecular 
volume seems the more important in explaining the dif
ferences in ionic mobilities.

Similar comparative data for anions in these solvents 
are more limited, but those which do exist display a de
crease in Aov with an increase in ionic radius. This can be 
attributed to the greater mobilities of the smaller ions un
complicated by solvation and supports the view23 that 
specific interactions between anions ar.d nonaqueous sol
vents (including solvation) are generally small, S being 
comparable to nitromethane24 in this regard.

Finally, the occurrence of the maximum Aop at a greater 
\/rx value in S than in 3-MS is in accord with the equa
tion

(r)mJ  =  Z,V(e0 -  OT3AD/e0(2e0 + l )V*Av (3)
as derived in the theory of dielectric friction.17 The 
unavailability of values for t (relaxation time) and 6j„ 
(high-frequency dielectric constant) for these solvents pre
clude quantitative comparisons with this theory, but cal
culations for other aprotic solvents have generally shown 
very good agreement with experiment.19 In contrast, pro- 
tic solvents have been found to agree only qualitatively,25 
although they also exhibit a decrease in the maximum 
value of 1 /rx with decreasing dielectric constant.

Association Constants. From the data given in Table I, 
it can be seen that the picrates of smaller cations show a 
definite tendency to associate in 3-MS, K.\ ranging from 
174 for Na+ to 1.5 for Me4N+. These values are interme
diate between those obtained for the same salts in ace
tone26-27 and methanol,28 or acetonitrile,28 as might be 
expected from the respective dielectric constants; e = 20.7 
(acetone), 29.5 (3-MS), 32.6 (methanol), and 36.0 (aceto
nitrile). The higher dielectric constant for S (43.3) suggests 
that even less association would be expected in that in
stance. Although Ka values for picrates have not been 
measured in S, the low values which have been found for 
several other alkali metal halides and perchlorates (Ka < 
10)la support this view.

When the Ka values for the various salts in 3-MS are 
examined, two distinct orders can be seen for the relation
ship between the size of the cation and its association 
with the picrate ion. The value of Ka decreases in the se

cts) R. A. Robinson and R. H. Stokes. "Electrolyte Solutions,” Butter- 
worths, London, 1968, pp 125 and 461.

(19) R. Fernandez-Prim and G. Atkinson, J. Phys. C h em .. 75, 239 
(1971), and references therein.

(20) R. L. Kay, B. J. Hales, and G. P. Cunningham, J. Phys. C h em ., 71, 
3925 (1967).

(21) J. P. Bare and J. F. Skinner, J. Phys. C h em ., 76, 434 (1972).
(22) A. L. McClellan, "Tables of Experimental Dipole Moments,” W. H. 

Freeman, San Francisco, Calif., 1963.
(23) A. J. Parker, Quart. R ev ., C h em . S o c ., 16, 163 (1962).
(24) U. Mayer and V. Gutmann, M on atsch . C h em .. 101,912 (1970).
(25) D. F. Evans and P. Gardam, J. Phys. C h em  , 73, 158 (1969).
(26) M. B. Reynolds and C. A. Kraus, J. A m er . C h em . S o c ., 70, 1709 

(1948).
(27) M. J. McDowell and C. A. Kraus, J. A m er . C h em . S o c . , 73, 3293 

(1951).
(28) R. L. Kay, C. Zawoyski, and D. F. Evans, J. P hys. C h em ., 69, 4208 

(1965).
(29) E. C. Evers and A. G. Knox, J. A m er . C h em . S o c . , 73, 1739 

(1951).
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ries Na+ > K+ > Me4N+ then increases as Me4N + < 
Et4N+ < Bu4N+. The former order has been observed in 
many other studies and is expected from simple electro
static considerations. In contrast, the increased associa
tion with increasing size of the R4N + ions is much less 
common, although it has been reported in at least one 
study of these same salts in methanol.29

The association of large ions is usually attributed to 
their lack of solvation, such solvation decreasing with in
creasing ionic size. Thus, it may be that the minimum in 
Ka observed here for the Me4N+ ion occurs as the result 
of two opposing trends; a decrease in electrostatic attrac
tion with increasing ionic size and a consequent decrease 
in K a , and a decrease in solvation with increasing ionic 
size leading to increasing K A values. A recent report30 
suggests that Me4N+ exists in a state of partial solvation 
in contrast to the larger unsolvated R4N+ ions. The be

havior of the Me4N+ ion thus may be especially subject to 
the nature of the solvent.

