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ABSTRACT

In the recent past, an increasing interest has been noticed in the nanoparticles doped liquid
crystal (LC) composites with a focus on their broader applicability and scientific
understanding. The self-assembly of nanomaterials in the soft superstructure of LCs comes
naturally due to its anisotropic nature. The use of carbon nanotubes (CNTs) and various
other nanoparticles in the nematic and ferroelectric liquid crystals has been shown to
improve electro-optic switching behavior, nonvolatile memory effects, diffractive
properties and the threshold voltage. Their use is also found in protein biosensors,
biocatalysts, bio separators and for drug storage and delivery.

Although a lot has been done in this field, the understanding of the manipulation of
nanotubes and spherical nanoparticles in the helical superstructures of chiral liquid crystals
remains unexplored. In the present study, we have tried to study the effects of nanoparticles
and nanotubes doping on the optical, morphological and electro-optic switching behaviour
of induced chiral nematic LCs. These investigations are expected to open new avenues in

the field of optical memory research in soft materials.

Cholesteric liquid crystals (CLC) being chiral, have a helical structure. The pitch of the
helix can be compressed or extended by external perturbations. The dispersion and self-
assembly of nanomaterials into soft and well-defined functional superstructures is

facilitated due to the flexibility and anisotropic nature of liquid crystals.

We have induced chirality in a nematic liquid crystal by adding an optimized amount of
chiral dopant into it. Functionalized nanomaterials (SWCNTs, MWCNTs, Silver
nanoparticles, Aluminum-doped ZnO nanoparticles) were homogeneously dispersed in this
medium. The effect of nanoparticle doping on the helical supramolecular structure of
induced chiral medium for different concentrations of nanoparticles was investigated in the

presence of surface anchoring, electric field, incident radiation and thermal perturbations.

Morphological and optical studies of doped materials have shown that nanotubes and
nanoparticles produce defects in the CLC phase and break its continuous rotational
symmetry. As the performance of the display applications depends on the faster electrically

induced Freedericksz transition, the collective reorientation of the liquid crystal director with
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applied electric field was investigated during the experiment until it gets aligned parallel to the
electric field. A significant change in the onset voltage of Freedericksz transition of doped
samples as a function of dopant concentration was observed. Multifold enhancement in the
PL intensity because of silver and AZO nanoparticle doping highlighted the aggrandized
anisotropic behavior of the doped samples. Improved electro-optic response in terms of
conductivity and dielectric constant of the carbon nanotubes doped materials was evident from
the dielectric investigations of the doped samples. Transmission and photoluminescence
behavior of the doped samples were studied to confirm the emergence of the nonvolatile memory

in the doped samples.
OBJECTIVES

The following objectives were proposed to be achieved for the fulfillment of requirements

for the award of the degree.

1. Preparation of chiral nematic liquid crystal films by optimization of chiral dopant

concentration.

2. To study the self-organization of different nanoparticles into chiral nematic liquid

crystal matrix.

3. To investigate the switching behaviour and optical properties of different nanoparticles

doped chiral nematic versus undoped chiral nematic liquid crystals.

To fulfill the objectives of the proposed work, the following series of the liquid crystals
were prepared and characterized:

Series I: CLC I, CLC II, CLC IlI, CLC IV, and CLCV (ZLI 4151, doped with different

concentrations of CB15)
Series I1: CLC+0.1wt% SWCNTs, CLC+0.3wt% SWCNTs, CLC+0.4wt% SWCNTSs

Series Il1l: CLC+0.01wt% MWCNTs, CLC+0.10wt% MWCNTs, CLC+0.50wt%
MWCNTSs, CLC+1.00wt% MWCNTSs.



Series IV: CLC+0.005wt% Ag NPs, CLC+0.01wt% Ag NPs, CLC+0.015wt% Ag NPs and
CLC+0.020wt% Ag NPs.

Series V: CLC+0.010wt% AZO, CLC+0.015wt% AZO, CLC+0.020wt% AZONPs
SUMMARY OF CHAPTERS

The thesis has been divided into six chapters. A summary of the chapters is as follows:
Chapter 1: Introduction

In this chapter, liquid crystals (with a special focus on chiral phase) have been introduced.
A brief discussion about the liquid crystalline nanoparticles and their technical applications

has been summarized. A review of the research work in this field has been presented.
Chapter I1: Experimental Methods and Characterization Techniques

The physical characteristics and phase sequence of the liquid crystals and nanoparticles
used in the present study have been added in this chapter. The methodology used for the
sample preparation and the characterization techniques used for investigating the optical
and dielectric properties of the material have been discussed. A detailed review of the
experimental techniques and brief information about the equipment used for

characterization has been also been given.
Chapter I11: Preparation of Chiral Nematic Liquid Crystal Materials

This chapter deals with the induction of chirality into the nematic liquid crystal. Our
purpose was to prepare a suitable matrix for nanoparticle doping which exhibits good
contrast, and an optimum flavor of chirality to serve as a common base material for all the
nanoparticles. With this goal in mind we optimized the chiral dopant concentration. The

criteria and procedure followed for the optimization have been discussed.

Chapter 1V: Effects of CNT Doping in Chiral Nematic Medium
Octadecylamine functionalized Single-Walled Carbon Nanotubes (SWCNT) dispersion in
induced CLC influenced the collective orientation of nematic liquid crystal molecules in

helical layers. The properties of the doped matrix were manipulated by varying dopant

9



concentration. As confirmed by polarized fluorescence spectroscopy, highly anisotropic
nature of single wall CNTs enhanced the anisotropy of the liquid crystal. The n—=n
interaction of SWCNTSs present in the planar alignment layers and chiral nematic liquid
crystal molecules affects the molecular relaxation process. We also observed and quantified

an electro-optical hysteresis of permanent nature.

We investigated the physical, optical and electro-optical behavior of the samples confined
in similar boundary conditions and doped with different concentrations of COOH
functionalized MWCNTSs. The doping of MWCNTSs altered the morphological and electro-
optic switching behaviour of the host material. The functional group restricted the CNTs
from the aggregate formation. MWCNT doping could significantly reduce the threshold
electric field for Freedericksz transition and potentially improve the ac conductivity, optical
anisotropy and dielectric properties of the material. Polarized fluorescence spectroscopy
established the anisotropic changes brought in by CNT doping with a significant increase
in absorbance of the doped samples. The early onset of Freedericksz transition also endorses
the change in switching behavior of the CLC after doping. The reorientation of the liquid
crystal director and CNTs with applied electric field was observed until the homeotropic
state was achieved. We also noted the emanation of memory in the doped samples after the
withdrawal of the electric field

Chapter V: Effects of Nanoparticles Doping in Chiral Nematic Liquid Crystals

Electrically induced Optical hysteresis and enhanced photoluminescence were observed in
the samples doped with Dodecanethiol functionalized silver nanoparticles, which virtually
vamooses at 0.020wt% dopant concentration. We have recorded an uptrend of enhancement
in emission peak intensity till 0.015wt% dopant concentration above which, we noticed a
fall in the peak intensity. We also detected a significant shift in the peak position with

dopant concentration.

Another study about the Impact of chirality on nematic liquid crystal matrix doped with
Dodecanethiol-capped silver nanoparticles (AgNPs) was also conducted. The temperature
dependent morphological behaviour was investigated by polarized optical microscopy. We

recorded a lowering of the threshold of Freedericksz transition and about a tenfold rise in
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dielectric constant with rising temperature. We also observed a pronounced surge in

photoluminescence in addition to an irreversible memory in the chiral medium.

The second part of the chapter deals with the emergence of optical hysteresis and enhanced
photoluminescence in chiral medium dispersed with functionalized Aluminum-doped ZnO
nanoparticles. We recorded a lowering of the threshold of Freedericksz transition and a
nearly tenfold rise in dielectric constant with temperature. We also observed a pronounced
surge in photoluminescence in addition to an irreversible memory in the doped chiral
medium. Optical hysteresis was recorded in the doped samples and measured with

transmission studies.

Chapter VI: Summary and Future Scope
The results of my experiments and their analysis have been summarized and inferences

drawn. The scope of further work in this field has also been suggested.
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CHAPTER-1

INTRODUCTION

Overview

A general overview of the liquid crystals and their phases with a special emphasis
on chiral phase has been given in this chapter. The influence of external stimuli
on the pitch related properties of chiral phase has been discussed. A brief
introduction of nanoparticles used as dopants in present study and their role in
changing the properties of liquid crystals has been summarized. A brief review
of their applications and the research work being done in this field has been
added.
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1.1 Liquid Crystals

Based upon the physical state of existence, matter can broadly be divided into three
categories: solid, liquid and gaseous state. But there also exist a large number of
intermediate phases having distinctly different properties known as liquid crystals [1]. Due
to weak intermolecular interactions, molecules or mesogens present in such a phase, possess
either positional or orientational order, but to quite a lower degree of organization than in
a crystalline solid and of course, to a much higher degree than in an isotropic liquid [2].
Liquid crystalline materials are much more viscous, (often turbid) as compared to ordinary
liquids [3]. Equipped with properties like viscoelasticity, high refractive index and
anisotropic dielectric constant etc., they have a great scope for their use as functional

electro-optical materials [4].

As a truly special gift from nature, liquid crystals possess smallest elastic constants and are
most birefringent among all known materials with their broadband birefringence spanning
the entire visible-infrared spectrum and beyond [5,6]. Being organic in nature, they can be
chemically synthesized and their large scale processing is possible [7]. Owing to their
ability to self-assemble into various crystalline phases and to conform to various flexible
forms and shapes in both isotropic and ordered phases, they are well- suited for almost all
optoelectronic devices [8]. They possess extraordinarily large optical nonlinearities with a
wide range of nonlinear optical phenomena been observed throughout the spectrum. Liquid
crystal elastomers are being extensively used as smart materials, such as artificial muscles,
light scattering electro-optical switches and display materials, electro-or photo-controllable
micro- or nano-machinery, electrically switchable color-tunable reflectors (mirrors) and
full-color reflective display, fine-tunable and low-threshold mirrorless lasing, etc. [9].
Moreover, easy manipulation of the orientation of liquid crystals by external perturbations
such as temperature, electric and magnetic fields, surface anchoring, light, and acoustic
waves, makes them excellent candidates for development of active devices [10]. The
inherent helicity of chiral liquid crystals has been extensively exploited in lasers. The use
of liquid crystals in lasing allows selection of emission wavelength and provides wide
spectrum tunability of the range of several nanometers. While maintaining the size of diode

lasers, liquid lasers are easy to manufacture. Due to remarkable flexibility in their structure,
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the liquid crystals have turned out to be ideal media for nanoparticle doping [11,12]. The
nanodoped liquid crystals exhibit a plethora of unique and attractive properties that offer
tremendous potential for research as well as device manufacturing well beyond the realm
of displays. There exist a large number of molecules in nature which, depending upon their
orientation type and degree of organizational behaviour, tend to form liquid crystalline
phases [13]. Liquid crystal molecules are generally moderate size organic molecules, which
are either elongated rod-like (calamitic), disc-like (discotic) or bent-core type [Fig 1.1].
Anisotropicity of shape is the key feature in all such molecules. This attribute of theirs
strongly transpires in their assembly at the macroscopic level with thus formed materials

exhibiting peculiar physical behavior.
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Fig. 1.1: Types of liquid crystal molecules (a) Calamitic (b) Discotic (c) Bent-core [14]
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Fig. 1.2: Thermally induced phase transitions of matter [15].

Some of the liquid crystals are thermotropic in nature, with their degree of orientational and

positional order depending on the temperature and so their liquid crystalline phase occurs
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within a limited temperature range between the solid and liquid phase [Fig.1. 2]. These are
solvent free and remain liquid crystalline only in a limited temperature range
(Thermotropic), however in other systems, which are solvent-solute type, the concentration
of solute decides the fate (Lyotropic).

1.2 Liquid Crystalline Phases

Liquid crystalline systems are composed of molecules having rigid and flexible parts. Hence
in addition to mobility, they possess an inherent order as well [16]. The rigidness facilitates
structural alignment while the flexibility helps mobility, thus avoiding crystallization. As
there are a large variety of mesogens available with varying order of rigidity and mobility,
many liquid crystalline phases are possible. Most liquid crystal compounds exhibit
polymorphism as more than one phase is observed in liquid crystalline state. Mesophases
are basically the sub-phases having a different amount of order in the sample. The order can
be varied by permitting the molecules to have one, two or three degrees of freedom thus
imposing order on either of the three dimensions. The nematic, smectic and, columnar phase

types possess 3, 2 and 1 translational degrees of freedom respectively.

Liquid crystals can be classified in many ways. The distinction can be made on the basis of
molecular shape (calamitic, discotic and bent-core), molecular weight, amphiphilic or non-
amphiphilic, metallic or non-metallic liquid crystals [17]. Fig.1.1 shows classification of
liquid crystals based on molecular shape and structure.

We shall limit our discussion to calamitic mesogens with thermotropic behaviour. These
can be divided into several sub-phases. The most important sub-phases are nematic (N) and
smectic (Sm). A unit vector called the ‘director’ represented as “n or —n” (both being
equivalent vectors) is used to identify the orientation of molecules in these phases. The
degree of order in a sample is quantitatively measured by the scalar order parameter (S).
The value of S lies between 0 for an isotropic and 1 for a crystalline phase. For a typical
liquid crystal, S lies in the range 0.4-0.7. The value of the order parameter decreases with
increasing temperature [Fig.1.4] as a consequence of the increased mobility and disorder
[18].
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Fig. 1.4: (a) ‘n’ represents the director and ‘0’ is the angle that the long axis of a mesogen
makes with the director (b) Order parameter (c) Effect of temperature on order parameter [14]

Both the nematic and smectic phases are briefly described as below.

1.2.1 The Nematic Phase (N): Nematic phase is the simplest possible liquid crystalline

mesophase which is least ordered among all the liquid crystal (LC) phases. When observed

through a microscope, it often appears to have minuscule threads, thus named nematic or
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thread like. The molecules in this phase can move about freely and can rotate about their

long axis, which may not be possible in other phases.

-
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Fig. 1.5: (a) Arrangement of molecules in nematic phase [7] (b) Schlieren Texture at

room temperature and 10X magnification.

In the nematic phase, the centers of mass of the molecules remain isotropically distributed,
leading to a long-range orientational order and a very short range positional order. There
exists a preferred direction defined by a unit vector n called the ‘director’, along which long
axis of most of the liquid crystal molecules point [4][Fig. 1.5a]. The molecules, exhibiting
the nematic phase, can rotate around both, their short and long molecular axes. In general,
nematic liquid crystals made of rod like molecules constitute a uniaxial medium with non-
polar symmetry. If the breadth of molecules is increased, the rotation about their long
molecular axis restricts and the phase is termed as biaxial nematic. This phase is
characterized by complete rotational and inversion symmetry about the director [19]. Owing
to their low viscosity, even weak external forces can deform them. These deformations can
be either splay or twist, or bend with K1, K2, and K3 as the elastic constants respectively.

The free energy density of distortions can be written as

F, [K1(V.n)? + K,(n.Vxn)? + = Kz(n Vxn)?]........ (1.1)

N |-
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This is the basic equation for the theoretical treatment of defects and optical textures of
nematic LCs. The solution of the above equation must yield relative minima in the free
energy for a stable distortion. The micro-level organizational properties of liquid crystals
exhibiting this phase are expressed at the macro level as optical anisotropy and
birefringence. Anisotropy in dielectric permittivity turns them sensitive to low-frequency
electric fields and they show switching behavior. Due to all these properties, this phase

finds its widespread use in optical and functional materials.

1.2.2 Smectic Phase (Sm): With molecules laid stratified in layers having positional order
along with a long-range orientational order, smectic phase is more ordered than nematic
phase. It is also differently as one needs two independent order parameters to describe a
smectic. These layers can slide past each other, thus exhibiting highly viscous behavior.
Based on the orientation and position of constituent molecules within the layer and
correlation among the layers, different smectic phases exist: denoted as SmA, SmB, SmC
etc. [Fig 1.6] When the director is perpendicular to the smectic layer, it leads to the
formation of SmA phase. In this phase the director is parallel to the layer normal but there
is no positional order within the layer. In smB mesophase, director orients perpendicular to
the smectic plane but within a layer, molecules are arranged in a network of hexagons. Upon
further cooling, the SmC phase is achieved, where molecules are tilted with respect to the
layers. The tilt angle, defined as the angle between layer normal and the director generally

increases with decreasing temperature.
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Fig. 1.6: Molecular Order in Smectic Phase of Liquid Crystals [20].

1.3 Chirality in Liquid Crystals: Chirality has always been an important topic in the field

of liquid crystals research. This is a property which gives rise to a variety of new phases
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like Cholesteric, SmC*, Blue, and TGB [21]. These phases have found extensive use in
optics, materials science, memory devices and laser manufacturing [22-24]. Naturally
occurring liquid crystals with cholesteric properties are generally cholesteric esters and are
chemically non-stable. Nematic liquid crystals, twisted by adding chiral materials or by
adding asymmetric side chain, also exhibit cholesteric phase and are relatively more stable.
The cholesteric phase is not strictly a different phase, but simply a nematic phase composed
of chiral molecules. Thermodynamically, nematic and cholesteric phase are equivalent.
Chirality affects the macroscopic arrangement of liquid crystal molecules and this, in turn
has major consequences on optical behavior of the substance. The pitch of helix is

characteristic of this phase and it depends on several factors.
1.4 New Phases After the Introduction of Chirality

1.4.1 Chiral Nematic Phase (N*): A chiral nematic liquid crystal can either be inherently
chiral or chirality can be induced in a nematic via adding some chiral dopant to it, which by
inducing helicity, enforce molecules to align at a slight angle to one another in a helical
symmetry. The molecules in each layer get twisted perpendicular to the director with their
molecular axis parallel to the director as shown in Figure 1.7. The revolution of director
results in the formation of a superhelical structure with its axis lying perpendicular to the
local director. Directional periodicity is realized along helical axis because of the uniform
magnitude of twist throughout the sample. Equipped with all such properties, the phase is
known as Chiral Nematic or Cholesteric. This phase is characterized by the pitch ‘p’,
which is defined as the distance over which the director undergoes a full 360° twist. For a
given chiral nematic mixture, the magnitude of pitch of the helix depends on various factors,
like temperature, structure and concentration of chiral medium added etc. The cholesteric
LCs are prepared by mixing the nematic LC and a chiral dopant. The concentration ‘c’ of the
chiral dopant is related to the helical twisting power ‘HTP’ and pitch ‘p’ as
c=(@HTP) Y. ............... (1.2)

Where, HTP is of the chiral dopant and p is the necessary pitch.

The cholesteric phase appears through nucleation as isotropic — cholesteric phase transition is of
the first order. The cholesteric LC with the pitch much smaller than the size of deformations

have a quasi-layered structure, like smectic phase.
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If pitch of the helix is of the order of wavelength of visible light, many useful properties
like Bragg reflection, laser emission at a lower threshold are displayed [25]. The handedness
of helical structure depends on the chiral configuration of the dopant. The isotropic —

cholesteric phase transition is of the first order, i.e., the cholesteric

If we shine circularly polarized light of wavelength comparable to pitch, along the helical
axes, it is totally reflected leaving the substance showing iridescent colour depending on
the handedness of helical superstructure and the handedness of circularly polarized light.
The reflected wavelength that is given by Ao = n p where n is the average refractive index
and p is the pitch of liquid crystal medium. The width of reflection band is AA = Anp, where
An is optical anisotropy. If we shine light with a wavelength greater than the helical pitch,
chiral medium can be treated as optically homogeneous at macroscopic level. Polarizing
microscopy is done to identify the mesophases. The type of texture seen in the microscope

depends on the phase, structure and alignment of molecules
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Fig. 1.7 Molecular arrangement in a cholesteric liquid crystal and texture.

in the sample. [Fig. 1.8] The sample can either be in homogeneous (planar) alignment
presenting itself as Grandjean Texture or in homotropic alignment, where, long axes of
molecules is aligned perpendicular to the substrate and we see complete darkness if helical
super structure is completely unwound. Although, for tilted smectic and bi-axial phases,

complete extinction does not happen. Sometimes due to anchoring conditions, a random
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distribution of helical axes takes place, which represents itself as focal conic texture. In this

case, incident light is weakly scattered in all directions.

Electro-optic Switching in Cholesteric Phase: When a square wave ac electric field is
applied normal to a chiral liquid crystal confined in the planar boundary conditions of
conducting substrates, director of chiral liquid crystal tends to align along the electric field
depending on the sign of dielectric anisotropy. A small field will switch the material from

planar to fingerprint texture, where helical axis remains parallel to the substrates [Fig. 1.8
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Fig. 1.8: (a,b,c) Schematic of the molecular arrangement in chiral nematic liquid crystals,
(d,e,f) The micro textures representing various alignments [26].

A competition between anchoring forces due to the pre-aligned cell surfaces and the elastic
forces of the medium in the presence of electric field can result in the formation of focal
conic texture [Fig. 1.8 (c,f)]. Here, helical axes corresponding to individual domains being
unevenly oriented, there is an abrupt change of refractive indices at the domain boundaries

and scattering can be seen throughout the cell [27]. Depending upon the boundary
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conditions and director orientation / helix axis orientation a further increase in applied

electric field leads to homeotropic state.

1.4.2 Chiral Smectic Phase (Sm*): As in nematics, smectic mesophases also have a chiral
state designated as Sm*. Here, director makes a tilt angle with respect to the smectic layer
normal and rotates from layer to layer forming a helix resulting in a structure that lacks

mirror symmetry. [Fig. 1.9]
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Fig. 1.9: Molecular arrangement in SmC* phase [26].

Since the molecules are lying in a layered structure, they can not be twisted within the layer.
In this case, chirality is brought in via a spontaneous twist and bend of the director field.
Bending imposes a shearing force on the molecules, due to which their electric polarization

takes place and they exhibit ferroelectric qualities while in this phase.

