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Abstract

Hexylcyanobiphenyl liquid crystal was doped with graphene oxide at ratios %0.25GO, %0.5GO, %1GO and %2GO, and
the change in physical properties of pristine and the doped liquid crystals has been investigated. The phase transitions of
prepared samples were studied by differential scanning calorimeter and polarized optical microscopy. The differential scan-
ning calorimeter and polarized optical microscopy results are in good agreement when examining the nematic—isotropic
liquid phase transition temperatures of the hexylcyanobiphenyl. The liquid crystal texture images obtained with polarized
optical microscopy reveals that thermal stability of sample changed with graphene oxide concentration, i.e., increased with
graphene oxide concentration. Impedance, capacitance, conductivity and real and imaginary dielectric constants of the pure
and doped liquid crystals were obtained depending on frequency and voltage at the room temperature by using impedance
analyzer. These electrical properties of the pure and the graphene oxide-doped samples showed an increase with increasing
the graphene oxide ratio. The voltage-dependent light transmittance experiment revealed that threshold voltage of LC cells
decreased for %0.25GO- and % 1GO-dispersed samples, but it was increased at %0.5GO- and %2GO-dispersed samples.
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Introduction

Nanoparticles (NPs) are materials having 1-100 nm size
ranges. NPs can be classified into different classes depend-
ing on their sizes, shapes or properties. They have also been
divided as metallic, ceramic and polymeric groups. NPs
exhibit unique physical and chemical properties due to their
large interaction surface area and nanoscale size. NPs can
be used for catalysis, imaging, medical applications, energy-
based research and environmental applications [1].

Liquid crystals (LCs) which have intermediate physical
properties between a solid and an isotropic liquid are very
important materials. Due to these important features, LCs
have a wide range of applications in technology. They are
used for television, computer, machines display systems,
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electro-optic filters, lens [2, 3], holography [4-6], digital
data storage [7] and biosensor. Different properties LCs’ are
needed for diverse applications areas. For these reasons, the
required enhanced properties of liquid crystals are obtained
by synthesizing a new liquid crystals [8, 9] and/or a mixture
of two or more different liquid crystals [10—-12] and/or using
polymer [13-15], nanoparticles [16—19] and dyes [20, 21]
and/or using at least two of them to reveal their LC behav-
ior [22-24]. Among all of them, NPs are very important to
obtain liquid crystals having different physical properties.
When very small amount of NP is doped, the LCs’ physi-
cal properties changed significantly [25]. NPs doped LCs
research has attracted great interest in recent years. Electro-
optical properties of various nanoparticles ranging from zinc
oxide to gold were examined [17, 18, 25-27]. The threshold
voltage has been studied by capacitance—voltage measure-
ments of barium titanate (BaTiO;) NP doped pentylcyano-
biphenyl (5CB) liquid crystal [28]. Effect of barium titanate
nanoparticles of different particle sizes on electro-optic and
dielectric properties of ferroelectric liquid crystal has been
investigated [29]. Effects of ferroelectric nanoparticles on
free ion concentration in a 5CB liquid crystal have been
studied [30].
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Carbon family materials as a LC dopant have attracted
researcher’s interest recently. Among the family members,
carbon nanotubes have been investigated deeply. Two-
dimensional graphene and graphene oxide (GO) nano-
particles, on the other hand, have newly found a place in
LC-related research. Graphene might be used in plasmonic
logic gate to change dielectric constant [31]. It was found
that phase transition temperature decreased with graphene
dopant in nematic liquid crystals [32]. GO dispersed in
the nematic liquid crystal (5CB) with different concentra-
tions, and the dielectric and the electro-optic behavior was
investigated [33]. The phase transitions and physiochemical
properties of SCB and heptylcyanobiphenyl (7CB) doped
GO were studied [34]. Threshold voltage decreased with
GO nanoparticles, and the same process is found for GO
dispersed in polymer doped liquid crystals [35].

This work has been devoted to investigate the electrical,
morphological, thermal and electro-optical properties of
nematic liquid crystal 6CB by dispersing different rates of
graphene oxide. We doped the 6CB liquid crystal with GO
nanoparticle at ratios %0.25GO, %0.5GO, %1GO and %2GO
ratio. The thermal, light transmittance, phase transitions and
impedance, capacitance, conductivity and real and imagi-
nary dielectric constants of the doped 6CB liquid crystal
have been investigated.

