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Abstract—The effect of a direct-current (dc) electric field on the electrophysical characteristics of nematic
liquid crystals of the alkyl cyanobiphenyl series nCB (n = 6—8) and the multicomponent liquid-crystal mix-
ture MB-1, which are doped with ionic surfactants, has been investigated using impedance spectroscopy. It
has been found that the impedance spectra depend substantially on the dc bias voltage applied to the sample.
The approximation of the measured spectra with specially developed equivalent circuits of the measuring cell
with a sample has made it possible to determine the capacitance of the electric double layer and the electrical
conductivity of the samples, as well as the mobility, concentration, and diffusion coefficient of the ions. It has
been shown that a region of the space charge is formed in the frequency range f'< 100 Hz near the electrodes
of the measuring cell with a liquid-crystal sample, which leads to an increase in the active (resistive) and reac-

tive (capacitive) components of the impedance.
DOI: 10.1134/S106378341407004X

1. INTRODUCTION

As is known, liquid crystals are dielectrics. How-
ever, even liquid-crystal samples that are well purified
from ionic impurities can have a significant conduc-
tivity due to the adsorbed moisture and the formation
of ions during the dissociation of molecules, but a par-
ticularly strong increase in the conductivity occurs
when the mesophases are doped with ionic surfac-
tants. Surfactants, as a rule, have been used to modify
metal surfaces of a liquid-crystal cell with the aim of
creating the initial normal or homeotropic orientation
of the director. The occurrence of ionic conduction is
usually considered as an undesirable phenomenon,
because the flow of electric current through the liquid-
crystal cell is accompanied by different effects of elec-
tric charge accumulation and relaxation near the elec-
trodes, which deteriorate the quality of liquid-crystal
displays and various devices used in electronics and
microwave technology. However, under specific con-
ditions, changes in properties of the mesophase due to
the presence of ions in the liquid crystal can be very
useful. For example, it was shown in [1] that the mea-
suring cell with an ion-containing liquid-crystal com-
pound can act as a generator of low-frequency oscilla-
tions induced as a result of the formation of an auto-
soliton at the cathode, its motion, and disappearance
at the anode. In [2], the authors proposed a new design
for multichannel modal correctors that made it possi-

ble to control the form of the wave front of electromag-
netic radiation passing through the liquid-crystal cell.

Of particular interest for the use in practice are var-
ious orientational structural transitions of the
mesophase (local Frederiks transitions) due to the
change in the surface adhesion of liquid-crystal mole-
cules with the electrode of the measuring cell [3]. The
degree of adhesion of liquid-crystal molecules with the
surface of the cell can be changed in different ways. In
[4], it was shown, in particular, that the effective re-
orientation of molecules of the liquid-crystal phase
can be achieved under the influence of an electric field
acting on the ferroelectric polymer coating of the elec-
trodes. Interesting possibilities for controlling the ori-
entation of the liquid crystal are provided by the effects
photoinduced in a photoorientant layer deposited on
the electrode surface [5]. In [6], the change in orienta-
tion properties of the surface was achieved by the
injection of charges in the polymer—liquid crystal
structure.

There are also possibilities for reorienting the
director in cells with a liquid crystal doped with ionic
surfactants. In this case, after the dissociation, the sur-
factant molecules are partially adsorbed on the elec-
trode surfaces and simultaneously exist in the form of
oppositely charged ions in the bulk of the liquid crys-
tal. In an electric field, the displacement of ions
toward the corresponding electrodes can change the
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Fig. 1. Chemical formula and molecular structure of the
CTAB ionic surfactant.

concentration of adsorbed surfactant molecules,
which leads to a modification of the surface orienta-
tion of the director. This method of controlling the
molecular structure of the liquid crystal was tested in
[7] on droplet ensembles of the SCB nematic liquid
crystals, which have a positive dielectric anisotropy
Ag =g —¢, >0, and methoxybenzylidene butylaniline
(MBBA) with a negative anisotropy Ae < 0. Here, g
and g, are the parallel and perpendicular components
of the relative permittivity, respectively. In order to
implement and develop the ionic methods for control-
ling the orientation of liquid-crystal molecules, it is
important to know the dependences of the ionic con-
duction of the liquid-crystal sample in the measuring
cell, as well as the processes of charge accumulation
and transfer near the metal electrodes, on the fre-
quency and strength of the control electric field.

