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1 INTRODUCTION
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Orientation of 4-n-octyl-4’-cyanobiphenyl molecules
on graphene oxide surface via electron-phonon inter-
action and its application in nonlinear electronics’

Dharmendra Pratap Singh,**” Benoit Duponchel,” Yaochen Lin,* Jean-Frangois Blach,¢
Hamadi Khemakhem,? Christian Legrand,® and Redouane Douali

We investigate the graphene oxide (GO) dispersed 4-n-octyl-4’-cyanobiphenyl (8CB) hybrid sys-
tem in order to reveal the long range molecular interactions. Polarized optical microscopy en-
visages the vertical orientation of 8CB molecules on the GO surface. The bulk orientation of
the 8CB molecules significantly depends upon the concentration of GO. The mechanism of so
obtained vertical orientation was further investigated by using Raman and Fourier transformed
infrared spectroscopy. We have found that the electron—phonon interaction, between the cyano
(CN) functional group of 4-n-octyl-4’-cyanobiphenyl and phonons of GO, is responsible for the
vertical orientation of the 8CB molecules over the GO surface. The role of CN functional group,
orientational order parameter and defect intensities have been quantitatively analyzed to support
the observations. We have also explored the possibility of integrating the nonlinear electronic
applications of the hybrid system by studying the current—voltage (I-V) characteristics. The -V
curves of hybrid system have shown the 103 order higher current in comparison to pristine 8CB
material which is due to the combined effect of enhanced charge carrier mobility and the formation

of GO networking.

1 Introduction

The complex processing of graphene has led to the development of
graphene oxide (GO) which is easily soluble in aqueous media and
can be simply processed over the large area of substrate with cost-
effectiveness. This advantage makes GO suitable for the various
groundbreaking applications like guided electro—optical switch-
ing'l, surface mountable long life supercapacitor2, blue photolu-
minescence®, tunable sieving of ions using graphene oxide mem-
branes®, and many more. During the conversion process from
graphene to GO, the electronic properties are compromised de-
pending upon the degree of oxidation; therefore, the controlled
oxidation for the electronic purpose is a mandatory parameter to
keep in mind. Various methods have been proposed to enhance
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the electronic properties of GO like thermally driven phase trans-
formation method® and by varying the sp? fraction of carbon.®
In the recent years, development of 2D material—liquid crystals
by two different methods has been suggested in which the dis-
persion of 2D materials in a liquid crystalline host and the liquid
crystal phase arising from dispersions of 2D materials in organic
solvents are considered that leads to the modern opto—electronic
and display applications of such systems.” GO—liquid crystals and
GO dispersed liquid crystals have been extensively studied for the
industrial applications as well as for the fundamental aspects dur-
ing the last few years.®719 It is well-known fact that liquid crys-
talline materials are composed of a central phenyl core attached
with a flexible aliphatic tail whereas graphene/GO is also made
of carbon atoms arranged in a hexagonal lattice. This structural
similarity between liquid crystals and graphene/GO is fundamen-
tally responsible for the coupling in these materials via 7-7 in-
teractions. Recently, a variety of investigations have been carried
out for the GO dispersed—LC matrix in which various applications
are revealed,’2"21' among those the hybrid graphene-nematic LC
light scattering device, formation of lyotropic nematic phase and
faster electro-optical switching are interesting findings. The use of
alignment layer is an essential procedure to provide a particular
orientation to LC molecules on the ITO surface in order to make
any device. Based on the influence of alignment layer and sur-
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face anchoring, LC molecules orient parallel or perpendicular to
the substrate. Although, few efforts have already been made to
disclose the influence of graphene and GO on the alignment of LC
molecules, but the complete mechanism of the orientational cou-
pling is still not clear.?? Malik et al.23. have used the dispersion
of a small concentration of GO in an electroclinic LC and reported
the vertical alignment of molecules whereas planar alignment of
ferroelectric LC molecules on the multilayer graphene coated ITO
has been demonstrated by Singh et al.“%. In addition to this, a sim-
ulation study of Density Functional Theory (DFT) is reported for
the preferred orientation of 8CB LC molecules on the lithium nio-
bate Z—cut surface by Braun et al.%> in which they demonstrated
that 0001 or 0001 surface of lithium niobate bounds with the C=N
group of 8CB liquid crystal. They also stated that the interface
energy and vertical configuration strongly depend on the surface
polarization. Recently, Singh et al.2® have reported the synthesis
of 3D vertically aligned few—layered graphene nanoflakes by us-
ing chemical vapour deposition. In this study, authors have shown
that vertically aligned structures, assisted with partially reduced
graphene oxide, can form interconnected micro voids which fa-
cilitate the ionic and electronic transport pathway where residual
functional groups of partially reduced graphene oxide play an im-
portant role. The observations presented in ref. 25 and 26 provide
new track to investigate the orientational interactions between the
LC molecules and the GO flakes in accordance with the role of
functional groups. Most recently, Uchida et al?Z. have shown that
if cyano (CN) group is present at the terminal position of a LC
compound, it causes specific negative magneto—LC effects. They
have verified this effect on the basis of racemic magnetic dipolar
interactions. With a similar approach, we investigate the possi-
ble interaction of CN with the surface of GO flakes and its effect
on the orientation of 8CB molecules via electron—phonon interac-
tion. Nonlinear electronic applications of organic hybrid systems
have attracted the immense interest of scientific community. 28 The
term "nonlinear electronics" is analogous to the fact when current
doesn’t follow a linear relation with the applied voltage. This fun-
damental fact originates the current and/or voltage regulated de-
vices. Due to easy current/voltage regulation, the nonlinear elec-
tronics is preferred over the ohmic circuits where current linearly
depends on the applied voltage. At present, the organic molecules,
rich in charge carriers, are utilized as organic light emitting diodes
(OLEDs), photo-detectors, organic field effect transistors (OFETs),
detectors etc. In this study, we have also examined the nonlinear
electronic applications of 8CB+GO hybrid system.