In conclusion, electrolytes in 3-methylsulfolane exhibit 
greater association and lower mobilities than in sulfolane 
itself, presumably due to the lower dielectric constant and 
the larger molecular volume produced by replacing a hy
drogen atom with a methyl group.

Acknowledgment. The author wishes to express his ap
preciation to Dr. R. L. Kay of Carnegie-Mellon Universi
ty, Pittsburgh, Pa., for a copy of the Fortran program 
used to analyze the data and to acknowledge the financial 
support of the Research Foundation of the State Universi
ty of New York.

(30) M. Della Monica and L. Senatore, J. Phys. C h em .. 74, 205 (1970).

COMMUNICATIONS TO THE EDITOR

An interpretation of the K(3 X-Ray Emission Spectra 
of Dibenzyl Sulfide and Ss1

Sir: Frost, et al.,2 have interpreted the high-resolution va
lence photoelectron emission spectra of several aliphatic 
and aromatic sulfides with the aid of CNDO/2 molecular 
orbital calculations. It is our intention here to show that 
X-ray photon emission spectra involving valence electron 
transitions of similar compounds may also be interpreted 
using a molecular orbital description of the chemical 
bonding of divalent sulfur in aliphatic sulfides. We also 
wish to present an interpretation cf the valence electron 
X-ray photon emission spectra of rhombic sulfur (Ss) 
based on similar arguments.

Figures 1 and 2 show the high-resolution sulfur K/3 
emission spectra of solid dibenzyl sulfide and Ss obtained 
with our previously described two-crystal X-ray attach
ment.3 The Ss K/3 spectrum shown here agrees with pre
viously reported measurements.4-8 Note that certain 
similarities occur between the spectra of dibenzyl sulfide 
and of Ss, in particular, a high-intensity, high-energy 
transition, accompanied by several lower-energy, lower- 
intensity transitions. The high-energy line occurs at the 
same energy for both compounds, while the lower-energy 
lines differ in their respective energies.

The bonding of divalent sulfur has been described2 in 
terms of two strong a bonds involving two of sulfurs’ 3p 
orbitals and two lone pairs in the other 3p orbital and the 
sulfur 3s orbital. These essential ideas can be carried over 
into a molecular orbital description of dibenzyl sulfide, if 
one assumes negligible interaction between the sulfur 
atom and the benzene ring. Such ar. assumption is not at 
all unreasonable in light of a comparison of the valence 
photoelectron spectra of «-toluenethiol and benzenethiol.2

A CNDO/2 calculation9 was carried out for dimethyl 
sulfide as an approximation to a complete molecular orbi
tal description of dibenzyl sulfide. Using the one-center 
integral intensity approximation10 and the ionization po
tentials for dimethyl sulfide,2 spectral assignments may 
be made for dibenzyl sulfide as shown in Figure l .11

Peak A is shown to originate from the 2bi, sulfur 3p 
lone pair, orbital and the broader peak B from the 4a4 and 
3b2, S 3p-C 2p, tr-bonding orbitals. The next three orbi
tals (21)2, lbi, and 3a4) are primarily methyl group orbi
tals,2 but the CNDO/2 calculation does give them signifi
cant intensities which are apparently observed in the 
spectrum of dibenzyl sulfide (peaks C and D). The 2a4, 
sulfur 3s lone pair, orbital has been shown to occur in the 
region of peak D,2 but is given negligible intensity by the 
CNDO/2 approximation. Peak E then, may be assigned to 
the lb2 and lai, S 3sp-C 2s, ^-bonding orbitals. The na
ture of the lone pair and bonding orbitals predicted by the 
CNDO/2 calculation for dimethyl sulfide was further con
firmed from an examination of the band shapes in the va
lence photoelectron spectrum of dimethyl sulfide.2 Thus, 
by analogy to dimethyl sulfide, the essential features of

