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A nematic liquid crystal (LC) is doped with dilute concentrations of pristine monolayer graphene

(GP) flakes, and the LC þ GP hybrids are found to exhibit a dramatic increase in the dielectric

anisotropy. Electric field-dependent conductance studies reveal that the graphene flakes follow the

nematic director that mechanically rotates on increasing an applied electric field. Further studies

show that the p–p electron stacking, between the graphene’s honeycomb structure and the LC’s

benzene rings, stabilizes pseudo-nematic domains that collectively amplify the dielectric anisotropy

by improving the orientational order parameter in the nematic phase. These anisotropic domains

interact with the external electric field, resulting in a nonzero dielectric anisotropy in the isotropic

phase as well. The enhancement in dielectric anisotropy, due to the LC–graphene coupling, is

found to have subsequent positive impacts on the LC’s orientational threshold field and elasticity

that allows the nematic director to respond quicker on switching the electric field off. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921752]

The multifaceted interactions between nematic liquid

crystals (LC) and various nanomaterials have been an active

area of fundamental and applied research over the past dec-

ade. For examples, the nematic LC phase can impart its long-

range orientational order onto various nanoparticles, such as

carbon nanotubes, nanorods, and quantum dots;1–10 chiral car-

bon nanotubes can relay their surface chirality into, otherwise,

achiral LCs and induce a macroscopic helical twist;11–14 and

ferroelectric nanoparticles can induce soft-memory and

enhance the electro-optical response in the LC media.15–20

Two-dimensional honeycomb structure of graphene (GP)

shows very interesting interactions with an LC. For examples,

the graphene nanostructure can be used to enhance the tilted

smectic-C order;21 multilayer graphene flakes can improve

the electro-optic response in a nematic phase,22 and transpar-

ent graphene-conducting-layers, instead of indium-tin-oxide,

can be used as electrodes to produce high-transmittance liquid

crystal displays.23,24 It is found that graphene can enhance

thermal and energy storage properties in other dilute nano-

composites as well.25,26 In this paper, we investigate the local-

ized nanoscopic interactions at an LC-graphene interface and

their nano-electromechanical and electro-optical effects.

The nematic phase shows dielectric anisotropy,

De¼ ejj � e?, where ejj and e? are the dielectric components

parallel and perpendicular to the nematic director (n̂), respec-

tively. An LC’s De is proportional to the scalar nematic order

parameter,27 and therefore, an enhancement in De indicates an

improvement in the net orientational order. Generally, guest

particles introduce disorder in the nematic matrix, decreasing

the nematic order parameter.28 In this paper, we experimen-

tally demonstrate that the presence of monolayer graphene

flakes in a nematic LC significantly enhances De and the elas-

ticity and, lowers the Fr�eedericksz threshold field.

The pristine GP sample in ethanol solvent, obtained

from Graphene Supermarket, Inc., contained more than 97%

of monolayer flakes (with a small fraction of multilayer

flakes) of an average thickness of 0.35 nm and an average

lateral size of 550 nm. The ethanol þ GP solution was first

remixed by a micro-homogenizer tip of 5 mm diameter at

35 000 rpm for 3 h, followed by sonication for 10 h. The liq-

uid crystal MLC-15600-100 (obtained from EMD Millipore

Corporation, TNI¼ 101.0 �C, DeLC¼þ40.0 at T¼ 30 �C)

then was added to the ethanol þ GP and sonicated for 5 h,

allowing the LC to dissolve completely into the solution.

The ethanol was evaporated slowly at an elevated tempera-

ture, leaving a pure LC þ GP mixture. Finally, the LC þ GP

was degassed under a vacuum for 1 h. The process was

repeated to produce six known concentrations of graphene in

the LC: Cw1¼ 0.786� 10�4, Cw2¼ 1.18� 10�4, Cw3¼ 2.29

� 10�4, Cw4¼ 3.64� 10�4, Cw5¼ 4.68� 10�4, and Cw6

¼ 5.77� 10�4 wt. %. For consistency, the pure LC was also

treated the same way such as dissolving in ethanol followed

by a slow evaporation and degassing. Commercially manu-

factured LC cells (LC2–5.0, planar antiparallel rubbed, from

Instec, Inc.) with a 1.5� pre-tilt angle, 0.5� 0.5 cm2 semi-

transparent indium tin oxide (ITO) coated area, and a

d¼ 5 lm spacing were used for our experiments. The cells

were filled with the pure LC or the LC þ GP mixtures at

temperature T> 110 �C in the isotropic phase by capillary

action and slowly cooled to room temperature.

