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Abstract

Liquid crystals (LCs) are an indispensable part of our day-to-day life — they are widely
regarded as the material for modern-day electro-optic devices and displays. Lower
control voltages, high birefringence, and anisotropic properties of LCs make them an
excellent candidate for optical and electro-optic devices. Among the vast pool of exotic
mesophases offered by LCs (e.g., nematic (N), smectic-A (SmA), smectic-C (SmC),
smectic-C* (SmC*), blue phases (BP)), the nematic phase has been proven to be ideal
from the application point of view because of its reduced viscosity and more dynamic
control over the others. The LC materials used in present-day devices have a rod-like
molecular shape, and they are called the calamitic LCs. Over the last few years, a new
kind of LCs, called the banana-shaped or bent-core LCs, have gained significant
attention owing to their unique and interesting properties, such as polarity, chirality
and biaxiality, that are envisaged as the paving stones for the next-generation faster-
switching displays. Among these unique features, polarity is regarded as the most
important one because it causes a ferroelectric-like behaviour in the nematic phase
with sub-millisecond switching. A key method for experimentally realizing this
ferroelectric-like polar order is to selectively orient the locally polar, highly ordered
microstructures, called the cybotactic clusters, in the nematic phase of bent-core LCs.
Also, the nematic phases of bent-core LCs manifest several unusual physical properties,
such as, giant flexoelectric response, low-frequency dielectric relaxation, and unusual
electro-convection scenarios, which may be related to the presence of cybotactic
clusters. Another interesting variant of the nematic phases of bent-core LCs have
recently been discovered, called the twist-bend nematic (Ny,) phase, which may find
applications in tunable diffraction gratings and reflective displays. Moreover, from a
structure-property relationship point of view, minute variations in the molecular
structure and terminal or lateral substituents may largely affect the resulting LC

mesophases of bent-core LCs and their associated properties.
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Therefore, the broad aim of the thesis is to investigate the different physical
properties of bent-core liquid crystals (L.Cs), especially in their nematic (N) phases, to
develop a better understanding of the underlying ferroelectric nature, the formation of
cybotactic clusters, and the influence of various internal and external factors on the
formation of these clusters. The field-induced polarization behaviour in the twist-bend
nematic phase is also investigated in its pure and nanoparticles doped variants.
Towards the end of the thesis, piezoelectric energy harvesting application has been
explored by using a lipidated pseudopeptide compound as efficient fillers in the
polyvinylidene fluoride (PVDF') polymer matrix, and the potential application of LCs
in such energy harvesting devices are also discussed.

The first two chapters of the thesis discuss the basic concepts, classifications, and
properties of LCs, piezoelectricity, piezoelectric polymers, and the various experimental
methods and techniques used. In the third chapter, we present a comparative study of
three achiral, unsymmetrical, four-ring bent-core LC compounds bearing a long
alkyloxy chain at one end and differing only in the terminal substituent moiety (-CHs,
-Cl, and NO3) at the other end. The methyl and chloro substituted compounds manifest
a cybotactic nematic phase while the nitro substituted compound shows only a layered
smectic phase. Through a detailed experimental investigation, we establish that
cybotactic clusters and polar end moieties, although a prerequisite for a ferroelectric-
like response, do not necessarily result in a ferroelectric nematic phase. In chapter 4,
we focus on the cybotactic clusters of bent-core nematic LCs and investigate the effects
of coupling and confinement on the formation of these clusters from a theoretical
analogue. We develop a phenomenological model for bent-core nematic LCs in the
Landau-de Gennes (LdG) framework and demonstrate that an enhanced coupling
invokes augmented formation of clusters in the LC bulk. We also observe that an
enhanced coupling promotes a weak nematic-like order above the isotropic supercooling
temperature, and that a systematic variation of the boundary conditions do not affect
the cluster formation in the bulk. In chapter 5, we investigate the effects of CdSe/ZnS

core-shell type spherical quantum-dots (QDs) dispersion on cybotactic clusters of the
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bent-core nematic LCs. Experimentally, we observe that the incorporation of QDs
result in reduced orientational order parameter, reduced cluster size, and increased
activation energies. The reduction in cluster size is qualitatively estimated by the
collective mode relaxation frequency ratio for the pure and doped LCs. We also
complement our experimental observations with a modified, novel LdG-type free-
energy for doped systems, built on the premises of our work in chapter 4. It provides
validation to our models developed in these two chapters from an experimental
viewpoint.

