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The Brillouin scattering spectra of diisobutyl phthalate were measured over a wide range of temperatures.
The sound velocity dispersion was observed in the GHz region in a temperature range between 240 and 340 K.
We concluded that the sound dispersion of the sample was attributed to the structural relaxation of a supercooled
liquid. The relaxation curve of the longitudinal modulus was obtained by a superposition method and could be
analyzed using a generalized B.E.L. model with a parameter of K=0.3—0.5. The viscoelastic relaxation in the
GHz region was found to have a narrower distribution of relaxation times than in the MHz region.

It is well known that molecules in a liquid state are in
an ordered structure at local and very short separa-
tions. However, at the greater separations, this ordered
structure becomes indistinct. Therefore, when a mechan-
ical force is suddenly applied to liquids, they at
first respond elastically, just as if they were solid bodies,
but relax as viscoelastic bodies. In order to better
understand local structures of liquids and solutions
regarding molecular interaction forces, it is very
important to know the relaxation mechanism of
liquids and solutions under such external forces as
mechanical and electrical. However, it has been rough-
ly estimated that the structural relaxation times
of ordinary liquids are of an order of 10-13s. Because of
their low viscosities, we can not measure the relaxation
times directly by means of relaxation spectroscopy. In
order to study the dynamic properties of liquids,
supercooled liquids are suitable materials, since such
liquids have a large viscosity coefficient and their
characteristic relaxation times are so long that they fall
within measurable frequency ranges. Our final goal is
to determine the dynamic properties of liquids and
solutions. Supercooled materials will present useful
information.

Most investigations regarding the dynamic proper-
ties of supercooled liquids were carried out in the
megahertz regions and relaxation curves were obtained
by superimposing data at different temperatures on the
basis of a reduced procedure. The Brillouin scattering
method is also a very useful technique for studying the
viscoelastic properties of liquids. It provides infor-
mation about the dynamic properties of liquids in
the GHz range. Scattering is due to local thermal
density fluctuations in the liquid phase.

In our previous paper,? the sound velocities of tri-o-
tolyl phosphate in the GHz region were measured using
the Brillouin scattering method with wide scattering
angles and temperature ranges. The relaxation curves
of the obtained longitudinal modulus were expressed
by the B. E. L. model. However, the K parameter, which
involves a distribution of the relaxation times, was
somewhat different from those obtained in the MHz
region.

In this paper, we report on the experimental results of
Brillouin scattering in diisobutyl phthalate for a wide
range of temperatures. The molecular dimension and

symmetry of diisobutyl phthalate are quite different
from those of tri-o-tolyl phosphate which was pre-
viously investigated. Viscoelastic relaxation, obtain-
ed from sound dispersion curves in the GHz region,
are discussed on the basis of a generalized B. E. L.
equation for bulk and shear moduli and is compared
with the results from the MHz region.? The temper-
ature dependence of the K parameter in the general-
ized B. E. L. equation is also discussed.

Experimental

Diisobutyl phthalate, guaranteed grade, was obtained from
Nakarai Chemicals Co., Ltd. The sample was distilled under
reduced pressure at 4mmHg?', and poured into a scattering
cell by filtration using a millipore filter with a pore size of
1.0 pm.

The Rayleigh-Brillouin spectra were obtained with a
pressure-scanning Fabry-Perot interferometer, using a
He-Ne laser (NEC., GLG 5800, output 50mW). Detailed
descriptions of the apparatus and experimental procedures
are given in previous papers.l:¥  Measurements were
performed over a temperature range between 197 and 348 K for
various scattering angles (30 to 150°). The accuracy of the
sound velocity was within +1.0%.

Velocities at 5 MHz were measured using an ultrasonic
interferometer over a temperature range between 273 and
333 K. Ultrasonic absorption coefficients were also measured
at a frequency of 5 MHz by the usual pulse method. The
refractive indexes of the samples were measured using an
Abbe refractometer between 258 and 318K. Values at the
lower and higher temperatures were estimated by extra-
polating the temperature dependences of the velocity
and the refractive index.

