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a  b  s  t  r  a  c  t

The  controlled  fabrication  of nanometer-scale  objects  is without  doubt  one  of  the central  issues  in  cur-
rent science  and  technology.  In this  article,  we  exhibit  a simple,  one-step  bench  top  synthesis  of  zinc
oxide  nano-tetrapods  and  nano-spheres  which  were  tailored  by the  facial  growth  of  nano-wires  (diam-
eter  ≈ 24 nm;  length  ≈  118  nm)  and  nano-cubes  (≈395 nm  edge)  to  nano-sphere  (diameter  ≈  585  nm)
appeaded.  The  possibilities  of  inexpensive,  simple  solvo-chemical  synthesis  of nanostructures  were  con-
sidered.  In  this  article,  a successful  attempt  has  been  made  that  ZnO  nano-structures  dispersed  on well
aligned hydrogen  bonded  liquid  crystals  (HBLC)  comprising  azelaic  acid (AC)  with  p-n-alkyloxy  benzoic
acid  (nBAO)  by  varying  the  respective  alkyloxy  carbon  number  (n =  5).  The  dispersion  of nanomateri-
als  with  HBLC  is  an  effective  route  to  enhance  the  existing  functionalities.  A  series  of  these  composite
materials  were  analyzed  by  polarizing  optical  microscope’s  electro-optical  switching.  An  interesting  fea-
ture  of  AC  +  nBAO  is the  inducement  of tilted  smectic  G phase  with  increasing  carbon  chain  length.
Phase  diagrams  of the  above  hybrid  ZnO  nanomaterial  influenced  LC  complex  and  pure  LC were  con-
structed  and  compared.  The  switching  times,  the  contrast  ratio  and  spontaneous  polarization  of the
nanostructures–HBLC  composite  film  were  carried  out  by  systematic  investigation.  The  sample  prepara-
tion  parameters,  such  as the curing  time  and  curing  intensity  were  optimized.  The  critical  applied  voltage
to  achieve  the switching  bi-stability  of our  device  is only  4.5  V,  which  is approximately  twice  its  threshold
voltage  for  Freedericksz  transition.  This  performance  puts  the hybrid  structure  at  the  top  level  in  the  state
of the  art  in  application  oriented  research  in  optics  of  liquid  crystalline  composite  materials.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Metal oxide nanostructures, including nano-rods, nano-wires
and nanotubes, have attracted a great deal of interest because of
their size-and morphology-dependent physicochemical properties
and technological applications e.g. solar cells [1–3], electrolumi-
nescent devices [4], electro chromic windows [5,6] and chemical
sensors [6–8] compared with their bulk phase counterparts [9,10].
To achieve high performance of these devices, the metal oxides
were used in these applications are required to possess a high sur-
face area as well as good electrical, electrochemical and structural
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properties. ZnO is a direct wide band gap (3.3 eV) semiconductor
with a large exciton binding energy of 60 meV at room tempera-
ture. Due to its wide applications in broad areas [11], much effort
has been given to tailor the morphology and size during the past
several years [11,12]. ZnO-based nanomaterials have received the
most attention in many fields due to their superior properties in
electro-optical bi-stable switching devices facilitated by their nano
size. Several important synthetic parameters such as: precursor
concentration, rate of evaporation and reaction time are found
to determine the growth of ZnO nanostructures. These reaction
parameters can be tailored and tuned amazingly to produce a rich
variety of nanostructures ranging from nano-wire to nano-tetrapod
and then nano-sphere. The fabrication strategy and high yield
structured ZnO films can be achieved with an aqueous solution
based route. This is a simple, low cost method which is compatible
with industrial processing and fits with large scale production
and is environmentally friendly. The controlled growth of the
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inorganic structures driven by organic molecules through physical
and chemical interactions represents an effective route to con-
struct nanoscale materials with high surface to volume ratio. The
complex agents such as cetyltrimethylammonium bromide (CTAB)
have been used to control the variety growth of ZnO morphology.

Liquid crystal (LC) produces a rich variety of complex, con-
trolled and ordered a three-dimension structures of constituent
anisotropic molecules which can be varied by external fields,
boundary conditions, embedded particles, light, temperature
changes, and other relatively weak external stimuli [13,14]. Hydro-
gen bonded LC complexes (HBLC) have attracted a great deal of
interest, due to their structural and dynamic properties as they play
significant roles in many chemical, physical and display technol-
ogy systems [15,16]. By choosing an appropriate proton acceptor
and proton donor, stable intermolecular hydrogen bonds can be
formed and thereby they provide a novel system with new proper-
ties [17,18]. In such LC compounds, the effect of hydrogen bonding
is very important for the material properties. LC materials are
generated by inter-molecular hydrogen bonds which have been
studied and investigated extensively to design novel LC materi-
als [19–22]. The recent progress in forming uniform dispersions
of HBLC in various types of metal oxide (ZnO) nanostructures
opens a new set of possibilities in engineering material compos-
ites with novel material behavior. Since the discovery of bi-stable
switching in a surface stabilized ferroelectric liquid crystals first
employed by Clark and Lager wall [23]. The unusual optical fea-
tures of LC make them indispensable in many modern technologies,
including displays and optoelectronics. Further improvement and
fine tuning of the electro-optic (EO) properties of LC are sub-
ject to intense research for which blending nanomaterials with
HBLC have been proved to be the most effective non-synthetic
way.

