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The Kinetics of the Decomposition of Freeze-Dried Iron(II) Sulfate1

by D. W . Johnson* and P. K. Gallagher
Bell Telephone Laboratories, Inc., Murray Hill, New Jersey (Received December 16, 1970) 

Publication costs assisted by the Bell Telephone Laboratories, Inc.

The isothermal decomposition kinetics of iron(II) sulfate has been studied for both the freeze-dried and the 
reagent sulfate in wet and dry oxygen and nitrogen atmospheres. The decomposition in oxygen atmosphere 
was studied as a single-step decomposition of a Fe20(SC>4)2 phase. In nitrogen it was studied as a resolvable 
two-step decomposition from FeSCh to Fe202S04 and then to Fe203. The data were fitted quantitatively by 
computer to severa_ equations. Reasonable fitting was obtained using the Erofeev model, [—In (1 — a) ]1,n = 
kt, usually the best fit was to the contracting geometry models, 1 — (1 — a)lln =  kt, with 0.10 <  a <  0.90 
where a is the fraction reacted. Best fits often occurred with nonintegral values of n, but no consistent non
integral value was found. Activation energies in the range of 45-61 kcal/mol were determined for the various 
iron(II) sulfate materials prepared and decomposed under the different conditions. The relative rates of 
decomposition and the kinetic models to which the data fit are discussed in terms of the morphology of the 
starting materials.

Introduction
W hile the kinetics of the sulfate decom position of 

hydrated F eS 04 have been studied previously2'3 
no similar study has been made of the decom position 
kinetics o f F eS 0 4 prepared b y  the freeze-drying pro
cess.4 The kinetics o f decom position o f freeze-dried 
inorganic salts is o f interest for several reasons. First
ly, it would be expected that the high surface areas ob
served in these materials would be reflected in the de
com position rate. Secondly, it was hoped that the de
com position rate law would reflect the interesting 
chained aggregate structure observed in freeze-dried 
materials.6 Finally, in the case o f iron (II) sulfate, 
the kinetic experiments offered the possibility of lending 
further support to the decom position scheme proposed 
by Gallagher, et al.6

A  further impetus for the study of the decom position 
kinetics of the F eS 04 system stems from  some disagree
ment in the published literature. K ubo, et al.,3 fit 
their data to the P rout-T om pkins model

In (rR.) " “

and get an activation energy for the decom position of
32.4 kcal/m ol. Lumme, et al.,2h found that nonisother- 
mal T G  data taken for the decom position in nitrogen 
gave an activation energy o f 58.3 ±  3 kcal/m ol. Pech- 
kovskii, et al.,2* studied the isothermal decom position of 
iron (II) sulfate in air over a température range of 
676-729°. These data were fitted to the contracting 
volum e model

1 -  (1 -  a )Vi =  kt

giving an activation energy o f 60.4 kcal/m ol.
The kinetic study reported here follows the results

(1) This paper was presented in part at the 160th National Meeting 
of the American Chemical Society, Chicago, 111., Sept 1970.
(2) (a) V. V. Pechkovskii, A. G. Zvezdin, and S. V. Ostrovskii, J. 
Appt. Chem. USSR, 36, 1403 (1963); (b) P. Lumme and K. Junk- 
karinen, Suom. Kemistilehti B, 41, 220 (1968).
(3) T. Kubo, M . Tamguchi, and S. Shirasaki, Kogyo Kagaku Zasshi, 
64, 256 (1961); Chem. Abstr. 57, 3076f (1962).
(4) F. J. Schnettler, F. R . Monforte, and W. W. Rhodes, Sci. Ceram., 
4, 79 (1968).
(5) D. W . Johnson and F. J. Schnettler, J. Amer. Ceram. Soc., 53, 
440 (1970).
(6) P. K . Gallagher, D. W. Johnson, and F. Schrey, ibid., 53, 666 
(1970).
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of the decom position scheme recorded by  Gallagher, 
et al. , 6  for F eS 0 4. This study showed that in an oxygen 
atmosphere F eS 0 4 oxidized by two routes to Fe20 -  
(S 0 4)2. It  is the decom position of this species to Fe203 
in a single step that will be discussed for an oxygen at
mosphere. The equation for the reaction is

Fe20 (S 0 4)2 I1 e20 3 T  2S 03

The study also showed that F eS 04 decom posed in two 
resolvable steps in nitrogen atmospheres, which are

2FeSO., — ► Fe20 2S 0 4 +  S 0 2

and

Fe20 2S 0 4 — > Fe20 3 +  S 0 3 

Experimental Section
Freeze-dried samples were prepared as described by 

Schnet'Jer, et ah ,4 from  0.5 M  solutions of Fisher Certi
fied F eS 04-7H 20 . Studies done on the reagent Fe- 
S 0 4-7H 20  were carried out on a —200, + 2 5 0  mesh 
seive fraction of the above Fisher F eS 0 4-7H 20 .

Samples (2 -3  mg) of the freeze-dried material or 
10-13 mg o f the reagent iron (II) sulfate were loaded 
onto the platinum pan of a Cahn M odel R G  thermo- 
balance. A  Perkin-Elmer furnace for which the tem 
perature calibration has been described by Gallagher 
and Schrey7 was used. Each sample was heated to 
300° and held to constant weight and then heated to the 
isothermal decom position temperature at a rate of 
320°/m in . Atmospheres of flowing nitrogen or oxy
gen at the rate o f 15-20 cc /m in  were used. The gases 
were dried over silica gel or were saturated with H 20  
vapor at room  temperature. The nitrogen was also 
passed over hot copper for rem oval o f residual oxygen.

The output from  the thermobalance was recorded 
digitally on paper tape as described by  Gallagher and 
Schrey .8 Because the decom positions took  place iso- 
thermally, only the weight change was recorded. 
W eight data were recorded at equally spaced time in
tervals of 10-100  sec depending on the rate o f the 
reaction.

Com puter programs were prepared to accept the 
weight vs. time digital data using a G E  635 com puter 
and a special X erox  graphical terminal unit for hard 
copy plotting of com puted data. Several programs 
were used to process each isothermal run. First, a 
simple weight vs. time plot was generated. Then upon 
selecting appropriate values for the beginning and 
final weights, the data were plotted as a preselected 
function of a vs. time where a is the fraction reacted. 
The 18 equations used in the program are enumerated 
in Table I.

Visual observation for the straight-line fit o f these 
plots allowed selection of equations with sufficiently 
good fit for subsequent least-squares fitting of the data 
b y  another program. The output from  this program 
gave the least-squares straight-line parameters (of

The Journal o f  P h ysica l Chem istry, Vol. 75, N o . 9, 1971

Table I : Kinetic Models
Name Equation

1. Power law a = k t , n  =  1, 2, 7 „  ‘ A, ‘A
2. Contracting geometry COofIIsiIIe11

3. Erofeev [ — In (1 — a)]1'" =  k t ,  n =
1, 3A> 2, 3, 4

4. 2D diffusion controlled (1 — a:) In (1 — o l )  -\ -  a  = k t

5. 3D diffusion controlled [1 -  (2A)«1 -  (1 -  a)V' = k t

6. Jander [1 -  (1 -  a)1/3]2 = k t

7. P rout-T ompkins
CL

In — k t1 — a

8. Second order —  1 —  k t1 — CL
9. Exponential In“  = k t

which the slope is fc), and the standard deviation was 
calculated in terms of the appropriate a function and 
also the deviation o f each point from  the lines was con
verted back into a deviation in a. These deviations were 
also presented as a standard deviation. This parameter 
is useful in quantitatively comparing the fit o f data to 
several models and allows the selection o f the best 
model.

Finally, the rate constants com puted in the above 
program  were used in another to make an Arrhenius 
type plot, log k vs. l/T, and to least-squares fit a 
straight line using the reciprocal of the standard devia
tion as a weight factor for each point. This program  
calculated the slope as kcalories per m ole and the inter
cept as the preexponential term.

One final program was prepared to least-squares fit 
the data to either the contracting geom etry model or 
the E rofeev model with a variable value of n. The 
results were plotted as a standard deviation in a vs. 
n in order to pick  the nonintegral value o f n which pro
vided the best fit.

Results
D ata were collected for the decom position of freeze- 

dried F eS 0 4 in both wet and dry oxygen and nitrogen. 
The decom position of the reagent F eS 04-7H 20  was 
carried out in dry oxygen and nitrogen. A n  example 
of the plots generated as weight vs. time are shown in 
Figure 1 for a freeze-dried F eS 0 4 sample decom posed at 
500° in both  dry nitrogen and oxygen gas. These ex
amples serve to illustrate the type of plot generated by 
about 800 individual data points. The nitrogen case 
also serves to illustrate the characteristic break in the 
vicinity o f 2.15 mg for decom position in nitrogen. The 
break (accentuated by  the dashed lines on Figure 1) 
corresponds to the expected weight of the Fe20 2S 0 4 
com pound.

(7) P. K. Gallagher and F. Schrey, Thermochimica Acta, 1, 465 
(1970).
(8) P. K . Gallagher and F. Schrey, “ Thermal Analysis,”  Vol. 2, 
K. F. Schwenker and P. D. Garn, Ed., Academic Press, New York, 
N. Y „  1969, p 929.
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Figure 1. Weight vs. time for freeze-dried iron(II) sulfate in 
dry 0 2 and N2.

Figure 2. Decomposition of freeze-dried iron(II) sulfate in dry 
0 2 plotted with the contracting area formula.

Examples o f the data plotted as the appropriate 
functions of a are shown in Figures 2 -4  for 0.10 <  a 
<  0.90. These examples were chosen to illustrate de
compositions in oxygen and nitrogen and at the same 
time illustrate a case for the reagent material and that 
for a freeze-dried material in a wet and dry atmosphere.

The rate constants obtained by  least-squares fitting 
of the data are most com pactly described in Table II  
showing the activation energies and preexponential 
terms derived b y  least-squares fitting o f the rate con
stant data according to the Arrhenius equation. The 
three best fitting models as determined by  the standard 
deviation are presented for each case. The standard 
deviations shown in Table II  are an average over each 
temperature o f the standard deviation in a. o f the 
points from  the straight line. As such, they are to be

Figure 3. The first step in the decomposition of freeze-dried 
iron (II) sulfate in wet N2 plotted with the linear formula.

Figure 4. The second step in the decomposition of reagent 
iron (II) sulfate by dry N2 plotted with the 
contracting area formula.

used primarily to compare the fit o f one equation with 
another for the same data.

Examples of the Arrhenius plots for the decom po
sition in oxygen and for the tw o decom positions in 
nitrogen are shown in Figure 5 for the reagent sulfate 
and freeze-dried sulfate in both wet and dry atm o
spheres. The kinetic models used to obtain the rate 
data are not necessarily the ones which give the best 
fit in each case as shown in Table II , but were selected 
as a com m on equation such that the freeze-dried and 
reagent samples could be compared on the same plot.

Experiments were carried out to optimize the fit 
o f the data to the second and third kinetic equations in 
Table I by  varying n over nonintegral values. An 
example o f the com puter results for the freeze-dried 
F eS 0 4 in dry oxygen at 500° is shown in Figure 6 for 
the contracting geom etry model. This p lot of the 
standard deviation in a vs. n would suggest the opti
mum value o f n at about 1.7 for this reaction. H ow
ever, the calculations did not indicate the same opti-
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Figure 5. (a) Arrhenius plots for the decomposition of iron(II)
sulfate in 0 2 with rate constants calculated from the contracting 
area formula, (b) Arrhenius plots for the first step in the 
decomposition of iron(II) sulfate in N2 with rate constants 
calculated from the linear formula, (c) Arrhenius plots for the 
second step in the decomposition of iron(II) sulfate in N2 with 
rate constants calculated from the contracting area formula.

mum value o f n for different temperatures as shown 
in Figure 7 where the calculated optim um  value o f n is 
plotted as a function of temperature for the reaction in 
dry oxygen.

Discussion of Results

The technique o f breaking the decom position reac
tion in nitrogen into two parts was used for two rea
sons. First, the mechanism of the reaction as deter
mined b y  Gallagher, et al.,e indicates that the reaction 
occurs in tw o steps; second, the kinetic data show breaks 
such as that illustrated in Figure 1 which allowed the 
data to be broken into two portions. This break, how
ever, is most clearly demonstrated for the case o f the 
freeze-dried FeSCh in dry nitrogen. The same tech
nique has been used b y  B ond and Jacobs9 in analyzing 
the two-step thermal decom position o f sodium nitrate.

It was recognized that the second decom position 
step to some degree takes place simultaneously with 
the first. H owever, attempts to synthesize hybrid

equations to cover the entire decom position range did 
not im prove the fit over the range o f a where the two 
reactions overlap significantly.

Comparison of the actual rates o f reaction can be 
seen in Figures 5a, b, and c. The consistent trend is 
that the reaction occurs faster in dry atmospheres than 
in wet and faster for freeze-dried material than for the 
—200, + 2 5 0  mesh reagent material. The relative 
rates for the freeze-dried and reagent sulfates were ex
pected since the freeze-dried material has a higher sur
face area than the reagent. H owever, from  the pre
liminary T G  data it was reported6 that the reaction was 
faster in wet atmospheres than in dry. This conclusion 
was reached partly on evidence that the Fe20 3 crystal
lites attained greater dimensions in equivalent heat 
treatments for the freeze-dried sulfate if the atm o
spheres were wet. The isothermal kinetic data show, 
however, that the dry atmospheres allow a more rapid

(9) B. D. Bond and P. W. M. Jacobs, / .  Chem. Soc. A, 1265 (1966).
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Figure 6. Variation of fitting parameter with n in 1 —
(1 — a)-1" = kt for freeze-dried iron(II) sulfate decomposed at 
500° in dry 0 2.

F ig u re  7. V a r ia t io n  o f  o p t im u m  n  in  1 — (1 — a ) 1 n̂ =  kt 
w ith  te m p e ra tu re  fo r  fre e z e -d r ie d  i r o n ( I I )  su lfa te  
d e co m p o s e d  in  d r y  0 2.

reaction, and it is now clear that the increased crystal
lite size of the Fe20 j form ed in wet atmospheres is due 
to an increased grain growth phenom enon rather than 
an increased decom position rate.

Several interesting observations can be made from  
the kinetic data in Table II. One is that in some cases 
one kinetic model fits far better than others. A n 
example is the first decom position of reagent F eS 04- 
7H 20  in dry nitrogen. Here the linear model fits con
siderably better than the others. H owever, in other 
cases such as the decom position o f freeze-dried F eS 0 4 
in wet oxygen none of the three best equations stands 
out as fitting significantly better than the others. 
Also to be noticed in Table II  is the general insensitivity 
of the activation energy to the model used to calculate 
the rate constants.

Some trends emerge from  the activation energy data 
presented in Table II. The activation energies for the 
nitrogen decom position are consistently higher than 
those for the decom position in oxygen. W ith the 
exception of the low activation energies for the second

decom position o f freeze-dried F eS 04 in dry nitrogen the 
overall trend is for the reaction in oxygen to have low 
activation energies, the first nitrogen reaction to be 
intermediate, and the second nitrogen reaction to be 
highest. W hile the activation energies o f the freeze- 
dried and reagent sulfate are similar for the decom po
sition in oxygen, the trend of the activation energies is 
seen for the nitrogen reactions again with the exception 
of the second decom position o f freeze-dried sulfate in 
dry nitrogen. This trend shows the activation energies 
for freeze-dried sulfate in dry nitrogen to be greatest, 
for the same material in wet nitrogen to be interm e
diate, and that for the reagent material to be the lowest.

Table I I  also shows that in almost all cases the data 
were fit either to the contracting geom etry model 
or the E rofeev model. These models are different 
from  those used by  other workers. K ubo, et al.,3 found 
the P rout-Tom kins model to hold. Use o f this m odel 
in this work showed the fit to be generally satisfactory 
but was usually surpassed by  the other models as shown 
in Table II. Pechkovskii, et al.,23- fit their data to the 
contracting volum e m odel and specifically state that the 
E rofeev m odel was tested also. Again, while in this 
work the contracting volum e model gave a satisfactory 
fit, it was in no case one of the three best fit equations in 
Table II.

Another serious deviation from  the work of Pech
kovskii, e ta l ,2a occurred. They report decom posing the 
F eS 0 4 isothermally at temperatures between 676 and 
729° while in this work these temperatures proved to be 
much too high for successful experimentation. The 
discrepancy is borne out in the rate constants. Pech
kovskii, et al.,23- report a rate constant of 9.9 X  10~6/  
sec at 700°. W hile in this work, a rate constant o f this 
value is found at a temperature of about 585° for the 
reagent material in oxygen, a difference of 115°.

The contracting geom etry model implies the rapid 
form ation of many nuclei on the surface of the parti
cles. A  m oving decom position interface then occurs 
in one, two, or three dimensions with n =  1, 2, or 3, 
respectively. The E rofeev model has been used with 
n — 2. 3, and 4, where n =  2 and 3 implies the growth 
of a constant number of nuclei in two or three dim en
sions, while n =  4 implies an increasing num ber of 
nuclei growing spherically.

Since the data do in general best fit the contracting 
geom etry model (n =  1 and 2 ), it is interesting to con
sider the geometrical significance of this model in 
terms o f the m orphology of F eS 04. Figure 8 shows 
scanning electron micrographs o f a fractured sphere of 
freeze-dried F eS 04 after decom position at 800° in 
oxygen. The radial texture is com m on to freeze-dried 
powders6 and occurs during the freezing process as a 
segregation o f sulfate and ice. The interconnecting 
columns of oxide can account for the fit o f the contract
ing geom etry equation. If the material were made of 
cylindrical columns and if the m ovem ent o f the de-

The Journal of Physical Chemistry, Vol. 75, No. 9, 1971
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Figure 8. Scanning electron micrographs of a fractured sphere 
of freeze-dried iron(II) sulfate after decomposition for 
2 hr at 800° in 0 2.

com position interface were to take place prim arily down 
the length o f the column, then a linear model would be 
expected. On the other hand, if the decom position 
interface m oved from  the cylindrical surface o f the 
colum n toward the center, then the observed contract
ing area model w ould be expected. A  similar argu
ment can be made for the reagent material since after

dehydration the scanning electron m icroscope shows 
the structure to be similar to that o f the freeze-dried 
material but much more densely packed.

This idealized picture does not hold com pletely since 
the actual mechanism could be a com bination o f both. 
In  fact, this suspicion is backed up b y  data such as those 
in Figure 7 where the optim um  value o f n is often not 
exactly one or tw o but something intermediate.

Summary

The following generalities can be made concerning 
the kinetics of freeze-dried and reagent F eS 04.

1. The successful application of the two-step de
com position o f F eS 0 4 in nitrogen atmosphere lends 
support to the hypothesis o f the transient Fe20 2S 0 4 
phase.

2. The relative rates o f the decom position are such 
that in all cases studied, the freeze-dried sulfate in dry 
atmospheres decom poses the most rapidly, the same 
material in wet atmospheres interm ediately, and the 
reagent sulfate in dry atmospheres the most slowly.

3. In  almost all cases the isothermal data best fitted 
the contracting geom etry models. This fit is consistent 
with structures observed in the sulfate and derived 
oxide b y  scanning electron m icroscopy.

4. The optim um  value of n in the contracting geom 
etry model

1 -  (1 -  a )1'"  =  kt

is generally in the range o f 1 or 2 but is not usually 
an integral value.

5. In  most cases the activation energy for the reac
tion is nearly independent o f the kinetic model used.

6 . A ctivation  energies for the reaction fall in the 
range o f 45-61 kca l/m ol in all cases. The decom posi
tions occur with a lower activation energy in oxygen 
than in nitrogen.
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Esr spectroscopy has been used to examine aqueous solutions of various solutes during steady irradiation with 
a 2.8-MeV electron beam. Radiolysis was carried out directly in the esr cavity; the sample was contained in 
a silica cell of the usual flat design for aqueous samples. Of the three primary radicals from water (H, OH, 
and 3aq~) only H could be detected by its esr spectrum, a 503.2-G doublet (but with the low-field line in emis
sion). Reactions of all three primary radicals have been studied. As is usual, use was made of selective 
scavengers (e.g., N 20  for e„,“ , i-butyl alcohol for OH) to help in identifying the source of the various solute 
radicals. Emphasis has been put upon the ability of esr spectroscopy to provide positive identification of 
radicals. The technique has been tested upon some well-understood systems and then applied to several 
more specific problems some of which have been studied by pulse radiolysis. Some of the reactions which 
were studied are abstraction (by OH) from methyl and isopropyl alcohols and acetate, chloroacetate, malonate, 
and glycolate ions, addition (of H and OH) to benzene and benzoate ion, attachment of eaq~ to acetone and 
chloroacetate, and electron transfer from (CH3)2COH to several nitrobenzene derivatives. It is noteworthy 
that in only one case (abstraction from CH2(COOH)2 to form CH(COOH)2) were qualitatively different results 
found for OH reactions than observed for the active species in the T i3+-H 20 2 system.

Introduction

W ork  in these laboratories has shown that esr spec
troscopy can be used to detect radicals in liquid hydro
carbons during steady, in situ radiolysis with a high- 
energy electron beam .3 This experimental arrange
ment, however, is limited to relatively nonpolar mate
rials by the requirement of a large sample volum e. The 
desirability of an extension to other systems, including 
aqueous solutions, is obvious. A n early attem pt4 to 
study radicals in aqueous solutions was successful but 
was confined by  sensitivity considerations to radicals 
with lifetimes longer than those determ ined by  diffu
sion-controlled reaction. Publications by  Smaller, et 
ah ,6'6 have shown that lossy samples can be studied with 
small sample volumes if the absorbed dose rate is in
creased. One of these papers6 describes results ob 
tained upon an aqueous solution.

Previously we had determined that the absorbed dose 
rate could not be greatly increased by  using higher elec
tron beam  currents because o f excessive sample heating 
and voltage instability problem s with the Van de Graaff 
accelerator. Decreasing the beam diameter and con
sequently increasing the current density over the beam 
cross section seemed the only im provem ent possible. 
This approach has been im plem ented by  using a hole in 
the side o f the cavity  and by m oving the beam  exit 
w indow of the Van de Graaff accelerator closer to the 
esr cell. A  great im provem ent in signal intensity has 
resulted, and it is now possible to detect in aqueous

solutions radicals with recom bination rate constants as 
large as 109 to  1010 M ~l sec-1 .

The results presented here are intended to dem on
strate some of the potential applications of esr spec
troscopy to the study o f the radiolysis o f aqueous solu
tions. W e have not attem pted to investigate the var
ious points in depth but have chosen applications which 
illustrate the unique properties of esr spectroscopy. 
(Tw o papers based on work subsequent to that re
ported here and describing in more detail the reactions 
o f tw o classes of com pounds have been published.7’8)

One m ajor advantage of esr spectroscopy is that rad
icals can often be identified with only a minimum of 
other inform ation and that chemically and structurally 
similar radicals can be distinguished. Esr spectra are 
clearly better for this purpose than optical spectra as 
used in conventional pulse radiolysis. W e have in sev
eral instances investigated reactions which have al
ready been studied by pulse radiolysis to check that the 
radicals have been properly identified. The esr

(1) Supported in part by the U. S. Atomic Energy Commission.
(2) To whom correspondence should be sent.
(3) R. W. Fessenden and R. H. Schuler, J. Chem. Phys., 39, 2147 
(1963).
(4) K. Eiben and R. W. Fessenden, J. Phys. Chem., 72, 3387 (1968).
(5) B. Smaller, J. R. Remko, and E. C. Avery, J. Chem. Phys., 48, 
5174 (1968).
(6) E. C. Avery, J. R . Remko, and B. Smaller, ibid., 49, 951 (1968).
(7) P. Neta and R. W. Fessenden, J. Phys. Chem., 74, 2263 (1970).
(8) P. Neta and R. W. Fessenden, ibid., 74, 3362 (1970).
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m ethod, o f course, has limitations (see below ), so that it 
must also draw on the results o f other more conven
tional studies. It  is to be hoped that mutual benefit 
will arise from  any com parison of the results of esr and 
pulse radiolysis studies o f similar systems.

All o f the experiments to be described were done with 
a steady electron beam  and not a pulsed one. A l
though the steady-state m ethod does not allow kinetic 
inform ation to be obtained directly, it has several other 
advantages. First, the standard 100-kHz field m odu
lation spectrom eter can be used, and the resolution pro
vided by  that type of spectrom eter is available for the 
study o f com plex spectra. (W e have not yet taken the 
steps to provide faster response times as have Smaller, 
et al,5) In  general before one wishes to study kinetics 
one must identify the radicals and the reactions they are 
involved in. The steady-state method allows this. 
Second, the main difference between pulsed and 
steady-state experiments is that the latter sees much 
less of the initial nonequilibrium populations o f spin 
levels with which the radical is form ed. This problem, 
discussed in more detail below, is best avoided for many 
purposes. Finally, several problem s shared by  both 
approaches should be mentioned. I f  the esr line widths 
are large, peak heights are reduced and radicals may be 
undetectable even though present at otherwise adequate 
concentrations. Also both steady-state and pulsed 
methods use such high absorbed dose rates that they 
suffer from  the possibility o f secondary reactions even 
with flowing samples. (The pulse repetition period in 
most pulsed experiments is shorter than the residence 
time of the sample in the irradiation zone.) In  many 
cases the products of radiolysis can be significantly 
more reactive toward the prim ary radicals from  the 
water than the initial solute.

The detailed relationship between the sensitivity of 
pulsed and steady-state modes has been discussed by 
Fessenden and Schuler.9 This treatment shows that 
for radicals which disappear bim olecularly the pulsed 
mode can be made nearly as sensitive as the steady- 
state one if signal enhancement by  time sampling is em
ployed and the average beam  current is made equal to 
that in the steady-state experiment. The technique 
reported by  Smaller, et al.,6 seems to meet these re
quirements. A lthough the tw o methods have com 
parable sensitivity, the steady-state one has sacrificed 
the possibility of studying the time dependence of the 
esr signals. W ith the present spectrometer system it is 
possible to study radical disappearance b y  using a 
pulsed electron beam  with long pulse duration ( ~ 1  
msec) and a time-average com puter but only at consid
erable loss of signal-to-noise ratio .4’10 W ith such an 
arrangement radical lifetimes are just long enough 
(> 1  msec) to be unaffected b y  the minimum time con
stant o f the 100-kHz unit.

The phenom enon o f nonequilibrium initial population 
o f spin states upon radical form ation was first observed

by  Fessenden and Schuler8 for the hydrogen atom  pro
duced in liquid methane. They observed that the esr 
spectra of both H  and D  atoms exhibited an inverted 
low-field line, im plying an inverted population differ
ence for the appropriate pairs o f spin states. Smaller, 
et al.,6 have found this phenom enon to be com m on to 
other radicals if observations are made before spin re
laxation can occur, and they have published a spectrum 
of cyclopentyl radical with the low-field half-inverted. 
It  is now clear that this effect is not limited to radicals 
produced b y  high-energy radiation but may be com m on 
to most, if not all, methods o f generating radicals. 11 
The effect was first observed for radicals other than hy
drogen atom  by  Smaller, et al.,6 because their experi
ment was the first in which the spectrum could be ex
amined in a time after radical form ation which was com 
parable to the spin relaxation time, 7\. Usually only 
small trends in intensity are observed in spectra taken 
in the steady-state mode as a result of almost complete 
spin relaxation over the chemical lifetime o f the rad
icals. Only where the chemical lifetime is relatively 
short or the relaxation time relatively long is the effect 
very pronounced. W e have found the greatest effect 
(except for the hydrogen atom ) for the hydroxycyclo- 
hexadienyl radical and suppose that this radical has a 
long T \  through the lowering o f the hyperfine aniso
tropy by the reduced spin densities in this conjugated 
radical. Some effect is seen for the radical (C H 3)2- 
C O H  from  isopropyl alcohol.

It is not clear at this time what factors determine the 
initial population o f spin states. It is likely, however, 
that many of the considerations are similar to those in
voked to explain superficially similar multiplet effect in 
the nmr spectra of samples undergoing radical reac
tions. Several discussions of the latter effects have 
been given , 12-14 and Kaptein and Oosterhoff16 and also 
Fischer16 have specifically considered the esr problem . 
Their explanation involves the mixing of single and 
triplet states of a radical pair by  the com bined action of 
hyperfine and electron exchange interactions during sep
aration of the radical pair. A lthough this type of 
mechanism qualitatively fits many observations (e.g 
the effect is larger for larger hyperfine constants), the 
details are not yet clear enough to be o f use in under-

(9) R. W . Fessenden and R. H. Schuler in “ Advances in Radiation 
Chemistry,”  Vol. 2, M . Burton and J. L. Magee, Ed., Interscience, 
New York, N. Y „  1970, p 56 ff.
(10) R. W. Fessenden, J. Phys. Chem., 68, 1508 (1964).
(11) The high-field lines appear stronger in spectra from photolysis, 
see, e.g., R . Livingston and H. Zeldes, J. Amer. Chem. Soc., 88, 4333
(1966), or P. J. Krusic and J. K. Kochi, ibid., 90, 7155 (1968), and 
also in those from T i3+ +  H 2O2 reaction, see, e.g., H. Fischer, 
Z. Naturforsch. A, 19, 866 (1964).
(12) H. Fischer and J. Bargon, Accounts Chem. Res., 2, 110 (1969).
(13) R. Kaptein, Chem. Phys. Lett., 2, 261 (1968).
(14) G. L. Closs, J. Amer. Chem. Soc., 91, 4552 (1969).
(15) R. Kaptein and J. L. Oosterhoff, Chem. Phys. Lett., 3, 195 
(1969).
(16) H. Fischer, ibid., 4, 611 (1970).
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Figure 1. Diagram of irradiation arrangement showing magnet 
poles and cavity. The extension (A) of the Van de Graaff 
vacuum system is brought into a chimney (B) on the broad 
face of the cavity and :s terminated by a window (0.025 mm 
brass) approximately in the plane of the cavity wall. The 
silica aqueous cell (C, inside cross section 0.5 X 10 mm) is 
irradiated edgewise as shown. The two broad faces of the 
cavity are of 0.45-mm Type 304 stainless steel which has been 
plated with copper and then silver. The modulation coils are 
external to these faces (D).

standing the radical form ation mechanism. For this 
paper, therefore, the effect will be ignored as much as 
possible.

Experimental Section
It  was mentioned above that a most im portant quan

tity  is the production rate of radicals (he., current den
sity over the beam  cross section) for a given total elec
tron beam  current. In the work on nitrom ethane4 the 
window to the vacuum  system of the accelerator was in
side the pole piece as in Figure 1 o f ref 3, and the beam 
diameter at the cavity wall was ~ 1 0  mm. T o  achieve 
a significant im provem ent it was necessary to bring this 
window very close to the cavity and to make a hole in 
the face of the cavity. These details are shown in 
Figure 1. A t some point in the reduction o f the beam 
diameter any further decrease will be offset by  the 
spreading of the beam in the dense material of the 
sample and cell. W ith the present, arrangement the ap
proximate average width of the beam  in the sample and 
cell as measured by  the coloring produced in a Pyrex 
cell is 5 -6  mm. Calculations o f absorbed dose rate 
based on this beam cross section agree approximately 
with that determined chemically (see below).

The increased beam  currents used in this work pro
duce considerable ionization of the gas within the 
cavity, and this conductivity affects both cavity Q and 
resonant frequency Because the electron beam is not 
steady dc but has a considerable ac noise com ponent, 
a considerable increase in noise output o f the spec
trom eter results. Because the main com ponent o f this
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Figure 2. Schematic representation of flow system. Esr 
cavity, cell, and the electron beam have been rotated for 
clarity. The electron beam is in a horizontal plane. The 
sample (in a 4-1. bottle) is bubbled with the desired gas (N2 or 
N20  usually) and forced through the cell by partially evacuating 
the waste container. A heat exchanger (bath of ethylene 
glycol-water cooled from an external thermostat bath) is provided 
to cool the sample. A remote control stopcock is also provided.

conductivity is a result of free electrons, a shortening 
of electron lifetime reduces the effect on the spec
trometer. W e have found that a slow flow o f pure 0 2 
through the cavity is sufficient to reduce the interac
tion of the electron beam with the spectrom eter to an 
insignificant level.

The system for flowing the sample is shown in Figure
2. The sample is degassed in a 4-1. container and is 
made to flow through the sample cell by  partially evac
uating the waste container with an aspirator. The 
cooling coil is to lower the solution temperature to com 
pensate for the temperature rise produced by  the radi
olysis. The temperature rise is about 5° for a beam  cur
rent of 10 fiA. Because of some overcom pensation all 
results pertain to a solution temperature o f about 15°. 
A  m otor driven stopcock is used to turn the flow on and 
off remotely. B oth the stopcock and a tungsten cur
rent collection electrode are downstream from  the ir
radiation zone. W e have used a flat silica cell fabri
cated from  Suprasil I I 17 with a 0.5-m m  internal spacing. 
Although this material produces a large esr signal, only 

G of the spectrum are blanked out when the spec
trum is taken as a second derivative with m odulation 
amplitudes appropriate to fairly narrow lines (0 .1-  
0.2-G width).

The esr spectrom eter is a Varian V4200 with a 100- 
kHz modulation unit as described previously .3 A  
Philco L-4164 detector diode is currently being used 
(with no amplifier modifications) to give some im prove
ment in signal-to-noise ratio over that for a 1N23G. 
The field-tracking nmr unit3 has been modified by  the 
use o f a transistorized marginal oscillator. Measure
ments of the g factors are relative to the main peak in

(17) Amersil, Inc., Hillside, N. J.
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the signal from  the cell which occurs at g — 2.00044. 
These measurements are accurate to about ±0.00003.

The electron beam current is collected  and m onitored 
at tw o points: from  the cavity itself and from  an 
electrode in the esr cell. The current measured from  
the cell was ~ lf> %  that from  the cavity. The current 
from  the cavity plus cell represents substantially the 
total beam  current entering the magnet gap. Typically 
the current from  the cavity was 8 -10 ¡ik. Because this 
represents ~ 2 5  W  o f heat for 2 .8-M eV  energy, it was 
necessary to water-cool the cavity. The flow of sample 
solution ( ~ 1  cm 3 sec-1 ) provides cooling for the cell.

The absorbed dose rate was measured by  irradiating 
an oxygen-saturated ferrous solution. For a 2.5-|iA 
total beam current and a 1-cm 3 sec-1  flow rate the pro
duction rate of F e3+ corresponded to an absorbed dose of 
3 X  1018 eV  g -1 . A  proportional decrease in yield of 
Fe3+ was observed when a higher flow rate was used 
showing that no depletion o f C 2 had occurred. This 
absorbed dose can be com pared with that calculated 
from  a beam diameter o f 5 mm and a linear energy loss 
of 1.8 M eV  g -1  cm 2. The value obtained from  this 
calculation is also 3 X  1018. The close agreement must 
be regarded as partially fortuitous because the estimate 
of the beam average diameter is rather approximate. It 
is clear, however, that the irradiation conditions are 
known at least semiquantitatively. This knowledge is 
im portant in considering possible solute depletion or 
secondary reaction.

A t 1-cm 3 sec-1  flow rate the sample volum e o f 0.8 X  
0.5 X  0.05 =  0.020 cm 3 is replenished 50 times per sec
ond so that the absorbed dose raoe is 1.5 X  1020 eV  g -1  
sec-1 . For a radiation chemical yield of unity this is a 
radical production rate o f 2.5 X  10-3  M  sec-1 . This 
production rate com bined with a radical recom bination 
rate constant of 109 i l i -1  sec-1  leads to a steady-state 
radical concentration o f 1.6 X  1C-6  M. Such a radical 
concentration is readily detectable if the esr spectrum 
has relatively narrow lines.

The chemicals in this study were used as received, 
and no special problem s were encountered. Reagent 
grades were used when available. The water was dou
bly  distilled as previously described .4 In the early 
work pH  was adjusted using only K O H  or H C104. 
Subsequently it became evident that for near-neutral 
pH  values buffering was necessary. This was accom 
plished with the appropriate sodium phosphate.

Results and Discussion

As is well known, an im portant tool in the study o f 
reactions in aqueous solutions during radiolysis is the 
use o f selective scavengers to control the reactions o f 
H , OH, and eaq-  with solutes. 'The prim ary yields o f 
these radicals are about 0 .6 , 2 .8 , and 2 .8 , respectively.18) 
Such an approach was im portant for this esr work be
cause without the use of scavengers it would often 
have been difficult to determine which o f the primary

radicals led to the form ation of a particular radical. 
There are two types of scavengers: those that inter
convert the primary radicals (e.g., H +  and N 20 )  and 
those which yield some other radical. The latter must 
be chosen so that the spectrum o f the radical produced 
does not interfere with other spectra. The presence 
of the spectrum derived from  the scavenger is useful 
evidence that the solute is not com peting to a great 
extent with the intended scavenger.

In acid solutions reaction 1 occurs, and a relatively

eaq-  +  H + >  H - (1)

large yield o f H  is produced. Under these conditions 
it is possible to study the radicals produced from  the 
solute by  reaction of H  •. There can also be reactions 
o f OH. Depending on the rate o f the OH  reaction it 
may be possible to remove OH  by  reaction with i-butyl 
alcohol (which is relatively unreactive toward H ) and

OH  +  (C H 3)3COH  H O H  +  C H 2(C H 3)2COH  (2)

to study only the reactions of H. In basic solution 
the main solute reactions are with eaq-  and OH  because 
the direct yield of H is only 0 .6 .18 Use of the electron 
scavenger, N 20 , converts eaq-  into OH  so that its reac-

H 20  +  N 20  +  eaq-  O H -  +  N 2 +  OH  (3)

tions can be studied alone. The study o f reactions of 
eaq-  is more difficult because OH  reactions are also 
present. A  number o f scavengers for OH  exist, such 
as alcohols and formate, but these must be used with 
caution because the resultant radicals m ay act as elec
tron transfer or reducing agents and yield4 the same 
radical as does eaq-  (cf. reactions 4 and 5). W here a

(C H 3)2CO H  +  C H 3N 0 2 — *

C H 3N 0 2-  +  (C H 3)2CO +  H + (4)

eaq-  +  C H 3N 0 2 C H 3N 0 2-  (5)

reaction analogous to (4) occurs, use of such OH  scav
engers is advantageous in studies o f spectra because a 
larger yield of the desired radical is obtained. Where 
no electron transfer reaction (4) occurs, the existence 
of a reaction analogous to eq 5 can be demonstrated by 
the addition o f N 20  to the solution. W ith N 20  present 
the radical produced from  eaq-  should disappear (pro
vided the rate constants and concentrations are such 
that N 20  can com pete successfully for eaq- ). I f  t- 
butyl alcohol is used as the OH  scavenger (eq 2), no 
com plications are expected because C H 2(C H 3) 2COH  
does not seem to be capable of electron transfer. 19

The discussion im mediately above suggests that the 
radicals observed be discussed as reaction products o f

(18) See, e.g., the review by M . Anbar in “ Fundamental Processes 
in Radiation Chemistry,” P. Ausloos, Ed., Interscience, New York, 
N. Y „  1968, p 651.
(19) G. E. Adams, B. D. Michael, and R. L. Willson, Advan. Chem. 
Ser., 81, 289 (1968).
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the three primary radicals or o f electron transfer from  
reducing agents such as alcohol radicals or C 0 2_ . This 
approach will be followed as much as is practical.

Such a classification of the reactions is also convenient 
for a comparison of radiolytic generation of radicals 
with other production methods which have been used 
in esr experiments. In this sense only the H -atom  and 
eaq-  reactions are unique to radiation chemistry. 
R eactions of an agent which is most likely OH radical 
have been studied by  esr spectroscopy in flow systems 
of T i3+ and H 20 220“ 22 and in photolytic systems con
taining H 20 2.23 The T i3+-H 20 2 system is mechanisti
cally rather com plex ,22 but at the level of the work here 
only a few detail differences in reaction paths have been 
seen for radiolytically produced OH  radical as com 
pared with these other sources. Because o f the greater 
radical concentrations available using these other 
methods of generation, the spectroscopic study of 
radicals produced from OH  is best done b y  these other 
techniques in the pH  regions available to them. Pro
duction o f OH by  radiolytic means does have the ad
vantage that the strongly alkaline region pH  >  10 can 
be investigated and that no changes in the nature o f the 
chemical agents occur as pH  is varied (cf. T i3+ in acid 
and as com plexed for pH  2-10  24 _26). E lectron transfer 
reactions have been studied by esr spectroscopy in work 
with T i3+ -H 20  227,28 so that again the radiolytic work is 
not unique. However, the full pH  range is available in 
the radiolytic work. The m ajor advantages o f the use 
o f radiolytic generation (in aqueous systems) o f radicals, 
then, are a mechanistically well-understood initial 
generation of radicals, the possibility of studying the 
reactions o f eaq-  and H  atoms, and the availability of 
the full pH  range with no other changes in conditions.

OH Reactions. Reactions of OH  radical will be dis
cussed first because they are the easiest to study with
out interference from  those of the other primary radi
cals. B oth  reaction by  hydrogen atom  abstraction and 
by  addition have been studied. The radicals resulting 
from  abstraction have been observed in the cases of 
methyl and isopropyl alcohols and several organic acids. 
A  number o f these substances and the resultant radicals 
have been studied by  esr spectroscopy using other tech
niques for OH production. However, it is im portant to 
establish that the reactions are the same in all cases. 
Furthermore, because these radicals are to be expected 
in studies o f other reactions (e.g., C H 2C 0 2_ from  eaq-  
+  H 2N C H 2C 0 2- 7), it is important to have accurate 
spectral parameters. In fact, much o f the data from  
these other studies pertains to other conditions such 
as nonaqueous solution or strong acid where a different 
degree o f dissociation is expected .29

The reactions with methyl and isopropyl alcohols can 
be used as an initial illustration of the practicality of 
studying radiolytically generated radicals in aqueous 
solutions. In neutral and acid solutions these reactions 
are expected to be

OH  +  C H 3OH  C H 2OH  +  H 20  (6)

OH  +  (C H 3)2C H O H  — >  (C H 3)2CO H  +  H 20  (7)

while in strong base (pH  ~ 1 2 )  the resulting radicals 
can dissociate

O H -  +  C H 2OH  — >  C H 20 -  +  H 20  (8 )

O H - +  (C H 5)2CO H  — >  (C H 3)2C O - +  H 20  (9)

The pK  values reported by Asmus, el al.,m are respec
tively, 10.7 and 11.6 . The results of experiments with 
N 20-saturated neutral and basic solutions of the alcohols 
are shown in Figures 3 and 4. A  significant decrease in 
hyperfine constant and increase o f g factor upon disso
ciation are evident from  the figures in both cases. H y 
perfine constants for these spectra are given in Table I. 
The spectra in neutral solution are like those found by  
Zeldes and Livingston31 for aqueous solution and ex
hibit a splitting by  the hydroxyl proton. As the pH  
is raised, exchange o f the OH  proton occurs causing first 
broadening of the doublets corresponding to this split
ting and then narrowing to a single line. A t still higher 
pH  values where appreciable concentrations o f both 
undissociated and dissociated forms are present the 
spectrum represents a weighted average over these 
forms because of the rapid dynamics of the equilibrium. 
The dynamics are not quite rapid enough, however, to 
maintain narrow lines for the outer lines ( i.e., those 
which m ove the most upon dissociation). The broad
ening does not prevent determination o f the positions 
of at least some of the lines at all pH  values. A  de
tailed study o f the variation of hyperfine splitting with 
pH  and of the kinetics o f the exchange in basic solu-

(20) W. T. Dixon and R. O. C. Norman, J. Chem. Soc., 3119 (1963).
(21) A number of other references can be found in the review by 
R. O. C. Norman and B. C. Gilbert in “ Advances in Physical Organic 
Chemistry,”  Vol. 5, V. Gold, Ed., Academic Press, New York, N. Y., 
1967, p 63.
(22) R. O. C. Norman and P. R. West, J. Chem. Soc. B, 389 (1969).
(23) (a) R. Livingston and H. Zeldes, J. Chem. Phys., 44, 1245
(1966) ; this paper describes the technique. Other papers dealing 
specifically with aqueous solutions are (b) R. Livingston and H. 
Zeldes, J. Amer. Chem. Soc., 88, 4333 (1966); (c) R. Livingston and 
H. Zeldes, J. Chem. Phys., 47, 4173 (1967); (d) R. Livingston and 
H. Zeldes, J. Magnetic Resonance, 1, 169 (1969).
(24) R. 0 . C. Norman and R. J. Pritchett, J. Chem. Soc. B, 378
(1967) .
(25) R. Poupko, B. L. Silver, and A. Lowenstein, Chem. Commun., 
453 (1968).
(26) M . McMillan and R. 0 . C. Norman, J. Chem. Soc. B, 590
(1968) .
(27) A. L. Buley and R. O. C. Norman, Proc. Chem. Soc., 225 (1964).
(28) A. L. J. Beckwith and R. O. C. Norman, J. Chem. Soc. B, 400
(1969) .
(29) For example, although the radical CH2COOH from acetic acid 
had been reported several times, it was not until the present work that 
the spectral parameters for the form CH2CO2-  were determined 
(see also ref 7). Also, much of the early work using T i3 +-H202 did 
not give hyperfine constants to as great accuracy as is now con
sidered desirable and did not report g factors.
(30) K .-D . Asmus, A. Henglein, A. Wigger, and G. Beck, Ber. 
Bunsenges. Phys. Chem., 70, 756 (1966).
(31) H. Zeldes and R. Livingston, J. Chem. Phys., 45, 1946 (1966).
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CH2 0  I__________ _____________ ______________ I

----------- 14.2 G---------- -

Figure 3. Second-derivative esr spectra of N2O saturated 0.1 M 
methanol solution at two pH values taken during irradiation 
with 2.8-MeV electrons. Magnetic field increases to the right.
A portion of the spectrum to the right of the center is recorded 
at '~100 X less gain and shows the signal from the silica cell.
A stick spectrum of the basic form, CH20 - , is 
shown for reference.

<ch3 )2 co" j I I (
------ I7.3G— -

Figure 4. Esr spectrum of an N20-saturated 0.1 M  solution of 
isopropyl alcohol at two pH values.

tions of the OH  proton is under w ay .32 In  the most 
basic solutions the lines for each radical all becom e of 
the same width. For the radical (C II3)2C O -  this 
width is small (~ 0 .1  G ) and second-order splittings can 
readily be resolved (Figure 3). For C H 20 -  the line 
width is greater (~ 0 .4  G ) for some reason not yet under
stood .33 The signal-to-noise ratio o f these spectra is 
adequate and demonstrates the practicality o f studying 
radicals with recom bination rate constants of ~ 109 
M -1  sec-1 .

The absence o f lines from  the radical C H 2(C H 3)- 
C H O H  in the experiments with isopropyl alcohol de
serves some com m ent because this radical is relatively 
prominent in flow experiments with Fe2+34 or T i3+2° 
and H 20 2. Several discussions o f the variable ratio of

Table I: Radicals Produced by OH“ (H-Atom Abstraction)

Radical6 0(9h «OH11 ocl g

CH2OHc 17.56 1.01 2.00329
c h 2o - 14.34 2.00367
(CHskCOIR 19.90 0.48 2.00315
(CH3)2CO- 17.31 2.00335
c h 2c o o - 21.20 2.00323
CH(COO-)2 19.95* 2.00341
-OCHCOO- 14.17 2.00435
CHC1COO- 20.48 3.36e 2.00640

“ Hyperfine constants in gauss, accurate to about ±0.03 G. 
Values of g factor accurate to about ±0.00003. 6 Radical
formed at pH ~11-12. c Parameters reported previously by 
Zeldes and Livingston31 for aqueous solution are: CH2OH, aa = 
17.52, g = 2.00335; (CH3)2COH, ag =  19.96, g = 2.00313. 
d Splitting for CH(COOH)2 at pH 0.9 is 20.44 G. e Value for 
36C1; for 37C1 it is 2.79. The ratio is 0.830 and can be compared 
with the expected ratio of 0.832.

C H 2(C H 3)C H O H  to (C H 3)2COH have been pub
lished .22'36’36 Because the radiolysis of aqueous solu
tions o f low concentrations o f solutes (0.1 M) is very 
well understood, it is clear that the results reported here 
should be describable b y  a mechanism involving only 
the production of the tw o abstraction product radicals 
and their bim olecular recom bination. The ratio o f 
production of the tw o radicals has been found37 to  be 
about 6 :1  in favor o f (C H 3)2COH . I f  it is assumed 
that the recom bination reactions all have about the 
same rate constants (a large departure from  this condi
tion seems very unlikely), then our experiments should 
show a 6 :1 ratio of radical concentrations. Such a con
centration for C H 2(C H 3)C H O H  would put its lines at 
about the noise level in Figure 4 so no inconsistency is 
present. The spectrum found by  L ivingston and 
Zeldes23b for H 20 2 in 75%  isopropyl alcohol and 25%  
water shows about the expected ratio for the two radi
cals although experiments in the pure alcohol23“ do not 
seem to show the weaker set o f lines. On the basis of 
these observations we must conclude that while the 
photolysis of H 20 2 produces an active species (OH) 
which behaves in a fashion similar to or identical with 
radiolytically produced OH, some com plications are 
present in the metal ion systems. A t this time an 
explanation such as that advanced by Norm an and 
W est22 and involving for the tw o types of radicals dif
fering reaction rates with metal ions and H 20 2 seems

(32) G. P. Laroff and R. W. Fessenden, to be published.
(33) It should be noted that radicals with a small moment of inertia 
about at least one axis show anomalously broad lines. Examples in 
addition to CH2O ”  are CH3 and perhaps CH3CH2 (ref 3), and CH2CN 
(ref 23d).
(34) T. Shiga, J. Phys. Chem., 69, 3805 (1965).
(35) R. E. James and F. Scicilio, ibid., 74, 1166 (1970).
(36) C. E. Burchill, ibid., 75, 167 (1971).
(37) C. E. Burchill and I. S. Ginns, Can. J. Chem., 48, 1232 (1970).
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more reasonable than an active species which is not 
free 0 3 .

Other com pounds studied which give the expected 
abstraction product when studied in basic N 20-satu- 
rated solution are acetate, chloroacetate, malonate, and 
glycolate (H O C H 2COO~) ions. The radicals found 
are C H 2C O O -  C H C 1 C 0 0 -, C H (C O O ~)2, and ~OCH - 
C 0 0 ~ , respectively. Spectral parameters for these 
radicals are given in Table I. Because Fischer, et al.,3S 
have found a small change in the a-proton splitting and 
a large one in the 0 splitting o f the radical H O O C C H - 
C H 2COOH  as the carboxyl protons dissociate, it is to 
be expected that other radicals containing carboxyl 
groups will also show this trend. Fortunately Fischer, 
et al.,s( have also found only a moderate change in the 
acid p A  values in going to the radical so that there is 
some hope of estimating whether a particular radical 
from  earlier studies is dissociated or not. Our pa
rameters for C H 2COO~ should be compared, therefore, 
with those of Beckwith and N orm an28 who worked 
near neutral pH . It is not clear why their values of a 
=  21.6 G and g =  2.0033 are not closer to those found 
here. The splitting in acid solutions for (presumably) 
C H 2COOH  is reported to be 21.839 and 21.7 G .40

Chloroacetate was studied because o f the desire to 
illustrate b y  esr the well-known reactions o f this com 
pound with the three primary radicals. The spectra 
found :n  acid and basic solutions of chloroacetate are 
shown in Figure 5. The abstraction product CHC1- 
C O O ~ (or CHC1COOH) is evident in both pH  regions. 
The hyperfine constants for CHC1COO-  are given in 
Table I ; no values were determined for the acid form  
because of low signal-to-noise ratio. The parameters 
reported by  D ixon et al.,M for CHC1COOH (aH =
20.9 G, aCI =  3.8 G ) are rather similar to those found 
here. The high g factor is a result o f spin density upon 
the chlorine. M alonate was studied to establish the 
spectral parameters o f the dissociated form  of the radi
cal for comparison with radicals obtained in other reac
tions. Because Dixon, et al.,M found C H 2COOH  to be 
the reaction product o f malonic acid in acid solution, an 
experiment was done at pH  0.9 in addition to that at 
pH  12. Interestingly the radical found here at both 
pH  values is that obtained directly by  hydrogen ab
straction. This is the most striking instance we have 
found c f  a difference in reaction product between the 
two methods o f radical generation.

Glycolate was of particular interest because o f the 
dissociation o f the alcohol proton as shown by  pulse 
radiolysis41 and also because the same radical can be

O H -  +  H O C H C O O - — >  -O C H C O O - +  H 20  (10)

form ed by  electron addition to glyoxylate ion. This

O o -

eaq-  +  H C C O O - — H C C O O -  (11)

J
Figure 5. Esr spectra of 10-2 M chloroacetic acid at pH 1.5 
and of 10-2 M chloroacetate saturated with N20  at pH 11.4. 
The stick spectra represent the analysis of the pH 11.4 
spectrum. The pair of lines in the bottom stick spectrum are 
from an unknown species.

latter com pound also is o f im portance in studying the 
reactions of oxalate as discussed below. The plk for 
reaction 10 is ~ 9 41 and in accord with this value no 
change in the hyperfine splitting (14.17 G ) for ~O CH - 
C O O -  was found over the pH  range from  10 to 13. N o 
spectrum was taken in neutral solution, but the a- 
proton splitting reported for acid conditions is 17.8 G .39 
The splitting o f 14 G  must, therefore, represent that of 
the doubly dissociated form  and has no significant con
tribution from  the form  H O C H C O O -. The change 
from  17.8 G  in H O CH CO O H  to the 14.2 G  found here 
parallels the drop of 2.7 G in going from  C H 2O H  to 
C H 20 _  and is probably caused mainly by  the dissocia
tion o f the alcoholic proton.

The lines of -O C H C O O -  are very intense because of 
the slower recom bination for this doubly charged radi
cal. (The pulse radiolysis work by  Simic, et ah,41 has 
shown the recom bination rate constant to be 1.5 X  
101 M ~l sec-1 .) As a result sufficient intensity is pres
ent to allow a search for lines from  lsC-containing radi
cals and indeed two sets o f lines with proper intensity 
and described by  the same aa and g factor were found 
with, respectively, a c =  6.90 and 13.56 G. (See Figure 
11 for the same radical from  electron addition to  gly- 
oxylic acid.) N o lines of comparable width and corre
sponding to values o f a° up to 300 G  could be found.

(38) H. Fischer, K.-H. Hellwege, and M . Lehnig, Ber. Bunsenges. 
Phys. Chem., 72, 1166 (1968).
(39) W . T. Dixon, R. O. C. Norman, and A. L. Buley, J. Chem. Soc., 
3625 (1964).
(40) H. Taniguchi, K. Fukui, S. Ohnishi, H. Hatano, H. Hasegawa, 
and T. Maruyama, J. Phys. Chem., 72, 1926 (1968).
(41) M . Simic, P. Neta, and E. Hayon, ibid., 73, 4214 (1969).
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Figure 6. Esr spectra obtained from NiO-saturated solutions of benzene (saturated, ^ÎO-2 M )  and 5 X 10-3 M  benzoate at about 
pH 12. Stick spectra are shown for the indicated species. (Only the meta radical is shown in the lower although the other two 
isomers are present.) Note the large intensity differences between high- and low-field lines and the suggestion of emission lines 
at several points.

Either of the observed values would be reasonable for 
the carboxylate carbon (J3 position), but a larger split
ting (~35 G) would be expected for the a- or radical 
carbon. Because similar values have been found in re
lated radicals,32 we reject the suggestion that these lines 
do not come from the 13C-containing radicals. It must 
be that the proper electronic description of this radical 
involves a greater than expected (by us) contribution 
from all of the structures with the electron located on an 
oxygen. Structures like II reduce the ir-spin density 
on the a-carbon, and depending on the sign magnitude

0 -  0  0 -  0 -  0 - 0 -
I II I I  I I

H— C— C— 0 “  H— C = C — 0 - H C =C — 0~
I II III

of Qoc° from the theory of Karplus and Fraenkel42 
structure III could produce a significant negative con
tribution to the splitting of the a-carbon and partly 
cancel the main positive contribution from structure I.

A number of addition reactions of OH radical have 
been observed by esr spectroscopy in flow systems. 
Several authors have reported addition to unsaturated 
compounds20,43-48 and Dixon and Norman46 have 
studied addition to substituted benzenes to form hy-

droxycyclohexadienyl radicals. Previous radiolytic 
work4 demonstrated OH addition to the basic form of

OH +  CH2= N 0 2-  H0CH2N 02-  (12)

nitromethane. In the work covered here OH addition 
to benzene and benzoate ion have been studied as well 
as the addition reaction to nitrosobenzene and the dis
placement reaction with p-nitrophenol to form p- 
benzosemiquinone ion radical.

The spectra of the hydroxycyclohexadienyl radicals 
from benzene and benzoate ion are shown in Figures 
6 and 7. These both show a strong intensity anomaly

R R

and the lines at the lowest fields are inverted. The

(42) M. Karplus and G. K. Fraenkel, J. Chem. Phys., 35, 1312 
(1961).
(43) H. Fischer, Z. Naturforsch. A, 19, 866 (1964).
(44) W. E. Griffiths, G. F. Longster, J. Myatt, and P. F. Todd, 
/ .  Chem. Soc. B, 530 (1967).
(45) A review of OH addition to vinyl monomers has been published : 
K. Takakura and B. Ranby, Advan. Chem. Ser., 91, 125 (1969).
(46) W. T. Dixon and R. O. C. Norman, / .  Chem. Soc., 4857 (1968).
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Table II: Cyclohexadienyl Radicals“

■Hyperfine constant6-
Radical (system) >CHX Ortho Meta Para Q

CeHv (aqueous) 48.08 9.06 2.69 13.15 2.00268
C6H7 (hydrocarbon)' 47.71 8.99 2.65 13.04 (2.0025)
CeHeOH (basic)*2 34.34 8.92 2.74 13.05 2.00227
CelieOH (acid) e 8.85 2.76 13.09 e
0--00C C 6H50H (basic) 34.71 8.35 2.59, 2.78 12.53 e
M - -  OOCGslhOH (basic) e 8.85, 9.03 2.74 13.08 2.00224
P--OOCC6H5OH (basic) e 8.29 2.60 e

“ Positions labeled with respect to the methylene group >CHX where X is H or OH. 6 In gauss, estimated accuracy ±0.03 G. 
: Reference 3. d Somewhat different parameters were reported by Dixon and Norman.46 e Because of intensity differences of high- 
and low-field lines only the high-field lines could be measured; consequently no >CffOH splitting could be obtained, and no g factor 
determined.

Figure 7. High-field side of the spectrum obtained under high 
resolution with an N20-saturated, 10~2 M  benzoate solution. 
Present are lines from the three possible isomers.

spectra were analyzed on the basis of the high-field 
portions of the spectra, and only those lines on the low- 
field side were measured which were necessary to pro
vide the g factor and splitting by the methylene 
(>C //O H ) proton. Figure 7 shows a portion of the 
high-field half of the spectrum obtained with benzoate 
ion. The spectra of the three isomers resulting from ad
dition at ortho, meta, and para positions can be seen. 
The lines from these radicals include essentially all of 
those visible, and no intense line is unaccounted for. 
The hyperfine constants are given in Table II. Most 
striking is the close agreement of the ring proton split
tings between the various isomers and with the unsub
stituted radical. The meta adduct shows little de
crease in spin density over the unsubstituted one be
cause the carboxyl group is at a position of low spin 
density. In the other two isomers the splittings at para 
and ortho positions drop by about 4-7%  presumably 
because spin density has been removed to the carbox- 
ylate group. The value of the >CHOH splitting of 
hydroxy cyclohexadienyl radical is smaller by 1.5 G 
than that reported by Dixon and Norman.46 This 
cannot be caused by a dissociation of the OH proton 
because an identical spectrum was obtained in acid 
solution. The only other obvious reason for the dif
ference (aside from an error in field scan calibration by 
them) is that the radical in the T i3+-H20 2 experiment 
is somehow associated with titanium.

The relative rates of OH addition at the three posi

tions cannot be accurately determined from the results 
of Figures 6 and 7 without information on the radical 
lifetimes. A first approximation is to take the line 
width to be the same for all radicals because no large 
differences are evident and to say the disappearance 
rates are the same. Certainly in the mixed system no 
great differences can exist. Under these assumptions 
it is concluded that the meta and para adducts are 
produced at the same rate and the ortho at about half 
this rate per position on the ring. The lower rate in 
the ortho position may be related to steric factors. 
The individual identification of the three adduct radi
cals illustrates in an excellent fashion the usefulness of 
esr spectroscopy in systems containing closely related 
radicals.

Asmus, et al.,i7 have studied the reactions of nitroso- 
benzene. Their results show that this compound reacts 
with OH by

OH +  C6H6NO — >  C6H6N 02H (13)

C6H5N 02H — >■ C6H6N 02-  +  H+ (14)

The latter reaction occurs in basic solution because the 
pK  of C6H6N 02H is 4.5.48 The spectrum observed 
when an N20-saturated solution of 5 X 10 4 M nitro- 
sobenzene is irradiated is shown in Figure 8. This 
spectrum can be totally ascribed to the radical anion 
CellsNO- . This radical has a pK  of 11.748 and in the 
dissociated form is known to display the effects of 
hindered rotation about the C-N  bond.49’60 The hyper
fine splittings determined from the spectrum of Figure 8 
are given in Table III and are in accord with those ob
tained by Russell, et al.,60 in ethanol solution. To ex
plain the formation of C6H8NO_ it is necessary to say

(47) K .-D . Asmus, G. Beck, A. Henglein, and A. Wigger, Ber. 
Bunsenges. Phys. Chem., 70, 869 (1966).
(48) K .-D . Asmus, A. Wigger, and A. Henglein, ibid., 70, 862 
(1966).
(49) E. J. Geels, R . Konaka, and G. A. Russell, Chem. Commun., 13 
(1965).
(50) G. A. Russell, E. J. Geels, F. J. Smentowski, K .-Y . Chang, J. 
Reynolds, and G. Kaupp, J. Amer. Chem. Soc., 89, 3821 (1967).
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Table III: Radicals from CH3N02 in Acid Solutions“'*1

System Proposed radical aN aH g

c h 3n o 2 +  C2H6OH c h 3n o 2c h o h c h 3 2 8 . 0 9 1 0 . 1 9 2 .0 0 5 0 7
CHsN0 2 +  n-C3H,OH c h 3n o 2c h o h c 2h 6 2 8 . 2 2 1 0 . 1 9 2 . 0 0 5 0 6
CH3N02 +  C2H6OC2Hs CH3N02CH(CH3)0C2H6

Ô
2 8 . 2 4 9 . 9 5 2 .0 0 5 0 4

CH3N02 +  (CH3)2CHOH
1

CH3NC(OH)(CH3)2 1 6 .6 4 1 3 . 8 2 2 .0 0 5 4 5

“ Hyperfine constants in gauss, accurate to about ±0.03 G. Values of g factor accurate to about ±0.00003. b These radicals have 
also been reported by McMillan and Norman.26

<VV-------------1a„ h------------
Figure 8. Esr spectrum of C6H5NO obtained in an 
N20-saturated, 10-3 M  solution of C6H6NO at pH 12.4.

that reactions 13 and 14 are followed by the electron 
transfer

c 6h 6n o 2-  +  C6H6NO

C6H5N 02 +  C6H6N O - (15)

If this reaction has a rate constant of >107 M~x sec-1 
(which is very possible), no spectrum of C6HSN02_ 
would be expected. Unfortunately in this case we 
cannot test the proposed mechanism directly by ob
serving the initial intermediate.

A number of experiments with other aromatics have 
been tried, but in most cases the spectra are complex, 
consisting of several overlapping spectra, and no as
signments have been made. The case of p-nitrophenol 
is an exception. Over the pH range 7-12 this com
pound (in the form 0 2NCeH40~, pK  =  7.15* 51) reacts 
with OH to form p-benzosemiquinone radical ion52 
(a = 2.35 G, g =  2.00453) by the net reaction

OH +  0 2NC6H40 -  — >

-0 C 6H40  +  H+ +  N 02-  (16)

The spectrum obtained at pH 12 is shown in Figure 9 
and the great signal intensity, a result of the long 
radical lifetime, is apparent. A crude estimate of the 
radical concentration responsible for the signal of 
Figure 9 gives 2 X 10~6 M. Because the total OH

2.35 G

Figure 9. Esr spectrum of p-benzosemiquinone radical ion 
obtained from an N20-saturated solution of 10-3 M  
p-nitrophenol at pH 11.8.

radical production during one pass of the solution 
through the beam is ~ 3  X 10-4 M, the production of 
p-benzosemiquinone radical ion must represent at least 
approximately 10% of the product of reaction. It is 
not possible to say, of course, whether this radical has 
some precursor such as a hydroxycyclohexadienyl radi
cal which lives of the order of a few microseconds. At 
lower pH the same lines are present but at lower inten
sity. It is likely that under these conditions increased 
protonation leads to a more rapid decay of the p- 
benzosemiquinone ion.53 54 *'64 Suarez, et al.,&i have dis
cussed some chemical results related to this reaction.

(51) “ Handbook of Chemistry and Physics,”  Chemical Rubber Co., 
Cleveland, Ohio, 1966-1967, p D-86.
(52) The parameters found by K. Scheffier and H. B. Stegman [Ber. 
Bunsenges. Phys. Chern., 67, 864 (1963) ] for alkaline alcohol solution 
are a =  2.35 G and g = 2.00466.
(53) I. Yamazaki and L. H. Piette, J. Amer. Chem. Soc., 87, 986 
(1965).
(54) G. E. Adams and B. D. Michael, Trans. Faraday Soc.. 63, 1171
(1967).
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H-Atom Reactions. The reactions of hydrogen 
atoms are evident through the observation of product 
radicals and also through the decrease in intensity of 
the H-atom esr lines when solute is added to the solu
tion. In several cases this decrease has been used to 
show that reaction with solute is occurring. In the 
present work only with oxalic acid and benzene have 
the product radicals been studied directly. Further 
work66 is in progress to put this decrease in intensity on 
a quantitative basis for measuring H-atom reaction 
rates.

The distinctive spectrum (a 500-G doublet) of the 
hydrogen atom is observed during irradiation of per
chloric acid solutions (Figure 10). The low-field line is 
inverted as was found in experiments on liquid meth
ane.3 In initial experiments two components of the 
low-field line were present as is shown in Figure 10. 
After O2 was bubbled through the solution, one com
ponent remained. On the high-field side a remanent 
line is also present, but here its position is the same as 
that of the component removed by 0 2. The parameters 
are for the reactive species a =  503.2 G, g = 2.00210 
and for the other a = 503.5 G, g = 2.00218. Although 
the amplitudes of the high- and low-field lines are com
parable for both spectra, the low-field lines have some
what greater peak heights and may in fact have greater 
area. From the lack of an effect of 0 2 on the second 
pair of lines (the same effect is obtained with isopropyl 
alcohol) it is evident that the remanent lines are from 
H atoms in the silica cell. Subsequent experiments 
with a new cell have shown essentially no signal from 
the cell. It is interesting that both low-field lines are 
essentially of the same inverted sense.

A detailed description of the behavior of the hydrogen 
atom signals is not yet possible. The height of the 
lines from the solution with no reactive solute is 
approximately proportional to the electron beam 
current so that the signal height is not determined 
only by recombination. Initial signal polarization, 
polarization upon reaction, and subsequent relaxa
tion may all affect the signal size. Nevertheless, it 
appears that it is possible to use the decrease in signal 
height upon addition of solute to measure the rate of 
reaction with that solute relative to the unknown com
peting process. Calibration of the competing process 
can be made with a solute having a known rate constant 
for reaction with hydrogen atoms. Preliminary ex
periments showed that ~ 5  X 10 ~4 M  isopropyl alcohol 
decreased the signals by about 75%. The rate con
stant of ~ 5  X 107 M~1 sec-1 67 allows the half-time for 
decay of the hydrogen atom signals in the absence of 
solute to be determined. The time so determined is 
~ 8 5  /¿sec. Once the decay of the signal has been cali
brated in this way other compounds can be studied and 
their rates of reaction determined. A study of the 
rates H-atom reactions with a number of compounds is 
under way.66

The Journal of Physical Chemistry, Vol. 75, No. 9, 1971

---------------------------506.4 G---------------------------- -

Figure 10. Esr lines of H atoms in an experiment with 
perchloric acid (pH 1.6) solution (a). Note the inverted sense 
of the low-field lines. At (b) is given further resolution of the 
low-field line. No resolution of the high-field line was possible. 
In (c) are shown the lines present when 0.1 M  isopropyl 
alcohol is added. The 506.4-G spacing is not exactly the 
hyperfine constant because of higher-order effects.

The reaction of H atoms with aromatics is very fast,67 
and the product with benzene is expected to be cyclo- 
hexadienyl radical. An experiment at pH 2 with a 
benzene-saturated solution showed signals from both 
unsubstituted and hydroxycyelohexadienyl radicals 
formed, respectively, by addition of H and OH to ben
zene. These spectra were much like those shown in 
Figures 6 and 7 for basic solution but were weaker. 
None of the low-field lines of the hydroxycyclohexa- 
dienyl radical spectrum could be seen but the ring pro
ton splittings and the displacement of the center of the 
high-field group had values identical with those in the 
spectrum of Figure 6 so there is little doubt that the 
OH is undisassociated at pH 12. One of the stronger 
low-field lines of the cyclohexadienyl radical could be 
seen so that it was possible to determine all of the cou
pling constants. The values found for aqueous solution 
are very similar to those for the radical in 1,4-cyclo- 
hexadiene.3 The parameters are given in Table II.

Experiments with nitromethane in acid never gave 
any significant signal intensity in spite of a demon
strated reaction with hydrogen atoms66 much in excess of 
that expected for abstraction. It seems likely that as a 
result of some form of exchange of the acid proton the 
lines for CH3N 02H (the expected product) are broad
ened so much that they cannot be seen.

(55) C. Suarez, F. Louys, K. Günther, and K. Eiben, Tetrahedron 
Lett., 575 (1970).
(56) P. Neta, R. W. Fessenden, and R. H. Schuler, J. Phys. Chem., 
in press.
(57) See the values tabulated by M . Anbar and P. Neta, Int. J. 
Appl. Radiat. Isotopes, 18, 493 (1967).
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The reactions of oxalic acid in irradiated aqueous 
solution are complex and involve all of the primary radi
cals but will be discussed here because the net reaction is 
reduction. Many experiments on oxalic acid were per
formed. One of the most useful was on an acid solution 
of 2 X 10-2 M oxalic acid (pH 1.4). Irradiation of the 
solution with no additive gave a strong single line at g 
= 2.00397 which was reduced in intensity by 70% when 
2 X 10~2 M  ¿-butyl alcohol was added. When 2.6 X 
10-2 M  isopropyl alcohol was added in addition, the 
signal intensity recovered to approximately 140% of its 
initial level. The reaction for the final mixture clearly 
involves electron transfer

O O
II II

(CH3)2COH +  HOC— COH — >
O o -II I

HOC— COH +  (CH3)2CO +  H+ (17)

(The state of dissociation of the product radical is not 
necessarily as shown.) This reaction has been observed 
by Norman and West22 in T i3+-H 20 2 systems and also 
in photolysis by Zeldes and Livingston58 and by Arthur 
and Fessenden.69 The g factors from these various 
experiments are in agreement. The ^ 50%  decrease 
in the H-atom signals observed when oxalic acid is 
added at 2 X 10 ~2 M  indicates significant reaction, 
and the reaction giving the same radical (except for the 
acid dissociation) as in eq 17 seems obvious. The fact

O O  O HII II II o
H +  HOC— COH — >  HOC— COH (18)

that the signal level drops upon addition of ¿-butyl 
alcohol shows that OH (which the alcohol scavenges) is 
also producing the same final product. Because OH 
is an oxidizing species an intermediate step is needed. 
The reaction

O O

OH +  -OC— COH — >
O O O

•OC— COH (or C02 +  -COH) (19) 
followed by electron transfer 

O O O OOII II II INI
•COH (or -OC— COH) +  HOCCOH — >

0  o -

HOC— COH +  C 02 +  H+ (20)

seems probable. Norman and West22 showed that 
C 02~ or H C02 can reduce oxalate. Again the state of

o- , Î
h c - c o o '  r ---------------------------- 1 4 3 5

I_____________________ U______________________I
Figure 11. Esr spectra obtained in acid and basic solutions of 
10-2 M  glyoxylic acid (HCOCOOH). The lines from the 
transients approach the intensity of the line from the cell.
Note the several different gain settings. The stick spectra are 
drawn for the indicated radical and for the two corresponding 
13C-containing radicals. The arrow marks the position of the 
line ascribed to C2O43 - .

acid dissociation of the various species is not necessarily 
as specified. The fact that a larger signal is obtained 
with isopropyl alcohol than with pure oxalate shows 
that not all of the H and OH radicals are producing the 
final radical in the absence of the intermediate step 
forming (CH3)2COH.

In basic solution the situation seems simpler. Only 
a weak signal at g = 2.00403 is found in 10-2 M  oxalate 
solutions. This signal is greatly enhanced by the pres
ence of an OH scavenger such as ¿-butyl alcohol or for
mate (at 10~2 M ) ; when N20  is added to the solution 
along with the OH scavenger, no signal remains. The 
radical must be produced by

0 -  0

ea<T +  C2O42-  — > -O C -C O -  (21)

(58) H. Zeldes and R. Livingston, J. Phys. Chem., 74, 3336 (1970).
(59) N. L. Arthur and R. W. Fessenden, unpublished results.
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and not by electron transfer from CC>2~. (The photo- 
lytic experiments show that (CH3)2COH reacts only 
with HC2O4-  or H2C2O4.68,69) It is not clear why an 
OH scavenger is necessary for efficient radical produc
tion. Possibly a reaction of OH with the radical 
destroys it as fast as it is formed. From the great signal

OH +  C2O48-  — ► O H - +  C2O42-  (22)

intensity possible in either acid or basic solutions it is 
clear that the radicals do not recombine rapidly and 
that the rate constant for this reaction is around 106 to 
107 M~x sec-1.

Further confirmation of the identity of the radical 
giving the line at g = 2.0040 is obtained from the ob
servation that a line at the same position is obtained 
from glyoxylic acid (H C (= 0 )C 00H ) (see Figure 11). 
The reaction suggested is abstraction from the alde
hyde hydrate which is expected to be present in signifi
cant concentration. Because this reaction is fast and

H 0
0  ||

OH (or H) +  HC— COH — ^
0
H

H 0
0  ||

•C— COH +  H20  (orH 2) (23) 
0  
H

makes use of both H and OH, somewhat more intense 
signals of the radical are found than when oxalic acid is 
used. In this case a search for lines from 13C-contain- 
ing radicals is possible, but none were found. This 
same negative result was obtained by Zeldes and Living
ston68 and must be a consequence of a broadening of 
the lines of the 13C-containing radical by end-to-end 
proton exchange.

Hydrated Electron Reactions. Only in the cases of 
acetone, glyoxylic acid, oxalate (mentioned above), and 
chloroacetate were efforts made to demonstrate reac
tions of specifically the hydrated electron. With ace
tone the object was to show that the esr method gives 
the expected result of eaq-  attachment. In strongly

eaq-  +  (CH3)2CO — >  (CH8)2C O - (24)

(CH3)2CO- +  H20  — >  (CH3)2COH +  H O - (25)

basic solutions of acetone a spectrum identical with that 
obtained by OH abstraction from isopropyl alcohol was 
found confirming reaction 24. In neutral solutions the 
spectrum again agreed with that from isopropyl alcohol 
demonstrating reaction 25. In both of these cases the 
OH radical reacted with acetone, but the resultant lines

CH3COCH3 +  OH — > CH2COCH3 (26)

are so weak in our experiments that no hyperfine con

stants were determined. As well as could be deter
mined, however, these lines are consistent with the 
known spectrum31 of this radical. The other ketonic 
compound studied was H C (= 0 )C 0 0 _ . Reaction 
with eaq_ in this case gives the same product as ob
tained from glycolate by abstraction of hydrogen.

0  0 - 0

eaq-  +  HCCOO- — > HC— C O - (27)

The spectrum resulting from such an experiment is 
shown in Figure 11.

Chloroacetate was chosen because this compound has 
a special place in radiation chemistry through its role 
in the discovery of the hydrated electron.60 When a 
10- 2 M  solution of chloroacetate was irradiated at pH
11.4, a spectrum with lines from both CH2COO- and 
CHCICOO-  was found. The parameters for the radi-

eaq-  +  CICH2COO- CH2COO- +  C l- (28)

OH +  C1CH2C 0 0 -  — >- C1CHCOO- +  H20  (29)

cal CICHCOO-  have been discussed in an earlier sec
tion. Those for -CH2COO- are identical with those 
found for the radical produced from acetate by OH 
reaction. With no scavenger for eaq-  present the sig
nals from CH2COO- are very strong. When the solu
tion is saturated with N20, the CH2COO- signal inten
sity decreases and a spectrum like that of Figure 5 is 
found. Some CH2COO- is still present because of in
complete eaq-  scavenging by N20. Another doublet 
spectrum which has not yet been identified is also pres
ent. This spectrum is not that of -OCHCOO- , CH- 
(COO-)2, or -0 0 C C (0 -)C H 0 H C 0 0 -. As shown in 
the figure, lines from both CH2COOH and CHC1COOH 
are present in acid solutions but are rather weak. Here 
CH2COOH is formed by

H +  CICH2COOH — ►

H+ +  C l- +  CH2COOH (30)

Electron Transfer Reactions. Many of the reduction 
reactions of the hydrated electron can also be accom
plished by alcohol radicals such as (CH3)2COH or by 
C 02_ . In this work most of the reduction reactions 
occur in both ways and emphasis was placed upon the 
product radical rather than the details of the reaction 
itself. The first example to be discussed in this section 
is reaction of alcohol radicals with CH3N 02 in acid solu
tion. Nitromethane was studied previously in basic 
solution where long radical lifetimes are found, and it 
was of interest to compare the behavior. Nitrometh
ane has been studied in acid by Longster, et al.f' and 
also by McMillan and Norman26 (who also worked at

(60) E. Hayon and J. Weiss, Proc. Int. Conf. Peaceful Uses At. 
Energy, Geneva, 1956, 29, 80 (1958).
(61) W. E. Griffiths, C. L. Longster, J. Myatt, and P. F. Todd, 
J. Chem. Soc. B, 533 (1967).
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Figure 12. Esr spectra of acid solutions of 5 X 10 3 M  CH3NO2 containing 0.1 M  ethyl and isopropyl alcohols.

pH 8). Much of our work on this system was per
formed before we became aware of the latter paper. 
Our results agree well with those of McMillan and Nor
man.

In acid solutions of nitromethane itself we have not 
been able to find any significant signal intensity. This 
result is surprising in that the studies66 on the kinetics 
of H-atom disappearance suggest reaction by other than 
abstraction. Although other explanations for the 
lack of signals are possible, it is likely that the lines of 
CH3NO2H (pK  4.4)62 are broad and unobservable at 
our radical concentrations— if the lines were narrow 
they should have been detected. No signals from other 
than CH2OH were found in solutions containing 0.1 M 
methanol. In solutions of ethanol a strong spectrum 
(Figure 12) like what might be expected for CH3N 02H 
was found with the parameters aN =  28.09 G, aH = 
10.19 G, g — 2.00507. McMillan and Norman found 
that the parameters varied with the reducing radical 
and therefore concluded that the species is CH3N 02R 
where R  is the alcohol radical. Our results with 1- 
propanol and diethyl ether are given in Table III and 
agree with those of McMillan and Norman.26 This 
agreement is significant and shows that the radicals in 
their system are not perturbed (as by complexing) by 
the titanium ions.

Our results also agree with theirs when isopropyl 
alcohol is present. Instead of a radical with aN = 
28 G one with aN = 16.64 G is found (Figure 12).

Here the quartet splitting is 13.82 G. This radical is 
clearly of a different type and is most probably the 
radical

6
I

CH3NC(OH)(CH3)2

formed by reaction of (CH3)2COH with CH3NO pro
duced as a product of radiolysis as suggested by Asmus,

2CH3N 02H — > CH3N(OH)2 +  CH3N 02 (31)

CH3N(OH)2 — CH3NO +  HOH (32)

et al.M In this case McMillan and Norman26 argue 
that the tertiary ester CH3N 02C(0H )(CH 3)2 is so labile 
that electron transfer is preferred to formation of the 
ester. If so, CH3N 02H must also be present (as also 
required by the proposed formation of CH3NO) and 
again one is forced to conclude that CH3N 02H cannot 
be seen under these conditions.

A number of aromatic compounds can be reduced by 
(CH3)2COH (or in base (CH3)2CO~). Those studied 
include nitrobenzene and the three nitrophenols. The 
spectrum of C6H5N 02“  at pH 11.5 is given in Figure 13. 
The conditions given in the figure caption are typical. 
The slow decay of the radical is evident through the 
high steady-state concentration, and it is clear that this

(62) K .-D . Asmus, A. Henglein, and G. Beck, Ber. Bunsenges. Phys. 
Chem., 70, 459 (1966).
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Table IV : Aromatic Anion Radicals in Aqueous Solution“

Radical pH oN â ortho °^meta „Hti para ohoh g

C eH sN O i-6 11.6 14.20 3.38 1.15 3.65 2.00448
p-HOCÄNOr 6.3 15.00 3.41 1.05 2.00448
p-“OC6H4N (V 12.0 15.60 3.26 0.82 2.00449
m --0C6H4N02- 12.6 14.70 3.26 1.04 3.26 2.00443
0-h o c 6h 4n o 2- 12.0 14.85 3.39' 0.91, 1.04 3.60' 0.38 2.00451
C eH iN O -“* 12.4 10.27 7.69 1.31 4.36 2.00544

a Hyperfine constants in gauss, accurate to about ±0.03 G. Values of g factor accurate to about ±0.00003. b Values slightly dif
ferent than previously reported for aqueous solution, see ref 63 and 64. '  Assigned on the basis of the values for CeHsNCh- . d Because
of hindered rotation only the sum of the two ortho values is available. Values for ethanol solution“ are slightly different.

Figure 13. Esr spectrum of CeHsNCh-  obtained by electron 
transfer from (CH3)2COH to nitrobenzene. The solution was 
N20  saturated and at pH 11.6 and contained 0.1 M  isopropyl 
alcohol and 10-3 M  nitrobenzene. Note that the difference 
between the ortho and para splittings is resolved.

is an excellent means by which to prepare these radicals. 
Hyperfine constants for this radical and other aroma
tic nitro anions are given in Table IV. The continua
tion of the trend of increasing nitrogen hyperfine con
stant with increased polarity of the solvent63 64 is evi
dent here in that the nitrogen hyperfine constant in 
C6H5N02_ is larger than for other solvents commonly 
used in the chemical or electrochemical preparation of 
such anion radicals. The hyperfine constants for this 
species are slightly different than previously re
ported63'64 for aqueous solutions and may depend weakly 
on pH or ionic strength.

The three nitrophenols were of interest because of the 
previous pulse radiolysis experiments of Grunbein and 
Henglein.65 However, no attempt was made to check 
in detail their results regarding the equilibrium constant 
for the second dissociation of the nitrophenol anion 
radicals. They reported pK  values (for reaction 33) for

H 0C6H4N 02-  — ► H+ +  -0 C 6H4N 02-  (33)

ortho, meta, and para isomers of 9.5, 8.9, and 9.8, re
spectively. In experiments with the para compound 
at pH 6.05 and 12.0 we found significantly different 
hyperfine constants, and if their pK  values66 are approxi
mately correct, then these radicals may be assigned to 
the singly and doubly dissociated forms, respectively. 
An experiment with the meta compound at pH 12.6 
similarly should yield the doubly dissociated form. 
These assignments are given in the table. The ortho

Figure 14. Esr spectrum obtained by radiolysis of an 
NiO-saturated solution at pH 12.0 of 10~8 M  o-nitrophenol and 
0.1 M  isopropyl alcohol. Observed spectrum corresponds to the 
indicated radical anion.

compound presents a problem in that the spectrum ob
served at pH 12.6 similarly should also yield the doubly 
dissociated form. In fact the spectrum observed at 
pH 12 contains an extra hyperfine splitting (Figure 14). 
This spectrum has previously been assigned to the 
form H 0C6H4N 02~ in work involving chemical genera
tion of the radical.66 In that work the smallest split
ting (0.3 G) was attributed to the phenolic proton. In 
view of the apparent simplicity of the reaction mecha
nism we can see no reason to contest this assignment. 
It must be, therefore, that the pK  of the ortho form is 
greatly shifted from that of the phenol (pK = 7.1762) 
and that even at pH 12 most of the compound is in the 
singly dissociated form (pK  >  12). The intramolecular 
hydrogen bond distinguishes this species from the other 
isomers and a combination of the strong hydrogen bond 
to the partially charged oxygen of the anion radical and 
the close proximity of the negative charges in the form 
-0 C 6H4iI02- must account for the high pK. A de
tailed study of spectra at a number of intermediate 
pH values would be necessary to check the pK  values 
for the meta and para forms, and this has not as yet 
been attempted.

(63) L. H. Piette, P. Ludwig, and R. N. Adams, J. Amer. Chem. 
Soc., 84, 4212 (1962).
(64) P. L. Kolker and W. A. Waters, J. Chem. Soc., 1136 (1964).
(65) W. GrUnbein and A. Henglein, Ber. Bunsenges. Phys. Chem., 73, 
376 (1969).
(66) K. TJmemoto, Y. Deguchi, and T. Fujinaga, Bull. Chem. Soc. 
Jap., 36, 1539 (1963).
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Hyperfine Constants. The main emphasis of this 
work has been upon the reaction mechanisms, and many 
of the hyperfine constants (such as those of the cyclo- 
hexadienyl radicals) have already been discussed. The 
radicals formed by abstraction of hydrogen from alco
hols and hydroxy acids deserve some comment, however. 
The radicals CH2OH and (CH3)2COH are well 
known,20’23“ but the hyperfine constants for the basic 
forms CH20 “  and (CH3)2CO_ have not been reported 
although the spectrum of CH20 “  has been published.6 
The drop in hyperfine constant upon ionization of the 
OH group in (CH3)2COH, CH2OH, and CHOHCOO“  
can be related to a drop in spin density on the a-carbon 
caused by more conjugation with O-  than with OH. 
However, the situation may be more complex in view of 
the tendency67 of some of the oxy-substituted radicals 
to be nonplanar at the radical site. Because of the 
low 13C splittings reported for _0C H C 02~, it is clear 
that in this case the radical site is planar. The increase 
in g factor upon ionization of the OH group is consistent 
with a greater spin density upon the oxygen.

The hyperfine constants for the acid radicals CH2- 
COO- , CH(COO~)2, and CHC1COO“  are little changed 
from the undissociated forms, consistent with the re
sults for aa in succinic acid.38 This concern with the 
form of the radicals with respect to acid dissociations is 
one which is not particularly familiar to those concerned 
mainly with other than aqueous solution. It is, of 
course, clear that the various forms represent different 
chemical entities. Some examples of the effect of the 
exact radical form on reaction rates are the effect of a 
double negative charge on radical recombination41 
and the absence of reaction of (CH3)2COH or C 02“  
with C20 i2“ . Acid dissociation also affects hyperfine 
constants significantly, and nowhere is this better 
shown than in the spectra of the radicals H2NCHC02“  
and H2NCHC02H. Only the latter of these two forms 
shows equivalent splittings for the two NH protons.68 
It is clear that with radical production techniques now 
available for studies of aqueous solutions over a wide 
range of pH more concern with radical pA ’s will be 
necessary.

Conclusions
The results presented here clearly demonstrate the 

practicality of studying by esr spectroscopy the radicals 
produced by the reaction of the primary radicals of 
water radiolysis with various solutes. The intensity of

the esr signals is, of course, dependent on the rate of 
production of the radicals, their disappearance rate, and 
the characteristics of the esr spectra (line width and 
number of hyperfine splittings). With spectra typical 
of simple organic radicals and reasonably efficient pro
duction it is clearly possible to study radicals which dis
appear bimolecularly with rate constants ~ 1 0 9 to 1010 
M -1 sec-1. The unique advantage of esr spectroscopy 
in allowing ready identification of radicals has been 
used to advantage in several cases. Of particular im
portance is the detection of the three isomeric hydroxy- 
cyclohexadienyl radicals formed by OH addition to 
benzoate. In such cases the esr method can stand 
alone and does not need information from other tech
niques such as pulse radiolysis with optical detection 
methods. In many other cases partnership with the 
optical studies is necessary, and the two methods greatly 
strengthen each other. In the case of acid nitrometh- 
ane solutions, for example, no esr spectrum is observed 
in spite of a demonstrated reaction to form CH3N 02H. 
Here the formation and decay rates are defined suffi
ciently that a necessary conclusion is that the esr lines 
must be relatively broad.

The esr signal intensity obtained with radiolytic gen
eration of radicals is somewhat less than obtained in 
typical photolytic or mixing experiments with T i3+-  
H20 2. Thus for some spectroscopic purposes the latter 
methods may be preferable. However, radiolytic pro
duction has its own advantages. Of the three primary 
radicals from water only OH (at present) can be gener
ated in these other ways. Furthermore the complexity 
of these other methods (particularly T i3+-H20 2) is such 
that accurate mechanistic and rate information may not 
always be obtainable. Also the radiolytic method can 
be applied over the full 0-14 pH range without the 
worry of the effects of other added substances (such as 
metal ions).
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(67) A. J. Dobbs, B. C. Gilbert, and R. O. C. Norman, Chem. Com
mun., 1353 (1969).
(68) H. Paul and H. Fischer, Ber. Bunsenges. Phys. Chem., 73, 972 
(1969).
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Electron Paramagnetic Resonance Studies in Frozen Aqueous Solutions. 

Elimination of Freezing Artifacts1
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Methods for eliminating perturbations on the electron paramagnetic resonance (epr) line shapes of frozen 
aqueous solutions of paramagnetic species are examined. Solvent-solute segregation which occurs in slowly 
frozen samples results in high “ local”  concentrations of paramagnetic species, and the epr spectra exhibit 
strong dipolar and exchange interactions. These intermolecular effects are only partially removed by rapid 
freezing techniques. Imbedding the aqueous samples in a polydextran gel prior to freezing results in mag
netically dilute samples whose epr line shapes show superior resolution suitable for extracting spin-Hamiltonian 
parameters. Spectra for aquo complexes of transition metal ions, a metal complex, and a neutral free radical 
are shown to illustrate the dramatic improvements in spectral resolution for the gel-frozen samples.

Introduction
Solid state electron paramagnetic resonance (epr) 

spectra of transition metal complexes contain useful 
information about structures and electronic configura
tions of the complexes.2 For complexes which are 
formed in aqueous media, preparation of solid samples 
by freezing the solutions typically produces “ magneti
cally concentrated” specimens which exhibit strong 
intermolecular magnetic interactions.8 The “ slow” 
freezing of an aqueous salt solution usually promotes ice 
crystal formation with consequent solute-solvent seg
regation. The segregated solutes do not freeze until an 
approximate eutectic composition is reached. This 
means that “ local’ '' concentrations of paramagnetic ions 
in the frozen samples may be of the order of 1 to 10 M.i 
Furthermore, freezing rates which are sufficiently rapid 
to overcome the solute segregation effects are difficult to 
achieve.6’6 This paper describes the use of a poly
dextran gel to achieve magnetic dilution in frozen aque
ous solutions. Epr spectra for aquo complexes of 
paramagnetic ions and an aqueous solution of a ni- 
troxide free radical are presented to illustrate the 
method.

Experimental Section
Epr spectra were recorded on a Varian E-3 spectrom

eter operating at 9.2 GHz. Temperature for all 
measurements was 77°K. Three techniques were used 
for obtaining frozen samples. (1) Aqueous samples 
were placed in 3 mm i.d. quartz tubes and frozen by 
dipping the tube into liquid nitrogen. (2) A special 
quartz tube as described by Bray and Pettersson7 was 
filled with methylcyclohexane and chilled in a bath of 
Dry Ice and acetone. The sample was taken up in a 
syringe fitted with a polyethylene nozzle (drawn to a 
fine point).8 The sample was injected into the cold

methylcyclohexane, and the resulting snow was packed 
into the bottom (3 mm i.d.) part of the tube. (3) 
Sephadex G-25-80 (Pharmacia), which had been al
lowed to swell in distilled water, was poured into a small 
Büchner funnel (15 mm i.d., 6 mm depth) and excess 
water was removed by suction. The aqueous sample 
(^0.5 ml) was poured over the bed of Sephadex and 
ailowed to move into the gel for a minute without suc
tion. Excess moisture was removed by gentle suction, 
and the moist gels were packed into 3 mm i.d. quartz 
tubes and frozen in liquid nitrogen.

Results
Epr spectra of MnCl2 solutions (5 X 10~4 M) which 

were frozen by the three different methods are com
pared in Figure 1. In Figure 1A the sample was frozen 
by simply dipping the quartz sample tube in liquid ni
trogen. The absence of hyperfine structure is a con
sequence of strong intermolecular magnetic interac
tions.3 The spectrum obtained by rapid freezing9 is

(1) This work was supported in part by Public Health Service Grant 
GM 12446 and by Public Health Service Fellowships GM 32,263 
(J. S. L.) and GM 34,539 (G. H. R.).
(2) J. S. Griffith, “ The Theory of Transition-Metal Ions,”  Cam
bridge University Press, London, 1961.
(3) R. T. Ross, J. Chem. Phys., 42, 3919 (1965).
(4) “ International Critical Tables,”  Vol. IV, E. W. Washburn, 
Ed., McGraw-Hill, New York, N. Y ., 1928, p 254.
(5) C. S. Lindenmeyer, G. T. Onok, K. A. Jackson, and B. Chalmero, 
/ .  Chem. Phys., 27,822 (1957).
(6) W . B. Hillig in “ Growth and Perfection of Crystals,”  R . H. 
Doremies, B. W. Roberts, and D. Turnbull, Ed., Wiley, New York, 
N. Y ., 1958, p 350.
(7) R. C. Bray and R. Pettersson, Biochem. J., 81, 194 (1961).
(8) R. C. Bray, ibid., 81, 189 (1961).
(9) Bray8 has estimated that freezing times of ~ 1 0  msec are feasible 
by this technique. Spectra with markedly better resolution than in 
Figure IB have been obtained for us by Dr. Helmut Beinert using 
a “ ram”  freezing apparatus.
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Figure 1. Epr spectra for 5 X  10-4 F  solution of M nCl2: A, 
slowly frozen; B, rapidly frozen; C, frozen in Sephadex gel.

Figure 2. Epr spectra for 5 X  10-4 F  solution of C u (N 0 3)2:
A, slowly frozen; B, frozen in Sephadex gel.

shown in Figure IB. An improvement in the extent of 
magnetic dilution is evidenced by the appearance of 
66Mn hyperfine structure. Figure 1C illustrates the 
dramatic improvement in spectral resolution achieved 
when the sample is imbedded in the polydextran gel 
prior to freezing. The hyperfine structure including 
“ forbidden”  hyperfine transitions is partially resolved, 
and line widths of less than 20 G are observed. Proton 
relaxation rate measurements for water in the unfrozen 
gels gave no evidence for Mn(II) complexation to the 
dextran matrix.

1203

Figure 3. Epr spectra for 1 X  10“ 3 F  solution of Cr (N 0 3)3: 
A, slowly frozen; B, frozen in Sephadex gel.

Figure 4. Eipr spectra for 1 X  10-3 M  solution of 
2,2,6,6-tetramethylpiperidinoi-4-oxyl-l: A, slowly frozen;
B, frozen in Sephadex gel.

Some of the spin-Hamiltonian parameters for the 
aquo-cupric ion can be readily obtained from the gel- 
frozen spectrum for a Cu(NC>3)2 solution shown in 
Figure 2B. The resolution in the spectrum 2B should 
be contrasted to the structureless spectrum (Figure 2A) 
obtained by the slow freezing method. From the
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hyperfine structure in the axially symmetric, powder 
line shape one calculates A\\ = 117 G. Values for g± 
and are estimated to be 2.10 and 2.38, respectively.

Analogous results for the aquo-chromic ion are shown 
in Figure 3. The solution was made up from the hy
drated nitrate salt. Slow exchange of the six hydration 
waters from the chromic ion10 precludes any complex 
formation with the gel. The peak to peak line width of 
the gel-frozen spectrum (Figure 3B) is only 40 G com
pared with the 200-G line width of the slowly frozen 
sample (Figure 3A).

Spectra for frozen aqueous solutions (1 mM) of an un
charged molecule (2,2,6,6-tetramethylpiperidinol-4- 
oxyl-1) which contains a nitroxide free radical are given 
in Figure 4. The spectrum for the slowly frozen 
sample shows the intermolecular interactions brought 
about by solvent-solute segregation. From the gel- 
frozen spectrum one can immediately measure A z =
33.3 G. Other components of the A tensor and the g 
tensor components can, in principle, be estimated by 
spectral simulations.

The epr spectra for the slowly frozen samples in 
Figures 1-4 illustrate the effects of dipolar and/or ex
change broadening. If during the freezing process the 
unpaired spins of neighboring molecules are brought 
into sufficiently close proximity, electron exchange 
interactions become strong enough to narrow the reso
nance signal. The slowly frozen spectrum for the Mn
(Il)-adenosine triphosphate complex (Figure 5A) shows 
this exchange narrowing phenomenon. Spectra for 
rapidly frozen samples were broader than that in Figure 
5A but exhibited no hyperfine structure. The line 
width of 260 G in Figure 5A is to be contrasted to the 
^SOO-G hyperfine envelope in the gel-frozen spectrum 
(Figure 5B).

Discussion
The results presented here indicate that imbedding 

aqueous solutions in polydextran gels prior to freezing 
effectively eliminates solvent-solute segregation, and 
the resulting samples are magnetically dilute. The gel 
method is faster, more convenient, and gives better re
sults than the rapid freezing method. Ross3 has dem
onstrated the use of high concentrations of salts or 
miscible organic liquids to induce glass formation in the 
frozen aqueous samples. However, for solutions of 
transition metal complexes the high concentrations of 
“ inert” solutes may directly or indirectly perturb the 
chemical equilibria and thereby alter the chemistry of

Figure 5. Epr spectra for M n(II)-adenosine triphosphate, 
M nC k =  1 X  1 0 -3 F, A T P  =  1.1 X  10“ » F, pH  =  8.0: A, 
slowly frozen; B, frozen in Sephadex gel.

the sample. Our preliminary experiments have indi
cated no complex formation between the gel and transi
tion metal ions. Thus the gel appears to function as a 
truly inert matrix and chemically distinct samples are 
obtained by the gel-freezing method.

