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GENERAL REMARKS

All commercially obtained chemicals were used as received, and solvents were dried according
to standard protocols. Silica gel or neutral alumina was used as the stationary phase for column
chromatography. In contrast, aluminum sheets coated with silica gel were used for thin-layer
chromatography (TLC) to monitor reactions and column purifications. Infrared spectra were
recorded at room temperature using a Perkin Elmer IR spectrometer (PerkinElmer UATR
TWO), with spectral positions reported in wave numbers (cm™). NMR spectra were acquired
on a 400 MHz and 600 MHz Nuclear Magnetic Resonance (NMR) Spectrometer (Bruker,
Model: ADVANCE Il HD). Chemical shifts in *H NMR were referenced to TMS as an internal
standard and reported in ppm, with coupling constants given in Hz. Mass spectra were obtained
using a MALDI-TOF mass spectrometer (BRUKER, Model: AUTOFLEX SPEED), with a-
Cyano-4-hydroxycinnamic acid as the matrix. The liquid crystalline behavior of mesogenic
compounds, including birefringence and fluidity, was investigated using a polarized optical
microscope (Nikon Eclipse LV100POL) equipped with a programmable hot stage (Mettler
Toledo FP90), with observations made on clean glass slides and coverslips. Differential
scanning calorimetry (DSC) under a nitrogen atmosphere determined transition temperatures
and enthalpy changes. A Mettler Toledo DSC1 instrument was employed, and transition
temperatures were consistent with those observed under the polarizing microscope. The first
heating and cooling cycles were performed at 5°C/min. Variable temperature X-ray diffraction
(XRD) studies were carried out using samples in Lindemann capillaries. A high-resolution X-
ray powder diffractometer (PANalytical X'Pert PRO) with a fast detector (P1Xcel) was used,
and the sample temperature was controlled using a Mettler hot stage/programmer
(FP82HT/FP90). Thermogravimetric analysis (TGA) was performed using a Mettler Toledo
TG/SDTA 851 e under nitrogen flow at a heating rate of 10 °C/min. UV-Vis spectra were
recorded using a Perkin EImer Lambda 750 UV/VIS/NIR spectrometer. Fluorescence emission
in solution was investigated using a Horiba Fluoromax-4 fluorescence spectrophotometer or a
Perkin EImer LS 50B spectrometer. Fluorescence and phosphorescence decay lifetimes were
measured using an FLS1000 fluorescence spectrometer. For nematode cell imaging, nematodes
were cultured on Nematode Growth Medium (NGM) agar plates and stained before
examination under a Lynx LM-52-3001 fluorescence microscope equipped with RGB filters,
with images captured using Motic Image Plus software. Cyclic Voltammetry (CV) studies were
conducted using a Metrohm Autolab PGSTAT204 electrochemical workstation with the

Xiv

TH-3684-196122023



assistance of NOVA software. Particle size and polydispersity indices (PDI) were measured
using a Malvern DLS CS90.
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PREFACE

Liquid crystals (LCs) are distinctive functional soft materials exhibiting order and mobility at
molecular, supramolecular, and macroscopic levels. The molecules responsible for this unique
behavior, mesogens, are anisotropic in shape. These mesogens can be organic (forming
thermotropic and lyotropic phases), inorganic (metal oxides forming lyotropic phases), or
organometallic (metallomesogens). Traditionally, the anisometric molecules that stabilize
thermotropic LC phases are rod-like (calamitic) or disc-like (discotic). Calamitic LCs form the
foundation of the well-established flat-panel display industry. In recent years, discotic LCs
have also seen significant progress, both scientifically and in terms of applications, and are
gradually gaining traction in organic electronics. It is also recognized that LC behavior can be
achieved with molecules that deviate from conventional LC shapes. A common feature of most
such materials is the structural contrast within the molecule; these molecules consist of
incompatible chemically distinct parts. In these cases, the primary driving force for the self-
assembly of these molecules into LC phases is the nano-segregation of chemically or physically

different building blocks, which allows for efficient space filling in the condensed state.

This thesis, entitled "Design and Synthesis of Novel Columnar Liquid Crystalline Molecules,"
is organized into four chapters, each reflecting the research findings accumulated during this
study. Chapter 1 introduces liquid crystals, focusing mainly on discotic liquid crystals, and
explores their wide range of applications in fields such as photovoltaic devices, OLEDs,
OFETSs, and sensing technologies. Chapter 2 presents the synthesis of a novel cyclic dipeptide-
isatin hybrid, crafted through a double Knoevenagel condensation process using 2,5-
diketopiperazine and a variety of isatin derivatives. These new compounds, featuring flexible
chains and extended aromatic rings, exhibit high solubility and excellent thermal stability, with
decomposition temperatures surpassing 370 °C. Notably, their molecular design facilitates
efficient space-filling, stabilizing the columnar liquid crystalline phase. The charge carrier
mobility of these compounds was assessed using the space charge limited current (SCLC)
technique. Chapter 3 introduces a series of phenoxazine (PO) derivatives, where the addition
of peripheral alkyl chains stabilizes a room-temperature columnar phase while imparting
luminescent properties. One derivative demonstrates phosphorescence, solvatochromism, and
ambipolar behavior, with remarkable charge carrier mobilities. Furthermore, it shows excellent
cellular permeability and uniform tissue distribution, positioning it as an effective fluorescent
probe for bioimaging applications. Chapter 4 delves into the design, synthesis, and exploration