During the last decade, nano dispersions in ferro-electric or anti-
ferroelectric liquid crystals are more extensively studied than HBLC.
Numerous efforts have been employed to change the EO prop-
erties of the ferroelectric/anti-ferroelectric liquid crystals doping
with nanomaterials [24], but the use of non-covalent interactions
have great potential in the design of functional organic liquid-
crystalline materials. For molecular aggregation, hydrogen bonding
plays an important role in the association of molecules. In LC,
mesomorphism results from the proper combination of molecular
interactions and the shape of molecules. Dipole–dipole interaction
has long been taken into consideration in the design of liquid-
crystalline molecules. Due to the demand for a wide variety of
electro-optic materials with properties suitable for the display
applications [25–28], research activity has grown in this area.
Although the first reports of HBLC date back to the 1960s [29,30],
much research have taken place in the last two decades [31–34].
It is noticed that in HBLC lower bonding and activation ener-
gies showed a profound influence on their thermal properties,
viz. clearing points, enthalpies, and mesomorphic phase behav-
iors. Hydrogen bonding is a powerful tool for assembling molecules
for noncovalent interactions in nature. The main advantage of
hydrogen-bonded mesogens is that their LC properties can be tuned
easily by changing the H-bond donor = acceptor or percentage of
molar composition. Stable and dynamic molecular complexes can
be prepared by simple molecular self-assembly processes using
such hydrogen bonding. A number of such liquid crystal systems
have been investigated following the reports of Kato et al. [32–37],
which indicates that the mesomorphism results from a proper com-
bination of molecular interactions and shapes of the molecules.
There has been an increasing development of computational chem-
istry in the past decade. Many imperative chemicals and physical
properties of biological systems can be predicted by various com-
putational techniques [38,39]. In recent years, density functional
theory (DFT) with a better exchange-correlation functional has

made it possible to calculate many molecular properties with com-
parable accuracies to traditional correlated ab initio methods [40].
Literature survey also reveals that the DFT has a greater accu-
racy in reproducing the experimental results [41–45]. However,
self-assembly in living nematic [46,47] which are essentially low-
molecular-weight LC has also been reported. The mechanism of
hydrogen bonding for the case of self-assembling systems formed
by polymer liquid crystal and extended chain polymer liquid crys-
tal has been extensively studied [48]. One of the key breakthroughs
in recent research activities that have focused on the systematic
study of ZnO nanomaterials dispersed double HBLC possessing a
mesogenic ligand (n-p alkyloxy benzoic acids, nOBA) and azelaic
acid (AC). Moreover, polarizing optical microscopy revealed vari-
ous phases in different textural appearance proof the influence of
the nanomaterial. This approach mainly informative electro-optical
switching behavior of twist nematic phase. A range of remarkable
characteristics is then presented, organized into sections describ-
ing the optical, electrical and electro-optical phase transition and
DC bi-stable switching properties. Indeed, the unique mechanism
of the other display parameters such as: spontaneous polarization,
rotational viscosity, dielectric constants, switching response tech-
niques is also investigated in these nanostructures-HBLC composite
and found quite convincing to the described observations in this
article, which is consistent with experimental findings, providing
insights into the nature of the studied soft matter composites.

2. Materials and experimental

2.1. Materials

Starting materials were used in this investigation were analyt-
ical grade, commercially available and received without further
purification. Zinc nitrate [Zn(NO3)2·5H2O], ammonium hydrox-
ide [NH4OH], cetyltrimethylammonium bromide [CTAB], and
hydrazine monohydrate (80% v/v) were used as starting ingredients
for synthesis of various types of nano structured molecules. Hydro-
gen bonded liquid crystals is composed of p-n-alkyloxy benzoic
acids nBAO with azelaic acid supplied by Sigma–Aldrich (Germany).
N,N-dimethyl formamide (DMF) and other solvents were pur-
chased in High Performance Liquid Chromatography (HPLC) grade
and used as received.

