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N o w  t h e r e ’ s  a w a y  t o  m e a s u r e  t h e  s h e a r  

p r o p e r t i e s  o f  f i l l e d  a n d  u n f i l l e d  r u b b e r s .

U s e  t h e  n e w

M e l a b s  D y n a m i c  S h e a r  R h e o m e t e r

□  U s e s  p a ra llel p la te  
g e o m e t r y  t o  a n a l y z e  
u n d er con d ition s o f  p u re  
sh ear. □  R ig id ity  range  
fr o m  1 0 2 to  1 0 °  N e w to n s  
p e r  s q u a r e  m e t e r .  □
W id e fr eq u en c y  ra n ge—

1 to  1 ,0 0 0  H z . □  W id e  
c o n tr o lle d  te m p e r a tu r e  
r a n g e — f r o m  — 1 5 0 ° C  
t o  - \ - 1 5 0 ° C .  □  S m a ll  
s a m p le  s i z e — le s s  th an  
1 0 0  m g . □  Sm all rela
tive  strain— 1 0  \  □  A tm o s p h e r e  
con trol.

APPLIC A TIO N . The Model 
CSR-1 Shear Rheometer charac
terizes the shear properties of 
filled and unfilled rubbers. 
HOW  IT W ORKS. The oscil
lator-power amplifier delivers a 
sinusoidal voltage to drive trans- 
ducer; and, the transducer 
produces a shear strain in the 
sample. The physical properties 
of the material determine the

phase and amplitude of 
the force transmitted 
through the sample. The 
force is sensed by the 
monitor transducer, re
converted to electrical 
parameters, amplified 
by the high-impedance 
amplifier, and meas
ured by the voltmeter 
and phase meter. The 
phase and amplitude 
measurements then can 
be used to calculate the 

shear rigidity and the shear vis
cosity of the sample.

For further information, write 
to MELABS, Scientific Instru
ments Department, Stanford 
Industrial Park, Palo Alto, Cali
fornia 94304. Phone (415) 326- 
9500. TWX: (901) 373-1777. 
Cable: M E L A B S Palo Alto.

The Journal of Physical Chemistry
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The Acid—Base-Catalyzed Hydration of Acetaldehyde. 

Buffer and Metal Ion Catalysis1

by Y. Pocker2 and J. E. Meany3

Department of Chemistry, University of Washington, Seattle, Washington 98105 (Received April 17, 1967)

The capacity of the acid-base components of diethylmalonate, phosphate, and imidazole 
buffers to catalyze the reversible hydration of acetaldehyde at 0 .0 ° was determined using 
a spectrophotometric method. It was observed that in imidazole buffers an acetaldehyde- 
imidazole complex is produced appreciably faster than the hydration, so much so that the 
rates of hydration are determined after the initial equilibrium between free acetaldehyde, 
free imidazole, and acetaldehyde-imidazole complex is established: K  -  [Ac-Im]/{[Ac]- 
[Im]} ~  0.13 1. mole-1. The hydration data show that although catalysis by imidazole 
and by the dianion of diethylmalonic acid is moderate, that due to monohydrogen phos
phate dianion is significantly larger even though the pK & values of the respective conjugate 
acids associated with these bases are similar. Parallel conclusions apply to dihydrogen 
phosphate, which is a more potent hydration catalyst than either imidazolium ion or the 
monoanion of diethylmalonic acid. The use of the above-mentioned buffers also enabled 
the accurate determination of k 0 h- as 6 .8  X 106 1. mole- 1  min-1. The catalytic efficiency 
of HP042- vs. imidazole for the hydration of acetaldehyde is shown to parallel that observed 
for the reversible hydration of carbon dioxide. The solvent deuterium isotope effects 
associated with several general acids and bases in the reversible hydration of acetaldehyde 
are shown to be very similar to those observed in the mutarotation of glucose. Zinc ion 
catalysis was studied in relation to that derived from the zinc metallo enzyme carbonic 
anhydrase. Thus we have established that while the catalysis afforded by zinc ions in 
acetate buffers (pH 6.69) or in malonate buffers (pH 7.5) is mild, enhanced catalysis is 
observed when zinc ions are introduced into imidazole buffers (pH 7.63).

Introduction
We have recently shown that the reversible hydra

tion of acetaldehyde is a useful reaction for mechanistic 
studies pertaining to the mode of action of the zinc 
metallo enzyme, erythrocyte carbonic anhydrase.4 -9

Unlike many enzymes, carbonic anhydrase reversibly 
promotes the hydrations of reactions which proceed at 
appreciable rates in the absence of enzyme. Thus, the 
reversible hydration of C0 2 is very susceptible to 
general base catalysis10-13 and that of acetaldehyde to

3113



3114 Y. POCKER AND J. E. M eANY

both general acid and general base catalysis. 14-16

Since investigations of the enzymatically catalyzed 
hydration of acetaldehyde are most meaningful around 
physiological pH, quantitative kinetic studies of buffer 
catalysis in this region are a prerequisite for evaluation 
of the accelerative effect of the enzyme and contrasting 
it with chemical catalysis.

The first part of the present paper describes the 
capacity of the acid-base components of diethyl- 
malonate, phosphate, and imidazole buffers to catalyze 
the reversible hydration of acetaldehyde at 0 .0 ° in 
both H20 and D 20. These studies were carried out 
using a spectrophotometric method.

Earlier work suggests that both protein bound 
zinc17' 18 and imidazole4 -7  are intimately associated 
with the active site in erythrocyte carbonic anhydrase. 
Consequently, we have carried out experiments in
volving the use of imidazole, its conjugate acid, and 
zinc ions as hydrating catalysts. These results are also 
discussed in the present paper.

Experimental Section
M a teria ls . The acetaldehyde used in these experi

ments was obtained from Baker Analyzed products. 
The aldehyde has a tendency toward oxidation and it is 
necessary to fractionate it immediately prior to use. 
This was done under a stream of dry nitrogen gas using a 
short Heli-Pak column. The middle fraction (bp 21°) 
was collected in a receiving flask which was cooled in a 
Dry Ice-acetone slurry.

Zinc ion solutions were made up in the form of the 
nitrate which was obtained from Baker and Adamson in 
reagent grade. The nitrate was chosen as the anion 
for the solution since the association of the nitrate ion 
with divalent zinc is small compared with that of 
halogens and other common anions. 19

The zinc nitrate concentrations were checked by 
dithizone determinations as described by Malmstrom. 20

The phosphate and imidazole buffer solutions em
ployed in these experiments were prepared from the 
commercially available compounds, analytical or re
agent grade, or of comparable purity. The dianion of 
diethylmalonic acid was prepared by refluxing the ethyl 
ester in strong alkali. Neutralization of the dianion 
with HC1 produced diethylmalonic acid which was 
purified by recrystallization from benzene (mp 128- 
128.5°). Heavy water was obtained from Liquid Car
bonic Division of General Dynamics Corp. and con
tained at least 99.7% D 20.

In a buffer solution containing general acid A and its 
conjugate base B, the buffer ratio, r  = [A]/[B], is 
taken as that obtained either by mixing weighed 
amounts of the components or by appropriate titra

tions with standardized hydrochloric acid or sodium 
hydroxide solutions.

A n a lytica l In stru m en ts. The pH and pD values 
(pD = pH reading +0.41) of all buffer solutions were 
determined by means of a Beckman 101900 research pH 
meter, the relative accuracy of which is 0.001 pH unit. 
A  Beckman glass electrode having a low electrical re
sistance and temperature limits from —5 to 80° was 
used along with a Beckman Calomel Internal 39071 
frit junction reference electrode.

The reactions were followed on a Gilford high-speed 
recording spectrophotometer, Model 2000. An insu
lated cell compartment in place of the conventional 
chamber was attached to the Gilford. The compart
ment consisted of a bath containing a mixture of water 
and methanol. An internal coil through which coolant 
(methanol) flowed lowered the temperature of the 
bath as required. The temperature of the circulating 
coolant was kept at about —5° allowing the cell com
partment to be thermostated to 0 . 0  =fc 0 .0 2 ° by means 
of a Sargent Model SV (S-82060) thermonitor unit.

The phototube housing of the Gilford instrument is 
neither enclosed in an air-tight fashion nor equipped 
with desiccant. Consequently, for runs performed at 
0 .0 °, it was necessary to allow a constant stream of dry 
nitrogen gas to flow into this compartment so that 
shorting of the phototube by condensation could be 1 11
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avoided. Nitrogen gas was also used to eliminate 
water vapor condensing on the outside of the windows 
at the entrance to and the exit from the cell compart
ment.

M eth od . Acetaldehyde absorbs at a maximum at 
278 m p  (e 16.2 1. mole- 1  cm-1), and the pseudo-first- 
order coefficients, fcobsd, were obtained by determining 
the rate of diminution of this peak. First-order plots 
of log (At — A«,) vs. time (where A t and A „ denote the 
absorbancies of acetaldehyde at time t and at equilib
rium) are linear with k0bsd = —2.3 X slope. The 
specific rate obtained in this way were reproducible 
to about 1 %.

Since the reaction is reversible, k0bsd is actually a sum 
of first-order rate coefficients for the forward, kt, and 
for the reverse, k r, processes: A:ob8d = kt +  k t. In di- 
ethylmalonate and phosphate buffers, the fraction of 
hydration, x> at 0 .0 ° is 0.70 in H20 and 0.73 in D 20 .21 22 

These values were obtained from kinetic runs in which 
the initial optical densities of the substrates were deter
mined by extrapolation to zero time, and the final 
absorbancies were those observed from the equilibrated 
reaction solutions. The fraction of hydration for 
acetaldehyde in water was confirmed by the nmr spec
trum associated with the hydrated and unhydrated 
forms.

Reaction was initiated by introducing acetaldehyde 
into 3.0 ml of the buffer solution by means of a cali
brated Hamilton microsyringe. Since this compound 
boils at 2 1 °, it was necessary to chill both the syringe 
and the aldehyde since the high vapor pressure of the 
substrate at room temperature made it otherwise im
possible to draw it into the syringe.

Results

The reversible hydration of acetaldehyde is a general 
acid, general base-catalyzed reaction in which the acidic 
and basic components in the reaction medium inde
pendently contribute to the over-all reaction rate.14’22a>b 
The over-all pseudo-first-order rate constant, fc0bsd, can 
be represented by

k o b s d  =  k o  +  f c l ,30 +  [ L 30 +  ]  +

/col-[OL- ] +  M A ] +  fcB[B] (1)

where k0 is the spontaneous rate coefficient and L is 
used to denote the isotopically different hydrogens.

Initially, a series of runs was carried out varying the 
over-all buffer concentration while maintaining the 
same buffer ratio and pH. The buffer ratio, r, is de
fined throughout as the ratio of the concentration of 
acid to that of the conjugate base; i .e . , r  = [A]/[B]. 
Rearranging eq 1 leads to

fcobsd — &0 +  fcL,0 +PUO + ] +

koL - [OL- ] + [kA + *B/r][A] (2)
Plots of fc0bsd against (A) were found to be linear for a 

given buffer ratio. According to eq 2, the slope of the 
straight line, S T, is

S T = k\  -f- k ^ /r  (3)

and the intercept, h ,  is

I t =  ko +  &l2o+ [1^0+] +  &ol-[OL- ] (4)

Thus, &a and k s  were evaluated by deducing values of 
S T corresponding to several reciprocal buffer ratios 
(Table I) and show that S T is a linear function of 1 /r for 
each buffer pair (Figures 1 and 2 ), indicating the ab-

Table I : Catalysis of Acetaldehyde Hydration by Phosphate, 
Diethylmalonate, and Imidazole Buffers at 0.0°

C on cn  range N o. s, 1.
of acid, of m o le -1

Buffer® M runs 1 /r m in " 1

Phosphate in H20 ; 0.0016-0.0040 4 0.25 25.2
p  = 0.05 0 .0 0 1 0-0 .0 0 2 0 5 1 .0 0 50.6

0.0007-0.0040 5 2 .0 0 85.8
0.0004-0.0044 4 3.50 137
0.0003-0.0020 6 5.00 181
0.0002-0.0018 14 1 0 . 0 367

Phosphate in D20 ; 0.0056-0.0280 6 0.25 9.89
p  = 0.05 0.0007-0.0067 5 2 .0 0 40.1

0.0004-0.0020 5 5.00 95.5
0.0005-0.0026 3 6.99 127
0.0006-0.0031 5 9.62 170

Diethylmalonate 0.0044-0.0247 5 1.60 6.36
in H20 ; p  = 0.0036-0.0193 5 2.40 8.05
0.15 0.0023-0.0123 5 4.30 13.5

0.0017-0.0085 4 6.70 2 1 .2
0.0012-0.0062 5 9.30 29.2

Imidazole in H20  ; 0.0270-0.0850 4 0.39 1 .0 2

p  = 0 .1 0 0.0100-0.0400 5 1 .0 0 4.38
0.0075-0.0375 5 2 .0 0 7.62
0.0037-0.0187 5 4.00 16.5
0.0030-0.0150 5 5.00 19.5

Imidazole in D20 ; 0.0030-0.0150 5 5.00 7.00
M =  0.10

° Ionic strengths adjusted using sodium chloride.

(21) Although the freezing point of D 2O is 3.8°, its solutions super
cooled with ease and remained so throughout the course of a kinetic 
run. It was possible to work at 0.0° provided the acetaldehyde was 
introduced without the syringe needle coming into contact with the 
walls of the silica cell; shaking the cell to allow proper mixing did not 
induce crystallization.
(22) (a) R. P. Bell and J. C. Clunie, Trans. Faraday Soc., 48, 439 
(1952); Proc. Roy. Soc. (London), A212, 33 (1952); (b) R. P. Bell 
and B. de B. Darwent, Trans. Faraday Soc., 46, 34 (1950).
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Figure 1. Determination of specific rate coefficients of the 
components of phosphate buffer in H20  and D20  at 0.0°: 
upper curve, phosphate-catalyzed hydration of acetaldehyde 
in H20 ; lower curve, phosphate-catalyzed hydration of 
acetaldehyde in D20.

Figure 2. Determination of specific rate coefficients of the 
components of diethylmalonate and imidazole buffers in 
H20 at 0.0°: A, diethylmalonate-catalyzed hydration of 
acetaldehyde in H20 ; A2- represents diethylmalonate dianion; 
HA-  represents diethylmalonate monoanion; □, 
imidazole-catalyzed hydration of acetaldehyde in H20 ; Im 
represents free imidazole; HIm+ represents the 
imidazolium ion.

sence of catalytic components arising from the concerted 
action of both B and A. This sequence of experiments 
was used to determine the specific rate constants associ
ated with the components of phosphate, diethylma
lonate, and imidazole buffers.

The coefficients, k on  -  and fc0 were deduced from 
data involving phosphate and diethylmalonate buffers.

Values of h  corresponding to the various hydroxide ion 
concentrations are tabulated in Table II. The inter
cept I r is a linear function of hydroxide ion concentra
tion. The catalytic coefficients for water and hydrox
ide ion were evaluated from Figure 3 as k0 =  0.094 
min- 1  and fcoH- = 8.9 X 106 * X /oh- = 8.9 X 106 X 
0.76 = 6 .8  X 105 1. mole min-1. The catalytic coef
ficients, ZcDjPOi- and /cdpo,*- were evaluated from a 
series of parallel measurements in D 20. It is difficult 
to deduce /cod- accurately because under our experi
mental conditions the catalytic term 7cod-[OD- ] did 
not vary sufficiently. Our preliminary investigations, 
however, show that 7c0 d- ^  &oh-.

Table I I  : Catalysis of Acetaldehyde Hydration 
by Water and Hydroxide Ions

—--------P h osphate buffers-------------% /-------D ieth y lm alon ate  buffers------- >
I , ooh  — X  10s, I , aO H - X  108,

m in -1 m ole  l . -1 a m in -1 m ole  1.-1 a

0.105 1.62
0.106 0.992 0.117 2.67
0.113 2.01 0.130 4.56
0.126 3.21 0.148 6.63
0.137 3.99 0.173 7.70
0.156 6.95

“ Although the buffer ratio was maintained constant through
out each series of runs, small decreases in the experimentally 
determined pH occurred upon dilution with the NaCl solutions 
required to maintain constant ionic strength. The extrapolated 
values of pH corresponding to the intercept, 7, were used to 
deduce a0H_-

The kinetic rate constant for imidazole in D 20 was 
deduced from the results obtained from a series of five 
runs where (Im) = 5(DIm+). A plot of fc0bad against 
l/(D Im +) gives a straight line the slope of which is 
given by S T = 7.0 1. mole- 1  min- 1  = koim  +  5 k lm. 
If it is assumed that at this buffer ratio catalysis by 
DIm + can be neglected, a fcim value of 1.4 1. mole- 1  

min- 1  is obtained in D 20. Such an assumption would 
appear to be justified since in H20, im+ is only about; 
V io as large as k im and at the above buffer ratios the con
tribution of the 7cDim + [DIm+] term would be expected 
to be negligible in comparison to k im [Im].

The specific rate coefficients in H20 and D 20 for the 
various catalytic species present in the above-mentioned 
buffers are given in Table III.

The catalysis of acetaldehyde hydration by zinc ions 
was also investigated at 0.0°. Results obtained in 
acetate and malonate buffers were compared to those 
obtained in imidazole buffers. The observed rate con-
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Table III : Catalytic Rate Coefficients for Acids and
Bases in the Hydration of Acetaldehyde

Catalyst

« 0
1. mole- - 

min ~l px.“
io1120/
fc0D2°

H2P04- 16.0 7.12 1.8
hpc>42- 35.9 2.2

c o2h
/

Et2C
\

c o 2-

1.40 7.226

c o 2-
/

Et2C
\

c o 2-

3.00

HIm+ c 0.4 7.63
Im' 3.90 2.8
HjO* 0.094 -1 .7 4
OH- 6.8 X 106 16.69 ca. 1 . 0 f
Zn2 + in acetate 6.5

buffer4'
Zn2+ in imidazole 130 1.7

buffer4
“ Refers to the pifaat 0.0°. b The value reported for diethyl-

malonate monoanion refers to the pH of a solution where [A] = 
[B] = 0.005 M ;  cf. also R. Gane and C. K. Ingold, J. Chem. 
Soc., 2153 (1931). ‘  It was observed that when acetaldehyde
(Ac) is dissolved in a buffered system containing free imidazole 
(Im), the former is partly transformed into a complex consisting 
of one molecule of imidazole and one molecule of aldehyde (a 
tetrahedral carbinolamine complex having no C = 0  or C=N  
absorption) and partly into acetaldehyde hydrate. These forms 
of bound acetaldehyde exist in a mobile equilibrium with free 
acetaldehyde. The rate of formation of the acetaldehyde- 
imidazole complex is appreciably faster than the hydration, so 
much so that the rates of hydration are determined after the 
initial equilibrium between free acetaldehyde and unprotonated 
imidazole has been established. By taking spectrophotometric 
readings approximately 10 sec after mixing and extrapolating to 
zero time, it was found that the apparent initial aldehyde con
centration decreased when the hydrations were carried out in 
the presence of increasing quantities of imidazole. This sug
gested that a reaction between acetaldehyde and imidazole had 
taken place prior to the hydration. By calculating the concen
tration of acetaldehyde involved in this rapid preequilibrium, the 
following equilibrium constant was evaluated: K c = [(Ac)(Im)]/ 
[(Ac-Im)j cs; 7.6 moles l.-1. The observed catalytic rate con
stants associated with Im and HIir_+ are consequently apparent 
constants. 4 See footnote 23. " A  priori one might suspect
that the catalytic constant of zinc hydrate might be greater at 
higher pH and that the behavior in imidazole buffers should not 
strictly be contrasted with that in acetate buffers but with that 
obtained in a buffer system of similar pH. Consequently, we 
have further shown that the catalytic constant of zinc ions dis
solved in malonate buffers (pH 7.5) is also low. f For a number 
of reactions involving either slow proton transfer from carbon 
acid to base (general base catalysis) or a base promoted pre
equilibrium step (specific base catalysis), kon~/koD~ was found 
to be ca. 0.7; cf. Y. Pocker, Chem. Ind. (London), 1117 (1958); 
17, 599, 1383 (1959). Significantly, this ratio for the hydration 
of acetaldehyde is higher.

“oh- * l°8 (fools I"1)

Figure 3. The water and hydroxide ion catalyzed hydration 
of acetaldehyde at 0.0°: O, data obtained in phosphate 
buffers; A, data obtained in diethylmalonate buffers.

stants for these reactions include a catalytic term 
for the accelerative effect of divalent zinc ions.23

fcobsd =  fco +  &l3o+[L3O "i" ] +  fcon-[OL~] +

&a [A] +  &b [B] +  fczn2 + [Zn2+] (5)

The catalytic coefficient, kzm +, was determined from 
a series of runs in which [Zn2+] was the only variant. 
Thus the catalysis of the hydration reaction by zinc 
ions in an acetate buffer of pH 6.69 was determined by 
carrying out several runs in which the concentration 
of zinc ions was varied from zero to 0.0375 M .  The 
graphical representation of these data as given in 
Figure 4 shows that the catalytic rate constant associ
ated with zinc ions in this medium has a value of 6.5 1. 
mole- 1  min-1. To obtain efficient buffering at pH 6.69, 
the ionic strength had by necessity to be higher in this 
experiment than that reported below since the con
centration of the acetate anion in the buffer was 0 . 2 0 0

M .  However, control experiments showed that ionic 
strengths up to 0.35 (using either XaCl or X aX 0 3) 
had no measurable effect on the rate of the hydration 
reaction.

Similar experiments were carried out in imidazole 
buffers, 24 r =  [HIm+]/[Im] = 0.048 M/0.048 M ,  and

(23) (a) In acetate buffers, divalent zinc probably exists in three 
distinct forms: (i) as the hydrate, Zn(H20)42 + ; (ii) as an ion pair, 
[Zn(H20)42+OAc~]; and (in) as an innersphere species of zinc 
acetate, [Zn(H20)sO Ac]+: cf. M. Eigen and G. Maass, unpublished 
observations, quoted by M. Eigen and R. G. Wilkins in “ Mechanisms 
of Inorganic Reactions,” Advances in Chemistry Series, No. 49, 
American Chemical Society, Washington, D. C., 1965, p 55. (b)
In imidazole buffers, we have determined that each zinc ion binds up 
to four imidazoles; cf. also J. T. Edsall, G. Felsenfeld, D. W. S. 
Goodman, and F. R. N. Gurd, J. Am. Chem. Soc., 76, 3054 (1954). 
Under the conditions employed throughout our kinetic experiments, 
the most prevalent species in solution is Zn(Im)42+.
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[Zn*2] x IO2 (mole I."')

Figure 4. Zinc ion catalysis of the hydration of acetaldehyde 
at 0.0°. For each point on these plots, the buffer-catalyzed 
portions of the hydrations have been subtracted from k0bsd'- 
i.e., &zn2+[Zn2+] =  fcobsd — ¿buff, where ¿buff =  ¿o +  kuo + 
[L30 +] -f- ¿ o l _ [OL~] +  ¿ a [A] -f- ¿ b [B ]; A, catalysis of the 
hydration of acetaldehyde by divalent zinc in imidazole 
buffer in H 2O; □ , catalysis of the hydration of 
acetaldehyde by divalent zinc in imidazole buffer in 
D 2O; O, catalysis of the hydration of acetaldehyde 
by divalent zinc in acetate buffer in HjO.

pH 7.63, where the variation of zinc ion concentration 
from zero to 0.0015 M  showed that /c0bsd was again a lin
ear function of the concentration of the metal ion 
(Figure 4). The catalytic coefficient of zinc ions in 
imidazole buffers is 2 0  times larger than that in ace
tate buffers (Table III), suggesting that the accelera
tive effect of zinc ions is greatly enhanced by their co
ordination to imidazole.

The solvent deuterium isotope effect of zinc ions was 
determined by carrying out a series of runs in imidazole 
buffers in D 20 , 24 25 r =  [DIm+]/[Im] =  0.048 M/ 
0.048 M and pD 8.16. The kinetic results obtained 
from the variation of zinc ion concentration from 0 .0 0 0 0  

to 0.0024 M  shows that &zns+ = 76.7 1. mole-1  min-1, 
so that the solvent deuterium isotope effect is 
fczn*+Hi0 //czn!+D20^  1.7 (Figure 4).

Discussion

(a) Hydration Mechanisms. The capacity of the 
various acidic and basic components of diethylmalonate, 
phosphate, and imidazole buffers to catalyze the hydra
tion of acetaldehyde substantiates earlier findings per
taining to the general acid and general base catalyzed 
nature of this reaction.14-16’a-b For general acid and 
general base catalyzed hydration-dehydration, Bell 
has proposed the following mechanisms. For general 
acid catalysis

slow
Me-CHO +  H20  +  HB

slow
HO • CHMe ■ OH2 + +  B -  (A)

fast
HO-CHMe-OH2+ +  B -

fast
Me-CH(OH), +  HB (B)

For general base catalysis
slow

Me-CHO +  H20  +  B
slow
H O C H M e-0 - +  BH+ (C)

fast
H O -CH M e-O - +  BH+

fast
Me-CH(OH ) 2 -f- B (D)

Account being taken of the pK & and pA b of acetalde
hyde hydrate, 26 the concentration of the conjugate 
acid of the hydrate in acidic media or of the conjugate 
base of the hydrate in basic media is exceedingly low. 
This would require the rate coefficients associated with 
the reverse of steps A and C in certain cases to be 
faster than those usually expected for diffusion-con
trolled processes. Eigen26 postulates a mechanism 
involving a cyclic transition state in which protons are 
transferred to and from the catalyst at a site effectively 
removed from the substrate by several water mole
cules. Consequently, one might follow Eigen in writ
ing a cyclic transition state which for the spontaneous 
process is represented by I.

\  / > - * .  / H
GH8\
H— 'G

À
H

Q
HM
H

Such cyclic transition states have been invoked by 
Eigen, Kustin, and Strehlow27 in an attempt to explain 
the relatively high “ spontaneous”  rate of hydration of 
pyruvic acid. The authors ascribed this to the intra-

(24) The pH (or pD) decreases caused by the addition of zinc ions 
to the imidazole buffer throughout these series of runs were small 
enough (less than 0.055 pH or pD unit) so that the change in fc0bsd 
arising from changes in the catalytic term ¿oh_ [OH_ ] or /cod-[O D ~] 
were negligible. Under our experimental conditions each zinc ion 
removed four imidazole molecules from the buffered solution; conse
quently, each value of fcobsd was corrected to compensate for the 
corresponding decrease in catalysis by the loss of imidazole. 
Such corrections amounted to a maximum of ca. 3% of the over-all 
value of fcobsd-

(25) R. P. Bell and D. P. Onwood, Trans. Faraday Soc., 58, 1557 
(1962); Y. Pocker, Chem. Ind. (London), 968 (1960); for an estima
tion of the p.Kb of acetaldehyde, see M. L. Ahrens and H. Strehlow, 
Discussions Faraday Soc., 39, 112 (1965).
(26) M. Eigen, Angew. Chem,., 75, 489 (1963); Discussions Faraday 
Soc., 39, 7 (1965).
(27) M. Eigen, K. Kustin, and H. Strehlow, Z. Physik. Chem., 31, 
140 (1962).
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molecular catalysis by the carboxyl group in which two 
water molecules participate in a cyclic transition state.

On the other hand, it is difficult to assess the gener
ality of cyclic transition states involving intramolecular 
catalysis, for if they were dominant in all hydrations of 
carbonyl systems one might have expected that the 
spontaneous hydration of 2-pyridine aldehyde would 
proceed much more rapidly than that of 4-pyridine 
aldehyde. Indeed, such assistance is explicitly con
sidered in transition states II and III which differ in 
the number of water molecules bridging between ring 
nitrogen and the nearby carbonyl carbon.

Ill

The corresponding transition states for the hydration 
of 4-pyridine aldehyde are prohibited due to the dis
tance separating the ring nitrogen and the aldehydic 
group. We find,8' 9 however, that the water-catalyzed 
hydrations of 2- and 4-pyridine aldehyde are of com
parable magnitude,28 so that one cannot ascribe to 
transition states II and III a significant role in these 
hydrations.

(6) Buffer Catalysis in Hff) and D20. In deter
mining the rate coefficients for the components of phos
phate, diethylmalonate, and imidazole buffers, it was 
observed that the catalysis of acetaldehyde hydration 
by monohydrogen phosphate is about 10 times greater 
than that .due to imidazole or diethylmalonate dianion 
even though the three bases have comparable values of 
pA a. Similarly, the catalytic rate coefficient for di
hydrogen phosphate was about 10 times greater than 
the corresponding value for diethylmalonate mono
anion and about 40 times as large as the catalytic rate 
coefficient for the imidazolium ion.

The rate coefficients obtained for kinetic processes 
involving molecular acids or bases are found to depend 
on the acid or base strength of these catalysts. Such a 
relationship has been formulated by Brpnsted.29 Al
though it is realized that the nature of such linear free 
energy relationships is approximate, the relatively 
large catalytic coefficients of both H P042”  and H2P 0 4”  
may be significant.

One may suggest that H P042~ participates in the 
hydration by a mechanism involving simultaneous 
general base and general acid catalysis, thereby facili
tating the transfer of H20  to the aldehyde.

H \  H- \  / ° -
/ C = 0  X

CHa^ 0_ H - 0 /  \

H

H\  / °  

ch 3̂ o- h-~o/P\>

H
IV

h ^  . / ° - h ' 0\  / ° ~
C P

C H f f  \) H— 0 /  \ >

H

(E)

It is interesting to note that Gibbons and Edsall11' 30 

have observed strong catalysis by H P042”  in the hydra
tion of C 02. Here too, acceleration by this dianion far 
exceeded that due to imidazole.10' 31

A similar interpretation of these results may explain 
the enhanced catalysis by H 2P 0 4”  in the hydration of 
acetaldehyde.

The solvent deuterium isotope effects observed in the 
hydration process accord with a mechanism involving a 
rate-determining proton transfer in H20  and a deuteron 
transfer in D 20.

Kinetics of reversible hydration reactions are closely 
analogous to the formation of a hemiacetal bond:

> C = 0  +  ROH > C < ^  which occurs in theOrt
mutarotation of glucose32 33” 34 and in the dimerization of 
a-hydroxy aldehydes and ketones,35 well-known ex
amples of general catalysis by acids and bases. Thus, 
the general acid-base catalysis by the components of 
diethylmalonate, phosphate, and imidazole buffers, 
and the magnitude of the deuterium isotope effects 
determined in the present work further substantiates 
the similarity in both kinetics and mechanism between 
acetaldehyde hydration and the mutarotation of glu
cose (see Table IV ) . 36’37

(28) The fractions of hydration, x> for these aldehydes differ; conse
quently, comparisons are made in terms of second-order rate coef
ficients for the forward process, &H20f =  fcox/PELO]: &H202_pa =  
0.00431. mole-1 min-1; fcH2C4-PA =  0.00911. mole-1 m in-1; /ch20CH3CHO 
=  0.0012 1. mole-1 min-1.
(29) J. N. Br0nsted, Chem. Rev., 5, 322 (1928).
(30) On the other hand, Ho and Sturtevant12 were unable to detect 
catalysis by HPO42- in the hydration of CO2. In our laboratories 
we have been able to show (Y. Pocker and R. A. Reaugh, unpub
lished observations) significant catalysis of the dehydration of 
HOO3"  by HPO42- using a Durrum-Gibson stopped-flow spectro
photometer.
(31) Personal communication from Dr. J. C. Kernohan to Professor 
J. T. Edsall, quoted in ref 11.
(32) B. C. Challis, F. A. Long, and Y . Pocker, J. Chem. Soc., 4679 
(1957).
(33) Y . Pocker, Chem. Ind. (London), 968 (1960).
(34) H. H. Huang, R. R. Robinson, and F. A. Long, J. Am. Chem. 
Soc., 88, 1866 (1966).
(35) R. P. Bell and E. C. Baughan, J. Chem. Soc., 1947 (1937).
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Table IV  : Solvent Deuterium Isotope Effects, fcH2o /fo 2o 
Involved in the Hydration of Acetaldehyde and 
the Mutarotation of Glucose

Catalyst
Hydration of 
acetaldehyde

Mutarotation 
of glucose

H 2P 04- 1.8 1.9*
h p o 42- 2.2 2 .56 * * * *
Im 2.8 2 .3i
HOAc 2.5* 2 .3 C
OAc- eCO(N 2.4C
H 30  + 1 .3 “ 1.4°

“ Reference 15. 6 Reference 36. c Reference 37.

(c) Importance to Enzymatic Catalysis, (i) Be
cause of general acid-general base catalysis, the revers
ible hydration of carbonyl systems proceeds at an 
appreciable rate in the absence of enzyme. Conse
quently, it is advantageous to find a buffering medium 
whose threshold of catalysis is low in comparison to the
enzymatic catalysis. In most investigations involving 
the enzymatic hydration of CO2 by carbonic anhy-
drase, phosphate buffers were employed38 -  40 so that the 
studies could be conducted at physiological pH. How
ever, analysis of their work11 * shows that the component 
of nonenzymatic hydration is significant. Indeed, the 
present work indicates that the catalytic components 
of phosphate buffers, H2PO4-  and HPO42-, are at least 
ten times more efficient than those involved in either 
imidazole or diethylmalonate. Kernohan13 * * * has em
ployed imidazole buffers in studying the enzymatic 
hydration of C 02. The use of this buffer for similar
enzymatic studies involving acetaldehyde is precluded
by its facile attack on the carbonyl carbon.41 Finally, 
diethylmalonate buffers appear to be best suited for pH 
control around physiological pH required in enzymatic 
studies since they neither react with substrate mole
cules nor do they afford significant acceleration of rate.

(ii) In earlier publications,4-7 we have shown that
the basic form of an ionizable group having a pE a of
7.0 in bovine carbonic anhydrase42 and a p/Aa of 7.4 in
human carbonic anhydrase is important in the enzyme
catalyzed hydration of acetaldehyde. These results
are consistent with the participation of an imidazole
group in the active site. Since it has been demon
strated that the zinc ion associated with the native 
enzyme is an obligatory component for its hydrase ac
tivity, 17' 18 36 37 38 39 40 41 42 43 44 we were prompted to test the activity of zinc 
ions in the presence of imidazole buffers. Our results

show that although catalysis by imidazole and its con
jugate acid is moderate and that catalysis by zinc ions 
in acetate buffers (pH 6.69) and malonate buffers (pH
7.5) is also mild, enhanced catalysis is observed when 
zinc ions are introduced into imidazole buffers (Table
III).

Our independent experiments involving pH decreases 
arising from the addition of zinc nitrate solution to 
imidazole buffers show that under the experimental 
conditions prevailing in our kinetic studies, divalent 
zinc existed predominantly in the form Zn(Im)42+. 
Earlier studies43 concerning the formation of this zinc 
imidazole complex further substantiates these findings.

Since such a zinc imidazole complex is in mobile 
equilibrium with V and VI, its catalytic effectiveness44a,b 
could be derived either from an imidazole assisted trans
fer of H20  from V or from a transfer of OH-  from VI.

Zn(Im)42+ +  H20  Zn(Im)3OH22+ +
V
Im Zn(Im)3OH+ +  HIm+ (F) 

VI

Other things being equal, the inherent activity of a 
metal-bound hydroxide should be less than that of a 
free hydroxide ion. The virtue of a metal ion complex 
lies, however, in its ability to carry appreciable amounts 
of potential OH-  at a pH where very little free OH-  
could exist.

(36) Y. Pocker, J. W. Long, and D. B. Dahlberg, unpublished results 
from this laboratory.
(37) W. H. Hamill and V. K. La Mer, J. Chem. Phys., 4, 3195 
(1936); cf. also B. C. Challis, F. A. Long, and Y. Pocker, J. Chem. 
Soc., 4679 (1957).
(38) R. P. Davis, J. Am. Chem. Soc., 80, 5209 (1958).
(39) H. De Voe and G. B. Kistiakowsky, ibid., 83, 274 (1961).
(40) B. H. Gibbons and J. T. Edsall, J. Biol. Chem., 239, 2539 
(1964).
(41) See Table III footnote c.
(42) This value is shifted to a pK„ of 7.55 in D 2O solvent.
(43) J. T. Edsall, G. Felsenfeld, D. S. Goodman, and F. R. N. Gurd, 
J. Am. Chem. Soc., 76, 3054 (1954).
(44) (a) In this connection, it is interesting to note that divalent 
zinc and cobalt are very effective catalysts for the hydration of 2- 
pyridine aldehyde, a compound which can simultaneously act as 
substrate and chelating agent: Y. Pocker and J. E. Meany, ibid., 
in press, (b) The observed rate enhancement is perhaps reminiscent 
of the powerful catalysis exhibited by the dipositive ions [Co- 
(NHs)sOH]2+ and [Cr(NH3)sOH ]2 + in the mutarotation of glucose: 
J. N. Brpnsted and E. A. Guggenheim, Trans. Faraday Soc., 52, 
1093 (1956). Similar observations were made in the decomposition 
of nitramide: J. N. Brdnsted, Z. Physik. Chem., A155, 211 (1931); 
cf. also M. L. Bender and B. W. Turnquest, J. Am. Chem. Soc., 79, 
1889 (1957); W. L. Koltun, M. Fried, and F. R. N. Gurd, ibid., 82, 
233 (1960).
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Thermodynamics of Complex Dissociation in Aqueous Solution 

at Elevated Temperatures1

by Harold C. Helgeson2

Department of Geology, Northwestern University, Evanston, Illinois (Received May 13, 1966)

The temperature dependence of the thermodynamics of dissociation for complexes in the 
temperature range 0-370° is described in terms of functions involving the dielectric con
stant of water and a power series consistent with nonelectrostatic interaction in the absence 
of a dielectric medium. Evaluation of the theoretical equations for various reactions 
yields results in close agreement with published thermodynamic data. Heat capacities 
of dissociation may vary monotonously with temperature or pass through extrema depend
ing on the relative influence of electrostatic and nonelectrostatic interaction on the stabilities 
of the complexes as temperature increases. When the dielectric constant of the solvent 
becomes small at high temperatures, the electrostatic contribution dominates. As a 
consequence, many complexes become significantly stable at high temperatures, and the 
enthalpies, entropies, and heat capacities of dissociation become relatively large negative 
numbers.

Introduction
Integration of the van’t Hoff equation permits cal

culation of dissociation constants at elevated tem
peratures. The heat capacities of dissociation required 
for this are usually represented by arbitrary power func
tions of temperature, limited in each case to the number 
of terms required to fit experimental data.3-12 Al
though this procedure has obvious merit for reproducing 
experimental results, it is not amenable to theoretical 
interpretation of the thermodynamic behavior of com
plexes with changing temperature. A useful approach 
for this purpose involves separation of the respective 
thermodynamic variables into hypothetical electro
static and nonelectrostatic terms.12-18

Derivation of Equations
The model adopted here can be discussed con

veniently in terms of an isothermal entropy cycle
A -d -r.\Z.\) $Si° * Z+ I -T) Z-■̂y+-Dy_(vac) ^ -̂Ĥ -Oac) i v—̂ (vac)

ASi°| A&°j ASa°|
A R / (v+Z+ — v-\Z-\) __  ̂ A z+ I .. TD z-A,,+.t>„_(aq) A/Sro J'+A-Caq) i V —D  (aq)

in which A and B represent the cation and anion, 
respectively, v+ and r_ designate the number of ions

per mole of complex, and Z+ and Z_ are the respective 
charges on the cation and anion.

A. Separation of Variables. Omitting provision 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

(1) The work reported here was initiated wdiile the writer was 
employed by Shell Development Co., Houston, Texas.
(2) The author was supported in this investigation by Shell De
velopment Co., the Research Committee of Northwestern University, 
and the National Science Foundation (NSF Grants G.U. 1700 and 
G.E. 9758).
(3) K. S. Pitzer, J. Am. Chem. Soc., 59, 2365 (1937).
(4) H. S. Harned and R. W. Ehlers, ibid., 55, 652 (1933).
(5) H. S. Harned and R. W. Ehlers, ibid., 55, 2179 (1933).
(6) H. S. Harned and R. W. Ehlers, ibid., 55, 2379 (1933).
(7) H. S. Harned and N. D. Embree, ibid., 56, 1050 (1934).
(8) Th. Ackermann, Z. Elektrochem., 62, 411 (1958).
(9) Th. Ackermann and F. Schreiner, ibid., 62, 1143 (1958).
(10) M . Eigen and E. Wicke, ibid., 55, 354 (1951).
(11) H. S. Harned and R. A. Robinson, Trans. Faraday Soc., 36, 
973 (1940).
(12) D. H. Everett and W. F. Wynne-Jones, ibid., 35, 1380 (1939).
(13) L. P. Hammett, J. Chem. Phys., 4, 613 (1936).
(14) L. P. Hammett, “ Physical Organic Chemistry,”  McGraw-Hill 
Book Co., Inc., New York, N. Y., 1940.
(15) R. W. Gurney, J. Chem. Phys., 6 , 499 (1938).
(16) R. W. Gurney, “ Ionic Processes in Solution,”  McGraw-Hill 
Book Co., Inc., New York, N. Y ., 1953.
(17) G. H. Nancollas, Discussions Faraday Soc., 24, 108 (1957).
(18) G. H. Nancollas, Quart. Rev. (London), 13, 402 (1959).
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f o r  th e  d iffe re n ce s  in  th e  u su a l s ta n d a r d -s ta te  c o n 
v e n t io n s  a d o p te d  fo r  a q u e o u s  a n d  g a se o u s  sp ecies , 
th e  e n tr o p y  o f  d is s o c ia t io n , AST°, f o r  th e  c o m p le x  
A „J 3 „_ (‘,+ Z+ in  a n  a q u e o u s  s o lu t io n  a t a g iv e n
te m p e r a tu r e  is  g iv e n  b y

A£r° =  -A £ i°  -  AS2° -  AS3° -  AS4° (1)

in  w h ic h  A/S10, AS2°, a n d  AS3° re p re se n t th e  e n tr o p y  
ch a n g e s  a tte n d in g  s o lv a t io n  o f  th e  c o m p le x  a n d  its  d is 
s o c ia te d  sp e c ie s , a n d  ASF is  th e  e n tr o p y  ch a n g e  fo r  
d is s o c ia t io n  o f  th e  c o m p le x  in  a  v a c u u m . I f  th e  to t a l  
in te r a c t io n  b e tw e e n  th e  io n s , c o m p le x , a n d  s o lv e n t  
d ip o le s  c o n tr ib u t in g  t o  th e  e n tr o p y  ch a n g e  re p re se n te d  
b y  a n y  p a r t  o r  a ll o f  th is  c y c le  is  r e g a rd e d  as th e  su m  
o f  e le c t r o s ta t ic  ( lo n g  ra n g e ) a n d  n o n e le c tr o s ta t ic  (sh o r t  
ra n g e ) in te r a c t io n , th e n

AiSr° =  ASe° +  ASn° (2)

in  w h ic h  th e  s u b s c r ip ts  e  a n d  n  d e s ig n a te , r e s p e c t iv e ly , 
th e  e le c t r o s ta t ic  a n d  n o n e le c tr o s ta t ic  c o n tr ib u t io n s  to  
th e  e n tr o p y  o f  d is s o c ia t io n . T h e s e  tw o  e n tro p ie s  ca n  
in  tu rn  b e  re p re se n te d  b y

A£e° =  -A £l,e° -  AS 2,e° ~  AS 3,e°  -  AS 4,e° (3)

a n d

ASn° =  -A & ,n 0 -  AS2,n° -  ASa.n0 -  A,S4,n° (4)

In c lu d in g  te m p e ra tu re  as a v a r ia b le , a n d  m a k in g  th e  
fu r th e r  a s s u m p t io n  th a t  A Se°(T, electrostatic interac
tion) a n d  ASn°(T, nonelectrostatic interaction) a re , re
s p e c t iv e ly , s e p a ra b le  in  th e  v a r ia b le s  T, electrostatic 
interaction a n d  T, nonelectrostatic interaction, w e  ca n  
w r ite

AS°{T)  =  A S° { T)  +  ASn°(T) =

ASe0(Tr) X  f(T) +  ASn°(Tr) X  g(T) (5 )

w h e re  AiSe° ( T r) a n d  ASn°(Tr) re p re se n t th e  tw o  c o n 
tr ib u t io n s  a t  th e  re fe re n ce  te m p e ra tu re , T,  (2 9 8 .1 5 ° K ) .

T h e  e le c t r o s ta t ic  fr e e  e n e rg y  o f  d is s o c ia t io n  fo r  a 
c o m p le x  in  a  v a c u u m  is g iv e n  b y

AFe(vac) J2(NZiey /2 r  (6 )
i

w h e re  Ze is  ch a rg e , r  is  d is ta n ce  o f  s e p a r a t io n , a n d  N  is 
A v o g a d r o ’ s n u m b e r . B e c a u s e  th e se  p a ra m e te rs  are 
te m p e r a tu r e  in d e p e n d e n t , ASi,e° is  z e ro . A Se° is  th u s  
e q u a l t o  th e  n e t  d if fe re n ce  in  th e  e n tr o p y  ch a n g e  a t
te n d in g  s o lv a t io n  o f  th e  c o m p le x  a n d  its  d is s o c ia te d  
sp e c ie s  as lo n g  as th e  h y d r a t io n  p r o c e s s  is  e n tire ly  e le c 
t r o s t a t ic .19-22 T h e  s ta n d a rd  s ta te  a d o p t e d  h e re  is 
b a s e d  o n  in fin ite  d ilu t io n ; c o n s e q u e n t ly  io n - i o n  a n d  
io n - c o m p le x  in te r a c t io n  in  th e  s ta n d a rd  s ta te  are 
n e g lig ib le , a n d  AiSe° re fe rs  s o le ly  t o  th e  e le c t r o s ta t ic

in te r a c t io n  o f  w a te r  d ip o le s  w ith  th e  c o m p le x  a n d  it s  
d is s o c ia te d  io n s . T h e  n o n e le c tr o s ta t ic  e n t r o p y  is  
d o m in a t e d  b y  ASi,n° a n d , in  c o n tr a s t  t o  s im ila r  m o d e ls  
e m p lo y e d  e lse w h e re ,13-16’18 it  is  re g a rd e d  h e re  as a  
te m p e r a tu r e -d e p e n d e n t  v a r ia b le .

B. Electrostatic Temperature Function. T h e  o b 
s e rv e d  re la t io n  b e tw e e n  lo g  K  f o r  v a r io u s  c o m p le x e s  
a n d  th e  r e c ip r o c a l o f  th e  d ie le c tr ic  c o n s ta n t  o f  th e  s o l
v e n t  a t  2 5 °  is  o ft e n  (b u t  n o t  a lw a y s ) l in e a r .23-26 T h e  
m a c r o s c o p ic  d ie le c tr ic  c o n s ta n t  o f  th e  s o lv e n t  is  u s u a lly  
e m p lo y e d  t o  fit  th e s e  d a ta  w ith  th e  B o r n ,27'28 B je r -  
r u m ,29-30 o r  D e n is o n -R a m s e y 31 e q u a t io n s .25’32 T h is  
a p p r o a c h  is  o b v io u s ly  o p e n  t o  c r it ic is m ,33'34 b u t  i t  h a s  
b e e n  su cce s s fu l in  c lo s e ly  d e s cr ib in g  th e  s o lv e n t  d e 
p e n d e n c e  o f  m a n y  d is s o c ia t io n  c o n s ta n ts .25’26 27 28 29 30 31 F o r  th e  
p re se n t p u rp o se , a gen era l fo r m  o f  th e  B o r n  o r  B je r r u m  
e q u a t io n s  w ill  su ffice  t o  re p re se n t th e  e le c t r o s ta t ic  c o n 
t r ib u t io n  t o  th e  fr e e  e n e rg y  o f  d is s o c ia t io n ; th a t  is

A Fe°(T) =  B +  A/e(T)  (7)

w h e re  A  is th e  s lo p e  p a ra m e te r  a n d  B is th e  in te g ra 
t io n  c o n s ta n t  fo r  — fA S e°(T)dt.

(19) The failure of electrostatic models to describe accurately the 
thermodynamics of ion hydration19 20 has been attributed to the role 
of covalent interaction in the solvation processes.21’22 23 24
(20) K. J. Laidler and C. Pegis, Proc. Roy. Soc. (London), A241, 80 
(1957).
(21) J. L. Kavanau, “Water and Solute-Water Interactions,” 
Holden-Day, Inc., San Francisco, Calif., 1964.
(22) L. B. Magnusson, / .  Chem. Phys., 39, 1953 (1963).
(23) R. M. Fuoss and C. A. Kraus, J. Am. Chem. Soc., 79, 3304 
(1957).
(24) C. W. Davies, “Ion Association,” Butterworth and Co. Inc., 
Washington, D. C., 1962.
(25) C. A. Kraus, J. Phys. Chem., 60, 129 (1956).
(26) Ya. I. Tur’yan, Russ. J. Inorg. Chem., 4, 369 (1959).
(27) M. Born, Z. Physik., 1, 45 (1920).
(28) AFi,Q° =  [—(Ze)2N/2r][\ — (1/e)], where iV is Avogadro’s 
number and AFi,e° is the change in free energy attending reversible 
transfer of the ith ionic species of radius r and absolute charge Ze 
from a vacuum to a medium with a dielectric constant, e.
(29) N. Bjerrum, Kgl. Danske Videnskab. Selskab, Math. Fys. Medd., 
7, 1 (1926).
(30) K ' 1 = (AtN/l§W){\Z\Zi\e2/kT)*Q(b), where K  designates the 
dissociation constant, \Z1Z 2\e2 represents the product of the absolute 
charges of the ionic species involved, N  is Avogadro’s number, k is 
Boltzmann’s constant, c is the dielectric constant, and Q(b) — 
2$ ~4exdx, in which x =  \ZiZz\e2/rekT and b = \ZiZi\e2/atkT, where 
r is the radius and a is the distance of closest approach.
(31) AFt° =  NAVi/e, where AFT° represents the free energy of dis
sociation, N  is Avogadro’s number, e designates the dielectric con
stant of the solvent, and AF2 is the potential energy of dissociation; 
J. T. Denison and J. B. Ramsey, J. Am. Chem. Soc., 77, 2615 (1955).
(32) (a) R. M. Fuoss and C. A. Kraus, ibid., 55, 1019 (1933). (b)
A. M. Sukhotin, Zh. Fiz. Khim., 31, 792 (1957). (c) L. D. Pettit
and S. Bruckenstein, J. Am. Chem. Soc., 88, 4783, 4790 (1966).
(33) Y. P. Vasil’ev, Russ. J. Inorg. Chem., 5, 1378 (1960).
(34) S. I. Drakin and V. A. Mikhailov, Russ. J. Phys. Chem., 33, 45 
(1959).
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The dielectric constant of water from 0 to 370°36-40 
can be represented by

e(T) = c0 exp[—exp(6 +  aT) — T/6] (8 )

where e0 =  305.7, b =  —12.741, a =  0.01875, and 
6 =  219.41

Because AS°{T) =  — dAFe°(T)/dT, eq 8 and its 
£rst derivative can be combined with the first deriva
tive of eq 7 to give

&S°(T) =  A exP[exp(& +  aTi +  T/ 6>] x
eo

1

9
+  a exp(6 +  aT) (9)

However, for the reference temperature, eq 9 can be 
written as

A exp [exp(b +  aT/) +  TJd]
«0 = -------------------~zz nTzrs--------------- XASe°(TT)

+  a exp(ò +  aTr) (1 0 )

so that

ASe°(T) =
ASe°(Tr) exp [exp(b +  aT) — c +  { T  — Tr)/6]

XO)
[1 +  ad exp(b +  aT)] (11)

where c =  exp(b +  aTr) and w = 1 +  acd.
C. Nonelectro static Temperature Function. Al

though calculations of ASn°(T) could be carried out by 
characterizing the degrees of freedom contributing 
to the nonelectrostatic entropy of dissociation,18 it is 
sufficient for the present purpose to define this variable 
in terms of an empirical power series consistent with 
purely covalent interaction in the absence of a dielectric 
medium. If we assume for dissociational reactions in 
aqueous solution that the nonelectrostatic contribution 
m ACp ,t° (T), the heat capacity of dissociation, can be 
represented by42-45

ACF,n°(T) =  a +  PT +  XT2 (12)

in which a, /?, and A are reaction-dependent coefficients, 
then eq 12 can be divided by T and integrated to give 
the following approximation of ASn°(T)

A SB°(T) = ASn° (T)dT/T =

A S n ° ( T r) +  a In T / T r +
0 ( T  -  Tr) +  A(T2 -  7V0/2 (13)

D. Combined Equations. Substitution of eq 11 and

13 in eq 5 yields an expression for the entropy of dis
sociation as a function of temperature (from 0 to
3 7 0 °)46-49

A Sr°(T) =
ASe°(Tr) exp[exp(6 +  aT) — c +  (T — Tt)/9]

XO)
[1 +  <f>exp(6 +  aT)] +  A Sn°(.TT) +  

a In T/Tr +  P(T -  Tt) +  X(T2 -  Tr2) / 2 (14) 

in which 9 =  219; a =  0.01875; b =  -12.741; c =

(35) G. C. Akerlof and H. I. Oshry, J. Am. Chem. Soc., 72, 2844 
(1950).
(36) F. H. Drake, G. W. Pierce, and M. T. Dow, Phys. Rev., 35, 613 
(1930).
(37) J. Wyman, Jr., ibid., 35, 623 (1930).
(38) G. C. Akerlof, J. Am. Chem. Soc., 54, 4125 (1932).
(39) J. Wyman, Jr., and E. N. Ingalls, ibid., 60, 1182 (1938).
(40) C. G. Malmberg and A. AM aryott, J. Res. Natl. Bur. Std., 56, 
1 (1956).
(41) This double exponential equation extends Gurney’s16 expression 
for e(T) at low temperatures [«(T) =  «o exp(— T/B)] to higher tem
peratures. The maximum deviation of the dielectric constant de
scribed by eq 8 from that predicted by the power function proposed 
by Akerlof and Oshry \e(T) = a/T +  b — cT  -J- dT2 — eTz] over the 
temperature range 100 to 370° is 0.1, but over most of this range it is 
considerably less. Below 100°, where many more data are available 
and the scatter is correspondingly large, values calculated from eq 8 
are in closest agreement with the data of Malmberg and Maryott.40 
A number of the thermodynamic calculations reported in later dis
cussion were alternately carried out with e(T) represented by the 
Akerlof-Oshry equation to examine the consequences of numerical 
differences between its derivative and that of eq 8 on calculated 
thermodynamic variables at elevated temperatures. The effects 
were found to be insignificant.
(42) The temperature dependence of the heat capacities of hydro
carbon gases for the normal paraffin, monoolefin, acetylene, alkyl 
benzene, alkyl cyclopentane, and alkyl cyclohexane series from 298.15 
to 1500°K takes the form of a simple quadratic or cubic equation 
in 71.43 Heat capacities of other gases take the form CP°(T ) =  
a +  bT +  c/T7-, in which the last term or the last two terms may 
be insignificant.44-45 Although little is known of the temperature 
dependence of the heat capacities of dissociation for gases, because 
the various members of the hydrocarbon series cited above differ 
from one another by one or more CH2 groups, the difference in the 
heat capacities for two members of the series also takes the form of a 
quadratic or cubic function of T. See B. L. Lewis and G. von Elbe, 
J. Am. Chem. Soc., 57, 612 (1935).
(43) H. M. Spencer, Ind. Eng. Chem., 40, 2152 (1948).
(44) K. K. Kelley, U. S. Bureau of Mines Bulletin 584, U. S. Govern
ment Printing Office, Washington, D. C-, 1960.
(45) G. N. Lewis and M. Randall, “ Thermodynamics,” 2nd ed, rev 
by K. S. Pitzer and L. Brewer, McGraw-Hill Book Co. Inc., New 
York, N. Y., 1961, p 66.
(46) It will be apparent in the later discussion that for certain groups 
of dissociational reactions, eq 14 is equivalent to that obtained by 
performing an expansion of ASt°(T) about a reference ASr°(T T) 
when only the first two terms of the expansion are retained. For 
such reactions, eq 14 is consistent with the principle of corresponding 
states employed by Criss and Cobble47 -49 to predict absolute ionic 
entropies and average ionic heat capacities at elevated temperatures.
(47) C. M. Criss and J. W. Cobble, J. Am. Chem. Soc., 86, 5385 
(1964).
(48) C. M. Criss and J. W. Cobble, ibid., 86, 5390 (1964).
(49) J. W. Cobble, Science, 152, 1479 (1966).
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exp(6 +  a T r) =  7.84 X 10~4; oo = 1 +  acd = 1.00322; 
and <j> = a& =  4.106. Combining the integral of 
eq 14 and a statement of eq 5 for Tt along with

AF r° ( T )  = AF t° ( T r )  -  [ TA S r° ( T ) d T  (15)
J  T r

and

AFr°(T r) =  A77r°(T r) -  TrASr°(T r) (16)

results in the equation for the free energy of dissocia
tion

A Fr°(T) =  - A  Se°(TT) -{exp [exp (b +  aT)

c +  ( T  -  T t) / e ]  -  1} +  Tr -  r j  -
T A S r ° ( T r) +  AH r ° ( T t) -  a ( T  In T / T r -  

T  +  Tr) -  0 ( T  -  T r ) ' / 2 -  \ ( T * / 3 -  
7 7 /3 -  T t' T  +  7 7 )/2 (17)

Combining eq 17 with AF t° ( T )  =  —2.303R T  log K ( T )  
leads to

log K(T) =
A S e° ( T t) ~ 

2.3037271. T t T ----- (1 — exp [exp (b +
03

aT) - c  +  (T -  T r ) / » ] )
A H t° ( T t) 

2.303RT

ASr°(Tt)
+ -(In T / T r  -  1 +2.30372 2.30372

T ,m  +  ^  x
4.60672 T 4.60672T

( r 3/3  -  r ra/3  -  r r2T +  r r3) (is)

Multiplying the first derivative of eq 14 by T yields 
the following equation for the heat capacity of dissocia
tion.

AC°tAT) =
T A S e° ( T r )  exp [exp(6 +  aT) -  c +  ( T  -  T t) / 9 ]

03» X
{[1 +  tf>exp(6 +  aT)]2 +  4>2exp(6 +  aT)] +

a +  PT +  XT2 (19)

Comparison of Calculated and Experimental Data
A. Dissociation Constants. Figures 1 and 2 il

lustrate fits of eq 18 to dissociation constants taken from 
the literature sources shown in Table I .60- 50 51 52 The 
calculations were carried out with the aid of a least- 
squares computer routine. The values of A77r°(71r)

Figure 1. F it of eq 18 with X =  0 (solid curves) to published 
dissociation constants (represented by the symbols) taken 
from the sources indicated in Table I.  The thermodynamic 
data employed in the calculations are shown in Table I I  
along with the values of ASe°(7’r), a, and ¡3 obtained from 
the least-squares fits. In  the case of formic and propionic 
acids, the curves are based on least-squares fits of heat 
capacity data (Figure 3— see text). Comparative 
alternate curves based on the assumption that
AC'p,r°(71) = 0 (--------), ACp,r°(T ’ ) = a constant
(-------- ), or that A C p ,r° (r )/A C p ,e° (7 ')  is constant
( ......... ) [see text] are also shown for the dissociation
of water. The triangular symbols for log 
7?hso4-  represent values calculated by Marshall 
and Jones [/. Phys. Che7n., 70, 4028 (1966)] 
from CaSCh solubilities (see footnote f, Table 
I, and footnote r, Table II) .

and ASr°(Tr) employed in the calculations are given in 
Table II along with the values of A S r:° ( T T) ,  a, and (3 
obtained from the fits of the data. The least-squares 
fits depicted in Figures 1 and 2 were calculated with 
X set to zero because the dissociation constants are not 
sufficiently precise in most instances to permit signifi
cant values of this parameter to be determined. X can 
be defined explicitly only by the second derivative of 
ACp , n  ° ( T ) . Also because of uncertainties in the dissocia-

(50) All equilibrium constants reported in this paper are consistent 
with molal units of concentration. Values taken from the literature 
have been converted from the molar scale where necessary (log K m = 
log Kn  — n log PH2O, in which phzO is the density of water and n is 
one for dissociation constants and two for activity products). The 
density data for water were taken from Dorsey61 and Keenan and 
Keyes.“  Although the standard state adopted here is a hypo
thetical 1 m solution at 1 atm, pressure changes up to several hundred 
atmospheres have a small effect (considered negligible in this dis
cussion) on the thermodynamics of dissociation for most complexes.
(51) N. E. Dorsey, “ Properties of Ordinary Water-Substance,” 
Reinhold Publishing Corp., New York, N. Y ., 1940.
(52) J. H. Keenan and F. G. Keyes, “ Thermodynamic Properties of 
Steam,”  John Wiley and Sons, Inc., New York, N. Y., 1936.
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Table I  : Sources of Experimental Dissociation Constants Plotted in Figures 1, 2, and 10

D is s o c ia t io n a l
R eaction

Temperature
In t e r v a l

D is s o c ia t io n a l
Reaction

—
Temperature

In t e r v a l

H2-0 i  H+ + 0H~a 0° -  60°a 
Q ° -1 0 0 ° ° ’ c 

10 0° -30 6°c

H3P04 t  H+ + H ^ 0 ° - 1 5 6 ° r ,u

NH.OH t  NHt + OH”  4 4 0°_  50°C,V 
5 0 ° -3 0 6 °c , rhsoT t  h+  + soT"4 4 0 ° -2 2 5 ° ‘! ’ e

25°-350ot
NaOH Ì  Na+  +  0H_ 5 ° -  45°W 

281°rKS0~ Î K + +  SO?" 4 4 0 ° -  4 0 °y 3 
100°-300°

HC00H t  H+ + HC00~ 0° -  60° 7
HC0~ t  H+ +  CO” 0 ° -  50°j. 

6 0 ° -  90°, 
100°-218o1

ch3cooh t  H+ + ch3coo" 0° -  60°4 
18 ° -3 0 6 °c

Hoc o “  y t  H+  + HCOl 2 3 (app) ^ 3 0 ° -  50°n 
5 5 ° -  65°°  

100° -2 0 0 o1

c2h5cooh î  h+ + c2h5coo~ 0° -  60°6

hno3 Ì  H+ + N0~ 0 ° -  70°x 
218° -30 6°eHCl t  H+ + Cl" 0 ° -  50 °74 

260°-374°p , q , r
H2C°3 (app) *■ H2° + C02 (g) 0° -  5 0 ° ^  

75°-125°^q 
10 0° -35 0°5a

NaCl t  Na+ + Cl- 28 1°-306°r
300°-373°s

374°q , t

H2S(aq) Z H2S(g) 0° - 1 0 0 ° ^ ’ 5 6 , i
100° -30 0°58KC1 Î  K+ + Cl- 28 1°-306°r

374°q

(a ) H. Lunden, J .  Chem. Phys. .  574 (1 907 ) ;  A. Olander, Z e l t . Phvslk . Chem. . 144 . Pt.  A . ,  49
(1929) ;  H. S. Harned and W. J .  Hamer, J. Am. Chem. S oc . ■■ 55. 2194 (1933) ;  H. S. Harned and W. j !  
Hamer, I b i d . , 4496 (1933) .  (b ) A. Heydweil ler ,  Ann. Phvslk . . 2JL, 503 (1909) .  ( c )  A. A. Noyes,
Y. Kato, and R. B. Sosman, J_. Am. Chem, S o c . . 32. 159 (1910) .  (d) M. H. L ie tz k e ,  R. W. S tou g h ton ,”
and T. F. Young, J.  Phys ■ Chem. . 65,, 2247 (1 961 ) ;  V. S. K. Nalr and G. H. N ancollas ,  J.  Chem. S o c ! 
(London), 4144 (1958) ;  M. Kerker, Am. Chem. S oc . . 79. 3664 (1956) ;  T. F. Young, L. F. M aranvil le ,  
and H. M. Smith, In The Structure o f  E l e c t r o l y t i c  So lu t ions  (ed ited  by W. J. Hamer), W iley , N. Y . ,
35 (1959) ;  B. N. Ryzhenko, Geochemistry I n t e r n a t i o n a l . No. 1 ,  8 (1964) ;  X. E. F l i s ,  K. P. Mishchenko, 
N. V. Pakhomova, Zh. Neorg. Khlm. . 1 ,  1772 (1 958 ) ;  C. K. S i n g l e t e r r i ,  Ph.D. T hes is ,  Univ. o f  C h icago” 
(1940) .  (e )  A. A. Noyes, Carnegie I n s t . P u b l . No. 63 (1907) .  ( f )  W. L. Marshall  and E. V. Jones,
J.. Phys. Chem. . 70. 4028 (1966) .  These values were not included in  the present a n a ly s is  o f  data, but 
are p lo t t e d  in  Figure 1 f o r  comparison. In ad d i t ion  to the u n c e r ta in t ie s  introduced  by the probable  
formation o f  CaS0 4 ( aq) (see  fo o t n o t e  r ,  Table 2 ) ,  Marshall and Jones '  va lues above 300°C a ls o  prob
ab ly  r e f l e c t  the form ation o f  H2S0 4 ( aq)g .  (g) A. S. Qu ist ,  W. V. Marshall and H. R. J o l l e y ,  J. Phys. 
Chem. . 69 . 27 (1965) .  (h) R. P. B e l l  and J. H. B. George, Trans. Farad. S oc . .  4 9 . 619 (1953) .
( i )  J. Kendall and J. C. Andrews, _J. Am. Chem. S oc . . 43 . 1545 (1921) .  ( j )  H. S. Harned and S. R.
S c h o le s , J r . ,  J . Am. Chem. S o c . . 63 . 1706 (1941) .  (k) F. Cuta and F. S tr â fe ld a ,  Chemicke Lis t v . 48 .
1304 (1954) .  (1 )  B. N. Ryzhenko, Geochemistry 151 (1963) .  (m) The su b sc r ip t  " (a p p ) "  in d ic a t e s  that
the sp ec ie s  r e fe r red  to i s  the u n d i f fe r e n t ia te d  sum o f  C02(aq) + H2C0 3 ( aq) .  (n) H. S. Harned and R.
Davies, J r . ,  J .  Am. Chem. S oc . . 65 . 2030 (1943) .  (o )  A. J. E l l i s ,  J. Chem. S o c . (London), 3689
(1959) .  (p) D. Pearson, C. S. Copeland, and S. W. Benson, J_. Am. Chem. S oc . . 85 . 1047 (1963) .
(q ) E xtrapo lat ion  o f  s u p e r c r i t i c a l  data taken from E. U. Franck, Ang. Chemie■ 73 . 309 (1 961 ) .  ( r )  J.
M. Wright, W. J. Lindsay, J r . ,  and T. R. Druga, U. Atomic Energy Comm. . WAPD-TM-204 (1961) a f t e r  
Noyese . ( s )  D. Pearson, C. S. Copeland, and S. W. Benson, J.  Am. Chem. S oc . .  8 5 . 1044 (1963) .
( t )  E xtrapolat ion  o f  s u p e r c r i t i c a l  data taken from J .  K. Fogo, S. W. Benson, and C. S. Copeland, J. 
Chem. Phys■. 22 . 212 (1954) .  (ù) L. F. Nims, ¿ .  Am. Chem. S oc . . 56. 1110 (1934) ;  R. G. Bates, J.
Res. Nat. Bur. S td s . . 47 . 127 (1951) .  (v )  R. G. Bates and G. D. Pinching, J. Res. Nat■ Bur■ S td s . . 
42 . 419 (1949) ;  D. H. Everett and D. A. Landsman, Trans■ Farad■ S o c . ,  1221 (1954) ;  E. Arnold,
H. F re itag  and A. P atterson ,  J r . ,  In The Structure o f  E l e c t r o l y t i c  So lu t ions  (ed i ted  by W. J.  Hamer), 
W iley , N. Y . ,  281 (1959) .  (w) F. G. R. Gimblett  and C. B. Monk, Trans. Farad. S oc . . 5 0 . 965 (1954)
a f t e r  H. S. Harned and G. E. Mannweiller, I b i d . . 5 7 ■ 1873 (1935) .  (x ) J. F. Young, L. F. M aranvil le ,
and H. M. Smith, in The Structure o f  E l e c t r o l y t i c  So lut ions  (ed ited  by W. J. Hamer), Wiley , N. Y . ,  35 
(1959) ;  A. A. Kraewitz, Ph.D. Thes is ,  Univ. o f  Chicago (1955) ;  G. C. Hood and C. A. R e i l l y ,  J .  Chem. 
Phys. . ¿ 2 ,  127 (1960) .  ~
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Figure 2. F it of eq 18 with X = 0 (solid curves) to published 
dissociation constants (represented by the symbols) taken from 
the sources indicated in Table I. The thermodynamic data 
employed in the calculations are shown in Table I I  along with 
the values of ASe°(Tr), a and /3 obtained from the least-squares 
fits. Comparative alternate curves based on the assumption
that ACp,t° =  0 (--------) or that A C p ,r°(T )/A C p ,e° ( ? ’ ) is
constant ( ......... ) [see text] are also shown for
C 0 2(g) +  H 20  H 2C 0 3(app).

tion constants, the numerical values of ASn°{TT) de
fined by a number of the fits cannot be considered 
thermodynamically significant. The division of 
ASt°(T) and AC-p,r°(T) into electrostatic and nonelec- 
trostatic portions is numerically reliable only for those 
species for which precise data are available, but it will 
be shown later that the general behavior of these 
quantities with increasing temperature, and the numeri
cal values for the over-all thermodynamic variables 
defined by the least-squares fits are significant in most 
instances.

Calculated log K(T) curves based on various as
sumptions (discussed below) concerning AC'piT°(T) are 
also shown in Figures 1 and 2. To afford a numerical 
comparison, dissociation constants taken from the 
literature for a number of the reactions listed in Table 
I are presented in Table III along with corresponding 
values calculated from the fits of the data using eq 18.

The nonelectrostatic contributions to log K(T) aris
ing from ACr,n°(T) for C 0 2(g) +  H20  H2C 0 3(app) 
and H2S(g) <=* H2S(aq) 63~ 61 in Figure 2 dominate the

temperature variation of the equilibrium constants for 
these reactions. The large nonelectrostatic contribu
tions, which are substantially greater than those at
tending other reactions considered here, result from the 
participation of a molecular gas in the reactions. The 
fact that excellent fits of experimental log K(T) values 
for reactions dominated by nonelectrostatic interaction 
can be obtained with eq 18 supports the validity of the 
assumptions inherent in its derivation. A purely 
electrostatic model fails to render close fits of dissocia
tion constants for such reactions over a large tempera
ture range.

B. Heat Capacities. The temperature dependence 
of the heat capacities of dissociation for water and for
mic, acetic, and propionic acids is illustrated in Figure
3. The symbols indicate values derived from calori
metric measurements,8-10'53 54 55 56 57 58 59 60 61 62'63 and the curves represent 
least-squares fits of these values using eq 19 with X set 
to zero. The A //r°(7,r) and ASt°(T t) values used in 
the calculations are shown in Table II along with the 
constants (ASe°(Tt), a, and /3) obtained from the fits 
of ACp,t°(T) for the dissociation of formic and pro
pionic acids (Figure 3). Although experimental high 
temperature log K{T) values are not available for 
formic and propionic acids, those for water and acetic 
acid up to 218° are consistent with the AS°(Tr), a, and 
f] values derived from the experimental heat capacity 
data plotted in Figure 3.64 However, at higher tem
peratures this is no longer true. Heat capacities of 
dissociation for water and acetic acid, calculated from

(53) Cobble64 assumed Cp,H,S(aq)° to be 48 cal m ole-1 deg-1 from 
25 to 200° on the basis of heats of solution for H2S(g) from 0 to 104° 
calculated by Pohl56 from data presented by Wright and Maass66 
and Selleck, el ai.57 Cobble disregarded Pohl’s values at 138 and 
171° because he considered them to be inconsistent with ideal be
havior. Recent data presented by Kozintseva68 suggest that H2S 
solubility in water obeys Henry’s law to >200°. Although consider
able uncertainty attends the calculation, average heat capacity values 
for H 2S(aq) of 46, 39, 35, and 32 cal m ole-1 deg-1 at 60, 100, 150, 
and 200°, respectively, give better fits of the combined heats of solu
tion and high temperature Henry’s law coefficients. While the 
theoretical curve for H2S(g) t=+ H2S(aq) in Figure 2 is based in part 
on calorimetric data, that for C 0 2(g) +  HiO ±5 H2C 0 3(app) was 
derived solely from a least-squares fit of Henry’s law coefficients.69-61
(54) J. W. Cobble, J. Am. Chem. Soc., 86, 5394 (1964).
(55) H. A. Pohl, J. Chem. Eng. Data, 6, 515 (1961).
(56) R. H. Wright and O. Maass, Can. J. Res., 6, 94 (1932).
(57) F. T. Selleck, L. T. Carmichael, and B. H. Sage, Ind. Eng. 
Chem., 44, 2219 (1952).
(58) T. N. Kozintseva, Geokhimiya, No. 8, 758 (1964).
(59) A. J. Ellis and R. M. Golding, Am. J. Sci., 261, 47 (1963).
(60) E. R. Segnit, H. D. Holland, and C. J. Biscardi, Geochim-. 
Cosmochim. Acta, 26, 1301 (1962).
(61) H. S. Harned and R. Davis, Jr., J. Am. Chem. Soc., 65, 2030 
(1943).
(62) E. Wicke, M. Eigen, and Th. Ackermann, Z. Physik. Chem. 
(Frankfurt), 1, 340 (1954).
(63) Th. Ackermann, Discussions Faraday Soc., 24, 180 (1957).
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Table I I  : Thermodynamic Data for the Dissociation of Various Complexes in Aqueous Solution 
at 25° and 1 Atma

Dissociational
Reaction

log K(Tr)
4H®(Tr) 

(cal, mole"3)
AS°(T ) rN r'

(cal. mole 3 deg."^)

4S°(T ) ev r
(cal. mole 

dog-'1)

a
8

(x 102)

H20 Î  H+ + OH- -13.997d,e 13,335f -19.31® -13.4482 -135.070 34.7941

V °4 ?  H+ + H2P0A- -  2.15 h -  1,8403 -16.0 8 -60.1485 -300.614 116.1389

H2C03(app) - H+ + »“ s' -  5.35 61 1,8403 -22.9 8 -35.1122 -375.081 112.5904

HC03” Î  h+ + C03” -10.33 J 3,6003 -35.16* -56.6668 -420.219 138.2404

NH.OH t  NH.+ + OH“ 4 4 -  4.751k 3
3 7 0 -20.5 8 -  6.7480 26.601 -  14.9602

HN03 n *  + N03~ 1.43 1 -  4,100'" -  7.2 - 3.7356 10.434 -  18.7598

HS04“ Î  h+ + so4““ -  1.99 n,p,q -  3,850u - 22.0 48,r -39.8978 -424.825 126.5702

CH3C00H Î  H+ + CHjCOO“ -  4.76 4 -  1123 - 22.1 8 -  3.9504 -  30.199 - 0.8849

HCOOH t  H+ + HCOO“ - 3.75 7 133 -17.2 8 -20.58S1V -135.086V 41.4843V

c2h5cooh : h+ + c2h5coo“ -  4.87 * 1683 - 22.8 8 -55.201SV -237.867V 95.9096V

H2S(aq) *  V (g ) 0.99 56 4,10053 18.3 8 -  1.8431 - 87.649 18.1626

H2°°3(.pp) *  * 2 °  + C02(g) 1.46 61 4.65061 22.3 8 -  1.3035 -  54.125 6.7986

(a) With two exceptions (noted below) the values of AS|(Tr), a, and 0 were assigned from least squares analyses of log K(T) data 
using Equation (18) with X ■ 0. The sources of data listed below are in addition to Latimer** and Rossini, et a l.c . (b) W. H. Latimer, 
The Oxidation States of the Elements and Their Potentials in Aqueous Solutions. Prentice-Hall, N. J. (1952), 392 pp. (c) R. D. Ros
sini, D, D. Wagman, W. H. Evans, S. Levine, and I. Jaffe, Nat. Bur. Stds. Circ. 500 (1952). (d) This value is for the activity product
constant (K*) of water, (e) H. S. Harned and W. J. Hamer, J. Am. Chem. Soc. . 5£, 2194 (1933); H. S. Harned and W. J. Hamer, ibid. .

4496 (1933); H. Lunden, J. Chem. Phys.. 5, 574 (1907); A. Heydweiller, Ann. Physik. . 28, 503 (1909). (f) J. D. Hale, R. M. Izatt 
and J. J. Christensen, Phys. Chem. . 67. 2605 (1963); C. E. Vanderzee and J. A. Swanson, ibid. . 67. 2608 (1963). (g) Calculated from
AH£(Tr) and log K(Tr). (h) R. G. Bates, _J. Res. Nat. Bur. Stds.. 47. 127 (1951). (i) The subscript "(app)" indicates that the species
referred to is the undifferentiated sum of C02(aq) + H2C03(aq). (j) H. S. Harned and S. R. Scholes, Jr., J. Am. Chem. Soc. .• 63. 1706 
(1941). (k) E. Arnold, H. Freitag, and A. Patterson, Jr., in The Structure of Electrolytic Solutions (edited by W. J. Hamer), Wiley,
N. Y., 281 (1959); R. G. Bates and G. D. Pinching, J. Res. Nat. Bur. Stds.. £2, 419 (1949). (1) A. A. Krawitz, Ph.D. Thesis, Univ. of 
Chicago* (1955); G. C. Hood and C. A. Reilly, J_. Chem. Phys.. 3£, 127 (I960). (m) The AS£(Tr) and AH£(Tj-) values shown above are based 
on a least squares fit  of the log K(T) data using Equation (18). The AH?(Tr) value is identical with that obtained by Young, et al.n
from differentiation of a least squares fit of Kraewitz’ s1 and Noyes,c experimental data (including the value at 306°C) in terms of log
K(l/T). The value given by Noyes for log KHNO3 at 306°C was not included in the present analysis because of the apparent disproportion
ation of the nitrate ion above 250°C (E. U. Franck, personal communication). The value of log K at 70°C given by Hood and Reilly*-, who
determined AH£(Tr) to be -3300 cal. mole” ! and AS£(Tr) to be -4.46 cal. mole“*- deg.- * from linear interpretation of an R In K(l/T) plot
of their dâ a at 0°, 25°, and 70°C, is not in good agreement with the curve shown in Fig. 2. However, their value of AH£(Tr) is fixed
largely by the log K value at 70°C. A log K(T) curve consistent with this value of AH£(Tr) can be calculated from Equation (18) but it
exhibits a double inflection. More high temperature data are required to satisfactorily define AH®(7r) and the log K(T) curve for this 
reaction. (n) T. F. Young, L. F. Maranville, and H. M. Smith, in The Structure of Electrolytic Solutions (edited by W, J. Hamer), Wiley 
N. Y., 35 (1959). (o) A. A. Noyes, Carnegie Inst. Pub. No. 63, (1907). (p) T. F. Young and D. E. Irish, Ann. Review Phys. Chem. . 13.
435 (1962). (q) V. S. K. Nair and Gi H. Nancollas, J_. Chem. Soc. (London), 4144 (1958); I. E. Flis, K. P. Mischenko, and N. V. Pakhomova* 
Zh. Neorg. Khim. , 1772 (1958). (r) This value of As£(Tr) , which is based on calorimetric datâ ®, is in agreement with recent log
KHS0£ values obtained from extrapolation of CaSÔ  solubility measurements in H9SO4 solutions*. However, it forces a value of AH£(Tr) 
that is considerably less negative than the older calorimetric dataP» .̂ The As|(Tr), a, and B values shown above for the dissociation 
of HSO4“ were derived from least squares fits of various high temperature log K(T) values (Table 1) which include those calculated by 
Lietzke, e£ al.s from Ag2S0/ solubilities in various electrolyte solutions and values obtained by Noves° and Ryzhenko (Table 1) from 
conductance measurements. The high temperature log K(T) values given by Marshall and Jones* do not agree with these data, probably 
because of the formation of CaS04(aq) in their solutions. (s) M. H. Lietzke, R. W. Stoughton, and T. F. Young, J. Phys. Chem. , 65.
2247 (1961). (t) W. L. Marshall ana E. V. Jones, Abstracts of papers. 149th Meeting, Am. Chem. Soc., 225 (1965); W. L. Marshall and 
E. V. Jones, J. Phys. Chem. . 70. 4028 (1966). (u) Calculated from log K(Tr) and AS£(Tr). (v) Values obtained from least squares 
fits of AC$>r(T) data (Figure 3) using Equation (19) with X * 0.

values of ASB°(Tt) ; a, and /3 (Table II) derived from 
least-squares fits of log K(T) from 0 to 306°, are shown

in Figure 4. The fact that the latter curves differ 
somewhat from those in Figure 3 can be attributed to

Volume 71, Number 10 September 1967



3128 H. C. H elgeson

Table III : Tabulation of Dissociation Constants at Elevated 
Temperatures Taken from the Literature“ with Those Obtained 
from Least-Squares Fits of the Data Using E q 18 with 
X =  0— See Table I and Figures 1 and 2

D i s s o c i a t i o n a l T em p eratu re E x p e r im e n ta l C a lc u la te d
R e a c t io n C° l o g  K (T) l o g  K (T )

HjO ;  H+  + OH' b ' c 25 - 1 3 .9 9 7 d - 1 3 .9 9 5

50 - 1 3 .2 6 2 d - 1 3 .2 7

100 - 1 2 .2 8  6 - 1 2 .2 7
156 - 1 1 .5 7  e - 1 1 .5 8

218 - 1 1 .1 9  e - 1 1 .1 9
306 - 1 1 .4 6 - 1 1 .4 6

NH^OH t  NH* +  OH” 25 -  4 , 7 s  f -  4 .7 5

50 -  4 .7 2  f -  4 .7 5

100 -  4 .8 3  e -  4 .8 6

156 -  5 .1 6  e -  5 .1 5

2*18 -  5 .6 6  e -  5 .6 6

306 -  6 .8 7  ® -  6 .8 7

CHj COOH Î  K+ +  CH^COO- 25 -  4 .7 5 6 s -  4 .7 5

50 -  4 .7 8 7 s -  4 .7 8

100 -  4 .9 3  e -  4 .9 4

156 -  5 .2 3  e -  5 .2 4

218 -  5 .6 8  e - 5 . 6 8

306 -  6 . 7 0  e -  6 .7 0

H2 C03 ( app )  Î H +  +  HC0- 25 -  6 .3 5 2 1 -  6 .3 5

50 -  6 .2 8 5 1 -  6 .3 1

100 -  6 .4 5 .4 -  6 .4 5

156 -  6 .7 7  i -  6 .7 7

20 0 -  7 .0 8  i -  7 .0 8

hco3 Î H +  +  CO3” 25

50

- 1 0 .3 2 9 k

- 1 0 .1 7 2 ^

- 1 0 .3 2

- 1 0 .1 7

90 - 1 0 .1 4  1 - 1 0 .1 4

100 - 1 0 .1 2  J - 1 0 .1 6

156 - 1 0 .3 7  J - 1 0 .3 6

218 - 1 0 .8 8  j - 1 0 .8 9

25 1 .4 6 4 61 1 .4 6 5

50 1 .7 0 5 01 1 .7 0 5

100 1 .9 9  59 1 .9 7

150 2 .0 7  59 2 .0 7

200 2 .0 5  59 2 .0 6

250 1 .9 7  59 1 .9 8

300 1 .8 4  59 1 .8 3

350 1 .5 7  59 1 .5 8

V t o O S V S >
25 0 .9 9  56 0 .9 9

50 1 .2 1 1 .2 0

100 1 .4 4  56 1 .4 3

160 1 .5 2  58 1 .5 3

202 1 .5 3  58 1 .5 4

262 1 .5 2  58 1.51
301 1 .4 5  58 1 .4 5

330 1 .3 7  58 1 .3 7

( a )  L og  K v a lu e s  shown h e r e  a r e  c o n s i s t e n t  w it h  m o la l  u n i t s  o f  c o n c e n t r a t i o n ,  
( b )  The v a lu e s  shown f o r  th e  d i s s o c i a t i o n  o f  w a te r  a r e  f o r  K*,, th e  a c t i v i t y  p r o 
d u c t  c o n s t a n t ,  ( c )  The c a l c u la t e d  v a lu e s  f o r  l o g  Ky up t o  250°C  r e p o r t e d  h e r e  a r e  
in  c l o s e  a greem en t w ith  t h o s e  c a l c u l a t e d  b y  C o b b l e ^  from  th e  c o r r e s p o n d e n c e  p r i n 
c i p l e .  A bove  th a t  te m p e r a tu r e  C o b b le  c a l c u la t e d  - 1 1 . 9  and - 1 1 .3 3  f o r  l o g  K « a t  
3 0 0 °  and 35 0°C  from  e x t r a p o l a t i o n  o f  low  te m p e r a tu r e  h e a t  c a p a c i t y  d a t a .  The c o r 
r e s p o n d in g  v a lu e s  com puted  h e re  a r e  - 1 1 .3 9  and - 1 2 .6 8 ,  w h ich  a r e  c o n s i s t e n t  w it h  
t h e  e x p e r im e n ta l  l o g  K (T ) d a ta  a t  2 1 8 °  and 306°C e . ( d )  H. S . H arned and W. J .
H amer, Am. Chem. S o c . . 5 5 . 2 1 9 4 , 4496 ( 1 9 3 3 ) .  ( e )  A . A . N o y es , Y . K a to , and
R . B. Sosm an, i b i d . . 3 2 . 159 ( 1 9 1 0 ) .  ( f )  R . G. B ates  and G . D. P in c h in g ,  J_. R e s . 
N a t. B u r . S t d s . , 4 2 . 419 ( 1 9 4 9 ) .  ( g )  H. S . H arned and R. W. E h le r s ,  J .  Am. Chem. 
S o c . . 5 5 . 652 ( 1 9 3 3 ) .  (h )  The s u b s c r i p t  " ( a p p ) "  in d i c a t e s  t h a t  th e  s p e c i e s  r e f e r 
re d  t o  i s  th e  u n d i f f e r e n t i a t e d  sum o f  C 0 2 (a q )  and H 2C 03(a q ) .  ( i )  H. S . H arned and
R. D a v is ,  J r . ,  J_. Am. Chem. S o c . . 6 5 . 2030 ( 1 9 4 3 ) .  ( j )  B. N. R y zh en k o , G eoch em is
t r y . 151 ( 1 9 6 3 )7  (k )  H. S . H arned and S . R . S c h o le s ,  J r . ,  J .  Am. Chem. S o c . .  ¿ 1 ,  
1 7 0 6  ( 1 9 4 1 ) .  ( 1 )  F . C uta and F . S t r i f e l d a .  C h e a lck e  L l s t y . 4 8 . 1304 ( 1 9 5 4 ) .

uncertainties inherent in extrapolating apparent heat 
capacity measurements to infinite dilution. Acker-

Figure 3. Fit of eq 19 with X =  0 (solid curves) to heat 
capacities of dissociation for water and formic, acetic, and 
propionic acids taken from  the literature.8’9 The values of 
AiSe0(Tr), a, and /364 obtained from  the least-squares 
calculations for the dissociation of formic and propionic 
acids are shown in Table II, but those for water and acetic 
acid in Table II were obtained from  fits of dissociation 
constants (Figure 1— see text). ACp,r°(21) curves based 
on the log K (T )  fits for the dissociation of water and 
acetic acid are shown in Figure 4.

Figure 4. Heat capacities of dissociation calculated 
from eq 19 and the data shown in Table II.

mann’s® heat capacities for the dissociation of water 
were obtained from the equation 64

(64) H 20  3=t H +  +  O H - : A =  -71.543, a =  -332.353, 
/3 =  125.794 X 10-2; CH aCO O H <=*H+ +  CH aC O O ": &Se°(Tr) = 
-44.772, a =  -239.667, 0 =  86.74903 X 10 2; C 2H 5CO O H *4 
H+ +  C 2H 5C O O -: ASe°(T r) =  -55.202, a =  -237.867, 0 =
95.9096 X 10-2; H C O O H  ?r> H+ +  H C O O ": ASe°(Tr) =
-20.589, a =  -135.086, 0 =  41.48434 X 10-2.
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A C p ,H 2o °  — C p ,H C l° +  Cp.NaOH0 — C p,N aC l° — C p,H 20°

using calorimetrically derived apparent heat capacities 
extrapolated to infinite dilution.10’62'63 More recent 
determinations of Cp,Naci° 66 and C p ,h c i°  66 to 1 0 0 ° 
using the integral heat method fail to agree with the 
data used by Ackermann.

Figures 4 and 5 illustrate ACp,T°(T) curves calculated 
from eq 19 and the data shown in Table II for a number 
of the reactions considered in Figures 1 and 2. Above 
'~150°, all of the curves in Figures 4 and 5 have rela
tively large negative slopes, reflecting the increasingly 
strong influence of the electrostatic contribution to 
ACpiT°(T) as the dielectric constant of water decreases 
with increasing temperature. Although the non- 
electrostatic contribution to ACp,r°(T) is usually posi
tive and increases with increasing temperature, its 
primary influence on dACp,T(T)/dT occurs in the low to 
intermediate temperature range; at high temperatures, 
the electrostatic contribution dominates the change in 
A(7p,r° with temperature.

The maxima in the ACp,T°(T) curves (Figures 3, 4, 
and 5) are caused by AC'p,n°(T), which opposes 
ACPle°(T). Because AC?,°{T) and dACP,e°(T)/dT 
are almost always negative in the temperature range of 
interest (e.g., the dashed curve shown for the dissocia
tion of H2C 0 3(app) in Figure 5), and |ACp,e°(T)| > >

Figure 5. Heat capacities of dissociation calculated from eq 19 
and the data shown in Table I I .  The dashed curve for the 
dissociation of H 2C 0 3(app) represents the electrostatic portion 
of ACp,,°(T) for that reaction while the dash-dot curve is 
based on the assumption that ACp.r°(T)/ACp.e°(T) 
is constant (see text).

|ACp,n°(T)| only at high temperatures, the extrema oc
cur in the low to intermediate temperature range. In 
cases where ACp,n°(T) is negative, maxima may not 
occur (as in the curves for the dissociation of NH4OH 
and CH3COOH in Figure 4). Although not exhibited 
by any of the dissociational reactions considered in 
Figures 3, 4, and 5, it appears likely that ACpit(T) 
curves for certain dissociational reactions will prove to 
be sigmoid in character. This probably occurs when 
AHt°(T t) is a large negative number and the nonelec- 
trostatic contribution to ACp,t°(T) becomes important 
only at elevated temperatures. Obviously, Where 
dACP,e°(T)/dT' «  -  dACp,n°(T)/dT, ACp,°(T ) is con
stant. The latter behavior is illustrated by the curve 
for the C 0 2 gas reaction (Figure 4), for which dA(7pie0 • 
(T)/dT «  -  dACp,n°(T )/d T  «  0 and ACp,°{T ) «  
ACp,n°(T) below 250°. Although all of the curves 
plotted in Figures 4 and 5 must be regarded as approxi
mations because of their sensitivity to small errors in 
the log K(T) values from which they were derived, test 
calculations indicate that the general configurations of 
the curves do not depend on such uncertainties. Be
cause significant X values could not be defined from the 
log K(T) data, the slopes of the curves above 150° in 
Figures 4 and 5 are maximal approximations.

C. Entropies. AStc(T) curves calculated from eq 
14 and the data shown in Table I for a few of the reac
tions considered in Figures 1 and 2 are depicted in 
Figure 6 .

Dissociational reactions can be grouped according to 
the relative magnitude of the nonelectrostatic con
tributions to the thermodynamics of dissociation. For 
certain groups, eq 14 is analogous to the following 
entropy correspondence relation for ions,48 but with the 
temperature dependence of the parameters for the 
dissociational reactions defined in terms of the elec- 
trostatic-nonelectrostatic model

£°ionab8(T) =  a(T) +  6 (T)iS°ionabs(Tr) (2 0)

The symbols a and b in eq 20 represent temperature- 
dependent coefficients characteristic of simple cations, 
simple anions, oxy anions, or acid oxy anions, and the 
superscript “ abs”  indicates that the entropy is ab
solute.48 It can be seen in the correspondence diagram 
depicted in Figure 7 that ASr0(TT) is linearly related to 
the corresponding values of ASt°(,T) [calculated from 
eq 14 and the data in Table II] for the dissociation of a 
group of neutral species at 100,150, and 200°. Because 
small errors in the log K{T) values used to derive the

(65) C. M. Criss and J. W. Cobble, J. Am. Chem. Soc., 83, 3223 
(1961).
(66) J. C. Ahluwalia and J. W. Cobble, ibid., 86, 5381 (1964).
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Figqrç 6. Entropies of dissociation calculated from eq 14 and 
the data shown in Table I I  for a few of the reactions 
considered in Figures 1 and 2.

Figure 7. Entropy correspondence diagram illustrating the 
linear relation between the entropies of dissociation for a group 
of neutral species at 25, and 100, 150, and 200°. The plotted 
values were calculated from eq 14 and the 
data shown in Table II.

constants (ASe°(TT), a ,  and/3) preclude calculation of 
accurate ASt°(T) curves in many cases, other possible 
members of the group of reactions considered in Figure 
7 could not be determined with confidence.

In terms of electrostatic and nonelectrostatic con
tributions to the entropy of dissociation, a correspond
ence relation such as that depicted in Figure 7 occurs 
when ASe°(T)/ASe°(Tt) -  ASn°(T)/ASn°(Tr) is equal

to a constant for all reactions in the group. This re
sults from similarities in the nonelectrostatic behavior 
of similar chemical species involved in the group of 
reactions. It would not be unexpected to find groups 
of dissociational reactions for which A Se°(T)/
A-Se°(Tr) ~  ASn°(T)/ASa°(TT); the resulting corre
spondence plot would consist of linear curves fanning 
out from the origin. It will be shown later that log 
K(T) for many complexes below —'200° can be closely 
approximated by assuming such an equality, which is 
consistent with the statement that ACp,r° (T)/ACp,e°(T) 
is constant. The effectiveness of the approximation is 
partly due to the insensitivity of log K(T) to substantial 
departures from a constant ACp,r0 (T’)/ACp,e°(T) and 
partly to the similar behavior of the nonelectrostatic 
power function of temperature and the electrostatic 
exponential temperature function at low temperatures.

Approximations of Log K ( T )

A. Assuming ACp,°{T) =  0. This assumption is 
invalid for the dissociation of most complexes and it 
leads to serious errors when used to calculate log K (T ) 
at elevated temperatures. The effect of A(7p,r°(T) 
on log K(T ) depends to a large extent on the relative 
size of AH °(T t) compared to TrAiSr°(T r) for the reac
tion under consideration. Where A i s  large, 
as in many polyphase reactions involving solids, the 
contribution by ACp,t°(T) to log K(T) is usually 
small and the assumption that ACp,t°(T) =  0 renders a 
fairly close approximation to log K(T). However, for 
most dissociations, AH °(T r) is relatively small ( ~ ± 5  
kcal mole-1) and ACp,T°(T) cannot be safely ignored. 
Comparative curves illustrating possible errors attend
ing this assumption are plotted in Figure 1 (H20  +=* 
H+ +  OH- ), Figure 2 (C 02(g) +  H20  *± H2C 0 3(app)) 
and Figure 9 (CaS04 <=* Ca2+ +  S042-) . Although deri
vation of AHt°(T t) from linear interpretation of R In 
K(l/T) plots is still widely practiced, there is little de
fense for continuing this procedure. A more accurate 
value of AHt°(T t) can be obtained from a least-squares 
computer routine employing one or the other of the two 
assumptions discussed below.

B. Assuming ACp,t°(T) Constant. This assump
tion enables accurate calculation of log K(T) for most 
complexes at low temperatures, but as Cobble64 re
cently pointed out, assuming the 25° value for ACp,r° 
as the constant often leads to serious errors in computed 
values of log K(T) at higher temperatures. It can be 
seen in Figures 4 and 5 that ACp,T°(Tr) is not often 
equivalent to an average value for ACp,r°(T) to 200°. 
However, because log K(T) is relatively insensitive to 
small errors in ACp,t°(T ) and extrema occur in the 
ACp,r°(T) curves, assuming ACp,r° /(T ) constant but
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employing a less negative value than that at 25° will 
often yield close approximations to log K(T) to about 
250°. For most of the ACp,T°(T) curves in Figures 4 
and 5, integration of the area above the curves up to 
'~ 2 0 0° yields values that are not greatly different 
from those obtained by assuming a constant AC'p,r°(T) 
equal to an average value. A comparative log K(T) 
curve calculated from such an average ACp,r° value is 
plotted in Figure 1 (H20  H+ +  OH~) to illustrate 
the error caused by this assumption at higher tempera
tures. Although an average ACp,r° value obtained 
by fitting a few low-temperature log K(T) points as
suming ACP.r°(T) constant has a high uncertainty, 
the value of A ifr°(71r) resulting from the fit is usually 
a close approximation to the true value.

C. Assuming ACp,r°(T ) Proportional to ACp,0°(T). 
As might be expected from the relative success of 
Gurney’s67 equation for proton transfer reactions at 
low temperatures, many dissociation constants can 
be closely approximated by assuming AC'p,r°(?’) /  
ACp,e°(T) constant. This assumption leads to the 
following expression for the dissociation constant as a 
function of temperature

log K(T) =
A Sr°(Tty  
2.303RT_

Tt

exp[exp(5 +  aT) — c +  (T — Tr)/6]}
AHT°(Tr)
2 .m R T

(2 1 )

Log K{T) curves calculated from eq 21 and the A*Sr° • 
(Tr) and AHT°(Tr) values shown in Table II are plotted 
in Figure 1 (H20  H+ +  OH- ), Figure 2 (C 02(g) +  
H20  H2C 0 3(app)), and Figure 8 to afford comparison
with the other calculated curves and the experimental 
values taken from the literature (Table I). It can 
be seen in these figures that the log K(T ) curves cal
culated from eq 21 are in close agreement with the ex
perimental dissociation constants for most of the re
actions up to 150-250°. As expected, for certain 
reactions eq 21 is a poor approximation {e.g., C 0 2(g) +  
H20  H2C 0 3(app), Figure 2). In every case, for
temperatures greater than 250°, the approximation 
represented by eq 21 breaks down.

Comparison of the size and sign of AHt°(T t) and 
ASr°(Tr) for the reactions listed in Table I with the 
per cent difference in log K(T) calculated from eq 18 
and 21 provides a basis for assessing the relative ap
plicability of eq 21 as a general method of approxima
tion for calculating dissociation constants at elevated 
temperatures. At 200° the error introduced by the 
assumption that ACv,i°(T)/ACF,e°(T) is constant is 1% 
for the dissociation of H20  and HSO4- , 1-3%  for

Figure 8. Dissociation constants calculated from eq 21 and the
AS,°(Tr) and A f f , ° ( r r) values shown in Table I I  (■— ---- )
compared with experimental dissociation constants 
(represented by the symbols) taken from the literature 
(Table I). The high-temperature extensions of the 
curves shown as solid lines are the same as those plotted 
for the respective reactions in Figure 2.

HCOOH, NH4OH, H2C 03, and H C03- ,  3-5%  for 
H3PO4 and CH3COOH, and 9%  for C2H6COOH. At 
300°, the error becomes 2-5%  for H3P 0 4, H2C 03, and 
H20 , 5-10% for HS04-, HCOOH, and HCO-r, 13-14% 
for C2H6COOH and NH4OH, and 22% for CH3COOH. 
Although the percentages cited above also reflect un
certainties in the data used in calculating log K(T) from 
eq 18 and 2 1 , there can be little doubt that eq 21 renders 
close approximations to log K(T) for many dissocia- 
tional reactions to >200°. Two generalizations regard
ing the applicability of eq 21 appear to be justified.

(1) When the heat capacity of dissociation and (or) 
AHt°(T t) and ASr°(Tr) are positive, the nonelectro- 67

(67) In considering the thermodynamic behavior of proton transfer 
reactions at low temperatures. Gurney15,16 and Hammett13'14 regarded 
the free energy of dissociation as the sum of electrostatic and non- 
electrostatic contributions, but the nonenvironmental (nonelectro- 
static) portion was considered to be independent of temperature. 
Although this assumption renders results consistent with experi
mental data for a number of reactions at low temperatures, it is not 
justified for most dissociations in water at high temperatures. It 
precludes any nonelectrostatic contribution to the entropy of dis
sociation and fails to allow for independent changes in the influence 
of nonelectrostatic interaction on complex stability as the dielectric 
constant of water decreases with increasing temperature. In the 
Gurney-Hammett model, AFt°(T ) for proton transfer reactions 
is considered to be a linear function of l/e(T) in which A 
[in the intercept constant for the equation] is entirely nonelectro
static. In terms of log K (T ), the assumption that ACp,r°(!T) is 
proportional to ACp,e°(T ) results in an expression [eq 21] that is 
equivalent to Gurney’s log K (T ) equation [except for the revised 
expression for «(T7)] for proton transfer reactions where ACp>r0 ^  0.
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static contribution to ACp,T°(T) is substantial and an 
approximation to log K{T) using eq 21 is not warranted.

(2 ) Where the enthalpy and entropy of dissociation 
at 25° are both negative, close approximations of log 
K{T) to about 200° can be made assuming ACp,°(T)/ 
ACp,°{T) constant. This is also true for certain reac
tions for which AHr°(TT) is a large positive number and 
A(S'r°(7 'r) is negative (e.g., H20  ^  H+ +  OH- , Figure 
1). However, in such cases the effectiveness of the ap
proximation is due primarily to the fact that log K(T) 
is dominated by the AHv°(Tr) term in the log K(T) ex
pression based on this assumption [eq 21]. This term 
also appears in eq 18.

Of the several methods of approximation that have 
been advanced for calculating log K(T) where little 
or no heat capacity data are available, assuming 
ACp,r°(T)/A<7p,e°(T) constant is perhaps the most prac
tical and accurate.68 69 It requires only that AHt°(T t) 
and AST°(Tr) be known69-72 and it provides more ac
curate predictions of log K(T) than those based on as
suming ACp,r°(T) to be zero or constant. Equation 21 
is consistent with the assumption that

A<7p.r°(T) =
TASt°(Tt) exp [exp(b +  aT) -  c +  (T -  Tt)/9] w -  X

606
{[1 +  <t> exp(6 +  aT)]2 +  4>2 exp(6 +  aT)} (22)

which causes dACp,r°(T )/d T  to take the sign of A»Sr0 • 
(Tt). Because this is usually negative and because the 
approximation of ACp,°{T) in eq 22 is exponential, the 
area above the ACp,T°(T) curve defined by this expres
sion tends to approximate more closely the integral of the 
actual ACp,r°(T ) curve than either the integral of A(7p,e0 

(T) or that calculated from the assumption that 
ACp,r°(T) «  ACp,t°(Tt). This can be seen in Figure 5 
where ACp,e°(T), ACp,r°(T), and a curve based on the 
assumption that ACp,r°(T)/ACp,e°(T) is constant have 
been plotted for H2C 0 3(app) H+ +  H C 03-  to il
lustrate the differences in the curves and the behavior 
of ACp,r°(T) resulting from the various assumptions.

Thermodynamic data for various hydroxide, chloride, 
and sulfate complexes involving alkaline earth and 
transition metal ions are presented in Table IV and 
Figure 9. Table IV affords a comparison of the 
AHr°(Tr) and ASr°(TT) values taken from the literature 
with those obtained from least-squares fits of low-tem
perature dissociation constants for these species, assum
ing alternately in each case that ACp,r°(T) or 
ACp,r°(T)/ACp,e°(T) is constant. The literature val
ues were calculated (by the respective authors) from 
R In K vs. 1 /T  plots assuming ACp,T°(T) = 0. The log 
K(T) curves computed on the basis of the alternate

Figure 9. Least-squares fits of experimental low-temperature 
dissociation constants taken from the literature (represented 
by  the sym bols) alternately calculated assuming ACp,t°(T )/
A C p ,„°(r ) constant ( ........... ), ACp . ,° (T )  constant (------------),
or ACp.t° (T )  zero (----------). The high-temperature
extensions of the curves were calculated from the A H ,0(Ti),
ASr° (.Tx) and, in the case of the dashed curves, ACp,r° values 
defined by  the low-temperature fits (Table IV ). The sources 
of the experimental log K (T )  values plotted above are 
indicated in Table IV.

assumptions indicated above are plotted in Figure 9 
along with the data from which they were derived ; the 
sources of data used in the calculations are indicated 
in Table IV. It can be seen in Table IV that the 
A H °{T r) and AS°(TV) values obtained from the 
alternate interpretations of the low-temperature log 
K{T) values are not greatly different in most cases. 
However, either of the two approaches adopted here af
fords a more accurate analysis of the data than that

(68) Provided that heat capacities or average heat capacities for the 
complexes involved in dissociational reactions can be estimated with 
confidence or calculated from equations such as those presented by 
Criss and Cobble,48'19 log K (T ) can also be calculated up to 200° 
using the correspondence principle to predict average ionic heat 
capacities.64 The principal advantage of the method of approxima
tion advocated above is that no heat capacity data are needed and the 
thermodynamic quantities involved are for the reactions rather than 
for the participating species.
(69) If there is no alternative, ASt°(T t) can often be estimated with 
a fair degree of accuracy.3’70 71̂72
(70) J. W. Cobble, J. Chem. Phys., 21, 1443 (1953).
(71) J. W. Cobble, ibid., 21, 1446 (1953).
(72) J. W. Cobble, ibid., 21, 1451 (1953).
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assuming ACp,r° =  0. Because in each case both 
AHt°(T t) and ASr°(T r) are negative, the calculations 
based on the assumption that ACv ,r° (T)/ ACp ,e° (T) is 
constant are probably the most reliable. It can be 
seen in Figure 9 that most of the curves calculated on 
the basis of this assumption differ considerably from 
those based on constant values of ACp,r(T) derived 
from the low-temperature log K(T) data. The log 
K(T) values predicted by eq 21 up to 200° for the reac
tions considered in Table IV and Figure 9 are probably 
close approximations to the true values.

D. Provisional Estimates. Incomplete thermo
dynamic data are available for a number of dissociations 
at elevated temperatures that cannot be evaluated 
completely in terms of the present analysis, yet a few 
interesting and perhaps significant implications emerge 
from provisional consideration of these data. Experi
mental dissociation constants for K S04- , NaOH, KC1, 
NaCl, and HC1 taken from the literature sources indi
cated in Table I are presented in Figure 10 along with 
the log K(T) curves calculated from these data on the 
basis of the various assumptions discussed below.

Because the value of log TCkso.- at 300° is suspect,73 

there is considerable ambiguity in the character of the 
log K(T) curve for this complex at high temperatures. 
If the 300° value is correct, all of the log K{T) values 
shown in Figure 10 for this reaction can be represented 
by eq 18 using ASe°(TT) =  53.902, a =  391.583, 0 =

Figure 10. Provisional least-squares fits of dissociation 
constants for NaOH, K S04~, HC1, NaCl, and KC1 taken 
from various sources (Table I). The assumptions, equations, 
data obtained from the calculations, and alternate 
high-temperature curves for the dissociation of K S04_ are 
discussed in the text.

— 1.5907, and X = 0.0 in conjunction with —1000 cal 
mole-1  for A a n d  —7.1 cal mole-1  deg-1  for 
ASt°(T t). On the other hand, if the 300° value is not 
included in the least-squares fit of the dissociation con
stants, a curve consistent with ASe°(TT) =  —80.335, 
a =  -263.85, 0 =  1.1739, X = 0.0, AHr°{Tr) =  -1250  
cal mole-1, and AS °{T t) — —7.9 cal mole-1  deg-1  pro
vides a slightly better fit of the values up to 2 0 0 °. 
However, both alternatives are in substantial agreement 
below that temperature (Figure 10). If the value of 
log K k s o 4-  at 300° is correct, the log K(T) curve for 
this species has an unusual (but not necessarily un
reasonable) configuration.

Experimental dissociation constants for NaOH are 
highly uncertain (Figure 10). Least-squares analysis 
of the data assuming ACp,t°(T) constant results in 
ASr°(TT) =  7.6 cal mole-1  deg-1, AHr°(T r) =  1300 
cal mole-1, ACp,r°(T) =  —54 cal mole-1  deg-1, and 
the curve plotted in Figure 10. The large discrepan
cies in the low-temperature log K(T) values introduce 
large uncertainties into the calculation and preclude 
analysis of the data with the theoretical equations 
developed here. The positive ASt°(T t) obtained from 
the fit of the log K(T) values is highly suspect and the 
curve shown in Figure 10 is considered nothing more 
than a provisional estimate.

It can be seen in Figure 10 that in order for the high- 
temperature log K(T) values for HC1, which are based 
on conductivity data, to be consistent with Robin
son’s74 low-temperature values (calculated from vapor 
pressure data) , 75’76 the log K(T) curve for HC1 must 
have two inflections. The curve shown in Figure 10 
for the dissociation of HC1 is based on a least-squares 
fit of all of these values. The fit coefficients are: 
AHt°(T t) =  —18,63077’78 cal mole-1, A = 
-3 4 .4  cal mole-1  deg-1, ASe°(TT) =  -15.525, a =
— 685.562, 0 =  1.9054, and X =  0.0. The sigmoid 
character of the log K(T) curve for HG1 in Figure 10 
arises from a substantial positive contribution of 
ACp,n°(T ) in the intermediate to high temperature 
range. At low temperatures, ACp,n°(T ) is negative.

(73) A. S. Quist, E. U. Franck, H. R. Jolley, and W. L. Marshall, 
J. Phys. C h e m 67, 2453 (1963).
(74) R. A. Robinson, Trans. Faraday Soc., 32, 743 (1936).
(75) The dissociation constants for HC1 calculated by Posner76 
(log K  =  1.25 at 0, 20, and 50°) from activity coefficients in concen
trated HC1 solutions were not included here because of the large 
uncertainty attending extrapolation of the data from which they 
were computed.
(76) A. M. Posner, Nature, 171, 519 (1953).
(77) This value of AHt°(T t) can be compared with —17,900 cal 
mole-1 calculated by Robinson74 from an R In K (l/T ) plot assuming 
ACp,r°(T) — 0, and —13,700 cal mole-1 calculated by McCoubrey78 
from thermodynamic considerations.
(78) J. C. McCoubrey, Trans. Faraday Soc., 51, 743 (1955).
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The sigmoid configuration of the log K(T) curve for 
HC1 plotted in Figure 10 is reflected in the heat capacity 
of reaction by a maximum of ~ 1 0 0  cal mole-1  deg-1  in 
the ACP,r°(T) curve just above 200°. At low tempera
tures and high temperatures, ACp,°(T) is negative. 
Although sigmoid log K(T) curves are not common (per
haps because data are not available for a wide enough 
variety of dissociations), this behavior may prove char
acteristic of a number of complexes, especially when 
AHt°(T t) is a large negative number.

Although data are insufficient to define reliable values 
of log K(T) for NaCl and KC1 at low temperatures, 
least-squares fits of available dissociation constants for 
these species at elevated temperatures (Figure 10) sug
gest that the AHt°(T t) values for these complexes are 
large negative numbers. This of course implies inner- 
sphere complex formation at low temperatures. Al
though Duncan and Kepert79 conclude that inner- 
sphere complex formation for NaCl is “ energetically 
most unlikely,”  the high-temperature dissociation con
stants for this species do not appear to be consistent 
with the value of 0.78 for log A neCi at 25° proposed by 
Eigen and Wicke.80 Least-squares analyses of the 
high-temperature data suggest a considerably more 
positive log K(Tt) for this species as well as for KC1.

Discussion
At 25°, AHr° may be positive or negative, but A<Sr° 

is negative for most dissociational reactions, reflecting 
the major contribution of solvent interaction to com
plex stability. At high temperatures, dissociational 
equilibria are characterized by large negative heat 
capacities, entropies, and enthalpies of dissociation, 
and the first derivative of ACp,°(T) with respect to 
temperature is also negative. This behavior appears to 
be caused by changes in the relative influence of elec
trostatic and nonelectrostatic interaction on complex 
stability as temperature increases (and the dielectric 
constant of the water solvent decreases). At high tem
peratures, where the dielectric constant of water be
comes small, the electrostatic contribution dominates 
the change in ACp,°(T) with temperature, causing log 
K(T) to become increasingly negative.

Although the actual magnitude of ASe°(T) compared 
to ASn°(T) and ACp,°(T) compared to ACp,n°(T) can- 
net be defined numerically with confidence from least- 
squares fits of available experimental log K(T) values 
for all dissociations (because of uncertainties in the 
data), a number of provisional conclusions can be 
drawn about the general thermodynamic consequences 
of hybrid interaction. The electrostatic contribution 
to ACp,r°(T) is a monotonous function and the slope, 
which is determined by the sign of ASe°(TT), is usually

negative (e.g., H2C 0 3(app) H + +  H C 03_, Figure 5). 
On the other hand, the nonelectrostatic portion of 
ACp,t°(T) is usually positive (or negative only at low 
temperatures) and it usually becomes increasingly posi
tive with increasing temperature. Because dACp,n° • 
(T)/dT is greater than — dACp,°(T)/dT below 100° for 
most dissociational reactions, the nonelectrostatic con
tribution to ACp,°(T) often causes ACp,r°(T) to be
come less negative initially as temperature is increased 
above 25°. However, at higher temperatures, where 
the dielectric constant of water becomes small, the 
electrostatic contribution to complex stability becomes 
increasingly more significant owing to the reciprocal 
relation of AFe°(T) to e(T). This causes the heat 
capacity of dissociation to maximize in the intermediate 
temperature range and take on a negative slope with 
further increase in temperature (Figures 3, 4, and 5). 
Where dACp,n°(T)/dT'is small (or negative), a maximum 
may not occur in the ACp,r°(T) curve, which will then 
have a monotonous negative slope (e.g., NH4OH <=1 

NH4+ +  O H - and CH£COOH ^  H+ +  CH3COO- 
Figure 4). For dissociational reactions having a large 
negative AHt°(T t) and a large positive log K(Tr), the 
effect of ACp,n°(T) in opposing ACp,e°(T) may become 
significant only at high temperatures, which will cause 
ACp,r°(T) to maximize at a high temperature and the 
log A (T ) curve to take on a sigmoid configuration.

It has often been observed that log K(T) curves for 
complexes that are relatively stable at low temperatures 
pass through maxima with increasing temperature. 
However, when log K(Tr) is more positive than ap
proximately — 2 , the curves do not generally show these 
maxima. As emphasized by Gurney15'16 and Nan- 
collas, 17-18 the occurrence of a maximum in the log 
K(T) curve can be related to the effect of temperature 
on the relative influence of electrostatic and nonelec
trostatic interaction on complex stability. This can 
be described in terms of the enthalpy and entropy con
tributions to log K(T). A large positive value for 
AHt°(T t) usually reflects a large nonelectrostatic con
tribution to complex stability, resulting in a large 
negative value for log A (T r). With increasing tem
perature, an increasingly negative AS°(T), which is 
usually the case, favors a more negative log K(T), but 
the negative contribution by a positive AHt°(T) 
is an inverse function of temperature which con
tinues to dominate in the low-temperature region. This 
leads initially to a less negative log K(T) as temperature 
increases. With further increase in temperature, the

(79) J. F. Duncan and D. L. Kepert, “ Aquo-Ions and Ion Pairs’ ’ 
in “ The Structure of Electrolytic Solutions,”  W. J. Hamer, Ed., 
John Wiley and Sons, Ine., New York, N. Y., 1959, p 380.
(80) M. Eigen and E. Wicke, J. Phys. Chem., 58, 702 (1954).
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effect of AHX°{T) [as it becomes less positive with in
creasing temperature] diminishes and AS °{T ) begins 
to dominate, causing log K(T) to maximize (when 
AHr°(T) becomes zero) and become more negative.

In the case where AHr°(Tr) and AST°(Tr) are both 
negative, the log K(T) curve usually has a negative 
slope over the entire temperature range (e.g., HSCfi-  <=* 
H+ +  S042-, Figure 1, and H N 03 H+ +  N O," and 
H3PO4 3=* H+ +  H2PO4- , Figure 2). On the other 
hand, a large negative AH °(T ) may result in a sigmoid 
log K(T) curve owing to the role played by nonelec- 
trostatic interaction at higher temperatures. In cer
tain cases the contribution by ACp ,n°(T) is not significant 
enough to cause a change in sign in the second deriva
tive of log K(T). However, where log K(T) would

otherwise take the form of a monotonous function, 
ACp,n°(T) may lead to an extremum in the curve (e.g., 
CH3COOH 5*  H+ +  CH3COO- and C2H6COOH 
H+ +  C2H5COO-, Figure 1, and H2S(g) H2S(aq) 
and C 0 2(g) +  H20  ?=* H2C 0 3(app), Figure 2 ). As sug
gested above, where the opposing effects of hybrid 
interaction increase substantially at elevated tempera
tures, A(.’r.„°(7 ’) may cause the extremum in the log 
K(T) curve to occur at high temperatures or lead to a 
log K(T) curve having several inflections.
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Theoretical Calculation of Kinetic Isotope Effects. Effect of Reaction 

Coordinate Variations on the Temperature-Independent Factor, TIF

by Warren E. Buddenbaum and Peter E. Yankwich

Noyes Laboratory of Chemistry, University of Illinois, Urbana, Illinois 61801 {Received October 26, 1966)

A general method is developed for forcing a model activated complex of arbitrary com
plexity to have a preselected imaginary (or zero) frequency corresponding to a preselected 
vibrational motion. Techniques already available in the literature are shown to be special 
cases of the method. Comparisons are made between the Slater coordinate and the 
reaction coordinate of the transition-state theory, and an expression is developed for the 
mass dependence of the latter. An equation also is given for the ab initio calculation in 
terms of Slater coordinate coefficients of the high-temperature limit (TIF) of the kinetic 
isotope effect, vi/v\.

Introduction
Within the framework of the transition-state theory, 

the relative rates of reaction of two isotopic reactants 
can be written as the product of two factors, one tem
perature dependent and one temperature independent.1 

Provided that the transmission coefficient is unaffected 
by isotopic substitution

k/k' =  (VL/n/ ) ( / » / /* )  (1 )

where the f ’s are ratios of isotopic partition functions 
for the reactants and activated complexes, and the vl 
terms are the isotopic imaginary (or zero) frequencies 
resulting from solution of the vibrational problem for 
the activated complexes. The ratios /  differ in that f° 
is determined using the 3Y — 6 (3N — 5 for a linear

(1) J. Bigeleisen and M. Wolfsberg, Advan. Chem. Phys., 1, 15 
(1958).
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molecule) normal vibration frequencies for the re
actant molecules, while depends on the 3N — 7 
(or 3N — 6) normal frequencies of the activated com
plexes for motion orthogonal to the normal vibration 
associated with vl-

T h e/’s vary with temperature, and their ratio is often 
called the temperature-dependent factor (TDF); the 
ratio vl/ vl'  is invariant with temperature, is often 
called the temperature-independent factor (TIF), and 
is the high-temperature or classical limit of k/k'. 
The TIF has been the object of much interest in experi
mental and theoretical studies of kinetic isotope frac
tionation because of its relation to motion across the 
potential barrier for a reaction.2-6

The interpretive problem of the chemist involves the 
achievement of correspondence between experimental 
values of k/k' observed at various temperatures and 
similar quantities calculated for some model. The 
mathematical methods employed impose certain formal 
limitations on the properties of the successful model; 
but, to the extent that these restrictions are physically 
and chemically reasonable, the model represents an 
approximation to the actual reaction situation. For 
the purposes of this paper, we asume that the experi
menter proceeds by first making intuitive guesses as to 
the detailed nature of the reaction coordinate (these 
generating TIF) and then by doing the same thing for 
the shape of the potential energy surface in the region 
of the transition state (which supplies the additional 
information required for calculating TD F). In a cyclic 
process of successive approximations, these guesses are 
tested, in terms of the calculated k/k' they yield, against 
the experimental results.

The vibrational frequencies required for the calcu
lation of k/k' at any temperature can be found by 
solution of the secular equation derived from the poten
tial energy surface for the reaction.7 At present, 
however, the difficulty of such calculations has necessi
tated an alternate approach. In the latter,8 the Wilson 
G matrix9 is determined by assuming a structure for the 
activated complex of the reaction. The potential 
energy surface in the neighborhood of the transition 
state is then assumed by assigning values to the di
agonal and to many of the off-diagonal elements of the F 
matrix, by analogy to stable molecules.10 Finally, the 
remaining elements of F are adjusted so that an imagi
nary (or zero) frequency will result.11-14 The normal 
vibration corresponding to this frequency is then iden
tified with the reaction coordinate for the reaction.

Definite rules are available for forcing this particular 
coordinate to approximate bond rupture,12 asymmetric13 

or symmetric14 motion in a triatomic system, or, for the 
special case of vL =  0 , any motion of a three-particle

molecule.16 However, no general method is avail
able for the generation of a vj, which corresponds to a 
'preselected motion of a polyatomic molecule of arbitrary 
complexity. The object of this paper is to develop 
such a general method. The development is carried 
out for one reaction model; then, the results are applied 
to the case of two models related by isotopic substitu
tion at one position.

Development
vl, the Reaction Coordinate, and the Potential Func

tion. Heretofore, all published theoretical calcula
tions of kinetic isotope effects have assumed harmonic 
forces. As a result of this approximation, a useful 
relation exists among a normal coordinate, the vibra
tional frequency associated with it, and the potential 
function.9' 16

Consider the solution of the vibrational problem via 
the Wilson F-G  matrix technique. This approach in
volves solution of the secular equation

|FG -  XJ| = 0  (X( =  4tt2v(2) (2)

for the 3N — 6 normal harmonic frequencies, vj, of the 
molecule; here I is the identity matrix. If F and G are 
expressed in terms of some complete set of internal dis
placement coordinates (S]} n in number), the normal co
ordinate Q< corresponding to any vf can be obtained in 
terms of these Sj by solution of

(FG -  XJ)(L-I )t 4 =  0 (3)

for the n elements of (L- 1)t4. Here 0 is a zero column

(2) J. Bigeleisen and M. Wolfsberg, J. Chem. Phys., 21, 1972 (1953).
(3) J. Bigeleisen and M. Wolfsberg, ibid., 22, 1264 (1954).
(4) P. E. Yankwich and R. M. Ikeda, J. Am. Chem. Soc., 81, 1532 
(1959).
(5) M. Wolfsberg, J. Chem. Phys., 33, 21 (1960).
(6) C. R. Gatz, ibid., 44, 1861 (1966).
(7) See, for example, R. E. Weston, Jr., ibid., 31, 892 (1959).
(8) A recent illustration is contained in: A. J. Kresge, N. N. Lichtin,
K. N. Rao, and R. E. Weston, Jr., J. Am. Chem. Soc., 87, 437 (1965).
(9) E. B. Wilson, Jr., J. C. Decius, and P. R. Cross, “ Molecular 
Vibrations,”  McGraw-Hill Book Co., Inc., New York, N. Y ., 1955.
(10) E.g., W. Gordy, J. Chem. Phys., 14, 305 (1946).
(11) H. S. Johnston, W. A. Bonner, and D. J. Wilson, ibid., 26, 1002 
(1957).
(12) M. Wolfsberg and M. J. Stern, Pure Appl. Chem., 8, 225 
(1964).
(13) M. Wolfsberg and A. V. Willi, Chem. Ind. (London), 2097 
(1964).
(14) P. E. Yankwich and J. L. Copeland, J. Am. Chem. Soc., 79, 
2081 (1957).
(15) C. R. Gatz, Ph.D. Thesis, University of Illinois. Urbana, 
111., 1959.
(16) G. Herzberg, “ Infrared and Raman Spectra of Polyatomic 
Molcules,”  D. Van Nostrand Co., Inc., New York, N. Y ., 1945,
p 201.

Volume 71, Number 10 September 1967



3138 W arren E. Buddenbaum and Peter E. Yank wich

matrix, and is the fth column of the transpose
of L_1, such that for S written as a column

Q = L - ‘S (4)

The reaction coordinate of the transition state 
formalism is a normal mode of the activated complex. 
For some arbitrary vibration of this complex

Xx =  RjS (5)

to be a normal mode with preselected frequency v\, it is 
necessary that F satisfy the relation

FG(Rx)t =  X1(R1)t (6)

Consider the solution of eq 6 for the elements of F. 
In general, these are not determined uniquely by eq 6 . 
Let r be the number of nonzero elements of G(Ri)t. 
Since G(Ri)f = 0 implies no molecular motion,17 r will 
always be >0, and the number of Pffs appearing in 
eq 6 , s, is given by

s =  r(2n — r +  l ) /2  (7)

and will usually be >n. Therefore, the s constrained 
Fy’s are not determined uniquely by eq 6 , but n of 
them will depend in some manner on the remaining 
(s — n) . 18 The characteristics of this dependence will 
now be developed.

Rules for the Construction of F. Equation 6 can be 
written

HT = MROt (8 )

where T is a column vector of the constrained Ft/s  
arranged in some order and H is a n X s matrix of the 
coefficients of these force constants as determined by 
eq 6 . One must now pick (s — n) of these constrained 
force constants to be the necessary parameters in terms 
of which the remaining n are to be expressed.19 20 Let Fp 
be a column vector of the selected parametric F{/s 
arranged in some order. Equation 8 then becomes

EJ -  Xi(Rx)t -  DFP (9)

where J is a column vector of the n remaining Ftj’s, 
and E and D are n X n and n X (s — n) matrices, 
respectively, formed from the columns of H. Then, if 
E “ 1 exists

J = E_ 1[X1(Rx)t -  DFP] (10)

This solution of eq 9 depends on the assumption that 
the force constants chosen for Fp are independent; if 
this is not true, E -1  will not exist. Two alternatives 
are possible: one can continue making choices for Fp 
until an independent set is found, guaranteeing the 
existence of E_1, or one can continue with the original 
choice of Fp as follows. If E_1 does not exist, E will be

a singular matrix of rank t <  nw and there will exist an 
n X n nonsingular matrix K such that

KxE = P, K2E = 0 (11)

where Ki is the first t and K2 the last (n — t) rows of K, 
with P a i X «  matrix. Therefore

PJ = K1[X1(R1)t -  DFP] (12)

and

K2[X1(R1)t -  DFP] =  0 (13)

Thus, for eq 9 to have a solution for a given Fp, 
the elements of Fp must first satisfy eq 13; then, one 
need only solve eq 12 for J. Since it will be possible 
to construct ann X »  nonsingular matrix Y such that

PVx = M ; PV2 =  0 (14)

where Vi is the first t and V2 the last (n — t) columns of 
V, with M a i  X i nonsingular matrix, eq 12 can then 
be written

PJ =  PVV- ’ J =  (M0)Y (15)

or

MYx = Kx[Xx(Rx)t -  DFP] (16)

where Y] is the first t elements of Y, and Y2, the last 
(n — t) elements of Y, can have any value which, along 
with some of the Fp, make up the (s — n) parameters 
of the solution. Thus, the final form of the parametric 
solution of eq 9 is

J =  VY = VxYx +  V2Y2 (17)

or

J =  Y1M - 1Ki[X1(R1)t -  DFP] +  V2Y2 (18)

with the condition that the Fp satisfy eq 13.
A Brute-Force Computer Approach. A computer 

program has been written to solve eq 18 where Fp con
tains only the r diagonal force constants. Clearly, if 
not all of these Fu are independent, there will exist a K2 

(see eq 1 1 ) such that

K2[Xx(Rx)t -  DFP] =  0 (19)

(17) Except for the trivial case of Ri =  0, G (Ri)t =  0 implies RiS 
= 0 (ref 9, p 142). This means that Ri is a redundancy condition 
for the internal coordinates and not a molecular vibration. Clearly, 
Ri should satisfy any redundancy conditions that do exist.
(18) The one exception is for r =  1; then s =  n and the $ force con
stants involved are determined uniquely by eq 6.
(19) As will be seen below, this choice is not completely arbitrary, 
but one possible set might be those diagonal and off-diagonal force 
constants to be assigned values by analogy to stable molecules, plus 
those interaction constants between widely separated bonds which 
are usually set equal to zero in most vibrational analyses.
(20) S. Naragan, “ A Text Book of Matrices,”  4th ed, S. Chand and 
Co., New Delhi, India, 1962, p 128.
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Solution of this set of simultaneous equations will yield 
the interdependence of the F(i’s independent of the 
interaction force constants. While determining V2 
and the matrix [VjM_1Ki], each column of E is ex
amined in turn, starting at the left, to see if it is lin
early dependent on the columns already examined. If a 
column is linearly dependent, the force constant associ
ated with it becomes one of the (s — n) parameters 
(i.e., an element of Y2). This approach tends to make 
parameters of the lower elements of J; therefore, the 
force constants are ordered arbitrarily so that the (r2 — 
r)j2 interaction constants between the r constrained 
bonds comprise the first elements of J. In this way 
each of these force constants tends to depend first on 
the Fu’s of the constrained bonds and then on the 
interaction force constants between the constrained and 
unconstrained bonds.

Properties of F. Once F satisfies eq 6 , there will 
exist an eigenvector of F which is elosedly related to 
Ri; let this column vector be (Ai)'. Then, by defini
tion

F(Ai)t =  ( f 'V A O t (2 0 )

where (F°)u is determined from the potential energy 
surface at the activated complex via

(F°)n =  AiF(Ax)t (2 1 )

Since

AxFGiROt =  (f'OnAxGOROt (2 2 )
implies that

x‘ -  (F ) -  A,(R,)t (23)

(.F°)n can be regarded as the force constant for the 
motion Q:, which for vi imaginary (or zero), we identify 
as the reaction coordinate. Although (F°)u and Ai, 
like F, are independent of isotopic substitution, to the 
accuracy of the Born-Oppenheimer approximation, 
they differ in their dependence on the values of the Ey’s, 
Ai being independent of the Fi}’s and uniquely deter
mined by the choices of n and Ri used in the construc
tion of F. Furthermore, Ai can be identified with the 
Slater coordinate21-23 which was developed for the case 
of simple bond rupture in investigation of a classical 
theory of unimolecular reaction rates at high pressure. 
Application of this coordinate to three- and four- 
center reactions has been made by Bigeleisen and Wolfs- 
berg2'3 and by Yankwich and Ikeda4 as a technique for 
calculation of the mass dependence of vl, a matter to be 
examined in detail below.

Because of this previous use, one would like to be 
able to determine Ax without resorting to the construc

tion of F ; this can be done for the situation where one 
employs the approximation vi =  0 .

A Special Case, vi = 0. When v1 is made zero, 
F(Aj)t and FG(Rx)t are zero also. Thus

G(Rx)t = c(Ai)t (24)

where c is a constant, and the reaction coordinate will 
be24

Ri =  cAiG- 1 (25)

In Table I are listed several potential functions which 
have been employed11-14 to generate a zero frequency 
in the activated complex; the descriptions are in terins 
of eq 2 0  and 25, and the corresponding eigenvectors A 
are shown.25

Analysis of an approach used by Gatz16 for the con
struction of a potential function which forces a zero 
frequency has not been made in Table I. This method 
makes use of Slater coordinates and was the first , at
tempt to employ such coordinates in construction of the 
potential function for an activated complex. It should

Table I  : Eigenvectors of Potential Functions
Used for Generation of Zero Frequencies

Conditions on
Approximate molecular the potential

motion0 function6 Eigenvector0

Bond breaking (or forma- Fa =  0 A« -  1
tion)12

Asymmetric motion, three Fu — ^ FllF22 An — 1; A u —
centers13 ~^Fn/Fn

Symmetric motion, three Fu —  — ^Fi\F 22 An — 1; An *=
centers14 V f u/F m

° The normal coordinate corresponding to the zero frequency
depends on the individual molecules and is given by eq 25.
h All other interaction constants between these and the remaining 
internal coordinates are assumed equal to zero. £ Only nonzero 
elements of Ai are listed.

(21) N. B. Slater, Proc. Roy. Soc. (London), A194, 112 (1948).
(22) N. B. Slater, Proc. Leeds Phil. Lit. Soc., Sci. Sect., S, 75 (1949).
(23) N. B. Slater, J. Chem. Phys., 35, 445 (1961).
(24) When redundancy conditions exist among the internal coordi
nates, G -1 cannot be obtained by the usual methods of matrix 
inversion. However, the matrix G _1, such that

G“G -  G Ü)
where I is an identity matrix (3N  — 6) in size, can always be found 
in terms of the eigenvector matrix, D, and the diagonal eigenvalue 
matrix, T, or G: G -1 = D r -1Dt.
(25) When «  =  0, (Ai)t is an eigenvector both of F and of the matrix 
GF, since G(L J)t* =  L* (eq 3 and 4).
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be considered to be a special case of the general prob
lem since it was solved only for a zero frequency in a 
triatomic molecule.

A Special Case: The Triatomic Molecule. First,
one selects a Slater coordinate, Zi, some linear combi
nation of the internal coordinates15

Zi =  BnSi +  B12S2 +  B13S3 (26)

and then constructs26 an orthonormal matrix B which 
has Bi as its first row. An orthonormal transforma
tion is made to the coordinates Z = BS, and the first 
row and the first column of the potential energy matrix 
in this new coordinate system, F° = BFBt, are set 
equal to zero. This ensures that a zero frequency will 
be obtained and provides, once the diagonal force con
stants are assigned values by analogy to stable struc
tures, a set of three equations for the three unknown 
interaction constants in terms of the elements of B 
and of the diagonal elements of F.

This method for obtaining the interaction constants 
is equivalent to solving the matrix equation

(F°)i =  BF(Bi)t =  0 (27)

where (F°)i is the first column of F° and 0 is a zero- 
column matrix; thus the method is a special case of 
eq 20 (E°)n = 0 (i.e., Bx =  Ai). It is clear that Ai 
can be identified with the Slater coordinate for all 
values of n- Indeed, the construction of an F via Ai 
(eq 2 0 ) rather than via Ri (eq 6) has the principal 
advantage that the results obtained for each choice of 
Ai are transferable from one molecule to another, since 
no molecular parameters are employed in the construc
tion of eq 8 . However, except in two special cases, 
there is the disadvantage that identification of the 
reaction coordinate (the normal mode Qi of the ac
tivated complex) in terms of Ax becomes difficult. 
The special case for vi =  0 has been examined above; 
another arises when (Ri)t is an eigenvector of the G 
matrix for the molecule in question.

Conditions for Equivalence of a Slater Coordinate and 
Qi. When Rj is an eigenvector of G, eq 6 becomes

F(K' ) f  ‘  (28)
where

«?*) n =  RiG(Rj)t (29)

is the eigenvalue corresponding to (Ri)t.
It follows from eq 8 and 28 that (Ri)t will then also 

be made the eigenvector of F, (Ai)t. Thus, this special 
case contains the necessary condition for the equiva
lence of a Slater coordinate and the normal mode reac
tion coordinate Qi. Because of this “ uniqueness of the

reaction coordinate of transition state theory,” 23 it is 
not surprising that a frequency vi calculated by Slater 
theory6 may differ from that obtained from an exact 
calculation.

General Expression Relating vh Rx, and Aj. If one 
knows the Slater coordinate, A,, a general expression 
for i>i and Ri in terms of Ai, can be obtained from con
sideration of the matrix

F„ = [F -  (F°)ul] (30)

of which (Ai)t is an eigenvector. Since the rank of 
F0 is (n — l) ,20 the matrix equation

F0X =  [X,(Rx)t -  (E°)nG(Ri)t] (31)

can be solved for the column vector X in a manner 
similar to that employed for solution of eq 6 ; i.e., the 
solution can be put into the form of eq 17

X =  ViY, +  V2Y2 (32)

Then, since X is G(Rt)t 

G(Ri)t =  (A2)t(FI) - 1A2[X1(Ri)t -
(F°)nG(Ri)t] +  a(Aj)t (33)

where Ai is the last row and A2 the first (n — 1) rows 
of an orthogonal matrix A, and

Fz =  A2F(A2)t (34)

a will be a nonzero constant, since multiplication of 
eq 33 by Ai yields

AjGqtQt = 
Ai(A,)t (F°)n

(35)

Rearrangement of eq 33 yields an expression for Rx

(Ri)t =  «G -»[I -  (E°)11W ]- 1(A1)t (36)

where

W  =  ( A ^ F J - h ^ a G - 1 -  I] (37)

and the nonsingularity of the matrix [I — (E0)nW] is 
assumed. The limit of eq 36 for Xi =  0 is eq 24.

Although the quantities necessary for the calcula
tion of Ri are known and can be determined from a 
knowledge of vi and A1: the complexity of eq 36 limits 
its usefulness. In most isotope-effect calculations vi 
is either zero or very close to it. We have carried out a 
limited investigation (vide infra) of the differences be
tween the Ri’s predicted by eq 24 and 36 for a number 
of isotopic molecules and various choices of vi and Ai. 
Since the eigenvectors of the FG matrix9’25 are part of

(26) H. Margenau and G. M. Murphy, “ Mathematics of Physics 
and Chemistry,”  D. Van Nostrand Co., Inc., New York, N. Y ., 1943, 
p 273.
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Table I I : Comparison of Methods for Calculation of n, and Intermoleeular T IP  
for the Unsymmetrical A -B -C  Transition State“

1 2 3 4 5 6 7
✓------Eigenvector of F----
A ii A i2 Aia8 rs (F»)u Scaled VSB ,------TIF = fh/ri/---- -

VIA = VlB = mo =  12 1 0 0 0 0 0 0 1.0253 1.0198
Ota ' =  13 100 i -0 .0 3 7 92?' 92« 1.0250
tob' =  me'' =  12 300« -0 .3 3 1 284« 289«' 1.0234

— 2 0.5 0 0 0 0 1.0023 1.0034
101 i -0 .0 3 0 104« 104«' 1.0023
301 i -0.2 6 8 312« 311« 1.0027

m a =  mB = me =  1 : o 0 0 0 0 0 1.2128 1.1547
ota' =  2 306i -0 .0 3 7 270« 268« 1.2102
tob' =  me'' =  1 918 £ -0 .3 3 1 846« 805« 1.1936

1 - 2 0.5 0 0 0 0 1.0201 1.0230
34 It -0 .0 30 353« 327« 1.0208

1024« -0 .2 6 8 1060« 980« 1.0231

“ <¡1 —  tab =  1.42 A; q2 =  tb c  = 1.76 A; q3 = /A B C  =  110°. Fn =  7.00 mdynes A -1; F22 =  1.75 mdynes A -1; F23 =  0.50 
mdynes A -1. 6 Dimensions of all A¡j here are the same, the A 13 used in the calculation having been distance-weighted.

the output of our and most other12 computer programs 
for calculation of isotope effects, the study is made 
conveniently by comparing with Ai the eigenvector 
corresponding to vx. As predicted by eq 36, the mag
nitudes of the differences depended on (F°)n, A1; and 
the molecular model, but usually were smaller than 1 0 %  
for vi =  300« (cm-1) or less.

The Frequency vx in terms of Ax. The general ex
pression for v\ in terms of Ai is

which computer calculations indicate can be approxi
mated well by

Xi =  (F°)n
Ai(Ar)t

AiG-KAOt
(39)

for n near zero.27

Application
Comparison was made, in the computational experi

ments mentioned above, of values of n obtained from 
exact calculations (i /Caic<i) with those predicted by eq 39 
(i?33); the results for two models, two reaction coordi
nates, and three preselected p i ’ s  ( v b)  are collected in 
columns 1-5 of Table II. The tabulated values of vB, 
Scaled, and r39 are for the %/if-molecule skeleton in each 
case. The pB and the G-matrix elements were used to 
calculate (F°)n via eq 28; the potential function was 
then constructed using the rules determined from solu
tion of eq 21 in the manner described for eq 6 . Agree
ment among the various n ’s is quite satisfactory; the 
largest discrepancies are of the order of 1 0%  and are

associated with hydrogen. Similarly close correspond
ence has been obtained in calculations made with a 
variety of other molecules and Slater coordinates; as a 
result, we conclude that, for preselected frequencies 
not too different from zero, eq 39 provides an excellent 
approximation in obtaining (Fa)xx for given choices of 
vi and Ai.

Illustration of the Construction of F. The advantage 
of transferability in the construction of F via Ai 
rather than via Ri has been discussed above. Another 
advantage of the former approach is that the matrices 
are smaller for a problem of given complexity. For ex
ample, in the case of simple bond rupture (or formation) 
Ri will have one nonzero element, but the number r 
of nonzero elements in G(Ri)t, and therefore in Ai, 
generally will be near n .28 If, however, one starts with 
an Ai having one nonzero element, the problem is 
immediately smaller by the factor 1 /r  and experience 
indicates that the resulting molecular motion is closely 
approximate to simple bond rupture (or formation).

To illustrate the convenience of an approach to F

;27) If A is an orthogonal matrix with Ai as its first row, eq 38 can 
be shown to be equivalent to the expression obtained when the 
polynomial of degree n formed by the expansion of the secular 
equation for the coordinate system Z = AS is solved for Ai.» As
suming that second and higher order terms in Ai can be neglected, 
Ai = C„/Cn_i, where the Ci’s are the coefficients of the polynomial. 
Since Ai is an eigenvector of F

Ai =  (F°)u [G°l
|[G°]n

where |G°| is the determinant of G° = A G (A )t and |[G°]n| is the 
cofactor of (G®)n. The latter is equivalent to eq 39.
(28) This assumes, of course, that the G matrix is not factored for 
reasons of symmetry, etc.
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via Ax, we consider the case where Ax has two nonad- 
jacent nonzero elements. Equation 20 for this prob
lem is

“Axx“ "AiiEn -}- /I13E13 A11-
0 A11E12 -f- A13E23 0

-A 13 -A11E13 -f- A13E33 Ajs
0 A.11E14 -f- A13E34 0

.
— = (E°) 11

_ 0 - -AxxEin +  A13E 3n- _ 0 -

The force constants between constrained bonds (here 
coordinates 1 and 3) and unconstrained are related by

Fu — pFu — ~~ (-4x3/-An)E;3J:;

*  =  2 ,4 ,5 ,  . . . , n  (41)

The quantity p has been associated with the relative 
amounts of bond rupture and bond formation occur
ring in such a reaction coordinate.2’ 3 The interaction 
constant between the constrained bonds is

E« = [Eii -  (E°)u] /p = p[E3s -  (E%] (42)
of which an alternate form is

F 13 =  ± V [E ix  -  (E % ][E »  -  (E°)xi] (43)

where the plus sign denotes approximate asymmetric 
stretching and the minus sign symmetric (compare with 
Table I). It is apparent from eq 42 that the diagonal 
force constants are not independent but are related 
through

[En =  (E°)h] /[E 33 -  (E°)xx] =  p2 (44)

That is, the values of the force constants determine the 
ratio of bond rupture to bond formation. A method 
often used to calculate Eh, E33, and Fn is13

Eh =  (1 -  x) (Exx)°
E33 =  x(E 33)0 (45)

(Ex3) 2 — E11E33 = d <  0

where the parameter a: is a measure of the degree of 
bond formation or rupture, and (En)° and (E33)0 are 
the force constants when x equals 0  and 1 , respectively. 
The curvature parameter d can be expressed as

d = — (E°)h[Eh +  E33 — (E°)n] (46)

which shows that it also is a function of x; this relation 
can be employed to obtain (E°)n for a given value of d. 
Clearly, x is not equivalent to the p defined above, and 
care must be exercised in interpreting changes in an 
isotope effect with x in terms of the relative amounts of 
bond rupture and formation.

Isotope Effects on the Reaction Coordinate. To the 
accuracy of the Born-Oppenheimer approximation, F 
is independent of isotopic substitution. Upon isotopic 
substitution, eq 6 becomes

F G '(R /)t  =  AI'(R 1/)t (6)

The effect of isotopic substitution on Rx could be calcu
lated using eq 36 if that on the frequency were known, 
since a is mass dependent. The agreement between 
columns 4 and 5 of Table II suggests that a good ap
proximation of v\ to use in this correction term would 
be that obtained from the primed form of eq 39. For 
the case of n =  0 , an exact calculation of Rx' can be 
made using eq 25, which has been seen to be a good 
approximation for Rx when v\ is small. When Rx is an 
eigenvector of both G and F (eq 28), the identity

Rx =  6Ai (47)

where b is a normalizing constant, should not be used to 
calculate Rx' simply by discovering the appropriate b', 
since that would imply that Ax is also an eigenvector 
of G ', which is not true in general. That is, an Ax 
which is an eigenvector of a G matrix is not necessarily 
an eigenvector of the related G ' matrix. For example, 
in a triatomic molecule having C2v symmetry the vector 
( —1 , 1 , 0) is an eigenvector of the G matrices for all 
isotopic forms which retain that symmetry (e.g., HOH, 
DOD, HOI8H, etc.), but is not for those forms in which 
C2v symmetry has been destroyed (e.g., HOD, TOH, 
etc.).

TIF. The isotope effect on the imaginary frequency 
associated with the reaction coordinate follows from eq 
38

Vi/V  =
~Ax(GQ-»|I -  (E % W ']-i(A x)t- 
.  AxG-’ [I -  (E°)nW]- 1(Ai)t J

(48)

This is the desired expression for TIF within the frame
work of the transition-state theory, and it can be used 
to calculate TIF if a ' is approximated by combination 
of the primed forms of eq 35 and 39.

In the case of a zero frequency, the expression

Vi/Vi'
rA1(G')~I(Ax)t~|V«

L AiG-»(Ai)t J
(49)

is exact; further, it is an excellent approximation to 
TIF for small values of n, as indicated in column 6 of 
Table II. The figures listed there are exact values of 
TIF ; their drift with changing vs for each Ax is a meas
ure of the error involved in the use of eq 49 rather 
than eq 48,29 since TIF from eq 49 is independent of vs.

(29) These expressions for TIF can be obtained also from considera
tion of the characteristic polynomial of the secular equation.11»27
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Figure 1. Influence of bending motion in the reaction 
coordinate on T IF  for the intramolecular isotope effect in the 
reaction C -C -C  -»• C +  C -C . (¡i =  tab = 1.76 A ;

=  rBc =  1.42 A; q3 =  /A B C  =  110°. Fn =  1.75 
mdynes A -1; Fn  =  7.00 mdynes A -1; F33 =  0.50 mdynes A -1. 
t o a  =  tob =  W b '  =  m e' =  12; mK =  m e  =  13. A n  =  2 ;
A n =  —1. vi =  0. (See footnote a Table II) :  —■—•—-, 
exact calculation,16 eq 49 ; -------- , approximate calculation, eq 50.

The figures in column 7 of Table II are obtained from 
the expression

V\/ V\ =
'A.GCAQt
AxG'CAOtJ

(50)

given by Gatz6 for calculation of the TIF associated 
with the Slater coordinate, Ai, and was used by her to 
study the effects of bending motions in the Slater co
ordinate on TIF. The expressions used by Bigeleisen 
and Wolfsberg2’3 and by Yankwich and Ikeda4 are 
special cases of eq 50. As indicated earlier, the ac
curacy of eq 50 depends on how closely Ai is an eigen
vector of both G and G'. For the molecules and eigen
vectors considered in Table II, eq 50 yields the cor
rect order of magnitude for ¿ (T IF ) , 30 but this is not 
always the case. An example can be found in some

computer experiments on the effect of inclusion of bend
ing motion in the Ai used for the construction of F.1S 
It was found that the intramolecular C 13 isotope effect 
in the reaction C -C -C  —► C +  C-C inverted as the 
amount of bending was increased; these results are 
shown as the solid curve in Figure 1 (eq 49). The 
dashed curve is that obtained via eq 50. For values of 
Au near —1 , similar values of TIF are obtained, but 
as Ak becomes larger, the difference between the two 
increases, and, further, eq 50 fails to yield the inversion.

It is interesting to note that eq 50 applied to simple 
C-C bond rupture in an 11-atom model for the malonic 
acid decarboxylation predicts TIF =  1.0198 (as ob
tained for the simple three-atom model) for the intra
molecular isotope effect, while eq 49 yields TIF =
1.0020, the same value obtained by Wolfsberg and 
Stern12 from the ratio v -l / v -l 1 . That is, the use of G _1 
instead of G correctly involves in TIF the masses of 
the other than disjunct atoms in the molecule. The 
attempt to reduce this discrepancy by use of “ molecular 
fragment”  masses involves an insufficiently detailed 
approximation.

Although the elements of the F matrix are not deter
mined uniquely by eq 18, TIF is independent of F 
for values of vi near zero; such is not the case for TDF. 
In selecting values for the elements of F, one must be 
guided by comparisons with stable molecules and by con
siderations of chemical and physical reasonableness. 
Any set of choices will be arbitrary to a degree, just as 
it always has been.
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(30) L {x) =  100 In x.
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Ligand Field Theory of d3 and d7 Electronic Configurations in Noncubic 

Fields. I. Wave Functions and Energy Matrices1
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The ligand field theory of cubic fields has been extended to include noncubic fields for d 3 

and d7 electronic configurations. Various coupling schemes applicable to noncubic fields 
in the limit of zero spin-orbit perturbation have been thoroughly discussed. A complete 
set of symmetry-adapted strong-field cubic wave functions in quadrate and trigonal orienta
tions have been derived for d3 configuration. The corresponding energy matrices of 
quadrate and trigonal fields have been constructed in the limit of zero spin-orbit inter
action. Energy matrices of cylindrical fields have also been constructed using the weak- 
field | L, S, M l, Mg) functions already derived by Condon-Shortley and Finkelstein-Van 
Vleck. These latter are included, in addition to their application to linear systems, as 
checks for the quadrate and trigonal calculations. They also provide energy labels for 
quadrate and trigonal energy plots at zero cubic ligand field parameter. Some generaliza
tions are drawn from the energy matrices, and their application to the study of the spectra 
of appropriate transition metal systems is pointed out. Application of the energy matrices 
to systems of d7 configuration is shown and extensions of the theory of noncubic fields to 
systems of other configurations are also suggested.

I. Introduction
The development of the theory of ligand fields in the 

last decade and a half provides the basis for under
standing the magnetic and optical behavior of transition 
metal compounds.2 3 4 5 The theory of systems of cubic 
symmetry is well understood. However, attempts in 
developing the theory to include symmetries lower than 
cubic have been very few. Thus, Liehr3 has carried 
out complete calculations, including spin-orbit and full 
configuration interaction, on the one-electron and hole 
configurations in cylindrical (or linear), quadrate (or 
tetragonal), and trigonal symmetries; Gladney and 
Swalen4 on the same configurations in trigonal fields; 
Fenske, Martin, and Ruedenberg5 on the two-electron 
and hole configurations in square planar geometry; 
Plato and Racah6 on the two- and three-electron con
figurations in trigonal weak fields; and finally, Peruma
reddi and Liehr7 on the two- and eight-electron con
figurations in cylindrical, quadrate, and trigonal fields. 
In addition to these, there exist some restricted calcu
lations, i.e., without or with limited spin-orbit per
turbation and configuration interaction. These latter

include the examination of the trigonal two-electron 
trivalent vanadium with no spin-orbit coupling by 
Hartmann, Furlani, and Bürger,8 the treatment of the 
two-electron trigonal chromium corundum without

(1) Portions of this material have been included in a paper presented 
at the 151st National Meeting of the American Chemical Society, 
Pittsburgh, Pa., March 1966.
(2) See, for instance: (a) W. Moffitt and C. J. Ballhausen, Ann. Rev. 
Phys. Chem., 7, 107 (1956); (b) C. J. Ballhausen, “ Introduction to 
Ligand Field Theory,”  McGraw-Hill Book Co., Inc., New York, 
N. Y ., 1962; (c) J. S. Griffith, “ The Theory of Transition-Metal 
Ions,”  The University Press, Cambridge, England, 1961; (d) C. K. 
Jdrgensen, “ Absorption Spectra and Chemical Bonding in Com
plexes,”  Addison-Wesley Publishing Co., Inc., Reading, Mass., 1962;
(e) B. N. Figgis and J. Lewis, Progr. Inorg. Chem., 6, 37 (1964);
(f) W. Low, “ Paramagnetic Resonance in Solids,”  Academic Press, 
Inc., New York, N. Y ., 1960.
(3) (a) A. D. Liehr, J. Phys. Chem., 64, 43 (1960); (b) A. D. Liehr, 
Abstracts, Symposium on Molecular Structure and Spectroscopy, 
Columbus, Ohio, June 1965.
(4) H. M. Gladney and J. D. Swalen, J. Chem. Phys., 42, 1999 
(1965).
(5) (a) R. F. Fenske, D. S. Martin, .Jr., and K. Ruedenberg, Inorg. 
Chem., 1, 441 (1962); (b) R. F. Fenske and D. S. Martin, AEC Report 
IS-342, Ames Laboratory, Iowa State University, Ames, Iowa, May 
1961. Available from the Office of Technical Services, Department 
of Commerce, Washington 25, D. C., price $3.50.
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spin-orbit interaction by Pryce and Runciman,6 7 8 9 and 
the study of the three-electron trigonal chromium 
corundum system with limited spin-orbit coupling by 
Sugano and Tanabe.10 Such restricted calculations 
have also been carried out on various other configura
tions by Piper and Carlin, 11 Macfarlane, 12 Goode, 13 

Otsuka,14 15 and others.
Our interest in the d3 (and hence the d7) configura

tion stems from the fact that chromium(III) complexes 
in both cubic and noncubic symmetries have been ex
tensively investigated. Many trigonally distorted 
and quadrately substituted chromium(III) compounds 
are known and their spectral properties have been 
measured. Although the optical measurements on 
trigonal chromium(III) systems have been made 
using polarized light, 16 this is not true for quadrate 
systems. However, even the solution absorption 
studies do show splittings of the cubic bands when the 
cubic chromium (III) complexes are substituted resulting 
in quadrate symmetry.16 Although there have been 
attempts to explain quantitatively the absorption 
bands of the trigonal systems, 16 no such attempts have 
been made for the quadrate compounds.17 Thus, there 
exists no systematic development of the theory and its 
application to noncubic compounds of d3 and d7 con
figurations. We aim to undertake this task in the 
present paper and in the papers to be published in the 
near future. The present paper lays the ground work 
in a detailed fashion for the development of the theory 
of d3 and d7 configurations in cylindrical, quadrate, trig
onal, and square planar fields in the limit of zero spin- 
crbit interaction and future papers will consider the 
applications of the theory to explain the optical phe
nomena of appropriate systems of these configurations. 
Finally, the theory will be extended to include spin- 
crbit perturbation when more accurate spectral data 
become available.