(1) This research was supported by the National Science Foundation.
(2) D. C. Frost, e t  al.. J. P hys C h em .. 76, 1030 (1972).
(3) H. C. Whitehead, J. D. Layfield, and G. Andermann, R ev . Sci. In- 

strum .. 43, 50 (1972).
(4) D. Lundquist, Kgl. F ysiogr. S a ellsk . Lund. F oerh .. 1,12 (1931).
(5) A. Faessler and E. D. Schmid, Z. P hys.. 138, 71 (1954).
(6) I. B. Borovskil and I. A. Ovsyannikova, J. Exp. Theor. P hys.. 37, 

1033 (1959).
(7) C. Sugiura, J. Phys. S o c . Jap.. 30, 1766 (1971).
(8) E. K. Kortela, e t  al.. J. Phys. B. A tom . Mol. P h ys.. in press.
(9) J. A. Pople and D. L. Beveridge, "Approximate Molecular Orbital 

Theory," McGraw-Hill, New York, N. Y., 1970, Appendix A.
(10) G. Karlsson and R. Manne, Phys. S cr .. 4, 119 (1971).
(11) The relative Intensities shown In both Figures 1 and 2 for the ioniza

tion potentials of Frost, e t  al.. and Chen's calculation are identical 
with the CNDO/2 results.
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Figure 1. Molecular orbital assignments for the sulfur K/3 emis
sion spectrum of dibenzyl sulfide based on a CNDO/2 calculation 

. and ionization potentials2 for dimethyl sulfide.

Figure 2. Molecular orbital assignments for the sulfur K/3 emis
sion spectrum of rhombic sulfur (Sg) based on a CNDO/2 and a 
linear combination of hybrid orbitals calculations.12

the bonding of divalent sulfur have been retained in the 
assumed molecular orbital description of dibenzyl sulfide.

The CNDO/2 calculation for Sg compared poorly even 
with the semiempirical calculation reported by Chen12 
and did not lend itself readily to a thorough interpretation 
of the Sg K/3 spectrum.13 The results of the one-center in
tegral approximation for both the CNDO/2 and Chen’s 
calculations are presented in Figure 2. In this case, a de
tailed valence photoelectron spectrum of Ss was not avail
able to help indicate which molecular orbitals correspond 
to lone pair or bonding orbitals, but, in keeping with the 
bonding scheme assigned to divalent sulfur, we may con
sider the highest energy peak (A) in the K/3 spectrum of 
Sg to arise from one or more sulfur lone pair orbitals. A

shifting of the sulfur Kd lines with oxidation state, or 
more specifically, with the charge on the sulfur atom, is a 
well-known phenomenon,14 and the occurrence of the di
benzyl sulfide lone pair peak coincidental with the Sg lone 
pair peak is consistent with Siegbahns’ assignment of a 
zero charge to sulfur in both Sg and dibenzyl sulfide.15 
Peak B, then, may originate from S 3p-S 3p, <r-bonding 
orbitals such as lbi and 2e2, while peal< C and the low- 
energy tailing (D) may be assigned to the remaining orbi
tals. Again, the sulfur 3s lone pair is not observed in this 
spectrum. Sugiura7 made a similar assignment but not on 
the basis of the bonding of divalent sulfur, nor did he ex
plicitly consider the intensity pattern shown in Figure 2.

While the interpretations given here for the high-resolu
tion X-ray photon emission spectra of dibenzyl sulfide and 
Sg are only tentative, owing to the lack of more rigorous 
molecular orbital calculations, the application of high-res- 
olution X-ray photon emission spectroscopy as a comple
mentary tool for the study of the valence electronic struc
ture of complex molecules appears to be well illustrated.

(12) I. Chen, Phys. R ev. B, 2, 1053 (1970).
(13) After submission of this paper, the authors received a preprint of 

the interpretation of the S 8 K/3 spectrum by Kortela, ef a/.8 Their 
CNDO/2 results are identical with ours, but their basis of interpre
tation differs.

(14) K. Siegbahn, ef a/., N ova  A c ta  R eg ia e  S o c . S ci. U psal., S er. IV, 20
(1967).