1.4.3 Blue Phase and TGB Phase:
The blue phases are a set of thermodynamically distinct phases that occur between the

helical phase and isotropic phase of highly chiral liquid crystals i.e., for materials with
cholesteric pitches below about one micrometer. They disappear on decreasing enantiomeric
excess. These mixtures may exhibit one or more blue phases (BP) as they are heated from
the helical phase to isotropic phase. In order of increasing temperature, blue phases are
called BPI, BPII and BPIII (leaving smectic blue phases, which are still inexplicable). These
are formed by a regular three-dimensional lattice of defects within a chiral liquid crystal.

At the highest temperature BPIII is observed, which is an amorphous phase with a local cubic
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defect structure of short correlation length. As it is normally difficult to detect via optical
microscopy, it was named as Fog phase or Blue fog.[28] It reflects circular polarized light,
which indicates a photonic structure with a helical superstructure where the reflection band is
relatively broad when compared to other Blue Phases or cholesteric phase. BPI and BPII
comprise of double twist cylinders with the director spiraling around any radius of the cylinder.
On a macroscopic scale three of the double twist cylinders arrange mutually perpendicular to
each other. Such a structure cannot fill three-dimensional space without the introduction of
defects. [Figure 1.10].
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Fig. 1.10: (a) Formation of a Blue phase (b) The structure of BPI (c) BPII [26].

Being of cubic symmetry, the Blue Phases are optically isotropic, while the colors observed in
polarizing microscopy are due to the orientations of the systems of double twist cylinders and
the different defect lattice planes observed. This phase holds vast utility for a spectrum of
applications in 3D lasers, light filters, and displays [29]. Recently, a new display mode has
been proposed, which utilizes the Kerr effect appearing in a polymer stabilized BP. These

displays have higher switching speeds and improved vision quality.

The major hindrance in their utility is narrow temperature range of existence (~1K) of BP
phase during transition from clear isotropic to liquid crystalline helical phase. Research is
being done to widen the temperature range of their existence [30-33]. These are observed

only for highly chiral materials (pitches below one micrometer) [28].
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Twist Grain Boundary (TGB) phases are formed between cholesteric and fluid smectic
phases. They occur when chirality is added to a layered phase [34]. They are a type of
frustrated phases where, blocks with smectic ordering are slightly twisted with respect to
one another, resulting in the formation of dislocations at the places between the layers in
adjoining blocks [35]. As twist distortions are not allowed in layered phases, a competition
between chirality and layered symmetry starts in such media. The existence of smectic blue
phase where, the smectic layers are not perfect planes, but appear to be rotated about a
hypothetical axis has also been reported [36,37]. The TGB phases also exist in a very narrow

temperature range only.

1.5 Response of liquid crystals to external stimuli

As discussed earlier, liquid crystalline phases belong to a state of matter, which exists only
for a limited temperature range and type of mesogens used. These phases are highly
dependent on the degree of organization and dynamic behavior of the samples. Hence, they
strongly respond to various external stimuli, such as temperature, incident radiation, electric
and magnetic fields and nature and concentration of non-mesogenic dopants added to them.
This property of liquid crystals makes them interesting as a topic of research, and potentially

useful as a functional material.

1.5.1 Effect of temperature: Most of the liquid crystals are thermotropic where the degree
of anisotropicity depends on the degree of organization of mesogens, which in turn depends
on the temperature. So, physical properties like colour, texture, transparency, birefringence,
dielectric constant, and, thermal conductivity etc., depend on temperature. Similarly,
anisotropy in thermal conductivity affects the final shape as it approbates growth in specific
directions. Optical birefringence is a vital parameter for liquid crystal devices. Liquid
crystals, being doubly refracting have two indices of refraction (extraordinary ne and
ordinary no) and they show birefringence An = ne—no. As refractive index is linearly
dependent on absolute temperature, optical birefringence is also greatly affected by changes
in temperature [38].

The order parameter, defined as the measure of the degree of orientational order in nematic

liquid crystals also depends on temperature as shown in figure 1.3 (c). This leads to the
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formation of different temperature-dependent phases. In chiral phases, the pitch plays the
lead role in deciding the optical behavior of the material. Being temperature dependent, a
variety of optical and electro-optical properties have been reported following the thermal
variation in pitch [39].

1.5.2 Effect of Electric and Magnetic Fields: Liquid crystals may possess permanent or
electrically induced dipole moment depending upon whether they consist of polar or non-
polar molecules. Because of the uniaxial anisotropy of liquid crystal molecules, value of
the dielectric constant experienced by an applied electric field depends on its direction with
respect to the director of liquid crystal medium. The difference in the values of dielectric
constants in a direction parallel and perpendicular to the director is called the dielectric
anisotropy. The dielectric anisotropy is positive (A €>0) and the molecules tend to align
parallel to the applied electric field direction if the molecular dipole moments are parallel
to the long molecular axis. The molecular alignment is perpendicular to an electric field in
case of negative anisotropy. The dielectric anisotropy leads to the anisotropy in the
susceptibility of electric field, due to which liquid crystal molecules experience a torque.
Final structure of the medium is decided by the outcome of the competition between electric
(or magnetic) field force and the elastic torques. The vulnerability of the director to electric
or magnetic field allows manipulation of optical anisotropy or birefringence, externally
[18,40].

The application of electric field, to a chiral nematic liquid crystal, with due care of its
direction of application with respect to the helical axis, can be helpful in manipulating the
pitch of the helix. This method of tuning the pitch has been used for controlling the position
of photonic band gap [41-43].

1.5.3 Effect of wavelength and intensity of incident light: When irradiated by laser light,
some special liquid crystals like dye doped, align themselves perpendicular to the direction
of polarization and remain oriented even in the absence of laser radiation. Subsequent
illumination reorients them. This property of liquid crystals finds application in optical

memories, binary and adaptive optics and molecular micro-assembly for large area displays.

40



High-intensity laser beams directed onto liquid crystals produce a reorientation of the
director molecules within the liquid crystal at a microscopic level [44]. They themselves
remain undiffracted and confined in a narrow beam, thus producing a waveguide. Use of a
liquid crystal medium prompts active control or tenability to the waveguide device [45].

1.6 Defects in Liquid Crystals: Defects are defined as local discontinuities in the symmetry
of an ordered medium. Dislocations are basic defects of media with continuous symmetries
like liquid crystals which break translational and rotational symmetries. When all the
molecules are perfectly aligned to point along a single director, then the liquid crystals are
most stable. The alignment of their anisotropic molecules gives nematics a local
orientational degree of freedom. Smectic phase, as mentioned earlier, is formed of equally
spaced fluid layers of molecules stacked one over the other forming an ordered array along
one axis with liquid crystal molecules arranged in a symmetrical pattern within the layers
[46]. Defect structures are normally formed due to the external perturbations. The direction
of the liquid crystal director can abruptly change at any place within the sample. At such
places, the director is said to be undefined, and a disclination is formed. Liquid crystals
allow topological defects as do all the materials with broken symmetry. These are regions
where discontinuity is forced by the topological behavior of the configuration outside of
them. As these defects, cannot be removed by an entirely local perturbation within the
sample so they are considered stable. They must be either moved out to the boundary of the
sample or merged into other such defects within the sample. Frank free energy of the liquid
crystal (section 1.2.1) must be calculated to know the stability of a disclination.

1.7 Classification and Applications of Nanomaterials

The materials where at least one dimension is less than approximately 100 nanometers are
defined as nanoscale substances. As per Siegel [47], nanomaterials are classified as zero-
dimensional (spheres and clusters), one-dimensional (wires, and rods) two-dimensional
(thin films, plates, and networks) and three-dimensional nanomaterials.

They have structural features and properties different from bulk materials. Owing to their
nanometer size they have (i) a larger fraction of surface atoms and hence high surface
energy; (ii) spatial confinement and reduced imperfections, which are absent in the

corresponding bulk materials. (iii) Higher chemical reactivity due to large surface area to
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volume ratio (iv) Quantum effects, which play a decisive role in determining material’s
properties and characteristics, are also prominent at nanoscale. Nanomaterials show gross
changes in electro-optical, optical and magnetic behavior which lead to several useful
properties from the application point of view. For example, metallic nanoparticles are very
active catalysts. Chemical sensors using nanomaterials have enhanced sensitivity and
selectivity. Lasers and light emitting diodes (LED) from both: quantum dots and quantum
wires are very promising indeed. High-density information storage using quantum dot
devices is also an upcoming field. A lesser number of imperfections give enhanced chemical
stability and better mechanical properties of nanomaterials e.g., in carbon nanotubes [48].

The optical properties of nanomaterials strongly depend on their size, shape, anisotropy and
surface conditions. Factors like doping and presence of other particles in the surrounding
environment also affect their properties. Applications based on optical properties of
nanomaterials include optical detectors, lasers, sensors, display devices and solar cells [49].
They are also finding their use in the fields of photoelectrochemistry and biomedicine [50].
Nanomaterials are already in commercial use with a wide range of available products which
include cosmetics, sunscreens, electronics, paints and, stain-resistant and wrinkle-free
textiles. Nano-coatings and nanocomposites are being used in windows, sports equipment,
bicycles and, automobiles. To protect beverages from damage by sunlight, the glass bottles
are now available with UV-block coatings. Butyl rubber/nano-clay composites are used to
make tougher tennis balls. Nanoscale titanium dioxide, for instance, is used in cosmetics,
sunblock creams, and self-cleaning windows. Nanoscale silica is commercially used as a
filler in cosmetics and dental fillings.

We, in the present study, have used single walled carbon nanotubes (SWCNTSs) and
multiwalled carbon nanotubes (MWCNTS) as dopants in CLC matrix. Carbon nanotubes
(CNTSs) are hollow cylinders of carbon atoms with hexagonal carbon rings forming the
walls. They are usually formed in large bundles. While SWCNTSs have only one single layer
of graphene cylinders; the MWCNTSs are multilayered (approximately 50 layers) [Figure
1.11] [51,52]. They can be further classified as an armchair, zigzag, and chiral depending

upon the shape of their unit cell as shown in [Figure 1.12]

42



@ Armchair
@ Zig-zag
@ chiral

s

0.5to 1.5nm ' >100nm

Fig. 1.11: (a) Schematic of SWCNTs and MWCNTSs [53] (b) Different types of arrangement of
carbon atoms in CNTs [54].

CNTs can behave either as a metal or a semiconductor depending upon the symmetry and
the way they “wind up.” Carbon Nanotubes have exceptional mechanical and electrical
properties. Despite having a diameter as small as 50,000 times thinner than a human hair,
they are stronger than steel per unit weight. Although they have high aspect ratio yet they
possess high tensile strength of the order of 200 Giga pascals.

Various methods have been used by researchers for the growth of CNTSs e.g., arc discharge,
laser ablation, and chemical vapor deposition (CVD) [55]. The best technique is expected
to deliver uniformity in length and width of the CNTs. CVD is considered as the best
technique to synthesize CNTs as with this techniqgue CNTs can be produced at relatively
low temperatures and their size can be controlled by varying the size of catalyst particles.
Owing to their small size, high aspect ratio and, smooth surface, nanotubes find their use
for energy storage. MWCNTSs are nowadays considered as a superior replacement of
electrically conductive carbon blacks in electrically conductive ink for printable circuits,
wind power generators, aircraft, automotive and electronic industries. Due to their low
density and high mechanical strength, CNT-reinforced thermoplastics are used in almost
every sports item and automotive industry, where a low weight material is required to save
energy as a replacement to metals [56].

We have also used silver nanoparticles and 6% aluminum doped Zinc oxide nanoparticles
(AZO) as dopants in CLC. Silver nanoparticles (AgNPs) have been a subject of great
interest among scientists due to their remarkable electrical and chemical properties such as
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good conductivity, catalytic and anti- bacterial effect [57]. Moreover, a successful use of
AgNPs in modification and preparation of materials with improved properties for
application in fields like clothing and semiconductors has also been reported [58,59]. The
silver nanoparticles show an efficient uptake into macrophages as compared to gold
nanoparticles [60]. Moreover, they are much cheaper than gold nanoparticles.

Zinc oxide is an intrinsic n-type semiconductor having several remarkable properties like
good transparency [61], high electron mobility 2000 cm?/(Vs) at 80 K [62] and strong room-
temperature luminescence [63,64]. The most important characteristic is its wide band gap
~3.37 eV in the ultraviolet (UV) region and Zn and O stacked in alternate layers which
make ZnO a suitable candidate for UV light lasers and detectors functioning in the range of
368-390 nm [62]. Due to a large number of extrinsic and intrinsic deep-level impurities and
clusters, ZnO emits all constituents of white light [65]. The ZnO doped liquid crystals are
nowadays being used in transparent electrodes for liquid crystal displays, energy saving and
heat protecting windows, thin film transistors and, light emitting diodes (LED). Elements
like Al, In, Ga, etc. act as donors in ZnO lattice and further widen band gap thus improving
electrical and optical properties of ZnO [66]. Al-doped ZnO has been reported to be useful
in the fabrication of optoelectronics devices and detectors [67,68].

1.8 Functionalized Nanoparticles

Owing to the unique properties and easy organization of nanoparticles into more complex
systems, they need to be incorporated into some organized systems to make an optimum
use of their potential. Among all the active mediums, liquid crystals stand out from the rest
because of their large birefringence on refractive index, low threshold on transition among
different states, and versatile driven methods to cause transitions [69]. The intrinsic order,
mobility and sensitivity of liquid crystals to external stimuli make them most suitable
candidates for nanoparticle organization and their subsequent use as advanced functional
materials [70].

To reduce interparticle interactions and make them adapt the liquid crystalline phase, we
need to either cap the nanoparticles with some suitable capping agent or make a dilution by
adding some solvent. The method of choice is to attach a suitable group to the nanoparticle
so that the self-assembling and phase forming properties of the attached group may be

passed on to the final product. While in the case of nanoparticles with high aspect ratio,
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formation of liquid crystal phases is facilitated by their inherent shape [71], we need to
enhance the anisotropy of [72] quasi-spherical NPs by attaching ligands which force them
to self-assemble in an ordered structure. The attached functional groups should be able to
provide enough flexibility and mobility to the NPs to get themselves well-adjusted into the
ordered phase and still maintain a fluid state.

Functionalized nanoparticles e.g., silver nanoparticles capped with dodecanethiol [73], ZnO

capped with octadecylamine (ODA) are the materials made for a variety of potential

applications.
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Fig.1.2: Functionalized silver nanoparticles
Combined with the supramolecular ordering and defect tolerance of LC phases and the
pronounced, size related properties of NPs, functionalized nanoparticles promise a bright
future for their use in the production of novel materials with structural and functional
versatility [74]. With the unfolding of new physical properties, they have strongly emerged
as a promising medium for the fabrication of high-density recording media [75,76], charge-
transport devices [77] nanoscale Plasmon waveguides [35] and metamaterials or negative

refractive index materials with unusual optical properties [78].
1.9 Doping of nanoparticles in Liquid crystals

The characteristics of doped LCs are determined by the type of nanoparticles used as guest
dopants. Generally, four main kinds of nanoparticles are doped in LC materials, such as
conductive, inorganic, ferroelectric nanoparticles and carbon nanotubes (CNTs). The Nano-
doped LCs display many special features such as induced vertical alignment, faster electro-
optical switching, frequency modulation and, enhancement of dielectric anisotropy and
birefringence. Different composite media with functionalized metallic or semiconductor

nanoparticles doped in liquid crystals have been studied by researchers for their optical and
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electro-optic properties [79][80]. Depending on the type of functionalization and
concentration of nanoparticles, anchoring conditions and, external stimulants, significant
differences in the observed parameters have been recorded. The inherent flexibility of liquid
crystals, combined with size and shape-dependent properties of nanoscale particles brings

in the much-needed versatility in fabrication of functional materials.

The integration of liquid crystals with functionalized nanoparticles has paved way for the
development of new active materials and devices with enhanced performance. Surface
plasmonics combined with advanced nanofabrication techniques have found their vast
application in the fields of super-resolution imaging [81-85] optical cloaking [86-88] and
energy harvesting [89-93]. Being organic in nature, chemical synthesis and large scale
processing of liquid crystals are possible. Moreover, they show compatibility with most of
the technologically important optoelectronic materials. Based on these observations, a lot
of research work is being done. Their sensitivity towards external stimuli like temperature,
electric and magnetic fields, light, and acoustic waves makes them suitable for the
development of active Nanophotonics.
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CHAPTER -1l

EXPERIMENTAL METHODS AND CHARACTERIZATION TECHNIQUES

Overview

The selection of liquid crystals and nanoparticles (used as dopants), their properties,
preparation of doped samples with desired concentration of dopant and the procedure
followed to ensure a homogeneous mixing of nanoparticles into liquid crystals have been
included in this chapter. The experimental setup and methodology used for fabricating
liquid crystal cells and filling of doped liquid crystal samples in them have been thoroughly
explained. Details of the procedure adopted for functionalization of nanoparticles have also
been given. An appraisal of the role of polarizing optical microscope in deciphering the
phase changes after induction of nanoparticles has also been appended. Other
characterization techniques employed for the analysis of nanoparticles and doped samples,
like Transmission electron microscopy (TEM), Fourier transform infrared (FTIR)
Spectroscopy, Fluorescence Spectrophotometry (PL), dielectric spectroscopy, and Abbe’s

refractometer have also been reviewed.
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2.1 Selection of Materials

Nowadays, synthesis of new liquid crystal materials, exploration of suitable dopants and
capping materials for them has become essential for their enhanced applicability in electro-
optical and display devices like light modulators, optical switches, detectors, sensors and
large area displays having high contrast [1-10]. Keeping this fact in mind we found it
pertinent to dope nanoparticles in a nematic liquid crystal in which chirality had been pre-
induced by adding known percentage of chiral molecules. With this conation, we selected
ZL1 4151 (commercial name), a nematic mixture, provided by M/s E. Merck, UK, with a
positive dielectric anisotropy. Its phase sequence and other properties are enlisted in the
table below.

Table 2.1 Data sheet of Nematic Liquid Crystal Mixture ZL1 4151 [11].

1. | Commercial name ZL14151 000, Merck Ltd. UK.

2. | N=I Transition temp. 99°C

3. | Dielectric anisotropy Ae = +10.6 (e = 15.0, e1 = 4.4)

4. | Elastic constants ki=1.15x 101N, ka/ki= 1.62, k3/k2 = 2.90
5. | Optical anisotropy An =+ 0.15 (no = 1.51 and ne = 1.66)

Chirality was induced in this nematic mixture by adding an optimum amount of chiral
dopant, CB15 (commercial name), also obtained from Merck Co. Ltd. Darmstadt, Germany.
The properties of CB15 are tabulated below in Table 2.2.
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Table 2.2 Phase Sequence and Molecular Structure of Chiral Liquid Crystal [12].

1. Commercial name CB15, Merck Ltd. Darmstadt, Germany
2. Molecular structure o
(]
2
3. Molecular formula CisH1oN
4, Density 1.02 g/cm?
5. Molecular weight 249.35
6. Refractive Index 1.567
7. Flash Point 190.1°C
8. Phase sequence 4°C -54°C -30°C
Crystal = SmA = N* = Isotropic

Doping of nematic liquid crystals with small amounts of nanoparticles can significantly
alter their electro-optic response [13-16]. To accomplish enhancement in optical and
electrooptical properties and to study effects of dopant concentration on the CLC matrix,
there was a need to select nanoparticles of various sizes having good optical properties. The

following nanoparticles and nanotubes were used as dopants in the CLC.

1. ODA (Octadecylamine) functionalized SWCNTSs.

2. COOH (carboxyl group) functionalized MWCNTSs.

3. DDT (Dodecanethiol) functionalized silver nanoparticles (AGNPS).

4. ODA functionalized 6% Aluminum-doped Zinc Oxide nanoparticles (AZO).

The properties of dopant nanoparticles are summarized as follows
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Table 2.3 Physical properties and Molecular Structure of ODA functionalized SWCNTSs
[17].

Dopant name ODA functionalized SWCNTs (Sigma-Aldrich)
1. Diameter 2-10 nm
2. Length 0.5-2um
3. Purity 98% (Aldrich)
4. Structure o Nog crmicons

Table 2.4 Physical parameters and structure of COOH functionalized MWCNTSs [17].

Dopant name COOH functionalized MWCNTSs (Sigma-Aldrich)
1. Diameter 110-170 nm
2. Length 5-9um
3. Purity 97% (Aldrich)
4. Structure

S7



Table 2.5 Physical parameters of DDT functionalized AgNPs [17].

Dopant name Dodecanethiol (DDT) functionalized silver

nanoparticles [0.1% (w/v) in hexane] (Sigma Aldrich)

1. Size 5-15nm
2. Purity 98% (Aldrich)
3. Density 0.672g/mL at 25°C

Table 2.6 Physical parameters of ODA functionalized AZO NPs [18].

Dopant name Octadecylamine functionalised 6% Aluminium doped
ZnO (AZO) nanoparticles (Sigma-Aldrich)

1. Size < 50nm

2. Purity 97% (Aldrich)

2.2 Cell Fabrication and Sample Preparation

The antiparallel aligned liquid crystal cells of thickness 5 um were obtained from Linkam
Scientific Instruments (UK). The liquid crystal cell is constructed from glass slides coated

with indium tin oxide (ITO) on one side of both the slides.
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Polyimide (PI) Coating

Spacer

Indium Tin Oxide (1ITO)
Coating

Glass Substrate

Fig. 2.1 Schematic of a Liquid Crystal Sample Cell [19].

These transparent glass plates having a resistivity of nearly 200 ohm-m are pre-treated with
Polyimide and rubbed in anti-parallel direction.

