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Abstract. We have examined the electrical response of graphene-
nanostructured liquid crystal E7. The nematic E7 was doped with graphene
at concentration of 10 wt.%. Thin planar-oriented films with a thickness of
7 um of this nanocomposite were studied by means of electrical impedance
spectroscopy in the frequency range from 0.1 Hz to 1 MHz. Their electrical
impedance at a room temperature was compared to that of identical films of
pure liquid crystal E7 measured under the same experimental conditions. The
doping with graphene leads to decrease in electrical conductivity of the studied
nanostructured liquid-crystalline material and, thereby, to improvement of its
electro-optical performance.
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Introduction

One of the most widely known applications of the nematic liquid crystals (LCs),
namelly in thin-film-transistor LC displays (in digital cameras, various monitors
and large-screen high-definition television sets), has given evidence that the ions in
these electro-optical materials impact the image quality due to the ionic shielding
phenomenon. That is why, the development of novel LC-based composite mate-
rials is an exciting challenge for investigation in order to solve this problem. In
recent years, important direction of the research work was the modification of the
properties of LCs by doping with different nanoparticles (metallic, semiconduct-
ing, ferroelectric (Reznikov et al., 2003; Buchnev et al., 2005; Li et al., 2006; Qi &
Hegmann, 2008; Shivakumar et al., 2011; Stamatoiu et al., 2012) in order to obtain
improved electro-optical characteristics. It has been demonstrated that a very small
amount of nanoparticles can strongly modify the dielectric, elastic and electro-op-
tical properties of the host LC.

Among various nanoparticles, graphene is the carbon nanomaterial that is prom-
ising for improvement of the electrical properties of the nematics due to its elec-
tronic transport properties (Geim & Novoselov, 2007; Issi et al., 2014). In particu-
lar, Gokgen et al. (2012) have investigated the effect of graphene being doped in
LC E7. The results showed that the dielectric and electrical behaviors of the LC
E7 are strongly influenced by graphene. Also, it was found that the doping with
graphene reduces the electrooptics-relevant threshold voltage of graphene-E7 na-
nocomposites (Gokgen et al., 2012). In the study presented here, we have exam-
ined the electrical response of E7 doped with very low amount of graphene (107
wt.%). To inspect the effect from graphene, our interest was concentrated on the
frequency-dependent alternating-current (AC) electrical impedance of this nematic
nanocomposite.

Experimental

We deal with the well known LC E7, commonly used. This LC was purchased
from MERK. Catalogue data for E7 were as follows: E7 MERCK Art. 28658,
4-pentyl-4’-cyanobiphenyl plus 4-heptyl-4’-cyanobiphenyl. The commercial E7
substance is an eutectic nematic mixture with the nematic-to-isotropic transition
temperature at ~ 58 °C. Due to the strong permanent dipole moment along the
molecular axis arising from the high polarity of the constituent molecules, E7 has
relatively large positive dielectric anisotropy, AsH =19 and Ag, =5.2at20°Cand 1
kHz frequency (Drzaic & Muller, 1989).

The E7 mixture has not been modified in any way before the nanocomposite
preparation. To prepare graphene-E7 nanocomposite, graphene was added at the
concentration of 10~ wt.% to the LC E7. This mixture was centrifuged for 30 min
at 4000 rpm; to make the constituents uniformly mixed, then heated above 60 °C
to reach isotropic phase of the LC. The heated graphene-E7 dispersion was cap-
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illary filled into standard LC sandwich cells. Finally, the nematic phase of the E7
LC containing graphene was recovered. The LC cells were assembled with two
1 mm-thick 15 mm " 25 mm glass plates having their inner surfaces coated with
conductive indium-tin oxide (ITO) and a polyimide alignment layer for planar ori-
entation. The gap of the cells was d = 7 um. Besides the graphene-doped E7 layers
with planar alignment, layers with the same dimensions were prepared by the same
manner, but filled with E7 only (for reference measurements).

The characterization of the samples was performed by modular potentiostat/
galvanostat SP-200 Bio-Logic (Bio-Logic Science Instruments). This compact and
powerful computer-controlled instrument for impedance spectroscopy (Fig. 1) is
well suited for precise measurements in the nanotechnology research. Hardware
filtering allows removing unwanted electromagnetic noise which can affect the
quality of the experimental data. The electrical impedance spectra were recorded in
the frequency range f= 10" — 10° Hz. The AC electric field (in the sinusoidal wave-
form) was transversally applied to the film via the ITO electrodes. The electrically
active area of the sample was 4 = 1 cm?® The applied voltage was kept fixed at 10
mV (RMS). Thus, the corresponding electric field strength was much smaller than
the Fréedericksz transition threshold of E7 (~ 0.85 V), thereby the electro-op-
tical function of this LC was not activated. The experiments were carried out at
ambient temperature.