of mesomorphic behavior in four indole [2,3-b]quinoxaline-based D-A molecules. These

XVi
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compounds, particularly those with a higher number of alkyl chains and a more aromatic core,
stabilize liquid crystalline phases such as columnar hexagonal and oblique phases, each with
distinct isotropic points. Density functional theory (DFT) calculations reveal crucial structural
and electronic characteristics, while photophysical studies highlight their broad absorption
spectra, significant Stokes shifts, and enhanced emission in the solid state. Additionally, AIE
experiments confirm the compounds' solid-state emission properties, which, in the aggregate

state, are harnessed for bioimaging applications.

XVii
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Chapter 1

Introduction to Liquid Crystal
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1.1. Introduction to liquid crystals

Until 1888, it was believed in the scientific community that matter could only exist in three
possible states—solid, liquid, and gas—under appropriate temperature and pressure conditions.
However, liquid crystals represent a unique phase between these traditional phases. In
crystalline solids, molecules are arranged in a regular lattice, exhibiting both positional and
orientational order. In contrast, amorphous solids do not have long-range orientational order.
Liquids, on the other hand, lack both types of order, allowing the molecules to move freely and

adopt random orientations.**

Mobility

0000 \NI/Z \/0
150000 O\M 7,
0000 0000 0/0\§§\°0§

S — S —
S
o ee

Crystal Liquid crystal Isotropic liquid Gas

Order

Figure 1.1. Schematic representation of molecular order in the crystal, liquid crystal, liquid, and
gaseous states.

When a crystalline solid (Cr) is heated, it melts into a turbid, viscous liquid at temperature T1
(K). As the temperature increases, the substance transitions into a clear isotopic liquid (I.L) at
a higher temperature, T2 (> T1). Between T1and T, the liquid exhibits birefringence, an optical
anisotropy visible under polarized light, suggesting a crystalline structure while maintaining
fluidity. This unique phase, combining crystalline order and liquid-like fluidity, is called a
liquid crystal (LC).®> These intriguing intermediate states of matter form through the self-
assembly of shape-anisotropic molecules, known as mesogens. The liquid crystal phase is
susceptible to external stimuli such as temperature, pressure, light, and electric and magnetic
fields. These phases are positioned thermodynamically between crystalline solids and isotropic

liquids called mesomorphic or mesophases.®*®

Cr s > 1L.C = > LL T,<T,
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1.2. A brief history of liquid crystals

The field of liquid crystals began in 1888 when F. Reinitzer discovered cholesteryl benzoate's
(1.1) "double melting" behavior. This phenomenon was later studied by German physicist Otto

Lehmann, a specialist in polarizing optical microscopy.°

In the early 20" century, Ludwig Gattermann observed a liquid crystal phenomenon with p-
azoxyanisole compound (1.2),1° and Daniel Vorlander later synthesized around 1100 liquid
crystals, proposing that linear molecules, known as calamitic liquid crystals, exhibited the
liquid crystal phase.l® In 1972, G. W. Gray synthesized cyanobiphenyl mesogens, with 5CB
(1.3) being the most effective, leading to advancements in liquid crystal display (LCD)
technology.!* In 1977, S. Chandrasekhar discovered that disc-shaped (discotic) molecules
could also exhibit mesophases (1.4), and over 3000 discotic liquid crystals were later
documented.'? In 1996, Niori et al. introduced bent-core (banana-shaped) mesogens (1.5),
which led to significant research, especially after the discovery of ferroelectricity in non-chiral
forms.™® Liquid crystals have become vital in many applications, including displays, sensors,

and more.

1.1 1.2
n~~O—= i
°Y" ot
1.3 o 0.

Figure 1.2. Structure of cholesteryl benzoate derivative (1.1); para-azoxyanisole derivative (1.2); a
calamitic (rod-like) LCs 4-alkyl-4’-cyanobiphenyl (1.3); discotic (disc-like) LCs benzene-hexa-n-
alkanoates (1.4) and bent-core (banana-shaped) mesogen (1.5).