2.2. Synthesis

In our typical synthesis zinc oxide nano-wire, nano-tetrapod
and nano-sphere were grown in a furnace with two heating zones
by simple solvo-chemical track. As source material, an equimolar
mixture of high purity ZnO salt (Sigma–Aldrich 99.999%) and reduc-
ing agent (hydrazine monohydrate) was placed in a beaker located
in heating zone I held at 85 ◦C and vigorously stirred for around
50 min. A portion of the ZnO aqueous solution was separated in
another glass container before adding reducing agent and stored
for our last set of experiment. The rest of the solution the surfac-
tant CTAB (0.055 mmol) was  added drop wise followed by adding
0.55 mol  concentration of NH4OH solution. The resulting mixture
was left to vigorous stir at 70 ◦C for 3 h to complete the whole reac-
tion mechanism. We investigated that in our first set of experiment
white precipitate was obtained, while next gray colored precipi-
tate was produced during the addition of ammonia solution. Both
solutions were filtrated and washed with the flow of 1liter double
distilled water and ethanol several times. Desired samples were
dried under a continuous flow of clean N2. The resulting white pow-
der samples were finally collected in two separate containers for
further spectroscopic investigation.

In a different set of experiments 0.055% of ZnO nanomaterials
were blended with typical concentrations of two  moles of 5BAO’s
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Fig. 1. (a) Chemical formula of hydrogen bonded liquid crystal components (azelaic acid with p-n-alkoxy benzoic acids) and (b) orientation of liquid crystals confined
geometry sandwiched ITO cells.

with one mole of azelaic acid in DMF  and left under continuous
stirring until the solvent evaporated and again crystallized with
dimethyl sulfoxide (DMSO) and the yield varied from 75% to 99%.
The formation of multimer is avoided by recrystallization of the
product. Suspensions fabricated in this way were then put into
photorefractive LC cells. The molecular structures of the present
homologous series as depicted in Fig. 1, where n represents the
alkyloxy carbon number (n = 5) and m is the number of H–C–H
spacer groups, here m = 7.

2.3. Characterizations

The morphologies of the ZnO nano-structures were grown
on SiO2 substrates and characterized by field emission scan-
ning electron microscopy (Model: SIGMA ZEISS FE-SEM) using a
JEOL electron microscope 6700 equipped with a field emission
gun operating at 3 kV. The detection of chemical composi-
tion by energy dispersion spectroscopy (Model: EDAX GENSIS,
200 V–30 kV, AMETEK, USA). To evaluate the morphology of ZnO
thin film cross-sectional images of the samples were precisely
observed using a Transmission Electron Microscopy system (TEM)
JEOL JEM-2100 (HR) equipped with an EDX device (GENESIS XM2).
The TEM samples were sliced to a thickness of tens of nm per-
pendicularly to the carbon coated cupper grid at an acceleration
voltage of 200 kV. Moreover, SAED patterns and high-angle annu-
lar dark field scanning TEM (ORIUSTM SC 1000 CCD) images were
also obtained for crystalline analysis and Z-contrast imaging. AFM
grain analysis was performed with high scanning rate ICCD camera
(Roper Scientific). The surface morphology and conducting mode
AFM surface current were measured by Multimode8, Bruker. The
frequency dispersion dielectric data were recorded at room tem-
perature at frequencies ranging from 10 Hz to 20 MHz  using low

frequency Impedance Analyzer Spectroscopy (Model: Microtest-
6620). The DC conductivity of bi-stable switching I–V response
measurement with a digital source meter (Model: Agilent 33522A,
30 MHz  function/Arbitrary waveform generator).

The commercial electro-optical LC cells with ITO electrodes
(electrode area 4 mm × 4 mm)  and alignment layers were deposited
on the inner surface of the confining substrates; the alignment
layers were rubbed in unidirectional and assembled in an antipar-
allel fashion with respect to the rubbing directions for a planar
alignment. The cell gap was  maintained with 2 �m spacer placed
between the substrates. The smectic helix was  reoriented parallel
to the substrates by cooling the material from isotropic (109.1 ◦C) to
room temperature with or without a voltage of 5 V �m−1 at 1 kHz.
Surface stabilized smectic uniform lying helical texture and electro-
optical switching with different temperature variation calculated
by polarizing optical microscopy (Model: OLYMPUS, CX31, 6J09934
Japan) with a signal generator (Model: U8031A). The spontaneous
polarization (Ps) and the relaxation time were measured by using
a polarization reversal method Eq. (1) and calculated with the help
of the following relation [24,49,50]:

Ps =
(

1
2A

)∫
i(t)dt (1)

All associated measurements were based on graphical compu-
tation, which follows Eq. (2). The viscosity (�) was  determined from
the measured value of the polarization (Ps) and the switching time
(�) using the following relation [24]:

� = �

1.75PsE
(2)
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Fig. 2. Simulated molecular dynamics of HBLC (AC + 5BAO) geometric structure and atomic numbering scheme of all the hydrogen bonded mesogens.

