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The relative absorption intensities of the scissoring vibration bands of #rans- and gauche-1,2-dibromoethanes
were measured in pure liquid and in solutions of ¢is-1,2-dichloroethylene or tetrachloroethylene at various con-

centrations.

The relative populations of the rotational isomers were determined from the intensity data. An

attempt was made to describe quantitatively the observed concentration-dependence of the relative population

on the basis of a semi-molecular theory of dipole-interaction.

An equation is proposed for the averaged inter-

action energy of a molecule with its surrounding molecules, which is expressed in terms of the dipole moments
and the polarizabilities of the solute and the solvent molecules.

The problem of rotational isomerism has been one of
the major subjects in the field of physical chemistry.!=3)
Many investigations have been concerned with the
determination of the energy difference, AE, between
rotational isomers. In doing so, one uses the van’t
Hoff’s relation and plots the logarithms of the relative
intensities (either absorption or scattering) of two iso-
mers against 1/7, where T is the absolute temperature,
and obtains AE from the slope of the plot. There
remain two problems, however. One is that a straight-
line relation is assumed in the plot. This means that
AE is assumed to be independent of the temperature or,
more generally, of intermolecular interactions. Al-
though the assumption holds effectively in many cases,
the present authors? recently showed that AE depends
on the temperature in the case of liquid 1,2-dibromo-
ethane. The other problem is that, in general, only the
relative intensities, and not the relative populations, can
be known from spectroscopic measurements. If one
wants to discuss the equilibrium properties of rotational
isomers, however, the relative populations must be
known  experimentally. Fortunately, the present
authors? succeeded in obtaining the relative populations
at several temperatures from the relative intensities of
Raman lines in the case of liquid 1,2-dibromoethane.
This permits one to discuss the equilibrium property of
liquid 1,2-dibromoethane in some detail.

The present investigation concerns the quantitative
description of the concentration-dependence of the
relative populations of trans- and gauche-1,2-dibromo-
ethanes. The solvents used were cis-1,2-dichloroethylene
and tetrachloroethylene: they were chosen because the
former is strongly polar, while the latter is nonpolar.
gauche-1,2-Dibromoethanes  and  #rans-1,2-dibromo-
ethanes are also characterized by their dipole moments;
the former is strongly polar, while the latter is nonpolar.
The effects of intermolecular dipole-interactions on AE
are estimated in this paper; a good agreement is obtain-
ed between the calculated and observed concentration-
dependencies of the relative populations of trans- and
gauche-1,2-dibromoethanes.

Experimental

All the chemicals used in the present study were commercial

products. Purchased samples showed no trace of impurity
in the infrared spectra covering the range of 400—4000 cm-1!
and were used without further purification. Solutions of 1,2-
dibromoethane in cis-1,2-dichloroethylene or in tetrachloro-
ethylene were prepared just before the observations so as to
obtain the appropriate concentrations by measuring the
weight of each component. On determining the mole per-
cents and the molar concentrations, the density data from a
standard table® were used. The additivity of the volumes
of the components was assumed in this process.

The infrared absorption spectra were measured for the
scissoring vibration of 1,2-dibromoethane (v,; of the trans form,
and »; and v, of the gauche form) in pure liquid and in solutions
by the use of a Perkin-Elmer 112G single-beam infrared
spectrometer. The spectrometer was operated under a
resolution of about 1 cm~! and at room temperature (25 °C).
The effects of a finite slit-width on the observed band shapes
and on the intensities were ascertained to be very small. The
observed spectra were reduced to the absorption-index curves,
k(»)’s.9 It is known that the effects of the refractive index
often spoil the observed relative intensity data when the
absorption bands are strong.” In the present case, however,
all the absorption bands observed was very weak, so no special
correction for the observed intensity data was made.

