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ABSTRACT

The two-dimensional graphene-honeycomb structure can interact with the liquid crystal’s (LC)
benzene rings through π–π electron stacking. This LC–graphene interaction gives rise to a
number of interesting physical and optical phenomena in the LC. In this paper, we present a
combination of a review and original research of the exploration of novel themes of LC
ordering at the nanoscale graphene surface and its macroscopic effects on the LC’s nematic
and smectic phases. We show that monolayer graphene films impose planar alignment on the
LC, creating pseudo-nematic domains (PNDs) at the surface of graphene. In a graphenenematic suspension, these PNDs enhance the orientational order parameter, exhibiting a
giant enhancement in the dielectric anisotropy of the LC. These anisotropic domains interact
with the external electric field, resulting in a non-zero dielectric anisotropy in the isotropic
phase as well. We also show that graphene flakes in an LC reduce the free ion concentration
in the nematic media by an ion-trapping process. The reduction of mobile ions in the LC is
found to have subsequent impacts on the LC’s rotational viscosity, allowing the nematic
director to respond quicker on switching the electric field on and off. In a ferroelectric LC
(smectic-C phase), suspended graphene flakes enhance the spontaneous polarisation by
improving the tilted smectic-C ordering resulting from the π–π electron stacking. This effect
accelerates the ferroelectric-switching phenomenon. Graphene can possess strain chirality due
to a soft shear mode. This surface chirality of graphene can be transmitted into LC molecules
exhibiting two types of chiral signatures in the LCs: an electroclinic effect (a polar tilt of the
LC director perpendicular to, and linear in, an applied electric field) in the smectic-A phase,
and a macroscopic helical twist of the LC director in the nematic phase. Finally, we show that
a graphene-based LC cell can be fabricated without using any aligning layers and ITO
electrodes. Graphene itself can be used as the electrodes as well as the aligning layers,
obtaining an electro-optic effect of the LC inside the cell.
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1. Introduction
Graphene (GP) is a two-dimensional crystalline allotrope of carbon, where the carbon atoms are densely
packed in a regular sp2-bonded atomic-scale hexagonal
pattern. There is a new theme of research direction,
which examines how the addition of two-dimensional
graphene structures changes electrical, optical, thermal
and mechanical properties of graphene-nanocomposites.
[1–5] In another direction, liquid crystals (LCs) are
widely used in optical display technology for their optical anisotropic properties. There has been a huge
research thrust over the past decade to understand the
versatile interactions between LCs and various nanomaterials. For example, the LC can impart its long-range
orientational order onto nanoparticles, such as carbon
nanotubes and quantum dots;[6–16] ferroelectric nanoparticles can significantly enhance the LC’s orientational
order parameter;[17–22] and carbon nanotubes can
modify the LC’s electro-optical properties.[23–28]
Therefore, understanding the nanomaterial-driven modifications in the LC at the nanoscale interface and their
subsequent effects on the bulk LC properties is an
important and active area of research. In this article, a
report of a combination of a review and original
research is presented, describing how the two-dimensional honeycomb structure of graphene interacts with
the different phases of LCs. We will present that (a) the
hexagonal graphene nanostructure can impose planar
alignment onto the nematic and smectic phases of the
LC; (b) monolayer graphene flakes can enhance the
orientational order parameter, showing an enhancement
in the dielectric anisotropy in the nematic phase;[29] (c)
the presence of graphene flakes can accelerate the electro-optic response in a nematic LC;[30] (d) graphene
flakes can be used to enhance the tilted smectic-C
order, giving rise to a faster ferroelectric switching
response in the LC [31] and finally, (e) the strain chirality of the graphene surface can propagate into the LC,
exhibiting an electroclinic effect in the smectic-A phase
and a macroscopic helical twist of the LC director in the
nematic phase.[32]

2. LCs on graphene film
It has been shown that LC molecules can stabilise themselves on the honeycomb pattern of graphene [33,34] or
carbon nanotubes,[35] employing the π–π electron
stacking with a binding energy of −2 eV. However, it is
very difficult to visualise the effect of this strong interaction in an LC + GP colloidal system. To understand the
fundamental interaction between graphene and LC, the
alignment mechanism of LCs on a graphene film is