1.3. Classification

Liquid crystals can be classified in different ways. One approach is based on the molar mass

of the constituent molecules, with categories including low molar mass (monomeric, dimeric,

TH-3684-196122023



and oligomeric) and high molar mass (main, side, and mixed chain polymeric) liquid crystals.
Another classification is based on achieving the liquid crystalline phase through temperature
changes (thermotropic) or a solvent (lyotropic).'*

Thermotropic
Main chain Side chain . .
Conventional Non-conventional
olymers polymers
Discotic
disk- like

Figure 1.3. Schematic representation of general classification of liquid crystals.

This thesis focuses exclusively on thermotropic liquid crystals (LCs), which are significant for
fundamental research and practical applications, such as electro-optic displays and temperature
or pressure sensors. In contrast, lyotropic liquid crystals are biologically essential and are

believed to play a crucial role in living organisms.
1.4. Thermotropic liquid crystals

When the liquid crystalline phases are obtained by varying the compounds' temperature, they
are called thermotropic liquid crystals. ***° The mesophase can be obtained by heating a solid
or cooling an isotropic liquid. The transition temperature from the crystal to the mesophase is
called the melting point, while the transition temperature from the mesophase to the isotropic
liquid is called the clearing point. When thermodynamically stable mesophases are obtained
by heating and cooling, the phases are called enantiotropic. If the mesophase is obtained only
while cooling the isotropic liquid, it is called the monotropic phase. Thermotropic liquid crystal

materials have specific molecular structures, which are composed of two parts: the central core
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and the side chain. Here, the core part is a rigid body that carries shape anisotropy to the

molecule, and the side chain part is a flexible region that provides mobility.

Materials exhibiting thermotropic liquid crystal (LC) properties are primarily organic or metal-
containing organic compounds. While countless organic compounds are known, few display
this fascinating LC behavior. These compounds typically consist of rigid (hard) and flexible
(soft) regions. Aromatic or certain non-aromatic cores often provide the rigidity, while
paraffinic chains contribute to the flexibility. The unique combination of these distinct regions
is carefully designed to impart a specific anisotropic shape to the molecule. The mobility in
such systems arises from the large amplitude motions of the flexible chains, while orientational
order is achieved through the parallel alignment of anisotropic molecules. Positional order, on
the other hand, primarily results from specific attractive forces and amphilicity. The presence
and magnitude of permanent dipole moments and the anisotropy of molecular polarizability
are key factors in determining the strength and effectiveness of these molecular interactions.
Ultimately, the molecular shape anisotropy plays a crucial role in governing the formation and

nature of the liquid crystalline phases.
1.4.1. Conventional liquid crystals

Conventionally, rod-like and disc-shaped mesogens exhibit thermotropic mesomorphism,

known as calamitics and discotics.
1.4.1.1. Calamitic liquid crystals

The most common type of molecules that form mesophase is rod-like molecules. These
molecules possess an elongated (molecular length is significantly greater than the molecular

breadth), as depicted in Figure 1.4.

flexible chain rigid core

Figure 1.4. The general template for calamitic liquid crystals, where | >> b.

Rod-like or calamitic molecules stabilize nematic (N) and smectic (Sm) mesophases. In the
nematic phase (N), the mesogens align to exhibit long-range orientational order, but there is no

positional order. This phase represents the least ordered mesophase, closest to the isotropic
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liquid state, with molecules spontaneously orienting themselves with their long axes

approximately parallel to one another, though they lack positional order.

S
h Calamitic LC

I &

N phase SmC phase SmA phase

Figure 1.5. Schematic showing the mesophases stabilized by calamitic liquid crystal.

In contrast, smectic (Sm) liquid crystals exhibit orientational and positional order. Smectic
phases are divided into subclasses based on each layer's molecular arrangement. While the total
number of smectic mesophases is not fixed, several types have been defined, including SmA,
SmB, SmC, SmF, and Sml. Among these, the SmA and SmC phases (Figure 1.5) are the least
ordered and most common. The SmA phase, characterized by its layered structure and strong
aromatic stacking, shows great promise for charge carrier applications. The SmC phase shares
the same layered structure as SmA but with molecules tilted relative to the layer plane. In both
phases, there is no positional order between molecules within the layers.'®!" Besides the
nematic and smectic mesophases, calamitic liquid crystals display a chiral variant of the
nematic mesophase, known as the chiral nematic or cholesteric (N*) phase. This phase arises

in systems where the molecules themselves are chiral.’
1.4.1.2. Discotic liquid crystals

In 1977, S. Chandrasekhar and co-workers discovered that disk-like molecules, known as
discotics, such as benzene hexaalkanotes, could self-assemble into liquid crystal phases.*® This
finding challenged the prevailing belief that only rod-like compounds could exhibit

mesomorphism,*® thus ushering in a new era of liquid crystal research. Over the following four
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decades, extensive studies have highlighted the importance of discotics in both fundamental
science and technological applications. A general structural template (Figure 1.6) illustrates
that disc-shaped mesogens typically consist of flat or nearly flat molecules with three-, four-,
or six-fold rotational symmetry.2° These molecules are connected to several alkyl chains of the

same or varying lengths through ester, ether, or thioether linkages.
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Figure 1.7. Selected aromatic cores used in discotic mesogens (1.6-1.29).

