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1. Introduction

Abstract. In this paper, the effects of SOR5, SOR10, and SOR15 nanoimpurities on the
value of the ionic conductivity of the homeotropically aligned nematic liquid crystal 6CB
are reported. Electrical measurements are carried out within a wide frequency range (from
6 Hz to 10° Hz) at room temperature (293 K). The largest changes in the electrical
conductivity occur in the low-frequency range (less than 10° Hz) and depend on the type of
nanoimpurity and on its concentration. Despite the similarity in the chemical composition
of SOR5, SOR10, and SOR15, the measured dependences of the electrical conductivity of
the studied samples on the concentration of nanoimpurities are substantially different. In
the case of the SOR10 impurity, the ionic component of the electrical conductivity depends
on the concentration of SOR10 according to a power law with an exponent approximately
equal to 0.5, which is typical for the bimolecular recombination of charge carriers (i.e., the
behavior of a weak electrolyte). Liquid crystal samples containing SOR5 and SOR15
nanoimpurities behave in a similar way in a low concentration region (between 0.01 and
0.05 mass %). Interestingly, further increase in the concentration of nanodopants
(>0.05 mass %) results in a dramatically different behavior. The electrical conductivity of
liquid crystals doped with SOR5 undergoes a sharp increase whereas the electrical
conductivity of samples containing SOR15 decreases.
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the effects of nanoparticle concentration and cell thickness
on the frequency dependence of the components of the

In our recent work [1], we investigated the effect of
SOR5 nanoparticles on the dielectric properties of the
homeotropically aligned nematic liquid crystal (LC) 6CB
within the frequency range 6 to 10° Hz. The measured
frequency spectrum was separated into three regions. For
each of these regions, conclusions were drawn regarding

complex dielectric permittivity on the frequency of the
measuring signal. Because in addition to SORS5, the
samples of liquid crystals doped with other nano-
impurities of similar chemical composition, in particular
SOR10 and SOR15, were prepared at the Institute of
Experimental Physics of the Slovak Academy of Sciences,
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it was important to investigate how the type of impurity
will affect the changes in the electrical conductivity of
the same liquid crystal materials. One of the first
questions that arise in such studies is the question of how
much each of the impurities changes the electrical
properties of the liquid crystal itself [2, 3]. Therefore, it
was important to study exactly the region of the dielectric
spectrum, where the presence of an impurity affects the
LC conductivity.

It is known [2-5] that molecular liquid crystals have
an ionic type of conductivity. In the works [2-5], it was
shown in detail that purely ionic conductivity of liquids
does not depend on the frequency. The same can be
applied to molecular LC because they are anisotropic
dielectric liquids. From a scientific viewpoint, it was
important to uncover how this quantity could be
estimated. In our previous works, it was shown that,
under certain conditions, it is possible to define the
regions of the dielectric spectrum where the LC
conductivity even with various types of impurities does
not depend on the frequency.

The simplest ways are to increase the thickness of
the measuring cell and reduce the frequency of the
measuring signal [1]. Even though the measuring device
did not allow performing the research at very low
frequencies, the search for regions of the dielectric
spectrum, where the value of the dielectric permittivity
did not depend on the frequency, was carried out on the
basis of the analysis of the dielectric spectra obtained at
various frequencies of the measuring signal.

Therefore, the purpose of this work was (i) to
ascertain, through research at various thicknesses of the
liquid crystal, under which conditions it is possible to
define a region of the dielectric spectrum where the
conductivity of the liquid crystal containing a specific
impurity does not depend on the frequency (in the case of
adding SOR10 and SOR15 impurities into 6CB), and
(ii) to investigate the peculiarities of the influence of
these impurities on the LC conductivity. Since this
problem was not considered in the publication [1], it was
addressed in this paper. That is, the main task of this
work was to investigate how the SOR5, SOR10 and
SOR15 impurities affect the ionic conductivity of 6CB.
In the case of the SOR5 impurity, we took advantage of
the results obtained in [1].