In the present article, 8CB liquid crystal—GO hybrid material has
been prepared with the variation of GO content in 8CB anisotropic
medium and interactions of LC molecules with that of GO sur-
face are analyzed by the polarized optical microscopy, Raman and
Fourier-transform infrared spectroscopy. Electron-phonon inter-
actions are believed to take place between the electrons present
on C=N group with the phonons of GO which leads to the verti-
cal alignment of LC molecules on the surface of GO. The role of
point—like defects and disordering in the GO are also quantified
to understand the nature of orientation of LC molecules on the GO
surface.

2 Experimental details

2.1 Materials

The 4-n-octyl-4’-cyanobiphenyl (8CB) liquid crystalline (LC) ma-
terial was purchased from Merck and used without any further
purification. The molecular structure of 8CB is shown in Fig.
1(a). The mesophase sequence for 8CB is Crystal (Cr) — smec-
tic A (SmA) — nematic (N) — isotropic (Iso). The SmA—N and
N-—Iso phase transitions, upon slow heating of 2 °C/min, occurred
at 33.86 (306.86 K) and 40.80 °C (313.8 K) respectively. GO
was synthesized from commercially available graphite (Alfa aesar,
99.999 %) following the standard Hummers method. The detailed
synthesis and characterizations of GO have already been reported
by us.1® The lateral size distribution of GO flakes was recorded by
the high resolution scanning electron microscope (SEM) and de-
picted in Fig. 1(b). The observed size distribution of GO flakes
was found to be in the range of 10—40 nm. The histogram of lat-
eral size distribution of GO flakes is presented as an inset of Fig.1

(b).

2.2 Preparation of hybrid material

0.5 mg/ml suspension of GO was first prepared in toluene. Toluene
was chosen as solvent because of its low dipole moment of 0.36
D and provides impressive homogenous GO suspension, stable
for a long duration. The solvents like Tetrahydrofuran (THF) or
Dimethylformamide (DMF) show comparatively larger dipole mo-
ments of 1.75 and 3.82 D respectively. Their polar nature may
produce some polarity effects if they remain as residue in the hy-
brid system. The suspension was subjected to ultrasonication for 2
hr followed by the magnetic mixing by using a magnetic stirrer for
next 2 hr. After analyzing the stability of this suspension for a pe-
riod of one week, it was added to liquid crystal by maintaining the
weight ratio (wt/wt %) of GO to be 0.02, 0.2, and 0.4 in 8CB LC.
The aforementioned mixing processes (ultrasonication and mag-
netic mixing) were repeated to ensure the homogenous mixing of
GO and LC material. Toluene was then carefully evaporated from
the hybrid mixtures. The evaporation time was fixed for more than
24 hr in order to remove the solvent completely.

2.3 Characterization methods

Polarized optical micrographs (POMs) were recorded by Zeiss
AXIO attached with Infinity-2 software at 10X optical magnifica-
tion. For POM observations, pure 8CB and 8CB+GO hybrid mate-
rials were filled in 50 um thick sample cells (AWAT, Poland). The
thick sample cells were used to avoid the screening of large scale
GO flakes at the opening of capillary in sample cells. The tempera-
ture during these measurements was controlled by using a Linkam
THMS 600 heating/cooling stage with an accuracy of + 0.1 °C.
All the sample cells were sealed by UV glue (Norland, NOA68)
to avoid the leakage of material from sample cells at high tem-
perature. Raman spectroscopic measurements were recorded in
backscattering configuration using a Horiba Labram HR Spectrom-
eter. The spectrometer had a wave number resolution better than 1
cm~! and was equipped with a microscope (Olympus BX41), with
the laser diode of 784 nm emission lines at a power of 4 mW and
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with a CDD detector. The room temperature (298K) FTIR mea-
surements were carried out on Nicolet iS5 (Thermo Scientific) by
using ATR arrangement. Nonlinear current—voltage (I—V) char-
acteristics of 8CB and 8CB+GO hybrid materials as a function of
voltage at different temperatures were carried out using Keysight
B2902A Precision Source/Measure Unit (SMU). During the I-V
measurements, temperature of ITO sample cells was maintained
with an accuracy of + 0.1 °C using the Linkam TMS 93 hot plate.
All the experiments were repeated several times to confirm the re-
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Fig. 1 (a) Molecular structure of 4-n-octyl-4’-cyanobiphenyl (8CB) liquid
crystal and (b) high resolution scanning electron microscopic (SEM) image
of graphene oxide (GO) flakes. Insets of fig. 1b represent the histogram
of lateral size distribution of GO flakes and stable suspension of GO in
toluene after one week, respectively.