Epr studies of transition metal complexes with bio
logical macromolecules are often carried out in frozen 
aqueous solutions.11 While the macromolecules them
selves provide for effective magnetic dilution, upon 
freezing the “ local” buffer or salt concentrations may 
reach levels detrimental to the integrity of the tertiary 
or quaternary structure of the macromolecule. Poly
dextran gels with pore sizes sufficient to accommodate 
the macromolecule could provide protection against 
high salt concentrations which might otherwise result 
during freezing process.

Freezing aqueous solutions of paramagnetic species 
in a polydextran gel provides samples whose epr spec
tral line shapes are suitable for deriving spin-Hamil- 
tonian parameters. In addition quantitative analyses 
of paramagnetic components of aqueous samples could 
be performed through use of an appropriate internal 
standard signal.

(10) J. P. Hunt and R. A. Plane, J. Amer. Chem. Soc., 76, 5960 
(1954).
(11) H. Beinert and G. Palmer, Advan. E n zy m o l27, 105 (1965).
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Electron Spin Resonance Studies of Biradicals of Nitro Aromatic 

Radical Anions and Alkali Ions

by C. A. McDowell* and F. Nakano
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(Received November 9, 1970)

Publication costs assisted by The National Research Council o f Canada

Electron spin resonance studies of nitro aromatic radical anions and alkali metal ions in frozen glassy matrices 
prove the presence of paramagnetic dimers with triplet ground states. The values of the zero-field parameters 
deduced from the experimental results indicate that the structures of the biradicals have axial symmetry, or 
higher (probably D2d symmetry), and the spin densities are largely localized on the nitro groups.

Previous electron spin resonance studies have shown 
the occurrence of spin-spin interactions in rigid glassy 
solutions of fluorenone-alkali metal ion pairs,1 the al
kali metal ketyls of ,8-diketones,2-4 and dipyridal an
ions and alkali metal ions.6'6 Such work has shown 
that the esr spectra of spin-spin interactions in these 
glassy solutions can yield important information on the 
electronic and geometrical structures of the biradical 
species. In the present communication we report the 
observation of triplet esr spectra arising from spin-spin 
interactions in systems such as nitrobenzene-Li-di- 
methoxyethane (DME), nitrobenzene-Na-DME, m- 
dinitrobenzene-Na-DME, m-iodonitrobenzene-Na- 
DME, and we have also included for comparison 
purposes some results on the system phthalonitrile-Na- 
DME. It has, of course, long been known7 that nitro 
aromatic radical anions and alkali metal ions associate 
forming ion pairs of the type M~Me+. Detailed 
studies8-10 of such systems have elucided many impor
tant details concerning the structures and dynamics of 
these ion pairs. We were concerned to see if ion 
clusters of the type M _Me+M~ could exist for nitro 
aromatic radical anion and alkali metal ion systems. 
Our experimental observations reported below indicate 
that ion clusters of this latter type are in fact possible 
for these nitro compounds particularly in glassy rigid 
solutions.

Experimental Section
The 1,2-dimethoxyethane (DME) was purified by 

fractional distillation and refluxing over metallic sodium 
for several hours. It was stored over anthracene and 
sodium and distilled off immediately before use. The 
chemical reduction was carried out in a glass apparatus 
which had previously been evacuated. The DME 
solution of the compound was brought into contact 
with a film of a highly purified sample of the alkali 
metal. After the reduction was complete the solution 
(concentration >  0.1 mg ml-1) was transferred to a

special silica sample tube, frozen at liquid nitrogen 
temperature, and sealed off under vacuum.

The nitrobenzene was a BDH Analar sample care
fully purified by steam distillation and several recrys
tallizations. After three recrystallizations the freezing 
point of the compound was 5.96° and without further 
purification the material was used in the experiments. 
The m-dinitrobenzene, m-iodonitrobenzene, and phthal- 
onitrile used were the purest commercially available 
samples.

All the esr spectra were determined using a variable 
temperature apparatus to cool the specimen until a 
rigid glassy matrix was produced. The spectra were 
recorded using a Varian E3 spectrometer and a labora
tory constructed esr spectrometer with 100-KHz of 
field modulation and a 12-in. Varian magnet.

Results and Discussion
A typical triplet spectra arising from spin-spin inter

actions in these systems is shown in Figure 1 for the 
g = 2 region. The spectra are, of course, superposi
tions of the esr signals from the normal one-spin radical 
anion and the triplet spectra characteristic of a two- 
spin system for the Am = ± 1  transitions. In the

(1) N. Hirota and S. I. Weissman, Mol. Phys., S, 537 (1962).
(2) H. van Willigen and S. I. Weissman, ibid., 11, 175 (1966).
(3) F. W. Pijpers, H. van Willigen, and J. J. Th. Gerding, Red. 
Trav. Chim., Pays-Bas, 86, 511 (1967).
(4) N. Hirota, J. Amer. Chem. Soc., 89, 32 (1967).
(5) I. M . Brown, S. I. Weissman, and L. C. Snyder, J. Chem. Phys., 
42, 1105 (1965).
(6) J. D. W. van Voorst, W . G. Zijlstra, and R. Sitters, Chem. Phys. 
Lett., 1, 321 (1967).
(7) R . L. Ward, J. Amer. Chem. Soc., 83, 1296 (1961).
(8) P. H. H. Fischer and C. A. McDowell, unpublished experiments; 
see also P. H. H. Fischer, Thesis, University of British Columbia, 
Vancouver, British Columbia, 1963.
(9) J. Gendell, J. H. Freed, and G. K . Fraenkel, J. Chem. Phys., 
37, 2832 (1962).
(10) C. A. McDowell and F. Nakano, unpublished experiments; see 
also F. Nakano, M.Sc. Thesis, University of British Columbia, 
Vancouver, British Columbia, 1966.
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Figure 1. Esr spectrum of spin-spin interactions in ion 
clusters of the system nitrobenzene-Li-DME in a rigid glassy 
solution at 77°K. The signals arising from the Am = ±1  
transitions are indicated as being separated by 165 G.

1 300 ' ' ’ ' 1400 1500 ' 1600 ' ' 1700 ' A S o O

G A U S S

Figure 2. Esr spectra in the g = 4 region for the ion clusters 
in the system nitrobenzene-Na-DME in a rigid glassy solution 
at 77°K. The Am = 2 transition occurs at 1630 G and for 
this case the Am =  ±1  transitions occur at a mean field of 
3250 G.

cases of the nitrobenzene-Na-DME and m-dinitroben- 
zene-K-DM E glasses the half-field lines arising from 
the Am = 2 transitions were also observed (see Figure 2) 
confirming the presence of two spin systems11'12 in 
these ion-pair solutions. Rigid media esr spectra of 
systems exhibiting spin-spin interaction have usually 
been found to be characterized by a spin Hamiltonian 
of the form

3C = gflHS +  DSm* +  E(SJ -  Sy2) (1)

From the line shapes in the spectra which we ob
served for the nitro aromatic compounds under study, 
and the fields at which the Am = ±  1 and the Am = 
2 transitions occurred, we conclude that for the species 
examined the value of the E  tensor is approximately

zero (see ref 1, 3, 4, and 13). Thus the spin-spin inter
acting ion clusters in the solutions investigated must 
have axial or tetrahedral symmetry.

Extensive theoretical analysis and computer calcu
lations of the line shapes for ion cluster triplet species 
have been reported by several workers.1’3’4'13 All of 
these calculations show that the line shapes of the Am 
= 1 transitions are sensitive to the values of the zero- 
field parameters D and E, and in particular the line 
shapes differ greatly for the two cases (i) E =  0 and 
(ii) E ^  0. As mentioned above this type of analysis 
of the esr spectra arising from spin-spin interactions in 
glassy solutions has been used to elucidate the geometri
cal and electronic structures of ion clusters in several 
systems.

The values for the parameter D derived from our 
observations are given in Table I.

Table I : Values of the Zero-Field Splitting Parameter D 
for the Ion Clusters M “Me+M_ in Glassy DME Solutions 
of Nitro Aromatic Compounds and Alkali Metals

Compd
Alkali
metal £>, G

Nitrobenzene Li 165 ±  5
Na 160 ±  5

ro-Dinitrobenzene Na 157 ± 5
m-Iodonitrobenzene Na 166 ±  5
Phthalonitrile Na 166 ±  5

Temperature variations, admittedly over a limited 
range, seemed to have only a slight effect on the magni
tude of the zero-field splitting parameters D. A slight 
increase in the value of D was observed but this was 
within the experimental error. The fact that the values 
of D are nearly the same for all the nitro compounds 
studied is presumably due to the localization of spin 
density largely on the nitro groups of the molecules. 
It may seem peculiar that m-iodonitrobenzene gives a 
triplet spin-spin interaction spectrum very similar to 
those observed for nitrobenzene and m-dinitrobenzene 
although strict symmetry considerations in this case 
would seem to preclude E =  0. An LCAO calculation 
using the McLachlan approximation14 shows that the 
spin density distribution in the m-iodonitrobenzene 
radical anion is very small at the halogen atom so that 
the resulting spin density distribution is very’ similar to 
that of the nitrobenzene radical anion. Thus if the 
configuration of the ion clusters M~Me+M~ from m-

(11) J. H. van der Waals and M . S. de Groot, Mol. Phys., 2, 333 
(1959).
(12) M . S. de Groot and J. H. van der Waals, ibid., 3, 190 (1960).
(13) W. A. Yager, E. Wasserman, and R. M . R. Cramer, J. Chem. 
Phys., 37, 1148 (1962).
(14) A. D. McLachlan, Mol. Phys., 3, 233 (1960).
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iodonitrobenzene in rigid glassy solutions is the same 
as those from nitrobenzene, as would be expected, then 
the value of E in that can also be approximately zero. 
The most likely structure for the ion clusters is M - - 
M e+M -  with each M ~ radical anion in a plane per
pendicular to the other one (see ref 5 and 6). It must 
be pointed out, however, that an ion quadruplet cluster 
of type I rather than the triple ion cluster II is also a 
possible structure.4

M e+
R - R - Me+ R

Me+
I II
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The effects of solvents on the proton shift of nonpolar solutes are investigated. A mathematical technique 
called factor analysis successfully separates solvent anisotropy from other effects of the solvent. Values for 
solvent anisotropies are deduced. A graphical approach for obtaining solvent anisotropies is also presented.

Introduction

In nmr spectroscopy the chemical shift of a solute 
molecule depends on the solvent. Many factors (such 
as van der Waals interactions, reaction field, and solvent 
anisotropy) are believed to contribute to the solvent 
effect. Attempts to separate and isolate these effects 
have not been w'holly successful.2-4 The difficulty 
arises because it is impossible to change one factor 
without changing another.

Recently, a preliminary study6 indicated that a math
ematical technique called factor analysis is applicable 
to the study of solvent effects in nmr spectroscopy. 
This technique performs a mathematical separation of 
the various solvent factors and allows each factor to be 
tested individually against theoretical models. In the 
present paper we apply factor analysis for discerning the 
effect of solvents on the proton shift of nonpolar solutes. 
This method allows us to isolate solvent anisotropy. 
Quantitative values for solvent anisotropy are ob
tained.

Experimental Section
All chemical shifts were referenced to external hexa- 

methyldisiloxane (HMD) and were corrected for bulk 
susceptibility by the technique described in detail in the 
earlier work.4 All measurements were made at a probe 
temperature of 39 ±  1°. Experimental proton shift

data for the nonpolar solutes in a variety of solvents are 
shown in Table I. These shifts are accurate to within 
±0.5 Hz. A positive value indicates a downfield shift 
from external HMD.

Review of Factor Analysis
A detailed discussion of factor analysis as applied to 

the problem of solvent effects has been presented in a 
previous paper.5 Factor analysis is applicable when a 
quantity, such as chemical shift, can be expressed as a 
linear sum of product functions. For example, if 
8ia is the chemical shift of solute i in solvent a, then we 
seek a solution of the form

8«, =  £  uvvia (1)
3

Here Utj refers to the jth solute factor of the fth 
solute, and Vjot refers to the jth solvent factor of the 
ath solvent. The sum is taken over all factors that 
contribute to the chemical shift.

(1) Robert-Crooks-Stanley Fellow.
(2) J. Homer, E. J. Hartland, and C. J. Jackson, J. Chem. Soc. A, 
931 (1970).
(3) N. Lumbroso, T. K. Wu, and B. P. Dailey, J. Phys. Chem., 67, 
2469 (1963).
(4) E. R. Malinowski and P. H. Weiner, J. Amer. Chem. Soc., 92, 
4193 (1970).
(5) P. H. Weiner, E. R. Malinowski, and A. Levinstone, J. Phys. 
Chem., 74, 4537 (1970).

The Journal of Physical Chemistry, Voi. 75, No. 9, 1971



1208 Paul H. W einer and Edmund R. Malinowski

Table I: Chemical Shift“ of Nonpolar Solutes Relative to External Hexamethyldisiloxane SHMD’x(f,a)

-Solutes-
Solvent c m C H 3C H 3 Neo-CsHi2 c-CeHn C-C3H 16 T M S

GIRCI, 1 0 . 7 4 9 . 1 5 3 . 9 8 3 . 8 9 0 . 5 - 1 . 4

CHCh 1 4 . 6 5 2 . 8 5 7 .7 8 7 . 0 9 3 . 7 1 . 9

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

CH2Br2 2 0 . 6 5 7 . 4 6 1 . 0 9 0 . 2 9 6 . 7 6 . 8
CHBr3 2 6 . 0 6 2 . 6 6 5 . 4 9 3 . 7 1 0 0 . 2 1 0 . 6

CHsI 1 8 . 3 5 5 . 0 5 9 . 6 8 9 . 9 9 5 . 4 5 . 4

CH2I2 3 5 . 0 6 9 . 8 7 3 . 5 1 0 1 . 3 1 0 7 . 6 1 9 . 9

CHjBrCl 1 6 . 6 5 4 . 2 5 8 . 1 8 7 . 7 9 4 . 6 3 . 7

CHBrCh 1 9 . 5 5 6 . 2 6 0 . 5 9 0 . 1 9 6 . 5 5 . 7

CBrCh 2 2 . 8 5 9 . 4 6 3 . 2 9 3 . 0 9 9 . 1 8 . 0

CH3CCI3 1 6 . 3 5 4 . 6 5 8 . 2 8 8 . 1 9 5 . 1 3 . 1
CH2C1CC13 1 6 . 0 5 3 . 6 5 7 . 6 8 7 . 3 9 3 . 8 2 . 5
CHChCCb 1 6 . 2 5 4 . 1 5 7 . 9 8 7 . 2 9 4 . 0 2 . 8
CHChCHOh 1 5 . 4 5 3 . 3 5 6 . 8 8 6 . 9 9 3 . 2 2 . 3
CS2 2 4 . 3 6 2 . 1 6 4 . 6 9 5 . 2 1 0 1 .1 1 1 . 0
C6H6 - 1 7 . 9 2 0 . 5 2 7 . 0 5 6 . 4 6 3 . 7 - 2 7 . 0
CHsCN 1 4 . 0 5 2 . 5 5 7 . 7 8 9 . 7 9 4 . 2 1 . 9
(CH3)2CO 1 .1 4 1 . 5 4 6 . 1 7 7 . 0 8 3 . 4 - 8 . 9
(CH3)2SO 1 8 . 2 5 5 . 1 5 9 . 6 8 8 . 7 9 5 . 1 5 . 3
c 6h 12 8 . 5 4 8 . 5 5 2 . 1 8 0 . 8 9 0 . 5 - 2 . 6
c8h 16 1 0 . 9 4 9 . 9 5 3 . 7 8 4 . 9 9 2 . 2 - 0 . 5
CePs - 2 0 . 9 1 9 . 7 2 4 . 5 5 5 . 6 6 0 . 9 - 3 0 . 3

“ Chemical shifts are in Hz from external HMD and are corrected for bulk susceptibility. Nmr spectrometer was operated at 60 
MHz. Positive values indicate downfield shifts from standard.

For factor analysis, a matrix of data is required. 
Hence, in matrix notation, eq 1 becomes

[*<„] = [UuUVj  J  (2)
A correlation matrix is formed by either premultiplying 
or postmultiplying the data matrix by its transpose. 
The correlation matrix is then diagonalized, yielding 
eigenvalues and eigenvectors, the number of eigenvec
tors being independent of the premultiplication or post- 
mhltiplication procedure of forming the correlation 
matrix. The number of eigenvectors determines the 
dimensionality of the space and represents the least 
number of factors needed to span the solvent effect 
space. The eigenvalues indicate the relative impor
tance of the various eigenvectors (factors). Further
more, the eigenvectors, which are abstract quantities, 
can be rotated mathematically into physically signifi
cant parameters. This last step allows us to test 
theoretical concepts.

Application of Factor Analysis

The matrix of raw data in Table I (involving non
polar solutes) was subjected to factor analysis. Corre
lation matrices of size 6 X 6  and 22 X 22 were con
structed by premultiplication and postmultiplication of 
the data matrix by its transpose. In both cases we 
found three eigenvectors which span the solvent effect 
space and reproduce all data within experimental error, 
namely ±0.5  Hz. Thus we conclude that only three 
fundamental factors are involved. This result corrob

orates previous theoretical speculation that three fac
tors are involved, namely gas phase shift, van der 
Waals effect, and solvent anisotropy. Utilizing factor 
analysis we are now in a position to test these specula
tions by attempting to rotate the eigenvectors of the 
solvent effect space into these three physically signifi
cant solvent factors. To rotate into solvent factors 
we must utilize the 6 X 6  correlation matrix. (From 
the 22 X 22 correlation matrix we can rotate directly 
into solute factors.)

According to the early work of Buckingham, Schae
fer, and Schneider6 the solute chemical shift is a linear 
sum of various contributions. Along this line of rea
soning we contend that the shift of a nonpolar solute 
can be expressed as

° (1,01) = S (i,g )-l +
ov(f) 'ffw(a) +  l-o-a(a) (3)

where 5HMD,x(f,a) is the chemical shift of solute i in 
solvent a, relative to external HMD; <SHMD,x(f,g) is 
the gas phase shift relative to external HMD (the shifts 
having been corrected for bulk susceptibility); aw(i) 
and aw(a) refer to the van der Waals effect associated 
with the solute and solvent, respectively; o-a(a) is the 
anisotropic shift due to solvent a. Previously,4 argu
ments have been presented to show that the van der 
Waals term can be expressed as a product function.

(6) A. D. Buckingham, T . S. Schaefer, and W . G. Schneider, J. 
Chem. Phys., 32, 1227 (1960).
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Notice that eq 3 is the sum of product terms and 
is of the proper form for factor analysis. However, it 
is more convenient to express this in another way. For 
methane as a solute eq 3 takes the form
g H M D ,X ( C H ^ a )  =  5 H M D ,X ( C H 4 j g )  . 1 +

crw(CH4) • <rw(a) +  1 • <T a (a) (4)

solving eq 4 for aw(a), and substituting into eq 3, we 
obtain

} H M D , X / ;  \ r H M D . X / /  , I \8 (i,a) =  8 (t,g) -1 +  1 — ——— 1 X

5CH<'X(CH4,a) +  ( l  -  ^ ^ ) « r . ( a )  (5)

in this expression, 5CH,,x(CH4,a) =  5HMD,x(CH4,a) — 
gHMD,x^jj4 g.  ̂ which represents the gas-to-solution 
shift of methane in solvent a referenced with respect to 
methane gas. These arguments reveal the nature of 
the three factors. According to eq 5 we should be 
able to rotate the eigenvectors resulting from factor 
analysis into the following physically significant solvent 
parameters: unity, methane gas-to-solution shift, and 
solvent anisotropy. From eq 5 we see that the coef
ficient of the unity vector is the gas phase chemical 
shift of solute i. The coefficient of the methane gas-to- 
solution vector is the ratio <rw(i)/o-w(CH4). Further
more we notice that the sum of the last two coefficients 
in eq 5 is unity.

To perform the rotation we must construct a test 
eigenvector for each suspected solvent parameter 
(factor). Unity and methane gas-to-solution shift 
present no conceptual or experimental problems. For 
these two suspected factors all necessary data are avail
able. On the other hand, for the solvent anisotropy 
test vector, data are not readily available. To generate 
a test vector for solvent anisotropy we proceeded along 
the following lines of reasoning. All investigators, to 
date, ascribe a zero value for the solvent anisotropic 
of carbon tetrachloride because it is nonpolar and sym
metric. At present, benzene and carbon disulfide 
are the only other solvents for which solvent anisotropy 
values have been assigned. For these two solvents, 
only general agreement can be found between different 
investigators. For example, from a graphical ap
proach, Malinowski and Weiner4 deduced values of —21 
±  3 Hz for benzene and + 9  ±  3 Hz for carbon disulfide. 
Schug7 made a theoretical estimation of —30 Hz for 
benzene and +18.1 Hz for carbon disulfide. Homer8 
suggested —35 Hz for benzene and + 7  Hz for carbon 
disulfide.

In factor analysis5 all of the points for a given test 
factor need not be available in order to apply the rota
tion part of the scheme. Upon rotation factor analysis 
will yield predicted values for the missing points. 
Therefore, the solvent anisotropic shift vector can be 
tested as a factor even though most of the points are

unknown. In fact since three factors are involved a 
minimum of three points are required in the test vec
tor.

Factor analysis allows each test vector to be exam
ined separately. Applying the rotation part of the 
scheme to each of three solvent test factors we obtained 
the following results. Unity and methane gas-to-solu
tion shift are indeed true factors. This can be seen 
from the agreement between predicted and experimental 
values shown in Table II. Since only three speculative 
points were available for the solvent anisotropy vector 
a different criteria had to be employed in order to test 
the validity of the solvent anisotropy vector. These 
criteria come from eq 5. If the solvent anisotropy 
vector is correct, then the coefficient of the unity vector 
should correspond to the solute gas phase shift, and the 
sum of the other two coefficients for each solute, should 
equal unity. These criteria were not met for any 
combination of the anisotropy shifts of benzene and 
carbon disulfide reported earlier. Since unity and 
methane gas-to-solution shift were identified as true 
factors, we proceeded in the following manner. In the 
solvent anisotropy vector the value for carbon tetra
chloride was fixed at zero, and the factor analysis rota
tion scheme was performed while systematically 
varying the solvent anisotropic shifts of benzene and 
carbon disulfide until the coefficient of the unity vector 
agreed with the experimental gas phase shift, and the 
sum of the other two coefficients approached unity as 
predicted by eq 5. In this way the best fit was ob
tained when o-a(benzene) =  —24.0 Hz and <ra(CS2) = 
+9 .0  Hz. Following this procedure the factor analysis 
scheme yielded the following equations

jH M D 'X p ^ )  =  — 8.29/i +  0.99/2 +  0.01/3

¿HMD,X(CHjCHs)a) =  35.86/! +  0.72/2 +  0.28/3

SHMD'X(neo-CiHl!,ffl) = 41.62/j +  0.64/2 +  0.32/3

5HMD’x (C6H12,a) =  75.79/1 +  0.49/2 +  0.55/3

5HMD'x (C8Ha6,a) = 83.84/i +  0.38/2 +  0.63/s

5hmd,X(TM + o:) =  12.77/i +  0.63/2 +  0.35/3 (6)

Here, /1 = unity, / 2 = methane gas-to-solution shift, 
and f3 — solvent anisotropy. The values of the coef
ficient of the unity terms can be compared to the actual 
experimental gas phase shift,9-11 namely (relative to 
external H M D )12 methane = —8.4 Hz, ethane =

(7) J. C. Schug, J. Phys. Chew,., 70, 1816 (1966).
(8) J. Homer, Tetrahedron, 23, 4065 (1967).
(9) W. T . Raynes and M . A. Raza, Mol. Phys., 17, 157 (1969).
(10) F. H. A. Rummens, W. T. Raynes, and H. J. Bernstein, J. 
Phys. Chem., 72, 2111 (1968).
(11) H. Spiesecke and W. G. Schneider, J. Chem. Phys., 35, 722 
(1961).
(12) In ref 9, 10, and 11 the shifts are reported with respect to 
methane gas. A correction factor of —8.4 Hz has been added to 
each shift to change the reference to external HM D.
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Table II: Comparisons between the Suspected Solvent Factors and Their Rotated Vectors

,------------------- Unity“— /-------------- CH* gas-to-solution&-------------- /------------ Solvent anisotropy'
Solvent Predicted Test Predicted Test Predicted

CIbCh 1.005 1.0 19.1 19.1 - 1.7
c h ci3 1.009 1.0 23.1 23.0 0.8
ecu 1.014 1.0 25.4 25.2 0.0
CH23r2 0.992 1.0 28.9 29.0 3.6
CHBr3 1.002 1.0 34.5 34.4 4.9
CHal 0.990 1.0 26.6 26.7 3.8
CH2I2 0.974 1.0 43.2 43.4 14.8
CH23rCl 0.996 1.0 25.0 25.0 2.0
CHBrCfi 1.000 1.0 27.9 27.9 2.7
CBrCb 1.010 1.0 31.3 31.4 3.5
CH3CCI3 1.010 1.0 24.8 24.7 1.2
ciucicela 1.007 1.0 24.5 24.4 -0 .1
CHCfiCCla 1.006 1.0 24.7 24.6 0.4
CHC12CHC12 1.001 1.0 23.8 23.7 0.3
c s2 0.992 1.0 32.6 32.7 9.0
CeHe 0.977 1.0 -9 .7 -9 .5 -2 4 .0
CHsCN 1.016 1.0 22.5 22.4 2.1
(CHa)2CO 1.003 1.0 9.5 9.5 -5 .9
(CH2)2SO 0.987 1.0 26.5 26.6 3.6
c6h 12 1.001 1.0 16.9 16.9 -1 .3
c8h 16 1.001 1.0 19.3 19.3 0.5
c6f 6 1.002 1.0 -1 2 .4 -1 2 .5 -2 7 .6

“ Unity test vector. 6 Methane gas-to-solution shift test vector. Positive values are downfield shifts. '  Solvent anisotropy test 
vector, positive values are downfield shifts. Note only three points are used to define the vector.

36.6 Hz, neopentane = 42.1 Hz, cyclohexane =  75.6 
Hz, and tetramethylsilane = 16.4 Hz. Except for 
TMS, the agreement is excellent. Predictions of the 
solvent anisotropies for a variety of solvents involved in 
the analysis are listed in Table II. Notice that halo- 
genated solvents such as methylene iodide and bromo- 
form have large solvent anisotropies. These values 
should be a guide in the theoretical work involving sol
vent anisotropy.

Graphical Analysis
We have shown, using factor analysis, that it is 

possible to obtain values of the solvent anisotropy. 
Anisotropic shifts can also be obtained by a crude graph
ical analysis. First we define the solvent-induced 
chemical shift (SICS) as

S(i,a) =  5HMD'X(f,a) -  5HMD'X(f,g) (7)

Considering acetone and carbon tetrachloride as sol
vents, we see, from eq 4 and 7, that

S(i, acetone) =

( ” )  +  <ra(acetone) (8)

According to eq 8 a plot of S(i,acetone) vs. S(i,CCU) 
should yield a straight line with a slope equal to
o-w(acetcne)/(7w(CCl4) and an intercept equal to 
oa(acetone). From such a plot (see Figure 1) we find 
that the solvent anisotropy of acetone is approximately 
— 6 Hz, which is in excellent agreement with the value

Figure 1. Solvent-induced chemical shifts (SICS) in acetone 
solvent vs. carbon tetrachloride solvent.

obtained from factor analysis, —5.9 Hz. This graphi
cal method, although admittedly crude, is useful to 
those who do not have access to computers and lends 
credence to the conclusions drawn from factor analysis.
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Nuclear magnetic resonance data for a variety of macroreticular ion-exchange resins indicate that water in 
the pore and gel phase of the resin undergoes rapid solvent exchange independent of temperature. The domi
nant cause of the water line width from the interior of styrene-divinylbenzene ion-exchange resins is due to 
susceptibility effects and not to homogeneity effects. The data for the acid form of a carboxylic acid ion- 
exchange resin are dominated by interactions between water and the undissociated carboxylic acid protons.

Introduction

Several reports have appeared on the nmr spectra 
of ion-exchange resins.1-11 An especially good survey 
which indicates the wide scope of information that may 
be obtained has been presented by Gordon.1 The nmr 
spectra will generally show resonances which originate 
from the interior of the resin and resonances from the 
region not occupied by the resin (exterior peaks). 
The resonances from the ion-exchange resin are from 
the fluid or solvent portion of the resin. The polymer 
superstructure does not contribute any peaks to the 
spectrum since its molecular motion is highly restricted. 
Most of the work has been with gel-type sulfonated 
styrene-divinylbenzene (DVB) cation resins2’6-8 as a 
function of ionic form. These results show that the 
chemical shift between the interior and exterior water 
resonances is dominated by cation hydration effects 
on water and that all the water in the resin is detected 
in the nmr experiment.4

Application of nmr to resins of fundamentally dif
ferent physical (macroreticular resins) and chemical 
(carboxylic acid resins) type have been very limited. 
Of particular interest is the possibility that the interior 
water line width may reflect a measure of the homo
geneity of the resin.M

Experimental Section
The results in Tables II-IV  were obtained on a 

Varian HR-60 spectrometer operating at 56.4 MHz. 
Variable temperature results were obtained on a Varian 
A-60 spectrometer (temperature calibration: ethylene 
glycol or methanol). A Varian HA-100 spectrometer 
allowed a field strength comparison. This spectrom
eter was locked on the exterior water signal while the 
interior line width was measured. The exterior line 
width was obtained while locked on the interior water 
signal. A shift of the interior solvent to lower field 
relative to the exterior solvent will have a negative 
value.

The fully hydrated resins, studied in exterior immis
cible nonswelling solvents, were obtained by a centri
fuge technique.12a

All of the resins employed are commercial products 
of Rohm and Haas Co. A brief description of the 
resins is given in Table I. The notation Amberlite 
IR-120 H will be understood to designate the resin, 
Amberlite IR-120 (Table I) and the ionic form, hydro
gen. Unless otherwise stated, the resins are 16-50 
mesh size. Prior to use, the resins were treated with 
copious amounts of an appropriate concentrated ionic 
solution in an effort to minimize relaxation time ef
fects of paramagnetic ions on the line width.1

Due to the shape of the spherical resin beads they 
do not require a susceptibility correction to the 
chemical shift. However, the exterior solvent does re
quire a susceptibility correction due to the presence of 
the beads.1 This correction was evaluated by com
paring (A-60 spectrometer) the position of the exterior 
solvent relative to water alone in a separate matched 
nmr tube. The following Amberlite resins were ex
amined: 200 H, 200 Na, IRA-900 OH, IRA-910 OH, 
and IRC-84 H. In no case was the susceptibility cor-

(1) J. E. Gordon, J. Phys. Chem., 66, 1150 (1962).
(2) D. Reichenberg and I. J. Lawrenson, Trans. Faraday Soc., 59, 
141 (1963).
(3) R . H. Diniu, M . T. Emerson, and G. R. Choppin, J. Phys. 
Chem., 67, 1178 (1963).
(4) J. P. deVilliers and J. R. Parrish, J. Poly. Sci., Part A, 2, 1331 
(1964).
(5) R . H. Dinius and G. R. Choppin, J. Phys. Chem., 68, 425 (1964).
(6) D. G. Howery and M . J. Kittay, 158th National Meeting of the 
American Chemical Society, Sept 1969, New York, N. Y., Division 
of Colloid and Surface Chemistry, Paper 26.
(7) T. E. Cough, H. D. Sharma, and N. Subramanian, Can. J. 
Chem., 48, 917 (1970).
(8) R. W. Creekmore and C. N. Reilly, Anal. Chem., 42, 570 (1970).
(9) R. W . Creekmore and C. N. Reilly, ibid., 42, 725 (1970).
(10) L. S. Frankel, Can. J. Chem., 48, 2432 (1970).
(11) L. S. Frankel, Anal. Chem., 42, 1638 (1970).
(12) F. Helfferich, “ Ion Exchange,”  McGraw-Hill, New York, 
N. Y „  1962: (a) p 231; (b) p 86.
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Table I: Summary of Amberlite Ion-Exchange Resins Utilized

Amberlite
resin Copolymer Chemical type Physical type Fixed ionic group

IR-120 Styrene-DVB“ Strongly acidic Gel so3-
IR-124 Styrene-DVB° Strongly acidic Gel so3-
IRC-84 Cross-linked Weakly acidic Gel coo-

IRA-400
acrylic

Styrene-DVB Strongly basic Gel N(CH3)3+ 6
IRA-410 Styrene-DVB Strongly basic Gel N(CH3)2(CH2CH2OH)
IRA-45 Styrene-DVB Weakly basic Gel Amine
IRA-68 Cross-linked Weakly basic Gel Amine

200
acrylic

Styrene-DVB Strongly acidic MR‘ so3-
252 Styrene-DVB Strongly acidic MR so3-
IRA-900 Styrene-DVB Strongly basic MR N(CH3)3+
IRA-904 Styrene-DVB Strongly basic MR N(CH3)s+
IRA-910 Styrene-DVB Strongly basic MR N(CH3)2(CH2CH2OH)
IRA-911 Styrene-DVB Strongly basic MR N(CH3)2(CH2CH2OH)
IRA-93 Styrene-DVB Weakly basic MR Amine

“ IR-120 contains 8% DVB while IR-124 has 12% DVB. 1 These resins are commonly referred to as type I, N(CH3)3 + and type II, 
N(CH3)2(CH2CH2OH)+. ‘ MR = macroreticular resin.

rection greater than 2 Hz and does not significantly 
affect the results or conclusions.

Results and Discussion
Macroreticular Resins. Virtually no nmr data have 

been reported for macroreticular ion-exchange resins.4 
Conventional gel resins have a continuous polymeric 
phase whose average pore size is directly determined by 
the degree of cross-linking. Macroreticular resins are 
agglomerates of randomly packed microspheres with 
large pores or voids occupied by solvent. The sizes 
of these pores are not primarily directly determined by 
the degree of cross-linking. The microspheres them
selves are usually gels of higher cross-linking than con
ventional gel resins. Typically, macroreticular resins 
have a much greater surface area, porosity, and pore 
size distribution than gel resins.13 The total water 
content of macroreticular resins is distributed between 
the gel and pores. The macroreticular resins sum
marized in Table II all give one interior water peak. 
Separate peaks for pore and gel phase are not observed 
for any macroreticular resin in any ionic form. Spectra 
run at high gain with different exterior solvents which 
do not enter a hydrated 'resin (benzene, cyclohexane, 
and 1,2-dichloroethane) did not reveal any additional 
resonances. The water content of Amberlite 200 H, 
determined via an nmr integral procedure,4 was 50%, 
in satisfactory agreement with a resin drying experi
ment, 52.7%. Porosity studies as a function of resin 
hydration indicate that approximately half of the total 
water in Amberlite 200 H is in the pores, the remainder 
of the water is in the gel microspheres.13 The distri
bution of water between gel and pore is not sufficiently 
large enough in one direction so as to escape detection 
and be consistent with the above water determination

experiment. Although it is difficult to obtain good 
integrals for Amberlite 200 Na, it is apparent that all 
the water is being detected. * 200

Table II: Amberlite Macroreticular Resins-Nmr Results

Amberlite Ionic 3, Arm, ArEX,
resin form Hz Hz Hz

200 H -6 7 8 6
Na 12 9 7

252 H -7 7 7 7
Na 14 9 6

IRA-900 Cl a
OH -1 3 4 5

IRA-904 Cl a
OH -8 5 5

IRA-910 Cl a
OH -1 6 8 7

IRA-911 Cl a
OH -1 7 12 8

IRA-93 Weak a
base

° The chemical shift is too small to be measured.

Low-temperature (0°) nmr studies with Amberlite
200 H (exterior solvents, water and 1,2-dichloroethane) 
and IRA-904 (exterior solvent 1,2-dichloroethane) gave 
no evidence for separate pore and gel phase water reso
nances.

Observation of a single peak places kinetic limits on 
the solvent exchange rate. We assume for ease in 
calculation that the ratio of ionic groups on the surface 
of the gel phase ionized in the pores vs. those inside the 
gel is zero and that it is equally probable that any one

(13) K . A. Kun and R. Kunin, J. Poly. Sci., Part C, 16, 1457 (1957).
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water molecule be in either pore or gel.13 For this 
model14 the chemical shift between pore and gel will 
be approximately twice the observed chemical shift 
(Table II), 134 Hz. The solvent exchange rate is, 
therefore, faster than 2 X 10s sec-1 at 25°. It is en
tirely possible that a rapid proton exchange, and not 
whole molecule exchange, is mechanistically involved. 
However, it is pertinent to note that rapid exchange 
occurs independent of the ionic form of the resin.

The integral ratio of interior water to exterior water, 
7, for Amberlite 200 H (7 = 0.95) results in a near equal 
probability of any water molecule being in either the 
exterior solvent or the interior of the macroreticular 
resin. The solvent exchange rate between exterior 
water and resin water is, therefore, less than 100 sec-1 
for Amberlite 200 H and less than 20 sec-1 for 200 Na. 
The rate of exchange of water between the exterior and 
interior water has been reported for the gel resin Dowex 
50W-8X by a double resonance technique; k =  7.3 
X  10_1 sec-1.9 A comparison with 180  tracer studies 
indicates water exchange rather than proton exchange.15 
Although the effect of bead size, cross-linking and coun
terion have not been reported, it is probably safe to 
conclude that the rate of exchange between pore and 
gel water is orders of magnitude faster than for exterior 
and interior water. The most obvious single factor 
which might account for this very large kinetic effect 
is the large difference in surface area. The surface 
area of Amberlite 200 H is approximately 55 m2/dry g, 
while gel resins give <0.1 m2/dry g.13

The chemical shift of Amberlite 200 H measured at 
60 MHz, 25° and corrected for susceptibility effects on 
the exterior solvent was 69.5 Hz. Using the hydrogen 
ion chemical shift data for HC1 reported by Hindman,16 
the molar capacity of the resin is 3.52 M  in qualitative 
agreement with the known value, 4.25 M  (17% dis
crepancy). Recent similar calculations for gel resins 
show about a 10% negative deviation.7'8 We have ob
served virtually identical results with gel resins. A 
contributing factor to the low result for Amberlite 200 H 
can be found in the physical structure of the resin. We 
have assumed that the chemical shift is due to a con
tinuous distribution of counterions in the resin and 
have not incorporated the fact that the counterions are 
virtually all in the gel phase which contains half of the 
total water in the resin.13 Therefore, the chemical 
shift used to calculate the capacity should be 139.0 
Hz (assuming the total water is evenly distributed be
tween pore and gel). Calculating the capacity and 
then allowing for rapid exchange between pore and gel 
gives a value of 3.74 M  (12% discrepancy).

The data for a variety of other macroreticular resins 
summarized in Table II are similar to their gel ana
logs.1 Only one interior water peak is observed for all 
of these resins.

Line-Width Effects. Essentially no systematic ef
fort has been directed toward isolating the dominant

cause of the interior water line broadening in styrene- 
DVB resins. Gordon1 originally suggested that the 
interior water line width might provide a measure of the 
homogeneity of the interior structure of the resin. 
This is an extremely important property which is at 
present difficult to evaluate directly.17 The following 
properties may contribute to the observed line width: 
(1) incomplete averaging (restricted motion) of dipole- 
dipole interactions (this is an intrabead relaxation time 
effect, and not a homogeneity effect); (2) heterogeneity 
effects caused by the distribution of resin bead sizes in 
the sample (interbead effect) (the observed line width 
is an envelope of peaks of different chemical shifts for 
different size beads: this would result if either the 
degree of sulfonation or water content was a function of 
bead size); (3) surface effects due to cracking and irregu
larities of the surface; (4) line broadening due to the 
difference in diamagnetic susceptibility between the 
two phases (resin interior and exterior solvent); (5) 
line broadening which reflects a measure of the homo
geneity of the resin interior (intrabead effect). Any 
single resin bead contains a distribution of pore sizes 
or configurations and, consequently, a distribution of 
chemical environments in its interior structure.18 Sol
vent molecules in different pore configurations may 
have slightly different resonance frequencies. If there 
is a slow exchange between these configurations, the 
observed line width is an envelope of peaks of different 
chemical shifts for the different configurations, and the 
line width is a measure of the homogeneity of the resin. 
Intermediate rates of exchange between different con
figurations could further complicate this effect. If 
there is a rapid rate of exchange between the different 
configurations this effect may be masked.

The line widths of the interior and exterior water 
resonances are summarized in Tables II and III. The 
range is comparable to, although somewhat larger than, 
that observed by Gordon for similar resins.1 Previous 
results indicate that the water line width in cation gel 
resins (measured at 2, 4, 8, and 12% DVB) is indepen
dent of cross-linking.1 We have observed the same in
dependence (measured at 5, 8, 10, and 12% DVB). 
Therefore, line-width effect 1 is not dominant. Sam
ples of Amberlite IR-120 H, IR-124 Na, and 200 H 
were separated into the following seive fractions: 40- 
50, 35-40, 30-35, 20-30, 16-20, and 16. Since no varia
tion outside of experimental error was observed in the 
chemical shifts or line widths, line-width effect 2 is not

(14) J. A. Pople, W . G. Schneider, and H. J. Bernstein, “ High 
Resolution Nuclear Magnetic Resonance,”  McGraw-Hill, New York, 
N. Y „  1961, Chapter 10.
(15) D. W . McCall and D. C. Douglass, J. Phys. Chem., 69, 2001 
(1965).
(16) J. C. Hindman, J. Chem. Phys., 36, 1000 (1962).
(17) Jacob A. Marinsky, Ed., “ Ion Exchange,”  Marcel Dekker, 
New York, N. Y., 1966, Chapter 6.
(18) W . Rieman III and H. F. Walton, “ Ion Exchange in Analytical 
Chemistry,” Pergamon Press, New York, N. Y ., 1970, p 13.
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Table III : Gel Resins—Nmr Results

Amberlite Ionic 8, Aun, a„ex,
resin form Hz Hz Hz

IR-120 H -7 8 5 7
Na 15 6 9

IR-124 Na 21 8 10
IRA-68 Free -1 2 8 8

base
IRA-400 Cl a

OH -2 4 6 8
IRA-410 Cl a

OH -3 0 5 8
IRA-45 Free a

base

“ The chemical shift is too small to measure.

dominant.7 A sample of Amberlite IR-120 H was 
heated to 120° for various times up to 1000 min. The 
hot resin was immediately plunged into cold water. 
Samples of the starting resin and the 1000-min sample 
were compared under a low-power microscope. While 
the starting resin is virtually flawless, essentially all of 
the resin beads of the 1000-min sample showed some 
bead fracture. In no case did the line width vary, 
which is not consistent with line-width effect 3. The 
line wicth of Amberlite IR-120 H in a variety of inert 
solvents (by inert, we mean that the solvent will not 
enter a hydrated bead) is summarized in Table IV. 
The following Amberlite resins have also been studied 
in most of these solvents: IR-120 Na; IRA-400 Cl; 
IRA-410 Cl; IRA-45; 200 Na; 200 H; IRA-900 Cl; 
IRA-910 Cl; and IRA-93. The general trends ob
served for all of these resins are not significantly dif
ferent from the data for Amberlite IR-120 H in Table
IV. The volume susceptibility of cation styrene- 
DVB resins has been estimated to be approximately 
0.70 X 10-6 and depends somewhat on cross-linking and 
ionic form.1 The susceptibilities of the inert solvents 
are summarized in Table IV. The interior water line 
width depends on the nature of the exterior medium

Table IV : The Line Width of Interior Water and 
Exterior Solvent for Amberlite IR-120 and IRC-84 
as a Function of the Exterior Solvent

Solvent IRC-84 IR-120 H
Exterior suscepti Aun, a„ex, Aun, Apex,
solvent bility® Hz Hz Hz Hz

1,2-Di 3hloroexhane 0.757 30 4 5 4
Water 0.721 29 6 5 7
Carbon disulfide 0.69 7
Cyclohexane 0.63 34 25 12 24
Toulene 0.62 11 25
Benzene 0.62 34 29 11 25
ra-Hexane 0.586 15
Air 38

a Volume susceptibility taken from ref 14.

Figure 1. Summary of data for Amberlite IRC-84. The 
chemical shift (A), interior line width (O), and exterior line 
width (□), as a function of reciprocal temperature.

and qualitatively parallels the susceptibility difference 
with the exterior medium.

Both the interior and exterior line width of Amber
lite IR-120 H were studied as a function of temperature 
(5-90°). Very small effects which are close to experi
mental error were observed: = 5.5 ±  1, Auex =
7.0 ±  1. At 100 MHz, the same sample used in the 
variable temperature experiment had an interior line 
width of 9 Hz and an exterior line width of 14 Hz. The 
variation of the chemical shift with temperature was 
virtually identical with that recently reported.7'8 
These three experiments, medium dependence, temper
ature dependence, and field strength dependence, are 
in agreement with line-width effect 4. No experi
mental evidence has been obtained which is in any way 
contrary to this effect. It is difficult to conceive of an 
unambiguous positive experiment to test line-width ef
fect 5. The independence on cross-linking and the de
pendence on exterior medium is not what one would ex
pect for this effect. The fact that resins of grossly 
different physical structure (gel vs. macroreticular) 
give comparable line widths would also not be antici
pated. In conclusion, it is believed that the difference 
in susceptibility between the two phases (line-width 
effect 4) is the dominant cause of the interior water 
line width for styrene-DVB resins. The results ob
tained for the exterior line widths (Table IV) indicate 
that they are also due to susceptibility effects as previ
ously explained by Gordon.1

Carboxylic Acid Resins. The data for the carboxylic 
acid gel cation-exchange resin Amberlite IRC-84 
are summarized in Figure 1 as plots of the log of Aun , 
A v e x , and 8 vs. reciprocal temperature. The line- 
width data have been corrected for the natural line
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width of pure water and are entirely reversible with 
temperature. The water content and the capacity of 
the resin studied were 48% and 10.6 mequiv/dry g. 
The water content determined from the nmr integral at
80.5 and 89.5° was 49%. Good integrals can only be 
obtained at elevated temperatures due to the increased 
line width at lower temperature. Resins of this type 
are less than 1% dissociated.1215 Ion hydration ef
fects on the chemical shift (<2 Hz) are much too small 
to account for the experimental value, 42 Hz. The 
susceptibility correction for the exterior solvent is less 
than 1.0 Hz and is not the cause of the chemical shift. 
Dispersion interactions with the polymer matrix can 
effect the chemical shift; however, it seems quite un
likely that this would account for this large an effect, 
in view of the results obtained for other systems.1 In 
the sodium form, the interior line width is comparable 
to other resins, A v in  = 4 Hz, A vex =  6 H z . Sieve cut 
samples, 16-20, 20-30, 30-40, did not give significantly 
different line widths or chemical shifts. Medium ef
fects are summarized in Table IV. The exterior line- 
width variation with solvent is similar to Amberlite 
IR-120 H and other resins and presumably has the 
same origin. The relative variation of the interior line 
width is almost an order of magnitude less than that 
typically observed. A sample of Amberlite IRC-84, 
heated as previously described, and immediately

plunged into cold water, did not show any spectral data 
variation. The data in Figure 1 show that: (1) the
chemical shift is virtually independent of temperature in 
opposition to the results for Amberlite IR-120 IT;7'8 
(2) the exterior water line width shows a comparable 
effect to Amberlite IR-120 H; (3) the interior water line 
width gives a reasonable activation energy plot, Ex =
4.9 kcal, which is considerably greater than Amberlite 
IR-120 H. The high-temperature line width of Am
berlite IRC-84 is comparable to Amberlite IR-120 H. 
It is apparent that the observation of a line width at one 
temperature does not independently imply anything 
about the homogeneity of the resin.4

Line-width effects 2-4 are not consistent with the 
variable temperature results and other results just de
scribed. Line-width effect 5 is unlikely because: (1) 
a smaller temperature dependence would be expected 
for no exchange conditions; (2) the line width of the 
sodium form indicates that the results are unique for 
the hydrogen form. Line-width effect 1 is unlikely 
because the sodium form is comparable to other resins, 
and there is no apparent reason why incomplete dipole- 
dipole interactions should be important in high water 
content resins. The dominant cause of the chemical 
shift and line width probably results from an interaction 
between the carboxylic acid group and water. The 
details of this interaction are still obscure.
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Infrared Study of the Surface of Titanium Dioxides. 

I. Hydroxyl Groups
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The stretching frequencies of the OH groups of anatase and rutile have been tentatively related to the posi
tions of these groups in the crystal lattices. Exchange of these OH groups with D20 vapor or D2 gas has 
been examined by infrared spectrometry. All the hydroxyl groups are found to be exchangeable with D20. 
Depending on the temperature, D2 acts as either an exchange or a reducing agent. In order to explain the 
results of the dehydroxylation-rehydroxylation cycles, the formation of incompletely coordinated titanium 
atoms is proposed. This formation is confirmed by the ionization of perylene.

Introduction

The present papers complete our study of the surface 
properties of the titanium dioxides by means of in
frared spectrometry.1-7 In this part, an attempt is 
made to relate the hydroxyl groups previously ob
served2 to the possible positions on the most likely 
cleavage planes of the crystals. Then we examine the 
deuteration of these groups with heavy water vapor or 
deuterium gas in order to find out whether they are on 
the surface or in the bulk. Finally, mechanisms are 
proposed to explain the dehydroxylation-rehydrox- 
ylation experiments.

Experimental Section
Materials. Miscellaneous data on the titanium 

dioxides used in this work are summarized in Table I 
and Figure 1. The surface areas were measured by the 
BET method using N2 at 78°K. The losses of weight 
were registered with a Sartorius Balance, Type Elec- 
trono 1, Model Vacuum. The size of the particles, as 
determined by electron microscopy, was 80-120, 100- 
250, and ca. 500 A for Ai, A8, and Ri samples, respec
tively. It should be noticed that the particles are not 
spherical and that some of them are cubic.

Oxygen (99.98%) and deuterium (99.98%) were 
supplied by the Air Liquide Co. (France), and dried by 
passage through traps cooled to 78°K and containing 
Linde 5A-type zeolite. Deuterium oxide (Commis
sariat a l’Energie Atomique, France) of purity 99.78% 
was used, in vacuo, without further treatment other 
than the removal of permanent gases.

Techniques. Most of the experimental procedures 
have been described elsewhere.7’8 To reduce the light 
scattering, the T i02 samples were pressed into thin 
wafers 18 mm in diameter and 20-50 mg in weight. 
Infrared spectra were recorded on a Perkin-Elmer 
Model 125 grating spectrophotometer after the cooling
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of the solid to room temperature. This instrument was 
continuously flushed with air from which the H20  and 
C 02 were removed. The reference beam was attenu
ated. The spectral slit width was less than 2 cm-1. The 
spectrometer was calibrated against known standards.

The experimental conditions of the epr measurements 
for the ions perylene+ 9 and Ti3+ 10 have already been 
given.

Results and Discussion
{A) Positions of the OH Groups in the Lattices of 

Anatase and Rutile. We have recently carried out an 
infrared study of the dehydration of anatase and rutile.2 
The stretching frequencies of the OH groups observed 
after evacuation at 200° are listed in Table II (1st row). 
These groups are removed by evacuation at the tem
perature given in the second row of Table II. Figure 2 
shows typical changes of the intensities of the OH in
frared bands as a result of dehydroxylation. For 
anatase As, the 3410-cm-1 band is due to the presence of 
rutile in this sample (Table I), and the band at ca. 3660 
cm-1 is likely to be ascribable to the superposition of the

(1) M . Primet, P. Pichat, M. V. Mathieu, and M . Prettre, C. R. 
Acad. Sci. Ser. B, 265, 681 (1967).
(2) M . Primet, P. Pichat, and M. V. Mathieu, ibid., 267, 799 (1968).
(3) M . Primet, J. Bandiera, C. Naccache, and M . V. Mathieu, 
J. Chim. Phys., 67 , 535 (1970).
(4) M . Primet, J. Bandiera, C. Naccache, and M . V. Mathieu, 
ibid., 67, 1030 (1970).
(5) M . Primet, M. Che, C. Naccache, M. V. Mathieu, and B. Imelik, 
ibid., 67, 1629 (1970).
(6) M . Primet, J. Basset, M . V. Mathieu, and M . Prettre, J. Phys. 
Chem., 74, 1860 (1970).
(7) M . Primet, Thesis, Lyon, France, 1970.
(8) M . V. Mathieu and P. Pichat in “ La Catalyse au Laboratoire 
et dans l ’lndustrie,”  Masson et Cie, 1967, pp 319-323.
(9) Y . Kodratoff, C. Naccache, and B. Imelik, J. Chim. Phys., 65, 
562 (1968).
(10) M . Che, C. Naccache, B. Imelik, and M. Prettre, C. R. Acad. 
Sci. Ser. C, 264, 1901 (1967); M . Che, Thesis, Lyon, France, 1968.
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Table I : Ti02 Samples

Loss (%  of the 
--------weight at 25°)------- .

Solid
Prepara

tion Crystalline structure
Metallic impurities 

(traces)
Between 25 
and 200°

Between 25 
and 400°

Anatase Aj i r . i Crystallized Mg, Si, Al, Fe 1.85 2.85
Anatase A2 H a .c Very badly crystallized Na, Mg, Al, Sn, Si 4.85 5.85
Anatase A3 (Degussa, Jo,6 Crystallized anatase with Mg, Si, Al, Sn, Cu 0.40 0.50

Frankfurt am Main) 
Rutile Ri (British H I«,»

10-15% of rutile 
Crystallized Na, Mg, Fe, Al, Sn, Pb, Cu 0.32 0.40

Titan Products) 
Rutile R2 IV“ Very badly crystallized Na, Mg, Fe 3.80 4.30

“ Preparation: method of the flame reactor (I); hydrolysis of TiCh with NaOH (II, IV) or NH4OH (III). 6 J. Long and S. J. 
Teichner, Rev. H autes Tem p. Refract., 2, 47 (1965); J. Long and S. J. Teiehner, Bull. Soc. Chim. F r ., 2625 (1965). c See ref 10. d See 
ref 12.

Table II: Stretching Frequencies of the OH and OD Groups of the Ti02 Samples

Anatase Ai, A 2 --------- — Rutile Ri, R2------------- ' ------------Anatase A3----------

r(OH), cm-1 3715 3665 3685 3655 3410 3715 3685 3660 3410

o o 400 350 400 350 200-250 400 400 350 200-250
»-(OD), cm 1 2740 2705 2720 2695 2515 2740 2720 2700 2515

Figure 1. Surface area of the various Ti02 samples according 
to the temperature of the vacuum treatment.

3665-cm“ 1 band of anatase and the 3655-cm_1 band of 
rutile.

Previous to our study, Yates,11 Lewis, and Parfitt12 
suggested that the OH groups they found for titanium 
dioxides were probably due to different cleavage planes 
or to different positions on these planes, but without de
tailed information. Besides, none of these authors 
noticed a 3410-cm-1 band in the case of rutile. It 
therefore seemed of interest to examine whether the 
stretching frequencies we observed could be related to 
particular positions of the OH groups in the crystal 
lattices.

We have supposed that the most likely cleavage 
planes of the titanium dioxides are the 001 plane for the 
anatase and the 110 plane for the rutile, since these 
planes correspond to the highest atomic density and to 
the greatest interreticular distance.

Having made this assumption, the five OH frequen-

Figure 2. OH bands of the anatase A, or the rutile Ri after 
evacuation for 20 hr: 1, at 200°; 2 at 300°. For clarity, the 
spectra have been translated along the transmission axis.

(11) D. J. C. Yates, J. Phys. Chem., 65, 746 (1961).
(12) K. E. Lewis and G. D. Parfitt, Trans. Faraday Soc., 62, 204 
(1966).
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Figure 3. Interatomic distances in anatase and rutile.

cies can be assigned by putting all hydroxyl groups in 
the place of the oxygen atoms labeled 1 of Figure 3. 
Depending on the degree of dehydroxylation these sur
face OH groups in position 1 occur in two configurations, 
one in which they are on adjacent sites and one in which 
they are isolated from each other. The OH groups re
sponsible for the bands at 3715 cm-1 (anatase) and 
3685 cm“ 1 (rutile) are presumed to be isolated. The 
bands at 3665 cm-1 (anatase) or 3655 and 3410 cm-1 
(rutile) are assumed to originate from OH groups 
bonded to each other by hydrogen bridges and situated 
in adjacent unit cells.

The following arguments show that the observed fre
quencies are in reasonable agreement with these tenta
tive models and assignments.

The low-frequency bands (3665, 3655, and 3410 cm-1) 
are removed from the spectra by evacuation at elevated 
temperature before the high-frequency bands (3715 and 
3685 cm-1); see Table II and Figure 2. This suggests 
that the former are involved in hydrogen bonding and 
are therefore more favorably situated for removal from 
the surface as water.18

Moreover, the OH stretching vibrations situated 
above 3700 cm-1 are generally assigned to “ free”  hy
droxyl groups in the case of metallic oxides of high sur
face area.13 The very similar behavior of the bands at 
3715 and 3685 cm-1 during the dehydroxylation2 
strongly suggests that the OH groups responsible for 
this latter band are isolated as well, although their 
stretching vibration is 30 cm-1 lower. This difference 
shows that the force constant of the O-H  bond is 
greater for anatase than for rutile and this fact implies 
that the hydroxylic hydrogen atom is more protonic for 
the former than for the latter, since in the case of the 
hydracids the force constant of the X -H  bond increases 
with the ionic character of the bond. The environ
ment of the OH groups in the two allotropic forms can 
explain this hypothesis. For anatase, the oxygen 
atoms labeled 2o(Figure 3) are closer to the OH groups 
labeled 1 (2.45 A) than for rutile (2.78 A). These elec
tronegative oxygen atoms are more likely to increase 
the electron density of the hydroxylic oxygen by pclar-

The Journal of Physical Chemistry, Vol. 75, No. 9, 1971

izing the OH bond and hence the hydrogen atom tends 
toward a proton-like state.

The neighboring OH groups are separated by 2.80 A 
for anatase or 2.96 and 2.53 A for rutile (Figure 3). 
Therefore, one or two infrared bands are expected in the 
case of anatase and rutile, respectively, which is in 
agreement with our spectra. In order to find out 
whether the distances (O • • • O) concord with the OH 
frequencies, we have listed these distances in Table III 
along with the differences Ar0bad between the wave 
numbers of the isolated OH groups (3715 or 3685 cm-1) 
and those of the hydrogen-bonded OH groups (3665 or 
3655 and 3410 cm-1). The same differences have been 
calculated for crystals, using a correlation diagram14-16 
and are given in the 3rd column, Aroaicd. It should be 
noted that ArobSd are much lower than ArCaicd but this is 
usually the case if solids of high surface area are com
pared to crystals.13 In addition Aroaicd are for straight 
hydrogen bonds, whereas the hydrogen bonds in T i02 
are probably bent. Nevertheless it is interesting to 
note that the ratios Arcaicd/Ar0b8d (4th column) are 
nearly constant. * 13 14 15 16

Table III: Frequencies Shifts of the Hydrogen-Bonded 
OH Groups According to the (O - • - O) Distance

(O- • •0)
Samples

distance,
Á

AFobsd. 
em -1

Arealcd,'
e m " 1

Arobsd/
Arcalcd

Rutile 2-96 30 150» 5
Anatase 2-80 50 260' 5-2
Rutile 2-53 275 13604 4-9

a These values are obtained from the spectra of crystalline 
compounds presenting hydrogen bond lengths close to those 
found for Ti02. 6 See ref 14. ' See ref 15 and 16. d See ref 16.

(.B) Deuteration of the OH Groups. 1. With D̂ O 
Vapor. The action on a rutile sample of D20  in air at 
a very low relative pressure has been examined by 
Lewis and Parfitt12 but the exchange of the OH groups 
of several T i02 samples by pure deuterium oxide has 
not been studied previously.

At room temperature with increasing doses of D 20  
vapor, all the infrared bands due to OH groups de
crease in intensity, whereas the corresponding set of OD 
bands appears (Table II, 3rd row). In these experi
mental conditions, no difference was found between the 
OH groups. With an excess of D20  vapor, an addi-

(13) L. H. Little, “ Infrared Spectra of Adsorbed Species,”  Academic 
Press, London and New York, N. Y.,1966, Chapter X .
(14) K. Nakamoto, M . Margoshes, and R. E. Rundle, J. Amer. 
Chem. Soc., 77, 6480 (1955).
(15) O. Glemser and E. Hartert, Z. Anorg. Allg. Chem., 283, 22 
(1958).
(16) G. C. Pimentel and C. H. Sederholm, J. Chem. Phys., 24, 41 
(1956); G. C. Pimentel and A. L. McClellan, “ The Hydrogen 
Bond,”  Reinold, London and New York, N. Y ., 1960, Chapter III.
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Figure 4. Exchange of the hydroxyl groups. Infrared 
absorption spectra of Ti02 A3, heated in 100 Torr of H2 at 200° 
for 10 hr, outgassed at 200° for 8 hr, heated in 100 Torr of D2 
for 10 hr at: (a) 25°; (b) 100°; (c) 200°; and (d) 250°. For 
clarity, the spectra have been translated along the 
transmission axis.

tional OD stretching band is observed at 2675 cm-1 
which is the equivalent of the 3630-cm_1 band due to 
adsorbed water molecules2 and is similarly removed by 
evacuation at 100°. In each case, the value of the 
ratio y(OH)/p(OD) is 1.355.

Three or four successive deuterations at 25° are 
necessary to complete the exchange, the solid being de
sorbed for 1 hr at 150° before each new addition of 
D20. It may be concluded that all the OH groups are 
accessible to D20  vapor.

2. With D2. Yates,11 Lewis, and Parfitt12 have al
ready studied the exchange of the OH groups of T i02 
samples with D2 at 350 and 250°, respectively. We 
were interested in finding out at what temperature the 
exchange begins and whether the mechanism of ex
change is the same at low and high temperatures. The 
possible reduction of the solid was followed by epr mea
surements.

When a 50-mg T i02 sample, previously treated at 
200° under H2 then under vacuum, is exposed to deu
terium gas (100 Torr) at various temperatures, OD 
stretching bands appear in the spectrum of the solid 
from 100° (Figure 4b). Their frequencies are the same 
as those observed with D 20  exchange. At 150°, it be
comes possible to detect HD molecules in the gas phase 
by means of mass spectrometry. Finally, at 200°, most 
of the OH groups are exchanged.

Thus, between 100 and 200°, the exchange of D 2 with 
the hydroxyl groups of titanium dioxide is an activated 
process similar to the one observed for alumina17 and all 
the different types of OH groups seem to be exchanged 
at the same rate. Deuterium gas is the actual ex

change agent, since the sample has been previously re
duced by H2, so that the formation of D 20  is excluded.

Between 250 and 300°, the solid is reduced by D2 as 
is shown by the detection of the epr signal of the T i3+ 
ion. The absorption of the resulting D 20  molecules 
produces the appearance of broad bands in the OD 
stretching region (2500-2100 cm-1) (Figure 4d). 
Moreover, the exchange of OH groups is completed by 
heavy water. A slight reduction was observed by 
Yates11 in the case of only one among four of his T i02 
samples, but this reduction was merely determined by 
a color change.

These results confirm that the OH groups are easily 
exchangeable.

(0) Dehydroxylation-Rehydroxylation Cycles. Pre
viously, Lewis and Parfitt12 rehydrated a rutile sample 
with humid air, but it was impossible to “ decide whether 
reformation of OH groups actually takes place.”

In order to attempt to answer this incertainty, in
creasing doses of pure water vapor were added on com
pletely dehydroxylated samples (evacuated at 400°). 
Dehydroxylation-rehydroxylation cycles were also car
ried out.

Results
The rehydroxylation depends on the crystallinity of 

the solids.
Solids with a High Percentage of Amorphous Phase. 

Initial groups are not restored on amorphous anatase or 
rutile after exposure to 20 Torr of H20, even at 400°. 
On the spectra there occur only broad bands of hy
drogen-bonded OH groups which are removed by evacu
ation between 150 and 200°.

Crystallized Solids. At room temperature, initial OH 
bands readily reappear in an inverted order relative to 
that of their removal. So in the case of anatase, the 
3715-cm-1 band occurs before the 3665-cm-1 band, but 
later, the intensity of the second one becomes the 
greatest. For rutile, the 3685, 3655, and 3410-cm-1 
bands are observed.

By evacuation the rehydrated solids are completely 
dehydroxylated at a lower temperature than the initial 
titanium dioxides, 300-350° instead of 350-400°. Re
formed OH groups on a twice dehydrated sample are 
removed by outgassing at 300°. If the dehydration- 
rehydration cycles are repeated ten times, no more 
specific OH groups are reformed. As for the amorphous 
titanium dioxides only broad bands of hydrogen-bonded 
OH groups occur on the spectra and they are eliminated 
by evacuation at 150°.

Discussion
The existence of only a small number of well defined 

crystalline sites on titanium dioxides with a high per
centage of amorphous phase may account for the fact

(17) J. L. Carter, P. J. Lucchesi, P. Corneil, D. J. C. Yates, and 
J. H. Sinfelt, J. Phys. Chem., 69, 3070 (1965).
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that the reformation of initial groups does not take 
place. The specific sites are likely to be destroyed 
during the dehydroxylation.

The dehydroxylation of crystallized T i02 is only 
partly reversible. Similar phenomena have already 
been observed for rutile and hematite.18 The decrease 
in surface area of the T i02 during the dehydration-re
hydration cycles does not seem a sufficient explanation 
of this incomplete rehydroxylation, since only a 20% 
decrease is measured after ten cycles.

This leads to the assumption that dehydroxylation 
eliminates some of the dissociative adsorption sites of 
water molecules. To understand this change of the 
surface properties, the mechanisms of dehydration and 
rehydration need to be examined.

As has been shown, dehydroxylation first removes the 
hydrogen-bonded OH groups responsible for the bands 
at 3410, 3655 (rutile), and 3665 cm-1 (anatase). The 
following scheme may account for this removal

OH—OH O
1 /  1 /  . / / V-Ti-O -Ti- i z r  H20  +  -Ti-O-Ti- (sites I)

/ I  / I  / I  / I
At higher temperature, a migration of protons or 

hydroxyl groups could allow the removal of isolated OH 
groups and formation of incompletely coordinated ti
tanium atoms (sites II)

OH OH 0
i /  T /  f / i /

-T i----- Ti------- >- H20  +  -Ti------Ti-
/ I  / I  / I  / I

Whereas the sites I would be able to chemisorb H20  
molecules with subsequent reformation of the initial 
OH groups (probably with proton or hydroxyl migra
tion), the sites II would fix only coordination-bonded 
water molecules which would be removed by evacuation 
at 150°. After each new dehydroxylation, the number 
of incompletely coordinated titanium atoms increases 
at the expense of the following type of bridge.

O
/  \

Ti—0 —Ti

If our assumption of the formation of incompletely 
coordinated titanium atoms is correct, the dehydrox- 
ylated T i02 will present an electron-acceptor surface.

To check this character of the surface we investigated 
the adsorption of electron-donor molecules. Adsorp
tion of CO3 and NO5 at room temperature is described 
elsewhere. Here the ionization of perylene is briefly 
reported.

Perylene has been chosen for its relatively low ioniza
tion potential (6.8 eV) which allows this compound to 
be ionized by oxidizing surface centers, giving rise to a 
paramagnetic species.19 Perylene is not ionized by 
anatase A3 which has undergone only one dehydration 
treatment, but after three dehydration-rehydration 
cycles, the epr signal of the perylene cation is observed 
and its intensity grows with the number of cycles, 
giving proof of an increasing number of electron-ac
ceptor sites.

Conclusions
1. The five stretching frequencies of the OH groups 

of anatase and rutile have been tentatively related to 
the positions of these groups in the crystalline lattices. 
Assuming that the cleavage planes are the 001 plane 
(anatase) or the 110 plane (rutile), it is suggested that 
the isolated hydroxyl groups have stretching frequencies 
at 3715 (anatase) or 3685 cm-1 (rutile). The bands 
at 3665 (anatase), 3655, and 3410 cm-1 (rutile) are 
assigned to OH groups bonded to each other by hydro-o
gen bridges corresponding to 2.80, 2.96, and 2.53 A 
(O- • - O) distances, respectively.

2. All the OH groups of the T i02 studied are acces
sible to D 20  vapor.

3. Between 100 and 200° they are almost completely 
exchanged with D 2 gas. Between 250 and 300°, D2 
reduces the titanium dioxides with formation of D 20  
and T i3+.

4. Partial rehydroxylation could be explained by 
the formation of an increasing number of incompletely 
coordinated titanium atoms during the dehydroxyl- 
ation-rehydroxylation cycles. These incompletely 
coordinated titanium atoms are supposed to be the 
electron-acceptor sites responsible for the perylene ion
ization.

(18) T. Morimoto, M . Nacao, and F. Tokuda, J. Phys. Chem., 73, 
243 (1969).
(19) D. M. Brouwer, J. Catal, 1, 372 (1962).
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For samples of anatase and rutile, the adsorption of three acidic compounds (CH3COOH, C6H5OH, C02) 
and three basic compounds (NH3, C6H6N, (CH3)3N) has been studied. CeH5OH is too weak an acid to react 
with the basic OH groups, but C02 forms bicarbonate species. Some OH groups of anatase show a protonic 
character toward (CH3)3N, but not toward NH3 and C6H5N. No acidic character has been detected for 
the same groups of rutile. The adsorptions of ammonia and pyridine give evidence of two types of Lewis 
acid sites. The strongest ones are created by the removal of the isolated OH groups and their acidic force is 
similar to that found for a 6-alumina. The weakest ones are due to the removal of molecular water.

Introduction
It is well known that the hydroxyl groups of some 

metal oxides are at the origin of the acidic or basic 
properties of these solids. Besides, in some cases, the 
removal of these groups creates Lewis acid sites.

Actually the formation of the radical ions (TONE)-  
and (TN B)-  during the adsorption of tetracyanoethyl- 
ene and trinitrobenzene on an anatase sample has been 
assumed to be partly due to the presence of OH-  ions.1 
On the other hand, Hermann and Boehm2 found that 
the surface of T i02 is amphoteric in character and that 
some of the OH groups of anatase react as a relatively 
strong acid.

Moreover it is possible to predict that the incom
pletely coordinated titanium atoms remaining after 
the dehydroxylation (see part I, the preceding paper3) 
can behave as Lewis acid centers. Precisely, Kiselev 
and Uvarov4 have shown, by means of infrared spec
trometry, that diethylenetriamine and pyridine are 
adsorbed on the aprotonic acid centers of a rutile sam
ple, but no attempt has been made to find out the origin 
of these centers.

It therefore seemed of interest to specify the acidic 
and basic properties of the titanium dioxides by using 
infrared spectrometry to determine the structure of the 
species created during the adsorption of several acids 
and bases.

Experimental Section
Most of the experimental procedures and informa

tion about the titanium dioxides used in the present 
work have been given in the preceding paper.3 All the 
solid samples were oxygen (160 Torr) treated at 400° 
for 16 hr, then evacuated (10-5 Torr) at the indicated 
temperature for 8 hr.

Acetic acid (Prolabo R.P., France) was dried by 
mixing with acetic anhydride. Phenol (Prolabo R.P.)

was purified by successive distillations. C 02 (99.98%) 
was supplied by the Air Liquide Co. (France) and dried 
by successive distillations. Pyridine and trimethyl- 
amine (Merck, spectra grade) were dried over Linde 
5A-type zeolite at 25°. Ammonia (99.96%) supplied 
by the Air Liquide Co. was stored over sodium wire.

Results and Discussion
Adsorption of Acidic Compounds. A. 1. Acetic 

Acid. When acetic acid (10 Torr) is added at room 
temperature to a 200°-evacuated anatase A3 sample (for 
the designation of the T i02 samples, see Table I), the 
spectrum of the surface OH groups is strongly changed. 
A very broad absorption band occurs due to the hydro
gen-bonded OH which is removed by evacuation at 200° 
leaving a completely, dehydroxylated surface. After 
this evacuation, the spectrum presents the character
istic bands of acetate species at 1555 (rCo asym), 1450 
(5c h j  asym), 1410 (vCo sym), and 1340 cm“ 1 (5Ch 3 sym)5 
and is quite similar to the one obtained in the same 
conditions but with an initially totally dehydroxylated 
catalyst (400°-evacuated). The formation of ace
tates can thus be interpreted by assuming a dissociative 
adsorption of the acetic acid on the T i-O -T i bridges 
created during the dehydroxylation.3 Similar in
frared bands have been pointed out for a rutile sample 
by Kiselev and Uvarov.4

The dehydroxylation of the solids during the de
sorption of the acetic acid can be explained in two ways, 
either by formation o: hydrogen bonds between the

(1) M . Che, C. Naccache, and B. Imelik, J. C cd a l in press.
(2) M . Hermann and H. P. Boehm, Z. Anorg. Allg. Chem., 368, 73 
(1969).
(3) Part I of the present paper: M. Primet, P. Pichat, and M. V. 
Mathieu, J. Phys. Chem., 75, 1216 (1971).
(4) A. V. Kiselev and A. V. Uvarov, Surface Sci., 6, 399 (1967).
(5) K. Itoh and H. J. Bernstein, Can. J. Chem., 34, 170 (1956).
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Table I : Xi()2 Samples

Solid
Prep

aration Crystalline structure

Anatase Ai I» Crystallized
Anatase A2 ii“ Very badly crystallized
Anatase A3 (Degussa, I» Crystallized anatase

Frankfurt am Main) with 10-15% of

Rutile Ri (British ui»
rutile)

Crystallized
Titan Products) 

Rutile R2 IV“ Very badly crystallized

“ Preparation: method of the flame reactor (I); hydrolysis 
of TiCli with NaOH (II, IV) or NH4OH (III).

acetic acid molecules and the surface OH groups with 
further removal of these hydroxyl groups as in the case 
of basic adsorbates (to be discussed later), or by an acid- 
base reaction between this acid and the basic OH 
groups, if they exist. The reaction of the acetic is too 
strong and does not allow the specification of the char
acter of the surface OH groups. Thus the adsorption 
of a weaker acid, phenol, was studied.

2. Phenol, The adsorption of phenol has little effect 
on the OH groups of a 200°-evacuated T i02 if the 
pressure remains lower than 1 Torr. Under the vapor 
pressure at room temperature, broad bands of hydro
gen-bonded OH groups are substituted for the bands of 
the initial surface OH groups. All of these OH groups 
are removed by evacuation at 200°, except those ac
counting for the 3410-cm-1 band3 (rutile) which do not 
react with phenol.

The adsorbed phenol gives two bands at 1592 and 
1490 cm-1 due to ring vibrations (Figure IB, curve b). 
These bands are slightly shifted relative to that of 
phenol vapor.6

From the above results, it may be concluded that the 
phenol is fixed on the surface hydroxyl groups by hy
drogen bonds. An acid-base reaction between the 
phenol and these OH groups will produce phenate 
species and iio such species is detected in the case of a 
hydroxylated surface.

On the contrary, a 1448-cm-1 band which occurs 
with completely dehydroxylated T i02 (Figure 1A, 
curve b and IB, curve c) under a weak pressure of 
phenol at 25° is assigned to the creation of a phenate 
species, since we found a similar band at 1428 cm-1 in 
the spectrum of the sodium phenate. This 1448-cm-1 
band appears and progressively grows with the tem
perature if a 200°-evacuated T i02 is heated in a phenol 
atmosphere, while simultaneously the dehydroxylation 
of the surface takes place. These conditions of appear
ance suggest that the phenate species are due to the 
dissociative adsorption of the phenol on the T i-O -T i 
bridges created during the dehydroxylation. The 
same type of adsorption has been demonstrated for 
benzylic and isobutylic alcohols on 7-alumina.7 The

Figure 1. Phenol adsorption: A (a) infrared spectra of rutile 
Ri, dehydroxylated at 380°; (b) after admitting 1 Torr of 
phenol at 25°; B, (a) infrared spectra of rutile Ri, evacuated 
at 200°; (b) after admitting 1 Torr of phenol at 25°,
(c) sample (b) after evacuation at 200°, then admitting 
1 Torr of phenol at 25°. Note: for clarity, in 
Figures 1-7, the spectra have been translated 
along the transmission axis.

Figure 2. C02 adsorption. Infrared spectra after admitting
100 Torr of C02 at 25° on a Ti02 A3 previously evacuated at (a) 
25, (b) 100, (c) 250, (d) 300, and (e) 400°.

1592, 1490, and 1448-cm-1 bands are removed by 
evacuation at ca. 250°.

(6) J. C. Evans, Spectrochim. Acta, 16, 1382 (1960); S. Pinchas, 
D. Sadeh, and D. Samuel, J. Phys. Chem., 69, 2259 (1965).
(7) H. Knozinger, H. Buhl, and E. Hess, J. Catcd., 12, 121 (1968)-
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Figure 3. C02 adsorption. Infrared spectra of Ti02 A3 
deuterated with D20  at 25°3 and (a) evacuated at 200°; (b) 
after admitting 350 Torr of C02 at 25°; (c) sample 
(b) evacuated at 25°.

Therefore, phenol seems to be too weak an acid to 
react with the basic surface OH groups if they exist.

3. Carbon Dioxide. At room temperature, C 02 
(100-300 Torr) is reversibly adsorbed on titanium di
oxide. The intensity of the observed infrared bands 
increases with the adsorbate’s pressure and the nature 
of the created species varies with the temperature of the 
initial treatment of the catalyst.

When the solid is completely dehydroxylated, the 
bands are similar to those reported by Yates.8 But 
in the case of a sample evacuated below 100° (Figure 2, 
curves a and b), C 02 produces another set of bands at 
1670 (shoulder), 1555, 1420, 1340, and 1220 cm -1.

Carboxylate groups and carbonate groups of dif
ferent types absorb in the same region, as well as bicar
bonate groups.9 As this set of bands is only present on 
the spectra of hydroxylated T i02, one may assume that 
it is due to bicarbonate species. If this assumption is 
correct, the stretching and bending vibrations of the 
OH groups of the bicarbonate species should be observed. 
The weak band at 1220 cm-1 may be assigned to 
the 8 (OH) vibration.10 If it exists, the v(OH) band is 
not distinguishable from the combination bands of the 
gaseous C 02 which are centered at 3609 and 3716 cm-1. 
To avoid this overlapping of infrared bands, deuterated 
samples have been used. When carbon dioxide is ad
sorbed on such samples, a new OD band appears at 
2660 cm-1 (Figure 3); its intensity increases with the 
pressure of the reagent at the expense of the bands of 
the free or weakly bonded OD groups. This band dis
appears by outgassing at 25°. The 1220-cm-1 band 
does not occur on a deuterated solid; hence its assign
ment to a bicarbonate 8 (OH) vibration is strengthened.

The corresponding OH band to the 2660-cm-1 band 
would be at ca. 3605 cm -1 as the ratio r(OH)/¡'(OD) is

1.355 for the T i02 studied here.3 This last wave num
ber needs to be compared to the frequencies of the OH 
stretching vibration in bicarbonates. In alkaline bi
carbonates,11 where OH groups are hydrogen-bonded, 
this vibration occurs near 2600 cm-1; the corresponding 
frequency of the free OH group can be calculated from 
the hydrogen bond length with a correlation diagram.12 
For example, a 2.61 A (O- • - O) distance in (KHC03)2 
gives13 3670 cm-1 for the stretching frequency of the 
free hydroxyl group. This value differs very little from 
that calculated for the adsorbed species on T i02 (3605 
cm-1). The same frequency has been found by 
Parkyns14 for bicarbonate species on alumina.

The influence of C 02 on the OD bands of the deuter
ated solid and the formation of new OD groups give 
support to the assumption of the creation of bicarbonate 
species. However, the 1555-cm-1 band is shifted from 
the most common region cf absorption of bicarbonates,11 
but these alkaline bicarbonates are bonded together 
into rings or chains,13,18 v/hich is probably not the case 
on T i02. On the other hand, the surface affects the 
adsorbed species and that may also account for the 
observed shift.

The formation of bicarbonate species indicates the 
presence of basic OH groups on anatase or rutile. This 
basic character of the surface is rather weak, since these 
bicarbonate species are destroyed by mere outgassing 
at 25°. On the contrary, acetic acid reacts too strongly 
so that the intermediate species are not detected.

(.B) Adsorption of Basic Compounds. 1. Ammonia,
(a) Adsorption on the OH Groups. The initial OH 
bands of a 200“-evacuated T i02 disappear after the 
introduction at room temperature of ammonia (Figure 
4, curve b ). The formation of OH • ■ • N hydrogen bonds 
is shown by a broad band at ca. 3250 cm-1. This 
band is removed by evacuation above 150° (Figure 4, 
curve c) and the solid is more dehydroxylated than before 
the adsorption. This fact has already been pointed out 
in the case of ammonia and alumina16 or Cr20 3-W 0 3.17

On the other hand, ammonium bands were not no
ticed in the present case. These data are in disagree
ment with that of Hermann and Boehm2 who found a

(8) D. J. C. Yates, J. Phys. Chem., 65, 746 (1961).
(9) L. H. Little, “ Infrared Spectra of Adsorbed Species,”  Academic 
Press, London and New York, N. Y., 1966, pp 74-83.
(10) D. L. Bernitt, J. Chem. Phys., 42, 3553 (1965).
(11) A. Novak, P. Saumagne, and L. D. C. Bok, J. Chim. Phys., 
60, 1385 (1963).
(12) K. Nakamoto, M . Margoshes, and R. E. Rundle, J. Amer. 
Chem. Soc., 77, 480 (1955).
(13) I. Nitta, Y . Tommie, and Hoe Koo, Acta Crystallogr., 5, 292 
(1952).
(14) N. D. Parkyns, J. Chem. Soc. A, 410 (1969).
(15) R. L. Lass and R. F. Scheurmann, Acta Crystallogr., 15, 77 
(1962).
(16) A. E. Hirschler, ./. Catal., 6, 1 (1966).
(17) G. France and M . V. Mathieu, Bull. Soc. Chim. Pr., 2891 
(1970).
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Figure 4. Ammonia adsorption. Infrared spectra of 
200“-evacuated Ti02 A3 (a), after admitting 40 Torr of NH3 for 
1 hr at 25“ (b), then outgassing for 8 hr at 150° (c), at 
200° (d), and at 250° (e).

band at ca. 1400 cm-1, characteristic of ammonium 
ions, for ammonia chemisorbed on an anatase sample.

(ib) Lewis Acidity. After desorption at 150° of 
ammonia fixed on OH groups, several bands are still 
detected in the infrared spectra of crystallized 200 or 
400°-evacuated titanium dioxides (Figure 4 curves c 
and d). These bands are removed by evacuation 
between 200 and 300° as indicated in Table II and shown 
in Figure 4, curve e.

Table II: Vibrational Frequencies (in cm-1) of NH3

Modes“ Gasb
Àmmine

complexes0

Adsorbed NH3 

on well crystal
lized TK>2

vz 3443.9-3443.6 3412-3200 3385-3320'*
v\ 3337.2-3336.2 3330-3115 3245-314Q"
VA 1627.4-1626.1 1655-1550 1595 (250-300°)
V 2 968.3-932.5 1361-1170 1190 (200°)-

1220 (300°)

“ G. Herzberg, “Infrared and Raman Spectra of Polyatomic 
Molecules,” Van Nostrand, New York, N. Y., 1956, p 295. 
b W . S. Benedict and E. K . Plyler, Can. J . P h ys., 35, 1235 
(1957). c A. D. Allen and C. V. Senoff Can. J . Chem., 45, 1337 
(1967). d It is difficult to determine precisely the order and 
temperature of removal of these bands between 250 and 300°, 
because of their broadness and weak intensity.

For a 200°-evacuated T i02, the 1190-cm-1 band is 
produced on adding ammonia at 25°. Another band at 
1220 cm-1 appears on heating under vacuum and can 
also be observed at room temperature if the solid is 
initially completely dehydroxylated.

These last two bands (1190 and 1220 cm-1) are ab
sent from the spectra of ammonia adsorbed on badly 
crystallized anatase A2 or rutile R2. Moreover, no

The Journal of Physical Chemistry, Vol. 75, No. 9, 1971

ammonia remains on the surface of these solids after 
evacuation at 150°.

The observed frequencies in the case of ammonia ad
sorbed on crystallized titanium dioxides are situated in 
the absorption regions of ammonia complexes (Table
II). This fact and the temperature of desorption of 
ammonia strongly suggest the existence of bonds be
tween the nitrogen atom of ammonia and electron- 
acceptor sites (Lewis type acid sites).

Since two bands occur in the region of NH3 sym
metric bending vibration and four in the NH stretching 
vibration region, it may be concluded that two types of 
Lewis sites exist. The first type (sites III) would be 
responsible for the 3385, 3245, and 1190-cm_1 bands, 
the second type (sites II) for the 3330, 3140, and 1220- 
cm_1 bands. In agreement with these frequencies and 
the stabilities of the respective surface species, sites II 
are supposed to be more acidic than sites III.

The sites III exist on a 150°-evacuated T i02. We 
may assume that they are created by molecular water 
removal according to the following scheme.

H H

—Ti— +  FLO
/ I

These titanium atoms are incompletely coordinated 
and can therefore fix either a water molecule or an 
ammonia molecule.

The sites II exist on a 400°-evacuated T i02, but not 
on a 200“-evacuated T i02. On this last solid, they 
are created by partial desorption of the ammonia which 
produces a dehydroxylation. Therefore, they must be 
the sites created by the removal of the isolated OH 
groups and responsible for perylene ionization (sites 
II of the preceding paper3). Their acid force is similar 
to that found for a 5-alumina.18

2. Pyridine. Figures 5 and 6 show the infrared 
bands found when pyridine is adsorbed on 200 or 400°- 
evacuated titanium dioxides. The frequencies of the 
vibrational modes 19b and 8a after desorption of the 
pyridine between 200° and the indicated temperature 
are listed in Table III. These modes have been chosen 
because they are affected the most by the bonding of 
the nitrogen atom.19

The adsorption of pyridine on the OH groups is simi
lar to that of ammonia, i.e., OH - ■ -N bonds are created. 
No pyridinium species (band at ca. 1540 cm-1 19 is 
detected (Figure 5).

It may be deduced from the comparison (Tables III 
and IV) of the frequencies of chemisorbed pyridine and 
coordinated pyridine that pyridine is also bonded to 
electron-acceptor surface sites.

(18) P. Pichat, M . V. Mathieu, and B. Imelik, J. Chim. Phys., 66, 
845 (1969); P. Pichat, Thesis, Lyon, France, 1966.
(19) E. P. Parry, J. Cotai., 2, 371 (1963).
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Figure 5. Pyridine adsorption. Infrared spectra of Ti02 Ai 
200°-evacuated (a), after admitting pyridine (vapor pressure) 
for 1 hr at 25°, then outgassing for 8 hr at 25° (b), 
at 250° (c), and 300° (d).

Figure 6. Pyridine adsorption. Infrared spectra of T i02 Ai 
400"-evacuated (a), after admitting pyridine (vapor pressure) 
for 1 hr at 25°, then outgassing for 8 hr at 25° (b), 
at 250° (c), and 400° (d).

This interaction of pyridine with the aprotonic acid 
centers of rutile has been briefly pointed out by Kiselev 
and Uvarov,4 but no attempt has been made to deter
mine the origin of these centers.

The adsorbed pyridine is more stable on the com
pletely (400“-evacuated) than on the partly (200°-

Table III: Vibrational Frequencies (in cm-1, Modes 19b 
and 8a) of the Adsorbed Pyridine on Titanium Dioxides

Temperature 
of evacuation,

Catalyst °C 19b 8a

Anatase A3 200 1440 1600
l

1445 (300°) 1610 (300°)
Anatase A3 400 1440 1605

1 1
1445 (400°) 1610(450°)

Rutile R, 200 1440 1600
1

1445 (350°) 1610(450°)
Rutile R, 400 1440 1605

1
1445 (500°) 1610(500°)

Anatase Ai 200 1440 1600
1 1

1445 (350°) 1610(350°)
Anatase A, 400 1440 1605

1 1
1445 (400°) 1610(450°)

Rutile R2 and 200 and 1440(200°) 1600
Anatase A2 400 1

1605 (200°)

Table IV : Vibrational Frequencies (in cm-1) of Pyridine

Modes 19b 8a

Liquid“ 1439 1579
in metallic complexes1 f  1440 f  1592

11461 \l615
+  A1C13 or AlBr3 f 1450 /1610

orSnCh' (1458 (1628

0 See ref 18. b F. Fratesi and R. Freymann, C. R. Acad. Sci. 
Paris Ser. B, 266, 327 (1968). c A. Terenin, V. Filimonov, and 
D. Bystrov, Z. Elektrochcm.., 62, 1080 (1958).

evacuated) dehydroxylated crystallized T i02. Be
sides, the desorption above 200° of pyridine adsorbed 
on a 200°-evacuated solid produces a dehydroxylation 
of the surface and the 19b and 8a bands of the remain
ing pyridine become narrower and are situated at slight
ly higher frequencies. These results suggest that pyri
dine, like ammonia, is adsorbed on two types of elec
tron-acceptor sites: sites III and sites II created by 
the elimination of molecular water and isolated OH 
groups, respectively. Pyridine is more strongly fixed 
on sites II than on sites III.

The absence of sites II and III on the surface of 
badly crystallized anatase or rutile is confirmed by the 
far weaker stability of the adsorbed species and the 
lower frequencies of 19b and 8a modes (last line of 
Table III).

3. Trimethylamine. Trimethylamine was chosen as 
a stronger base to check whether the titanium dioxides 
show a protonic acidity.
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Figure 7. Trimethylamine adsorption. Infrared spectra of 
T i02 At, evacuated at 200° (a), after admitting 30 Torr of 
trimethylamine for 1 hr at 25°, then outgassing for 8 hr at 
25° (b), and 150° (c).

Figure 8. Trimethylamine adsorption. Infrared spectra of 
T i02 Rj, evacuated at 200° (a), after admitting 30 Torr of 
trimethylamine for 1 hr at 25°, then outgassing for 8 hr at 
25° (b), and 150° (c).

Like ammonia or pjnidine, part of the trimethylamine 
is hydrogen bonded to the rutile or anatase OH groups 
with subsequent removal of a fraction of these groups 
during the desorption at 150° (Figures 7 and 8). 
The remaining trimethylamine produces infrared bands

at 1484, 1460, and 1450 cm"-1 (Figures 7 and 8) due to 
the bending vibrations of the methyl groups.20 It is 
removed by evacuation at 250°. The comparison with 
the adsorption of ammonia or pyridine suggests that 
trimethylamine is chemisorbed on Lewis acid sites.

In addition, two bands are recorded at 2700 and 1410 
cm-1 (Figure 7) for 200°-evacuated anatase. They 
are removed by evacuation at 200° with a simultaneous 
and slight increase in the intensity of the OH bands. 
They are less intense for samples evacuated at higher 
temperatures. They do not occur for completely de- 
hydroxylated anatase, but the addition of a little quan
tity of water vapor makes them appear. Since similar 
bands have been found in the spectrum of the tri
methylamine chlorhydrate and assigned to the stretching 
and bending vibrations of the NH+ group,21 it may be 
concluded that some OH groups of anatase show a pro
tonic acidity.

This 1410-cm_1 band is not observed for rutile 
(Figure 8). Actually this result is not unexpected, 
since according to the hydroxyl stretching frequencies 
the isolated OH groups of anatase are more protonic 
than those of rutile, as was pointed out in part I of this 
series.3

Conclusions

1. The OH groups of anatase and rutile show a basic 
character toward compounds, like C 02, with a pAab 
lower than 6.5.

2. Some OH groups of anatase have a sufficient acidic 
character to react with trimethylamine, but not with 
ammonia and pyridine.

3. Apart from their amphoteric (anatase) or basic 
(rutile) character, these OH groups possess the property 
of easily forming hydrogen bonds with the studied 
compounds. A partial or total dehydroxylation of the 
surface occurs during the subsequent desorption of these 
hydrogen-bonded compounds.

4. Two types of Lewis acid sites have been found. 
The strongest ones are created by the removal of the 
isolated OH groups, the weakest ones by the removal of 
molecular water.

(20) J. R. Bareelo and J. Bellanato, S p ectroch im . A c ta , 8, 27 (1956).
(21) J. Bellanato, ib id ., 16, 1344 (1960).
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The Aggregation of Arylazonaphthols. II. 

Steric Effects on Dimer Structure in Water

by Alan R. Monahan,* Nicholas J. Germano, and Daniel F. Blossey
R esea rch  L a b o ra to r ie s , X e r o x  C orp ora tion , X e r o x  S q u a re , R o ch ester , N e w  Y o r k  1 4 6 0 8  ( R ece iv ed  O ctober 1 2 , 1 9 7 0 )  

P u b lic a tio n  costs  a ss is ted  b y  T h e  X e r o x  C o r p o r a tio n

The absorption spectra of three ionic arylazonaphthol dyes (3'-alkyl-4'-chloro-6'-sulfophenylazo-2-hydroxyl-
3-naphthoic acids) in aqueous acidic solution (pH 3.15) are analyzed in terms of monomer-dimer equilibria 
in the 10 “ 6 to 10 “ 4 mol l.“ 1 concentration range. From the changes in the absorption spectra with dye con
centration, the dimerization constant (A eq =  cd/c m2), the pure monomer spectrum, and the pure dimer spec
trum are calculated for each dye. The dimerization constants are (6.83 ±  0.80) X  104, (5.55 ±  0.39) X  104, 
and (3.40 ±  0.71) X  103 1. mol“ 1 for the (I) methyl-, (II) ethyl-, and (III) isopropyl-, 3 '-substituted dyes, 
respectively. Each dimer spectrum consists of an intense H-band hypsoehromic to the monomer band, and 
a weaker J-band, bathochromic to the monomer band. The J-band strength, relative to the H-band, increases 
with increasing size of the substituent thus indicating steric effects in the dimer structure. As calculated 
from the relative strengths of the split bands in the dimer spectrum, the twist angle between equivalent molecu
lar axes of the molecules in the dimer increases from 64 ±  1° in dye I, to 72 ±  0° in dye II, to 88 ±  1° in 
dye III. Both in-plane and parallel-plane structural models are considered for the dimer with the in-plane 
model giving the most consistent results.

Introduction

It has been known for many years that most ionic 
organic dyes in aqueous solution deviate from strict 
Beer’s law behavior.1 These departures from normal 
solution spectra behavior are generally interpreted as 
being due to the formation of dimers and higher order 
aggregates. Thus, by measuring the changes in the 
observed extinction coefficient with changes in the dye 
concentration, the dye aggregation processes can be 
observed directly by spectrophotometric techniques.2 
For example, the absorption spectra of most ionic hy
droxy azo dyes in water show a decrease in the strength 
of the main absorption band accompanied by a hypso- 
chromic shift (shift to higher energy) in the peak max
ima with increasing dye concentration.2'3 The spectral 
changes of azo dyes with the degree of dye aggregation 
are generally small and cause only minor alterations in 
the absorption spectra of the azo dyes. This is in 
marked contrast to the phthalocyanines2 and cyanine 
dyes4 which are known to form new, easily resolved ab
sorption bands upon aggregation. The differences be
tween the degree of spectral change upon aggregation 
for the azo and cyanine are due in part to the differences 
between the absorptive strengths of the main absorp
tion band of the isolated dye molecules. Azo dyes6 
have transition dipole strengths on the order of 10 “ 36 erg 
cm3 and cyanine dyes6 on the order of 10“ 34 erg cm3. 
From molecular exciton theory,7 the energy splitting of 
the bands in the dimer spectrum is roughly proportional 
to the absorptive strength of the monomer band which 
would explain the relatively small changes between the

monomer and dimer spectra of azo dyes as opposed to 
the large changes for cyanine dyes.

Since the spectral changes upon aggregation are de
pendent in many ways on the properties of the isolated 
molecule, the degree of spectral change is not a direct 
indication of the degree of aggregation. In fact, both 
ionic arylazonaphthol dyes6 and cyanine dyes4a have 
equilibrium constants for dimer formation, Keq = 
Cd/cm2, on the order of 104 1. mol“ 1 in spite of the fact 
that their spectral changes are quite different. Thus, 
the spectral changes with dye concentration must be 
converted into association constants to fully evaluate 
the affinity for aggregation of the dye molecules. Also, 
in order to interpret the spectra in terms of structural 
dimer models,7 the pure monomer and pure dimer spec
tra must be separated. For cases where there is small 
overlap between the monomer and dimer bands, as is 
the case for the cyanine dyes, this separation is accom
plished quite easily. In the case of azo dyes, however, 
the monomer and dimer bands are completely over-

(1) S. E. Sheppard, P r o c . R o y .  S o c ., S e r . A ,  82, 256 (1909).
(2) S. E. Sheppard and A. L. Geddes, J . A m e r .  C h em . S oc ., 6 6 , 2003 
(1944).
(3) E. Coates, J . S o c . D y e r s  C o lo u r ., 85, 355 (1969).
(4) (a) W. West and S. Pearce, J . P h y s .  C h em ., 69, 1894 (1965); 
(b) W. West, S. P. Lovell, and W. Cooper, P h o to g r . S c i . E n g ., 14, 52 
(1970).
(5) A. R. Monahan and D. F. Blossey, J . P h y s . C h em ., 74, 4014 
(1970).
(6) E. S. Emerson, M. A. Conlin, A. E. Rosenoff, K. S. Norland, H. 
Rodriguez, D. Chin, and G. R. Bird, ib id ., 71, 2396 (1967).
(7) M. Kasha, H. R. Rawls, and M. Ashraf El-Bayoumi, P u r e  A p p l .  
C h em ., 11,371 (1965).
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lapping which makes their separation more difficult. 
A computer program, which was outlined in a previous 
paper,6 has been developed to separate the monomer 
and dimer contributions to the spectra and calculate 
the equilibrium constants for dimerization.

In this study, the effect of varying the alkyl sub
stituent on the aryl portion of an ionic arylazonaphthol 
was investigated. The ionic arylazonaphthols have 
been chosen because their aggregation processes have 
not been studied before due to their small spectral 
changes with aggregation, and a more detailed knowl
edge of the aggregate structure is desired in view of the 
importance of these dyes in the dying of polymers8 and 
in color reproduction.9 The object of this study was to 
determine the magnitude to which a structural varia
tion in the dye molecule changes the stability and struc
ture of the dimer. Similar studies have been carried 
out on chlorophylls10 and cyanine dyes.4a’6 Emerson, 
et al.f have shown that methyl substitution in the center 
of a cyanine dye results in an aggregate band hypso- 
chromic (H-band) to the monomer band. Conversely, 
ethyl substitution results in a bathochromic (J-band) 
shift upon aggregation.

