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argued that the excitations are more like weak binding,
or Wannier-type, excitons. We do not believe that
this upsets the qualitative validity of the model.

We have also neglected overlap and lattice vibrations.
The former would be expected to be of some importance
in the solid, especially when the density is increased.
This is reflected in our result; f increases with increas-
ing density, whereas experimentally the Lorentz-
Lorenz function increases with increasing density
after the initial drop when the solid is formed.1?

We therefore conclude that we have described cor-
rectly the main qualitative features of the physical
situation. A considerably uiore complicated model
would be necessary to handle all the secondary effects
which are also operative.

(15) However, recent unpublished results of G. O. Jones and A, Eatwell,
Queen Mary College, london, show a short rise in the Lorentz-Lorenz func-

tion from about 910 to 925 amagats, followed by a marked decrease extend-
ing to about 990 amagats.
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The theory may certainly be classed as semiempirical,
in that we have used experimental data on nonoptical
properties to evaluate parameters in the final result.
However, there are no adjustable parameters m the
theory.

We conclude with a brief physical discussion of why
the main result, eq. 39, is very reasonable. In the
true ground state of the crystal, each atom has a certain
amplitude for being excited. These virtual excitations
are, in fact, the mechanism for producing the London
forces which bind the crystal together, when looked at
from the point of view of perturbation theory. Now
an atom in an excited state has a negative polariza-
bility, which is equal and opposite to the polarizability
of an atom in its (unperturbed) ground state in our
model. Since there are, on the average, Nf atoms in
excited states, N(1 — f) atoms in their ground states,
the effective polarizability of an atom should be (1 —
2f) o, which is exactly what occursin eq. 39.
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LV. Intramolecular

Structural Effects in the Dielectric Relaxation of Six Aromatic Compounds'?

By EpwarDp FOREST AND CHARLES P. SMyTH

RECEIVED NOVEMBER 12, 1963

The dielectric constants and losses,at wave lengths of 1.3, 3.2, 10, and 25 cm. and 575 m. and temperatures of
20, 40, and 60° have been measured for anisole, p-dimethoxybenzene, phenylacetonitrile, p-xylylene cyanide,

1-(chloromethyl)naphthalene, and l-naphthaleneacetonitrile in dilute benzene solution.
used to calculate the dielectric relaxation times of the molecules.

The data have been
p-Dimethoxybenzene and p-xylylene cyanide

relax by the rotation of the methoxy and acetonitrile groups, respectively, about their bonds to the ring. The
results for anisole have been interpreted in terins of a molecular and an intramolecular relaxation process, while,
although more than one relaxation process is evident in the case of phenylacetonitrile, no resolution could be

effected.

1-(Chloromethyl)naphthalene and l-naphthaleneacetonitrile show no evidence of intramolecular

group rotation, confirming the steric blocking of group rotation by the hydrogen in the 8-position indicated by

molecular models.

Many molecules have been observed to possess short
dielectric relaxation times because of the existence of
internal modes of relaxation, which are somewhat
shielded from the external molecular environment.
The present paper presents measurements in the
kilomegacycle region on six aromatic compounds con-
taining the CH,Cl, CH,CN, and the OCHj; groups as
a means of investigating the intramolecular rotational
freedom of polar groups and the effects of steric re-
pulsion.

Experimental

Apparatus.—The apparatus and various methods of measure-
ment have been described in previous papers.3~5

Purification of Materials.-——Anisole, purchased from Eastman
Kodak Co., was fractionally distilled under atmospheric pressure.
The fraction condensing at 154 ° gave an index of refraction, #n%p,
of 1.5179, which compares with a literature value® of 1.5179.

(1) This research wuas supported by the U. S. Army Research Office
(Durham). Reproduction, translation, publication, use, or disposal in
whole or in part by or for the United States Government is permitted.

(2) This paper represents part of the work submitted by E. Forest to the
Graduate School of Princeton University in partial fulfllment of the re-
quirements for the degree of Doctor of Plilosophy.

(3) H. L. Laquer and C. P. Smyth, J. Am. Chem. Soc., 70, 4097 (1948).

(4) W. M. Heston, Jr., A. D, Franklin, E. J. Hennelly, and C. P. Smyth,
ibid., T2, 3443 (1950).

(5) D). A. Pitt and C. P. Smyth, J. Phys. Chem., 68, 582 (1959).

