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Electro-optic properties of nematic and ferroelectric liquid crystalline

nanocolloids doped with partially reduced graphene oxide
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(Received 3 April 2015; accepted 23 June 2015)

Flakes of partially reduced graphene oxide (PRGO) were doped in nematic liquid
crystals (NLCs) and ferroelectric liquid crystals (FLCs), respectively. The dielectric
and electro-optical properties of NLCs doped with those flakes have been
investigated. Threshold voltage and switching times are reduced by 30%�50%. This
is primarily due to the decrease of the elastic properties of the nanocolloids compared
to the non-doped nematics. The influence of the PRGO flakes on the spontaneous
polarization, tilt angle and switching time of FLCs was investigated too. Such flakes
reduce the response time by 40%�60%, increases spontaneous polarization by
20%�25% and increase the tilt angle by 15%�20%.

Keywords: partially reduced graphene flakes; nematic and ferroelectric liquid
crystals; electro-optical response; elastic properties

1. Introduction

Development of novel liquid crystal (LC) composite materials represents a new direction

in materials science. LC material is in general a multi-component mixture consisting of

compounds of different chemical classes. The optimal set of physical-chemical parame-

ters (temperatures of phase transitions, viscosity, dielectric and optical anisotropy, etc.),

which define electro-optical characteristics of display devices, is achieved by the selec-

tion of individual components of the mixture and their amount.

In recent years, the attention of researchers was focused on the modification of proper-

ties of LCs due to doping with various nanoparticles in order to obtain enhanced electro-

optical characteristics. Compositions of LCs with metallic, semiconducting [1�3] as well

as ferroelectric [4�6] nanoparticles have been investigated. It has been shown that a

small amount of nanoparticles to a great extent modifies dielectric, elastic and electro-

optical properties of LCs.

The growing interest in carbon-based materials is associated with their effective appli-

cation in various directions. In this regard, the combination of LCs and synthetic carbon

allotropes such as carbon nanotubes (CNTs), detonation nanodiamonds (DNDs) [7] and

the newly described graphene has its own importance.[8�10]

CNTs bring in novel properties that make them potentially useful in a wide range of

applications in nanotechnology, electronics, optics and other fields of materials science.

CNTs possess extremely high aspect ratio with diameters of the order of nanometers and

length larger than several hundred nanometers. Dispersing CNTs in nematic liquid
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crystals (NLCs) and ferroelectric liquid crystals (FLCs) [11] is one of the possibilities to

modify and improve the physical�chemical and electro-optical properties of LCs useful

for display devices. It was found that the introduction of CNTs in nematic LCs as a dopant

can depress the undesired ion-charge effect [12�15] and simultaneously reduce the rota-

tional viscosity [16] of the LC host, and, as a consequence, decrease the response time,

suppress the backflow effect and decrease the threshold voltage.[12,17] But even an

increase of the viscosity by increasing the amount of CNT for a certain FLC mixture has

been reported.[18]

But not only tubes like CNTs with large aspect ratio are of great interest, e.g. for

screening ions, but also rods, for example gold nanorods (GNRs). Moreover, the influence

of the diameter of GNRs on the electro-optical and dielectric properties of FLCs has been

investigated.[19]

Among the various synthesized carbon structures, it is necessary to note the DNDs

obtained by the method of detonation synthesis. Such DNDs are aggregates of diamond

single crystals with an average size of 3¡6 nm. Unlike the CNTs, DNDs have a spherical

shape. A distinctive feature of the DNDs is the presence of a large number of different

functional groups on their surface. In [7], the impact of the DND nanoparticles’ size and

the type of functional groups on the dielectric and electro-optical properties of nematic

mixtures was studied. It was shown that nanoparticles of small size have virtually no effect

on the properties of LCs. At the same time, the conglomerates based on DNDs of about

50 nm or about 100 nm in diameter can increase or decrease the dielectric anisotropy and

response times by 1.5¡2 times, depending on the polarity of the functional groups.

