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Nanostructure liquid crystal composites are perfect for designing novel materials with pre-
defined properties that can be of substantial interest in many fields including materials science,
electronics, optics, and energy storage. Liquid Crystals (LCs) are a good candidate to work as a
host medium for nanoparticles with different properties given their low cost and facile responsive
characteristic to external stimuli such as voltages as low as one volt. Concentrated dispersions of
anisotropic gold, silver, and metal alloy nanoparticles in nematic hosts have been achieved and
successfully controlled using low-voltage fields. However, to enable versatile designs of material
behavior of these composites, simultaneous dispersion of anisotropic particles with different shapes,
alignment properties, and compositions is often needed. For example, integrated plasmonic gold
nanoparticles in the up-convergent nanoparticles (UCNPs) or quantum dots (QDs) semiconductor
matrices serves as nano antennae that can harvest the light energy to the nanostructured matrix
giving rise to potential applications. In this work, spectral characteristics of dispersions of multiple
types of anisotropic nanoparticles in a common nematic host LC provide an unprecedented variety
of electrically- and optically-tunable material behavior. Different composites of inclusions of plas-
monic gold nanorods, quantum dots, dyes will be explored and implementing such composites in
an inexpensive, energy-efficient, large-area, fast-switching smart windows applications, along with
exploring different self-assembled systems by entropically driven forces will be discussed. Overall,
utilizing LCs as a guest medium to these nanoparticles allows for unique features as well as promis-
ing properties through the design of novel self-assembly based hybrid nanostructures. This can give
rise to potential and practical applications for the fabrication of optical or electro-optical devices
such as climate dependent optimal solar gain smart windows, switchable plasmonic polarizers, and

may expand to further satisfy renewable energy needs.
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Figures

Fig. 1.1

Fig. 1.2

A schematic diagram of LC phase in thermotropic LCs that are commonly
known to be temperature sensitive. With increasing temperature, the crys-
talline solid phase changes to the LC phase, or nematic phase, then to
isotropic liquid phase: (a) ordered solid phase, (b) nematic LC, and (c)
isotropic liquid phase. (d) Orientation distribution can be deduced by
the molecules long axis deviation from the local average orientation of LC
molecules denoted by the director N. The deviation of the LC molecules
from N by an angle 6 (top), and a molecular structure of a common ther-
motropic LC known as pentyl cyanobiphenyl, or 5CB (bottom). . . . . ..
(a) The classic elastic distortions: splay, twist, and bend in LC, respec-
tively. (b) An illustration of a full twist of LC layers of 360° forming a
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Fig. 1.3

Fig. 1.4

Fig. 1.5

(a) An illustration of the Polarized Optical Microscopy (POM) with a
polarizer P oriented orthogonally to the Analyzer A; as the LC sample
rotates, the transmission of the light changes from the dark state (Njg
parallel to A or P) to a bright state (Ng at 45 degrees from either A or P.
Here Ny is in the same orientation as n.). The given LC sample, here, is a
homogeneous planar LC cell. It can be of different alignment settings, and
POM is useful in distinguishing LC orientations. (b) Detailed illustrations
of the light propagation through the birefringent LC cell under crossed-
polarized illumination. . . . . . . . . . . ... ...
(a) A schematic representation of the anchoring angles; polar angle 6 and
azimuthal angle ¢ (b) and (c) show the anchoring of nematic LC on the
surfaces within a cell after treating these surfaces with appropriate poly-
mers to induce the alignment needed close to the surfaces; (b) Homeotropic
anchoring, and (c) planar anchoring. The nematic LC director extends its
orientation to the bulk of the cell as a result of the long-range ordering to
minimize the elastic energy of the LC system. . . . .. .. .. ... ....
(a) Schematic of SPR in a small metallic spherical nanoparticle irradiated
by light. (b) The electron oscillations associated with a rod like metallic

nanoparticles exhibiting transverse and longitudinal SPR with light irradi-
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Fig. 1.6

