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We report a threshold voltage decrease in a nematic liquid crystal compound, 4-cyano-4'-pentylbiphenyl (5CB), doped with

graphene oxide (GO) flakes at a concentration of 0.05-0.3 wt %. The threshold voltage decrease was observed at the same concen-

tration in electro-optic and dielectric spectroscopy measurements. The effect is related to the disrupted planar alignment due to the

strong m—n stacking between the SCB’s benzene rings and the graphene oxide’s structure. Additionally, we present the GO concen-

tration dependence on the isotropic—nematic phase transition temperature, electric anisotropy, splay elastic constant, switch-on time,

and switch-off time. The shape and dimensions of the GO flakes were studied using atomic force microscopy (AFM) and scanning

electron microscopy (SEM). The influence of the GO concentration on the physical properties and switching process in the pres-

ence of the electric field was discussed.

Introduction

Liquid crystals (LCs) are classified as a type of soft matter
which are characterized by anisotropic molecules and a liquid-
like fluidity behavior. Of all LC phases, special attention is paid
to the nematic liquid crystal (NLC) phase because is widely
used in many electro-optical applications [1,2]. In the uniaxial
nematic phase, the direction of the optical axis is described by
the director n, which is the unit vector along the molecular axis.

An applied electric field can change the director orientation

thereby causing a change in the optical properties. In the
absence of an electric field, the orientation of n is determined
by anchoring conditions. The field-induced reorientation of the
LC director is known as the Frédericksz effect [3]. In the
Frédericksz effect, the deformation of a homogeneous layer of a
NLC is caused by the electric field E, which is initially perpen-
dicular to the director. Such structural transition appears at a

certain magnitude called the threshold voltage, Uy,. When the
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applied voltage, U, is lower than the threshold U < Uy, the tilt
angle 0 is small. When the voltage is above Uy,, we start to
observe the increase of 6 [4]. The complete reorientation of the
director n, 6 = 90°, occurs at higher voltages U > Uy,. The reori-
entation is caused by the anisotropy of the electric permittivity
Ae=g —¢,, where ¢ and ¢, is the electric permittivity
measured along the directions parallel and perpendicular to n,
respectively. In the case of positive electric anisotropy (Ae > 0),

the director is forced to align along the electric field.

One of the most efficient methods to reduce the threshold
voltage in nematic liquid crystals for high electro-optical perfor-
mance is doping them with nanoparticles. Hsu et al. showed that
the small addition of gold nanoparticles decreases Uy, due to the
increased electric anisotropy and decreased elastic constant [5].
Haraguchi and collaborators doped the twisted nematic liquid
crystal cell with inorganic nanoparticles of MgO and SiO, [6].
Here, the effect was caused by the reduction of the order param-
eter S. The concentration-dependent enhancement of the
electro-optic response was observed for Ti and TiO, nanoparti-
cles dispersed in NLC [7,8]. The significant effect of ferroelec-
tric SnpP,S¢ on the threshold voltage was reported by Reznikov
et al. [9]. Materials with a suspension of ferroelectric, submi-
crometer particles exhibit a lower threshold voltage and en-
hanced electric anisotropy compared to pure liquid crystal com-
pounds [9,10].

Extensive research has also been performed on carbon-based
material composites [11-14]. NLCs doped with graphene or car-
bon nanotubes show a faster response in electro-optical
switching than pure liquid crystal compounds. This effect is
caused by trapping of some free ion concentrations [15,16] or
reduction in the rotational viscosity [17]. Furthermore, due to
strong m— electron stacking of liquid crystal molecules on
graphene sheets, one obtains pseudo-nematic domains [18],
which enhance the electric anisotropy in the nematic phase.
Carbon nanotubes doped into the nematic liquid crystal can
effectively reduce the driving voltage due to the increase of the

elastic constant [19-21].