(15) K. Siegbahn, ef a/., N ova A c ta  R eg ia e  S o c . S ci. U psal., S er . IV, 
114 (1967).
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On the Electron Spin Resonance 
Measurement of Radical 
Termination Rates

Publication  c o s t s  a s s is te d  b y  K anton Zurich

Sir: Recently, several groups have determined absolute 
rate constants for the termination reactions of transient 
free radicals in solution using esr spectroscopy.1 '2 Usually, 
decays of the esr signal S at a magnetic field value corre
sponding to a peak in the first-derivative spectrum were 
measured during the “ o ff’ periods of intermittent radical 
production and analyzed in terms of the second-order rate 
law

So/St = [R-]0/[R-]t = 1 + 2ft [R-lot

where [R-]o is the radical concentration at the beginning

(1) For the generation of radicals by electron radiolysis, see the fol
lowing: (a) R. W. Fessenden, J. Phys. C h em .. 68, 1508 (1964); (b) 
B. Smaller, J. R. Remko, and E. C. Avery, J. C h em . P h ys., 48 5174
(1968).

(2) For the generation of radicals by photolysis, see the following and 
references therein: (a) E. J. Hamilton, Jr., D. E. Wood, and G. S. 
Hammond, R ev. Sci. Instrum ., 41, 452 (1970); (b) S. A. Weiner, J. 
A m er. C h em . S o c ., 94, 581 (1972); (c) G. B. Watts and K. U. In
gold, ibid.. 94, 491 (1972); (d) P. B. Ayscough, R. C. Sealy, and D.
E. Woods, J. Phys. C h em ., 75, 3454 (1971); (e) G. S. Hammond,
E. J. Hamilton, Jr., S. A. Weiner, H. J. Hefter, and A. Gupta, S p ec .  
L e d . XXIII Int. C ongr. Pure Appl. C h em .. 4, 257 (1971).
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Figure 1. Radical decay-rise curves, baselines, and [R-]o/ 
[R-] plots for (a) C H 3 C O H C O C H 3  radical and (b) ( C H 3 ) 3 C  

radical. The baselines are shown in the lower right-hand cor
ners.

of the off period (t = 0). This analysis requires the knowl
edge of the signal at zero radical concentration, i.e., the 
baseline of the spectrometer; this has usually been esti
mated visually from the behavior of St at long times. We 
report here a modification of the above esr procedure 
which avoids this estimation by a direct measurement of 
the baseline and thus increases the certainty with which 
the rate law may be determined. Rate constants for the 
termination of two photochemicallv produced radicals are 
also reported.

The experiment is computer controlled and proceeds as 
follows. First, a number of signal decays is taken on-reso- 
nance as usual and accumulated in one part of the memo
ry. Then the magnetic field is rapidly shifted to an off-res- 
onance position; here the same number of baseline signals 
is taken and accumulated in another part of the memory. 
The field is then rapidly shifted back to the resonance po
sition and further decays are accumulated. This cycle is 
repeated many times during the experiment to average 
out low-frequency noise. Finally, the on- and off-resonance 
data are displayed and processed to give 1/St.3

The apparatus included a Varian E-9 spectrometer with 
dual cavity and field/frequency (F/F) lock unit, and a 
Varian 620/i computer plus interfacing to the spectrome
ter. The light from an Hanovia 977B-1 1-kW Hg-Xe com
pact arc lamp was focused at a small aperture where it 
was chopped by a rotating sector which also triggered 
decay data acquisition; a second lens focused the light at 
the sample. The quartz flow cell and light filter were as 
previously described.4 Samples were degassed by bubbling 
He through them before irradiation. The 620/i was pro
grammed in machine language to provide sector speed 
measurement and time base adjustment; decay data ac

quisition and averaging; periodic field shifting with base
line data acquisition and averaging; oscilloscope display 
and recorder output of decay curves; processing of aver
aged decay curve and baseline to yield 1/St plot; and pa
rameter input and output through the TTY.

The field shifting was accomplished by changing the 
scan voltage input to the F/F lock unit (this voltage 
comes from a potentiometer that is mechanically linked to 
the recorder X-axis position). First, the voltage from this 
recorder potentiometer was measured using the computer 
ADC, and the computer DAC was set equal to the same 
voltage. Then the F/F input was switched to the DAC line 
using a fast (<1 msec) relay which was operated by a 
computer control line. The DAC voltage was then linearly 
stepped at a rate equivalent to 50 G/sec until the desired 
field shift was completed. The reverse of the above proce
dure, including reconnection of the F/F input to the re
corder potentiometer, completed the cycle. Control exper
iments with solutions not containing radicals ascertained 
that the field shift does not cause changes in the baseline.

