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Anisotropic nanostructures dispersed in nematic liquid crystal, 4-(trans-4’-pentylcyclohexyl)-benzonitrile
(PCHS5), tend to improve the properties of host nematic liquid crystal owing to its structure and strong
dipolar interactions. The experimental investigations of such composite systems are intriguing as well as
challenging. Here, we have presented a systematic experimental study of effect of incorporation of two-
dimensional anisotropic nanostructure, i.e., nanodisc on properties of room temperature nematic liquid
crystal. Zinc oxide nanodiscs (ZD) of thickness ~ 50 nm and diameter ~ 200 nm are synthesized using
hydrothermal method and characterized. Dispersion of zinc oxide nanodiscs in PCHS5 is observed to
increase the dielectric anisotropy and elastic constants which indicate enhancement in the order

iig:gﬁe‘é igithJ;;)g/;tzeonfger 2024 parameter of the composite system as compared to host nematic liquid crystal. Bulk ac conductivity is
also observed to be decreasing by ~60% by dispersion of zinc oxide nanodiscs in host liquid crystal. The

DOI: 10.1035/d4ra05558f increase in the ratio of bend to splay elastic constant makes the ZD composites of PCH5 potential
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1. Introduction

Research on the impact of nanomaterials on the physical
properties of liquid crystals (LCs) is gaining significant atten-
tion. Among the various LC phases, the nematic phase exhibited
by calamitic liquid crystals is particularly valuable for display
devices due to its long-range orientational order, low viscosity,
and high visco-elastic coefficient. Nematic liquid crystals
(NLCs) are not only easy to align but also can be switched using
low electric field strengths.® Dispersion of variety of nano-
particles such as®> semiconducting,® ferroelectric, magnetic®
nanoparticles in LC matrix has been investigated.*” Advance-
ment in important display device parameters such as switching
time, threshold voltage and bend to splay elastic constant ratio
by doping different nanoparticles has been reported by several
researchers. Shape anisotropy of dispersed nanoparticles in LC
matrix plays a crucial role in modification of physical properties
of NLCs.*® It has been observed that addition of anisotropic
nanostructures to LCs improve the device parameters to great
extent. However, these improvements depend on various factors
such as shape, size, and surface to volume ratio of a nano-
particle, concentration of nanoparticles in LC and LC-nano-
particle interactions. Effect of dispersion of anisotropic
nanostructures such as nanorods,’®** nanowires,*"
nanotubes,”™" nanoplatelets,’®" nanosheets®** in LC on
various properties of LCs have been studied by few research
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candidates for higher multiplexing devices.

groups. Yet, synthesis procedures, control over the crystallinity,
phase purity of anisotropic nanoparticles and difficulty in
dispersion characteristics of anisotropic nanostructures in LC
slowed the progress of the research in this area. The variation of
dielectric and electro-optic properties of NLCs with the disper-
sion of graphene oxide is studied briefly due to its interesting
properties.”>>* However, reports on experimental investigation
of dispersion of 2D nanomaterials/nanodiscs in NLC is very
scarce. This article aims to understand the influence of 2D
nanostructures of controlled dimensions (apart from carbona-
ceous 2D structures) on dielectric and switching behaviour of
NLC. In this article, we have reported the effect of incorporation
of zinc oxide nanodiscs on various physical parameters of
a NLC. Due to the ability to be applied in various downstream
applications, zinc oxide (ZnO) is one of the most widely studied
nanomaterial. ZnO is abundant, inexpensive, safe, and can be
prepared easily. ZnO nanomaterials show tunable physical and
chemical behaviours as a function of shape of a nanoparticle.
With the energy band of 3.37 eV and a bonding energy of 60
meV, ZnO nanomaterials exhibit excellent chemical, electrical,
and thermal stabilities along with optical, electrical, and pho-
tocatalytic properties. Hence, ZnO nanomaterials find wide-
spread applications in the field of solar cells, photocatalysis,
chemical sensor, biological labelling, biological sensing,
multifunctional nanocarriers for drug delivery, gene delivery,
nanomedicine as well as ceramics.”®*® Here, we have synthe-
sized disc shaped nanoparticles of ZnO using hydrothermal
method. Further, temperature dependent variations of essential
physical properties of NLC such as dielectric permittivity, elastic
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constants and electro-optic switching with the dispersion of
different concentrations of ZnO nanodisc in NLC is reported.

