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Temperature Effect on Raman Intensity of Liquid Sample
and Local Field Correction

Tsunetake Fusivama
Department of Chemistry, Faculty of Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo
(Received May 30, 1972)

The relative intensities of the 996 cm~! line of liquid benzene and the 367 cm-! line of liquid chloroform
were observed at various temperatures with a high accuracy. The apparent intensity change due to the tem-
perature was explained completely in terms of the local field effect, the density change, and the statistical distribu-

tion.

The validity of Eckardt’s correction factor was strongly supported.

In the case of liquid chloroform, an

intensity change due to intermolecular interaction was observed after the elimination of the above three factors.
The reliability of the relative intensity measurements of Raman lines was discussed.

The reliability of relative intensity measurements of
Raman spectra has been greatly increased in the past
few years by improvements in laser Raman spectro-
photometers. Raman intensity measurements observe
light energy scattered from a sample; therefore, they
have a great advantage, in principle, over intensity
measurements of absorption spectra. They are free
from the effects of a slit-function,D the effects related
to anomalous dispersion,2~® the effects of multi-reflec-
tions inside sample layers,”~19 the so-called baseline
effects,’»11 and so on, all of which are notorious dif-
ficulties in the intensity measurements of liquid samples
by infrared absorption methods. Moreover, the handl-
ing of a sample is much easier in Raman than in infrared
spectroscopy, especially when temperature-control is
involved in the measurements. On the other hand,
the reproducibility of successively-observed Raman
intensities is often spoiled by casual changes in the
experimental conditions; the setting of a sample cell,
a slight deviation in optical alignment, the purity of
the sample, the cleanness of the cell-window, and so on.

Paying careful attention to these factors, the inten-
sities of the fundamental lines of liquid benzene and
chloroform were measured. Liquid benzene was chosen
because the intensity of the 996 cm~! line is very strong
and was expected to be observed with a high accuracy.
Another reason for choosing that molecule was that
the intensity change due to intermolecular interactions
was expected to be very small in its system. In the
case of liquid chloroform, strong intermolecular inter-
action was expected; therefore, the intensity change
due to the temperature may exhibit different features
from that of liquid benzene.
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Experimental

The spectrometer used for the present work was designed and
constructed by the authors.?? The instrument is composed
of a He-Ne gas laser source (NEC, GLG 108, 50 mW), a Spex
1401 double monochromator, a HTV R-376 photomultiplier
(S-20 response), a handmade lock-in amplifier (375 cps), and
a recorder.

The linearity of the whole system was carefully checked.
First, the out-put current of the photomultiplier was plotted
against the light energy. The linearity was perfect for the
out-put from zero through 20 microampere, which was equiv-
alent to an out-put voltage of 20 volts with R,=1 megaohm.
Then, the linearity of the amplifier was tested using attenuator
(0.1—120 db for each 0.1 db). Finally, the linearity of the
whole system was checked by plotting the final recorder out-
put voltage against the light-energy which passes through the
entrance slit of the monochromator. The light-energy was
attenuated by using neutral filters (Kenko, ND). From the
standard errors estimated from the linear-fitting, the linearity
of the whole system was ascertained to be less than 1 per cent
of the full scale as long as the out-put voltage was less than
10 volts.

Special attention was paid to the temperature of the room
so as to keep the out-put power of the laser source constant.
The stability of the laser out-put during the individual spectral
measurements was observed by monitoring the light energy
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Fig. 1. Schematic Layout of High Temperature Cell.
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which penetrated through the 100 per cent reflectance mirror
of the laser cavity. When the power of the laser source drifted
more than 1 per cent during the measurements, the data
observed were completely discarded.

The high-temperature cell used for the measurements is
illustrated in Fig. 1. It is mainly made of pyrophyllite, which
is easy to shape and which is a good thermal insulator. Brass
was used for the sample cylinder of Fig. 1 so as to obtain a
homogeneous temperature atmosphere inside the cylinder, in
which a sample cell (a 10X 10X 15 mm cube) was placed.
The temperature was controlled by changing the electric
current supplied to the nichrome heater. The temperature
was observed by means of a thermocouple directly inserted
into the samples. The accuracy of the temperature measure-
ments was believed to be within 4 1°C.

The benzene and chloroform used for the measurements
were commercial products and were used for the measure-
ments just after fractional distillation. The purity of the
samples was checked by the use of gas chromatography.

Results and Discussions

996 ¢cm™ Line of Benzene. The Raman intensity
of the 996 cm~! line of liquid benzene was observed
in the temperature range from 24 through 70°C. The
intensity was determined from the band area by the
weight-method. The averaged value of the five inten-
sity data was taken as the observed Raman intensity;
it had a standard deviation of from 0.3 to 0.6 per cent.
The observed relative intensity ratios are summarized
in Table 1, where the relative intensity at 24°C is

TaBLE 1. INTENSITY CHANGE OF THE 996 cm™!
LINE OF BENZENE
¢(°C) L/Ly, 5/S2a dldy  Lsd/Lsdy, 1[Iy,
24 1.000 1.000 1.000 1.000 1.000
36 0.979 1.002 0.986 0.967 0.960
47 0.959 1.002 0.972 0.934 0.930
58 0.939 1.005 0.958 0.905 0.912
70 0.918 1.007 0.943 0.872 0.891
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Fig. 2. Comparison of I/I,, and Lsd/Lsdy,
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chosen as the standard. The relative error of the
individual ratio is estimated to be +1 per cent. Obvi-
ously, the relative intensity decreases more than 10
per cent as the temperature changes from 24 to 70°C.
The results are also illustrated in Fig. 2.

