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Abstract—This paper reports on the results of investigations into the influence of variations in the chemical
composition of the aromatic core of cyano-containing molecules of liquid crystals on their dielectric properties
in the frequency range 1-2000 MHz. It is shown that the dispersion of the longitudinal permittivity is ade-
quately described by the sum of two Debye processes with different weighting factors and relaxation times. The
frequency dependence of the transverse permittivity iswell approximated by the Debye process with a contin-
uous distribution of relaxation times in a specified range. It is established that the replacement of one benzene
ring in the biphenyl core of the 5CB liquid-crystal molecule by acyclohexane (or bicyclooctane) fragment leads
to a considerable decrease in both relaxation times for the longitudina permittivity, a change in the low-fre-
guency limit of the relaxation time range for the transverse permittivity, and the evolution of the frequency
dependence of the dielectric anisotropy. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Investigation into the influence of the chemical
composition and structure of molecules of liquid crys-
tals belonging to a homologous series on the dispersion
of the permittivity makes it possible to elucidate the
nature of relaxation processes, to explain the origin of
specific features observed in the dielectric spectra, and
to reveal a correlation between the physical character-
istics and microscopic parameters. For example, in our
earlier works [1-3], the dispersion of the longitudinal
and transverse high-frequency permittivities of liquid
crystals of the alkylcyanobiphenyl group nCB was
studied as a function of the length of the alkyl tail (n =
5-8). The results of those investigations enabled us to
separate the contributions of the motions of rigid and
flexible molecular fragments and to assign them to the
specific features observed in the dielectric spectra. In
particular, it was demonstrated that, apart from the con-
ventional Debye relaxation of molecules, the dielectric
spectra of liquid crystals in the high-frequency range
are characterized by the resonance dispersion regions
associated with intramolecular motions of the alkyl
fragments. Liquid crystals of the homologous series of
alkylcyanobiphenyls nCB, alkyloxycyanobiphenyls
nOCB, and cyclohexane derivatives were examined
using dielectric methods in [4, 5]. Dunmur and Tomes
[4] and Urban et al. [5] investigated how the chemical
composition of the rigid core of molecules affects the
dipole moment, order parameter, activation enthalpy,
Debye relaxation time, and the retardation factors of
molecular motion introduced in the framework of the
Mayer—Meyer theory of dielectric relaxation. A num-
ber of authors (see, for example, [6, 7]) analyzed the
changesin the molecular packing coefficients and rheo-

logical parameters of cyano-containing liquid crystals
due to the replacement of one benzene fragment in the
rigid core of the liquid-crystal molecules by other frag-
ments.

The aim of the present work was to measure the fre-
guency dependences of the permittivity of cyano-con-
taining liquid crystals, to approximate these depen-
dences numerically, and to compare the temperature
dependences of the permittivities and refractive indi-
ces. For this purpose, we used the following nematic
liquid crystals: 4-n-pentyl-4-cyanobiphenyl (5CB),
trans-4-pentyl-(4-cyanophenyl)-cyclohexane (5PCH),
and 4-(4'-pentyl-bicyclo[ 2.2.2] octane)-phenyl (5BCO).
The structural formulas of the liquid-crystal molecules
under investigation and the temperatures T, of phase
transitions of the liquid crystals from a nematic liquid-
crystal stateto anisotropic liquid state are presented in
Fig. 1. These molecules differ from each other only in
the chemical composition of the aromatic core. Specif-
ically, one benzene fragment in the aromatic core of the
5PCH and 5BCO molecules is replaced by the cyclo-
hexane and bicyclooctane fragments, respectively.
However, the lengths of the alkyl tails are identical in
all the molecules studied. It should be noted that, in this
work, the dielectric spectra were measured for the first
time over a wide frequency range (f = 1- 2000 MHz),
including the poorly studied high-frequency range of
dielectric relaxation.

2. EXPERIMENTAL TECHNIQUE

The permittivities of the liquid-crystal samples in
the frequency range 1-30 MHz were measured on a
TeslaBM-560 standard Q-meter with the use of amea-
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5CB T.=35°C

SPCH  T,=55°C

5BCO T.=60°C

Fig. 1. Structural formulas of the liquid-crystal compound
and temperatures T, of thetransition from the nematic phase
to the isotropic liquid phase.

suring cell in the form of a parallel-plate capacitor. In
the meter and decimeter wavelength ranges, the dielec-
tric measurements were performed with specialy
devised highly sensitive frequency-tuned sensors based
on ring-type microstrip resonators [2].