‘Smectic G’ phase appeared by evacuating the LC using the
appropriate solvent. The appropriate phase sequence of pure LC
was shown below:

(Cr 91.3 ◦C ↔ Sm G 94.5 ◦C ↔ N 97.3 ◦C ↔ TN 100.2 ◦C ↔ Iso
109.1 ◦C).

2.4. Computational details

Density functional theory computations have been per-
formed using Gaussian 03W program package [51] with Becke-
3–Lee–Yang–Parr hybrid exchange-correlation three-parameter
functional (B3LYP) [52,53] level with standard 6-311G (d, p) basis
set. The geometry optimization has been performed [54] using
the same level of theory and the frequencies were calculated to
check the presence of any imaginary frequency and to evaluate the
zero point corrections. In all the computations unrestricted open-
shell approach was adopted. Unrestricted open-shell approach can
offer accuracy approaching through the molecular modeling and
simulation methods are increasingly at the forefront of elucidat-
ing mechanisms of liquid crystals reactions, and shedding light on
the determinants of specificity and efficiency of liquid crystal com-
pounds. Modeling protocols commonly applied in studying liquid
crystal reactions are outlined here, and some practical implications
are considered, with nanomaterials used as a specific example. Also
molecular mechanics (MM)  methods are important in simulations
of liquid crystals, even though typical MM methods cannot model
chemical reactions. So we  are using molecular dynamics simula-
tions, or combined with quantum mechanical methods in QM/MM
calculations on reactions. This is important because a simple func-
tional form typically we are using in MM energy functions (force
fields), e.g. harmonic terms represent the energy of bond stretching
and valence angle bending, Van der Waals interactions and simple
periodic terms describe torsional angles. The unrestricted open-
shell majority of these considerations only apply to large, entire (or
truncated) liquid crystal model for MM or QM/MM  simulations. The
interaction energy during mesogen formation through the hydro-
gen bonded interface was calculated by super molecule method
[55,56]. The interaction energy was calculated using Eq. (3).

�E  = E(A1, A2, A3, ..., AN) −
N∑

i=1

Ai (3)

where E (A1, A2, A3, . . .,  AN) are the energies of the isolated
monomers.

The natural bonding orbital (NBO) calculations [57] have been
performed using NBO 3.1 program (Gaussian 03 package). The
intermolecular delocalization or hyper conjugation leads to var-
ious second order interactions between the filled orbitals of one
subsystem and the vacant orbitals of another subsystem. The hyper
conjugative interaction energy was inferred from the second-order
perturbation approach E(2) as follows [58] (Eq. (4)):

E(2) = −��

〈
�

∣∣F |�〉 2

ε�∗ − ε�
(4)

where �|F|�2 and F2
ij

is the Fock matrix element between i and j is
NBO orbitals, ε�∗ and ε� are the energies of � and �* NBO’s, and
n� is the population of the donor � orbital. The formation of inter-
molecular hydrogen bonds diagram in (AC + 5BAO) and simulated
geometric analysis as shown in Fig. 2. The hydrogen bond inter-
actions among O16 · · · H22–O21, O17–H18 · · · O20, O43–H44 · · · O58,
O42 · · · H57–O59 groups have been observed. The intermolecular
hydrogen bonds are found to be linear and the bond lengths are
1.652,1.673,1.651 and 1.674 for O16 · · · H22, H18 · · · O20, O58 · · · H44
and H57 · · · O42 respectively. This clearly revealed the double hydro-
gen bond formation of the 5OBA mesogen.

Moreover, the frequency dispersion dielectric data were
recorded at room temperature in the frequency range from 10 Hz to
20 MHz  using Impedance Analyzer on a 1 �m thick sample cell. The
test cells for dynamic measurement were prepared using 0.7 mm
ITO-coated polished glass plates having 16 (4 mm × 4 mm)  pixels
imprinted on the ITO coating by photolithography. The thickness
of the cells was  about 0.1 �m,  thin enough to allow surface stabi-
lization of the specimen. Frequency dependent complex dielectric
permittivity ε*(ω) is determined using the following equation
[59,60]:

ε ∗ (ω) = 1
jωC0Z∗(ω)

= CP

C0
− j

1
ωC0RP

= ε′ − iε′′ (5)

where ε′ is the dielectric constant and ε′′ is the dielectric loss. This
frequency dispersion dielectric data were recorded within the room
temperature in the frequency range from 10 Hz to 13 MHz  using a
HP4192 Impedance Analyzer on a 1 �m thick sample cell. Where j
denotes the square root of −1, ω (=2	f),  is the angular frequency,
Z stands for the complex impedance, C0 and Cp is the capacitances
of the cell under the vacuum and that filled with a dielectric bulk,
respectively, RP is the effective parallel resistance of the dielectric
cell (consisting of a planar LC bulk of this study), and ε′ and �′′ repre-
sent the real and imaginary parts of the complex dielectric constant,
respectively. Detailed investigation of sample preparation and dis-
tribution into ITO cells and confined geometry can be represented
in Fig. 3.