CHIRAL + NEMATIC
LIQUID CRYSTALS

HOMOGENEOUS MIXING OF
NANOPARTICLES

CAPILLARY ACTION

SANDWICH BETWEEN TWO CONDUCTING
SUBSTRATES (5um thickness using Mylar
spacers)

ELECTRICAL CONNECTIONS
FOR ELECTRO-OPTIC STUDIES

OPTOELECTRONIC MORPHOLOGICAL
STUDIES STUDIES

Fig. 2.2 Methodology Followed for the Experimental Work

Thin spacers are used to maintain uniform thickness between the two slides, which are

placed one upon the other with their ITO coated sides facing each other. The cell is then
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sealed from two sides using optical adhesive and is subsequently filled with liquid crystal
composites by capillary action. Electrical connections to the conducting indium tin oxide
coated glass substrates were applied using indium solder to comprehend the electro-optic
and dielectric responses of the liquid crystal cell.

Carbon nanotubes and nanoparticles were functionalized before dispersing them in CLC to
avoid agglomeration and ensure their uniform dispersal. The nanoparticles doped chiral
nematic liquid crystal composites were prepared by dispersing appropriate weight
percentage of functionalized nanoparticles into the chiral nematic mixture, followed by
ultrasonication for about one hour. The methodology has also been depicted in the flow
chart above [Fig. 2.2].

2.3. Sample Characterization Techniques

2.3.1. Polarizing Optical Microscopy (POM): Liquid crystals being birefringent materials
strongly interact with polarized light [20]. The inherent anisotropy of their molecules makes
them ideal for polarizing microscopy. We have successfully recorded the variations in pitch,
phase, color, contrast, isotropic temperature and electro-optic response of the doped CLC
samples with the help of transmission optical microscope using polarized light on the liquid
crystal sample confined between two indium tin oxide coated plates. We could study all the
important parameters and phenomena like the threshold for the Freedericksz transition,
electro-convection, defect structures and agglomeration of nanoparticles etc. with varying
temperature, electric field, and/or dopant concentration. Typical LC phases like Nematic,
Cholesteric and textures like Planar, Grandjean, Fingerprint, Homeotropic, and Focal Conic

etc. were also visualized.

The pitch of the cholesteric samples is extremely sensitive to the changes in temperature
and other external stimuli [21]. These perturbations can be very minutely observed with the
help of POM. In nanoparticles doped CLC samples, where there is a possibility of
comportment of many phases, POM helps in identifying them. Liquid crystals being soft
crystals, sometimes do not retrieve their original phase after the removal of applied
provocations [22]. In such cases, induced memory can be measured by carrying out

transmission studies with a photomultiplier tube attached with POM.
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Coupled with other investigations like fluorescence spectroscopy (PL) and dielectric
spectroscopy, present day POMs equipped with temperature controller and hot stage is
indispensable for liquid crystal research. While differential scanning calorimetery (DSC)
provides information about phase transition temperatures and the order of transition,
polarizing microscopy provides additional information about the phase type from
characteristic textures and defect structures. In the field of medicine, birefringence is used

as an effective diagnostic tool with the help of polarizing optical microscope [23].

Instrumentation and the Principle of working: As shown in Fig. 2.3, the microscope must
be equipped with a polarizer and an analyzer placed in the optical pathway somewhere

before the specimen and the objective respectively.

CAMERA

CAMERA ADAPTER

EXTENSION TUBE

OCULAR

EYEPECE TUDE

ANALYZER

MAIN FOCUS KNOS
MAIN BOOY TUBE

OBJECTIVES

STAGE

SUBSTAGE CONDENSER

- CONDENSER CENTERING
— THUMS SCREWS
~ POLARIZER

REFLECTYED LIGHT BASE

POLARIZER

P
FIELD LENS
BASE WITH BUILTIN
ILLUMINATION

Fig. 2.3 (a) Schematic of optical polarizing microscope [24] (b) Carl Zeiss Scope Al.

To study the morphology of a specimen, light from an incandescent source is made to pass
through a polarizer. The polarized light then passes through a prism that splits it into
components, having separation equal to the resolution of the objective lens. The beams go
to the specimen after passing through a condenser. In a region of the specimen, where
adjacent regions differ in refractive index, the two beams get out of phase with respect to
each other. The interaction of plane-polarized light with a birefringent specimen produces
two wave components, both polarized in mutually perpendicular planes. The speeds of these
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components, being a function of the direction of propagation of light through the specimen,
are different. After passing through the specimen, the light components become out of phase
with each other and interfere constructively or destructively as they pass through the
analyzer. The optical path difference between the fast and slow directions is defined as [25]

Optical path difference = An.t..................{2.1}

Where An is a measure of birefringence and t is the thickness of the sample. The

corresponding phase difference is given by
6 =21 [(An.t)/A].cceeininniniann.. {2.2}

Where, A is the wavelength of light. Differences in brightness be a result of differences in
refractive index or thickness of the specimen.

2.3.2 Fluorescence Spectroscopy: Fluorescence Spectroscopy or Spectro fluorometry is the
analysis of fluorescence from the sample. When a high-intensity light from a UV-Visible
light (200-900 nm) source is used to excite the molecules in a sample, we get fluorescence.
Electrons bound in molecules of chemical compounds get excited by absorbing energy from
the radiation incident on them. The absorbed energy either appears in the form of an increase
in their vibrational energy or they can make a transition between allowed electronic energy
states. This value of required energy is discrete and characteristic of the molecules. If
conditions permit, the molecules can fall back to any of the vibrational levels of the ground
state accompanied by emission of energy. In a normal case, emitted energy is always less
than the excitation energy as some of the absorbed energy is lost as heat or vibrational
energy. This causes a difference in emitted and the excitation wavelengths known as the
Stokes’s shift [26].

When the absorption is in infrared, visible or ultraviolet regions, excitation of the outermost
electrons of the molecule takes place. Subsequent emission of light in such cases is called
photoluminescence. Molecules, which get excited by the absorption of light, dissipate their
energy through re-emission, reaction or decomposition. The efficiency of occurrence of
these processes to take place is called the quantum efficiency (<1) and in case of
photoluminescence it can be defined as [27]
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No.of photons emittd

Qp = — AL (2.3}

No.of photons absorbed

Excited molecules can jump to any of the vibrational sublevels of a higher electronic energy
state. Since the absorbed energy is discrete in form, so this should show up as series of

distinct absorption bands. But for most of the compounds, the absorption spectra are broad.

After reaching higher vibrational levels of an excited state, excess vibrational energy is
rapidly lost by the molecule through collision and it descends to the lowest vibrational level
of the excited state. From there, most of the molecules occupying an electronic state higher
than the second, undergo internal conversion and pass to a higher vibrational level of a
lower excited state having the same energy. The molecules, in the process of returning to
any of the vibrational levels of the ground state, again make a transition and lose energy
until the lowest vibrational level of the first excited state is reached. From there, they fall

back to the vibrational levels of ground state, emitting fluorescence.

For a given excitation wavelength, a plot of the intensity of emission against wavelength is
known as the emission spectrum. Emission from the sample plotted against a range of

wavelengths of exciting light is known as the excitation spectrum.

The fraction of light (I/1o) absorbed out of a parallel beam by a sample having a
concentration of absorbing molecules ‘c’, is given by the Beer-Lambert Law. The

absorbance or the optical density of the sample is given by

logloi =Ecl.icoiiiiiiiiin, {2.4}

Where, E is the molar extinction coefficient, ‘c’ the concentration in g moles/L™?, and [ is
the path length of the sample. The intensity of light emitted as photoluminescence of weakly

absorbing samples is described by
P == (pElo(ZSOS ECl) ............... {25}

Where, ¢y is the quantum efficiency and lo is the incident radiant power [28].
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Instrumentation: The main parts of a fluorescence spectrophotometer are; An excitation
source, sample cell, and the detector [Fig. 2.4]. We used Model-Agilent Carry Eclipse
G9800A for recording and analysis of fluorescence spectra of the samples. Its main features
are discussed below [29].

Excitation Source: A pulsed xenon source was used as the source of exciting light. The
pulsed source was preferred over the continuous one as it has been reported earlier [26] that
it effectively minimizes the problem of photobleaching. It produces 10-usec pulses of
radiation every 16 msec. Its low voltage (9.9 watts) operation results in minimal heat and
ozone dissipation and longer lamp life.

Excitation and Emission slit: The width of the slits is expressed in units of bandpass
(wavelength) or millimeters. It needs to be adjusted, as for weakly fluorescing samples, the
bandpass must be increased to collect more light and for highly fluorescent samples a
narrow band pass is recommended. In our setup, slits can be adjusted bilaterally and
continuously from the computer which ensures maximum resolution and instant
reproducibility. Depending upon the signal strength, the bandpass width can be varied from
0-30nm.

Fluorescence Detector: The photomultiplier tube detector gated for an 80-msec period in

fluorescence mode is in perfect synchronization with the lifetime of the pulse.

Excitation Sample
Source 8 ponochromator Cell

St m—p—

Emizsion
Manachromator

¥

Recorder |e—{ Amplifier

Detector

F 1

Fig. 2.4 (a) Scheme of Spectrophotometer (b) View of Fluorescence Spectrophotometer

(G9800A Carry Eclipse) used for sample analysis.
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Gratings: The wavelength drive scans the grating at a very high speed (=200 nm/s). To
ensure maximum light in the UV-visible region, plane and ruled gratings have blazed
grooves. The plane gratings are preferred over the concave holographic gratings as they
have better polarization performance and adequate imaging during scans.

Excitation Monochromator: The function of the monochromator is to allow only a selected
wavelength of light out of a wide spectrum incident on it. The aspheric design of the
monochromator ensures that the image diffracted by the grating fits through the slit, even

when fluorescence from extremely small sample volumes is to be measured.

The working in room light is possible with this instrument as a phototube dark current is
acquired before the onset of each lamp pulse. The excitation and the fluorescence spectrum

are plotted by scanning the excitation and the fluorescence monochromators respectively.

2.3.3. FTIR Spectroscopy: To ensure a uniform dispersal and avoid the agglomeration of
nanoparticles, we have functionalized the nanoparticles and nanotubes before dispersing
them into the CLC matrix. The attachment of desired functional group was confirmed
through Fourier transform infrared spectroscopy. The spectra were studied using infrared
spectrophotometer [Model-Perkin Elmer BX—II; Waltham, MA, USA]

< /]

\

Light Source \ ] E " | ‘\
Beam | 3 . 1 FIIR,

Splitter
P! Recombined -+ ((’I/m’ﬂ'-l)?@o ¥

Beam Moving Mirror
Sample .

:

Detector

Stationary Mirror

Split Beam

Delayed ‘
Split Beam | |
:

Fig. 2.5 (a) Scheme of FTIR Spectrophotometer [31] (b) View of FTIR

Spectrophotometer (Perkin Elmer BX-I1) used for sample analysis.

Instrumentation: Following are the essential components of the FTIR Spectroscope [30].
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The Source: Infrared radiation from an incandescent blackbody source in the form of a beam

passes through an aperture which regulates the amount of energy falling on the specimen.
The Slit: Allows an optimum amount of light to fall on the sample at a given time.

The Interferometer: The light from the sample passes through a beam splitter, one of the
beams gets reflected from a fixed flat mirror while the other at right angles to the first, gets
reflected from another mirror which can translate through a small distance to and from the
beam splitter. The two reflected beams on their way back, interfere at the beamsplitter and
due to the difference in the path traversed by them, constructive and destructive interference

takes place. The signal which we receive as the outcome is called an interferogram.

Absorption by the sample: The recombined beam passes through the sample. The sample
absorbs all the wavelengths characteristic of its spectrum. Thus, specific wavelengths go

missing in the interferogram.

The Detector: The specially designed detector reads interferogram by comparing the signals
from the sample and the reference. Energy versus time graph is plotted for all the
wavelengths simultaneously. The digitized signal is sent to a computer where the Fourier

transformation takes place. The final infrared spectrum is then available for interpretation.

2.3.4 Measurement of Refractive Index: The speed of light in vacuum is maximum and
constant, but while propagating through other media it is absorbed and subsequently re-emitted
by the atoms of the medium and gets slower. The quotient of the speed of light in a vacuum to

its speed in a material medium is denoted as the refractive index of the medium.

Uniaxial liquid crystals being birefringent, possess two indices of refraction. One corresponding
to light polarized along the LC director, and other to the light polarized perpendicular to the
director. Let us suppose that the director lies perpendicular to the direction of propagation of the
light, and each of the electric and magnetic components is made up of two more components,
one parallel and the other perpendicular to the director of the crystal. Due to the property of
birefringence, the two components of either the electric or the magnetic field will propagate
through the liquid crystal at different speeds and therefore, possibly be out of phase when they

exit the liquid crystal medium.
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Birefringence presents itself in a different manner in chiral nematic liquid crystals because
of the strong twisting of non-polar molecules. Light of different colors gets modified
depending on the length of the pitch and the wavelength of light used. Very different
behaviour is observed below and above the Maugin limit, away and near the selective
reflection band. The modification of light after reflection also depends on helical
distortions, boundary conditions and number of pitches in the cell etc. If the helical structure
is aligned with the direction of propagation of incident light, circularly polarized light will
travel through the crystal at different speeds depending on the sense of rotation of

polarization around the axis of propagation. This is called circular birefringence.

This depends on one’s definition of left and right circular polarized light (looking at the
source or looking in direction of light propagation; So, its polarization will rotate faster
with respect to the other component's polarization. When the two components emerge out
of the helix, their polarizations will again rotate at the same rate and light will again be
linearly polarized. But since one of the rotations got ahead of the other, light will now be
linearly polarized along a different angle. The value of the new angle depends on the phase
difference among two components, which further depends on thickness of the liquid crystal
sample. This effect called, ‘optical activity’, measures change in polarization angle per unit

thickness and thoroughly depends on wavelength of light.

The refractive index is determined in several ways. The commonly used refractometers can
either be spectrometric systems or critical angle systems. In case of the spectrometric
system, knowledge of the angle of prism and the angle of deviation is vital. For such a
system with prism angle A, angle of deviation D (corresponding to a wavelength), refractive
index of the prism ‘n’ w.r.t air is given by

sin%(A+D)

M= — i {2.6}

sin%A
The other type of systems use the critical angle condition, i.e., the angle at which total
internal reflection commences. Refractometers having this system are preferred because of

the following advantages.
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Fig. 2.6 (a) Schematic of refractometer [32] (b) Dark and bright regions at the

crosswires (c) View of Abbe’s refractometer (WAY -2S digital) used for sample analysis

The problem of measuring the angle of sample prism is avoided.

The recognition of boundary of the critical angle completely specifies the angle of

incidence.
Any sample, liquid, solid, colored or opaque can be used as a specimen.

The only disadvantage of critical angle systems is that only skin refractive index is

measured with them, which may be different from the refractive index of the bulk.

One of such techniques is the Abbe’s refractometer designed by Ernst Abbe in 1869. In this
instrument, specimen is sandwiched between two prisms. The top prism is called the measuring
(refracting) prism and bottom one, the illuminating prism. Light falling on the sample from the
illuminating prism gets refracted through critical angle at the bottom surface of the measuring
prism. A telescope is used to detect the refracted light [Fig 2.6(a)]. For measuring the refractive
index of a material, angle of incidence is varied by rotating the prisms with a layer of sample
sandwiched between them till the total internal reflection takes place at the sample-prism
interface and the incident ray is reflected through the sample. Here, the telescope cannot receive
the refracted ray and we see a dark spot in the field of view of the telescope. The angle of rotation

of the prisms is adjusted to set the angle of incidence equal to the critical angle of the liquid
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sample so that the rays graze past the sample without being collected by the telescope. The
dividing line between dark and light regions is made sharper by focusing the telescope. We can
see two equal portions of dark and bright spots above and below an ‘X’ shaped cross wire fitted
in the eyepiece which serves as a reference for reading the refractive index values [Fig 2.6 (b)].
As the value of critical angle is different for different liquids so we need to rotate the prisms to
a different angle for every liquid. To fulfill the condition for measurement of critical angle,
refractive index of the sample should be smaller (1.3 to 1.7) than that of the refracting prism.
Using the angle of rotation of prism, a calibrated scale which displays the refractive index

directly has been provided with the refractometer.

2.3.5. Dielectric Relaxation Spectroscopy: Dielectric relaxation spectroscopy is a useful
guantitative investigation for studying molecular structure and dynamics of the
thermotropic liquid crystal systems. This technique gives us an insight into the molecular
dynamics of various LC cell configurations. It is a well-known tool to investigate dipolar
ordering and dynamics of collective and non-collective molecular processes in liquid
crystals, which exhibit several versatile phases. The use of this technique in the present
study for the investigation of chiral media, where many pitch dependent phase variations

are possible, seems justified.

The dielectric material increases the storage capacity of the capacitor by neutralizing
charges at the electrodes, which ordinarily would contribute to the external field. If a DC
voltage source V is placed across a dielectric filled parallel plate capacitor, its capacitance
C is related to the dielectric constant €, as

C=Cp€Epeeevvrrnnn... (2.7}

Where, ‘c, = 2’ is the capacitance of the parallel plate capacitor of thickness d, area of

plates A, with vacuum as a medium between its plates.

If a sinusoidal AC voltage source ‘V’ is placed across the same capacitor with a dielectric
medium between the plates, the resulting current will comprise of a charging current Ic and
a loss current 1, that is related to the dielectric constant. The complex dielectric constant
€, of the medium now consists of a real part €, which represents the storage and an

imaginary part €, which represents the loss. €, includes both: the loss due to the dielectric
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as well as the loss due to conductivity and is always greater than zero. It is normally much
smaller than the real part.

In our experiments, dielectric measurements were taken using Fluke Impedance analyzer
[Fig. 2.9] in the frequency range 50 Hz to 1 MHz using COMPVIEW software. The
temperature of the sample was varied and maintained by a computer controlled temperature
controller (THMS 2028) and Linkam hot stage (T-95 HS). Experiments were carried out in
the temperature range 30°C to 120°C. The effect of DC field was also studied by applying
DC voltage from an inbuilt source.

Fig. 2.8: View of the LCR Bridge used for dielectric analysis.

In molecular liquids, the structural units causing relaxation are molecular dipoles.
Whenever the director reorientation in liquid crystals is caused by the dielectric effect, we
speak of the Freedericksz transition [33]. Liquid crystals consist of either polar or non-polar
molecules and can possess either permanent or induced dipole moment along or across the
long molecular axis. The permanent electric dipoles are much stronger than induced electric
dipoles. The applied electric field E (V/m) causes dielectric displacement D (C/m?) given

as

E=D/c .. 2.8}
Where, € (F/m) is the dielectric permittivity and is defined as the material's ability to
transmit an electric field. The induced polarization, P is related to applied electric field E

as
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P=€E—€E=D—€yE=6y XE e vocvvrenere. 12,9}

Where, the electric susceptibility ‘y’ is the constant of proportionality between P and E and,
g0 = 1/Co po = 8.85 x 10 12 (F/m) is the permittivity of free space. The electric Displacement

D can be expressed as

D=P+E E=60E E.... vvvveeve v {2.10}

Where, the relative permittivity €, = Ei = 1+ y isconstant of proportionality between D
0

and E.

At the microscopic level, several dielectric mechanisms contribute to the dielectric
behaviour. The origin of polarization of a composite material can be (a) Electronic, (b)
Atomic or, (c) Orientational. For such materials, interfacial polarization can also be present
at very low frequencies due to the difference in conductivity of various coexisting phases.
Orientation polarization results from a permanent dipole, e.qg., that arising from asymmetric
bonds, which retain polarization even in the absence of an external electric field. Dipolar
orientation interacts strongly at microwave frequencies and is quite lossy. Atomic and
electronic mechanisms are relatively weak, and usually constant over the microwave region.
Each dielectric mechanism has a characteristic “cut off frequency.” As the frequency
increases, the slow mechanisms drop out in turn, leaving the faster ones to contribute to €,
[Fig. 2.7]. The loss factor (€,) will correspondingly peak at each critical frequency. The
magnitude and “cut off frequency” of each mechanism is unique for different materials.
The macroscopic polarization builds up from assembly of these dipoles. If N is the particle
density, ‘a’ the electronic Polarizability, ‘Eo’ the orientational electric field, ‘Ej the
averaged internal field, ‘n’ the dipole Moment, then electronic (P.) and orientational (Py)
polarizations are defined as

P.=NoaEj, and Py = [(Np2)/3KT] Eo

The induced polarization is the sum of polarizations from above processes and can be

defined as

Pind:Pa'l'Pu:szE .................. {211}
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Figure 2.7: Frequency response of dipolar mechanisms [34].

The time required for each type of polarization to reach an equilibrium level varies with the

nature and type of polarization of the molecules.

PM)=€g g ()E ®)eeeveerenn.. {2.12}

It was observed that orientation polarization requires more time than electronic and atomic
polarization to reach its static field value. Therefore, the orientational polarization decreases
with increase in frequency while the interfacial polarization generally occurs at much lower
frequencies. For anisotropic molecules, Wilhelm Maier and Gerhard Meier calculated two

principal dielectric permittivity components €,and €. (Maier-Meier equation) [35]
AES= E||—€_|_ ................ {213}

This gives the static dielectric anisotropy for rod-like molecules. The value is positive for
strong longitudinal dipoles and negative for strong transversal dipoles. Frequency

dependence of Polarization leads to the frequency dependence of permittivity [36]
P(w)=¢e y(0) E(n)=¢ (o) E (0) ¢ E (®).......... {2.14}
Such that static permittivity is the limit of ¢ () as ® — 0
€y =€ = ‘lul_r% €(w)
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€w= lim €(w) — n?(High frequency limit)
w—00

The dielectric strength of the medium is defined as Ae=€g—€,,.