In this work, the electrophysical characteristics of
liquid crystals of the alkyl cyanobiphenyl series and the
liquid-crystal mixture MB-1, doped with ionic surfac-
tants and placed in a special cell, have been investi-
gated experimentally. The investigation has been per-
formed by the method of measuring the complex
impedance of the cell under the influence of direct-
current (dc) and alternating-current (ac) electric bias
fields acting on the liquid crystal in the frequency
range from 0.1 Hz to 100 MHz.

2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

The experiment was performed using a standard
cell consisting of two plane-parallel glass substrates
with electrodes located on their inner sides and pre-
pared from indium oxide with tin, which had a surface
area S ~ 10 x 10 mm and a gap d ~ 0.05—0.10 mm.
These electrodes have been widely used in electro-
optical devices, because they are optically transparent
and chemically stable and have a relatively low surface
resistance of ~20 /1. The control measurements
were performed using electrodes with aluminum and
gold films evaporated on glass substrates. The elec-
trode surfaces were not specially treated, but they were
only slightly rubbed with a soft skin. This promoted
spontaneous orientation of the long axes of the liquid-
crystal molecules at a small angle (~5°-7°) with
respect to the surface of the electrodes.
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The objects of investigation were liquid crystals of
the alkyl cyanobiphenyl series 6CB, 7CB, and 8CB, as
well as the multicomponent liquid-crystal mixture
MB-1 with the temperature of the transition from the
nematic to isotropic state 7> 100°C. The samples
6CB and 7CB contained some concentration of ions
introduced with random impurities. Therefore, they
had not only the ac conductivity but also the dc con-
ductivity. In the liquid crystals 8CB and MB-1, the
intrinsic dc conductivity was not observed. However,
in these liquid crystals, as should be expected, the dop-
ing with an ionic surfactant, namely, cetyltrimethy-
lammonium bromide (CTAB), led to the appearance
of dc conductivity, which at a CTAB concentration of
~1wt % and temperature 7= 70°C was comparable to
the conductivity of the samples 6CB and 7CB. The
chemical formula and molecular structure of the
CTAB ionic surfactant are shown in Fig. 1.

The CTAB molecule is a polar molecule with a
dipole moment concentrated in the group —N-—
(CH;);. The length of the molecule amounts to
2.33 nm, which is comparable with the length of the
liquid-crystal molecules, and the diameter of the
“head” is approximately 0.48 nm [8]. In liquid crys-
tals, the CTAB molecules dissociate into a negatively
charged bromine ion Br~ and a positively charged
backbone CTA™, which is partially adsorbed onto the
surface of the electrodes of the measuring cell. In this
case, the CTA" complexes and Br~ ions in the bulk of
the liquid crystal are involved in the processes of ionic
conduction. The adsorbed CTA* cations form mono-
molecular layers with the Ilong alkyl chains
—(CH,),sCH; directed perpendicular to the electrode
surface. This position of the surfactant molecules
favors homeotropic orientation of the liquid-crystal
molecules.

