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Low-voltage blue-phase liquid crystals with
polyaniline-functionalized graphene nanosheets
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A small amount of polyaniline functionalized graphene (G–PANI, 0.03–2.00%) nanosheets was doped into

conventional polymer-stabilized blue phase liquid crystals (PS-BPLCs), and the electro-optical property

effects were studied. The driving capability of BPLCs can be much improved in that the Kerr constant of

BPLCs doped with 0.05 wt% G–PANI is increased by �55% compared with that of BPLCs without

G–PANI. Meanwhile, this composite exhibits no degradation of electro-optical properties, such as

response time, hysteresis and residual birefringence.
Introduction

Blue phase liquid crystals (BPLCs) appear as a regular array of
double twist cylinders (DTCs) separated by a network of dis-
clination lines in a narrow temperature range, 1–2 K, between
the isotropic and chiral nematic (N*) phases.1,2 The BPLC has
interesting features including sub-millisecond response time,
alignment free, optical isotropic status without an electric eld,
and 3-D helical structure with a periodicity on the order of the
visible wavelength. Since the temperature range was broadened
to more than 60 K by stabilizing the disclination lines with
polymer networks,3 BPLCs have attracted people's interest for
potential applications in eld sequential displays,4,5 phase
modulator devices,6–9 and three-dimensional (3-D) tunable
photonic crystals.10,11 However, some critical issues, such as
high driving voltage, hysteresis, and residual birefringence
must be solved before they can be widely applied.12,13 The
hysteresis effect can be mitigated by doping ferroelectric
(BaTiO3) or ZnS nanoparticles,14,15 but the driving voltage is still
the main problem to be overcome before the wide applications
of BPLCs. Generally, there are two methods to lower the driving
voltage. One is to improve the materials which include large
Kerr constant BPLC materials16,17 and polymer systems with
reactive diluents.18 Another is to increase the effective electric
eld by device structure optimization, such as protrusion elec-
trodes,19 wall-shaped electrodes,20 corrugated electrodes21 and
vertical eld switching (VFS) electrodes.22 In spite of their
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remarkable achievements in reducing the driving voltage, other
problems, such as complicated fabrication processes and
noticeable hysteresis need to be resolved eventually.

In recent years, graphene, a monolayer of carbon atoms
arranged in a honeycomb network, has become an appealing
carbon matrix owing to its excellent mechanical exibility, large
specic surface area,23 and high thermal and chemical
stability.24–26 However, large scale production of high quality
graphene still remains challenging using current technologies,
including mechanical exfoliation, epitaxial growth on silicon
carbide or metal surfaces, reduction of graphene oxide,27 and
liquid phase exfoliation.28,29 Meanwhile, among those con-
ducting materials, polyaniline is considered as a promising
conductive material because of its low cost, easy synthesis and
relatively high conductivity.30 However, the polyaniline is prone
to aggregation. Therefore, it is highly desirable to develop
functionalized graphene nanosheets with unique structures
that can tackle the aggregation of polyaniline while retaining
the overall high conductivity and good dispersity.

In this work, the effect of polyaniline functionalized gra-
phene (G–PANI) nanosheet doping on the electro-optical
performance of polymer-stabilized blue phase liquid crystals
(PS-BPLCs) is studied. The results show that with the G–PANI
dopant of about 0.05% by weight, the Kerr constant of PS-BPLCs
is increased by about 55%, and the response time, hysteresis,
and residual birefringence have no degradation compared with
those of PS-BPLCs without G–PANI.
Experimental
Mechanism

Aer polymerization, the driving capability of the PS-BPLCs
will degrade obviously.31 However, the polymer network is
needed to solve the thermal stability problem of BPLCs. If the
This journal is © The Royal Society of Chemistry 2014
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conductivity of the polymer network can be increased, the
effective electric eld can be much improved to decrease the
driving voltage of the PS-BPLC device. G–PANI nanosheets
have unique structures that can tackle the aggregation of
polyaniline while retaining relatively high conductivity and
good dispersity. When the G–PANI nanosheets are doped into
the BPLC materials, they can be wrapped by the polymer
network around the disclination lines of blue phase liquid
crystals. Therefore, the conductivity of the polymer system
and the effective electric eld of the PS-BPLC device will
increase.
Fig. 1 (a) SEM, (b) TEMmicrographs, and (c) FT-IR spectrum of the G–
PANI nanosheets.
Material synthesis

Graphene oxide (GO) was synthesized from natural graphite
akes by a modied Hummers method.32 The obtained GO was
dispersed in the distilled water followed by hydrothermal
treatment to get the graphene.