Results

Figure 1 shows the typical Rayleigh-Brillouin
spectra of diisobutyl phthalate at a constant scattering
angle, #=90°, as a function of temperature. The sound
velocity, V, can be calculated from the values of the
Brillouin frequency shift, Aw, and the scattering angle,
0, by the following relation;

Aw c
= (o o w

1 mmHg=133.322 Pa.
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Fig. 2. Frequency dependence of the sound veloc-
ity at 298 K.
(O); Brillouin scattering method, (@) ; ultrasonic
data (5 MHz).

where w, is the frequency of the incident light, ¢ the
velocity of light, and n the refractive index of the
sample.

Figure 2 shows a plot of the sound velocities against
the frequencies at 298 K. The sound velocity dispersion
was observed in the GHz region. The temperature
dependence of the sound velocities, which were obtain-
ed at various scattering angles, is shown in Fig. 3.
As can be seen, a clear sound velocity dispersion was
obtained in the mid temperature range. In the low
temperature region, below 238K, although velocities
were measured for various scattering angles, these
velocities were independent of the scattering angles,
that is, were independent of the frequencies. These
velocities can be considered as those at the high
frequency limit for various temperatures. The tem-
perature dependence of the velocities at the high
frequency limit, V«, can be represented by the following
equation by analogy with the temperature dependence
of the shear modulus.?
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Fig. 3. Temperature dependence of the sound veloc-
ity.
(O); 6=90°, (O); 6=130°, (D); 6=140°, (A); 6=145°,
(y; 6=150°, (@); ultrasonic data (5 MHz).
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Fig. 4. Temperature dependence of the relaxation
strength, .
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The numerical values of a and b are 3.59X105ms~1-K
and 479 m ™!, respectively. Those were determined by
a curve fitting method, using data from the lower
temperature regions. For the low frequency limitof the
sound velocity, V,, values measured by an ultrasonic
interferometer operating at 5 MHz were employed. The
temperature dependence of V, can be expressed as
Vo—=—3.43 T(K)+2400.2

Discussion

Generally, the origin of sound velocity dispersion in
the GHz region is mainly ascribed to the following two
relaxation processes. One is vibrational relaxation,
which is due to an energy transfer from vibrational
modes of a molecule to translational motion. The other
is a viscoelastic relaxation, that is, structural relaxation.

The temperature dependence of the relaxation
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strength, e=(V2—V2)/V%, is shown in Fig. 4. As can be
seen, ¢ decreases with increasing temperature. If the
velocity dispersion were due to vibrational relaxation, &
would increase with increasing temperature.? It might
be, therefore, concluded that the observed sound
velocity dispersion is not mainly due to vibrational
relaxation, but to the viscoelastic relaxation. This is
also true for tri-o-tolyl phosphate in the GHz region.
This conclusion can be supported by taking into
consideration the fact that observed value of ¢=0.331
(at 298K) is one order of magnitude larger than
£€=0.0315 (at 298 K) estimated using the Planck-Einstein
relation with frequencies of the vibrational modes.

At this stage, shear modulus data in the GHz region
are not available by any method. Thus, longitudinal
data cannot be divided into that related to the bulk and
shear modulus, respectively, through the relation
M*=K*+4/3 G* (where K* and G* refer to the bulk and
shear modulus respectively, and the superscript* refers
to the complex modulus). Therefore, our data analysis
was constrained to only longitudinal data, that is, M’
(hereafter the real and imaginary parts of the complex
are distinguished by ” and "/, respectively).

The storage modulus, which is the real part of the
complex longitudinal modulus M*, can be estimated by

'=pl?2, where p is the density. According to a data
analysis which was proposed by Lamb’s school, a re-
duced plot of (M’'—M,)/(M«~—M,) against wns/ G« was
carried out and is shown in Fig. 5, where w is the
angular frequency (w=27f). 1,/ G (=T;) corresponds to
the relaxation time of the Maxwell element for a single
relaxation, where 7; is the shear viscosity and G« is the
complex shear modulus at the high frequency limit.
The temperature dependences of the viscosity and the
density of the sample investigated here can be found in
the literature.9 The values of G« at each temperature
that were used were determined at an ultrasonic
frequency at low temperatures.® As can be seen in Fig.
5, a master curve has been found in spite of the wide
temperature and frequency ranges within the experi-
mental error.