Experimental

Hexylcyanobiphenyl 6CB liquid crystal used in this study
is a nematic LC from cyanobiphenyl nCB group, purchased
from Sigma-Aldrich company. The chemical structure of
pure nematic mesogen 6CB is shown in Fig. 1. Dopant mate-
rial graphene oxide is bought from GrafNano Inc Turkey. LC
and GO solutions were dissolved in chloroform, and they
were mixed together by three hours sonification. After evap-
oration of chloroform, 6CB and GO mixtures were obtained

Fig.1 Chemical structure of LC

with certain ratios %0.25G0O, %0.5GO, %1GO and %2GO.
To measure the electrical properties of GO-doped 6CB, sam-
ples were filled using capillarity method in indium tin oxide
(ITO) cells. The planar alignment LC cells with cell gaps
8 um and 1 cm? active area were purchased from Instec,
Inc USA.

Instruments and characterization

The phase transition temperatures of 6CB + GO mixtures
were experimentally measured by a PerkinElmer differential
scanning calorimeter (DSC). The samples were weighted as
approximately 8 mg and placed on an aluminum pan in DSC.
The measurements were performed using continuous heat-
ing and cooling with 5 °C/min at temperature range between
— 10 °C and 60 °C in pure argon medium.

To investigate the morphological texture of the 6CB + GO
samples was used Eclipse E200, Nikon Japan Polarized opti-
cal microscope (POM) equipped with the digital camera.
Temperature of sample was controlled with heating stage
LTS 120, with PE95 LinkPad accuracy of +£0.1 °C from
Linkam Scientific Instrument, Ltd., England. POM stud-
ies were carried out not only to observe the morphologi-
cal texture of prepared samples but also to monitor phase
transitions.

Impedance, capacitance, conductivity and real and
imaginary dielectric constants of the 6CB + GO samples
were obtained by HP 4194 A impedance analyzer within the
frequency range of 100 Hz—10 MHz and depending on the
direct current voltage at the room temperature. The light
transmittance measurements of the 6CB + GO samples were
studied by an assembly consisting of He—Ne laser, polar-
izer, analyzer, LC cell and photodetector as shown in Fig. 2.
The light transmittance experiment of pure and doped LC
samples was performed by observing laser light transmis-
sion intensity increasing from 0 to 6 V with 0.1 at the room
temperature.

pure 6CB liquid crystal

Linear Formula Chemical Structure Molecular Weight (g)
CHiCHICH 4, )
6CB CH;(CH,)sC¢H,C¢H,CN U 263.39
Polarizer Analyzer

Fig.2 Schematic representation
of light transmittance assembly
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Results and discussion
Thermal analysis

The phase transition temperatures and thermal behav-
ior of pure 6CB liquid crystal and its GO-doped sam-
ples were investigated using DSC with 5 °C/min heating
and cooling. DSC thermograms of 6CB + %0.5GO and
6CB + %1GO samples are shown in Fig. 3. The solid-
nematic and nematic—isotropic liquid transition tempera-
ture of 6CB + %0.5GO sample is 12.59 °C and 24.37 °C in
heating process, respectively. The sample below the tem-
peratures 12.59 °C was solid; between temperatures 12.59
and 24.37 °C, the sample was in nematic phase; and above
the temperature 24.37 °C, the sample was in isotropic
phase. For 6CB + %1GO sample, 12.36 °C and 23.22 °C
are obtained as the solid-nematic and nematic—isotropic
liquid transition temperatures.

The thermal behavior of 6CB and GO-doped LC sam-
ples using DSC with 5 °C/min heating is shown in Fig. 4.
All samples exhibit similar behavior depending on the
increase in temperature. But there are some differences at
phase transition temperatures of samples. Phase changes
with respect to the transition temperature obtained and are
given in Table 1. Tsn is solid-nematic, Tni is nematic—iso-
tropic phase, and AT (AT=Tni—Tsn) is phase change
with respect to temperature.

The nematic—isotropic liquid phase transition tempera-
ture of the pure 6CB was also verified by POM texture
images at a certain temperature range as shown in Fig. 5.
The phase transition starts at 24 °C and finishes at 27.6 °C.
The phase transition texture images were taken with a
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Fig.3 DSC thermograms of 6CB + %0.5GO and 6CB+ %1GO sam-
ples
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Fig.4 DSC heating thermograms of 6CB and GO-doped LC samples

small temperature step. Material at 27.6 °C passed to iso-
tropic phase completely.