(6) "“Elsevier's Encyclopedia of Organic Chemistry,” F. Radt, Ed.,
Iilsevier Publishing Co., New York, N. Y., 1955.

1-(Chloromethyl)naphthalene, purchased from Eastman Kodak
Co., was fractionally distilled under a reduced pressure of 10 mm.
The fraction condensing between 146 and 147° was collected. 1-
Naphthaleneacetonitrile, obtained from Eastman Kodak Co.,
was fractionally distilled under a reduced pressure of 13 mun.
The fraction collected between 182 and 183° gave an index of
refraction, #¥p, of 1.6205. Phenylacetonitrile, purchased from
Eastman Kodak Co., was fractionally distilled under reduced
pressure. The distillate gave an index of refraction, »#%p, of
1.5206, which compares with a literature value” of 1.5211. p-
Xylylene cyanide, obtained from Aldrich Chemical Co., was re-
crystallized once from ether and twice from benzene and dried in
an Abderhalden pistol. The purified material gave a melting
point of 98°, which compares with a literature value of 98°. p-
Dimethoxybenzene, purchased from Eastman Kodak Co., was-
recrystallized four times from benzene and dried under vacuum in
an Abderhalden pistol. The purified material gave a melting
point of 56.2°, which compares with a literature value® of 56°.
Benzene, purchased from the Allied Chemical Corp., was of re-
agent grade, thiophene-free quality. It was dried over Drierite
and used without further purification.

Results

The experimental results obtained from measure-
ments in benzene solution were treated in the manner
previously described.® The dielectric constant and

(7) "Handbook of Physics and Chemistry,’”” Chemical Rubber Publishing
Co., Cleveland, Ohio, 1956,

(8) I. Heilbron and H. M. Bunbury, ' Dictionary of Organic Compounds,”’
Eyre and Spottiswoode, London, 1953.

(9) A. D, Franklin, W. M. Heston, Jr., E. J. Hennelly, and C. P. Smyth;
J. Am. Chem. Soc., 72, 3447 (1950).
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loss of a given solution at a given frequency were
plotted against mole fraction of solute. The slopes
of the straight lines thus obtained, a’ corresponding to
¢ and a’’ corresponding to €'’, were plotted, when
appropriate, in Cole-Cole arcs'® to obtain the arc
intercept at infinite frequency, ., the distribution
coefficient, «, and the most probable relaxation time,
ro. The square of the refractive index for the sodium
p-line determined at 20° was plotted against mole frac-
tion of solute and the slope was taken as ap. The
slopes of the dielectric constants and losses are given
in Table I and the concentration range of the solutions

TaABLE I
SLOPES FOR DEPENDENCE OF THE DIELECTRIC CONSTANT AND
Loss upoN CONCENTRATION IN BENZENE SOLUTION
Wave 20° 40° 60°
length, a’ a'’ a’ a’’ a
cm.~!

p-Dimethoxybenzene (0-0.030)

57,500 4.07 3.78 3.55

3.2 3.50 1.15 3.53 0.79 3.38 0.65
1.3 2.56 1.52 2.70 1.46 2.61 1.33
p-Line 0.09

Anisole (0-0.067)

57,500 2.20 2.07 1.95

10 2.15 0.30 2.01 0.22 1.95 0.16
3.2 1.85 57 1.81 .53 1.80 .39
1.3 1.29 79 1.34 .73 1.31 .64
p-Line 0.06

p-Xylylene cyanide (0-0.007)
57,500 24.05 22.29 20 .47

3.2 20.30 6.96
1.3 12.03 9.13
p-Line 0.27

20.26 5.06 18.73 4 .06
13.69 8.81 15.94 7.41

Phenylacetonitrile (0-0.031)

57,500 16.93 15.30 13.93

10 14.94 4.03 14.79 2.87 13.74 1.98
3.2 10.50 4.84 10.87 4.67 11.13 4.00
1.3 6.10 4.18 6.57 4.22 7.07 4.30

p-Line 0.10
1-Naphthaleneacetonitrile (0-0.015)

57,500 18.28 16 .75 15.32

25 16.87 4.19 16 .40 2.71 15.33 1.85
10 15.00 6.83 14.80 5.12 14 .40 4.12
3.1 4.93 5.50 6.33 5.74 7.47 6.00
1.3 2.91 2.55 3.40 2.85 4.20 3.19
p-Line 0.67