In the experiments, the temperature of the liquid-
crystal cell was set to be 5—7°C below the temperature
of the transition of the nCB samples from the nematic
to isotropic state, and the MB-1 liquid-crystal mixture
was studied at 7= 30°C. For additional control of the
initial orientation of the director, the measuring cell
with the test sample was placed between the poles of an
electromagnet with the field H = 12 kOe. The investi-
gations were performed using impedance meters
WK 4270 (Wayne Kerr Electronics) and BM 538
(Tesla) operating in the frequency ranges from 50 Hz
to 1 MHz and from 1 to 100 MHz, respectively. In the
frequency range 0.1 << 50 Hz, the impedance of the
measuring cell with a liquid-crystal sample was mea-
sured using an SR830 DSP lock-in amplifier (United
States). The ac voltage applied to the electrodes of the
cell varied in the range U,=0.1—0.3 V. Simultaneously,
the dc bias voltage was also applied to the electrodes
and varied in the range 0 < U, < 10 V. The frequency
dependences of the modulus of the impedance |Z|(f)
and the phase angle between the current and the volt-
age ¢(f) were measured. Then, the spectra of the real
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component Z'(f) = |Z|(f)coso(f) and the imaginary
component Z"(f) = |Z|(f)sinp(f) of the complex
impedance were calculated, which made it possible to
determine and analyze the behavior of the electro-
physical characteristics of the studied samples. The
relative error in the impedance measurements did not
exceed 5%.

3. FREQUENCY DEPENDENCES
OF THE IMPEDANCE OF THE STUDIED
SAMPLES

The impedance measurements of liquid dielectrics
and electrolytes, including liquid crystals, almost
always involve the necessity of separating at least two
components of the impedance, one of which is associ-
ated with the impedance characterizing the bulk of the
sample, whereas the other component is related to the
impedance of near-electrode regions of the measuring
cell. The impedance in the bulk of the sample is deter-
mined not only by the molecular-oriented mesophase
of the sample but also by a significant contribution
from the electrical conductivity of the liquid crystal,
i.e., by the bulk conductivity, which depends on the
charge, bulk concentration, and mobility of the ions.
The near-electrode impedance is primarily associated
with the charge accumulation and motion near the
surface of the cell electrodes from the “electrolyte”
into the external electrical circuit. The conductivity
associated with these phenomena will be referred to as
the surface conductivity.

Despite some difference between the electrical
conductivity of the liquid-crystal samples 6CB and
7CB, which is provided by ions of incidental impuri-
ties, and the electrical conductivity of the samples
8CB and MB-1 doped with the CTAB ionic surfac-
tant, their impedance spectra were very similar to each
other. As an example, curves / and 2in Fig. 2 show the
frequency dependences of the modulus of the imped-
ance |Z|(f) and phase angle ¢(f) for the 8CB + CTAB
liquid-crystal sample in the absence of dc bias field
U, = 0. The observed nonmonotonic behavior of these
dependences is associated with the fact that the
changes in the surface and bulk conductivities with
variations in the frequency are different in character. It
should be noted that the decrease in the modulus of
the impedance |Z|(f) (curve ) and increase in the
phase angle ¢(f) (curve 2) in the frequency range
above 1 kHz are typical of frequency dependences of
the impedance of conductive materials. These depen-
dences are in good agreement with the frequency
dependences of the impedance of a simple electrical
circuit consisting of a capacitor C,. and a parallel-con-
nected resistor R,. (see inset in Fig. 2). This impedance
is determined by the formula

.
Z(0) = R—L2%. (1
l+o't
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Fig. 2. Frequency dependences of (/) the modulus of the
impedance |Z| and (2) the phase angle ¢ of the 8CB +
CTAB liquid-crystal sample. (3, 4) Results of the approxi-
mation.

Here, R, is the bulk electrical resistance of the liquid
crystal in the measuring cell, C is the capacitance of
the cell with the liquid crystal, w is the circular fre-
quency, and T = R|.C,. is the electrical relaxation time.

