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General Remarks

Chemicals and solvents were all of AR quality and were used without further purification.
Column chromatographic separations were performed on silica gel (60-120, 100-200 & 230-

400 mesh) and neutral alumina. Thin layer chromatography (TLC) was performed on
aluminium sheets precoated with silica gel (Merck, Kieselgel 60, F254). Structural
characterization of the synthesized compounds was carried out through a combination of
infrared spectroscopy (Perkin Elmer Spectrum AX3), 'H NMR and $3C NMR (Bruker Biospin
Switzerland Avance-iii 400 MHz spectrometer), UV-vis-NIR spectrophotometers (Perkin
Elmer Lambda 900 and Agilent Technologies UV-vis-NIR Spectrophotometer), MALDI
(Waters synapt G2- S) and elemental analysis (Carlo-Erba 1106 analyser). *H NMR spectra
were recorded using deuterated chloroform (CDCIs), dichloromethane (CD2Cl2) and
dimethylsulphoxide (DMSO-ds) as solvent and tetramethylsilane (TMS) as an internal
standard. The transition temperatures and associated enthalpy values were determined using a
differential scanning calorimeter (DSC, Perkin Elmer DSC 8000 coupled to a controlled liquid
nitrogen accessory (CLN 2)) which was operated at a scanning rate of 5 °C min-t or 10 °C min-
1 both on heating and cooling. The apparatus was calibrated using indium as a standard. The
thermal stability was determined using Thermogravimetric analysis (TGA), which was carried
out on a Shimadzu DTG-60 instrument under N2 atmosphere with a heating rate of 5 °C min-
1, Textural observations of the mesophase were performed with Nikon Eclipse LV100POL
polarising microscope provided with a Linkam heating stage (LTS 420). All images were
captured using a Q-imaging camera. Small-angle/Wide-angle Xray scattering (SAXS/WAXS)
studies were carried out on powder samples using Cu-Ka (A = 1.54 A) radiation from a source
(GeniX 3D, Xenocs) operating at 50 kV and 0.6 mA. The diffraction patterns were collected
on a two module Pilatus detector. Fluorescence measurements were performed using a Hitachi
F7000 spectrophotometer (Luma 40) from Quantum Northwest. Time resolved lifetime
measurements were done on time correlated single photon counter from Horiba Jobin Yvon.
For time resolved experiments, excitation was done by 375 nm laser diode. Circular Dichroism
(CD) spectra of the samples (thin films) were recorded at ~ 22 °C under the nitrogen
atmosphere on a J-820 spectropolarimeter (JASCO Ltd., Tokyo, Japan) equipped with a
programmable hot stage (Mettler Toledo FP90). Newly procured rectangular quartz plates of
dimensions 2 cm x 2 cm and 2 mm thickness were used for the cell fabrication. The requisite

sample cells (thin-films) were fabricated by using two clean, regular quartz plates. About 500-



800 ug of the samples, placed individually between the substrates, were heated to their isotropic
state, and the top plate was hard-pressed repeatedly to attain the uniform spreading of the
analyte over a large area of the cell. This procedure not only expels the air-pockets but also
ensures the thin-film formation of the mesogens. The fabrication of such ultra thin-films, using
a minute amount of the samples, was essential to circumvent the factual errors associated with
experiments and operating limits of the instrument. The samples were then cooled at a faster
rate into the LC phase, and the CD spectra were recorded as a function of decreasing
temperature. to differentiate the specimens' genuine CD activity from that of the spurious
response, the LD spectra were recorded using the instrument's built-in LD data acquisition
option. This observation was corroborated using the sample rotation technique, which is very
useful and reliable for the thin, evenly spread anisotropic samples. TEM images were recorded
using JEOL JEM-F200 at an accelerating voltage of 200 kV. To record the TEM images, drop-
casting of isotropic sample on carbon-coated copper TEM grids (TED PELLA, INC. 200
mesh). Thin film Circularly polarized luminescence (CPL) measurements were performed with
a Jasco CPL-300 spectrometer. A scanning speed of 50 nm/min, excitation slit width of 4000
uM and emission slit width of 4000 uM, integration time (D.I.T) of 8 sec, and with multiple
spectral accumulations were employed.

Cyclic Voltammetry (CV) studies were done using setup by Princeton Applied Research
VersaSTAT 3. The experimental setup for CV measurements consists of a single compartment
cell equipped with Ag/AgNOs as reference electrode, platinum wire as counter electrode and
glassy carbon as working electrode. 10-2 M solutions of all the compounds were used for CV
measurements. A 0.1 M solution of tetrabutylammoniumhexafluorophosphate (TBAF) was
used as a supporting electrolyte. The half-wave potential of the ferrocene/ferrocenium (Fc/Fc+)
was calculated as E1/2,Fe/re* = (Eanodic peak potential + Ecathodic peak potential)/2. The LUMO energy levels
were obtained by the formula ELumo =-(4.8 - E1/2, Fe,Fc* + Ered, onset) €V, While the HOMO energy
levels by Enomo =-(4.8 - E1/2, Fe,rc* + Eox,onset) €V. DFT calculations were performed with the
use of Gaussian 09 suite of packages. A full optimization was carried out using the hybrid
functional, Becke’s three parameter exchange and the LYP Correlation Functional (B3LYP) at

a split valence basis set 6-31G(d,p).

