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Temperature Effects on the Raman Intensity of Liquid Samples
and an Averaged Molecular Field
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The relative Raman intensities of the », line of carbon tetrachloride, the vg line of acetonitrile, and the »; line
of chloroform were observed in the liquid phase and at various temperatures. The apparent intensity change due
to the temperature were explained in terms of the local field effect, the density change, the statistical distribution
effect, and the contribution of transition hyperpolarizability in the presence of a non-zero averaged molecular

field.

Raman intensity measurements have a great advan-
tage, in principle, over the intensity measurements of
absorption spectra. They are free from the effects of a
slit-function,” the effects related to anomalous disper-
sion,>-% the effects of multi-reflections inside sample
layers,”-19 the so-called baseline effects,!»1!) and so on,
all of which are notorious difficulties in the intensity
measurements of liquid samples by infrared absorption
methods. Therefore, careful measurements of Raman
intensities will afford useful information about inter-
molecular interactions in the liquid phase.

In our preceding report, the intermolecular interac-
tion of a dipole-dipole type has been shown to be most
important in explaining the concentration dependence
of the Raman intensities in various binary solutions.!?
If the component molecules in solutions have dipole
moments, there exists a non-zero averaged molecular
field at a given molecule, and the contribution of the
transition hyperpolarizability cannot be neglected in
comparison with that of the transition polarizability.
As the concentration dependence of the averaged
molecular field results from the change in an intermolec-
ular distance due to different concentrations,!® the
averaged molecular field and, therefore, the Raman
intensity may be expected to be dependent on the
temperature, also.

In the present report, the temperature effects on the
Raman intensities were measured for three different
liquid systems in order to study the role of the averaged
molecular field which was produced by the dipole-
dipole interaction. Carbon tetrachloride, acetonitrile,
and chloroform were chosen because they were typical
examples of a non-polar molecule, a molecule with a
large dipole moment, and a molecule with a rather
small dipole moment respectively.

Experimental

The spectrometer used for the present work was designed
and constructed in our laboratory. The instrument was
composed of a He-Ne gas laser source (NEC GLG 105, 15
mW), a grating monochromator (JEOL JSG 125B), a photo-
multiplier (HTV R374, S-20 response), a lock-in amplifier
(NF LI-573), and a recorder.

The temperature of a sample cell (10X 20X 40 mm?) was
regulated by means of a thermostating box whose temperature
was controlled by changing the electrical current supplied
to nichrome heaters. The temperatures of the thermostat-
ing box and the sample cell were observed by means of a
mercury thermometer and a thermocouple respectively. The

temperature drift of the sample was less than 41 K within
the temperature range of 300—370 K.

The stability of the laser out-put during the individual
spectral measurements was observed by monitoring the light
energy which penetrated through the 1009, reflectance mirror
of the laser cavity. When the power of the laser source drifted
more than 1% during the measurements, the data observed
were completely discarded.

All the chemicals used in the present study were commercial
products. The carbon tetrachloride and acetonitrile were
purified by fractional distillations repeated three times. The
chloroform was purified by column chromatography on
alumina.

The Raman spectra were observed for the », line of carbon
tetrachloride, the v line of acetonitrile, and the », line of
chloroform. The Raman intensity was determined from the
observed band area by means of the weight method. The
observations were repeated four times for each temperature;
their averaged values were then taken as the observed inten-
sities. The deviations of the observed band areas from the
averaged values were less than 29%;,.

Results and Discussion

vy Line of Carbon Tetrachloride. The Raman inten-
sities of the », line of liquid carbon tetrachloride were
observed in the temperature range from 291 to 333 K.
The observed relative intensity ratios are summarized
in Table 1, where the relative intensity at 291 K serves
as the standard, The relative intensity decreases about
89, as the temperature changes from 291 to 333 K.

TaBLE 1. »; LINE OF CARBON TETRACHLORIDE
TIK  ddyg 5/5301 L/[Lyy, Lsd|Lsdyg, I/1,,
291  1.000 1.000 1.000 1.000 1.000
815 0.972 1.021  0.961  0.95¢  0.948
326 0.957 1.033 0.943 0.932 0.929
330 0.952 1.038 0.936 0.925 0.917

|
].

The apparent intensity change due to the temperature
has been discussed in detail in a previous report,!¥
where the effects of the density, the local field, and the
statistical distribution of molecules in relation to a
vibrational state have been emphasized. These factors
are all temperature-dependent and should be taken into
account in interpreting the present results.