Electrical analysis

It is very important to determine the electrical properties of
LC materials when used in image processing systems. LC
materials have positive or negative electrical and optical ani-
sotropy since an external effect as an electric or magnetic field
may change the orientation of liquid crystal molecules. So the
dependency of the real and imaginary dielectric constants of
the 6CB + GO samples on the frequency and the voltage is
investigated. Voltage-dependent change in inductance, capaci-
tance and conductivity of the 6CB + GO samples is studied.

Dielectric spectroscopy technique is used to determine the
electrical properties of the materials. The dielectric complex
expression can be written as

e =€ +ie” (1)
where &’ and ¢” are the real and imaginary parts of the die-
lectric constant, respectively. The real part of the dielectric
constant can be expressed as

C=¢,= 2)

Table 1 Phase transition temperatures of the pure and GO-doped
samples

Material Tsn Tni AT

6CB 11.66 24.68 13.02
6CB + %0.5GO 12.59 24.37 11.78
6CB + %1GO 12.36 23.22 10.86
6CB + %2GO 11.62 22.64 11.02
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Fig.5 Textural images of 6CB nematic—isotropic phase transition

where C is capacitance, €, is the permittivity constant of
the free space, A is the surface area of the cell and d is the
thickness of the cell. The imaginary part of the dielectric
constant is known as the dielectric loss and calculated by
this equation

g =€ tané (3
where 6 =90 — ¢ and ¢ is the phase angle.

The Cole—Cole equality depending on the real and
imaginary parts of the dielectric constant is given as

e =g, + —(Es 60(;) €))
1 + (iwz) ™

where ¢, is the value of the low-frequency dielectric con-
stant, and € is the value of the high-frequency dielectric
constant in the measured frequency range, o is the angular
frequency, 7 is the relaxation time and « is the absorption
coefficient.

The dielectric strength is the difference between the
dielectric constant values at minimum and at maximum
frequencies. The dielectric strength is expressed as

Ae =g, — e, &)

The variation of the real dielectric constant of the
6CB + GO samples depends on frequency and voltage as
shown in Fig. 6a, b, respectively. Figure 6a is obtained
between 1 kHz and 10 MHz frequency range at room
temperature and zero voltage. This figure shows the real
dielectric constant & versus the logarithm of applied
frequency. The variation of the real dielectric constants
between 100 Hz and 1 kHz frequency range is very big,
and it is not seen in this figure. So many studies have been
done starting from 1 kHz frequency [36]. Between 1 and
100 kHz frequency range, ¢’ decreases and it goes to zero
at high frequencies (10 MHz).

Figure 6b shows the real dielectric constant versus volt-
age curves at 1 kHz frequency and at room temperature.
The real dielectric constant value is high at low voltages,
and the dielectric constant increases with the increase in
the graphene oxide ratio.
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Fig.6 Dependency of the real dielectric constant on a the frequency,
b the voltage

The variation of the imaginary dielectric constant of the
6CB + GO samples depends on frequency and voltage as
shown in Fig. 7a, b, respectively. The imaginary dielectric
is obtained between 1 kHz and 10 MHz frequency range at
room temperature and zero DC voltage. ¢” has very large
value at low voltages, and it reach a maximum value at
0.5 MHz critical frequency. The dependency of the £” of the
6CB + GO samples on voltage is given at 1 kHz frequency
and at room temperature as shown in Fig. 7b. The £”’ value
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is high at low voltages, and it increases with the increase
in the graphene oxide contribution ratio. The change in
the real and imaginary dielectric constants of the 6CB and
6CB + %0.5GO samples depends on frequency and is shown
in Fig. 8. The dielectric parts of the samples are &’ > ¢”
up to a certain frequency, about 1 MHz, and then, they are
vice versa so &’ < £”. The difference of real and imaginary
parts of dielectric constant below the critical frequency have
higher values than the values at frequencies above the criti-
cal frequency.