In this paper we report studies of the monomer-dimer 
equilibria of three molecules of the structure

1228

in aqueous acidic solution (pH 3.15) where R  = CH3, 
C2H5, and i-C3H7. The methyl-, ethyl-, and isopropyl- 
substituted dyes will be referred to in the following as 
dye I, dye II, and dye III, respectively. The visible 
absorption spectra of the three dyes in aqueous solution 
were measured in the concentration range of 1CM to 
10-4 mol l.~h The spectra were analyzed using pre
viously reported computer techniques6 which separate 
the monomer and dimer contributions to the spectra 
at each concentration. The calculated monomer and 
dimer spectra were then analyzed in terms of molecular 
exciton theory7 to determine possible dimer structures. 
Analyses of the results suggest dimer structures which 
are consistent with dimer stability, which is defined in 
terms of the standard free energy for dimer formation.

Experimental Section
Preparation of the Dyes. The three dyes were pre

pared by standard preparative procedures11 from 2- 
hydroxy-3-naphthoic acid (Pfister) and the corre
sponding 2-amino-4-alkyl-5-chlorobenzenesulfonic acids. 
The 4-methyl- and ethylamines were commercial 
samples supplied by Eastman Organic Chemicals and 
American Cyanamid, respectively. The isopropyl- 
aminochlorobenzenesulfonic acid was prepared from 
cumene.12 The structure of the isopropyl compound

was confirmed by direct comparison with the infrared 
and nmr spectra of the methyl and ethyl analogs. 
Anal. Calcd for C9H12C1N03S: C, 43.3; H, 4.9; Cl, 
14.1; N, 5.6; S, 12.9. Found: C, 43.0; H, 5.1; Cl, 
14.1; N, 5.4; S, 12.3. The amines were recrystallized 
twice from a sodium acetate deionized water solution 
and 2-hydroxy-3-naphthoic acid was recrystallized 
twice from isopropyl alcohol.

After coupling at pH 9, each dye was washed several 
times with distilled water and recrystallized twice from 
an isopropyl alcohol-water mixture to a constant ex
tinction coefficient. The disodium salts of the dyes 
were obtained in each synthesis. The compounds were 
dried under vacuum for 12 hr at 60°.

Anal. Calcd for dye I: Ci8HiiN2Na20 6SCl: C, 
46.5; H, 2.4; N, 6.0; Na, 9.9; S, 6.9; Cl, 7.6. Found: 
C, 46.3; H, 2.6; N, 6.2; Na, 9.6; S, 6.8; Cl, 7.4.

Anal. Calcd for dye II: Ci9Hi3N2Na206SCl: C, 
47.7; H, 2.7; N, 5.9; Na, 9.6; S, 6.7; Cl, 7.4. Found: 
C, 48.0; H, 2.4; N, 6.2; Na, 9.6; S, 7.0; Cl, 7.7.

Anal. Calcd for dye III: C2oHi5N2Na20 6SCl: C, 
48.8; H, 3.1; N, 5.7; Na, 9.3; S, 6.5; Cl, 7.2. Found: 
C, 48.8; H, 3.3; N, 5.9; Na, 9.6; S, 6.5; Cl, 7.5.

Preparation of Solutions. The spectroscopic mea
surements were performed using dye-water solutions 
having a pH of 3.15 ±  0.05 (~ 10~ 3 M  HC1). The pH 
was chosen such that both the hydroxy and carboxylate 
groups of the dye molecules would be protonated 
whereas the sulfonic group would be ionized. For 
calculation of the proper conditions for protonation of 
the carboxylate group, the dissociation constant of /?- 
naphthoic acid was used. The dissociation constant 
for ^-naphthoic acid13 is 7 X 10“ 5 and is an upper limit 
for the dissociation constant of the carboxylate group 
on the dye molecules because of the electronic character 
of the other substituents on the naphthol group.14 
Therefore, at pH <~3, the fraction of carboxylate groups 
protonated to those ionized is at least 100:1. The 
hydroxy group is also protonated because to ionize the 
hydroxy portion of the molecule, a pH of about 10 
would be required.3 The sulfonate group is definitely 
ionized because, as Reeves and Kaiser16 have recently 
shown, the azo dye sulfonates can be converted into 
protonated species only at very low pH (0.1 to 3 M 
aqueous H2SO4) .

(8) E. J. G. Bailey, J . S oc . D y e r s  C o lou r., 85, 571 (1969).
(9) J. A. C. Yule, “ Principles of Color Reproduction,” Wiley, New 
York, N. Y „  1967, p 193.
(10) R. Sauer, J. R. Lindsay Smith, and A. J. Schultz, J . A m e r .  
C h em . S oc ., 88, 2681 (1966).
(11) H. Zollinger, “ Azo and Diazo Chemistry,”  Xnterscience, New 
York, N. Y., 1961, pp 311-360.
(12) F. H. Adams, U. S. Patent 2,598,483 (1952).
(13) “ Handbook of Chemistry and Physics,” 48th ed, The Chemical 
Rubber Co., Cleveland, Ohio, 1967-1968, p D-90.
(14) C. D. Ritchie and R. E. Uschold, J. A m e r , C h em . Soc., 90, 2821 
(1968).
(15) R. L. Reeves and R. S. Kaiser, J . P h y s .  C h em ., 73, 2279 (1969).
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For each dye, five solutions were prepared in the 10~6 
to 10~4 M  concentration range. The water was ob
tained from a Millipore Super-Q system (18 megohms) 
and acidified to pH 3.15 using HC1. The pH of all 
solutions was within ±0.05 pH unit before and after 
spectrophotometric analysis. Spectra were run on a 
Cary Model 14R automatic spectrophotometer using 
0.1-, 1-, 5-, and 10-cm matched quartz cells.
Results

Concentration Dependence. The concentration de
pendence of the absorption spectra of dye I is shown 
in Figure 1. Isosbestic points occur at 17,700 and 20,100 
cm-1. At the most dilute concentration of 3.26 X 
10~6 M, the main peak (monomer peak) occurs at 
19,500 cm-1. Successively higher concentrations result 
in a blue shift of this peak and a measurable decrease in 
apparent extinction coefficient. The concentration 
dependencies of the spectra of dye II and dye III are 
qualitatively similar to dye I in that both show dilute 
solution maxima near 19,500 cm-1. However, isosbes
tic points appear at 17,900 and 20,600 cm-1 for dye II 
and at 18,100 and 21,600 cm-1 for dye III. The shift 
of these isosbestic points with molecular structural 
changes is due to the differences :n physical size of the 
substituents (see Discussion).

Monomer-Dimer Equilibrium. The monomer-dimer 
equilibrium of dye II in aqueous solution has been re
ported previously for pH 6.00 and the same concentra
tion range.6 Under these conditions, the carboxylate 
group, as well as the sulfonate group, is ionized. In 
this paper, the three dyes are analyzed at pH 3.15 
so that both structural and pH dependencies could be 
compared. It has already been noted that at pH 3.15, 
the carboxylate group is protonated whereas the sul
fonate group is ionized. The calculation of the pure 
monomer spectrum, pure dimer spectrum, and equilib
rium constant is accomplished using a computer pro
cedure which was reported previously.6 In the analy
sis, it is initially assumed that the monomer concentra
tion cm and dimer concentration Cd follow the law of 
mass action

Ke q = Cd/cm2 (1)

where A eq is the association (equilibrium) constant for 
dimer formation. If the total concentration ct is small 
enough that no higher aggregates are present, then

Cd = (ct — cm) / 2 (2)

Assuming that eq 1 and 2 hold, a best-fit monomer 
spectrum and dimer spectrum can be calculated for a 
given K eq. By varying A eq systematically, the best 
em, Cd, and K eq are established where em and cd are 
extinction coefficients of monomer and dimer, respec
tively. To make the calculation self-consistent, the 
best em and cd are used to calculate A eq at each con
centration and thereby establish limits of errors on 
A eq and any resulting parameters.

v (cm -1) x I0~4

Figure 1. Concentration-dependent spectra of dye I in water. 
All spectra obtained at 22°.

Figure 2. Plot of log Cd vs. log cm for three dyes in water. 
Solid lines drawn with theoretical slopes of 2.

The results of this analysis for dyes I, II, and III are 
shown in Table I. Each dye was measured at five con
centrations in the 10-6 to 10-4 1. mol-1 concentration 
range. For each concentration, the total concentration 
ct, monomer concentration cm, dimer concentration 
cd, and equilibrium constant A eq are listed. The fit 
of the concentrations cm and Cd to eq 1 is demonstrated 
graphically in Figure 2. The solid lines are drawn with 
a theoretical slope of 2.

Discussion
Substituent Effects on Dimer Structure. Analysis of a 

homologous series of ionic arylazonaphthol dyes allows 
direct interpretation of steric effects on dimer structure.
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Table I: Monomer-Dimer Equilibrium of Dyes in Water (pH 3.15) at 22°

Dye I: K eq = (6.83 ±  0.80) X 1041. mol“ 1

Total dye concentrations, 3.26 8.15 16.3 32.6 163.0
mol l.“ 1 (X  106) 

Monomer concentrations, 2.44 5.01 7.35 12.9 30.8
mol l._1 (X  106) 

Dimer concentrations, 0.408 1.57 4.48 9.87 66.1
mol l._1 (X  106) 

Equilibrium constants, 6.82 6.27 8.29 5.97 6.96
1. mol“ - (X  10-4)

Dye II: K eq = (5.55 ±  0.39) X 1041. m ol-1

Total dye concentrations, 2.14 5.35 16.5 21.4 107.0
mol l.“ 1 (X  106) 

Monomer concentrations, 1.79 3.80 6.40 10.4 26.7
mol l.-1 (X  106) 

Dimer concentrations, 0.173 0.777 2.55 5.49 40.1
mol l._1 (X  106) 

Equilibrium constants, 5.40 5.39 6.24 5.05 5.62
1. m ol-1 (X  10-4)

Dye III: K eq = (3.40 ±  0.71) X 10*1. mol“ 1

Total dye concentrations, 2.09 5.40 10.8 21.6 108.0
mol l._1 (X  106) 

Monomer concentrations, 2.05 5.21 10.3 18.9 72.5
mol l.“ 1 (X  106) 

Dimer concentrations, 0.0188 0.0973 0.249 1.37 17.7
mol l .-1 (X  106) 

Equilibrium constants, 0.447 0.359 0.234 0.384 0.337
1. mol-1 (X  10-4)

The three substituent groups, methyl, ethyl, and iso
propyl, are equivalent in terms of electronic interaction 
with the ring structure but are different in terms of 
physical size. Thus, if steric bulk appreciably affects 
dimer stability, the three dyes should show an inverse rela
tionship between substituent size and dimer stability which 
indeed they do. The equilibrium constants and free 
energy for dimer formation are given in Table II. Note 
that the equilibrium constant for dimer formation de
creases as the steric size of the alkyl substituent in
creases.

Table II : Equilibrium Constants and Free 
Energies for Dimer Formation

Keq, — A(?°295,
Dye 1. mol-1 kcal (mol dimer)

i (6.83 ± 0 .8 0 ) X 104 6.60 ±  0.07
ii (5.55 ±  0.39) X 104 6.47 ±  0.05

in (3.40 ±  0.71) X 10* 4.65 ±  0.10

The relative stability of the dimer species of the three 
dyes is reflected in their free energies of dimer formation 
which indicate that the dimer of dye I is more stable 
than the dimer of either dye II or dye III and that the 
dimer of dye II is more stable than the dimer of dye
III.

Figure 3. Calculated absorption spectra of pure monomer and 
dimer species of dye I in water. The symbols on curves in this 
figure and following figures for notation purposes only.

The calculated pure monomer and dimer spectra for 
the three dyes are shown in Figures 3, 4, and 5. The 
spectra are interpreted in terms of molecular exciton 
theory which predicts that the energy levels of the 
monomer specie are split in the dimer specie.7 The 
splitting is a function of the geometrical structure of the
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Figure 4. Calculated absorption spectra of pure monomer and 
dimer species of dye II in water.

Figure 5. Calculated absorption spectra of pure monomer and 
dimer species of dye III in water.

dimer. Each of the dimer spectra in Figures 3, 4, and 5 
show a strong H-band on the high-energy side of the 
monomer band and a weaker J-band on the low-energy 
side of the monomer band. The peak positions and 
splittings of the spectra for the monomer and dimer 
species are summarized in Table III.

Table III : Spectral Peak Positions and Splitting, cm 
for Monomer and Dimer Species

Split-
•Dimer----------------> ting Av,

Dye Monomer v  H VJ i 'l l  — v i

I 19,500 19,900 18,000 1,900
II 19,400 19,700 18,000 1,700

III 19,400 19,300 18,000 1,300

The resolution of the instrument is about 100 cm-1 
for the spectral range of interest so that the numbers in 
Table III are accurate within this limit.

The amount of information available in the pure 
monomer and dimer spectra is not enough to specify 
exactly the dimer structures, but insight can be gained 
by examining the simpler models. The inputs are the 
monomer oscillator strength fm, the dimer J-band 
strength / j ,  the dimer H-band strength / H, and the 
splitting Av. From these inputs, it is possible to calcu
late an angle a between dipoles of the adjacent mole
cules in the dimer and a separation distance R between 
the molecules. If more structural variables are in
cluded, then the problem becomes insolvable. The 
splitting Av from molecular exciton theory7 is given by

2 DG
i ,  =  tcR -em <3)

where D is the monomer dipole strength and G is a ge
ometry factor which, for the simplest dimer models, is 
only dependent on the angle a. The two models which 
allow transitions to both J- and H-bands are a parallel- 
plane twist angle model and an in-plane oblique angle 
model. The angle for both models is the angle a which 
is defined as the angle between the transition dipoles of 
the two molecules in the dimer. For these two simple 
dimer configurations, the geometry factor G of eq 3 is 
given by

G =  cos a (parallel-plane model) (4a)

G =  cos a +  3 sin2 (in-plane model) (4b)

The models are chosen so that there are only two 
variables R and a whereby a solution is tractable. 
The angle a is independent of the model chosen and 
is given by

a =  2 tan'-1 (vufj/vjf-a) ^ (5)

where rH, vi, / H, and / j  are the peak positions and os
cillator strengths for the H-band and J-band in the di
mer spectra. Equation 5 is the same regardless of the 
dimer structural model chosen. The oscillator 
strengths of the bands and the calculated structural 
parameters for the dimer are given in Table IV. The 
two dimer models which allow transitions to both ex
cited dimer states and depend only on R and a are con
sidered for the three dyes. Schematic diagrams of the 
two models are shown in Figure 6. A hypochromic 
effect is noted for each of the dye systems upon dimer
ization. This is a common feature for many dye 
dimers.16

Independent of the model, the dimer structure shows 
a pronounced steric effect. The ratio of fj to / h in
creases as the substituent size increases. From eq 5, 
this also implies that the angle between the transition 
dipoles of the molecules in the dimer increases as the 
substituent size increases; indeed, the angle increases

(16) K. K. Rohatgi, J . Mol. Spectrosc., 27, 545 (1968).
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Table IV : Oscillator Strengths and Dimer Structure

Dye I Dye II Dye III

Monomer strength, f m 0.34 ±  0.02 0.38 ±  0.02 0.34 ± 0 .0 0
Dimer J-band strength, f 3 0.08 ±  0.01 0.09 ±  0.01 0.15 ±  0.00
Dimer H-band strength, / h 0.23 ±  0.01 0.21 ±  0.01 0.18 ±  0.00
/ j / / h 0.35 0.43 0.83
a, deg 64 ±  1 72 ± 0 88 ±  1
R, A

(i) In-plane oblique angle model 6.3 ±  0.1 6.6 ±  0.1 7.4 ±  0.0
(ii) Parallel-plane twist angle model 4.4 ±  0.1 4.0 ±  0.0 2.1 ±  0.0

PARALLEL PLANE DIMER MODEL

\ /  
\ °  /  

X
/  \

IN-PLANE DIMER MODEL

Figure 6. Schematic diagrams for parallel-plane and in-plane 
dimer geometries.

from 64° for the methyl substituent to 72° for the 
ethyl substituent to 88° for the isopropyl substituent at 
the 3 ' position on the dye molecule. The model must 
account for this marked substituent effect on the dipole 
twist angle as well as the reduced stability of the dimer

in going from dye I to dye III. It seems reasonable 
that a larger twist angle and reduced dimer stability as 
reflected in a smaller Keq or larger AG indicates a reduc
tion in the binding of the two dye molecules in the 
dimer. For this reason, the separation distances ob
tained for the in-plane oblique transition dipole model 
are the most reasonable since R and a increase as K eq 
decreases. The values of R are severely model de
pendent; and, since the exact model is not known, only 
the trends are significant and valuable in choosing the 
most consistent model.

pH Effects on Dimer Structure. The monomer-dimer 
equilibrium of dye II in aqueous solution at pH 6.00 
has been previously reported.6 For approximately 
neutral conditions, both the carboxylate and sulfonate 
groups are ionized, whereas at pH 3.15, the carbox
ylate group is protonated and the sulfonate group is 
ionized. By comparing the results at these two values 
of pH, a qualitative picture of Coulombic repulsion ef
fects on dimer structure should evolve. The pH de
pendencies of several monomer and dimer parameters 
are shown in Table V.

Table V : pH Dependence of Dye II Aggregation Parameters

pH 3.15 pH  6.00
(dye II -) (dye ID")

ifeq X 10~4, 1. mol-1 5.55 ±  0.39 1.25 ±  0.00
— A(r°295, kcal (mol dimer)-1 6.47 ±  0.05 5.58 ±  0.00
Monomer strength, / m 0.38 ±  0.02 0.35 ±  0.00
Dimer J-band strength, / j 0.09 ± 0 .0 1 0.07 ± 0 .0 0
/ j / / h 0.43 0.32
a, deg 72 ±  1 63 ±  0
Splitting Av, cm-1 1700 ±  100 2200 ±  100
R, Â

(i) In-plane oblique 6.6 ±  0.1 5.7 ±  0.0
angle model

(ii) Parallel-plane twist 4.0 ±  0.0 4.3 ±  0.0
angle model

The equilibrium constants and free energies for 
dimer formation are reasonable in that the doubly 
ionized molecule has a less stable dimeric state than the 
singly ionized molecule. From separation distance R, 
the parallel plane model is most consistent with the pic
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ture of the doubly ionized molecule having a less stable 
dimeric state than the singly ionized molecule.

Since the pH and steric dependencies suggest dif
ferent dimer models, an intermediate case is probably 
the most likely. The trends in Keq and a are certainly 
meaningful in this study since they are independent of 
the dimer model. However, R is strongly dependent on 
the geometry factor G and is not dependable for data 
interpretation. Taking all things into account, the in
plane oblique angle dimer model gives the most satis
factory results in that it is consistent with the picture of

Photophysical Processes of to-D ifluorobenzene

sterically hindered dimer formation. The parallel- 
plane twist angle dimer model is most consistent with 
the pH dependencies, but interpretation is not as 
straightforward as with the substituent effects. The 
inconsistencies point up inadequacies in the simple 
molecular exciton theory when used to evaluate aggre
gate structure.
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Photophysical Processes of m-Difluorobenzene

by Terry L. Brewer
U n iv e r s ity  o f  T e x a s , A u s t in , T ex a s  7 8 7 1 2  {R ece iv ed  S ep tem b er  3 0 , 1 9 7 0 ) 

P u b lic a tio n  costs  a ss is ted  b y  th e C a m ille  a n d  H e n e r y  D r e y fu s  F o u n d a tio n

The absorption and fluorescent spectra (of w-difluorobenzene) are reported. The 0 -0  band is at 263.5 nm. 
The quantum yield of fluorescence has been found to increase with increasing wavelength and reaches a maxi
mum of 0.16 ±  0.02 at the 0 -0  band. Vibrational relaxation studies using butane as the quenching gas 
indicate that relaxation is a multicollisional process. The amount of energy lost per collision within a large 
error is 66 cm-1. The present data in conjunction with other data indicate that internal conversion from the 
first excited singlet to the ground state is at most a minor process.

Introduction

Benzene, although the most thoroughly studied of the 
single-ring aromatics, is a poor theoretical standard for 
comparative fluorescent studies in aromatic compounds, 
since the relatively long radiative lifetime of the first 
singlet-singlet transition makes it a poor competitor 
with radiationless processes. This is exemplified in the 
comparison of the fluorescent yield of benzene with the 
yields from alkyl-substituted benzenes with allowed 
first singlet-singlet transitions.1 However, when fluoro- 
benzene is brought into the comparison it becomes ob
vious that factors other than radiative lifetimes are 
important in determining relative quantum yields of 
fluorescence. Fluorobenzene has a relatively short 
radiative lifetime of 100 nsec (ca. Vi the lifetime of 
benzene), but its fluorescent quantum yield of 0.21 
is only slightly higher than that of benzene.2 It thus 
becomes important to know the effect of additional 
fluorines attached to the benzene ring.

The fluorescence of ra-difluorobenzene has been 
previously studied.3 However, its unusual wavelength 
dependence and quantum yields suggest further inves
tigation.

Experimental Section

Chemicals. The w-difluorobenzene was purified by 
use of preparative gas chromatography and degassed 
by three freeze-thaw cycles before use. The butane 
was Matheson Co. instrument grade, which was de
gassed via the freeze-thaw process before use.

Equipment. The optical train consisted of a 1000- 
W xenon point source lamp, a Bausch and Lomb mono- 
chromater with grating of 600 lines mm.-1 Slit widths 
were set at 0.5 mm. This gave a band pass of 8 A. 
The wavelength settings were checked with a 500-W, 
high-pressure mercury arc. The light from the mono
chromator was collimated by a lens and passed through 
the T-shaped cell 4-cm long with windows of 2 cm in 
diameter. The windows were optically flat Suprasil 
quartz. The center of the side window was 1.3 cm 
from one end of the cell. At the end of the optical 
train was an RCA 935 phototube operated at 90 V with

(1) W. A. Noyes, Jr., and C. S. Burton, B e r . B u n n en g es . P h y s .  
C h em ., 72, 146 (1968).
(2) K. Nakamura, J . C h em . P h y s ., 53 , 998 (1970).
(3) F. W. Ayers, F. Grein, G. P. Semeluk, and I. Unger, B e r . B u n -  
sen ges . P h y s . C h em ., 72, 282 (1968).
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current measured by a Keithley Model 410 micromicro
ammeter in connection with a Hewitt-Packard Model 
680 recorder. The fluorescence was measured by a 
1P28 photomultiplier tube at the side window. A
6-mm diameter area of the IP28 was exposed to the 
cell. The current from the photomultiplier was read 
with the same equipment used for the 935 phototube. 
The light beam transversing the cell was reasonably 
parallel and had a diameter of 1 cm. The system was 
calibrated by benzene vapor at 253 nm with a fluores
cent yield assumed to be 0.18 at 15-20 Torr.4 The 
standardization was carried out so that the per cent 
transmittance was the same for both benzene (P <  10 
Torr) and m-difluorobenzene (P = 1 Torr).

The fluorescent and absorption spectra were obtained 
with a Czerny-Turner 0.75-m scanning spectrometer as 
previously described.2

Procedure. In experiments where mixing of different 
gases was required, a 1200-ml mixing chamber was 
used. The gases were allowed to mix from 1 to 14 hr de
pending upon the pressure.

All experiments were carried out in the gas phase 
with a m-difluorobenzene pressure of 1 Torr.

Results
The absorption spectrum of m-difluorobezne was 

found to be essentially the same as that reported by 
Sponer6 in which she gives the 0 - 0  band as 37,909 
cm-1. Due to the large amount of fine structure no 
attempt has been made to analyze the spectrum further. 
Some of the more intense bands are listed in Table I. 
The maximum extinction coefficient occurs in the 0 - 0  
band and is 820 1. mol-1 cm-1 at 5 mm pressure. From 
the integrated area of the absorption, the radiative life
time for m-difluorobenzene is calculated to be 120 nsec. 
This same entity calculated from Sponer's work is 97 
nsec. Due to the larger experimental uncertainty in 
the present experimental system, the latter value is 
preferable.

Table I : Bands in the Absorption 
Spectra of m-Difluorobenzene

Band,
Vibrational

energy,
cm-1 c m °

37,202.4 -748 .3
37,721.6 -229.1
37,850.1 -100 .6
37,950.7 0
38,654.8 704.1
38,910.5 959.8
39,215.7 1265.0
39,651.1 1700.4
39,880.4 1930.7
40,306.3 2455.6

“ The minus signs indicate excess vibrational energy in the 
ground state.

nm

Figure 1. The fluorescence spectra of m-difluorobenzene (1 
Torr pressure). The different excitation wavelengths are: 
2640 A, curve a; 2600 A, curve b; 2500 A, curve c. The 
emission intensity scale is different for each curve.

Figure 2. The enhancement of the fluorescent quantum yield 
with added butane. The excitation wavelengths are: 2540 A,
curve a; and 2500 A, curve b. $ = fluorescent yield without 
quenching gas; 4>p = fluorescent at pressure p  of quenching gas.

The fluorescent spectra are shown in Figure 1. The 
intensities of the various bands within any one spectrum 
are relative, but different scales are used for different 
spectra. The structural features of the spectrum de
crease as the wavelength decreases, which is an expected 
result of vibrational redistribution. The prominent, 
highest energy band of the curve occurs at a longer 
wavelength than the 0 - 0  absorption band.

Figure 2 shows the results of vibrational relaxation 
studies with butane as the quenching gas. The graph 
shows only relative changes in 1 /$ / with 1 /P  and not 
absolute values. Each point in the graphs is the aver
age of three runs, each with an experimental scatter 
of ±  15%. In addition to the two wavelengths shown,

(4) W. A. Noyes, Jr., W. A. Mulac, and D. A. Harter, J . C h em . P h y s .,  
44, 2100 (1966).
(5) H. Sponer, ib id ., 49, 1705 (1968).

The Journal of Physical Chemistry, Vol. 75, No. 9, 1971



Photophysical Processes of to-D ifluorobenzene

Figure 3. The wavelength dependence of the fluorescent 
quantum yield.

the vs. pressure at 264 nm was also determined. The 
yield decreased by 12% at 25 mm and then leveled off. 
Although this decrease is small, it is believed to be real.

The wavelength dependence of the fluorescent quan
tum yield is consistent with the trend found in other 
aromatics.6'7 As Figure 3 shows, above a certain mini
mum energy, the yield drops off rapidly and finally 
reaches zero about 235 nm. One interesting feature of 
this curve, not found in similar data with benzene, is the 
sudden increase in the fluorescence quantum yield near 
the 0 - 0  band. The enhancement observed is beyond 
relative errors and is in the opposite direction expected 
for “ round-the-corner”  effects.8

The maximum fluorescent quantum yield for m- 
difluorobenzene in the gas phase at 1 mm pressure and 
room temperature is 0.16 ±  0.02. This maximum yield 
occurs only from excitation in the 0 - 0  band. This 
value does not include the inherent error due to the un
certainty in the benzene quantum yield of 0.18 which 
was used as a standard.

Discussion
The low fluorescent yield found for m-difluorobenzene 

is consistent with values for other fluoroaromatics and 
reflects the large increase of radiationless transition 
rates compared with benzene.2’8'9 Even though the 
radiative constant (fcr = l / r r =  1.03 X 107 sec-1) for 
difluorobenzene is about four times that for benzene, 
the fluorescent quantum yield is lower than that of 
benzene. This is in opposition to the trend found for 
alkyl substitution where the increased fluorescent 
yields are in line with the increase in radiation rates. 
Thus, the peculiarities of the fluorobenzenes are the 
large values of the nonradiative decay rate constants 
(which may include isomerization3'10'11). This may be 
due to a combination of heavy-atom effects and possible 
changes in the shapes of the potential surfaces compared 
with benzene.12'13 The heavy-atom effect due to 
fluorine alone as reported by other researchers for other 
systems14,16 would seem to be too small to account for 
the large change in rate constants observed here.

Below 255 nm radiationless processes become in

creasingly important and the fluorescent quantum yield 
drops sharply and finally reaches zero. A similar be
havior has been found for most other substituted ben
zenes and can be at least partially explained by in
voking rearrangement processes.5 Although this argu
ment seems applicable to the present case too, no posi
tive statement can be made with regard to the processes 
occuring below 255 nm since chemical and isomerization 
reactions were not investigated. Between 255 and 252 
nm of the fluorescent yield appears to be independent of 
wavelength. The increase at 262 nm is probably due to 
a decrease in the radiationless rate constant at the 0 - 0  
band without a proportionate decrease in the radiative 
rate constant. In addition, toluene14 and the xylenes,16 
which all have large extinction coefficients for their
0 - 0  bands, exhibit an increase similar to m-difluoro- 
benzene. The fact that this phenomenon is real is fur
ther suggested by the fluorescent quenching effects of 
butane. Collisions between 264-nm excited m-difluoro- 
benzene and butane will cause vibrational activation of 
the difluorobenzene and thus, according to Figure 4, 
lower the fluorescent yield. This result is also cor
roborated by similar results found for the xylenes16 and 
fluorobenzene.17

When butane is added to m-difluorobenzene, excited 
to an upper vibrational level of its first excited singlet, 
it will act mainly as a heat sink and cause vibrational 
relaxation. If each collision caused vibrational relaxa
tion to the thermal state the following mechanism would 
hold

1235

F +  hv ■ /a (I)

W ; ~ -> X (ID

'FVj +  B — > k b K b (HI)

lFVj_k hvj-jc K f (IV)

lFn_k Kvj-k (V)

lFVj_h - Y K y (VI)

(6) D. Phillips, J. Kemaire, C. S. Burton, and W. A. Noyes, Jr., 
A d v a n . P h o to ch em ., 5, 341 (1968).
(7) C. L. Braun, S. Kato, and S. Lipsky, J . C h em . P h y s ., 39, 1645 
(1963).
(8) D. Phillips, J . C h em . P h y s ., 46, 4679 (1967).
(9) G. P. Semeluk, R. D. Stevens, and I. Unger, C a n . J .  C h em ., 47, 
3177 (1970).
(10) J. L. Dunham, G. P. Semeluk, and I. Unger, ib id ., 46, 3177.
(11) S. H. Ng, G. P. Semeluk, and I. Unger, B e r . B u n s en g es . P h y s .  
C h em ., 74, 29 (1970).
(12) S. Leach, "Transitions Non Radiatives Dans Les Molecules,” 
Société de Chimie Physique, Paris, 1969, pp 27-30.
(13) A. C. Verma and H. D. Best, C h em . P h y s .  L e t t ., 4, 577 (1970).
(14) C. S. Burton and W. A. Noyes, Jr., J . C h em . P h y s . , 49, 1705 
(1968).
(15) J. B. Birks, "Photophysics of Aromatic Molecules,”  Wiley, 
New York, N. Y., 1970, p 264.
(16) W. A. Noyes, Jr., and D. A. Harter, J . A m e r . C h em . S o c ., 91, 
7585 (1969).
(17) K. Nakamura, The University of Texas at Austin, private 
communication, 1970.
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where Vj_k = v0. The superscript 1 indicates the 
first excited singlet. The subscript v is symbolic of 
excess vibration energy. Based on this scheme, a plot 
o f  ($f) - 1 vs. (.B) _1 should give a straight line according 
to (1) if the assumption is made that [B]fcB ^  kVj_k

= [(Kt +  Kv)/k f][l +  K x/[B]Kb +  KVj_h (1)

which seems valid, at least, at the higher pressures 
where the collisional frequency is high. As Figure 3 
shows, the one collision deactivation model does not 
fit the data either at 254 or 250 nm. Thus complete 
vibrational deactivation must involve more than one 
collision. Kemper and Stockburger,18 among others, 
have shown collisional vibrational relaxation to involve 
two processes. First, the vibrational energy initially 
localized in a few modes is distributed randomly over 
all the degrees of freedom. The process may be first 
order in which case collisions would not be the rate
determining steps, or it may be second order with a rate 
determined by the collisional frequency. Secondly, 
the total vibrational energy is lost in a stepwise fashion. 
Thus, processes (3) and (6) must be repeated n times 
(each time replacing,?' by j  — k ) .  The analysis of this 
mechanism has been carried out by several authors.19'20 
The quantum yield is dependent on the quotient of two 
nth degree polynomials in [B ] with n equal to the num
ber of collisions necessary for vibrational relaxation. 
The shapes of the graphs in Figure 3 are in qualitative 
agreement with such a complex function. As the 
figure indicates, more collisions are necessary for vibra- 
tional relaxation at 2500 than 2540 A, which is intui
tively expected. A rigorous approach to calculating the 
energy lost per collision involves the slope at the limit 
P  ->  0. The experimental error in the low-pressure 
region is too large for meaningful calculations. A 
simpler approach based on hard spheres, assuming each 
collision to remove the same amount of energy, per
mits energy removed per collision to be obtained by 
dividing the excess vibrational energy by the collisional 
frequency (at the pressure + „ =  iinnm multi
plied by the singlet lifetime). This lifetime will change 
with vibrational level and therefore a mean lifetime 
must be used. Thus using a mean lifetime of 10 ~8 
sec and a collision frequency of 1.6 X 107 collisions per

molecule per sec at 1 mm pressure (calculated from an 
assumed cab =  6 X 10"~8 cm) the amount of energy lost 
per collision for the 250-nm excitation is 66 cm-1 and for 
254 nm is 56 cm-1. The agreement between the two 
values may be fortuitous in light of the large error in
volved.

The triplet yield of m-difluorobenzene, reported for
0 - 0  band excitation, is 0.79 by the biacetyl method.3 
Cundall’s value is 0.53 at 253 nm.21 Extrapolating 
this value to the 264-nm region (assuming the increase 
in triplet yield parallels the increase in fluorescence) 
gives a triplet yield of 0.81. These results taken with 
the results reported here give

-f- 4?t = 0.96

where 4>t is the triplet state yield at 264 nm. The 
result indicates that internal conversation from m- 
difluorobenzene’s first singlet to the ground state, as 
found in other single ring aromatics, is of minor im
portance.

Finally, comparison should be made between these 
results and earlier work.3 Below 260 nm there is fairly 
good agreement. The present work does not show the 
need to assume two excited singlet states between 250 
and 276 nm. There is no major absorption at wave
lengths longer than the 0 - 0  band (263.5 nm). Ex
perimental difficulties such as “ round-the-corner” 
effect, band pass, and monochromator settings (as 
mentioned by the authors) may be the major source of 
the discrepancy. The “ round-the-corner”  effect, in 
itself, could reasonably explain the maxima and minima 
reported by Unger.
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(18) H. F. Kemper and M. Stockburger, J . C h em . P h y s . , S3, 268 
(1970).
(19) M. Boudart and J. T. Dubois, ib id ., 23, 223 (1954).
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Relaxation Processes of Cholesteryl Methyl Ether
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D e p a r tm en t o f  C h em is try , L a k eh ea d  U n iv e rs ity , T h u n d er , O n ta rio , C a n a d a  ( R ece iv ed  O ctober 8 , 1 9 7 0 )  
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The dielectric constants and losses have been determined over a wide microwave frequency range for cyclo
hexane and p-xylene solutions of cholesteryl methyl ether at 25°. The considerable difference in the relaxa
tion times of the molecule and the mobile group produced some separation of the two absorption processes; 
this enabled a reasonable estimate of the weight factor (ft) governing that process and provided a lower limit 
for ft  for aromatic methoxy compounds of 0.4. In the literature considerable divergence exists for the ft  
values for anisole which ranges between 0.2 and 0.8. The results establish that the ft  value of <0.4, which 
have been obtained by three independent investigations recently on the pure liquid anisole and its more con
centrated solutions, are not representative as to what appertains in dilute solution.

Introduction
When the weight factors governing the molecular 

and intramolecular processes are of the same order and 
the ratio of the molecular (n) to the intramolecular di
electric relaxation time (r2) of a nonrigid molecule is 
less than 8, the Cole-Cole plot1 remains in its normal 
form, but as the ratio ti/ t2 (giving the notation k) 
becomes progressively greater, separation into two dis
tinct absorption regions occurs. If a complete separa
tion occurs, then n , r2, and f t  may be evaluated di
rectly without the uncertainty which sometimes arises 
from a Bud6-type analysis.2'3 A case in point is the 
methoxy relaxation time in anisole; a large variance 
in this parameter determined by the conventional 
methods has been reported in the literature4’5 and 
f t  values range between 0.2 and 0.8. Cholesteryl 
methyl ether (see Figure 1), a large molecule with a 
long relaxation time, was therefore examined to obtain 
a lower limit for the C2 value of anisole, since the pres
ence of a mesomeric effect in anisole would involve a 
moment opposed in direction to the molecular moment6 7 8 
and thus lead to a smaller f t  value and hence, since f t  = 
1 — ft, a larger ft . It remained a possibility with the 
anisole and substituted anisoles that the computer 
analyses on the Bud6-type of equation, although mathe
matically satisfactory, had no significance in terms of 
molecular behavior. The present work was therefore 
aimed at making a good estimate of the f t  governing 
group relaxation and it was hoped that it would prove 
possible to achieve some separation of the molecular 
and group relaxation time absorption peaks.

Experimental Section and Evaluation of Data
The dielectric constant and loss have been deter

mined by a bridge technique (35.1-6.7 GHz) and a co
axial line method (2.46-0.87 GHz). The apparatus 
and procedure employed are reported elsewhere.6-8

The static dielectric constant, e0, was measured with a 
heterodyne beat apparatus at 2 MHz.

The dipole moments were obtained from the Debye 
equation

M = 0.012812 [3T(e0 -  « „ ) /
{ ( eo +  2)(e„ +  2 )c } ]v* (1)

in which c is the concentration in moles per milliliter.
The dielectric constant and loss data are presented in 

Table I, while the relaxation times and dipole moments

Table I : Dielectric Constant and Loss Data for Cholesteryl 
Methyl Ether in Cyclohexane and p-Xylene Solvents at 25°

Frequency, r----------Cyclohexane---------- - r— V-Xylene-----------
GHz e'

3 5 .1 1 2 .0 8 0 0 .0 1 4 2 2 .2 9 2 0 .0 1 9 8
2 3 .9 8 2 .0 8 5 0 .0 1 5 1 2 .3 0 7 0 .0 2 3 9
1 6 .2 0 2 .0 9 6 0 .0 1 5 1 2 .3 1 1 0 .0 2 5 5

9 .3 1 3 2 .0 9 4 0 .0 1 4 3 2 .3 1 6 0 .0 2 3 9
6 .7 0 2 .1 0 2 0 .0 1 3 7
2 .4 5 5 2 . H i 0 .0 1 9 1 2 .3 3 5 0 .0 2 9 2
1 .9 0 2 .1 1 5 0 .0 2 0 7 2 .3 3 9 0 .0 3 0 8
1 .5 0 2 .1 1 6 0 .0 2 1 0
1 .3 0 2 .3 4 8 0 .0 3 3 4
1 .1 0 2 .1 1 9 0 .0 2 1 7
0 .8 7 2 .1 2 0 0 .0 2 2 6 2 .3 5 4 0 .0 3 4 8

(1) K. S. Cole and R. H. Cole, J .  C h em . P h y s . ,  9 , 341 (1941).
(2) A. Budô, P h y s .  Z . , 39, 706 (1938);
(3) M. D. Magee and S. Walker, J .  P h y s .  C h em ., 74, 2378 (1970).
(4) D. B. Farmer, A. Holt, and S. Walker, J . C h em . P h y s ., 44, 4116 
(1966).
(5) D. B. Farmer and S. Walker, C a n . J .  C h em ., 47, 4645 (1969).
(6) W. F. Hassell, M. D. Magee, S. W. Tucker, and S. Walker, 
T etra h ed ron , 20, 2137 (1964).
(7) D. B. Farmer and S. Walker, ib id ., 2 2 , 111 (1965).
(8) E. H. Grant and S. E. Keefe, R ev . S c i . I n s t r u m ., 39, 1800 (1968).
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Table II: Relaxation Times (in Picoseconds) and Weight Factor (Ct) from Computer Analysis, Dipole Moment (jt),
Square of the Refractive Index Sodium d line (n2d ), Static Dielectric Constant (*„), and Dielectric Constant at Infinite 
Frequency (t„) for Cholesteryl Methyl Ether Solutions of Concentration c (Moles/Liter) and Mole Fraction (/2) at 25°

Solvent

Cyclohexane
p-Xylene

■Computer-
ft C €0 *<X> n2D T1 T2 c, e

0.05457 0.4220 2.159 2.074 2.068 270 8.0 0.39 1.32
0.08034 0.5476 2.403 2.280 2.241 225 8.6 0.37 1.32

are given in Table II, together with the static and high- 
frequency dielectric constants.

Purification of Materials. The cholesteryl methyl 
ether was kept under vacuum over phosphorus pent- 
oxide for several days. The cyclohexane and p-xylene 
solvents were distilled from sodium in a 20-plate column 
and stored over sodium in stoppered amber bottles.

Discussion
Some consideration of the accuracy of the measured 

e' and e "  values would be preferable since their varia
tion is small for the systems examined here. It is, 
however, difficult to attach error limits for e' and e "  
for each wave band although an attempt was made to 
do this in an early publication.9 Much depends on 
the experience and skill of the experimenter. With 
respect to the data obtained for cholesteryl methyl 
ether, justification that it is satisfactory may be gained 
from (i) the dipole moment value of 1.32 D for choles
teryl methyl ether in cyclohexane differs from those of 
the aliphatic ethers in the literature10'11 by no more 
than the probable error. This implies that the Cole- 
Cole plot in Figure 2 is probably satisfactory since the 
dipole moment is highly dependent on the value of 
which is obtained by extrapolating the Cole-Cole plot 
to infinite frequency. Further, the same result was 
obtained when the solute was examined in the other 
noninteracting solvent, p-xylene (ii) the sequence of 
points in the plots in Figures 2 and 3 which always ap
pear in the correct order with increasing frequency, 
(iii) the fact that the molecular relaxation time of 
cholesteryl methyl ether in p-xylene at 25° of ~225 X 
10~12 sec from the dielectric data is of the same order 
as that of the slightly smaller rigid molecule 5a-choles- 
tan-3-one in p-xylene at 25° which has a value of 216 
X 10~12 sec.12 Thus the indications are that the e' 
and e "  accuracy is of a higher order than we quoted in 
an early paper9 and that the derived parameters e„, 
p, and t\ are satisfactory, although the accuracy of n  
may be not better than ± 2 0 % .9

The e" vs. log co plot for cholesteryl methyl ether in 
p-xylene at 25° is given in Figure 4, and a reasonable 
separation into two absorptions may be observed. It is 
apparent from Figure 3 that since the e"max value for the 
molecular absorption peak (the one at lower frequency) 
is greater than that of the intramolecular process then 
Ci >  C2; thus values of C2 >  0.5 can be rejected. From 
the ratio of the two peak heights C2 =  0.4,3. If separa-

5 O - C H 0 L E S T A N  — 3  —  O N E

Figure 1. Structural formulas of cholesteryl methyl ether and 
the similar sized rigid ketone 5a-cholestan-3-one.

Figure 2. Cole-Cole plot of cholesteryl methyl ether in 
p-xylene at 25°.

tion of the two absorption regions were complete then 
for both the molecular and group dispersion in Fig
ure 2

— V2(*0 €o»0 (2)

where e j  is eal and em2 for each dispersion, respectively, 
and €a>i is equivalent to e0 for the group dispersion. An 
estimate of each dispersion has been made by approxi
mating the absorptions to correspond with the case of 
complete separation as on the dotted lines in Figure 2. 
From these dispersions the C2 value is 0.3g.

Further, a computer analysis for Ci, n, n  in the Bud6 
equation

«0 -- fct
=  (1 -  C2)

01T l
1 +  C02Tl2 +  C2

0 1 7 2

1 -f- co2r22 (3)

(9) M. D. Magee and S. Walker, Trans. Faraday Soc., 62, 3093 
(1966).
(10) C. P. Smyth, “ Dielectric Behavior and Structure,” McGraw- 
Hill, New York, N. Y„ 1955.
(11) A. L. McLellan, “Tables of Experimental Dipole Moments,” 
W. H. Freeman and Co., San Francisco, Calif., 1963.
(12) B. J. Cooke, M.Sc. Thesis, Lakehead University, 1969.
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Figure 3. e' vs. <■" a plot of cholesteryl methyl ether in 
p-xylene at 25°.

yielded C2 values of ~ 0 .4  (see Table II). It is in
teresting to note that the t2 values are, within the 
error of analysis, the same as the value for anisole. 
However, since r2 involves the frictional coefficient for 
molecular rotational diffusion and this should increase 
between anisole and cholesteryl methyl ether, since the 
size of the molecule increases, then this would result in 
an increase in the r2 for cholesteryl methyl ether and, 
hence, it is difficult to make a meaningful comparison 
of r2 between the two molecules since the frictional con
stants are not known.

The C2 value of -~0.4 for the steroid thus provides a 
reasonable estimate of a lower limit for that of anisole, 
and thus the value of 0.7 ±  0.15 obtained by Farmer 
and Walker6 on a study of anisole would not be op
posed to this. However, careful studies by Vaughan, 
Roeder, and Provder,13 and Garg and Smyth14 on pure 
liquid anisole produced a C2 value of 0.25. A more re
cent examination by Kranbuehl, Klug, and Vaughan16 
indicated that in concentrated solutions C% varied be
tween 0.4 to 0.1 and decreased with increasing concen

1239

1 oglo w ----- »-
Figure 4. e" vs. log w plot cf cholesteryl methyl ether in the 
p-xylene solution at 25°. T_ie full line represents experimental 
points and the dotted the molecular and methoxy group 
absorptions. The molecular absorption is based on a relaxation 
time of 193 X 10~12 sec while the methoxy absorption curve 
was obtained by subtracting the molecular absorption from the 
total absorption.

tration. It seems that f >r anisole the C2 obtained from 
studies on the pure liquid and concentrated solutions is 
not representative as to vvhat appertains in more dilute 
solution. Thus it woulc seem that, for methoxy com
pounds at least, data should be obtained from work on 
dilute solutions and that, for the anisole and cholesteryl 
methyl ether systems ti e C2 values are in the correct 
sequence when the mesomeric factor in the former mole
cule is taken into account.
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Dielectric Properties of Some Diols

by Eiji Ikada1
In s t itu te  f o r  C h em ica l R esea rch , K y o to  U n iv e rs ity , U ji , K y o to -F u , 6 1 1 , J a p a n  (R ece iv ed  J u ly  2 1 , 1 9 7 0 ) 

P u b lica tio n  costs b o rn e  c o m p le te ly  b y  T h e  J o u r n a l  o f  P h y s ic a l  C h em is tr y

The dielectric properties of the four diols, 2-methyl-2,4-pentanediol, dipropylene glycol, 2-ethyl-l,3-hexanediol, 
and thiodiglycol, were studied to correlate the dielectric properties with the molecular structures. The mea
surements of the dielectric constant and loss were carried out over the audio- and radiofrequency range at 
temperatures from —70 to 60°. All of these diols except thiodiglycol showed the Davidson-Cole-type dis
persions. No significant difference concerning the molecular structure in the shape of the dielectric relaxa
tions was observed for these rather complicated diols. The dielectric behavior of diols was discussed in con
trast with those of polyamino compounds.

Introduction
Owing to the dipole-dipole association, the static 

dielectric constants of hydrogen-bonding molecules are 
larger than those of the normal polar liquids, and the 
strong interaction between the molecules leads to large 
values of relaxation time in breaking and reforming of 
hydrogen bond accompanying reorientation of the di
poles.2 The dielectric relaxation of the monohydroxyl 
compounds generally shows the Debye-type dispersion 
involving a single relaxation time and the relaxation 
mechanism is reasonably explained in terms of breaking 
and reforming of OH—0  hydrogen bond.3 For the 
dielectric behavior of the diols and triols,4 however, the 
situation seems to be much more complicated in com
parison with that of the monohydroxyl compounds. 
The liquid structure of the polyhydroxyl molecules has 
not yet been clarified and remained unsolved, although 
it is no doubt that the hydrogen bond takes part in the 
cluster formation of liquid diols.5

The dielectric dispersions of the polyhydroxyl com
pounds do not exhibit the Debye type, but the David
son-Cole-type dispersion.

Meanwhile, the present author has studied the dielec
tric behavior of the polyamino molecules such as 
ethylenediamine oligomers H2NC2H1 (IINCMT) k- iNH2, 
(n =  1,2,3, and 4),6 monoethanolamine, diethanolamine, 
and aminoethylethanolamine.7 It was found that the 
dielectric behavior of these amines was considerably 
different from that of the hydroxyl compounds such as 
alcohols and diols. In contrast with the Davidson- 
Cole-type dispersion of the polyhydroxyl compounds, 
neither ethylenediamine oligomers nor aminoethyl
ethanolamine showed this type of dispersion in spite of 
the hydrogen-bonding molecules, but showed the exis
tence of the two large dispersion regions which were 
analyzed as the superposition of the relaxations of the 
Debye or the Cole-Cole and the Davidson-Cole type. 
The shape of the complex loci in the dielectric relaxation 
of ethylenediamine oligomers differs with each oligomer. 
The larger the molecule of ethylenediamine oligomers,

the more the shape of the complex loci differs from that 
of the Davidson-Cole-type dispersion. The shape of 
the complex locus in aminoethylethanolamine, how
ever, more closely resembles the shape of the Davidson- 
Cole-type dispersion than those of ethylenediamine 
oligomers do.

Moriamez, et al., also analyzed the dielectric disper
sions of diol molecules such as 2-methyl-2,4-pentane- 
diol8 and 2-ethyl-1,3-hexanediol9 in terms of the super
position of the Debye-type dispersions. In view of 
these situations, it is definite that the relaxation mecha
nism is different with the liquid involving the different 
type of the hydrogen bond.

On the other hand, Denny10 studied the dielectric 
properties of the three isoalkyl halides and found that 
the dielectric dispersion of these compounds having no 
hydrogen bonds showed also the Davidson-Cole-type 
dispersions. In these compounds the hydrogen bond 
does not exist. This fact, therefore, shows that the 
hydrogen bond is not a necessary condition for the 
Davidson-Cole-type dispersion.

The purpose of the present study was to investigate 
the dielectric relaxation of the complicated diols and to

(1) Correspondence should be addressed to Faculty of Engineering, 
Kobe University, Kobe, Japan.
(2) G. C. Pimentel and A. B. McClellan, “ The Hydrogen Bond,” 
W. H. Freeman and Co., San Francisco, Calif., 1960, p 15.
(3) See, e .g ., C. P. Smyth, “ Dielectric Behavior and Structure,” 
McGraw-Hill, New York, N. Y., 1955, p 105.
(4) D. W. Davidson and R. H. Cole, J . C h em . P h y s ., 19, 1484 
(1951).
(5) G. E. McDuffie, Jr., and T. A. Litovitz, ib id ., 37, 1699 (1962).
(6) E. Ikada, B u ll . In s t . C h em . R es ., K y o to  U n iv ., 45, 352 (1967).
(7) E. Ikada, Y. Hida, H. Okamoto, Z. Hagino, and N. Koizumi, 
ib id ., 46, 239 (1968).
(8) Cl. Moriamez, M. Moriamez, and R. Arnoult, “ Spectroscopy and 
Relaxation at Radio Frequency,”  North-Holland Publishing Co., 
Amsterdam, 1962, p 47.
(9) Cl. Moriamez and M. D. Allab, “ Magnetic and Electric Reso
nance and Relaxation,” North-Holland Publishing Co., Amsterdam, 
1963, p 338.
(10) D. J. Denny, J . C h em . P h y s . , 27, 259 (1957).
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compare these results with those of the polyamino com
pounds.

Experimental Section
Materials. Commercial reagents of thiodiglycol,

2-methyl-2,4-pentanediol, dipropylene glycol, and 2- 
ethyl-l,3-hexanediol were repeatedly distilled in a 70 
X 2-cm glass bead-packed column operated at a high 
reflux ratio under reduced pressure. Refractive indices 
were measured by a Pulfrich refractometer, and densi
ties were measured by the Lypkin-type pycnometer. 
Physical constants of these diols are collected in Ta
ble I.

Table I : Physical Constants of Diols

Sample Mp, °C Bp, “C

2-Methyl-2,4-pentanediol Glassy 89.5 (9 mm)
Dipropylene glycol Glassy 113.7 (8 mm)
2-Ethyl-1,3-hexandiol Glassy 124.5 (7 mm)
Thiodiglycol -1 9 .2 115.5 (9 mm)

Refractive Indices nn
Temp, 2-Methyl-2,4- Dipropylene 2-Ethyl-1,3- Thio-

°c pentanediol glycol hexanediol diglycol

20 1.4276 1.44092 1.45076 1.521084
30 1.42415 1.43770 1.44734 1.51770
40 1.42065 1.43459 1.44353 1.51464
50 1.41735 1.43067 1.44012

Densities (g/ml)
Temp, 2-Methyl-2,4- Dipropylene 2-Ethyl-1,3- Thio-

°c pentanediol glycol hexanediol diglycol

20 0.92109 1.02147 0.93971 1.18723
30 • 0.91390 1.01389 0.93253 1.17425
40 0.91390 1.01389 0.93253 1.17425
50 0.89965 0.99856 0.91771 1.15989

Dielectric Measurements. Dielectric constant and 
dielectric loss were measured by a transformer ratio- 
arm bridge (Ando Electric Co. TR-1A) over the fre
quency range from 7.5 Hz to 5 MHz. Dielectric mea
surements at higher frequencies up to 250 MHz were 
made by the use of a Boonton 250 A R X  meter.

The dielectric cell was a platinum concentric cell of 
which vacuum capacitance was determined by the 
standard liquids.11 The measurement of cell tempera
ture was made by the calibrated thermometer and an 
Au-Co vs. Cu thermocouple.

Results
Static Dielectric Constants. The observed static 

dielectric constants of the diols are listed in Table II. 
The variation of dielectric constants was experimentally 
represented by the straight lines with respect to the 
reciprocal of absolute temperature except that of 2- 
ethyl-l,3-hexanediol which increased more slowly with 
decreasing temperature, tending to approach a limiting

Table II : Static Dielectric Constants of Diols

Temp,
2-Methyl-

2,4-pentane- Dipropylene 2-Ethyl-1,3- Thio
°C diol glycol hexanediol diglycol

60 20.10 15.66 15.24 22.74
50 21.50 16.73 16.08 24.09
40 22.91 17.88 17.00 25.49
30 24.36 19.02 17.91 26.98
20 25.86 20.38 18.73 28.61
10 27.67 21.83 19.75 30.56
0 29.44 23.38 20.88 32.37

-1 0 31.38 25.08 21.84 34.46
-2 0 33.42 26.88 22.88 36.52
-3 0 35.71 28.85 23.90
-4 0 38.05 30.86 25.00
-5 0 40.78 33.08
-6 0 43.96 34.50
-7 0 47.80

value at lower temperature. The observed values are 
expressed by

e° = a +  y  C1)

where e0 is the static dielectric constants, a and b are the 
empirical constants, anc. T is the absolute temperature. 
Numerical values of a and b are listed in Table III in 
comparison with those of other hydrogen-bonding 
liquids.

Table III: Numerical Constants of a and b of the 
Equation eo = a +  [b/T) with the Values of the 
Other Hydrogen-Bonding Liquids

Molecules a b

2-Methyl-2,4-pentanediol“ -2 2 .3 8 1.415 X 104
Dipropylene glycol“ -1 8 .9 4 1.155 X 104
Thiodiglycol“ -21 .23 1.463 X 104
Ethylene glycol6 -28 .75 2.070 X 104
Diethanolamine' -7 .2 0 9.658 X 103
Diethylenetriamine1* -7 .3 6 5.874 X 103

° The difference between the observed and the calculated 
dielectric constants is within ± 2 % . 6 N. Koizumi and T.
Hanai, J . Phys. Chem., 60,1496 (1956). 'Reference?. d Refer
ence 6.

Dielectric Dispersion. These diols exhibited the di
electric dispersions in the glassy state over the measur
ing frequency range. Thiodiglycol solidified at the 
melting point and the dielectric constants reduced to 
the small values of the order of the magnitude of in
duced polarization. The primary dispersions of the 
three diols were observed at the lower frequency region. 
The complex loci of the dielectric dispersion of 2-

(11) A. A. Maryott and E. R. Smith, Natl. Bur. Stand. Circ., 514, 
1 (1951).

The Journal of Physical Chemistry, Voi. 75, No. 9, 1971



1242 Eui Irada

Figure 1. Complex dielectric constant loci for 2-methyl-2,4-pentanediol. Data points are: € ,-6 0 ° ; —50°; 0, —40°; ®, —30°;
O, 5°. The numbers beside data points denote frequency in kHz.

Figure 2. Complex dielectric constant loci for 2-ethyl-l,3-hexanediol. Data points are: 0 , - 4 0 ° ;  ®, —30°;
O, -2 0 ° ; 0  -1 0 ° ; ©, 5°.

methyl-2,4-pentanediol and 2-ethyl-1,3-hexanediol are 
shown in Figures 1 and 2, respectively. Further at the 
high frequency region, the small residual dispersions 
were observed for 2-methyl-2,4-pentanediol and 2- 
ethyl-l,3-hexanediol.

These principal dispersions are expressed by the 
Davidson-Cole skewed arc equation4

and /3 is the distribution parameter of relaxation 
times.

The real and imaginary parts of complex dielectric 
constants are given by

e' — e„ =  («o — era) (cos cos d</>

t "  =  (e0 — ero)(cos {¡>)B sin (¡4>

* * = € ' -  Jt' = +
eo

(1 +  jwToY (2)

where e* is the complex dielectric constant, e0 is the 
static dielectric constant, and e„ is the limiting high 
frequency dielectric constant, r0 is the relaxation time,

where tan <t> =  o j t o . Putting d = tan-1 [« " /(e ' — 
e„) ], then tan 6 = tan d$, or cot0 = tan (d/(i).

For the Davidson-Cole-type dispersion, plots of log 
tan (0/d) against log frequency should give a straight 
line with the slope of unity. The values of the distribu
tion parameter /? and the limiting high frequency dielec-
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Table IV : Relaxation Times and Distribution Parameters ¡3 of Diols

t----■2-Methyl~2,4-per.tanediol---- '
5 TO P

-Dipropylene glycol--------
TO

------ 2-Ethy:
B

l-1,3-hexanediol----- -
TO

20 0.71 1.16 X 10-*
10 0.68 4.58 X 10-» 0.72
5 0.85 4.42 X 10-"

-1 0 0.71 5.04 X IO-7
-2 0 0.67 1.86 X 10-7 0.70 3.04 X IO“ 6
-3 0 0.85 2.56 X IO“7 0.62 1.08 X 10~« 0.64 3.14 X 10 2
-4 0 0.74 1.58 X 10~6 0.59 8.90 X 10~6 0.57 5.34 X IO-4
-5 0 0.73 1.32 X IO“ 5 0.55 1.16 X 10-4
-6 0 0.71 2.26 X 10-‘ 0.53 3.70 X 10~3
-6 5 0.69 9.64 X 10-"
-7 0 0.67 1.11 X 10“ 2

Figure 3. Frequency plot to determine relaxation time to.

trie constant were selected to satisfy this condition 
as is shown in Figure 3. The relaxation time was deter
mined from the frequency where the logarithm of tan 
(6/¡3) corresponds to unity on this straight line. The 
values of /3 and r0 are listed in Table IV.

Discussion
Static Dielectric Constant. Trouton’s constants12 

were calculated as 45.5 for dipropylene glycol, 41.5 
for 2-methyl-2,4-pentanediol, and 29.0 for 2-ethyl-l,3- 
hexanediol which can be regarded as a measure of 
molecular association. These values are larger than 
those of ethylenediamine oligomers showing that hy
drogen bonds play a more important role in the liquid 
structure of diols.

For the hydrogen-bonding liquids, regularity and 
strength of the short-range order has been discussed in 
terms of Kirkwood’s correlation factor g in the following 
equation13

to — e» +
«o

2eo +  ta

AttNioMo
3 kT (3 )

where e0 is the static dielectric constant, e„ is the high 
frequency dielectric constant, ao is the dipole moment 
in vacuo, No is the number of molecules per cubic centi
meter, and g is Kirkwood’s correlation factor.

It is necessary to know the value of the dipole mo
ment in vacuo in order to evaluate g factor. The values 
of the dipole moment of the diols are considerably de
pendent on the solvent. The dipole moment of 2- 
methyl-2,4-pentanediol was observed as 2.9 D in ben
zene solution and as 2.2 D in dioxane solution;14 it is 
rather difficult to estimate experimentally the Kirk
wood’s correlation factor of polyhydroxyl compounds. 
Lin and Dannhauser16 introduced a reduced dielectric 
constant («0)r by rearranging eq 3

_  4TTVA1Q2 _  (e0 — c«,)(2eo -f- e„) M
(eo)R ~ 9kT 9 ~ €0(cot +  2)2 P

T X (e0)R =  47T̂ ° 2£7 = 6.08 X 103V '!7

where N is Avogadro’s number, M  is the molecular 
weight, and p is the density. The values of T X 
( co) r  of diols were plotted against temperature and com
pared with that of diethylenetriamine in Figure 4. 
This plot shows that the molecular association of diols 
due to the hydrogen bond changes more markedly with 
temperature than that of diethylenetriamine in this 
temperature range. The coefficient b in eq 1 of the 
amino compounds and polyhydroxyl molecules are 
compared in Table III. As is seen in Table III, these

(12) Trouton’s constant was calculated by dividing the heat of 
vaporization by the boiling point. The values of heat of vaporiza
tion and the boiling point at atmospheric pressure were adopted 
from the following references. The heat of vaporization of dipro
pylene glycol and 2-ethy 1-1,3-hexanediol: K. Dolittle, “Technology 
of Solvents and Plasticizers,” Wiley, New York, N. Y., 1954, pp 
678-680. The heat of vaporization of 2-methyl-2,4-pentanediol: 
C. Marsden, “ Solvents Manual,” Cleaver Hume, London, 1954, p 224. 
The boiling points: G. O. Curme and F. Johnston, “ Glycols,”  Rein
hold, New York, N. Y., 1952.
(13) G. Oster and J. G. Kirkwood, J . C h em . P h y s ., 11, 175 (1943).
(14) L. G. Wesson, “ Tables of Electric Dipole Moments,”  The 
Technology Press (MIT), Cambridge, Mass., 1948, p 32.
(15) R. Lin and W. Dannhauser, J . P h y s . Chem ,., 67, 1805 (1963).
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T

Figure 6. Static dielectric constants of diols plotted against 
the reciprocal of absolute temperature.

I03
T

Figure 5. Comparison of the static dielectric constants of 
various HOC2H4XC2H4OH molecules.

coefficients increase in the order of ethylenediamine 
oligomers, ethanolamines, and diols.

It is supposed that this order results from the dif
ference in the relative contribution of the hydrogen 
bond in cluster formation of these compounds. The 
static dielectric constants of various 110  C 2I EX C 2 H4 0 11 
molecules are compared in Figure 5, where X  =  - 0 -  
corresponds to diethylene glycol,16 X  = -S -  to thiodi-

glycol, X  = -N H - to diethanolamine,7 and X  = -C H 2-  
to 1,5-pentanediol.17

Of these substituents, ether oxygen of diethylene 
glycol and imino group of diethanolamine are capable of 
hydrogen bonding. It seems that the electronegativ
ity18 of X  group has no direct correlation with the values 
of the static dielectric constants of these diols. In 
other words, the X  group of these diols does not con
tribute much to the value of the static dielectric con
stant. The steric hindrance in the diol molecule is a 
more important factor for the effective cluster forma
tion which is characteristic of the polyhydroxyl com
pound as pointed out by McDuffie, et al.8

As is seen in Figures 5 and 6, the static dielectric 
constants of diethylene glycol are larger than those of 
dipropylene glycol since two methyl groups on each 
end carbon of the latter molecule give the steric hin
drance for the intermolecular hydrogen bond. The 
same effect is recognized in the dielectric constants of 
2-ethyl-l,3-hexanediol which has the large ethyl group 
on the carbon chain. The deviation of the static di
electric constant from the linear relationship would be 
related with this steric hindrance as seen in Figure 6.

On the other hand, according to Davidson’s data of 
the isomeric pentanediol, the static dielectric constants 
of the vicinal diols (1,2- and 2,3-pentanediol17) increase 
more rapidly at lower temperature. This result is 
contrasted with the temperature dependence of 2- 
ethyl-1,3-hexanediol.

Dielectric Dispersion. In the glassy state, ethylene
diamine oligomers6 and aminoethylethanolamine7

(16) N. Koizumi and T. Hanai, J . P h y s .  C h em ., 60, 1496 (1956).
(17) D. W. Davidson, C a n . J .  C h em ., 39, 2139 (1961).
(18) L. Pauling, “ Nature of the Chemical Bond,”  Cornell University 
Press, Ithaca, N. Y., 1940, Chapter 2.
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showed considerably complicated dielectric dispersions. 
The shapes of the complex loci of these dispersions ap
parently resembled the shape of the Davidson-Cole- 
type dispersion. The detailed analysis, however, 
clarified that the dispersion of the above amino mole
cules could not be represented by the Davidson-Cole- 
type dispersion.

Unfortunately, the dielectric dispersion of diethanol
amine, which is also a kind of diol and amino compound, 
could not be observed over the measuring frequency 
range, because this molecule solidified at the melting 
point. It has been known that the dielectric disper
sions of the polyhydroxyl compounds in the liquid or 
supercooled state are generally of the Davidson-Cole- 
type dispersion with an exception of 1,5-pentanediol.17 
These structurally complicated diols such as 2-ethyl-
1,3-hexanediol and dipropylene glycol also showed the 
Davidson-Cole-type dispersion. The structural dif
ference in the diols seems to produce no significant dif
ference in the relaxation mechanism of diols. Further, 
it seems that the principal dielectric dispersions of all 
the diols studied are better represented by the David
son-Cole-type dispersion than by the superposition of 
the Debye-type dispersion as reported by Moriamez, 
et al.8'9 This point is an important difference between 
the dispersions of polyhydroxyl and polyamino com
pounds. Koizumi and Hanai16 reported that the large 
glycol such as tetraethylene glycol shows the David
son-Cole-type dispersion. On the other hand, the dis
persion of tetraethylenepentamine was not of the Da- 
vidson-Cole-type but was analyzed by the superposition 
of two different types of dispersion.

The. relaxation times of diols increase more rapidly 
with decreasing temperature. The Arrhenius plots of 
relaxation time did not show straight lines, but were 
adequately represented by the following equation4 as is 
shown in Figure 7

B
log TO -  A +  T _  T

where Ta is the characteristic temperature and A and 
B are the empirical constants. The values of A, B, 
and T„ are given in Table V together with those of 
pentanediols. One can recognize the good coincidence 
of the characteristic temperature T„ for the relaxations 
of the polyhydroxyl compounds with the different 
molecular structures as is seen in Table V.

It can be supposed that this characteristic tempera
ture which is considered as the freezing temperature of 
dipolar reorientation is related to the relaxation mecha
nism of the polyhydroxyl compounds. Davidson and 
Cole4 and Berberian and Cole19 studied the dielectric 
properties of the hydrogen-bonded compounds and 
isoamyl bromide, respectively, and found that there 
was good agreement between the empirical constants 
Too calculated from the temperature dependence of the 
relaxation times and Ta calculated from the tempera-

Figure 7. Relaxation times as a function of the 
reciprocal of (T  — T„).

Table V : Numerical Values for the Equation 
log to = d  +  [B/(T -  Too)]

Molecule A B
T  CO , 
°K

2-Methyl-2,4-pentanediol“ -13 .24 653 145
Dipropylene glycol“ -14 .07 793 145
2-Ethyl-l,3-hexanediol“ -13 .64 758 160
2,4-PentanedioP -15 .33 985 143
2,3-PentanedioP -15 .28 985 145

* The difference between the observed and the calculated
values of log to  is within ±3% . b Reference 17.

ture dependence of viscosity and between B and Brj in 
the equation

log jj = A„ +  [BV/(T — Too)]

It is supposed from these situations that the mecha
nism of dielectric relaxation in the polyhydroxyl com
pounds and isoalkyl halides is closely associated' with 
that of the viscous flow because both dipolar relaxation 
and viscous flow are governed by the rotational diffusion 
process.

Davidson16 reported that the dielectric properties of 
the isomeric pentanediols depend on the regularity of 
the hydrogen bonding. It seems that irregularity of 
the liquid structure with the random intermolecular 
hydrogen bonding is an important factor for the David
son-Cole-type dispersion in the polyhydroxyl com
pounds. The same type of dispersions for isoalkyl 
halides may be related with the structural irregularity 
of the supercooled liquids. These irregularly hydrogen- 
bonded clusters characteristic of the polyhydroxyl com
pounds may not be formed in the weakly hydrogen- 
bonded ethylenediamine oligomers. Thus the relaxa-

(19) J. G. Berberian and R. H. Cole, J . A m e r . C h em . S oc ., 90, 3100 
(1968).
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tion of the weakly hydrogen-bonded molecules such as 
ethylenediamine oligomers are different from that of the 
strongly hydrogen-bonded polyhydroxyl compounds. 
The dielectric relaxation of aminoethylethanolamine 
is an intermediate case between those of ethylenedi
amine oligomers and the polyhydroxyl molecules. The

1246

dielectric dispersions of the polyhydroxyl compounds 
depend on the liquid structure rather than the molecular 
structure.
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Perchlorodiphenylmethyl Stable Free Radical. X-Ray 

Analysis of a Disordered Mixed Crystal111

by J. Silverman,* L. J. Soltzberg,lb N. F. Yannoni, and A. P. Krukonis
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P u b lica tio n  costs a ssis ted  by  A i r  F o r c e  C a m b rid g e  R es e a r c h  L a b o ra to r ie s

A single crystal originally believed to be pure perchlorodiphenylmethy] free radical, (CeCk^ôCl, is mono
clinic, space group P2i/c, with a = 9.71, b = 13.29, c = 14.67 A, 0 = 97.1°. The X-ray structure determina
tion was supplemented by the analytical techniques of elemental microanalysis, esr spectroscopy, mass spec
trometry, and neutron activation analysis in order to characterize a crystalline disorder present in the speci
men. While about 37% of the molecules in the crystal are the expected free radical, the crystal also contains 
about 36% of a related molecule with bromine, probably (CeCls^CBrCl, and also a third species, possibly 
(C6C15)2CHC1. Although the elements of disorder in the structure limit the accuracy of the determination, 
the main features of the free-radical structure as well as the deformations in the similarly overcrowded mole
cules are revealed. The “composite molecule” obtained in the X-ray analysis has approximately twofold 
symmetry with the phenyl rings rotated by 47 and 43° with respect to the trigonal plane of the central carbon 
atom. The five chlorine atoms of each phenyl ring deviate from planarity in zigzag fashion.

Introduction
Ballester and coworkers2 have succeeded in synthe

sizing a novel series of alkaromatic chlorocarbons, per- 
chlorotoluene being the first example. Many of these

Cl

ci — c — ci

ci
compounds have very severe intramolecular steric 
strain and for this reason act readily as the synthetic 
precursors for the formation of stable free-radical species 
in the solid. One of these radicals is analogous to the 
well known hydrocarbon free radical, diphenylmethyl, 
namely perchlorodiphenylmethyl (PD M ; shown below 
with the unpaired electron indicated by a dot). PDM 
was synthesized3 in 1964, and an esr study4 has been 
reported on the molecule in solution.

Cl Cl

(1) (a) Presented before the American Crystallographic Association,
Ottawa, Canada, Aug 1970; (b) National Research Council Post
doctoral Research Associate, Jan-Sept 1969.
(2) M. Ballester, P u r e  A p p l .  C h em ., 15, 123 (1967); B u ll. S oc . 
C h em . F r . ,  7 (1966), and references therein.
(3) M. Ballester and J. Riera, J . A m e r . C h em . S o c ., 86, 4505 (1964).
(4) H. R. Falle, G. R. Luckhurst, A. Horsfield, and M. Ballester, 
J . C h em . P h y s ., 50, 258 (1969).
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Considerable interest is attached to a crystal structure 
determination of the PDM molecule for two reasons. 
First, no structural results have been reported on any 
of these new alkaromatic perchlorocarbons, and second, 
structural information on the conformation of free 
radicals in the solid state remains relatively sparse,6 
particularly when the unpaired electron is localized on a 
carbon atom.6 We have now completed three-dimen
sional X-ray structure work on crystals originally 
thought to be pure PDM. Certain anomalies in our 
X-ray results received further clarification through the 
auxiliary analytical techniques of elemental micro
analysis, esr, mass spectrometry, and neutron activation 
analysis. It is shown that the free-radical species oc
curs in our sample in the presence of two other mole
cules in a disordered, mixed crystal. While this unex
pected result obscures somewhat the structural infor
mation on the free radical, the quite unusual mixed 
crystal is well characterized by integration of the analyt
ical and X-ray techniques.

Experimental Section

(a) X-Ray Analysis. Our bright red-orange crys
tals contain four molecules per unit cell in the mono
clinic space group P2i/c. Cell dimensions are: a 
=  9.71 ±  0.02; b = 13.29 ±  0.03, c =  14.67 ±  0.03 A; 
i6 = 97.1 ±  0.5°. Intensities were measured by densi
tometry of integrated precession camera films taken 
with Zr-filtered Mo K a radiation. Data taken about 
three axes yielded 700 observed independent reflections 
after cross correlation. Correc~ions for Lorentz and 
polarization factors were applied, but no absorption 
corrections were made (u = 16.4 cm-1 for X 0.7107 A). 
The data crystal was a pinacoidal prism whose cross 
section in the X-ray beam ranged from 0.16 to 0.22 mm.

Attempts to solve the structure by Patterson (vector 
map) methods failed, and we turned to direct (probabil
ity) methods and solved the structure by the symbolic 
addition procedure.7 The initial E map, based on 
152 signed E’s > 1.4, showed ten peaks corresponding to 
the phenyl chlorine atoms. Tae initial positions for 
the carbon atoms were derived from these chlorine 
peaks. In addition, the E map showed two peaks ar
ranged tetrahedrally about the central methyl carbon 
atom which were equally likely candidates for the antic
ipated 11th chlorine atom. Further examination of 
difference Fourier maps and preliminary least-squares 
refinement results revealed that three distinct electron- 
density maxima are “ attached’ ; to the methyl carbon 
atom. The two tetrahedrally arranged peaks are each 
about 1.9 A from this carbon atom and each has an 
electron content of 0.7 of a full chlorine atom; a third 
peak, roughly equivalent to 0.3 of a chlorine atom, is 
found in a trigonal configuration with respect to, ando
1.7 A away from, the methyl carbon. The obvious 
supposition that a higher molecular weight impurity 
was present received further support from careful dens

Perchlorodiphenylmethyl Stable Free R adical

ity measurements (Dm =  2.03 g cm -3) which, based on 
four molecules per unit cell, gave an experimental 
molecular weight of 578 ±  10 as compared with 546 
calculated for PDM.

(5) Results of Auxiliary Measurements. At this 
point in the analysis, the following auxiliary techniques 
were used in order to clarify the X-ray results. Ele
mental analysis gave a surprising result: 5% of the
sample by weight is neither carbon, chlorine, nor hydro
gen, although for the remaining 95%, the ratio of carbon 
to chlorine is very close to C13/Cln. A routine esr ex
periment on a single crystal showed a free-radical signal 
at a g value close to that reported for PDM 4 and pro
vided a crude estimate of about 50% fraction of free 
radical. The mass spectrum, in addition to exhibiting 
many peaks plausibly explained in terms of a parent 
PDM molecule, showed a small peak starting at m/e 
585. This peak was about 7% as intense as the strong
est spectral peak (found at m/e 471 and assigned to 
Ci3Cl9+). While the small peak came at nine mass 
units greater than an anticipated impurity, Ci3Cli2 
(not found in the spectrum), its isotopic peak distribu
tion did correspond to that of a 12-chlorine species! 
Consistency among these diverse observations evolved 
from the tentative identification of the m/e 585 species 
as Ci3ClioBr+ presumed to derive from a Ci3ClnBr par
ent.8 Hoping to confirm the presence of bromine, we 
had a neutron activation analysis performed on other 
crystals from the same batch. These crystals pro
vided zero-level Weissenberg photographs identical 
with that of the data crystal. The neutron activation 
analysis showed that the total sample of 100 yug (several 
crystals) contained 6% bromine by weight, in sub
stantial agreement with the missing 5% in the ele
mental analysis. The partial atomic occupancy factors 
derived from the X-ray study (see next section) were 
also in good agreement with the presence of this amount 
of bromine.

Characterization of the Mixed Crystal
Keeping these results in mind, we completed the X- 

ray structural analysis by means of full-matrix least- 
squares refinement. Isotropic thermal parameters 
were assigned to each atom. For the three partially 
occupied sites attached to the methyl carbon C*, we

(5) A general review is found in the article by P. Anderson in 
“ Selected Topics in Structure Chemistry,” P. Anderson, O. Bastian- 
sen, and S. Furberg, Ed., Universitetsforlaget, Oslo, 1967, p 125. 
More recent free-radical structure determinations are reported by 
D. E. Williams, J . A m e r .  C h em . S o c ., 89, 4280 (1967); ib id ., 91, 1243 
(1969); M o l .  P h y s ., 16, 145 (1969).
(6) The only example we know of is tri-2>-nitrophenylmethyl: P.
Anderson and B. Klewe, A c ta  Chem.. S ca n d ., 21, 2599 (1967).
(7) J. Karle and I. L. Karle, A c ta  C rysta llog r ., 21, 849 (1966).
(8) We noted that the Ci3ClioBr+ species can mask as a 12- 
chlorine fragment because the isotopic peak distribution for a Cln 
species becomes very similar to that for Cln- 2Br as n  gets larger. 
See J. H. Beynon, R. A. Saunders, and A. E. Williams, “ The Mass 
Spectra of Organic Molecules,”  Elsevier, Amsterdam, 1968, pp 
375, 376.
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Figure 1. View of the molecular composite in projection down 
the b axis showing the atom numbering and the more significant 
dimensional features.

assigned the chlorine scattering factor to the atom in a 
trigonal sp2 configuration (Cl*), and a mixed scattering 
factor curve having 65% chlorine and 35% bromine 
components9 to the tetrahedrally arranged atoms (XI 
and X2) (refer to Figure 1 for the labeling of the atoms). 
The occupancy factors for the three sites were treated 
as variables in the least-squares refinement and con
verged to values of 0.48 ±  0.04 and 0.56 ±  0.04 for X I 
and X2, respectively, and to 0.37 ±  0.06 for Cl*. Unit 
weights (initially used) were judged satisfactory from 
statistical analysis of the structure factor agreement in 
earlier refinement cycles. The usual discrepancy index 
R converged at 17.7%.10

The refined occupancy factors and assumed scatter
ing factors are equivalent to an average X-ray composi
tion of C13Cln.05Br0.36. These proportions yield a com
puted elemental analysis: % C =  27.1, %C1 = 67.9, 
%Br =  5.0 compared with the observed values of 
26.8% C, 68.2% Cl, and 5% unaccounted for. This 
per cent of Br also agrees with the neutron activation 
analysis, and the average molecular weight of the “ com
posite X-ray molecule”  (577) is very close to the value 
(578) based upon the density measurement.

These combined X-ray and analytical results, taken 
in conjunction with the mass spectral peak for C13CI10- 
Br+, point convincingly to a cocrystallization of at 
least two and probably three molecular species in our 
sample: 37% of the PDM radical (I), C13Chi; 36% 
bromochlorobis(pentachlorophenyl)methane (II), (C6- 
Cb^CBrCl; and, as the possible third species, 27% 
chlorobis(pentachlorophenyl)methane (III), (CeCkV 
CHC1. The average composite formula of this mixture 
is C13Clii.oBro.36Ho.27, close to that noted above.11 Ex
plicitly, the atom Cl* is associated with molecules of the 
free radical, while the two essentially equivalent elec
tron density peaks X I  and X2 are produced by the 
presence of the latter two molecules with random dis

order between the aliphatic Cl and Br for II and be
tween the aliphatic Cl and H for III.

Discussion of the Structure
Two distinct kinds of crystalline disorder are found 

in the present specimen: that associated with the co
crystallization of similar but not identical molecules 
and that of an orientational randomness in species II 
and III which essentially equalizes the X I and X2 po
sitions of the composite molecule. The rather high 
standard deviations and thermal parameters are fre
quently found for disordered crystals. Here, the high 
temperature factors very likely reflect some statistical 
averaging in atomic positions due to the presence of the 
three molecules rather than actual thermal movements. 
Viewed in these terms, the particularly high thermal 
values for C16 and C16a are understandable since these 
atoms are apt to vary most in position depending on 
which set of C* substituents is present. While trial 
refinements with anisotropic thermal parameters re
duce the R value to 11-12%, we are reporting the 
structure based on isotropic refinement both because 
the scatter from reasonable molecular dimensions in-

(9) This “ fictitious” scattering factor was introduced when the 
mixed and essentially equivalent character of the X I and X2 sites 
became clear from the bond distances and occupancy factors of 
earlier refinement stages. Furthermore, bromine and chlorine atoms 
are found to have interchangeable positions in many crystal struc
tures. As one example, see M. A. Davydvova and Yu. T. Struchkov, 
J. Struct. Chem. (USSR), 6, 98 (1965). The basic scattering factor 
curves are from H. P. Hanson, J. D. Lea, and S. Skilmann, Acta 
Crystallogr., 17, 1040 (1967).
(10) A table of final positional and thermal parameters as well as 
listings of observed and calculated structure factors will appear 
following these pages in the microfilm edition of this volume of the 
Journal. Single copies may be obtained from the Reprint Dept., 
ACS Publications, 1155 Sixteenth St., N.W., Washington, D. C. 
20036. Remit $3.00 for photocopy or $2.00 for microfiche.
(11) The X-ray occupancy factors and the independently established 
bromine content indicate that species I and II account for only about 
73% of the molecules. The inference that a hydrogen-containing 
species is also present accounts for the remaining fraction and retains 
agreement with the various analytical data. The anomalously high 
carbon-13 isotope peaks in the mass spectrum offer further evidence 
that a species containing one hydrogen atom may be present (see 
pp 427 and 428 of the reference cited in ref 8). A related mixture of 
37% PDM, 36% CisClioHBr, and 27% perchlorodiphenylmethane, 
C13CI12, would explain the crystallographic results equally as well. 
However, the resulting composite (C13Cl10.9Br0.36H0.36) has a slightly 
poorer fit to the elemental analysis, namely, 27.3/26.8 and 67.6/68.2 
(calculated/observed) for carbon and chlorine, respectively. (The 
analytical comparison for chlorine here and in the text should be 
viewed with caution. Galbraith Laboratories, Inc., Knoxville, 
Tenn., which carried out the microanalysis, indicates that some 
fraction of the bromine present might have been detected in the 
chlorine analysis. Had all the 5-6% bromine present been so 
incorporated and the total expressed as a chlorine percentage, the 
latter figure would be about 2% as high as the true chlorine fraction. 
In their judgment, the actual error which had occurred is likely to be 
much less than this. We thank a reviewer for raising this point and 
triggering our subsequent inquiries.) The relative prominence of 
the Ci3ClioBr+ peak in the mass spectrum also points to the mixture 
of molecules proposed in the text. Also relevant to these points is 
the available information on the chemical history of our sample. 
After being informed of our results, Professor B allester (private 
communication) speculates that inadvertently we may have received 
a sample which was material recovered from one of the routine 
stability tests performed in his laboratory on all free radicals, that of 
inertness toward molecular bromine. If reaction had occurred the 
likely product is species II. He further points out that as the syn
thetic precursor of PDM, the hydrogen-containing species III is a 
likely contaminant.
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creases slightly despite the drop in R and because the 
physical basis for a Gaussian (ellipsoidal) model of the 
thermal motion may be lacking. In any case the molec
ular conformation does not change significantly after 
anisotropic refinement.

The general reasonableness of the molecular dimen
sions, the plausibility of the conformational features, 
and the good quality of the X-ray photographs indicate 
that the molecules have very similar shape and com
fortably occupy crystallographically identical sites 
within the same crystal. Hence the configuration of 
the molecular hybrid obtained from the X-ray analysis 
yields some quantitative information on the sought for 
conformation of the free radical despite the low accuracy 
in bond lengths and angles inevitable for such a complex 
disorder. A general picture of the deformations aris
ing from the severe overcrowding present in all three 
molecules is also obtained.

The ten ring carbon-chlorine distances range from
1.65 to 1.76 A (mean value =  1.71 A); for the 12 car
bon-carbon distances in the rings, the range is 1.35— 
1.50 A (mean value = 1.40 A). Standard deviations 
for an individual bond can be estimated statistically 
from the scatter about these mean values and are 0.037 
and 0.047 A for the C-Cl and C-C bonds, respectively.
These values are well within the estimated standard • . °deviations of 0.06 and 0.07 A obtained from the least- 
squares matrix inversion. The C*-C1* distance of

o

1.75 A associated with the free radical cannot be dis
tinguished from the ring (aromatic) carbon-chlorine 
distances at the level of accuracy of the determination. 
The two C *-X  distances are 1.88 and 1.90 A, and, as 
expected from the mixed identity of these atoms, are 
intermediate between the range found for C-Cl ali
phatic distances,12 1.75-1.84 A, and the typical value 
for the corresponding C-Br bond,13 2.00 A.

The severe internal overcrowding of the present 
molecule (s) is somewhat analogous to that found in 
octachloronaphthalene14 in which adjacent Cl --Cl 
contacts range from 2.998 to 3.078 A and severe distor
tions from planarity are found for the chlorine atoms. 
In the present composite molecule, the ortho Cl - • - Cl 
contacts range from 2.95 to 3.15 A. The deviations 
from planarity of the phenyl chlorines are quite marked 
and follow a similar zigzag pattern in both rings (see 
Figure 2, upper half). Least-squares planes passed 
through the ring carbon atoms indicate that these atoms 
are planar to within experimental error. The devia
tions from these planes (Figure 2, lower half) suggest 
that the deformations of the six ring substituents have 
a “ boat-shaped” character.

A noteworthy feature of the conformation is that the 
five-atom groups C16, C6, C l, C*, X I  and C16a, C6a, 
Cla, C*, X2 are coplanar to within ±0.1 and ±0.2 A, 
respectively. Very severe steric repulsion is found in 
the final conformation as it relates to species II and III 
due to the unusually close approaches of 2.76 A between
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Figure 2. Leas1>squares planarity analysis. Displacements in 
A from planes passed through the five chlorine atoms of each 
ring (upper half) and from planes through the six carbon atoms 
of each benzene ring (lower half).

C16 and X I  and 2.83 A between C16a and X2 (sums of 
the van der Waals radii for Cl - ■ - Cl and Cl - • - Br are

o

3.6 and 3.75 A, respectively). The configuration of 
species II and III is apparently constrained sterically by 
these contacts as far as further out-of-plane rotation of 
the phenyl rings is concerned and largely by C12, C12a 
contacts with the t clouds of the opposite benzene rings 
as far as further rotation toward the trigonal plane. 
The PDM species itself is less overcrowded with Cl* 
intramolecular contacts at about 3.15 A on both sides 
(Figure 1). While further rotation from the trigonal 
plane of the phenyl rings of this species would provide 
steric relief, the tendency is presumably balanced by 
intermolecular packing forces and/or conjugation ef
fects. It is emphasized that the statistical averaging 
over the atomic positions of the three molecules is likely 
to be spatially broadest for atoms C16 and C16a for rea
sons discussed above. The mean positions obtained for 
these atoms in the X-ray analysis may well have exag
gerated the differences just described between the de
gree of overcrowding of the free radical and that of the 
other species.

Many values of the bond angles such as the large 
angles at C l and Cla of 129 and 126° can be rationalized 
in terms of steric interactions. However, the high 
standard deviations, 4-5°, preclude detailed comment.

The two phenyl rings are related to each other by an 
axis of approximate twofold symmetry through atom 
C*, which relates the positions of corresponding atoms 
(2 with 2a, etc.) to within 0.27 A. Various aspects 
of the configuration such as the deformations from 
planarity also reflect this approximate twofold char
acter. With reference to a hypothetical completely

(12) I. L. Karle and J. Karle, A c ta  C rysta llog r ., S ec t. B , 2 5 , 1097 
(1969).
(13) E. M. Gopalakrishna, A. Cooper, and D. A. Norton, ib id ., 25, 
2473 (1969).
(14) G. Gainer and F. H. Herbstein, N a tu r e , 200, 130 (1963).
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Figure 3. View of the crystal structure in projection down the 6 axis. Molecules in lighter outline are separated from those 
in darker relief by approximately ±6 /2 .

planar molecule, the benzene rings are rotated about 
the C*-C1 and C *-C la bonds by 47 and 43°, respec
tively. The two rings make a dihedral angle of 72° 
with each other. The rotation angles are substan
tially less than the value of 64° for the free-radical 
species inferred from the solution esr data;4 the usual 
tendency is indeed toward greater molecular planarity 
in the solid, particularly when bulky groups can rotate 
about single bonds (see final reference cited in footnote 
5).

Figure 3 is a projection of the crystal structure down 
the b axis. The packing is quite efficient with many 
close but no unusual intermolecular approaches. The 
shortest are 3.29 A, X2---C14; 3.34 A, X1---C15;
3.34 A, Cl* ■ • -C14a; and 3.41 Â, X2 • • -C16. The closest 
Cl - • C contact is 3.53 A and there are no close C - • - C 
approaches.

A structure analysis on a pure crystal of the free 
radical would establish whether any differences in the

PDM conformation or its crystal structure result from 
the presence of the two other species. We do not plan 
further work along these lines in the foreseeable fu
ture.
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Cohesive Energies of the Alkali Hydrides and Deuterides

by R. C. Bowman, Jr.
M o n sa n to  R esea rch  C o rp o ra tio n , M o u n d  L a b o r a to r y ,1 M ia m isb u rg , O h io  4 5 3 4 2  (R ece iv ed  D e cem b er  2 1 , 1 9 7 0 )  

P u b lica tio n  costs  a ss is ted  b y  th e M o n s a n to  R es e a rch  C o r p o r a tio n

The effect of isotopic substitution on cohesive energies of alkali hydrides has been estimated using Born- 
Mayer equations. Second-neighbor interactions and van der Waals terms were included in the calculations. 
Vibrational contributions were obtained from Debye lattice theory. Theoretical cohesive energies are in 
excellent agreement with experimental values. Differences between calculated hydride and deuteride cohesive 
energies are slightly larger than experimental differences. Estimates of compressibilities and Debye tem
peratures are also given.

Introduction
Since the hydride ion possesses a noble gas electron 

configuration, the alkali hydrides can be considered 
members of the alkali halide family. In fact, these hy
drides have many ionic properties similar to those 
found in the alkali halides. However, some past 
studies on LiH as discussed by Pretzel, et al.,2 and 
Magee3 indicate that there may be extensive covalent 
bonding in the alkali hydrides.

The Born theory of solids provides a means of esti
mating covalency in “ ionic”  crystals. When the bonds 
have large covalent contributions,4 the cohesive ener
gies determined from the Born model are significantly 
smaller than values deduced from thermochemical 
cycles. Although this analysis is not very sensitive in 
detecting departures from ideal ionicity, it does predict 
lower limits of the covalent con'ributions to alkali hy
dride cohesion.

While the crystal properties of alkali hydrides have 
been estimated for a variety of Born-type models,3'5-9 
the majority of these calculations are based on simple 
models which only include electrostatic static inter
actions between point charges and repulsive forces be
tween nearest neighbors (NN). The important con
tributions41' of next-nearest-neighbor (NNN) repul
sions, van der Waals (VDW) potentials, and lattice vi
brations have been consistently omitted. The alkali 
hydride cohesive energies reported in this paper were 
determined from a Born-Mayer model4b with N N N - 
VDW terms. The most recent data were used in the 
calculations where the VDW coefficients were obtained 
from crystal optical absorption spectra. The lattice 
vibrational energies were estimated using the Debye 
theory of lattices.

Because of a large mass ratio between hydride and 
deuteride ions, alkali hydride cohesive energies should 
be particularly sensitive to isotopic substitution. Al
though calorimetric measurements10 show a small, but 
discernible, isotopic effect for ‘ he alkali hydrides, no 
previous Born-type calculation has explicitly consid
ered the role of isotopic substitution. In the present

calculations, special attention was given to include 
systematically all relevant isotopic contributions.

Besides the cohesive energies, the compressibilities 
and Debye temperatures have been estimated for the 
alkali hydrides and deuterides. These results are 
compared, whenever possible, with values deduced by 
other workers.

A Digital PDP-8/I computer was used for the actual 
computations.

Theoretical Considerations
The cohesive energy of an ionic crystal is the sum of 

the lattice energy, WL. and the internal energy asso
ciated with lattice vibrations, Wvib- In terms of the 
Born theory, Wl is expressed as a sum of two-body 
interaction energies using adjustable parameters de
duced from crystal data. For cubic solids, which in
clude all alkali hydrides, these parameters are found by 
fitting the Born lattice energy model to the solid-state 
equation of state and its volume derivative.411 In the 
present study, the thermodynamical condition of the 
alkali hydride crystals are specified as room tempera
ture and atmospheric pressure. I F V i b , which represents 
the sum of zero point and heat capacity energies, can be 
estimated11 from well-known Debye models.

(1) Mound Laboratory is operated by Monsanto Research Corp. 
for the U. S. Atomic Energy Commission under Contract No. AT- 
33-1-GEN-53.
(2) F. E. Pretzel, G. N. Rupert, C. L. Mader, E. K. Storms, G. V. 
Gritton, and C. C. Rushing, J . P h y s . C h em . S o lid s , 16, 10 (1960).
(3) C. G. Magee in “ Metal Hydrides,” W. H. Mueller, J. P. Black- 
ledge, and G. G. Libowitz, Ed., Academic Press, New York, N. Y., 
1968, Chapter 6.
(4) (a) M. F. C. Ladd and W. H. Lee, J . In o r g . N u c l. C h em ., 11, 264 
(1959); (b) M. P. Tosi, S olid  S ta te P h y s . , 16, 1 (1964).
(5) J. Sherman, C h em . R ev ., 11, 93 (1932).
(6) E. C. Baughan, T ra n s . F a ra d a y  S o c ., 55, 736 (1959).
(7) T. R. P. Gibb, Jr., in “ Progress in Inorganic Chemistry,”  Vol. 
Ill, F. A. Cotton, Ed., Interscience, New York, N. Y., 1962, pp 
315-511.
(8) L. Dass and J. C. Saxena, J . C h em . P h y s ., 43, 1747 (1965).
(9) D. W. Hafemeister and J. D. Zahrt, ib id ., 47, 1428 (1967).
(10) S. R. Gunn and L. G. Green, J . A m e r . C h em . S o c ., 80, 4782 
(1958).
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When VDW  and NNN terms are included in the 
Born-May er model, the lattice energy is given by

WL =  -(cneV r) -  (CT/r*) -  (Dr/r 8) +

66 ß+- exp I
fr+ +  r_ r\ (2  r+

- )  +  ß++ exp'

ß— exp I

(2- ^ )  +
(2 r- — sr

0 ] (1)

Here, ar is the Madelung constant, e is the electronic 
charge, r is the interionic separation between nearest 
neighbors, CT and Dt are dipole-dipole and dipole- 
quadrupole VDW  coefficients, respectively, fh2 are 
constants of order unity which are qualitatively related 
to the electronic configuration of the ions, r+ and r_ are 
ionic radii, 6 and p are Born-Mayer repulsive param
eters, and sr is the separation between NNN ions. 
Since all alkali hydrides crystallize in a NaCl lattice 
structure, at and s equal 1.75756 and y/2, respectively.

The present calculations are based upon the “ static 
lattice” approximation of equation of state in which the 
Born-Mayer parameters can be determined using only 
the lattice parameter, 2r0, and isothermal compressi
bility, K. A trivial, but important, reason for choosing 
this version of the equation of state is the nearly com
plete absence of reported crystal data (other than 
lattice parameters) for all alkali hydrides except LiH 
and LiD. A more fundamental difficulty arises from 
the very high Debye temperatures possessed by the 
alkali hydrides.2 Detailed thermodynamic analysis12 
has shown that conventional Hildebrand or Mie-Griin- 
eisen formulations of the equation of state are invalid in 
temperature regions much lower than the Debye tem
perature. Since room temperature lies within this 
temperature range for the alkali hydrides, the use of 
these more involved formulations cannot be justified. 
Therefore, the static lattice version has been used for 
the alkali hydrides. The calculated cohesive energies 
are expected to be reasonable as careful studies on the 
alkali halides by Tosi4b indicate the energies deter
mined from the static lattice approximation agree 
within a couple per cent with values obtained from more 
elaborate models.

Methods for evaluating the equation of state and its 
volume derivative from a given Born-Mayer model 
have been adequately described elsewhere.4*5’13 Only 
the final equations are presented here. When 6 is 
eliminated from eq 1 by use of the static lattice equa
tions, the lattice energy can be rewritten as

W L _  «re2( l  — X l)  _  Or(l — 6x0  _  P r ( l  — 8x0
To r06 r08

(2)

where

Xl =  pr/r 0y (3)

(r+ +  r_ -  r0\
r =  ß+_ exp (-------------------J +

„ (2 r+ -  sr0\ , „ (2 r_ -  sr0\
ß++ exp^------------ J +  ß— exp^-------------J (4)

fr+ -  r_ -  r0\
7 = ß+- expl-------------------j +

(r+ — r_ -  r0\
x — ; — )

{ * ♦  exp( 2r° p sr°)
2r0 -  sr0\ , „ (2 r- -  sr0\ ]  /rN

+  ß— exp^------------ JJ (5)

The Born-Mayer parameter p is obtained by solving 
the equation

K - 1 =

where

- 1
18r0

atei 
L r0

(1 -  Xi) +

6Cr
r06

8 Dt
(6 -  xs) H- - - - 7 (8  “  Xs)To”

X2 =  p v / r 0 7

r+ - f  ?•_ — r<0

(6)

(7)

n fr o  „  ( r + +  r - - r 0\

-  7 0  “  — 7— )
+

sr0fsr0 a (2r+ -  sr0\
7 V 7  “  V K  e,ip(  7  ) +

(2 r+ — sr0 
exp^------- )] (8)

The VDW  coefficients CT and Dr represent summations 
over two-body VDW interactions between the various 
ions. When the ionic crystal is comprised of two 
Bravais lattices, the van der Waals coefficients are 
given by14

Cr =  c+_Nr®(r_) +  y 2(C++ +  c—)*8r(6) (0) (9)

D r =  d + J S n m (r_) +  W + +  +  d - ) S Rw ( 0 )  (10)

where the lattice sums, SR(n)(r) are known and have 
been tabulated by Tosi.4b The two-body VDW  coef
ficients C12 and dn are determined from the Mayer14 
equations

Cj2 — 3aia2EiE2/2 {Ei T  E2)

27 olxcî2EiE2 /  oc\E\ <x2E2
8e2(i?i +  E2)\ n\ n2 ,

(11)

(12)

Here, E is the average excitation energy, a is the ionic 
polarizability, and n is the number of outer-shell elec
trons.