Fig. 2.1

(a) A representation of the optical spectra of GNRs with arrows indicating
the TSPR and the LSPR in short GNRs spectra dispersed in water (blue)
and another long GNRs (red). The inset shows a TEM image with the cor-
responding GNRs dimensions. (b) The final solution of GNRs synthesized
following a seed mediated method, the GNRs appear brown reflecting long
GNRs with LSPR close to the near IR (900 nm; the TSPR is responsible
for the coloration. (c) A schematic showing the arrangement of the CTAB
around the GNR with the hydrophobic tail pointing inwards avoiding con-
tact with the solute (water) and the hydrophilic head group in contact with

the solute. . . . . . . . e

Design of plasmonic nanocomposite materials and oriented self-assembly
of codispersed GNRs. (a) Schematic of a GNR with the mPEG capping
polymer layer on its surface. (b) Schematic of the codispersed GNRs with
different aspect ratios but treated to define the same tangential anchoring
for N on their surfaces. (c) Schematic of a GNR with the silica coating
and DMOAP capping layer on its surface. (d) Schematic of the codispersed
GNRs with different aspect ratios that are treated to define different, tan-
gential or homeotropic, surface anchoring for N. (e) Extinction spectra
of both SGNRs and LGNRs when separately and jointly dispersed in an
isotropic solvent (ethanol) at a dilute total concentration of 0.6 wt.%. (f)
TEM images of the long (left) and short (right) GNRs; the red scale bars

are 100 nm. . . . . ..o L e
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Fig. 2.2

Codispersion, coalignment and switching of like-anchored GNRs in a ne-
matic LC. (a,b) Polarizing optical micrographs of a planar cell with Ng (a)
parallel to analyzer (A), and (b) at 45° to crossed polarizer (P) and A.
(c) Dark field micrograph of a cell with Ng along its horizontal edge. (d)
Polarized extinction spectra of the cell for linear polarizations P||Ng and
P 1Ny at no applied fields and at applied voltage U = 10V. (e) Voltage
dependence of transmittance of white light polarized along the rubbing di-
rection measured using a microscope, with the threshold voltage marked
by an arrow. (f) Voltage-dependent rising time for both types of GNRs.
The insets show photographs of the inch-size cells at different orientations
of Ng relative to P. (g,h) Rising and decay times for (g) SGNR and (h)
LGNR dispersions measured based on relative changes of transmittance

(T — Tp) for the same codispersion sample by using optical band-pass fil-

ters corresponding to their longitudinal SPRs. The cell thickness is 30 pm.
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Fig. 2.3

Codispersion, coalignment and switching of differently anchored GNRs in a
nematic LC. (a) Normalized extinction of a codispersion of LGNRs treated
for tangential and SGNRs treated for perpendicular anchoring for P||Np.
The inset is a TEM image of the silica-coated SGNRs. (b) Switching of the
extinction spectra at P||Ng by applying U = 10 V. (c¢) Voltage-dependent
rising times for both types of GNRs codispersed in the same LC sample,
along with photographs of the cell (30 pm-thick, square-inch area filled with
the codispersion) in the inset showing the change of color upon changing
polarizer orientation from P|Ng (top) to P_LNg (bottom). (d) Voltage de-
pendence of light transmission at the longitudinal wavelengths of SGNRs
and LGNRs, with the threshold voltages marked by colored arrows. The in-
sets are schematics of the cell before and after applying U much larger than
Uin, along with schematically shown alignment of particles in the LC with
and without applied U. (e, f) Rising and decay times for (e) SGNRs and
(f) LGNRs measured based on relative changes of transmittance T'— T} for
the same LC codispersion by using optical band-pass filters corresponding

to their longitudinal SPRs. . . . . . . .. ... Lo
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Fig. 3.1

Fig. 3.2

TEM imaging of GNRs and extinction spectra of dye molecules and nanopar-
ticles in isotropic solvents. (a-c) TEM images of GNRs with different lon-
gitudinal SPR peaks: (a) 780 nm, (b) 1010 nm and (c) 815 nm GNRs
shown in (a) and (b) are coated with a silica shell of average thickness of
21 nm and 25 nm, respectively. Scale bars are 200 nm. (d) Normalized by
the maximum intensity extinction spectra of GNRs in water before (red
and violet lines) and after silica capping (corresponding lines). (e) Nor-
malized by the maximum intensity extinction spectra of dye molecules and
PEG-capped GNRs in toluene taken separately (green and orange lines)
and when dispersed jointly (black line). Note that the extinction peaks
of dye and the longitudinal SPR of GNRs are red-shifted due to the high
refractive index of toluene. . . . . . ... ..o L Lo L
Unidirectionally aligned and twisted structures of LC doped with GNRs
and dichroic dye molecules. (a) Schematic of GNRs capped with mPEG-
SH following IN (blue lines) in a uniformly aligned LC; the inset shows
details of surface functionalization of GNRs. (b) Schematic diagram of
DMOAP-SiO2-GNRs that exhibit self-alignment perpendicular to N; the
inset shows details of silica shells around GNRs and DMOAP surface func-
tionalization. (¢, d) Normalized by the maximum intensity extinction spec-
tra of LC with (¢) PEG-functionalized and (d) DMOAP-SiO,-GNRs in a
planar cell for linear polarizations of probing light P||Ng and P_1LNy. (e)
Schematic diagram of the cholesteric LC co-doped with dichroic dye and
PEG-functionalized GNRs in a planar cell with the alignment of N at cell
substrates defined by the rubbing direction N(r). (f) Normalized spectra
of cholesteric LC with Ae < 0 (1:10 mixture of 5CB and AMLC-0010)
co-doped with the dichroic dye and PEG-functionalized GNRs in a planar

