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Abstract—The frequency dependences of the permittivity of a trans-4-propyl-(4-cyanophenyl)-cyclohexane
(3PCH) liquid crystal in the nematic phase are measured in the frequency range 1–2000 MHz for different ori-
entations of the director of liquid-crystal molecules with respect to the polarization of an ac electric field. The
temperature dependences of the dielectric and optical characteristics are compared in the range of the transition
from the nematic phase to the isotropic liquid phase. The dielectric spectra are approximated numerically, and
the times of dipole relaxation upon rotation of the molecules about the short and long axes are determined. It is
demonstrated that intramolecular motions make a significant contribution to the relaxation. The activation
enthalpies are calculated. © 2004 MAIK “Nauka/Interperiodica”.
1. INTRODUCTION

It is known that the difference between static permit-
tivities of nematic liquid crystals with parallel ε||0 and
perpendicular (ε⊥ 0) orientations of the director of liq-
uid-crystal molecules with respect to the electric pump
field is associated with rotations of the molecules about
the short and long molecular axes [1]. As a rule, the fre-
quency dependences of the longitudinal (parallel) ε||( f )
and transverse (perpendicular) ε⊥ ( f ) permittivities are
adequately described by the Debye equations with
relaxation times τ|| and τ⊥ , which can differ from each
other by several orders of magnitude. It is worth noting
that the Debye relaxation time for molecules of many
liquid crystals in an isotropic state approximately coin-
cides with the relaxation time τ⊥ . The frequency depen-
dence of the longitudinal permittivity ε||( f ) of liquid
crystals in the nematic phase is considerably shifted to
the low-frequency range due to the interaction of liq-
uid-crystal molecules, which is responsible for the for-
mation of the potential barrier to rotations of the mole-
cules about the short axis [1, 2].

However, the experimental dielectric spectra of liq-
uid crystals measured over a wide range of frequencies
are often characterized by noticeable deviations from
the Debye behavior due to the contributions from addi-
tional relaxation mechanisms associated, for example,
with intramolecular motions. In particular, this is char-
acteristic of the dielectric spectra of liquid crystals
belonging to the alkylcyanobiphenyl group nCB (n = 5–
9). Molecules of these compounds contain a rigid aro-
matic core and an alkyl tail consisting of conformation-
ally mobile methylene fragments. It should be noted
that the dielectric spectra of the aforementioned liquid
crystals significantly deviate from the Debye behavior
in high- and ultrahigh-frequency ranges for perpendic-
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ular orientations of the director of molecules with
respect to the polarization of the electric pump field [3–
6]. The observed deviations are associated with the
induced polarizability of the alkyl chains due to a
change in their conformational equilibrium in micro-
wave electric fields. The greater the number of methyl-
ene groups in liquid-crystal molecules, the more widely
the frequency dependence of the real part of the trans-
verse permittivity ( f ) deviates from the Debye
behavior, because the number of overlapping ranges of
natural frequencies of characteristic conformational
vibrations increases and, correspondingly, their fre-
quency range becomes wider.

Earlier [7], we showed that the frequency depen-
dence of the real part of the transverse permittivity

( f ) for nCB liquid crystals (n ≥ 5) can be numeri-
cally approximated to a high accuracy by the Debye
dispersion relation with a continuous distribution of
relaxation times in a specified range. This distribution
is adequately described by an asymmetric function.
However, within the proposed approach, it is impossi-
ble to separate and identify the contributions from dif-
ferent molecular motions to the relaxation processes
and to determine the relaxation times associated with
the motion of the aromatic core and the flexible termi-
nal fragments of the molecules. With a decrease in the
number of methylene groups to n = 3 in the alkyl tail,
for example, for a 5-propyl-2-(p-cyanophenyl)-pyri-
dine liquid crystal, the dielectric spectrum ( f ) can be
well approximated using the Debye dispersion relation
with a symmetric continuous distribution function of
relaxation times in a relatively narrow range (23.9–
1.85) × 10–9 s [8]. In this case, fluctuations of chain
bending due to internal rotations of fragments in the
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alkyl tail can be considered to be statistically indepen-
dent [9], because the distribution functions of their nat-
ural frequencies virtually do not overlap with each
other.