3 Results and discussion

Polarized optical microscopy was performed to disclose the long
range molecular interaction of 8CB molecules with that of the GO
and to probe the change in the orientation of bulk LC influenced by
the presence of GO flakes. Polarized optical micrographs (POMs)
of pure 8CB and 8CB+GO hybrids are shown in Fig. 2. In mi-
crographs, some black regions are appeared in the presence of GO
flakes; the size of these regions increases with the increasing con-
centration of GO . These observations clearly show that GO signifi-
cantly modifies the local orientation of LC molecules from planar to
homeotropic depending on the concentration of GO. In the absence
of GO, LC molecules are perfectly aligned parallel to substrate as
shown in Fig. 2a, but after the dispersion of GO, the orientation
of LC molecules changes successively. For the 0.02 wt% concentra-
tion of GO, the planar alignment of LC molecules remains predom-
inant whereas molecules align principally perpendicular to sub-
strate (homeotropic configuration) when the concentration of GO

reaches to 0.4 wt%. For the intermediate dispersion concentration
of GO, the orientation of LC molecules represents a merged state
of the planar and homeotropic orientations. It should be keep in
mind that the local homeotropic alignment of molecules evidenced
by POMs for the low concentration of GO can not be easily gener-
alized in the bulk because the dispersed GO flakes probably remain
at the ITO/LC interface (as proposed in paradigm, supplementary
Fig. S17, POM-c). For higher concentration, the LC molecular ori-
entation observed in POMs, represents the bulk orientation of the
hybrid material in a 50 um x 25 mm? (thickness x active area of
cells) confined volume. We deduced that LC molecules always ver-
tically orient on the GO surface. This orientation is due to the inter-
action between polar C=N functional group of 8CB molecules with
the GO surface via electron—phonon interaction as evidenced by
the Raman measurement which is discussed in the later part. The
random distribution of GO in 8CB anisotropic medium leads to the
bulk orientation which has been observed in POMs. The recorded
POM for 0.2wt% GO dispersed 8CB (Fig. 2c) in which GO flakes
migrate closer to ITO/LC interface due to viscous drift, is alike to
liquid crystalline e—ink of GO dispersed—water system as reported
by He el al.® For higher GO concentration, the bulk homeotropic
alignment for LC molecules is observed though some illuminated
regions are also visible. These regions are originated due to the
scattering of light through the functional groups attached on the
edges of GO flakes and not analogous to the local planar orienta-
tion of the 8CB molecules. Indeed, when local homeotropic orien-
tation becomes predominant, the planar oriented regions should
follow the predominant anchoring in accordance with minimum
free energy of the stable phase. Some aspects of the homeotropic
anchoring of LCs and the orientation of GO in various media have
been recently presented by Hogan et al.’” The real mechanism for
the homeotropic orientation of LC molecules in the presence of GO
and its stability with and without surfactant is still under debate.
The influence of dopant on the LC orientation and possible inter-
actions between the dopant and ITO have been studied by Yang
et al.?? In this article, they stated that the dopant size up to 500
nm in smectic LC stands within a weak—anchoring regime; there-
fore the investigated 8CB+GO hybrid material, having GO flakes
size of order 10—40 nm, should also resides in a weak anchoring
regime. Following this remark, no significant change should be
induced in the LC orientation due to GO/ITO anchoring. Supple-
mentary Figures’ S1(i) and S1(ii) represent the paradigm for the
change in 8CB LC molecular orientation in the presence of differ-
ent concentration of GO and the long range GO network that leads
to the bulk orientation of 8CB molecules, respectively.

Recently, Permatasari et al.? have reported the role of CN con-
figuration on the photoluminescence of graphene quantum dots
(GQDs). The PL property remarkably depends on the molecular
ordering and degree of orientation of the system. They have shown
that the enhanced PL was attributed to delocalized 7 electrons
from pyridinic/C—N configuration of the GQDs. In our case, we
have also expected that C=N functional group of 8CB liquid crys-
tal can configure new interactions with that of the C atoms present
on the GO surface inducing a change in the molecular orientation
as described in POMs. To confirm our hypothesis, we performed
complementary characterizations as discussed below.
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Fig. 2 Polarized optical micrographs (POMs) of (a) pure 8CB, (b) 0.02,
(c) 0.2 and (d) 0.4 wt % GO dispersed 8CB hybrid material at room tem-
perature with 10X optical resolution. The crossed arrows represent the
crossed polarizer—analyzer condition. All scale bars show a distance of
10 um. The cell thickness was 50 um for all POMs.