Vi



Chapter 1

Chapter 1

Introduction to discotic liquid crystal and supramolecular
chirality

1.1 Overview

Molecular self-assembly has emerged as a new method fordeveloping soft functional materials
with broad implications in materials science and biology. In general, molecular self-assembly
is the procedure of arranging molecules into explicit structures via non-covalent and reversible
interactions such as n-m stacking, hydrogen bonding, electrostatic, hydrophobic, and van der
Waals interactions.!-2 The development of microscopic ordering in supramolecular assemblies
is significant because molecular architecture plays a crucial role in the optoelectronic properties
of the material. It has been the focus of growing areas of chemical research for more than a
half-century, involving the design, synthesis, and characterization of novel organic compounds,
followed by their application as functional smart materials. Supramolecular assemblies
generate by the profound balance between molecule-substrate and intramolecular interactions.

In this direction, the molecular engineering of liquid crystals (LCs), particularly discotic liquid
crystals (DLCs), has gained expedient space in supramolecular self-assembled systems.5-9

Furthermore, DLCs' molecular architecture, solution processability, self-healing, and self-
organizing ability play a vital role in suitable mesophase formation and enhancing
optoelectronic scope. One of the key factors in designing DLCs is the molecular shape, terminal
groups, and flexible alkyl chains, which all contribute to the molecular organization of these
materials. Additionally, it is well known in the literature that small chiral induction in liquid
crystalline phases, arising from the doping of chiral molecule or the directly attached chiral
molecule, can produce a elicit chiral behaviour in the mesophase. Molecular chirality can also
amplify  supramolecular  chirality in  self-assembled liquid-crystalline  materials.
Supramolecular chirality is generally dynamic property that is sensitive towards external
stimuli and the environment. Material scientists find the inclusion of chirality into DLCs
fascinating as it not only allows the creation of cholesteric and ferroelectric liquid crystals but
also helps understand the overall self-assembly of these molecules.>-° Liquid crystalline phases
that are produced by chiral molecules usually exhibit helical superstructures. The precise
control of helicity in DLCs is governed by the shape and size of the central core, peripheral

side chain, chiral dopantand donor-acceptor systems. The chirality of the individual molecules
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in DLCs reinforces the helical order of discs and side chains and further the arrangement of
respective columns. Chiral DLCs with fluorescence characteristics in the solid state are paid
much attention to due to their effective integration of intrinsic luminescent ability and
molecular self-assembly within a molecule. In this manner, discotic mesogens allow molecular
engineering in accordance with the desired property demanded by different device architectures
based on OLEDs, organic field-effect transistors (OFETs), OPV solar cells, etc. The
assimilation of chirality results in several chirality-related effectssuch as circularly polarized
luminescence (CPL), non-linear optical effect (NLO), ferroelectricity and so on, which can be
utilized in novel displays, electro-optical devices, light shutters, polarisation modulators, lasers

and other photonic devices, sensors, etc.

The subject of this thesis is the rational design, synthesis and, finally the effect of chirality
induction in the DLCs. This thesis aims to investigate the impact of the shape and size of the
central core, as well as the side chiral mesogenic unit, on supramolecular self-assembly. The
helicoidal columnar self-assembly of chiral DLCs explained via the amplification of molecular
chirality to the supramolecular assemblies. Additionally, explained the chirality induced CPL

phenomena in DLCs.

1.2 Matter and its states

"Matter is all around you." To date, we have been introduced to matter as something that
possesses mass and occupies space. Alternatively, matter is said to be composed of

fundamental objects such as atoms, which then combine to make molecules, which in turn
make up all known objects in the universe.

Conventionally matter is known to exist in five different states — solid, liquid, gas, plasma and
Bose-Einstein (BE) condensates. Intermolecular forces firmly hold molecules together in
solids. A highly organised crystalline structure is produced as a result of these intermolecular
interactions. In the crystalline state, the molecules are fixed on regular lattice positions
possessing only rotational and vibrational freedom.3# On increasing the temperature, the
intermolecular bonding break down and convert to a liquid state, because of thermal energy.
Molecules are still close to each other and allowed to rotate, vibrate and translate in all three
axes. Still, there is no positional or orientational order in an isotropic liquid state. On further
heating, gaseous phase occurs, in which the molecules move apart at high speed with little
molecular interaction, and is characterised by the absence of molecular organisation.34

Materials become ionized as free-floating positively charged ions and negatively charged

2
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electrons at extremely high temperatures, which generally have such a strong attraction that
ions and electrons join together (Figure 1.1). This phase of matter defines as the plasma phase.

Solid Liquid Plasma

“\/ \°
UL w. ,\\/ \ '~

UL
'/\,\I\ \Z\ M

Increasing Temperature

Figure 1.1 Basic phases of matter.