The observed spectra, as is shown in Figs. 1 through 3,
contain two absorption bands arising from the #rans and the
gauche isomers of 1,2-dibromoethane. We separated the two
slightly overlapping bands by the method of least-squares,
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Fig. 1. Absorption index curve for the scissoring vibra-
tion bands of liquid 1,2-dibromoethane. Solid line;
observed curve, broken line; calculated Lorentzian
curve.
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Fig. 2. Absorption index curve for the scissoring vibra-
tion bands of 20 mol%, solution of 1,2-dibromoethane
in cis-1,2-dichloroethylene. The unit of the ordinate
is arbitrary. Meanings of the lines are the same as
in Fig. 1.

k, arbitrary scale

1480

Wave number, cm—1

Fig. 3. Absorption index curve for the scissoring vibra-
tion bands of 20 mol%, solution of 1,2-dibromoethane
in tetrachloroethylene. The unit of the ordinate is
arbitrary. Meanings of the lines are the same as in
Fig. 1.

TABLE 1. CONCENTRATION-DEPENDENCE OF THE
RELATIVE POPULATION OF irans- AND gauche-
1,2-DIBROMOETHANES IN SOLUTIONS

mol%  IJI, In (‘;—:) In (:—:) —HIKT A‘é;?kT)
— Solutions in c¢is-1,2-dichloroethylene —
100.00 3.37(0.13) 1.215 0.300® 0.508 0.808
79.76 3.16(0.16) 1.151 0.236 0.605 0.841
59.89 2.82(0.14) 1.037 0.122 0.705 0.827
39.59 2.55(0.14) 0.936 0.021 0.800 0.821
20.22 2.35(0.23) 0.854 —0.061 0.884 0.823
— Solutions in tetrachloroethylene —

79.84 3.64(0.18) 1.292 0.377 0.395 0.772
59.98 4.12(0.22) 1.416 0.501 0.291 0.792
40.21 4.47(0.20) 1.497 0.582 0.209 0.791
21.75 5.17(0.32) 1.643 0.728 0.136 0.864

I,/1, is the relative intensity of the scissoring vibra-
tion bands. Numbers in parentheses indicate the
standard deviations. n,/n, is the relative population
obtained from In(Z,/I,) (see the text). I is calculated
through Eq. (15). The sixth column is the sum of
the fourth and the fifth columns, a) See Ref, 4,
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assuming a Lorentzian band shape, and estimated the relative
values of the integrated intensities. The separated bands
are illustrated by the broken lines in Figs. 1 through 3. Table
1 contains the relative intensity at each concentration thus
obtained. The standard deviations attached to the relative
intensities in Table 1 were estimated from the deviation
between the observed and the calculated absorption curves.
The logarithmic relative population, In(n,/n,), differs from
the corresponding logarithmic relative intensity, In(Z,/I,), only
by a constant which is independent of the concentration, if the
absolute intensities of the frans and the gauche isomers do not
change in the concentration-variation.®» The constant was
determined so as to make In(n,/n;) in pure liquid equal to
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Fig. 4. Concentration-dependence of the relative popula-
tion of frans- and gauche-1,2-dibromoethanes in c¢is-1,2-
dichloroethylene solution. Open circles; experimental
values of the relative population. Crosses; values of
the relative population corrected for the effect of dipole
interaction (see the text). Vertical lines show the
standard deviations.
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Fig.5. Concentration-dependence of the relative popula-
tion of trans- and gauche-1,2-dibromoethanes in tetra-
chloroethylene solution. Meanings of the symbols
are the same as in Fig. 4,



November, 1975]

0.300, the value of which had previously been determined by
the present authors.¥ The value of In(n,/n,) was determined
at each concentration from the corresponding In(Z,/I,) by
substracting the constant, The results are shown in Table 1
and Figs. 4 and 5.

Theory

Usually the enrgy difference, AE, and the relative
population, n,/ng, are related by the van’t Hoff equation:

In (n/n) = A + (AE[RT) 1

where A is a constant, & is the Boltmann’s constant, and
T is the absolute temperature. Let us consider the
effect of intermolecular interaction on the magnitude of
AE. The effect is, in principle, a function of the tem-
perature, the concentration, and other parameters
characterizing the system. We may write:

AE = AE° + H @)
and

In (n,/ng) = A + (AE°/KT) + (HJKT) (3)
where AE® means the intrinsic energy difference or the
energy difference of the rotational isomers when they
are well isolated from other molecules, and where H is
the effect of intermolecular interactions.