II. Theory o f Noncubic Fields
Octahedral Orientation. If we treat the ligand fields 

of quadrate and trigonal symmetries as the sum of 
cubic and axial potentials, three cases arise in the limit 
of zero spin-orbit perturbation.

E e 2A «  >  (Fc, F „) (weak-field scheme) (i) 

Fc >  E e 2A «  >  F .

[strong-field scheme (weak axial fields) ] (ii)

(FC) F „) >
l7*j

[strong-field scheme (strong axial fields) ] (iii) 

Cases i and ii correspond to the situation where the

axial fields are introduced as additional minor pertur
bations over the major cubic potential and electron cor
relations, whereas case iii corresponds to the situation 
where the axial field perturbations are large and hence 
are diagonalized along with the cubic field before intro
ducing electron correlations as perturbative additions. 
In cases i and ii, the weak-field and strong-field cubic 
wave functions, respectively, portray the role of un
perturbed states and decompose on going down in sym
metry into lower symmetry representations according 
to Table I. (For the sake of generality, we have written 
the representations in the case of quadrate symmetry 
with no g subscripts. Written as they are, they are cor
rect if the symmetry is Civ For D 4h symmetry, they 
should have a g subscript.) The resulting quadrate and 
trigonal functions are said to be octahedrally oriented. 
The quadrate and trigonal energy matrices correspond
ing to these cases would now contain diagonal as well

(6) M. Plato and G. Racah, private communication to A. D. Liehr. 
1965.
(7) (a) J. R. Perumareddi and A. D. Liehr, Abstracts, Symposium on 
Molecular Structure and Spectroscopy, Columbus, Ohio, June 1965; 
(b) J. R. Perumareddi and A. D. Liehr, Abstracts, 150th National 
Meeting of the American Chemical Society, Atlantic City, N. J., 
Sept 1965; to be published.
(8) H. Hartmann, C. Furlani, and A. Bürger, Z. Physik. Chem. 
(Frankfurt), 9, 62 (1956).
(9) M. H. L. Pryce and W. A. Runciman, Discussions Faraday Soc., 
26, 34 (1958).
(10) S. Sugano and Y . Tanabe, J. Phys. Soc. Japan, 13 , 880 (1958).
(11) T. S. Piper and R. L. Carlin, J. Chem. Phys., 33, 1208 (1960).
(12) (a) R. M. Macfarlane, ibid., 40, 373 (1964); (b) ibid., 39, 3118 
(1963).
(13) D. H. Goode, ibid., 43, 2830 (1965).

(14) J. Otsuka, J. Phys. Soc. Japan, 21, 596 (1966).
(15) See, for instance: (a) S. Sugano and I. Tsujikawa, ibid., 13,
899 (1958); (b) W. Low, / .  Chem. Phys., 33, 1162 (1960); (e) D. S. 
McClure, ibid., 36, 2757 (1962); (d) D. L. Wood, J. Ferguson, K. 
Knox, and J. F. Dillon, Jr., ibid., 39, 890 (1963); (e) D. L. Wood, 
ibid., 42, 3404 (1965); (f) S. Yamada and R. Tsuchida, Bull. Chem. 
Soc. Japan, 33, 98 (1960); (g) T. S. Piper and R. L. Carlin, J. Chem. 
Phys., 36, 3330 (1962); (h) ibid., 35, 1809 (1961).
(16) Such studies have been made by (a) M . Linhard and M. Weigel, 
Z. Anorg. Allgem. Chem., 266, 49 (1951); (b) M. Linhard and M. 
Weigel, Z. Physik. Chem. (Frankfurt), 5, 20 (1955); (C) C. S. Garner 
and D. J. MacDonald in “ Advances in the Chemistry of Coordina
tion Compounds,”  S. Kirschner, Ed., The Macmillan Co., New York, 
N. Y., 1961, pp 266-275; (d) L. P. Quinn and C. S. Garner, Inorg. 
Chem., 3, 1348 (1964); (e) F. Woldbye, Acta Chem. Scand., 12, 1079 
(1958).
(17) Ballhausen (ref 2b) has given the diagonal elements for the 
quartets of d 3 configuration in quadrate fields. Based on these 
matrix elements, a semiquantitative empirical treatment has been 
proposed for the explanation of the spectral characteristics of tetrag
onal Cr(III) complexes by others. See for instance, (a) R. A. D. 
Wentworth and T. S. Piper, Inorg. Chem., 4, 709 (1965). Excellent 
attempts have been made, though, to explain the band splittings of 
substituted octahedral Cr(III) and complexes of other configurations 
based on bonding and moleçular orbital approaches by (b) D. S. 
McClure in “ Advances in the Chemistry of Coordination Com
pounds,”  S. Kirchner, Ed., The Macmillan Co., New York, N. Y., 
1961, p 498; (c) H. Yamatera, Bull. Chem. Soc. Japan, 31, 95 (1958); 
(d) C. E. Schaffer and C. K. Jorgensen, Mat. Fys. Medd. Dan. Vid. 
Selsk., 34, 13 (1965).
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Table I : Decomposition of the Representations of Cubic
Symmetry Relative to Quadrate and Trigonal Symmetries

Cubic Quadrate Trigonal

Ai„c AiQ Ad
A2„c Bd A d

Ad E d
E96C B d Ed
Tlja° a 2« A d
Ti»a)° e (QQ E( » T
T 2aa° B d Ad
t M1)° Em Q E« ) T

cases do not seem to be common among d3 configuration 
and as most of the existing quadrate and trigonal sys
tems of d3 configuration exemplify small deviations 
from cubic symmetry, it is by case ii we choose to carry 
out calculations in this report. It may be pointed out 
that calculations starting from cases i and iii would 
provide a very good check on our treatment from case ii. 
On the other hand, as we will be describing later, other 
internal checks of our calculations are used and so we 
have not included here calculations based on cases i and 
iii.

Wave Functions. Quadrate. As has already been

Table I I  : Trigonal Oriented d Orbitals and Their Transformation Properties, (z' Is  the Threefold Axis of Symmetry 
Which Is  the Axis of Quantization and x' and y' Are the Orthogonal Coordinates, z Refers 
to the Fourfold Axis of Symmetry. « =  exp — 2 « /3 )

d a ' —  d3z ' 2 — r3j d,r±'  — V V a C d z V  zb  i d y ' g ' ) ’, d 5 ±'  =  'V ^ IA(da;7* —3 / 2  i  i d z ' y 1)

Oh Dì e.q') e2(y') e.(z)

ti2ga ai(t2):d<r' ai(t2) ai(t2) -VaafftQ  +  2/ 3« - 1/2e+(t2) +  y 3W+ ,/ 2e_(t2)

***(;) e d b b V 'A tW  -  V V a d ir' u±1e±(t2) M b ) y 3UT ,/!ai(t2) -  y 3eT(t2) -  2/ 3« ±1/,,e±(t2)

e»Q) e±(e): \Z 2/ 3dT±' +  V V a d ^ ' co^e^e) eT(e) M e )

tl ua a2(ti):p^' a2(ti) —a2(q) 1Aa2(ti) +  2/«m I/,2e+(ti) +  2/3co +  1//2e_(ti)

ti“C) e±(ti):pT±' w±1e±(ti) - e T(ti) y ^ ' / v q )  +  VaM M  +  2/ 3« ±1Ae±(t1)

as off-diagonal ligand field parameters due to axial fields. 
On the other hand, in case iii, the one-electron sym
metry adapted functions suitable to quadrate and trig
onal symmetries don the role of the basis set from which 
the three-electron functions are manufactured.18 These 
initial one-electron functions are e(d23:, d„„), b2(dXi/), 
ai(d„2 ), and bi(dj.2_j,i) in quadrate fields and e± (t2ff), 
ai(t2s), and e± (e„) in trigonal fields. If the many elec
tron functions constructed from these one-electron sets 
are used in energy calculations, in addition to the cubic 
ligand field parameter, the axial ligand field parameters 
could also be diagonalized except in the trigonal case 
where there may be few nonvanishing off-diagonal 
axial parameters because of the nonzero one-electron 
element (eiftsJlVale^e,,)).

The usual trigonally distorted chromium(III) sys
tems such as emerald, ruby, etc. (C3v and D 3 point 
groups) and the slightly tetragonally distorted cubic 
as well as monosubstituted (C4v) and frans-disubstituted 
(D4h) hexacoordinate octahedral complexes could be 
well described by case ii, i.e., weak axial fields of the 
strong-field scheme, whereas large trigonal and quad
rate distortions and pentacoordinate square pyramidal 
and tetracoordinate square planar systems are more 
appropriately described by case iii. As these latter

pointed out, the starting functions are the strong-field 
symmetry adapted cubic functions the derivation of 
which has been described clearly in the literature.215’0 

The complete set of these functions is listed in Appendix 
A .19

Trigonal. The one-electron orbitals of trigonal 
orientation used here are as given by Liehr20 which differ 
from those of the others9 by phase factors. These or
bitals along with their transformation properties are 
shown in Table II. The process of building d3J trigo
nally disposed cubical determinantal wave functions21 

consists of first writing the nondegenerate (orbitally) 
trigonal components of a given cubical species and then

(18) A detailed account of building two-electron functions starting 
from one-electron tetragonal functions has been given in ref 5b. 
Extension to three-electron functions follows similar procedures. 
The trigonal determinants of d 3 configuration can also be obtained 
in the same fashion.
(19) Appendices A and B have been deposited as Document No. 
9457 with the ADI Auxiliary Publications Project, Photoduplication 
Service, Library of Congress, Washington, D. C. 20540. A  copy 
may be secured by citing the document number and remitting 
$3.75 for photoprints or $2.00 for 35-mm microfilm. Advance pay
ment is required. Make checks or money orders payable to: Chief, 
Photoduplication Service, Library of Congress. Copies may also be 
obtained by writing to the author.
(20) See ref 3a and also A. D. Liehr, ./. Phys. Chem., 68, 665 (1964).
(21) This procedure has been briefly described in ref 20.
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using this component to generate the two doubly de
generate components by means of the C4 (z) symmetry 
operation. As cubically doubly degenerate species go 
over into trigonally doubly degenerate species, no 
significant effort is involved in their orientation. An 
alternative way of manufacturing the d3’7 wave func
tion is by a direct transformation of their known tetrag
onal representation to their desired trigonal repre
sentation by means of the connections of Table II and 
the matrix connection between the quadrate and trig
onal orbital basis functions of eq 1 .

metry) thus providing the 4T2„a and 4Tiia components. 
Substituting the 3Ti„ functions of eq 2, we finally have

4T2ia =  \ / 1/ 2[|ai(t2i)e^.(t2c)e_(e(,)| +
|ai(t2,)e_(t2(,)e+(e,)|]

4Tii0 =  V /iA[|ai(t2t)e+(t2i)e_(ei)| -
|ai(t2f)e_(t2i)e+(ei)|] (3)

The remaining components are obtained by C4(z) sym
metry operation on the above functions. Thus, per
forming this operation on 4T2sa, we obtain

d32'j_rs 0 0 V V s v Y v Y  “ d322_r2

•n/ 1/ 3 0 V. -V s -V s d x l - y l

' dx 'y ' = 0 - V V s 0 v Y - v Y d xy

d2,x/ v V * 0 - a/ 2 /3 a/2 /6 V 2 /6 d z x

-dÿ'z' 0 v Y 0 ~ \ Y - ■ d y z

The former method will be described here by deriving 
the 4T i5 and 4T2„ terms of (t2t2e„) configuration. We 
first note that these quartets (spin) arise from 
[t2P2(3Ti£,)etf ]. The 3Tlc of (t2ff2) in turn is given by

3Tr,a: |e+(t2i,)e_(t2c)| ■— > a2(t4)

3Tlf!): — |ai(t2i)e+(t2i)| — e+(ti) (2 )
3T1¡ÍC: |ai(t2¡í)e_(t2(í)| - e_(ti)

Let us now construct a table of transformation prop
erties of various determinants such as |a2(ti)e±(e)| and 
|e±(ti)e±(e)| as shown in Table III.

Table I I I : Transformation Properties of 
Determinantal Trigonal Functions

Determinantal
function e .(P ) C l(j/')

4>G |a2(t i )  e+(e)| W+I 4*1 — $ 2

*S>2 - |a2( t i )  e_(e)| O)-1  4*2 -4 *1

4*3: |e+(ti) e+(e)| W-1  #3 - 4 * 4

4*4 : | e_(ti) e_(e)| W+1 $ 4 - 4 * 3

4>5: |e+(ti) e_(e)| -4 * 3

4*61 |e_(tx)  e+(e)| -4 * 5

Ÿ G V Y * «  -  * « )

v Y * «  +  *• ) — 4*2

Obviously, a combination of $5 and 4»« should give 
rise to the nondegenerate (orbitally) trigonal compo
nents of 4Ti(, and 4T2„. Such combinations are 4q and 
■ 2̂ which transform as ai and a2 of trigonal symmetry 
(see Table IV for the character table of trigonal sym-

C4(z) 4 T2(ra = e 4(z ){v / V2[|ai(t2i,)e+(t2i)e_(eff)| +
|ai(t2l,)e_(t2l7)e+(ei,)|]}

= V /V 2 { - 1/3[|a1(t2i)e+(t2i,)e_(eff)| +  
[ai(t2ff)e_(t2<7)e+(e(/)| ] +

Vao.- 1/2[a4(t2t)e_(t2„)e_(e„)| -  
|e+(t2s,ie_(t2j)e+(ei,)| ] -|- 

2/ 3C0+ 1/2 [a4 (t2„) e+ (t2„) e+ (e„) | +
|e+(t2i)e_(t2,)e_(eir)|]}

which when compared with Table II shows that 
4Et u) { 4T c2,(i) [ V ( 3Tlf) e j }  =

V /V 2[|ai(t2f)eT(t2l,)eT(e(,):i —
|e±(t2i)eT(t2i,)e±(e5)|] (4)

Similarly
e 4(z)4Tifa: e4(z ) {v /lA[|ai(t2i,)e+(t2!,)e_(e5)| -

|ai(t2„)e_(t2()e+(e1,)| ]}

: ^ A lV s lI a iW e + W e - ie , ) !  -  
|ai(t2i)e_(t2(I)e+(e1,)|] +

Vsw _ 1/2 [ -  laiAz^e-itj^e-ie,,) | -  
|e+(t2ff)e_(t2i)e+(e(,)|] +

2/ 3w+ ’/! [ I ai (t2„) e+ (t2i) e+ (es) | -
|e+(t2i,)e_(t2i,)e_(ei)|]}

hence
4ET(j) { 4T c 1((5) [t2i2(3Tle) e j }  =

^  V /l/ 2[|ax(t2(i)eT(t2i)eT(e(,)| +
[e±(t2i,)eT(t2(,)e±(e5)|] (5)
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Table IV : Character Table of Trigonal Symmetry

Repre
sentation e a(*') W )

ai l i
a2 l - l
e - l 0

Note that in these doubly degenerate functions com
binations of $ 1, $ 2, $ 3, and $ 4 occur as suggested by 
their transformation properties. The complete set of 
symmetry-adapted trigonal functions obtained in this 
manner is listed in Appendix A .19

Cylindrical. Appropriate wave functions for this 
symmetry are simply those of Russell-Saunders cou
pling22 characterized by the quantum number Mt. 
Thus, the 4F term gives rise to the ML values of ±3 , 
± 2 , ± 1 , and 0  which are designated, respectively, 
as 44>(4F), 4A(4F), 4n (4F), and 42 “ (4F). Others are 
obvious.23 Some of these functions for the d3 configura
tion were given by Condon and Shortley24 and the re
mainder by Finkelstein and YanVleck,28 so are not listed 
in Appendix A.

Parameters. The most general set of parameters 
needed in the study of any molecular system can be 
derived by symmetry considerations alone. The 
various sets of parameters thus arrived at for sym
metries of our interest26 are given in Table V.

Table V : Most General Set of Parameters in Ligand Field 
Theory (Numbers Given in Parentheses Are the Number 
of Parameters Actually Used in Our Present Theory)

Symmetry
Ligand

field
Electron

correlation
Spin-
orbit

Total
number

Cubic 2(1) 10(3) 2(1) 14 (5)
Cylindrical 3(2) 14 (3) 4(1) 21 (6)
Quadrate 4(3) 23 (3) 5(1) 32 (7)
Trigonal 4(3) 27 (3) 6(1) 37 (7)

Since we are concerned only with the energy differ
ences, the actual number of ligand field parameters is 
reduced in each case by one. The observable bands in 
the optical spectra of systems of our interest are far too 
few when compared with the required number of elec
tron correlation and spin-orbit parameters by general 
symmetry arguments, and hence we use only three- 
electron correlation parameters and one spin-orbit 
parameter (in the present study we are neglecting spin- 
orbit coupling also) assuming that the relative differ
ences of these parameters are small. Thus, the re

stricted number of parameters is included in paren
theses in the table. The electron correlation parameters 
are the familiar A, B, and C of Racah (these are re
lated by A = F0 — 49F4, B = Ft — 5F4, and C =  35F4 

of Slater-Condon-Shortley parameters) parameters 
reduced from the free-ion values by proper fitting of the 
experimental spectroscopic data. The ligand field 
parameters are obtained in the following way.3a'26 We 
take the quadrate (F q) and the trigonal potentials 
(Ft) to be the resultant of a cubic (Fc) and an axial 
field (F„), i.e.

Fq,t =  Fc +  F „Q'T (6)

where the cubic potential has the alternant forms27

Fc =  E {  i m * , )  +  V T u l Y S ^ )  +
i

F4“ 4(0i,0i)]}R 4(ri) (quadrate orientation) (7a)

or

Fc = - y , z l Y m ' j i ' )  +  v w 3(0< > /)  -
i

F4_ 3(0i',<^/)]}R4(ri) (trigonal orientation) (7b)

(22) Note that here we are dealing with weak-field representation 
The corresponding strong-field functions arise from configurations 
(53), ( it3), (S2t), (82<t), (Sr2), (So-2), (Srcr), (ir2<r), (ira2) which serially 
give rise to the levels 2A, *6, 4II -|- 2H +  2$ +  2*6, 42~  +  2T +  
22+ +  22 " ,  4A +  2T +  22A +  222 +, 2A, 4$ +  4H +  22$ +  2*11, 42~  - f  
2A -j- 22 + +  22 _, 2II, where the 8, r and a are the one-electron d 
orbitals in linear symmetry. [These later correspond to the \l, mi) 
functions of |2 ±  2), |2 ±  l), and |2, 0), respectively.] Identical 
levels, of course, arise from the weak-field representation also as de
scribed in the text.
(23) The 2H term yields a state with M l =  ± 5  which should be 
denoted by a corresponding Greek letter. As the upper Greek letter 
corresponding to H is Roman H itself, we retain this symbol as it is, 
i.e., 2H (2H) in the weak field case and 2H(627r) in the strong-field 
case. We hope no confusion arises from this notation.
(24) E. U. Condon and G. H. Shortley, “ The Theory of Atomic 
Spectra,”  Cambridge University Press, Cambridge and New York, 
N. Y., 1957.
(25) R. Finkelstein and J. H. VanVleck, J. Chem. Phys., 8, 790 
(1940).
(26) Derivation of these parameter numbers by symmetry arguments 
is shown very nicely in lecture notes by A. D. Liehr, “ Geometry, 
Color, and Magnetism: The Ti(III) and Cu(II) Systems and their 
Relatives,”  which also includes such noncubic symmetries as rhom- 
boidal, unidigonal, centro- and asymmetrical, and w-polygonal 
prismoidal (n >  4) systems. These lecture notes are available upon 
request from A. D. Liehr, Mellon Institute, Pittsburgh, Pa. 15213.
(27) Ri(ri) in six-coordinate octahedral fields is given by

¡<An) =

and Ri(ri) and R j(r i)  in two-coordinate cylindrical fields are given, 
respectively, by

R d n ) = e g 2 ^ r£ ;  = eg 2

For such a linear system, it can be seen that Dn/Dv =
[WW^AMnWiCuViTA^'in))] = 3{n*/<u WW/af}  =
3(p2(r))/(p4(r)> where pi(r) =  rp/ap and p4(r) =  r^/a^.
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and <2, ±1|F„|±1, 2 ) =  D\ -  4Dt

F„ =  £ [ f t W M y i )  +  A V W F M ,« ? * )]  (8 )t

where (0*,$^ =  (6i,4>i) for quadrate and (0/ , $ / )  for 
trigonal. Just as Dq is defined as the matrix element

(2 , ±2|F0 |±2, 2 ) =  (1 /\W *){R*(rt)) = Dq (9)

we define28

(2 , ±2|F„<«|±2, 2 ) =  (1  / U V ^ X R iiu )) = Dv (10a)

<2 , ±l|Fa,(2)|±l, 2 ) =
(a/5 /1 4  = Dy (10b)

where y =  s,a, and f, and v =  t,r, and t, respectively 
for quadrate, trigonal, and cylindrical symmetries. 
With these definitions, the nonvanishing matrix ele
ments may thus be written 

Quadrate

(2, ±2|Fq|±2, 2) =  Dq -  2Ds +  Dt 

(2, ±1|Fq|±1, 2) = —4Dq T  Ds — 4Dt 

(2 , 0|Fq|0, 2) = 6Dq +  2Ds +  6Dt

<2, ±2|Fq|t 2, 2) =  5Dq (11a)

<(z2)|FQ|(z2)) =  6 Dq +  2 Ds +  6 Dt 

<(z2 -  2/2) | F q| (a;2 -  y2)> = 6Dq -  2Ds +  Dt 

((xy)\VQ\(xy)) = —4Dq -  2Ds +  Dt 

((zx)\V q\{zx)) = <(yz)\VQ\(yz)) =
— 4Dq +  Ds — 4Di ( l ib)

Trigonal29

(2, ± 2 [F t|*2, 2) =  —2/iDq -  2D a +  D t 

(2 , ±1|Ft|±1, 2) =  8/sDg +  Do- -  4Dr 

(2, 0|Ft|0, 2) =  -4D q +  2D a +  6 Dr 

(2, ±2|FT|Tl, 2) =

(2 , =f 1|Ft|±2, 2 ) =  Dq (12a)o

(ai(t21?)|FT|ai(t2!,)) =  —4Dg +  2D cr +  6Dr 

<e±(t2f)|FT|e±(t2i,)) =  —4Dq -  Da -  2/3Dt 

<e±(e„)|FT|e±(e,)> =  6Dg -  7/ 3Dr

<e±(e,)|FT|e±(t2,)> = ^ ( 3 D<r -  5Dr) (12b)

Cylindrical

(2, ±2|F»|±2, 2) = —2Df +  D:

(2, 0|F„|0, 2) =  2Df +  6Dt (13)

Energy Matrices. Quadrate. The ligand field matrix 
elements are calculated in the usual way by using the 
quadrate wave functions listed in Appendix A and the 
one-electron elements of eq l ib.  The matrix elements 
due to electron correlations can be obtained by the use 
of the coulomb (J) and exchange (K) integrals of t2i and 
e„ electrons listed in literature.30 It may be noted here 
that since we are using octahedral orientation, except 
for the axial ligand field parameters, the matrix 
elements in Dq, A, B, and C would be exactly the same 
as those in cubic fields. Now in addition, the diagonal 
and some off-diagonal elements would contain the axial 
parameters Ds and Dt. In particular, different cubic 
representations belonging to the same representations of 
the quadrate symmetry are connected by nonzero off- 
diagonal elements containing the axial parameters. 
The doublet and quartet energy matrices of quadrate 
fields are listed in the tables of Appendices B 19 and C, 
respectively.

Trigonal. The ligand field matrix elements can be 
easily obtained by the application of eq 12b and the 
wave functions of Appendix A. The electron correla
tion matrix elements can be calculated either by ex
panding the wave functions into \l, mt) functions and 
then using their J and K  integrals given in Condon and 
Shortley, or by directly using the J and K  integrals of 
e± (t2j), ai(t2f), and e± (e„) which were derived earlier 
by us.31 Just as in the quadrate case, here also the 
matrix elements in Dq, A, B, and C would be exactly 
the same as those of cubic fields. The axial parameters 
Da and D t occur in the diagonal and some off-diagonal 
elements and connect different cubic representations 
belonging to the same trigonal representation. Energy

(28) These revised definitions of axial parameters are due to A. D. 
Liehr (read ref 26) which differ in signs from those earlier used in 
literature, e.g., ref 2a and 3a. These new signs of D u  and D v  have 
been chosen to parallel that for octahedral Dq, i.e., positive values of 
D u  and D v  correspond to increased axial fields and negative values of 
D u  and D v  to decreased axial fields.
(29) The D c  and D t parameters are related to the v and v' of Pryce 
and Runciman9 and K  and K ' of Sugano and Tanabe,10 according 
to the formulas

V' = K' = -  5D r)o
v =  - 3  K  =  Vs(9 D a  +  20D t)

(30) See ref 2b,c, and 17e; also L. E. Orgel, J. Chem. Phys., 23, 
1819 (1955). In ref 2b, the element ((z i)(zx)\l/r\'il{xy){yz)) should 
be -2 V 3 F 2  +  lO V S i1« or
(31) The complete set of nonvanishing J  and K  integrals of ai(t2g), 
e±(tjg) and e_(eg) which were derived by us in the course of our work 
on d2 and d8 configurations in noncubic fields (ref 7) will be published 
soon by the author in collaboration with A. D. Liehr.
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matrices thus obtained are included in the tables of 
Appendices B 19 and C.

Cylindrical. With the use of the |L, S; ML, Ms) 
functions, it is a simple matter to calculate the ligand 
field matrix elements from the one-electron elements of 
eq 13. The electron correlation elements are just 
those of the Russell- Saunders terms 4F, 4P, 2H, 2G, 2F, 
a2D, b2D, and 2P, given in Condon and Shortley.24 

Appendices B 19 and C contain also the energy matrices 
of cylindrical symmetry. It may be noted here that 
from this weak-field cylindrical representation, it is an 
easy step to arrive at the weak-field quadrate and 
trigonal energy matrices if the Dq parameter is also 
included while doing the cylindrical calculations. It 
is only necessary to recognize that the nonvanishing 
elements are those connecting different | L, M l) and 
|L, M l') functions where M l and M l' differ by an 
angular momentum of 4 in quadrate and by 3 in 
trigonal fields. If we consider 2H as an example, the 
various |L, M L) functions are |5, ±5), (5, ±4 ), |5, 
±3), |5, ±2 ), |5, ±1), and |5, 0). The pairs of func
tions which have nonvanishing elements in cubic field 
parameter Dq (cf. eq 11a and 12a) are |5, + 5 ) and 
¡5, +1), 15, + 4 ) and |5, 0), |5, + 3 ) and |5, - 1 ) ,  |5, + 2 ) 
and |5, —2), |5, + 1 ) and |5, —3), |5, 0) and |5, —4), 
¡5, —1) and |5, —5) in quadrate fields and |5, + 5 ) and 
¡5, +2 ), )5, + 4 ) and [5, +1), |5, + 3 ) and |5, 0), |5, + 2 ) 
and |5, —1), [5, + 1 ) and |5, —2), |5, 0) and |5, —3), ¡5, 
— 1) and |5, —4), |5, —2) and ¡5, —5) in trigonal fields. 
The other free-ion terms are similar. Once these are 
calculated, the weak-field quadrate and trigonal energy 
matrices (octahedral orientation) can be constructed by 
using, respectively, the quadrate-oriented32 and trigo- 
nally oriented cubic harmonics. (These latter are given 
by S. R. Polo, “ Studies in Crystal Field Theory,”  Vol. 
I and II, in press.)

Internal Checks. Both weak-field and strong-field 
energy matrices can be constructed independently 
from the corresponding octahedrally oriented wave 
functions and can be solved for the same set of para
metric values, thus arriving at the same eigenvalues. 
Even before that, using one set of energy matrices in 
one scheme and the unitary transformations to the other 
scheme,33 energy matrices of the latter scheme can be 
constructed without recourse to the wave functions by 
the use of the relation

Hs =  fdViffwTXr,)*

where the T(Tj) are the transformation matrices.3®
As an alternate to the above, we have carried out the 

following checks in this case. First, when the axial 
parameters are set equal to zero in the quadrate and 
trigonal energy matrices, both should result in the

strong-field cubic matrices of Tanabe and Sugano, 34 i.e., 
for a given set of A, B, C, and Dq, with Ds = Da — 0 
and Dt =  Dt ■= 0, identical eigenvalues (cubic) should 
be obtained from both sets of energy matrices. Sec
ondly, if we set Dq = 0 with Ds =  Da = D\ and Dt =  
D t =  Dt and for the same set of A, B, C parameters, 
the same set of eigenvalues (cylindrical) should result 
from cylindrical, quadrate, and trigonal energy matrices. 
The first procedure provides a check on our calculations 
of the cubic ligand field and electron correlation ele
ments, whereas the second checks the electron cor
relation and axial ligand field elements. The sug
gested methods have been applied to the energy matrices 
listed in Appendices B and C, and no inconsistencies 
were found.

III. Conclusions
The energy matrices presented in this paper provide 

the counterpart of the cubic matrices of Tanabe and 
Sugano for the noncubic fields. For accurate inter
pretation of the spectral data of quadrate, trigonal, and 
cylindrical systems of d3 configuration, these energy 
matrices which include full configuration interaction 
should be used. It should be noted that the quadrate 
and trigonal energy matrices as given are useful for 
treating tetragonal and trigonal perturbations over octa
hedral fields of d3 and tetrahedral fields of d7 configura
tion (positive values of Dq with appropriate values for 
B and C parameters) and also over the tetrahedral 
fields of d3 and octahedral fields of d7 configuration 
(negative values of Dq with appropriate values of B 
and C). The cylindrical energy matrices are useful for 32 33 34 35 36 37

(32) (a) H. A. Bethe, Ann. Physik, 3, 133 (1929). A complete Eng
lish translation of this article is available from Consultants Bureau, 
New York, N. Y. (b) See also ref 2c.
(33) Derivation of unitary transformations connecting the three 
descriptive processes outlined above for noncubic fields is shown in 
Appendix D by considering the quadrate quartets as examples.
(34) (a) Y. Tanabe and S. Sugano, J. Phys. Soc. Japan, 9, 753 
(1954); (b) ibid., 9, 766 (1954).
(35) As the 4A2Q is a 2 X  2 matrix, it can be easily solved for the 
energy equations. These are l/i{{QDq -f 2Ds +  6 D£ — 15B) ±  
[(10Dq -  6 Ds +  10Dt -  95)* +  (J2B)*]1/’] or V2 K6 Dq -f 2Ds +  

6 Dt -  15B) ±  [(10Dq -  6 Ds +  10Dt -  15R)2 +  12B(10Dq -  
6  Ds +  lODt)]1/*}.
(36) The same conclusion, namely, that an absorption band in the 
tetragonal system should be positioned at 1 0 Dq of the corresponding 
octahedral band, could be drawn for other dn configurations where 
n =  1 (2B2 ground state), 4 (6Bi ground state), 6  (5B3 ground state), 
8  (3Bi ground state), and 9 (2Bi ground state). Good examples for 
a verification of this prediction will be to study the optical spectra 
of octahedral as well as a series of monosubstituted and trans-disub- 
stituted complexes of Ti(III), Y(IY), Cr(ll), Mn(III), Fe(II), Co(III), 
Ni(II), and Cu(II).
(37) See part II of this series and also (a) W. B. Schaap, R. Krish- 
namurty, D. K. Wakefield, and J. R. Perumareddi, Abstracts, IXth 
International Conference on Coordination Chemistry, Switzerland, 
Sept 1966; (b) R. Krishnamurty, W. B. Schaap, and J. R. Peruma
reddi, Inorg. Chem., 6 , 1338 (1967).
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treating linear systems of d3 and d7 configurations. 
At zero Dq value in both quadrate and trigonal sets, the 
energy levels are characterized by the cylindrical labels 
and, hence, the cylindrical energy matrices can be used 
to deduce the corresponding eigenfunctions. Energy 
level plots can be obtained in both quadrate and trig
onal fields by fixing B, C, Dv and Dy/Dv ( = k) and 
varying Dq, over the range of 0 to 4000 cm-1. The 
resulting plots assume the form of well-known Tanabe- 
Sugano cubic plots, but now the doubly and triply 
degenerate (orbitally) cubic levels will be split into two 
each in quadrate, and in trigonal only the triply 
degenerate cubic levels will be split into two (vide infra). 
Similar energy plots can be constructed, of course, by 
varying k, the ratio of the axial ligand field parameters 
and likewise, for different values of Dv. Energy levels 
of cylindrical systems can be derived as functions of Dt 
by fixing all the other parameters since Dq is zero.

In the case of quadrate symmetry, some interesting 
conclusions can be drawn from the quartet energy 
matrices. As we already know, the various quartets 
in quadrate fields35 are 4BiQ[4A2fC(t2„3)], 4B2Q[4T2„C 
'Mfef) ], 4A2Q[4Tlffc (t2S2ei,)], 4A2Q[4Tiic (t2!,e1,2)] and three 
of 4Eq corresponding to the last three levels. The dif
ference in energy between the 4B2Q [4T2ic (t2i,2e<,) ] and 
4BiQ[4A2!!c (t2i,3)] levels is still given by 10Dq. This 
result is exact including configuration interaction since 
these two levels are 1 X 1  matrices. This means that 
as long as the ground state is 4BiQ[4A2?c (t253)] [this is 
true if (IOD3  +  12B) >  — (4Ds +  5Dt)], we still 
expect in the tetragonally distorted (or substituted) 
octahedral d3 systems a band (4B2Q) positioned at 10Dq, 
i .e . ,  at the same energy as the 4T2i, band of the cor
responding octahedral complex.36 The 4EQ component 
of the 4T2|) cubic band will then be placed either on the 
higher or lower energy side of 4B2Q depending upon 
whether the Dt is positive (axial compression or sub

stitution by a higher field ligand) or negative (axial 
elongation or substitution by a lower field ligand). 
This interesting conclusion suggests another means of 
constructing useful energy diagrams. If we fix Dq 
along with A, B, C and k for a particular octahedral 
system of d3 configuration and vary Dt in an energy 
diagram, such a plot will be useful in the interpretation 
of the spectral data of a variety of monosubstituted 
and irans-disubstituted derivatives of that particular 
octahedral system. Such energy plots will be shown 
where they are applicable in the future papers on appli
cations of our calculations to experimental situations.37

A similar result can be deduced for trigonal fields in 
a special case when 3Da =  5Dt. Under these condi
tions, the 4A2t [4A2sG(t2ff3) ] level does not interact con
figurationally with the other two 4A2T levels (cf. quartet 
trigonal matrices of Appendix C) with the result that 
the energy separation of this ground level and the 
excited state 4A iT [4T 2iac (t2i!2e5) ] is given by 10Dq. Also, 
the energy equations of the other 4A2T states in this 
special circumstance are found to be
y 2{ (6Dq -  15B +  2S/iDr) ±

[(10D? -  9B)2 +  (12£ ) 2]'/!} 
or
y*{ (6Dq -  155 +  ™/*Dt) ±

[(10Z>g -  155)2 +  \2B(WDq)}'h)
Acknoioledgments. Many valuable conversations and 

discussions with Dr. Andrew D. Liehr on the theory of 
noncubic ligand fields in general have given the author 
the stimulation to carry out the work presented in this 
report. For this, the author is greatly indebted to him. 
The author wishes to thank Drs. E. W. Baker, R. Krish- 
namurty, and S. T. Spees, Jr., respectively, of the Mellon 
Institute, the Indiana University, and the University 
of Minnesota, for kindly reading and commenting on the 
manuscript.

Appendix C19

Quartet Energy Matrices of d3 Configuration

*BlQ
4A2° ( V )

<AîQ
4Tiffoc(t2C2ef)

*TW >(W )

Quadrate Fields
‘B.«

- 1 2 Dq - 7Dt 4T 2oac(t2i2e9)
+  3 A  - 1 5  B - E

4Tit,06'(t2p!efl)
- 2 Dq +  4Ds -  2Dt 

+  3A  -  3B -  E

*T ’¿y A
— 2 Dq — 7 Dt 

+  3 A  -  15 B  -  E
4T i ffoc (t2£)e02)

+  6 B

SDq -  2Ds +  8Dt 
+  3 A  - 1 2  B - E

iE<3 4T2i6C(t22ifeff) 4Tl0bC(t2 g2e0) ,rrlebc <.t2te¡|̂ )

‘T ^ i V e J - 2  Dq +  7/,Dt
-* /q

-  —  (4D s +  5 Dt) 
4

0

4Ti5i,c(t2c2ee)
+  3 A  - 1 5  B - E

- 2 Dq -  2Ds -  3/ 4Dt + 6  B

4T i0jc(t2iei 2)
+  3A -  SB - E

8 Dq +  Ds +  3 Dt 
+  3 ff - 1 2  B - E
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Trigonal Fields

<A iT *Y2pô (t2p2ep)
4T2saC(t2s2e1,) — 2 Dq +  Dir +  3Dt 

+3 4 - 1 5  B -  E

‘A!T *A287t203) 4Tl„«0(t„,«e,,)

4Ai„0(V )

4Ti5ac(t282e¡,)

Va( —18 Dq +  7 Dr) 
+3 4 - 1 5  B -  E

4Ti„oc(t2|,e02)

7,(3Da -  5Dt) 0

-2 Dq +  Dir +  3 Dr 
+  3 4 - 3  B -  E

2/ 3(3D<7 -  5Dr)
+ 6  B

7,(12 Dq +  3fl<7 +  2 Dr) 
+  34 - 1 2 B -  E

*et 4T28t̂ (t282e8) ‘Ti8i,c (t2i!e8)

4T28i,°(t282e(l)

4Tie6c(t282e„)

4Tií¡,c(t2„e92)

-76(12 Dq +  3D<r +  2 Dr) 
+ 3A -1 5  B -  E

— l/t(9Da +  20 Dr)

-7 ,(12 Dq +  3 D<r + 2Dr) 
+ 34 -  3B -  E

-7 ,(3 Dir -  5Dr)

-  7,(313O- -  5Dr) 
+ 6 B

7,(24Dq -  3D<r -  16Dr) 
+  3 4 - 1 2  B -  E

Cylindrical Fields

4F 4A 4F

<n

4p

4F 4p

-CiD\

4F D\ +  3DÏ 
+  34 - 1 5  B - E

4F - 7  Dt
+  3 A  - 1 5  B - E *2- 4F

+  34 -  E

<p

4n *F 4p 4F 2M - 2 D f  +  15Z>t) - 4A(3D\ -  5Z>t)

4F - 7 5(3£»i -  5Dt) - ^ ( 4 Df +  5Z>t) 4P
+  3A  -  15J5 -  E

14A£>f
+  34 - 1 5 B - E 0 +  34 -  E

Appendix D
Weak-Field, Weak Axial Strong-Field, and Strong 

Axial Strong-Field Conjunctive Relations. We shall 
consider only the quartets of d3 configuration in quad
rate fields to show the confluence of the three descrip
tive processes. The conjugative algebra can be car
ried out by expanding the separate basis vectors, the 
one in terms of the other. The derivation of the trans
formation matrices conjoining the weak-field and weak

axial strong-field schemes of quadrate (or trigonal) 
symmetry is a simple process if the corresponding weak- 
field, strong-field transformation matrices of cubic 
fields are known. Since octahedral orientation is kept 
in weak axial field description, the derivation involves 
merely combining transformation matrices of those 
cubic representations belonging to the same quadrate 
representation. Thus the following matrices connect 
the weak-field and weak axial strong-field processes.

4B1Q[4A2ff(t2ci3) ] 4B2Q[4T 2, ( V e c)]

4B!Q[4A25(4F)] + f 4B2[4T 2s(4F)] + i

4A2Q[4Tlc(V e ,) ] 4A2Q[4Tls(t2„e /)]

4A2q[4T 1í (4F)] ~ i / V 5 + 2 i / y / 5

4A2q[4T 1s(4P)] + 2 i / y / b + i / V 5

4EQ[4T2, ( V e ff)] 4EQ[4T 1„(t2(,2e(,)] 4EQ[4Tls(t2ce /) ]

4E q [4T2„(4F)] + i 0 0

4EQ[4Tl8(4F)] 0 — i / \ / 5 +  2 i/ y / 5

4EQ[4T 1¡?(4P)] 0 +  2 Í / V E + i / V 5
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Corresponding transformation matrices connecting the weak axial strong-field and strong axial strong-field 
schemes are shown to be { Note that the symmetry adapted basis functions in the latter scheme are

4BiQ(et2b2„) = \(zx)(yz)(xy)\ 

4B2Q(e<I2bli) =  \(zx)(yz)(x2 -  yr)\ 

4E0Q(e(,b2„aif) =  \{yz)(xy)(z2)\ 

‘ E ^ e ^ b j , , )  =  \(yz)(xy)(x2 -  y2)\ 

4EaQ(et,ai„bi(,) =  |(zx)(z2)(x2 -  y2)\

4A2Q(ei2ail7) =  \(zx)(yz)(z2)\ 

^¡^(b^a^bi,,) =  \(xy)(z2)(x2 -  y2)\ 

^ ^ ( e ^ a i , )  =  \(zx)(xy)(z2)\ 

^^(ejbzjbi,,) =  -\(zx)(xy)(x2 -  y2)| 

« E ^ e ^ b i,,)  =  -|  (yz)(z2)(x2 -  y2)]}

4BiQ[4A2„(t2|,3)]

4B1Q(ei,2b2£,)

+  1 4B2Q[4T2, (V e , ) ]

4B2Q(es2bi„) 

+  1

4A2Q(e,2a„) 4A2Q(b2fai„b1(,)

4A2Q[4Tli(t2/ e f)] +  1 0

4A2Q[4Tlf(t2,e,2)] 0 +  1

4EQ(e,b2faif) 4EQ(e,b2„blf) 4E(efai„bi„)

4EQ[4T2i (V e , ) ] V 3 /2 - V 2 0

4EQ[4Tl5(V e , ) ] -V * - V 3 / 2 0

4E Q[4Tlf( W ) ] 0 0 1

Similar algebraic procedures yield the following connections between the weak-field and strong axial strong- 
field coupling schemes. It should be noted that these matrices can be independently gotten by merely multiply
ing the respective transformation matrices of the above two schemes.

‘ B ^ p A ^ F )]

4BiQ(e,2b2„)

+ i 4B2Q[4T2f(4F)]

4B2Q(e,2bl5)

+ i

4A2Q(e /a i5) 4A2Q(b2f,ai5bic)

4A2Q[4Tlf(4F)] -i/y/5 +2Î/V 5

4A2Q[4TU(4P)] +2i/\/l + i/ V 5

4E Q[4T 2f(4F)]

4EQ[4T 1(,(4F)]

4E q[4T 1(I(4P)]

4EQ(e„b2i,aii,) 

+ i/ V 3/2 

+i/  2a/ 5

- i / V $

4E Q(e#b25bls)

—i/2

+ i/ 2V */«
- i V * T

4EQ(e„ai„bi„)

0

+2Î/V 5

+ i/ V 5

It can be seen in this particular configuration no difference prevails between weak axial strong-field and 
strong axial strong-field descriptions with respect to the Bi, B2, and A2 representations. The case of Bi and B2 

representations is a general result as these are one by one matrices and hence cannot be different, whatever 
be the coupling scheme. The case of A2 representation is obvious from the energy matrix where the off-diagonal 
matrix element does not contain the axial field parameters in the former scheme also. However, difference 
does exist for the 4E matrix as it contains nonvanishing off-diagonal elements in axial field parameters in weak 
axial strong-field scheme, which are now diagonalized in the strong axial strong-field scheme. This, of course, 
results in more of nonvanishing off-diagonal elements in electron correlations as can be seen from the following 
energy matrix.
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•E4* (e jbjjaij) (e jb ijb ij) (ejaijbi,,)

(e?b2„ais) —2Dq +  D s  +  3D t 3\/3B  —3/i
+  3A  -  12B  -  E

(e„b2Sbi(,) —2 D q  — 3 D s  — 2 D t — 3\/3 B
+  34 - 6  B  -  E

(e,,a,£bi,;) 8 D q  +  D s  +  3 D t
+ 3  A  - 1 2  B  -  E

Both the A2 and E energy matrices of the weak-field scheme differ from those of the weak axial and strong 
axial strong-field schemes. They are also listed here for comparison with the 4E matrix given above and the 
4A2 and 4E matrices given in Appendix C.

‘Afi <Ti8 (‘F) ‘Ti„(<P)

*t 18(4F) aA (15  Dq -  2D s  +  15D t) 4/s(5D q  -  3£>s +  5D t)
+ 3  4 - 1 5  B  -  E

4T i„(4P) 14/ 5/ ) s +  3A  -  E

<e q •Tial'F) ‘TijpF) ‘Tib(*P)

4T2s(4F) > A ( - 8  D q  +  7D t) ^ ( 4  D s  +  5 D t) - 7 2 ^ ( 4  D s  +  5 D t)

+ 3 4  - 1 5  B  -  E
4t 18(4F) 7 2 0 ( 12 0 D q  +  8 D s  +  45 D t) 7,o(40 D q  +  12 D s  +  152>i)

+  3 4  - 1 5  B  -  E
4Tls(4P) - 7 ¡D s +  3A  -  E
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Ligand Field Theory of d3 and d7 Electronic Configurations in Noncubic Fields. 

II. Applications to Quadrate Chromium (III) Complexes12

by Jayarama R. Perumareddi

Mellon Institute, Pittsburgh, Pennsylvania 15213 (.Received November 7, 1966)

The quadrate energy matrices of d3 configuration derived by us earlier have been solved 
for suitable sets of parametric values and appropriate energy diagrams constructed to 
interpret the spectra of various monosubstituted and ¿rans-disubstituted complexes of 
chromium(III). It has been concluded that at the present time there is no unique way 
of assigning all the observed bands in the systems considered. In all the complexes dis
cussed, the first spin-allowed cubic band splits into two components which are given the 
definitive quadrate assignments, and the corresponding Dt values are evaluated. As the 
second spin-allowed cubic band does not split in most of these systems, alternative quadrate 
assignments have been found possible for different choices of values of B and k parameters. 
It is suggested that further measurements of spectra of these and similar systems be made 
particularly on single crystals by means of polarized light and at low temperatures to verify 
our choices of assignations. Use of our calculations and energy diagrams for the study 
of the quadrate complexes of the d3 configuration, other than Cr(III), and also of the d7 

configuration has been pointed out. It is emphasized however, that it is necessary to 
take into account full configuration interaction even at the initial stages of applications 
of theory without resorting to any approximations.

I. Introduction

In the previous paper, I. II. 1 2 3 we have presented a detailed 
account of the theory of d3 and d7 electronic configura
tions in quadrate, trigonal, and cylindrical fields, 
where the symmetry adapted strong-field wave func
tions were derived and the energy matrices constructed 
as functions of Dq, and T)n, Dv, the cubic and axial 
ligand field parameters, and A, B, C, the Racah elec
tron correlation parameters. Spin-orbit interaction 
has not been included.3

It is the purpose of this paper to apply our quadrate 
calculations for the interpretation of the optical studies 
of d3 systems as exemplified by the substituted chro
mium (III) complexes belonging to quadrate symmetry. 
As has been pointed out in part I, these systems will be 
treated as deviations from cubic symmetry.

II. Theoretical Digression

Parameters. It has been shown that in the quadrate 
fields all the parameters with the exception of Ds and 
Dt are the same as those that occur in cubic fields. 
Although the axial parameters Ds and Dt are used in our

present work as empirical parameters just as are the 
other cubic parameters in ligand field theory, it is in
structive to examine these parameters in the limit of 
crystalline field theory. In quadrate fields, we will be 
concerned with either a monosubstituted octahedral 
or a pentacoordinate square pyramidal system both 
belonging to C4v symmetry, or a irans-disubstituted 
octahedral or a tetracoordinate square planar system 
both belonging to D 4h symmetry. If the quadrate 
potential Vq is expressed as a sum of cubic, Vc, and 
the axial, F«, fields, then

F q =  F c  +  F „  (1)

For a six-coordinate octahedral system

(1) Presented at the 151st National Meeting of the American 
Chemical Society, Pittsburgh, Pa., March 1966.
(2) See preceding paper for part I: J. R. Perumareddi, J. Phys. 
Chem., 71, 3144 (1967).
(3) The available data on the spectra of substituted octahedral 
chromium (III) complexes have been obtained from a study of absorp
tion spectra in solution giving rise to broad bands with low resolu
tion. Hence, inclusion of spin-orbit interaction in our calculations 
at this stage is not warranted.
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7 c  =  Poh — vqRi
\/35

2
(2 )

where the e and q are the electronic charge and the 
effective charge of the ligand, respectively, R îr) =  
r<4/r > 5, r< and r> being the lesser and greater of the 
electronic radius and bond distance, and F440 is the 
cosine combination of P44and Pi-4, i.e., Y440 =  1 / y/2
(F44 +  F4-4).

The generalized axial potential is given by

UttCOII8 R*(r) -y— F2° +  R,(r) 1Vt  " J
where Ri(r) =  r<2/ r > 3 and all others are the same as 
above.

From the definitions4

Dq =  {2, ±2|P 0h|±2, 2) =  leq(Ri(r))

Dt =  <2, ±2| P „(F 4°)|± 2 , 2) = ^eq'{Ri{r))

Ds =  (2 , ±1|P„(F 2°)|±1, 2) =  l-eq'(R,{r)) (4) 

it follows that

k  =  Ds/Dt =  3 <i22(r)>/<iÜ4(r))

where
f* co

(R, (r)) =  Rkd(r)2(r<Vr>l+1)r2dr 
Jo

The radial integrals (i?2(r)) and (Rt(r)) can be evalu
ated if the radial wave functions, Rvd{r), and the bond 
distances are known. In a few cases, such an evaluation 
has been carried out6 using hydrogenic, Slater, and Har- 
tree-Fock functions with the result that their ratio comes 
out to be 4 to 5. On the other hand, they can be ob
tained as empirical parameters by fitting the experimen
tal spectral data where it is possible. This has been 
attempted in the case of copper(II) complexes where this 
ratio has been found to be6 approximately unity. A 
value of unity can be obtained by a theoretical calcula
tion if a reduced bond distance is used.50’11 With this 
value of unity, k turns out to be 3. As already noted, 
we shall adjust these parameters empirically.

Energy Diagrams. We have shown previously2 

that in quadrate fields the transition energy 4BiQ- 
[4A2(7c (t2£,3) ] -*  4B2Q[4T2/ :(t2g2e9)] is given by 10Dq in
cluding configuration interaction. This means that the 
4B2 component in both mono- and irans-disubstituted 
systems should remain positioned at the frequency of 
the parent octahedral 4T2f band. The 4EQ component 
would then be placed either on the higher or on the

lower energy side of the 4B2 band depending upon 
whether the substituting ligand is of higher or of lower 
ligand field strength than that of the original ligand. 
Accordingly, it is possible to fix the value of Dq appro
priate to an octahedral complex and to construct an 
energy diagram as a function of Dt parameter. Such 
plots are useful for the interpretation of the optical 
spectra of the substituted tetragonal derivatives of the 
parent complex. Figures 1 and 2 show the energy 
level diagrams7 in the range of Dt, 0 to ±2000 cm-1. 
We have chosen a Dq value of 2155 cm - 1  which corre
sponds to that of the hexaammine Cr(III) complex so 
that these diagrams can be employed for the inter
pretation of the spectra of acidopentaammines and trans- 
diacidobisethylenediammines8 * * * of Cr(III). Note that 
these diagrams are also appropriate to describe the 
energy levels of a quadrately distorted (compressed or 
elongated) tetrahedral d7 complex of Dq — 2155 cm-1.

Several points may be noted from these energy 
diagrams. As expected, the 4B2Q component of 4T2„ 
is a parallel level to the 4BiQ(4A2i) state separated by 
10Dq. The energy levels at zero Dt value correspond 
to levels of parent cubic complex (hexaammine); i.e., 
they correspond to a one-dimensional cross section of 
Tanabe-Sugano octahedral plot at a Dq value of 2155 
cm-1. At both ends of the diagrams are given the 
quadrate labels with no g subscripts along with their 
octahedral parentage. These are true as given for C4v, 
but they are to be supplemented with g subscripts for

(4) From these definitions, some simple relations among these 
parameters can be derived for C4V and D4h systems in the limit of 
crystalline field formalism. If the parent octahedral complex is 
MXe, for the case of M X 5Y and MX 5 belonging to C4V, we may write 
the axial field as that due to ( — X  +  Y) and ( — X), respectively. 
Substitution of the corresponding charges in the definitions give 
rise to Dt — 1/n(—qx +  qy)e(Ri{r)) = — 2/i(Dqx — Dqy) for mono- 
substituted and Dt = l/n( — qx)e{R\{r)) = — 2/rDqx for penta- 
coordinate square pyramid. Similar relations for ¿rans-disubstituted 
M X 4Y 2 and square planar M X 4 systems can be found. These are: 
Dt = — V 7(Dqx — Dqy) and Dt =  — A/iDqx, respectively. (Note 
that in the derivation of these formulas, substitution of eq(RJr)) = 
QDq implies the assumption that the Dq of an octahedral complex is 
made up of six equal contributions from its six ligands.)
(5) (a) D. S. McClure, J. Chem. Phys., 36, 2757 (1962); (b) H. A. 
Weakliem, ibid., 36, 2117 (1962); (c) T. S. Piper and R. L. Carlin, 
ibid., 33, 1208 (1960); (d) J. R. Perumareddi, unpublished results.
(6) (a) W. E. Hatfield and T. S. Piper, Inorg. Chem., 3, 841 (1964); 
(b) P. Day, Proc. Chem. Soc., 18 (1964).
(7) All of our energy matrices were solved and energy levels were 
plotted on the IBM 7090 computer at the University of Pittsburgh 
Computer Center. Energy diagrams have been plotted on a Cal- 
comp Plotter through IBM 1401, which is fed by a magnetic tape 
from IBM 7090. For the sake of simplicity, only the quartet and 
the lower energy doublet states are shown in these energy diagrams.
(8) Although the Dq value of trisethylenediammine complex is 2185
cm-1, we have not constructed energy diagrams suitable for this
value, since it does not differ much from 2155 cm-1. On the other 
hand, the energy diagrams of this paper have been used to estimate 
the transition energies only for the acidopentaammines, whereas
special runs have been made for particular sets of parameters for 
irans-diaeidobisethylenediammines and other miscellaneous systems .
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Figure 1. Energy level diagram for d3 configuration in quadrate fields: J =  0, B - 500 cm-1, C/B =  7, Dq =  2155 cm-1, 
k =  3. At both ends of the diagram are given the strong-field configurational labels. At the center of the diagram, Dt =  0 
refers to octahedral levels. The quadrate designations as given are true for C4v symmetry. They have to be supplemented 
with g subscripts for D 4h symmetry. Quartets are drawn in solid lines and the doublets are distinguished by various kinds 
of broken lines. The superscripts on the energy labels refer to the per cent of that eigenvector component of the eigenfunction. 
The various symbols have the following meaning: §, 75 ±  2.5%; =t=, 70 ±  2.5%; ^ , 65 ±  2.5%; $, 60 ±  2.5%; 
t, 55 ±  2.5%; P, 50 ±  2.5%; ¥ , 45 ±  2.5%; #, 40 ±  2.5%; V, 35 ±  2.5%.

D4h symmetry. The negative side of these plots is 
applicable to either an elongated octahedron or to 
systems derived by substitution of low-field ligands and 
the positive side to either a compressed octahedron or to 
systems derived by substitution of high-field ligands.

For low negative values of Dt and Ds, the quadrate 
components of the first two cubic quartets will be 4E <  
4B2 <  4A2 <  4E, in the order of increasing energy.

Since the splitting of the second quartet and the posi
tions of its components depend on the values of B and k  

(the splitting of the first band depends only on the 
value Dt and on the effect of configuration interaction), 
by a proper adjustment of these parameters, e.g., by 
decreasing B and increasing k , it is possible for negative 
values of Dt to bring down the 4A2 component of 4Ti„ 
in energy closer to the 4B2 component of 4T2„. Such a
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Figure 2. Energy level diagram for d3 configuration in quadrate fields: f  =  0, B  =  600 cm *,
C/B =  5.5, Dq =  2155 cm-1, k =  1. [Read the caption of Figure 1 for further details.]

set of parameters may exist for some systems, thus 
making the 4A2 and 4B2 levels nearly degenerate with 
unresolvable separation so that these compounds may 
show only three spin-allowed transitions in their spec
tra instead of the usual four components of the two 
octahedral bands predicted by the theory. Likewise, a 
lower ratio of k  would not show observable splitting 
of the second band, thus once again predicting a three- 
banded spectra. Because of the former possible ex
planation, it is not safe to assume immediately that the 
ratio of axial parameters is small whenever splitting 
of the second quartet in quadrate systems is not ob
served. Thus, in the energy diagram with k =  1

(Figure 2), the energy separation of the split com
ponents of the second quartet for all values of Dt 
between —300 and 2 0 0 0  cm - 1  is small and thus may 
not be observable in solution spectral studies.9 In the 
energy diagram with k = 3 (Figure 1) for a region of 
Dt around —300 cm-1, the 4A2Q component of the 
second quartet moves closer to the 4B2Q and thus in 
systems where this set of parameter applies, one may 
still observe only a three-band spectra. The sharp 
reversal of the direction of the energy levels at the

(9) We have chosen unity as an example for a smaller value of k . 
It could be less than 1, of course.
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extreme end of the negative side of the energy plot 
with k =  3 is due to change in the ground state; i.e., 
for large negative Dt values, (10Dq +  12B) becomes 
less than ~|(47)s +  5Dt)\ so that the 4A2Q[4Ti£?(t2i,2ei,)] 
level assumes the ground state. This situation is 
similar to the change of the magnetic ground state in 
cubic compounds of d4, d6, d6, and d7 configurations.10

Another important point to be noted is on the posi
tive side of Dt. Because of the occurrence of levels of 
same symmetry designation in sequence, namely the 4E 
components of the first two quartets, these two levels 
do not cross (the so-called noncrossing rule) and because 
of configuration interaction, the lower 4E is depressed 
and the upper 4E is raised in energy. So, for the sys
tems which are represented by this region of the dia
grams, one should not use diagonal elements only and 
conclude that the splitting of the first quartet is given 
by 3S/ 4D£ and that of the second quartet by (67. s — 
z/iDt). Indeed, it follows from the above reasoning 
as an obvious corrollary that for the same negative and 
positive values of Dt, the same amount of splitting 
o: the first two quartets may not be expected. Because 
o: configuration interaction, larger splittings are ex
pected for a system of negative Dt than for a system of 
same positive Dt. Finally, for large values of Dt, both 
positive and negative, the representation used here, 
i.e., the octahedral orientation, is not pure. For more 
on this, see part I .2

Although the doublets 2E9, 2Ti„, and 2T2„ of (t2j3) 
configuration do not appear to be split (from the di
agonal elements of the energy matrices), they do so by 
a few tens of wavenumbers when configuration inter
action is included. It is interesting to note that none 
of these doublets arising from the strong-field con
figuration (t2i,3) split in the first order as we go to lower 
symmetry such as quadrate (or trigonal). Thus, the 
2AiQ and 2B iQ of 2E0C(t2i,3) and the 2A2Q and 2EQ of 
2Ti„c (t2i3) and 2B2Q and 2EQ of 2T2„c (t2!73) are all de
generate pairs, just as the 2Effc and 2Ti„c of (t2(,3) con
figuration are in cubic fields. [Indeed because of this 
latter degeneracy in cubic fields, the 2AiQ(2E„), 
23 1Q(2Ei), 2A2Q(2Tii), and 2EQ(2Tiff) states are all de
generate in the first-order, their energy separation from 
the ground level being (971 +  3(7). The transition 
energy to the 2B2Q(2T2„) and 2E Q(2T2(() levels from the 
ground state is (157? +  5(7) j. It is the configuration 
interaction that can lift the otherwise first-order de
generacy of these doublet levels both in cubic and 
noncubic fields.11

III. Applications

Acidopentaammines. The spectra of chloro- and 
bromopentaammines were studied by diffuse reflectance

Figure 3. Spectra of hexaammine and acidopentaammines 
of C r(III).  [Extinction coefficient scale on the right of 
the figure refers to the hexaammine and iodopentaammine 
(ref 12). The K-M  F  on the left is Kubelka-Munk 
function which is given by a function of reflectance, f(R)
= (1 — R)2/2R, where R  is the fraction reflectance and 
is roughly proportional to the extinction coefficient. The 
K -M  F scale refers to the reflectance spectra of bromo- and 
chloropentaammines measured against L iF  as white standard.]

measurements of pressed powders at room temperature 
against LiF as white standard on a Carl Zeiss PMQ II 
spectrophotometer. These spectra are given in Figure 
3 along with the solution absorption spectra of iodo
pentaammine and hexaammine obtained by Linhard and 
Weigel.12 These workers have also studied the solu
tion absorption spectra of chloro- and bromopenta
ammines which agree with ours presented in the figure. 
We have achieved better resolution of the two-com
ponent system of the first cubic spin-allowed band in 
the bromopentaammine complex than that observed in 
its solution absorption spectrum. Such resolution was 
not achieved, however, in the spectrum of chloropenta-

(10) See, for instance, the corresponding Tanabe-Sugano plots: 
Y. Tanabe and S. Sugano, J. Phys. Soc. Japan, 9, 766 (1954).
(11) See also (a) S. Sugano and Y. Tanabe, Discussions Faraday Soc.,
26, 43 (1958); (b) Y. Tanabe and H. Kamimura, J. Phys. Soc.
Japan, 13, 394 (1958).
(12) M. Linhard and M. Weigel, Z. Anorg. Allgem. Chem., 266, 49 
(1951).
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Table I: Spectral Data of Cr(NH3)5C l2 +

Caled »'max ; assignment
-Obsd------------------------------- » -----------------------Dq — 2155 cm"1, Dt = —225 cm-1-

rmax (iof? 0 ‘'max B = 600 cm 1 B = 500 cm-1
(Ref 12) (This work) C/B — 5.5, k  =  1 C/B — 7, k  — 3

1 4 ,8 0 0  <1 4 ,4 7 8 ; 2A i ( 2E „ ) f  1 4 ,3 7 7 ; 2A i ( 2E „ )
1 4 ,4 9 6 ; 2B i ( 2E 9) (  1 4 ,4 3 4 ; 2B i ( 2E „ )

~ 1 5 , 5 0 0
1 4 ,9 2 1 ; 2E ( 2T i„ ) J 1 4 ,6 6 0 ; 2E ( 2T l9)
1 4 ,9 5 8 ; 2A 2( 2T l9) (1 4 ,7 4 9 ;  2A 2( 2T l9)
2 2 ,1 4 3 ;  2B 2( 2T 2s) 2 1 ,9 6 0 ;  2B 2( 2T 2s)
2 2 ,2 8 0 ;  2E ( 2T 2„) 2 2 ,1 5 2 ;  2E ( 2T 2„)

1 9 , 4 0 0 ( 1 .5 8 ) 1 9 ,2 0 0 1 9 ,4 8 2 ; 4E ( 4T 29) 1 9 ,2 3 2 ; 4E ( 4T 2„)
( 2 2 , 1 0 0 ) ( 0 .9 0 ) ~ 2 1 ,4 0 0 2 1 ,5 5 0 ;  4B 2( 4T 2„) ( 2 1 ,5 5 0 ;  4B 2( 4T 2„) 

(2 3 ,2 5 9 ;  4A 2( 4T l0)
2 6 , 6 0 0 ( 1 .6 4 )

2 6 ,4 0 0
2 5 ,9 1 8 ;  4A 2( 4T , 9) 

( 2 7 ,0 5 4 ;  4E ( 4T l9)
2 7 ,2 2 9 ;  4E ( 4T ,9)

4 2 ,7 8 2 ;  4A 2( 4T l9) 4 2 ,2 8 8 ;  4E ( 4T i„ )
4 3 ,2 6 4 ;  4E ( 4T ,9) 4 3 ,0 4 1 ;  4A 2( 4T 1s)

Table II: Spectral Data of Cr(NH3)5B r2+

Caled vmax; assignment
Obsd-----------------------------■. -̂--------------------- Dq = 2155 cm 1, Dt = —275 cm *■

^max (log «) Pmax B =  600 cm -1 B == 500 cm 1
(Ref 12) (This work) C/B = 5.5, x = J C/B = 7, * = 3

1 4 ,4 6 9 ; 2A i ( 2E „ ) 1 4 ,3 6 4 ; 2A i ( 2E „ )

1 4 ,8 0 0
1 4 ,4 9 1 ; 2B i ( % ) 1 4 ,4 3 5 ; 2B i ( 2E 9)
1 4 ,9 0 2 ; 2E ( 2T ls) 1 4 ,6 1 2 ; 2E ( 2T ,„ )
1 4 ,9 5 4 ; 2A 2( 2T 1c) 1 4 ,7 4 5  ; 2A 2( 2T l9)
2 2 ,0 9 6 ;  2B 2( 2T 2„) 2 1 ,8 8 9 ;  2B 2( 2T 2„)
2 2 ,1 7 5 ;  2E ( 2T 2„ ) 2 2 ,1 5 0 ;  2E ( 2T 29)

1 9 ,0 5 0 ( 1 .5 8 ) 1 8 ,8 0 0 1 9 ,0 0 0 ; 4E ( 4T 2„) 1 8 ,6 5 7  ; 4E ( 4T 2„)
2 1 ,7 7 0 ( 1 .0 7 ) 2 1 ,3 0 0 2 1 ,5 5 0 ;  4B 2( 4T 2o) (2 1 ,5 5 0 ; 4B 2( 4T 29) 

(2 2 ,4 1 8 ;  4A 2( 4T l9)
2 6 ,4 9 0 ( 1 .6 6 )

2 6 ,0 0 0
'2 5 ,4 5 8 ;  4A 2( 4T ls ) 
2 6 ,8 6 6 ;  4E ( 4T ls)

2 7 ,3 2 5 ;  4E ( 4T i9)

4 2 ,1 4 2 ;  4A 2( 4T 1o) 4 1 ,6 6 8 ;  4E ( 4T l9)
4 2 ,7 3 3 ;  4E ( 4T ,„ ) 4 2 ,5 8 2 ;  4A 2( 4T l9)

ammine complex. Note that the low intensity doublets 
have also been discovered in both the chloropentaam- 
mine and bromopentaammine spectra. The doublet in 
the chloropentaammine spectrum is actually split into 
two components.

Tables I and II collect our spectral data on chloro- 
and bromopentaammines along with those obtained by 
Linhard and Weigel. The spectral data on iodopentam- 
mine are given in Table III. These tables also contain 
tentative assignments. All the complexes have ab
sorption maxima around ~ 2 2 ,0 0 0  cm-1, which is 
roughly the band maximum (21,550 cm-1) of the 4T2i 
transition in the parent cubic hexaammine complex. 
This may be immediately assigned to the 4B2 component 
so that the component on the low-energy side of this 
transition is the 4E. From these two transitions, the

Dt value can be derived by an exact fitting. These Dt 
values are also given in the tables. It may be noted 
that they are in the expected order.13 Now the non
splitting (or nonobservable splitting) of the second 
band can be explained on the basis of two values; i.e., 
k = 1 where the splitting is not observable in solution 
and k =  3, where the 4A2Q component of 4Ti„(t22̂ e„) is 
placed close to 4B2Q so that only one spin-allowed tran
sition may still be seen at higher energy in solution 
spectrum. Both choices of assignments are included in

(13) Because of the similarity of the harmonic terms appearing in 
the definitions of Dq and Dt (as against Dq and Ds), it may be ex
pected that a smooth relation may exist between Dq and Dt. Such 
a relation has been shown in the limit of crystalline field model (cf. 
footnote 4). Although this relation may not be exact, it seems to be 
a very good guideline in an a priori estimate of Dt, at least in the 
case of Cr(III) complexes. (See Addendum.)
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Table III : Spectral Data of Cr(N H 3)5I 2 +

Calcd i/max; assignment
-•------ Dq — 2155 cm-1, Dt — — 325 cm-1—

B = 600 cm-1 B = 50C cm-1
Obsd

»max (log e) 
(Rei 12)

18 ,500 (1 .73 )

21 ,250 (1 .43 )

~ 2 6 , 000 (1 .70)?

C/B = 5.5, K = 1

'14,461; 2A i(2E„)
, 14,487 ; 2B i ( 2E„) 

14,879; 2E ( 2Ti„) 
,14,951; 2A 2(2T l9) 
22,047 ; 2B 2(2T 2„) 
22,151; 2E ( 2T 29) 
18,513; 4E ( 4T 29)

21,550; 4B 2(4T 2„)

24,998; 4A 2(4T l0) 
26,685; 4E ( 4T l0) 
41,502; 4A 2(4T l9) 
42,203; 4E ( 4T,„)

C/B = 7, K = 3

14,349; 2A i( 2E„) 
14,435; 2B i (2E 5)

' 14,556 ; 2E ( 2T ls) 
[14,741; 2A 2(2T l9) 
21,811; 2B 2(2T 2„) 
22,151; 2E ( 2T 2„) 
18,070; 4E ( 4T 2„) 
21,550; 4B 2(4T 2„) 
21,577; 4A 2(4T l9) 
27,430; 4E ( 4Ti„)

41,050; 4E ( 4Ti„) 
42,123; 4A 2(4T Is)

the tables. The third spin-allowed absorption of weak 
intensity at still higher energies has not been uncovered 
in these complexes.

The reflectance spectrum of chloropentaammine shows 
two weak absorptions at 14,800 and 15,500 cm-1, 
whereas the bromopentaammine spectrum contains only 
one at 14,800 cm-1. These are the spin-forbidden 
doublet transitions. Although the two cubic doublets 
in this region, namely the 2E„ and 2Tlff of (t2„8) configura
tion, split into four quadrate doublets by configuration 
interaction, it can be seen from Table I that the split
ting of the quadrate components of these doublets is 
only of the order of 20 to 30 cm“ 1 (or 60 to 90 cm - 1  for 
alternative assignment) which cannot be resolved in the 
room temperature reflectance spectra. Thus, in the 
spectrum of chloropentaammine, the 14,800-cm-1 band 
is assigned to both 2Ai and 2Br levels, and the 15,500- 
cm~‘ band to both 2A 2 and 2E levels. The agreement 
of the observed transitions with the calculated can be 
brought still closer than shown in the table if the C value 
is slightly increased, probably by another 1 0 0  cm-1. 
Since only one band at 14,800 cm -1  is observed in the 
bromopentaammine spectrum, this is assigned to all the 
four quadrate transitions, i.e., 2A1; 2B2, 2A2, and 2E. 
The resolution of these sharp doublets which are only 
separated by a few hundred wavenumbers in the room 
temperature spectra of some of the systems, but not 
in all, seems to depend on how far are they removed in 
energy from the first broad and more intense spin- 
allowed band. The farther they are removed, the 
better they seem to be resolved.

trans-Diacidobisethylenediammines. Since the Dq value 
of trisethylenediammine complex is almost the same as 
that of the hexaammine complex, it may be expected

that in the case of the fraws-diacidobisethylenediammine 
complexes, the Dt values be correspondingly roughly 
twice that of the acidopentaammines. This is shown in 
Tables IV-VIII, where the spectral data for these 
systems are collected from the papers of Linhard and 
Weigel, 14 Gamer and co-workers, 16 and also from the 
work of Woldbye.16 Figure 4 summarizes the observed 
transition energies in all these compounds.

All these complexes show well-resolved splitting of 
the first cubic band (4T2s), but no such splitting has

Table IV : Spectral Data of irans-Cr(en)2(H 20 )2s+

Obsd
»'max (log e) 
(Ref 15, 16)

Calcd »max ; assignment
------Dq = 2185 cm-1, Dt = —225 cm-1-------,

B = 650 cm-1 B = 500 cm-1
C/B = 5, x = 1 C/B = 7, * = 4

19.700 (1.35) 

22,600 (1.47)

27.700 (1.59)

14,666; 2A , (2E 9)
14,686; 2B i ( 2E 0)
15,172; 2E ( 2T ,9)
15,209; 2A 2(2T i „)
22,434; 2B 2(2T 2s)
22,489; 2E ( 2T 2o)
19,788; 4E ( 4t 2„)

21,850; 4B 2(4T 2„)

26,677; 4a 2(4t 19)
27,801; 4E ( 4T 1s)
43,673; 4E ( 4T i „)
43,928; 4A 2(4T l9)

14,369; 2A i ( 2E 9) 
14,447 ; 2B i ( 2E„) 
14,474; 2E ( 2T I9) 
14,749; 2A 2(2T i „) 
21 ,954 ; 2B 2(2T 2(,) 
22,363; ^ T , , , )  
19,386; 4E ( 4T 2s) 

(21,850; 4B 2(4T 2„) 
(22,695; 4A 2(4T l9) 
28,107; 4E ( 4Ti„)

42,681; 4E ( 4T ls) 
44,055; 4A 2(4T l9) 14 15 16

Table V : Spectral Data of frans-Cr(en)2Cl2 +

Obsd Calcd »'max! assignment
vmax (log «) Dq — 2185 cm-1 b-1II5

(Ref 14, 15a) B =  700 cm“ 1, C/B =  4.5, x

14,635; 2A 2(2E 9)
14,686; 2B ! (2E s)
15,125; 2E ( 2T i „)
15,282; 2A 2(2T 1s)
22,201; 2B 2(2T 2„)
22,396; 2E ( 2T 2o)

17,301 (1.39) 17,355; 4E ( 4T 2„)
22,075 (1.36) 21,850; 4B 2(4T 2i)
25,252 (1.53) 24,786; 4A 2(4T 1o)
-27,250 ( '—'1.36) 27,264; 4E ( 4Ti„)

40,814; 4A 2(4T 1S)
41,881; 4E ( 4T,„)

(14) M. Linhard and M. Weigel, Z. Physik. Chem. (Frankfurt), 5, 
20 (1955).
(15) (a) C. S. Garner and D. J. MacDonald in “ Advances in the 
Chemistry of Coordination Compounds,” S. Kürschner, Ed., The 
Macmillan Co., New York, N. Y., 1961, pp 266-275; (b) L. P. 
Quinn and C. S. Garner, Incrg. Chem., 3 ,  1348 (1964).
(16) F. Woldbye, Acta Chem. Scand., 12, 1079 (1958).
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Table VI: Spectral Data of irans-Cr(en)2Br2 +

Calcd vm&x', assignment
,--- —Dq — 2185 cm-1, Dt =■ —575 cm"1——

B = 500 cm“1 B = 600 cm"1
C/B = 5.5, k = V»

Obsd
m̂ax (i°S e) 
(Ref 15b)

16,474 (1.54) 

— 21,739 (— 1.38)

24,630 (1.49)

C/B = 7, « = l

14,358; 2A i( 2E 0) 
14,394; 2B i ( 2E„) 
14,597 ; 2E ( 2T lg) 
14,739 ; 2A 2(2T i5) 
21,719; 2B 2(2T 2g) 
22,004 ; 2E ( 2T 2g) 
16,246; 4E ( 4T 2„) 

'21,850; 4B 2(4T 2g) 
22,099; 4A 2(4T lg)

25,332; 4E ( 4T lg)

38,301; 4A 2(4T i „) 
39,523; 4E ( 4Ti„)

14,261; 2E ( 2Ti„) 
14,442; 2B i ( 2E g) 
14,449 ; 2A i(2E g) 
14,944; 2A 2(2T lg) 
21,907; 2B 2(2T 2„) 
22,538; 2E ( 2T 2g) 
16,534; 4E ( 4T 2g) 
21,850; 4B 2(4T 2g)

24,400; 4A 2(4T ig) 
25,231; 4E ( 4T i5) 
38,266; 4A 2(4T ig) 
40,452; 4E ( 4T lg)

Table VII: Spectral Data of irans-Cr(en)2(H 20 )C l2 +

Caled Fmaxi assignment
Obsd ------- Dq — 2185 cm-1; Dt = —350 cm“1------ s

»'max (log *) B = 500 cm-> B = 600 cm_1
(Ref 15a) C/B = 7, K = 2 C/B = 5.5, « = V*

14,370; 2A i( 2E g) 14,476; 2B i ( 2E 0)
14,426; 2B , (2E 5) 14,479; 2A i( 2E„)
14,733; 2E ( 2T l0) 14,690; 2E ( 2T,„)
14,747; 2A 2(2T l5) 14,957; 2A 2(2T Io)
21,895; 2B 2(2T 2o) 22,110; 2B 2(2T 2„)
22,044; 2E ( 2t 2„) 22,347; 2E ( 2T 2„)

18,315 (1.31) 18,322; 4E ( 4T 2s) 18,670; 4E ( 4T 2o)

22,321 (1.39)
[21,850 ;
\22 ,814;

4B 2(4T 2„)
4A 2(4T 1s)

21,850; 4B 2(4T 2o)

26,315 (1.68) 26,902; 4E ( 4T i„)
[25,942;
(26,381;

4A 2(4T,„)
4E ( 4T i „)

41,625; 4E ( 4T lg) 41,375; 4A2(4T]j)
41,836; 4A 2(4T Is) 42,715; 4E ( 4T 1s)

Table VIII: Spectral Data of £nms-Cr(en)2(H 20 )B r2 +

Caled Fmax > assignment
Obsd ------- Dq ■■-  2185 cm“1, Dt — —400 cm-1------ v

> »« (log «) B = 500 cm-1 B = 600 cm"1
(Ref 15b) C/B » 7, k = 2 C/B = 5.5, k = y>

14,360; 2A i( 2E„) 14,469; 2B , (2E g)
14,425; 2B i( 2E„) 14,473; 2A ,(2E 0)
14,726; 2E ( 2Ti„) 14,609; 2E ( 2T l0)
14,744; 2A 2(2T 1o) 14,954; 2A 2(2T Io)
21,830; 2B 2(2T 2o) 22,068; 2B 2(2T 2o)
21,972; 2E ( 2T 2s) 22,378; 2E ( 2t 2„)

17,825 (1.37) 17,773; 4E ( 4T 2o) 18,201; 4E ( 4T 2o)

21,978 (1.40)
[21,850 ;
(22,167;

4B 2(4T 2„)
4A 2(4T Is)

21,850; 4b 2(4t 2„)

26,041 (1.65) 26,879; 4E ( 4T le)
[25,602;
(26,121;

4A 2(4T Io)
4E ( 4T i„)

41,049; 4E ( 4T 1o) 40,682; 4A 2(4T Is)
41,283; 4a 2(4t ,„) 42,211; 4E ( 4T l0)

“I---1---1---1---1---T--T"
2g

4Eg 4B2g,4A2g(?) 4A2g(?), 4Eg

1 r

[Cr(en)3]3

trans - [Cr (en)2 (H20)2]

I I I trans-[Cr(en)2(H20)Cl]Z

trons-[Cr (en)2(H20)Br]Z

j I trons-\ Cr(en)2CI2]+

j j | ¿ r a /7 i- [C r (e n )2 Br2 ] ’1’

i_i_i_i_i_!_i_1_1_1_1 i i r i_1
15,000 20,000 25,000 30,000

Figure 4. Observed absorption maxima in the 
spectra of trisethylenediammine and 
frans-diacidobisethylenediamminechromium(III) 
complex cations.

been observed for the second cubic band (4Tlff) in any 
of these systems except the dichloro, in which there 
seems to be a well-defined shoulder on the high-energy 
side of the second band. The two components of the 
first band were fitted in the way described for the acido- 
pentaammines, and the derived Dt values of all the sys
tems are reported in the respective tables of spectral 
data. Since in the case of the dichloro spectrum the 
second band is also split, the ratio of the Ds to Dt param
eters can be exactly derived by fitting the two com
ponents. This has been found to be unity.

Once again in the case of the diaquo complex, two 
different values of k have been used to interpret the 
spectral data, whereas in the other trans systems the Dt 
values are large enough so that for even a smaller value 
of 1 or 2 for k, the 4A2 component of the second cubic 
band already is positioned in proximity to the 4B2 com
ponent of the first band. Thus, if it is supposed that 
the second band is not split to a considerable extent 
in these cases, a still smaller value of k such as */* or 
less is to be used. The third spin-allowed absorption of 
weak intensity at high energy has not been found in any 
of the complexes. The spin-forbidden doublet tran
sitions also have not been observed.

It is to be noted that in the case of aquochloro and 
aquobromo systems (Tables VII and VIII), the Dt 
value is found to be the average of the Dt values of the 
diaquo and dichloro, and, diaquo and dibromo, respec
tively. In other words, the fields of the two axial 
ligands are averaged even if these two ligands are not 
identical. If this argument is extended, the cfs-disub-
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stituted systems can be treated as though belonging to 
quadrate fields in the sense that they are derived from 
the m-symmetrically trisubstituted parent compound. 
This situation is more fully explained elsewhere.17

Miscellaneous Systems. Finally, Tables IX, X , and 
X I have spectral data of three different complexes. 
The iraras-difluorotetraaquo system of King and co
workers18 shows no splitting of the first band, which is 
in agreement with the fact that the fluoro ligand stands 
very close to the aquo group in spectrochemical series, 
so that the Dt value for the system under consideration 
is very small. In fact, the Dt value of about —100 cm -1  

predicts a splitting of 1 0 0 0  cm- 1  which may not be 
resolved in the solution absorption spectrum. Inter
estingly, there is wide splitting of the second band 
which could be explained by a k value of 5. It is worth
while to note that cubic fluoro complexes are examples 
of where the B values are closer to the free-ion B values 
and once again fluoro substitution seems to require a 
larger value of k compared to other systems. An
other interesting feature of this spectrum is the finding 
of the third spin-allowed band at 37,000 cm-1, which 
is one of the few systems in which such a third band has 
been uncovered. This band has not been found to be 
split, which is in agreement with the calculated splitting 
of 530 cm -1  (cf. Table IX ) not being observable in the 
solution spectrum. This system also has a weak ab
sorption at 14,800 cm - 1  which has been assigned to all 
the four quadrate doublets 2Ai, 2Bj, 2A2, and 2E of 2E„ 
and 2Tls cubic levels. The doublets are not resolved 
in the room temperature spectrum probably because 
they are placed close to the first spin-allowed transition 
at 16,300 cm-1.

The two other complexes that are included in Tables 
X  and X I are of special interest. It may have been 
noted already that in all the systems that are described

Table IX : Spectral Data of ¿rans-Cr(H20 )4F 2 +

Obsd Calci vmaxl assignment
rmax 0 °g  *) Dq = 1740, Dt =  -100, B =  750 cm" 1

(Ref 18) C/B = 4, a =  5

1 4 ,8 0 0

( 1 4 ,4 0 3 ;  2A i ( 2E t )
1 1 4 ,4 9 8 ; 2B i ( 2E „ )
1 1 5 ,0 3 9 ; 2E ( 2T l0) 
[ 1 5 ,1 4 7 ;  2A 2( 2T ls) 
2 1 ,5 5 4 ;  2B 2( 2T 2„) 
2 1 ,8 3 5 ;  2E ( 2T i„ )

1 6 ,3 0 0
Í 1 6 ,3 9 9  ; 4E ( 4T 2p) 
[ l 7 , 4 0 0 ; 4B 2( 4T 2„)

2 2 ,7 0 0 2 2 ,4 6 3 ;  4A 2( 4T ,„ )
2 5 ,5 0 0 2 4 ,9 9 5 ;  4E ( 4T ls)

3 7 ,0 0 0
Í3 7 ,4 5 6 ; 4E ( 4T i ä) 
[ 3 7 ,9 8 7 ; 4A 2( 4T l0)

Table X : Spectral Data of irans-Cr(NCS)4(NH3)2~

------------------- Obsd
%ax (log «)

(Ref 19)

13,400
13,800
14,250
14,550

— 17,600 (1.78)? 
19 ,230(2.02 )

— 25,000 (1.98)

Caled Fmaxî assignment 
Dq = 1765 cm-1,
Dt = 200 cm-1,
B = 600 cm-1,
C/B = 5, /c = 1

13,535; 2B i ( 2E„) 
13,553; 2A i( 2E„)
14,009 ; 2E ( 2Ti„) 
14,026; 2A 2(2T i„) 
20,719; 2B 2(2T 2„) 
20,724; 2E ( 2T 2„) 
17,650; 4B 2(4T 2„) 
19,294; 4E ( 4T 2„) 
24,910; 4E ( 4Ti„) 
25,723; 4A i(4Ti„) 
40,196; 4E ( 4Ti„) 
40,627; 4A 2(4T i„)

’'max
(This work)

~ 1 3 ,8 0 0

Table X I: Spectral Data of Cr(H20 )6C N 2+

Obsd
’'max (log e) 

(Ref 17)

~ 1 4 ,7 0 0

~ 1 7 ,5 0 0  (~ 0 .7 0 )  
19,200 (1.42)

25,500 (1.32)

Caled ymaxi assignment 
Dq = 1740 cm-1, Dt = 250 cm- 1

600 cm"’ , C/B =  5.5,

(14,446; 2B i ( 2E„)
14,466; 2A ,(2E„)

114,899; 2E ( 2T 1¡7)
[14,925; 2A 2(2T,„)
21,955; 2E ( 2T 2„)
21,988; 2B 2(2T2s)
17,400; 4B2 (4T2s)
19,418; 4E ( 4T2o)

f24,940; 4E (‘ T i„)
[25,920; 4A 2(4T ,8)
40,242; 4E (4T i„)
40,780; 4A 2(4T ,s)

above, the Dt values are negative. Examples where 
the Dt values are positive seem to be very few. The 
cyanopentaaquo complex cation which has been re
cently prepared17 is one and the other is Reinecke’s 
salt19 which is a irans-diamminotetraisothiocyanato- 
chromium(III) complex. On the basis of the Dt values 
estimated for the above systems, the Dt values of these 
two complexes may be expected to be around 2 0 0  cm-1. 
As has been pointed out earlier, if the Dt is positive,

(17) (a) W. B. Schaap, R. Krishnamurty, D. K. Wakefield, and
J. R. Perumareddi, Abstracts, IXth International Conference on 
Coordination Chemistry, Switzerland, Sept 1966; (b) R. Krish
namurty, W. B. Schaap, and J. R. Perumareddi, Inorg. Chem., 
6, 1338 (1967).
(18) T. Y. Chia and E. L. King, Discussions Faraday Soc., 29, 109
(1960).
(19) The spectral data of this system can be found in (a) E. E. 
Wegner and A. W. Adamson, J. Am. Chem. Soc., 8 8 , 394 (1966); 
(b) A. W. Adamson, ibid., 80, 3183 (1958).
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the splittings of the first two quartets may not be the 
same as is expected for systems of same negative Dt. 
For this reason, no well-resolved splitting of the first 
band is observed in either system. Since it is the 4B2 

component which is not resolved, Dt values could still 
be evaluated by fitting the corresponding 4E com
ponents and the energies of the 4T 2|7 transitions in the 
parent octahedral complexes, namely the hexaaquo20 

and hexaisothiocyanato21 complex ions. For the 
second band, only the lower ratio of k resulting in 
nonobservable splitting is reasonable in these systems 
because it is never possible to bring down the 4E com
ponent of the second quartet close to that of the first 
quartet for any reasonable value of B. Thus the data 
of these two systems are best interpreted by assigning k  

a value of unity.
The third spin-allowed band has not been uncovered 

in either of these systems, probably because it is buried 
under charge-transfer absorption. Both complexes 
show the weak intensity transitions in the low energy 
region. Only one such transition is observed at 14,700 
cm -1  in the spectrum of the cyanopentaaquo complex 
cation which has been ascribed once again to the four 
quadrate doublets expected at this energy. However, 
in the case of the Reinecke salt, although only one weak 
intensity absorption has been found in the reflectance 
spectrum, four well-defined weak intensity absorptions, 
in the form of humps, have been observed in its room 
temperature solution absorption spectrum.19a It is 
rather difficult to evaluate exactly the absorption 
maxima of these humps from the published spectrum. 
Our estimate as given in Table X  shows that all four 
are almost equally separated, although the calculated 
values show that they should occur as two pairs sepa
rated by about 450 cm-1, each pair in turn splitting into 
20 cm-1. If our estimate of equal separation of these 
four doublets from the published spectrum is correct, 
in order to obtain better agreement of the calculated 
levels with the observed, either a completely different 
set of all parameters must be used or spin-orbit inter
action should be included in the calculations.

IV. Conclusions

We have made an attempt to apply our calculations 
on d3 configuration in quadrate fields for the interpreta
tion of the spectra of substituted octahedral chromium- 
(III) compounds. Although the two components of 
the first cubic quartet band can be definitely assigned, 
it is clear that, at the present time, the twro components 
of the second cubic quartet band cannot be uniquely 
assigned because of the low resolution and large band 
widths of the spectra. Many of the spectral data can 
be interpreted by a consistent set of parameters22 of

B, C/B, Dq, Dt, and two different values23 of k . In 
the case of the spectra of frans-difluorotetraaquo- 
chromium(III), trans - dichlorobisethylenediammine- 
chromium(lH) and of systems of positive Dt even 
one value of k  is sufficient. The exact choice of the k  

value can only be decided by making further spectral 
measurements on single crystals by means of polarized 
light and at low temperatures, hoping to narrow the 
widths of the absorption bands and to attain greater 
resolution, which in turn would permit the choice of 
the assignments of the absorption bands proposed in 
this paper. Further studies on solution absorption 
spectra at room temperature of the same systems dis
cussed in this work are not likely to provide any 
better understanding than is already presented here.

It should be added that similar energy diagrams 
applicable to tetragonally distorted tetrahedral chro- 
mium(III) and other compounds of d3 configuration and 
octahedral and tetrahedral cobalt(II) and other com
pounds of d7 configuration can be constructed with an 
appropriate set of parametric values from the energy 
matrices given in part I .2

Finally, we have attempted to show that within the 
limits of ligand field or crystalline field theory, a com
plete theory wfith full configuration interaction can be

(20) R. Tsuchida and M. Kobayashi, Bull. Chem. Soc. Japan, 13, 
471 (1938). See also ref 17b.
(21) J. Bjerrum, A. W. Adamson, and O. Bostrup, Acta Chem. 
Scand., 10, 329 (1956); see also ref 19a.
(22) The B, C values used for all the systems discussed in this 
report are very reasonable in the sense that they are below the 
Cr(III) free-ion values of 920 and 3680 cm“ 1, respectively [A. D. 
Liehr, J. Phys. Chem., 67, 1314 (1963)]. In addition, the B value 
of a quadrate complex has been chosen to be similar to that of the 
either of the ligands, original or substituting, of the corresponding 
octahedral complex. As the assignments of some of the bands in the 
spectra of these quadrate systems are at present not definitive, the 
B values quoted in the assignment tables are only tentative. Exact 
B values can be derived when the assignments are given on a definitive 
basis by further experiments, such as polarized spectral studies. It 
is premature to attempt suggesting theories to explain the varia
tional trends of B values of the quadrate complexes at this time. It 
may be pointed out here that in the cubic series, although the B 
value varies from 60% (hexacyanide) to 82.5% (hexafluoride) of 
the free-ion value, corresponding C value varies only from 78% 
(hexacyanide) to 82% (hexafluoride) of the free-ion value. In other 
words, the C value remains almost constant in a series of cubic 
complexes. This trend seems to be true in the case of quadrate 
complexes also.
(23) Strictly speaking, still alternative assignments are possible in 
terms of ligand field theory, particularly for the components of 
the second cubic quartet band until further experimental resolution 
of the spectra is achieved and polarization properties of the bands 
are measured. The alternative assignments arise from the fact that 
the ratio of the axial parameters can be negative. If this be so, for 
positive values of Dt and negative values of k, the present sequence 
of the two components of the second quartet will be reversed placing 
4A2 below in energy to 4E in which two values of k smaller or larger 
result in nonobservable splitting or near coincidence of the 4A2 

energy with that of the 4E component of the 4T2g transition. For 
negative values of Dt and k, the 4E will be placed lower in energy to 
4Aa so that only one alternative assignment is possible because of 
configuration interaction (c/. the case of positive Dt and k).

The Journal of Physical Chemistry



Ligand F ield Theory of d3 and d7 Electronic Configurations 3165

developed and applied with ease wherever suitable 
systems exist, and thus there is no need for applica
tions with any approximations or restricted calcula
tions.

V. Addendum

We wish to make one final remark on the applicability 
of crystal field model for quadrate chromium (III) com
plexes insofar as the values of Dt are concerned. 
Since the Dt values have been fairly definitely estab
lished in this work by fitting the experimental spectral 
data, it is interesting to compare these values with 
those that can be calculated on the basis of crystal field 
model as has been pointed out earlier. The results of 
such calculations24 25 using the formulas of footnote 4 
are given in Table X II where the observed Dt values as 
extracted from the spectra26 are also included for com-

Table X II:  Comparison of Observed Dt Values with 
Those Calculated by Crystal Field Model

Complex“

Obsd Dt, cm-1 
(by spectral 

fitting)6

Calcd Dt, cm-1 
(by crystal 
field model; 

see footnote 4)c

Cr(N H3)5C l2 + -225 -2 39
Cr(N H 3)5B r2 + -2 7 5 — 275c
Cr(N H3)5I 2 + — S25 — 325c
Cr(en)2(H20  )23 + -225 -254
Cr(en)2Cl2 + -4 7 5 -494
Cr(en)2Br2 + -5 7 5 -5 6 7
Cr(en)2(H20 )C l2 + -3 5 0 -3 7 4
Cr(en)2(H20 )B r2 + -400 -401
Cr(H 20 )4F 2+ -1 0 0 - 7 4
Cr(NCS)4(NH3)2- 200 223
Cr(H20 )5C N 2 + 250 260

c All the disubstituted complexes are irans-geometrical isomers. 
h See footnote 25. 0 See footnote 24.

parison. The predicted values of Dt can be seen to be 
remarkably close to the observed values for all the sys
tems studied in this report, thus suggesting that Dt 
values indeed can be calculated by crystal fields as
sumptions at least in the case of quadrate chromium- 
(III) complexes. This then should permit one to esti
mate from the knowledge of Dq values of the ligands in 
a quadrate Cr(III) complex, a rough value of Dt and, 
hence, the extent of splitting of the first cubic quartet 
band.
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(24) The Dq values for six-coordinate bromo and iodo complexes 
are not known, and hence these Dt values are fitted with the observed 
values. By such a fitting, the 10Dg of a bromo complex is 11,925 
cm - 1  and that of an iodo complex is 10,175 cm-1. These values in 
turn are used to calculate the Dt values of the corresponding trans 
systems. The Dq values of the other complexes used are as follows: 
NH3 = 2155 c m '1, en = 2185 c m '1, H20  = 1740 cm "1, NCS” = 
1765 cm“ 1, C l" = 1320 cm "1, F " =  1610 cm "1, CN~ = 2650 cm“ 1.
(25) These values are subject to minor changes to allow for an exact
fitting and configuration interaction effects when the other parameters 
are also exactly evaluated by definitive assignments.
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Application of the Statistical Theory of Mass Spectra to 

the Decomposition of C2H6+ and C2D6+ lab

by Z. Prâsil10 and W. Forst

Department of Chemistry, Université Laval, Québec 10, Canada (Received December 16, 1966)

In an effort to obtain a meaningful test of the statistical theory of mass spectra, break
down curves are calculated for the decomposition of excited C2H6+ and C2D6+ and com
pared with experimental curves obtained in charge-transfer experiments. This procedure 
obviates any assumption about the energy distribution function which would be necessary 
for the calculation of actual mass spectra. The Marcus -Rice formulation is used for 
unimolecular rate constants, and anharmonic vibration-rotation energy sums are calculated 
on a computer. All important parameters for the molecular ions and their complexes are 
taken, when available, from their respective neutral counterparts and the corresponding 
thermal reactions. In the case of the complexes, the average Morse dissociation energy, 
D, which determines the anharmonic correction, cannot be readily estimated and is used 
as an adjustable parameter to obtain the best fit between theory and experiment. Good 
agreement is obtained between the two for reasonable values of D for first-generation 
fragment ions. Fluctuation of energy is considered in calculating breakdown curves for 
second-generation ions, and good agreement between theory and experiment is likewise 
obtained. It is concluded that while this agreement does not furnish proof either for or 
against the assumption that electronic excitation energy is converted into internal energy 
of the ground-state ion, it does indicate that at least in the present case the other assump
tions made in the theory are successful.

Introduction

The statistical theory of mass spectra2’ 3 views the 
fragmentation of a molecular ion after electron impact 
as a process consisting of these principal steps: (1 )
conversion of electronic excitation energy into vibra
tional-rotational energy of the ground electronic 
state; (2 ) statistical distribution of this vibrational- 
rotational energy among internal degrees of freedom 
of the molecular ion; and (3) fragmentation of the 
molecular ion in a series of consecutive and/or compet
itive unimolecular decompositions. It is then as
sumed that (4) the first two steps are sufficiently faster 
than the third so that unimolecular rate theory can be 
used to describe the individual fragmentations. The 
Marcus-Rice version of the theory of unimolecular 
reactions has met with considerable success in the case 
of unimolecular decompositions of molecules activated 
thermally4-10 or chemically11-16 and can therefore be 
considered as essentially correct. In this sense, then,

a test of the statistical theory of mass spectra is a test 
of assumptions 1-4 above rather than a test of uni
molecular rate theory. 1

(1) (a) Work done with financial assistance from the National Re
search Council of Canada, (b) Presented at the 152nd National 
Meeting of the American Chemical Society, New York, N. Y., Sept 
12-16, 1966. (c) Institute for Nuclear Research, Rez near Prague,
Czechoslovakia.
(2) H. M. Rosenstock, M. B. Wallenstein, A. L. Wahrhaftig, and 
H. Eyring, Proc. Natl. Acad. Sci. U. S., 38, 667 (1952).
(3) (a) H. M. Rosenstock and M. Krauss in “ Mass Spectrometry of 
Organic Ions,” F. W. McLafferty, Ed., Academic Press, New 
York, N. Y., 1963, p i ;  (b) "Advances in Mass Spectrometry,” 
R. M. Elliott, Ed., Vol. 2, The Macmillan Co., New York, N. Y., 
1963, pp 251-284.
(4) R. A. Marcus, J. Chem. Phys., 20, 359 (1952).
(5) R. A. Marcus and O. K. Rice, J. Phys. Colloid Chem., 55, 894 
(1951).
(6 ) G. M. Wieder and R. A. Marcus, J. Chem. Phys., 37, 1835 
(1962).
(7) F. W. Schneider and B. S. Rabinovitch, J. Am. Chem. Soc., 84, 
4215 (1962); 85,2365 (1963); 87,158 (1965).
(8 ) W. Forst, J. Chem. Phys., 44, 2349 (1966).
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When applied to the calculations of mass spectra17-20 

and radiation-chemical yields,21-24 a straightforward 
test of the statistical theory is not usually possible be
cause little is known about the internal energy distribu
tion function of the excited molecular ion formed by 
electron impact in the mass spectrometer as well as in 
radiolysis. In a few cases25 this function has been 
roughly determined experimentally, but generally rather 
crude assumptions about its form must be made. 
In recent years, however, Lindholm and co-workers26 

have obtained by dissociative charge-transfer experi
ments breakdown curves for a number of simple mole
cules, including ethane. These curves offer a more 
direct test of the statistical theory of mass spectra, 
since what is calculated and compared with experiment 
is the decomposition of the molecular ion excited to a 
(presumably) precisely known energy and not the mass 
spectrum itself, which is an integral of the breakdown 
curve over some (doubtful) internal energy distribu
tion function.

The decomposition of the molecular ion of ethane 
(considered many years ago by Kropf27 using an early 
version of the theory, and more recently by Wincel28 in 
connection with the radiolysis of methane) was chosen 
mainly for two reasons. First, the mechanism of the 
decomposition is well known and not too complicated. 
The second is a practical consideration dictated by 
the present general ignorance of the molecular param
eters (vibrational frequencies, moments of inertia, and 
the like) of charged species. Assuming these param
eters are the same for ions and the corresponding neu
tral molecules, all the necessary information of this kind 
is available for the ethane molecule,29 including the 
structure of complexes for decomposition into 2 CH3 

and C2H4 +  H2 as obtained from the study of the ther
mal decomposition of the molecule.16

Decomposition of the Molecular Ion of Ethane

The mass spectrum of ethane at 50 ev is accounted 
for almost completely (within 95%) by the following 
ions:30 C2H6+ (11.9%), C2H5+ (9.8%), C2H4+ (45.5%), 
C2H3+ (15.1%), C2H2+ (10.6%), and CH3+ (2.0%). 
Metastable ions are observed31 at masses 26.2, 25.2, 
and 24.2 which correspond to the processes

Mass Process

26.2 C2H6+ C2H4+ +  H2

25.2 C2H6+ C2H3+ +  H2
24.2 C2H4+ C2H2+ +  H2

The results of charge-transfer experiments32 are shown 
in Figure 1. The ion requiring the least amount of 
energy for its formation is C2H4+. The ion formed 
at the next higher energy is C2H5+, and the de

crease of its abundance above 29,000 cm - 1  is almost 
exactly equal to the increase of the abundance of C2H3+, 
so that the latter must be formed mainly by the pro
cess C2H6+ ->- C2H3+ +  H2. The appearance of C2H2+ 
causes a decrease of the abundance of C2H4+, but the 
ethylene molecule-ion persists even at very high ex
citation energies. This can be most easily explained 
if it is assumed that there are two different structures 
of C2H4+, namely CH2CH2+ and CH3CH+, of which 
only the latter predominantly decomposes to yield 
C2H2+. Evidence for this mechanism is provided by 
von Koch’s experiments32 with CH3CD3. Immedi
ately above the AP(C2X 4+) he found only CH2CD2, 
while at higher energies CH3CD and CD3CH were also 
present. He also observed that C2H2+ was predomi
nantly formed by loss of H2 from the same carbon atom, 
i.e., by the reactions CH3CD+ CHCD+ +  H2 or 
CHCD3+->C H C D + +  D 2.

On the basis of this information, the most important 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

(9) W. Forst and P. St-Laurent, Can. J. Chem., 43, 3052 (1965).
(10) J. H. Yang and D. C. Conway, J. Chem. Phys., 43, 1296 (1965).
(11) B. S. Rabinovitch and R. W. Diesen, ibid., 30, 735 (1959).
(12) R. E. Harrington, B. S. Rabinovitch, and R. W. Diesen, ibid., 
32, 1245 (1960).
(13) B. S. Rabinovitch, R. F. Kubin, and R. E. Harrington, ibid., 
3 8 ,  405 (1963).
(14) B. S. Rabinovitch, E. Tschuikow-Roux, and E. W. Schlag, 
J. Am. Chem. Soc., 8 1 ,  1081 (1959).
(15) D. W. Setser and B. S. Rabinovitch, Can. J. Chem., 40, 1425 
(1962).
(16) B. S. Rabinovitch and D. W. Setser in “ Advances in Photo
chemistry,” Vol. 3, Interscience Publishers Inc., New York, N. Y.,
1 96 4 , p p  1 -8 2 .

(17) M. Vestal, A. L, Wahrhaftig, and W. H. Johnston, J. Chem. 
Phys., 3 7 ,  1276 (1962).
(18) M. Vestal, ibid., 43, 1356 (1965).
(19) Ch. Lifshitz and F. A. Long, J. Phys. Chem., 6 9 ,  3737 (1965).
(20) P. C. Haarhoff, Mol. Phys., 8 , 49 (1964).
(21) M. Vestal, A. L. Wahrhaftig, and W. H. Johnston, “ Theoretical 
Studies in Basic Radiation Chemistry,”  Report ARL 62-426 (1962).
(22) J. Futrell, J. Chem. Phys., 35, 353 (1961).
(23) Z. Prâsil, Collection Czech. Chem. Commun., 31, 3252, 3263 
(1966).
(24) Z. Prâsil, Ph.D. Thesis, Czechoslovak Academy of Sciences,
1965.
(25) W. A. Chupka and M. Kaminsky, J. Chem. Phys., 35, 1991
(1961) .
(26) E. Lindholm, et al.: (a) Arkiv Fysik, 8 , 257, 433 (1954); (b)
ibid., 18  , 219 (1960); (c) ibid., 1 9 ,  123 (1961); (d) ibid., 2 1 ,  97
(1962) ; 24,49 (1963); 25,181,349,417 (1964); 28,529,559 (1965); 
2 9 ,  565 (1965); 3 1 ,  159, 287 (1966); 3 2 ,  275 (1966).
(27) A. Kropf, Ph.D. Thesis, University of Utah, 1954.
(28) H. Wincel, Nukleonika, 7, 25 (1962).
(29) G . E. Hansen and D. M. Dennison, J. Chem. Phys., 20, 313 
(1952).
(30) API Catalog of Mass Spectral Data, Serial No. 2.
(31) J. A. Hippie, R. E. Fox, and E. U. Condon, Phys. Rev., 6 9 ,  347 
(1946).
(32) H. von Koch, Arkiv Fysik, 28, 559 (1965).
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reactions in the decomposition mechanism of C2H6+ 
can be represented by the sequence

C2H6+ — ► C2H6+ — C2H3+

— > CH3CH+ — > CHCH+

— > c h 2c h 2+

— >  CHs+

Table I summarizes the appearance potentials and 
enthalpies of reaction for the various processes. In the 
following, the activation energy of each decomposition 
will be assumed to be equal to the corresponding differ
ence in the mass spectrometrically measured appearance 
potentials. The justification is that even if the activa
tion energy so measured does not quite correspond to 
the energy difference between the ground state of the 
reactant ion and the top of the potential energy barrier 
leading to product formation, e.g., because excess 
energy is required above activation energy to cause a 
high enough rate of reaction on the time scale of the 
mass spectrometer (this effect is called kinetic shift by 
Chupka33), the rate constant increases so steeply above 
threshold (c/. Table VI further below) that the error in 
activation energy as determined from appearance po
tentials is likely to be small. In any event, such an 
error, provided it is not too large, would merely cause a 
shift of the calculated breakdown curves along the 
energy axis, and would result in a minor change of 
shape.

The values of AHi in Table I are merely informative 
and can serve as a check on the values of AA.P. only 
insofar as AHi |  AA.P., the inequality indicating that

Table I : Correlation between Differences in Appearance
Potentials (AA.P.) and Differences in Heats of Formation (AHt)

Process
AA.P.,

ev Ref
AH f, 
ev° Ref

C2H 6+ —  CÍES-1- +  H 1.15 38 1.37 b
c 2h 6+ —  c h 3c h + +  h 2 1.24 (?)' 32 ?
c 2h 6+ - * c h 2c h 2+ +  h 2 0.5 38 0.28 b
C A + - *  c h 3+ +  c h 3 2.30 38 1.85 b
c 2h 5+-*  c 2h 3+ +  h 2 2.52 38 2.40 b
CH3CH + ~* CH C H + +  H 2 2.11 (?)° 32 ?

“ Sources of A Hr. C2H4+, C 2H 2+, and CH3+: spectroscopic 
data, estimated accuracy ± 0 . 0 1  ev; C2H 6+, H, and CH 3: data 
of good precision not from electron impact studies; C2H 5+: good 
quality electron impact data, estimated precision ±0.1 ev. 
6 R. R. Bernecker and F. A. Long, J. Phys. Chem., 65, 1 5 6 5  
( 1 9 6 1 ) .  ° The only certain information available about the
two A.P.’s with a question mark is that their sum should be equal 
to 3 .3 5  ev, which is the difference between the A.P.(C2H 2+) 
and the I.P.(C2H 5).

there is some activation energy for the back reaction. 
Only for the process C2H6+ C2H5+ do we have AHt
>  AAP; however, the difference is still within ± 0 .2ev, 
the estimated accuracy of these particular appearance 
potential measurements, and within the accuracy of the 
respective AHf.

The only activation energy not available from appear
ance potential measurements is that for the formation 
of CH3CH+. From von Koch’s measurements,32 it 
follows that at recombination energy (R.E.) of 12.13 ev 
(3873 cm- 1  excitation energy) only CH2CH2+ is formed, 
so that the measured A.P. corresponds to the third re
action in the decomposition scheme. On the other 
hand, the same measurements show that at R.E. =  
13.44 ev (14,442 cm -1  excitation energy) the ion CH3- 
CH+ is already formed in rather high abundance. 
This means that the activation energy of this process is 
somewhere between 3873 and 14,472 cm-1 ; we have 
estimated it to be 10,000 cm-1. Conceivably, a 
very careful measurement of the ionization efficiency 
curve for C2H4+ formed from ethane could reveal a dis
continuity which might be identified with the forma
tion of CH3CH+ and thus yield a better value for the 
activation energy of this process.

For the decomposition of C2D6+ the same sequence of 
reactions was assumed. The activation energies used 
in the calculations were those of the hydrogenated 
species (c/. Table I), increased by 0.2 ev, in accordance 
with the observation of von Koch .32 Roughly the 
same difference in activation energies could be calcu
lated from the frequencies assumed for C2H6+ and 
C2D6+ in normal and activated complex configura
tions.34

Calculation of the Breakdown Curves

The over-all character of the calculated breakdown 
curves is determined by competitive unimolecular de
compositions producing first-generation fragment ions, 
i.e., ions formed directly from parent. The fractional 
amount Ft(E) of the yth first-generation fragment 
present at time t is given by36

F}(E) = u r n
k/(E) -  £  kt(E)

expj  ̂— J2kt(E)tJ —

exp[-k/(E)t]^  (1)

where kt(E) and k}(E) are the rate constants for the 
production of the ith and jth  fragment, respectively,

(33) W. A. Chupka, J. Chem. Phys., 30, 19 (1959).
(34) A. Kropf, E. M. Eyring, A. L. Wahrhaftig, and H. Eyring, 
ibid., 32, 149 (1960).
(35) N. M. Rodiguin and E. N. Rodiguina, “ Consecutive Chemical 
Reactions,’ ’ D. van Nostrand Co. Inc., New York, N. Y., 1964, p 51.
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E is the internal excitation energy of parent, k/(E) is 
the rate constant for the subsequent decomposition of 
the jth  fragment to a second-generation fragment, and 
the sum is taken over all i ’s, i.e., over all decomposi
tions of the parent. If k/(E) = 0, and if advantage 
is taken of the fact that at all excitation energies E 
(except in the very neighborhood of the activation 
energy), the sum £ fc i(I?)< 5S> 1 , then (1) simplifies to

F M k m
T H E )

This simplification is permissible if (1) rate constants 
increase sharply with energy and (2 ) activation ener
gies for consecutive decompositions are far enough apart 
compared with the rate of rise with energy of the rate 
constants. These conditions are satisfied in the present 
case and as a result a new process sets in only when the 
rate of the preceding one [k(E)] has reached such a 
value that exp[—k(E)t] ~  0, so that it can be effec
tively ignored in the rate expression.

It will be assumed in the following that each uni- 
molecular rate constant can be adequately represented 
by the Marcus-Rice model. Their expression for 
k(E) is4’5

k(E) =  a X

Q^T(t/2) *  £  P *(E V)(E -  Ea -  Ev)r/2
_____________________________ E y = 0 _________________________________________________________

QRr ( l  +  r/2)h(kT)(r~t)/2 £  P(Ey)(E  -  EY) (l/2)~l
F„ = 0

where a  is the reaction path degeneracy, Q r  and QiH 
are the partition functions for active rotations in the 
molecule (ion) and activated complex, respectively, T 
is the T function, r and t are the number of active rota
tions in the activated complex and the molecule (ion), 
respectively, h is Planck’s constant, k is the Boltzmann 
constant, and T is temperature. The sum involving 
the power (t/2) — 1 is proportional to the density of 
vibrational-rotational states of the molecule (ion) at 
energy E, the sum involving the power r/2 is propor
tional to the integral of the density of vibrational-rota
tional states of the activated complex at energy E  — E&, 
where E„ is the critical energy of the process under con
sideration and Ev is that part of total excitation energy 
contained in the vibrational degrees of freedom.

The difficult part here is the evaluation of the sums 
at high energies. Exact counting is possible but re
quires excessive computer time; therefore, an approxi
mation formula due to Haarhoff368, was used which a 
recent test36b has shown to be quite adequate at higher

energies. If all vibrations are assumed to be har
monic, we have in Haarhoff’s notation

F'T  P(Ey)(E -  Ev)m~1 =  T(m)IJE)
Ev=  0

where

n - r r m\\irnj \n +  mj
X(fcr'"-1 '

i+m—1/ 2

0  12 (n +  to) )1 2 (n x

? e [ H ) H )  r *
1 ßm

1 -
(1  +  ^)2J

(2 )

3m =  {(n +  to — l)(n  +  to — 2)a2 — n(n +  m)}/6n

ai =  r2/ ( r ) 2; t] =  E /e z° ; 1/X =
n
n (vjv)

i=i

and n is the number of (harmonic) oscillators, vt is the 
frequency of the tth oscillator, and ez° is the zero-point 
energy. Haarhoff also developed a correction factor 
by means of which the harmonic density of states can 
be corrected for anharmonicity, on the assumption 
that a molecule can be considered as an array of Morse 
oscillators. The correction factor is

7m(anharrn) =  7m(harm) {(‘ + D
(,/2) [l+,/2]

X

exp
(a2 — 1)1) KK°/(ri + m)D

0 } x

exp

L 3(1 +  v).

W  +  vY ( ^ ) 2 +  M s(l +  vY ) 3 (3)

where M 2 =  w(4n +  5m)/8(n +  to) 2(w +  to +  1), 
M% =  n(24n2 +  59nm +  37to2)/24(r +  m)3(n +  m +  1) 
(n +  to +  2), l/D =  (1/Di), where Df is the Morse 
dissociation energy of the 7th oscillator, and to and n 
have the same significance as in the previous formula.

In this work, all densities were corrected for an
harmonicity. Each Dt for the molecule ion was calcu
lated from the relation

Dt — a!i/2a;i (4)

where is the normal frequency of the fth oscillator 
in ethane and xt is its anharmonicity constant.29 In 
the case of the complexes, where the xt’s cannot be 
estimated in any straightforward manner, D was used 
as an adjustable parameter within reasonable limits. 
All formulas were programmed in f o r t r a n  IV and 36

(36) (a) P. C. Haarhoff, Mol. Phys., 7, 101 (1963); (b) W. Forst
Z. Prâsil, and P. St-Laurent, J. Chem. Phys., 46, 3736 (1967).

Volume 71, Number 10 September 1967



3170 Z. Brasil and W . Forst

Table I I :  Fundamental Frequencies, Anharmonicity Factors, Normal Frequencies, and Frequencies Grouped to 
Groups of Higher Degeneracy for C2H 6 and C2Ds (All Values in cm-1)

Rabinoviteh
-------Hansen and Dennison29--------- ' and Setser16 This work

C2H 6
2915 (1) 0.0420 3042.8 (1) 350 (1) 1 free rotation
1400 (1) 0.0340 1449.3 (1) 822 (2) 820 (2)

993 (1) 0.0225 1015.8(1) 993(1) 1000 (1)
275 (1) 0.0933 303.3 (1) 1190 (2) 1200 (2)

2915(1) 0.0477 3061.0(1) 1436 (6) 1460 (6)
1379.2(1) 0.0405 1437.5 (1) 2960 (6) 2950 (6)
2995.5(2) 0.0460 3139.9 (2)
1472.2(2) 0.0350 1525.6(2)

821.52 (2) 0.0004 821.8 (2)
2955(2) 0.0694 3175.1 (2)
1460(2) 0.0590 1551.6 (2)
1190 (2) 0.0450 1246.0 (2)

C2D„
2100(1) 0.0303» 2165.5 (1) 1 free rotation
1158 (1) 0.0281» 1191.5 (1) 590 (2)

852 (1) 0.0193» 868.8(1) 850 (1)
200(1) 0.0678» 214.6(1) 970(2)

2095 (1) 0.0343» 2169.4(1) 1080 (6)
1077 (1) 0.0316» 1112.2(1) 2190 (6)
2236(2) 0.0343» 2315.5(2)
1082 (2) 0.0257» 1110.5 (2)

593.7 (2) 0.0003» 593.9 (2)
2225 (2) 0.0523» 2347.8(2)
1055(2) 0.0426» 1102.0(2)

970(2) 0.0367» 1006.9(2)

» Calculated from the relation =  (1 — xjaij. Degeneracies are given in parentheses.

computations were done on IBM 1410 at 2000-cm-1  

intervals.
The calculation of k(E) requires the knowledge of 

the moments of inertia (i.e., of the structure) and of the 
vibrational assignment for the various ionic species and 
their decomposition complexes. Very little is known 
at present about the molecular parameters of poly
atomic ions. There are some recent data on potential 
energy curves for simple diatomic molecules (N2, 0 2, 
and NO) and their ions37 which show that at least in 
these three molecules there is no substantial difference 
in vibrational frequency of the ground electronic state 
of the molecule and its ion, and also that the equilibrium 
interatomic distance is not much different in the mole
cule and the ion. This suggests that probably no gross 
error is committed if molecular parameters of the 
neutral species are assumed to be identical with those 
of the respective ions. Moreover, the over-all char
acter of the calculated breakdown curves is deter
mined to a considerable degree by the nature of the 
activated complexes which in many instances can only 
be guessed at, so that a wrong choice for an activated

complex is likely to have more serious repercussions 
than a wrong choice for the molecular parameters of 
an ionic species.

All the molecular parameters used in the calculations 
are summarized in Tables II, III, and IV and are dis
cussed in some detail in the Appendix.

When the decomposition of an ion of the first gen
eration to an ion of the second generation is considered, 
fluctuation of energy among the fragments of the first 
generation must be taken into account.21 As a rule, 
the value of every k{E) at energies slightly higher than 
the activation energy is of the order of 1 0 12 to 1 0 14 sec-1, 
so that an ion decomposes practically immediately 
on the time scale of a mass spectrometer (1 0 -6 sec-1). 
The probability <t>(E) that at a given parent energy E an 
ionic fragment of the first generation will have internal 
energy A EJ (=  activation energy for decomposition 
to a second-generation ionic fragment), while the acti-

(37) K. E. Shuler, T. Carrington, and J. C. Light, Appl. Opt. (Supple
ment on Chemical Lasers), 81 (1965).
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Table HI: Parameters Used in the Calculation of Breakdown Curves of C d ls 4" “

Molecular
ion

C2H6 +
Complex 

C2H5 + - ■ H
Complex

c h *c h +---h 2
Complex 

CH2CH2 + - • •
Complex

h 2 c m +-- c m
✓------ Fluctuation 1-------»

CsHb+ h
/------ Fluctuation 2------->

CHbCH + Hî

Vi 820 (2) 300 (2) 500 (3) 600 (1) 950 (2) 820 (2) 800 (1) 4400 (1)

n

1000 (1) 
1200 (2) 
1460 (6) 
2950 (6)

17.0

700 (2) 
1000 (1) 
1200 (2) 
1460 (4) 
2950 (5) 

16.0

700 (2) 
1200(2) 
1460 (4) 
2950 (4) 
3500 (1) 

16.0

900(3) 
1000 (2) 
1200 (2) 
1460 (4) 
2950 (5) 

17.0

1460 (4)
2950 (6)

12.0

1000(1) 
1200 (2) 
1460 (4) 
2950(5)

14.0 0.0

1000(1) 
1200 (1) 
1460 (4) 
2950 (4)

11.0 1.0
m 0.5 1.5 1.5 1.0 3.5 0.5 0.0 0.5 0.0
Fa 9279 10,000 4034 18,557 Fa == 9300 Fa = 10,000

D 13,255.8 20,000 20,000 30,000 15,000
Fa' =

25,000
20,200

0
Fa' =

25,000
17,000

36,114

■ r̂ed 2.735 3.5 4.10

h  =  5.96 (1) 
h  = 2.98 (2) 
Is =  2.98 (2)

*i 3 3 3 ci —  3

«> 6 6 9

C"2 =  2
r 8 =  1 

2

• Degeneracies are in parentheses. Frequency and energy values are given in cm-1, moments of inertia in units of 10-40 g cm2. 
The value of a,- means the reaction path degeneracy; <ri is the symmetry number for rotation. All other symbols are explained in 
the text; m and n are constants appearing in eq 2.

vation energy for the decomposition of the parent ion is 
E%, is21

$(E)
Pi(t)p2(E — E a — e)de

py(t)pi(E — E& — e)de

where pi and p2 refer to the density of states of the first 
and second fragments, respectively, of the first genera
tion. The abundance of the second generation is then 
given by

F '(E ) =
3 { ) ZAhCE) A }

The various parameters used in the calculation of 
fluctuations are summarized in Tables III and IV and 
are further discussed in Appendix II.

Discussion

In charge-transfer experiments a presumably known 
amount of energy is transferred to the molecular ion 
and the ionized fragment formed in its decomposition 
is then mass-analyzed. The initial process is

M +  X +  — > M + * +  X

and the excitation energy of M+* is calculated by taking 
the difference between the recombination energy (R.E.)

of the incident ion (assuming, in effect, that the neutral 
is not formed in an excited electronic state) and the 
lowest ionization potential (I.P.) of M. Actually a 
charge transfer in this collision under Lindholm’s ex
perimental conditions260 is possible only as essentially 
a resonance process, i.e., under the condition that there 
exist some (higher) vertical ionization potential of the 
molecule M, which is just equal to the R.E. of X+. 
The difference between this higher I.P. (=  R.E.) and 
the first I.P. of M will appear as internal excitation 
energy of the ground electronic state of M + only if 
there is fast conversion of electronic excitation energy 
into vibrational-rotational energy of the ground elec
tronic state. Thus the basic assumption made in the 
interpretation of charge-transfer experiments is the 
same as assumption 1 of the quasi-equilibrium theory 
of mass spectra (c/. Introduction), so that these experi
ments cannot provide a test of assumption 1. It is well 
to keep this in mind.

A ]priori, even under the assumption that the con
version of electronic energy into vibrational-rotational 
energy of the ground electronic state is complete, there 
are reasons to believe it unlikely that the excitation 
energy of M +* could be calculated simply by taking 
the difference R.E. — I.P.; it seems more probable 
that this excitation energy will depend on the way the 
difference between the R.E. of X +  and the I.P. of M 
is partitioned between M+* and X . If X  is a rare gas
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Table IV: Parameters Used in the Calculation of Breakdown Curves of C2D + “

Molecular
ion Complex Complex Complex Complex ---------Fluctuation 1------- a /------- Fluctuation 2--------a

C2D,+ C2D6+- • D CD.CD + ---D! CDiCD,*--- Dj CDi + * • -CD3 CsDs + D CD8CD + d 2

590 (2) 220 (2) 300 (3) 400 (1) 720 (2) 500 (2) 600 (1) 3120(1)
850(1) 500 (2) 600(2) 800 (3) 1080 (4) 850(1) 800(1)
970 (2) 850(1) 970 (2) 850 (2) 2190 (6) 970 (2) 1000(1)

1080(6) 970 (2) 1080(4) 970(2) 1080 (4) 1080 (4)
2190(6) 1080 (4) 2190 (4) 1080 (4) 2190 (5) 2190(4)

2190(5) 2690(1) 2190 (5)
n 17.0 16.0 16.0 17.0 12.0 14.0 0.0 11.0 1.0
m 0.5 1.5 1.5 1.0 3.5 0.5 0.0 0.5 0.0
Ea 10,893 11,614 5648 20,171 Fa = 10,900 Fa = 11,600

F a' = 20,200 F .' = 17,000
D 13,012.6 25,000 30,000 30,000 30,000 25,000 0 25,000 36,740

7i = 11.92 (1) 
h  =  5.96(2)

•̂red 5.47 7.29 8.21 I , =  5.96(2)
<*i 3 3 3 <0 = 3 

<0 = 2 
<0 =  1

“ i 6 6 9 2

<* Degeneracies are in parentheses. Frequency and energy values are given in cm-1, moments of inertia in units of 10-40 g cm2. 
The value of a { means the reaction path degeneracy; a t  is the symmetry number for rotation. All other symbols are explained in 
the text; m  and n are constants appearing in eq 2.

atom, the amount of energy it can carry away as kinetic 
energy will be a function of its mass, and so will be the 
excitation energy of M+*. The experimental arrange
ment of Lindholm, et al., was such, however, that only 
fragments without appreciable kinetic energy were 
measured. Therefore, the assumption that the differ
ence between R.E. (X +) and I.P. (M) is the actual 
internal excitation energy of the ion M+* seems quite 
reasonable for X + =  rare gas ion.

In charge-transfer experiments with X + = molecular 
ion (N20 +, C 02+, and CO+), there is a possibility of 
transfer of charge as well as of internal energy. For 
example, von Koch32 found that N20+with R.E. =  12.7 
ev produced C2H5+ with A.P. = 12.8 ev; C 02+ with 
R.E. = 13.8 ev yielded CH3+ whose A.P. = 13.95 ev, 
and COS+ with R.E. <11.5 ev produced C2H2D2+ hav
ing A.P. = 11.65 ev. The discrepancy increases if 
ions derived from C2D6+ are considered. In his paper, 
von Koch32 shows only results for C2D6+ and states 
that results for C2H6+ are substantially similar, except 
that all A.P.’s are about 0.2 ev lower in the latter case. 
This means that N20+  is found to yield C2DS+ (A.P.
13.0 ev) and C 02+ is found to produce CD3+ (A.P. 
14.15 ev); i.e., the difference (A.P.) — (R.E.) increases 
from 0.1-0.15 ev for the hydrogenated species to 0.3- 
0.35 ev for the deuterated species. This can only mean 
that (1) the R.E.’s or the A.P.’s, or both, are incorrect, 
or (2 ) that the polyatomic ions transfer some internal

energy in addition to their R.E. The second alterna
tive seems to be the more likely, since the difference 
(A.P.) — (R.E.) is almost constant for the ions men
tioned, while it would take a very fortuitous coincidence 
indeed to find an experimental error not only of the same 
magnitude but also of the same sign for these polyatomic 
ions, and not find a similar error for the atomic ions. 
If this second interpretation is correct, all the experi
mental points in Figures 1 and 2 obtained in collisions 
with polyatomic ions should be shifted to higher ener
gies. This would not result in any important over-all 
changes, but would slightly increase the agreement 
between theory and experiment.

It should also be noted that in drawing his break
down curves for C2D6+, von Koch used appearance po
tentials of the hydrogenated species. For this reason, 
in Figures 1 and 2 tabulated appearance potentials88 are 
used to plot the experimental points for C2H6+, and 
A.P.’s 0.2 ev higher are used in the case of C2D6+. 
The effect is merely a shift of the experimental points 
lying on the energy axis.

In a general way, the agreement between theory 
and experiment is rather good, as even a casual glance 
at Figures 1 and 2 will show. The discrepancies are 
only minor, at most a 1 0%  difference between the cal- 38

(38) F. H. Field and J. L. Franklin, “ Electron Impact Phenomena,” 
Academic Press, New York, N. Y., 1957.
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Figure 1. Comparison of calculated breakdown curves for 
C 2H 6+ with experiment. Calculated curves: 1, C 2H 6+;
2, C2H 5+; 3, C2H4+; 4, C H 3+; 5, C2H 3+; 6, C2H2+. 
Experimental points: O, C 2H e+; X , C2H 6+;
A, C2H4+; + ,  CH 3+; V, C 2H 3+; □ , C2H 2+.
Excitation energy is given in both cm-1 and ev.

Figure 2. Comparison of calculated breakdown curves for 
C 2D6+ with experiment. Calculated curves: 1, C2D 6+;
2, C2D 5+; 3, C2D 4+; 4, CD 3+; 5, C 2D 3+; 6, C2D 2+. 
Experimental points: O, C2D 3+; X , C2D 5+;
A, C2D4+; + , CDi+; V, C2D3+; □, C2D2+.
Excitation energy is given in both cm-1 and ev.

ciliated and experimentally determined abundance, 
which is probably better than one has a right to expect, 
considering the numerous approximations it was neces
sary to make. This agreement is an indication that 
assumptions 2, 3, and 4 mentioned in the Introduction 
are at least approximately fulfilled. However, as 
shown at the beginning of this Discussion, this agree
ment does not provide any support, either for or against 
the validity of assumption 1 , so that the results of the 
present calculations yield only a partial, though reason
ably successful, test of the statistical theory of mass 
spectra. Thus, while there remains some uncertainty 
about the nature of the electronic state from which 
M +* decomposes, the theory does appear to provide a 
useful picture of events following ionization. That the 
theory does not explain everything becomes obvious if 
attention is focused on some of the details.

First, there is a difficulty with the breakdown curves 
of CH3+ (and CD3+) (curves 4 in Figures 1 and 2). 
Theory shows no appreciable abundance of these ions 
just above their A.P., i.e., between 20,000 and 30,000 
cm-1, while (one) experiment (with Kr+) actually 
shows a small maximum in this region, corresponding 
to about 10% abundance. This discrepancy is un
likely to be due to a poor performance at low energies 
of Haarhoff’s formula for the density of states of the 
complex. The activated complex postulated for the 
decomposition into two methyls involves five active 
rotations, and a check of the formula at low energies 
showed36*5 that for several active rotations it gave a 
count that was on the high side, so that, if anything, 
she first two or three theoretical points above the A.P. 
are likely to give an abundance that is actually too 
high. On the other hand, in order to prevent the 
abundance of CH3+ from becoming too high at high 
energies (60,000-80,000 cm-1), it was not possible to 
use a low value for D (cf. Tables III and IV ). Thus it is 
impossible to fit the abundance of CH3+ at both high 
and low energies with the same set of parameters. 
Moreover, the experimentally observed abundance of 
CH3+ near its A.P. is so high that probably no reason
able choice of parameters for the complex would yield a 
theoretical rate constant that would be high enough. 
It would thus appear that the ion CH3+ (and in fact 
any first generation ion with high A.P.) produced in 
charge-transfer experiments is “ prepared”  in a special 
way that gives it an abnormally high rate of decom
position at excitation energies slightly above its A.P., 
but that at higher energies its excitation energy is more 
nearly randomized in accordance with the assump
tions of the theory. This special “ preparation” would 
have to be such that the C2H6+ systems are distributed 
only over a limited portion of energy hypersurface in 
phase space, resulting in a lower number of effective 
degrees of freedom, a higher average energy per degree 
of freedom, and increased specific dissociation probabil
ity, or it might involve decomposition by predissocia
tion; however, dissociation from a repulsive state 
would seem to be excluded since the CH3+ fragments 
would then have appreciable kinetic energy and would 
not have been detected in Lindholm’s experimental 
arrangement.

A similar difficulty exists with the breakdown curves 
of C2H5+ and C2D 6+ (curves 2 in Figures 1 and 2), al
though in a less acute form. The two experimental 
points representing the relative abundance of 0.07 
and 0.25 were obtained in experiments with N 20+  and 
C 02+, respectively, and shifting them slightly to higher 
energies, for reasons discussed above, would decrease 
the discrepancy between theory and experiment.
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On the other hand, if the true appearance potential of 
CH3CH+ is less than the value of 10,000 cm -1  used 
in the calculations, this discrepancy would increase.

The abundance of CH3CH+ is not shown, only the 
sum of the abundance of CH3CH+ and CH2CH2+ 
(marked C2H4+, curve 3 in Figures 1 and 2), since the 
experimental data available do not distinguish be
tween the two structures. However, without postulat
ing the existence of the structure CH3CH+ it would have 
been quite impossible to fit the observed abundance 
of C2H2+. Experiment also shows a high-energy tail 
on the parent-ion breakdown curve; this seems to be a 
general feature of all experimental breakdown curves. 
The tail represents ions decomposing at a slower rate 
than they should, which is difficult to explain on theo
retical grounds. However, the abundance of these 
slow-decomposing ions is less than 3% in the case of 
C2H6+ and C2D6+ and hence represents only a very 
minor difficulty.

The justification for using D as an adjustable param
eter in the case of the complexes is the difficulty of 
making a rational choice for any particular value of D. 
A low D has the effect of appreciably increasing the 
density of states with increasing energy compared with 
the harmonic case, as is shown for one typical complex 
in Table V. For a D that is not too low, approximately 
the same increase in the harmonic density could have 
been accomplished (with a great deal more computa
tional effort) by an appropriate variation of the molecu
lar parameters of the complex, so that a variable D is 
merely a convenient device for adjusting the density of 
states of the complex. All of the D’s used for the 
complexes in this work are between 15,000 and 30,000 
cm-1, so that the adjustment is modest and no doubt 
quite within reason.

Table V : Anharmonicity Correction Factor 7m(anh)/7m(harm) 
for the Density of States“

Excitation
energy ,--------Complex (C2Hs + * • *H) =£---------> Molecule C2H« +

E, Dc = D0 = Dc = D =
cm-1 10,000 cm“1 20,000 cm-1 86,000 cm-1 13,266 cm-'

10,000 1.046 1.008 1.000 2.136
20,000 2.593 1.534 1.097 3.837
30,000 5.573 2.116 1.172 6.964
40,000 12.680 2.906 1.247 13.21
50,000 31.87 4.037 1.324 26.59
60,000 90.85 5.713 1.406 57.47
70,000 299.6 8.268 1.493 134.50
80,000 1163.1 12.27 1.587 343.71

“ Excitation energy E  is that of the molecule-ion. The excita
tion energy of the complex is smaller by the activation energy, 
which in this case is 9279 cm”1.

The D for the molecular ion must be considered as 
resting on fairly solid grounds, based as it is on the 
spectroscopically determined anharmonicity coef
ficients; ultimately, however, it depends on the validity 
of the Morse potential as a fair representation of the 
potential energy function of each normal vibration. 
While it is true that occasionally eq 4 yields a Dt that 
is different from a obtained calorimetrically or from 
kinetics experiments, it is unlikely that D, which is an 
average of the Dt’s, should be very much in error. In 
the case of ethane, this D happens to be quite low, so 
that the anharmonic correction for the molecule-ion 
increases rapidly with energy (c/. Table V), in fact, 
more rapidly than the corresponding correction for the 
complex, so that the value of the rate constant, which 
is proportional to the ratio of the two, actually shows a 
maximum as a function of energy that grows more pro
nounced as the inequality D (complex) >  D (molecule) 
increases (Figure 3). However, when D (complex) <  
D (molecule), the rate constant increases with energy 
more steeply than in the harmonic case (Figure 3). 
This somewhat disturbing maximum in the rate con
stant does not appear to be due to a failure of Haar- 
hoff’s anharmonicity correction factor at high energies, 
since, on the one hand, he appears to have taken into 
account a cutoff for each individual oscillator, and on

Figure 3. Example of dependence of rate constant on 
anharmonic correction in complex. D„ is the mean Morse 
dissocation energy of the complex. The mean Morse 
dissociation energy of the molecule is 13,256 cm-1 in all three 
anharmonic cases. Calculations done for the decomposition 
C2H 6+ —►  C2H 6+ +  H. Abscissa is excitation energy in cm-1.
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the other hand, the energies involved here are well be
low the energy necessary to dissociate the whole mole
cule, where one might expect his formula to run into 
difficulties. It should also be noted that the curves in 
Figure 3 are quite unlike those obtained by Vestal and 
Rosenstock39 for a rate constant based on an array of 
identical harmonic (or exponential) oscillators with a 
cutoff. This peculiar behavior of the calculated rate 
constants is without much practical consequence.

With a D (complex) «  30,000 cm-1, a value most 
frequently used in this work, the decrease at high ener
gies is modest (Figure 3), and the energies at which 
this decrease occurs are so high (>80,000 cm-1) that 
most of the breakdown curves are not affected at all. 
Furthermore, since all the rate constants behave in a 
similar fashion at these high energies, and since a break
down curve is given by one particular rate constant 
divided by a sum of all the rate constants, the effect 
more or less averages out and the shape of the break
down curve is little affected. In other words, the 
breakdown curve in its horizontal portion is insensitive 
to the behavior of the rate constants as a function of 
energy, provided all the rate constants follow the same 
trend.

The maximum values of the calculated rate con
stants for the various processes are given in Table VI. 
The lifetimes of the various species are equal to the 
reciprocal of the respective rate constants, and it is 
seen that they are all of the order of one period of 
molecular vibration, which would require the randomi
zation of energy, if assumption 2 holds, to be completed 
within this time. Bunker40 has calculated the rate 
constants for intramolecular relaxation for a number of 
triatomic molecules and found the usual value to be 1 0 u 
sec-1, although he found in the case of cyclopropane 
and H20 2 values as high as 1014 and 1013 sec-1, respec
tively. The present results would appear to present a 
borderline case; however, it seems quite likely that 
some energy randomization already occurs during 
charge exchange, i.e., during the (assumed) cascading 
through higher electronic states into the ground state 
of the ion, so that not all of the randomization is de
pendent on vibrational anharmonicity as the only 
mechanism. Therefore, it would seem rather prema
ture, at the present time, to conclude from the high 
values of the rate constants in Table VI that assump
tion 2 of the theory does not hold.

The minimum value of each rate constant occurs at 
threshold, i.e., when excitation energy is equal to 
activation energy L'a; then

k(EJ =  a[hp(Ea)]~'

where p(/?a) is the density of states (obtained by linear

Table V I: Maximum and Minimum Values of Calculated 
Unimoleeular Rate Constants for Various Processes“

Process Max k(E), sec-1, at E, cm"1
HE&)
sec"1

c 2h 6+ —  c 2h 5+ 1.14 X 1014 58,000 2.08 X 10s
c h 3c h + 6.23 X 1013 60,000 1.46 X 108

-*■  c h 2c h 2+ 2.21 X 1013 40,000 7.45 X 1010
-» c h 3+ 1.46 X 1013 68,000 3.28 X 10s

c 2d 8+ —  c 2d 5+ 4.04 X 1013 60,000 3.35 X 108
—  c d 3c d + 2.46 X 1013 58,000 1.86 X 106
-*■  c d 2c d 2+ 5.32 X 1012 46,000 8.68 X 108
—  c d 3+ 3.80 X 1012 62,000 8.10 X 1 0 3

a Maximum value of calculated unimoleeular rate constant is 
Max k(E); E  is excitation energy of the molecule-ion at which 
maximum occurs. Minimum value is given by the value
of rate constant at threshold (excitation energy equal to activa
tion energy E,).

interpolation) of the molecule ion at energy E&, and 
the other symbols have their usual significance. The 
values of k(Ea) for the various first-generation processes 
are listed in Table VI; because of the interpolation pro
cedure, the rate constants are minimum values.

Experimentally, there is observed a metastable tran
sition in the decomposition to ethylene ion (without 
distinction between the two possible structures) ; 
Table VI gives for the slower process a rate constant 
of '—'108 sec- 1  in the case of the hydrogenated species, 
which is about two orders of magnitude too fast for it to 
be detected as a metastable transition. In the case of 
the deuterated species, the rate constant is ~ 106 sec-1, 
which would make it just barely detectable as a meta- 
stable transition.

On the other hand, calculated rate constants for de
composition to methyl radical ion are low enough so 
that a metastable transition might be observed at mass 
m* =  7.5 in the case of C2H6+ -> CH3+, and at m* =
9.0 in the case C2D 6+ -*■ CD3+. There do not seem to 
be any experimental data about metastable transitions 
in ethane below mass 1 2 .

Acknowledgment. Z. P. is grateful to Université 
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Appendix I
Assignment of Structural Parameters

Refer to Tables I, II, III, and IV in the text.
Molecular Ions CiHe+ and C2D6+. Vibrational fre

quencies used correspond to those known from infra

(39) M. L. Vestal and H. M. Rosenstock, J. Chem. Phys., 35, 2008
(1961).
(40) D. L. Bunker, ibid., 40, 1946 (1964).
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red and Raman spectra29' 41 for the neutral molecules. 
Free internal rotation around the C-C bond is as
sumed since the hindering potential is likely to be very 
small in comparison with the excitation energies in
volved here. The reduced moment of inertia for the 
internal rotation (7red) is taken equal to that in the 
neutral molecule.

The Activated Complexes (C2H5+- • -H )* and (C2D6+
• • • D) In these complexes one C-H (C-D) stretch
ing vibration at 2950 cm -1  (2190 cm-1) becomes the 
reaction coordinate. By analogy with complex postu
lated in the thermal decomposition of the neutral 
molecule,16 two CH3 (CD3) bending frequencies were 
lowered from 1460 to 300 cm- 1  (1080 to 220 cm-1) and 
the doubly degenerate bending vibrations at 820 cm -1  

(590 cm-1) were lowered to 700 cm -1  (500 cm-1). 
Free internal rotation around the C-C bond is again 
assumed. The moment of inertia for this rotation (Zrea) 
was calculated under the assumption that the dis
tance C ■ • • H (C • • • D) is double the normal distance 
in the neutral molecules. Direct count shows the 
reaction path degeneracy to be 6 . The activation 
energy of 9279 cm -1  (10,893 cm-1) corresponds to the 
mass spectrometrically measured appearance poten
tial.32' 38 The mean Morse dissociation energy D 
was treated as an adjustable parameter and best re
sults were obtained for D =  20,000 cm -1  (25,000 cm-1), 
which would seem to be a reasonable value.

The Activated Complexes (CH3CH+ ••• H2)*  and 
(CD2CD+ • ■ ■ D2) % Here two hydrogens come off the 
same carbon atom and the complexes are assumed to 
have the cyclic structure

H
/

CH3—C--------- H
\  /

H

The symmetric C-H (C-D) stretch becomes the reac
tion coordinate and the H -H  stretching vibration is 
assigned the value 3500 cm- 1  (2690 cm-1), i.e., about 
80% of the frequency of this vibration in H2 (D2). 
The CH3 (CD3) bending vibrations are lowered to 500 
cm -1  (300 cm-1). Direct count again yields 6 as the 
reaction path degeneracy. Free internal rotation about 
the C-C axis is assumed and the reduced moment of 
inertia was calculated assuming double the normal 
distance for C - • - H (C- • 'D ). Activation energy was 
estimated to be 1 0 ,0 0 0  cm-1, as mentioned in the text 
(11,614 cm- 1  for the deuterated species, i.e., 0.2 ev 
higher). The best value of D was found to be 20,000 
cm - 1  (30,000 cm-1).

Activated Complexes (CH2CH2+- ■ -H2) *  and (CD2- 
CD2+■ ■ ■ D2) *. Here one hydrogen comes off each car
bon atom and the activated complex is assumed to have 
the structure of a four-membered ring. The sym
metric C-H (C-D) stretch transforms into the reac
tion coordinate and two ring deformation frequencies 
are taken to be 600 and 900 cm- 1  (400 and 800 cm-1). 
This complex is rigid with no internal rotation; reac
tion path degeneracy is 9, by direct count. The 
activation energy is the corresponding appearance po
tential, i.e., 4034 cm -1  (5648 cm-1). The best value 
of D turned out to be 30,000 cm- 1  for both hydro
genated and deuterated species.

Activated Complexes (CH3+■ ■ -CHf)* and (CD3+■ • • 
CD:i) *. Again by analogy with the thermal study of the 
neutral species, 16 this complex is assumed to be very 
loose with both methyls rotating freely, giving a total 
of five free internal rotations. The methyls are as
sumed to be planar, the largest moment of inertia 
representing the mutual rotation about the C -C  axis 
(symmetry number 3), and two smaller moments of 
inertia belonging to the other two degrees of freedom 
of rotation per methyl, one of the symmetry number 2 , 
the other of the symmetry number 1. Activation 
energy is the measured appearance potential,32' 38 18,557 
cm -1  (20,171 cm-1). The reaction path degeneracy of 
two corresponds to two ways of locating the charge in 
the molecule. The best value of D was found to be
15,000 cm -1 (30,000 cm-1).

Appendix II

Calculation of Fluctuations

Fluctuation in the Formation of C2H3+ and C2Z)3+. 
The vibrational frequencies of C2H5+ (C2D 6+) were 
assumed to be those of C2H5 (C2D 6). Activation ener
gies Fa and EJ were rounded off to the nearest 1 0 0  

cm -1  to simplify the computations. As a modest 
variation in D affects the results only very slightly, D 
was arbitrarily set in this case at 25,000 cm-1. Because 
in this case the neutral counterpart is an atom (H or
D), p2 =  1, and <t>(E) depends only on the ratio of den
sities of C2Hs+ (C2D 5+) integrated between different 
limits.

Fluctuations in the Formation of C2H2+ and C2D2+. 
Since there are no known neutral species of the struc
ture CH3CH(CD3CD), the vibrational frequencies of 
CH3CH+(CD3CD+) listed in Tables II and III are little 
better than an educated guess. Free rotation about the 
C-C axis is assumed. EJ =  17,000 cm- 1  corresponds

(41) G . Herzberg, “The Infrared and Raman Spectra of Polyatomic 
Molecules,” D. van Nostrand Co., Inc., New York, N. Y., 1945.
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to the difference of measured appearance potential of 
C2H2+(C2D 2+) and the assumed activation energy 
for the formation of CH3CH+ and CD3CD+ (10,000 
and 11,614 cm-1, respectively). The vibrational fre
quencies and Morse dissociation energies of H2 and D 2

are literature values.42 The values of D for both 
CH3CH+ and CD3CD+ were estimated as 25,000 cm-1.

(42) G. Herzberg, “ The Spectra of Diatomic Molecules," D. van 
Nostrand Co., Inc., New York, N. Y., 1950.

Electron Spin Resonance Spectra of Free Radicals in Irradiated 

Cyclohexanecarboxylic Acid1 2 3 4 5

by Philip M. K. Leung and John W. Hunt

D e p a rtm e n t o f  M e d ic a l B io p h y s ic s , U n iv e rs it y  o f  T o ro n to , a n d  T h e  O n ta rio  C a n c e r In s t itu te ,  
T o ro n to , O n ta rio , C a n a d a  ( R eceive d  J a n u a r y  16 , 1 9 6 7)

The esr spectra of irradiated cyclohexanecarboxylic acid (CCA) were observed following
irradiation at 4 and 153°K. Following irradiation at 153°K, three free-radical species
were detected, two being identified as c-CsHn- and C-C5-H10C-COOH (CCA radical).

1_____ 1

The CCA radicals were stable up to the melting point of the compound, with reversible 
changes in the spectra being observed due to chair-chair interconversion. The cyclo
hexyl radicals decayed at about 188°K, some of them extracting hydrogen atoms from 
CCA molecules to give new CCA radicals. At least three transient species were detected 
in samples irradiated and observed at 4°K, one probably being the ion radical,

c-C 6H u-Ò <
0 -
OH' The ion radical and another species decayed ivhen the temperature was

increased to about 143°K, and the CCA radical grew in their place.

I. Introduction

Cyclohexane is often chosen for radiation chemistry 
studies because the symmetry of the molecule limits the 
types of radiation products expected and simplifies the 
electron spin resonance (esr) spectra. In addition, the 
effects of the substituted groups on the formation of 
free radicals may be studied with comparative ease.

The esr spectra of irradiated cyclohexane have been 
observed by a number of groups at temperatures below 
173°K,2-5 above the phase transition temperature at 
186°K, and in the liquid phase using continuous ir
radiation techniques.6'7 The spectra were all attrib
uted to the cyclohexyl radical formed by the extrac

tion of a hydrogen atom from the cyclohexane ring. 
The principal radiolysis products, hydrogen, bicyclo

(1) Based on work carried out under the auspices of the Ontario 
Cancer Institute, the National Cancer Institute of Canada, and the 
National Research Council of Canada.
(2) B. Smaller and M. S. Matheson, J .  C h em . P h y s ., 28, 1169 (1968).
(3) N. Ya. Cherniak, N. N. Bubnov, L. S. Poliak, Yu. D. Tsvetkov, 
and V. V. Voevodskii, O pt. S p e c try ., 6 , 360 (1959).
(4) P. B. Ayscough and C. Thomson, T r a n s . F a ra d a y  Soc., 58, 1477
(1962) .
(5) K. Leibler and H. Szwarc, J .  C h im . P h y s ., 57, 1109 (1960).
(6 ) N. Ya, Buben, Yu. N. Molin, A. I. Pristupa, and V. N. Shamshev, 
D o k l. A k a d . N a u k  S S S R , 152, 352 (1963).
(7) R. W. Fessenden and R. H. Schuler, J .  Ch em . P h y s ., 39, 2147
(1963) .
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hexyl, and cyclohexene,8,9 were formed in the proper 
proportions and yields to agree with the assignment of 
the cyclohexyl radical as the most important intermedi
ate radiolysis product. Changes in the esr spectra 
have been observed at intermediate temperatures which 
were interpreted in terms of chair-chair interconver
sion of the cyclohexyl ring.6'7

The esr spectra of a number of derivatives of cyclo
hexane have also been studied.8 9 10 11 4 13'10-13 In general, these 
esr spectra show the presence of more than one free- 
radical species. In addition, many of these spectra 
show puzzling changes with temperatures, some re
versible and some irreversible. In one of these deriva
tives, cyclohexanecarboxylic acid (c-CeHnCOOH, ab
breviated as CCA), we have been able to identify most 
of the free radicals which are produced and to under
stand the changes which take place in the esr spectra as 
a function of temperature.

Most of the experiments reported here were for 
irradiations and observations carried out at the inter
mediate temperature of 153°K. Under these condi
tions, the reactions of mobile free radicals such as H- 
and -OH14'15 16 * and also ionic reactions should be com
pleted while the less freely diffusing free radicals con
taining the cyclohexyl ring should be stable. In order 
to check the conclusions from these experiments, an
other set of observations was carried out at liquid 
helium temperature (4°K), and the changes in these 
esr spectra were also followed as the samples were 
warmed.

II. Experimental Section

A. Chemicals. Cyclohexanecarboxylic acid (CCA) 
(Eastman Organic Chemicals) was redistilled three 
times, the middle 40% being collected in each succes
sive distillation. Deuterium-labeled cyclohexanecar
boxylic acid (C5H10CDCOOH, abbreviated as CCA-cii,I_____|
Merck and Co. Ltd., Montreal) was used as obtained 
from the supplier without further purification. Analy
sis of these samples by gas chromatography showed that 
the detectable impurities were less than 0 .1%.

B. Irradiation and Esr Observations at 153°K. The 
samples (1  ml) were placed in a special sealed micro- 
wave cavity and degassed by three cycles of freezing, 
evacuation, and thawing. The system was then pres
surized to slightly over 1 atm by extra high purity 
nitrogen (Ohio Chemical Co.), and the samples were 
irradiated under these conditions.

The 2.6-Mev electron beam from a Van de Graaff 
generator was directed through an axial hole in the esr 
magnet and onto the microwave cavity (Figure 1). 
Using this arrangement, esr spectra could be observed

while the sample was being irradiated. This technique 
also eliminated the problems of extraneous signals from 
the sample holder and of handling the samples at low 
temperatures.

The dose absorbed by the sample was estimated by 
use of a “ perspex” solid state dosimeter developed by 
Boag, et 0Z.,18 and was found to be approximately 50 
krads/sec per /¿a of electron beam. The temperature of 
the sample was controlled by passing cold N2 through a 
brass block attached to the cavity and was held con
stant to ±0.5°Iv by a thermocouple control unit (Ther
movolt Co. Ltd., Toronto) which varied the N2 flow 
rate (Figure 1).