3. Results and discussions

3.1. Morphology analysis of field emission scanning electron
microscopy (FE-SEM)

The morphology and the orientation of ZnO nanostructures
grown onto acetone vapor cleaned Si wafer were studied by
FE-SEM in Fig. 4a. The large amount of distributions of hexag-
onal nano-wires were grown preferentially average uniform
diameter ≈ 24 nm and length ≈ 118 nm.  Those nano-wires were
featured by a narrow size distribution. Certain application of ultra-
sonic vibration to those nano-wires becomes centered together
deformed nano-tetrapod structures magnifying image as shown
in Fig. 4b. The next set of solvo-thermal attempt led to uniform
nano-cube structure as shown in Fig. 5a We  additionally feed the
precursor by the typical concentration of cationic surfactant (CTAB)
and NH4OH, which reacts upon heating to yield novel nano-sphere
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Fig. 3. Schematic representation of ZnO nano-sphere composed of nano-cubes,
those embedded with liquid crystals confined into ITO sandwiched cell and sample
dispersion through capillary action by syringe.

structures. A closer observation shows the broadening of the
edge distribution and an increasing proportion of interconnected
nano-cubes form nano-sphere with diameter ≈ 585 nm,  which is
composed by nano-cubes of edge ≈ 395 nm,  in Fig. 5b. Additionally,
Fig. 5c presents a diagram of the evolving warm like morphologies
of updoped HBLC FE-SEM image under dispersion of a solvent.
While, ZnO nano-structures start nucleation on the dispersion of
HBLC, which was fully capped as depicted in Fig. 5d.

3.2. Structural analysis by high resolution transmission electron
microscopy (HR-TEM)

More details on morphological and structural features are given
in Fig. 6 using HR-TEM for nano-cubes based nano-spheres. Individ-
ual micro-spheres grown from the film were collected by scratching
sample dissolved into ethanol solution and uniformly distributed.
The nano-sphere was submerged by LC clearly shown in FE-SEM,
Fig. 5d. A close observation of a typical TEM image (Fig. 6a)
shows that both extremities of the nano-spheres were different.

Fig. 4. FE-SEM images of uniform ZnO (a) nano-wires, high magnification (2 diame-
ter  ≈ 24 nm and length ≈ 118 nm), (b) ultrasonic vibration nano-tetrapods structures
obtained at low magnification (1 �m) by assistance of reducing agent (hydrazine
monohydrate), in Solvo-chemical process.

Arrows indicate the roughened extremities that are attached to ZnO
nanocrystal seeds (Fig. 6b). The other rounded extremities corre-
spond to those that were exposed to the reaction medium. Selected
area electron diffraction (SAED) patterns shows spots (Fig. 6c),

Fig. 5. FE-SEM images illustrating the growth of uniform (a) nano-cubes obtained by adding surfactant CTAB in high magnification (edge ≈ 395 nm), (b) nano-sphere is
obtained by solvo-thermal process in low magnification (diameter ≈ 585 nm), (c) warm like hydrogen bonded liquid crystals (azelaic acid with p-n-alkoxy benzoic acids)
thin  film, and (d) nano-sphere dispersion with liquid crystal.
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Fig. 6. Typical high resolution TEM image of the as-prepared: (a) ZnO nano-spheres
thin film, (b) nano-sphere dispersed on liquid crystals, and (c) nano-sphere under
liquid crystalline materials SEAD pattern.

which can be indexed to the crystallographic planes of the ZnO
nanostructures. Moreover, the zone axis deduced from this pic-
ture correspond to the (0 1 0) plane, which is associated with the
lateral side of the nano-spheres. These results confirmed that nano-
sphere fully encapsulated by LC materials were poly crystalline in
nature with specific orientations along the c axis. As it was already
noticed, the nature of the reducing agent (hydrazine monohydrate)
and surfactant (CTAB) helps to control the morphology and the ZnO
nanostructures as well as smooth dispersion under liquid crystal
interfaces [61–63].

3.3. Energy dispersion spectroscopy (EDS)

The typical pattern of Energy Dispersion Spectroscopy (EDS)
performed in thin film dispersion of silicon wafer substrate as
shown in Fig. 7, implies an atomic ratio of zinc and oxide of
26.3–53.1 for nano-wire. This pattern verifies the high purity of
as-prepared ZnO nano materials were used in this experiment.

Fig. 7. Distribution of chemical composition of EDS profiles corresponds to ZnO
nano-sphere as prepared by solvo-thermal assisted process in thin film distribution
on  silicon wafer substrate.