discussed first. Chemical vapour deposition (CVD)grown monolayer graphene film on a copper foil was
first obtained from Graphene Supermarket, Inc. The
graphene film on copper was continuous, with irregular
holes and cracks. In addition, the graphene film was
polycrystalline (i.e. the presence of grains with different
crystallographic orientation). A small droplet of the LC
in the isotropic phase was first placed on the graphene
film. The LC droplet then was blown away gently by a
dust blower – which left a thin LC layer at the graphene
surface. The LC-coated graphene on copper substrate
was then heated up in the isotopic phase to get rid of
any residual order from the coating process and then
slowly cooled down to the nematic phase. The alignment
of the LC on graphene film was then studied by reflected
crossed polarised microscopy and the results are presented in Figure 1. It is known that between two crossed
^ is parallel to the
polarises, if the nematic director n
polariser (or to the crossed analyser), a dark state is
achieved. A bright state with the maximum intensity
^ is at 45° with the polariser (or with the
appears when n
crossed analyser). It is worth mentioning that the bare
monolayer graphene film on copper foil appears completely dark under the reflected crossed polarised microscope. After coating a thin LC layer on the graphene
film, different crystallographic graphene domains with
grain boundaries are clearly visible in the microphotographs shown in Figure 1(a–c). Three domains, 1, 2 and
3, are labelled in Figure 1(a) and their intensities were
tracked as the sample was rotated under the reflected
crossed polarised microscope. Figure 1(b) shows that
after rotating 45°, domain 1 becomes bright, domain 2
becomes dark and domain 3 becomes bright. Figure 1(c)
shows that after rotating 45° more (i.e. a total of 90° from
the initial state), domain 1 becomes dark, domain 2
becomes bright and domain 3 becomes dark. Figure 1
(d) shows the normalised domain intensity of domains 1
and 2 as function of the relative angle of rotation. The
π–π stacking interaction is schematically illustrated in
Figure 1(e) by matching the LC’s benzene rings on the
graphene-honeycomb structure. Two possible LC
domains on graphene are schematically presented in
Figure 1(e), and their respective dark or bright states
are demonstrated by showing the director (^
n) orientation
with respect to the polariser and analyser. These results
suggest that the LC, on graphene, can achieve a uniform
planar aligned state, which can transit from dark to
bright when rotated 45°. This uniform planar aligned
state is employed by the strong π–π electron stacking.
The alignment mechanisms of the smectic-A and
smectic-C (ferroelectric liquid crystals [FLC]) phases
on a monolayer graphene film on glass substrate have
also been examined. The FLC MX40636 (LC Vision,
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Figure 1. (a–c) Microphotographs of a thin layer of nematic LC on a CVD-grown graphene film on copper foil under a crossed
polarised reflected microscope at three different relative angles, 0°, 45° and 90°, respectively. Three domains, 1, 2 and 3, are labelled
to see how their intensities change through rotation. (d) Normalised intensity as a function of relative angle of rotation for domains
1 and 2. (e) Schematic representation of the alignment of nematic LC molecules on graphene due to π–π electron stacking. The blue
ellipsoids are LCs and the black honeycomb structure is graphene surface. The LC molecules are shown in red in the ellipsoid on the
graphene surface. The π–π electron stacking is illustrated by matching the LC’s benzene rings on the graphene-honeycomb
structure. Two possible LC domains on graphene grains with different crystallographic orientation are illustrated. The dark (top) or
^) orientation with respect to the
bright (bottom) states of these LC domains are demonstrated by showing the nematic director (n
polariser and analyser. Full colour available online.

LLC, cooling phase sequence: Iso – 97°C–N – 82°C–
smectic-A – 76°C–smectic-C – −10°C crystal) was
used in this experiment. The monolayer graphene film
was first grown by CVD processing onto a copper foil,
then transferred onto glass (see Figure 2[a]). Copper
oxidises at high temperature (for smectic-A), and
therefore, copper substrate was not used in this experiment. The glass substrate with graphene film was first
placed on a hot plate at 110°C. A small droplet of the
FLC MX40636 in the isotropic phase was placed on the
graphene film. The LC droplet (in the isotropic phase)
then was blown away gently by a dust blower – which
left a thin LC layer in the isotropic phase at the graphene surface. The LC-coated graphene on glass substrate was then slowly cooled down to the smectic-A
and then to the smectic-C phase, respectively. FLC
MX40636-coated graphene film on glass substrate was

studied under a crossed polarised microscope. Figure 2
(b,c) shows the micrographs of smectic-A
and smectic-C phases, respectively, on graphene.
Polycrystalline graphene grains are clearly visible
from the dark and bright LC domains for both the
phases. Figure 2(d–f) represents smectic-C phase on
graphene at three relative angles, 0°, 45° and 90°,
respectively, about the crossed polarisers. A domain’s
transition from dark to bright (or bight to dark) at
every 45° rotation confirms that graphene imposes
planar alignment on smectic-C phase due the strong
π–π electron stacking. Figure 2(g) schematically shows
a natural smectic-C phase. Figure 2(h) schematically
represents a graphene-stabilised smectic-C order. The
effect of this graphene-induced planar alignment of
smectic-C on the FLC’s spontaneous polarisation
will be disused later.
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Figure 2. (colour online) (a) CVD-grown monolayer graphene film has been transferred from the copper foil to the glass substrate.
(b) Microphotograph of the smectic-A phase on a monolayer graphene film on a glass substrate under a crossed polarised
microscope. (c) Microphotograph of the smectic-C phase on a monolayer graphene film on a glass substrate under a crossed
polarised microscope. (d), (e) and (f). Microphotographs of the smectic-C phase at three different relative angles, 0°, 45° and 90°,
respectively, under a crossed polarised microscope. The domains’ transition from dark to bright at every 45° rotation confirms a
planar alignment of the smectic-C on graphene. (g) Natural smectic-C phase. (h) Graphene stabilised smectic-C phase schematic
illustration of planar alignment.

3. Graphene-doped LC: enhancement in
dielectric anisotropy
The nematic phase shows dielectric anisotropy, Δε =
ε‖ − ε⊥, where ε‖ and ε⊥ are the dielectric components
parallel and perpendicular to the nematic director,
respectively. An LC’s Δε is proportional to the
scalar nematic order parameter,[36] and therefore, an
enhancement in Δε indicates an improvement in the net
orientational order. The Fréedericksz transition (the
re-orientation process of the nematic director in the presence of the electric field ~
E) [36] in the nematic LC, occurs
because the director experiences a torque ∝ ΔεE2.[36] In
the isotropic phase, Δε = 0, and so, it does not interact
with ~
E In this section, the enhancement in Δε of a nematic
phase, when doped with graphene flakes, is discussed.
Experimental techniques and the sample preparation
method are mentioned elsewhere.[29]
LC MLC-15600-100 (EMD Millipore Corporation,
TNI = 101.0°C, Δε = +40.0 at T = 30°C) and monolayer
graphene flakes (Graphene Supermarket, Inc., average
thickness of 0.35 nm and average lateral size of 550 nm)
were used to prepare six known concentrations of graphene in the LC: LC + GP1 = 0.786 × 10–4,
LC + GP2 = 1.18 × 10–4, LC + GP3 = 2.29 × 10–4,
LC + GP4 = 3.64 × 10–4, LC + GP5 = 4.68 × 10–4 and
LC + GP6 = 5.77 × 10–4 wt%.
Figure 3(a) shows a typical Fréedericksz transition
in the deep nematic phase at T = 50°C, revealing that
Δε increases dramatically when the LC is doped with
graphene flakes. Also, Δε increases monotonically with
increasing graphene concentration for the first three
concentrations: LC + GP1, LC + GP2 and LC + GP3.