The esr spectrometer was a conventional instrument 
operating at about 9.2 GHz at a microwave power level 
of about 1 mw, and employing magnetic field modula
tion and phase sensitive detection at 450 kHz. The 
first derivative of the absorption signal was recorded. 
The 7-in. magnet (Harvey Wells Corp.) was provided 
with a 3/ 8-im axial hole through the pole face. A pair 
of 0.005 X 0.5 in. o.d. soft iron shims was used to com
pensate for the magnetic field distortion due to the 
axial holes. With these shims in place, the field was 
homogeneous to better than 0 .1 gauss over the sample 
volume. The spectroscopic splitting factors, g, and 
the hyperfine splitting constants were determined by 
making precise measurements of the magnetic field and 
microwave frequency. The magnetic field was mea
sured by a nuclear magnetic resonance (nmr) probe 
located beside the esr cavity (Figure 1), and the reso
nance frequency was determined by a Hewlett-Packard 
5245A frequency meter to an accuracy of better than 1 

part in 105. A small correction (0.18%) was made 
for the difference between the magnetic field at this 
position and the sample. This correction factor was 
obtained by measuring the magnetic field with the nmr 
probe positioned in an empty cavity. The microwave 
frequency was measured to the same precision as the 
magnetic field (1 part in 105) using a Dymec (Hewlett-

(8 ) P. J. Dyne and J. A. Stone, Can. J. Chem., 39, 2381 (1961).
(9) L. J. Forrestal and W. H. Hamill, J. Am. Chem. Soc., 83, 1535 
(1961).
(10) Yu. D. Tsvetkov, J. R. Rowlands, and D. H. Whiffin, J. Chem. 
Soc., 810 (1964).
(11) K. Leibler, J. Chim. Phys., 57, 111 (1960).
(12) T. Ohmae, S. Ohnishe, H. Sakurae, and I. Nitta, J. Chem. 
Phys., 42, 4053 (1965).
(13) W. B. Sampson, unpublished Ph.D. Thesis, University of 
Toronto, 1962.
(14) L. H. Piette, R. C. Rempel, H. E. Weaver, and J. M. Flournoy, 
J. Chem. Phys., 30, 1623 (1959).
(15) J. Kroh, B. C. Green, and J. W. T. Spinks, Can. J. Chem., 40, 
413 (1962).
(16) J. W. Boag, G. W. Dolphin, and J. Rotblat, Radiation Res., 9,
989 (1958).
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L----------------1

Figure 1. Schematic diagram of the apparatus used to 
irradiate samples in the esr cavity. Features indicated are:
A, esr magnet pole faces; B, sealed esr cavity, Hoi» mode 
having a 0.010 in. electron entrance window, and 
accommodating a 1-cm3 sample in the bottom; C, cooling 
block; D, expanded polystyrene insulation; E, liquid nitrogen 
reservoir; F, heat-exchange coil; G, gas flow valve ; H, 
thermocouple control unit; J, soft iron shims; K,
450-Hz magnetic modulation wires; L, beam pipe 
directly connected to Van de Graaff accelerator with a 
0.001-in. brass window at exit; M, nmr probe.

Packard) Dy 2650A oscillator synchronizer modified 
to lock into the microwave frequency. The frequency 
of the primary oscillator of the synchronizer (about 100 

MHz) was measured with the same frequency meter.
C. Esr Observations at 4°K. These experiments 

were carried out with a special low-temperature esr 
spectrometer designed and constructed by H. Box and
H. Freund at the Roswell Park Memorial Institute, 
Buffalo, N. Y. The spectrometer was a superhetero
dyne instrument operating at a frequency of 24.0 GHz 
with a 60-Hz sinusoidal magnetic field sweep and 
using direct detection of the absorption spectrum on an 
oscilloscope display. The noise level was reduced by 
repetitive summation of the spectra on a Varian (TMC) 
computer.

It was not feasible to degas the samples used in these 
experiments, so that some oxygen was present. Pellets 
of the sample were frozen, attached to an insertion rod, 
and lowered into the esr cavity, which was itself im
mersed in liquid helium. The entire esr cavity was then 
irradiated at 4°K  by unfiltered radiation from a 250- 
kv X-ray machine to a dose of approximately 0.5 
Mrad.

I 80 G

Figure 2. Esr spectra of irradiated cyclohexane-carboxylic 
acid at various temperatures. The sample was irradiated with 
a single dose (about 1 Mrad) at 153°K. It  should be noted 
that the relative gains of these spectra were different.

III. Results and Discussion

A. Esr Spectra of Irradiated Cyclohexanecarboxylic 
Acid. 1. Esr Spectrum—Irradiation at 158°K. The 
esr spectrum in Figure 2a was obtained when cyclo
hexanecarboxylic acid was irradiated at 153° K  to a 
dose of about 1 Mrad. At this temperature, the com
plex asymmetrical spectrum observed suggested that a 
mixture of different radical species was present, but the 
poor resolution made it very difficult to identify these 
radicals until experiments had been carried out. A 
similar spectrum was observed for irradiations at 138° K.

2. Effect of Temperature. Both reversible and ir
reversible changes were observed in the structure of the 
esr spectrum shown in Figure 2a upon warming and 
recooling the sample. These changes have been uti
lized in identifying the free radicals and in studying their 
possible reaction schemes.

The changes in the spectra when the sample tem
perature was raised slowly from 153 to 263°K are shown 
in Figure 2b-h. The initial asymmetrical spectrum 
observed at 153°K gradually changed into a sym
metrical one when the temperature reached about 
176°K. On increasing the sample temperature fur
ther, some of the lines were observed to broaden and to 
decay. At 258°K (Figure 2f), two new lines were de
tected between the broadened lines. The spectra at 
temperatures above 258° K consisted of five well-re
solved lines (Figure 2g and h ).
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Esr Spectra of Cyclohexanecarboxylic Acid 3181

Figure 3. Variation with temperature of the esr spectra 
of the cyclohexylcarboxylic acid radicals. It  should be 
noted that the relative gains of these spectra were 
different. These spectra were obtained after the sample had 
been irradiated at 153°K and annealed at about 253°K.

Figure 4. Esr spectra of irradiated cyclohexane-carboxylic 
acid-di at various temperatures. The sample was 
irradiated with a single dose (about I  Mrad) at 153°K.

When the sample was recooled to 153°K, a sym
metrical nine-line spectrum was observed (Figure 2i) 
which had an intensity distribution of approximately 
1 :2 :1 ; 2 :4 :2 ; 1 : 2 : 1 . It should be noted that this 
spectrum was very different from the one initially ob
served (Figure 2a).

When the temperature of this “ heat-annealed” 
sample was again increased gradually up to 188°K, 
there were no significant changes in the spectrum (Fig
ure 3). Above 188°K, some of the lines broadened and 
disappeared completely, so that at 228 °K  only three 
lines with an intensity distribution of 1:4:1 were seen 
(Figure 3b-d). As the temperature was increased 
further, two new lines were detected which sharpened 
and grew in amplitude (Figure 3e-h). At 303°K, a 
spectrum containing five narrow lines with an intensity 
distribution of approximately 1 :4 :6 :4 :1  was seen 
(Figure 3h).

Upon further cycles of warming and cooling, the 
changes in the spectra were identical with those shown 
in Figure 3, and there was little decay in the signal 
amplitude. However, when the temperature ap
proached the melting point of CCA (304° K), the signal 
decayed very rapidly.

The observed hyperfine splittings, intensity dis
tributions, and spectroscopic splitting factors of these 
spectra are summarized in Table I.

B. Esr Spectra of Irradiated Deuterium-Labeled

Cyclohexanecarboxylic Acid. In order to help identify 
the radicals which were present initially, a sample was 
studied in which the hydrogen on the carbon adjacent 
to the carboxyl group was replaced by deuterium.

1. Esr Spectrum—Irradiation at 153°K. A  sample 
of deuterium-labeled CCA (CCA-di) was irradiated at 
153°K. The initial esr spectrum observed at this 
temperature is shown in Figure 4a. It consists of a 
slightly asymmetric, unresolved triplet which again 
suggests the presence of a mixture of radicals. This 
spectrum, however, is different from that of irradiated 
CCA, both in its over-all hyperfine splitting and struc
ture. This implies that the unpaired electrons in the 
free radicals initially observed at 153°K interact 
strongly with the proton (or deuteron in CCA-di) on 
the carbon adjacent to the carboxyl group.

2. Effect of Temperature. When the temperature 
of the sample was gradually increased, changes in the 
esr spectra occurred above 193° K which were similar 
to those observed in irradiated CCA (Figure 4c-i). 
The spectrum observed at 298°K  (Figure 4h) was in
distinguishable from that of the CCA at the same tem
perature, and on the second and subsequent cycles of 
warming and cooling, the changes were characteristic 
of those observed in CCA.

C. Analysis of Spectra and Identification of Free 
Radicals. 1. Stable Radical. After the warming and 
cooling cycle, the nine-line spectrum observed at 153°K 
had hyperfine splittings of 37 and 5 gauss which
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CHANGE IN CYCLOHEXYLCABOXYLIC ACID 
RADICAL SPECTRA WITH TEMPERATURE

High Temp. 

I

\ Intermediate Temp.

\\ Low Temp.

rrijii 'I  "I 'I 
m t̂ 'I  0 +l

O O O  
-I 0 6 -I 0 +l

Figure 5. Theoretical changes in the esr spectra of the 
cyclohexylcarboxylic acid radical as a function of temperature. 
The symbols m ta and mpi represent the magnetic spin 
quantum numbers of the strong and weak interacting pair 
of 0 protons, respectively. At low rates of inversion, the 
spectrum consists of nine lines which are due to the 
interaction of the unpaired electron with the weak and 
strong interacting pairs of protons (bottom spectrum). When 
the rate of inversion approaches the hyperfine splitting 
frequency (middle spectrum), only the lines for which the spin 
quantum numbers remain unchanged are seen. At inversion 
rates much higher than the hyperfine splitting frequency, 
all four 0 protons appear to be equivalent and five lines in the 
intensity distribution of 1:4 :6 :4 :1  are observed (upper spectrum).

c o r r e s p o n d  c lo s e ly  t o  th e  0  p r o t o n  s p lit t in g s  o f  th e  
c y c lo h e x y l  r a d ic a l (T a b le  I ) .  I n  a d d it io n , th e  in te n s ity  
d is t r ib u t io n  o f  th e s e  lin es  ( 1 : 2 : 1 ;  2 : 4 : 2 ;  1 : 2 : 1 )  su g 
g e s ts  th a t  th e  u n p a ire d  e le c t r o n  in  th is  r a d ic a l in te r 
a c ts  w ith  t w o  p a ir s  o f  e q u iv a le n t  /3 p r o to n s , a n d  w it h  n o  
a p r o t o n . T h e  p r o b a b le  fo r m  o f  th is  ra d ic a l is  th e  
c y c lo h e x y lc a r b o x y l ic  a c id  fr e e  r a d ica l (a b b r e v ia te d  as 
C C A  ra d ic a l)  fo r m e d  b y  th e  r e m o v a l o f  th e  h y d r o g e n  
o n  th e  c a r b o n  a d ja c e n t  t o  th e  c a r b o x y l  g r o u p .

T h is  p r e lim in a r y  id e n t i f ic a t io n  is c o n fir m e d  b y  a  d e 
ta i le d  e x a m in a t io n  o f  th e  ch a n g e s  in  th e  s p e c tr a  w h e n  
th e  te m p e r a tu r e  w a s  v a r ie d . I n  F ig u r e  5 , th e  b o t t o m  
s p e c t r u m  sh o w s  th e  th e o r e t ic a l  h y p e r fin e  s p lit t in g s  a n d  
in te n s ity  d is t r ib u t io n s  fo r  a n  u n p a ire d  e le c t r o n  in te r 
a c t in g  s t r o n g ly  w ith  t w o  e q u iv a le n t  p p r o to n s , a n d  
w e a k ly  w ith  t w o  o th e rs . U p o n  c h a ir -c h a ir  in te r c o n 
v e r s io n  o f  th e  c y c lo h e x y l  r in g , th e  tw o  p a ir s  o f  p p r o 
to n s  w ith  s p in  q u a n tu m  n u m b e rs  a n d  mp w o u ld  b e  
in te r c h a n g e d . T h e  t w o  o u ts id e  lin es  a n d  th e  ce n tra l 
lin e  a re  in v a r ia n t  o n  th is  in te r ch a n g e , w h ile  th e  r e s o 

n a n ce  fie ld  o f  th e  o th e rs  w o u ld  b e  s h ifte d . A t  in te r 
m e d ia te  ra te s  o f  in te r c o n v e r s io n , th e se  lin es  w o u ld  
b r o a d e n  a n d  m o v e  to w a r d  th e ir  in v e rse  lin e , s o  th a t  
o n ly  th re e  lin es  w ith  a n  in te n s ity  d is t r ib u t io n  o f  1 :4 :1  
w o u ld  b e  o b s e r v e d . A t  h ig h e r  te m p e ra tu re s , w h e re  
th e  ra te  o f  in te r c o n v e r s io n  w o u ld  b e  m u c h  g re a te r  
th a n  th e  h y p e r fin e  s p lit t in g  f r e q u e n c y 17 ( > 1 0 8  c s ) ,  
th e  b r o a d e n e d  lin es  w o u ld  th e n  co a le s c e . I f  th e  p o p u 
la t io n s  in  th e  t w o  co n fig u r a t io n s  w e re  th e  sa m e , a  f iv e -  
lin e  s p e c tr u m  h a v in g  e q u a l h y p e r fin e  sp lit t in g s  a n d  a n  
in te n s ity  d is t r ib u t io n  o f  1 : 4 : 6 : 4 : 1  sh o u ld  b e  o b s e r v e d .

T h e  b e h a v io r  o f  th e  esr  sp e c tra  o f  th e  fr e e  ra d ica ls  
w h ic h  w e re  s ta b le  u p o n  h e a t  a n n e a lin g  c o m p le t e ly  
fo l lo w s  th is  th e o r e t ic a l v a r ia t io n  a n d  s u p p o r ts  th e  
in it ia l id e n t if ic a t io n  o f  th e  C C A  ra d ica ls . T h is  is  a lso  
c o n fir m e d  b y  th e  id e n t ic a l sp e c tr a  o b s e r v e d  f r o m  a n 
n e a le d  sa m p le s  o f  C C A  a n d  C C A -if i .

S u c h  a n  id e n t if ic a t io n  o f  th e  C C A  r a d ica l is  in  a g re e 
m e n t  w ith  th e  o b s e r v a t io n s  m a d e  in  o th e r  o r g a n ic  a c id s  
b y  a n u m b e r  o f  w o rk e rs . M o s t  o f  th e s e  h a v e  b e e n  
d is cu s s e d  in  th e  r e v ie w  b y  M a t h e s o n . 18 O n e  v e r y  
in te re s t in g  r e p o r t  h a s  b e e n  p u b lis h e d  b y  Z h id o m ir o v  
a n d  T s v e t k o v , 1 9  w h o  d is cu sse d  s im ila r  in te r  c o n v e r s io n s  
in  th e  fr e e  r a d ica ls  fo r m e d  b y  th e  ir r a d ia t io n  o f  a n u m 
b e r  o f  s o d iu m  sa lts  o f  a l ic y c l ic  h y d r o c a r b o n s . I n  a ll 
ca se s , th e  sa m e  c o n c lu s io n s  w e re  d ra w n  re g a r d in g  th e  
s ta b le  ra d ic a l sp e c ie s  p r o d u c e d , b u t  fr e e  r a d ica ls  f r o m  
th e  s o d iu m  sa lt  o f  c y c lo h e x a n e -c a r b o x y l i c  a c id  d id  n o t  
s h o w  a n y  in d ic a t io n  o f  th is  r a p id  in te r c o n v e r s io n .

2. Synthesis of the Initial Spectra. A lt h o u g h  th e  
in it ia l e s r  s p e c t r u m  o f  C C A  ir r a d ia te d  a t  2 5 3 ° K  (F ig u r e  
6 a ) is  p o o r ly  r e s o lv e d , a ca r e fu l e x a m in a t io n  r e v e a ls  
th a t  s o m e  o f  th e  lin es  in  th is  s p e c tr u m  o c c u p y  th e  sa m e  
p o s it io n  as s o m e  o f  th e  lin es  o f  th e  c y c lo h e x y l  a n d  C C A  
r a d ic a l s p e c tr a  (F ig u r e  6 b , c ) .  I t  is  seen  in  th e  in itia l 
C C A -d i  s p e c tr u m  a t  2 5 3 ° K  th a t  th e  lin es  c o r r e s p o n d in g  
t o  th e  c y c lo h e x y l  ra d ic a l s p e c tr u m  a re  r e p la c e d  b y  a 
b r o a d  tr ip le t  h a v in g  a h y p e r fin e  s p lit t in g  o f  a b o u t  4 0  
g a u ss . T h is  s p li t t in g  is s im ila r  t o  th e  P s p li t t in g  in  th e  
c y c lo h e x y l  ra d ica l. S u ch  a c h a n g e  in  th e  s p e c t r u m

(17) The rate of intereonversion was calculated from the changes of 
the width of the noninvariant lines and also from the amplitude of 
these lines using a procedure similar to that of Ogawa and Fessenden 
and the basic formulations of J. A. Pople, W. C. Schneider, and H. L. 
Bernstein, “ High-Resolution Nuclear Magnetic Resonance,”  Mc
Graw-Hill Book Co., Inc., New York, N. Y., 1959. The inter
conversion rate fitted well to a simple Arrhenius type plot over the 
range in which it could be determined accurately (230 to 300 °K), 
and showed a variation with temperature of the form vt =  6.99 X 
10u exp( —3.4 X 103/ R T ). The enthalpy of activation of 3.4 kcal/ 
mole indicated by these results is much lower than the value of 9.1 
kcal/mole for intereonversion of cyclohexane, but it is in reasonable 
agreement with the value of 4.9 kcal/mole observed for the cyclohexyl 
free radical (see ref 21 in next section).
(18) M. S. Matheson, A n n . Rev. P h ys . Chern., 13, 77 (1962).
(19) G. M. Zhidomirov and Yu. D. Tsvetkov, Opt. i  Spectroakopiya , 
8, 67 (1964).
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Figure 6. Synthesis of the initial esr spectrum 
of cyclohexanecarboxylic acid irradiated and observed 
at 153°K. See text for details.

c o u ld  b e  o b s e r v e d  o n ly  i f  th e  p r in c ip a l sp e c ie s  a t  th is  
te m p e r a tu r e  w a s  fo r m e d  b y  th e  r e m o v a l o f  th e  ca r 
b o x y l  g r o u p , r e su lt in g  in  th e  fre e  ra d ica l C 6H i0C D

i______ i

w h ich  sh o u ld  h a v e  a th re e -lin e  s p e c tr u m  w ith  a h y p e r -  
fin e  s p lit t in g  o f  a b o u t  41 g a u ss  a n d  in te n s ity  d is t r ib u 
t io n  o f  1 :2 : 1 .  I t  w o u ld  a p p e a r , th e re fo re , th a t  th e  
s p e c tr u m  o f  fr e e  r a d ica ls  p re s e n t  a t 253  ° K  m ig h t  b e  
th a t  o f  c y c lo h e x y l  ra d ica ls  u p o n  w h ic h  th e  sp e c tr a  o f  
o n e  o r  m o r e  o th e r  ra d ica ls  w e re  su p e r im p o se d .

A n  a t te m p t  w a s  m a d e  t o  s y n th e s iz e  th e  in it ia l C C A  
s p e c tru m  a t 25 3  ° K  b y  su p e r im p o s in g  th e  s p e c tr u m  o f  
th e  C C A  ra d ica l o n  th a t  o f  th e  c y c lo h e x y l  r a d ica l w ith  
th e  c e n te r  o f  th e  fo r m e r  s h ifte d  a b o u t  0 .5  g a u ss  to w a r d  
th e  h ig h  m a g n e t ic  fie ld  (F ig u r e  6 e) t o  a llo w  fo r  th e  
d iffe re n ce s  in  s p e c t r o s c o p ic  s p lit t in g  fa c t o r  (T a b le  I ) .  
T h e  c a lc u la te d  s p e c tr u m  a g rees  w e ll w ith  th e  o b s e r v e d  
o n e  in  th e  o u te r  lin es , b u t  d id  n o t  fit  w e ll  in  th e  c e n tr a l 
r e g io n . T h e r e fo r e , a  s in g le t w ith  a  lin e  w id th  o f  15 
g a u ss  (F ig u r e  6 d ) a n d  th e  sa m e  g v a lu e  as th e  C C A  
ra d ica l w a s  a d d e d  t o  th e  c o m p o s ite  s p e c tr u m . T h e  
re la t iv e  in te n s ity  o f  th e s e  sp e c tr a  (r e la t iv e  y ie ld  o f  th e  
ra d ica ls ) is  a b o u t  2 (C C A  r a d ic a ls ) : 3 (s in g le t ) ^ ( c y c l o -  
h e x y l r a d ic a ls ) . T h e  re su lt in g  s p e c tru m  (F ig u r e  6 f )  
is v e r y  s im ila r  t o  th e  o n e  o r ig in a lly  o b s e r v e d  (F ig u re  
6 a ).

T h e  in it ia l C C A -ch  s p e c tr u m  a t  2 5 3 ° K  c o u ld  a lso  b e

Figure 7. Synthesis of the initial esr spectrum of 
cyclohexanecarboxylic acid-di, irradiated and observed at 
153°K (see text). Spectrum (B) is the theoretical spectrum 
of the C5H10CD radical, (C) is that of the CCA 
radical, and (D ) is that of the unknown singlet.

s y n th e s iz e d  u s in g  th e  sa m e  r a t io  o f  fr e e -r a d ic a l y ie ld s  
b u t  b y  r e p la c in g  th e  c y c lo h e x y l  r a d ica l s p e c tr u m  w ith
o n e  ca lc u la te d  th e o r e t ic a lly  fo r  th e  C 5H i0C D  free

i_____ j

ra d ica l. T h e  n o r m a l c y c lo h e x y l  ra d ic a l s p e c tr u m  at 
2 5 3 ° K  m a y  b e  a c c u r a te ly  s y n th e s iz e d  u s in g  /3 -p roton  
s p lit t in g  o f  41 a n d  5 g a u ss , a n  a -p r o t o n  s p lit t in g  o f  21 
g au ss , a n d  L o r e n tz ia n  lin es  h a v in g  lin e  w id th s  o f  15 
g a u s s . 7 ' 2 0  T h e  sp e c tru m  o f  th e  C 5 H i0C D  ra d ic a l w a s

i______ i

s y n th e s iz e d  u s in g  th e se  v a lu e s , e x c e p t  th a t  th e  n o rm a l 
a -h y d r o g e n  d o u b le t  w a s  re p la c e d  b y  th e  d e u te r iu m  
tr ip le t  w h ic h  h a s  a  s p lit t in g  o f  3 .5  g a u s s 2 1  (F ig u re  7 B ). 
T h e  s y n th e t ic  s p e c tr u m  b e a rs  a v e r y  c lo s e  r e se m b la n ce  
t o  th e  o b s e r v e d  o n e  (F ig u r e  7 A ).

C y c lo h e x y l  ra d ica ls  c o u ld  b e  fo r m e d  b y  th e  r e m o v a l 
o f  th e  c a r b o x y l  g ro u p  fr o m  C C A  m o le cu le s . A  s im ilar  
s p e c tr u m  c o u ld  a lso  b e  o b ta in e d  fo r  ra d ica ls  fo r m e d  b y  
th e  e x tr a c t io n  o f  h y d r o g e n  a to m s  fr o m  th e  C -5  a n d  C -4  
p o s it io n s  a ro u n d  th e  c y c lo h e x y l  r in g . H o w e v e r , s in ce  
th e  s ix -lin e  s p e c tr u m  ch a r a c te r is t ic  o f  th e  n o r m a l c y c lo 
h e x y l r a d ica l w a s  a b se n t in  th e  in it ia l C C A -d i  s p e c tru m  
o b s e r v e d  a t 253  ° K ,  th is  p o s s ib i l i ty  m a y  b e  r u le d  o u t .

(20) P. M. K. Leung, unpublished calculation.
(21) S. Ogawa and R. W. Fessenden, J. Chem. P h ys., 41, 994 (1964).
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Figure 8. Esr spectra of CCA irradiated at 4°K  by 250-kv 
X-rays to a dose of about 0.5 Mrad. A ll spectra were 
observed at 4°K. Spectrum A was obtained without heat 
annealing. The other spectra were observed by annealing the 
sample at: B, 50°K; C, 77°K ; D, 140°K; and E, 293°K.

I t  h a s  n o t  b e e n  p o s s ib le  t o  id e n t i fy  th e  fr e e  ra d ica ls  
r e s p o n s ib le  fo r  th e  b r o a d  s in g le t  esr lin e , b u t  th e  a b 
se n ce  o f  a n y  re s o lv a b le  h y p e r fin e  s p lit t in g  su g g e sts  th a t

t h e y  m ig h t  b e  c -C 6H n C O  o r  c -C e H n C  <5^ ra d ica ls .

T h e  h ig h  y ie ld  o f  H 20  d e t e c t e d 2 2  su g g ests  th a t  a  h y 
d r o x y l  g ro u p  m ig h t  b e  r e m o v e d  a n d  w o u ld  te n d  to  
im p lic a te  th e  fo r m e r  fre e  ra d ica l.

D. Esr Spectra at 4°K . 1. CCA. T h e  esr sp e c tr a  
o f  C C A  ir ra d ia te d  a n d  o b s e r v e d  a t  4 ° K  a re  sh o w n  in  
F ig u r e  8 . A t  th is  te m p e ra tu re  th e  s p e c tru m  a p p ea rs  
t o  b e  p r o d u c e d  b y  a t  lea st th re e  sp e c ie s  w h ic h  g iv e  an  
u n r e s o lv e d  ce n tra l lin e , a n  a s y m m e tr ic a lly  p o s it io n e d  
d o u b le t  w ith  a  s p lit t in g  o f  2 4  gau ss, a n d  a  v e r y  b r o a d  
lin e  w h ic h  e x te n d s  o v e r  a  w id th  o f  a b o u t  160 g au ss  a n d  
ex h ib its  s o m e  u n re s o lv e d  h y p e r fin e  s tru c tu re  (F ig u re  
8 A ) .  A  sea rch  w a s  m a d e  fo r  th e  tw o  w id e ly  se p a 
ra te d  lin es  o f  th e  h y d r o g e n  a to m  (a b o u t  5 0 0  g au ss  
s p lit t in g ) , b u t  t h e y  c o u ld  n o t  b e  d e te c te d . I n  a d d i
t io n , i t  sh o u ld  b e  n o te d  th a t  th e  c h a ra c te r is t ic  s ix - 
lin e  esr sp e c tru m  o f  th e  c y c lo h e x y l  ra d ica l w a s  a b se n t.

T h e  sa m p le  (F ig u re  8 A ) w a s  th e n  a n n e a le d  a t  d if 

Figure 9. Esr spectra of CCA-di irradiated at 4°K by 250-kv 
X-rays to a dose of about 0.5 Mrad. A ll spectra were 
observed at 4°K. Spectrum A, lower curve, was observed 
without heat annealing. In  the upper curve, this spectrum 
has been magnified to show the unresolved structures. 
Spectrum B was obtained after heat annealing to 293°K.

fe r e n t  te m p e ra tu re s  a n d  th e  sp e c tra  w e re  o b s e r v e d  a t 
4 ° K .  N o  ch a n g e  w a s  d e te c te d  in  th e  s p e c tr u m  w h e n  
th e  te m p e r a tu r e  w a s  ra ised  to  a b o u t  5 0 ° K ,  b u t  a fte r  
a n n e a lin g  a t  77  ° K ,  th e  d o u b le t  a n d  th e  b r o a d  lin e  
d isa p p e a re d  a n d  a  tr ip le t  w a s  o b s e r v e d  w h ic h  h a d  a 
h y p e r fin e  s p lit t in g  o f  37 gau ss  (F ig u re  8 C ) .  A t  t e m 
p e ra tu re s  h ig h e r  th a n  7 7 ° K ,  it  w a s  seen  th a t  th e  s in g le t  
d e c a y e d , a n d  fin a lly  a fte r  w a rm in g  t o  r o o m  te m p e r a 
tu re  (2 9 3 ° K )  o n ly  th e  tr ip le t  c o u ld  b e  d e te c te d  (F ig u re  
8 D , E ) .

2. CCA-di. T h e  esr sp e c tr a  o f  C C A -d i  ir ra d ia te d  a t 
4 ° K  a re  s h o w n  in  F ig u re  9 . A t  4 ° K ,  th e  esr s p e c 
tru m  c o n s is te d  o f  a  s in g le  u n re s o lv e d  lin e  a n d  th e  sa m e 
b r o a d  u n re s o lv e d  s tru c tu re s  seen  in  C C A  (F ig u r e  9 A ) . 
T h e  d o u b le t  o b s e r v e d  in  C C A  w as n o t  seen  in  th e  
C C A -d i  s h o w in g  th a t  th e  ra d ica l o r  io n  re sp o n s ib le  
f o r  it  h a d  a  s tr o n g  in te r a c t io n  w ith  th e  h y d r o g e n  (o r  th e  
d e u te r iu m  in  C C A -d i)  a t  th e  c a r b o n  a to m  a d ja c e n t  to  
th e  c a r b o x y l  g ro u p .

I n  th e  u p p e r  s p e c tru m  in  F ig u r e  9 A , th e  u n r e s o lv e d  
stru ctu re s  a re  s h o w n  in  a  m a g n ifie d  fo r m . I t  c a n  b e  
seen  th a t  th ese  s tru ctu re s  c o n ta in  a t  le a s t  s ix  lin es  w i t h

(22) P. M. K. Leung and J. W. Hunt, “ Free Radical and Radiation 
Product Yields in Irradiated Cyclohexanecarboxylic Acid,” in prep
aration.
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o th e r  lines p r o b a b ly  b e in g  m a sk e d  b y  th e  ce n tra l lines 
o f  th e  sp e ctru m .

W h e n  th e  ir ra d ia te d  sa m p le  w a s  a n n ea led  a t h ig h er  
te m p e ra tu re  ( 2 9 3 ° K ) ,  a  tr ip le t  w a s  o b s e r v e d  w h ic h  w a s  
id e n t ica l w ith  th e  o n e  seen  in  C C A  (F ig u re  9 B ) . I n  
a d d it io n , a n  u n k n o w n  lin e  w a s  a lso  d e te c te d  w h ic h  w a s  
n o t  seen  in  C C A . T h is  a d d it io n a l sp e c tru m  c o u ld  b e  
d u e  to  s o m e  im p u r ity  su ch  as o x y g e n  w h ich  w a s  p re se n t 
in  th e  C C A -d i  sa m p le .

3. Identification of Intermediate Species. S in ce  th e  
d o u b le t  o f  s ig n a l o b s e r v e d  in  n o rm a l C C A  w a s  a b se n t 
in  th e  C C A -d i  esr sp e c tru m , th e re  w a s  o b v io u s ly  a 
s tr o n g  in te r a c t io n  w ith  th e  h y d r o g e n  o n  th e  c a r b o n  
a d ja c e n t  to  th e  c a r b o x y l  g r o u p . T h is  su g g ests  th a t  th e  
u n p a ire d  e le c tr o n  w a s  lo c a te d  o n  th e  c a r b o n  o f  th e  
c a r b o x y l  g r o u p , a n d  is c o m p le te ly  c o n s is te n t  w ith  a

ra d ica l io n  o f  th e  fo r m , c - Ck Hn — wh i c h  h a d
UJci

b e e n  id e n t ifie d  in  ir ra d ia te d  s in g le  c ry s ta ls  o f  su c c in ic
a c id . 2 3

T h e  s in g le t  in  th is  sp e c tru m  h a s  th e  sa m e  g v a lu e  
(2 .0 0 3 0  ±  0 .0 0 0 5 ) a n d  w id th  as th e  s in g le t o b s e r v e d  
w h e n  C C A  w a s  ir ra d ia te d  a t 2 5 3 ° K , a n d  is  p o s s ib ly  
th e  c-C 6H i i C = 0  ra d ica l. H o w e v e r , th e  h y d r o x y l  
ra d ica l ( - O H ) ,  w h ic h  m ig h t  b e  e x p e c te d  if th is  ra d ica l 
w e re  fo r m e d  d ir e c t ly , w a s  n o t  o b s e r v e d  b u t  m ig h t  h a v e  
b e e n  re sp o n s ib le  f o r  p a r t  o f  th e  u n re s o lv e d  stru ctu re s  
in  th e  o r ig in a l lo w -te m p e r a tu r e  esr sp e ctru m .

T h e  tr ip le t  o b s e r v e d  a fte r  th e  sa m p le  h a d  b e e n  a n 
n ea led  a t  h ig h e r  te m p e ra tu re s  (F ig u re  9 E ) w a s  th a t  
o f  th e  C C A  ra d ica ls . T h e  s p lit t in g  o f  37 g a u ss  agrees  
w ith  th e  v a lu e  p r e v io u s ly  o b s e r v e d . T h e  5 -g a u ss  8 2  

p r o to n  s p lit t in g  c o u ld  n o t  b e  r e s o lv e d  a t th is  te m p e ra 
tu re .

T h e  b r o a d  s p e c tru m  w h o s e  s tru c tu re  w a s  p a r t ia lly  
r e s o lv e d  in  th e  d e u te r a te d  c o m p o u n d  (F ig u re  9 ) c o u ld  
n o t  b e  id e n tifie d . B e ca u s e  th is  sp e c tru m  a n d  th a t  o f  
th e  n e g a t iv e  io n  b o t h  d isa p p e a re d  in  th e  sa m e  lo w - 
te m p e ra tu re  ra n ge , it  is  p o ss ib le  th a t  th is  is th e  p o s it iv e  
io n  in it ia lly  p r o d u c e d  b y  th e  io n iz a t io n  o f  th e  C C A .

I t  sh o u ld  b e  s tressed  th a t  n o  c y c lo h e x y l  ra d ica ls  c o u ld  
b e  seen  in  th e  sp e c tra , e v e n  a fte r  th e  sa m p le  h a d  b een  
w a rm e d  to  1 4 0 ° K . W h e n  irra d ia tio n s  w e re  ca rr ied  o u t  
a t th is  te m p e ra tu re , a  h ig h  y ie ld  o f  s ta b le  c y c lo h e x y l  
ra d ica ls  w a s  o b s e r v e d , as d iscu sse d  in  s e c t io n  C .

E. Intermediate Reactions. T h e  ch a n g e s  o f  th e  esr 
sp e ctra , b o th  as a  fu n c t io n  o f  ir ra d ia tio n  te m p e ra tu re  
a n d  d u r in g  h e a t  a n n e a lin g , m a y  b e  u sed  to  d e d u c e  s o m e  
te n ta t iv e  s ch e m e s  fo r  th e  fo r m a t io n  a n d  r e a c t io n  o f  th e  
in te rm e d ia te  r a d ia t io n  p r o d u c ts .

T h e  sp e c tra  o b s e r v e d  a t  4 ° K  sh o w  th a t  th e  in it ia l 
re a ctio n s  a t th is  te m p e ra tu re  are  p r o b a b ly

c-C 6 H „ C O O H  «»-*■ c -C 6H n C O O H +  +  e -  (1 )

0 -

e -  +  c -C e H u C O O H  — ► c -C .H u —  C  ( 2 )

\
O H

w h e re  th e  e le c tr o n  c a p tu r e  (r e a c t io n  2 ) g iv e s  th e  n eg a 
t iv e  ra d ica l io n  a n d  th e  p o s it iv e  io n  m a y  b e  r e s p o n 
s ib le  fo r  th e  b r o a d  esr s p e c tr u m  w h ic h  w a s  o b s e r v e d . 
I f  th ese  re a c t io n s  w e re  c o r r e c t , th e  s in g le  lin e  m ig h t  b e  
fo r m e d  b y  th e  d ir e c t  d is s o c ia t io n  o f  a  h y d r o x y l  ra d ica l 
fr o m  th e  C C A  m o le cu le

c - C e H u C O O H - ^  c -C e H u C O  +  -O H  (3 )

A lte r n a t iv e ly , a  p r o t o n  tra n s fe r  m a y  ta k e  p la ce  fr o m  
th e  p o s it iv e  io n  t o  a  n e ig h b o r in g  m o le c u le

c -C e H u C O O H  + +  c -C s H u C O O H  — ►

O

c-C e H n C  +  (c -C e H u C O O H ) H +  (4 )

\
O -

S u ch  a  re a c t io n  s ch e m e  c o u ld  a c c o u n t  fo r  a ll th e  sp ecies  
o b s e r v e d  a t lo w  te m p e ra tu re . T h e  c o n c u r r e n t  d isa p 
p e a ra n ce  o f  th e  io n s  o n  w a r m in g  a n d  g r o w t h  o f  C C A  
ra d ica l sp e ctra  im p ly  th a t  ch a rg e  n e u tra liza t io n  rea c
t io n s  are  o c cu rr in g .

T h e  o v e r -a ll  r e a c t io n  w o u ld  a p p e a r  t o  b e

0 -

. /
c-C 6H iiC  +  p o s it iv e  io n  — >

\
O H

H - +  C 5 H 11C C O O H  +  n e u tra l m o le c u le  (5 )
1______ 1

T h e  m e ch a n ism  o f  th is  r e a c t io n  is  o b s c u r e d  b y  th e  
u n c e r ta in ty  in  th e  in it ia l re a c tio n s , b u t  m ig h t  b e  fo r m e d  
d u r in g  th e  n e u tra liza t io n  b y  th e  p o s it iv e  io n s  fo r m e d  
b y  re a c t io n s  1 o r  4 .

c -C 6H n C O O H +  +  e -  — ►

c-CeHuCOOH * * —^  C6H10CCOOH +  H- (6)

a n d  th e  e x tr a c t io n , b y  th e  h y d r o g e n  a to m , o f  a  h y d r o 
gen  fr o m  a n e ig h b o r in g  C C A  m o le c u le .

H -  +  c -C e H u C O O H  — >  C 6H 10C C O O H  +  H 2  (7 )
1_____ _j

(23) H. C. Box, H. G. Freund, and K. T. Lilga, J ■ Chem. P h ys., 42, 
1471 (1965).
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S in ce  r e a c t io n  7 req u ires  a p p r o x im a te ly  7 k c a l /m o le ,  
th is  r e a c t io n  w o u ld  b e  fa v o r e d  if  a  “ h o t ”  H  a to m  w e re  
in v o lv e d .24’25

A t  in te rm e d ia te  ir ra d ia tio n  te m p e ra tu re s  (a ro u n d  
1 5 3 ° K ) ,  a  th ird  te m p e r a tu r e -d e p e n d e n t  p ro ce s s  in 
v o lv e d  in  th e  fo r m a t io n  o f  c y c lo h e x y l  fre e  ra d ica ls  
m u s t  b e  co n s id e re d . T h is  r e a c t io n  m a y  b e

C -C eH n C O O H  — >  c -C e H n C O O H *  (8 )

— > c-C 6H „ -  +  C 0 2 +  H -

W h ile  o th e r  re a c t io n  sch em es  m a y  b e  su g g e ste d  to  
a c c o u n t  fo r  th e  fo r m a t io n  o f  th e  c y c lo h e x y l  ra d ica ls , 
th is  m e ch a n ism  is in  g o o d  a g re e m e n t w ith  th e  o b s e r v a 
t io n  o f  a  h ig h  p r o d u c t  y ie ld  o f  C 0 2 a n d  H 2 a n d  th e  lo w  
y ie ld  o f  fo r m ic  a c id  a n d  C O  in  th e  ir ra d ia te d  C C A .22

A t  h ig h e r  tem p e ra tu re s , th e  ch a n g e s  in  th e  esr s p e c 
tr u m  w e re  d u e  to  a c o m b in a t io n  o f  fr e e -ra d ica l r e a c t io n s  
a n d  ch a n g e s  in  th e  c o n fig u r a t io n  o f  th e  m o le cu le . I n  
F ig u r e  2, it  m a y  b e  seen  th a t  th e  s ix -lin e  c y c lo h e x y l  
r a d ica l sp e c tru m  d e c a y e d  as th e  sa m p le  w a s  w a rm e d , 
d isa p p e a re d  c o m p le te ly  a t  a b o u t  1 9 3 ° K , a n d  w a s  n o t  
o b s e r v e d  o n  fu r th e r  te m p e ra tu re  c y c l in g . T h e  C C A  
ra d ica l sp e c tru m  a fte r  w a rm in g  a n d  c o o lin g  w a s  fo u n d  
t o  c o n ta in  4 0  ±  5 %  (5 0  ±  5 %  in  C C A -d ,)  as m a n y  
ra d ica ls  as w e re  p re se n t in  th e  in itia l lo w -te m p e r a tu r e  
s p e c t r u m .26 H o w e v e r , f r o m  th e  sy n th e s is  o f  t e m 
p e ra tu re  sp e c tru m , th e  C C A  ra d ica l fr a c t io n  w a s  n o t  
m o r e  th a n  2 0 %  o f  th e  to t a l  y ie ld . T h e  t w o fo ld  in 
crea se  o f  C C A  ra d ica ls  c o u ld  m o s t  l ik e ly  o c c u r  b y  a 
r a d ica l r e a c t io n  w ith  th e  p a re n t  C C A  m o le cu le s . T h e  
fr e e  ra d ica ls  w h ic h  m ig h t  ta k e  p a r t  in  th e  r e a c t io n  c o u ld

b e  c -C eH n  •, o r  th e  ra d ica l r e sp o n s ib le  fo r  th e  s in g le t 
sp e c tru m . F r o m  th e  ch a n g es  o f  th e  esr s p e c tra , it  w a s  
o b s e r v e d  th a t  th e  s in g le t lin e  d id  n o t  d e c a y  a p p r e c ia b ly  
u n t il th e  te m p e ra tu re  re a ch e d  2 4 3 ° K . M o r e o v e r ,  th e  
in te n s ity  o f  th e  C C A  ra d ica l s ig n a l d id  n o t  se e m  to  
in crea se  w h e n  th e  te m p e ra tu re  w a s  in cre a se d  a b o v e  
1 9 8 ° K .  T h is  su g g ests  th a t  a b o u t  h a lf o f  th e  C C A  r a d i
ca ls  in  th e  a n n ea led  sp e c tra  w ere  fo r m e d  b y  th e  r e a c 
t io n

c-CsTFn • +  C C A  — >  c-C 6H 12 +  C 6H 10C C O O H  (9 )
i______ i

T h is  r e a c t io n  is su p p o r te d  b y  th e  o b s e r v a t io n  o f  c y c lo 
h e x a n e  as a n  im p o r ta n t  ra d io ly s is  p r o d u c t .22'27
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Solutions of N-Substituted Amino Acids. II. 

N-Ethyl-N-Phenyl-/3-Aminopropionic Acid as a Probe of 

Hydrogen-Bonding Basicities

by Charles P. Nash, Dennis K. Fujita, and Ernelyne D. Retherford

Departm ent o f  C hem istry, U niversity o f  C alifornia, Davis, C aliforn ia  95616  (R eceived J anu ary 23 , 1967)

R e la t iv e  fr e e  en erg ies  a n d  e n th a lp ie s  o f  fo r m a t io n  o f  1 :1  co m p le x e s  b e tw e e n  N -e t h y l -  
N -p h e n y l- /3 -a la n in e  a n d  v a r io u s  a c c e p to r  b a ses  h a v e  b e e n  d e te r m in e d  b y  a  s p e c t r o p h o t o -  
m e tr ic  m e t h o d . R e p r e s e n t a t iv e  e th ers , k e to n e s , su lfid es , a n d  n itr ile s  h a v e  b e e n  s tu d ie d , 
as w e ll as m e th a n o l a n d  e th a n o l, w h ic h  h ere  fu n c t io n  as H -b o n d  a c c e p to r s . A  m e t h o d  is 
in d ic a te d  b y  w h ich  a b s o lu te  ch a n g e s  in  th e  th e r m o d y n a m ic  fu n c t io n s  m a y  a lso  b e  e s t i
m a te d .

Introduction

V e r y  r e ce n t ly , D r a g o , etal., h a v e  e m p lo y e d  m e th y le n e  
c h lo r id e  as a  s o lv e n t  in  n m r  stu d ies  o f  h y d r o g e n  b o n d in g  
b y  p h e n o l1 a n d  c o m p le x  fo r m a t io n  b y  io d in e .2 T h e s e  
p a p ers  h a v e  p r o m p te d  u s  to  re p o r t  th e  resu lts  o f  s o m e  
h y d r o g e n -b o n d in g  s tu d ies  w e  h a v e  m a d e  in  th is  sa m e  
m e d iu m .

T h e  first p a p e r  in  th is  series su g g ested  th e  im p o r ta n c e  
o f  a  s tu d y  o f  th e  e f fe c t  o f  s o lv e n t  o n  th e  ta u to m e r ic  
e q u ilib r iu m  b e tw e e n  an  a m in o  a c id  a n d  its  d ip o la r -io n  
is o m e r .3 T h e  m o le c u le  N -e th y l-N -p h e n y l- /3 -a la n in e  
(E P B A )  seem ed  a  lik e ly  p r o s p e c t  f o r  su ch  a  s tu d y . 
N -A lk y la te d  a r o m a t ic  a m in es  d is p la y  an  in te n se  a b 
s o rp t io n  b a n d  n e a r  260  m,u w h ic h  is a t t r ib u te d  to  an  
in te ra c t io n  b e tw e e n  th e  lo n e  p a ir  o f  e le c tro n s  o n  n itr o 
g e n  a n d  th e  tv e le c tro n s  o f  th e  b e n z e n e  r in g .4 5 W h e n  th e  
n itro g e n  is  p r o to n a te d , th e  2 6 0 -n p i b a n d  d isa p p e a rs .6 
T h u s , if  ta u to m e r ism  o f  E P B A  o c c u r r e d , o n e  w o u ld  
e x p e c t  th e  a b s o r b a n c e  a t  26 0  mp t o  b e  m u c h  h ig h e r  in  
c a r b o n  te t r a c h lo r id e  so lu t io n  th a n  in  a c e to n itr ile , o w 
in g  to  th e  h ig h ly  p o la r  n a tu re  o f  th e  la t te r  s o lv e n t . 
T h e  e x p e r im e n ta l fa c t s  w e re  p r e c is e ly  th e  o p p o s it e . 
I n  c a r b o n  te tr a c h lo r id e  th e  a p p a re n t m o la r  a b s o r p t iv it y  
o f  th is  p e a k  w a s  a b o u t  1 0 ,0 0 0 , a v a lu e  c o m p a t ib le  w ith  
a  s tro n g ly  h y d r o g e n -b o n d e d  a r o m a t ic  a m in e .6 I n  a c e to 
n itr ile  th e  a p p a r e n t  m o la r  a b s o r p t iv ity  w a s  a b o u t
17 ,000 , ch a ra c te r is t ic  o f  “ u n p e r tu r b e d ”  n itr o g e n .7

T h e s e  resu lts  are  m o s t  ea s ily  e x p la in e d  b y  a ssu m in g

th a t  in  c a r b o n  te t r a c h lo r id e  E P B A  ex ists  in  a n  in tra - 
m o le c u la r ly  h y d r o g e n -b o n d e d  fo r m , a  p r o p o s a l m a d e  
p r e v io u s ly  b y  B a r r o w 8 in  a  d is cu ss io n  o f  th e  n a tu re  o f  
N ,N -d ia lk y la t e d  a m in o  a c id s  in  C C h - I n  a ce to n itr ile , 
h o w e v e r , th e  in tr a m o le c u la r  h y d r o g e n  b o n d  m a y  b e  
re p la ce d  b y  an  in te r m o le c u la r  h y d r o g e n  b o n d  to  th e  
s o lv e n t . B y  a p p ly in g  th e s e  c o n c e p ts  in  t h r e e -c o m 
p o n e n t  sy s te m s  w e  h a v e  b e e n  a b le  t o  o b t a in  r e la t iv e  
fr e e  en erg ies  o f  fo r m a t io n  o f  1 :1  c o m p le x e s  b e tw e e n  
h y d r o g e n  b o n d  a c c e p to r s  a n d  a  c a r b o x y l ic  a c id . V a lu e s  
o f  th is  k in d  a re  p r e s e n t ly  ra th e r  sp a rse  in  th e  lite ra 
tu re .

Experimental Section
Materials. A ll  s o lv e n ts  a n d  b a ses  w e re  o f  th e  h ig h 

est c o m m e r c ia l p u r ity . S u b s e q u e n t  p u r if ic a t io n s  w e re  
ca rr ie d  o u t  b y  a c c e p te d  p r o c e d u r e s  t o  g iv e  m a te r ia ls  
w ith  th e  lo w e s t  p r a c t ic a b le  w a te r  c o n te n t . P u r it ie s

(1) D. P. Eyman and R. 3. Drago, J . A m . Chem. Soc., 88, 1617 
(1966).
(2) R. S. Drago, T. F. Bolles, and R. J. Niedzielski, ibid., 88, 2717 
(1966).
(3) C. P. Nash, E. L. Pye, and D. B. Cook, J. P h ys . Chem ., 67 , 1642 
(1963).
(4) J. N. Murrell, J. Chem. Soc., 3779 (1956).
(5) A. E. Lutskii and V. N. Konel’skaya, Z h. Obshch. K h im ., 30, 
3773 (1960).
(6) A. T. Bottini and C. P. Nash, J . A m . Chem. Soc., 84, 734 (1962).
(7) B. M. Wepster, P rogr. Stereochem ., 2, 99 (1958).
(8) G. M. Barrow, J . A m . Chem. Soc., 80, 86 (1958).
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were confirmed by determinations of refractive indices 
and densities as well as by vpc.

Synthesis. The hydrochloride of EPBA was synthe
sized by an adaptation of the method of Gresham, et
al.9 One mole of /3-propiolactone was added to 1 mole 
of N-ethylaniline in 500 ml of ether and the reaction 
mixture was allowed to stand for 48 hr. A  portion of 
the reaction mixture was extracted with half its volume 
of 3 M  aqueous sodium hydroxide. The basic solution 
was carefully neutralized with dilute sulfuric acid 
until an oil separated. The oil was extracted with 
ether, an equal volume of acetonitrile was added to the 
extract, and then a small amount of 12 N  hydrochloric 
acid was added. Crystalline EBPA hydrochloride 
formed in a few minutes. The product was recrystal
lized repeatedly from ether-acetonitrile mixtures. 
Anal. CalcdforCnHi6C lN 0 2: Cl, 15.43. Found: Cl, 
15.39.

Preparation of Solutions. W e have not succeeded 
in obtaining EPBA as a crystalline compound. Master 
solutions were therefore prepared by making a con
centrated aqueous solution of the hydrochloride, add
ing precisely 1 equiv of NaOH, saturating the solution 
with sodium chloride, and extracting the mixture several 
times with methylene chloride to yield a 1.0 X  10 ~2 M  
stock solution of EPBA in methylene chloride. Possible 
ambiguities due to residual water are negligible, as 
shown by the fact that the stock solution, when diluted 
200-fold with anhydrous methylene chloride, obeyed 
Beer’s law at 260 m î to within 2 % . In addition, the 
extraction procedure proved to be essentially quanti
tative, as demonstrated by the fact that the calculated 
extinction coefficient of the nonhydrogen-bonded ani
line function is 17,000 ±  300 in bulk acetonitrile and 
the other basic media. This figure compares favorably 
with the value 16,700 quoted by Wepster, et al., for N ,- 
N-diethylaniline in isooctane solution.10

The choice of methylene chloride as the principal 
medium was made on practical grounds. Carbon tetra
chloride underwent a light-induced reaction with the 
amino acid rather rapidly, whereas methylene chloride 
solutions were reasonably stable when stored in the 
dark. The extraction was quite clean with methylene 
chloride; however, ethylene chloride tended to form 
emulsions.

Spectra were recorded for solutions prepared to be
1.0 X  10~3 M  in amino acid and from zero to 2.0 M  in 
the desired base.

Spectrophotometric Measurements. Ultraviolet spec
tra were obtained with a Cary Model 14 recording 
spectrophotometer using matched silica cells. Tem
perature control was achieved by circulating thermo- 
stated water through a hollow cell block attachment.

Infrared spectra were obtained on a Beckman IR-12 
infrared spectrophotometer using calibrated sodium 
chloride cells.

Data Reduction. The formalism used to treat the 
data is similar to that derived earlier to obtain equi
librium constants in systems in which both an initial 
and a final species absorb appreciably at the same wave
length.11 This scheme must be modified, however, 
since intramolecular hydrogen bonding of the amino 
acid itself is not necessarily complete, and hence three 
absorbing species— intramolecularly H-bonded, inter- 
molecularly H-bonded, and non-H-bonded amino 
acid— may be present in the system. The last two 
entities, however, should have the same spectrum to a 
very good approximation. With this assumption, 
algebra closely parallel to that used previously leads 
to the linear equation

l
B

[K — ß] — K (1 )

Here B  is the molar concentration of added base, A is 
the absorbance (at fixed wavelength) in the presence 
of base, and A 0 is the absorbance with no added base. 
A  is a pseudo equilibrium constant. If the two prin
cipal equilibria are written

closed EPBA open EPBA; A , =  (2)
(closed)

closed EPBA +  base v complex;

K c (complex) 
(closed) (base)

(3)

then A  =  A c/(1  +  A ,).

If ec is the molar absorptivity of the closed form of the 
amino acid and ee is the molar absorptivity of both ex
tended forms, i.e., the opened ring and the intermolecu- 
lar complex, then

^  (K cte/ e„) +  A lie (4)

The application of this method of data reduction is 
quite simple. When the reciprocal of the base concen
tration is plotted against the reciprocal of [1 — (A /  
A 0)], a straight line results whose intercept on the 
ordinate axis is a measure of the free energy of forma
tion of the intermolecular hydrogen bond. Further
more, if the assumption that the spectra of the two ex
tended forms are identical is valid, all of the lines given

(9) T. L. Gresham, J. E. Jansen, F. W. Shaver, R. A. Bankert, and 
F. T. Fiedorek, J .  A m . Ch em . S o c., 73, 3168 (1951).
(10) J. A. C. Browers, S. C. Bijlsma, P. E. Verkade, and B. M. 
Wepster, R ec. T ra v . C h im ., 77, 1080 (1958).
(11) C. P. Nash, J .  P h y s . C h em ., 64, 950 (1960).
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by the series of bases under investigation should possess 
a common intercept with the abscissa axis. This 
criterion is fulfilled by all nine of our systems to within
3 % .

Since the intercept K  is the product of two factors, 
one of which depends only on the temperature, differ
ences in the pseudo free energies found by the usual 
logarithmic recipe will be accurate measures of the 
differences in the free energies of formation of the several 
complexes formed according to eq 3. In a similar 
way, if one differentiates the logarithm of K  with re
spect to inverse temperature and assumes that K i  is 
small, it follows that

d In K  d In K c d In K t-----------  -------------  --- if 1-------------  f K )
d (l /T )  ~  d (l /T )  d (l /T )

Thus, differences in the “ apparent” enthalpies will be 
accurate measures of the differences in the heats of 
formation of the several complexes formed according 
to eq 3.

Results
In Table I are collected values of the constant K  

and the free energies of formation of the complexes 
relative to tetrahydrofuran for the nine systems we 
have studied. The standard deviation in each K , 
based on both least-squares data reduction of a given 
experiment and replicate experiments, is about ± 4 % .

Table I : Equilibrium  Parameters and Relative Free 
Energies of Formation of EPBA-Base Complexes at 25°

K , A C rel°r
Compound M - ' kcal/mole

Tetrahydrofuran 3.8 0.00
Tetrahy d ropy ran 3.5 0.05
Trimethylene oxide 3.0 0.14
Methanol 2.3 0.30
Ethanol 2.1 0.35
Diethyl ether 2.1 0.35
Acetone 1.3 0.64
Acetonitrile 0.25 1.60
Pentamethylene sulfide 0.20 1.74

The values of monomeric alcohol concentrations re
quired to determine K  for methanol and ethanol were 
obtained from the integrated intensities of the mono
meric hydroxyl stretching bands in the infrared. W e  
assume that in our system the alcohols function as 
bases, since earlier studies by Gramstad12 and by Nash 
and Maciel13 14 15 have shown that diethylaniline is a very 
poor hydrogen-bond acceptor. In this way we obtain 
the plausible result that the two aliphatic alcohols and

diethyl ether have virtually the same basicities as 11- 
bond acceptors.

W e have also measured K  for tetrahydrofuran and 
acetonitrile at 2°, where we obtain values of 7.1 and 
0.16, respectively. From these values we calculate 
apparent enthalpies of formation of the two complexes 
which differ by 1.2 kcal/mole. Thus the real entropy 
changes for the several reactions 3 probably do not 
vary by more than 2 or 3 gibbs over the range of base 
strengths given here. This behavior is to be expected 
on the basis of the many existing studies which have 
used phenol as the H-bond donor (vide infra).

Discussion
The only measurements with which the present 

results may be sensibly compared are infrared spectro
scopic determinations of the formation constants of 
complexes between phenol and bases in carbon tetra
chloride solution. Unfortunately, no single investiga
tion has encompassed exactly the same series of bases 
studied here, and the agreement among the several 
sets of results on the same compound is often poor. 
For example, with tetrahydrofuran-phenol, West, 
et al.,u  and Fritzsche16 obtain AG° «  — 1.65 kcal/mole 
whereas Gramstad16 and Lippert and Prigge17 obtain 
AG° ~  — 1.47 kcal/mole.

W e are thus constrained to make only qualitative 
comparisons. There is little doubt that the use of 
EPBA rather than phenol as the H-bond donor leads 
to greater differences in the values of the free energies of 
formation of H-bonded complexes with weak bases. 
Also, we find a larger equilibrium constant with ether 
than with acetone. Toward phenol, however, ( — AG0) 
favors acetone (and methyl ethyl ketone) while ( — AH °)  
favors ether.16’18 Finally, we have been able to study 
alcohols, a result hitherto impossible to obtain.

Consistency Epilog

W e have observed that when a solution of EPBA in 
methylene chloride is cooled from 25 to 2 °, it becomes 
more absorbing by an amount which, when corrected 
for thermal contraction of the solvent, implies that 
about 5 %  more molecules are now in the closed form. 
If eq 2 is written as eq 6, then eq 7 or 8 results.

(12) T. Gramstad, Acta Chem. Scand., 16, 807 (1962).
(13) C. P. Nash and G. E. Maciel, J. Phys. Chem., 68, 832 (1964).
(14) R. West, D. L. Powell, M. K. T. Lee, and L. S. Whatley, J. Am. 
Chem. Soc., 86, 3227 (1964).
(15) H. Fritzsche, Z. Elektrochem., 68, 459 (1964).
(16) T. Gramstad, Spectrochim. Acta, 19, 497 (1963).
(17) E. Lippert and H. Prigge, Ann., 659, 81 (1962).
(18) D. L. Powell and R. West, Spectrochim. Acta, 20, 983 (1964).
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=  (o p e n )  =  X  
1 (c lo s e d )  1 — X

d  In Kt AHx° 1 d  In (1 -  X)
d ( l / T )  R ~ ~  X  d ( l / T )  ’

d  In (1 -  X) ~  0 .0 5 ; d ( l / T )  =  0 .2 8  X  1 0 ~ 3

(6 )

(7)
or

XAH S  «  0 .3 5  X  1 0 s (8 )

I t  is p o s s ib le  t o  e s t im a te  AHi° in  th e  fo l lo w in g  w a y . 
In fr a r e d  s p e c tr a  o f  m ix tu re s  o f  a c e to n it r ile  a n d  a c e t ic  
a c id  in  c a r b o n  te tra ch lo r id e , to g e th e r  w ith  th e  B a r r o w  
a n d  Y e r g e r 19 v a lu e  fo r  th e  d im e r iz a t io n  c o n s ta n t  o f  
a c e t ic  a c id , le a d  t o  an  e q u ilib r iu m  c o n s ta n t  f o r  th e  
r e a c t io n  M e C N  +  H O A c  ^  M e C N - H O A c  o f  a b o u t  5 
M ~ l. I f  it  is a ssu m ed  th a t  AS° fo r  th is  r e a c t io n  is 
a b o u t  — 13 g ib b s  (F r it z s c h e  fin d s  — 11 g ib b s  in  th e  
M e C N - C /H jO H  c a s e 15) ,  th e n  AH° is a b o u t  — 5 k c a l /  
m o le .

T o  a n  a p p r o x im a t io n  g o o d  e n o u g h  fo r  th e  p re se n t 
p u r p o s e , e q  5 m a y  b e  tra n s fo rm e d  to

A R app -  Rd{l/T ) -

A Hc° -  K 1 AH1° «  A Hc° -  XAH 1° (9 )

W e  h a v e  fo u n d  fo r  M e C N  AHapp ~  — 3 .2  k c a l /m o le  
a n d  XAHi0  ~  0 .3 5  k c a l /m o le ;  h e n ce  AH° ~  — 2 .8  
k c a l /m o le .  I f  th e  e s t im a te d  5 -k c a l /m o le  e n th a lp y  o f  
c o m p le x in g  o f  M e C N  w ith  a ce t ic  a c id  is r e p re s e n ta t iv e  
o f  its  b e h a v io r  w ith  a ll a lip h a t ic  a c id s , th e n  th e  in tra 
m o le cu la r  h y d r o g e n  b o n d  in  E P B A  is e v id e n t ly  e x o 
th e rm ic  b y  s o m e  2 .2  k c a l /m o le .  F r o m  e q  8  w e  th e n  
fin d  X  ~  0 .1 6 , Ki ~  0 .2 , AGi° ~  + 1  k c a l /m o le ,  a n d  
AiSi «  + 4  g ib b s . T h e s e  e s tim a tes , n o n e  o f  w h ic h  are  
in c o m p a t ib le  w ith  th e  b e h a v io r  o f  in tra m o le cu la r  h y d r o 
g e n  b o n d s , ju s t i fy  th e  a p p ro x im a t io n s  u se d  in  th e  
p r e c e d in g  p a ra g ra p h s  a n d  a lso  p e r m it  e s t im a te s  to  b e  
m a d e  o f  th e  th e r m o d y n a m ic  fu n c t io n s  fo r  h y d r o g e n  
b o n d in g  t o  th e  c a r b o x y lic  a c id  fu n c t io n  o f  E P B A  in  its  
e x te n d e d  fo rm .

(19) G. M. Barrow and E. A. Yerger, J . A m . Chem. Soc., 76, 5248 
(1954).
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Kerr Constant Dispersion. III.lab The Interaction of 

Acridine Orange with DNA

by John C. Powers, Jr.,10 and Warner L. Peticolas

IBM Research Laboratory, San Jose, California (.Received February 9, 1967)

T h e  K e r r  c o n s ta n t  o f  th e  c o m p le x  fo r m e d  b e tw e e n  a cr id in e  o r a n g e  a n d  D N A  h a s  b e e n  
m e a su re d  th r o u g h o u t  th e  re g io n  o f  d y e  a b s o r p t io n  in  th e  v is ib le  s p e c tr u m  (5 5 0 0  t o  4 2 0 0  A )  
a t  ra t io s  o f  th e  n u m b e r  o f  n u c le o t id e  u n its  p e r  d y e  m o le c u le  ra n g in g  fr o m  2 :1  t o  3 6 :1 .  
C o m p le te  e x p e r im e n ta l re su lts  are  g iv e n  fo r  ra tio s  o f  2 :1  a n d  1 8 :1 .  A  s in g le  n e g a t iv e  d is 
p e rs io n  c e n te r e d  n ea r  th e  d y e  a b s o r p t io n  m a x im u m  (5 0 0 0  A )  is fo u n d  fo r  th e  la t te r  c a se ; a t  
lo w  ra tio s  t w o  d isp ers ion s  are  fo u n d , a  n e g a t iv e  o n e  a t  5 0 0 0  A  a n d  a  p o s it iv e  o n e  a t 4 6 0 0  A , 
in d ic a t in g  a  h ig h  d e g re e  o f  d y e -d y e  in te ra c t io n . T h e  in te rca la te d  s tru ctu re  is c o m p a t ib le  
w ith  th e  resu lts  a t  h ig h  r a t io s ; b in d in g  to  a  su r fa ce  s ite  (p h o s p h a te ) is  n e ce ssa ry  t o  a c 
c o u n t  fo r  th e  d y e -d y e  in te ra c t io n s  p re se n t a t lo w  ra tio s .

R e c e n t  w o r k  in  th is  la b o r a t o r y  h a s  u s e d  th e  K e r r  
e ffe c t  as an  a n a ly t ic a l t o o l  t o  in v e s t ig a te  in te r a c t io n s  in  
v a r io u s  p o ly m e r ic  sy s te m s . T h e  a g g re g a t io n  o f  p o ly -  
b e n z y l-L -g lu ta m a te  in  v a r io u s  s o lv e n ts  w a s  s tu d ie d  b y  
ch a n g e s  in  th e  K e r r  c o n s ta n t  w h ic h  o c c u r  as th e  s o lv e n t  
is m o d if ie d 2 a n d  th e  b in d in g  o f  sm a ll d y e  m o le cu le s  t o  
p o ly g lu t a m ic  a c id  (P G A )  h a s  b e e n  e x a m in e d  b y  m ea su r
in g  th e  d isp e rs io n  o f  th e  K e r r  c o n s ta n t  in  th e  w a v e 
le n g th  r e g io n  o f  a b s o r p t io n  o f  th e  d y e . la'b F r o m  th ese  
la t te r  resu lts  it  w a s p o s s ib le  t o  assign  a  s tru c tu re  t o  th e  
a cr id in e  o r a n g e -P G A  c o m p le x  w h ic h  p la c e d  th e  lo n g  
ax is  o f  th e  d y e  p a ra lle l t o  th e  h e lica l ax is . T h e s e  re 
su lts  c o n firm e d  a p r e v io u s  s tru c tu re  b a s e d  o n  th e  
ch a n g e s  in  th e  c ir cu la r  d ic h r o is m  s p e c tr u m  o c c u r r in g  
u n d e r  s tre a m in g  c o n d it io n s .3 T h e  e x a m in a t io n  o f  th e  
D N A -a c r id in e  o ra n g e  c o m p le x  w a s  o f  im m e d ia te  in 
te re s t  as th e  in d ic a t io n s  are  th a t  th e  d y e  is b o u n d  b y  
D N A  in  a  g e o m e tr ic a lly  d if fe re n t  m a n n e r  th a n  b y  
P G A .4-6 T h e  d y e  is b o u n d  in  a  s te re o sp e c ific  m a n n e r  
to  D N A  as s h o w n  b y  th e  in d u c e d  r o ta t io n  in  th e  d y e  
a b s o r p t io n  b a n d .7-9  T h e  g e o m e tr y  o f  th e  c o m p le x  ca n  
b e  e a s ily  d e te r m in e d  fr o m  th e  sh a p e  o f  th e  d isp e rs io n  o f  
th e  K e r r  c o n s ta n t  {vide infra).

T h e  D N A - a c r id in e  o ra n g e  c o m p le x  h a s  b e e n  in v e s t i
g a te d  b y  se v e ra l w o rk e rs  a n d  tw o  d is t in c t  s tru ctu re s  
h a v e  b een  p r o p o s e d , th e  in te r c a la t io n  s tru c tu re  o f  
L e r m a n 6’6 a n d  th e  s ta c k e d  c a r d  p a c k  s tru c tu re  o f  
B r a d le y  a n d  W o l f .4 T h e  in te r c a la t io n  s tru c tu re  p la ce s

th e  d y e  b e tw e e n  th e  D N A  stra n d s  a n d  s a n d w ic h e d  b e 
tw e e n  tw o  a d ja c e n t  b a se  p a irs  w h ile  th e  s ta c k  c o n fig u ra 
t io n  p la ce s  th e  d y e  o n  th e  su r fa ce  o f  th e  p o ly m e r  b o u n d  
p r e s u m a b ly  to  th e  p h o s p h a te  g r o u p . I n  b o t h  c o n 
fig u ra t io n s  th e  d y e  is  o r ie n te d  p e r p e n d ic u la r  t o  th e  
h e lix  ax is  a n d  th is  c o n c lu s io n  h a s  b e e n  c o n fir m e d  b y  
m e a su re m e n ts  o f  th e  s tre a m in g  c ir cu la r  d ic h r o is m .10 
T h e  d a ta  o b ta in e d  b y  o u r  m e a su re m e n ts  o f  th e  K e r r  
c o n s ta n t  d isp e rs io n  a llo w  th e  s p e c if ic a t io n , r e la t iv e  to  
th e  h e lica l ax is  o f  D N A , o f  th e  o r ie n ta t io n  o f  th e  tra n s i
t io n  m o m e n t  o f  a c r id in e  o ra n g e  b o u n d  b o t h  as a  s in g le  
m o le c u le  a n d  as a n  a g g reg a te . 1 2 3 4 5 6 7 8 9 10

(1) (a) Part I: J. C. Powers, Jr., J. A m . Chem. Soc., 88, 3679 (1966); 
(b) part II: J. C. Powers, Jr., ibid., 89,1780 (1967); (e) Department 
of Chemistry, Hunter College, New York, N. Y. 10021.
(2) J. C. Powers, Jr., and W. L. Peticolas in “ Advances in Chemistry 
—Symposium on Ordered Fluids and Liquid Crystals,” R. S. Porter 
and J. F. Johnson, Ed., in press.
(3) R. E. Ballard, A. J. McCaffery, and S. F. Mason, B iopolym ers, 4, 
97 (1966).
(4) D. F. Bradley and M. K. Wolf, P roc. Natl. Acad. Sci. U . S ., 45, 
944 (1959).
(5) L. S. Lerman, J. M ol. B iol., 3 , 18 (1961).
(6) L. S. Lerman, P roc. Natl. Acad. Sci. U. S ., 49, 94 (1963).
(7) D. A. Neville, Jr., and D. F. Bradley, B iochem . B iophys. Acta, 
50, 397 (1961).
(8) K. Yamaoka and R. A. Resnik, J. P h ys . Chem., 70, 4051 (1966).
(9) A. Blake and A. R. Peacocke, B iopolym ers, 4, 1091 (1966).
(10) S. F. Mason and A. J. McCaffery, N ature, 204, 468 (1964).
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Experimental Section
DNA. H ig h ly  p u r ifie d  sa lm o n  sp e rm  D N A  (C a l 

B io c h e m .)  w a s  s to r e d  a t 5 °  a n d  s to c k  s o lu t io n s  ( 0 .1 % )  
w e re  m a d e  u p  b y  s lo w  a d d it io n  o f  a  d ilu te  s o lu t io n  o f  
tr is  b u ffe r  (S ig m a  C h e m ica l C o . ) ; th e  fin a l c o n c e n tr a 
t io n  w a s  10 ~ 3 M  in  tr is . A ll  s o lu t io n s  w e re  s to r e d  a t  
lo w  te m p e ra tu re s , a n d  fresh  s o lu t io n s  w e re  m a d e  u p  
fo r  ea ch  ru n  b y  d ilu t io n  o f  th e  s to c k  s o lu t io n .

Acridine Orange. R e c r y s ta ll iz e d  z in c -fr e e  d y e  d e 
s c r ib e d  p r e v io u s ly 115 w a s  u se d . T h e  a p p a ra tu s  fo r  
m e a su r in g  e le c t r ic a l b ire fr in g e n c e  is o f  c o n v e n t io n a l 
d e s ig n  a n d  e m p lo y s  a  p h o to e le c t r ic  m e t h o d  o f  d e te c t in g  
th e  in d u c e d  p h a se  ch a n g e  8 . I t  h a s  b e e n  fu lly  d e s cr ib e d  
e lse w h e re .lb M e a su re m e n ts  w e re  m a d e  u s in g  a sq u a re - 
w a v e  d c  v o lt a g e  p u lse  u p  t o  20 0  v  in  m a g n itu d e  a n d  
fr o m  1 t o  5 m se c  d u ra t io n , th e  le n g th  o f  th e  p u lse  b e in g  
d e te rm in e d  b y  th e  t im e  n e ce ssa ry  to  re a ch  e q u ilib r iu m . 
T h e  K e r r  c o n s ta n t  (B ) is o b ta in e d  fr o m  th e  e q u a t io n

2ir IF2

(l is th e  le n g th  o f  th e  ce ll)  a n d  a p p r o p r ia te  c o r r e c t io n s  
w e re  m a d e  fo r  th e  b ire fr in g e n c e  o f  th e  ce ll. F o r  a 
g iv e n  sa m p le  o n ly  o n e  o r  tw o  m e a su re m e n ts  a t  th e  sa m e 
a p p lie d  v o lt a g e  w e re  m a d e  a t ea ch  w a v e le n g th  so  as t o  
a v o id  d e g ra d a t io n . S p e c tra  w e re  d e te r m in e d  o n  a  
C a r y  M o d e l  14 s p e c tr o p h o to m e te r .

Theory

T h e  th e o r e t ic a l t r e a tm e n t  o f  th e  d isp e rs io n  o f  th e  
K e r r  c o n s ta n t  h as  b e e n  re v ie w e d  in  an  ea rlier  c o n tr ib u 
t io n 115 fr o m  th ese  la b o ra to r ie s . B r ie fly , a c c o r d in g  t o  th e  
c la ss ica l th e o r y  as su m m a riz e d  b y  L e  F e v r e 11 a n d  L a b -  
h art,,12 th e  K e r r  c o n s ta n t  o f  a d ip o la r  m o le c u le  p ossess 
in g  a p e rm a n e n t m o m e n t  in  th e  Z d ir e c t io n  is g iv e n  b y

B =
wN

1115n\fc2T 2
X  (n +  2 ) 2 X

(e +  2 ) 2/i*2(2 a z — ax — av)

w h e re  a n d  a< a re  th e  c o m p o n e n ts  o f  th e  d ip o le  
m o m e n t  a n d  p o la r iz a b ili ty  a lo n g  th e  i ax is , n a n d  t a re  
th e  in d e x  o f  r e fr a c t io n  a n d  d ie le c tr ic  c o n s ta n t  o f  th e  
m e d iu m , N  is th e  n u m b e r  o f  m o le cu le s  p e r  u n it  v o lu m e , 
a n d  th e  o th e r  s y m b o ls  h a v e  th e ir  u su a l m e a n in g . F r o m  
th e  d e fin it io n  o f  th e  p o la r iz a b il i ty ,13 th is  fu n c t io n  v a r ie s  
as l / ( ^ i  — v )  w h e re  v t is  th e  p o s it io n  o f  m a x im u m  a b 
so r p t io n . B u c k in g h a m 14 h as su m m a rize d  th e se  resu lts  
a n d  co n s id e re d  in  a d d it io n  th e  e ffe c t  o f  la rg e  a p p lie d  
fie ld s  a n d  d e r iv e d  ex p ress ion s  fo r  a  n o n lin e a r  p o la r iz a 
tio n  law . T h e  d is to r t io n  p r o d u c e d  b y  a  h ig h  fie ld  h e 
te r m e d  th e  h y p e r p o la r iz a b i lit y  a n d  th is  resu lts  in  an  
e n h a n ce m e n t  o f  th e  m a g n itu d e  o f  th e  K e r r  c o n s ta n t  in

an  a b s o r p t iv e  re g io n . T h e  resu lts  o f  th e se  c o n s id e r a 
t io n s  w e re  il lu s tra te d  g ra p h ic a lly  in  a  p r e v io u s  p u b lic a 
t io n  (F ig u r e  1 o f  r e f  l b ) .  T h e y  ca n  b e  a p p lie d  t o  th e  
e x p e r im e n ts  d e s c r ib e d  h ere  b y  re p la c in g  th e  p e r m a n e n t  
m o m e n t  n b y  an  “ e f fe c t iv e  o r ie n t in g  m o m e n t ”  d ir e c t e d  
a lo n g  th e  lo n g  ax is  o f  th e  m o le cu le . D N A  is  o r ie n te d  
w ith  its  lo n g  ax is  p a ra lle l t o  th e  a p p lie d  fie ld  b y  a n  io n  
a tm o s p h e re  p o la r iz a t io n  m e c h a n is m .15 T h e r e fo r e , a 
p o s it iv e  d isp e rs io n  in  th e  K e r r  c o n s ta n t  o c c u r s  w h e n  
th e  o r ie n t in g  m o m e n t  a n d  m a x im u m  p o la r iz a b ili ty  are  
p a ra lle l, a  n e g a t iv e  d isp e rs io n  w h e n  th e y  a re  a t  r ig h t  
a n gles.

Results
M e a s u re m e n ts  o f  th e  d isp e rs io n  o f  th e  K e r r  c o n s ta n t  

w e re  m a d e  a t  w a v e le n g th s  f r o m  5 5 0 0  t o  4 2 0 0  A  o n  
so lu t io n s  fo r  w h ic h  th e  ra t io  o f  n u c le o t id e  u n its  t o  d y e  
m o le cu le s  ( P 0 4/d y e )  w a s  v a r ie d  fr o m  2 :1  to  3 6 :1 .  
T h e  s o lu t io n s  co n ta in e d  su ffic ie n t tr is  b u ffe r  (ca. 
1 0 ~ 3 M) t o  m a in ta in  th e  s o lu t io n  p H  a t  6 .8 0 . T h e  
c o m p le te  d e te rm in a t io n s  fo r  ra tio s  o f  2 :1  a n d  1 8 :1  are  
sh o w n  in  F ig u re  1 a lo n g  w ith  th e  c o r r e s p o n d in g  v a lu e s  
f o r  D N A  o f  th e  sa m e  c o n c e n tr a t io n  (sh o w n  as a  d o t t e d  
lin e ). T h e  b ire fr in g e n c e  o f  D N A  (n e g a t iv e  in  s ig n ) 
w a s  m e a su re d  in  a  se p a ra te  e x p e r im e n t. T h e  sm a ll 
d iffe re n ce  in  th e  sp e c if ic  K e r r  c o n s ta n ts  (B /C ) f o r  th e  
tw o  il lu s tra te d  ru n s is th e  resu lt  o f  s lig h t  d e g r a d a t io n  
o f  o n e  o f  th e  so lu t io n s  d u e  t o  a g in g . T h e  p r o b a b le  er
ro rs  are  n o t  s h o w n ; fo r  th e  lo w  r a t io  t h e y  a re  q u ite  
h ig h , b e in g  a b o u t  1 0 % ;  fo r  th e  h ig h  r a t io  t h e y  are  
a b o u t  2 % .

T h e  s p e c t n im  o f  th e  c o m p le x  is h ig h ly  d e p e n d e n t  o n  
th e  a b o v e  ra tio . A t  h ig h  ra tio s  th ere  is lit t le  e v id e n c e  
fo r  a g g re g a t io n  (s ta ck in g ) o f  th e  d y e  o n  th e  p o ly m e r  
su r fa ce  (s h o w n  b y  th e  a p p e a ra n ce  o f  a n  a b s o r p t io n  
b a n d  a t  4 6 5 0  A ) . 16 I n  w a te r , th e  free  d y e  a b s o r b s  n e a r  
5 000  A . T h e  a b s o r p t io n  s p e c tr a  o f  th e  t w o  s o lu t io n s  
a t  th e  sa m e  d y e  c o n c e n tr a t io n  are  s h o w n  as d o t t e d  
lin es  in  F ig u re s  2 a n d  3. T h e  d iffe re n ce  in  m a g n itu d e  
o f  th e  d isp e rs io n s  in  th e  t w o  e x p e r im e n ts  s h o w n  in  
F ig u re  1 is d u e  t o  ch a n g e s  in  th e  e x t in c t io n  co e ff ic ie n t  
o f  th e  d y e  u p o n  b in d in g .

Discussion

T h e  p o la r iz a t io n s  o f  th e  tra n s it io n s  g iv in g  rise t o  th e

(11) C. G. Le Fevre and R. J. W. Le Fevre, Rev. P u re  A p p l. Chem., 
5, 261 (1955).
(12) H. Labhart, Tetrahedron, 19, Suppl. 2, 223 (1963).
(13) H. Eyring, J. Walter, and G. E. Kimball, “ Quantum Chemis
try,” John Wiley and Sons, Inc., New York, N. Y., 1944, p 121.
(14) A. D. Buckingham, P roc. R oy. Soc. (London), A 2 6 7 , 271 
(1962).
(15) C. T . O’Konski, J. P hys. Chem,., 64, 605 (1960).
(16) V .  Zänker, Z . P h ysik . Chem. (Leipzig), 199, 225 (1952).
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V (Cm:1)
2 3 0 0 0  2 2 0 0 0  21000  2 0 0 0 0  19000

Figure 1. Dispersion of the Kerr constant (B) for the 
DNA-acridine orange (AO) complex (solid line) and DNA 
(dotted line): A, DNA =  2 X 10"6 M;  AO =  10"5 -¥; 
B, DNA =  1.8 X l O “ 4 M;  AO =  10"5 M.

d isp e rs io n  cu rv e s  s h o w n  in  F ig u r e  1 ca n  b e  o b ta in e d  
fr o m  a  co n s id e r a t io n  o f  th e  a b s o r p t io n  sp e c tr a  a n d  b y  
re fe re n ce  t o  th e  th e o r e t ic a l s e c t io n . T o  fa c i lita te  c o m 
p a r iso n , th e  d a ta  s h o w n  in  F ig u re  1 h a v e  b e e n  m u lt i
p lie d  b y  n\ a n d  th e  b u lk  c o n tr ib u t io n  (m e a su re d  in  a 
se p a ra te  e x p e r im e n t) o f  th e  D N A  h a s  b e e n  s u b tr a c te d . 
T h e  in d iv id u a l p o in ts  a re  s h o w n  in  F ig u re s  2 a n d  3 
a lo n g  w ith  c a lc u la te d  d isp e rs io n  cu r v e s  fit  t o  th e  d a ta  
a n d  o b ta in e d  fr o m  B u c k in g h a m ’ s fo r m u la .14 A lth o u g h  
th e  fit  is o n ly  a p p r o x im a te , it  is  m u c h  w o rs e  if  a  s im p le  
d isp e rs io n  c u r v e  is  u se d . T h e  a b s o r p t io n  sp e c tr a  o f  
th e  so lu t io n s  are  s h o w n  a t  th e  b o t t o m  o f  b o t h  figu res . 
F o r  th e  lo w  r a t io  ca se , th e re  a re  tw o  a b s o r p t io n  m a x im a  
lo c a t e d  a t 4 9 5 0  a n d  4 7 0 0  A  a n d  co r r e s p o n d in g  c a lc u la te d  
cu rv e s  are  s h o w n  in  F ig u re  2  as s o lid  lin es . T h e s e  c a l
c u la te d  cu r v e s  a re  ce n te r e d  a t  4 5 7 5  a n d  5 1 0 9  A  w ith  
h a lf-w id th s  o f  5 0 0  a n d  4 0 0  c m -1 , r e s p e c t iv e ly . T h e  
s in g le  s tr o n g  a b s o r p t io n  p e a k  (5 0 0 0  A )  s h o w n  in  F ig u r e  
3 is r e fle c te d  in  th e  o c c u r r e n c e  o f  a  s in g le  d isp e rs io n . 
H e re  th e  c a lc u la te d  c u r v e  w as c o n s tr u c te d  f r o m  an  
a b s o r p t io n  ce n te r e d  a t  5 0 0 0  A  w ith  a  h a lf -w id t h  o f  600  
c m - 1 . W h ile  th e  in d ic a te d  d isp e rs io n s  are  q u ite  
e v id e n t , th e re  m a y  b e  a d d it io n a l a b s o r p t io n s  p re se n t

Figure 2 . Comparison of the absorption spectrum (dotted 
line), experimental values of n\B (0 ), and calculated curves 
(solid lines) of the Kerr constant of the DNA-AO complex. 
The birefringence of DNA has been subtracted. DNA =
2 X  10-' M;  AO =  HD5 M. PO4/AO =  2:1.

Figure 3. Same as Figure 2 with DNA = 1 . 8  X 10 4 47; 
AO =  10- 5  M  ; PO4/AO = 18:1.

w h o s e  K e r r  c o n s ta n t  d isp e rs io n s  are  n o t  w e ll r e s o lv e d . 
S u ch  is c e r ta in ly  th e  ca se  fo r  th e  sh o r te r  w a v e le n g th
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re g io n  in  F ig u re  3 a n d  p r o b a b ly  tru e  a lso  fo r  th e  4 8 0 0 -A  
re g io n  in  F ig u re  2. T h e  s ca tte r  in  th e  d a ta  m a k e s  a 
p ro ce s s  o f  m u lt ip le  c u r v e  f it t in g  u n ju s t if ie d .

T h e  d a ta  s h o w  th a t  a  n e g a t iv e  d isp ers io rr  is p re se n t 
fo r  b o t h  h ig h  a n d  lo w  ra tio s  o f  th e  n u m b e r  o f  n u c le o 
t id e s  p e r  d y e  m o le c u le  fo r  th e  a b s o r p t io n  n ea r  5 0 0 0  A  
a n d  an  a d d it io n a l n e g a t iv e  d isp e rs io n  in  th e  4 6 0 0 -A  re 
g io n  fo r  th e  lo w  r a t io  ca se . S in ce  D N A  is a lig n e d  w ith  
its  h e lica l ax is  p a ra lle l t o  th e  a p p lie d  fie ld , th e  tra n si
t io n  m o m e n t  fo r  th e  tra n s it io n  a t 5 0 0 0  A  is  la rg e ly  p e r 
p e n d icu la r  t o  th is  h e lica l ax is . F o r  th e  u n a g g re g a te d  
d y e  th is  tra n s it io n  h a s  b e e n  s h o w n  t o  b e  lo n g -a x is  
p o la r iz e d  ( X ) . 3-17 T h e  a b s o r p t io n  s p e c tr u m  o f  th e  
h ig h  ra t io  ca se  (F ig u re  3 ) c o r r e s p o n d s  t o  th a t  o f  es
s e n t ia lly  free  d y e  a n d  th u s  th e  lo n g  ax is  o f  th e  d y e  is 
p e r p e n d ic u la r  t o  th e  h e lica l ax is  w h e n  th e re  is  a  la rg e  
e x cess  o f  b in d in g  s ites . T h e  s p e c tr u m  o f  th e  lo w  ra tio  
ca se  (F ig u r e  2 ) is a  su p e r p o s it io n  o f  th e  s p e c tr a  o f  fre e  
a n d  d im e r iz e d  a cr id in e  o ra n g e  ;18 p a r t  o f  th e  lo n g  w a v e 

le n g th  a b s o r p t io n  m a y  b e  d u e  to  u n b o u n d  d y e . T h e  
tr a n s it io n  a t 5 1 0 0  A  is a g a in  p o la r iz e d  p e r p e n d ic u la r  
t o  th e  h e lica l ax is , b u t  th a t  n ea r  4 6 0 0  A  is p o la r iz e d  
p a ra lle l. T h e  d isp e rs io n  a t 5 1 0 0  A  ca n  re p re se n t c o n 
t r ib u t io n s  b y  b o t h  u n a g g r e g a te d  a n d  a g g re g a te d  d y e , 
th e  la t te r  a r is in g  fr o m  s p lit t in g  o f  th e  a g g r e g a te  a b 
s o r p t io n  (see  b e lo w ) . T h e  g e n era l e x p e r im e n ta l f in d 
in g s  are  in  a c c o r d  w ith  th o s e  o f  M a s o n  a n d  M c C a f -  
f e r y 10 a n d  th e  p a t te r n  o f  th e  m u tu a lly  p e r p e n d ic u la r  
o r ie n ta t io n  o f  th e  tra n s it io n  m o m e n ts  fo r  a b s o r p t io n s  in  
th e  4 6 0 0 - a n d  5 0 0 0 -A  re g io n s  is s im ila r  t o  th a t  fo u n d  
fo r  th e  a cr id in e  o r a n g e -p o ly  g lu ta m ic  a c id  s y s te m . la'b 
W h ile  th e  a s s u m p tio n  o f  a  s im p le  c a r d  p a c k  s tru c tu re  
fo r  a n  a g g re g a te  le a d s  t o  th e  p r e d ic t io n  o f  a  tr a n s it io n  
m o m e n t  fo r  th e  “ e x c it o n ”  p a ra lle l t o  th a t  fo r  th e  
m o n o m e r ,19 th e  c a r d  p a c k  t o  b e  c o n s id e r e d  fo r  th e  
D N A - a c r id in e  o r a n g e  s y s te m  w o u ld  b e  sk e w e d  d u e  t o  
th e  h e lica l a rra n g e m e n t o f  p o s s ib le  b in d in g  s ites . 
T h u s , it  is  re a s o n a b le  t o  c o n c lu d e  th a t  th e  a g g re g a te  
t r a n s it io n  m o m e n t  (b e in g  a  v e c t o r  su m  o f  th e  in d iv id u a l 
t r a n s it io n  m o m e n ts )  c o u ld  h a v e  a  la rg e  c o m p o n e n t  
in  a  d ir e c t io n  p e r p e n d ic u la r  t o  th e  t r a n s it io n  m o m e n t  in  
th e  fre e  d y e . T h e  s p lit t in g  o f  th e  a b s o r p t io n  b a n d  o f  a 
h e lic a l e x c it o n  w a s  first d is c u s s e d  b y  M o f f i t t 20 fo r  th e  
s in g le -s tr a n d e d  ca se  (p o ly p e p t id e s )  a n d  b y  R h o d e s 21 
fo r  th e  d o u b le -s t r a n d e d  m o d e l  (p o ly n u c le o t id e s ) .  T h e

a b s o r p t io n  o f  th e  D N A - A O  c o m p le x  w a s  c a lc u la t e d  b y  
T in o c o ,  B r a d le y , a n d  W o o d y 22 to  h a v e  su ch  a  s p lit t in g  
w ith  th e  p e r p e n d ic u la r  b a n d  ly in g  a t lo n g e r  w a v e 
le n g th s . T h e  resu lts  o f  L a m m  a n d  N e v i l l e 17 18 19 20 21 22 o n  th e  d y e  
it s e lf  h a v e  c o n fir m e d  th is  p r e d ic te d  s p lit t in g  f o r  a c r id in e  
o r a n g e ; R o h a t g i  a n d  S in g h a l23 h a v e  d e t e c t e d  it  in  
o th e r  d y e  a g g re g a te s . T h e  p o s it io n  o f  th e  lo n g  w a v e 
le n g th  d isp e rs io n  in  F ig u re  2 c o r r e s p o n d s  a lm o s t  e x a c t ly  
t o  th a t  o b t a in e d  b y  L a m m  a n d  N e v i l l e 18 fo r  th e  lo n g  
w a v e le n g th  s p e c tr u m  o f  a c r id in e  o r a n g e  d im e r .

T h e  c o m p le x  b e h a v io r  o f  th e se  d isp e rs io n s  is s im ila r  
t o  th a t  o b s e r v e d  b y  Y a m a o k a  a n d  R e s n ik  in  th e  O R D  
a n d  C D  sp e c tr a 8 o f  th is  sa m e  s y s te m . T h e y  w e r e  u n 
a b le  t o  r e p r o d u c e  th e  e x p e r im e n ta l s p e c tr a  w it h o u t  
r e c o u r s e  t o  a t le a s t  fo u r  se p a ra te  tra n s it io n s , e v e n  fo r  
th e  h ig h  r a t io  ca se  o f  F ig u r e  3 . T h u s , th e  u n r e s o lv e d  
p o r t io n  o f  th e  d isp e rs io n  c u r v e  in  F ig u r e  3 c a n  b e  
a s c r ib e d  to  su ch  c o m p lic a t io n s . A s  m e n t io n e d  a b o v e , 
th e  r e la t iv e ly  h ig h  s c a t te r  in  o u r  d a ta  m a k e s  a  fu ll -s c a le  
c u r v e  f it t in g  a n a ly s is  im p r a c t ic a l a t  th is  t im e .

O p t ic a l m e a su re m e n ts  o f  th is  s o r t  a llo w  th e  s p e c if ic a 
t io n  o f  th e  g ro ss  g e o m e tr ic a l s tr u c tu r e  o f  th e  d y e - p o l y 
m e r  c o m p le x , b u t  d o  n o t  d ir e c t ly  in d ic a t e  th e  m e t h o d  o f  
b in d in g . A s  m e n t io n e d  earlier, b o t h  p r o p o s e d  s t r u c 
tu re s  p la c e  th e  lo n g  ax is  o f  th e  d y e  a t  r ig h t  a n g le s  t o  th e  
h e lica l ax is . H o w e v e r , b in d in g  o f  th e  d y e  t o  th e  p h o s 
p h a te  g r o u p s  o n  th e  su r fa ce  a llo w s  fo r  d ir e c t  in te r a c t io n  
b e tw e e n  th e  d y e  m o le c u le s  a t  lo w  ra tio s . L e r m a n  h a s  
p e r s u a s iv e ly  s ta t e d  th e  a rg u m e n ts  fo r  th e  in te r c a la te d  
s t r u c tu r e ;8 w h ile  b in d in g  o f  th e  d y e  b y  th is  m e t h o d  
w o u ld  p la c e  it  in  th e  sa m e  re la t iv e  o r ie n ta t io n  e a c h  t im e , 
th e  s a n d w ic h in g  o f  th e  d y e  b e tw e e n  th e  a r o m a t ic  
p u r in e -p y r im id in e  b a se s  w o u ld  m a k e  it  im p o s s ib le  fo r  
d y e - d y e  in te r a c t io n s  t o  o c c u r . T h u s , th e  c h a n g e s  
w h ic h  o c c u r  a t lo w  n u c le o t id e  : d y e  r a t io s  m u s t  b e  a s 
s ig n e d  t o  b in d in g  o n  a s u r fa ce  s ite .

T h e  b in d in g  o f  th e  d y e  a t h ig h  r a t io s  c a n  b e  a c 
c o m m o d a t e d  b y  e ith e r  s ch e m e . A ll  th a t  is  r e q u ir e d  is 
th a t  th e  d y e  m o le c u le  b e  h e ld  in  th e  sa m e  r e la t iv e  p o s i 
t io n  o n  s e p a ra te  s ite s . I t  is in te r e s t in g  in  th is  c o n n e c 
t io n  th a t  th e  r e c e n t  w o r k  o f  Y a m a o k a  a n d  R e s n ik  h as 
d e m o n s tr a te d  th a t  o p t ic a l  a c t iv i t y  o f  th e  d y e  a b s o r p 
t io n  ca n  b e  ca u s e d  b y  a s y m m e tr ic  p e r t u r b a t io n  a n d

(17) H. Jakobi and H. Kuhn, Z. Elektrochem., 66, 46 (1962).
(18) M. E. Lamm and D. M. Neville, Jr., J. Phys. Chem., 69, 3872
(1965) .
(19) M. Kasha, Rev. Mod. Phys., 31, 162 (1959).
(20) W. Moffitt, J. Chem. Phys., 25, 467 (1956).
(21) W. Rhodes, ibid., 37, 2433 (1962).
(22) (a) I. Tinoco, Jr., R. W. Woody, and D. F. Bradley, ibid., 38, 
1317 (1963); (b) D. F. Bradley, I. Tinoco, Jr., and R. W. Woody, 
Biopolymers, 1, 239 (1963).
(23) K. K. Rohatgi and G. S. Singhal, J. Phys. Chem., 70, 1695
(1966) .
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th a t  a g g re g a t io n  o f  th e  d y e  is n o t  n e ce ssa ry . T h e  
o rd e r  o f  m a g n itu d e  d iffe re n ce  in  th e  K e r r  c o n s ta n t  
d isp e rs io n s  in  th e  5 0 0 0 -A  re g io n  su g g ests  th a t  th e  
in te r ca la te d  s tru c tu re  is tr a n s fo r m e d  in to  th e  su rfa ce  
b o u n d  s tru c tu re  as th e  re la t iv e  a m o u n t  o f  d y e  is in 
crea sed . T h e  o ld e r  O R D  resu lts  o f  N e v ille  a n d  B r a d 
le y 7 a lso  sh o w  th is  sa m e  e ffe c t  as th e  s h o r te r  w a v e le n g th  
d isp e rs io n  g ro w s  a t  th e  e x p e n se  o f  th e  lo n g e r  w a v e 
le n g th  o n e  as th e  a m o u n t  o f  d y e  is  in cre a se d . I t  is 
q u ite  p o s s ib le  th a t  th e  r e c e n t  su g g e s t io n  c o n ce rn in g

p a rtia l in te r c a la t io n 24 is c o r r e c t  a n d  th a t , as th e  su r fa ce  
s ite s  are  fille d , th e  in te r c a la te d  d y e  is  r e m o v e d  f r o m  b e 
tw e e n  th e  b a ses  t o  fo r m  th e  d y e  a g g re g a te .
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(24) N. J. Pritchard, A. Blake, and A. R. Peacocke, Nature, 212, 
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T h e  c o a le s c e n c e  o f  m e r c u r y  d r o p le ts  in  a q u e o u s  K F  s o lu t io n  a t  c o n c e n tr a t io n s  o f  10 _3 to  
1 0 " 2 M  w a s  e x a m in e d  b y  m e a n s  o f  tw in  d r o p p in g  m e r c u r y  e le c tr o d e s . F r o m  th e  c r it ic a l  
p o te n t ia ls  fo r  th e  co a le s c e n c e  in  th e  s y m m e tr ic a l ca se  w h e re  t w o  m e r c u r y  d r o p le ts  w e re  
e q u a lly  ch a rg e d , 1 .2  X  1 0 ~ 12 w a s  o b ta in e d  as a  re lia b le  v a lu e  o f  th e  H a m a k e r  c o n s ta n t  fo r  
m e r c u r y  in  w a te r . T h e  c r it ic a l p o te n t ia ls  in  th e  a s y m m e tr ic a l ca se  w h e re  t w o  m e r c u r y  
d r o p le ts  w e re  u n e q u a lly  ch a rg e d  w e re  a lso  d e te rm in e d . T h e  a g re e m e n t  b e tw e e n  th e  
th e o r e t ic a l a n d  e x p e r im e n ta l v a lu e s  sh o w e d  th e  v a l id it y  o f  th e  D e r ja g u in -L a n d a u -V e r w e y -  
O v e r b e e k  th e o r y  a n d  th e  d iss im ila r  d o u b le - la y e r  in te r a c t io n  th e o r y . T h e  b e h a v io r  o f  th e  
co a le s c e n c e  in  th e  p re se n ce  o f  sp e c if ic  a d s o r p t io n  o f  I ~  io n s  w a s  in te r p r e te d  q u a l it a t iv e ly  
in  te rm s  o f  th e  p o te n t ia l o f  th e  o u te r  H e lm h o ltz  p la n e  a t  th e  m e r c u r y -s o lu t io n  in te r fa c e .

Introduction
T h e  c o a g u la t io n  o f  c o llo id a l d isp e rs io n  h a s  b e e n  d is 

cu ssed  b y  th e  D e r ja g u in -L a n d a u -V e r w e y -O v e r b e e k  
(D L V O ) t h e o r y  w h ic h  is b a s e d  c n  th e  e le c tr ica l re p u l
s io n  a n d  th e  lo n g -ra n g e  L o n d o n -v a n  d e r  W a a ls  a t t r a c 
t io n  b e tw e e n  p a r t ic le s .1 E x p e r im e n ta l v e r if ica t io n s  o f

th is  t h e o r y  h a v e  b e e n  a t t e m p te d  o n  v a r io u s  so ls . H o w 
e v e r , th e  resu lts  h a v e  b e e n  d is cu s s e d  b y  u s in g  a n  a m 
b ig u o u s  q u a n t ity  lik e  th e  e le c t r o k in e t ic  f  p o te n t ia l.

(1) E. J. W. Verwey and J. Th. G. Overbeek, “ Theory of the Stability 
of Lyophobic Colloids,” Elsevier Publishing Co., Amsterdam, 1948.
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T h e  v a n  d e r  W a a ls  a t t r a c t io n  is u s u a lly  o b ta in e d  fr o m  
th e  c o a g u la t io n  e x p e r im e n ts  b y  e s t im a tin g  th e  res id u a l 
in te r a c t io n  a fte r  a llo w a n ce  h a s  b e e n  m a d e  fo r  th e  e le c 
t r ic a l fo r c e s . T h e  H a m a k e r  c o n s ta n ts  so  d e r iv e d  are  
d e p e n d e n t  o n  th e  c h o ic e  o f  th e  p o te n t ia l, a n d  re lia b le  
v a lu e s  o f  th e  H a m a k e r  c o n s ta n t  in  a s im p le  s y s te m  
h a v e  b e e n  u n a v a ila b le . F u r th e rm o re , m a n y  o f  th e  
in v e s t ig a t io n s  h a v e  d e a lt  a lm o s t  e x c lu s iv e ly  w ith  th e  
ca se  w h e re  p a r t ic le s  are  e q u a lly  ch a rg e d , a n d  fe w  e x 
p e r im e n ta l s tu d ie s  h a v e  b e e n  c o n d u c t e d  o n  th e  c o 
a g u la t io n  o f  u n e q u a lly  c h a r g e d  p a r t ic le s . T h e  th e o r y  
o f  th e  d iss im ila r  d o u b le - la y e r  in te r a c t io n  a n d  th e  th e o r y  
o f  h e te r o c o a g u la t io n  h a v e  a lre a d y  b e e n  p re s e n te d  b y  
D e r ja g u in ,2 B ie r m a n ,3 D e v e r e u x  a n d  d e  B r u y n ,4 5 a n d  
H o g g , H e a ly , a n d  F u e rs te n a u .6 T h e  d if f ic u lty  a sso c i
a te d  w ith  th e  e x p e r im e n ta l v e r if ic a t io n  o f  th e se  th e o r ie s  
is b e lie v e d  t o  lie  in  th e  m e t h o d  u n d e r  su ch  c o n d it io n s  
th a t  th e  in te r fa c ia l p o te n t ia l o f  p a r t ic le s  a n d  e le c t r o 
ly t e  c o n c e n tr a t io n  c a n  b e  fr e e ly  ch a n g e d , b e c a u s e  th e  
in te r fa c ia l p o te n t ia l  o f  p a rtic le s  is u n iq u e ly  d e te rm in e d  
w h e n  th e  s y s te m  o f  p a r t ic le -e le c t r o ly t e  s o lu t io n  is 
sp e c if ie d .

I n  c o n n e c t io n  w ith  th e se  p ro b le m s , a n  in te re s t in g  
e x p e r im e n t  w a s  u n d e r ta k e n  b y  W a ta n a b e  a n d  G o t o h .6 
T h e y  s tu d ie d  th e  c o a le s c e n c e  o f  m e r c u r y  d r o p le ts  b y  
m e a n s  o f  tw in  e le c tro d e s  a n d  d e m o n s tr a te d  th a t  th e  
c o a le s c e n c e  o f  m e r c u r y  d ro p le ts  w a s  s u b s ta n t ia lly  th e  
sa m e  as th e  c o a g u la t io n  o f  h y d r o p h o b ic  c o l lo id  p a r 
t ic le s  a n d  w a s  in te rp re te d  q u a n t ita t iv e ly  b y  th e  D L V O  
th e o r y . H o w e v e r , th e ir  r e su lt  la c k e d  in  th e  q u a n t ita 
t iv e  tr e a tm e n t  o f  th e  d iffe re n ce  b e tw e e n  th e  ra tio n a l 
p o te n t ia l  o f  th e  e le c t r o d e  a n d  th e  S te rn  p o te n t ia l. 
T h e  tw in  d r o p p in g  m e r c u r y  e le c t r o d e  te c h n iq u e  is  ch a r 
a c te r iz e d  b y  th e  fa c t  th a t  th e  p o te n t ia l o f  m e r c u r y  is 
c o n tr o lle d  t o  a n y  d e s ire d  o n e  i f  a  m e r c u r y -e le c t r o ly t e  
s o lu t io n  in te r fa c e  is in  a  p o la r iz e d  s ta te .

T h e  p u r p o s e  o f  th e  p r e s e n t  s tu d y  is t o  e x a m in e  th e  
D L V O  t h e o r y  in  te rm s  o f  w e ll-d e f in e d  q u a n t it ie s , i.e., 
th e  ra t io n a l p o te n t ia l  o f  th e  e le c t r o d e  a n d  th e  p o te n t ia l 
o f  th e  o u te r  H e lm h o ltz  p la n e  o f  m e r c u r y , a n d  t o  in 
v e s t ig a te  th e  t h e o r y  o f  d iss im ila r  d o u b le - la y e r  in te r 
a c t io n  th r o u g h  th e  co a le s c e n c e  o f  m e r c u r y  d r o p le ts  b y  
u s in g  th e  tw in  e le c t r o d e  te ch n iq u e .

Experimental Section

Devices and Materials. T h e  tw in  e le c tro d e s  u s e d  in  
th is  s t u d y  a re  s h o w n  in  F ig u re  l a  a n d  a re  v ir tu a lly  
id e n t ic a l w ith  th o s e  u s e d  b y  W a ta n a b e  a n d  G o t o h ,6 
s o m e  m o d ific a t io n s  b e in g  th a t  t w o  p o te n t io m e te r s  
(P i a n d  P 2) w e re  e m p lo y e d  t o  p o la r iz e  th e  m e r c u r y  
d ro p le ts  a n d  a  1 N  c a lo m e l e le c t r o d e  (n ee ) w a s  u sed  
as a  re fe re n ce  e le c tro d e . A n o t h e r  im p o r ta n t  im p r o v e 
m e n t  w a s  in  c a p illa ry  t ip  d e s ig n  as  s h o w n  in  F ig u re  l b ,

0.06mm?> O.7mm0

(b)

Figure 1. (a) Twin dropping mercury electrodes: Pi, P2,
potentiometer; N CE, I  N  calomel electrode; C, plastic cell.
(b) Schematic of glass capillary tip in cross-section.

w h ic h  w a s  in d isp e n sa b le  to  o b ta in in g  re lia b le  a n d  re 
p r o d u c ib le  resu lts . T h e  c o a le s ce n ce  e x p e r im e n ts  w e re  
ca rr ie d  o u t  a t th e  f lo w in g  ra te  o f  m e r c u r y  o f  a b o u t  1 
m g /s e c  d u r in g  th e  co u rse  o f  th e se  in v e s t ig a t io n s .

T h e  p la s t ic  c e ll h a s  a  th e r m o s ta t in g  ja c k e t  th r o u g h  
w h ic h  w a te r  m a y  c ircu la te  fr o m  a  c o n s ta n t -te m p e r a 
tu re  (2 5 ° )  so u rce . T h e  c a p a c it y  o f  th e  c e ll is a b o u t  
100  m l. T e s t  s o lu tio n s  w e re  d e o x y g e n a t e d  b y  a rg o n  
b u b b lin g , a n d  m ea su rem en ts  w e re  m a d e  u n d e r  th e  
a tm o s p h e r ic  c o n d it io n  o f  an  a rg o n  s tre a m . T h e  
a p p a ra tu s  u se d  fo r  d iffe re n tia l c a p a c it y  m e a su re m e n ts  
w a s  esse n tia lly  id e n t ica l w ith  th a t  u s e d  b y  G r a h a m e 7 
a n d  is sh o w n  in  F ig u re  2 . T h e  fr e q u e n c y  u t il iz e d  w a s  
100  cp s .

K F  w a s  s e le c te d  as a n  e le c t r o ly te  b e c a u s e  th e  sp e c if ic  
a d s o r p t io n  o f  F ~  io n  a t th e  m e r c u r y -s o lu t io n  in te r fa ce  
is th o u g h t  t o  b e  n e g lig ib le . K I  w a s  a lso  u s e d  fo r  c o m 
p a r is o n  b e c a u s e  o f  th e  s tr o n g  te n d e n c y  o f  s p e c if ic  a d -

(2) B. V. Derjaguin, D iscu ssions Faraday Soc., 18, 85 (1954).
(3) A. Bierman, J. Colloid S ci., 10, 231 (1955).
(4) O. F. Devereux and P. L. de Bruyn, “ Interaction of Plane-parallel 
Double Layers,” MIT Press, Cambridge, Mass., 1963.
(5) R. Hogg, T. W. Healy, and D. W. Fuerstenau, Trans. F araday  
Soc., 62 , 1638 (1966).
(6) A. Watanabe and R. Gotoh, K ollo id -Z ., 191, 36 (1963).
(7) D. C. Grahame, J. A m . Chem. Soc., 71, 2975 (1949).
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(a)

Figure 2. (a) Block diagram of apparatus for differential
capacity measurement: R*, standard variable resistor;
Cx, standard variable capacitor; R i, R 2, resistors;
O, twin T  oscillator; AM P, twin T  differential amplifier; 
PG, pulse generator; SYN, synchroscope.
(b) Schematic of cell for differential capacity measurement:
P, potentiometer; CH, choke coil (150 henrys); N CE, 1 N  
calomel electrode; DM E, dropping mercury electrode;
G, Pt gauze (counterelectrode); W, circulating water jacket.

s o r p t io n  o f  I -  io n . G u a r a n te e d  g ra d e  K F  a n d  K I  w e re  
fu r th e r  r e c ry s ta lliz e d  fr o m  c o n d u c t iv i t y  w a te r . T h e  
c o n d u c t iv it y  w a te r  w a s  o b ta in e d  b y  re d is t illa t io n  fr o m  
a lk a li p e rm a n g a n a te  s o lu t io n , fo l lo w e d  b y  d is t illa t io n  
w ith o u t  th e  rea g en t, th e  sp e c if ic  c o n d u c t iv it y  o f  w h ic h  
w a s  less  th a n  1 X  1 0 ~ 6 o h m -1  c m - 1 . T h e  c le a n e d  a ir 
w a s  le d  in to  h ig h -p u r ity  m e r c u r y  (9 9 .9 9 9 9 % ) fo r  3 
d a y s , a n d  th e n  th e  m e r c u r y  w a s  w a s h e d  w e ll w ith  
d ila te  I I i Y 0 3 so lu t io n  a n d  d is t ille d  w a te r , d r ie d , a n d  
fin a lly  d is t ille d  tw ic e  in vacuo.

Procedure. F irs t , c r it ica l p o te n t ia ls , A T  a n d  E + 
w e r e  d e te rm in e d  in  th e  s y m m e tr ic a l ca se  w h e re  tw o  
m e rcu ry  d ro p le ts  are  e q u a lly  ch a rg e d . T w o  m e rcu ry

Figure 3. Photographs showing the coalescence and repulsion 
of mercury droplets: a, growing; b, coalescence; c, repulsion.

d ro p le ts  w e re  p o la r iz e d  s im u lta n e o u s ly  b y  m e a n s  o f  
p o te n t io m e te r  P x a g a in st  n ee  a fte r  c o n n e c t in g  b o t h  
m e r c u r y  p o o ls . I n  th e  fo l lo w in g  th e  p o la r iz in g  p o t e n 
t ia l E  w ill b e  g iv e n  w ith  re fe re n ce  t o  th e  ra t io n a l p o 
te n t ia l o f  th e  e le c t r o d e ; i.e., E  =  0  w h e n  th e  p o la r iz e d  
p o te n t ia l is fix e d  t o  th e  e le c t r o c a p illa r y  m a x im u m  (e cm ) 
p o te n t ia l. T h e  e cm  p o te n t ia l ( — 0 .4 7  v  vs. n e e ) w a s  
c o n firm e d  b y  m e a su r in g  th e  p o te n t ia l  a t  w h ic h  th e  
d iffe re n tia l c a p a c it y  o f  m e r c u r y  in  c o n t a c t  w it h  0 .01  M  
K F  s o lu t io n  s h o w e d  a  m in im u m .

I f  th e  a b s o lu te  v a lu e  o f  E  is  sm a ll, t w o  d r o p le ts  
c o a le s c e  as s o o n  as th e y  g r o w  t o  th e  s izes  a t  w h ic h  
th e ir  su r fa ce s  a p p e a r  to  b e  in  c o n t a c t  w ith  e a c h  o th e r . 
H o w e v e r , i f  E  is in cre a se d  c o n t in u o u s ly  to  th e  n e g a t iv e  
o r  p o s it iv e  d ire c t io n , a  p o la r iz a t io n  ra n g e  is o b ta in e d  
o v e r  w h ic h  th e  tw in  d ro p le ts  d o  n o t  c o a le s c e  a n d  
c o n t in u e  to  g r o w  s e p a r a te ly  (i.e., r e p u ls io n ) e v e n  if  t h e y  
c o n t a c t  w ith  e a ch  o th e r . T h e s e  b e h a v io r s  o f  th e  m e r 
c u r y  d r o p le ts  w e re  o b s e r v e d  via th e  m ic r o s c o p e  o f  a 
c a th e to m e te r  as s h o w n  in  F ig u r e  3 . A ft e r  d e te r m in in g  
th e  c r it ic a l p o te n t ia ls , i.e., th e  u p p e r  l im it  E+ ( > 0 )  
a n d  lo w e r  lim it  A T  ( < 0 )  o f  th e  p o la r iz a t io n  ra n g e  o f  
c o a le s ce n ce , th e  p o te n t io m e te r s  P i a n d  P 2 w e r e  c o n 
n e c te d  as s h o w n  in  F ig u r e  la .  O n e  o f  th e  p o la r iz in g  
p o te n t ia ls , s a y , E, w a s  fix e d  t o  a n y  d e s ire d  v a lu e  m o re  
th a n  E _  o r  E+ a n d  th e n  th e  c r it ic a l p o t e n t ia l  o f  th e  
o th e r  s id e , s a y  Ei, w a s  d e te rm in e d . B e lo w  o r  a b o v e  th e  
c r it ic a l p o te n t ia l o f  Ei u n e q u a lly  c h a r g e d  m e r c u r y  d r o p 
le ts  c o a le s c e d  o r  re p e lle d  e a ch  o th e r . A  s e t  o f  th e
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p o te n t ia ls  th u s  o b ta in e d  p r o v id e s  th e  c r it ica l p o te n t ia l 
in  co a le s c e n c e  o f  u n e q u a lly  c h a rg e d  m e r c u r y  d ro p le ts  
(h e te r o c o a le s c e n c e ) . T w o  g ro w in g  d r o p le ts  w e re  
b r o u g h t  in to  c o n t a c t  as s lo w ly  as p o s s ib le  b y  re g u la t in g  
th re e  t r a v e lin g  m ic r o m e te r  d e v ic e s  a t ta c h e d  t o  o n e  
c a p illa ry . I t  is th o u g h t  t o  b e  n e ce ssa ry  to  a v o id  th e  
e f fe c t  o f  a c t in g  fo r c e  w h ic h  resu lts  fr o m  th e  n o n e q u i
lib r iu m  s ta te , su ch  as a  re s is ta n ce  in  th in n in g  th e  in te r 
v e n in g  w a te r  la y e r .8 I n  fa c t , w h e n  th e  c o n t a c t  o f  th e  
t w o  d r o p le ts  w a s  n o t  su ffic ie n t ly  s lo w , th e  c r it ic a l p o 
te n t ia ls  s h o w e d  a te n d e n c y  t o  d e cre a se  to  sm a lle r  v a lu es . 
T h e  c r it ic a l p o te n t ia ls  w e re  n o t  so  s e n s it iv e  t o  th e  s ize  o f  
th e  d r o p le ts  e x c e p t  in  th e  ca se  w h e re  th e  d iffe re n ce  in  
s ize  b e tw e e n  th e  d ro p le ts  w a s  e x c e e d in g ly  g re a t . T h e  
e rro r  in  th e  d e te c t io n  o f  th e  c r it ica l p o te n t ia ls , w h ic h  
d e p e n d s  u p o n  th e  a p p lie d  p o te n t ia ls , w a s  e s t im a te d  to  
b e  le ss  th a n  ± 6 % .

Results and Discussion

Interaction between Identical Double Layers. C r it ic a l 
p o te n t ia ls  in  th e  s y m m e tr ic a l ca se , E _  a n d  E+, a re  
p lo t t e d  in  F ig u r e  4  as fu n c t io n s  o f  K F  c o n c e n tr a t io n  in  
m o la r ity . T h e  s y m m e tr y  b e tw e e n  K _  a n d  E+ w ith  
r e s p e c t  t o  th e  a b sc is sa  is th o u g h t  to  b e  s a t is fa c to r y . 
T h e  H a m a k e r  c o n s ta n t , A, w a s  e v a lu a te d  in  su ch  a 
w a y  th a t  a m a x im u m  in  th e  n e t  p o te n t ia l  e n e rg y  ( F raax) 
b e c a m e  z e ro  a t  th e  c r it ic a l p o te n t ia l  u n d e r  th e  c o n d i
t io n  o f  kD =  2 (D is th e  s h o r te s t  d is ta n ce  b e tw e e n  th e  
p a r t ic le  su rfa ces , a n d  k is th e  D e b y e - H i i c k e l  r e c ip r o c a l 
le n g th ) . T h e  v a lu e s  th u s  o b ta in e d  fr o m  th e  c r it ic a l 
p o te n t ia ls  w e re  (3 .1 0  ±  0 .1 9 ) X  1 0 ~ 12 a n d  (1 .2 0  ±
0 .1 7 ) X  1 0 ~ 12 a t  a 5 %  s ig n ifica n t le v e l, r e s p e c t iv e ly , 
w h e re  in  th e  fo r m e r  th e  su r fa ce  p o te n t ia l r e fe r re d  to  E  
a n d  in  th e  la t te r  th e  p o te n t ia l o f  th e  o u te r  H e lm h o ltz  
p la n e , \p°, w a s  u se d  in  ca lc u la t in g  th e  d o u b le - la y e r  in te r 
a c t io n . T h o u g h  th e  D L V O  th e o r y  is o r ig in a lly  c o n 
c e rn e d  w ith  th e  d iffu se  la y e r  p o te n t ia l, it  is t h o u g h t  to  b e  
in te re s t in g  t o  c o m p a r e  th e  re su lts  fr o m  th e  b o t h  ca lc u 
la t io n s . I n  th e  a b o v e  c a lcu la t io n s  th e  r e p u ls iv e  p o t e n 
t ia l e n e rg y  o f  d o u b le - la y e r  in te r a c t io n  w a s  e v a lu a te d  
b y  in te r p o la t in g  th e  re su lts  e s ta b lish e d  b y  D e v e r e u x  
a n d  d e  B r u y n ,4 a n d  A/12irD 2 1 w a s  u s e d  in  e s t im a tin g  
th e  v a n  d e r  W a a ls  a t t r a c t io n . T h a t  is, th e  ca lc u la t io n  
is b a s e d  o n  th e  p la n e -p a ra lle l d o u b le - la y e r  m o d e l , b u t  
th is  is th o u g h t  to  b e  a  p r o p e r  c h o ic e  fo r  o u r  sy s te m .

C o n v e r s e ly , w e  c a n  ca lc u la te  th e  c r it ica l p o te n t ia l in  
e a ch  c o n c e n tr a t io n  if  th e  v a lu e  o f  A is  k n o w n . T h e  
d o t t e d  cu r v e s  in  F ig u r e  4  re p re se n t th e  th e o r e t ic a l 
v a lu e  o f  th e  c r it ic a l p o te n t ia l in  th e  ca se  o f  A =  3 .1 0  X  
1 0 ~ 12. T h e  s o lid  cu r v e s  s h o w  th e  th e o r e t ic a l v a lu e  in  
th e  ca se  o f  A =  1 .20  X  1 0 -12 w h e re  th e  d o u b le - la y e r  
in te r a c t io n  e n e r g y  w a s  c a lc u la te d  in  te rm s  o f  \p°. 
T h e  a g re e m e n t b e tw e e n  t h e o r y  a n d  e x p e r im e n ta l re -

Figure 4. Critical potentials in the symmetrical 
case as functions of KF concentration.

su its  is t h o u g h t  t o  b e  s a t is fa c to r y  in  e a c h  ca se . T h e  
v a lu e  o f  \p° (in  v o lt s )  in  K F  s o lu t io n s  w a s  c a lc u la te d  a t  
2 5 °  in  a c c o r d a n c e  w ith  th e  th e o r e t ic a l e q u a t io n  as

<rs =  11.72C ,,/2 s in h  (19.46«/'°) (1 )

w h e re  <rs is th e  s u r fa ce  c h a rg e  d e n s ity  in  m ic r o c o u lo m b s  
p e r  sq u a re  ce n t im e te r  a n d  C is th e  e le c t r o ly te  c o n c e n 
tr a t io n  in  m o le s  p e r  lite r . T h e  s u r fa ce  ch a rg e  d e n s ity  
w a s  o b ta in e d  b y  in te g r a t io n  o f  th e  d iffe re n tia l c a p a c it y  
w ith  re s p e c t  t o  E  e x c e p t  fo r  0 .0 0 1  M  K F  s o lu t io n . I t  
w a s  d ifficu lt  in  o u r  d e v ic e  t o  o b ta in  a r e lia b le  v a lu e  o f  
th e  d iffe re n tia l c a p a c it y  in  c o n c e n tr a t io n s  less  th a n  * 25

(8) B. V. Derjaguin and M. Kussakov, Acta Physicochim. URSS, 10,
25, 154 (1939).
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Distance between pcrticle surfaces D, I

Figure 5. Potential energy due to the double-layer 
interaction (F eicc) as a function of the 
particle distance in 0.01 M  K F  solution.

0 .0 0 2 5  M, s o  th a t  G r a h a m e ’s d a ta 9 w e re  u se d  fo r  0 .0 0 1  
M  K F  so lu t io n . T h e  a g re e m e n t in  crs b e tw e e n  G r a 
h a m e ’ s a n d  o u r  resu lts  w a s  co n firm e d  fo r  0 .0 1  M  a n d  
0 .1  M  K F  so lu tio n s . T h e  re la t io n  b e tw e e n  tp° a n d  E 
w a s u sed  fo r  m u tu a l co n v e r s io n  b e tw e e n  th e m .

Interaction between Dissimilar Double Layers in the 
Absence of Specific Adsorption. R e m a r k a b le  fe a tu re s  
d e m o n s tra te d  b y  D e r ja g u in 2 are as fo llo w s , (a ) I n  
c o n tr a s t  t o  th e  s y m m e tr ic a l ca se , a fo r c e  b a rr ie r  o c cu rs  
in  th e  d iss im ila r  d o u b le - la y e r  in te r a c t io n  w h e n  b o th  
p o te n t ia ls  are  o f  th e  sa m e  sign , (b )  T h e  fo r c e  b a rr ie r  
d e p e n d s  e x c lu s iv e ly  o n  th e  p o te n t ia l o f  th e  m o re  
w e a k ly  c h a rg e d  su rfa ce , sa y  <p%. (c )  T h e  p o s it io n  a t
w h ich  th e  fo r c e  b a rr ie r  a p p e a rs  is s h ifte d  to  a  g re a te r  
d is ta n ce  as th e  p o te n t ia l o f  th e  m o r e  s tr o n g ly  ch a rg e d  
su rfa ce , sa y  <pit in crea ses . T h e  a c c u r a te  c a lcu la 
t io n  o f  th e  p o te n t ia l e n e rg y  d u e  t o  th e  d iss im ila r  d o u b le 
la y e r  in te ra c t io n  w a s  ca rr ied  o u t  b y  D e v e r e u x  a n d  d e  
B r u y n 4 o n  th e  b a s is  o f  th e  fre e  e n e rg y  m e t h o d . E x 
a m p les  o f  th e  p o te n t ia l e n e rg y  d u e  t o  th e  d iss im ila r  
d o u b le -la y e r  in te ra c t io n  ( F eiec) in  0 .0 1  M  K F  so lu t io n

are illu stra ted  in  F ig u re  5 as fu n c t io n s  o f  th e  p a r tic le  
d is ta n ce . C o n s id e r in g  th a t  th e  e n e rg y  v a lu e  a t kD =  
2 is a  m ea su re  o f  th e  c r ite r io n  o f  th e  c o a le s ce n ce , it  
m a y  b e  seen  fr o m  th is  fig u re  th a t  th e  lo w e r  su r fa ce  p o 
ten tia ls , w, m u st  b e  d e cre a se d  w ith  in cre a s in g  h ig h er 
su r fa ce  p o te n tia ls , <p\, in  o rd e r  to  ca u se  th e  c o a le s ce n ce . 
T h e  c r it ica l p o te n t ia ls  d e te rm in e d  e x p e r im e n ta lly  in  
th e  h e te ro co a le s ce n ce  are  s h o w n  in  F ig u re  6. C ross  
m a rk s  a lo n g  th e  ch a in  lin e  sh o w  th e  c r it ica l p o te n t ia ls  
(E _  o r  E+) in  th e  s y m m e tr ica l ca se . T h e  re g io n  
in v o lv in g  th e  o r ig in  re p re se n ts  th e  c o a le s ce n ce . In  
th e  s e c o n d  a n d  fo u r th  q u a d ra n ts  w h e re  tw o  m e r c u r y  
d ro p le ts  a re  o p p o s ite ly  ch a rg e d , th e  d r o p le ts  su re ly  
co a le s ce  ir re s p e c t iv e  o f  th e  c o n c e n tr a t io n  o f  th e  
s o lu tio n s  u n d e r  te s t . I n  th e  ca se  o f  th e  h e te r o c o a le s 
ce n ce , th e o re t ica l cu r v e s  are  a lso  g iv e n  in  a  w a y  sim ilar  
t o  th a t  o f  th e  s y m m e tr ica l ca se  o n  th e  a s s u m p tio n  th a t  
th e  cr it ica l c o n d it io n  c o r r e s p o n d s  t o  th e  p o in t  a t  w h ic h  
V max =  0 . T h e  H a m a k e r  c o n s ta n t  A  w a s  e v a lu a te d  
fr o m  th e  e x p e r im e n ta l v a lu e  o f  E L  o r  E + fo r  e a ch  c o n 
ce n tra t io n . T h e  p o te n t ia l e n e rg y  d u e  to  th e  d iss im ila r  
d o u b le -la y e r  in te ra c t io n  w a s  e v a lu a te d  b y  a  g ra p h ica l 
in te r p o la t io n  o f  D e v e r e u x  a n d  d e  B r u y n ’ s t a b le .4 
S o lid  a n d  d o t t e d  cu rv e s  re p re se n t th e  th e o r e t ic a l v a lu es , 
w h e re  th e  d o u b le -la y e r  in te r a c t io n  en erg ies  w e re  ca l-

Figure 6. Critical potentials at 
heterocoalescence in K F  solution.

(9) D. C. Grahame, J. A m . Chem. Soc., 76, 4819 (1954).

Volume 71, Number 10 September 1967



3200 S. Usui, T. Y amasaki, and J. Shimoiizaka

Figure 7. Potential energy curves as functions of 
the particle distance in 0.01 M  K F  solution at 
1 =  —102 mv (corresponding to Ei —  —260 mv).

c u la te d  in  te rm s  o f  in  th e  fo r m e r  a n d  in  te rm s  o f  E  
in  th e  la tte r , r e s p e c t iv e ly . A n  e x a m p le  o f  c a lc u la t io n  
o f  th e  p o te n t ia l en erg ies  d u e  t o  th e  d iss im ila r  d o u b le 
la y e r  in te ra c t io n , F eieo, v a n  d e r  W a a ls  a t t r a c t io n , F a , 
a n d  to t a l  in te r a c t io n  b e tw e e n  a p p r o a c h in g  p a r t ic le s  a t 
lAi° =  — 102 m v  (c o r r e s p o n d in g  to  Ex =  — 2 6 0  m v )  
a n d  2° =  — 2 0 .7  m v  (c o r r e s p o n d in g  to  E 2  =  — 4 0  m v ) 
is  s h o w n  in  F ig u r e  7 fo r  0 .0 1  M  K F  s o lu t io n . I n  th is  
fig u re  to t a l  p o te n t ia l  e n e rg y  cu r v e s  a t  E 2 =  — 4 2 .5  
a n d  — 3 7 .5  m v  are in c lu d e d  fo r  c o m p a r is o n . W it h in  
th e  ra n g e  o f  th e se  p o te n t ia ls  a m b ig u o u s  re su lts  w e re  
g iv e n  t o  d e te c t  th e  c r it ica l p o te n t ia ls .

A s  is sh o w n  in  F ig u re  6, c o r r e c t io n s  a re  o f  s ig 
n ifica n ce  w ith  h ig h e r  c o n c e n tr a t io n  a n d  less  e ffe c t  
a p p e a rs  in  d ilu te  so lu t io n , e s p e c ia lly  fo r  0 .0 0 1  M  s o lu 
t io n . T h e  a g re e m e n t b e tw e e n  e x p e r im e n ta l resu lts  
a n d  th e o r e t ic a l cu r v e s  in  te rm s  o f  \p° is t h o u g h t  t o  b e  
s a t is fa c to r y . T h is  a g re e m e n t b e tw e e n  th e o r y  a n d  
e x p e r im e n t p r o v e s  th e  v a lid it y  o f  th e  t h e o r y  o f  d is 
s im ila r  d o u b le - la y e r  in te r a c t io n  a n d  fu r th e r m o r e  in d i
ca te s  th a t  th e  c o a le s c e n c e  o f  m e r c u r y  d r o p le ts  is s u b 

s ta n t ia lly  th e  sa m e  as th e  c o a g u la t io n  o f  h y d r o p h o b ic  
c o l lo id  p a r t ic le s  a n d  is in te rp re te d  q u a n t it a t iv e ly  b y  
th e  D L V O  t h e o r y  as h a s  b e e n  p o in t e d  o u t  b y  W a t a -  
n a b e  a n d  G o t o h .6 I n  F ig u r e  4  w e  o b ta in e d  th e  v a lu e s
3 .1  X  1 0 ~ 12 a n d  1 .2  X  1 0 -12 as  H a m a k e r  co n s ta n ts , 
r e s p e c t iv e ly . C o n firm in g  th e  v a l id it y  o f  th e  c a lc u la 
t io n  in  te rm s  o f  it  m a y  b e  c o n c lu d e d  th a t  th e  la t te r  
v a lu e  sh o u ld  b e  ta k e n  as th e  c o r r e c t  o n e . T h is  v a lu e  is 
v e r y  c lo s e  t o  th e  o n e  p r o p o s e d  b y  F o w k e s ,101 .3  X  1 0 ~ 12, 
w h ic h  w a s  o b ta in e d  fr o m  a  d iffe re n t a p p r o a c h , a n d  th is  
in d ic a te s  th a t  th e  in te r a c t io n  b e tw e e n  m e r c u r y  a n d  
w a te r  m o le c u le s  co n s is ts  m a in ly  o f  m o le c u la r  fo r c e s , 
b e c a u s e  h e  o b ta in e d  th e  v a lu e  b y  a ssu m in g  th a t  th e  
in te r a c t io n  b e tw e e n  m e r c u r y  a n d  w a te r  is c o m p o s e d  
e n t ire ly  o f  th e  L o n d o n -v a n  d e r  W a a ls  fo r c e s  a n d  n o  
c o n tr ib u t io n  fr o m  e le c t r o s ta t ic  o r ig in  is e x p e c te d . 
T h is  m a y  b e  th e  re a so n  w h y  th e  coalescence o f  m e r c u r y  
d ro p le ts  in  w a te r  w a s  w e ll in te rp re te d  in  te rm s  o f  th e  
coagulation th e o r y  o f  h y d r o p h o b ic  co llo id s .

Interaction between Dissimilar Double Layers in the 
Presence of Specific Adsorption of Anions. S im ila r  
e x p e r im e n ts  w e re  m a d e  o n  th e  a q u e o u s  s o lu t io n s  o f  K I  
w ith  a n  in te n t io n  o f  c h e c k in g  th e  e f fe c t  o f  th e  s p e c if ic  
a d s o r p t io n  o f  I -  io n s . I n  c o n tr a s t  t o  K F  s o lu t io n s , n o  
c o a le s c e n c e  w a s  o b s e r v e d  in  0 .0 0 1 , 0 .0 1 , a n d  0 .0 2 5  M  K I  
s o lu t io n s  in  th e  w h o le  ra n g e  o f  th e  p o te n t ia l  te s te d . 
I t  s h o u ld  b e  n o te d  th a t  th e  m e r c u r y  d r o p le ts  re p e l e a ch

Figure 8. Critical potentials at heterocoalescence in the 
solution of K I +  K F  of constant ionic strength, 2.5 X  10 ~2 M. 
The concentration of K I is 1 X  10-4 M.

(10) F. M. Fowkes, Ind. Eng. Chern., 56, 40 (1964).
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Figure 9. Relation between \ a n d  E  in the solution of 
K I +  K F  of constant ionic strength, 2.5 X  10-2 M: - - O - -, 
calculated from the coalescence data for [K I] =  1 X 10~4 M.

o th e r  e v e n  if  t h e y  are  o p p o s ite ly  ch a rg e d . T h is  fa c t  
m a y  b e  in te rp re te d  b y  a ssu m in g  th a t  th e  p o te n t ia l o f  
th e  o u te r  H e lm h o ltz  p la n e , \p°, b e c o m e s  n e g a t iv e  as a 
resu lt o f  th e  sp e c if ic  a d s o r p t io n  o f  I -  ion s , e v e n  th o u g h  
th e  p o te n t ia l o f  th e  m e r c u r y  su r fa ce , E, is f ix e d  t o  th e  
p o s it iv e  s id e . I n  o r d e r  t o  e x a m in e  q u a n t ita t iv e ly  th e  
e ffe c t  o f  \f/° o n  th e  c o a le s c e n c e  o f  m e r c u r y  d r o p le ts  in  
th e  p resen ce  o f  K I ,  th e  e x p e r im e n ts  w e re  u n d e r ta k e n  
w ith  th e  so lu t io n  o f  K I  +  K F  o f  c o n s ta n t  io n ic  s tre n g th ,
2 .5  X  1 0 - 2 M . I n  th e  so lu t io n s  w h e re  [K I ]  =  5 X  10 “ 6, 
1 X  1 0 -4 , 5 X  1 0 ~ 4, a n d  1 X  1 0 ~ 3 M , th e  co a le s c e n c e  
t o o k  p la c e  o n ly  in  th e  first tw o  s o lu t io n s . I n  th is  ca se , 
h o w e v e r , th e  p a tte r n  o f  th e  c r it ica l p o te n t ia ls  in  th e  
h e te ro co a le s ce n ce  d iffers  c o n s id e r a b ly  fr o m  th a t  in  th e  
ca se  o f  th e  p u re  K F  so lu tio n s . I n  F ig u r e  8, th e  cr it ica l 
p o te n t ia ls  w e re  p lo t t e d  fo r  [K I ]  =  1 X  1 0 ~ 4 M , th e  
ra n g e  in c lu d in g  th e  o r ig in  re p re se n tin g  th e  co a le s ce n ce . 
In  th e  sa m e  figu re  th e  resu lt  fo r  th e  p u re  K F  s o lu t io n  
(2 .5  X  1 0 -2  M) w a s  in c lu d e d  f c r  c o m p a r is o n . F r o m  
th ese  resu lts  w e  c a n  e s t im a te  th e  \f/° f o r  th is  s y s te m  as a 
fu n c t io n  o f  E  w ith  th e  a id  o f  th e  c r it ic a l p o te n t ia l 
d a ta  fo r  th e  p u re  K F  so lu t io n  o f  2 .5  X  1 0 -2  M, i f  w e  
assu m e th a t  th e  c o a le s c e n c e  o f  m e r c u r y  d ro p le ts  is 
p re d o m in a n tly  d e te rm in e d  b y  t/A I n  th e  a b o v e  c a l-

Evs. N.C.E, volts

Figure 10. Differential capacities of mercury in 
contact with the solution of K I +  K F  of constant 
ionic strength, 2.5 X 10~2 M.

c u la t io n  it  w a s  r e a so n a b le  t o  c o n s id e r  f r o m  th e  d if 
fe re n tia l c a p a c it y  d a ta  th a t  th e  \p° in  th e  ra n g e  m o re  
n e g a t iv e  th a n  E — — 150 m v  d o e s  n o t  d if fe r  f r o m  th a t  
o f  th e  p u re  K F  s o lu t io n  (2 .5  X  1 0 -2  M ). T h e  resu lts  
fo r  K I  =  1 X  1 0 -4  M  a re  s h o w n  in  F ig u r e  9 as c ir c le s  
w ith  a  d o t t e d  lin e . S o lid  c u r v e s  in  th e  fig u re  s h o w  th e  
v a lu e  o f  c a lc u la te d  f r o m  th e  d if fe re n t ia l c a p a c it y  
d a ta . D iffe r e n t ia l c a p a c it ie s  as fu n c t io n s  o f  th e  p o 
te n t ia l a g a in st n ee  is i l lu s tra te d  in  F ig u r e  10. ^  c a n  b e
c a lc u la te d  b y  u se  o f  th e  e q  1, b u t  in  th is  ca se  as m u s t  b e  
r e p la c e d  b y  as +  o r -  ( o r -  is th e  a m o u n t  o f  s p e c if ic a lly  
a d s o r b e d  I -  io n s ) . F o r  o u r  s y s te m , a i -  is o b t a in e d  b y  
th e  r e la t io n 11

F(dy/RTd  In W Ki)Enoe — — <ri- (2 )

w h e re  F is th e  fa r a d a y , y  is th e  in te r fa c ia l te n s io n , a n d  
mm is th e  m o la l c o n c e n tr a t io n  o f  K I .  T h e  v a lu e  o f  y 
(r e la t iv e  t o  e c m ) w a s  o b ta in e d  b y  d o u b le  in te g r a t io n  
o f  th e  c a p a c it y  v a lu e s  w ith  re s p e c t  t o  E. A s  is seen  in  
F ig u re  9 , a  p o o r  a g re e m e n t  is n o t e d  b e tw e e n  b o t h  
a p p ro a ch e s  fo r  1 X  1 0 ~ 4 M  K I  a n d  th e  d is c r e p a n c y  is 
m u ch  p r o n o u n c e d  as th e  p o te n t ia l  b e c o m e s  p o s it iv e .

(11) E. Dutkiewicz and R. Parsons, J . Electroanal. Chem.. 11, 100 
(1966).
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A  series  o f  m e a su re m e n ts  o f  d iffe re n tia l c a p a c it y  a t 
d if fe r e n t  fr e q u e n c ie s  (100 , 30 0 , 1000, a n d  3 0 0 0  c p s ) w a s 
m a d e , a n d  a  d e p e n d e n c e  o n  th e  fr e q u e n c y  w a s  o b 
s e r v e d  a t  p o te n t ia ls  m o re  p o s it iv e  th a n  — 0 .7  v  (vs. 
n e e ) . C o n s e q u e n t ly , th e  a b o v e  c a lc u la t io n  w a s  a lso  
ca rr ie d  o u t  b y  u s in g  th e  d iffe re n tia l c a p a c it y  v a lu e s  e x 
t r a p o la te d  t o  z e ro  fr e q u e n c y , b u t  th e  d is c r e p a n c y  w a s  
n o t  d im in ish e d  a t  all. T h e  re a so n a b le  e x p la n a t io n  fo r  
th is  h as n o t  y e t  b e e n  g iv e n . H o w e v e r , th e  re su lts  in  
F ig u r e  9 a c c o u n t  q u a lit a t iv e ly  fo r  th e  b e h a v io r  o f  
c o a le s c e n c e  a n d  re p u ls io n  o f  m e r c u r y  d r o p le ts  in  K I  
s o lu t io n . F r o m  th e  resu lts  th a t  th e  c r it ica l p o te n t ia l 
i i n  th e  s y m m e tr ic a l ca se  w a s — 5 0 .5  m v  (c o r r e 
s p o n d in g  t o  E _  =  — 128 m v ) ,  w h ic h  is m a rk e d  b y  th e  
h o r iz o n ta l ch a in  lin e , fo r  th e  p u re  K F  s o lu t io n  o f  0 .0 2 5  
M  (in  th e  a b se n ce  o f  sp e c if ic  a d s o r p t io n ) , i t  m a y  b e  
e x p e c t e d  th a t  n o  co a le s c e n c e  ta k e s  p la c e  a t  a n y  p o te n 

t ia l E  in  th e  K I  so lu tio n s  m o re  c o n c e n tr a te d  th a n  5 X  
10 ~ 4 M  a n d  co a le s ce n ce  o c cu rs  in  th e  K I  so lu t io n s  less 
d ilu te  th a n  1 X  1 0 ~ 4 M. T h is  e x p e c ta t io n  is su p 
p o r te d  b y  th e  ex p e r im e n ta l resu lts  as p r e v io u s ly  d e 
s c r ib e d . T h u s , th e  q u a lita t iv e  in te rp re ta t io n  o f  th e  
co a le s c e n c e  o f  m e rcu ry  d ro p le ts  in  th e  p re se n ce  o f  
sp e c if ic  a d s o r p t io n  o f  I -  ion s  is p o ss ib le  in  te rm s  o f  th e  
p o te n t ia l o f  th e  o u te r  H e lm h o ltz  p la n e  a t  th e  m e r c u r y -  
s o lu t io n  in te r fa ce .
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T h e  m a tr ix  is o la t io n  te c h n iq u e  h a s  b een  u sed  to  o b ta in  th e  in fra re d  s p e c tru m  o f  A 1 F 3, 
A12F6, a n d  A 1F . O r ie n ta t io n  e ffe c ts  o b s e r v e d  fo r  A 1F 3 tr a p p e d  in  an  a rg o n  m a tr ix  a id e d  
in  th e  a ss ig n m e n t o f  s o m e  a b s o r p t io n  b a n d s . T h e  fo l lo w in g  are  th e  th re e  in fr a r e d -a c t iv e  
fr e q u e n c ie s  o f  A 1F 3: r4( E ')  2 7 0  c m -1 , j/3( E ')  96 5  c m -1 , a n d  r 2 (A 2" )  3 0 0  c m - 1 . S ix  fr e 
q u e n c ie s  are  a t t r ib u te d  to  th e  d im e r  A12F 6. A ssu m in g  a  p la n a r  b r id g e  s tru c tu re , p o in t  
g ro u p  D ih , th e  fre q u e n c ie s  are  a ss ig n ed  as fo l lo w s : rg (B iu) 9 95  c m -1 , ^ »(B m ) 34 0  c m -1 ,
ri3 (B 2u) 6 60  c m -1 , ri6(B 3u) 80 5  c m -1 , r n (B 3u) 575  c m -1 , ri8(B 3u) 30 0  c m - 1 .

Introduction

M a s s  s p e c t r o s c o p ic  in v e s t ig a t io n s 1’ 2 h a v e  sh o w n  
a lu m in u m  tr iflu o r id e  v a p o r  a t a b o u t  1 0 0 0 ° K  to  c o n 
s is t o f  th e  m o le cu la r  sp e c ie s  A 1F 3 a n d  A b F « , th e  la tte r  
b e in g  p re s e n t  to  th e  e x te n t  o f  1 o r  2 % .  T h e  h ig h - 
te m p e r a tu r e  g a s -p h a s e  in fra re d  s p e c tru m  o f  A 1F 3 h as 
b e e n  r e p o r te d  b y  B u c h le r 3 4 a n d  M a r g r a v e , et al.* T h e  
m a tr ix  s p e c tr u m  has b e e n  o b s e r v e d  b y  L in e v s k y 5 an d  
S n e lso n 6 b u t  is n o t  re p o r te d  in  th e  o p e n  lite ra tu re . N o

d a ta  are  a v a ila b le  o n  th e  d im e r  sp ec ies . T h e  cu rre n t 
in v e s t ig a t io n  b y  m a tr ix  is o la t io n  w a s  in it ia te d  t o  fill

(1) R, F. Porter and E. E. Zeller, J . Chem. P h ys., 33, 858 (I960).
(2) A. Buchler, “ Study of High Temperature Thermodynamics of 
Light Metal Compounds,”  Progress Report No. 3, Arthur D. Little, 
Inc., Cambridge, Mass., 1962.
(3) A. Buchler, ref 2, Progress Report No. 2.
(4) L. D. McCory, R. C. Paul, and J. L. Margrave, J. P h ys. Chem., 
67, 1986 (1963).
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th is  g a p , a n d  a lso  s u p p ly  c o m p a r is o n  sp e c tr a  fo r  a 
p r o je c t e d  s tu d y  o n  th e  m ix e d  sp e c ie s  L iA lF 4. T h e  
sp e c tra  o b ta in e d  in it ia lly  fo r  A lF j  w e re  m o r e  c o m p le x  
th a n  a n t ic ip a te d  a n d  th e  p o s s ib i li ty  th a t  th e  sp ec ies  A 1F  
m ig h t  b e  p re se n t in  th e  v a p o r  w a s  in v e s t ig a te d .

Experimental Section

T h e  m a tr ix  is o la t io n  c r y o s ta t , m o le cu la r  b e a m  fu r 
n a ce , a n d  e x p e r im e n ta l p r o c e d u r e s  u sed  in  th is  in v e s t i
g a t io n  w e re  esse n tia lly  th e  sa m e  as th a t  d e s cr ib e d  b y  
th e  a u th o r  in  a p r e v io u s  p a p e r .7 O n ly  th o s e  d e ta ils  
p e cu lia r  t o  th e  p re se n t  e x p e r im e n ts  w ill b e  g iv e n .

T h e  a lu m in u m  flu o r id e  w a s  re a g e n t g ra d e  su p p lie d  
b y  B a k e r  a n d  A d a m s o n . I t  w a s  d e h y d r a t e d  p r io r  to  
b e in g  lo a d e d  in to  K n u d s e n  ce lls , w h ic h  w e re  m a d e  o f  
e ith e r  g ra p h ite  o r  p la t in u m . T h e  sa m p le  w a s  h e a te d  at 
a b o u t  8 7 5 °  to  o b s e r v e  th e  s p e c tr u m  o f  th e  sa tu ra te d  
v a p o r , d e p o s it io n s  la s t in g  fr o m  1 t o  2 hr. T o  o b s e r v e  
th e  s p e c tr u m  o f  th e  u n d e rsa tu ra te d  v a p o r , su p e rh e a t in g  
a t 1 4 0 0 °  w a s  u sed .

T h e  sp e c ie s  A1F w a s  fo r m e d  b y  h e a t in g  s p e c t r o 
s c o p ic a l ly  p u re  a lu m in u m  m e ta l w ith  A 1F 3 a t  a b o u t  
8 0 0 ° . A  v a r ie t y  o f  A 1 :A 1 F 3 ra tio s  w a s  tr ied , th e  o n ly  
e ffe c t  o n  th e  s p e c tr u m  b e in g  a  s lig h t  e n h a n ce m e n t  in  
th e  in te n s ity  o f  th e  A 1F 3 a b s o r p t io n  b a n d s  in  m ix tu re s  
r ich  in  th e  la t te r  c o m p o u n d .

M o s t  sp e c tr a  w e re  o b ta in e d  w ith  M / H  > 4 0 0 0  fo r  
n e o n  a n d  a rg o n  a n d  > 2 0 0 0  fo r  k r y p to n . U n d e r  th e se  
c o n d it io n s , g o o d  is o la t io n  o f  th e  sp ec ies  resu lted . 
T y p ic a l  d e p o s it io n  ra te s  o f  h a lid e  a n d  m a tr ix  gas w ere  
8 -5 0  X  1CU10 a n d  5 -2 5  X  1 0 “~6 m o le /s e c ,  r e s p e c t iv e ly . 
S p e c tra  w e r e  r e c o r d e d  o n  a  P e r k in -E lm e r  621 s p e c t r o 
p h o to m e te r . F r e q u e n c ie s  are  b e lie v e d  a c c u r a te  to  ±  1 
c m - 1 .

Results

T h e  sp e c tr a  o f  s a tu ra te d  a lu m in u m  tr iflu o r id e  v a p o r  
in  m a tr ice s  o f  n e o n , a rg o n , a n d  k r y p t o n  are s h o w n  in  
F ig u re  l a - c ,  u n d e r  c o n d it io n s  o f  g o o d  iso la tio n . T h e r e  
a re  tw o  g ro u p s  o f  s tr o n g  a b s o r p t io n  fe a tu re s  a t a p p r o x i
m a t e ly  940  a n d  2 60  c m -1  in  a ll m a tr ice s , t o g e th e r  w ith  
s ix  r e la t iv e ly  w e a k  a b s o r p t io n  b a n d s  a t A , C , D ,  E , F , 
a n d  G . T h e  s p e c tru m  o f  a lu m in u m  tr iflu o r id e  v a p o r  
o b ta in e d  u n d e r  p o o r  c o n d it io n s  o f  is o la t io n  is s h o w n  in  
F ig u re  I d ,  a n d  th e  in te n s ity  o f  th e se  s ix  w e a k  a b s o r p 
t io n  fe a tu re s  is in cre a se d  re la t iv e  t o  th e  s tr o n g  a b s o r p 
t io n s  a t  940  a n d  26 0  c m - 1 . T h e  fo r m e r  are  a t t r ib u te d  
to  p o ly m e r ic  sp ec ies . T h e  s p e c tr u m  o f  th e  su p e rh e a te d  
v a p o r  g iv e s  fu r th e r  s u p p o r t  t o  th is  a ss ig n m e n t s in ce  
o n ly  th e  s tr o n g  a b s o r p t io n  fe a tu re s  re m a in e d , in  a d d i
t io n  to  im p ly in g  th a t  th e  s p e c ie s  re sp o n s ib le  fo r  th e  
w e a k  a b s o r p t io n  b a n d s  m u s t  b e  v a p o r iz in g  f r o m  th e  
sa m p le , ra th e r  th a n  b e in g  fo r m e d  in  th e  m a tr ix  b e ca u se

Figure 1. Infrared spectrum of the vapors over A1F3.

o f  p o o r  iso la tio n . T h e  a b s o r p t io n  fe a tu re s  at B , H , a n d  
I  are  a ss ig n ed  t o  m o n o m e r ic  a lu m in u m  tr iflu o r id e , a n d  
th o s e  a t  A , C , D ,  E , F , a n d  G  to  th e  d im e r . B e ca u s e  
th e  in te n s it ie s  o f  th e  la t te r  b a n d s  w e re  ra th e r  w ea k , re la 
t iv e  in ten s itie s  m e a su re m e n ts  c o u ld  n o t  b e  u sed  to  a d d  
fu r th e r  s u p p o r t  t o  th is  a ss ig n m en t.

Vibrational Assignments
1. AIF3. A lu m in u m  tr iflu o r id e  v a p o r  h a s  b e e n  

s tu d ie d  b y  e le c tr o n  d if fr a c t io n 8 a n d  in fra re d  s p e c tr o s 
c o p y 3 a t  h igh  te m p e ra tu re s . T h e  m o le c u le  h a s  a 
p la n a r  c o n fig u r a t io n  o f  D 3h s y m m e tr y , a n a lo g o u s  to  
b o r o n  tr iflu o r id e . T h e  th re e  in fr a r e d -a c t iv e  fr e q u e n 
c ie s  h a v e  b e e n  a ss ig n ed  as fo l lo w s : vi{A-i") 297  c m - 1 , 
r3( E ')  935  c m -1 , a n d  r4( E ')  263  c m - 1 . I n  F ig u r e  1, th e  
a b s o r p t io n  fe a tu re  a t B  is a ss ig n e d  t o  r3. I n  a ll 
m a tr ice s , th is  b a n d  sh o w s  c o n s id e r a b le  sp litt in g , s o m e  o f  
w h ic h  m a y  b e  d u e  t o  th e  d e g e n e ra cy  o f  th e  m o d e  b e in g  re 
m o v e d  b y  th e  m a tr ix  e n v ir o n m e n t , in  a d d it io n  t o  s tr u c 
tu re  resu ltin g  fr o m  d iffe re n t t r a p p in g  s ite s  in  th e  m a tr ix . 
T h e  b a n d s  a t H  (v 284  c m -1 ) a n d  I  (v 25 6  c n r 1) in  th e  
n e o n  m a tr ix  are  a ss ig n e d  t o  v3 a n d  r4, r e s p e c t iv e ly , b y  
a n a lo g y  w ith  th e  r e p o r te d  g a s -p h a se  fre q u e n c ie s . 
I n  th e  k r y p to n  m a tr ix  o n ly  o n e  a b s o r p t io n  b a n d  o c c u r s  
in  th is  re g io n  a n d  w it h  g re a te r  in te n s ity  th a n  m ig h t  b e  
e x p e c te d  fo r  e ith e r  r2 o r  r4 s in g ly . I t  is a ssu m ed  th a t  
m a tr ix  e ffe c ts  h a v e  re su lte d  in  th e se  t w o  fre q u e n c ie s

(5) M. J. Linevsky, “ Spectroscopic Studies of the Vaporization of 
Refractory Materials,” General Electric Space Sciences Laboratory, 
Contract Report AF33(615)-1150, Nov 1964.
(6) A. Snelson, Report No. IITRI-C6013-6, 1964.
(7) A. Snelson, J . P hys. Chem., 70, 3208 (1966).
(8) P. A. Akishin, N. G. Rambidi, and E. Z. Zasorin, Kristallografiya, 
4, 186 (1959).

Volume 71, Number 10 September 1967



3204 Alan Snelson

b e c o m in g  c o in c id e n t , ra th e r  th a n  p o s tu la t in g  th a t  r4 
h a s  su ffe re d  a  p a r t ic u la r ly  la rg e  m a tr ix  s h ift  re su lt in g  
in  it  ly in g  b e lo w  2 0 0  c m -1 , th e  lo n g  w a v e le n g th  lim it  
o f  th e  sp e c tr o m e te r . I f  th e  la t te r  w e re  th e  ca se , th en  
r4(n e o n ) — i<4 (k r y p to n )  >  5 6  c m - 1 . T h is  is a  c o n 
s id e ra b ly  la rg e r  m a tr ix  sh ift  th a n  o b s e r v e d  fo r  v3- 
(n e o n ) — j/3 (k r y p to n )  ~  20  c m - 1 . I n  th e  a lk a lin e  e a rth  
f lu o r id e s ,4 fo r  w h ic h  d a ta  are  a v a ila b le , th e  m a x im u m  
d iffe re n ce  b e tw e e n  m a tr ix  sh ifts  in  n e o n  a n d  k r y p t o n  
fo r  tw o  fre q u e n c ie s  o f  th e  sa m e  m o le c u le  is 12 c m - 1 . 
T h is  su g g e sts  th e  a b o v e  d iffe re n ce  o f  > 3 6  c m -1  t o  b e  
la rg er  th a n  u su a l, g iv in g  s u p p o r t  t o  th e  in itia l as
s u m p t io n  th a t  th e  v4 a n d  v2 b a n d s  are  a c c id e n t ly  d e 
g e n e ra te  in  th e  k r y p t o n  m a tr ix .