From the microscopic point of view, the gauche and
the trans isomers are considered to differ only in that the
former possesses a dipole moment, while the latter does
not. The other physical properties may be regarded as
almost identical for the two isomers. H, then, arises
from the dipole-interaction of a gauche isomer with other
molecules. In the following, we will focus our attention
on a special gauche isomer, which will be designated as
‘“central”, and try to find the energy of'its dipole interac-
tion with the surrounding molecules. It may be ex-
pedient to distinguish here the following four types of
dipoles which interact with the central gauche-dipole;
(1) the dipole moments of other gaucke molecules, (2) the
dipole moments of solvent molecules (if any), (3) the
dipole moments of other molecules of 1,2-dibromoethane
(gauche+trans) induced by the central gauche-dipole, and
(4) the dipole moments of solvent molecules induced by
the central gauche-dipole. The reason why we do not
distinguish the ¢rans and the gauche isomer in (3) is that
the refractive index, and hence the polarizability, is
known only for the equilibrium mixture of the #rans
and the gauche isomers.

Let the polar coordinates of the central gauche-dipole,
Hq, of another dipole, g, and of the radius vector, r,
pointing from g, to g’, be (04, ¢,), (0’, ¢’), and (0,, ¢,)
respectively. 4’ can be any one of the aforementioned
four types of interacting dipoles. The dipole, g’, induces
an electric field at the point of g,. The component of
the field along the direction of g, is written as:')

F=-L@+Brctprerr = -£0 @4

where 4, B, C, D, E, and F are expressed in terms of the
spherical harmonic with respect to polar coordinates,
(04 9q), (0, "), and (0,, ¢,),'2 and where Q means the
sum of these six terms. Similarly, g, induces an elec-
tric field in the surroundings and produces an induced
moment, u,:
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My = — r/: o (5)

where « is the polarizability of the molecule in the sur-
roundings. The primes on r and Q in Eq. (5) show thatr
Q of Eq. (5) are not necessarily the same as those in Eq.
(4). The induced moment, g;, in turn induces and
electric field on the position of g,. The component of
the field along the direction of g, is, according to Eq.

(4):
F= “T‘,?,Q'z ©6)

Now we can write the induced field at the position and
along the direction of the central g,:

F=-%0, (7a)
fﬂ

F= -t (7b)

Fy = 2beg, (7¢)

&,
F, = s/:a Q.2

,’ (7a)

where all the quantities suffixed with g, s, or m, except
for the gy in Eq. (7c) or (7d), which stands for the dipole
moment of the central gauche isomer, are related with the
surrounding gauche isomers. the solvent molecules, or the
mixture of the frans and the gauche isomers, respectively.
The total interaction energy, #, of the central gauche
isomer is, then:

H = pg(Fy+Fy+Fy+Fy) )

To obtain H of Eq. (2) or (3), one must average
Eq. (8) over all the possible orientations and distances
of the interacting pair. In doing so, it must be con-
sidered that the relative orientation of two dipole
moments is distributed according to their interaction
energy; that is, energetically more stable configurations
are distributed more than the less stable configurations.
This concept is considered in the averaging process by
introducing the Boltzmann distribution function:

W = wexp (—a#/kT) )

where w is a constant which is to be determined by the
normalization condition 12

wsvdr =n (10)

where v indicates a sphere of the unit volume, at the
center of which the central gauche-dipole is situated,
where dr is the volume element:

dr = r2sin §dOdedr (11)

and where n is the number of molecules in 2. Now, the
average way be expressed in terms of an integral:

H = SYo,[uoFs exp (— ik T)de

where the suffix ¢ corresponds to the four terms of Eq.
(7). In Eq. (12), it is assumed that the averages of the
four terms of Eq. (8) can be taken independently. In
other words, the orientational correlation between
neighbour dipoles is assumed to have no effect on the
interaction of the dipoles with the central gauche-dipole.