It was noted in [1] that the effect of the SOR5
impurity on the 6CB conductivity has not been studied
before. The same is applied to the SOR10 and SOR15
impurities. That is, the study of the effects of the SOR5,
SOR10, and SOR15 impurities on the ionic conductivity
of nematic liquid crystal 6CB can be considered as the
scientific novelty of the present paper. In previous works
analyzed in detail in the reviews [3, 6], the possibility of
different effects of nanoparticles on the ionic
conductivity of molecular liquid crystals was noted. This
work experimentally demonstrates three types of
behavior inherent to the ionic conductivity of molecular
liquid crystals doped with the SOR5, SOR10, and SOR15
nanoimpurities.

2. Research materials and methods

Like in the work [1], we used nematic liquid crystal 6CB.
The measuring cells had a sandwich structure. For this
type of cells, the conditions at the periphery of the
sample can have a significant impact because of edge
effects. Therefore, the measuring electrodes had two
sections — central and peripheral. Just the central part of
the sample was used as the measuring electrode. The
peripheral part was used as a guard electrode (to
eliminate edge effects). The electric current through this
part of the sample did not affect the measurement
process. As in [1], we used ITO electrodes (a mixture of
tin and indium oxides) that are transparent in the visible
range of the optical spectrum.

The homeotropic alignment of LC in the cell was
achieved in the same way as described in [1].
Examinations of samples using a polarizing microscope
showed that even at the maximum concentration of the
impurity (0.1 mass %), the homeotropic orientation of
LC molecules was not disturbed even in the absence of
electric field. Since 6CB has a positive value of dielectric
permittivity anisotropy, then external electric field was
an additional stabilizing factor for the homeotropic
alignment of LC molecules.

The research was performed using cells of three
different thicknesses d (5, 20 and 50 um). The thickness
of the cell was controlled by polymer spacers that were
applied to the guard electrodes. To reduce the influence
of the environment, after filling the cell, it was sealed by
applying epoxy glue around the perimeter of the sample.

In this work, we investigated LC 6CB doped with
SOR5, SOR10, and SOR15 impurities by using three
impurity concentrations: 0.01, 0.05 and 0.1 mass %.
Even though some results describing the effect of SOR5
impurity on the ionic conductivity of 6CB were reported
in our previous work [1], a comparative analysis of the
effect of different types of SOR-based nanodopants on
the ionic conductivity of liquid crystal 6CB is still
missing.

The study of the dielectric properties of 6CB with
SORS5 impurities was carried out using the oscilloscopic
method [7, 8] and sinusoidal measuring signals. The
amplitude of the measuring signal was 2.5V. The
dielectric properties of the samples were measured within
the frequency range f = 6...10° Hz at the temperature
293 K. Using the oscilloscopic method, the values of
electrical resistance R and electrical capacitance C were
found for individual frequencies, assuming that the
equivalent circuit of the sample is a resistor and a
capacitor connected in parallel. To analyze frequency
dependences, we used a logarithmic scale (since the
frequency of the measurement signal varied within rather
wide ranges). The frequencies of the generator were
chosen so that the interval between them in the
logarithmic scale was the same.

According to the known geometric dimensions of
the studied samples, on the basis of the obtained values
of resistance R and capacitance C of the samples,
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the imaginary €" and real &' components of the complex
dielectric permittivity ¢* were obtained, respectively. As
will be shown below, the main parameter for analysis in
this work is the resistance of the sample, and the main
meaning of this analysis is the conductivity value of the
samples o at various frequencies. The main conclusions
of the present work were made by analyzing the
frequency dependences of c.

As it was already noted above, in this work it was
necessary to investigate the effect of SOR5, SOR10 and
SOR15 impurities on the ionic conductivity of LC 6CB.
A characteristic feature of the manifestation of only ionic
conductivity is the absence of dependence of
conductivity on frequency [4, 5]. The performed studies
using various thicknesses of LC as well as various
concentrations of impurities showed that these
dependences are observed at the lowest of the selected
frequencies of the measuring signal and the largest of the
selected thicknesses of the measuring cell (50 pm).
Therefore, in the experimental part of this work, an
analysis of the frequency dependences of the
conductivity obtained using 50 um thick cells is
presented.