Discotic liquid crystals have been reported with a wide range of discotic cores,?® including
benzene (1.6), triphenylene (1.7), diazatriphenylene (1.8), hexatetratriphenylene (1.9), pyrene
(1.10), dibenzo [g, p] chrysene (1.11), dibenzonaphthacene (1.12), tristriazootriazine (1.13),
triazine (1.14), rufigallol (1.15), truxne (1.16), triazatruxene/triindole (1.17),
tricyacloquinazoline (TCQ, 1.18), hexaaazatrinaphthylene (HATAN, 1.19), perylene diimide
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(1.20), coronene diimide (1.21), phathalocyanine (PC, 1.22), porphyrin (1.23), quinoxalinop

henenthrophenezine (TQPP, 1.24), pyrazinopyrazinoquinoxalinophenantthrophenazine (TPP

QPP, 1.25), dodecazatrianthracene (DATAN, 1.26), and hexa-perrihexabenzocoronene (HBC,
1.27), as shown in Figure 1.7.

1.4.1.2.1. Discotic mesophase

As is well known, discotic molecules exhibit two types of mesophase, namely, (a) nematic (N)
phase and (b) columnar (Col) phase. The salient features of this LC phase are described

below.?
1.4.1.2.1.1. Nematic (N) phase

The nematic phases of disc-shaped molecules can be categorized into three types: (a) nematic

discotic or discotic nematic, (b) chiral nematic, and (c) nematic columnar.

The molecules remain parallel in the nematic discotic phase, exhibiting orientational order
without long-range positional order (Figure 1.8a). The discotic nematic phase is the least
ordered mesophase. The flat molecules in this phase have complete translational and rotational
freedom around their short axes. On average, their long axes (spanning the discotic mesogen's
plane) align parallel to a general plane. The nematic phase of disc-shaped molecules is
generally immiscible with the nematic phase of rod-shaped molecules, even though both
exhibit similar fluid schlieren textures. Unlike typical calamitic nematics, the discotic nematic
phase is optically negative, with the director being the preferred axis of orientation for the disc
normals (or the short molecular axis). The symbol "Np" is commonly used to represent the
discotic nematic phase. Still, since the symmetry of the nematic phase formed by disc-shaped
molecules is the same as that formed by rod-shaped molecules, it has been suggested that the

subscript "D" be removed from the "Np" symbol.?

Director

(c)

Figure 1.8. Structure of different nematic phases formed by discotic liquid-crystal compounds: (2)
discotic nematic (Np), (b) chiral discotic nematic (Np*), (c) columnar nematic (Ncor).
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Like chiral calamitic or cholesteric phases, chiral discotic nematic mesophases Np* also exit.
The mesophase occurs in mixtures of discotic nematic, mesomorphic, or non-mesomorphic
chiral dopants and pure chiral discotic molecules. The chiral discotic nematic (Np*) structure
is schematically shown in Figure 1.8b. A columnar stacking of the molecules characterizes the
nematic columnar (Ncor) phase. However, these columns do not form two-dimensional lattice
structures. They display a positional short-range and orientational long-range order (Figure
1.8c). 2%

1.4.1.2.1.1.2. Columnar (Col) phase

In the columnar phase of discotic liquid crystals (DLCs), molecules with flexible alkyl chains
naturally stack into columns, which then arrange into various two-dimensional lattice
structures, such as hexagonal (Coln), rectangular (Colr), or oblique (Colo,) phases. The
columnar hexagonal mesophase is characterized by a hexagonal packing of the molecular
columns, often denoted as Coln, where "h™ stands for hexagonal. The planar space group of the

hexagonal columnar mesophase is P6/mmm. 2532

e

Discotic LC

Col phase Colo, phase Col, phase

Figure 1.9. Schematic showing the mesophases stabilized by discotic LC phases (adopted from ref. 38).
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The columnar rectangular mesophase features aromatic cores of molecules stacked in columns,
surrounded by disordered aliphatic chains arranged in a rectangular pattern. The symmetries of
the 2D lattices are described by three planar space groups: P21/a, P2/a, and C2/m, which belong
to a subset of space groups with no transitional periods along the principal symmetry axis, the
column direction.®*3 The arrangement of columns in a columnar oblique mesophase is
illustrated in Figure 1.9, with elliptical cross-sections representing the tilted columns. This 2D
lattice follows the symmetry of the space group P1.° Due to the strong core-core interactions,
columnar oblique mesophases are rare. A layered structure exists in the mesophases of certain
discotic compounds, such as bis(p-n-decyl benzoyl), methane copper (I1), and some perylene
derivatives. This columnar lamellar mesophase, represented by the symbol Col, is shown in