1-(Chloromethyl)naphthalene (0-0.015)

57,500 5.71 5.22 4.78

10 4.75 1.68 4.64 1.23 4.48 0.95
3.2 2.73 1.80 3.06 1.71 3.13 1.59
1.3 1.54 1.03 1.42 0.98 1.66 1.05
p-Line 0.71

is indicated in parentheses. The calculated quantities
are given in Table II. Tn the cases where the data did
not fit a Cole-Cole distribution, an attempt was mnade
to fit the experimental quantities to two partly super-
imposed noninteracting Debye-type absorptions.
Initial estimates of r,, r3, C}, and a were substituted into
eq. land 2"

’
a’ — a. 1 1
L o o+ G
Ay — Oo 1 + (wr9)? 1 + (wrd)?

(10) K. S, Cole and R. H. Cole, J. Chem. Phys , 9, 341 (1941).
(11) K. Bergmann, D. M. Roberti, and C. P. Smyth, J. Phys. Chem., 64,
665 11960).
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where C; = 1 — (,, and w is the angular frequency, and
then varied to obtain the best fit of the calculated o’
and a’’ to the experimental values. The calculated

2

ay — 4y

TaBLE II
DISTRIBUTION PARAMETERS, M0OST PROBABLE RELAXATION
TiMES (10712 SEC.}, AND ARC INTERCEPTS AT INFINITE
FREQUENCY FOR BENZENE SOLUTIONS

Temp., °C. a @ 70
Anisole
60 0.04 0.59 6.6
p-Dimethoxybenzene
20 0.04 0.80 6.2
40 0 .80 5.2
60 0 .80 4.6
p-Xylylene cyanide
20 0.06 3.4 8.9
40 .04 3.2 6.8
60 .03 3.3 4.6
Phenylacetonitrile
60 0.03 4.0 11.3
1-Naphthaleneacetonitrile
20 0.0 2.8 31
40 .0 2.8 241
60 .0 2.8 19
1-(Chloromethyl)naphthalene
20 0.10 1.2 26
40 .09 1.2 21
60 .08 1.2 16

values of 7, 7, a., @', and a’’ are tabulated in Table
III. The agreement between the calculated values of

TaBLE 111
CALCULATED VALUES OF ¢, ¢’/, RELAXATION TIMES
(1012 SEC.), C;, AND 2 FOR ANISOLE
Wave length,

cm. a’ a’’ ) 72 C: [
20°
10 2.14 0.27 20 6.5 0.80 0.55
3.2 1.84 60
1.3 1.26 76
40°
10 2.04 0.20 15 5.6 0.80 0.59
3.2 1.83 .50
1.3 1.33 .69

a’ and a” for anisole in Table III and the observed
values in Table II is within the experimental error.
The free energies, AF* heats, AH* and eutropies,
AS*, of activation for dielectric relaxation, calculated
in the usual manner,'? are given in Table I'V.

TasLe IV

FREE ENERGIES (KCAL./MOLE), HEATS (KCAL./MOLE), AND
ENTROPIES (E.U./MOLE) OF ACTIVATION FOR DIELECTRIC

RELAXATION
Solute AF* AH* as*
p-Dimethoxybenzene 2.20 0.88 —4.20
p-Xylylene cyanide 2.33 1.83 —1 58
1-(Chloromethyvl)naphthalene 3.04 1.57 —-4.70
1-Naphthaleneacetonitrile 3.11 1.60 -4 82

(12) E. J. Hennelly, W. M. Heston, Jr., and C. P. Smyvth, J. 4m. Chem.
Soc., 70, 4102 11948).
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Discussion

The symmetry of p-dimethoxybenzene and p-
xylylene cyanide is such that there is no fixed moment
along the long axis of the molecule and the observed
moment is the time average resultant of the components
of the two group moments perpendicular to the axis
of rotation. Free rotation would be expected to
occur if no barrier to internal rotation existed, AH* =
0, that is, if all positions of rotation about the bond to
the rest of the molecule were equally probable.

p-Dimethoxybenzene exhibits an unusually short
relaxation time for a molecule of such size. The
barrier to rotation, AH*, is quite small. The distri-
bution parameter, «, decreases from 0.04 at 20° to
0 at 40 and 60°. Further, a plot of ¢’ vs. a’’w gives a
straight line at 20, 40, and 60° It is, therefore,
concluded that the principal mechanism of relaxation
is the rotation of the two OCH; groups about their
bonds to the ring. The value of the relaxation time
at 20° compares well with the value 6.9 X 1072 sec.
measured in benzene solution by Fischer.!> Previous
measuremments in this laboratory!* gave 9.7 X 10-!?
at 20°, 6.4 X 10712 at 40°, and 4.6 X 10~!% sec. at 60°
for the relaxation times. These values at 20 and 40°
now appear too long since a 509, drop in the relaxation
time occurs over a 40° temperature range indicating
a high barrier, AH*.