(11) L. D. Landau and E. M. Lifshitz, “ Statistical Physics,”  Addi- 
son-Wesley, Reading, Mass., 1958, pp 187-190.
(12) F. G. Fumi and M. P. Tosi, J. Phys. Chem. Solids, 23, 395 
(1962).
(13) M. Born and K. Huang, “ Dynamical Theory of Crystal Lat
tices,”  Clarendon Press, Oxford, 1954, Section 3.
(14) J. E. Mayer, J. Chem. Phys., 1, 270 (1933).
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Table I : Experimental Data“

LiH NaH KH RbH CsH

r0 (10-8 cm) 2.042 2.440 2.854 3.024 3.194
2.034 2.434 2.848

r+ (10~8 cm) 0.90 1.21 1.51 1.65 1.80
r_ (10~8 cm) 1.30 1.30 1.30 1.30 1.30
K  (10-12 dyn/cm2) 2.88

2.85
a+ (10-24 cm3) 0.029 0.255 1.201 1.797 3.137
a -  (10~24 cm3) 1.86 1.86 1.86 1.86 1.86
E+ (IO-12 erg) 118.4 107.8 63.3 71.0 66.0
E - (IO-12 erg) 10.7 13.9 11.8 10.3 9.36
c++ (10~60 erg cm6) 0.075 5.26 68.5 180 487
c— (10~60 erg cm6) 22.3 17.3 20.3 23.2 23.2
c+_ (10-60 erg cm6) 0.828 7.03 31.5 48.8 85.6
Cr (10~60 erg cm6) 25.7 66.8 288.0 505 1030
d++ (10~76 erg cm8) 0.025 3.53 127 535 2460
d— (10-76 erg cm8) 45.2 35.0 41.2 46.9 51.8
d+-  (10-76 erg cm8) 0.98 9.48 61.1 125 304
Dr (10-76 erg cm8) 24.1 73.7 442 1000 2870

“ In the rows for ra and K, the upper values are for the hydrides while the lower values pertain to the deuterides. For the other 
rows, single values represent both hydrides and deuterides.

Data
The data used in the cohesive energy calculations are 

summarized in Table I. The r0 values are from the 
compilation by Magee.3 The alkali radii r+ are taken 
from the work of Fumi and Tosi15 on the alkali halides. 
The hydride (deuteride) radius is the average de
duced from differences between r0 and the Fumi-Tosi 
r+ for all alkali hydrides. The only experimental com
pressibilities reported for the alkali hydrides pertain to 
LiH and LiD. The recent values obtained by Stephens 
and Lilley16 are used in the present calculations.

The van der Waals coefficients, as well as the polar- 
izibilities and excitation energies required to determine 
them, are also listed in Table I. The alkali polarizi- 
bilities a+ are from the study by Tessman, et ah,17 while 
a_ was calculated from LiH refractive index data18 
using the familiar Clausius-Mossotti equation. Fol
lowing the procedure developed by Mayer,14 is 
estimated for each salt from the exciton band in the 
corresponding ultraviolet absorption spectrum.2'19 In
stead of the arbitrary alkali energies E+ suggested by 
Mayer, semiquantitative values were determined from 
free ion polarizibilities20 using an analysis due to Ruff a.21 
Deuteride VDW coefficients are taken equal to the cor
responding hydride values since nuclear mass substitu
tion has negligible effect upon a or E values.

0i2 coefficients cannot be determined from the tradi
tional Pauling4b'22 formula which predicts 0__= 0 and
implies repulsion between hydride ions vanishes. Rec
ognizing the general property that overlap repulsive 
forces between two cations with high electron densities 
are stronger than repulsive forces between two anions 
with diffuse electron distributions, the 0i2 coefficients 
are set equal to the following values: 0++ = 1.25,

0+_ = 1.0, and 0__= 0.75 in the present calcula
tions. A careful examination of the results for LiH, 
NaH, and KH indicates that ITl is insensitive («0 .1 % ) 
for a wide choice of 012 coefficients (excluding the 
Pauling values which gave AITl *  0.5%).

Cohesive Energy
The cohesive energy of alkali hydrides has been deter

mined from thermochemical data by a number of 
workers3,6“'8 using the familiar Born-Haber cycle. 
Traditionally, the cohesive energy has been described 
as the energy difference between the dispersed ions and 
the crystal lattice at absolute zero. Because room tem
perature crystal data were used in the present Born- 
Mayer calculations, the experimental cohesive energy 
Wbh is found from a modified Born-Haber cycle in 
which the energy difference is between the crystal 
lattice at room temperature and dispersed ions at ab
solute zero. In this case, Wbh is given by

WBU = Q -  S -  I  -  »/, D -  E +  2AH° (13)

Here, Q is the enthalpy of formation of alkali hydride 
(deuteride) crystals from alkali metal and hydrogen 
(deuterium) molecules; S is enthalpy of sublimation of

(15) F. G. Fumi and M. P. Tosi, J . P h y s . C h em . S o lid s , 25, 45 
(1964).
(16) D. R. Stephens and E. M. Lilley, J . A p p l .  P h y s . , 39, 177 
(1968).
(17) J. R. Tessman, A. H. Kahn, and W. Shockley, P h y s . R ev ., 92, 
890 (1953).
(18) E. Staritzky and D. X. Walker, A n a l. C h em ., 28, 1055 (1956).
(19) W. Rauch, Z . P h y s ., I l l ,  650 (1939).
(20) L. Pauling, P r o c . R o y . S o c ., S er . A , 114, 181 (1927).
(21) A. F. Ruffa, P h y s . R ev ., 130, 1412 (1963).
(22) L. Pauling, Z . K r is t . ,  6 7 , 377 (1928).
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the alkali metal; I  is the ionization potential of the 
metal; D is the dissociation enthalpy of the hydrogen 
(deuterium) molecules; E is the electron affinity of the 
hydrogen (deuterium) atom; and AH° represents the 
enthalpy change in cooling monatomic alkali and hy
drogen gases from room temperature to absolute zero 
and is taken equal to —5RAT/2. Reliable values of 
these quantities are available for most of the alkali 
hydrides. The S and I  values are the same as those 
used by Tosi4b for the alkali halides. Calorimetric 
values of Q for LiH, NaH, KH, and the corresponding 
deuterides are reported by Gunn and Green10 while 
Herold23 obtained Q for RbH and CsH from dissocia
tion-pressure measurements. Values for E and D 
were also taken from Gunn and Green.10 The resul
tant experimental cohesive energies IFbh are presented 
in Table II, column 2. Since uncertainties in the var
ious data amount to a few tenths kilocalories per mole, 
the total uncertainty in IFBh should not be larger than 
~ 1 ‘2 kcal/mol. However, the uncertainties between 
corresponding hydride and deuteride IFBH are expected 
to be about a factor of 10 smaller.

Table II : Cohesive Energies'* of the 
Alkali Hydride and Deuterides

A  =  
W b h  —

W BH Wl W v iB Wc W c
LiH -216 .2 -224 .4 6.0 -218 .4 2.2
LiD -217 .2 -225.1 5.0 -220.1 2.9
NaH -189 .5 -195 .2 5.3 -189 .9 0.4
NaD -190 .3 -195 .7 4.5 —191.2 0.9
KH -167 .1 -172 .7 4.9 -167 .8 0.7
KD -167 .4 -173.1 4.3 -168 .8 1.4
RbH -160 .6 -165 .5 4.8 -160 .7 0.1
CsH -153 .7 -159 .6 4.7 -154 .9 1.2

a All quantities are in kcal/mol.

Before JFL can be calculated, p must be obtained by 
solving eq 6 using compressibilities determined inde
pendently. As mentioned previously, experimental 
compressibilities among the alkali hydrides are avail
able for only LiH and LiD. To circumvent this diffi
culty in the present study, the alkali hydrides (deu
terides) are assumed to be described by a constant p 
determined from known16 LiH (LiD) compressibility. 
Although this important approximation has not been 
rigorously justified, previous independent studies3'6-9 
strongly support the use of a constant p for the alkali 
hydrides. From the data in Table I, p is determined to 
be pH =  0.463 A and pd =  0.462 A for the hydrides and 
deuterides, respectively. The WL values calculated 
with these p choices are given in column 3 of Table II. 
Careful analysis of the calculation procedure indicates 
an uncertainty of 1-2% arises in WL from the assump

tion that p determined from LiH (LiD) data represents 
all the alkali hydrides (deuterides).

Determination of the alkali hydride vibration en
ergies IFvib listed in column 4 of Table I I  requires11 
knowledge of the corresponding Debye temperatures 
0D. Since experimental Debye temperatures are not 
available for the alkali hydrides, the well-known 
Blackman24 equation

9n = h{on/Ktx)'h/k (14)

is used to determine 0D from the compressibility and 
reduced mass p. Although experimental compressi
bilities are not available for most alkali hydrides, K  can 
be calculated by solving eq 6 for p values determined 
from lithium hydride data. The theoretical K  and dD 
values used to estimate IFvib are given in Table III 
along with results from other workers.

Table III: Compressibilities and Debye Temperatures 
of the Alkali Hydrides

-----------K, 10 ~12 cm2/dyn---------- «
Hafe-

Present meister -0D, °K -------------------
study® Sher- and Present Experi-
(eq 6) man6 Zahrtc (eq 14) mental

LiH 2.88* 2.32 3.39« 1190 815/ (920)/
850" 1091c

LiD 2.85* 895 (614, 744)/
NaH 4.55 3.78 5.42 991
NaD 4.51 702
KH 6.75 6.16 7.90 869
KD 6.71 627
RbH 7.88 6.67 9.15 827
CsH 8.92 7.83 10.60 793

a Theoretical K  determined using p values obtained from 
experimental LiH compressibility in footnote d of this table. 
b Reference 5. c Reference 9. d Reference 16. e Calculated 
using eq 32 and p data from Hafemeister and Zahrt (ref 9). 
/  Reference 2. 0 V. N. Kostryukov, Russ. J. Phys. Chem., 35, 
865 (1961).

The theoretical cohesive energy IFc, which equals the 
sum of Wl and IFvib, is listed in column 5 of Table II. 
The differences between Wc and IFbh are summarized 
in column 6 of Table II.

Discussion
As is evident from Table II, Wc is in excellent agree

ment with IF bh for all alkali hydrides and deuterides 
where A is much smaller than combined experimentaland 
theoretical uncertainties (~ 3 % ). These results indi
cate a constant p determined from LiH (LiD) compres
sibility data and give an adequate description of alkali 
hydride (deuteride) short-range forces when NNN and 
VDW terms are included in the Born-Mayer model.

(23) A. Herold, A n n .  C h im . (P a r is ) , 6, 536 (1951).
(24) M. Blackman, P r o c . R o y . S oc ., S e r . A , 181, 58 (1942).
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Figure 1. Effect of isotopic substitution on alkali hydride 
cohesive energies.

Since extensive covalent bonding leads to large nega
tive A’s,4 the present slight positive A’s substantiate the 
basic ionic nature of the alkali hydrides. This con
clusion agrees with recent analysis25 of electrical con
ductive studies on molten LiH.

The effect of isotopic substitution on alkali hydride 
cohesive energies is shown in Figure 1 where the per
centage differences R between hydride and deuteride 
energies are given for Li, Na, and K salts. The elec
trostatic differences result from changed lattice param
eters, while differences in Wc and WBu include effects 
in short-range forces and vibrational energies. The

isotope effect is small (<1% ) and decreases with in
creasing alkali mass. Differences in Wc are systemati
cally higher than differences for WBn, although the 
values are in qualitative agreement. The difficulty in 
determining accurate values of IFvib, which is unimpor
tant in calculating absolute cohesive energies, gives a 
large uncertainty (~ 25% ) in R for Wc and is probably 
the major cause for higher Wc differences.

The compressibilities calculated using p values deter
mined from lithium hydride data are given in Table III 
along with compressibilities found by other workers.6'9 
The compressibilities determined from the NNN-VDW  
Born-Mayer model are intermediate to the other values 
and appear to be in reasonable agreement with corre
sponding alkali halide values.4b The Debye tempera
tures found using the Blackman formula (eq 4) are also 
shown in Table II I ; they are higher than the few avail
able experimental values.

Although the present study indicates that N NN - 
VDW  Born-Mayer model gives an adequate descrip
tion of the alkali hydrides and deuterides, it would be 
interesting to perform more refined calculations when 
accurate compressibility data become available for these 
salts.

(25) M. A. Bredig, J . C h em . P h y s ., 46, 4166 (1967); C. E. Johnson, 
S. E. Wood, and E. J. Cairns, ib id ., 46, 4168 (1967).

The Thermodynamic Properties of Liquids, Including Solutions. 

IV. The Entropy of Mixing

by Maurice L. Huggins
A r ca d ia  In s t itu te  f o r  S c ien tific  R ese a rch , 1 8 5  N o r th r id g e  L a n e , W o o d s id e , C a lifo rn ia  9 4 0 6 2  ( R ece iv ed  O ctober 1, 1 9 7 0 )

P u b lica tio n  costs b o rn e  co m p le te ly  by  T h e  J o u r n a l  o f  P h y s ic a l  C h em is try

An equation for the combinatorial entropy for a mixture of rigid molecules, not necessarily of the same size, 
is derived, assuming perfect randomness of mixing. An equation for the additional entropy resulting from 
the concentration dependence of the randomness of orientation of the parts cf a flexible molecule is next deduced. 
Finally, an equation to correct the previous combinatorial entropy calculation for nonrandomness is obtained. 
The last two of these three entropies of mixing result in contributions to the interaction parameter x  for solu
tions of chain polymers. Equations for these contributions are presented.

Introduction
This paper reports an attempt to arrive at a quanti

tative theoretical treatment of the entropy of mixing. 
In part, the development follows old treatments; in part 
it is new.

The combinatorial entropy— that related to the 
randomness of placing the molecules in the total vol
ume— is considered first, making the usual assumption 
of perfect randomness and assuming the molecules to be 
rigid, but not necessarily of the same size.
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Next, the effect of flexibility is treated. In a non- 
rigid molecule there is some randomness of orientation 
of one or more bonds or segments relative to other bonds 
or segments to which they are attached. If this orien
tational randomness changes as the concentration— 
hence the environment of these bonds or segments— 
changes, there is a contribution to the entropy of 
mixing.

Finally, theory and equations for a correction to the 
previously calculated combinatorial entropy are pre
sented. This correction allows for the fact that the 
distribution of molecules (and of intermolecular con
tacts) is not perfectly random.

The total theoretical entropy of mixing is obtained by 
adding together these three parts. The last two involve 
parameters that can be determined from heat of mixing 
or volume of mixing measurements. For a ditonic sys
tem (one containing two kinds of segments) these pa
rameters are (!) the ratio (ra — <r̂ °/aa0) of the contacting 
surface areas of the two segment types, and (2) an 
equilibrium constant, K = <râ /^(raa<T̂ , relating the 
total contact areas of the three types.

For polymer solutions, the segment orientation en
tropy and the combinatorial entropy correction com
bine to give Xs. the entropy part of the interaction pa
rameter x-

The Combinatorial Entropy for Rigid Molecules, 
Assuming Perfect Randomness.1-4 Let xx and :r2 
be mole fractions of the two types of molecules in a 
solution and let Nav represent Avogadro’s number. 
Consider the molecules (Ni = XiNAv of kind 1 and 
A 2 = x2Nav of kind 2) to be added randomly to a 
vessel having a volume equal to the molal volume of the 
solution, from a stock in which their relative numbers 
are always the same as in the final solution. To a high 
degree of approximation the relative numbers in the 
volume being filled are, before and after each addition, 
also the same as in the final solution. If Vi and v2 are 
the volumes per molecule of the two types, with V\ — 
Fi/A av and r2 = V2/N Av

V — Nivx T  A 2w2 (1)

For the fth added molecule of the first type the filled 
volume is {(i — l ) /A i]F  and the available volume is

kB[(Ni In Ax -  A i In fa) -  

Ai +  (Ai — Ai ln A i)] =  — kuNi ln fa (2)

where fcB is the Boltzmann constant and fa is the 
volume fraction of component 1. The entropy of 
placing the molecules of type 2 is, similarly

The total combinatorial entropy, for random mixing 
of rigid molecules, is

Sim =  Si +  S2 =  — fcß(Ai In fa + A2 In fa) (4)

or per mole

Sim = —R(x 1 In fa 4- Xi In fa) (5)

where R is the gas constant per mole.
If the molecules are of the same size, the mole frac

tions are the same as the volume fractions, hence

Sim =  —R(x 1 In Xi +  Xi In x2)

5rmE = - ß j j r i  In +  x2 In ( ^ j (6)

from which, if the heat of mixing is zero, Raoult’s law 
can be derived.

In dealing with polymer solutions, it is customary to 
use the relationship2-9

A G i AHi -  TASi
R T ~  RT

In fa +  ^1 — +  xfa2 (7)

where Vi and V2 are the partial molal volumes of the 
two components and x is a concentration-dependent 
parameter, the sum of an enthalpy component and an 
entropy component

x = Xh +  Xs (8)

a - 1)
Ai ]-M ) V

For the jth  added molecule of the second type, the 
available volume is very close to [(1 — j)/N\}V.

The entropy of placing the molecules of type 1 is

From eq 5 it is readily shown that

(1) M. L. Huggins, J . P h y s . C ollo id  C h em ., 52, 248 (1948).
(2) M. L. Huggins, J . P o ly m . S ci., 16, 209 (1955).
(3) M. L. Huggins, “ Physical Chemistry of High Polymers,” Wiley, 
New York, N. Y., 1958.
(4) M. L. Huggins, J . A m e r . C h em . S o c ., 86, 3535 (1964).
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- A S i  ,  /  F A

R  -  In *  +  ( l  -  J J 4 *  0 )

h e n ce  the com bin a toria l en tro p y , f o r  r ig id  m olecu les m ixed  
w ith p er fec t ra n d om n ess, does n ot con tribu te to Xs-

T h is  s ta te m e n t  a n d  th e  e q u a t io n s  p r e c e d in g  it  are n o t  
s t r ic t ly  a c cu ra te , b e c a u s e  th e  th e o r e t ic a l  d e v e lo p m e n t  
d id  n o t  a llo w  fo r  th e  f a c t  th a t  all o f  th e  u n o c c u p ie d  
sp a ce  is  n o t  a v a ila b le  fo r  th e  c e n te r  o f  th e  m o le cu le  
b e in g  p la ce d . A n y  lo c a t io n  th a t  w o u ld  ca u se  o v e r 
la p p in g  w ith  a p la c e d  m o le c u le — t w o  p a r ts  o f  m o le cu le s  
o c c u p y in g  th e  sa m e  s p a ce — is r u le d  o u t . N e g le c t  o f  
th is  l im ita t io n  m a y  re su lt  in  s ig n ific a n t d iffe re n ce s  b e 
tw e e n  th e  a c tu a l e n tr o p y  a n d  th a t  c a lc u la te d  a t  h ig h  
c o n c e n tr a t io n s  o f  th e  la rg e r  sp ec ies , i f  th e re  is a  la rg e  
d iffe re n ce  b e tw e e n  th e  s izes  o f  th e  t w o  k in d s  o f  m o le 
cu les  a n d  e s p e c ia lly  i f  th e  la rg er  o n e s  a re  r o d lik e  o r  
o th e rw ise  e lo n g a te d . T h is  e f fe c t  h as  b e e n  d is cu sse d  
e lse w h e re .1

T h e S egm en t O rien ta tion  or F le x ib il ity  E n tr o p y .  M a n y  
ty p e s  o f  m o le cu le s  a re  n o t  r ig id . O n e  o r  m o re  p a rts  
(e .g ., s e g m e n ts  o r  in te r a to m ic  b o n d s )  o f  su ch  a  m o le c u le  
ca n  c h a n g e  o r ie n ta t io n  r e la t iv e  t o  o th e r  p a rts . T h e r e  is 
th u s  so m e  r a n d o m n e s s  o f  o r ie n ta t io n  an d , fo r  a s o lu t io n  
c o n ta in in g  su ch  m o le cu le s , i f  th e  d e g re e  o f  ra n d o m n e s s  
c h a n g e s  w ith  th e  c o n c e n tr a t io n , th e re  is  a  c o r r e s p o n d in g  
c o n tr ib u t io n  t o  th e  e n tr o p y  o f  m ix in g .2 _4>6

F o r  s im p lic ity , le t  u s  c o n s id e r  a  m ix tu re  o f  r ig id  s o l
v e n t  m o le cu le s  ( t y p e  1) a n d  fle x ib le  s o lu te  ch a in  m o le 
cu les  ( t y p e  2 ), e a ch  c o m p o s e d  o f  n  r ig id  se g m e n ts  c o n 
n e c te d  to g e th e r  b y  n  — 1 fle x ib le  jo in ts . T h e  th e o r e t i
ca l t r e a tm e n t  c a n  o b v io u s ly  b e  re a d ily  e x te n d e d  t o  
sy s te m s  c o n ta in in g  m o r e  th a n  o n e  t y p e  o f  s o lv e n t  a n d /  
o r  s o lu te  m o le c u le  a n d  m o re  th a n  o n e  t y p e  o f  s e g m e n t  in  
e ith e r  s o lv e n t  o r  s o lu te  m o le cu le s  o r  b o th .

I n  th is  t h e o r y 10 i t  is a ssu m e d  th a t  a  l iq u id  b e h a v e s  
t h e r m o d y n a m ic a lly  l ik e  a  h y p o t h e t ic a l  o n e  c o m p o s e d  
o f  r ig id  m o le cu le s  w ith  m u tu a lly  c o n ta c t in g  su rfa ce s . 
T h e  t h e r m o d y n a m ic  p r o p e r t ie s  a re  th e n  re la te d  to  th e  
k in d s  o f  c h e m ic a l s e g m e n ts  o f  w h ich  th e  m o le cu le s  are 
c o m p o s e d , th e  a v e ra g e  c o n ta c t in g  su r fa ce  a rea  p e r  seg 
m e n t  o f  e a ch  k in d , a n d  th e  a v e ra g e  e n e r g y  o f  s e g m e n t -  
s e g m e n t in te r a c t io n  p e r  u n it  a rea  fo r  e a ch  ty p e  o f  c o n 
ta c t .  F o r  th e  p r e se n t th e  su r fa ce  a rea  a n d  e n e rg y  p a 
ra m e te rs  a re  d e te rm in e d  e m p ir ic a lly  f r o m  th e  e x p er i
m e n ta l t h e r m o d y n a m ic  d a ta . I t  is h o p e d  th a t  it  w ill 
b e  p o ss ib le , a fte r  e n o u g h  o f  th e se  p a ra m e te rs  h a v e  b e e n  
c o lle c te d , t o  r e la te  th e ir  m a g n itu d e s  t o  s tru c tu ra l 
a rra n g e m e n ts  a n d  in te r a t o m ic  e n e r g y -d is ta n c e  re la 
tio n sh ip s , a t  le a s t  in  s im p le  cases .

L e t  v° a n d  ¡>°(1 — k 3) d e s ig n a te  th e  a v e ra g e  r a n d o m 
ness o f  o r ie n ta t io n  o f  a  s e g m e n t  in  th e  ch a in  p o ly m e r  
m o le cu le , r e la t iv e  to  th e  o r ie n ta t io n  o f  th e  p r e c e d in g  
se g m e n t in  th e  ch a in , w h e n  th is  m o le cu le  is in  in fin ite ly  
d ilu te  s o lu t io n  in  a  g iv e n  s o lv e n t  a n d  w h e n  it  is in  p u re  
p o ly m e r , r e s p e c t iv e ly . A t  in te rm e d ia te  c o n c e n t r a 
t io n s , a ssu m e  th e  a v e ra g e  o r ie n ta t io n  ra n d o m n e ss  t o  b e

r ° ( l  — kBp ) ,  w h e r e  p  is  th e  p r o b a b i l i t y  th a t  a  c o n ta c t in g  
u n it  a rea  o f  th e  se g m e n t su r fa ce  m a k e s  c o n t a c t  w ith  a 
p o ly m e r  s e g m e n t  su rfa ce , ra th e r  th a n  w ith  a s o lv e n t  
m o le cu le  su rfa ce . T h e  s e g m e n t o r ie n ta t io n  e n tr o p y  is 
th e n

S OI =  fcB In [y° ( l  -  ksp ) ] (n~ 1)N* (10 )

I f  th e  s o lv e n t  m o le cu le  is (o r  c a n  b e  tr e a te d  fo r  th is  
p u rp o s e  as) a  s in g le  r ig id  s e g m e n t ( ty p e  a )  a n d  e a ch  o f  
th e  n  s e g m e n ts  in  th e  p o ly m e r  is  (o r  ca n  b e  t r e a t e d  as) a 
r ig id  se g m e n t ( ty p e  ¡3), th e n  th e  p r o b a b i l i t y  p  is r e la te d  
t o  th e  a v e ra g e  areas o f  /3|3 a n d  afi c o n ta c t s  b e tw e e n  seg 
m e n t  s u r fa ce s 10 b y  th e  e q u a t io n

p  =
2 c r ^  +  <Jap

(11)

T h e s e  c o n ta c t  areas are  re la te d  t o  th e  c o n ta c t in g  areas 
(<ra, a¡f) o f  th e  tw o  ty p e s  b y  th e  e q u a tio n s

a aP
2 ( ^ +  fff) [ i  _  (1 +  K ,gJSfiy / t] (12)

* « .  =  ~  -  (1  +  K W 7*] (13 )

2<* =  < r j  (<ra +  °> )

2/3 =  < V  (oL  +  xp)

K ' - < 1  - >)
a n d

K  =  <j ap I^ ccccC w  (16 )

K  is  a n  e q u il ib r iu m  co n s ta n t , a ssu m e d  in  th is  th e o r y  
to  g o v e r n  th e  re la t iv e  a reas o f  c o n t a c t  o f  th e  th re e  
ty p e s . F o r  c o m p le te  ra n d o m n e ss  K  =  I , K '  =  0 , an d

-  (1 +  K ' z ^ Y ' * ]  = (17 )

W it h  th ese  re la tio n sh ip s

p  =  1 -  2a£/K (18 )

w h e re

SK =  ' I L h  -  ( i  + (19 )

F o r  p e r fe c t  ra n d om n ess

K  =  r/K =  l (2 0 )

an d

V =  2 3 (21 )

S u b s t itu t in g  e q  18 in to  e q  10 a n d  re p la c in g  n  — 1 
b y  n , o n e  o b ta in s  fo r  th e  ex cess  e n tr o p y  o f  m ix in g  p er 

m o le

(14 )

(15 )

(10) M . L. Huggins, J. Phys. Chem., 74, 371 (1970).
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R n N 2 In [ l  +  (2 2 )

I n  th is  d e v e lo p m e n t  th e  ra n d o m n e s s  o f  o r ie n ta t io n  o f  
th e  first s e g m e n t in  e a ch  p o ly m e r  m o le cu le , r e la t iv e  t o  
n e ig h b o r  m o le cu le s , h as  b e e n  n e g le c te d . T h is  m a y  b e  
r o u g h ly  c o m p e n s a t e d  b y  th e  re p la c e m e n t  o f  n  — 1 b y  n. 
W h e n  n  is la rg e , b o t h  a p p r o x im a t io n s  c e r ta in ly  in tr o 
d u c e  o n ly  n e g lig ib le  e rro r  in  th e  fin a l resu lt.

F o r  n o n p o ly m e r ic  sy s te m s  c o n ta in in g  n o n s p h e r ica l 
m o le cu le s  w h o s e  o r ie n ta t io n a l ra n d o m n e s s  v a r ie s  w ith  
th e  c o n c e n tr a t io n , e q  22, w ith  n  =  1, m a y  b e  a ssu m e d  
t o  h o ld .

D if fe r e n t ia t in g  w ith  re s p e c t  t o  N i  t o  o b ta in  Ari) a n d  
d iv id in g  b y  — 22 (see  e q  7 -9 ) ,  o n e  o b ta in s  f o r  th e  seg 
m e n t  o r ie n ta t io n  e n tr o p y  p a r t  o f  th e  in te r a c t io n  p a ra m 
e te r  x

Xs.or
— K 'zp

r a<h2

Zfl -  z „

(1 +  k W 7
+  Za9K

1 +  ka'zagK

(23 )

H e re , is th e  p r o b a b il it y  th a t  a  u n it  a  s u r fa ce  c o n 
ta c ts  a n o th e r  u n it  a  su r fa ce  t o  m a k e  a n  a a  c o n ta c t , 
p „ ^ f ,  =  1 — is th e  p r o b a b i l i t y  th a t  a  u n it  a  su r
fa c e  c o n ta c t s  a  u n it  0  su r fa ce  t o  m a k e  an  a 0  c o n ta c t , 
Pp^p  is th e  p r o b a b i l i t y  th a t  a  u n it  8  su r fa ce  m a k e s  a 
jS,8 c o n ta c t ,  p ^ a =  1 — P p^p  is  th e  p r o b a b i l i t y  th a t  a  
u n it  0  su r fa ce  m a k e s  a n  a 0  c o n t a c t ;  a lso  aaa is th e  
to t a l  n u m b e r  o f  u n it  a a  c o n ta c ts , <r88 is  th e  to t a l  n u m 
b e r  o f  u n it  0 0  c o n ta c ts , a n d  <xap is th e  to t a l  n u m b e r  o f  
u n it  a 0  c o n ta c ts .

T h e  p r im e d  le tte rs  in  th e  d e n o m in a to r  in d ic a te  th a t  
th e  p r o b a b ilit ie s  a n d  n u m b e rs  a re  c a lc u la te d  o n  th e  
a s su m p tio n  o f  p e r fe c t  ra n d o m n e ss  (K  =  1 ). T h e  
fa c t o r  y 2 is in se r te d  to  a v o id  c o u n t in g  e a ch  c o n ta c t  
tw ic e .

T h e  c o n t a c t  areas a n d  p r o b a b ilit ie s  a re  re la te d  
th r o u g h  th e  e q u a t io n s

Oaa °"a?a-*-a/ 2 P a—*-a 2 Oaa[  <Ta (28)

Vpg = 2 Vp~+P = 2 cT|3(3/ cTg (29)

Oa0 = +  °flPt3^a)/2 (30)

w h e re

II 1 J5
- (24 )

a n d

K  =  V A a° (25 )

F o r  r a n d o m  m ix in g

- h ' z /

Xs’01 ~  r ^ (  1 +  h ' z j
(26 )

C om bin a toria l E n tr o p y  C orrection  f o r  Im p e r fe c t  R a n 
d om n ess . I f  th e  free  e n e rg y  o f  in te r a c t io n  b e tw e e n  a 
m o le cu le  (o r  a  m o le cu la r  s e g m e n t) a n d  its  n e ig h b o rs  in  
a  s o lu t io n  d e p e n d s  o n  th e  k in d  o f  n e ig h b o rs , th e  m ix in g  
o f  m o le cu le s  (o r  o f  s e g m e n ts )  is n o t  r a n d o m . T h e  
m a g n itu d e  o f  th e  d e p a r tu re  o f  th e  c o m b in a to r ia l  e n 
t r o p y  o f  a  s o lu t io n  f r o m  th a t  c a lc u la te d  o n  th e  a ssu m p 
t io n  o f  p e r fe c t  r a n d o m n e s s  s h o u ld  b e  a  fu n c t io n  o f  th e  
e q u il ib r iu m  c o n s ta n t  K .  L e t  u s  d e d u c e  th e  r e la t io n 
sh ip , fo r  a d it o n ic  s y s te m  c o n ta in in g  o n ly  t w o  k in d s  o f  
se g m e n ts , a  a n d  0 . T h e  t o t a l  c o n ta c t in g  su r fa ce  areas 
o f  th e  t w o  ty p e s  a re  d e s ig n a te d  a a an d  a 8, as b e fo r e .

C o n s id e r  th e  fo r m a t io n  o f  c o n ta c t s  o f  th e  th re e  ty p e s  
b y  u n it  a reas  o f  th e  a  a n d  0  su rfa ces . T h e  c o r r e c t io n  t o  
th e  c o m b in a to r ia l  e n tr o p y  is a ssu m e d  t o  b e  th e  a c tu a l 
e n tr o p y  fo r  m a k in g  th e se  c o n ta c t s  m in u s  th a t  c a lc u la te d  
o n  th e  a ssu m p tio n  o f  p e r fe c t  ra n d o m n e ss . I f  th is  as
s u m p t io n  is c o r r e c t

T h e  c o n t a c t  a rea s  are  a lso  r e la t e d 10 t o  th e  e q u il ib r iu m  
c o n s t a n t  K  th r o u g h  th e  e q u a t io n s

Oaa =  “ (1  — *7$k ) (3 1 )

cpp — ^ ( 1  — Zq̂ k ) (3 2 )

n ctfi o aZgg  K n (3 3 )

w h e r e  za , Zp, a n d  gk  are g iv e n  b y  e q  14 a n d  19.
S in ce  Qk  is u n it y  fo r  p e r fe c t  ra n d o m n e s s  o f  c o n ta c t s  

(see  e q  20 )

v ' c a  =  <raz j  2 (34 )

o ’gg  =  OpZp/2 (35 )

® afi G 3 (TpZa (36 )

V ' a ^ a  =  P f fi—*■ a  =  2« (3 7 )

P ' p - p  =  P ' a - » g  =  Zg (3 8 )

S u b s t itu t io n  in to  e q  27 le a d s  t o  th e  resu lt

— /cb
SccE =  —  [or„(l -  z8gk) In (1 -  Z(#k) +

0 > ( 1  -  zag K)  In (1 -  zag K) +

<r8zagK In (zaz8g K2) -  <Jaza In za -

afiZfi In z 8 —  <raz 8 In ( z az 8)  ] (3 9 )

S  E =ĈC ~?cc X

In
-  (P '<e* J  (P  ' „ . . y <7'"'V2(p  ' g - ^ y ^ i P  V - ,J '̂“ #5/2 J

(2 7 )

I f  th e re  are  n la a - t y p e  a n d  n 18 /3 -typ e  s e g m e n ts  p e r  
m o le c u le  o f  ty p e  1 a n d  n 2a a - t y p e  a n d  n 28 0 - t y p e  se g 
m e n ts  p e r  m o le cu le  o f  t y p e  2

<7 a =  (n laN i  +  n 2aN 2)<Ta°

<rp =  (n jfiN i +  n 2gN 2) <Ta°r„
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F o r  1 m o l o f  s o lu t io n

N i  À r2 _  I t
x i  x 2 k B

(42 )

h e n ce  th e  k B in  e q  3 9  ca n  b e  re p la c e d  b y  th e  m o la r  
g a s  c o n s ta n t  R  a n d  o n e  ca n  m a k e  th e  s u b s titu tio n s

<ja =  (ttiax i +  n 2ax 2) aa° (43 )

=  {n lfix x +  n ^ x ^ a j r , ,  (44 )

T h e n

Rcr 0
ScoE = -------~ r ~ {(n laXi +  n 2ax 2) X

[(1 -  ZßffK) ln (1 -  zßgK) -  

2« ln -  zß ln (zazß) ] +  (nlßXx +  

n 2ßx 2) r c [(  1 -  zag K) ln (1 -  zagK) +

ZadK ln  (zazßg K2) -  zß ln  zß ]} (45 )

w ith  z a , Zf3 , a n d  Qk  c a lc u la te d  f r o m  e q  14, 19, 43 , an d  
44.

T h e  v a r ia b le s  in v o lv e d , o th e r  th a n  th e  v o lu m e  fr a c 
tio n s , a re  th e  e q u il ib r iu m  c o n s ta n t  K  a n d  th e  c o n ta c t in g  
s e g m e n t su r fa ce  r a t io  r a, b o t h  o f  w h ich  a re  o b ta in a b le  
f r o m  m e a su re m e n ts  o f  ex ce ss  e n th a lp ie s  (o r , in  so m e  
cases , ex ce ss  v o lu m e s )  a n d  th e  c o n ta c t in g  s e g m e n ts  u r- 
fa c e  a rea  <r„°, w h ich  c a n n o t  b e  o b ta in e d  f r o m  su ch  m e a 
su rem en ts . S in c e  th e  m a g n itu d e  o f  <7a0 d e p e n d s  o n  th e  
a r b itr a r y  c h o ic e  o f  th e  u n it  a rea , th is  p a r a m e te r  re a lly  
d e fin es  th e  a v e ra g e  u n it  a rea  o f  a s e g m e n t s u r fa ce  th a t  
a c ts  in d ep en d en tly  in  th e  im a g in a ry  p r o ce ss  o f  m a k in g  
c o n ta c t s  w ith  o th e r  se g m e n ts .

I t  is  r e a d ily  sh o w n  th a t  iSC0E eq u a ls  z e ro  if  K  =  1 a n d  
s o  Qk  =  1.

F o r  th e  sp e c ia l ca se  o f  a  m ix tu re  o f  p o ly m e r  m o le cu le s  
c o n ta in in g  o n ly  f3 s e g m e n ts  a n d  s o lv e n t  m o le cu le s  e a ch  
c o n ta in in g  o n ly  a s in g le  a  s e g m e n t, th e  c o m b in a to r ia l  
e n tr o p y  c o r r e c t io n  c o n tr ib u t io n  t o  Xs is

Xs,.
=  _  j l  ( à S A  =  £ l _  f ln  /  2a \

4 > 2 ~ \ à N i / i<j)22 \  \1 — zßcjK/

(1 -  zagK) { l  -  zßgK)'f 2/s (2/s -  O  , 1 , r
L(i + k v î)'a + z“H 1"L ZaZß(jKl

(46 )

T he T ota l E x c e s s  E n tr o p y  o f  M ix in g  and  the T ota l  
E n tr o p y  P a r t o f  x ■ T h e  t o t a l  ex cess  e n tr o p y  o f  m ix in g  
p e r  m o le  o f  s o lu t io n , fo r  n o n r a n d o m  m ix tu re s  o f  r ig id  
m o le cu le s , is o b ta in e d  b y  a d d in g  th e  c o n tr ib u t io n s  
g iv e n  b y  eq  5 a n d  4 5 .

F o r  a  s o lu t io n  o f  f le x ib le  p o ly m e r  m o le cu le s , w ith

e a ch  m e r  co n s id e re d  as a  ¡3 s e g m e n t, in  a  s o lv e n t  c o m 
p o s e d ’ o f  m o le cu le s , e a ch  o f  w h ic h  is t r e a te d  as a  r ig id  a  
s e g m e n t, th e  t o t a l  Xs is o b ta in e d  b y  a d d in g  th e  c o n tr i
b u t io n s  g iv e n  b y  e q  23 a n d  4 6 , w ith

2* =  1 - 2 / 3
Xi

x i  +  n 2rcx  2

________1__________

1 +  {n 2r„  — l ) x 2
(47 )

T h e  p a ra m e te rs  n e e d e d  are r „  a n d  K ,  o b ta in a b le  f r o m  
ex cess  e n th a lp ie s , p lu s  th e  s e g m e n t  o r ie n ta t io n  p a 
r a m e te r  fcs a n d  ( if  th e re  is n o n r a n d o m  m ix in g ) aa°. 
T h e r e  d o e s  n o t  a p p e a r  t o  b e  a n y  v a lid  w a y  o f  r e d u c in g  
th e  n u m b e r  o f  p a ra m e te rs  t o  b e  d e te rm in e d  b y  e x p e r i
m e n t. (O f  co u rse , th e  a ssu m p tio n  o f  r a n d o m  m ix in g , 
w h ich  is n o t  in  g en era l ju s t if ia b le , fixes  th e  v a lu e  o f  K  a t  
1 a n d  re q u ire s  S co a n d  Xs.oc t o  b e  ze ro , th u s  e lim in a t in g  
th e  n e e d  fo r  <ra°.)

I t  s h o u ld  b e  n o te d  th a t  th e  p a ra m e te rs  re q u ire d  fo r  a 
g iv e n  sy s te m , s in ce  th e y  are  p r o p e r t ie s  o f  s e g m e n ts  a n d  
s e g m e n t -s e g m e n t  in te r a c t io n s , n e e d  n o t  n e ce ssa r ily  
b e  d e te rm in e d  e x p e r im e n ta lly  fo r  th a t  sy s te m . T h e y  
ca n  b e  d e te rm in e d  f r o m  m e a su re m e n ts  o n  o th e r  sy s te m s  
c o n ta in in g  th e  sa m e  k in d s  o f  s e g m e n ts  a n d  s e g m e n t -  
s e g m e n t c o n ta c ts . T h u s , o n e  c a n  h o p e  t o  o b ta in  th e  
p a ra m e te rs  fo r  h ig h  p o ly m e r  s o lu t io n s  e n t ire ly  fr o m  
m e a su rem en ts  o n  s im p le  sy s te m s  o f  lo w  m o le cu la r  
w e ig h t.

T h e  v a l id ity  o f  th e  th e o r y  h ere  p r e se n te d  c a n  o f  
c o u rse  o n ly  b e  ju d g e d  b y  th e  d e g ree  o f  a g re e m e n t 
a c h ie v e d  w h en  it is  a p p lie d  t o  g o o d  e x p e r im e n ta l d a ta  
fo r  a c tu a l sy s te m s . A p p l ic a t io n s  t o  t w o  p o ly m e r -  
s o lv e n t  sy s te m s  h a v e  a lre a d y  b e e n  m a d e , w ith  g r a t ify 
in g  resu lts .

F o r  th e  ru b b e r  +  b e n z e n e  s y s te m  it  h as  b e e n  s h o w n 11 
th a t  th e  d iffe re n ce  b e tw e e n  th e  e x p e r im e n ta l m a g n i
tu d e s  o f  x  a n d  xh e q u a ls  (o v e r  th e  w h o le  c o n c e n tr a t io n  
ra n g e , w ith in  th e  p r o b a b le  e x p e r im e n ta l e rror , as 
ju d g e d  b y  th e  s ca tte r  o f  th e  d a ta )  Xs,™ +  Xs.or +  
Xs.co, c a lc u la te d  u s in g  r „ ,  a n d  K '  p a ra m e te rs  d e d u c e d  
f r o m  th e  c o n c e n tr a t io n  d e p e n d e n c e  o f  th e  ex ce ss  en 
th a lp ie s  a n d  v o lu m e s  o f  m ix in g .

A  s im ila r  resu lt  h as  b e e n  o b ta in e d , fo r  v o lu m e  fr a c 
t io n s  u p  t o  % ,  fo r  th e  p o ly  (e th y le n e  o x id e )  +  C C 14 
s y s te m .11’ 12 T h e  a p p a re n t  d is a g re e m e n t  a t  h ig h er  c o n 
c e n tra t io n s  ca n  b e  a t t r ib u t e d  to  a d d it io n a l e n tr o p y  
fa c to r s , p e c u lia r  t o  s o m e  p o ly m e r ic  sy s te m s , fo r  w h ich  
n o  q u a n t ita t iv e  th e o r y  h as  y e t  b e e n  d e v e lo p e d .

A p p lic a t io n s  t o  a n u m b e r  o f  m ix tu re s  o f  c o m p o u n d s  
o f  lo w  m o le cu la r  w e ig h t h a v e  a lso  b e e n  m a d e . T h e  
resu lts  w ill b e  r e p o r te d  in  fu tu r e  p a p ers .

(11) M. L. Huggins, Polymer, in press.
(12) M . L. Huggins, Macromolecules, in press.
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It has been shown that the presence of NaAlCU in gaseous AlCl3-A l2Cl6 mixtures imparts electrical conductances 
of 10~u to 10~6 ohm-1 cm-1 in the range 500-900°. From the variation of conductance with temperature, 
total pressure, and concentration of NaAlCh, it is postulated that the mechanism of ionization is NaAlCh +  
AICI3 =  NaAlCl3+ +  AlCli- , with A H  ~  70 kcal. The results are not consistent with the positive ion being 
Na+, NaAl2Cl6+, Na2AICl4+, or Na2Cl+.

Introduction
G a ses, in  g en era l, are e le c tr ica l in su la tors , e x c e p t  a t 

v e r y  h ig h  te m p e ra tu re s  o r  a t fie ld  s tre n g th s  h igh  
e n o u g h  th a t  a  p la sm a  is fo rm e d . H o w e v e r , o n  th e  
b a s is  o f  c a lc u la t io n s 1 o f  th e  e n e r g y  o f  fo r m a t io n  o f  th e  
g a seou s  A1C14~ io n  it  ca n  b e  d e d u c e d  th a t  N a A lC h (g )  
s h o u ld  b e  io n iz e d  to  a  d e te c ta b le  e x t e n t  a t  te m p e ra tu re s  
o f  th e  o rd e r  o f  1 0 0 0 °K . T h e  o b je c t  o f  th is  w o r k  w a s  to  
v e r i fy  th e  p r e d ic t io n .

W o o d  a n d  D ’O r a z io 1 e s t im a te  AH  fo r

N a + (g )  +  A lC l4- ( g )  =  N a A lC l4(c )  (1 )

as — 138 ±  7 k ca l. S in ce  th e  e n th a lp y  o f  s u b lim a tio n  
o f  N a A lC l4 is a b o u t  3 8  k c a l ,2’ 3 AH  fo r

N a A lC l4(g ) =  N a + (g )  +  A lC l4~ (g )  (2 )

is  ~  + 1 0 0  k ca l. A S  m a y  b e  e s t im a te d  as + 3 0  ca l 
d e g -1 , so  th a t

AG  =  1 0 0 ,0 0 0  -  SOT  (3 )

A t  1 0 0 0 ° K , fo r  e x a m p le , A G  is + 7 0  k ca l, so  th a t  K v =  

1 0 ~ 15. I f  pNaAici, is 0 .1  a tm , th e  to t a l  p a rt ia l p ressu re  
o f  io n s  b e c o m e s  1 0 ~ 8 a tm  w h ich , as w ill b e  seen  la ter , 
w o u ld  g iv e  rise t o  a n  e le c tr ica l c o n d u c t iv i t y  o f  th e  o rd e r  
o f  10 ~ 8 o h m -1  c m - 1 . T h is , a lth o u g h  lo w , is m ea su r
a b le .

G a s e o u s  N a A lC l4 c a n n o t  b e  o b ta in e d  in  p u re  fo r m  
s in ce  it  ca n  e x is t  o n ly  in  th e  p re se n ce  o f  a n  ex cess  o f  
A IC I3 , 2 ' 3 th e  la tte r  it se lf  b e in g  p a r t ia lly  d im e r iz e d  to  
A b C le - T h e r e  is, th e re fo re , a s tr o n g  p o s s ib il ity  th a t  th e  
io n iz a t io n  p r o ce ss  w ill n o t  b e  as s im p le  as r e a c t io n  2 , 
b u t  th a t  th e  N a +  io n  w ill a tta ch  itse lf  t o  o n e  o f  th e  
o th e r  sp e c ie s  p re se n t a n d  th e r e b y  d isp la ce  th e  e q u il ib 
r iu m  to  th e  r ig h t , g iv in g  rise  t o  a c o n d u c t iv i t y  h ig h er  
th a n  in d ic a te d  a b o v e .

Experimental Section
A  p r e lim in a ry  e x p e r im e n t w ith  tw o  sm a ll, p a ra lle l 

p la te  e le c t r o d e s  s h o w e d  th a t  th ere  w as in d e e d  su ffic ien t

c o n d u c ta n c e  t o  m ea su re . T h e  p r o b le m  w a s  t o  g e t  
q u a n t it a t iv e  v a lu e s  w h en  g lass  ( in c lu d in g  V y c o r ) ,  
f r o m  w h ich  th e  a p p a ra tu s  h a d  to  b e  c o n s t r u c te d , h a d  a 
r e s is t iv ity  o f  th e  sa m e  o rd e r  as th e  ga s , a n d  w h e n  a lu 
m in u m  ch lo r id e  a n d  th e  e n tra in e d  N  a A lC L  w o u ld  c o n 
d en se  in  a n y  c o o l  r e g io n s  t o  w h ich  th e y  h a d  a cce ss , 
p o s s ib ly  le a d in g  to  cu rre n t lea k a g e .

T h e  a p p r o a c h  a d o p te d  w as to  u se  a c o n c e n t r ic  e le c 
t r o d e  a rra n g e m e n t ; in  th is  w a y  th e  g la ss  w a lls  o f  th e  
a p p a ra tu s  c o u ld  n o t  o ffe r  a d ir e c t  s h o r t  c ir c u it . T h e y  
d id , h o w e v e r , g iv e  rise t o  e x te n s iv e  e n d  c o r r e c t io n s  in  
a d d it io n  t o  th o s e  in e v ita b le  w h e n  th e  e le c t r o d e s  w ere  
n o t  o f  in fin ite  le n g th . (S ee  F ig u re  1 .) T h e  c e n tra l 
e le c t r o d e  c o u ld  b e  m o v e d  a x ia lly  u p w a rd , th e r e b y  
ch a n g in g  th e  le n g th  o f  th e  c e n tra l r e g io n  in  w h ic h  u n i
fo r m  cu rre n t  f lo w  w as o c c u r r in g  w ith o u t  c h a n g in g  a p 
p r e c ia b ly  th e  e n d  e ffe cts . S in ce  th e  c u r r e n t  f lo w in g  
th ro u g h  th e  s y s te m  is g iv e n  b y

i  =  27d V / [ p  In (r2/» 'i ) ]  +  e n d  c u rre n ts  (4 )

w h ere  l is th e  le n g th  o f  th e  ce n tra l u n ifo r m  re g io n , V  is 
th e  a p p lie d  v o lt a g e , p is th e  re s is t iv ity , a n d  r ,  a n d  r 2 
are  th e  ra d ii o f  th e  c e n tra l a n d  o u te r  e le c tro d e s , r e s p e c 
t iv e ly , p ca n  b e  d e d u c e d  f r o m  th e  s lo p e  o f  a  p lo t  o f  
c u r r e n t  vs. p o s it io n  o f  th e  ce n tra l e le c tro d e .

A  0 -1 8 0 -V  d c  p o w e r  s u p p ly  w as u sed , a n d  w ith  an  
X - Y  re c o r d e r  it  w a s  d e m o n s tr a te d  th a t  c u r r e n t -v o lt a g e  
c u rv e s  w ere  lin ea r  a n d  p a sse d  th ro u g h  th e  o r ig in . S u b 
s e q u e n t ly  a ll m e a su rem en ts  w ere  m a d e  a t a b o u t  180 V . 
T h e  p o s it io n  o f  th e  ce n tra l r o d  w a s  a lso  v a r ie d . D e 
s p ite  so m e  d r ift  in  re a d in g s  d u r in g  th e  co u rse  o f  th e  
e x p e r im e n t  it  w a s  d e m o n s tr a te d  th a t  o v e r  th e  ra n g e  
u se d  th e  cu rre n t w a s  lin e a r ly  d e p e n d e n t  o n  d isp la ce 
m e n t, im p ly in g  th a t  th e  e n d  e ffe c ts  w ere  b e in g  sa tis 
fa c to r i ly  e lim in a te d . T h e  c h ie f  p r o b le m  w a s  th a t  a

(1) R. H. W ood and L. A. D ’Orazio, Inorg. Chem., 5, 682 (1966).
(2) E. W. Dewing, J. Amer. Chem. Soc., 77, 2639 (1955).
(3) E. W. Dewing, unpublished work. Vapor pressure measure
ments were made by a gas-transference method.
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Figure 1. Apparatus for measuring electrical resistivity of 
gaseous aluminum chloride containing evaporated NaAlCh.

sm a ll s y s te m a tic  ch a n g e  in  c o n d it io n s  d u r in g  th e  cou rse  
o f  th e  e x p e r im e n t (e .g ., c o n d e n sa t io n  o f  N a A lC h )  
c o u ld  se r io u s ly  ch a n g e  th e  s lo p e  o f  th e  p lo t . M o r e  
ra p id  m e a su re m e n ts  w e re  o b ta in e d  b y  p la c in g  th e  r o d  
in  tw o  p o s it io n s  o n ly  ( “ u p ”  a n d  “ d o w n ,”  se p a ra te d  b y  
51 m m ) w ith  s to p s  so  th a t  th ese  p o s it io n s  c o u ld  be 
r e a d ily  fo u n d . T h e  cu rre n t w as r e co rd e d , a n d  th e  r o d  
h e ld  a t  e a ch  p o s it io n  in  tu rn  fo r  a b o u t  5 sec. A  series 
o f  v a lu e s  fo r  th e  ch a n g e  in  cu rre n t w as th u s  o b ta in e d , 
a n d  d r ift  in  th e  e n d  co r r e c t io n s  c o u ld  b e  e lim in a te d .

T h e  re g io n  o f  th e  a p p a ra tu s  w h ere  th e  e le c tr ica l 
le a d s  e n te re d  w a s  k e p t  free  o f  c o n d e n s e d  c h lo r id e  b y  
p u rg in g  w ith  argon .

I n  v ie w  o f  th e  im p o r ta n c e  o f  th e  N a A lC h  in  g iv in g  
rise t o  th e  io n iz a t io n  its  c o n c e n tr a t io n  in  th e  ga s  h a d  to  
b e  co n tr o lle d . T h is  w a s  d o n e  b y  b u b b lin g  a s tre a m  o f  
A1C13 th ro u g h  a N a C l -A lC h  m e lt  h e ld  a t a  k n o w n  te m 
p e ra tu re . F o r  th is  w o rk  th e  lim ita t io n  w as a c c e p te d  
th a t  th e  te m p e ra tu re  o f  th e  m e lt  s h o u ld  b e  th e  sa m e 
as th a t  a t w h ich  th e  r e s is t iv ity  w a s  m ea su red . A t  
first it  w as a ssu m e d  th a t  th e  sa tu ra te d  v a p o r  pressu re 
w o u ld  b e  e s ta b lish e d , b u t  it  b e c a m e  a p p a re n t th a t  th is  
w a s  n o t  th e  ca se , so  th a t  it  w as n e ce ssa ry  t o  c o l le c t  th e  
d is t ille d  A IC I3 a n d  a n a ly z e  it  fo r  N a .

T w o  fo rm s  o f  a p p a ra tu s , d iffe r in g  in  d e ta il, w ere  u sed . 
T h e  first is s h o w n  in  F ig u re  1. I t  w as m a d e  in  P y r e x  
o r  V y c o r ,  as a p p ro p r ia te  to  th e  te m p e ra tu re , a n d  w as 
o p e r a te d  a t a tm o s p h e r ic  pressu re . A r g o n  w as u se d  to  
p u rg e  o u t  th e  c o o l  re g io n  w h ere  th e  ce n tra l e le c tr ica l 
le a d  en tered , a n d  th is  a rg o n  le f t  b y  th e  co n d e n s e r  w ith  
o u t  d e s ce n d in g  to  th e  re g io n  w h ere  th e  m e a su re m e n t 
w as m a d e . T o  p u rg e  th e  a p p a ra tu s  in it ia lly  a rg o n  w as 
p a ssed  d o w n  th e  v e r t ic a l  tu b e  in to  th e  b u b b le r  b e fo r e  it 
w as filled . A f t e r  fillin g , th is  v e r t ic a l  tu b e  w a s  sea led

Figure 2. Electrical resistivity of gaseous aluminum trichloride 
(corrected to 1 atm).

off and AICI3 was passed through the apparatus by sub
liming it with a gas burner.

A  la te r  fo r m  o f  a p p a ra tu s , u se d  a t p ressu res  b e lo w  
a tm o sp h e r ic , w a s  s im ilar  e x c e p t  th a t  (a )  b o t h  lea d s  
a n d  th e  a rg o n  p u rg e  e n te re d  via  a  r u b b e r  s to p p e r  a t th e 
t o p  o f  th e  3 2 -m m  tu b e , a n d  (b )  a  tr a p  w as in te rp o se d  b e 
tw e e n  th e  b u b b le r  a n d  th e  A JC h  e n tr y  to  a v o id  th e  risk  
o f  b lo w in g  th e  m e lt  in to  th e  so lid  A1C13 w h ile  ch a n g in g  
th e  pressu re  in  th e  a p p a ra tu s . T h e  p ressu re  w a s  se t b y  
a tta c h in g  th e  e x it  o f  th e  c o n d e n se r  to  a w a te r  p u m p , 
a n d  it  w a s  m ea su red  w ith  a  m e r cu ry  m a n o m e te r  a n d  
b a ro m e te r .

Results
E a c h  e x p e r im e n t w as ru n  u n til th e  o b s e r v e d  resis

ta n ce  b e ca m e  s u b s ta n tia lly  co n s ta n t . T h e r e  w a s  a 
te n d e n c y , p a r t icu la r ly  w ith  a n e w  P y r e x  a p p a ra tu s , fo r  
th e  m ea su red  res is ta n ce  to  b e  lo w  fo r  th e  firs t  fe w  m in 
u te s ; th is  w as p r e su m a b ly  d u e  t o  s o m e  m a te r ia l ex 
tr a c te d  fr o m  th e  g lass b y  r e a c t io n  w ith  th e  a lu m in u m  
ch lo r id e .

T h e  r e s is t iv ity  o f  A1C13 itse lf  w ith o u t  a d d e d  N a A lC h  
w a s  c h e c k e d  a t 5 5 0 °  a n d  a t  7 1 1 ° . A t  th e  lo w e r  te m 
p e ra tu re  it w a s  u n m e a su ra b le , a n d  a t th e  h ig h e r  1 X  
1 0 11 o h m  c m  w a s  fo u n d . C o m p a r is o n  w ith  F ig u re  2 
sh o w s  th a t  th is  is h ig h er  b y  a fa c t o r  o f  2 0 0 0  th a n  w h en  
N a A lC h  w a s  a d d e d . I t  ca n n o t  b e  ru le d  o u t  th a t  tra ces  
w ere  n o t  s till p resen t, d e r iv e d  f r o m  th e  V y c o r ,  so  th a t  
th is  v a lu e  rep resen ts  a lo w e r  lim it  o f  th e  tru e  re s is t iv 
ity .

T a b le  I  g iv e s  th e  resu lts  o b ta in e d . T h e  re s is tiv itie s  
h a v e  b e e n  c o r r e c te d  to  1 a tm  on  th e  b a s is  th a t  th e y
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Table I : Electrical Resistivity of Gaseous Aluminum Chloride after Bubbling through NaCl-AlCh Melt

Tem p, P total. Resistivity, PI» PNaAlCU, PAlCls. PAI2CI«, Pions»
°C atm ohm cm ohm cm atm atm atm atm

559 0.988 5 .2 3  X  109 5 .2 9  X  109 0.0090« 0 .516 0.463 1 .0 6  X  1 0 - “
611 0 .9 88 7 .5 8  X  10« 7 .6 7  X  10s 0.0188« 0 .673 0.297 7 .3 0  X  1 0 - “
650 1.001 2 .6 6  X  10a 2 .6 6  X  10s 0 .0 307“ 0.769 0.201 2 .1 1  X  IO“ 9
596 1.001 1.11 x  109 1.11  X  109 0 .0 153“ 0 .637 0 .3 4 8 5 .0 5  X  1 0 - “
597 0.986 1 .3 7  X  109 1 .39  X  109 0.0155“ 0 .633 0 .3 38 4 .0 3  X  10- “
700 0.986 7 .1 2  X  107 7 .2 2  X  IO7 0.0545« 0.823 0 .1 08 7 .7 6  X  IO -9
748 0 .9 86 1 .3 9  X  107 1.41  X  107 0 .0 895“ 0 .838 0.0582 3 .9 7  X  10-»
744 0.991 2 .5 3  X  107 2 .5 6  X  107 0 .0 861“ 0 .843 0.0620 2 .1 9  X  IO“ 8
79£ 0.991 7 .7 0  X  10« 7 .7 7  X  10» 0 .1 4 5 “ 0 .8 16 0.0296 7 .2 1  X  IO“8

noTPGO 0 .991 2 .6 4  X  10s 2 .6 7  X  10» 0.215« 0.761 0.0154 2 .1 0  X  IO "7
553 0 .9 88 6 .9 5  X  109 7 .0 6  X  109 0 .0 082“ 0 .4 96 0.484 7 .9 3  X  IO“ 11
552 0 .4 26 7 .4 8  X  109 1 .7 5  X  10“ 0 .0 068“ 0.271 0 .1 48 3 .2 0  X  IO“ 11
55C 0.7 30 1 .03  X  10“ 1 .42  X  10“ 0.0075« 0 .396 0 .3 27 3 .9 4  X  1 0 - 11
55C 0.762 9 .7 1  X  10s 1 .2 7  X  10“ 0.0076« 0 .408 0 .3 47 4 .4 1  X  1 0 - "
55C 0.987 7 .0 6  X  109 7 .1 6  X  IO9 0.0079« 0 .4 86 0.493 7 .8 2  X  IO“ 11
55C 0.482 5 .5 1  X  109 1 .1 4  X  10“ 0.0068« 0 .294 0.181 4 .9 1  X  10-11
518 0.987 3 .1 2  X  10“ 3 .1 6  X  10“ 0.00048« 0 .382 0 .6 0 4 1 .7 7  X  IO-11
55C 0.993 1 .33  X  10“ 1 .3 4  X  10“ 0 .0056 0.489 0.499 4 .1 8  X  10-11
55C 0.457 5 .6 5  X  IO9 1 .2 4  X  10“ 0.0067« 0 .283 0 .1 67 4 .5 2  X  10“ 11
55C 0.193 6 .5 3  X  109 3 .3 8  X  10“ 0 .0045 0.145 0.0438 1 .6 6  X  IO-11
555 0.097 3 .6 3  X  10» 3 .7 3  X  10“ 0.0032 0.0813 0.0125 1 .5 0  X  IO“ 11
550 0.108 4 .2 3  X  IO9 3 .9 2  X  10“ 0.0031 0.0885 0.0164 1 .4 3  X  10 -11
551 0.983 2 .4 2  X  IO9 2 .4 6  X  IO9 0.0079 0 .4 88 0 .4 87 2 .2 8  X  1 0 - “

“ Estimated from eq 5 and Figure 3.

are p r o p o r t io n a l  t o  th e  to t a l  p re ssu re ; th e  c o r r e c te d  
v a lu e s  a re  d e s ig n a te d  pi a n d  th o se  m ea su red  a t  c lo se  t o  1 
a tm  are p lo t t e d  in  F ig u re  2.

T o w a r d s  th e  e n d  o f  th e  w o r k  so m e  m ea su rem en ts  
w ere  m a d e  o f  th e  a m o u n t  o f  N a A lC fi  e n te r in g  th e  gas 
s trea m . T h e  co n d e n se r  w a s  c u t  o f f  a fte r  a  ru n , w e ig h ed , 
w a sh e d  o u t , a n d  w e ig h e d  a g a in ; th e  w a sh in g s  w ere  
a n a ly z e d  fo r  so d iu m . T h e  e q u il ib r iu m  p a rt ia l pressu re  
o f  N a A lC h  o v e r  N a C l -A lC h  m e lts  w ith  a  to t a l  pressu re  
o f  1 a tm  w as k n o w n  fr o m  p r e v io u s  w o r k 3 t o  b e  g iv e n  b y

lo g  p 0NaAici. =  — 4 4 7 4 /T  +  3 .4 4 9  (5 )

F ig u re  3 sh ow s, o n  a n  e m p ir ica l basis, th e  d e g re e  o f  
s a tu ra tio n  a c h ie v e d  as a fu n c t io n  o f  to t a l  pressu re  a t 
5 5 0 ° . I n  c o m p ilin g  T a b le  I  it  has b e e n  a ssu m e d  th a t  
th e  sa m e  re la t io n  h o ld s  a t o th e r  te m p e ra tu re s .

T h e  d im e r iz a t io n  c o n s ta n t  fo r  A1C13 (p a ic i ,2/;P a i ,ci, =  
— 6 7 4 9 / T  — 2 .0 1 3  lo g  T  +  13 .74 7 ) w a s  b a s e d  o n  th e  
w o r k  o f  S m its  a n d  M e i je r in g .4

T w o  m e a su re m e n ts  w ere  m a d e  w ith  a  K C 1-A 1C 13 
m e lt in s te a d  o f  N a C l-A I C l3. F ig u re  2  sh o w s  th a t  
s im ila r  resu lts  w ere  o b ta in e d .

Discussion
B e fo r e  th e  c h e m is try  o f  th e  io n iz a t io n  ca n  b e  d is 

cu sse d  it  is n e ce ssa ry  t o  h a v e  v a lu e s  fo r  th e  p a rt ia l 
p ressu res  o f  th e  io n s  p resen t. T o  d e r iv e  th ese  fr o m  th e  
o b s e r v e d  c o n d u c ta n c e s  n e e d s  a  k n o w le d g e  o f  th e  io n ic  
m o b ilit ie s . A lth o u g h  th e  th e o r y  in v o lv e d  is c lea r , 
th ere  is in  p r a c t ic e  in su ffic ien t d a t a  to  m a k e  a n y  b u t  a 
r o u g h  es tim a te .

T h e  k e y  to  th e  p r o b le m  is th e  N e r n s t -E in s t e in  e q u a 
t io n  w h ich  re la tes  th e  e q u iv a le n t  c o n d u c ta n c e ,  A , o f  a 
ch a rg e d  p a r t ic le  t o  its  d iffu s io n  c o e ffic ie n t , D

F *D  

A “  R T
(6 )

w h e re  F  is  th e  fa r a d a y  a n d  I i  h ere  h as  th e  v a lu e  8 .3 1 4  
J  d e g -1  m o l - 1 . I f  th e  p a rt ia l p ressu re  o f  a ll io n s  ta k e n  
to g e th e r  is pions, th e n

R T  1
A = ----------

Pions P
(7)

w h e re  R  n o w  h as  th e  v a lu e  8 2 .0 6  c m 3 a t m -1  d e g -1  
m o l - 1 . H e n c e

_ R ( RT2\ P
~  F 2\ p d )  p

(8 )

w h e re  P  is th e  to t a l  p ressu re . T h e  q u a n t it y  p / P  h as  
a lr e a d y  b e e n  d e fin e d  as pi, th e  re s is t iv ity  c o r r e c te d  to  
1 a tm . H e n c e

P ions =  8 .9 3  X (9)

F r o m  th e  w o rk  o f  B r o k a w 6 a n d  S v e h la 6 th e  te r m  in

(4) A. Smits and J. C. Meijering, Z. Phys. Chem. Abt. B, 41, 98 
(1938).
(5) R . S. Brokaw, NASA Technical Report R-81, Washington, 
D. C., 1960.
(6) R. A. Svehla, NASA Technical Report R-132, Washington, D. C., 
1962.
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Figure 3. Degree of saturation of AICI3 gas stream with 
NaAlCfi as a function of total pressure.

b ra ck e ts  m a y  b e  e s t im a te d . F o r  se lf-  a n d  in te rd iffu s io n  
o f  th e  m o le cu le s  A lC h , A12C16, a n d  N a A lC h  th e  v a lu e s  
v a r y  lit t le  w ith  te m p e ra tu re  o v e r  th e  ra n g e  6 0 0 -  
1 6 0 0 °K , a n d  lie  in  th e  ra n g e  0 .4 7 -0 .8 3  X  109. S in ce  
th e  e x a c t  n a tu re  o f  th e  ion s  in v o lv e d  a n d  th e ir  fo r c e  
co n s ta n ts  is u n k n o w n , th e  b e s t  th a t  ca n  b e  d o n e  is t o  
ta k e

a n d  h e n ce

R T 2
—  =  0 .6 3  X  1 0 9 (10 )

Pious =  0 .5 6 /Pi (11 )

T h e  re su lt in g  v a lu e s  h a v e  b e e n  lis te d  in  T a b le  I.
O w in g  t o  s c a tte r  in  th e  e x p e r im e n ta l resu lts  a n d  th e  

u n c e r ta in ty  in  d e r iv in g  p a rt ia l p ressu res  fr o m  th e m  th e  
ta s k  o f  d e c id in g  th e  m e c h a n ism  o f  io n iz a t io n  is n o t  
q u ite  as s im p le  as it  m ig h t h a v e  b e e n . B a s ic a lly  th ere  
are tw o  c r ite r ia  w h ich  a  p r o p o s e d  m e c h a n ism  m u st 
sa tis fy , (a )  I t  m u st fit  th e  o b s e r v e d  p ressu re  d e 
p e n d e n ce  o f  th e  r e s is t iv ity  a t  c o n s ta n t  te m p e ra tu re  
w ith in  th e  e x p e r im e n ta l a c c u r a c y , ( b )  T h e  e n tr o p y  
d e r iv e d  fr o m  th e  te m p e ra tu re  d e p e n d e n ce  o f  th e  res is 
t iv it y  m u st b e  re a so n a b le . S in ce  it  h as  a lre a d y  b e e n  
d e m o n s tra te d  th a t  th e  p re se n ce  o f  N a A lC h  is n ecessa ry  
fo r  co n d u c ta n c e , a n d  in  v ie w  o f  th e  th e r m o d y n a m ic  
ca lc u la t io n  o f  th e  s ta b il it y  o f  th e  A lC h -  io n , it  m a y  b e  
a ssu m ed  th a t  th e  la tte r  is p resen t. T h e  r e a c t io n  co u ld  
th e re fo re  b e  s im p ly

N a A lC h  =  N a +  +  A l C l r  (12 )

w ith

s in ce  pNa+ 
b e

K p =  PNa+'PAlCli-/PMaAlCl,
(13)

Pions^/dpNaAlCL

P aici, -  =  P ions/2, o r , in  g en era l it  c o u ld

N a A lC h  +  X  =  N a X +  +  A l C l r  (14 )

w ith

K p  — PN aX + 'P A l C l , - /  (p N a A lC L 'P x )
(1 5 )

— P io n s V (4 p N a A lC l , 'P x )

F o r  r e a c t io n  12 A S  s h o u ld  b e  a ro u n d  + 3 0  ca l d e g -1 , 
w h ile  fo r  r e a c t io n  14 it  s h o u ld  b e  a p p r o x im a te ly  zero . 
X  c o u ld  p la u s ib ly  b e  A1C13: A12C16, o r  N a A lC h - 

F o r  ea ch  o f  th e  fo u r  p r o p o s e d  m e ch a n ism s  th e  e q u il ib 
r iu m  c o n s ta n t  w as c a lc u la te d  fo r  e a ch  e x p e r im e n t, a n d  
h e n ce  AG. T h e se  v a lu e s  w ere  th e n  f it te d  b y  lea s t- 
sq u a res  reg ress ion  a n a ly sis  t o  th e  e q u a t io n

A G  =  A H  -  T A S  +  a  l o g  P  (16 )

T h e  c r ite r io n  th a t  th e  o b s e r v e d  p ressu re  d e p e n d e n ce  o f  
r e s is t iv ity  b e  a c c o u n te d  fo r  s a t is fa c to r ily  is e q u iv a le n t  
t o  re q u ir in g  th a t  th e  co e ffic ie n t  a  b e  s ta t is t ic a lly  n o t  
s ig n ifica n t.

T a b le  I I  sh o w s  th e  resu lts  o f  th ese  ca lcu la tio n s . T h e  
s ig n ifica n ce  o f  a  is assessed  in  te rm s  o f  its  s ta t is t ica l 
F  v a lu e  a n d  th e  c o r r e s p o n d in g  p r o b a b i l i t y  o f  its  h a v in g  
arisen  b y  ch a n ce .

O f  th e  fo u r  re a ct io n s , 12 ca n  b e  r u le d  o u t  o n  th e  
g ro u n d s  o f  b o th  e n tr o p y  a n d  p ressu re  d e p e n d e n ce , a n d  
(1 4 ) w ith  X  =  A l2C h  o n  th e  g r o u n d  o f  e n tr o p y . O f  
th e  tw o  rem a in in g , X  =  A lC h  is fa v o r e d  o n  b o th  
g ro u n d s , a lth o u g h  th e  pressu re  d e p e n d e n c e  fo r  it  is 
h ig h e r  th a n  is d es ira b le .

W it h o u t  g o in g  in to  d e ta ils  (w h ich  re q u ire  m ore  
a u x ilia ry  d a ta  th a n  ca n  b e  p r e se n te d  h ere ) it  ca n  b e  
seen  q u a lita t iv e ly  th a t  X  =  N a C l is a lso  n o t  a d m iss ib le . 
P NaCi is g o v e r n e d  b y  th e  e q u ilib r iu m

N a A lC h  (g ) =  N a C l(g )  +  A lC l , (g )  (17 )

w h ich , s in ce  A H  ~  50  k c a l ,2 h as  a h ig h  te m p e ra tu re  d e 
p e n d e n ce . T h is  w o u ld  g iv e  a  c o r r e s p o n d in g ly  la rge  
v a lu e  o f  A S  fo r  th e  r e a c t io n  p r o d u c in g  N a 2C l+ .

I t  is th e re fo re  p o s tu la te d  th a t  th e  io n iz a t io n  re a c 
t io n  is

N a A lC h  (g )  +  A lC h (g )  =

N a A lC h + (g )  +  A l C h - ( g )  (18 )

w ith  A H  ~  70  k ca l. I f  th e  e s t im a te  fo r  A H  ~  100 
k ca l fo r  r e a c t io n  2 is  a c c e p te d , th is  m ea n s  th a t  A H  
f o r  N a + (g )  +  A lC h (g )  =  N a A lC h + (g ) is ~  - 3 0  k ca l. 
T h a t  th ese  m a g n itu d e s  are a t  le a s t p la u s ib le  ca n  b e  
seen  f r o m  a s im p le  e le c t r o s ta t ic  e n e r g y  c a lcu la tio n . 
W it h  a n  A l - C l  d is ta n ce  o f  2 .1 4  A  (as  in  A lC h )  a n d  an  
N a - C l  d is ta n ce  o f  2 .3 6  A  (as  in  N a C l)  th e  e n e r g y  o f  
a t ta c h m e n t  o f  an  N a + io n  t o  o n e  a p e x  o f  a n  A1C14~ 
io n  is 97 k c a l ;  th e  e n e rg y  o f  a tta c h m e n t  to  a n e u tra l 
A lC h  is 32 k ca l. (T h e  ca lc u la t io n  is b a s e d  o n  th e  
a s su m p tio n  th a t  re p u ls io n  a n d  p o la r iz a t io n  te rm s  ca n ce l 
o u t , an  a ssu m p tio n  M a r g r a v e 7 h as sh o w n  t o  b e  ju s t i 
fied  fo r  th e  a lk a li c h lo r id e s .)
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Table II: Expected and Observed Values of AS  and Pressure Dependence of A0  for Various Ionization Mechanisms

Reaction Expected
■AS, cal deg-1------------- ■>

Observed®
AH, kcal, 
observed®

r------------ Co eft
F statistic

icient a-----------
Probability

NaAlCh =  Na+ +  AlCh- +  30 7.6 ±  3.1 76.5 ±  2.8 33 « 0.001
NaAlCh +  AlCh =  NaAlCh + +  A1C1,- 0 4.6 ± 3 .1 72.9 ±  2.8 5.6 0.03
NaAlCh +  AkCk =  NaAl2Cb+ +  AlCh- 0 33.1 ±  3.3 96.5 ±  2.9 0.57 0.5
2NaAlCh =  Na2AlCl4+ +  AlCh~ 0 -9 .9  ± 4 .3 53.7 ±  3.9 11.6 0.002

° Error limits are statistical standard errors.

T h e  io n  N a A lC l3+ w o u ld  b e  a n a lo g o u s  t o  L iA lF 3 + 
r e p o r te d  in  m ass s p e c t r a ,8 a n d  a lso  t o  th e  n e u tra l 
K M g C R 9

T h is  w o r k  h as  b e e n  la rg e ly  e x p lo r a to r y  in  ch a ra cte r . 
I t  w o u ld  b e  p o s s ib le  t o  im p r o v e  e x p e r im e n ta l p re c is io n  
in  th e  fu tu re , b u t , f r o m  a th e r m o d y n a m ic  p o in t  o f  
v ie w , th e  m a jo r  so u rc e  o f  u n c e r ta in ty  lies  in  th e  d e r iv a 

t io n  o f  p a r t ia l p ressu res  fr o m  th e  m ea su red  re s is tiv itie s . 
A n  im p r o v e m e n t  in  th e  n u m e rica l fa c to r  in  e q  11 w o u ld  
b e  m o s t  d es ira b le .

(7) J. L. Margrave, J. Phys. Chem., 58, 258 (1954).
(8) R. F. Porter and E. E. Zeller, J. Chem. Phys., 33, 858 (1960).
(9) E. E. Schrier and H. M. Clark, «7. Phys. Chem., 67, 1259 (1963).
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The following heats of combustion (kilocalories per mole) have been measured via oxygen bomb calorimetry; 
adamantane (1) (c), —1441.95 ±  0.68; tricyclo[5.2.1.02'6]decane (II) (c), —1460.04 ±  0.60; 1,2,3,4-tetra- 
hydronaphthalene (III) (1), —1342.61 ±  0.51; 1,2,3,4,5,6,7,8-octahydroanthracene (IV) (c), —1902.99 ±  
0.69. Vapor pressure curves have been measured for the above compounds and for bicyclo [2.2.1 jheptane (V) 
and bicyclo[2.2.2]octane (VI) which when combined with literature values for the heats of combustion lead 
to the following gas phase heats for formation (kilocalories per mole); I, —30.65 ±  0.98 (—32.4 ±  0.6, selected 
value); II, -14 .38  ±  0.90; III, 5.29 ±  0.81; IV, -9 .01  ±  0.99; V, -12.42 ±  0.70; VI, -23 .75  ±  0.30. 
The heats of formation and strain energies have been calculated by energy minimization using transferable 
valence potentials and compared with experimental values with satisfactory results. The ideal gas phase 
thermodynamic functions have been calculated. In a number of cases comparison with experimental entropies 
is possible. Calculated geometries are also reported.

Introduction
T r a n s fe r a b le  b o n d  e n e rg y  o r  g ro u p  c o n tr ib u t io n  

sch e m e s  h a v e  p r o v e d  to  b e  h ig h ly  su cce ss fu l in  th e  p re 
d ic t io n  o f  th e  h e a ts  o f  fo r m a t io n  o f  m a n y  o rg a n ic  m o le 
cu les . T h e  c o n c e p t  o f  tra n s fe r a b le  p o te n t ia l fu n c t io n s  
fo r  b o n d  d e fo r m a t io n  (s tre tch in g , b e n d in g , a n d  
tw is t in g )  h as  b e e n  v e r y  u se fu l in  v ib r a t io n a l s p e c tro s 
c o p y .  T h e  sy n th e s is  o f  th ese  tw o  a p p ro a ch e s  in  th e  
s im u lta n e o u s  p r e d ic t io n  o f  m o le cu la r  g e o m e tr ie s  a n d

h ea ts  o f  fo r m a t io n  o f  s tra in e d  m o le cu le s  a p p ea rs  p r o m 
is in g .1-8 T h is  sy n th esis  h as  b e e n  m a d e  p o s s ib le  b y  th e

(1) K. B. Wiberg, J. Amer. Chem. Soc., 87, 1070 (1965).
(2) N. L. Allinger, M . A. Miller, F. A. Van Catledge, and J. A. 
Hirsch, ibid., 89, 4345 (1967).
(3) N. L. Allinger, J. A. Hirsch, M . A. Miller, I. Tyminski, and 
F. A. Van Catledge, ibid., 90, 1199 (1968).
(4) E. J. Jacob, H. Thompson, and L. S. Bartell, J. Chem. Phys., 
47, 3736 (1967).
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Table I : Vapor Pressure Results

log P(mm) =

Compound A

Norbornaue (e) —2097.5
Bicyclo[2.2.2]octane (c) —2416.4
Tricyclo[5.2.1.02’6]- -2273.7

decane (1)
Adaman tane (c) — 2746.8

(c)» -4054.4
Tetralin (1) -2797.9
Octhracene (1) —2383.9

° Combined data of ref 11 and this work.

(A / T ) +  B  +  C  log T

B C
Temp range, 

°K

8.479 0 .0 284r-327
8.628 0 .0 323-363
7.782 0 .0 358-417

8.617 0 .0 366-443
29.220 -6 .666 313-443
11.954 -1 .187 370-446
6.786 0 .0 437-498

a d v e n t  o f  la rge  fa s t  d ig ita l c o m p u te r s  a n d  th e  d e v e lo p 
m e n t o f  a lg o r ith m s  fo r  f in d in g  th e  g e o m e tr y  o f  m in 
im u m  d e fo r m a t io n  e n e rg y . I t  is a lso  p o ss ib le  t o  e x te n d  
su ch  ca lc u la t io n s  to  y ie ld  v ib r a t io n a l  fr e q u e n c ie s  o f  th e  
m o le cu le 8'6 so  th a t  f r o m  th ese  a n d  th e  c a lc u la te d  m o 
m en ts  o f  in e rtia , th e  ga s  p h a se  th e r m o d y n a m ic  fu n c 
t io n s  ca n  b e  c a lc u la te d .6'6 W it h  th ese  d e v e lo p m e n ts  it  
is im p o r ta n t  t o  b e  a b le  t o  te s t  p r o p o s e d  sets  o f  tr a n s 
fe ra b le  v a le n c e  fo r c e  (b o n d  d e fo r m a t io n )  p o te n t ia ls  b y  
c o m p a r is o n  o f  c a lc u la te d  a n d  e x p e r im e n ta l h e a ts  o f  
fo r m a t io n  (o r  s tra in  e n e rg ie s ), g e o m e tr ie s , a n d  th e r 
m o d y n a m ic  fu n c t io n s . I t  is th e  p u rp o s e  o f  th e  p re se n t 
w o r k  t o  p r o v id e  e x p e r im e n ta l ga s  p h a se  h ea ts  o f  fo r m a 
t io n  o f  se v e ra l im p o r t a n t  p o t e n t ia lly  s tra in e d  c y c l ic  h y 
d r o ca rb o n s . I t  is a lso  o u r  p u rp o s e  t o  c a lcu la te  th e  
h e a ts  o f  fo r m a t io n  (a n d  stra in  e n e rg ie s ), g e o m e tr ie s , 
a n d  gas p h a se  th e r m o d y n a m ic  fu n c t io n s  fo r  c o m p a r is o n  
w ith  e x p é r im e n ta l v a lu e s . T h e  c o m p o u n d s  s tu d ie d  are 
b ic y c lo  [2.2 . l ]h e p t a n e  (o r  n o r b o r n a n e ), b ic y c lo  [2 .2 .2 ] -  
o c ta n e , t r i c y c lo [5 .2 .1 .0 2'6]d e ca n e  (o r  t e t r a h y d r o d ic y c lo -  
p e n ta d ie n e ) , t r i c y c lo [3 .3 .1 .1 3'7]d e ca n e  (o r  a d a m a n - 
ta n e ), 1 ,2 ,3 ,4 -te tr a h y d r o n a p h th a le n e  (o r  te tra lin ), a n d  
1 ,2 ,3 ,4 ,5 ,6 ,7 ,8 -o c ta h y d r o a n th r a e e n e  (o r  o c th r a c e n e ).

Experimental Section

C om p ou n d s S tud ied . N o r b o r n a n e  a n d  a d a m a n ta n e  
w ere  p u rch a se d  f r o m  th e  A ld r ic h  C h e m ic a l C o . a n d  
w ere  p u r ifie d  b y  th re e  s u b lim a tio n s  th ro u g h  a  te m p e ra 
tu re  g ra d ie n t w ith  th e  c e n te r  p o r t io n  re ta in e d . T e t r a -  
h y d r o d ic y c lo p e n t a d ie n e  (A ld r ic h  C h e m ic a l C o .)  a n d  
o c th ra ce n e  (A ld r ic h  C h e m ic a l C o .)  w ere  p u r if ie d  b y  
m u lt ip le -p a ss  z o n e -r e fin in g  a n d  th e n  s u b lim e d  
th ro u g h  a  te m p e ra tu re  g ra d ie n t . H e a t  o f  fu s io n  
cu rv e s  o f  th e  la tte r  t w o  c o m p o u n d s  ta k e n  w ith  a 
P e r k in -E lm e r  D S C 1 B  d iffe re n t ia l s ca n n in g  ca lo r im e te r  
in d ic a te d  a p u r it y  in  ex cess  o f  9 9 .9  m o l % .  T e tr a lin  
w a s  p u r if ie d  b y  fr a c t io n a l d is t il la t io n  a n d  g a s - l iq u id  
p a r t it io n  c h r o m a to g r a p h ic  a n a ly sis  s h o w e d  o n ly  a 
s in g le  p e a k . B ic y c lo  [2 .2 .2  ]o c ta n e  w as s y n th e s iz e d  b y  
c a ta ly t ic  h y d r o g e n a t io n  (r e d u c e d  A d a m s  P t O  c a ta ly s t , 
1 a tm ) o f  th e  p a re n t d ie n e  (C it y  C h e m ic a l C o ) .  I t  w as 
p u r if ie d  b y  se v e ra l te m p e ra tu re  g ra d ie n t su b lim a tio n s .

V a p o r  P ressu re  M ea su rem en ts . T h e  v a p o r  pressu re  
o f  te tra lin  w as d e te rm in e d  b y  a  s e m im icro  e b u ll io m e te r  
m e t h o d .9 I t  w a s  fit  b y  le a s t  sq u a re s  t o  th e  e q u a t io n

lo g  P  (m m ) =  (A / T )  +  B  +  C  lo g  T  (1 )

T h e  h e a t  o f  v a p o r iz a t io n  w a s  c a lc u la te d  a ssu m in g  n o  
v a p o r  im p e r fe c t io n  a n d  n e g lig ib le  l iq u id  v o lu m e  as

A P vap =  f t ( - 2 . 302 59 /1  +  C T )  (2 )

T h e  v a p o r  pressu res  o f  n o rb o rn a n e , b ic y c lo  [2 .2 .2 ]-  
o c ta n e , t e t r a h y d r o d ic y c lo p e n ta d ie n e , a n d  a d a m a n ta n e  
w ere  m ea su red  in  a g lass B o u r d o n  g a u g e  th a t  w a s  n u lle d  
a g a in st a  m e r cu ry  m a n o m e te r . T h e  te m p e ra tu re  
ra n g es  a n d  a c c u r a c y  w e re  m o re  l im ite d  th a n  w ith  th e  
e b u ll io m e te r  m e th o d , a n d  th e re fo re  th e  v a p o r  p ressu res  
o f  th ese  c o m p o u n d s  w ere  fit  b y  le a s t  sq u a res  t o  e q  2 
w ith  C  — 0 .0  a n d  th e  h e a ts  o f  v a p o r iz a t io n  c a lcu la te d  
b y  e q  3 w ith  C  =  0 .0 . T h e  v a p o r  p ressu re  resu lts  are 
su m m a riz e d  in  T a b le  I . T h e  v a p o r  p ressu re  o f  a d 
a m a n ta n e  has b e e n  m ea su red  p r e v io u s ly 10 a t te m p e ra 
tu res  lo w e r  th a n  u se d  h ere. T a b le  I I  a lso  lists  th e  
th re e  c o n s ta n t  e q u a t io n s  fo r  th e  c o m b in e d  d a ta  in  
w h ich  w e  im p r o v e d  th e  fit  b y  w e ig h t in g  o u r  t w o  lo w e s t  
p o in ts  less th a n  th e  o th ers .

H ea ts  o f  F u s io n  and H ea t C a p a cities . O c th ra ce n e  
a n d  te t r a h y d r o d ic y c lo p e n t a d ie n e  are  liq u id s  in  th e  
te m p e ra tu re  ra n g e  o f  th e  v a p o r  p ressu re  m ea su rem en ts , 
b u t  so lid s  a t th e  te m p e ra tu re  o f  th e  h e a t  o f  c o m b u s t io n  
m e a su re m e n t. H e a ts  o f  fu s io n  w e re  m e a su re d  w ith  th e  
d iffe re n t ia l s ca n n in g  c a lo r im e te r . H e a t  ca p a c it ie s  o f

(5) R. H. Boyd, “ Division of Physical Chemistry Abstracts,”  152nd 
National Meeting of the American Chemical Society, New York, 
N. Y „  Sept 11-16, 1966.
(6) R. H. Boyd, J. Chem. Phys., 49, 2574 (1968).
(7) C. F. Shieh, D. McNally, and R. H. Boyd, Tetrahedron, 25, 3653 
(1969).
(8) S. Chang, D. McNally, S. Shary-Tehrany, M . J. Hickey, and 
R. H. Boyd, J. Amer. Chem. Soc., 92, 3109 (1970).
(9) A. Weissberger, “ Technique of Organic Chemistry, Vol. I. 
Physical Methods, Part I,”  Interscience Publishers, New York, N. Y., 
1959, p 439.
(10) W. K. Bratton, I. Szilard, and C. A. Cupas, J. Org. Chem., 32, 
2019 (1967).

The Journal of Physical Chemistry, Vol. 75, No. 9, 1971



1266 R. Boyd, S. Sanwal, S. Shary-T ehrany, and D. M cNally

Table II: Heats of Fusion and Heat Capacities

Cp,
T, ca l/ A-fffueion,

Compound °K (m ol °K ) kcal/m ol

Tricyclo[5.2.1.02'6]-
decane

(c) 329 57.7
(0 ) 342 59.8
(1) 372 66.9
(1) 390

352
69.6

0.705 ±  0.01
Oethracene

(c) 327 78.3
(c) 336 81.9
(1) 372 89.8
(1) 390

346
94.5

4.28 ±  0.05

th ese  tw o  c o m p o u n d s  w ere  a lso  d e te r m in e d  fo r  c o r r e c 
t io n  o f  th e  h e a t o f  v a p o r iz a t io n  to  r o o m  te m p e ra tu re . 
T h e  resu lts  a re  su m m a riz e d  in  T a b le  I I .

H ea t o f  C om bu stion  C a lorim etry . T h e  ca lo r im e te r  
p r e v io u s ly  d e s c r ib e d 11' 12 w as u se d  w ith  th e  fo llo w in g  
m o d if ica t io n . T h e  M u e lle r  b r id g e  w as r e p la c e d  b y  a 
L e e d s  a n d  N o r th r u p  7 5 5 6  p o t e n t io m e te r  in  th e  c o n 
fig u ra t io n  o f  F ig u re  1 as su g g e s te d  b y  D a n e m a n .13 
T h e  1 0 -V  p o w e r  s u p p ly  w as c o n s tr u c te d  a t th e  U n i
v e r s ity  o f  U ta h  a n d  is b a se d  o n  a  G e n e r a l E le c t r ic  
R A 3 A  re fe re n ce  a m p lifier . I t  is s ta b le  t o  th e  lo a d  
ch a n g e s  o f  th e  e x p e r im e n t, lin e  v o lta g e  v a r ia t io n s , a n d  
te m p e ra tu re  d r ift  o v e r  a  p e r io d  o f  1 m in  to  b e t te r  th a n  
1 p p m . T h e  d iv id e r  o n  th e  1 0 -V  s u p p ly  c o n n e c t e d  to  
th e  “ s ta n d a rd  ce ll c h e c k ”  p o s it io n  o n  th e  p o t e n t io m 
e te r  p r o v id e s  a  c o n v e n ie n t  c h e c k  o f  th e  r a t io  o f  th e  
v o lta g e s  o f  th e  tw o  p o w e r  su p p lie s  w ith o u t  re se tt in g  th e  
p o te n t io m e te r . T h e  “ s ta n d a rd  ce ll a d ju s t ”  rh e o s ta t  is 
u se d  t o  a d ju s t  th e  r a t io  t o  c o n s t a n c y  e a ch  m in u te  
d u r in g  a ru n . T h e  R\ re s is to r  is m a g a n in  w ire  a n d  is 
im m e rse d  in  o il a n d  m o u n te d  in  th e  th e r m o s ta te d  b a th  
o f  th e  ca lo r im e te r . T h e  res is ta n ce  o f  th e  th e rm o m e te r

25  il)  is c a lcu la te d  as

R x =  F , E i / ( U scc(E 3 +  R 2)/ R 3 -  V x) (3 )

A  r e s o lu t io n  o f  0 .0 5  y V  =  1 0 ~ 5 ii =  1 0 ~ 4°  is o b ta in e d . 
O u r  e x p e r ie n ce  h as  b e e n  th a t  th is  a rra n g e m e n t is an  
a c c e p ta b le  a lte r n a tiv e  to  th e  G -2  M u e lle r  b r id g e  b u t  
d o e s  n o t  o ffe r  a n y  s ig n ifica n t a d v a n ta g e  o v e r  it  in  o u r  
a p p lica t io n . O f  th e  c o m p o u n d s  lis te d  in  th e  I n tr o 
d u c t io n , n o rb o rn a n e  a n d  b ic y c lo  [2 .2 .2 jo c ta n e  w ere  n o t  
b u r n e d  s in ce  re lia b le  v a lu es  o f  th e ir  h ea ts  o f  c o m b u s t io n  
h a v e  b e e n  p u b lis h e d .14' 15 T e tr a lin  (a  l iq u id )  a n d  a ll o f  
th e  so lid s  w ere  e n c lo se d  in  M y la r  b a g s  to  a v o id  w e ig h t 
lo ss  d u e  t o  v o la t il iz a t io n . T h e  c o m p le te  h e a t  o f  c o m 
b u s t io n  resu lts  fo r  a d a m a n ta n e , a n d  ty p ic a l  resu lts  fo r  
th e  o th e rs  are s h o w n  in  T a b le  I I I .

S u m m a ry  o f  R esu lts . T h e  h ea ts  o f  c o m b u s t io n  a n d  
d e r iv e d  h e a ts  o f  fo r m a t io n  are lis te d  in  T a b le  I V  a lo n g

Figure 1. Potentiometer circuit for resistance thermometry.
R i  = 1999.1 ohms, R i  = 1012.6 ohms, R 3 = 118.4 ohms, R x = 
~ 2 5  ohms, SC = standard cell connection on potentiometer.

w ith  th e  h ea ts  o f  v a p o r iz a t io n  d e r iv e d  f r o m  e q  2 a t  th e  
te m p e ra tu re  o r  te m p e ra tu re  in te rv a l in d ic a te d . T h e  
h e a ts  o f  v a p o r iz a t io n  w ere  c o r r e c te d  to  r o o m  te m p e r a 
tu re  f r o m  th e  in d ic a te d  te m p e ra tu re  o r  te m p e r a tu r e  
in te r v a l m id p o in t  u s in g  th e  c a lc u la te d  v a p o r  e n th a lp ie s  
o f  th e  n e x t  s e c t io n  a lo n g  w ith  th e  c o n d e n s e d  p h a se  h e a t  
ca p a c it ie s  a n d  h ea ts  o f  fu s io n  o f  T a b le  I I ,  o r  th e  lite ra 
tu re  e n th a lp ie s  fo r  n o r b o r n a n e ,16 b ic y c lo  [2 .2 .2  jo c t a n e ,17 
a d a m a n ta n e ,18 a n d  te t r a lin .19 V a lu e s  o f  th e  h e a t  o f  
c o m b u s t io n  ( — 1439 .89  ±  0 .1 7  k c a l /m o l )  a n d  h e a t  o f  
v a p o r iz a t io n  ( — 14 .18  ±  0 .0 4  k c a l /m o l )  o f  a d a m a n ta n e  
h a v e  r e c e n t ly  b e e n  p u b lis h e d  b y  M a n ss o n , et a l .20 T h e  
m e a n  o f  th e ir  resu lt  a n d  ou rs  fo r  th e  h e a t  o f  c o m b u s t io n  
is s lig h t ly  o u ts id e  th e  u n c e r ta in ty  in te rv a ls  o f  th e  tw o  
e x p e r im e n ts , b u t  th e  a g re e m e n t is r e a s o n a b ly  sa tis 
fa c to r y . T h e  h eats  o f  v a p o r iz a t io n  a re  in  g o o d  a g re e 
m e n t. W e  h a v e  s e le c te d  a v a lu e  o f  — 3 2 .4  ±  0 .6  k c a l /  
m o l fo r  th e  ga s  p h a se  h e a t  o f  fo r m a t io n  b y  w e ig h t in g  a c 
c o r d in g  to  th e  u n c e r ta in ty  in terv a ls .

Discussion
O u r p r im a r y  in te re s t  is in  c o m p a r in g  th e  m e a su re d  

p r o p e r t ie s  w ith  th o se  c a lc u la te d  u sin g  th e  m e th o d s  a n d  
p a ra m e te rs  p r e se n te d  p r e v io u s ly  b y  u s .6-8 W e  h a v e  
m a d e  s o m e  a d ju s tm e n ts  in  th e  b e n d in g  co n s ta n ts  a sso 
c ia te d  w ith  h y d r o g e n  a n d  c a r b o n  p e n d a n t  to  a n  a ro -

(11) R. H. Boyd, R. L. Christensen, and R. Pua, J. Amer. Chem. 
Soc., 87, 3554 (1965).
(12) R. H. Boyd, K. R. Guha, and R. Wuthrich, J. Phys. Chem., 71, 
2187 (1967).
(13) H. L. Daneman, Leeds and Northrup Co., private communica
tion.
(14) A. F. Bedford, A. E. Beezer, C. T. Mortimer, and H. D. Spring- 
all, J. Chem. Soc., 3823 (1963).
(15) E. F. Westrum, Jr., and S. W. Wong, Thermodynamik Sym
posium, IUPAC, Heidelberg, Germany, 1967.
(16) E. F. Westrum, Jr., and W . K. Wong, private communication.
(17) W. K. Wong and E. F. Westrum, Jr., J. Phys. Chem., 74, 1303 
(1970).
(18) E. F. Westrum, Jr., J. Phys. Chem. Solids, 18, 83 (1961).
(19) J. P. McCullough, H. L. Finke, J. F. Messerly, S. S. Todd, 
T. C. Kincheloe, and G. Waddington, J. Phys. Chem., 61, 1105 
(1957).
(20) M. M&nsson, N. Rapport, and E. F. Westrum, Jr., J. Amer. 
Chem. Soc., 92, 7296 (1970).
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Table III: Combustion Data,“ 25°

M,
(air vs. 

stainless
steel) M¡ M m A R Q t Qm Qi Qstd -  AE°0

Adamantane : d = 1.07 g cm~3 6 (6 combustions), a =  3.8
0.162584 0.002264 0.035250 0.211273 9.5 193.5 0.58 0.75 10,565.8
0.151024 0.002297 0.025873 0.192330 9.6 142.0 0.62 0.69 10,573.6
0.157454 0.002296 0.025259 0.199405 9.6 138.6 0.62 0.73 10,571.5
0.146413 0.002145 0.026354 0.187181 8.9 144.6 0.62 0.68 10,572.3
0.152042 0.002271 0.028688 0.195101 9.5 157.5 0.62 0.71 10,567.1
0.164324 0.002154 0.017858 0.202707 9.0 98.0 0.62 0.76

Av
10.562.9
10.568.9

Tricyclo[5.2.1.02i6]decane: d =  0.95 cm-3 c (6 combustions), a =  3.0
0.142521 0.002446 0.029010 0.186431 10.2 159.3 0.52 0.65

Av
10.701.5
10.700.6

Tetralin: d =  0.97 g cm-3 d (6 combustions), <r =  2.4
0.177666 0.002082 0.036899 0.221425 8.7 202.5 0.62 0.82 10,139.9

Av 10,141.4

Octhracene: d =  1.10 g cm" 3 4 (6 combustions), <r =  2.0
0.141371 0.002254 0.027133 0.176035 9.4 148.9 0.62 0.74

Av
10,199.1
10,200.8

“ a = standard deviation; M ,  =  weight of sample (g in air vs. stainless steel); M t = weight of fuse (g in air vs. stainless steel); 
M m = weight of “Mylar” (g in air vs. stainless steel); AR =  corrected temperature rise (ohms); Qi = energy of combustion of cotton 
fuse (calories); Qm =  energy of Mylar combustion (calories); Qi = electrical energy of ignition (calories); Qst<i = correction to standard 
states (Washburn); —AE 0° = energy of combustion (standard state); (eAR — Qi — Qm — Qi — Qm )/ M s (cal g“1 in air vs. stainless 
steel) where e, the energy equivalent of the calorimeter, was 9103.9 ±  2.7 cal/ohm. b W .  Nowack:, Helv. Chim. A cta, 28, 78 (1945). 
c Measured on sample pellet. 4 R. C. Weast, Ed., “Handbook of Chemistry and Physics,” 50th ed Chemical Rubber Co., Cleveland, 
Ohio, 1969.