3.4. Surface morphology and current analysis by atomic force
microscopy (AFM)

Reliable and understandable surface topography, surface rough-
ness, surface current e.g., Electrical measurements through the
CP–AFM setup requires a well-characterized conductive tip. The
AFM in Fig. 8a shows the topography for the ZnO nano-rods were
well dispersed in a smooth cover slip glass surface and the aver-
age surface roughness (RMS) value is about 3.1 nm and thickness of
thin film around 425 nm with the scanning area of 2.0 �m × 2.0 �m.
Depending on the experimental conditions, the AFM conductive tip
should be the most suitable in terms of serial resistance that must
be taken into account in the electrical analysis of nano-wire. The
CP-AFM more specifies the sample configuration and biasing were
displayed in Fig. 8b. In case of horizontal nano-wire, the DC bias
voltage was applied to the sample placed on copper pad, while
maximum 373 pA current flow through the surface. The Fig. 8c
yields electrical conductivity when the rods were not broken or
disconnected from the Cu pad. In order to get more precise infor-
mation about the variation of the local resistance to function of
the applied bias, CP-AFM were locally used for investigating the
I–V characteristics on individual ZnO nano-wire. Fig. 8c displays
one identifiable slope fitted (red line) by exponential growth pass-
ing through the origin. Indeed, the analysis of the negative current
increases exponentially with applied voltage and some noise cur-
rent also appeared due to surface roughness.

3.5. Electro-optical switching response by polarizing optical
microscopy (POM)

So far, the experimental characterizations have been carried out
in thin sandwich cells [35], where the mesogens can be aligned by
surface treatment and the layers may  be oriented by some shearing
techniques. Electric fields can be applied by means of transpar-
ent electrodes at the glass plates. While this geometry may  be
important from the application aspect, it poses some problems
during preparation; in particular, the layer alignment is not eas-
ily achieved. Moreover, the evaluation of electro-optical data is
quite complex because of the influence of cell boundaries. Sur-
face stabilized switching response by POM is the most significant
instrument for cell structures and dynamics. The thickness of such
films can vary from thousands down to two  layers. One can often
treat these systems as quasi-two-dimensional, with a large experi-
mental accessible planar area. The orientation and dynamics of the
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Fig. 8. (a) Thin film surface morphology study through atomic force microscopy (AFM) topography for the ZnO nano-wires in non-contact mode, (b) a contact mode (C-AFM)
of  ZnO nanomaterials dispersed on liquid crystal morphology of the surface when the current passing through it, and (c) surface current profile with applied DC sample bias
field.

LC director can be observed in samples with microscopically well
ordered layers.

3.6. Electro-optical switching texture studies

Our sample consists of a commercial room-temperature smec-
tic mixture, whose dielectric anisotropy and electro-optical (EO)
switching changes at a specific inversion frequency. Fig. 9 shows the
POM textures of short pitched liquid crystal (pure) with tempera-
ture variation. The LC material is heated then cooled slowly to room
temperature under an electric field. Uniform textures were slowly
developed as the temperature is cooled to room temperature. A
small bias field is maintained to prevent cells for electro-optical
switching. The phase diagram for pure AC + nOBA homologous
series (azelaic acid with p-n-alkoxybenzoic acid complexes) is com-
posed of three different phases e.g. smectic G, nematic and twist
Nematic.

A texture study through POM analysis ensures from Fig. 9a, liq-
uid crystal first heated until reaching in its isotropic temperature
(109.1 ◦C) and cooled down slowly. This parallel and antiparal-
lel cross alignment of LC molecules whose optical axis is laid at
30◦ with respect to the crossed polarizers. The isotropic liquid
placed between glass slides was examined through a slow cool-
ing rate of 5 ◦C min−1 with applied bias voltage 5 V to the cell.

Marbled patterns, even at lower temperature resulted in Fig. 9b.
This image can be regarded at temperature 94.5 ◦C due smectic
G phase. Gradual increase of temperature earlier marble pattern
changed, while a free standing marble pattern appeared at temper-
ature 97.3 ◦C (Fig. 9c) corresponding nematic phase. There is a small
heat transition occurring during phase change between nematic to
twist nematic rainbow color shiny droplet (Fig. 9d). However, ZnO
nano-sphere encapsulated liquid crystal electro-optical switching
texture was  studied with little different temperature transition
comparable to pure LC phase transitions as shown in Fig. 10a
directed porous texture identified to the surface. Bright field droplet
design marble pattern of smectic G phase obtained at temperature
95 ◦C as shown in Fig. 10b. Small heat increase to the cell nematic
phase of a continuous pattern free standing film was  obtained
at temperature 97.6 ◦C located normal to the surface, resulted in
Fig. 10c. While a twist nematic oily droplet texture appeared at
temperature 100.8 ◦C corresponding to Fig. 10d. The corresponding
phase sequence of ZnO nanostructures influenced by LC is given by;
(Cr 90.5◦ ↔ Sm G 94 ↔ N 97 ↔ TN 100 ↔ Iso 108.5).