The Fr�eedericksz transition (the re-orientation process of

n̂ in the presence of ~E),27 in the nematic LC, occurs because

n̂ experiences a torque / De E2.27 In the isotropic phase,

De¼ 0, and so it does not interact with ~E. An Automatic

Liquid Crystal Tester (Instec, Inc.) was used to measure the

dielectric constant e of the filled cells as a function of ~E, at

1000 Hz, both in the nematic and isotropic phases.

Figure 1(a) shows a typical Fr�eedericksz transition in

the deep nematic phase at T¼ 50 �C, revealing that De
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increases dramatically when the LC is doped with graphene

flakes. Also De increases monotonically with increasing gra-

phene concentration for the first three concentrations: Cw1,

Cw2, and Cw3. For concentration Cw3, DeLCþGP¼þ67,

whereas the pure LC shows DeLC¼þ34 (and thus a 97%

increase!). However, above Cw3, De for the hybrid samples

starts to decrease, but always stays above that of the pure

LC.

Figure 1(b) shows the electrical conductivity r as a

function of ~E for the pure LC and the hybrid for Cw3. An LC

behaves almost like an insulator, and therefore, a very small

change is observed in r for the Fr�eedericksz 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 per-

pendicular electric fields. The hybrid shows a perceptible

change in r as function of ~E. An increase in r (Ref. 2) and

an enhancement in De (Ref. 3) manifest the orientational

coupling of anisotropic guest-nanoparticles to n̂. Therefore,

these results suggest that the flat surface graphene is coupled

to n̂ and reorients with n̂ as ~E increases, as schematically

shown in Figure 1(b).

Figure 2(a) shows the temperature dependence of De in

the nematic phase for the pure LC and all the doped samples.

The inset in Figure 2(a) presents De as a function of graphene

concentration in the deep nematic phase at T¼ 50 �C. Note

that De shows a monotonic increase for the first three con-

centrations and then it decreases for the rest of the

concentrations.

All the GP-doped LC cells were examined using a polar-

ized optical microscope. The optical micrographs revealed

uniform nematic textures for the first three concentrations:

Cw1, Cw2, and Cw3, like that of the pure LC cell, indicating a

uniform director field. The textures for the pure LC and the

LC þ GP for Cw3 in Figure 2(b) (i) and (ii), respectively,

show no indication of phase separation or agglomerates. As

the concentration increased above Cw3, small aggregates

were observed in the cells. The texture for Cw6 is sown in

Figure 2(b) (iii). A number of dark dots can be spotted in the

texture. Due to the presence of these small aggregates, De
does not increase anymore above Cw3. Note that small yel-

low spots can be observed in all three micrographs—these

spots are not aggregates but small defects in the LC cells’

alignment layers. In this paper, we focus on the first three

concentrations as they do not show any aggregates.

To reduce the elastic distortion, n̂ aligns along the gra-

phene surface.29 Therefore, we first characterize the hybrids

by an effective De, as if the graphene flakes acted as a molec-

ular additive. Since the graphene concentration is very low,

graphene–graphene interaction is insignificant and, therefore,

in the zero-order approximation, DeLCþGP¼qLC DeLCþqGP

DeGP, where qLC and qGP are the volume fractions of the LC

and graphene, respectively. Taking DeGP in the same order

of magnitude of that of the carbon nanotube,30 concentration

Cw3 yields DeLCþGP¼þ35. This prediction is nowhere close

to our experimental observation that shows DeLCþGP¼þ67,

indicating that DeGP is not the parameter responsible for the

giant enhancement in De for the composites.