The dielectric constant €, minimum and £, maximum
values from Fig. 6a and the dielectric strength which is cal-
culated using Eq. (5) are given in Table 2. The ¢, is calcu-
lated at 100 kHz and 1 kHz frequencies. Dielectric anisot-
ropy Ae of the pure 6CB is obtained as 28.37 for 100 kHz
minimum frequency, but it is 12.27 for 1 kHz minimum
frequency. Dielectric anisotropy of the 6CB + %2GO doped
sample is seen as 148.63 for 100 kHz and 15.70 for 1 kHz
minimum frequencies.

The fitted Cole—Cole plot of the pure and GO-doped
samples is shown in Fig. 9. From this graph, one can get
information about the £’ and £” dielectric constants at mini-
mum and maximum frequencies. The maximum point of the
semicircles is emax, and its value can also be obtained from
these plots for the 6CB + GO samples.

Variation of absolute capacitance with voltage of the
6CB + GO samples at 1 kHz frequency is shown in Fig. 10.
The absolute capacitance has high values at low voltages,
and the capacitance increases as the percentage of doped
GO material increases. The capacitance of 6CB pure liq-
uid is lower than GO-doped samples. Voltage dependence
of absolute impedance of the 6CB + GO samples at 1 kHz
frequency is shown in Fig. 11. The impedance of 6CB pure
liquid crystal is higher than GO-doped samples. As the per-
centage of additive GO increases, the impedance decreases.
Figure 12 shows the absolute conductivity depends on the
voltage. The absolute conductivity has higher values at low
voltages. With increasing GO percentage, the conductivity
has higher values. So 6CB + %2GO sample has the highest
conductivity from 6CB pure and 6CB + GO samples.

Optical analysis

The light transmittance of the different ratios graphene
oxide-doped 6CB liquid crystal samples measured by an
assembly consisting of He—Ne laser, polarizer, analyzer,
LC cell and photodetector is shown in Fig. 2. The light
transmittance measurment of ITO cells filled with pure
and 6CB 4+ GO mixed samples was made by applying the
different AC voltages at the room temperature. AC voltage
was applied to conducting surfaces of the sample filled in
ITO cell from 0 V to 6 volts with 0.1-V increments. The
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Table 2 Dielectric anisotropy of

Material =100 H =10 MH A =1kH =10 MH A
the pure and GO-doped samples aferta & (¢ D & z) Ae & ¢ D & z) Ae
6CB 28.441300 0.069978 28.37 12.337350 0.069978 12.27
6CB + %0.25GO  57.484300 0.102826 57.38 11.287200 0.102826 11.18
6CB + %0.5GO 77.071900 0.152694 76.92 13.387500 0.152694 13.23
6CB + %1GO 105.073000 0.136405 104.94 12.848100 0.136405 12.71
6CB + %2GO 148.662000 0.031660 148.63 15.727600 0.031660 15.70
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Fig.9 Cole—Cole plots of the pure and GO-doped samples
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Fig. 10 Variation of absolute capacitance with voltage

light transmittance value was recorded with photodetec-
tor for each volt step. The laser light wavelength used in
experimental setup was 650 nm. The required operating
voltage of LC-GO system can be found by voltage-depend-
ent light transmittance data. Figure 13 shows transmission
voltage curves of pristine and %0.25GO, %0.5GO, %1GO
and %2GO nanoparticles-doped LC cells. The threshold
voltage of LC cells decreased for %0.25GO, but increased
at %0.5GO nanoparticles. The threshold voltage also

@ Springer

Fig. 11 Variation of absolute impedance with voltage
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decreased at %1GO and increased at %2GO dispersion
compared to pure 6CB.

Conclusions

In this study, hexylcyanobiphenyl liquid crys-
tal was doped with graphene oxide at percentages
of %0.25GO, %0.5GO, %1GO and %2GO. From thermal
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Fig. 13 Voltage-dependent light transmittance of the pure and GO-
doped samples

behavior, it was found that increasing GO ratio in 6CB
results in the reduction at the phase transition temperature.
The real dielectric constant increases with increasing GO
ratio in 6CB. Dielectric anisotropy of the 6CB pure and
GO-dispersed samples was also increased with increas-
ing concentration of GO nanoparticles. From the light
transmission experiment, it was found that the threshold
voltage of %0.25GO- and %1GO-dispersed samples was
decreased and %0.5GO- and %2GO-dispersed samples was
increased. We assumed that this situation may be caused
by non-homogeneous graphene oxide distribution in LC
cells. Further studies will be needed to evaluate GO dis-
persibility and their stability in LC.
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