In chapter 6, we turn our attention to the twist-bend nematic phase of bent-core
LCs. A flexible core bent-core LC (CB7CB) is studied in its nematic and twist-bend
nematic phase in both pure and TiO2 nanoparticles (NPs) dispersed variant. We
observed a threshold-dependent polarization current response in both the phases of
pure CB7CB due to field-induced reorientation of cybotactic clusters and the
deformation of twist-bend helical structures. The studies in the NPs dispersed variant
reveal that the net polarization has competing contributions from both ferroelectric-
like and ionic origin (only at lower frequencies), but it becomes dominantly
ferroelectric-like at higher frequencies. In chapter 7, we make an attempt to explore
energy harvesting applications and discuss the possibilities of LC-assisted dynamic
energy harvesting. As a first step, to demonstrate the proof of concept or viability, we
use a lipidated pseudopeptide compound as efficient fillers in polyvinylidene fluoride
(PVDF) polymer matrix to enhance the net ferroelectric and piezoelectric properties.
We also demonstrate its application in mechanical energy harvesting by fabricating
superior performing devices in a low-cost and facile fabrication route. Towards the end
of this chapter, we briefly discuss the possibility of extension of this work to LCs,
especially bent-core LCs with cybotactic clusters, as fillers in the light of their
anisotropic nature, ferroelectric, flexoelectric, and piezoelectric properties. This
direction will be explored as a promising future scope of the present thesis. The studies
reported in this thesis open new avenues to explore bent-core LCs, especially in their

nematic phase, from both fundamental and applied research point of view.
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Figure 6.27. AC conductivity (o,.) of (a) pure CB7CB and (b) LC
nanocomposite (CB7CB + 1wt% TiO2 NPs) as a function of

fTEQUEIICY it

Figure 6.28. Comparison of the free ion concentration (n) and diffusion
coefficient (D) of pure CB7CB and LC nanocomposite (CB7CB
+ 1wt% TiOy NPs) as a function of reduced temperature
(T - Ty;). Colour code - Pure: Green; Doped: Red ...

Figure 6.29. Time-dependent switching response of CB7CB + 1wt% TiO»
LC nanocomposite for 16 Vpp/pm input triangular electric field
in the (a-b) N phase, and (c-d) Ny, phase ...coooovieiiiiiiiiennne.

Figure 6.30. Time-dependent switching response of CB7CB + 1wt% TiO»
LC nanocomposite for 16 Vpp/pm input square-wave electric
field in the (a-b) N phase, and (c-d) Ny, phase .........cccccceeiene

Figure 7.1. Chemical structures of (a) the lipidated pseudopeptide BLHA
and (b) PVDEF ...
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Figure 7.3. The polarizing optical micrographs of BLHA at (a) 55 °C, (b)
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Figure 7.4. DFT [6-31+G(d,p)] optimized structure of BLHA (solvent:
DMF). The blue arrow denotes the dipole moment (u)
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Figure 7.5. (a) XRD patterns of PVDF and PVDF-BLHA composite films
with different concentrations of BLHA. (b) - (e)
Deconvoluted XRD profiles of the films in the range of 12°-25°.
Points correspond to the experimental data, and the solid lines
correspond to the best fit. (f) Calculated crystallite percentage
(Xce) and total electroactive crystallite percentage (xcg + Xcy)

of the films, as the function of BLHA loading concentration ..

Figure 7.6. FESEM images of (a) PVDF, (b) PVDF + 1 wt% BLHA, (c)
PVDF + 2 wt% BLHA, and (d) PVDF + 4 wt% BLHA

composite films. The inset to each figure shows the
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corresponding calculated domain size distribution (bars), the
corresponding gaussian fit (red solid curve) and the average

domain size values. The scale bars indicate 10 ym .....................

Figure 7.7. (a) FTIR spectra of PVDF and PVDF-BLHA (1 wt%, 2 wt%

Figure 7.8.

and 4 wt%) composite films in the range 550 — 1500 cm™. The
different contributions are marked, and the signals associated
with the B-phase are highlighted in cyan for visual guidance.
(b—e) Deconvoluted FTIR spectra of the films in the range 725
— 900 cm!. The arrows indicate the different phases identified.
(f) The calculated electroactive B-phase content F(f) (in %),

as a function of BLHA loading concentration .............cccc.........

Frequency dependent (a) dielectric constant (&') and (b)
dielectric loss (¢") of PVDF and PVDF-BLHA (1 wt%, 2
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field (P-E) hysteresis loops for the films, and (d) remnant
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(a) Schematic diagram and (b) a prototype of the fabricated

energy harvesting device ...........coouuiiiiiiiiiiiiinii i

(a) Generated open-circuit output voltage (Vy¢) of the PVDF
+ 2 wt% BLHA device. Inset shows the enlarged view of a
single press and release response. Generated open-circuit
output voltages (Vyc) at varying frequencies and applied
pressure values of (b) PVDF + 2 wt% BLHA and (c) pure
PVDF devices. (d) Comparison of V. (peak to peak) of devices
made up of different films at 20 Hz frequency and 280 kPa
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Generated output voltages (Vy¢) of (a) PVDF + 1 wt% BLHA
and (b) PVDF + 4 wt% BLHA films at varying frequencies
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pressure — (a) PVDF, (b) PVDF + 1 wt% BLHA, (c) PVDF
+ 2 wt% BLHA, and (d) PVDF + 4 wt% BLHA ...................