T h e  a b s o r p t io n  b a n d s  in  th e  a lu m in u m  tr iflu o r id e  
s p e c tr u m  in  an  a rg o n  m a tr ix  a t  H ( l )  a n d  I  are  a ss ig n ed  
t o  a n d  r e s p e c t iv e ly . A n  a ss ig n m e n t fo r  H ( 2 ) ,  
re su lt in g  p r e s u m a b ly  fr o m  m a tr ix  s p lit t in g  o f  e ith e r  
i>2 o r  Vi, is n o t  p o s s ib le  o w in g  t o  th e  p r o x im ity  o f  th e  
th re e  a b s o r p t io n  m a x im a . H o w e v e r , a n  a ss ig n m e n t fo r  
th is  p e a k  m a y  b e  in fe rre d  fr o m  a co n s id e r a t io n  o f  th e  
o r ie n ta t io n  e ffe c ts  d e m o n s tr a te d  in  th e  sp e c tr a  s h o w n  in  
F ig u re  2. I n  F ig u re  2a, th e  m a tr ix  su r fa ce  is p e rp e n 
d icu la r  to  th e  d ir e c t io n  o f  p r o p a g a t io n  o f  th e  in c id e n t 
r a d ia t io n , w h ile  in  F ig u r e  2 b , it  is a t  a n  a n g le  o f  a b o u t  
4 0 ° .  T h e  ra tio s  lo g  (70/7 ) b / l o g  (70/ 7 ) a fo r  c o r r e s p o n d 
in g  b a n d s  in  th e  tw o  sp e c tr a  a r e : 1 .15  (1), 1 .19  (m ),
1 .92  (n ) , 2 .0 2  (o ) ,  a n d  1 .63  (p ) .  T h e  c r o s s -s e c t io n a l 
a rea  o f  th e  a n a ly z in g  b e a m  in  th e  s p e c tr o m e te r  is 
s lig h t ly  less  th a n  th a t  o f  th e  m a tr ix  s u r fa ce  w h e n  th e  
t w o  are  p e rp e n d icu la r  t o  e a c h  o th e r  a n d  r o ta t io n  
th r o u g h  a  sm a ll a n g le  resu lts  in  a n  in cre a se  in  th e  
a m o u n t  o f  m a te r ia l in  th e  in c id e n t  b e a m . T h is , in  p a rt , 
is re sp o n s ib le  fo r  all o f  th e  a b o v e  ra tio s  b e in g  > 1 ,  b u t  is 
n o t  th e  o n ly  fa c t o r  in v o lv e d  s in ce , i f  it  w ere , th e  re la 
t iv e  in cre a se  w o u ld  b e  th e  sa m e  fo r  a ll o f  th e  b a n d s . 
T h e  la ck  o f  c o n s ta n c y  in  th e  ra tio s  is a t t r ib u te d  to  th e  
a lu m in u m  flu o r id e  m o le cu le s  h a v in g  ce r ta in  p re fe r re d  
o r ie n ta t io n s  in  th e  m a tr ix . T h e  a b s o r p t io n  b a n d  in 
te n s ity  fo r  a  g iv e n  v ib r a t in g  m o d e  is p r o p o r t io n a l t o  
[(dyu/dQ)!?]2, w h e re  (dyu/dQ) is th e  ch a n g e  in  d ip o le  
m o m e n t  w ith  r e s p e c t  t o  th e  n o rm a l c o o r d in a te  Q, 
a n d  E  is th e  e le c tr ic  fie ld  s tre n g th  o f  th e  in c id e n t  ra d ia 
t io n , b o t h  yu a n d  E  b e in g  v e c t o r  q u a n tit ie s . T h e  im 
p o r ta n t  fe a tu re  in  th e  p re se n t c o n te x t  is th e  sca la r  
p r o d u c t ;  r a d ia t io n  w ith  th e  e le c tr ic  v e c t o r  p e r p e n d ic u 
la r  t o  th e  tra n s it io n  m o m e n t  w ill n o t  b e  a b s o rb e d . 
I f  th e  p la n e s  o f  a ll o f  th e  A 1F 3 m o le cu le s  are  ly in g  p a ra l
le l t o  th e  w in d o w  su r fa ce , a  p a ra lle l b e a m  o f  in c id e n t  
r a d ia t io n  p e rp e n d icu la r  to  th e  p la n e  o f  th e  w in d o w  
w o u ld  n o t  in te ra c t  w ith  th e  v2  o u t -o f -p la n e  b e n d in g  
m o d e  o f  A 1F 3 s in ce  th e  e le c tr ic  v e c t o r  o f  th e  ra d ia t io n  
w o u ld  b e  a t  r ig h t  a n g les  t o  th e  n o rm a l c o o r d in a te  o f

Figure 2. Infrared spectrum of A1F3 in an argon matrix.

th is  m o d e , a n d  th e  v ib r a t io n  w o u ld  h a v e  z e ro  a b s o r p 
t io n  in te n s ity . T h e  tw o  d e g e n e ra te  E  m o d e s , h o w e v e r , 
w ill b e  a c t iv e  s in ce  th e ir  n o rm a l c o o r d in a te s  a re  p a ra lle l 
t o  th e  e le c tr ic  v e c t o r  o f  th e  ra d ia t io n . R o t a t io n  o f  th e  
p la n e  o f  th e  w in d o w  t o  m a k e  a n  a n g le  o f  less  th a n  9 0 °  
w ith  th e  a n a ly z in g  b e a m  w o u ld  resu lt  in  v2  b e c o m in g  
a c t iv e , s in ce  th e  a b o v e  sca la r  p r o d u c t  w ill n o t  b e  ze ro .

I n  th e  e x p e r im e n ta l a rra n g em en t u sed  in  th is  w o r k , 
th e  a n a ly z in g  b e a m  in  th e  s p e c tr o m e te r  is s lig h t ly  c o n 
v e r g e n t  a n d  p o la r iz in g  e ffe c ts  o c c u r  in  th e  s p e c tr o m e te r  
w h ic h  m a k e  q u a n t ita t iv e  d e d u c t io n s  fr o m  th e  o b 
s e r v e d  ra tio s  im p o ss ib le . Q u a lita t iv e ly , th e  e x p e r i
m e n ta l resu lts  ca n  b e  a c c o u n t e d  fo r  i f  i t  is a ssu m e d  th a t  
t r a p p in g  s ite s  fo r  A 1F 3 are p re fe r re d  in  w h ic h  th e  p la n e  
o f  th e  m o le c u le  is m o re  n e a r ly  a lig n e d  w it h  th e  m a tr ix  
s u r fa c e  th a n  p e rp e n d icu la r  to  it . T h is  is c o n s is te n t  
w ith  th e  r e la t iv e  in crea ses  in  in te n s ity  b e in g  sm a lle s t  
f o r  th e  b a n d s  a t  (1, m ) a n d  p , th e  p e a k s  a ss ig n e d  t o  th e  
E  m o d e s  r3 a n d  v4, r e s p e c t iv e ly , a n d  g re a te s t  fo r  th e  
b a n d  a t  n , th e  o u t -o f -p la n e  b e n d in g  v 2 m o d e . I n  a d d i
t io n , th e  s im ila r ity  in  th e  re la t iv e  in cre a se  fo r  th e  ra tio s  
n  =  1 .9 2  a n d  o  =  2 .0 2  su g g e sts  th a t  b o th  th e se  b a n d s  
m a y  b e  a ss ig n ed  t o  th e  v2  b e n d in g  m o d e . F u r th e r  s u p 
p o r t  fo r  th e  a b o v e  in te rp re ta t io n  h a s  b e e n  o b t a in e d  in  
m a tr ix  s tu d ie s  o n  th e  p la n a r  m o le cu le s  L i2F 2 a n d  B F 3 
in  th is  la b o r a t o r y , f o r  w h ic h  in te n s ity  in cre a se s  w e r e  
fo u n d  t o  b e  m u c h  g re a te r  fo r  th e  o u t -o f -p la n e  b e n d in g  
m o d e s  th a n  th e  in -p la n e  s tr e t c h in g  m o d e s  o n  r o t a t in g  
th e  p la n e  o f  th e  m a tr ix  fr o m  a n  a n g le  o f  9 0 °  t o  a b o u t  
4 0 °  w ith  r e sp e c t  t o  th e  d ir e c t io n  o f  p r o p a g a t io n  o f  th e
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a n a ly z in g  ra d ia t io n . W e lt n e r 9 has a lso  r e p o r te d  o r ie n 
ta t io n  e ffe c ts  in  n e o n  a n d  a rg o n  m a tr ice s  fr o m  e le c tro n  
sp in  re so n a n ce  s tu d ies  o n  N 0 2 a n d  C u ( N 0 3) 2.

I n  T a b le  I  th e  o b s e r v e d  m a tr ix  fr e q u e n c ie s  o f  A 1F 3 
are lis te d  to g e th e r  w ith  th e ir  a ss ig n m e n t t o  th e  s y m 
m e tr y  sp e c ie s  o f  th e  D 3h p o in t  g r o u p . T h e  e s t im a te d  
g a s -p h a se  fre q u e n c ie s  in  th e  la s t c o lu m n  w e re  o b ta in e d  
as d e scr ib e d  in  an  ea r lie r  p a p e r7 fr o m  th e  v a lu e s  o b 
se rv e d  in  th e  n e o n  m a tr ix . F o r  th e  v3 m o d e , w h ic h  
ex h ib its  c o n s id e ra b le  sp litt in g , th e  n e o n  m a tr ix  fr e 
q u e n c y  w a s  ta k e n  as 9 5 0  c m - 1 . B o t h  th e  o b s e r v e d  
g a s -p h a se  v a lu e s  fo r  v2  a n d  a re  in  g o o d  a g re e m e n t 
w ith  th e  e s t im a te d  fre q u e n c ie s  r e p o r te d  h ere , w h ic h  are  
p r o b a b ly  a c c u r a te  t o  ± 1 0  c m -1 . T h e  e s t im a te d  a n d  
o b s e r v e d  g a s -p h a se  fre q u e n c ie s  fo r  r3 d iffe r  b y  30  c m “ 1 
w h ich  is la rg er  th a n  th e  e s t im a te d  e rro r  o f  th e  fo r m e r  
v a lu e . I t  is w e ll k n o w n  th a t  th e  p re c ise  lo c a t io n  o f  
b a n d  ce n te rs  in  h ig h -te m p e r a tu r e  in fra re d  g a s -p h a se  
s tu d ies  is d ifficu lt , a n d  s in ce  th e  fr e q u e n c y  sh ifts  in  th e  
th ree  m a tr ice s  sh o w  a  re g u la r  t r e n d  to w a r d  th e  red , 
in  th e  o rd e r  n e o n  <  a rg o n  <  k r y p to n , it  is b e lie v e d  th a t  
th e  e s t im a te d  fr e q u e n c y , v3 965  c m - 1 , is a  c o n s is te n t  
a ss ign m en t fo r  th is  m o d e .

Table I  : Infrared Frequencies of A1F3

Estd gas-
Figure phase

Symmetry designa- -Obsd freq, cm "-1--------- - freq,
species tion Neon Argon Krypton cm'1

960
945 941

951
942 938

E '(w) B 944
930 925

965

940
927 921

937
284 267

a 2" M H
276 256

244 300

256
E '(r i) I

252
247 244 270

T h e  e s tim a te d  g a s -p h a se  fre q u e n c ie s  w e re  u sed  to  
ca lcu la te  th e  fo r c e  c o n s ta n ts  fa =  4 .9 1  X  10s d y n e s /  
cm , fa/12 =  1 .85  X  104 d y n e s /c m , a n d  k j l 2 =  3 .2 4  
X  104 d y n e s /c m , u s in g  th e  fo rm u la s  a n d  n o m e n c la tu re  
g iv e n  b y  H e r z b e r g .10 11 12 13 14 F r o m  th is  v a lu e  o f  fa, th e  A /  
s y m m e tr ic  s tre tch in g  fr e q u e n c y  w a s  ca lc u la te d  a t  660  
c m - 1 .

2. AltFs. N o  s tru ctu ra l in fo r m a t io n  is a v a ila b le

o n  th e  d im e r  A12F 6 b u t c o m p a r is o n  w ith  th e  o th e r  
a lu m in u m  h a lid e s 11-13 su g g e sts  a  p la n a r  m o le c u le  
w ith  D 2h s y m m e tr y . T h is  co n fig u ra t io n  re su lts  in  
e ig h t  in fr a r e d -a c t iv e  fr e q u e n c ie s  b e lo n g in g  t o  th e  
s y m m e tr y  sp ec ies  B iu(r s, n o ), B 2u( n 3 , m), arid  B 3u- 
(i/ie, m, m)- T h e  fr e q u e n c y  n u m b e r in g  is th a t  g iv e n  
b y  B e ll  a n d  L o n g u e t -H ig g in s .14 In  th e  p resen t in v e s t i
g a t io n , o n ly  six  a b s o r p t io n  b a n d s  w e r e  r e c o r d e d ; th e ir  
fr e q u e n c ie s  are  lis te d  in  T a b le  I I .  O n e  o f  th e  u n o b 
s e rv e d  fre q u e n c ie s , vw, a n  o u t -o f -p la n e  r in g -b e n d in g  
m o d e , a lm o s t  ce r ta in ly  lies  b e lo w  th e  lo n g -w a v e le n g th  
lim it  o f  th e  s p e c tr o m e te r  (2 0 0  c m -1 ) . T h e  sa m e  m a y  b e  
tru e  fo r  th e  s e c o n d  m iss in g  fr e q u e n c y , th o u g h  th e  p o s 
s ib i lity  th a t  it  lies  a b o v e  2 0 0  c m -1  a n d  is u n o b s e r v e d  
o w in g  t o  e ith e r  lo w -a b s o r p t io n  in te n s ity  o r  c o in c id e n c e  
w ith  o th e r  b a n d s  c a n n o t  b e  e x c lu d e d .

Table I I  : Infrared Frequencies of ALFC

Sym-
metry
species

Figure
designa

tion Neon
-Obsd freq, cm' 

Argon
-1--------,
Krypton

Estd gas- 
phase 
freq, 
cm-1

A 9 7 9 9 7 3 971 9 9 5

Biu
F 327 326 324 340

B 2U D 586 580 578 600

C 790 779 1 
782/

7851
781/ 805

B3U E 568 563 562 575
G 290 281 278 300

T h e  v ib r a t io n a l a ss ig n m e n t f o r  th e  o b s e r v e d  six  
in fr a r e d -a c t iv e  fr e q u e n c ie s  w a s  m a d e  b y  c o m p a r is o n  
w ith  th e  k n o w n  s p e c tr a  o f  o th e r  b r id g e d  X 2Y 6 m o le 
cu les , a n d  a lso  t o  g iv e  th e  b e s t  a g re e m e n t  b e tw e e n  th e  
o b s e r v e d  a n d  c o m p u te d  v a lu e s  u s in g  th e  e q u a t io n s  g iv e n  
b y  B e ll  a n d  L o n g u e t -H ig g in s . I n  th e  la t te r  c a lc u la 
t io n s  th e  o u te r  A l - F  b o n d  d is ta n c e  w a s  ta k e n  as  1 .63  A , 
th e  sa m e  as in  A 1F 3.8 T h e  b r id g e  A l - F  b o n d  d is ta n c e  
w a s  ch o s e n  so  th a t  th e  ra t io  o f  A l - F  ( o u t e r ) /A l - F  
(b r id g e ) b o n d  le n g th s  w a s  e q u a l t o  th a t  in  A12C16.15 
T h e  F - A l - F  o u te r  b o n d  a n g le  02 w a s  re d u c e d  s lig h t ly  
fr o m  th e  A 1F 3 v a lu e  o f  6 0 °  t o  a llo w  f o r  r e p u ls io n  fr o m

(9) P. H. Kasai, W. Weltner, and E. B. Whipple, J . Chem. P h ys., 
42, 1120 (1965).
(10) G. Herzberg, “ Molecular Spectra and Molecular Structure,” 
E). Van Norstrand Co., Inc., New York, N. Y., 1960.
(11) H. Gerding and E. Smit, Z . P h ysik . Chem., 50B, 171 (1941).
(12) E. J. Rosenbaum, J . Chem. P h ys., 8, 643 (1940).
(13) W. Klemperer, ib id ., 24, 353 (1956).
(14) R. P. Bell and H. C. Longuet-Higgins, P roc. R o y . Soc. (London), 
A183, 357 (1945).
(15) K. J. Palmer and N. Elliot, J. A m . Chem . Soc., 60, 1852 (1938).
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th e  b r id g e  flu o r in e  a to m s . T h e  m a g n itu d e  o f  26i, 
co r r e s p o n d in g  t o  th e  F - A l - F  a n g le  in  th e  r in g , w a s  
ch o se n  so  th a t  th e  t w o  b r id g e  flu o r in e  a to m s  w e re  ju s t  
to u c h in g  a t  th e ir  v a n  d e r  W a a ls  ra d ii. T h is  co n tra s ts  
w ith  th e  g e o m e t r y  o f  A12C16 15 in  w h ic h  th e re  a p p e a rs  to  
b e  c o n s id e r a b le  o v e r la p  o f  th e  b r id g e  h a lo g e n s . H o w 
ev er, it  d o e s  a lla y  o b je c t io n s  t o  p u t t in g  th e  F - F  a n d  
th e  A l - A l  r in g  in te r a c t io n  c o n s ta n ts  e q u a l t o  z e ro , 
d a ta  b e in g  u n a v a ila b le  fo r  th e ir  c o m p u ta t io n . T h e  
te rm in a l A l - F  b e n d in g  (d 2) a n d  s tr e t c h in g  ( f2) fo r c e  
c o n s ta n ts  w e r e  a ss ig n e d  b y  c o m p a r is o n  w ith  A 1F 3. 
T h e  re m a in in g  fo r c e  c o n s ta n ts  w e re  ch o s e n  to  g iv e  th e  
b e s t  f it  b e tw e e n  th e  o b s e r v e d  a n d  c a lc u la te d  fre q u e n 
cies .

T h e  fr e q u e n c y  a ss ig n m en ts  a n d  th e  resu lts  o f  th e  
c a lc u la t io n  a re  g iv e n  in  T a b le  I I I .  A g r e e m e n t  b e tw e e n  
th e  o b s e r v e d  a n d  c a lc u la te d  fre q u e n c ie s  is a b o u t  as 
g o o d  as c a n  b e  e x p e c te d  o n  th e  b a s is  o f  th e  a b o v e  a s -

Table I I I  : Force Constants (dynes/cm)
and Frequencies (cm-1) of A12F 6

h  =  2.0 X  106 ft =  4.90 X  106 ffl =  0 gt =  0

di =  4.5 X  10* d2 =  2.0 X 104 d3 =  0 dt =  2.85 X 104

a =  1.80 A b =  1.63 A ft =  49° ft =  58°

Caled

939
602

191
874
326
980
349

970
259
645
232
336
860
550
315

Obsd

995
340

600

805
575
300

su m p tio n s . T h e  q u o t i e n t /2/ / i  =  2 .4 5  f o r  th e  n o n b r id g e  
t o  b r id g e  A l - F  s tr e tc h in g  c o n s ta n ts  is  o f  th e  sa m e  o rd e r  
as in  d ib o r a n e  (2 .4 ) a n d  A1 2C16 (1 .9 ) . T h e  v a lu e s  o f  th e  
b e n d in g  c o n s ta n ts  d2, ds, a n d  d4  a p p e a r  re a so n a b le  b y  
c o m p a r is o n  w ith  th o s e  d e r iv e d  fo r  B 2H i6 , 1 4  b u t  <k is 
a n  o rd e r  o f  m a g n itu d e  la rg er . I n  d e r iv in g  th e  fr e 
q u e n c ie s  co r r e s p o n d in g  to  th e  A g m o d e , o n ly  t w o  o f  th e  
p o s s ib le  fo u r  r o o ts  o f  th e  q u a r t ic  e q u a t io n  w e re  rea l. 
T h is  m a y  b e  d u e  in  p a r t  t o  a ssu m in g  a  ze ro  v a lu e  fo r

Figure 3. Infrared spectra of the vapors 
over a mixture of 2A1 and A1F3.

0 i, th e  in te r a c t io n  co n s ta n t , s in ce  th is  is th e  o n ly  m o d e  
in  w h ic h  th is  c o n s ta n t  is o f  im p o r ta n ce .

S. AIF. T h e  e le c tr o n ic  s p e c tr u m  o f  A l - F  is w e ll 
c h a r a c te r iz e d , 16 th e  v0 -*■ v\ v ib r a t io n a l tra n s it io n  o f  th e  
g r o u n d  s ta te  h a v in g  a fr e q u e n c y  o f  793  c m - 1 . I n  F ig 
u re  3 th e  s p e c tr u m  o f  A l - F  in  n e o n , a rg on , a n d  k r y p t o n  
m a tr ice s  is sh o w n . T h e  p o s it io n  a n d  fr e q u e n c y  o f  th e  
b a n d  a t A  in  th e  th ree  m a tr ice s  p e rm its  a n  im m e d ia te  
a ss ig n m e n t t o  th e  m o n o flu o r id e . C o m p a r is o n  o f  th e  
m a tr ix  fr e q u e n c ie s  o f  th is  b a n d  (T a b le  I V ) ,  w ith  th o s e  
o f  th e  b a n d  a t C  in  th e  A 1F 3 sp e c tra  (F ig u re  1 ) , c le a r ly  
in d ica te s  th a t  d iffe re n t sp ec ies  are  re sp o n s ib le  fo r  th e se  
b a n d s  in  th e  tw o  sets o f  sp e ctra . T h is  e lim in a te s  th e  
p o s s ib ility  th a t  th e  b a n d  a t C  (F ig u re  1) m a y  b e  
a t t r ib u te d  to  A IF  fo r m e d  o w in g  to  th e  p re se n ce  o f  a  
m e ta llic  im p u r ity  in th e  A 1F 3 sa m p le .

Table IV  : Infrared Frequencies of Aluminum 
Monofluoride and Polymers

Sym
Molecular Point metry

species group species

AIF c„v 2 +

Polymers

Figure -Freq, cm
desig- Kryp-
nation Neon Argon ton

A 785 776 773
Bi 439 432 426
b 2 405 404 400
b 3 420 415
b 4 455 453

T h e  a p p e a ra n ce  o f  th e  A IF  a b s o rp t io n  b a n d  a t  A  in  
th e  n e o n , a rg o n , a n d  k r y p to n  m a tr ice s  sh o w s  th e  sa m e  
t y p e  o f  s tru c tu re  as m o n o m e r ic  lith iu m  flu o r id e  in  th e  
sa m e  m a tr ic e s . 17 ’ 18 T h is  m a y  b e  a t t r ib u te d  to  th e

(16) S. M. Naude and T. J. Hugo, Can. J. Phys., 3S, 64 (1957).
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s im ila r  d im e n s io n s  o f  th e  tw o  m o le c u le s ; fo r  A 1F , re =  
1 .65  A  a n d  fo r  L iF , r e =  1 .56  A , a llo w in g  th e  sa m e  
m a tr ix  t r a p p in g  s ites  t o  b e  o c c u p ie d  in  b o th  ca ses . 
T h e re  is, h o w e v e r , a  m a rk e d  d iffe re n ce  in  fr e q u e n c y  
sh ifts  fo r  th e  t w o  m o le c u le s ; vgha — vneon m a tr ix  =  8  a n d  
32  c m -1  fo r  A 1F  a n d  L iF , r e s p e c t iv e ly . I n  m a tr ix  
s tu d ies , th e  la rg e s t  fr e q u e n c y  sh ifts  a re  u su a lly  a sso c i
a te d  w ith  m o le cu le s  h a v in g  la rg e  d ip o le  m o m e n ts  re 
s u lt in g  in  s tr o n g  d ip o le - in d u c e d  d ip o le  in te ra c t io n s  
w ith  th e  su rro u n d in g  ra re  gas a to m s . L ith iu m  flu o r id e  
(jx =  6 .3  D . )  is a  m o le c u le  o f  th is  ty p e , c o m p a r e d  to  
A1F ( m =  1 .53  D . ) . * 18 19 A lth o u g h  re p u ls iv e  a n d  d isp e r 
s iv e  e ffe c ts  b e tw e e n  th e  t r a p p e d  m o le c u le  a n d  th e  m a tr ix  
a lso  re su lt  in  fr e q u e n c y  sh ifts , fo r  L iF  a n d  A 1F  th e y  
are  lik e ly  to  b e  o f  th e  sa m e  o r d e r  o f  m a g n itu d e  s in ce  
th e  m o le cu la r  s izes  a re  s im ilar . H e n c e  i t  is p r o b a b le  
th a t  th e  m a jo r  fa c t o r  re sp o n s ib le  fo r  th e  la rg e  d iffe re n ce  
in  th e  fr e q u e n c y  sh ifts  o f  th e se  tw o  m o le cu le s  is th e  
d ip o le - in d u c e d  d ip o le  in te r a c t io n  w ith  th e  m a tr ix .

T h e  a b s o r p t io n  b a n d s  a t a p p r o x im a te ly  9 5 0  c m -1  are  
a ss ig n e d  t o  m o n o m e r ic  A 1F 3, a  sm a ll a m o u n t  v a p o r iz in g  
fr o m  th e  sa m p le , to g e th e r  w ith  th e  A l - F .  T h e  b a n d s  a t 
B  a re  a ss ig n ed  t o  p o ly m e r ic  o r  a g g lo m e ra te  m a ter ia l 
s in ce  th e ir  in te n s ity  re la t iv e  t o  th e  m o n o m e r ic  b a n d  a t

A  in cre a se d  m a r k e d ly  u n d e r  p o o r  c o n d it io n s  o f  iso la 
t io n . U n d e r  th e  b e s t  c o n d it io n s  o f  iso la tio n , it  w a s 
p o s s ib le  t o  e lim in a te  th e  p e a k s  a t  B 3 a n d  B 4 a n d  a t  th e  
sa m e  t im e  re d u c e  th e  in te n s itie s  o f  B i a n d  B 2, th e  
m a x im u m  d e crea ses  o c c u r r in g  fo r  B 2. T h is  b e h a v io r  
im p lie s  th a t  n o n e  o f  th e se  b a n d s  a re  a t t r ib u ta b le  t o  th e  
sa m e  c h e m ica l sp ec ies . M a s s  s p e c t r o s c o p ic  s tu d ies  
o n  th e  A1F3 +  A1 s y s te m  s h o w  o n ly  th e  p re se n ce  o f  th e  
v a p o r -p h a s e  sp e c ie s  A 1F  a n d  A 1F 3. T h is  is fa ir ly  s tro n g  
e v id e n c e  a g a in st th e  e x is te n ce  o f  p o ly m e r s  o f  th e  t y p e  
(A 1 F )„, b u t  th e  p o s s ib i li ty  th a t  a  sp e c ie s  ex ists  w h o s e  
fr a g m e n ta t io n  p a tte r n  d o e s  n o t  le a d  t o  its  d e te c t io n  
c a n n o t  b e  e x c lu d e d . I n  th e  p re se n t  ca se  it  is b e lie v e d  
th a t  th e  p o ly m e r s  a re  b e in g  fo r m e d  d u r in g  th e  d e p o s i
t io n  o f  th e  m a tr ix . H o w e v e r , th e  a v a ila b le  e v id e n c e  
d o e s  n o t  p e rm it  an a ss ig n m e n t o f  th e se  b a n d s  t o  s p e c if ic  
m o le cu la r  sp ecies .

Acknowledgment. T h e  a u th o r  g r a te fu lly  a c k n o w l
e d g e s  th e  s u p p o r t  o f  th e  A r m y  O ffice  o f  R e s e a r c h  a n d  
A ir  F o r c e  O ffice  o f  R e s e a r c h  in  fu n d in g  th is  resea rch .
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A n  in v e s t ig a t io n  h a s  b e e n  m a d e  o f  th e  o r t h o -p a r a h y d r o g e n  co n v e r s io n  a n d  h y d r o g e n -  
d e u te r iu m  e q u il ib r a t io n  o n  a  n u m b e r  o f  fa u ja s ite - t y p e  m o le c u la r  s ie v e s  in  o r d e r  t o  d e te r 
m in e  th e  n a tu re  o f  c a t a ly t ic  ce n te rs . F o r  th is  p u r p o s e  a  s im p le  m e t h o d  o f  p r e p a r in g  a  
fa u ja s ite  m a te r ia l w a s  d e v e lo p e d  t o  p r o d u c e  m a te r ia l th a t  w o u ld  s u p p le m e n t  th e  a v a ila b le  
c o m m e r c ia l p r o d u c t .  T h e  c o n v e r s io n  o f  th e  s o d iu m  fa u ja s ite  t o  th e  a m m o n iu m , h y d r o g e n , 
a n d  d e c a t io n a t e d  fa u ja s ite  w a s  s tu d ie d . A  ga s  c h r o m a to g r a p h ic  a n a ly s is  w a s  d e v e lo p e d  
fo r  th e  v a r io u s  h y d r o g e n  sp e c ie s . A  c o r r e la t io n  p r e v io u s ly  fo u n d  b e tw e e n  e x te n t  o f  
s o d iu m  r e p la c e m e n t  a n d  c a ta ly t ic  a c t iv it y  f o r  h y d r o g e n -d e u te r iu m  e q u il ib r a t io n  w a s  
e x te n d e d  t o  th e  d e g re e  o f  c o n v e r s io n  o f  h y d r o g e n  fa u ja s ite  t o  d e c a t io n a t e d  fa u ja s ite . T h e  
o r t h o -p a r a h y d r o g e n  c o n v e r s io n  w a s  fo u n d  t o  b e  in d e p e n d e n t  o f  th e  d e g re e  o f  d e c a t io n iz a -  
t io n  a n d  m u s t  b e  a s c r ib e d  t o  sm a ll tra ce s  o f  p a r a m a g n e t ic  im p u r it ie s , o r  t o  th e  e f fe c t  o f  
th e  n u c le a r  m a g n e t ic  m o m e n t  o f  a lu m in u m . T h e  e ffe c t  o f  7  ir r a d ia t io n  w a s  a lso  s tu d ie d .

Introduction

H 2  +  D 2  r e a c t io n  h as b e e n  in v e s t ig a te d  f o r  a  n u m b e r  
o f  d e c a d e s . T h e  m a jo r it y  o f  th e se  in v e s t ig a t io n s  w e re  
c a r r ie d  o u t  o n  m e ta l ca ta ly s ts , p a r t ic u la r ly  o n  n ick e l 
a n d  tu n g s te n . S e v e ra l a u th o rs  in v e s t ig a te d  th e  H 2 +  
D 2  r e a c t io n  o n  o x id e s , p a r t ic u la r ly  m e ta l o x id e s . R e 
su lts  o f  th e s e  in v e s t ig a t io n s  a re  p re s e n te d  in  sev era l 
r e v ie w s  b y  T r a p n e l l 1 a n d  B r e n n a n . 2 3

I t  w a s  fo u n d  th a t  th e  r e a c t io n  is first o rd e r , a n d  th e  
a c t iv a t io n  e n e r g y  is v e r y  lo w . T h e r e  is a  w id e  d iffe r 
e n c e  in  th e  v ie w s  o f  v a r io u s  a u th o rs  o n  th e  m e ch a n ism  
o f  th is  r e a c t io n . T h r e e  h y p o th e s e s  h a v e  b e e n  p r o 
p o s e d . T h e  firs t  is  th e  B o n h o e ffe r  a n d  F a r k a s 8 m e c h a 
n is m  a c c o r d in g  t o  w h ic h  b o t h  h y d r o g e n  a n d  d e u te r iu m  
m o le cu le s  a re  c h e m is o r b e d  a n d  d is s o c ia te d  o n  th e  
c a ta ly s t  su r fa ce . T h e  r e a c t io n  ta k e s  p la c e  b e tw e e n  
H  a n d  D  a to m s  o n  th e  su r fa ce . T h e  s e c o n d  is th e  
R id e a l 4’ 5 m e ch a n is m  a c c o r d in g  t o  w h ic h  th e  re a c t io n  
p r o c e e d s  b e tw e e n  a  ch e m is o r b e d  a to m  a n d  a  p h y s ic a lly  
a d s o r b e d  m o le c u le . T h e  th ird  is  th e  S c h w a b 6 ' 7  m e c h a 
n ism  a c c o r d in g  t o  w h ic h  th e  r e a c t io n  ta k e s  p la c e  b e 
tw e e n  t w o  a d s o r b e d  a n d  s tr o n g ly  p o la r iz e d  m o le cu le s . 
T h e  d if fe re n t  m e ch a n ism s  m a y  e x is t  a t  d iffe re n t re a c 
t io n  c o n d it io n s : th e  B o n h o e f fe r -F a r k a s  m e ch a n ism

m a y  a p p ly  a t  h ig h e r  te m p e ra tu re s  w h ile  th e  R id e a l  
m e ch a n is m  m a y  a p p ly  a t  lo w e r  te m p e ra tu re s .

O r t h o -p a r a h y d r o g e n  co n v e r s io n  h as a lso  b e e n  s tu d ie d  
fo r  m a n y  y e a r s . 1 ’ 2  T h e  o r t h o -p a r a h y d r o g e n  c o n v e r 
s io n  m a y  p r o c e e d  b y  th e  sa m e  m e ch a n is m  as th e  
h y d r o g e n -d e u te r iu m  e q u il ib ra t io n  re a c t io n . T h e  o r 
t h o -p a r a h y d r o g e n  co n v e r s io n  m a y  a lso  p r o c e e d  b y  a 
m a g n e t ic  m e ch a n ism  o n  p a ra m a g n e t ic  c a ta ly t ic  s ites . 
T h is  m e ch a n is m  is e f fe c t iv e  a t  lo w  te m p e r a tu r e s  (u su 
a lly  b e lo w  — 1 5 0 ° )  s in ce  p h y s ic a l a d s o r p t io n  o f  h y d r o 
g e n  m o le cu le s  is re q u ire d . T h e  te m p e r a tu r e  d e p e n d 
e n ce  o f  th e  o r t h o -p a r a h y d r o g e n  c o n v e r s io n  ra te  is 
n e g a t iv e  in  th e  lo w -te m p e r a tu r e  ra n g e  b e c a u s e  o f  n e g a 

(1) B. M. W. Trapnell, “ Catalysis,” Voi. Ill, P. H. Emmett, Ed., 
Reinhold Publishing Corp., New York, N. Y., 1955, p 1.
(2) D. Brennan, “ Recent Progress in Surface Science,” Voi. 2, 
Academic Press Inc., New York, N. Y., 1964, p 63.
(3) K. F. Bonhoeffer and A. Farkas, Z. Physik. Chem. (Leipzig), 
B12, 231 (1931).
(4) E. K. Rideal, Proc. Cambridge Phil. Soc., 35, 130 (1939).
(5) E. K. Rideal, J. Soc. Chem. Ind. (London), 62, 335 (1943).
(6) G. M. Schwab and E. Killmann, Bull. Soc. Chim. Beiges, 67, 
305 (1958).
(7) G. M. Schwab and E. Killmann, Z. Physik. Chem. (Frankfurt),
24, 119 (1960).
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t iv e  tem p e ra tu re  d e p e n d e n ce  o f  p h y s ic a l a d so rp tio n . 
A t  h ig h er  tem p e ra tu re s  (r o o m  te m p e ra tu re ) th e  re a c 
t io n  p ro c e e d s  a ga in  b y  th e  sa m e  m e ch a n ism  as th a t  
re sp o n s ib le  fo r  th e  h y d r o g e n -d e u te r iu m  e q u ilib ra tio n  
re a ctio n .

O r t h o -p a r a h y d r o g e n  co n v e rs io n  h as a lso  b e e n  fo u n d  
b y  m o s t  a u th o rs  t o  b e  o f  first o rd er .

T u r k e v ic h , et al,,8' 9 in v e s t ig a te d  th e  h y d r o g e n -d e u 
te r iu m  e q u ilib ra t io n  re a c t io n  o n  m o le cu la r  s ieves . 
T h e y  re a ch e d  th e  c o n c lu s io n  th a t  th e  a c t iv e  s ites  o f  
c a ta ly s t  w e re  th o s e  s ites  w h e re  so d iu m  ion s w e re  re 
p la ce d  b y  a m m o n iu m  ion s  a n d  th e  la t te r  d e c o m p o s e d  
b y  th erm a l tre a tm e n t.

I t  w a s p r o p o s e d  to  in v e s t ig a te  m o re  th o r o u g h ly  th e  
n a tu re  o f  th e  a c t iv e  s ite  in  m o le cu la r  s iev es  fo r  th e  
h y d r o g e n -d e u te r iu m  e q u ilib ra tio n  re a c t io n  a n d  to  
co m p a r e  it  w ith  th e  n a tu re  o f  th e  a c t iv e  s ite  fo r  c a r r y 
in g  o u t  th e  o r th o -p a r a h y d r o g e n  co n v e r s io n  re a c t io n . 
O r t h o -p a r a h y d r o g e n  co n v e r s io n  h as n o t  b e e n  in v e s t i
g a te d  u s in g  m o le cu la r  s ie v e  ca ta ly s ts . A  la b o r a to r y  
m e th o d  fo r  p re p a ra t io n  o f  fa u ja s ite  w a s  d e v e lo p e d  a n d  
th e  p ro ce ss  o f  c o n v e r s io n  o f  s o d iu m  Y  s ie v e  in to  a m 
m o n iu m  Y  s iev e , h y d r o g e n  Y  s iev e , a n d  d e c a t io n a te d  Y  
s ie v e  w a s  s tu d ie d  a n d  re la ted  t o  th e  d e v e lo p m e n t  o f  th e  
c a ta ly t ic  cen ters .

Experimental Section

Materials. H y d r o g e n  (M a t h e s o n  p re p u r ifie d  g ra d e ) 
a n d  d e u te r iu m  (M a t h e s o n )  w e re  p u rified  b y  c o n ta c t in g  
w ith  p a lla d iu m  c a ta ly s t  a t  2 0 0 °  a n d  re m o v in g  a n y  w a te r  
p re se n t b y  c o o lin g  t o  — 1 9 6 ° .

L in d e  N a Y  m o le cu la r  s ie v e  (R e s e a r c h  g r a d e ) w a s  
th e  m a in  c a ta ly s t  u se d  (c a ta ly s t  0 ) .  I t  has th e  th e o 
re tica l c o m p o s it io n  N a 5 6 (A 1 0 2) 5 6 (S i0 2) i36 ; h o w e v e r , w e t  
ch e m ica l a n a ly s is  p e r fo r m e d  b y  th e  c o u r te s y  o f  R C A  
R e s e a r c h  L a b o r a to r ie s  in d ic a te d  a  so m e w h a t  lo w e r  
a lu m in u m  : s il ico n  r a t io  o f  5 3 :1 3 9 . T h e  w a te r  c o n te n t  
w a s  2 5 %  co r r e s p o n d in g  to  250  m o le c u le s /u n it  ce ll.

A  fa u ja s ite  m a te r ia l w ith  a  lo w e r  s il ic o n  t o  a lu m in a  
r a t io  o f  6 9 :1 2 4  (c a t a ly s t  6 ) w a s  sy n th e s iz e d  fr o m  e th y l 
o r th o s il ic a te  (F is c h e r ) , s o d iu m  h y d r o x id e  (C P  g r a d e ), 
a n d  a lu m in u m  m e ta l.

Synthesis of Faujasite. A lth o u g h  s y n th e t ic  fa u ja s ite -  
t y p e  m o le c u la r  s ie v e s  h a v e  g a in e d  c o n s id e ra b le  im p o r 
ta n c e  in  th e  p a s t  d e c a d e  as c a ta ly s ts  a n d  c a ta ly s t  carriers , 
th e re  is l it t le  in fo r m a t io n  o n  th e ir  sy n th e s is  e x c e p t  in  
th e  p a te n t  lite r a tu r e .10-14 I t  w a s  fe lt  d e s ira b le  t o  
d e v e lo p  a c c o r d in g  t o  th e  p a te n t  lite ra tu re  a  s im p le  re 
p r o d u c ib le  w a y  to  m a k e  in  th e  la b o r a t o r y  a  fa u ja s ite -  
ty p e  z e o lite  w ith  th e  p a r t ic u la r  v ie w  o f  m in im iz in g  p a ra 
m a g n e t ic  im p u ritie s .

T h e  m o le c u la r  s ie v e  w a s  s y n th e s iz e d  b y  a llo w in g  
so d iu m  s ilica te  a n d  a lu m in u m  s ilica te  t o  r e a c t  in

a q u e o u s  a lk a lin e  so lu t io n  a t  1 0 0 ° . T h e  s o d iu m  s ilica te  
w a s  p re p a re d  in  th e  fo l lo w in g  w a y . T w o  m o le s  o f  
so d iu m  h y d r o x id e  (8 0  g )  w a s  d is s o lv e d  in  20 0  m l o f  d is 
t ille d  w a te r , a n d  4 0 0  m l o f  e th y l a lc o h o l w a s  a d d e d . 
O n e  m o le  o f  e th y l o r th o s il ic a te  (2 2 2  m l o r  20 8  g ) w a s  
s lo w ly  a d d e d  w ith  v ig o r o u s  s t irr in g  to  th is  so lu tio n , 
a n d  a fte r  a d d it io n  th e  m ix tu re  w a s  s tirred  fo r  1 hr. 
I t  w a s  a llo w e d  t o  s ta n d  o v e r n ig h t  a n d  th e  u p p e r  la y e r  
w a s  se p a ra te d  o ff . N itr o g e n  ga s  w a s  p a ssed  th ro u g h  
th e  v esse l t o  r e m o v e  th e  tra ce s  o f  a lc o h o l a n d  th e  
s o lu t io n  w a s  d ilu te d  w ith  w a te r  to  25 0  m l. T h e  so d iu m  
a lu m in a te  so lu t io n  w a s  p re p a re d  b y  d is s o lv in g  1 m o le  o f  
a lu m in u m  m e ta l (27  g ) in  a  s o d iu m  h y d r o x id e  s o lu t io n  
co n ta in in g  80  g  o f  s o d iu m  h y d r o x id e  in  2 5 0  m l o f  d is 
t ille d  w a te r . T h e  m e ta l w a s  d is s o lv e d  s lo w ly  a n d  th e  
m ix tu re  w a s a llo w e d  to  s ta n d  o v e r n ig h t ; th e n  it  w a s  
filte red  a n d  d ilu te d  to  th e  d e s ire d  v o lu m e . T h e  a m o u n t  
o f  u n d is s o lv e d  a lu m in u m  w a s  d e te r m in e d  a n d  th e  
a m o u n t  d is s o lv e d  w a s  c a lc u la te d . T h e  s ta n d a rd  
p re p a ra t io n  o f  th e  fa u ja s ite  w a s  ca rr ie d  o u t  in  th e  fo l 
lo w in g  w a y . T e n  v o lu m e s  o f  a lu m in a te  s o lu t io n  c o n 
ta in in g  0 .3 2  m o le  o f  s o d iu m  a lu m in a te , N a A 1 0 2, a n d  
0 .3 2  m o le  o f  s o d iu m  h y d r o x id e /1 . w a s  s lo w ly  a d d e d  
w ith  stirr in g  to  e ig h t  v o lu m e s  o f  s o d iu m  s ilica te  s o lu 
t io n  co n ta in in g  4  m o le s  o f  N a 2S iO s /l . a n d  n o  e x ce ss  o f  
s o d iu m  h y d r o x id e . A  sm a ll a m o u n t  o f  g e l w a s  p r o 
d u c e d  a n d  th e  s tirr in g  w a s  c o n t in u e d  fo r  30  m in . T h e  
m ix tu r e  w a s  th e n  tra n s fe rre d  fr o m  a  b e a k e r  to  a  r o u n d -  
b o t t o m  fla sk  w h ic h  w a s  r o ta t e d  a t a n  a n g le  o f  4 5 °  in  a n  
o il  b a th . T h e  fla sk  w a s  lo o s e ly  c lo s e d  t o  k e e p  it  f r o m  
c o n t a c t  w ith  th e  a tm o sp h e re . T h e  te m p e r a tu r e  o f  th e  
o il b a th  w a s  k e p t  a t  100  ± 1 ° .  F u r th e r  fo r m a t io n  o f  
g e l t o o k  p la ce  a t  1 0 0 ° a n d  th e n  it  g ra d u a lly  c h a n g e d  
in to  th e  d es ired  c ry s ta llin e  p r o d u c t . A f t e r  7 h r  th e  
p r o d u c t  w a s  filte red , w a s h e d  se v e ra l t im e s  w ith  d is 
t ille d  w a te r , a n d  d r ie d  a t r o o m  te m p e ra tu re . T h e  
r a t io  o f  s il ic o n  to  a lu m in u m  in  th e  p r o d u c t  w a s  1 .83 . 
T h is  w a s  d e te rm in e d  b y  w e t  a n a ly s is . P o w d e r  X - r a y  
sp e c tra  w e re  u sed  t o  id e n t i fy  th e  c r y s ta llin e  sp e c ie s  
p resen t. T h u s  fo r  fa u ja s ite  th e  (1 1 1 ) lin e  a t  d =  14 .3  
A  a n d  th e  (5 5 5 ) lin e  a t  d =  2 .8 7  A  a n d  fo r  p h ill ip s ite  8 9 10 11 12 13 14
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(10) D. W. Breck, W. G. Eversole, and R. M. Milton, J. A m . Chem. 
Soc., 78, 2338 (1956).
(11) R. M. Barrer, J. W. Baynham, F. W. Baltitude, and W. M. 
Meier, J. Chem. Soc., 195 (1959).
(12) D. W. Breck, et al., U. S. Patent 3,130,007 (1964).
(13) S. P. Zhdanov and N. N. Buntar, “ Sintetitcheskie Zeolity,”  
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th e  (3 1 0 ) lin e  a t  d — 3 .1 8  A  w e re  u sed  fo r  e s t im a tin g  
th e  a m o u n t  o f  th e se  m a te r ia ls  p re se n t. X - R a y  p o w d e r  
s p e c tr a  c o u ld  a lso  b e  u sed  fo r  d e te rm in in g  th e  s i l ic a -  
a lu m in a  r a t io  in  th e  fa u ja s ite  s in ce  th is  r a t io  w a s  re 
la te d  t o  th e  s ize  o f  th e  u n it  ce ll. T h e  p o s it io n  o f  th e  
(5 5 5 ) lin e  w a s  g iv e n  b y

a0 =  d V h 2 +  fc2 +  l2 =  d V 75 (1 )

w h e re  a0 is  th e  s ize  o f  th e  u n it  c e ll in  a n g s tro m s . 
U s in g  v a lu e s  in  th e  lite ra tu re , a lin ea r re la t io n sh ip  w a s  
fo u n d  b e tw e e n  th e  S i /  A1 ra t io  a n d  th e  v a lu e  o f  a0

S i /A l  =
2 5 .2 4 8  -  a0 

0 .2 4 5
(2 )

w h ic h  is  v a lid  fo r  th e  S i /A l  ra t io  o f  1 :3 .
T h e  fo l lo w in g  o b s e r v a t io n s  c a n  b e  m a d e  o n  th e  s y n 

th es is . A t  t im e s  less th a n  6 h r  th e re  w a s  o n ly  a  p a r 
tia l c ry s ta lliz a t io n  o f  th e  g e l in to  fa u ja s ite . A t  6 .5 ,
12 .5 , a n d  a t  26  h r  th e  p r o d u c t  w a s  1 0 0 %  fa u ja s ite . A t  
5 0  h r  3 %  p h illip s ite  w a s  fo r m e d . A t  75  h r  1 5 % , a t 
9 6  h r  4 0 % ,  a t 127 h r  5 0 % ,  a n d  a t  151 h r  6 0 %  o f  th e  
p r o d u c t  w a s  p h ill ip s ite . T h e  o th e r  p r o d u c t  w a s  fa u 
ja s ite . T h u s  fa u ja s ite  is an  in te r m e d ia te  in  th e  fo r m a 
t io n  o f  p h ill ip s ite .

D e c r e a s e  o f  te m p e r a tu r e  fr o m  100  t o  8 5 °  in crea sed  
th e  ra te  o f  fo r m a t io n  o f  p h ill ip s ite , 4 0 %  b e in g  fo r m e d  a t
2 2 .5  h r , 5 0 %  a fte r  35  h r, a n d  6 0 %  a fte r  47  h r.

D e c r e a s e  in  th e  c o n c e n tr a t io n  o f  a ll o f  th e  c o m 
p o n e n ts  b y  a  fa c t o r  o f  2 fa v o r e d  th e  fo r m a t io n  o f  p h ill ip 
s ite  a t  1 0 0 ° . T h u s  a fte r  18 h r  th e re  w a s  v e r y  litt le  
fa u ja s ite  fo r m e d  w h ile  a fte r  40  h r  th e  c r y s ta llin e  p r o d 
u c t  w a s  1 0 0 %  p h illip s ite .

In cre a s in g  th e  S i /A l  ra t io  in  th e  r e a c t in g  m ix tu re  to  
1 5 :1  p r o d u c e d  n o  ge l e v e n  a t  1 0 0 ° a n d  th e  h o m o g e n e o u s  
s o lu t io n  s lo w ly  p r o d u c e d  p h ill ip s ite  o n ly .

P re lim in a ry  in v e s t ig a t io n  w a s  ca rr ie d  o u t  u s in g  
R a m a n  sp e c tra  a n d  n u c le a r  m a g n e t ic  re so n a n ce  o f  A1 
to  d e te rm in e  w h e n  in  th e  sy n th e s is  th e  a lu m in a te  ion  
in te ra cts  w ith  th e  s ilica te  io n . T h e  R a m a n  sp e c tru m  
w as m ea su red  u s in g  a  C a r y  M o d e l  81 s p e c t r o p h o t o m 
eter . T h e  e x c it in g  lin e  w a s  4 3 5 8  A  (2 2 ,9 3 8  c m “ 1) ;  
th e  s lit  w a s  10 c m -1  w id e  a n d  10 cm  lo n g . A  s ta n d a rd
7 -m m  d ia m e te r  sa m p le  tu b e  w a s  u sed  t o  h o ld  th e  
so lu t io n  w h ic h  w a s  ce n tr ifu g e d  b e fo r e  u se . T h e  c o n 
c e n tra t io n s  o f  r e a c ta n ts  w e re  ch o se n  so  th a t  g e l fo r m a 
t io n  w a s  a v o id e d  fo r  a t  le a s t  4  hr. T h e  m ix tu re  w a s  
a llo w e d  to  s ta n d  fo r  1 h r  b e fo r e  m e a su re m e n t t o  a llo w  
a ir  b u b b le s  to  rise  fr o m  th e  s o lu t io n . T h e  R a m a n  s p e c 
tru m  o f  s o d iu m  a lu m in a te  is g iv e n  in  F ig u r e  1. T h e  
m a in  p e a k  w a s  fo u n d  a t  615  c m “ 1 as r e p o r te d  b y  L ip -  
p in c o t t , et al.,u w h o  p r o p o s e d  th a t  in  th e  s o d iu m  a lu m i
n a te  so lu t io n  th e  a lu m in u m  sp ecies  e x is te d  as A l ( O H ) 4“

Figure 1. Raman spectra: (a) sodium aluminate and 
sodium silicate aqueous solution containing 13 M  N a+, 
2.5 M  Si02, and 0.8 M  A102; (b) sodium aluminate 
aqueous solution containing 13 M  N a+ and 0.8 M  A102.

in  te tra h e d ra l c o n fig u ra t io n  a n d  a ss ign ed  th e  6 1 5 -c m “ 1 
p e a k  t o  th e  n  v ib r a t io n . A d d it io n  o f  s o d iu m  a lu m i
n a te  to  s o d iu m  s ilica te  to  p r o d u c e  a  c o n c e n tr a t io n  o f  0 .8  
m o le  o f  N a A lC h  g iv e s  a s p e c tru m  in  w h ic h  th e  a lu m in a te  
p e a k  io n  is n o t  o b s e r v e d . T h e  resu ltin g  s p e c tru m  is  
e sse n tia lly  th e  sa m e  as th a t  o f  so d iu m  s ilica te  w h ic h  
w a s p re se n t in  ex cess . T h is  is  ta k e n  as e v id e n c e  th a t  
th e  in te r a c t io n  b e tw e e n  th e  s ilica te  a n d  a lu m in a te  
ta k es  p la c e  w ith in  1 h r  o n  m ix in g .

T h e  a lu m in u m  n u c le a r  re so n a n ce  a t  1 1 .0 9 4  M c /s e c  
a t 1 0 ,0 0 0  g au ss  w a s  a lso  m ea su red  fo r  a  series o f  a lu m i
n a te  s o lu tio n s  a n d  a  s o d iu m  a lu m in a te -s o d iu m  s ilica te  
s o lu t io n . T h e  in te n s ity  o f  th e  a lu m in u m  re so n a n ce  
lin e  a n d  its  w id th  o f  a b o u t  50  m g a u ss  w a s  fo u n d  to  b e  
in d e p e n d e n t  o f  th e  so d iu m  h y d r o x id e  c o n c e n tr a t io n  
in  th e  ra n g e  o f  0 .4 -7 .2  g -a to m s  o f  s o d iu m /1 . o f  w a te r  
w h en  th e  c o n c e n tr a t io n  o f  a lu m in u m  w a s  0 .2  g -a to m /1 . 
T h e  in te n s ity  o f  th e  re so n a n ce  lin e  in crea ses  w ith  c o n 
c e n tr a t io n  o f  a lu m in u m  b e in g  80 0  u n its  fo r  0 .2  g -a to m  
o f  A l, 4 4 0 0  u n its  fo r  1 .0  g -a to m  o f  A l, a n d  9 1 0 0  fo r  3 .6  
g -a to m s  o f  A l /1 . ,  th e  so d iu m  c o n c e n tr a t io n  b e in g  k e p t  
c o n s ta n t  a t  7 .2  g -a to m s /1 . H o w e v e r , w h e n  th e  so lu tio n  
co n ta in e d  0 .8  g -a to m  o f  A l, 13 .0  g -a to m s  o f  N a , a n d  2 .5  
g -a to m s  o f  s il ic o n  as s il ica te  in  1 1. o f  so lu t io n , th e  
a lu m in u m  r e so n a n ce  in te n s ity  w a s  o n ly  9 u n its  in s te a d  
o f  th e  e x p e c te d  4 0 0 0 . T h is  is ta k e n  to  in d ic a t e  th a t  in  
a lk a lin e  so lu t io n  th e  s ilica te  io n s  in te r a c t  in  su ch  a  w a y  
w ith  th e  a lu m in a te  io n  to  m a k e  th e  c r y s ta llin e  fie ld  
a s y m m e tr ic  a ro u n d  th e  a lu m in u m  n u c le u s . T h e  u n -  * 20

(15) E. R, Lippincott, J. A. Psellos, and M. C. Tobin, J. Chem. Phys.,
20, 536 (1952).
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s y m m e tr ic  fie ld  in te ra c ts  w ith  th e  q u a d r u p o le  n u c le a r  
m o m e n t  in crea s in g  th e  re la x a t io n  t im e  to  su ch  a n  e x 
te n t  th a t  it  b ro a d e n s  th e  re so n a n ce  lin e  to  m a k e  its  
o b s e r v a t io n  d ifficu lt .

Synthesis and Analysis of Ammonium, Hydrogen, 
and Decationized Faujasite. T h e  so d iu m  ca t io n s  in  th e  
L in d e  Y  m o le cu la r  s ie v e  w e re  re p la ce d  b y  a m m o n iu m  
ca t io n s  b y  tre a tm e n t  o f  th e  s o d iu m  s ie v e  w ith  v a r y in g  
c o n c e n tr a t io n s  o f  a q u e o u s  a m m o n iu m  n itra te  fo r  60 h r 
w ith  o c c a s io n a l s tirr in g . A fte r  filtra t io n  a n d  w a sh in g  
sev era l t im es  w ith  d is t ille d  w aoer, th e  so lid  w a s  d r ie d  
a t  r o o m  te m p e ra tu re .

P r e v io u s  w o rk e rs  h a v e  d e te rm in e d  th e  e x te n t  o f  
r e p la ce m e n t o f  th e  s o d iu m  io n s  b y  th e  a m m o n iu m  io n s  
b y  d e te rm in in g  th e  a m o u n t  o f  s o d iu m  io n s  in  th e  
a q u e o u s  s o lu t io n  a fte r  th e  e x ch a n g e  h as b e e n  c o m 
p le te d . W e  fo u n d  th is  m e t h o d  in c o n v e n ie n t  a n d  n o t  
su ffic ie n tly  a c cu ra te . W e  u sed  tw o  o th e r  m e th o d s .

I n  o n e  m e th o d , p u r ifie d  h e liu m  w a s  p a ssed  o v e r  th e  
sa m p le  a t 4 8 0 ° , th e n  th ro u g h  a  s ta n d a rd  H C1 s o lu tio n . 
A fte r  a t m o s t  5 hr, th e  a m m o n ia  a b so rb e d  w a s  d e te r 
m in e d  b y  t itr a t in g  ex cess  H C 1 w ith  so d iu m  h y d r o x id e  
u sin g  m e th y l o ra n g e  in d ica to r .

A n o t h e r  m e t h o d  co n s is ts  in  t re a t in g  fo r  12 h r  a 
sa m p le  w h ich  h a d  b e e n  p r e v io u s ly  h e a te d  in  h e liu m  in  
th e  a b o v e  m a n n e r  w ith  an  ex cess  o f  s ta n d a rd  so d iu m  
h y d r o x id e  so lu t io n . B o t h  ex cess  o f  s o d iu m  h y d r o x id e  
a n d  lo n g  tr e a tm e n t  are  n e ce ssa ry  fo r  s a t is fa c to r y  re 
su lts . T h e  ex cess  s o d iu m  h y d r o x id e  w a s  d e te rm in e d  b y  
t itr a t io n  w ith  H C 1 u s in g  p h e n o lp h th a le in . T h e  d e - 
c o lo r iz a t io n  o f  th e  in d ic a t o r  a fte r  1 h r  w a s  co n s id e re d  
as in d ic a t in g  an  e n d  p o in t . T h e  c o n c o r d a n c e  o f  re 
su lts  w a s  s a t is fa c to r y  (5 5 .8  vs. 5 4 .5 %  a n d  3 4 .3  vs. 3 3 .6 %  
b y  th e  first a n d  s e co n d  m e th o d , r e s p e c t iv e ly ) . T h e  first 
m e th o d , h o w e v e r , w a s  co n s id e re d  as m o r e  p re c ise  an d  
w a s  a p p lie d  in  a ll d e te rm in a t io n s .

T h e  d e te r m in a t io n  o f  w a te r  w a s  ca rr ie d  o u t  in  th e  
fo l lo w in g  w a y . H e liu m  w a s  p a ssed  a t  100 c c /m in  
th r o u g h  an  e m p t y  tra p , a t ra p  filled  w ith  a c t iv a te d  
a lu m in a , a n d  a th ir d  tra p  filled  w ith  M o le c u la r  S ie v e  
L in d e  1 3 X . A ll  tra p s  w e re  c o o le d  a t  — 1 9 6 ° . I t  th e n  
p a sse d  th r o u g h  o n e  th e rm a l c o n d u c t iv it y  ce ll o f  th e  gas 
ch r o m a to g r a p h ic  u n it , a  q u a r tz  U  tu b e  co n ta in in g  
0 .5 0 0  g  o f  th e  sa m p le  in v e s t ig a te d , a n  e m p ty  U  tu b e  
c o o le d  to  — 7 8 ° , a n o th e r  th e rm a l c o n d u c t iv it y  ce ll, 
a n d  tw o  w a sh  b o t t le s  co n ta in in g  0 .1  A  h y d r o c h lo r ic  
a c id . U s in g  th r e e -w a y  s to p c o c k s , th e  h e liu m  strea m  
c o u ld  b e  m a d e  to  b y p a s s  th e  so lid  sa m p le  in v e s t ig a te d  
w ith o u t  d is c o n t in u in g  th e  h e liu m  flo w . T h e  sa m p le  
w a s h e a te d  f o r  5 h r  a t  th e  d e s ire d  te m p e ra tu re  in  th e  
h e liu m  f l o w ; th e  h e liu m  flo w  w a s  th e n  d iv e r te d  fr o m  th e  
sa m p le  a n d  u sed  to  flu sh  a n y  a m m o n ia  in  th e  s y s te m  
in to  th e  w a sh  b o t t le s  co n ta in in g  a c id . T h e  c o n te n ts

o f  th e  w a sh  b o t t le s  w e re  t it r a te d  to  d e te rm in e  th e  
a m o u n t  o f  a m m o n ia  e v o lv e d  b y  th e  sa m p le . T h e n  th e  
U  tu b e  co n ta in in g  c o n d e n s e d  w a t e r  v a p o r  w a s  im 
m e rse d  in  an  ice  b a th , th e  w a te r  w a s  v a p o r iz e d  b y  th e  
h e liu m  strea m , a n d  its  a m o u n t  w a s  d e te rm in e d  b y  th e  
ga s  ch r o m a to g r a p h ic  u n it  w h o s e  o u t p u t  w a s  a m p lified  
a n d  r e co rd e d  b y  a  1 2 -m v  ra n g e  B r o w n  r e co rd e r . T h e  
a m m o n ia  c o u ld  b e  se p a ra te d  in  th is  m e t h o d  fr o m  w a te r  
v a p o r  b e ca u se  a t — 7 8 °  th e  v a p o r  p ressu re  o f  a m m o n ia  is 
a b o u t  40  m m  w h ile  th a t  o f  wra te r  is 5 .6  X  1 0 -4  m m . 
T h e  e ffe c t iv e n e ss  o f  th e  se p a ra t io n  o f  N H 3 fr o m  H 20  
w a s ch e ck e d  b y  th e  n a tu re  o f  th e  g a s  c h r o m a to g r a p h ic  
re co rd  o f  th e  co n te n ts  o f  th e  — 7 8 °  t ra p  o n  w a rm in g . 
T h e  s e n s it iv ity  o f  th is  m e t h o d  w a s  10 yg o f  w a te r .

F o u r  sa m p les  w e re  p re p a re d  b y  e x c h a n g in g  N a +  c a t 
ion s  b y  N H 4+ c a t io n s  f o r  60  h r  a t  r o o m  te m p e ra tu re . 
T h e  resu lts  w e re  th e  sa m e  fo r  12 h r  as fo r  60  h r  in d ic a t 
in g  e q u ilib r iu m  w a s  re a ch e d . T h e  e x te n t  o f  e x ch a n g e  
w as d e te rm in e d  b y  h e a t in g  th e  sa m p le s  a t  4 8 0 °  in  a 
h e liu m  s trea m , a b s o r b in g  th e  a m m o n ia  e v o lv e d  in  H C 1,
a n d  t itr a t in g  ex cess  
T a b le  I .

a c id . T h e resu lts  are g iv e n  in

Table I  : Ion Exchange

NHjNOj, g/g No. of
of molecular cations

sieve in exchanged
17 ml of Per cent per unit Equil

Catalyst water exchange cell const

1 0.0296 10.6 6 1.57
2 0.120 34.3 19 1.45

33.7
3 0.362 56.4 31 0.86

55.5
56.7
55.8

4 1.79 67.2 37 0.22
67.6

T h e  e v o lu t io n  o f  a m m o n ia  b y  p a ss in g  h e liu m  o v e r  
th e  h e a te d  sa m p le  w a s  s tu d ie d  as a  fu n c t io n  o f  t e m 
p era tu re  o f  h e a t in g  a n d  o f  t im e . I t  w a s  fo u n d  th a t  
a m m o n iu m  m o le c u la r  s ie v e  d e c o m p o s e d  a t  1 4 0 °  a n d  
th a t  th e  d e c o m p o s it io n  w a s  c o m p le te  a t  a b o u t  3 4 0 ° . 
I t  seem s th a t  a t  a  g iv e n  te m p e r a tu r e  th e  d e c o m 
p o s it io n  re a ch es  a  ce r ta in  lim it in g  v a lu e  w h ic h  o n  in 
crea s in g  th e  te m p e r a tu r e  g o e s  t o  a n o th e r  h ig h e r  le v e l. 
T h e  ra te  a t  th e  lo w e s t  te m p e r a tu r e  s tu d ie d , 2 1 0 ° , f o l 
low s  th e  f ir s t -o rd e r  k in e t ic s  w ith  a  l im it in g  v a lu e  o f  8 .8  
s ites  d e c o m p o s e d  p e r  u n it  ce ll. T h e  k in e t ic s  o f  d e c o m 
p o s it io n  a t  3 4 0 °  is c o m p le x  a n d  seem s t o  in v o lv e  a 
n u m b e r  o f  e le m e n ta ry  p ro ce sse s .
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Table I I :  Amounts of Water and Ammonia Evolved during Heating Molecular Sieves (per gram)

---Sample 0-----

Temp
range,

°C mg mmoles

% Of
total

amount

25-140 235.8 13.1 97.7
140-200 4.54 0.252 1.88
200-280 0.64 0.036 0.25
280-360 0.14 0.008 0.06
360—480 0.14 0.008 0.06
480-600 0.12 0.007 0.05
600-800
Total 241.4 13.4 100.0

------------------ Sample 3----------------------------------
■Water----------------------- . -— ——■—Ammonia-

% of % of
total total

mg mmoles amount mmoles amount

220.4 12.2 91.9 0.174 9.5
3.60 0.20 1.50 0.552 30.4
1.12 0.062 0.47 0.970 53.3
0.26 0.014 0.11 0.084 4.6
1.30 0.072 0.54 0.040 2.2

10.62 0.59 4.43
2.52 0.14 1.05

239.8 13.3 100.0 1.820 100.0

Temperature range in °C

Figure 2. Amounts of water and ammonia evolved per gram of 
molecular sieve during heating: EH , water in sample 0;
■ , ammonia in sample 3; water in sample 3.

T h e  e v a lu a t io n  o f  w a te r  w a s  s im ila r ly  m e a su re d  as a 
fu n c t io n  o f  te m p e ra tu re  o f  th e  sa m p le . T h e  h e a tin g  
t im e  w a s  5 h r  a n d  th e  t im e  to  re a ch  th e  n e x t  h ig h e r  te m 
p e ra tu re  fr o m  th e  lo w e r  o n e  p r e v io u s ly  s tu d ie d  w a s  
e s t im a te d  t o  b e  a b o u t  15 m in . T h e  resu lts  are  p r e 
se n te d  in  T a b le  I I  a n d  F ig u re  2 fo r  tw o  sa m p le s : n o . 0 
w h ich  w a s  th e  s o d iu m  m o le c u la r  s ie v e  a n d  n o . 3 w h ich  
w a s  4 4 %  N a  a n d  5 6 %  N a 4+ s iev e .

T h e  resu lts  o f  io n  e x ch a n g e  p e r m it  u s to  ca lc u la te  th e  
e q u ilib r iu m  c o n s ta n ts  fo r  th e  e x ch a n g e  r e a c t io n

N a + Y -  +  N H 4+ — >  N H 4+ Y -  +  N a +  (3 )

as

(1 -  D ) ( a  -  3 .2 5 D) v '

w h e re  3 .2 5  is th e  th e o r e t ic a l n u m b e r  o f  m illim o le s  o f  
N a +  in  1 g  o f  th e  N a Y  s ie v e  w h o se  fo r m u la  is  ta k e n  t o  b e  
N a 56 (A 1 0 2)5 6 (S i0 2)i36 a n d  w h ic h  c o n ta in s  a b o u t  25  w t  %  
o f  H 20 ,  a is th e  n u m b e r  o f  m illim o le s  o f  a m m o n iu m  
n itra te  w h ic h  w a s  in  c o n t a c t  w ith  1 g  o f  th e  s ie v e , a n d  
D is th e  fr a c t io n  o f  N a + re p la ce d  b y  N H 4+. T h e  re 
su lts  o f  th e  ca lc u la t io n  a re  s h o w n  in  T a b le  I .  T h e  
d r o p  in  e q u ilib r iu m  c o n s ta n t  w ith  e x te n t  o f  e x c h a n g e  as 
w e ll as e x is te n ce  o f  v a r io u s  s ta g es  o f  th e rm a l d e c o m 
p o s it io n  a t N H 4+ io n s  in d ica te s  a n  in h o m o g e n e ity  o f  
e x ch a n g e a b le  s ites . B a rre r  h a d  p r e v io u s ly  n o t ic e d  a  
ch a n g e  in  th e  e q u ilib r iu m  c o n s ta n t  fo r  th e  e x c h a n g e  
r e a c t io n .16 S o v ie t  U n io n  w o rk e rs 17 fo u n d  th a t  d e g re e  
o f  c a t io n  e x ch a n g e  d e p e n d s  o n  th e  n a tu re  o f  a n io n  a s 
s o c ia t e d  w ith  a m m o n iu m  ca t io n .

T h e  in h o m o g e n e ity  o f  c a t io n  s ite s  w a s  p o s tu la t e d  
se v e ra l y e a rs  a g o 18 o n  th e  b a s is  o f  c r y s ta l s tr u c tu r e  a n d  
w a s  co n firm e d  la te r  in  in v e s t ig a t io n  o f  e le c t r ic  c o n 
d u c t iv i t y .19 T h e  u n it  c e ll h as th re e  m a in  c la sses  o f  
c a t io n  s ite s— in  th e  h e x a g o n a l d ru m s, in  s o d a lite  ca g es , 
a n d  in  th e  la rg e  c a v it y .  T h e  p r o v is io n a l d a ta  o n  th e  
e q u ilib r iu m  c o n s ta n t  fo r  e x ch a n g e  o b ta in e d  in d ic a te  
th a t  th ere  is a su b s ta n tia l d e cre a se  in  e q u ilib r iu m  c o n 
s ta n ts  b e tw e e n  19 a n d  31 e x c h a n g e d  sites.

(16) R. M. Barrer and D. C. Sammon, J. Chem. Soc., 2838 (1955).
(17) G. V. Tsitsishvili, K. A. Bezhashvili, D. N. Barnabishvili, M. S. 
Shuakrishvili, and G. D. Bagratishvili, D okl. A kad . N a u k S S S R , 152, 
1136 (1963).
(18) D. W. Breck and E. M. Flanigen, Abstract 134, 134th National 
Meeting of the American Chemical Society, Chicago, 111., Sept 1958.
(19) D. C. Fre?man and D. N. Stamires, J. Chem . P h ys., 35, 799 
(1961).
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T h e  resu lts  o f  th e  s tu d y  o f  th e  te m p e ra tu re  d e p e n d 
e n ce  o f  th e  e v o lu t io n  o f  w a te r  a n d  a m m o n ia  p e r m it te d  
th e  e v a lu a t io n  o f  th e  n a tu re  o f  a c id  s ite s  o n  th e  d e - 
c a t io n a t e d  m o le c u la r  s ie v e . I n  th e  ca se  o f  th e  s o d iu m  
s iev e , 9 9 .6 %  o f  th e  w a te r  is r e m o v e d  b e lo w  2 0 0 °  a n d  n o  
a p p re c ia b le  w a te r  w a s  p r o d u c e d  e v e n  a t  6 0 0 ° . T h e  
b e h a v io r  o f  th e  5 6 %  N H 4+ - 4 4 %  X a +  s ie v e  w a s  d if 
fe re n t. A m m o n ia  w a s  lib e r a te d  a t  te m p e ra tu re s  b e lo w  
3 6 0 ° . T h e  w a te r  e v o lu t io n  t o o k  p la c e  in  tw o  sta g es . 
I n  th e  first s ta g e  u p  t o  3 6 0 °  th e  a m o u n t  o f  w a te r  
e v o lv e d  a n d  its  d e p e n d e n c e  o n  th e  te m p e r a tu r e  w a s  th e  
sa m e  as fo r  th e  1 0 0 %  X a +  s ie v e . T h is  w a s  ta k e n  to  
in d ic a te  th a t  w a te r  p re se n t  in  b o t h  sa m p le s  ( in d e 
p e n d e n t  o f  th e ir  X a +  o r  X H 4+ io n  c o m p o s it io n )  w a s  re 
m o v e d  fr o m  th e  c a v it ie s  b y  th e  sa m e  p ro ce ss . I n  th e  
ca se  o f  th e  5 6 %  X H 4+ - 4 4 %  X a + s ie v e  a n  a d d it io n a l 
a m o u n t  o f  w a te r  w a s  e v o lv e d  in  a  s e c o n d  s ta g e  o f  
d e h y d r a t io n  a t  a  te m p e ra tu re  o f  4 8 0 -8 0 0 °  w ith  a  m a x i
m u m  a m o u n t  e v o lv e d  a t  6 0 0 °  (T a b le  I I ) .

T h e  d e c o m p o s it io n  o f  th e  5 6 %  X H 4+- 4 4 %  X a + 
s ie v e  c a n  b e  v is u a liz e d  in  th e  fo l lo w in g  w a y . A t  te m 
p e ra tu re s  b e lo w  1 4 0 °  e s se n t ia lly  a ll w a te r  n o r m a lly  
a s s o c ia te d  w ith  m o le cu la r  c a v it y  is d r iv e n  o f f  a n d  in  th e  
te m p e ra tu re  ra n g e  1 4 0 -3 6 0 °  th e  a m m o n ia  io n  is d e 
c o m p o s e d  in to  X H 3 w h ic h  is d r iv e n  o ff a n d  H +  w h ic h  
e ith e r  fo r m s  a  h y d r o x y l  o n  th e  su r fa ce  o r  ex ists  as a 
p r o t o n  a s s o c ia te d  w ith  a n  a lu m in u m  io n . T h is  ca n  b e  
co n s id e re d  to  p r o d u c e  B rp n s te d  a c id  s ite s  o n  th e  su r
fa c e . T h e s e  p e rs is t  u n t il th e  m a te r ia l is h e a te d  to  
a b o u t  4 8 0 ° . A t  th is  te m p e r a tu r e  a s lo w  p r o c e s s  o f  d e 
h y d r a t io n  ta k e s  p la c e  c o n v e r t in g  th e  B r 0 n s te d  a c id  
s ites  in to  L e w is  a c id  s ites . T h e  ra te  o f  th is  p r o c e s s  
in crea ses  w ith  in cre a se  in  te m p e r a tu r e  a n d  th e  n u m b e r  
o f  L e w is  a c id  s ite s  w ill b e  a  s e n s it iv e  fu n c t io n  o f  th e  
te m p e r a tu r e  o f  h e a t in g  a n d  th e  v a c u u m  o r  f lo w  c o n d i
t io n s  o f  th e  d r y in g  gas.

T h e  a m o u n t  o f  w a te r  fo r m e d  d u r in g  d e c a t io n iz a t io n  
w a s  c o n s is te n t  w ith  th e  v ie w  th a t  a  m o le c u le  o f  w a te r  
w a s  p r o d u c e d  p e r  t w o  a m m o n iu m  c a t io n  s ites . T h u s  
sa m p le  n o . 3 c o n ta in in g  1 .82  m e q u iv  o f  a m m o n iu m  
i o n /g  fo r m e d  0 .8 0  m e q u iv  o f  w a te r  b y  h e a t  t r e a tm e n t  
in  th e  3 6 0 -8 0 0 °  ra n g e  w h e re  th e  th e o r e t ic a l y ie ld  
sh o u ld  h a v e  b e e n  0 .9 1  m e q u iv . T h e  d is c r e p a n c y  o f  
0 .1 1  m e q u iv  m a y  b e  d u e  t o  th e  p re se n ce  o f  is o la te d  
h y d r o x y l  g ro u p s  (o r  p r o to n s )  in  a  m o le c u la r  s ie v e  c o n 
ta in in g  as m u c h  as 4 4 %  s o d iu m  ca t io n s .

T h is  in v e s t ig a t io n  c le a r ly  p o in ts  o u t  th a t  in  h ig h  
S i /A l  ra tio , s o d iu m  fa u ja s ite  t y p e  o f  m o le c u la r  s iev es , 
th e  io n -e x c h a n g e  tr e a tm e n t  w ith  a m m o n iu m  sa lts  a n d  
su b se q u e n t  h e a t  t r e a tm e n t  p r o d u c e s  B r 0 n s t e d -ty p e  
a c id  sites a t  te m p e ra tu re s  as lo w  as 140 0 . B e c a u s e  o f  th e  
in h o m o g e n e ity  o f  c a t io n  s ite s  th e  d e c o m p o s it io n  o f  th e  
a m m o n iu m  io n  t o  B r 0 n s te d  a c id  s ites  is n o t  c o m p le te

u n til a b o u t  3 5 0 ° . I t  ta k e s  te m p e ra tu re s  o f  o v e r  4 5 0 °  
t o  p r o d u c e  th e  L e w is  a c id  s ite s  a n d  th is  p r o c e s s  is  n o t  
c o m p le te  u n t il a b o v e  8 0 0 ° . T h u s  w h e n  th e re  is a  p a r 
t ia l d e s tru c t io n  o f  th e  c r y s ta l la t t ic e , th e  u su a l m e th o d  
o f  a c t iv a t io n  o f  m o le c u la r  s ie v e s  b y  h e a t in g  a t  4 5 0 °  
a t  a  h ig h  v a c u u m  p r o d u c e s  a  m ix tu re  o f  B r 0 n s te d  a n d  
L e w is  a c id s , th e  e x a c t  r a t io  b e in g  d e p e n d e n t  o n  th e  
th e rm a l t re a tm e n t  th a t  is g iv e n  t o  th e  m o le cu la r  s iev e .

Experimental Procedure for Catalyst Studies. B o th  
re a c t io n s  w e re  s tu d ie d  in  s ta t ic  sy s te m . C a ta ly s t  (g ra in  
s ize  1 -2  m m , 0 .1 0 0  o r  0 .1 8 0  g ) w a s  p la c e d  o n  th e  b o t 
to m  o f  th e  8 -m m  tu b e  w h ic h  w a s  c o n n e c te d  t o  th e  
b u lb  co n ta in in g  r e a c t in g  ga ses . T o t a l  v o lu m e  o f  th e  
re a c t io n  v e sse l w a s  3 3 0  c c . T h e  c a ta ly s t  w a s  e v a c u 
a te d  in situ b y  h e a t in g  th e  tu b e  a n d  p u m p in g  o ff . In  
m o s t  e x p e r im e n ts  th e  e v a c u a t io n  w a s  f o r  17 h r  a t  1 0 -6 
m m  a t  4 8 0 ° . T h e  c a ta ly s t  w a s  th e n  c o o le d  to  r e a c t io n  
te m p e ra tu re , w h ic h  in  m o s t  ca ses  w a s  2 5 °  fo r  h y d r o 
g e n -d e u te r iu m  e q u il ib ra t io n  a n d  — 1 9 6 °  fo r  o r t h o -  
p a r a h y d r o g e n  c o n v e r s io n . T h e n  th e  g a s  m ix tu re  w a s  
a d m itte d  t o  th e  r e a c t io n  v e sse l, u su a lly  a t  a  p ressu re  
3 8 0  m m . F o r  th e  o r t h o -p a r a h y d r o g e n  c o n v e r s io n  
s tu d y , h y d r o g e n  g a s  e q u ilib ra te d  a t  r o o m  te m p e ra tu re  
w a s  u se d  a n d  co n ta in e d  2 5 .1 %  p a r a h y d r o g e n . F o r  th e  
h y d r o g e n -d e u te r iu m  e q u il ib r a t io n  r e a c t io n  s tu d y  a 
h y d r o g e n -d e u te r iu m  m ix tu re  o f  1 :1  m o la r  ra t io  w a s  
u sed .

S a m p les  o f  r e a c t in g  g a s  (4  c c  e a ch ) w ere  ta k e n  o u t  o f  
th e  r e a c t io n  v e s s e l a n d  a n a ly z e d  u s in g  a  g a s  c h r o 
m a to g r a p h ic  s e p a ra t io n  m e t h o d . A c t iv a t e d  a lu m in a  
(O x y  C o rp . c a ta ly s t )  w a s  u s e d  a t  — 1 9 6 ° fo r  o r t h o -  
p a r a h y d r o g e n  se p a ra tio n  a n d  F is c h e r  a d s o r p t io n  a lu m 
in a  c o a te d  w ith  fe r r ic  o x id e  w a s  u s e d  a t  — 1 9 6 ° fo r  
th e  H 2, H D ,  a n d  D 2 se p a ra tio n .

Analysis of the Different Hydrogen Species. A  gas 
c h r o m a to g r a p h ic  m e t h o d  w a s  u s e d  t o  d e te rm in e  th e  
H 2, H D , D 2, o r th o -  a n d  p a r a h y d r o g e n .20 -  32 I n  o u r  20 21 22 23 24 25 26 27 28 29 30 31 32

(20) W. R. Moore and H. R. Ward, J. Am. Chem. Soc., 80, 2909 
(1958).
(21) S. Ohkoshi, Y. Fujita, and T. Kwan, Bull. Chem. Soc. Japan, 31, 
770 (1958).
(22) H. A. Smith and P. P. Hunt, J. Phys. Chem., 64, 383 (1960).
(23) W. A. Van Hook and P. H. Emmett, ibid., 64 , 673 (1960).
(24) W. R. Moore and H. R. Ward, ibid., 64, 832 (1960).
(25) T. Kwan, J. Res. Inst. Catalysis, Hokkaido Univ., 8, 18 (1960).
(26) P. P. Hunt and H. A. Smith, J. Phys. Chem., 65, 87 (1961).
(27) S. Furayama and T. Kwan, ibid., 65, 190 (1961).
(28) L. Bachmann, E. Bechtold, and E. Cremer, J. Catalysis, 1, 113 
(1962).
(29) J. King, Jr., J. Phys. Chem., 67, 1397 (1963).
(30) E. H. Carter, Jr., and H. A. Smith, ibid., 67, 1512 (1963).
(31) K. Fujita and T. Kwan, Bunseki Kagaku, 12, 15 (1963).
(32) D. L. West and A. L. Marston, J. Am. Chem. Soc., 86, 4731 
(1964).
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method a purified helium stream was passed through an 
empty trap and an activated alumina trap at liquid 
nitrogen temperature, through a flowmeter, and then 
through one thermoconductivity compartment of an 
Aerograph (Wilkins Instrument and Research Inc.) 
gas chromatographic unit. The gas stream then 
entered a sample introduction unit. This consisted of 
two three-way stopcocks joined together through two 
of the lead tubes. One of these junctions was a bypass 
to the sampling section. The other had a lead to the 
sample container to which it was attached by a stop
cock. The sample introduction section had a volume 
of 4 cc. The helium stream containing the hydrogen 
sample then passed through four U tubes in series (2- 
m total length and 4-mm internal diameter) containing 
the alumina adsorbent.

The helium then passed over copper oxide in a 20 cm 
long tube of 4-mm diameter heated to 450°. The 
helium containing water vapor was then passed through 
the second thermoconductivity compartment of the 
Aerograph. Under our operating conditions we did not 
find it necessary to heat the tubing between the copper 
oxide furnace and the thermal conductivity cell to 
avoid condensation as recommended by Bachmann, 
Bechtold, and Cremer.28

The output from the thermoconductivity bridge was 
amplified by a Kintel amplifier (Model 195) and re
corded on a Brown potentiometer (range 0-12 mv). 
The tubing was glass except in a few places where short 
Tygon connections were used.

The following conditions were found to give best 
results. The helium flow rate was 140 cc/min. The 
sample size was 2 cc (STP) of hydrogen. Two differ
ent types of aluminas were used. For analysis of H2, 
HD, and D 2, complications by overlap of the ortho
hydrogen on the HD peak and the long-tailing of the 
deuterium peak must be eliminated. The first com
plication is avoided by coating the alumina with Fe20 3 , 
which catalyzes the ortho-para conversion.

For the H2, HD, and D 2 determinations Fischer acti
vated alumina was powdered. Fifteen-gram fractions 
of 40-60 mesh were added to 25 ml of 2 M  FeCl3 and 
heated at 100° for 3 min, then cooled. Sixty milli
liters of 3 M  NH4OH was added; the mixture was 
stirred occasionally for 1 hr and washed several times 
with distilled water by shaking. After decanting the 
supernatant, the alumina was filtered and dried at 1 1 0 °. 
It was sieved again, placed in chromatographic column, 
and activated at 120-130° for 4 hr in an He stream.

H2-H D -D 2 separation was carried on at —196° at a 
He flow rate of 140 cc/min. Retention time was about 
10 min.

Since the H2 peak slightly overlaps the HD peak, the

latter must be corrected for this overlap. Satisfac
tory results were obtained for the area of the peaks by 
using their height and multiplying by the width at 
half-height. The values for the percentage of H2, HD, 
and D 2 were determined within 1%.

Attempts were made to obtain better separation by 
activation of the column at temperatures up to 300°. 
The higher the activation temperature, the better was 
the separation. However, the peaks showed more 
pronounced “ tails”  and became “ washed out.”  Satis
factory results were obtained when the column was 
activated at 300° and then poisoned by passing C 0 2 

gas at room temperature for 15 min. Helium was then 
passed for 1 min and the column was cooled to —196°. 
This complicated procedure was not generally used, but 
simple activation at 120° gave results shown in Figure
3.

Ortho-parahydrogen separation on Fischer activated 
alumina and Fischer adsorption alumina (not coated 
with Fe20 3) was not satisfactory since the chromato
graphic column catalyzed slightly the conversion at 
— 196°. This was probably due to impurities in the 
pink alumina. Acid washing of the alumina did not 
decrease this effect. A number of various adsorbents 
were investigated, and best results were obtained with 
Oxy catalyst. A 40-60 mesh fraction was placed in 
the chromatographic column and activated in the same 
manner as alumina for H2-D 2 determination.

Since adsorbed oxygen is a very efficient catalyst for

Figure 3. Gas chromatography of 
H2-H D -D 2 and para-orthohydrogen.
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ortho-parahydrogen conversion at —196°, especial 
care must be taken to avoid the presence of oxygen 
in the chromatographic column. Therefore He was 
passed through an additional trap with Linde 13X 
Molecular Sieve activated at 450° and cooled at —196°.

Ortho-parahydrogen separation was carried out at 
— 196° at an He flow rate of 140 cc/min. Retention 
time was about 5 min. The calculation procedure was 
the same as in the case of H£-H D -D 2 determination. 
The alumina grain size was chosen as 40-60 mesh to 
minimize the pressure drop since we did not find any 
difference in results with 40-60 and 80-100 mesh. 
An example of para-orthohydrogen separation is shown 
in Figure 3.

The per cent of the two species was determined within 
0.5% on the Oxy alumina.

Experimental Results. Both ortho-parahydrogen 
conversion and hydrogen-deuterium equilibration re
actions are of first order.1’ 2 For the ortho-parahydro
gen conversion the kinetic expression is given by

kist - In
26.7

51.8 -  x

where h  is the rate constant at 380 mm with the re
action vessel volume of 330 cc, s is the amount of cata
lyst in grams, t is the time in hours, and x is the per cent 
of parahydrogen in the reaction mixture at time t. The 
number 51.8 is the equilibrium percentage of para
hydrogen at —196° and 26.7 is the difference between
51.8 and 25.1 (the percentage of parahydrogen at 
equilibrium at 25°).33

The kinetic expression for the hydrogen-deuterium 
equilibration was more complicated since there was a 
poisoning of the catalyst during the course of the 
reaction. The first-order rate expression valid initially 
is

kîSt =  In
47.5

47.5 -  x

where 47.5 is the equilibrium percentage of HD at 25° 
in a reaction mixture of initial composition of 50 mole 
%  H2 and 50 mole %  D 2.34’ 35

The poisoning effect took place for all catalysts 
studied and at all temperatures. If the catalytic run 
was interrupted by pumping off the reaction mixture 
at room temperature and a new reaction mixture was 
introduced, the differential rate constant obtained in 
the initial stages corresponded to the differential rate 
constant in the last stage of the preceding run. The 
catalytic activity was therefore characterized by means 
of a differential rate constant valid for the first 2 hr.

The nature of evacuation treatment affected the

Figure 4. Catalytic activity vs. evacuation temperature.

catalytic activity as shown in Figure 4. It is seen that 
there is a marked increase in activity on heating above 
480°. This is far above the temperature required to 
remove the loosely bound water or to decompose the 
ammonium ion present in the solid (150 and 340°). 
It is the temperature at which the Br0nsted acids on the 
surface are converted into Lewis acids. The evacuation 
procedure used for preparing samples was standardized 
at 17 hr at 480° and high vacuum since X-ray examina
tion showed no evidence of collapse of crystal structure 
under those conditions. However, evacuation at 600° 
of sample no. 3 for 17 hr showed more than 50% decom
position of the crystalline zeolite. Times of evacua
tion of less than 10 hr gave different results while small 
changes in time at the 17-hr level did not produce 
noticeable effects. The effect of temperature and time 
of evacuation on the efficiency of catalysts for the 
ortho-parahydrogen conversion was not studied. The 
standard pretreatment of catalysts used for H2-D 2 re
action was used for this reaction.

The constant, 102fc2 for the hydrogen-deuterium re
action at 25° and the ortho-parahydrogen reaction at 
— 196° is given in Table III. The catalytic activity 
for H2-D 2 equilibration increases with degree of de- 
cationization (Figure 5) and is low both for the sodium

(33) H. W. Wooley, R. B. Scott, and F. G. Brickwedde, ./. Res. Natl. 
Bur. Std., 41, 379 (1948).
(34) D. Rittenberg, W. Bleakney, and H. C. XJrey, J. Chem. Phys., 2, 
48 (1934).
(35) W. Bleakney, Phys. Rev., 45, 762 (1934).
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% OF SODIUM IONS 
REPLACED BY AMMONIUM IONS

Figure 5. Catalytic activity vs. degree of ion exchange.

molecular sieves no. 0  and no. 6 and for the magnesium 
sieve no. 5, which was obtained by partial replacement 
of sodium in catalyst 0 by magnesium. The ortho- 
parahydrogen conversion was independent of the degree 
of decationization and seemed lower on the sieve that 
was prepared in our laboratory, no. 6 . No poisoning 
was observed at —196°.

Table I I I

Cata-
lyst 0 1 2 3 4 5 6

H2-D 2 3 13 30 38 42 4 0
Ortho

para
140 140 140 46

The activation energy for the hydrogen-deuterium 
equilibration was 2 .0  kcal/mole in the range of —78 
to +25°. At —78° the mean rate constant decreased 
in the course of the reaction, being 6.7 for the first 4 
hr, 5.1 in 27 hr, and 4.7 for the period of 50 hr. The 
rate of decrease of the rate constant was too rapid to 
determine activation energy for the process at high 
temperatures.

Hydrogen treatment at room temperature for several 
days or at 250° for 30 min completely deactivated the 
catalyst for both reactions at 25°. This activity was 
restored only by evacuation at temperatures of about 
480°. Temperature was an important factor in the 
poisoning of the catalyst since the hydrogen adsorbed 
at room temperature at low pressure was sufficient to 
deactivate the catalyst if the latter were heated at 
250°.

The rate of ortho-parahydrogen conversion at room 
temperature was also studied. It was of the same order 
of magnitude as the H2-D 2 equilibration and of course 
disappeared when the latter reaction was poisoned. 
However, the rate of ortho-parahydrogen at —196° 
was not affected in a similar way. This is taken to 
indicate that the other centers were involved.

Irradiation of Catalysts. Several sets of catalysts 0-4 
were y-irradiated at Industrial Reactor Laboratories in 
Plainsboro, N. J. The total dose was 1.1 X 107 r. 
Before irradiation, catalysts were evacuated at high 
vacuum at 480° for 17 hr in Pyrex tubes and sealed 
under vacuum. After irradiation these tubes were 
crushed and catalyst samples were transferred into the 
reaction vessel. This was accomplished in all-glass 
equipment under high vacuum. Then the catalytic 
activity was determined.

No distinct influence of y irradiation on the ortho- 
parahydrogen conversion rate was found. In the 
hydrogen-deuterium equilibration reaction the effect 
of irradiation was considerable. Values of 102fc2 were 
around 150 for all samples as compared with 3-42 for 
catalysts which were not irradiated. No indication 
for decationization degree effect was found.

Adsorption of Hydrogen. Adsorption of hydrogen 
was measured on catalysts no. 0 and 3 using 2.500-g 
samples. The amount of hydrogen adsorbed was deter
mined by measuring hydrogen pressure decrease. He
lium was used for determining “ dead space.”  Both 
samples were evacuated at 480° at 10” ® mm for 17 hr.

The amount of hydrogen adsorbed at 25° was the 
same for both catalysts. It was 0.22 cc (STP) or 6  X  
1018 molecules/g of catalyst. Adsorption was very 
fast; more than 80% of hydrogen was adsorbed within 2 

min. The adsorption was completed in 30 min. Heat
ing of the catalysts at 100, 200, and 300° for several 
hours did not cause any additional adsorption. When 
catalyst no. 3 was evacuated at 600°, the amount of 
hydrogen adsorbed was the same as for catalyst no. 3 
evacuated at 480°.

Influence of Oxygen Adsorption. Adsorption of 
oxygen at room temperature completely poisoned the 
catalytic activity of all catalysts for the hydrogen- 
deuterium equilibration reaction. Evacuation at room 
temperature did not restore the catalytic activity. 
Initial activity was restored only after evacuation at 
480°.

Adsorption of oxygen increased the catalytic activity 
at —196° for ortho-para conversion by an order of 
magnitude.

Esr Measurements. A weak esr signal at g =  2.0020, 
AH ~  2 gauss, was found for catalysts 0-5 using both 
35- and 9.5-Gc Varian esr spectrometers. This signal
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was broadened after hydrogen had been adsorbed. 
It disappeared when oxygen was adsorbed. However, 
evacuation at room temperature restored the initial 
signal in both cases.

No esr signal was found for the sodium sieve catalyst 
no. 6 prepared in our laboratory. The presence or 
absence of signal is not related to the hydrogen-deu
terium equilibration process but may be correlated 
with the ortho-parahydrogen reaction.

Discussion
The low-temperature catalytic activity for the ortho- 

parahydrogen conversion is a sensitive test for para
magnetic impurities. We have shown that it is inde
pendent of the degree of decationization and is lower 
in the sample of faujasite prepared in the laboratory 
where special care was taken to decrease the presence 
of paramagnetic impurities. Consequently, the for
mation of either Br0nsted acid sites or Lewis sites by 
dehydration of the former does not produce a para
magnetic species either at the acid site or as a defect 
in the crystal structure associated with the formation of 
such acid sites.

The near-linear dependence of the catalytic activity 
for the hydrogen-deuterium equilibration on the degree 
of decationization and on the extent of dehydration 
suggests that the catalytic centers are Lewis acid sites 
or defects associated with these. However, the reac
tion is slowly poisoned by hydrogen and this poisoning 
effect is related in a complicated manner to the adsorp
tion of hydrogen. Thus the amount of hydrogen ad
sorbed is small compared to the number of Lewis acid 
sites. Furthermore, the amount irreversibly adsorbed 
at room temperature is experimentally unobservable. 
Yet part of this hydrogen slowly poisons the catalyst at 
room temperature and rapidly at higher temperature.

Thus the centers of activity for H2-D 2 exchange must 
be orders of magnitude lower than any regular crystal
lographic position present in the zeolite. They do 
develop their activity on decationization in a regular 
manner. We must conclude that the locus of activity 
is either an impurity such as T i02, Zn02, or Fe2C>3 

located near an acid center or a combination of Lewis 
acid sites located close to each other. If the latter is 
true we would expect molecular sieves with higher 
Al/Si ratios, such as Linde X  sieve, to show higher 
activity at the same degree of decationization. Some 
confirmation for this may be found in the variation of 
catalytic activity of alumina silica gel catalyst which 
show highest activity in pure alumina and a linear de
crease with decrease in alumina concentration in the 
alumina silica gel.

7 -Irradiation results indicate that the increase of 
catalytic activity was due to formation of additional 
adsorption sites. This is consistent with the observa
tion made by Turkevich and Nozaki36 that 7  irradia
tion increased the hydrogen adsorption ability - of 
molecular sieves.
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The solubilities of HF and DF in molten LiF-ReF2 (66-34 mole % ) were determined over 
the temperature range 500-700° and at solute gas pressures between 1 and 2 atm. Using 
previously established experimental methods, the solubilities of both gases were found to 
obey Henry’s law. The Henry’s law constants, Kn (10~ 4 mole of HF/mole of melt-atm) 
for HF and DF, respectively, at 500, 600, and 700° were: 3.37 ±  0.13, 2.96 ±  0.07; 2.16 
±  0.05, 1.83 ±  0.03; 1.51 ±  0.06, 1.25 ±  0.03, where the values given were obtained by 
a linear least-squares fit of the experimental data as In K H vs. l/T and the uncertainties 
are at the 95% confidence interval. The heats of solution, A H 8, obtained from the least- 
squares evaluation were — 5.98 ±  0.19 and —6.43 ±  0.15 kcal/mole for HF and DF, respec
tively. The comparison of AHs for HF in this melt composition with those obtained 
previously in melts ranging from 54 to 89 mole %  LiF in BeF2 reveals linear dependence 
of AHs on the mole fraction of LiF above and below 67% with a maximum of 67% LiF. 
Interpretation of the isotope effect is made by comparison of the difference in the en
tropies of solution between DF and HF with the difference in the calculated values of the 
entropies of the two gases at 600°.

Introduction

Molten fluoride mixtures are currently in use as the 
fuel and secondary coolant in a nuclear power reactor 
experiment at the Oak Ridge National Laboratory.1 2 

Although these mixtures can be retained, almost in
definitely, at high temperatures in containers of INOR-8 

(Hastelloy N), a nickel-base alloy, the presence of HF 
in the fluoride mixture results in metathetical corro
sion of chromium and iron from the alloy. Hydrogen 
fluoride may be introduced as a dissolved impurity 
from the fluoride production process or generated by 
reaction of salt constituents with water vapor in the 
inert blanket and sweep gases used with these systems. 
Thus, the behavior of HF in molten fluorides is of 
interest to the technology of high-temperature fused- 
salt devices.

Previous studies of the solubility of HF in various 
molten fluoride mixtures have shown interesting sol

vent effects which appear as unresolved complex func
tions of the melt composition.3 4-4 Although the solu
bility of HF in these mixtures may be related to alkali 
fluoride-hydrogen fluoride compounds, the coordinating 
effects of other melt constituents with the alkali fluo
rides have a pronounced influence on the HF solubility. 
This investigation presents comparative measurements 
of the solubilities of HF and DF in a mixture of LiF 
(66  mole % ) in BeF2 as an attempt to elucidate further

(1) (a) Research sponsored by the U. S. Atomic Energy Commission
under contract with the Union Carbide Corp. Presented in part at 
the 152nd National Meeting of the American Chemical Society, 
New York, N. Y ., Sept 1966. (b) ORINS Summer Research
Participant, 1965.
(2) H. G. MacPherson, Power Eng., 71, 56 (1967).
(3) J. H. Shaffer, W. R. Grimes, and G. M. Watson, J. Phys. Chem., 
63,1999 (1959).
(4) J. H. Shaffer and G. M. Watson, Reactor Chemistry Division 
Annual Progress Report, April 29, 1960, ORNL-2584, Oak Ridge 
National Laboratory, p 31.
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the solvent characteristics of molten fluoride mixtures. 
The observed isotope effect also provides a valuable 
preface to more experimentally difficult measurements 
of the solubility of tritium fluoride in similar systems.

The solvent composition chosen for this study has 
been proposed as the fertile blanket for a thermo
nuclear breeder reactor.5 6 Tritium would be produced 
by neutron irradiation of lithium-6 in the blanket salt 
mixture and recovered for subsequent injection as the 
fuel into the core of the fusion reactor. The formation 
of tritium in the current fission reactor, mentioned 
above, is minimized by the use of isotopically pure 
lithium-7 in its molten fluoride mixtures. Despite con
trasting interests, the possible generation and dissolu
tion of tritium fluoride in their molten fluoride systems 
may be common to both machines. Studies of isotope 
effect with hydrogen and deuterium may provide a basis 
for estimating some of the physicochemical properties 
of tritium, a highly radioactive synthetic element, and 
its compounds.

Experimental Section
Materials. Anhydrous HF was obtained from a 

cylinder containing 9 lb of liquid hydrogen fluoride sup
plied by the Matheson Co., Inc., East Rutherford, N. J. 
The liquid HF had a specified minimum purity of 
99.9% and was used without further purification. An
hydrous DF was prepared specifically for this investi
gation by the Technical Division, Oak Ridge Gaseous 
Diffusion Plant, by reaction of elemental deuterium 
and fluorine.6

The fluoride mixture of 66 mole %  LiF and BeF2 

was a 3.5-kg sample of material prepared by the Oak 
Ridge National Laboratory for use as the secondary 
coolant of the molten salt reactor experiment.7 The 
removal of oxides, sulfides, and structural metal fluoride 
impurities from this material was accomplished by 
treatment at 600° with a gas mixture of 10 mole %  HF 
in H2 and at 700° with H2 alone. Results of chemical 
analyses showed that the fluoride mixture had the fol
lowing impurities in ppm: Cr, 16; Ni, 39; Fe, 123; S, 
<5. The hydrofluorination treatment removed 1650 
ppm of oxide as water vapor; oxide which remained was 
believed to be less than 100  ppm in the salt mixture.

Apparatus. The apparatus, shown schematically 
in Figure 1, essentially duplicated that used for pre
vious HF solubility determinations. All sections of 
the apparatus in contact with the molten fluoride or 
at high temperature were of nickel. Pressures were 
measured on Bourdon pressure indicators of phosphor 
bronze, known as Ashcroft Laboratory test gauges. 
The gauges had 4.5-in. diameter faces reading 0-30 psi 
in 0 .1-psi subdivisions and were calibrated by com-

Figure 1. H F solubility apparatus: A, H F cylinder in 
constant-temperature bath; B, surge tank with filter; C, 
molten salt saturator; D, KOH scrubber; E, molten salt 
receiver; F, salt-transfer line with frozen plug; G, pressure 
gauges; H, standard KOH solution; I, wet-test meter; J, 
anhydrone-Dry Ice traps; cross-hatched areas, 
furnaces and heaters.

parison with a mercury U-tube manometer having a 
scale graduated in 1-mm subdivisions. Temperatures 
were controlled and recorded from chromel-alumel 
thermocouples and were checked at least once per day 
with a platinum—platinum-1 0%  rhodium thermo
couple connected to a Leeds and Northrup Type K-2 
potentiometer. The temperature of the fluoride melt 
was probably known to 5°.

Procedure. The experimental method has been 
described in detail in ref 3. Generally, the procedure 
consisted of sparging the salt mixture in the saturator 
with HF or DF at constant pressure for approximately 
6 hr. The frozen salt plug, which retained all of the 
salt mixture in the saturator, was thawed, and a portion 
of the salt mixture was allowed to flow into the receiver 
section under a constant saturating pressure. The 
helium pressure in the receiver section was selected so 
that, at hydrostatic equilibrium, about 1 1 . of salt would 
be isolated for analysis when the frozen salt plug was 
restored. HF contained in the receiver section was 
removed by sparging the melt with helium overnight 
at a flow rate of 8 l./hr. The He-HF gas effluent was 
passed through a 2.00-1. volume of standard KOH with a 
bubble path of approximately 80 cm. The HF ab
sorbed in the KOH solution was determined by back 
titration with standard HC1. The liquid level in the 
saturator was determined by an electrical resistance

(5) D. J. Rose and M. Clark, Jr., “ Plasmas and Controlled Fusion,” 
M IT Press, Cambridge, Mass., 1961, p 296.
(6) S. T. Benton, R. L. Farrar, Jr., and R. M. McGill, “ Preparation 
of Anhydrous Deuterium Fluoride by Direct Combination of the 
Elements,”  K-1585, Oak Ridge Gaseous Diffusion Plant, Jan 29, 
1964.
(7) J. H. Shaffer, et <d., Reactor Chemistry Division Annual Progress 
Report, Jan 31, 1965, ORNL-3789, Oak Ridge National Laboratory, 
p 99.
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probe before and after salt transfer. The volume of 
transferred salt was calculated from these measurements 
and the known geometry of the vessel.

Results
The solubilities of HF and DF in molten LiF-BeF2 

(66  mole %  LiF) were determined over the range 500- 
700° at pressures from about 1 to 2 atm. Measured 
solubilities had units of moles of HF/ml of melt which 
are also expressed as moles of HF/mole of melt, in 
Tables I and II, by use of appropriate partial molal 
volume data.8 As in previous investigations, a linear 
dependence of solubility on HF pressure was observed. 
Henry’s law constants, Kn, were determined by as
suming a temperature-independent heat of solution for 
both solutes and by making linear least-squares calcula
tions of In Ku vs. l/T for all solubility determinations. 
The uncertainties in the calculated values of Kn were 
evaluated at the 95% confidence level and are listed in 
Table III along with respective Henry’s law constants.

Table I  : Solubility of H F in Molten 
LiF-BeFs (66 Mole % L iF )

,------ HF sol ubility------
Moles of Moles of

Saturating Saturating Molar voi. HF/ml HF/mole
temp, pressure, of melt, of melt of melt

°C atm ml/mole X 10fi X 104

500 1.32 16.54 2.68 4.43
1.65 3.40 5.62

524 1.99 16.63 3.64 6.05
595 1.24 16.89 1.63 2.75
600 1.33 16.90 1.72 2.90

1.68 2.06 3.48
1.97 2.40 4.06

700 1.61 17.29 1.43 2.48
1.98 1.77 3.07

Table I I  : Solubility of D F in Molten 
L iF-B eF2 (66 Mole % L iF )

✓------ DF solubility------ s
Moles of Moles of

Saturating Saturating Molar voi. DF/ml DF/mole
temp, pressure, of melt, of melt of melt

°C atm ml/mole X 10« X 104

500 1.24 16.54 2.21 3.66
1.62 2.88 4.76
1.93 3.52 5.81

600 1.27 16.90 1.37 2.32
1.61 1.70 2.87
1.96 2.13 3.60

700 1.70 17.29 1.25 2.15
1.99 1.48 2.54

Table I I I : Henry’s Law Constants for the Solubilities of 
H F and D F in Molten LiF-B eF2 (66 Mole % L iF )“

Solute
temp,

°C HF DF

500 3.37 ±  0.13 2.96 ±  0.07
600 2.16 ±  0.05 1.83 ±  0.03
700 1.51 ±  0.06 1.25 ±  0.03

“ Values of Ku  (10-4 mole of solute/mole of melt-atm) calcu
lated from linear least-squares fit of In Ks vs. l/T for all solu
bility determinations shown in Tables I  and II.

The maximum uncertainty for Kh is less than 4%  in all 
cases.

As in previous investigations of noble gas solubilities 
in molten fluo rid es,9'10 calculations of the entropies of 
solution were based on standard states of equal con
centrations of gas in solution and in the gas phase. 
Standard entropies of solution were obtained by con
sidering the two-step solution process

HF(g)P HF(g)P/ HF(soln)c

where I is the isothermal expansion of the solute gas 
from the saturation pressure, P, to a pressure, P', 
corresponding to the concentration, C, of the solute in 
solution; and II is the dissolution of the gas into the 
fluoride solvent at constant concentration. If HF 
and DF behave as ideal gases under the experimental 
conditions, the standard entropy of solution is the differ
ence between the total entropy change, given by AS = 
AHs/T for the equilibrium process and the entropy 
contribution for the isothermal expansion in step I. 
This relation can be expressed by the equation

AS8
AIF

-f- R In

If Henry’s law constants are expressed as moles of 
solute gas/1. of melt-atm, values for the standard en
tropy of solution can be calculated from the experi
mental data according to the equation

A H*
AS8 =  —  +  R In KsRT

Values for the heat of solution, AH8, for the two solute 
gases were calculated from the slope of the least-squares

(8) S. Cantor, Reactor Chemistry Division Annual Progress Report, 
Dec 31, 1965, ORNL-3913, Oak Ridge National Laboratory, p 27.
(9) M. Blander, W. R. Grimes, N. V. Smith, and G. M. Watson, J. 
Phys. Chem., 63, 1164 (1959).
(10) G. M. Watson, R. B. Evans, I I I ,  W. R. Grimes, and N. V. 
Smith, J. Chem. Eng. Data, 7, 285 (1962).
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equation according to the van’t Hoff relationship. 
Heats and entropies of solution, with their uncertain
ties evaluated as one standard deviation, are listed in 
Table IV.

Table IV : Enthalpies and Entropies of Solution for 
H F and D F in LiF-B eF2 (66 Mole % L iF ) at 600°“

H F D F

m 3010
b -1 1.8 3 8
AH a, kcal/mole —5.98 ±  0.19
A S’, cal/deg mole —7.07 ±  0.26

3237 
-1 2 .3 1 3  

-6 .4 3  ±  0.11 
-7 .9 2  ±  0.16

“ The constants in the equation In Kn —  (m/T) +  b were 
obtained by least squares; the uncertainties listed are taken as 
one standard deviation.

Discussion
The heats of solution of HF obtained previously in 

five other LiF-BeF2 solvent compositions were recal
culated by the least-squares method.3 These are com
pared to the present results in Figure 2. A sharp maxi
mum in the heat of solution as a function of solvent 
composition is obtained at 6 6 .6 %  LiF which corre
sponds to the stoichiometry of Li2BeF4, The corre
sponding NaF-BeF2 system shows a less well-defined 
point of inflection having about a threefold increase 
in the slope of —AH8 vs. X NaF in the region of 0.60-0.70 
mole fraction of NaF. It is also interesting to note that 
the heats of solution in both solvents appear to be 
equal within experimental error in the BeF2-rich side 
of the M 2BeF4 composition. Unfortunately, the 
composition range of the solvents extends down to 50% 
MF only and quantitative comparisons between the 
alkali metal salts are not justified.

The entropy of solution has been defined previously 
and can be written as

A*Sshf =  $ mHF — S V

0,5 0.6 0.7 0.8 0.9 1.0
mole fraction LiF

Figure 2. Dependence of the heat of solution of 
H F on melt composition in L iF-B eF2.

vibrational contribution.11 The differences in each 
contribution for the two solutes are listed in the third 
column.

Table V : Calculated Gas-Phase Molal Entropies of 
H F and D F at 600° and 1 Atm

H F D F D F -H F

S y \ h 0.01 0.08 0.07
S l o t 8.68 9.96 1.28
S  trans 40.28 40.42 0.14
S °  873 48.97 50.46 1.49

The difference in the entropy of the two solutes in the 
melt becomes

where the superscripts m and g denote the melt phase 
and gas phase, respectively. The difference in the 
entropies of the solute isotopes can be written

AlSSDF — AiSSHF =  0SmDF — <SmHF) — (iSgDF — £ SHf)

Therefore it is possible to evaluate the difference in the 
entropy of the isotopes in the melt since the gas-phase 
terms can be obtained from the partition functions of 
the two gases. Table V contains a summary of the 
various contributions to the entropies of the gases at 
1 atm and 600°. These values are based on the Sackur- 
Tetrode equation for the translational contribution, 
the rigid rotational contribution, and the harmonic

Sm df — £ mHF =  (A £ sdf — A £ shf) +  (S sdf — £ shf) 
=  ( -0 .9  ±  0.4) +  1.5 
=  0.6 ±  0.4

which indicates approximately zero difference. The 
significance of this result lies in interpreting the con
figuration of the solute in the melt phase. Although 
the molecular partition function is no longer separable 
into discrete translational, rotational, and vibrational 
degrees of freedom, the near-zero difference in the

(11) K. K. Kelley and E. G. King, U. S. Bureau of Mines Bulletin 
592, U. S. Government Printing Office, Washington, D. C., 1961.
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entropies of HF and DF in the melt appears to indi
cate identical configurations for the isotopes. Since 
the major entropy difference between the two gases is 
in the rotational contribution and amounts to 8 6%  of 
the total difference, a possible explanation for the en
tropy of solution of the gaseous solute would be a sig
nificant loss of rotation of the solute molecule in the 
melt. Furthermore, this mechanism is consistent 
with the magnitudes of the rotational contribution to 
the gases of the order of 9 and 10 eu for HF and DF,

respectively, compared to 7 and 8 eu for the respective 
entropies of solution. It is also interesting to note that 
this mechanism is in agreement with the solubility 
model of Blander, et al.,9 where ASS for the rare gases 
in fluoride melts were of the order of —1.0  eu.
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The Radiation-Induced Polymerization of Isobutene in the Gas Phase
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The 7 -ray-induced polymerization of isobutene has been investigated at 25° in the gas 
phase to elucidate its reaction mechanism. The initial rate of polymerization has been 
found to be directly proportional to dose rate. The polymerization was markedly retarded 
by the presence of ammonia, indicating a cationic mechanism. Nitric oxide and nitrous 
oxide also showed considerable retarding effects on the polymerization. The rate of poly
merization was enhanced by adding rare gases, Ar, Kr, and Xe. These results indicate that 
energy transfer from rare gases to isobutene occurs in mixtures of these gases.

Introduction
Recently, much attention has been drawn to the role 

of ionic processes in radiation chemistry. Consider
able evidence has accumulated which indicates that the 
radiation-induced polymerization of several monomers 
is caused by ionic intermediates.1-12 All of these are 
concerned with the polymerization in the condensed 
phase. It is expected that the study of polymeriza
tion in the gas phase provides additional information 
about reaction mechanism, because effects of additives 
on the polymerization can be investigated rather exten
sively.

The present paper deals with certain aspects of the 
radiation-induced polymerization of isobutene in the 
gas phase. Results are presented on the polymeriza
tion of pure isobutene and effects of several additives

on this polymerization, and the reaction mechanism is 
discussed on the basis of these results. 1 2 3 4 5 6 7 8 9

(1) W. H. T. Davison, S. H. Pinner, and R. Worrall, Proc. Roy. Soc. 
(London), A252, 187 (1959).
(2) E. Collinson, F. S. Dainton, and H. A. Gillis, J. Phys. Chem., 63, 
909 (1959).
(3) J. Y. F. Best, T. H. Bates, and F. Williams, Trans. Faraday Soc., 
58, 192 (1962).
(4) T. H. Bates, J. V. F. Best, and F. Williams, J. Chem. Soc., 1531 
(1962).
(5) A. Chapiro and V. Stannett, J. Chim. Phys., 56, 830 (1959).
(6) C. S. H. Chen and R. F. Stamm, J. Polymer Sei., 58, 369 (1962).
(7) A. Charlesby and J. Morris, Proc. Roy. Soc. (London), A273, 
378 (1963).
(8) S. Okamura, T. Higashimura, and S. Futami, Intern. J. Appl. 
Radiation Isotopes, 8, 46 (1960).
(9) M. A. Bonin, M. L. Calvert, W. L. Miller, and F. Williams, 
Polymer Letters, 2, 143 (1964).
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Experimental Section
Materials. Research grade isobutene was dried 

over a freshly prepared sodium mirror at —78°. 
Samples were degassed by repeating several times the 
freezing-pumping-thawing cycle. Samples were then 
further dried several times over freshly prepared sodium 
mirrors.

Ammonia was prepared by the reaction of ammonium 
chloride with potassium hydroxide and purified by con
ventional vacuum-line techniques. The middle frac
tion from distillation was used for experiments.

Research grade nitric oxide (99.0%) was further 
purified by distillation under vacuum. Nitrous oxide 
(99.9%), carbon dioxide (99.99%), argon (99.999%), 
krypton (99.9%), and xenon (99.9%) were dried prior 
to use.

Irradiation. Irradiation vessels were spherical glass 
bulbs approximately 450 cm3 in volume. A mercury 
manometer was connected with it via a capillary tube. 
After a vessel was baked, sample gases were introduced 
into it through a tube packed whh sodium-coated glass 
wool. Samples were carefully degassed and sealed off 
under vacuum.

Irradiations were carried out at 25° with 60Co y rays 
at a dose rate of 1.1  X 104 to 1.7 X 105 rads/hr. Total 
irradiation doses ranged from 1 to 8 Mrads. In evalu
ating the energy absorbed by gases, it was assumed that 
the absorbed energy was proportional to the stopping 
power of materials, and the absolute energy absorption 
could be determined by means of ferrous sulfate do
simetry.13

Analysis of Products. The polymerization yield 
was determined by measuring the difference in pres
sure of the sample before and after irradiation, which 
can be read on a manometer attached to the irradiation 
vessel. The average molecular weight of polymers pro
duced was determined by measuring the viscosity in 
benzene at 25° with an Ubbelohde dilution viscometer 
and applying the equation,14 (rj) =  8.3 X 10~ 4 Air0-53.

The infrared spectrum of liquid products was taken 
on a Hitachi EPI-S2 infrared spectrometer.

Results
Polymerization of Pure Isobutene. The polymeriza

tion of isobutene was reproducible only when isobutene 
was extremely pure and the irradiation vessel was very 
clean. The polymer produced was a viscous, colorless, 
and transparent liquid. The infrared spectrum of the 
polymer was the same as that of the polymer obtained 
by conventional cationic polymerization15,16 over the 
frequency range from 650 to 4000 cm-1.

The dependence of the polymerization yield on the ir
radiation dose at a dose rate of 1.7 X 106 rads/hr is

Figure 1. Dependence of polymerization yield on dose.
Initial pressure of isobutene, 600 torr; dose rate, 1.7 X  10s 
rads/hr. The dose and dose rate on the abscissa in 
figures and described as the experimental conditions 
in the text are expressed as absorbed in a ferrous 
sulfate dosimeter and not in the gas sample.

shown in Figure 1. At doses less than 1 Mrad, the 
yield increases linearly with dose and is larger than that 
obtained in the 7 -ray-induced polymerization in the 
liquid phase at — 78°.1 Figures 2 and 3 show the 
dependences of the molecular weight of polymers and 
the polymerization yield on the dose rate at an initial 
pressure of isobutene of 600 torr and a total dose of 1 

Mrad, respectively. It is found that the molecular 
weight is independent of dose rate and the polymeriza
tion yield or the rate of polymerization is directly pro
portional to dose rate.

It is of interest to evaluate the G value for the forma
tion of polymer chains, (?;. This is done by dividing the 
G value for the consumption of monomers by the 
number-average degree of polymerization. The latter 
can be calculated from the number-average molecular 
weight, Mn, which is obtained using the approximate 10 11 12 13 14 15 16

(10) W. S. Anderson, J. Phys. Chem., 63, 765 (1959).
(11) M. A. Bonin, W. R. Busier, and F. Williams, J. Am. Chem. Soc., 
87, 199 (1965).
(12) K. Ueno, H. Yamaoka, K. Hayashi, and S. Okamura, Intern. J. 
Appi. Radiation Isotopes, 17, 595 (1966).
(13) G. R. A. Johnson, J. Inorg. Nucl. Chem., 24, 461 (1962).
(14) T. G Fox and P. Flory, J. Phys. Colloid Chem., 53, 197 (1949).
(15) H. L. Dinsmore and D. C. Smith, Anal. Chem., 20, 11 (1948).
(16) G. M. C. Higgins and D. T. Turner, J. Polymer Sci., A2, 1713 
(1964).
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Figure 2. Dependence of molecular weight on dose rate. 
In itial pressure of isobutene, 600 torr; dose, 1 Mrad.
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Figure 3. Dependence of polymerization yield on dose rate. 
In itial pressure of isobutene, 600 torr; dose, 1 Mrad.

formula, 17 Mv =  1.854/«. Thus, we have obtained 
Gi =  1750/54 = 32. Since the 100-ev yield for the 
formation of primary species is known to be at most 10 

in any chemical system, such a high value of Gi implies 
that chain transfer processes play a part in the polym
erization studied here.

Effect of Ammonia. Information about the polym
erization mechanism is obtained from observations of 
the effects of additives. Figure 4 shows the effect of 
ammonia on the polymerization yield at an initial pres
sure of isobutene of 500 torr, a dose rate of 1.7 X 10s 
rads/hr, and doses of 1 to 4 Mrads. The yield is given 
as the number of consumed monomers per 100 ev ab
sorbed by isobutene only. The G value is calculated 
from the fractional conversion of isobutene, c%, at a 
dose of r Mrads using the relation, G =  145c/rf,f being 
the mole fraction of isobutene. In deriving this equa
tion, we have taken the values of stopping power from 
Lind.18 It is seen in Figure 4 that ammonia retards 
the polymerization markedly even at low concentra
tions.

Effect of Nitric Oxide and Nitrous Oxide. Both nitric

NH3 mole %

Figure 4. Effects of N H3 concentration on polymerization 
yield. In itial pressure of isobutene, 500 torr; dose 
rate, 1.7 X  105 rads hr; dose, 1 to 4 Mrads.

oxide and nitrous oxide also retarded the polymeriza
tion (Figures 5 and 6), although the retarding effects 
in these cases is smaller than in the case of ammonia.

Effect of Rare Gases. Figure 7 shows the effects of 
rare gases, Ar, Kr, and Xe, on the polymerization yield 
at an initial pressure of isobutene of 100  torr, a dose rate 
of 1.7 X 105 rads/hr, and a dose of 8 Mrads. The 
increase in yield is seen for all these mixtures of gases, 
being in the order of Ar, Kr, and Xe. Mechanisms for 
such sensitization effects will be discussed in the next 
section.

Discussion
Ionization potentials of various gases and energy 

levels of optically allowed and metastable states of 
rare gases are given in Table 1. It is well known that 
ammonia has a large proton affinity and is an efficient 
proton acceptor.19 There is no evidence that ammonia 
is an efficient electron or radical scavenger. Ammonia 
is, therefore, very useful for determining whether the 
mechanism for a reaction is cationic or not, because 
addition of ammonia causes proton transfer from reac
tive cations to ammonia. The remarkable retarding 
effect of ammonia observed in the present study is at
tributed to a proton transfer reaction

c 4h 9+ +  n h 3 C4H8 +  NH4+ (1)

where the ¿-butyl carbonium ion is considered to be

(17) P. Alexander, R. M. Black, and A. Charlesby, Proc. Roy. Soc. 
(London), A232, 31 (1955).
(18) S. C. Lind, “ Radiation Chemistry of Gases,”  Reinhold Pub
lishing Corp., New York, N. Y., 1961, p 274.
(19) W. R. Busier, D. H. Martin, and F. Williams, Discussions 
Faraday Soc., 36, 102 (1963).
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1 0 0 0

G

500

0

Figure 5. Effects of NO concentration on polymerization 
yield. Initial pressure of isobutene, 500 torr; dose 
rate, 1.7 X 106 rads/hr; dose, 4 Mrads.

Figure 6. Effects of N20  concentration on polymerization 
yield. Initial pressure of isobutene, 500 torr; 
dose rate, 1.7 X 105 rads/hr; dose, 4 to 8 Mrads.

Table I  : Ionization Potentials and Energy Levels of 
Allowed and Metastable States of Gases

Allowed Metastable
I.P.,“ state,& state,0

Gas ev ev ev

f-CiHs 9.23
Ar 15.8 12.0, 12.2 1 1 .5 , 1 1 . 7
K r 14.0 10.4, 11.0 9 .9 , 1 0 . 5
Xe 12.1 8.7, 9.9 8 .3 , 9 . 4
n h 3 10.2
NO 9.25
N20 12.9
C 0 2 13.8

° K . Watanabe, T. Nakayama, and J. Mottl, J. Quant. Spectry. 
Radiative Transfer, 2, 369 (1962). 1 R. Knox, Phys. Rev., 110, 
375 (1958); J. Geiger, Z. Physik, 177, 138 (1963); D. K. Ander
ion, Phys. Rev., 137, A21 (1965). c M. M. Shahin and S. R. 
Lipsky, Anal. Chem., 35, 1562 (1963).

produced from the isobutene parent ion, C4H8+, via 
an ion-molecule reaction. This indicates that the 
polymerization of isobutene in the gase phase is cat
ionic.

The retardation of the polymerization by nitric oxide 
may be interpreted in terms of charge transfer20'21

C4H8+ +  NO — ► C4H8 +  NO+ (2)

Since the ionization potential of nitric oxide is almost 
the same as that of isobutene, it is energetically possible 
for reaction 2 to occur. The reaction of nitric oxide 
with the f-butyl carbonium ion may also be responsible 
for the retardation of the polymerization, although it 
has not yet been identified.

The effect of nitrous oxide on the polymerization

stopping power fraction of rare gases

Figure 7. Effects of rare gases on polymerization 
yield. In itial pressure of isobutene, 100 torr; 
dose rate, 1.7 X 105; dose, 8 Mrads.

may be explained in terms of the neutralization of 
propagating cations and oxygen negative ions, 0 “  or 
O2- , arising from electron capture by nitrous oxide 
and a subsequent reaction of 0 ~  with N20 .22'23 Other
wise, some slow electrons will reach the wall of the 
reaction vessel, resulting in a substantial increase of the 
number of cations. Also, charge transfer (reaction 2) 
to nitric oxide, a radiolysis product of nitrous oxide, 
may participate in the retardation of the polymeriza
tion.

As plausible mechanisms for the sensitization effects

(20) G. G. Meisels, / .  Chem. Phys., 42, 3237-(1965).
(21) K. Yang and P. J. Manno, J. Am. Chem. Soc., 81, 3507 (1959).
(22) B. P. Burtt and J. F. Kiroher, Radiation Res., 9, 1 (1958).
(23) F. T. Jones and T. J. Sworski, / .  Phys. Chem., 70, 1546 (1966).
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of rare gases, both charge and excitation transfer can be 
considered.24 Taking xenon as an illustration, reac
tions 3 and 4 are likely to occur

Xe+ +  C4H8 — ► X e +  C4H8+ (3)

Xe* +  C4H8 — ► X e +  C4H8+ +  e~ (4)

Since the rate of polymerization is proportional to the 
number of isobutene cations, the ratio of polymerization 
rate in mixtures of isobutene and rare gases to those in 
pure isobutene, Rm/R0) is given by eq 5, where «.j and «2

Rm _   ̂ Uia-l
Ro «1(71

(5)

O-J (Tl <J\

are the molarity of isobutene and rare gases, respec
tively, <j\ is the ionization cross section of isobutene, 
and vs is the sum of ionization (<7i) and excitation (ve) 
cross sections of rare gases. We assume that both 
charge and excitation transfer from rare gases to iso
butene completely take place. The observed values of 
Rm/Ro were plotted against n2/« i  in Figure 8 . It is 
found that Rm/Ro is a linear function of n2/« i  for each 
gas. The slope of each line gives rise to <r2/ <r\. The 
values obtained are shown in Table II together with 
the values, (<7i/<ri)caicd, calculated from data on total 
ionization cross sections for 75-ev electrons.25 Since 
(72/cri is greater than (ffi/(7i)0aicd, excitation transfer 
may be involved. The values of <tJ ci obtained from 
eq 5 are also given in Table II.

Table I I  : Relative Cross Sections for Charge 
and Excitation Transfer

<72/ <71 <7i/<71 calcd° <7e/<7l Vi/ffl

Ar 0.45 0.27 0.18
K r 0.73 0.40 0.33
Xe 1.37 0.57 0.80 0.94

° Calculated from data given in ref 25.

Since carbon dioxide is known as a quencher of ex
cited rare gas atoms26 and has an ionization potential 
higher than that of xenon, it would be expected that 
information about the role of excitation transfer is 
obtainable, if the effect of carbon dioxide on the poly
merization yield in isobutene-xenon systems is in
vestigated. It is seen in Figure 9 that the yield comes 
down to a constant value as the concentration of car
bon dioxide increases. In the limiting case where the

«c

Mole mtio ( rare gds/isobutene )
Figure 8, Effects of rare gases on polymerization 
rate. Initial pressure of isobutene, 100 torr; 
dose rate, 1.7 X 106 rads/hr; dose, 8 Mrads.

C 02 torr
Figure 9. Effects of C 0 2 concentration on polymerization 
yield. Initial pressure of isobutene, 100 torr; Xe, 400 torr; 
dose rate, 1.7 X 105 rads/hr; dose, 8 Mrads.

(24) Ionization of impurity atoms and molecules due to excitation 
transfer from metastable states of rare gas atoms is a well-known 
phenomenon, called the Penning or Jesse effect (for example, W. P. 
Jesse and J. Sadauskis, Phys. Rev., 100, 1755 (1955)). It has been 
theoretically predicted that cross sections for ionization of atoms 
and molecules due to excitation transfer from optically allowed 
states of excited rare gas atoms are considerably large (K. Katsuura, 
J. Chem. Phys., 42, 3771 (1965)). The latter process may be sig
nificant for the indirect ionization of isobutene except at very low 
pressures.
(25) J. L. Franklin and F. H. Field, J. Am. Chem. Soc., 83, 3555
(1961).
(26) M. M. Shahin and S. R. Lipsky, J. Chem. Phys., 41, 2021 
(1964).
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concentration of carbon dioxide is high enough to give a 
plateau in the yield, the following equation can be 
applied

Rm  _  ̂ ^  n-2 O',

Ro n\ en (6)

where R J  stands for the rate of polymerization corre
sponding to the limiting value of the yield. The value 
of <n/tri27 obtained from eq 6 is given in the last column 
of Table II. The agreement between ((n/Vi)caicd and 
<n/ tri is not quantitatively satisfactory, but considering 
the approximations in the present treatment, it may be 
said that both charge and excitation transfer take an 
important part in the polymerization of isobutene in 
these systems.

We now discuss the kinetics of the y-ray-induced 
polymerization of isobutene in the gas phase. The 
reaction is initiated by the ionization of monomer mole
cules

M — > M- + +  e~; Rr  =  $>/ (7)

The parent ion M • + then reacts rapidly with another 
monomer molecule to yield the ¿-butyl carbonium ion

M • + +  M  — >  MH+ +  R- (8 )

Reaction 8 has been observed in a mass spectrometer 
as a fast reaction.28’29 Propagation is caused by the 
f-butyl carbonium ion

MH+ +  M — *■ M 2H+; Rp =  fcp(MnH+)(M ) (9)

Termination is unimolecular with respect to propagating 
ions, being implied in the dose-rate dependence of the 
yield, and it may be written as30

M nH+ +  X  M n +  H X+;
Rt = fct(M„H+) (10)

where X  indicates the wall of the vessel and possibly a 
trace of impurities. Chain transfer takes place by

proton transfer from a polymer ion to a monomer mole 
cule

M„H+ +  M - X  M n +  MH+;

R t r  =  M M „H + )(M ) (1 1 )

Applying the steady-state treatment to the reaction 
scheme described above, the rate of polymerization, 
R, and the number-average degree of polymerization, 
DPn, can be expressed as eq 12 and 13

R  =  ;fp$(M)/ (12)
fct

DPn
R P =  fc,(M)

R t  +  R t r  kt +  fctr(M) (13)

These equations are compatible with the experimental 
results that the rate of polymerization is directly pro
portional to dose rate and the number-average degree 
of polymerization is independent of dose rate. It is 
concluded that the cationic mechanism dominates in 
the polymerization of isobutene in the gas phase.

It should be noted that the polymerization yield 
under the present experimental conditions is of com
parable magnitude to that in the condensed phase re
ported in the early literature, 1-2 although more recent 
work on the radiation-induced polymerization of liquid 
isobutene at —78° indicates that the yield can be much 
higher.31 Since it will be expected that the greater 
polymerization yields are obtained at higher pressures 
of isobutene, it would be an interesting subject to study 
the pressure effect on the polymerization in the future 
work.

(27) This value is taken to be an upper limit of o\l because charge 
transfer from carbon dioxide to isobutene may enhance the yield of 
isobutene ions.
(28) I. Koyano, J. Chem. Phys., 45, 706 (1966).
(29) F. W. Lampe and F. H. Field, Tetrahedron, 7, 189 (1959).
(30) A. Charlesby, S. H. Pinner, and R. Worrall, Proc. Roy. Soc. 
(London), A259, 386 (1960).
(31) The authors wish to thank Professor F. Williams for informing 
them of this result.
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Ionization Current Measurements in Mixtures of Organic Vapors3

by Linda M. Hunter and Russell H. Johnsen

Department of Chemistry, Florida State University, Tallahassee, Florida 32806 (Received March 10, 1967)

Ionization currents have been measured in mixtures of organic vapors such as the cyclo
hexane-benzene system, by use of a heated ionization chamber. The behavior of the 
ionization currents in the hydrocarbons was found to deviate from the behavior of that of 
the molecular gas, nitrogen, and to vary with pressure. The theory of Boag for a parallel 
plate ionization chamber adequately treated the data from those cases in which negative 
ionic species are not formed. The mixture W  values, the average energy to produce an 
ion pair, which were determined from these measurements, have been compared on the 
basis of the electron fraction approximation. The initially absorbed energy was found to 
be partitioned between the components approximately on the basis of their respective 
number of electrons. The existence of superexcited states in the hydrocarbon molecules 
but not in carbon tetrachloride is postulated to explain some deviation in the hydrocarbon- 
carbon tetrachloride systems. The W  values of the pure organic compounds are: cyclo
hexane, 25.05 ±  0.06; cyclopentane, 25.39 ±  0.06; hexane, 25.30 ±  0.06; cyclohexene, 
25.47 ±  0.06; benzene, 26.93 ±  0.06; and carbon tetrachloride, 25.79 ±  0.06 ev/ip.

Introduction

Systems which have long been of interest to radia
tion chemists are those in which protection occurs; 
that is, the products resulting from irradiation of an 
organic mixture indicate some type of interaction, 
physical and/or chemical, is occurring between the 
components. This phenomenon was first noted by 
Schoepfle and Fellows,2 who irradiated a cyclohexane- 
benzene mixture and found the gaseous product yield 
to be much smaller than was anticipated from irradia
tion studies of the pure components. Since this first 
experiment, systems of this type have been repeatedly 
studied and the decrease in product yields has been ex
plained by such interactions as: atom scavenging,2-6 

energy transfer,7’8 charge transfer, 9-12 preferential 
energy absorption,13 electron attachment, 10’ 12' 14 and ion 
scavenging.6’ 16’ 16

Measuring the ionization currents produced in ir
radiated mixtures of gases provides information about 
physical interactions which lead to ion production. 
The well-known Jesse effect, 17-22 the abrupt increase 
in ion production and, therefore, the decrease in the W  
value, is characteristic of the rare gases when con
taminated by a small amount of another gas. In the 
case of some binary mixtures of molecular gases,23-27 

more gradual changes occur, and the W  values follow a

smooth curve from the W value characteristic of one 
pure component to that of the other. 1 11

(1) Abstracted from the thesis of L. M. Hunter and supported by 
TJ. S. Atomic Energy Commission Contract A T -(40-1)-2001. This 
is AEC Document ORO-2001-4.
(2) C. S. Schoepfle and C. F. Fellows, Ind. Eng. Chem., 23, 1396 
(1931).
(3) T . J. Hardwick, J. Phys. Chem., 66, 117 (1962).
(4) J. Y . Yang and I. Marcus, J. Chem. Phys., 42, 3315 (1965).
(5) J. H. Futrell, J. Am. Chem. Soc., 81, 5921 (1959).
(6) L. M. Theard, J. Phys. Chem., 69, 3292 (1965).
(7) J. P. Manion and M. Burton, ibid., 56, 560 (1952).
(8) J. M . Ramaradhya and G. R. Freeman, Can. J. Chem., 39, 1769
(1961) .
(9) G. R. Freeman, J. Chem. Phys., 33, 957 (1960).
(10) W. Yan Dusen and W. H. Hamill, J. Am. Chem. Soc., 84, 3648
(1962) .
(11) T . J. Hardwick, J. Phys. Chem., 66, 2132 (1962).
(12) P. J. Dyne, Can. J. Chem., 43, 1080 (1965).
(13) J. Lambom and A. J. Swallow, J. Phys. Chem., 65, 920 (1961).
(14) R. R. Williams and W. H. Hamill, Radiation Res., 1, 158 
(1954).
(15) J. Blachford and P. J. Dyne, Can. J. Chem., 42, 1165 (1965).
(16) R. P. Borkowski and P. J. Ausloos, J. Chem. Phys., 39, 818
(1963) .
(17) W. P. Jesse and J. Sadauskis, Phys. Rev., 88, 417 (1952).
(18) W. P. Jesse and J. Sadauskis, ibid., 90, 1120 (1953).
(19) T . E. Bortner and G. S. Hurst, ibid., 90, 160 (1953).
(20) J. Sharpe, Proc. Phys. Soc. (London), A65, 859 (1952).
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In order to provide supplemental information about 
irradiated organic mixtures, in both gaseous and con
densed phase, which have shown evidence of physical 
interactions, the W  values have been determined for 
gaseous binary mixtures of the following hydrocarbons 
over the full range of composition: cyclohexene, cyclo
hexane, cyclopentane, hexane, benzene, and carbon 
tetrachloride. The W  value of each binary mixture 
has been considered as a function of the electron frac
tion of the mixture (1 ) to relate icn production in these 
vapors to previously reported product yields, and (2 ) 
to indicate the final partitioning of energy upon some 
basis other than that expected for a system of given 
composition, i.e., a “ nonideal” behavior. Increased 
ionization, reflected by a substantial decrease in W  value 
when a small amount of additive, about 5%, is present, 
may be construed as indicating energy transfer proc
esses leading to “ extra”  ionization, i.e., the Jesse effect. 
Deviations from the ideal that encompass the entire 
concentration range of the mixture suggest preferential 
energy absorption of one component independent of its 
electron fraction or some hitherto unconsidered phe
nomenon.

Experimental Section
Apparatus. The experimental system consisted of 

an ionization chamber, plumbing necessary to attain a 
vacuum and fill the chamber with different gases, and 
electronic equipment to measure the ionization phenom
ena occurring in the chamber. This system is simi
lar to one used initially by Bortner and Hurst.23 The 
chamber, constructed from aluminum, is cylindrical in 
shape and has two circular, parallel electrodes approxi
mately 12 cm in diameter within it. They are sepa
rated by 6 cm. The lower electrode is connected to 
the positive side of a Fluke No. 408A power supply. 
The entire chamber is housed within an oven, in which a 
constant temperature of approximately 80° is main
tained by the heat from a resistance coil; all connec
tions which must be outside the oven are heated with 
heating tapes. The source of radiation in the chamber 
is Pu239 which emits 5.15-Mev a particles. A stainless 
steel disk, on which the plutonium is plated, is fitted 
flush into the middle of the bottom plate. The activity 
of this source was determined to be 2.21 X 107 a par- 
ticles/min. The experimental parameter determined 
is the time for a given charge to be collected on the top 
plate. This electrode is connected to a capacitor that 
is in series with a potentiometer, which provides a 
manually variable voltage output which opposes the 
charging capacitor. The resulting null balance is 
monitored by a Keithley 600A electrometer. The time 
for the capacitor to be charged to the predetermined

voltage was measured by means of a scale of 256 scalar 
using the house-main 60-cycle current as an internal 
standard. Saturation ionization currents were of the 
order of 5 to 8 X 10-9  amp for the different gases.

Procedure. Preliminary and calibration work was 
done using Airco prepurified nitrogen (0 2, 0.002%; 
H2, 0.002%; H20, 0.0012%). The organic compounds 
used were Fisher benzene, Matheson Coleman and Bell 
Spectroquality carbon tetrachloride, cyclohexane, cyclo
pentane, and hexane, and Matheson Coleman and Bell 
Chromatoquality cyclohexene. These compounds were 
used as received without further purification.

Experiments with nitrogen were done with the cham
ber at room temperature. Nitrogen was passed through 
two liquid air traps before entering the evacuated cham
ber. Degassed liquid hydrocarbon samples were 
heated in a glass ampoule and then admitted into the 
heated, evacuated chamber.

It was necessary to calibrate this experimental sys
tem with a gas having a known W  value in order to 
permit the assignment of absolute W  values to the or
ganic vapors. The following expression is appropri
ate for this experimental system.

where W  is the W value of the gas, E is the energy of 
an a particle, N is the activity of the source, C is the 
capacitance of the circuit, V is the predetermined 
maximum voltage, q is the charge of an electron, and 
t is the experimental time in cycles.

The ratio ENq/CV is not calculable with any degree 
of precision because of uncertainties associated with 
the numerical values of the parameters. In practice, 
this ratio became an experimentally determined factor 
using a gas having a known W  value.

Not only has the W  value for nitrogen been very well 
established at 36.39 ±  0.07 ev/ip ,28-30 but this gas also 
has those physical properties that make it very accept- 21 22 23 24 25 26 27 28 29 30

(21) G. Bertolini, M. Bettoni, and A. Bisi, P h ys . Rev., 92 , 1586
(1953) .
(22) C. E. Melton, G. S. Hurst, and T. E. Bortner, ibid.., 96 , 643
(1954) .
(23) T . E. Bortner and G. S. Hurst, ibid., 93, 1236 (1954).
(24) W. Haeberli, P. Huber, and E. Baldinger, Helv. P h ys . A d a , 26, 
145 (1953).
(25) H. J. Moe, T . E. Bortner, and G. S. Hurst, J . P h ys . Chem., 61, 
422 (1957).
(26) T. D. Strickler, ibid., 67, 825 (1963).
(27) C. Klots, J . Chem. P h ys., 44, 2715 (1966).
(28) G. N. Whyte, Radiation Res., 18, 265 (1963).
(29) W. P. Jesse, ibid., 13, 1 (1960).
(30) Z. Bay, P. A. Newman, and H. H. Selinger, ib id ., 14, 551 
(1961).
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VOLTAGE
Figure 1. Saturation curves for nitrogen at various pressures.

able for calibration purposes. Because nitrogen does 
not form negative ions readily, its ionization current 
saturates at low fields for all pressures. Also, impurity 
problems, resulting in extreme effects, are not as com
mon in nitrogen as they are in the rare gases.

The ionization currents in nitrogen for varying pres
sures are indicated in Figure 1, and they are char
acterized by plateaus above 750 v. Approximately 
the same saturation currents were measured for pres
sures from 400 to 760 torr, and with decreasing pres
sure in this range, saturation occurred at lower volt
ages. As the pressure decreased below 350 torr, the a 
particles were not completely stopped in the gas, re
sulting in erroneous readings.

For conditions of saturation when the a particles 
are completely stopped in the gas, the saturation cur
rents were consistently lower at higher pressures, as is 
indicated in Table I. The largest standard deviation 
for a determination is about 3 cycles (l/w sec) and this 
represents an error of about 0.059%. The deviation 
between the times determined at 700 and 400 torr repre
sents a 0 .2 1 %  difference, and between those times at 
500 and 400 torr the difference represents an increase of 
0.073% and is 1.2 times greater than the experimental 
error. Although the differences are small, there does

Table I : Experimental Times at Varying 
Pressures for Nitrogen

Pressure, Exptl time, cycles®
torr Average Std dev

760 5,107.7 2.4
700 5,109.5 1.8
600 5,105.3 2.9
500 5,102.4 2.2
400 5,098.7 2.5
300 5,134
280 5,168
200 5,759
100 11,776

“ 1 cycle =  Veo sec.

seem to be a definite trend of decreasing saturation cur
rent with increasing pressure. This effect can be ex
plained by columnar recombination, that is, recombi
nation phenomena which occur in the track of the 
ionizing particle. For a-particle irradiation, the num
ber density of ionic species will be larger near the end 
of the track and should be larger at higher pressures. 
Recombination processes would be enhanced, and there
fore, the measured saturation current will have an in-
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verse relationship with pressure. For this reason, 
calculations were made only with data determined at 
400 torr at which pressure it is believed that columnar 
recombination is negligible. The factor used to convert 
cycles to electron volts per ion pair is 7.137 (±0.003) 
X  10~ 3 ev/(ip cycle).

In contrast to those of nitrogen under conditions 
near atmospheric pressure, the ionization currents of 
the organic vapors did not exhibit saturation phenom
ena in these voltage and pressure ranges, but ap
peared to saturate only at lower pressures of about 300 
torr and high fields of about 850 v/cm . The ionization 
currents as a function of pressure for cyclohexane, 
which are shown in Figure 2, are representative of the 
other saturated hydrocarbons, cyclopentane and hex
ane. The effect of pressure is even more pronounced 
in the case of benzene, represented in Figure 3, and this 
behavior is also characteristic of cyclohexene. In 
Figure 4, the behavior of carbon tetrachloride is shown; 
it should be noted that, although the curves for ben
zene and carbon tetrachloride appear similar, the ordi
nate scale of the benzene graph is about one-third that 
of the carbon tetrachloride.

VOLTAOE

Figure 3. Saturation curves for benzene at various pressures.

General recombination phenomena, that is recom
bination in the bulk of the gas between positive ions 
and negative ions or electrons as they drift toward their 
respective electrodes, explain the differences in the 
behavior of the ionization currents with pressures be
tween the hydrocarbons and nitrogen. This process 
depends on the number densities of the ionic species 
and on the probability of their encountering each other. 
The density of the ionic species, which is proportional 
to the stopping powers of the compounds, is probably 
the major consideration for explaining the trends of the 
saturation currents with the different types of molecular 
gases.

To a rough first approximation, the stopping power 
is proportional to the number of electrons in the com
pound. The electron numbers of nitrogen, the hydro
carbons, and carbon tetrachloride are 14, 40-50, and 
74, respectively. The linear density of ions in carbon 
tetrachloride would be expected to be much larger 
than in the hydrocarbons and nitrogen. Therefore, 
the number of ions collected at the same pressure in 
nitrogen should not be decreased by recombination 
processes to the extent that recombination affects the
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V0LTA6E

Figure 4. Saturation curves for carbon 
tetrachloride at various pressures.

number collected in the hydrocarbons. From this con
sideration alone, one expects recombination to be great
est in CCI4. However, other important processes affect 
recombination, and one of these is discussed below.

The mobility is the proportionality constant relating 
the drift velocity of an ionic species to the field in
fluencing its motion and is an inverse function of the 
density of the gas and its pressure, when the tempera
ture remains constant. In general, an increased field 
strength is needed to collect all the ions, when the gas 
is at a higher pressure. Increased pressure decreases 
the mobility, and general recombination processes are 
enhanced. To a first approximation, the mobilities 
of the charged species can be assumed to be propor
tional to the inverse of their molecular weights; how
ever, mobilities are also dependent on the nature of the 
ionic species in the gas and the degree of clustering. 
Because the electron mobilities are about a factor of 
10 0  greater than the mobilities of the positive ions in 
the hydrocarbon vapors, the magnitude of the differ
ences between the ionization currents, based on the 
differences in the mobilities of the positive ions, is

small. However, in the case of carbon tetrachloride, 
the ionization currents are drastically changed, be
cause the electron is attached to the carbon tetra
chloride possibly resulting in dissociation into CC13 

and Cl- . In any case, an electron attached to a mole
cule or to an atom has a mobility comparable to a 
positive ion, and the likelihood for recombination 
processes is tremendously increased as is evidenced by 
the ionization currents at varying pressures of carbon 
tetrachloride in Figure 4.

Therefore, both relative stopping powers and mobili
ties of positive and negative ions influence the scope of 
recombination, which accounts for the differences in the 
ionization currents for nitrogen, the hydrocarbons, and 
carbon tetrachloride.

In order to study the properties of the ionization cur
rent curves at different pressures and to consider the 
significance of the increasing saturation currents with 
decreasing pressure, each set of data was analyzed using 
a number of extrapolation techniques. To find the 
saturation current using Jaffe’s theory of columnar 
recombination

1 =  1  f_ M
i is E

(where i is the measured current, ia is the saturation 
current, f (p) is some function of the pressure, and E is 
the field strength), extrapolations to infinite field were 
made for plots of reciprocal current vs. reciprocals of 
both field (referred to as plot A in future discussions) 
and field divided by pressure (plot B). Boag’s theory 
for a parallel plate ionization chamber, on the other 
hand, suggests an extrapolation to infinite voltage of a 
plot of measured current vs. current divided by voltage 
squared (plot C).

ik

where k is a constant and V is the voltage applied across 
the parallel plates.

Table II shows the percentage differences between 
the extrapolated currents of these various plots at 
different pressures and the current determined by 
averaging the data in the range between 5000 and 6000 
v at 300 torr for the hydrocarbons and 100 torr for car
bon tetrachloride. Generally, plot A and plot B gave 
identical extrapolations that deviated greatly at higher 
pressures from the averaged current. This is to be 
expected if f (p) is some arbitrary function of the pres
sure. However, results from plot C showed smaller 
deviations at all pressures with the exceptions of ben
zene and carbon tetrachloride.
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Table I I : Percentage D ifference betw een E xtrapolated  C urrent D eterm inations 
a t V arying Pressures and the Saturation Currents

Compounds-

Pressure,
torr

Cyclo
pentane Hexane

Cyclo
hexane Benzene

Cyclo
hexene

Carbon
tetra

chloride

700 2 .2
P lots  A  and B

3 .9
600 0 .7 2 .4 2 .3 - 1 3 . 8
580 4 .4
560 2 .0
500 0 .2 1.0 0 .9 1.0 2 .7 - 1 0 . 2
400 0 .2 5 0 .6 0 .9 0 .7 0 .8 - 6 . 6
300 0 .3 - 0 . 0 1 0.1 0 .6 0 .4 - 2 . 4
200 0 .0 2 0 .2 6 0 .8 0 .4 0 .3 - 0 . 3
100 - 0 . 7 0 .4 2 0 .5

700 0 .3 9
P lo t C

- 2 . 1 5
600 0 .1 1 0 .2 1 - 1 . 3 - 3 2  0
580 0 .0 8
560 0 .3 1
500 - 0 . 0 8 0 .1 5 0.0 - 0 . 4 9 0 .1 0 - 2 2 . 0
400 - 0 . 1 0 0 .1 6 0 .3 2 0 .0 3 0 .0 1 - 1 6 . 4
300 0 .1 2 - 0 . 0 2 0 .0 3 0 .3 1 0 .1 1 - 6 . 5
200 0 .0 1 0 .2 3 0 .4 4 0 .3 2 0 .2 7 - 2 . 0
100 - 0 . 1 1 0 .4 1 0 .2 9

Boag’s theory is valid only near saturation and would 
not be expected to hold for electronegative gases at 
pressures where saturation is not possible. It is 
significant, however, that the extrapolation method 
from the Jaffe theory does not work either for carbon 
tetrachloride data. The extrapolated currents are 
much lower than the saturation currents. It is inter
esting that benzene behaves as an electronegative gas at 
high pressures according to plot C .

Plot A and plot B may not provide meaningful ex
trapolations for these data because too few data points 
are considered in the least-squares analysis. Since it 
was possible to consider saturation conditions only for 
the range between 5000 and 6000 v, eleven points were 
used. Each of these points was an average of data 
from six different experiments. It should be mentioned 
that this type of extrapolation appeared to work satis
factorily for nitrogen in which 2 0  data points were con
sidered in the range between 3000 and 6000 v.

Boag’s theory predicts a relationship which can be 
utilized as the criterion for saturation in order to inter
pret these experimental data. Extrapolations to i/v2 = 
0 from a plot of current vs. current divided by voltage 
squared indicates the saturation current. This current 
differs by less than 0.5% from the current determined 
by averaging data at 300 torr for the hydrocarbons and 
100 torr for carbon tetrachloride in the range between 
5000 and 6000 v. For the results that follow, the W

values of pure compounds have been determined from 
type C extrapolated data and the W  values of mixtures 
have been determined from data averaged over the 
range 5000-6000 v at 300 torr.

Results and Discussion
Pure Compounds. The W  values determined for the 

pure organic vapors are indicated in Table III, along 
with W  values determined for other organic gases by 
other workers. There are few data with which the 
present W  values can be directly compared except those 
reported by Biber, et al.,31 and Adler and Bothe,32 

who have used heated chambers.
In general, the W  values determined here are similar 

to those for the gaseous hydrocarbons. In a homol
ogous series, the W  values decrease and the ratios of 
W/I increase. The W  values increase with unsatura
tion and since ionization potentials decrease under 
such circumstances, the ratios of W/I become larger. 
With increased unsaturation, such as in benzene, the 
ratio is almost 3. One unsaturated bond in the C3 
ring increased the W/I ratio by about 9%, and a double 
bond added to the aliphatic C3 chain increases the ratio 
approximately 18%; however, the corresponding W 
values increase by 17 and 34%, respectively.

(31) C. Biber, P. Huber, and A. Muller, Helv. Phys. Acta, 28, 503
(1955).
(32) P. Adler and H. K. Bothe, Z. Naturforsch., 20a, 1700 (1965).
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Table I I I :  Comparison of Pure W  Values

Ionization --------W Values, ev/ip—
potential, This ✓--------------- Irradiation-------------

Compound ev work c*° ßb Wa/Wß Wcc/I Wß/I

c h 4 12.98 29.01 27.5 1.05 2.24 2.12
ecu 11.47 25.79 25.9e 24.3 1.06e 2.25* 2.12
C2He 11.8 26.4 26.0 1.02 2.24 2.21
C3H s 11.1 26.15 24.3 1.07 2.35 2.18
C4H 1O 10.8 25.72 23.7 1.08 2.38 2.19
c 6H 12 10.6 23.5 2.23
c 6h „ 10.48 25.30 23.4 1.08e 2.42e 2.24
C 7H 1S 10.4 23.2 2.23
c 2h 2 11.4 27.35 25.7 1.06 2.40 2.25
c 2h 4 10.6 27.87 26.3 1.06 2.63 2.48
c 3h 6 9.80 27.01 2.76
c-CaHe 10.2 25.82 2.52
c-CsHjo 10.53 25.39 2.41e
c-C6H i2 9.88 25.05 22.7 1.11e 2.54* 2.30
c-C6H 10 9.24 25.47 2.76e
CYHr, 9.24 26.93 2 7.5d 2.92e

Klots, ref 27. b Adler and Bothe, ref 32. 0Biber, et al., ref 31. d Moe, et al., ref 25. '  Calculations made with W  values deter
mined in this work.