G–PANI: polyaniline functionalized graphene oxide nano-
sheets were prepared by in situ polymerization of aniline on
GO, using sodium dodecyl sulfate (SDS) as the surfactant to
assist the dispersibility of aniline in water: rstly, 300 mL
aniline was dispersed in 50 mL distilled (DI) water with 10 mg
SDS; then the mixture was mixed together with 60 mL of
GO (0.50 mg mL�1), followed by ultrasonication for 15
minutes to form a homogeneous suspension. Subsequently,
0.7 g ammonium persulfate (APS) dispersed in 50 mL 1 M HCl
was added slowly, and the mixture was vigorously stirred
overnight at 273–278 K. Then, the resulting green suspension
was centrifuged and washed with DI water three times. The
obtained GO–PANI was dispersed in 80 mL DI water followed
by hydrothermal treatment at 453 K for 12 hours. Finally, the
G–PANI nanosheets were obtained.
Material characterization

Themorphology of G–PANI nanosheets was investigated by eld
emission scanning electron microscopy (FE-SEM). The TEM
image reveals that the PANI layer on the surface of graphene is
uniformly distributed and also the 2D sheets are freestanding.
As the freestanding nanosheets can be easily dispersed into the
mixtures, they are ideal materials for the modication of blue
phase liquid crystals. Furthermore, the G–PANI composite is
measured using a Fourier transform infrared spectrometer (FT-
IR) as shown in Fig. 1(c), the peaks of –C]N, –C–N, and –N–H
indicating the presence of PANI.
Fig. 2 (a) Phase transition of blue phase liquid crystals without G–
PANI from the isotropic phase (ISO) to the chiral nematic phase (N*)
and texture under POM and (b) experimental setup for electro-optic
measurement of the IPS cell.
Samples preparation and measurements

The BPLC materials used in this experiment were composed of
88.75% of positive nematic LC (BPH001, HCCH), 3.17% of
chiral dopant (R5011, HCCH), 3.39% of ultraviolet (UV)-curable
monomer (12A, HCCH), 4.44% of cross-linker (C3M, HCCH),
and 0.25% of photo-initiator (IRG184, HCCH) by weight. Then,
different concentrations (0.03–2.00%) of G–PANI were doped
into the above mixtures. Aer mixing, the mixtures were lled
into in-plane switching (IPS) cells at an isotropic phase in a
temperature controller (HCS302, Instec Co.). The cell gap of IPS
This journal is © The Royal Society of Chemistry 2014
cell is 7.5 mm. The indium tin oxide electrode width is 7.5 mm,
and the electrode gap is 12.5 mm.

The mixtures were cooled down from an isotropic phase to
a chiral nematic phase at a cooling rate of 0.5 K min�1 to
observe the phase transition temperature. The cells were
cured at the blue phase under ultraviolet light with an
intensity of 3 mW cm�2 for 10 minutes. Fig. 2(a) shows the
platelet textures of the mixture under a polarized optical
microscope (POM, XPL-30TF) and its phase transition
process. Fig. 2(b) is an experimental setup to measure the
electro-optic properties of the polymer-stabilized BPLC. In
order to obtain a collimated light, the light source was
focused into an optic ber. The IPS cell applied with a 1 kHz
square-wave AC signal was placed between two crossed
polarizers. The transmittance was measured using a detector
connected with a spectrometer.
J. Mater. Chem. C, 2014, 2, 1730–1735 | 1731
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Table 1 The temperature range of BPLC samples before and after the
polymer stabilization with different concentrations of G–PANI

Sample
G–PANI,
wt%

DT/K
(before UV)

DT/K
(aer UV)