Figure 1. Bio-Logic SP-200 instrument
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Results and discussion

Experimental data in the present study were obtained by Complex Electrical Im-
pedance Spectroscopy. By this experimental technique (Barsoukov & Macdonald,
2005), both real Re(Z) and imaginary Im(Z) parts of the complex electrical imped-
ance (Z*) can be simultaneously measured as a function of the frequency f of the
AC electric field applied on the sample. It should be mentioned that the results ob-
tained by impedance spectroscopy strongly depend on the temperature of the stud-
ied material, and reasonably, on the phase of the LC. In our case, the LC E7 in the
examined samples is in the nematic phase, a state that is highly anisotropic. Actu-
ally, the nematic is the simplest of the LC phases and the one with the highest sym-
metry. In this state of LC matter, the LC molecules possess long-range orientational
order, but no positional order of their centres of mass, with the long axis of the LC
molecules aligning roughly along an average direction, called the nematic director.
In this phase, the optical, electro-optical, electrical and dielectric properties of E7
LC were well established (Amundson, 1996; Jian et al., 2011). By the electric-field
induced Fréedericksz transition that is the basic principle of electro-optic operation
of the nematic LCs, a collective reorientation of the LC director takes place along
the direction of an electric field applied to LC material having positive dielectric
anisotropy, i.e. the LC medium is reoriented from planar to homeotropic orienta-
tion (director parallel to perpendicular to the electrode plane) (De Gennes & Prost,
1993). The value of Fréedericksz transition threshold of the LC E7 is V, = (0.85
= 11 %) V,,,c measured at 20°C (Amundson, 1996). Since the applied voltage (10
mV_ ) in the present experiment is bellow V; , during our experiment the films
under study remain in predominantly planar orientation, as initially imposed by the
alignment layers of the films (Fig. 2).

) —0

3/ 4/ 5/

Figure 2. Schematic of planarly-aligned LC cell: 1 — the plane glass/ITO sub-
strate, 2 — spacer, 3 — plane electrode (of ITO), 4 — alignment layer, 5 — elongated
rod-like LC molecule (E7)
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Figure 3. Data obtained by impedance spectroscopy: (a) real and (b) imaginary
parts of complex electrical impedance measured for the samples with: E7 (open
circles); graphene-doped E7 (solid lines). The temperature of the films was 26° C

Fig. 3 reports raw data for the complex electrical impedance Z* measured for
considered films of either E7 or graphene-doped E7 as a function of frequency f of
the external electric field (in our case, applied perpendicular to the film plane). Due
to the same geometrical dimensions of both samples (thickness and electrically-ac-
tive surface area), it can be made not only qualitative, but also quantitative com-
parison. As seen, there is some frequency range, namely bellow 1 kHz, in which
the impedance of the sample with graphene-doped E7 is higher than that of the
sample with pure E7. Notice, the low-frequency measurements give information
on electrical conductivity and ionic contributions. The trend of lowering of the
ionic conductivity can be seen in the research on nematic E7 doped with graphene
at concentration of 0.05 wt.% (Gokgen et al., 2012), as well as for nematic LC
4-cyano-4’-pentylbiphenyl (SCB) doped with graphene at concentration of 0.005
wt.% (Basu et al., 2015). Note that in our case the graphene concentration is even
less (0.001). Generally, the impedance spectra in Fig. 3 can be further analyzed and
both AC and direct-current (DC) conductance may be exactly calculated by apply-
ing suitable theoretical model, e.g., through the corresponding frequency spectra of
the complex dielectric permittivity and their fits. But the main result for the effect
from graphene nanodopants is visible even from the data for electrical impedance.