The density, d, as a function of the temperature may
be found in the International Critical Tables.!® The
relative values of the density at various temperatures,
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d|d,y;, are summarized in Table 1, where the density at
291 K 1is chosen as the standard.

The statistical factors, s, may be expressed as

1

1 —exp (—hev/kT) "’ (M
where v is the frequency displacement of a Raman line
from that of the radiating wave; 7, the absolute tem-
perature; A, the Planck constant; k£, the Boltzmann
constant, and ¢, the velocity of light. The calculated
relative values, s/s59;, are summarized in Table 1, where
the s value at 291 K is taken as the standard.

The local-field correction in the Raman scattering, L,
of the Eckhardt type may be expressed as'®

I < n?+2 )4’ @)

S =

3

where n is the refractive index at the Stokes frequency.
The calculated relative values of the local-field correc-
tion factors, L|L,q,, are summarized in Table 1, where L
at 291 K is taken as the standard. In the calculation,
the refractive indices for the different temperatures
were estimated from the density values found in the
International Critical Tables and the empirical Eykman
equation:

n?—1 d

nt0.d <O @)
where C is a constant characteristic for a molecule, M,
the molecular weight, and d, the density.'?

Finally, the products of L, 5, and d were calculated.
They are summarized in Table 1 (designated as (Lsd)).
The relative values, (Lsd)/(Lsd)yq,, are expected to agree
with those of the relative intensity, I/l,qy, if the factors
considered here contribute mainly to the apparent
intensity change resulting from the change in the
temperature. Actually, the agreement between these
two sets of values is excellent.

TABLE 2. vz LINE OF ACETONITRILE
TIK  dldyy 5/S200 LLygy  LsdLsdyg, /1399
290 1.000 1.000 1.000 1.000 l_(lO_O
301 0.981 1.016 0.980 Qﬂ _0_9@
305 0.974 1.022 0.974 99_6? O_?@
314  0.963 1.031 0.962 0.955 O_QO_Q

vy Line of Acetonitrile. The same procedure was
applied to the »g line of liquid acetonitrile in the tem-
perature range from 290 to 314 K. The results are
summarized in Table 2. It may be seen from the table
that the apparent intensity ratio, Ifl,g, of this line
decreases about 109, as the temperature changes from
290 to 314 K, where the relative intensity at 290 K is
chosen as the standard. On the other hand, the calculat-
ed correction factor, (Lsd)/(Lsd)sgg, decreases only 5%,
within the same temperature range. The disagreement
between these two sets of values is in good contrast
with the excellent agreement found for the », line of
carbon tetrachloride and can be ascribed mostly to the
physical property of acetonitrile. Therefore, we will
focus our attention on the role of the large dipole
moment of acetonitrile in a consideration of the tem-
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perature dependence of the apparent intensities.

It has been shown in our previous report!? that the
apparent Raman intensity can be affected by the
transition hyperpolarizability in the presence of an
averaged molecular field produced by the dipole
moments of the surrounding molecules. According to
the theory, the Raman scattering cross section corre-
sponding to the »4 line of acetonitrile, 2(CH3;CN; ),
is expressed as

QCH,CN; ) o< 1E(B+AFod0), )

where
A = 2{ () xy P (B xys+ L (@5) 322 (B yar)s
B = %)%, + (&)}

In the above equations, %(a?);; and *(f3);, are the ¢, j-
element of the transition polarizability and the 1,j,k-
element of the transition hyperpolarizability tensor
related with the normal coordinate, Qg, respectively,
and the i, j, and £ refer to the molecular fixed Cartesian
coordinates, with the molecular axis being chosen as
the z-axis. In the case of the g line of acetonitrile, the
4 and B of Eq. 4 have been determined experimentally
as

A = 15.308 10710 (A8 dyn~! esu),

B =1.66x10-3 (AS),

from the observation of the concentration dependence
of the Raman intensity.  <Fg,>,, is the averaged
electric field produced at the position of a molecule
by the influence of the surrounding molecules.