1.3 Liquid crystals

The most common states of matter include solid, liquid and gas. However, in some materials,
the transition from solid to liquid does not occur in a single step. It occurs through one or more
intermediate phases. These mesophases then fall into two extensive categories: liquid crystals
(LCs) and plastic crystals. Plastic crystals are those phases in which molecules retain their
positional order within the three-dimensional lattice but lack directional order as they freely
rotate. However, liquid crystalline phases possess long-range orientational order and partial
positional order. These new phases have optical, mechanical and structural properties between
crystalline solid and the corresponding isotropic liquid (Figure 1.2). LCs are one-of-a-kind
functional soft materials that integrate order with mobility at the molecular, supramolecular,

and macroscopic levels.5-°

As mentioned above, liquid crystal, a unique state of matter between solid and liquid, thereby
also called 'mesophases’ uniquely combines the property of order and mobility in this state of
matter. The molecules align so that their long axes will tend to orient parallel to each other;
hence, the LC molecules are characterized by long-range orientational order and partial
positional order. The directional order of LC phases shows that they typically exhibit
anisotropic behaviour.1® This means that various physical properties of the phase are not
equivalent if the measure is in different directions. These properties typically include magnetic
susceptibility, refractive index, elasticity, dielectric constant etc. Forming a liquid crystalline

phase requires a delicate balance of the attractive forces (i.e., dipolar forces between the
aromatic cores) and the dispersive forces (i.e., highly dynamic motion of the aliphatic

3
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Molecular order

Crystal Liquid Crystal Liquid

Temperature, Molecular Mobility

Figure 1.2 Organization of moleculesin the crystal, LC, and liquid states of molecules with elongated

molecular shape. (Redrawn from reference 6)

side chains) between neighbouring molecules. The fact that LC phases display fluidity and
anisotropy makes them useful for device applications such as display technology, temperature

sensors, photovoltaic or solar cells, organic field-effect transistors, and organic light-emitting
diodes, etc.

This chapter mainly focuses on the basics of LCs, the historical developments in the field of
LCs since its discovery in 1888,!1 classification of LCs, detailed discussion of discotic liquid

crystals (DLCs), chirality in liquid crystals, supramolecular chirality and its application in
liquid crystal field.

1.4 Historical remarks

The discovery of LC was a multidisciplinary endeavour and the pinnacle of today'swidespread
interest among scientists in several domains. Even though researchers in the late 1850s
discovered this state of matter, they were unaware of the peculiarities of occurrences. The LC
science originated in 1888 when Friendrich Richard Reinitzer, an Austrian botanist and
chemist, made critical observations of the coloured phenomena observed in cholesteryl acetate
and cholesteryl benzoate, 1 melts.!! He also reported cholesteryl benzoate's "double melting"

behaviour, where the crystalline state converted toa cloudy fluid at 145.5 °C. The cloudy fluids
clear at a temperature of 178.5 °C (Figure 1.3).

Further, Reinitzer interacted with Otto Lehmann, who worked at the polytechnical school at
Achen. This strange behaviour of double melting was solved by German physicist Otto

Lehmann, who first mention them as 'soft crystals’; then ‘crystalline fluids' and finally named
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as "Liquid Crystals" when fully convinced that the opaque phase exhibit property of liquids as

well as crystals.1?

Following this, Lehmann worked extensively on the synthetic LCs and observed that all the
LCs were not the same. In 1907 he made the first observation for the exhibition of two liquid
crystalline phases in a compound.'® After that, in the early twentieth century, chemistry
professor Daniel Vorlander at the University of Halle, and his colleagues began a systematic
synthetic effort to determine the structure-mesophase link, and by 1935, his laboratory alone
had produced around 1100 liquid crystalline substances.!* He concluded that "The crystalline-
liquid state results from a molecular structure which is as linear as possible, ™ implying that
molecules with a rod-like or linear molecular shape, generally known as calamitic LCs,
promote LC behaviour.1® Later, in 1922, Friedel proposed the classification of calamatics into
nematic, smectic and cholesteric solely based on polarized optical microscopy (POM), while
the first X-ray experiments were conducted in 1923.16.17

The broad interest in LCs was shown by many researchers around the world, and in 1965,
Glenn Brown launched the International Liquid Crystal Conference (ILCC). He organized the
first ILCC at Kent state university, Ohio, USA and the application of cholesteric liquid crystals
in thermography was described at the conference. The genuine interest was sparked when
Heimeier's group presented the first evidence for using LCs in electrooptical display
technology at ILCCin 1968. In 1973, George Gray and his co-workers evolved the LC research
by introducing the first stable room temperature nematic LC 4’-Pentyl-4-cyanobiphenyl, 2
(5CB) that found applications in LC display technology (Figure 1.3). So now, in the scientific
community, the linear rod-like shape of mesogenic molecules has become a generally accepted

principle in LC research, which then grew into an interesting field of science. 819

In 1977, the experimental breakthrough came when one more stunning discovery in the LC
field revolutionized the world. In 1977, at Raman Research Institute Bengaluru, Indian scientist
S. Chandrashekhar and his colleagues reported a new class of LC materials composed of disc-
like molecules called DLCs. They said the mesomorphic properties in benzene hexa-n-
alkanoates, 3 (Figure 1.3).20 After characterizing the phase through POM and XRD, they
proposed a model where the disc-shaped molecules stack on top of each other forming
columns-like architecture. The development of LCs by disc-shaped molecules also curated a
lot of interest among the scientific community worldwide to pursue working in the DLCs

domain. Later on, many DLCs were reported by scientists all over the world.



Chapter 1

R
O~_R
0™ Oy
R_O (o}
)ig a
(o}
(o} OJLR
o_0
w0 Op
R
Cholesteryl benzoate, 1 4’-Pentyl-4-Cyanobiphenyl, 2 Benzene hexa-n-alkanoates, 3
Solid IChoIesteric nematicl Liquid Solid | Nematic | Liquid Solid |Co|umnar | Nematic ILiquid
145.5°C 178.5 °C Temperature 24°C 35°C Temperature 152 °C 168 °C 244 °c Temperature

Figure 1.3 Chemical structures of historically important LC molecules.