Figure 1.9.36-38

DLCs are characterized by long-range ordering into stacked discs that form columns, causing
aromatic cores to overlap while the alkyl chains provide fluidity and liquid crystalline
properties.®**! These are multifunctional soft materials with many applications, including
energy generation and storage, photovoltaics, drug delivery, sensing, and nanomaterials.*?
Additionally, DLCs can be integrated into nanoporous solids and have potential in adaptive
photonic metamaterials. DLCs exhibit high anisotropic charge mobilities in the columnar
phase, with the greatest mobilities along the column axes. Notably, DLCs can self-heal grain
boundaries and other structural defects through thermal annealing followed by cooling from
the isotropic state. Although DLCs do not naturally carry charge, external stimuli such as
electrical current can induce charge within the system. The alkyl chains maintain the spacing

between columns and act as insulating sheaths that prevent lateral charge migration.

conducting COre  fermmmmmmmmmmrrmrrnnrnnnnnans
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Figure 1.10. One-dimensional charge migration in DLCs.
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As a new class of organic semiconductors, DLCs transport charges and excitons more
efficiently than traditional conjugated polymers. Ongoing research, including ours, has
demonstrated that DLCs with columnar phases can function as 'molecular wires," making them

highly effective for various organic electronic devices.**>°

To measure charge-carrier mobility in DLC materials, several techniques and geometries have
been used, including pulse radiolysis time-resolved microwave conductivity (PR-TRMC),
time-of-flight (TOF), steady-state space charge-limited current (SCLC), and field-effect
mobility.?°

1.4.2. Non-conventional liquid crystals

Driven by curiosity and the pursuit of new mesophases, considerable attention has been given
to the design and synthesis of novel molecular architectures where the anisometric shape
deviates from the traditional rod or disc form.*! These compounds are collectively referred to
as 'non-conventional liquid crystals.' °* A key characteristic of most such materials is the
structural contrast within the molecule, meaning they consist of chemically distinct molecular
parts incompatible with each other. Non-conventional LCs encompass a wide range of
anisotropic molecular designs, including oligomeric,> phasmidic, polycatenars (dumbbell-
shaped or hybrid structures combining rod and disc-like forms),>® bananas (bent-core
molecules),> star-shaped molecules,> dendrimers,*® and rod-coil type LCs.%” The molecular
shapes and structures of various non-conventional LCs (1.28-1.32) are illustrated in
Figure 1.11.
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Figure 1.11. Schematic showing the non-conventional molecular shapes used to stabilize LC
phases.
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Figure 1.12. Molecular structures of different types of non-conventional LCs (1.28-1.33).
1.5. ldentification and characterization of mesophase morphology

Three key techniques are essential for identifying and characterizing mesophase morphologies:
polarized optical microscopy (POM), differential scanning calorimetry (DSC), and X-ray
diffraction (XRD). Employing one or more of these methods provides a reliable means of

developing accurate models for the material's mesophase morphology and thermal behavior. 2

Polarized Optical Microscopy (POM) is a key technique for characterizing the
mesomorphism of a compound. In this method, a small sample (less than 1 mg) is placed
between a glass slide and cover slip and then positioned on a heated stage under a microscope.
The technique relies on the birefringence of the mesophase, where plane-polarized light passes
through the sample and a second polarizer, oriented at 90° to the first. This creates characteristic
interference patterns due to the interaction of refracted rays. In contrast, when the material is
in the isotropic state (in this case, liquid), it appears black between crossed polarizers. This
happens because the isotropic nature of the sample does not allow it to split the incident light
into ordinary and extraordinary rays. Consequently, the second polarizer blocks the light,
resulting in a dark appearance. These textures indicate a particular mesophase and are most

distinct when the sample is cooled from the isotropic state (Figure 1.14).2
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Figure 1.13. (a) Birefringent crystals/liquid crystals between crossed polarizers. (b) The basic
configuration of a programmable hot-stage equipped polarizing optical microscope (POM) ©Nikon
Corporation (adopted from ref. 58).