The apparent intensity change due to the tempera-
ture has been discussed by Person' for the infrared
absorption case, where the importance of the local-
field correction has been emphasized. For the case of
Raman intensity, various authors have proposed cor-
rection factors to the local field that allow Placzek’s
intensity formula to be applied to liquids and/or solu-
tions. =19 In addition to the local-field effect, the
density change and the statistical distribution of mole-
cules in relation to a vibrational state may contribute
to the change in the apparent Raman intensity due to
the temperature. These factors are all temperature-
dependent and should be taken into account in inter-
preting the present results.

The density, d, as a function of the temperature may
be found in the International Critical Tables.2® The
relative values of the density at various temperatures
are summarized in Table 1, where the density at
24°C is chosen as a standard.

The statistical factor, s, may be expressed as:

1
1—exp (—hev/kT)

where » is the frequency displacement of a Raman line
from that of the incident wave, T is the temperature,
h is the Planck’s constant, k& is the Boltzmann constant,
and ¢ is the velocity of light. The calculated relative
values of s are summarized in Table 1, where the
s-value at 24°C is taken as a standard. The contribu-
tion of 5 to the change in the intensity is much smaller
than the experimental error.

Eckardt® emphasized that the most appropriate factor
for the local-field correction in Raman scattering, L, is:

L = (ny/no) (ns*+2)*(ne® +2)*/81

where ng is the refractive index at the Stokes frequency
and where 7, is the index at the frequency of the incident
light. If the variation in the refractive index over the
frequency range of the Raman shift is ignored, the
equation reduces to:

S =

(n*42)% )

L =
81

The calculated relative values of the local-field correc-
tion factor, L/L,,, are summarized in Table 1. Again,
L at 24°C is taken as the standard. In the calculation,
the refractive indices for different temperatures were
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estimated from the empirical Eykman equation:

n?—1 d
EET ViR

where C is a constant characteristic for a molecule; M,
the molecular weight, and d, the density.2D

Finally, the products of L, s, and d were calculated;
they are summarized in Table 1 (designated as (Lsd)).
The relative values, (Lsd)/(Lsd)q,, are expected to agree
with those of the relative intensity, /I, if the factors
considered here mainly contribute to the apparent
intensity change due to the change in temperature.
Actually, the agreement between these two sets of
values is excellent. In Fig. 2, the observed relative
intensities are compared with those corrected for these
three factors, L, s, and d.

TABLE 2. INTENSITY CHANGE OF THE 367 cm™!
LINE OF CHLOROFORM
1(°C)  L/Ly S/Saa dfdyy,  Lsd|Lsdyy  1/1,,
24 1.000 1.000 1.000 1.000 1.000
35 0.981 1.002 0.986 0.970 0.866
40 0.957 1.003 0.980 0.941 0.815

367 cm=t Line of Chloroform. Exactly the same
procedures were applied to the 367 cm=! line of liquid
chloroform. The results are summarized in Table 2.
It can be seen in the table that the relative intensity of
the 367 cm~! line decreases more than 20 per cent as
the temperature changes from 24 to 40°C, while the
calculated correction factor, (Lsd)[(Lsd),,, decreases
only 6 per cents. The discrepancy between the ob-
served and the calculated intensity ratios corresponds
to the real change in the intensity of the line on passing
from 24 to 40°C; this can be explained with respect to
the intermolecular interactions, such as the break-down
of hydrogen bonding between chloroform molecules in
the liquid phase on the elevating of the temperature.
The details will be discussed elsewhere, together with
the intensity change in the absorption spectra.

Local-field Correction and Conclusion. A few impor-
tant conclusions can be drawn from the present results.
The intensity change in the 992 cm~! Raman line of
liquid benzene can be completely explained by L, s,
and d; that is, the Raman scattering cross section per
molecule does not change when the temperature varies.
Among the three factors, the local-field correction is
the main factor changing the apparent intensity.
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Eckardt’s formula is based upon these ideas: (1) the
Lorentz-field consideration is applicable to the system,
and (2) the scattering may be thought of as the absorp-
tion of a light quantum, followed by the emission of
another quantum; therefore, the local-field correction
for the scattering is the product of the local-field correc-
tions for absorption and for spontaneous emission.?223)
Therefore, the effect of the local field on the apparent
intensity is much greater for the Raman than for the
infrared absorption intensity. In the latter case, L is
expressed as:

_ (242

L 9

assuming the Lorentzfield.» It can easily be ascer-
tained that the intensity change due to temperature
variation cannot be explained by this formula, which
means that the present results strongly support the as-
sumption (2) of Eckardt and contradicts the propositions
of the references.’®1% It may also be concluded from
the present results that the choice of the Lorentzfield
for the liquid benzene is reasonable.

The other important conclusion drawn from the
present result is that the L and d factors do not depend
upon the frequency, »; this means that the apparent
intensity change due to the change in temperature is
the same magnitude for all the Raman-shift region.
Therefore, the factors do not contribute to the observed
relative intensities of Raman lines with different fre-
quencies. In the preceding discussions, the refractive
index of a sample was assumed to take a constant value
for all the frequency range under consideration. In
a case where a sample is absorbing, e.g., the case of a
resonance Raman, the refractive index value changes
considerably over the Raman-shift range. Therefore,
the consideration of the local-field effect is extremely
important.

Incidentally, it may be concluded that the measure-
ments of the relative intensities of Raman lines are
much easier and more reliable than those of the infrared
absorption in the sense that the observed data are
nearly free from any systematic errors which spoil the
reliability of the relative intensities.
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