2.3.6 Electro-Optic Switching: Electro-optic effect is the influence of slowly varying
electric field (w.r.t. the frequency of light) on the optical properties of a material. One such
effect is the Fréedericksz transition in which a sufficiently strong magnetic or electric field
induces a distortion in uniform director configuration in a liquid crystal matrix [15]. When
an electric field is applied to a liquid crystal medium confined in planar boundary conditions
of a cell, there is a competition between the dielectric part of the free energy (which
promotes an orientation of the director) and the elastic part, which opposes any such change.
Thus, reorientation of mesogens takes place along the field direction and at the threshold,
when E/Eo = 1, molecules align along the electric field. This results in a distortion in the
molecular alignment and energy is stored in the molecules as elastic energy. This transition
was first observed by Fréedericksz and Repiewa in 1927 [37]. Two mechanisms are mainly

responsible for electro-optical effects in liquid crystals.

1) Due to the orientation of molecules prompted by external electric field, absorption and
scattering of spectral intensity takes place.
2) The electric field induced shifting of absorption bands changes the gap between energy
levels of molecules thus changing the transition intensities.
The energetics of a system under the influence of external electric field has contributions mainly
from the following two mechanisms:
The first is the polarization caused by small deformations. For a weak electric field, the elastic
forces are dominant and the orientation of molecular director does not show a noticeable change.
However, above the critical field, the orientation of director shows switching. If an AC electric
field has been applied perpendicular to the director pointing in X- direction, the free energy

density F; becomes
1 d6\?
Fd = EKZ (E) ............... {215}

The total energy per unit volume stored in the distorted system is given by

1 de\? 1 .
U =5K2((E) -5 Ay.E*sin’@
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Where, ‘Ay, is the change in susceptibility of the medium. Free energy per unit area is given
as [15]

dq doy: 1 _
F, = .[; §K2(<E> -5 & Ay.E*sin?0 dz

Minimizing this using calculus of variations

d?e ) .
K, 172 +€, Ax.E“sinfcosf =0

After applying a few mathematical deliberations we get the expression of the threshold field
[38].

Ep=2 22— . 12.16}

Where d is the thickness of the cell. Equation (2.16) shows that the threshold electric field
depends on the thickness of the sample and the susceptibility, which in turn depends on the state
of polarization of the material.

The second contribution is the response of the dielectric constant to molecular anisotropy (€. #
€, ) responsible for birefringence (n. # n; ) of the liquid crystals. The energy involved in this
process is given as [39]

1
We=——¢€ (ME)2............... 2.17)

Where, n is the LC director, E is the applied electric field and €,=€,— € , the dielectric

anisotropy.

To investigate the unwinding process associated with the helix dynamics, the electric field was
applied to doped and undoped CLC in the form of input square wave pulses from 0-30V at 50
Hz across the CLC sample cells through a function generator (SCITECH ST 4060). The
Freedericksz transition and the homeotropic states were observed through a polarizing optical
microscope and recorded in the computer attached to it.

2.3.7 Transmission Studies and Measurement of Hysteresis: When light passes through a
LC sample, the polarization state of transmitted light is changed by its molecular anisotropy.
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Fig. 2.9: Experimental set-up used for transmission studies.

The propagation of light through anisotropic media like liquid crystals is affected in two
ways firstly, due to the anisotropy of the medium light propagates in a different way with
respect to the molecular director orientation, secondly light being electromagnetic in nature,
can reorient the liquid crystal exhibiting non-linear optical effects [22]. But when LC cell
is subjected to an electric field in a direction perpendicular to the substrates, then distortion
in molecular alignment due to impinging light can be ignored [40].

We have recorded the output transmission as a function of applied electric field with the
help of Tektronix storage dual beam oscilloscope (Model- TDS 2024). As the electric field
is switched on, molecular alignment is detected in the form of output wave on the storage
oscilloscope. The collective response of the liquid crystal molecules to the applied electric
field E causes distortions of the director n. The optical hysteresis behavior of the samples
was investigated using polarizing optical microscope fitted with charge coupling device
(CCD) detector interfaced with a computer. Figure 2.8 gives the schematic of the circuit
used for investigations. Output electric signal was multiplied by a photomultiplier tube

(Model- EHT-11). The memory parameter was calculated by using the relation [41]
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M= (2.18)

Tmax—T;

Where, Ti is the initial value of transmittance while increasing voltage from 0V and T+ is
the final value of transmittance at zero applied fields while decreasing the amplitude of

voltage. Tmax is the transmittance corresponding to the peak value.
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CHAPTER - 111

PREPARATION OF CHIRAL NEMATIC LIQUID CRYSTAL MATERIALS

Overview

This chapter deals with the induction of chirality in a nematic liquid crystal (NLC) mixture and
optimization of chiral dopant concentration into it, to form a suitable matrix for nanoparticle
dispersal. Our objective was to look for enhancement of optical and electro-optical properties
like morphology, contrast, photoluminescence, the threshold voltage for switching, dielectric
constant, and optical hysteresis in the doped samples. We investigated the change brought about
in these properties of the NLC after doping with different concentrations of chiral molecules. In
this chapter, we have included all the relevant experimental findings and discussed the results

to optimize the concentration of chiral dopant.
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ELECTRO-OPTICAL AND OPTICAL ANALYSIS OF NEMATIC LIQUID CRYSTALS
DOPED WITH DIFFERENT CONCENTRATIONS OF CHIRAL MOLECULES

The Chiral Phase: The history of Cholesteric liquid crystals (CLC) dates back to 1888 with the
discovery of first liquid crystal, cholesteryl benzoate by Reinitzer [1,2]. Friedel, in 1922
observed that nematogenic systems have cholesteric structure if their chain contains an
asymmetric center [3]. Nematic liquid crystals (NLC) are known to be stable and cholesteryl
esters appeared chemically and electrochemically nonstable. Moreover, synthesis and
purification of chiral LCs at a large scale with customized properties are also difficult and
expensive [4]. More stable nematic liquid crystals twisted by mixing with chiral materials or by
adding asymmetric side chain also show cholesteric phases. A cholesteric liquid crystal is
described by its supramolecular helical pitch ‘p’ (distance over which the director rotates through
2m) and the handedness of its intrinsic chirality. The self-assembled helical pitch length is a
critical factor which significantly affects the optoelectronic cell properties of a chiral nematic
liquid crystal cell. Various approaches for tuning the helical pitch length of CLCs have been
proposed, such as mixing different chiral concentrations [5], changing the operating temperature
[6], using photo-tunable chiral dopants [7], and applying external electric fields [8]. The
dependence of spiral pitch on many factors led to the idea of induction of chirality in
nematogenic systems [4]. When no surface alignment is present, the chiral systems can be

broadly divided into following categories.

e The first type has an inherent stereogenic center in their molecular structure (e.g.
Cholesteryl benzoate) and can form phases with a helical symmetry.

e The second type, doped or induced CLC consists of chiral guest molecules dissolved in
an achiral nematic host, inducing chirality on the achiral mesogens.

e The third type, called twisted nematic, consist of liquid crystal molecules adopting a 90°

helical twist forced on them through two perpendicular alignments layers.

For the present work, we have chosen to induce chirality in the nematic system by adding an

optimum amount of chiral guest molecules. In such a case, the sign and magnitude of

cholesteric pitch and nature of the induced cholesteric phase highly depend on the properties

of chiral dopant. The efficiency of the dopant to induce a helical organization in a liquid
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crystalline matrix is expressed as the helical twisting power (), which is intrinsic to every
chiral compound and is different for every guest-host combination. The helical pitch of CLCs
and the resultant color reflected from them are directly governed by the concentration of a
chiral agent and temperature. The advantages of adding chirality to a nematic system are as

follows:

e The optical bistability combined with the reflection selectivity, which is governed by
the Bragg’s law make CLC displays energy-saving. Reflective CLC displays are easily
processable as they do not require a backlight, polarizers, and color filters etc. [9].

e Asthe pitch of the CLC can be controlled by small temperature and field changes, many
useful electro-optic and thermo-optic effects can be achieved.

e The wavelength selective properties of CLCs and the flexible nature of their pitch make
them useful to construct frequency tunable lasers [10].

e Depending upon the helical pitch, d/p ratio, optical and dielectric anisotropy of the CLC,
frequency of electric field, and the type of surface treatment, a variety of electro-optic
effects are observed.

e Typical cholesteric textures like Grandjean, Focal conic, Fingerprint and amorphous,
can be seen with the induction of chirality. Several new phases like the TGB phase and
Blue phase can also be realized.[11]

e With molecular and structural optical activity and a pitch lying in the visible range of
the optical spectrum, CLCs can be of potential use in novel displays, light shutters,
polarization modulators, photonic devices, lasers and optical sensors.

e The evidence of electric effects like ferroelectricity, antiferroelectricity, and
electroclinic effect have ensured their use as functional materials.

e Since the helix provides a distributed feedback, chiral liquid crystals can show
mirrorless lasing [12,13]. These lasers are compact, easy to manufacture and have wide
tenability [14].

e The tuning of laser output using temperature [15], pressure, electric fields, [16] and dye

doping [17-19] has seen many advances in recent past.
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In spite of all these useful features, a typical CLC device suffers from drawbacks like high

switching voltage and slow response [20].

To eliminate these drawbacks and enhance the desired properties of CLCs, there is a strong need
to explore new composite materials. Nanoparticles Doped CLCs have been reported to show
improvements in optical response and driving voltage. There are many reports of realization of
distinctive effects, which were not very common in nematics, like stabilization of the blue phase,
improved PL response and an emergence of volatile and non-volatile optical hysteresis with
doping of nanoparticles in chiral liquid crystals [21-24]. Doping of MWCNTSs to a chiral mixture
have been reported to modify the physical properties, refractive index, in particular [25]. The
combination of pitch dependent properties of chiral molecules and anisotropic properties of
nanoparticles were reported to have genuine prospects in the field of active plasmonics,

fabrication of functional materials and dielectric spectroscopy [6,10,20,21,26-30].

3.1 Sample Characterization

To optimize a chiral concentration for nanoparticle doping, we used ZLI 4151 (E. Merck,
Darmstadt, Germany) as the nematic liquid crystal. Chirality was induced in it with a chiral
dopant, CB15 [E. Merck, Darmstadt, Germany].

Table 3.1: Composition and Nomenclature of the Samples Studied

S. NO. | Composition Sample name T K T .(K)
1 ZL14151 NLC 384 372
2 Z114151+1.0%CB15 CLCI 385 371
3 ZL14151+1.5%CB15 CLC I 387 370
4 ZL14151+2.5%CB15 cLc i 390 368
5 ZL14151+3.0%CB15 CLC IV 392 367
6 ZL14151+5.0%CB15 CLCV 393 363
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Five homogeneous mixtures, CLC I, CLC II, CLC Ill, CLC IV and CLC V [Table 1] were
prepared by ultrasonically mixing 1.0, 1.5, 2.5, 3.5 and 5.0 wt% of chiral dopant respectively in
nematic liquid crystal.

The mixtures could fill in the antiparallel aligned liquid crystal cells via vacuum induced
capillary action in their isotropic phase. These antiparallel aligned cells were made of two
conducting substrates rubbed with Polyimide alignment layers with a fixed gap of 5um
maintained between them with the help of spacers. The morphology of these samples was
investigated under crossed polarizers, through Carl Zeiss polarizing optical microscope (Model-
Scope A.1) fitted with a camera Axiocam 1Cc 1.

The transmission studies for the measurement of optical hysteresis were conducted using a
photomultiplier tube (Model- EHT 11; scientific equipment, Roorkee, India) fitted with the
microscope. The output transmission signal responses were recorded in Tektronix oscilloscope
(Model- TDS 2024). The electro-optic response of the samples was recorded by applying square
wave pulse through the pulse generator (Model Scientech-4060; Scientech Technologies Pvt.
Ltd., Indore, MP, India). The dielectric studies were conducted by recording cell capacitance in
the automatic programmable LCR meter [Fluke PM 6306].

The frequency range for measurement of capacitance was kept from 50 Hz to 1MHz. Before
recording the dielectric data, these sample cells were calibrated with a standard solution of
acetone. Photoluminescence analysis of chiral doped nematic liquid crystal was done with
the help of fluorescence spectrophotometer (Model- Agilent Carry Eclipse).

3.1.1 Morphological Analysis: The microtextures of the doped samples [Fig. 3.1(a-f)] represent
planar Grandjean texture. When chirality is induced in a nematic liquid crystal system by adding
cholesteric molecules, supramolecular structures in the form of helices are formed. These helical
structures, to minimize their energy are confined with their axis perpendicular to the antiparallel
surface anchoring of substrates. When such a matrix with director ‘n’ oriented parallel and the
helical axis perpendicular to the substrate surfaces, is irradiated with a beam of unpolarized light,
the component of the light which has the same handedness as the CLC chirality will be reflected,
whereas the oppositely handed component is transmitted. When the sample kept between

crossed polarizers is viewed along the helix using a polarizing microscope, a uniform color is
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seen which does not change or disappear with a rotation of the sample. This is because the optic
axis is parallel to the direction of propagation of light.
Wavelengths originating from helical molecular superstructures are reflected selectively. The
reflection bandwidth ‘AL’ depends on upon optical anisotropy (An) and pitch (p) of the helix as
per the following relation [31]

AL =Anp.....ll 3.1}
Where, An = n; —n. (n; and n. are the refractive indices of the material in the directions
parallel and perpendicular to the director, respectively). The planar cholesteric microtextures in
Figure 3.1 show uniform colour. The color of the texture depends on the pitch and/or phase
retardation. The irregularities or defects in the cholesteric LC cell present themselves as
disclinations, oily streaks and/or different coloured planar regions [Fig. 3.1()].

Fig. 3.1: Microscopic Textures representing (a) NLC (b) CLC I (¢) CLC 11
(d) CLC 111 (e) CLC IV (f) CLC V
The NLCs are insulating organic liquids formed of longitudinally oriented molecules. These

structures have molecular orientation like crystals at certain temperature intervals, but the
gravity centers of molecules are in random order as in liquids.

In the absence of any external alignment anchoring, the domains are randomly oriented in
nematic phase but in case the domain walls are processed, a homogeneous single alignment will
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be there [Fig. 3.1a][32]. The isotropic — cholesteric phase transition is a first order transition
with cholesteric phase appearing through nucleation and a frequent appearance of two coexisting

phases. Fig. 3.2 shows the nucleation process of both; the NLC and CLC samples.

Fig. 3.2: Optical micro textures of the nucleation process in (a) NLC (b) CLC Il

In NLC sample [Fig. 3.2 (a)], all the liquid crystal droplets separating from isotropic melt have
the same color while addition of chiral molecules leads to two different colored droplets [Fig.
3.2 (b)] revealing the manifestation of two independent twist states in the sample.[11]

3.1.2 Electro-optic Switching and Threshold Voltage: When a weak electric field is applied
normal to the cholesteric planar quasi-layers, the dielectric torque tends to reorient them
along the electric field. Their free rotation is restricted by the boundary conditions and they
undergo periodic sinusoidal deformations called undulations. The nature of resulting texture
strongly depends on the thickness/pitch (d/p) ratio. For small values of d/p, cholesterics
layers undulate only in one direction. For higher values of d/p, the layers periodically
undulate in two directions creating a square pattern of deformations. Length of the period
depends on cell thickness and cholesteric pitch (Lu « (pd)'/?).

Fig. 3.3 shows the electro-optic switching response of induced chiral nematic liquid crystals
through optical textures seen under the polarizing optical microscope. Initially, when no
field was applied to CLC I, CLC Il, CLC IIl, CLC IV and CLC V, Planar Grandjean texture
[Fig.3.1] was seen. The helical axes of chiral supramolecules remain perpendicular to the
cell surfaces until the applied external voltage reaches the threshold voltage. On further

increasing the voltage, onset of state transition, known as Freedericksz transition is marked
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by the appearance of instabilities in various forms [Fig. 3.3]. The orientation of helical axis
within the plane of the cell (lying helix) leads to the appearance of characteristic 'fingerprint
texture' as the director randomly wanders within the plane of the cell [Fig. 3.3(b, c)].
Random orientation of helical axis in the composite exhibits light scattering due to abrupt
change of refractive index at the domain boundaries and the texture thus formed is focal
conic [Fig. 3.3(e)].

Fig. 3.3: Electro-optic switching in Chiral doped samples (a) CLC I (b) CLC Il (c) CLC 111 (d)
CLC IV (e) CLC V at the threshold.

We observed that the threshold voltage increases with increasing chiral concentration. The

threshold voltage (Vi), of the LC cell, is represented as [33]

Where k2. is the twist elastic constant, d is the thickness of the cell, g0 is the permittivity of

the free space and Aeg is the dielectric anisotropy.
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Eq. 3.1 clearly represents the dependence of threshold voltage on frustration ratio, ‘d/p’. In
order to find d/p for the samples, we first calculated the pitch in all the five cases, from the
relation HTP = 1/pc, where p is the pitch and c is the concentration of chiral dopant. As the
helical twisting power (HTP) of CB15 is approximately 7.3um-! [34], pitch as predicted

theoretically for various concentrations are as given in the table below.

Table 3.2: Pitch and electrical parameters of chiral doped nematic liquid crystal mixtures.

Sample name Pitch (um) d/p Vin (V) Eth (V/pm)
CLC I 13.6 0.36 7.9 1.54
CLC I 9.1 0.54 8.0 1.60
CLC I 5.5 0.91 8.8 1.76
CLC IV 3.9 1.27 9.3 1.86
CLCV 2.7 1.83 111 2.22

Thickness of the sample cell, ‘d” has been kept constant (5um) for all the samples.
Considering these values, we observed that an increase in d/p ratio leads to emergence of
different kinds of defect structures, accompanied by contraction of the pitch, above the
threshold voltage [Fig. 3.3 (d-f)]. The observations clearly indicate that electro-optic and
morphological switching response of CLC samples is strongly influenced by the d/p ratio.

The threshold value of electric field needed for the onset of Freedericksz transition can a be

calculated using the following relation [30]
En=Vw/d ... {3.3}

Where, Vi is the threshold voltage needed for onset of the transition and d is the cell gap. We
observed that as the frustration ratio (d/p) of the helices becomes nearly equal to, or more than

unity, a higher value of electric field is required for the onset of Freedericksz transition.
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3.1.3 Optical investigations of induced memory: Memory effects appearing after chiral
doping in nematic liquid crystal were successfully investigated. Role of the frustration ratio
in bringing about optical and electro-optical hysteresis by slowing down the relaxation
process in the OFF state of chiral doped nematics was established. Our observations
illustrated that induction of memory as a result of manipulation of the helix director by
controlling the boundary/ anchoring conditions of the liquid crystal remains an active field
of study [35-37]. It leads to new qualitative effects which can prove useful for the
development of memory based bistable low power devices. Further investigations with

nanoparticle doping in this matrix are sure to give new results and open new avenues.

The possibility of generating nonlinearity in the output electrical signal is being explored
by doping the nematic liquid crystals with carbon nanotubes, nanoparticles, polymers, and
dyes. The bistability, thus generated, is long lived and in some cases, even permanent. This
property of these optical materials makes them suitable for their use in optical devices such
as e-books, optical logic elements, limiters, clippers, shutters and other low power devices
[38-43]. Although the sensitivity of nematic liquid crystal molecules to external stimuli
leads to their extensive use as a base matrix for all kinds of doping mentioned earlier, the
introduction of chirality in such systems can help in retaining the field modified optical
state for a longer time and bring variety in the availability of practically useful phases
[4][44,45]. Yaroshchuk et al. reported doubling of the efficiency of electro-optical memory
as a consequence of doping a nematic mixture with a small amount of chiral agent [46].
Faster bistable switching response and a much longer display time in a three-terminal, In-
Plane switching device in unplugged power state, using a cholesteric liquid crystal were
reported by Lin et al [47]. Guo et al. achieved longer lasting bistability of several weeks,
using a three-electrode twisted nematic liquid crystal cell [11]. Under the effect of applied
electric field above the threshold, the appearance of orientational defects was reported to
cause bleaching of nematic liquid crystal cells with zero pretilt angle by Kravchuk et al.
[12].

In such systems with optical memory, the helical axes of liquid crystal molecules get
perturbed due to the field induced orientation and state of partial transmittance are retained

by the system even after removal of the field.
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The self-assembled helix formation is a unique feature of the chiral phase. Even small
variations in pitch of the helix influence optical, electro-optical and morphological
properties of the material. Different methods, such as; application of external electric and
magnetic fields [13], variation in the composition of chiral mixtures [14-16], changing
temperature [17] and, using photosensitive chiral dopants [18] are employed for tuning the
helical pitch of the CLCs. The changes in pitch affect the contrast ratio (by changing the
amount of transmitted light) and the switching properties of the material [19-22].

We, in the present work, confirmed the formation of supramolecular structures in induced chiral
nematic liquid crystal molecules by Grandjean, fingerprint or focal conic textures which
provided information about the parallel, perpendicular or random orientations of the helical axis.
The molecules in the helix get perturbed due to the application of electric field. Due to interaction
of thus created defect lines, surface anchoring and elastic forces of the medium, the system does
not completely relax back to the original state for higher concentrations of chiral dopant. Hence,
even after the removal of field, optical energy is partially retained by the system as optical
hysteresis and the system shows memory effects. Experimental results indicate that chiral dopant
concentration combined with boundary/anchoring conditions significantly influence the
morphology and electro-optic parameters such as threshold voltage and an optical hysteresis of
NLC. We have also attempted to explain the existence of memory in the electro-optic results by
dipole relaxation mechanism.

Application of an electric field to a chiral nematic planar cell, induces instabilities in the
director field, progenerating an On-state with doubly refracting and transmissive properties.
The transition from a low transmission ‘OFF’ state to an electrically induced birefringent
‘ON’ state and vice versa, IS normally very fast due to short pitch helical structure of chiral
mesogens. This fact is taken into practical use for the fabrication of high contrast devices
with faster response. But in the presence of suitable boundary conditions, significant
hysteresis in optical and dielectric switching behavior is observed due to defect formation
above the threshold for Freedericksz transition. We observed residual defect lines in the
optical textures of CLC Ill, CLC IV and CLC V with their number and duration increasing
with increasing chiral concentration while no such defect structures were observed in CLC

I and CLC Il, where the chiral concentration was low [Fig. 3.4].
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0 minutes (a) 0 minutes (c) 0 minutes (e)

Fig. 3.4: Memory effects in optical textures of CLC I11 (a,b), CLC IV (c,d), CLC V (e,f) after

removal of external electric field.