(12)
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To calculate the integral in Eq. (12), we expand the
exponential and neglect the higher terms than the sec-
ond:1?

H = Sy, Fill - (4 Filk T)]de (13)
Integration over orientations is performed by the use of

the orthonormality of the spherical harmonics, which
results in:13)

S-Qd‘r' = fﬂsdt’ =0

and

(14)
where dt’ is the angular part of the volume element. A
lower limit, a,, must exist for the integration over the
distance; the meaning of this is that two molecules can
not come closer than a,. We estimated the g, from the
density and the molecular weight, assuming a rigid
sphere for each molecule.!® The result is:
. - 7 a S P
T 27T kT W, ™1+(n/n,)
_ 4n®
27
3272 [ p,ius’ Cms N2
—%7 (-—;'CT’ + opg? [( W,,L)”:‘n:r (Wm)lla]“
P Ps

gz—uf;m ¢V ,2

(15)

where N, is Avogardo’s number, where W, p, and ¢,
are the molecular weight, the density, and the molar
concentration (mol/cm?) respectively of the solute, and
where the same symbols suffixed with s refer to those of
the solvent molecule.

Results and Discussion

Figures 4 and 5 show the experimental values of the
relative populations of trans- and gauche-1,2-dibromo-
ethanes in solutions. It may be seen from the figures
that the population varies on going from pure liquid to
dilute solutions: it increases in a tetrachloroethylene
solution. In other words, the numbers of the gauche
isomer increase as the polarity of the environment
increases.

To see whether or not the model of dipole interaction,
developed in the last section, is appropriate, we calculate
H|kT from Eq. (15) at each concentration and subtract
it from the observed value of 1n (n;/n;). The resultant
value should be A4 (AE°kT), as may be seen from
Eq. (2), and should remain constant over all concentra-
tions. In the calculation, «,, and o, were estimated
from the values of the refractive indices® using the
Lorentz-Lorenz formula, the densities were taken from
a standard table,” and g, and u, (of ¢is-1,2-dichloro-
ethylene) were taken to be 2.20 D% and 1.89 D re-
spectively. The results of the subtraction are shown in
Table 1 and in Figs. 4 and 5. It may be seen from the
table and the figures that the resultant value remains
almost constant for all the concentrations; this indicates
the validity of the model used in the calculation. Thus,
it may be concluded that the equilibrium properties of
the trans- and gauche-1,2-dibromoethanes in solutions are
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fully described by the model of dipole-interaction, Eq.
(15).

Incidentally, Eq. (15) tells us that the energy dif-
ference, AE, should change in value according to the
change in temperature as well as that in concentration.
The temperature-effect data of the reference? can also
be explained by the use of Eq. (15).

It should be noted that, in the present calculation, we
are considering the environments to be built up of gas-
like molecules dispersed in a vacuum to give the actual
density, instead of looking them as continuous dielectrics.
The latter model yields the famous reaction field of
Onsager.'? The present approach has a close resem-
blance to the latter in concept, but it has resulted in a
quite different equation which is expressed in terms of
the dipole moment and the polarizability instead of the
dielectric constant, a very macroscopic quantity. The
present theory is not, however, a fully molecular theory
in the sense that the polarizability is calculated from
such macroscopic quantities as the refractive index and
the density through the Lorentz-Lorenz formula, and
in that the molecular radius is estimated in the same
way as in Onsager.1%1? A comparison of the numerical
results of the present equation with those based on the
reaction field shows that the two approaches do not give
the same results for the averaged electric field acting on
a molecule. It can be said at the same time that the
present model can well describe the magnitude of the
change in the averaged electric field in the concentra-
tion- or temperature-variation. To clarify the dif-
ference existing between the two approaches is interest-
ing and may be a problem for the future.

The authors are indebted to all the members of the
Shimanouchi laboratory for their helpful correspond-
ence about this work. They are particularly grateful
to Professor Takehiko Shimanouchi of the University of
Tokyo for giving them the opportunity of publishing this
work.
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