The other allotrope of carbon, graphene, is a newly promising material for nanoelec-

tronics. It exists in standard samples in quasi-two-dimensional isolated monolayers of car-

bon atoms arranged in a hexagonal lattice. Graphene exhibits exceptional mechanical,

optical, electronic and thermal properties including high charge mobility, thermal con-

ductivity, high strength, high chemical stability and high optical transmittance.

Several physical and chemical methods exist for the synthesis of graphene, which

include the mechanical or chemical exfoliation of graphite, unrolling of CNTs (either

through electrochemical, chemical or physical methods), chemical vapor deposition,

reduction of graphene oxide (GO), etc.[20�24]

Potential graphene applications include carbon-based nanoelectronics, biomedical

engineering, ultrafiltration, composite materials, photovoltaics and energy storage. The

high electrical conductivity and high optical transparency promote graphene as a candi-

date for transparent conducting electrodes, required for applications in touch-screens, LC

displays, organic photovoltaic cells and organic light-emitting diodes.[25�30]

Studies of LC-graphene or GO composites dispersed in the LCs are to date rather rare.

For the nematic mixture E7, an increase of the threshold voltage has been reported [31]

while for graphene-5CB nanocolloids, a decrease of the orientational order was described

by the use of 2H NMR methods.[32] Very recently, decrease of switching time and

decrease of rotational viscosity has been reported for the system graphene-5CB nanocol-

loid.[33] On the other hand, for the zero-dimensional derivative of graphene, mean for

graphene quantum dots, improvement of the electro-optical properties and reduction of

the threshold voltage have been described for the nematic nanocolloids.[34] Investigation

of graphene doped in FLCs has been reported very recently. A remarkable decrease of the

rotational viscosity has been described by Basu.[35] For the GO, the Biradar group [36]

reported via measurements with help of the automatic LC tester (ALCT, Instec) on an

increase of the viscosity for an electroclinic FLC-graphene nanocolloid in comparison to

the non-doped FLC.

2 V. Lapanik et al.
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The aim of our work is to describe the electro-optic and dielectric properties of nano-

colloid dispersions of partially reduced graphene oxide (PRGO) in some nematic and fer-

roelectric LCs, respectively, and to compare those with properties of LC nanocolloids of

graphene and of PRGO.

2. Materials and methods

PRGO is a gift of Dubang China Group Co., Ltd. It has been used without further purifica-

tions. For the characterization of the PRGO, scanning electron microscopic investigations

by means of LEO-1455 VP SEM has been performed. This microscope was equipped

with energy-dispersive X-ray spectrometer (EDX) with RONTEG analyzer. Each powder

sample was placed on an aluminum spot with double-sided carbon tape. The voltage for

the energy dispersive analysis was 20 keV.

The powder consists of flakes of thickness <5 nm, formed by monolayers and oligo-

layers. The flakes show dimensions with longer <1000 nm and shorter diameter

<250 nm. The compositions after SEM/EDX are C 87.10 wt% and O 10.90 wt %, rest

are H and few metallic impurities. It should be mentioned here, in GO the ratio C:O is

usually 2.1:1�2.9:1 while in our case C:O » 9:1.[37]

For the experiments with NLC, a host mixture N based on the 1-alkyl-4-(40-isocyana-
tophenyl)-cyclohexane

NCSCnH2n+1

has been prepared. N: n D 3: 27.0 wt%; n D 4: 19.0 wt%; n D 6: 37.0 wt%; n D 7: 17.0

wt%.

The phase diagram of the mixture N is Cr 12 �C N 43.2 �C I.

FLC mixtures were prepared based on substituted 2-(4’-alkoxyphenyl)-4-alkyl-

pyrimidines

N

N
H2n+1Cn OC2m+1Hm

forming the SmC phase of the mixtureM.

M: n D 10, m D 8: 43.3 wt%; n D 8, m D 8: 23.4 wt%; n D 8, m D 10: 33.3 wt%.