Raman spectroscopy has been extensively employed to study
the nCB (n= 4 to 8) liquid crystalline materials for understand-
ing the bond—specific interactions within the material®L and also
in the colloidal and composite systems.2233 This technique pro-
vides in—depth information about the phase transition and order
parameter of LCs based on the polarization dependence of scatter-
ing. In the present work, Raman spectroscopy was first performed
to substantiate the presence of GO in LC medium. The Raman
spectra of 8CB and 8CB+GO hybrid material having low (wt% <
0.2) and high (wt% > 0.2) concentration of GO at 298K (SmA
phase) and 308 K (N phase) are depicted in Fig. 3a, 3b and 3c.
For a given liquid crystalline phase, the Raman spectra have been
found to be almost temperature independent excluding the change
in the intensity of peaks. It is well known that the intra-molecular
vibrations, specifically stretching modes, take place at 1100—3200
cm~!.BU The neat 8CB LC material consists of four intense peaks
at 1183, 1286, 1606 and 2228 cm~—! corresponding to C—H de-
formation in the phenyl core, C—C stretching of the biphenyl ring,
aromatic C—C symmetric stretching and C=N stretching.2!

Two low intensity peaks are also observed in the SmA phase
(298K) at 1437 and 1525 cm™!; these two peaks are attributed to
8CH, and aromatic asymmetric C—C stretching, respectively.2 In
the case of neat 8CB (Fig. 3a), the intensity of these additional
peaks at 1437 and 1525 cm~! is lowered in the nematic phase
(308K) with respect to the SmA phase (298K). If the LC molecules
are not well aligned in the SmA phase, smectic layers cause scat-
tering due to their positional order whereas in the nematic phase,
LC molecules have only orientational order that gives rise to lower
scattering. For 8CB+GO hybrid material having low GO concen-
tration, it is important to notice that the Raman peak associated to
8CH, located at 1437 cm ™! is feebly suppressed (Fig. 3b) whereas

2500

[{e]
E — 298K § (a) 8CB
= 2000-
=
8 1500+
E ‘ 5
el = g ©
1000+ \Q
'a 1400 1450 1500 1550 N
S 500
-
£
0- T T T T
1200 1500 1800 2100
Raman Shift (cm™1)

- 2000{— 298K S (b) 8CB+GO
"E (low concentation)
= 1500
o
[
=
§,1ooo- 2
[7,] 1450 1500 1550
c N
& 500
=

1200 1500 1800 2100

Raman Shift (cm™1)

— 5000{— 298K (c) 8CB+GO
.‘g — 308K (high concentation)
S 40004
<
S 3000+
: 1400 1450 1500 1550
b o
= 200018
c -—
Q8
= 1000-

1200 1500 1800 2100

Raman Shift (cm'1)
— o
n (d)
< 0.6-
]
()
£
S
c
- 0.5
[
kel
o
°/°
d
0.4 . ,
8CB 8CB+GO (low) 8CB+GO (high)

Fig. 3 Experimental Raman spectra of (a) 4-n-octyl-4’-cyanobiphenyl
(8CB), (b) 8CB+graphene oxide (GO) hybrid material for low concentration
of GO (wt % < 0.2), (c) 8CB + GO hybrid material for high concentration of
GO (wt % > 0.2), whereas (d) represents the orientational order parameter
for 8CB and 8CB+GO hybrid material. The Temperature 298 K represents
the smectic A (SmA) phase whereas 308 K shows the nematic (N) phase
of 8CB material. Insets of Fig. (a), (b) and (c) represent the enlarged area
of Raman spectra for the regime of 1400—1550 cm~".
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in the case of 8CB+ GO hybrid material, having high GO concentra-
tion (Fig. 3c), both §CH, and aromatic asymmetric C—C stretching
peaks are not visible. This phenomenon suggests that the presence
of GO significantly modifies the band dynamics of 8CB. The pres-
ence of GO in the anisotropic medium of 8CB has been confirmed
by the Raman spectroscopy. For lower concentration of GO (wt%
< 0.2),the Raman spectrum of 8CB+GO hybrid material exhibits
almost similar vibration bands in comparison to that of the pure
8CB whereas an induced Raman peak, attributing to D band of
carbon based material, at 1388 cm™! has been observed for high
concentration of GO (wt% > 0.2). The induced D band is an ev-
idence of the m—x interactions between the carbon atoms of 8CB
liquid crystal and GO.24 The existence of low concentration of GO
in 8CB was further confirmed by the FTIR which is discussed in
the later part of manuscript. In the 8CB material, the peak as-
sociated to C—H deformation in phenyl core was observed at =
1183 cm~! which has been shifted at 1185 cm~! (for GO wt %
< 0.2, Fig. 3b) and 1180 cem~! (for GO wt % > 0.2, Fig. 3c)
in the 8CB+GO hybrid material, that is the consequence of the
formation of hybrid material. Gleeson et al.2! have utilized the
aromatic C—C symmetric stretching Raman band positioned at =
1606 cm~! to estimate the orientational order parameter of ne-
matic and twist-bend nematic LC phases as this band was found
to be highly polarized along the long molecular axis of the rod-
like molecules. By using the LZNS (Luckhurst, Zannoni, Nordio
and Segre) theory=2, they performed the polarized Raman scatter-
ing (PRS) measurements to determine the orientational order pa-
rameter across the nematic temperature range. Yokoyama et al.3°
have reported a simple model—free method to estimate the orien-
tation order parameter (S) of molecules in the amorphous OLED
based on the absorption spectroscopy. In the present investiga-
tion, we have followed the Yokoyama’s approach using the Raman
spectroscopy with a fundamental concept of the scattering in the
isotropic and nematic phases. In the isotropic phase, all molecules
are randomly orientated whereas in nematic phase, the molecules
acquire an orientational order. Therefore, by integrating the Ra-
man peaks in isotropic and nematic phases, we can estimate the
degree of orientational order. Using this approach, we obtained
the following simple empirical relationship between the orienta-
tional order parameter (S) and the Raman peak intensity-