The most recent advancement in the realm of LCs is banana-shaped or bent-shaped molecules.
In 1996, the LC phases formed by banana or bent-shaped molecules were recognized by Niori
et al. who discovered achiral smectic phases and ferroelectricity.?! Although, in 1929,
Vorlander synthesized the first bent-shaped LC molecule but did not report the mesomorphic
behaviour.22 In the early 1990s, Matsunaga and co-workers also synthesized bent-core
mesogens but did not realize the significance of mesophases. An increase in LC research
activities was prompted by the finding of ferroelectricity in non-chiral banana-shaped
molecules.?324 Additionally, other applications, including flexoelectricity, nonlinear optics,
molecular electronics, photoconductivity, and new structural design of the biaxial nematic

phase were found for this class of materials.

This final section demonstrates that the applications of LCs have no boundaries and that there

are unlimited possibilities for LC applications.

1.5 Classification of LCs

There are several ways to classify LCs, including low molar mass (monomeric and oligomeric)
and high molar mass (polymeric) LCs; how LC phases were obtained, such as by varying
temperature (thermotropic) or by adding solvent (lyotropic); organic, inorganic, or
organometallic based on nature of constituent molecules; the geometrical shape of the
molecules (rod-like, disk-like, or banana-like); and the organization of molecules in phase
(columnar, smectic, nematic, helical, TGB, etc.) (Figure 1.4). Among the many differenttypes,

the most widely recognized and used classification of LCs is into two broad categories:

(@) Lyotropic LCs (mesophase formation is solvent and concentration-dependent),
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(b) Thermotropic LCs (mesophase formation is temperature dependent). If a compound
displays both thermotropic and lyotropic crystalline phases, then it is called

amphotropic LC.?°

[ Liquid Crystals ]

Low molecular mass High molecular mass
(monomers, oligomers) | (polymers)

—D[ Main chain polymer ]

Enantiotropic

—’[ Side chain polymer ]

A v

Thermotropic ] [ Lyotropic ] _'[ Mixed chain polymer]
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A
| Lamellar[ | Columnar | | Cubic |
m | Bent-core |

| | !
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Figure 1.4 Classification of LCs depending on several factors as illustrated in the text.

1.5.1 Lyotropic liquid crystals

Lyotropic LCs, known as anisotropic solutions, are formed by dissolving amphiphilic
compounds in suitable solvents under appropriate concentration and temperature conditions.
The hydrophilic polar "head" and the hydrophobic nonpolar "tail" are the twodifferent sections
of conflicting character that define amphiphilic substances (Figure 1.5a). When amphiphilic
material goes into solution, the hydrophobic tails assemble together and present the hydrophilic
polar heads to the solvent, thereby arranging themselves into spheres called micelles (Figure
1.5a). The micelles are stable as long as the amphiphilic material is above a critical micelle
concentration (CMC).25 Concentration or solvent govern the generation of mesophase in
lyotropic liquid crystals. Soaps that dissolve in water and phospholipids are two common
examples of lyotropic LCs. Lyotropic LC phases can have positional order in one (lamellar),
two (columnar), or three (three) dimensions. X-ray diffraction techniques have been used to
classify the structures of three main categories of lyotropic liquid crystal phases: lamellar
(Figure 1.5b), hexagonal columnar (Figure 1.5c), and cubic phases (Figure 1.5d).
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Figure 1.5 Schematic representation of (a) micelles, lyotropic LC organized as (b) Lamellar, (c)

Hexagonal columnar, and (d) Cubic phase (Redrawn from reference 23).

1.5.2 Thermotropic liquid crystals

Thermotropic LCs are those LCs where the liquid crystalline phase is formed on varying the
temperature of the material. Thermodynamically stable LCs appearing on heating and cooling
is called enantiotropic thermotropic LCs. The mesophases that are obtained by temperature
variation in the cooling cycle is called monotropic LCs.?® The crystal-to-mesophase transition
temperature is defined as the melting point, while the clearing point is the temperature at which
a mesophase changes from a mesophase to an isotropic liquid. A molecule must have a central
core (typically aromatic) and a flexible peripheral moiety (generally aliphatic chains) in order
to be a thermotropic liquid crystal (Figure 1.6). The driving factors for creating mesophases
also include interaction anisotropy and micro-segregation, in addition to geometric anisotropy.
Thermotropic liquid crystals are divided into three major groupings according to the shape of
the mesogenic molecules: (a) calamitic (rod-like); (b) discotic (disc-like), and (c) bent-core
(banana-like).

This thesis deals with the DLCs (disk-shaped); therefore, it will be elaborately described in the
next section.
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Figure 1.6 General template for liquid crystals.