The effect of graphene nanoparticles can be clearly seen in the Nyquist plots
(the imaginary part versus the real part of the impedance) of our LC samples (with
or in the absence of graphene). Fig. 4 shows the corresponding impedentiometric
response of both samples to be compared. The Nyquist plot consists of a part of
semicircle towards higher frequency side, followed by a steep line at lower fre-
quency side. The semicircle represents the bulk material (such shape is relevant to
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equivalent circuit of capacitance and resistance connected in parallel). The value
of the bulk resistance (R, ) of the material can be determined from the point of
intersection of the high-frequency end of the semicircle with the Re(Z) axis (Bar-
soukov & Macdonald, 2005). It is seen from Fig. 4 that compared to the reference
cell made with pure E7, the graphene-doped E7 exhibits higher R, . According to
the simplified expression o =d { R, A), where d and 4 are the thickness and ef-
fective electrically-active area of the examined LC films, respectively (Barsoukov
& Macdonald, 2005), from the data in Fig. 4 one can roughly estimate that the
conductivity o for our sample with graphene-doped E7 is nearly twice lower than
the one of the reference E7 sample.
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Figure 4. Nyquist complex impedance plots for the samples under study
(relevant to data given in Fig. 3).

At a glance, the lower conductivity we have observed for graphene-doped E7
as compared to undoped E7 contradicts the good conductivity and high electron
mobility of graphene (Geim & Novoselov, 2007; Issi et al., 2014). Indeed, such
effect is in contrast with the cases of inclusion of graphene in other materials, for
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instance - polymers, in which the conductivity is increased by the insertion of
graphene (Alzari et al., 2016). In the present case for LC E7, graphene nanodopats
are in a LC medium with a moderate (up to low) conductivity. This LC is known
to have high impurity ion concentration. Moreover, the high concentration of ions
in the bulk of the nematic LCs in cells having alignment layers is well known and
has been demonstrated by means of impedance and dielectric spectroscopy in the
low-frequency range, e.g., from 0.5 Hz to 200 kHz (Murakami & Naito, 1997). The
concentration of impurity ions and diffusion behavior of the ion charge in nematic
LCs have been thoroughly investigated by the same experimental techniques in
the low-frequency range (Murakami et al., 1996; Nakanowatari & Ono, 1996; Mu-
rakami & Naito, 1997; Sawada et al., 1999; Costa et al., 2001).

In the LC displays, the presence of excess ions causes several problems, such
as slow responses, long-term image sticking effects, and short-term flicker effects
(Yang, 1990; Takahashi, 1991; De Vleeschouwer et al., 1999; 2001a; 2001b; Sasa-
ki, 2001). Obviously, the presence of graphene leads to neutralization of part of
these free charge carriers in the nanocomposite studied here. Most likely, this oc-
curs by ion-trapping processes (the corresponding physical mechanism is complex
and needs further investigation and detailed treatment that is out of the scope of
the present study). In consequence, the ionic shielding should also be reduced at
the corresponding frequency values. Being in graphene-LC mixture, graphene de-
creases the ion transport and this does result in a reduction of rotation viscosity of
the graphene-LC mixture. Thus, the above result is of importance because it im-
plies that the studied nanostructured LC material should exhibit an improved elec-
tro-optical performance, similarly to other LC nanocomposite materials in which
the doping with graphene (or graphene derivative) makes better their electro-optic
properties (relevant to the applications of such materials in devices), e.g., as report-
ed in (Kumar et al., 2014; Basu et al., 2015; Al-Zangana et al., 2016; Lapanik et
al., 2016). Such positive effect is also known for carbon nanotubes-doped nematic
LCs: slight amounts of these nanodopants reduce the ion concentration and, thus,
depress the unwanted ion-charge effects in the nematic LCs (Baik et al., 2005;
Chen & Lee, 2006; Rahman & Lee, 2009; Jian et al., 2010).

Conclusion

Employing electrical impedance spectroscopy in the frequency range from 0.1
Hz to 1 MHz at room temperature, we have examined the change in the electrical
response of the nematic LC E7 due to doping with graphene at concentration of 10~
wt.%. It was demonstrated that even at this very low concentration the graphene
nanodopants reduce the ionic conductivity of the studied nanostructured LC ma-
terial. This fact confirms the results reported previously from other researchers
and suggests a better electro-optic performance of thin films made of the studied
graphene-E7 LC nanocomposite than those of the E7 oneself. The observed impor-
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tant modification applies to a certain frequency range, in our case mostly apparent
in the low-frequency range, bellow 1 kHz.

The effect discussed in this work for nematic LC films containing graphene
would certainly be useful in materials science and in modern nanotechnolo-
gy, e.g., for development of novel LC-based nanocomposite materials for
room-temperature electro-optic devices. Surely, the incorporation with other
functional materials from carbon nanostructure family should improve other
physical and operation parameters, electro-optic properties and technological
applications of the nematic LC nanomaterials (such further characterizations
are in progress).
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