€3]

Where S is the orientational order parameter, and Iy and Ij,
are the Raman intensities of the C=N band in the nematic and
isotropic phases respectively. Iy and I, have been evaluated at
308 and 328 K, respectively (Fig. S3).

The simple analysis and estimated values of orientational or-
der parameter by accounting the CN stretching bands are in good
agreement with the previously observed values for the orientation
order parameter of the 8CB material.*! The calculated values of
the orientational order parameter for the 8CB and 8CB+GO hy-
brid material at low and high concentration of GO were found to
be 0.632, 0.419 and 0.436, respectively (Fig. 3d).

We have checked the variation of intensity ratio (Ipg9gx/I308x) as
a function of concentration for aromatic C—C symmetric stretching

at ~ 1600 cm~' and CN stretching at ~ 2200 cm~' for the 8CB
LC and 8CB+GO hybrid material having low (wt % < 0.2) and
high (wt % > 0.2) dispersion concentration of GO flakes as shown
in Fig. 4a and 4b respectively. We have observed that the both
bands (i.e. aromatic C—C symmetric stretching and CN stretching)
follow similar Ioggx/I30gx behavior. In addition to this, we have
also checked the variation of Raman intensity for aforementioned
bands at 308 K which is depicted in Fig. 4c. This curve suggests
that the intensity of both Raman bands increases in the presence
of GO. As aromatic C—C symmetric stretching band reveals the
strongest scattering and polarization dependent nature, therefore,
it can be used to determine the orientational order parameter of LC
material as shown by Gleeson et al.*!' whereas CN stretching band
discloses the polarity dependent interactions, therefore it can be
utilized to establish the preferred alignment of LC molecules with
the surface of dopant. In the present case, our target is to disclose
the interaction of 8CB molecules with the surface of GO flakes with
a motive to find out the role of CN functional group in the molec-
ular orientation and existence of electron—phonon interaction in
the investigated hybrid system.

To disclose the existence of electron—phonon interaction in
8CB+GO hybrid material, we recorded the Raman spectra of GO
in pristine form and in the presence of 8CB anisotropic medium
having wt % > 0.2 concentration of GO (Fig. 4d). To measure
the Raman spectrum of GO in 8CB medium, a narrow laser beam
was precisely focused with the help of microscope at the position
where GO flakes were clearly visible and Raman spectrum was
recorded. The Raman spectrum of pristine GO consists of the D
peak located at 1319 cm~! and G peak at 1584 cm~!, caused by
the disorder induced breathing of sp? rings and the first order scat-
tering of the E,g phonon of sp? carbon atoms, respectively.2Z D
band is commonly observed in all sp? carbon lattices attributing to
the stretching of C—C bond and its intensity provides the informa-
tion about the size of in—plane sp> domains. In addition to this,
the D band remarkably depends on the intensity of laser radiation.
It up—shifts linearly with the increasing power of laser radiation.
Usually, electron—phonon interactions are explored through chem-
ical doping, in which the charge carrier density is modified by in-
troducing an appropriate amount of the impurities. In the low di-
mensional systems, electric field effect is an alternative method for
changing the charge carrier density.283% On the other hand, the
shift in G band frequency is a consequence of electron—phonon
interactions in any hybrid system. In the investigated anisotropic
medium, a shift of 24 cm~! in G band was observed for GO, (Fig.
4d), which is evident to the electron—phonon interactions between
the phonons of GO and lone—pair electrons present on the C=N
functional group of 8CB material. In Raman spectra, the ratio of
D and G band peak intensities is used to characterize the degree
of disorder. The D mode is dispersive whereas the G peak is not
dispersive. The intensity of G peak is analogous to the presence
of six—fold aromatic rings. Traditionally, the Ip/I; intensity ratio
is inversely proportional to the average size of the sp?> domains
for low defect densities but this relation fails if defect density is
high.27 In our case, we considered small defect densities. The
Ip/1g is deduced for the GO in pristine form and in anisotropic
medium and has been obtained to be 1.22 and 1.02 respectively.
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The lower Ip/I; ratio for GO in anisotropic medium indicates the
larger in—plane sp? domains within the limit of low defect den-
sity. Ip/Ig increases with increasing disorder in accordance to the

Tuinstra and Koenig equation4Y
b _ck) @
o La

Where C(A) is a variable scaling coefficient and its value de-
pends on A, the laser wavelength. L, is the size of sp?> domains.
The value of C(A) was found to be almost same for the linear
regime of A (400 < A < 800 nm), therefore, the value of C(A)
~ 4.4 nm is used for the investigated system.