Table IV : Summary of Thermochemical Data,“ 25° (kcal/mol)
AH„° AT/vap A H {°

Norbornane
(c) -1046.24 ±  0.526 9.59 ±  0.20 (284-326°K) -22.01 ±  0.52
(g) -1055.83 ±  0.70 -12 .42  ±  0.70

Bicyclo [2.2.2] octane
(c) -1195.49 ±  0.10« 11.40 ±  0.20 (298°K) -35 .15  ±  0.10

(g) -1206.89 ±  0.30
11.06 ±  0.20 (323-363°K)

-23 .75  ±  0.30
Adamantane

(c) -1441.95 ±  0.68 14.45 ±  0.3 (298°K) -45 .10  ±  0.68

(g) -1456.40 ±  0.98
14.23 ±  0.2 (325°K)

-30 .65  ±  0.98
Tricy clo [5.2.1.02'6]- 

decane
(c) -1460.04 ±  0.60 12.65 ±  0.3 (298°K) -27 .03  ±  0.60
(1)
(g) -1472.69 ±  0.90

10.40 ±  0.2 (359-443°K)
-14 .38  db 0.90

Tetralin
(1) -1342.61 ±  0.51 13.20 ±  0.3 (298°K) -7 .9 1  ±  0.51

(g) -1355.81 ±  0.81
11.92 ±  0.2 (380°K)

5.29 ±  0.81
Octhracene

(c) -1902.99 ±  0.69 19.66 ±  0.3 (298°K) -28 .67  ±  0.69
(1)
(g) -1922.65 ±  0.99

10.91 ±  0.2 (438-499°K)
-9 .0 1  ±  0.99

<* The uncertainty intervals for the condensed phases are the combined uncertainty intervals (for 95% confidence of the deviation 
of the sample mean from the population mean) for the sample and benzoic acid combustions. The uncertainty interval for the heats 
of vaporization are estimates. b From ref 14. e From ref 15.
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m a t ic  r in g  to  b r in g  th e  c a lc u la te d  v ib r a t io n a l  fr e q u e n 
c ie s  in to  b e t t e r  a g re e m e n t w ith  th e  a ss ig n m en ts  o f  
P itz e r  a n d  S c o t t 21 fo r  b e n z e n e  a n d  to lu e n e . T h e  p a ra m 
e ters  n o t  in c lu d e d  in  re f 8 are su m m a riz e d  in  T a b le  Y . 
E q u a t io n  9 o f  re f 8 exp resses  th e  c a lc u la te d  o r  p r e d ic te d  
h e a t  o f  fo r m a t io n  o f  a  h y d r o c a r b o n , C aH b, in  te rm s  o f  
in tr in s ic  g ro u p  c o n tr ib u t io n s  to  th e  a to m iz a t io n  en e rg y , 
E i* ,  th e  d e fo r m a t io n a l e n e rg y  (b o n d  s tre tch in g , 
b e n d in g , a n d  tw is t in g ) a n d  n o n b o n d e d  en erg ies  ( D E  +  
N R ) ,  e n th a lp y , H M8° — H 0° a n d  z e r o -p o in t  e n e rg y , 
Z P E ,  as

A / / f °  (c a lc d , 2 9 8 ) =  — X ! ¿ i * ( g r o u p )  +

(D E  +  N R )  calcd +  (#298° — H o ° )  +  Z P E  +

1 7 0 .890a  +  52 .0905  -  */*(a  +  b )R T m

T h is  e q u a t io n  ca n  a lso  b e  e x p ressed  s o m e w h a t  less 
e s o te r ic a lly  as

A H t°  (ca lcd , 2 9 8 ) =

I ] A # t° (g ro u p , 2 9 8 ) +  (D E  +  N B ) C&led -  

Y . & E  +  N B ) SI0UP +  (H m ° -  H 0° )  -  

Z ( H 298° -  H q° ) group +  Z P E  -  T .Z P E ( g r o u p )  (4 )

T h e  te r m  (D E  +  N B ) ca!od — 2  (D E  +  N B ) gT0up re p re 
sen ts  th e  ex cess  e n e rg y  o r  s tra in  e n e rg y  d u e  to  th e  d e 
fo r m a t io n  o f  b o n d s  o r  to  n o n b o n d e d  in te ra c t io n s  o v e r  
th a t  in  th e  re fe re n ce  c o m p o u n d s  u se d  to  w o rk  o u t  th e  
g ro u p s . T h e  term s in v o lv in g  e n th a lp ie s  (th e rm a l en 
erg ies ) a n d  z e r o -p o in t  e n e r g y  ta k e  in to  a c c o u n t  a n y  
fa ilu re  o f  g ro u p  c o n tr ib u t io n s  to  a c c o u n t  fo r  th ese  in  th e  
c o m p o u n d  in  q u e s t io n . T h e  o v e ra ll  s tra in  e n e r g y  m a y  
b e  d e fin e d  as th e  excess  e n e r g y  fr o m  a ll th ree  o f  th e 
a b o v e  e ffe c ts  o r  as

¿ ¡¿ /(c a lc d , 2 9 8 ) =

A H i°  (ca lcd , 2 9 8 ) — f 0 (298 , g r o u p )  (5 )

E x p e r im e n ta l s tra in  en erg ies  m a y  b e  d e fin e d  b y  u sin g  
e q  5 w ith  A / / ) “ (c a lc d , 2 9 8 ) r e p la c e d  b y  A /7 f ° (e x p t l ,  
2 9 8 ). H e a ts  o f  fo r m a t io n  a n d  stra in  e n erg ies  w ere  ca l
c u la te d  fr o m  e q  4  a n d  5 u s in g  (D E  +  Y 'R ) caicd, (H t ° -  
Ho°)ca:cd, a n d  Z P E  (c a lc d )  v a lu es  f r o m  e n e r g y  m in 
im iz a t io n  ca lc u la t io n s 6 ca rr ie d  o u t  in  th e  p r e se n t s tu d y . 
F o r  th e  a lk a n es , th e  p a ra m e te rs  a n d  g ro u p  c o n tr ib u 
t io n s  o f  r e f  8  w ere  u sed . O u r  p r e v io u s  w o r k 6’7 o n  
a r o m a t ic  sy s te m s  in c lu d e d  n o n b o n d e d  in te ra c t io n s  o n ly  
w h ere  s te r ica lly  im p o r ta n t , w h ereas  in  th is  w o rk , th e y  
h a v e  b e e n  in c lu d e d  b e tw e e n  a ll a to m s  n o t  in te ra c t in g  
th ro u g h  a  b o n d  a n g le  (e x c e p t  th e  C  • • • C  in te ra c t io n  
w ith in  a n  a r o m a t ic  r in g ) . C o n s e q u e n t ly  th e  g ro u p  
c o n tr ib u t io n s  h a v e  to  b e  m o d ifie d  s lig h tly . T a b le  V I  
su m m a riz es  th ese  n e w  g ro u p  c o n tr ib u t io n s . T h e y  
w ere  a rr iv e d  a t  fr o m  ca lcu la t io n s  a n d  d a ta  o n  b e n z e n e  
a n d  tc lu e n e  a n d  th e  - C H 3 c o n tr ib u t io n s  o f  re f 8 b y  as
s u m in g  th a t  th e  r e a c t io n s

ch3

2 ( Q )  —  ( 0 ]  +  CH3̂ ^ C H 3

ch3 ch3

in v o lv e  n o  o v e ra ll  ch a n g e  in  e n th a lp y  fu n c t io n , z e r o -  
p o in t  e n e rg y , a n d  D E  +  N B  a n d  th a t  th e  e n th a lp y  o f  
r e a c t io n  is ze ro . T h is  le a d s  to  g ro u p  v a lu e s  fo r  p r e 
d ic t in g  th e  h ea ts  o f  fo r m a t io n , en th a lp ie s , e tc .,  o f  u n -

Table V : Aromatic Ring Parameters for
Conformational Calculations“

Bond Stretching

kr,
mdyn/Â

Ro,
a

C—H (pendant to aromatic) 5 .0 5 1 .0 9
C—C (aromatic) 7 .6 5 1 .3 9
C—C (pendant to aromatic) 4 .4 0 1 .5 0

Bond Bending

ke. lo-ii do,
erg/rad deg

C—c —c (aromatic) 1 .0 0 120

j)o r  N (pendant to aromatic) 0 .7 0 120

Je“c
(pendant to aromatic) 0 .5 0 120

Out-of-Plane Bending

ks, 10-11 5°,
erg/rad deg

)+c (pendant to aromatic) 0 .8 0 0

C. L

A "
(pendant to aromatic) 0 .2 9 0

U  =  Uo/2[b +  cos 30]

out-of-plane Uo = - 0 . 0 8 0

J aromatic ring twisting (10- 11 erg/
C f c 
$ molecule)

b =  - - 1 . 0

C * \
C-C twisting Uo = 0 .0 01
(pendant to aromatic) (10 - 11 erg/

molecule)
6 = 1 0

“ For other parameters, see ref 8. Nonbonded interactions 
(ref 8) were used between all atoms not sharing a bond angle 
interaction except in an aromatic ring, where the C- • C non
bonded interaction was deleted.

(21) K. S. Pitzer and D. W. Scott, J. Amer. Chem. Soc., 65, 803 
(1943).
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a d a m a n t a n e

Figure 2. Calculated structures of cyclic hydrocarbons. Angles with larger size lettering are torsional 
angles based on eclipsed positions as zero. Smaller lettering angles are bond angles.

stra ined  s u b s t itu te d  a ro m a tics . T h u s , fo r  e x a m p le , th e  
2 A / f f ° ( g r o u p )  v a lu e s  a re  in  g o o d  a g re e m e n t w ith  th e  
ex p e r im e n ta l A / / f°  fo r  p -x y le n e  b u t  s lig h t ly  lo w e r  th a n  
e x p e r im e n ta l fo r  o -x y le n e  a n d  1 ,2 ,4 ,5 -te tr a m e th y l-  
b e n z e n e  b e ca u se  o f  th e  s lig h t  s tra in  a sso c ia te d  w ith  th e 
c r o w d in g  o f  th e  m e th y l g ro u p s . E n e r g y  m in im iz a tio n  
ca lcu la tio n s , in  p r in c ip le , w o u ld  le a d  to  th e  a p p ro p r ia te  
c o r r e c t io n  te rm s  fo r  2 A / / f ° (g r o u p )  (see  e q  4 )  to  b r in g  it  
in to  a g re e m e n t w ith  e x p e r im e n ts  in  c r o w d e d  a ro m a tics . 
T h e  s tra in  e ffe c ts  are sm a ll e n o u g h  h o w e v e r  th a t  th e 
c o m b in e d  u n ce r ta in t ie s  o f  th e  c a lc u la t io n  c o u ld  m a sk  
th e  im p r o v e m e n t .

T a b le  V I I  lists  th e  e x p e r im e n ta l a n d  c a lc u la te d  h eats  
o f  fo r m a t io n  a n d  stra in  en erg ies . T h e  a g re e m e n t b e 

Table VI : Group Contributions in Aromatic Compounds“ to 
the Heat of Formation, the Intrinsic Bond Energies in the 
Hypothetical Motionless State (E i* ), Deformation and 
Nonbonded Energies (D E  +  N B ), Enthalpies (H ue0 —
H 0°) and Zero-Point Energies (Z P E ) (kcal/mol.)

(group, 298)
E l *

(group)
( D E  + 

N B )  group
( H n „ °  -  
Ho°)group

Z P E

(group)

22.07 1307.17 -0,56 2.91 57.40

W 24.32 1247.89 -1.07 2.33 52.06

O 28.82 1129.31 -2.09 1.17 41.38

“ See ref 8 for aliphatic groups used.

tw e e n  e x p e r im e n ta l a n d  c a lc u la te d  v a lu es  is g r a t ify in g  
a n d  len d s  fu rth e r  s u p p o r t  to  th e  g e n e ra l a p p ro a ch  o f  
c o n fo r m a t io n a l e n e r g y  c a lcu la t io n s . T h e  h eats  o f  fo r 
m a t io n  o f  th e  th ree  m o s t  s tra in e d  c y c lo a lk a n e s  in  T a b le  
V I I  are q u ite  se n s it iv e  tc th e  c h o ic e  o f  e n e rg y  p a r a m 
eters  used . A d a m a n ta n e  is seen  fr o m  th e ta b le  to  be  
a p p r e c ia b ly  s tra in ed . S c  d e y e r , et a l . ,22 h a v e  m a d e  an  
e x te n s iv e  d iscu ss io n  o f  th .s  s tra in . W e  su ffice  h ere to  
sa y  th a t  q u a lita t iv e ly  it  ca n  b e  a t t r ib u t e d  to t h e  g a u ch e  
c o n fo r m a t io n s  o f  th e  sk e le ta l b o n d s . In  th e  p re se n t 
s ch e m e  th e  g a u c h e  e n e rg y  is re p re se n te d  b y  n o n b o n d e d  

in te ra c t io n s  a n d  is p r im a r ily  d u e  to  cy*” /c  rep u ls ion s. 

C y c lo h e x a n e  is a lso  s lig h tly  s tra in e d  fo r  th e  sa m e

Table VII: Comparison of Calculated Heats of Formation and 
Strain Energies (S E ) with Experimental, 25° (kcal/mol)

Compound
A H i °

(calcd.'
A H { °

(exptl)
S E

(calcd)
S E

(exptl)

Norbornane - 11.7 -1 2 .4 17.5 16.8
Bicyclo[2.2.2]- -2 2 .3 -2 3 .8 11.4 10.5

octane
Adamantane -3 3 .3 -3 2 .4 4.9 5.8
Tetrahydrodi- - 12.2 -1 4 .4 25.0 23.8

cyclopenta-
diene

Tetralin 5.3 5.3 1.8 1.3
Octhracene -7 .3 -9 .0 3.9 2.8
p-Xylene 3.7 4.3 -0 .4 0.2

(22) P. v. R. Schleyer, J. E. Williams, and K. R. Blanchard, J. 
Amer. Chem. Soc., 92, 2377 (1970).
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Table Vili: Calculated Ideal Gas State Thermodynamic Functions (cal/°K)
T, ZPE,
"K (0° -  H*°)/T (H° -  Ha°)/T s° Cp° keal/mol

Norbornane, Civ, tr = 2
200 54.85 10.64 65.49 16.28 107.52
298.15 59.70 14.06 73.76 (74.0 ± 0 . 6 / 26.14
300 59.79 14.13 73.92 26.35
350 78.47 (78.8 ±  0.8)“
400 64.45 18.58 83.03 37.36
500 69.11 23.38 92.49 47.44

Bicyclo [2.2.2] octane, Z)3*, a = 6
200 55.53 12.37 67.91 19.58 125.89
298.15 61.22 16.57 77.79 (77.6 ± 0 .6 )6 39.98
300 61.32 16.65 77.98 31.21
400 66.81 21.87 88.69 43.75
500 72.29 27.44 99.74 55.27

Adamantane, T j, <r = 12
200 54.48 11.80 66.28 20.98 149.29
298.15 60.14 17.17 77.32 (78.0 ± 0 . 7 / 35.59
300 60.25 17.28 77.53 35.88
400 66.11 23.90 90.01 (90.4 ±  0.6)' 51.44
500 72.20 30.87 103.07 65.54
600 78.43 37.66 116.09 77.32
800 91.00 49.96 140.96 95.36

1000 103.30 60.39 163.69 108.17
Tetrahydrodicyclopentadiene, d,l pair

200 63.17 13.81 76.98 22.81 148.19
298.15 69.60 18.96 88.56 36.56
300 69.72 19.07 88.79 36.84
400 76.06 25.43 101.49 52.09
500 82.46 32.21 114.68 66.05

Benzene/ Deh, <r = 12
298.15 53.09 (52.93) 11.71 (11.41) 64.80(64.34) 19.91 (19.52) 62.74
400 56.94 (56.69) 14.67 (14.41) 71.61(71.10) 26.63(26.74)
500 60.54(60.24) 17.66 (17.50) 78.20 (77.74) 32.37 (32.80)

Toluene/ C24, n„ = 2, free methyl rotation, <r,- =  3, <r = 2 X 3 =; 6
298.15 62.20 (61.98) 14.48(14.44) 76.68 (76.42) 24.50 (24.80) 79.98
400 66.96(66.74) 18.96(18.17) 85.02(84.91) 32.48 (33.25)
500 71.38(71.20) 21.67(21.94) 93.05 (93.13) 39.42(40.54)

p-Xylene/ D ih, <rex = 4, free methyl rotation, in = 3, i  = 4 X 3 X 3 = 36
298.15 66.04(66.26) 17.27(17.97) 83.32(84.23) 29.24(30.32) 96.83
400 71.71 (72.15) 21.51 (22.32) 93.23(94.47) 38.52 (39.70)
500 76.97 (77.59) 25.77 (26.66) 102.75(104.25) 46.85(48.06)

Tetralin, C2, <r == 2, d,l pair
200 62.54 14.12 76.67 23.14 120.56
298.15 69.07 19.02 88.10 35.03
300 69.19 19.12 88.32 35.27
380 97.80 (98.9 ±0 .8 )«
400 75.45 24.71 100.16 47.51
500 81.58 30.41 112.00 58.56
600 87.62 35.90 123.52 67.87

Octhracene 1:1 mixture of Ca,, a = 2, and D2, a = 4, d,l pair
200 70.68 19.54 90.23 33.33 178.24
298.15 79.82 26.85 106.67 50.39
300 79.99 26.99 106.99 50.73
400 88.87 35.19 124.06 68.64
500 97.62 43.57 141.20 85.02
600 106.29 51.67 157.97 98.87

“ From the crystal entropy of Westrum and Wong,16 and the vapor pressure and heat of vaporization of the present work. b Experi
mental value based on the crystal entropy of Westrum and Wong,17 and the vapor pressure and heat of vaporization reported in the 
present work. ' Experimental value based on the crystal entropy of Westrum,18 and the vapor pressure and heat of vaporization of 
the present work. d Values in parentheses are from F. D. Rossini, “Selected Values of Physical and Thermodynamic Properties of 
Hydrocarbons and Related Compounds,” Carnegie Press, Pittsburgh, Pa., 1953. * Experimental value based on the liquid entropy 
of ref 19 and the vapor pressure and heat of vaporization of the present work.
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re a so n  as is a p p a re n t  w h e n  AH °  g ro u p s  fo r  d e fin in g  th e  
s tra in  e n e rg y  are  b a s e d  s o le ly  o n  tr a n s  c o n fo r m a t io n s  o f  
lin e a r  a lk a n es8’22 a n d  z e r o -p o in t  e n e r g y  e ffe c ts  are ta k e n  
in to  a c c o u n t .8

T e tra lin  a n d  o c th r a c e n e  are in te re s t in g  b e ca u se  o f  th e  
p o s s ib ility  o f  b o th  b o n d  a n g le  a n d  r o ta t io n a l  a n g le  
s tra in  d u e  to  fu s io n  o f  th e  c y c lo h e x a n e  r in g  to  th e  a ro 
m a t ic  r in g . H o w e v e r , th e  fre e  r o t a t io n  o f  th e  m e th y l  
g ro u p s  in  to lu e n e  a n d  p -x y le n e 21 in d ica te s  th a t  th e  
in h e re n t b a rr ie r  t o  r o t a t io n  o f  a  p e n d a n t  c a r b o n -t o -  
a ro m a t ic  r in g  b o n d  is v e r y  sm a ll. T h is  c o u ld  a lle v ia te  
th e  o v e ra ll s tra in  c o n s id e r a b ly ; th e  ca lcu la t io n s  o f  
T a b le  V I I  w h ich  a ssu m e a n  esse n t ia lly  ze ro  in h e re n t 
b a rr ie r  (th e  n o n b o n d e d  in te r a c t io n s  ca n  still c o n tr ib u te )  
a t  th ese  b o n d s  v e r i fy  th is . T h e r e  is a s m a ll b u t  rea l 
s tra in  p r e se n t. H o w e v e r , it  w o u ld  h a v e  b e e n  s u b 
s ta n t ia lly  h ig h e r  (a b o u t  1 .6  k c a l / fu s io n  b o n d )  i f  th e  fu ll 
in h e re n t b a r r ie r 8 (2 .1  k c a l /m o l )  o f  a n  a lip h a t ic  
C - C - C - C  b o n d  h a d  b e e n  u sed .

T h e  c a lc u la te d  v ib r a t io n a l  fr e q u e n c ie s  a n d  m o m e n ts  
o f  in e rtia  h a v e  b e e n  u se d  t o  ca lcu la te  th e  ga s  p h a se  
th e r m o d y n a m ic  fu n c t io n s  o f  th e  c o m p o u n d s  s tu d ie d , 
a n d  th e  resu lts  are s u m m a r iz e d  in  T a b le  V I I I .  A ls o  
in c lu d e d  in  T a b le  V I I I  are th e  c a lc u la te d  z e r o -p o in t  
en erg ies  u se d  in  th e  h e a t  o f  fo r m a t io n  c a lcu la tio n s  
(T a b le  V I I ) .  B e n z e n e  a n d  to lu e n e  are in c lu d e d  to  in 
d ic a te  th e  r e lia b ility  o f  th e  c a lc u la te d  resu lts . T h e  
e n tro p ie s  a re  ra th e r  se n s it iv e  t o  th e  c a lcu la te d  sk e le ta l 
fr e q u e n c ie s  a n d  w h e n  a c o m p a r is o n  w ith  th e  e x p e r i
m e n t  is p o ss ib le , p r o v id e  a  g o o d  o v e ra ll  ch e c k  o n  th e  
m e th o d . T h e  d e te rm in a t io n  o f  e x p e r im e n ta l ga s  p h a se  
e n tro p ie s  req u ires  a c cu ra te  c r y s ta l e n tro p ie s , v a p o r  
pressu res , a n d  h ea ts  o f  v a p o r iz a t io n . T h e  ga s  p h a se  
e n tr o p y  is p a r t ic u la r ly  se n s it iv e  to  th e  la tte r . A n  
error  o f  0 .3  k c a l /m o l  a t r o o m  te m p e ra tu re  ca u ses  an  
e rror  o f  1 .0  c a l / ( ° K  m o l)  in  th e  e n tr o p y . I n  c o m 
p o u n d s  h a v in g  A f /y ap e q u a l t o  10 k c a l /m o l  o r  h ig h e r  a c 
cu ra te  d a ta  is r e q u ire d , a n d  errors  o f  th is  m a g n itu d e  ca n  
b e  e x p e c te d . I n  th e  m o s t  fa v o r a b le  cases  (b e n ze n e , 
to lu e n e )  th e  e x p e r im e n ta l v a lu e s  h a v e  u n ce rta in t ie s  o f  
a t  le a s t 0 .3  c a l / ( ° K  m o l) .

T hermochemistry of Some Cyclic Hydrocarbons

F o r  th re e  o f  th e  c y c lo a lk a n e s , a  c o m p a r is o n  ca n  b e  
m a d e  (see  T a b le  V I I I ) ,  a n d  th e  a g re e m e n t is ex ce llen t . 
F o r  b ic y c lo  [2 .2 .2  Joctan e th e  c a lc u la te d  e n tr o p y  is 
b a s e d  o n  th e  D Sh s y m m e tr y  w h ic h  re su lts  f r o m  th e  en 
e rg y  m in im iz a tio n  ca lc u la t io n  a n d  p r o v id e s  so m e  c o n 
f irm a tio n  o f  th e  n o n tw is te d  c o n fo r m a t io n . T h e  a g re e 
m e n t  fo r  te tra lin  seem s t o  lie  s lig h t ly  o u ts id e  th e  es ti
m a te d  e x p e r im e n ta l e rro r  a n d  c o u ld  p o s s ib ly  in d ica te  
th a t  th e  c a lc u la te d  C 2 s y m m e tr y  (s y m m e tr ic a l p u c k 
e r in g  o f  th e  sa tu ra te d  r in g ) is in  e rror . A  n o n s y m - 
m e tr ica l s tru ctu re  m ig h t ch a n g e  th e  v ib r a t io n a l  fr e 
q u e n c ie s  o n ly  s lig h t ly  b u t  w o u ld  d ecrea se  th e  s y m 
m e tr y  n u m b e r  to  o n e  a n d  le a d  to  b e t te r  a g re e m e n t o f  
th e  e n tr o p y  w ith  th e  e x p e r im e n t. H o w e v e r , th e  ca l
c u la tio n s  se e m  t o  s h o w  rea l p r e fe re n ce  fo r  th e  s y m 
m e tr ica l s tru ctu re , a n d  w e are in c lin e d  t o  b e lie v e  i t  is 
th e  a c tu a l o n e  a n d  th a t  th e  d is c r e p a n c y  lie s  in  th e  ca l
c u la te d  fre q u e n c ie s  a n d  e x p e r im e n ta l e rror . S im 
ila r ly , th e  e n tr o p y  o f  o c th r a c e n e  is  s e n s it iv e  t o  th e  ca l
c u la te d  s y m m e tr ic a l p u c k e r in g  o f  th e  sa tu ra te d  rin gs. 
T h e r e  are tw o  c a lc u la te d  s tru ctu re s  o f  e q u a l e n e r g y  d e 
p e n d in g  o n  th e  sense o f  th e  r in g  p u c k e r in g  o f  th e  sa t
u ra te d  rin gs . H o w e v e r , th ere  is n o  e x p e r im e n ta l en 
t r o p y  t o  v e r i fy  o r  re fu te  th is  p o in t .

T h e  c a lcu la te d  g e o m e tr ie s  are  s u m m a r iz e d  in  F ig u re
2 . T h e  c a lcu la te d  a n g les  o f  n o r b o r n a n e  are  o f  in te re s t 
s in ce  so m e  are fa ir ly  d is to r te d . A n  e le c t r o n  d if fr a c t io n  
s tu d y  o f  th is  c o m p o u n d  h as  b e e n  m a d e ,23 a n d  th e  re 
su lts  are in c lu d e d  in  th e  figure .

A ck n ow led gm en ts . T h e  a u th o rs  are in d e b te d  to  th e
U . S . A r m y  R e s e a r c h  O ffice  (D u r h a m ) a n d  th e  U . S. 
A ir  F o r c e  O ffice  o f  S c ie n t i f ic  R e s e a r c h  (C o n t r a c t  
F 0 4 4 6 0 -6 8 -C -0 0 0 2 , P r o je c t  T h e m is )  fo r  f in a n c ia l su p 
p o r t  o f  th is  w o rk . W e  are a lso  in d e b te d  t o  P r o fe s s o r
E . F . W e s tru m , J r ., fo r  g e n e ro u s ly  sh a rin g  h is  th e r m o 
c h e m ica l resu lts  p r io r  t o  p u b lic a t io n .

1271
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The self-diffusion of water in uranyl nitrate hexahydrate (UNH) has been investigated by following the course 
of isotopic exchange with D20 . The extent of exchange exhibits a square-root dependence upon time. This 
suggests that the slow step is solid-state diffusion. The rate of diffusive exchange of UNH with H2180  is com
parable to that with D20  and therefore the entire water molecule diffuses. The pressure and temperature 
dependences of diffusive exchange have been examined. The temperature dependence can be expressed as 
D  =  4 X 10-3 exp(—7600/ÆT). Possible mechanisms for diffusive exchange in UNH are considered.

Introduction

I n  1961, B a r r e r 1 p o in te d  o u t  th a t  th ere  w a s  a  n o ta b le  
la c k  o f  m e a su re m e n ts  o f  th e  se lf-d iffu s io n  o f  w a te r  in 
n o n z e o li t ic  c ry s ta llin e  h y d ra te s . T h e  s itu a tio n  is u n 
c h a n g e d  t o d a y  w ith  re g a rd  to  d ir e c t  m ea su re m e n ts  o f  
d if fu s io n  b u t  n m r  te c h n iq u e s  h a v e  r e c e n t ly  g iv e n  so m e  
in fo r m a t io n  a b o u t  tra n s la tio n a l d iffu s io n  in  h y d r a t e s .2’ 8 
T h e  a v a ila b ility  o f  su ch  d a ta  f r o m  n m r  in crea ses  th e  
d e s ira b ility  o f  h a v in g  d ir e c t  d iffu s io n a l d a ta  fo r  p u r 
p o s e s  o f  c o m p a r is o n . T h e  o n ly  d e ta ile d  s tu d y  o f  d if 
fu s io n  o f  w a te r  in  c ry s ta llin e  h y d ra te s  (n o n z e o lit ic )  
h as  b e e n  m a d e  b y  K r a f t .4 H e  s u rr o u n d e d  lig h t  w a te r  
h y d ra te s  w ith  D 20  v a p o r  a n d  n o t e d  th e ir  in crea se  o f  
w e ig h t  as a  fu n c t io n  o f  tim e . P o ta s s iu m  a lu m in u m  
a lu m  w a s  in v e s t ig a te d  in  so m e  d e ta il a n d  K r a f t  fo u n d

D  =  0 .5 6  X  1 0 “ 7 e x p ( — 6 0 0 0 /1 ? T )

T h is  g iv e s  D  =  2 X  1 0 -12 c m 2 s e c “ 1 (2 5 ° ) .  H e  d id  n o t  
o b s e r v e  e x ch a n g e  w ith  m a g n e s iu m  su lfa te  h e p ta h y d r a te  
a n d  c o p p e r  su lfa te  p e n ta h y d ra te . H e  n o te d  th a t  
u ra n y l n itra te  h e x a h y d ra te  e x c h a n g e d  a b o u t  100 tim es  
as fa s t  as p o ta s s iu m  a lum .

W e i a n d  B e r n s te in 6 fo u n d  e x ch a n g e  o f  D 20  w ith  b o e h -  
m ite  p o w d e r  (a -a lu m in a  m o n o h y d r a t e ) , b u t  in  th is  
case , e x ch a n g e  o f  p r o to n s  a n d  d e u te r o n s  ta k e s  p la ce  
ra th e r  th a n  w a te r  m o le cu le  en tit ie s . I n  c o n n e c t io n  
w ith  th e ir  d e ta ile d  n m r  stu d ies , O ’ R e i l ly  a n d  T s a n g 2 
h a v e  m e a su re d  an  a p p r o x im a te  d iffu s io n  co n s ta n t  fo r  
w a te r  in  p o ta s s iu m  fe r r o c y a n id e  tr ih y d r a te  p o w d e r  b y  
w e ig h in g  m a te r ia l s to r e d  in  a  d e s ic c a to r  o v e r  D 20 .  
T h e y  o b ta in e d  a  v a lu e  o f  D  o f  3 X  1 0 _ n  c m 2 s e c -1  a t 
r o o m  te m p e ra tu re  a ssu m in g  th a t  th e  p a r t ic le s  w ere  
u n ifo r m  sp h eres  a n d  th a t  is o tr o p ic  d iffu s io n  o c cu rre d .

I n  U N H  th e  u ra n y l g ro u p  is su rr o u n d e d  e q u a to r ia lly  
b y  a n e a r -h e x a g o n  o f  fo u r  o x y g e n  a to m s  f r o m  tw o  n o n 
e q u iv a le n t  b id e n ta te  n itra te  g ro u p s  a n d  tw o  e q u iv a le n t  
w a te r  o x y g e n s .6 T h e  a d d it io n a l fo u r  w a te r  m o le cu le s  
a re  s tru c tu ra l w a te r  s in ce  th e y  are n o t  c o o r d in a t e d  to  
th e  u ra n y l g ro u p  b u t  are h y d r o g e n  b o n d e d  t o  n itra te  
io n s  a n d  t o  o th e r  w a te r  m o le cu le s . T h e  h y d r o g e n

b o n d  o f  th e  s tru ctu ra l w a te r  t o  th e  n itra te  o x y g e n  is 
w e a k .6

B e ca u se  K r a f t  o b s e r v e d  th a t  d if fu s iv e  e x c h a n g e  d o e s  
o c c u r  in  U N H  a n d  b e ca u se  its  s tru ctu re  is k n o w n  in  
d e ta il ,6 th is  h y d r a te  w a s  c h o se n  fo r  a d e ta ile d  in v e s t i
g a t io n . I n  a d d it io n  to  d e te rm in in g  th e  t im e  co u rse  
a n d  te m p e ra tu re  d e p e n d e n ce  o f  e x ch a n g e  it  w a s  o f  
in te re s t t o  in v e s t ig a te  its  p ressu re  d e p e n d e n c e  s in ce  
th is  d e p e n d e n ce  h as n o t  b e e n  h ith e r to  e x a m in e d  in  th e  
h y d ra te s .

Experimental Section
M a ter ia ls . U N H  s in g le  c ry s ta ls  w e re  g r o w n  u s in g  a 

m o d if ic a t io n  o f  th e  p r o c e d u r e  o f  T a y lo r  a n d  M u e l le r .6 
A  s lig h t ly  a c id ifie d  a q u e o u s  s o lu t io n  o f  th e  sa lt  w a s  
a llo w e d  t o  e v a p o r a te  s lo w ly  a t  r o o m  te m p e ra tu re  u n til 
s in g le  cry s ta ls  h a d  g ro w n . C ry s ta ls  o f  a c o n v e n ie n t  
s ize  ( ~ 2  m m  =  d im e n s io n  a lo n e  th e  c  ax is  a n d  a b o u t  
8  m g  w e ig h t)  w ere  ch osen , r e m o v e d , a n d  s to r e d  in  a 
d e s ic c a to r  o v e r  a n  H 2SC>4 ( 5 0 %  b y  w e ig h t)  s o lu t io n . 
T h is  so lu t io n  m a in ta in e d  a v a p o r  p ressu re  s u ffic ie n t  to  
p r e v e n t  d e h y d r a t io n  a n d  y e t  lo w  e n o u g h  t o  a v o id  d e l
iq u e s ce n ce  o f  th e  h y d ra te . T h e  p o w d e r  w a s  p r e 
p a re d  b y  g r in d in g  c ry s ta ls  o f  U N H  in  a w a te r -s a tu r a te d  
a tm o s p h e re  ( t o  p r e v e n t  d e h y d r a t io n )  in to  a fin e  p o w d e r . 
T h e  p o w d e r  w a s  s to r e d  as d e s cr ib e d  a n d  sm a ll sa m p le s  
(5  t o  10 m g ) w ere  e m p lo y e d  fo r  e a ch  ru n .

D 20  ( ~ 9 8 % ,  C o lu m b ia  S o u th e rn  C h e m ic a l C o r p .)  
w as in se r te d  in to  th e  v a c u u m  s y s te m  a n d  a fte r  a p p r o x i
m a te ly  30  e x ch a n g e  ru n s  th e  D 20  ( ~ 1 0  m l) w a s  re 
p la ce d . H 2180  (1 1 .8 %  180 )  w a s  o b ta in e d  f r o m  M e r c k  
S h a rp  a n d  D o h m e , C a n a d a ).

A p p a ra tu s .  A  q u a r tz  h e lix  b a la n ce  (W o r d e n  Q u a rtz

(1) R. M . Barrer and B. E. F. Fender, J. Phys. Chem. Solids, 21, 
12 (1961).
(2) D. E. O’Reilly and T. Tsang, J. Chem. Phys., 47, 4072 (1967).
(3) S. P. Gabuda and A. G. Lundin, Sov. Phys., 28, 555 (1969).
(4) H. Kraft, Z. Phys., 110, 303 (1938).
(5) Y. K. Wei and R. B. Bernstein, J. Phys. Chem., 63, 738 (1959).
(6) J. C. Taylor and M. H. Mueller, Acta Crystallogr., 19, 536 
(1965).
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P r o d u c ts , H o u s to n , T e x a s )  o f  s e n s it iv ity  1 c m /m g  
w a s  u se d  t o  m o n it o r  th e  e x c h a n g e  r e a c t io n . I t  w a s  
m o u n te d  w ith  a  w a te r  ja c k e t  ( ± 0 . 1 ° )  w ith in  a  c o n 
v e n t io n a l h ig h -v a c u u m  s y s te m . A l l  h e lix  b a la n ce s  
e m p lo y e d  w e re  c a lib r a te d  p r io r  t o  use. T h e  te m p e r a 
tu res  o f  th e  sa m p le  a n d  D 20  s u p p ly  w e re  m a in ta in e d  b y  
w e ll s t ir re d  w a t e r - i c e -m e t h a n o l  b a th s  t o  te m p e ra tu re s  

2 0 ° ,  a n d  b e lo w  th is  b y  C 0 2-a c e t o n e  b a th s . T h e se  
te m p e ra tu re s  w e re  g e n e ra lly  h e ld  t o  ± 0 . 3 ° .

P roced u re . I n  o r d e r  t o  a v o id  d e h y d r a t io n  o f  th e  
U N H  sa m p les  th e  s y s te m  w a s  e v a c u a te d  w h ile  s im u l
ta n e o u s ly  c o o l in g  th e  sa m p le  t o  — 7 8 ° .  A f t e r  a p p r o x i
m a te ly  10 m in , a p ressu re  o f  1 0 -6  T o r r  w as g e n e ra lly  
o b ta in e d . F o llo w in g  th is  p r o c e d u r e  th e  s a m p le  w as 
a d ju s te d  t o  th e  d e s ire d  te m p e ra tu re  a n d  D 20  w a s  a d 
m itte d  to  th e  r e a c t io n  v e sse l t o  in it ia te  th e  e x ch a n g e  
ru n . D e h y d r a t io n  d id  n o t  o c c u r  p r io r  t o  a d m itt in g  
th e  D 20 .  T h is  w a s  s h o w n  b y  n o t in g  th a t  in  se v e ra l 
b la n k  ru n s  r e h y d r a t io n  d id  n o t  o c c u r  fo l lo w in g  th e  p r e 
lim in a ry  p r o ce d u re . I t  h as  b e e n  s h o w n  th a t  r e h y d r a 
t io n  o c cu rs  r a p id ly  u n d e r  th e  b la n k  c o n d it io n s  e m 
p lo y e d .7

T h e  w e ig h t ch a n g e , A M «,, o f  th e  sa m p le  fo l lo w in g  
c o m p le t e  d iffu s iv e  e x ch a n g e  w ith  D 20  is

AM „  = (0.1117) W ( %  H2O/100)

w h ere  W  is th e  w e ig h t  o f  th e  sa m p le  a n d  %  H 20  re fers  
t o  th e  w e ig h t  p e r  c e n t  o f  e x c h a n g e a b le  w a te r  in  th e  
h y d ra te . F o r  a  5 -m g  s a m p le  o f  U N H  th e  h e lix  m o v e 
m e n t fo l lo w in g  d e h y d r a t io n  is 0 .0 8 0 2  cm . S in ce  th e  
h e lix  ca n  b e  r e a d  to  ± 0 .0 0 1  cm , th e  e rro r  in  th e  fin a l 
re a d in g  a t c o m p le t e  e x ch a n g e  is ± 1 . 3 %  a n d  c o r r e 
s p o n d in g ly  g re a te r  p e r c e n ta g e  e rrors  a t sm a lle r  p e r c e n t 
a g e  e x ch a n g e . F o r  th e  e x p e r im e n ts  w ith  H 2180  (1 1 .8 %  
180 )  th e  to t a l  m o v e m e n t  o f  th e  h e lix  is 0 .0 0 9 4  c m  (5  m g  
sa m p le ) so  th a t  th e  e rro r  in  th e  fin a l r e a d in g  is 
± 1 0 .6 % .

Results

F ig u re  1 sh o w s  a  t y p ic a l  d iffu s iv e  e x ch a n g e  ru n  o n  a 
s in g le  c r y s ta l o f  h a b it  s h o w n  in  F ig u re  2 . T h e  te m p e r a 
tu re  o f  th e  ru n  is 2 5 °  a n d  th e  v a p o r  p ressu re  o f  w a te r  
e m p lo y e d  r e la t iv e  t o  th a t  o f  l iq u id  w a te r  is p T =  0 .18 . 
A t  th is  a n d  a t lo w e r  te m p e ra tu re s , o n ly  fo u r  o f  th e  six  
w a te r  m o le cu le s  u n d e r g o  d iffu s iv e  e x ch a n g e — th e  
s tru ctu ra l w a te r  m o le cu le s . T h e  e x ch a n g e  o f  th ese  
s tru c tu ra l w a te r  m o le cu le s  g o e s  to  c o m p le t io n . A t  
3 5 °  o n ly  th e  fo u r  s tru c tu ra l w a te r  m o le cu le s  are  lo s t  
d u r in g  d e h y d r a t io n  in  vacuo  b u t  in  c o n tr a s t  t o  d if fu s iv e  
e x ch a n g e , a t  lo w e r  te m p e ra tu re s , e.g ., — 3 0 ° o n ly  th ree  
w a te r  m o le cu le s  a re  lo s t .7 T h e  d iffu s io n  t im e s  fo r  
in d iv id u a l s in g le  cry s ta ls  ( ~ 8  m g ) are lo n g ; fo r  e x a m 
p le , 2 4  h r is r e q u ire d  a t  3 5 °  fo r  M t/ M „  t o  re a ch  5 0 % , 
w h ere  M t is th e  w e ig h t  o f  th e  sa m p le  a t t im e  t a n d  
th e  w e ig h t a t t =  ° ° .

T h e  fr a c t io n  o f  e x ch a n g e , M J M ca n  b e  seen  to  
f o l lo w  a  f 1/2 re la t io n s h ip  (F ig u re  1) w h ich  is a  c h a ra c te r 

Figure 1. Representative diffusive exchange run on a single 
crystal of UNH (4.6 mg, pr = 0.18, 25°).

Figure 2. Typical habit of single crystals employed for 
diffusive exchange runs.

is tic  o f  m a n y  d if fu s io n -c o n tr o lle d  s o lid  r e a c t io n s .1 
T h e  re la t io n sh ip s  w ere  fo u n d  t o  b e  lin ea r  to  a b o u t  5 0 % .

A  s in g le  c ry s ta l w a s  c o a te d  w ith  w a te r -im p e rm e a b le  
p la s t ic  o n  th e  {10 0 } fa ce s . I f  d iffu s io n  is is o tr o p ic , th e  
d iffu s io n  p r o b le m  re d u ce s  f r o m  th re e  t o  tw o  d im e n 
s ion s. T h e  a p p ro p r ia te  e q u a t io n  fo r  tw o -d im e n s io n a l 
d iffu s io n  in  a p a ra lle lo p ip e d  o f  s id es  ai a n d  a 2l is

M t/ M a =  1 -  E  £
m  =  0  n

V t [e x p j

6 4 ____________1___________

-o t o  ^  (2m +  1)2(2n +  1) 
(2 m  +  l ) 2 f'*» i ' ' 2'

X

a p

+  l ) 2
«2 2

(1)

(7) M. L. Franklin and T. B. Flanagan, to be submitted for 
publication.

The Journal of Physical Chemistry, Vol. 75, No. 9, 1971



1274 M . L. Franklin and T ed B. Flanagan

w h ic h , a t  sm a ll t im e s , r e d u ce s  to

M ,/ M „  =

T h e  h a b it  o f  th is  c o a te d  c ry s ta l w a s  a p p r o x im a te d  b y  
a p a ra lle le p ip e d  o f  a c t iv e  sid es  a i a n d  a 2 w h ere  th ese  
are th e  d im e n s io n s  o f  th e  c r y s ta l a lo n g  th e  b a n d  c 
a x es , r e s p e c t iv e ly  (F ig u re  2 ) .  T h e  c a lc u la te d  v a lu e  
o f  D  is  8 X  1 0 -10 c m 2 s e c -1  (0 ° ,  P T =  0 .4 ) .  O th e r  
s in g le  c ry s ta ls , w h ich  w ere  u n c o a te d , g a v e  s im ilar  
d iffu s io n  c o n s ta n ts  w ith  th e  a ssu m p tio n  th a t  d iffu s io n  
d o e s  n o t  o c c u r  in  th e  a  d ir e c t io n . T h e  w a te r  m o le cu le s  
lie  in  sh ee ts  p a ra lle l t o  th e  (1 0 0 ) p la n e s  a n d  so  d iffu s io n  
m ig h t  b e  e x p e c te d  to  b e  a n is o t r o p ic ; i .e .,  d if fu s io n  in  
d ir e c t io n s  p e r p e n d icu la r  t o  th e  (1 0 0 ) p la n e s  is in sig n ifi
c a n t  c o m p a r e d  t o  d iffu s io n  p a ra lle l t o  th ese  p la n es . 
T h e  d ir e c t  e x p e r im e n ta l e v id e n c e  fo r  c o m p le t e  a n 
is o t r o p y  w h ich  is b a s e d  o n  th e  m e a su re d  v a lu e s  o f  D  fo r  
c o a te d  a n d  u n c o a te d  cry s ta ls  is te n u o u s  b e ca u s e  o f  s o m e  
ir r e p r o d u c ib ility  in  th ese  ru n s  u s in g  in d iv id u a l s in g le  
cry s ta ls . T h e  lo n g  lin ea r  re g io n  in  th e  M  t/ M „  p lo ts , 
h o w e v e r , su p p o rts  th e  a ssu m p tio n  o f  a n is o tr o p ic  d if 
fu s io n .1

A  series  o f  c o n s e c u t iv e  d iffu s iv e  e x ch a n g e  ru n s  w e re  
m a d e  o n  th e  sa m e  s in g le  c ry s ta l o f  U N H . T w o  p o in ts  
o f  in teres t e m e rg e d . T h e  ra tes  o f  th ese  c o n s e c u 
t iv e  ru n s  w e re  c o m p a r a b le  a n d  an  is o to p e  e f fe c t  w as 
n o te d . T h e  first p r o v e s  t h a t  d iffu s iv e  e x ch a n g e  d o e s  
n o t  d is ru p t th e  d iffu s iv e  p a th  le n g th s  o f  th e  s in g le  
cry s ta l. T h e  is o to p e  e f fe c t  w a s  in  th e  d ir e c t io n  su ch  
th a t  H 20  d iffu ses  in to  a c r y s ta l c o n ta in in g  D 20  fa s te r  
th a n  th e  re v e rse  p ro ce ss . A  c o m p a r a b le  is o to p e  e ffe c t  
h as  b e e n  o b s e r v e d  a n d  e x a m in e d  e x te n s iv e ly  in  an
o th e r  h y d r a t e  s y s te m .7 I t  w ill n o t  b e  d iscu sse d  h ere  
sa v e  to  m e n tio n  th a t  an  is o to p e  e f fe c t  s u p p o r ts  b u lk  
d iffu s io n  as th e  s lo w  s te p  b e ca u se  s ig n ifica n t is o to p e  e f 
fe c t s  w o u ld  n o t  b e  e x p e c te d  i f  e x c h a n g e  o f  e n t ire  w a te r  
m o le cu le s  o c c u r r e d  as th e  s lo w  s te p  a t th e  su rfa ce .

A s  w o u ld  b e  e x p e c te d , d iffu s iv e  e x ch a n g e  o c c u r s  m u ch  
fa s te r  fo r  p o w d e r  th a n  fo r  s in g le  cry s ta ls  as s h o w n  in  
F ig u re  3. T h e  p o w d e r  co n s ists  o f  r o u g h ly  c u b ic  p a r t i
c le s  o f  a v e ra g e  s ize  a b o u t  0 .0 0 5  cm . U s in g  e q  2  th is  
g iv e s  D  =  5 X  1 0 -10 c m 2 s e c -1  (p T =  0 .3 5 , 0 ° )  in  g o o d  
a g re e m e n t w ith  th e  v a lu e  fo u n d  fo r  th e  s in g le  cry s ta ls . 
S in ce  th e  d iffu s io n a l b e h a v io r  o f  p o w d e r  is s im ilar  t o  
th a t  o b s e r v e d  fo r  th e  s in g le  cry s ta ls  e x c e p t  fo r  th e  c o n 
v e n ie n c e  o f  sh o rte r  d iffu s io n  tim e s  e x h ib ite d  b y  th e  
fo rm e r , th e  p o w d e r  w a s  e x te n s iv e ly  e m p lo y e d  fo r  th e  
d e te rm in a t io n  o f  th e  d iffu s io n  p a ra m e te rs .

P r essu r e  D ep en d en ce . T h e  p ressu re  d e p e n d e n c e  o f  
th e  ra te  o f  d iffu s iv e  e x ch a n g e  w a s  e x a m in e d  a t — 2 9 °  
fo r  p o w d e r  a n d  a t 0 °  fo r  s in g le  cry s ta ls . T h e se  re la 
t iv e ly  lo w  te m p e ra tu re s  w ere  u se d  b e ca u se  th e  ra te  o f  
e x ch a n g e  is s lo w  a t th ese  te m p e ra tu re s  a n d  c o n s e q u e n t ly  
s e lf -d ilu t io n  is n o t  a  fa c to r . S e lf -d ilu t io n  d e scr ib e s  
th e  e rro r  in tr o d u c e d  b y  th e  d ilu t io n  o f  th e  D 20  w ith

tl,z(mm ''*)
Figure 3. Representative diffusive exchange run with UNH 
powder (p , =  0.35. 0°).

H 20  in  th e  gas p h a se  (A p p e n d ix ) . F ig u re  4  sh o w s  th a t  
th e  ra te  o f  d iffu s iv e  e x ch a n g e  d e cre a se s  w ith  p ressu re  
fo r  b o t h  th e  s in g le  c r y s ta l a n d  p o w d e r . T h e  p ressu re  
ra n g e  is q u ite  l im ite d  b e ca u se  a b o v e  p r =  0 .7  a n d  b e lo w  
p r =  0 .1  th e  sa m p les  d e liq u e s ce d  a n d  d e h y d r a te d , r e 
s p e c t iv e ly .

T em p era tu re  D ep en d en ce . T h e  te m p e ra tu re  d e p e n d 
e n ce  o f  d iffu s iv e  e x ch a n g e  w a s  e x a m in e d  a t  a  c o n s t a n t  
v a lu e  o f  pr- O th e r  p o ss ib ilit ie s  w o u ld  h a v e  b e e n  t o  h o ld  
p  o r  p / p s c o n s ta n t , w h ere  p s is th e  e q u il ib r iu m  v a p o r  
p ressu re  o f  th e  h y d ra te . K r a f t 4 ch o se  to  h o ld  p / p s c o n 
sta n t. In v e s t ig a to r s  e m p lo y in g  n m r te c h n iq u e s  c o a te d  
th e  c ry s ta ls  w ith  p la s t ic  in  o rd e r  to  p r e v e n t  d e h y d r a 
t i o n ;2 u n d e r  th ese  c o n d it io n s  th e  w a ter v a c a n c y  
w a te r  v a p o r  e q u il ib r iu m  is p r e su m a b ly  n o t  e s ta b lish e d . 
S u r fa ce  e x ch a n g e — th e  p r e cu rso r  t o  b u lk  e x c h a n g e —  
m u st p r o c e e d  via  a d s o rb e d  w a te r ; it  is th e re fo re  re a 
so n a b le  to  m a in ta in  p T c o n s ta n t . S in ce  U N H  w o u ld  
d e h y d r a te  a n d  d e liq u e sce  a t th e  ex tre m e s  o f  th e  te m 
p e ra tu re  ra n g e  e m p lo y e d , it  w o u ld  n o t  h a v e  b e e n  fe a s ib le  
t o  m a in ta in  p  c o n s ta n t . A  v a lu e  o f  p T =  0 .4  w a s  c h o s e n  
fo r  c o n v e n ie n c e  b e ca u se  th is  is h a lfw a y  b e tw e e n  th e  
t w o  l im it in g  v a lu e s  o f  p r w h ich  c a n  b e  e m p lo y e d . T h e  
A rrh e n iu s  p lo t  fo r  th e  d iffu s iv e  e x ch a n g e  is  s h o w n  in  
F ig u re  5 as lo g  k  vs. l / T  w h ere  k  is th e  s lo p e  o f  M t/ M „  
a g a in st t p lo ts . T h e  e n e r g y  o f  a c t iv a t io n  fo r  d if 
fu s io n , Ed, is tw ic e  th a t  d e te rm in e d  f r o m  th e  s lo p e  o f  
th e  lin e  in  F ig u re  5 a n d  f r o m  th is  v a lu e  a n d  th e  d if fu s io n  
c o n s t a n t  f o r  th e  s in g le  c r y s ta ls  D  ca n  b e  e x p re sse d  as

D  =  4  X  1 0 - 3 e x p  ( — 7 6 0 0 /1 2 T )  (3 )

D iffu s iv e  E x ch a n g e  w ith  H 21S0 .  I n  o rd e r  to  d e t e r -
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fu m in ''* )

Figure 4. Pressure dependence of diffusive exchange plotted 
as D K  against p r where D  is the diffusion coefficient and K  is a 
constant: A, UNH powder, —29°; A, UNH single crystals 
(0°) normalized to the powder data at p r =  0.4.

Figure 6. Comparison of diffusive exchange with H2180  and 
D20  with UNH under powder (pT = 0.35, 0°):
A, H2180 ; A, D20.

Figure 5. Arrhenius plot for diffusive exchange for UNH 
powder plotted as log k against 1 /T, where k is the slope of 
M t/M a against fI/,J.

m in e  w h e th e r  th e  en tire  w a te r  m o le cu le  d iffu ses , in  c o n 
tra s t t o  o n ly  th e  h y d r o g e n  iso to p e s , a ru n  w a s  p e r 
fo rm e d  w ith  H 2180 .  T h e  ra te s  o f  d iffu s iv e  e x ch a n g e  are 
co m p a ra b le  fo r  th e  tw o  w a te r  is o to p e s  (F ig u re  6 ) w h ich  
p r o v e s  th a t  th e  e n tire  w a te r  m o le cu le  d iffuses .

Discussion
W h e n  s o lid -s ta te  d iffu s io n  is ca rr ie d  o u t  u s in g  a  g a s -  

s o lid  te c h n iq u e  lik e  th a t  e m p lo y e d  h ere, i t  m u st b e  
e s ta b lish e d  that, th e  r a te -d e te r m in in g  p r o ce ss  is s o lid -  
s ta te  d iffu s io n  ra th e r  th a n  a  su r fa ce  s te p . I n tu it iv e ly  
so lid -s ta te  d iffu s io n  w o u ld  b e  e x p e c te d  to  b e  th e  s lo w  
s te p  in  a s y s te m  su ch  as th is  s in ce  d iffu s io n  is r e la t iv e ly  
s lo w  in  c o m p a r is o n  to ,  fo r  e x a m p le , g a s -m e ta l  sy s te m s  
(w h ere  D  fo r  h y d r o g e n  in  fa c e -c e n te r e d  c u b ic  m eta ls  is 
ty p ic a l ly  ~ 1 0 -7  c m 2 s e c -1  (2 5 ° , H  in  a - P d / H 8) a n d  
co n s e q u e n t ly  s lo w  su rfa ce  s te p s  c a n  o fte n  b e  a n  e x p e r i
m e n ta l p r o b le m . I f  a  su r fa ce  s te p  w ere  s low , th e  in 
te r io r  o f  th e  h y d r a te  w o u ld  b e  e x p e c te d  to  b e  u n ifo r m  
w ith  r e s p e c t  t o  its  is o to p ic  d is tr ib u t io n . T h e  ra te  o f  
e x ch a n g e  w o u ld  th e n  b e  first o rd e r  w ith  r e s p e c t  t o  tim e . 
T h is  d e p e n d e n ce  is n o t  o b s e r v e d  (F ig u re  1) a n d , th e re 
fo re , d iffu s io n  w ith in  th e  s o lid  is ra te  c o n tro llin g .

I t  is n o t  u n e x p e c te d  th a t  o n ly  th e  fo u r  s tru c tu ra l 
w a te r  m o le cu le s , i .e .,  th o s e  n o t  d ir e c t ly  c o o r d in a t e d  to  
th e  u ra n y l io n s , u n d e r g o  d if fu s iv e  e x ch a n g e . T h e se  
are th e  o n ly  w a te rs  w h ich  are lo s t  u p o n  d e h y d r a t io n  
in  vacuo  a b o v e  — 2 0 °  a n d  b e lo w  ^ 1 4 0 ° . 7 E q u ilib r iu m  
is th e re fo re  n o t  e s ta b lish e d  b e tw e e n  th e  tw o  ty p e s  o f  
w a te r  ( < 3 5 ° ) .  M o r e  su rp ris in g , p e rh a p s , is th e  fa c t  
th a t  th ere  is n o  p r o t o n -d e u t e r o n  e x ch a n g e  b e tw e e n  th e  
s tru c tu ra l a n d  c o o r d in a te d  w a te r  w ith in  th e  so lid . 
B e lo w  a b o u t  — 2 0 °  o n ly  th re e  w a te r  m o le cu le s  are lo s t  
u p o n  d e h y d r a t io n 7 b u t  all fo u r  u n d e r g o  e x ch a n g e ; th is

(8) J. W. Simons and T. B. Flanagan, J. Phys. Chem., 69, 3773 
(1965).
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su g g e sts  th a t  th e  fo u r  s tru ctu ra l w a te r  m o le cu le s  are in  
e q u il ib r iu m  b u t  th e  fo u r th  ca n n o t  le a v e  th e  la tt ic e  in  
vacu o  b e lo w  — 2 0 ° .

I t  is g e n e ra lly  b e lie v e d  th a t  v a c a n c ie s  a re  th e  d e fe c ts  
re sp o n s ib le  fo r  d iffu s io n  in  m o le cu la r  s o l id s .9 S in ce  
th e  b o n d in g  o f  th e  w a te r  m o le cu le s  in  c ry s ta llin e  h y 
d ra tes  re se m b le s  th a t  in  m o le cu la r  so lid s , it  seem s lik e ly  
th a t  w a te r  v a c a n c ie s  are th e  d e fe c t  b y  w h ich  d iffu s io n  
o c cu rs . A  p o ss ib le  ro le  o f  v a c a n c ie s  in  th e  k in e tic s  o f  
d e h y d r a t io n  o f  c ry s ta llin e  h y d ra te s  h as  b e e n  n o te d  b y  
G a r n e r ,10 w h o  su g g e s te d  th a t  p r e n u c le a t io n  co r re s p o n d s  
t o  th e  fo r m a t io n  a n d  a g g re g a t io n  o f  v a ca n c ie s .

T h e  d iffu s io n  c o n s ta n t  fo u n d  in  th e  p r e se n t w o r k  
m u st re f le c t  b o t h  th e  c o n c e n tr a t io n  a n d  m o b il ity  o f  
w a te r  v a ca n c ie s . I f  a n  e q u il ib r iu m  c o n c e n tr a t io n  o f  
v a c a n c ie s  ex ists  w ith in  th e  h y d r a te  a t e a ch  te m p e ra tu re  
a n d  p ressu re , th e n

K  i
H 2O a ^  H 2O g (4 )

Ki
H 2O h ^  F  +  H 2O a (5 )

w h e re  H 20 o, H 2Oh, a n d  H 2O g re p re se n t th e  to t a l  w a ter , 
H 20  +  D 20 ,  in  th e  fo llo w in g  r e g io n s : a d s o r b e d  o n  th e  
su rfa ce , in  U N H  as e x ch a n g e a b le  w a te r , a n d  in  th e  
g a s  p h a se , r e s p e c t iv e ly . T h e  co n c e n tr a t io n  o f  v a c a n 
c ie s  is  th e r e fo r e

F  =  J G /G I F C V p d a ) (6 )

E x p e r im e n ta lly  p T h as  b e e n  m a in ta in e d  c o n s ta n t  fo r  th e  
te m p e ra tu re  d e p e n d e n ce  s tu d ie s  a n d  th e re fo re  p 0lo  =  
p Tpo w h ere  p a is th e  v a p o r  pressu re  o f  p u re  D 20 .  S in ce  
th e  te m p e ra tu re  d e p e n d e n ce  o f  p 0 a n d  K ¡  sh o u ld  b e  
c o m p a r a b le , e q  5 re d u ce s  to

F  =  B  e x p ( - A H t/ R T )  (7 )

w h ere  B  is  a c o n s ta n t  a n d  A H { is th e  e n th a lp y  o f  fo r 
m a t io n  o f  w a te r  v a c a n c ie s  a c c o r d in g  to  e q  5.

I f  a n  e q u il ib r iu m  v a c a n c y  c o n c e n tr a t io n  is a tta in e d  
a t  e a ch  te m p e ra tu re , th e  o b s e r v e d  v a lu e  o f  E d sh o u ld  
b e  A //f -f- E m w h ere  E m is th e  a c t iv a t io n  e n e rg y  fo r  
m o b il ity  o f  a v a c a n c y . J o s t 9 h as  p o in te d  o u t  th a t  th e  
e n e rg y  to  fo r m  a v a c a n c y  in  a  m o le cu la r  s o lid  c a n  b e  
ta k e n  as th e  la tt ic e  e n e r g y  a n d  th is  c a n  b e  a p p r o x im a te d  
b y  th e  la te n t  h e a t  o f  su b lim a tio n . I n  th e  ca se  o f  c r y s 
ta llin e  h y d ra te s  th e  h e a t  o f  d e h y d r a t io n  is a n a lo g o u s  to  
th e  la te n t  h e a t o f  su b lim a tio n  o f  m o le cu la r  cry s ta ls  b u t  
it  is n o t  as re lia b le  an  e s tim a te  o f  A  H i  as A  H s is fo r  
m o le cu la r  c ry s ta ls  b e ca u se  w h en  th e  w a te r  is r e tu rn e d  
to  th e  su r fa ce  fo l lo w in g  fo r m a t io n  o f  a  v a c a n c y  it  d oes  
n o t  fo r m  a n e w  la y e r  o f  c r y s ta l la tt ic e  b u t  ra th e r  fo rm s  
a n  a d s o r b e d  la y e r .

I n  m eta ls , th e  e n e r g y  o f  v a c a n c y  m ig r a t io n  is g e n e r 
a lly  a ssu m e d  to  b e  o f  th e  sa m e  o rd e r  as, b u t  less  th a n , 
th a t  fo r  v a c a n c y  fo r m a t io n .11 S h e r w o o d 12 h as  as
s u m e d  th a t  th e  sa m e s itu a tio n  h o ld s  fo r  m o le cu la r  
so lid s . G a r n e r 10 h as a lso  su g g e s te d  th a t  th e  a c t iv a t io n

e n e r g y  fo r  w a te r  v a c a n c y  m ig ra t io n  s h o u ld  b e  o f  th e  
sa m e  o rd e r  o f  m a g n itu d e  as th e  h e a t o f  d e h y d r a t io n . 
S h e r w o o d 13 h as c o l le c t e d  th e  m e a g e r  d a ta  a v a ila b le  fo r  
d iffu s io n  in  m o le cu la r  cry s ta ls  a n d  h e  n o te d  t h a t  g e n e r 
a lly  E d is o f  th e  o rd e r  o f  tw ic e  th e  la te n t  h e a t  o f  s u b 
lim a tio n . A n  im p o r ta n t  e x c e p t io n  is ice . D e lib a lta s , 
et a l . ,u  h a v e  fo u n d  th a t  E d is 1 5 . 7  k c a l /m o l  a n d  G r a n -  
ic h e r 16 h as a g a in  e q u a te d  AH i  t o  th e  la te n t  h e a t  o f  s u b 
lim a tio n , i .e . ,  1 2 . 2  k c a l /m o l .  T h is  le a v e s  o n ly  3 . 5  

k c a l /m o l  fo r  th e  m ig ra tio n  e n e r g y  o f  a c t iv a t io n . D e 
lib a lta s , et a l . ,u  h a v e  p o in te d  o u t  th a t  th is  is su rp r is in g ly  
sm a ll s in ce  3  h y d r o g e n  b o n d s  m u st b e  b r o k e n  fo r  a 
w a te r  m o le cu le  t o  ju m p  in to  an  a d ja c e n t  v a c a n c y .

I f  E d  is a b o u t  tw ic e  A H t  th e n  E d s h o u ld  b e  2 5 . 4  k c a l /  
m o l, b e ca u se  th e  e n th a lp y  fo r  d e h y d r a t io n  o f  U N H  to  
th e  d ih y d r a te  is 1 2 . 7  k c a l /m o l  H 20 . 18 F o r  p o ta s s iu m  
a lu m  th e  c o r r e s p o n d in g  v a lu e  fo r  E d w o u ld  b e  2 6 . 2  

k c a l /m o l  s in ce  th e  e n th a lp y  o f  d e h y d r a t io n  p e r  m o le  o f  
w a te r  is 1 3 . 1  k c a l .17 O ’R e i l ly  a n d  T s a n g 2 r e p o r t  t w o  
v a lu e s  fo r  E d fo r  p o ta s s iu m  fe r r o c y a n id e  t r ih y d r a te ,
i .e .,  5 . 2  (p r o to n  re la x a t io n ) a n d  1 0 . 4  k c a l /m o l  (d e u -  
te r o n  lin e  w id t h ) ; n o  e x p la n a t io n  is o f fe re d  fo r  th e  d is 
c r e p a n c y  b u t  th e  a v e ra g e  o f  th ese  tw o  v a lu e s  is a g a in  t o o  
sm a ll i f  E d is t o  b e  e q u a l t o  tw ic e  th e  e n th a lp y  o f  d e h y 
d ra t io n .

T h e  d is a g re e m e n t ca n  b e  r e s o lv e d  i f  it  is a ssu m e d  th a t  
a n  e q u il ib r iu m  v a c a n c y  c o n c e n tr a t io n  d o e s  n o t  e x is t  a t 
e a ch  te m p e ra tu re , th e n  E d =  E m, a n d , i f  E m is c o n s id 
e r a b ly  less th a n  th e  e n th a lp y  o f  d e h y d r a t io n , a g re e m e n t 
w ith  th e  o b s e r v e d  v a lu e  o f  E d c o u ld  b e  o b ta in e d . 
U n d e r  th ese  c o n d it io n s  d iffu s iv e  e x ch a n g e  w o u ld  o c c u r  
o n ly  via  th e  “ g r o w n -in ”  v a ca n c ie s . T h is  h y p o th e s is  is, 
h o w e v e r , u n te n a b le  b e ca u se  th e  a v a ila b le  v a c a n c ie s  
w o u ld  s o o n  b e  d e s t r o y e d  a n d  d iffu s iv e  e x ch a n g e  w o u ld  
n o t  g o  t o  c o m p le t io n . V a c a n c ie s  m u st b e  b o t h  c r e a te d  
a n d  d e s t r o y e d  a t  th e  su rfa ce  fo r  a v a c a n c y  m e c h a n ism  
to  c o n tr o l  d iffu s iv e  ex ch a n g e .

A n  e q u il ib r iu m  co n c e n tr a t io n  o f  v a c a n c ie s  w h ich  o b 
ta in s  o n ly  n e a r  th e  su rfa ce  is a p o s s ib le  a lte r n a tiv e  to  
th e  a s su m p tio n  o f  a u n ifo r m  v a c a n c y  e q u ilib r iu m . 
D if fu s iv e  e x ch a n g e  w o u ld  th e n  b e  p r o p o r t io n a l  t o  th e  
c o n c e n tr a t io n  a n d  m o b il ity  o f  v a c a n c ie s  in  th e  v ic in i t y  
o f  th e  su rfa ce . I n  th is  ca se  a  s te a d y -s ta te  t r e a tm e n t  
ca n  b e  a p p lie d  to  th e  v a c a n c y  c o n c e n tr a t io n  a t  a n d

(9) W . Jost, “ Diffusion,”  Academic Press, New York, N. Y ., 1952.
(10) G. P. Acock, W. E. Garner, J. Milstead, and H. J. Willavoys, 
Proc. Roy. Soc., 189, 508 (1946).
(11) P. Shewmon, “ Diffusion in Solids,”  McGraw-Hill, New York, 
N. Y., 1963.
(12) J. N. Sherwood and D. J. White, Phil. Mag., 15, 745 (1967).
(13) J. N. Sherwood, Proc. Brit. Ceram. Soc., 9, 233 (1967).
(14) P. Delibaltas, O. Dengal, D. Helmreich, N. Riehl, and H. 
Simon, Phys. Kondens. Mater., 5, 166 (1966).
(15) H. Granicher, Z. Kristallogr. Kristallgeometrie, Kristallphys., 
Kristallchem., 110, 450 (1958).
(16) W . H. Smith, J. Inorg. Nucl. Chem., 30, 1761 (1968).
(17) D. A. Young, “ Decomposition of Solids,”  Pergamon Press, 
Oxford, 1966.
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a d ja c e n t  to  th e  su rfa ce , a n d  th is  a ga in  le a d s  to  th e  re 
su lt  th a t  E d  =  A H f  +  E m. I n  fa c t , th is  a lte rn a tiv e  is 
n o t  l ik e ly  in  v ie w  o f  th e  e x p e r im e n ta l re su lt  th a t  th e  
ra te  o f  d iffu s iv e  e x ch a n g e  is u n c h a n g e d  in  a s in g le  c r y s 
ta l w h ich  h as p r e v io u s ly  u n d e r g o n e  e x ch a n g e .

T h e  flu x  o f  H 20  w ith in  th e  c r y s ta l is e q u a l a n d  o p p o 
site  t o  th e  f lu x  o f  D 20 ;  th e re fo re  th e  ra te  o f  c re a t io n  is 
e q u a l t o  th e  ra te  o f  d e s t r u c t io n  o f  v a ca n c ie s . T h e  
loss  o f  H 20  f r o m  th e  su r fa ce  h y d r a te  la y e r  d o e s  n o t  
o c c u r  s im u lta n e o u s ly  w ith  th e  a d d it io n  o f  D 20  to  th e  
resu ltin g  v a c a n c y  b e ca u se  o th e rw ise  v a c a n c ie s  w o u ld  
n o t  b e  fo r m e d  in te rn a lly  a n d  th e y  are n e ce ssa ry  fo r  
d iffu s iv e  e x ch a n g e . T h e  c r e a t io n  a n d  d e s t r u c t io n  o f  
v a c a n c ie s  a t th e  su rfa ce  are th e re fo re  sep a ra te  ev e n ts . 
T h e  fa c t  th a t  th e ir  ra te s  b e c o m e  e q u a l a lm o s t  im m e 
d ia te ly , i .e . ,  th ere  is n o  o b s e r v a b le  d e h y d r a t io n  o r  r e h y 
d r a t io n  o f  th e  cry s ta l, in d ica te s  th a t  v a c a n c y  e q u il ib 
r iu m  is a tta in e d . T h is  is c o n s is te n t  w ith  th e  o b s e r v a 
t io n  th a t  th e  ra te  o f  d iffu s iv e  e x ch a n g e  d ecrea ses  w ith  
in crea se  o f  pressu re  (F ig u re  4 ) .  T h e  o b s e r v e d  pressu re  
d e p e n d e n ce  in d ica te s  th a t  th e  e q u il ib r iu m  c o n c e n tr a 
t io n  o f  v a c a n c ie s  is g o v e r n e d  b y  e q  6. S in ce  th e  ra te  
d o e s  n o t  ch a n g e  d u r in g  th ese  ru n s  u n til M t/ M a 0 .6  
th e  v a c a n c y  c o n c e n tr a t io n  r a p id ly  a d ju s ts  t o  th e  a m 
b ie n t  pressu re . T h is  b e h a v io r  is re a so n a b le  if  th e  re la 
t iv e  t im e  sca les  o f  v a c a n c y  m o b il ity  a n d  d iffu s iv e  ex 
ch a n g e  are co n s id e re d . T h e  e q u il ib r iu m  fr a c t io n  o f  
v a c a n c ie s  is o f  th e  o rd e r  o f  N v/ N  =  e x p ( — AG t/ R T ) ~  
e x p ( — A H i/ R T ) =  7 X  1 0 -6  (0 ° )  i f  A H {  is ta k e n  as 
7 1 0 0  c a l /m o l  (see  b e lo w ).  D if fu s io n  o f  a w a te r  m o le 
cu le  in to  a  g iv e n  la tt ice  s ite  req u ires  th a t  a v a c a n c y  b e  
a t th e  la tte r  site  (p r o b a b il ity  =  N v/ N ),  w h ereas  th e  
d iffu s io n  o f  a v a c a n c y  t o  a  g iv e n  s ite  req u ires  th a t  th e  
la tte r  s ite  b e  o c c u p ie d  (p r o b a b il ity  =  1). T h e r e fo r e  
th e  t im e  sca le  fo r  v a c a n c y  d iffu s io n  is ~ 1 . 4  X  106 
tim e s  fa s te r  th a n  th a t  fo r  d iffu s iv e  e x ch a n g e  (0 ° ) .  
T h is  s u p p o rts  th e  a s su m p tio n  th a t  w a te r  v a c a n c y  d i f 
fu s io n  is e x tre m e ly  r a p id  c o m p a r e d  to  th e  o b s e r v e d  ra tes  
o f  d iffu s iv e  ex ch a n g e .

T h e  b a s ic  p r o b le m  th e re fo re  rem a in s— h o w  are th e  
o b s e r v e d  v a lu e s  o f  E a to  b e  r e c o n c ile d  w ith  e s tim a tes  
o f  A H f +  E m? I t  is o f  in te re s t t o  re e x a m in e  th e  e s ti
m a te d  v a lu e s  o f  AH { a n d  E m s p e c if ica lly  fo r  th e  ca se  o f  
cry s ta llin e  h y d ra te s . F o r  U N H , fo u r  h y d r o g e n  b o n d s  
(o n e  o f  th ese  is w ea k , th e  H  b o n d  to  th e  n itra te  o x y g e n )  
m u st b e  b r o k e n  to  fo r m  a v a c a n c y . T h e  s tre n g th  o f  
th ese  H  b o n d s  ca n  b e  r o u g h ly  e s t im a te d  f r o m  th e  h e a t  
o f  d e h y d r a t io n  o f  U N H  to  th e  d ih y d r a te .16 T h re e  H  
b o n d s  m u st b e  b r o k e n  fo r  th is  p r o ce ss  s in ce  o n ly  tw o  o f  
th e  b o n d s  in v o lv e  b o n d s  to  r e m o v a b le  w a te r  m o lecu les . 
T h is  req u ires  12 .7  k c a l a n d  th e re fo re  an  a v e ra g e  o f  4 .2  
k c a l /b o n d  is fo u n d . (T h is  n e g le c ts  a n y  m o d if ica t io n s  
in  th e  h e a t  o f  d e h y d r a t io n  u p o n  c o o lin g  to  0 ° K  a n d  
d iffe ren ces  b e tw e e n  AH  a n d  AE  b u t  th ese  co r r e c t io n s  
are g e n e ra lly  s m a ll .18) I n  o rd e r  to  fo r m  a  v a c a n c y  p lu s  
a g a seou s  w a te r  m o le cu le  16 .8  k c a l /m o l  is re q u ire d , 
a n d  w h e n  th is  w a te r  is r e tu rn e d  to  an  a d s o rb e d  la y er ,

9 .7  k c a l /m o l  is r e c o v e r e d , th e  la te n t  h e a t  o f  v a p o r iz a 
t io n  o f  l iq u id  w a ter . T h e  fo r m a t io n  o f  a  v a c a n c y  th e re 
fo re  req u ires  7 .1  k c a l /m o l .  I t  is n o t  u n re a so n a b le  to  
e x p e c t  th e  a d s o rb e d  w a te r  to  b e  l iq u id - l ik e .19 T h e  
m a x im u m  e n e r g y  fo r  m o b il ity  o f  a v a c a n c y  ca n  b e  esti
m a te d  f r o m  th e  e n e rg y  r e q u ire d  to  b re a k  th ree  h y d r o 
g e n  b o n d s  (o n e  w e a k ), i .e . ,  12.5 k c a l /m o l .  I t  is d iffi
c u lt  t o  e s tim a te  h o w  m u ch  sm a lle r  th is  m a y  b e  w h en  
th e  r e la x a t io n  o f  w a te r  m o le cu le s  a ro u n d  th e  v a c a n c y  is 
co n s id e re d . B e ca u se  o f  th e ir  a s y m m e tr y , th e  u ra n y l 
io n s  a n d  th e  c o o r d in a te d  n itra te  ion s  are n o t  e x p e c te d  t c  
r e la x .17 I n  a n y  ca se , E d still re m a in s  s ig n ific a n tly  
la rg e r  th a n  A H i  +  E m f o r  U N H  a n d  s im ila r  co n s id e ra 
t io n s  w o u ld  le a d  t o  th e  sa m e  im p a sse  fo r  p o ta s s iu m  
a lu m 4 a n d  p o ta s s iu m  fe r r o c y a n id e  tr ih y d r a te .2

T h e  v a lu e  o f  D 0 o b s e r v e d  h ere , 3 X  10 -3  c m 2 s e c “ 1, 
is s im ilar t o  th a t  w h ich  h as b e e n  fo u n d  fo r  i c e .14 D  
ca n  b e  c o m p a r e d  t o  a  th e o r e t ic a l v a lu e  c a lc u la te d  b y 11

y a 2v e x p [ ( A $ m +  A S {)/ R ]  (8 )

w h ere  y  is a g e o m e tr ic  fa c to r  ta k e n  as 1. a  is th e  ju m p  
d is ta n ce  w h ich  is 2 .7  A  in  U N H ,6 A S m is a ssu m e d  to  be
l , 11 A<Sf is ta k e n  as th e  e n tr o p y  o f  d e h y d r a t io n  o f  U N H  
to  liq u id  w a te r ,20 a n d  v fo r  th e  lo w -e n e r g y  tra n s la tio n a l 
m o d e  o f  w a ter  in  U N H  h as b e e n  d e te r m in e d  b y  R u sh  
a n d  co w o r k e r s 21 f r o m  n e u tr o n  s c a tte r in g  to  b e  5 X  1 0 12 
s e c - 1 . D a is th e n  180 X  1 0 -3  c m 2 s e c - 1 . I n  v ie w  c f  
th e  u n c e r ta in ty  in  th e  v a lu e  o f  A S t  th is  a g re e m e n t is n o t  
b a d  a n d  in d ica te s  th a t  a v a c a n c y  m e c h a n ism  m a y  
o b ta in  w ith  a su rp ris in g ly  lo w  v a lu e  fo r  Ed-

T h e  u n re s o lv e d  p r o b le m  o f  th e  a n o m a lo u s ly  sm a ll 
v a lu e  o f  Ed  o b s e r v e d  h ere  fo r  U N H  a n d  e lsew h ere  fo r  
i c e 14 d e se rv e s  fu rth e r  in v e s tig a t io n .

A ck n ow led gm en ts. T h e  a u th o rs  are g ra te fu l fo r  
fin a n cia l s u p p o r t  b y  N S F  G ra n t  G P -9 5 6 0 . T h e  a u th ors  
th a n k  D r . M .  H . M u e lle r  fo r  a ssista n ce  in  id e n t ifica t io n  
o f  th e  fa c e s  o f  th e  U N H  sin g le  cry s ta ls  e m p lo y e d  in  th is  
resea rch .

Appendix

T h e  m o s t  seriou s  so u rce  o f  p o t e n t ia l  e rro r  ca n  b e  
te r m e d  “ s e lf -d ilu t io n ”  a n d  arises f r o m  th e  d ilu t io n  o f  
th e  su rr o u n d in g  w a te r  v a p o r  is o to p e  w ith  th a t  f r o m  th e  
sa m p le  in  th e  n o n s tir re d  s y s te m  w h ich  h as b e e n  e m 
p lo y e d . A n  e x a c t  s o lu t io n  o f  th e  d iffu s io n  p r o b le m  is 
im p o ss ib le  b e ca u se  o f  th e  c o m p le x  g e o m e tr ie s  in v o lv e d . 
I n  a ll cases, h o w e v e r , th e  sa m p le  d im e n s io n s  w ere  
sm a ll c o m p a r e d  t o  th e  r e a c t io n  v e s s e l a n d  it  ca n  b e  
a ssu m e d  th a t  th e  sa m p le  is a co n t in u o u s  p o in t  so u rc e  in

(18) D. Eisenberg and W. Kauzmann, “ The Structure and Properties 
of Water,”  Oxford University Press, New York, N. Y ., 1969.
(19) H. A. Resing, Advan. Mol. Relaxation Processes, 1, 109 (1968).
(20) W . M . Latimer, “ Oxidation Potentials,” 2nd ed, Prentice-Hall, 
Englewood Cliffs, N. J., 1952.
(21) J. J. Rush, J. R. Ferraro, and A. Walker, Inorg. Chern., 6, £46 
(1967).
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a n  in fin ite  m e d iu m . C r a n k 22 g iv e s  th e  so lu t io n  fo r  th is  
p r o b le m  as

C M  = s t i r 7- / .  ”(<,) x
I”  — v  ̂ "1 d t'“pUh(rM ¡r̂b17' (1A)

w h e r e  C (r ,t )  is th e  c o n c e n tr a t io n  o f  d iffu s in g  su b s ta n ce  
a t  a n y  d is ta n ce , r, f r o m  th e  so u rc e  a t  t im e , t. T h e  d if 
fu s in g  su b s ta n ce  is  g e n e ra te d  a t  th e  ra te  <p(t), w h ere

, ,  d ( M t/ M „ )  K S t ~ 'h

K  c o n v e r ts  th e  fr a c t io n  re a c t io n  p e r  s e co n d  to  m o le 
cu le s  o f  w a te r  p e r  s e co n d  a n d  S  is th e  o b s e r v e d  s lop e  
(in  s e c o n d s -  /2) .  S u b s t itu t in g  th is  in to  e q  1 A  g iv e s

C M
K S  | exPr ~ r2 1 d  V

L4D ( t  -  t ')  J
16CDtt)V2 J 'o -  t 'Y h

(2 A )

I f  y  — l / ( £  — t ' )  a n d  b =  r 2/4 Z ) ,  e q  2 A  re d u ce s  to

C (r ,t)
K S  p  e x p [ - % ]  

1 6 (D 7 r)</2 J i/ t (t  — l/ y Y ^ y '^  V
(3 A )

w h ic h  c a n  b e  fu r th e r  r e d u c e d  to

C M
K S  r  e x p  [ - b y ]  

1 6 ( D tt) V2 Ji/t (ty  -  1 ) ,/2 V

i f  x  is  s u b s t itu te d  fo r  ty , e q  3 s im p lifies  to

C M  =
K S  P  e x p [ — xb/ t] d x

(x  -  i ) ‘/2 7
ih S  f "  e x p ( — #?)/£] 

16(T>7r)3/2i J i  (*  -  1 ) I/2 *
(4 A )

T h e  in te g ra l 4 A  ca n  b e  e v a lu a te d  as

K S  r - r 2l

<5A)

A  m a x im u m  v a lu e  fo r  th is  e f fe c t  ca n  b e  e s t im a te d  
f r o m  th e  d a ta  o n  p o w d e r  a t 0 ° ;  i .e .,  th is  is  th e  h ig h e s t  
te m p e ra tu re  u se d  in  th e  A rrh e n iu s  p lo t  t o  e v a lu a te  E d 
(F ig u re  5 ). F o r  a ty p ic a l  sa m p le  K  =  3 .6  X  1 0 16 
m o le cu le s  H 20  a n d  S  =  1 0 “ 3 s e c - 1/2 a t 2 .0  m m  o f  D 20  
pressu re . T h e  v a lu e  o f  D  fo r  H 20 ( g )  is  e s t im a te d  as 
102 c m 2 s e c -1  f r o m  D  =  1/2\c a n d  X =  k T / (v 2T(T2p )  —
4 .6  X  1 0 ~ 3 cm . In se r t in g  th ese  v a lu e s  in to  e q  5 A  ta k in g  
r =  X a n d  t =  60  sec, c(X , 6 0 ) =  3 .9  X  1 0 14 m o le cu le s  
H 20  c m -3  c o m p a r e d  w ith  7 X  1 0 16 m o le cu le s  o f  H 20  
+  D 20  in  th e  ga s  p h a se  u n d e r  th ese  c o n d it io n s  o f  t e m 
p e ra tu re  a n d  pressu re . A  v a lu e  o f  r  h as  b e e n  ta k e n  
e q u a l t o  X b e ca u se  m o le cu le s  o n e  m e a n  free  p a th  a w a y  
f r o m  th e  su r fa ce  w ill b e  th o s e  w h ich  w ill c o l l id e  w ith  
th e  su rfa ce  to  u n d e r g o  e x ch a n g e . S e lf -d ilu t io n  is c o n 
c lu d e d  to  b e  in s ig n ifica n t u n d e r  th ese  c o n d it io n s  b e 
ca u se  th e  co n c e n tr a t io n  o f  H 20  in  th e  ga s  p h a se  is  o n ly  
0 .5 %  o f  th e  to ta l.  A t  lo w e r  te m p e ra tu re s  a n d  lo n g e r  
tim e s  th e  e f fe c t  w ill b e  e v e n  sm a ller .

E x p e r im e n ta l te s ts  fo r  th e  im p o r ta n c e  o f  se lf
d ilu t io n  h a v e  b e e n  m a d e  b y  m o v in g  th e  p o s it io n  o f  th e  
D 20  re s e rv o ir  c lo se r  t o  th e  sa m p le , i.e ., th e  d iffu s io n  
p a th  o f  th e  H 20  f r o m  sa m p le  t o  b a th  is th e r e b y  r e d u c e d  
a n d  th e  d iffu s io n  sh o u ld  th e re fo re  b e  fa s te r  as th e  c o n 
c e n tr a t io n  g ra d ie n t is in crea sed . T h e re  w a s  n o  e f fe c t  
u p o n  th e  m ea su red  e x ch a n g e  ra te  n o te d  fo r  a  f iv e fo ld  
ch a n g e  in  th e  o v e r a ll  b a th  to  sa m p le  d is ta n ce .

(22) J. Crank, “ Mathematics of Diffusion,”  Clarendon Press, 
Oxford, 1956.
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Transient Phenomena Caused by Temperature Change on 

Capacitance of Rutile Film1

by Masaki Yamazaki* and Hiroshi Nozaki
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{Received August 11, 1970)

Publication costs borne completely by The Journal of Physical Chemistry

A n  electrolytic rutile film  containing barium  was form ed on the surface of a titanium  electrode. B y  evaporat
ing silver on  the rutile film , a capacitor-like T i - T i 0 2-A g  sandwich was fabricated. I t  has been foun d  th at the 
capacitance o f the rutile film  sandwich show s transient phenom ena when the tem perature is rap id ly  increased 
or decreased. Thus, the m easurem ents o f the capacitance were m ade n ot on ly  as a fun ction  o f tem perature 
but also as a function  o f time. T h e capacitance was measured under the con dition  th at the tem perature was 
rapid ly  increased with a given rate and then was fixed to  be constant at a given  point. T h e  capacitance varied  
up to  a certain nonequilibrium  value when the tem perature was being increased, then  the capacitance decayed  
exponentially to  an equilibrium  value after the tem perature was fixed to  be constant. T h e  rate o f decay 
depends on  the fixed tem perature, so th at the relaxation tim es (r ) o f the transients were exam ined as a function  
of the various fixed tem peratures betw een 25 and 100°; the relaxation tim es at 50, 75, and 100° were 54, 44, 
and 36 m in, respectively . Arrhenius p lots o f log  1/t v s . 1/T  indicate that the energy o f a ctivation  for  the 
transients is a b ou t 1.7 k ca l/m ol.

1. Introduction

T h in  in su la tin g  film s  o f  c o n tr o lle d  th ick n e ss  c a n  b e  
fo r m e d  o n  a  n u m b e r  o f  m eta ls  in c lu d in g  a lu m in u m , 
ta n ta lu m , t ita n iu m , z ir co n iu m , n io b iu m , h a fn iu m , a n d  
tu n g s te n  b y  a n o d iz a t io n  o f  th e  m e ta ls  in  a  su ita b le  e le c 
tr o ly te , a n d  a n o d ic  o x id e  film s  fo r m e d  in  th is  w a y  h a v e  
b een  w id e ly  u se d  in  e le c t r o ly t ic  c a p a c it o r s .2'3 O n  th e  
o th e r  h a n d , w e  fo r m e d  a  t ita n iu m  o x id e  f ilm  b y  a p p ly in g  
an  a lte rn a tin g  cu rre n t t o  a  t i ta n iu m  e le c tr o d e  in  an  
a q u e o u s  so lu t io n  o f  b a r iu m  h y d r o x id e .4 T h e  o x id e  
film  w a s  fo u n d  to  b e  ru tile  w h ich  c o n ta in s  b a r iu m .

M a n y  stu d ies  h a v e  b e e n  m a d e  o f  e le c tr ica l p r o p e r t ie s  
o f  m e t a l- in s u la t o r -m e t a l  sa n d w ich e s  w h ic h  w ere  fa b r i
c a te d  w ith  o x id e  film s, p a r t ic u la r ly  s tu d ie s  o f  e le c tr ica l 
c o n d u c t iv i ty ,  s in ce  u n d e r  ce r ta in  c o n d it io n s  a  la rg e  
p e r m a n e n t in crea se  in  th e  c o n d u c t iv i t y  o f  th e  th in  f ilm  
m e ta l - in s u la t o r -m e t a l  sa n d w ich e s  ca n  b e  in d u c e d  b y  
th e  a p p lic a t io n  o f  a n  e le c t r ic  f ie ld .6-7 I n  th o s e  ca se s , 
m ea su rem en ts  h a v e  a lw a y s  b e e n  m a d e  u n d e r  th e  c o n d i 
t io n  th a t  sy s te m s  (sa m p le s ) w ere  c o m p le t e ly  in  th e rm a l 
e q u il ib r iu m  w ith  re s p e c t  t o  a n  e x te rn a l s y s te m  (th e r m o 
s ta t ) .  A t  a  s in g le  fr e q u e n c y , th e  c a p a c ita n c e  (d ie le c 
tr ic  c o n s ta n t )  w a s  o n ly  a  fu n c t io n  o f  te m p e ra tu re . 
H o w e v e r , w h e n  th e  c a p a c ita n c e  o f  th e  ru t ile  f ilm  sa n d 
w ich  is  e x a m in e d  u n d e r  th e  c o n d it io n  th a t  th e  te m p e r 
a tu re  is  r a p id ly  v a r ie d , tr a n s ie n t  p h e n o m e n a  are fo u n d . 
T o  th e  a u th o r s ’ k n o w le d g e , th e se  tra n s ie n ts  o f  th e  
ca p a c ita n c e  ca u se d  b y  th e  ch a n g e  o f  te m p e ra tu re  h a v e  
n o t  y e t  b e e n  re p o r te d . I n  th is  w o rk , w e  r e p o r t  th e  
c a p a c ita n ce  o f  th e  ru tile  f ilm  as a  fu n c t io n  o f  te m p e r a 
tu re  a n d  t im e .

T h e  p re se n t p a p e r  is  c o n c e r n e d  p r im a r ily  w ith  e x p e r i

m e n ta l resu lts , a n d  fu r th e r  w o r k  is  n e ce ss a ry  fo r  th e  
th e o r e t ic a l e x p la n a t io n  o f  th e  p h e n o m e n a . W e  w ill 
first s h o w  e x p e r im e n ta l p r o c e d u r e s  a n d  e x p e r im e n ta l 
c o n d it io n s , th e n  g o  o n  t o  d e s cr ib e  th e  o b s e r v e d  tr a n s ie n t  
p h e n o m e n a .

2. Experimental Section

2 .1 . S a m p le  P rep a r a tio n .  T h e  e le c t r o d e , 1 X  20  
X  4 0  m m , w a s  p r e p a re d  f r o m  K o b e  S e ik o  C o . K S -5 0  
t i ta n iu m  (H 2, < 0 .0 1 % ;  0 2, < 0 . 2 0 % ;  N 2, < 0 . 0 5 % ;  
F e , < 0 .2 0 % ) .  T h e  su r fa ce  o f  th e  e le c t r o d e  w a s  first 
t r e a te d  in  16 w t  %  H 2S 0 4 s o lu t io n  a t  2 5 ° ,  u s in g  a n  a l
te r n a t in g  cu rre n t  (50  H z )  a t  5 0  m A /c m 2 fo r  2 h r. 
T h e n , th e  o x id e  f ilm  w a s  fo r m e d  o n  th e  s u r fa ce  o f  th e  
e le c t r o d e ; th e  e le c t r o d e  w a s  e le c t r o ly z e d  b y  a p p ly in g  
th e  a lte rn a tin g  cu rre n t  (5 0  H z )  in  a  sa tu ra te d  s o lu t io n  
o f  b a r iu m  h y d r o x id e  first f o r  1 h r  a t  4 0  m A /c m 2, a n d  
n e x t  fo r  2 h r  a t 7 0  m A /c m 2. T h e  o x id e  f ilm  o b ta in e d  
w a s  w a s h e d  in  w a te r , a n d  th e  h e a t  tr e a t m e n t  w a s  d o n e  
in  a ir a t 1 5 0 ° fo r  8 h r  in  o rd e r  t o  in cre a se  s ta b il it y  o f  th e  
m e a su re m e n ts  o f  th e  c a p a c ita n c e . C a p a c it o r - l ik e  T i -

(1) Presented in part at the Annual Meeting of the Japan Society of 
Applied Physics, Tokyo, March 1970.
(2) L. Young, “ Anodic Oxide Films,”  Academic Press, London and 
New York, 1961.
(3) D. A. Vermilyea, Advan. Electrochem. Electrochem. Eng., 3, 211
(1963) .
(4) M. Yamazaki and H. Nozaki, J. Electrochem. Soc., 118, 400 
(1971).
(5) T. W . Hickmott, J. Appl. Phys., 33, 2669 (1962); 35, 2118
(1964) .
(6) J. G. Simmons and R. R. Verderber, Proc. Roy. Soc., Ser. A, 301, 
77 (1967).
(7) J. G. Simmons, Phys. Rev., 155, 657 (1967).
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T i 0 2- A g  sa m p le s  w e re  fa b r ic a te d  b y  th e  v a c u u m  e v a p 
o r a t io n  o f  s ilv e r  o n t o  th e  o x id e  f ilm  th r o u g h  a m a s k  w ith  
s lits  o f  5 X  5 m m 2. T h r e e  sa m p le s  (1 , 2 , a n d  3 ) w ere  
m a d e  in  th is  w a y .

T o  a sce r ta in  th e  c o m p o s it io n , th e  o x id e  f ilm  w a s  
e x a m in e d  b y  e le c t r o n  d if fr a c t io n  a n d  b y  X - r a y  m ic r o 
a n a ly sis . T h e  su r fa ce  o f  th e  o x id e  f ilm  w a s  o b s e r v e d  
w ith  an  e le c t r o n  m ic r o s c o p e .

2 .2 . A p p a r a tu s .  I n  o rd e r  t o  e lim in a te  th e  n o n re -  
p r o d u c ib le  t im e -d e p e n d e n t  ch a n g e  o f  th e  c a p a c it a n c e ,8 
th e  c a p a c it a n c e  o f  th e  sa m p le s  w a s  m e a s u re d  a t  1000 
H z  w ith  a n  im p e d a n c e  b r id g e , Y o k o k a w a  E le c t r ic  M o d e l  
4 2 5 5  A . T h e  sa m p les  w e re  p u t  in  a  th e r m o s ta t  w h ich  
w a s  d e v is e d  t o  c o n t r o l  a  r a p id  ch a n g e  o f  te m p e ra tu re  
b y  u s in g  a s ilic o n e  f lu id  as th e  b a th  l iq u id . T h e  c o n tr o l  
o f  th e  te m p e r a tu r e  o f  th e  th e r m o s t a t  w a s  ca rr ie d  o u t  
w ith  a  b im e t a l  th e rm o re g u la to r , a n d  th e  te m p e ra tu re  
w a s  m e a s u re d  w ith  a  th e r m o c o u p le , w ith  a n  a c c u r a c y  
o f  ± 0 . 1 ° .

2 .3 . E x p e r im e n ta l  C on d ition s. T h e  te m p e ra tu re  o f  
th e  sa m p le s  w a s  v a r ie d  o v e r  th e  ra n g e  f r o m  25  t o  1 0 0 ° . 
S in c e  th e  c a p a c it a n c e  d e p e n d s  o n  te m p e ra tu re  a n d  
t im e , i t  is n e ce ss a ry  t o  g iv e  e x p e r im e n ta l c o n d it io n s . 
T h e s e  e x p e r im e n ta l c o n d it io n s  are  s h o w n  in  F ig u r e  3 A  
a n d  F ig u re  4 A , w h ic h  a re  e x p re sse d  b y  p lo ts  o f  te m p e r 
a tu re  vs. t im e .

3. Results and Discussion

3 .1 . E lec tro ly tic  R u tile  F ilm . E le c t r o n  d if fr a c t io n  
p a tte rn s , s h o w n  in  F ig u r e  1, in d ic a te  th a t  th e  o x id e  f ilm  
is c o m p o s e d  t o  T i 0 2 (ru t ile ) , th o u g h  th e  p a tte rn s  are 
s o m e w h a t  o b s cu re . X - R a y  m icro a n a ly s is  s h o w e d  b a r 
iu m  t o  b e  p r e se n t in  th e  ru tile  f i lm .4 I t  is  n o t  c le a r , a t  
p re se n t, w h e th e r  th e  b a r iu m  a ffe c ts  th e  tra n s ie n ts  o f  
th e  ca p a c ita n c e . A c c o r d in g  t o  th e  e le c t r o n  m icro 
s c o p e , th e  ru tile  f ilm  w a s  p o ly  cry s ta llin e . T h e  th ic k 
n ess  o f  th e  ru A le  f ilm  w a s  1 .5  ~  2 .5  y ,  w h ich  w a s  e s t i
m a te d  f r o m  th e  c a p a c ita n c e  a t  th e  e q u ilib r iu m .