The dependence of electrical and optical response time (�) on
temperature in the Smectic phase of the liquid crystal and ZnO
nanomaterials dispersed HBLC, as shown in Fig. 11a and b. It has
been observed that smectic LC having been doped with ZnO shows
almost 20% faster response compared to pure HBLC sample at 30 ◦C.
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Fig. 9. A collection of texture studies optical micrograph of pure liquid crystal (AC + 5BAO): (a) cross parallel and anti-parallel to the plane of crystals phase at temperature
91.3 ◦C, (b) smectic G phase droplet texture appeared at temperature at 94.5 ◦C, (c) nematic (N) phase marble pattern at temperature 97.3 ◦C, and (d) twist nematic oily
droplet pattern at temperature 100.2 ◦C.

Fig. 10. A collection of texture studies optical micrograph of (a) crystals phase porous texture obtained at temperature 90.5 ◦C, (b) smectic G (Sm G) phase droplet texture
appeared at temperature 94 ◦C, (c) a free standing film of nematic (N) phase pattern is obtained at 97 ◦C, and (d) twist nematic (TN) oily droplet pattern is obtained at 100 ◦C.
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Fig. 11. Temperature dependence (a) optical response time, (b) electrical response time, (c) spontaneous polarization (Ps), and (d) rotational viscosity (�) corresponding to
pure  liquid crystals and ZnO nanostructures dispersed liquid crystalline material.

The value of temperature dependence spontaneous polarization
(Ps) of the liquid crystals normally follows a power law which is
given by:

Ps = P0(Tc − T)� (6)

where P0 is constant, Tc is the Sm G–N phase transition tempera-
ture and T is the temperature at which the measurements are made.
Eq. (6) relies on there being a second-order Sm G–N phase tran-
sition. In this case mean field theory predicts that should be 0.5.
However, detailed investigations of various materials show that
the value of this exponent is generally less than this. Interestingly
enough, we found that the spontaneous polarization is 161 nC cm−2

corresponding to ZnO nanomateials dispersed HBLC (sample con-
taining 33% of HBLC), which is smaller than that of pure HBLC
(195 nC cm−2). Its temperature profile is shown in Fig. 11c. This
information provided that the phase separation is complete. This
compares reasonably well with the calculated value and implies
that incomplete phase separation occurred in the hydrogen bond
matrix.

The size of the nano-sphere is sufficiently large to maintain fer-
roelectric ground state. Thus the multiferroic nanomaterials have
finite ferroelectric dipole moments that should interact with the

dipole moments of LC molecules. The electric field exerted by
the nanomaterials has the standard dipolar form. We  assume the
diameter of a nano-sphere is quite large and the average HBLC
molecular concentration 1027 mmol. We  investigated that the large
electric field interacts with the dipole moment to the surrounding
LC molecules. Due to dipole–dipole interaction between the nano-
materials and HBLC molecules the contribution of dipole moment
along the transverse direction decreases. This reduces the value of
spontaneous polarization in the ZnO embedeed HBLC cell which is
a measure of transverse dipole moments.

The rotational viscosity is one of the important parameters of
the HBLC system that influence response time in Sm G phase. In the
present study rotational viscosity has been evaluated by dielectric
and electro-optical data as obtained from Eq. (2) and two  samples.
The temperature dependence of dielectric and electro-optical rota-
tional viscosities are the same, but the absolute values are different
from each other by a factor of less than 2 (shown in Fig. 11d).
Earlier work reported this difference in dielectric and electro-
optical rotational viscosity values for different LCs [64,65]. The
reason is that polarization reversal measurement is a large signal
method requiring full switching of the hydrogen bonded benzoic
acid LC. Therefore, the rotational viscosity curves depend upon the
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Fig. 12. Electro-optical transmittance vs. voltage characteristics of ‘V-shape’ switch-
ing  for pure liquid crystals and ZnO doped liquid crystal cell at 35 ◦C.

spontaneous polarization and thickness of the cell. In the present
case, both the spontaneous polarization and cell thickness were
small. It can be seen from Fig. 10d that the magnitude of rota-
tional viscosity starts increasing with temperature very slowly from
10 ◦C below the Sm G–N transition temperature and decreases after
showing a hump near the Sm G–N transition temperature.