In this work, we discuss our approach in reducing the threshold
voltage by using graphene oxide (GO) flakes. The extraordi-
nary properties of GO make this material a good candidate for
this purpose. GO is an oxidized form of graphene [22-24]. In
GO, carbon atoms are highly decorated with various oxygen-
containing groups, for instance, hydroxyl, carbonyl, carboxyl
and epoxy [25]. In contrast to graphene, the oxygen groups
make graphene oxide layers hydrophilic [25], negatively
charged [23] and insulating. The oxidized layers are randomly
distributed with non-oxidized areas. Therefore, the main

advantage of GO is easy dispersibility in water and organic sol-
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vents [23,25]. Graphene oxide occurs in the form of two-dimen-
sional flakes with anisotropic properties [24]. In thermotropic
nematic liquid crystals, GO flakes create dipoles due to
Maxwell-Wagner polarization [26]. An applied electric field
acts to induced dipole moments, which causes reorientation of
the flakes [27,28]. The above-mentioned facts are very impor-
tant features for mixing a nematic liquid crystal with GO flakes

in order to improve its physical properties.

Here, the nematic liquid crystal compound 4-cyano-4'-pentyl-
biphenyl (5CB) was doped with low concentrations
(0.05-0.3 wt %) of GO flakes. We found that using the GO
flakes we are able to reduce the threshold voltage in the
Frédericksz effect. We report and discuss the isotropic—nematic
phase transition temperature, splay elastic constant K, electric
anisotropy Ae, switch-on Tgy and switch-off topp times and
their dependence on the concentration of the GO flakes.

Materials and Methods

Graphene oxide (GO) flakes dispersed in water were obtained
from natural graphite by the modified Hummers’ method
[29,30] in the Department of Chemical Synthesis and Flake
Graphene, Institute of Electronic Materials Technology,
Warsaw, Poland. Then, the GO flakes in water were transferred
by solvent exchange into isopropanol (IPA) and were sonicated
to achieve a stable GO-IPA suspension of a known concentra-
tion. The structure of the flakes was characterized by scanning
electron microscopy (SEM, Auriga Cross Beam Workstation,
Carl Zeiss). The GO flakes had an irregular two-dimensional
shape (Figure 1a). Additionally, we observed that they exhibit a
tendency to fold and wrinkle. In the experiment, the mean
equivalent diameter of the GO flakes was 0.801 um while the
standard deviation (SD) was equal to 0.543 pm (Figure 1b). The
calculations were done using ImageJ software (V. 1.52a). The
thickness of the GO flake samples was measured using a MFP
3D BIO (Asylum Research/Oxford Instruments) atomic force
microscope (AFM) working in semi-contact regime (Figure 2a).
This technique can provide qualitative and quantitative informa-
tion about tested samples [31-33]. To register topographical
maps, silicon AC240 TS (Olympus) scanning probes were used
in a frequency range from 0.8 to 1.0 Hz. The nominal probe
spring constant was 2.7 N/m and the radius was <10 nm. The
AFM examination was carried out in air, under ambient condi-
tions. The data analysis was conducted with IgorPro (V. 6.17,
professional, dedicated software provided by the microscope
producer). The measured thickness was around 1-2 nm
(Figure 2b), which corresponds to 2—4 single layers of
graphene. After characterization by SEM and AFM, the
GO-IPA suspension was added to 4-cyano-4'-pentylbiphenyl
(5CB) to obtain different GO concentrations (0.05-0.3 wt %).
Isopropanol was evaporated at 45 °C for 24 h.
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Figure 2: (a) AFM image and (b) AFM height image of the selected GO flake sample.

The rod-like 5CB compound was synthesized in the Institute of
Chemistry, Military University of Technology, Warsaw,
Poland. It is a room temperature nematic liquid crystal material
of high chemical stability. The phase transition from the
isotropic phase to the nematic phase and then to the crystalline
phase is at 35 °C and 18 °C, respectively [34-36]. Pentyl-
cyanobiphenyl (5CB) has a large longitudinal (p) electric
dipole moment, which equals 6.37 D, while the transverse com-
ponent (p, ) is 0.15 D [36]. Hence, the material shows a rela-
tively large positive electric anisotropy Ae (Ae = 12 at 1 kHz
and 25 °C) [34,36,37].