In the present work, we measured and analyzed the
dielectric spectra of a monotropic liquid crystal,
namely, trans-4-propyl-(4-cyanophenyl)-cyclohexane
(3PCH), with a short alkyl tail (n = 3). The structural
formula of the trans-4-propyl-(4-cyanophenyl)-cyclo-
hexane liquid-crystal compound is presented in Fig. 1.
The monotropic properties of the 3PCH liquid crystal
manifest themselves in the fact that this compound
undergoes a transition to the liquid-crystal phase at a
temperature Tc = 46°C only from the isotropic phase
formed upon preliminary heating of the compound to
temperatures T > Tc. The crystallization temperature of
the 3PCH compound (T ≤ 36°C) depends on the cool-
ing rate. The purpose of this work was to separate the
contributions from different rotational (reorientational)
molecular and intramolecular motions to the frequency
dependences of the permittivities of the 3PCH liquid
crystal. The dielectric spectra were measured over a
wide frequency range (f = 1–2000 MHz) at several fixed
angles ϕ between the director of liquid-crystal mole-
cules and the polarization of the microwave pump field.
The experimental temperature dependences of the per-
mittivities and refractive indices were obtained in the
temperature range of the phase transition from the nem-
atic liquid crystal to the isotropic liquid.

C C3H7N

Fig. 1. Structural formula of the trans-4-propyl-(4-
cyanophenyl)-cyclohexane liquid-crystal compound.
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Fig. 2. Temperature dependences of the optical ne and no

(closed symbols) and dielectric  and  (open symbols)
parameters for the 3PCH liquid crystal in the temperature
range of the transition from the nematic phase to the isotro-
pic liquid phase (for explanation of the curves, see text).
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Investigation into the optical and dielectric proper-
ties of the 3PCH nematic liquid crystal is of particular
interest, because this compound is similar in molecular
structure to the well-known and thoroughly studied liq-
uid crystals of the alkylcyanobiphenyl group nCB (n =
5–9) [3–7]. The only difference between them lies in
the fact that, in the rigid core of the 3PCH molecule,
one benzene ring is replaced by a cyclohexane frag-
ment. Moreover, the number of methylene fragments
(n = 3) in the alkyl tail of the 3PCH molecule is rather
small for liquid crystals and equal to that for a 5-propyl-
2-(p-cyanophenyl)-pyridine liquid crystal [8]. How-
ever, unlike the pyridine-containing liquid-crystal com-
pound, the 3PCH nematic liquid crystal is characterized
by a permanent dipole moment associated with the
presence of the –C≡N group and directed along the long
molecular axis.

2. EXPERIMENTAL TECHNIQUE

The permittivities of the 3PCH nematic liquid crystal
were measured with the use of capacitive and special
microstrip sensors. The sensor design, equipment, and
technique of measurements were thoroughly described
in our previous works [10, 11]. The absolute errors in
determining the dielectric characteristics were no larger
than δε' ~ 0.05 and δε'' ~ 0.1. The required angle ϕ
between the long axes of molecules in the 3PCH sample
and the polarization of the microwave electric field in the
measuring cell was specified by the appropriate direction
of the static magnetic field H = 2500 Oe. The dielectric
spectra were recorded at a temperature T = Tc – 5°C.
In order to calculate the activation enthalpies upon
longitudinal and transverse pumping of the sample,
the dielectric spectra were measured at a temperature
T = Tc – 10°C. The measurements of the static permit-
tivities were performed at temperatures of 30–60°C and
a frequency of 1 MHz, at which the dispersion is virtu-
ally absent. The temperature was maintained accurate
to ±0.5°C.

The temperature dependences of the ordinary (no)
and extraordinary (ne) refractive indices were measured
at the wavelength λ = 0.589 µm with the use of an IRF-
454B refractometer with a homeotropic orientation of
the director in the measuring cell. These data were
required for the numerical approximation of the dielec-
tric spectra.