The estimated in—plane sp2 domains size (L,) for GO in the ab-
sence of 8CB anisotropic medium was found to be 3.6 nm whereas
it is found to be 4.31 nm in the presence of 8CB. The enhanced size
of spatial sp?> domains clearly indicates that GO comprises lesser
disorder in an ordered anisotropic medium because of sp? sites
are resonantly enhanced over sp® ones. This mechanism also sug-
gests that GO flakes are self—assembled inside the 8CB medium
due to higher n—x interaction. The formation of self—assembly
of different kinds of nano—structured materials in various liquid
crystalline systems is well known and of particular interest for the
opto-electronic applications. 14142 Though, it is difficult to con-
trol the orientation of large size graphene and/or graphene oxide
flakes inside any anisotropic medium, but few reports#3 explain
the orientation control of graphene flakes by applying an external
field. The dynamics of nematic LC significantly depend on the ori-
entation of graphitic flakes,#¥ but degree of orientation of flakes
inside the medium is hard to determine. Unfortunately, in this
investigation, the degree of orientation of the GO flakes has not
been determined; nevertheless the self-assembling mechanism is
concluded via the results of sp?> domain size for the hybrid sys-
tem. Ferrari et al.#> have extensively studied the defect densities
in graphene by varying the excitation energies Ar* ion doses and
found that two different defect densities are possible depending
on the ratio of D to G band intensity. They also mentioned the
importance of taking the ratio of areas, maximum values of peak
intensity and integrated intensity of peaks in the determination of
defect densities. Here, we estimated the Ip/I ratio only by using
intensities as the Raman peaks were asymmetric.

In order to confirm the existence of interactions between 8CB
LC molecules and GO along with the presence of GO in 8 CB
for the dispersion condition of wt % < 0.2, we investigated the
vibrational band dynamics of hybrid material by means of FTIR
measurements. In the FTIR spectra of 8CB+GO hybrid materials
(Fig. 5), an induced C=0 stretching band analogous to pristine
GO™®, has been clearly observed at 1685 cm~!. The nature of
C=0 stretching band changes with the concentration of GO which
certifies the presence of an external host (i.e. GO) into differ-
ent concentrations in the 8CB medium. Aromatic C—C symmet-
ric stretching and C=N stretching bands were observed at =~ 1600
and 2223 cm™! respectively. The characteristics of C=N stretch-
ing band were extensively examined for all the concentration of
GO in order to disclose its contribution in the determination of the
orientation of 8CB molecules on the surface of GO flakes.

The positions of integrated centroid of C=N and induced C=0
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Fig. 4 The variation of intensity ratio (l9sx/l308x) as a function of temper-
ature for (a) aromatic C—C symmetric stretching at ~ 1600 cm~! and (b)
CN stretching at ~ 2200 cm~! for 8CB LC and 8CB+GO hybrid material
having low (wt % < 0.2) and high (wt % > 0.2) dispersion concentration
of GO flakes. (c) shows the change in Raman intensity of aromatic C—C
stretching and CN stretching peaks at 308 K whereas (d) shows the Ra-
man spectra of GO in pristine form and in the anisotropic (8CB) medium.

stretching bands are plotted as a function of GO concentration and
shown in Fig. 6. It is clear that the addition of 0.02 wt % of GO in
the 8CB LC causes a feeble up shift of C=N stretching band. After-
ward, the C=N centroid position starts descending with increasing
GO concentration. The shift in C=N centroid position could be un-
derstood by the fact that the nitrogen lone—pair electrons have an
anti—bonding character and electron donation to the GO surface
may change the strength of C=N band. This phenomenon leads
to the disruption of conjugation induced by the m—coordination
of C=N functional group and GO surface. This mechanism might
be the reason for the occurrence of electron—phonon interactions
in 8CB+GO hybrid material. For the 0.4 wt % dispersion concen-
tration of GO in 8CB, the POM, Raman and FTIR spectra of the
hybrid material are notably different with that of the neat 8CB as
well as with the other concentration of GO. Therefore, this disper-
sion concentration is considered to be optimized for achieving the
vertical orientation of 4-n-octyl-4’-cyanobiphenyl (8CB) molecules
(i.e. homeotropically aligned 8CB molecules in bulk) on the GO
surface however the scattering of light from the edges of GO still
needs to control. The band position of induced C=0 stretching
in 8CB+GO hybrid material feebly shifts to higher wavenumber
side. This shift in C=0 stretching band position suggests a change
in the internal ordering. Therefore, the interaction of GO surface
with polar functional group of 8CB molecules shows a strong cor-
relation between the shift of C=0 stretching frequency and the
change in the molecular orientation of the host 8CB.

Electronic charge transport and current—voltage characteristics
on the graphene oxide based systems have been extensively stud-
ied.078 The electronic properties of carbon nanostructured ma-
terial/liquid crystal composites have also attracted the attention of
researchers but limited reports are available on this topic;4? there-
fore, we have investigated the nonlinear electronic applications of
8CB+GO hybrid material.