The phase diagram of the mixtureM is Cr 7 �C SmC 57.8 �C SmA 67.2 �C N 68.1 �C I.

In order to prepare a mixture with a ferroelectric C� phase, we added to the host mix-

tureM different amount of chiral dopants A1 to A4 (Table 1) leading to the FLC mixtures

Table 1. Chiral compounds used for FLC mixtures F-1 to F-4.

Chiral compounds

A1

N

N

H19C9O

F

OCH(F)C6H13

A2
C8H17

Cl

OCH(CH3)C6H13

A3 CH(CH3)COOC6H13C6H13COO(CH3)CH

A4
C10H21

Cl

COO COOCH(CH 3)C6H13 
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F-1 (MC 15% A1), F-2 (M C 25% A2), F-3 (MC 25% A3) and F-4 (MC 25% A4). Chi-

ral compounds of different viscosity and with different functional chiral groups were

selected to study their influence on the spontaneous polarization and the elastic properties.

PRGO was dispersed in propanol through ultrasonic bath for 1.5 h. Then, the disper-

sion was mixed with NLCs and FLCs, respectively. In detail, the nematic mixtures N

were transformed into GN due to the doping with PRGO 0.5 wt%, while to the four FLC

mixtures F-1 to F-4 each 0.5 wt% of PRGO were added leading to the doped mixtures

GF-1 to GF-4.

The obtained mixtures were inserted inside the oven at 70 �C for 0.5 h and then

degassed under vacuum (1¡3 mbar) for 0.5 h in order to evaporate propanol.

The compositions prepared in such a way were filled in the cells with a thickness of

3.5 mm for NLC and 2.0 mm for FLC. Planar and 90�-twist cells with an effective indium

tin oxide (ITO) area 1 cm £ 1 cm have been used. The quality of LC alignment and the

sample morphology were controlled using polarizing optical microscope (Olympus BX-

51P) interfaced with charge-coupled device (CCD) camera at 10x in the transmission

mode in crossed polarizers using white light. Electro-optical parameters were measured

using the setup consisting of a He�Ne laser (λ D 632.8 nm), rotating table, Linkam LTS

350 hot stage coupled with the temperature controller Linkam CI 94 (with an accuracy

§0.1 �C), arbitrary waveform generator HP 33120A and the digital oscilloscope HP Infin-

ium. The rise times were defined as the transmittance changes from 10% to 90%. The

light transmittance was detected by a photomultiplier and recorded via a digital oscillo-

scope. Spontaneous polarization (Ps) was measured using the reversal current method

with a triangular wave at 10 Hz obtained from HP 34401A. The amplitude of the applied

voltage was 20 Vpp. The tilt angle was estimated from the measurements of light trans-

mission through the cells in crossed polarizers under applied electric field. The transmis-

sion was fitted as a function of the cell orientation to the sinusoidal curve. Dielectric

measurements were carried out by impedance analyzer 4192A at frequency 1 kHz. In

order to measure the elastic constant K11 of the nematic LC mixtures, the standard method

was used based on the investigation of Freedericksz transition.[38] Freedericksz transition

was induced by electric field and detected optically. The thickness of the empty cells was

measured by the interferometric method.

3. Results and discussion

One of the aims of the research of pure nematic mixtures N in comparison with PRGO-

doped mixtures GN was to study the changes of certain physical properties due to doping.

Consideration of model of interaction between PRGO and nematic mixtures was another

goal.

In order to determine the elastic constants K11 of the doped and non-doped NLC mix-

tures, the phase difference as a function of voltage were measured in planar cells. From

the threshold voltage, elastic constants were calculated

K11 D U 2
th�e0� jDe j

p2
(1)

where K11 is splay elastic modulus, De D ejj-e? � dielectric anisotropy, and e0 D
8.854�10¡12 farad/m.

For the pure nematic mixture, the value of K11D 6.9 pN, for the doped one K11D 5.1 pN.