The probability of a system reverting to original reflecting state after removal of the electric
field depends on the outcome of the interaction of various forces like surface anchoring,
elasticity, and the topological defects [40]. Microtextures in Fig. 3.4 suggest that partially
twisted helical structures were unable to regain their original configuration due to the

explicit action of various forces acting on the molecules.

The role of the defect structure formed during transition can be explained on the basis of
free energy considerations. The contribution to the free energy of defects (oily streaks) hails
from bending elastic energy, defect core energy, and the surface anchoring energy. From
the Lubensky-de Gennes coarse-grain theory, we understand that as the frustration ratio,
d/p, is maximum for the highest dopant concentration (d/p)cicv = 1. 83 [as compared to the
lower ones i.e, (d/p)cic m = 0. 91 and (d/p)cic v = 1. 27], the free energy of defects is also
maximum for this sample. The highest value of Ew for this sample also substantiates this
observation. The presence of a large number of disclinations [Fig. 3.4f] even after one hour
of observation in the OFF state of CLC V indicate that it needs maximum time [Fig. 3.5] to
revert back to the planar morphology. We also measured the transmitted intensity as a
function of relaxation time for all the samples [Fig. 3.5 (a)]. Decrease in the slope of the
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curves with an increase in the concentration of chiral dopant indicates slow relaxation of

the samples with higher doping percentage.
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Fig. 3.5: (a) Transmitted intensity as a function of relaxation delay. (b) Optical hysteresis in
CLC I, CLC IV, and CLC V. The direction of the arrow represents Vup and Vgown.

To have a quantitative idea of hysteresis, optical transmission was recorded first
corresponding to a stepwise increase of applied electric field and then corresponding to its
decrease as shown in Figure 3.5 (b). While increasing the applied field above a threshold,
chiral molecules start orienting along the field direction and helices start to open. The cell
starts becoming more and more translucent, till the transmittance achieves saturation
corresponding to the homeotropic state. With a stepwise decrease of applied voltage,
transmittance curve does not retrace its earlier path, thus generating a hysteresis loop. The
difference in areas enclosed by hysteresis loops for different samples again represents the
fact that relaxation of the sample with highest d/p ratio is the slowest [Fig. 3.5 (b)]. The
areain CLC V (238 a.u.) is more than that for CLC Il (150 a.u.) and CLC IV (175 a.u.)

To further substantiate our observations, we investigated the hysteresis width of curves in
[Fig. 3.5 (b)]. We define hysteresis width as the difference between voltage at the midpoint
of the Vyp curve and that at the midpoint of the V4own curve, between the maximum and
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minimum transmissions [35]. Hysteresis width AV for CLC V (1.9V) being more than CLC
I11 (1.3V) and CLC IV (1.6V), slower relaxation of CLC V is evident.

3.1.4 Electro-optical investigations of memory: The manifestation of memory in the
electro-optical properties of the chiral doped samples was also established by the dielectric

spectroscopy measurements [Fig. 3.6].
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Fig. 3.6: Dipole relaxation of planar aligned CLC cells with different concentrations of chiral
dopant with time, after switch OFF bias.

The real part of dielectric permittivity was recorded for one hour of relaxation period, after
switching OFF the electric field of 50 Hz frequency. It was observed that relaxation of
dipoles in CLC V is much slower than in CLC Ill and CLC IV [Fig. 3.6], which shows that
dielectric relaxation gets delayed with an increase in chiral dopant concentration. We
believe that this may be due to induced dipole moment and orientation polarization

contribution of the dopant molecules.

Charge transport in a liquid crystal medium is due to the mobility of ions [48]. The dielectric
permittivity of liquid crystals medium depends on the induced dipole moment and
orientational polarization of its molecules. The applied electric field induces an uneven
distribution of ions, which is no more frequency independent [49]. The scenario influences

both, the real as well as the imaginary part of dielectric permittivity. When chiral mesogens
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are doped into a nematic system, dipole moment of chiral mesogens supports the dipole
moment of nematic molecules, indicating that net dipole moment of CLC V should be

highest among all the concentrations.

3.1.5 Electrically Tuned Photoluminescence in Chiral Nematic Liquid Crystals: Chiral
doped nematic fluorophores were excited at 345nm and violet emission was observed

corresponding to 385nm wavelength for CLC I [Fig. 3.7(a)].
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Fig. 3.7: (a) Excitation and Emission spectra of CLC 111 (b) Photoluminescence spectra of CLC

materials at room temperature and zero applied field .

An enhancement in the peak value of PL emission was observed with doping of chiral molecules
in NLC mixture. An increase in concentration of chiral dopant (CLC I, CLC II, and CLC III)
resulted in an enhancement of photoluminescence peak intensity [Fig. 3.7(b)]. But with further
increase in the concentration (CLC IV and CLC V), a decrease in PL intensity was observed.

A square wave ac electric field (0-30V) was also applied to the samples to check their electro-
optic response. Samples were scanned for their PL response corresponding to different voltages
from 0-30V. A change in PL intensity with applied electric field was observed for CLC I, CLC
I, CLC IIl, and CLC IV, however, CLC V showed only an insignificant response to the applied
electric field [Fig. 3.8 (a-€)]. The enhancement of PL intensity can be due to the unwinding of
helical pitch and change in molecular anisotropy of the sample [50]. The reasons behind poor
response of CLC IV and CLC V towards applied electric field can be due to change in phase of
the samples from Planar Grandjean to Focal conic at this concentration (as observed in textures
with unaligned cells) [Fig.3.9] and the optical hysteresis present in them. The sample with 2.5

wt% of chiral dopant (CLC I11) showed maximum response to the electric field.
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Fig. 3.9: Microscopic Textures representing (a) CLC | (b) CLC 11
(c) CLC 111 (d) CLC IV (e) CLC V confined in unaligned cells of 5 um thickness.
Investigations for the morphological, optical, electro-optical and photoluminescence
behavior carried out for the NLC doped with five different concentrations of chiral dopant
indicate that 2.5 wt% sample (CLC I11) is most appropriate for nanoparticles doping.

The following are the main features of this concentration (CLC I11)

1. Morphology: Till this concentration, micro textures do not show any defects or
discontinuities in the uniform texture, however after this, defects start appearing (CLC
IV and CLC V)

2. Optical hysteresis: The optical hysteresis just starts coming in the sample, so there is a
scope for its increase/decrease/disappearance of memory on nanoparticle doping.

3. PL intensity: The emission peak intensity is maximum for this sample as compared to
other doped samples. This increases its prospects as a future optical material.

4. Electro-optical Response of PL emission peak: CLC Il shows maximum response to the

applied voltage. Hence a good electro-optic base material for Nano doping.
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CHAPTER -1V

EFFECTS OF CNT DOPING IN CHIRAL NEMATIC MEDIUM

Overview

The present chapter consists of two parts. The first part deals with the investigations and
analysis of ODA functionalized SWCNTs in a CLC matrix and the second part consists of
the study of the properties of chiral nematic liquid crystal doped with COOH capped
MWCNT.

Octadecylamine functionalized Single-Walled Carbon Nanotubes (SWCNT) dispersion in
the induced CLC influenced the collective orientation of nematic liquid crystal molecules
in helical layers. By varying dopant concentration, we could manipulate the properties of
the doped matrix. As confirmed by polarized fluorescence spectroscopy, highly anisotropic
nature of single wall CNTs enhanced the anisotropy of liquid crystal. The n—mn interaction
of SWCNTs present in the planar alignment layers and chiral nematic liquid crystal
molecules, affects the molecular relaxation process. We also observed and quantified an

electro-optical hysteresis of permanent nature.

The dispersal of COOH functionalized Multi-walled carbon nanotubes (MWCNT) into the
induced chiral nematic liquid crystals confined in a planar aligned cell led to an improved
electro-optic response regarding an increase in refractive index, and dielectric constant of
the CLC. We investigated physical, optical and electro-optical behavior of doped samples
with different dopant concentrations confined in similar boundary conditions. Polarized
fluorescence spectroscopy established the anisotropic changes brought in by CNT doping
with a significant increase in absorbance of doped samples. An early onset of Freedericksz
transition also endorses the change in switching behavior of CLC after doping. The
reorientation of liquid crystal director and CNTs with applied electric field was observed
until the homeotropic state was achieved. We also noted an emanation of memory in doped

samples after the withdrawal of electric field.
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MEMORY EFFECTS IN CHIRAL NEMATIC LIQUID CRYSTALS DOPED WITH
FUNCTIONALIZED SINGLE-WALLED CARBON NANOTUBES

In the last decade, researchers have shown an increasing interest in the field of nanoparticles
doping in liquid crystals. Nano-doped composites have found significant applicability and
attracted scientific understanding [1-6]. Self-organization of nanomaterials in flexible, yet
organized structure of liquid crystals becomes intuitive because of the anisotropic nature of
LC molecules. A large variety of nanoparticles is available in various shapes and sizes.
Their incorporation in to an innumerous number of LC phases brings unprecedented variety
in the device manufacturing and improvisation. We have used carbon nanotubes as well as

spherical nanoparticles as dopants in CLCs.

There are reports of improved switching response, diffractive properties, and nonvolatile
memory effects in the carbon nanotubes (CNTs) doped FLCs and nematic liquid crystals
[7-11]. CNTs also find application in the field of biomedicine as protein biosensors,
biocatalysts, bio separators and for drug storage and delivery [8]. They have also been
instrumental in effectively reducing long standing problems related to display devices like
optical flicker, image sticking, optical bounce, etc. [9,10]. Improvements in optical and
electro-optic switching behaviour due to the addition of SWCNTSs in ferroelectric liquid
crystal (FLC) and an emergence of irreversible memory as a consequence of MWCNTS
doping in FLC and nematic liquid crystals have been previously reported [11-14]. Memory
responses in CNT-doped chiral liquid crystals were observed as the slower structural
transition from homeotropic to the planar state [15]. Chang et al. observed an induced phase
transition due to variation in acetone vapour concentration being accompanied by a decrease
in electrical resistance of CLC-CNT hybrid, which makes it suitable for gas detection [16].
Lee et al. explored the possibility of reducing dc driving voltage and enhanced electro-optic
switching behaviour by the addition of small amount of CNTs in TN cells [17]. CNTs, being
highly anisotropic are well integrated into liquid crystal matrix, but the lack of uniformity
in physical dimensions, poor solubility, and control of purity limit their applicability [18].
To redress these limitations and ensure a uniform dispersion of CNTs in the host medium,
surface functionalization of carbon nanotubes was suggested [19-23]. The capping of CNTs

also helped in improving their electro-optical properties and applicability. All these reports
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claimed the lowering in electro-optical switching voltage and improved electro-optic
switching behaviour of nematic liquid crystals and FLCs with CNT doping, but the
understanding of manipulation of CNTs in the induced chiral liquid crystals (CLC) in the
presence of strong Vander Waals forces still remains incomplete.

In the present study, we have attempted to investigate the effects of ODA functionalized
SWCNT doping on the electro-optic and morphological behaviour of chiral nematic liquid
crystals [24]. These investigations are expected to give a positive contribution in the field

of research in functional materials.
4.1 Sample Preparation and Characterization

4.1.1 Functionalization of SWCNTSs and their homogeneous mixing in CLC matrix: We
used a nematic liquid crystal ZLI-4151 and added 2.5wt% of chiral dopant (CB15)
mesogens in it. Octadecylamine (ODA)-functionalized SWCNTs [M/S Sigma Aldrich]
having a diameter, d = 2-10 nm and length, L = 0.5-2um were used as a dopant in host
chiral nematic matrix. Figure 4.1 shows the molecular structure of ODA functionalized

SWCNT and its Fourier transform infrared (FT-IR) spectra.
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Figure 4.1: (a) Molecular structure (b) FTIR spectra of ODA functionalized SWCNTSs.

4.1.2 Fourier transform Analysis: The spectra were studied using infrared
spectrophotometer [Model-Perkin Elmer BX-II; Waltham, MA, USA]. In Figure 4.1(b), the
dip at 1046.49 cm™ represents the C—N stretching and the dip at 1381.76 cm™* corresponds
to simple bending vibrations of C—H bonds. The dip at 1589.99 cm™* depicts the presence

of C=0 stretch, which confirms the successful attachment of functional group (ODA) to
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SWCNTSs. The dips at 2908.74 and 2842.10 cm™* portray the asymmetric and symmetric
vibrations of C-H bond. The dip at 3439.96 cm™ corresponds to O-H stretch of vibration
and wavenumber corresponding to dip at 3479 cm™! shows the presence of N-H bond
[25,26].

We prepared SWCNT doped chiral nematic liquid crystal composites by homogeneously
dispersing 0.1, 0.3 and 0.4wt% ODA functionalized SWCNTs into the chiral nematic
mixture followed by ultrasonication for about one hour. The samples were filled in the LC
cells of 5um thickness as per the procedure mentioned in Section 2.2 and following

investigations were done to analyze their behavior.

4.1.3 Morphological Analysis: Fig. 4. 2 depicts the morphology of SWCNT doped chiral

nematic liquid crystal samples under crossed polarizers at 100X magnification.

Figure 4.2: Optical micro textures of (a) 0.0 (b) 0.1 (c) 0.3 (d) 0.4wt% ODA functionalized
SWCNT-doped CLC as a function of dopant concentration.
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The planar Grandjean micro-texture in Fig. 4.2(a) represents the undoped CLC with its
periodic helical supramolecules confined in planar boundary conditions of conducting
substrates. The state corresponds to multiple Bragg reflections. The reflected wavelength is
given by, A=np, where n represents the refractive index and p is the pitch of the helix [27].
At 30°C, 0.1wt% CNT-doped CLC sample shows a uniform change in colour [Fig. 4.2(b)].
The competition between elastic forces in the CNT doped medium, and surface anchoring
force manifests itself in the form of appearance of disclinations in the microtexture. With
further increase in concentration to 0.3wt%, we witnessed a multi domain formation

oriented along modulated helical structure [Fig. 4.2(c)].

We believe that the presence of CNTs has disrupted the ordering at the interfaces by
inducing anisotropic interactions with the CLC molecules. The formation of domains
bounded by chain like boundaries takes place at 0.4wt% dopant concentration. These well
defined domain boundaries appear to have confined the chiral nematic molecules, [Fig.
4.2(d)] and stabilized the liquid crystal matrix [28]. The functional group has probably
aligned itself in the planes of supramolecular helical structure thus preventing CNTs from

aggregate formation.

4.1.4 Electro-optic Switching: Fig. 4.3 depicts the electro-optical switching behaviour of
SWCNTs doped CLC material under crossed polarizers.
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Figure 4.3: Microtextures of doped CLC for (a) 0.0 (b) 0.1 (¢) 0.3 (d) 0.4wt%, dopant

concentration during Freedericksz transition.

In case of the undoped chiral nematic system, a square grid texture marks the onset of
Freedricksz transition [Fig. 4.3(a)]. We observed contrast inversion in optical textures due

to the instability caused by CLC mesogens, at the onset of transition.

Electro-optical switching took place at a lower threshold field (1.20V/um) in 0.1wt% doped
sample [Fig. 4.3(b)] as compared to the undoped sample (1.76V/um).
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Figure 4.4: (a, b) Hypothetical model depicting the field induced molecular alignment in undoped
and doped CLCs respectively, (c) Optical texture showing the homotropic (perfectly dark) state
of undoped CLC, (d) Spatial distribution of CNTSs visible in the homotropic state of doped CLC.

The fall in the threshold is quite significant. We observed ~30% decrease in switching
threshold of 0.1wt% doped sample and ~40% in 0.3wt% doped sample [Fig. 4.3(c)]. The
dielectric anisotropy of the medium plays a crucial role in deciding the switching response
of LCs. As higher anisotropy of the matrix favours faster switching, the addition of

anisotropic particles can contribute to increase LC dielectric anisotropy. CNTs being highly
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anisotropic, are expected largely to influence the switching behavior of liquid crystal host.
Moreover if reorientation of CNTs occurs at a lower voltage than that for LCs, then

reorientation happens faster and the threshold field value decreases [29].

We observed a perfect dark homotropic state in the undoped sample [Fig. 4.4(c)], due to the
perfect alignment of CLC molecules along the field direction, whereas a spatial distribution
of SWCNT network was clearly observed under crossed polarizers in 0.3wt% and 0.4wt%

doped samples [Fig. 4.4(d)] as perceived in hypothetical model [Fig. 4.4(a,b)].

Dielectric spectroscopy was done to check the influence of CNTs on ac conductivity of
doped samples. We observed a nearly tenfold increase in conductance of doped samples
(frequency range 100Hz-1kHz) as compared to the undoped one. The ac conductivity can
be computed by [30]

Where, €,is permittivity of the free space, €" is the imaginary part of permittivity (recorded
experimentally) and w is the angular frequency. Fig. 4.5 clearly depicts the role of SWCNTSs

in the enhancement of conductivity (cac) of doped samples.
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Figure 4.5: ac conductivity as a function of SWCNT doping concentration.
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We believe that interaction between surface anchoring and n—= electron stacking enhances

the ac conductivity by contributing towards space charge polarization at the interface [31].

The formation of an interface between CNTSs and liquid crystal matrix could be responsible
for the recorded increase. As reported earlier [20], sometimes a charge is accumulated at
the alignment layer due to space charge polarization in the presence of CNTs. This interface
formation leads to enhanced conductivity and affects the dielectric response of the material.
Experiments are still ongoing to investigate the real role of CNT concentration in bringing

about such a significant increase in conductivity.

4.1.5 Optical Investigations of Induced Memory: Fig. 4.6 depicts the optical transmission
intensity as a function of applied electric field during the electro-optical transition. We
placed the sample cells with their rubbing direction making an angle of 45° with either of
the polarizers. We recorded the transmission responses by first stepwise increasing the
applied voltage (solid curve) and then corresponding to a stepwise decrease of voltage
(dotted curve). Before the application of field, CLC molecules are in a stable state. The
molecular dipoles start aligning along the field direction under the influence of electric
field. The transmittance increases gradually and saturates in the homeotropic state. The
elastic forces of helical structure force the molecules to reorient on subsequent withdrawal
of the field. Reorientation causes a decline in transmission intensity. We observed that
transmittance does not follow the same path on its way back hinting at optical hysteresis in
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the behaviour of sample.
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Figure 4.6: Electro-optic response of SWCNT-doped CLC samples, (solid curves represent

increasing voltage while dotted ones represent decreasing voltage).

We believe that the reason for partial realignment is the stabilization of network of linear
cholesteric domains by SWCNTs, which in turn supports planar orientation of CLCs after
withdrawal of the electric field. Fig. 4.7 shows the variation in electro-optical memory as a
function of ageing. These textures were captured by first subjecting the sample to 30V
voltage, then abruptly switching off the field.
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Figure 4.7: lllustration of memory effects in SWCNT-doped samples through optical textures.

The optical microtextures in Fig. 4.7 clearly show that doped samples did not regain their
original textures. The presence of planar domains of a different colour indicates the
irreversibility of electrically induced homeotropic-to-planar transition state of SWCNT
doped chiral LC. These textures also predict irreversible electro-optic response of the
material in field OFF state. Fig. 4.7 also displays enhancement in optical hysteresis with
increased doping. The induced memory state persisted for two months of observation in
0.3wt% doped sample and could be erased only by heating the sample to its isotropic
temperature [105°C] and subsequent cooling. The samples were taken through repeated

cycles of application and withdrawal of field to ensure the existence of memory. A loss in
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transmission intensity leading to a decrease in memory parameter was observed for the
higher value of doping concentration (0.4wt%). We believe that randomness generated in

the sample at this (the relatively higher) concentration is responsible for the decrease.

Table 4.1: Optical characteristics of Undoped and SWCNT-doped CLC samples.

CNT Anisotropy
) Memory | Aex lex Aem lem Refractive
Concentration dem (AN)
Parameter | (nm) | (a.u.) | (nm) | (a.u.) | athem
(Wt%) Index
103

0.0 0.10 348.8 [ 20.3 |4055 | 20.3 14 1.49

0.1 0.15 338.0 | 29.0 3845 | 29.2 40 1.69

0.3 0.28 337.9 |38.0 384.2 | 374 51 1.69

0.4 0.00 337.0 (244 3816 | 24.1 2 1.69

A decrease in anisotropy of the sample measured with fluorescence spectrophotometer also

endorses the assertion [Table 4.1].

4.1.6 Effect of Doping on Refractive Index: The transparency/opacity and response of the
material towards propagation of light through it was investigated using Abbe’s
refractometer. We measured the refractive indices of pure and doped samples and noted an
enhancement of about 18% in the refractive index of doped samples. The observed
enhancement promises for exploring better prospects and device usage of this optical

material.

4.1.7 Fluorescence Anisotropy Measurements: Fig. 4.8 (a,b) depicts the PL excitation and
emission spectra of doped samples respectively. We could get a better understanding of
fluorescence emission due to orientation of supramolecular structure as a function of
incident light wavelength for all the doped samples under investigation. The fluorescence

anisotropy is computed as [27]
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n= 129 (4.3)

Li+2g1y

Where, ‘g’ represents the g-factor of the instrument, I, and I, are the PL intensities

corresponding to parallel and perpendicular directions relative to the LC director in a layer.
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Figure 4.8. (a) excitation (b) emission fluorescence spectra of doped samples.