Assuming the generalized B. E. L. equation for K*
and G*,2 respectively, the expression for M* is given as

M*— M, 1 1 \2
M*— My _ b o
M.— M, C[” Car, T 2K (ijr;)

1 1 1/27 -1
+<1—c)[1+. +2K<. ) ]
iwr, ioT,

C= K.—K, ,_4_ G, _
T M.-M, 8 M.—M,
TG _ 3% g_g) (@3

where K is an adjustable parameter for the broadness
of the relaxation region. The K parameter is assumed
to be the same for both shear and bulk relaxation
processes.?
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Fig. 5. Values of the normarized longitudinal
modulus, (M’—Mo)/(M«~—Moy) plotted as a function
of log(wny/ Ge).

(------); K=0, (—-—-); K=0.3, (—); K=0.5, (———);

(@): bata at 25C.

The value of C was estimated from data regarding the
temperature dependence of the relaxation strength (Fig.
4) and G's which are also found in the literature.® C
has a constant value of 0.35 in the low temperature
range (from 197 to 300 K) but at higher temperatures, C
increases slightly (C=0.40 at 320 K). The values of {can
be estimated from data regarding n./7s, which can be
determined by measurements of the ultrasonic ab-
sorption coefficient at the low frequency limit, using
the following equation.?

. a
lim — =
wsg @

2003 (70 432, )
The obtained value of n./7; is 2.64.

Calculated curves of (M’—M,)/(M«~—M,) are drawn
in Fig. 5 for K=0, 0.3, 0.5, and 1.0, by lines using Eq. 3
with the observed values of C and {. The curve with
K=0 corresponds to that of the Maxwell model for a
single relaxation. The curve with K=1.0 corresponds to
the original B. E. L. equation and is in good agreement
with those obtained in the MHz region for many
supercooled liquids (as reported by Barlow et al.).6-1D
As can be seen in Fig. 5, the curve for K=1.0 is
considerably broader than that obtained experimental-
ly. The curve for K=0.3 and/or 0.5 reproduces the
experimental values within experimental error. In
the higher temperature region, that is, in the low
frequency region, a deviation from the B. E. L. model
was appeared. This deviation may be due to the rota-
tional molecular motion of molecules in the liquid.

Previously,? we suggest that the relaxation curves of
the longitudinal modulus for tri-o-tolyl phosphate in
the GHz region could be reproduced by the B. E. L.
model with a parameter of K=0.5. Therefore, both
results for tri-o-tolyl phosphate and diisobutyl
phthalate indicate the same tendency; that is, the
longitudinal modulus obtained from the measure-
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ments in the GHz region at various temperatures
can be apparently composed with a master curve
using the B. E. L. method, like that for the MHz re-
gion. However, the K parameter obtained from data
in the GHz region was somewhat different from that
in the MHz region. If the superposition procedure
were to hold completely, the values of K which were
obtained from data in the GHz and MHz regions should
coincide with each other.

The solid circles in Fig. 5 represent the data obtained
at a constant temperature of 298K as a function of the
frequency. According to the superposition procedure,
these data for the GHz region at log (wns/Ge)=0
correspond to that around a frequency of 50 MHz at
about 250K. The data in the MHz region should
correspond to the spectrum for K=1.0. On the other
hand, as shown in Fig. 5, the data in the GHz region at
298 K do not coincide with the spectrum for K=1.0 and
the data in the GHz region give a narrower relaxation
spectrum than the spectrum for K=1.0. This fact clearly
suggests that the distribution of the relaxation times at
298K is different from that at 250 K.

At this stage, we would like to limit ourselves to
pointing out that the distribution of the relaxation
times of the longitudinal modulus of supercooled
liquids may depend on the temperature. In order to
confirm this fact more clearly, measurements over a
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frequency range between 300 and 700 MHz are needed.
Work along this line is in progress and will be reported
elsewhere.
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