Thereal permittivities €' were determined according
to a standard technique, i.e., by measuring the differ-
ence in the resonance frequencies of the sensors with
and without the sample. Theimaginary permittivitiese"
were calculated from the change in the loaded Q-factor
of the resonator after relaxation of the liquid-crysta
sample placed in it. The amplitude—frequency charac-
teristics of the microstrip sensors were recorded on R4-
37 and R4-38 automated metersintended for measuring
complex transmission gain factors. The absolute errors
in determining the dielectric characteristics were no
larger than €' ~ 0.05 and d¢" ~ 0.1. The orientation of
the long axes of molecules in the studied samples with
respect to the polarization of a microwave electric
pump field was provided by a static magnetic field H =
2500 Oe. The measurements were performed in a ther-
mostat in the temperature range 0—95°C. The tempera-
ture was maintained accurate to +0.5°C.

The numerical approximation of the dielectric spec-
trarequired knowledge of the ordinary (n,) and extraor-
dinary (ny) refractive indices. These data for the 5CB
and 5BCO liquid crystals were taken from [8, 9]. The
ordinary and extraordinary refractive indices for the
5PCH liquid crystal were measured at the wavelength
A = 0.589 um with the use of an IRF-454B standard
refractometer with a homeotropic orientation of the
director in the measuring cell.

3. RESULTS AND DISCUSSION

The experimental temperature dependences of the
extraordinary n, (closed symbols 1) and ordinary n,
(closed symboals 2) refractive indices of the 5PCH lig-
uid crystal aredepicted in Fig. 2. Thisfigure also shows
the temperature dependences of the rea parts of the
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Fig. 2. Temperature dependences of the optica ng and n,
(closed symbols) and dielectric s'lo and e, (opensymbols)
parameters for the 5SPCH quuid crystal in the temperature
range of thetransition from the nematic phaseto theisotropic
liquid phase (for explanation of the curves, see text).

longitudinal € (open symbols 3) and transverse €

(open symbols 4) permittivities, which were measured
in parallel and perpendicular orientations of the liquid-
crystal director with respect to the polarization of the ac
electric field. The temperature dependences of the
refractive index and the permittivity of the 5SPCH liquid
crystal in the isotropic phase are shown by symbols 5
and 6, respectively. The heating rate of the studied sam-
ple was approximately equal to 5 K/h. In this experi-
ment, the permittivities were measured at a pump fre-
quency f = 1 MHz, at which the frequency dispersion
does not manifest itself. Consequently, the dielectric
characteristics thus obtained are close to the static per-

mittivities €, and & . It can be seen from Fig. 2 that,

except for the phase transition range, the measured
parameters only dightly depend on the temperature in
both the nematic (T < T,) and isotropic (T > T,) phases
of the liquid-crystal compound.

All the dielectric spectra of the liquid crystals stud-
ied were measured in the nematic phase at a tempera-
ture T = T, —5°C. Figure 3 shows the frequency depen-

dences of the real parts of the longitudinal €, (f) and
transverse €5 (f) permittivities and the frequency

dependences of theimaginary partsof g (f) and 7, (f)
for threeliquid crystals. In thisfigure, solid linesrepre-
sent the results of the numerical approximation of the
experimental dependences of thereal parts of the longi-
tudinal and transverse permittivities.

The frequency dependences of the longitudinal per-
mittivity were approximated asfollows. In our previous
work [2], we showed that the frequency dependence of

thelongitudinal permittivity €, (f) over awiderange of
frequencies can be correctly approximated using the
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Fig. 3. Frequency dependences of the (1, 2) real and (3, 4)
imaginary parts of the (1, 3) longitudinal and (2, 4) trans-
verse permittivities of the liquid crystals. Solid lines corre-
spond to the Debye approximations.

sum of two Debye processes with different relaxation
times; that is,
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Table 1. Main characteristics of the liquid crystals under
investigation for parallel orientations of the liquid-crystal
director with respect to the microwave electric pump field

quuld T”l, T||2, AH, g . 2
crystal | 10°s | 10%s | kymol | 10 o | Me
5CB |24-25 67 66.7 164 | 3.13 | 3.13
5PCH | 995 | 34 71.5 140 | 269 | 253
5BCO | 6-6.5(09-1.0| 92 132 | 249 | 249
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Here, n, isthe extraordinary refractive index, e'|0 isthe
static permittivity, w = 2rtf, 1), and Tp are the relaxation
times of the two Debye processes, and g, and g, are the
weighting factors corresponding to these processes
(g, + 9, =1). It should be noted that, for al the studied
samples, the best agreement between the results of the
numerical approximation and the experimental points
was achieved with weighting factors g, = 0.92 and g, =
0.08. Table 1 presents the relaxation times 1, and T,
which characterize the dipole relaxation upon rotation
of the liquid-crystal molecules about the short and long
molecular axes, respectively. This table also lists the
molar activation enthalpies AH obtained by numerical
processing of the dielectric spectra measured at three
different temperatures. T, = T, — 5°C, T, = T, — 10°C,
and T; = T, — 15°C. The activation enthalpy AH was
determined from the temperature-dependent relaxation
time 1, according to the Bauer equation [10]:

nig” A H
T = %E eXpE"_'ﬁ‘SEeXp%TE’ @

where AS and AH are the molar activation entropy and
the molar activation enthalpy of the dipole reorientation,
respectively; | isthe moment of inertia of the molecule;
R is the gas constant; kg is the Boltzmann constant; and
T is the absolute temperature. The exact value of the
moment of inertia | for the liquid crystas studied is
unknown. However, according to estimates [10, 11], we
have | ~ (1-3) x 10 kg m? and AS ~ 100-135 kJmol.

It can be seen from Table 1 that the activation
enthalpy AH characterizing the reorientation of mole-
cules about the short axis monotonically increases in
the series 5CB-5PCH-5BCO. Our results are in good
agreement with the data obtained by Urban et al. [5] for
5CB and 5PCH liquid crystals. The observed increase
in the activation enthalpy AH can be explained by the
increase in the molecular packing coefficient dueto an
increase in the size of the molecular core[11].

An analysis demonstrated that the shorter time of
longitudinal relaxation T, is virtualy temperature-
independent in the temperature range under investiga-
tion and provesto be shortest for the 5BCO liquid crys-
tal (Table 1). Ascan be seen from Table 1, the quantities

n§ and ¢, determined from the frequency depen-
dences of the permittivities are in excellent agreement.

Thus, the approximation approach proposed in our
earlier work [2] offers reasonable agreement between
the calculated frequency dependence of the longitudi-
nal permittivity and the experimental data for all the
liquid-crystal samples over the entire frequency range
covered.

As was shown in [2], the transverse permittivity
€5 (f) should be approximated using a dispersion rela-

tion with a continuous distribution of relaxation times
in aspecified range. In the general case, when therelax-
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ator times are distributed in the range from 0 to «, the
Debye dispersion relation has the form

e (f)—nZ = (e‘m—nﬁ)jﬁzmz

where n, isthe ordinary refractive index and G(1) isthe
distribution function of relaxation times. The function
G(t) describes the motion of large- and small-sized
molecular aggregates and individua molecules and
also small-scale intramolecular motions associated, for
example, with vibrations of mobile molecular frag-
ments of the alkyl tails.

The necessity of applying the above approach to the
approximation of the transverse permittivity &n (f)

stemsfrom the fact that, for all theliquid crystals under
investigation, the frequency dependences of the trans-
verse permittivity differ from the Debye behavior. Asa
consequence, the approximation of the dispersion of
the transverse permittivity by the sum of two or even
three Debye processes with different relaxation times,
asarule, leadsto poor agreement with the experimental
data. To put it differently, unlike parallel pumping, per-
pendicular pumping (perpendicular orientation of the
polarization of the microwave el ectric field with respect
to the director of molecules) ensures efficient excitation
of various intramolecular motions with a continuous
distribution of relaxation times in a specified range
from 1, tO Tk

For liquid crystals, the distribution function G(t)
and the range of its definition are unknown. In this
work, the frequency dependence of the transverse per-
mittivity €/, (f) was approximated using two different
functions G(t). The first function G(t) is a symmetric
function describing the uniform distribution of relax-
ators in the range 1, —Tpr. Upon substitution of this
function into relation (3), we obtain the analytical
expression [12]

da, (3

a2+k2
1+K

wherea =1 /Trand k= w1y . By applying the numer-
ical method for expression (4), it is easy to determine
the limits T4, and 15 of the relaxation time range for
each liquid crystal that provide the best agreement
between the results of the chosen approximation and
the experimental data over the entire frequency range.