cell shown in (e); the spectra are obtained for N||N(r) and N_LN(r).
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Fig. 3.3

Electric switching of a cholesteric LC co-doped with GNRs and dichroic
dyes in a homeotropic cell. (a) Integrated extinction of light traversing
through a homeotropic cholesteric LC cell versus U. The threshold voltage
Ui, is marked by an arrow; cell thickness is d ~ p/2 with p ~ 60 pm.
Schematics in the insets show patterns of orientation of dichroic dye and
LC molecules and GNRs within the LC at (left) U < Uy, and (right)
U > U, (b) Normalized by the maximum intensity extinction spectra of
the homeotropic cell for linear polarizations with and without field, with
insets of photographs of inch-size cells. (c) Voltage dependence of the
transmittance of natural white light across the homeotropic cell measured
separately utilizing optical filters for both PEG-GNR and the dichroic dye.
(d) Voltage-dependent rising times for both dye and GNR in the same
sample. (e, f) Rising and decay times for dye and PEG-GNR, respectively,
measured based on changes of a relative transmittance (7' — Tp), where Tj
is the minimum transmittance of the composite, for the same LC system

by using corresponding optical filters. . . . . . . . ... ... L.
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Fig. 3.4

Nematic LC co-doped with dye and DMOAP-SiO,-GNRs in a planar cell.
(a) Schematics of GNRs (yellow rods) and dichroic dye molecules (green
ellipsoids) self-aligning with respect to N at (left) U < Uy, and (right)
U > Uy,. (b) Extinction spectra of the planar cell for polarizations P||/IN(r)
and PLN(r). Switching between the visible-range and the near infrared
extinction bands can be done by rotating the cell 90° with respect to P,
or by applying U. (c) Relative change of transmittance versus U in the
spectral ranges of absorption of GNRs and dye obtained using natural white
light through the planar cell measured separately utilizing the appropriate
optical filters. Insets show micrographs of the planar cell upon rotating
P from P||N(r) to PLN(r) and with applying U; the scale bar is 50 pm.
(d) Comparison of U-dependent Tyising for dye and GNRs within the same
sample. (e,f) Characterization of (e) Tyising and (f) Tgecay for dye and GNRs
based on relative changes of transmittance (7' — T) using optical filters to

pre-select the respective absorbance bands. Average values of Tgecay are

1.37 s and 1.41 s, as determined for the dye and GNRs, respectively. . . . .
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Fig. 4.1

Localization of GNR and QD nanoparticles in linear defect traps. (a) Di-
rector configuration in the vertical cross-section of the cholesteric finger
with two line defects (marked with the red filled circles), which is transla-
tionally invariant along the normal to the cross-section. (b) Configurations
of the director field around the defect lines at the top and bottom of the
cross-section shown in (a), with details of the director configuration for
one of them shown on the right side. The core regions of defects are shown
using red color. (¢) A schematic illustration of the experimental configu-
ration of QD (green) and GNR (yellow) nanoparticles co-entrapped within
the core of a singular line defect (red tube) within a chiral nematic LC.
(d) Schematics of the GNR particle with a silica shell and DMOAP sur-
factant monolayer (top) with dimensions marked on the illustrations and
TEM micrograph of the silica capped GNRs (bottom). (e) Schematics of
the CdSe/ZnS QD particle representing a core-shell geometry and TEM
micrograph of the QD particle (bottom) used in the experiments. (f) The
probability distribution of the displacement made by a single GNR within
time periods At = 0.067 s, showing the diffusion along the length of the
line defect at room temperature and at 45 °C. (g) The probability distri-
bution of the displacement made by a QD in time At = 0.067 s, describing

its diffusion along the length of the line defect. . . . . ... .. ... ...
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Fig. 4.2