3. RESULTS AND DISCUSSION

The experimental temperature dependences of the
extraordinary ne (closed symbols 1) and ordinary no

(closed symbols 2) refractive indices for the nematic
phase and the temperature dependence of the refractive
index for the isotropic phase (closed symbols 5) are
depicted in Fig. 2. This figure also shows the tempera-
ture dependences of the real parts of the longitudinal 

(open symbols 3) and transverse  (open symbols 4)
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permittivities of the 3PCH nematic liquid crystal,
which were measured in parallel and perpendicular ori-
entations of the director of liquid-crystal molecules
with respect to the electric pump field. The temperature
dependence of the permittivity for the isotropic phase is
represented by open symbols 6. In this case, the cooling
rate of the sample was approximately equal to 4 K/h. It
can be seen from Fig. 2 that the measured parameters
only slightly depend on the temperature in both the
nematic (curves 1–4) and isotropic (curves 5, 6) phases.
It is worth noting that the optical anisotropy is relatively
small: ∆n = ne – no ≈ 0.11.

The frequency dependences of the real and imagi-
nary parts of the permittivity of the 3PCH liquid crystal
in the nematic phase were measured for the following
angles between the director of liquid-crystal molecules
and the polarization of the electric pump field: ϕ = 0°,
10°, 20°, 45°, 70°, 80°, and 90°. The dielectric spectra

( f ) were numerically approximated by the sum of
three Debye processes with different relaxation times
τ1, τ2, and τ3; that is,

 (1)

where nϕ = necos2ϕ + nosin2ϕ,  is the static permit-
tivity at a given angle ϕ, and gi are the weighting factors
(g1 + g2 + g3 = 1). It is assumed that the first two terms
in expression (1) characterize the rotation (reorienta-
tion) of molecules about the short and long axes,
respectively, and the third term describes the conforma-
tional motion of methylene groups in the alkyl tail. It is
evident that, within this approach, the quantity τ3 is the
mean (or most probable) relaxation time for all confor-
mational motions in the alkyl tail.

Figure 3 shows the frequency dependences of the
normalized real permittivity ε'( f ) (open symbols) and
the magnitude of the imaginary permittivity ε''( f )
(closed symbols) measured at angles ϕ = 0°, 45°, and
90°. In this figure, solid lines represent the results of the
numerical Debye approximation of these dependences
according to expression (1) and dashed lines 1–3 corre-
spond to individual contributions from the three afore-
mentioned relaxation processes to the total dispersion
of the permittivity. It should be noted that the frequency
dependence of the permittivity calculated within the
proposed approximation is in good agreement with the
experimental data obtained for all the director orienta-
tions over the entire frequency range covered.

As could be expected, at ϕ = 0°, the dielectric spec-
trum ε'( f ) = ( f ) in the low-frequency dispersion
region is predominantly determined by the rotation of
molecules about the short molecular axis (g1 = 0.95,
τ1 = 9 ns). The activation enthalpy ∆H1 = 72 ± 4 kJ/mol
was calculated from the temperature dependence of the
relaxation time τ1(T). This value is characteristic of the
reorientation of liquid-crystal molecules about the short

εϕ'

ε' f( ) nϕ
2

–

ε0ϕ' nϕ
2

–( )
------------------------

gi

1 4π2
f

2τ i
2

+
-----------------------------,

i 1=

3

∑=

ε0ϕ'

ε||'
PHYSICS OF THE SOLID STATE      Vol. 46      No. 3      2004
axis in the nematic phase. Moreover, the dielectric
spectrum in the high-frequency dispersion region is
characterized by a small contribution from the confor-
mational motions of the alkyl tail (g3 = 0.05, τ3 = 0.2 ns).
However, for this director orientation, the rotation of
molecules about the long axis does not contribute to the
dispersion of the longitudinal permittivity ( f ) (g2 = 0).

It can be seen from Fig. 3 that, at ϕ = 45°, the dielec-
tric dispersion contains contributions from all three
relaxation processes under consideration. The weight-
ing factors of these processes are of the same order of
magnitude (g1 = 0.66, g2 = 0.11, g3 = 0.23). Note that
the contribution from the rotation of molecules about
the long axis (relaxation time τ2 = 1.4 ns) is maximum,
whereas the contribution from the rotation of molecules
about the short axis is minimum. At ϕ = 90°, the dielec-
tric spectrum ε'( f ) = ( f ) should also be approxi-
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Fig. 3. Frequency dependences of the real (open symbols)
and imaginary (closed symbols) permittivities of the 3PCH
liquid crystal for different orientations of the director of the
liquid-crystal molecules. Solid lines correspond to the
Debye approximations. Dashed lines 1–3 indicate the con-
tributions from three relaxation mechanisms (for explana-
tion of the curves, see text).
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mated with allowance made for all three relaxation pro-
cesses. In this case, the contribution from the reorienta-
tion of molecules about the short axis decreases
significantly (g1 = 0.05). Although the contributions
from the other two mechanisms are comparable in mag-
nitude (g2 = 0.41, g3 = 0.54), the contribution from the
conformational motion of the alkyl tail appears to be
dominant. This is a rather unexpected result; nonethe-
less, it accounts for the fact that the dielectric spectra

( f ) noticeably deviate from the Debye behavior in
the high-frequency range.