1.5.2.1 Discotic liquid crystals

The hierarchical self-assembly of disc-shaped molecules leads to the formation of DLCs. The
discovery of DLCs in 1977 by S. Chandrasekhar2? and his colleagues showed that the self-
organization of disc-shaped molecules, quite different from the conventional rod-shaped LCs
(discovered in 1888 by Reinitzer) could also lead to mesomorphism. Since then, sincere efforts
have been made to understand the nature of the molecular aspects that can favour the formation
of DLCs. Itis now well known that the disc-shaped molecules are composed of rigid and highly
planar aromatic (n-conjugated) cores decorated with flexible alkyl chains.?® The aromatic cores
can be composed of polycyclic aromatic hydrocarbons and hetero-aromatic hydrocarbons.
Discotic cores based on the polycyclic aromatic hydrocarbons are- perylene, chrysene,
anthraquinone, hexabenzocoronene, truxene, graphenes, triphenylene etc., and based on
polycyclic hetero-aromatic hydrocarbons are hexaazatrinaphthylene, phthalocyanine,
heptazine, hexaazatriphenylene, bisphenazine, triazatruxene etc. In addition to discotic
molecules, there are other types of mesogens that have a non-disc arrangement which can also
be utilized as building blocks for discotic liquid crystals.2”-32 These include polycatenary
mesogens, which are composed of biforked molecules having a rod-like rigid core with two
half-disc moieties positioned at each end. Due to their unique molecular structures,
polycatenary mesogens can form a columnar mesophase.33-3> Many linkers, such as ether, ester,
thioether, amide, alkanoyloxy, alkynyl, and so on, are used to connect the flexible side groups
with the central core. The liquid crystallinity in the DLCs mainly results from the nano-
segregation between the two parts: crystalline character is prompted by the interaction among
rigid n-m conjugated cores, while the melting of flexible alkyl chains is responsible for
providing fluidity to the system. These disk-shaped molecules instinctively self-assemble in
1D stacks, which self-organize on distinct 2D lattices; there is no translational order in the third

dimension (Figure 1.7). The anisotropic nature of the mesogenic molecules results in various
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molecular packing in their respective mesophases. Discotic molecules, in particular, can self-
organize into three types of assemblies in a broader way:

a) Discotic nematic

b) Discotic smectic, and
c) Discotic columnar self-assemblies
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Figure 1.7 Self-assembly of disc shaped molecules in 1D stack, which further organize on 2D lattice.

1.5.2.1.1 Nematic phases of discotic mesogens

Based on the molecular arrangement, the nematic phase of disc-shaped molecules can be

divided into four categories (Figure 1.8):

Discotic nematic (Np),
Chiral discotic nematic (Np*),

Columnar nematic (Ncoi) and

w0 Do

Nematic lateral (NL)

The discotic nematic (Np) phase is a mesophase that exhibits low order, low viscosity, and high
symmetry when compared to other nematic phases. In this phase, the molecules are generally
oriented parallel to each other, displaying orientational order but lacking long-range positional
order (Figure 1.9a). Typically, the nematic phases formed by disc-shaped molecules and rod-
shaped molecules donot mix well. However, the symmetry of the nematic phase resulting from
molecules with disc shapes is identical to that of molecules with rod shapes. In the discotic
nematic phase, the director is along the short molecular axes of the molecule as the disc normal
is arranged orientationally.36.37 Additionally, similar to the chiral calamitic nematic or
cholesteric phase, a chiral discotic nematic mesophase (Np*) also exists, which is characterized

by a helical structure. (Figure 1.9b).38 The molecules are stacked in columns during the nematic

10
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columnar phase. These columns exhibit long-range orientational and short-range positional

order (Figure 1.9c), but they do not form 2D lattice structures.3?

Another nematic phase is reported due to strong lateral contacts, in which disc-shaped

molecules cluster into massive superstructures and exhibit a nematic configuration. This is
known as the nematic lateral (NL) mesophase. (Figure 1.9d).4°

Discotic Liquid Crystals

! l !

Discotic Nematic Discotic Columnar Discotic Smectic
—» Nematic Discotic = Columnar hexagonal
=  Chiral Nematic =¥ Columnar rectangular
= Nematic Columnar = Columnar oblique
=p Lateral Nematic —> Columnar plastic

— Columnar helical

== Columnar lamellar

Figure 1.8 Detailed classification of DLCs.

1.5.2.1.2 Smectic phases of discotic mesogens

Similar to calamitic smectic mesophases, the discs in discotic mesophase are stacked and
spaced apart by peripheral chain sublayers. Because the layers will constrain molecular
rotations at their long molecular axes, they are expected to exhibit biaxial smectic phases.*!4

Unlike nematic and columnar, smectic phases are rare in discotic LCs.

1.5.2.1.3 Columnar phases of discotic mesogens

The most common mesophase formed by disc-shaped molecules is the columnar phase. In this
phase, molecules stack on top of each other to create columns, and these columns then self-
organize into various 2D lattices. Molecules in such a phase have a positional order in two
dimensions and are disordered in the third. These molecules can be arranged in an ordered and
disordered manner.3643 Columnar phases are prosperous and are normally classified at three

levels, according to the symmetry of the 2D array, the orientation of the core with respect to

11
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the column axis, and finally, the degree of order within the column. Based on that, the columnar
mesophases are classified into different categories such as:

Columnar hexagonal mesophase (Coln),
Columnar rectangle mesophase (Colr),
Columnar oblique phase (Colob),
Columnar plastic phase (Colp),

Columnar helical phase (H), and

o g A~ w D P

Columnar lamellar phase (ColL)
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Figure 1.9 Schematic representation of different nematic phases formed by disc shaped molecules (a)
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Discotic nematic, (b) Chiral discotic nematic, (c) Columnar nematic, and (d) Nematic lateral. (Redrawn
from reference 37)

The columnar hexagonal phase refers to a specific arrangement of molecular columns
characterized by a hexagonal packing pattern (Figure 1.10a). In Coln the mesogens are arranged
perpendicular to the column axis, while in the Colr the molecules are tilted with respect to the
column axis (Figure 1.10b).*® Another variation, Colob, features an oblique unit cell
arrangement of the columns (Figure 1.10c). Colp has 3D crystal-like organization in a
hexagonal lattice, and the discs within the column can rotate about the column axis. (Figure