There are various types of intermolecular interac-
tions which produce electric fields at the position of a
given molecule in a liquid. The simplest and most
important of these is the interaction of a dipole-dipole
type. A molecule with a dipole moment affects the
orientational distribution of surrounding molecules
through dipole-dipole interactions.  This results in
the appearance of a non-zero averaged electric field at
the position of the central dipole. For a pure liquid,
this averaged electric field has been calculated to be!®

4p2 ue pz
F = — 2_0_.
Foder = 57N 783

27® N2 u o et
25%243 * (kT)S WA’

4

+ ©)

where g, is a permanent dipole moment; p, the density;
W, the molecular weight; £, the Boltzmann constant;
T, the absolute temperature, and N, the Avogadro
number. Using the permanent dipole moment value
of 3.92D observed for acetonitrile,’® the <Fy,>,,
value is calculated to be of the order of 10° dyn esu-!;
the detailed results are shown in Table 3. Obviously,
the <F,,>,, value is temperature-dependent. By
inserting the numerical values of 4, B, and <F,,>,,
into Eq. 4, the relative magnitudes of the scattering
cross sections were calculated for the various tempera-
tures. Obviously, the calculated relative scattering cross
sections, £2/82,,, are temperature-dependent.  The
products of the calculated relative scattering cross
sections, £2/82,9,, and the relative correction factors,
Lsd|Lsdygy, are in good agreement with the observed
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TABLE 3. AVERAGED MOLECULAR FIELD AND RAMAN
INTENSITY FOR 7g LINE OF ACETONITRILE

«Lsd
TR (Gns Y% gopa— e
290 4.31x 105 1.000 1.000 1.000
301 3.81x 108 0.967 0.944 0.950
305 3.66x 105 0.957 0.927 0.929
314 3.40x 108 0.940 0.900 0.900

relative intensities, I/l,y,. This result shows that the
transition hyperpolarizability derivative plays an im-
portant role in producing the apparent temperature
dependence of the Raman intensity under the existence
of a considerable magnitude of <Fy,>,,.

vy Line of Chloroform. Exactly the same procedures
were applied to the »; line of liquid chloroform. The
results are summarized in Table 4. It can be seen from
the table that the relative intensity of this line decreases
about 89, as the temperature changes from 292 to 320 K,
while the calculated correction factor, (Lsd)/(Lsd)ggs
decreases about 39,. It is clear that the discrepancy
between the observed and the calculated intensity ratios
can hardly be explained by the effect of the averaged
molecular field, <F,,>,,.

TaBLE 4. v; LINE OF CHOROFORM
T/K  dfdy, S/S202 L/Lsg,  Lsd|Lsdygy  1fIpey
292 1.000 1.000 1.000 1.000  1.000
305 0.983 1.013 0.977 0.973  0.974
312 0.975 1.022 0.966  0.963  0.950
320 0.964 1.032 0.95¢ 0.950  0.923

The scattering cross section of this line, including the
effect of the averaged molecular field, can be expressed
asl‘.’.)

Q(CHCly; 35) o < (B+ACF o),

where
A = ng‘(“T)XXQ‘(ﬁ(l))XXZ + SQ‘(ag ZZQI(ﬂ;))ZZZ

+ 29(0)sx (B ass + 29(09) 12 (BD) xxes (6)
B = 9%(a])%x + 2%(o))xx® (09 + 4% (a9)5e

The magnitude of <F,,>,, can be calculated from
Eq. 5 using the dipole moment value of 1.05D for
chloroform.®  The <F,,>,, value of chloroform is
of the order of 102 dyn esu~?, which is about hundredth
of that for acetonitrile. As the magnitude of 4 for
chloroform may be expected to be as large as that for
acetonitrile, the effect of <F,,>,, on the Raman
intensity is negligibly small. Therefore, the discrepancy
between the observed and the calculated intensity ratios
corresponds to the real change in the transition polariza-
bility of this line on passing from 292 to 320 K; this
can be explained with respect to the direct intermolec-
ular interactions, such as the break-down of hydrogen
bonding between chloroform molecules in the liquid
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phase on the elevating of the temperature. It is impor-
tant to add that the relative intensity changes its
magnitude about 209, as the temperature changes from
297 to 313 K in the case of the v, line of liquid chloro-
form, while the correction factor, (Lsd)/(Lsd)sg,
decreases only 69%,.19 This discrepancy may originate
from the same type of intermolecular interaction.
Averaged Molecular Field and Conclusions. A few
important conclusions can be drawn from the present
results. In most cases, the effects of the L, s, and d
factors make the observed Raman intensities tempera-
ture-dependent. When a component molecule has a
large dipole moment, the Raman intensity is tem-
perature-dependent because of the existence of a
non-zero averaged molecular field, <Fy,>,,, in the
liquid phase. If the magnitude of < F,,>,, is of the
order of 105 dyn esu~! or more, the Raman intensity
is determined not only by the transition polarizabilities
(the first term of Eq. 4 or 6) but also by the transition
hyperpolarizabilities (the second term of Eq. 4 or 6).
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