3. Experimental results and their analysis

Fig. 1 shows the frequency dependences of the real (g')
component of the complex dielectric permittivity of
nematic liquid crystals 6CB containing the maximum
concentration (0.1 mass %) of impurities SOR5 (curve 1),
SOR10 (curve 2) and SOR15 (curve 3).

Similar to the analysis of dielectric spectrum
reported in the work [1], three regions of the measured
frequency dependence can be distinguished. There are
two regions for f<10°Hz and f>2-10° Hz, where
changes in the value of €' are observed with a change in
the frequency of the measuring signal f, and the plateau
region of the spectrum, where the value of &' does not
depend on the frequency. As it was noted in the works of
other authors [9], as well as in our works [1, 8], changes
in the value of ¢' depending on the low frequencies
(<10 Hz) are caused by near-electrode processes. In this
case, to ensure charge exchange between the electrode
and LC, almost the entire voltage of the measuring signal
will be applied across the near-electrode area. This leads
to a significant increase in the effective value of &'
Although, in fact, the value of ¢' does not increase. This
apparent increase is caused by the nonuniform
distribution of the applied electric field across the sample
thickness [8].

In the region of the dielectric spectrum for
f > 2-10° Hz, the decrease in the value of &' with
increasing the frequency is caused by dipole polarization.
Dipoles of molecules have no time to return in a time
interval close to the period of the measuring signal. This
phenomenon is typical for the most liquids and will not
be analyzed in detail.

In this work, the region of dielectric spectrum
where the value of &' does not depend on the frequency is
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Fig. 1. Frequency dependences of the real component of the
complex permittivity &' for the homeotropically oriented
nematic liquid crystal 6CB doped with the impurities SOR5 (1),
SOR10 (2), and SOR15 (3). The impurity concentration is
0.1 mass %, the thickness of the samples is 50 um. The
temperature is 293 K (nematic phase of the liquid crystal).

more important for analysis. As we noted in [8], a
uniform distribution of the electric field across the
sample thickness is typical for this range of frequencies.
For homeotropic alignment of molecules, the dielectric
permittivity in this frequency range must be equal to the
dielectric permittivity along the long axis of molecules.
This is observed for the SOR5 and SOR10 impurities,
respectively, curves 1 and 2 in Fig. 1.

In the case of the SOR15 impurity, slightly smaller
values of &' were obtained than those for the homeotropic
orientation of 6CB molecules. The reason for this may be
not the strictly homeotropic alignment of 6CB molecules,
but a randomly tilted alignment of these molecules due to
the impact of the impurity on the alignment quality of the
electrode. Minor changes in the alignment capabilities of
the electrode can be caused by the partial adsorption of
impurity molecules on the electrodes. A significant
difference in the value of ¢ at f<100 Hz for three
various impurities, as will be shown below, is the main
reason for the change in the dielectric spectrum
depending on the impurity type.

In the case of dielectric spectroscopy method, the
frequency dependences of the real ¢' and imaginary &"
components of the complex dielectric permittivity &
have been mainly analyzed. The analysis of the data
obtained by us showed that to compare the influence of
SOR5, SOR10 and SOR15 impurities on the electrical
properties of 6CB, it is better to analyze not the
frequency dependence of ", but the frequency
dependence of the alternating current (AC) electrical
conductivity cac. As is known [8-11], the values of &"
and o, are related by the relation:
opc =2nfeye”,

o))

where g is the electric constant.
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Fig. 2. Frequency dependences of the conductivity cac of 6CB
measured using three concentrations of SOR10 impurity:
0.01 (1), 0.05 (2), and 0.1 mass % (3). The sample thickness is
50 um. The temperature is 293 K.