In the case of anisole in benzene solution, a plot of
a’ vs. a’’ gave a good Cole-Cole arc at 60° with a
distribution parameter, «, of only 0.04, which is prob-
ably not significant, since a plot of ¢’ vs. 2”’w gave a
straight line and relaxation time, 6.6 X 107!'% sec.
At 20 and 40° a good Cole-Cole arc could not be
drawn and a plot of ¢’ vs. ¢’’w showed curvature,
which was 1nore marked at 20°. Accordingly, the
data were found to be well represented by a super-
position of two Debye-type regions. No separation
was, of course, atteinpted at 60°. 7, and 7, are the
relaxation times associated with the over-all and group
relaxation processes, respectively, and C; and G
are their relative contributions. If the assuinption
of free rotation of the OCHj; group is a good approxi-
mation for p-dimethoxybenzene, its most probable
relaxation time would be expected to be close to the
resolved relaxation time, 7, of anisole. Actually,
the resolved relaxation timne, 7, of anisole is slightly
longer than the values of r, reported in Table II for
p-dimethoxybenzene at 20 and 40° and slightly shorter
than the value found by Fischer!'® for p-dimethoxy-
benzene in benzene solution at 20°. In decalin, the
resolved relaxation times! for anisole at 20° were
found to be 21.9 X 1072 and 7.0 X 1072 sec. for the
over-all and internal relaxation niechanisms, respec-
tively, and C; was found to be 0.65. At 40°, r, was
182 X 10712 sec., 1y, 6.0 X 107!% sec., and C,, 0.68,
while in Nujol, at 20°, 7y, 7y, and C,, were 69 X 10712
sec., 7.2 X 107!% sec., and (.60, respectively, and at
40°, 46 X 10~12sec., 6.6 X 10712 sec., and 0.60. The
values of 7, at 40 and 20° for anisole in benzene are
slightly lower than those found' in decalin, and much
lower than those in Nujol, as is to be expected, since
the viscosity of decalin is greater than that of benzene,

f13) 15, Pischer, Z. Naturforsch., 98, 909 {1954).

¥14) 1D. M. Roberti and C. P. Smyth, J. Am. Chem. Soc., 82, 2106 (1960).
(153) E. 1. Grubb and C. P. Smyth, ibid., 83, 4873 (1961).
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and the viscosity of Nujol is much greater than that
of decalin. The benzyl chloride molecule is similar
in size and shape to that of anisole. At 20° the relaxa-
tion time associated with its over-all relaxation was
found'® to have a value of 21.2 X 10~!'? sec. in benzene,
which is close to the value 20 X 1072 sec. for anisole
in Table III. Using diphenyl ether and dimethyl
ether and taking the oxygen bond angle in the former
as 120° and in the latter as 110°, the moments associated
with over-all molecular relaxation and group relaxa-
tion in anisole were found to be 0.75 X 107!% and
1.08 X 107", respectively. These values give a
calculated mnoment for anisole of 1.31 X 10~%, which
compares with the experimental solution value!” 1.25 X
10718 The relative amplitude of the over-all disper-
sion region is then given by

G = (0.75)2/[(0.75)2 + (1.08)?] = 0.32

leaving C; = 0.68. These values for the relative con-
tributions are not far from those found in this research
and from those found in other solvents.!s

p-Xylylene cyanide exhibits a relatively large
temperature dependence of the relaxation time.
The distribution parameter, «, decreases from a value
of 0.06 at 20° to 0.03 at 60°. The rotating CH,CN
group sweeps out a cylinder of revolution of radius
about 209, larger than that swept out by the OCHj;
group. Although the Stuart- Briegleb models do not
indicate much steric hindrance to rotation by the 2,5-
hydrogens of the rings, the atoinic polarization, which
is given by a.. — ap, is so large as to indicate a substan-
tial amount of torsional vibration. This is consistent
with the large hindering potential barrier observed.