3 .2 . T ra n s ien t P h en o m en a  o f  the C a p a cita n ce . T h e  
m e a su re m e n ts  o f  th e  c a p a c ita n c e  o f  th e  sa m p le s  w ere  
m a d e  u n d e r  th e  c o n d it io n  th a t  th e  te m p e ra tu re  w a s  
r a p id ly  in cre a se d  f r o m  20 t o  1 0 0 ° a n d  th e n  s lo w ly  d e 
c re a se d  f r o m  100 t o  2 0 ° . T h e n , a n o m a lo u s  p h e n o m e n a  
as s h o w n  in  F ig u re  2 w ere  o b s e r v e d . I f  th e se  p h e n o m 
en a  a re  b a s e d  o n  th e  p r o c e ss  th a t  th e  sa m p le s  are n o t  in  
th e rm a l e q u il ib r iu m  w ith  r e s p e c t  t o  th e  th e r m o sta t , 
th e  u su a l a n t ic lo c k w is e  c u rv e s  s h o u ld  b e  o b ta in e d . 
T h u s , it  is o b v io u s  f r o m  F ig u re  2 th a t  th e  p h e n o m e n a  
a re  n o t  b r o u g h t  a b o u t  b y  a t im e  la g  o f  a tta in in g  th e rm a l 
e q u il ib r iu m  b e tw e e n  th e  sa m p les  a n d  th e r m o sta t . I n  
g en era l, a tm o sp h e re s  a n d  c o u n te r e le c t r o d e s  h a v e  an  
e f fe c t  o n  a n  e le c tr ica l c o n d u c t iv i t y  o f  th in  f ilm  m e t a l -  
in s u la to r -m e ta l  sa n d w ich e s .6’6 H o w e v e r , th e  o b s e r v e d  
p h e n o m e n a  are in d e p e n d e n t  o f  th e  p a r t icu la r  a tm o 
sp h ere  ch o se n , a n d  th e se  p h e n o m e n a  w ere  a lso  o b s e r v e d  
w h e n  g o ld , c o p p e r , a lu m in u m , a n d  in d iu m  w e re  u se d  
as c o u n te re le c tro d e s .

Figure 1. Reflection electron diffraction patterns of the 
electrolytic oxide film, which indicate that the 
oxide film is rutile.

xIO3

Temperature, °C.

Figure 2. Anomalous curves of the capacitance vs. temperature 
obtained under the condition that the temperature is rapidly 
increased from 20 to 100° and then slowly decreased 
from 100 to 20°.

T o  c la r ify  th e  p h e n o m e n a  d e s c r ib e d  a b o v e ,  th e  ca 
p a c ita n c e  o f  sa m p le  1 w a s  in v e s t ig a te d  u n d e r  th e  c o n 
tr o l le d  te m p e ra tu re  vs. t im e  c o n d it io n s  s h o w n  in  F ig 
u re  3 A . T h e  resu lts  are s h o w n  in  F ig u re  3 B , w h e r e  th e  
v a lu e s  o f  th e  c a p a c ita n c e  are p lo t t e d  a g a in st t im e  c o r r e 
s p o n d in g  t o  th e  c o n d it io n s  F ig u re  3 A . C o m p a r is o n  o f  
th e  cu rv e s  a  a n d  a '  w ith  th e  c u rv e s  d  a n d  d '  in  F ig u r e  3 
in d ica te s  th a t  th e  c a p a c ita n c e  v a r ie s  r a p id ly  w h e n  th e  
te m p e r a tu r e  is  r a p id ly  in c r e a s e d  a n d  th e n  i t  d e c a y s  t o  
th e  e q u il ib r iu m  v a lu e  a fte r  th e  te m p e r a t u r e  is  f ix e d  a t

(8) Y . Kumagai, S. Nishimatsu, and Y . Shibata, Oyo Butsuri, 33, 
649 (1964).
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Time, min,

Figure 3. A. Experimental conditions for sample 1, plots of 
temperature vs. time. B. Plots of capacitance vs. time where 
(a'), (b'), (o'), (d'), and (e') correspond to (a), (b), (c), (d), 
and (e), respectively.

5 0 ° , b u t  t h a t  th e  c a p a c ita n c e  m e r e ly  g iv e s  v a lu e s  c o r 
re s p o n d in g  t o  e q u il ib r iu m  a t  e a ch  te m p e ra tu re  w h e n  
th e  te m p e ra tu re  is  s lo w ly  in cre a se d  t o  5 0 ° . F u r th e r 
m ore , a fte r  su ffic ie n t ly  lo n g  t im e  in  a a n d  d , th e  c a p a c i
ta n ce  g iv e s  th e  sa m e  v a lu e s  a t  5 0 °  in  th e  b o t h  ca ses . 
T h e  cu rv e s  c , c 7, e, a n d  e 7 s h o w  th a t  th e  c u rv e s  c 7 a n d  e 7 
re a ch  m a x im u m  v a lu e s  a n d  th e n  b e g in  t o  d e cre a se  b e 
fo r e  th e  m a x im u m  te m p e ra tu re s  (1 0 0 °  a n d  8 7 .5 ° )  are 
a tta in e d . T h e  in crea se  a n d  d e cre a se  o f  th e  ca p a c ita n c e  
are d e te rm in e d  b y  c o m p e t i t io n  b e tw e e n  th e  in cre a se  o f  
th e  ca p a c ita n c e  ca u s e d  b y  te m p e ra tu re  in cre a se  a n d  
th e  d ecrea se  o f  th e  c a p a c ita n c e  ca u se d  b y  d e c a y  p r o ce ss  
t o  e q u ilib r iu m . W h e n  th e  ra te  o f  te m p e ra tu re  in crea se  
is  r a p id  e n o u g h  in  c o m p a r is o n  w ith  th e  d e c a y  ra te  o f  th e  
tr a n s ie n ts , th e  c a p a c it a n c e  in cre a s e s , a n d  v ice  versa . 
T h e  ra te  o f  d e c a y  b e c o m e s  la rg e r  w ith  in cre a s in g  te m 
p e ra tu re  as w ill b e  seen  in  F ig u re  6 a n d  T a b le  I .  T h u s , 
th e  c a p a c ita n c e  o c c a s io n a l ly  d ecrea ses  as s h o w n  in  
( c 7) a n d  ( e 7) d e s p ite  th e  fa c t  th a t  th e  te m p e ra tu re  is 
b e in g  in cre a se d . I f  o n e  w ish es  t o  g e t  a la rg e r  v a lu e  o f  
th e  c a p a c ita n c e  th a n  th e  m a x im u m  v a lu e  o f  th e  c a p a c i
ta n c e  in  ( c 7) o r  ( e 7) ,  o n e  s h o u ld  in crea se  th e  te m p e ra tu re  
in  (c )  o r  (e ) m o re  ra p id ly .

S im ila r  resu lts  o b ta in e d  u n d e r  th e  v a r io u s  c o n d it io n s  
fo r  sa m p le  2 a re  s h o w n  in  F ig u re  4 . T h e  re su lts  in

Time, min.

Figure 4. A. Experimental conditions for sample 2, plots of 
capacitance vs. time. B. Plots of capacitance vs. time where 
(a'), (b'), and (o') correspond to (a), (b), and (c), respectively.

XIO3

Temperature, °C.

Figure 5. Temperature dependence of the capacitance of 
rutile film at 1 kHz.

F ig u re  4  in d ica te  th a t  th e  tra n s ie n ts  ca n  o c c u r  o v e r  th e  
w h o le  ra n g e  o f  te m p e ra tu re  f r o m  2 5 °  t o  1 0 0 ° . M o r e 
o v e r , w h e n  th e  te m p e ra tu re  is  d e c re a se d  a n d  th e n  fix e d  
a t  a  g iv e n  p o in t , w e  o b s e r v e  tr a n s ie n t  p h e n o m e n a  w h ich  
are  co n v e rs e  in  c o m p a r is o n  w ith  th o s e  in  th e  ca se  o f  
te m p e ra tu re  in crea se . T h is  fa c t  w ill p r o v id e  im p o r t a n t  
in fo r m a t io n  t o  e x p la in  th e  tra n s ie n t p h e n o m e n a .

T h e  te m p e ra tu re  d e p e n d e n c e  o f  th e  c a p a c it a n c e  is 
sh o w n  in  F ig u re  5, c o r r e s p o n d in g  t o  e q u il ib r iu m  w h ich  
is a tta in e d  a fte r  a  su ffic ie n t ly  lo n g  t im e . T h e s e  resu lts  
a re  a p p r o x im a te ly  in  a g re e m e n t w ith  m e a su re m e n ts  
m a d e  b y  o th e r  w o r k e r s .9

I t  is  p r e m a tu re  t o  g iv e  a  c o n c lu s iv e  e x p la n a t io n  fo r  
th e  a b o v e -m e n t io n e d  p h e n o m e n a  a t p re se n t. I n  se m i-

(9) L. J. Berberich and M . E. Bell, J. Appl. Phys., 11, 681 (1940).
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c o n d u c to r s  a n d  in su la tors , i t  is  w e ll k n o w n  th a t  it  is 
p o ss ib le  t o  o b ta in  d e p a rtu re  f r o m  th e  th e rm a l e q u il ib 
r iu m  c o n c e n tr a t io n s  o f  e le c tro n s  a n d  h o le s  in  se v e ra l 
w a y s :  b y  in je c t in g  ca rriers  in to  th e  sa m p le  th r o u g h  a 
m e ta l c o n t a c t  o r  b y  ch a rg e d  p a r t ic le  b o m b a r d m e n t  o r  
b y  th e  c re a t io n  o f  e le c t r o n -h o le  p a irs  b y  lig h t . I n  
th o s e  ca ses , r e c o m b in a t io n  o f  th e  ex ce ss  e le c tro n s  a n d  
h o le s  ta k e  p la c e ,10 s h o w in g  tr a n s ie n t  c o n d u c t iv i t y .  
H o w e v e r , tra n s ie n ts  w h ich  are  c o n c e r n e d  w ith  th e  c a 
p a c it a n c e  (d ie le c tr ic  c o n s ta n t )  h a v e  n o t  b e e n  d iscu sse d . 
I t  is co n s id e re d  th a t  th e  tra n s ie n ts  o f  th e  c a p a c ita n c e  
are  b a s e d  o n  th e  p r o ce ss  o f  te m p e r a tu r e - in d u c e d  d is 
o rd e r  in  th e  film . A  d is o rd e re d  s y s te m  m a y  b e  ca u se d  
b y  a  s u d d e n  ch a n g e  o f  te m p e ra tu re . O n ce  d is o rd e re d , 
th e  s y s te m  te n d s  t o  re tu rn  t o  e q u il ib r iu m  a t  th e  fix ed  
te m p e ra tu re . T h e n  th e  c a p a c ita n c e  w ill  s h o w  th e  tr a n s 
ien ts , s in ce  th e  d is o rd e re d  s y s te m  in  o x id e s  fr e q u e n tly  
h as  a  h ig h e r  d ie le c tr ic  c o n s ta n t  th a n  th e  o r d e r e d  sy s 
t e m .11 I t  is  n o t  e a sy  t o  e x p la in  w h y  th e  tra n s ie n ts  
h a v e  th e  lo n g  re la x a t io n  t im e s  a n d  r e g u la r ity  as m e n 
t io n e d  b e lo w .

3 .3 . R a te  o f  D e c a y  and  E n e r g y  o f  A c tiv a tio n . T o  
e s t im a te  th e  ra te  o f  d e c a y  fo r  th e  tra n s ien ts , th e  v a lu e s  
o f  lo g  ( C  — Cco) a t th e  f ix e d  te m p e ra tu re s  50, 75, a n d  
1 0 0 ° in  F ig u re  3 B  w ere  p lo t te d  a g a in st t im e , w h ere  C  
is th e  c a p a c ita n ce  a t  a rb itr a r y  t im e  a fte r  f ix in g  te m 
p e ra tu re  a n d  C „  is th e  ca p a c ita n c e  c o r r e s p o n d in g  to  
e q u il ib r iu m  a t th e  f ix e d  te m p e ra tu re . T h e s e  p lo ts  
y ie ld e d  a p p r o x im a te ly  s tra ig h t lin es , w h ic h  are  sh o w n  
in  F ig u re  6. F r o m  F ig u re  6, th e  ra te  o f  d e c a y  o f  th e  
c a p a c ita n c e  is a p p r o x im a te ly  e x p re ss ib le  in  a n  e q u a t io n

C  =  +  C 4 1  -  (f >  t* )  (1 )

w h e re  t is a rb itr a r y  t im e , t*  is  th e  t im e  w h e n  th e  te m 
p e ra tu re  w a s  f ix e d  t o  b e  co n s ta n t , C *  is th e  c a p a c ita n c e  
a t  t =  l* , a n d  k  is a ra te  c o n s ta n t . E q u a t io n  1 c a n  b e  
d e r iv e d  a lso  f r o m  a  d iffe ren tia l e q u a t io n

d f(7  — r  )
■ =  - K c  -  c , )  ( t > n  (2 )

C  =  C*  a t  t =  t*

w h ich  in d ica te s  th a t  th e  d e c a y  o f  th e  tra n s ien ts  fo llo w s  
f irs t-o rd e r  k in e tics . T h e  re la x a t io n  t im e  fo r  th e  e q  1 
is r e a s o n a b ly  g iv e n  b y

(i >  t*) (3 )

A s  k  has th e  d im e n s io n  t im e - 1 , th e  r e la x a t io n  t im e  
( t)  h as  th e  d im e n s io n  t im e  (m in ).

T h e  v a lu e s  o f  C *  — C „  are d e p e n d e n t  o n  th e  ra te  o f  
te m p e ra tu re  in crea se  a n d  o n  th e  f ix e d  te m p e ra tu re , 
a n d  th e  d e v ia t io n s  o f  th e  c a p a c ita n c e  f r o m  e q  1 are 
c o n s id e r a b ly  la rg e  n ea r  t =  t*,  as ca n  b e  seen  in  F ig u re  6. 
H o w e v e r , th e  d e v ia tio n s  b e c o m e  sm a lle r  w ith  t im e . 
U lt im a te ly , th e  ra te  o f  d e c a y  b e c o m e s  in d e p e n d e n t  o f

Figure 6. Plots of log (C — C m) vs. time at the fixed 
temperatures 50°, 75°, and 100° in Figure 3.

Temperature, °K.
373  3 60  34 8  335 323 310

1000/temperature, °K.

Figure 7. Arrhenius plot for sample 1, log \ / t  v s . 1 / T .

th e  ra te  o f  te m p e ra tu re  in crea se  a n d  d e p e n d s  o n ly  o n  
th e  f ix e d  te m p e ra tu re . I n  th is  r e g io n  th e  r e la x a t io n  
t im e  ca n  re a s o n a b ly  b e  d e fin e d  as a  fu n c t io n  o f  th e  
f ix e d  te m p e ra tu re . R e la x a t io n  tim e s  e s t im a te d  f r o m  
th e  s lo p e s  o f  th e  s tra ig h t lin es  in  F ig u re  6 a re  54 , 4 4 , a n d  
36  m in  a t 50, 75 , a n d  1 0 0 ° , r e s p e c t iv e ly . T h e  re la x a -

Table I: Relaxation Times of Samples 1, 2, and 
3 at Several Fixed Temperatures

-Relaxation times (min)-
Sample T37.60 T50° T62.5 ° T75° T87.5° rioo0

1 60 54 49 44 40 36
2 59 54 48 43 39 36
3 59 53 47 43 39 35

(10) For example, W . Shockley, “ Electrons and Holes in Semi
conductors,”  Yon Nostrand, Princeton, N. J., 1950.
(11) H. Frohlich, “ Theory of Dielectrics,”  Clarendon Press, Oxford, 
1958.
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t io n  tim e s  o b ta in e d  in  s im ila r  w a y  fo r  sa m p les  1, 2 , a n d  
3 a t  se v e ra l te m p e ra tu re s  a re  g iv e n  in  T a b le  I .

I f  it  is a ssu m e d  th a t  th e  d e c a y  p r o ce ss  in v o lv e s  an  
a c t iv a te d  s ta te , th e n  th e  te m p e ra tu re  d e p e n d e n ce  o f  th e  
r e la x a t io n  t im e  ca n  b e  r e a s o n a b ly  e x p re sse d  b y 12

lo g  1/ t =  — (A E / 2 .3 0 R gT )  +  co n s ta n t  (4 ) 

w h ere  T  is th e  f ix e d  te m p e ra tu re  in  d eg rees  K e lv in ,  R g

is  th e  g a s  co n s ta n t , a n d  AE  is  th e  e n e r g y  o f  a c t iv a t io n  
fo r  th e  tra n s ien ts . A n  A rrh e n iu s  p lo t  o f  1 / r  vs. l / T  
fo r  s a m p le  1 is  g iv e n  in  F ig u re  7. T h e  e n e rg y  o f  a c t i
v a t io n  is  a b o u t  1 .7  k c a l /m o l ,  w h ich  is  e s t im a te d  fr o m  
th e  s lo p e  in  F ig u re  7. H o w e v e r , th e  p h y s ic a l  m e a n in g  
o f  th is  e n e rg y  is  n o t  q u ite  c le a r  a t  p resen t.

(12) S. GLasstone, K. J. Laidler, and H. Eyring, “ Theory of Rate 
Processes,”  McGraw-Hill, New York, N. Y., 1941.

Isotope Effects in the Substitution Reaction of 2.8-eV  

Tritium Atoms with Methane1
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The relative yields of the substitution reactions of 2.8-eV tritium atoms decrease by a factor of 7.2 for CH3T 
from CH4 to 1.0 for CD3T from CD4 in competitive experiments. The ratio of the intramolecular competition 
for substitution of T-for-H vs. T-for-D in partially deuterated methanes is approximately 1.0. The results 
are consistent with a primary replacement isotope effect of 1.6 ±  0.2 favoring the substitution of H over D 
and a secondary isotope effect of 1.6 ±  0.2 per H /D  favoring bond formation to a methyl group with more H 
atoms in it. The characteristics are discussed of the pseudocomplexes existing during the simultaneous 
presence near the central C atom of five hydrogenic substituents including the energetic tritium atom. The 
substitution process is inadequately described by a three-particle T -H -R  model and instead involves ap
preciable motion of all of the hydrogenic substituents.

Introduction
H y d r o g e n  is o to p e  e ffe c ts  h a v e  b e e n  e x te n s iv e ly  s tu d 

ie d  fo r  th e  re a c t io n s  o f  e n e rg e t ic  tr it iu m  a to m s  r e c o ilin g  
fr o m  n u c le a r  re a c t io n s  a n d  h a v e  p r o v id e d  im p o r ta n t  
in fo r m a t io n  c o n c e r n in g  m e ch a n ism s  a n d  o th e r  ch a r
a cte r is t ics  o f  th ese  r e a c t io n s .2-7 I n  a d d it io n  to  an  is o 
to p e  e f fe c t  in  th e  a b s tr a c t io n  o f  H  o r  D  b y  e n e rg e t ic  T  
a to m s , th ree  d iffe re n t k in d s  o f  is o to p e  e ffe c ts  h a v e  b e e n  
d e m o n s tr a te d  th a t  a re  in v o lv e d  in  d e te rm in in g  th e  
y ie ld s  o f  s u b s t itu t io n  re a c t io n s  b y  th ese  a to m s : (a )
p r im a ry  r e p la c e m e n t ; (b )  s e c o n d a r y ; a n d  (c )  m o d e ra to r . 
T h e  first tw o  o f  th ese  are c o n c e r n e d  w ith  in tr in s ic  d if 
fe ren ces  in  r e a c t io n  y ie ld , u n d e r  e q u iv a le n t  c o n d it io n s , 
fo r  is o to p ic  m o le cu le s , as illu s tra te d  fo r  p r im a r y  re p la c e 
m e n t6-7 a n d  s e c o n d a r y  is o to p e  e f fe c ts 4 b y  re a c t io n s  I 
a n d  2 , r e s p e c t iv e ly .8 T h e  m o d e r a to r  is o to p e  e f fe c t  is

T *  +  C H X 3 o r  C D X 3 — >  C T X 3 +  (H  o r  D )  (1 ) 

T *  +  C H 3X  o r  C D SX

(C H 3T  o r  C D 3T )  +  X  (2 )

c o n c e r n e d  w ith  th e  p o s s ib il ity  o f  n o n e q u iv a le n t  e n e rg y  
losses  in  n o n re a c t in g  c o llis io n s  w ith  R H  o r  R D  fo r  th e  
e n e rg e tic  tr it iu m  a to m s 2-4 a n d  th e re fo re  fo r  v a r ia t io n s  
in  th e  n u m b e r  o f  p o s s ib ly  r e a c t iv e  h o t  co llis io n s  a v a il
a b le  a t e a ch  e n e rg y  as th e  tr it iu m  a to m  loses  its  excess  
k in e tic  e n e rg y .

T h e  r e a c t iv ity  in teg ra ls  o f  C H 3T  fr o m  C H 4 a n d  C D 3T  
fr o m  C D 4 w ere  in d ic a te d  th ro u g h  m e a su rem en ts  m a d e  
s e p a ra te ly  w ith  C H 4 a n d  C D 4 to  b e  a b o u t  e q u a l fo r

(1) This research has been supported by A.E.C. Contract No. AT- 
(04-3)-34, Agreement No. 126.
(2) E. K. C. Lee, J. W. Root, and F. S. Rowland, Chem. Eff. Nucl. 
Transform., Proc. Symp., 1964, 1> 55 (1965).
(3) R . Wolfgang, Progr. React. Kinet., 3, 97 (1965).
(4) E. K. C. Lee, G. Miller, and F. S. Rowland, J. Amer. Chem. 
Soc., 87, 190 (1965).
(5) T . Smail and F. S. Rowland, J. Phys. Chem., 72, 1845 (1968).
(6) T. Smail and F. S. Rowland, ibid., 74, 456 (1970).
(7) T. Smail and F. S. Rowland, ibid., 74, 1859 (1970).
(8) A fourth kind of isotope effect, the primary substitution isotope 
effect (as exemplified by H* +  CDi —■> CHD 3 +  Dus. T* +  CD 4 —► 
CD 3T +  D), has not yet been measured.
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re a c t io n s  3 a n d  4 , th e r e b y  d e m o n s tr a t in g  th a t  d ir e c t

T *  +  C H 4 — >  C H 3T  +  H  (3 )

T *  +  C D 4 — ► C D 3T  +  D  (4 )

“ b ill ia r d -b a ll”  tra n s fe r  o f  th e  e n e r g y  o f  th e  tr it iu m  
a to m  t o  a  s tr u c k  H  or  D  a to m  w a s  n o t  a n  im p o r ta n t  
c o n tr o l  m e c h a n ism  fo r  su ch  r e a c t io n s .9 I n  th ese  
e x p e r im e n ts , h o w e v e r , a ll th ree  is o to p e  e ffe c ts  l is te d  as 
(a )  t o  (c )  a b o v e  are in v o lv e d , a lth o u g h  th e  r e a c t iv ity  
in teg ra ls  th e m se lv e s  r e fle c t  d ir e c t ly  th e  c o m p o s ite  o f  
th e  p r im a ry  re p la c e m e n t  a n d  s e c o n d a r y  is o to p e  e f
fe c ts , as in d ic a te d  in  r e a c t io n s  3 a n d  4 . A  m ore  a c 
cu ra te  v a lu e  fo r  th e  re la t iv e  m a g n itu d e  o f  th e  r e a c t iv ity  
in te g ra ls 10 o f  C H 4 a n d  C D 4 w as o b ta in e d  th ro u g h  c o m 
p e t it iv e  ex p e r im e n ts  ca rr ie d  o u t  in  C H 4- C D 4 m ix tu res , 
in d ic a t in g  an  in te rm o le cu la r  is o to p e  e f fe c t  in  r e a c t io n s  3 
a n d  4  o f  1 .33  ±  0 .0 4  fo r  th e  ra tio  (C H 3T / C H 4) / ( C D 3T /  
C D 4) . 2 S u ch  d ir e c t  c o m p e t it io n  e x p e r im e n ts  e lim in a te  
th e  m o d e r a to r  e ffe c t  as a fa c to r  b u t  d o  n o t  d is cr im in a te  
b e tw e e n  p r im a r y  r e p la c e m e n t  a n d  s e c o n d a r y  is o to p e  
e ffe cts .

T h e  o c cu rre n ce  o f  re a c t io n s  3 a n d  4  h as  a lso  b e e n  
d e m o n s tr a te d  fo r  2 .8 -e V  tr it iu m  a to m s  fo r m e d  b yo
p h o to ly s is  o f  T B r  a t 1849 A . 11-13 W e  r e p o r t  h ere  in 
fo r m a t io n  a b c u t  th e  re la t iv e  y ie ld s  w ith  2 .8 -e V  tr it iu m  
a to m s  o f  re a c t io n s  3 a n d  4 in  in te rm o le cu la r  c o m p e t i
t io n ; o f  re a c t io n s  5 a n d  6 in  in tra m o le cu la r  c o m p e t i t io n ; 
a n d  s im ilar  re a c t io n s  w ith  o th e r  in te r -  a n d  in tra m o le c 
u la r  sy s te m s  c o n ta in in g  p r o to n a t e d  a n d  d e u te r a te d  
m e th a n e s .14

T *  +  C H 2D 2 — ^  C H D 2T  +  H  (5 )

T ~  +  C H 2D 2 — >  C H ZD T  +  D  (6 )

Experimental Section
T h e  d e u te r a te d  m eth a n es  w ere  a ll o b ta in e d  fr o m  

M e r c k  S h a rp  a n d  D o h m e  a n d  w ere  p u r if ie d  b y  a d s o rp 
t io n -d e s o r p t io n  c y c le s  o n  a c t iv a te d  ch a rco a l. T h e  
s ta te d  m in im u m  a to m ic  is o to p ic  p u r it ie s  w ere  9 9 %  
fo r  C D 4 a n d  9 8 %  fo r  th e  o th e r  d e u te r a te d  m eth a n es . 
R e s e a rch  g ra d e  C H 4 (M a th e s o n )  w a s  u sed .

T h e  d e ta ils  o f  sy n th es is  o f  T B r , sa m p le  p r e p a ra tio n  
a n d  irra d ia tio n , a n d  ra d io  ga s  c h r o m a to g r a p h ic  a n a ly sis  
h a v e  b e e n  d e s cr ib e d  e lse w h e re .12 M o s t  p h o to ly s e s  w ere  
ca rr ied  o u t  fo r  1 m in — a tim e  p e r io d  fo r  w h ich  th e  
p r o d u c t  ra tio s  d o  n o t  v a r y  w ith  t im e . A n a ly t ic a l  
s e p a ra t io n  o f  is o to p ic  m e th a n e s  w a s  p e r fo r m e d  b y  re 
c y c le  ga s  c h r o m a t o g r a p h y 14-16 o n  tw o  id e n t ica l ch a rco a l 
c o lu m n s  (10 0  f t  X  3/ie  in .)  a t  5 0 ° . T h e  q u a lit y  o f  th e  
is o to p ic  sep a ra t io n s  is a fu n c t io n  o f  th e  n u m b e r  o f  H  vs. 
D  a to m  d iffe re n ce s  in  th e  m o le cu le s  b e in g  sep a ra ted . 
I n  g en era l, th e  se p a ra t io n  o f  p a irs  o f  m e th a n e s  d iffe r in g  
b y  tw o  o r  th ree  H / D  ch a n g e s  (e .g ., C H 3T  vs. C H D 2T )  
is v e r y  sa t is fa c to ry . T h e  se p a ra t io n  o f  p a irs  o f  is o 
to p ic  m e th a n e s  d iffe r in g  o n ly  b y  a s in g le  H / D  p a ir  is 
n o t  c o m p le te , as s h o w n  in  F ig u re  1, b u t  is su ffic ien t to  
a llo w  s e m iq u a n t ita t iv e  c o m p a r is o n s .16 F o r  th e  sep a ra -

Retention Time (hr.)

Figure 1. Recycle separation of CHD2T and CH2DT. 
Separation on activated charcoal at 50°, ôtal path length in 
the column, 1200 ft. The sudden decrease in count rate at 148 
hr is an artifact introduced by peak-chopping in the 
process of recycling.

t io n  o f  C H D 2T  a n d  C H 2D T ,  th e  c o lu m n s  w ere  r e c y c le d  
s ix  t im e s  e a ch , fo r  a to t a l  s e p a ra t io n  p a th  le n g th  o f  
1200 ft . F u r th e r  r e c y c lin g  w as n o t  fe a s ib le  in  th is  
case  b e ca u se  th e  tw o  p e a k s  h a d  s p re a d  so  b r o a d ly  th a t  
th e y  e x te n d e d  a lm o s t  th e  en tire  le n g th  o f  o n e  co lu m n .

I n  ea rlier  ex p e r im e n ts  w ith  C H 4 a n d  C D 4 it  w as 
fo u n d  th a t  sp u r io u s  re a c t io n s  p r o d u c in g  a d d it io n a l 
H T  w ere  s o m e tim e s  im p o r t a n t .11-14 T h e s e  e f fe c ts  
p la y  a  sm a ll p a r t  in  th e  H T  y ie ld s  q u o t e d  la te r  b u t  d o  
n o t  a ffe c t  th e  y ie ld s  o f  tr it ia te d  m e th a n e s , th e  p r im e  
g o a l o f  th ese  ex p e r im e n ts .

T h e  d a ta  o n  re la t iv e  y ie ld s  f r o m  d iffe re n t  p a r e n t  
m o le cu le s  w ere  o b ta in e d  b y  p h o to ly s is  o f  m ix tu re s  o f  
p a irs  o f  m eth a n es , w ith  s u m m a tio n  o v e r  th e  p r o d u c t  
y ie ld s  o f  b o t h  tr it ia te d  m e th a n e  p r o d u c ts  f r o m  p a r 
t ia l ly  d e u te r a te d  m o le cu le s . F o r  e x a m p le , p h o to ly s is  
o f  a  m ix tu re  o f  C H 4 a n d  C H 2D 2 g a v e  th re e  tr it ia te d  
m e th a n e s  (C H 3T , C H 2D T ,  C H D 2T ) ,  e a ch  su ffic ie n t ly  
se p a ra te d  to  p e r m it  (a )  e s t im a tio n  o f  th e  y ie ld  o f  th e  
first vs. th e  su m  o f  th e  o th e r  tw o  a n d  (b )  a ssu ra n ce  th a t  
th e  C H D 2T / C H 2D T  r a t io  w as 1 .0  ±  0 .2 , in  a g re e m e n t

(9) R. J. Cross and R. Wolfgang, J. Chem. Phys., 35, 2000 (1961).
(10) A  much improved estimate of the absolute magnitude of the 
CPU reactivity integral was obtained by D. Seewald and R. Wolf
gang, ibid., 47, 143 (1967).
(11) C. C. Chou and F. S. Rowland, J. Amer. Chem. Soc., 88, 2612 
(1966).
(12) C. C. Chou and F. S. Rowland, J. Chem. Phys., 50, 5133 (1969).
(13) C. C. Chou and F. S. Rowland, ibid., 50. 2763 (1969).
(14) C. C. Chou, Ph.D. Thesis, University of California, Irvine, 
Calif., 1968.
(15) J. W. Root, E. K . C. Lee, and F. S. Rowland, Science, 143, 676
(1964) .
(16) More complete separations for the isotopic methanes have been 
reported using capillary columns and relatively small sample injec
tions. See F. Bruner and G. P. Cartoni, J. Chromatogr., 18, 390
(1965) ; F. Bruner, G. P. Cartoni, and A. Liberti, Anal. Chem., 38, 
298 (1966); F. Bruner, G. P. Cartoni, and A. Liberti, ibid., 41, 1122 
(1969).
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w ith  th e  resu lt  fo u n d  fo r  C H 2D 2 in  th e  a b se n ce  o f  
C H 4.

Results
/n term olea ila r  a n d  In tra m olecu la r  C om p etition s . T h e  

resu lts  f r o m  in te rm o le cu la r  c o m p e t it io n s  w ith  CH4-  
C D 4 m ix tu res  are s u m m a r iz e d  in  T a b le  I , s h o w in g  th a t  
s u b s t itu t io n  in to  CH4 is fa v o r e d  b y  a  fa c t o r  o f  7 .2  w ith  
n o  s y s te m a tic  v a r ia t io n  fo r  m o le  f r a c t io n  r a t io  o f  
CH4/CD 4 o r  fo r  B r 2/m e t h a n e .  S im ila r  m ea su re m e n ts  
w ith  CH2 D2 vs. CH4 a n d  CH3D vs. CD4  h a v e  th e n  g iv e n  
th e  re la t iv e  y ie ld s  s u m m a r iz e d  in  T a b le  I I .  I n  th ese  
ex p e r im e n ts , th e  t o t a l  y ie ld  o f  th e  s u b s t itu t io n  re a c t io n  
w ith  2 .8 -e V  tr it iu m  a to m s  fa lls  s te a d ily  w ith  in cre a s in g  
d e u te r a t io n . M e a s u r e m e n t  o f  th e  in tra m o le cu la r  is o 
to p e  e ffe c t  in  th e  r e p la c e m e n t  o f  H  vs. D ,  h o w e v e r , g iv e s  
p e r  bond  s u b s t itu t io n  ra tio s  w ith  a v a lu e  o f  a p p r o x i
m a te ly  u n ity , as in d ic a te d  in  T a b le  I I I  fo r  in tra m o le cu la r  
m ea su rem en ts  w ith  CH2D2  a n d  CHD3, e a ch  ta k e n  sep 
a ra te ly . T h e  r e la t iv e ly  la rg e  e rro r  lim its  o n  th e  in tra 
m o le cu la r  c o m p e t it io n s  r e fle c t  th e  in c o m p le te  se p a ra 
t io n  o f  p e a k s  d iffe r in g  o n ly  in  o n e  H/D p a ir , as s h o w n  
in  F ig u re  1.

Table I : Intermolecular Isotope Effects in Reactions of 
2.8-eV Tritium Atoms with Isotopic Methanes

Pressure of reactants, '  Product ratios-

CHi
—Torr----

c d 4 Br2
(HT/CHi)
(DT/CDi)

(CHaT/CHi)
(CDaT/CDi)

192 184 32 1.45 7.17
107 254 34 1.43 6.92
216 152 30 1.61 7.23
115 98 6 1.95 7.15
111 98 6 2.03 7.30

CHsD CDi Br2
(CHaT + CH2DT)/(CHaD) 

(CD3T)/(CD4)
(CHaDT)/

(CHaT)

66.8 31.6 6.1 5.58 2.4 ±  0.7

CHi CH2D2 Br2
(CHjT)/(CH4)

(CHDjT + CH2DT)/(CH,D2)
(CHDZT)/
(CH2DT)

31.6 72.3 6.1 2.3 1.0 ±  0.2

Table II: Relative Yields in Intermolecular
Competition for the Substitution Reactions of 
2.8-eV Tritium Atoms with Isotopic Methanes

CH4 CHaD CH2D2 CDi

7.2 ±  0.2 5.6 ± 0 . 3  3. 1 ri- 0.3 (1.0)

T h e  p e r  bond  a b s tr a c t io n  y ie ld s  h a v e  a lso  b e e n  re 
c o r d e d  in  all e x p e r im e n ts  a n d  are c o n s is te n t ly  1 .4 -
2 .0  tim e s  as h ig h  fo r  H T  as fo r  D T  in  all m o le cu le s . 
T h e  p r im a ry  c o n c e r n  o f  o u r  e x p e r im e n ts  h as  b e e n  th e  
s u b s t itu t io n  p ro ce ss , a n d  th e  a b s tr a c t io n  y ie ld s  ( o f  H T )  
are m ore  se n s it iv e  to  e x p e r im e n ta l d ifficu ltie s . C o n se -

Table I I I : Relative Yields of Protium and Deuterium 
Substitution for 2.8-eV Tritium Atom Reactions 
with Partially Deuterated Methanes

T arget Product
molecule molecules

Ratio of product yields, 
T-for-H/T-for-D

CH2D2 CHD2T or CH2DT 1.06 ±  0.1
CHD3 CD3T or CHD2T 0.4 ±  0.1 (per bond:

1.2 ±  0.3)

q u e n tly , w e  h a v e  n o t  co n s id e re d  th e  a b s tra c t io n  is o to p e  
e ffe c ts  in  m ore  d e ta il.

Discussion

P r im a r y  R ep la cem en t or S econ d a ry  I s o to p e  E f fe c t? 
N o  e n e rg e tic  tr it iu m  a to m  e x p e r im e n t w ith  m e th a n e  
h as y e t  b e e n  e n t ire ly  free  f r o m  th e  g e n e ra l q u e s t io n , 
“ I s  th e  o b s e r v e d  e ffe c t  ca u se d  b y  th e  is o to p ic  d iffe re n ce  
in  th e  p r im a ry  re p la c e m e n t  p r o ce ss  o r  in  th e  s e c o n d a r y  
e f fe c t  o f  th e  re s id u a l m e th y l g r o u p ? ”  E v e n  in  th e  
in tra m o le cu la r  co m p a r is o n s , e.g ., o f  C H D 2T  a n d  C H 2- 
D T  fr o m  C H 2D 2, b o th  th e  r e p la c e d  a to m s  (H  a n d  D )  
a n d  th e  res id u a l m e th y l  ra d ic a ls  ( C H D 2 a n d  C H 2D )  
w ith  w h ich  c o m b in a t io n  o c c u r s  a re  is o to p ic a l ly  d iffe re n t 
a n d  th e re fo re  p o t e n t ia lly  c o n t r ib u t o r y  to  th e  o b s e rv e d  
o v e ra ll  is o to p e  e ffe c t . I f  th e  o b s e r v e d  in te r m o le c u la r  
is o to p e  e f fe c t  o f  7 .2  b e tw e e n  C H 4 a n d  C D 4 v 'e re  a t t r ib 
u te d  e n tire ly  t o  th e  p r im a r y  r e p la c e m e n t  e f fe c t  o f  H  
a n d  D  a n d  if  th is  e f fe c t  w ere  a ssu m e d  to  b e  a p p lica b le  
in  th e  sa m e ra tio  fo r  C H 2D  a n d  C H D 2 re s id u a l ra d ica ls , 
th e n  a C H D 2T / C H 2D T  ra t io  o f  7 .2  w o u ld  b e  e x p e c te d  
fo r  th e  in tra m o le cu la r  is o to p e  e f fe c t  in  C H 2D 2. S in ce  
th is  p r e d ic t io n  is n o ta b ly  in  d is a g re e m e n t  w ith  th e  
a c tu a l o b s e r v a t io n  g iv e n  in  T a b le  I I I ,  th e  h y p o th e s is  o f  
th e  so le  im p o r ta n c e  o f  a p r im a r y  r e p la c e m e n t  e ffe c t  is 
s e r io u s ly  in  e r ro r ; s e c o n d a r y  e ffe c ts  are n o n tr iv ia l in  
m a g n itu d e  a n d  m u st b e  e v a lu a te d  in  d eta il.

W e  ca n  e s t im a te  th e  m a g n itu d e  o f  th e  s e c o n d a r y  is o 
to p e  e ffe c t  b y  a c o m p a r is o n  o f  th e  T - f o r -D  r e a c t io n , p e r  
b o n d , b e tw e e n  C H 2D 2 a n d  C D 4, in  w h ich  w e  o b s e rv e  
th a t  th e  y ie ld  f r o m  th e  fo rm e r  is a b o u t  3 t im e s  as la rg e  
as th a t  f r o m  th e  la tte r , a fte r  c o r r e c t io n  fo r  th e  n u m b e r  o f  
C - D  b o n d s  in  e a ch  m o le cu le . A  s e c o n d a r y  is o to p e  e ffe c t  
fa c to r  o f  3 b e tw e e n  C H 2D  a n d  C D 3 in d ica te s  a m u lt i
p lic a t iv e  fa c to r  o f  a b o u t  1.7 < 0 .2  p e r  H / D  ch a n g e  in  
th e  res id u a l ra d ica ls . A  s im ilar  c o m p a r is o n  o f  y ie ld s  
f r o m  T - f o r -H  in  C H 4 vs. C H 2D 2 in d ica te s  a s e c o n d a r y  
is o to p e  e ffe c t  o f  a b o u t  1 .5  ±  0 .2  fo r  e a ch  H / D  v a r ia t io n  
in  th e  re s id u a l C H 3 a n d  C H D 2 ra d ica ls . T h e  en tire  
se t o f  d a ta  is c o n s is te n t  w ith  a s e c o n d a r y  is o to p e  e ffe c t  
o f  1.6 ±  0 .2  p e r  H / D  o v e r  th e  ra n g e  f r o m  C H 4 to  C D 4.

I f  th is  s e c o n d a r y  is o to p e  e f fe c t  w ere  th e  o n ly  is o to p e  
e f fe c t  o p e r a t in g  in  th is  sy s te m , o n e  w o u ld  th e n  a n t ic i
p a te  fo r  C H 2D 2 th a t  T - f o r -D  ( fo r m in g  C H 2D T  w ith  
res id u a l C H 2D )  sh o u ld  h a v e  a  h ig h er  y ie ld  th a n  T - f o r -H  
( fo r m in g  C H D 2T  w ith  re s id u a l C H D 2) b y  a fa c to r  o f
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a b o u t  1 .6  ±  0 .2 . H o w e v e r , th e  m ea su red  ra tio  o f  
C H D 2T / C H 2D T  is e ssen tia lly  u n ity , im p ly in g  th a t  th e  
s e c o n d a r y  is o to p e  e f fe c t  is b e in g  c o u n te r b a la n c e d  b y  a 
p r im a ry  re p la c e m e n t  is o to p e  e f fe c t  w h ich  also  a ffe cts  
th e  to t a l  y ie ld s — th e  id e n t ity  o f  th e  r e p la c e d  a to m  (H  
vs. D )  m u st a lso  b e  im p o r ta n t , w ith  a q u a n t ita t iv e  e ffe c t  
ju s t  su ffic ie n t t o  c o u n te r a c t  th e  D  r e p la c e m e n t  p r e fe r 
e n ce  o f  th e  s e c o n d a r y  e ffe c t . T h e re fo re , w e  e s t im a te  
th e  p r im a ry  re p la c e m e n t  is o to p e  e f fe c t  as 1 .6  ±  0 .2  
fa v o r in g  th e  re p la c e m e n t  o f  H  o v e r  D  fo r  2 .8 -e V  tr it iu m  
a to m s  in  m eth a n e .

A  c o n s is te n t  c o n c lu s io n  ca n  th u s  b e  d r a w n  fr o m  all o f  
th e  d a ta  o f  T a b le s  I I  a n d  I I I :  th e  p r o b a b i l i t y  o f  tr i
t iu m  s u b s t itu t io n  in to  a  m e th a n e  m o le cu le  b y  2 .8 -e V  
T  a to m s  in crea ses  w ith  th e  n u m b e r  o f  H  a to m s  (vs. D )  
in  th e  m o le cu le  b y  a  fa c to r  o f  1.6 ±  0 .2  p e r  H / D ,  b u t  
w ith  lit t le  is o to p ic  p r e fe re n ce  fo r  re p la c e m e n t  o f  e ith er  
H  or  D  in tra m o le cu la r ly . T h e  p r im a ry  re p la c e m e n t  
is o to p e  e ffe c t  fa v o r s  th e  r e p la c e m e n t  o f  H  o v e r  D  b y
1.6 ±  0 .2 ; th e  s e c o n d a r y  is o to p e  e f fe c t  fa v o r s  c o m b in a 
t io n  w ith  m o re  p r o to n a t e d  m e th y l  ra d ica ls  (a n d  th e re 
fo r e  fo r  re p la c e m e n t  o f  D  ra th e r  th a n  H )  b y  1 .6  ±  0 .2  
p e r  H / D  v a r ia t io n . T h e s e  q u a n t ita t iv e  e s tim a te s , 
o f  co u rse , d o  n o t  a p p ly  t o  th e  re a c t io n s  o f  2 .8 -e V  T  
a to m s  b u t  ra th e r  to  th e  w e ig h te d  s p e c tru m  o f  en erg ies  
fo r  w h ich  s u b s t itu t io n  o c c u r s  fo r  th e  m u lt ip le  co llis io n s  
u su a lly  m a d e  a b o v e  th e  s u b s t itu t io n  th re s h o ld  b y  T  
a to m s  w h ich  in it ia lly  p ossess  2 .8 -e V  k in e t ic  en e rg y .

P r im a r y  R ep la cem en t I so to p e  E ffec ts . T h e  p r im a ry  
r e p la c e m e n t  is o to p e  e f fe c t  h as  b e e n  m e a su re d  earlier  
fo r  v e r y  h ig h -e n e r g y  (1 9 2 ,0 0 0 -e V ) t r it iu m  a to m s  re 
c o i l in g  f r o m  th e  3H e (n ,p ) T  n u c le a r  r e a c t io n  a n d  s u b 
s t itu t in g  in to  C H X 3 v s . C D X 3 m o le cu le s  w ith  X  =  
C H 3,6 C D 3,6 o r  F .7 A ll  o f  th ese  d a ta  fo r  h ig h e r  e n e rg y  
tr it iu m  a to m s  are co n s is te n t  w ith  a p r e fe re n ce  fo r  H  
re p la c e m e n t  o f  1 .30  ±  0 .0 5 . O u r  2 .8 -e V  e s t im a te d  
v a lu e  o f  1 .6  ±  0 .2  sh o w s  th e  sa m e q u a lita t iv e  p re fe re n ce  
fo r  re p la c e m e n t  o f  H  vs. D , w h ile  th e  q u a n t ita t iv e  in 
crea se  is q u ite  rea so n a b le  co n s id e r in g  th e  m u ch  lo w e r  
in itia l e n e rg y  o f  T  f r o m  T B r  p h o to ly s is  th a n  fr o m  
n u c le a r  re co il. T h e  easier re p la c e m e n t  o f  H  th a n  D  is 
q u a lita t iv e ly  in  th e  w r o n g  d ir e c t io n  fo r  r e a c t iv e  c o lli
s ion s  d o m in a te d  b y  a t o m -a t o m  co llis io n s  (e .g ., “ b illia rd  
b a l l ”  co llis io n s ) b e tw e e n  T  a n d  H  or  D , c o n fir m in g  th e  
in a p p lic a b ility  o f  th is  e sp e c ia lly  s im p le  m o d e l t o  th e 
s y s te m  o f  T  p lu s  m e th a n e .9 I n  c o n tra s t , th e  resp o n se  
o f  an  H  a to m  to  ch a n g e s  in  th e  d ir e c t io n  o r  m a g n itu d e  
o f  th e  fo r c e  fie ld  w ill b e  m ore  ra p id  th a n  th a t  o f  a D  
a to m . I f  th e  in itia l in te r a c t io n  o f  T  w ith  m e th a n e  has 
th e  e f fe c t  o f  p e r tu rb in g  th e  e le c tro n  d is tr ib u t io n , th e n  
th e  q u ic k e r  m o t io n  o f  th e  H  a to m  in  th is  v a r y in g  fo r c e  
fie ld  m a y  v e r y  w e ll fa c ilita te  b o n d  fo r m a t io n — a n d  
th e re fo re  th e  o v e r a ll  p r o ce ss  o f  s u b s t itu t io n — fo r  th e  
n e w ly  c o l l id e d  tr it iu m  a to m .

S econ d a ry  I s o to p e  E ffec ts . T h e  ea rlier  m ea su rem en ts  
w ith  n u c le a r  re co il  tr it iu m  a to m s  s h o w e d  a p re fe re n ce  
o f  1 .33  ±  0 .0 4  fo r  th e  re p la c e m e n t  o f  F  in  C H 3F  vs.

C D 3F  fo r  an  a v e ra g e  m u lt ip lic a t iv e  e f fe c t  o f  1 .10  ±  
0 .0 2  p e r  H / D 4 a n d  a p re fe re n ce  o f  1 .45  ±  0 .0 5  fo r  re 
p la c e m e n t  o f  F  in  C H F 3 v s . C D F s w ith  o n ly  o n e  H / D  
d iffe re n c e .7 T h e  ra tio  o f  C H 3T / C D 3T  fr o m  e q u im o la r  
C H 3F / C D sF  is h ig h er fo r  2 .8 -e V  in itia l e n e r g y — a b o u t
1.7 ±  0 .1 .17 T h e  cu rre n t e s tim a te  o f  1 .6  ±  0 .2  p e r  
H / D  is c o n s is te n t  w ith  th e  o th e r  2 .8 -e V  m e a su re m e n t 
a n d  la rg er  th a n  th o se  o b s e r v e d  fo r  th e  n u c le a r  r e c o il  
sy s te m s . T h e  e x is te n ce  o f  a s e co n d a ry  is o to p e  e ffe c t  
in d ica te s  th a t  th e  m o t io n s  o f  a to m s  n ot  b e in g  r e p la c e d  
are im p o r ta n t  in  fa c ilita t in g  su cce ss fu l s u b s t itu t io n  
re a ct io n s .

A ll  o f  th e  m o t io n s  o f  th ese  a to m s  th r o u g h  th e  e n tire  
co u rse  o f  r e a c t io n  m u st o f  co u rse  c o n se r v e  to t a l  e n e r g y , 
to t a l  lin ea r  m o m e n tu m , a n d  to t a l  a n g u la r  m o m e n tu m . 
W it h  th ese  n o rm a l e n e rg e tic  a n d  in e rtia l re s tr ic t io n s , 
m o t io n  b y  h e a v y  a to m s  o r  g ro u p s  is in tr in s ica lly  l im ite d  
t o  s lo w e r  v e lo c it ie s  th a n  th o se  p o s s ib le  fo r  th e  lig h te r  
sp ec ies  su ch  as H  o r  D  a to m s . A  sp e c ia l e x a m p le  o f  th e  
c o n s e r v a t io n  la w s— th e  s lo w e r  r o t a t io n  o f  - C X 3 g r o u p s  
th a n  - C H 3 g ro u p s  w h en  m x  »  m H— h a s  b e e n  d e s c r ib e d  
as “ r o ta t io n a l  in e r tia ”  a n d  p o s tu la te d  as im p o r t a n t  in  
m a n y  h o t -a t o m  s u b s t itu t io n s .3 O u r  c o n c e p t  o f  th e se  
p h o to c h e m ic a l  is o to p e  e ffe c ts  in  m e th a n e  is a lso  an  
a p p lic a t io n  o f  th e  c o n s e r v a t io n  law's a n d  d iffe rs  f r o m  
th e  r o ta t io n a l  in e rtia  c o n c e p t  in  th a t  (a )  th e  a to m ic  m o 
t io n s  o f  th e  re s id u a l a to m s  are n o t  u n ifo r m ly  c o o r d in a 
t e d  as im p lie d  fo r  th e  r o ta t io n  o f  a  m e th y l g r o u p  a n d
(b )  th e  a to m  to  b e  re p la c e d  is still ra th e r  s tr o n g ly  b o n d e d  
as th e  re la x a t io n  m o t io n  o f  th e  re s id u a l a to m s  c o m 
m en ces , i .e .,  th e  r e a c t io n s  are “ c o n c e r t e d ”  a n d  n o t  
“ s e q u e n tia l.”  T h e  m ore  r a p id  re la x a t io n  o f  p r o to n a t e d  
th a n  d e u te r a te d  sp ec ies  is a n a tu ra l c o n s e q u e n c e  o f  
th ese  c o n s e r v a t io n  law’s u n d e r  m o s t  c ir c u m sta n ce s .

C om bin ed  I s o to p e  E ffec ts . I t  is c le a r  th a t  th e  is o to p e  
e ffe c ts  m ea su red  in  d iffe re n t s y s te m s  d o  n o t  h o ld  in 
d iv id u a lly  a n d  c u m u la t iv e ly  o v e r  w id e  v a r ia t io n s  in  th e  
n a tu re  o f  th e  e x p e r im e n ta l ta r g e t  a n d  in  in it ia l tr it iu m  
e n e rg ie s : th e  p r im a ry  r e p la c e m e n t  is o to p e  e f fe c t  fo r  
H / D  in  C H F 3( C D F 3) 7 a n d  th e  s e c o n d a r y  is o to p e  e f fe c t  
fo r  3 H  vs. 3 D  in  C H 3F ( C D 3F ) 4 are 1 .35  ±  0 .0 5  a n d
1.33  ±  0 .0 4 , r e s p e c t iv e ly , w h ile  th e  c u m u la t iv e  o v e r a ll  
is o to p e  e f fe c t  fo r  s u b s t itu t io n  in to  C H 4 ( C D 4) is o n ly
1.33  ±  0 .0 4 ,2 a ll th ree  sy s te m s  in v o lv in g  th e  e n e rg e t ic  
T  a to m s  f r o m  n u c le a r  re co il.

T h e  d iffe re n ce  b e tw e e n  C H 4/ C D 4 is o to p e  e ffe c ts  w ith  
2 .8 -  a n d  1 9 2 ,0 0 0 -e V  tr it iu m  a to m s  is q u ite  s tr ik in g : 
(C H 3T / C H 4) / ( C D 3T / C D 4) =  7 .2  a n d  1 .33 , r e s p e c 
t iv e ly . U n fo r tu n a te ly , s ig n ifica n t o b s e r v a t io n s  a b o u t  
th e  re la t iv e  im p o r ta n c e  o f  p r im a r y  r e p la c e m e n t  a n d  
s e c o n d a r y  is o to p e  e ffe c ts  c a n n o t  n o w  b e  o b ta in e d  fo r  
1 9 2 -k e V  tr it iu m  a to m s  b e ca u se  o u r  a n a ly t ic a l s ep a ra 
t io n  o f  C H D 2T / C H 2D T  is n o t  c o m p le te  e n o u g h  fo r  
a c cu ra te  m e a su re m e n t o f  th e  sm a ll v a r ia t io n s  e x p e c te d  
in  y ie ld s  f r o m  C H 2D 2 a t th ese  en erg ies .

(17) C. C. Chou and F. S. Rowland, unpublished results.
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T h e S u b stitu tion  M ech an ism , in  M eth a n e  n ear T hresh 

old  E n erg ies . T h e  e x is te n ce  o f  cu m u la t iv e  H / D  e ffe cts  
o f  1 .6  ±  0 .2  fo r  all H  o r  D  a to m s  in  th e  m e th a n e  m o le 
cu le  im p lie s  th e  in t im a te  p a r t ic ip a t io n  in  th e  su b s t itu 
t io n  p r o ce ss  o f  all fo u r  o f  th e  o r ig in a l h y d r o g e n  su b s tit 
u en ts . I n  th e  te r m in o lo g y  o f  B u n k e r ,18 th e  su b s t itu 
t io n  p r o ce ss  is  > 3 -c e n t e r e d , ra th e r  th a n  a 3 -c e n te r e d  
r e a c t io n  in  w h ich  th e  o n ly  p a irs  o f  a to m s  th a t  a tt r a c t  
s tr o n g ly  d u r in g  th e  r e a c t io n  are  th o se  w h o se  b o n d s  are 
b e in g  m a d e  o r  b ro k e n . T h e  o b s e r v a t io n  o f  s u b s t itu t io n  
in to  m e th a n e  fo r  in it ia l tr it iu m  en erg ies  as lo w  as 1.9 
e V  w ith  an  a p p a re n t th re s h o ld  in  th e  v ic in it y  o f  1 .6  e V 13 
in d ica te s  th a t  th e  sa d d le  p o in t  fo r  s u b s t itu t io n  m u st b e  
o n ly  a b o u t  3 5 -4 0  k c a l /m o l  a b o v e  th e  e n e r g y  fo r  sep 
a ra te d  tr it iu m  a to m  a n d  m e th a n e  m o le cu le . T h e  
m ere  e x is te n ce  o f  th is  s u b s t itu t io n  r e a c t io n  m ore  th a n  
60  k c a l /m o l  b e lo w  th e  d is s o c ia t io n  e n e r g y  o f  C - H  
b o n d s  in  m e th a n e  is in  it se lf  a m p le  p r o o f  th a t  th e  re a c 
t io n  is “ c o n c e r t e d ,”  in v o lv in g  s im u lta n e o u s  fo r m a t io n  
o f  th e  C - T  b o n d  a n d  b re a k a g e  o f  th e  C - H  o r  C - D  b o n d . 
S u ch  a “ c o n c e r te d ”  r e a c t io n  ca n  b e  d e s cr ib e d  in  te rm s  
o f  a 3 -c e n te re d  r e a c t io n  w ith  th re e  n o n p a r t ic ip a t in g  
h y d r o g e n  a to m s , b u t  th e  re q u ire m e n t  o f  p a r t ic ip a t io n  
b y  th ese  o th e r  H  o r  D  a to m s  in v ite s  a m o re  su ita b le  
d e s c r ip t io n  in  te rm s  o f  s o m e  tr a n s ito r y  s tru ctu re  in  
w h ich  th e  e le c t r o n  d e n s itie s  b e tw e e n  th e  C  a to m  a n d  th e  
fiv e  su b s t itu e n t  h y d r o g e n  a to m s  are a ll s o m e w h a t  d if 
fe re n t f r o m  th a t  in  th e  n o rm a l C - H  b o n d s  o f  m eth a n e .

T h e  t r a je c t o r y  ca lcu la t io n s  o f  P o la n y i , et a t ,  h a v e  
tr e a te d  b o th  s u b s t itu t io n  a n d  a b s tr a c t io n  re a c t io n s  
th ro u g h  p o te n t ia l  e n e r g y  su r fa ce s  a llo w in g  o n ly  3 - 
ce n te re d  re a c t io n s  o f  T ,  H , a n d  R . 19 A  v a r ie t y  o f  su r
fa c e s  in  w h ich  all s ix  a to m s  o f  T  +  C H 4 h a v e  h a d  so m e  
fr e e d o m  o f  m o t io n  h as  b e e n  co n s id e re d  b y  B u n k e r  a n d  
P a tte n g ill , w ith o u t  s a t is fa c to r y  su ccess  in  s im u la tin g  
th e  r a t io  o f  s u b s t itu t io n  t o  a b s tr a c t io n  fo r  2 .8 -e V  T  
a to m s .18' 20 I n  p a r t icu la r , n o n e  o f  th ese  s ix -p a r t ic le  
su rfa ces  h as  y e t  g e n e ra te d  a  su ffic ie n t ly  la rg e  y ie ld  o f  
s u b s t itu t io n  re a c t io n s , w h ile  th e  a u th o rs  h a v e  d e fin ite ly  
c o n c lu d e d  th a t  3 -c e n te re d  ca lcu la t io n s  are in a d e q u a te  
fo r  d e s c r ip t io n  o f  th ese  s u b s t itu t io n  p rocesses . Y e t  
m ore  e la b o r a te  ca lc u la t io n s  se e m  to  o ffe r  s o m e  p o s s i
b i l it y  fo r  m o re  d e f in it iv e  s ta te m e n ts  c o n c e r n in g  th e  
o r ie n ta t io n s  o f  th e  f iv e  h y d r o g e n ic  s u b s titu e n ts  d u r in g  
th e  s u b s t itu t io n  p ro ce ss .

A  2 .8 -e V  tr it iu m  a to m  h as an  in it ia l v e lo c i t y  o f  1.3 Xo .
106 c m /s e c  a n d  th e re fo re  tr a v e ls  A  d is ta n ce s  m  ^ l O -14 
sec. N o  g o o d  m e a su re m e n ts  o r  s e cu r e ly  b a s e d  es ti
m a tes  are a v a ila b le  fo r  th e  k in e t ic  en erg ies  o f  th e  re 
p la c e d  H  o r  D  a to m s  fo l lo w in g  su ch  su b s titu tio n s . A  
h e a d -o n  t w o -b o d y  T - H  co llis io n  w o u ld  tra n s fe r  a t 
m o s t  7 5 %  o f  th e  k in e t ic  e n e r g y  o f  th e  tr it iu m  t o  th e  H  
a to m , w h ile  co llis io n s  a t  a n g les  o th e r  th a n  h e a d -o n  
w o u ld  re su lt  in  lesser e n e r g y  tr a n s fe r  t o  th e  d e p a r t in g  
a to m . T h e  fa ilu re  o f  th e  “ b illia rd  b a l l ”  a p p r o x im a t io n  
im p lie s  th a t  th is  a t o m -a t o m  m o d e l  is v e r y  p o o r  fo r  
t r it iu m -m e t h a n e  c o llis io n s 9 a n d  th a t  e n e rg y  tra n s fe r

to  th e  H  o r  D  a to m  w ill b e  m u c h  less  th a n  ca lcu la te d  
f r o m  t w o -a t o m  co llis io n s . M o r e o v e r ,  th e  p r e v a le n ce  
o f  h ig h  v ib r a t io n a l  en erg ies  in  n u c le a r  r e c o il  T - f o r -H  
r e a c t io n s 2'8 su g g ests  t l a t  th e  r e p la c e d  a to m  n o r m a lly  
h as  fa r  less  k in e t ic  e n e r g y  th a n  d id  th e  o r ig in a l in c o m in g  
tr it iu m  a to m . T h e  t im e  sca le  f o r  r e m o v a l o f  a  re p la c e d  
H  o r  D  a to m  (v e lo c ity  o f  0 .1 -e V  D  a to m  =  3 X  106 
c m /s e c )  t o  d is ta n ce s  o f  1 A  o r  m o re  is p r o b a b ly  se v e ra l 
t im e s  lo n g e r  th a n  th e  d m e  fo r  T  a to m  a p p r o a c h  a n d  
h e n ce  is lo n g  e n o u g h  f c r  se v e ra l v ib r a t io n s  o f  a  n o rm a l 
C - H  b o n d  w ith  v ib r a t io n a l  fr e q u e n c y  o f  ~ 8  X  1 0 13 
s e c -1  a n d  p r e su m a b ly  a lso  fo r  v ib r a t io n s  o f  th e  p e r 
tu r b e d  c a r b o n -h y d r o g e n  b o n d s  in  a  r e a c t in g  m e th a n e  
s y s te m . I n  a d d it io n , u n certa in tie s  e x is t  in  th e  p a th s  
fo l lo w e d  b y  co l l id in g  a to m s  w ith in  th ese  a rb itr a r ily  
in d ic a te d  1 -A  lim its , a n d  so m e  c a lc u la te d  tr a je c to r ie s  
s h o w  m u lt ip le  a t o m -a s o m  co llis io n s  b e fo r e  d e p a rtu re  
o f  a n y  o f  th e  in te r a c t in g  a t o m s .18-20 T h u s , f o r  a  p e r io d  
o f  se v e ra l C - H  v ib r a t io n s  o r  m ore , f iv e  h y d r o g e n ic  s u b 
s titu e n ts  are c lo se  e n o u g h  to  th e  C  a to m  t h a t  o n e  s h o u ld  
e x p e c t  a p p re c ia b le  co n c e n tr a t io n s  o f  e le c tro n  d e n s ity  
b e tw e e n  e a ch  h y d r o g e n  a to m  a n d  th e  ce n tra l c a r b o n  
a to m . W e  sh a ll d e s cr ib e  th is  f le e t in g  co e x is te n ce  o f  
f iv e  c a r b o n -h y d r o g e n  in te ra c t io n s  as a  p s e u d o c o m p le x  
a n d  e s tim a te  its  l ife t im e  as 3 -7  X  1 0 -14 sec.

T h e  w o r d  “ c o m p le x ’ o f t e n  c o n v e y s  c o n n o t a t io n s  o f  
p a r t icu la r  th e o r ie s  in  c h e m ica l k in e tics , a n d  w e  h a v e  
a d d e d  th e  q u a lifie r  “ p s e u d o ”  p r im a r ily  t o  d iffe re n t ia te  
it  f r o m  o th e r  p r io r  c o n n o t a t io n s — fo r  e x a m p le , a l
th o u g h  ex cess  in te rn a l e n e r g y  m a y  w e ll b e  p a r t ia lly  
d is tr ib u te d  a m o n g  th e  in te rn a l d e g re e s  o f  f r e e d o m  o f  
th is  p s e u d o c o m p le x , w e  see  n o  re a so n  t o  b e lie v e  th a t  it  
h as  b e e n  e q u il ib r a te d  a m o n g  th e m . W e  a lso  h a v e  n o  
in fo r m a tio n  a b o u t  th e  p o s s ib le  e x is te n ce  o r  n o n e x is te n ce  
o f  sh a llo w  m in im a  in  p o t e n t ia l  e n e r g y  su r fa ce s  fo r  f iv e  
h y d r o g e n  a to m s  a ro u n d  a  c a r b o n  a to m  a n d  d o  n o t  
w ish  to  im p ly  e ith e r  t i e  p r e se n ce  o r  a b se n ce  o f  su ch  
m in im a  w ith  o u r  te r m in o lo g y .

“ C o m p lex es "  in  H o t  T r itiu m  A to m  R ea ction s  at S a tu 
rated  C arbon  P o s it io n s f  S in ce  th ere  is g en era l a g re e m e n t 
th a t  th e  s u b s t itu t io n  re a c t io n s  o f  e n e rg e t ic  tr it iu m  
a to m s  p r o c e e d  th ro u g h  a s in g le  e le m e n ta r y  e x ch a n g e  
r e a c t io n , th ere  m u st  b e  so m e  t im e  in te r v a l d u r in g  w h ich  
a ll fo u r  o f  th e  o r ig in a l su b s titu e n ts  a n d  th e  tr it iu m  a to m  
are  a ll w ith in  1 o r  2  A  i f  th e  ce n tra l c a r b o n  a to m . A t  
p resen t, th e  t im e  sca le  o f  th is  in te r v a l a n d  th e  in te rre 
la t io n s  a m o n g  th ese  a te  m s d u r in g  th is  p e r io d  are ra th e r  
u n ce rta in . I n  o u r  v ie w , th e  cu rre n t re su lts  are  re a s o n 
a b ly  co n s is te n t  w ith  th e  e a r lie r  sp e cu la t io n s  th a t  “ re 
co il  tr it iu m  re a c t io n s  w ith  sa tu ra te d  p o s it io n s  o f  a li
p h a t ic  m o le cu le s  in v o lv e  m o m e n ta r ily  a tr a n s it io n  c o m 
p le x  in c lu d in g  th e  r e c o il  tr it iu m  a to m  a n d  all o f  th e

(18) D. Bunker and M. Patengill, J. Chem. Phys., 53, 3041 (1970).
(19) P. J. Kuntz, E. M . Nemeth, J. C. Polanyi, and W. H. Wong, 
ibid., 52, 4654 (1970).
(20) D. L. Bunker and M. Pattengill, Chem. Phys. Lett., 4, 315 
(1969).
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p r e v io u s ly  b o n d e d  su b s titu e n ts . T h e  life t im e  o f  th is  
c o m p le x  is v e r y  sh o rt— it  m a y  o n ly  e x is t  fo r  o n e  v ib r a 
t io n  o r  so , a n d  e q u il ib r a t io n  o f  e n e r g y  a m o n g  th e  v i 
b r a t io n a l  c o o r d in a te s  o f  th e  c o m p le x  d o e s  n o t  o c c u r ,” 21 
a n d  “ th is  c o m p le x  in v o lv e s  t o o  m a n y  g ro u p s  fo r  s ta b le  
b o n d in g  a n d  d e c o m p o s e s  in  a c o m p e t i t iv e  m a n n er . 
T h e  life t im e  o f  su ch  a ‘ c o m p le x ’ is ra th e r  u n ce rta in , 
b u t  m u s t b e  lo n g  e n o u g h  fo r  r e a s o n a b ly  n o rm a l is o to p e  
e f fe c t s  o n  d e c o m p o s it io n  to  b e  in  e f fe c t .” 22

A  co n tr a s t in g  v ie w  h as b e e n  e x p re sse d  fo r  th e  re a c 
t io n s  o f  tr it iu m  a to m s  w ith  k in e t ic  e n e r g y  f r o m  n u 
c le a r  r e c o i l : 3 ’ 23 “ T h e re  a p p ea rs  to  b e  n o  d a t a  s u p p o r t 
in g  th e  s u p p o s it io n  th a t  h o t  d is p la ce m e n t  re a c t io n s  d o  
g o  th ro u g h  su ch  q u a s i-e q u ilib r a te d  in te rm e d ia te s . F o r  
in s ta n ce , i f  H T  a n d  C H 2T  w ere  p r o d u c e d  f r o m  m e th a n e  
b y  d e c o m p o s it io n  o f  a c o m m o n  a c t iv a te d  c o m p le x  in  
w h ich  th e  in c id e n t  a n d  th e  C H 4 a to m s  h a v e  b e c o m e  in 
d is t in g u ish a b le , th e ir  ra tio  H T / C H 2T  w o u ld  b e  e x 
p e c t e d  o n  a p u r e ly  s ta t is t ica l b a sis  t o  b e  2 :3 .  E v e n  
a llo w in g  fo r  p o s s ib le  is o to p e  e ffe c ts , th e  o b s e r v e d  ra t io  
o f  9 :1  h a r d ly  s u p p o r ts  su ch  a  m e c h a n ism .24 In s te a d , 
a ll re su lts  are c o n s is te n t  w ith  th e  h y p o th e s is  th a t  th e  
d is p la c e m e n t  r e a c t io n  is a fa s t , d ir e c t , lo c a liz e d  e v e n t  
o c c u r r in g  o n  a t im e  sca le  c o m p a r a b le  to  a  b o n d  v ib r a 
t io n  ( ~ 1 0 ~ 14 s e c ) . ”

O u r  v ie w  is t h a t  su b s ta n tia l d is t r ib u t io n — b u t  n o t  
fu ll  e q u il ib r a t io n — o f  e n e rg y  o c c u r s  o n  a  t im e  sca le  
a p p r e c ia b ly  fa s te r  th a n  d e e x c it in g  co llis io n s  in  c o n 
d e n se d  p h a ses  (th e re fo re , < 1 0 ~ 12 sec a n d  p e rh a p s  
~ 1 0 ~ 13 s e c ) ,  s in ce  s e c o n d a r y  u n im o le cu la r  d e c o m p o s i
t io n s  in v o lv in g  r e a c t io n  se v e ra l b o n d s  r e m o v e d  f r o m  
th e  n e w ly  b o n d e d  tr it iu m  a to m  are o b s e r v e d  in  liq u id -  
p h a se  e x p e r im e n ts .26' 26 S ea rch es  fo r  d e c o m p o s it io n  
r e a c t io n s  o c c u r r in g  f r o m  n o t -y e t -e q u il ib r a t e d  ra d ica ls  
h a v e  th u s  fa r  b e e n  u n su cce ss fu l in  c h e m ica l a c t iv a t io n  
s tu d ie s  a t p ressu res  t o  115 a t m .27 T h e s e  re su lts  h a v e  
le d  t o  e s t im a te s  th a t  in tern a l e q u il ib r a t io n  tim e s  are 
m u ch  sh o rte r  th a n  so m e  r o t a t io n  a n d  v ib r a t io n  ra tes  
in  th e  m o le cu le s  in v o lv e d , im p ly in g  th a t  “ e q u ilib ra 
t io n ”  d o e s  n o t  re q u ire  th e  a c tu a l in tra m o le cu la r  tra n s fe r  
o f  e n e r g y  th ro u g h  m a n y  d eg rees  o f  f r e e d o m  o f  e a ch  
ra d ic a l, b u t  o n ly  th a t  a n  e n se m b le  o f  su ch  ra d ica ls  h as  
d is tr ib u t io n  o f  e n e r g y  a m o n g  th ese  s lo w  r o ta t io n a l  or 
v ib r a t io n a l d e g re e s  o f  f r e e d o m  th a t  is in d is tin g u ish a b le  
f r o m  a th e rm a l d is t r ib u t io n .28' 29

T h e  t im e  sca le  fo r  is o to p e  e ffe c ts  is n o t  w e ll sp ec ified , 
b u t  h ig h -te m p e ra tu re  lim its  o n  ka/ ku  o f t e n  b e c o m e  
s im p ly  th e  re la t iv e  ra te s  o f  m o t io n  th ro u g h  th e  sa d d le  
p o in t  o f  H  vs. D , 30 so  th a t  a  t im e  sca le  o f  ~ 1 0 ~ 13 sec 
o r  fa s te r  m a y  ea s ily  b e  q u ite  lo n g  e n o u g h  fo r  a  p r e fe r 
e n ce  fo r  loss o f  H  vs. D  t o  b e  o b s e r v e d . I n  th e  cu rre n t 
e x p e r im e n ts , th e  re a c t io n s  are  in it ia te d  b y  tr it iu m  
a to m s  p osse ss in g  p r e c is e ly  l im ite d  k in e t ic  en erg ies  a n d  
v e lo c it ie s . M o r e o v e r ,  th e  t im e  sca le  o f  in te r a c t io n  is 
m u ch  m ore  d e p e n d e n t  u p o n  th e  e x i t  v e lo c i t y  o f  th e  re 
p la c e d  a to m  a n d  th e  d e ta ils  o f  th e  c lo se  in te r a c t io n  th a n  
u p o n  th e  in it ia l v e lo c i t y  o f  th e  T  a to m . W e  b e lie v e  th a t

th e  f iv e -b o n d e d  c a r b o n  s y s te m  ex is ts  fo r  se v e ra l C - H  
v ib r a t io n s  o r  m o re  a n d  th e re fo re  is v e r y  a p p r o p r ia te ly  
d e s cr ib e d  as a p s e u d o c o m p le x . V e r y  p r o b a b ly ,  th e  s u b 
s t itu t io n  re a c t io n s  o f  1 0 -eV  tr it iu m  a to m s  (w ith  o n ly  
tw ic e  th e  in it ia l v e lo c i t y  o f  2 .5 -e V  tr it iu m  a to m s )  also  
in v o lv e  th e  s lo w  e x it  o f  th e  r e p la c e d  h y d r o g e n  a to m  a n d  
a re  also  a d e q u a te ly  d e s cr ib e d  as p s e u d o c o m p le x e s  w h ich  
la s t a t le a s t 2  o r  3 v ib r a t io n s  o f  th e  C - H  o r  C - D  b o n d s .

P seu d o co m p lex es  and P o ten tia l E n erg y  S u rfa ces . 
S e v e r a l q u e s t io n s  s h o u ld  e v e n tu a lly  b e  a n sw e ra b le  fo r  
th e  u n d e r s ta n d in g  o f  su ch  p s e u d o co m p le x e s . W h a t  are 
th e  re la t iv e  o r ie n ta t io n s  o f  th e  fiv e  s u b s titu e n ts?  H o w  
r a p id ly  d o e s  th e  p o te n t ia l  e n e rg y  o f  th e  c o m p le x  ch a n g e  
w ith  v a r ia t io n s  in  th e  p o s it io n s  a n d  an g les  o f  th e  s u b 
s t itu e n ts ?  W h a t  are  th e  p a tte rn s  o f  m o t io n  in to  a n d  
o u t  o f  th e  c o m p le x ?  E x p e r im e n ts  su ch  as o u rs  ca n  
p r o v id e  v e r y  lit t le  e x c e p t  q u a lita t iv e  in fo r m a t io n  in  
a n sw e r  t o  s u c h  q u e s t io n s .

F o r  th e  s u b s t itu t io n  re a c t io n s  in it ia te d  b y  e n e rg e t ic  
tr it iu m  a to m s , it  is  n o t  o b v io u s  th a t  th e re  is  a  single  
s e t  o f  b o n d  a n g les  a n d  b o n d  d is ta n ce s  th a t  ca n  d e s cr ib e  
a  co n fig u ra t io n  w h ic h  w ill o c c u r  a t  s o m e  p o in t  in  th e  
p a th  o f  e v e r y  s u b s t itu t io n  re a c t io n . R a th e r , th e  re la 
t iv e ly  h ig h  p r o b a b ilit ie s  o f  h o t  r e a c t io n  p e r  co llis io n  
a lm o s t  ce r ta in ly  in d ica te  th a t  th e  re q u ire m e n ts  fo r  
r e a c t io n  p e r m it  a  ra n ge  o f  v a lu e s  fo r  o n e  o r  se v e ra l g e o 
m e tr ic  p a ra m e te rs .3 T h is  sa m e  lo o s e n in g  o f  g e o m e tr ic  
r e s tr ic t io n s  h as  b e e n  d iscu sse d  in  so m e  d e ta il  f o r  th e  
a b s tr a c t io n  o f  H  a to m s  f r o m  R H  b y  e n e rg e tic  tr it iu m  
a to m s .31' 32 N e v e r th e le ss , th e  a b s tr a c t io n  re a c t io n s  
o c c u r r in g  n ea r  th re s h o ld  e n e rg y — fo r  e x a m p le , th o s e

(21) J. K. Lee, B. Musgrave, and F. S. Rowland, Can. J. Chem., 38, 
1756 (1960).
(22) E. K . C. Lee and F. S. Rowland, J. Amer. Chem. Soc., 85, 2907 
(1963).
(23) M . Henchman, D. Urch, and R. Wolfgang, Chem. Eff. Nucl. 
Transform., Proc. Symp., 1960, 2, 83 (1961).
(24) This statistical calculation relies on the entirely unsupported 
assumption that all reactions must proceed through a common 
“ complex”  with all hydrogen atoms in indistinguishable positions. 
The saddle point for abstraction has been almost universally assumed 
not to have five indistinguishable H positions, but instead to exist 
in the linear T -H -C H 3 form. See ref 19, 33, 36, and 38. In con
trast, the saddle point for substitution was assumed by Eyring, 
et o i . , 36 and by others since to have five hydrogen atoms partially 
bonded to the central carbon atom.

Much of the CH2T— we believe almost all (see ref 26)— arises from 
the secondary unimolecular decomposition of excited CH3T* formed 
in the hot substitution reactions and is therefore not really a direct 
hot product and would be inappropriate for use in a hot calculation.
(25) E. K. C. Lee and F. 3. Rowland, J. Chem. Phys., 36, 554
(1962).
(26) Y .-N . Tang and F. S. Rowland, J. Phys. Chem., 72, 707 (1968).
(27) D. W. Placzek, B. S. Rabinovitch, and F. H. Dorer, J. Chem. 
Phys., 44, 279 (1966); I. Oref, D. Schuetzle, and B. S. Rabinovitch, 
ibid., 54, 575 (1971).
(28) R. A. Marcus, ibid., 49, 2617 (1968), and earlier articles.
(29) D. G. Truhlar and A. Kuppermann, ibid., 52, 3841 (1970).
(30) See, for example, B. S. Rabinovitch and D. W. Setser, Advan. 
Photochem., 3, 1 (1964).
(31) E. Tachikawa and F. S. Rowland, J. Amer. Chem. Soc., 90, 
4767 (1968).
(32) E. Tachikawa and F. S. Rowland, ibid., 91, 559 (1969).
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observed in thermal systems—presumably pass near 
a particular set of bond lengths and bond angles at the 
saddle point of the potential energy surface leading to 
abstraction.

The potential energy surface must also include path
ways to substitution, with another saddle point.83 
Near the threshold energy for substitution, very little 
excess energy can be available and passage over the po
tential energy surface at these energies must occur with 
similar orientations for all reactions. As with abstrac
tion, when the kinetic energy rises, the energy require
ments become more relaxed and substitution can occur 
through structures less and less similar to that of the 
substitution saddle point on the potential energy sur
face. Successful reactions initiated by high kinetic 
energy atoms are then under the simultaneous influence 
both of the energetics as embodied in the potential 
energy surface and of the dynamics of the motions 
which determine the accessible paths along this poten
tial energy surface.

Retention and Inversion of Configuration. The prob
lem of motion into and out of pseudocomplexes is 
chiefly a qualitative question of retention vs. inversion 
of the relative orientations of the three residual sub
stituents during the substitution process. While some 
theoretical calculations have been performed on the 
bonding characteristics as a hydrogen atom approaches 
a methane molecule,34-37 no systematic searches for 
potential energy saddle points without geometric re
strictions to the region of search appear to have been 
made.

All experiments with energetic tritium atoms from 
nuclear recoil have shown that the substitution mecha
nism of T-for-H has occurred very predominantly by a 
retention mechanism, and the most recent experiments 
using dl- and meso-(CHFCl)2 as the target molecules 
have led to an estimate of >  99% retention of configura
tion during substitution.38 All such experiments have 
required at least one asymmetric carbon atom with 
three heavy (i.e., not H or D) substituent groups in 
addition to the H atom being replaced, and the argu
ment is quite plausible that the presence of each addi
tional heavy substituent will make the attainment of the 
trigonal-bipyramidal inversion structure just that much 
more difficult. Whether this limitation is dynamic or 
energetic or partially both is a moot point.

The yields of the T-for-H substitution reaction with 
various alkanes and halocarbons correlate quite well 
with the cumulative electronegativity of the various 
residual substituents, and methane does not appear to

have an anomalously high yield when compared with 
this correlation.39 The argument is thus quite plaus
ible that the substitution into methane occurs pre
dominantly—and perhaps exclusively—by the same 
mechanism applicable for the case of three heavy sub
stituents, i.e., with retention of configuration for the 
residual substituents. Nonetheless, if a mechanistic 
change were to occur vs. substituent mass, CH4 is ob
viously the most likely molecule in which this second 
mechanism might occur.

The correlation of yield with the electronegativity of 
substituents is essentially an energetic requirement, in
volving the deviations of potential energy surfaces from 
a single standard pattern. It is quite apparent that 
secondary isotope effects— i.e., the substituted effect for 
D instead of H atoms— involving a decrease in yield of 
30% for tritium atoms from nuclear recoil will not fit an 
electronegativity correlation in which three F atoms 
cause a decrease of only 44% in yield and that different 
explanations must be applied to D and F substituent 
effects. Qualitatively, the chief effect of F is assumed 
to be through its perturbation of the potential energy 
surface by its electronegativity. Replacement of H by 
a D atom, on the other hand, will not alter the potential 
energy surface but does involve slower motion by D 
than H in responding to force constant changes in
volved with the surface. The secondary isotope effect 
is thus chiefly a dynamic influence of hydrogenic species 
upon the trajectories across the potential energy sur
face.

(33) A path m ust exist for net substitution with an activation energy 
equivalent to that for the abstraction reaction, the “double abstrac
tion” pathway. The products (HT +  CH3) could be formed either 
by reaction of T with CH4 or of H with CH 3T, with an equal poten
tial energy barrier for each path. Thus, a substitution reaction 
could theoretically proceed from T +  CH4 over the barrier and almost 
to completion to HT +  CH3 and then switch and follow the other 
abstraction path in the reverse direction over the second abstraction 
barrier to H +  CH3T. However, this pathway over the potential 
energy surfaces is probably strongly forbidden for the dynamic path
ways open to real interacting systems.
(34) The initial calculation of this type showed an activation energy of 
37 kcal/mol for a trigonal-bipyramidal complex and a 17 kcal/mol 
basin of stability for this CH5 complex: E. Gorin, W . Kauzmann, 
J. Walter, and H. Eyring, J . Chem. P h ys ., 7, 633 (1939).
(35) F. O. Rice and E. Teller, ibid., 6 , 489 (1938).
(36) J. J. Kaufman, J. J. Harkins, and W . S. Koski, In t. J . Quantum  
Chem ., 15, 261 (1967).
(37) Empirical assumptions have also been required for the three- 
dimensional trajectory calculations of ref 18-20.
(38) All of these experiments are summarized in the accompanying 
article: G. F. Palino and F. S. Rowland, J. P h ys . Chem ., 75, 1299 
(1971).
(39) Y .-N . Tang, E. K . C. Lee, E. Tachikawa, and F. S. Rowland, 
ibid., 75, 1290 (1971).
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The relative yields of the T-for-H substitution reactions by nuclear recoil tritium atoms have been measured 
for various halomethane and alkane molecules under equivalent conditions of tritium atom flux. After the 
application of corrections for secondary decomposition of primary products, the yield of the T-for-H reaction 
with CH3X decreases smoothly with the increasing electronegativity of the substituent X , as measured by 
the nmr shifts. No evidence was found in support of the hypothesis that halogen substituents interfered 
sterically with the T-for-H substitution reaction. The relative yields of the T-for-X reaction in CH3X in
crease as much as a factor of 7.5 from CH3F to CH3I. The most important factor in controlling this varia
tion in yield with the substituent X  is the bond dissociation energy of the C -X  bond. The sensitivity of both 
T-for-H and T-for-X substitution reactions to “ chemical”  factors such as electronegativity and bond strength 
demonstrates that models for these reactions based only on geometric physical factors such as atomic masses 
and sizes, bond angles, angle of attack, etc., are seriously inadequate.

Introduction
The energetic reactions of recoil tritium atoms with 

saturated hydrocarbons and halocarbons fall chiefly 
into the two categories of abstraction, as in (1), and 
substitution, including replacement of H (or D) or of 
heavier groups, as in (2) and (3).3-5 Explanations and

T* +  RH — >  HT +  R (1)
T* +  RH -—>• RH +  H (2)
T* +  R X  — > RT +  X (3)

(X  = CH3, F, Cl, Br, OH, etc.)

theories concerning the mechanistic nature of the reac
tions of energetic tritium atoms have largely been based 
upon the yields of reactions 1-3, or more often upon the 
ratios of yields from these reactions, both in intramo
lecular and intermolecular competition with one another. 
A substantial number of such observations have been 
correlated and rationalized through considerations 
which are predominantly physical in nature and which 
have been collectively characterized as an “ impact 
model.” 6'6 This model has involved, among other con
siderations, steric factors such as the obstruction of sub
stitution by methyl groups,6-8 or by halogen atoms,9,10 
and inertial factors dependent chiefly upon the mass of 
the substituent groups.4'9,10

On the other hand, the yields of the abstraction reac
tion (1) have been demonstrated to be very sensitive to 
more “ chemical”  effects, since they show an excellent 
correlation with the bond dissociation energies of re

lated alkanes and cyclanes11-13 and are generally quite 
responsive to the substituent influences of halogens, 
etc.14,16 Our own recoil tritium experiments with cer
tain individual molecules have earlier led us to speculate 
that the inductive effect of electronegative substituents 
might be playing an important role in the substitution

(1) This research was supported by A.E.C. Contracts No. AT- 
(ll-l)-407 , with the University of Kansas, and A T -(ll-l) -3 4 , Agree
ment No. 126, with the University of California. Part of the work 
was presented at the 150th National Meeting of the American Chemi
cal Society, Atlantic City, N . J., Sept 1965. Part of the work was 
submitted in partial fulfillment of the Ph.D. requirements of the Uni
versity of Kansas (by Y . N. T.) and of the University of California, 
Irvine, Calif, (by E. T .).
(2) To whom reprint requests should be addressed at the University 
of California, Irvine, Calif. 92664.
(3) F. Schmidt-Bleek and F. S. Rowland, Arigew . Chem ., In t. Ed. 
E ngl., 3, 769 (1964).
(4) R. Wolfgang, P rogr. React. K in et., 3, 97 (1965).
(5) R. Wolfgang, A n n . Rev. P hys. Chem., 16, 15 (1965).
(6) D. Urch and R. Wolfgang, J .  A m er. Chem. Soc., 8 3 , 2982 (1961).
(7) M . Henchman, D. Urch, and R. Wolfgang, Can. J .  Chem ., 38, 
1722 (1960).
(8) A. Odell, A. Rosenberg, R. D . Fink, and R. Wolfgang, J .  Chem. 
P h ys ., 4 0 , 3730 (1964).
(9) R. A. Odum and R. Wolfgang, J .  A m er. Chem. Soc., 83, 4668 
(1961).
(10) R. A. Odum and R. Wolfgang, ibid., 85, 1350 (1963).
(11) W . Breckenridge, J. W . Root, and F. S. Rowland, J .  Chem . 
P h ys ., 39, 2374 (1963).
(12) J. W . Root, W . Breckenridge, and F. S. Rowland, ibid., 4 3 , 
3694 (1965).
(13) E. Tachikawa and F. S. Rowland, J .  A m er . Chem . Soc., 9 0 , 
4767 (1968).
(14) E. Tachikawa, Y .-N . Tang, and F. S. Rowland, ibid., 90, 3584 
(1968).
(15) E. Tachikawa and F. S. Rowland, ibid., 9 1 , 559 (1969).
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reactions as well but did not furnish any evidence per
mitting clear discrimination among the possible con
trolling factors for these reactions.16-18 In assessing 
the results of some experiments with aromatic mole
cules, we have also suggested that the bond dissociation 
energies of C -X  bonds might be quite important in 
determining the yields of reaction 3 for X  = halo
gens.19 This paper presents the results of a series of 
experiments designed to evaluate the possible influences 
of the more "chemical” factors such as electronegativ
ity, electron density, and bond energy, upon the sub
stitution reactions, including both (2) and (3). Our 
experiments have led us to the eventual conclusion that 
such “ chemical”  factors are quite important in con
trolling the course of these substitution reactions and 
are, in many cases, actually the dominant influence.20

Certain steric aspects of the substitution reactions of 
recoil tritium atoms, included in the description of the 
“ impact model,”  are rather generally agreed upon—for 
example, replacement of H by energetic T at an sp3 
asymmetric carbon atom occurs predominantly with re
tention of configuration in both solid21’22 and gas 
phases,23-25 when other substituents are heavy atoms or 
groups (i.e., not H or D ).26 Similarly, replacement of 
olefinically bonded H atoms also occurs with a strong 
preference for the original cis-trans isomer among the 
tritium-labeled products, again in both solid27 and gas28 
phases. Our early comment27 that “ it seems quite 
probable that many true ‘hot’ atom reactions will also 
follow mechanisms which involve economy of atomic 
motion” and parallel, more extensive comments by 
Urch and Wolfgang6’28 have been amply confirmed by 
many subsequent experiments; many processes such as 
Walden-inversion type substitution reactions with 
heavy substituents simply do not occur in measurable 
yield. Wolfgang has expressed this as a general prin
ciple, in an atomic analogy to the Franck-Condon prin
ciple by which the absence of certain reactions is attrib
utable to the rapid time-scale of reaction: “ Hot atom 
reactions requiring nuclear motions which are slow rela
tive to the time of collision tend to be forbidden.” 2’10

Furthermore, the relatively high collision yields— as 
well as the general multiplicity of hot products—cer
tainly indicate that restrictions on the orientation of 
reaction partners are much less severe for collisions in
volving atoms possessing substantial excess kinetic en
ergy than for the corresponding thermal reactions. In 
contrast to the severe energy limitations of thermal 
reaction mechanisms, the molecular orientation and the 
angle of approach providing the minimum energy at the 
moment of bimolecular collision are no longer factors of 
overwhelming importance when abundant extra kinetic 
energy is available. Our experiments have implicitly 
accepted this aspect of steric considerations—that 
many angles, orientations, and points of impact in 
collision can successfully lead to hot reaction—and 
have been aimed toward comparisons of the factors

which then determine whether a particular collision leads 
to product A, to product B, or to nonreactive scattering.

Early estimates of the magnitude of steric obstruc
tion of T-for-H substitution by alkyl groups in hydro
carbons indicated a reduction in yield of the substitution 
product of 45% per alkyl group.6’7 Now, however, 
there is essential agreement that the cumulative alkyl- 
substituent effects on these T-for-H substitution reac
tions, for steric or other reasons, fall in the range from 
0 to 10% per alkyl group.3-5,8,29-32

Comparisons of Primary Yields of Hot Reactions. 
The basic goal in these experiments, as in many pre
vious ones, is the measurement of either the absolute or 
relative yields of two or more hot reactions under ex
actly equivalent (and appropriate) experimental condi
tions. Two chief difficulties have confronted such ex
periments: (a) the attainment of “ equivalent condi
tions” and (b) the failure of all of the molecules formed 
in the primary reactions to survive long enough to be 
measured. The most important problem in trying to 
equalize conditions for intercomparison of different 
samples is control over the number and distribution vs. 
energy of the hot collisions potentially available to an 
energetic atom prior to thermalization.33 The cumula
tive absolute yield from a particular hot-atom reaction

(16) Y .-N . Tang, E. K . C. Lee, and F. S. Rowland, J. 4-m er. Chem. 
Soc., 80, 1280 (1964).
(17) Y .-N . Tang and F. S. Rowland, ibid., 87, 3304 (1965).
(18) Y .-N . Tang and F. S. Rowland, ibid., 9 0 , 574 (1968).
(19) R. M . White and F. S. Rowland, ibid., 82, 4713 (1960).
(20) F. S. Rowland, E. K. C. Lee, and Y .-N . Tang, J. Phys. Chem,.,
73, 4204 (1969).
(21) F. S. Rowland, C. N. Turton, and R. Wolfgang, J . A m er. 
Chem. Soc., 78, 2354 (1956); H. Keller and F. S. Rowland, J. Phys. 
Chem ., 62, 1373 (1958).
(22) J. G. Kay, R. P. Malsan, and F. S. Rowland, J . A m er. Chem. 
Soc., 81, 5050 (1959).
(23) M . Henchman and R. Wolfgang, ibid., 83, 2991 (1961).
(24) Y .-N . Tang, C. T. Ting, and F. S. Rowland, J. P hys. Chem .,
74, 675 (1970).
(25) G. F. Palino and F. S. Rowland, ibid., 75, 1299 (1971)
(26) No asymmetric carbon atom experiments have been conducted 
except with three heavy substituents. The question of substitution 
in molecules such as CH4 remains moot insofar as any actual labora
tory experiments are concerned. See C. C. Chou and F. S. Rowland, 
ibid., 75, 1283 (1971).
(27) R. M . 'White and F. S. Rowland, J . A m er. Chem. Soc., 82, 5345 
(1960).
(28) D. Urch and R. Wolfgang, ibid., 83, 2997 (1960).
(29) J. W . Root and F. S. Rowland, ibid., 84, 3027 (1962).
(30) T. Smail and F. S. Rowland, J . P h ys. Chem ., 72, 1845 (1968).
(31) T . Smail and F. S. Rowland, ibid., 74, 456 (1970).
(32) C. T . Ting and F. S. Rowland, ibid., 74, 445 (1970).
(33) Direct comparison of absolute observed radioactivities, i.e ., 
number of counts in particular radio gas chromatographic peaks, 
implies satisfactorily equivalent neutron fluxes during sample 
irradiation. Under favorable conditions, such control is feasible to 
an accuracy of ± 1 % .  Our consideration here assumes that the total 
number of tritium atoms available in the system is accurately con
trolled and monitored. With gas samples, this includes estimate not 
only of the number of tritium atoms formed but also of the fraction 
actually stopped in the gas phase, i.e ., estimates of the “recoil loss” 
into the walls of the sample bulb.
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is a function not only of the other hot reactions avail
able to the energetic atom at all energies but also of the 
rate of energy loss for the atom in nonreactive colli
sions.3“ 5 These energy processes in nonreactive colli
sions control the number of additional collisions avail
able and, in addition, the distribution of these collisions 
along the energy scale. Since the number and/or dis
tribution of hot collisions in one system are only for
tuitously equal to those in another system, differences 
in absolute yields, while often suggestive, may arise 
from variations in more than one parameter. Wolf
gang, et al., for example, have demonstrated that the 
rate of energy loss in nonreactive collisions is almost 
twice as great in n-butane as in methane,34 an observa
tion that would be reflected, if other conditions were 
also to remain unchanged, in an absolute yield about 
half as large for reactions carried out in excess n-butane 
vs. the same reaction in excess methane.

Comparisons of absolute yields thus require control 
both over the number of hot collisions available to the 
energetic atom and over the distribution of these colli
sions with energy, since not all hot reactions can be ex
pected to have the same energy dependence. Measure
ment of the relative yields in an intramolecular system, 
however, ensures that each hot reaction was summed 
over the identical, albeit unknown, tritium atom spec
trum; intermolecular comparisons are similarly free 
from problems if the two molecules are present in an 
intimate mixture such that both are exposed to the 
identical spectrum of collision energies. (The assur
ance, however, is not that the hot reactions in these 
competitions are occurring in the same energy range 
but merely that they have originated in the same total 
spectrum of tritium atom energies.) Cross-compari
sons among several binary mixtures are also possible if 
one component is common to all. In the latter case, it 
is no longer guaranteed that the tritium atom spectrum 
of a binary mixture of A with C is identical with that of 
B with C. However, if C is the major component in 
each mixture and especially if the reactions being com
pared can be assumed in first approximation to have a 
rather similar dependence of reaction cross section vs. 
energy (e.g., substitution of T-for-H in RH and in 
R 'H), then variations in ratios of product yield should 
be minimized insofar as any dependence upon the 
spectra of tritium energies in collision is concerned. 
Most of our experiments have consequently been con
ducted in binary or ternary mixtures, permitting deter
mination of relative yields from different reactions for 
identical tritium atom collision spectra; cross-com
parisons have also been carried out for series of mix
tures involving a common component as the major in
gredient of each.

The other major experimental complication in the 
comparison of product yields is the instability of many 
hot reaction products toward secondary isomerization 
or decomposition by reason of the high internal excita

tion energies left on the molecules during the substi
tution process.3“ 8,16~18'31,35“ 39 In extreme cases in
volving product molecules with low activation energies 
toward further reaction, such secondary loss can be al
most total: the CH2TNC* molecules formed by the 
substitution of T-for-H in CH3NC are not observed 
under the gas-phase condition because of the easy 
isomerization (activationenergy: 38kcal/mol) to CH2T- 
CN,36 while only about 2% of the T-for-CH3 substi
tution products from 1,3-dimethylcyclobutane are 
stabilized prior to decomposition (to CH2= C H T  and 
propylene).32 For this reason, some estimate and/or 
correction for the magnitude of loss by secondary reac
tion seems appropriate before the observed product 
yields can be considered to be representative of the orig
inal primary yields. Since such secondary decomposi
tions can be reduced (but not usually eliminated) by 
more rapid collisional deexcitation of the highly excited 
molecules, the primary yields are usually observed to be 
less depleted in higher density media, particularly in the 
condensed phases. Most of our comparison experi
ments have been carried out in the liquid phase in order 
to minimize alteration of primary product yield through 
secondary reaction, while avoiding the possible in
fluences of crystal structure upon both reaction and de
excitation. Because the change of phase between gas 
and liquid could be accompanied by effects on the pro
cesses of energetic substitution other than increased 
rates for collisional deexcitation (e.g., “ cage”  effects), 
confirmation of liquid-phase results through gas-phase 
experiments appropriately corrected for secondary de
composition is often quite desirable.

Experimental Section
A series of recoil tritium experiments has been 

performed utilizing standard techniques for sample 
preparation, irradiation, and radio gas chromatog
raphy.16“ 18'40,41 These techniques are quite similar to 
those previously described in detail earlier and involve 
the production of tritium by neutron irradiation of 
3He in gaseous samples and 6Li in liquid-phase samples.