Fig. 2 shows the frequency dependences of the
conductivity oac of 6CB doped with the SOR10 impurity
of three concentrations (0.01, 0.05 and 0.1 mass %).

From the analysis of the frequency dependences of
oac Shown in Fig. 2, it is possible to draw an unequivocal
conclusion — the highest difference in the conductivity
depending on the concentration of the SOR10 impurity is
observed at the frequencies f < 10°Hz. A characteristic
feature of this frequency range is the presence of a
frequency range where the value of oxc does not depend
on the frequency f. In Fig. 2, these regions are marked
with the solid lines. It is important to note that the width
of this region (for the frequency range in which the
research was carried out) is the largest at the maximum
concentration of the SOR10 impurity (curve 3 in Fig. 2)
and decreases with a decrease in the concentration of
SOR10.
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Fig. 3. Dependence of the ionic conductivity of the nematic
liquid crystal 6CB on the concentration of impurities: SOR5
(1), SOR10 (2) and SOR15 (3). The sample thickness is 50 um.
The temperature is 293 K.

As is known [4, 5, 10, 11], the frequency regions
where the value of 6c does not depend on the frequency
correspond to the ionic conductivity of weak electrolytes,
including LC. At the same time, it is important to know a
type of quantitative dependence of the ionic conductivity
of the liquid crystals (6CB) on the concentration of the
introduced impurity. The dependence of the electrical
conductivity of 6CB on the concentration of the SOR10
impurity is shown in Fig. 3 (curve 2).

From the analysis of the dependence of the ionic
conductivity of 6CB on the concentration of SOR10 im-
purities (curve 2), it can be concluded that for a given range
of concentrations it can be described by a power law, i.e.

opc =ac™?, @)
where a is some constant. Taking the measurement error
into account, the value of the exponent in the relation (2)
is 0.48 £ 0.04. That is, the power factor found from the
experimental data for the dependence of the 6CB
conductivity on the concentration of SOR10 impurities is
close to 0.5. As is known [12], it corresponds to the
bimolecular recombination of charge carriers. If we
assume that nanoimpurities can be a source of ions
[13-15], then similar behavior can be predicted for
molecular liquid crystals with nanoparticles [16]. As was
shown in the paper [17], even minor degree of ionic
contamination of nanodopants can result in the behaviour
similar to that of weak electrolytes in liquid crystals
described by equation (2).

The complex behavior (Fig. 3) can be explained by
taking into account several competing processes.
Nanoimpurities are coated with oleic acid to prevent
aggregation [1]. It is known that these nanoparticles can
act as a source of ions, which leads to an increase in ionic
conductivity [13-17]. This behavior is observed in its
purest form for the SOR10 impurity (Fig. 3, curve 2). For
a given level of ionic contamination of nanodopants and
liquid crystals, there is a saturation effect, i.e., the
electrical conductivity reaches its saturation level and
does not increase anymore [16, 17]. However, even in
this case the ions can still be adsorbed on the electrode
surface, leading to a decrease in electrical conductivity
with an increase in the concentration of nanoimpurities
(SOR15 impurities, Fig. 3, curve 3). Under some circum-
stances, the alignment layer can also act as a source of
ions, increasing the ionic conductivity. For the same mass
concentration, nanoparticles of smaller size have a higher
volume concentration. This can lead to aggregation of
nanoparticles and desorption of oleic acid with its
subsequent dissociation. As a result, it will lead to a
sharper increase in ionic conductivity (SOR5 impurities,
Fig. 3, curve 1).