Fig. 7 shows the nonlinear current—voltage (I-V) curves for
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Fig. 5 Fourier-transform infrared (FTIR) curves of (a) pure 8CB, (b) 8CB
+ 0.02 wt % GO, (c) 8CB + 0.2 wt % GO and (d) 8CB + 0.4 wt % GO
hybrid materials for the wave number interval of 1550—2275 cm~! at room
temperature. The scale is made to break at 1800—2100 cm~' for better
resolution. Complete FTIR spectra are shown in supplementary® Fig. S2.

the neat 8CB and 8CB+GO hybrid materials recorded at 298 and
308 K. The I-V curves of 8CB+GO hybrid system exhibit nonlin-
ear diode like trend in the positive and negative voltage regimes.
Usually in the absence of a bias field, no transport of charge car-
riers is expected to take place but a small magnitude of current
has been observed at 0 V for the neat 8CB material and 8CB+GO
hybrid system. This small current at 0 V is attributed to pseudo-
capacitance effect originated due to the presence of ionic charges
near the electrodes (ITO). In general, pseudocapacitance effect is
observed when charge carriers or ionic charges accumulate close
to the electrodes and such arrangement acts as a capacitor giving
rise to a small value of current at 0 V. It is well known fact that the
electronic conduction remarkably depends on the molecular order-
ing of a system; therefore, we plotted -V curves at two different
temperatures i.e. 298 and 308 K. we have noticed that the magni-
tude of current at 298 K is greater than that of the 308 K which is
because of higher ordering of the SmA phase as compared to the
nematic phase. The nonlinearity observed in the I-V curves can
be associated to the formation of a Schottky barrier as reported
by Balasubramanian et al.>%. Authors have shown that ITO/GaAs
interface can form Schottky barrier that leads to the nonlinear
I-V characteristics. If the I-V characteristic at Schottky barrier
is thermally activated, it can be explained by the Richardson and
Dushman equation®Y. In our investigation, it is evident from the
POMs that GO flakes reside near the ITO and make complex inter-
face with 8CB molecules in the dispersed state. This arrangement
makes a potential barriers for the electronic charge transport. In
addition, the electrons in GO are more likely to bind with oxy-
gen due to its higher electronegativity; therefore these electrons
require some energy to surmount this attractive potential barrier
before making itself available for conduction. The difference in
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Fig. 6 C=N band centroid and induced C=0 band positions in 8CB+GO
hybrid material as a function of GO concentration. The error bars repre-
sent the maximum error of &+ 0.005 % in the experimental data.

electron affinity between the carbon (C), oxygen (O) and hydro-
gen (H) atoms in the hybrid system would create a space charge
region. The coulomb interaction between the emitted electrons
and the space charge region leads to induce nonlinear I-V charac-
teristics#Z. In our investigation, the magnitude of current in I-V
curves depends on the temperature but the nonlinear nature re-
mains the same. Phenomenologically, the relationship between I
and V is governed by the following equation->2

n
I=A.exp (ﬁk‘; )
B

where, A is proportional constant, kp is the Boltzmann constant,
T is the temperature, 3 is the field lowering coefficient that de-
pends on barrier height and n is a non-negative integer power.

To confirm the effect of space charge conduction process, we
plotted log I versus V'/2 curves, shown in figure8, for the 8CB and
8CB+0.4 wt% GO hybrid system. Linear plots are obtained at high
voltage region for the both temperatures (i.e. 298 and 308 K), and
the slope of the linear fit was found to be = 0.5. Space charge ef-
fect is significant if the value of slope is > 2. This indicates that the
space charge effects are nominal and the observed I-V curves are
driven by the charge carriers where temperature dependent mag-
nitude of current is only analogous to the GO assisted molecular
ordering of the liquid crystalline phase.

The observed enhancement in the magnitude of current for the
GO dispersed 8CB hybrid system is particularly interesting for the
nonlinear electronic applications. It is easy to fabricate large-scale
nonlinear electronic devices using such hybrid systems as they are
low cost material and their operating voltage is also lower as com-
pared to the available devices in the market®3. The micro-ampere
magnitude of current is fair enough for the devices but it still needs
to be improved. Such hybrid system also has high dielectric con-
stant; therefore they can be used as high-k dielectrics in the flex-
ible/stretchable organic electronics. Additionally, the durability
of nonlinear electronic devices made of hybrid organic molecu-
lar system needs further improvements. It is important to explain
the underlined mechanism for the nonlinear current enhancement.
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Fig. 7 Current-Voltage (I-V) curves of (a) 8CB, (b) 8CB+0.02 wt %,
(c) 8CB+0.2 wt % and (d) 8CB+0.4 wt % GO dispersed hybrid systems
recorded at 298 and 308 K.