2. Experimental

2.1. Materials

4-(trans-4'-Pentylcyclohexyl)-benzonitrile (PCH5) and zinc
acetate dihydrate (Zn(ac),-2H,0) are procured from Sigma-
Aldrich. Sodium hydroxide (NaOH) and Ethanol are procured
from Merck, Milli-Q water (Merck Milli-Q DQ-3).

2.2. Synthesis of ZnO nanodisc

Zinc oxide nanodiscs (ZDs) are synthesized using a hydro-
thermal method. Separate 0.1 M solutions of zinc acetate
dihydrate [Zn(ac),-2H,0] and 0.5 M sodium hydroxide (NaOH)
were prepared with Milli-Q water as the solvent. These solutions
were mixed and stirred vigorously until a clear, transparent
solution was achieved. This solution was then transferred to
a 100 mL steel autoclave with a Teflon liner. The autoclave was
maintained at 150 °C for approximately 24 hours and allowed to
cool naturally to room temperature. The resulting precipitate
was separated by centrifugation and washed three times with
ethanol. The final product was dried in air at 60 °C for 2 hours.
The powdered sample was then preserved for further charac-
terization and preparation of liquid crystal composites.

2.3. Preparation of composite sample

For the experimental study, host NLC, 4-(trans-4'-
pentylcyclohexyl)-benzonitrile (PCH5) which exhibits a phase
transition sequence of isotropic (55.3 °C) nematic (30 °C) crystal
procured from Sigma-Aldrich is wused without further
purification.

Composites were prepared using the synthesized zinc oxide
nanodiscs (ZDs). The ZDs were dissolved in chloroform and
subjected to ultrasonication for approximately two hours to
achieve homogeneous dispersions. Specific amounts of these
dispersions were then added to the host nematic liquid crystal
(NLC) to achieve ZD concentrations (Czp) of 0.01, 0.02, 0.05, and
0.1 weight percent (wt%). The composite solutions were further
sonicated to ensure uniform mixing and then allowed to stand
until the solvent had completely evaporated.

2.4. Characterization techniques

2.4.1. Characterization of nanomaterials. The crystalline
phase of the synthesized zinc oxide nanodisc (ZD) powder was
determined using powder X-ray diffraction (XRD). The analysis
was conducted with a Rigaku SmartLab Studio X-ray diffrac-
tometer, utilizing Cu Ko, radiation (A = 1.5406 A). The scans
were performed in the 26 range of 10° to 90° at a scanning rate
of 4° per minute, with the instrument operating at a voltage of
40 kV. The morphology of the synthesized particles was exam-
ined using a field emission scanning electron microscope (FE-
SEM; FEI Apreo LoVac).

2.4.2. Characterization of pure NLC and its composites.
For the electro-optic and dielectric measurements, planar-
aligned cells with a thickness of approximately 7 um and an
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area of around 0.8 cm” were fabricated. The process began by
spin-coating a layer of polyimide (PI2555) onto indium tin oxide
(ITO)-coated glass plates, followed by curing at 250 °C for about
an hour. After curing, the PI-coated substrates were unidirec-
tionally rubbed with a soft cloth and placed with the rubbing
directions antiparallel to each other. These plates were then
assembled using epoxy glue mixed with glass spacers to form
a final planar-aligned sandwich cell. The thickness of the
fabricated planar-aligned sample cells was measured using an
interferometry-based fiber-optic spectrometer (Ocean Optics
USB4000-XR1-ES). The dispersion properties of the zinc oxide
nanodiscs (ZD) in a nematic matrix within the cell were exam-
ined using fluorescence confocal microscopy (LSM880, Zeiss).
Optical texture studies of the sample cells, filled with both pure
and composite samples of nematic liquid crystals (NLC), were
conducted using a polarizing optical microscope (POM;
Olympus BX53M). The sample cell was placed inside a temper-
ature-controlled hot stage (Micro-Optik MDTC600) with a reso-
lution of 0.1 °C, which featured a small hole to allow light to
pass through. The hot stage containing the sample cell was
positioned on the rotating stage of the POM between crossed
polarizers. A laser beam with a wavelength of 633 nm was
directed through the sample, and the planar-aligned cell was
adjusted between the crossed polarizers so that the rubbing
direction was at a 45° angle to either polarizer. The transmitted
intensity (I) as a function of temperature was recorded and used
to estimate the birefringence (An) of the nematic samples
according to the equation