1.10d).#4 Despite some structural abnormalities that can occur in the hexagonal phase, such as

12
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longitudinal and lateral displacements, non-parallel disc arrangement, and rotation around the
columnar axis, the discs still experience restricted motional freedom within the plastic phase.
Another phase, the columnar helical phase, is characterized by the formation of helical columns
that interdigitate in groups of three columnar stacks. (Figure 1.10e).4545 A layered structure,
i.e., Col, exists for mesophases of certain discotic mesogens (Figure 1.10f).4’

Columnar mesophases formed by disc-shaped molecules are fascinating because of their
importance in functional materials. They have found applications in the field of 1D conductors,

photoconductors, photo voltaic solar cells, organic light emitting diodes (OLEDS), organic field
effect transistors (OFETS), etc.
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Figure 1.10 Schematic representation of different columnar phases (a) Hexagonal columnar phase, (b)
Rectangular columnar phase, (c) Columnar oblique phase, (d) Columnar plastic phase, (¢) Columnar
helical phase, and (f) Columnar lamellar phase. (Redrawn from refence 43)

1.6 Characterization of DLCs

LC mesophases are generally characterized by using a combination of techniques such as
Polarized Optical Microscopy (POM), Differential Scanning Calorimetry (DSC) and
Small/Wide Angle X-ray Diffraction (SAXS/WAXS). POM is used for textural observation,
which is observed due to its anisotropic nature, as shown in the Figure 1.11. The exact phase

transition temperatures can be obtained by DSC (Figure 1.12). The molecular packing in

13
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different lattices can be determined using the SAXS/WAXS study (Figure 1.13). The first step
to detect the existence of the LC phase is the presence of shearable birefringent textures under

Figure 1.11 POM textures of discotic columnar compound, (a) Coly, phase at 280 °C, (b) Col, phase at
150.9 °C, (c) Col, phase at 225 °C.100

POM. A polarizing optical microscope consists of a pair of crossed polarizers, and a thin film
of the compound under investigation is placed below it. Crossed polarizers typically don't emit
any light since the light coming from the first polarizer is entirely absorbed by the second
polarizer. In LCs, the director normally points in various directions at various places in the
sample. Areas with the director parallel or perpendicular to the polarizer axis seem dark,
whereas areas having an angle with the polarizer axis other than 0° and 90° appear bright. In

addition, the LC phases show shearability due to the rotational motion of molecules.

The exact phase transition temperatures and their associated enthalpies are estimated from the
corresponding peaks observed in the DSC thermogram (Figure 1.12). DSC determines how
much heat a substance absorbs or releases as a function of temperature or time (isothermally).
The enthalpy value is an indication of the order present in the mesophase. The less-ordered
nematic phases are usually associated with lower enthalpies than the columnar phases.

The X-ray analysis provides direct information about the positional order in a liquid crystal,
which aids in determining the structure of a specific phase. The small-angle region indicates
the type of columnar lattice, while the wide-angle region provides the intracolumnar
information. The basic principle of XRD is Bragg's law which states that x-rays reflected from
adjacent atomic planes separated by distance d of a crystal interfere constructively when the

path difference between them is an integer multiple of wavelength 4,
2dSin6 = ni

where n is an integer that gives the order of reflection. The reflected rays make an angle of 20

with the direction of the incident beam.

14
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Figure 1.12 A DSC thermogram displaying the phase transitions in Col,, mesophase.t

Another useful information about molecular self-organization in the mesophases can be
obtained from the electron density maps (EDM). EDM provides electron density variation; for
instance, high electron density regions correspond to the rigid aromatic cores, while the low
electron density regimes represent the alkyl chains. The obtained electron density contrast
clearly visualizes the molecular arrangement in the columnar 2D lattice. The EDM is usually
calculated by taking into account the intensity of intense diffraction peaks observed in XRD

pattern.

1.7 Chirality

"Chirality is a basic characteristic of living matter and nature.” Chirality is a property that
describes an object's inability to be superimposed on its mirror image. To determine if a
molecule is chiral, it is preferable to identify an asymmetric carbon atom in the molecule. An
asymmetric carbon is defined asa sp? carbon atom that is linked to four different types of atoms
or groups of atoms.*® However, a molecule may also be defined as chiral even if there is no
asymmetric carbon atom, such as when it has two non-coplanar rings that are dissymmetrically
connected and cannot rotate around their connecting bond, or if it contains an axis on which a
group of substituents is arranged in a manner that cannot be superimposed on its mirror
image.*?:50 This type of chirality can be referred to as planar or axial chirality. Asa result, there
are three types of molecule chirality: point, plane, and axis chirality.>?

15
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Figure. 1.13 (a) Small- and wide-angle (inset) X-ray diffraction pattems of the Col, phase formed by
compoundupon cooling (hr, cholesterol—cholesterol correlation; ha, alkyl chain—chain correlation;), (b)
2D SAXS, and (c) 2D WAXS, diffraction patterns for the compound. %

Chirality plays a fundamental role in guiding the assembly of constituent building blocks into
self-assembled helical structures.52:5° The resulting chiral structure is highly ordered, leading
to the hierarchical self-assembly of molecules with different interactions. The properties and
design of building blocks are essential for hierarchical self-assembly into chiral
nanostructures.>® Introducing a chiral element to molecules or units is generally what
determines the final supramolecular chirality, while the balance between different interactions
directs the hierarchical self-assembly. Introducing a chiral element to molecules is generally
determines the final supramolecular chirality and the balance between different interactions
promotes the hierarchical self-assembly. Both of these factors are equally significant for chiral

annotation on different scales and the corresponding functions of the resulting structures.

