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Abstract Dielectric relaxation behavior of molecules in
their pure form, a non-polar solvent, or mixtures of these
substances at different microwave frequencies and over a
range of temperatures and concentrations give an idea
about inter- and intra-molecular forces. Such studies enable
one to calculate thermodynamic parameters like change of
activation energy for dipole orientation (AG¥), enthalpy
(AH%*), and entropy (AS*) of activation. Such studies in
liquid crystals give additional information about the
molecular behavior in different phases of liquid crystal
under study. An experimental investigation on verity of
systems is necessary to draw quantitative conclusions
regarding the system of the molecules which are not
studied so as to examine if the results obtained are in favor
or against, to the general conclusions already arrived at, in
other systems. With this in view, the complex dielectric
permittivity spectra of p-pentyl phenyl-p-propylbenzoate
(PPPB) a nematic liquid crystal are obtained using Time
Domain Reflectometry (TDR) method over a frequency
range 10 MHz-10 GHz at various temperatures covering
both nematic and isotropic phases. The thermodynamic
functions calculated using these measurements are pre-
sented and discussed in this article.
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Introduction

Studies involving the determination of thermodynamic
functions as a function temperature have gained impor-
tance in view of the insight they provide about systems
behavior at micro level at the temperature studied. Of the
several methods [1-17], the methods involving measure-
ment of dielectric relaxation [3, 5-7] behavior of polar
molecules in a pure liquid phase and in dilute solutions at
microwave frequencies and over a range of temperatures
are being used extensively to measure thermodynamic
functions like entropy and enthalpy. Especially, the studies
on the temperature variation of dielectric dispersion and
dielectric loss of liquid crystals at microwave frequency
can yield valuable information regarding the structure of
the molecule and the process of dipole orientation. These
studies also give an idea about inter- and intra-molecular
forces. Further, they enable one to calculate thermody-
namic parameters, such as change in activation energy for
dipole orientation AG*, enthalpy AH*, entropy of activa-
tion AS*, and the other temperature-dependent parameters,
such as relaxation time 1, the distribution parameter o, and
the dielectric constant at an infinitely high frequency.
Liquid crystals [7] combine the material properties of
solids with the flow properties of liquids. As such they have
provided the foundation for a revolution in low-power flat
panel display technology (LCDs). Most of the dielectric
measurements of liquid crystals (LCs) have been per-
formed on the aligned samples that have either a parallel or
a normal orientation against the electric field. On the other
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hand, for molecules having a strong dipole moment
directed along the long axis of the molecule, such studies
concerning mainly the relaxation process connected with
the molecular rotation around the short axis also make
sense. Further, nematic liquid crystals are characterized by
the presence of an orientation order of elongated rodlike
molecules. Nematic phase is the least ordered of liquid
crystalline phases, and hence the studies, even on una-
ligned samples give information which is very close to the
aligned ones as far as those properties which are due to
overall effects like dielectric behavior.

Among the various existing dielectric techniques to
measure the dielectric properties, one uses the microwave
cavity spectrometer in frequency domain and time-domain
reflectometer (TDR) in time domain. The microwave
cavity spectrometer and the time domain reflectometer are
good techniques, as they need very small quantity of the
sample; however, the microwave cavity spectrometer suf-
fers from the disadvantage of its requiring the form factor
to determine dielectric permittivity and dielectric loss.
Using TDR, several dielectric studies have been reported
on different organic molecules, with few of them being on
liquid crystals and their mixtures [8—14], and especially on
nematics. These studies are aimed at understanding dipole
relaxation and short-range intermolecular correlation in
nematic phase as well as in isotropic phase. However,
studies using TDR technique are meager both in aligned
and unaligned Nematic liquid crystals although TDR
technique has got several advantages [15]. In light of this,
the TDR spectra of p-pentyl phenyl-p-propylbenzoate
(PPPB) using TDR technique are obtained at various
temperatures in the range K—130 °C-N—170 °C-I. Using
these data, thermodynamic functions were calculated. The
results are reported and discussed.