An analysis of the dependences €, (f) thus obtained

(see Fig. 3, curves 2) demonstrates that this approach
offers an adequate description of the relaxation pro-
cesses in the studied liquid crystals for perpendicular
orientations of the director of liquid-crystal molecules
with respect to the polarization of the electric pump
field. It should be noted that intramolecular motions

can substantially affect the permittivity €, (), starting
from the orientational dispersion region up to frequen-

€0— €

e(w) = 2lna

(4)
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Table 2. Main characteristics of the liquid crystals for per-
pendicular orientations of the liquid-crystal director with
respect to the microwave electric pump field

Liquid | Too | Tor | Tg» 2
crysta | 109s |10 5|10 P An g
5CB | 9-10| 26 | 35 | 0.4-0.45| 0245 2.325
5PCH | 6-8 | 14 | 45 | 02-025|01 |2.22
5BCO |25-30| 49 | 6.4 |005-01 |008 |2.25

cies in the infrared region. Hence, it is reasonable to
assume that relaxators can make different contributions
to the permittivity over such a wide range of frequen-
cies. In this respect, it is of interest to compare the
results of the above approximation with the data
obtained for the following asymmetric distribution
function of relaxation times [13]:

101
G(t) = RHTE’ TorSTSTp, ©)
G(1) =0, TR>T>Tq,

wherepisthe asymmetry parameter (0O<p<1)andAis
anumerically determined coefficient. The calculations
demonstrate that the frequency dependences of the per-
mittivity thus approximated almost coincide with those
obtained for the symmetric uniform distribution func-
tion of relaxation timesin the range 1 —Tr. Moreover,
even the limits of the relaxation timerange, i.e., 15 and
Tor Which are calculated within the above approxima:
tions also nearly coincide with each other. The numeri-
cal values of these limits for the liquid crystals under
investigation are given in Table 2. This table also pre-
sents the relaxation times 15 . corresponding to the

transverse permittivity €/ at the maximum, the asym-

metry parameters p of distribution function (5), the
optical anisotropies An = n, — n,, and the ordinary

refractive indices squared ng .

It follows from Table 2 that, in the series 5CB—
5PCH-5BCO, the limits of the relaxation time range
vary insignificantly, except in the lower relaxation limit
for the 5BCO liquid crystal. It is quite possible that,
owing to the large molecular packing coefficient of the
5BCO liquid crystal, the rotation of molecules about
the long axis is retarded as the result of stronger inter-
molecular interactions associated either with the aro-
matic cores or with the alkyl tails.

The distinctive feature of the dielectric spectrum of
the 5CB liquid crystal isthat the frequency dependence
of the transverse permittivity in the high-frequency
range significantly deviates from the Debye behavior.

Thedependence €, (f) for thisliquid crystal can be sat-

isfactorily approximated using the asymmetric distribu-
tion function (5) with a sufficiently large asymmetry
parameter (p = 0.40-0.45). The dispersion of the trans-
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Fig. 4. Frequency dependences of the dielectric anisotropy
for (1) 5CB, (2) 5PCH, and (3) 5BCO liquid crystals.

verse permittivity of the 5CB liquid crystal leads to
double inversion of the sign of the diel ectric anisotropy
Ag' = g — g5 in the frequency range ~350-450 MHz.
The dependences Ag'(f) in the high-frequency relax-
ationregionfor al theliquid crystals studied are plotted
in Fig. 4. As can be seen, the frequency range of nega-
tive dielectric anisotropies for the 5CB liquid crystal is
considerably narrower than that for the cyclohexane
and bicyclooctane homologs. As the frequency
increases, the dielectric anisotropy of the 5PCH and
5BCO liquid crystals monotonically tends to zero. For
these samples, zero dielectric anisotropy should be
observed in the high-frequency range f > 2000 MHz.
This behavior can be explained by the appreciable
decrease in the optical anisotropy (Table 2), which the
dielectric anisotropy approaches.

4. CONCLUSIONS

Thus, the permittivities of liquid crystals of the
cyano derivative compounds based on akylcyanobi-
phenyl (5CB), in which one benzene ring in the biphe-
nyl core of the molecule is replaced by a cyclohexane
or bicyclooctane fragment, were measured over awide
range of frequencies. It was demonstrated that the fre-
guency dependence of the longitudinal permittivity
g (f) for liquid crystals in the nematic phase is well
approximated by the sum of two Debye processes with
different relaxation times. It was found that the activa-
tion energy determined from the temperature depen-
dence of thelongitudinal relaxation time T, increasesin
the series 5CB-5PCH-5BCO. The assumption was
made that the observed increasein the activation energy
is associated with the increase in the molecular packing
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coefficient. In the above series, this coefficient is maxi-
mum for the 5BCO compound.

It was established that the frequency dependence of
the transverse permittivity €/, (f) for liquid crystalsin
the nematic phase can be well approximated by the
Debye dispersion relation with either a symmetric
function or an asymmetric function of the continuous
distribution of relaxation times in a specified range. It
was revealed that the behavior of the dielectric anisot-
ropy of the 5CB liquid crystal in the relaxation region
differs from that of the other two compounds under
investigation.
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