.o (Td{A
1=1 sin’ (%)

where I is the transmitted intensity from the analyser, I, is the
intensity of the plane-polarized light incident on the LC cell, d is
the cell thickness, and 1 is the wavelength of the mono-
chromatic light.

The measurement of electro-optic switching times, including
rise time (1), decay time (t4) and total response time (tg = 7, +
74), for both pure and composites of NLC was conducted using
a digital storage oscilloscope (DSOj; Keysight EDUX1002G). A
square wave with a frequency of 60 Hz was applied at various
voltages. Additionally, various dielectric parameters such as
dielectric permittivity (¢), dielectric anisotropy (Ae), threshold
voltage (Vi) and bulk ac conductivity (o,.) were measured
following previously reported method.*

3. Results and discussion

The synthesized nanomaterials are characterized for phase
purity and morphological investigations. XRD analysis was
performed to study the structural properties of as synthesized
ZD as shown in Fig. 1a. All the peaks are identified and the
corresponding miller indices are evaluated which are marked
on the XRD graph in Fig. 1a. All the peaks observed in Fig. 1a
correspond closely to those of standard bulk ZnO, which is
known to exhibit a hexagonal wurtzite crystal structure (P6smc,
JCPDF no. 36-1451). The presence of distinct sharp peaks in
XRD diffraction pattern indicates formation of highly pure ZnO
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Fig. 1

nanoparticles. Morphological investigation of ZD using the FE-
SEM is shown in Fig. 1b. Formation of nanodiscs is clearly
visible from the recorded images. The average thickness and
diameter of ZnO nanodiscs was measured and found to be
~50 nm and ~200 nm, respectively.

Dispersion of ZD in NLC matrix is examined using fluores-
cent confocal microscopy (FCM). The recorded images are
shown in Fig. 2. As the ZnO nanoparticles are fluorescent under
UV emission, we can observe the emission from nanoparticles
distributed in NLC matrix when illuminated under UV laser of
wavelength A ~ 370 nm. The blue spots observed in Fig. 2 shows
the emission from ZnO nanodiscs dispersed in NLC matrix.
However, no emission is observed in recorded FCM images of
pure NLC sample.

Moreover, it has been observed that at C,, =< 0.05, nanodiscs
are uniformly dispersed in the bulk of NLC matrix. However, at
Czp =0.1, nanodiscs are observed to be preferentially near the
substrate surfaces of the cell as compared to that in the bulk of
the NLC matrix. Nonetheless, we can observe uniform disper-
sion of ZD in NLC matrix.

View Article Online

Paper

(a) Powder X-ray diffraction pattern; (b) FESEM image of as synthesized zinc oxide nanodiscs.

The optical textures of pure NLC and composite samples
filled in planar aligned cells are observed under crossed polar-
izers of POM and the recorded images are shown in Fig. 3. In
Fig. 3, first row showing bright images are recorded when
sample alignment is at 45° between crossed polarizers and
second row depicting dark images are recorded when sample
alignment is parallel to either of the crossed polarizers. The
uniform colours of the images depict homogeneous alignment
of pure NLC molecules. The uniform optical textures are
maintained even after dispersion of ZD in PCHS5. It can be
inferred that addition of ZD with the specified concentration in
PCH5 form the homogeneous composites with uniformly
distributed ZD in nematic matrix. However, the aggregation of
nanodiscs can be observed in POM image of nanocomposite
sample with Czp = 0.1. Although, no changes in the planar
alignment of NLC molecules is observed with the dispersion of
ZD for the composites under investigation.