For concentration LC + GP3, ΔεLC + GP = +67, whereas
the pure LC shows ΔεLC = +34 (i.e. a 97% increase).
However, above LC + GP3, Δε for the hybrid samples
starts to decrease, but always stays above that of the
pure LC. This indicates that there exists an optimal
concentration, LC + GP3, for the maximum increase
in Δε.
Figure 3(b) shows the electrical conductivity σ as a
function of ~
E for the pure LC and the hybrid for
LC + GP3. An LC behaves almost like an insulator,
and therefore a very small change is observed in σ for
the Fréedericksz transition. On the other hand, graphene acts as a conductor to electric fields in the
plane of the graphene sheets and as an insulator to
perpendicular electric fields. The hybrid shows a perceptible change in σ as function of ~
E. An increase in σ
[7] and an enhancement in Δε [10] manifest the orientational coupling of anisotropic guest-nanoparticles to
the nematic director. Therefore, these results suggest
that the flat surface of graphene is coupled to the LC
director and reorients with the director as ~
E increases,
as schematically shown in Figure 3(b).
Figure 4(a) shows the temperature dependence of Δε
in the nematic phase for the pure LC and all the doped
samples. The inset in Figure 4(a) presents Δε as a
function of graphene concentration in the deep
nematic phase at T = 50°C. Note that Δε shows a
monotonic increase till the optimal concentration
LC + GP3, and then it decreases for the rest of the
concentrations.
To reduce the elastic distortion, the nematic director
aligns along the graphene surface. Therefore, the
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Figure 3. (colour online) (a) Dielectric constant ε as a function
of applied rms field ~
E (f = 1000 Hz) in the nematic phase
(T = 50°C) for the pure LC and LC + GP hybrids listed in the
legend. This shows a typical Fréedericksz transition and an
increase in the dielectric anisotropy Δε for the LC + GP hybrids.
(b) Electrical conductance σ as a function of applied rms field ~
E
(f = 1000 Hz) in the nematic phase (T = 50°C) for the pure LC
and LC + GP3 (2.29 × 10–4 wt%) listed in the legend. The
reorientation of the graphene flakes with the nematic director
is shown in the inset schematics. [Reproduced from Basu R,
Kinnamon D, Garvey A. Nano-electromechanical rotation of
graphene and giant enhancement in dielectric anisotropy in a
liquid crystal. Appl. Phys. Lett. 2015;106:201909. DOI: 10.1063/
1.4921752, with the permission of AIP Publishing.]

hybrid systems are characterised by an effective Δε,
as if the graphene flakes acted as a molecular
additive. Since the graphene concentration is very
low, graphene–graphene interaction is insignificant
and, therefore, in the zero-order approximation,
ΔεLC + GP = ρLCΔεLC + ρGPΔεGP, where ρLC and ρGP
are the volume fractions of the LC and graphene,
respectively. Taking ΔεGP in the same order of magnitude of that of the carbon nanotube,[37] concentration
LC + GP3 yields ΔεLC + GP = +35. This prediction is
nowhere close to our experimental observation that
shows ΔεLC + GP = +67. This indicates that the dielectric anisotropy of graphene, ΔεGP, is not the main
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parameter for the giant enhancement in Δε for the
LC + GP composites.
In Section 2, it is shown that LC molecules can
stabilise themselves on the honeycomb pattern of graphene, employing the π–π electron stacking with a
binding energy Uanchoring = −2 eV. In our model, this
anchoring energy induces local short-range orientational order on LC molecules at the graphene surface,
as shown schematically in Figure 4(b). A generic molecular structure of an LC with a high Δε is shown in
red in each ellipsoid on a graphene surface. The π–π
electron stacking is illustrated by matching the LC’s
benzene rings on the graphene-honeycomb structure.
These local pseudo-nematic domains (PNDs) have different anisotropy than the bulk LC depending on the
radius and surface symmetry of the flakes. The PNDs
can be formed on both sides of a graphene flake. So,
the formula for ΔεLC + GP can be modified as,
ΔεLC + GP = ρLCΔεLC + ρGPΔεGP + ΣΔεPND, where
ΔεPND is the dielectric anisotropy of a local PND.
Clearly, all the PNDs have a cumulative effect on
ΔεLC + GP. Note that if the graphene flakes (with the
PNDs) were to stay in the LC without following the
~
E-induced rotation of the director, one would not
observe any increase in Δε, but just a baseline increase
in ε – which would be also true for the σ measurement.
The giant increase in Δε and significant change in σ
therefore suggests that the PNDs reorient with the
director as schematically illustrated in the inset in
Figure 3(b).
As stated earlier, the energy associated with LC–
graphene anchoring mechanisms, Uanchoring = −2 eV.
In the deep isotropic state at T = 110°C = 383 K,
the thermal energy, Uthermal~kBT =3.30 × 10‒2
eV ≪ Uanchoring. So, the thermal energy is not strong
enough to eradicate the LC–graphene anchoring
mechanisms at the LC–graphene interface in the isotropic phase. Thus, the PNDs still exist in the isotropic
phase, as schematically shown in Figure 4(c). As these
local PNDs are anisotropic in nature, they experience a
torque ∝ ΔεPNDE2 in the presence of ~
E in the isotropic
phase.
Figure 5 presents ε as a function of ~
E in the deep
isotropic phase (T = 110°C) for the LC samples where
the pure LC shows a featureless behaviour, as expected.
The hybrid systems show an increase in ε with increasing ~
E, exhibiting an apparent saturation at a higher ~
E.
This indicates the alignment mechanism of the PNDs
with ~
E, as schematically shown in the inset in Figure 5.
The dielectric anisotropy in the isotropic phase for the
doped system is defined as Δεiso = εmax – εmin, where
εmax and εmin can be determined from Figure 5. Since
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Figure 4. (colour online) (a) Dielectric anisotropy Δε as a function of temperature for the pure LC and LC + GP hybrids listed in the
legend. Lines are a guide to the eye. Inset: the dielectric anisotropy Δε as a function of graphene concentration in the deep nematic
phase at T = 50°C. Schematic illustrations of graphene–LC interactions; (b) alignment of graphene in a nematic LC due to π–π
electron stacking. Blue ellipsoids are liquid crystals and the black honeycomb structure is a graphene surface. A generic molecular
structure of a liquid crystal is shown in red in each ellipsoid on the graphene surface. The π–π electron stacking is illustrated by
matching the LC’s benzene rings on the graphene-honeycomb structure. (c) The presence of a PND due to the graphene–LC
interaction in the isotropic phase. (d) Micrographs of (i) pure LC, (ii) LC + GP3 and (iii) LC + GP6. The bar represents 200 μm.
Micrograph (iii) shows a number of small dark dots that are graphene aggregates. [Reproduced from Basu R, Kinnamon D, Garvey A.
Nano-electromechanical rotation of graphene and giant enhancement in dielectric anisotropy in a liquid crystal. Appl. Phys. Lett.
2015;106:201909. DOI: 10.1063/1.4921752, with the permission of AIP Publishing.]