The fluorescence anisotropy findings also support the output responses of transmitted light
as tabulated in Table-4.1. They further indicate that doping with CNTs has brought order in
LC medium which shows up as anisotropy in its order parameter. The CNTs in CLC matrix
follow the orientation of the surrounding supramolecular structure, which in turn has

probably resulted in improved ordering [32].

The doping of SWCNTs in chiral nematic liquid crystals has improved the morphological
and electro-optic switching behaviour of CLC host. The functional group has restricted the
CNTs from aggregate formation. The faster reorientation and high anisotropicity of CNTs
has influenced the switching behavior by significantly bringing down the threshold voltage.
The dispersion of CNTs has also stabilized the sample which is indicated in the
enhancement of electro-optic memory (significantly at 0.3wt% CNTs doping). The CNT
doped CLCs can be of potential practical usage in optical memory devices and display
technology.
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IMPROVED ELECTRO-OPTICAL RESPONSE OF INDUCED CHIRAL NEMATIC
LIQUID CRYSTAL DOPED WITH MULTI-WALLED CARBON NANOTUBES

The dispersal of Carbon nanotubes (CNTs) in liquid crystalline phases has received an
increased interest of researchers [33—38]. Their anisotropic nature, inherent conductivity
and self-alignment properties earn them a place as a potential dopant for liquid crystal
matrices and as an alignment layer [39-41]. When used as a dopant in liquid crystals, CNTs
have been reported to enhance the dielectric anisotropy of LC host. They bring about
significant changes in overall Electro-optic and dielectric behavior regarding conductivity,
threshold voltage and response times of the LC cells [1,17,42—-45]. The doping of CNTs in
various mesophases has been widely done, reported and reviewed [35,46,47]. CNTs have
been reported to effectuate a lower switching voltage, widening of the reflection band,
improved birefringence and enhanced dielectric anisotropy in FLCs [12,14,30,48-50]. The
generation of themo-optical hysteresis above a certain concentration of CNTs, in the form
of percolation network or cluster formation, realizing a permanent memory state of
electrical conductivity was also reported [21,51-55]. The doping of MWCNTs to a CLC
have been reported to modify the physical properties of the host [56].

In spite of the extensive use of CNTs as dopants in various LC phases, nothing much has
been done to explore the behavior of an induced CLC doped with CNTs [57]. Chiral media
are known for their inherent property of selective reflection and a helical pitch that can be
easily influenced by external provocations [58]. On the other hand, CNTs are
characteristically anisotropic due to their shape. The combination of two such materials
seems logically sure to bring about unprecedented functionality and enhancement in the

properties of liquid crystal host [31].

We, in the present work, have ensured the uniform dispersal of functionalized multi-walled
carbon nanotubes in the induced chiral phases. We have observed the influence of CNT
doping on electro-optical switching, anisotropy, dielectric properties and optical hysteresis

of the CLC host for different concentrations of the dopant.
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4.2 Sample Preparation and Analysis

4.2.1 Functionalization of MWCNTs: We used commercially available Multi-walled
carbon nanotubes (MWCNT) with a hollow structure, having a diameter ~110-170 nm,
length 5-9 um and 98% purity (Aldrich) as a dopant [Table 2.4]. They were functionalized
before use, to ensure their homogeneous dispersal in the liquid crystal mixture. We chose
the -COOH group for this purpose. The chemical functionalization was done through
oxidation of the MWCNTs. We added 10mg of MWCNTSs in a homogeneous mixture of
H2SO4 and HNOs taken in a molar ratio (1:3). Ultrasonication of the mixture was done for
2 hours at 60°C bath temperature. The mixture was then magnetically stirred for 24 hours
at the same temperature. In the process of oxidation, © bond symmetry of sp? hybrids of
carbon gets affected, and the carboxylic acid gets attached to the MWCNTSs. Ultra-pure
distilled water (250 ml) was added to the mixture after it got cooled down to room
temperature. Functionalized MWCNTs were then separated out with a centrifuge (12000
rpm). Impurities were removed by washing them out thrice with acetone. The functionalized

MWCNTSs are then dispersed into chloroform, to be used for characterization of functional

group.

4.2.2 Fourier Transform Analysis: FTIR analysis confirmed the attachment of functional

group [Fig. 4.9].
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Figure 4.9: FTIR spectra of (a) COOH functionalized MWCNTSs (b) Untreated MWCNTSs.
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We got strong absorbance even for very small concentrations due to the black colour of the
CNTs. The absorption peak at 1740 cm™ in the FTIR of functionalized MWCNTS represents
elongated C=0 stretching of a carboxylic group and the peak at 1385 cm™! stands for the O-
H bond. These peaks were not present in the spectrum of uncapped MWCNTSs. Their
presence in the IR analysis of treated MWCNTSs confirms the attachment.

The doped suspensions were prepared by adding different concentrations (0.01, 0.10, 0.50
and 1.00wt%) of MWCNTSs to the induced chiral nematic mixture as specified in section

2.2 of the second chapter of the thesis.

4.2.3 Morphological Analysis: Fig. 4.10 depicts the morphology of the doped samples
under crossed polarizers at 100X magnification. The undoped chiral liquid crystal [Fig.
4.10(a)] is characterized by a planar Grandjean texture. Due to the periodicity and chirality
in its structure, the chiral liquid crystal Bragg reflects the circularly polarized light incident

on it. It reflects the one component while transmitting the opposite [59][24].

Figure 4.10: Optical micro textures of doped CLC as a function of MWCNT concentration (a)
0.00 (b) 0.01 (c) 0.10 (d) 0.50 (e) 1.00wt% respectively.
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The selective reflection bandwidth AA of reflection peak depends on optical anisotropy (An)

and pitch (p) of the helix as per the following relation

Where, An =n; - n, (nyand n. are the refractive indices of the material in a direction parallel
and perpendicular to the director, respectively) [60]. The Fig. 4.10 (b-c) reveals that low
concentration of CNTs does not significantly influence the pitch of the helix as there is no

noticeable change in colour of the lightly doped samples.

The micro texture representing 0.50wt% dopant concentration exhibits planar regions and
slightly curved linear disclinations suggesting the emergence of two twist states separated
from one another by the defect boundaries. A close look at the microtexture corresponding
to 1.0wt% doping reveals an evenly spanned network in the form of pores, along with
disclinations [Fig. 4.10 (e)] (zoom). This type of morphology indicates the formation of a
percolating network by CNTs in liquid crystal matrix at this concentration.

Table 4.2: Phase transition temperatures for undoped and MWCNT -doped samples.

Liquid Crystal Type Tiso (K) Tn*(K)
Nematic (N) 385 372
Undoped (CLC) 390 368
CLC+0.01wt%CNTs (MW1) 404 381
CLC+0.10wt%CNTs (MW?2) 403 373
CLC+0.50Wt%CNTs (MW3) 402 365
CLC+1.00wt%CNTs (MW4) 402 363

Fig. 4.11 displays the nucleation state of the doped and undoped samples and Table 4.2
shows the corresponding phase transition temperatures. Cholesteric platelets with two
different colours, separating from the isotropic melt in the undoped sample [Fig. 4.11 (a)]

represent two independent twist states of chiral nematic liquid crystal matrix [61]. The
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smooth and defect-free surface of droplets in case of the undoped sample indicates that here,
surface anchoring forces have minimal effect on the twist state of chiral mesogens. In 0.01-
0.10wt% doped samples, colour of the droplets transforms to uniform single colour [Fig.
4.11 (b, ¢)]. The change hints at the role of CNTs in influencing the twist state of the matrix

from double to single.

Figure 4.11: Optical micro textures depicting the nucleation process in (a) 0.00 (b) 0.10 (c) 0.50
(d) 1.00wt% MWCNT-doped samples.

Further increase in dopant concentration leads to a different twist state but here the two
colours appear on a single droplet and at the disclination boundaries, which we believe, is
due to the decreased influence of CNTs which are now lying agglomerated and/or confined
to the defects generated in the medium [Fig. 4.11 (d)]. The defects seen on the surface of

platelets may have been generated because of the n—n interaction of dopant structures with
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liquid crystal molecules in the presence of elastic forces of rewinding helices and the surface

anchoring forces.

4.2.4 Photoluminescence Studies: The relative orientation of helical structure as a function
of wavelength spectrum of incident radiation for different dopant concentrations [Fig.4.12]
was studied by computing PL anisotropy ‘An’ as given in Equation 4.3 [24]. A significant
decrease in the intensity of emission peak of 0.01wt% doped sample as compared to the
undoped sample [Table 4.3] indicates that doping with MWCNTS causes an increase in

absorption and an increase in the doping amount further decreases PL intensity [Fig. 4.12].

35
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Figure 4.12: Emission spectra of MWCNT -doped samples.

The meagre horizontal shift in the emission peaks of the doped samples explains the trivial
change in colour of the reflected light from different samples. The response of the medium
to incident light was studied in terms of refractive indices of undoped and doped samples
by Abbe’s refractometer [Fig. 4.13(a)].
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Figure 4.13: Variation of (a) Refractive Index (b) Pitch of the doped samples with MWCNT

concentration.

A significant increase (up to 13%) in refractive index of doped samples as compared to the

undoped was recorded [Table 4.3]. As there is almost no shift in reflected wavelength, we

believe that pitch of the doped samples may have decreased [Fig. 4.13(b)].

Table 4.3: Optical characteristics of Undoped and MWCNTs-doped CLC samples.

Parameter Chiral Mw1 Mw?2 Mw3 Mw4
0.00wt% | 0.01wt% 0.10wt% 0.50wWt% 1.00wt%
Refractive Index 1.48 151 1.66 1.70 1.70
Threshold Voltage (V) 8.8 58 53 6.9 6.9
Anisotropy at 436 nm
2 4 19 3 2

(10%)
Emission peak position

407.0 437.0 436.4 436.4 434.0
(nm)
Peak PL Intensity (a. u.) 190 32 14 7 6
Conductivity (107Sm™ | 5 g 0.36 0.49 1.32 1.56
€ (at 40°C) 1kHz 58 5.9 6.1 6.3 6.3
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The fluorescence anisotropy findings as tabulated in Table-4.3 validate other findings. All
the investigations suggest that MWCNTSs do influence the order of host liquid crystal

medium by aligning themselves in alignment layers.

4.2.5 The Electro-Optical Switching Behaviour: The application of electric field above a
threshold value (1.06V/um) forces the liquid crystal molecules to make an orientation along
the field by applying a torque on polarized molecules. The CNTs present in doped samples
also move to the directionally aligned conductive state as explained in section (4.1.3) [29].
We observed lowering of the switching threshold with CNT doping in case of lower
concentrations which seems to be due to high anisotropy of CNTs contributing to the
anisotropy of the composite. Corresponding to higher concentration of CNTSs, the transition
takes place at a higher value. We believe that this is because of the stabilization of

cholesteric domains by the percolation network of CNTs [Table 4.3].

4.2.6 Electrical Conductivity and Dielectric Response: The electric field induced behavior
of CNT-doped LC media has always attracted interest of the people working in this field. It
has been widely reported in literature that a minimal change in CNT concentration can

significantly alter the electro-physical behavior of LC composite [34,62,63].

Dielectric spectroscopy of MWCNT doped samples was done by a parallel RC circuit and
changes in the capacitance and dissipation were recorded to compute the ac conductance
oac, using Equ 4.1 [64]. The variation of conductivity with frequency corresponding to
different dopant concentrations has been plotted in Fig. 4.14(a). The effect of dopant
concentration on the conductivity of doped samples has been shown in Fig. 4.14(b) A
notable increase (five - tenfold) in the ac conductivity of doped samples at 50 Hz shows the
influence of CNTs.

121



1E-3

MWCNT Conc. (wt%) (a) 8.0x10°4 ()
—=— Undoped
1E4]—e—001
4010
—v—050
——1.00

7.0x10° E
6.0x10°

m
3.}

5.0x10°
4.0x10° 1

3.0x10°

Log Conductivity
m
(o]
Conductivity (Sm)

m
i

2.0x10°
1.0x10°

O'O T T T T T T
10° 10° 10¢ 10° 108 0.0 0.2 04 06 08 1.0

Log Frequency Dopant Concentration(wt%)

m
<o

Figure 4.14: ac conductivity of MWCNT-doped CLC samples as a function of (a) field

frequency at various dopant concentrations (b) Doping Concentration.

The cause of observed increase in conductivity of MWCNTSs doped samples [Table 4.3] can
be attributed to the conductive behaviour of CNTs which provide an easy path for
conduction at low concentrations and finally form interconnection of aggregates and
percolating network permeating into LC matrix at 1.0wt% concentration.

Figure 4.15 (a, b) show a substantial increase in € at low (50-100 Hz) frequencies with rise
in temperature. The real part of dielectric permittivity shows about 19-fold increase [Table
4.3] corresponding to a rise in temperature of about 60K at 50 Hz and about 40% increase
at 1kHz frequency for 1.00wt% doped sample, indicating the sensitivity of its dielectric
behavior towards temperature. The dielectric constant is not influenced much by doping
with MWCNTSs. It only shows a notable change corresponding to 1.0wt% doped sample at
50 Hz. With increase in frequency, doping with MWCNTSs does not seem to have any impact
on the dielectric constant. [Fig. 4.15 (c, d)].
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Figure 4.15: Effect of (a, b) Temperature (c, d) Dopant concentration on dielectric permittivity
of MWCNT-doped samples.

4.2.7 Measurement of Optical Hysteresis through Transmission Studies:
Microphotographs in Fig. 4.16 show the electric field induced director orientation of the
undoped and doped samples. It reveals that after the withdrawal of once applied field, the
undoped chiral system completely regains its original morphology through a mechanical
rotation. The microtextures corresponding to CNTs doped samples exhibit the formation of
field responsive anisotropic domains which persist even in the field-OFF state [Fig. 4.16
(a-f)]. Samples do not relax back for days of observation. They do so only after reheating
the samples to high temperatures of the order of 75-100°C. We further noted that
temperature at which the samples regain their original morphology increases with increase
in dopant concentration [Fig. 4.16 (g-i)].

The findings of the present study indicate that CNTs play an important role in changing the
behavior of the sample. The COOH functionalized MWCNTSs doping in induced CLCs has
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altered the morphological and electro-optic switching behaviour of liquid crystal host
material. A uniform dispersal of CNTs was ensured through attachment of

0 min, 300K 0 min,300K ()] 0 min, 300K

i el i

15 hr, 300K 15 hr, 300K 15 hr, 300K

A +

@ reheating  0.1% 4‘; reheating 0.5 % 4*; reheating  1.0%

Figure 4.16: Illustration of memory effects in the doped samples through optical textures.

functional group. It was observed that CNT doping could significantly reduce the threshold
electric field for Freedericksz transition and has potentially improved the optical anisotropy
and dielectric properties of the material. The PL spectroscopy has established that besides
being good absorbers (MWCNTS), the CNTs tend to stabilize the LC matrix and enhance

its electro-optic memory.

Equipped with these properties, MWCNT doped LCs can be of potential use for fabrication
of switching devices and owing to the optical hysteresis displayed by them, they can also
be used in optical memory devices.
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CHAPTER 5

EFFECTS OF NANOPARTICLES DOPING IN CHIRAL NEMATIC LIQUID
CRYSTALS

Overview

The first part of this chapter comprises of two studies. The first is about the effects of
varying concentration of silver nanoparticles on the properties of CLC matrix and the
second includes results of doping an equal amount of silver nanoparticles on nematic and

chiral matrices confined under same boundary conditions.

In the second part, study of the effects of functionalized Aluminum-doped ZnO nanoparticles

doping on the optical and electro-Optical behaviour of a CLC have been discussed.

Electrically induced Optical hysteresis and enhanced photoluminescence were observed in
the samples doped with Dodecanethiol functionalized silver nanoparticles, which virtually
vamooses at 0.020wt% dopant concentration. We have recorded an uptrend of enhancement
in emission peak intensity till 0.015wt% dopant concentration above which, we noticed a
fall in the peak intensity. We also detected a significant shift in the peak position with chiral

dopant concentration.

Another study reveals the Impact of chirality on nematic liquid crystal matrix doped with
Dodecanethiol-capped silver nanoparticles (AgNPs). The temperature dependent
morphological behaviour of both: the doped NLC and CLC was investigated by polarized
optical microscopy. We recorded lowering of the threshold of Freedericksz transition and
about a tenfold rise in dielectric constant of CLC samples with rising temperature. We also
observed a pronounced surge in photoluminescence in addition to an irreversible memory

in the chiral medium.

Emergence of optical hysteresis and enhanced photoluminescence was observed in chiral
medium dispersed with functionalized Aluminum-doped ZnO nanoparticles. We recorded

lowering of the threshold for Freedericksz transition and a nearly tenfold rise in dielectric
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constant with temperature. An irreversible memory in the doped chiral medium was

measured with transmission studies.

133



PHOTOLUMINESCENCE TUNING AND ELECTRO-OPTICAL MEMORY IN
CHIRAL NEMATIC LIQUID CRYSTALS DOPED WITH SILVER
NANOPARTICLES

In recent years, there is an immense growth in research activities in the field of ‘active
plasmonics’ by nanofabrication in liquid crystal (LC) materials [1-5]. The emerging field,
known as ‘nanophotonics,’ is a meaningful amalgamation of the functionality and versatility
of soft matter and the optoelectronic properties of nanoparticles. The incorporation of
nanostructures in liquid crystals has opened up new perspectives for the evolution of
plasmonic devices with enhanced performance [6,7]. Kumar et al. have reported ninefold
enhancement in photoluminescence (PL) intensity of gold NP-doped in deformed helix
ferroelectric liquid crystals (DHFLC) [8]. A build-up of luminescence intensity following
the doping of metal nanoparticles in polymers, dye molecules, and ferroelectric liquid
crystals (FLCs) has been observed and widely reported [9-11].

Popov et al. [12] suggested that photon scattering, which is responsible for random lasing
in Rh6G dye-doped LC laser, is enhanced by surface plasmons generated by active gold
nanoparticles. Pratibha et al. [13] explained the polarization-sensitive surface plasmon
resonance and corresponding red-shift in liquid crystal matrix with concentration of gold
nanospheres, by the Maxwell-Garnet effective medium theory. Caputo et al. [14] reported
vehement influence of gold NPs doping in chiral liquid crystal (CLC), on the position of
plasmonic absorption peak, leading to a broad tunability with temperature, in the presence
of external electric fields. Hung et al. reported an enhancement of optical diffraction due to
silver nanoparticles induced surface plasmon resonance (SPR) in CLCs [15]. Enhanced
photoluminescence leading to an augmentation of excitation and emission rate of liquid
crystal molecules due to localized electromagnetic fields in silver nanoparticle doped
nematic liquid crystals, graphene quantum dots doped FLC molecules, and AgNP doped
RHO6G dye has additionally been reported [16-19]. Middha et al. observed improved
ordering due to self-organization of single walled carbon nanotubes in CLC matrix leading
to enhanced photoluminescence [20]. Many researchers have reported emergence of
memory in NLCs and FLCs doped with nanoparticles. Yoshida et al. have reported

stabilization of blue phase and elongation of the pitch of a chiral medium doped with gold
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nanoparticles [21]. Parkash et al. have reported non-volatile memory effect based on a gold
nanoparticle-doped deformed helix ferroelectric liquid crystal DHFLC [22]. They have
attributed the observed memory effect to the electric field induced interaction of molecular
polarization of LC mesogens with gold nanoparticles. There are reports of induction of an
irreversible memory as a result of adding an optimum concentration of CdTe quantum dots
in FLC (LAHS19) [23]. We have also reported the emergence of memory in due to carbon
nanotubes doped CLCs in our earlier works [20,24]. Podoliak et al. observed a high optical

nonlinearity in nematic liquid crystals doped with TOAB-coated gold nanoparticles [25].

Although a lot of work has been done in this field, not much has been reported on the effect
of silver nanoparticles doping on optical and electro-optical properties of chiral nematic
liquid crystals [26]. The purpose of this work was to investigate the comportment of
dodecanethiol (DDT)-functionalized silver nanoparticles in soft, super helical structures of
induced CLCs and report the emerging optical, morphological and switching behaviour.

5.1 Sample Characterization

For the present study, we used Dodecanethiol (DDT) functionalized silver nanoparticles of
size 5-15nm, obtained from Sigma-Aldrich as a dopant in the host chiral nematic matrix.
We prepared the doped CLC composites by dispersing 0.005, 0.010, 0.015 and 0.020wt%
of DDT-functionalized silver nanoparticles into the induced CLC mixture followed by
ultrasonication for about one hour. The composites, at their isotropic temperature, were
filled in LC cells as per the procedure described in Chapter 2.

5.1.1 Morphological Analysis: Figure 5.1 depicts the optical textures exhibited by Ag
nanoparticles dispersions in chiral nematic phase of a liquid crystal mixture under crossed
polarizers of a polarized optical microscope fixed at 100X magnification. Planar Grandjean
texture in [Fig. 5.1 (a)] characterizes an uninterrupted helical structure in the undoped
sample. The helical pitch is related to the reflected colour as A = np, where symbols have
their meaning as mentioned in section 4.1.2. The optical textures of doped samples with
0.005 to 0.015wt% AgNP concentration, are marked by defects and a change in colour
which indicates that silver doping has modified the symmetry of helical structure and

deformed its pitch [Fig. 5.1 (b-d)].
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Figure 5.1: Optical micrographs of the scattering state of freshly doped CLCIII with increasing
concentration of silver NPs (a) Undoped (b) 0.005 (c) 0.010 (d) 0.015 (e) 0.020wt%, before the
application of bias.

With further increase in concentration of nanoparticles to 0.020wt%, we observed a change
in color of the texture and disappearance of disclinations indicating the decreased effect of
AgNPs, possibly because they have started agglomerating at this concentration. [Fig. 5.1(e)]
The thermo-optical behavior of the samples was investigated by heating them to their
isotropic temperature at a constant rate of 1K/minute and then cooling to room temperature
at the same rate. Thermo-optical hysteresis was noticed from the morphology which, we
believe is a result of competition between the planar surface anchoring forces of the cell

surfaces and thermo-elastic forces induced in the helical structure.