The nematic liquid crystal materials doped with the GO flakes
were filled by capillary action into cells. The cells consisted of
two pieces of parallel glass plates of thickness d = 1.1 mm
(Precision Glas & Optik GmbH), covered by thin (d = 100 nm)
ITO conducting layers, separated by 1.6 um thick glass spacers.
An active area was 25 mm?2. On the glass plates a polyimide
SE-130 (Nissan Chemicals) of d = 30 nm was deposed and
rubbed to induce planar alignment (HG, homogenous) of the

director n. The isotropic—nematic phase transition temperature
was determined by means of the transmitted light intensity
(TLI) technique, as a function of temperature. The temperature
was controlled with a Linkam TMS 93 controller and a heating
stage, THMSE 600. The intensity of light propagating through
the cell under crossed polarizers, without the applied electric
field, was registered with a photodetector, FLC Electronics PIN
20. The switching times were measured using the same experi-
mental set-up. In the electro-optic (EOQ) experiment, the
switching was driven by the ac square electric signal at a fre-
quency of 1 kHz generated by a waveform generator, Agilent
33220A. Moreover, to determine the switching times in the
electrically controlled birefringence (ECB) mode of operation,
an oscilloscope (Tektronix TDS 2014) was used to register the
electro-optical response. The duration of the driving pulse was
1 s. Dielectric spectroscopy (DS) studies were performed using
an impedance analyzer (Agilent 4294A) and conducted over a
broad frequency range from 100 Hz to 10 MHz, with the oscil-
lation level (ac) at 0.1 V and with different (dc) bias voltages.
All measurements were performed at 23 °C.
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Results and Discussion

The influence of the GO flakes on the quality of alignment in
the planar oriented liquid crystal cells was studied by observa-
tion of liquid crystal textures using the polarizing optical micro-
scope (POM) technique. In the all liquid crystal composites, the
GO flakes were well dispersed. The liquid crystal cells exhib-
ited uniform color, indicating that the rod-like molecules were
uniformly aligned. However, Figure 3b—e, illustrates some GO
aggregation. The size and quantity of the aggregates is much
more visible for the higher concentration (Figure 3e) than for
the lower concentration (Figure 3b). The large aggregates
disorder the long-range orientational order and disturb the liquid
crystal alignment. According to the classical Michel-Levy
interference color chart [38], we observe a slight decrease in
birefringence of GO composites compared with the pure 5SCB
nematic liquid crystal (Figure 3a). For concentrations higher
than 0.3 wt %, we can expect the creation of a lyotropic nematic
phase in the isotropic phase of the SCB-GO suspension, as was
previously reported [39,40].

We used the TLI technique for making precise measurements
of phase transition temperatures. In the case of the iso-
tropic—nematic phase transition, in the isotropic state, the inten-
sity of light propagating through the cell under crossed polar-
izers is around zero (dark state). During the cooling process, at
the phase transition temperature 77N, the transmission of light
starts to increase due to the nucleation of the nematic phase
(bright state). In the experiment, the clearing temperature of the
pure SCB (33.0 °C) was 2 °C below that of previous reports
[34,36]. The effect of the lower Ty is related to the strong
boundary conditions of the thin cell. As shown in Figure 4, in-
creasing the GO concentration up to 0.1 wt % increases the
isotropic—nematic phase transition by about 0.1-0.2 °C. For
concentrations higher than 0.1 wt % 7y_y is shifted towards
lower temperatures. For example, in the 5CB-GO suspension of
0.3 wt % the phase transition temperature occurs at 32.4 °C.
These results are consistent with the previous studies on the
mixture of 5CB and 7CB with the addition of GO [12]. It was
reported that the 77y temperature increases at lower concentra-
tions of GO, while it decreases as the ratio is increased above