An example of an averaged decay curve and baseline is 
shown in Figure la for the C H 3 C O H C O C H 3  radical pro
duced by irradiation of 5% (v/v) biacetyl in 2-propanol5 at 
25 ±  2°. Analysis of 1/St vs. time yields the line (slope = 
2fc[R-]o =  1.28 X  103 see '1) shown in Figure la. Within 
the noise, second-order kinetics are seen to be obeyed over 
the full range of the decay. Figure lb shows corresponding 
data for fert-butyl radical produced by irradiation of 10% 
(v/v) di-tert-butyl ketone in benzene6 at 19 ±  2°. Here 
second-order kinetics are less well but still reasonably ful
filled. Several determinations gave a value of 2.9 ±  0.3 x 
103 see" 1 for 2fe[R-]o. In each of these two examples, the 
steady-state spectrum showed only one radical, and this 
radical is expected from known photochemistry5 6 to un
dergo only a second-order self-reaction.

Measurement of the steady-state radical concentration, 
[R-]o, was carried out by determination of the first mo
ment of the sample resonance relative to the first-deriva
tive height of the Varian strong pitch sample which was 
placed in the rear of the dual cavity as a substandard. 
Basic standardization was carried out using solutions of 
DPPH and galvinoxyl in benzene.

The termination rate constant, 2k, obtained for each 
radical is shown in Table I,7-11 together with literature

(3) Direct measurement of the baseline may also be accomplished by 
methods which yield the esr signal as a function of time for many 
magnetic field values in a spectrum. However, these methods re
quire very long measurement times, giving more data than Is need
ed for a single rate constant measurement; further, some of them 
can yield data which Is distorted by low-frequency noise. See ref 1 
and the following: (a) E. W. Firth and D. J. E. Ingram, J. Sci. In
strum .. 44, 821 (1967); (b) P. W. Atkins. K. A. McLauchlan, and 
A. F. Simpson, N ature (L on d on ), 219, 927 (1968); (c) T. J. Ben
nett, R. C. Smith, and T. H. Wilmshurst, J. S ci. Instrum .. 2, 393
(1969); (d) J. Sohma, T. Komatsu, and Y. Kanda, Japan. J. Appl. 
P hys.. 7, 298 (1968).

(4) H. Paul and H. Fischer, C h em . C om m on .. 1038 (1971).
(5) For product analysis, see W. H. Urry and D. J. Trecker, J. A m er. 

C h em . S o c .. 84, 118 (1962); W. G. Bentrude and K. R. Darnall, 
C h em . C om m u n .. 810 (1968).

(6) For product analysis In pentane, which Is nearly Identical with that 
In benzene (B. Blank, private communication), see N. C. Yang, E. 
D. Feit, M. H. Hul, N. J. Turro, and J. C. Dalton, J. A m er . C hem . 
Soc., 92, 6974 (1970).

(7) P. B. Ayscough and M. C. Brice, J. C h em . S o c . B. 491 (1971).
(8) S. A. Weiner, E. J. Hamilton, Jr., and B. M. Monroe, J. A m er. 

C h em . S o c . , 91, 6350 (1969).
(9) P. B. Ayscough, private communication.

(10) S. A. Weiner and G. S. Hammond, J. A m er . C hem . S o c .. 91, 986 
(1969).

(11) D. J. Carlsson and K. U. Ingold, J. A m er. C hem . S o c .. 90, 7047 
(1968).
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TABLE I: Termination Rate Constants0

2k(10-9),
Radical M ~ ' sec -1 Solvent Ref

CH3COHCOCH3 0.42 
0.30 
0.78 
0.70

(CH3)3C 5.7(19°)
1.5 
4.4 
2.1 
8.1

2-Propanol This work
2-Propanol 2d,7
2-Propanol 8

2-Propanol 9
Benzene This work
Benzene 10

Cyclohexane 10
Cyclohexane 11

Di-ferf-butyl peroxide 2c

“ At or near 25° unless otherwise noted.

values. We estimate the absolute error in our values as 
±50%, primarily due to uncertainty in [R-]o- The data of 
Table I show a considerable spread. This and the recent

discussions2c’e of rate constants and rate laws of radical 
termination reactions show the need for data which are as 
accurate as possible. The procedure applied here avoids 
some possible error sources. With some modifications it 
may be used in other than esr techniques.
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