Variation of birefringence (An) of pure and ZD composites of
PCHS5 with varying temperature is shown in Fig. 4. Inset of Fig. 4
shows the variation of An as a function of C,p in PCH5 at T — Tiy
= —15 °C. The birefringence of PCH5 increases with the

wt% of ZD
in PCH

Fig. 2 Fluorescence confocal microscopy images of pure and ZnO nanodisc incorporated PCH5.
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Fig. 3 The optical textures of both pure and ZD-dispersed PCHS5, filled in planar cells, were visualized using crossed polarizers in a polarizing
optical microscope (POM); numbers indicate Czp. (A: analyser, P: polarizer, S: sample cell; arrow indicate the alignment direction); scale: 100 pm;

all images are recorded at T = 35 °C.
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Fig. 4 Variation of birefringence (An) of pure and ZD dispersed PCH5
as a function of temperature; (inset shows variation of An as a function
of concentration of ZD in PCH5 at T — T,y = —15 °C).

addition of ZD and shows a monotonic behaviour. However,
with the aggregation of ZD, values of An starts decreasing but
are still greater than that of pure of PCH5. Increase in the value

© 2024 The Author(s). Published by the Royal Society of Chemistry

of An can be due to increase in the order parameter of the
composite system as compared to that of pure PCH5. The
pseudo-nematic domains near both surfaces of ZD in the
composite samples form due to the coherent alignment of NLC
molecules through epitaxial interactions. These pseudo-
nematic domains exhibit varying anisotropy compared to the
bulk LC, influenced by the surface symmetry of the ZD. The LC-
ZD domains align their flat planes parallel to the far-field
nematic director in the NLC, thereby minimizing the elastic
distortion of the nematic phase and reducing the overall free
energy. Hence, additional orientational order is acquired due to
NLC-ZD interaction which can be visualized as local anchoring
fields along the nematic director. The further experimental
results of dielectric measurements support these arguments.
Dielectric properties such as dielectric permittivity, dielectric
anisotropy, threshold voltage, splay and bend elastic constant of
NLC are crucial parameters for device applications. The
dielectric properties signify applications of NLCs depending on
orientation transition under the application of externally
applied electric field. All the mentioned dielectric parameters as
a function of temperature for pure and ZD dispersed PCH5 are
measured at applied frequency of 4.1 kHz. Fig. 5a shows the
variation of perpendicular (¢, ) and parallel (¢)) components of
dielectric permittivity with the incorporation of ZD in PCHS5.

RSC Adv, 2024, 14, 30452-30459 | 30455
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Fig. 5 Temperature variation of (a) perpendicular (¢, ) and parallel (¢)) components of dielectric permittivity (b) dielectric anisotropy (Ae) (inset
shows variation of Ae as a function of Czp in PCH5) (c) threshold voltage (V) (inset shows variation of Vi, as a function of Czp in PCH5); for pure
and ZD dispersed PCH5 measured at applied frequency of 4 kHz (d) electro-optic response time (1); for pure and ZD dispersed PCH5 measured at

applied frequency of 60 Hz.

Both the components increase in ZD composites of PCH5 as
compared to that of pure PCH5. But the relative increase in ¢ is
larger than that of ¢ | for composites with respect to that of pure
PCH5. The variation of dielectric anisotropy (Ae = ¢ — ¢, ) of
pure and ZD dispersed PCHS5 is shown in Fig. 5b. The value of
Ae increases by ~27% with incorporation of ZD in PCHS5. It
slightly decreases for Czp = 0.02 wt% but is still higher than
that of pure PCH5. Similar results have been reported
previously.®"

Orlandi et al.® reported simulation based study of nanodisc
dispersed in nematic mesogens. Based on the observed results,’
they have concluded that disc shaped nanoparticles can
accommodate within the ordered structure of the mesogens
with host mesogens molecules aligning parallel to their plane as
well as to the LC director due to its flat shape. It means disc-like
nanoparticles are more likely to align their axis (axis along
thickness of disc) perpendicular to the NLC director as shown in
the Fig. 6. However, increase in concentration of nanodiscs may
lead to formation of dimers or stacking of discs causing
aggregation which is expected to destabilize the nematic phase.