Figure 1 presents the transmission�voltage curve measured in a 90�-twist cell for
both non-doped NLC and PRGO-doped material.

4 V. Lapanik et al.
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The optical threshold voltage V10 has been reduced for the doped case. This corre-

sponds to a reduction of elastic modulus of the doped nematic, whereas the magnitude of

the dielectric anisotropy has not changed, as will be shown below.

In the following experiment (Figure 2), we determined the frequency dependence of

dielectric anisotropy. The measured parallel and perpendicular dielectric data have been

presented as a function of the applied frequency both for the non-doped and the doped

material.

The dielectric anisotropy has not been changed due to doping with 0.5 wt% PRGO.

Figure 3 shows the decrease of the rise time tr from about 1 ms for the non-doped case

to about 0.5 ms for the doped case.

In the planar alignment, the nematic molecules are oriented parallel to the sample sur-

face. We suppose the PRGO plates are parallel to the nematic molecules disturbing the

Figure 1. Voltage-transmission curve for non-doped NLC and NLC doped with PRGO at 25 �C.

Figure 2. Frequency dependence of dielectric permittivity for non-doped NLC and NLC doped
with PRGO at 25 �C.

Phase Transitions 5
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short-range ordering between them. Moreover, there might be some p�p interaction

between the PRGO plates and the nematic molecules leading to the weakening of LC

intermolecular interactions.

All findings obtained so far are very interesting for potential applications, because the

rise time dropped and the threshold voltage was lowered.

The influence of PRGO-flakes on the properties of FLCs is even more interesting. In

Figure 4, we present the frequency dependence of the real (a) and the imaginary (b) part

of the dielectric permittivity.

Due to doping with PRGO, both absolute values up to about 30 kHz were reduced.

One can assume the PRGO flakes are able to compensate and neutralize some ions or

charges present inside the FLC volume leading to the decrease of both the dispersive and

absorptive values at lower frequencies. In both diagrams (Figure 4), the frequency of the

Goldstone mode (at about 1 MHz the so-called ITO-mode appeared) became slightly

shifted to higher values. The frequency of the Goldstone mode fG is proportional to the

(Goldstone mode) elastic constant Kr, and the second power of the wave vector q, but

Figure 3. Time response for non-doped NLC and NLC doped with PRGO at 25 �C.

Figure 4. Frequency dependence of (a) dielectric permittivity and (b) absorption strength at 25 �C.

6 V. Lapanik et al.
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inversely proportional to the Goldstone mode viscosity gG which can be assumed as the

rotational viscosity,[39] fG D Kr q
2/2p gG.

One can assume the slight increase of the Goldstone mode frequency is due to the

decrease of the viscosity assuming the wave vector and elastic constants became constant.

In practice, the elastic constant as shown for the nematics is being reduced but the wave

vector due to doping gets slightly increased as has been shown recently.[40] As a model,

the increase of Goldstone frequency is primarily due to decreased viscosity while

decreased elastic constant and increased wave vector might compensate each other in

their influence.

Figure 5 shows the decrease of the response time by increasing the temperature for the

doped mixtures GF-1, GF-2 and GF-4, respectively, compared to the related non-doped

ones. This decrease of response time while doping can be compared with the decrease in

the switching time of the nematics.

By the same time, the spontaneous polarization (Figure 6a F-3, GF-3; Figure 6b F-2,

GF-2; F-4, GF-4) and the tilt angle (Figure 7 F-1, GF-1; F-3, GF-3) were both increased

(Table 2).

Figure 5. Temperature dependence of the response time of non-doped FLC and FLC doped with
PRGO.

Figure 6. Temperature dependence of the spontaneous polarization of some non-doped FLCs and
related FLCs doped with PRGO.
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The different chiral dopants A1 to A4, characterized by different values of the helical

twisting power and spontaneous polarization, contribute to the increase of the tilt angle

and spontaneous polarization of mixtures, and as a consequence, to the reduction of

switching time.