Methyl fluoride can be readily irradiated in the gas 
phase and in the liquid phase at room temperature 
when it is present as a relatively minor component in a 
binary or tertiary mixture with CH3C1 as the major

(34) The measurement of energy loss is given in terms of a  values:3-6 
«CH4/ « 4He =  1.6; an_C4Hio/i*4He ~  3.4, R. T. K . Baker, M . Silbert, 
and R. Wolfgang, J . Chem. P h ys ., 52, 1120 (1970).
(35) E. K . C. Lee and F. S. Rowland, J . A m er. Chem . Soc., 85, 897
(1963).
(36) C. T . Ting and F. S. Rowland, J. P h ys. Chem ., 72, 763 (1968).
(37) A. J. Johnston, D. Malcolme-Lawes, D. S. Urch, and M . J. 
Welch, Chem . Com m un., 187 (1966).
(38) R. Cipollini and G. Stoecklin, Radiochim . A cta , 9 (1968).
(39) R. T. K . Baker and R. Wolfgang, J . P h ys . Chem ., 65, 1842 
(1969).
(40) Y .-N . Tang, Ph.D. Thesis, University of Kansas, 1964.
(41) J. K . Lee, E. K . C. Lee, B. Musgrave, Y .-N . Tang, J. W . Root, 
and F. S. Rowland, A n a l. Chem ., 34, 741 (1962).
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component. However, capillaries in which liquid 
CH3F was the major component always exploded when 
warmed to room temperature and hence could not be 
irradiated at the ambient temperature of the neutron 
facility (about 20°). Iodine crystals and LiF were in
cluded in each capillary as radical scavenger and 
tritium source, respectively.

The primary interest in these experiments lay with 
those mixtures involving CH3C1, c-C4H8, or c-C4F6. 
However, some additional experiments were performed 
to permit estimation of the excitation-decomposition 
properties of CH3Br, as shown in Table I. The CH3Br 
system requires further study for clarification of its de
tails, especially since the low yield of CH2TI in the 
liquid phase indicates that very few CH2T radicals 
are scavenged by I2 under these conditions. Some 
preferential reaction with brominated species (e.g., 
CH2T +  CH3Br ->  CH2TBr +  CH3) appears to occur 
under the liquid-phase conditions.

Table I : Radioactive Products from Recoil Tritium 
Reactions with Methyl Bromide

'------------------------- Gas pressure, cm----------------

CHsBr 4.5 25.9 71.4 Liq. Liq.
3He 2.2 2.2 2.2
I2 Yes Yes Yes Yes Yes
LiF Yes Yes

—Relative product yield (HT = 100)—---------- •

HT (100) (100) (100) (100)\ r\ «1
CHaT 49 56 57 81 /
CH2TBr 21 28 36 103 105
CH2TI 55 61 54 2 2

Methyl fluoride was also irradiated as a high-pressure 
(~ 5-10  atm), I2- or Br2-scavenged gas, following con
densation in a capillary at a low temperature. Many 
such capillaries exploded on warming (prior to irradia
tion), and the ratios of product yields were not com
pletely consistent in the survivors. The relative yields 
in the presence of I2 scavenger are approximately: 
CH2TF, 100; CHST, 38; CH*TI, 13; CHTFI, 9. The 
small yield of CHTFI relative to CH2TF suggests that 
decomposition of excited CH2TF* by C-H bond break 
occurs only to about 9% in the gas phase (and presum
ably even less in the liquid phase). Discussions of the 
secondary reactions involved with several other mole
cules included in this investigation have already been 
published on the basis of studies in both gas and 
liquid phases: CH3C1,16 c-C4H8,3S CH2C12,18 C2H6,37- 39 
CH2F2,4142 and CHF3.42 43

Results and Discussion
In our experiments, we have measured the yields of 

the various hot substitution reactions with a variety of 
molecules and are thereby able to study the trends in

the yields found for two different variable-parameter 
sequences: (1) the T-for-H substitution reaction in
CH3X  as X  is changed and (2) the T-for-X substitution 
reaction in CH3X  as X  is changed. Trends in the ab
solute yields at about 1 atm of pressure have previously

Table I I : Primary Yields for T-for-H Reaction of Energetic 
Tritium Atoms, As Estimated from Liquid-Phase 
Experiments in Methyl Chloride

Yield for T-for-H Reaction per C-H Bond 
vs. T-for-H in Liquid CH3CI as Standard
Measured Cor Estimated

Molecule, yield of RT, rection primary Absolute
RH % factor yield, % yield“

c h 3f 68 =b 2 1.04« 71 i: 2 4.0
c h 3ci (63) (75/63Y 75 ±  3 2.8
CH3Br 80 ±  6 ~ 1 .02e 82 db 6 3.2
CH2F2 53 ±  2 1.207 64 ±  4 2.8
c h 2cif 47 ±  4
c h 2ci2 46 ±  5 1.37" 63 ±  5 1.5
c h f 3 47 ±  3 1.20'1 56 ±  3 2.9
c h c if 2 47 ±  6
c h 4 b 7.7
c 2h 6 83 ±  2
c 3h 8 81 ±  2 1 O S3 91 db 5
■¿-C4ÏÎ10 80 ±  2

* %  Absolute yield, in per cent -per bond, measured in gas
phase near 1 atm of pressure.10 b Could not be measured 
in the liquid phase at 20°. 5 The correction factor is less than
1.09 on the basis of gas-phase measurements of CH2TFI from 
CH3F (see Experimental Section). Assuming that liquid-phase 
collision frequencies would reduce decomposition still further, 
we estimate a correction factor only half as large, 1.04 ±  0.02. 
d We have estimated ~ 3  units of CH2T radicals arise from 
decomposition of CH3T* and not from CH2TC1* and have sub
tracted this from the 78 given in ref 16. * See Table I, which 
shows CH2TI/CH 2TBr as 0.02 in I2-scavenged liquid. 1 The 
ratio of CTF products to CHTF2 is 0.10 ±  0.03 in the liquid 
phase.41 However, the excited CHTF2* molecule may also 
decompose by the isotopically alternate route to TF +  CHF. 
No measurements appear to have been made of isotope effects 
for HX elimination from dihalomethanes. They have, how
ever, been measured for the 1,2 elimination of HX from halo- 
ethanes and have shown a preference for elimination of HX over 
DX by a factor of 1.4 with molecules excited by radical-radical 
combination. If the same isotopic factors were to hold for 
dihalomethanes, then HX elimination would be favored over 
TX by a factor of 1.7, and the 0.10 ±  0.03 correction factor 
would require another 0.06 ±  0.02 for TF elimination. In the 
absence of actual experimental information on dihalomethanes, 
we have estimated decomposition at 0.20 ±  0.06 for a correction 
factor of 1.20 ±  0.06. " Reference 18. The ratio of CHTCIBr/
CHTC12 in Br2-scavenged CH2C12 is 0.37. h Decomposition to 
CF2 +  TF cannot be measured. Since both CHF3* and CH2F2* 
decompose by elimination of HF with similar pyrolytic param
eters, we have assumed that equal fractions of CTF3* and 
CHTF2* decompose under these conditions and have used the 
same 1.20 ±  0.06 correction factor for each. * Experiments 
show small yields of scavengeable alkyl-i radicals, in the order 
of ~0.1 times the parent yield.

(42) Y .-N . Tang and F. S. Rowland, J. A m er. Chem. Soc., 89, 6420 
(1967).
(43) T . Smail and F. S. Rowland, J . P h ys . Chem ., 74, 1859 (1970).
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been reported for both of these sequences (see Table II) 
and have been rationalized, respectively, by these sep
arate mechanistic considerations:10 (1) steric hin
drance by larger halogen atoms and (2) increasing reac
tivity with increasing collision size of the halogens. 
Our explanations, taking into account the new data 
available, do not agree in either case with these earlier 
hypotheses.

Measurements have also been carried out for the 
study of T-for-X in CH4_„X m as n is varied and will be 
reported in a separate paper. Some results for T-for- 
H in CH4_reX „ are included with the present data.

Intermolecular Competition in Liquid CH^Cl. A 
series of binary and ternary mixtures has been irra
diated, each of which has contained methyl chloride as 
the major component of the mixture. The relative 
specific activities of the product molecules in these mix
tures are given in Table II, expressed as a yield per 
bond relative to that of CH2TC1 from the substitution of 
T-for-H.44 Anticipating the subsequent intercalibra
tion of CH3CI and c-C4H8 as standards (see Table III), 
the observed yield of CILTCl from liquid CH3C1 has 
been assigned the standard value 63. Table II also 
lists the absolute percentage yields per bond for these 
reactions in gas-phase experiments with the individual 
molecules.10

Table III: Primary Yields for T-for-H Reaction
of Energetic Tritium Atoms, Estimated from 
Competition with Cyclobutane in the Gas Phase

Molecule

Observed
yield,

%

Estimated correction 
factor for CH2TX* 

decomposition

Original 
primary 
yield, %

c h 3f 58 ±  2 (12 .1  +  1 .2 ) / ( 1 2 .1)“ 64 ±  3
c h 3ci 40 ±  1 (37 +  32)/(37)6 75 ±  3
CHaBr 33 ±  1 (36 +  49)/(36)e 78 ±  5
CH, S3 ±  3 1.20* 100 ±  5
c- C4H8 (60) (100/60)' (100)

a The absolute yields of CH2TF and CHTFI are given in ref 
10 as 12.1 and 1.2%, respectively. 6 The relative yields at 1 
atm are given in ref 16 as 30, 37, and 34 for CH3T, CH2TC1, and 
CH2TI in R-scavenged samples. The comparable figures in 
ref 10 are 32, 37, and 36. We have assumed that decomposition 
of CH3T* will be small and have arbitrarily assigned it as 3 
units. Averaging 34 and 36 for CH2TI, and subtracting 3, we 
obtain 32 as the yield of CH2TI from decomposition of CH2TC1 
by C-Cl bond break. c The yield of CH2TI in Table I at 1 atm 
has been arbitrarily assigned as 5 units from decomposition of 
CH3T* and the remainder from decomposition of CH2TBr*. 
d The competitive data were measured in ref 35. The most 
recent value for CH2T/CH 3T in methane is 0.20, given in the 
Seewald-Wolfgang paper cited in ref 34. In ref 16, a slightly 
smaller factor (0.12) was used, based on the data of ref 6. ' See
ref 35.

Intermolecular Competition with. c-CiHs. Competition 
experiments have also been carried out in the gas phase 
with CH3Br-cyclobutane mixtures, as shown in Table

III. The decomposition of cyclobutane has been very 
thoroughly studied, and it has been shown that the ex
cited c-C4H7T* molecules have an average excitation 
energy of about 5 eV, but with a broad distribution such 
that from 46 to 60% are collisionally stabilized and sur
vive in the 0.1-1.0-atm range and 82% are stabilized 
in the liquid-phase experiments.36 The decomposition 
of c-C4H7T* goes cleanly to C IL^C H T (plus an un
labeled C2H4) and the yields in Table III are listed with 
the sum of c-C4H7T +  C2H3T as the standard, set as 
100. In experiments with Br2 present as the scavenger 
molecule, CH2= C H T  is initially formed but is then re
moved by chemical reaction and is not measured; in 
these cases, the normalization has been carried out rela
tive to the yield of c-C4H7T alone, with the CH2= C H T  
yield assumed to have the value appropriate for the 
total pressure in the system. Such binary comparisons 
with c-C4H8 have previously been used for CH4, CH3F, 
and CH3CI.

Intermolecular Competition in Gaseous c-C4F6. A 
third set of data has been obtained for energetic tritium 
atom reactions in the gas phase in a system dominated 
by bulk quantities of perfiuorocyclobutene: c-C4F6, 71; 
RH, 5; and 0 2, 1.5 cm. These conditions of measure
ment have been used for standardized comparisons of 
the abstraction yields from C-H bonds, and the same 
experiments have frequently permitted simultaneous 
measurement of the yields of T-for-H and T-for-X 
products.13,15 The data are given in Table IV. Since 
these experiments involve a moderator without C-H 
bonds and whose chemical structure probably leads to 
very different moderator properties, no special utility 
arises from normalization to values obtained in hydrog
enous moderators such as CH3C1 or c-C4H8. We have 
instead listed the yields per bond relative to the ab
straction of H from CH4 as 1.00. This is the same 
standard used in reporting the yields of HT formed by 
abstraction from various C-H  bonds in excess c- 
C4F613'15 and readily permits comparison of the relative 
yields in this particular system (e.g., from CH4, HT =
1.00 and CH3T = 1.56; H T/CH 3T = 0.64 ±  0.02). 
Simple estimates for decomposition of CH2TX * mole
cules are included in Table IV, using the same correc
tion factors applied in Table II. However, there is no 
assurance at all that decomposition in c-C4F6 and in c- 
C4Hs should be comparable since both the tritium atom 
spectra and the probabilities for collisional deexcitation 
could be very different for two such unlike molecules.

(4 4 ) The omission of CH3I from Table II arises from a severe experi
mental complication: this molecule captures electrons very efficiently 
and thereby quenches the operation of a gas proportional counter 
during the passage of the methyl iodide peak. The quenching effect 
is so strong that even 10 ~2 times the amount normally used with 
CH3F or a hydrocarbon is sufficient to introduce serious errors into 
the measurement of CH2TI activity. Measurement of CH3T from 
CH3I is, of course, unaffected and CH3I is included in Table V. A  
lower limit on CH2TI yield in excess perfiuorocyclobutene is also 
given in Table V.
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Table IV : Yields for T-for-H and T-for-X Products 
from Recoil Tritium Reactions with Halomethanes in 
Gas-Phase Perfluorocyclobutene-Moderated Systems

Standard T* +  CH4 —► HT +  CH3; 1.00 per Bond
-------------------------Observed yields, per bond-------------------------

Molecule0 T-for-H Corrected0 T -for-X

c h 4 1.56 ±  0.04 1 .9  ±  0 . 1 (1.56)
c h 3f 0.87 ±  0.04 1 . 0  ± 0 .1 0.84 ±  0.05
CIRF, 0.66 ±  0.04 0.20 ±  0.03
CHFS 0.48 ±  0.04 0.05 ±  0.02
CH3CI 0.68 ±  0.05 1 .3  ±  0 .1 2 .0  ± 0 . 1
CHsBr 0.43 ±  0.10 1 .0 ±  0.3 3.6 ± 0 .1
CHSI ^ 0 .6 b 6.3 ± 0 .2

“ Gas pressures : c-C4F6, 71 ; RH, 5; O2,1.5; and 3He, 1.5 cm.
b Quenching correction uncertain.44 e Corrected for estimated
secondary decomposition of products (see Table III).

The column of “ corrected data”  in Table IV is thus of 
semiquantitative significance, at most.

Factors Affecting the Substitution of T-for-H in CH3X. 
Our gas-phase measurements of the observed yields of 
stabilized tritiated products, as well as the absolute 
yield data of ref 10 quoted in Table II, both demon
strate marked differences in the per bond yields of the 
T-for-H products. The decrease in this yield with in
creasing size of X  in CH3X  served as the basis for the 
postulate of steric hindrance of T-for-H substitution by 
halogen atoms:10

“ Hot tritium atom substitution for H per C-H bond 
drops by a factor of 2-3 in the sequence CH4, CH3F, 
CH3CI. (No further decrease is observed in going to 
CH3Br.) These observations are entirely in accord 
with the impact model previously described.2'4 H ab
straction was postulated to proceed primarily by attack 
approximately axial with the C-H bond. It is thus rel
atively insensitive to the nature of neighboring sub
stituents on the carbon atom. On the other hand, dis
placement results from attack more nearly normal to 
the axis of the C-H  bond. It is thus sensitive to steric 
hindrance by neighboring atoms or groups, the extent 
of the inhibition depending on the number and size of 
such atoms. These effects seem clearly evident in 
both the mono- and dihalomethanes.”

“ Although there are considerable variations in the 
strengths of the C-H  bonds involved, there seems to be 
no obvious correlation with any trend in abstraction or 
displacement. These results tend to confirm further 
the hypothesis that bond energy effects do not deter
mine the course of the primary reactions of hot hy
drogen atoms, and that instead steric effects are dom
inant.”

However, examination of the uncorrected data shows 
that the maximum fluctuation of a factor of 5 in T-for-H 
yields of Table III yields among all compounds in the 
gas phase has been reduced to less than a factor of 2 in

the liquid-phase relative yields in Table II, while the 
trend of decreasing yield with increasing size of halogen 
substituent has disappeared. Clearly, the variations 
found in the gas phase are much more strongly affected 
by secondary decompositions than they are by sub
stituent effects on the primary reactions them
selves.16’18'38 Moreover, the reduction in the spread of 
yields makes corrections for secondary decomposition 
necessary even for the liquid-phase results.

Correction factors for the decomposition of CH2TC1*, 
CH2TBr*, and CH2TF* in the liquid phase can be ap
plied through the published data on the former16’46-48 and 
from the data given above for the latter two. These 
corrected estimates of original primary yield for the 
substitution of energetic tritium for H in the methyl 
halides in liquid CH3C1 competition are also given in 
Table II. Substitution into these molecules is roughly 
equivalent for all C -H  bonds with differences of only 
10-30% in primary yields. However, a small trend for 
increased primary substitution of T-for-H with larger 
halogen atoms appears. This mild trend is in the op
posite direction anticipated from the steric obstruction 
hypothesis, while fitting possible alternative hypotheses 
that T-for-H substitution is favored either by less elec
tronegative substituents or by weaker C -X  bonds in 
CH3X.

Similar corrections, of larger magnitude, can be made 
to the observed gas-phase data, as shown in Tables III 
and IV. Both sets of gas-phase measurements clearly 
indicate that substitution in CH3F has a lower yield 
than substitution into CH4 or other alkanes and that 
CH3C1 and CH3Br fit plausibly between these two outer 
values. All of the values in Tables II-IV  are con
sistent with a trend in relative yields CH4 >  CH3Br >  
CH3C1 >  CH3F, although the limits of error are too 
high for exact placement in the sequence measured vs. 
c-C 4F6.

When methane is included in this series of CH3X  
compounds, the trend of increased substitution of T- 
for-H no longer correlates with the bond dissociation 
energy but does correlate with generalized functions of 
the electronegativity of the substituents, as shown in 
Figure 1, in which the proton nmr shift is used as one 
measure of electronegativity.49 Similar correlations with

(45) The greater decomposition of CH2TCI* vs. CH2TF* is expected 
since the C -C l bond rupture has a much lower energy (84 ±  2 kcal/ 
mol)39,46 than that of either the C -H  (101 ±  4 kcal/mol) or C -F  
(108 ±  3 kcal/mol) bonds of the latter. The lesser decomposition 
of CH2TBr* is somewhat surprising, since equal excitation energies 
would produce more decomposition in the bromide, because of the 
weakness of the C-Br bond (70 ±  2 kcal/mol) than the C -C l bond. 
However, the assumption of equivalent excitation energies following 
T-for-H substitution has been shown to be unjustified for com
parisons of c-CrHii and CH4,47,48 and could also be inapplicable for 
CH2TCI* and CH2TBr*. The comparison appears to be worthy 
of further study.
(46) J. A. Kerr, Chem. Rev., 66, 465 (1966).
(47) Y .-N . Tang and F. S. Rowland, J . P hys. Chem ., 72, 707 (1968).
(48) E. K. C. Lee and F. S. Rowland, J . A m er. Chem. Soc., 85, 2907 
(19631.
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other measures of electronegativity (including other nmr 
parameters) have comparable success.60 Tables II and 
IV both include some data for CH2C12, CH2F2, and 
CHF3, which are also plotted in Figure 1. The line 
connecting the data points is drawn as a straight line 
only for convenience, since there is at this time no 
theoretical reason predicting either a straight or a 
curved line, and the yield data are in any event insuffi
ciently accurate to distinguish among such possible 
choices.

In summary, the basic experimental conclusion from 
these T-for-H experiments is that they show no evi
dence in support of the earlier hypothesis of steric 
hindrance of T-for-H substitution in CH3X .10 Instead, 
a milder trend in influence of the substituent X  is found 
in the opposite direction, correlating well with a postu
late that more electronegative substituents reduce the 
probability of T-for-H substitution. If any steric 
hindrance to the substitution reaction is actually pres
ent, the effects are masked by the more important 
electronegativity trend. The absence of any appre
ciable steric hindrance to T-for-H substitution by 
halogen atoms is consistent with the revised interpre
tation that such effects are small or nonexistent for 
alkyl substituents.23-32

The Substitution of T-for-X in CHSX. The observa
tions of the absolute yields of CH3T from gas-phase 
CH3X  demonstrate definite correlations with changes 
in X  in a sequence of CH3X  molecules, as shown in the 
first row of data in Table V, taken from ref 10. This 
correlation has been explained as the consequence of 
another kind of steric effect, the size of the replaced 
atom X :10

“ There is clearly a moderate trend favoring substi
tution of heavier halogen atoms, F <  Cl <  Br [in the 
series CH3X[. Such a trend has already been observed 
in substituted benzoic acids by White and Rowland.19 
There are two obvious explanations for this effect: (1)
the weakening of the C -X  bond with increasing atomic 
number of the halogen; (2) the larger collision cross 
section of the higher halogens which may well be re
flected in a larger reaction cross section. White and 
Rowland favor the first explanation; we tend toward the 
second.”

Comparisons of the relative probabilities of T-for-X 
reactions with equivalent tritium atom spectra can 
readily be made by determining the yield of CH3T 
from CH3X  in direct competition with cyclobutane. 
Experimental results for such measurements are shown 
in the second row of data of Table V. The data of 
Table IV listed again in the third row of Table V show 
the same ordering of yields in dilute gas solution in c- 
C4F6; the yield of CHST from CH3I is especially high in 
the perfluorocyclobutene sequence. A comparable set 
of numbers for the liquid-phase competitions with 
CH3C1 can only be obtained by an indirect method—by 
multiplying the T-for-H numbers of Table II by the 
ratios of yield of T-for-H and T-for-X found in experi
ments with the pure molecules, thereby assuming that 
these relative yields will not be changed very much by 
the differences in the tritium fluxes. These values 
(fourth row in Table V) are in semiquantitative agree
ment with the relative values found with the other sets 
of numbers. All of the new measurements agree well 
with the correlation observed by Odum and Wolfgang 
from the absolute yields in the pure compounds.

No corrections have been made in the data of Table 
V for the possible decomposition of CH3T* formed by 
the substitution of T-for-X in these methyl halides. 
Calculations of the expected pressure dependence of the 
decomposition of CH3T*, based on RRKM  calculations 
for CH4,51 indicate that very little difference is antici
pated even over wide ranges of variation in pressure. 
However, if all of the CH2T radicals scavenged in the 
CH4 systems are presumed to arise from the decomposi
tion of CH3T*, then an estimate can be made that about 
17% of the originally excited CH3T* molecules decom
pose following T-for-H substitution.62 In the CH3X  
systems, CH2T radicals can arise from either the decom
position of CH2TX* or CH3T* and the observed yield 
of scavengeable CH2T radicals cannot be unequivocally 
assigned to either parent molecule, except as an upper 
limit. Comparisons of the decomposition of CH2TC1* 
formed by T-for-H in CH3C1 and by T-for-Cl in CH2C12 
indicate that more excitation energy is deposited in the 
latter case;16'17 hence decomposition of CH3T* might 
be greater following T-for-X substitution than the 17% 
found after T-for-H substitution. Nevertheless, since 
the changes in Table V are substantially larger than the 
estimated (15-50%) corrections for secondary decom-

(49) Proton nmr shifts are taken from J. W . Emsley, J. Feeney, 
and L. H. Sutcliffe, “ High Resolution Nuclear Magnetic Resonance,” 
Pergamon Press, London, 1966; and from C J. Creswell and A . L. 
Allred, J . A m er . Chem. Soc., 85, 1723 (1963).
(50) The yield for T-for-H from c-ChHs is higher than would be 
expected from the correlation shown in Figure 1. However, unlike 
with the other molecules involved in this study, the possible range 
of motions of two substituents (the C atoms) on a cyclobutane carbon 
atom is greatly restricted by the existence and maintenance of the 
four-membered ring.
(51) B. S. Rabinovitch and D. W . Setser, Advan. Photochem ,, 3, 1
(1964).
(52) D. Seewald and R. Wolfgang, J. Chem . P h y s ., 47, 143 (1967).
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Table V : Relative Yields of T-for-X Products from Recoil Tritium Atom Reactions with CH3X

Molecule, CH3X CHS-F CH3-H CH3-C1 CH3-Br c h 3- i
Absolute yield, % gas“ 4.4 7.7 7.1 12.0
T-for-X in c-C,H8 com- 59 ±  36 85 ±  3C 97 ±  16d 196 ±  12e 234 ±  14e

petition
T-for-X in C-C4F6 com- 0.84 ±  0.05 1.56 ±  0.04 2.0 ±  0.1 3.6 dh 0.1 6.3 ±  0.2

petition7
Estimated T-for-X in 70 ±  2° 117 ±  105 230 ±  25’

CH3C1 solution
D(C-X), kcal/mol’ 108 ±  3 104 ±  1 84 ±  2 70 ±  2 56 ±  1
van der Waals radius, A 1.35 1.20 1.80 1.95 2.15

“ Reference 10. b See ref 48. c See ref 35. d See ref 16. * This work. 1 Table IV. " In CH3F: T-for-H, 68 ±  2 X 1.04 (ref 
48) S  71 ±  2. h In CH3CI: T-for-H, (63) X 1.85 (ref 16) ^  117 ±  10. * In CH3Br: T-for-H, (74) X 3.2 (Table I) ^  230 ±  25. 
’ Reference 46.

position and because these corrections would tend to 
cancel out in relative yield measurements (especially if 
the excitation energies of CH3T* are approximately 
equivalent from different CH3X  molecules), we assume 
that the trend shown in Table V would be qualitatively 
unchanged after suitable correction of the original 
primary yields for secondary decomposition. The 
consistently larger values for reactions vs. CH3C1 than 
for those vs. c-C4H8 reflect some increased stabilization 
of CH3T* in the liquid phase but again suggest that 
secondary decomposition is not perturbing the qualita
tive ordering of the results.

This trend of increasing yields for replacement of the 
halogen atom correlates well with both the increasing 
radius of the halogen atom10 and with the weakening of 
the C -X  bond.19'53 Inclusion of the data for the T- 
for-H reaction in CH4 results in fair agreement with the 
bond dissociation energies but not with the van der 
Waals radii of the X  substituents, as summarized in 
Table V and Figure 2. The replacement of H is ap
parently somewhat more frequent than indicated by a 
smooth correlation with bond dissociation energy, while 
atomic size alone would predict a yield even lower than 
from CH3F.64

The observation of a factor of 7.5 increase in the rela
tive yields from CH3F to CH3I casts very serious doubt 
on yield explanations based solely on an increased 
collision radius of the struck halogen atom. The rela
tive surface areas of the I and F atoms vary only by a 
factor of 2.5, while the effective radii for T -I  and T -F  
collisions must vary by much less than 2.5. Since the 
detailed mechanism of substitution of T-for-X is essen
tially unknown, even the implied postulate that T-for- 
X  substitution reactions begin with T X  collisions could 
very well be either wrong or misleading, e.g., if T-for-X 
were to occur by a Walden inversion mechanism, then 
the X  atom would be completely shielded from the ap
proaching T atom throughout the reaction.

Since the halogen atom data correlate well with both 
collision size and bond energy parameters, no definitive

YIELD
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Tro.-H vs. NMR SHIFT
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separation can be made of the contribution of each 
factor. However, we believe that both (a) the large 
magnitude of the variation in yield with X  and (b) the 
agreement with the CH4 data indicate that the more 
important controlling factor in these T-for-X reactions 
is the change in bond dissociation energy of the C -X  
bond. In the sequence of CH3X  compounds in Table 
V, the substitution reaction shifts from several kcal/ 
mol endothermicity with CH3F to almost 50 kcal/mol 
exothermicity with CH3I. This very substantial 
change in energetics could result in either (a) a lowered 
threshold for replacement of I <  Br <  Cl <  F and/or
(b) a relaxation of the restrictions upon possible colli
sion parameters when the exiting X  atom requires much 
less energy to detach it from its original bond. Either 
energetic factor could probably account for the entire 
variation in yield, while a smaller contribution from col
lision size might also be included as a factor in the 
overall control of the dynamics of the reaction.

The effect on T-for-X substitution yields of the weak-

(53) The trend is strongly in the wrong direction for the hypothesis 
that atom-atom energy transfer between T and X  is an important 
factor, direct transfer of energy from mass 3 to mass 127 should be 
very inefficient, yet T-for-I is a high probability process. Energy 
transfer clearly involves highly inelastic molecular collisions.
(54) It should be noted that the substituent H does not fit in smoothly 
with the halogens in a bond energy correlation of the yields from 
substituted benzoic acids,19 being high in yield by about a factor of 
3 -5 . However, as pointed out in both ref 10 and 19, the reactions 
in solid benzoic acids were not scavenged and the substitution 
reactions may have included T atoms down to thermal kinetic 
energies.
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eiiing of the O X  bond can essentially be described as a 
smooth variation in the characteristics of the potential 
ehergy surface. The most important aspect of this 
variation is probably a lowered energy and somewhat 
shifted location for the substitution saddle point as the 
reaction becomes more and more exothermic. Since 
the breaking of a C -I bond will require eventually less 
energy than the breaking of a C-F bond, the initial tra
jectories for T-for-I substitution need not be as limited 
as in those in which the Strengthening (X T  bond must 
be accompanied by substantial loosening of the C-F 
bond. Even in the case of CH3F, however, the thresh
old energy for F replacement is only about 35 kcal/ 
mol85 indicating that the C -T  bond forming and C-F 
bond breaking occur simultaneously. The somewhat 
anomalous position of H on Figure 2 probably reflects a 
dynamic effect in addition to the effect on the potential 
energy surface. The more rapid response of H to 
changing force fields of this surface could facilitate the 
substitution process and result in higher yields than 
would be obtained for substitution on a (hypothetical) 
surface of the same shape but with X  much heavier than 
H.26

Dynamics of Substitution Reactions. Although an 
initially plausible description was offered based on the 
various components of the “ impact model,” 6'6'10 the de
tailed dynamics of T-for-H and T-for-X displacement 
reactions are essentially unknown. Some initial tra
jectory calculation studies have been made which illus
trate several crude characteristics of hot reactions,56-68 
but the potential energy surfaces used to date have not 
been realistic even for CHi. In the more elaborate 
six-particle study of T +  CH4, in fact, the apparent 
yield of the substitution reaction w-as far below' the 
known experimental values.67'68

The results obtained in these experiments offer some 
additional information that needs to be encompassed in 
any detailed, general prescription of the substitution dy
namics. First, the essential absence of steric obstruc
tion of the substitution of T-for-H by either alkyl or

halogen substituents places certain geometric limita
tions upon the potentially successful trajectories of ap
proach of the energetic tritium atoms to the reactant 
molecules. These limitations are not particularly 
severe, however, involving mostly the denial of high- 
angle approaches (crudely, >90° relative to the C-H  
axis of the H atom to be replaced), for which bulky sub
stituents could be obstructions.

Second, during the critical dynamic period during the 
possible exit of one H atom and possible bond formation 
for the recoil T  atom, seemingly small changes in the 
“ chemical”  environment apparently are very influential 
in determining whether the collision ends with no C-H  
bond and/or no C -T  bond. A highly electronegative 
substituent such as F could well serve as a sink for elec
tron density released by the gradual displacement and 
departure of the H atom, leaving less electron density in 
the vicinity of the incipient C -T  bond, with a conse
quent reduction in the probability that such a bond 
would actually form. This redistribution of electron 
density would of course be reflected in the potential en
ergy surface itself. Formulations of the substitution 
process that emphasize only physical characteristics 
such as atomic masses, atomic sizes, bond angles, 
angles of attack, etc., appear to be inadequate for ex
planation of the full range of data now available. Ade
quate treatments will require inclusion of some direct 
bond energy effects in substitution as well as abstrac
tion, in addition to the secondary influences of the elec
tronegativities of the neighboring substituent atoms 
not being replaced.

(55) C. C. Chou, D. Wilkey, and F. S. Rowland, presented at the 
160th National Meeting of the American Chemical Society, Chicago, 
111., Sept 1970.
(56) P. J. Kuntz, E. M . Nemeth, J. C. Polanyi, and W . H. Wong, 
J. Chem. P h ys ., 52, 4654 (1970).
(57) D. L. Bunker and M . Pattengill, Chem. P h ys. L ett., 4, 315
(1969) .
(58) D. L. Bunker and M . Pattengill, J . Chem . P h y s ., 53, 3041
(1970) .
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The stereochemistry of the substitution of energetic tritium for H has been studied with dl- and meso-(CHFCl)2. 
In the gas phase, the direct substitution reactions proceed with >99% retention of configuration at the asym
metric carbon atoms. No positive evidence has been found for the existence of a direct gas-phase substitu
tion mechanism for T-for-H with inversion of configuration. The “inversion” products are formed from 
radical combination reactions in experiments without scavenger in the gas phase or with I2 as scavenger in 
the liquid phase. Comparison of the relative T-for-H yields indicates that substitution in CH4 is consistent 
with results for other molecules such as SifCTRh, (CHjfaCH, etc. By this indirect comparison, the inversion 
mechanism is postulated to occur with negligible yield for CH4 despite the small mass of each substituent.

Introduction

The substitution for the hydrogen atom of a C-H  
bond by an energetic tritium atom from nuclear recoil, 
as in eq 1, has been demonstrated to occur in good yield 
with a large variety of organic molecules.2-6 Pre
vious studies have shown that this displacement reac
tion occurs with higher collisional efficiency than

T* +  RH — >■ RT +  H (1)

thermal reactions6 and with nearly complete retention 
of configuration at the symmetric carbon atom in both 
the crystalline7-9 and gaseous phases.10-12

The results of the experiments in crystalline samples 
with glucose7’8 and with L-(+)-alanine,9 although quite 
suggestive that substitution occurs chiefly with reten
tion of configuration, might not be directly applicable 
to gaseous-phase experiments since the crystalline struc
ture surrounding the reactant molecule could exert a 
“ template”  effect hampering the formation of any 
molecule except one with the configuration of the orig
inal reactant molecule. The possibility of “ cage effects” 
in the solid and liquid phases may also further complicate 
the interpretation of results.13'14 On the other hand, the 
tritium-labeled molecules formed in gas-phase experi
ments, while free from the possible configurational con
straints of surrounding molecules, do frequently undergo 
extensive secondary decomposition. The surviving 
molecules in such experiments must preferentially rep
resent those formed with lower excitation energies and 
could conceivably not represent accurately the primary 
distribution of configurations formed by the initial hot 
reactions with energetic tritium atoms.

Most previous experiments have involved numerous 
chemical manipulations and separations involving op
tically active molecules, followed by degradation pro
cedures permitting determination of the intramolecular

distribution of the substituted tritium atoms. Such 
experiments of necessity require very high specific 
radioactivities and consequently also involve more ex
tensive radiation damage during the longer irradiation 
periods necessary for production of these higher activi
ties. The use of target molecules with more than one 
asymmetric center obviates the necessity for resolution 
of optical isomers from a racemic mixture, since inver
sion at one optical center will produce the meso com
pound from dl mixture, etc. The use of volatile target 
compounds permits the ready application of gas chro
matography to the separation problem. Such gas 
chromatographic separation techniques were first ap
plied to the similar problem of retention or inversion of 
configuration during the substitution of energetic 
38C1 into dl- and meso-2,3-dichlorobutane (DCB).13-16

(1) This research was supported by A.E.C. Contract No. AT-(04-3)- 
34, Agreement No. 126.
(2) R. Wolfgang, P rogr. React. K in et ., 3, 97 (1965).
(3) R. Wolfgang, A n n . Rev. P hys. Chem ., 16, 15 (1965).
(4) Chem. E ff. N ucl. Transform ., P roc . S ym p., 1964, 1> 2 (1965).
(5) F. Schmidt-Bleek and F. S. Rowland, A n gew . Chem ., In t. Ed. 
E ngl., 3, 769 (1964).
(6) M . Henchman, D. Urch, and R. Wolfgang, Can. J . Chem ., 38, 
1722 (1960).
(7) F. S. Rowland, C. N. Turton, and R. Wolfgang, J . A m er. Chem. 
Soc., 7 8 , 2354 (1956).
(8) H. Keller and F. S. Rowland, J . P h ys . Chem ., 62, 1373 (1958).
(9) J. G. Kay, R. P. Malsan, and F. S. Rowland, J. A m er . Chem. 
Soc., 8 1 , 5050 (1959).
(10) M . Henchman and R. Wolfgang, ibid., 83, 2991 (1961).
(11) Y .-N . Tang, C. T . Ting, and F. S. Rowland, J . P h ys . Chem ., 74, 
675 (1970).
(12) C. T . Ting and F. S. Rowland, ibid., 74, 445 (1970).
(13) C. M . Wai, C. T . Ting, and F. S. Rowland, J . A m er. Chem. 
Soc., 86, 2525 (1964).
(14) F. S. Rowland, C. M . Wai, C. T . Ting, and G. Miller, Chem. 
E ff. N ucl. Transform ., P roc . S ym p., 1964, 1> 333 (1965).
(15) C. M . Wai and F. S. Rowland, J . P h ys . Chem.., 71, 2752 (1967).
(16) C. M . Wai and F. S. Rowland, ibid., 74, 434 (1970).
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The recent experiments involving recoil tritium 
reactions with dl- and meso-2,3-DCB, performed at low 
radiolytic conversion, have again demonstrated that the 
T-for-H substitution reaction occurs very preferentially 
with retention of configuration.11 However, a precise 
determination of the limiting values for the per cent re
tention-inversion at the asymmetric carbon atoms was 
not possible without a determination of the intramolec
ular distribution of the tritium atoms. Estimates of 
the upper limits upon inversion were placed at < 7 %  for 
reaction with d/-2,3-DCB and <20%  for reaction with 
meso-2,3-DCB. The observation of clearly defined 
“ opposite isomer” peaks—but of mechanistically 
doubtful origin11’16— made it desirable to perform addi
tional gas-phase experiments on a system which re
quired neither extensive chemical handling nor deter
mination of the intramolecular tritium distribution. 
The target molecules chosen for this study were dl- and 
meso-(CHFCl)2, which contain hydrogen bonded only 
to the asymmetric carbon atoms and which can be 
readily separated and analyzed by conventional radio 
gas chromatography. Experiments have been carried 
out 'with these molecules and a variety of free radical 
scavengers in both the gaseous and liquid phases.

Experimental Section
A mixture of dl- and meso- (CHFC1)2 was obtained 

from Peninsular ChemResearch, Inc., and subjected to 
preliminary preparative purification on a Carbowax 
20M column, eliminating most of the minor impurities. 
None of our experiments differentiated in any way be
tween l- and d-(CHFCl)2 and all descriptions assume 
that we were dealing at all times with an optically in
active d l  mixture. Final purification and isolation of 
the dl and meso isomers was performed in a two-step 
procedure using a 50-ft 20% Carbowax 300 column oper
ating at 62° and a helium flow rate of 60 cm3/min. A 
purity of >99.6% was obtainable for each isomer. A 
minor unidentified impurity (<0.4% ) with a gas chro
matographic retention time intermediate between the 
dl and meso peaks on the Carbowax column was the 
chief impurity remaining in each of the purified di- 
astereomers. Substitution of energetic tritium for hy
drogen also took place into this impurity compound 
during irradiation but in amounts roughly comparable 
to the mole fractions of each component and therefore 
involving only very small (<0.4% ) corrections to the 
observed tritium activities in the molecules of interest. 
Identification of the diastereomers was made from 
boiling point differences (as reflected in relative reten
tion times on several gas chromatographic columns 
known to separate alkyl halides chiefly in the order of 
their boiling points) and by comparison of ir and nmr 
spectral data with the available literature.17

Gaseous and liquid samples using 3He and LiF, re
spectively, as the source of recoil tritium2-6 were pre
pared in standard manner and were irradiated for 12

Figure 1. Radio gas chromatograms of CHFC1CTFC1 
molecules from the reactions of recoil tritium with 
meso-(CHFCl)2: -—, thermal conductivity trace, O^scavenged 
gas phase; (¡), radioactivity, (Vscavenged gas phase; -• 
radioactivity, Irscavenged liquid phase, with —  as the 
zero base line.

min in the rotating Lazy Susan of a TRIGA reactor oper
ating at a power level of 250 kW and a neutron flux of 
approximately 1 X 1012 n /(cm 2 sec). All other chem
icals used in sample preparation are commercially avail
able and were used without further purification.

The irradiated samples were analyzed by conven
tional radio gas chromatography:18 the peaks of interest 
(i.e., dl- and wieso-CHFClCTFCl) were satisfactorily 
separated on the 50-ft Carbowax column, operating at a 
helium flow rate of 30 cm3/min and at a temperature of 
60°, as shown in Figure 1. The minor impurity peak 
can be seen as a slight shoulder on “he leading edge of 
both the mass (453 min) and radioactivity (458 min) 
records of the gas-phase experiment. The radioactivity 
peak of meso-CHFCICTFCl is shown emerging approxi
mately 5 min (474 min vs. 469 min) later than that of 
meso- (CHFC1)2. A time differential of about 1 min 
exists in the data recording of the thermal conductivity 
and proportional counter detectors, but the major 
source of the difference in retention times is a hydrogen 
isotope effect of about 0.8%, giving a longer retention 
time for the trititated isomer. A comparable isotope 
effect exists for the tritiated and ordinary dl compounds. 
While such isotope effects have been regularly observed 
in our radio gas chromatographic procedures,19 this is 
the first time we have reported an isotope effect for an 
alkyl halide.

Results
Scavenger Experiments. The pertinent results re

lating to the stereochemistry of the T-for-H substitu
tion reaction with dl- and meso-(CHFCl)2 are summa
rized in Tables I and II. A direct comparison of the re-

(17) E. G. Bissell and D. B. Fields, J. Org. Chem ., 29, 1591 (1964).
(18) J. K . Lee, E. K. C. Lee, B. Musgrave, Y .-N . Tang, J. W . Root, 
and F. S. Rowland, A n al. Chem ., 34, 741 (1962).
(19) J. W . Root, E. K. C. Lee, and F. S. Rowland, S cience, 143, 676 
(1964).
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Table I : Relative Yield of Diastereomers from Reactions 
of Recoil Tritium with meso-(CHFCl)2

Phase
-Sample composition, cm— -------
meso Scavenger Q - Ft 3He

Relative yield of 
di-(CHFCl)2 

meso = 100.0

Gas 15.2
Gas 14.5
Gas 15.3

Gas 13.9
Gas 13.5

Liquid

0 2(4.5)
/ 0 2 (4.7) Ì 
\C2H4 (3.3)/ 

H2S (4.9) 
/ 0 2 (5.3)1 
\l,3-C4H6/  

(4.8) 
h

1.4
1.4

70.7 1.2

66.2 1.2

LiF

9.4 ±  0.5 
0.7 ±  0.4

-0 .6  ±  0.8
0 ±  4
0 ±  4

5.7 ±  0.2“

“ Observed relative yield 9.4 ±  0.2. Corrected for 3.7% 
macroscopic isomerization. * 02

Table II : Relative Yield of Diasteromers from 
Reactions of Recoil Tritium with ctt-(CHFCl)2

Relative yield of
----- Sample composition, cm-------- ------- , 7neso-(CrlJb’Cl)2

Phase dl Scavenger Q F< *He dl = 100.0

Gas 12.9 1.3 18.1 ±  1.2
Gas 12.9 0 2(5.1) 1.3 2.1 ±  1.4
Gas 12.9 0 2(5.2) 60.0 1.3 5 ±  4
Liquid I2 LiF 19.6 ±  0.3“

° Observed relative yield 21.3 ±  0.3. Corrected for 1.7% 
macroscopic isomerization.

suits obtained with an 0 2-scavenged gas-phase sample 
and an I2-scavenged liquid-phase sample, both with the 
meso compound as substrate, is shown in Figure 1. The 
replacement reaction is observed to occur exclusively 
(>99% ) with retention of configuration at the asym
metric center in each of the gas-phase experiments with 
adequate scavengers to eliminate thermal radical pro
cesses. Within the statistical counting errors, the ad
dition of 1 atm of c-C4F6 in both Or- and H2S-scavenged 
samples failed to produce a statistically significant yield 
of the inversion product. Measurable yields, however, 
of the “ inversion products”  were found in the un
scavenged gaseous systems and in I2-scavenged liquid- 
phase experiments. It is possible that slight “ inver
sion” peaks were present in the samples scavenged by
0 2 alone. However, any inversion product should be 
consistently present in all samples and its clear absence 
in one or more samples is sufficient to invalidate the 
direct inversion mechanism. Small inversion peaks in 
0 2-scavenged samples may indicate a slight inefficiency 
in scavenging, as observed with 2,3-DCB.11

In the gaseous experiments, the macroscopic level 
(<0.3%) of the other diastereomer did not appear to in
crease as the result of radiation damage during the 
neutron irradiation, and therefore no corrections to the

data for macroscopic amounts of the opposite isomer 
were possible because of the difficulty in obtaining an 
accurate measurement of this quantity. The I2- 
scavenged liquid-phase samples did show measurable 
macroscopic isomerization during irradiation, and the 
observed isomeric yields are corrected for this isomer
ization in Tables I and II.

Competition Experiments. Competition experiments 
were' also performed in which equimolar mixtures of 
meso-(CHFCl)2 and CH4 (~ 5  cm each) were mixed with 
70 cm of perfluorocyclobutene acting as a bath molecule 
to standardize the tritium atom flux. The substitu
tion yields in each molecule were measured and the 
labeled meso compound was found to have a yield of 
33 ±  3, per C-H  bond, relative to CH3T from CH4 as 
83. Recent experiments have shown that the substi
tution yield in an individual C -H  bond correlates rather 
successfully with the proton nmr shift of the H atom 
replaced; CHF3, which has an nmr shift very similar to 
that of (CHFC1)2, has a substitution yield of 56 relative 
to 100 for CH3T from CH4, with both values corrected 
for secondary decomposition.20’21 Since the correction 
for decomposition of CH3T is 20% (83 -*■ 100), it seems 
quite probable that the original primary yield for the 
formation of CHFC1CTFC1. is approximately 56 ±  5 
and the observed 33 ±  4 represents about 60% stabil
ization under these gas-phase experimental conditions.

Photochemical Experiments. Some experiments were 
also attempted with tritium atoms possessing 2.8 eV of 
initial energy from the photolysis of TBr.22 However, 
these experiments showed that the yield for the sub
stitution of 2.8-eV tritium atoms into (CHFC1)2 was 
negligibly small—the dl and meso peaks summed to
gether represented about 0.1% of the observed organi
cally bound tritium. Moreover, since the meso/dl 
ratio of radioactivities was essentially identical (~ 5 ) 
from either the meso or dl parent molecules and since 
numerous other labeled organic molecules were formed 
in the photolytic system, we believe that even this very 
small fraction of observed CHFC1CTFC1 activity arose 
from incomplete scavenging of the reactants for rad
ical-radical reactions. The threshold energy for sub
stitution of T-for-H into these molecules is apparently 
high enough that the direct one-step substitution has an 
undetected yield for tritium atoms with an initial kinetic 
energy of 2.8 eV. The threshold energy for the sub
stitution of T-for-H in solid cyclohexane has been esti
mated as ~ 1  eV,23 while the threshold for replacement 
of D in CD4 is about 1.6 eV.24 Both of these cross

(20) F. S. Rowland, E. K . C. Lee, and Y .-N . Tang, J . P h ys . Chem ., 
73, 4024 (1969).
(21) Y .-N . Tang, E. K . C. Lee, E. Tachikawa, and F. S. Rowland, 
■ibid., 75, 1290 (1971).
(22) C. C. Chou and F. S. Rowland, J . Chem . P h ys ., 50, 5133 (1969).
(23) M . Menzinger and R. Wolfgang, J. A m er . Chem . Soc., 89, 5992 
(1967).
(24) C. C. Chou and F. S. Rowland, J . Chem . P h ys ., 50, 2762 (1969).
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sections rise rapidly with increasing kinetic energy 
above the threshold.

Discussion
Evidence for Retention of Configuration. The results 

of these gas-phase experiments with dl- and meso- 
(CHFC1)2 confirm that the predominant mechanism of 
energetic substitution of T-for-H involves a retention of 
configuration at the sp3 carbon atom and are com
pletely consistent with the results of earlier experi
ments as summarized in Table III. Our measurement

Table III : Results of Stereochemical Experiments Involving
Recoil Tritium Reactions at Asymmetric Carbon Positions

A. Experiments with Crystalline Materials

(1) T* +  glucose —*■ glucose-f +  H (ref 7)
Yield 12%; retention of configuration.

(2) T* +  glucose -*■ galactose-i +  H (ref 8)
Yield <0.0£%; no inversion observed at no. 4

carbon atom.
(3) T* +  L-( +  )-alanine -*■ alanine-f +  H (ref 9)

At asymmetric CH position
Yield l ( +  ) 19 ^   ̂jgg ±  g cyo retention

B. Experiments with Gases

(4) T* +  2-butanol -*• 2-butanol-i +  H 
At asymmetric CH position: 90 ±  10% reten

tion.
(5) T* +  2,3-dichlorobutane —►

2,3-dichlorobutane-f +  H
(a) From dl parent, meso/df = 0.012 ±  0.003.

Estimated at asymmetric CH position
>93%  retention.

(b) From meso parent, dl/meso = 0.046 ±
0.005.

Estimated at asymmetric CH position 
>80%  retention.

(6) T* +  1,3-dimethylcyclobutane —
1,3-dimethylcyclobutane-f +  H

(a) From eis parent, trans/cis =  0.010 ±
0.002.

Estimated at asymmetric CH position 
>94% retention.

(b) From trans parent, cis/trans = 0.007 ±
0.001.

Estimated at asymmetric CH position 
>96% retention.

(7) T* +  (CHFClh — CHFC1CTFC1 +  H
(a) From dl parent, meso /dl = 0.021 ±  0.014.

>97.6% retention.
(b) From meso parent, dl/meso = —0.006 ±

0.008.
>99.5% retention.

(ref 10)

(ref 11)

(ref 12)

(this work)

of the yield of product corresponding to an inversion 
mechanism is, however, substantially more accurate 
than in any previous experiment and leads to the con
clusion that retention of configuration is not only the 
predominant mechanism in energetic substitutions by 
tritium atoms but it appears to be the exclusive mech

anism in this system. Only the recent gas-phase ex
periments with 2,3-dichlorobutane11 and 1,3-dimethyl
cyclobutane12 (1,3-DMC) have shown convincing posi
tive evidence for the presence of small radioactivity 
yields corresponding to the inversion products. We 
discount immediately the observation of the labeled 
ds-l,3-DM C-i from T* +  ¿raws-1,3-DMC (and vice 
versa) as evidence for direct, one-step inversion pro
cesses, for these isomerizations as well as the decom
positions to two molecules of propylene are well known 
thermally and the parent trans- and cis-l,3-DMC-f 
molecules formed by T-for-H substitution have been 
shown to have sufficient energy to undergo both the isom
erization and the decomposition (with observation of 
propylene-f as a product).12 We also believe that the 
“ inversion” products found in the 2,3-DCB experi
ments are not the result of single-step substitutions 
with inversion but rather arise from radical combina
tion processes with inversion occurring in one of the 
radicals. The earlier experiments on hot 38C1 reactions 
with 2,3-DCB showed that prevention of radical-rad
ical reactions is very difficult in that system:16 for ex
ample, they persist strongly in the presence of both 0 2 
and CH2=CH2 and were not fully suppressed with a 
scavenger mixture of 0 2 and 1,2-butadiene. The exact 
nature of these difficult to suppress radical-radical reac
tions is not known, but they may involve atomic Cl as 
one constituent. We believe therefore that there does 
not exist any positive evidence in any gaseous system for 
the existence of an inversion pathway for single-step 
substitution by energetic T atoms.

The failure to detect experimentally any inversion in 
gas-phase experiments is strongly suggestive that no 
direct inversion reactions occur but should be viewed 
more conservatively since most studies of T-for-H sub
stitutions provide evidence for substantial secondary 
decomposition of primary products.2-5’25’26 Some of 
the experiments, notably the study of T* +  CH3NC,26 
show that essentially all substitutions are accompanied 
by 2-3-eV excitation energy. If, in a hypothetical 
mechanism, the direct gas-phase substitutions of T-for-H 
with inversion were always accompanied by the deposi
tion with the product molecule of vibrational energies 
greater than certain minimum energies, then all of the 
inversion products would also undergo secondary de
composition, and not be in disagreement with the ex
perimental observations.

The yields of the other radioactive products from hot 
tritium reactions in (CHFC1)2 have not been quantita
tively evaluated, and positive identification has not 
been made for some of the compounds observed by 
radio gas chromatography. Several products are ap
parently haloethylenes, presumably resulting from the

(25) E. K. C. Lee and F. S. Rowland, J . A m er. Chem . Soc., 85, 897 
(1963).
(26) C. T . Ting and F. S. Rowland, J . P h ys . Chem ., 72, 763 (1968).
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elimination of HF or HC1 from the primary products 
formed by the original substitution of tritium for H, F, 
or Cl in the target molecule (at least 11 such di- or tri- 
haloethylenes are readily possible by this mechanism). 
The minimum energy for essentially complete decom
position of CHFC1CTFC1 in the time available can be 
estimated by analogy with other fluoro- and chloro- 
ethanes as about 7-8 eV, although no kinetic param
eters are yet available for either (CHFC1)2 molecule. 
Since energies in the 7-8-eV range have been found in 
other T-for-H substitutions, the existence of high vi
brational energy inversion processes without observ
able gas-phase survival is not an implausible hypoth
esis.

The present experimental situation to date can then 
be summarized. All gas-phase studies of T-for-H sub
stitution at an asymmetric C-H  position show that the 
reaction occurs with retention of configuration about the 
carbon atom. Any direct substitution of T-for-H with 
inversion of configuration must occur with a much 
higher threshold energy and follow a mechanistic path 
leading to very high internal excitation energy and 
secondary decomposition, for none of the stabilized 
product molecules has been detected.

Inversion Products in Condensed-Phase and Un
scavenged Gas-Phase Experiments. From Tables I and 
II and Figure 1, it is evident that a significant yield of 
the inversion product occurs both in the I2-scavenged 
liquid-phase and in the unscavenged gas-phase experi
ments. In both cases, the yield of the labeled meso- 
CHFC1CTFC1 is greater from the dl-(CHFCl)2 parent 
than is that of the labeled dl isomer from the meso 
parent. As indicated above, the CHFC1CTFC1 mole
cule from the T-for-H substitution reaction is suffi
ciently excited to undergo secondary decomposition un
less collisionally stabilized, and a crude estimate of 40% 
decomposition can be made for the gas-phase experi
ments by analogy with related systems. In the liquid 
phase, less decomposition is anticipated, but still 15- 
25% of the molecules may decompose.2-5’26'26

The decomposition paths for (CHFC1)2 do not ap
pear to have been established experimentally, but both 
C-Cl bond break and HF elimination mechanisms are 
probably present for the recoil activated molecules. 
After decomposition by C-Cl bond break in the liquid 
phase, the resultant Cl atom and CHFC1CTF (or 
CHFCTFC1) radical may be held in close proximity by 
the surrounding cage of solvent molecules. The re
combination of Cl with the radical may then occur in 
competition with racemization of the radical, as postu
lated earlier for 38C1 +  CH3CHCHC1CH3.13’14

In addition, if a higher energy inversion mechanism 
were also to exist, the higher density and shorter colli
sion times of the liquid systems could result in stabiliza
tion of some molecules which were originally formed 
with 7-8 eV of vibrational energy. The observed 
liquid-phase yields represent the sum of the contribu

tions from either or both of these postulated processes.
In the gas phase without the surrounding cage of 

solvent molecules, recombination of a radical with the 
lost Cl atom is less probable per decomposed molecule, 
but a much larger fraction of labeled molecules actually 
decompose, and the overall effect on diastereomer pro
duction is about the same. The meso compound is 
thermodynamically a little more stable, and the meso/ 
dl ratio from such radical processes may approach the 
value of 5 found in the photochemical studies.

Stereochemistry of Substitution at Carbon Atoms with 
Light Substituents. All of the experiments to date have 
required three unlike substituents other than H or D on 
the asymmetric carbon atom and must therefore in
volve retention vs. inversion with three heavy (i.e., not 
H or D) substituents. Can the observed experimental 
results be generalized to molecules with one or more light 
substituents? And in the limiting case, what can be 
said about the stereochemistry of the substitution pro
cess with CH4?

It is quite clear that no laboratory experiment (ex
cluding computer laboratories) on the stereochemistry 
of T* +  CH4 will be feasible for many years. How
ever, trajectory calculations have been performed for 
the specific case of T* +  CH4 and are not subject to the 
ordinary laboratory limitations on stereochemical fea
sibility, although they are still seriously restricted by 
computational difficulties.27 -  29 In the first study of 
T* +  CH4,27 the trajectories were considered essen
tially as three-body point-mass calculations for T, H, 
and R  of mass 15, and substitution processes corre
sponding to inversion processes were prominently ob
served. Since the methyl radical in this case had no 
structure, bonding of the incoming T atom to it was 
possible from all angles, independent of the (unspeci
fied) location of the existing bonds.

In a later study of T* +  CH4, the trajectory calcula
tions involved six atoms moving separately but with a 
more complex potential function for the H atom 
(“ target”  H) nearest to the T atom than for the other 
three (“ backside” ) H atoms.28’29 By the nature of this 
simplified potential energy surface, substitutions by the 
Walden inversion kind of mechanism are not permitted 
to occur. The reaction of trajectories in this study 
which led to the formation of HT by abstraction was 
consistent with the results of laboratory experiments; 
however, the fraction of substitution reactions leading 
to CH3T was much too low in comparison with the ex
perimental results. A much larger number of events 
was observed, designated as “ tracking errors of the 
second kind,”  in which the tritium atom successively

(27) P. J. Kuntz, E. M . Nemeth, J. C. Polanyi, and W . H. Wong, 
J . Chem. P h ys ., 52, 4654 (1970).
(28) D . L. Bunker and M . PattengiU, Chem. P hys. Lett., 4, 315
(1969) .
(29) D . L. Bunker and M . Pattengill, J . Chem. P h ys ., 53, 3041
(1970) .
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approached closely to one and then another H atom, 
etc., until the accumulated errors involved in switching 
between the “ target’* potential function and the “ back
side” potential function finally destroyed the accuracy 
of the calculation and caused the trajectory to be termi
nated. These terminated trajectories, ending with the 
tritium atom shifting around near two or three H atoms, 
have led to the speculation that similar trajectories cal
culated with a more elaborate and satisfactory potential 
might then disclose the existence of a substantial frac
tion of Walden inversion substitutions.28,29

In the absence of direct experiments on the stereo
chemistry of T* +  CH4, indirect comparisons can be 
made of the observed yields of the T-for-H reaction 
with CH4 and with other target molecules. As indi
cated above, these T-for-H yields correlate well with the 
proton nmr shifts of the C-H  bonds involved,20,21 i.e., 
with the electronegativity of the other C-atom sub
stituents. Since this correlation successfully includes 
such molecules as CH4, Si(CH3)4, (CH3)3CH, CH3F, and 
CHF3, it seems reasonable to us to conclude that the 
mechanisms of T-for-H substitution for each are all 
similar or at least vary in some smooth manner with 
the electronegativity of the substituents. The sub
stitution yield, per C-H  bond, is not much larger (about 
20%) in CH4 than in the tertiary C-H  of isobutane20,30 
and is slightly less than that in Si(CH3)4.20

One reasonable hypothesis is that the existence of an 
inversion mechanism for molecules with light substit
uents would most reasonably be accompanied by a de
crease in yield not in substitution with retention but in 
some other process, most probably inelastic scattering. 
In other terminology, the trajectories with angles, en
ergies, etc., such that (hypothetically) inversion is ob
served with CH4 would not lead to substitution at all 
for tertiary C-H  in isobutane, presumably because the 
three heavy CH3 groups moved too slowly for possible 
formation of a new C -T  bond in the time available. 
Instead, the trajectories might involve substantial en
ergy transfer to the C-H  bonds but eventually would 
terminate with nonreactive scattering of the tritium 
atom. If this hypothesis is correct, then the yield of 
CH3T from CH4 should be anomalously high (vs. ter
tiary C-H) to the extent that the inversion mechanism 
was supplementing the established yield by the reten
tion mechanism. Therefore, since the CH3T yield is 
apparently not anomalously high but in fact fits neatly 
into the place estimated from pnmr shifts, we postulate 
that with all C -H  bond systems, the yield from the in
version mechanism for T-for-H substitution is negligibly 
small when compared to that from the retention mech
anism. An obvious corollary to this hypothesis is that 
the improved trajectory calculations for T +  CH4 now 
in progress will show that no substantial yield of in
version reactions lies concealed within the “ trajectories 
of the second kind.” 29

Alternate hypotheses are certainly feasible, although

somewhat less plausible to us. In particular, it is 
possible that the inversion mechanism occurs especially 
easily with the four light substituents of CH4 and then 
rapidly disappears as heavier substituents replace the H 
atoms. If the methane inversion yield were not large (up 
to ~ 1 0 %  of reaction yield), then the incremental yield 
might not be detectable within the accuracy of the elec
tronegativity correlation, and no experimental incon
sistencies would result. It is also possible that the 
substitution-with-retention mechanism is adversely 
affected by small mass substituents unable to absorb as 
much energy of the incoming tritium atom as CH3 or 
C2H5 groups,31 with the result that the cross section for 
higher energy reactions drops off more rapidly for CH4 
than for other molecules. In this case, the increased 
yield for substitution-with-inversion would be approxi
mately balanced by a decrease in substitution-with- 
retention and again no experimental inconsistency 
would result. While such a balancing of an increase 
in one mechanism and a decrease in another such 
that no appreciable deviation is observed seems im
probable to us, it is certainly not impossible and could 
be the actual situation. We have reached an experi
mental impasse with this problem which will not be 
easily removed since its resolution requires retention- 
inversion experiments with CH4 or some other molecule 
containing several small mass substituents.

Some Aspects of the Retention Mechanism. Any cur
rent model for the description of T-for-H substitutions 
must include rationalization of (a) the observed depen
dence of yield upon the electronegativity of substit
uents, (b) the high vibrational energy of labeled prod
uct molecules, and (c) the retention of configuration 
during the process. The high vibrational energies sug
gest that the attached groups (and especially the T 
atom itself) are usually appreciably displaced from 
equilibrium molecular positions at the time of separa
tion of the replaced H atom from the residual molecule. 
Some motion of both light and heavy substituents may 
be necessary to reach these unusual positions, and the 
time scale for such motion is in the 10~14 to 10-13 sec 
range. The process of substitution of T-for-H could 
conceivably occur in a time as short as ^ lO -14 sec, and 
the failure to observe inversion would then rationally 
follow, for the heavy substituents could not move fast 
enough to make an electron orbital available near the 
tritium atom. However, the substitution of 38Cl-for- 
C1 also goes with complete retention of configuration, 
and the inertial motions of originally thermal Cl atoms

(30) An experimental study of the stereochemistry of the gas-phase 
substitution of T  for CH3 in CH3CFCICHFCI has not been successful 
since secondary decomposition of the resulting CTFC1CHFC1* is 
apparently nearly complete. (Secondary decomposition of methyl- 
cyclobutane-i is 98%  complete after the T-for-CH3 reaction with
1,3-dimethylcyclobutane in the gas phase.ll)

(31) See C. C. Chou and F. S. Rowland, J . P h ys. Chem ., 75, 1283
(1971), for details of experiments with isotopic methanes.
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are not fast compared with H, CH3, etc.16 Further
more, the hot substitutions of recoil T for heavier 
groups (such as CH3, F, Cl, etc.) also proceed in good 
yield,2-5 and the escape of the replaced heavy atom 
must take place on a time scale of almost 10-13 sec, 
long enough for several vibrations of each C-H  bond in 
the reacting molecule. We postulate that the failure to 
observe an inversion mechanism is more involved with 
the difficulties in getting several groups into simulta
neous rapid motion than it is in the great rapidity of the 
T /H  time scale. In this view, the reaction is fast, 
(~ 1 0 -13 sec), but some heavy groups do move appre
ciably while the substitution is occurring—the dynam

Prediction op Osmotic and Activity Coefficients

ical requirements for simultaneous rapid acceleration of 
several heavy substituents are severe, apparently 
severe enough to reduce the probability of such a reac
tion to the negligible level. The substitution of T-for- 
H with retention certainly also requires the accelera
tion of one or more additional groups to account for the 
high vibrational energies but is enough less restrictive 
to permit substitution to occur. This conceptual ap
proach suggests that the substitution of tritium for 
CH3, F, or other heavy group will probably also be 
found to proceed with retention of configuration,30 
even though this time scale cannot approach the 10-14- 
sec time scale conceivable for T-for-H substitution.
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The equations of Reilly and Wood for the prediction of free energy have been used to derive expressions for 
the osmotic and activity coefficients of many-component charge-asymmetric mixtures of electrolytes. Two 
levels of approximation are available with the equations. In the first level of approximation only data on 
single-salt solutions are used. In the full equations data on common ion mixtures of electrolytes are used. 
The first level of approximation is used to predict activity coefficients in mixtures of hydrochloric acid with 
alkaline earth perchlorates. A comparison with the experimental results of Stokes and Stokes and of Weeks 
show that the predictions are superior to those of the ionic strength principle. The full equations are applied 
to mixtures of three cations with a common anion. The results are compared with experimental measure
ments on the following systems: LiCl-NaCl-KCl, LiCl-NaCl-CsCl, and LiCl-NaCFBaCfi reported in this 
paper; NaCl-KCl-BaCh reported by Robinson and Bower; and HCl-CsCl-BaCb reported by Lietzke, Hupf, 
and Stoughton. In all cases the predictions agree with the experimental measurements to within the experi
mental error.

Introduction
In a recent paper1 the authors presented an equation 

for the prediction of the excess free energy of any mixed- 
electrolyte solution. The equation used Friedman’s2 
approach to mixed electrolytes and predicts the free 
energy, heat content, volume, etc., of any mixture of 
electrolytes from measurements on pure solutions and 
common ion mixtures. The equation correctly ac
counts for all pairwise interactions.

The purpose of this paper is to derive the corre
sponding equations for the osmotic and activity coeffi

cients and to show how these equations can be used to 
' predict the properties of mixtures with more accuracy 
than has previously been possible.

As an example of their use the equations are used to 
predict the trace activity coefficient of any electrolyte 
in a solution of another electrolyte. If the trace elec-

* Correspondence to be addressed to University of Lethbridge, 
Lethbridge, Alberta, Canada.
(1) P. J. Reilly and R. H. Wood, J. P hys. Chem., 73, 4292 (1969).
(2) H. L. Friedman, “ Ionic Solution Theory,” Interscience, New 
York, N. Y., 1962.
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trolyte and the supporting electrolyte have a common 
ion, the situation is the same as that investigated by 
Harned3 and the equation is of the same form as the 
Harned equation. Stokes and Stokes4 and also Weeks5 
have obtained experimental data on the more general 
case with no common ion. Even using only the terms 
involving single-salt solutions the equation predicts the 
experimental results much more accurately than the 
principle of ionic strength.

As a further test the full equations (including terms 
involving two-salt mixtures) were used to predict the 
properties of mixtures containing three cations and a 
common anion. The difference between the predic
tions and the measured values was less than the experi
mental error in the measurements.

Results and Discussion
The derivations of the equations for the osmotic and 

activity coefficients of many-component electrolyte 
solutions are given in the Appendix. Given the equa
tions of Reilly and Wood, the derivation is straightfor
ward, although tedious. Equation A-6 gives the osmotic 
coefficient and A-9 the activity coefficient for a general 
mixture in terms of the osmotic and activity coefficients 
of pure electrolyte solutions at the same ionic strength 
(</>° and 7°) and interactions between pairs of elec
trolytes (<7mnx). The symbols in these equations are 
defined in eq A-la to A-le. Ionic strength (/) and 
equivalents per kilogram of solvent (E) are the basic 
concentration scales. Equations A-6 and A-9 can be 
used for any mixture of electrolytes. In this paper the 
equations will be applied to two types of mixtures: (1) 
mixtures of two salts without a common ion (M X with 
N Y ); (2) mixtures of three salts with a common an
ion (LX, M X, and NX). Specific equations will be 
derived for these cases but first it is useful to derive the 
equations for the simplest possible case: two salts with 
a common ion (M X and N X). If the mixture is formed 
at constant ionic strength by adding y kg of solvent 
containing the salt M X  to (1 — y) kg of solvent con
taining the salt N X  then, the final solution contains a 
mixture of the three ions in 1 kg of solvent. The con
centrations of the three ions are

2 Iy
Z M(ZM -  Zx)

mx

mN 2/(1 -  y) 
ZN(ZN -  Zx)

2Iy__________ 2/(1 -  y)
ZX(ZM -  Zx) Z X(ZN -  Zx )

If these values are used to calculate the quantities 
required for eq A-6, then eq 1 results.

[ZM _  (ZM _  Z*)y] _

Z MZ NZX 1 *

y  (1 -  <f>°Mx) +  -  4>°NX) +Z MZ X ZNZX

2/(1 -  y)i i
9 MNX +  MNX) f (1)

Substitution into eq A-9 gives 

In 7±mx = In 7°mx +  (1 -  y) X
ZM

1 — $°MX d  0 ’ n x )

y 2Z MZx (l -  y)I

and

In 7±nx =  In 7°nx +
ZN

î/ m n x  +  y I r - T ( . g  m n x ) o /
(2a)

y —  “ (1 — <f>°Mx) +  1 — 4>° NXZ M

y 2z Nz x2// 9 m n x  +  (1 — y)I~ (g  m n x ) (3a)

Equations 2a and 3a can be used to describe the trace 
activity coefficient of one salt in a solution of the other. 
If the value of y becomes zero, eq 2a gives

(In y±MX)trace = In 7°mx +
ZM

ZN(1 -  <f>°Nx) -  y 2z Mz x/ ffMNx (2b)

while a value of 1 for y converts eq 3a to

(In 7 ± N X )  trace =  In 7 ° n x  +

r  z N
“ / « ( I  ~  0°Mx) +  1 — <t>°NX y 2ZNZ x/!7MNX

(3b)

These equations are of the same form as the Harned 
relations. It is interesting that in this case the trace 
activity coefficient depends on the activity coefficient 
of the pure electrolyte in a solution of the same ionic 
strength. This result is due to the common ion and 
does not apply to a trace activity if there is no common 
ion. This is because when both ions are present in 
trace amounts (no common ion), they will never interact 
with each other because of their very small concentra
tions.

Equations for the MX,NY System. The trace activity 
coefficient of the salt M X  in a solution of the salt NY 
is obtained by applying eq A-9 to a mixture of the two 
salts and then reducing the concentration of M X  to 
zero. The result is

(3) See for example H. S. Harned and B. B. Owen, “ The Physical 
Chemistry of Electrolytic Solutions,“ 3rd ed, Reinhold, New York, 
N. Y ., 1958.
(4) J. M . Stokes and R. H. Stokes, J . P h ys . Chem., 67, 2442 (1963).
(5) I. A. Weeks, Aust. J . Chem., 20, 2367 (1967).
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(ZM -  Zx)
ZMZX (ID Y±MX)trace =

(ZM -  ZY) 
ZMZY 

(ZN -  Zx) 
ZNZX ~

(Zx -  ZY)
ZNZY

(ZM -  Zx)
ZNZY

(1 — <p°my +  In 7°my) +  

(1 — 4>°NX +  In 7°nx) — 

(1 — </)°ny +  In 7°ny) ~  

(1 — 4>° ny) —

; {  ( Z M -  Z Y) g ^ Y  +  ( Z n  _  z x )gx y N } ( 4 )

W h i l e  e q u a t i o n s  s i m i l a r  t o  e q  2  a n d  3  h a v e  b e e n  

a p p l i e d  t o  c o m m o n  i o n  m i x t u r e s ,  v e r y  l i t t l e  w o r k  h a s  

b e e n  d o n e  o n  s y s t e m s  o f  t h e  t y p e  d e s c r i b e d  b y  e q  4 .  

T h e  l i t e r a t u r e  c o n t a i n s  s o m e  d a t a  o n  m e t a l  p e r c h l o r a t e -  

h y d r o c h l o r i c  a c i d  s y s t e m s 4'8 a n d  i t  i s  o f  i n t e r e s t  t o  s e e  

h o w  t h e  p r e d i c t i o n s  o f  e q  4  c o m p a r e  w i t h  t h e  e x p e r i 

m e n t a l  d a t a .  T h e  d a t a  p r o v i d e  a  s e v e r e  t e s t  o f  t h e  

e q u a t i o n  s i n c e  t h e  m i x t u r e  is  n o t  s y m m e t r i c — t h e  

c a t i o n s  i n v o l v e d  b e i n g  m a g n e s i u m ,  c a l c i u m ,  s t r o n t i u m ,  

a n d  b a r i u m .  T h e  t r a c e  a c t i v i t y  c o e f f i c i e n t  o f  h y d r o 

c h l o r i c  a c i d  i n  a n  a l k a l i n e  e a r t h  p e r c h l o r a t e  s o l u t i o n  is  

g i v e n  b y

(I n  7 ± H01)  trace =  (1  _  $°H C104 +  I n  7°H C 10i) +

V i O  —  <i>°NCi2 +  I n  7°nci2) —

3A(1 — <f>°N(C104)2 +  In 7 °N (C 1 0 i)2)  — 

y 2(i — $°n ¡('104)2) +

^ { 2 0 H ,N C1O‘  +  3 (7 0 1 ,0 1 0 * }  ( 4 a )

w h i l e  t h e  t r a c e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  a l k a l i n e  e a r t h  

p e r c h l o r a t e  i n  h y d r o c h l o r i c  a c i d  is  g i v e n  b y

(I n  7±N(C10*)s)trace =  (1 _  <f>°NCl2 +  I n  7°NCl2) +

4/ a ( l  —  <f>°HCio4 +  In  7°hcio4) —

4/ 3( l  —  <f>°HCi +  In  7 ° h c i )  —

2(1 -  4>°Hci) +  J{3gH,NC1 +  2firCi,cio4H} (4b)O

W e e k s  h a s  m e a s u r e d  t h e  a c t i v i t y  c o e f f i c i e n t  o f  H C 1  i n  

H C I O 4 s o  t h a t  f / c i . c m .,11 c a n  b e  c a l c u l a t e d .  U n f o r 

t u n a t e l y  t h e  p r o p e r t i e s  o f  t h e  o t h e r  c o m m o n  i o n  m i x 

t u r e s  a r e  n o t  k n o w n .  I t  i s  s t i l l  o f  i n t e r e s t  t o  s e e  h o w  

a c c u r a t e  t h e  e q u a t i o n s  a r e  w h e n  t h e  t e r m  i n v o l v i n g  

m e a s u r e m e n t s  o n  m i x t u r e s  ( t h e  l a s t  t e r m )  i s  d r o p p e d  

f r o m  t h e  e q u a t i o n  a n d  o n l y  t h e  p r o p e r t i e s  o f  s i n g l e 

s a l t  s o l u t i o n s  a r e  u s e d  t o  p r e d i c t  t h e  a c t i v i t y  c o e f f i c i e n t s  

o f  t h e  m i x t u r e s .  T h i s  is  e q u i v a l e n t  t o  a s s u m i n g  t h e  

e x c e s s  f r e e  e n e r g y  o f  m i x i n g  i s  z e r o  ( Y o u n g ’ s  r u l e ) 6 a t

c o n s t a n t  m o l a l  i o n i c  s t r e n g t h  f o r  c o m m o n  i o n  m i x t u r e s  

s p e c i f i e d  b y  e q  4 .

T a b l e s  I - V I I I  g i v e  t h e  a p p r o x i m a t e  v a l u e s  o f  t h e

Table I : Trace Activity Coefficient of Hydrochloric 
Acid in Magnesium Perchlorate Solution5

Ionic
strength Exptl°

------ Activity coeff------
Calcd l 5 Calcd 2C

0 .0 1 0 .9 0 4 0 .9 1 0 0 .9 0 5
0 .0 4 0 .8 3 5 0 .8 4 1 0 .8 4 2
0 .1 0 .7 8 2 0 .7 9 0 0 .7 9 6
0 .2 0 .7 4 2 0 .7 5 4 0 .7 6 7
0 .3 0 .7 2 1 0 .7 3 2 0 .7 5 6
0 .4 0 .7 0 6 0 .7 2 1 0 .7 5 5
0 .5 0 .6 9 5 0 .7 1 5 0 .7 5 7
0 .6 0 .6 8 9 0 .7 1 2 0 .7 6 3
0 .7 0 .6 8 4 0 .7 1 3 0 .7 7 2
0 .8 0 .6 8 1 0 .7 1 2 0 .7 8 3
1 .0 0 .6 7 7 0 .7 1 8 0 .8 0 9
1 .5 0 .6 7 7 0 .7 4 7 0 .8 9 7
2 .0 0 .6 8 9 0 .7 8 9 1 .0 0 9
2 .5 0 .7 0 6 0 .8 5 0 1 .1 4 7
3 .0 0 .7 2 4 0 .9 2 6 1 .3 1 6

0 The trace activity coefficient as reported by Weeks.5 6 Cal
culated from eq 4a using only the osmotic and activity coefficients 
of the single-salt solutions, i.e., the first 4 terms of eq 4a. c Ac
tivity coefficient of the pure electrolyte at the same ionic strength. 
(Except where noted the properties of pure electrolyte solutions, 
required for these computations, were taken from R. A. Robinscn 
and R. H. Stokes, “ Electrolyte Solutions,”  2nd ed (revised), 
Butterworths, London, 1970.)

Table II : Trace Activity Coefficients of Hydrochloric 
Acid in Calcium Perchlorate Solution4

Ionic
strength Exptl“

------ Activity coeff-------
Calcd6 Calcdc

0 .1 0 .7 8 2 0 .7 8 9 0 .7 9 6
0 .3 0 .7 2 6 0 .7 3 1 0 .7 5 6
0 .6 0 .7 0 4 0 .7 1 2 0 .7 6 3
1 .0 0 .7 1 2 0 .7 1 7 0 .8 0 9
1 .4 0 .7 3 4 0 .7 3 7 0 .8 7 6
2 .0 0 .7 8 8 0 .7 8 6 1 .0 0 9
3 .0 0 .9 1 3 0 .9 1 1 1 .3 1 6
3 .3 0 .9 5 6 0 .9 6 0 1 .4 3 4

0 The trace activity coefficients as reported by Stokes and 
Stokes.4 b Calculated from eq 4a using only the osmotic and 
activity coefficients of the single salt solutions, i.e., the first 4 
terms of eq 4a. c Activity coefficient of the pure electrolyte at 
the same ionic strength.

t r a c e  a c t i v i t y  c o e f f i c i e n t s  f r o m  e q  4 a  a n d  4 b  ( w i t h o u t  

t h e  l a s t  t e r m )  t o g e t h e r  w i t h  t h e  a c t u a l  t r a c e  a c t i v i t y

c o e f f i c i e n t s .  I t  i s  p o s s i b l e  t o  u s e  t h e  e q u a t i o n s  i n  t h i s  

p a p e r  t o  g i v e  q u i t e  a n  a c c u r a t e  f i r s t  a p p r o x i m a t i o n  f o r  

t h e  a c t i v i t y  c o e f f i c i e n t  o f  a  s a l t  i n  a  m i x t u r e  e v e n  i f  t h e

(6) T . F. Young and M . B. Smith, J . P h ys . Chem., 58, 716 (1954).
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Table III : Trace Activity Coefficient of Hydrochloric
Acid in Strontium Perchlorate Solution5

Ionic
strength Exptl°

-----Activity coeff-----
Calcd6 Calcdc

0.01 0.904 0.908 0.905
0.04 0.835 0.842 0.842
0.1 0.782 0.794 0.796
0.2 0.747 0.759 0.767
0.3 0.728 0.742 0.756
0.4 0.718 0.734 0.755
0.5 0.712 0.729 0.757
0.6 0.710 0.727 0.763
0.7 0.709 0.729 0.772
0.8 0.710 0.729 0.783
1.0 0.714 0.737 0.809
1.5 0.748 0.766 0.897
2.0 0.792 0.809 1.009
2.5 0.845 0.864 1.147
3.0 0.912 0.912 1.316
3.5 0.989 1.042 1.518

° The trace activity coefficient as reported by Weeks.5 5 Cal
culated from eq 4a using only the osmotic and activity coefficients 
of the single-salt solutions, i.e., the first 4 terms of eq 4a. '  Ac
tivity coefficient of the pure electrolyte at the same ionic strength.

Table V : Trace Activity Coefficient of Magnesium 
Perchlorate in Hydrochloric Acid Solution5

Ionic
strength Exptla

Activity coeff 
Calcd5 Calcd'

0.01 0.814 0.815 0.819
0.04 0.700 0.709 0.714
0.1 0.620 0.632 0.640
0.2 0.567 0.582 0.595
0.3 0.544 0.558 0.577
0.4 0.533 0.553 0.573
0.5 0.529 0.550 0.569
0.6 0.530 0.548 0.565
0.7 0.534 0.551 0.566
0.8 0.540 0.553 0.567
0.9 0.549 0.567 0.576
1.0 0.560 0.577 0.583
1.5 0.634 0.647 0.633
2.0 0.737 0.752 0.706
2.5 0.867 0.888 0.802
3.0 1.020 1.076 0.925

° The trace activity coefficient as reported by Weeks.6 b Cal
culated from eq 4b using only the osmotic and activity coefficients 
of the single-salt solutions, i.e., the first 4 terms of eq 4b. '  Ac
tivity coefficient of the pure electrolyte at the same ionic strength 
(ionic strength principle).

Table IV : Trace Activity Coefficient of Hydrochloric 
Acid in Barium Perchlorate Solution5

Ionic
strength Exptl°

—Activity coeff-----
Calcd5 Calcdc

0.01 0.904 0.909 0.905
0.04 0.835 0.840 0.842
0.1 0.782 0.793 0.796
0.2 0.747 0.754 0.767
0.3 0.723 0.736 0.756
0.4 0.718 0.725 0.755
0.5 0.712 0.720 0.757
0.6 0.708 0.716 0.763
0.7 0.705 0.712 0.772
0.8 0.705 0.716 0.783
1.0 0.709 0.721 0.809
1.5 0.735 0.744 0.897
2.0 0.778 0.784 1.009
2.5 0.828 0.848 1.147
3.0 0.880 0.893 1.316
3.5 0.941 0.965 1.518
4.0 1.000 1.047 1.762

“ The trace activity coefficient as reported by Weeks.5 5 Cal
culated from eq 4a using only the osmotic and activity coefficients 
of the single-salt solutions, i.e., the first 4 terms of eq 4a. '  Ac
tivity coefficient of the pure electrolyte at the same ionic strength.

o n l y  i n f o r m a t i o n  a v a i l a b l e  i s  i n  t h e  s t a n d a r d  t a b l e s  o f  

o s m o t i c  a n d  a c t i v i t y  c o e f f i c i e n t s  o f  s i n g l e - e l e c t r o l y t e  

s o l u t i o n s .  T h e  e q u a t i o n s  a l s o  s h o w  t h a t  f o r  m o r e  

a c c u r a t e  p r e d i c t i o n s  o n l y  t h e  c o m m o n  i o n  m i x t u r e s  o f  

e l e c t r o l y t e s  n e e d  b e  m e a s u r e d .

T h e r e  a r e  a  n u m b e r  o f  o t h e r  a p p r o x i m a t i o n s  a v a i l a b l e  

f o r  e s t i m a t i n g  t h e  a c t i v i t y  c o e f f i c i e n t s  i n  a  m i x e d - e l e c 

Table VI : Trace Activity Coefficient of Calcium 
Perchlorate in Hydrochloric Acid Solution4

Ionic
strength Exptl°

----- Activity coeff-----
Calcd5 Calcd'

0.01 0.817 0.814 0.819
0.04 0.705 0.708 0.711
0.1 0.627 0.629 0.634
0.25 0.564 0.560 0.566
0.5 0.543 0.542 0.540
0.7 0.547 0.539 0.530
1.0 0.572 0.561 0.535
2.0 0.740 0.716 0.606
3.0 1.040 1.006 0.743
4.0 1.553 1.497 0.944

“ The trace activity coefficient as reported by Weeks.5 b Cal
culated from eq 4b using only the osmotic and activity coefficients 
of the single-salt solutions, i.e., the first 4 terms of eq 4b. '  Ac
tivity coefficient of the pure electrolyte at -he same ionic strength.

t r o l y t e  s o l u t i o n .  T h e  s i m p l e s t  a p p r o x i m a t i o n  i s  t h e  

i o n i c  s t r e n g t h  p r i n c i p l e 7 w h i c h  g i v e s  t h e  t r a c e  a c t i v i t y  

c o e f f i c i e n t  t h e  s a m e  v a l u e  a s  t h e  a c t i v i t y  c o e f f i c i e n t  o f  

t h e  p u r e  e l e c t r o l y t e  a t  t h e  s a m e  i o n i c  s t r e n g t h .  T a b l e s

I - V I I I  g i v e  t h e  v a l u e s  o f  t h e  a c t i v i t y  c o e f f i c i e n t  i n d i 

c a t e d  b y  t h e  i o n i c  s t r e n g t h  p r i n c i p l e .  U s i n g  o n l y  o s 

m o t i c  a n d  a c t i v i t y  c o e f f i c i e n t s  f r o m  s i n g l e - s a l t  s o l u 

t i o n s  e q  4 a  a n d  4 b  a r e  c o n s i s t e n t l y  b e t t e r  t h a n  t h e  

i o n i c  s t r e n g t h  p r i n c i p l e .

(7) G. N. Lewis and M . Randall, "Thermodynamics and Free 
Energies of Chemical Substances,” McGraw-Hill, New York, N. Y ., 
1923.
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Table VII: Trace Activity Coefficient of Strontium 
Perchlorate in Hydrochloric Acid Solution5

Ionic
strength Exptl°

------ Activity coeff------
Calcd6 Calcdc

0 .0 1 0 .8 1 0 0 .8 1 4 0 .8 1 7
0 .0 4 0 .6 8 9 0 .7 0 8 0 .7 0 5
0 .1 0 .6 0 2 0 .6 2 8 0 .6 2 0
0 .2 0 .5 4 7 0 .5 7 7 0 .5 5 9
0 .3 0 .5 2 2 0 .5 5 1 0 .5 2 8
0 .4 0 .5 1 0 0 .5 4 4 0 .5 1 5
0 .5 0 .5 0 4 0 .5 4 0 0 .5 0 4
0 .6 0 .5 0 2 0 .5 3 5 0 .4 9 4
0 .7 0 .5 0 4 0 .5 3 6 0 .4 8 9
0 .8 0 .5 0 6 0 .5 3 6 0 .4 8 5
0 .9 0 .5 1 4 0 .5 4 8 0 .4 8 8
1 .0 0 .5 2 1 0 .5 5 6 0 .4 8 9
1 .5 0 .5 7 7 0 .6 1 2 0 .5 0 7
2 .0 0 .6 6 1 0 .7 0 0 0 .5 3 7
2 .5 0 .7 7 2 0 .8 1 4 0 .5 8 2
3 .0 0 .9 1 2 0 .9 7 1 0 .6 3 8

“ The trace activity coefficient as reported by Weeks.6 6 Cal
culated from eq 4b using only the osmotic and activity coefficients 
of the single-salt solutions, i.e., the first 4 terms of eq 4b. c Ac
tivity coefficient of the pure electrolyte at the same ionic strength.

Table VIII: Trace Activity Coefficient of Barium 
Perchlorate in Hydrochloric Acid Solution6

Ionic
strength Exptl°

—Activity coeff------
Caled6 Caled®

0.01 0.809 0.813 0.817
0.04 0.690 0.707 0.705
0.1 0.555 0.627 0.619
0.2 0.535 0.572 0.556
0.3 0.507 0.547 0.524
0.4 0.491 0.538 0.508
0.5 0.482 0.533 0.494
0.6 0.477 0.526 0.481
0.7 0.475 0.526 0.473
0.8 0.475 0.523 0.465
0.9 0.477 0.534 0.464
1.0 0.480 0.539 0.462
1.5 0.519 0.587 0.462
2.0 0.584 0.665 0.472
2.5 0.674 0.767 0.480
3.0 0.793 0.903 0.513
3.5 0.946 1.072 0.539

The trace activity coefficient as reported by Weeks.5 6
culated from eq 4b using only the osmotic and activity coefficients 
of the single-salt solutions, i.e., the first 4 terms of eq 4b. c Ac
tivity coefficient of the pure electrolyte at the same ionic strength.

A n o t h e r  a p p r o x i m a t i o n  is  t h a t  o f  G u g g e n h e i m . 8 

S i n c e  t h i s  e q u a t i o n  t r e a t s  o n l y  c a t i o n - a n i o n  p a i r s  a n d  

i g n o r e s  c a t i o n - c a t i o n  a n d  a n i o n - a n i o n  p a i r s ,  i t  i s  n o t  

c a p a b l e  o f  p r e c i s i o n  a t  h i g h  i o n i c  s t r e n g t h s .  T h e  r e 

s t r i c t i o n s  i m p o s e d  b y  t h i s  e q u a t i o n  o n  t h e  i o n - s i z e  

p a r a m e t e r  a r e  a l s o  u n n e c e s s a r y  a n d  a r e  a b s e n t  f r o m  t h e  

e q u a t i o n s  p r e s e n t e d  i n  t h i s  p a p e r .  M o r e  r e c e n t l y  

G u g g e n h e i m 9 h a s  p r o p o s e d  a n  e q u a t i o n  w h i c h  i n c l u d e s

p a i r s  f o r m e d  b y  t w o  i o n s  o f  t h e  s a m e  c h a r g e  t y p e  b u t  

t h i s  e q u a t i o n  is  o n l y  v a l i d  f o r  m i x t u r e s  o f  u n i v a l e n t  

e l e c t r o l y t e s  a n d  i n  a d d i t i o n  i t  a p p r o x i m a t e s  t h e  p r o p e r 

t i e s  o f  p u r e  e l e c t r o l y t e s  w i t h  a  l i n e a r  d e v i a t i o n  f u n c t i o n  

a t  h i g h  c o n c e n t r a t i o n s .

S c a t c h a r d 10 p r o p o s e d  e q u a t i o n s  f o r  m i x t u r e s  o f  e l e c 

t r o l y t e s  b u t  t h e  a m o u n t s  o f  p u r e  e l e c t r o l y t e s  t o  b e  

t a k e n  t o  m a k e  t h e  m i x t u r e  a r e  n o t  s p e c i f i e d .  T h e  

p r e d i c t i o n  o f  t h e  p r o p e r t i e s  o f  t h e  m i x t u r e  w i l l  d e p e n d  

o n  t h e  a m o u n t s  o f  p u r e  e l e c t r o l y t e s  c h o s e n .  A  l a t e r  

e q u a t i o n  o f  S c a t c h a r d 11 d e f i n e s  t h e  c o m p o n e n t s  e x a c t l y .  

B e f o r e  t h e s e  e q u a t i o n s  c a n  b e  t e s t e d ,  t h e  s a m e  a p p r o x i 

m a t i o n s  w i l l  h a v e  t o  b e  m a d e  a n d  t h e  a p p r o p r i a t e  e x 

p r e s s i o n s  f o r  a c t i v i t y  a n d  o s m o t i c  c o e f f i c i e n t s  d e r i v e d . 11“

Equations for the L X ,M X ,N X  System. T h i s  s e c t i o n  

w i l l  b e  c o n c e r n e d  w i t h  t h e  c a s e  o f  a  m i x t u r e  o f  t h r e e  

c a t i o n s  a n d  o n e  a n i o n .  T h e  s i m p l e s t  c a s e  is  a  m i x t u r e  

o f  u n i v a l e n t  i o n s .  E q u a t i o n  A - 6  a p p l i e d  t o  t h e  o s 

m o t i c  c o e f f i c i e n t  o f  a  m i x t u r e  o f  L i C l ,  N a C l ,  a n d  C s C l  

b e c o m e s

1309

ECs
0  L iCl H------ Y~0°N aC l 4 ------J~<t>°CsCl +

JPM 7^Na[~ ò 1
J |^;7Li,NaUl + +

ELiEcs r ò  1
...  J .....j j lL i .C s 01 +  l^g-Li.CsS1) J +

tfN a ^ C s r  ò

I <7Na,CsUi +  ^ ^ ( ô rNa,CsU1)

T h i s  e q u a t i o n  s h o w s  h o w  t h e  o s m o t i c  c o e f f i c i e n t  o f  a  

m i x t u r e  c o n t a i n i n g  t h r e e  c a t i o n s  a n d  o n e  a n i o n  c a n  b e  

p r e d i c t e d  f r o m  t h e  o s m o t i c  c o e f f i c i e n t s  o f  t h e  p u r e  e l e c 

t r o l y t e s  a n d  m e a s u r e m e n t s  o n  t w o - s a l t  m i x t u r e s .  I n  

t h e  c a s e  o f  a  m i x t u r e  o f  e q u a l  a m o u n t s  o f  a l l  t h r e e  

c a t i o n s  e q  5  c a n  b e  r e f o r m u l a t e d  i n  t e r m s  o f  t h e  o s m o t i c  

c o e f f i c i e n t s  o f  t h e  p u r e  e l e c t r o l y t e s  ( 0 oL i c i ,  e t c . )  a n d  

t h e  o s m o t i c  c o e f f i c i e n t s  o f  5 0 : 5 0  m i x t u r e s  o f  t w o  s a b s  

O l i c i —NaCl, e t c . ) .  T h e  r e s u l t  is

9 0 L iC l-N a C l-C s C l =  4 [ 0 L i d —NaCl +

$ L iC l-C sC l +  ^ N a C l-C sC l] —

<t>°LiCl —  <t>°NaCl ~  4>°CsCl ( 6 )

I n  o r d e r  t o  t e s t  t h e  p r e d i c t i o n  f o r  u n i v a l e n t  c a t i o n s ,  

t h e  i s o p i e s t i c  m e t h o d  a l r e a d y  u s e d  f o r  m i x t u r e s  o f  t w o  

s a l t s 12 w a s  e a s i l y  e x t e n d e d  t o  m i x t u r e s  o f  t h r e e  s a l t s .

(8) E. A . Guggenheim, “ Thermodynamics,”  3rd ed, North-Holland, 
Amsterdam, 1957; P h il. M a g ., 19, 588 (1935).
(9) E. A. Guggenheim, Trans. Faraday Soc., 62, 3446 (1966).
(10) G. Scatchard, J. A m er. Chem. Soc., 83, 2636 (1961).
(11) G. Scatchard, ibid., 90, 3124 (1968).
(11a) N o t e  A d d e d  i n  P r o o f . This has been done. See G. Scat
chard, R. M . Rush, and J. S. Johnson, J . P h ys . Chem ., 74, 3786 
(1970).
(12) R. A. Robinson, ibid., 65, 662 (1961).
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Table IX: Isopiestic Measurements on Binary and Ternary Salt Mixtures at 25°

(A) The binary system: NaCl-CsCl. 
wtNaci = mesci — m/2

OTref“ m v

(2.7093 3 .0000  0 .9268)
2 .7221 3 .0140  0 .9277
2.7671 3 .0620  0 .9308

(B) The ternary system: LiCl-NaCl-CsCl.
WlLiCl = TONaCl = WÎCsCl = IH./3 

m Teia m ip

2 .9003  2.9751 1 .0126
(2 .9250 3 .0000  1 .0143)
3 .0242  3.1011 1 .0209

At to = 3, <p°Lici ~ 1.2847,5 <p°N.aCi — 1.0453,c *p°csci = 0.8809/’ 
( <p°LiC I +  P°NaCl +  °̂CaCl)/3 = 1.0703. <pLiCl-NaCl = 1.1683/ 
pucu-ceci = 0.9917,6 ipNaei-c»ci = 0.9268. Hence, PLici-NaCi-csci 
calculated by eq 6 = 1.0151.

(0) The binary system: LiCl-KCl. 
tolìci =  torci = m/2

OTref“ OT (Ç

2 .9868  2 .9360  1.0636
(3.0495 3 .0000  1 .0659)
3 .0816  3 .0328  1.0677

(D) The ternary system: LiCl-NaCl-KCl. 
WlLiCl = TONaCl =  torci =  m /3

OTref“ m V

2.9349 2.8950 1.0553
(3.0534 3.0000 1.0677)
3.0903 3.0342 1.0709
3.1660 3.0963 1.0802

A t m  =  3, ip0Liei =  1.2847,6 <p°Naci =  1.0453/ <p°kci =  0.9367/ 
(lP°ItfCl +  P°NaCl +  P°KCl)/3 = 1.0889. PLiCl-NaCl = 1.1683/ 
■PLÌC1-KC1 =  1.0659, pNaCl-KCl =  0.9783/'' Hence, ¥>LiCI-NaCl-KCl 
calculated by eq 6 =  1.0648.

(E) The ternary system: L iC l-N a C l-C sC l. 
tolìci =  0.3256 m , ton0ci =  0.3244 to, mesci =  0.3500 m

<p, v ,
7rtref° rn V calcd 1 calcd 2

4 .5088  4 .7102  1 .1045 1 .2117  1 .1073
4 .9910  5 .2325  1.1359 1 .2586 1 .1397

^(calcd 1) =  0.3526 ipTci +  0.3244 p°Naci +  0.3500 p°caon 
^(calcd 2) by means of eq 5, using data for the binary systems 

L iC l-N a C l/ L iC l-C sC l/ and N a C l-C sC l/

(F) The ternary system: L iC l-N aC l-B aC L .
I l ìc i  =  0.33397, / n b c i =  0.33287, iB a C h  =  0.33337

OTref“ I V
r ,

calcd 1
V,

calcd 2

1.8776 2.1371 1.0295 1.0383 1.0308
2.8743 3.1888 1.1215 1.1383 1.1217
2.9834 3.2973 1.1337 1.1494 1.1315

p(calcd 1) by eq 7 using only the osmotic coefficients of the 
single-salt solutions.

ip(calcd 2) by eq 7 using osmotic coefficients of the single-salt 
solutions and also the terms for the binary mixtures LiCl-NaCl/ 
LiCl-BaCh/ NaCl-BaCl2/

“ In all cases, sodium chloride was the reference salt. Values in parentheses are interpolated. “ R. A. Robinson, unpublished. 
1 R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,” 2nd ed (revised), Butterworths, London, 1970. d R. A. Robinson, 
R. H. Wood, and P. J. Reilly, J. Chem. Thermodyn., in press. " R. A. Robinson, J. Phys. Chem. 65, 662 (1961). f R. M. Rush and 
R. A. Robinson, J . Tenn. Acad. Sci., 43, 22 (1968). 0 R. M. Rush, Oak Ridge National Laboratory Report 4402. h See Table X.