Figure 1.14. (a) Different textures of columnar mesophases (a) nematic, (b) smectic, and (c) columnar
(adopted from ref. 2)

In a DSC experiment, the enthalpy change accompanying a phase transition of the sample is
recorded as a function of temperature. Since thermotropic mesophases can form during heating,
cooling, or both, the transitions associated with these phases typically appear as exothermic or
endothermic peaks. Thermograms of mesomorphic materials usually show multiple peaks
corresponding to different transformations. The enthalpy associated with these thermal events
helps correlate phase transitions with the degree of ordering, leading to initial insights into their
structural organization. For example, a small enthalpy change during the transition from a
liquid crystal (LC) to an isotropic liquid suggests a more disordered mesophase. Therefore,
phase transition information can be inferred from the relative magnitudes of the transition
enthalpies, with larger values typically observed for crystal-to-mesophase transitions than
mesophase-to-mesophase or mesophase-to-isotropic liquid transitions. While this information
is valuable, it does not allow for broad generalizations, and the corresponding entropy changes

provide more valuable insights (Figure 1.15).2
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Figure 1.15. a) Differential scanning calorimeter (DSC); (b) DSC thermogram of a mesogenic
compound showing columnar phase transitions (adopted from ref. 59).

X-ray diffractometry is a powerful technique for structural analysis, obeyed by Bragg's law
(nA= 2dsin(e)). *° Powder X-ray diffractometry can provide some insight into the nature of the
phases, but it cannot distinguish between reflections caused by inter-columnar and intra-
columnar order. Therefore, macroscopically oriented samples suitable for structural analysis
must be extruded. Wide-angle X-ray scattering (WAXS) measurements, taken with the vertical
orientation of filaments perpendicular to the incident X-ray beam, generate two-dimensional
diffractograms that offer information about the stacking within columns and the two-
dimensional packing of those columns, separated along the vertical and horizontal directions,
respectively (Figure 1.16). Analysis of the X-ray patterns yields, in addition to structural
symmetry information in terms of planar space groups, quantitative data on (i) the ordering of
the chains and the cores of the mesogens, (ii) the core-core correlation length along the column

axis, and (iii) the spacing between columns.>5*
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Figure 1.16. (a) The experimental setup for SAXS/WAXS Xenocs Xeuss 2.0 instrument reproduced
from ©2019-2020 MGML. (b) The XRD plot of a columnar liquid crystalline compound (intensity vs
20).

Other experimental techniques, such as electro-optic measurement and nuclear magnetic

resonance (NMR) spectroscopy, are also used to characterize mesophases.
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1.6. Applications and prospects of liquid crystals

Liquid crystals (LCs) and their associated technologies have become essential in everyday life,
with applications ranging from wristwatches and pocket calculators to computers, laptops, and

televisions.
1.6.1. Display applications

Twisted and supertwisted nematic displays, which use calamitic liquid crystals (rod-shaped
molecules), have been dominant in commercial LCDs. However, they suffer from narrow and
non-uniform viewing angles. Recent developments, such as multidomain techniques and
optical compensators, have improved viewing angles but require complex processes. Recently,
discotic nematic liquid crystals have been used as an alternative to calamitic nematics to
address this issue, offering broad and symmetric viewing angles without contrast reversal—
however, their high viscosity results in slow devices. To overcome problems like viewing
angle, brightness, and contrast, compensation films with negative birefringence, made from
discotic liquid crystals, have been introduced. Fuji Photo Films commercialized such films
using a triphenylene-based cross-linked polymer, which has become the most successful

commercial application of discotic liquid crystals.®2-%
1.6.2. Thermal Sensors

The chiral nematic phase of cholesteric liquid crystals reflect light at a wavelength proportional
to the pitch, which is temperature-dependent. This allows the reflected wavelength to serve as
a temperature indicator, enabling temperature measurement by observing the color. By
combining different cholesteric liquid crystals, devices can be created to detect a wide range
of temperatures. These mixtures are highly sensitive to even small temperature changes,
making them useful in various practical applications, such as thermal sensors in medicine,

packaging, and electronics.

14
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1.6.3. Columnar fluid phases as a promising media for modern applications

The self-organization of discotic mesogens, driven by n-m interactions between the aromatic
cores, forms the columnar mesophase. This columnar (Col) phase is especially notable for its
ability to facilitate charge migration along a one-dimensional path. In this phase, the central
aromatic core functions as the conductive unit, while the surrounding peripheral chains act as
an insulating barrier. This phase's self-assembling and self-healing properties enhance its
optical and conductive performance through structured organization. By carefully designing
the molecules, these properties can be optimized for organic solar cells (OSCs) (Figure 1.17 a),
providing benefits such as excellent processability, high absorption coefficients, and efficient

charge carrier mobility, making them cost-effective alternatives to inorganic materials.
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Figure 1.17. (a) Schematic showing the device structure of an organic heterojunction solar cell. (b)
Organic light-emitting diode. (c) Schematic of the organic field-effect transistor with a top-contact
device, where the source and drain electrodes are deposited on an organic semiconducting layer, (d) a
bottom-contact device, where the organic semiconductor is deposited on the prefabricated source and
drain electrodes (adopted from ref. 68). (€) Schematic illustration of gas sensor.