1 0 4.9 >85
2 0.03 4.8 >85
3 0.05 5.0 >85
4 0.10 5.6 >85
5 0.20 5.2 >85
6 0.50 4.7 >85
7 1.00 5.7 >85
8 1.50 6.6 >85
9 2.00 6.5 >85

Table 2 The transition temperatures of BPLC samples with different
concentrations of graphene

Sample no.
Graphene,
wt%

DT/K
(before UV)

DT/K
(aer UV)

A 0 5.2 >85
B 0.05 5.1 >85
C 0.10 5.2 >85
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Results and discussion
Mesomorphic behavior

To compare the effects of G–PANI and graphene, another group
of samples with different concentrations of graphene was
prepared. The mesomorphic behaviors of different concentra-
tions of G–PANI and graphene doped into BPLCs were studied
by using a polarized optical microscope and a temperature
controller. Fig. 3 shows the platelet textures of different
concentrations of G–PANI and graphene doped into BPLC
samples at 337 K, respectively. It was observed that the platelet
textures of BPLCs doped with different concentrations of
G–PANI and graphene were similar. Fig. 4 shows the platelet
textures of BPLC samples with 0.05 wt% of G–PANI and gra-
phene aer polymer stabilization at different temperatures,
respectively. The platelet texture was observed in a temperature
range of 253–339.3 K aer polymer stabilization.

For comparison, precursors with different concentrations of
G–PANI and graphene were prepared as listed in Tables 1 and 2,
respectively. It was observed that the blue phase temperature
ranges of mixtures doped with different concentrations of G–
PANI and graphene have almost no change.
D 0.20 5.3 >85
Driving characteristics

Fig. 5 depicts the measured voltage-dependent (V–T) curve of
the mixtures with different concentrations of G–PANI and
Fig. 3 POM images of (a) 0.00 wt%, (b) 0.05 wt%, and (c) 1.00 wt% of
G–PANI and (d) 0.00 wt%, (e) 0.05 wt%, and (f) 1.00 wt% of graphene
dispersed BPLCs at 337 K, respectively.

Fig. 4 Platelet textures of BPLC samples with 0.05 wt% of G–PANI and
graphene after polymer stabilization at different temperatures.

1732 | J. Mater. Chem. C, 2014, 2, 1730–1735
graphene aer polymer stabilization at room temperature,
respectively. The transmittance of 100% was calibrated by that
of the cell under crossed polarizers at the on-state voltage and
Fig. 5 Voltage–transmittance curve of the PS-BPLC doped with
different concentrations of (a) G–PANI and (b) graphene at room
temperature after polymer stabilization.

This journal is © The Royal Society of Chemistry 2014
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the transmittance of 0% was calibrated by that of the cell under
crossed polarizers at the off-state voltage. Fig. 6 shows the Kerr
constant tted by the extended Kerr effect.33 With the concen-
tration of the G–PANI dopant increasing from 0 wt% to
0.05 wt%, the Kerr constant of the composites increases. As the
G–PANI nanosheets can be wrapped by the polymer network
around the disclination lines of blue phase liquid crystals, the
conductivity of the material system will increase resulting in the
improvement of the Kerr constant. However, the Kerr constant
of samples decreases when the concentration of the G–PANI
dopant increased from 0.05 wt% to 0.50 wt%. With the increase
of concentration of G–PANI, the effect of conductivity increase
is offset by the growth in the quantity of the polymer mixture.
Therefore, the driving performance of the material is degraded.
Finally, when the concentration of G–PANI is higher than
0.50 wt%, the Kerr constant increases with the concentration of
the G–PANI dopant. Because the G–PANI wrapped by polymer is
saturated if the concentration of G–PANI is too high, the rest of
G–PANI is dispersed into the mixture uniformly, which leads to
the large increase of the mixture conductivity. Therefore, the
Kerr constant increases with the concentration of G–PANI.

According to the explanation above, when the concentration
of G–PANI is less than 0.05 wt% or higher than 0.50 wt%, the
Kerr constant increases with the concentration of G–PANI. As
the concentration of G–PANI increases, the conductivity of
PS-BPLC system will increase. However, if the conductivity of
PS-BPLC system is relatively high, the voltage holding ratio
(VHR) in each pixel will degrade signicantly34 in spite of the
fact that the driving capability can be greatly improved. There-
fore, the optimal G–PANI concentration should be less than
0.2 wt%, considering the effect to Kerr constant and VHR of
PS-BPLC comprehensively.