30456 | RSC Adv, 2024, 14, 30452-30459

The value of Ae¢ is directly proportional to macroscopic order
parameter according to Maier-Meier theory. Whereas, perpen-
dicular (e, ) and parallel (¢)) components of dielectric permit-
tivity relates to antiparallel and parallel correlation,
respectively, amongst the NLC molecules. The reports on
experimental investigations of NLC-gold nanocomposite
systems by Sridevi et al.”” suggested that increase in the value of
Ae can be due to increase in orientational ordering or decrease
in the antiparallel correlation of neighbouring NLC molecules.
Based on our experimental results, we can observe that the
value of Ae as well as An increases with the incorporation of
nanodiscs in PCH5 as compared to pure PCH5. Also, as dis-
cussed above, both the components of dielectric permittivity
increase with the dispersion of ZD in PCH5 as compared to pure
NLC. Therefore, we suggest that NLC molecules align in a plane
parallel to the nanodisc surface which may result in achieving
higher order parameter with the dispersion of ZD in PCH5 as
compared to pure NLC. The thermal energy is not strong
enough to eradicate the anchoring mechanisms of LC-ZD at the
interfaces in the isotropic phase. Thus, the presence of pseudo

© 2024 The Author(s). Published by the Royal Society of Chemistry
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diameter~ 200 nm
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thickness
~50nm

=" —— nanodisc

T LC molecule

Fig. 6 Schematic showing arrangement of NLC molecules around nanodisc.

nematic domains is also expected in the isotropic phase of the
nanocomposite samples. This also explains the experimentally
observed increase in the value of ¢ in the isotropic phase of
composites samples as compared to that of pure PCH5.
Freedericksz transition voltage (Vi;,) of pure PCH5 and its ZD
composites as a function of temperature is shown in Fig. 5c. The
value of Vy, decreases for Czp = 0.02 wt% and then increases
with further increase in C,p = 0.05 wt% as compared to pure
PCH5. However, the decrease in the value of Vy, is not appre-
ciably large. This may be because of the shape of the nano-
particle. It is likely due to a stronger planar anchoring of the
liquid crystal molecules on the surface of the ZnO nanodiscs
which remain parallel to the substrate plane with the applica-
tion of external electric field is applied.”® With dispersion of
nanodiscs, local domains of NLC molecules with director
aligned parallel to plane of disc are created (Fig. 6). At lower
concentration (Czp = 0.02 wt%), these domains being homo-
geneously distributed across the NLC matrix, are easier to align
at low applied voltages. However, with increase in Cp, forma-
tion of aggregates as seen from POM images and FCM images,
only allows the switching of NLC molecules at higher applied
voltages. Increasing the Cp, leads to an increase in Vy, until the
switching of the liquid crystal molecules is dominated by the
domains of LC molecules around dispersed ZnO nanodiscs.
Similarly, the electro-optic response time is also observed to be
decreasing for Czp = 0.01 wt% as compared to pure PCH5 and
then increases with further increase in the C,p in PCH5. Hence,
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it may be inferred that incorporation of nanodiscs may slow
down the switching behaviour of host NLC molecules.