(a) 5CB F’%g“ (b) 0.05 Wt%.
A o

200 ym

(c) 0.10 Wt%.
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the certain value (0.75 wt %). The difference in phase transi-
tion temperatures of the SCB-GO composites can be attributed
to the different interactions between the liquid crystal mole-
cules and the GO flakes. On the one hand, for the lower GO
ratios 0.05-0.1 wt % the nematic order is enhanced by the
strong m—n stacking. The n—n stacking between the SCB mole-
cules and the GO flakes causes the appearance of the nematic-
like domains in the isotropic phase. Therefore, we observe at
higher temperatures the creation of the nematic phase. On the
other hand, when the concentration of GO exceeds 0.1 wt %,
the GO flakes disturb the formation of the nematic phase.
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Figure 4: Normalized transmission upon temperature for the pure 5CB
and the 5CB-GO composites. The inset shows the clearing tempera-
ture dependence on the GO concentration.

In this experiment, the Frédericksz transition was induced by
the electric field. The threshold voltage dependence on the GO
concentration in SCB was investigated by two methods: an
electro-optic (EO) and dielectric spectroscopy (DS) experimen-
tal technique. On one hand, in EO we measure the intensity of
light passing through the cell between crossed polarizers as a
function of an applied voltage. On the other hand, DS is based
on measurements of electric permittivity € at a given frequency
under different bias (dc) electric fields. These experimental
techniques allowed to obtain two independent characteristics of
the threshold voltage. The main difference in the above-

(d) 0:20 wt% (€)0.30 Wi%:

Yoy

Figure 3: Liquid crystal textures of 5CB doped with graphene oxide flakes, captured at 23 °C. The optical polarizing images were taken in planar
aligned cells for: a) the pure 5CB and 5CB-GO suspensions at concentration of b) 0.05 wt %, c) 0.1 wt %, d) 0.2 wt %, and e) 0.3 wt %.
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mentioned methods is that in the DS measurements we are able
to observe a full orientation of the director at Uy,. In the case of
the EO technique, we detect the beginning of the switching
mechanism. A discrepancy is a consequence of the fact that EO
measurements are carried out on a small, isolated area while in
DS data are collected from a whole ITO electrode. For this
reason, the values of the threshold voltage from the DS investi-
gations (Uy,_ps) using the bias electric field are overstated com-

pared to the results from the EO experiment (Uy,.go)-

Figure 5 presents the transmission of light versus the applied
electric field. The Uy,.go in EO is defined as the voltage at
which the transmission of polarized light starts decreasing.
Compared to the pure S5CB, the experimental results show the
increase of the threshold voltage at the concentration of 0.05 wt
%. However, further increase of the GO ratio results in the
opposite trend. We observe the shift of the transmission curves
towards the lower voltages. The highest reduction in Uy,_go is
observed at 0.2 wt % of GO, the threshold voltage is reduced by
10% (decrease from 0.80 V to 0.72 V).

1.0+
0 — 5CB
0.9 —— 5CB + 0.05 wt% GO
0.8 5CB + 0.1 wt% GO
— —— 5CB + 0.2 wt% GO
(:é 0.7+ —— 5CB + 0.3 wt% GO
Z 0.6+
o
‘w 0.5
R]
£ i
2 04 wt % of GO|Treshold voltage (V)
®© 0.3 0 0.80
= 0.05 0.83
0.21 0.1 0.77
0.14 0.2 0.72
0.3 0.74
0.0

T T T T T T T T T T T
06 07 08 09 10 11 12 13 14 15 16 17
Voltage (V)

Figure 5: Normalized transmission of light as a function of applied
voltage for the pure 5CB and the 5CB-GO suspensions at the different
concentrations. The inset shows the threshold voltage Ui.go depen-
dence of the GO concentration.