When building a model of the FLCs doped with PRGO, one must take several aspects

into consideration.

The smaller-sized PRGO plates are packed parallel to the chiral and the host mole-

cules of the FLC matrix inside the smectic layers leading to p�p interaction between

PRGOs and benzene groups of the FLCs. As a result of these interactions, the ordering

increases forming a coupling of the dipoles of PRGO and FLC in a parallel manner which

even leads to the increase in the spontaneous polarization. Due to the decrease in viscos-

ity, the switching time became reduced. Compared to graphene, the PRGOs plates might

be not as planar showing some staggering. In a very recent report, [35] some enhanced

smectic C-domains were postulated. We do not see such domain forming in our FLC-

PRGO-nanocolloid. Regardless of these electro-optic properties of PRGO and graphene,

FLC-nanocolloids are similar in tendency. For GO-FLC nanocolloid, viscosity increases

while doping.[36] This is different to PRGO.

Figure 7. Temperature dependence of the tilt angle of some non-doped FLCs and related FLCs
doped with PRGO.

Table 2. Physical and electro-optical parameters of FLCs.

Mixture Ps, nC/cm
2 Tilt angle, � t, ms

F-1 10 23 22.0

GF-1 13 28 12.0

F-2 9 23 220

GF-2 12 27.5 92

F-3 52 20 9.8

GF-3 58 22.5 7.2

F-4 13 23 54.0

GF-4 18 25 28.0

8 V. Lapanik et al.

D
ow

nl
oa

de
d 

by
 [

T
ex

as
 A

 &
 M

 I
nt

er
na

tio
na

l U
ni

ve
rs

ity
] 

at
 0

0:
26

 2
0 

A
ug

us
t 2

01
5 



Finally, it is well known that dopants with bigger-sized platelets dispersed in LCs tend

to organize themselves after ultrasonicating parallel to the polymer/ITO surface area that

leads to a sort of demixing. Unfortunately, we do not have access in use of HRTEM or

SEM to control sizes and organizations inside the cell. One even cannot exclude that

larger-sized platelets became partially crushed via ultrasonification.

4. Conclusions

It is established that the effect of graphene or GO on the physical and electro-optical

parameters of NLC and FLC is very strong. Here, we tried to describe a material between

graphene and its oxidized form, GO, by considering the PRGO. The introduction of

PRGO in the nematic matrix can significantly affect the viscous-elastic properties of the

composition, and especially change the elastic constants, which reduces the switching

times and the threshold voltage. As expected, PRGO has no effect on the value of the

dielectric anisotropy, since it has no permanent dipole moment.

As for FLCs, the small amount of dispersed PRGO plates leads to the increase of the

tilt angle and the spontaneous polarization. At the same time, the interaction energy

between the FLC molecules has been reduced because they became separated due to the

PRGO flakes leading to the reduction of the switching time. In general, the PRGO plates

act as an ion/charges scavenger in the LCs which can be seen in the change of the imped-

ance spectra at lower frequencies.

In general, the electro-optic properties of PRGO with the ratio C:O » 9:1 can be

compared to those of graphene while some similarities to GO with the ratio C:O »
2.1:1�2.9:1 exist.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the German Science Foundation [grant number [Ha 782/98-1]].

References

[1] Qi H, Hegmann T. Impact of nanoscale particles and carbon nanotubes on current and future
generations of liquid crystal displays. J Mater Chem. 2008;18:3288�3294. doi: 10.1039/
b718920f

[2] Shivakumar U, Mirzaei J, Feng X, et al. Nanoparticles: complex and multifaceted additives
for liquid crystals. Liq Cryst. 2011;38:1495�1514. doi:10.1080/02678292.2011.605477

[3] Stamatoiu O, Mirzaei J, Feng X, et al. Nanoparticles in liquid crystals and liquid crystalline
nanoparticles. Top Curr Chem. 2012;318:331�394. doi:10.1007/128_2011_233