Figure 7.14. Photograph of multiple LCD panels being powered up to
display “LP EH” (Lipidated Pseudopeptide assisted
piezoelectric Energy Harvester) by pressing the energy
harvesting device (PVDF + 2 wt% BLHA) with a finger .........

Figure 7.15. Optimized structures of (a) «-PVDF, (b) 3-PVDF (four
monomer units: [(-CH-CF3)4]), (¢) BLHA, (d) o-PVDF +
BLHA and (e) B-PVDF + BLHA [Method: DFT; Functional:
B3LYP; Basis set: 6-31+G(d,p)]. The blue arrows indicate the
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Figure 7.16. Molecular Electrostatic Potential (MEP) plots of (a) a-PVDF,
(b) B-PVDF, and (¢) BLHA [method: DFT; functional:
B3LYP; basis set: 6-314+G(d,p)]. Colour code: Red = negative;

Blue = positive; Green = zero electrostatic potential ................

Figure 7.17. FTIR absorption spectra of the composite films and BLHA

in the amide I and amide A region ...........cccoooviiiiiiiiiiiiiiiiii

Figure 7.18. HOMO-LUMO plots of (a) B-PVDF, (b) BLHA, and (c) -
PVDF + BLHA [method: DFT; functional: B3LYP; basis set:
6-31+G(d,p)]. The HOMO-LUMO energy gaps are indicated

in each figure ..o

Figure 7.19. Optimized structures of (a) «-PVDF, (b) 3-PVDF, (c) BLHA,
(d) «-PVDF + BLHA and (¢) 3-PVDF + BLHA in solvent
[Method: DFT; Solvation (PCM): DMF; Functional: B3LYP;
Basis set: 6-31+G(d,p)]. The blue arrows indicate the dipole
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LIST OF SYMBOLS AND ABBREVIATIONS

LC: Liquid crystal

LCD: Liquid crystal display

TFT: Thin-film transistor

LED: Light emitting diode

NLC: Nematic liquid crystal

SLM: Spatial light modulator

PDLC: Polymer-dispersed liquid crystal
5CB: 4-Cyano-4'-pentylbiphenyl
DSC: Differential scanning calorimetry
DI: Deionized water

PR: Photoresist

LdG: Landau-de Gennes

NP: Nanoparticle

DFT: Density functional theory
XRD: X-ray diffraction

VHR: Voltage holding ratio

FWHM: Full width at half maximum
PLA: Polylactic acid

EC: Electroconvection pattern

N: Nematic phase

Nyp: Twist-bend nematic phase

Nyp: Biaxial nematic phase

Np: Discotic nematic phase

SmA: Smectic-A phase

Iso: Isotropic phase

o-ray: Ordinary ray

An : Birefringence

71 : Director unit vector

TN: Twisted nematic

BLC: Bent-core liquid crystal

IPS: In-plane switching

FLC: Ferroelectric liquid crystal
LCPC: Liquid crystal polymer composite
PSLC: Polymer-stabilized liquid crystal
POM: Polarizing optical microscopy
ITO: Indium tin oxide

PI: Polyimide

IPA: Isopropyl alcohol

DMM: Digital multimeter

QD: Quantum dot

PVDEF': Polyvinylidene fluoride

SAXS: Small-angle X-ray scattering
P-E loop: Polarization-electric field loop
UV: Ultraviolet

DSO: Digital storage oscilloscope

FSR: Force sensing resistor

DMF': N,N'-Dimethylformamide

Neyn: Cybotactic nematic phase

N*: Cholesteric / Chiral nematic phase
BP: Blue phase

Sm: Smectic phase

SmC: Smectic-C phase

SmC*: Chiral smectic-C phase

e-ray: Extraordinary ray

n, : Extraordinary refractive index

n, : Ordinary refractive index
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P : Polarization P; : Flexoelectric polarization

7 : Rubbing direction Eyqp : Energy band-gap

Kj1 : Splay elastic constant Ko : Twist elastic constant

K33 : Bend elastic constant Vpp : Peak-to-peak voltage

& : Free-space permittivity e* : Complex dielectric permittivity

¢’ : Real part of &” e . Imaginary part of €*

Ag : Dielectric anisotropy €» : High-frequency limit of permittivity
d¢ : Dielectric strength tan § : Dielectric loss factor

u : Dipole moment fr : Relaxation frequency

S : Orientational order parameter Vi« Threshold voltage

T** : Nematic superheating temperature Pg : Saturation polarization

04c - AC conductivity T* : Isotropic supercooling temperature
y : Coupling parameter Tp : Polarization switching time

E, : Activation energy 04c - DC conductivity

kg : Boltzmann constant N, : Number of molecules in a cluster

Ein - Interaction energy

FESEM: Field emission scanning electron microscopy
HOMO: Highest occupied molecular orbital

LUMO: Lowest unoccupied molecular orbital

FTIR: Fourier transform infrared spectroscopy

Cryo-TEM: Cryo transmission electron microscopy
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