In DS the threshold voltage Uy, ps is defined as the point where
electric permittivity € starts increasing from the initial value
(perpendicular component € of electric permittivity tensor).
Thus, for the high bias voltages, we are able to determine the
parallel component g from the plateau range of the measured

electric permittivity €. Figure 6 presents the electric permit-

tivity characteristic as a function of the bias (dc) electric field.

Here, we observe the decrease of Uy,_pg at the same concentra-
tion (0.2 wt %) as in the case for the EO measurements. Howev-
er, in DS, the effect of the GO flakes on the threshold voltage is
much more pronounced. At a concentration of 0.2 wt %, the
threshold voltage (Uy.ps = 1.30 V) is lower by almost half as
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compared to the pure SCB (Uy,.ps = 2.78 V). As in the case for
EO in DS we observe the increase in the threshold voltage at
0.3 wt %. The obtained values of ¢, and g in this experiment
allow us to calculate the electric anisotropy Ae of the investigat-
ed materials. The detailed results are gathered in Table 1. We
found that Ag slightly changes in the SCB-GO composites. The
highest value of Ag is observed at 0.20 wt % (Ag = 12.22),
while the lowest is at 0.05 wt % (Ae = 11.77), compared to the
pure 5CB (Ae = 12.04).

20
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Figure 6: Electric permittivity € dependence upon the bias (dc) electric
field at a frequency of 1 kHz. Results obtained for the pure 5CB and
the 5CB-GO suspensions at different concentrations. The inset shows
the threshold voltage Uin.ps dependence of the GO concentration. Ex-
perimental data is presented as scattered points with the line as a
guide for the eye.

Table 1: Values of the electric anisotropy Ae in the 5CB-GO compos-
ites as a function of the GO concentration.

wt % of GO Ae (1 kHz, 25 °C)
0 12.04
0.05 11.77
0.1 11.96
0.2 12.22
0.3 12.05

Knowing the threshold voltage Uy,_go from the EO measure-
ments and the electric anisotropy Ag of the GO composites one
can calculate the elastic constants, K values, from the
formula: Uy, =/ K;; / (soAa). The elastic constant is a param-
eter characterizing the elastic interaction between the nematic
molecules. However, when GO flakes are inserted in the cell,
the value of Ky of the 5CB-GO composites also reflects the
interaction between the molecules and the inserted GO flakes
[41,42]. In Table 2 we see that the threshold voltage behavior of
the SCB-GO suspensions is reflected in the concentration de-

pendence of K. The small amount (0.05 wt %) of the carbon
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dopant leads to deterioration of properties relevant for liquid
crystal applications. This is due to the increase of Uy, and K
and the decrease of Ae. The low concentration of GO flakes
stiffen the structure of the 5CB-GO composites. For this reason,
the reorientation of » is more difficult. However, at concentra-
tion of 0.2 wt % the material parameters are improved. As the
concentration of GO flakes increases, the structure starts to be
less uniform than in pure 5CB and a large number of defects
makes this composite easier to reorient. Moreover, the director
field is disturbed by aggregation of GO flakes.

Table 2: Threshold voltage Uy,.go and the calculated results of the
splay elastic constants K11 in 5CB-GO composites as a function of GO
concentration.

wt % of GO Uth-eo V] K11 [pN]
0 0.80 6.83
0.05 0.83 7.26
0.1 0.77 6.30
0.2 0.72 5.71
0.3 0.74 5.92