All salts were recrystallized twice from water. Iso
piestic vapor pressure measurements using sodium 
chloride as the reference salt gave values of the osmotic 
coefficient of the mixed-salt solutions. The results of 
these measurements are given in Table IX . For the 
ternary system LiCl-NaCl-CsCl at rn = 3.000, <f> = 
1.0143 in good agreement with the prediction of eq 
6, 0 (calcd) = 1.0151 (Table IXB). Similar results 
are obtained for this system using eq 5 at m = 4.7102 
and 5.2325 (Table IXE). Equation 6 also predicts the 
LiCl-NaCl-KCl system accurately at m =  3.000 (Table 
IX D ). The choice of eq 5 or 6 for prediction of these 
mixtures is a matter of convenience.

Robinson and Bower13 have reported measurements 
of the osmotic coefficients of NaCl-KCl-BaCl2 mix
tures using the isopiestic method. For this mixture 
eq A-6 becomes

OZT’N a  O T p K .  QZ?Ba

4> =  — -<*>°NaCl +  —  4>°KC1 +  “ 4>°Ba012 +m rn 2m
A’Na/iK r ò , "1

i/Na.K1'1m L +  f ^ r(9,Na,KL1)J +

3 KNaPBaf- ò 1
0 (fNa.Ba 1 +  JF X^Na.Ba01) +2 m L 0 / J

3 EKE M
?K,BaCl +  I .̂(£7K,BaC1,

2 m L
(7)

In order to test this equation it is necessary to have 
values of the bracketed terms in eq 7. These were 
derived from the measurements of Robinson and

(13) R. A. Robinson and V. E. Bower, J . R es. N at. B u r. Stand., 
6 9 A , 365 (1965).
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Table X: Isopiestie Equilibrium in NaCEBaCh Solutions

Concn of Concn of %aBaCI +
NaCl, BaCl2, Ionic Osmotic I— (ffNaBaC1)m m strength coeff ÒI

0.3591 0.1045 0.6726 0.9006 +  0.01894
0.2213 0.2037 0.8324 0.8818 +  0.02637
0.0794 0.3060 0.9974 0.8629 +0.05489
0.4033 0.0736 0.6241 0.9078 +  0.03194
0.2797 0.1628 0.7681 0.8901 +  0.02581
0.1453 0.2597 0.9244 0.8719 +  0.03680
0.7382 0.1644 1.2314 0.9232 +  0.00966
0.4910 0.3378 1.5044 0.9112 +  0.00551
0.2610 0.4999 1.7607 0.8994 -0.00118
0.9479 0.1963 1.5368 0.9366 +  0.00178
0.6389 0.4092 1.8665 0.9289 +  0.00044
0.3356 0.6193 2.1935 0.9202 -0.00270
1.1653 0.2730 1.9843 0.9557 -0.00444
0.7442 0.5586 2.4200 0.9513 -0.00557
0.2721 0.8790 2.9091 0.9462 -0.00924
1.4141 0.1421 1.8404 0.9599 -0.01046
0.9784 0.4356 2.2852 0.9572 -0.00530
0.5259 0.7414 2.7501 0.9536 -0.00620
1.3930 0.3219 2.3587 0.9758 -0.00612
1.0035 0.5821 2.7498 0.9754 -0.00725
0.4308 0.9647 3.3249 0.9748 -0.01014
1.2466 0.4905 2.7181 0.9850 -0.00421
0.7037 0.8501 3.2540 0.9867 -0.00409
0.3073 1.1124 3.6445 0.9882 -0.00113
1.5471 0.3006 2.4489 0.9853 -0.00305
1.0496 0.6303 2.9405 0.9868 -0.00467
0.5733 0.9452 3.4089 0.9887 -0.00315
1.8885 0.1878 2.4519 0.9941 -0.00970
1.3509 0.5407 2.9730 0.9979 -0.00798
0.7850 0.9136 3.5258 1.0010 -0.01013
0.3184 1.2206 3.9802 1.0038 -0.01487
1.0177 0.7670 3.3187 1.0010 -0.00844
0.7602- 0.9375 3.5727 1.0019 -0.01140
0.4557 1.1377 3.8688 1.0038 -0.01414
0.3008 1.2396 4.0196 1.0048 -0.01662
1.9192 0.1845 2.4727 0.9956 -0.01046
1.3574 0.5542 3.0200 0.9989 -0.01045
0.8234 0.9060 3.5414 1.0018 -0.01350
0.3348 1.2274 4.0170 1.0048 -0.02127
1.7350 0.4108 2.9674 1.0088 -0.01158
1.1799 0.7744 3.5031 1.0130 -0.01360
0.5922 •1.1591 4.0695 1.0176 -0.02035
1.7263 0.5781 3.4606 1.0302 -0.01278
1.0073 1.0448 4.1417 1.0378 -0.01749
0.2911 1.5106 4.8229 1.0449 -0.02542
2.0250 0.4451 3.3603 1.0349 -0.01212
1.3969 0.8514 3.9511 1.0422 -0.01588
0.6356 1.3458 4.6730 1.0499 -0.02247

B o w e r * 14 o n  t h e  N a C l - B a C l 2 a n d  K C l - B a C l 2 s y s t e m s ,  

a n d  t h e  m e a s u r e m e n t s  o f  R o b i n s o n 12 o n  N a C l - K C l .  

T h e  r e s u l t s  o f  t h e  c a l c u l a t i o n  f o r  t h e  N a C l - B a C h  a n d  

K C l - B a C l 2 s y s t e m s  a r e  g i v e n  i n  T a b l e s  X  a n d  X I .  

T h e  v a l u e s  o f

ffNa.Ba01 +  T ^ -(!7 N a ,B a 01)

w e r e  c a l c u l a t e d  f r o m  e q  1 . N o t e  t h a t  t h i s  q u a n t i t y  i s  a  

f u n c t i o n  o f  t h e  i o n i c  s t r e n g t h  b u t  n o t  a  f u n c t i o n  o f  t h e
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Table XI: Isopiestie Equilibria in KCl-BaCh Solutions

Concn of Concn of %BaCI +
KC1, BaCl2, Ionic Osmotic T— (GrsvN1)m m strength coeff ol

0.6309 0.09985 0.9305 0.8873 +  0.00359
0.4178 0.2482 1.1624 0.8767 +  0.00230
0.1967 0.3994 1.3949 0.8704 +  0.00111
0.3099 0.3280 1.2939 0.8709 -0.01122
0.2308 0.3814 1.3750 0.8698 -0.00860
0.1411 0.4423 1.4680 0.8680 -0.01551
0.5789 0.1491 1.0262 0.8828 -0.00344
0.4185 0.2603 1.1994 0.8758 -0.00367
0.2048 0.4060 1.4228 0.8706 -0.00484
0.6644 0.09088 0.9370 0.8876 -0.00456
0.5072 0.2007 1.1093 0.8794 -0.00256
0.3186 0.3302 1.3092 0.8733 -0.00234
0.7074 0.06345 0.8978 0.8894 -0.01288
0.6163 0.1269 0.9970 0.8850 -0.00134
0.5063 0.2028 1.1147 0.8808 +  0.00462
0.4067 0.2712 1.2203 0.8775 +  0.00616
0.8081 0.1856 1.3649 0.8877 -0.01010
0.5648 0.3514 1.6190 0.8833 -0.01508
0.3064 0.5228 1.8848 0.8764 -0.01975
0.6330 0.6110 2.4660 0.9047 -0.02381
0.4063 0.7535 2 .6 6 6 8 0.9124 -0.02504
0.2358 0.8588 2.8122 0.9200 -0.02774
1.3606 0.1526 1.8184 0.9005 -0.01848
1.1475 0.2965 2.0370 0.8990 -0.02133
1.0259 0.3772 2.1575 0.8993 -0.02228
0.8270 0.5066 2.3468 0.9020 -0.02308
1.9274 0.2142 2.5700 0.9168 -0.02406
1.4671 0.5127 3.0052 0.9220 -0.02776
0.8579 0.8894 3.5261 0.9406 -0.03391
0.3443 1.1881 3.9086 0.9696 -0.04104
1.3394 0.6012 3.1430 0.9261 -0.02769
0.6887 0.9968 3.6791 0.9504 -0.03442
0.2503 1.2482 3.9949 0.9779 -0.04198
1.8961 0.2554 2.6623 0.9183 -0.02459
1.1888 0.7051 3.3041 0.9317 -0.02839
0.5955 1.0604 3.7767 0.9574 -0.03403
1.6329 0.5589 3.3096 0.9320 -0.02714
1.2541 0.7931 3.6334 0.9425 -0.03105
0.3002 1.3455 4.3367 0.9934 -0.04432
1.8855 0.5384 3.5007 0.9381 -0.02764
0.5746 1.3145 4.5181 0.9921 -0.04110
0.2539 1.4896 4.7227 1.0153 -0.04527
2.5365 0.1524 2.9937 0.9308 -0.02616
2.2111 0.3630 3.3001 0.9340 -0.02725
1.7890 0.6282 3.6736 0.9423 -0.03012
1.1054 1.0339 4.2071 0.9689 -0.03150
2.3901 0.2521 3.1464 0.9334 -0.02237
1.5011 0.8090 3.9281 0.9519 -0.03165
0.4287 1.4251 4.7040 1.0069 -0.04177
2.3016 0.3635 3.3921 0.9373 -0.02657
1.3772 0.9332 4.1768 0.9609 -0.03533
0.9462 1.1832 4.4958 0.9806 -0.03884

m o l e  f r a c t i o n  o f  s o d i u m  c h l o r i d e .  T h i s  t r e a t m e n t  o f  

t h e  d a t a  is  v e r y  s im i l a r  t o  t h e  m e t h o d  o f  R o b i n s o n  a n d  

C o v i n g t o n 16 b e c a u s e  t h e i r  d e v i a t i o n  f u n c t i o n  is  g i v e n  b y

(14) R. A . Robinson and V. E. Bower, J . R es. N at. B u t . Stand., 69A, 
19, 439 (1965).
(15) R. A. Robinson and A. K. Covington, ibid., 72A, 239 (1968).
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A /Û /N a ÿ B a )  =  l| j7 N a ,B a C1 +  (ff Na,BaC1)

The osmotic coefficients of the three-salt mixtures are 
given in Table X II together with values of the calcu
lated osmotic coefficients. Again the values of $ (calcd) 
were calculated using only data on single-salt solutions 
(the first three terms on the right-hand side of eq 7).

Harned and coworkers include hydrochloric acid-cesium 
chloride17 and hydrochloric acid-barium chloride.18 
The data for the cesium chloride-barium chloride sys
tem can be obtained from measurements by Linden- 
baum quoted by Lietzke.16 Only the data at 25° were 
treated because only at this temperature were precise 
measurements of all the quantities in the equation 
available. The results of this test are in Table X III.

P. J. Reilly, R. H. Wood, and R. A. Robinson

Table XII : Osmotic Coefficients of Three-Salt Solutions

NaCI
C oncn ,m 

KCI BaCl2
Ionic

strength
,------------0
Exptl“

smotic coe: 
Calcd l 6

ff------------ .
Calcd 2»

0 .4 7 0 8 0 .4 7 0 8 0 .3 5 5 9 2 .0 0 9 3 0 .9 1 7 9 0 .9 2 5 5 0 .9 1 9 7
0 .3 1 1 0 0 .3 1 1 0 0 .5 6 5 4 2 .3 1 8 2 0 .9 1 7 5 0 .9 2 5 7 0 .9 1 9 9
0 .1 7 4 0 0 .1 7 4 0 0 .7 4 4 9 2 .5 8 2 7 0 .9 2 0 5 0 .9 2 6 9 0 .9 2 2 4
0 .1 1 2 7 0 .1 1 2 7 0 .8 2 5 0 2 .7 0 0 4 0 .9 2 2 0 0 .9 2 7 8 0 .9 2 4 5
1 .1 9 8 0 1 .1 9 8 0 0 .2 1 2 6 3 .0 3 3 8 0 .9 7 1 8 0 .9 8 5 9 0 .9 7 1 3
1 .0 2 8 1 1 .0 2 8 1 0 .4 2 9 2 3 .3 4 3 8 0 .9 7 7 2 0 .9 9 4 4 0 .9 7 6 8
0 .5 5 0 9 0 .5 5 0 9 1 .0 0 2 2 4 .1 0 8 4 0 .9 9 7 6 1 .0 1 7 5 0 .9 9 8 0
0 .3 5 2 1 0 .3 5 2 1 1 .2 4 4 3 4 .4 3 7 1 1 .0 1 1 0 1 .0 2 8 1 1 .0 1 2 0

“ Results of R. A. Robinson and V. E. Bower, J. Res. Nat. 
Bur. Stand., 69A, 365 (1965). 6 Calculated by eq 7 using only 
the osmotic coefficients of the single-salt solutions, i.e., the 
first 3 terms of eq 7. c Calculated by eq 7 using the osmotic 
coefficients of the single-salt solutions and also the terms for 
the binary mixtures. NaCl-KCl of Table, IX, ref 4 and 5, NaCl- 
BaCh of Table X, KCl-BaCh of Table XI.

An examination of Table X II shows that single-salt 
data give a useful approximation. Using all of the 
terms in eq 7, the calculated osmotic coefficients are 
equal to the measured values within experimental error. 
Similar results are obtained for the LiCl-NaCl-BaCl2 
system reported in Table IXF.

Lietzke, et at.,16 have made some measurements in the 
system HCl-CsCl-BaCl2 and it is interesting to compare 
the experimental and measured activity coefficients.

Substitution into eq A-9 yields the following expres
sion for the activity coefficient of hydrochloric acid in 
the mixture.

Table XIII : Activity Coefficient of Hydrochloric Acid in 
a Mixture of Cesium and Barium Chlorides16 at 25°

Concn, m------------------- -------- --------------Activity coeff-
HC1, CsCl, BaCU, Exptl“ Calcd l 6 Calcd 2C

0.1231 0 .2963 0.0313 0 .692 0 .69 4 0 .75 7
0 .1235 0 .1908 0 .0627 0 .688 0 .702 0 .757
0 .1263 0 .0972 0.0949 0 .695 0 .70 8 0 .75 7
0 .2454 0 .1905 0 .0209 0 .725 0 .714 0 .757
0 .2459 0 .1490 0 .0419 0 .718 0 .71 6 0 .75 8
0 .2445 0 .0645 0.0621 0 .722 0 .724 0 .75 7
0.3471 0 .1107 0.0101 0 .752 0 .732 0 .75 6
0.3609 0 .0750 0 .0208 0 .750 0 .735 0 .75 7
0.3591 0.0351 0.0311 0 .750 0 .73 9 0 .75 6
0.2507 0.5432 0.0624 0 .693 0 .689 0 .80 6
0.2487 0.3869 0 .1257 0 .665 0 .699 0 .811

“ Results of M. H. Lietzke, H. B. Hupf, and R. W. Stoughton, 
J. Inorg. Nucl. Chem., 31, 3481 (1969). Corrected by M. H. 
Lietzke, private communication and interpolated to 25°. b Cal
culated by eq 8 using: HCl-CsCl data from H. S. Harned and 
O. E. Shupp, J. Amer. Chem. Soc., 52, 3892 (1930); HCl-BaCl 
data from H. S. Harned and C. G. Geary, ibid., 59, 2032 (1937), 
and H. S. Harned and R. Gary, ibid., 76, 5924 (1954); CsCl- 
BaCl-2 data from S. Lindenbaum quoted by M. H. Lietzke,
H. B. Hupf, and R. W. Stoughton, J. Inorg. Nucl. Chem., 31, 
3481 (1969). c Activity coefficient of pure HCl at the same ionic 
strength.

It seems likely that for strong electrolytes the equation 
is as accurate as the data now available. It is expected 
that deviations will be found at the higher concentra
tions when electrolytes with strong interactions are 
measured.

(  En\
In 7±hc1 = In y°hci +  ( 1 -----y  )(1 — 0°hci) —

EGa 3 EB&
~Y~( 1 ~  0 ° CsCl) —  -  - y ~ ( l  —  <£°BaCh) +  

2^C{^H,C3C1 +  £ Ĥ (0H,CsC1) ]  +  

^ Ba[f7H,BaCl +  U ^ H .B a 01) ]  +

~EGaEB»~(gcs,B.cl) (8)

Appendix
Reilly and W ood1 have shown that for a solution 

containing m¿M moles of cation M* with charge Z,u, 
nijX moles of anion X,- with charge Z}x , etc., in each 
kilogram of solvent the excess free energy is given by

l = i ' E,ME XZ,
( ? = E E  l~ r X x. +

RT
4Ë 
RT 
4 E

k  —  l  l  =  k — l  771 =  3

£  £  £k = 2 1=1 m = 1
k=i l= j m = l — l
L E Ek= 1 1 = 2 m= 1

EkME i -̂Er^ZtmZ

EkuE ixEmxZk lZkmgx,xJik

+

(A-l)

The terms, due to common ion mixtures, in eq 5, have 
all been measured. The very precise measurements of (16) M. H. Lietzke, H. B. Hupf, and R. W. Stoughton, J. Inorg.

Nucl. Chem., 31, 3481 (1969).
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where

E tu =  Z fimfi (A-la)

E tx = —Zixmix (A-lb)
k = i l=j

E =  X ^ M = X # xfc=i i=i
(A-lc)

z km =  Z*M -  z mx (A-Id)

21 =  -  ZZffiEffi
k -1 1=1

(A-le)

G°M,xm is the excess free energy of pure M jXm while 
gukm,x" and are parameters in the equations
describing the excess free energy of mixing of M* and 
M i in the presence of X m ; and X  t and X m in the presence 
of AI*, respectively.19 These parameters are discussed 
in ref 1.

The free energy of the pure electrolyte (G°M,xJ is 
the value of free energy of the pure salt in a solution of 
the same ionic strength as that of the mixed-electro
lyte solution. The excess free energy is related to the 
osmotic and activity coefficients of the salt by the 
relation2

G°m ,x „  = RTm°( 1 — <f>°M,x„ +  In 7 °m,x „ )  (A-2)

where
m° = m,M +  mmx

21 (A-2a)
Z ^ Z tx

Differentiation of eq 2 with respect to m° gives2

x .[G0m,xJ  = RT In 7°M,xm (A-3)owe

a relationship which will be used several times in this 
paper.

The free energy of the mixed-electrolyte solution is 
related to its osmotic coefficient and the activity coef
ficients of the ions in it by eq A-4

G — — <f>) -T

l = i m =j 'l
X  mtM In 7iM +  X  mmx In ymx > (A-4)
¡=1 m = 1 )

where
l — i  m = j

m = X  #*«“  +  X  mmx (A-4a)
1=1 m = 1

The Osmotic Coefficient of the Solution. The osmotic 
coefficient is obtained from the free energy and its dif
ferential with respect to the total salt concentration, 
the quantity of solvent being allowed to vary.

If the mass of solvent in the solution is allowed to 
vary, it is obvious that the ratio of any function of the 
concentration (in molal units) of the electrolytes to m 
is constant. Hence

WjM
m

mmx
m

Differentiating eq 4 with respect to m at constant 
Eku/E, etc., and remembering that20

! = »  >> m=j gv

X  7 - (la 7iM) +  X  ™-.x 7—(In ymx)
1= 1 om  m=1 dm

the following is obtained
&G RT m=j \
7 = — S X  m,M In 7 iM +  X) mmx In 7mx >
om m (.; = 1 m=1 )

Hence

G ~ “ ( E )  ‘  lo M )  ’  RTmil ~  *> <A'5>
Differentiation of eq A -l according to eq A-5, using 
eq A-2 and A-3, gives

RTm{ 1 — 4>)
RT ^  E fiEmxZln.
E S  S i  2 iMZmx (1 1 MiX; J -

T ) r p  k =  i  l =  k — 1 m = j

ttt X  X  X  Ek̂ E ^ E xZkmZlm X
k =  2 1 = 1  m = l

•jfi'MiM*™ +  I ^ (ô rM*M!Xm)j- —

T>rp k  =  i  l = j  m =  l — 1
Tvr X  X  I :  Ek*E ffiE xz klz km x

i = 2 m=l

jffXiX„M* +  (A-6)

which expresses the osmotic coefficient of the mixed- 
electrolyte solution in terms of the osmotic coefficients 
of the pure electrolyte?, and the excess free energy of 
mixing of common ion mixtures.

The Activity Coefficier t of Any Salt in a Mixed-Electro
lyte Solution. The derivation of the activity coefficient 
of any salt in the mixture requires differentiation of the 
free energy with respect to the total salt concentration 
also, but in this case the only variable quantity is the 
concentration of the salt whose activity coefficient is 
required. Since the equation for the free energy is 
based on molal concentrations, these requirements are 
easily satisfied.

If the ionic strengtn of the solution is varied by

(17) H. S. Harned and O. E. Schupp, J. A m er. Chem. Soc., 52, 3892 
(1930).
(18) II. S. Harned and C. G. Geary, ibid., 59, 2032 (1937); H. S. 
Harned and R. Gary, ibid., 76, 5924 (1954).
(19) The mixing is carried out at a constant ionic strength equal to 
that of the multicomponent mixture.
(20) See for example ref 8, p 348.
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adding a quantity of the salt M „X e, then the ionic 
strength is given by

27 = 27 +  27*

where "the overscore indicates the initial value.
Since all tne concentrations are expressed in molal 

units the following relations apply

7?T 7  M7, x  k = i l =  k ~ 1
A , ;  - J ~  E  E  E ^ E l^ Z kiZ lqgU ku ^  +Zjpq k = 2 1= 1

T>rr y  my x h~i Z = fc —1 m=j
E  E  Y ,  E k* E l* E * z kmz l M M ,x ”

^ pq k = 2 1 = 1 m = 1
RT k =  i l =  k — 1 m = j

QCT E  E  E  E ^ E ^ E x z kmz lm X
k  — 2 1 = 1  m = l

mvM =  mpM +
2 /4

7  M 7
"  p  p q

m„x =  m„x
27*

7 XZQ ^ VQ

m«“  = m

mfx = mtx

(l X p)

(* X 3)

E = Ë +

m = m —

27*
Zvq

27*
Z„MZ X

Differentiation of the free energy relationship (eq 
A-4) with respect to m yields

dG
dm - s r { ^

[m(l -<*>)] +

Z = i

z=i
Ô In 7 ;m 

dm
d In

+  E  w mx
m= i dm

7« +

d mJ1
In ypM + d In 7tx

dm dm

Using eq A-6 to cancel the three leading terms gives

dG 
dm

idm ,M d7*
■ " W s : 1" ’ ' +

dm x Ô7* 1
d7* dm n 7s j

( 7, x 7 m
= In +  -J -  In Tçx '

= RT In y±MPx q (A-7)

Equation A-l may now be differentiated with respect 
to m using the relations above, i.e.

Z M7 x m=i fi X7
RT l n 7±M A  = _ ^ î _  ^  % ^ GoMiXm _

^ PQ m= 1 2EI

G°MiX, +
Z PMZ X ‘ =* E i MZ lt

rj ¿-JJVQ 1 = 1 2EI
Z„UZ X ^  ^  EiMEmxZlmrm
?  jrio ^  MiXm +i=1 OT=1
p Zi

ET2

27
ZPMZ X ^  EiMEmxZim

E  EZ = 1 m=1
î=i m=i EVE XZ

2 E
r~Emxii im

RTZPUZ X E  E
'  1.1 m=i 2EIZiMZmx

G0MiXm +

In 7°m,x„ -

ÆT ZPMZ„X ' “ p - 1
777 E  E  E l^ E mx Z pmZ lmgU pM ^  -
^  ¿ vq 1 = 1 m= 1
RT Z MZ x k=i m=i
7 7 7  V "  S  E  E ^E mxZkmZvmgUkUx -  -
W  L v q  i  =  p + l  m  =  l

Ô7
7271 Z PMZ x ^  m̂ , - 1 
4A Z

(gMtMtXm)Xm\ _

E  E  E i x E mx Z „ , Z pmg x i X mMp
P S  1 =  2  m =  1

ffT Z MZ x i = * m = q- 1
777 - E  E  E ^E mxZkqZkmgXqXm̂  -/jvq k=i m — \
RT Z„MZ x w

E  E  Ek*ElxZklZkqgXlX™>‘ +
4:E Z vq i = 1  ¡ = 9+ l

rur 7 M7 X &= ̂  l—j m = l— 1
77T2 ^ “  E E  E  E ku E i x E mx Z klZ kmgXlXmUk  —

fc =  l  l =  2 m =  1

Z3/TJ = z l=j m = l — 1
—  Z„MZ ,X E  E  E  E}> 'E ? E xz klz km X

= 1Z = 2 m = 1

~ (P x ,xmMi) (A-8)

The equation above may be simplified by using eq A-2 
and collecting terms. Equation A-8 then becomes

Z n l = i m=i

ZPMZ X In 7±mî>xî =  E  E

{

Z = 1 m=1
Ei^EJ

E2 X

z ™ z mx
ZlQ

z y z x

[1 — d°MPx„ +  In 7°m„xJ  +  

[1 — <p°Mix, +  In 70MîxJ  —

z t*z„ J 1+¥ ) (1 — <t>°MtXm) +  In 7°MiX„ ]}
^  ^  El̂ E xZpmZlm Y ,
Lj 2-, ( /(T S'MpMi m +
1=1 m= 1

k = i l = k- 1 m =j Jji M(1 M 7? X
E  E  E  * L m x
=  2 Z =  1 w = l 4E2

{ z - z - [
Xw Z,qE *r(touu,x*) ]2 d7

^ E ^ E fZ u Z ^
E  E -  ! “ V , x . M * +

* - l  ¡= 1  4:£<

d Z t!Zta gXlxm kE  E  E1 l = 2 m= 1 4 Æ2

“  ĵ((/XiXmMk) — Z’piZjJHgxix mMl>J| (A-9)

where
gx,x,Mt =  0
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N O T E S

Isotope Effects in the Diffusion of 14C -Substituted 
Molecules in the Liquid Phase. II. The Relative 
Diffusion Rates of Benzene-J -14C 
and Benzene-1,2-14C
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Departm ent o f  Chem istry, T exas Christian U niversity,
Fort Worth, T exas 76129  (Received A ugust 10, 1970)
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The search for an adequate description of transport 
phenomena in liquid systems has created an increased 
theoretical and experimental interest in the properties 
of isotopic mixtures. The application of isotopically 
substituted tracers has become established as a standard 
technique for the study of diffusion phenomena in liquid 
systems. In this note the intradiffusion coefficient will 
be operationally defined as the observed diffusion coeffi
cient of a trace component which is an isotopically substi
tuted form of a component present in the bulk liquid. 
The term self-diffusion coefficient will be used to describe 
a hypothetical intradiffusion coefficient of a trace com
ponent which is chemically and physically equivalent to 
one of the components of the bulk liquid.

The application of the velocity-correlation method 
allows the calculation of the self-diffusion coefficient 
from the Van Hove correlation function.1 Brown and 
March2 have shown that for a classical liquid with a 
total potential energy independent of mass the Van 
Hove function S (k, w, M, T) has the form Af'Af(fc, 

T), where f is the same function for different 
isotopes. These authors used this information to show 
the self-diffusion coefficient, Dscif, is “ rigorously”  pro
portional to M ~1/2

Dseu = ¿ / 2 h(T) (1)

where h(T) is a function related to the specific intermo- 
lecular force law. Steele3 has shown that in the case of 
deuterium-substituted compounds the function h(T) is 
not independent of the isotopic composition of the 
species.

The experimental work previously reported4-7 has 
been primarily concerned with the study of the relative 
mobilities of isotopic ionic species in both aqueous and 
molten salt media. The ratio of the mobilities of 6Li 
and 7Li in various solutions has been shown to be smaller 
than the square root of the inverse ratio of the 
masses.4-6 However, the relative mobilities of 6Li 
and 7Li in molten lithium chloride have been shown to 
approach the square root of the inverse ratio of the 
masses.8 The ratio of the mobilities of 6Li and 7Li in 
aqueous solutions of acetic and nitric acids has been 
shown to be dependent upon the acid concentration.4b

Diffusion data for isotopic mixtures of nonelectro
lytes are limited. Lyons and Birkett9 have used 
the modified Rayleigh-Philpot-Cook interferometric 
method to measure the binary-diffusion coefficients of 
deuterated hydrocarbons in mixtures with their unsub
stituted parent compounds. Mills and coworkers10-15 
have used the diaphragm cell to study the tracer-diffu
sion coefficients of 14C-substituted molecules in both 
aqueous and nonaqueous solutions. Eppstein16 has 
suggested a coherent correlation of the form
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where D + and D° are, respectively, the values at in
finite dilution of the tracer- and mutual-diffusion co
efficients of species with molecular weights of M+  and 
M°. In the present work the correlation in eq 2 has 
been tested by the comparison of the observed tracer- 
diffusion coefficients of benzene-/-14C and benzene-/ ,2- 
UC at high dilution in unsubstituted benzene. The 
diaphragm cell method has been used in these experi
ments since only the relative diffusion rates are neces
sary for this test. The absolute values of the diffusion 
coefficient have been based upon the calibration con
stant of the cell obtained with the diffusion of 0.8 M 
urea into H O . The absolute values of the tracer- 
diffusion coefficients determined in this work have been 
compared to ‘ he value of the self-diffusion coefficient of 
benzene previously reported by Mills.10 An additional 
comparison has been made to mutual-diffusion data of 
Birkett and Lyons9 for the perdeuteriobenzene-benzene 
system.

Experimental Section
Mat.heson Coleman and Bell “ Chromato-quality” 

benzene (99.8+ mol % ) was used without further puri
fication. The urea used for the calibration of the 
diaphragm cell was recrystallized from a warm aqueous 
solution; special care was taken to avoid heating the 
mother liquor above 60°. The crystals were separated 
from the mother liquor by centrifugal drainage and 
were dried in vacuo. This material was tested for the 
presence of biuret with concentrated KOH and dilute 
CuS04 solution. Benzene-/-14C' and benzene-/ ,+ 14C' 
were used as supplied by Mallinckrodt Nuclear. These 
compounds were synthesized by the following route

BaC03 BaC2 H— C = C —H C6H6

The benzene-/-14C was prepared by diluting the BaC03 
to an activity of 2.0 mCi/mmol. The acetylene pro
duced from this material was used without further dilu
tion to form benzene with an activity of 12mCi/mmol. 
Assuming a random distribution of the 14C, the 
molecular weight of this compound is 80.30. The 
benzene-/-i?-14C was prepared from 0.2 mmol of acet
ylene having a specific activity of 122.8 mCi/mmol, 
98.9% 14C. This acetylene was diluted with 9.7 mmol 
of unlabeled acetylene and the mixture was used to 
produce the 1,2-labeled benzene. Assuming a random 
distribution of the 14C the molecular weight of this com
pound is 82.23.

The labeled benzenes were purified by the methods of 
preparative gas chromatography. The radiochemical 
purity of the benzenes as determined from chromato
graphic data is greater than 99 mol % ; i.e., only a single 
peak was observed in these chromatograms.17

BBOT (2,5-bis [2-(5-/er/-butylbenzoxazolyl) (thio
phene), Packard Instrument Co., and reagent grade 
toluene, Matheson Coleman and Bell, were used in the

scintillation stock solutions without further purifica
tion.

A Stokes-type18 diaphragm cell which used a bottom 
plug similar to the design of Albright and Mills12 was 
fabricated from a glass sealing tube with a 40-mm 
medium-porosity frit (Corning No. 39580). Each cell 
compartment contained a volume of ca. 17 cm3 and the 
ratio of the compartment volumes was 1.0057. This 
assembly was permanently attached to a brass mount
ing plate which could be kinematically positioned in 
the water thermostat. Leveling screws on the 
mounting plate were adjusted so that the diaphragm 
was within Io of horizontal when the cell was positioned 
in the thermostat. During the diffiusion measure
ments the thermostat was maintained at a temperature 
of 25.00 ±  0.005° and the stirring rods were rotated at 
59 rpm. The cell constant was determined with the 
diffusion of 0.8 M  urea into H20. The effective dia
phragm cell diffusion coefficient was calculated from 
the diffusion data of Gosting and Akeley19 with the 
technique presented by Gordon20 and Stokes.21 Urea 
concentrations were calculated from refractive indices 
determined with a Phoenix-Brice differential refractom- 
eter (Phoenix Precision Instruments) by using the 
data of Gosting and Akeley19

An =  8.613(10-3)C -

4.43(10-S)C2 +  1.83(10-6)(73 (3)

where C is the molar concentration. Equation 3 was 
solved by the method of false positions using a Hew
lett-Packard 9100-A programmable calculator.

Relative radiotracer concentrations were determined 
using liquid-scintillation counting techniques. The 
sample chamber was maintained at a constant tempera
ture in an air thermostat. Two sample cells are 
mounted on a pneumatically powered sliding mech
anism which alternately places each cell before the 
EMI 6097-S11 photomultiplier tube. The output of 
the photomultiplier tube was counted electronically 
with AEC modular-type equipment manufactured by 
Canberra Industries (Model 1405 pre-amp, Model 1411 
DDL amplifier, Model 1430 single-channel analyzer, 
Model 1473 scaler, and Model 1491 timer). Scintilla
tion stock solutions were prepared by dissolving 4 g of 
BBOT in 1 1. of toluene. Stock solution (70 g) was 
added to 4 g of benzene solutions from the experiment. 
All solutions were prepared by weight and the counting 
procedures previously described by Albright13 were fol
lowed.

The experimental results are shown in Table I.

(17) Private communication, Dr. J. W . Woods, Mallinckrodt 
Nuclear Corp., St. Louis, Mo.
(18) R. H . Stokes, J. A m er. Chem. Soc., 72, 763 (1950).
(19) L. J. Gosting and D. F. Akeley, ibid., 74, 2058 (1952).
(20) A. R. Gordon, A n n . N . Y . Acad. Sci., 46, 285 (1945).
(21) R. H. Stokes, J. A m er. Chem. Soc., 72, 2243 (1950).
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Table I : Observed Tracer-Diffusion 
Coefficients for Benzene-1-14(7 and Benzene-l,S-uC

DC1 X 10-5, z>h “ X  10 “5
cm 2/sec cm a/sec

2.208 2.175
2.198 2.186
2.195 2.160
2.193 2.178
2.195 2.171
2.194 2.179

Av 2.197 ±  0.005 Av 2.175 ± 0 .0 0 8

“ Subscripts refer to heavy and light tracers.
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(22) (a) Dr. R. Mills, private communication; (b) Abstracts, 160th 
National Meeting of the American Chemical Society, Chicago, 111., 
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Mills10 has reported a value of 2.247 X 10~6 cm2/sec for 
the self-diffusion coefficient of benzene. Mills22 has 
recently completed an extensive study of the self-diffu
sion coefficients of benzene and CC14. In this more 
recent work a value of 2.107 X 10~5 cm2/sec for the self
diffusion of benzene has been obtained. This value is in 
good agreement with our value of 2.197 X 10~5 cm2/  
sec for benzene-7-14C. In order to test the relation sug
gested in eq 2 the mean values of the tracer-diffusion 
coefficients of the 14C-substituted species and the lim
iting mutual-diffusion coefficient of benzene-d6 in ben
zene9 were plotted, in Figure 1, against the quantity 
[(78.11/M tracer) — 1] and were fitted to an empirical 
expression of the form

=  a +  a b (  -  l )
VUitracerJ / (4)

where a and b are adjustable parameters. The values 
of the parameters a (2.231 X 10-5 cm2/sec) and b 
(1.051) were determined by the method of least squares. 
Finally, it is noted that the parameter a can be used as 
an approximation of the true self-diffusion coefficient, 
and as the parameter b approaches unity, eq 6 takes the 
form of eq 2. This result is interesting since theory 
applies only in the case of true self-diffusion and hence 
cannot directly predict the effect of varying the isotopic 
composition of the tracer component.

DxlO5 cm2/sec

(' Æ )

Figure 1.

On the Photolysis of Ethylene at 1216 Â

by Y. Inel, A. Siddiqi, and G. G. Meisels*

D epartm ent o f  Chem istry, U niversity o f  H ouston,
Houston, T exas 77004- (R eceived Septem ber 8, 1970)

P ublication costs assisted by the U. S. A tom ic  E n ergy  C om m ission

Ethylidene (CH3CH) is a primary species in the 
photolysis of diazoethane,1-3 methylketene,4 and 
methyldiazirene,6 and these systems have been studied 
to investigate its reactions. It has also been suggested 
that ethylidene is an intermediate in the photolysis of 
solid ethylene at 1470 A as evidenced by the formation 
of methylcyclopropane.6 This product was not ob
served in the gas-phase photolysis at the same wave
length, and this was ascribed to a rapid isomerization of 
the ethylidene structure to an excited ethylene inca
pable of the addition reaction to ethylene typical of a 
carbene structure.6 Moreover, it was suggested that 
the rate of isomerization may depend on internal energy. 
While the vacuum ultraviolet photolysis of ethylene at 
1236 A has been reported,7 analysis for small yields of 
C4 hydrocarbons was not made. We have therefore 
photolyzed ethylene at 1216 A and report our findings 
here.

Photolyses were carried out using the conventional 
vacuum apparatus and lamp design described previ
ously.8 Phillips research grade ethylene containing 
2% oxygen was introduced into a cylindrical reaction 
vessel and irradiated using a Lyman a resonance lamp

(1) R. K. Brinton and D. H. Volman, J . Chem. P h ys., 19, 1394 
(1951).
(2) H. M . Frey, J . Chem . Soc., 2293 (1962).
(3) C. L. Kibby and G. B. Kistiakowsky, ./. P h ys. Chem ., 70, 1793 
(1966).
(4) D . P. Chong and G. B. Kistiakowsky, ibid., 68, 1793 (1964).
(5) H. M . Frey and I. D. R. Stevens, J . Chem. Soc., 1700 (1965).
(6) E. Tschuikow-Roux, J. R. McNesby, W . M . Jackson, and J. L. 
Faris, J . P hys. Chem ., 71, 1531 (1967).
(7) H. Okabe and J. R. McNesby, J . Chem . P h ys., 36, 69 (1962).
(8) P. S. Gill, Y . Inel, and G. G. Meisels, ib id ., in press.
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[argon (90%) and hydrogen (10%)9 ] with a lithium 
fluoride window. Initially, the lamp emitted small 
amounts of the two argon resonance lines at 1048 and 
1067 A. After several hours of use these lines dis
appeared; there were no other significant impurity 
lines. The lamp emitted in the range of 1013 quanta/ 
sec. All runs were carried out at room temperature.

The reaction products were transferred directly10 
from the reaction vessel to a gas chromatograph with 
flame ionization detector. They were separated at 
room temperature on a combination of 20 ft X 0.25 
in. o.d. dimethylsulfolane (10% w/w  on Chromosorb P, 
60-80 mesh) and 10 ft X 0.25 in. o.d. squalene (10% 
w /w  on Chromosorb P, 60-80 mesh). The identifica
tion of products was confirmed on 30 ft X 0.25 in. o.d. 
dimethylsulfolane (33% w /w  on Chromosorb P, 60-80 
mesh) and on a 9 ft X Vs in. column of Poropak N, 
100-120 mesh, programmed at 4°/min. Retention times 
were calibrated with all Ci through CV hydrocarbons 
except for cycloalkenes. Methylcyclopropane was a 
single peak without overlap on all columns.

o
The reaction products in the 1216-A photolysis of 

C2H4 with 2% oxygen added include acetylene, allene, 
methylcyclopropane, and small amounts of propylene 
and 1,3-butadiene. Butenes and methylacetylene may 
also be produced. C6-C 6 products were observed at 
increased pressures or lamp intensities. It should be 
noted here that a possible minor lamp impurity at 
shorter wavelength such as at 1048-1067 A cannot be 
invoked to account for the observation of methylcyclo
propane since this compound is not a significant product 
(4> <  0.01) of ethylene photolysis in the ionization 
region.7'11

The product distribution remains constant for dif
ferent irradiation times. Neither allene nor methylcy
clopropane are formed as products of secondary photol
ysis (Figure 1) and their yields are not affected by a 
fourfold change in lamp intensity (Figure 2) or by 
using neon as an inert additive (Figure 3).

The most important product of ethylene photolysis 
at 1216 A (10.2 eV) in the presence of oxygen is acety
lene, in accordance with observations at other wave
lengths.12 It may be formed with the simultaneous 
elimination of two hydrogen atoms or a hydrogen mole
cule

C2H4 +  hv — ► C2H4* (1)

y f  C2H2 +  H2 (2a)

(C2H4V* — >  C2H3 +  H (2b)

^  C2H2 +  2H (2c)

where reaction 2c may be considered as a very rapid 
loss of a hydrogen atom from excited vinyl radicals 
formed in step 2b. The subscript indicates that the 
dissociation may occur from several states formed either

Figure 1. Product formation as a function of irradiation time 
at constant lamp intensity: ©, acetylene; O, methylcyclopropane 
X100; •, allene X10.

Figure 2. Product formation as a function of lamp intensity 
(arbitrary units) at constant photolysis time: ©, acetylene;
O, methylcyclopropane X100; •, allene X10.

by excitation into different manifolds at these high 
energies or by subsequent internal conversion or possi
bly intersystem crossing.13’14 Reaction 2c is favored 
by a ratio of ca. 3:1. Vinyl radicals formed in step 2b 
should react rapidly with oxygen and would therefore 
not lead to the hydrocarbon products observed in our 
experiments.

(9) H . Okabe, J . Opt. Soc. A m er., 54, 478 (1964).
(10) G. G. Meisels and W . H. Wahl, R ev. S ci. Instrum ., 36, 508 
(1965).
(11) R. Gordon, Jr., and P. Ausloos, J . Chem . P h ys ., 47, 1799 
(1967).
(12) For reviews see: (a) W . Sieck in “Fundamental Processes in 
Radiation Chemistry,”  P. Ausloos, Ed., Interscience, New York, 
N. Y ., 1968, Chapter 3, p 152; (b) G. G. Meisels, “Fundamental 
Processes in Radiation Chemistry,”  Interscience, New York, N. Y ., 
1968, Chapter 6, p 387.
(13) R. J. Cvetanovic, P rogr. React. K in et., 2, 39 (1964).
(14) For a summary, see J. G. Calvert and J. N. Pitts, Jr., “ Photo
chemistry,” Wiley, New York, N. Y ., 1966.
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Figure 3. Effect of neon as an inert additive on product 
formation in 20-min photolyses: €), acetylene, displaced 
vertically by 10~7 mol; O, methcyclopropane X100;
•, aliéné X100.
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The addition of inert gases increases the quantum 
yield of acetylene (Figure 3). At the same time there is 
little effect on the other minor products, and in any 
event their yield would be too small to counterbalance 
such a change. The increase in acetylene yield could 
result from an effect of collisional energy degradation on 
the competition between reactions 2b and 2c.

Methylcyclopropane and aliene are minor products, 
accounting for only ca. 1% of the hydrocarbon products. 
Both are formed as a consequence of the absorption of 
single quanta since there is no intensity effect, and the 
yield of either one is unaffected by the addition of inert 
gases. The probability that these products are a result 
of lamp emission at other wavelengths is small because 
they could not exceed 3% of the intensity of the 1216-A 
line. Moreover, the additive oxygen has an absorption 
window at the Lyman a line and would therefore selec
tively absorb incident light at other wavelengths. 
Neither yield is substantially affected by variations of 
the oxygen concentration. We suggest, therefore, that 
a small finite amount of direct addition of excited ethyl
ene yielding methylcyclopropane occurs

C2H4** +  C2H4 — >  c-C3H5CH3 (3)

Our results do not permit us to speculate on the struc
ture of C2H4**.

Tschuikow-Roux, et al.,6 did not observe methylcy
clopropane as a product of the gas-phase photolysis at 
1470 A (xenon resonance). A possible explanation of 
this could be the higher energy employed in this in
vestigation which was only ca. 0.5 eV below the ioniza
tion potential of ethylene. The density of states is 
much greater at this energy and only a small fraction 
of the total excitation processes must be channeled into 
a specific state which eventually adds to ethylene to 
account for our results.

The integrated rate equation for a second-order reac
tion of stoichiometry A +  B—► . . . which is first order 
both in A and B is given by1

1
Bo — A 0

i n ^  = kt
BqA (1)

where the symbols have their conventional meanings. 
Commonly k is determined by measuring A0 and B0 
and then subsequently measuring B at various times i. 
A , at time t, is then determined from the stoichiometry

A -  A0 — B0 +  B (2)

The value of k is then found by application of eq l . 1
There are a number of disadvantages inherent in this 

method, arising from the much greater weighting given 
to A0 and B0 as compared with subsequent B values. 
Frequently one of the initial values may be determined 
very accurately, e.g., by weighing (say A0), but the 
measurement of B„ is less accurate, e.g., by titration, and 
is only as accurate as each of the other B values. Yet 
Bo is involved in determining each experimental point. 
An error in B0 consequently leads to a systematic 
error2 in the value for k obtained, no matter how many 
experimental observations are made. In addition, B0 
is often more prone to error than other B measurements, 
as it is often determined under different experimental 
conditions, e.g., prior to mixing the reacting solutions. 
Alternatively, a sample may be analyzed as close as 
possible to the start of the reaction but not actually at 
zero time due to the time necessary for mixing, stirring,

(1) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,”  
2nd ed, Wiley, New York, N. Y ., and London, 1961, Chapter 2.
(2) “ Systematic error” in this context means systematic (constant) 
with respect to one particular run, though, of course, it is random 
with respect to a series of kinetic runs.
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Figure 1. Log (peracid/styrene) vs. time.

etc.; this latter error is of obvious importance in fast 
reactions.

To overcome these difficulties a method has been de
veloped for analyzing such reactions, where Ao and t are 
known accurately, k and R0 are treated as unknowns, 
and all B values are given equal weighting. In such a 
case no transformation of eq 1 can be made to reduce it 
to a linear regression form; one has to apply a Newton- 
Raphson technique.3

From (1) we may write

E(B0Aq -  R02)
Ao BoE (3)

where E =  exp(R0 — A0)kt. From Taylor’s theorem 
we may approximate

Bobsd
E(BqAo -  R02) 

Ao — BqE
I ÒR 
|òR0

AR0 + (4)

Robsd is the measured value of R at time t, the other 
expressions are evaluated using approximations for R0 
and k, and AR0 and Ak are incremental improvements 
in R0 and k evaluated by least-mean-square solution2 
of the linear regression eq 4. Analytical expressions 
for the derivatives in a form suitable for computation 
are given by

£>R _  EAo — 2BgE T  EB -(- A/Bkt
£>R0 ~ Ao -  RoR (

ÒR
ò k

Bt(ß0 -  A 0) [1 +  BE/(A0 -  RoR)] (6)

Given an initia. approximation for R0, an initial approx
imation for k may be evaluated using eq 1 in the usual 
way; these may then be used in eq 4 to determine AR0

and A/c. Hence a new R0 and k can be calculated, and 
the process reiterated to any desired degree of self-con
sistency. All the observed values of R in this method are 
given equal weighting, and while the number of degrees 
of freedom is decreased by 1 (to allow for the extra 
variable) this is negligible if a reasonable number 
(say >  6) of experimental points are determined. In 
addition, it is unnecessary to make any actual initial 
determination of R(); the initial approximation can easily 
be made by graphic extrapolation or may even be guessed 
quite satisfactorily.

The usefulness of this method may be illustrated by 
some results recently obtained in this laboratory4 for 
the m-chloroperbenzoic acid oxidation of styrene in 
benzene: this reaction has the stoichiometry and rate 
equation as in (1) and (2). The initial styrene concen
tration is determined very accurately by weighing; the 
peracid concentration is followed by iodometric titra
tion. The figure shows the conventional straight-line 
plot of log (peracid/styrene concentration) vs. time. 
The-least-mean square value of the slope gives a value for 
k of 0.248 M ~1 min-1 with standard deviation of 0.0028. 
Application of the method described above gives a k 
values of 0.268 M~l min-1 with standard deviation of 
0.0026. This illustrates the point very well: one 
would reasonably expect3 the correct value for k to lie 
within 0.242-0.254 (i.e., ± 2  standard deviations) from 
using the conventional method. This arises of course 
from consideration of random error and fails to allow for 
the systematic error2 induced by the incorrect value of 
Ro- (Subsequent improvement in the technique for 
measuring R0 confirmed the accuracy of the result given 
by the second method of calculation.)

The complete numerical method has been incor
porated into a f o r t r a n  4 subroutine; copies are avail
able from the author upon request.

(3) E. M . Pugh and G. W . Winslow, "The Analysis of Physical 
Measurements,” Addison-Wesley, London, 1966.
(4) G. R. Howe and R. R. Hiatt, unpublished observations.
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The reaction of O atoms with ONC1 does not appear 
to have been studied previously for its own sake, al
though it has been postulated as a secondary process in
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two accounts of the reaction of N atoms with ONC1.1-2 
We now report a study of the 0  +  ONC1 reaction in a 
fast-flow system, using a mass spectrometer to monitor 
the concentrations of reactants and products. The 
reaction resembles that of 0  atoms with N 02, in that it 
is accompanied by a visible “ air afterglow” lumines
cence, which contracts toward the inlet jet when the 
ONC1 flow exceeds the flow of 0  atoms. However, the 
ONC1 reaction is about two orders of magnitude slower 
than the N 02 reaction and is correspondingly less suit
able as a gas-phase titration for estimating 0  atom con
centrations.

Experimental Section

The apparatus, materials, and experimental proce
dures w-ere as previously described.2'3 As before the 
walls of the flow system were normally poisoned with 
phosphoric acid to inhibit recombination of Cl atoms. 
Atomic oxygen was generated by passing oxygen, 
either pure or mixed with argon, through a microwave 
discharge, or, in the absence of 0 2, by titrating N atoms 
with NO. Because H reacts much more rapidly than 
0  with ONC1,4 it was necessary to ensure that H atoms 
were not produced in significant amounts during passage 
of the various gases through the discharge. Prelim
inary measurements of the O atom rate were made 
using Matheson ultrahigh-purity oxygen, but difficulty 
was experienced in obtaining a steady and adequate 
concentration of 0  atoms throughout the measuring 
process. Most studies were therefore made with gas 
from a cylinder of commercial 0 2 (selected for low N2 
content), which was passed through a trap at Dry Ice 
temperature. Presumably, catalytic impurities were 
responsible for the more reproducible 0  atom produc
tion.6 The rates thus measured did not differ signifi
cantly from the few results obtained using ultrahigh- 
purity oxygen; this is in accordance with predictions 
based on the vapor pressure of ice at —78°. When the 
oxygen was saturated with water vapor at 0° the ap
parent rate of the 0  +  ONC1 reaction increased by an 
order of magnitude. As nitric oxide is a major product 
of the reaction, we were obliged to use the NC1+ peak at 
mass 49 to monitor ONC1 concentrations.2’4

Results and Discussion

The products at long reaction times (ca. 300 msec) 
were NO, Cl2, and 0 2. At short reaction times, with an 
excess of 0 16NC1, an increase in peak height at mass 51 
showed that long-lived CIO radicals3 were formed. 
This observation implies that a large proportion of the 
primary reactions follow the equation

0  +  ONC1 —> NO +  CIO (1)

since the alternative processes

0  +  ONC1 — > N 02 +  Cl (2)

and

O +  ONC1 — ► 0 2 +  NCI (3)

would not lead to the production of significant amounts 
of CIO. (The reaction O +  NCI -*■ N +  CIO is 
endothermic by 20-30 kcal and is therefore very 
slow.) All three primary processes can account fcr
the observed “ air afterglow” 
upon the reaction sequence

emission, which depends

O +  NO +  M — > NO2 "b M ~b hv (4)
O +  N 02 — > NO +  0 2 (5)

An increase at mass 46, due to N 02 produced by reac
tion 2, was searched for over a wide range of conditions, 
but no such increase was ever observed. The steady- 
state concentration of N 02, as fixed by reactions 2 and 
5, is fc2[ONCl]//c5. The detection limit for N 02 was 
about 5 X 10-6 Torr. Using fc = 5 X 10-12 cm3 mole
cule-1 sec-1 6 this implies that, with 0.02 Torr of ONC1, 
k2 must be less than 1.3 X 10-16. This turns out to be 
considerably less than our measured value of the pri
mary rate constant, and so we consider that reaction 2 
is relatively unimportant. Since N 02 could also be 
produced by the reaction of NO with CIO,7 this upper 
limit for k2 is a conservative one.

The stoichiometry of the reaction at 300 msec was 
investigated by treating excess ONC1 with a known 
concentration of atomic oxygen. In a freshly poisoned 
system the mean ratio of ONC1 to O atoms destroyed 
was 0.95 ±  0.14 for A r-02 mixtures and 1.17 ±  0.19 
for O atoms from the N +  NO reaction. Lower values 
were obtained for this ratio when the wall coating had 
not been renewed for a few days, the smallest such value 
being 0.58.

The observed stoichiometry can be accounted for by 
primary reaction 1, followed by the fast reactions

O +  CIO — > 0 2 +  Cl (6)

(fc. > 1.3 X 10-11 cm3 molecule-1 sec-1)3 and

Cl +  ONC1 — ► Cl2 +  NO (7)

(&7 = 3 X 10-12 cm3 molecule-1 sec-1),8 where in an 
unpoisoned system reaction 7 has to compete with wall 
recombination of Cl atoms

Cl +  wall — > y 2Cl2 (S)

However, the same stoichiometry results from re
action 2, followed by (5) and (7) (or (5) and (8) in the un-

(1) J. C. Biordi, J. Phys. Chem., 73, 3163 (1969).
(2) M . R. Dunn, C. G. Freeman, M . J. McEwan, and L. F. Phillips, 
ibid., in press.
(3) C. G. Freeman and L. F. Phillips, ibid., 72, 3025 (1968).
(4) M. R. Dunn, M. M. Sutton, C. G. Freeman, M. J. McEwan, 
and L. F. Phillips, ibid., in press.
(5) R. L. Brown, ibid., 71, 2492 (1967).
(6) F. S. Klein and J. T. Herron, J. Chem. Phys., 41, 1285 (1964).
(7) J. A. Coxon, Trans. Faraday Soc., 64, 2118 (1968).
(8) W. G. Burns and F. S. Dainton, ibid., 48, 52 (1952).
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Table I: Primary Rate for the O +  ONC1 Reaction

10‘4Jfc6
[O]o/

[Ar]“ [Os] ioqo]o ios[onci]j lOMONCIJi t [ONCI]«

0.269 0.118 8.88 0.725 0.469 26.6 2.62 12.2
7.62 0.631 0.493 17.7 2.55 12.1
6.35 0.959 0.772 24.6 1.99 6.6
5.08 0.582 0.549 15.6 2.02 8.7

0.220 0.133 2.66 1.78 1.50 42.9 2.28 1.5
1.84 2.41 2.00 32.4 4.95 0.8
1.60 1.91 1.65 25.6 5.33 0.8

0.238 0.109 1.45 0.777 0.718 22.3 3.18 1.9
0.380 0.211 4.22 1.92 1.49 43.4 2.05 2.2

4.27 2.96 2.63 19.8 2.02 1.4
4.28 2.20 1.93 19.8 2.17 2.0
3.92 2.96 2.28 33.2 3.08 1.3
2.68 1.30 0.93 36.3 5.19 2.1

0.403 0.229 2.71 1.76 1.38 36.5 3.63 1.5
3.56 1.79 1.33 48.5 2.58 2.0
3.21 1.99 1.81 23.1 1.80 1.6

0.386 0.204 2.27 0.361 0.270 35.2 5.07 6.4
3.40 1.28 0.880 28.1 5.68 2.7
3.52 1.59 1.15 54.4 2.53 2.2
3.11 1.26 0.835 43.2 4,60 2.5

« Concentrations are given in Torr, times t in milliseconds. The results at [Ar] = 0.269 Torr were obtained using ultrahigh-purity 
oxygen. fc(mean ±  std dev) = (3.3 ±  1.3) X 10-14 cm3 molecule-1 sec-1. b A correction for back-diffusion of reactant, amounting 
to 2-5% of the time value, has been applied in calculating these rate constants.

poisoned system), and also from reaction 3 followed by

0  +  NCI —*■ NO +  Cl (9)

plus reaction 7 or 8. As noted above, our failure to 
detect N 02 in the products indicates that reaction 2 is 
relatively unimportant. Reaction 3 is probably exo
thermic; a linear Birge-Sponer extrapolation yields a 
value of 92 kcal mol-1 for the dissociation energy of 
NCI, and if this is correct the reaction is exothermic to 
the extent of 23 kcal, compared with 27 kcal for reac
tion 1. The true dissociation energy is likely to be 
lower than the value derived from a linear extrapola
tion, but probably not low enough to make reaction 3 
endothermic and therefore slow. A better reason for 
eliminating (3) is that the ground state of NCI is almost 
certainly a triplet,9 in which case reactions 3 and 9 are 
both forbidden by the Wigner spin-conservation rule.

The rate constant of reaction 1 was determined from 
the rate of disappearance on ONCl in the presence of 
excess 0  atoms, on the assumption that the stoichi
ometry could be represented as

20 +  20NC1 — > 0 2 +  Cl, +  2NO (10)

The mean of 20 determinations (see Table I) gave 
h  = 3.3 X 10-14 cm3 molecule-1 sec-1, with a standard 
deviation of 1.0 X 10-14. In conjunction with our 
upper limit for /c2, this value implies that at least 95% of 
primary reactions in this system obey eq 1.
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Sir: Recently Fellner-Feldegg has introduced time 
domain reflectometry (TDR) into the field of dielectric 
measurements.1-3 This technique is based upon mea
surement of the reflected part of a voltage step Vo, ap
plied to a transmission line partly filled with a polar 
dielectric. From the curve V0P(t), representing the re
flected part of the voltage step traveling from the air- 
dielectric interface, the dielectric permittivity e(wo) can 
be determined using numerical methods.4 However, 
to obtain knowledge about the possibility of a direct 
determination of e(tw), the reverse procedure is carried 
out,5'6 calculating P(t) in the time domain from a known 
behavior of e(ia) in the frequency domain.

When low-frequency conductivity was predominant, 
Fellner-Feldegg1'3 suggested a relation for P(t). From 
this relation dP/dt at t = 0, a linear function of the 
conductivity a, is calculated. This suggests that a 
can be measured from TDR experiments via a measure
ment of the slope of the reflected voltage at t = 0.

It is the purpose of this letter to show that: (A)
it is possible, using however questionable approxima
tions, to 'derive a relation for P(t) which is close to 
Fellner-Feldegg’s formula; (B) his relation for P(t) in 
the time domain cannot be derived from known results 
in the frequency domain; and (C) his relation for P(t) 
cannot be used for a determination of <r.

(A) Because Laplace methods are used, s is written 
instead of iu where necessary. Then P(t) and e(s) are 
related by the equation

P(t) = (D

and p(s) is given by

P(s)
V s  — V s-i(s) +  tr/e 
V s  +  Vs-e(s) +  cr/e

(2 )

JE“ 1 denotes the inverse Laplace transform. p(s) is the 
reflection coefficient in the frequency domain and e 
the dielectric permittivity of the vacuum. Because 
p(s) is a complicated function of s, P(t) can only be cal
culated numerically from eq 1 and 2.

The question is how much eq 2 must be simplified in 
order that the inverse Laplace transformation can be

found in closed form. The formula quoted by Fellner- 
Feldegg suggests the following form

p(s) = V s  — V s-eœ +  cr/e 
V s  +  V s-e„ +  cr/e

(3)

where e(s) is replaced by the high-frequency limit e„.  
This approximation however cannot be used since the 
inverse transformation is not known in closed form.7-8 
The rather crude approximation which has to be made 
before a formula for P(t) can be obtained is the com
plete neglect of e(s) from eq 2, i.e.

p(s) = V s  — V s  -f  cr/e 
V s  +  V s  +  cr/e

(4)

From eq 4 the following relation for P(t) is obtained9

P(t) = — 1 +  e~zt[I0(xt) +  h(xt)] (5)
x = <r/2e (6)

I0 and Ii are modified Bessel functions. The behavior 
of P(t) according to eq 5 is for very small and very large 
times, respectively

lim P(t) = 0 lim P(t) = — 1 (7)
t — 0 t —*■ 00

The value for P (m) is correct, but the value for P(0), 
which should be p( °°), is not, due to the complete neglect 
of e(s) in eq 4. However, eq 5 is very close to Fellner- 
Feldegg’s relation, which is discussed under (B).

(B) The formula given by Fellner-Feldegg is (includ
ing the term — 1)

Pit) = - 1  +  [1 +  p(°° ) ]e~vt[Io(yt) +  hiyt)] (8) 

y = ct/2 íé„ (9)10

(1) H. Fellner-Feldegg, J. Phys. Chem., 73, 616 (1969).
(2) T. A. Whittingham, ibid., 74, 1824 (1970).
(3) Hewlett-Packard Application Note No. 118, March 1970.
(4) This can be done by using a fast Fourier transform technique.
(5) H. Fellner-Feldegg and E. F. Barnett, J. Phys. Chem., 74, 1962 
(1970).
(6) M . J. C. van Gemert and J. G. de Graan, to be submitted for 
publication.
(7) M . Abramowitz and I. A. Stegun, “ Handbook of Mathematical 
Functions,”  7th ed, Dover Publications, New York, N. Y., 1968.
(8) A. Erdélyi, W. Magnus, F. Oberhettinger, and F. G. Triconi, 
“ Tables of Integral Transforms,”  Vol. I and II, McGraw-Hill, New 
York, N. Y ., 1954.
(9) B. M . Oliver, Hewlett-Packard J., 15, No. 6, (1964).
(10) Fellner-Feldegg has included a factor 4ir in eq 9 which is in
correct as can be concluded by comparing his results,3 p 4, with the 
results given by Ramo and Whinnery,11 p 307.
(11) S. Ramo and J. R . Whinnery, “ Fields and Waves in Modern 
Radio,” 7th ed, Wiley, London, 1952.
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The values for P(0) and P(®>) are now correctly given. 
However, due to the factor 1 +  p(°°), this relation for 
P(t) must be considered as an ad hoc solution because it 
is not derived from eq 3 or some other approximation 
from eq 2. The consequence is that the value for y 
must now be adapted to the experiment. Thus, eq 9 
cannot be used to relate any curve P(t) with the dielec
tric parameters e„ and a.

(C) It is clear from the discussion of eq 8 and 9 that 
although y can be determined from an experiment (by 
measuring dP/dl at t = 0), no value for <r can be found 
from it since eq 9 is invalid.

Figure. 1. Some curves for the step response of the reflection 
coefficient P ( t ) :  1, P(f) calculated from eq 5 and 6;
2, P ( t )  from exact calculations for a Debye dielectric with £o 
--- 20, = 10 and oro/e = 113; 3, P ( t )  from exact
calculations for a Debye dielectric with eo = 80, = 8,
and tart,/ =  113; □, calculated from eq 8 with ym  = 12;
A, calculated from eq 8 with y ra =  20.

The statements given above are illustrated in Figure 
1 where the curves P(t), calculated from eq 5 and 8 are 
compared with the exact curves, obtained numerically 
from eq I and 2, using a Debye function for e(s).6 The 
value for x has been calculated according to eq 6, but 
instead of using eq 9 the value for y has been adapted 
(by hand) to give a good fit of eq 8 with the results of 
the exact transformations. Because P(t/r0) is cal
culated,6 the parameters x and y are multiplied by r0, the 
dielectric relaxation time involved in e(s).

From the above discussions it can be concluded that: 
(a) eq 5 describes the behavior of P(t) reasonably well 
for f/r0 >0 .1  (and for large values of oro/e), but it is 
clear that this equation cannot be used when small 
values of t/to  are important; (b) although eq 8 can be 
adapted to give a good fit with the exact results, no link 
exists between this equation and the dielectric param
eters e„ and a. This means that eq 8 cannot be used 
for a determination of a.
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Sir: The chemically energetic 18F atoms formed in 
nuclear reactions are capable of substitution for H, F, Cl, 
and CH3, in gas-phase reactions.2-6 Earlier investiga
tions of the relative yields of halogen reactions such as
(1) have served as the basis for theories concerning the 
nature of these energetic processes. Among the factors

18F +  CH3X  -*  CH318F* +  X  (1)

postulated to influence the progress of these reactions 
are steric,6 translational inertia,6 and liquid “ cage” 
effects.7-10 Each of these is essentially a physical 
factor concerned with mass, atomic radius, solid angles, 
etc. Our present experiments have sought additional 
information about reaction 1 with X  = F, Cl, Br, and 
I and lead to the conclusion that the relative yields of 
these substitution reactions increase markedly with de
creasing C -X  bond strength. This evidence for the 
importance of more chemical influences in halogen 
atom reactions parallels closely the developing descrip
tions of energetic tritium atom reactions.11-14 

Earlier experiments have demonstrated that the ob-

(1) This research was supported by A.E.C. Contract No. AT-(11- 
l)-34, Agreement No. 126.
(2) N. Colebourne, J. F. J. Todd, and R. Wolfgang, Chem. Eff. Nucl. 
Transform., Proc. Symp., 1964, 1» 149 (1965).
(3) N. Colebourne, J. F. J. Todd, and R. Wolfgang, J. Phys. Chem., 
7 1 ,  2875 (1967).
(4) Y .-N . Tang and F. S. Rowland, ibid., 71,4576 (1967).
(5) L. Spicer, J. F. J. Todd, and R. Wolfgang, J. Amer. Chem. Soc., 
9 0 ,  2425 (1968).
(6) L. Spicer and R. Wolfgang, ibid., 9 0 ,  2426 (1968).
(7) Y .-N . Tang, T . Smail, and F. S. Rowland, ibid., 9 1 ,  2130 (1969).
(8) J. E. Willard, Ann. Rev. Phys. Chem., 6, 141 (1955).
(9) F. S. Rowland, C. M . Wai, C. T. Ting, and G. Miller, Chem. Eff. 
Nucl. Transform., Proc. Symp., 1964, 1. 333 (1965).
(10) A. E. Richardson and R. Wolfgang, J. Amer. Chem. Soc., 92, 
3480 (1970).
(11) R. Wolfgang, Progr. React. Kinet., 3, 99 (1965).
(12) F. Schmidt-Bleek and F. S. Rowland, Angew. Chem., Int. Ed. 
Engl., 3,769(1964).
(13) F. S. Rowland, E. K. C. Lee, and Y.-N . Tang, J. Amer. Chem. 
Soc., 73,4024 (1969).
(14) Y .-N . Tang, E. K . C. Lee, E. Tachikawa, and F. S. Rowland, 
J. Phys. Chem., in press.
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Figure 1. Relative specific yield [(CH3I8F/CH3F) (SF518F/
SF6)1 for 18F-for-X in CH3X rs. mole fraction in SF6: open 
symbols, 02-scavenged; solid symbols, HI-scavenged; O, CH3F; 
A, CH3C1; □, CH3Br; V, CH3I. Ratio 
CH3X/scavenger = 10.

served gas-phase yields can often lead to serious under
estimates of the primary yields of substitution reactions 
because of the extensive secondary decomposition in
volved.4,7’10 We have accordingly also determined 
upper limits for the secondary decomposition products 
from (2) through reaction with HI,16-16 as in (3). These

CH318F* CH218F +  H (2)

CH218F +  HI CH318F +  I (3)

are only upper limits because decomposition of the 
18F-H substitution product CH218FX* also leads to 
CH318F in the presence of HI: elimination of HX, inser
tion of CH18F into HI, decomposition of the resulting 
CH218FI* to CH218F +  I, and abstraction of H from 
another HI molecule.18

The experimental procedures have followed standard 
techniques involving the formation of 18F by the 
19F(n,2n)18F reaction on SFe in a Kaman A711 neutron 
generator.18,16 The major component in each gas mix
ture has been SF6, in order to ensure essentially equiva
lent 18F fluxes through moderation in nonreactive colli
sions with SF6. Although the yields of all 18F reactions 
have been measured on an absolute basis,16 the yields 
of reaction 1 with the minor component, CH3X, have 
been expressed on a per-molecule basis relative to that 
of the low-yield substitution reaction 4 with SF6.

18F +  SFe -► SF618F +  F (4)

Otherwise duplicate samples were scavenged either with 
0 2 or with HI. The sample temperature during ir
radiation was approximately 10°. All samples were 
analyzed by radio gas chromatography, as described 
previously.16,16

The relative yields of the substitution reactions in
crease from CH3F to CH3I by a factor of 8 for CH318F 
stabilized at about 4 atm of pressure, as shown in 
Figure 1. Even if all incremental CH318F with H were

attributed to decomposition by (3)—and much cer
tainly arises from CH218FX* decomposition—the pri
mary yield of CH318F from CH3I is more than 4 times 
the yield from CH3F. The trend in increased yield ob
viously parallels both the increase in size of the halogen 
substituent and the decrease in C -X  bond energy. 
Usual estimates of atomic radii indicate about a factor 
of 2 increase in collision radius between F-F and F -I,17 
insufficient by itself to account for the actual observed 
change.

Substitutions of 18F-for-X initiated only by “ hot” 
18F atoms should exhibit a yield of CH318F proportional 
to the mole fraction of CHSX, or a relative specific yield 
[(CH318F/CH3X)/(SF818F/SF6)] that is independent of 
CH3X  concentration in excess SF6. On the other hand, 
a thermally initiated reaction (e.g., a “ scavenger” reac
tion) should—in the absence of other competing thermal 
reactions18—trap the same amount of 18F, independent 
of concentration of the scavenger molecule, and thus 
show increasing relative specific yields at lower con
centrations. The data for CH3F are clearly indicative 
that the thermoneutral 18F-F substitution is entirely a 
hot process. However, the progressively rising relative 
specific yields with decreasing mole fraction of CH3X  
from the other molecules indicate that these exothermic 
18F -X  substitution reactions (e.g., 18F-I is about 48 
kcal/mol exothermic) can be initiated both by hot and 
by near-thermal 18F atoms. This trend in relative 
specific yields with the change from CH3F to CH3I is 
further evidence that the energetics of the substitu
tion—and not the size of the halogen atom being re
placed-— is the more important factor in the determina
tion of the 18F -X  reaction yields.

The division of reactions into “ hot” and “ thermal” 
groups is necessarily rather arbitrary and imprecise. 
In each of these systems, there is necessarily an eventual 
preferred reaction path for true thermal 18F atoms (if 
such could be introduced into the system) and this 
reaction route is most probably the abstraction of H for 
the molecular mixtures involved here. In systems 
with a high mole fraction of SF6, moderating collisions 
are much more probable than reactive collisions, and 
the median energy of 18F at reaction is probably not 
very much above the corresponding value in a true 
thermal system. The implication of Figure 1 is that: 
(a) substitution of 18F-for-I and 18F-for-Br can occur 
■well down into the energy region in which H18F forma
tion is also observed; and (b) the activation energy for 
these replacement reactions must be no more than 
several kilocalories per mole.

(15) T. Smail and F. S. Rowland, J. Phys. Chem., 74, 1866 (1970).
(16) T. Smail, G. Miller, and F. S. Rowland, ibid., 74, 3474 (1970).
(17) E. A. Moelwyn-Hughes, “ Physical Chemistry,”  Pergamon 
Press, New York, N. Y., 1961, p 25.
(18) The competing thermal reactions in this system are presumably 
abstraction of H from CHsX with the formation of H 18F and reaction 
with the scavenger molecule, 0 2 or HI.
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For such a situation, division of the reaction into hot 
and thermal processes is especially arbitrary. It is not 
clear yet whether real “ scavengers” exist for near- 
thermal 18F atom systems—it seems likely that several 
reactions (abstraction of H by 18F ; addition to multiple 
bonds; perhaps 18F-for-I) have sufficiently high reaction 
probabilities that no trace ingredient can successfully 
compete with such reactions with a major component. 
The 0 2 or HI scavenger molecules serve very well in 
reacting preferentially with radical intermediates; 
whether they function with any success as scavengers 
for 18F is a moot point.

The incremental absolute yield of CH318F detected by 
comparison of scavenger experiments with HI vs. O2 is 
little changed from CH3F to CHJ and is therefore 
fractionally less important in the overall CH318F yields 
for the heavier halogen atoms. While this “ decomposi
tion” yield has not yet been distributed between 
CH318F* and CH218FX* decompositions, the indication 
is that substitution for X  in molecules with weaker 
C -X  bonds leaves less excitation energy with the 
CH318F* product, on the average, and is consistent with 
the hypothesis that these reactions are often initiated 
by 18F atoms quite near the thermal energy range.

Other factors, including collision radii, may also 
contribute to the variations in substitution yields, and 
more detailed elaborations of the bond energy de
pendence can be suggested. However, the overall 
conclusion still remains that substitution reactions 
initiated by 18F atoms are influenced strongly by the 
same chemical factors which are reflected in changes in 
the bond strengths of C -X  bonds.
D epartment of C hemistry T homas Smail
U niversity  of California  R . Subramonia I yer
I rvin e , C alifornia  92664 F. S. R ow land*

R eceived  January  4, 1971

H e x a f l u o r o a c e t o n e  I m i n e  F i l t e r  f o r  185  n m

Publication costs assisted by the National Science Foundation

Sir: The isolation of the 185-nm line from the 254-nm 
line when using low-pressure mercury arcs has long 
proved a troublesome photochemical problem. Glasgow 
and Willard1 have most recently developed a complex 
filter utilizing a flow of ozonized oxygen for this purpose. 
The ratio of the extinction coefficients of ozone for 
254:185 nm is found1 to be about 10:1. We wish to 
report on a very simple chemical filter consisting of a 
cell of gaseous hexafluoroacetone imine (hexafluoroiso- 
propylidenimine). Hexafluoroacetone imine has a 
lower extinction coefficient than ozone at 185 nm, and 
the 254:185 nm extinction coefficient ratio is 23:1.

The imine2 (purchased from Hynes Chemical Re
search Corp., Durham, N. C.) boils at 16° and we

have found the vapor to be stable up to at least 200°. 
The colorless liquid was distilled in a vacuum system 
with the middle fraction being retained; no special 
precautions were found to be needed and no impurities 
were detected by gas chromatography. In our pre
liminary photochemical experiments3 with the imine 
the decadic extinction coefficients at 254 and 185 nm 
were found to be 87 and 3.7 1. mol-1 cm-1 at 25°. Thus 
100 Torr in a 5-cm long Suprasil cell will transmit 79% 
of the incident 185-nm radiation, but only 0.5% at 254 
nm.

Hexafluoroacetone imine is photochemically stable, 
presumably due to very efficient self-quenching.3 The 
most abundant product of the photolysis at 254 nm 
is CF3CN, and its quantum yield at 25° and 100 Torr is 
<10~3. HBr was used as an actinometer. The imine 
filter is thus very photostable and only occasionally 
requires replacement, depending on the intensity of the 
light used.
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Departments of Chemistry Sidney Toby*
Rutgers University
New Brunswick, New Jersey 08903

University of California Glyn O. Pritchard
Santa Barbara, California 93106

Received January 28, 1971

K i n e t i c s  o f  I s o p r o p y l  A l c o h o l  R a d i c a l s  b y  

E l e c t r o n  S p i n  R e s o n a n c e - F l o w  T e c h n i q u e s

Publication costs assisted by Texas A & M  University

Sir: The interpretation of the kinetic behavior of 
radicals Ri and R2 from 2-propanol offered by Burchill 
in a previous communication1 cannot be a suitable al
ternative. If the decays of substrate radicals are 
clearly determined by reaction 1, then a case analogous 
to transient equilibrium would hold and both Ri and R2 
would decay with the same specific rates. The decays 
of both Ri and R2 would parallel the decay of Ti(III) 
on first-order plots, with [Ri ]/[R 2] remaining constant 
after equilibrium had been established. This is clearly 
not the case, as shown by Figures 2-4 and the data in 
Table 1 of our previous paper.2

(1) C. E. Burchill, J. Phys. Chem., 75, 167 (1971).
(2) R. E. James and F. Sicilio, ibid., 74, 1166 (1970).
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Furthermore, all hydroxyalkyl radicals would exhibit 
the same ¿(decay) value, that set by reaction 1. We 
have unpublished data showing that a number of radi
cals have different k values. In addition, the upward 
concavity (i.e., faster decay at shorter times) commonly 
observed in first-order plots of decays of alkyl radicals 
in the Ti(III)-H20 2 system is not in accord with the 
transient equilibrium concept.

The explanation by Burchill of a concentration in
version due to different reactivities of Ri and R2 toward 
H A  is diametrically opposed to the thesis that reaction 
1 is rate determining. Either reaction 1 is rate de
termining, as he insists, so that —d[R]/di = fc, [Ti
l'll!) ] [H20 2], or reaction 1 is not rate determining, so 
that the kinetic decreases of Ri and R2 are influenced by 
their reactivities with H20 2. Both of these postulates 
cannot be valid. In addition, Burchill’s predicted first- 
order dependency on [Ti(III) ] is not realized. As seen 
in Table I, ref 2, fc(R +  H20 2) is relatively independent 
of [Ti(III) ]0.

Burchill contended that our mechanism would require 
radical concentrations four orders of magnitude greater 
than those observed. Reaction of Ti(III) with OH to 
produce Ti(IV) and OH-  (reaction 13 in ref 2) ex
plains both the stoichiometry and the disparity in 
radical concentrations. Reaction 13 also accounts for 
the low concentrations of Si and S2, Ti(IV)-complexed 
forms of -OH or 0 2H, in the absence of substrate.2 
Any OH reacting by (13) cannot be available for abstrac
tion or direct formation of S! or S2. The effective com
petition of reaction 13 for the initially produced -OH 
radical is supported by gc analyses of nonfractionated 
distillates of effluent solutions from kinetic runs. It 
was found that concentrations of the predominant 
organic product, acetone, were less than 0.0010 M.
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Sir: It is well known that trifluoroacetic acid in the 
vapor phase forms cyclic dimers;1“ 3 nevertheless the 
autoassociation of this acid in inert and slightly basic 
solvents is still disputed.4'6 Recently, Murty and

Pitzer thought they had provided evidence for linear 
association of this acid in nonpolar solvents.6 Since 
we are in disagreement with their experimental results, 
we present a critical study which is extended to other 
slightly basic solvents.

Trifluoroacetic acid (Baker Chemicals), after drying 
over phosphorus pentoxide, was distilled under vacuum 
in an all-glass apparatus, without ground joint to prevent 
any trace of grease. The solvents were dried over a
4-A molecular sieve.

The spectra were measured using a Beckman IR 12 
and a Perkin-Elmer 225 spectrophotometer. Spectral 
slit width is about 2 cm-1. The gain was checked every 
10 cm“ 1 in solvent absorption regions to secure a good 
spectrophotometer response. When compensation was 
used, the base line was first verified by putting a fixed 
path length cell in the reference beam and a variable 
path length cell in the measure beam. The thickness 
of the latter was then fixed using the more intense ab
sorption band of the solvent. For benzene under a 
thickness of 0.5 cm correct compensation was only ob
tained with a Perkin-Elmer 225 spectrophotometer 
owing to its source of high energy.

Figure 1. Benzene (------) and trifluoroacetic acid-benzene
solutions (—): CF3COOH concentration (b) 3.5 X 10-3 M ;
(c) 7 X 10-3 M ; (d) 2.15 X 10-2 M . Ceil thickness:
(a) 0.5 cm; (b) and (c) 0.5 cm; (d) 0.2 cm.

(1) C. Ling, S. D. Christian, H. E. Affsprung, and R. W. Gray, 
J. Chem. Soc. A, 293 (1966) ; J. Phys. Chem., 70, 901 (1966).
(2) N. Fuson, M . L. Josien, E. A. Jones, and J. R. Lawson, J. Chem. 
Phys., 20, 1627 (1952).
(3) J. R. Barcelo and C. Otero, Spectrochim. Acta, 18, 1231 (1962).
(4) L. W. Reeves, Can. J. Chem., 39, 1711 (1961).
(5) T. SS. R. Murty and K. S. Pitzer, J. Phys. Chem.. 73, 1426 (1969).
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Figure 2. Trifluoroacetic acid 2.15 X 10-2 M  solution in carbon tetrachloride-1,2-dichloroethane solvent mixtures. Proportion of 
1,2-dichloroethane: (a) 0; (b) 5; (c) 20; (d) 30; (e) 100%. A, hydroxyl stretching vibration region, l = 0.5 cm; B, carbonyl
stretching vibration region, l = 0.0627 cm.

Table I: Spectral features of Trifluoroacetic Acid Monomer and Dimer Bands in Diluted Solutions

CH3OH
-------- V (OH)-----

---- CF3COOH—
P m on orh er » 'd i m e r

»(OH), cm-1 v, cm-1 Avi/z, cm-1 €, cm2 M ~1 (C=0), cm' 1 (0 =0), cm

1 Gas phase 3685“ 3587e 1826e 1781e
2 n-Hexane 36546 3524 44 48 1815 1780
3 «.-Heptane 3652“ 3520 72 82 1814 1780
4 Carbon tetrachloride 3644 3504 54 12 1809 1779
5 Carbon disulfide 3629° 3477 109 17 1807 1779
6 1,2-Dichloroethane 3619 3391 167 74 1804 1782
7 ieri-Butyl chloride 3615 3318 209 95
8 Benzene 36126 3384 95 125
9 Nitromethane 3606 3211 380 116 1799

10 1,3,5-Trimethylbenzene 3596° 3325 118 15 1803
11 Acetonitrile 3543 1793
12 Tetrahydrofuran 3486 1781

“ A. R. M. Cole, L. H. Little, and A. J. Michell, Spectrochim. A cta, 21, 1169 (1965). b A. Allerhand and P. v. R. Schleyer, J . A m er. 
Chem. Soc., 85, 371 (1963). e See ref 2.

All of the cells were equipped with calcium fluoride 
windows.

Used solvents and observed absorption band char
acteristics are summarized in Table I. Some spectra 
are presented for illustration in Figures 1 and 2. Figure 
2 also shows the application of mixed solvents technique 
to the study of association with 1,2-dichloroethane. 
This solvent is well suited to simultaneously examine 
the r(OH) and r(C = 0 ) vibrations of trifluoroacetic acid.

The spectrum of trifluoroacetic acid in diluted carbon

tetrachloride solution (Figures 2A and B, curve a) 
agrees with those reported by Fuson, et al.,2 Reeves,4 
and Barcelo;3 it corresponds with the assumption of an 
equilibrium between monomers and cyclic dimers like 
other carboxylic acids in the gas phase.1 The monomer 
v(OH) stretching vibration is observed at 3504 cm-1, 
that of dimer corresponding to a wide absorption at 
quite lower frequency. In the carbonyl stretching 
region, only two bands are observed at 1809 and 1779 
cm-1 and assigned to the monomer and cyclic dimer.
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We were unable to see the other band at 1792 cm“ 1 ob
served by Murty and Pitzer although we studied solu
tions of same concentration.

In benzene, Figure 1, only the hydroxyl stretching 
region might be observed for diluted solutions, due to 
solvent absorption between 1750 and 1850 cm -1. As 
shown by curve a, the solvent presents several absorp
tion bands in this region including one at 3447.5 cm-1 
which is particularly intense. The spectra of trifluoro- 
acetic acid in the concentration range 3.5 X UP 3 to 2.15 
X 10"2 M run with compensation for solvent absorp
tions show only one band located at 3384 cm-1. The 
sharp band observed at 3455 cm-1 by Murty and Pitzer5 
was probably due to a wrong compensation of benzene 
absorption at 3447.5 cm-1. When the acid concen
tration increases, the 3384-cm-1 band becomes slightly 
wider and the molar absorption coefficient decreases. 
The integrated intensity remains approximately con
stant and indicates that in the concentration range 
studied, most of the acid molecules form a monomer- 
solvent complex. Benzene is indeed a solvent well 
known for its bas'c properties6 and it may be expected 
to form a hydrogen-bonded complex with a strongly 
proton-donor compound.

As Murty and Pitzer claimed they obtained results 
in 1,2-dichloroethane similar to those in benzene, we 
have run spectra of a 2.75 X 10-2 M trifluoroacetic 
acid solution in pure 1,2-dichloroethane and in mix
tures of 1,2-dichloroethane and carbon tetrachloride 
(Figures 2A and B). When the proportion of 1,2-di
chloroethane increases the intensity of the associated 
band at 1779 cm-1 decreases and a new band at 1804 
cm-1 appears near the monomer acid band in the car
bon tetrachloride solution. The relative intensity of 
the two bands is reversed for a mixture with 30% 1,2- 
dichloroethane and the band at 1804 cm -1 stays alone 
in the latter solvent. (Nevertheless the band foot is 
wider at lower frequencies; this may be explained by a 
very small amount of cyclic dimer of acid corresponding 
to a band at 1782 cm-1 in 1,2-dichloroethane.) In the 
hydroxyl stretching vibration region (Figure 2A), the 
band at 3504 cm-1 and lower frequency absorption 
progressively disappears while an intermediate band at 
3391 cm "1 appears with the increase in 1,2-dichloro
ethane proportion and is the only one observed in that 
pure solvent. This behavior must be related to the 
formation of a monomer-solvent complex with a r(OH) 
band 113 cm-1 lower and a v(C =0) band only 7 cm-1 
lower than the bands of acid monomer in carbon tetra
chloride. Our assumption is supported by a study of 
trifluoroacetic acid autoassociation in 1,2-dichloro
ethane. When the acid concentration is increased a 
band appears at 1782 cm -1 due to cyclic dimer. This 
band is only noticeable for a concentration of 4 X 10-2 
M but appears in carbon tetrachloride at 1779 cm-1 
in a concentration a hundred times smaller. This might 
be correlated with the already implied formation of

Figure 3. Trifluoroacetic acid monomer (M) and dimer (D) 
y(OH) and v(C  = 0) frequencies in different solvents (numbers 
see Table I) vs. methanol r(OH) frequency.

hydrogen-bonded complexes between alcohols and chlo
rinated aliphatic solvents.7

This study has been extended to some more active 
solvents. Observed band characteristics for dilute 
acid solutions in these solvents are summarized in 
Table I and Figure 3. In solvents 7-12 we were un
able to see the dimer r(C = 0 ) band even at a 1 M 
acid concentration but at this same concentration the 
intensities of solvent associated monomer and dimer 
bands are equal in 1,2-dichloroethane. Figure 3 shows 
¡'(C =0) monomer and dimer, and r(OH) monomer fre
quencies vs. methanol r(OH) frequency in diluted solu
tions in the same solvents. Points corresponding to 
solvents 1-5 are located on a straight line and it can be 
assumed that in these solvents perturbations are re
lated to environmental effects. However, as soon as 
the solvents present basic properties the trifluoroacetic 
acid i'(OH) frequency is much more strongly lowered 
than that of methanol, thus proving formation of a 
monomer-solvent complex. Although Bellamy, et al.,* 
have implied in similar groups a solvent independent 
linear relation, such deviations have already been ob
served.9- 11

(6) M . Tamres, J. Amer. Chem. Soc., 74, 3375 (1952).
(7) P. J. Krueger and H. D. Mettee, Can. J. Chem., 42, 288 (1964).
(8) L. J. Bellamy, H. E. Hallam, and R. L. Williams, Trans. Faraday 
Soc., 54,1120 (1958).
(9) J. Lascombe, These, Bordeaux, 1960.
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The !'((>• 0 ) monomer vibration is much less sensi
tive to solvent influence. Points corresponding to 
basic solvents are located over the straight line related 
to “ inert solvents” ; in this case indeed, the > C = 0  
vibrator is not directly involved in a hydrogen bond like 
methanol OH oscillator. When it can be observed, the 
autoassociated acid r(C =0) band is nearly insensible 
to solvent nature, corroborating the cyclic structure of 
dimer.
(10) P. Grange, J. Lascombe, and M . L. Josien, Spectrochim. Acta, 
16,981 (1960).
(11) P. V. Huong, Thèse Bordeaux 1963. M. L. Josien, J. Lascombe, 
and P. V. Huong, C. R. Gams, 87 (1962).

L aboratoire  be  Spectrochimie
M oléculaire M . K irszenbaum

Faculté des Sciences de P aris, 9, quai J. C orset
Sain t-B ernard , P aris Y e , F rance M . L. J osien*
L aboratoire  de C himie P hysique du C.N.R.S.
2, rue H enry-D unant, 94-T hiais, F rance

R eceived September 24, 1970

Perfluorinated Aliphatic Carboxylic Acids. 

Nature o f Association in Dilute Solutions 

in Nonpolar Solvents
Publications costs assisted by Carothers Research Laboratory

Sir: Trifluoroacetic acid (TFA) is one of the strongest 
carboxylic acids known.1 The available thermo
dynamic data for TFA indicates cyclic dimerization 
in the vapor phase;2 but a dilution effect was observed 
within the band for hydrogen bonded carbonyl groups 
in carbon tetrachloride (CC14) solutions and this was 
interpreted as evidence for linear dimerization.3 This 
note reports that pentafluoropropionic (PFP) and 
heptafluorobutyric4b (HFB) acids, which are as strong 
as TFA, show a similar dilution effect in CC14 solutions. 
Perfluorooctanoic acid5 also behaves similarly. Penta- 
fluorobenzoic acid (PFB), which is a relatively weaker 
acid6 (pKB = 3.38), behaves like acetic acid and does 
not show a dilution effect.

The relative hydrogen bonding acidities, as measured 
by poh frequency shifts, of TFA, PFP, HFB, and PFB 
are compared in Table I. The ionization constant of 
TFA in aqueous solutions is under dispute at the 
present time.4a Figures 1 and 2 show the dilution effect 
observed in the carbonyl stretching region for PFP 
and HFB, respectively, in CC14 solutions. Figure 3 
shows the carbonyl stretching region of PFP in 1,2- 
dichloroethane (DCE) and n-hexane solutions. The 
results are very similar for PFP and HFB but not 
for PFB and these are summarized in Table II.

It is known that a given acid (for example, acetic 
acidlb) is more dissociated in a basic solvent than 
hydrocarbon solvents. Similarly, in a given solvent

Table I :  Hydroxyl Stretching Frequencies of TFA,
PFP, HFB, and PFB in Various Solvents

'— von , cm 1 ' • —»
Solvent TFA PFP HFB PFB

Gas phase 3587“ 3581 3581 35596
«-Hexane 3524

(3524)“
3520 3520

CC14 3500
(3504)“

3500 3500 3518 
(3509 )6

DCE 3385
(3391)“

3380 3375 3426

Reference 10. 6 J. M. Birchall, T. Clarke, and R. N. Haszel-
dine, / .  Chem. Soc., 4977 (1962).

the stronger acid self-associates to a lesser degree. 
Thus trichloroacetic acid (TCA) is less associated 
than di- and monochloroacetic acids in benzene.7 
The equilibrium II represented below depends, besides 
other factors, on the enthalpy of hydrogen bond (B) 
formation which will be opposed by the entropy of 
cyclic dimer formation and the enthalpy of solvation 
of -OH in the open dimer. In the vapor state an open

O
II i

2R—C—OH ----  Solvent T

O OH—Solvent
II I i i

R—C—OH ----  0 = C —R (open dimer) _
A

B
O — -  HO

• /  \
R—C C—R (cyclic dimer)

\  /
OH - -  O 

A

dimer may not survive because the enthalpy of hydro
gen bond (B) formation (AHtB can be taken to be 
approximately —7 kcal mol-1 8 because all the car-

(1) (a) A. I. Popov, “ The Chemistry of Nonaqueous Solvents,”  
J. J. Lagowski, Ed., Vol. I l l ,  Academic Press, New York, N. Y .; 
(b) A. I. Popov summarized the data with references in Chapter 5.
(2) H. Dunken and G. Marx, Abh. Deut. Akad. Wiss. Berlin, Kl. 
Math. Phys. Tech., 6, 101 (1964).
(3) T . S. S. R. Murty and K. S. Pitzer, J. Phys. Chem., 73, 1426 
(1969).
(4) (a) A. K . Covington, J. G. Freeman and T. H. Lilley, ibid., 
74, 3773 (1970), and the references cited therein; (b) The ioniza
tion constants of TFA and HFB were reported as 0.59 and 0.68, 
respectively, A. L. Henne and C. J. Fox, J. Amer. Chem. Soc., 73, 
2323 (1951).
(5) T. S. S. R. Murty, unpublished results.
(6) W. A. Sheppard, J. Amer. Chem. Soc., 92, 5419 (1970).
(7) J. Steigman and W. Cronkright, Spectrochim. Acta, Part A, 26, 
1805 (1970).
(8) T . C. Chaing and R. M. Hammaker, J. Phys. Chem., 69, 2715 
(1965).
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Table 11: Carbonyl Stretching Frequencies of TFA, PFP, HFB, and PFB in Various Solvents

Solvent TFA
Pc™

PFP HFB PFB
Gas phase 1829, 1790 1824, 1782 1823, 1782

n-Hexane
(1826,“ 1781“) 
1815, 1780

(18256, 17796) 
1812, 1775 1810, 1775

CC14
(1815,“ 1780“) 
1813, 1792, 1782 1807, 1785, 1773 1806, 1785, 1775 1764, 1724

DCE 1804,“ 1782“ 1800, 1776 1800, 1777
(1764,6 172P) 
1756, 1725

“ Reference 10. 6 J. K. Brown and K. J. Morgan, Advan. F luorine Chem., 4, 253 (1965).

Figure 1. Carbonyl stretching region of PFP in CC14 solutions
at room temperature: curve 1 (---- ) 2 X 10-1 M , 0.1 mm
NaCl cells; curves 2, 3, 4, 5, and 6 (------ ) 1 X 10-2, 5 X 10-3,
2.5 X 10-3, 1.25 X 10-3 and 6.3 X 10-4 M , respectively;
6-mm NaCl cells. The spectra were run using the scale of 
10 cm-1/in. and at a speed of 20 cm_1/min.

boxylic acids have a reported AH{ of nearly —14 kcal 
mol“ 12'9) more than compensates for the entropy of 
cyclic dimer formation. However, in a solvent the 
solvation of -OH will become more and more important 
for a given acid as the solvent basicity increases or in a 
given solvent as the strength of the acid increases which 
could alter the equilibrium to favor open dimers.3 
If the solvent becomes basic enough and/or the acid 
strong enough and/or the hydrogen bond (A) weak 
enough, only monomers hydrogen bonded to the solvent

Figure 2. Carbonyl stretching region of HFB in CC14 at
room temperature: curve 1 (---- ) 6.8 X 10-2 M , 0.1-mrn
NaCl cells; curves 2, 3, 4, 5 and 6 (------ ) 1 X 10-2, 5 X 10-3,
2.5 X 10~3, 1.25 X 10“3, and 6.3 X 10~4 M , respectively,
6-mm NaCl cells. The spectra were run using the scale of 
10 cm-1/in. and at a speed of 20 cm_1/min.

exist. Thus, in freezing dioxane TCA appears, from 
cryoscopic measurements, to be entirely monomeric9 
although it is dimerized in benzene.7'9 The spectral 
features associated with the nonbonded hydroxyl and 
carbonyl groups are much stronger for TFA ,3 and in 
general for perfluorinated aliphatic carboxylic acids, 
than for other carboxylic acids.

The available data taken together seem to indicate

(9) G. Allen and E. F. Caldin, Quart. Rev., Chem. Soc., 7, 255 (1953).
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Figure 3. Carbonyl stretching region of PFP in DCE and 
ra-hexane solutions at room temperature: curve 1, 1 X 10~l M  
in DCE, 0.1-mm NaCl cells; curve 2, 2 X 10~3 M  in DCE, 
6-mm NaCl cells; curve 3, 9.4 X 10-2 M  in n-hexane, 0.1-mm 
NaCl cells; curve 4, 8 X 10-4 in -«-hexane, 6-mm NaCl cells. 
The spectra were run using the scale of 10 cm-1/™- and at a 
speed of 20 cm-1/min.

that the dilution effect observed, in CC14 in the band 
for hydorgen bonded carbonyl groups for the per- 
fluorinated aliphatic carboxylic acids, is due to cyclic 
and open dimers and/or open polymers and dimers. 
In light of the data in CCh it would be of interest to 
speculate on the nature of the dimer in n-hexane and 
DCE. In the latter two solvents no dilution effect of 
the bonded carbonyl groups is observed in the concen
tration range studied. For PFP in n-hexane the dimer 
band persists up to 8 X 10-4  M and in DCE the dimer 
band is weak relative to the free carbonyl absorption

even at 1 X 10-1  M  and present only as a shoulder at 
2 X 10 ~ 3 M. For TFA in DCE the dimer band is 
noticeable only at 4 X 10-2  M .w The spectral data 
would be consistent with an argument that the dimer 
is cyclic in n-hexane (similar to vapor phase) but is 
open in DCE because of greater solvation of -OH. 
The nature of the dimers in these solvents can be 
understood better if accurate hydrogen bond enthalpy 
values are available. The question of cyclic and/or 
open dimers was raised and discussed in detail even for 
the relatively weak trimethylacetic acid8 (pK a = 5.02) 
in CCI4.

It was originally reported3 that TFA in benzene 
revealed the presence of two absorption peaks (at 3400 
and 3455 cm-1) in the region assigned to free hydroxyl 
groups, and similar double peaks were obtained for 
TCA and tribromoacetic (TBA) acids though no dilu
tion effect of the bonded carbonyl groups of TCA and 
TBA was observed. However, Kirszenbaum, et al., 
point out that the 3455-cm_1 absorption10’11 is due to 
benzene solvent and this note confirms their observa
tion. Also, the recent work on the dimerization con
stants of chlorinated acetic acids7 confirms that no 
double peaks are present in the free hydroxyl region 
for TCA (and therefore also for TBA) in benzene.

TFA (Columbia Organic Chemicals Co.), PFP (PCR 
Incorporated), HFB (Columbia Organic Chemicals 
Co.) were distilled. PFB (Aldrich Chemical Co.) 
was used without further purification. All the sol
vents were dried by standard methods.

The spectra were measured using a Beckman IR-12 
spectrophotometer. The path length of the cells varied 
depending upon experimental convenience. Beckman 
NIR silica cells of 10 and 1 cm length, 0-6-mm Beck
man variable path length, and 0 .1-mm sodium chloride 
cells and 10-cm cells with sodium chloride windows 
were used.

(10) M. Kirszenbaum, J. Corset, and M. L. Josien, ./. Phys. Chern., 
75, 1327 (1971).
(11) R. D. Mair and D. F. Hornig, J. Chem. Phys., 17, 1236 (1949).

E. I. DuPont DE NEMOURS AND Co., INC. T. S. S. R. M uBTY 
Carothers Research Laboratory 
Experimental Station 
Wilmington, Delaware 19898
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