the long-range orientational order is absent in the
isotropic phase, one can estimate ΣΔεPND ≈ Δεiso for
the doped system.
For LC + GP3 sample, ΣΔεPND = 35 from Figure 5 and
ΔεLC + GP − ΔεLC = 33 using Figure 3(a). For LC + GP1
sample, those two numbers are 7.8 and 7, respectively.
These results clearly suggest that ΣΔεPND ≈
ΔεLC + GP − ΔεLC, depicting that the formation of the
PNDs are responsible for the giant enhancement in Δε.
To understand the existence of the optimal concentration at LC + GP2, all the GP-doped LC cells were
examined using a polarised optical microscope. The
optical micrographs revealed uniform nematic textures
for LC + GP1, LC + GP2 and LC + GP3, like that of
the pure LC cell, indicating a uniform director field.
The textures for the pure LC and the LC + GP3 in
Figure 4(b) (i) and (ii), respectively, show no indication
of phase separation or agglomerates. As the concentration increased above LC + GP3, small aggregates were
observed in the cells. The texture for LC + GP6 is sown
in Figure 4(b)(iii). A number of dark dots can be
spotted in the texture. Note that small yellow spots
can be observed in all three micrographs – these
spots are not aggregates but small defects in the LC
cells’ alignment layers. Due to the presence of these
small aggregates, the graphene flakes no longer effectively interact with the LC to create PNDs, and therefore, Δε does not increase anymore above LC + GP3.

4. Graphene-doped nematic LC: faster electrooptic response
In this section, the effects of graphene on the electrooptic response of a nematic LC [30] will be discussed.
The two characteristic times,[38] rise (voltage on) and
decay (voltage off), of the nematic director can be
described as
τ rise ¼

γ1 d 2
;
Δεεo V 2  K11 π2

τ decay ¼

γ1 d 2
K11 π2

(1)

where γ1 is the rotational viscosity, d is the cell thickness, ε0 is the free space permittivity, K11 is the splay
elastic constant and V is the applied voltage. τrise is the
time the nematic director takes to rotate from planar to
homeotropic configuration, when the voltage is turned
on across a planar aligned cell. And similarly, τdecay is
the time the director takes to rotate back from homeotropic to planar configuration after the voltage is
turned off.
The LC 4-cyano-4′-pentylbiphenyl (5CB; nematic to
isotropic transition at TNI = 36.0°C) and graphene
sample (Nanostructured and Amorphous Materials,
Inc.) containing both monolayer and multilayer flakes
of thickness ranging from 0.55 to 3.74 nm with an
average diameter of 1.75 μm were used in this experiment. Sample preparation method and electro-optic
experimental techniques are mentioned elsewhere.[30]
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Figure 5. (colour online) Dielectric constant ε as a function of
applied rms field ~
E (f = 1000 Hz) in the isotropic phase
(T = 110°C) for the pure LC and LC + GP hybrids listed in the
legend. The orientation of the graphene flakes with PNDs in
the isotropic phase in an LC cell is shown by the inset schematics when ~
E is OFF and ON. [Reproduced from Basu R,
Kinnamon D, Garvey A. Nano-electromechanical rotation of
graphene and giant enhancement in dielectric anisotropy in a
liquid crystal. Appl. Phys. Lett. 2015;106:201909. DOI: 10.1063/
1.4921752, with the permission of AIP Publishing.]