Figure 5.2 (a-e) shows the microtextures at room temperature taken about 24 hours after the
withdrawal of externally applied square wave ac electric field of magnitude 6\V/um. These
microphotographs show the emergence of electro-optical memory in AgNPs doped samples.
A close look at them reveals that the samples did not return to their original form even after

a daylong observation. The prima facie genesis of the induced memory is the incapability

136



of helical superstructures to completely rewind after the withdrawal of the field due to the

presence of AgNPs in the matrix [21].

a P P

Figure 5.2: Optical textures of electrically induced memory effects after the withdrawal of

electric field in the doped CLCII1 samples with increasing concentration (a) Undoped CLCIII
(b) 0.005 (c) 0.010 (d) 0.015 (e) 0.020 wt% of silver NPs.

The silver nanoparticles trapped in the defects of doped matrix had apparently reduced the
free energy and stabilized the orientation state of the doped matrix [22,23]. The memory
stored in these deformed helices is permanent in nature. The observations were repeated
even after a period of ten days. The observed hysteresis was measured and subsequently
confirmed by photoluminescence measurements.

5.1.2 Photoluminescence Studies: We recorded the PL spectrum of Dodecanethiol-capped
silver nanoparticles before dispersing them into the chiral nematic liquid crystal mixture.
The maximum PL intensity emission peak was positioned at 403nm [Fig. 5.3(a)]. PL
excitation spectrum of undoped and doped samples was recorded by using fluorescence

spectrophotometry. The basic parameters of slit width, excitation step, etc. were kept
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constant for all the samples. We found that the doped sample has the absorption peak at

350nm. We, thus performed photo-induced luminescence of the doped samples for 350nm

excitation wavelength. The photoluminescence spectrum of undoped chiral liquid crystals

was recorded from 380nm to 550nm.
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Figure 5.3: Photoluminescence spectra of (a) functionalized silver nanoparticles (b) Silver

nanoparticles-doped CLCIII samples for various dopant Concentrations.

We located the peak position on the emission spectrum of undoped chiral medium at 407nm.

In a quest to investigate the effect of silver nanoparticles on the photoluminescence of chiral

liquid crystals, we recorded photoluminescence spectra of chiral liquid crystals doped with

various concentrations of silver nanoparticles for the same range of wavelengths [Fig.

5.3(b)].

Table 5.1. Photoluminescence Response of Undoped and Doped CLC samples for various

concentrations of silver nanoparticles.

Silver Nanoparticle Excitation Maximum Emission )
. PL Intensity
Concentration (wt%) Wavelength (nm) Wavelength (nm)
UNDOPED 318 407 190
0.005 350 422 597
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0.010 350 437 668

0.015 350 438 746

0.020 350 413 615

The shape of the photoluminescence spectra of doped chiral liquid crystals in the presence
of silver nanoparticles hints of the well-organization of silver nanoparticles in CLC. As the
concentration of dopant is increased from 0.005 to 0.015wt%, an increase in the Pl intensity
is observed. Table 5.1 depicts the peak-intensity of photoluminescence as a function of
concentration. Peak intensity reaches a maximum at 0.015wt% concentration and shows
around threefold enhancement of intensity. We believe that enhancement of the peak PL
intensity because of local surface plasmon resonance in the 0.005 to 0.015wt%
concentration range. When light falls on spherical silver nanoparticles, the electron cloud
inside the surface of metallic nanoparticles starts oscillating in harmony with electric field
of the incident electromagnetic wave. This induced resonance is known as localized surface
Plasmon resonance (SPR) [27,28]. This manifestation brings about an enhancement of the
electromagnetic field on the surface of silver nanoparticles. The large optical fields
generated by surface plasmons, increase the fluorescence intensity of doped chiral liquid

crystal superstructures.

The local surface plasmon resonance effect, induced in chiral superstructures by silver
nanoparticles becomes more pronounced with increase in concentration of silver
nanoparticles from 0.005- 0.015wt%. The PL spectrum also shows a shifting (= 17 nm) of
the peak towards higher wavelengths on addition of silver nanoparticles (AgNPs), and on
increasing the concentration from 0.005 to 0.015wt% [Table 5.1]. This can be because of
lengthening of the pitch due to the presence of nanoparticles; as reported earlier in case of
nanoparticle-doped CLCs by M. Mitov et al. [29]. With further increase in concentration of
silver nanoparticles from 0.015 to 0.020wt%, a decline in the peak intensity was noticed.
We believe that this decrease in PL intensity is because of the fractional energy transfer

among the liquid crystal molecules and conglomerated silver nanoparticles [30,31].
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5.1.3 Electro-optic Switching and Conductivity Analysis: We investigated the switching
behaviour of Dodecanethiol-capped silver nanoparticles doped samples by applying a
square wave pulse of magnitude 0-30V. As compared to undoped CLC, doped samples
(0.015- 0.020wt%) exhibited almost double resistivity at 100Hz [Fig 5.4 (a)]. As reported
in earlier studies, genesis of the observed fall in conductivity lies in the fact that functional
group, by forming an organic layer around the surface of Agnps traps the positive and
negative ions [32-34]. Due to this ion trapping by the molecules of capping agent, we
observe a rise in resistivity. AgNPs have also shown their influence on the switching
behavior of doped samples. We observed a lowering in the threshold voltage required to
bring about Freedericksz transition in Ag-doped CLC samples [Fig. 5.4(b)].
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Figure 5.4: Plot of (a) ac conductivity versus frequency (b) threshold voltage at 50 Hz, for

various concentrations of silver nanoparticles.

We believe that the following two phenomena are responsible for the observed downtrend.
Firstly, in the absence of applied field, the screening effect due to space charge formation
is vanquished by ion capturing as explained earlier and secondly when field is applied,
electric flux density is augmented in the vicinity of spherical silver nanoparticles. The
increased density of flux around the metallic nanoparticles contributes to the increased
effective field strength which helps cause the electric field induced switching and

unwinding of helices in doped samples at a lower voltage.
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5.1.4 Electro-optical Hysteresis: We analyzed the PL emission spectrum of Ag-doped CLC
samples subjected to a stepwise increase in alternating electric field ranging from 0V/um
to 6V/um and back to O0V/um. The histogram in Fig. 5.5 (a) reveals that emission spectrum
of the undoped and doped samples are voltage dependent, and the peak intensity of all the
samples gets modified by changing applied voltage. In addition to this, we observed
switching behaviour of the samples in PL intensity profile. Until the switching voltage is
reached (which is different for every sample), PL intensity remains almost constant. On
increasing the applied voltage above the threshold, PL intensity increases further till the
phase change continues. Once the sample goes homotropic, intensity remains constant. We
observed that in this state when applied voltage was switched off, Pl intensity did not attain
its previous value. We repeated the observations after 24 hours of withdrawal of electric
field and plotted
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Figure 5.5: (a) PL response of silver nanoparticle-doped CLC with the application and
withdrawal of ac electric field (b) Variation of the memory parameter as a function of dopant

concentration.
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Them as memory parameter vs. dopant concentration graph [Fig. 5.5(b)]. We calculated the

memory parameter as

Irinai—liiti
Memory Parameter = Lzelnitial e (5.1)

max~—linitial

The observation of such memory effect in case of silver nanoparticle doped CLC further
endorses the presence of collective oscillations of an electronic cloud of metallic silver
nanoparticles and electromagnetic field of the incident light wave. The abnormally high
electric field is generated out of this interaction, which is capable enough to delay the
relaxation of liquid crystal molecules back to the scattering state. This intrinsic field
generated optical hysteresis increases with increase in concentration of silver nanoparticles
from 0.005-0.015wt%.

We also believe that silver nanoparticles have organized themselves into the defects
generated in chiral helical structure in such a way that their presence stabilizes the medium
[20]. Because of this, helical symmetry of the doped matrix gets deformed, and the process
of relaxation of molecules is slowed. The LC molecules are left impuissant to attain the
original configuration. In case of higher concentration (0.020%), the decline in these
exclusive properties like lower switching threshold and the memory parameter, endorse the
formation of agglomerates of silver nanoparticles at this concentration.

We, thus conclude that the photoluminescence behaviour of a chiral liquid crystal has
successfully been modulated by adding different concentrations of silver nanoparticles into
them. The 0.005-0.020wt% of AgNPs doped composites show the complete organization of
silver nanoparticles in the liquid crystal matrix. Because of the perfect self-organization of
silver nanoparticles in CLC matrix, the tuning of luminescence properties of chiral liquid

crystal was possible.

The organization of silver nanoparticles into CLC also brings hysteresis in the doped sample
cells. The enhanced intrinsic field created by silver NPs in the presence of incident em wave
contributed to the improved electro-optical response and a strong memory effect in the
doped matrices. Improved electro-optical response in the form of reduced threshold voltage

and better optical contrast, ensure the plausible use of this nanocomposite as a tunable
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optical functional material with electro-optical memory. Noticeable improvement in the
properties of silver doped chiral nematic liquid crystal material has ensured striking
appositeness of the composite for its plausible use in the fabrication of memory and high
contrast display devices.
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EFFECT OF CHIRALITY ON OPTICAL AND ELECTRO-OPTIC BEHAVIOUR OF
NEMATIC LIQUID CRYSTALS DOPED WITH FUNCTIONALIZED SILVER
NANOPARTICLES

Chirality in Liquid Crystals is an interesting phenomenon with a prospective to induce new
phases and textures like Blue phase, TGB phase, Focal conic texture and many others with
helical ordering [35]. The sensitivity of the cholesteric pitch to external provocations brings
versatility in chiral phases. Nanoparticle induction in chiral media has resulted in a
prominent number of effects leading to improvisation and fabrication of new devices of
display market and biomedical use. The optimum dispersion of chiral mesogens in nematic
liquid crystals (NLC) brings about significant improvement in its properties. Their
improvised behaviour makes them suitable for developing new optical devices [36,37].
Owing to the tremendous applicability and relatively simple structure of nematic liquid
crystals, nanoparticle doping was previously done in nematic liquid crystals only. Recently
cholesteric liquid crystals (CLC) are also being used for doping of NPs. Doped CLCs
showed improvements in optical response and driving voltage [38]. There are many reports
of distinctive effects because of induction of nanoparticles in chiral liquid crystals, some of
which were rarely seen in nematics. Stabilization of blue phase, augmentation of
photoluminescence and emergence of reversible and irreversible memory are a few
examples [21,26,39].

Although a lot of work has been done in the past decade in the field of nanoparticles doping
in nematic and ferroelectric liquid crystals, a comparative study throwing a spotlight on the
effects of introducing chirality in nanoparticle-doped achiral systems has been
underexplored. Our motive behind carrying out the present piece of research was to explore
the prospective and tenability of bringing helical symmetry in a nematic system composed
of uniaxial anisotropic mesogens aligned along the director. It seemed engaging about how
induced chiral mesogens, confined in a helical symmetry would respond to the interaction
between electromagnetic field of the incident light wave and the surface plasmons generated
by silver nanoparticles. A comparison of their behavior with less orderly nematic molecular

organization under similar conditions was still more interesting to pursue.
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We, in the present case, have doped an equal amount of Dodecanethiol functionalized silver
nanoparticles (AgNPs) in nematic as well as induced chiral nematic liquid crystals and

compared their morphological, optical, and electro-optic behavior.
5.2 Sample preparation and characterization

We prepared silver nanoparticle doped composites by dispersing 0.002wt% of silver
nanoparticles (AgNPs) into nematic as well as chiral nematic mixtures. Pure and AgNP-
doped LC mixtures were filled in the LC cells as per the procedure mentioned earlier in the

second chapter.

5.2.1 Thermo-optical Studies through POM: We used a POM with crossed polarizers set
at 100X magnification and attached to a temperature controlled hot stage to record micro
textures of the sample cells while increasing their temperature till isotropic and cooling

down to room temperature at a rate of 1K/min.

(b) 122-154°C 33°C again

Figure 5.6: Phase transition of silver nanoparticles-doped (a,b,c) Nematic and (d,e,f) Chiral

LCs with temperature.

The doping with AgNPs brings about visible colour changes in both; nematic as well as
chiral matrices. In undoped samples, phase transition to isotropic takes place at a slightly

(4°C) lower temperature in chiral nematic as compared to nematic. The difference increases
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to 47°C with AgNPs doping [Fig. 5.6 a,b,d,e)]. The occurrence of phase transition at a lower
temperature in doped CLC in comparison to doped NLC suggests that doping with AgNPs
has brought in order in nematic system while they seem to have brought down the symmetry
of the chiral medium.

A detailed look at figure 5.6 (c,f) reveals that while samples are being brought to room
temperature, doped NLC completely regains its original configuration. Appearance of
defects due to incomplete reorganization of molecules in the matrix of doped chiral sample,

at the same time, confirms the deformed helical structure.

We believe that the observed thermo-optical hysteresis is due to the slowing down of the
process of elastic rewinding of helices by the nanoparticles present in the matrix. The
nanoparticles confined in the anchored surfaces, in the process of their self-organization

within the helical arrangement end up stalling the elastic forces of the helical structure.

5.2.2 Electro-Optical Switching: Figure 5.7 (a,b,d,e) unveils the additament of
nanoparticles by a decreased value of switching threshold for electro-optical transition in

both nematic as well as chiral samples by approximately 25% [Table 5.2].

OV again

+

OV again

Figure 5.7 Freedericksz Transition in silver nanoparticles-doped (a,b,c) Nematic and (d,e,f)
Chiral LCs.
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Silver nanoparticles being metallic in nature, enhance the effect of applied field by trapping
of ions in their vicinity. Many researchers have earlier reported presence of ions in LC cells
results in the charge screening effect [33,40]. When such a cell is subjected to an external
electric field, space charge separation of the matrix takes place, which lowers the
effectiveness of applied field. Silver nanoparticles, by trapping of ions in their vicinity,
polarize the liquid crystal molecules surrounding them. The process leads to an increase in
the effectiveness of applied electric field and helps the switching to take place at a lower
value [6,41].

Fig. 5.7 (c,f) depicts the emanation of electro-optic memory following AgNPs doping in
chiral medium. Self-organization of silver nanoparticles in the defects has stabilized the
orientational state of doped chiral matrix by reducing the free energy [42,43]. The memory
stored in these deformed helices is of permanent nature and was present even after ten days
of observation.
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Figure 5.8: Variation of the dielectric constant of the undoped and silver nanoparticles-doped

samples with applied electric field frequency.

5.2.3 Dielectric investigations: Fig. 5.8 shows the frequency (50 Hz to 100 kHz) response

of dielectric permittivity at room temperature. Additament of AgNPs has brought about
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200% increase in the dielectric constant of NLC and 100% increase in CLC (at 60Hz). The
enhancement was observed for relatively low frequencies only while in the higher frequency

range (> 1kHz), doped samples did not show any notable change.

We believe that this type of frequency dependent behavior is due to the ionic conductivity
or low frequency dielectric dispersion. At low frequency, dipoles can follow the oscillations
of applied field while at higher frequencies, ionic conductivity loses its significance [46].
After the application of electric field, polarization takes some time to build up and ¢’
decreases with increasing frequency. The increase can also be due to the fact that
organization of AgNPs in LC matrix is such that the dipole moment of nanoparticles adds
to the dipole moment of liquid crystal molecules [47]. Moreover, presence of charges at the
nanoparticle-LC molecular interface causes overall enhancement of the polarization of

matrix which leads to higher dipole moment.
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Figure 5.9: Variation of dielectric constant of silver nanoparticles-doped (a) NLC (b) CLC

samples with applied electric field frequency at different temperatures.

Fig. 5.9 (a, b) depicts the frequency response of dielectric constant of doped samples
corresponding to a rise in temperature. We observed a nearly twofold increase in the
dielectric constant for a 40K rise in temperature above the room temperature at 50 Hz for

doped nematic sample [Fig. 5.9 (a)]. We also recorded about five to tenfold enhancement
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in case of doped chiral sample [Fig. 5.9 (b)] for the corresponding range of temperature.
We believe that enhancement in the value of €’ for the doped sample is because of the
spontaneous polarization of silver nanoparticles [48]. The dielectric constant of a polar
medium increases because of the increased polarization. Temperature induced unwinding
of the helices further augments the polarization process. The LC director may also have
coupled itself parallel to the dipoles of silver NPs in the matrix, thus contributing to the

enhancement of real part of the permittivity.

The thermo-optical hysteresis generated due to partial rewinding of the helices is also
reflected in the dielectric behavior of doped chiral samples [Fig. 5.9 (b)].

5.2.4 Conductivity Measurements: Figure 5.10 demonstrates an increase in the conductivity
of doped samples over pure NLC and CLC hosts. The increase is significantly lower in the

case of doped CLC (= 30%) as against the doped NLC (= 400%) [Table 5.2].
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Figure 5.10 Variation of the conductivity of undoped and AgNP-doped NLC and CLC samples.

As we know the source of electrical conductivity in pure liquid crystals is mainly ionic. The

residual impurities, aging and, contamination of cell surfaces or material are a few of the
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various possible sources of existence of ions. The formation of chains or network by
dispersed metallic nanoparticles can also contribute to the conductivity of doped samples.
Moreover, electrons present in metallic nanoparticles also contribute to the electrical
conductivity of the doped samples [29]. The segregation or restricted dispersal of silver
nanoparticles due to their trapping in the defects of chiral supramolecular structures can be
the reason behind limited contribution of AgNPs to the conductivity of doped CLC [47,48].

Table 5.2: Summary of Thermo-optic, Electro-optic, and Photoluminescence response of the

undoped and silver nanoparticles-doped NLC and CLC samples.

Sample Planar— | Conductivity | (€)30°c Threshold | Peak PL A max
Iso (°C) | 60 Hz (107) |at60Hz | Voltage(V) | intensity

NLC 95-121 0.003 1.97 10.0 140 384

CLC 95-117 0.060 5.46 8.8 190 407

NLC+Agnp | 122-154 1.230 5.75 7.0 290 410

CLC+Agnp | 76-107 0.159 10.02 6.3 617 413

5.2.5 Photoluminescence Studies: We recorded PL emission spectra of undoped and doped
samples at room temperature while keeping the basic instrumental parameters, viz., slit-

width, excitation step, etc. constant for all the samples [50-53].
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Figure 5.11: PL emission spectrum of the undoped and silver nanoparticles-doped NLC and
CLC samples.

The wavelength corresponding to the maximum PL intensity of emission spectrum was
found to occur at 408 nm. We thus performed the photo-induced luminescence of the doped
chiral liquid crystals by fixing the excitation wavelength at 350 nm. The photoluminescence
spectra of chiral liquid crystal molecules in the presence of silver nanoparticles have an
almost similar profile as the spectrum of undoped liquid crystals, indicating the complete
organization of silver nanoparticles in liquid crystal matrix. [Fig. 5.11] The addition of
chiral molecules affects the refractive index of the medium and doping with nanoparticles
also causes an elongation of the pitch, as observed by the reflection peak appearing at longer
wavelengths: this is consistent with a previous study [8] which reported helical pitch
elongation in nanoparticle-doped CLCs [Table 5.2]. We also observed a pronounced
enhancement in the peak intensity of photoluminescence because of AgNP doping in chiral
medium. We have successfully investigated the role of chirality in modifying the behavior
of AgNPs doped nematic liquid crystals. We recorded a significant enhancement in
photoluminescence, electro-optical and thermoelectric behaviour of doped samples after the
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introduction of chirality. Electro-optical hysteresis has been observed in the doped chiral

sample while this was absent in the doped nematic sample.

We consider the local surface plasmon resonance effect of silver nanoparticles present in
chiral superstructures of doped CLC sample to be responsible for the enhancement of
fluorescence as compared to the doped NLC cell. When frequency of photons of the incident
light matches the natural frequency of surface electrons oscillating in the restoring force
field of positive nuclei, the condition for resonance is established. There are earlier reports
about the optical absorption of a particle being maximum at the plasmon resonant
frequency, which is sensitive to the refractive index changes in the medium [49]. We believe
that the reason behind shifting of the peak in PL spectrum is the change in plasmon
frequency due to refractive index changes on addition of chiral molecules [50,51]. The
overall behavior of the AgNP doped chiral sample indicates its potentiality as a functional
material for memory devices. The sensitivity of surface plasmons generated
photoluminescence in the nanocomposite based chiral medium to its refractive index (a
function of the pitch of helix), envisages the potential for its use as an optical sensor with

functionality.
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EFFECT OF ALUMINUM DOPED ZINC OXIDE NANOPARTICLES DOPING ON
THE ELECTRO-OPTICAL AND PHOTOLUMINESCENCE BEHAVIOUR OF A
CHIRAL MATRIX

Recently zinc oxide nanoparticles have widely been reported to possess several favorable
properties, including good transparency [49,50] high electron mobility (2000 cm?/Vs at
80K) [51], wide band gap (3.37 eV) and strong room-temperature luminescence [52]. Zinc
oxide (ZnQ) is an intrinsic n-type semiconductor having a band gap in the ultraviolet (UV)
region which makes ZnO a unique candidate for UV light lasers and detectors working in
the range of 368—390 nm [53]. ZnO nanomaterials have been found very useful in several
optoelectronic applications such as optical sensors [51], light emitters [54], surface acoustic

wave (SAW) devices [55], gas sensing [56] and piezoelectric devices [57].

There are reports about further widening of the band gap with Al doping [58] as aluminum
serves as a donor in ZnO lattice and makes it useful for the fabrication of optoelectronics
devices and detectors [59]. The addition of aluminum improves the electrical and optical
properties of ZnO [60]. Bahedi et al. reported that Al-doped ZnO gives strong PL intensity
in UV region in crystalline samples [61-62]. All these properties of AZO (Aluminium doped
ZnO) particles make them suitable to be used as transparent electrodes in liquid crystal
displays (LCD) [61], energy saving and heat protecting windows, thin film transistors [62]
and light emitting diodes (LED) [63,64].