Col phases derived from electron-rich and electron-poor discotic liquid crystals (DLCs) show
great promise, closely mimicking the behavior of single-crystal organic semiconductors.
Additionally, the "edge-on" alignment of Col phases can be integrated into the active layers of
organic field-effect transistors (OFETS), crucial components in molecular electronics (Figure
1.17c, d). Recently, Col phases have become essential in developing organic light-emitting
diodes (OLEDs), which can act as effective emitting and conductive layers with appropriate
structural design. A columnar phase combining hole/electron transport and luminescent
properties is ideal for OLED fabrication (Figure 1.17 b).56-"0

15
TH-3684-196122023



1.6.4. Other applications

Liquid crystals find numerous other applications also. Polymers form an essential subclass of
liquid crystal materials and occur in nature as the solution of some biopolymers. They are
critical to processing advanced high-modulus engineering materials like Kevlar.”* Apart from
columnar liquid crystals, other forms of liquid crystals like nematic, smectic, cholesteric liquid
crystals are utilized in a wide range of modern technologies, including organic solar cells,’>"
switchable bright windows™#"® (such as polymer-dispersed liquid crystals (PDLC)),
intracellular fluorescent imaging,”” drug delivery, and liquid crystalline (LC) polymers,
elastomers, mechanical actuators, and sensors,’®"® paints,® Biomedical application,® among

other applications.

o Cholesterol
o Glucose

o E-coli

o Tuberculosis
o DNA

o Metal ions (Cd*?, Hg *?, etc.)

Figure 1.18. (a) Various applications of LC-based biosensors concerning targeted diseases (adopted
from ref. 81). (b) Schematic representation of the self-regulating energy-saving window (adopted from
ref. 75). (c) Application of the Cholesteric liquid crystal paints as fingernail polish (adopted from ref.
79). (d) Photos of the color variation during arm movement (adopted from ref. 80).

1.7. Thesis layout

This thesis investigates the synthesis and characterization of a new class of organic materials,
focusing on structure-property relationships, mesomorphic properties, and photophysical and
theoretical analyses. Some of these molecules exhibit both room-temperature and high-
temperature discotic columnar liquid crystal behavior, which has been applied in various fields,
including mobility studies and bioimaging. A brief overview of the subsequent chapters is

provided.
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Chapter 2 presents the synthesis and characterization of six new cyclic dipeptide-isatin (ClI)
hybrid derivatives, modified with peripheral flexible tails of varying lengths. These hybrids
were synthesized through a double Knoevenagel condensation of 2,5-diketopiperazine with
isatin derivatives that feature flexible chains and aromatic rings. The resulting compounds
exhibit high solubility and excellent thermal stability (decomposition temperatures >370°C),
and in particular, especially the molecular design with efficient space-filling stabilized
columnar liquid crystalline phase. One of the liquid crystalline derivatives' hole and electron
carrier mobilities was measured as 9.46 x 10* cm?Vls?! and 7.88 x 10% cm2Vis?,
respectively, indicating promising ambipolar charge transport properties. The study aims to
combine liquid crystal behavior with the unique features of cyclic dipeptides and isatin to create
self-assembling organic semiconductors.

Chapter 3 introduces a series of phenoxazine (PO) derivatives, where the addition of
peripheral alkyl chains stabilizes a room-temperature columnar phase while imparting
luminescent properties. One derivative demonstrates phosphorescence, solvatochromism, and
ambipolar behavior, with remarkable hole and electron carrier mobilities measured as
1.92x10* cm2V1s?t and 1.19x10* cm2V1s?, respectively. Furthermore, it shows excellent
cellular permeability and uniform tissue distribution, positioning it as an effective fluorescent

probe for bioimaging applications.

Chapter 4 focuses on the synthesis of a class of Indolo[2,3-b]quinoxaline (IQ) luminescent
liquid crystal molecules obtained by condensing extended N-alkylated isatin derivatives with
various benzene diamine compounds. These new compounds exhibit high solubility and
exceptional thermal stability. Their efficient space-filling interactions stabilize a room-
temperature columnar liquid crystalline phase in compounds with two and four peripheral N-
alkoxy chains. Density functional theory (DFT) calculations provide insights into their
structural and electronic properties, while photophysical studies reveal broad absorption
spectra, significant Stokes shifts, and enhanced solid-state emission. Additionally, AIE
experiments confirm the compounds' solid-state emission properties, which are effectively

utilized in bioimaging applications.
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Chapter 2

Novel Class of Ambipolar Columnar Liquid
Crystals Based on Cyclic Dipeptide and Isatin
Hybrids

Hhmax = 9.46 x 10 cm?/v.s.
He max = 7.88 x 104 cm?/v.s.
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2.1. Introduction

Cyclic dipeptides, consisting of two amino acids joined in a cyclic structure by an amide
bond, are abundant in nature and can be synthesized using various chemical and enzymatic
methods.! These compounds exhibit a broad range of biological activities and have been
extensively researched for their potential in pharmaceuticals and medicine. The self-assembly
of cyclic dipeptides is primarily driven by non-covalent interactions such as hydrogen bonding,
hydrophobic interactions, van der Waals, and electrostatic forces.? The exceptional hydrogen-
bonding capability of cyclic dipeptides is critical, providing the foundational intermolecular

interactions necessary for their self-assembly.?