1.8 Supramolecular chirality in liquid crystals

The history of LC started with chiral molecules, the ester of cholesterol, and since then, several
new chiral molecules have been extensively explored.!! These compounds have asymmetric
molecular structures and, therefore, promotes optical activity and chirality in the system. This
finding by Lehmann and Reinitzer had two effects: it launched research into the new field of
liquid crystals. It marked a new era of interest in organized systems' optical activity and

chirality. This modest demonstration of the first liquid crystal highlights two essential

16



Chapter 1

symmetry elements in complicated fluids. First, the molecular structures of the constituent
molecules of the phase have no mirror symmetry and hence have the feature of being handed.
As aresult, the molecules are both optically active and chiral. Second, the assembly of these
molecules in the cholesteric phase, fluid forms a helical liquid crystal that is also optically

active and chiral.

Chirality plays an important role in the design of liquid crystal-based supramolecular materials.
It is widely recognized that even a small chiral perturbation in liquid crystalline phases, which
can arise from either a chiral dopant or from the mesogen itself, can induce a highly cooperative
chiral response in the mesophase. For instance, the design and synthesis of materials can
produce molecular chirality, and the resulting molecular chirality can then be used to modulate
the chirality of the liquid-crystalline mesophase. Supramolecular chirality in liquid crystal
systems can arise from chiral molecules, a combination of chiral and achiral molecules, or
exclusively achiral molecules. The way in which the LC mesogens assemble plays a crucial
role in determining supramolecular chirality, but the chirality of the LC mesogens is also
important in determining this assembly in supramolecular systems.>! In combined systems of
chiral and achiral molecules, the interaction between these molecules can induce achiral
molecules to form chiral assemblies. In exclusively achiral systems, supramolecular chirality
arises from the formation of supramolecular structures.®’ For example, the ability to control the
pitch and handedness of the helical structure of the chiral phase in liquid crystals is highly
dependent on the molecular geometry of the constituent molecules. This knowledge has been
applied to the design of chiral liquid crystal mixtures for the development of low-cost liquid
crystalline thermometers and thermochromic paints and coatings used in surface
thermography. By carefully controlling the molecular design of the constituent molecules, it is

possible toachieve highly tunable and responsive chiral LCs, and opening up new opportunities
for the development of advanced functional materials.5859

The chirality of a supramolecular structure is often determined by the chirality of its constituent
molecules, which may possess point chirality or axial chirality. The molecular chirality can
also affect the way the molecules assemble into supramolecular structures, leading to different
types of helical, spiral, or sheet-like architectures with supramolecular chirality.
Supramolecular chirality is often dynamic and can be influenced by external factors such as

temperature, pressure, and solvents, leading to changes in the molecular packing and the overall
supramolecular chirality, which makes it a useful property for a wide range of applications

(Figure 1.14).5760
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Helicity is a type of axial chirality, which refers to a molecule or entity with an axis that holds
a group of substituents in a spatial arrangement that cannot be superimposed on its mirror
image. When noncovalent bonds connect these substituents along the axis, supramolecular
assemblies can exhibit helical chirality. This type of chirality is quite prevalent in
supramolecular systems, and can be classified as either P or M helicity. (Figure 1.14).57-6!
When amolecule or supermolecule is rotated clockwise or anticlockwise, the system has P and

M helicity, respectively, when seen from either end along the helical axis.

Liquid crystalline phases that are composed of chiral molecules usually have helical
macrostructures. Generally, the molecules' orientational ordering twists and produces a helical
configuration. In liquid crystalline phases, the molecules have two primary helical
configurations. One forms a single-twist structure when the orientational ordering of the
molecules occurs in one preferred direction. The helix forms in more than one favoured
direction in the alternative scenario, resulting in a three-dimensional helical network.52 Just like
other molecules, the introduction of chirality to the system dramatically impacts the properties.
Several phases exhibit helical superstructures, for example, the chiral nematic or cholesteric

phase, where the director describes a spiral along the axis.

Point chirality
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Figure 1.14 Some typical chiral molecules showing different ways of chirality and corresponding
naming convention. (Redrawn from reference 51)
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This results in the reflection of circularly polarised light, which can be employed in various
applications.®® The formation of helix in the chiral smectic phase is linked to the development
of spontaneous polarisation and ferroelectricity.6 Chiral LCs also exhibit frustrated phases,
including blue phases and twist grain boundary phases. Additionally, these phases exhibit
various chirality-related effects, which can be utilized in the development of novel displays,
photonic devices, light shutters, polarisation modulators, lasers, sensors, and other similar
applications.

The foundation of this thesis is based on chirality in discotic liquid crystals, which is explored
in detail in the next section.