[4] Reznikov Y, Buchnev O, Tereshchenko O, et al. Ferroelectric nematic suspension. Appl Phys
Lett. 2003;82:1917�1919. doi:10.1063/1.1560871

[5] Buchnev O, Cheon CI, Glushchenko A, et al. New non-synthetic method to modify properties
of liquid crystals using micro and nanoparticles. J Soc Inf Display. 2005;13:749�754.
doi:10.1889/1.2080512

[6] Li F, West J, Glushchenko A, et al. Ferroelectric nanoparticle/liquid-crystal colloids for dis-
play applications. J Soc Inf Display. 2006;14:523�527. doi:10.1889/1.2210802

[7] Lapanik V, Lugouskiy A, Timofeev S, et al. Influence of the size and the attached organic tail
of modified detonation nanodiamond on the physical properties of liquid crystals. Liq Cryst.
2014;14:1332�1338. doi:10.1080/02678292.2014.919673

Phase Transitions 9

D
ow

nl
oa

de
d 

by
 [

T
ex

as
 A

 &
 M

 I
nt

er
na

tio
na

l U
ni

ve
rs

ity
] 

at
 0

0:
26

 2
0 

A
ug

us
t 2

01
5 

http://dx.doi.org/10.1039/b718920f
http://dx.doi.org/10.1039/b718920f
http://dx.doi.org/10.1080/02678292.2011.605477
http://dx.doi.org/10.1007/128_2011_233
http://dx.doi.org/10.1063/1.1560871
http://dx.doi.org/10.1889/1.2080512
http://dx.doi.org/10.1889/1.2210802
http://dx.doi.org/10.1080/02678292.2014.919673


[8] Zhang S, Kumar S. Carbon nanotubes as liquid crystals. Small. 2008;4:1270�1283.
doi:10.1002/smll.200700082

[9] Bisoyi H, Kumar S. Carbon-based liquid crystals: art and science. Liq Cryst.
2011;38:1427�1449. doi:10.1080/02678292.2011.597882

[10] Zakri C, Blanc C, Grelet E, et al. Liquid crystals of carbon nanotubes and graphene. Philos
Trans R Soc A. 2013;371:20120499. doi:10.1098/rsta.2012.0499

[11] Arora P, Mikulko A, Podgornov F, et al. Dielectric and electro-optic properties of new ferro-
electric liquid crystalline mixture doped with carbon nanotubes. Mol Cryst Liq Cryst.
2009;502:1�8. doi:10.1080/15421400902813592

[12] Lee W, Wang C, Shih Y. Effects of carbon nanosolids on the electro-optical properties of a
twisted nematic liquid-crystal host. Appl Phys Lett. 2004;85:513�515. doi:10.1063/
1.1771799

[13] Rahman M, Lee W. Scientific duo of carbon nanotubes and nematic liquid crystals. J Phys D
Appl Phys. 2009;42:063001. doi:10.1088/0022-3727/42/6/063001

[14] Baik IS, Jeon SY, Lee SH. Electrical-field effect on carbon nanotubes in a twisted nematic liq-
uid crystal cell. Appl Phys Lett. 2005;87:263110. doi:10.1063/1.2158509

[15] Scalia G, Lagerwall J, Schymura S, et al. Carbon nanotubes in liquid crystals as versatile func-
tional materials. Phys Status Solidi B. 2007;244:4212�4217. doi:10.1002/pssb.200776205

[16] Chen HY, Lee W, Clark NA. Faster electro-optical response characteristics of a carbon-nano-
tube-nematic suspension. Appl Phys Lett. 2007;90:033510. doi:10.1063/1.2432294

[17] Huang CY, Pan HC, Hsieh CT. Electrooptical properties of carbon-nanotube-doped twisted
nematic liquid crystal cell. Jpn J Appl Phys. 2006;45: 6392�6394. doi:10.1143/JJAP.45.6392