Figure 6 represents the normalised transmittance
intensity responses as a function of time for voltage
on and off. Figure 6(a,b) depicts that when the applied
voltage is turned on, the transmittance intensity drops
as a function of time for 5CB and 5CB + graphene
(5 × 10–3 wt%) at two different temperatures. Also, the
micrograph of 5CB + graphene in the inset in Figure 6
(a) shows no aggregations of graphene. It is clear from
Figure 6(a,b) that 5CB + graphene sample responses
were faster than pure 5CB. The time the transmittance
intensity takes to drop from 90% to 10% of the maximum intensity, after the voltage is turned on, is
defined as the optical switching on, τon. The inset in
Figure 6(b) shows τon as a function of temperature for
5CB and 5CB + graphene. This inset manifests that τon
always stays faster for 5CB + graphene hybrid in the
temperature range studied. Figure 6(c,d) illustrates that
when the applied voltage is turned off, the transmittance intensity increases as a function of time for 5CB
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and 5CB + graphene at two different temperatures. It is
apparent that 5CB + graphene relaxes faster than pure
5CB when the voltage is turned off. The time the
transmittance intensity takes to rise from 10% to 90%
of the maximum intensity, after the voltage is turned
off, is defined as the optical switching off, τoff. The inset
in Figure 6(d) shows τoff as a function of temperature
for 5CB and 5CB + graphene. This inset also exhibits
that τoff is faster for the 5CB + graphene hybrid than
that of the pure LC in the temperature range studied.
Note that τrise and τdecay are not equal to the electrooptical responses – τon and τoff, respectively. The optical response is mainly due to the director’s rotation
after the field is turned on or off. Therefore, neglecting
the backflow in the cell, one can write τrise ∝ τon and
τdecay ∝ τoff.
As the response times, τrise and τdecay, depend linearly on the rotational viscosity, γ1, experiments were
carried out to measure α1 for both the samples. The
transient current method [39,40] was used to obtain γ1
for the nematic samples and the experimental details
are mentioned elsewhere.[30] Figure 7(a) shows that γ1
of the hybrid is lower than that of the pure LC – which
explains the faster electro-optic response for the
5CB + graphene hybrid. To understand the reduction
in γ1, the presence of free ions in the pure 5CB and
5CB + graphene hybrid was measured by detecting the
ion-bump [41] of a transient current generated by
inverting the voltage at opposite electrodes in the LC
cell. Figure 7(b) shows the ion concentration, ni, as a
function of temperature in the nematic phase for 5CB
and 5CB + graphene. The inset in Figure 7(b) shows
the time dependent ion current, Iion for 5CB and
5CB + graphene mixture. The presence of excess free
ions in the LC can increase the internal friction. Our
results demonstrate that graphene flakes act as screens
where some of the ions get trapped when they move
from one electrode to the other. The diminished presence of free ions reduces the internal friction (and
hence γ1 of the LC media) in 5CB + graphene mixture,
allowing the LC molecules to rotate faster.

5. Graphene-doped ferroelectric LC: enhanced
spontaneous polarisation
Figure 2(c–f) demonstrates that graphene imposes planar alignment on smectic-C phase as well. Figure 2(g)
schematically represents a natural smectic-C (FLC)
phase. Figure 2(h) schematically shows that a graphene
surface can enhance smectic-C ordering by stabilising
both the positional order and the tilted orientational
order of the FLC molecules, relying on the π–π electron
stacking between the LC’s benzene rings and the
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Figure 6. (colour online) Normalised transmittance as a function of time for 5CB and 5CB + graphene at (a) 25°C and (b) 33 C after
the voltage (30 V) is turned ON at t = 0. Inset in (a) nematic textures for (i) 5CB and (ii) 5CB + graphene under a crossed polarised
microscope, showing no aggregations. Inset in (b) τon as a function of temperature for 5CB and 5CB + graphene. Normalised
transmittance as function of time for 5CB and 5CB + graphene at (c) 25°C and (d) 33 C after the voltage (30 V) is turned off at t = 0.
Inset in (d) τoff as a function of temperature for 5CB and 5CB + graphene. [Reproduced from Basu R, Garvey A, Kinnamon D. Effects
of graphene on electro-optic response and ion-transport in a nematic liquid crystal. J. Appl. Phys. 2015;117:074301. DOI: 10.1063/
1.4908608, with the permission of AIP Publishing.]

graphene-honeycomb structure. (Note, a generic molecular structure (in red) of an LC is used to show a
smectic-C anchoring on a graphene flake; the actual
molecular structure of FLC MX40636 is not used in
Figure 2(h).) From this strong interaction, the FLC
layers at the graphene/LC interface can form enhanced
smectic-C domains (ESDs).
When graphene flakes are dispersed in an FLC, the
suspended graphene flakes act as local anchoring fields
that form the ESDs. These ESDs collectively amplify the
positional order and the tilted orientational order in the
matrix. This enhancement in smectic-C ordering
would increase the overall spontaneous polarisation, Ps,
in the FLC + graphene mixture. To understand the
effects of graphene on Ps, FLC MX40636 (LC Vision,
LLC., cooling phase sequence is mentioned in Section 2)
and graphene sample (Nanostructured and Amorphous
Materials, Inc.,) containing both monolayer and multilayer flakes of thickness ranging from 0.55 to 3.74 nm
with an average diameter of 1.75 μm were used to
prepare an FLC + graphene mixture with 0.04 wt%.
The polarisation reversal method [42–44] was used
to study Ps, rotational viscosity (γ) and free ion

concentration, ni. Experimental methods and analysis
techniques are mentioned elsewhere.[31] Figure 8(a)
shows the polarisation, P of the pure FLC and
FLC + graphene samples as a function of applied triangular voltage, Vpp. The polarisation of an FLC initially increases with an increasing applied voltage, finally
saturating above a threshold voltage. The saturated
polarisation is the spontaneous polarisation, Ps. The
inset in Figure 8(a) shows the residual current bump
(left Y-axis) as a function of time for the pure FLC and
FLC + graphene samples when a triangular voltage,
Vpp = 20 V is applied. Ps is determined from
ð the
area under the current bump, as Ps ¼ 1=2A iðtÞdt
where A is the active area of the cell. The slant baseline
of the FLC + graphene sample’s current profile in the
inset of Figure 8(a) is due to a dramatic change in
conductance in the mixture due to the presence of
conducting graphene flakes. The right Y-axis of the
inset in Figure 8(a) presents a part of the applied
triangular voltage as a function of time.
Figure 8(a) shows that the FLC + graphene sample
exhibits an enhanced Ps compared to the pure FLC.
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5CB and 5CB + graphene at 26°C after the voltage is inverted
across the cells. The peak represents the ion-bump when
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[Reproduced from Basu R, Garvey A, Kinnamon D. Effects of
graphene on electro-optic response and ion-transport in a
nematic liquid crystal. J. Appl. Phys. 2015;117:074301. DOI:
10.1063/1.4908608, with the permission of AIP Publishing.]