Elastic constants of the NLC are also one of the parameters to
understand the ordering in the system. According to Frank-
Oseen theory, all primary elastic constants, K;; (i: splay, bend,
and twist) are directly proportional to square of the order
parameter. In planar cell geometry, we can only measure the
splay (K;,) and bend (Kj3;) elastic constants as twist is negligible.
Fig. 7a and b illustrate the variations in K;; and K33 of pure and
ZD-dispersed PCHS5 as functions of temperature. The observed
increase in K;4 can be attributed to slight changes in molecular
structure or interactions that enhance the tendency for molec-
ular alignment along the director axis. This increase in K;; may
result from factors such as improved molecular packing,
stronger intermolecular forces, or greater molecular rigidity.>*>°
On the other hand, the elastic constant K33, which reflects the
energy associated with molecular alignment within the plane of
the cell substrate, shows that a significant rise in K35 indicates
a greater inclination for molecular alignhment within the
substrate plane. The disc shaped nanoparticles help NLC
molecules to arrange with the director parallel to disc plane
which in turn is parallel to cell substrate. This can be attributed
to the observed increase in the value of K33 with the incorpo-
ration of ZD in PCH5 as compared to pure NLC. The observed
increase in the value of Ky, as well as K;; shows the enhanced
orientational ordering in the composite system with the
dispersion of ZD in PCH5 as compared to pure PCH5. The ratio
of K33/K;; with varying temperature is shown in Fig. 8a for pure
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(a) Splay (K11) and (b) bend (K33) elastic constant as a function of temperature for pure and ZD dispersed PCH5.
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and ZD composites of PCH5. Increase in the molecular ordering
and strengthened intermolecular interactions leads to increase
in the value of K33/K;, of ZD composites of PCH5 as compared to
pure NLC which can be potentially used for high multiplexing
devices. Reduction of the ionic impurities in host NLC is also
one of the important challenges to achieve better quality
displays. The bulk ac conductivity (¢) of the pure and ZD
composites of PCH5 is measured and plotted as shown in
Fig. 8b. The conductivity of composites is found to be reduced
by ~60% with the addition of ZD in PCH5 as compared to that
of pure PCH5. Decrease in the value of bulk ac conductivity of
nanocomposite samples can potentially be attributed to trap-
ping of ionic impurities by dispersed nanodiscs. Zinc oxide
nanoparticles are better known for their ion trapping properties
when dispersed in NLC.*'* The large surface to volume ratio of
nanodiscs provides sufficient trapping sites for ionic impurities
in the NLC medium.

4. Conclusion

A study on modification in the dielectric and electro-optic
properties of nematic liquid crystal with incorporation of two
dimensional nanodiscs is carried out. Zinc oxide nanodiscs
(zD) of diameter ~ 200 nm and thickness ~ 50 nm are
synthesized using hydrothermal method. X-ray diffraction
spectra indicate formation of crystalline zinc oxide nano-
particles with characteristic peaks corresponding to wurtzite
hexagonal lattice structure. Morphology of as prepared nano-
particles to be disc shaped is confirmed by field emission
scanning electron microscopy. Composites of ZD dispersed in
room temperature nematic liquid crystal are prepared at
different concentrations, viz., 0.01, 0.02, 0.05 and 0.1 wt% of
pure NLC. Increase in the parallel and perpendicular compo-
nents of dielectric permittivity is observed in ZD composites as
compared to pure NLC. The increment in the birefringence,
dielectric anisotropy as well as elastic constants (splay and
bend) of ZD composites of NLC is observed as compared to pure
NLC which clearly indicates the enhancement in orientational
order of the NLC host with the incorporation of nanodiscs. The
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bulk ac conductivity of the nanocomposite samples also
decreases by ~60% with the incorporation of ZD in NLC.
However, the Freedericksz transition voltage (Vi) of composites
shows negligible change as compared to pure NLC. Further, the
electro-optic response time of the nanocomposite samples
remains unaffected at lower concentrations of ZD (0.01 wt%) in
PCHS5 and goes on increasing with increasing concentration of
ZD (>0.01 wt%) in PCH5. Hence, we conclude that incorporation
of anisotropic two-dimensional zinc oxide nanodiscs helps in
enhancement of orientational order in the nanocomposite
system and can be explored as a potential candidate for higher
multiplexing devices.
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