[18] Yakemseva M, Dierking I, Kapernaum N, et al. Dispersions of multi-wall carbon nanotubes in
ferroelectric liquid crystals. Eur Phys J E. 2014;37:7. doi:10.1140/epje/i2014-14007-4

[19] Podgornov F, Ryzhkova A, Haase W. Influence of gold nanorods size on electro-optical and
dielectric properties of ferroelectric liquid crystals. Appl Phys Lett. 2010;97:212903.
doi:10.1063/1.3517486

[20] Park S, Ruoff RS. Chemical methods for the production of graphenes. Nat Nanotechnol.
2009;4:217�224. doi:10.1038/nnano.2009.58

[21] Brownson DA, Bank CE. Graphene electrochemistry: an overview of potential applications.
Analyst. 2010;135:2768�2778. doi:10.1039/C0AN00590H

[22] Zhu Y, Murali S, Cai W, et al. Graphene and graphene oxide: synthesis, properties, and appli-
cations. Adv Mater. 2010;22:3906�3924. doi:10.1002/adma.201001068

[23] R€ummeli MH, Rocha CG, Ortmann F, et al. Graphene: piecing it together. Adv Mater.
2011;23:4471�4490. doi:10.1002/adma.201101855

[24] Soldano C, Mahmood A, Dujardin E. Production, properties and potential of graphene. Car-
bon. 2010;48:2127�2150. doi:10.1016/j.carbon.2010.01.058

[25] Xuan Y, Wu YQ, Shen T, et al. Atomic-layer-deposited nanostructures for graphene-based
nanoelectronics. Appl Phys Lett. 2008;92:013101. doi:10.1063/1.2828338

[26] Yang Y, Asiri AM, Tang Z, et al. Graphene based materials for biomedical applications.
Mater Today. 2013;16:365�373. doi:10.1016/j.mattod.2013.09.004

[27] Chung C, Kim YK, Shin D, et al. Biomedical applications of graphene and graphene oxide.
Acc Chem Res. 2013;46:2211�2224. doi:10.1021/ar300159f

[28] Jin F, Lv W, Zhang C, et al. High-performance ultrafiltration membranes based on polyether-
sulfone�graphene oxide composites. RSC Adv. 2013;3:21394�21397. doi:10.1039/
C3RA42908C

[29] Stankovich S, Dikin D, Dommett G, et al. Graphene-based composite materials. Nature.
2006;442:282�286. doi:10.1038/nature04969

[30] Chang DW, Choi HJ, Filer A, et al. Graphene in photovoltaic applications: organic photovol-
taic cells (OPVs) and dye-sensitized solar cells (DSSCs). J Mater Chem. 2014;2:
12136�12149. doi:10.1039/C4TA01047G

[31] G€okcen M, Yildirim M, K€oysal O. Dielectric and AC electrical conductivity characteristics of
liquid crystal doped with graphene. Eur Phys J-Appl Phys. 2012;60:30104. doi:10.1051/
epjap/2012120245

[32] Alam TM, Pearce CJ. Impact of graphene incorporation on the orientational order of gra-
phene/liquid crystal composites. Chem Phys Lett. 2014;592:7�13. doi:10.1016/j.cplett.
2013.11.044

10 V. Lapanik et al.

D
ow

nl
oa

de
d 

by
 [

T
ex

as
 A

 &
 M

 I
nt

er
na

tio
na

l U
ni

ve
rs

ity
] 