Also, the polarisation of the mixture saturates at a
smaller voltage than that of the pure FLC. This result
indicates a structural modification, especially in the
order parameter, of the smectic-C phase at the nanoscale due to the incorporation of graphene flakes. The
higher value of Ps manifests an improved order in the
smectic-C phase.
Figure 8(b) represents Ps for the pure FLC and
FLC + graphene hybrid as a function of reduced temperature ΔTAC (ΔTAC = T − TAC, where TAC is the
smectic-C to smectic-A transition temperature). This critical behaviour also indicates that the spontaneous polarisation increases when graphene flakes are incorporated
into the FLC media. It is important to mention here that
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Figure 8. (colour online) (a) Polarisation, P, as a function of
applied peak-to-peak triangular voltage Vpp for pure FLC and
FLC + graphene, listed in the legend at ΔTAC = T − TAC = −13°C.
The dashed straight lines represent the spontaneous polarisation, Ps. Inset: left Y-axis represents the residual current
response I(t) as a function of time when a triangular voltage
Vpp = 20 V is applied (the legend is listed in the main figure).
The dashed lines represent the baselines of I(t); right Y-axis
represents a part of the applied triangular voltage by a straight
line. This range is shown as I(t) shows the polarisation reversal
bump in this voltage range. (b) Spontaneous polarisation, Ps, as
a function of reduced temperature, ΔTAC = T − TAC, for pure FLC
and FLC + graphene listed in the legend. [Reproduced from
Basu R. Effects of graphene on electro-optic switching and
spontaneous polarization of a ferroelectric liquid crystal. Appl.
Phys. Lett. 2014;105:112905. DOI: 10.1063/1.4896112, with the
permission of AIP Publishing.]

TAC for the FLC + graphene hybrid is 1.5°C more than
that of the pure FLC – which, perhaps, is another indication of smectic-C-stabilisation in the hybrid system.
Rotational viscosity
was obtained using the equa
2
tion, γ ¼ APs Vm dIm ,[45] where Im is the peak value
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of the residual current bump and Vm is the applied
voltage where Im occurs. Figure 9 represents γ as a
function of ΔTAC for the pure FLC and
FLC + graphene samples. The result depicts a dramatic
decrease in α for the FLC + graphene mixture. To
explain this behaviour of the hybrid system, the free
ion concentration, ni was determined and plotted in
the inset in Figure 9. The free ion concentration was
obtained from the ion-bump that occurred after the
polarisation reversal bump, as shown in the inset of
Figure 8(a). Interestingly and coherently, the result
indicates a significant reduction of free ions in the
hybrid sample. Clearly, the presence of graphene
reduces the free ion concentration in the FLC. The
presence of fewer ions reduces the internal friction
(and hence γ of the FLC media). This is consistent
with the behaviour of graphene in the nematic phase,
as discussed in the previous section.
The optical switching time, τos, is proportional to
the ferroelectric characteristic response time,[45]
τ ¼ γ=Ps E, where E is the applied electric field. This
equation suggests that an increase in Ps and a
decrease in γ would give a faster response for a
constant E. The electro-optic experiments were carried out to determine τos for the pure FLC and
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Figure 10. (colour online) (a) Electro-optical switching of FLC
cells as a function of time. Left Y-axis: Normalised transmittance
as function of time for pure FLC and FLC + graphene at
ΔTAC = T − TAC =−8°C after the applied voltage is reversed.
Right Y-axis: the line represents the applied voltage profile
across the cell as a function of time. Note, as the applied
voltage is reversed from −5 V to +5 V at t = 0, (Vpp = 10 V),
the transmittance intensities start to increase, indicating the
FLC cells’ optical transition from a dark state to a bright state.
Inset: optical micrographs of (a) pure FLC and (b)
FLC + graphene (showing no graphene aggregates). The area
of each micrograph is 90 × 100 μm2. (b) The electro-optic
switching time, τos, as a function of applied peak-to-peak
square voltage, Vpp, for pure FLC and FLC + graphene, listed
in the legend. [Reproduced from Basu R. Effects of graphene on
electro-optic switching and spontaneous polarization of a ferroelectric liquid crystal. Appl. Phys. Lett. 2014;105:112905. DOI:
10.1063/1.4896112, with the permission of AIP Publishing.]

FLC + graphene mixture. Experimental details are
mentioned elsewhere.[31]
Figure 10(a) reveals that the FLC + graphene cell
responds much faster than the pure FLC cell on switching the applied electric field. The time the transmittance intensity takes to go from 10% to 90% of the

LIQUID CRYSTALS

maximum intensity is defined as the optical switching
time, τos. This electro-optic switching experiment was
repeated applying different voltages, and the response
time, τos, is plotted as a function of Vpp in Figure 10(b)
for both the samples. The initial bump in the transmission curve in Figure 10(a) is taken into account to
extract τos. It is clear from Figure 10(b) that response
time for the FLC + graphene mixture is faster than the
pure one for all the applied fields. These results suggest
that the presence of graphene in the FLC enhances Ps
and reduces γ, permitting the FLC to switch faster
when the field is applied.
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6. Detection of graphene strain chirality using
LCs
When graphene is in contact with any material, substrate and/or other graphene flakes, a soft shear mode
is generated at the interface, resulting in a strain on the
graphene surface.[46] It has been shown that due to the
present of this strain, the hexagonal lattice symmetry in
graphene is broken, and consequently, graphene flakes
exhibit circular dichroism [46,47] – which is the indication of the presence of surface chirality. This surface
chirality of graphene can be transmitted into the otherwise achiral LCs. An electroclinic effect [48] (a polar
tilt of the LC director perpendicular to, and linear in,
an applied electric field) is observed in the smectic-A
phase of LC alkoxyphenylbenzoate (9OO4, Isotropic –
87°–nematic – 73.5°–smectic-A – 62.5°–smectic-C –
50.2°–smectic-B – 35° crystal), when the LC is doped
with monolayer graphene flakes. On the other hand, a
macroscopic helical twist [49] of the LC director is
observed in the nematic phase of 5CB in the presence
of graphene flakes.
LC 5CB and 9OO4 are configurationally achiral [see
Figure 11(a,b)]. But a chiral conformation of the LC in
the ground state can be adopted by rotating left or right
[28] about the Ph–Ph bond for 5CB and Ph–O bond
for 9OO4. An equal probability distribution between
left and right twist makes them dynamically racemic.
In an LC + graphene system, the LC director aligns
along the graphene surface, employing the π–π electron
stacking between the honeycomb structure of graphene
and benzene rings of the LC, as discussed before. When
the graphene surface possesses strain chirality (due to a
soft shear mode or defects), as shown in Figure 11(c),
the LC can adopt that surface chirality by shifting its
equilibrium between left- and right-handed chiral conformers to produce a statistically larger population of
chiral conformers of one handedness, breaking the
symmetry between right- and left-handed molecular
conformations: this is also called deracemization. The