Fig. 4, as well as Fig. 2, shows the frequency depen-
dence of the AC electrical conductivity of 6CB doped
with several concentrations of the SOR5 impurity. The
obtained dependences oac(f) (Fig. 4) differ a little from
the data shown in Fig. 2. The main difference is that the
frequency range, where the value of cac does not depend
on the frequency of the measuring signal f, is wider than
in the case when the SOR10 impurity was added to 6CB.
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Fig. 4. Frequency dependences of conductivity cac of 6CB
measured using three concentrations of the SOR5 impurity:
0.01 (1), 0.05 (2) and 0.1 mass % (3). The sample thickness is
50 um. The temperature is 293 K.
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Fig. 5. Frequency dependences of conductivity cac of 6CB
measured using three concentrations of SOR15 impurity:
0.01 (1), 0.05 (2) and 0.1 mass % (3). The sample thickness is
50 um. The temperature is 293 K.

Like in the case of the SOR10 impurity, the
dependence of cac value on the concentration of the
SOR5 impurity was analyzed in more detail. This
dependence is shown in Fig. 3 (curve 1). In contrast to
the data obtained for the SOR10 impurity in Fig. 3
(curve 2), a power dependence of the conductivity on the
impurity concentration is not observed for an entire range
of concentrations. As was already mentioned, minor
changes in physical-chemical composition of the nano-
impurity (the degree of ionic contamination, the surface
coverage by surfactants, etc.) can significantly affect the
electrical properties of LC doped with such dopants.

Having observed a significant difference between
the effect of SOR5 and SOR10 impurities on the
electrical properties of LC 6CB, it was logical to check
whether the effect of the SOR15 impurity would differ
from that of the SOR5 and SOR10 impurities.

Fig. 5 shows the frequency dependence of the AC
electrical conductivity of liquid crystals 6CB doped with
the SOR15 impurity of varying concentrations.

The obtained frequency  dependences  of
conductivity cac of 6CB doped with SOR15 impurity at
three concentrations shown in Fig. 5 differ a little from
the data shown in Figs 2 and 4. The main difference is
that, at the frequencies higher than 10° Hz, the
conductivity of samples containing the lowest SOR15
impurity concentration of 0.01 mass % (curve 1) differs
more significantly than in the case of SOR5 and SOR10
impurities from the data obtained for other
concentrations. Because for all three impurities, the
largest changes in conductivity occur precisely at the
frequencies f < 10° Hz, we will not analyze the cause of
this effect. The analysis of the concentration dependence
of the ionic component of the LC conductivity is more
important.

Like in the case of SOR5 and SOR10 impurities, the
concentration dependences of oxc of 6CB containing
three concentrations of the SOR15 impurity are shown in
Fig. 3 (curve 3). From the analysis of the obtained data, it
follows that these dependences are significantly different
from those in the case of the presence of SOR5 or
SOR10 impurities in 6CB. Similar to the case of SOR5
impurity, the concentration dependence of conductivity
cannot be described by a power law over an entire
concentration range. For concentrations higher than
0.05 mass %, further increase in the concentration of
SOR15 impurity (from 0.05 up to 0.1 mass %) leads to a
decrease in the value of ocac. At the same time, the
maximum value of conductivity is observed for the
impurity concentration of 0.05 mass %.

4. Conclusions

1. It has been shown that the SOR5, SOR10 and
SOR15 impurities do not significantly affect the value of
the real component of the complex dielectric permittivity
(¢'). The largest changes are observed for the lowest
frequencies (f<10?Hz) and may be caused by the
different influence of the impurity on the near electrode
processes in liquid crystal samples.

2. For all types of impurities, the largest changes in
the LC conductivity are observed in the frequency range
f < 10° Hz. Because the value of the conductivity in this
frequency range does not depend on frequency f, it
corresponds to the ionic component of the conductivity
through LC.

3.In the case of the SOR10 impurity, the
conductivity of 6CB increases with an increase in the
impurity concentration according to a power law with an
exponent close to 0.5, which is typical for bimolecular
recombination of charge carriers (similar to the behaviour
of weak electrolytes in molecular liquid crystals).