Curves 3 and 4 in Fig. 2 show the results of the
approximation of the experimental dependences for
the following parameters of the electrical circuit: R, =
1.72 x 10° Q and C,, = Cye = 96.22 pF, where C, =
6.9 pF is the capacitance of the empty measuring cell
and € = 13.8 is the relative static permittivity of the lig-
uid crystal. The relaxation time in this case ist~ 1.65 x
10~ s. As can be seen, the approximation of the mea-
sured spectra |Z|(f) and @(f) with the use of fixed val-
ues Ry, and C\. is applicable only in the frequency range
from 0.1 to 100 kHz. It is obvious that, for a more
accurate approximation of the results of the measure-
ment at high and ultrahigh frequencies, where the
impedance has a capacitive character, it is necessary to
take into account the frequency dispersion of the per-
mittivity of the liquid crystal e(f) [9]. In this case, the
capacitance C, = Cye(f) becomes frequency-depen-
dent.

The increase in the impedance and the phase angle
¢ at low frequencies < 100 Hz is associated with the
displacement of positive and negative ions toward the
electrodes with opposite signs and with the formation
of a thin monomolecular electrical double layer near
the electrodes, which is characterized by a high capac-
itance (Helmholtz layer). Behind this layer, there is a
region with a nonequilibrium distribution of ions and
neutral molecules (diffusion layer), which diffuse from
the electrode into the bulk and back. Since ions in the
liquid crystal have a low mobility (u< 1 x 1073 cm?/V's)
[10], the processes of charge accumulation near the
electrodes, the diffusion of charges, and charge trans-
fer through the liquid crystal—metal electrode inter-
face manifest themselves only at low frequencies f <
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(2nt,)~!, where 1; ~ 1.6 x 1073 s is the ion relaxation
time. It should be noted that the behavior of the
impedance observed at low frequencies is typical of
most electrolytes, and the experimentally measured
dependences are widely used by researchers for the
analysis of the near-electrode processes at the inter-
face [11]. With an increase in the frequency, the
impedance of the sample significantly decreases; in
the range f ~ 0.01—3 kHz, the modulus of the imped-
ance remains almost constant, and the electric current
flowing through the liquid-crystal cell is almost
entirely determined by the resistance R, in the bulk of
the liquid crystal. The measurements of the frequency
dependences of the impedance of liquid crystals in dif-
ferent frequency ranges make it possible to separate
processes that are responsible for the flow of electric
current through the sample and that are associated
with the near-electrode (surface) and bulk phenom-
ena, as well as to determine the important electrophys-
ical characteristics of the studied liquid crystals, as will
be shown below.

Since the electrical resistance in the bulk of the lig-
uid crystal R, is the active component of the imped-
ance R.=Z'(0) = |Z](®)cos o, it is this resistance that,
in the frequency range where @ ~ 0, determines the
oscillating current through the sample, which is in-
phase with the ac electric field. The electrical conduc-
tivity of liquid crystals, as well as electrolytes, depends
on the concentration of ions in the sample so that,
with an increase in the concentration of ions, the con-
ductivity first linearly increases, reaches a maximum,
and then begins to decrease with decreasing mobility
of ions due to the ion—ion interaction. However, for
relatively low concentrations of ions, the bulk conduc-
tivity of liquid crystals G, can be calculated from the
resistance R,. and geometrical sizes of the measuring
cell (i.e., the surface area of the electrodes S and the
gap between the electrodes d) according to the formula

d
Oic = 57 <

RlcS = FZ|Z|IMIC1 = el’lO(X.(}Lr‘l' “7)7 (2)

1

where F'is the Faraday constant, z; is the charge of the
ith ions, ¢; is the molar concentration of the ith ions,
and L, is the mobility of the ith ions. Since the majority
of incidental ionic impurities and dissociated CTAB
molecular complexes in liquid crystals are monova-
lent, i.e., |z = 1 [12], the resulting conductivity of the
liquid crystal can be calculated using the right-hand
side of equation (2). Here, e is the electron charge,
is the bulk concentration of CTAB neutral molecules
introduced into the liquid crystal, and o is the degree
of dissociation of these molecules. The mobilities i,

and p_ correspond to CTA* cations and Br~ anions.