Figure 11. (colour online) Chemical structures of (a) 5CB and
(b) 9OO4. (c) The schematic represents a strained graphene
flake due to any soft shear mode. On this strained graphene
flake, LC 9OO4’s Ph–O bond is twisted to maintain the π–π
stacking – this is the induction of deracemization of the LC.

electroclinic effect is observed in the smectic-A phase
LC 9OO4 due to this symmetry breaking in the LC
through deracemization. In addition, a helical twist
(due to chiral induction) can be experimentally
observed in a 90° twist cell in a nematic phase.
An electroclinic effect is observed in a bulk chiral
smectic-A LC. In this effect, an electric field ~
E applied
parallel to the smectic layer induces a polar tilt θ½/ E of
the director in a plane perpendicular to ~
E. The tilt
susceptibility, also known as the electroclinic coefficient
ec ¼ dθ=dE, diverges on cooling towards the chiral
smectic-C phase. The electroclinic effect involves the
reduced C2 symmetry and is absent when the system is
achiral or racemic. Chiral-based effects at LC/substrate
interfaces also have been known for some time.[50–53]
In these systems, either the LC or the interaction surface
layer is chiral, and the interface’s reduced symmetry
gives rise to surface electroclinic behaviour.
Figure 12 shows the tilt angle θ as a function of the
rms applied field E at f = 1 kHz for (a) pure 9OO4 and
for (b) the 9OO4 + GP (3.5 × 10–3 wt%) mixture in the
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Figure 12. (colour online) Electroclinic effect in the smectic-A
phase: (a) tilt angle θ versus E (f = 1 kHz) for bulk 9OO4 at two
different values of T, listed in the legend; (b) tilt angle θ versus
E (f = 1 kHz) for 9OO4 + GP at eight different values of T listed
in the legend. Lines represent linear fits. Inset in (a) Inverse of
electroclinic coefficient e1
c versus T. A linear fit is shown near
TAC (=62°C). [Reproduced from Basu R, Kinnamon D. Garvey A.
Detection of graphene chirality using achiral liquid crystalline
platforms. J. Appl. Phys. 2015;118:114302. DOI: 10.1063/
1.4931147, with the permission of AIP Publishing.]

smectic-A phase. Sample preparations and experimental details are mentioned elsewhere.[32] As expected,
9OO4 in the absence of GP does not exhibit any
electroclinic effect in the smectic-A phase, confirming
the absence of molecular chirality associated with pure
9OO4. On the other hand, the GP-doped 9OO4 clearly
shows a bulk electroclinic effect that grows on cooling
towards TAC, demonstrating a net chirality in the
smectic-A phase. The temperature behaviour of the
electroclinic effect of the mixture above TAC (=62°C)
has also been examined, where ec ¼ dθ=dE was found
to increase rapidly on cooling, with an apparent divergence at TAC. The inset in Figure 12(a) shows an
with T close to
approximately linear variation of e1
c

TAC. This is consistent with mean-field behaviour and
with previous results on fully chiral LCs.[48]
Importantly, ec diverges at TAC, indicating that the
observed effect indeed corresponds to coupling
between ~
E and the graphene-induced chiral LC
domains, rather than a direct electric field–graphene
coupling. It is also important to point out that the
magnitude of ec observed in this experiment is a few
orders of magnitude smaller than that of the fully chiral
LCs,[48] indicating weak chirality at graphene surface.[32]
Due to the chiral induction by graphene flakes, the
director in the nematic phase of 5CB undergoes a
helical twist with a pitch length P, where P is the
distance over which the director rotates by an angle
of 2π. LC 5CB is used for this twist experiment because
of its availability with a room temperature nematic
phase. LC cells with a 90° twist [32] have been used
in this experiment. A uniform cell thickness was maintained by randomly dispersed 6.8-μm spacer particles
during the fabrication of the cells. In the absence of an
inherent nematic twist (P → ∞), there are two possible
domains in the 90° twist cell: one with right-handed
twist and one with left-handed twist [see Figure 13(a)].
The spacer particles pin the LC disclinations (i.e. the
walls between right-handed and left-handed domains)
in the cell. Since both domains are equally likely, the
disclination lines that run between the cell’s spacer
particles are straight. However, for a chiral LC with
an intrinsic P, domains having the same sense of surface-imposed twist grow at the expense of those having
the opposite sense of surface-imposed twist, and thus
the disclination lines that connect the spacer particles
become bowed. The equilibrium shape of the disclination line is determined by the minimisation of the total
energy, which involves the energy of the disclination
and the twist elastic energy, where it is assumed that
the LC director is anchored strongly at the two substrates. Thus, a measure of the disclination’s radius of
curvature yields the inherent chiral pitch P.[49]
Figure 13(b)(i–iv) shows typical polarised micrographs of pure 5CB at four randomly chosen regions
inside a 90° twist cell. Each micrograph has an area of
1.173 × 0.899 mm2. As expected for a pure achiral LC,
the disclination lines between the equally likely left- and
right-handed domains are linear (P → ∞), minimising
the line tension associated with the disclination. The
dark spots observed in Figure 13(b) are 6.8-μm spacer
particles, which pin the disclinations. Under the same
conditions, a chiral LC would exhibit curved disclinations in order to minimise the total energy, and the
chiral pitch length P = 2R, where R is the radius of
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Figure 13. (colour online) (a) Schematic representation of equally probable left- and right-handed domains of an achiral nematic LC
in a 90° twist cell. (b) Micrographs (1.173 × 0.899 mm2) showing disclination lines in two 90° twist cells under the cross-polarised
microscope; (i–iv) pure 5CB showing straight disclination lines at four different places in the cell; (v–viii) 5CB + GP showing bowed
disclination lines at four different places in the cell. Black dots are 6.8-μm spacer particles. (c) The distribution of pitch length P for
5CB + GP at seven randomly chosen regions in the 90° twist cell. The dotted line shows the average P. [Reproduced from Basu R,
Kinnamon D. Garvey A. Detection of graphene chirality using achiral liquid crystalline platforms. J. Appl. Phys. 2015;118:114302. DOI:
10.1063/1.4931147, with the permission of AIP Publishing.]