For liquid crystalline materials, the conductivity is directly propor-
tional to the mobility of charge carriers® o=nqu, where
o is the conductivity, n is the carrier concentration, q is the elec-
tronic charge on the carriers and p is the mobility. The conductivity
(o) was measured by the dielectric measurement. Considering the
quantity nq to be constant, the conductivity would be directly pro-
portional to the mobility of charge carriers. In figure 9, we have
shown the ratio of conductivities i.e. Gy iq/0gcp to disclose the
relative change in the mobility of charge carriers for the 8CB ma-
terial after the dispersion of GO into different concentrations. It is
clear from the figure 9 that the dispersion of GO enhances the mo-
bility of charge carriers by the order of ~ 102. The remaining con-
tribution might be associated to the formation of GO networking
(shown in supplementary figure S1) which assists the charge carri-
ers to transport easily in order to enhance the current in 8CB+GO
hybrids by the order of 103.

Figure 10 depicts the variation of dielectric constant on the fre-
quency scale for the 8CB+GO hybrid system whereas inset rep-
resents the dielectric constant versus frequency curve of the pure
8CB material at 308 K. It is observed that the dielectric constant of
8CB+GO hybrid system increases with increasing GO concentra-
tion in comparison to the pure 8CB material. The enhancement in
dielectric constant is in agreement with the POM results. When the
effective orientation of liquid crystalline molecules changes from
planar to homeotropic, the dielectric constant increases. It is al-
ready reported in literature that the presence of carbon based ma-
terial (like PCBM) increases the orientation of host system, subse-
quently, the dielectric constant increases.22 According to Clausius-
Mossotti-Debye equation, the dielectric constant depends on the
electronic and orientation polarization and it is obvious that the
observed enhancement in dielectric constant for the 8CB+GO hy-
brid system is due to the change in the orientation/alignment and

, i.e.
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Fig. 8 Current-Voltage (I-V) characteristic curves of (a) 8CB and (b)
8CB+0.4 wt % GO dispersed hybrid systems to depict space charge ef-
fect. Solid lines represent the linear fit of experimental data.

the additional contribution from GO networking.

4 Conclusions

Herein, we have investigated the long range molecular interaction
of 4-n-octyl-4’-cyanobiphenyl (8CB) molecules with that of the GO
surface. Different weight percentages, (0.02 < wt % < 0.4), of
the GO flakes are made to disperse in 8CB anisotropic medium
and the preferred orientation of 8CB molecules on the GO sur-
face has been investigated as a function of GO concentration. For
lower GO concentrations (wt % < 0.2), the bulk vertical orienta-
tion is not observed by polarized optical microscopy, whereas for
the wt % > 0.2, the bulk vertical orientation has been observed.
The interactions and mechanism of orientation of 8CB molecules
on GO were confirmed by the complementary measurements. Ra-
man spectroscopy confirms the formation of 8CB+GO hybrid ma-
terial and the m—x interactions between the 8CB molecules and
GO surface. Higher GO concentration (wt % > 0.2) suppresses the
asymmetric C—C stretching dynamics of the 8CB molecules. The
G band frequency of pristine GO is found to shift by 24 cm~! in
anisotropic medium which is the consequence of electron—phonon
interactions in the 8CB+GO hybrid system. Electron—phonon in-
teractions take place between the phonons of GO and the lone pair
electrons present on the C=N functional group of 8CB material
which leads the vertical orientation of 8CB molecules on the GO
surface. The vertical orientation of 8CB molecules on the GO sur-
face becomes significantly strong as the concentration of GO in 8
CB medium increases up to 0.4 wt %. The role of C=N functional
group for vertical orientation of 8CB molecules on the GO sur-
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Fig. 10 Dielectric constant versus frequency curves of 8CB+GO hybrid
systems at 308 K. Inset represents the dielectric constant versus fre-
quency curve of the pure 8CB material at 308 K.

face has been verified by plotting the C=N band centroid position
versus GO concentration via FTIR measurements. By using the Tu-
instra and Koenig equation and analyzing the intensity ratio of D
and G band (Ip/I;), we noticed that the spatial sp2 domain size
of GO enhances in anisotropic medium which suggests the lesser
disorder in GO because of sp? sites are resonantly enhanced over
sp’ ones in anisotropic medium. This study reveals that the role of
C=N functional group is equally important in order to determine
the interactions and preferred orientation of LC molecules with any
surface in comparison to previously reported articles emphasizing
over the aromatic C—C symmetric stretching band for determining
the orientational order parameter of LC. The estimated order pa-
rameters by the empirical relation for the neat 8CB material and

also for 8CB+GO hybrid material is found to be in good agreement
with previously reported data. The presence of GO network has
augmented the magnitude of current by 103 times in the hybrid
system due to the combined effect of the fastening in the mobil-
ity of charge carriers and the formation of GO networking. It is
observed that the dielectric constant of 8CB material significantly
enhances after the dispersion of GO which is in agreement with
the results of POMs. The investigated hybrid system has shown its
potential applications in the fabrication of nonlinear electronic de-
vices like diodes, field effect transistors and high k-dielectrics for
the flexible electronics.

Supplementary Information

The spontaneous orientation of free standing GO flakes in 8 CB
medium is presented by a paradigm which is shown in Fig. S1
whereas full range of FTIR spectra is shown in Fig. S2. Fig. S3
represents the Raman intensity of CN band.
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