Stevenson33 has shown that ions from unsaturated 
molecules have a higher average energy than those 
corresponding to saturated molecules. This, combined 
with the presence of low-lying excited states, which 
are known to exist in particular, in benzene, explains 
qualitatively the increase in the W values for unsatu
rates even though their ionization potentials are lower.

Molecules can be classified into groups according to 
the values of the ratio of the W  value to the ionization 
potential. For /3-ray irradiation,34 the rare gases have 
a ratio equal to about 1.7 and the ratio for the saturated 
hydrocarbons is approximately 2 .1 . Unsaturation 
increases this ratio 0.3 to 0.4 unit. From the /3-ray 
irradiation of organic gases and organic compounds 
at elevated temperatures, Adler and Boethe32 deter
mined the ratios of 2.23 ±  0.5% and 2.54 ±  0.4% for 
the alkanes and alkenes, respectively. In this re
search, using a-particle irradiation, the values of the 
ratio for the saturated hydrocarbons are between 2.4 

and 2.5. Unsaturation increases the ratio about 0.25 
and 0.4 unit for cyclohexene and benzene, respectively. 
It is interesting to note that carbon tetrachloride has 
the same ratio as methane.

The values of W JW $ can be calculated for three 
different molecular gases using these results and those 
previously published. The value obtained for n- 
hexane is identical with that obtained for the highest 
hydrocarbon previously reported, n-butane. Cyclo
hexane exhibits a value of 1 .1 1  for this parameter, 
which is somewhat higher than for the corresponding

straight-chain compound. The value for carbon tetra
chloride is like that of methane.

Mixtures. Bortner and Hurst23 have suggested eq 1 
to relate the W  value of a mixture to the W values of 
the pure compounds

where W\ and W2 are the W values of the first and 
second component, respectively, and Pi and Pi are the 
respective partial pressures. If it is assumed that the 
components absorb energy independently of each 
other, a is the ratio of the true stopping powers.

In considering mixtures in radiation chemistry, the 
simplifying assumption has frequently been made that 
the energy is initially absorbed by each component in 
proportion to its electron fraction. If the parameter a 
in the above expression is considered as an empirical 
weighting parameter with regard to energy partitioning, 
then a can be assumed to equal the ratio of the electron 
numbers, the second to the first component, and the 
expression (Pi/(Pi +  aP/)) will be equivalent to the 
electron fraction. Then a plot of the reciprocal of the 
W  value of the mixture vs. the electron fraction should 
yield a straight line, if energy is indeed partitioned in 
this manner.

(33) D. P. Stevenson, Radiation Res., 10, 610 (1959).
(34) R. L. Platzman, Intern. J. Applied Radiation Isotopes, 10, 116 
(1961).
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Figure 7. Variation in W  value in mixtures of 
benzene with cyelopentane and cyclohexane.

0  0.2 0.4 0 6  0.8 1.0

ELECTRON FRACTION OF CYCLOHEXANE

Figure 5. Variation in W  value in 
various mixtures of cyclohexane.

Figure 6. Variation in W  value in mixtures of 
benzene with cyclohexane and «-hexane.

Figure 8. Variation in W  value in various 
mixtures of carbon tetrachloride.

The mixture data, which represent averaged W 
values with the error bars indicating standard devia
tion, are present in Figures 5-8. These W  values were 
also determined from plot C. In general, the values
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found in this way are in good agreement with the values 
obtained by averaging.

Mixtures with Cyclohexane. Figure 5 displays the re
sults obtained with mixtures of cyclohexane and the 
other hydrocarbons: hexane, cyclohexene, and cyclo
pentane.

Most data points for each mixture fall, within ex
perimental error, on the straight line drawn between 
the W  values of the pure components. Therefore, in 
mixtures of these hydrocarbons, the energy resulting in 
ionizing processes is proportional to the respective 
electron numbers of the components. There is no evi
dence of any strong physical interactions between the 
components leading to large amounts of excess ioniza
tion.

Mixtures with Benzene. Data for mixtures of ben
zene are displayed in Figures 6 and 7. In Figure 6 , 
the mixtures of benzene with hexane and cyclohexene 
are presented. The hexane-benzene mixture data fall 
close to the predicted line, except for a slight deviation 
of decreasing W values with a small amount of ben
zene in hexane. The ionization potential of hexane is 
higher than that of benzene (10.48 and 9.24 ev, respec
tively). This small effect could be accounted for by 
the transfer of excitation energy from hexane to ben
zene. In the cyclohexene-benzene system in which 
both components have an ionization potential of about 
9.24 ev, there is a more general deviation from the 
predicted relation. The magnitude of the deviation 
decreases as the benzene concentration increases. 
Considering an approximate 50-50 mixture, the per
centage experimental error is about 0.08% and the 
deviation from the expected value is 0.39%. The W 
values are larger than predicted indicating that fewer 
ions are being formed. This would be the case if one 
of the components was absorbing in a disproportionate 
share of the energy, benzene in this case.

Mixtures of benzene with cyclopentane and cyclo
hexane are shown in Figure 7. Cyclopentane behaves 
essentially ideally; however, its ionization potential is 
larger and an effect similar to that in the benzene- 
hexane system is expected.

In general, the mixtures of benzene behaved in ac
cordance with the electron fraction approximation. 
Although definite trends were indicated in some mix
tures, a characteristic behavior cannot be assigned 
to benzene or the hydrocarbons with respect to specific 
physical interactions.

Mixtures with Carbon Tetrachloride. Figure 8 repre
sents the data for the hydrocarbon-carbon tetrachlo
ride mixtures. The deviations in these mixtures are 
the largest observed in this series of experiments. At an 
electron fraction of 0.03 carbon tetrachloride, the per

centage deviations from the ideal are 0.36, 0.45, and 
0.51% for hexane, cyclohexane, and benzene, respec
tively. The deviation is one which results in a lowered 
value of W, indicating an increase in ion production. 
Since the ionization potential of carbon tetrachloride is 
higher than those of the hydrocarbons, this enhance
ment cannot be simply due to transfer of energy from 
ordinary excited states of the hydrocarbon to the 
carbon tetrachloride molecule. However, the results 
can be explained if one assumes that superexcited 
states of the hydrocarbon are capable of transfering 
energy to the carbon tetrachloride, which subsequently 
ionizes. That such states do exist for the hydrocarbons 
has been suggested by Jesse.85 In general, for the large 
hydrocarbons there exists a competition between 
ionization and dissociation; however, for methane, the 
predominant mode of energy loss is ionization. The 
same might be expected to be true for carbon tetra
chloride, which shares many similarities86 both in its 
spectroscopic properties and radiation chemistry. 
It is also noted that these two compounds have very 
similar values of W/I.

This phenomenon will occur if the lifetimes of the 
superexcited states are sufficiently long to allow trans
fer of energy. If the lifetime for autoionization of the 
superexcited states is about 1 0 -14 sec, this should be 
sufficient since this is of the order of the collision fre
quency in systems at the pressures employed here.

In a preceding section of this paper, some character
istics of the ratio of the W value to the ionization po
tential were discussed. An explanation for the larger 
ratio for the higher hydrocarbons compared to methane 
is now evident. Energy residing in superexcited states 
that do not necessarily result in ions accounts for the 
increased ratios with the larger hydrocarbons. Meth
ane’s superexcited states preferentially ionize, and there
fore, the ratio would be smaller.

There is also a small effect observed when a small 
per cent of hydrocarbon is added to carbon tetra
chloride, in this case an increase in the W  value or a 
decrease in the amount of apparent ionization.

This increase in W value can be explained by the 
formation of a species that has a smaller mobility than 
the chloride ion. Any chlorine atom in the system 
probably abstracts hydrogen.

Cl- +  RH — >  HC1 +  R-

If the HC1 participates in ion cluster formation similar 
to a reaction considered by Lee, et al.,37 the mobility 35 36

(35) W. P. Jesse, J. Chem. Phys., 41, 2060 (1964).
(36) T. H. Chen, K. Y . Wong, and P. J. Johnston, J. Phys. Chem., 
64, 1023 (1960).
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of the ion cluster should be considerably smaller than 
that of the ion itself. Recently, mass spectrometer

e_(Hci) +  CCI4 — >  CC13- +  C1~(hci)

data have shown evidence of ion clustering in C2H2,37 38 

H20 , 39 and NH3.40 The increased size and amount of 
ion clusters expected with increasing pressure41 is sub
stantiated in the enhanced deviations of the W  values 
from the expected behavior at higher pressure.

Physical Interaction Related to the Radiation Chemis
try of Hydrocarbon Mixtures. Ionization current 
measurements of organic mixtures should indicate some 
physical interactions which are important when con
sidering the radiation chemistry of these systems. 
When a compound (solvent) is contaminated by a 
small amount of another compound, the solvent mole
cule may transfer energy to the contaminant resulting 
in an excessive amount of ionization, as occurs in the 
Jesse effect. The amount of energy transferred from 
the excited, metastable, or superexcited states must be 
larger than the ionization potential of the contaminant 
to result in excess ionization.

In these experiments, it should be emphasized that 
all the deviations from ideal behavior are less than 1 % . 
However, contaminants in helium decrease the W 
value 30%, and hydrocarbons in argon decrease the W 
value at least 2 to 3%. Therefore, the small devia
tions observed in these experiments are not of the mag
nitude of the Jesse effect, although smaller effects 
would naturally be expected for molecular gases.

In the radiation chemistry of hydrocarbon mixtures, 
about 5% contamination of cyclohexane with benzene 
reduces the hydrogen yield approximately 20%. Slight 
deviations were noted in these mixtures, but they are 
not of the magnitude that would indicate an abundance 
of energy transfer processes leading to ionization.

Conclusions
The W values for a number of organic vapors at 80° 

have been determined.
Binary mixtures of these organic compounds were

found to behave, to a first approximation, ideally in an 
ionization chamber experiment. The electron frac
tion approximation seems justified for these mixtures; 
that is, the initially absorbed energy leading to ioniza
tion is partitioned between the components on the 
basis of their electron fraction. Also, except for the 
case of carbon tetrachloride, no transfer of energy from 
excited species occurs that results in significant excess 
ionization. The decrease in product yield of hydrogen, 
from irradiated cyclohexane with a small amount of 
added benzene, and likewise from other such systems, 
cannot be explained by energy transfer from excited 
cyclohexane species to benzene molecules, which subse
quently ionize.

The small increase in the W  value when a small 
amount of the hydrocarbon is present in CC14 can be 
explained by the formation of a species having a small 
mobility, probably an ion cluster. In order to explain 
excessive ionization when a small amount of carbon 
tetrachloride was added to hydrocarbon, superexcited 
states were posulated to exist for the hydrocarbons.

The ionization currents of benzene exhibited, to a 
much smaller extent, those traits which were char
acteristic of the electronegative carbon tetrachloride. 
Thus, in the radiation chemistry of benzene and mix
tures containing benzene, the physical interactions, 
electron attachment, and possibly dissociative elec
tron attachment, may be important.
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(37) R. A. Lee, R. S. Davidow, and D. A. Armstrong, Can. J. Chem., 
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Electron Spin Resonance Studies on the Photolysis of Radicals Produced in 

Ethyl Mercaptan and Ethyl Disulfide by X-Irradiation1

by S. B. Milliken, K. Morgan, and R. H. Johnsen

Department of Chemistry, Florida State University, Tallahassee, Florida 32306 (Received March 21, 1967)

The esr spectra and photochemical properties of the radicals generated in ethyl mercaptan 
and ethyl disulfide by X-irradiation at 77°K have been studied. The initial products are 
postulated to be ion pairs with the charges localized on the sulfur atoms. Subsequent 
photolysis in the case of ethyl mercaptan results in the formation of the RS radical whose 
presence was previously postulated in liquid ethyl mercaptan.

Introduction
This study is concerned with the esr spectrum of ir

radiated ethyl mercaptan at 77 °K before and after 
photolysis with ultraviolet light.

Evidence from the radiation chemistry of various 
organic systems appears to establish that ionizing 
radiation expels electrons in condensed media which are 
thermalized and migrate through the system by dif
fusion-like processes.2 3 4 The electrons then may produce 
a variety of reactions by dissociative or attachment proc
esses at room temperature, and at liquid nitrogen tem
peratures can be identified by virtue of their para
magnetic properties. After being expelled, they leave 
behind paramagnetic ions, or neutral radicals resulting 
from reactions of the parent ion and another molecule. 
The fate of the electron seems variously to depend on 
the extent of hydrogen bonding, the accessability of 
empty orbitals, and the presence of solutes which are 
able to react with electrons. Typical reactions are 
summarized below.

(.1) Systems without Hydrogen Bonding3 A

RH > RH+ T  e~ (la)

e~ +  R X  — > R • +  X ~  (if solute is present) (lb)

(2) Systems with Hydrogen Bonding5

ROH — > ROH+ +  e -  (2a)

e -  +  nROH — > (R O H ),- (2b)

ROH+ +  ROH — > R'CHOH +  ROH2+ (2c)

(S) Systems with Low-Lying Empty Orbitals6

RSSR — >  RSSR+ +  RSSR- (3)

3-Methylpentane, which has been studied exten
sively by means of optical311 and esrsb spectroscopy, is 
representative of organic glasses without hydrogen 
bonding. The yield of trapped electrons is low in these 
systems, and unless electron scavengers are present, 
most of the electrons return promptly to the parent ion. 
Neutralization occurs and a hydrogen atom and a neu
tral radical are produced. When the electron is 
trapped or scavenged, the counterion is most often the 
paramagnetic parent positive ion as shown in reaction 
la. Dissociative attachment to an electron scavenger 
(e.g., benzyl chloride) produces a radical and a non- 
paramagnetic negative ion as suggested by reaction lb.

When hydrogen bonding is present as in the ali
phatic alcohols, the electron is trapped in high yields. 
The parent positive ion undergoes reaction to produce a 
nonparamagnetic positive ion and a neutral free radical. 
Myron and Freeman7 have suggested that the ion-mole

(1) This research was supported in part by the U. S. Atomic Energy 
Commission under Contract AT-(40-1)-2001. This is AEC Docu
ment ORO-2001-6.
(2) M. R. Ronayne, J. P. Guarino, and W. H. Hamill, Radiation 
Res., 17, 379 (1962).
(3) (a) J. B. Gallivan and W. H. Hamill, J. Chem. Phys., 44, 1279
(1966) ; (b) K. Tsuji and F. Williams, J. Am. Chem. Soc., 89, 1526
(1967) .
(4) J. B. Gallivan and W. H. Hamill, Trans. Faraday Soc., 61, 1 
(1965).
(5) (a) R. S. Alger, T. H. Anderson, and L. A. Webb, J. Chem. Phys., 
30, 695 (1959); (b) F. J. Dainton, G. A. Salmon, and J. Tepley, 
Proc. Roy. Soc. (London), A286, 27 (1965).
(6) D. C. Wallace, J. E. Hesse, and F. K. Truby, J. Chem. Phys., 42,
3845 (1965).
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cule reaction is assisted by the hydrogen bonding; if so, 
the RCH-OH radical observed may well be preceded by 
an alkoxy radical. In any case, the neutral radical 
has been identified by the n — 1 lines characteristic 
of an electron localized on the hydrocarbon portion 
of the molecule indicating the detachment of a hydro
gen from a carbon.7 8 Slight further splitting by the 
hydroxyl hydrogen and the production of vicinal gly
cols by radiation suggests the removal of the hydrogen 
a to the oxygen. Evidence for the ROH2+ ion is cir
cumstantial but convincing, resting upon actual ob
servation of the species in high-pressure mass spec
trometry, 9 the resistance of aldehydes to scavenging,7 

and thermochemical calculations.10

When only first-row elements are present, there are no 
low-lying vacant orbitals. The ejected electron can 
thus be expected to be delocalized over several mole
cules.11 This should be true for both systems with and 
without hydrogen bonding, the only difference being 
that the trap appears deeper fcr the hydrogen-bonded 
system.3’5

Thus the electron is released from its trap by light of
16,000 A in 3-MP; 12,000 A in methyl tetrahydro- 
furan,12 and 7000 A in ethanol.

When atoms are present which have vacant orbitals 
available which are relatively low in energy, the expelled 
electron becomes associated with a single molecule. 
The example shown here is an alkyl disulfide studied by 
Truby.6 14 15 The spin-orbital interaction is apt not to be 
quenched, so that there is an anisotropy observed in the 
spectrum. The electron is usually localized on an atom 
containing the available orbitals.

In this laboratory some effort has been devoted to 
the study of alcohol systems with particular attention 
being paid to the effects of visible and ultraviolet 
photolysis of the radiation-produced radicals.13-15 A 
study of the mercaptans seemed like a natural exten
sion of this line of endeavor. Moreover, the above 
categorization of the chemical behavior of the electron 
would predict that the electron would behave more 
nearly like that in disulfides than in the alcohols, and 
the product yields should reflect that fact. In a sepa
rate study, 16 the yields of the chemical products were 
investigated.

Experimental Section

The ethyl mercaptan and ethyl disulfide used were 
the same as in the chemical study, and purification and 
handling techniques were identical. Samples were 
sealed in Thermosil tubes 3 mm in diameter for use in 
the esr spectrometer. Samples for optical studies were 
placed in ampoules with flattened sides made of the 
same type of quartz. The esr spectrometery was done

in a Varian 4502 spectrometer. Optical spectra were 
taken on a Cary spectrometer with a special low- 
temperature sample holder. Irradiations were done 
using the Florida State 3-Mev Van de Graaff accelera
tor. Bleaching experiments were carried out with an 
A-H6 mercury arc lamp. The filters used have been 
described previously.15 Doses were of the order of 
1 0 19 ev/g.

Discussion
The top spectrum of Figure 1 shows ethyl mercaptan 

immediately after irradiation; the bottom spectrum is 
the result of subsequent photolysis. The original X - 
irradiated sample is colored yellow-orange. This 
color is bleached by near-ultraviolet light but not visible 
light, and the sample becomes pale yellow or clear. 
The sample was photolyzed over a range of selected 
wavelengths from 6000 to 2500 A, and it was found that 
no change in the radical spectrum occurs above approxi-

1. Y-Irradlated Ethyl Mercaptan
2, Y-Irradlated Ethyl Mercaptan, uv photolysis, 3300<X<3900 a

Figure 1. Esr spectra of X-irradiated 
and photolyzed ethyl mercaptan.

(7) J. J. J. Myron and G. R. Freeman, Can. J. Chem., 43, 1484 
(1965).
(8) B. Smaller and M. Matheson, J. Chem. Phys., 28, 1169 (1958).
(9) K. R. Ryan, L. W. Sieck, and J. H. Futrell, ibid,., 41, 111 (1964).
(10) J. Tebly, A. Habersbergerovan, and K. Vacek, Collection 
Czech. Chem. Commun., 30, 793 (1965).
(11) D. R. Smith and J. J. Pieroni, Can. J. Chem., 43, 876 (1965).
(12) M. R. Ronayne, J. P. Guarino, and W. H. Hamill, J. Am. Chem. 
Soc., 85, 384 (1963).
(13) R. H. Johnsen, J. Phys. Chem., 63, 2041 (1959).
(14) R. H. Johnsen and D. A. Becker, ibid., 67, 831 (1963).
(15) S. B. Milliken and R. H. Johnsen, ibid., 71, 2116 (1967).
(16) J. J. J. Myron and R. H, Johnsen, ibid., 70, 2951 (1966).
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mately 3500 A. The arrow indicates g =  2.003, the 
value for the free electron. The g for the derivative 
crossover is equal to 2.012. Neither its value nor the 
concentration of the radical species changes measur
ably during photolysis. The concentration reflects a 
yield of 2-3 spins/100 ev. However, this value of the 
yield is most approximate due to the difficulties of 
integrating the anisotropic spectra. Both the g value 
and the estimated yield are based on the known values 
for these measurements in methanol.

The optical spectrum is shown in Figure 2. X - 
Irradiation produces the broad band centered around 
4500 A. This band disappears with ultraviolet photoly
sis using light in the 3500-A region. It is noteworthy 
that light of wavelengths longer than 3500 A, and in 
particular in the wavelength region around 4500 A, does 
not affect the optical absorption of the sample. Both 
optical and esr absorptions disappear rapidly upon 
warming of the samples.

Because of the lack of structure, the photosensitive 
species is hard to identify. The bottom esr spectrum, 
on the other hand, resembles the spectrum of the alkyl 
sulfide obtained by Kurita and Gordy17 upon the X - 
irradiation of cystine dihydrochloride modified as one 
might expect if its free electron were interacting with 
two protons instead of one. They irradiated their 
samples in both powdered and crystalline form. The

Figure 2. Absorption spectra of ethyl mercaptan before and 
after X-irradiation and following ultraviolet photolysis.

spectrum of the irradiated crystal revealed three prin
cipal axes of the g tensor and a hyperfine doublet char
acteristic of splitting by a single hydrogen atom. A 
calculated spectrum consistent with the observed spec
tra and the nature of this hyperfine splitting suggested 
to them that the spin was centered on a sulfur atom 
which was not free to rotate and thus interacted with 
only one proton on the adjacent carbon atom. They 
found evidence for this hyperfine splitting in the spec
trum of the amorphous solid; it is also apparent here 
in the glassy mercaptan. This similarity fairly well 
characterizes the radical produced by ultraviolet 
photolysis as the ethyl sulfide radical.

Characterization of the photosensitive precursor is 
more difficult. The mercaptan exhibits a limited 
amount of hydrogen bonding as well as low-lying vacant 
orbitals on the sulfur so that trapping of the electron 
can be expected either by reaction 2b or 3. The lack 
of resolvable hyperfine structure rules out a reaction 
analogous to (2c). A likely possibility is that the 
upper spectrum in Figure 1 is the result of the super
position of two signals, one from the positive parent 
and one from the negative ion formed by attachment 
of the electron to ethyl mercaptan. The spectra of 
irradiated ethyl disulfide and ethyl mercaptan are super
posed in Figure 3. The similarity is quite marked ex
cept for a small shift in g (crossover) toward higher 
field.

The yields, when corrected for the electron fraction, 
are about the same for both systems. The g value for 
the derivative crossover is 2.017, in agreement with the 
values reported for ethyl disulfide in the literature.6 

Notice that g- (electron) <  g (mercaptan crossover) <  
g (disulfide).

In Figure 4, the effects of photolysis on the esr spec
trum of irradiated ethyl disulfide are shown. The 
wavelengths used are the same as those used for ethyl 
mercaptan. The solid line represents the spectrum 
immediately after radiolysis, the dotted curve is what 
remains after several hours of photolysis, after which 
there is no further change. The sample is initially dark 
green in color and is bleached by the action of the ultra
violet light. The arrow again indicates g for the free 
electron. The presence of the sulfide radical is indi
cated by the broad line on the low-field side of the spec
trum. It is neither increased nor decreased by ultra
violet light. The dashed line spectrum is most prob
ably a mixture of alkyl radicals not containing sulfur. 
It is unique for alkyl disulfides and is identical with 
those obtained by Truby,6 who photolyzed the entire 
homologous series up through ten carbons. As sug-

(17) Y . Kurita and W. Gordy, J. Chem. Phys., 34, 282 (1961).
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Figure 3. Comparison of X-irradiated ethyl mercaptan
an ethyl disulfide sp e ctra :-------- , X-irradiated
ethyl m ercaptan;-------- , X-irradiated ethyl disulfide.

Figure 4. Esr spectra of X-irradiated and photolyzed ethyl
disulfide: -------- , X-irradiated ethyl d isu lfid e;-------- ,
X-irradiated ethyl disulfide, ultraviolet photolysis at 3600 A.

gested before, the initial spectrum is probably due to 
the presence of an ion pair. In contrast to the mercap- 
tans, the only sulfur-containing radical seen after 
photolysis is that produced directly by the X-irradia- 
tion of the disulfide. The evidence for ion pairs was 
largely circumstantial. (1) When the solid was 
warmed slightly, there was no gradual decrease in con
centration of the radicals as might be expected in the 
case of neutral radicals beginning to diffuse and react. 
(2) The addition of electron scavengers produced 
spectra characteristic of the reaction of the scavenger 
with the electron. (3) A change in frequencies from 
9 to 35 Gcycles indicated anise tropy. in  explaining 
the fc-band spectrum, it was necessary to  consider a 
distribution of orientations of the respons ible radicals 
since it is a glass and not a crystal. In doing so, Truby 
found that an equal mixture of paramagnetic negative

and positive ions could account for the line shape ob
served. His calculation was based on a positive ion 
with three principal axes in the g tensor, and the elec
tron removed from an orbital shared by the two sulfur 
atoms. The negative ion seemed to be due to an un
paired electron occupying a d orbital on a sulfur atom, 
and had two principal axes.

At least some of this circumstantial evidence rests 
upon properties of disulfides sufficiently general to 
organic sulfur compounds to be true also for mercap- 
tans. Certainly, the initial spectrum and the produc
tion of RS • radicals are analogous to phenomena ob
served in the disulfide case. Therefore, it seems reason
able that the initial spectrum in irradiated ethyl mer
captan results from an ion pair, and the sequence of 
events that follow is as shown below.

C2H6SH — C2H6SH+ +  e -

e -  +  C2H6SH — ► C2H5SH -

C2H6SH - C2H6SH 4 - em-  

em-  +  C2H6SH+ C2H8S- +  H *

H- * +  C2H5SH — > C2H6S- +  H2

The electron is expelled from the molecule by the 
ionizing radiation as usual. Mercaptan is its own elec
tron scavenger; the electron attaches to another mer
captan molecule, probably in a d orbital on the sulfur 
atom. The positive hole is also probably located on 
the sulfur atom in the parent molecule. Since the 
mercaptan is less hydrogen bonded than the alcohols, 
one does not expect the formation of a radical by ab
straction of the a hydrogen atom by the positive ion 
as in reaction 2c. The SH group, furthermore, is rig
idly held, leading to the observed anisotropy. Any 
hyperfine splitting is probably due to the hydrogen 
atom which is attached to the sulfur. The electron 
trap is deeper than in alcohol (of the order of 3-4 ev), 
as indicated by the shorter wavelength necessary to 
bleach the mercaptan. The effect of photolysis then, 
is simply to release the electron from its trap, permitting 
it to return to its parent ion and neutralize it. The 
resulting energy breaks a sulfur-hydrogen bond. In 
the case of the disulfide, the fragments are bulky and 
are caged; in the mercaptan, however, the smaller 
hydrogen atom escapes, and a significant concentration 
of RS • radicals is produced. The ultimate fate of the 
hydrogen atom is not known. However, since the 
radical concentration apparently does not diminish 
during photolysis, the hydrogen atom may be hot 
enough to abstract.
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Densities and Apparent Molal Volumes of Molten Phosphoric Acid Solutions

by Ronald A. Munson and Michael E. Lazarus

General Electric Research and Development Center, Schenectady, New York (Received March 13, 1967)

The densities of a number of electrolyte solutions in phosphoric acid at 80° and a few at 
150° are reported. Most of the 1-1 electrolytes investigated have apparent molal volumes 
which are quite close to the molar volume of phosphoric acid. This indicates that these 
electrolytes enter into the solvent structure with very little over-all électrostriction of the 
phosphoric acid. Apparent molal ionic volumes of a number of ions have been calculated 
on the basis of the assumption of equality of volumes of the lyonium and the lyate ions. 
It is suggested that this assumption is of value in comparing electrostrictive influences in 
different solvents.

The densities of ionic solutions may be used to ob
tain information concerning ion-solvent interactions. 
The apparent volume changes observed may result from 
general influences of the ion on the solvent structure 
or from the displacement of solvent equilibria. In 
phosphoric acid, two self-dissociative equilibria are of 
importance, both of which produce extensive ioniza
tion.1’2

2H3P 0 4 H4PO4+ +  h 2p o 4-  (1)

2 H3PO4 ^  H30 +  +  H 3P2O7-  (2 )

Experimental Section
Chemical Preparation. Phosphoric acid was prepared 

from analytical reagent 85% phosphoric acid by water 
removal under vacuum.3 It was adjusted to 100.0% 
by the crystalline melting point technique used pre
viously.1 Sulfuric acid (100.0%) was prepared from 
analytical reagent fuming sulfuric acid and distilled 
water. A solution 19.0% by weight perchloric acid 
and 80.8% phosphoric acid was prepared at 1 2 0 ° by 
stirring analytical reagent phosphorus pentoxide with 
analytical reagent 70% perchloric acid. Lithium per
chlorate was prepared by neutralizing lithium carbonate

with analytical reagent perchloric acid. To remove the 
last trace of water, it was necessary to heat it to 300° 
just prior to use. It analyzed 92.9% (expected 93.5%) 
perchlorate. Lithium dihydrogen phosphate (99.0%) 
was also prepared from lithium carbonate. Mg- 
(H2P0 4)2, which was prepared from magnesium oxide 
and phosphoric acid, contained 1 1 .2%  (expected 1 1 .1 % ) 
magnesium. Reagent potassium bisulfate (100.1%) 
and potassium dihydrogen phosphate (99.4%), which 
were analyzed by acid-base titration, as well as the 
other salts, were stored in a vacuum desiccator at 
100°. Solutions were made up by weight and all open 
manipulations were performed in a drybox furnished 
with dry N2 and P2O5.

Procedure. The dilatometer (18 cc) was constructed 
from a small erlenmeyer flask into which was fitted by 
means of a ground-glass joint a graduated glass tube 
with a terminal constriction. The volume of the 
dilatometer was calibrated with doubly distilled water. 
Temperature in the oven remained constant to ±0 .2°.

(1) R. A. Munson, J. Phys. Chem., 68, 3374 (1964).
(2) R. A. Munson, ibid., 69, 1761 (1965).
(3) Inorg. S.yn., 1, 101 (1960).
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Figure 1. The density of 100.0% phosphoric 
acid. Data at the lower temperatures are 
from the “International Critical Tables.”

The sample was allowed to reach chemical and tem
perature equilibrium in 2 hr during which the loss or 
gain of water was not found to be significant. Measure
ments were made at 80 and 150° in order to avoid the 
long wait required for the establishment of equilibrium 
2 close to room temperature.

Results and Discussion
The density of phosphoric acid is a linear function of 

temperature (Figure 1) and may be approximated very 
closely by

P, =  Pso +  6.94 X 10-4(80 -  t) (3)

where p8o = 1.827 is the density at 80° and t is the tem
perature in degrees centigrade. The densities in phos
phoric acid solutions are very nearly linear functions 
of the solute concentrations to 0.4 to. Freezing point 
depression measurements indicate these solutes to be 
essentially fully dissociated.1 Table I lists the limiting- 
density-concentration slope for a number of solutes. 
The apparent molai volumes were calculated by means 
of the expression

</>V
1 0 3 d p ,  M 2

po2 dX  po
(4 )

Table I ;  Apparent Molai Volumes of Some 
Solutes in Phosphoric Acid at 80°

Solute
dp/dX, 

g l. " 1 m-i
4>v>

cm3 mole“1

LÌH 2PO4 0.028 48.6
NaH2P 04 0.050 50.8
k h 2p o 4 0.054 57.8
k h s o 4 0.050 59.1
LÌC104 0.022 51.8
HC104 0.001 54.7
HjSOi -0 .0 0 2 54.4
M g(H2P 0 4)2 0.108 87.1
h 2o -0 .0 2 5 17.4

where M 2 is the molecular weight of the solute, p0 is the 
density of the pure solvent, and X  is the molal concen
tration of the solute. Notice that for most solutes the 
apparent molal volume is very close to the molar volume 
of the phosphoric acid (53.6 cc mole- 1  at 80°) so that 
these electrolytes must fit into the phosphoric acid 
structure with very little over-all électrostriction. 
Figure 2 presents some of the data obtained. The 
straight lines are not lines of best fit but represent the 
density changes which would be expected if each mole of 
solute replaced one mole of phosphoric acid. Self-

Figure 2. Density dependence on solute 
concentration for 100.0% phosphoric acid.
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dissociation according to eq 1 and 2 is extensive enough 
so that the electrolyte concentrations used in these 
solutions are much smaller than the intrinsic ionic con
centrations. The addition of 1 mole of base to phos
phoric acid shifts the position of equilibrium 1 according 
to M H ,P04 +  7 2 H4P0 4+ -► M+ +  H3PO4 +  7 r  
H2P 0 4- . Similar equilibrium shifts occur in phos
phoric acid solutions containing acid or water. The 
volume changes contributing to the apparent molal 
volume are
0 (̂base) _  y M+n -1_ n[THjP0 4 +

V’al'mpo, - ~  72P h(po4+] (5)
0 (̂acid) _  _  1/27 H(POi+ _  (6)

(̂HsO) _  — FH3P2O7-] +

F hjpOi +  7  s [F  H2PO4-  — F h 4po( +] (7 )

Since the H2P 0 4-  and the H4P 0 4+ ions are derived from 
phosphoric acid by the addition or subtraction of only a 
proton they must be quite close to the same size, and as 
their charge magnitude is identical, they should have 
very similar electrostrictive influences on the solvent. 
It therefore is reasonable to set F h2po4- equal to 
F hiPo,+. Table II lists the apparent molal ionic 
volumes of a number of ions in phosphoric acid and in 
water4 calculated using the equality of the apparent 
molal volumes of the lyonium and lyate ions. The 
general similarity of the data suggests that the prin-

Table I I :  Apparent Molal Ionic Volumes

Phosphoric Water
acid at 80°, at 25°,
cm8 mole”1 cm1 mole-1

L i + - 5 - 3 .6
Na + - 3 - 4 .1
K  + 4 6.1
Mg2 + - 2 0 -2 3 .5
CIO4 - 56 {45}“
h s o 4- 55
h 3o +-h 3p 2o 7- -7 2
h 3o + - 2 .6

“ Estimated.

ciple of the equality of the volumes of the lyate and 
lyonium ions provides a rational basis for the compari
son of ionic volumes in different solvents. From eq 7 
only the difference between ionic volumes of the ox- 
onium and the pyrophosphate ions can be obtained. 
However, if a reasonable value of —3 cm3 mole-1  is 
assigned to the oxonium ion, then the volume obtained 
for the pyrophosphate monoanion (69 cm3 mole-1) is 
consistent with the expectation of a somewhat larger 
volume than that found for the other anions listed in 
Table II.

(4) B. B. Owen and S. R. Brinkley, Jr., Chem. Rev., 29, 461 (1941)
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The Influence of Ionic Solutes upon the Conductivity of 

Molten Phosphoric Acid

by Ronald A. Munson and Michael E. Lazarus

General Electric Research and Development Center, Schenectady, New York (Received March 18, 1967)

The electrical conductivity of phosphoric acid is believed to result from a protonic chain 
conduction mechanism since the high viscosity of the phosphoric acid effectively hinders 
the Stokesian or normal conduction. The introduction of an ionizing solute other than 
water into phosphoric acid results in a linear decrease in the conductivity of the phosphoric 
acid. The conductivity decrease is ascribed to a breaking of the hydrogen-bonded struc
ture of the phosphoric acid by the ions which inhibits the formation of the structures 
necessary for proton jumps. A comparison of the conductivity decreases produced by 
acids and bases in phosphoric acid permits an estimation of the mobilities of the H4P 0 4+ 
and H2P 0 4~ ions. Activation energies for the proton-jump mobilities in phosphoric acid 
are very close to those for the proton-jump mechanism in water although the mobilities 
themselves are about a factor of 4 lower in phosphoric acid. The oxonium ion is anomalous 
in its influence on the conductivity of phosphoric acid and may itself participate to a limited 
extent in the protonic conduction.

Owing to the high viscosity (7725 =  178 cp) of molten 
100% phosphoric acid, ordinary Stokesian migration 
of its ions is much too small to account for its remark
ably high electrical conductivity (o-25 =  0.04596 ohm-1  

cm-1). Greenwood and Thompson1 interpreted this 
as evidence for the presence of a protonic chain con
duction mechanism utilizing the movement of H4P 0 4+ 
or H2P 04-  ions through the highly hydrogen-bonded 
structure. Indeed, they found that the transport 
number for potassium ion (which must conduct by 
Stokesian migration) was less than 0.002. The equi
libria present in phosphoric acid may be represented by

2H3P 0 4 ^ 1  H4P 04+ +  H2P 04-  (1)

2H3PO4 H.O+ +  H3P20 7-  (2)

It is now believed that pyrophosphoric acid is essentially 
a monoprotic acid behaving as indicated in (2) although 
some additional protolysis cannon be ruled OU5. The 
equilibrium concentrations of these ions can be deter
mined2'3 from cryoscopic ([H30 +]° =  [H3P20 7- ] 0 = 
0.28 m at 38°) and electromotive force ([H4P 0 4+]° =  
[H2P 0 4- ] 0 =  0.50 m at 38°) measurements. From the 
temperature dependencies2'3 we estimate [H3P20 7- ] 0 =

0.39 m and [H4P 0 4+]° =  0.51 m at 80° and [H4P 0 4+]° 
= 0.58 m at 150°.

Experimental Section
The preparation of the phosphoric acid solutions has 

been described previously.4 The conductivity of the 
phosphoric acid solutions was measured in either of 
two thin, sealable Pyrex conductivity cells of standard 
design which had been placed in a silicone oil constant- 
temperature bath. The cell constants, which were 
determined by standard methods,5 were 92.23 and 
223.56 cm-1  at 25° (92.18 and 223.45 cm -1  at 150°). 
Temperatures were established by the use of Beckmann 
thermometers, which had been standarized to ±0.005° 
with a National Bureau of Standards calibrated resist
ance thermometer. After pyrophosphate equilibrium 
had been reached the conductance was measured with a 
Jones bridge with Wagner earth at 1000 sec-1.

(1) N. N. Greenwood and A. Thompson, J. Chem. Soc., 3485 (1959).
(2) R. A. Munson, J. Phys. Chem., 68, 3374 (1964).
(3) R. A. Munson, ibid., 69, 1761 (1965).
(4) R. A. Munson and M . E. Lazarus, ibid., 71, 3242 (1967).
(5) G. Jones and B. C. Bradshaw, J. Am. Chem. Soc., 55, 1780 
(1933).
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Figure 1. The specific conductivity of phosphoric acid 
solutions at 80°: •, H20 ; O, HCIO4 ; □, NH4HSO4.

Table I : The Initial Slope of Conductivity vs. 
Solute Concentration in H3PO4

Solute

Slope at 
80.00°, 

ohm -1 cm -1

Slope at 
150.00°, 

ohm -1 cm -1 
m ~ l

h 2so4 -0.0169 -0.0416
HCKh -0.0191 -0.0704
(NH4)2HP04 -0.0628“
k h 2po4 -0.0808 -0.0848
LiH2P04 -0.0976
Mg(H2P04)2 -0 .262
NH4HSO4 -0.0814
NH4CIO4 -0.0838
KHSO4 -0.1013 -0.1172
LiClOi -0.1736
H20 0.0258

“ Expressed for NH4H2P04.

Figure 2 . The specific conductivity of phosphoric 
acid solutions at 150°: •, H2SO4 ; □, KH2P04;
O, KHSO4 ; A, Mg(H2P04)2.

Results
F ig u re s  1 a n d  2  illu s tra te  th e  e f fe c t  o f  s e v e ra l s o lu te s  

o n  th e  c o n d u c t iv it y  o f  p h o s p h o r ic  a c id . W a te r  is th e  
o n ly  s o lu te  w h ic h  h a s  b e e n  fo u n d  t o  in cre a se  th e  c o n 
d u c t iv i t y .  T h e  c o n d u c t iv it y -c o n c e n t r a t io n  p lo t s  are 
a ll q u ite  lin e a r  t o  a t  le a s t  0 .4  m f o r  th e  so lu te s , e x c e p t  
w a te r , fo r  w h ic h  lin e a r ity  d isa p p e a rs  a t  lo w e r  c o n 
c e n tra t io n s . T a b le  I  lis ts  th e  in itia l s lo p e s  o f  th e se  
lin e a r  p lo ts .

Discussion
T h e  in tr in s ic  io n ic  c o n c e n tr a t io n s  in  p h o s p h o r ic  a c id  

a re  s o  la rg e  th a t  e v e n  th e  e x te n s io n s  o f  th e  lim it in g  la w s  
f o r  m o b ilit ie s  in  d ilu te  s o lu t io n s  to  h ig h e r  c o n c e n tr a 

t io n s  h a v e  l im ite d  s ig n ifica n ce . I t  seem s m o re  p r o d u c 
t iv e  t o  c o n c e r n  ou rse lv e s  w ith  th o s e  fa c to r s  w h ic h  
p r o d u c e  lin ea r  ch a n g e s  in  th e  c o n d u c t iv it y  e ith e r  b y  
c h a n g in g  th e  c o n c e n tr a t io n s  o f  th e  c o n d u c t in g  sp ec ies  
o r  b y  a c t in g  o n  th e ir  m o b ilit ie s  b y  e f fe c t iv e ly  w ith 
d ra w in g  s o lv e n t  m o le cu le s  fr o m  th e  c o n d u c t io n  p ro ce ss . 
A lth o u g h  h ig h e r  p o w e r  term s in  th e  c o n c e n tr a t io n s  b e 
c o m e  p r e d o m in a n t  a b o v e  1 m , w e  sh a ll n o t  d e a l w ith  
th e m  h ere . T h e  a d d it io n  to  p h o s p h o r ic  a c id  o f  sa lts  
w h ic h  c a n n o t  in flu e n ce  e q u ilib r ia  1 o r  2 , a n d  w h ic h  d o  
n o t  e f fe c t iv e ly  c o n tr ib u te  to  th e  c o n d u c t iv it y  th e m se lv e s  
b e ca u se  o f  th e  h ig h  v is c o s ity , ca n  a ffe c t  th e  c o n d u c 
t iv i t y  (a) b y  a lte r in g  th e  ch a rg e  ca rr ie r  m o b ilit ie s .

G sa lt =  C 'a ' W ’ U  +  (S a  +  O * ]  +

Cb°^ b° [1 +  (sa +  sc)x] (3)

C a ° , coa ° ,  C b ° ,  <*>b °  a re  in tr in s ic  ch a rg e  c o n c e n tr a t io n s  
a n d  m o b ilit ie s  o f  H 4P 0 4+ a n d  H 2P 0 4_ , r e s p e c t iv e ly , 
w ith o u t  s o lu te  a d d it io n ; x is th e  m o la l c o n c e n tr a t io n  
o f  a d d e d  s o lu te ; a n d  sa a n d  s0 re p re se n t  th e  r e la t iv e  
e f fe c t  o f  th e  a d d e d  a n ion  a n d  c a t io n  o n  th e  m o b ilit ie s . 
I n  th e  ca se  o f  a c id  o r  b a se  a d d it io n  t o  p h o s p h o r ic  a c id , 
an  a d d it io n a l te rm  is r e q u ire d  t o  re p re se n t  th e  ch a n g e  in

rï o o
O’ acid “  Wa +

tf’base =  C A °W A °  1 + ( s ° ~ ¿XI+
(4 )

(5)
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ch a rg e  ca rr ie r  c o n c e n tr a t io n s  ( A 0 =  [H 4P 0 4+ ] °  =  
[H 2P 0 4~ ] ° ) .  W h e n  a a n d  b a re  th e  re la t iv e  e ffe c ts  o f  
ch a n g e s  in  (H 4P 0 4+ ] a n d  [H 2P 0 4~ ]  u p o n  th e  ch a rg e  
ca rr ie r  m o b ilit ie s , th e n  S* [ =  sa +  y 2(a  — 6 ) ]  a n d  $ < ,[=  
s0  — 1/i(a  — 6 ) ]  a re  th e  re la t iv e  ch a n g e s  in  m o b i l i t y  p e r  
m o la l p r o d u c e d  b y  a c id  a n d  b a se  a d d it io n . I n  e q  4  
a n d  5, th e  c ro ss  q u a d r a t ic  te rm s  w ith  co e ff ic ie n ts  Sa/  
2 A ° ) ,  e tc ., h a v e  b e e n  n e g le c te d  s in ce  a t lo w  s o lu te  c o n 
c e n tr a t io n  th e s e  te rm s  w ill b e  v e r y  sm a ll c o m p a r e d  
w ith  th e  lin e a r  te rm s . T h e  fa c t o r  x /A °  is h a lv e d  in  
e q  4  a n d  5 s in ce  so  lo n g  as x /A  ° is  sm a ll, h a lf  th e  a d d e d  
a c id  w ill r e a c t  w ith  p h o s p h o r ic  a c id  t o  p r o d u c e  H 4P 0 4+ 
a n d  h a lf  w ill r e a c t  w ith  H 2P 0 4~  to  fo r m  p h o s p h o r ic  
a c id . I f  b a s e  is a d d e d , th e  re v e rse  o c cu rs .

F r o m  e q  3, 4 , a n d  5 , w e  fin d

diTaoid ^  debase

d x  Ax
*°(S& +  So) =

c r° (sa +  Sc)
desalt

dx (6 )

I f  th e  p o s tu la t e d  lin e a r  in flu en ces  o n  th e  p h o s p h o r ic  a c id  
c o n d u c t iv it y  are  in d e p e n d e n t  o f  e a c h  o th e r , th e n  e q  6 
req u ires  th a t  th e  s u m  o f  th e  c o n d u c t iv it y  s lo p e s  fr o m  
a c id  a n d  b a se  a d d it io n  m u st e q u a l th a t  o b ta in e d  fr o m  
th e  a d d it io n  o f  th e ir  sa lt . T a b le  I I  c o n ta in s  a  c o m 
p a r is o n  o f  su ch  d a ta , a n d  th e  e q u a lity  o f  e q  6 is  v e r if ie d  
w ith in  e x p e r im e n ta l e rror . T h e  m e ch a n ism  o f  p r o t o n -  
ju m p  c o n d u c t io n  co n s is ts  o f  t w o  s te p s .6 T h e  first is 
th e  o r ie n ta t io n  o f  th e  s o lv e n t  m o le cu le s  so  th a t  h y d r o 
g e n  b o n d s  a re  fo r m e d  th r o u g h  w h ic h  a  p r o to n  ju m p  
m a y  o c c u r . T h e  s e c o n d  s te p , w h ic h  is g e n e ra lly  c o n 
s id ered  t o  b e  th e  fa s t  p r o c e s s  in  w a te r  a n d  is p r o b a b ly  
th e  fa s t  o n e  in  p h o s p h o r ic  a c id  a lso  s in ce  b o t h  p r o c e s s e s  
in v o lv e  a  p r o t o n  tra n s fe r  b e tw e e n  o x y g e n  a to m s , is th e  
p r o t o n  m o v e m e n t  w ith in  th e  h y d r o g e n  b r id g e . T h e  
e f fe c t  o f  th e  p r e s e n c e  o f  io n s  o n  th e  m o b i l it y  o f  th e  
p r o t o n  ca n  b e  a s c r ib e d  t o  a  m o d if ic a t io n  o f  th e  s o lv e n t  
s tru ctu re  so  th a t  th e  p r o to n s  f in d  th e m se lv e s  in  an  
e n v ir o n m e n t  in  w h ic h  th e  h y d r o g e n -b o n d  o r ie n ta t io n s  
are, o n  th e  a v e ra g e , le ss  c o n d u c iv e  t o  p r o t o n  tra n s fe r . 
I t  is n o t  p o s s ib le  t o  s e p a ra te  th e  v a lu e s  g iv e n  in  T a b le  
I I  in to  a n io n  (sa) a n d  c a t io n  (s0) c o m p o n e n ts . F o r  th e  
p u rp o s e s  o f  th is  p a p e r , w e  w ill a ssu m e  th a t  th e  s0’ s are  
v e r y  n e a r ly  e q u a l t o  th e  sa’ s fo r  m o n o v a le n t  ion s , 
w h ic h  is q u ite  r e a so n a b le  if  fo r  a  firs t  a p p r o x im a t io n  
th e se  e ffe c ts  a re  la r g e ly  d e te rm in e d  b y  th e  m a g n i
tu d e  o f  th e  ch a rg e  o n  th e  io n . I t  is o f  in te re s t  t o  c o m 
p a re  th e  c o n d u c t iv it y  d e crea ses  w ith  th o s e  e x p e c te d  
fr o m  th e  p re se n ce  o f  n o n c o n d u c t in g  sp h eres  o f  v o lu m e  
v in  a  t o t a l  v o lu m e  V

cr
2  X  1 0 3(ss +  So) 

3 P°N
(7 )

Table II: The Effect of the Addition of Acid and Base 
Compared with the Effect of the Addition of the Salt of 
the Acid and Base on the Conductivity of Phosphoric Acid

Number 
of moles

1 /  doacid 
<r°\ dx V

of H8P04 
excluded 

from con-
debase \ 1 /  d<raait\ (eq 7), duction/

Salt Temp, diC / cr°\ dz / , cm* mole of
added °c m ~x m~l mole“ 1 solute

k h s o 4 80 - 0 .4 9 4 - 0 .5 1 2 179 2 .2
N H 4C104 80 - 0 .4 1 4 - 0 .4 2 4 149 1 . 8

N H 4HS04 80 - 0 .4 0 3 - 0 .4 1 2 145 1 . 7

KHS04 150 - 0 .2 7 0 - 0 .2 5 0 97 0 . 7

LÍC104 150 - 0 .3 5 8 - 0 .3 7 0 136 1 . 5

w h e re  p° is th e  p h o s p h o r ic  a c id  d e n s ity  a n d  N  is A v o g a -  
d r o ’ s n u m b e r . I t  h a s  b e e n  su g g e s te d 4 th a t  th e  a d d it io n  
o f  e le c t r o ly te s  t o  p h o s p h o r ic  a c id  d o e s  n o t  re su lt  in  a p 
p r e c ia b le  é le c t r o s tr ic t io n ; n e v e rth e le ss , o n  th e  a v e ra g e  
(T a b le  I I )  1 m o le  (a t  1 5 0 ° )  t o  2  (a t  8 0 ° )  m o le s  o f  p h o s 
p h o r ic  a c id , in  a d d it io n  t o  th e  v o lu m e  ta k e n  u p  b y  th e  
e le c tr o ly te , a re  e f fe c t iv e ly  r e m o v e d  f r o m  th e  c o n d u c t io n  
p ro ce s s  b y  th e  p re se n ce  o f  1 m o le  o f  e le c t r o ly te . I n  su l
fu r ic  a c id ,8 “ s o lv a t io n  n u m b e r s ”  o f  th e  o r d e r  o f  te n  tim es  
la rg e r  w e re  n e e d e d  t o  a c c o u n t  f o r  th e  o b s e r v e d  p r o to n ic  
m o b i l i t y  d ecrea ses . S in ce  th e  in tr in s ic  io n ic  c o n 
ce n tr a t io n  in  su lfu r ic  a c id  is  s o m e  3 0 - fo ld  sm a lle r  th a n  
it  is in  p h o s p h o r ic  a c id , th e re  is c o n s id e r a b ly  le ss  sh ie ld 
in g  o f  e a ch  io n  b y  n e a r b y  ion s  w h ic h  m e a n s  th a t  ea ch  
io n  in  su lfu r ic  a c id  h as a  m u c h  m o r e  s iz e a b le  v o lu m e  
o f  s o lv e n t  m o le cu le s  w h o s e  s tr u c tu r e  it  c a n  a ffe c t . 
T o  th e  e x te n t  th a t  o n e  m a y  s p e a k  o f  io n  a tm o sp h e re s  in  
th e se  in tr in s ica lly  c o n c e n tr a te d  io n ic  s o lu tio n s , o n e  
m a y  s a y  th a t  th e  ra d iu s  o f  th e  io n  a tm o s p h e re  in  su l
fu r ic  a c id  is r e la t iv e ly  la rg e , w h ic h  g iv e s  e a ch  io n  a 
s ize a b le  sp h ere  o f  in flu e n ce  o n  th e  a v e ra g e , w h erea s  in  
p h o s p h o r ic  a c id  th is  ra d iu s  is in d e e d  sm a ll a n d  c o r r e 
s p o n d in g ly  th e  n u m b e r  o f  s o lv e n t  m o le cu le s  w h o s e  
o r ie n ta t io n  c a n  b e  a ffe c te d  is m u c h  r e d u ce d .

B y  s u b tr a c t in g  th e  s lo p e  o f  e q  5  f r o m  th a t  o f  e q  4 , w e  

fin d

dcrac¡d

d x

(6) G. J. Hills, P. J. Ovenden, and D. R. Whitehouse, Discussions 
Faraday Soc., 39, 207 (1965), and references therein.
(7) J. W. Rayleigh, Phil. Mag., 34, 481 (1892).
(8) R. H. Flowers, R. J. Gillespie, E. A. Robinson, and C. Solomons, 
J. Chem. Soc., 4327 (1960).
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S in ce  w e  are  a ssu m in g  th a t  an  io n ’ s in flu en ce  o n  th e  
m o b i l i t y  is re la te d  o n ly  t o  th e  m a g n itu d e  o f  its  ch a rg e , 
th en  (Se. =  (S0) , th e  first te rm  o n  th e  r ig h t-h a n d  s id e  o f  
e q  8  c a n  b e  n e g le c te d . I n  th a t  ca se , e q  8  a n d  9 ca n  b e

<x° = CVcoa0 +  Cb°cob° (9)

s o lv e d  s im u lta n e o u s ly  to  d e te rm in e  th e  H 4P 0 4 + a n d  
2P 0 4-  m o b ilit ie s . T h e  v a lu e s  so  o b ta in e d , w h ic h  
a re  lis te d  in  T a b le  I I I ,  are  ju s t  a b o u t  a  fa c t o r  o f  4 
lo w e r  th a n  is fo u n d  fo r  h y d r o x y l  a n d  h y d r o n iu m  ion  
ch a in  c o n d u c t io n  m o b ilit ie s  in  w a te r  a t  8 0 ° .  T h e  
lo w e r  p r o to n ic  m o b ilit ie s  in  p h o s p h o r ic  a c id  m a y  
re su lt  fr o m  th e  d is ru p t io n  o f  its  h y d r o g e n -b o n d e d  
s tru c tu re  ca u se d  b y  its  su b s ta n tia l s e lf -io n iz a t io n . 
T h e  a p p a re n t  “ a c t iv a t io n  e n e r g y ”  fo r  p r o to n ic  m o b i l it y  
in  p h o s p h o r ic  a c id  is 1 .2  k ca l m o le -1  fo r  H 4P 0 4 + a n d
1 .6  k ca l m o le -1  fo r  H 2P 0 4- . T h e s e  v a lu e s  a re  c lo s e  to  
th o s e  fo u n d  in  liq u id  w a t e r .9 A s  in  o th e r  p r o to n ic

Table III: Protonic M obilities in Phosphoric Acid

E lectro lytes Tem p,
" A 0. 

cm 2 v “ 1 cm 2 v “ 1
em ployed °c s e c “ 1 se c -1

h 2so4, k h 2po4 80 1.28 X IO“3 0.92 X lO"3
hcio4) n h 4h 2po4 80 1.23 X 10~3 0.98 X lO“3
h 2so4, k h 2po4 150 2.48 X 10 '3 2.23 X lO-3
HC104i LiH2P04 150 2.46 X IO“3 2.25 X lO"3

c o n d u c to r s , th e  m o v e m e n t  o f  p o s it iv e  c h a rg e  ta k e s  p la c e  
w ith  g re a te r  ea se  th a n  th a t  o f  n e g a t iv e  c h a rg e  ( i . e . ,

0>A ° >  &>B°)-
I n  th e  e x c e p t io n a l ca se  o f  th e  H 3P 2 O 7 -  a n d  th e  o x o -  

n iu m  io n , it  tu rn s  o u t  th a t  se p a ra te  sa a n d  s0 v a lu e s  ca n  
b e  o b ta in e d . F r o m  th e  d e cre a se  in  c o n d u c t iv i t y  w h ic h  
o c c u r s  w h e n  o r th o p h o s p h o r ic  a c id , w h ic h  in it ia l ly  c o n 
ta in s  n o  p y r o p h o s p h a te , s e lf -d is s o c ia te s  t o  e s ta b lish  

e q u ilib r iu m  2, w e  f in d 3 shjPjO,- +  sH3o+ =  — 0 .2 3 5 ; fr o m  
th e  a d d it io n  o f  w a te r  t o  e q u ilib ra te d  p h o s p h o r ic  a c id  
(T a b le  I )  w e  fin d  7 2( - sh ,p ,o7-  +  s * o + )  =  0 .0 2 5 8 / 
0 .1 9 8  =  0 .1 3 0  m-K  A t  8 0 °  th en , s h ,f 2o 7-  =  - 0 . 2 4 8  
a n d  Sh ,o  • =  0 .0 1 3 . T h e  s v a lu e  fo r  th e  p y r o p h o s p h a te  
is a b o u t  h a lf  th e  (Sa +  Sc) v a lu e s  lis te d  in  T a b le  I I ,  
so  th a t  its  in flu en ce  u p o n  th e  p r o to n ic  m o b i l i t y  is in  
lin e  w ith  w h a t  h as b e e n  su g g e s te d  a b o v e , n a m e ly  th a t  
a n ion s  a n d  c a t io n s  o f  th e  sa m e  ch a rg e  h a v e  n e a r ly  
th e  sa m e  in flu en ce  o n  th e  m o b ility . O x o n iu m  ion , 
H 30 + , is u n u su a l in  th a t  it a p p ea rs  to  in cre a se  th e  
c o n d u c t iv it y  s lig h tly . I ts  p re se n ce  m a y  te n d  to  
fa c i lita te  p r o t o n  ju m p s  o r  it  m a y  ta k e  p a r t  in  th e  c o n 
d u c t io n  p r o c e s s  itse lf, a lth o u g h  t o  a  m u c h  m o r e  lim ite d  
d e g re e  th a n  H 4 P 0 4+ a n d  H 2P 0 4- . A  s im ila r  fa c i lita 
t io n  o f  p r o to n  c o n d u c t io n  b y  th e  o x o n iu m  io n  w a s  fo u n d  
in  su lfu r ic  a c id .8

(9) E. U. Franck, D. Hartmann, and F. Hensel, Discussions Faraday 
Soc., 39, 200 (1965).
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Pure Quadrupole Resonance of Iodine in Ammonium, Rubidium, 

and Cesium Triiodides

by Akinobu Sasane, Daiyu Nakamura, and Masaji Kubo

Department of Chemistry, Nagoya University, Chikusa, Nagoya, Japan (Received March 14, 1967)

Pure quadrupole resonance studies have been made on iodine in ammonium, rubidium, 
and cesium triiodides at various temperatures. Three vi and tw o P2 frequencies were 
observed indicating the existence o f three kinds of nonequivalent iodine atom s in crystals. 
The observed frequencies were assigned to three kinds of nonequivalent iodine atoms as 
revealed by  X -ray  analysis. The charges on different iodine atom s in I3_  were evaluated 
and interpreted in terms of resonance am ong various electronic structures. Slight anomalies 
found for ammonium triiodide are attributable to the form ation of hydrogen bonds be
tween ammonium ions and terminal iodine atoms carrying a negative fractional charge.

Introduction
Although it had been known for a long time that io

dine dissolves in an aqueous solution of alkali iodides 
to form I3~ ions, the geometric structure o f the ions 
was determined for the first time in 1935 b y  M ooney, 
who carried out X -ray  analysis on ammonium tri
iodide.1 T he I3~ ion was found to be almost linear, 
the two I - I  distances being different from  each other 
by  about 0.3 A. .The electronic state o f this ion has 
been a subject of considerable dispute. Since both a 
molecular iodine and an iodine ion have completed 
octets, the form ation o f an additional covalent bond 
requires at least one orbital o f higher energy. K im 
ball2 considered the 5d or the 6s orbital for the biva
lency of the central iodine atom  (sp or pd  hybridiza
tion), while Pauling3 and others4 interpreted the linear 
structure of this ion in terms o f the trigonal-bipy- 
ramidal orbitals of the central atom  (sp3d hybridiza
tion). On the other hand, Pimentel5 carried out a 
simple molecular orbital calculation and explained the 
bonding in the triiodide ion in terms of the p<r orbitals 
without introducing higher atomic orbitals. The 
present investigation has been undertaken in order to 
determine the charge distribution in an I3~ ion b y  the 
observation of pure quadrupole resonance frequencies 
and to discuss the electronic structure of this ion.

Experimental Section
Apparatus. T w o quadrupole resonance spectrom 

eters already described6 were em ployed for the deter

mination o f the pure quadrupole resonance frequencies 
of iodine. A  self-quenching parallel-line superregen- 
erative spectrom eter was used for recording frequencies 
ranging over 70-300 M c /se c , while the frequency range 
o f 300-600 M c /s e c  was covered b y  means of an ex
ternally quenched superregenerative spectrom eter 
equipped with a Lecher line resonator. R esonance fre
quencies were determined at room , D ry  Ice, and liquid 
nitrogen temperatures. Additional measurements were 
perform ed at intervals o f a few  degrees between — 110 
and 120° for ammonium triiodide showing an anom a
lous temperature dependence of resonance frequencies.

Materials. Equim olar amounts of am m onium  iod ide  
and iodine were dissolved in a small quantity o f water. 
The solution was left to stand over phosphorus pent- 
oxide in a desiccator. The crystals o f am m onium  tri
iodide were filtered off, washed w ith dilute hydri- 
odic acid, and dried. R ubidium  and cesium tri
iodides were prepared in a similar manner from  rubid
ium and cesium iodides, respectively. F or the identi
fication of the samples, they were decom posed with

(1) R. C. L. Mooney, Z. Krist., 90, 143 (1935).
(2) G. E. Kimball, J. Chem. Phys., 8, 188 (1940).
(S) L. Pauling, “ The Nature of the Chemical Bond,”  2nd ed, Cornell 
University Press, Ithaca, N. Y., 1948, p 111.
(4) E. Cartmell and G. W. A. Fowles, “ Valency and Molecular 
Structure,”  Butterworth and Co. Ltd., London, 1956, p 177.
(5) G. C. Pimentel, J. Chem. Phys., 19, 446 (1951).
(6) D. Nakamura, Y . Kurita, K. Ito, and M. Kubo, J. Am. Chem. 
Soc., 82, 5783 (1960).
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sulfurous acid. The resulting solutions were neutra
lized with sodium hydroxide solution and subjected to 
the determination of iodine by  the Volhard method. 
Anal. Calcd for NHJ*: I, 96.5. Found: I, 95.9. 
C alcd  for R b l3: I, 81.7. Found: I, 81.5. Calcd for 
C s l3: I, 74.1. Found: I, 72.5.

Results
As shown in Table I, each com pound gives rise to five 

absorption lines in the frequency range of 70-600 M e / 
sec at all temperatures studied. The resonance fre
quencies o f rubidium triiodide agree fairly well with the 
corresponding frequencies of cesium triiodide, whereas 
the observed frequencies of ammonium triiodide do not 
show even approximate agreement with those of the 
foregoing tw o com pounds except for a line at 366-369 
M c/se c . This is discussed below in connection with 
the anomalous temperature variation of resonance fre
quencies of ammonium triiodide.

Discussion
Resonance Frequencies and Crystal Structure. B e

cause 127I has a nuclear spin equal to 6/ 2 and yields

Table I : Pure Quadrupole Resonance Frequencies 
of 12,I in RI3 (R = NH4, Rb, Cs)

T e m p ,  ---------------------- F r e q u e n c y ,  M c / s e c -
Compd "C v\ V2

NIT4I3 (23 87.34 ±  0.03 172.21 ±  0.06
a -8 0 76.86 ±  0.03 150.99 ±  0.06

(Liquid N2 70.55 ±  0.01 138.07 ±  0.06
(21 239.2 ± 0 .1 475.86 ±  0.03

bj -7 9 252.0 ± 0 .1 499.80 ±  0.03
(Liquid N2 265.1 ± 0 .1 515.10 ± 0 .0 3
29 366.21 ±  0.02 732.13 ±  0.02'

o -6 4 367.42 ±  0.02
(Liquid N2 368.81 ±  0.02

Rbl3 29 113.99 ±  0.04 227.1 ± 0 .1
aj —65 115.19 ±  0.04 229.4 ± 0 .1

(Liquid N2 116.51 ±  0.04 232.1 ± 0 .1
23 217.08 ±  0.08 432.54 ±  0.02

bj —65 217.71 ±  0.08 433.65 ±  0.02
(Liquid N2 218.28 !. 0.08 434.66 ±  0.02
(29 367.60 ±  0.02

c -6 7 368.94 ±  0.02
(Liquid N2 369.85 ±  0.02

Csl3 [28 119.48 ±  0.04 238.8 ± 0 .1
aj —68 121.19 ±  0.04 241.9 ± 0 .1

(Liquid N2 122.90 ±  0.04 245.7 ± 0 .1
(23 214.62 ±  0.08 428.63 ±  0.02

b -6 7 214.92 ±  0.08 429.46 ±  0.02
(Liquid N2 215.89 ±  0.08 430.86 ±  0.02
(29 368.21 ±  0.02

cj —75 369.70 ±  0.02
(Liquid N2 371.63 ±  0.02

0 Observed at 25° by Kojima, et al., ref 10.

vi and vi, the appearance of five resonance lines indi
cates that at least three kinds of nonequivalent iodine 
atoms exist in each crystal and suggests that another 
line should appear in a frequency range outside the 
present observation. The fact that the five resonance 
lines are distributed over a fairly wide frequency range 
leads to a conclusion that the quadrupole coupling 
constants for the three sets of nonequivalent iodine 
atoms are different from  one another to a consider
able extent. Accordingly, it is presumed that the 
three kinds of iodine atoms are chemically nonequiva
lent7 in agreement with the results derived from  X -ra y  
crystal analysis.1-8

Cesium triiodide forms orthorhom bic crystals be
longing to the space group Pm cn.8 The crystals con
sist of cesium ions and I3_  ions, all of which are crystal- 
lographically equivalent. Each Is~ ion is almost lin
ear, the valency angle Z I I I  being equal to 176.3°. 
Unlike an IC12~ ion ,9 an I3_  ion is asymmetric, the two 
end iodine atoms, Ia and lb, being separated from  the 
central iodine atom, I c, by  3.03 and 2.83 A , respec
tively. Am m onium  triiodide crystals are known to be 
isomorphous with those of cesium triiodide and to have 
I3_ ions similar to those in the cesium com pound as 
crystal units.1 Since no X -ray  crystal analysis has been 
carried out on rubidium triiodide, X -ra y  powder pat
terns were taken in order to confirm the isomorphism of 
this com pound with cesium and ammonium triiodides 
and to determine the lattice constants. M easure
ments were made b y  means of a self-recording X -ra y  
diffractom eter from  Toshiba Co. (M odel A D G  101) 
using the Cu K a  line. A  goniometer was calibrated 
with a standard sample of silicon. Owing to the low 
sym m etry of the crystal, diffraction through large 
angles gave rise to the overlap of two lines or more. 
Therefore, nine nonoverlapping lines were chosen 
below 29 =  34° to evaluate approximate lattice con
stants, the M iller indices of diffraction lines being deter
mined with the aid of the diffraction patterns of cesium 
triiodide. The lattice constants thus obtained were 
refined b y  incorporating tw o additional nonoverlapping 
lines at 29 =  47.17 and 55.27°. The refined values for 
the lattice constants, a =  6.65, b =  9.71, and c — 
10.88 A , which are accurate within ± 0 .0 5  A , are of 
reasonable m agn'tude in com parison with those of 
cesium and ammonium triiodides.

Assignment of Resonance Frequencies. F ive reso
nance frequencies observed for each com pound at various

(7) T . P. Das and E. L. Hahn, “ Solid State Physics,”  Supplement l t 
Academic Press, Inc., New York, N. Y ., 1958, p 98.
(8) H. A. Tasman and K. H. Boswijk, Acta Cryst., 8, 59 (1955).
(9) R. C. L. Mooney, Z . ICrist., 100, 519 (1939).
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temperatures were assigned to tw o sets o f v\ and v2 
and an additional v\ frequency as shown in Table I 
for the following reasons.

K ojim a, et al.,10 have studied the pure quadrupole 
resonance of am m onium  triiodide at 25° and observed 
two frequencies at 366.23 and 732.13 M c /se c . The 
former coincides excellently with the second highest 
frequency detected by  the present authors, whereas the 
latter is beyond the range of their investigation. Am ong 
the six lines, that of the lowest frequency is surely m. 
The corresponding v2 is required to satisfy the theoreti
cal relation, 2vi > v2. A ccordingly, the line of the sec
ond-lowest. frequency is unequivocally assigned to this 
V2- Then the third line must be interpreted as v\, 
while the line of the highest frequency surely represents 
v2. T he fourth and the fifth lines were assigned, re
spectively, to vi corresponding to the v2 frequency of the 
last line and v2 corresponding to the n  frequency of the 
third line. A lthough an alternative assignment is 
possible on the basis o f the aforementioned theoretical 
requirement alone, it can be ruled out for the following 
reason. In view of the almost linear structure of an 
Is "  ion, the arrangement of four neighboring cations 
around each of the terminal iodine atoms, and a large 
field gradient qz at the central iodine atom, it is un
reasonable that the asym m etry parameter amounts to 
as high as 5 0 .2 -50 .8%  as it does if the alternative 
assignment is made.

The resonance lines of rubidium and cesium triiodides 
were interpreted in a similar manner. I f one dares to 
make assignments different from  those shown in Table 
I, the theoretical relation, 2i>i > v2 is violated or the 
asymmetry parameters vary among different com 
pounds in an inexplicable manner and becom e too  
large (for instance 3 7 % ) to be o f reasonable m agni
tudes in view of the fact that even bridge iodine atom s 
in A PR 11' 12 and G a2l612 show asym m etry parameters 
ranging in 18-24% .

Since three v\ frequencies and the corresponding v2 
frequencies have been determined, they should be 
correlated with three kinds of nonequivalem- iodine 
atom s in crystals. The X -ra y  analysis1.8 has shown 
that the Ib-Ic, distance (2.82 A in N H 4 I 3 and. 2.83 A  in 
C sl3) is fairly close to the internuclear distance 2.70 A  
of an iodine m olecule in crystals,13 whereas the Ia- I 0 
distance (3.10 A in X H J 3 and 3.C3 A in C s l3) is longer. 
As an approxim ation, let I3~ ion be presum ed to be 
formed of an iodine molecule and an iodine ion14 15 ap
proaching the m olecule along the molecular axis, thereby 
polarizing the m olecule to stabilize the system  by  elec
trostatic interactions.16-16 Then it is expected that I a 
bears the largest negative charge, lb is charged to a lesser 
extent, and I e has a positive fractional net charge.

This qualitative prediction is supported by the fact 
that in the crystals o f cesium triiodide, each Ia atom  is 
surrounded by four cesium ions with a mean separation 
equal to 3.82 A, whereas each I b atom  has four neigh
boring cesium ions separated by  4.12 A  on the average, 
the closer distance suggesting the presence of a stronger 
attractive center having a greater negative net charge. 
On the other hand, an Ic atom has only tw o cations in 
its vicinity at a distance o f 4.10 A. Accordingly, the 
~Jiree m frequencies are attributable to Ia, Ib, and Ic in 
*he order of increasing frequency.

Quadrupole Coupling Constant and Asymmetry Param
eter. From  v\ and v2, the quadrupole coupling con-

Table II : Quadrupole Coupling Constants and Asymmetry
Parameters of I27I in RI3 (R = NIR, Rb, Cs)

Temp, eQ q ,
Compd °C Mc/sec V

NH„I, (23 575.4 ±  0.4 0.105 ±  0.003
aj —80 504.8 ±  0.2 0.118 ±  0.003

(Liquid N2 466.8 ±  0.3 0.130 ±  0.003
21 1587.5 ±  0.4 0.064 ±  0.003

b-j -7 9 1668.3 ± 0 .3 0.080 ±  0.003
(Liquid N2 1725.0 ± 0 .3 0.151 ±  0.002
29 2441.4 ±  0.2 0.018 (25°)

cj —64 2449.5 ±  0.2
(Liquid N2 2458.7 ±  0.2

Rbl3 29 757.5 ±  0.3 0.055 ±  0.006
a( —65 765.1 ±  0.3 0.058 ±  0.006

(Liquid N2 774.2 ±  0.3 0.056 ±  0.006
23 1442.6 ± 0 .2 0.054 ±  0.003

b-j -6 5 1446.5 ±  0.3 0.056 ±  0.003
(Liquid N2 1449.8 ±  0.3 0.058 ±  0.003
129 2450.7 ± 0 .2

cj —67 2459.6 ±  0.2
(Liquid N2 2465.7 ± 0 .2

Csl3 28 796.0 ±  0.4 0.02 ± 0 .0 2
a ( — 68 806.6 ±  0.4 0.037 ±  0.010

(Liquid N2 819.0 ± 0 .5 0.02 ± 0 .0 2
23 1429.5 ±  0.6 0.034 ±  0.005

bj -6 7 1431.8 ±  0.6 0.026 ±  0.020
(Liquid N2 1436.6 ±  0.4 0.041 ±  0.004

2 9 2454.7 ±  0.2
c l-7 5 2464.7 ±  0.2

(Liquid N2 2477.5 ±  0.2

(10) S. Kojima, A. Shimauchi, S. Hagiwara, and Y . Abe, J. Phys. 
Soc. Japan, 10, 930 (1955).
(11) S. Hagiwara, K. Kato, Y. Abe, and M. Minematsu, ibid., 12, 
1166 (1957).
(12) S. L. Segel and R. G. Barnes, J. Chem. Phys., 25, 578 (1956).
(13) P. M. Harris, E. Mack, and F. C. Blake, J. Am. Chem. Soc., 50, 
1583 (1928).
(14) R. J. Hach and R. E. Rundle, ibid., 73, 4321 (1951).
(15) R. C. L. M. Slater, Acta Cryst., 12,187 (1959).
(16) J. C. Slater, ibid., 12, 197 (1959).
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s ta n t  eQq a n d  t.he a s y m m e tr y  p a r a m e te r  rj w e re  e v a lu 
a te d  b y  u se  o f  L iv in g s to n  a n d  Z e ld 'e s ’ t a b le . 17 S in ce  ¡/2° 
w a s  n o t  o b s e r v e d  fo r  ru b id iu m  a n d  ce s iu m  tr iio d id e s , 
th e  q u a d r u p o le  co u p lin g  c o n s ta n ts  w e re  ca lcu la te d  
a ssu m in g  th a t  77 =  0. T h is  d o e s  n o t  s e e m  to  ca u se  a n y  
ser iou s  errors, b e c a u s e  th e  a s y m m e tr y  p a ra m e te r  o b 
s e rv e d  fo r  a m m o n iu m  tr i io d id e  a t  r o o m  te m p e ra tu re  is 
v e r y  sm all. T h e  resu lts  are  sh o w n  in  T a b le  I I .

F o r  b o t h  I a a n d  lb  (d a ta  a re  m iss in g  f o r  I 0) ,  th e  o b 
se rv e d  a s y m m e tr y  p a ra m e te r  d e crea ses  p r o g r e s s iv e ly  
in  th e  o rd e r  o f  a m m o n iu m , ru b id iu m , a n d  ces iu m  tr i
io d id e s . T h is  su g g ests  th a t  th e  fie ld  a s y m m e tr y  o r ig i
n a te s  fr o m  th e  fie ld  g r a d ie n t 18 d u e  t o  e x te rn a l io n ic  
ch a rg e s  d is t r ib u te d  in  a  c ry s ta l ra th e r  th a n  to  ch a rg e  
d is t r ib u t io n  in h eren t in an  I 3~ io n  su ch  as d u e  t o  th e  
d o u b le -b o n d  ch a ra c te r  o f  th e  I - I  b o n d .

T h e  q u a d r u p o le  co u p lin g  co n s ta n ts  o f  I a a n d  I b o f  
a m m o n iu m  tr iio d id e  e x h ib it  a m a rk e d  te m p e r a tu r e  
d e p e n d e n ce , w h erea s  th a t  o f  I c sh o w s  a  sm a ll n e g a t iv e  
te m p e ra tu re  co e ff ic ie n t  ch a ra c te r is t ic  o f  n o rm a l te m 
p e ra tu re  d e p e n d e n ce . T h is  ra th e r  a n o m a lo u s  b e h a v io r  
is in d ic a t iv e  o f  th e  e x is te n ce  o f  h y d r o g e n  b o n d in g  b e 
tw e e n  a m m o n iu m  io n s  a n d  te rm in a l io d in e  a to m s . 
A c c o r d in g ly , th e  q u a d r u p o le  c o u p lin g  c o n s ta n t  o f  io d in e  
in  a m m o n iu m  tr i io d id e  m u st b e  d iscu ssed  w ith  so m e  
r e se rv a t io n  fo r  th e  e lu c id a t io n  o f  th e  ch a rg e  d is tr ib u 
t io n  in an  is o la te d  I 3_  ion .

Charge Distribution in an / 3_  Ion. T h e  q u a d ru p o le  
c o u p lin g  co n s ta n ts  o f  I a a n d  I b are  sm a ller  th a n  th e  
q u a d r u p o le  c o u p lin g  c o n s ta n t  o f  a to m ic  127I  e q u a l to
2 2 9 2 .7  M c / s e c , 1 9  in d ic a t in g  th a t  th e  te rm in a l io d in e  
a to m s  a re  n e g a t iv e ly  ch a rg e d .

A c c o r d in g  t o  D a i le y  a n d  T o w n e s , 20 th e  q u a d ru p o le  
co u p lin g  c o n s ta n t  o f  a n e g a t iv e ly  ch a rg e d  h a lo g e n  
a to m  c a n  b e  re la ted  t o  th e  io n ic  ch a r a c te r  i o f  th e  b o n d  
in v o lv in g  th e  a to m  b y

eQq =  (1 — s +  d ) ( l  — i)eQqatom (1 )

w h e re  s a n d  d a re  th e  e x te n ts  o f  s a n d  d  ch a ra cte r , re 
s p e c t iv e ly , o f  th e  b o n d in g  o r b ita l o f  th e  h a lo g e n  a n d  
eQ<?atom is th e  a to m ic  q u a d r u p o le  c o u p lin g  c o n s ta n t  
o f  th e  h a lo g e n . I t o h  a n d  K a m b e 21 h a v e  a n a ly z e d  th e  
lin e  sh a p e  o f  q u a d r u p o le  re so n a n ce  lin e  o f  io d in e  m o le 
cu le s  a n d  e s t im a te d  th e  e x te n ts  o f  s a n d  d  ch a ra c te r  as s 
=  0 .2 2  a n d  d =  0 .3 3 . I n  v ie w  o f  th e  la c k  o f  d a ta  fo r  
th e  I 3~ io n  a n d  in  a n t ic ip a t io n  o f  th e  p a rtia l ca n ce lla 
t io n  o f  d w ith  s, le t  s — d b e  ig n o re d  in  c o m p a r is o n  
w ith  u n ity . T h e n  o n e  h as

\eQq\ =  (1 -  i)\eQqhtom\ (2 )

b e c a u s e  th e  s ig n  is im m a te r ia l in p u re  q u a d r u p o le  
s p e c t r o s c o p y .

F r o m  th e  o b s e r v e d  q u a d r u p o le  c o u p lin g  c o n s ta n ts  a t

liq u id  n itro g e n  te m p e ra tu re , t h e  io n ic  c h a r a c te r  i w a s  
c a lc u la te d  b y  u se  o f  eq  2  fo r  I a a n d  I b. T a b le  I I I  sh o w s  
n e t  ch a rg e s  o n  th e se  io d in e  a to m s .

Table III : Charge Distribution in I3 ~

Compd la
-Charge oni iodine atoms, e

R h

n h 4i3 -0 .8 0 -0 .2 5 +0.05
Rbb -0 .6 6 -0 .3 7 +  0.06
Csl3 -0 .6 4 -0 .3 7 +0.06

T h e  in crea se  o f  th e  q u a d r u p o le  co u p lin g  c o n s ta n t  o f  
I c o v e r  |eQgatom| su g g ests  th a t  th e  ce n tra l io d in e  a to m  
ca rr ies  a  p o s it iv e  n e t  ch a rg e . A n  a lte rn a t iv e  e x p la n a 
t io n  th a t  th e  n e t ch a rg e  is n e g a t iv e  b u t  th a t  th e  d  ch a r 
a c te r  o f  th e  b o n d in g  o rb ita ls  o f  t h e  ce n tra l io d in e  a to m  
is h ig h  a n d  th e  io n ic  ch a ra c te r  is lo w  so  th a t  ( 1  — s +  
d ) ( l  — i) >  1  (see  eq  1 ) is ru led  o u t , b e c a u s e  th e  a b s o 
lu te  v a lu e  o f  th e  su m  o f  n e g a t iv e  n e t ch a rg e s  o n  I a a n d  
I b is g re a te r  th a n  e.

F o r  p o s it iv e ly  io n ic  h a log en s , D a i le y  a n d  T o w n e s 20 

g a v e  th e  fo l lo w in g  re la t io n

eQq =  [(1  — s +  d)( 1 — i) +  2 (1  +  i)f]eQ iatom  (3 )

T h e  s e c o n d  te r m  in  sq u a re  b r a c k e ts  ta k e s  in to  a c c o u n t  
th e  c o n tr a c t io n  o f  p  o rb ita ls  in  p a r t ia l ly  p o s it iv e  h a lo 
g e n  a to m s , th e  em p ir ica l c o n s ta n t  « b e in g  0 . 1 2  f o r  io 
d in e . D is r e g a r d in g  s — d, o n e  is le d  to

\eQq\ =  (1 T  i 4* 2ef) |eQgatom| (4 )

T h e  io n ic  ch a r a c te r  o f  th e  ce n tra l io d in e  a to m  I c w a s  
c a lc u la te d  b y  u se  o f  e q  4  a n d  t h e  n e t  ch a rg e  o n  I c is 
s h o w n  in  T a b le  I I I .  T h e  p o s it iv e  fr a c t io n a l c h a r g e  
o n  t h e  ce n tra l io d in e  a to m  is c o n t r a d ic t o r y  w ith  th e  
e le c t r o n ic  c o n fig u ra t io n  in  w h ic h  t h e  ce n tra l io d in e  io n  
u ses  t h e  t r ig o n a l -b ip y  ram i d a l o r b ita ls  w ith  th re e  se ts  
o f  lo n e  p a irs  o f  e le c tro n s  o c c u p y in g  th e  e q u a to r ia l 
p o s it io n s , b e ca u se  it  is b a se d  o n  a n  e le c t r o n ic  s tru ctu re , 
I —I ——I  h a v in g  a  n e g a t iv e  ch a rg e  o n  th e  ce n tra l a to m .

T h e  s u m  o f  th re e  ch a rg es  o n  I a, I b, a n d  I c is — l.OOe 
fo r  a m m o n iu m  tr iio d id e , — 0 .9 7 e  fo r  ru b id iu m  tr i
io d id e , a n d  — 0 .9 5 e  fo r  ce s iu m  tr i io d id e , in  g o o d  a g ree -

(17) R. Livingston and H. Zeldes, “ Table of Eigenvalues for Pure 
Quadrupole Spectra, Spin 5 /2 ,”  ONRL Report 1913, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1955.
(18) R. Ikeda, A. Sasane, D. Nakamura, and M. Kubo, J. Phys. 
Chem., 70, 2926 (1966).
(19) V. Jaccarino, J. G. King, R. A. Satten, a,nd H. H. Stroke, Phys. 
Rev., 94, 1798 (1954).
(20) B. P. Dailey and C. H. Townes, J. Chem.. Phys., 23, 118 (1955).
(21) T. Itoh and K. Kambe, J. Phys. Soc. Japan, 12, 763 (1957).
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Figure 1. The temperature dependence of the v f  (circles) 
and v f  (crosses) resonance frequencies of ammonium triiodide.

m e n t  w ith  th e  th e o r e t ic a l v a lu e  o f  — e, in d ic a t in g  th e  
a d e q u a c y  o f  th e  p re se n t c a lcu la t io n s . H o w e v e r , th e  
p e r fe c t  a g re e m e n t o b ta in e d  f o r  a m m o n iu m  tr i io d id e  
m u st b e  fo r t u ito u s , b e c a u s e  th is  c o m p o u n d  is ra th e r  
e x c e p t io n a l o w in g  t o  h y d r o g e n  b o n d  fo r m a t io n  as d is 
cu sse d  in  th e  n e x t  se c t io n .

T h e  e le c t r o n ic  s tru c tu re  o f  a n  I 3~  io n  m a y  b e  re p re 
s e n te d  b y  r e s o n a n ce  a m o n g  s tru c tu re  A , ch a rg e -tra n s fe r  
s tru c tu re  B , a n d  s tru c tu re  C , w h ic h  ta k e s  in to  a c 
c o u n t  th e  p o la r iz a t io n  o f  a n  io d in e  m o le c u le  b y  an  
a p p r o a c h in g  n e g a t iv e  io n .

la“ Ic~Ib Ia-I0 I b"  la“ Ic+ Ib~
A  B  C

I n  th e  la s t r e so n a n ce  s tru c tu re , a  d o u b le  b o n d  m a y  b e  
fo r m e d  to  so m e  e x te n t  b e tw e e n  I 0 a n d  I b b y  m a k in g  
u se  o f  a  d  o r b ita l o f  th e  te rm in a l io d in e  a to m  in  a d d i
t io n  t o  th o s e  o f  th e  n o b le  g a s  s h e ll .22’ 23 F r o m  th e  
ch a rg e  d is tr ib u t io n  o f  I 3_  io n s  in  r u b id iu m  a n d  ce s iu m  
tr iio d id e s , it  is  c o n c lu d e d  th a t  th e  c o n tr ib u t io n  o f  th e  
re so n a n ce  s tru ctu re s , A .  B , a n d  C , a m o u n ts  t o  5 9 % , 
3 1 % ,  a n d  6 % ,  re s p e c t iv e ly .

Anomalous Behavior of Ammonium Triiodide. B o t h  
vT a n d  vf  o f  a m m o n iu m  tr i io d id e  sh o w  an  e x tra o rd in a ry , 
la rg e  p o s it iv e  te m p e ra tu re  c o e ff ic ie n t  (o n e  o r d e r  o f  
m a g n itu d e  g re a te r  th a n  th a t  o f  tu n g s te n  (V I )  h e x a - 
c h lo r id e 24’25 sh o w in g  th e  g re a te s t  p o s it iv e  te m p e ra tu re  
c o e ff ic ie n t  a m o n g  th o s e  e v e r  r e p o r te d  fo r  th e  q u a d ru 
p o le  re so n a n ce  fre q u e n c ie s  o f  h a lo g e n s ) w ith  its  m a x i
m u m  a t  a b o u t  — 4 0 °  as s h o w n  in  F ig u r e  1. T h e  in te n 
s ity  o f  th e  r e so n a n ce  lin es  is w e a k  a b o v e  — 4 0 °  t o  a b o u t  
— 1 5 ° . O n  th e  o th e r  h a n d , nb a n d  v-t s h o w  a  n o rm a l 
n e g a t iv e  te m p e r a tu r e  c o e ff ic ie n t .26’ 27 H o w e v e r , th e  
a b s o lu te  v a lu e  o f  th e  te m p e r a tu r e  c o e ff ic ie n t  is m u c h  
g re a te r  th a n  th o s e  o f  ru b id iu m  a n d  ce s iu m  tr iio d id e s . 
T h e  d e te rm in a t io n  o f  n b a t sm a ll te m p e r a tu r e  in te r 
v a ls  re v e a le d  th a t  th e  te m p e r a tu r e  co e ff ic ie n t  assu m es  
its  m a x im u m  v a lu e  a t — 4 0 ° .  A c c o r d in g ly ,  it  is c o n 
c lu d e d  th a t  a m m o n iu m  tr i io d id e  u n d e rg o e s  s o m e  so r t  
o f  t r a n s it io n  a t  a b o u t  — 4 0 ° . P r e s u m a b ly , th e  ro ta t io n  
o f  a m m o n iu m  io n s  ta k e s  p la c e  a b o v e  th is  te m p e ra tu re  
a ffe c t in g  th e  fie ld  g ra d ie n ts  a t  te rm in a l io d in e  a to m s  
th r o u g h  h y d r o g e n  b o n d in g .18’ 28 T h is  m ig h t  b e  re la te d  
t o  a n o th e r  a n o m a lo u s  b e h a v io r  o f  a m m o n iu m  tr i io d id e  
th a t  vT a n d  vf  s h o w e d  a m a r k e d  s a tu ra t io n  e ffe c t .

(22) R . S. Mulliken, J. Am. Chem. Soc., 77, 884 (1955).
(23) L. Pauling, “ The Nature of the Chemical Bond,”  3rd ed, 
Cornell University Press, Ithaca, N. Y ., 1960, p 316.
(24) R. P. Hamlen and W. S. Koski, J. Chem. Phys., 25, 360 (1956).
(25) R. Ikeda, D. Nakamura, and M. Kubo, J. Phys. Chem., 69, 
2101 (1965).
(26) H. Bayer, Z. Physik, 130, 227 (1951).
(27) T. Kushida, J. Sei. Hiroshima Univ., A19, 327 (1955).
(28) D. Nakamura and M. Kubo, J. Phys. Chem., 68, 2986 (1964)
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T h e  v is c o s i t y  o f  th e  B i - B i l 3 s y s te m  w a s  m e a su re d  o v e r  th e  en tire  c o m p o s it io n  ra n g e . 
T h e  v a lu e s  f o r  th e  p u re  sa lt  ra n g e d  fr o m  1 .59  c p  a t  5 0 0 °  t o  1 .86  c p  a t  th e  m e lt in g  p o in t  o f  
4 0 8 ° , w ith  a n  a p p a r e n t  a c t iv a t io n  e n e r g y  o f  1 .69  k c a l /m o le .  B o t h  th e  v is c o s i t y  a n d  th e  
a c t iv a t io n  e n e rg y  in cre a se  w ith  a d d e d  m e ta l u n t il  a  m a x im u m  is re a ch e d  a t a b o u t  55  m o le  
%  b ism u th . A t  th is  c o m p o s it io n  th e  v is c o s i t y  a t  5 0 0 °  is  2 .0 7  cp  w ith  an  a c t iv a t io n  e n e rg y  
o f  6 .41  k c a l /m o le .  T h e  a p p a r e n t  A rrh e n iu s  b e h a v io r  o f  th e se  m ix tu re s  is  e x p la in e d  b y  
th e  fa c t  th a t  th e  liq u id s  a re  fr e e -v o lu m e  lim ite d  a n d  th a t  th e  fre e  v o lu m e  is p r o p o r t io n a l  
t o  te m p e ra tu re . T h e  m a x im a  in  th e  is o th e rm s  a re  th e n  in te r p r e te d  as a  lo ss  o f  fr e e  v o lu m e  
ca u se d  b y  th e  in te rs t it ia l d is s o lu t io n  o f  b is m u th  in  th e  sa lt.

Introduction
W h ile  th e  v is c o s i t y  o f  m a n y  b in a r y  fu s e d -s a lt  sy s te m s  

h a s  b e e n  m e a su re d , o n ly  o n e  p a p e r  h a s  b e e n  p u b lis h e d  
o n  th e  v is c o s i t y  o f  m e t a l -s a l t  s y s te m s .2 A t e n  m ea su red  
th e  v is c o s i t y  o f  B i - B i C l 3 so lu t io n s  u p  t o  a  c o n c e n tr a 
t io n  o f  4 0  m o le  %  B i fr o m  260  t o  3 4 0 ° . I n  th e  p re se n t 
w o r k , th e  v is c o s i t y  o f  th e  B i - B i l 3 s y s te m  h a v in g  a 
c o n s o lu t e  te m p e r a tu r e  o f  4 5 8 °  is  m e a su re d  a cro ss  th e  
e n tire  c o m p o s it io n  ra n g e  fr o m  p u re  sa lt  t o  p u re  m e ta l.

Experimental Section
S in c e  i t  w a s  n e ce ssa ry  t o  k e e p  th e  s y s te m  c lo s e d  

o w in g  t o  th e  h ig h  v a p o r  p ressu re  o f  th e  sa lt  (a b o u t  34 0  
m m  a t  5 0 0 ° ) ,  i t  w a s  d e c id e d  th a t  a  c a p il la r y  te c h n iq u e  
fo r  th e  d e te r m in a t io n  o f  th e  v is co s it ie s  o f  th e se  s o lu 
t io n s  w o u ld  b e  th e  m o s t  su ita b le . T h e  ce ll d e s ig n  o f  
G r e e n w o o d  a n d  W a d e 3 w a s  u se d  in  w h ic h  a  w e ll 
a r o u n d  th e  lo w e r  e n d  o f  th e  ca p il la r y  m a in ta in e d  a 
c o n s ta n t  lo w e r  liq u id  le v e l. T h u s , th e  a v e ra g e  d r iv in g  
fo r c e  w a s  in d e p e n d e n t  o f  th e  v o lu m e  o f  liq u id  in  th e  
ce ll . T h is  d e s ig n  h a s  an  a d v a n ta g e  in  th a t  th e  s y s te m  
is c o m p le t e ly  e n c lo s e d  w ith  n o  c o ld  s p o ts  t o  w h ic h  th e  
sa lt  m a y  d is t ill . R e p e t it iv e  ru n s  w e re  s im p le , in v o lv in g  
ju s t  an  in v e rs io n  o f  th e  ce ll. I n  a d d it io n , th e re  is n o  
c o n ta m in a t io n  fr o m  a  m a n ip u la t in g  gas. T w o  m o d if ic a 
t io n s  o f  th is  d e s ig n  a re  in c o r p o r a te d  in to  th e  ce ll sh o w n  
in  F ig u r e  1. T h e  w e ll, D ,  w a s  ra ised  to  re d u c e  th e  
e f fe c t iv e  h e a d  a n d  th u s  le n g th e n  th e  t im e  o f  th e  f lo w  o f  
l iq u id  th r o u g h  th e  ca p il la r y . R e a s o n a b le  t im e s  f o r  th e  
f lo w  w e re  o b ta in e d  in  th is  m a n n e r  w ith o u t  th e  u se  o f  
n a rro w  ca p illa r ie s  th a t  c lo g g e d  e a s ily . B e c a u s e  th e

B i - B i l 3 s o lu tio n s  fo r m  an o p a q u e  film  o n  th e  w a ll, a 
s e c o n d  m o d if ic a t io n , th e  a d d it io n  o f  th re e  tu n g s te n  
p r o b e s  sea led  th r o u g h  th e  ce ll a t  A , w a s  u sed  fo r  re 
m o t e  sen sin g  o f  th e  liq u id  le v e l. O n e  o f  th e  th ree  
p r o b e s  te rm in a te s  a t  th e  b e g in n in g  o f  th e  rese rv o ir , 
C , a n d  th e  o th e r  tw o  a t th e  en d  o f  th is  r e se rv o ir . T h e  
t w o  lo n g e r  p r o b e s  w e re  in su la ted  w ith  a  g lass  co v e r in g  
so  as n o t  t o  b e  sh o r te d  to  th e  th ird  p r o b e  b y  a d h e r in g  
so lu t io n . T h e  t im e  o f  flo w  w a s  m ea su red  b y  a n  e le c 
t r o n ic  c lo c k  (H a m n e r  8 0 3 ) th a t  w a s  tu rn e d  o n  a n d  o f f  
b y  p o s it iv e  p u lses  su p p lie d  b y  1 .5 -v  d r y  ce lls  a n d  U T C  
R 7 4  tra n s fo rm e rs  in  th e  c ir c u it  sh o w n  in  F ig u r e  2 . 
W h e n  th e  d o u b le -p o le -s in g le -th r o w  sw itch , S , in  F ig u re  
2  is c lo se d  a n d  th e  liq u id  le v e l is c o v e r in g  a ll th re e  p ro b e s  
(re g io n  a ) , a b o u t  15 m a  flo w s  th r o u g h  e a ch  c ir c u it . 
W h e n  th e  l iq u id  d r o p s  p a s t  p r o b e  2  (r e g io n  b ) ,  th e  c u r 
re n t th r o u g h  th is  p r o b e  is s u d d e n ly  re d u c e d  t o  ze ro . 
T h is  p r o d u c e s  a  la rg e  (a b o u t  + 2 0  v )  p o s it iv e -g o in g  
p u lse  fr o m  th e  s e c o n d a r y  o f  th e  t ra n s fo rm e r  T i  th a t  
s ta rts  th e  c lo c k . W h e n  th e  liq u id  le v e l d r o p s  b e lo w  
p r o b e s  1 a n d  2  in  F ig u re  2  (r e g io n  c ) ,  th e  cu rre n t, a ga in  
d r o p p in g  q u ic k ly  t o  z e ro , p r o d u c e s  a n o th e r  p o s it iv e 
g o in g  p u lse  a t  th e  s e c o n d a r y  o f  t ra n s fo rm e r  T 2. T h is  
p u lse  is  u sed  t o  s to p  th e  c lo c k . T h e  c lo c k  m a y  b e  re a d  
in  h u n d re d th s  o f  s e co n d s  a n d  w a s  c a lib ra te d  t o  b e  
a c c u r a te  t o  w ith in  1 p a r t  in  106.

T h e  c e ll w a s  c a lib ra te d  a t r o o m  te m p e ra tu re  w ith  5 %

(1) This work was supported by the Research Division of the United 
States Atomic Energy Commission.
(2) A. H. W. Aten, Z. Physik. Chem., 66, 641 (1909).
(3) N. N. Greenwood and K. Wade, J. Sci. Instr., 34, 288 (1957).
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Figure 1. Pyrex viscosity cell: A, tungsten seals;
B, tungsten probes; C, reservoir; D, well.

g ly c e r in e -w a te r  s o lu t io n , d o u b le -d is t il le d  w a te r , a n d  
a c e to n e . S u ita b le  c o r r e c t io n s  w e r e  a p p lie d  to  th e  
c a lib r a t io n  f o r  th e  d if fe re n ce  in  te m p e ra tu re  o f  u n 
k n o w n  a n d  s ta n d a rd  liq u id .

T h e  B i l 3 u se d  w a s  o b ta in e d  c o m m e r c ia lly  a n d  d is 
t ille d  tw ic e  in vacuo. T h e  b is m u th  m e ta l w a s  filte re d  
th r o u g h  g lass  w o o l  in vacuo t o  r e m o v e  o x id e  im p u r it ie s . 
T h e  p o w d e r s  w e re  w e ig h e d  in  a ir  a n d  in tr o d u c e d  in to  
th e  c e ll via a  lo n g -f il l  tu b e . T h e  ce ll w a s  th e n  e v a c u 
a te d  a n d  sea led  a t  a  p re ssu re  o f  10 ~ 6 to r r .

T h e  ce ll w a s  h e ld  in  a n  I n c o n e l  2 .5 - in . i .d . tu b e  w h ic h  
w a s  p la c e d  in  a M a r s h a ll  fu rn a ce  m o u n te d  in  a  r o c k in g  
fra m e . T h e  I n c o n e l  tu b e  w a s  e f fe c t iv e  in  lim it in g  th e  
te m p e r a tu r e  g ra d ie n t  a lo n g  th e  ce ll t o  less th a n  1 ° . 
A ft e r  th e  s in g le -p h a se  te m p e r a tu r e  w a s  re a ch e d , th e  
fu r n a c e  w a s  r o c k e d  f o r  10 m in  t c  a ssu re  th e  d is s o lu t io n  
o f  th e  m e ta l. T h e  fu r n a c e  w a s  th e n  in v e r te d  t o  ch a rg e  
th e  ce ll a n d  th e  t im e  o f  f lo w  o f  th e  s o lu t io n  w a s  n o te d . 
T h is  p ro ce s s  w a s  re p e a te d  a b o u t  10 t im e s  a t  e a ch  o f  a t 
le a s t  fo u r  d if fe re n t  te m p e ra tu re s  a n d  a b o u t  2 0 -3 0  t im e s  
w h ile  th e  te m p e r a tu r e  w a s  b e in g  c h a n g e d . D a t a  w e re

_____ / ♦
b s

C

Figure 2 . Remote level sensing circuit for determining time of 
flow: 1, 2, 3, tungsten probes; Ti, Tj, transformers; S, switch.

ta k e n  w h ile  in cre a s in g  a n d  d e cre a s in g  te m p e ra tu re , 
in  o rd e r  t o  d e te c t  a n y  ch a n g e  in  v is c o s i t y  ca u se d  b y  
th e rm a l d e te r io r a t io n  o f  th e  s o lu t io n . N o  su ch  ch a n g e  
w a s  e v e r  n o t e d ; th e  t im e  o f  f lo w  fo r  ru n s w ith  a  g iv e n  
te m p e ra tu re  a g reed  t o  w ith in  0 .2 % .

Results
T h e  v is co s it ie s  o f  p u re  B i l 3 a n d  o f  15, 30 , 4 5 , 50 , 55, 

60 , a n d  7 0  m o le  %  b is m u th  s o lu tio n s  in  B i l 3 w e re  d e te r 
m in e d  a t  te m p e ra tu re s  ra n g in g  fr o m  3 50  t o  5 0 0 ° . T h e  
v a lu e s  fo r  th e  p u re  sa lt  ra n g e d  fr o m  1 .59  c p  a t 5 0 0 °  to
1 .86  cp  a t  th e  m e lt in g  p o in t  o f  4 0 8 ° .

T a b le  I  a n d  F ig u r e  3 sh o w  th e  v a r ia t io n  o f  v is c o s ity  
w ith  te m p e ra tu re  a n d  c o m p o s it io n . S o m e  o f  th e  
m e a su re m e n ts  w e r e  o b ta in e d  w h ile  th e  liq u id  h a d  p r o b 
a b ly  se p a ra te d  in to  tw o  p h a ses , a n d  th o s e  resu lts  are 
s h o w n  b y  d o t t e d  lin es in  F ig u r e  3 . W h ile  th e  d a ta  in  
th e  tw o -p h a s e  re g io n  m a y  b e  o f  in te re s t , t h e y  w ill n o t  
b e  d iscu ssed , s in ce  t h e y  a re  n o t  a m e n a b le  t o  in te r 
p r e ta t io n . T h e r e fo r e , o n ly  d a ta  o n  s in g le -p h a se  liq u id s  
a re  lis te d  in  T a b le  I .  T h e  v is c o s i t y  v a lu e s  w e re  d e te r 
m in e d  fr o m  th e  k in e m a tic  v is c o s i t y  resu lts  a n d  d e n s ity  
d a ta . D e n s it ie s  u p  to  4 0  m o le  %  a re  k n o w n .4 T h e  
d en sitie s  o f  m o r e  c o n c e n tr a te d  s o lu t io n  w e re  o b ta in e d  
b y  in te r p o la t io n  u s in g  a  7 0  m o le  %  p o in t  o f  T o p o l  a n d  
R a n s o m 6 a n d  th e  v a lu e  fo r  p u re  b is m u th .6 A n  a t 
t e m p t  w a s  m a d e  t o  d e te rm in e  th e  v is c o s i t y  o f  p u re  
b is m u th . H o w e v e r , th e  e x tr e m e ly  lo w  v a lu e  fo r  th e  
k in e m a tic  v is c o s i t y  o f  m o lte n  b is m u th  re su lte d  in  v e r y  
sh o r t  flo w  t im e s  a n d  s ca tte r  in  th e  d a ta  d u e  to  tu r b u le n t  
f lo w . T h e r e fo r e , v is c o s i t y  v a lu e s  f o r  p u re  b ism u th  
w e re  ta k e n  fr o m  th e  lite ra tu re .7 4 5 6

(4) F. J. Keneshea, Jr., and D. Cubicciotti, J. Phys. Chern., 63, 
1472 (1959).
(5) L. E. Topol and L. D. Ransom, J. Chem. Phys., 38, 1663 (1963).
(6) E. Gebhardt and K. Kostlin, Z. Metallic., 48, 601 (1957).
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Figure 3. Viscosity isotherms vs. mole fraction of 
bismuth; the dotted portions denote two liquid phases.

Table I: Viscosities, 17 (in cp), of Bi-Bil3 Solutions

Temp, Temp, Temp, Temp,
°C V °C V °C V °C V

*—0% Bi—' —15% Bi— —30% Bi— -4 5 %  Bi—
433 1.78 389 2 . 2 1 445 2.16 350 5.99
438 1.77 395 2.17 448 2.14 368 4.99
446 1.74 401 2.14 450 2.13 400 3.50
449 1.73 406 2 . 1 1 454 2 . 1 1 419 3.07
463 1.69 412 2.07 460 2.09 426 2.95
482 1.64 418 2.04 486 1.98 431 2 . 8 6

488 1.63 424 2 . 0 1 435 2.77
491 1.62 433 1.97 459 2.46

455 1 . 8 8 461 2.42
472 1.83 482 2 . 2 0

493 1.76 494 2.09
499 2.05

-—50% Bi— —55% Bi— —60% Bi— —70% Bi—
366 5.71 415 3.71 438 2.93 448 2 . 2 1

370 5.57 426 3.33 441 2 . 8 6 452 2.19
375 5.39 432 3.12 445 2.77 455 2.17
381 5.13 440 2.94 450 2.69 458 2.16
385 4.97 450 2.76 455 2.61 472 2 . 1 1

395 4.60 456 2 . 6 8 470 2.42 476 2 . 1 0

400 4.40 464 2.52 491 2.16 481 2.09
418 3.74 496 2 . 1 1 499 2.08 485 2.08
443 3.02 500 2.07 495 2.06
476 2.41 498 2.05
494 2.16

T h e  iso th e rm s  o f  v is c o s i t y  a g a in s t  m o la r  c o m p o s it io n  
s h o w n  in  F ig u r e  3 e x h ib it  ra th e r  p r o n o u n c e d  m a x im a  
a t  a b o u t  5 5 -6 0  m o le  %  m e ta l. A t  5 5 %  th e  v is c o s 

i t y  a t  5 0 0 °  is  2 .07  cp  co m p a r e d  w ith  1 .59  c p  fo r  th e  
p u re  sa lt a t  th is  te m p e ra tu re  a n d  1 .19  c p  fo r  th e  p u re  
m e ta l. T h e  a p p a re n t a c t iv a t io n  e n e rg y  fo r  v is c o u s  
f lo w  fo r  e a ch  c o m p o s it io n  w a s  d e te rm in e d  fr o m  th e  
p lo t s  o f  In r] a g a in st  1 /T  in  F ig u re s  4  a n d  5 a n d  is 
sh o w n  in  T a b le  I I .  I n  gen era l, th e se  £Jact a re  fa ir ly  
c o n s ta n t  w ith  te m p e ra tu re  e x c e p t  fo r  th e  m o r e  c o n c e n 
tr a te d  s o lu tio n s  a t  lo w e r  te m p e ra tu re s , w h e re  th e  
tw o -p h a s e  liq u id  re g io n  o f  th e  p h a se  d ia g ra m  is a p 
p r o a c h e d . A s  w a s  n o te d  fo r  th e  v is c o s ity , th e  i ? aot 
a lso  g o e s  th r o u g h  a  m a x im u m  a t a  c o m p o s it io n  o f  a b o u t  
50  m o le  %  B i, v a r y in g  fr o m  1.69  k c a l /m o le  fo r  th e  
p u re  sa lt t o  7 .71  k c a l /m o le  a t 50  m o le  %  B i.

Table II : The Constants a and b for Eq 1 for Each 
Composition and Apparent Energy of Activation

SBi
■̂ act*

kcal/mole 103a b

t(VB -  b)/ 
V,] X 100 

at 500°

0 1.69 1.132 0.1538 28
0.15 2.19 0.7832 0.1664 23
0.30 2.25 0.6760 0.1629 19
0.45 5.46 0.2125 0.1711 6

0.50 7.71 0.1737 0.1678 5.6
0.55 6.41 0.1440 0.1635 4.1
0.60 5.86 0.1377 0.1538 3.9
0.70 1.59 0.2859 0.1402 1 0

D is c u s s io n

A c c o r d in g  to  th e  h o le  th e o r ie s  o f  v is c o u s  f lo w  in  
liq u id s  o f  F re n k e l7 8 a n d  E y r in g  a n d  a sso c ia te s9 v is c o u s  
flo w  c a n  b e  th o u g h t  o f  as co n s is t in g  o f  tw o  s im u lta n e 
o u s  e v e n ts . (1 ) T h e  flow  u n it  m u s t  a tta in  su ffic ie n t 
e n e rg y  t o  b r e a k  a w a y  fr o m  its  n e ig h b o rs  a n d  (2 ) a 
h o le  o f  su ffic ie n t  s ize  m u st fo r m  a d ja c e n t  to  th e  flo w  
u n it . T h is  h o le  is fo r m e d  fr o m  th e  fre e  v o lu m e  o r 
d in a r ily  p re se n t in  th e  liq u id . T h e  fre e  v o lu m e  m a y  b e  
d e fin e d  as th e  v o lu m e  o f  a  u n it  w e ig h t  o f  liq u id  less th e  
v o lu m e  o f  th e  liq u id  in  a  r ig id , c lo s e s t  p a c k e d  s tru c 
tu re . T h u s  m a x im a  in  v is c o s ity  is o th e rm s  m a y  b e  
in te rp re te d  in  tw o  w a y s . (1 ) A  la rg e  flo w  u n it  o r  a  
ch a n g e  in  b in d in g  o c c u r s  in  th e  m ix tu re  (c o m p le x  fo r 
m a t io n )  o r  (2 ) th e re  is a  loss  o f  fre e  v o lu m e  in  th e  
m ix tu re .

W h e n  tw o  e v e n ts  are  in v o lv e d , th ere  is n o  th e o r e t ic a l 
re a so n  t o  e x p e c t  A rrh e n iu s  b e h a v io r  as th e  te m -

(7) F. Sauerwald and K. Topler, Z. Anorg. AUgem. Chem., 157, 117 
(1926).
(8) J. Frenkel, “ Kinetic Theory of Liquids,”  Clarenden Press, 
Oxford, 1946.
(9) S. N. Glasstone, K. Laidler, and H. Eyring, “ The Theory of Rate 
Processes,”  McGraw-Hill Book Co., Inc., New York, N. Y ., 1941.
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t°c
500 475 450 425 400 375

Figure 4. Negative natural logarithm of the 
viscosity ( — In ij(p ) )  vs. l / T  for ZBi = 0-0.50.

t°c
500 475 450 425 400 375

Figure 5. Negative natural logarithm of the 
viscosity vs. l /T  for xbi =  0.55-1.0.

p e ra tu re  is  c h a n g e d  a t  c o n s ta n t  p ressu re  u n less  o n e  
o f  th e  a b o v e  e ffe c ts  la rg e ly  o u tw e ig h s  th e  o th e r . A s  
p o in te d  o u t  b y  M a c e d o  a n d  L i t o v i t z ,10 in  liq u id s  w h o s e  
th e rm a l e x p a n s io n  is v e r y  sm all, th e  fre e  v o lu m e  is 
v ir tu a lly  te m p e ra tu re  in d e p e n d e n t , a n d  th e  a p p a re n t 
a c t iv a t io n  e n e rg y  a t  c o n s ta n t  p ressu re  w ill b e  co n s ta n t  
w ith  te m p e ra tu re . A ls o , in  liq u id s  w h o s e  fre e  v o lu m e s  
are p r o p o r t io n a l t o  th e  te m p e ra tu re , th e  liq u id  w ill 
a ga in  sh o w  A rrh e n iu s  b e h a v io r  a t  c o n s ta n t  p re ssu re .10 
S in ce  a ll o f  th e  c o m p o s it io n s  o f  B i in  B i l 3 sh o w  g o o d  
A rrh e n iu s  b e h a v io r , o n e  o r  th e  o th e r  c o n d it io n  a p p lie s . 
E v id e n t ly  th e  fr e e  v o lu m e  is  th e  d e te rm in in g  fa c t o r  in

th e  v is c o s ity  o f  th e se  so lu tio n s , s in ce  it  is  w e ll e s ta b 
lish ed  th a t  th e  s o lu tio n s  c o n ta in  n o  c o m p le x e s  a t  th e  
c o m p o s it io n  o f  th e  m a x im a .11 T h a t  is, in  sa lt -r ich  
m e lts  b ism u th  d is so lv e s  :n  its  tr ih a lid e s  b y  th e  fo r m a 
t io n  o f  th e  m o n o m e r  su b h a lid e  B i l 12' 13 *

2 B i -(- B i l 3 — >  3 B iI

w h ic h  d o e s  n o t  p o ly m e r iz e , in  c o n tr a s t  t o  th e  c h lo 
r id e  a n d  b r o m id e  in  w h ic h  th e  su b h a lid e  d o e s  u n d e rg o  
p o ly m e r iz a t io n .18 T h e r e fo r e  th e  m ix tu re  a t  lo w  m e ta l 
c o m p o s it io n s  (b e lo w  50  m o le  % )  co n s is ts  o n ly  o f  B i + , 
B i + 3, a n d  I ~ .  E v id e n c e  fo r  th e  a b se n ce  o f  c o m p le x e s  
in  th e  io d id e  sy s te m  a t  c o n c e n tr a t io n s  o f  35 m o le  %  
B i  a n d  g re a te r  ca n  b e  fo u n d  in  th e rm a l d iffu s io n  s tu 
d ie s .11 T h e s e  d a ta  sh o w  th a t  a t  th e se  c o n ce n tra t io n s  
th e  ca t io n s  are  e x ch a n g in g  e le c tro n s  so  ra p id ly  th a t  
t h e y  are  in d is t in g u ish a b le  as fa r  as m a ss  t r a n s p o r t  is 
c o n c e r n e d . A n y  o n e  c a t io n  is  r a p id ly  ch a n g in g  its  
v a le n c e  fr o m  1 to  3 a n d  b a c k  a g a in  e v e n  th o u g h  th ere  
is  a  d e fin ite  b u lk  c o n c e n tr a t io n  o f  e a ch  c a t io n  a t  a n y  
g iv e n  m o m e n t . S u ch  a  sy s te m  m a y  b e  d e n o te d  b y  B il*  
w h e re  x is b e tw e e n  1 a n d  3. A n y  a u to c o m p le x in g  o r  
o th e r  c o m p le x  fo r m a t io n  w o u ld  b e  d e te c te d  b y  o b s e r v 
in g  a  se p a ra tio n  o f  th e  so lu tio n s  u n d e r  th e  in flu e n ce  o f  a 
te m p e ra tu re  g ra d ie n t. A b o v e  a  c o m p o s it io n  o f  35 
m o le  %  B i, n o  su ch  th e rm a l d iffu s io n  o c cu rs . T h e r e 
fo r e , n o  c o m p le x in g  o f  th e  s o lu t io n  ta k e s  p la ce , a n d  th e  
p o s it iv e  d e v ia t io n s  fr o m  a d d it iv it y  o b s e r v e d  in  th e  
v is c o s i t y  is o th e rm s  are  n o t  lik e ly  to  b e  d u e  t o  c o m p le x  
fo r m a t io n . I t  seem s lik e ly  th e n  th a t  th e  a p p a re n t 
A rrh e n iu s  b e h a v io r  o f  ea ch  c o m p o s it io n  is d u e  t o  th e  
fr e e -v o lu m e  e ffe c ts  o u tw e ig h in g  a n y  e n e rg y  co n s id e ra 
t io n s  s in ce  th e  m e lts  a re  c o m p le te ly  io n ic . A ls o , th e  
p a r t ia l m o la r  v o lu m e s  o f  b is m u th  are a c tu a lly  n e g a t iv e  
a t  lo w  m e ta l c o n c e n tr a t io n s  a n d  a p p r o a c h  th e  v a lu e  fo r  
p u re  b ism u th  o n ly  a t  la rg e  m e ta l c o n c e n tr a t io n s . T h is  
w a s  t h o u g h t4 t o  b e  ca u se d  b y  th e  in te rs t it ia l d is so lu t io n  
o f  b is m u th  m e ta l o r  io n s . I n  th e  l ig h t  o f  s u b se q u e n t 
k n o w le d g e 12' 13 w e  c a n  sa y  th a t  th e  b is m u th  sp ecies  
th a t  e v e n tu a lly  ta k es  u p  in te rs t it ia l p o s it io n s  in  th e  
q u a s i-la tt ic e  m e lt  s tru c tu re  is th e  B i+  c a t io n . T h u s  as 
b is m u th  is a d d e d , m o r e  a n d  m o r e  fre e  sp a ce  is  ta k e n  u p  
a n d  th e  v is c o s i t y  in crea ses  b e ca u se  th e  s p a ce  a v a ila b le  
fo r  th e  m o v e m e n t  o f  sa lt  is re d u ce d .

T h is  v ie w  is fu r th e r  s u p p o r te d  b y  th e  fa c t  th a t  th e  
d a ta  c a n  b e  g iv e n  in  te rm s  o f  th e  B a tc h in s k i e q u a t io n

(10) P. B. Macedo and T. A. Litovitz, J. Chem. Phys., 42, 245 
(1965).
(11) J. D. Kellner, J. Phys. Chem., 70, 2341 (1966).
(12) S. J. Yosim, L. D. Ransom, R. A. Sallach, and L. E. Topol, 
ibid., 66, 28 (1962).
(13) L. E. Topol and L. D. Ransom, J. Chem. Phys., 38, 1663
(1963).
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V s =  a<t> +  b (1 )

w h e re  a a n d  b a re  c o n s ta n ts , V s is  th e  s p e c if ic  v o lu m e  
o f  th e  so lu t io n , a n d  $  is th e  f lu id ity . T a b le  I I  sh o w s  th e  
v a lu e s  o f  a a n d  b fr o m  a  le a s t-sq u a res  a n a ly s is . T h e  
d a ta  fo l lo w  th is  lin ea r e x p ress ion  t o  w ith in  1 % .  A s  
c a n  b e  seen  fr o m  e q  1, b is th e  sp e c if ic  v o lu m e  w h e n  cf> 
is  ze ro  o r , in  o th e r  w o r d s , w h e n  th e  liq u id  is  c o m 
p le te ly  r ig id . T h u s  Vs — b ca n  b e  t h o u g h t  o f  as th e  
fr e e  v o lu m e , o r  a t  lea st as a  m ea su re  o f  it . T h e  v a lu e s  
o f  (V s  — b)/ V s e x p ressed  as p e r  c e n t  a re  s h o w n  in  
T a b le  I I  fo r  e a ch  c o m p o s it io n  a t  5 0 0 ° . T h e s e  v a lu e s , 
w h ich  sh o u ld  b e  a t  le a s t  q u a lit a t iv e ly  s im ila r  t o  th e  
fre e  v o lu m e , g o  th r o u g h  a  m in im u m  a t  th e  sa m e  c o m 
p o s it io n  th a t  th e  v is c o s i t y  g o e s  th r o u g h  a  m a x im u m . 
T h is  t y p e  o f  b e h a v io r  is c o n s is te n t  w ith  th e  id e a  th a t  
th e  sp e c ie s  fo r m e d  fr o m  th e  a d d e d  b is m u th  ta k e s  u p  
in te rs t it ia l p o s it io n s .

I f  th e  q u a s i- la t t ic e  sa lt s tru c tu re  is  s o m e th in g  a p 
p r o a c h in g  a  c lo se s t  p a c k e d  a rra n g e m e n t  o f  io d id e  
io n s , th e n  in  th e  p u re  sa lt  o n e  o u t  o f  e v e r y  th re e  o c t a 
h e d ra l in te rs t ice s  w o u ld  b e  o c c u p ie d  b y  a  B i 3+ c a t io n . 
A t  2 / 3 m o le  fr a c t io n , in  a  c u b ic  c lo se s t  p a c k e d  a rra n g e 
m e n t , a ll o f  th e  o c ta h e d r a l sp a ce s  w o u ld  b e  o c c u p ie d  
b y  c a t io n s  a n d  o n e  w o u ld  e x p e c t  th e  m a x im u m  in  v is 
c o s it y  t o  o c c u r  a t  a b o u t  th is  c o n c e n tr a t io n . H o w e v e r ,

b e ca u se  o f  th e  in cre a se d  c o u lo m b ic  fo r c e s , th e  a n io n  
s tru c tu re  w o u ld  b e  e x p e c te d  t o  sh r in k  s o m e w h a t  w h e n  
m o r e  c a t io n s  a re  in tr o d u c e d , t h e r e b y  ta k in g  u p  s o m e  
fre e  v o lu m e . T h is  e f fe c t  w a s  th o u g h t 4  t o  b e  th e  re a s o n  
fo r  th e  n e g a t iv e  v a lu e s  o f  th e  p a r t ia l m o la r  v o lu m e  o f  
b is m u th  a t  lo w  c o n c e n tr a t io n s  o f  m e ta l. T h e  fa c t  
th a t  th e  p e a k  a c tu a lly  o c c u r s  a t  a b o u t  5 5 %  is  p o s s ib ly  
d u e  to  th is  c o n tr a c t io n . A lt h o u g h  th e r e  is  s o m e  
e v id e n c e 1 3  th a t  b is m u th  a to m s  b e g in  t o  a p p e a r  a t  a  
c o n c e n tr a t io n  o f  5 0  m o le  %  m e ta l, th is  sp e c ie s  b e c o m e s  
p r e d o m in a n t  a b o v e  67 m o le  %  b is m u th , w h e r e  t h e  a v e r 
a g e  c a t io n  c h a rg e  is  less  th a n  1 . A t  th e se  c o n c e n tr a 
t io n s , th e  m e lt  p r o p e r t ie s  a p p r o a c h  th o s e  o f  th e  p u re  
m e ta l. T h e  a v e ra g e  f lo w  u n it  s ize  is  d e cre a s in g  as th e  
la r g e  a n io n s  b e c o m e  m o r e  sca rce , a n d  t h e  v is c o s i t y  
d ecre a se s  u n t il  th e  v a lu e  fo r  th e  p u r e  m e t a l  is  r e a c h e d .

T h e  a p p a r e n t  a c t iv a t io n  e n e r g y  a t  c o n s t a n t  p re s 
su re  in  T a b le  I  is  th e n  la r g e ly  th e  e n e r g y  o f  fo r m a t io n  
o f  h o le s  o f  f lo w  u n it  s ize , s in ce  th e  v is c o s i t y  o f  t h e  s y s 
te m , as w a s  p o in t e d  o u t  a b o v e , is  p r o b a b ly  fr e e -v o lu m e  
lim ite d . T h e  p u r e  sa lt , h a v in g  th e  la rg e s t  fr e e  v o lu m e , 
h a s  th e  sm a lle s t  a c t iv a t io n  e n e r g y  a n d , as  th e  s o lu t io n  
b e c o m e s  m o r e  “ c o n d e n s e d ”  w ith  a d d e d  b is m u t h  c a t 
io n s , th e  e n e r g y  o f  h o le  fo r m a t io n , a n d  t h e r e fo r e  th e  
a c t iv a t io n  e n e rg y , in crea ses .
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Fluorocarbon Solutions at Low Temperatures. V. The Liquid Mixtures

C2H6 +  C2F6, C3Hs +  C2F6, CH4 +  C3F8, C2H6 +  C3F8, C3H8 +  C3F8, n-C4H10 +  C3F8, 

*-C4H10 +  C3F8, C3H8 +  n-C4F10, n-C6H14 +  n-C4F10, n-C7H16 +  n-C4F10, 

n-C9H20 +  w-C4F10, and n-C10H22 +  re-QFj,,1 2 3 4 5

by John B. Gilmour, Judith O. Zwicker, Jeffrey Katz, and Robert L. Scott

Contribution No. 1997 from the Department of Chemistry, University of California, 
Los Angeles, California 90024 (Received October 6, 1966)

T o t a l  v a p o r  p ressu res  h a v e  b e e n  m e a su re d  fo r  th re e  b in a r y  liq u id  m ix tu re s  a n d  fr o m  th ese  
m e a su re m e n ts  e q u a tio n s  fo r  th e  m o la r  e x cess  G ib b s  fr e e  e n e r g y  h a v e  b e e n  d e r iv e d , y ie ld in g  
th e  fo l lo w in g  v a lu e s  fo r  (7E/ c a l  a t  x =  0 .5 :  C 2 H 6 +  C 3F 8 a t  1 8 8 ° K , 1 6 5 ; C 3 H 8  +  C 3 F 8  a t  
2 0 4 ° K , 2 1 2 ; a t  2 1 4 ° , 2 0 4 ; a t  2 2 4 ° K , 1 9 9 ; a n d  n -C 4 H 10 +  C 3F 8a t 2 2 8 ° K ,  2 5 0 . L iq u id - l iq u id  
p h a se  d ia g ra m s  fo r  1 1  s y s te m s  w e re  d e te rm in e d , w ith  c r it ica l s o lu t io n  te m p e ra tu re s  as 
fo l lo w s : C 3 H s +  C 2F 6, 1 9 0 ° K ; C H 4  +  C 3F 8, 1 2 7 ° K ; C 2H 6  +  C 3F 8, 1 6 6 ° K ; C 3 H 8  +  C 3F 8, 
1 9 6 ° K ; r .-C 4 H 10 +  C 3F 8, 2 2 6 ° K ;  ¿-C4H10 +  C 3 F 8, 2 0 8 ° K ;  C 3 H 8 +  n -G 4F 10, 2 0 4 ° K ;  n- 
C 6 H i 4 T  ?i -C 4F io, 281 ° K ;  / / - (  7 1I) 8  v -( '4 Fin. 3 0 3 ° K ;  W -C 9 H 2 0  d-  H -C 4 F 1 0 , 3 4 8 ° K ;  n-
C 1 0 H 22 +  n -C 4 Fio, 3 7 8 ° K . T h e  c r it ica l s o lu t io n  p o in t  f o r  th e  s y s te m  C 2H 6 +  C 2F 6 is  h id d e n  
b y  th e  m e lt in g  cu r v e , b u t  is  e s t im a te d  t o  b e  1 5 7 ° K . T h e s e  resu lts  c o n ta in  a n d  e x te n d  
ea rlier  w o r k  o n  h y d r o c a r b o n  +  f lu o r o c a r b o n  sy s te m s . T h e  a n o m a lo u s ly  la rg e  d e v ia t io n s  
fr o m  th e  p r e d ic t io n s  o f  s o lu b ility  p a ra m e te r  t h e o r y  are  a b o u t  th e  sa m e  fo r  a ll sy s te m s , a n d  
sh o w  n o  s ig n ifica n t d e p e n d e n c e  u p o n  th e  d iffe re n ce s  in  m o la r  v o lu m e  (o r  n u m b e r  o f  ca r 
b o n  a to m s ) b e tw e e n  h y d r o c a r b o n  a n d  f lu o r o c a r b o n . A l l  o f  th e  c r it ic a l s o lu t io n  te m p e ra tu re s  
fa ll o n  a  s im p le  g r id  w h ic h  p e rm its  in te r p o la t io n  a n d  (w ith  c a u t io n )  e x tr a p o la t io n . T h e  
c r it ic a l c o m p o s it io n  sh o w s  a  s tr ik in g  d e p e n d e n c e  u p o n  th e  d if fe re n ce  in  m o la r  v o lu m e  a n d  
g iv e s  s u p p o r t  t o  a v o lu m e - fr a c t io n  o r  s u r fa c e -fr a c t io n  fo r m u la t io n  o f  re g u la r  so lu t io n  th e o r y .

Introduction

T h e  w o r k  r e p o r te d  in  th is  p a p e r  is p a r t  o f  a  c o n 
t in u in g  rese a rch  p r o g r a m  o n  flu o r o c a r b o n  s o lu t io n s ; 
p r e v io u s ly  w e  h a v e  r e p o r te d 2 - 6  lo w -te m p e r a tu r e  v a p o r  
p ressu res  a n d  p h a se  d ia g ra m s  fo r  13 sy s te m s  in v o lv in g  
f lu o r o c a r b o n s  a n d  flu o ro ch e m ica ls . I n  th is  p a p e r  w e  
re p o r t  s im ila r  m e a su re m e n ts 6 o n  1 2  m o r e  sy s te m s , w ith  
p a r t icu la r  em p h a s is  u p o n  d iffe re n ce s  in  m o la r  v o lu m e  
(a n d  d iffe ren ces  in  n u m b e r  o f  c a r b o n  a to m s ) . R o w lin -  
s o n  a n d  c o -w o r k e r s 6 h a v e  s h o w n  th a t  la rg e  e x ce ss  free  
en erg ies p e rs is t  e v e n  w h e n  th e  m o la r  v o lu m e s  o f  th e  
p u re  c o m p o n e n ts  in  a  h y d r o c a r b o n  +  f lu o r o c a r b o n  
m ix tu re  a re  n e a r ly  e q u a l; a n  in cre a se  o f  5 0 %  in  th e  
m o la r  v o lu m e  o f  th e  h y d r o c a r b o n  h a d  o n ly  a  sm a ll e ffe c t

o n  th e  m a g n itu d e  o f  th e  la rg e  d e v ia t io n s  fr o m  id e a lity . 
T h e  p re se n t resea rch , w ith  h y d r o c a r b o n s  ra n g in g  in  
s ize  fr o m  C H 4 t o  C ioH 22 (a n d  th o s e  fr o m  C 3 t o  C 10 m ix e d  
w ith  a  s in g le  f lu o r o c a r b o n , n -C 4F i0) ,  g r e a t ly  e x te n d s  th e  
ea rlier  w o r k  a n d  a rr iv e s  a t  g e n e ra lly  s im ila r  c o n c lu 
s ion s .

(1) Based on part of a dissertation by J. B. Gilmour for the Ph.D. 
degree, University of California, Los Angeles, Calif., June 1965.
(2) N. Thorp and R. L. Scott, J. Phys. Chern., 60, 670 (1956).
(3) N. Thorp and R. L. Scott, ibid., 60, 1441 (1956).
(4) I. M. Croll and R. L. Scott, ibid., 62, 954 (1958).
(5) I. M. Croll and R, L. Scott, ibid., 68, 3858 (1964).
(6) J. S. Rowlinson, D. E. L. Dyke, and R. Thacker, Trans. Faraday 
Soc., 55, 903 (1959).
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E x p e r im e n ta l S e c t io n

Materials. T h e  s o u r c e  a n d  p u r it y  o f  th e  s u b s ta n c e s  
a re  o u t l in e d  in  T a b le  I .

Table I : Materials Used

Manufacturer’s
Compound Source stated purity, %

c2f6 a 99.9
c 3f8 b 98.0 (min)
71-C4F10 c 99.8
c h 4 d 99.5
C2IÏ6 b 99.90
c3h 8 b 99.9+
71-C4H10 b ~99.8
•¿-C4H10 b 100.00
7l-CeHi4 e 99.97
H-C7H16 f 99
n-C  10ÏÏ22 f Bp 173-175°

“ Dupont Organic Chemicals Department, Research and 
Development Division, Jackson Laboratory, Wilmington 99, Del. 
6 Matheson Co., Newark, Calif. c Halocarbon Products Corp., 
Hackensack, N. J. d Matheson CP grade purified by Dr. 
Donald Davis, Chemistry Department, University of California, 
Los Angeles, Calif. ' Phillips Petroleum Co., Bartlesville, Okla. 
s Matheson Coleman and Bell, East Rutherford, N. J.

A ll  o f  th e  m a ter ia ls  w e re  d e g a sse d  b y  a lte rn a te  m e lt 
in g  a n d  fre e z in g  w h ile  p u m p in g . W it h  th e  e x c e p t io n  
o f  th e  C 3F 8 n o  fu r th e r  p u r if ic a t io n  w a s  a tte m p te d . 
T h e  C 3F 8 ga s  w a s  c o n d e n s e d  a t lea st th re e  t im e s  o n t o  a  
b e d  o f  a c t iv a te d  c h a rco a l a n d  th e n  a llo w e d  t o  b o il  o ff . 
T h e  ch a r c o a l w a s  a c t iv a te d  b y  p u m p in g  a n d  h e a tin g  to  
4 3 0 -4 8 0 ° ;  it  w a s  r e a c t iv a te d  b e tw e e n  e a ch  co n d e n sa 
t io n .

Apparatus and Experimental Procedure. E x p e r i
m e n ta l m ix tu re s  w e re  p re p a re d  b y  c o n d e n s in g  su cce s 
s iv e  m e a su re d  q u a n t it ie s  o f  gas fr o m  a  gas b u r e t  in to  th e  
v a p o r  p re ssu re  o r  s o lu b ility  a p p a ra tu s  a t  lo w  te m 
p e ra tu re s . A  c o n v e n t io n a l v a c u u m  m a n ifo ld  a rra n g e 
m e n t  w a s  u se d  t o  e v a c u a te  th e  a p p a ra tu s  b e fo r e  u se  
a n d  t o  tra n s fe r  th e  g a s  fr o m  th e  s to ra g e  b u lb s  in to  th e  
g a s  b u re t . A  liq u id  F r e o n  lo w -te m p e ra tu re  b a th , 
s im ila r  t o  th a t  d e s cr ib e d  b y  C r o ll  a n d  S c o t t ,6 w a s  u sed  
f o r  b o t h  th e  s o lu b ility  a n d  v a p o r  p ressu re  m ea su re 
m en ts .

T h e  b a th  te m p e ra tu re  w a s  m e a su re d  a n d  co n tr o lle d  
u s in g  th e  o u tp u t  fr o m  a  te n - ju n c t io n  c o p p e r -c o n s ta n ta n  
th e rm o p ile  w h ic h  w a s  im m e rse d  in  th e  F re o n . T h e  
th e rm o p ile  w a s  ca lib ra te d  a g a in st th e  v a p o r  pressu res 
o f  th e  p u re  h y d r o c a r b o n s  as w e ll as a g a in st th e  fre e z 
in g  p o in t  o f  p u re  x e n o n  (1 6 1 .3 ° K ) .  A  cru sh e d -ice  
s lu sh  se rv e d  as th e  re fe ren ce  tem p e ra tu re . T h e  b a la n c 

in g  a n d  h e a te r  c o n tr o l  c ir c u it  w a s  e sse n tia lly  th a t  o f  
C r o ll a n d  S c o t t 6 e x c e p t  th a t  th re e  tim es  th e  earlier 
s e n s it iv ity  w a s  o b ta in a b le  w ith  th e  te n - ju n c t io n  th er
m o p ile  a n d  a  m o r e  se n s it iv e  re co rd e r . U n d e r  c o n tr o l 
c o n d it io n s  th ere  w e re  s in u so id a l o s c illa t io n s  o f  te m 
p e ra tu re  o f  ± 0 .0 2 °  a b o u t  th e  a v e ra g e  te m p e ra tu re . B y  
a d ju s t in g  th e  v o lt a g e  a cross  th e  h ea ters , th e  p e r io d  o f  
th is  o s c il la t io n  c o u ld  b e  v a r ie d  fr o m  a b o u t  10 to  4 0  se c .

Vapor Pressure Measurement. T h e  “ c l i c k ”  g a u g e  
(T h o r p  a n d  S c o t t 2) u sed  to  m ea su re  v a p o r  p ressu res  
is s h o w n  in  F ig u re  1 to g e th e r  w ith  th e  re s t  o f  th e  v a p o r  
p ressu re  a p p a ra tu s . T h e  g a u g e  is e ssen tia lly  a  c u r v e d  
g la ss  m e m b ra n e  w h ic h  ch a n g e s  co n fig u ra t io n  (w ith  a  
sn a p  o r  c lic k )  w h e re  th e  d iffe re n ce  in  p ressu re  b e tw e e n  
th e  t w o  s id es  rea ch es  a  r e p ro d u c ib le  v a lu e ; m ea su re 
m e n t  o f  th e  n itro g e n  p ressu re  o n  th e  fa r  s id e  o f  th e  
m e m b ra n e  th u s  serv es  to  d e term in e  th e  p ressu re  in s id e  
th e  b u lb s , i.e., th e  to t a l  v a p o r  p ressu re  o f  th e  m ix tu re .

R a n d o m  flu ctu a t io n s  in  th e  p ressu re  o f  th e  o rd e r  o f  
2 - 4  c m  o c c u r r e d  u n less  th e  liq u id  m ix tu re  w a s  sea led  
b e lo w  th e  su r fa ce  o f  th e  F re o n . A t  first, th e  b u lb  w a s 
c lo s e d  w ith  a  so le n o id -o p e r a te d  v a lv e  w h ic h  w a s  u sed  
fo r  v a p o r  p ressu re  m ea su rem en ts  o n  C 2H 6 +  C 3F 8 a n d  
C 3F 8. H o w e v e r , th is  v a lv e  p r o v e d  d ifficu lt  t o  o p e ra te  
a n d  h a d  a  la rg e  v a p o r  sp a ce  n e ce ss ita tin g  d ifficu lt  
c o r re c t io n s , so  it  w a s  la te r  d isca rd e d . In  a ll o th e r  
m e a su rem en ts  m e rcu ry  fr o m  th e  gas b u r e t  w a s  a llo w e d  
t o  fo l lo w  th e  gas in to  th e  m ix tu re  b u lb  th ro u g h  a  c a p il
la r y  d e liv e ry  lin e ; th e  m e rcu ry  w o u ld  fre e ze  th ere  a n d  
p lu g  th e  lin e .

A ft e r  a  m e a su rem en t w a s  m a d e  a n d  b e fo r e  m o re

F

Figure 1. Schematic diagram of vapor pressure apparatus:
A, click gauge; B, mixture bulb; C, stirring bar; D, delivery 
tube with 12/1 ball joint at end; E, delivery tube 
heater; F, glass tube to manometer; G, heaters, main 
and auxiliary; H, thermopile; I, dewar flask.
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m a te r ia l w a s  co n d e n s e d  in to  th e  v a p o r  p ressu re  b u lb , 
a  w ire  h e a te r  a r o u n d  th e  d e liv e r y  tu b e  w a s  tu rn e d  o n  
a n d  th e  in n er  d e w a r  lo w e re d  so  th a t  th e  liq u id  F re o n  
w a s  b e lo w  th e  fr o z e n  m e rcu ry . T h e  m e r c u r y  th e n  
m e lte d  a n d  th e  v a p o r  p re ssu re  o f  th e  m ix tu re  fo r c e d  th e  
m e r c u r y  o u t  o f  th e  d e liv e r y  tu b e  a n d  in to  th e  ga s  b u re t  
w h ich  c o n ta in e d  th e  n e w  m a te r ia l t o  b e  a d d e d . S o m e 
t im e s  w h e n  th e  v a p o r  p ressu re  w a s  lo w , th e  m ix tu re  
h a d  t o  b e  h e a te d . T h is  n ew  m e t h o d  o f  is o la t in g  th e  
m ix tu re  b e lo w  th e  le v e l o f  th e  F r e o n  b a th  p r o v e d  h ig h ly  
s a t is fa c to r y ; i t  w a s  s im p le , re lia b le , fa s t , a n d  in v o lv e d  
m u ch  sm a lle r  u n ce r ta in tie s  in  th e  liq u id  c o m p o s it io n .

Solubility Measurements. L iq u id - l iq u id  so lu b ilit ie s  
a n d  s o l id - l iq u id  s o lu b ilit ie s  w e re  m e a su re d  in  a n  a p 
p a ra tu s  id e n t ic a l w ith  th a t  o f  th e  v a p o r  p ressu re  a p 
p a ra tu s  (F ig u re  1) e x c e p t  th a t  a  c lic k  g a u g e  w a s  n o t  
a t ta c h e d  t o  th e  m ix tu re  b u lb . A  6 0 -w  s p o t l ig h t  w a s  
p la ce d  b e h in d  th e  d ew a rs , a n d  c r it ica l s o lu t io n  te m 
p e ra tu re s  a n d  s o lid  s o lu b ilit ie s  w ere  d ir e c t ly  o b s e r v e d  
th ro u g h  th e  tw o  u n s ilv e re d  d e w a rs . S o m e  o b s e r v a 
t io n s  o f  th e  u n m ix in g  te m p e ra tu re s  Tu w e re  m a d e  b y  
o b s e r v in g  th e  p h a se  ch a n g e s  w h e n  o n e  lo o k e d  a t  a n  
a n g le  o f  9 0 °  t o  a  sm a ll fo c u s e d  il lu m in a t in g  b e a m  w h ich  
c o u ld  b e  sw itc h e d  o n  as a n  a lte r n a t iv e  t o  th e  reg u la r  
s p o t l ig h t .

T h e  c o n v e n t io n a l m e t h o d  o f  d e te rm in in g  l i q u id -  
liq u id  m is c ib i lit y  is  t o  ra ise  o r  lo w e r  th e  b a th  te m 
p e ra tu re  s lo w ly  a n d , w h e n  t w o  p h a ses  a p p e a r  (o r  d is 
a p p e a r ), th e  te m p e r a tu r e  Ta is  r e co rd e d . H o w e v e r , 
in  th e  p re se n t a p p a ra tu s  o n e  c o u ld  a d ju s t  th e  d ia ls  o f  
th e  te m p e r a tu r e  c o n tr o l  p o te n t io m e te r  to  a  p o in t  
w h ere  th e  b a th  te m p e ra tu re  v a r ie d  s in u so id a lly  w ith in  
± 0 .0 2 °  o f  Tu a n d  h o ld  th is  te m p e ra tu re  in d e fin ite ly . 
W h e n  th e  9 0 °  b e a m  w a s  u se d , th e  p h a se  ch a n g e  w a s  
w e ll d e fin e d : as th e  te m p e r a tu r e  d e cre a se d  a n d  in 
crea sed , p a ss in g  ea ch  t im e  th r o u g h  th e  u n m ix in g  te m 
p e ra tu re  Tu, th e  m ix tu re  w e n t  fr o m  a  tra n sp a re n t  w h ite  
t o  a  v e r y  s ilk y  c o m p o s it io n  o f  tw o  liq u id  p h a ses  w h ich  
w a s  ch u rn e d  b y  th e  sm a lle r  stirre r , a n d  b a c k  a g a in  t o  a 
tra n sp a re n t  w h ite . T h e  o n e -p h a s e  m ix tu re  w a s  n o t  
co lo r le ss , b u t  w a s  w h ite  o w in g  t o  c r it ica l o p a le s ce n ce . 
T h e  p a ssa g e  o f  th e  s y s te m  fr o m  o n e  p h a se  t o  t w o  p h a ses  
a n d  b a c k  a g a in  o c c u r r e d  fo u r  t im e s /m in , o r  less, d e 
p e n d in g  u p o n  th e  s e t t in g  o f  th e  h ea ters . A t  e x tre m e s  
o f  c o m p o s it io n , th is  p r o c e d u r e  w a s  n o t  fe a s ib le  a n d  th e  
c o n v e n t io n a l m e t h o d  o f  v a r y in g  th e  te m p e r a tu r e  h a d  to  
b e  u sed .

R e s u lts 7

Vapor Pressure Measurements. T h e  resu lts  o f  th e  
v a p o r  p re ssu re  m e a su re m e n ts  a re  s h o w n  in  F ig u re s  2 -4 .  
T h e  c irc le s  are  th e  e x p e r im e n ta l d a ta  a n d  th e  s o lid  lin e  
is  a  le a s t -sq u a re s  fit  o f  th e  d a ta  (see  b e lo w ) . O n ly  th e

to t a l  c o m p o s it io n s  w ere  d ir e c t ly  m e a su re d ; h o w e v e r , 
s in ce  th e  v a p o r  s p a ce  is  sm a ll, a p p lic a t io n  o f  a  sm a ll 
c o r r e c t io n  to  th e  to t a l  c o m p o s it io n  y ie ld s  a n  a ccu ra te  
e s t im a te  o f  th e  liq u id  c o m p o s it io n  (L ) .  T h e  v a p o r  
c o m p o s it io n  c u r v e  ( F )  is  a  c a lcu la te d  on e .

T h e  m o le  fr a c t io n s  x o f  th e  liq u id  a re  g e n e ra lly  k n o w n  
t o  ± 0 .0 1  fo r  C 3H 8 +  C 3F 8 a n d  t o  ± 0 .0 0 5  fo r  n -C 4H i0 +  
C 3F 8. T h e  d iffe re n ce  in  th e  u n ce r ta in t ie s  in  th e se  tw o  
sy s te m s  arises fr o m  th e  im p r o v e m e n t  o b ta in e d  b y  u s in g  
th e  fr o z e n  p lu g  o f  m e r c u r y  a s  e x p la in e d  a b o v e .

T h e  u n ce r ta in tie s  in  th e  m o le  fr a c t io n s  fo r  th e  sy s 
te m  C 2H 6 +  C 3F 8 are c o m p a r a t iv e ly  la rg e r  th a n  in  th e  
o th e r  sy s te m s  b e ca u se  o f  th e  la rg e  v a p o r  sp a ce  a n d  th e  
u n c e r ta in ty  in  th e  c o m p o s it io n  o f  th e  v a p o r  in  th e  
v a lv e  u sed  fo r  th e  sy s te m . F o r tu n a te ly , th e  la rg est 
u n ce r ta in tie s  ( ± 0 . 0 3 5  in  th e  m o le  fr a c t io n )  lie  in  th e  
re g io n  x =  0 .0 -0 .5 ,  wdiere th e  to t a l  v a p o r  p re ssu re  is 
le a s t  se n s it iv e  to  th e  liq u id  c o m p o s it io n . T h e  e ffe c t  
o f  th is  u n c e r ta in ty  u p o n  th e  p a ra m e te rs  u se d  in  th e  
e q u a t io n  to  fit  th e  d a ta  w a s  n e g lig ib le . T h e  liq u id  c o m 
p o s it io n s  fo r  th e  re m a in d e r  o f  th e  e x p e r im e n ta l p o in ts  
fo r  th is  s y s te m  a re  u s u a lly  k n o w n  to  w ith in  0 .01  m o le  
fr a c t io n .

T h e  c u rv e  a t T — 2 0 3 .5 ° K  fo r  th e  s y s te m  C 3H 8 +  
C 3F 8 (F ig u re  3 ) is  q u ite  fla t  s in ce  th e  m e a su re m e n ts  o f  
th e  v a p o r  p ressu re  w e re  m a d e  7 .3 ° K  a b o v e  th e  cr it ica l 
s o lu t io n  te m p e ra tu re . S im ila r ly , th e  v a p o r  p ressu re  
o f  th e  s y s te m  n-C-tHio +  C 3F 8 (F ig u r e  4 ) ,  m ea su red  
o n ly  2 .2 ° K  a b o v e  it s  c r it ica l s o lu t io n  te m p e ra tu re , 
d isp la y s  th e  sa m e  c h a ra c te r is t ic  fla tn ess . A s  ca n  b e  
seen  f r o m  th e  figu res , b o t h  s y s te m s  fo r m  a z e o tro p e s .

T h e s e  e x p e r im e n ta l v a p o r  p ressu re  d a ta  w e re  p r o c 
e sse d  b y  th e  c o m p u te r  p r o g r a m  C H 0 8 B  d e v e lo p e d  
b y  M y e r s  a n d  S c o t t .8 T h is  p ro g ra m , a  m o d if ic a t io n  
o f  th e  le a s t -sq u a re s  p r o c e d u r e  p r o p o s e d  b y  B a r k e r ,9 
e v a lu a te s  a  se t o f  c o e ff ic ie n ts  a in  a n  e q u a t io n  fo r  th e  
m o la r  e x ce ss  G ib b s  fr e e  e n e rg y

G^/RT  =  X i X 2 [ct0 +  a i ( x i  -  x2) +  a 2( x i  -  z 2) 2] ( 1 )

T a b le  I I  g iv e s  th e  d e r iv e d  c o e ff ic ie n ts  a 0, a i , a n d  
a 2 f o r  e q  1. W h W 2, a n d  ¿¡i2 are  c o r r e c t io n s  fo r  n o n 
id e a lity  o f  th e  v a p o r s  a n d  th e  e ffe c t  o f  a p p lie d  p re ssu re  
u p o n  th e  v a p o r  p ressu re

Wi =  (ŸX -  Bu)/RT (2 )

W 2  =  ( F 2 -  b 22) / r t (3 )

=  (2Bi2 — Bn — B22)/R T (4 )

(7) All of the experimental results reported here may be found in 
numerical form in the Ph.D. Dissertation of John B. Gilmour (UCLA, 
1965), obtainable from the UCLA Library or from University Micro
films.
(8) D. B. Myers and R. L. Scott, Ind. Eng. Chem., 55, 43 (1963).
(9) J. A. Barker, Australian J . Chem., 6, 207 (1953).
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Figure 2. Pressure-composition diagram for the system C2H6 +  C3F8 at 188.3°K: 
circles, experimental points; solid lines, computer curves.

Figure 3. Pressure-composition diagrams for the system C3HS +  C3F8 at 203.5, 213.6, and 223.5°K: 
circles, experimental points; solid lines, computer curves.

w h ere  th e  s u b s c r ip ts  re fe r  t o  c o m p o n e n ts  1 (h y d r o 
c a r b o n )  a n d  2  ( f lu o r o c a r b o n ) .

T h e  s e c o n d  v ir ia l co e ff ic ie n ts , Bn a n d  B-a, r e q u ir e d  fo r  
th e  p r o g r a m  w e re  o b ta in e d  f r o m  a  c o l le c t io n  o f  v ir ia l 
d a ta  c o m p ile d  b y  D y m o n d 10 o r  w e re  e s t im a te d  fr o m  th e  
b e h a v io r  o f  s im ila r  su b s ta n ce s  w ith  th e  a id  o f  th e  B e r -  
t h e lo t - t y p e  e q u a t io n  p r o p o s e d  b y  G u g g e n h e im .11

w h ere  Vc a n d  Tc a re  th e  m o la r  v o lu m e  a n d  te m p e ra tu re  
o f  th e  g a s - l iq u id  c r it ica l p o in t . T h e  p a ra m e te rs  a 
a n d  b (V *  a n d  3/ 2 in  th e  G u g g e n h e im  e q u a t io n ) a re  n o t  
th e  sa m e  fo r  a ll o f  th e  su b s ta n ce s  a n d  h a v e  t o  b e  ju d i 
c io u s ly  in te rp o la te d .

(10) J. A. Dymond, “ A Compilation of Second and Third Virial 
Coefficients,”  Department of Chemistry, University of Oxford, 1964 
(privately circulated).
(11) E. A. Guggenheim, J. Imp. Coll. Chem. Eng. Soc., 32, 13 (1953); 
cf. T. B. Tripp and R. D. Dunlap, J. Phys. Chem., 66, 635 (1962).
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Figure 4. Pressure-composition diagram for the system n-CJLo +  C3F8 at 227.8°K: 
circles, experimental points; solid lines computer curves.

Table II : Excess Free Energy Coefficients

.— i— . —Ila—. —lib— —lie— ,— III----- ,
C2IÏ6 + CaHa + CsHa + C3IÏ8 + Ti-CiHio +

CaFa CaFa CaFa C3F8 CsFa

T f K ° 188.3 203.5 213.6 223.5 227.8
W i/1 0 ~ & torr-1 4.91 7.74 6.74 5.90 10.8
JF2/IO -5 torr-1 18.3 12.9 10.7 9.20 8.6
«12/IO  “ 6 torr-1 1.4 0.01 0.01 0.01 0.91
« 0 1.77 ±  0.02 2.08 ±  0.04 1.93 ±  0.03 1.80 ± 0 .0 2 2.21 ±  0.01
ai 0.40 ±  0.03 0.24 dh 0.09 0.28 ±  0.06 0.29 ±  0.06 0.17 ± 0 .0 2
a2 0.13 ±  0.06 0.25 ±  0.17 0.24 ±  0.12 0.28 ±  0.11 0.33 ±  0.03
lim In 71 
xi—*0

1.5 2.1 1.9 1.8 2.4

lim In 72 
xi—*0

2.3 2.3 2.4 2.4 2.7

<rp/torr 11.2 8.1 9.1 12.7 4.3
100<7p/P 0 .5 1.3 2.9 1.9 1.6 0.8

T h e  c o r r e c t io n  S1 2  (e q  4 )  in v o lv e s  th e  cro ss  v ir ia l 
co e ff ic ie n t  B 1 2  a n d  w a s  e s t im a te d  b y  u s in g  th e  la w  o f  
c o r re s p o n d in g  s ta te s  a n d  th e  L c r e n t z -B e r t h e lo t  c o m 
b in in g  ru les  f o r  th e  in te rm o le cu la r  p a ir  p o te n t ia l en 
erg y . F o r  th e  d ilu te  gas, th e  S c o t t 12 “ th r e e - l iq u id ”  
fo rm u la t io n , c o m b in e d  w ith  e q  2, y ie ld s

Ji I'd 12 —

6 .0 Fc[(Tc/ r )  V  +  vt -  0.17I2) -  0.17£2] (6) 

w h ere  Tc =  ( T cl +  T *)/2, F 0 =  ( F cl +  f  =

( f c2 -  7 0i) / ( F c2 +  F cl) ,  a n d  v =  ( T o2 -  Tcl) /(T ci +  
Tci). T h e  s u b s cr ip ts  1 a n d  2  a g a in  re fe r  t o  c o m 
p o n e n ts  1 a n d  2. T h is  e q u a t io n  a n d  s e le c te d  v a lu e s  
o f  th e  c r it ic a l v o lu m e s  a n d  te m p e ra tu re s  w e re  u s e d  t o  
d e r iv e  th e  v a lu e s  o f  5i2 ta b u la te d  in  T a b le  I I .  (A c t u 
a lly  th e  B e r th e lo t  a s s u m p tio n — g e o m e tr ic  m e a n  o f  th e  
en erg ies— is  a  p o o r  o n e  fo r  h y d r o c a r b o n  +  f lu o r o 
c a r b o n  m ix tu re s , a s  th e s e  p a p e rs  h a v e  s h o w n . T h e

(12) R. L. Scott, J. Chem. Phys., 25, 193 (1953).
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p a r a m e te r  8 1 2  is  u n d o u b te d ly  la rg er  th a n  th a t  c a lc u 
la te d  fr o m  e q  6 ; h o w e v e r , th e  e ffe c t  o n  th e  th e r m o 
d y n a m ic  p r o p e r t ie s  is  e n tire ly  tr iv ia l.)