At high voltages (U > Uy,), the change of the director reorienta-
tion (U > Uy,) from planar to homeotropic alignment and vice
versa is characterized by two parameters: the switch-on ton
and the switch-off topp time. The switch-on time depends
on the magnitude of the applied voltage U as follows:
ToN = Yd*/(egAeU? — m2K 1), where v is the rotational viscosity,
d is the thickness of the cell and g is the vacuum permittivity.
In contrast, the switch-off time is determined mainly by splay
elastic constant K, Topf = ydz/(nzK“). After removing the
electric field, the director n relaxes to the initial state due to the
elastic nature of the medium. Figure 7 present the dynamic
response of the liquid crystal cells filled with different GO
suspensions. When the voltage (U = 10 V) is turned on, the
transmission intensity decreases over time (Figure 7a). The ad-
dition of the GO flakes to SCB does not change the optical
response of the cell. Here, the switch-on time refers to the time
between 90% to 10% transmission of light (t9g_1¢). It was
found that Toy increases with the increase of the GO concentra-
tion. The effect can be attributed to the increase of the rota-
tional viscosity y. Figure 7b illustrates the topp dependence.
The switch-off time is the time of the director relaxation after
removing an electric signal at a given frequency. In the electro-
optical characteristic is the time interval where the normalized
transmission intensity at the level of 10% rises to 90% (t19_90)-
The corresponding figures clearly depict that the flakes
suspended in the nematic host recover to their initial state with
different times, slower than the pure nematic liquid crystal,
which is caused by the increase of the rotational viscosity due to
the presence of the GO flakes.
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Figure 7: Electro-optical characteristics of the switching process in the
cells with the 5CB-GO suspensions. Normalized light transmission as
a function of time for (a) switch-on (1g90-10) and (b) switch-off (110-g0)
processes for different concentrations of GO flakes in the 5CB liquid
crystal compound.

In the planar oriented cell without the electric field, the GO
flakes are suspended parallel to the nematic director n. At lower
concentrations (0.05-0.1 wt %), the nematic order is increased
around the GO sheets because of the n—r stacking between the
liquid crystal molecules and the GO flakes (Figure 8a). GO
flakes stiffen the structure. As the GO ratio increases, the strong
n—n stacking induces the deformation of the director field
(Figure 8b,c). Moreover, the rotational viscosity increases. At a
concentration of 0.3 wt %, the GO aggregates disturb the
nematic order significantly. The electric field induces the GO
flake/nematic molecule reorientation process. Therefore, in the
field on-state, the liquid crystal molecules with GO flakes
reorient simultaneously in the field direction (Figure 8d—f). We
assume that the electric field destroys the GO aggregates. After
turning the electric field off, the distorted director does not
accelerate the switching process back to the original orientation.
When the electric field is in the off-state, the GO flakes follow
the director due to the strong anchoring energy between SCB’s
benzene rings and the graphene’s honeycomb structure. The
interactions between the liquid crystal molecules and the GO

flakes are responsible for the lower elastic torque.
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Planar alignment

Conclusion

We studied the change of the threshold voltage in dielectric
spectroscopy and electro-optical measurements of the SCB
nematic liquid crystal with various concentrations of GO flakes
(0.05-0.3 wt %). The effect of GO was significant. The reduc-
tion of the threshold voltage in the thin liquid crystal cell at the
concentration of 0.2 wt % is related to the effects which can be
interpreted as the decrease of the elastic constants. In our
opinion the reason is related to the alignment of SCB with
respect to the 0.2 wt % GO flakes. When we added more GO
flakes, the molecules of SCB were not aligned properly and the
threshold voltage was reduced. It was easier to trigger reorienta-
tion of the liquid crystal director when the structure was
disrupted as compared to the pure SCB. Of course, this imper-
fection in alignment of 5CB molecules is due to the n—=n
stacking between the SCB’s benzene rings and the graphene
oxide’s structure. At a low concentration (0.05 wt %) we ob-
served the opposite effect. The structure was stiffened due to
the strong interaction of NLC-GO. However, at a higher con-
centration (0.3 wt %) we noticed the reduction of the threshold
voltage because of the significant increase of the rotational
viscosity. Nematic liquid crystals with dispersed graphene oxide
flakes are interesting candidates for potential applications in
liquid crystal modulators and filters, smart windows, and
isotropic liquid crystal displays.
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