Trapping and interactions of nanoparticles in the cores of defect lines. (a)
Trapping potential extracted from the motion of a QD (o) and a GNR (O)
in directions perpendicular to the line defect. Inset shows the image of
QD particles trapped inside line defect. (b) Interaction potential between
two GNR entrapped inside a core of the line defect, probed when they are
brought close to each other using optical trapping and then released. The
potential is measured at room temperature and at 45 °C. Inset shows the
variation of inter-particle center-to-center spacing with time when the opti-
cal traps are switched off, demonstrating repulsion between the nanoparti-
cles. (c,d) Assemblies of (c) small clusters of QDs and (d) individual GNRs
in a line defect formed due to repulsive interactions and confinement along
the defect line. (e) Potential energy of interaction between GNRs extracted

from the motion of single particles within an assembly shown in (d).

Xix

95



Fig. 4.3

Fig. 4.4

Optical characterization of nanoparticles and modeling of SPR effects in-
volving them. (a) Optical characterization of the nanoparticles used in the
experiments showing extinction spectra of GNR (o) particles dispersed in
water, simulated extinction spectra of GNRs when they are brought close
to each other in the line defect, forming a dimer configuration, indicating
a red-shift in the longitudinal LSPR peak. Absorption spectra of the QDs
(O) dispersed in toluene and emission spectra of the QDs particles on a
glass substrate (A). (b) Electric field enhancement at the QD location in
the sandwich structure for different emission wavelengths, calculated based
on electromagnetic simulations using COMSOL Multiphysics. (c¢) Optical
microscopy image of a LC line defect viewed under crossed-polarizers, in-
dicating strong birefringence of the LC line defect. The location of a GNR-
QD sandwich assembly is marked with a red arrow. (d) Schematic of the
experimentally realized configuration of the particles showing the dimer
configuration of the GNR particles with a QD particle located at the center
of the GNR particles. (e,f) Electric field intensity profile for the configu-
ration shown in (d) simulated using DDA method at emission wavelength
(e) 620 nm and (f) excitation wavelength 473 nm. . . . . . ... ... ...
Antibunching setup and characterization. (a) Schematic representation
of the antibunching setup used in experiment (b) Fluorescence image of
a QD particle trapped inside a LC line defect before moving the GNR
close to it. (c-f) Dark field microscopy images viewed with a red filter,
showing the nanorod assembly using an optical tweezer, sandwiching a QD
particle between. The final sandwich structure is represented in (f). (g)
Fluorescence image of a QD particle after forming the sandwich structure.
(h,i) Antibunching data collected from the QD particle before (h) and after

(i) moving the GNR close to the QD, forming a sandwich assembly.
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Fig. 4.5

Fig. 4.6

Fig. 5.1

Characterization of fluorescence intermittency and fluorescence decay. (a,
b) Fluorescence time traces of a QD particle trapped inside a line defect
before (a) and after bringing two GNRs forming a sandwich assembly (b).
The “on” and “off” times of the QD particle is presented by the corre-
sponding histogram in the right side. (c, d) Analysis of fluorescence time
trace with constant thresholding for the curves presented in (a) and (b)
representing the probability density P(t) of sustained “on” (to, ) and “off”
(tom ) times of the QD particles before (c) and after (d) bringing two GNRs
forming a sandwich assembly. Solid lines represent linear fits to the data,
showing a power law dependence. (e) Typical fluorescence decay curves of
a QD particle (black curve), representing a faster fluorescence decay when
the QD particle is sandwiched between two GNRs (blue curve). Solid lines
represent the double exponential fit to the experimental decay data. . . . .
Variations of ¢(?)(0) and enhancement factor. Histogram representing the
variations of g(?) (0) estimated from the photon antibunching measurements
(a) and emission enhancement of QD fluorescence (b), calculated based

measurements on multiple sandwich assemblies in LC line defect. . . . . . .