Inspired by the properties of AZO nanoparticles and the results of our previous studies
[20,24] regarding carbon nanotubes and silver nanoparticles doping in CLC matrix, we were
genuinely motivated to further our efforts. We were interested in exploring the perspectives
of doping our base matrix with AZO nanoparticles. Also as the AZO nanoparticle doping
in nematic LCs, having uniaxial symmetry, was giving promising results [1,65,66] , their

incorporation in the medium having helical symmetry seemed interesting to investigate.

The present study includes the effects of doping on the optical and electro-optical properties
of chiral nematic liquid crystals with different concentrations of Octadecylamine capped
AZO nanoparticles. The concentration dependent morphological behaviour was

investigated by polarized optical microscopy. We confirmed the electro-optic switching
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behavior of the liquid crystalline helix with an active chiral dopant. An improvement in the
electro-optical behavior of AZO NPs doped CLC medium in the frequency range 50 Hz-
1MHz was recorded. A lowering in the electro-optical switching threshold and a nearly
tenfold rise in the dielectric constant with temperature was noted. We observed a
pronounced surge in the photoluminescence emission peak of the doped samples. Optical

hysteresis was recorded in the doped samples and measured with transmission studies.
5.3 Sample Preparation and Characterization

5.3.1 Functionalisation of AZO Nanoparticles: We used 6% aluminum doped zinc oxide
(AZO) nanoparticles having size < 50 nm (Sigma-Aldrich). We functionalized them with
octadecyl amine (ODA) by a chemical route. A 0.54 gm of ODA was dissolved in 180 ml
of chloroform before adding 1 gm of AZO to the solution. Sonication followed the mixing
for two hours. We precipitated the functionalized AZO particles from chloroform by adding
400 ml anhydrous ethanol along with deionized water. The clear solution was decanted to

get the precipitate which, after drying was used as a dopant in the CLC matrix [69].
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Figure 5.12: FTIR spectroscopy profile of ODA functionalized AZO nanoparticles.

5.3.2 Fourier Transform Infrared Spectroscopy: The attachment of functional group was
confirmed by FTIR spectroscopy [69]. FTIR spectrum of ODA [Fig.5.12] is marked by
absorption peaks corresponding to the amine group (3331.96 cm™) and carbon atoms
belonging to the octadecyl chain. The craggy absorptions at 2912.13 cm™ and 2896.10 cm"
! corresponded to C-H stretching. Absorption at 1583.00 cm™ corresponds to the carbonyl
C=0 bond stretching of the amine group. Simple bending vibrations of C—H bonds are
represented by the dip at 1380.00 cm™. Absence of a broad absorption 3469.00 cm™ in ODA
capped AZO and its presence in the FTIR of AZO confirms chemical functionalization
through oxidation. The shifting of the dip at 3331.00cm™ corresponding to the presence of
a free NH; group in the ODA spectrum to 3229.00cm™ in the functionalized AZONP
spectrum indicates successful functionalization of AZO.

5.3.3 Transmission Electron Microscopy: TEM investigations were done to verify the size
of nanoparticles.
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Figure 5.13 TEM micrograph of AZO NPs dispersed in ethanol solution.

A sufficient number of microphotographs taken from different areas of the sample reveal
that average size of the functionalized nanoparticles is 7.8 nm. AZO particles doped CLC
composites were prepared by homogeneously dispersing 0.01, 0.015, and 0.020wt% of AZO
NPs in chiral nematic mixture and filled in LC cells of 5um (as used in our previous studies)
in their isotropic state.

5.3.4 Morphological Studies: The POM with crossed polarizers at 100X magnification was
used to record micro textures of AZO doped sample cells. Figure 5.14 (a) shows scattering
state of the chiral medium confined in antiparallel aligned ITO coated substrates. Fig. 5.14
(b,c) shows that doping with AZO NPs has generated defects in helical symmetry of the
chiral medium.
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Figure 5.14: Optical micrographs of the scattering state of doped CLC samples with increasing
concentration of AZO NPs (a) Undoped (b) 0.01 (c) 0.015 and (e) 0.020 wt%, in freshly filled
cells.

The number of disclinations increases with increasing the concentration of nanoparticles.
Fig. 5.14(d) depicts the formation of agglomerates at 0.02wt% concentration of dopant. The
difference in colour of the light reflected from the samples with different concentrations of
AZO NPs indicates that self-organization of AZO NPs has also influenced the pitch of the

chiral matrix as per the Bragg’s relation given in equation 4.4.

5.3.5 Electro-optical Studies: Figure 5.15 depicts electro-optic switching behaviour of
AZO NPs doped CLC samples. We applied a square wave pulse of 0-30V amplitude and 50
Hz frequency to the sample filled, antiparallel aligned planar cells maintained at room
temperature (30°C). We observed that AZO nanoparticles doped CLC cells switch at lower
threshold voltages as compared to the undoped sample [Tablel]. The lowering of the
threshold of Freedericksz transition owes its genesis to ion transport mechanism in the
material. As reported earlier by many researchers, ions are always present in LC cells due

to several reasons (explained in section 5.1) [33,68,71]. When we apply a square wave pulse
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to a sample filled aligned CLC cell, hydrodynamic instabilities are induced [Fig. 5.15] and

unwinding of helices accompanied by space charge separation takes place.
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Fig. 5.15. Model depicting ion transport mechanism in (a) AZO NP-doped CLC cell before the
application of electric field (b) undoped and (c) AZO-NPs doped CLC cell undergoing

Freedericksz transition.

The ions drift towards the alignment layers, and polarization of the dopant nanoparticles
takes place. Polarized dopants molecules interact with the ion impurities through Colombian
interaction and physically trap the ions. This trapping of ions reduces the number of ions
reaching alignment layers and limits the effectiveness of charge screening [70]. Hence,
lower threshold voltage is required to make a transition from planar to electro-optically

switched state [Tablel].

5.3.6 Dielectric Response of the Doped samples: It has been widely reported in literature
and our earlier works that an insignificant change in nanoparticle concentration brings about
noticeable and sometimes even pronounced changes in the electro-physical behaviour of the
host LC [24,66,71]. We studied the dielectric behavior of a planar-aligned cell as a function
of applied frequency by using a parallel RC circuit and scanned the capacitance and
dissipation parameters for a range of frequencies from 50Hz to 1MHz. The real &'
(capacitative) and imaginary €" (ac conductance) components of permittivity of the sample

were computed after that.

At lower frequencies 50-100 Hz, magnitude of the real part of dielectric permittivity (€”)
decreased for 0.01 and 0.015wt% doped samples and was lower in comparison to undoped
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CLC, while it was higher in case of 0.02wt% doped sample. At higher frequencies (100 Hz-
1MHz) the value of €’ is almost same for all the samples [Fig. 5.16].
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Fig. 5.16: Variation of the real part of dielectric permittivity with frequency for different
dopant concentration for the doped samples.

With doping of semiconducting AZO nanoparticles in CLC, dipolar interaction among
liquid crystal molecules organized in chiral symmetry and the dopant nanoparticles starts
taking place. This strong dipolar interaction disrupts the symmetry of chiral medium by
changing orientation of the molecules. Moreover, ions present in the undoped CLC get
trapped by dopant nanoparticles and cannot reach the electrodes: resulting in lower values
of dielectric constant. As the doping concentration increases to 0.02wt%, forces among the
nanoparticles dominate and the number of ions produced also multiplies due to higher
doping concentration [65], therefore the magnitude of dielectric permittivity shows an

increase in the value of the dielectric constant.

The expression for ionic contributions to dielectric dispersion in a LC cell subjected to an

electric field of frequency ‘f” is given as [72]
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Where n is the concentration, q is the charge, D is the diffusion constant for mobile ions, d
is the thickness of the cell, o is the permittivity in free space, Kz is the Boltzmann constant,
T is the absolute temperature, and &’ic is the inherent dielectric constant of LC matrix. As
per above expression, ionic contribution decreases with increasing frequency and it is the
second term which mainly contributes to the dielectric constant. This is because at high
frequency, trapped ions are unable to follow the speed of polarity reversal of the applied
field and reach the substrates to contribute to the dipole moment. Hence ion trapping effect
dominates at higher frequencies (100 kHz-1MHz) [33] and the value of dielectric constant

falls and is also almost same for all the samples.

Thermo-electric Response: Dielectric spectroscopy was done to investigate the effect of

temperature on dielectric permittivity of supramolecular helical matrix doped with self-
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Fig. 5.17: Temperature dependence of dielectric permittivity of AZO-doped chiral nematic

composite systems.
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assembled AZO NPs. Fig, 5.17 shows about three to thirteen-fold increase in the value of

€’ for a 50°C rise in temperature.

As the temperature rises, unwinding of helices promotes the polarization process and helps
the director to orient parallel to the applied electric field. The mobility of ions, present in
the medium, increases and more and more ions are now able to reach the alignment layers
and contribute to the overall dipole moment. As the AZO nanoparticles are semiconducting
in nature, they also see an upsurge in their polarization. The overall increase in polarization
of the matrix is responsible for the observed enhancement in the real part of the dielectric

permittivity with temperature.

5.3.7 Electrical Conductivity Measurements: Fig. 5.18 (a) depicts the response of
conductivity of doped samples to the applied electric field frequency. Fig. 5.18 (b) shows
the impact of AZO doping on the conductivity of doped samples as a function of dopant

concentration. Equ 4.1computed the sample conductivity cac [73].
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Fig. 5.18: ac conductivity of doped CLC samples as a function of (a) Frequency (b) Doping

concentration.

Where, ‘o,.' is the ac conductivity, ® = 2xnf and €, is the permittivity of free space. For a
nano-doped LC system, mainly two factors (ionic and the electronic) contribute towards the
value of ac conductivity. Out of the two, ionic part is independent of frequency and

electronic part changes with the change in frequency.

Table: 5.3 Electro-optical and optical properties of AZO-doped CLC samples.

Dopant Threshold Memory Max PL
Concentration (wt%) | Voltage (V) Parameter Intensity
0.000 8.8 0.01 190 at 407
0.010 6.7 0.05 627 at 434
0.015 6.1 0.22 698 at 436
0.020 5.9 0.00 723at 436
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We observed that at low frequencies, there was a decrease in the conductivity of doped
samples as compared to undoped samples. We believe this is because of the decreased
number of the freely available ions. At high frequencies, (> 0.5MHz) conductivity of the
doped samples increases above that of the undoped sample and reaches a value nearly

double as compared to the undoped sample at 0.6MHz, in the case of 0.02wt% doped
sample.

The source of this increase in the value of conductivity at high frequency can be electronic
hopping. Due to the large size of nanoparticles, the distance of hopping between the
neighbouring nanoparticles decreases, and they find it easy for ionic charge transfer

mechanism. The charge transfer now takes place through nanoparticles and contributes to
the conductivity.
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Figure 5.19: Hlustration of Electro-optical memory effects in the AZO-doped samples through

optical microtextures.

5.3.8 Investigations for Electro-Optical Hysteresis: Figure 5.19 (f,i) depicts the inception
of electro-optic memory in case of doped CLC samples through micro-textures. Most likely
the AZO particles, being large as compared to LC molecules, have obstructed the rewinding
of helical supramolecules, which presents itself in the form of disclinations and planar
regions intercepting the planar symmetry. Transmission studies were carried out to quantify
the irreversible memory as memory parameter ‘M’ as explained in Chapter 2

M = . (2.19)

Tmax—Ti
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Where Tiis the initial value of transmittance while increasing voltage from 0V and Tt is the
final value of transmittance at the zero applied fields while decreasing the amplitude of
voltage. Tmax IS the transmittance corresponding to peak value. We plotted optical

transmission from doped samples as a function of applied electric field in Fig. 5.20.
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Fig. 5.20: Normalized transmission as a function of applied voltage for AZO doped samples.

The measurements were taken as mentioned in section 2.3.7. In the absence of an external
field, the liquid crystal molecules are stable. In the ON state, as the field reaches its
threshold value, molecules start aligning with the field direction. The transmitted intensity
starts increasing gradually with changing phase and saturates in the homeotropic state.
While decreasing the voltage, transmittance also decreases but does not follow the same

path, hinting at optical hysteresis in the behaviour of the sample.
5.3.9 Photoluminescence Studies

To check the optical quality and possible effects of AZONPs doping on photoluminescence
behaviour, emission spectra of doped samples were plotted at room temperature [Fig. 5.21]

in the wavelength range of 300-600nm by fluorescence spectrophotometer and compared
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with those of the undoped CLC. While recording the spectra, all other instrumental
parameters such as the slit width, excitation step etc. were kept constant. The PL spectra of

doped chiral liquid crystals were then taken by fixing the excitation wavelength at 350 nm.

The signatures of three visible emission bands corresponding to 412, 436, 462nm are
dominant in the PL spectra of AZO doped CLC, which resulted from intrinsic defects in

ZnO nanomaterials.
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Fig. 5. 21: PL spectra of undoped and AZO nanoparticles doped CLCs.

The intrinsic defects in ZnO nanostructure are related to mainly Zn vacancies (Vzn), O
vacancies (Vo), interstitial Zn (Znj), interstitial O (O;) and substitution of O at Zn position
(Ozn). These intrinsic defects cognate with emissions from deeper levels such as oxygen
vacancies or zinc interstitials. It has been reported earlier [74] that a blue emission of ~412
nm in the PL spectra was attributed to O; levels defects in ZnO, whereas the blue emission
corresponding to ~436 nm and ~462 nm can be attributed to energy of transition of electron
from Zni to VB and Zn; to Vzn, respectively. With increasing the concentration of AZO NPs

in CLC, bands corresponding to 412nm and 462nm get merged and only the blue emission
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corresponding to 436nm dominates. Comparative study of the PL spectra of AZO doped
CLC with undoped CLC clearly depicts the absence of all these three blue emission bands

in case of undoped sample.

The doping of AZO NPs in CLC samples has improved the blue emission and hence
contributed to the enhancement of optical properties of CLC samples. The overall
enhancement of peak intensity is also remarkable in doped samples [Table 5.3]. More than
three-fold enhancement in the peak intensity was recorded for 0.01wt% doping of AZO

nanoparticles. These properties ensure its use as a promising optical material.
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CHAPTER 6
SUMMARY AND FUTURE SCOPE

A concentration based study on the impact of nanoparticles (SWCNTs, MWCNTSs, Agnps,
and AZOnps) doping on supramolecular helical organization of chiral nematic liquid
crystals was conducted. The agglomeration-free homogeneous mixing was ensured by
ultrasonication and confirmed by polarized optical microscopy. The thermo-optical and
electro-optical switching behavior of nano-doped samples confined in antiparallel aligned
planar liquid crystal cells was investigated by polarized optical microscopy. Significant
lowering of the threshold of Freedericksz transition was observed in the doped samples.
Emergence of defects with nanoparticle doping was a characteristic of all the doped
samples. A pronounced surge in photoluminescence emission intensity was observed in all
the nano-doped samples, except the MWCNT doped samples, where it showed a significant
decrease. Nanoparticles were also observed to bring a change in spectral behavior of doped
samples. Transmission studies indicated enhancement of optical hysteresis in almost all the
doped samples. The observations indicate a promising future for the investigated

composites to be used as functional materials with electro-optical memory.
Chapter wise Summary of the Findings

Chapter 1: A general overview of the liquid crystals and their phases with a special emphasis
on the chiral phase has been given in this chapter. The influence of external stimuli on the pitch
related properties of the chiral phase has been discussed. A brief introduction of nanoparticles
used as dopants in the present study and their role in changing the properties of liquid crystals
has been summarized. A brief review of their applications and the research work being done
in this field has been added.

Chapter 2: The selection of liquid crystals and nanoparticles (used as dopants), their

properties, preparation of doped samples with desired concentration of dopant and the

procedure followed to ensure a homogeneous mixing of nanoparticles into liquid crystals

have been included in this chapter. The experimental setup and methodology used for
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fabricating liquid crystal cells and filling of doped liquid crystal samples in them were
thoroughly explained. Details of the procedure adopted for functionalization of
nanoparticles have also been given. An appraisal of the role of polarizing optical
microscope in deciphering the phase changes after induction of nanoparticles was discussed.
Other characterization techniques employed for the analysis of nanoparticles and doped
samples, like Transmission electron microscopy (TEM), Fourier transform infrared (FTIR)
Spectroscopy, Fluorescence Spectrophotometry (PL), dielectric spectroscopy, and Abbe’s

refractometer were reviewed.

Chapter 3: Induction of chirality in a nematic liquid crystal mixture and optimization of chiral
dopant concentration into it, to form a suitable matrix for nanoparticle dispersal has been
discussed. Our objective was to look for the enhancement of optical and electro-optical
properties like morphology, contrast, photoluminescence, threshold voltage for switching,
dielectric constant, and optical hysteresis in the doped samples. We investigated the change
brought about in these properties of the NLC after doping with five different concentrations of
chiral molecules. We found the 2.5 wt% sample (CLC I11) to be most appropriate for

nanoparticles doping. The main features of this concentration (CLC Il1) are as follows

1. Morphology: Till this concentration, the microtextures do not show any defects or
discontinuities in the uniform texture, however after this, the defects start appearing
(CLC IVand CLC V)

2. Optical hysteresis: At this concentration, the optical hysteresis just starts coming in the
sample, so there is a scope for its increase/decrease/disappearance of memory on
nanoparticle doping.

3. PL intensity: The emission peak intensity and electro-optical response of PL emission
peak for this sample are maximum for CLC |11, which increases prospects of its use as a

potential optical material.

Our observations illustrated that the induction of memory as a result of manipulation of the helix
director remains an active field of study and leads to new qualitative effects which can be useful

for the development of memory based bistable low power devices.
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Chapter 4: Octadecylamine functionalized Single-Walled Carbon Nanotubes (SWCNT)
dispersion in induced CLC influenced the collective orientation of nematic liquid crystal
molecules in helical layers. Varying dopant concentration manipulated the properties of the
doped matrix. The functional group has restricted the CNTs from the aggregate formation.
As confirmed by polarized fluorescence spectroscopy, highly anisotropic nature of single
wall CNTs enhanced the anisotropy of the liquid crystal and influenced the switching
behavior by significantly bringing down the threshold voltage. The n—mn interaction of
SWCNTSs present in the planar alignment layers and chiral nematic liquid crystal molecules
affects the molecular relaxation process. We also observed and quantified an electro-optical
hysteresis of permanent nature. The results indicated the stabilization of the sample which
is indicated in the enhancement of electro-optic memory (significantly at 0.3wt% CNTSs
doping). These properties favour potential practical utility of the material in optical memory

devices and display technology.

The dispersal of COOH functionalized Multi-walled carbon nanotubes (MWCNT) into the
induced chiral nematic liquid crystals confined in a planar aligned cell led to an improved
electro-optic response regarding an increase in refractive index, and dielectric constant of
the CLC. We investigated the physical, optical and electro-optical behavior of the doped
samples with different dopant concentrations and confined in similar boundary conditions.
Polarized fluorescence spectroscopy established the anisotropic changes brought in by CNT
doping with a significant increase in absorbance of the doped samples. The early onset of
Freedericksz transition also endorses the change in switching behavior of the CLC after
doping. The reorientation of the liquid crystal director and CNTs with applied electric field
was observed until the homeotropic state was achieved. We also noted the emanation of

memory in the doped samples after the withdrawal of the electric field.

Chapter 5: The addition of different concentrations of Dodecanethiol functionalized silver
nanoparticles in to a CLC, have successfully modulated the photoluminescence behaviour
of a chiral liquid crystal. The 0.005-0.020wt% of Agnp doped composites show a
quintessential organisation of the silver nanoparticles in the liquid crystal matrix, thus

making the tuning of the luminescence properties of the chiral liquid crystal possible.

178



Homogeneous dispersal of silver nanoparticles into CLC also brings memory in the doped
sample cells. The enhanced intrinsic field created by silver NPs in the doped sample
contributed to the improved electro-optical response and a strong memory effect. The
interaction of the collective electron cloud oscillations in the silver NPs with the
electromagnetic wave of incident light traversing through the doped CLC medium probably
brings about extraordinary results. Electrically induced Optical hysteresis and enhanced
photoluminescence were observed in the doped samples, which virtually vamooses at
0.020wt% dopant concentration. We have recorded an uptrend of enhancement in emission
peak intensity till 0.015wt% dopant concentration above which, we noticed a fall in the
peak intensity. We also detected a significant shift in the peak position with chiral dopant
concentration. The enhanced electro-optical response of this nanocomposite CLC, like
reduced threshold voltage and better optical contrast, pave the way for its plausible use as

a tunable optical functional material with electro-optical memory.

Another study based on the Impact of chirality on nematic liquid crystal matrix doped with
Dodecanethiol-capped silver nanoparticles (Agnps). The temperature dependent
morphological behaviour was investigated by polarized optical microscopy. We recorded a
lowering of the threshold of Freedericksz transition and about a tenfold rise in dielectric
constant with rising temperature in the chiral samples. We also observed a pronounced surge

in photoluminescence in addition to an irreversible memory in the chiral medium.

The second part of the chapter deals with the emergence of optical hysteresis and enhanced
photoluminescence in chiral medium dispersed with functionalized Aluminum-doped ZnO
nanoparticles. We recorded a lowering of the threshold of Freedericksz transition and a
nearly tenfold rise in dielectric constant with temperature. Irreversible memory was
recorded in doped samples and measured with transmission studies. The improved blue
emission ensures the enhancement of optical properties of CLC samples. The overall
enhancement of peak intensity is also remarkable in doped samples. More than three-fold
enhancement in the peak intensity was recorded for 0.01wt% doping of AZO nanoparticles.

These properties ensure its use as a promising optical material.
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