The mobilities 1, and p_ can be estimated using
the relationship between the ionic mobility and the
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viscosity of the solution 1, which, in the case of liquid
dielectrics, has the form [13]

e
H 6nrm’ 3)
where ris the radius of the ion. In the 8CB liquid crys-
tal under the conditions where the ions in an electric
field are displaced in the direction of the director, the
ionic mobilities were calculated using the following
values: the viscosity 1 = 0.032 Pa s measured at the
temperature 7= 34°C [14, 15], the Br ionic radius
r=0.196 nm, and the CTA" ionic radius » = 0.24 nm.
It turned out that the calculated mobilities p_ = 1.35 x
10°cm?> Vs tand p, = 1.1 x 107> cm? V™! s ! are
approximately equal to each other.
The bulk concentration of CTAB neutral mole-
cules introduced into the liquid crystal (n,) can be cal-
culated using the formula [16]

N,V
I’l0=——[-;-‘-4—B.

Here, N, is the Avogadro’s number, v is the weight
concentration of the CTAB surfactant, p ~ 1 g/cm? is
the density, and M = 291 g/mol is the molecular weight
ofthe 8CB liquid crystal. For the weight concentration
of the CTAB surfactant in the studied sample v=0.01,
the calculated bulk concentration of CTAB neutral
molecules is ny =3 x 10" cm™.

C))

Using the experimentally measured conductivity in
the bulk of the 8CB + CTAB liquid crystal 6;, = 7.6 x
10-8 Q~!' cm~! and the calculated values of the mobil-
ity and concentration of CTAB neutral molecules,
from the expression (2) it is easy to obtain the degree
of dissociation of CTAB molecules o = 0.001.

It should be noted that, in this calculation, the
adsorption of CTA* cations of the surfactant onto the
electrodes was ignored, because, in accordance with
the data available in the literature, the concentration
of adsorbed cations is relatively low and usually does
not exceed values in the range from 1 x 1077 to 1 x
1078 mol/cm? [17]. Since the adsorption decreases the
concentration of electrically active ions, in order to fit
the calculated values to the experimentally measured
conductivity 6., the degree of dissociation o should be
increased by approximately 10%.

Table 1 presents the values of the bulk conductivity
of the studied liquid-crystal samples o,., bulk concen-
tration of CTAB neutral molecules n,, concentration
of electrically active ions n,, their average mobility
(1) = (1, + p1_)/2, and the degrees of dissociation a.,
which were experimentally measured in the absence of
dc electric bias field U, = 0.

As can be seen from Table 1, the electrical conduc-
tivities of the liquid-crystal samples 6CB and 7CB are
approximately equal to each other and have the same
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Table 1. Electrophysical characteristics of the liquid-crystal samples in the absence of an electric bias field (U, = 0)

Sample 61, 1078 Q Tem™ | (W), 103em? Vs | 5y, 10 em™3 | n, 10°cm™3 a
6CB 2.9 0.9 — 20.0 —
7CB 2.0 1.6 — 7.8 —
8CB + CTAB 7.6 1.1 2.1 4.2 0.001
MB-1 + CTAB 0.15 1.2 1.6 0.51 0.00016

order of magnitude as in the case of the 8CB + CTAB
liquid-crystal sample. This coincidence of the con-
ductivities of these liquid-crystal samples is apparently
associated with the close values of the average mobili-
ties (1) and bulk concentrations of ions #;. A signifi-
cant decrease in the conductivity of the MB-1 +
CTAB sample is associated with the corresponding
decrease in the dissociation coefficient of CTAB mol-
ecules and in the bulk concentration of ions n;. It is
important to note that the bulk concentrations and
average mobilities of ions (Table 1) coincide in order
of magnitude with the corresponding values obtained
in [12].