A ls o  in c lu d e d  in  T a b le  I I  is  th e  s ta n d a r d  d e v ia t io n  o>  
o f  th e  o b s e r v e d  p ressu res  fr o m  th o s e  c a lcu la te d  u s in g  
e q  1  a n d  th e  se t o f  c o e ff ic ie n ts  a.

A n  in d ic a t io n  o f  th e  r e la t iv e  p r e c is io n  is  g iv e n  b y  th e  
ra t io  100o>/P0.5 w h ere  P0.5 is  th e  p ressu re  o f  th e  s y s te m  
a t  x =  0 .5 . T h e  r e la t iv e  p r e c is io n  is  im p r o v e d  fo r  
s y s te m  I I I  (a n d  o th e r  sy s te m s  to  b e  r e p o r te d  in  a 
su b se q u e n t  p a p e r )  w h ic h  w ere  m e a s u re d  o n  th e  fin a l 
v e r s io n  o f  th e  v a p o r  p ressu re  a p p a ra tu s . S o m e  s ca tte r  
in  th e  v a p o r  p ressu re  m a y  h a v e  b e e n  ca u se d  b y  c o n 
d e n s a t io n  o f  a  sm a ll a m o u n t  o f  l iq u id  in  th e  d e liv e r y  
tu b e  ju s t  b e lo w  th e  v a lv e  o n  ea rlier  v e r s io n s  o f  th e  
v a p o r  p ressu re  a p p a ra tu s . T h e r e  w a s  n o  p o s s ib ility  o f  
th is  o c c u r r in g  w ith  th e  m e r c u r y  p lu g  v a lv e  s in ce  th e  
m e r c u r y  u su a lly  filled  th e  en tire  le n g th  o f  th e  d e liv e r y  
tu b e .

A n  a u x ilia ry  c o m p u te r  p r o g r a m  w a s  u se d  t o  ca lcu la te  
v a p o r  p ressu res  f o r  v a lu e s  o f  x o th e r  th a n  th e se  m e a 
su red  ; th is  p r o g r a m  a lso  c a lcu la te d  th e  v a p o r  c o m p o s i
t io n s  s h o w n  in  F ig u re s  2 -4 .

Solubility Measurements. N o  l i q u id - l iq u id  im - 
m is c ib i l it y  w a s  o b s e r v e d  fo r  th e  s y s te m  C 2H 6 +  C 2 F 6 

s h o w n  in  F ig u r e  5. H o w e v e r , th e  s lo p e  o f  th e  so lid  
s o lu b i l it y  dx/dT  is  so  v e r y  la rg e  th a t  it  is  o b v io u s  th a t  a 
m e ta s ta b le  l iq u id - l iq u id  m is c ib i lit y  c u r v e  lies  ju s t  b e 
lo w . S u c h  m e ta s ta b le  cu rv e s  h a v e  b e e n  o b s e r v e d  in  
th e  sy s te m s  p h o s p h o r u s  +  c a r b o n  d is u lf id e 1 3  a n d  su lfu r  
+  q u in o lin e . 1 4  15

F ig u re  6  c o m p a re s  th e  s o lu b ility  d a ta  fo r  fo u r  sy s te m s  
in  w h ic h  th e  h y d r o c a r b o n  (C H 4, C 2H 6, C 3H 8, o r  n- 
C 4H 1 0) is  in cre a se d  in  s ize  w h ile  th e  f lu o r o c a r b o n , C 3F 8, 
rem a in s  th e  sa m e. A ls o  s h o w n  in  F ig u re  6  is  a b r a n c h e d  
h y d r o c a r b o n , ¿ -C 4H 1 0 , w ith  C 3F 8. F ig u re  7  o ffe rs  a 
s im ila r  c o m p a r is o n  o f  th e  l iq u id - l iq u id  p h a se  d ia g ra m s  
fo r  a  s in g le  h y d r o c a r b o n , C 3 H 8, w ith  th re e  f lu o r o c a r b o n s  
(C 2F 6, C 3F s, a n d  r -C 4F io) .

F o llo w in g  a  su g g e s t io n  o f  M u n s o n , 16 w e  p lo t  th e se  
d a ta  (a n d  th o s e  in  F ig u re  8  as w e ll)  in  a re d u c e d  fo r m  
as T /T c vs. $ 2 , w h e re  T0 is  th e  cr it ica l s o lu t io n  te m 
p e ra tu re  a n d  <f>2  =  a;2 F 2/ ( x i F i  +  X2 V 2) is  th e  v o lu m e  
fr a c t io n  o f  f lu o r o c a r b o n . F o r  c o n v e n ie n c e  a n d  c o n 
s is te n c y , w e  d e fin e  th e  v o lu m e  fr a c t io n  in  te rm s  o f  th e  
m o la r  v o lu m e s  o f  ea ch  p u re  liq u id  a t  it s  n o r m a l b o il in g  
p o in t , a  c ru d e  a p p r o x im a t io n  to  a  c o r r e s p o n d in g  sta te . 
N o  th e o r e t ic a l s ig n ifica n ce  ca n  b e  a t ta c h e d  to  a n y  v a r ia 
t io n  o f  th e  m o la r  v o lu m e s  in  a  v o lu m e  fr a c t io n .

C r it ic a l o p a le s c e n c e  w a s  e v id e n t  in  th e  sy s te m s  d u r 
in g  s o lu b i l it y  m e a su re m e n ts . T h e  tr a n s p a r e n t  so lu 
t io n s  im m e d ia te ly  a b o v e  Tu h a d  a  b r o w n  t in t  w h e n  
v ie w e d  o p p o s ite  a  l ig h t  w h ich  sh o n e  th r o u g h  th e m  a n d ,

Figure 5. Phase diagram for the system C2H8 +  C2F6. 
An estimated metastable liquid-liquid curve is sketched 
below the experimental solid-liquid curve.

Figure 6 . Liquid-liquid miscibilities for systems of five 
hydrocarbons (CEL, C2H6, C3H8, 7Î-C4H10, and i-C4Hio) 
with C3F8. Temperatures are reduced by dividing by 
the critical solution temperature T*. Compositions 
are volume fractions of fluorocarbon 0 2  (in terms of 
molar volumes at the normal boiling point).

as m e n t io n e d  earlier , w e re  w h it is h  w h e n  v ie w e d  9 0 °  
f r o m  th e  in c id e n t  b e a m . A s  e x p e c te d , th is  p h e n o m 
e n o n  w a s  m o s t  p r o n o u n c e d  fo r  c o m p o s it io n  c lo se s t  
t o  th e  c r it ic a l s o lu t io n  c o m p o s it io n  xc.

F in a lly , F ig u re  8  sh o w s  m is c ib ility  cu rv e s  fo r  a  w id e

(13) J. H. Hildebrand and T. F. Buehrer, J. Am. Chem. Soc., 42, 
2213 (1920).
(14) D. L. Hammick and W. E. Holt, J. Chem. Soc., 1995 (1926).
(15) M. S. B. Munson, J. Phys. Chem., 68, 796 (1964).
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Figure 7. Liquid-liquid miscibilities in systems of Ĉ EL with 
three fluorocarbons (CAV C3F8, and n-C4Fio. The coordinates 
and the smoothed curve are the same as in Figure 6 .

Figure 8 . Liquid-liquid miscibilities in systems of five 
hydrocarbons (C3H8, ra-C6Hi4, m-C-H1S) n-CoEbo, and 
n-CioIfe) with n-C4F10. The coordinates and the 
smoothed curve are the same as in Figure 6 .

ra n g e  o f  h y d r o c a r b o n s  (C 3H 8 , w -C 6 H ]4, n -C 7 H 16, n -  
C sH ig, a n d  n -C i0 H 22) w ith  th e  f lu o r o c a r b o n  n - C 4F 10. 
O n ly  th e  firs t  o f  th e se  sy s te m s  c o u ld  b e  s tu d ie d  in  th e  
lo w -te m p e ra tu re  a p p a ra tu s ; th e  rest w ere  m ea su red  in  
th e  co n v e n t io n a l w a y : d iffe re n t a m o u n ts  o f  th e  c o m 
p o n e n ts  w ere  w e ig h e d  in to  tu b e s  w h ich  w e re  th e n  
se a le d ; th e n  Tu w a s  d e te rm in e d  in  a n  o r d in a r y  w a te r  o r  
o il  b a t h . 16 T h e s e  m o le  fr a c t io n s  w e re  u su a lly  k n o w n  
to  ± 0 .0 0 5 .

I n  gen era l, th e se  re d u c e d  so lu b ilit ie s  fa ll r o u g h ly  
o n  th e  sa m e  cu rv e . A  p o s s ib le  e x p la n a t io n  f o r  th e  
su ccess  o f  th e se  M u n s o n  p lo ts  w ill b e  o ffe re d  a t  th e  
e n d  o f  th is  p a p er . N u m e r ica l v a lu e s  o f  Tc a n d  xc a re  
fo u n d  in  T a b le  V .

Discussion
F o r  m a n y  n o n e le c tr o ly t e  m ix tu re s , a  re a so n a b le  

z e r o th  a p p r o x im a t io n  fo r  th e  m o la r  e x ce ss  G ib b s  fre e  
e n e rg y  is  th e  re g u la r -s o lu t io n  e q u a t io n 17

Ge =  A 12 +  * * F , ) * r i ,  (7 )

w h e re  x\ a n d  x2  a re  th e  m o le  fr a c t io n s  o f  th e  t w o  c o m 
p o n e n t s ; <pi a n d  <¿>2 , th e ir  v o lu m e  fr a c t io n s ;  F i  a n d  F 2, 
th e ir  m o la r  v o lu m e s ; a n d  A i 2  is  a  m e a su re  o f  th e  in te r 
a c t io n  e n e rg y  b e tw e e n  u n lik e  m o le c u le s  r e la t iv e  t o  
th a t  b e tw e e n  lik e  m o le cu le s . A c c o r d in g  t o  s o lu b i l it y  
p a ra m e te r  t h e o r y 17

A 12 =  (5i — 52) 2 (8 )

w h e re  8 1  a n d  8 2  a re  th e  “ s o lu b ility  p a ra m e te rs ”  o f  th e  
co m p o n e n ts  (th e  sq u a re  r o o ts  o f  th e  c o h e s iv e  e n e rg y  
d e n s ity  o r  e n e rg y  o f  v a p o r iz a t io n  p e r  u n it  v o lu m e ) .

T a b le  I I I  su m m a rize s  th e  p h y s ic a l p r o p e r t ie s  o f  th e  
p u re  liq u id s : th e  n o rm a l b o il in g  p o in t  Tb, to g e th e r  
w ith  th e  m o la r  h e a t  o f  v a p o r iz a t io n  AHV, th e  m o la r  
v o lu m e  F , a n d  th e  s o lu b i lit y  p a r a m e te r  8  a t  v a r io u s  
re le v a n t  tem p e ra tu re s .

T a b le  I V  c o m p a re s  th e  v a lu e s  o f  th e  e x ce ss  fr e e

Table III : Physical Properties of the Pure Liquids

Substance 7 V ° K T / ° K
A H v /  

kcal V t / cm*

St /
cal- ‘A  
cm '/i

c f 4 1 4 5 .1 150 3 .0 1 5 4.9 7 . 0
c 2f , 194.9 195 3.86 86 6 .4
c 3f 8 2 3 6 .5 200 5 .0 8 107 6 .6

210 4 .9 9 110 6 .4
220 4 .8 9 113 6 .2
230 4 .7 7 115 6 .1
237 4 .6 9 117 5 .9

n-C4Fio 2 7 1 .2 271 5 .4 8 149 5 . 7
c h 4 1 1 1 .7 112 1 .9 6 3 7 .8 6 .8
c 2h 6 1 8 4 .5 185 3 .5 1 5 5 .0 7 .6
c 3h 8 2 3 1 .1 210 4 .7 2 7 2 .8 7 . 7

220 4 .6 0 7 3 .9 7 . 5
230 4 .4 8 7 5 .3 7 .4

71.-C4H10 2 7 2 .7 273 5 .3 5 9 6 .4 7 .1
•¿“C4IÎ10 2 6 1 .4 261 5 .0 9 9 7 .8 6 .8
ra-CeHn 3 4 1 .9 342 6 .9 4 1 4 0 .9 6 .7
n -C,H16 3 7 1 .6 37 2 7 .6 6 1 6 3 .5 6 .5
ÎI-C9H20 4 2 3 .9 424 9 .0 3 2 1 0 .6 6 .3
7I-C10H22 4 4 7 .3 447 9 .6 2 3 5 .8 6 .1

(16) Measurements on these systems (re-CtHn +  m-C4Fio, n-CvHiG +  
ra-CiFio, ?i-C»H2o +  M-C4F10, and »-C 10H22 +  n-C4Fio) were made by 
J. 0 . Z. and J. K. while undergraduate chemistry majors at UCLA.
(17) J. H. Hildebrand and R. L. Scott, “ Regular Solutions,”  Prentice- 
Hail Inc., Englewood Cliffs, N. J., 1962.
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Table I V : Predicted and Observed Excess Free Energies and Enthalpies

GEo.i (caled)/ 3 Eo.s (obsd)/ ((r^obsd
T /° K cal cal (?ca lcd) o.s/i? T Ha o.e/cal 5 B..«/5E O.i

c 2h 6 +  c 3f 8 188.3 12 165 0.41
c 3h 8 +  C3Fs 203.5 35 212 0.44

213.6 34 204 0.41 338 1 .7
223.5 33 199 0.37

n-CÆo +  C3F8 227.8 57 250 0.43
?1-C4ÏÏiO "f- ft-C^Fio 245 243 415 1 .7
71-C5H12 4" ft-C5F12 285 281 480 1 .7
ft-CeHl4 “f" ft-CôFlé 308 328 567 1.7

516“ 1.6

° Calorimetric value by A. G. Williamson and R. L. Scott, J. Phys. Chem., 65, 275 (1961).

Table V : Critical Solution Temperatures and Compositions

System®
CmH2?rc-|-2 d"

CnF2n+2
m + n T c/ °  K (0:2)0

i =
(f-2 -  îb)/(îh + Fi)6

ï\=/° K
(Fi + V i)/ cm»

r0/° K
(y,7s + ÿs7s)/cm» Ref

1 +  1 94.5 0.43 0.19 1.02 3.52 c
2  +  1 150.1 0.50 0.00 1.37 5.18 d
2  +  2 (157) (0.4) 0.22 1.12 4.62
3  +  2 189.5 0.42 0.06 1.17 5.08
1 +  3 127.0 0.25 0.51 0.82 3.50
2  +  3 165.5 0.31 0.36 0.96 4.30
3  +  3 196.2 0.37 0.22 1.02 4.69
4  +  3 225.6 0.41 0.10 1.06 5.02

i-4 +  3 207.7 0.42 0.09 0.97 4.58
3 +  4 204.0 0.32 0.33 0.91 4.46
4 +  4 232.2 0.37 0.21 0.95 4.74 e
6 +  4 280.7 0.44 0.03 0.97 5.10
7 +  4 303.2 0.48 -0 .0 5 0.97 5.23
9 +  4 348.0 0.57 -0 .1 7 1.00 5.48

10 +  4 377.7 0.60 -0 .2 3 0.99 5.72
5 +  5 265.5 0.37 0.21 0.89 4.74 f
6 +  5 287.9 0.407 0.13 0.89 4.87 g
6 +  6 295.9 0.370 0.21 0.83 4.70 h
6 +  7 301.7 0.33 0.28 0.78 4.51 i
7 +  7 323.2 0.36 0.21 0.79 4.63 i
8 +  7 341 0.40 0.14 0.79 4.70 k
8 +  8 348.5 0.355 0.21 0.74 5.57 l

“ Both components the formal isomer except as noted. 6 At normal boiling point. 0 Reference 4. d Reference 5. e J. H. Simons 
and J. W. Mausteller, J. Chem. Phys., 20, 1516 (1952). f J. H. Simons and R. D. Dunlap, ibid., 18, 335 (1950). ° R. D. Dunlap, 
R. Digman, and J. Vreeland, Abstracts, 124th Meeting of the American Chemical Society, Chicago, 111., Sept 1953. h R. G . Bedford 
and R. D. Dunlap, J. Am . Chem. Soc., 80, 282 (1958). * J. B. Hickman, ibid., 77, 6154 (1955). ’ J. H. Hildebrand, B. B. Fisher, and
H. A. Benesi, ibid., 72, 4348 (1950). k D. N. Campbell and J. B. Hickman, ibid., 75, 2879 (1953). 1 A. Kreglewski, Bull. Acad.
Polon. Sci., Ser. Sci. Chim., 11, 91 (1963).

e n e r g y  a t  x =  0 .5  (i.e., G e 0,b) p r e d ic te d  f r o m  e q  7  w ith  
th o s e  d e r iv e d  f r o m  th e  c o m p u te r  f it  o f  th e  e x p e r i
m e n ta l d a ta  (RTao/A f r o m  T a b le  I ) .  I n  a g re e m e n t 
w ith  o th e r  s tu d ie s2-5’18 o f  h y d r o c a r b o n  +  f lu o r o c a r b o n  
m ix tu re s , th e  c a lcu la te d  v a lu e s  a re  c o n s is te n t ly  m u ch  
t o o  sm a ll. T o  g iv e  p e r s p e c t iv e  t o  th is  c o m p a r is o n  o f

th e  o b s e r v e d  a n d  p r e d ic te d  e x ce ss  free  e n erg ies , th e  
r a t io  o f  th e  d iffe re n ce  b e tw e e n  th e se  tw o  t o  th e  th e rm a l 
e n e rg y  RT  is  g iv e n  in  c o lu m n  5 o f  T a b le  I V . T h is  
r a t io  sh o w s  n o  s ig n ifica n t ch a n g e  as o n e  ch a n g e s  th e

(18) R. L. Scott, J. Phys. Chem., 62, 136 (1958).
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m o la r  v o lu m e  o f  th e  h y d r o c a r b o n  f r o m  50  t o  8 0 %  o f  th e  
m o la r  v o lu m e  o f  th e  p e r flu o ro p ro p a n e .

F o r  th e  s y s te m  C 3H 8 +  C^Fg i t  is  p o s s ib le  t o  d e r iv e , 
f r o m  th e  e x ce ss  fr e e  en erg ies  a t  th re e  te m p e ra tu re s , a n  
e x ce ss  e n th a lp y  S E =  GE — T(àGK/òT")P =  333  ±  4 5  
c a l m o le -1 .

F o r  c o m p a r is o n , T a b le  I V  a lso  p re se n ts  e x ce ss  fre e  
e n erg ies  a n d  e n th a lp ie s  fo r  o th e r  s im ila r ly  d e te rm in e d  
??,-perflu oroa lkan e s y s te m s .19 W e  see  th a t  GE in crea ses  
re g u la r ly  w ith  th e  n u m b e r  o f  c a r b o n  a to m s  a n d  th a t  
th e  r a t io  H E/Q E is  v ir t u a l ly  c o n s ta n t  a t  1.7.

T a b le  V  su m m a rize s  o u r  d a ta  o n  c r it ic a l s o lu t io n  
te m p e ra tu re  a n d  co m p o s it io n s , a u g m e n te d  b y  s im ila r  
d a ta  o b ta in e d  b y  o th e rs . W e  ca n  n o w  e x a m in e  cr it i
c a lly  th e  e ffe c t  o f  m o le c u la r  s iz e  (c h a in  le n g th  o r  m o la r  
v o lu m e )  u p o n  th e  m a g n itu d e  o f  th e  p o s it iv e  d e v ia t io n s  
f r o m  id e a lity .

F ig u re  9 sh o w s  a  p lo t  o f  th e  cr it ica l s o lu t io n  te m 
p e ra tu re  a g a in st  th e  to t a l  n u m b e r  o f  c a r b o n  a to m s  (m  
+  n) in  th e  n o rm a l h y d r o c a r b o n  (in) +  f lu o r o c a r b o n  (n) 
p a ir . I t  is  im m e d ia te ly  a p p a r e n t  th a t  n o  sp ec ia l 
im p o r ta n c e  a tta c h e s  t o  th e  ca se  m =  n, f o r  th e se  ca n  
b e  in te r p o la te d  in  a n  esse n tia lly  lin ea r  m a n n e r  (cf. 
1 +  3, 2 +  3, 3 +  3 ,4  +  3 ;  o r  3 +  2, 3 +  3, 3 +  4 , e tc .)

Figure 9. Critical solution temperatures of hydrocarbon 
+  fluorocarbon mixtures. The abscissa is the total 
number of carbon atoms (m +  n) in the normal 
hydrocarbon (m) and the normal fluorocarbon (n ).

n o r  is  th e re  a n y th in g  u n iq u e  a b o u t  th o s e  sy s te m s  w ith  
a p p r o x im a te ly  e q u a l m o la r  v o lu m e s  (2  +  1, 7  +  4 ) .  
A ll  th e  sy s te m s  lie  o n  a  se lf -c o n s is te n t  g r id , o n  w h ich  
o n e  ca n  c e r ta in ly  in te r p o la te  t o  g e t  v a lu e s  fo r  o th e r  
s y s te m s ; e s t im a te s  b y  sh o r t  e x tr a p o la t io n s  sh o u ld  a lso  
b e  re lia b le . In te r p o la t io n  o f  th e  C 2H 6 +  C 2F 6 sy s te m  
(2  +  2 ) y ie ld s  Tc =  1 5 7 ° K ;  th is  v a lu e  s k e tc h e d  in  
F ig u r e  5  lie s  ju s t  b e lo w  th e  n e a r ly  f la t  s o lid  cu rv e .

Volume-Dependent Interactions. D if fe r e n t ia t io n  o f  
e q  7 a n d  o f  th e  a n a lo g o u s  “ F lo r y -H u g g in s ”  e q u a t io n  
(F H ) ,  a p p r o p r ia te  fo r  s o lu t io n s  o f  lo n g -c h a in  p o ly m e rs , 
y ie ld s 20 tw o  se ts  o f  e q u a t io n s  (R S  f o r  “ re g u la r  so lu 
t io n ” —̂ eq  7 — a n d  F H ) fo r  th e  c r it ic a l s o lu t io n  te m 
p e ra tu re  a n d  m o le  fr a c t io n  in  te rm s  o f  F j ,  F 2, a n d  A n. 
W ritin g^  ( F )  =  ( F x +  F 2) / 2  a n d  f  =  ( F 2 -  F i ) /  
( F 2 +  F i ) ,  th e se  are

2RTc =  2 [ (1  +  3 £ 2) ,/2 -  (1  -  9 f » ) ]  _

A 12( F )  ~~ 27^
t2 £4

1 +  4 8 +  ' ' ' (9RS)

2RTC 2 (1  -  £2)

A 12( F )  ~  1 +  (1 -  i * ) v * ~

Q t 2 ¿4

8  +  " •  (9 F H )

_  !  +  £ - ( !  +  3<j«)v ‘  _

9|*

8
(1 0 R S )

2 ( x 2) c
2 (1  -  ^

(1 -  f ) ’ / ! +  (1 +  ¿ ) i/2

1 -
5_e

8
(1 0 F H )

A  p lo t  o f  TC/( V i +  F 2) ds. J2 is  s h o w n  in  F ig u r e  10. 
A  la c k  o f  c lo s e  co r r e la t io n  b e tw e e n  th e  e x p e r im e n ta l 
d a ta  a n d  a c o n s ta n t  A i2 in  e ith e r  e q  9 R S  o r  9 F H  is 
o b v io u s . O f  co u rse , th ere  is  n o  re a s o n  to  e x p e c t  A 12  

t o  b e  e x a c t ly  th e  sa m e  fo r  a ll h y d r o c a r b o n  +  f lu o r o 
c a r b o n  s y s te m s ; th e  d iffe re n ce s  b e tw e e n  th e  in te r 
a c t io n s  o f  C H 3 +  C H 2 a n d  C F 3 +  C F 2 c a n  e a s ily  
a c c o u n t  fo r  m a rk e d  d iffe re n ce s  in  A i2.

T h e  e q u a tio n s  fo r  th e  c r it ica l m o le  fr a c t io n , o n  th e  
o th e r  h a n d , a re  in d e p e n d e n t  o f  An, d e p e n d in g  o n ly  
u p o n  th e  d iffe re n ce  p a ra m e te r  £. F ig u re  11 sh o w s  a 
p lo t  o f  (x2 ) 0  vs. | fo r  th e  sy s te m s  lis te d  in  T a b le  V .

(19) R. D. Dunlap, R. G. Bedford, J. C. Woodbrey, and S. D. Fur
row, J. Am. Chem. Soc., 81, 2927 (1959).
(20) Reference 17, p 143.
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Figure 10. Critical solution temperature [plotted 
as T J (V i  +  t^)] as a function of difference in molar 
volume [£ = (V i -  F i ) / ( F 2 +  ii)] (see eq 9).

e

Figure 11. Critical composition (x2)0 as a function of 
difference in molar volume (£ = (V 2 — V {) /(V 2 +  Fi)]. 
The solid lines are the predictions of volume interaction 
regular-solution theory (eq 10RS) and Flory-Huggins 
theory (eq 10FH) and the predictions 
of surface interaction regular-solution theory (eq 12RS) 
and Flory-Huggins theory (eq 12FH). The horizontal 
arrows indicate the change in the parameter £ if it 
is estimated from the molar volumes of the liquids at 
the critical solution temperature rather than at their 
normal boiling points (see footnote 21).

O v e r  th e  ra n g e  o f  £ re p resen ted , th e  d iffe re n ce s  b e tw e e n  
e q  1 0 R S  a n d  1 0 F H  (b o t h  o f  w h ic h  h a v e  th e  sa m e  le a d in g  
te r m  in  £) are  a lm o s t  tr iv ia l a n d  ce r ta in ly  sm a lle r  th a n  
th e  d iffe re n ce s  b e tw e e n  e ith e r  a n d  e x p e r im e n t. T h e  
co n s is te n c y  o f  th e  e x p e r im e n ta l p o in ts , e x c e p t  f o r  th e  
t w o  sy s te m s  in v o lv in g  C F 4 (1 +  1 a n d  2  +  1 ), is  re 

m a r k a b le ,21 w h ile  th e  a g re e m e n t w it h  th e  s im p le  
v o lu m e  fr a c t io n  e q u a tio n  is  fa r  fr o m  p e r fe c t , i t  is  
c le a r ly  m u c h  b e t te r  th a n  th e  p r e d ic t io n  (a:2) 0 =  1/i  
o b ta in e d  fr o m  th e  “ s im p le  m ix tu r e ”  o f  G u g g e n h e im ,22 
w ith  its  ex cess  fr e e  e n e rg y  (GE =  wxixf) s y m m e tr ic a l in  
m o le  fr a c t io n . T h e s e  m e a su re m e n ts  (F ig u r e  11) a re  
p r o b a b ly  th e  s tro n g e s t  e v id e n c e  y e t  a d d u c e d 18 fo r  th e  
im p o r ta n c e  o f  m o la r  v o lu m e  d iffe re n ce s  in  th e  th e r m o 
d y n a m ic  p ro p e r t ie s  o f  s o lu t io n s ,23 a n d  in  p a r t ic u la r  
fo r  th e  s u p e r io r ity  o f  th e  v o lu m e  fr a c t io n  in  e q  7 . F o r  
th ese  sy s te m s , h o w e v e r , th e re  is a n  a lte r n a t iv e  su r 
fa c e  in te r a c t io n  fo r m u la t io n  w h ic h  fits  e v e n  b e tte r .

Surface Interactions. F o r  m ix tu re s  o f  la rg e  p o ly 
a to m ic  m o le cu le s , o n e  c a n  a rg u e  th a t  th e  in te r a c t io n s  
a re  b e tw e e n  su r fa ce  e lem en ts  a n d  th a t  th e  m o la r  v o l 
u m e s  in  e q  7 s h o u ld  b e  re p la ce d  b y  su r fa ce  a rea s  p e r  
m o le . F o r  m ix tu re s  o f  lo n g -c h a in  m o le cu le s  w ith  th e  
sa m e  c ro ss  s e c t io n  (e.g., t w o  h y d r o c a r b o n s ) , th e  s u r fa ce  
a rea  is  r o u g h ly  p r o p o r t io n a l  t o  v o lu m e , a n d  e q  7  c a n  
b e  re ta in e d  o r  re p la ce d  b y  th e  q f r a c t io n s  o f  la t t ic e  
t h e o r y .24

H o w e v e r , f lu o r o c a r b o n s  a n d  h y d r o c a r b o n s  d o  n o t  
h a v e  th e  sa m e  c r o s s  se c t io n , so  w e  m u s t  fa l l  b a c k  u p o n  
a n  e v e n  c ru d e r  fo r m u la t io n , th e  z e r o th  a p p r o x im a t io n  
th a t  th e  su r fa ce  area  is  p r o p o r t io n a l  t o  th e  t w o - t h ir d s  
p o w e r  o f  th e  m o la r  v o lu m e . T o  t e s t  th is  a p p r o a c h , 
w e  r e p la ce  Vi a n d  V2  in  e q  7 b y  F i^ 3 a n d  V2l\ T h e  
fo r m a lis m  o f  e q  9  a n d  10 re m a in s  u n c h a n g e d  i f  w e

(21) One of the referees has questioned our use of molar volumes 
evaluated at the normal boiling point. He has pointed out that if 
one uses molar volumes estimated for the critical solution tempera
ture, one obtains different values of £ which, when used as the 
abscissa in Figure 11, yield for some systems better agreement with 
the theoretical volume fraction curves and reduce the discrepancies 
of the two CF4 systems. Typical shifts produced by such a re- 
evaluation of £ are shown by arrows in Figure 11.

We prefer to evaluate our molar volumes at the normal boiling 
point for the following reasons.

(1) Any theoretical justification for the volume fraction formula
tion of eq 7 rests on a model in which the molecules are reasonably 
close packed. The molar volume used should be a measure of in
trinsic molecular size. Since it cannot be measured for the liquid 
at 0°K, the best alternative is measurement at some kind of cor
responding temperature, for which the boiling point is one rough 
approximation.

(2) Some of the systems (especially those with 71-C 4F10) have 
critical solution temperatures far above the normal boiling point of 
one of the components. The molar volume of a greatly expanded 
pure liquid 100° above its normal boiling point (e.g., n-CiFio at 
378 °K, only 6° below its gas-liquid critical point) is a very poor 
measure of the packing of its molecules in a mixture at that tempera
ture. Moreover such “ corrected”  points (upper left of Figure 11) 
do not agree with the theoretical curves at all.

(3) An alternative explanation—that of surface interactions— 
accounts for at least part of the discrepancies observed.
(22) E. A. Guggenheim, “ Thermodynamics,”  3rd ed, Interscience 
Publishers, Inc., New York, N. Y ., 1957, p 250 ff.
(23) See also ref 13, p 137-151, and J. A. Larkin, J. Katz, and R. L. 
Scott, J. Phys. Chem., 71, 352 (1967).
(24) E. A. Guggenheim, “ Mixtures,”  Oxford University Press, 1952, 
especially Chapters X  and X I.
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r e p la c e  th e  v a r ia b le  £ =  ( F 2 — F i ) / ( F 2 +  F i )  b y  a 
n e w  v a r ia b le  X

_  F 2Vi -  f x v> _  (1 +  £ )Vi -  (1  -  £ )v " _

X "  F 2Vs +  F i v> “  ( l  +  £ )v * +  ( l  -  £ )Vl “

3 *  81 5 7 2 9  V

W e  th e n  o b ta in  a s  th e  a n a lo g s  o f  e q  1 0 R S  a n d  1 0 F H

o  /  \ 1 +  X -  (1 +  3X2) 1/2
2 W . ----------------------- ^ -----------------  -

1 — £ +  —  £3 — . . .  (1 2 R S -s u r fa c e )

2(X i)e ~  (1  -  X )s/! +  (1 +  X )3/s _

Fi
— ■— ~~ =  1 — £ (1 2 F H -s u r fa c e )

Kl +  k 2

T h e  resu lt  fo r  th e  m o d if ie d  F lo r y -H u g g in s  e q u a t io n  
is  e sp e c ia lly  s im p le , fo r  i t  le a d s  t o  th e  co n c lu s io n  th a t  
th e  cr it ica l c o m p o s it io n  is a lw a y s  a t  a  v o lu m e  fr a c t io n  
<t>c =  y 2. U n fo r t u n a te ly , th is  s im p le  re su lt  d o e s  n o t  
a p p e a r  to  h a v e  a n y  c le a r  th e o r e t ic a l s ig n ifica n ce ; w e  d o  
n o t  see  a n y  w a y  t o  d e r iv e  th e  su r fa ce  fr a c t io n  a n a lo g  
o f  th e  F lo r y  e n t r o p y  o f  a th e rm a l m ix in g , w h ic h  w o u ld  
b e  e sse n tia l t o  a n y  co n s is te n t  d e r iv a t io n  o f  e q  1 2 F H . 
O n  th e  o th e r  h a n d , th e  re g u la r  s o lu t io n  a p p r o a c h  c o m 
b in e s  a n  id e a l e n t r o p y  o f  m ix in g  (a t  c o n s ta n t  v o lu m e ) 
w ith  a n  in d e p e n d e n t  in te r a c t io n  e n e rg y , so  ec; 1 2 R S  
(w h ic h  is  v e r y  s im ila r  t o  e q  1 2 F H ) is  as se lf -c o n s is te n t  
a s  e q  1 0 R S .

T h e  p re d ic t io n 's  o f  th e s e  “ s u r fa ce  f r a c t io n ”  e q u a t io n s  
a re  a lso  s h o w n  in  F ig u r e  1 1 ; w e  see  th a t  th e  a g re e m e n t 
is  m a r k e d ly  im p r o v e d  o v e r  th a t  o f  th e  “ v o lu m e  fr a c 
t io n ”  e q u a tio n s . H o w  fa r  th is  re su lt  ca n  b e  gen era l
iz e d  is  o p e n  t o  d o u b t , b u t  f o r  h y d r o c a r b o n  +  f lu o r o 
c a r b o n  m ix tu re s , i t  sh o u ld  p r o v e  v e r y  u se fu l. W e  n o te  
th a t  th e  p r e d ic te d  s y m m e tr y  o f  th e  p h a se  d ia g ra m  
a r o u n d  <f>c =  x/ 2 (a  s y m m e tr y  w h ic h  n e ce s s a r ily  fa ils  as 
o n e  a p p r o a c h e s  <j> =  0  a n d  <j> =  1, u n le ss  Vi =  Vf) is  a 
p o s s ib le  e x p la n a t io n  o f  th e  su cce ss  o f  th e  M u n s o n  re 
d u c e d  p lo t  o f  4 > vs. T /T c (F ig u re s  6 -8 ) .

T h e  su cce s s  o f  th is  su r fa ce  fo r m u la t io n  fo r  th e  c r it ica l 
c o m p o s it io n  (x 2) c su g g e s ts  th a t  w e  re e x a m in e  th e  co r 
re la t io n  o f  c r it ic a l s o lu t io n  te m p e ra tu re s  w ith  d if fe r 
en ces  in  s ize . T h e  a n a lo g s  o f  e q  9  a re

2 RTe p  4 £ 4

I 7 V ^  =  1 +  9  +  24 3  +  ' ' '  (1 3 R S - su r fa ce ) 

2 RTC p  4  p
A j W '  =  1 ”  3  “  2 7  +  ' • • ( 1 3 F H - su r fa ce )

Figure 12. Critical solution temperature [plotted 
as 2V (F i2/3 +  Fi2/3)] as a function of difference 
in molar volume [£ = (F2 — Fi)/(F2 +  F,)]
(see eq 13 and compare with Figure 10).

w h e re  A 12' is  a n  in te r a c t io n  c o n s ta n t  a p p r o p r ia te  t o  a 
su r fa ce  fo rm u la t io n .

A  p lo t  o f  Tc/(V i2/l +  V2h) vs. p  is  s h o w n  in  F ig u re  
12. T h e  m a rk e d  im p r o v e m e n t  o v e r  th e  s c a t te r  in  
F ig u re  10 is  s tr ik in g . E x c e p t  f o r  th e  s y s te m  C H 4 +  
C F 4 a  p a tte r n  em erg es , a lth o u g h  n o t  th a t  p r e d ic te d  b y  
e ith e r  e q  13. I n  sp ite  o f  th e  p r e d ic te d  d e p e n d e n ce  
u p o n  p, a n  o b v io u s  d e p e n d e n ce  u p o n  th e  s ig n  o f  £ is  
seen , fo r  th ree  p o in ts  o n  th e  u p p e r  d a s h e d  c u rv e  co rre 
s p o n d  t o  n e g a t iv e  £’ s.

W e  a re  re lu c ta n t  to  a t t a c h  t o o  m u c h  s ig n ifica n ce  to  
F ig u re  10 fo r  th e re  is  n o  re a so n  t o  a ssu m e  a  c o n s ta n t  
A h'. S in ce  th e se  a re  p a irs  in  h o m o lo g o u s  series , th ere  
m a y  b e  a  h id d e n  d e p e n d e n ce  o f  A 12' u p o n  £.

I t  is  im p o r ta n t  t o  d is t in g u ish  w h a t  w e  c a ll v o lu m e  
fr a c t io n  o r  su r fa ce  fr a c t io n  fo r m u la t io n s  fr o m  th e  
s y m m e tr y  o f  p h a se  d ia g ra m s  o r  o f  th e r m o d y n a m ic  fu n c 
t io n s . T h u s  a n  e x ce ss  fre e  e n e r g y  g iv e n  b y  e q  7 h a s  a  
m a x im u m  v a lu e  w h e n

( V * 0 » «  =  ( F 2/ F i ) 1/2 (1 4 )

w h ile  a t  th e  c r it ic a l s o lu t io n  p o in t , th e  m o le  fr a c t io n  
r a t io  is  e n t ire ly  d if fe re n t  a n d  ca n  b e  w r it te n  a p p r o x i
m a t e ly  (e x a c t ly  in  F H )  as

(xt/xOo =  ( F 1 / F 2 ) ,/s (1 5 )

W e  see  th a t  th e  p h a s e  d ia g ra m  is  m u c h  m o r e  a s y m 
m e tr ic  (o n  a m o le  fr a c t io n  s c a le ) . T h e  c o r r e s p o n d in g  
su r fa ce  fr a c t io n  e q u a tio n s  in v o lv e  V !/‘ a n d  c a n  b e  
w r itte n

(Z 2A 1W  =  ( F i Vy i V / ! ) 1/2 =  ( F i / F 2) ' a  (1 4 -su r fa ce )

(z 2/ x i ) c =  ( F Vy i V /8) ' / !  =  V1 /V 2 (1 5 -su r fa ce )

I t  is  th e  surface in te r a c t io n  fo r m u la t io n  w h ic h  y ie ld s  a
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p h a s e  d ia g ra m  w h ich  is a t  le a s t  r o u g h ly  s y m m e tr ic a l 
in  volume fr a c t io n . F o r  a  p h a s e  d ia g ra m  t o  b e  s y m 
m e tr ica l in  su r fa ce  fr a c t io n , o n e  w o u ld  n e e d  in ter 
a c t io n s  p r o p o r t io n a l t o  V</>.
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I t  is  p o in te d  o u t  th a t  th e  s ta t is t ica l th e o r y  o f  is o to p e  e ffe c ts  in  c o n d e n s e d  s y s te m s 1 is 
a p p lic a b le  t o  is o t o p e  e ffe c ts  o n  a d s o r p t io n . T h e  a p p r o p r ia te  th e o r e t ic a l e q u a t io n s  a n d  
a p p r o x im a t io n s  to  th e m  are  d iscu sse d . A d s o r p t io n  is o to p e  e ffe c ts  fo r  th e  m e th a n e  “ w e t  
g la ss”  s y s te m 2’3 a re  tre a te d  in  d e ta il as a n  e x a m p le . C o n s is te n c y  w ith  th e  t h e o r y  is 
d e m o n s tr a te d  a n d  it  is  c o n c lu d e d  th a t  a t  le a s t  f o r  th is  s y s te m  r o ta t io n  o n  th e  su r fa ce  is 
s tr o n g ly  h in d e re d  a n d  th a t  i t  is  n o t  n e ce ssa ry  t o  in v o k e  d iffe re n t in te r a c t io n  p o te n t ia ls  
w ith  th e  su r fa ce  fo r  d if fe re n t  is o t o p ic a lly  s u b s t itu te d  m o le cu le s .

Introduction
I n  re ce n t y ea rs , th e  s ta t is t ica l t h e o r y  o f  is o t o p e  e ffe c ts  

in  co n d e n s e d  s y s te m s 1 h a s  b e e n  s u cce ss fu lly  a p p lie d  
t o  p ro ce sse s  in v o lv in g  v a p o r iz a t io n  fr o m  co n d e n se d  
liq u id s 4 5 a n d  d ilu te  s o lu t io n .6 T h e  o b je c t  o f  th e  p re se n t 
p a p e r  is t o  p o in t  o u t  th a t  th is  t h e o r y  c a n  a lso  b e  u sed  
to  tre a t  th e  is o t o p e  e ffe c t  o n  a d s o r p t io n  (A I E ) .  A fte r  
th e  a p p ro p r ia te  fo rm u la s  a n d  a p p r o x im a t io n s  t o  th e m  
h a v e  b e e n  in tr o d u c e d , w e  sh a ll p r o c e e d  to  tr e a t  th e  
m e th a n e  sy s te m  as an  e x a m p le . T h e  essen tia l d if 
fe r e n c e  b e tw e e n  th is  t r e a tm e n t  a n d  s o m e  earlier  
a n a ly se s  o f  m e th a n e  a d s o rp t io n 6’7 is th a t  th e  p re se n t 
a p p r o a c h  ta k e s  e x p lic it  a c c o u n t  o f  th e  e ffe c t  o f  m o le c 
u la r  s tru c tu re  o n  th e  A I E .  I t  h a s  b e e n  sh o w n  th a t  
s tr u c tu r a l c o n s id e ra tio n s  are  essen tia l in  th e  a n a ly s is  o f  
t h e  is o t o p e  e ffe c t  o n  v a p o r iz a t io n  fr o m  p u re  liq u id s 4 * o r  
s o lu t io n 6 a n d  it  is  t o  b e  e x p e c te d  th a t  t h e y  are  a lso  im 
p o r t a n t  in  th e  A I E .  I n  th e  s e co n d  s e c t io n  o f  th e  
p a p e r , resu lts  o f  B ru n e r , C a rto n i, a n d  L ib e r t i2 a n d  
B r u n e r  a n d  C a r to n i3 a re  a n a ly z e d . T h e s e  a u th ors

m e a su re d  se p a ra tio n  fa c t o r s  fo r  a ll o f  th e  p r o t io , 
d e u te r io  a n d  C 13 isom ers  o f  m e th a n e , s o m e  as a fu n c 
t io n  o f  te m p e ra tu re . T h e ir  e x te n s iv e  d a ta  in c lu d in g  
th e  A I E  fo r  th e  in te rm e d ia te  is o t o p ic  is o m e rs  a ffo r d  
a  g o o d  te s t  o f  th e  th e o r y . I n  th e  p a p e r  w h ic h  fo l lo w s ,8 
s o m e  n e w  m ea su rem en ts  o n  th e  CH4-CD4 s y s te m  are

(1) J. Bigeleisen, J. Chem. Phys., 34, 1485 (1961).
(2) F. Bruner, G. P. Cartoni, and A. Liberti, Anal. Chem., 38, 298 
(1966).
(3) F. Bruner and G. P. Cartoni, J. Chromatog., 18, 390 (1965).
(4) (a) J. Bigeleisen, S. V. Ribnikar, and W. A. Van Hook, J. Chem. 
Phys.. 38, 489 (1963); J. Bigeleisen, M. J. Stern, and W. A. Van 
Hook, ibid., 38, 497 (1963); M. J. Stern, W. A. Van Hook, and M. 
Wolfsberg, ibid., 39, 3179 (1963); (b) W . A. Van Hook, ibid., 44, 
234 (1966); (c) W. A. Van Hook, ibid., 46, 1907 (1967).
(5) W. A. Van Hook and J. T. Phillips, J. Phys. Chem., 70, 1515
(1966) .
(6) S. Ross and J. P. Oliver, “ On Physical Adsorption,”  Interseience 
Publishers, Inc., New York, N. Y  , 1964, pp 236, 270.
(7) R. Yaris and J. R. Sams, J. Chem. Phys., 37, 571 (1962).
(8) J. T. Phillips and W. A. Van Hook, J. Phys. Chem., 71, 3276
(1967) .
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p re se n te d  a n d  th e se  a re  d is cu sse d  in  th e  c o n te x t  o f  th e  
m a te r ia l p re se n te d  b e lo w  a n d  th e n  c o m p a r e d  w ith  s o m e  
o th e r  earlier  m e a su re m e n ts  o f  th e  A I E  fo r  th e  C H 4-  
C D 4 s y s te m  o n  v a r io u s  su rfa ces .

T h e  I s o to p e  E f fe c t  o n  A d s o r p t io n

T h e  s ta t is t ic a l t h e o r y  o f  is o t o p e  e ffe c ts  in  co n d e n s e d  
sy s te m s  lea d s  o n  th e  b a s is  o f  a  c e ll m o d e l  in  th e  c o n 
d en sed  p h a se  a n d  th e  a s s u m p tio n  o f  h a r m o n ic  fr e 
q u e n c ie s  to

3 V - 6

E x
internal

frequencies

/ ( « / « O c  e (u' - “ )o/2 (1 -  e - " c' ) / ( l  -  e “ Uo) i

l ( w / « ' ) g eP '-jÜ *  (1 -  e “ Ug' ) / ( l  -  +
6

E In
external

frequencies

(1 -  e - “ ')
(1 -  e~u) +

RT
{ P 'v  -  p v )  +  { ( b 0p  +  y 2c 0P 2) -

(B0P  +  Y A P 2) ' }  -  G W 0 «  (1 )

H e re  c  a n d  g  re fe r  t o  c o n d e n s e d  a n d  g a seou s  p h a ses , 
u =  hv/kT, th e  p r im e  s ig n ifies  th e  lig h te r  is o t o p e , y  is 
th e  a c t iv it y  co e ff ic ie n t , P °  th e  v a p o r  p re ssu re  o f  th e  
p u re  liq u id , a n d  th e  la s t  th re e  te rm s  a re  c o r r e c t iv e  a n d  
w ill b e  d is cu sse d  la te r .

E q u a t io n  1 c o n n e c ts  th e  fo r c e  fie ld s  d e s c r ib in g  th e  
m o t io n s  o f  an  is o la te d  m o le c u le  in  th e  g a s  p h a s e  a n d  
th o s e  o f  a  c o n d e n s e d  m o le c u le  in  th e  ce ll d e fin e d  b y  its  
n e ig h b o rs  w ith  th e  v a p o r  p re ssu re  ra tio . T h e s e  fo r c e  
fie ld s  a re  d if fe re n t  o w in g  t o  th e  in te r m o le c u la r  fo r c e s  
w h ich  b e c o m e  o p e r a t iv e  in  th e  c o n d e n s e d  p h a se . I n  
th e  p u re  liq u id  t h e y  a re  e x c lu s iv e ly  “ s o lu t e - s o lu t e ”  
fo r ce s , in  v e r y  d ilu te  s o lu t io n  “ s o lv e n t - s o lu t e ,”  w h ile  
in  m o r e  c o n c e n tr a te d  s o lu t io n s  b o t h  ty p e s  o f  fo r c e s  m u st 
b e  co n s id e re d . S im ila r ly , fo r  an  a d s o r b e d  ga s  a t lo w  
c o v e r a g e , th e  o r ig in  o f  th e  fo r c e s  is e x c lu s iv e ly  su r fa ce  
a d s o r b a te  in  n a tu re  b u t  a t  h ig h e r  co v e r a g e s  la te ra l 
in te r a c t io n s  m u st a lso  b e  co n s id e r e d . T h e  fo r m e r  ca se  
w ill b e  o f  in te re s t  la te r  in  th is  p a p e r ; it  is n ic e ly  a p 
p r o x im a t e d  in  g a s  c h r o m a to g r a p h y .

N o w  c o n s id e r  th e  c o r r e c t iv e  te rm s . T h e  th ir d  te rm  
c o r r e c ts  fo r  th e  is o t o p e  e f fe c t  o n  m o la r  v o lu m e . I n  
th e  p re se n t c o n t e x t  i t  m u s t  b e  r e w r itte n  in  te rm s  o f  th e  
s u r fa ce  te n s io n  o f  th e  a d s o r b e d  film  a n d  th e  m o la r  
c o v e r a g e . W e  e x p e c t  th e  la t te r  t o  b e  d e te r m in e d  b y  
th e  s u r fa ce  la t t ic e  co n s ta n ts  a n d  b e  is o t o p ic a l ly  in -  
v a r ie n t  a t lo w  c o v e r a g e s  a n d  to  a p p r o a c h  ( F ' / F ) 2/s 
o n ly  as a  l im it  a t h ig h  co v e ra g e s . F o r  CH4-CD4 o v e r  
th e  l iq u id  ra n g e , ( F / F ' ) !/3 a m o u n ts  to  o n ly  1 .0 0 7 .9 
S im ila r ly , th e  s u r fa ce  te n s io n  o f  th e  a d s o r b e d  film  s h o u ld

b e  is o t o p ic a lly  in v a r ia n t  a t lo w  c o v e ra g e s . T h e  lim it  
a t h ig h  c o v e r a g e s  is d if f icu lt  t o  e s t im a te . I t  is l ik e ly  
o f  th e  sa m e  o r d e r  o f  m a g n itu d e  as fo r  th e  liq u id , w h ich  
fo r  r e p re se n ta t iv e  h y d r o c a r b o n s  is  o n ly  a b o u t  0 . 1 % / D  
a t o m .10 T h e  th ir d  te r m  th e n  is  e s t im a te d  as n e g lig ib le  
e v e n  a t  h ig h  c o v e ra g e s .

T h e  fo u r th  te r m  g iv e s  th e  c o r r e c t io n  fo r  ga s  im p e r 
fe c t io n . B 0  a n d  C0 a re  th e  s e c o n d  a n d  th ir d  v ir ia l 
c o e ff ic ie n ts . F o r  p u re  sa m p les  a ro u n d  1 a tm  p ressu re  
th e  c o r r e c t io n  a m o u n ts  t o  a b o u t  1 %  o f  th e  v a p o r  p res 
su re  is o t o p e  e f fe c t 40'11 fo r  th e  CH4-CD4 sy s te m . A t  
lo w e r  p ressu res , su ch  as w e re  u se d  in  th e  s t u d y  tre a te d  
in  th e  la t te r  p a r t  o f  th is  p a p e r , th e  c o r r e c t io n s  are, o f  
co u rse , sm a lle r  a n d  m a y  b e  n e g le c te d . (A d d it io n a l ly , 
it  s h o u ld  b e  r e m e m b e re d  th a t  in  c h r o m a to g r a p h ic  
ex p e r im e n ts , th e  sa m p le  S is in  d ilu te  s o lu t io n  o f  s o lv e n t  
ca rr ie r  g a s  C . T h e  a p p r o p r ia te  v ir ia l c o e ff ic ie n t  is  th e n  
Bcs- O n e  m ig h t  e x p e c t  th a t  fo r  a  h e liu m  o r  o th e r  in e rt  
n o n p o la r iz a b le  ca rr ie r  th a t  th e  is o t o p e  e f fe c t  o n  Bcs 
w o u ld  b e  less th a n  th a t  o n  7?ss . T h is  w o u ld  te n d  to  
m a k e  th e  fo u r th  c o r r e c t iv e  te r m  e v e n  sm a lle r .)

T h e  first tw o  a n d  th e  la s t  te rm s  in  e q  1 th e n  re m a in  
t o  b e  c o n s id e re d . T h e  fo r m e r  h a v e  b e e n  d e r iv e d  o n  th e  
a s s u m p tio n  th a t  th e  h a r m o n ic  a p p r o x im a t io n  is a p 
p lic a b le  t o  b o t h  th e  3 N — 6 (3N — 5 f o r  lin ea r  m o le 
cu les ) in te rn a l m o t io n s  a n d  th e  s ix  ( f iv e )  e x te rn a l m o d e s  
w h ic h  are  a ssu m e d  to  b e  d e s c r ib e d  b y  a h a r m o n ic  
h in d e r in g  p o te n t ia l  in  th e  c o n d e n s e d  p h a se . F o r  th e  
ca se  w h e re  a  tw o -d im e n s io n a l la t t ic e  g a s  is a ssu m e d  fo r  
th e  a d s o r b e d  sy s te m , th e  p a r t it io n  fu n c t io n s  u se d  in  
d e r iv in g 1 th e  fo r m  o f  e q  1 ca n  b e  m o d if ie d  to  in c lu d e  o n e  
o r  m o r e  fre e  tra n s la t io n s  a n d /o r  r o ta t io n s  as n e e d e d . 
A lte r n a t iv e ly , th e  fo r c e  co n s ta n ts  p e r ta in in g  to  th e se  
m o d e s  ca n  b e  se t  e q u a l t o  z e ro .

E x p e r im e n ts  o n  th e  v a p o r  p re ssu re  is o t o p e  e f fe c t 415’0 
h a v e  sh o w n  th a t  th e  h a r m o n ic  a p p r o x im a t io n  is n o t  
a p p r o p r ia te  fo r  th e  la t t ic e  m o d e s  o f  a t  le a s t  l iq u id  h y 
d r o c a r b o n s  b u t  i t  h a s  b e e n  fo u n d  p o s s ib le  t o  d e s cr ib e  
th e se  m o d e s  in  te rm s  o f  te m p e r a t u r e -d e p e n d e n t  “ e f
fe c t iv e ”  h a r m o n ic  fr e q u e n c ie s . T h e  a p p r o a c h  is id e n t i
ca l w ith  th a t  u sed  in  th e  p s e u d o h a r m o n ic  t h e o r y  w h ich  
h a s  b e e n  s u cce s s fu lly  a p p lie d  to  b o t h  m o n a to m ic  a n d  
m o le c u la r  s o l id s .12 F o r  sm a ll o r  m o d e r a te  te m p e r a 
tu re  ch a n g e s  su ch  e f fe c t iv e  fr e q u e n c ie s  m ig h t  w e ll b e  
e f fe c t iv e ly  c o n s ta n t  fo r  s o m e  s y s te m s  a t le a s t  t o  w ith in  
th e  p r e c is io n  o f  th e  e x p e r im e n ta l m e a s u re m e n ts .4“ W e  9 10 11 12

(9) S. Fuks, J. C. Legros, and A. Bellemans, Physica, 31, 606 (1965).
(10) L. S. Bartel and R. R. Roskos, J. Chem. Phys., 44, 457 (1966).
(11) G. Thomaes and R. van Steenwinkel, Mol. Phys., 5, 307 (1962).
(12) (a) T. H. K. Barron, Discussions Faraday Soc., 40, 69 (1965); 
(b) T. H. K. Barron in “ Lattice Dynamics,”  R. F. Wallis, Ed., 
Pergamon Press, Ltd., London, 1965, p 247; (c) A. J. Leadbetter, 
Proc. Roy. Soc. (London), A287, 403 (1965).
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m ig h t  r e a s o n a b ly  e x p e c t  s im ila r  co n s id e r a t io n s  to  a p p ly  
in  d e a lin g  w ith  a d s o r b e d  sy stem s.

T h e  la s t  te r m  in  e q  1 is th e  c o r r e c t io n  fo r  n o n c la s s ica l 
r o t a t io n  in  th e  ga s  p h a se . T h is  c o r r e c t io n  a m o u n ts  to  
s e v e ra l p e r  c e n t  o f  th e  is o t o p e  e ffe c t  o n  th e  v a p o r  p re s 
su re  f o r  m e th a n e  b u t  is m u c h  sm a lle r  fo r  m o r e  m a s s iv e  
r o to r s . A n y  c o m p le te  th e o r e t ic a l a n a ly s is  o f  th e  
m e th a n e  s y s te m  m u st in c lu d e  su ch  a  c o r r e c t io n  a n d  
a lso  ta k e  p r o p e r  a c c o u n t  o f  th e  re la t iv e  ortho, meta, 
a n d  para sp in  isom ers  in  b o t h  th e  g a se o u s  a n d  c o n 
d e n se d  p h a ses  fo r  th e  s y m m e tr ic a l ly  s u b s t itu te d  
is o m e r s .13 O n  th e  o th e r  h a n d , m a n y  a p p lic a t io n s  o f  th e  
t h e o r y  w ill b e  m a d e  in  an  e ffo r t  t o  il lu m in a te  s p e c if ic  
e x p e r im e n ta l resu lts  w h ich  are  th e m s e lv e s  n o t  o f  su f
fic ie n t  p r e c is io n  to  d e m o n s tr a te  sp in  e ffe c ts . O n e  
su ch  e x a m p le  is th e  a n a ly s is  o f  is o t o p ic  s e p a ra t io n  
fa c t o r s  o f  m e th a n e  w h ich  fo l lo w s . I n  v ie w  o f  th e  fa c t  
th a t  n o  e ffe c ts  d u e  to  sp in  is o m e r iz a t io n  w e re  o b s e r v e d  
in  th e  e x p e r im e n ts , su ch  sm a ll c o r r e c t io n s  w ill b e  ig 
n o r e d  in  b o t h  th e  g a s  a n d  co n d e n s e d  p h a ses  in  th e  
a n a ly s is  b e lo w . T h is  w ill h a v e  th e  e ffe c t  o f  s lig h t ly  
s h ift in g  th e  fo r c e  c o n s ta n ts  u se d  t o  d e s cr ib e  th e  e f fe c t iv e  
h a r m o n ic  fre q u e n c ie s . S in ce  th e  c o r r e c t io n s  w o u ld  in  
a n y  e v e n t  b e  sm a ll, th is  w ill n o t  ch a n g e  th e  f o r c e  o f  o u r  
a rg u m e n ts . W e  are  th e n  le d  to
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d is t r ib u t io n  a n d  s u b s t itu te d  in to  e q  4 . T h e  B  te r m  
a c c o u n ts  fo r  th e  c o n tr ib u t io n  o f  th e  c h a n g e  in  z e ro  
p o in t  e n e rg y  o f  th e  h ig h e r  (u >  2ir) fr e q u e n c ie s  o n  
co n d e n s a t io n . I t  is g iv e n  b y

B = ~ {  — £ ? < / )  — ( £ r g — X ^ c ) }  (5 )

w h e re  th e  su m s are o v e r  a ll in te rn a l fr e q u e n c ie s .

Methane Adsorption on Wet Glass
I n  th is  s e c t io n  w e  m a k e  an  a p p lic a t io n  o f  th e  th e 

o re t ica l fo rm u la s  d iscu sse d  a b o v e . B ru n e r , C a r to n i, 
a n d  L ib e r t i2 a n d  B r u n e r  a n d  C a r to n i3 h a v e  m a d e  c a r e 
fu l m e a su re m e n ts  o f  th e  is o t o p e  e ffe c ts  o n  a d s o r p t io n  
fo r  th e  sy s te m s  12C H 4- 12C D 4, 12C H 4- 12C H D 3, 12C H 4-  
12C H 2D 2, 12C H 4- 12C H 3D , a n d  12C H 4- 13C H 4. T h e  first 
p a ir  w a s  m e a su re d  o v e r  th e  ra n g e  8 4 - 1 5 3 ° K  a n d  th e  
o th e rs  w e re  m e a su re d  a ro u n d  8 5 ° K .  A  c a p il la r y  
c h r o m a to g r a p h ic  te c h n iq u e  w a s  u sed . T h e  co lu m n s  
w e r e  p r e p a r e d 2 b y  d ra w in g  s o ft  g lass  ca p il la r y , e tc h in g  
th e  in n e r  s u r fa ce  a t 1 0 0 ° w ith  2 0 %  N a O H  s o lu t io n , 
w a sh in g , d ry in g , a n d  th e n  tr e a t in g  to  c o n s ta n t  a c t iv it y  
b y  p a ss in g  n itr o g e n  sa tu ra te d  w ith  w a te r  v a p o r  th r o u g h  
th e  co lu m n . T h is  la s t p a r t  o f  th e  t r e a t m e n t  h a s  
p r o m p t e d  u s  to  la b e l th e  co lu m n s  as “ w e t  g la s s .”

T h e  r a t io  o f  c o r r e c te d  c h r o m a to g r a p h ic  r e te n t io n  
v o lu m e s  is r e a d ily  id e n t ifie d  w ith  th e  in v e r s e  r a t io  o f  
th e r m o d y n a m ic  a c t iv it ie s 5 w h ich  in  tu rn  is g iv e n  f o l lo w 
in g  th e  a rg u m e n ts  a b o v e  b y  th e  c o m p le te  e q u a t io n  (e q  
2 ) o r  th e  a p p r o x im a t io n  to  it  (e q  3 ) . T h e  fr e q u e n c ie s

Vn 7  'P° ' P'
=  — —  =  —  =  r ig h t-h a n d  s id e  o f  e q  2  (6 )

W e  c h o o s e  t o  ca ll th is  resu lt  d e r iv e d  o n  th e  b a s is  o f  a  
ce ll m o d e l , n e g le c t  o f  a n h a rm o n ic it ie s , g a s  im p e r fe c t io n , 
is o t o p e  e ffe c ts  o n  su r fa ce  c o v e r a g e , e tc ., th e  “ c o m p le te  
e q u a t io n .”

I f  th e  3N  fr e q u e n c ie s  o f  th e  s y s te m  ca n  b e  fa c t o r e d  
in to  t w o  d is t in c t  sets , e q  2 re d u ce s  to

P (  _  A  _  B 
p  ~  T 2 y (3 )

T h e  A  te r m  is in te r p r e te d  as a f ir s t -o rd e r  q u a n tu m  
c o r r e c t io n  fo r  m o d e s  u «  2 -w. I t  ta k e s  th e  fo r m

w h e re  th e  su m  is  o v e r  th e  ex te rn a l fr e q u e n c ie s . T h e  
e q u a t io n  is w r itte n  h e re  in  te rm s  o f  an  E in s te in  d is t r ib u 
t io n  o f  la t t ic e  fr e q u e n c ie s  b u t  ca n  b e  e a s ily  e x p re sse d  in  
te rm s  o f  th e  D e b y e  o r  o th e r  d is tr ib u t io n s . A lte r n a 
t iv e ly  s u ita b le  a v e ra g e s  m a y  b e  ta k e n  o v e r  a n  a ssu m ed

In
T V

A____ B
rpi ji (7)

w h ic h  e n te r  th e  e q u a tio n s  m u s t  o f  c o u r s e  h a v e  b e e n  
c a lc u la te d  f r o m  p r o p e r  gas a n d  c o n d e n s e d  p h a se  f o r c e  
fie ld s . I n  th e  c a lcu la t io n s  w h ic h  are  r e p o r te d  in  th is  
p a p e r , e q  6 w ill b e  e m p lo y e d  e x c lu s iv e ly , b u t  w e  w ill 
fin d  it  c o n v e n ie n t  in  th e  d is cu ss io n  t o  sp e a k  o f  la t t ic e  
(A )  a n d  z e ro  p o in t  e n e r g y  (B ) te rm s  a n d  th u s  to  o r ie n t  
m u c h  o f  o u r  d is cu ss io n  a b o u t  e q  7. ( I n  th e  te m p e r a tu r e  
re g io n  o f  in te re s t  (8 0 - 1 5 0 ° K ) ,  e q  7 is n o t  a  p a r t ic u la r ly  
g o o d  a p p r o x im a t io n  to  e q  6 fo r  th e  fo r c e  fie ld s  w h ic h  w e  
e m p lo y . T h e  d if fe re n ce  is  o n  th e  o r d e r  o f  1 0 %  o f  th e  
is o t o p e  e ffe c t  it s e lf .)

I d e a lly , o n e  w o u ld  h a v e  in d e p e n d e n t  s p e c t r o s c o p ic  
d a ta  fo r  th e  g a s  a n d  co n d e n s e d  p h a ses  o f  o r d in a r y

(13) See R. F. Curl, Jr., J. V. Kasper, K. S. Pitzer, and K. 
Sathianandan, J. Chem. Phys., 44, 4636 (1966), for a discussion of 
the methane case; J. King, Jr., and S. W. Benson, ibid., 44, 1007 
(1966); A. Katorski and D. White, ibid., 40, 3183 (1964), for treat
ments of the hydrogen case.
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m eth a n e . T h e s e  w o u ld  e n a b le  fo r c e  fie ld s  fo r  th e  tw o  
p h a ses  to  b e  d e te rm in e d , th e  fre q u e n c ie s  fo r  a ll is o to p ic  
sp ecies t o  b e  ca lcu la te d , a n d  th e  B te rm s  th u s  d efined . 
U n fo r tu n a te ly , n o  s p e c tr o s c o p ic  d a ta  fo r  m e th a n e  a d 
so rb e d  o n  w e t  g lass is a v a ila b le . W e , th e re fo re , in  o u r  
first ca lcu la tio n , I  (T a b le  I ) ,  a ssu m e a  B t e r m  su ch  as 
w o u ld  b e  d e d u c e d  fr o m  th e  n o rm a l m o d e  fr e q u e n c y  
sh ifts  o n  co n d e n s a t io n  t o  th e  liq u id . T h e s e  sh ifts  
to g e th e r  w ith  lite ra tu re  re fe ren ces  are  s h o w n  in  T a b le  
I .  T h e  v a lu e s  fo r  th e  g a s -p h a se  fre q u e n c ie s  are  th o se  
ca lcu la te d  fr o m  th e  fo r c e  fie ld  o f  J o n e s 14 w h ich  is 
sh o w n  in  v a le n c e  c o o r d in a te s  in  T a b le  I I .  T h e  c o n 
d en sed  p h a se  fie lds u sed  in  th e  ca lcu la t io n s  are  a lso  
sh ow n . I n  a s e c o n d  ca lcu la tio n , I I  (T a b le  I ) ,  w e  
h a v e  e m p lo y e d  th e  B  te r m  w h ich  B ru n e r , et al., d e 
d u c e d 2 b y  f it t in g  th e ir  d a ta  fo r  th e  CH4-CD4 s y s te m  
fr o m  85 to  1 5 0 ° K  t o  an  e q u a tio n  o f  t y p e  7 . T h e y  q u o t e  
In [V r (C H 4) / V h (C D 4) ]  =  ( 1 7 6 6 /T 2) -  ( 1 3 .8 /T ) .  
W e  h a v e  m u lt ip lie d  th e  fo r c e  c o n s ta n t  ch a n g es  e m 
p lo y e d  in  c a lcu la t io n  I  b y  th e  ra tio  Bu/B\ t c  d e d u c e  
a  fo r c e  fie ld  fo r  c a lc u la t io n  I I  w h ich  is a lso  lis te d  in  
T a b le s  I  a n d  I I .

Table I : Gas and Condensed Phase Internal 
Frequencies of CH4 (cm-1)

(Gas-conc)calcd------ •
Fgas° Ar(gas— liq) Field I Field II

.(A) 3143.9 8b 8.3 12.8

.(E) 1573.7 1.5° 1.5 2.3
3(F) 3154.3 10d 10.0 15.5
4(F) 1358.1 1.5” 1.5 2.3

Calculated from force field of ref 14. b M. F. Crawford,
H. L. Welsh, and J. H. Harrold, Can. J. Phys., 30, 81 (1952). 
” N. Shepard and D. J. C. Yates, Proc. Roy. Soc. (London), 
A238, 69 (1956). These authors report A (n  +  vt) =  3 cm-1. 
d See ref 15.

I t  is n o w  n e ce ssa ry  to  e v a lu a te  th e  A  c o n tr ib u t io n . 
F o r  m e th a n e , th e  la t t ic e  te rm  A ca n  b e  w r it te n 46

A -  U h-  
24  \k ) { - i ' - w h i A S )

(8 )

w h ere  vtr' a n d  vr' s ig n ify  th e  h in d e re d  tra n s la t io n a l 
an d  r o ta t io n a l fre q u e n c ie s  o f  o r d in a r y  m e th a n e  a n d  
M, M ' a n d  7, / '  th e  m asses a n d  m o m e n ts  o f  in e rtia  o f  
th e  s u b s titu te d  m o le cu le s . O n e  o f  th e  m o s t  in te re s t
in g  p o in ts  a b o u t  th e  I ta lia n  e x p e r im e n ts  is th a t  th e  
13C H 4 m ea su re m e n t en a b les  th e  re la t iv e  co n tr ib u t io n s  
o f  th e  tra n s la t io n a l a n d  ro ta t io n a l term s to  b e  assessed  
b eca u se  th e  m o m e n ts  o f  in e rtia  o f  13C H 4 a n d  12C H 4

Table II : Force Fields

Gas“
Condensed

I
Condensed

II

Fr 5.495001 5.46203 5.44403
Frr 0.12400 0.12467 0.12504
F« 0.54935 0.54821 0.54759
Faa’ -0.01855 -0.01855 -0.01855
Far' 0.16519 0.16519 0.16519
Faa" =  F„r" 0 0 0

(CH4W
a b

80.75 77.36 81.47
(CHOrotn 94.51 90.55 106.03

“ Field and notation of Jones.14 This author quotes five 
independent constants which we have expressed as above purely 
for convenience in using our computational technique. 6 Units 
are millidynes per angstrom for stretches and millidyne angstroms 
per square radian for bends. Not all figures are significant; they 
are reported only for computational accuracy. “ Lattice force 
field is reported in terms of the frequencies calculated for the 
unsubstituted species.

are eq u a l. T h e  te r m  A  ( 13C H 4) is  th e n  a  d ir e c t  e x p e r i
m e n ta l m ea su re  o f  th e  tra n s la t io n a l c o n tr ib u t io n . 
O n c e  k n o w n , A trans fo r  a n y  o th e r  is o t o p ic  is o m e r  ca n  b e  
ca lcu la te d  a n d  th e  A rotn c o n tr ib u t io n  fo r  th a t  is o t o p ic  
is o m e r  d e te rm in e d  b y  d iffe re n ce . I n  th is  fa s h io n  th e  
im p o r ta n c e  o f  h in d e re d  r o ta t io n  in  th e  a d s o rb e d  p h a se  
ca n  b e  assessed . F in a lly , th e  se p a ra t io n  fa c t o r s  ca n  
b e  c a lcu la te d  fo r  th e  o th e r  iso m e rs  u s in g  th e  p a ra m e te rs  
d e fin e d  a b o v e  a n d  th e  resu lts  c o m p a r e d  w ith  e x p e r i
m e n t , th u s  te s t in g  th e  th e o r y . S u c h  a  c a lc u la t io n  w ill 
b e  o u t lin e d  b e lo w .

T h e  a v a ila b le  d a ta  a re  s h o w n  in  T a b le  I I I .  I t  is 
e v id e n t  th a t  c o lu m n s  a  a n d  b  are  s im ila r  b u t  n o t  id e n t i
ca l. A  1 5 -2 0 %  d if fe re n ce  in  th e  e f fe c t  is  o b s e r v e d  b e 
tw e e n  th e  co lu m n s  fo r  C H 3D  a n d  C D 4. T h is  is  n o t  
u n e x p e c te d . P h illip s  a n d  V a n  H o o k 8 h a v e  s h o w n  th a t  
th e  se p a ra t io n  fa c t o r  is a  fu n c t io n  o f  th e  w a te r  c o n te n t  
o n  g lass  co lu m n s  a n d  it  is p o s s ib le  th a t  s lig h t  d iffe re n ce s  
in  c o lu m n  p re p a ra t io n  c o u ld  a c c o u n t  fo r  th e  o b s e r v e d  
d iffe ren ce . U n fo r tu n a te ly , d a ta  fo r  th e  13C  e ffe c t  are  
o n ly  a v a ila b le  fo r  th e  b  c o lu m n , w h erea s  w e  sh o u ld  
lik e  to  k n o w  th e  13C  e ffe c t  fo r  b o t h  sets  o f  d a ta  to  
fa c i lita te  c r o ss -co m p a r iso n s . I n  o r d e r  t o  p ro c e d e , w e  
sh a ll d ir e c t ly  a p p ly  th e  13C -b  re su lt  t o  ca lc u la t io n s  o n  
th e  a  c o lu m n  w it h o u t  m a k in g  a 2 0 %  c o r r e c t io n  b e ca u se , 
t o  a n tic ip a te , m o s t  o f  th e  d e u te r iu m  is o t o p e  e ffe c t  is 
d u e  t o  h in d e re d  r o ta t io n  (a n  e ffe c t  w h ic h  c a n n o t  b e  
p re se n t in  th e  13C  c a s e ). S e c o n d ly , e v e n  a  2 0 %  c o r 
r e c t io n  w o u ld  b e  o n ly  s lig h t ly  la rg er  th a n  th e  b o u n d s  o n

(14) L. H. Jones, Mol. S p e c tr y 3, 632 (1959).
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Table III: Observed and Calculated Separation Factors for Isotopic Methanes in Units of 102[ln (Pch4/P x)]

Temp, Obsd° Calcd Obsd1* Calcd Temp Calcd
X °K col a la col b lb fit/ b II

13CH4 84 1.2 (1.2) (1.2)
85 1 .2 b (1.2)'

12CH3D 84 3 . 3 2.1 3.5
85 3 . 9 3.5 3.0 3.3

i2CH2D2 84
85 6 . 3 6.2 5.2 6.2

12CHD3 84
85 8 . 2 8.1 6.8 7.1

i2CD4 84 9.8 8 . 1 (8.1) 8.6 (8.1)
85 9 . 4 (9.4) 7.8 8.2 7.8

100 5.6 4.4 3.8 3.7
125 2.2 1.5 0.3 0.3
150 0.6 - 1 .6 e 0.0 -1 .4 , - 1 .5 e -1 .3
200 -0 .8 -1 .1 -2 .5 -2 .4

“ See ref 3. Calculated from reproduction of chromatogram using 4.5 min as correction for residence time in the gas phase (this 
amounts to a 2% correction on retention times). 6 Transferred from column b. c Parentheses denote values used in the fitting process. 
A See ref 2. * 152°K. ’  Predicted by the smoothed fit to CH4-CD4 data in ref 2; In (Pcm/PcnJ = (— 13.82/7’) +  (1766/712).

th e  e x p e r im e n ta l p r e c is io n  a n d  w o u ld  n o t  m a te r ia lly  
a ffe c t  th e  d e v e lo p m e n t  b e lo w  o r  th e  c o n c lu s io n s  d ra w n  
fr o m  it.

A n  o u t lin e  o f  th e  ca lc u la t io n  b a s e d  o n  fie ld  I  fo llo w s . 
S u b s t itu t io n  o f  / f i ( ,3C H 4) a n d  th e  e x p e r im e n ta l 
13C H 4/ 12C H 4 ra t io  (1 .0 1 2  a t 8 4 ° K )  in to  eq  3 g a v e  
A u c =  9 4 ( ° K ) 2. T h e  tra n s la t io n a l c o n tr ib u t io n  o f  
th e  C D 4 te r m  is th e n  321 ( ° K ) 2 s in ce

. _  (  1 ~  (M c m / M c p j  \ A
C D aran s ~  ^  ^

S u b s t itu t io n  in to  e q  7 to g e th e r  w ith  th e  e x p e r im e n ta l 
C D 4/ C H 4 ra t io , In (Pch,/P cd,) =  0 .0 9 4  a t  8 5 ° K  
(c o lu m n  a ), a llo w s  th e  r o ta t io n a l c o n t r ib u t io n  to  b e  
e s t im a te d  as 1 0 9 4 ( ° K )2. T h e  e q u iv a le n t  la t t ic e  fr e 
q u e n c ie s  a n d  fo r c e  c o n s ta n ts  a re  d e d u c e d  f r o m  e q  8 
a ssu m in g  th re e  is o t o p ic  tra n s la t io n s  a n d  th r e e  is o t r o p ic  
l ib ra t io n s . O th e r  a ssu m ed  fr e q u e n c y  d is t r ib u t io n s  
w o u ld  n o t  ch a n g e  th e  fo r c e  o f  o u r  a rg u m e n ts . T h e  d e 
d u c e d  fo r c e  c o n s ta n ts  w e re  e m p lo y e d  as in it ia l g u esses  
f o r  la t t ic e  co n s ta n ts  in  a  c a lc u la t io n  u s in g  th e  c o m p le t e  
e q u a t io n  w h ic h  it s e lf  w a s  f it  to  th e  e x p e r im e n ta l C D 4 
r a t io  a t  8 5  ° K .  T h e  fin a l v a lu e s  o f  th e  la t t ic e  fr e q u e n 
c ie s  d if fe r e d  fr o m  th e  in it ia l gu esses  b y  o n ly  s o m e  2 
c m -1  o u t  o f  9 0  c m -1  a t  8 5 ° K . T h e  d if fe r e n c e  is d u e  
to  th e  fa ilu re  o f  a p p r o x im a t io n  7  in  th is  te m p e r a tu r e  
ra n g e . T h e  fin a l v a lu e s  fo r  th e  la t t ic e  fr e q u e n c ie s  o f  
c o n d e n s e d  C H 4 are r e p o r te d  in  lieu  o f  th e  fo r c e  c o n s ta n ts  
d e s c r ib in g  th e se  m o d e s  in  T a b le  I I .  I t  is  in te re s t in g  
t o  c o m p a r e  th e  re su lt  fo r  h in d e r e d  r o ta t io n  w ith  th e  63 
c m -1  s u g g e s te d  b y  E w in g 15 fo r  t h e  liq u id . C le a r ly  a

s ig n ifica n t  in cre a se  in  th e  b a rr ie r  h in d e r in g  r o ta t io n  
o c c u r s  in  g o in g  fr o m  th e  liq u id  to  th e  w e t  g la ss  s u r fa ce .

W e  h a v e  th u s  e m p lo y e d  th e  13C H 4 a n d  th e  C D 4 d a ta  
to g e th e r  w ith  an  in te rn a l fie ld  a ssu m e d  to  b e  e q u iv a le n t  
t o  th e  l iq u id  to  fix  a  c o n d e n s e d  p h a se  fo r c e  fie ld  fo r  a d 
s o r b e d  m e th a n e . I s o t o p e  e ffe c ts  fo r  th e  in te r m e d ia te  
is o m e rs  a re  e a s ily  ca lc u la te d  u s in g  th e  c o m p le t e  e q u a 
t io n . T h e  resu lts  a t  8 5 °  are c o m p a r e d  w ith  e x p e r im e n t  
in  T a b le  I I I .  T h e  p r e d ic te d  in te r m e d ia te  s e p a r a t io n  
fa c t o r s  a t 8 5 °  (T a b le  I I I )  a re  in  s tr ik in g  a g re e m e n t  w ith  
e x p e r im e n t . T h e y  u n e q u iv o c a lly  d e m o n s tr a te  th a t  
h in d e re d  r o ta t io n  is o c c u r r in g  o n  th e  su r fa ce . ( I n  th e  
a b se n ce  o f  h in d e re d  r o ta t io n , th e  e ffe c ts  w o u ld  g o  2 .3 5 , 
4 .7 , 7 .0 , a n d  9 .4 %  fo r  C H 3D , C H 2D 2, C H D 3, a n d  C D 4 
in s te a d  o f  th e  o b s e r v e d  3 .9 , 6 .3 , 8 .2 , a n d  9 .4 % .)

I n  a  s e c o n d  c a lc u la t io n  ( l b ) ,  in te rn a l fie ld  I  w a s  fit  
t o  th e  C D 4 d a ta  o n  co lu m n  b  a t 84  ° K  b y  th e  p r o c e d u r e  
o u t l in e d  a b o v e . T h e  c a lc u la te d  is o t o p e  e ffe c ts  f o r  th e  
o t h e r  iso m e rs  are  s h o w n  in  T a b le  I I I .  T h e  a g re e m e n t  
w ith  th e  a v a ila b le  e x p e r im e n ta l d a ta  (C H 3D  a t 8 4 ° K )  
is  a g a in  s a t is fa c to r y . T h e  re su lts  c a lc u la te d  a t  o th e r  
te m p e ra tu re s  fr o m  fie ld  l b  a re  a lso  sh o w n . T h e s e  c a n  
b e  c o m p a r e d  w ith  th e  v a lu e s  c a lc u la te d  f r o m  B ru n e r , 
et al., s m o o t h e d  fit  t o  th e  d a ta . T h e  ta il o f f  f r o m  th e  
c a lc u la te d  v a lu e s  a t th e  h ig h e r  te m p e ra tu re s  re fle c ts  
th e  c h o ic e  o f  a  B te r m  s ig n ific a n t ly  lo w e r  th a n  th e  e x 
p e r im e n ta l b e s t  fit.

I n  a  fin a l ca lc u la t io n , fie ld  I I  w a s  fit  t o  th e  C D 4 d a t a  
a t 8 4 ° K  o n  c o lu m n  b . T h e  resu lts  o f  c a lc u la t io n s  w ith  
th is  fie ld  a re  sh o w n  in  th e  la s t  c o lu m n  o f  T a b le  I I I .

(15) G. E. Ewing, J. Chem. Phys., 40, 179 (1964).
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A g r e e m e n t  is  a g a in  s a t is fa c to r y . I n  p a rticu la r , th e  
te m p e ra tu re  c o e ff ic ie n t  is  b e t t e r  th a n  th a t  fo r  fie ld  lb .  
T h is  is t o  b e  e x p e c te d  fr o m  th e  r e la t iv e  s ta rt in g  p o in ts  
o f  th e  tw o  c a lc u la t io n s ; e v e n  so , c a lc u la t io n  l b  r e p r o 
d u ce s  th e  o b s e r v e d  te m p e ra tu re  v a r ia t io n  o f  th e  C D 4/  
C H i d a ta  r e m a rk a b ly  w e ll a n d  th e re  is  a c tu a lly  v e r y  
lit t le  rea son  t o  c h o o s e  b e tw e e n  th e  tw o  fie ld s  fr o m  th is  
c r ite r io n  a lon e .

I n  su m m a tio n , w e  sh o u ld  lik e  to  re e m p h a s ize  th a t  
o u r  o b je c t  h a s  b e e n  n o t  t o  d e d u c e  a u n iq u e  fo r c e  fie ld  
w h ich  d e scr ib e s  th e  m o le cu la r  m o t io n s  o f  a d s o rb e d  
m e th a n e  b u t  ra th e r  t o  d e m o n s tr a te  th a t  th e  is o to p e  
e ffe c ts  d is p la y e d  b y  th is  s y s te m  a re  c o n s is t e n t  w ith  th e  
t h e o r y  o f  i s o t o p e  e ffe c ts  in  co n d e n s e d  sy stem s. T o  d o  
so  w e  e m p lo y e d  t w o  d iffe re n t b u t  p la u s ib le  co n d e n se d  
p h a se  in tern a l fo r c e  fie ld s  a n d  d e d u c e d  th e  tra n s la t io n a l 
a n d  lib ra t io n a l c o n tr ib u t io n s  f r o m  th e  d a ta  o n  tw o  is o 
to p e s  a t o n e  te m p e ra tu re . T h e  d a ta  o n  th e  te m p e ra tu re  
c o e ff ic ie n t  a n d  o n  th e  in te rm e d ia te  isom ers  se rv e d  as a 
te s t  fo r  th e  th e o r y . T h e  resu lts  in d ic a te  th a t  r o ta t io n  
o n  th e  su r fa ce  is s tr o n g ly  h in d e re d . T h e y  a lso  sh o w  in  
a b r o a d e r  sense th a t  is o t o p e  e ffe c ts  o n  a d s o rp t io n  ca n  b e  
u n d e rs to o d  in  te rm s  o f  th e  a d s o r b e d  la y e r  su r fa ce  in te r 
a c t io n  a n d  th a t  su ch  in te r p r e ta t io n  m u st in c lu d e  th e  
e ffe c t  o f  th e  d e ta ils  o f  th e  m o le cu la r  s tru ctu re .

T h e  p re se n t a p p r o a c h  is th e n  t o  b e  c o n tr a s te d  w ith  
ca lcu la tio n s  w h ich  are  b a s e d  o n  v ir ia l e x p a n s io n  te c h 
n iq u es .7’ 16 A  p r o p e r  v ir ia l c a lc u la t io n  is  in  p r in c ip le  
e x a c t , a t  le a s t  in  th e  lo w -c o v e r a g e  lim it . T h e  d e ta ils  
o f  s u r fa c e -m o le c u le  a n d  m o le c u le -m o le c u le  in te ra ct io n s

c a n  b e  tre a te d  u s in g  e f fe c t iv e  p a ir  p o te n t ia ls  w h ich  fo r  
p o ly a t o m ic  m o le cu le s  are  a n g le  d e p e n d e n t . P r o p e r  
in c lu s io n  o f  th e  a n g u la r  d e p e n d e n c y  sh o u ld  le a d  to  
t r e a tm e n t  o f  th e  e ffe c ts  w e  h a v e  la b e le d  as “ d u e  to  
h in d e re d  r o ta t io n .”  I n  a c tu a l fa c t , h o w e v e r , th e  gas 
su r fa ce  in te r a c t io n  fo r  s tru c tu re d  m o le cu le s  is so  c o m 
p lic a te d  th a t  it  b e c o m e s  n e ce ssa ry  to  sp h e ra ca liz e  th e  
p o te n t ia l. I n  th a t  e v e n t, th e  a n g u la r ly  d e p e n d e n t  
(h in d e re d  r o ta t io n a l)  p ro p e r t ie s  are  h id d e n  u n d e r  th e  
n e w  sp h e ra ca liz e d  e f fe c t iv e  p o te n t ia l w h ich  is  n o w , in 
gen era l, is o to p e  d e p e n d e n t .17 S u ch  e f fe c t iv e  p o te n t ia ls  
a re  n o t  a b le  t o  e x p la in  d e ta ils  o f  th e  in te r a c t io n  d u e  to  
m o le cu la r  g e o m e tr y  su ch  as th e  la rg e  d e v ia t io n s  fr o m  
th e  ru le  o f  th e  m e a n  d iscu ssed  in  th e  p re se n t p a p er . 
T h e  p o in t  is th a t  d e ta ils  o f  m o le cu la r  s tru c tu re  are  im 
p o r ta n t  a n d  sh o u ld  b e  co n s id e re d  a n d  th a t  th e  B ig e le i-  
sen  a p p ro a ch  w h ich  is e m p lo y e d  h ere  o ffe rs  a  c o n v e n ie n t  
fo rm a lism  fo r  m a k in g  su ch  co n s id e ra tio n s .
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(17) A reference which also gives many citations to work develop
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T h e  s e p a ra t io n  fa c t o r  fo r  C H 4- C D 4 o n  d r y  p o r o u s  g lass  w a s  m e a su re d  b e tw e e n  r o o m  
te m p e ra tu re  a n d  — 1 7 0 ° . T h e  is o t o p e  e f fe c t  is in v e rse  a n d  a p p r o x im a te ly  lin e a r  in  l / T .  
A  s ig n ifica n t lo w e r in g  o f  th e  is o t o p e  e f fe c t  is o b s e r v e d  w h e n  th e  su r fa ce  is p o is o n e d  w ith  
w a te r . T h e  resu lts  are  d is cu sse d  in  th e  c o n t e x t  o f  th e  s ta t is t ica l t h e o r y  o f  is o t o p e  e ffe c ts  
in  co n d e n s e d  s y s te m s  a n d  c o n s is te n c y  w ith  th e  t h e o r y  is d e m o n s tr a te d .

Introduction
T h e  ga s  c h r o m a to g r a p h ic  fr a c t io n a t io n  o f  c o m p o u n d s  

is o t o p ic a lly  s u b s t itu te d  w ith  d e u te r iu m  ( a n d /o r  tr it iu m ) 
is a  t o p ic  o f  cu rre n t  in te re s t . R e fe r e n c e s  t o  th e  cu rre n t 
l ite r a tu r e  a re  g iv e n  b y  V a n  H o o k  a n d  P h il l ip s .1 T h e y  
s u m m a r iz e d  s o m e  r e c e n t  g a s - l iq u id  c h r o m a to g r a p h ic  
re su lts  a n d  d e m o n s tr a te d  c o n s is te n c y  w ith  th e  s ta t is t i
c a l t h e o r y  o f  is o t o p e  e ffe c ts  in  c o n d e n s e d  s y s te m s  as 
fo r m u la t e d  b y  B ig e le is e n .2

T h e  p r o b le m  o f  th e  is o t o p e  e f fe c t  o n  p h y s ic a l a d s o rp 
t io n  is  a lso  a m e n a b le  t o  t r e a tm e n t  b y  th e  t h e o r y .3 
T h e  ca se  o f  C I L t -C D 4-s u r fa c e  is  o f  in te re s t . A  n u m b e r  
o f  a u th o r s  h a v e  r e p o r te d  v a lu e s  fo r  th e  C D 4/ C H 4 is o 
t o p e  e f fe c t  as a  fu n c t io n  o f  t e m p e r a tu r e  o n  v a r io u s  su r
fa c e s .4 5 U n fo r t u n a t e ly , th e  ze ro  p o in t  e n e r g y  s h ift  o n  
c o n d e n s a t io n  h a s  n o t  b e e n  in d e p e n d e n t ly  d e te r m in e d  in  
a n y  o f  th e s e  s y s te m s  a n d  th u s  a n  in d e p e n d e n t  c h e c k  o n  
th e  p r e d ic t io n s  o f  th e  t h e o r y  is  p re c lu d e d .

O n  t h e  o th e r  h a n d , S h e p a rd  a n d  Y a t e s 6 h a v e  m a d e  a 
c a r e fu l  d e te r m in a t io n  o f  th e  ze ro  p o in t  e n e r g y  sh ifts  o n  
a d s o r p t io n  fo r  th e  m e t h a n e -p o r o u s  g la ss  (V y c o r )  sy s 
t e m  b y  an  in fra re d  te ch n iq u e . T h e ir  d a ta  a re  s h o w n  in  
T a b le  I . T h e  a d s o r b e d  p h a se  m e a su re m e n ts  w e re  m a d e  
a t  a b o u t  9 0 ° K .  T h e  resu lts  m a y  b e  e m p lo y e d  to  d e te r 
m in e  a  c o n d e n s e d  p h a se  fo r c e  fie ld  w h ich , to g e th e r  w ith  
th e  g a se o u s  f ie ld ,6 m a y  b e  u sed  t o  e v a lu a te  th e  ze ro  
p o in t  e n e r g y  (B ) te r m  d is cu sse d  in  th e  p r e c e d in g  p a p e r . 
I f  a n  in d e p e n d e n t  a ssessm en t o f  th e  la t t ic e  (A )  te r m  
c a n  b e  m a d e , th e  is o t o p e  e ffe c t  it s e lf  c a n  b e  e s t im a te d . 
W e  th e r e fo r e  d e c id e d  t o  m e a su re  s e p a ra t io n  fa c t o r s  fo r  
t h e  C H 4- C D 4 s y s te m  o n  a  g lass s u r fa ce  p re p a re d  in  a  
fa s h io n  as id e n t ic a l as p o s s ib le  w ith  th a t  o f  S h e p a r d  a n d

Y a te s . C o m p a r is o n  b e tw e e n  th e  m e a su re d  is o t o p e  
e ffe c ts  a n d  th o s e  ca lc u la te d  fr o m  th e  s p e c t r o s c o p ic  d a ta  
w o u ld  th e n  p r o v id e  a  te s t  o f  th e  th e o r y . I t  s h o u ld  b e  
e m p h a s iz e d  a t th e  o u ts e t  th a t  o u r  s t u d y  w a s  n o t  d i
re c te d  to w a r d  e lu c id a t in g  th e  n a tu re  o f  th e  g lass  s u r fa c e  
o r  o f  th e  en e rg e tics  o f  th e  g la s s -m e th a n e  in te r a c t io n . 
W e  ra th e r  se le c te d  th is  p a r t ic u la r  su r fa ce  b e c a u s e  th e  
v ib r a t io n a l  s p e c tr u m  o f  th e  a d s o r b e d  sp e c ie s  h a d  
b e e n  m e a su re d  a n d  th e se  resu lts  c o u ld  b e  e m p lo y e d  to  
m a k e  a  s tr a ig h t fo r w a r d  p r e d ic t io n  o f  th e  is o t o p e  e ffe c ts  
b y  a  c a lc u la t io n  b a se d  o n ly  o n  th e  p r o p e r t ie s  o f  t h e  g a s  
p h a se  a n d  s o r b e d  m o le cu le s . T h e  n a tu re  o f  th e  a d s o r p 
t iv e  su r fa ce  d o e s  n o t  d ir e c t ly  en ter .

I t  w a s  o u r  o r ig in a l id e a  w h e n  p la n n in g  th e  e x p e r i
m e n ts  d e s cr ib e d  b e lo w  th a t  th e  A te r m  w o u ld  b e  re la 
t iv e ly  sm a ll a n d  e a sy  t o  e s t im a te . S tu d ie s  o n  v a p o r  
p ressu re  ra tio s  o f  v a r io u s  h y d r o c a r b o n s 7 w ith  B te rm s  
o f  th e  o rd e r  o f  m a g n itu d e  o f  th a t  s h o w n  in  T a b le  I  g iv e

(1) W. A. Van Hook and James T. Phillips, J. Phys. Chem., 70, 1515 
(1966).
(2) J. Bigeleisen, J. Chem. Phys., 34, 1485 (1961).
(3) W . A. Van Hook, J. Phys. Chem., 71, 3270 (1967).
(4) (a) P. L. Gant and K. Yang, J. Am. Chem. Soc., 86, 5063 (1964) ;
(b) F. Bruner, G. P. Cartoni, and A. Liberti, Anal. Chem., 38, 298 
(1966); (c) F. Bruner and G. P. Cartoni, J. Chromalog., 18, 390
(1965); (d) G. Constabaris, J. R. Sams, Jr., and G. D. Halsey, Jr., 
J. Phys. Chem., 65, 367 (1961).
(5) N. Shepard and D. J. C. Yates, Proc. Roy. Soc. (London), A238, 
69 (1956).
(6) L. H. Jones, Mol. Spectry., 3, 632 (1959).
(7) (a) J. Bigeleisen, S. V. Ribnikar, and W. A. Van Hook, J. Chem.
Phys., 38, 489 (1963); (b) J. Bigeleisen, M. J. Stern, and W. A. 
Van Hook, ibid., 38, 497 (1963); (c) W. A. Van Hook, ibid., 44,
234 (1966); (d) W . A. Van Hook, ibid., 46, 1907 (1967).
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Table I : Observed Frequencies of Gas 
Phase and Adsorbed Methane

F r e -  Pgas —

quency Species »'gas® »'ads0 (calcd)

F 3018.8 3006 ±  2 12.8(12.8)
v i A 2916.5 2899 ±  2 17.5(17.5)
V ,  +  V i F +  E 2823 2819 ±  10 4.0 (2 .0 +  2.0)

a See ref 5.

A / T l c o n tr ib u t io n s  u s u a lly  m u c h  less th a n  5 0 %  o f  B/T.  
I n  su ch  an  e v e n t , th e  A c o n t r ib u t io n  w o u ld  n o t  n e e d  to  
b e  p r e c is e ly  k n o w n  in  o r d e r  t o  te s t  th e  o u t lin e s  o f  th e  
th e o r y . S in ce  th e  e x p e r im e n ts  w e re  c o m p le te d , th e  
resu lts  o f  L ib e r t i  a n d  h is  c o -w o r k e r s 4b h a v e  b e c o m e  a v a il
a b le . T h e y  in d ic a te  th a t  a t  le a s t  o n  w e t  g lass  th e  
A / T 2 c o n tr ib u t io n  in  fa c t  p r e d o m in a te s .3 T h is  o b 
s e rv a t io n  m a k e s  th e  a n a ly s is  o f  th e  resu lts  w h ic h  fo l lo w  
less s tra ig h t fo rw a rd .

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

W e  ch o s e  to  m e a su re  th e  is o t o p e  e ffe c t  b y  a c h r o m a 
to g r a p h ic  te c h n iq u e . T h e  sa m p le  o f  p o r o u s  (V y c o r )  
g lass w a s  e sse n tia lly  id e n t ic a l w ith  th e  g lass  e m p lo y e d  
b y  S h e p a rd  a n d  Y a t e s .5 I t  c o n s is te d  o f  sm a ll p ie ce s  o f  
c u lle t  w h ic h  w e re  fu r th e r  cru sh e d  a n d  scre e n e d . A  
6 0 /1 0 0  m e sh  c u t  w a s  u sed . T h e  g lass  w a s h e a te d  in  a ir 
t o  4 0 0 °  to  r e m o v e  a n y  o r g a n ic  d e p o s it  b y  o x id a t io n  a n d  
th e n  p a c k e d  in to  0 .0 6 -0 .0 8 - in . i .d . g lass  o r  c o p p e r  tu b e s  
w h ic h  w e r e  c o m p a c t ly  c o ile d  a n d  fix e d  to  a  p r e v io u s ly  
d e s c r ib e d 8 “ h o m e m a d e ”  g a s  c h r o m a to g r a p h  a p p a ra tu s  
e m p lo y in g  a  h e liu m  ca rr ie r  a n d  th e rm a l c o n d u c t iv it y  
d e te c t io n . P r e c a u t io n s  w e re  ta k e n  to  d r y  th e  h e liu m  
ca rr ie r  b y  p a ss in g  i t  th r o u g h  a c h a r c o a l t ra p  im m e rse d  in  
liq u id  n it r o g e n  b e fo r e  e n te r in g  th e  co lu m n . T h e  
co lu m n s  w e re  b a k e d  o v e r n ig h t  a t  4 0 0 °  in  a  s tre a m  o f  
d r y  h e liu m  (o r  s o m e t im e s  o x y g e n  fo l lo w e d  b y  d r y  h e liu m  
fo r  co lu m n s  w ith  g la ss  w a lls ) t o  r e m o v e  a n y  w a te r  a d 
s o r b e d  d u r in g  th e  p a c k in g  p r o c e d u r e . A f t e r  t r e a tm e n t  
t h e y  w e r e  c a r e fu lly  p r o t e c t e d  f r o m  w a te r  v a p o r  a n d , as 
a  fin a l p r e c a u t io n , w e re  p e r io d ic a lly  b a k e d  t o  en su re  
d ry n e ss . I n  th is  fa sh io n , w e  h o p e d  t o  en su re  a  su r fa ce  
n e a r ly  a p p r o x im a t in g  th a t  u s e d  b y  S h e p a r d  a n d  Y a te s . 
W e  c h o o s e  t o  c a ll a  s u r fa ce  p r e p a r e d  in  th is  fa s h io n  
“ d r y ”  e v e n  th o u g h  w e  a re  a w a re  th a t  a d d it io n a l w a te r  
ca n  b e  r e m o v e d  b y  h e a t in g  t o  h ig h e r  te m p e ra tu re s . 
H o w e v e r , th e  p o in t  o f  in te re s t  w a s n o t  t o  in v e s t ig a te  
s e p a ra t io n  fa c t o r s  as a  fu n c t io n  o f  th e  w a te r  c o n te n t  o f  
th e  su r fa ce  b u t  ra th e r  t o  m ea su re  th e m  o n  a n y  s u r fa c e  
w h e re  a n  in d e p e n d e n t  s p e c t r o s c o p ic  s tu d y  h a d  b e e n  
m a d e . I t  w a s  o b s e r v e d  th a t  th e  c h r o m a to g r a p h ic  
p r o p e r t ie s  o f  th e  s u r fa ce  a re  a f fe c te d  b y  th e  w a te r  c o n 
te n t  (see  b e lo w ) .

T h e  a d s o r p t io n  o f  m e th a n e  o n  d r y  p o r o u s  g lass 
c o lu m n s  is m a rk e d  a n d  h ig h ly  n o n id e a l c h r o m a to g r a p h ic  
p e a k s  a re  o b s e r v e d . (T h e s e  w e re  o f  th e  s h a p e  w h ich  
K e u le m a n s 9 c a te g o r iz e s  as t y p e  I V . )  E v e n  a t  h ig h  
te m p e ra tu re s , in o r d in a te  ta ilin g  p r e v e n te d  th e  p o ss i
b i l i t y  o f  a c tu a lly  r e s o lv in g  se p a ra te  a n d  w e ll-d e fin e d  
c h r o m a to g r a p h ic  p e a k s  fo r  C H 4 a n d  C D 4. I t  w a s 
th e re fo re  n e ce ssa ry  t o  d e te rm in e  th e  r e te n t io n  t im e s  o f  
th e  t w o  sp e c ie s  in  se p a ra te  ru n s . T o  d o  so , th e  sy s 
te m  w a s  a llo w e d  to  e q u il ib r a te  t h o r o u g h ly  a t  th e  e x 
p e r im e n ta l te m p e r a tu r e  w ith  th e  f lo w  ra te  a n d  co lu m n  
le n g th  se le c te d  so  th e  o b s e r v e d  r e te n t io n  t im e  w a s  o n  
th e  o r d e r  o f  1 -2 0  m in . (L o n g e r  t im e s  w e re  in c o n v e 
n ie n t  b e c a u s e  o f  th e  d if f ic u lty  o f  m a in ta in in g  c o n s ta n t  
b a th  te m p e ra tu re s  o v e r  lo n g  p e r io d s  w h ile  f o r  sh o r te r  
t im e s  th e  r e la t iv e  e rro r  in  t im e  m e a su re m e n t  b e c o m e s  
im p o r ta n t .)  T h e  a p p r e c ia b le  t e m p e r a tu r e  co e ff ic ie n t  
o f  a d s o r p t io n  fo r c e d  th e  u se  o f  a  w id e  v a r ie t y  o f  c o lu m n  
le n g th s . T h e s e  v a r ie d  fr o m  50  f t  u s e d  a t th e  h ig h e st  
(2 3 ° )  te m p e ra tu re s  to  th e  1 .5 -in . c o lu m n  u se d  a t  — 1 6 6 °. 
A lte r n a te  in je c t io n s  o f  C H 4 a n d  C D 4 w e re  m a d e . T h e  
r e p r o d u c ib il ity  o f  th e se  a lte rn a te  C H 4 (o r  C D 4) in je c 
t io n s  s e rv e d  as cr ite r ia  o f  th e  e x p e r im e n ta l te ch n iq u e .

A  p o in t  o f  fu r th e r  c o m p lic a t io n  is th a t  f o r  th is  h ig h ly  
n o n id e a l s y s te m  th e  p e a k  sh a p e  a n d  p o s it io n  are  fu n c 
t io n s  o f  th e  sa m p le  s ize  as w e ll as o f  th e  te m p e ra tu re . 
A  s o m e w h a t  e x a g g e ra te d  e x a m p le  is s h o w n  in  F ig u re  1.

Figure 1. Chromatographic peak shapes.

T h e  sk e w e d  sh a p e  o f  th e  p e a k s  m ig h t  w e ll in d ic a te  th a t  
a  s in g le  a c t iv it y  c o e ff ic ie n t  w ill n o t  s e r v e  t o  d e s cr ib e  
a d e q u a te ly  th e  g a s -s u r fa c e  in te r a c t io n  a t  a ll c o n c e n tr a 
t io n s  m a p p e d  b y  th e  p e a k . E v e n  so , it  w a s  o u r  w o r k 
in g  h y p o th e s is  th a t  e q u iv a le n t  p a r ts  o f  th e  c u rv e s  
c o u ld  b e  c o m p a r e d  to  d e te r m in e  a r a t io  (i.e., th e  is o t o p e  
e f fe c t ) . T o  d o  so , th e  c o r r e c te d  r e te n t io n  t im e s  o f  th e  
p e a k  m a x im a  (B , B ')  o r  o f  firs t  a p p e a r a n c e  ( A A ')  w e re

(8) W. A. Van Hook and M . E. Kelly, Anal. Chem., 37, 508 (1965).
(9) A. I. M. Keulemans, “ Gas Chromatography,”  Reinhold Publish
ing Corp., New York, N. Y ., 1957, p 101.
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plotted vs. peak area (sample size) for both isotopes. 
The plots were linear to within experimental error for 
our range of sample sizes (0.05-0.3 cc of NTP). They 
were extrapolated to zero sample size and the ratios of 
these corrected retention times defined the experimen
tal isotope effect. The measured ratio was the same to 
within experimental error for either the peak maxima 
or position of first deflection.

One possible origin for the extreme nonideality of the 
chromatographic peaks is that the surface is nonuniform 
and contains sites of varying adsorption energy. The 
relative occupancy of such sites could depend strongly 
on temperature and this should be reflected in the ther
modynamics of the adsorption process and thus in the 
isotope effect. It would also be reflected in a significant 
temperature coefficient for the spectroscopic frequencies 
of the adsorbed species. In that case, the observed 
separation factors and those calculated from the spec
troscopic data could only be meaningfully compared 
near the temperature at which the spectroscopic meas
urements were made. The frequency shifts on con
densation are not available as a function of tempera
ture for methane, but it is interesting to note that for 
acetylene sorbed on porous glass, A v3 decreases by about 
30% on warming from 90 to 300°K. If a similar tem
perature coefficient on the zero point energy shift of 
methane was operative, it would tend to improve the 
agreement between the observed and calculated isotope 
effects (seebelow).

The porous glass used in these columns retained oxy
gen, nitrogen, and even hydrogen strongly. It was 
therefore necessary to estimate the dead volume from 
the column dimensions rather than to measure the re
tention volume of an inert gas in order to determine the 
corrections to the observed retention times. These 
were very small except for the longest (50 ft) column.

Results and Discussion
The results are shown plotted vs. reciprocal tempera

ture in Figure 2 as the natural logarithms of the cor
rected retention volume ratios. The bars indicate our 
assessment of the experimental error. Within the ex
perimental precision, which is not good, the effect is 
approximately linear in 1/ T . This indicates a small A  
term in an equation of the type In( P / P ' )  = (A / T 2) — 
(B / T ).3 The results of Gant and Yang4a on charcoal 
and of Liberti4*5 on wet glass are also indicated for pur
poses of comparison.

We wish to consider first the effect on the dry glass. 
It is unfortunate that methane was so strongly adsorbed 
that it was impossible to measure the isotope effects 
down to 90°K and thereby make a direct comparison 
with the effect calculated from the data of Shepard and

Yates5 at their experimental temperature. Nonethe
less, it is interesting to make comparisons at higher 
temperatures.

The spectroscopic data are shown in Table I. Jones6 
gives a gas phase (harmonic) force field which is con
venient for our purposes. We have used the data in 
Table I to define the condensed phase internal field 
quoted in column 2 of Table II. The predicted phase 
shifts are given in the last column of Table I. These 
correspond to a predicted zero point energy term of 
12.7/ T .  It is interesting at this point to consider some 
calculations using the complete equation (eq 6 of the 
preceeding paper). In the first calculation (A), the 
lattice constants were selected such that the perpen-

Table I I : Internal Force Fields for Gas Phase
and Adsorbed Methane

G as“ A d sorbed

F r 5.4950 5.4467
F« 0.5493 0.5478
Frr 0.1240 0.1184
Far' 0.1652 0.1652
Far” 0.0000 0.0000
Fa«' -0.0186 -0.0186
F«a" 0.0000 0.0000

“ Field of Jones6 transformed to valence coordinates.

dicular hindered translation for CH4 was 73 cm-1 (a 
value deduced from Oliver and Ross10 for methane ad
sorbed on charcoal) and the other lattice frequencies 
were set equal to zero. In a second calculation (B), we 
set T x =  T y — 50 cm-1, T z = 73 cm-1, R x = R y — 25 
cm-1, and R z =  0. The results are shown as the dotted 
lines in Figure 1. Agreement with the experimental 
values is evidenced at the lower temperatures but it 
worsens as the temperature is raised. This is because 
the calculations are in the harmonic approximation and 
an intercept near 0, 0 is demanded. For the real system 
anharmonicities, changes in condensed phase force 
constants, etc., are to be expected. The result is a 
marked deviation from the harmonic temperature de
pendence. Therefore, comparisons between the spec
troscopically based calculations and the experiments 
should be made only in the low-temperature region.

The most significant point concerning these data are 
that they suggest a very small A  term. This is sur
prising in view of the analysis3 of the Italian data on 
wetted glass where the lattice contribution was demon
strated to be large. It dominates the total effect and 
produces the negative slope of the lowermost line of

(10) S. Ross and J. P. Oliver, “ On Physical Adsorption,” Inter
science Publishers, Inc., New York, N. Y., 1964, p 236.
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Figure 2. Chromatographic separation factors for CD4-CH 4 :
•, present data on dry porous (V ycor) glass; O, present data 
on wet porous (Vycor) glass; lower solid curve, smoothed 
data of Bruner, Cartoni, and Liberti4b on wet glass capillary; 
uppermost solid line, smoothed data of Gant and Y ang4» on 
charcoal; upper dotted lines, calculated from complete 
equation (eq 6, ref 3). (Top, field A ; bottom, field B .)

Figure 2. Even so, the temperature dependency of their 
data indicates a large B  term of 13.8°K,4b even larger 
than the 12.7°K calculated here for dry Vycor. The 
basic difference between the two surfaces then must lie 
in the relative lattice contributions. In a final experi
ment, a dry porous glass column at room temperature 
was wet by equilibrating it for about 12 hr with a stream 
of helium which had been bubbled through wa^er also at 
room temperature. Separation factors were then 
measured at two temperatures. The results are shown 
in Figure 2 with the other data. It is clear that the 
isotope effect is significantly lowered from the values 
found on the dry column. (The absolute retention 
times were also lowered.) Note also that the sign of the 
temperature coefficient has changed and that these wet 
glass results are in satisfactory agreement with the 
data of Liberti, et a l ,  on their wetted columns. We 
conclude that the essential difference between the two 
columns is the presence of the water. This makes the 
surfaces markedly different. Evidently on the wet

glass (which is probably completely covered with water), 
the external lattice modes are strongly hindered, while 
on the dry surface they are not. The zero point energy 
terms are of comparable magnitude for both surfaces. 
The difference could well lie in the rotational contribu
tion. The idea that rotation is not strongly hindered 
on dry porous glass agrees with the analysis of the band 
shape of r3 for adsorbed methane given by Shepard 
and Yates.6 They state that at least one, but not as 
many as three, degrees of rotational freedom are con
sistent with the observed band shape. However, they 
give no estimate of the size of any of the remaining 
barriers to rotation on the surface. (Clearly this point 
could be settled experimentally by comparing the reten
tion times of CH3D and 18CH4 on the dry surface.3 
Unfortunately, however, experimental difficulties pro
hibited these measurements on our columns at the 
necessary level of precision.)

A final comparison of the separation factors can be 
made with the data of Gant and Yang4a taken on char
coal. These data are also shown in Figure 2. The 
slope is positive and almost twice the value for that on 
the porous glass. Accordingly, a significantly larger B  
term and total frequency phase shift are to be expected 
with this system. Unfortunately, we know of no in
frared data on the methane-charcoal system which 
could be used to test this prediction.

We conclude that the data presented in this paper for 
the CH4-C D 4-dry Vycor porous glass surface system 
demonstrate consistency with the theory of isotope 
effects in condensed systems and with the earlier spec
troscopic data on this system. In a broader sense, it 
strengthens the point of view that isotope effects on 
adsorption can only be understood in terms of the ad
sorbed layer-surface interaction itself. Obviously, any 
interpretation must include not only the molecule sur
face interaction itself but also the effect of the details of 
molecular structure. The reason that different sur
faces exhibit different effects is simply because the 
parameters describing the molecule-surface interaction 
are different.

Unfortunately, the system which we selected for 
study exhibits such a large adsorbate-surface interac
tion that it is useless in any practical sense for chroma
tographic separations.
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Ultraviolet Absorption of Ammonia at High Temperatures behind Shock Waves

by P. G. Menon1 and K. W. Michel2

Institute of Physical Chemistry, University of Gottingen, Gottingen, West Germany {Received November 29, 1966)

Ultraviolet absorption of ammonia heated to 2600°K behind shock waves has been studied 
at 2225, 2300, and 2400 A. The values of E  in the Boltzmann factor obtained from a plot 
of log « vs. l / T  of the shock-tube data agree fairly well with the energies above t h "  = 
0 in the 2pz-3s transition obtained from spectroscopic measurements by Walsh and Warsop. 
Absorption is also observed at 3360 A, indicating the formation of NH radicals in the 
shock-tube decomposition of ammonia.

Ultraviolet absorption data for ammonia at room 
temperature have been recently reported by Walsh 
and Warsop,3 who have tried to give an interpretation 
of the spectrum using the older as well as their new 
results. Dixon4 studied the absorption of ammonia 
heated to 900°K and was able to obtain bands up to 
2431 A. A t higher temperatures complications arise 
owing to the heterogeneous decomposition of ammonia 
on the walls of the container. Shock-tube heating of 
ammonia and the measurement of absorption by the 
gas, heated by the incident and reflected shock waves, 
seemed to be a way out of the above difficulty. Tem
peratures up to 2600°K for ammonia-argon mixtures 
could be reached in this way. A t still higher tempera
tures the decomposition of ammonia is too rapid to 
measure the initial absorption spectrophotometrically.5

The use of shock-tube techniques for the study of 
physicochemical problems has been dealt with in detail 
in three recent monographs.6-8 The kinetics of the 
shock-tube decomposition of ammonia has been studied 
by Jacobs9 and Mathews, Gibbs, and Holsen.6 7 8 Since 
ammonia is one of the products in the pyrolysis of 
hydrazine, its behavior at high temperatures is of par
ticular interest in the study of hydrazine.10 The results 
obtained for the ultraviolet absorption of ammonia 
in the shock tube up to about 2600°K are given in this 
paper.

Experimental Section
T h e  S h ock  T u b e . An eloxized square aluminum 

pipe, 3.2 cm on a side inside, is used as the shock tube. 
The high-pressure driver section is 180 cm long so that 
the reflected rarefaction wave cannot interfere with 
the reaction at the observation window for at least 1

msec. This section can be filled with hydrogen as 
driver gas up to 16 atm pressure. It is equipped with 
a turnable knife near the flange for cutting an aluminum 
diaphragm of thickness 0.15-0.20 mm. The low-pres
sure section is 250 cm long and is provided with a gas 
inlet and a vacuum connection at opposite ends as 
shown in Figure 1. A t 90 and 190 cm from the middle 
flange, glass windows are fixed flush with the wall. 
A t 240 cm from the flange, i .e . , 10 cm from the end 
plate, quartz windows (Ultrasil from Heraeus, 91% 
transmission at 2300 A) are used for transmitting ultra
violet light.

E lectron ic  S etu p . A  simple schlieren arrangement 
with two RCA 931 photomultipliers at the first two 
windows furnishes the time signals for measuring the 
initial speed of the incident shock. The first signal

(1) Regional Research Laboratory, Hyderabad-9, India.
(2) Institut fuer extraterrestrische Physik, 8064 Garching bei 
Muenehen, West Germany.
(3) A. D . Walsh and P. A. Warsop, Trans. Faraday Soc., 57, 345 
(1961).
(4) J. K . Dixon, Phys. Rev., 43, 711 (1933).
(5) J. C. Mathews, M. E. Gibbs, and J. N. Holsen, presented at the 
139th National Meeting of the American Chemical Society, St. 
Louis, M o., 1961.
(6) E. F. Greene and J. P. Toennies, “ Chemische Reaktionen in 
Stosswellen,”  Dietrich Steinkopff Verlag, Darmstadt, 1959.
(7) A. Ferri, Ed., “ Fundamental Data Obtained from Shock-Tube 
Experiments,”  AGARDograph No. 41, Pergamon Press Inc., New 
York, N . Y ., 1961.
(8) A. G. Gaydon and I. R . Hurle, “ The Shock Tube in High Tem
perature Chemical Physics,”  Reinhold Publishing Corp., New York, 
N. Y ., 1963.
(9) T. A . Jacobs, PB Report 149, 140, U. S. Department of Com
merce, Office of Technical Services, Washington, D. C., 1960; 
Phys. Chern., 67, 665 (1963).
(10) K . W . Michel and H. G. Wagner, Z. Physik. Chem., 68, 3318 
(1964).
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serves as a trigger for oscilloscope I (Tektronix 545, 
53/54K plug-in unit). The plus gate pulse at the end 
of the sweep serves as a trigger for oscilloscope II (same 
type as the first) which exhibits the photoelectric cur
rent from an EMI6256A photomultiplier at the third 
station. The third signal of the incident shock at 
station III is recorded, and not only shock velocity but 
also shock attenuation can be determined. For cal
culating instantaneous shock speeds, it is assumed that 
the attenuation is linear with respect to distance. The 
instantaneous Mach number can be calculated correct 
to 0.5%. Since the arrival of the reflected shock wave 
at station III is indicated by a further signal, the re
flected shock velocity can also be calculated. Owing 
to the short distance (10.2 cm) from the end plate, 
however, this velocity may have an error of 1.4%. 
Hence its determination serves only as a check for the 
consistency of the data; the parameters of the incident 
shock are all calculated from the Mach number M s 

of the incident wave.
A bsorp tion  M ea su rem en ts . A xenon hign-pressure 

arc (Osram XBO 162, feed current 10-amp dc) emits the 
ultraviolet light which passes through the quartz 
windows of the shock tube. It is focused far behind 
the first slit of the monochromator (Zeiss M4 QII, dis
persion dX/ds = 27 A/mm). The light intensity is

measured before and after each run by using a rotating 
sector of 2.8 kc/sec.

Absorption measurements for ammonia at 2175, 
2225, 2300, and 2400 A have been made. The oc
currence of NH radicals during the decomposition of 
ammonia has been investigated by measurements at 
3360 A.

Figure 2. Typical example of traces from oscilloscope II. 
Absorption of ultraviolet light by ammonia heated by the 
incident and by the reflected shock waves. The latter is 
followed by a marked decomposition of ammonia, as indicated 
by the falling off of the trace from maximum absorption.
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Figure 3. Extinction coefficient of ammonia as a function of temperature. Open points indicate incident shock data 
and closed points, reflected shock data. A cross on a point indicates shocks in 100% ammonia; a vertical stripe, 0.8% 
ammonia in argon; a horizontal stripe, 0.4%; and no stripe, the most general case of 1.8-2.5%. An encircled point indicates 
a driver gas pressure of 13 atm, an incident shock pressure of about 3 atm, and a reflected shock pressure of about 15 atm; 
for other points these pressures are 4, 1.2-2.0, and 5.5-7.0 atm, respectively. The shock reflection is usually 
at 10.2 cm from the observation window except for the square points for which it is at 0.8 cm.

M a teria ls . Ammonia and hydrogen are taken di
rectly from cylinders without further purification. 
Tank argon for welding is used as the diluent for am
monia. A mass spectrometric check of the argon shows 
that it contains 40 ppm of nitrogen.

P rocedu re. The low-pressure side of the shock tube 
is evacuated and a stream of the mixture of argon with 
ammonia of the desired composition (0.4-2.5% NH3) 
is passed through it, maintaining the final pressure 
(8-25 cm) for at least 15 min before the inlet and 
vacuum-line stopcocks are closed simultaneously. This 
is necessary to ensure that the concentration of am
monia in the stream, indicated by the flowmeters, is 
not altered owing to a subsequent attainment of adsorp
tion equilibrium of ammonia on the inner walls of the

eloxized aluminum shock tube. The rest of the proce
dure is standard shock-tube practice.6-8

Results
In deducing extinction coefficients (t) from oscil

loscope traces, it is assumed that there is a homogeneous 
distribution of ammonia across the entire shock-tube 
diameter (light path through hot gas). This was sub
stantiated by varying the ammonia concentration by 
a factor of 20, whence the value of e was still found to be 
the same within the accuracy of the measurements. 
The other assumption is that the absorption band does 
not have any fine structure. This was shown by the 
fact that slight variations of the wave length on the 
monochromator caused no serious alteration in «.
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From this one may conclude that the rotational struc
ture has been blurred out.

Two typical examples of traces from oscilloscope II 
are shown in Figure 2. The extinction coefficient of 
ammonia at the temperature and density of the gas 
behind the incident wave (T2, p2) and the reflected wave 
(T s, p5) can be evaluated from these oscillograms. The 
values of ex are given in cm3/mole (x  is the geometric 
path length of 3.2 cm). A  plot of ex vs. T  for various 
ammonia concentrations yields distinct curves for the 
three wavelengths used (Figure 3). Good agreement 
is seen with the results from runs where the driver gas 
pressure is 13 atm instead of the usual 4 atm, or when 
the reflection of the shock is at 0.8 cm from the third 
window instead of the usual distance of 10.2 cm. (For 
this run a dummy aluminum block of length 9.4 cm is 
placed in front of the end flange.) The data from re
flected shock waves also tally well with those from the 
incident shock waves.

Light absorption by ammonia in the initial gas at 
room temperature is quite negligible at the wavelengths 
used. Corrections to account for stray light in the 
monochromator have to be applied to the light intensity 
at 2225 A (3.5-4.3% depending on the slit opening); 
no correction is found to be necessary at wavelengths 
above 2300 A.

Discussion
In light of the spectroscopic data for ammonia given 

by Walsh and Warsop,3 the present absorption measure
ments are carried out within the band whose vibrational 
origin, V i"  = 0, lies at 2168 A. This band corresponds 
to the 2pz~3s transition of ammonia. Since the extinc
tion coefficient values increase with temperature, they 
must arise from ground-state vibrational levels with 
quantum numbers v2"  greater than zero. Bands at 
2212, 2245, 2287, 2335, and 2390 A have been assigned3 
to the vibrational transitions V i"  = 1, 2, 3, 4, and 5,

Table I : Comparison of Spectroscopic
Results with Shock-Tube Results

✓-------S pectroscop ic  results------- ^
E n ergy
a b o v e  <•------ S h ock -tu be results-------<

E nergy X, V i "  =  0, X, E ,

levels A cm -1 A cm "1

2225 1310
2 + 2245 1597
3 + 2287 2380

2300 2620
4 + 2335 3330
5 + 2390 4315

2400 3200

respectively, all going to v2"  = 0. The energies above 
V i"  — 0 in the 2p8-3s transition obtained from spec
troscopic measurements3 are compared in Table I with 
the values of E  in the Boltzmann factor, obtained from 
a plot of log e vs. 1 / T  of the shock-tube data (Figure 4).

The results are fairly satisfactory, especially when one 
remembers that the shock-tube data are all calculated 
on the basis of ideal one-dimensional shock theory.

Appreciable light absorption has been observed at 
3360 A. This may be an indication of the occurrence 
of NH radicals in the shock-tube decomposition of am
monia. No absorption is seen at 3000 A. The oc
currence of NH radicals in the catalytic decomposition 
of ammonia at about 1000° and pressures of 10-4 to 1 
mm has quite recently been reported by Melton and 
Emmett.11

Kinetic studies of the decomposition of ammonia in 
the shock tube have been reported elsewhere.12 Similar 
spectroscopic and kinetic investigations of the decom
position of nitrous oxide in a shock tube, carried out in 
this institute, have also been published recently.13-16 11 12 13 14 15

(11) C. E. Melton and P. H. Emmett, J. Phys. Chem., 68, 3318 
(1964).
(12) K. W. Michel and H. G. Wagner, 10th Symposium on Combus
tion, University of Cambridge, Cambridge, 1964, p 354.
(13) A. Jost, K. W . Michel, J. Troe, and H. G. Wagner, NASA 
Document N63-22347, Wright-Patterson Air Force Base, Ohio, 1963.
(14) W. Jost, K. W. Michel, J. Troe, and H. G Wagner, Z. Natur- 
forsch., 19a, 59 (1964).
(15) H. A. Olschewski, J. Troe, and H. G. Wagner, Nachr. Akad. 
Wiss. Goettingen, II, Math. Physik. Kl., No. 8, 115 (1965).
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Proton Relaxation Rates in Aqueous Solutions Containing Cupric Ion 

Chelated with Various Alkyl-Substituted Ethylenediamines
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Longitudinal and transverse proton magnetic resonance relaxation times were measured 
in 0.05 M  copper solutions containing ethylenediamine and progressively substituted N- 
alkylethylenediamines. In agreement with earlier work, the results may be explained as 
due to dipole-dipole interaction up to the point where sufficient amine has been added to 
form the bis chelate. Beyond this point a scalar coupling mechanism plays an important 
role in the relaxation of nitrogen-bound protons. Exchange of such protons with those of 
bulk water occurs after chemical exchange of the amine molecules. The complete replace
ment of the amine protons by alkyl groups makes this mechanism inoperative and T\ and 
T 2 do not deviate from their values for the bis complex.

Proton magnetic resonance relaxation times in dilute 
aqueous solutions containing a paramagnetic ion are 
those of the bulk water and are determined both by the 
various mechanisms through which the ion is effective 
and by the length of time that an individual proton 
remains in the immediate environment of the ion.1-6 
When there are no added ligands, the only exchange is 
that of protons between the coordination sphere of the 
ion and the bulk water. The presence of an additional 
ligand containing replaceable protons requires the 
consideration of (a) the extent to which the added 
ligand displaces water from the coordination sphere, (b) 
the inherent effectiveness of the paramagnetic ion in 
relaxing the protons of the ligand, and (c) the mecha
nisms (and associated kinetics) by which the protons 
of the ligand exchange with those of bulk water.

There have been a number of investigations4’7-12 
of proton relaxation in solutions containing copper.

In particular, Morgan and co-workers8’9 have used spin- 
echo techniques to measure both the longitudinal (T i) 
and transverse (T2) relaxation times in dilute solutions

(1) N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev., 
73, 679 (1948).
(2) N. Bloembergen, J. Chem. Phys., 27, 572 (1957).
(3) I. Solomon, Phys. Rev., 99, 559 (1955).
(4) R. A. Bernheim, T . H. Brown, H. S. Gutow3ky, and D. E. Woess- 
ner, J. Chem. Phys., 30, 590 (1959).
(5) R. G. Shulman, H. Sternlicht, and B. J. Wyluda, ibid., 43, 3116 
(1965).
(6) T. J. Swift and R. E. Connick, ibid., 37, 307 (1962).
(7) L. O. Morgan and A. W. Nolle, ibid., 31, 365 (1959).
(8) L. O. Morgan, J. Murphy, and P. F. Cox, J. Am. Chem. Soc., 81, 
5043 (1959).
(9) P. F. Cox and L. O. Morgan, ibid., 81, 6409 (1959).
(10) J. P. Hunt and H. W . Dodgen, J. Chem. Phys., 35, 2261 (1961).
(11) R. G. Pearson and R. D. Lanier, J. Am. Chem. Soc., 86, 705 
(1964).
(12) Z. Luz and R. G. Shulman, J. Chem. Phys., 43, 3750 (1965).
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containing complexes of cupric ion with ethylene- 
diamine and with 2,2'-bipyridine. They found that up 
to a mole ratio of ligand/Cu2+ = 2 (region I), the be
havior of the relaxation times was very similar for both 
ligands. This finding appears to rule out exchange of 
protons between bulk water and the firmly ligated 
ethylenediamine. Additional evidence could be ad
duced by using various N-alkyl-substituted ethylene- 
diamines. Here the number of replaceable protons 
can be changed from 4 to 0. If no corresponding change 
occurs in T x and T 2, it would indicate that the N pro
tons of the chelated amine indeed do not exchange to 
any appreciable extent with those in the bulk of the 
water. The same compounds could also serve to 
illumine the role of the N protons when ligand/Cu2+ is 
greater than 2 (region II). Here the various ethylene- 
diamines are only weakly bound and chemical exchange 
occurs between bound and free amine.

Experimental Section

The chelating agents used were 2,2'-bipyridir.e, ethyl
enediamine, N-methylethylenediamine, N,N-dimethyl- 
ethylenediamine, N, N '-dimethylethylenediamine,
N,N-dimethyl-N'-ethylethylenediamine, and N,N,- 
N/N'-tetramethylethylenediamine. All compounds 
were obtained from K  & K  Chemical Co. and were re
distilled before use. The 0.1 M  cupric nitrate stock 
solution was prepared from AR chemicals and was 
standardized against KIO3 with sodium thiosulfate. 
With the exception of bipyridine which was added by 
weight, the various amines were dissolved in water 
to form 0.5 M  solutions. The solutions used in the 
relaxation measurements had a total copper concentra
tion of 0.05 M ,  the ratio of organic compound to copper 
being varied from 0 to 4 by dilution with water. All 
measurements were made at 25° using spin-echo tech
niques as described by Carr and Purcell13 with modifica
tions of Meiboom and Gill.14 The radiofrequency used 
was 25 Mc/sec.

Results
For both 2,2'-bipyridine and ethylenediamine, the 

findings of Morgan, Murphy, and Cox8 were essentially 
confirmed. Despite the difficulties in spin-echo 
measurements, the results are numerically in good 
agreement. However, as shown in Figure 1, the de
crease in T\ in region II is less precipitous than found 
by Morgan and does not become flat in the same way.

The results for the substituted ethylenediamines are 
shown in Figures 1 and 2. Qualitatively, the behavior 
in region I is the same as for ethylenediamine itself, 
although the highest relaxation times occur when the 
ethylenediamine/Cu2+ ratio is about 2.2. However,

Figure 1. Longitudinal relaxation times vs. mole ratio for 
cupric ion complexed with various ethylenediamines:
A, ethylenediamine; B, N-methylethylenediamine;
C, N,N-dimethylethylenediamine; D, N,N'-dimethylethylene- 
diamine; E, N,N-dimethyl-N'-ethylethylenediamine;
F, N, N,N N '-tetramethylethylenediamine.

Figure 2. Transverse relaxation times vs. mole ratio for 
cupric ion complexed with various ethylenediamines.

the decrease of T x and T 2 in region II becomes pro
gressively less as substitution increases. Moreover, the 
difference between rl \  and T 2 is less marked. For the 
fully substituted tetramethylethylenediamine, the val
ues of T i and T 2 in region II remain essentially constant.

(13) H. Y . Carr and E. M. Purcell, Phys. Rev., 94, 630 (1954).
(14) S. Meiboom and D. Gill, Rev. Sci. Instr., 29, 688 (1958).
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Discussion
Two types of interaction15 16 are primarily responsible 

for the relaxation of the protons within the coordination 
sphere of the metal. The first of these is a dipole- 
dipole interaction and the second is an isotropic hyper- 
fine coupling. They lead to well-known expressions for 
the reciprocals of Tim and T2M, the relaxation times of 
protons in the coordination sphere.

In the absence of chemical exchange, it is possible to 
consider the nuclear moment as being present in one or 
more discrete environments, each associated with a 
relaxation rate. The intervention of chemical exchange 
results in an alteration of the observed relaxation times 
in a manner given by Bloembergen and Morgen16 and 
by Swift and Connick.6

Within the confines of region I, the relaxation rate is 
directly proportional to the number of available sites 
(be., those occupied by water molecules), and it is not 
necessary to consider the relaxation of axial and 
equatorial water separately. As shown by Bernheim 
and co-workers,4 only the dipole-dipole interaction 
makes an effective contribution to T i m  and T 2m  which 
we calculate to be 9.7 X 10-5 sec. Since chemical 
exchange of water is rapid, the contributions of the 
paramagnetic ion to the observed proton relaxation 
times is likewise controlled by the dipole-dipole inter
action.

The relaxation behavior in region II is best considered 
in terms of the results found for ethylenediamine and 
for the completely substituted tetramethylethylene- 
diamine. The former was previously investigated and 
discussed by Cox and Morgan.9 The two main fea
tures exhibited by ethylenediamine are the wide 
divergence of T2 from Ti and the rapid decrease of both 
from the values found for the bis complex. The de
crease in Ti was attributed to the rapid molecular ex
change of ethylenediamine between the coordination 
sphere and the bulk of the solution made possible by the 
presence of uncoordinated ligand in the solution. 
When the concentration of the latter is sufficiently 
high, the exchange becomes rapid enough to make the 
number of protons in the coordination sphere effectively 
the same as in the hexaaquo ion. However, the fact 
that the asymptotic value of Ti is (within experimental 
error) the same as that for the hexaaquo ion is fortu
itous since Tim in this region is an average of those 
for oxygen-bonded and nitrogen-bonded protons. 
These considerations would lead to the prediction that 
addition of ethylenediamine to a solution containing 
copper fully complexed with bipyridine would result 
in a marked decrease in T x. Such an effect was indeed 
found; the presence of 0.05 M  ethylenediamine in solu
tion which is 0.05 M  in copper and 0.15 M  in 2,2'-

bipyridine results in a threefold decrease in Ti and in- 
cidently proves the lability of bipyridine in the com
plex.

To account for the difference between Ti and T2 for 
ethylenediamine in region II, Morgan proposed that 
isotropic hyperfine coupling is the main mechanism of 
the transverse relaxation. In order to calculate the 
contribution, it would be necessary to know the inter
action constant A  and this quantity is not available. 
While A  might be obtained from the frequency shift,17 
such a measurement would require a very high con
centration of paramagnetic ion with resultant broaden
ing of the line. There are additional complications 
which have to do with the uncertainty regarding the 
species present. For example, Bjerrum and Nielsen18 
suggest that a third ethylenediamine molecule co
ordinates to copper by only one of the amino groups. 
Copper would then either have a coordination number 
of 5 or retain one molecule of water. In any case, 
the value of A  so obtained would represent an average. 
Whatever the details of the species present, it seems 
clear that the isotropic hyperfine coupling contributes 
to T2. Proton relaxation is complete within the resi
dence time of the ligands and the rate of chemical ex
change is now the factor controlling the contribution 
of the N-bonded protons to the relaxation rate. The 
fact that these protons are active mediators in region 
II is proven by the results with tetramethylethylene- 
diamine which exchanges in and out of the coordination 
sphere of copper but cannot participate in proton ex
change. Both Ti and T2 thus remain at the values they 
have for the bis complex and relaxation proceeds only 
via  the coordinated water molecules.

Between the two extremes represented by ethylene
diamine and tetramethylethylenediamine the relaxation 
rates and the number of exchangeable protons may be 
arranged in the same sequence. However, the con
tribution of the N-bonded protons is not a linear func
tion of the number of such protons. This is shown in 
Table I which pertains to solutions for which the ratio 
ligand/Cu2+ is 4. The relaxation rate in the case of 
the tetramethylamine is associated with all mechanisms 
not involving N-proton exchange. Under the assump
tion that these mechanisms operate to the same extent 
with the other amines, the data in column 4 of Table I 
are “adjusted” values of Ti-1 and represent the relative 
longitudinal relaxation rates due to the N-bonded pro-

(15) A. Abragam, “ The Principles of Nuclear Magnetism,”  Oxford 
University Press, London, 1961.
(16) N. Bloembergen and L. O. Morgan, J. Chem. Phys., 34, 842 
(1961).
(17) N. Bloembergen, ibid., 27, 595 (1957).
(18) J. Bjerrum and E. J. Nielsen, Acta Chem. Scand., 2, 297 (1948).
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Table I : Longitudinal Relaxation Times at 
the Mole Ratio Amine/Cu2 + =  4

Solu T u 1/2*1, ( l / T i )  -
tion® m sec s e c " 1 (l/Ti(o))b

A 23 44 36
B 40 25 17
C 76 13 5
D 90 11 3
E 110 9.1 1.4
F 130 7.7 0

“ For key to designation of solutions see Figure 1. 
130 msec.

6 r,(a) =

Table II : Transverse Relaxation Times at 
the Mole Ratio Amine/Cu2 + = 4

Solu- Ti, l/Tt, (1 /Ti) -
tion® m sec se c “ 1 (1 /Ti(a))b

A 1.3 770 759
B 16 62 51
C 54 18 7
D 75 13 2
E 70 14 3
F 90 11 0

“ For key to designation of solutions 
90 msec.

see Figure 1. s T , ( a )  -

tons. It is seen that the adjusted rate in the case of 
ethylenediamine is over 20 times the rate for the amine 
containing only one replaceable proton. The disparity

is even greater for the “ adjusted” values of T 2~ l given 
in Table II.

These results lead to several observations. If T m  
and T2m were sufficiently small so that only the lifetime 
of the protons in the coordination sphere determined 
the two relaxation rates, then we would expect that the 
latter would be directly proportional to the number of 
N-bonded protons, and, further, they would be equal. 
For all the amines, T\ is determined both by T m  and 
tm, the lifetime of a proton in the coordination sphere. 
In the case of ethylenediamine, T2M is sufficiently small 
so that T i  is determined by tm and, indeed, (I/ T 2) — 
(1 /T i ( a ) )  = l/ r M = k (Swift and Connick’s Case C).19 
From a knowledge of concentrations of the various 
species one may then calculate8 the second-order rate 
constant for the exchange between free amine and the 
bis complex. Such a calculation is not possible for the 
other amines since T m  is not negligible with respect to 
tm, and the situation does not resolve into a simple 
limiting case.
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the tenure of NIH Special Fellowship 5-F3-CA-28, 
137-02 for which the author is very grateful. I thank 
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(19) is the relaxation time of protons in the solution for which
amine/Cu2 + =  2
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Thermodynamic Properties and Ultraviolet Spectra of Cyanogen 

Iodide Complexes with Some n Donors

by Hari D. Bist1 and Willis B. Person2

Department of Chemistry, University of Florida, Gainesville, Florida (Received January 27, 1967)

T h e ultraviolet absorption spectrum of I C N  in n-heptane and of its complexes w ith d iethyl 
ether, ethanol, and tetrahydrofuran has been investigated in n-heptane solution. F rom  
the “ blue-shifted”  I C N  band at 240 mfi, the therm odynam ic properties K, AH°, and AS° 
and the characteristics of this absorption band (emax, Ain/,, / ,  and D) were determ ined for 
the complexes. Com parison of these properties with the corresponding values for I 2 
complexes establishes the similarity in both therm odynam ic and spectroscopic behavior. 
T h e failure to observe the charge-transfer absorption is discussed. I t  is concluded th at  
this failure is due to a shift of hvct to about 1 -2  ev of higher energy (as com pared to I 2 
complexes) because of a smaller vertical electron affinity (estim ated to be only 0 .9  ev for 
I C N ) and a more negative value of Go for the I C N  complexes.

Introduction
In  spite of its potential interest as an electron acceptor 

to be compared with I 2, IC1, and other halogens, very  
little information exists about electron-donor-acceptor  
complexes with IC N . Fairbrother3 measured the ap
parent dipole m om ents of IC N  in different solvents, 
noting an appreciable increase for n in solutions with  
electron donors as solvents, similar to that which he 
had found earlier for I 2.4 5 In that paper3 he com m ented  
on and reported experiments confirming the frequency 
shifts in the ultraviolet spectrum of I C N  observed 
earlier by G illam .6 Further studies of the changes in 
the ultraviolet spectra in complexing solvents are re
ported b y  H aszeldine,6 and changes in the infrared 
spectra were reported by H aszeldine,6 by d u s k e r  and 
Thom pson,7 and b y  Person, H um phrey, and P opov.8 
Form ation constants for a few complexes have been 
reported from  measurements m ade in the infrared 
region.9 However, only a relatively few complexes 
have been studied even that quantitatively.

One question arising from these studies concerns the 
frequency of the charge-transfer absorption band which 
presumably exists for these complexes. Haszeldine6 
reports some changes in the ultraviolet spectrum near 
the lim it of transmission of his spectrometer— i.e., 
around 200 mu. Badger and W o o 10 and Y a k o vlev a 11 
have reported the spectrum of I C N  vapor in this region.

Badger and W o o 10 assign the broad absorption found  
here (with peak at 247 m/u) to a transition to an elec
tronic upper state which dissociates to give the products 
I(2P>/,) +  CN*(2II). This transition then corresponds 
roughly to the transition for the visible absorption band  
of I 2 (m ostly to the upper state, which dissociates to  
give I(2Pi/,) +  I*(2PV,). H ence, one m ight expect the  
absorption in this region for the a acceptor, ICN, to  ex
hibit a change on complexing similar to th at found for 
the visible I 2 band— i.e., a “ blue shift”  and intensifica
tion .12 T h e possibility that the charge-transfer ab

(1) Fulbright Exchange Fellow, 1963-1965.
(2) Visiting Associate Professor of Chemistry and National Science 
Foundation Senior Postdoctoral Fellow, Laboratory of Molecular 
Structure and Spectra, Department of Physics, University of Chicago, 
Chicago, 111., 1965-1966. The experimental work was done at the 
University of Iowa.
(3) F. Fairbrother, J. Chem. Soc.t 180 (1950).
(4) F. Fairbrother, ibid., 1051 (1948).
(5) A. E. Gillam, Trans. Faraday Soc., 29, 1132 (1933).
(6) R. N. Haszeldine, J. Chem. Soc., 4145 (1954).
(7) D. L. Glusker and H. W. Thompson, ibid., 471 (1955).
(8) W. B. Person, R. E. Humphrey, and A. I. Popov, J. Am. Chem. 
Soc., 81, 273 (1959).
(9) A. I. Popov, R. E. Humphrey, and W. B. Person, ibid., 82, 1850 
(1960).
(10) R. M. Badger and S. Woo, ibid., 53, 2572 (1931).
(11) A. V. Yakovleva, Izv. Akad. Nauk SSSR, Ser. Fiz., 14, 517
(1950); Chem. Abstr., 45, 32396 (1951).
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sorption band of com plexed I C N  is superimposed on 
the absorption in this region by the free I C N  should not 
be overlooked, however.

Because the changes in the ultraviolet region of the  
spectrum of com plexed I C N  do occur in the region 
below 250  mjj, the choice of donors which can be studied  
is lim ited. T h e requirement of transparency rules out 
aromatic it donors, such as benzene, as well as m any  
interesting n donors— e.g., sulfides. T h e  requirement 
of stability rules out the stronger n  donors— e.g., tri- 
m ethylam ine— which react further w ith I C N . H ence, 
only the ethers and alcohols, am ong the usual kinds of 
donors, form  com plexes which can be studied in the 
ultraviolet region. W e  report a study of the complexes 
of I C N  with diethyl ether and w ith ethyl alcohol, in 
an attem pt to obtain the therm odynam ic properties 
K, AH, and AS for com plex form ation, and to obtain  
further inform ation about the spectral changes of I C N  
near 250 m/n. In  an attem pt to provide som e inform a
tion about the interaction of I C N  w ith a stronger n 
donor, we report also some m uch less com plete results 
of a study of the complex with tetrahydrofuran.

Experimental Section
Chemicals. Iodine cyanide was prepared b y  the 

m ethod of B ak and H illebert13 and was purified b y  re
crystallizations from  chloroform.

Solvents and donors were purified according to  
standard procedures.14-16 n -H eptan e (Phillips P e
troleum  C o., pure grade) was shaken with a m ixture of 
concentrated H N 0 3 and H 2S 0 4 and again repeatedly  
with concentrated H 2SO 4, washed, and distilled under 
nitrogen over sodium. E th y l alcohol (9 5 % )  was re
fluxed over freshly burnt quicklim e and then distilled. 
“ Superdry”  alcohol was prepared from  this by distilling  
it again from  m agnesium  activated with I2. Ether was 
stored over sodium and fractionally distilled. T h e  
tetrahydrofuran was purified b y  rem oving peroxides 
and dried well, im m ediately before use.

T h e solutions were freshly prepared on the day of 
use. T h e donor and I C N  were weighed into a 25-m l 
volum etric flask, w ith a semimicro M ettler balance, and 
the volum e was adjusted w ith n-heptane. For refer
ence in the double-beam  spectrometer, solutions con
taining solvent and donor at the sam e concentration  
as in the I C N  sample solution were also prepared.

Spectra. T h e  spectra were recorded in the region 
3 6 0 -1 7 0  m¿¿ (or over portions of this region) w ith a 
Beckm an D K -2 A  far-ultraviolet spectrophotometer. 
A  m atched pair of Beckm an far-ultraviolet silica cells 
(1 cm ) was used. These cells were m ounted in the 
Beckm an temperature-regulated cell holder, whose 
temperature was controlled b y  circulating a g ly co l-

w ater mixture from a H aake therm ostat and, for low  
temperatures, from  a Sargent water bath cooler. T h e  
temperature in the cells could be controlled to ± 9 .2 °  
in the range from  — 12 to  6 0 °.

O xygen and other undesirable vapors were rem oved  
b y  purging the instrum ent w ith Linde high-purity dry 
nitrogen. A  slow purge was m aintained continuously, 
and the purge rate was increased during the study, 
especially for the low -tem perature studies in order to  
prevent condensation of H 20 .

T h e cells containing the I C N  solution and the refer
ence solution were placed in the spectrom eter and the 
spectra were recorded at 2 8 ° . T h en  the tem perature  
was adjusted in steps and the spectra were recorded at 
each temperature, after allowing 30  m in or more for 
the cell com partm ent to reach equilibrium . Spectra  
were recorded in the order: 28, 19, 5, — 1 0 ° (45 and 
6 0 ° , in the case of the alcohol com plex). A ctu ally , the 
tem perature of the cells w as adjusted only approxi
m ately  to these values. T h e  spectra were read, and the 
absorbance was plotted as a function of temperature 
for each solution. T h e  absorbances at each of the 
temperatures above were read from  the graph b y  inter
polation. In  order to check that possible irreversible 
reactions did not occur during the tim e needed to go 
through this cycle, the spectrum  of the solution at 2 8 °  
was usually recorded at the end of the cycle as well.

D issolved oxygen in n-heptane shows considerable 
absorption in this region of the ultraviolet spectrum —  
especially below 2100 A . Stringent precautions were 
taken to avoid it including: (i) distilling all chem icals
under nitrogen atm osphere ju st before use; (ii) purging  
both  the donor and the solvent with extra dry high- 
purity nitrogen ju st before preparing the solutions 
under N 2 atm osphere in a drybox; (iii) filling the B eck
m an stoppered quartz cells in the d ryb ox ; and (iv) 
keeping the spectrom eter, and especially the cell 
com partm ent, purged continuously w ith dry nitrogen. 
W e  did not detect any com plications due to the con
tact charge-transfer absorption of 0 2.

A  further small error (about 3 % )  occurred in the  
m olar concentrations of the solutions owing to the  
changes in volum e as a result of the tem perature  
changes. Th is effect was ignored, since it was small 12 13 14 15 16

(12) For example, see R. S. Mulliken, J. Chim. Phys., 20 (1964); 
R. S. Mulliken, Rec. Trav. Chim., 75, 845 (1956).
(13) B. Bak and A. Hillebert, Org. Syn., 32, 29 (1952).
(14) K. B. Wiberg, “ Laboratory Technique in Organic Chemistry,”  
McGraw-Hill Book Co., Inc., New York, N. Y ., 1960.
(15) A. Weissberger, Ed., “ Technique of Organic Chemistry,”  Vol. 
VII, Interscience Publishers, Inc., New York, N. Y ., 1955.
(16) A. I. Vogel, “ Elementary Practical Organic Chemistry. Part 
I. Small Scale Preparations,”  Longmans, Green and Co., Ltd., 
London, 1957.
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Figure 1. The ultraviolet absorption spectra of Et2OTCN 
solutions; solvent, n-heptane; 23°; 1.00-cm cell. The ICN 
and Et20  concentrations in millimoles per liter are:
(1) 3.368 and 0.000; (2) 3.368 and 39.75; (3) 3.466 and 107.99; 
(4) 3.499 and 338.3; (5) 3.629 and 1297.3; (6) 3.695 and 9626.3.

and since qu antitative inform ation about the density  
changes in our solvent system  was not readily available.

Results

Figure 1 presents representative spectra of solutions 
in n -heptan e of approxim ately constant I C N  concentra
tion w ith increasing concentrations of ether. I t  
illustrates the decrease in the intensity of the free I C N  
band at 241 m/i (in n -heptane) as the com plex is form ed, 
w ith the resulting increase in the band due to the com - 
plexed I C N  at 225 m ^. T h e  isosbestic point indicates 
th at only  tw o species exist in these solutions. W e  note  
th at th e absorption b y  this shifted I C N  band at 225  
m^i in the com plex is overlapped b y  the stronger ab
sorption near 20 0  npr. I t  is still not absolutely clear 
whether this strong band results from  a shift of the  
absorption band already seen near 2 0 0  mu, for I C N  
in n-heptane, or whether a charge-transfer absorption  
band for the com plex is superimposed on the I C N  ab
sorption in this region. H ow ever, we believe the argu
m ents in favor of the form er interpretation of our spec
tra are reasonably convincing.

F rom  a set of absorption curves such as those shown  
in Figure 1 for the solution at a given tem perature, the 
form ation constant and m olar absorptivities can be 
determ ined in the usual w a y .17 Since the absorption  
of the com plex overlaps that of the free I C N , a correc
tion m ust be m ade for the latter. T h e  concentration  
of free I C N  is given by

[ICN] = (ICN)o - g(ICN)oP„ 
1 +  KD0 (1)

H ere the zero subscript denotes the total concentration  
of the species, determined from  the weight. T h e  
absorbance at X due to free I C N  is

H xf =  exfZ [IC N ] (2)

T h e  value of exf in the solutions containing donor is 
assum ed to be the sam e as th at found for I C N  alone 
in n-heptane. H ence, w e m ay  com pute the absorbance  
of the com plex corrected for th at due to free I C N

Tex =  T X — T Xf (3)

H ere T x is the total observed absorbance at X in the  
solution, and T Cx is that due to com plex alone.

W e  m ay  now  use T Cx, measured in a series of solu
tions w ith differing donor concentrations, in the B en esi- 
H ildebrand18 or S cott19 equations to obtain the value  
of ecx and K. (Or, better, w e m ay use the L ip tay 20 
procedure to treat these data.) H ow ever, in order to  
m ake the corrections of eq 1 -3 , we m ust estim ate K. 
W e  have done this using N agakura’s equation21

(T 0 — T ' )  -f- Do'(A — T 0)

K  = --------Z),ZV(A' -  A)--------- <4)

H ere T 0, T ,  and A ' are the absorbances of solutions 
whose total donor concentrations are 0 , D0, and Da' 
m oles/1., respectively. After m aking this estim ate for 
K, the corrected absorbance is com puted b y  eq 1 -3  
and then treated b y  the Liptay procedure20'22 to obtain  
K  and ecx values, cycling until K  does not change.

T h e L ip tay  analysis of the data was program m ed22 
in f o r t r a n  I V  for the I B M  7 0 4 0 /7 0 4 4  com puter. A b 
sorbance data from  five solutions with different donor 
concentrations were read at eleven wavelengths from  
210 to 235 mp (at 2.5-m/x intervals) for the ether com 
plex, and at four wavelengths from 210 to 225 mp (at
5-m/j. intervals) for the alcohol com plex. T h e  resulting 
K  values, together with emax values (at X 225 mfi for the  
ether com plex and at X 217 myu for the alcohol com plex) 
are tabulated in T able I . N o  trends were noticed in 
the f  m atrix or in the Dm m atrix in the L ip tay  analysis,20 
suggesting that there is little noticeable effect owing to  
failure of either the assum ption that eXf is constant or 
th at only 1 ; 1 complexes are present.

This analysis was carried out at each of four tem pera
tures from  data obtained above and illustrated for a 
typical solution in Figure 2. Th is figure again il
lustrates the increase in absorption of the com plex near

(17) G. Briegleb, “ Elektronen-Donator-Acceptor-Komplexe,”  
Springer-Verlag, Berlin, 1961, Chapter X II.
(18) H. A. Benesi and J. H. Hildebrand, J. Am. Chem. Soc., 71, 2703 
(1949).
(19) R. L. Scott, Rec. Trav. Chim., 75, 787 (1956).
(20) See ref 17; W. Liptay, Z. Elektrochem., 65, 375 (1961).
(21) S. Nagakura, J. Am. Chem. Soc., 80, 520 (1958), and other 
references cited there.
(22) L. Julien, Ph.D. Thesis, University of Iowa, 1966.
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Table I : Equilibrium Constants, K, for Complex Formation, and emax Values for ICN Complexes with 
Tetrahydrofuran and with Diethyl Ether and Ethanol at Different Temperatures

-------------------------------------------------D on or— — ■-------

T em p, K , K , T em p, K ,

° c l ./m o le «c(220) l ./m o le «„(225) °C l ./m o le ««(217)

- 9 .5 17.1 ±  1.9 255 ±  7 - 1 2 . 0 10.90 ±  0.7 266 ± 3
5.0 8.3 ±  1.0 260 ±  14 4 . 0 6.8 ± 0 .7 264 ±  8

18.0 6.2 ±  0.7 241 ±  15 19.0 4.3 ± 0 .2 270 ±  6
27.0 13 ± 4 236 ±  21 3.8 ±  0.3 257 ±  9 28.0 3.5 ± 0 .4 255 ±  16

—I . 1 * 1 . 1 1 «— > 1 1 1— > 1—
2 0 5  2 2 5  2 4 5  2 6 5  2 8 5  3 0 5X  (m/<) —*

Figure 2. Temperature dependence of the ultraviolet 
absorption spectra of an EtOHTCN solution; 
solvent, w-heptane; 1.00-cm. cell. Concentrations 
for ICN and EtOH are 3.335 and 201.3 mM, 
respectively. The temperatures for the curves are:
(1) 30.6, (2) -12.2, (3) 5.8, (4) 19.2, (5) 46.8, (6) 59.8°.