4. For impurities SOR5 and SOR15, the con-
centration dependence of conductivity can be approxi-
mated by a power law only for concentrations below
0.05 mass %.
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5. For the concentrations of SOR5 impurity higher
than 0.05 mass %, the value of conductivity sharply
increases. Under similar conditions, 6CB containing
SOR15 impurity exhibits the opposite behavior. For the
concentrations of SOR15 impurity higher than
0.05 mass %, the value of conductivity decreases, so that
the maximum value of conductivity is observed at
0.05 mass % of SOR15 impurity.

6. The observed qualitative and quantitative
changes in the electrical properties of nematic liquid
crystals 6CB doped with SOR impurities can be
associated with minor changes in chemical and physical
composition of nanoimpurities.
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Oco0imBocCTi BIUIMBY pi3HOro tumy HaHogoMmimok SOR Ha BeJM4MHY iOHHOI CKJIa/10BOI €JeKTPONPOBiTHOCTI

rOMEOTPOIHO OPiEHTOBAHOr0 HEMATHYHOIO pinkoro kpucraaa 6CB

F0.A. T'ap6oBchkumii, P. Kopéansky, O.B. Koaabuyk, T.M. Koaabuyk, JI.B. Bojox

AHoranisg. Y wiii crarti nosigomiieHo npo BuMB HaHojomimok SORS, SOR10 i SORI15 na BenuuuHy ioHHOT
MPOBITHOCTI TOMEOTPOITHO OPIEHTOBAHOTO HEMAaTW4HOro pigkoro kpucraia 6CB. EnextpuuHi BHMiproBaHHS
IPOBEJICHO B IIHPOKOMY Jiana3oni wactot (Bix 6 I'y o 10° T') npu kiMuaTHii Temmepatypi (293 K). Tlokasamo, mo
HAMOLIBII 3MIHH EIEKTPOIPOBIAHOCTI BiIOYBAIOTECA B OOJIACTI HU3BKHX YacTOT (MEHIIE HiX 108 I'm) 1 3amexaTh Bif
TUIy HAHOJOMIIIKU Ta 1i KOHIeHTpamii. He3Baxkaroun Ha moniOHicTh XiMmiynoro ckiamy SORS, SOR10 ta SOR15,
BUMIpSIHI  3QJIS)KHOCT]  €JIEKTPOIPOBITHOCTI JIOCHI/PKYBaHUX 3pa3KiB BiJ] KOHLEHTpAIil HaHOJOMIIIOK CYTTEBO
BiIPI3HAIOTECA. Y BHIaAKy goMimkn SOR10 ioHHA cKIaioBa €IEKTPOIIPOBITHOCTI 3aJIe)KUTh Bif KoHIeHTpamnii SOR10
3a CTEMEHEBMM 3aKOHOM i3 MOKa3HUKOM mpuOmm3Ho 0,5, mo xapakTepHO i OiMOJEKyJspHOi pekoMmOiHaIlil HOCiiB
3apsay (TOOTO MOBEMiHKA SIK CJIAOKMH eJEeKTPOIiT). 3pa3Ku PIAKMX KPHUCTAIiB, MO0 MICTATh HaHomoMimku SORS i
SORI15, noBoasaThcs moaiOHUM YMHOM B 00jacTi HU3bKMX KoHHeHtpamid (Mix 0,01 1 0,05 mac. %). IlikaBo, mio
mojianbpliie 30UTBIIICHHST KOHIEHTpamii HanozoMimok (> 0,05 wmac. %) TpUBOAWTH M0 pPi3KO 1HIIOT TOBEIIHKH.
EnexTponpoBifHiCTh pigkuX KpucTadiB 3 gomimkoio SORS pi3ko 3pocTtae, Tomi SK €IEKTPONPOBIAHICTH 3pa3KiB, IO
MicTate SOR1S5, 3MeHITYEThCS.

Karouosi ciioBa: jienekTpuy4Hi BIaCTHBOCTI, HEMaTHYHHUH PIIKUHA KpUCTaJ, TOMEOTPOITHE PO3TAIIyBaHHS MOJIEKYJ,
10HHA MPOBIIHICTh, KOHLIEHTPALiSl HAHOIOMIIIOK.
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