(a) The self-assembly of gold nanorods induced by dextran in an open
glass cell. (b) Monolayer and multilayer self-assemblies. (c) The differ-
ence growth stages of the self-assembly in the polymer rich aqueous back-
ground. (d) Demonstration of the birefringence taken under OM (top-left)
and POM (top-right), the bottom image was taken under POM with a
retardation plate v inserted at a 45° angle reflecting the orientation of the
director N in the well self-assembled structures. The self-assemblies in a
side-view and in-plane view are shown in (e, f), respectively, and both were

taken with dark-field imaging mode. All scale bars are 20 pm. . . . . . . .
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(a) Transparent cellulose LC. The birefringence is observed under a cross
polarizer in (c). (b, d) SEM images of different magnifications that show
incorporated GNRs in the matrix of the porous cellulose nanofibers. . . . .
GNRs incorporated in the porous cellulose matrix host in different medi-
ums: water, solvent, and in air. (a) Extinction spectra of GNRs in the
cellulose host in water (hydrogel), methanol (alcogel) and in air (aerogel).
The LSPR shifts drastically when the porous cellulose nanofibers dries out
of the solvent (blue line). The original LSPR of the GNRs used here is
750nm. (b) insets of images of the GNRs inclusions in the gel under the
different solvent treatments, and in air. . . . . . ... ... ... ......
Incident solar radiation spectrum (red curve) and the absorption of silicon
(blue curve). More than a third of the incident solar radiation is simply
transmitted through a typical silicon photocell. The green shaded region
indicates the up-conversion region, where the doped lanthanide ions (Yb3*,
Er3t, and Tm3*) absorb the infrared radiation. Green circles and triangles
show the visible up-converted emissions of Er3*, and Tm?*, whereas red
circles, triangles, and squares indicate the infrared absorption of Er3*,
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lines in each image. (f) A specific angled alignment of rods in a TEM
image. (h) An SEM image of GNRs orientation between the two merging
self-assemblies, where they form a perfect self-assembled unit without any
twisted deformation or defects in between, while a full 180° twist between

the two assemblies, also known as a w-wall illustrated in (g). . . . ... .. 115



Chapter 1

Introduction

1.1 Liquid Crystals

Liquid crystals (LCs), or flowing crystals, [4] define a new state of matter with properties
in between those of ordered solid state and the disordered state of flow-like liquids. This interme-
diate state, also known as the fourth state of matter, acquires its properties from its constituents
and their order. For molecular LCs, molecules have an anisotropic shape that is either rod-like or
disk-like with dimensions in the nanometer range. Weak intermolecular enthalpic forces between
the molecules, such as hydrogen bonds or Van der Waals forces, give rise to an ordered LC phase,
namely an orientational order. While, enthalpic forces primarily drive this LC phase, an ordered
LC phase may also arise due to entropic driven forces, such as depletion attraction forces or ex-
cluded volume based forces, which contribute to the self-assembly of the anisotropic LC molecules

and give rise to the orientational order of the LC phase.

Despite the fact that in this LC phase, the anisotropic molecules are randomly positioned,
nonetheless, the molecules align with their long axis along a certain orientation. This orientation
is denoted by a director N, which presents the average orientation of local LC molecules, where N
is noted as a two-headed arrow along the orientation or alignment directionality, since the physical
properties of the molecules are the same in +N or —IN. Fig 1.1(b) demonstrates a LC phase, also
noted as nematic phase, in comparison with the crystalline solid phase and isotropic liquid phase,

respectively, Fig. 1.1(a),(c).
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Fig. 1.1: A schematic diagram of L.C phase in thermotropic LCs that are commonly known to be
temperature sensitive. With increasing temperature, the crystalline solid phase changes to the LC
phase, or nematic phase, then to isotropic liquid phase: (a) ordered solid phase, (b) nematic LC,
and (c) isotropic liquid phase. (d) Orientation distribution can be deduced by the molecules long
axis deviation from the local average orientation of LC molecules denoted by the director N. The
deviation of the LC molecules from N by an angle 6 (top), and a molecular structure of a common
thermotropic LC known as pentyl cyanobiphenyl, or 5CB (bottom).