4. NEAR-ELECTRODE PROCESSES
OF CHARGE ACCUMULATION
AND TRANSFER

Theoretical approaches to the investigation and
interpretation of the specific features of charge trans-
fer at the electrolyte—contact interface toward the
external electrical circuit have been developed for
many years [18]. However, the influence of the inter-
face on the behavior of the measured frequency
dependences of the electrical conductivity and imped-
ance has been explained using widely accepted meth-
ods that consist in constructing equivalent electrical
circuits with specific elements providing the required
agreement with the experiment for the studied systems
[19, 20]. The accumulated experimental experience
shows that impedance spectra of electrolytes can be
conveniently described using relatively simple equiva-
lent circuits containing conventional resistors and
capacitors, as well as a specific frequency-dependent
circuit that simulates the processes of diffusion of ions
in the system with the Warburg impedance Z, [19].
This circuit contains frequency-dependent elements
connected in series, namely, the active (resistive) Ry
and reactive (capacitive) Cy, elements:

W 1
Ry(f) = —=, .
w(/f) N T

Here, W = k;/ JD is the Warburg constant, which
depends on the rate of charge motion near the elec-
trode surfaces krand on the ion diffusion coefficient D.

Cw(f) = (6))

In order to choose the appropriate equivalent cir-
cuit containing frequency-dependent Warburg circuit
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elements and to determine the optimum values of the
circuit elements, it is convenient to represent the
experimentally measured impedance spectra Z(f) in
the form of a locus of the impedance constructed in
the coordinates of the real component Z' and the
imaginary component Z" of the complex impedance.
It is obvious that each point in the curve of the locus
reflects values of the real and imaginary components
of the complex impedance, which are measured at a
particular frequency in the range under investigation.

Figure 3 shows the loci of the impedance con-
structed for the 8CB + CTAB liquid-crystal samples
from the results of measurements at frequencies rang-
ing from 0.1 Hz to 10 MHz for different dc bias volt-
ages applied to the electrodes of the measuring cell
U,=0,2.0,2.5,and 3.0 V (curves I—4). It can be seen
from this figure that the loci of the impedance at high
and medium frequencies have nearly the same behav-
ior, and their shape is close to a semicircle. In this fre-
quency range, the locus demonstrates a change in the
impedance associated with the bulk of the studied
sample, which was considered above. It should be
noted that the behavior of the impedance is almost
independent of the bias voltage applied to the elec-
trodes of the measuring cell. This is explained by the
fact that the 8CB liquid-crystal molecules in the cell
are already ordered by the orienting action of the
CTAB surfactant in the direction coinciding with the
direction of the electric field. The frequency corre-
sponding to the maximum value of Z" on the semicir-
cle is the relaxation frequency of the measuring cell
with the liquid-crystal sample f. = 11 kHz. Using this
frequency, we can calculate the relaxation time 1, =
1/27f, ~ 1.45 x 1073 s, which characterizes the relax-
ation of liquid-crystal molecules in the cell.

At low frequencies (f'< 100 Hz), there is a radical
change in the behavior of the locus of the impedance,
which also strongly depends on the dc bias voltage U,
across the contacts of the measuring. For U, =0 (curve /
in Fig. 3), this segment of the locus has the form of a
nearly straight ray. It is this behavior of the locus that is
described by the Warburg impedance, the real and
imaginary components of which have identical fre-
quency dependences: Re(Zy) = —Im(Zy). In this
case, obviously, the ray of the locus should be inclined
at an angle of 45° with respect to the x axis. However,
with an increase in the bias voltage U, there occurs a
gradual increase in the bending of the low-frequency
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Fig. 3. Loci of the impedance constructed for the liquid
crystal 8CB + CTAB at different bias voltages across the
contacts of the measuring cell Uy = (1) 0, (2) 2.0, (3) 2.5,

and (4) 3.0 V. Dashed lines show the results of the approx-
imation using the equivalent circuit (see Fig. 4).

segment of the locus, which leads to its transformation
from the straight line almost into a semicircle (curves
2—4in Fig. 3). This means that, near the electrodes of
the measuring cell, the formation of an electric double
layer and the diffusion of ions are accompanied by
some additional processes that can be associated with
the phenomena of adsorption of the ionic surfactant,
injection of charge carriers, or electrochemical reac-
tions with the possible participation of the electrode
material. These additional processes should be taken
into account in the simulation using an electrical cir-
cuit with different combinations of circuits containing
resistive—capacitive elements.
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Fig. 4. Equivalent circuit of the measuring cell with a lig-
uid-crystal sample.