220  m/i and decrease in absorption b y  the free I C N  at 
240  in/i as m ore com plex form s at the lower tem pera
tures. A gain, we note the presence of an isosbestic 
poin t.23 N o te  th at «max in T ab le  I is independent of 
tem perature w ithin experim ental error, as expected  
over this sm all range of tem perature. W e  note also 
that the experim ental uncertainty in K  is rather high  
( ± 1 0 % ) .  H ow ever, we believe this uncertainty is 
acceptable for such weak complexes.

W e  note th at the results for C 2H 8O H -I C N  confirm  
the som ew hat m ore qualitative results reported b y  
H aszeldine.6

T h e tetrahydrofuran-cyanogen iodide com plex was 
studied only at 2 7 ° , using thè sam e technique as for the  
the others. T h e  results are given in T a b le  I.

T h e value of AH° for the form ation of the com plex  
is obtained from  the tem perature dependence of K  by  
plotting R In K  vs. 1/T , as shown in Figure 3. T h e  
resulting values of AH ° and AiSXgs (based on a standard  
state of 1 M  concentrations) are listed in T a b le  II , 
together w ith values from  other I 2 com plexes for com 
parison.

Figure 3. The relationship between R In K  and 1/T.
Straight lines 1 and 2 correspond to 
EtOHTCN and EtjO-ICN, respectively.

Discussion
O n the basis of the results shown in T a b le  I I , we 

conclude th at I C N  and I 2 have similar acceptor 
strengths. T h e  enthalpies for the I C N  com plexes with  
alcohol and ether and AG° for the T H F  com plex are 
perhaps slightly m ore negative than for the corre
sponding I 2 complexes, as m ight be expected from  the  
additional energy contribution due to the d ip ole- 
induced-dipole term  for the polar I C N  com plexes 
;uICN ~  3 .76 in benzene solution3). H ow ever, the best 
interpretation of the results in T ab le  I I  is apparently  
th at I 2 and I C N  possess alm ost identical acceptor 
strengths.

I t  is of interest to note there th at the points for 
AH° and AS° for the I C N  com plexes (after conversion  
to the sam e standard state) fit quite well on the line

(23) The isosbestic point shifts at higher temperatures for the 
C2H 5OH -ICN  solutions. When these solutions are cooled again to 
28°, the spectrum is identical with that observed at the start of the 
experiment, indicating that the higher temperature changes re
sponsible for the loss of isosbestic point are reversible. We do not 
understand this observation, but we have obtained the thermo
dynamic properties reported here from studies below 45 °, where the 
isosbestic point in Figure 2 remains constant.
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Table II : Thermodynamic Properties for Some Complexes of ICN and of I2 with 
Some n Donors (Based on 1 M Solutions as the Standard State)

Acceptor Donor Solvent
X 29S,

l./mole
- A  G°, 

kcal/mole
- A  H°, 

kcal/mole

— A 8", 
cal/deg 

mole

ICN° Et20 n-Heptane 3 .8 0 .7 9 6 .5  ±  0 .5 19 .1
ICN° EtOH 7i-Heptane 3 .5 0 .7 4 4 .5  ±  0 .5 1 2 .7
ICN“ THF n-Heptane 13 1 .5 4
ICN4 Dioxane CHCb 1 .2 0 .1 1
ICN4 Pyridine C6H6 51 2 .3 4

V Et20 7i-Heptane 0 .8 7 - 0 . 0 8 4 .2 1 4 .4
T d-L2 EtOH 7i-Heptane 0 .8 6 - 0 . 0 9 4 .6  ±  0 .4 1 5 .6
T cJ-2 THF n-Heptane 3 .0 0 .6 5 5 .3 1 5 .9
V Dioxane n-Heptane 1 .2 0 .1 1 3 .5 1 1 .4
V Pyridine n-Heptane 290 3 .3 7 8 .0 1 5 .5

“ This research. 4 From Popov, Humphrey, and Person.9 “ From M. Brandon, M. Tamres, and S. Searles, Jr., J. Am. Chem. Soc., 
82, 2129 (1960); M. Tamres and M. Brandon, ibid., 82, 2134 (1960). d From Julien.22 * Recomputed from the summary by G. Brie- 
gleb, ref 17, pp 124-125.

found empirically for I2 complexes24 * when — AS °  is 
plotted against — AH ° .

We might also note here that the monomer-dimer 
equilibrium for ethanol in n-heptane26 may complicate 
the interpretation both of the ICN  and of the I2 data 
for this donor. The concentration ranges of ethanol 
used to obtain K  in both studies are roughly com
parable, however, so that the comparison between I2 
and ICN  in Table II is probably relatively valid.

It is of some interest to investigate quantitatively 
the changes in the 247-mn ICN band on complexing and 
to compare them with those for the corresponding 
changes in the visible band of I2. The intensity of the 
absorption of this band in the complex reported in 
Table I may be too high, since the increased overlap 
with the stronger band around 200 m/i in the complex 
makes it difficult to obtain an accurate intensity for the 
247-mfi band above. However, examination of Figures 
1 and 2 suggests that the overlap is not too great on the 
long-wavelength side of Xmax. Hence, we have esti
mated the / number and transition dipole, D , by the 
approximate formulas26

/  =  4.32 X  1 0 - 9[emaxA r v J

D  = 0.0958 [emaxAj'i/j/i'max] (5)

Here, we have estimated that Ay,/, is two times the dif
ference in reciprocal centimeters from the half-intensity 
point on the right-hand side of the band to the wave- 
number of maximum absorption, ymax. This estimate 
may be in error by about 5% or so, owing to the asym
metry of the band. However, the overlap by the ab
sorption around 200 mn prevents us from measuring 
Ay,/, directly. The final results are given in Table III.

We see there that the “ blue shift” and intensification 
of this band in complexes of ICN are indeed quite simi
lar to those observed for the complexes of I2. The 
band for free ICN is intrinsically much weaker than 
the corresponding band in free I2 and may be more sus
ceptible to “ inert solvent” effects. Hence, the ratio 
of intensities for ICN (complex/vapor) is greater than 
for I2, but we see that D  increases by about 0.2-0.3 
debye/A for both I2 and ICN complexes.

Finally, we may examine the reason for the failure 
to observe the charge-transfer band. We believe that 
the intensification observed for the complexed ICN 
in the region around 200 m/x (Figures 1 and 2) is prob
ably not great enough for it to be due to the charge- 
transfer absorption. Hence, Act is probably less than 
190 mit- If so, the charge-transfer frequency must 
come more than 12,000 cm-1 higher (or hvCT is more 
than 1.5 ev greater) than the corresponding transition 
for I2 complexes. Such a large difference from I2 
is not obviously to be expected. The charge-transfer 
frequency is determined by:26 -  28 (1) the ionization
potential of the donor, which is the same for ether com
plexes with I2 and with ICN, for example; (2) G i, the 
stabilization of the dative-state energy, W x;  G\ should 
be roughly the same for I2 and for ICN complexes, 
assuming the configuration in the latter to be D ----1-

(24) M. Tamres and M. Brandon, J. Am. Chem. Soc., 82, 2134 
(I960).
(25) U. Liddel and E. D. Becker, Spectrochim. Acta, 10, 70 (1957) ; 
E. D. Becker, ibid,., 17, 436 (1961).
(26) See ref 17; also cf. R. S. Mulliken and W . B. Person, Ann. Rev. 
Phys. Chem., 13, 107 (1962).
(27) R. S. Mulliken, J. Am. Chem. Soc., 74, 811 (1952).
(28) W. B. Person, J. Chem. Phys., 38, 109 (1963).
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Table III: Changes in the Frequency and Intensity of the 247-m/i Band and of the Visible I2 Band on Complexing

•Iodine“—-------------------------------- , ---------------------------- ----------- ICN1-
m̂ax,
n»z

Arl/2, 
cm -1 {max / D

("c -  ro) ,c 
cm -1

m̂axi
mu

A .i/d
cm _1 *max 1 D

(vc ~  voV 
cm ” 1

Vapor 520 3300 832 0.012 1.15 249 8400 ±  100 72 0.0026 0.35
»-Heptane 520 3200 918 0.013 1.19 0 241 8200 ±  200 160 0.0056 0.56 1300
EtOH (CC14) 443 4500 1082 0.021 1.41 3300 217 9000 268 0.010 0.71 5900
Et20  (»-heptane) 462 4100 950 0.017 1.29 2300 220 9000 263 0.010 0.73 5300
THF (»-heptane ) 455 (4500)' 950 0.018 1.40 2800 225 9000 250 0.010 0.68 4200

° From H. Tsubomura and R. P. Lang, J. Am. Chem. Soc., 83, 2085 (1961), except for I2 vapor, which is estimated from E. Rabino- 
witch and W. C. Wood, Trans. Faraday Soc., 32, 540 (1936); see also E. A. Ogryzlo and G. E. Thomas, J. Mol. Spedry., 17, 198 (1965); 
and for the THF complex which is estimated from Brandon, Tamres, and Searles (footnote c of Table II). b This research. All solu
tions were in »-heptane. ° ro = wavenumber of maximum absorption in the vapor; vc =  wavenumber of maximum absorption in the 
solution, or of the complex in solution. This difference is probably accurate to about ±500 cm-1, with the larger uncertainty applying 
in particular to the overlapping band in the complexes. d A w /, was measured for ICN vapor and in rs-heptane solution; for the com
plexes, where the overlap with the 200-mju band was a problem, we estimated A n /, as described in the text. The uncertainty in these 
estimated values is believed to be ±500 cm-1. '  Estimated.

CN ; (3) the resonance energies, X \  and X 0 ( = /3 2i/ W i  — 
W o)', (4) the electron affinity of the acceptor; and (5) 
G0 the stabilization (or repulsion) energy of the no-bond 
state, W q. The latter three terms must contain the 
clue to the large difference in charge-transfer frequencies 
of ICN complexes, compared to the I2 complexes.

The electron affinity of CN is about 3.2 ev;29 the 
dissociation energy of the I-C  bond is expected to be 
about 2.5 ev,30 and the IC bond length about 2 00 A .30 
Following the reasoning given for the halogens,28 we 
predict the dissociation energy for the IC bond in 
(ICN)-  to form I +  C N -  to be about 1.25 ev, with 
ric about 2.3 A and n c  about 240 cm-1. With these 
estimated parameters, the vertical electron affinity of 
ICN is predicted by the methods of ref 28 to be about
0.9 ev, or about 0.8 ev less than for I2.

In order to account for the remaining difference ob
served in the charge-transfer energies, consider G 0. 
For I2 complexes with ethers, we should expect G 0 to be 
about +0.5-1.0 ev, by analogy with the values for 
amine-iodine complexes,28 together with the knowledge 
that the O-I distance in ether-iodine complexes is 
relatively longer.31 If the O-I distance in ether- 
cyanogen iodide complexes is similar, we may still ex
pect Go to be more negative than for the I2 complexes 
because of the increased electrostatic attraction between 
the polar ICN and the donor. This effect may be 
partially canceled, however, by the decreased resonance 
energy for ICN  compared to I2 resulting from the in

creased separation between W i  and W 0 (see ref 28). 
However, this latter effect may also result in a longer 
O-I distance in the complexes with ICN, so that G 0 
may be reduced essentially to zero.

Hence, it would seem reasonable that the lower verti
cal electron affinity of ICN compared to I2 (0.9 ev, in
stead of 1.7 ev), together with a more negative G 0 (0 
instead of +0.5 ev) resulting from the increased elec
trostatic attractive energy in the ICN complexes, may 
indeed account successfully for a shift of the charge- 
transfer frequency in ICN complexes toward higher 
energies by 1-2 ev, when compared to I2 complexes.
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(29) J. T. Herren and V. H. Dibeler, J. Am. Chem. Soc., 82, 1555 
(1960).
(30) (a) L. Pauling, “ The Nature of the Chemical Bond,”  3rd ed, 
Cornell University Press, Ithaca, N. Y ., 1960; (b) L. E. Sutton, Ed., 
“ Tables of Interatomic Distances and Configuration in Molecules 
and Ions,”  Special Publication No. 11, The Chemical Society, 
London, 1958.
(31) O. Hassel and C. Romming, Quart. Rev. (London), 16, 1 (1962).
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Activity Coefficient Measurements in Aqueous NaCl-LiCl and NaCl-KCl 

Electrolytes Using Sodium Amalgam Electrodes

by James N. Butler, Rima Huston, and Philomena T. Hsu

Tyco Laboratories, Inc., Waltham, Massachusetts 0215 ̂  (Received February 21, 1967)

Measurements have been made of the potential of the cell Na,Hg|Na+,M +,Cl_|AgCl|Ag 
where M+ is either Li+ or K +. In the case of LiCl-NaCl electrolytes, activity coefficients 
can be calculated from these measurements, which agree with results obtained by the 
isopiestic method. Attempts to measure activity coefficients in K Cl-N aCl electrolytes 
using the same cell were unsuccessful because of the reaction Na(Hg) +  K+ K(Hg) +  
Na+. This interference mechanism is discussed and the potentials observed in KC1 elec
trolytes are explained quantitatively.

Introduction
In a previous publication,1 2 3 4 5 6 7 we presented the results 

of activity coefficient measurements in aqueous NaCl- 
Na2S04 solutions using sodium amalgam electrodes in 
the cell

Na,Hg|Na+,Cl-,S(ViAgCl[Ag

which obeyed Harned’s rule and agreed within experi
mental error with two independent measurements on 
the same system using cation-sensitive glass elec
trodes.2,3 The only other measurements of activity 
coefficients using sodium amalgam electrodes have been 
concerned with the system NaCl-NaOH4-7 and no 
studies have been made by this method in systems where 
another cation was present in addition to sodium.

This paper presents some activity coefficient measure
ments made with the cell

Na,Hg|Na+,Li+,Cl_|AgCl|Ag

and the results of some unsuccessful attempts to apply 
the same method to NaCl-KCl electrolytes.

Experimental Section
The experimental method used was the same as pre

viously described.1 Solutions were prepared from 
reagent grade salts and triply distilled conductivity 
water, and analyzed for chloride by titration with 
AgN03. The reproducibility of measurements was 
less satisfactory’ than in the NaCl-Na2S04 system, typi
cal errors being ±0.5 mv or greater, and the capillaries

of the dropping amalgam electrode became plugged 
much more frequently.

Theoretical Considerations
Systems which contain a single common cation (such 

as NaCl-Na2S04 or NaCl-NaOH) require only that the 
amalgam electrode be reversible to the cation. In 
systems containing more than one cation, however, a 
further requirement is that the electrode be reversible 
to one cation on ly. This limits the number of systems 
that can be measured with, say, a sodium amalgam 
electrode to mixtures with cations whose reduction 
potentials are considerably more negative than that of 
Na+.

Although the standard potential (Table I) of pure 
sodium is 212 mv more positive than that of potassium 
and 320 mv more positive than that of lithirm,8 these 
values cannot be used to predict quantitatively the be
havior of amalgams of these metals, as has sometimes 
been done. The solid phases in equilibrium with dilute

(1) J. N. Butler, P. T. Hsu, and J. C. Synnott, J. Phys. Chem., 71, 
910 (1967).
(2) R. D. Lanier, ibid., 69, 3992 (1965).
(3) J. M. T. M. Gieskes, Z. Physik. Chem. (Frankfurt), 50, 78 
(1966).
(4) H. S. Harned, J. Am. Chem. Soc., 47, 684 (1925).
(5) H. S. Harned and J. M. Harris, ibid., 50, 2633 (1928).
(6) H. S. Harned and M. A. Cook, ibid., 59, 1890 (1937).
(7) A. Ferse, Z. Physik. Chem. (Leipzig), 229, 51 (1965).
(8) G. Chariot, “ Selected Constants, Oxidation-Reduction Potentials, 
IUPAC Tables,”  Pergamon Press, Inc., New York, N. Y ., 1958.
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alkali metal amalgams are not the alkali metals them
selves, but compounds of the alkali metals with mer
cury: NaHg4, KHgn, and LiHg3. The activity of al
kali metal in these solid phases may be as much as a 
factor of 1014 less than that of the pure metals. Cal
culations of relative activities of metals in the amalgams 
at different potentials must thus be based on amalgam 
standard potentials rather than the standard potentials 
of the pure metals.9’10

Table I : Standard Potentials of Alkali Metals 
and Their Amalgams at 25°

M etal

M eta l
std  p o ten tl,&

V

A m algam  
std  p o ten tl,0

V

A m algam
ref

Na -2 .713 -1.9575 ±  0.0005 10
-1 .958  ±0 .001 11
-1 .9574 ±  0.001 12

K -2 .925 -1 .971 10, 14
Li -3 .0 3 -2 .188 10, 15

0 Amalgam ref state: infinite dilution, mole fraction scale.
6 See ref 8.

For the dilute amalgams the most convenient stand
ard state of activity is that of unit mole fraction in the 
ideal solution. To obtain activity, the experimental 
values for the emf of amalgam concentration cells are 
extrapolated to infinite dilution, where the activity 
coefficient is assumed to be unity.

In the cells we consider, the reference electrode is 
reversible to chloride ion, so we may formulate the 
Nernst equation for a sodium amalgam electrode as

E  =  E ° - R T l n X ^  (1 )
F  mN a+Y±

where A Na is the mole fraction in the amalgam, yNa is 
the activity coefficient in the amalgam; mNa+ is the 
molality of Na+ in the electrolyte, and y± is the mean 
activity coefficient of NaCl in the electrolyte.

The standard potentials of the amalgams of Na, K, 
and Li are given in Table I. Note that the standard 
potentials of Na and K  amalgams differ by only 13 mv, 
whereas the standard potentials of Na and Li amalgams 
differ by 230 mv. The activity coefficients of the var
ious amalgams have been calculated by Davies, et a l .,9 
based on the experimental results of Dietrick, et a l . ,11 
Bent and Swift,12 and Richards and Conant18 for 
sodium amalgams, Armbruster and Crenshaw14 for 
potassium amalgams, and Spiegel and Ulich16 for 
lithium amalgams. For 0.1 mole %  amalgams, such 
as we have used, the activity coefficients are between 
1.00 and 1.05.

As an example, consider now a sodium amalgam elec
trode in contact with an electrolyte containing sodium 
and potassium ions. Although the equations are 
written for two specific ions, the treatment applies quite 
generally to any amalgam electrode in a solution con
taining two or more cations. The amalgam will quickly 
acquire some finite concentration of potassium, so that 
the electrode reactions occurring may be summarized 
as in eq a-e.

Na(Hg) — 5►  Na+ +  e- (a)

Na+ +  e~ ■- ►  Na(Hg) (b)

H2O -)- e~ >- y 2H2 +  OH - (c)

K(Hg) — »►  K+ +  e - (d)

K +  +  e~ ■- >  K(Hg) (e)

The total current (anodic = positive) flowing at a 
given potential is given by

1 ■ 4  4  id  4  ( 2 )

where the partial currents are given by Tafel equations 
of the type

fa = fo(Na) exp
' F _

_R T
(1 -  a (Na)) ( F  -  F e CNa))(Na)\

4  =  4 (N a) e x p - A ^ a (N a )C E  -  # e (N a ))
K 1

4 = 4 (H) exp
' r F

„(H) { E  -  E e(m ) ( 3 )

id = 4 (K) exp (1 -  a m ) { E  -  E ew )
R T

(Kh

4  =  4 (K ) e x p \ E  -  E '.® )

where E e is the equilibrium potential (see Table I), 
4 is the exchange current, and a  is the cathodic transfer 
coefficient for the reaction indicated by the superscript

(9) M . O. Davies, E. Schwartz, E. Yeager, and F. Hovorka, “ The 
Physical and Chemical Properties of Dilute Alkali Amalgams,” 
Part I, Technical Report No. 7, Contract Nonr 581(00), June 1957, 
AD 138 849.
(10) See ref 9, Part II, Technical Report No. 20, Contract Nonr 
2391(00), July 1963, AD 609 294.
(11) H. Dietrick, E. Yeager, and F. Hovorka, “ The Electrochemical 
Properties of Dilute Sodium Amalgams,”  Technical Report No. 3, 
Contract Nonr 581(00), April 1953, AD 7 512.
(12) H. E. Bent and E. Swift, J. Am. Chem. Soc., 58, 2216 (1936).
(13) T. W. Richards and J. B. Conant, ibid., 44, 601 (1922).
(14) M. H. Armbruster and J. L. Crenshaw, ibid., 56, 2525 (1934).
(15) G. Spiegel and H. Ulich, Z. Physik. Chem. (Leipzig), A178, 187 
(1937).
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(see Table II). The dependence of ¿0 on composition 
is given approximately by16

io = n F k « C u *a ~ a)C u ia) (4)

For the alkali metal, n  <= 1. The units of F k &° given 
in Table II are such that C u +  and Cm are both in moles 
per liter and % is in amps per cm2. Reasonable values 
for the kinetic parameters of hydrogen evolution on 
dilute amalgams under the conditions of our experi
ments are f0(H) = 3 X 10"13 amp/cm2 and a (H) = 
0.50, independent of pH.17-19

Table I I : Kinetic Parameters for the Alkali Metal Amalgams18

M a °,
am p 1.

M etal a c m -2  m o le -1

N a 0 . 6 1 1 7 . 4
K 0 . 5 9 5 . 0
Li 0 . 6 5 8 . 9

The effect of the hydrogen evolution reaction can be 
diminished by making the solution more alkaline, which 
shifts the reversible potential of the hydrogen reaction 
to more negative values and decreases i c. For example, 
at a potential of —1.795 v with pH 12.0, the current 
i c is 4.5 X 10-4 amp/cm2, which is only about 0.01% 
of the current due to the sodium reaction. This pro
duces a negligible shift in potential, less than 0.005 mv. 
It is important that traces of oxygen and organic mat
ter, which increase i„, be absent from the experimental 
system.17-19

Potassium ions, on the other hand, produce an effect 
which cannot be made negligible. Consider what hap
pens when a 0.1 mole %  sodium amalgam is introduced 
into a solution containing 0.5 m  NaCl and 0.5 m  KC1. 
Initially, the concentration of potassium in the amalgam 
is very small and the equilibrium potential for potas
sium, according to eq 1, is very positive. From eq 3 
we see that the predominant reactions initially will be 
eq a, b, and c, but even in this initial stage the potential 
measured at the amalgam electrode is not the equilib
rium potential of the Na-Na+ couple. The zero cur
rent potential is more positive than the true equilibrium 
potential of sodium in that solution, because reaction 
a must compensate for the additional cathodic current 
of reaction e. This is shown in Figure 1. The partial 
currents at a sodium amalgam electrode containing 
a small amount of potassium, in a solution containing 
both Na+ and K+, were calculated using eq 1-4 and 
the data in Tables I and II. Note that the zero current

Figure 1. Initial partial currents at a sodium amalgam 
electrode (0.1 mole %) in contact with an electrolyte 
containing 0.5 m Na+ and 0.5 m K +, pH 12. The partial 
currents for hydrogen evolution and potassium dissolution 
are less than 10~3 amp/cm2. Note that the zero current 
potential ( — 1.8035 v) is 4.2 mv more positive than the 
equilibrium potential ( — 1.8077 v) expected for the Na(Hg)/Na + 
couple if there were no influence from potassium ion.

potential is shifted by 4.2 mv in the presence of potas
sium.

The concentration of potassium in the amalgam grows 
with time and the potential F e(K) becomes more negative. 
Since the anodic reaction of sodium dissolution (eq a) 
is required (at zero net current) to balance not only the 
sodium deposition (eq b) but also the potassium deposi
tion (eq e), the sodium content of the amalgam is de
pleted and the potential jE,e(Na) becomes more positive. 
Eventually, an equilibrium potential is reached which is 
defined by eq 2, with i  — 0, and with the various partial 
currents given by eq 3. This potential is neither the 
equilibrium potential for sodium nor the equilibrium 
potential for potassium. In the limit where f0(K) is 
very small compared to /0(Na), or F e(K) is much more neg
ative than Fe(Na), the equilibrium value reached will be 
essentially F e(Na); but in the case we are considering, 
such an assumption is not valid. 16 17 18 19

(16) H. Imai and P. Delahay, J. Phys. Chem., 66, 1683 (1962).
(17) A. N. Frumkin, Advan. Electrochem. Electrochem. Eng., 1, 65 
(1961).
(18) V. N. Korshunov and Z. A. Iofa, Dokl. Akad. Nauk SSSR, 141, 
143 (1961).
(19) A. Frumkin, V. Korshunov, and Z. A. Iofa, ibid., 141, 413 
(1961).

The Journal of Physical Chemistry



A ctivity Coefficient M easurements in A queous N aCl-LiCl and N aCl-K Cl Electrolytes 3297

A simplified solution to this rather complex problem 
can be obtained by considering an infinite reservoir of 
electrolyte and a limited amount of sodium amalgam 
and permitting the reaction

Na(Hg) +  K+ K(Hg) +  Na+

to go to equilibrium. Because the electrolyte supply 
is infinite, the concentrations of the ions will not change, 
but because the amount of the amalgam is finite, its 
concentrations are subject to the restriction

A k +  A n» = A ns0 (5)

where A Na° is the initial mole fraction of sodium in the 
amalgam and A k  and A n s are the concentrations at 
equilibrium. The concentration ratio in the amalgam 
can be estimated from the standard potentials of the 
amalgams. Applying eq 1 to the cell

Na(Hg)|Na+,K+|K(Hg)

with E  — 0, using known activity coefficients for the 
electrolytes20 and amalgams, 9 and combining with eq 5 , 
we obtain A h^ / A n» = 1.565. By eq 1 this corre
sponds to a shift of the sodium amalgam electrode 
potential to a value 11.5 mv more positive than if K+ 
had not been present. Figure 2  shows the partial 
currents at equilibrium, calculated using eq 1-5. Ex
perimental evidence in support of this scheme is pre
sented in the next section.

Of course, the real situation is much more compli
cated, as we have indicated, but this shift probably 
represents a reasonable upper limit. If the ratio of 
Na+ to K+ in the electrolyte is larger or if the measure
ments are made before the full equilibrium is estab
lished, then the potential shift may be smaller; if the 
ratio of Na+ to K+ is smaller, the potential shift may be 
even larger. In the limit where A n&+ —►  0, the po
tential at equilibrium is that of the potassium amalgam 
electrode, which corresponds to a negative shift in 
potential. Thus it does not seem possible to make 
accurate activity coefficient measurements with sodium 
amalgam electrodes in solutions containing K+. A 
totally analogous argument may be made for solutions 
containing Na+ and Li+, but the conclusion is more 
favorable.

From Table I, we can see that the standard potential 
of Li amalgam is 230 mv more negative than that of Na 
amalgam and from Table II that the exchange current 
is smaller than that for sodium. Using eq 1 and 5, with 
K  replaced by Li, we find that for Li+/Na+ ratios less 
than 30, the error due to the reaction

Na(Hg) +  Li+ ^  Li(Hg) +  Na+ 

is less than 0.1 mv. Thus we predict that no appre-

Figure 2. Equilibrium partial currents at a sodium 
amalgam electrode (0.1 mole %) in contact with a large 
excess of electrolyte containing 0.5 to Na+ and 0.5 to K +, 
pH 12. The partial current for hydrogen evolution is less 
than 10~3 amp/cm2. The equilibrium composition of the 
amalgam is 0.064 mole %  Na and 0.036 mole % K. The zero 
current potential ( — 1.7962 v) is 11.5 mv more positive than 
the equilibrium potential ( — 1.8077 v) expected for the 
Na(Hg)/Na+ couple if there were no influence from potassium ion.

ciable systematic errors may be observed in Li+-Na+ 
mixtures (using sodium amalgam electrodes) if more 
than 3% of the cations present are Na+. Because of 
the lower exchange current of the lithium reaction 
(Table II), we expect that the effect will be even smaller 
than predicted. This is borne out by our experimental 
measurements, which are presented in the next section.

Results and Discussion
N a C l -L i C l  E lectrolyte. The mean activity coefficient 

7 i2 of NaCl in the mixed electrolyte was calculated from 
the known emf and concentration values using the equa
tion

=  _ R T  f  (m Na+)(m Ci - ) ( 7 i2 ) 2 1  , s

F  n _(mNa+°)(mce-0)(7io)2J

where wiNa+ and ?nci- are the molalities of N a+ and 
C l-  in the mixed electrolyte, mNa+° and mci-° are the 
molalities in the reference solution, and 710 is the mean 
activity coefficient of NaCl in the reference solution. 
The electrolyte in the reference cell was in each case 
the solution listed as ‘T00% ionic strength NaCl,”

(20) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,”  2nd 
ed, Butterworth and Co. Ltd., London, 1959.
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the first entry in each part of the data tables. The 
other electrolytes were made by mixing accurately 
weighed amounts of this solution with a LiCl stock 
solution of approximately the same ionic strength.

To minimize the possible interference from hydrogen 
evolution at the amalgam electrodes, the solutions were 
made alkaline with NaOH. The ionic strength listed 
in the data tables includes a contribution from the 
NaOH present; but since this was a constant amount, 
it was not included in calculating the ionic strength 
fraction present as NaCl. For example, one stock 
solution (designated “ 100% NaCl” ) really was 0.010 
to in NaOH and 1.005 to in NaCl, making a total ionic 
strength of 1.015.

The activity coefficients of the stock solutions were 
calculated using the activity coefficient values for pure 
NaCl solutions given by Robinson and Stokes,20 to
gether with values of the Harned’s rule constants for 
NaOH-NaCl mixtures obtained by Harned and Cook.6 
The correction for the presence of NaOH was in every 
case less than 0.002 in log 7 ±, which is of the same order 
of magnitude as the uncertainty in the literature values 
for 7Naci- For most of the solutions measured, the 
correction for the NaOH added was much smaller.

The effect of NaOH on the activity coefficient of 
NaCl in solutions containing large fractions of other 
salts may be somewhat different than in solutions 
containing only NaCl and NaOH, but since the correc
tions were small and no data yet exist for activity 
coefficients in these quaternary systems, no further 
corrections were attempted.

The results of our experiments on NaCl-LiCl elec
trolytes are given in Table III, as are the activity 
coefficient values corrected to round values of ionic 
strength: 0.1, 0.5, 1.0, 2.0, and 3.0 to. The experimen
tal data were fitted to Harned’s rule20,21

log 7 i2 = log 7i0 -  c tn X J  (7)

using the corrected activity coefficient values, and the 
results are summarized in Table IV. The Harned rule 
coefficient a12 should depend to some extent on the total 
ionic strength I  but not on the fraction of the second 
component X 2.

Values of a n  were obtained by two different statisti
cal methods. In the first method, —log 7 10 was held 
constant at the value (second column of Table IV) ob
tained from the literature data for pure NaCl solu
tions,20 with the small corrections for the presence of 
NaOH.6 A value of a n  was calculated from eq 7 for 
each NaCl-LiCl mixture and the mean values of ai2 
for each ionic strength, together with the 95% con
fidence intervals (obtained from Student’s t-distribu- 
tion), are listed in the third column of Table IV. This

Table III: Mean Activity Coefficients of NaCl in 
NaCl-LiCl Electrolytes at 25°

Ion ic
T ota l strength
ionic fraction E , - L o g

strength® N a C l6 mv - L o g  y ± c o d

0.1137 1.0000 0 0.1130' 0.1090
0.1135 0.6999 8.4 0.1094 0.1056
0.1134 0.4800 19.0 0.1118 0.1081
0.1133 0.4251 20.4 0.1092 0.1055
0.1133 0.2956 26.0 0.0854 0.0818
0.1132 0.1640 39.5 0.0899 0.0864

0.5094 1.0000 0 0.1665' 0.1658
0.5082 0.8615 1.5 0.1628 0.1623
0.5070 0.7219 6.2 0.1630 0.1626
0.5060 0.5599 12.7 0.1618 0.1615
0.5048 0.4573 18.7 0.1550 0.1547
0.5030 0.2520 31.9 0.1391 0.1390
0.5019 0.1133 52.9 0.1440 0.1439

1.015 1.0000 0 0.1857' 0.1856
1.012 0.8996 2.3 0.1794 0.1794
1.008 0.7501 7.3 0.1820 0.1820
1.002 0.4999 15.6 0.1640 0.1640
0.996 0.2500 32.5 0.1597 0.1598
0.992 0.1014 52.2 0.1436 0.1434
0.991 0.0500 68.4 0.1472 0.1470
0.991 0.0101 91.8 0.1108 0.1105

2.0142 1.0000 0 0.1746' 0.1749
1.9741 0.7736 4.1 0.1445 0.1438
1.9628 0.4938 10.8 0.1044 0.1030
1.9600 0.4226 9.4 0.0586 0.0570
1.9582 0.3804 17.6 0.1019 0.1002
1.9563 0.3315 19.3 0.0852 0.0844
1.9513 0.2065 33.3 0.1013 0.0990
1.9485 0.1379 42.7 0.0928 0.0902

3.014 1.0000 0 0.1463' 0.1468
3.005 0.9001 2.7 0.1461 0.1463
3.010* 0.500* -2 9 .2 ' 0.088* 0.088*
2.943 0.1002 54.6 0.1098 0.1062

° Containing 0.004 m NaOH to adjust pH of 0.1, 0.5, and 2 m 
solutions, 0.010 m NaOH for others. 6 Based on total of NaCl 
and LiCl, but excluding NaOH-(l — Xi) in eq 7. '  Activity 
coefficient of NaCl in stock solution, calculated using values 
from ref 20 for pure NaCl and Harned rule coefficients for NaCl- 
NaOH mixtures from ref 6. * Solutions were not analyzed and
concentrations may be in error by as much as 1%, leading to 
errors in —log y ± of as much as 0.02. 6 Reference solution
1.50 m NaCl. '  To 0.100, 0.500, 1.000, 2.000, and 3.000 m 
using data from ref 20, Appendix 8.3, and an values interpolated 
from ref 22.

method gives heavier weight to points of high LiCl/ 
NaCl ratio.

(21) H. S. Harned and B. B. Owen, “ The Physical Chemisty of 
Electrolytic Solutions,” 3rd ed, Reinhold Publishing Corp., New 
York, N. Y ., 1958.
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Table IV : Harned Rule Coefficients for NaCl-LiCl Electrolytes at 25°

(Errors Are 95% Confidence Limits)

Total ionic 
strength — Log 710° — « A — Log 710e — anc — and

0 . 1 0 0 .1 0 9 0 0 .1 7  ± 0 . 1 6 0 .1 1 4  ±  0 .0 1 8 0 .3 0  ± 0 . 3 0
0 .5 0 0 .1 6 5 8 0 .0 4 2  ±  0 .0 1 8 0 .1 6 8  ±  0 .0 09 0 .9 5 8  ±  0 .0 2 8
1 . 0 0 0 .1 856 0 .0 4 5  ±  0 .0 17 0 .1 9 0  ±  0 .0 16 0 .9 5 6  ±  0 .0 2 7
2 . 0 0 0 .1 749 0 .0 6 7  ±  0 .9 16 0 .1 6 2  ±  0 .0 3 7 0 .9 5 2  ±  0 .0 3 4 0 .0 3 7
3 .0 0 0 .1 468 0 .0 1 9  ±  0 .9 2 5 0 .1 4 3  ±  0 .0 63 0 .0 1 9  ±  0 .0 2 9 0 .0 3 5

° Reference solution, value calculated from data in ref 20 and 6 (uncertainty approximately ±0.002). b Mean value with p 0 fixed 
at the value in the second column. e Least-squares fit with both and an adjustable. d Isopiestic method22 (random error approxi
mately ±0.001).

In the second method, the experimental values of 
7 x2 and X i  were fitted to eq 7 by the least-squares 
method and best values of a n  and 710 were obtained 
from the slope and intercept of the straight line. These 
parameters, together with their confidence limits, are 
listed in columns 4 and 5 of Table IV.

The values of «12 obtained by the isopiestic method22 

are given in the last column of Table IV. Within the 
confidence limits, our data agree with a 12 = 0.035 for 
all points except 2.00 in, using the first method. The 
least-squares value of 710 agrees with the literature 
value to better than 99% confidence.

Although our experiments have shown general agree
ment, we have not been able to attain the precision 
afforded by the isopiestic method. At higher ionic 
strengths the potential measurements were irreproduci- 
ble. At lower ionic strengths, although the measure
ments were reproducible, a12 is uncertain because the 
error in ai2 for a given error in slope varies inversely 
with the ionic strength. Nevertheless, these results 
are useful because they provide a completely inde
pendent check on the isopiestic method. A good 
approximation for NaCl-LiCl electrolytes appears to 
be to use an  = —0.035 independent of ionic strength 
below 4 to, decreasing to —0.033 at 6  to.

From the osmotic coefficients20 of NaCl and LiCl 
solutions, we can obtain a value of a21, which will give 
the activity coefficients of LiCl in the mixed electro
lytes. For 1-1 electrolytes, if Harned’s rule is obeyed 
by both components, the Gibbs-Duhem relation be
comes20,21

«21 =  aw +  2  3 0 3  J W  ~  (8 )

The second term in this equation is 0.070 for ionic 
strengths between 1 and 3 to, increases to 0.073 at 0.5 
m , and increases to 0.075 at 6  to. Taking «12 = —0.035 
as a representative value, we obtain o:2i = +0.035

for ionic strengths below 3 to, increasing to +0.040 at 
ionic strength 6  to. Since ai2 and a 21 are both vir
tually independent of ionic strength, their sum is also 
independent of ionic strength and the thermodynamic 
cross-differentiation consistency test20,21 is satisfied. 
The isopiestic data22 show small deviations from 
Harned’s rule at high ionic strengths, but these are 
negligible below 4 to.

Thus, as we saw for the N a C l-N a 2S 0 4 system , a 
single value for a i2 and a single value of am suffice to  cal
culate the activity  coefficients of N a C l-L iC l electro
lytes, at all ionic strengths, for any requirements but 
the m ost exacting.

N a C l - K C l  E lectrolytes. Our experiments using the 
cell

Na,Hg|Na+K+,Cl-|AgCl|Ag

have confirmed the conclusion reached theoretically 
in the first part of the paper— activity coefficient 
measurements cannot be made with sufficient accuracy 
in N aCl-KCl electrolytes using sodium amalgam elec-

Table V : Measurements in NaCl-KCl Electrolytes

Potentia l ealcd  from
✓—isopiestic data,® m v—•

mNaCl m icci M easured

In clu d in g
am algam

effect

N  eglecting 
am algam  

effect

0.50 0.50 9.2 ±  0.3 7 . 3 18.79
0.200 0.200 26.6 ±  0.2 25.6 14.13

“ Reference cell for

28.0 ± 0 .5  

the first set contained 1.00 to NaCl;
reference cell for the second set contained 0.200 m NaCl. Solu
tions contained 5 X 10-4 rr, NaOH.

(22) R. A. Robinson and C. K. Lim, Trans. Faraday Soc., 49, 1144 
(1953).
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trodes. The general scheme proposed in our theoretical 
discussion has also been confirmed, although extensive 
experiments were not made. The results of three 
experiments made with N aCl-KCl electrolytes are 
summarized in Table V. Our experimental potential 
values are fisted in the third column. The potential 
calculated on the assumption that the sodium amalgam 
electrode reached equilibrium with the N aCl-KCl 
electrolyte is fisted in the fourth column and the 
potential calculated from the isopiestic data23-25 on 
the assumption that the sodium amalgam electrode 
was reversible to Na+, with no effect of K +, is fisted in 
the fifth column.

The observed potential fluctuated irregularly as the 
amalgam drops fell from the capillaries and not 
smoothly as in solutions containing only Na+. Note 
that the experimental values agree to within a few 
millivolts with those calculated assuming that the 
analgam electrode reached equilibrium with the solu
tion. However, the uncertainty in this correction is

in most cases larger than the activity coefficient varia
tion described by Harned’s rule and it is clear that ac
curate measurements on the activity coefficients of 
sodium salts in the presence of potassium salts (or 
vice versa) cannot be made by the amalgam electrode 
method.
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Scavenger Kinetics in the Radiolysis of Cyclohexane Solutions. II. 

Cyclohexane-Methyl Iodide Mixtures

by Inder Mani and Robert J. Hanrahan

Chemistry Department, University of Florida, Gainesville, Florida (Received March 8, 1967)

The scavenging effects of added HI and I2 in the radiolysis of cyclohexane-methyl iodide 
solutions have been investigated. An interpretation of the results which is similar to 
those made earlier for pure alkyl iodides and for pure hydrocarbons has been found to be 
applicable also to mixtures of these compounds. It is shown from a simple mechanism 
that total iodine yields, total free-radical yields, and yields for HI produced and consumed 
can be calculated from a knowledge of the limiting rates of iodine production (or consump
tion) at zero dose with added I2, HI, and no additives. Differential rate expressions for 
HI and I2 concentrations are readily obtained, but they cannot be integrated analytically. 
However, it was possible to integrate them numerically by the second-order Runge- 
Kutta method, using ar_ IBM  709 computer. The computer program allows evaluation 
of the role of various parameters in determining the shape of experimental iodine concentra
tion vs. dose graphs. Initial G  values for production of iodine, hydrogen iodide, and free 
radicals are tabulated for various concentrations of the cyclohexane-methyl iodide mix
tures, and trends are discussed in terms of mechanisms for energy localization in solution 
radiolysis.

Introduction
Several years ago it was reported by this laboratory1 

that solutions of methyl iodide and cyclohexane produce 
iodine under radiolysis, and that the resulting graphs of 
iodine concentration vs. dose are nearly linear. In the 
course of that work it was found, rather surprisingly, 
that solutions with concentrations of cyclohexane be
tween about 80 and 95% by volume, which produce 
iodine if irradiated without additives, nevertheless con
sume iodine initially if iodine is added before radiolysis. 
As radiolysis proceeds the iodine concentration reaches 
a minimum and then increases. Although it was sus
pected at the time that this behavior was due to HI 
produced in the reaction and then competing with I2 

for radicals, the data were not published awaiting a 
quantitative interpretation. A plausible mechanism 
could be written, but it appeared impractical to solve 
the associated kinetic expressions. For a study of this 
type, differential rate expressions, relating G  values to 
concentrations and rate constants, are not adequate. 
The experimental variables, I2 concentration vs. dose, 
are related to integrated rate equations.

Although a set of integrated rate expressions was 
presented earlier2 for the rather similar kinetic problem 
in irradiated ethyl iodide, the results are not directly 
applicable in the present case. The over-all stoichiom
etry of the radiation-induced reaction in methyl iodide- 
cyclohexane solutions is somewhat more complicated 
than in ethyl iodide. In addition, the analytical inte
gration done for ethyl iodide radiolysis kinetics requires 
that the rate constant ratio for reaction of radicals with 
HI and I2, respectively, be unity. This is not a suffi
ciently good approximation in the present case. More 
recently, Perner and Schuler3 have presented an 
ingenious indirect analytical solution for H I-I2 

scavenger kinetics in irradiated hydrocarbons. Again, 
it appears impossible to extend the mathematical treat
ment to hvdrocarbon-alkyl iodide solutions. A  further 
approach to the same problem of HI and I2 in irradiated

(1) T. S. Croft and R. J. Hanrahan, J. Phys. Chem., 66, 2188 (1962).
(2) R. J. Hanrahan and J. E. Willard, J. Am. Chem. Soc., 79, 2434 
(1957).
(3) D. Perner and R. H. Schuler, J. Phys. Chem., 70, 2224 (1966).
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cyclohexane was recently suggested by this laboratory.4 

Since the integration of the kinetic expressions was 
performed numerically using an IBM 709 computer, 
there were no serious mathematical barriers to extend
ing this treatment to the analysis of radiolysis kinetics 
in cyclohexane-methyl iodide solutions. In the present 
paper, data taken in the radiolysis of solutions of methyl 
iodide in cyclohexane over the concentration range from 
20 to 99.9% cyclohexane are presented and interpreted 
by the numerical integration technique. G  values for 
various primary processes are tabulated, and trends in 
these values as a function of composition of the mixtures 
are discussed from the viewpoint of possible mechanisms 
for energy localization.

Experimental Section

Phillips “ pure grade” cyclohexane was purified by 
passing it through silica gel. Iodine and hydriodic acid 
were Baker Analyzed reagents. Hydrogen iodide was 
produced by dehydrating hydriodic acid. Methyl 
iodide (Eastman Organic Chemicals) was passed 
through alumina, distilled on a Todd still, and passed 
through alumina again. Individual 4-ml samples of 
the solutions were prepared volumetrically, dried over 
P 20 5, degassed, transferred under vacuum to the 
irradiation vessels, and sealed off. Irradiations were 
done with a Co60 7  irradiator.5 The dose rate in the 
Fricke dosimeter [(7(Fe8+) = 15.6] was found to be 
0.631 X 1018 ev/ml min. For methyl iodide the value 
of yu(sample)/yu (dosimeter) was calculated to be 1.950 
based on absorption by Compton effect and photo
electric effect. For cyclohexane, the value 0.780 was 
obtained on the basis of electron density ratios. Rela
tive absorption figures for the intermediate solutions 
were obtained by assuming an interpolation linear in 
volume fractions. Iodine was analyzed spectrophoto- 
metrically using a Beckman DU spectrophotometer. 
The positions of Amax and the extinction coefficients for 
the various solutions were used as given by Croft and 
Hanrahan. 1

Results

All of the experimental data consist of measurements 
of iodine concentration vs. dose, for various solutions. 
Yields of iodine production for pure, degassed solutions 
of cyclohexane in methyl iodide with no added scaven
gers were reported by Croft and Hanrahan. 1 The 
general character of the results reported by them is that 
all solutions containing 5% or more methyl iodide by 
volume produced iodine nearly linearly with dose; the 
G  value for iodine production decreased with increasing 
cyclohexane concentration. The slopes of the graphs 
of iodine concentration vs. dose are designated “ normal

Figure 1. N et iodine production or consumption in the 
radiolysis of cyclohexane-m ethyl iodide solutions, with added 
I2, as a function of radiation time: circles, experimental 
values; smooth curves, computed values. Volume per cent 
cyclohexane, reading downward, is 20, 40, 60, 80, 90, 95, and 99.9.

rate” in this paper, given in the units of micromoles per 
minute.6

Production of iodine in the radiolysis of solutions of 
cyclohexane and methyl iodide in which I2 was present 
initially as a free-radical scavenger are shown in Figure 
1. In all experiments the initial concentration of I2 

was about 1.5 X 10~ 3 M .  Note that the graph shows 
net iodine production or consumption; that is, the initial 
iodine concentration has been subtracted from the total 
measured iodine concentration in plotting the ordinate 
points. It can be seen that all of the curves are con
cave upward. In the case of solutions from 80 to 95 
vol. %  cyclohexane, the iodine concentration actually 
decreases at first and then increases. The minimum 
in the 95% graph occurs off the scale of the figure, at 
2400 min. In the case of solution with 99.9% cyclo
hexane by volume, iodine is regularly consumed until 
no iodine is left after 148 min. The initial slopes of the 
lines in Figure 1, whether positive or negative, are 
designated as the “ minimum rates.”

Results for iodine production with added HI are 
shown in Figure 2. These graphs are all concave down
ward. For 99.9 vol. %  cyclohexane solution, only a 
portion of the graph has been shown. The complete 
graph is given in Figure 3. The slopes at zero dose will 
be referred to as the “maximum rates.”

The G  values for the normal rate of iodine production 
without additives, the maximum rate with added HI,

(4) I. Mani and R. J. Hanrahan, J. Phys. Chem., 70, 2233 (1966).
(5) R. J. Hanrahan, Intern. J. Appl. Radiation Isotopes, 13, 254 
(1962).
(6) As in our previous paper,2 the units micromoles/4 ml and radi
olysis time in minutes are used for convenience in programming the 
digital computer.
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R ad io lys is  tim e, m in.

Figure 2. Iodine production in the radiolysis of 
cyclohexane-methyl iodide solutions, with added HI, as a 
function of radiation time: circles, experimental values; 
smooth curves, computed values. Volume per cent 
cyclohexane, reading downward, is 20, 40, 60, 80, 90, 95, and 
99.9. Initial HI concentration is 6.1 X 10~3 M.

R a diolysis  tim e, m in.

Figure 3. Iodine production in the radiolysis of 
cyclohexane-methyl iodide solution, for 99.9 vol. % 
cyclohexane, with added HI, as a function of radiation time: 
circles, experimental values; smooth curves, computed 
values. Initial HI concentration is 3.4 X 10-3 M.

and the minimum rate with added I2 are listed in Table
I .

Discussion
K in e tic  M o d e l. It is clear from previous work1'7'8 9 

that primary processes in the radiolysis of cyclohexane- 
methyl iodide solutions involve several complex inter
actions such as charge exchange, electron capture, and 
transfer of electronic excitation energy, with the result 
that energy originally deposited in one component of 
the mixtures may ultimately lead to decomposition of 
the other. Such interactions must be considered when 
one attempts to rationalize the relative magnitudes of 
the yields of various primary processes as a function of 
cyclohexane and methyl iodide concentrations; this 
is done in a later section of this paper. For any given 
solution, however, the net result of the primary proc
esses is the production of I2, HI, and alkyl radicals,

Table I : Experimental G Values for the Radiolysis of 
Cyclohexane-Methyl Iodide Solutions

•<?(!*)
Cyclo Maximum Minimum

hexane, (with HI (with I2

vol. % Normal® added) added)

0 1 .41 6 .5 1 s 1 . 2 0 6

20 1 .2 3  (1 .1 1 ) 6 .1 8 0 .8 4
40 1 .1 0 (0 .8 5 ) 6 .2 5 0 .5 6
60 0 .7 9  (0 .6 0 ) 6 .1 8 0 .0 9
80 0 .4 5 (0 .2 5 ) 5 .2 4 - 0 . 2 8
90 0 .1 8  (0 .0 5 3 ) 4 .3 7 - 0 . 6 4
95 0 .0 5  (0 .0 0 4 ) 4 .0 9 - 0 . 9 4
9 9 .9 0 3 .4 5 - 2 . 6 2

100 0 2 .9 6 - 3 . 0 8

“ For solutions without adding HI or I2 prior to irradiation. 
These values have been taken from ref 1. The values in the 
parentheses are obtained after extended periods of irradiation 
and were measured in the present work. b Iodine yields in pure 
methyl iodide with added HI and I2 are taken from ref 2.

which then take part in competitive reactions under 
steady-state kinetic conditions. Therefore, for the 
present purposes, a somewhat simplified kinetic scheme 
is adequate.

Reactions in spurs9

c-C6Hi2 — (c-C6H12+ +  e~) — > c-C«Hi2* (la)

c-C6H12 — > c-C6H12* (lb)

c-C6H12* — >  c-C6Hio +  H2 (2)

c-CeHi2* =" c-C6Hii • -f- H ■ (3)

CH3I — — > (CH3I+ +  e~) — > CH3I* (4a)

CH3I — — >  CH3I* (4b)

c-C6H12* +  CH 3I — ►  c-C6H12 +  CH3I* (5) 

CH3I* — > CH3- +  I- (6 )

CH3I* +  CH3I — ►  C2H6 +  I2 (7a)

CH3I* +  CH3I — *■  C2H4 +  2 HI (7b) 

H- +  CHSI — > HI +  CH3- (8 )

Thermal radical reactions

I • +  I ■ — ►  I2 (9)

R- +  I2 ^ RI -4- I • (10)

R- +  HI — *■ RH +  I- (1 1 )

(7) L. J. Forrestal and W. H. Hamill, J. Am. Chem. Soc., 83, 1535 
(1961).
(8) R. H. Schuler, J. Phys. Chem., 61, 1472 (1957).
(9) Asterisks represent electronically excited species.
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H • +  I2 — >  HI +  I • (12)

H - + H I ^ H 2 +  I- (13)

This scheme allows for production of hydrogen atoms, 
alkyl radicals, cyclohexene, and molecular hydrogen 
from cyclohexane as well as methyl radicals, stable 
hydrocarbons (e.g ., C2H6), hydrogen iodide, and iodine 
from methyl iodide. The distinction between atomic 
and molecular iodine formally indicated in eq 6 and 7 is 
of minor significance, since iodine atoms combine to 
form I2 in any event (eq 9). The distinction which we 
attempt to suggest in eq 6 and 7 is that net iodine is 
produced only if the corresponding methyl radicals are 
stabilized as hydrocarbons. Some of the steps in the 
sequence are intended to represent net processes rather 
than actual mechanisms. In particular, energy re
distribution between cyclohexane and methyl iodide 
(eq 5) could involve electron capture or charge exchange 
as well as transfer of excitation energy. Furthermore, 
there is evidence that net iodine production from 
methyl iodide (eq 7) occurs by an ionic route.10 It is 
important to the quantitative treatment given below 
that, for a fixed ratio of methyl iodide to cyclohexane in 
the solutions, the rate of each of the processes listed 
under “ reactions in spurs” is taken as a constant, un
affected by scavengers at low concentrations. Reac
tion 8 is not a “ spur reaction” in the usual sense but is 
included in this group because methyl iodide, which is a 
good radical scavenger, was present at much higher 
concentration than any other scavenger in most of our 
experiments. Under these circumstances, all hydrogen 
atoms are converted to HI by reaction 8.

Because of the complexity of the situation, further 
approximations are required before mathematical 
analysis is attempted. In considering the thermal 
radical reactions, the distinction between methyl and 
cyclohexyl radicals is ignored, and it is assumed that 
the same rate constant can represent reactions of either 
with a scavenger. It is also assumed that the ratio of 
rate constants for reactions 11 and 10 (alkyl radicals 
with HI and I2) is the same as the ratio for reactions 13 
and 12 (hydrogen atoms with HI and I2) ; this ratio is 
designated fcni/fcir

In treating the above reaction scheme kinetically, 
two parallel sets of equations are obtained. One set 
applies to all solutions with sufficient added methyl 
iodide to convert all H atoms to HI, so that the effective 
yield of H atoms available to take part in competitive 
reactions between HI and I2 is zero. This regime ap
plies at least to the range from 0 to 95 vol. %  cyclo
hexane, and probably higher. The second set of equa
tions is applicable if some hydrogen atoms escape reac
tions with methyl iodide and fall prey to the I2-H I

competition. Our results for 99.9% cyclohexane solu
tions represent this situation.

M a th em a tica l A n a ly s is . The reaction scheme pre
sented above is treated by conventional kinetics. It is 
assumed that I2, HI, and alkyl radicals (and H atoms, 
in the appropriate concentration range) are produced by 
the radiation and that HI and I2 then compete for the 
radicals (and hydrogen atoms) according to eq 10-
13. The steady-state assumption is applied to alkyl 
radical (and hydrogen atom) concentrations. Expres
sions for the net rates of change of iodine and HI con
centrations can be derived in a manner similar to the 
pure cyclohexane case.4 They are

d [I2]
df

= B  +  ( ( A  +  D ) / 2) -

(A +  D)
[I*]

[I*] +  ([HI ¡ k m / h , ) .
(14)

d [HI]
d i

= C  — (A +  D )  +

(A +  2D)
[ I2

[la] +  ([HI]fcHi/fci,)y
(15)

where A  — thermal aklyl radical production rate, B  — 
production of I2 from spurs, C  =  production of HI from 
spurs or by reaction 8, and D = net rate of production 
of H atoms escaping reaction 8. Since the net yield of 
thermal hydrogen atoms is zero for solutions ranging 
from 0 to 95 vol. %  cyclohexane, the D factor is zero 
and the corresponding rate expressions are

®  = B  +  (A/2) -
at

{A [I2]/([I2] +  ([H I]W *iO )} (16)

f f l  =  C - . 4  +
at

{A[I2]/([I2] +  ([H I]W *iO )| (17)

In order to obtain equations giving I2 and HI concentra
tions as a function of time, it is necessary to solve eq 14 
and 15 or 16 and 17. As in the case of pure cyclo
hexane,4 integration of the equations was accomplished 
numerically using the Runge-Kutta method on an 
IBM 709 computer.

A ssig n m en t o f  P aram eters. To solve the rate ex
pressions it is necessary to provide values for the 
quantities A ,  B , C , and D and for the ratio of the rate 
constants k m /k i v The parameters A  and B  can be 
evaluated in a manner similar to that for pure cyclo-

(10) H. A. Gillis, R. R. Williams, and W. H. Hamill, J. Am. Chem. 
Soc., 83, 17 (1961).
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hexane.4 For the initial maximum rate of iodine pro
duction with added HI and the initial minimum rate of 
production of iodine with added I2, eq 14 becomes

J = (max rate) = B  +  ((A +  D ) / 2) (18)
Cl£ /  max

I = (min rate) — B  —  ((A +  D ) / 2) (19)
min

which can be added and subtracted to give

B  =  (max rate +  min rate)/2 (20)

A +  D  = (max rate — min rate) (21)

The corresponding equations for 0-95 vol. %  cyclo
hexane solutions are (20) and (22)

A  = (max rate — min rate) (22)

It will be noted that both A  and B  can be computed 
unambiguously from experimental data for solutions 
with 0-95% cyclohexane. For solutions very dilute 
in methyl iodide, B  is given directly and the sum of A  

and D  is established but not their separate values. 
Resolution of the values of A  and D  is discussed below.

To evaluate the quantity C , which gives the rate of 
HI production from spurs, the expression derived by 
Hanrahan and Willard can be used211

/ d [I2] 
\ df

norm rate — min rate 
max rate — norm rate)

(23)

Since HI and I2 are produced at a constant rate in 
radiolysis experiments with no additives, we can write

by adding (14) and (15) we get

d [HI] 
df

= C  +  B  — (A/2) -
d[Ig]

di
+

|ö [I2]/([I2] +  ([H I]W fci,))j (26)

After substituting (19) and (25) and rearranging, one 
obtains

C  = f-rp r') (norm rate) +
\ L-*-2 J /  norm

(norm rate — min rate) —

{D[I2]/([I2] +  QHIlfcHi/fci,))} (27) 

The corresponding expression for 20-25% solutions is

C = ( t t t  ) (norm rate) +
\ L-*-2J /  norm

(norm rate — min rate) (28)

The quantity C  could be found experimently if HI 
yields were measured. However, the HI yield is 
difficult to measure accurately. If the ratio k m /k u  can 
be established, then the HI production rate C  can be 
found by substitution of the value of [HI ]/ [I2] now 
found by eq 23 into eq 28.

Since experimental values of the ratios k m /k u  for the 
series of solutions studied were not available, k m /k u  
was treated as an adjustable parameter in the calcula
tions. The computed effect of varying the ratio 
k m /k u  for the various solutions with added I2 is shown

j

RADIOLYSIS TIME, MIN.

Figure 4. Role of km //cu  as an adjustable parameter;
I2 production in the radiolysis of cyclohexane-methyl 
iodide solutions with added I2. (A) 20 vol. %  cyclohexane,
1.5 X 10-3 M  initial I2; values of km/ku reading downward 
are 2.0, 1.5, 1.0, 0.6, 0.4, and 0.1. (B) 60 vol. %  cyclohexane,
1.7 X 10 _8 M  initial I2; values of km/ku reading downward 
are 2.0, 1.5, 1.0, 0.7, and 0.4. (C) 80 vol. %  cyclohexane,
1.55 X 10-3 M  initial I2; values of km/ku reading downward 
are 2.0, 1.5, 0.9, 0.6, and 0.3. (D) 90 vol. %  cyclohexane,
1.55 X 10-3 M  initial I2; values of km/ku reading
downward are 2.0, 1.5, 0.9, 0.6, and 0.3. (E) 95 vol. % 
cyclohexane, 1.55 X 10_3 M  initial I2; values of km/ku 
reading downward are 2.0, 1.5, 0.9, 0.6, and 0.4. (F)
99.9 vol. % cyclohexane, 1.5 X 10~3 M  initial ][2; values of 
km/ku reading downward are 2.0, 1.5, 0.9, 0.7, and 0.4.

(11) There is a misprint in the equation as given originally in ref 2.

Volume 71, Number 10 September 19111'



3306 Inder M ani and R obert J. Hanrahan

RADIOLYSIS TIME, MIN.

Figure 5. Role of km/ku as an adjustable parameter;
I2 production in the radiolysis of cyclohexane-methyl 
iodide solutions with added HI. (A) 20 vol. % cyclohexane,
6.1 X 10-3 M  initial HI; values of km/ku reading 
downward are 2.0, 1.5, 1.0, 0.7, and 0.4. (B) 60 vol. %
cyclohexane, 5.2 X 10-3 M  initial HI; values of km/ku 
reading downward are 2.0, 1.5, 1.0, 0.7, and 0.4. (C) 80 vol.
% cyclohexane, 1.5 X 10-3 M  initial HI; values of km/ku 
reading downward are 2.0, 1.5, 0.9, 0.6, and 0.3. (D) 90
vol. %  cyclohexane, 6.1 X 10-3 M  initial HI; values of 
km/ku reading downward are 2.0, 1.5, 0.9, 0.6, and 0.3.
(E) 95 vol. %  cyclohexane, 6.1 X 10-3 M  initial III; values 
of km/ki2 reading downward are 2.0, 1.5, 0.9, 0.6, and 0.4.
(F) 99.9 vol. %  cyclohexane, 3.4 X 10-3 M  initial HI; values 
of km/ku reading downward are 2.0, 1.5, 0.9, 0.6, and 0.4.

in Figure 4. For the entire range of cyclohexane- 
methyl iodide solutions, it is found that increasing the 
rate constant ratio increases the iodine concentration 
achieved at a given radiolysis time. This effect be
comes more pronounced as the per cent cyclohexane in 
the solution is increased. However, the initial slope 
of the graphs is the same in all cases and approaches that 
for which k n i /k u  is zero. Similar effects of varying 
the rate constant ratio are observed for experiments 
with added HI and are shown in Figure 5. The effect 
of varying the ratio in the case of 99.9% solutions is 
quite similar to that observed for pure cyclohexane.2

For solutions from 0 to about 95% cyclohexane, that 
is, for all cases in which there is a nonzero “normal rate” 
of iodine production, the arbitrary assignment of the 
single parameter km / k h should suffice to fit the equa
tions to experimental data. Under these circumstances

A  and B  come directly from experimental data, and C  
can be calculated if k m /k u  is fixed. It has been found 
that adjusting only k m /k u  gave a good fit of experi
mental data for solutions with 20-90% cyclohexane. 
However, this procedure gave a rather poor fit for 95% 
solution. It was found that the difficulty was due to 
the parameter C  for HI production. Results of cal
culations using C  as an adjustable parameter are shown 
in Figure 6 for an experiment with added R. It can 
be seen that the results are very sensitive to this 
parameter. (Curves for the experiment with added 
HI are now shown, since they are only slightly sensitive 
to changes in the HI production rate.) The value of 
C  predicted from eq 23 and 28 is 0.033 pmole/min; the 
best fit of experimental data was obtained when C  was 
adjusted to 0.029. Since the calculation of C  from eq 
23 and 28 is somewhat indirect and requires several 
mathematical manipulations of the experimental data, 
the difference between 0.029 and 0.033 is within ex
perimental error. Hence, the scheme can be considered 
to fit directly to all solutions through 95% cyclohexane.

However, determination of the various parameters 
for solutions with more than 95% cyclohexane involves 
some difficulties. For these solutions, the normal rate 
of iodine production is zero. This indicates that 
the yield of radicals exceeds that of iodine, but does 
not tell by how much. For the 0-95% concentration 
range, four parameters— A ,  B , C , and k m /k u — are 
needed and three experimental data— maximum, mini
mum, and normal rates of iodine production— are avail
able. Hence, only one parameter needs to be adjusted 
arbitrarily. Above 95% cyclohexane, only two useful 
pieces of data, maximum and minimum rates of iodine 
production, are available and only two of the four

Figure 6. Role of HI production from spurs as an adjustable 
parameter; I2 production in the radiolysis of 
cyclohexane-methyl iodide solution, for 95 vol. %  cyclohexane 
with added I2 (1.5 X 10~3 M), as a function of radiation time. 
G(HI) values, reading downward, are 0.85, 0.57, 0.28, and 0.0.
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parameters, A  and B ,  are fixed. Hence the values of 
both C  and fcHi /k i 2 must be established. The situation 
is somewhat simplified because k m /k i ,  was found to 
have the same value of 0.71 for 90-95% solutions and for 
pure cyclohexane, and it can reasonably be assumed to 
have the same value between 95 and 100% cyclohexane 
solutions. This still leaves C  to be determined.

However, another complication develops in solutions 
approaching pure cyclohexane, exemplified by the 
99.9% case. For such solutions, it can no longer be 
assumed that the effective yield of thermal H atoms is 
zero. For these solutions, B  is determined from eq 32; 
k m /k u  can be taken as 0.71. The sum of A  and D  is 
determined from eq 33, and C  is undetermined. Thus, 
it is necessary to vary two quantities, C  and D , to fit 
the equations to experimental data. After several 
computer calculations, it has been concluded that the 
sum of C  and D  was rather well defined as 0.041 ± 
0.003 jumole/min. Considerably more variation is 
possible in the individual values. An adequate fit of 
the experimental data could be obtained with values 
of D  in the range of 0.012-0.024 with C  adjusted to 
maintain the sum of C  and D  as constant. The effects 
of varying D  for experiments with added I2 and HI are 
shown in Figures 7 and 8, respectively. Similar effects 
of varying C  are shown in Figures 9 and 10. The com
bination C  = 0.023 and D  =  0.020 was used to calculate 
the curves for 99.9% solution in Figures 1-3. This set 
of values, with a rather high H atom yield and low HI 
yield, gave a better fit at longer radiolysis times than 
the reverse combination. However, this is probably 
somewhat fortuitous. A lower H atom yield ((? ~  0.5) 
and higher HI yield (G ~  0.9) are more consistent with 
other work and the trends in the present data. The 
major difficulty for the 99.9% solution is probably due 
to the depletion of CH3I during radiolysis; its initial 
concentration is only about 1.6 X 10~2 M .  Complete 
consumption of HI (and I2) as shown in Figure 3 re
quired 5 hr of radiolysis at an absorbed dose rate of 
about 0.5 Mrad/hr, which would consume 25% of the 
methyl iodide present if G ( — CH3I) ~  2.

C om pa rison  w ith  E x p erim en ts . Input data for a 
computation on a given cyclohexane-methyl iodide 
solution are maximum, minimum, and normal rates of 
iodine production. An initial concentration of I2 or HI 
is given to the computer, matching an actual experi
ment. The ratio k m /k i ,  is used as an adjustable 
parameter. The results of such calculations are shown 
by smooth curves in Figures 1-3; circles represent ex
perimental data. It can be seen that the theoretical 
curves fit the experimental points quite satisfactorily. 
From these curve fittings, different km / k i 2 values have 
been obtained for the various solutions.12'13 These

Radiolysis time, min.

Figure 7. Role of H atom yield as an adjustable parameter; 
I2 consumption in the radiolysis of cyclohexane-methyl 
iodide solution, for 99.9 vol. % cyclohexane 
with added I2 (1.51 X  10-3 M), as a function 
of radiation time. Cr(H-) values, reading downward, 
are 1.40, 1.05, 0.70, 0.35, and 0.0.

Figure 8. Role of H atom yield as an adjustable parameter;
I2 production in the radiolysis of cyclohexane-methyl 
iodide solution, for 99.9 vol. % cyclohexane 
with added HI (3.4 X  10-3 M), as a function of 
radiation time. (?(H-) values, reading downward, 
are 1.40, 1.05, 0.70, 0.35, and 0.0.

values are listed in Table II. Initial I2 concentrations 
in the solutions were 1.4 X 10-3 to 1.7 X 10“ 3 M  and 
the initial HI concentration was 6.1 X 10~3 M  in the 
experiments shown in Figure 2.

A difficulty which was encountered in fitting theoreti
cal curves to iodine production and consumption data 
requires comment. Some of the iodine concentration 
vs. dose graphs for radiolysis of HI or I2 in cyclohexane- 
methyl iodide solutions cover several hours of radiolysis.

(12) One factor which can account at least partially for the observed 
moderate variation of the ratio /chi/ fcis is the effect of solvent polarity 
on the rates of the respective reactions.13 Perhaps more important 
is the fact that the ratio is actually an average value weighted 
according to the proportions of the various radicals (mainly methyl 
and cyclopropyl) which are involved in the reactions with HI and I2.
(13) K. J. Laidler, “ Chemical Kinetics,”  2nd ed, McGraw-Hill Book 
Co., Inc., New York, N. Y ., 1965, p 207.
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Radiolysis time, min.

Figure 9. Role of HI production from spurs as an 
adjustable parameter; I2 consumption in the radiolysis 
of cyclohexane-methyl iodide solution, for 99.9 
vol. %  cyclohexane with added I2 (1.5 X 10-8 M), as a 
function of radiation time. G(HI) values, reading 
downward, are 1.40, 1.05, 0.70, 0.35, and 0.0.

Figure 10. Role of HI production from spurs as 
an adjustable parameter; I2 production in the radiolysis 
of cyclohexane-methyl iodide solution, for 99.9 
vol. %  cyclohexane with added HI (3.4 X 10~3 M ), 
as a function of radiation time. G(III) values, reading 
downward, are 1.40, 1.05, 0.70, 0.35, and 0.0.

As mentioned above, Croft and Hanrahan1 reported 
that the rates of iodine production in cyclohexane- 
methyl iodide solutions without additives were nearly 
linear at low doses. For the longer radiolysis times 
used in the present work, changes in the normal rates 
become significant. The decrease in (?(I2) from its 
initial value to the value obtained after several hours 
of radiolysis was of the order of 0.15-0.25 molecule/100 
ev (Table I). This is a relatively small effect consider
ing that total G  values of I2 production in spurs were in 
the range of 1.5-3.5 (Table II). This falloff cannot be 
due to H I-I2 competition kinetics as described above. 
Equations 14 and 15 unambiguously predict constant 
rates of formation of I2 and HI for the radiolysis with 
no additives, provided only that the yields of primary

Table I I :  Calculated G(R-), G(I2), and G(HI), 
and Rate Constant Ratios

(1)
Cyclo
hexane

(2)
G for thermal 
free-radical

(3)
G for 12 

production

(4)
G for HI 

production

(5)

vol. % production® in spurs6 in spurs® lcm/kud

0 5.31 3.855 0.27
20 5.34 3.510 0.31 0.98
40 5.69 3.405 0.37 0.94
60 6.09 3.135 0.55 0.90
80 5.52 2.48 0.59 0.55
90 5.01 1.87 0.69 0.71
95 5.03 1.57 0.94e 0.71
99.9 6.07 0.41 0.81 0.71

100 6.04 0.71

1 (Max rate — min rate). b (Max rate + min rate)/2.
c Calculated from eq 28. d Values obtained by adjusting km/ki, 
as a parameter for curve fitting. 6 This value is predicted by 
eq 28. As explained in the text, a slightly lower value gives 
the best fit of theoretical curves to experimental data, but the 
difference is within experimental error.

processes (A , B , C , and D )  are constant. It is probable 
that HI and I2 are actually formed at constant rates 
but react with olefins produced during extended periods 
of radiolysis.

Although the falloff in normal rates was not con
sidered decisive in interpreting the role of H I-I2 com
petition kinetics in cyclohexane-methyl iodide solu
tions, it did pose problems in several respects. If the 
true initial values of the normal rates of iodine produc
tion are used in eq 14 and 15, then the equations will 
predict rates for solutions with added HI and I2 which 
will approach these values at large doses. In the actual 
radiolyzed solutions, however, lower rates are found at 
large doses, as in the case of radiolysis with no addi
tives. As a result, the predicted yields from the inte
grated equations would not match the experimental 
results. It was possible to avoid this difficulty by 
utilizing the large-dose values of the normal rates 
in the equations, rather than the initial values, when 
calculating the smooth curves in Figures 1-3.

Although use of the long-term normal rates permitted 
more satisfactory fitting of curves to experimental data, 
is is clear that the initial values are more significant 
in establishing true yields of primary processes. Ac
cordingly, it was decided that the initial values of the 
rates should be used in preparing Tables II and III. It 
can easily be verified that the G  values for the thermal 
free radical yields and for the yields of I2 from spurs are 
not affected by this correction (see eq 20 and 22). 
However, the yields of HI from spurs as given in Tables 
II and III are increased by 0.1-0.25 molecule/100 ev for
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Table III: Cyclohexane-Methyl Iodide Solutions: Comparison between Observed and Calculated Yields

(1) (2) (3) (4) (5) (6) (7)
Cyclo HI reacting Total G for excess
hexane 0(1 •) with free Net HI scavenger scav equiv
vol. % normal® radicals** produced® equivalents'1 G(R ■ )* over (?(R* )7

0 2 .8 2 0.21 0 .0 6 8 .2 5 5 .3 1 2 .9 4
20 2 .4 6  (2 .2 2 ) 0 .2 7 0 .0 4 7 .6 4 5 .3 4 2 .3 0
40 2 .2 0  (1 .7 0 ) 0 .2 9 0 .0 8 7 .5 5 5 .6 9 1.86
60 1 .5 8 (1 .2 0 ) 0 .5 1 0 .0 4 7 .3 7 6 .0 9 1 .2 8
80 0 .9 0  (0 .5 0 ) 0 .5 3 0 .0 6 6 .1 4 5 .5 2 0 .6 2
90 0 .3 6 (0 .1 1 ) 0 .6 9 0 5 .1 2 5 .0 1 0.11
95 0 .1 0 (0 .0 1 ) 0 .9 4 0 4 .7 8 5 .0 3 ( - 0 . 2 5 )
9 9 .9 0 2 .4 4 6 .0 7 ( - 3 . 6 3 )

100 0 6 .0 4

“ For solutions with no I2 or HI added prior to irradiation. b C?(I2) for the radiolysis without additives minus C?(I2) with added I2. 
c (Column 4, Table II) — (column 3, Table III). d 2(column 3, Table II) +  2(column 4, Table II). * G for thermal free-radical 
production in spurs. f (Column 5 — column 6).

solutions with 20-90 vol. %  cyclohexane, and the total 
yields of scavenger equivalents are increased about 
0.2-0.5 molecule/100 ev, compared to the values which 
would be found if the large-dose value for G ( h , no addi
tives) was used.

Concentration D ep en d en ce o f  P r im a r y  Y ield s. For 
the entire range of solutions of cyclohexane-methyl 
iodide, the present calculations provided data for the 
yield of thermal alkyl radicals, I2, and HI from spurs. 
These data are listed in Table II. As the cyclohexane 
concentration is increased, G (If)  decreases and G (H I )  
increases fairly smoothly. However, G(R-) does not 
show a clear trend as a function of composition of the 
mixtures; it is approximately constant at 5.5 ± 0.5. 
The fluctuations which are observed are probably due 
to the fact that this is a composite quantity which in
cludes the yields of both cyclohexyl and methyl radi
cals. The net yields of each of them and their sum 
are determined by numerous reactions, some competi
tive and others additive, resulting in an approximately 
constant combined yield.

Table III shows a number of additional derived yields 
for processes which affect net iodine production in the 
radiolysis of cyclohexane-methyl iodide solutions. It 
can be seen that the net, observed yield of iodine (col
umn 2, Table III) is much less than that produced from 
spurs (column 3, Table II). The difference, of course, 
is due to reactions of cyclohexvl and methyl radicals 
with I2. There is also a thermal process producing I2, 
namely, the reaction of radicals with HI, but this is a 
relatively small effect. The same situation occurs in 
the radiolysis of pure alkyl iodides; it has been shown 
previously2'10 that in such systems the observed I2 yield 
is the sum of the excess of iodine production ever alkyl

radical production in spurs plus the contribution due to 
the reaction of thermal free radicals with HI.

A discussion of trends in primary yields in the radioly
sis of cyclohexane-methyl iodide solutions was pre
sented several years ago by Croft and Hanrahan.1 
Their remarks were of necessity hypothetical, since de
tailed yield data were not available at that time. They 
investigated the postulate that the various intermedi
ates, reacting in a simple free-radical scheme similar to 
that used here, might be formed in yields determined 
directly by the electron per cent of the parent compound 
in the mixture. A graph was presented showing the 
concentration dependence of total radical yields and 
total iodine yields predicted by such a model. The 
graph predicts that net iodine production should fall 
to zero for solutions richer in cyclohexane than about 
30 electron %. Since their experimental results showed 
that net iodine production persists until methyl iodide 
is diluted with about 93 electron %  cyclohexane, they 
concluded that there was evidence of substantial 
sensitized decomposition of the methyl iodide. This 
conclusion has been confirmed during the course of the 
present work. Taking into account the role of HI, G  
values for total scavenger equivalents for the entire 
range of solutions have been calculated and are plotted 
as a function of electron %  cyclohexane; see Figure 11. 
It will be noted that the yields of HI and I2 from methyl 
iodide in the mixture and markedly greater than would 
be predicted by an “ ideal solution” law. There is only 
a small gradual diminution in the total scavenger yields 
up to about 80 electron %  solutions; the yields fall 
sharply in solutions richer in cyclohexane than 80 elec
tron % . Although the figure indicates that there 
should be no net iodine production for solutions with
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Figure 11. 0  values as a function of composition for
cyclohexane-methyl iodide solutions: •, total scavenger yield 
in equivalents; O, thermal free-radical production.

more than 85 electron %  cyclohexane, difference be
tween this value and the experimentally observed value 
is probably due to small errors in determining the var
ious parameters.

In considering the relationship of the various HI 
rates given in Tables II and III, it should be recalled 
that the HI which is produced from spurs has two pos
sible fates. Most of it reacts with alkyl radicals giving 
a complementary yield of iodine atoms. Therefore, 
the rate at which HI plays the role of a scavenger for 
R • is given by (norm rate — min rate), where norm and 
min rates are the rates of iodine production without 
additives and with I2 added, respectively. These 
values are listed in column 3, Table III. The remaining 
HI appears as net HI accumulating in the solutions; 
see column 4, Table III. The sum of these figures is 
the total rate of HI production, given in column 4, 
Table II.

Since, on reaction with alkyl radicals, HI furnishes a 
hydrogen atom to the radical and releases an iodine 
atom, the reaction capacity of HI is equal to two scaven
ger equivalents. Hence, the total scavenger capacity 
in equivalents is the yield of iodine atoms produced 
from spurs plus twice the yield of HI from spurs. 
Column 5, Table III, shows the total scavenger 
activity in equivalents. Column 7 shows the scavenger

equivalents which are in excess of the free radicals pro
duced and is obtained by subtracting column 6 from 
column 5. The figures given are just the sum of the 
I2 yield, which is measurable, and the HI yield, which 
is inferred. The negative values for total scavenger 
yields for 95 and 99.9 vol. %  cyclohexane solutions 
simply indicate that there is no net HI or I2 present in 
the irradiated solutions over this concentration range.

It has been proposed by Gillis, Williams, and Hamill10 

that the production of iodine in the radiolysis of pure 
CH3I is due to the ion-molecule mechanism

CH3I+ +  CH3I — >  (CH3)2I+ +  I- (29)

The product ion, upon neutralization, gives a net yield 
of C2Hr and I2. Croft and Hanrahan suggested that 
the efficient production of iodine in dilute solutions in 
cyclohexane is due to the same mechanism and that it 
is able to occur with considerable efficiency because of 
charge transfer from cyclohexane

C6H12+ +  CH3I — ► C6H12 +  CH3I+ (30)

The present results are compatible with these sugges
tions. The postulate that charge-exchange process 30 
occurs appears necessary to account for net iodine pro
duction in solutions in which methyl iodide is the 
minor constituent. However, the possibility that 
electron capture also occurs, as suggested by Forrestal 
and Hamill,7 cannot be excluded.14 It is likely that 
electron capture and charge exchange both occur ef
ficiently in solutions with several per cent or more of 
methyl iodide.
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A Pulse-Radiolysis Study of the Dependence of the Reaction of Atomic 

Oxygen with Oxygen on the Nature of the Third Body1

by Myran C. Sauer, Jr.

Chem istry D iv ision , A rgonn e N ational Laboratory, A rgonne, Illin o is  60439  (Received A p r il 10, 1967)

The rate constant of the third-body (Ar)-controlled reaction of oxygen atoms with molecular 
oxygen is found to be independent of whether the oxygen atom originates from 0 2, CO2, 
or N20 . The third-body efficiencies of He, C 02, and N20  relative to an Ar efficiency of
1.0 have been determined as 0.8, 5, and 5, respectively.

Introduction

Measurement of the formation rate of ozone and the 
rate constant for the reaction

0  -j- 0 2 Ar ^ O3 -{- Ar (1 )

by the pulse radiolysis of gaseous mixtures of argon and 
oxygen has been previously described.2 The present 
paper describes similar experiments in which different 
molecules were used as sources of oxygen atoms and in 
which the effect of different third bodies was determined.

Experimental Section
General Information. The experimental techniques 

of preparing and irradiating the high-pressure gas 
samples were similar to those used previously.2 The 
spectrophotometric method of obtaining the ozone 
formation curves after the electron pulse was the same 
as has been previously described.2 Analysis of the 
Polaroid photographs of the oscilloscope traces was 
carried out essentially as has been described,2 but some 
of the later photographs were analyzed by an automatic, 
computerized method.3

Materials. The Ar and 0 2 have been previously 
described.2 The C 0 2 was Airco, the listed maximum 
impurities being 10 ppm of 0 2, 50 ppm of CO, 50 ppm of 
N2, and 10 ppm of H2. The results did not depend upon 
whether the C 0 2 was used directly from the tank or first 
subjected to several cycles of freezing and pumping. 
The He was Grade A from U. S. Bureau of Mines, the 
listed impurities being less than 50 ppm total, of which 
less than 1 ppm was 0 2. The N20  was Matheson, 98% 
minimum purity. Mass spectral analysis shewed less 
than 200 ppm of 0 2. In experiments where N20  was

not the main gas, it was purified by several cycles of 
freezing and pumping. Where N20  was the main gas, 
it was purified by passing it through a 6 in. long column 
of Ascarite, followed by several cycles of freezing and 
pumping. (Ozone formation curves could not be ob
tained when the N20  was used without the Ascarite 
treatment.)

Samples. The ranges of concentration over which 
the components in the various systems studied were 
varied are given as follows in parentheses: I: Ar
(0.5-4.3 M), C 0 2 (0.015-0.06 M), 0 2 (7 X  10-"-28 X 
10- 4 M ); II: Ar (1 .1 -2 .51 ), N20  (0.01-0.034 M), 0 2 

(7 X 10_4-28 X 10- 4 M ); III: He (1.1-3.1 M), 0 2 

(8 X 10-4-26 X 10- 4 M); IV: C 0 2 (0.5-2.7 M), 0 2 

(3 X 10-4-16 X 10- 4 A /); V: N20  (1.5 M), 0 2 (5 X 
10~ 4 M).

The spectrum of the absorbing species formed was 
checked for all of these systems and found to correspond 
to the spectrum of ozone. Samples similar to those 
listed above, but without 0 2, were pulse irradiated, and 
the results showed that there was no significant amount 
of oxygen impurity in the gases used and that negligible 
amounts of species absorbing in the region around 260 
m/i were produced.

Results and Discussion
The production of oxygen atoms in irradiated sys

tems where C 0 2 or N20  is present at concentrations

(1) B a se d  on  w o rk  perfo rm ed  u n d e r  the  au sp ice s of the  U . S. A to m ic  
E n e r g y  C om m iss ion .

(2) M .  C . Saue r, Jr., a n d  L .  M .  D o r fm a n ,  J . A m . Chem. Soc., 87, 
3801 (1965).

(3) M .  C . Sauer, Jr., A rg o n n e  N a t io n a l L a b o ra to ry  R ep o rt, A N L -
7113, O ct 1965.
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small compared with the Ar but about 20 times greater 
than the 0 2 concentration is likely to result mainly from 
interactions between excited or ionized argon and the 
C 0 2 or N«0, followed by subsequent decomposition of 
the excited or ionized C 02 or N20, either directly or in 
neutralization processes. However, the 0 2 may con
tribute more to oxygen atom formation than one would 
predict on the basis of its ratio to C02 or N20. In the 
case of C 02, electrons with energy below 4.6 ev will not 
undergo dissociative attachment4 with C 0 2 but wall 
attach5 to the 0 2. The 0 2_ could then yield oxygen 
atoms upon neutralization. In the case of N20, the 
situation is less favorable for production of 0 2~, since 
electrons of energy above 0.5 ev undergo dissociative 
attachment4 with the N20.

The sequence of reactions producing oxygen atoms 
is completed2 in a time period comparable in length to 
the 1-yusec electron pulse. This allows us conveniently 
to study reactions of the oxygen atoms which have 
half-times of ca. 5 /¿sec or greater. The gas concentra
tions were such that the half-times for the ozone forma
tion reaction were in the range of 10 /¿sec. The ozone 
formation curves yielded good linear plots when first- 
order-formation test plots were made in the manner 
previously described.2 For a given set of 0 2 and M 
concentrations, the rate constant, k\, of the over-all 
reaction was calculated from the slope of the first-order- 
formation test plot by

fa = (—slope)/ [02][M] (I)

The results are given in Table I, and are expressed 
in terms of the reaction scheme

*2
O -|- 0 2 —  0 3* (2 )*2r

kz
O3* -f- M — ^ O3 M (3)

which describes, in detail, the course of reaction 1 . 
As has been shown,2 fa is given by

fafa
1 k2l +  ks[M] ( }

Therefore, the experimental values of kh determined 
from (I), were plotted as 1 / k i  vs. [M], and the values of 
fafa/faT and k 2 were determined from the intercept and 
slope, respectively. Because of the fact that the value 
of 1/fci did not change much over the pressure range ex
amined, the slope was not obtained with sufficient ac
curacy for some of the systems examined, and the values 
of fa are therefore not listed in Table I. However, the 
intercept was more accurately known because of the 
low value of the slope.

Table I : Summary of Results

--------Sample compn--------^
Main Other 10 tkzkz/kir, 10-8*2,
gas gases M~2 sec-1 M~l sec _1

Ar“ o 2 0.83 ±  0.08 7 ±  5
Ar5 c o 2, c v 1.0 ± 0 .2 5  ±  2
Ar N20, O f 0.8 ± 0 .2
c o 2 o 2 4.2 ± 0 .5 11 ± 3
ILO" o 2 3.5 ± 0 .7
He o 2 0.7 ± 0 .1

Reference 2. 6 The error limit on fakí/kiT determined from
these experiments is to a large extent due to an unexplained dif
ference in results between two sets of irradiation vessels. The 
same phenomenon was not apparent in experiments on the other 
systems where the same two sets of vessels were used. c The 
concentration of C02 or N20  was typically a few per cent of the 
concentration of Ar; in calculating the values of h, the C02 
and N20  were taken to have five times the third-body efficiency 
of Ar. d This value is the result of the only sample (out of 
three), using purified N20, from which usable curves were ob
tained. The difficulties may be due to impurities, and the result 
should be considered with some caution.

The values of fafa/far for M =  Ar given for the first 
three systems listed in Table I are in fair agreement, 
although slightly lower, with values of fa determined 
(for M =  Ar) by other workers. A discussion of pre
vious determinations of fa in relation to the result for 
high-pressure Ar- 0 2 systems has already been given.2 

The values of fa are in reasonable agreement with a mass 
spectrometric study6 of the rate of the reaction 0 18 +  
0 160 16-»-0 16 +  0 180 16.

The relative efficiencies of the various third bodies 
used can be obtained directly from the ratios of the 
appropriate values of fafa/faT in Table I. Helium is 
apparently only slightly less efficient than Ar, and C02 

and N20  are about five times more efficient than Ar.
The data of Table I are of interest with respect to the 

question of what electronic state the oxygen atom is in 
during reaction 2. Looking at the first three systems 
listed, we see that the value of fafa/far is independent 
(within a 2 0%  range) of whether the source of oxygen 
atoms is 0 2, C 02, or N20  (Ar is the third body in all 
three cases). This favors the argument that reaction 2 
proceeds mainly via ground-state (3P) oxygen atoms in 
all three systems and that initially excited oxygen 
atoms are predominantly deactivated to the ground 
state before taking part in the ozone formation reaction. 
(The problems involved in ascertaining the electronic

(4) D .  R a p p  an d  D .  D .  B r ig lia , J . Chem. P h ys., 43, 1480 (1965).

(5) E .  W .  M c D a n ie l,  “ C o llis ion  P he no m en a  in  Io n ize d  G a se s , "  
J o h n  W ile y  an d  Son s, Inc., N e w  Y o rk ,  N .  Y . ,  1964, p  404.

(6) J. T .  H e r ro n  a n d  F .  S. K le in ,  J. Chem. P hys., 40, 2731 (1964).
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state of the oxygen atoms produced by pulse radiolysis 
of A r-0 2 systems have been discussed.2) However, an 
alternative explanation is that the rate constant (fci) for 
excited oxygen atoms is not much different from that 
for ground-state atoms. This explanation is not sup
ported by a recent estimate7 of the value of k2ki/k2T for 
H> oxygen atoms of 0.72 X 108 M~2 sec-1, where 0 2 

is the third body, because, if the third-body efficiency 
of Ar is only 0.6 that of 0 2 as it is for the reaction of 
0 ( 3P ) ,8 then kjc3/k2l for O('D) is about 0.43 X 10s M -2  

sec-1, where Ar is the third body. Of course, if the 
proportion of excited oxygen atoms is minor, their effect 
would not be noticed.2

In the systems containing N20, reaction of excited 
oxygen atoms with N20  to form N2 +  0 2 is estimated 
to occur quite rapidly,9 and therefore all excited oxygen 
atoms should be removed before the ozone formation 
occurs. The reaction CK'D) +  C02 —► CO +  0 2 is not 
important,10 and 0 ( !D) is probably deactivated to 
0 ( 3P) in the presence of C02, as will be discussed. The 
reactions of 0 ( 3P) with N2Ou and C 0 2 are very slow 
and will not interfere at all with the ozone formation 
reaction. If such reactions did occur, the ozone pro
duction would be reduced markedly, and the ozone 
formation rate constant would be markedly increased 
when higher pressures of N20  or C 0 2 were used; this 
effect was not observed.

Incidentally, the possibility of NO being produced 
from the N20  and influencing the ozone formation 
curves by reacting with oxygen atoms or with the ozone 
was ruled out experimentally by noting the lack of 
effect of pulse intensity (0  +  NO and O +  0 3 would be 
more important relative to O +  0 2, the higher the pulse 
intensity, since the former are second order while the 
latter is pseudo first order) and the lack of a change 
with repeated pulsing (such a change might be expected 
if ozone were reacting with a species produced by the 
pulse, since ozone concentration builds up in the irradi
ation vessel). The same conclusions were reached in 
the case of C02-containing samples.

Concerning the effect of C 0 2 on atomic oxygen, there 
is no evidence that 0 ( 3P) reacts with C 0 2 to form a C 0 3 

complex, and the experimental data presented here 
argue strongly against such a complex being important 
in the ozone formation reaction sequence. However, 
the formation of C 0 3 from the reaction of 0 ( LD) with 
C02 has been postulated in several studies, 10'12-19 al
though there is disagreement as to the lifetime of the 
complex and also as to whether the 0 ( 1D) is deactivated 
to 0 ( 3P) when and if the complex dissociates. The 
infrared absorption spectrum of C 0 3 in a matrix of solid

C 0 2 has been thoroughly studied, but an absorption 
spectrum in the visible and ultraviolet regions was too 
weak to be determined. 19 A recent work18 gives experi
mental evidence that the gas-phase reaction of 0 ( 1D) 
with C 0 2 to form C 0 3 has a rate constant greater than 
6 X 108 M ~l sec- 1  and is at least five times as fast as 
the deactivation to 0 ( 3P). The rate constant for 
deactivation predicted from the preceding is in the 
same range as that arrived at on the basis of the esti
mate7 of 9 X 106 M ~l sec- 1  for deactivation of O f1!)) 
by He and the finding that C 0 2 is 50 times as efficient.16 

Therefore, even if we neglect the C 0 3 formation, all 
0(*D) would be deactivated in about 1 ¡isec at the lowest 
C 0 2 concentration used in the present work. Con
cerning O^S), the statement has been made18 that 
Of'S) is strongly quenched by C 02. This seems to be 
contrary to the hypothesis that O^S) causes a chain- 
exchange reaction14 in the radiolysis of C 02.

The experimental results presented here on the sys
tems containing C 0 2 show no evidence that C 0 3 is 
important in the formation of ozone. Variations of the 
concentrations of the components of the systems can 
all be explained on the basis of reactions 2 and 3, and 
no mechanism involving C 0 3 can be devised which fits 
the experimental observations. The most plausible 
explanation of these results is that excited oxygen atoms 
either are rapidly deactivated to 0 ( 3P) or react with C 0 2 

to form C 03, which would be required to have no effect 
on the ozone formation reaction, the ozone being formed 
entirely from the reaction of 0 ( 3P) with 0 2.20

(7) J. O . S u l l iv a n  a n d  P . W a rn e ck ,  J . Chem. P h y s ., 46, 953  (1967).

(8) See d iscu ss ion  o f th is  in  ref 2.

(9) A  reaction  efficiency a p p ro a ch in g  co llis iona l freq u en cy  is  im p lied  
b y  H .  Y a m a z a k i  a n d  R .  J. C ve ta n o v ic ,  J. Chem. P h ys ., 39 , 1902 
(1963). E v e n  if the  rate co n stan t were a s  lo w  as 108 M ~ l s e c -1 , 
the  excited oxygen  a tom s w o u ld  be co n su m e d  in  a b o u t  1 /isec, a n d  
there  w ou ld  be n o  effect on  the  ozone fo rm a t io n  curves.

(10) D .  K a t a k i s  a n d  H .  T aub e , ib id ., 36, 416  (1962).

(11) F .  K a u fm a n ,  P rogr. R eaction  K in etics , 1, 1 (1961).

(12) R .  J. C ve tan o v ic ,  J . Chem. P h ys ., 43 , 1850  (1965).

(13) P . W a rn e ck , ib id ., 43, 1849 (1965 ); see a lso  references listed  
in  th is  paper.

(14) M .  A n b a r  a n d  P . Pe rlste in , Trans. Faraday Soc., 62, 1803 
(1966).

(15) D .  L .  B a u lc h  and  W . H .  B recken rid ge , ibid., 62, 2768  (1966).

(16) K .  F .  P re sto n  an d  R .  J. C v e ta n o v ic ,  J . Chem. P h ys., 45 , 2888  
(1966).

(17) T .  G . S lange r, ib id ., 45, 4127  (1966).

(18) R .  A . Y o u n g  an d  A . Y .  M .  U n g ,  ibid., 44 , 3 038  (1966).

(19) N .  G .  N o ll,  D .  R .  C lu tte r, a n d  W .  E .  T h o m p so n ,  ibid., 45, 4469  
(1966).

(20) Note Added in Proof. T h e  t h ird -b o d y  efficiencies reported  
here are in  agreem ent ( ± 2 0 % )  w ith  tho se  re cen tly  rep o rted  b y  F. 
K a u fm a n  an d  J. R .  K e lso ,  ib id ., 46, 4541  (1967).
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The Kinetics of the Hydrogenation of Benzene over Supported Cobalt

by William F. Taylor1 and H. Kenneth Staffin

Stevens Institute o f  Technology, H oboken, N ew  Jersey  (Received M a y  15, 1967)

A detailed study of the kinetics of the hydrogenation of benzene to cyclohexane over 
supported cobalt has been made. The specific activity, i.e., the reaction rate per unit area 
of cobalt, apparent activation energy, and reaction orders were measured at 65-205° in a 
differential flow reactor. Three typical oxides, i.e., silica, alumina, and silica-alumina, 
and a nonoxide, i.e., carbon, were used as substrates for the cobalt. At low temperatures 
the rate of benzene hydrogenation exhibited a near-zero-order dependence on benzene 
partial pressure and an approximate first-order dependence on hydrogen partial pressure. 
At higher temperatures the order in hydrogen rose to approximately 2, and the order in 
benzene increased to low positive values. Cyclohexene was not detected in the effluent 
gases. The results are consistent with a mechanism in which a strongly bound benzene 
molecule is hydrogenated in a kinetically slow step to cyclohexene, followed by a rapid 
hydrogenation to cyclohexane. The specific activity, apparent activation energy, and 
preexponential factor for cobalt supported on the various oxide substrates were essentially 
the same. However, cobalt supported on carbon exhibited a different apparent activation 
energy and preexponential factor.

I. Introduction

As pointed out previously,2 studies of catalysis over 
cobalt surfaces have received less attention than corre
sponding studies over metals such as nickel or platinum. 
This is probably the case because cobalt is less exten
sively used as a catalyst. However, to elucidate the 
factors involved in catalysis by metals, knowledge of 
the catalytic properties of metals other than those most 
commonly used as catalysts is of interest.

Although benzene has been hydrogenated over cobalt 
by a number of investigators,3'4 no detailed kinetics 
were obtained. Recently a number of authors8-7 have 
postulated that the hydrogenation of benzene over tran
sition metals involves the formation of 7r-bonded inter
mediates. Thus, as part of an extended study of 
catalysis over supported metals, it was decided to in
vestigate the kinetics of the hydrogenation of benzene 
over supported cobalt. The cobalt catalysts used were 
the identical catalysts employed in previous work2 6 7 in
volving ethane hydrogenolysis kinetics and hydrogen 
chemisorption studies which established the degree of 
dispersion of the cobalt on the various supports. Thus, 
the specific catalytic activity, i.e., the activity per unit 
surface area of cobalt, could be calculated for the hy

drogenation of benzene, which is essential for any 
fundamental comparison of the activity of cobalt for 
benzene hydrogenation over a series of catalysts sup
ported on differing substrates. In the past the role of 
the support has often been ignored, but a number of 
recent studies8'9 have shown that marked effects can 
exist. In the present study, three different oxide sup
ports, i.e., silica, alumina, and silica-alumina, and a non
oxide support, i.e., carbon, were employed.
II. Experimental Section

A. Apparatus and Procedure. The benzene hy-

(1) G o ve rn m e n t  R e se a rch  L a b o ra to ry ,  E s s o  R e se a rch  an d  E n g in e e r 
in g  Co., L in d e n , N .  J.

(2) D .  J. C . Y a te s,  J. H .  S infelt, and  W . F .  T a y lo r,  Trans. Faraday  
Soc., 61, 2044  (1965).

(3) (a) P . H .  E m m e t t  a n d  N .  Skau , J. A m . Chem. Soc., 65, 1029 
(1943 ); (b) G . C . A . S c h u it  a n d  L .  L .  V a n R e ije n , Advan. Catalysis, 
10, 242 (1958).

(4) A .  Ju lia rd  an d  C . H e rbo , Bull. Soc. Chim. Beiges, 47, 718  (1938).

(5) J. J. R o o n e y , J . Catalysis, 2 , 53  (1963).

(6) V .  V ò lte r, ibid., 3, 297 (1964).

(7) D .  S h o p o v  an d  A .  A nd ree v , ibid., 6, 316  (1966).

(8) W .  F .  T a y lo r,  D .  J. C . Y a te s,  a n d  J. H .  S in fe lt, J. P h ys. Chem ., 
68, 2962  (1964).

(9) W .  F .  T a y lo r,  J. H .  S in fe lt, an d  D .  J. C . Y a te s,  ibid., 69 , 3857  
(1965).
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drogenation data were obtained in a flow reactor system 
at atmospheric pressure using a vertically mounted 
stainless steel reactor tube 1.0  cm in diameter and 8 .0  cm 
in length. The general features of this type of unit 
have been described previously. 10 The benzene was 
metered to the unit by means of a calibrated constant- 
rate syringe drive pump obtained from the Ace Sci
entific Co., Linden, N. J. The benzene was vaporized 
in a preheater tube and then mixed with the helium 
and hydrogen and passed downflow through the cata
lyst bed. The helium and hydrogen flow rates were 
measured in a monometer system using dibutyl phtha- 
late as the monometer fluid, which was chosen because 
of its low vapor pressure.11 The temperature of the 
catalyst bed was measured by an iron-cor.stantan 
thermocouple. The thermocouples were individually 
calibrated by their manufacturer, the Thermo-Electric 
Co., Saddle Brook, N. J. The products from the re
actor were analyzed by a gas chromatographic unit 
coupled directly to the outlet of the reactor. The col
umn used was 10 ft long and contained 7,8-benzo- 
quinoline (20% on 45-60 mesh firebrick).

The reactants, benzene and hydrogen, were passed 
over the catalyst in the presence of helium diluent. A 
total gas flow rate of 1 l./min was used throughout. 
The run procedure consisted of passing the reactants 
over the catalyst for a period of 5 min, at which time a 
sample of the product was taken for chromatographic 
analysis. The benzene flow was then shut off and the 
hydrogen and helium flow continued for a period of 15 
min at the reaction temperature prior to another run. 
In this way, it was possible to minimize variation in 
catalyst activity from period to period. In each run 
the catalyst was diluted with 0.5 g of ground Vycor 
beads of the same particle size as the catalyst. The 
catalyst charge varied from 95 to 110 mg, and quartz 
wool was packed on top of the catalyst to hold it in 
place. A preliminary experiment indicated that the 
ground Vycor and quartz wool was inactive for ben
zene hydrogenation over the range of conditions en
countered in this work. The catalyst was reduced over
night -at 370° with flowing H2 using a procedure pre
viously described.2

B. Materials. The gases employed in this work 
were ultrahigh-purity helium (ionization grade) and 
ultrahigh-purity hydrogen obtained from the Matheson 
Co., East Rutherford, N. J. The hydrogen was further 
purified by passing it through a Deoxo unit containing 
a palladium catalyst to remove traces of oxygen as 
water prior to passage through a molecular sieve drier. 
The benzene employed was high-purity chromato
quality benzene obtained from Matheson Coleman and 
Bell, East Rutherford, N. J. Chromatographic an

alyses indicated it to be 99.9% benzene. An analysis 
for sulfur indicated it to contain 1.2 ppm. The ben
zene was dried before use with 13X molecular sieve.

The cobalt catalysts contained 10 wt %  cobalt and 
were prepared by impregnating the supports with a 
solution of Co(N 03)2-6H20  dissolved in deionized water. 
The material was dried at 105°, after which it was 
pressed into wafers which were subsequently crushed 
and screened to between 45 and 60 mesh. The Co on 
A120 3 and Co on carbon catalysts were screened directly 
after drying. The silica used was Cabosil HS5 (340 
m2/g  surface area), obtained from the Cabot Corp., 
Boston, Mass. The alumina was prepared by heating 
/3-alumina trihydrate, obtained from Davison Chemical 
Co., for 4 hr at 600°, and had a surface area of 295 
m2/g . The silica-alumina was DA-1 cracking catalyst 
(nominally 13% Al20 3-87%  Si02) with a surface area of 
450 m2/g , also obtained from Davison Chemical Co. 
The carbon was Darco G-60 activated charcoal (410 
m2/g  surface area), obtained from Ace Scientific Co., 
Linden, N. J.

III. Results
The reaction of benzene with hydrogen to form 

cyclohexane was studied over the various catalysts at 
temperatures from 65 to 205° at low conversion levels. 
The degree of conversion ranged from about 0.3 to 1 .1 %, 
most of the data having been obtained at conversion 
levels below 1% . Consequently, the partial pressures 
of the reactants (benzene and hydrogen) do not vary 
much through the reaction zone, and the system ap
proaches that of a differential reactor. The reaction 
rates per gram of catalyst were determined from the 
relation

where F represents the feed rate of benzene to the 
reactor in moles per hour, W  represents the weight in 
grams of the catalyst charged to the reactor, and X  
represents the fraction of benzene converted to cyclo
hexane. The operating parameters of the gas chro
matograph used for the analyses were adjusted so that 
benzene, cyclohexane, and cyclohexene could be deter
mined with ease. No cyclohexene was detected in the 
effluent gas stream.

In an actual run to determine reaction rates, the 
catalyst was first prereduced with flowing hydrogen,

(10) D .  J. C . Y a te s,  W . F .  T a y lo r,  a n d  J. H .  S in fe lt, J. A m . Chem. 
Soc., 86, 2996  (1964).

(11) S. D u s h m a n  an d  J. M .  La ffe rty , “ Sc ien t if ic  F o u n d a t io n s  of 
V a c u u m  T e c h n iq u e ,” 2 nd  ed, J o h n  W ile y  a n d  Son s, Inc., N e w  Y o rk ,  
N .  Y . ,  1962, p  214.
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after which the reactor was cooled in flowing hydrogen 
to a convenient reaction temperature. At a standard 
set of conditions of hydrogen and benzene partial pres
sures, P H and P b, respectively, the activity of the

Figure 1. Effect of temperature on the rate of benzene 
hydrogenation over supported cobalt catalysts 
at P b = 0.040 atm and P h = 0.500 atm: •, Co on 
AI2O3; O, Co on Si02; O, Co on SiCh-AhOa.

Figure 2 . Effect of temperature on the rate 
of benzene hydrogenation over cobalt supported on 
carbon at P b =  0.040 atm and P h =  0.500 atm.

Table I : Relative Rates of Benzene Hydrogenation as a 
Function of Benzene and Hydrogen Partial Pressures

Temp, Pb, Ps,
Catalyst °C atm atm r/ro'*

1 0 % C0 -SÌO2 123 0.040 0.300 0.74
0.040 0.500 1.00
0.040 0.600 1.36

0.013 0.500 0.82
0.040 0.500 1.00
0.080 0.500 1.25

179 0.040 0.300 0.50
0.040 0.500 1.00
0.040 0.600 1.57

0.013 0.500 0.55
0.040 0.500 1.00
0.080 0.500 1.48

127 0.013 0.500 0.86
0.040 0.500 1.00
0.080 0.500 1.26

1 0 % C0 -AI2O3 118 0.040 0.300 0.67
0.040 0.500 1.00
0.040 0.600 1.12

0.040 0.500 1.00
0.080 0.500 1.20

1 0 % C0 -SÌO2-AI2O3 178 0.040 0.300 0.32
0.040 0.500 1.00
0.040 0.600 1.53

0.013 0.500 0.68
0.040 0.500 1.00
0.080 0.500 1.30

10% Co-C 95 0.040 0.300 0.53
0.040 0.500 1.00
0.040 0.600 1.31

0.013 0.500 0.98
0.040 0.500 1.00
0.080 0.500 1.11

179 0.040 0.300 0.35
0.040 0.500 1.00
0.040 0.600 1.51

0.013 0.500 0.76
0.040 0.500 1.00
0.080 0.500 1.30

0 Rate relative to the rate at the given standard conditions of 
Pb and P h for the particular catalyst and temperature in ques
tion; the r/r0 values cannot be used by themselves to compare 
the activities of the catalysts.

freshly reduced catalyst was determined. Following 
this, reaction rates were measured at a series of tem
peratures in a rising-temperature sequence. The data 
are shown in the Arrhenius plots in Figures 1 and 2.
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T able  I I : Sum m ary o f R eaction  O rders“

Order in Order in
Temp, benzene, hydrogen,

Catalyst Pb, atm Pb , atm °C n m

10 %  C o-S iO î 0 .0 1 3 0 -0 .0 8 0 0 .5 0 0 123 0 .2
0 .0 4 0 0 .3 0 0 -0 .6 0 0 123 1.0
0 .0 1 3 -0 .0 8 0 0 .5 0 0 179 0 .5
0 .0 4 0 0 .3 0 0 -0 .6 0 0 179 1 .7

10 %  C o-A 120 3 0 .0 4 0 -0 .0 8 0 0 .5 0 0 118 0 .3
0 .0 4 0 0 .3 0 0 -0 .6 0 0 118 1.0

10 %  C o -S i0 2- A l 20 3 0 .0 1 3 0 -0 .0 8 0 0 .5 0 0 178 0 .4
0 .0 4 0 0 .3 0 0 -0 .6 0 0 178 2 .0

10 %  C o -C 0 .0 1 3 0 -0 .0 8 0 0 .5 0 0 95 0.1
0 .0 4 0 0 .3 0 0 -0 .5 0 0 95 1 .2
0 .0 1 3 0 -0 .0 8 0 0 .5 0 0 179 0 .3
0 .0 4 0 0 .3 0 0 -0 .5 0 0 179 2 .1

° Orders w ith  respect to  benzene and hydrogen  in the pow er rate law  r =  kP^Pp^.

After determining the effect of temperature on rates 
over the freshly reduced catalyst, the temperature was 
lowered to an intermediate value in the range studied, 
and a series of measurements was made to determine 
the effects of the partial pressures of hydrogen and ben
zene on the rates. Since it had been observed from 
preliminary experiments that a series of such measure
ments over an extended period of time resulted in some 
loss of activity, it was decided to bracket all of the rate 
measurements with measurements at a standard set of 
conditions. In this way it was possible to detect varia
tions in catalyst activity during the series of measure
ments. This procedure has been discussed in detail 
elsewhere. 10 The effect of a kinetic variable such as 
hydrogen or benzene partial pressure was then deter
mined by comparing the rate at a given set of conditions 
with the average of the rates at the standard conditions 
immediately before and after the period in question. 
For each set of conditions the rate r relative to the rate 
r0 at the standard conditions can be expressed by the 
ratio r/r0, which should be reasonably independent of 
moderate variations in catalyst activity. The value for 
r/r0 is unity by definition at the standard conditions 
chosen. Values of the relative rates r/r0 as a function 
of benzene and hydrogen pressures and the standard 
conditions chosen for each catalyst are given in Table I.

The data show that the rate of benzene hydrogenation 
increases with increasing hydrogen partial pressure, but 
is relatively less dependent on benzene partial pressure. 
The dependence of the rate on the partial pressures of 
benzene and hydrogen can be expressed in the form of 
a simple power law, r =  fcPB”PHm, Approximate 
values of the exponents n and m as derived from the

experimental data are summarized in Table II. It can 
be seen that the effect of benzene and hydrogen pres
sure is directionally the same for all of the catalysts. 
For those catalysts whose reaction orders were measured 
at two different temperature levels, it can be seen that 
both the order in benzene, n, and the order in hydrogen 
m, increased with increasing temperature. Apparent 
activation energies, derived from the slopes of the linear, 
low-temperature portion of the Arrhenius plots in 
Figures 1 and 2 are shown in Table III, A comparison

T ab le  I I I : Sum m ary o f A pp arent A ctiv a tion  Energies

Temp,
Apparent
activation

range, energy,
Catalyst ° c ° kcal/mole

10 %  C o-A 120 3 83-116 5 . 4
10 %  C o -S i0 2 8 3 -133 5 . 8
1 0 %  C o -S i0 2- A l20 3 105-133 6 . 1
1 0 %  C o -C 6 5 -205 1 . 2

O ther conditions: P b =  0.040 atm  and P h = 0.500 atm .

of the activity per gram of catalyst of the various cobalt 
catalysts at a given set of conditions is shown in Table
IV. The conditions arbitrarily chosen for this com
parison were 105°, P B =  0.040 atm, and P H = 0.500 
atm. The specific activities of the various cobalt 
catalysts were compared by dividing the reaction rate 
per gram of catalyst, shown in Table IV, by the known 
corresponding cobalt surface area per gram of catalyst.
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Table I V : C om parison  o f the A ctiv ities  and Specific A ctiv ities  o f the C atalysts

Cobalt Specific rate, Preexponential
Rate at 105°, surface r, at 105°, factor, r',d

mole converted/ area,b mole converted/hr moles converted/hr
Catalyst hr g° mVg m2 of cobalt® m2 of cobalt®

1 0 %  C o - A I A 7 .0 0  X  1 0 -» 7 .8 0 .9 0  X  10“ 3 1 .1 9
1 0 %  C o -S i0 2 4 .4 0  X  10 -3 5 .6 0 .7 9  X  1 0 " 3 1 .7 3
1 0 %  C o -S i0 2-A l20 3c 1 .7 5  X  10 -3 1 .7 1 .0 3  X  10~3 3 .4 9
1 0 %  C o -C 3 .9 0  X  1 0 " 3 3 .9 1 .0 0  X  1 0 " 3 4 .9 2  X  10 -3

“ O ther con d itions: P b =  0.040 atm  and P h =  0.500 atm . b F rom  ref 2. * E xtrapolated. d D eterm ined from  the relationship 
r — r' exp(—E/RT), where r is the specific rate show n ab ove  and E is the apparent activa tion  energy m easured at th e con ditions 
shown in T a b le  III.

IV. Discussion
Although benzene has been catalytically hydroge

nated over cobalt by a number of investigators,3’4 no 
detailed kinetics were reported. As pointed out by 
Bond12 there is no unanimous agreement on a mecha
nism for the catalytic hydrogenation of benzene, even 
for extensively studied catalysts such as nickel and 
platinum. Recently, however, a number of investiga
tions have been reported which shed considerable light 
on the mechanism of aromatic ring hydrogenation 
over transition metals. Hartog and Zwietering13 con
firmed the presence of cyclohexene derivatives as an 
intermediate in the low-temperature (25-60°), liquid- 
phase hydrogenation of alkyl aromatics over nickel, 
ruthenium, and rhodium. The highest levels of cyclo
hexene derivatives were observed with ruthenium and 
rhodium, much lower levels were observed with nickel, 
and no cyclohexene derivatives were observed with 
platinum and palladium. However, Haensel14 observed 
cyclohexene as a reaction intermediate when dehy
drogenating cyclohexane to benzene over a supported 
platinum catalyst at 520° in a vapor-phase flow system 
at extremely high space velocities. These results sug
gest that cyclohexene is an intermediate in the conver
sion of benzene to cyclohexane, and its concentration 
away from the surface of the catalyst depends greatly 
on how fast it is converted to benzene. No cyclohexane 
was observed in the vapor phase in the present work 
with supported cobalt. This suggests that, over cobalt, 
cyclohexene is rapidly coverted to benzene. In this 
respect, Madden and Kemball15 have demonstrated 
that cyclohexene is hydrogenated much more rapidly 
than benzene over nickel films.

The rate of benzene hydrogenation over supported 
cobalt exhibited a near-zero-order dependence on ben
zene partial pressure and a first-order dependence on 
hydrogen partial pressure at low temperatures. At 
higher temperatures, the order in hydrogen rose to an 
approximate value of 2 , the order in benzene increasing

to low positive values. A number of authors5-7 have 
proposed that the hydrogenation of benzene over transi
tion metals involves the formation of ir-bonded inter
mediates, suggesting that benzene is strongly bound to 
the metal surface. This agrees well with the observed 
low reaction order in benzene. The observed limiting 
order in hydrogen of approximately 2 , considered in 
light of the evidence in the literature, suggests that a 
strongly bound benzene molecule is hydrogenated in a 
kinetically slow step to cyclohexene, followed by a rapid 
hydrogenation to cyclohexane

0  + ». slow

o
C * c 6H10

0  + H- fast O
C Ä 0 C 6H j2

The specific activity, i.e. , activity per unit area of
cobalt, apparent activation energy, and preexponential 
factors for cobalt supported on three different oxide sub-
strates were the same. Boudart16 has pointed out the 
importance of distinguishing between “ facile” and “ de
manding”  reactions and reaction conditions when prob
ing the effect of the support on the specific activity of 
a metal, with a “ facile”  reaction and reaction conditions 
being defined as those for which the specific activity of 
the metal catalyst is independent of its mode of prepara
tion. Thus, the hydrogenation of benzene over 10% 
cobalt supported on typical oxide substrates would be 
classified as a “ facile”  system. In this respect, Dorling 12 13 14 15 16

(12) G. C. Bond, “ Catalysis by Metals,” Academic Press Inc., New 
York, N. Y., 1962, p 316.
(13) F. Hartog and P. Zwietering, J. Catalysis, 2, 79 (1963).
(14) V. Haensel, G. R. Donaldson, and F. J. Riedl, Proc. Intern. 
Congr. Catalysis, 3rd, Amsterdam, 1964, 1, 294 (1965).
(15) W. F. Madden and C. Kemball, J. Chem. Soc., 302 (1961).
(16) M. Boudart, A. Aldag, J. E. Benson, N. A. Dougharty, and 
C. G. Harkins, J. Catalysis, 6, 92 (1966).
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and Moss17 reported a similar observation for the hy
drogenation of benzene over a series of platinum on 
silica catalysts. However, when 10% cobalt is sup
ported on carbon, a nonoxide, the apparent activation 
energy and preexponential factor were lower. A similar 
charge in kinetic parameters, when cobalt is supported 
on carbon vs. typical oxide substrates, was reported for 
the hydrogenolysis of ethane.2 Although the cause of

this carbon-substrate effect has not been elucidated in 
detail, it may very well reflect, as suggested by Volter,6 

an influence of the substrate on the stability of the 
benzene-metal complex formed during the catalytic 
hydrogenation.

(17) T. A. Dorling and R. L. Moss, J. Catalysis, 5, 111 (1966).
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The Hydrophobic Bond in Micellar Systems. Effects of Various Additives 

on the Stability of Micelles of Sodium Dodecyl Sulfate and of 

n-Dodecyltrimethylammonium Bromide1

by Marilyn F. Emerson and Alfred Holtzer

Department of Chemistry, Washington University, St. Louis, Missouri 63180 (Received March 6, 1967)

The results of measurements of the (conductivity) critical micelle concentrations (cmc) 
of sodium dodecyl sulfate (SDS) and n-dodecyltrimethylammonium bromide (DTAB) at 
several temperatures in a wide variety of aqueous media containing protein dénaturants 
or closely related compounds and in D 20  are presented. The observed temperature 
dependence of the cmc in a given medium has been shown to provide the standard enthalpy 
and entropy changes accompanying addition of a detergent molecule to a micelle of the 
most probable size in that medium: the relative contributions of these over-all enthalpic 
and entropie terms to the micelle stability are discussed. It is also shown that present 
experimental techniques are inadequate to allow assessment of the electrical and hydro- 
phobic contributions to these thermodynamic parameters. Qualitatively, correlations are 
observed between the hydrophobic nature of the additive and its micelle-breaking power, 
but only by confining the comparisons within a group of similar compounds and by allow
ing for the possibility that some compounds may penetrate the micelle. Simple experi
mental criteria are developed for distinguishing such penetrating additives from non
penetrating ones. Application of even these limited, qualitative correlations to the case 
of hydrophobic bonds in proteins, it is made clear, will have to be done with considerable 
caution.

Introduction

That hydrophobic bonds play an important role in 
stabilizing the native structures of proteins in aqueous 
solutions is well established.2’3 Unfortunately, at
tempts to describe these forces molecularly and analyze 
how they are influenced by additives or temperature4'5 

have not proved to be of very great predictive value. 
To choose a specific case, there is much evidence that 
substances like urea disrupt protein structures,2'6 at 
least in part, by breaking hydrophobic bonds; in spite 
of claims to the contrary,5 however, the mechanism of 
this action is not understood sufficiently to allow a firm 
prediction, even a qualitative one, to be made of how 
the effectiveness of urea compares with, say, tetra- 
methylurea.7

It is also evident that hydrophobic bonds cannot be 
the only important source of stabilization of native pro

tein conformations. That most proteins denature 
when heated immediately implies (although many 
authors, but not all,8 have been content to ignore the 
implication) that forces other than hydrophobic bonds

(1) This investigation was supported by Research Grant RG-5488 
from the Division of General Medical Sciences, Public Health 
Service.
(2) W. Kauzmann, Advan. Protein Chem., 14, 1 (1959).
(3) J. A. Schellman and C. Schellman in “The Proteins,” Vol. II, 
H. Neurath, Ed., Academic Press Inc., New York, N. Y„ 1964, 
Chapter 7, p 1.
(4) G. Némethy and H. A. Scheraga, J. Phys. Chem., 66, 1773 
(1962).
(5) M. Abu-Hamdiyyah, ibid., 69, 2720 (1965).
(6) D. F, Waugh, Advan. Protein Chem., 9, 325 (1954).
(7) M. F. Emerson, Ph.D. Thesis, Washington University, St. 
Louis, Mo., 1966.
(8) H. A. Scheraga, G. Némethy, and I. Z. Steinberg, J. Biol. 
Chem., 237, 2506 (1962).
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dominate the enthalpy of unfolding; disruption of hy
drophobic bonds, as far as we know, is either slightly 
exothermic or athermal, at least near room tempera
ture.9' 10 Furthermore, there is experimental evidence 
that substances such as urea can lower the free energy 
of an exposed peptide group in aqueous solution rela
tive to a group that is hydrogen bonded to another 
peptide group; 11 thus, the action of this dénaturant is 
not exclusively confined to hydrophobic bond breakage.

In view of these ambiguities concerning the role of 
additives and temperature in protein dénaturation, it 
seemed desirable to carry out an extensive investigation 
of the effect of temperature, urea, and other organic 
additives (“ dénaturants” ) on a “ simple”  model system 
containing hydrophobic bonds-—aqueous solutions of 
detergent micelles. Detergent systems are attractive 
as models, not only for their simplicity, but because the 
hydrophobic bonding can be assessed relatively easily 
through measurement of the critical micelle concentra
tion (cmc). The particular detergents chosen in this 
investigation were sodium dodecyl sulfate (SDS) and 
n-dodecyltrimethylammonium bromide (DTAB), and 
their erne’s were measured over a wide range of condi
tions of solvent and temperature.

As will be seen, the results allow qualitative conclu
sions to be drawn about hydrophobic bonds in micelles, 
a system of considerable intrinsic interest, but the ex
tension of these conclusions to include hydrophobic 
bonds in proteins will have to be made with considerable 
circumspection; indeed, the results indicate that inter
pretation of protein dénaturation experiments may 
be even more equivocal than has been suspected.

Experimental Section

Unless otherwise specified, all chemicals used were 
reagent grade and were used without further purifica
tion.

Tetramethylurea (boiling range, 176.5-177.5°; ob
tained from John Deere Chemical Co., Pryor, Okla.) 
was used without further purification.

N,N'-Dimethylurea (Matheson Coleman and Bell; 
Practical grade) was recrystallized twice from hot 
ethanol. The recrystallized product had a melting 
range of 107-108°, as compared to the reported value 
of 107°.

Deuterium Oxide (99.8% D) was obtained from 
Stohler Isotope Chemicals, Montreal, Quebec, Canada.

The preparative procedures for the detergents used 
in this study have been described elsewhere.7' 12 These 
references also contain a description of the conductivity 
apparatus used for determination of critical micelle 
concentrations.

Figure 1. C on du ctom etric titration  curves fo r  D T A B  at 
2 5 ° ; concentration  (C ) is in m oles per liter:
O, H20 ; □, 2.51 M  methanol; A, 2.00 M  1-propanol.

Results
The conductivity critical micelle concentrations 

(cmc) of DTAB and SDS in a wide variety of aqueous 
media were measured at several temperatures. The 
temperature dependence of the cmc of DTAB in D 20  
was also determined. Some typical plots of the con
ductance data from which the erne’s were derived are 
presented in Figure 1. The numerical values of all the 
measured erne’s, along with estimates of the uncertain
ties involved in determining them from the data, are 
catalogued elsewhere.7 To conserve space, we present 
here only enough of the data to illuminate the points 
in question.

It was found that, in general, the change in slope of 
the equivalent conductivity at the cmc becomes more 
and more gradual with increasing concentration and 
hydrophobic character of the additive, and, usually, 
with increasing temperature. In extreme cases, the 
break in the curve is sufficiently gradual that the cmc 
is very difficult to assess. Thus, for example, the cmc 
can be determined with reasonable accuracy for a 6 .00 

M urea solution at 25°, but not for a 1.00 M  tetra-

(9) (a) J. A. V. Butler, Trans. Faraday Soc., 33, 229 (1937); (b)
D. D. Eley, ibid., 35, 1281, 1421 (1939).
(10) J. T. Edsall and G. Scatchard in “ Proteins, Amino Acids and 
Peptides as Ions and Dipolar Ions,” E. J. Cohn and J. T. Edsall, 
Ed., Reinhold Publishing Corp., New York, N. Y., 1943, p 183.
(11) D. P. Robinson and W. P. Jencks, J. Biol. Chem., 238, PC1558 
(1963).
(12) M. F. Emerson and A. Holtzer, J. Phys. Chem., 71, 1898 
(1967).
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Figure 2. C m c ’s fo r  D T A B  in aqueous organ ic 
solvents a t 2 5 ° : O, urea; • , N -m ethylu rea ;
A, N ,N '-d im eth y lu rea ; ■ , th iou rea ; □ , sucrose.

F igure 3. D epen den ce  o f cm c on  tem perature for  
D T A B  in : • , H 20 :  Ü, D 20 ;  A, 1.00 M  d ioxane; 
A, 2.00 M  d iox a n e ; O, 3 .00 M  urea.

methylurea solution at the same temperature. This 
result, somewhat surprisingly, is independent of the 
micelle-breaking power of the solutions. Thus, a 2 
M  methanol solution destroys micelles (compared to 
water), whereas 2 M  1-propanol stabilizes them; 
nevertheless, the observed slope change is considerably 
sharper in the case of methanol (Figure 1).

A few typical plots of the experimental cmc’s are

102(mole fraction of additive)

Figure 4. S tability  o f  D T A B  m icelles in aqueous organic 
solven ts at 2 5 °: O, urea; A, N ,N '-d im eth y lu rea ;
□, tetramethylurea; A, acetamide; ■, acetone.

Figure 5. S tability  o f D T A B  m icelles in aqueous organ ic 
solven ts at 2 5 ° : O, m ethan ol; □ , ethylene g ly co l;
A, g lycero l; ■ , 1 ,3 -propan ediol; a , 2 -propan ol;
© ,  1 -propan ol; • , ethanol; H, d ioxane.

presented directly in Figure 2, which shows the molar 
cmc for DTAB at 25° as a function of the molarity of 
the organic additive, and in Figure 3, which shows the 
variation with temperature of the molar cmc of DTAB 
in several solvent media. Although the results for 
SDS show the same general trends as for DTAB, some 
differences do exist between the two detergents. In 
general, the organic additives are not as effective in 
breaking up SDS micelles as they are in breaking up 
DTAB micelles. Urea at 25° presents a striking case 
of this— 2.00 M urea raises the cmc of DTAB by 46%, 
and 6.00 M  urea raises it by 306% ; the corresponding 
values for SDS are 16 and 104%. Most of the sub-
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102(mole fraction of additive)
Figure 6. Stability of SDS micelles in aqueous organic 
solvents at 25°: •, urea; □, acetamide; A, acetone;
O, tetramethylurea; ■, N,N'-dimethylurea.

Figure 7. Stability of SDS micelles in aqueous organic 
solvents at 25°: O, methanol; A, ethylene glycol;
V, glycerol; ■, ethanol; •, dioxane; A, 1 -and 2-propanol.

stances which increase the cmc’s of both detergents at 
25° are not only less effective with both detergents at 
low temperatures, but actually decrease the cmc of 
SDS at 0°.

The effects of various additives on the cmc at 25° 
are displayed in a somewhat different manner in Figures 
4 and 5 (DTAB) and in Figures 6 and 7 (SDS), i.e., 
as AT (In X 0) vs. mole fraction of additive, where X 0 

represents the cmc in base mole fraction units. The 
temperature dependence of the cmc is presented in 
Figures 8-10 (DTAB) and in Figure 11 (SDS) as 
—AT(In X 0) vs. T(°K) and —A(In X 0) vs. l/T, respec
tively. The reasons for plotting the data in these 
various ways will be made clear in the next section, 
where it will be shown that the slope of the —AT(ln 
X 0) vs. T plot is the standard entropy change and that

103/T(°K-’ )

Figure 8. Dependence of cmc on temperature for DTAB in:
O, H20 ; □, D20 ; A, 1.00 M  dioxane; A, 2.00 M  dioxane.

of the —A(In X 0) vs. l/T plot is the negative of the 
standard enthalpy change for the addition of one more 
monomer to a micelle having the number of monomers 
most probable at the cmc.

One point of disagreement with earlier work is note
worthy. Corrin and Harkins13 have found that dioxane 
and the alcohols have effects on the cmc’s of two 
cationic detergents—dodeeylammonium chloride and 
decyltrimethylammonium bromide—which are quali
tatively similar to those found here; at low concentra
tions of methanol and dioxane, however, they report 
a decrease in the cmc relative to water. Since no such 
behavior was observed here, we have assumed it to be 
an artifact of the method (colorimetric titration) used 
by the earlier workers, which involves inclusion of a dye 
in the system. Indeed, we have found this method to 
be less satisfactory than conductivity.7

Discussion
1. Thermodynamic Quantities from Experimental 

Data. It has been shown that the quantity AT(ln X 0), 
where X 0 is the cmc in mole fraction units, is the stand-

(13) M. L. Corrin and W. D. Harkins, J. Chem. Phys., 14, 640 
(1946).
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Figure 9. Dependence of cmc on temperature for DTAB 
in: A, 2 .50 M  ethanol; O, 2.00 M  urea; ■, 2.00 M 
acetone; V, 2 .00 M  acetamide. The solid line without 
data points refers to pure water (see Figure 8).

Figure 10. Dependence of cmc on temperature for 
DTAB in: O, 2.00 M  urea; •, 3.00 M  urea; 3, 4.00 M  urea; 
■ , 0 .73 M  N,N'-dimethylurea; □, 1.32 M N,N'-dimethylurea; 
A, 1.00 M tetramethylurea. The solid line 
without data points refers to pure water (see Figure 8).

ard free energy change (AG#“ ) for the addition of one 
more monomer to an aggregate which already contains 
the number of monomers most probable at the cmc 
(ft).14 Thus, the lower the cmc, the more negative 
will be AG#“ and the more stable the micelle at any 
particular temperature.

The relative stability of the micelles under various 
sets of conditions is clearly depicted, of course, by giv
ing the value of the equilibrium constant (or of its 
logarithm) for the addition reaction described above. 
This is given by -A G "# /T  ( = R In K ) which is, in 
turn, given by the experimental quantity —72(In X 0). 

It is this latter experimental quantity, therefore, that 
most clearly represents the relative micelle stability 
in systems at different temperatures.

Furthermore, since AG"# = (d (A G # /T )/d (l/T ))p, 
we can obtain the standard differential heat of micelle 
formation in various solvent media by plotting —R(In 
.Xo) vs. l/T for the various experimental conditions; 
the slopes of these curves (as in Figures 8b, 9b, 10b, and 
lib ) are thus equal to the negative of the standard 
enthalpy changes. Moreover, since AS"# =  — (dA-

G” # /d T )p, we can obtain the corresponding standard 
entropy changes directly from slopes of —RT(In X 0) 
vs. T plots (Figures 8 a, 9a, 10a, and 11a). Alterna
tively, of course, the entropy could be obtained from 
the relation AG"# =  A i f “ # — TAS"#.

The results (Figures 8-11) show that the process of 
(ionic) micelle formation is not, in general, driven en
tirely by the positive standard entropy change; except 
in H20, D20, and aqueous urea solutions at temperatures 
below 25° (where AG"# >  0), the standard enthalpy 
changes are also favorable to micelle formation and at 
high temperatures contribute, in some cases, as much 
to AG“ # as the entropy changes. For example, for 
DTAB in water at 55° AG"# =  —2600 cal and TA- 
S "#  = +2600 cal. Although AS” # is positive over 
the temperature range considered here, it becomes less 
positive as the temperature is increased. For example, 
AS"# is equal to 19 eu for DTAB in water at 15° but at 
55° is equal to 8 eu.

(14) M. F. Emerson and A. Holtzer, J. Phys. Chem., 69, 3718 
(1965).
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The values of A ( a n d  TAS“ ft) determined in this 
matter are only approximate and may have a probable 
error of as much as ±500 cal/mole. We must keep in 
mind, also, that the erne’s involved here are much higher 
than in the case of solutions containing added electro
lytes, so that the activity coefficients may no longer be 
close to unity; this introduces an additional uncer
tainty in that RT(In X 0) is not exactly the standard free 
energy change (X 0 should be replaced by the activity 
of monomer). Thus, the results are only semiquantita- 
tive.

103/T(°K-’ )

Figure 11. Dependence of cmc on temperature for SDS 
in: O, H20 ; A, 2.00 M  urea; A, 3.00 M  urea;
□, 2.00 M  dioxane; •, 2.00 M  acetone; ■, 2.50 M  ethanol.

There is an additional difficulty in using these thermo
dynamic results to compare micelle stabilities in various 
media: values of AGT ft should, in general, not be com
pared directly, since the electrostatic contribution to 
this total free energy change depends on ft (as well as 
on the dielectric properties of the medium), whereas 
the hydrophobic contribution, to first approximation,

does not. Thus, for different additives, the micelles 
may contain very different numbers of monomers, and 
attempted direct correlation of the cmc with the hydro- 
phobic properties cannot be expected to be meaningful 
even if the dielectric effect of the medium can be esti
mated. We shall confine our comparisons, therefore, to 
groups of closely related compounds, where the micelle 
size is not expected to change appreciably.

2. Factors Contributing to Micelle Stability in Pure 
Water and in Deuterium Oxide. First, we consider the 
process of micelle formation in pure water and inquire 
how the cmc is expected to change with changing tem
perature. Since the transfer of hydrocarbon groups 
from an aqueous to a nonpolar environment is normally 
endothermic, we expect hydrophobic bonds, and thus 
micelles, to become more stable as the temperature is 
increased; i.e., the cmc should decrease with increasing 
temperature. From Figures 3, 8b, and l ib  we see that 
this is indeed the case for both DTAB and SDS in 
water at temperatures below 25°; however, as the tem
perature is increased above 25°, the stability decreases. 
Thus, we cannot explain the observed behavior in terms 
of hydrophobic bonds alone. However, these are ionic 
detergents, and we therefore expect the macroscopic 
dielectric properties of the medium to play a role in 
determining the stability ; lowering the dielectric con
stant of the medium (by increasing the temperature) 
should tend to break up the micelles, i.e., to raise the 
cmc, by increasing the repulsive force between the ionic 
heads of the detergent molecules. There are thus two 
opposing effects to consider, and a postulated predomi
nance of the hydrophobic over the dielectric effect at 
low temperatures and of the dielectric over the hydro- 
phobic at high temperatures would be sufficient to ex
plain the observed maximum in the stability. This 
requires, then, that the electrical part of the free energy 
change for the addition of one more monomer to a 
micelle that already contains the most probable number 
of monomers at the cmc, i.e., the process of adding one 
more charge to the surface of a sphere which already 
contains the most probable number of charges at the 
cmc, be exothermic.

Let us see if we can predict, not merely rationalize, 
the sign of this electrical part of the enthalpy change. 
In the absence of added electrolyte and assuming that 
the concentration of monomers is sufficiently low so that 
the ionic strength may be approximated as zero

ftp
A(?“v,el = r - r  (1)

D b

where D is the dielectric constant of the medium, b the 
micellar radius, and e the magnitude of the protonic 
charge. The corresponding entropy change is
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AS ÂLel _ ÒT Jp _
-jVe2rò(l/.D)l -  ¿ ( Ó Ñ \  

b L ò r  Jp Db \ÒTJp 1

Thus

A H° N.el Db +

If we insert the empirical relationship D — D0e~T/e 
[where 6 is a constant for a given medium and Do is 
the dielectric constant at T =  015] into the above 
expression, we obtain

Thus, the sign of the enthalpy change depends on 6, N, 
and bN/bT. For water, d =  219,16 so that if bN/bT 
is sufficiently small, the process will indeed be exo
thermic. However, Debye’s16 light-scattering results 
(DTAB in 0.034 M  KC1) give a value of —0.4 ±  0.3 for 
bN/bT between 30 and 60°; and, for the detergents 
considered here, N probably lies somewhere between 50 
and 100. Using N =  100 and bN/bT — —0.4, then, 
we find that AH” jv,ei = (0.72)Ne2/Db at 45°; i.e.,
the reaction is endothermic. However, using N =  100 
and bN/bT =  —0.1, we find that AH” jv,ei = (-0 .13 )- 
Ne2/Db at 45°, i.e., the reaction is exothermic. Thus, 
the sign of the enthalpy change can be reversed by us
ing different values of bN/bT within the narrow range 
allowed by the experimental data; the only available 
value of this quantity (Debye’s) is thus not precise 
enough to allow even the sign of the enthalpy change to 
be determined a priori. Indeed, extensive and very 
precise measurements would be required to better the 
situation, since a change in the temperature of 25° 
would produce (if bN/bT — —0.4) a change in N  of 
only 1 0 ; for a micelle containing 100 monomers, this 
is smaller than the limits of precision of the measure
ment.

That no minimum is observed in the plot of the cmc 
vs. temperature for nonionic micelles17 would seem to 
indicate that the decreasing dielectric constant does 
contribute a negative quantity to the enthalpy in the 
ionic case. More precise determinations of bN/bT 
thus should reveal that this quantity is actually rather 
small. However, there is also the possibility that the 
hydrocarbon part of the free energy change depends on 
temperature in a different manner for ionic and non
ionic detergents.

Let us now try to predict the effect on the cmc of sub
stituting D20  for H20 ; first, we consider the electrical 
part of the free energy change and then the hydrocarbon

part. Since the dielectric constant of D20  is only very 
slightly lower (a fraction of 1%) than that of H20 18 

over the entire temperature range, the electrical con
tribution should tend to make the micelles only negligi
bly less stable in D 20  at any particular temperature.

Discussion of the hydrocarbon part of the free energy 
is considerably more equivocal. In fact, if, as seems 
clear, the influence of such solutes on water structure is 
involved, 19’20 a definite prediction becomes impossible. 
Immersion of a hydrocarbon chain in water allegedly 
results in formation of an ordered region of solvent 
molecules (an iceberg) about the hydrocarbon molecule. 
This formation of the iceberg presumably mitigates 
(free energetically) the unfavorable effects of inserting 
a hydrocarbon into a liquid (water) of much greater 
cohesive energy density. Iceberg formation must be 
free energetically mitigating, or icebergs would not 
form. Consideration of the effect of substitution of 
D20  for H20  produces immediate ambiguity; since D20  
is of higher energy density, insertion of a hydrocarbon 
is more unfavorable. However, since D 20  is the 
more structured solvent, the icebergs that form should 
be the better able to mitigate the situation. Thus, in 
D 20, insertion might cost more (in negative free energy), 
but subsequent iceberg formation might succeed in 
gaining back more than the difference. Therefore, al
though the iceberg argument may very well describe 
the situation correctly, it is at present indeterminate. 
It is, of course, possible that the icebergs are not of the 
same structure as the solid water, a possibility that 
only increases the ambiguities. Needless to say, by 
emphasizing either the insertion cost or the iceberg 
profit, an investigator can obtain a “ satisfactory ex
planation”  of any experimental result, which explains 
the popularity of the iceberg concept ; there is no doubt 
of its seductive power.

From Figures 3 and 8 , we see that DTAB micelles 
are, in fact, more stable in D20  than in H20 ;  i.e., hy
drophobic bonds are stronger in D 20, at all tempera
tures considered. However, the two curves get pro
gressively closer as the temperature is increased.

Thus, it is not possible to make an a priori prediction 
of the dependence of the cmc on temperature or on the 
nature of the aqueous isotopic species even in the

(15) R. W. Gurney, “ Ionic Processes in Solution,” McGraw-Hill 
Book Co., Inc., New York, N. Y„ 1931, p 16.
(16) P. J. Debye, Ann. N. Y. Acad.. Sci., 51, 575 (1949).
(17) M. J. Schick, J. Phys. Chem., 68, 3585 (1964).
(18) J. Wyman and E. N. Ingalls, J. Am. Chem. Soc., 60, 1184 
(1938).
(19) H. S. Frank and M. W. Evans, J. Chem. Phys., 13, 507 (1945).
(20) G. Némethy and H. A. Scheraga, ibid., 36, 3382 (1962) ; 36, 3401 
(1962).
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simplest cases where no organic additives are present. 
The transfer of the hydrocarbon chain of any detergent 
from H20  or D20  into the micelle will, in general, be 
endothermic; however, the electrical part of the 
enthalpy change may be positive or negative, depend
ing rather sensitively on ft  and dft/dT, and these 
quantities will, in general, depend on the particular 
detergent used. The influence of D 20 , as opposed to 
H20, depends on the thermodynamic details of iceberg 
formation; these cannot be evaluated at present, not 
even qualitatively.

3. Factors Contributing to Micelle Stability in Solu
tions Containing Nonpenetrating Additives. There is 
evidence that some substances such as the alcohols 
(with the probable exception of methanol) penetrate 
the interior of the micelle and form mixed micelles.21 

This situation is more complex than the case where the 
additives cannot penetrate the micelle, and its discus
sion will be reserved for the next section.

We do not, on the other hand, expect substances 
such as urea, glycerol, etc. to be capable of penetrating 
the micelle (since these are not very soluble in hydro
carbon substances) although there are no definitive 
data on the point.

Consider, then, the effect of, say, urea on the cmc 
at some given temperature. Although urea raises the 
dielectric constant of water (AD/Ac = 3 at 25°),22 
which, if ft  does not change too much, should tend to 
stabilize the micelles (relative to water) by decreasing 
the repulsive force between the ionic heads of the 
detergent molecules, it nevertheless breaks up micelles 
at 25°23 and increases the solubility of amino acids 
containing nonpolar side chains.24 Consequently, its 
effect on the hydrocarbon part of the free energy must 
predominate although we have no a priori way of de
ciding that this is the case. This effect can be seen in 
Figures 2, 4, and 6 , where it is shown that both DTAB 
and SDS micelles are broken up (relative to water) in 
aqueous urea solutions at 25°.

The change in the cmc with temperature in aqueous 
solutions of urea (Figures 9-11) is very similar to that 
observed in pure water. These results indicate that the 
transfer of a hydrocarbon group to the interior of the 
micelle is probably endothermic in aqueous urea solu
tions as well as in water, since the stability increases 
with increasing temperature up to 25°. Above 25°, 
the stability decreases again, probably because of the 
dielectric effect—but, we cannot even estimate the mag
nitude of this effect for urea solutions. Again, Schick17 

finds no minimum in the cmc vs. T curve for nonionic 
micelles in aqueous urea solutions, indicating that it is 
indeed the opposite temperature dependence of the

hydrocarbon and electrical effects that gives rise to the 
minima for ionic detergents.

What do we expect to be the effect of changing the 
hydrophobic character of the nonpenetrating de- 
naturant? Predictions based on the idea of water 
structure have been shown to be unsatisfactory; such 
arguments become indeterminate when pursued in 
depth.7 Thus, we are forced to take a much more semi- 
empirical approach; increasing the size of the hydro- 
phobic group of an organic additive (at constant tem
perature and concentration) should make the solvent 
less “ water-like”  and more “ hydrocarbon-like,”  and 
thus we expect, on the basis that “ like dissolves like,”  
that this factor would make the molecularly dispersed 
system more stable. At any particular temperature, 
then, we must consider two factors: first, we expect 
compounds with a larger hydrophobic surface to break 
up micelles more (through AG^hc)) and, second, we 
expect compounds which lower the dielectric constant of 
water more to break up the micelles more (through 
A(j"ei). However, we must confine our attention to 
substances which are closely related, in the hope that 
values of f t  will then not be too different.

Let us first consider a series of selected alcohols at 
25° ; the order of effectiveness in breaking up micelles 
is glycerol >  ethylene glycol >  methanol (Figures 5 and 
7). Since neither glycerol nor ethylene glycol is very 
soluble in hydrocarbons, their partition between water 
and hydrocarbons greatly favors water and we do not 
expect any of these substances to penetrate the micelle 
interior appreciably. Methanol has the least lowering 
effect on the dielectric properties of the medium28 

and would be expected to have little hydrophobic in
teraction with hydrocarbon chains; as expected, then, 
methanol is the least effective denaturant (i.e., micelle 
breaker). Glycerol lowers the dielectric constant of 
water most effectively of the three,28 and, although the 
hydrophobic part of the molecule is increased compared 
to methanol, so is the hydrophilic part. Nevertheless, 
owing to van der Waals type of interactions, glycerol 
may be expected to have slightly more effective hydro- 
phobic contacts with the detergent hydrocarbon chains 
than methanol and is the best denaturant, as expected. 
Thus, although the differences in the demicellizing

(21) W . D .  H a rk in s ,  R .  W .  M a t to o n ,  a n d  R .  M it te lm a n ,  J . Chem. 
P h ys., 15, 763  (1947).

(22) J. W y m a n ,  Chem. R ev., 19, 213  (1936).

(23) W . B r u n in g  an d  A .  H o ltze r, J . A m . Chem. Soc., 83, 4865
(1 9 6 1 ) .

(24) P .  L .  W h it n e y  an d  C . T a n fo rd ,  J. B iol. Chem ., 237, P C 1 7 3 5
(1 9 6 2 ) .

(25) G . Â ke rlo f, J. A m . Chem. Soc., 54, 412 5  (1932).
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abilities of these substances are quite small, they seem 
to make some sense.

The results for 1,3-propanediol (Figure 11) support 
this view: we would expect this substance to have di
electric properties similar to glycerol but to have 
greater hydrophobic interaction with the hydrocarbon 
chains of the micelles and thus be the better denaturant, 
which is the case.

For urea and some closely related substances (Figures 
4 and 6) the order of effectiveness in breaking up 
micelles at 25° is M,X'-dimethylurea >  acetamide > 
urea. Urea and M,AT'-dimethylurea both raise the 
dielectric constant of water22 to about the same extent 
(~ 1 0 %  for a 3 M solution) and acetamide22 lowers it 
slightly (~ 3 %  for a 3 M solution). On this basis, then, 
we expect both urea and N,X'-dimethylurea to be less 
effective than acetamide in breaking up micelles; 
however, this effect should be small because of the 
rather small changes in the dielectric constant. The 
hydrophobic effects of these additives should be 
dominant, therefore, and, indeed, the order of increasing 
hydrophobic character is the same as the order of de- 
mieellizing effectiveness. Thus, as long as only closely 
related series of nonpenetrating compounds are con
sidered, the qualitative influence of these additives on 
micelles can be predicted from very simple considera
tions.

We note here also that the temperature dependence 
of the cmc in solutions of urea, acetamide, and N,N'- 
dimethylurea is very similar to that in pure water. 
The micelle stability increases or decreases only slightly 
between 0 and 25° and then decreases above 25°, the 
order of effectiveness of the three substances being the 
same over the whole temperature range.

The caution which must be exercised in placing sub
stances in the various groups should be emphasized; 
we might, for example, have expected acetone and 
tetramethylurea to be included in the urea series since 
they are certainly structurally related. If this is done, 
however, the simple consideration used above produces 
results in disagreement with experiment. Acetone22 

and probably tetramethylurea lower the dielectric 
constant of water, which would tend to increase the 
cmc. Furthermore, the hydrophobic properties of 
these substances would certainly lead us to expect ace
tone to be more effective than acetamide and tetra
methylurea to be more effective than A,A'-dimethyl- 
urea. From Figures 4 and 6 , however, we see that at 
25° tetramethylurea is only slightly more effective than 
N ,N'-dimethylurea and that, at low concentrations, 
acetone is even less effective than acetamide. Fur
thermore, the temperature dependence for the two addi
tional additives is quite different from that for water

and for aqueous solutions of the original three related 
substances—-the micelles in acetone or tetramethylurea 
solutions are quite stable at low temperatures. Thus, 
although 1.00 M tetramethylurea breaks up DTAB 
micelles better than 2.00 M at 25°, it stabilizes them 
relative to 2.00 M  urea at 5° (Figure 9). A more 
striking example of this behavior is shown in Figure 11;
2.00 M  acetone breaks up SDS micelles (relative to 
water) at 25°, yet actually stabilizes them at 5°. 
Anyone in need of a sobering view of predictability in 
this field might well contemplate that the answer to the 
question of whether acetone breaks hydrophobic bonds 
is, apparently, that it depends on the temperature.

These last two substances (acetone and tetramethyl
urea), unlike urea, acetamide, and A, A'-dimethylurea, 
are very soluble in hydrocarbons and may be able to 
penetrate the micelles; this more complicated situation 
will now be considered.

J+. Factors Contributing to Micelle Stability in Solu
tions Containing Penetrating Additives. Let us con
sider, on the same basis as before, the homologous series 
of alcohols—methanol, ethanol, and 1-propanol—-at 
25°. 1-Propanol not only has the largest hydrophobic 
surface but also lowers the dielectric constant of water 
the most, ethanol falls in between on both counts, and 
methanol has the smallest hydrophobic surface as well 
as the least effect in lowering the dielectric constant.25 

We would predict, then, that 1-propanol should be the 
most effective, and methanol the least, in breaking up 
micelles. The results for both DTAB (Figure 5) and 
SDS (Figure 7) show, in general, the opposite order: 
methanol increases the cmc slightly, ethanol decreases 
the cmc at low concentration and then raises it slightly 
at 5.00 M, and 1-propanol (as well as 2-propanol and 
¿-butyl alcohol) decreases the cmc more effectively than 
ethanol.

Thus, when substances such as these alcohols are 
present, we cannot explain the results even qualitatively 
in terms of the changes—hydrophobic and dielectric— 
produced in the solvent media; we must take into ac
count the changes produced in the micelles themselves. 
X-Ray diffraction studies indicate that the hydrocarbon 
chains of the alcohols penetrate the micelle interior 
while the polar groups remain on the micelle surface; 
thus, without appreciably changing the micellar volume, 
mixed micelles are formed.21 We would expect these 
mixed micelles to be more stable than ordinary micelles 
(at low concentrations of alcohol, at least), since the 
electrical (repulsive) properties should not have been 
changed too much by inclusion of a neutral alcohol 
molecule, but the hydrophobic (attractive) interactions 
between the hydrocarbon chains near the micelle sur
face where there is ample room26 should have been en
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hanced. We expect this stabilization to be roughly 
dictated by the amount of alcohol which enters the 
micelle in this manner. The partition coefficients for 
these alcohols between water and long-chain hydro
carbon oils have been measured and are, for methanol 
=100, ethanol =30, and 1-propanol = 1 0 .27 28 Thus, 
hardly any methanol but a considerable amount of 
1-propanol may be inside the micelle “ phase”  and we 
would expect the micelle stability to be enhanced by its 
presence.

Looking back now at the results for acetone and 
tetramethylurea (Figures 9 and 11), we see that, for 
both, the temperature dependence is very much like 
that for ethanol. Since both substances are infinitely 
miscible with both water and hydrocarbons, since the 
partition coefficient of acetone between waoer and 
hexane is roughly 1 0 , and since, although we do not 
know the partition coefficient for tetramethylurea, we 
would not expect it to favor water overwhelmingly, 
they may provide some stabilization due to solubiliza
tion of the hydrophobic parts into the micelle. Thus, 
even though the net effect is an increase in the cmc, the 
substances are not as effective at breaking up micelles 
as they would be if they could not get inside the micelle. 
That the cmc increases very sharply above a certain 
concentration of these additives indicates that this is 
the case—thus, acetone is less effective than acetamide 
at low concentrations but becomes so much more effec
tive at higher concentrations (once the micelles are ace
tone saturated) that micelles are no longer detected in 
acetone, though still present in solutions with the same 
concentration of acetamide.

Dioxane (Figures 5, 7, 8 , and 11) is a good denaturant 
for micelles at 25° and above, perhaps because of its 
low dielectric constant,29 but is not as effective at low 
temperatures. It shows the same type of temperature 
and concentration dependence as the penetrating sub
stances already mentioned and is very soluble in both 
water and hydrocarbons (although the partition coeffi
cient is not known).

We would expect this penetration effect to be sharply 
concentration dependent; a certain amount of, say, 
alcohol can enter the micelle without changing the 
micellar volume, but upon further addition of alcohol, 
no more favorable contacts near the micelle surface 
can be made, and deeper penetration only disrupts con
tact of the long chains; hence the hydrophobic and dielec
tric effects alone dictate the micelle stability. Thus, at 
25°, 5.00 ilf ethanol becomes a more effective demicel- 
lizer than water, and for SDS even more effective than 
methanol.

We would also expect this effect to be temperature 
dependent and the change in cmc with temperature to

depend on the change in partition of the hydrocarbon 
part of the additive between the micelle and water, as 
well as on the change in the dielectric properties of the 
media. Such partition coefficient data apparently do 
not exist, but from the results (Figures 9 and 11) we 
would guess that the nonpolar part of ethanol may be 
relatively more soluble in hydrocarbons (compared to 
water) at low temperatures than at high.

Thus, an additive, in addition to changing the dielec
tric and hydrophobic properties of the solvent medium, 
may also be incorporated into the micelle and increase 
the stability through direct hydrophobic interactions. 
All of these effects will be both concentration and tem
perature dependent and, in different substances, will 
depend on these variables in different ways. It must be 
emphasized that we have no direct experiments that 
enable the three factors to be sorted out quantitatively.

However, we may have found here indirect means of 
distinguishing penetrating from nonpenetrating addi
tives. First, at 25° and at low concentrations, the 
penetrating additives are not as effective as we would 
expect them to be (from data on related compounds) on 
the basis of their dielectric and hydrophobic properties. 
Second, at higher concentrations, they become increas
ingly more effective, and at still higher concentrations, 
where micelles can still be detected in solutions of re
lated nonpenetrating additives, no micelles can be de
tected. Third, at a particular concentration, the effect 
of a particular penetrating additive on the cmc is very 
temperature dependent—the micelles being quite 
stable at low temperatures and quite unstable at high— 
and the temperature dependence no longer shows a 
minimum (cmc vs. T) as in the case of the nonpene
trating additives. These three experimental criteria 
can thus be used to distinguish the two cases; of course, 
data on partition of the additive between water and 
hydrocarbons are also helpful.