It has been shown that liquid crystal molecules can sta-

bilize themselves on the honeycomb pattern of graphene29or

carbon nanotubes,31 employing the p–p electron stacking

with a binding energy Uanchoring¼�2 eV. In our model, this

anchoring energy induces local short-range orientation order

on LC molecules at the graphene surface, as shown sche-

matically in Figure 2(c). A generic molecular structure of an

LC with a high De (long chain) is shown in red in each ellip-

soid on a graphene surface. The p–p 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 DeLCþGP can be modified as, DeLCþGP

¼ qLC DeLCþ qGP DeGPþ
P

DePND, where DePND is the

dielectric anisotropy of a local PND. Clearly, all the PNDs

have a cumulative effect on DeLCþGP. Note that if the gra-

phene flakes (with the PNDs) were to stay in the LC without

following the ~E-induced rotation of n̂, one would not

observe any increase in De, but just a baseline increase in

e—which would be also true for the r measurement. The

giant increase in De and significant change in r therefore

suggest that the PNDs reorient with n̂, as schematically illus-

trated in the inset of Figure 1(b).

FIG. 1. (a) Dielectric constant e as a function of applied rms field ~E
(f¼ 1000 Hz) in the nematic phase (T¼ 50 �C) for the pure LC and LC þ
GP hybrids listed in the legend. This shows a typical Fr�eedericksz transition

and an increase in the dielectric anisotropy De for the LC þ GP hybrids. (b)

Electrical conductance r as a function of applied rms field ~E (f¼ 1000 Hz)

in the nematic phase (T¼ 50 �C) for the pure LC and LC þ GP

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.
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As stated earlier, the energy associated with LC-

graphene anchoring mechanisms, Uanchoring¼� 2 eV. In the

deep isotropic state at T¼ 110 �C¼ 383 K, the thermal

energy, Uthermal� kBT¼ 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 inter-

face in the isotropic phase. Thus, the PNDs still exist in the

isotropic phase, as schematically shown in Figure 2(d). As

these local PNDs are anisotropic in nature, they experience a

torque /D ePNDE2 in the presence of ~E in the isotropic

phase.

Figure 3 presents e as a function of ~E in the deep iso-

tropic phase (T¼ 110 �C) for the LC samples, where the pure

LC shows a featureless behavior as expected. The hybrid

systems show an increase in e with increasing ~E, exhibiting

an apparent saturation at a higher ~E. This indicates the align-

ment mechanism of the PNDs with ~E, as schematically

shown in the inset of Figure 3. The dielectric anisotropy in

the isotropic phase for the doped system is defined as

Deiso¼ emax� emin, where emax and emin can be determined

from Figure 3. Since n̂ is absent in the isotropic phase, one

can estimate
P

DePND�Deiso for the doped system.

For Cw3 concentration,
P

DePND¼ 35 from Figure 3 and

DeLCþGP�DeLC¼ 33 using Figure 1(a). For Cw1 concentra-

tion, those two numbers are 7.8 and 7, respectively. These

results clearly suggest that
P

DePND�DeLCþGP�DeLC,

depicting that the formation of the PNDs are responsible for

the giant enhancement in De.
To study the consequent effects of the substantial change

in De, we extracted the bend (K33) and splay (K11) elastic

constants using the Fr�eedericksz transition method32 by fitting

the capacitance (C) vs. voltage (V) graphs according to the

FIG. 2. (a) Dielectric anisotropy De as a function of temperature for the pure LC and LC þ GP hybrids listed in the legend. Lines are guide to the eye. Inset:

The dielectric anisotropy De as a function of graphene concentration in the deep nematic phase at T¼ 50 �C. (b) Micrographs of (i) pure LC, (ii) LCþGP

2.29� 10�4 wt. %, and (iii) LCþGP 5.77� 10�4 wt. %. The bar represents 200 lm. Micrograph (iii) shows a number of small dark dots that are graphene

aggregates. Schematic illustrations of graphene-LC interactions: (c) Alignment of graphene in a nematic LC due to p-p 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 p-p electron stacking is illustrated by matching the LC’s benzene rings on the graphene-honeycomb structure. (d) The presence of a

PND due to the graphene-LC interaction in the isotropic phase.