In this work, the experimental results were approx-
imated using the specially developed equivalent circuit
shown in Fig. 4. Here, the left part of the circuit simu-
lates the resistor with the resistance of the electrodes
R, =20 /U] and the resistor with the impedance in
the bulk of the liquid crystal R .C,. These elements
form a semicircle of the high-frequency part of the
locus. The right part of the circuit includes the capac-
itor with the capacitance of the electric double layer
C4 and the resistor with the resistance of charge trans-
fer through the interface R,, which is connected in
parallel with the capacitor Cg,. This resistance actually
determines the dc electrical conductivity of the liquid-
crystal cell. The circuit also includes the capacitor
with the capacitance C,, which simulates the adsorp-
tion of CTA* cations on the electrodes, and the resis-
tor with the resistance R,, which determines the dura-
tions of charge and discharge of this capacitor. The
Warburg diffusion element W is connected in series
with the resistor R, and capacitor C,, and this circuit is
connected in parallel with the capacitor of the double
layer Cy,.

For this circuit, the impedance is calculated
according to the following equation [19]:

Z(jo) = Ry+ (R +j0C,)"
O

+{joCy+ R, +[R,+(joC,)  +Zy] "},

where the Warburg impedance is given by the expres-
sion

Zy = (1= W' (7

The Warburg constant Wis expressed through electro-
physical characteristics of the studied sample, such as
the surface concentration of ions ¢, near the interface
of the electrodes and the ion diffusion coefficient D:

RTN,
w= S0 ( ID), ®)
F zSﬁ CS,\/_
where R is the gas constant, 7 is the temperature [K],
N, is the Avogadro’s number, F is the Faraday con-
stant, .S is the surface area of the plates of the measur-

ing cell, and z = 1 is the ionic charge. The diffusion
coefficient is calculated from the standard formula
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Table 2. Nominal parameters of the equivalent circuit elements for the liquid-crystal samples in the absence of an electric

bias field (U = 0)

Sample Cy, 107Fem™2 | C,, 1077 Fem™2 R, 10"Q W, 106 Qs !/ D, cm?s™!
6CB 0.73 6.4 1.8 1.5 1.2x10°°
7CB 2.4 8.2 2.0 1.2 2.6%x1078
8CB + CTAB 3.5 37.0 10.0 0.6 2.7%x 1077
MB-1 + CTAB 5.4 9.2 35.0 3.0 5.8x 10710

(WkgT dences of the nominal parameters of the equivalent
D = . (9)  circuit for the 8CB + CTAB liquid-crystal sample with

Dashed lines in Fig. 3 represent the results of the
approximation of the experimentally measured loci of
the impedance Z"(Z") for the 8CB + CTAB sample,
which were obtained using expression (6). The electri-
cal parameters of the equivalent circuits and the diffu-
sion coefficients D calculated from formula (9) for all
the studied samples are listed in Table 2.

As can be seen from Table 2, the capacitance of the
double layer on the interface Cy; is of the order of ~1 x

10~7 F/cm?, which is typical of electrolytes when no
electrochemical reactions occur in the near-electrode
region. The highest capacitance C, for adsorption of
CTA" cations is observed in the 8CB + CTAB liquid-
crystal sample. This sample also has the minimum
value of the Warburg constant W characterizing the
diffusion process. In the absence of bias voltage, the
leakage resistance is R, ~ 10’—10% Q, which is several
times higher than the resistance in the bulk of the lig-
uid crystal R, ~ 1.7 x 10° Q. This difference can be
explained by the presence of a potential barrier for the
mutual charge exchange between the electrolyte and
the metal electrodes.