For comparison, the BPLCs mixtures doped with different
concentrations of graphene were also prepared. As shown in
Fig. 5(b) and 6, the V–T curve and Kerr constant of the samples
doped with different concentrations of graphene have almost
no change compared to the samples without the graphene
dopant. Therefore, the change of the electro-optical properties
of the samples doped with different concentrations of G–PANI
comes from the increase of the conductivity introduced by
Fig. 6 Kerr constant of PS-BPLC with different concentrations of G–
PANI and graphene.

This journal is © The Royal Society of Chemistry 2014
PANI, but not graphene, which is just in order to tackle the
aggregation of polyaniline while retaining the overall high
conductivity and good dispersity.

Fig. 7 depicts the hysteresis and residual birefringence as a
function of the concentration of G–PANI. Hysteresis is dened
as the difference in voltage at the half-maximum transmittance
between the forward and backward directions which is divided
by the saturation voltage.35 Residual birefringence is dened as
the remaining transmittance of the backward operation at 0 V.36

It is clear that when the concentration of G–PANI is less than
0.50 wt%, both hysteresis and residual birefringence do not
change. However, if the concentration of G–PANI is higher than
0.50 wt%, both hysteresis and residual birefringence of
PS-BPLCs increase with increasing concentration of G–PANI.
Similar to the analysis of the driving issue, when the concen-
tration of G–PANI is higher than 0.50 wt%, the G–PANI wrapped
by polymer is saturated and the rest of G–PANI is dispersed into
the mixture uniformly resulting in the increase of the mixture
conductivity. Therefore, with the same applied electric eld, the
lattice distortion is more severe compared to the mixture with
low concentrations of the G–PANI dopant. Aer the applied
electric eld is removed, the LC molecules around the G–PANI
dispersed into the mixture cannot recover to their original state
due to the distorted lattice, resulting in the increase of residual
birefringence. Therefore, both hysteresis and birefringence
increase with the concentration of G–PANI.
Response time

For PS-BPLCs, the fast response time is an attractive feature. As
the rise time is related to the driving voltage, we only evaluate
the decay time which was performed from the on-state voltage
to 0 V. The decay times of the samples with different concen-
trations of G–PANI were measured at room temperature. As
shown in Fig. 8, when the concentration of G–PANI is less than
0.50 wt%, the decay time of samples almost have no change
because the rotational viscosity and elastic constant of the
material are not affected with such a low concentration of
G–PANI. However, if the concentration of G–PANI is higher than
0.50 wt%, the G–PANI wrapped by the polymer is saturated and
the rest of G–PANI is dispersed into the mixture uniformly,
Fig. 7 Hysteresis and residual birefringence of BPLCs doped with
different concentrations of G–PANI.

J. Mater. Chem. C, 2014, 2, 1730–1735 | 1733
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Fig. 8 Decay time of the samples with different concentrations of G–
PANI.
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which leads to the increase of rotational viscosity of the
mixtures. Therefore, the decay time of the samples increases
gradually with the concentration of G–PANI.

Conclusions

In summary, a small amount of polyaniline functionalized
graphene nanosheets (G–PANI, 0.03–2.00 wt%) doped into
the polymer-stabilized blue phase liquid crystal (PS-BPLC)
shows signicant effects on the driving voltage of the
mixtures. G–PANI nanosheets can be wrapped by the polymer
network around the disclination lines of the blue phase
liquid crystal, so the effective electric eld of BPLC materials
will increase. At relatively low concentrations (less than
0.05 wt%) of G–PANI, the Kerr constant of the mixtures
increase by �55% in comparison with that of PS-BPLC
without G–PANI. Meanwhile, the response time, the hyster-
esis and the residual birefringence are little affected.
However, at relatively high G–PANI contents (more than
0.50 wt%), the response time, the hysteresis and the residual
birefringence degrade signicantly in spite of the fact that
the driving capability can be greatly improved.
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