curvature of the bowed disclination line.[49] This
method is sensitive to weak chirality, that is, large P.
Figure 13(b)(v–viii) show polarised micrographs of
5CB + GP at four randomly chosen regions inside a
90° twist cell. In these four micrographs, clearly visible
curved disclination lines between spacer particles confirm that the graphene flakes induce a chiral twist in the
nematic phase. These micrographs also reveal a nonuniform curvature-distribution throughout the cell.
Because the radius of curvature varies significantly
from region to region in the cell, this behaviour suggests
a non-uniform local density distribution of graphene
flakes in the nematic medium. This curvature variation
also suggests that the flakes possess different chiral
strengths due to their size distribution. For the
5CB + GP sample, the radius of curvature R was
obtained from the 1.173 × 0.899 mm2 micrographs
along several different segments by computer identification and digitisation of the disclination lines. Figure 13
(c) shows the variation of the chiral pitch length P (=2R)
at seven randomly chosen regions (i.e. seven
1.173 × 0.899 mm2 micrographs) in the 5CB + GP cell.
Regions 1–4 in Figure 13(c) correspond to micrographs
(v–viii) in Figure 13(b), respectively. With a wide variation, the average P is found to be 2.9 mm. This large P

indicates that the graphene-induced chirality is weak –
this is consistent with weak electroclinic signal for the
9OO4 + GP sample.[32]

7. Graphene-based LC cells and electro-optic
response
In a conventional LC cell, the indium tin oxide layers
serve as the transparent electrodes and the polyamide
layers with unidirectional rubbing direction serve as
the aligning layers of the LC director at the two substrates. In Sections 1 and 2, it is established that graphene film can impose planar alignment to the LCs. It
is also well established that graphene is highly conductive along the sheet. It has been shown before that
graphene can be used as the electrodes in an LC cell.
[54] Here, it is presented that graphene itself can be
used as the alignment layers as well as the transparent
electrodes in an LC cell.
Two glass substrates with monolayer graphene film
were used to prepare a cell (the monolayer graphene
film was first grown by CVD processing onto a copper
foil, then transferred onto glass). The glass substrates
with graphene were placed together to make a cell with
an average thickness of 12 μm. The graphene-based LC
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Figure 14. (colour online) (a) Schematic representation of a graphene-based LC cell without any aligning layers and ITO electrodes.
The LC maintains a planar alignment in the graphene-based cell. (b) Micrograph of the LC in the graphene-based cell under a
crossed polarised microscope at a 0° relative angle (bright state). (c) The micrograph shows a dark state when rotated 45° under the
crossed polarisers. This indicates the planar alignment of the LC inside the graphene-based cell. (d), (e) and (f) Micrographs of the
cell at three different voltages, 15, 30 and 45 V, respectively. The schematics show that the LC director starts to align with the
electric field as the voltage increases, obtaining a homeotropic alignment at 45 V.

cell was then filled with E7 LC. The planar alignment
of the LC in the cell is studied using a crossed polarised
microscope [see Figure 14(a–c)]. Note that Figure 14
(b) shows a micrograph of a bright region of the cell,
which becomes dark when rotated by 45°. This confirms a planar alignment of the LC director in the cell.
The cell was then rotated back to the 0° relative
position at its bright state and the voltage was applied
across the cell using graphene electrodes. Figure 14(d–
f) shows the micrographs of the cell at three different
voltages, 15, 30 and 45 V, respectively. When the
voltage increases across the cell, the LC director starts
to reorient along the electric field, as schematically
shown in Figure 14(d–f). The cell shows a dark micrograph texture at 45 V, indicating a homeotropic alignment of the LC director in the graphene-based LC cell.
These results, thus, indicate that the graphene film can
act both as the alignment layer and the electrodes in
the graphene-based LC cell.

The presence of graphene flakes is found to accelerate
the electro-optic switching both in the nematic and
smectic-C (ferroelectric) phases. This faster response
is attributed to the reduction in the rotational viscosity
by decreasing the free ion concentration in the
LC + GP systems. In another direction, it has been
also shown that the graphene strain chirality can be
transmitted onto the LC molecules, exhibiting an electroclinic effect and helical twist effect. Finally, it is
demonstrated that graphene itself can act as the alignment layers and the transparent electrodes in an LC
cell, showing a typical electro-optic response. Presented
results are expected to advance the conceptions about,
and methodology towards, nanoscale manipulation of
graphene via LCs and LC orientation control using
their interactions with graphene. These studies will
not only make LCs technologically useful (i.e. faster
switching), but will also lead directly to the central
role played by LC-influenced organisational themes in
the development of self-assembled systems at the
nanoscale interfaces.

8. Conclusion
With the combination of a review and original
research, the interactions between graphene and different LC phases are experimentally demonstrated. It has
been shown that the graphene surface can impose
planar alignment on the nematic and smectic phases.
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