The results of the approximation have demon-
strated that, when the dc bias voltage U is applied to
the contacts of the measuring cell, the reactive ele-
ments of the equivalent circuits (Fig. 4) for all the
studied liquid crystals remain almost unchanged. The
observed change in the low-frequency rays of the locus
of the impedance with an increase in the dc bias volt-
age U is associated only with a change in the resis-
tance R,. As an example, Table 3 shows the depen-

Table 3. Nominal parameters of the equivalent circuit ele-
ments for the 8CB + CTAB liquid-crystal sample at differ-
ent bias voltages U,

Uy, V Car» Co R, w,
1077 Fem 2| 10°Fem™2| 107Q | 10°Qs1/2
0 3.5 3.7 10 0.6

2.0 4.2 3.1 2.0 0.8

2.5 4.9 5.1 0.31 1.4

3.0 5.6 5.6 0.038 1.2
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different dc bias voltages U, applied to the contacts of
the measuring cell.

It can be seen from Table 3 that, with an increase in
the dc bias voltage U,, the nominal parameters of the
equivalent circuit elements Cy;, C,, and W change only
slightly (by a factor of less than two), whereas the resis-
tance R, decreases by three orders of magnitude. For
the maximum voltage U, the resistance R, almost cor-
responds to the resistance in the bulk of the liquid
crystal R, ~ 1.7 x 103 Q. The probable cause for the
decrease in the resistance R, with increasing voltage U,
can be associated with a decrease in the potential bar-
rier for the mutual charge exchange between the elec-
trolyte and the metal electrodes and, accordingly, with
an enhancement of the charge transfer at the elec-
trode—liquid crystal interface.

The absence of the influence of a dc bias field on
the capacitance of the electric double layer is typical of
many electrolytes. However, the experimentally
observed absence of a change in the adsorption capac-
itance formed by the CTA™ cations attached to the
electrode surface is a non-obvious fact. Apparently,
the bonding of surfactant cations with metal elec-
trodes is so strong that it prevents a change in their
equilibrium concentration upon application of a dc
bias field.

5. CONCLUSIONS

The results obtained in this study have demon-
strated that the measured impedance spectra can be
used to determine the ionic conductivity in the bulk of
liquid crystals doped with ionic surfactants and to
investigate the phenomena occurring near the elec-
trode—liquid crystal interface. In particular, the effect
of a dc electric field on the electrical and physical
characteristics of nematic liquid crystals of the alkyl
cyanobiphenyl series and the multicomponent liquid-
crystal mixture MB-1, which are doped with ionic sur-
factants, has been investigated using impedance spec-
troscopy. The performed approximation of the mea-
sured spectra with the specially developed equivalent
circuits of the measuring cell with a sample has made
it possible to determine the capacitance of the electric
double layer and the electrical conductivity of the
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samples, as well as the mobility, concentration, and
diffusion coefficient of the ions. It has been shown that
a region of the space charge is formed in the frequency
range /< 100 Hz near the electrodes of the measuring
cell with a liquid-crystal sample, which leads to an
increase in the active and reactive components of the
impedance.

It has also been found that, only in the low-fre-
quency range, the impedance spectra depend substan-
tially on the dc bias voltage applied to the sample,
which leads to a significant increase in the electrical
conduction through the liquid crystal-metal elec-
trode interface. The reason for this effect is most likely
associated with a decrease in the potential barrier that
prevents the mutual exchange of charges between the
liquid crystal and the metal electrodes. However, the
capacitance of the electric double layer and adsorption
capacity are almost independent of the electrode
material and remain unchanged when dc electric bias
fields are applied to the sample. This fact indicates that
the CTAB cations adsorbed on metal electrodes are
very strongly bound to the surface of the contacts, so
that their concentration does not change even in
extremely strong electric fields.
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