Phenylacetonitrile exhibited behavior which con-
trasted with that of anisole. At 60° a plot of a’ vs.
a''w gave a straight line of slope corresponding to a
relaxation time of 11.3 X 107!'? sec. The distribution
parameter, «, is quite small, only 0.06, but, at 20 and
40°, a plot of a’ vs. a’’w gave significant curvature in-
dicative of the presence of more than one relaxation
time. The curvature was greater at 20° than at 40°.
The experimental data at 40° could almost be de-
scribed by a Cole-Cole distribution with a most prob-
able relaxation time falling near 17 X 107!? sec. The
data could not be described in terms of two Debye-
type regions, as in the case of anisole or benzyl chloride.
The value 17 X 10~'? is much longer than 6.8 X 10~1*
sec., the value of the relaxation time of p-xylylene
cyanide at 40°, which indicates that a considerable
amount of over-all molecular relaxation takes place.
If a moment of 3.5 D. is taken for the CH,CN group,"
and the C-C-C bond angle is taken as 110°, and if it
is further assumed that the whole moment of the
molecule resides in the group CH,CN, which is not
unreasonable, since the moment of CH;CNY is 3.4 X
10~ and the moment of phenylacetonitrile'” is 3.5,
then a relative contribution of only 109, is calculated
for over-all relaxation. A relative amount of over-
all relaxation of 109, is too small to give a relaxation
time as long as 17 X 10~!2 sec., which suggests that the
CH,CN group is not freely rotating. In such a case,
the principle of superposition cannot be applied since

(16) W, P. Purcell, K, Fish, and C. P. Smyth, ibid., 82, 6209 (1960.

(17) C. P. Smyth, "Dielectric Behavior and Structure,” McGraw-Hill
Book Co., Inc., New York, N, Y., 1955,
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in the presence of substantial barriers to internal rota-
tion the group relaxation would not be expected to be
independent of the over-all relaxation process. From
the plot of @’ vs. a’’w approximate limiting relaxation
times may be estimated. It is found that the longest
relaxation time at 20° cannot be shorter than 26 X
1018 sec. and the shortest relaxation time cannot be
longer than 12 X 107 '2sec. Due to the long extrapola-
tion, the arc intercept at infinite frequency, a., of
phenylacetonitrile at 60° should be regarded as ap-
proximate. Still, @, — ap is considerably larger than
the corresponding difference for anisole and indicates
a substantial amount of torsional vibration.

The dielectric constant and loss data for 1-naphthal-
eneacetonitrile and 1-(chloromethyl)naphthalene fit
well on Cole-Cole arcs showing only one relaxation
time for the former and a slight distribution of relaxa-
tion times for the latter. The relaxation times of the
rigid a-chloronaphthalene,!®* a-bromonaphthalene,!® «a-
nitronaphthalene,? and a-naphthyl isocyanate?' mole-
cules in benzene solution at 20° are, respectively, 15.8
X 10712 18 X 10712 22.8 X 10712, and 31.5 X 10-!*
sec. The relaxation times found for 1-(chloromethyl)-
naphthalene and 1-naphthaleneacetonitrile fit in well

(18) H. Kramer, Z. Naturforsch., 168, 66 (1960).

(19 F. Hufnagel, tbid., 184, 723 (1960).

(20) R. W. Rampolla and C. P. Smyth, J. Am. Chem. Soc., 80, 1057
(1958).

(21) B. R. Jolliffe and C. P. Smyth, ibid., 80, 1064 (1958).
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with the series given above and should, therefore, be
interpreted as arising from over-all relaxation. The
effect of the steric repulsion of the 8-hydrogen has
been observed!* previously in the considerably longer
relaxation times of the methoxy- and ethoxynaphthal-
enes with the substituent group in the 1-position as
compared to those with the group in the 2-position.