The orientation of the LC molecules are analyzed with a traceless tensor order parameter
that is used to describe the orientational order of the nematic LC. However, with certain LCs, such
as uniaxial LCs, it is sufficient to express this orientational order more simply with a scalar order

parameter S:

= (3{cos®0) — 1)/2, (1.1)

where 6 is the deviation of the long molecular axis from the LC local director N as shown in Fig.
1.1(d), which is the preferred orientation in a given LC volume. S can range from 1 to —1/2,
where 1 indicates complete crystalline order, 0 is an isotropic state, and —1/2 reflects the molecu-
lar orientations where the molecules long axes are in the plane perpendicular to the local director.
At the extreme ends of S values, S = 1 or 0, the LC loses its liquid crystalline phase, and the
constituents form either a crystal phase or a liquid phase, respectively. For the nematic LC phase,
on the other hand, S ranges between 0.3 and 0.9. Note that S can measure not only the order of
the LCs themselves, but also the orientational order of any inclusions of anisotropic nanoparticles
in the LC medium, at which case S will reflect how well these particles are aligned with respect to

N, as demonstrated in chapter two.



LCs are ubiquitous in nature and have many different types that can be classified into categories
that depend on certain parameters, such as thermotropic LCs that depend on temperature, poly-
meric LCs that depend on their constituents, lyotropic LCs that depend on the concentration, and
so on. All of these categories exhibit physical properties, such as birefringence, dielectric anisotropy,
and optical and electronic properties that can be exploited for many different applications. Since
thermotropic LCs are utilized in many applications, such as LC displays, switchable smart windows,
or very sophisticated optoelectronic devices, they will be the focus of this work, and part of this
chapter is devoted to exploring their characteristics. This is followed by theoretical models that

explain LCs in general and their associated properties.

While the anisotropy of molecular constituents plays a major role in the formation of the LC
phase, thermotropic LCs mainly form through weak intermolecular interactions that are influenced
by temperature. Consequently, thermotropic LCs can be controlled by temperature to reach the
liquid crystalline phase. However, higher temperatures lead to increasing the Brownian motion,
resulting in a decrease in the orientational order of the LC phase until it falls off into the isotropic
phase, as shown in Fig. 1.1(b-c). The temperature range of the LC phase is T,,, < T < T,
where T, is the melting point after which a transition occurs from the solid state to the LC
phase. T., on the other hand, is the clearing temperature at which the LC phase turns into
an isotropic liquid and loses its long-range ordering and its properties. Different temperature
ranges will appear depending on the thermotropic LC itself. In general, a thermotropic LC can
be a monotropic if the LC state is thermodynamically stable. This means the LC phase can be
achieved by either cooling or heating below the clearing point or above the melting point of the
corresponding thermotropic LC, respectively. On the other hand, if the LC phase is metastable,
which is referred to as an enantiotropic state, then the LC phase occurs only via one end of the
transitions, cooling the isotropic phase to the liquid phase at the clearing temperature, for example.
Typically thermotropic LC molecules consist of a rigid head group, which is commonly composed

of several benzene derivatives and a hydrocarbon chain.



Thermotropic LCs exhibit different mesophases. For example, they can be nematic, semectic
A, semectic B, cholesteric, etc. The cholesteric LC phase is basically a nematic phase of molecules
that are intrinsically chiral, or a nematic LC that is doped with either left- or right-handed chiral
dopants. This chirality leads to a twist across the bulk of the LC, where a full twist across the
bulk of the LC by 360° defines a single cholesteric pitch p, see Fig. 1.2(b). Cholesteric LCs are
extensively used in displays, where they can be actively tuned or pre-designed to have a specific
pitch value, typically in the micrometer range. However, once the pitch approximates the light
wavelength, the light polarization state can be modulated leading to different potential optical

applications, as demonstrated in chapter three.
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Fig. 1.2: (a) The classic elastic distortions: splay, twist, and bend in LC, respectively. (b) An
illustration of a full twist of LC layers of 360° forming a pitch (p) along the chiral axis.

1.2 Dielectric Anisotropy, Birefringence, and Polarized Light

One of the main properties of a LC is its dielectric anisotropy. Generally, LC molecules
contain a small charge distribution that gives rise to small dipoles. Consequently, the dipoles give
rise to induced dipole-dipole interactions in the bulk of the LC. However, the dipoles can easily
be polarized with an external electric field. This polarizability differs along the long axes of the
molecule compared to their short axes. This polarizability also depends on the constituents of the
LC, and as a result of this difference in polarizability, LCs exhibit dielectric anisotropy Ae, where

Ae = ¢ —¢€1. g and £ are the dielectric constants measured parallel and perpendicular to the



electric filed E applied on the LC medium, respectively. To minimize the electrostatic energy in the
presence of the electric field, the molecules will have to reorient to be either along the electric field
direction (Ae > 0) or perpendicular to it (Ae < 0). This is an important feature in designing LC
panels with certain reactions to external stimuli and is extensively utilized already in LC displays
(LCD).