Other non-covalent interactions like m-m stacking and hydrophobic interactions can also
contribute to the self-assembly process, depending on the specific amino acid composition or
chemical modifications of the cyclic dipeptide molecules.* The cyclic dipeptide (CDP) is a
versatile and modular unit in molecular architecture, contributing to the creation of various
innovative materials.>® These include 1D and 2D biomimetic materials, low molecular weight
gelators (2.1),° detection of phenolic nitro compound (2.2),'° photoluminescent gels (2.3),'*
quantum-confined nanostructure (2.4),'* modifiers for chirality in noncovalent molecular
assemblies and supramolecular polymers, ambidextrous super gelators (2.5),*? high-strength
organic crystals, controlled drug delivery systems, anticancer agents, and agents for DNA

delivery (2.6).%2
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Figure 2.1. Structures of different cyclic dipeptide (CDP) based compounds used for various
applications (2.1-2.6).
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Isatin, a component of the indoline-2,3-dione group, shown in Figure 2.3, is widely distributed
in nature, and its derivatives display a wide range of pharmacological activities, including
anticancer,® antibacterial,* antimalarial,®>® antituberculosis,’"*® anti-convulsant,'® and
antiviral properties. The structure of isatin facilitates functionalization and modification,
making it a versatile starting material in organic synthesis. Its derivatives can be customized to
enhance specific properties or target biological pathways such as SHP1 inhibitors (2.7),
broadening their potential applications. Isatin-based molecules can be integrated into
polymers 2 or nanomaterials to confer desired biological activities or enhance material
characteristics.?! Their ability to undergo diverse chemical reactions enables the creation of
hybrid materials or functional surfaces with tailored properties. Several studies highlight the
importance of these molecules in developing compounds with promising optoelectronic
properties 2* and third-order nonlinear (NLO) optical properties (2.8-2.10) 222* relevant to
optical communication, information storage, and sensing (2.11).2° Isatin crystals are
particularly significant in advancing OLEDs (2.12), facilitating efficient emission of red light

for enhanced power efficiency and favorable external quantum yield.?

HN ° NN 0 NH o o
> IN’ o N, NH HN
O =
N

Figure 2.2. Structures of different isatin-based compounds used for various applications (2.7-2.12).

Discotic liquid crystals (DLCs) are advanced organic semiconductors known for their superior
charge and exciton transport due to self-assembly driven by n-m interactions. These materials
spontaneously form columnar structures that organize into two-dimensional mesophases, ideal
for energy, sensing, and organic electronics applications. Their cost-effective synthesis and
potential as 'molecular wires' make them promising for a wide range of cutting-edge

technologies.?”
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We envisaged that the amalgamation of liquid crystal behavior to the unique properties of
cyclic dipeptides and isatin moiety could open up the self-assembly of functionalized cyclic
dipeptide-isatin hybrid (CI) to form columnar phases, which is unknown. There is a single
report on cyclic dipeptide-based compound stabilizing layered mesophases. 4 At the same time-
there are no reports on CDP-isatin hybrids stabilizing columnar LCs to the best of our
knowledge. In our pursuit of achieving liquid crystallinity in a novel CDP-isatin-based hybrid
molecules (CI) class, the central core was designed by combining a CDP moiety and two
moieties of isatin. Further variation was conducted by introducing flexible chains on the
aromatic unit and isatin nitrogen. Initially, N-alkylated bromoisatin with straight or branched
chains was condensed with 1,4-diacetylpiperazine-2,5-dione. The molecular structure was
conceptualized to combine electron-rich and poor moieties in a single molecular platform to
realize an ambipolar self-assembling organic semiconductor.®®#! Such materials simplify the
device structure in organic electronic devices and make them more economically viable.*? The
resultant products were crystalline, even with the CDP-isatin hybrids bearing dendrons on
isatin nitrogen (CI3 and CI4). This motivated us to increase the number of peripheral alkyl
chains around the central aromatic core by connecting through the phenyl groups, represented
by molecules CI5 and CI16. The CI5 and CI6 exhibited a columnar rectangular phase over a
long thermal range. One of these liquid crystalline CDP-isatin-hybrids (CI5) investigated
exhibited hole and electron carrier mobility of 9.46 x10* cm?V1s? and 7.88 x10* cm2V1s?,

respectively, as evidenced by the space charge limited current (SCLC) technique.
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