The Stuart-Briegleb molecular models indicate
strong steric repulsion between the 8-hydrogen and
the methoxy or ethoxy group in the 1-position, but
somewhat less hindrance to group rotation than in the
cases of the CH,Cl and CH,CN groups, the complete
rotation of which appears to be impossible without
great distortion of the bond angles. The absence of
any detectable contribution from group relaxation
confirms the existence of the steric blocking indicated
by the molecular models for the l-naphthaleneaceto-
nitrile and 1-(chloromethyl)naphthalene molecules,
but the contributions from hindered group rotation
found for 1-methoxy- and l-ethoxynaphthalene show
a degree of molecular flexibility not inherent in the
models. The short and practically identical relaxa-
tion times found?%? for the hydroxyl group in the 1-
and 2-positions are consistent with the smallness of
steric hindrance to rotation shown by the models for
the 1-position and its absence for the 2-position.

(22) F. K. Fong and C. P. Smyth, J. Phys, Chem., 67, 226 (1963).
(23) F. K. Fong and C. P. Smyth, J. Am. Chem. Soc., 85, 548 (1963).
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Theory of Line Widths in Electron Spin Resonance Spectra:

Motion of Methyl Groups'

By Jack H. FREED? AND GEORGE K. FRAENKEL
RECEIVED APRIL 18, 1964

The relaxation-matrix theory of line widths in electron spin resonance spectra has been employed to analyze
the line-width effects arising from the motions of methyl groups in =-electron free radicals. Broadening of the
lines can result because the methyl-proton hyperfine splittings are a function of the angle of orientation of the
methyl group, and thus the splittings fluctuate as this angle varies. The motion of the methyl groups is treated
by a Brownian motion model assuming a free rotatory diffusion about the C-C bond between the methyl group
and the aromatic system to which it is bonded, and also by a jump model in which the group can undergo transi-
tions from one to another of three different equilibriuin orientations. Radicals with several methyl groups are
analyzed as having either completely correlated or completely uncorrelated motions. The correlated motions
are approximated by assuming a gear-like interleaving without slip of the hydrogen atoms on inethyl groups
substituted at adjacent positions on an aromnatic ring. When the motions of the methyl group cause large
contributions to the line width, the central pair of lines from the splittings by one methyl group are predicted
to be broad and the end lines narrow. When there are two or four inethyl groups in the radical, large line-
width contributions lead to a spectrum in which every third line is narrow while the reinaining lines are broad,
an effect which is analogous to tlie alternating line-width plienomenon. For very rapid rotations, nonsecular
as well as secular line-width contributions are important, and consequently the nondiagonal relaxation matrix
for the case of one methyl group has been analyzed in detail. None of these effects of methyl-group rotations
has been observed in the e.s.r. spectra of aromatic radicals, and from the negative results it is possible to esti-
mate that the relaxation time 7. for the rotation of the methyl groups is less than 1078 sec. The predicted
effects are most likely to be found by low-temperature studies ou radicals which have large methyl-proton
hyperfine splittings and highly hindered methyl groups.

I. Introduction

In a number of recent studies®—!! on the electron spin
resonance spectra of aromatic free radicals in solution,
anomalous line-width variations have been found

(1) This work was supported in part by the Directorate of Chemical
Sciences, Air Force Office of Scientific Research, Grant No. AF-AFOSR-
285-63, and by the National Science Foundation through Grant No. NSF-
GP-1370.

(2) National Science Foundation Predoctoral Fellow, 1959-1962.

(3) J. R. Bolton and A. Carrington, Mol Phys., 8, 161 (1962).

(4) J. H. Freed and G. K. Fraenkel, J. Chem. Phys., 87, 1156 (1962)

(5) J. H. Freed, P. H. Rieger, and G. K. Fraenkel, 1bid., 87, 1881 (1962).

that are attributable to modulations of the isotropic
hyperfine interactions. Some of the effects observed

(8) J. R. Bolton, A. Carrington, and P. F. Todd, Mol. Phys., 6, 169 (1963).

(7) E. de Boer and E. L. Muackor, Proc. Chem. Soc., 23 (1963).

(8) J. H. Freed and G. K. Fraenkel, J. Chem. Phys., in press. 1t has
come to our attention that A. Horsfield, J. R. Morton, and D. H. Whiffen
[Mol. Phys., 8, 115 (1862)] have observed line-width effects from methyl-
group motions in the solid state. Their observations come within the scope
of the theory presented here, See also 1. Miyagawa and K. Itoh. J. Chem
Phys., 86, 2157 (1962).

(9) A. Carrington, Mol. Phys., B, 425 (1962).

(10) J. H. Freed and G. K. Fraenkel, J. Chem. Phys., 39, 326 (1963)
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(11) J. H. Freed and G. K. Fraenkel, to be published.