Another interesting property of LCs is their optical birefringence. Here, the light experiences
double refraction as it propagates through the LC medium where the light interacts with two
different refractive indices of the LC, n, and n.. This birefringence given by An, where An = n, —
N,, is established through the different refractive indices, where n. is an extra-ordinary refractive
index, while n, is the ordinary refractive index. Consequently, the optically anisotropic medium
decomposes any polarization state of the incoming light into two different orthogonally polarized
components of ordinary and extraordinary rays, which travel at different speeds resulting in a phase
difference or retardation.

This retardation can be measured using a Polarized Optical Microscopy (POM) demonstrated
in Fig. 1.3(a). The the indecent light is polarized before it passes through a LC slab or cell,
where the LC is homogeneously aligned along a certain orientation, Ny, here denoting the far field
director. When the polarized light is not parallel to Ng, the light becomes elliptically polarized after
it passes through the LC slab. This results in transmitting selective components that are filtered
out through the analyzer, as illustrated in Fig. 1.3(b). Because the light experiences constructive
and destructive interferences, the light experiences a phase shift, which mainly depends on the
birefringence (|An|) and the thickness (¢) of the LC slab. This is extensively described by the
Michel-Levy table that associates the wavelength of the light and transmitted colors with given
values of |dn| and ¢. This is useful for tuning the polarization state of the light passing through the

LC medium. [25] The retardation can be quantitatively measured by the following relation:

d=(27/N) x An x t (1.2)

0 is the quantitative retardation of the light passing through the birefringent medium. From this



equation, the greater the birefringence or the thickness, the more retardation light experiences. If
light propagates through 5CB (4-Cyano-4’-pentylbiphenyl), which is a common thermotropic LC,
for example, then the light encounters the short axis (fast axis), or the long axis (slow axis or optic
axis), or in between the two axes when the light propagates at a non-zero angle 6 with respect to the
optical axis. Figl.3(b) illustrates how light propagates in a LC medium between cross-polarizers.
In this case, an effective refractive index is considered

9 n2n?

Neg = -
" n2cos?6 +n2sin?0

(1.3)

and the effective birefringence becomes Aneg = neg — n,. Given their uniaxial nature, LCs are
commonly known for having only one optical axis. These properties make LCs very attractive
and useful for many applications and make them the perfect candidate as a guest-host platform
to design new composites with unique properties, as will be demonstrated with examples in the
preliminary results.
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Fig. 1.3: (a) An illustrations of the Polarized Optical Microscopy (POM) with a polarizer P
oriented orthogonally to the Analyzer A; as the LC sample rotates the transmission of the light
changes from dark state (N parallel to A or P) to a bright state (N at 45 degrees from ei-
ther A or P). The given LC sample here is a homogeneous planar LC cell, it can be of dif-
ferent alignment settings, and POM is useful in distinguishing LC orientations. Note that n;
and ng correspond to ne and ne, respectively. (b) Detailed illustrations of the light propagation
through the birefringent LC cell under crossed-polarized illumination (both images obtained from
https: //www.microscopyu.com/techniques/polarized-light).



1.3 Elastic and Surface Anchoring Energy of Liquid Crystals

In the nematic phase, the director field IN is uniform as long as there are no defects or
distortions present. A penalty to introducing any deformation in the LC medium will increase the
free energy per unit volume of the uniformly aligned nematic LC, commonly referred to as free

energy density. The free energy density of the LC medium, F, can be written as

F=FotFat (1.4)

where Fy is the free energy associated with the uniform undeformed director N of the nematic LC.
This free energy density can be considered as the ground state at which the LC free energy density
is minimal. Fg, on the other hand, is the free energy density of the elastically deformed nematic LC.
More deformation can be generated at surface boundaries or by applying external fields onto the
LC medium, for example. Consequently, an additional energy cost is introduced, and more terms
will contribute to the overall total energy density. Traditionally, the energy density of elastically

deformed LC can be presented by the Frank-Oseen free elastic energy density: [26]