5. Conclusions and Implications for Proteins. In 
general, then, it is not possible to take the numerical 
value of the cmc as a single criterion for the hydropho
bic bond strength in micelles; the cmc is directly related 
to the standard free energy change for the addition of 
one more monomer to the micelle which already contains 
the number of monomers most probable at the cmc, 
and this most probable number of monomers is expected 
to be quite different, at least for each different class of 
additive. Within each of the various classes of com- * 42

(26) See ref 7, A p p e n d ix  I I .

(27) B .  B .  W ro th ,  E xp t. Sta. R ecord , 38, 616  (1918 ); Chem. Abstr., 
1 2 ,2 1 5 3  (1918).

(28) R .  M a c y ,  J. Ind . H yg. T oxicol., 30, 140 (1948 ); Chem. Abstr.,
42, 6619  (1948).

(29) G . A k e r lo f  a n d  O. A . Sho rt , J. A m . Chem. Soc., 58, 1241 (1936).
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pounds, however, and as long as a particular member is 
not soluble in the micelle, the effects of the different 
additives can be roughly correlated with their hydro- 
phobic and dielectric properties.

If we could determine AG"Hc in every case (instead 
of just the cmc), we might be able to correlate it with 
the properties of all the nonpenetrating additives, in 
general, instead of just within certain classes of com
pounds. Unfortunately, the addition of the dénaturant 
changes the electrostatic as well as the hydrophobic 
properties of the micelles and we would expect N (the 
most probable number of monomers per micelle) to be 
quite different for the different classes of compounds. 
Furthermore, the usual methods for determining N, e.g., 
light scattering, equilibrium ultracentrifugation, etc., 
cannot be used because there is no known way to in
terpret the data for a highly charged macromolecule in 
these multicomponent systems.

The effects of additives are very difficult to predict 
because of the possibility of penetrability. The pres
ence of more methyl groups in an additive does not en
sure in all cases (e.g., alcohols) that it will be a better 
hydrophobic bond breaker at a particular temperature, 
nor does the fact that a substance is a good hydrophobic 
bond breaker at one temperature ensure in all cases 
(e.g., acetone) that it will be as effective at all temper
atures. The results can be explained in a very qualita
tive manner in terms of hydrophobic bonds if the effect 
of the additives on the micelles themselves (i.e., pene
tration) is considered. Simple experimental criteria 
have been described here that enable one to determine 
when such penetration exists.

The analogous problem in the protein case—that of 
possible participation of an additive in the protein

structure itself—may very well also exist. The assump
tion that additives do not affect the nonpolar contribu
tions to the free energy of the native form of protein 
molecules is often quite explicitly made in investiga
tions bearing on protein dénaturation. It is ordinarily 
assumed that, insofar as the hydrophobically bonded 
regions of the molecule are concerned, the native mole
cule has the same structure in the medium containing 
additives as it does in water. Ironically enough, one 
group of investigators,30 while making this assumption 
for the protein case, insists, quite correctly, that the 
analogous assumption for micelles is of dubious validity. 
In our view, there is little reason to believe that native 
protein structures would not be as susceptible to altera
tion by the presence of such additives as micelles are. 
Indeed, this idea is supported by the recent finding 
(from X-ray determinations of the three-dimensional 
structure of several protein molecules) that many non
polar amino acid residues are located on the molecular 
surface.31 If so, many protein dénaturation studies 
may represent creation of a structural problem that is 
not directly related to that posed by the native protein 
structure, rather than a step toward a solution.

Acknowledgment. The authors wish to thank Dr. 
Martin Schick of Lever Brothers for expert advice 
on the synthesis of SDS samples and Professor Joseph 
Kurz of Washington University for stimulating and 
informative discussions and for his helpful criticisms of 
the manuscript.

(30) D .  B .  W e tlau fe r, S . K .  M a l ik ,  L .  Sto lle r, a n d  R .  L .  Coffin , 
J . A m . Chem. Soc., 86 , 508  (1964).

(31) J. C . K e n d re w , G .  B o d o ,  H .  M .  D in t z is ,  R .  G . P a r r ish ,  H .  
W yk h o ff ,  a n d  D .  C .  P h illip s ,  N a tu re, 181, 662  (1958).

The Journal of Physical Chemistry



Heat of Formation and Entropy of AlCl2(g) 3331

The Heat of Formation and Entropy of Aluminum (II) 

Chloride(g) and Its Dimer, Al2Cl4(g )x

by B. J. Chai, H. C. Ko, M. A. Greenbaum, and M. Farber

Rochet P ow er , In c ., P asad en a , C aliforn ia  91107 {R eceived January 12 , 1967)

A transpiration study of the reaction between solid and liquid aluminum and the vapor 
species of aluminum chloride has been carried out in the temperature range of 800-1000°K. 
The heats and entropies of reaction yielded thermal functions for AlCl2(g) and its dimer 
Al2Cl4(g). Employing estimated thermal functions, values for AH°iw for AlCl2(g) and 
Al2Cl4(g) are —66.0 ±  3 and —194.0 ±  5 keal/mole, respectively. The corresponding 
entropy for Al2Cl4(g) at 900°K is 116 ±  1 cal/deg mole.

Introduction
Several investigations2-6 involving the reaction of 

aluminum chloride vapor and aluminum, both liquid 
and solid

AlCl3(g) +  2A1(1, s) =  3AlCl(g) (1 )

have yielded a value for the heat of formation of 
AlCl(g). These experiments were of the atmospheric 
pressure transpiration type. A recent study of this 
reaction in this laboratory7 by means of moleeuler flow 
effusion is in good agreement with these values.

Although the previous studies showed only the forma
tion of A1C1 as a product of reaction 1 , the possibility 
exists that the vapor product from the A1-A1C13 

equilibrium is a complex one and contains the following 
five vapor species: A1C1, A1C12, A1C13, A12C14, and 
A12C16.

Bond energy considerations indicate the probable 
formation of A1C12 and its dimer as a result of the reac
tions

AlCl3(g) +  AlCl(g) =  2 AlCl2(g) (2 )

2AlCl2(g) =  Al2Cl4(g) (3)

However, the literature does not report any thermal 
data for either A1C12 or its dimer.

Therefore, in order to obtain thermal data for A1C12 

and its dimer A12C14, a number of transpiration experi
ments were performed at atmospheric pressure in the 
temperature range 800-1000°K. These experiments 
involved the use of argon as a carrier gas for the

aluminum chloride vapor species. This gaseous mix
ture was passed over a boat containing pure aluminum.

Experimental Section

Apparatus. The experimental apparatus employed 
in this study consisted of a dual heating system for (1 ) 
generating aluminum chloride vapor and (2 ) heating 
the cell containing aluminum to the desired transpira
tion temperature.

The gaseous aluminum chloride was generated by 
heating the highly purified A1C13(c) in a 250-ml glass 
flask by means of a heating mantle. A saturable-core 
reactor-recorder combination was used to monitor and 
control the temperature of the flask. The flow rate of 
the gaseous A1C13 was controlled by controlling the 
temperature of the A1C13 generator. Argon was em
ployed as the carrier gas and its flow rate was measured 
by means of an accurately calibrated flowmeter. The 1 2 3 4 5 6 7

(1) T h i s  w o rk  w a s  spo n so red  b y  the  A i r  F o rc e  R o c k e t  P ro p u ls io n  
L a b o ra to ry ,  R e se a rch  a n d  T e c h n o lo g y  D iv is io n ,  A i r  F o rc e  S y s te m s  
C o m m a n d ,  U n ite d  S ta te s  A i r  Fo rce , E d w a r d s  A i r  F o rc e  Ba se , Calif., 
u n d e r  C o n tra c t  A F  04 (611 )-10929.

(2) (a) P . G ro ss,  C . S . C am p b e ll,  P . J. C . K e n t ,  a n d  D .  L .  L e v i,  
D iscussions F araday Soc., 4, 206  (1948 ); (b) A .  S. R u sse ll,  K .  E .  
M a r t in ,  a n d  C . N .  C o c h ra n , J . A m . Chem. Soc., 73 , 1466  (1951).

(3) R .  F .  B a r ro w , Trans. F araday S oc., 56, 9 5 2  (1960).

(4) A . G .  G a y d o n ,  “ D is so c ia t io n  E n e rg ie s  a n d  S p e c t ra  of D ia to m ic  
M o le c u le s ,” C h a p m a n  an d  H a ll,  L td .,  L o n d o n ,  1953.

(5) R .  H e im ga rtn e r,  Schweiz. A rch . A ngew . W ise . Tech., 18, 241 
(1952).

(6) S . A .  Se m e n ko v ich , Z h. P rik l. K h im ., 33, 1281 (1966).

(7) M .  A . F r isc h ,  M .  A . G re e n b au m , a n d  M .  F a rb e r,  J. P h ys . Chem., 
69, 3001  (1965).
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argon was introduced into the aluminum chloride 
generator flask and the resulting mixture was transpired 
into the reaction zone containing the solid and liquid 
aluminum.

The furnace was a heavily insulated nichrome re
sistance type, 12 in. long by 1.25-in. diameter. The 
furnace tube was constructed of aluminum oxide and 
measured 1-in. i.d. Each end of the furnace tube was 
closed by a Monel flange, which also provided the open
ings for the gas delivery and exit tubes, as well as for 
the chromel-alumel thermocouple. The temperature 
of the cell was held constant by means of a silicon-con
trolled rectifier-recorder combination.

The aluminum was contained in an aluminum oxide 
boat which was placed inside an aluminum oxide reac
tion cell having a 10-mm i.d. The reaction cell was 
restricted to a diameter of 1.5 mm on each side of the 
boat to prevent back-diffusional losses. The tube ad
mitting the AlCl3-A r mixture to the cell was also 
constructed of aluminum oxide.

The aluminum chloride in the argon-aluminum 
chloride vapor mixture was collected in a 250-ml flask 
after leaving the reaction zone. The aluminum 
chloride generator and collection flasks were connected 
to the transpiration apparatus with Teflon and Monel 
fittings. These fittings were heated with heating tapes, 
and four immersion heaters were attached to the 
flanges in the ends of the furnace tube to prevent con
densation of the aluminum chloride vapor entering or 
leaving the reaction zone. The temperature of these 
heating tapes and immersion heaters was maintained at 
approximately 230° by the use of variable rheostats.

Procedure. The commercially obtained aluminum 
chloride (anhydrous), of 99.5% purity was further puri
fied by sublimation prior to its use. The sublimation 
procedure also converted traces of moisture into 
HCl(g) which would be driven off as a vapor. As a 
further precaution against impurities, prior to each run 
approximately 1 g of 99.9%, 200 mesh aluminum 
powder was added to the sublimated aluminum chloride 
and thoroughly mixed by vigorous agitation for use in 
the generator flask.

Weight loss of the A1 samples was established by 
weighing before and after each run. The amount of 
AICI3 passed over the sample was determined by weigh
ing the generator before and after each run. After leav
ing the reaction, the A1C13 in the gas mixture was col
lected in a second flask and weighed. (This weight 
gain was essentially equal to the weight loss in the first 
flask.)

The weight loss of aluminum due to vaporization by 
passing argon alone over the aluminum sample was 
found to be insignificant and in agreement with that

predicted from the published vapor pressure of alumi
num. To further check that no HC1 or water vapor 
was present in the aluminum chloride generator flask, 
argon gas was passed through the generator, which was 
heated to 50°, and then passed over a sample of alumi
num in the reaction cell, which was heated to 900 °K. 
At this low generator temperature the quantity of A1C13 

in the vapor state is very small and therefore the result
ing quantity of aluminum lost due to the reaction with 
AICI3 would also be insignificant. Thus any large 
losses of aluminum would have to be attributed to the 
entrained HCl(g) which reacts quantitatively with 
aluminum at the experimental temperatures. Since 
no reaction was observed, it can be concluded that the 
reaction taking place was due to AICI3 and not to im
purities.

Results and Discussion
The obtaining of the requisite thermal data required 

an analysis of a series of 31 transpiration experiments 
in the temperature range of 800-1000°K and at 25° 
temperature intervals (Table I). The flow rates were 
in the range 15-25 cc/min which were sufficient to 
establish equilibrium of the vapor species above the 
aluminum. Since there were no apparent differences 
in the equilibrium values obtained in this flow rate 
region, they were assumed to have established equilib
rium.8'9 10 The orifice in the cell prevented any appreci
able back diffusion. The experimental data including 
AICI3 and A1 weight losses and flow rates are presented 
in Table I.

Four transpiration studies2'6,10 and a spectrographic 
study4 gave results for the heat of reaction 1 in good 
agreement with those of the effusion experiments pre
viously performed in this laboratory7 for the reaction 
in the temperature range 930-1034°K. The equilib
rium constants obtained from the effusion data were 
chosen as the basis of correcting the total weight loss for 
A1 for this reaction. Also, the equilibrium for the 
dissociation of the dimer

Al2Cl6(g) =  2AlCU(g) (4)

was employed in correcting the A1C13 flow data.
The remainder of the A1 weight loss could then be 

distributed between A1C12 and its dimer AI2CI4. The 
appropriate reactions would be

2AlCl,(g) +  A1 (1, s) =  3AlCl2(g) (5)

(8) H .  C . K o ,  M .  A . G ree nb au m , an d  M .  F a rb e r,  J. P h ys . Chem ., 71, 
254  (1967).

(9) M .  Fa rb e r, J . Chem. P h ys., 36, 661 (1962).

(10) D .  B .  R a o  an d  V .  V .  D a d a p e , J . P h ys . Chem ., 70, 1349 (1966).
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Table I: Experimental Data for the Reaction of AICI3 Vapor and Al(s, 1)

G-atoms
Wt loss Wt loss Flow G-atoms of Al/hr

Temp, Time, of AlCla, of Al, of Ar, of Ar/hr (wt loss)
°K hr g mg cc/hr (NAr) X 10! (Vai) X 10«

800 6.0 28.85 5.9 1338 5.48 3.643
800 6.0 47.95 8.7 1338 5.48 5.370
800 5.0 54.41 6.3 1440 5.91 4.67Q
800 5.0 34.10 4.0 1482 6.07 2.960
800 3.0 29.08 3.9 1030 4.22 4.820
800 0.67 11.00 1.7 |026 4.20 9.450
800 5.0 16.99 2.3 938 3.85 1.705
825 5.0 38.20 5.7 1338 5.48 4.220
825 5.0 28.05 4.6 1338 5.48 3.410
851 5.0 47.05 8.9 1060 4.34 6.590
851 4.5 36.33 6.0 1020 4.18 4.930
851 3.5 23.70 4.8 1092 4.47 5.070
875 4.0 36.90 7.8 1194 4.90 7.225
875 3.0 25.80 5.6 1194 4.90 6.910
875 5.0 29.05 6.2 912 3.74 4.600
901 4.0 24.22 7.3 1020 4.18 6.780
901 4.0 26.55 7.5 956 3.92 6.960
901 4.5 26.10 7.7 913 3.74 6.330
925 4.0 23.02 10.6 1194 4.90 9.82
925 4.0 19.66 9.2 1133 4.57 8.52
925 4.0 30.90 17.2 1338 5.48 15.94
949 5.0 11.07 7.7 1290 5.29 5.71
949 2.5 24.09 11.0 780 3.20 16.30
949 2.5 21.47 10.2 942 3.86 15.10
949 1.25 13.41 5.1 942 3.86 15.10
975 3.0 29.40 21.4 1338 5.48 26.42
975 4.0 22.33 15.5 1250 5.12 14.38
975 3.5 39.00 26.3 1338 5.48 27.85
975 3.0 26.80 19.7 1338 5.48 24.35

1000 4.0 30.65 29.9 1338 5.48 27.65
1000 4.0 39.45 38.9 1338 5.48 36.00

and

4AlCU(g) +  2A1(1, s) =  3Al2Cl4(g) (6)

The partial pressures involved for the necessary 
equilibria were calculated from the weight loss data by 
means of the gas law equation

nRT0
~ v 7

(7)

where n is the number of g-atoms of liquid or solid A1 
reacting in unit time with a given volume V0 of trans
piring gas at a pressure of 1 atm. This gas includes 
all species, i.e., Ar, AlCl3(g), Al2Cl6(g), and the prod
ucts formed. To is the ambient temperature Thus 
the partial pressure of A1C1 in atmospheres would be

P  AlCl
Raici 

n t
(8 )

where w-t is the total moles of gas in the transpiration 
mixture. A preliminary plot of the equilibrium con

stant for reaction 6 vs. l/T based on the assumption 
that reaction 5 was negligible showed extreme curvature 
indicating a possible mixture of the two species A1C12 
and AI2CI4. Therefore, an iterative process was 
adopted for the solution of eq 5 and 6.

Combining equations 1, 4, 5, and 6, and their respec
tive equilibrium constants, the equations were obtained

N AijCit =
[(4 +  A 4)A TA1C1, +  KiN Ar] ±
V [ (4  +  Ki)NTAid, +  g ^ A r l2 -  4(4 +  K i)(N TAicn)2 

2(4 +  A 4)
(9)

N Aids =  A TAlCl! — 2A a12C16 (10)

(NAimY
(Kl)(N Aldi — N Ar +  A a12C18) 2(A a1C1,)

3.375

(ID
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(NAlwy

K 6

(K$)(NAlCU +  NAr +  NAigCle) (^AlCls) ̂
27

N aiw — Naî — Na i(1) — N Ai,« 

3.375(iV A i(t)) 3(A^Aici, +  N at +  N aucu)
{NAlCIa) ̂

(1 2 )

(13)

(14)

where iVAr = number of g-atoms of argon passed over 
sample in 1 hr; NTaicu =  number of moles of A1C13 

passed over sample in 1 hr; JVai =  total number of 
g-atoms of A1 lost from sample in 1 hr; ATaici« A Ai2ci. 
=  number of moles of respective gases formed as a 
result of the equilibrium and passed over the sample 
in 1 hr; NAim = number of g-atoms of A1 lost per 
hour due to reaction 1 . A ai(!), NAiw =  number of 
g-atoms of A1 lost per hour due to reactions 5 and 6 , 
respectively. IVaici, Naici„ and NAi2ci, had been 
omitted from the total number of moles of gas in the 
mixture because they were negligibly small compared 
to N aicu, N aw u, and N At-

The iteration was based on the assumption that for 
the proper distribution of weight loss between the two 
species straight lines would occur for the slopes repre
senting the AHT for the reactions represented by eq 5 

and 6 .
The first iteration assumed the estimated value in 

the JANAF tables11 for AUf0 2 98(AlCl2(g) (—75.0 ±  20 
kcal/mole). It was assumed that the estimated 
entropy for the triatomic molecule A1C12 was sufficiently 
accurate (within 3 eu) to allow free energy calculations 
for reaction 5, based on assumed values for the heat of 
formation of AlCl2(g). However, calculations showed 
that, choosing —75 kcal/mole for AHf°298(AlCl2(g)), 
the amount of A1 required for reaction 5 under the 
temperature and pressure conditions in this study would 
be much greater than the actual weight loss of Al. For 
example, at 800°K reaction 5 would have consumed 
~ 3 .4  X 10-4  g-atom of Al while the actual loss of Al 
was only ■~3.6 X 10-6 g-atom. Finally, only a value 
of — 66 kcal/mole for A fff°298(AlCl2(g)) would make the 
proper corrections for the weight loss of Al which 
would result in a fairly straight slope when log K 6 was 
plotted against l/T. This value of — 66 kcal/mole is 
very critical in that even a difference of 1 kcal would 
make the plot of log Ka vs. l/T have a pronounced 
curvature. For example, at 825 °K  a value of — 66 

kcal/mole for A F ,°298(AlCl2(g)) yields 6.57 X 10~ 8 for 
K e where values of —65 and —67 yield 7.36 X 10~ 8 
and 5.26 X 10-8 for K 6, respectively. This small dif
ference could be within the uncertainty of the experi
mental data. However, at the other end of the tem

perature range, 975°K, a value of — 66  kcal/mole 
yields 7.68 X 10~ 9 for K 6 while a value of —65 kcal/ 
mole gives 2.31 X 10~ 8 for K e> and a value of —67 
kcal/mole gives 1.30 X 1 0 “ 10 for K*.

Thus at the low end of the temperature range 
investigated a change from —65 to —67 kcal/mole for 
the value of AHf°298(AlCl2(g)) produces only a change 
of approximately 1 .3-fold in A 6. At the high end of the 
temperature range, however, the same change in 
AHf0298(AlCl2(g)) produces a 60-fold change in K%. 
On this basis it can be concluded that well within the 
scatter of the data points the value of — 66 ±  1 kcal for 
AHrf°298(AlCl2(g)) is the only one which will satis
factorily explain the experimental data.

Table II presents the partial pressures and weight 
losses calculated for the species involved in the various 
equilibria. The equilibrium constants K\ for reaction 
1 are from the effusion experiments.7 Ki represents the 
equilibrium constant for reaction 4 and is calculated 
from free energy values of the JANAF tables.11 Ks 
is the equilibrium constant for reaction 5 based on a 
value of — 66 kcal/mole for AHf0298(AlCl2(g)), specific 
heats, entropy of AlCl2(g), and the free energy of 
AlCl3(g). Finally, K 6 is the equilibrium constant for 
reaction 6 after corrections were completed for reac-

Figure 1. The logarithm of the equilibrium constant 
for the reaction 2A1(1, s) +  4AlCl3(g) = 3Al2Cl4(g), 
as a function of the reciprocal temperature.

(11) “JANAF Thermochemical Tables,” The Dow Chemical Co., 
Midland, Mich.
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Table II : Equilibrium Data for the Reaction of A1C13 and Al

IV If ai IVNai 10« ¡Vai
(per hr (per hr (per hr

Temp, IOWaiCU lOWAhCit due to due to due to Av log
"K K, (per hr) (per hr) Ki reaction 1) Kt reaction 5) reaction 6) 108̂ 6 Ki

800 0.199 1.335 11.40 4.37 X 10~14 0.098 3.2 X 10"12 0.119 3.433 34.20
800 0.199 1.950 20.30 4.37 X 10“ 14 0.131 3.2 X 10“ 12 0.162 5,077 28.90
800 0.199 2.490 28.45 4.37 X 10~14 0.160 3.2 X 10“ 12 0.205 4.306 7.89
800 0.199 1.780 16.75 4.37 X 10“ 14 0.128 3.2 X 10-12 0.153 2,679 6.16 -6 .8 4
800 0.199 2.120 25.80 4.37 X 10“ 14 0.216 3.2 X 10-12 0.168 4.436 12.98
800 0.199 3.320 45.40 4.37 X 10“ 14 0.184 3.2 X IO“ 12 0.251 9.016 24.55
800 0.199 0.937 8.09 4.37 X 10-14 0.072 3.2 X 10-12 0.084 1.550 9.12

825 0.323 2.310 17.20 3.90 X 10--3 0.289 1.446 X 10- 11 0.301 3.630 5.39 -7 .2 3
825 0.323 1.814 12.03 3.90 X 10_:3 0.247 1.446 X IO“ 11 0.246 2.917 6.57

851 0.523 3.110 19.80 2.82 X 10~12 0.613 6.31 X 10“ 11 0.597 5.380 5.40
851 0.523 2.740 16.60 2.82 X 10-12 0.553 6.31 X 10-11 0.532 3.845 2.92 -7 .3 5
851 0.523 2.388 13.21 2.82 X 10-12 0.511 6.31 X 10"11 0.478 4.081 5.77

875 0.845 3.690 16.25 1.70 X 10-“ 1.247 2.28 X 10-“ 1.055 4.923 2.22
875 0.845 3.500 14.85 1.70 X 10--1 1.197 2.28 X 10“ 10 1.008 4.705 2.32 -7 .6 6
875 0.845 2.418 9.76 1.70 X IO“ -1 0.852 2.28 X 10~10 0.706 3.042 1.98

901 1.370 2.925 8.13 9.34 X 10“ 11 1.720 8.42 X 10-“ 1.293 3.767 1.95
901 1.370 3.154 9.23 9.34 X 10"11 1.774 8.42 X IO“ “ 1.352 3.861 1.57 -7 .7 6
901 1.370 2.800 7.80 9.34 X IO '11 1.608 8.42 X 10"“ 1.214 3.508 1.74

925 2.000 .3.168 5.76 4.57 X 10-“ 3.170 2.57 X 10-9 2.020 4.630 2.88
925 2.000 2.726 4.87 4.57 X 10-“ 2.820 2.57 X IO“ 9 1.766 3.934 2.90 -7 .5 9
925 2.000 4.144 8.33 4.57 X 10~10 7.830 2.57 X IO“ 9 2.580 5.530 2.02

949 2.920 1.450 1.08 1.78 X 10~3 3.345 7.4 X 10-9 1.580 0.785 0.25
949 2.920 5.254 9.98 1.78 X IO“ 3 6.175 7.4 X 10-9 4.150 5.980 0.90 -8 .4 0
949 2.920 4.806 8.32 1.78 X 10“ 3 6.210 7.4 X 10-9 3.920 5.170 0.83
949 2.920 5.892 10.94 1.78 X 10-3 6.850 7.4 X 10-9 4.690 3.560 0.14

975 4.270 5.990 6.90 6.31 X IO“ 9 11.830 2.2 X 10-8 7.090 7.970 1.61
975 4.270 3.534 3.33 6.31 X 10-9 8.120 2.2 X IO“8 4.505 1.745 0.10 -8 .2 3
975 4.270 6.743 8.16 6.31 X 10“ 9 12.880 2.2 X 10 8 7.850 7.120 0.77
975 4.270 5.494 6.13 6.31 X 10~9 11.730 2.2 X IO“8 6.580 6.040 0.95

1000 6.250 5.028 3.66 2.0 X 10-8 15.330 5.92 X 10-« 8.450 3.870 0.33 -8 .2 1
1000 6.250 6.365 5.23 2.0 X IO’ 8 17.940 5.92 X IO“ 8 10.310 7.750 1.18

tions 1 and 5. Figure 1 presents a plot of the log 
o f K e V S . l / T .

The AHr and AST of reaction 6 were found to be 
— 25.9 ±  3.7 kcal and —64.2 ±  4.2 cal/deg mole, 
respectively, at 900°K. This set of values is obtained 
from analysis of the average points. An analysis of 
all of the individual data points yields —28.0 ±  3.0 
kcal and —66.5 ±  3.4 cal/deg for AHT and AST of reac
tion 6 , respectively. Analysis of the average data 
points yields values of —194.8 ±  1.2 kcal/mole and 
116 ±  1.4 cal/deg mole for and S °90o for
AbChCg). A corresponding third-law heat of reaction 
could not be calculated since no value for the entropy 
of Al2Cl4(g) is reported. However, the second-law 
entropy of 116 cal/deg mole is a reasonable value for a 
molecule of this size and structure.

It should be pointed out that the uncertainties quoted 
are statistical ones only and do not include those in
volved in other thermodynamic values that have been 
employed for the present calculations. The calculation 
of the heat of formation and entropy of AbChCg) at 
298°K is speculative since there are no reported heat 
capacities or spectroscopic data for this molecule. 
Employing rough estimates12 for these functions, 
values for -AH(029a of —194 ±  5 kcal/mole and S°2n 
of 90 ±  5 cal/deg mole are obtained. Also, these esti
mates allow the calculation of heats and entropy of

(12) T h e  estim ated  heat capac it ie s of A lsC U C g) a t  298  an d  900  ° K  
are  24 an d  32  ca l/deg  m ole, respective ly. T h e se  e stim ate s are  based  
o n  a n  a,nalogy of the  s im ila r ity  of the  A lsC U C g) to  B 2C L i(g ) molecule. 
T h e  heat cap ac ity  of B 2C U (g ) a t  298 a n d  900 ° K  is  reported  a s  22.7 
an d  29.2  ca l/deg  m ole, re sp ect ive ly .11
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dimerization for reaction 3 of —62 kcal and —47 
cal/deg mole at 298°K, respectively. Comparison 
may be made to dimerization values for B2CI4 of —77 
kcal and —44 cal/deg mole for the heat and entropy, 
respectively. The thermodynamic functions for Al- 
Cl2(g) and Al2Cl4(g) are presented in Table III.

Table III: Thermodynamic Data for AlCl2(g) and Al2Cl4(g)

A/ffO900(Al2Cl4(g))
S°9oo(Al2Ch(g))
A-fff°298(Al2Cl4(g))
S°298(Al2Cl4(g))
Aff/^ssfAiafg)) 

“ Estimated values.

— 194.8 ± 1 . 2  kcal/mole 
116 ±  1.4 cal/deg mole

— 194 ±  5 kcal/mole"
90 ±  5 cal/deg mole“ 

— 66 ±  3 kcal/mole

Having obtained a fairly accurate value for AH °  of 
AlCh, it was possible to obtain a check on the assump
tion of eq 1 for the effusion data. In the temperature 
range of the effusion experiments7 for reaction 1 a AHr 
of 95 kcal/mole was obtained. Employing a value of 
— 66 kcal/mole for AHf°w  of AlCl2(g), a A //r at an 
average temperature of 900°K for reaction 5 of 86 kcal 
is calculated. Since the slopes for eq 1 and 5 differ by

only 9 kcal, or 10%, curvature in reaction 1 would not 
be readily seen unless reaction 5 were contributing 
more than 10% to the Al weight loss. Therefore, in 
order to check the validity of the effusion experiments 
in the temperature range 850-1000°K, free energies 
(extrapolated from previous results at this laboratory) 7 

were calculated for eq 2 at the highest and lowest tem
peratures, 850 and 1000°K. Since the amounts of 
AlChCg) in equilibrium with A1C1 and A1C13 range from 
only 5 to 8 %  over this temperature range, the validity 
of the effusion experiments is further established. 
However, it would appear that at atmospheric pressure 
transpiration experiments would involve considerable 
quantities of both A1C1 and A1C12.

Summary
The experimental transpiration studies together 

with the analytical treatment present an attempt to 
define the vapor species in the complex equilibrium 
system formed as a result of the reaction of AlCl3(g) 
and Al(l, s). This analysis allows the calculation of 
thermodynamic data for the previously unreported 
species AlCl2(g) and Al2Cl4(g). The data obtained are 
consistent with the previously reported transpiration 
and effusion data for AlCl(g).

NOTES

Crystalline Transition o f  

Cyclohexanesulfamic Acid

by S. D. Bruck1 and N. R. Stemple

Thomas J. W atson Research Center, International B usiness M achines  
Corporation, Yorktown H eights, N ew  York 10698  
{Received August 19, 1966)

The object of this note is to report the existence of a 
monoclinic-orthorhombic transition occurring at about 
room temperature in the well-known sweetening agent 
cyclohexanesulfamic acid, C6HiiNHS03H. This ob
servation is supported by X-ray diffraction and calori
metric data.

Experimental Section
Oscillation and Weissenberg photographs using Cu 

K a radiation were taken at ~ 2 0  and ~ 4 0 ° to deter
mine the lattice parameters and symmetry of each 
phase. Cooling was accomplished by blowing a stream 
of cooled nitrogen gas on the crystal during the X-ray 
exposures. Heating was done with an infrared heat 
lamp with approximate temperatures measured by a 
thermometer.

Calorimetric studies were carried out with a Perkin- 
Elmer differential scanning calorimeter, DSC-1B. The 
operational principles of this instrument in comparison 
to classical adiabatic calorimetry have already been

(1) Chemical Engineering Department, The Catholic University of 
America, Washington, D. C. 20017.
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described.1 2 Recently, several investigators reported 
dsc data of high a degree of accuracy and reproduci
bility with organic,3 polymeric,4'6 and inorganic ma
terials.6 The 10-15-mg samples of cyclohexanesul- 
famic acid (K & K Laboratories, Inc., Plainview, N. Y.) 
were weighed on a Cahn electronic microbalance, en
closed in aluminum pens, and blanketed with dry nitro
gen at constant flow rate. The instrument was first 
calibrated with pure standards at the same heating 
rate that was used with the test samples. The area 
under the endotherm is proportional to the number of 
calories involved in the transition. As is the common 
practice in differential thermal analysis (dta), a straight 
line was constructed between the onset (269°K) and 
conclusion (308 °K) of the endotherm, and rhe area 
under the curve was measured by a planimeter. Since 
in this treatment the instrumental base line is ignored, 
the small heat capacity effects which may remain have 
been estimated to be less than the instrumental and 
integrating errors.3

Table I : Crystallographic Data on Cyclohexanesulfamic Acid

-Temp, 0C—
~ 20°

(monoelinic)
~40°

(orthorhombic)
Crystallographic

parameters

[ a
Unit cell edgel b

U
Unit cell angle, /3 
Unit cell volume, V 
Space group

No. of molecules per 
unit cell, Z

9.517 ±  0.002 A 
11.210 ±  0.002 A 
8.201 ±  0.002 A 
90.9° ±  0.1 
874.9 A3 
P2 /a-C2h4 or 

Pa-C,2 
4

9.496 ±  0.002 A 
11.272 ±  0.002 A 
8.202 ±  0.002 A 
90.0°
877.9 A3 
Pca2i-C2v6 or 

Pcam-D2hn 
4

energy of 300 ±  15 cal/mole with an entropy increment 
of 1.00 ±  0.05 cal deg- 1  mole-1.

Acknowledgments. The authors appreciate the dis
cussions with Dr. Y. Okaya and the technical assistance 
of Mr. A. R. Taranko.

Result and Discussion

Table I summarizes the crystallographic data at 
~ 2 0 ° and at ^ 4 0 ° as obtained from X-ray diffraction 
measurements. The results indicate that a mono
clinic-orthorhombic transition has occurred. The 
monoclinic form exhibits systematic absences for 
(hOl) reflections with h odd, and therefore is assigned to 
the space group P2/a-C2h4 or Pa-Cs2, whereas the 
orthorhombic structure has additional systematic ab
sences for (0Id) with l odd, and therefore belongs to the 
space group Pca2i-C2v6 or Pcam-D2hu. The space 
group Pcam requires a disordered arrangement of the 
molecules. X-ray diffraction photographs indicate 
that single crystals of cyclohexanesulfamic acid cooled 
below the transition temperature show a strong tend
ency to twin on the ( 1 0 0 ) plane with a common b axis. 
This is observed for all crystals on an (hOl) Weissenberg 
photograph by a doubling of all (hOl) reflections, except 
(M)0), representing the two twin orientations. The 
separation of the (001) reflection, being twice the devia
tion of d from 90°, allows an accurate measurement of 
,8 to be made. Since diffraction from each twin orien
tation was separable, the systematic extinctions could 
easily be determined for the monoclinic form.

The monoclinic-orthorhombic transition of cyclo
hexanesulfamic acid is also supported by thermody
namic data obtained by differential scanning calorim
etry. An anomalous absorption of heat is observed 
over the temperature range 269-380°K which is char
acterized by a peak at 300.5 ±  l°Iv. The area under 
the endotherm between 269 and 308 °K  represents an

(2) (a) M .  J. O ’N e ill, A nal. Chem., 36, 1238 (1964); (b) E .  S. W a tso n ,
M .  J. O ’N e ill,  J. Ju stin , an d  N . B ren ne r, ib id ., 36, 1233 (1964).

(3) E .  M .  B a rra ll,  I I ,  R .  S. Porter, a n d  J. F . Jo hn so n , J. P hys. 
Chem ., 71, 1224 (1966).

(4 ) F . E .  K a r a s z  a n d  J. M .  O 'R e i l ly ,  J. P olym er Sci., B 3 , 561 (1965).

(5) L .  M a n d e lk e rn ,  J. G . Fa tou , R .  D e n iso n , a n d  J. Ju st in , ibid., B 3 , 
803  (1965).

(6) J. B lo c k  an d  A .  P. G ra y ,  Inorg. Chem., 4, 304 (1965).

Association in Vapor o f  Ion ic Salts. 

Vapor Density o f  R ubidium  Brom ide 

and Cesium Brom ide

by K. Hagemark and D. Hengstenberg

N orth  A m erican  A via tion  S cience Center, Thousand Oaks, 
C aliforn ia  91360  (R eceived F ebru ary 8, 1967)

Previously, Datz, Smith, and Taylor1 have published 
vapor density data for NaCl, KC1, and RbCl, CsCl, 
NaBr, Nal, and KI. More recently, vapor density 
data for KBr have been reported.2 The deviation from 
ideal gas behavior could be accounted for by assuming 
monomers and dimers in the vapor phase. Blander3

(1) (a) S. D a tz ,  W . T .  Sm ith , Jr., a n d  E .  H .  T a y lo r,  J. Chem. P hys., 
34, 558  (1961); (b) S .  D a t z  a n d  W . T .  Sm ith , Jr., /. P h ys . Chem., 
63, 938  (1959).

(2) K .  H a ge m a rk , M .  B lan d e r, a n d  E .  B .  L u c h s in ge r,  ibid., 70, 276 
(1966).

(3) M .  B la n d e r,  J. Chem. P h ys., 41, 170 (1964).
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Table I : Experimental Data for Pressure-Temperature
Relation for RbBr and CsBr

Density, Temp, Pressure,
mole/1. °K mm

RbBr
3.680 X 10-* 1366 28.60

1410 30.49
1376 28.91
1339 27.48
1310 26.74
1397 29.71

5.049 X 10-* 1352 37.43
1421 41.55
1392 40.15
1336 36.74
1307 34.97
1375 39.10

CsBr
3.726 X 10"4 1384 30.71

1421 32.02
1313 28.27
1347 29.28

5.752 X IO“ 4 1419 47.86
1364 45.51
1317 43.06

4.188 X 10~4 1373 33.96
1421 35.72
1406 35.10
1348 33.05
1298 31.32

Figure 1. Dimerization constant, Kit for the 
equilibrium 2RbBr <=* Rb2Br2.

desiccator over P20 6. Single crystals of RbBr and 
CsBr were prepared in an argon atmosphere from fused 
crystalline material from Electronic Space Products, 
Inc. All RbBr experiments were carried out with the 
single crystal material, whereas the CsBr single crystal 
material was used only as a check of the results from 
the 99.99% powder.

The dimerization constant is calculated from the 
equation

K, = R*T—
Vi

Table II: Predicted and Measured Values of the Thermodynamic Properties of RbBr and CsBr

da
-------- Log ÜÜ2 (

Exptl
1300°K)------- ,

Calcd
/•------- Ai?2,
Exptl

kcal/mole------- n
Calcd Exptl

—A£p, eu----- -----
Calcd

RbBr 2.9447 2.82 2.95 -3 5 -3 7 .0 -2 6 -2 6 . (
CsBr 3.0722 2.45 2.68 -2 8 -3 5 .5 -2 2 — 26. -

“ S. H. Bauer and R. F. Porter in “ Molten Salt Chemistry,”  M. Blander, Ed., Interscience Publishers, Inc., New York, N. Y., 1964, 
p 642. b The standard states for ASp are the ideal gas at 1 atm.

has found the calculated dimerization constants to be in 
excellent agreement with a dimensional theory of asso
ciation in ionic vapors.

In the present work, measurements of the pressure- 
temperature relation at constant density were made for 
the vapor phase of RbBr and CsBr. The apparatus 
was a modification of the liquid gold isotensoscope of 
Datz, et al.1 Both the apparatus and the experimental 
procedure are described in a previous paper.2 The 
cesium bromide was 99.99% pure reagent grade, crystal
line powder from Matheson Coleman and Bell. It was 
heated at 130° for 2 hr and then stored in a vacuum

where R* is in 1. atm deg-1  mole-1, and T is the 
absolute temperature, pi and p2 are the partial 
pressures of monomer and dimer, respectively, and are 
calculated from

pi =  2pT -  Pid
P2 =  Pid — Pt

where pt is the observed pressure and pid is the pressure 
one would find if there were no association.

The experimental data are given in Table I, and the 
calculated dimerization constants are shown as a func-
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Figure 2. Dimerization constant, i f2, for the 
equilibrium 2CsBr <=r Cs2Br2.

tion of temperature in Figures 1 and 2. The measured 
and predicted values for the association constant as 
well as the energy, AE2, and entropy, A/Sp (standard 
state is the ideal gas at 1 atm), of association are given 
in Table II. The agreement between theoretical3 and 
experimental values for the dimerization constant is 
very good. The dimensional theory correctly predicts 
the dimerization constant to decrease with increasing 
internuclear distance, d. Because of the narrow tem
perature range of the measurements, the experimental 
values for the energy and entropy of dimerization are 
less precise than the corresponding association con
stant.

Acknowledgments. The authors wish to thank Dr. 
M. Blander for his valuable suggestions, Mr. J. Mohl 
for supplying the single crystals of RbBr and CsBr, and 
Mr. E. Eisel for constructing the fused silica apparatus.

X enon Dioxide Difluoride:

Isolation and Some Properties

by J. L. Huston

Departm ent o f  Chem istry, L oyo la  U niversity,
Chicago, I llin o is  60626 {R eceived M arch  IS , 1967)

During the early development of xenon chemistry, 
mass spectra1 were observed of two oxyfluorides, XeOF4 

and X e 0 2F2, which had been made by mixing water 
with XeF6. Their formation was ascribed tc stepwise 
hydrolysis of XeF6. Since then XeOF4 has been

isolated2 3 and its properties have been studied, but 
attempts to prepare and isolate X e0 2F2 in substantial 
quantity by partial hydrolysis of XeF6 or by partial 
reaction of XeF6 with glass have not been successful.3 

(In both cases the ultimate reaction product is X e0 3.)
It has now been found, during a mass spectrographic 

study of the chemical properties of xenon compounds, 
that the reaction of X e0 3 and XeOF4 provides a con
venient method for preparation of xenon dioxide di
fluoride, permitting the compound to be isolated and 
some of its properties to be observed. It has also 
been found that the reaction of X e 0 3 and XeF6 pro
duces XeOF4.

An aqueous solution of X e 0 3 is placed in a Kel-F 
tube fitted with a valve and, after pumping to remove 
water, the solid is gently warmed with a portable air 
blower. XeOF4 (or XeF6) in excess is distilled onto the 
X e0 3, using Dry Ice rather than liquid nitrogen to effect 
the distillation in order to minimize the chance of deto
nating the X e 0 3 by thermal shock. The valve is 
closed and the tube is allowed to remain overnight for 
dissolution of the solid X e 0 3 to occur. The result is 
a homogeneous liquid mixture of X e 0 2F2, XeOF4, 
and XeF2 which is subjected to fractional distillation 
in a Kel-F line, purification of the X e 0 2F2 being followed 
mass spectrographically with a Bendix time-of-flight 
instrument. XeOF4 is readily removed because of its 
volatility. XeF2 is removed with greater difficulty 
from the less volatile X e 0 2F2; as it is removed, those 
portions of the mass spectrum due to X e 0 2F2 alone 
are enhanced relative to those portions due to both

Figure 1. Positive ion mass spectrum of X e02F2. Electron 
energy 70 ev, pulsed electron beam. Source pressure ca.

5 X 10-6 torr.

(1) M .  H .  S tu d ie r  a n d  E .  N .  S lo th , “ N o b le -G a s  C o m p o u n d s ,” H . 
H y m a n ,  Ed ., U n iv e r s it y  of C h ic a g o  P ress, C h icago , 111., 1963, p  47.

(2) C . L .  C he rn ic k , H .  H .  C laassen, J. G . M a lm ,  an d  P . L .  P lu rien , 
ref 1, p  106.

(3) E .g., M .  H .  S tu d ie r  a n d  J. L .  H u s to n ,  u n p u b lish e d  results.
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X e 0 2F 2 and X e F 2. In  particular, the ratio of the peak  
at m /e  164 ( X e 1320 2+ and X e 129O F + ) to the peak at 
m/e 170 ( X e 132F 2+) rises to a lim iting value of 1 .2 and  
at the sam e tim e the ratio of the peak at m/e  183 
( X e 129O F 2+ and X e 1320 2F + ) to the peak at m /e  170 
(X e 132F 2+) rises to a lim iting value of 1.7. Th ese  
ratios are believed to be characteristic of pure X e 0 2F 2.

Figure 1 shows the quantitative positive ion m ass  
spectrum , presented in the form  of a bar graph derived  
from  spectral scans and norm alized to  a peak height of 
100 for m/e 183. F rom  this can be derived the follow 
ing fragm entation pattern where the intensity of the 
X e O +  is set equal to 1.0.

0 .89 0 .66 1.6 1.0
X e O T Y ’ — > X e 0 2F +  — »- X e 0 2+ — >  X e O  +

\ 4.8 3.3 4.1
X e O F 2+ — »- X e F 2+ — >  X e F  +

\ 2.3
X e O F  +

/
A  num ber of scans have been exam ined for any sig
nificant fluctuations in the intensities of X e O + , X e 0 2+, 
and X e O F 2+ relative to the rest of the spectrum  which  
would indicate the presence of X e O , X e 0 2, or X e O F 2 in 
the X e 0 2F 2 or their form ation in the m ass spectrom eter. 
N o  such evidence for their independent existence has 
been found.

In ten sity  of X e +  relative to the rest of the spectrum  
is n ot reproducible, depending on xenon background  
in the line and in the m ass spectrom eter.

T h e  negative ion m ass spectrum  of X e 0 2F 2 w as ob
served qualitatively as shown (Figure 2) in a photo
graph of an oscilloscope display; it consists of X e F  , 
X e F 2~  and X e O F ~ . N o  heavier ions could be ob
served even though a Studier blanking circuit4 was 
used to elim inate X e F 2-  and lighter ions, thereby  
preventing saturation of the electron multiplier of the 
m ass spectrom eter and m axim izing the chance of ob
serving any heavier ions. Sim ilarity of the negative  
ion m ass spectrum  of X e O F 4 should be noted where 
Studier and S loth 1 observed X e F - , X e F 2- , X e F 3- , 
X e F 4- , and X e O F 3~. T h e spectra of these oxyfluorides 
appear to em phasize the electronegativity of fluorine.

X e n o n  dioxide difluoride at room  tem perature form s 
colorless crystals (Figure 3) which have a vapor pres
sure betw een that of X e 0 3 and X e O F 4 and which grow  
b y  sublim ation. A  purified sam ple m elts at 3 0 .8 °  to  
give a colorless liquid: no color change like th at ob
served in X e F 6 occurs.5 Gillespie has suggested6 
th at X e 0 2F 2 m a y  polym erize b y  form ation of X e - O - X e

XeF~ XeFI
XeOF"

Figure 2. Negative ion mass spectrum of Xe02F2. Electron 
energy 70 ev, continuous electron beam. Source pressure 
ca. 1 X 10-5 ton* (value fully open between 
sample and source.)

Figure 3. Crystals of Xe02F2 deposited by sublimation on the 
inside of a Kel-F tube.

bridges, but no higher m elting low volatility  m aterial 
has yet been observed. T h e  m elting point is lowered 
b y  the presence of X e F 2 im purity, e.g., a sam ple w hose  
1 8 3 /1 7 0  ratio was only  1.25 m elted over the range 2 9 .5 -  
3 0 .5 ° .

X e 0 2F 2 can decom pose to X e F 2 and 0 2, the rate de-

(4) M .  H .  S tud ie r, A rg o n n e  N a t io n a l L a b o ra to ry ,  u n p u b lish e d  
results. P re sen ted  a t the B e n d ix  S y m p o s iu m  o n  T im e  o f F l ig h t  
M a s s  Sp ectrom etry , C in c in n a t i,  O hio, 1965.

(5) J. G . M a lm ,  H .  Selig, J. Jo rtner, a n d  S. A . R ice , Chem. R ev., 65, 
207  (1965).

(6) J. R .  G ille sp ie , “ N o b le -G a s  C o m p o u n d s ,” H .  H y m a n ,  E d .,  
U n iv e r s it y  o f C h ic a g o  P ress, C h icago , 111., 1963, p  333.
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pending on previous conditioning of the containing ap
paratus. A sample kept in a Kel-F tube well condi
tioned by XeOF4 showed no appreciable decomposition 
in 2 days at room temperature, but other samples have 
shown marked production of XeF2 in less well-condi
tioned apparatus. It reacts with XeF6, with lique
faction, to produce XeOF4, the reaction being rather 
slow. Production of XeOF4 has also been observed in 
Kel-F apparatus overly conditioned by XeF6.

X e0 2F2 exposed to moist air rapidly hydrolyzes 
to X e 0 3, but a faint ozone-like odor can be discerned, 
somewhat reminiscent of the odor of xenon tetroxide.

Chemical analysis confirming the identity of the com
pound was effected by distilling it into a silica container 
and decomposing it by heating to 300°. The stoichiom
etry of such decomposition of a xenon fluoride, oxide, 
or oxyfluoride in silica will fix the oxidation state of 
the xenon and the fluorine content of the compound in 
terms of the relative amounts of xenon, oxygen, and 
silicon tetrafluoride produced. The validity of the 
procedure was verified by similarly decomposing a 
sample of carefully purified XeOF4.

Si02
XeOF4 — >  l.OXe +  1.502 +  1.0SiF4 (calculated) 

— ► l.OXe +  1.50* +  0.9SiF4 (found)
„  ^  „  SiOi
X e0 2F2 l.OXe +  1.50, +  0.5SiF4 (calculated)

— ► l.OXe +  1.50, +  0.45SiF4 (found)

The mixtures of Xe, 0 2, and SiF4 were analyzed mass 
spectrographically, with relative sensitivities to the 
three gases calibrated by means of a known mixture.

Further confirmation has been provided by a pre
liminary study of the Raman and infrared spectra of 
the solid7 which are consistent with the pseudo-trigonal 
bipyramidal structure predicted by Gillespie,6 a mole
cule of symmetry C2v. One strong Raman band at 
537 cm -1  and an infrared band at 610 cm -1  can be as
signed, respectively, to symmetrical and unsymmetrical 
stretching of a linear or near-linear F -X e-F , and strong 
Raman bands at 851 and 882 cm -1  can be assigned to 
X e -0  stretching.8 * * * *

Acknowledgment. The author wishes to thank Mr. 
John Schmieg for technical assistance.

(7) H .  H .  C la a s se n  an d  J. L .  H u s to n .  F u r th e r  deta ils  w ill be p u b 
lished.

(8) Note Added in Proof. S in ce  su b m iss io n  o f th is  note, one
sam ple  of X e O s F j  h a s  exploded. I t  w a s  conta ined  in  a  K e l - F  tube
fitted w ith  a  K e l - F  needle va lve , a n d  exploded w h ile  the  v a lv e  w as
b e ing  closed. T h e  sam p le  conta ined  a  sm a ll a m o u n t  o: X e C >3 w h ich
m a y  h a ve  acted  a s  a detonato r, b u t  the  force of the  e xp lo s ion  w a s  too
great to  h a ve  been due to  the X e C h  alone. E v id e n t ly ,  w h ile  X e O z F i
is  m ore  stab le  th a n  XeC b , it  sh o u ld  be h and le d  w ith  the  sam e p re 
cautions.

170  Hyperfine Splitting in a 

g-Am ido-g-peroxodicobalt Com plex1

by John A. Weil and Judith K. Kinnaird

Argonne National Laboratory, Argonne, Illinois 
(.Received March 20, 1967)

We have prepared a sample of g-amido-g-peroxobis- 
(tetraamminecobalt)tetranitrate, enriched to contain 
11.7% of its bridging oxygen as 17 30, and have obtained 
its solution esr spectrum (Figure 1), taken at X-band 
and room temperature. In addition to the primary 
15 lines arising from the hyperfine contribution of the 
two equivalent 69Co nuclei (g =  2.0341, ACo =  12.43 
oersteds) , 2,3 weak secondary lines from molecules con
taining one 170  atom in the bridge are visible in the 
wings; no further peaks lying beyond these lines were 
observable either in ordinary spectra or in spectra 
taken with use of a CAT. We conclude that the outer 
two secondary lines arise from t o « o  =  ±  6/ 2 transitions 
split due to hyperfine interaction with the cobalt 
nuclei, whereas the other observed secondary lines result 
from superpositions of to no =  ± 6A  and ± 3/ 2 lines. 
The measured spacings of the outer two lines were
12.3 and 12.9 oersteds at the low-field and high-held 
ends, respectively, and thus are equal to |ACo| within 
experimental error (±0 .5  oersted). This assignment 
of lines gave the oxygen coupling constant as [Ao| =
22.5 ±  0.3 oersteds. A computer-calculated spectrum 
using g, |ACo| and |A0| and a Lorentzian first deriva
tive line width of 5.8 oersteds gave good agreement 
with the observed spectrum.

Comparison of the heights of the lowest-held 
secondary peak and primary peak yielded the ratio
0.039, in exact agreement with the value calculated 
from the nominal 170  abundance.

Observation of the large 170  splitting affords the 
hrst direct evidence that the unpaired electron is 
actually shared by the cobalt atoms via the oxygen 
bridge, rather than through direct overlap of cobalt 
orbitals or via the amido bridge. The latter mecha
nisms have seemed less probable because of the large 
Co-Co distance (3.24 A) and lack of resolved 14N 
hyperhne structure in the esr spectrum, as well as on 
theoretical grounds.

It is of particular interest to compare our results

(1) B a se d  o n  w o rk  perfo rm ed  u n d e r the  au sp ice s of the  U . S. A to m ic  
E n e r g y  C om m iss ion .

(2) E .  A .  V .  E b s w o r th  an d  J. A . W e il,  J . Phys. Chem., 63, 1890 
(1959).

(3) M .  M o r i,  J. A .  W e il,  a n d  J. K .  K in n a ird ,  ibid., 71, 103 (1967).
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Figure 1. The esr spectrum (9516 Mc/sec) of 
/u-amido-/i-peroxobis(tetraammmecobalt) (4 + ) ions containing 
11.7% 170, taken at room temperature in very dilute H N 03.
The detection sensitivity was decreased by a factor of 32 
when scanning the central portion to display the primary 
15-line cobalt hfs from the unlabeled ions.

with those for the 0 2~ ion. From a single crystal de
termination of the g tensor,4’5 we note that the devia
tions from the free-electron g are considerably smaller 
than those of 0 2_ in alkali halides,6 and that the 
principal values are far from uniaxial. If the electron 
could be considered to be situated primarily on the 
peroxo bridge in our ion, this would imply that the 
splitting A =  E(2pir„) — E(2pir0Z) (x |[ O-O, see 
ref 6) is much larger than the effective spin-orbit 
splitting A. This is reasonable for the known7’8 
planar configuration

0 — 0

Co Co

NH2

of our ion (we taken x || 0 - 0  and z _L ring plane). 
The 0 - 0  bond distance here is 1.32o A,7 whereas it is 
in the range 1.32-1.35 A in 0 2- .9 For [a / x| > >  1, 
we assume the relation |Ai,0| = |8ir/3 0NgrN 4'2(0)| to 
be meaningful and thus estimate |'F(0)|2 = 0.7 X 
10-24 cm-3.10 This approximation is not tenable for 
0 2_ , for which a more elaborate analysis11 of the 170  
splittings has been carried through and has led to the 
value |'F(0)|2 = 0.64 X 10-24 cm-3. Comparison 
of these values suggests that the peroxo bridge can 
reasonably be thought of as a modified superoxide ion. 
It is of interest also to note that splitting of the states 
2pTrgy and 2p7r£JZ (which are degenerate for free 0 2~) 
occurring as a result of asymmetric positioning of

neighboring atoms will cause increased stability in 
this three-electron system (c/. ref 9).

No correct and detailed quantum-chemical model for 
any dicobalt peroxo ion has yet been published. Since 
the C o02Co system is planar, a first approximation to 
a ground-state molecular orbital can reasonably be 
taken as

(3d()co(a) +  (2p7TZ)o(a) — (2p7TZ)o(b) — (3di)co(b)

However, this wave function has a nodal plane at the 
nuclei and can thus yield only vanishing values of 
|T(0)|2. Thus, just as in 0 2 and in several nitrogen 
oxides,12 * it will be necessary to invoke configuration 
interaction, mixing in excited states containing un
paired <7 electrons, to estimate the 170  (and 69Co) 
coupling constants.

The marked stability of the dicobalt peroxo com
plexes may well be explained if the energies of the 
oxygen 2p7rz orbitals and the cobalt 3d, orbitals happen 
to be very close.

The preparation of the dibridged complex was carried 
out in a closed reaction vessel from 1.7 g of C o(N 03)2 
in ammoniacal solution, treated with labeled 0 2 (100 
cc at STP) at room temperature, to form /z-peroxobis- 
(pentaamminecobalt)tetranitrate. Subsequently, after 
treatment at 35° with a mixture of NH4OH and KOH 
to cause amido bridging, oxidation at ~ 0 °  with (NH4)2- 
Ce(N0 3 )6, and separation of the products, recrystalli
zation yielded 0.03 g of the desired dibridged complex. 
The synthesis is essentially a scaled-down version of

(4) J. A. Weil and G. L. Goodman, B ull. A m . P h ys . Soc., [2] 6, 152 
(1961); the principal g  values reported for the closely analogous 
ethylenediamine complex ion are 2.079 (x ), 2.023 (y ), and 2.010 (z ).

(5) J. A. Weil, G. L. Goodman, and H. G. Hecht, “Proceedings of 
the 1st International Conference on Paramagnetic Resonance, 
Jerusalem, July 1962,” Vol. II, Academic Press Inc., New York,
N. Y., 1963, p 880.
(6) W. Kânzig and M. H. Cohen, P h ys. Rev. Letters, 3, 509 (1959); 
the principal g values reported are 2.4350 (x ), 1.9512 (y ) , and 1.9551 
(*).
(7) G. G. Christoph, R. E. Marsh, and W. P. Schaefer, private 
communication. In work already published (W. P. Schaefer and 
R. E. Marsh, J . A m . Chem. Soc., 88, 178 (1966)), it was shown that 
the C0 O2C0  system in single-bridged complexes is also planar.
(8) Because the X-ray studies have now shown the ring to be 
planar, it appears likely that the postulate of cocking of the 0 - 0  
bridge out of the Co-N-Co plane discussed in ref 5 is not correct, 
since this was based merely on the observation of small deviations 
from uniaxial behavior of the two cobalt hyperfine tensors, obtained 
from a rather difficult analysis of the complex epr spectra.
(9) F. Halverson, P h ys . Chem. S olids, 23, 207 (1962).
(10) Similarly, |\KO)|2 = 0-22 X 10~24 cm-3 at each cobalt nucleus.
(11) H. R. Zeller, R. T. Shuey, and W. Kânzig, “ Colloque sur les 
Centres Colorés dans les Cristaux Ioniques, Paris, March 1967,” 
to be published. The present authors thank H. R. Z., et al., for 
several helpful private communications and use of the results on O2 “ 
in advance of publication.
(12) J. C. Baird, J . Chem. P h ys., 37, 1879 (1962), and references
therein.
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the one to be described in a future publication.13 
The esr spectra were taken in saturated solutions of the 
complex in dilute acid (1 drop of HNO3/ I 5O cc of H20).

Observation of 170  hyperfine structure in ;u-peroxo- 
bis(pentaamminecobalt) (5 + ) ions is much more dif
ficult than for the dibridged (4 + ) ion discussed herein, 
as a result of the much smaller solubility and broader 
epr lines of the former. However, attempts to carry 
out such measurements are in progress.

(13) M. Mori, J. A. Weil, and M. Ishiguro, submitted for publica
tion.

The Reactions of Hydrogen Atoms 

with Simple Thiols

by Robert R. Kuntz

Department of Chemistry, University of Missouri,
Columbia, Missouri 65201 (Received January 30, 1967)

The photolysis of simple thiols in the gas phase results 
in the production of H atoms and thiyl radicals.1 
Several investigators2’3 have studied reaction of these 
H atoms with the parent compound by the competition 
technique involving reactions 1-3. A steady-state

RSH +  hv — ► RS +  H (1)
H +  RSH — >  H2 +  RS (2)

H +  C2H4 — ► C2H6 (3)

derivation involving H atom reactions leads to eq 
I,2'3 where Rh° and /¿¡l2a are the rates of hydrogen pro-

Rms =  fc2 [RSH]
Rm° -  Rm fc3[C2H4] ( }

duction in the absence and presence of scavenger ethyl
ene. Rate constant ratio values of 1.62 and 1.73 have 
been obtained for H2S and methyl mercaptan, respec
tively. The present study uses a similar technique 
to measure this rate constant ratio for ethyl, »-propyl, 
and n-butyl mercaptans in order to determine the effect 
of substituents on the rate of H-atom removal from the 
thiol group.

Experimental Section
Hydrogen sulfide (>99.5%), ethane (>99.0%), 

ethylene (>99.5%), and methyl mercaptan were ob
tained from Matheson and used without purification 
except for bulb-to-bulb distillation. Gas chromato
graphic analysis of the ethane showed 0.1% ethylene

present. Ethyl, n-propyl, and re-butyl mercaptans 
(Eastman) were used without further purification. 
Care was taken to exclude mercury vapor from the 
reaction during transfer and analysis by use of a series 
of liquid air traps. Pressure measurements were made 
with a mechanical diaphragm gauge. The reaction 
cell, low-pressure mercury light source providing 
2537-A light, and analysis system have been described 
previously.4 Sample decomposition was usually re
stricted to less than 1% to avoid complications from 
secondary products. All photolyses were performed at 
24°.

Results and Discussion
Table I summarizes the results of this study. For 

H2S, the ratio k2/k3 is seen to be pressure independent 
over the range of 8-35 cm total pressure and 5-10 cm 
H2S pressure with an average value of 2.1 ±  0.1. 
Darwent and Roberts2 reported a value of 1.6 and also 
noted the pressure independence.

The apparent rate constant ratios for the mercaptans 
all show a strong dependence on total pressure with 
the value remaining constant within experimental error 
over the low-pressure range, then decreasing rapidly 
after a few centimeters of pressure (depending on the 
particular mercaptan used). In order to investigate 
this effect, several runs were made in which the pure 
mercaptan or a constant mercaptan-ethylene mixture 
was photolyzed over a pressure range effected by the 
addition of ethane to the system. Ethane is relatively 
inert to H atom attack in the presence of the more reac
tive H atom donor mercaptans. These results are 
shown in Table II. A comparison of the relative rates 
of hydrogen evolution in the photolysis of methyl 
mercaptan with and without added ethylene is shown 
in Figure 1. It is seen that the apparent decrease in 
the rate constant ratio is due to the pressure-induced 
decrease in hydrogen production. Pressure effects 
have not been noticed in the previous studies of methyl 
mercaptan photolysis using the full mercury arc and 
pressure up to 30 cm.3 Several reasonable possibilities 
for this effect seem to be excluded from the data pre
sented. These are as follows.

(i) There are H atom scavenging impurities in the 
ethane used for pressurization. To explain the entire 
decrease in hydrogen yield exhibited in Figure 1, one can 
calculate, using reasonable rate constants, that 2.4%

(1) J. G. Calvert and J. N. Pitts, Jr., “ Photochemistry,”  John Wiley 
and Sons, Inc., New York, N. Y., 1966, pp 490, 491.
(2) B. deB. Darwent and R. Roberts, Proc. Roy. Soc. (London), 
A216, 344 (1953).
(3) T. Inabe and B. deB. Darwent, J. Phys. Chem., 64, 1431 (1960).
(4) R. R. Kuntz, ibid., 69, 2291 (1965).
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Table I

P rsh . POtHi. 10«Kh2, P rsh. PCîHj, 10s>Rh2,
cm cm moles/sec ki/k3 cm cm moles/sec kïlki

H2S n--C A S H

5.05 0 1.41 3.98 0 16.5
5.05 3.55 1.04 1.98 3.98 2.34 13.6 2.75
5.05 5.68 0.93 2.18 3.98 3.98 11.5 2.30
5.05 9.30 0.77 2.26 3.98 5.7 9.8 2.09
5.05 14.90 0.60 2.18 3.98 7.9 8.3 1.98
5.05 22.00 0.46 2.11 3.98 10.2 6.1 1.51

10.1 0 2.84 3.98 13.3 5.35 1.60
10.1 8.67 1.91 1.77 5.1 0 18.7
10.1 12.35 1.80 2.11 5.1 3 .7 14.2 2.30
10.1 17.47 1.52 1.98 5.1 5.25 13.1 2.42
10.1 24.6 1.40 2.36 5.1 6.75 1 1 .0 1.92

A v =  2.1 ± 0 .1 5.1 9.7 9.0 1.79
5.1 14.4 7.0 1.71

CH3SH 2.06 0 8.90
2.06 1.35 7.32 3.03

5.05 0 22.6 2.06 2.06 6.84 3.32
5.05 2.70 18.7 2.47 2.06 2.70 6.28 3.14
5.05 4.83 14.0 1.58 2.06 4.05 5.20 2.75
5.05 7.30 12.2 1.75 2.06 6.17 3.96 2.42
5.05 11.0 9.37 1.58
5.05 16.2 6.77 1.38 n--C A S H
5.05 24.1 5.15 1.41

0.78 0 4.68

C A S H 0.78 0.69 3.76 3.54
0.78 0.86 3.64 3.85

4.97 0 21.1 0.78 1.10 3.36 3.58
4.97 3.90 15.0 1.94 0.78 1.46 3.14 3.76
4.97 6.60 12.2 1.83 0.78 2.09 2.80 3.92
4.97 8.65 11.0 1.91 2.8 0 1.68
4.97 11.9 9.0 1.76 2.8 1.13 1.51 3.62
4.97 17.9 6.4 1.57 2.8 2.34 1.26 2.50

olefin (C2H4) or 0.02% oxygen would be required. 
Actual analysis of the ethane by H-flame chromatog
raphy using a Porapak Q column shows only 0.1% 
C2H4. Even though each sample was thoroughly de
gassed before use, this small amount of oxygen might 
be present. The lack of an effect of added ethane on 
the H2 yields in H2S photolysis, however, and the de
pendence of ki/h on total pressure only, independent of 
pressurizer, seems to indicate that impurities are not 
responsible for the observed effect.

(ii) "H ot”  H atoms or vibrationally excited C2H5 
from reaction 3 cannot cause the observed decrease in 
H2 production since ethylene is not present in one of the 
CH3SH systems presented in Figure 1 and the decrease 
still occurs. In the absence of any reasonable alterna
tive, "hot”  H atoms may become thermalized, but 
should still produce hydrogen by reaction 2.

(iii) Third-body combinations are usually unim
portant in this pressure region. If one assumes the 
mechanism given is the only one of importance and that 
thiyl radicals disappear only by recombination,6 then 
the [H] and [RS] may be approximated from eq II and 
III using the measured value of fc26 and kt =  1018

RHl =  fc2 [H][RSH] (II)

Rrssu Rhi ~  fct[RS]^ (HI)
cc/mole sec. To account for the observed decrease in 
H2 production

H +  RS +  M — >  RSH +  M (4)

fc4 must be ca. 10 ~ 26 cc2/molecule2 sec. This is six orders 
of magnitude larger than the generally observed values 
of ki ~  10~32 cc2/molecule2 sec.7 Thus, third-body 
effects would seem to be unimportant.
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(iv) Quenching of excited RSH molecules does not 
seem plausible since the mercaptans show a predissocia
tion-type absorption spectrum which is consistent with 
the high quantum yield of H2 production (4> 0.9) . 1

Collisional frequencies at these pressures are such that 
the lifetime of the dissociating species must be > 1 0 ~ 10 

sec, assuming unit efficiency in deactivation. Again, 
this seems unreasonable.

Table II : Pressure Effect on k 2/k3

RSH/ Pt,“ 10»Ph2.
C2H4 cm moles/sec fa/fa

h 2s

0 . 7 9 0.20
0.59 2 . 3 0.109 2.03
0.59 3 . 4 0.111 2.11
0.59 4 . 8 0.112 2.17
0.59 9 . 7 0.109 2.03
0.59 2 0 . 1 0.109 2.03
0.59 30.4 0.097 1.59

CH3SH
1.06 4.37

0.75 2.5 2.63 2.01
0.75 13.0 2.64 2.04
0.75 17.2 2.56 1.89
0.75 25.2 2.21 1.36
0.75 39.2 1.94 1.07

0.99 4.26
0.70 2.4 2.45 1.93
0.70 4.6 2.34 1.74
0.70 8.9 2.40 1.84
0.70 20.3 2.12 1.41
0.70 31.2 1.82 1.07
0.70 42.2 1.73 0.98
0.70 54.8 1.81 1.05

C2H 6SH
1.10 3.40

0.84 2.4 2.20 2.18
0.84 10.2 2.09 1.91

' Pt = P  HiS +  Pc2U, + P c2He in centimeters of mercury.

The pressure effect cannot, then, be explained with 
the available data. The rate constant ratio for the 
low-pressure region is consistent with the previous 
measurements3 for methyl mercaptan. These pressure- 
independent ratios for the other mercaptans are col
lected in Table III.

Pressure, cm.

Figure 1. Hydrogen yields in the photolysis of 
methanethiol: •, 1 cm CH3SH; O, R S H /C 2H 4 =  0.75,
1 cm CH3SH; ©, R SH /C 2H 4 =  0.70, 1 cm C H 3SH. Scale 
adjusted to give equal amounts of hydrogen at low pressures.

Table III: Summary of k 2/k3 Values for the Mercaptans in 
the Pressure-Independent Region

Mercaptan kt/kia Lit. values

H 2S 2.1 ± 0 . 1  1.62
CH 3SH 1.7 ±  0.2 (9 values) 1 .7 3 (50°)
C2H 6SH 1.9 ±  0.1 (5 values)
n-C3H 7SH 3.2 ±  0.1 (3 values)
n-CJFjSH 3 .7  ± 0 . 1  (6 values)

“ Reported errors are average fluctuations from the mean. 
The methanethiol fluctuations are larger owing to interference 
of the methane and hydrogen peaks in the chromatographic 
analysis of the product.

Acknowledgment. This investigation was supported 
by U. S. Public Health Research Grant RH-00321, 
Division of Radiological Health.
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Photolysis of Gaseous Benzene at 1470 A

by W. M. Jackson, J. L. Faris, and B. Donn

National Aeronautics and Space Administration,
Goddard Space Flight Center, Greenbelt, Maryland 
(Received April S, 1967)

Although a great deal of work has been done on the 
photolysis of aliphatic hydrocarbons1 in the vacuum 
ultraviolet region, very little work has been reported on 
the photolysis of aromatic hydrocarbons in this region. 
Benzene, which is the simplest aromatic hydrocarbon, 
has recently been photolyzed in the 1600-2000-A 
region2 3 4 5 and at the 1849-A Hg line.3-5 They have shown 
that the primary photochemical processes are the pro
duction of polymeric material along with the formation 
of acetylene and fulvene. In the absorption spectra of 
benzene there exists another sharply banded region 
below 1650 A .6 It is possible that the mechanism 
for the photolysis of benzene might be different in this 
region of the spectrum and could consist of the molec
ular formation of hydrogen which is characteristic 
of saturated hydrocarbons1 or the elimination of an 
H atom and the formation of a benzyl radical. With 
this idea in mind, we have photolyzed benzene vapor 
at 1470 A and analyzed the gaseous products by gas 
chromatography and mass spectrometry.

The apparatus consisted of a xenon resonance lamp 
with a sapphire window, a 50-cc reaction cell, and a 
grease-free gas handling system. The output of the

15% Squalane on 60-80 mesh diatoport P, and a 6-ft, 
Vs-in. stainless steel column packed with 1 0 %  silicone 
rubber SE-30 on 80-100 mesh diatoport S. Chroma
tographic analysis of the benzenes did not indicate any 
detectable impurities. Hydrogen and deuterium were 
analyzed on a C.E.C. 620 mass spectrometer.

The reaction was carried out at benzene pressures 
of 200 X 10“ 3 and 10 torr for times ranging from 3 to 
60 min. After the reaction was stopped, the condens
able products were frozen into a stainless steel sample 
flask at liquid nitrogen temperature, and the gas 
above the frozen condensate was analyzed by mass 
spectrometry. These analyses showed that neither 
hydrogen nor deuterium was formed during the photol
ysis. From the known sensitivities of the mass spec
trometer for H 2 and D 2 it was estimated that samples 
as small as 1 0 -9  mole of hydrogen or deuterium could 
have been detected by this method.

The frozen sample was then warmed up and a 500-/d 
gas syringe sample was taken and analyzed by gas 
chromatography. A few experiments were done in 
which the sample was only warmed to —90° and the 
volatile gas was analyzed by mass spectrometry.

The chromatographic and mass spectrometric analy
sis showed that the gaseous products formed in the 
reaction were acetylene, ethylene, methylacetylene, 
vinylacetylene and, at high benzene pressures, butene. 
No evidence was found for the formation of biphenyl, 
confirming the observation that hydrogen was not 
formed in the reaction. The amount of volatile prod
ucts formed is much less than the number of quanta

Table I: Products Formed in the Photolysis of C 6H 6 at 1470 A (Benzene Pressure 10 torr)

Time,
min H,“ C2H26 C2H,6

10 N.d. 1 0.03
30 N.d. 1 0.03
60 N.d. 1 0.03

“ Not detected on the mass spectrometer. b These relative peak 
for relative sensitivities. “ Not detected on the SE-30 column.

CHsC2Hi CiH,‘ CiHiCiH* (CsHsV

0.16 0.07 0.24 N.d.
0.17 0.07 0.24 N.d.
0.17 0.09 0.22 N.d.

were determined on a Squalane column and are not corrected

lamp, as measured by C 0 2 actinometry, was 6 X 1014 

quanta/cm2 sec. The C6H6 was obtained from Phillips 
Petroleum Co. and the C6D 6 from Bio Rad Laboratories. 
The benzenes were then degassed under vacuum after 
H20  and C 0 2 had been removed by Na and an ascarite 
column. Gas chromatographic analyses were per
formed using an 18-ft, V8-inch o.d. stainless steel 
column packed with 15% DMS on 60-80 mesh chromo- 
sorb P, a 12-ft, V4-in. aluminum column packed with

(1) J. R. McNesby and H. Okabe, Advan. Photochem., 3, 157 (1964).
(2) H. Ward, J. Wishnok, and P. D. Sherman, Jr., J. Am. Chem. Soc., 
89, 162 (1967).
(3) J. K. Foote, M. H. Mallon, and J. N. Pitts, Jr., ibid., 88, 3698
(1966) .
(4) K. Shindo and S. Lipsky, J. Chem. Phys., 45, 2292 (1966).
(5) L. Kaplan and K. E. Wilzbach, J. Am. Chem. Soc., 89, 1031
(1967) .
(6) M. E. A. El Sayed, M. Kasha, and Y. Tanaka, J. Chem. Phys.,
34, 334 (1961).
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absorbed, indicating the major product is polymer 
formation. The polymer was observed under all reac
tion conditions as evidenced by the decreased transmis
sion of the cell after each run.

Quantitative results were difficult to obtain, except 
at high benzene pressures, because of the small amount 
of gaseous products formed. At these pressures of 
benzene, most of the light is absorbed in a region near 
the window of the reaction vessel and some of the ob
served products may represent secondary photolysis. 
Except for butene, the products formed at high pres
sure, shown in Table I, are identical with the products 
formed at low pressures. The higher acetylenes have 
been observed in the photolysis of acetylene1 and are 
probably the result of secondary photolysis of this 
compound.

The present work shows that reactions 1 and 2 
are not major reactions in the photolysis of benzene 
at 1470 A.

C6H6 +  hv — > C6H6 +  H (1)

CeHe +  hv >  CgHj -f- H 2 (2)

Changes in the Absorption Spectrum 

of Methylene Blue with pH1

by G. S. Singhal and E. Rabinowitch

Department of Botany, University of Illinois, Urbana, Illinois 
(.Received March 7, 1967)

Knowledge of the variations in the absorption spec
trum of methylene blue (MB) in different solvents and 
at different pH is important in view of applications of 
this pigment in biology, clay mineralogy, and some 
basic photochemical experiments.2

The effects of pH, time, and temperature on the 
methylene blue spectrum in aqueous solutions had been 
studied before.3-7 Demethylation of tetramethyl thi- 
onine (methylene blue) to trimethyl thionine (TMT, or 
“ methylene azure B” ) and to asymmetric dimethyl 
thionine (“ methylene azure A” ) had been shown to 
occur.3 4 5 6 7 Suggestion that TM T might exist in two 
tautomeric forms was made by Holmes and Snyder.4b 
TM T is present as a positive ion in acidic solution and 
as a neutral molecule in alkaline solution.8 The dimer 
MB2+ is formed in aqueous solution at pH 3.4 at con
centrations above 2.5 X 10-6.9 Palit and Saxena10 11 
have found, at pH 11.2, an increase in the shoulder-to- 
peak ratio in the MB absorption band, suggesting that

more dimer is formed in alkaline solution. They sug
gested that the red form of the dye, extracted into 
benzene at pH 11.2, is a dimer of MB. These observa
tions contradict those of Lewis, et al.,n who had found 
that MB does not dimerize in solvents of low dielectric 
constant (of. also Rabinowitch and Epstein9) .

Figure 1. Absorption spectra: 1, methylene blue in water; 
2, TM T in water; 3, T M T  in ether; 4, T M T  in benzene.

(1) This research was supported by grants from the National Science 
Foundation (GB 3305) and the U. S. Atomic Energy Commission 
(AT(11-1)-1502).
(2) D. Frackowiak and E. Rabinowitch, J. P hys. Chem., 70, 3012 
(1966).
(3) W. J. MacNeal and J. A. Killian, J. A m . Chem. Soc., 48, 740 
(1926).
(4) (a) W. C. Holmes, Stain Techn., 3, 45 (1928); (b) W. C. Holmes 
and E. F. Snyder, ibid., 4, 7 (1929).
(5) R. D. Lillie, ibid., 18, 1 (1943).
(6) Y. Koyama, M. Masuda, and M. Yoshikawa, Osaka Daigaku 
Igaku Zasshi, 10, 1193 (1958).
(7) L. Michaelis, H. P. Schubert, and S. Granick, J. A m . Chem . Soc., 
62, 204 (1940).
(8) K. Bergmann and C. T. O’Konski, J. P hys. Chem ., 67, 2169 
(1963).
(9) E. Rabinowitch and L. P. Epstein, J. A m . Chem. Soc., 63, 69 
(1941).
(10) S. R. Palit and G. K. Saxena, N ature, 209, 1127 (1966).
(11) G. N. Lewis, O. Goldschmid, T. T. Magel, and J. Bigeleisen, 
J. A m . Chem. Soc., 65, 1150 (1943).
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In the above-mentioned studies, spectrophotometric 
identification of the different forms of the dye was ob
tained either by visual examination of the spectrum, or 
by measuring the optical density in the absorption 
maximum, or the peak-to-shoulder ratio in the absorp
tion band in MB solutions of different pH, and com
paring it with the corresponding values in pure water. 
We thought it might be of interest to know more about 
the different stages in the change of the absorption 
spectrum of MB with growing pH and to check whether 
the “ red”  form of MB extracted into benzene, at pH
11.2, really is a dimer. For this purpose, we extracted 
MB into ether or benzene at different pH’s and meas
ured the absorption spectrum after transfer of the dye 
from the organic solvent back into water.

The MB of Merck and Co. was purified by crystalliz
ing it once from 0.1 N HC1 and then twice from water. 
The resulting product had an absorption peak at 663- 
664 nm (Figure 1), and a molar extinction coefficient 
in this peak equal to 9.0 X  104. In the concentration 
used, its aqueous solution had a pH of 4.5. Concentra
tions used were below 1 X 10_5 M. All of the absorp
tion spectra were measured with a Bausch and Lomb 
spectrophotometer (Spectronic 505).

Results and Discussion

When a buffered aqueous solution of the dye (pH
8.5) was shaken with ether, the ether layer became 
slightly pinkish. The absorption spectrum of the ether 
solution and that of the residue from evaporation of 
the ether extract, dissolved in water, are given in Figure 
1. Also given in this figure is the spectrum of the same 
residue dissolved in benzene. Shaking under argon 
instead of air did not make any difference. The posi
tion of the absorption maximum (650 nm) in water 
suggests that this product is trimethyl thionine (TM T).8 
The addition of oxalic acid to the ethereal solution 
turned the red color into pinkish blue. When this 
solution was shaken with water, the ether layer grad
ually turned from pinkish to colorless and the water 
layer became increasingly blue in color. Even without 
the addition of any oxalic acid, when the ethereal solu
tion of TM T was shaken with water, the water layer 
became bluish. The absorption maximum of aqueous 
solution was in both cases at 650 nm. This observa
tion indicates that, presumably, TM T (red form) is 
extracted into ether or benzene as a neutral molecule, 
while the blue form of TMT, present in neutral or acidic 
aqueous medium, is an ion. A break in the E0 vs. pH 
curve at pH 12.2 confirms the existence of two forms 
of TM T. A similar transition point could not be ob
served in MB in the same pH range. These observa-

Figure 2. Absorption spectra: 1, TM T in water at pH 13.0;
2, T M T  solution (pH 13.0) adjusted to pH 3.0; 3, 
ether extract of T M T  solution (pH 13.0) dissolved 
in water (pH ■—'6.5) ; 4, ether extract of TM T 
solution (pH 13.0) dissolved in water (pH ~4.0).

tions are in agreement with those of Bergmann and 
O’Konski8 referred to earlier.

To check the reversibility of the acid-base conversion, 
the following two TM T spectra in aqueous solution 
were compared; one was measured with TM T solu
tion having pH 13.0 (Figure 2) and the other with TM T 
first dissolved in an aqueous solution of pH 13.0 and 
then adjusted to pH 3.0 (Figure 2). The blue shift of 
the band (Xmax ^635 nm) in the second case suggests 
that the acid-base equilibrium of TM T is not com
pletely reversible. This contention is further supported 
by spectra of the aqueous solution, prepared from TM T 
extract in ether (obtained from aqueous TM T solution 
at pH 13.0), adjusted to pH 4.0 and pH 6.5 (Figure 2). 
This incomplete reversibility probably indicates a 
further déméthylation of TMT, which seems to be 
base-catalyzed, and also suggests that it may be difficult 
to obtain pure TM T because of further déméthylations.

Following the observations5 that the absorbancy 
changes of alkaline solutions are time dependent, the 
time course of these changes was studied. The absorp
tion in the region of 610 nm, in an alkaline solution of
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Table I :  OD at 610 nm/OD at 663 nm as a Function of Time at pH 10.7 and as a Function of pH (after 30 min)

OD at 610 nm 
OD at 663 nm

-------------------------------------------------Time, hr-------------------------------------------------------- * /■--------------------------pH-
0 0.83 2.5 18 70 90 6.7 11.0

0.705 0.748 0.768 0.785 0.878 0.905 0.695 0.732

13.0

1.19

Figure 3. Absorption spectra of differently demethylated 
methylene blue: 1, dimethyl thionine, obtained from MB 
solution (pH ^12.0) within 1 hr; 2, monomethyl 
thionine, obtained from a MB solution (pH ~10.7) 
after about 60 hr; 3, completely demethylated 
M B-M B solution (pH ~12.0) measured after 1 week.

MB (pH 10.7) when measured within 1 hr, was com
paratively stronger than in pure water. With time, 
the over-all absorption decreased and the relative ab
sorption around 610 nm increased (Table I). Also in
cluded in the table is the pH effect on the ratio of OD 
at 610 and 663 nm. After about 60 hr, the pink form 
was extracted from MB solution (pH ■—'10.7) into ben
zene and dried under vacuum. Its aqueous solution 
had Amax 610 nm and a shoulder at ~570 nm (Figure 3, 
curve 2).

In another series of experiments, extraction into ben
zene from an aqueous solution at pH 12 was completed 
within 1 hr. Aqueous solution of the extracted material 
had its Amax at 619 nm, with a shoulder at ~578 nm 
(Figure 2, curve 1).

Formanek12 found the absorption maxima of mono-, 
di-, tri-, and tetramethyl thionines at 610, 622 (sym
metrical), 652, and 667 nm, respectively. As reported 
above, we have observed the absorption maxima for the 
red forms, obtained at different pH values and at dif
ferent times, at 610, 619, and 650 nm. These are in

good agreement with Formanek’s values for mono-, 
di-(symmetrical) and trimethyl thionines. This sug
gests that the red or pink forms, which we observed in 
alkaline solutions under different pH conditions and at 
different times, were the different demethylated prod
ucts of MB. Comparison of absorption maxima at 
589 nm (Figure 3, curve 3) of the solution (pH 12) 
measured after a week with that of thionin (Amax 595 
nm) leads to the conclusion that ultimately MB may 
be completely demethylated, i.e., converted to thionine.

Our results do not support the conclusion of Palit 
and Saxena10 that the red extract of MB contains a 
dimer. The spectrum of all red forms observed had 
the shoulder attributable to a vibrational sub-band 
(Figure 3) in the same relative position in which the 
absorption band of the dimer usually appears in dye. 
It seems that the red form is not an MB dimer, which 
has been reported to have two absorption peaks, at 
610 nm and at 700 nm.8 The spectrum of TM T in 
benzene or ether (Figure 1) gives support to this con
clusion. The two forms of the demethylated dye can 
be expressed as

blue form of T M T  present in acidic 
or neutral aqueous solution

red or pink form of T M T  present 
in basic solutions, readily soluble in 
ether or benzene

Bergmann and O’Konski also suggested a similar acid- 
base transition in TM T.8

Summarizing the above results, it seems that in basic 
solutions methylene blue is stepwise demethylated, de
pending upon pH and time. The red form, observed 
in basic solutions, probably is the neutral form of the 
demethylated product.

(12) J. Formanck, “Untersuchung und Nachweis organischer Farb
stoffe aud spektroskopischem Wege,” 2nd ed, Part 1, J. Springer, 
Berlin, 1908, pp 142-164.
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Product Inventory of the Radiolysis 

of Crystalline Choline Chloride1

by Margaret Ackerman and Richard M. Lemmon

Laboratory of Chemical Biodynamics, Lawrence Radiation Laboratory, 
University of California, Berkeley, California 
{Received March 17, 1967)

The earliest report of the unique radiation sensitivity 
of crystalline choline chloride indicated that the identi
fied radiolysis products, trimethylamine and acetalde
hyde, accounted for essentially all the decomposed 
choline.2 However, that indication was provided 
principally by paper chromatographic studies of non
volatile products. The present study, which includes 
quantitative measurements of all detectable products, 
was undertaken in the hope that a full product in
ventory would shed further light on this unique radioly
sis mechanism.

Experimental Section
Sample Preparation and Irradiation. The unlabeled 

choline chloride used was the Eastman Organic Chemi
cals White Label product. The 14C-methyl-labeled 
compound was prepared by allowing 14CH3I to react 
with dimethylaminoethanol; the resultant iodide was 
converted to chloride by treatment with Ag20  followed 
by HC1. The labeled chloride was recrystallized from 
ethanol-ether. By means of a 3000-curie 60Co source, 
the crystalline samples (133 mg each) were given a 
total dose of 28-192 Mrads at a rate of 11.6 X 10s 
rads/hr. In order to look for a dose rate effect, in one 
experiment (5) the dose rate was increased to 116 X 
10B rads/hr.

Determination of Hydrogen, Methane, and Acetalde
hyde. The irradiated samples were connected (through 
break-seals) to a vacuum system of known volume fitted 
with a Zimmerli pressure gauge and two traps. The 
first trap served both as a collector of volatile products 
and as a reservoir for the ethanol that was used to dis
solve the sample. The second trap contained 4-A 
Molecular Sieve (Linde) onto which methane was 
quantitatively absorbed at —196° and quantitatively 
released when the trap was subsequently heated to 
150° for a few minutes.

After the seals were broken and ethanol distilled into 
the sample tubes to dissolve the crystals, all volatile 
materials were distilled into the first trap (held at
— 196°). Hydrogen and methane passed through, the 
methane to be absorbed in the sieve trap (also at
— 196°). The amount of H2 was determined by its

pressure in a known volume. The methane was deter
mined by gas chromatography (glpc) (Varian Aerograph 
Model A-350, 5-A molecular sieve column, 4 ft X 0.25 
in., 80°, flow rate (He) 30 cc/min, CH4 retention time 
16 min).

The compounds in the first trap were determined by 
glpc (A-350, 20-ft X 0.38-in. column of 30% “ UCON 
Polar”  on acid- and dimethylchlorosilane-treated 45/60 
Chromosorb W, 70°, flow rate 30 cc/m in). The follow
ing compounds (identified by mass spectrometry) were 
found at the indicated retention times (minutes): 20, 
CH3C1; 32, acetaldehyde; 70, ethanol (solvent); 88, 
acetal; 110, crotonaldehyde; and 140, paraldehyde. 
The yields of these products were determined by peak- 
area comparisons with known amounts of these com
pounds.

Methyl Chloride as a Radiolysis Product. During the 
course of earlier work on the radiolysis of choline chlo
ride, traces of methyl chloride had been observed (but 
not reported) on gas chromatograms used to purify 
deuterated acetaldehyde and trimethylamine products.3 
In the present study, at a total dose of 30 Mrads, only 
barely detectable amounts of methyl chloride were 
formed. In the earlier work, higher total doses at 
higher dose rates were usually employed. Suspecting 
that either or both of these factors could be responsible 
for the production of methyl chloride, we prepared four 
0.5-g samples of crystalline choline chloride. Sample
1 received 30 Mrads at 11.6 X 10B rads/hr (the same 
dose rate and approximately the same total dose as 
given to all other samples in the present work). Sample
2 received 30 Mrads at 116 X 10B rads/hr. Sample 3 
received 192 Mrads at 116 X 10B rads/hr (the dose rate 
and total dose used in the previous work3) . Sample 4 
received 192 Mrads at 11.6 X 105 rads/hr. The vola
tile products from all samples were chromatographed on 
“ UCON Polar,”  as described above. Only samples 3 
and 4, those receiving a total dose of 192 Mrads, con
tained a detectable amount (about 0.2% of the de
composed choline) of methyl chloride.

Determination of Trimethylamine and Polymer. Cur
rent and past work have shown that the trimethylamine 
produced in the radiolysis appears as the hydrochloride 
salt. No detectable amounts of trimethylamine had 
ever been observed until base was added to an irradiated 
sample. Past work had also indicated that no other 
amines were being formed in appreciable quantity since 
radioautographs of paper chromatograms of irradiated

(1) The work described in this paper was sponsored by the U. S. 
Atomic Energy Commission.
(2) B. M. Tolbert, et al, J. Am. Chem. Soc., 75, 1867 (1953).
(3) R. M. Lemmon and M. A. Smith, 85, 1395 (1963).
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Table I : Products Appearing in the y Radiolysis of Crystalline Choline Chloride

Dose, Time of ---------------- ----------- Product formation-
Mrads (at storage Choline %

Expt 11.6 X 105 at 25°, decomposed, Amount, decompd
no. rads/hr) days“ mmoles Compd mmole choline

1 37.2 143 0.372* h 2 0.014 3 . 8

c h 4 0.008 2 . 1

CHaCHO 0.351d 9 4 . 4

2 34.9 232 0.358“ h 2 0.008 2 . 2

3 28.2 15 O 00 h 2 0.007 to CO

c h 4 0.008 2.6
c h 3c h o 0.296“ 95.2

4 192 1 0.88s CH 3C1 0.002* 0.2
5 192/ 1 1.79° CH 3C 1 0.004* 0.2
6 32.6 422 0.2841' (CHahN 0.288 100

Polymer <0.002 <1
7 29.3 15 0.252’ CH 3CHO 0.242'' 96.5

(CHa)aN 0.252 100
Polymer <0.002 <1

8 28.2 181 0.311 CL <0.003 <1

“ Between irradiation and analysis. Earlier work has shown that, for a given radiation dose, the per cent decomposition is dependent 
upon this time: R. O. Lindblom, R. M. Lemmon, and M. Calvin, J. Am. Chem. Soc., 83, 2484 (1961). 6 Sum of products found on
gas-liquid partition chromatograms. e Estimated from decompositions measured in similar samples. d Sum of (in mmoles): CH 3CHO
(0.022), acetal (0.133), crotonaldehyde (0.023; equivalent to 0.046 CH3CHO), paraldehyde (0.050; equivalent to 0.150 CH3CHO). 
* Sum of (in mmoles): CH 3CHO (0.011), acetal (0.076), crotonaldehyde (0.004; equivalent to 0.008 CH 3CHO), paraldehyde (0.067; 
equivalent to 0.201 CH 3CHO). s Dose rate 116 X 105 rads/hr. ’ Based on amount of CH 3CHO observed from the irradiation of 
500 mg (3.53 mmoles) of choline chloride. * At lower total doses there was no detectable CH 3C1. * Determined by counting undecom
posed choline-14C on paper chromatogram. ' Sum of (in mmoles): CH3CHO (0.04), acetal (0.091), crotonaldehyde (0.003; equivalent
to 0.006 CH 3CHO), paraldehyde (0.047; equivalent to 0.141 CH 3CHO).

14C-methyl-labeled choline chloride revealed only two 
active spots: one was undecomposed choline chloride 
and the other was trimethylamine hydrochloride. In 
order to confirm this observation by gas chromatog
raphy, the volatile products from a 1-g sample of irra
diated choline chloride were observed directly by glpc 
(10-ft X 0.25-in. column of 15% THEED 5% TEP on 
60/80 Chromosorb W, 65°, He flow rate 40 cc/min— a 
column that will cleanly separate NH3, methylamine, 
dimethylamine, and trimethylamine). Only trimethyl
amine (¿r 2.7 min) was observed on this chromatogram.

Because the amounts of undecomposed choline 
chloride and of polymer formed could be learned at the 
same time, paper (rather than gas) chromatography 
was chosen as the means of determining the amount of 
trimethylamine formed. Consequently, two 100-mg 
samples of the 14C-methyl-labeled compound, contain
ing a total activity of 9.2 X 104 dpm, were prepared and 
irradiated (30 Mrads). The samples were stored 
422 days; then the tube was opened and the crystals 
were dissolved in 1 ml of methanol. An aliquot (10 
m1) was withdrawn from each sample and chromato
graphed (one direction) on Whatman No. 1 paper using

1-butanol-water-12 N HC1 (4 :1 :1) as a developing 
solvent. Radioautographs of these chromatograms 
were used to locate the radioactive spots so that the 
amount of activity could be measured by a Geiger tube. 
Trimethylamine hydrochloride and undecomposed cho
line chloride were the only detectable radioactive spots. 
Polymeric material, which had been observed previously 
on the origin of chromatograms from samples given 
192 Mrads, was not produced in detectable amounts by 
the 30-Mrad dose given these samples (under conditions 
when as little as 1% could have been observed). The 
percentages of trimethylamine hydrochloride are es
sentially equivalent to the percentages of choline de
composed.

Search for CI2 as a Possible Radiolysis Product. The 
search for Cb was made by chromatographing all the 
volatile products from the irradiated crystals; the 
crystals were dissolved in absolute ethanol and the 
volatiles (including EtOH) vacuum-line transferred 
into a trap from which they could be directly injected 
into a gas chromatograph (Varian Aerograph Model 
A-350, 5-ft X 0.25-in. column of “ Poropak Q,”  50°,
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He flow rate 40 cc/min). Under these conditions the 
retention time for Cl2 is 2.3 min.

Results and Discussion

The quantitative data on the radiolysis products are 
presented in Table I and may be summarized as follows.

(1 ) Experiments 1-3 show that H2 and CH4 are only 
very minor products at doses of about 30 Mrads and 
postirradiation storage times of 15-232 days. The 
average per cent of decomposed choline appearing as 
H2 is 2.7%. This corresponds to a C?(H2) from choline 
chloride of 1.1. The corresponding average figure for 
(7(CH4) is 0.9. These are representative G values for 
the production of H2 and CH4 from, for example, 
saturated hydrocarbons.4 Since the radiolysis of 
crystalline choline chloride has been observed with 
G( — M) values as high as 55,000,5 it is reasonable to con
clude that the H2 and CH4 come from ordinary, random, 
radiolytic processes that are unrelated to the unique, 
chain-decomposition mechanism.

(2) Experiments 4 and 5 demonstrate that CH3C1 
is also a very minor product. We were unable to detect 
this compound in 30-Mrad irradiations. At 192 Mrads 
we did find detectable CH3Cl-about 0.2% of the total 
decomposition products and independent of the dose 
rate. The corresponding G(CH3C1) is 0.06.

(3) Experiments 6 and 7 show that there is very little 
polymer formed at 30 Mrads. We know from previous 
unpublished observations that extensive radiation 
décomposition leads to more polymer; here, however, 
at about 30% decomposition, the polymer formation is 
negligible. What this polymer may be is suggested by 
the appearance of crotonaldehyde and paraldehyde 
(see footnotes d, e, and j  in Table I). It is well known 
that aldehydes tend to polymerize on irradiation.6

(4) Experiment 7 relates the appearance of acetalde
hyde (determined by gas chromatography) to that of 
trimethylamine (determined by paper chromatog
raphy): An exact duplicate of this experiment was
performed and led to almost identical results; that 
experiment, in the interests of space saving, is not re
corded in the table. This work further indicates that 
acetaldehyde and trimethylamine account for nearly 
all of the radiation decomposition of choline. The 
96.5% value for acetaldehyde (last column) is a mini
mal figure; small mechanical losses are expected during 
transfer operations.

(5) Experiment 8 was a direct search for molecular 
chlorine as a possible radiolysis product. (Again, a 
separate experiment, with very similar results, was 
performed.) This search was made because of the 
possibility that Cl atoms could be involved in the radi
olysis mechanism, a possibility suggested by the ap

pearance of CH3C1 at higher doses. However, the re
sults of this work indicate that if any Cl2 is formed, it is 
less than 1% of the decomposed choline (we are unable 
to set a smaller upper limit because water and Cl2 have 
the same retention time on our “ Poropak”  columns).

(6) Other compounds sought, but not found on our 
chromatograms, were ethylene glycol, ethylene chloro- 
hydrin, methylaminoethanol, and dimethylamino- 
ethanol.

The present work clearly indicates that the decom
position mechanism is very clean. The chain mecha
nism leads very specifically to a scission of the choline 
cation between the nitrogen atom and the adjacent 
methylene carbon, leading to the production of tri
methylamine and acetaldehyde. For. doses up to 
about 3 X 107 rads and approximately 30% choline 
decomposition, all other products comprise, at most, 
only 5% of the total radiolysis yield.

(4) A. J. Swallow, "Radiation Chemistry or Organic Compounds,” 
Pergamon Press Inc., New York, N. Y., 1960, pp 61-75.
(5) R. O. Lindblom, R. M. Lemmon, and M. Calvin, J . A m . Chem. 
Soc., 83, 2484 (1961).
(6) J. C. McLennan and W. L. Patrick, Can. J . R es., 5, 470 (1931).

Second-Order Spectra of 

Symmetric Cyanine Dyes

by Robert A. Berg, Gloria Moyano, 
and Richard A. Pierce

Departm ent o f  C hem istry, W ashington University,
St. L ou is, M issou ri 631 SO (Received M arch  30, 1967)

The analysis by Kuhn1 of the spectra of cyanine dyes 
is one of the outstanding successes of the particle-in-a- 
box model applied to the interpretation of molecular 
spectra. That work was concerned entirely with the 
first, allowed transition corresponding to An =  1 and 
was based largely on the data reported previously by 
Brooker, et al.,2 on the transitions of longest wave
length. We report here on the second-order absorption 
spectra of a particular set of cyanine dyes, of which one 
of the primary resonance structures is

Et EtU
J  =  0 , 1 ,  2, 3

(1) H. Kuhn, Helv. Chim. A cta , 31, 1441 (1948).
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The dyes were obtained from the Pierce Chemical Co. 
Spectra were taken in methanol solution with a Perkin- 
Elmer 202 spectrophotometer. Extinctions measured 
in the visible transitions agreed with the values reported 
by Brooker, et al.2 The second-order spectra in the 
near-ultraviolet region are shown in Figure 1.

We have assigned these spectra to the transitions 
An = 2. Two transitions of this type are possible: 
one from the next to last filled electronic level tc the first 
unfilled level and another, of higher energy, from the 
last filled level to the second unfilled level. The spec
tra of Figure 1 show two resolved peaks in two cases 
and a single, broad absorption in the other two cases; 
the shoulder on the short-wavelength side of J =  1 may 
correspond to the second transition. The designations 
a and b are made accordingly. In the particle-in-a-box 
model there are no adjustable parameters in the predic
tion of wavelengths of the second-order transitions. 
The calculations require only the experimental wave
length of the visible transition Xi and the number of 
units in the conjugated chain. The results for our 
series of dyes are X2a = (2 / +  7)/(4J  +  12)Xr and 
X2b =  (2J +  7)/(4J +  16)Xi. The calculations and ob
servations are presented in Table I. The agreement is 
about as good as for the visible transitions.1

Table I : Wavelengths (A) of Second-Order Transitions

2̂a, Xîh, X2,
J Xi calcd calcd obsd

0 4230 2470 1850 2665, 2385
1 5590 3140 2510 2975, 2650
2 6540 3590 3000 3279
3 7580 4110 3530 3620, 3080

All of the second-order bands obey Beer’s law for the 
monomeric species. Integrated intensities have been 
measured as fed  In P, where e is the molar extinction 
coefficient and P is frequency in reciprocal centimeters. 
The second-order bands are only 1/s~1/io as intense as 
the visible transition. For example, with /  =  3 the 
integrated intensity is 2.58 X 104 l./mole-cm in the 
visible and only 0.29 X 104 l./mole-cm in the sum 
of the two second-order transitions. It is known3 that 
the particle-in-a-box model accounts very well for the 
relative intensities of the visible transitions in a series 
of dyes; for J =  0, 1, 2, and 3 the calculated3 relative 
integrated intensities are 0.28, 0.47, 0.71, and 1.00, 
respectively, and our observed relative intensities 
are 0.28, 0.50, 0.78, and 1.00. There is no simple way 
to calculate the intensities of the second-order transi
tions since they are forbidden in the particle-in-a-box

WAVELENGTH(X)

Figure 1. Second-order spectra. The relative absorbance 
scale for each dye is independent; however, for each dye a 
base line is given and the extinction coefficient e of the peak 
at 2200 A is nearly constant in the series at 3.5 X  104 
l./mole-cm, so absolute values of e can be obtained.

model. However, we expect that as these transitions 
become symmetry allowed (see discussion below), the 
relative intensities would be the same as the relative 
intensities of the An = 1 transitions, this being deter
mined only by the “ box” length.3 The observed relative 
intensities in the second-order transitions are 0.60, 
0.82, 0.76, and 1.00; in these bands there is an irregular 
increase of intensity with “ box”  length.

Cyanine dyes oriented in stretched polyvinyl alcohol 
(PYA) film show directional absorption4 and fluores
cence8 of the visible transition, with the electric vector 
of the light parallel to the strain direction. We have 
prepared oriented PVA films containing some of the 
cyanine dyes reported above. These show a prefer
ential absorption of the second-order transitions in the 
same direction as for the visible, allowed transitions. 
However, the degree of linear dichroism is much less 
than in the visible bands; for example, the J — 1 dye 
in an oriented film gave a dichroic ratio of 4.9 in the

(2) L. G. S. Brooker, H. R. Sprague, C. P. Smyth, and G. L. Lewis, 
J. A m . Chem. Soc., 62 , 1116 (1940).
(3) C. Sandorfy, “ Electronic Spectra and Quantum Chemistry,” 
Prentice-Hall, Inc., Englewood Cliffs, N. J., 1964, Chapter 14.
(4) E. H. Land and C. D. West, Colloid Chem ., 6 , 176 (1946).
(5) H. Kuhn, / .  Chem. P h ys., 17, 1198 (1949).
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visible transition and only 1.6  in the second-order transi
tion.

Simpson6 has identified second-order peaks in the 
spectra of a series of two polymethine dyes. We have 
presented here a more extensive series; furthermore, the 
second-order bands are very well isolated in all but the 
first member of this series. The transitions An =  2 
are forbidden in molecules with a center of symmetry. 
It seems that in the ground and excited electronic states 
there is sufficient rotation about double bonds, or 
asymmetric vibration, so that the symmetry restriction 
is lifted and the “ forbidden”  transitions appear. This 
explanation is consistent with the reduced linear 
dichroism in the second-order spectra, as well as the 
poor fit of relative intensities to calculations based on 
the particle-in-a-box model. However, that model 
can still be used as a good first approximation in pre
dicting the wavelengths of the second-order spectra of 
symmetric cyanine dyes.

Acknowledgment. This work was supported in part 
by a grant to Washington University from the National 
Aeronautics and Space Administration and by a grant 
from the Research Corporation.

(6) W. T. Simpson, J. Chem. P h ys ., 16, 1124 (1948).

The Vaporization of Cadmium Phosphide1

by Richard Schoonmaker and Kenneth Rubinson

Departm ent o f  Chem istry, Oberlin College, Oberlin, Ohio 
(Received A p r il 19, 1967)

Metal phosphides are attractive compounds for 
studies of the kinetics of retarded vaporization since 
they vaporize by decomposition to relatively simple 
gaseous species with well-known structures and thermo
dynamic properties. As a class, they have been the 
object of increasing interest in recent years as a result 
of their semiconducting properties. At the present 
time there is remarkably little available information 
about the thermal stabilities of phosphides.

Shchukarev and co-workers2 reported a heat of forma
tion for ZnsP2(c) of —98 kcal/mole while in subsequent 
work3 a heat of formation of — 27 kcal/mole was re
ported for Cd3P2(c). The large difference between 
Shchukarev’s heats of formation for zinc and cadmium 
phosphides, which have the same crystal structure,4 
is unexpected since a drastic change in bonding would

not be predicted when zinc is replaced by cadmium in 
the crystal. Schoonmaker, Venkitaraman, and Lee,5 6 

hereafter referred to as SVL, have reported AH ° 2ss- 
[Zn3P2(c)] =  —39.5 kcal/mole. In addition, they 
found evidence for a low coefficient for vaporization 
from Zn3P2(c) and concluded that an enthalpy barrier 
to activation for vaporization was at least partially 
responsible for deviation of the vaporization coefficient 
from unity. The present work was undertaken to 
determine the thermal stability of cadmium phosphide 
and to investigate the extent of analogy between the 
processes of vaporization from crystalline zinc and cad
mium phosphides.

Experimental Section
The torsion effusion and mass spectrometric ap

paratus and experimental techniques used in this work 
are similar to those previously described.5’6 Finely 
divided, polycrystalline Cd3P2 was prepared by direct 
union of the elements at 450-500° in an evacuated, 
sealed tube. A sample of the product was analyzed for 
cadmium by electrodeposition and gave 84.48% com
pared to a theoretical value of 84.49. X-Ray diffraction 
spectra of the phosphide provided no evidence for un
combined cadmium metal. On solution of the finely 
powdered phosphide in dilute acid there was either no 
residue or only a faint trace of undissolved phosphorus.

Three conventional, double-orifice torsion effusion 
cells were machined from high-density graphite. The 
torque cells were identical except for effective orifice 
areas which were in the ratio 9.1:2.7:1 for cells 1, 2, 
and 3, respectively. For each cell, several runs were 
made with torsion fibers of 0.0025- and 0.0051-cm 
diameters. Mass spectrometric analyses were made 
on a molecular beam generated by vaporization of 
Cd3P2(c) in a Knudsen cell with an orifice diameter of 
0.140 cm.

Theory
Detailed theory applicable to this work has been 

described by SVL.5 A linear equation (1) has been

1/Pt =  M ( W a )  +  (1/p.) (1)

(1) This work was supported by grants from the U. S. Army Research 
Office (Durham) and the National Science Foundation.
(2) S. A. Shchukarev, M. P. Morozova, and G. Grossman, Zh. 
Obshch. K h im ., 25, 633 (1955).
(3) S. A. Shchukarev, M. P. Morozova, and M. M. Bortnikova, 
ibid., 28, 3289 (1958).
(4) W. B. Pearson, “ A Handbook of Lattice Spacings and Structures 
of Metals and Alloys,”  Pergamon Press Ltd., London, 1958.
(5) R. C. Schoonmaker, A. R. Venkitaraman, and P. K. Lee, J . 
P h ys. Chem., 71, 2676 (1967).
(6) P. K. Lee and R. C. Schoonmaker, ‘ ‘Condensation and Evapora
tion of Solids,” Gordon & Breach Publishing Co., New York, N. Y., 
1965, p 379.
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used to extrapolate pressure in the effusion cells, pt, to 
zero effective orifice area, Wa, to obtain the total 
pressure, pe> of all gaseous species in equilibrium with 
solid cadmium phosphide. If the vaporization occurs 
by congruent decomposition according to (2) and if the

Cd3P2(c) y iT  3Cd(g) +  y 2P4(g) (2)

P 2(g )

partial pressure of P2(g) is neglible compared tc that of 
P4(g), the equilibrium constant for (3) and the partial 
pressures of P4(g) and Cd(g) may be related to the 
total equilibrium pressure by the equations: K p = 
0.238peVV Pp4 = 0.143pe; pCd = 0.857pe.

Cd3P2(c) ^  3Cd(g) +  y 2P4(g) (3)

Results
At the beginning of runs with fresh samples, torque 

cell deflection was larger than the steady-state value 
to which it declined after a period of time. The steady 
state was constant and reproducible for several hours.

In the earliest runs sample weights were recorded, 
but no precaution was taken to use identical quantities 
for different runs with a given cell with the consequence 
that while the data for any single run were reproducible, 
pressures with a given cell were not consistent when 
different runs were compared. When a large number of 
pressure measurements was available it was apparent 
that pressure in the torque cell varied with sample 
weight and it was concluded that sample surface area 
effects were important. This conclusion was verified by 
use of a differential torque cell7 which is, in effect, two 
identical conventional, double-orifice torque cells ar
ranged in such a way that effusion from a set of orifices 
in one cell produces a torque couple which acts in op
position to the couple produced by effusion from he 
other cell. When one set of chambers contained ap
proximately twice as much sample as the other set, the 
differential torque cell deflected in the direction which 
would be expected if the effusion rate was greater in 
the set which contained the larger weight of Cd3P2(c). 
In all subsequent runs exactly the same weight of 
samples was used.

Figure 1 shows the temperature and orifice area de
pendences of total pressure over Cd3P2(c) in three dif
ferent torque cells. The line for each cell is a composite 
of data from several runs with both 0.0025- and 0.0051- 
cm diameter torsion fibers. The data for each cell 
were smoothed by a least-squares procedure and total 
pressures were calculated for each cell at 1 0 ° intervals 
over the temperature range 530-650°K. Figure 2 

illustrates a typical linear extrapolation, eq 1 , from

Figure 1. Logarithm of the total pressure in torsion effusion 
cells vs. reciprocal temperature: O, 0.0025-cm diameter torsion 
fiber; A and □ , 0.0051-cm diameter torsion fibers.

which the total pressure of all gaseous species in equilib
rium with crystalline cadmium phosphide may be 
determined. The temperature dependence of the 
vapor pressure is well represented by log pe (atm) =
( — 7725.2/ T1) +  8.4933.

Visual observation, mass spectrometric analyses of 
effusing vapors, and comparison of X-ray diffraction 
spectra of fresh samples and residues after vaporization 
all provided strong evidence for vaporization of cad
mium phosphide by congruent decomposition. The 
detailed reasoning is very similar to that previously 
presented for zinc phosphide.5 For example, in the 
mass spectrometric studies no ions were detected which 
contained both cadmium and phosphorus, but, over a 
temperature range of 130°, the C d+/P4+ ratio remained 
essentially constant while the Cd+ intensity changed 
by a factor of more than 103. In the interest of brevity 
we do not reproduce further details of the argument. 
In the congruent decomposition, equilibrium total 
pressures may be used to calculate the partial pressures 
and equilibrium constants listed in Table I. Even for

(7) R. C. Schoonmaker, A. Buhl, and J. Lemley, J. P hys. Chem., 69, 
3455 (1965).
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Figure 2. Linear extrapolation of 1 /pa to zero effective 
orifice area at 540°K: □ , A, O, cells 1, 2, 3, respectively.

the torque cell with the largest orifice, P2(g) is a neglible 
species in the analysis since the ratio pp2/pp4 ~  10~3 
over the temperature interval of this work.

Table I  : Thermodynamic Data for the 
Decomposition of Cd3P2(c)“

Temp,
°K PCd pp,

Kp = 
PCd3PP41/2

530 7.06 X IO -7 1.18 X  10~7 1.20 X 10-22
540 1.32 X  10-« 2.20 1.07 X  IO“ 21
550 2.41 4.01 8.86 X  10~21
560 4.26 7.10 6.50 X 10~2°
570 7.52 1.26 X 10~6 4.77 X 10“ 19
580 1.29 X  10“6 2.14 3.08 X 10“ 18
590 2.15 3.58 1.88 X 10~17
600 3.54 5.90 1.07 X  10"16
610 5.82 9.96 6.13 X  10“ 16
620 9.25 1.54 X IO“6 3.09 X 10~16
630 1.47 X  IO "4 2.44 1.56 X 10“ 14
640 2.29 3.81 7.40 X  IO“ 14
650 3.51 5.84 3.30 X IO“ 13

» All pressures are in atmospheres.

Figure 3 is a plot of log K p vs. reciprocal temperature 
from the slope of which AH°m =  124 ±  4 kcal/mole 
may be determined for the decomposition represented 
by eq 3. Temperature dependences of ion intensities 
corresponding to Cd+ and P4+ from mass spectrometric 
measurements on vapors effusing from a Knudsen cell

Figure 3. Logarithm of K p vs. reciprocal 
temperature for Cd3P2(c) ^  3Cd(g) +  V2P4(g).

gave values of 128 and 133 kcal/mole from the slopes 
of plots of log [T,/!7Cd+3/p i+1/2] vs. reciprocal tempera
ture. The torsion effusion value of 124 kcal/mole for
(3) may be combined with thermochemical data from 
standard references8,9 for phosphorus and cadmium and 
[H°m — H °298] =  9.1 kcal/mole for Cd3P2(c), estimated 
from the classical harmonic oscillator approximation, to 
give a value of —29.5 ±  5 kcal/mole for the enthalpy 
of formation of Cd3P2(c) from crystalline red phosphorus 
and cadmium.

From the relation a <  (1 /MpeA'), where M  is the 
slope in eq 1 and A' is the cross-sectional area of the 
torque cell sample chamber, upper, limits to the gross 
coefficient for condensation or vaporization of cadmium 
phosphide may be calculated which vary with tempera
ture from 6.1 X 10~4 at 530°K to 5.6 X 10~3 at 650°K.

Discussion
Zinc and cadmium phosphides both vaporize by 

congruent decomposition in the temperature range 
around 600°K and both compounds have low gross 
coefficients for condensation on or vaporization from 
the M 3P2 crystal surface. The heat of formation of

(8) K. K. Kelley, Bureau of Mines Bulletin 584, U. S. Government 
Printing Office, Washington, D. C., 1960.
(9) “ JANAF Thermodynamic Data,” Dow Chemical Co., Midland, 
Mich., 1961.
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Cd3P2(c) determined by the torsion effusion method 
employed in this work is in good agreement with 
Shchukarev’s value1 2 which was obtained by calorimetry 
in a KBr-Br2 solution.

The results for Cd3P2, like those of SVL6 for Zn3P2, 
suggest that a is temperature dependent and that the 
deviation from unity may be caused, in part a: least, 
by an enthalpy barrier to activation for vaporization 
which exceeds the equilibrium enthalpy change. The 
foregoing implies that the torsion effusion value for 
AH°t for the vaporization process should be smaller 
than the mass spectrometrically determined values 
since the latter were determined by measurement of 
ion intensities in a steady-state system in which the 
vapor pressure was below saturation. The dependence 
of pressure on sample surface area which was observed 
in this work is consistent with a prediction10 which was 
based on a theoretical model for vaporization from 
porous solids of substances with low vaporization 
coefficients. Motzfeld11 and Rosenblatt10 have dis
cussed the derivation and limitations of equations of 
type (1); and, in particular, they have directed atten
tion to the assumptions which are necessary to obtain 
a simple relationship between a and M. If eq 1 is 
more than an empirical relation which is useful for 
extrapolation purposes and if the limiting values for a 
are meaningful, comparison of values of a from the 
present work with those of SVL6 suggests that the gross 
coefficient for vaporization for cadmium phosphide 
may be considerably smaller than for zinc phosphide. 
There is some evidence to suggest that in both cases as 
well as for the vaporization of red phosphorus12 and 
arsenic13 the low vaporization coefficient may be the 
result of an excess enthalpy of activation associated 
with rearrangement of bond distances and angles in the 
formation of X 4 units which do not exist in the crystal. 
Cd3P2 has a tetragonal D5g structure4 in which each 
phosphorus atom has 12 near neighbors, 4 at 4.26 A, 4 
at 4.34 A, and 4 at 4.45 A. The P -P  distance in P4(g) 
is 2.21 A .14 Although Zn3P2 and Cd3P2 have similar 
crystal structures, the nearest neighbor phosphorus 
distances are considerably larger in the latter, and it 
is possible that the additional separation of phosphorus 
atoms is responsible for the lower coefficient for vapori
zation of the cadmium compound. Unfortunately, a 
test of this hypothesis cannot be extended to mercuric 
phosphide since apparently there is no well-defined 
Hg3P2 phase16 in the mercury-phosphorus system in th e 
temperature range of interest.

The abnormally high initial rate of vaporization 
from fresh samples of Cd3P2 found in this work is 
reminiscent of a result previously observed in the 
vaporization of P4(g) from red phosphorus.12 We can

offer no explanation which is preferable to Brewer and 
Kane’s suggestion that the phenomenon may have been 
the result of distorted or defective crystals in which the 
atoms were not so rigidly fixed as in a perfect crystal.
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stitute, Oxford University, for providing facilities and 
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(10) G. M. Rosenblatt, J. Electrochem. Soc., 110, 563 (1963).
(11) K. Motzfeld, / .  Phys. Chem., 59, 139 (1955).
(12) L. Brewer and J. S. Kane, ibid., 59, 105 (1955).
(13) G. M. Rosenblatt, P. K. Lee, and M. B. Dowell, J. Chem. Phys., 
45, 3454 (1966).
(14) C. R. Maxwell, S. B. Hendricks, and V. M. Mosley, ibid., 3, 699 
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A P o s t e r i o r i  Separation of Faradaic and 

Double-Layer Charging Processes:

Analysis of the Transient Equivalent 

Network for Electrode Reactions

by W. D. Weir

Department of Chemistry, Harvard University,
Cambridge, Massachusetts 02188 (.Received February 24, 1967)

In a recent critique of the assumptions upon which 
several treatments of nonstationary-state electro
chemical processes have been based, Delahay has shown 
that a priori separation of faradaic and double-layer 
charging processes is without operational justification.1 

The coordinate conclusion that a posteriori separation 
can have only formal and not operational significance2 

seems unwarranted, however. This communication 
suggests an operational justification for a posteriori 
separation under appropriate conditions through an 
analysis of the transient equivalent network proposed 
by Weir and Enke.3

(1) P. Delahay, J. Phys. Chem., 70, 2373 (1966).
(2) P. Delahay and G. Susbielles, ibid., 70, 3150 (1966).
(3) W. D. Weir and C. G. Enke, ibid., 71, 280 (1967).
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The central assertion of the Delahay critique is that 
local charge separation or recombination can occur 
under appropriate circumstances without external 
current flow, and this idea was developed for the case of 
an expanding electrode which is potentiostatically 
poised at equilibrium with a solution of fixed concentra
tion of a cation M ~ 2 to which the electrode is reversible. 
As the electrode area is increased, the relative surface 
excess F+ of M +2 can remain constant only by an 
increase in the absolute surface quantity of M +z through 
(i) ionic transport from solution to the double layer, en
forced by the potentiostat, and (ii) local charge sepa
ration, without external current, the result of an in
crease in the rate of the charge separation process, 
M —» M surface+Z +  2 e meta i~ ,  relative to the charge re
combination process, MSUrface+z +  zemetai~ - *  M, with 
which it would be in equilibrium were the area of the 
electrode to remain constant. The relative contribu
tions of processes i and ii to the charging response de
pend upon the relative rates of the potentiostatically 
enforced mass-transport process and the charge-transfer 
reaction. Based upon this analysis of ionic trans
port and charge-separation-recombination processes, 
three equations of general validity were developed by 
Delahay. These equations, upon solution for appro
priate boundary conditions, describe the nonstationary- 
state electrode response. The set of general equations 
and the physical interpretation given by Delahay to the 
response of the expanding electrode as it charges to
ward equilibrium both show unequivocally the in
appropriateness of a priori separation.

Direct extension of the physical argument given for 
this problem by Delahay to the problem of the re
sponse of a constant area electrode which is displaced 
from equilibrium by a coulombic perturbation is not 
without difficulty, however.4 * In the expanding elec
trode problem, with charging toward equilibrium, a 
supplementary contribution to double-layer charging 
through charge separation is a consequence both of 
instantaneous deficiency of surface excess IV and in
stantaneous anodic overpotential, which the potentio
stat acts to reduce; for a constant-area electrode, with 
charging away from equilibrium, such a supplementary 
contribution to double-layer charging through spon
taneous charge separation (in the case of cathodic 
charging) or recombination (for anodic charging) would 
require a displacement of the charge-transfer equilib
rium in the sense opposite to that dictated by the pre
vailing surface excesses and the overpotential. For 
example, in the case of cathodic charging from equi
librium, r+ increases as a consequence of ionic trans
port to the double layer, and this increase is reflected 
in a transient cathodic overpotential. A supplementary

contribution to double-layer charging would require 
further enhancement of T+ through an increase in the 
rate of charge separation, M M +z +  zemetai~> rela
tive to the rate of charge recombination, M +z -f- 
z e metai ~ M, despite the greater-than-equilibrium 
surface excess of M +* and the cathodic overpotential, 
an unreasonable result. Displacement of the charge- 
transfer equilibrium during charging, if it occurs at all, 
must correspond, for this case, to net recombination of 
charges and, in general, to a faradaic process in the usual 
sense of that term.

For the case of coulombic perturbation of a constant- 
area electrode, then, it would appear that formal sepa
ration of ionic transport and charge-separation-re
combination processes corresponds directly to the in
tuitive separation of double-layer charging and faradaic 
processes. It is necessary to qualify this conclusion 
through more detailed consideration of the kinetic 
discharge process over the time interval of charging, 
however.

C
H

a Ra
------— W V

L  Z( t )

Figure 1. Transient network equivalent to the 
metal-electrolyte interface for a charge-transfer process which 
is time-resolved from coupled mass-transport 
and other prior processes.

Consider that a charge increment (dg) 0 is applied 
through an external circuit to an electrode of constant 
area which is initially at equilibrium with a fixed con
centration of an ion M +2 to which it is reversible, and 
that a displacement of electrode potential dtp is ob
served.6 If, over the time interval to which this dis
placement of electrode potential corresponds, a change 
in electrode charge (dg)ri occurs through the faradaic 
discharge process, then the net charge increment for 
the electrode over this potential interval is dq =  
(dg)c — (dq)i. The differential quotient dq/dtp has 
the dimensions of capacitance, and for the case 
where the charge increment is totally nonfaradaic, 
i.e., (dg)a =  0 , the customary differential capacitance

(4) Discussion by F. C. Anson and by H. Gerischer of a presentation 
of the physical ideas of P. Delahay [J. Electrochem. Soc., 113, 967
(1966)] (see pp 972, 973) reflects this difficulty.
(6) Equilibrium between the diffuse layer and the bulk concentration 
of M +z is assumed; removal of this restriction has been treated by 
G. C. Barker, J. Electroanal. Chern., 12, 495 (1966).
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is defined dg/dcp = (dg)0/d p  = C\. If, on the other 
hand, (dg) 0 =  0  (corresponding to open-circuit re
laxation) a discharge capacitance can be defined dq/ 
dip =  — (dg)d/dcp = Ca. Then, because the two con
tributions are defined over the same potential interval 
d<p, the total capacitance of the interface is C — dq/dip 
= (dq)Jdip — (dg)d/d ^  =  Ci +  Ca.6 If the discharge 
process is assumed to be formally decoupled from ionic 
transport, the discharge must involve changes only of 
surface concentrations, expressed as relative surface 
excesses; then (dg)d =  —2F -d r+ if (dg)d is the change 
in electrode charge due to a 2-electron faradaic process 
which changes the surface excess of M +z by d r+ over 
the potential interval d<p, and the discharge capacitance 
takes on the form Ca = — zF ■ (dr+/d<p). Subject to 
the restriction required to give C'a this form, the total 
capacitance is C =  C\ +  Ca = (dg) 0 — zF ■ (dY+/dip), 
which is customarily identified with the capacitance of 
an ideal reversible electrode; C1 is that capacitance 
associated with an ideal polarizable electrode. To ac
cord with intuition, at t =  0  the observed charging be
havior must be that of an ideal polarizable electrode, 
while for t —► ®, charging as an ideal reversible electrode 
must prevail. In his analysis, Delahay noted that the 
transition between these two classes of behavior must 
depend upon the exchange current of the charge- 
transfer process, but no quantitative interpretation of a 
transition time constant was given.

A deterministic model for relaxation processes which 
embodies these ideas has been proposed.3 The transient 
equivalent network, shown in Figure 1, illustrates 
clearly the relationship between the double-layer charg
ing path (through Ci) and the capacitive discharge 
path (through Ca and the charge-transfer resistance I?a). 
The impedance Z (.t) represents the kinetic contributions 
of mass transport and any other coupled processes 
(adsorption, partial or total desolvation, orientation, 
surface or volume chemical reaction, preceding charge- 
transfer step(s), or any combination of these) which 
can be resolved in time from the charge-transfer process 
represented by Ifa.7 Over the time interval in a tran

sient charging measurement where the admittance of Ca 
is very large relative to l/Z(t), the surface discharge 
occurs while the coupled steps, which with it comprise 
the series mechanism for the over-all reaction, can be 
neglected. A transition between the charging of Ci 
alone and parallel charging of C\ and Ca over this 
interval can be directly observed and related to the 
network time constant RjCJJifiC* +  Ci). The mag
nitudes of Ci and Ca +  Ci can be determined by direct 
measurement of charging slopes at constant current.8 

The transient equivalent thus gives quantitative sig
nificance to the transition which has been discussed 
qualitatively by Delahay, and it provides operational 
justification for the definition of the two capacitances, 
Ci and Ca.

The identification in the transient equivalent net
work of two current paths and their associated ca
pacitances lends credibility to an a 'posteriori separation 
of double-layer charging (referring only to the current 
path through Ci) and faradaic (referring to the current 
path through Ca and Ra) processes for nonstationary- 
state electrochemical reactions. It must be recognized, 
however, that the charge-transfer reaction associated 
with the faradaic process does make a contribution to 
the total charging response of the metal-electrolyte 
interface.

Acknowledgment. Support from the Research Cor
poration and from the William F. Milton Fund of Har
vard University is gratefully acknowledged.

(6) In this discussion, formal separation of nonfaradaic and dis
charge contributions to the total charge increment has been made only 
to define Ci and Ca, and it corresponds for this case to the separation 
of ionic transport and charge separation-recombination processes, as 
shown above, not to an a priori separation of these variables without 
justification.
(7) The assumption of formal separation of mass transport and other 
coupled processes from charge transfer is operationally justified only 
when these processes can be experimentally resolved in time by the 
technique applied to the study of a specific electrochemical reaction.
(8) Charging measurements at very short times may be required. 
The transition has been observed for constant-current charging at the 
mercury-electrolyte interface in solutions of mercurous perchlorate 
for times up to 400 nsec.3
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Comments on Weir’s Note on “ A  P o s t e r i o r i  

Separation of Faradaic and Double-Layer 

Charging Processes: Analysis of the Transient 

Equivalent Network for Electrode Reactions”

Sir: These comments on Weir’s note1 pertain to the 
following points: (1) coupling between faradaic and
double-layer charging processes in general and more 
particularly for electrodes of constant area; (2) the 
three previously proposed2 general equations in rela
tion to charge separation or recombination; (3) a 
posteriori separation of faradaic and charging processes.

(1) The difficulty in extending intuitive analysis, 
based on charge separation or recombination, to elec
trodes of constant area can be avoided by considering 
the general forms of the equations for faradaic and 
charging processes.3 The faradaic current if for an 
electrode of constant area, in general, depends on the 
departure from the equilibrium values of the potential 
Ee, the concentrations ae, be. .. of reactants and prod
ucts, and the concentrations ue, ve. .. of other ions 
present in solution (supporting electrolyte). If a, b. .. 
and u, v. .. are the nonequilibrium concentrations just 
outside the double layer and E the potential correspond
ing to it, one has it =  f (8E, 8a. . . ,  8u. . .) where 8E = 
E — Ee, 8a = a — ae. . 8u = u — ue and f repre
sents some general function whose explicit form is not 
needed. (In many instances 8u. . . can be neglected 
for a small perturbation.) Likewise, the perturbation 
8q of the charge density q on the electrode is some 
general function 8q =  g (8E, 8a. . ., 8u. . . ) .

The classical treatment of nonsteady-state or periodic 
electrode processes involves the sole consideration of it 
in the analysis of mass transfer, the charging current 
depending only on a constant differential capacity of 
the double layer. It follows from the general forms 
of if and 8q that this a priori separation of faradaic 
and charging processes is not justified, in all rigor, 
since both it and 8q depend on the same variables 
8E, 8a. . . ,  8u. ... It is only when the changes of con
centration 8a, 8b. .. do not practically affect 8q that 
the classical approach is satisfactory for all practical 
purposes. When this simplification is not justified, the 
mass transfer problem must be solved by considering 
simultaneously its effect on if and 8q. Analysis can be 
extended to an electrode of varying area by including 
the change of area 8A in it and 8q. Thus, coupling 
between faradaic and charging processes results from 
the dependence of it and 8q on variables which are

determined in part by another process, namely mass 
transfer. Charge separation or recombination is not 
introduced in this reasoning, but the conclusion previ
ously reached2 about the major defect of the classical 
approach is confirmed. The idea of charge separation 
or recombination arose in the chronological develop
ment, i.e., in the analysis of double-layer charging of 
an electrode of varying area.

(2) Weir states:1 “ Based upon this analysis of ionic 
transport and charge separation-recombination, three 
equations of general validity were developed by 
Delahay.”  It should be emphasized that these three 
equations do not involve the concept of charge separa
tion or recombination as they are based on the balance 
of transport through the electrode-solution interface 
and the rates of storage at this interface.2 The first 
equation equates the faradaic current, as given by any 
suitable expression, to the sum of the reactant flux and 
the rate of reactant storage (multiplied by the charge 
zF involved per mole of reactant). The second equa
tion balances the fluxes of reactant and product and the 
storage rates of these species. These two equations are 
the boundary conditions for which the mass transfer 
problem must be solved. The third general equation 
equates the current being measured to the sum of the 
flux of reactant and the storage rates of all other ions 
(flux and rates being multiplied by zF). These equa
tions involve a model, which hopefully has been cor
rectly described,2 but they do not require the introduc
tion of charge separation or recombination. (Cf. also 
a recent note.4) The introduction of this concept 
showed the need for some general equations, but the 
concept is not contained in these equations.

(3) Weir writes1 in his initial paragraph, “ The co
ordinate conclusion that a posteriori separation can 
have only formal and not operational significance seems 
unwarranted, however”  (see also his further discus
sion). We examine the general forms of it and 8q, and 
we suppose that the mass-transfer problem is solved as 
indicated above. The changes BE, 8a. . ., 8u. . . are 
then functions of time for a nonsteady-state perturba
tion and of frequency for a periodic perturbation 
(steady-state solution in the latter case). The mea
sured current i is some function i = h(8E, 8a.. . ,

(1) W. D. Weir, J. Phys. Chem., 71, 3357 (1967).
(2) P. Delahay, ibid., 70, 2067, 2373 (1966).
(3) P. Delahay and K. Holub, submitted for publication.
(4) P. Delahay, K. Holub, G. Susbielles, and G. Tessari, J. Phys. 
Chem., 71, 779 (1967).
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Su...). In principle, it does not seem possible to 
devise a measurement at any finite time, different from 
zero, which would separate the current i into two com
ponents attributed to the faradaic and charging pro
cesses, respectively. This seems impossible because 
both processes are coupled as indicated before. It is 
perhaps possible to isolate the charging process by 
measurement at time zero if one neglects the finite 
rate of double layer relaxation. This was already 
discussed before.2’5 6 * * * * * * It should be noted that this opera
tion seems possible provided one assumes that charging 
is instantaneous, whereas the faradaic process proceeds 
at a finite rate for a finite exchange current. Thus one 
isolates one process, but one does not separate one 
process from the other when both processes occur 
simultaneously.

Finally, one should remember that the description of 
the electrode response involves a large number of 
parameters. For instance, for an amalgam electrode 
one must consider three variables (E, cm+z, and cm) and 
four functions (if, q and the surface excesses of M+z 
and M). Description of a perturbation of small am
plitude thus requires 12 partial derivatives in the most 
general case (ten partial derivatives if one introduces the 
exchange current instead of the derivatives of if with 
respect to the three variables). These coefficients 
must somehow appear in the equivalent circuit, and 
unambiguous analysis of experimental data appears 
very difficult except when some of the partial deriva
tives can be dropped.6

(5) P. Delahay and G. Susbielles, J. P h ys. Chem., 70, 3150 (1966).
(6) K. Holub, G. Tessari, and P. Delahay, ibid., 70, 2612 (1967).

Department of Chemistry Paul Delahay
New York University
New York, New York 10003
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Carbon-13 Satellite Interference with 

Chemical Shift Measurements in

Cyclohexane-Diethylamine Solutions1

Sir: A recent publication of a study of diethylamine 
hydrogen bonding by nmr by Springer and Meek2 re
ports a constant chemical shift for the NH proton at 
concentrations of less than 0.1109 mole fraction amine 
(X) in cyclohexane. They have taken this constant 
chemical shift to be that of the nonhydrogen-bonded

proton of the amine, by the assumption that only the 
nonassociated form of diethylamine exists in cyclo
hexane over this range of concentrations. We have 
also observed the chemical shift of the NH proton of 
this amine as a function of concentration in cyclohexane. 
Samples were distilled from CaO through a Hempel 
column and stored in dry nitrogen or a desiccator. 
Sample tubes were oven dried and similarly stored until 
use. The data, obtained at 31°, are shown in Table I 
alongside those obtained at 40° by Springer and Meek. 
The Varian A-60 nmr spectrometer was used in both 
studies. At values of X  of 0.11 and less, practically 
the same chemical shifts of the NH proton were ob
tained, despite the different temperatures.

An alternative explanation for the constant chemical 
shift obtained at low amine concentrations follows from 
consideration of the 60-Mc/sec spectrum of cyclo
hexane, which includes not only the characteristic, 
sharp signal 87 cps to the low-field side of the tetra- 
methylsilane signal, but also two signals arising from 
13C-proton coupling, i.e., 13C satellites, approximately 
9 cps broad at half-height, occurring about 62 cps to 
the high- and low-field sides of the main solvent signal. 
In a 0.117X diethylamine solution in cyclohexane the 
number of amine protons bonded to nitrogen atoms

Table I : Chemical Shift of Diethylamine NH Proton 
as a Function of Concentration in Cyclohexane

X  of
NH

chemical
shift, X  of

NH
chemical

shift,
amine cps® amine cps6

1.000 44
0.6710 47
0.4815 52

0.1864 59
0.1618 60
0.1286 61
0.1142 62

0.1109 63
0.1082 63
0.1008 63

0.09204 63
0.0858 64

0.05986 64
0.02606 63

a Relative to cyclohexane signal. b Data of Springer and 
Meek,1 converted from units to cps from cyclohexane signal.

(1) This work was supported in part by the National Science Founda
tion and the Office of Saline Water, U. S. Department of the Interior.
(2) C. S. Springer, Jr., and D. W. Meek, J . P h ys. Chem ., 70, 481 
(1966).
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equals the number of solvent protons bonded to 13C 
atoms. Further, the amine concentration at which 
each satallite arises from the same number of protons 
as does the NH signal is 0.062X. Thus, at this amine 
concentration each satellite signal would be expected to 
be as large as the NH proton signal, and at somewhat 
higher amine concentrations one of the satellite signals, 
due to its broadness, could obscure the resonance posi
tion of the NH proton if it should overlap it. This 
does occur, as can be seen from Table I, in which all 
chemical shifts for X  less than 0.19 are within 3 cps of 
62 cps. Our findings have recently been confirmed by 
Springer and Meek.3

We have also observed the variation of chemical 
shift of the NH proton of piperidine as a function of 
concentration in cyclohexane.4 As the piperidine NH 
signal is at lower field strength than that of diethyl- 
amine at all concentrations studied, both the piperidine 
NH proton signal and the 13C satellite were easily ob
served and differentiated in the more dilute piperidine 
solutions studied. In these solutions there is still a 
linear variation of the NH chemical shift with concen
tration.

Therefore, we suggest that diethylamine does hydro
gen bond at concentrations less than 0.11X, although 
a change of NH chemical shift cannot be observed due 
to the position of the 13C satellite. A linear variation 
below 0.1618X would imply a monomer-dimer equi
librium at very low concentrations in addition to any 
higher polymers formed at higher concentrations.5

(3) C. S. Springer, Jr., and D. W. Meek, private communication.
(4) R. A. Murphy and J. C. Davis, Jr., to be published.
(5) C. M. Huggins, G. C. Pimentel, and J. N. Schoolery, J. Phys, 
Chem., 60 , 1311 (1956).

Department of Chemistry Rtjth Ann Murphy
University of Texas 
Austin, Texas 78712

Department of Chemistry Jeff C. Davis, Jr.
University of South Florida 
Tampa, Florida 33620
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A Correlation between Nitrogen Chemisorption 

and the Rate of Anodic Oxidation of 

Propane on Platinum Black

Sir: Surface areas of Pt black catalysts used for the 
anodic oxidation of propane have been determined in

our laboratory by the BET method. An unusual fea
ture of the results, presented in Table I, is the larger 
value for the surface area when nitrogen is used in place 
of argon as the adsorbing gas. This effect was not 
related to the experimental technique as shown by 
measurements on silica and titania (Table I). A vol
ume of nitrogen approximately equal to the difference 
in the BET surface areas could not be pumped off the 
platinum catalyst at the temperature of adsorption 
( — 195°). Irreversible adsorption is commonly inter
preted as chemisorption. In this case, the behavior is 
consistent with the infrared spectroscopic evidence for 
low-temperature chemisorption of molecular nitrogen 
on nickel, palladium, and platinum presented by Van 
Hardeveld and Van Montfoort.1 The heat of adsorp
tion computed from measurements at two tempera
tures was 6.5 kcal/mole. More details of this work are 
presented in another publication.2

Table I

Surface area,® Cor- Ac-

Sample
'-------m2/g------->

N2 Ar
Ratio,
N2:Ar

rected
ratio6 0

tivity,6
ma/em2 * *

T i0 2 5.28 4.83 1.076 1.00
Si02 24.3 22.6 1.074 1.00

Pt Black11
Commer- 30.1 21.0 1.43 1.34 0.34 80

cial
73-48 29.0 26.2 1.11 1.045 0.045 24
73-51 21.0 14.9 1.39 1.30 0.30 70
73-45 32.7 25.0 1.28 1.19 0.19 32
73-57 20.8 14.9 1.38 1.28 0.28 45
73-57 21.1 15.0 1.39 1.29 0.29 45

“ Cross-sectional areas used for N2 and Ar were 16.2 and 
14.6 A 2, respectively. h Assuming ratio for Si02 and T i0 2 
should be 1.00. 0 Given by the current density at 400 mv vs.
rhe, see ref 3. d For details of preparation, see J. Giner, J. M. 
Parry, and S. M. Smith, paper presented at the 154th National 
Meeting of the American Chemical Society, Chicago, 111., 
Sept 1967.

The amount of chemisorbed nitrogen (Table I) 
depends on the conditions of preparation of the cata
lyst, probably because chemisorption of nitrogen occurs 
on specific Pt sites whose number changes with crystal
lite size.1

The intrinsic activity of several platinum catalysts 
toward the anodic oxidation of propane is compared

(1) R. Van Hardeveld and A. Van Montfoort, Surface Sci., 4, 396 
(1966).
(2) R. Jasinski, J. M. Parry, and E. F. Rissmann, to be published.
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with the extent of nitrogen chemisorption in Figure 1. 
Nitrogen chemisorption (0) is given in terms of the 
ratio of the difference between the N2 and Ar values to 
the Ar value of the surface area. A small correction 
was first made to the nitrogen values so that the N2 
to Ar ratio of surface areas for T i02 and Si02 equaled 1. 
The measurement of the intrinsic activity of the plati
num black catalysts is described elsewhere.3

Figure 1. Rate of anodic oxidation of propane at 400 mv 
vs. rhe as a function of the fractional coverage of 
chemisorbed N2, 6, and 02.

The correlation between electrocatalytic activity and 
nitrogen chemisorption suggests that the same sites are 
involved in both processes. It should be noted that 
there is no direct relation between activity and surface 
area measured with Ar; that is, we are not measuring a 
secondary surface area effect.

It might seem that the definition of 0 given above 
violates one of the assumptions of the BET equation, 
namely that the heat of adsorption is uniform over 
the surface. However, as discussed by Emmett,4 if 
the chemisorption is essentially complete at low relative 
pressures, it does not seriously interfere with the deter
mination of surface area. This implies that physical 
adsorption of N2 on chemisorbed N2 proceeds with 
approximately the same heat of adsorption as on the 
free surface of the metal. In our case, BET plots 
based on the total volume of N2 adsorbed gave excellent 
straight lines.

Van Hardeveld and Van Montfoort identify the

active sites for N2 adsorption as the B5 sites that 
occur in linear arrays in 110 and higher index surfaces. 
At a B5 site the adsorbate is equidistant from five 
platinum atoms, four in the surface layer and one in 
the layer immediately below the surface. The mech
anism of anodic oxidation of propane may involve 
adsorption of the Ci and C3 atoms on adjacent B3 sites 
with subsequent cleavage of one of the C -C  bonds to 
form relatively reactive radicals. The B5 sites in the 
linear array are separated by a distance (2.76 A) just 
greater than that of the alternate carbon atoms in a 
paraffin chain (2.52 A). This stereochemical factor 
may provide an explanation for the more rapid anodic 
oxidation of the linear paraffins compared with 
branched-chain and unsaturated molecules, and may 
also account for the relative ease of oxidation of 
propane and butane compared with ethane or methane.

Acknowledgement. This work was supported by U. S. 
Army Engineer Research and Development Labora
tories, Fort Belvoir, Virginia, under Contract No. 
DAAE 15-67-C-0048.

(3) J. Giner, J. M. Parry, and S. M. Smith, Extended Abstracts, 
Vol. I ll , ECS Meeting, Dallas, Texas, May 1967, p 40.
(4) P. H. Emmett, “ Catalysis,” Vol. I, Reinhold Publishing Corp., 
New York, N. Y., 1954, p 51.

Tyco Laboratories, Inc. John M. Parry
Waltham, Massachusetts 02154 E. F. Rissmann
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Chlorine-35 Nuclear Quadrupole Resonance and 

the Structure of the Bichloride Ion in 

Tétraméthylammonium Bichloride1

Sir: There has been considerable interest recently in 
the structure of the bichloride anion, particularly with 
respect to the symmetry of the hydrogen position. 
Waddington,2 3 on the basis of infrared spectra, origin
ally assigned a symmetrical structure to the bichloride 
ion in tétraméthylammonium bichloride. Chang and 
Westrum3 performed low-temperature heat capacity 
measurements on that compound and interpreted their

(1) This work was supported by the Directorate of Chemical 
Sciences, Air Force Office of Scientific Research, under Grant No. 
AF-AFOSR-859-65. Contribution No. 356 from Tufts University 
Department of Chemistry.
(2) T. C. Waddington, J. Chem. Soc., 1708 (1958).
(3) S. Chang and E. F. Westrum, J. Chem. P h ys., 36, 2571 (1962).
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results as being most consistent with the symmetrical 
structure. Recently, Evans and Lo4 have performed 
more extensive infrared studies and have proposed that 
in the tétraméthylammonium salt the bichloride anion 
is unsymmetrical, although they consider it symmetri
cal in other tetraalkylammonium salts. They further 
reported5 on a study of the chlorine-35 nuclear quad
ru p le  resonance which they also interpreted on the 
basis of an unsymmetrical structure. We had previ
ously measured these coupling constants6 and wish to 
confirm the results of Evans and Lo and to provide an 
additional indication that their interpretation is cor
rect.

For a symmetrical structure, one expects to observe 
a single resonance line for the two equivalent chlorines, 
and two lines well separated for an unsymmetrical 
structure. A single line is observed for tétraméthyl
ammonium bichloride, at 20.21 M c/sec at liquid nitro
gen temperature. We were also able to observe the 
chlorine-35 resonance in the deuterated compound 
[(CH3)4N]C1DC1 at 21.12 Mc/sec (also at liquid nitro
gen temperature), which Evans and Lo were unable to 
find. Although our scans were made to somewhat 
lower frequencies than Evans and Lo could reach (ca.
5.5 M c/sec as opposed to their 10 Mc/sec), we still 
observed no further resonances.

The most straightforward interpretation of these 
results would be that the ion has a symmetrical struc
ture. On the other hand, the observed frequency is 
rather higher than one might expect on the basis of very 
simple arguments comparing the observed frequency 
for bichloride with that for HC1, and one must allow 
for the possibility that the second resonance is lower 
than the lowest frequency searched.6

In an attempt to assess more accurately the implica
tions of these measurements for the interpretation of 
the structure, we have carried out a simple calculation 
of the field gradient at the chlorine nucleus using a 
method recently described by Cotton and Harris.7 

This method makes no prior assumptions about hybrid
ization and thus disposes of one difficulty of the Townes 
and Dailey approach. Basically, it amounts to carry
ing out a Wolfsberg-Helmholz-type molecular orbital 
calculation and a Mulliken analysis8 of the population 
in the chlorine 3p orbitals, and attributing the total 
observed field gradient to imbalance in p-electron 
densities. In order to judge the reliability of the calcu
lation, it was applied to HC1 as well as bichloride.

The results of the calculation are shown in Figure 1. 
The calculations were performed as a function of the 
hydrogen-chlorine distance in HC1 and in the bichlo
ride ion, at a fixed Cl-Cl distance in the latter of 3.2 A. 
The calculation gives a coupling constant for HC1 at the

Chlorine-hydrogen distance, A.

Figure 1. Quadrupole coupling constant vs. chlorine-hydrogen 
internuclear distance. Solid lines are results of the 
calculation. Cli and Cln refer to the chlorines nearest and 
farthest from the hydrogen in bichloride, respectively.
The circle near the HC1 line is the observed elqQ at the known 
internuclear distance. The circle on the Cli line is the 
observed e2qQ for [(CH3)4N]C1HC1. Numbers in 
parentheses on the abscissa are distances for Cln-H.

equilibrium internuclear distance of 1.25 A of 54.1 
Mc/sec. which agrees very well with the observed 
value of 52.94 M c/sec .9 For the bichloride ion with 
a symmetrical structure, the predicted coupling con
stant is 25.7 M c/sec (at a chlorine-chlorine distance 
of 3.2 A) corresponding to a frequency of 12.8 Mc/sec. 
The observed coupling constant (assuming ij =  0) of 
40.42 M c/sec corresponds to a shorter Cl-H distance 
of 1.36 A, i.e., a very asymmetric structure. The 
smaller coupling constant is then predicted to fall below 
10 Mc/sec, which is lower than Evans and Lo pre
dicted and lower than we were able to search. As the 
calculation proved quite successful in predicting the 
correct HC1 coupling constant, we feel it deserves to

(4) J. C. Evans and G. Y-S. Lo, J. Phys. Chem., 70, 11 (1966).
(5) J. C. Evans and G. Y-S. Lo, ibid., 70, 2702 (1966).
(6) S. M. Welsh, M.S. Thesis, Tufts University, June 1966.
(7) F. A. Cotton and C. B. Harris, Proc. Natl. Acad. Sci. U. S., 56, 
12 (1966).
(8) For a treatment of this type of calculation, see C. J. Ballhausen 
and H. B. Gray, “ Molecular Orbital Theory,” W. A. Benjamin, Inc., 
New York, N. Y., 1965, especially Chapter 8.
(9) H. C. Allen, J. Phys. Chem., 57, 501 (1953).
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be taken as significant evidence in support of an un- 
symmetrical structure for the bichloride ion in tétra
méthylammonium bichloride.

Department of Chemistby T. E. Haas
Tufts University S. M. Welsh
Medford, Massachusetts 02155

Received June 30, 1967

The Effect of Water on Hydrogen Yields in 

the 7 Radiolysis of 1,4-Dioxane1

Sir: In continuation of our work on radiation- 
induced processes in solutions of 1,4-dioxane,2 it proved 
necessary to make a careful study of the method of 
purification with special attention to the exclusion of 
water. As a result of such a study, the following puri
fication procedure was developed. For removal of 
peroxides, 1,4-dioxane (Matheson Coleman and Bell 
spectroquality reagent) was passed through a column 
of activated alumina. Then, always under an atmo
sphere of dry nitrogen, the dioxane was refluxed over 
sodium for ~16 hr and subsequently distilled from 
sodium on a Nester-Faust spinning-band column. The 
middle portion was retained and stored in a drybox 
under dry nitrogen. No impurity was detectable by 
gas chromatography with a flame-ionization detector. 
No ultraviolet absorption was detectable with a Cary 
Model 14-R at wavelengths longer than 290 nm; at 
wavelengths of 280, 260, 240, and 220 nm, the optical 
densities for a 1-cm path were 0.01, 0.03, 0.05, and 0.10, 
respectively, with a sharp increase in optical density 
near 2 1 2  nm.

Degassed samples of the purified dioxane were y- 
irradiated (60Co) at a dose rate of 1.8 X 1018 ev ml- 1  

min-1. A value of C?(H2) =  1.4 was obtained in con
trast with (?(H2) =  2 .1 reported previously.2'3 (?(H2) 
was constant over the dose range 3.6 X 1018 to 4.9 X 
1 0 20 ev ml-1  and was relatively insensitive to the 
presence of 10-2  M  iodine or ~ 1 0 -2  M  N20. How
ever, as shown in Figure 1, a progressive increase in 
(?(H2) occurs with increasing concentration of water 
added to the dioxane prior to irradiation. Qualita
tively similar results were obtained on addition of 
methanol or ammonia in place of water.

In the previous studies of dioxane radiolysis,2'3 pre
cautions for exclusion of water were apparently inade
quate. In view of the sensitivity of (?(H2) to water 
content of the dioxane, it must be concluded that the 
higher reported value2'3 of (?(H2) is not for pure dioxane.

e(H,0).
Figure 1. Effect of water on the y radiolysis of 1,4-dioxane 
for a dose of 1.1 X 1020 ev ml-1. Electron fraction, e, is used 
in conformity with convention; values of e =  0.01 (the lowest 
concentration point on the graph) and e = 0.5 correspond to 
0.56 and 23 M  and to mole fractions of 0.046 and 0.80, respectively.

Such a value was reproduced in the present study with 
~ 1  M  solutions of water or methanol in dioxane.

It is possible to interpret the enhancement of (?(H2) 
by water in terms of a proton-transfer mechanism. 
Absence of an effect of 10-2  M  iodine on C?(H2) from 
pure dioxane indicates a negligible contribution of 
thermal H. Thus, in the absence of water, neutraliza
tion of a primary dioxane cation, RH+, by an electron 
does not produce thermal H. Although ~ 1 0 -2  M 
N20  solution gives (?(N2) =  1 .2 , which indicates ap
preciable electron scavenging, (?(H2) is suppressed by 
only 0.2. Thus, neutralization of RH+ by an electron 
yields H2 with only ~ 1 6 %  efficiency. In the presence 
of water, the proton-transfer reaction 1 competes with 
neutralization of RH+ by an electron. With increase

RH+ +  H20  —■> R- +  HsO+ (1)

in water concentration, then, electrons are increasingly 
neutralized by H30 +, rather than by RH+, and H2 or

(1) This is U. S. Atomic Energy Commission Document COO-38- 
560.
(2) E. A. Rojo and R. R. Hentz. J. Phya. Chem., 69, 3024 (1965).
(3) Y. Llabador and J. P. Adloff, J. Chim. Phya., 61, 681 (1964).
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H (which forms H2 by abstraction from dioxane) is pro
duced in each such neutralization process. In con
formity with the proposed mechanism, it is found that 
N20  considerably diminishes (?(H2) in dioxane con
taining water. It should also be noted that the 
dependence of G(H2) on water concentration (c/. Figure 
1 ) is characteristic of cation-scavenging reactions4'6 

rather than the considerably more efficient electron
scavenging reactions.6

A complete study of product yields in the radiolysis 
of pure dioxane and its mixtures with water is in 
progress. Dioxane-water mixtures permit study of the 
effects of 7  irradiation as a function of a continuous

change in dielectric constant from that characteristic 
of a hydrocarbon to that of water.

(4) F. Williams, J. Am. Chem. Soc., 86, 3954 (1964).
(5) A. A. Scala, S. G. Lias, and P. Ausloos, ibid., 88, 5701 (1966).
(6) See, e.g., Table VII in R. R. Hentz, D. B. Peterson, S. B. Srivas
tava, H, F. Barzynski, and M. Burton, J. Phys. Chem., 70, 2362 
(1966).

Department of Chemistry and Robert R. Hentz
The Radiation Laboratory Frank W. Mellows

University of Notre Dame Warren V. Sherman
Notre Dame, Indiana 46556
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