Theory

There are some theories available, which give insight into
the different processes of dielectric relaxation involved in
the case of molecules the resultant dipole moment of which
lies parallel to the long molecular axis or inclined to it both
in the aligned and unaligned samples. For example,
dielectric measurements performed on some unaligned
samples show the presence of two dispersion regions, one
in the range of MHz while another in GHz frequency range
[11]. Using TDR technique, one can obtain TDR spectra at
various temperatures in the temperature range required, and
the dielectric parameters, &, &, T, and f§ can be evaluated
[11]. The Cole-Cole and Cole-Davidson models have been
considered for interpretation. Using the dielectric spectrum
in liquid crystalline state, an attempt has been made to fit
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the data. The Debye theory has been applied to the
dielectric spectrum in isotropic phase.
& =gy €81 — €32

(1+jwr)’

The phenomenon of dielectric relaxation can be viewed as
the rotation of dipoles between two positions of equilibrium,
separated by a potential barrier. The dielectric relaxation time
7 depends on this height of the potential barrier, a temperature-
dependent constant, and the average time required by an
excited molecule to rotate from one equilibrium position to the
other. Eyring postulating on the analogy between the
processes of the dipole rotation and unimolecular chemical
reactions identified a relation with molar-free activation
energy AG*.

Experimental

The PPPB was supplied by Eastman Kodak Co. Rochestar
and is used without further purification. The complex
permittivity spectrum was studied using time domain
reflectometry (TDR) method as described elsewhere in the
literature [12, 16]. The processing of the data was carried
out as described by Cole et al. [17] to get the complex
permittivity at 110 frequencies ranging from 10 MHz to
10 GHz, and the dielectric parameters &, &, 7, and § are
obtained by nonlinear least squares fit method [18]. The
temperature of the sample was controlled within £0.20 °C.
The reliability of this experimental setup was tested by
determining dielectric parameters of some standard liquids
like Chlorobenzene, Acetone, and 1,2-Dichloroethane.

Results and discussion

The Cole—Cole plots for two typical temperatures are
presented in Figs. 1 and 2. The Fig. 1 corresponds to the
temperature of 15 °C (nematic phase), while Fig. 2, rep-
resents for 40 °C (isotropic phase). The various values
calculated including f values at various temperatures are
presented in Table 1 assuming single relaxation (The cal-
culation of relaxation studies of this nature have already
been published earlier [19]). These data have been repro-
duced here along with the values of entropy and enthalpy
calculated in Table 1 as per the theory presented below.
The values of AH* and AS* are derived from the slope and
the intercept of the linear plot of In (7t) vs. 1/T.
According to Eyring theory the expression for 7 is

v = (h/KT)exp (AG* /RT) (1)
That is,
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Fig. 2 Cole—Cole arc at 40 °C of PPPB in I Phase

Table 1 Variation of dielectric constants and relaxation times with
temperature in N and I phases of PPPB assuming single relaxation
process

TPC  t/ns B AH*KJ mol”' K™'  AS*KkJ mol~! K~!
13 1356 0.892  93.258 (N) +0.251(N)

15 1.150  0.852

17 0778  0.762

20 0536 1.0 10.883 (I) —0.030 (I)

25 0482 1.0

30 0.440 1.0

40 0355 1.0

50 0326 1.0

60 0272 1.0

AG* = 2.303RT log (<K T /h) (2)

with, AG* = AH* — T AS* one can write from Eq. 1,

In(<T) = In(h/K) + (AH* — TAS")/RT
= [In(h/K) — (AS"/R)] + [(AH") /RT]

Thus, the slope of the linear plot between In (t7) and
(1/T) gives (AH*)/2.303R. With obtained value of AH¥,
AS* can be calculated and AG* with relation

1/T (N-1) x 103

Fig. 3 Plot of In (T%) vs. 1/T (N-I) x 10% in N- and I-phases

AG* = AH* — TAS™.

The values of AH* and AS* from the slope and the
intercept of the linear of plot In (77) vs. 1/T (Fig. 3) are
given in the Table 1. It can be seen from the table that
AH* in N phase is larger compared with that in I phase.
This is in line with the nematic potential involved in
the relaxation process. The molar entropy of activation
AS* in N and I phase are, respectively, +0.251 and
—0.030 kJ mol™' K~'. This is in consistent with the
earlier observations [20, 21]. The negative value of AS* is
indicative of a relatively high-ordered arrangement in this
activated state. Although the sign is indicative of this
inference, the actual value cannot be of much importance
in view of the inaccuracy in the measurement of these
values. The AH* value being more in nematic phase than
in isotropic phase can be explained by assuming that
relaxation process is essentially an “end-over-end”
tumbling motion of the molecules, which has to
surmount the nematic potential barrier. The absence of
value 1 for f in nematic phase is in line with this
argument.

Conclusions

Nematic phase is the least ordered of liquid crystalline
phases and hence the studies even on the unaligned sam-
ples give information which is very close to the aligned
ones as far as those properties which are due to overall
effects like dielectric behavior. The entropy and enthalpy
values obtained are in line with the above observation. The
value of § being not equal to zero over a range of tem-
perature is a clear indication of nematic phase. The value of
p, as it tends to isotropic phase, tending to 1 is as per the
expected lines for a nematic
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