The light transmittance of pure LC and ZnO nanomaterials dis-
persed LC modules were measured as a function of the applied
voltage at 20 Hz, as shown in Fig. 12. Threshold less, hysteresis-free
‘V’ shape switching is observed for both the occasions at tem-
perature 35 ◦C. The voltage required for switching between two
electrode system is almost half of the doped cell revealing the
enhanced sensitivity of the LC molecules to the applied electric field
in the doped system. However, we believe that a cell of thickness
less than the pitch of HBLC modules could have given a perfect
surface-stabilized state and hence better switching. Applying a
square wave voltage of 40 V and 20 Hz, we measured the con-
trast ratio (maximum transmission/minimum transmission) which

turned out to be the same (0.5) for both the pure LC and doped LC
cells.

3.7. Dielectric properties by impedance analyzer spectroscopy

Subsequently, we  investigated that the excellent behavior
dielectric property changes in frequency for pure HBLC and ZnO
nanostructures dispersed liquid crystal corresponding to Fig. 13.
The value of dielectric constant is extremely high for ZnO nano-
sphere is 5.8, with the increase of frequency the all values decreases.
Single hump is identified for pure ZnO (indicated by arrow), while
two distinct humps are appeared for both pure LC and ZnO nano-
structures embedded LC, as shown in Fig. 13a. Hence, Fig. 13b
explores the investigation of frequency dispersion dielectric loss.
One step behavior of single relaxation peak appeared due to
ZnO nanostrucres, while two  step behaviors of double relaxation
peaks appeared corresponding to the introduction of LC itself and
ZnO-nanostructure-LC complex. So a high frequency relaxation
phenomenon is observed in the system that also confirmed by
dielectric constant variation. Such relaxation may  be occurring due
to the reorientation of bound charges in the system or its rotational
degrees of freedom (DOF).

3.8. DC Conductance (I–V characteristics)

In order to study the of I–V response characteristics of ZnO
nano-sphere, Liquid crystal, and ZnO nano-sphere blended HBLC
illustrated in Fig. 14. Then, forward bias was applied to the circuit
while close cycle cryostat systems were used. Generally, current
induced were increased due to increases of voltage. Threshold volt-
age started at 5 V, to transit the charge carrier from the valence
band to the conduction band depicted I–V characteristics. Current
increases very rapidly corresponding to ZnO nanomaterials. How-
ever, the LC materials, respond quite differently and interestingly
from doped ZnO nanomaterials. Threshold voltage started almost
same like others and the bias field at 9 V little current drops down
and again increase similar fashion, while nanomaterials blended LC
current sharply falls at 11 V and afterwards increases linear sym-
metrical fashion with respect to the polarity of the applied voltage.
Interestingly, these switches after reaching the peak current i.e.
Fall sharply as depicted due to conductor to insulator transition

Fig. 13. Frequency dispersion dielectric response characteristics of (a) dielectric constant (e′) and (b) dielectric loss (e′′), investigation corresponding to pure ZnO nano-sphere
and  liquid crystal and ZnO embedded liquid crystal.
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Fig. 14. Variation of DC current (I) vs. DC voltage (V) response characteristics of
pure ZnO nanomaterials and Liquid crystals, and ZnO nanomaterials dispersed liquid
crystal.

and again conducting behavior of new types of hybrid LC complex
nanomaterials. Thus the carrier concentration becomes higher and
increasing the conductance.

4. Conclusions

In summary, we have successfully performed a novel, one-
step bench-top synthesis and observed the growth dynamics of
ZnO nano-wire to nano-tetrapod and nano-sphere. New superior
properties are emerged only when we dispersing nanomateri-
als into liquid crystal. The special chemical structure can lead to
the formation of new twist nematic phase investigated by polar-
izing optical microscopy. The obtained results suggest that we
smoothly dispersed ZnO nanostructures into HBLC. Thus it may
conclude that, NDLC is recently found to have a significant influ-
ence on the nucleation and growth of many functional nanocrystals,
providing a fundamental approach to modify the crystallographic
phase, size, morphology, and electronic configuration of nanoma-
terials. In this article, ZnO nanostructure dispersed liquid crystal
offers a significant property of electro-optical switching, ensuring
a better bright-field droplet having marble patterns of smectic G
phase, nematic and twist nematic phase obtained at specific tran-
sition temperature. Notably, the transition temperature at which
the twist nematic phase occurs is close to the isotropic tempera-
ture, which is a most remarkable signature in NDLC technology.
A strong local electric field is produced due to the large dipole
moment of the ZnO materials which induces a dipole moment
to the neighbor HBLC molecules and reinforces the polarization
realignment under electric fields. Charge transfer between LC
molecules and ZnO structures weakens the interlayer and inter-
molecular interaction in the host hydrogen bonded benzoic acid
liquid crystals. This in turn reduces the rotational viscosity and
response time in the doped cell with smooth distribution, leading
to promising applications in smart LCD technology of high contrast
ratio.
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