Fa= %[an “N)? + K22(N - (V x N))? + K33(N x (V x N))?, (1.5)

where N is the LC director, and K71, K99, and K33 are the three main elastic constants, known
as Frank elastic constants associated with splay, twist, and bend, respectively. Each of them
corresponds to specific distortion in the nematic phase, see Fig. 1.2(a), in addition to mixed elastic
constants known as the splay-bend and saddle-splay constants, K13 and Kaq4, respectively. Frank’s
constants have been measured for different nematic LCs with values around pIN, see table 1.1, for
example. [27] With the one constant approximation, these three constants can be presented by
one constant K, reducing the Frank-Oseen equation to a shorter equation that characterizes and

quantifies the different distortions the LC “feels”:

Fa= K[V -N) +(V x N (1.6)



Ku (pN) K22 (pN) Ks3 (pIN) ne no
5CB 7.0 4.6 10.4 1.74 1.54

E7 6.4 3.0 10.0 1.69 1.5
AMLC0010 17.2 7.5 17.9 1.55 1.45

Table 1.1: The main three Frank elastic constants for thermotropic LCs used in this manuscript;
5CB, E7, and AMLC0010 (MLC6609). Also, the ordinary and extraordinary values of refractive
indices of each LC.

As mentioned earlier, N is generally uniform in the absence of external fields; however, when
an external stimuli is applied, the orientation of the LC director is deformed. [11] This happens
when applying either an electric or magnetic field. For example, with the application of an electric
field across a nematic LC medium, there will be an additional electric free energy density added to

the Frank free energy. This electric free energy density is given by

Ae

]:elec:_ 9

(N-E)?, (1.7)

where E is the electric field. This equation indicates that the director IN changes its orientation
either along or perpendicular to E depending on whether the Ae value of the LC medium is positive
or negative, respectively. Different examples are presented in future chapters.

Additionally, N reorients close to interfaces between solid walls and LC. Treating the surfaces
of the cell walls forces specific orientation of N close to these surfaces compared to the bulk LC
medium. Likewise, N reorients at the surfaces of particles that are doped in the LC medium,
and its alignment depends on the surface treatment or functionalization of these particles. This
reorientation of N depends on the surface area and the strength of the surface anchoring. In
general, and in the proximity of any surface, LC molecules follow an easy axis that molecules follow
locally. There are different surface anchoring effects that force the director to align accordingly. For
example, if the orientation of the easy axis is perpendicular to the solid surface, then the surface
anchoring is said to be homeotropic, as illustrated in Fig. 1.4(b). If the easy axis is in plane of the
surface, then it is said to be planar anchoring, as shown in Fig. 1.4(c). The anchoring may be either

homogeneous or degenerate anchoring. For the degenerate anchoring case, multiple easy axes are



associated with the different regions. Homogeneous homeotropic and planar surface anchoring are
studied for different LC cells in this thesis. The anchoring is said to be strong or weak, depending
on whether the nematic LC director is rigidly fixed along the easy axes or not. And the anchoring

free energy density is given by the Rapini-Popular relation:
1 . .
F = 5[VVp sin?(0 — ) + W, sin(p — o)l (1.8)

where 6y and g are the polar and azimuthal angles describing the easy axis orientation, and 6 and
o describe the deviation of the nematic LC director from the easy axis, while W is the anchoring
strength coefficient measured in (.J/m?). The study of surface anchoring is of great interest in many

LC device applications, though it is not fully understood. [28]

Fig. 1.4: (a) A schematic representation of the anchoring angles; polar angle § and azimuthal
angle ¢ (b) and (c) show the anchoring of nematic LC on the surfaces within a cell after treating
these surfaces with appropriate polymers to induce the alignment needed close to the surfaces; (b)
Homeotropic anchoring, and (c) planar anchoring. The nematic LC director extends its orientation
to the bulk of the cell as a result of the long-range ordering to minimize the elastic energy of the
LC system.

1.4 Plasmonic nanoparticles

Nanoparticles usually range in dimensions from 1 — 100 nm in size. In general, nanoparticles
show an intermediate behavior between that of bulk solids and that of atoms or molecules. The
study of nano-sized particles became possible with the assistance of different nano-technological
tools such as Scanning Electron Microscopy (SEM) and Tunneling Electron Microscopy (TEM).

Among the different nanoparticles used, plasmonic nano particles are of interest (and focused

































































































































































































































































































