at
 0

0:
26

 2
0 

A
ug

us
t 2

01
5 

http://dx.doi.org/10.1002/smll.200700082
http://dx.doi.org/10.1080/02678292.2011.597882
http://dx.doi.org/10.1098/rsta.2012.0499
http://dx.doi.org/10.1080/15421400902813592
http://dx.doi.org/10.1063/1.1771799
http://dx.doi.org/10.1063/1.1771799
http://dx.doi.org/10.1088/0022-3727/42/6/063001
http://dx.doi.org/10.1063/1.2158509
http://dx.doi.org/10.1002/pssb.200776205
http://dx.doi.org/10.1063/1.2432294
http://dx.doi.org/10.1143/JJAP.45.6392
http://dx.doi.org/10.1140/epje/i2014-14007-4
http://dx.doi.org/10.1063/1.3517486
http://dx.doi.org/10.1038/nnano.2009.58
http://dx.doi.org/10.1039/C0AN00590H
http://dx.doi.org/10.1002/adma.201001068
http://dx.doi.org/10.1002/adma.201101855
http://dx.doi.org/10.1016/j.carbon.2010.01.058
http://dx.doi.org/10.1063/1.2828338
http://dx.doi.org/10.1016/j.mattod.2013.09.004
http://dx.doi.org/10.1021/ar300159f
http://dx.doi.org/10.1039/C3RA42908C
http://dx.doi.org/10.1039/C3RA42908C
http://dx.doi.org/10.1038/nature04969
http://dx.doi.org/10.1039/C4TA01047G
http://dx.doi.org/10.1051/epjap/2012120245
http://dx.doi.org/10.1051/epjap/2012120245
http://dx.doi.org/10.1016/j.cplett.2013.11.044
http://dx.doi.org/10.1016/j.cplett.2013.11.044


[33] Basu R, Garvey A, Kinnamon D. Effects of graphene on electro-optic response and ion-trans-
port in a nematic liquid crystal. J Appl Phys. 2015;117:074301. doi:10.1063/1.4908608

[34] Cho MJ, Park HG, Jeong HC, et al. Superior fast switching of liquid crystal devices using gra-
phene quantum dots. Liq Cryst. 2014;41:761�767. doi:10.1080/02678292.2014.889233

[35] Basu R. Effects of graphene on electro-optic switching and spontaneous polarization of a fer-
roelectric liquid crystal. Appl Phys Lett. 2014;105:112905. doi:10.1063/1.4896112

[36] Malik A, Choudhary A, Silotia P, et al. Effect of graphene oxide nanomaterial in electroclinic
liquid crystals. J Appl Phys. 2010;108:124110. doi: 10.1063/1.3524540

[37] Szabo T, Berkesi O, Forgo P, et al. Evolution of surface functional groups in a series of progres-
sively oxidized graphite oxides. Chem Mater. 2006;18:2740�2749. doi:10.1021/cm060258C

[38] Blinov LM, Chigrinov VG. Electrooptic effects in liquid crystal materials. New York (NY):
Springer-Verlag, Inc.; 1994. Chapter 2, Properties of the materials; p. 75�77.

[39] Carlsson T, Zeks B, Filipic C, et al. Theoretical model of the frequency and temperature
dependence of the dielectric constant of ferroelectric liquid crystals near the smectic-C� smec-
tic-A phase transition. Phys Rev A. 1990;42:877�889. doi:10.1103/PhysRevA.42.877

[40] Rudzki A, Evans DR, Cook G, et al. Size dependence of harvested BaTiO3 nanoparticles on
the electro-optic and dielectric properties of ferroelectric liquid crystal nanocolloids. Appl
Optics. 2013;52:E6�14. doi:10.1364/AO.52.0000E6

Phase Transitions 11

D
ow

nl
oa

de
d 

by
 [

T
ex

as
 A

 &
 M

 I
nt

er
na

tio
na

l U
ni

ve
rs

ity
] 

at
 0

0:
26

 2
0 

A
ug

us
t 2

01
5 

http://dx.doi.org/10.1063/1.4908608
http://dx.doi.org/10.1080/02678292.2014.889233
http://dx.doi.org/10.1063/1.4896112
http://dx.doi.org/10.1063/1.3524540
http://dx.doi.org/10.1021/cm060258&plus;
http://dx.doi.org/10.1103/PhysRevA.42.877
http://dx.doi.org/10.1364/AO.52.0000E6

	Abstract
	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusions
	Funding
	References