FIG. 3. Dielectric constant e as a function of applied rms field ~E
(f¼ 1000 Hz) in the isotropic phase (T¼ 110 �C) for the pure LC and LC þ
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.
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equation, C
Co
¼ 2

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ c sin2um

q
Vth

V

Ð um

u0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þc sin2uÞð1þj sin2uÞ

sin2um�sin2u

q
du,

where Co is the zero-field capacitance, u is the angle between

n̂ and the substrate at V, um is the maximum angle in the mid-

dle of the cell, uo is the pre-tilt angle, c¼De /e?, k¼ (K33/
K11)�1, and Vth is the threshold voltage.

Figures 4(a) and 4(b) present K33 and K11, respectively,

as a function of temperature for the pure and doped samples.

Figure 4(c) shows the Fr�eedericksz transition threshold field

Eth (¼p
d �(K11/eoDe)) as a function of temperature for the LC

samples. For Cw1 and Cw2 concentrations, Eth is lower than

the pure LC. This is expected that when De increases, the ne-

matic phase requires a smaller electric field to start the reor-

ientation process. However, Eth shows a higher value for Cw3

than the pure LC. The increase in K11 overmatches the

enhancement of De for Cw3; see Figs. 1 and 4(b). This

increase in K11 presumably enhances the LC—aligning layer

anchoring strength, and therefore, a higher Eth is needed to

start the Fr�eedericksz transition for Cw3.

The switching behavior of n̂ strongly depends on K11.32

The relaxation time of n̂ after switching off ~E can be

described as sdecay ¼ c1d2

K11p2 ,33 where c1 is the rotational vis-

cosity. Thus, when K11 increases sdecay gets faster. The direc-

tor relaxation was studied by means of the electro-optical

response of the LC cells, and the experimental details are

mentioned elsewhere.22 Figure 5 illustrates the optical

response as a function of time for the pure LC and LC þ GP

for Cw3 as ~E is turned off. The time the transmittance inten-

sity takes to rise from 10% to 90% of the maximum intensity

is defined as the optical switching off soff. Note that sdecay

/s off, when the backflow in a thin cell is negligible. From

Figure 5, soff for the pure LC is 1.30 6 0.02 ms and the same

for the hybrid is 0.50 6 0.04 ms (this is almost a 60% faster

response!). An increase in K11 reduces sdecay and the electro-

optic response gets faster.

To summarize, we have demonstrated that in the pres-

ence of monolayer graphene flakes the nematic LC exhibits a

giant enhancement in De. The flat surface of graphene cou-

ples to n̂, following the ~E-driven rotation of n̂. A simple

model involving the formation of PNDs can explain the

observed amplification in De and the rotation of graphene

flakes with n̂. The presence of the PNDs has been verified by

measuring the net De for the hybrids in the isotropic phase.

The appearance of a net anisotropy for the graphene-doped

LC samples and its absence for the pure LC in the isotropic

phase is an unambiguous signature of the presence of the

PNDs. The enlarged K11 enhances the anchoring mechanism

between the LC molecules, the graphene flakes, and the

alignment layers, allowing n̂ to relax faster on turning off
~E—which has been verified from the LC’s electro-optical

response. The PND-reorientation both in the nematic and

isotropic phases can be regarded as a nano-electromechani-
cal system as the graphene flakes mechanically rotate at the

nanoscale via an LC platform on application of ~E.

This work was supported by the Office of Naval

Research, Division 312: Electronics Sensors and Network

Research, Award No. N0001414WX20791 and the

investment grant at the U.S. Naval Academy.

FIG. 4. (a) Bend elastic constant K33, (b) splay elastic constant K11, and (c)

Fr�eedericksz transition threshold field Eth as a function of temperature for

the pure LC and LC þ GP hybrids listed in the legend.

FIG. 5. Electro-optical switching of LC cells as a function of time. Left Y

axis: Normalized transmittance as function of time for the pure LC and

LCþGP 2.29� 10�4 wt. % at T¼ 50 �C after the applied voltage turned off.

Right Y axis: The applied voltage profile across the cell as a function of

time. Note, as the applied voltage is turned off at t¼ 0, the transmittance

intensities start to increase, indicating the LC cells’ optical transition from a

dark state to a bright state.
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