It should be noted that, like the time of longitudinal
relaxation τ1, the time of transverse relaxation τ2 is a
function of the temperature. However, the activation
enthalpy calculated from the temperature dependence
τ2(T) proves to be substantially less: ∆H2 = 9 ± 2 kJ/mol.
For the nematic liquid-crystal phase, the relaxation
time τ3 does not depend on the temperature in the range
studied.

The table presents the relaxation times, weighting
factors, refractive indices, and static permittivities of
the liquid crystal under investigation for different orien-
tations of the director of liquid-crystal molecules with
respect to the polarization of the electric pump field. It
can be seen from the table that the relaxation times only
weakly depend on the angle ϕ. However, the relaxation
time τ1 reaches a maximum at ϕ ≈ 70°, whereas the
maximum value of τ2 is observed at ϕ ≈ 45°. This sug-
gests that weak relaxation processes manifest them-
selves at particular angles ϕ and hinder the reorienta-
tion of molecules about the long and short axes. The
relaxation time τ3 can be considered to be virtually
independent of the angle ϕ.

ε⊥'

Main characteristics of the liquid crystal for different orien-
tations of the polarization of a microwave electric field with
respect to the director of molecules

ϕ, deg τ1, ns τ2, ns τ3, ns g1 g2 g3 n ε0

0 9 – 0.20 0.95 0 0.05 1.600 15.69

10 8 – 0.25 0.90 0 0.10 1.597 13.70

20 8 – 0.25 0.90 0 0.10 1.596 12.50

45 11 1.56 0.23 0.66 0.11 0.23 1.545 9.57

70 13 1.40 0.25 0.35 0.30 0.35 1.503 7.55

80 10 1.41 0.24 0.10 0.44 0.46 1.493 6.10

90 8 1.40 0.25 0.05 0.41 0.54 1.490 6.05
PH
4. CONCLUSIONS

Thus, the permittivities of the trans-4-propyl-(4-
cyanophenyl)-cyclohexane liquid-crystal compound
were measured over a wide frequency range for differ-
ent orientations of the director of liquid-crystal mole-
cules with respect to the polarization of the electric
field. The dielectric spectra were numerically approxi-
mated using the sum of three Debye processes with dif-
ferent relaxation times. The proposed approximation of
the dielectric spectra ε'( f ) made it possible to reveal
important features in the dependence of the ratio of the
contributions from three dominant mechanisms of
relaxation in the liquid crystal (rotations of molecules
about the short and long molecular axes and intramo-
lecular conformational motions of the alkyl tail of the
3PCH molecule) on the angle ϕ between the polariza-
tion of the electric pump field and the director of the liq-
uid-crystal molecules. However, the approximation
approach used in our consideration offers an adequate
description only for molecules with a small number n of
methylene fragments in the alkyl tail in the case where
the real distributions of relaxation times do not overlap
in the vicinity of τ1, τ2, and τ3. As the number of meth-
ylene groups in the alkyl tail of liquid-crystal molecules
increases (n > 3), the range of relaxation times corre-
sponding to intramolecular motions becomes wider
and, therefore, the parameter τ3 as an effective relax-
ation time loses its meaning. In this case, the dielectric
spectra can be well approximated by the Debye disper-
sion relation with an asymmetric continuous distribu-
tion function of relaxation times in a specified range.

The above investigations demonstrated that the
intramolecular motions in liquid crystals slightly affect
the dispersion of the longitudinal permittivity ( f ),
even though it is determined primarily by rotations of
molecules about the short axis. At the same time, rota-
tions of the molecules about the long axis do not con-
tribute to the dispersion of the longitudinal permittivity.
It was also established that the dispersion of the trans-
verse permittivity ( f ) is governed by the contribu-
tions from all three relaxation mechanisms; however,
the greatest contribution in this case is made by
intramolecular motions.
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