1.8.1 Chirality in DLCs

The inclusion of chirality into DLCs is an intriguing and crucial element for LC community,
not only because it allows for the creation of cholesteric and ferroelectric liquid crystals but
also as a tool for understanding the overall self-assembly of these molecules. The chiral
discotic-columnar phases are of particular interest because the chirality of the individual
molecules can be improved first within the respective columns and then by the arrangement of
the columns (Figure 1.15).%5 The initial reinforcing effect is thought to be caused by the helical

order of discs or their side chains, while the helical order of columns leads to the second
reinforcing effect. In essence, molecular chirality controls supramolecular chirality.
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Figure 1.15 Induced helicity in chiral discotic liquid crystals. (Redrawn from reference 65)
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1.8.1.1 Chirality induction in discotic nematic (Np*) mesophase

Afterdiscovering DLCs in 1977, efforts were made to prepare optically active discotic LCs to
observe the effect of molecular chirality on mesophase formation and their physical properties.
The approach by which molecular chirality transitioned to supramolecular chirality is the
attention of numerous groups worldwide. In 1980, Destrade and co-workers tried to induce
chirality to the discotic nematic mesophase using chiral benzene, triphenylenes, and truxenes
esters (compound I, Il and I11) as mesogenic units.®® Although these compounds exhibited
columnar mesomorphism, no mesoscopic signs of chirality existed. After mixing these esters
with 2,3,6,10,11-hexa-n-heptyloxybenzoate of triphenylene (1V), the cholesteric textures were
shown. The chiral compounds successfully twisted the nematic mesophase (Np) of 1V into a

chiral phase. This resulting mesophase is called chiral nematic discotic mesophase (Np*),
molecular arrangements shown in Figure 1.9b.
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In the extension of this work, the same group synthesized chiral triphenylene derivative V, and
this was the first discotic molecule to show a (Np*) mesophase. The chiral side chains induce
a twist in the Np phase. Although several related derivatives failed to display the same
properties, cholesteric properties highly depended onthechiral chain structure. After observing
that the nematic phase of IV was twisted by adding a small amount of 11 and finding a chiral
nematic phase for V, the authors carefully re-examined the two columnar mesophases they had

previously observed for 11.57 They observed some spirallization in the mesophase textures,
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which is an indication of twisting. The spiralling structure is observed with the director twisting
around an axis perpendicular to the long molecular axis. The chiral Np* phase formed by
compound V is completely miscible with the Np phase of no-chiral molecules, indicating the
structural similarities between the two mesophases. Inaddition, it was observed that the chiral
mesophase could be oriented in a magnetic field. Np* phase consists of a spatial arrangement
of molecules that spontaneously rotate with a constant angle along the helical axis direction
(Figure 1.9b). The helical sense of the director is correlated with the configuration of the chiral
group present in the molecule. The helical pitch (p) is the distance over which liquid crystalline
molecules rotate by an angle of 180°. This periodic arrangement of the LC molecules is
responsible for the selective Bragg's reflection of light. Hence, the reflection of light can be
controlled by changing the helical pitch via some modification in the molecules. Bragg's

reflection can be defined as:

where n = (no + ne)/2, n is the average of ordinary refractive index (no) and extraordinary
refractive index (ne) and p is the helical pitch.

On passing the unpolarized light through the helical macrostructure, circularly polarized light
of the same handedness is reflected, whereas the rest 50 % is transmitted. The wavelength of

the circularly polarized light reflected is dependent onthe helical pitch. Therefore, helical pitch
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(p) and the orientation of the helix play an important role in determining the wavelength of the
light reflected from the helix. The ability of the chiral dopant to induce twist deformation in

the nematic LC is known as helical twisting power (HTP, ), represented as:
B=1/(p xe.e. xc)

where p, is the helical pitch, e.e. is the enantiomeric excess of the chiral dopant, and c is the

concentration of the chiral dopant.

In 1993, Praefcke and co-workers showed that the chirality can be induced in Np phases by =-
7 stacking ability of molecules and their different charge transfer properties. The binary
mixture of electron-rich mesogenic unit VI and the chiral electron-deficient molecule VII
displayed a twist in the mesophase.8 The same group published structurally comparable chiral
pentaynes in 1995, demonstrating that a variation in lateral substituents could induce a small
helical pitch or a temperature-induced helix inversion.®® The temperature of the helix inversion

was unaffected by the addition of a nonchiral nematic discotic, showing that a molecular
characteristic of the chiral molecule alone predominantly caused the effect.

1.8.1.2 Chirality induction in discotic columnar mesophases

The most well-known example of helical order in the column can be found in nature, in
deoxyribonucleic acid (DNA). Helicoidal columns are not formed by most chiral and achiral
discotic molecules. The chirality of chiral DLCsis typically found in the side chains, with the

flat core being achiral.

/
I
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The self-assembled columns are not helical because of the lack of substantial interactions
between the chiral side chains. On the other hand, helical columns are formed if the core has
an intrinsic shape, steric hindrance, or presence of some polar group that give rise to stacking
with a preferred rotation. Chirality presented in the side chain and the central core works hand -

in-hand for the helical order in the columnar mesophase.

Heiney and colleagues were the first to report the presence of helical order in a discotic
columnar mesophase in hexa-hexylthiotriphenylene (V111).7971 This compound displayed a
Colnd mesophase at high temperatures and a Colno organization at low temperatures. At low-
temperature, a triangular array of columns with a periodic, positional, and uneven helical
intracolumn arrangement was observed. The helicity amid the columns of V111 was attributed
to the steric bulk provided by the sulphur atoms connecting the tails to the core. Triphenylenes
with sulphur atoms, unlike their oxygen analogues, cannot stack neatly on top of one other due
to the sulphur atom'’s relatively large VVander Waals radius. (1.85 A). Hence, discs are arranged
with a preferred rotation that preserves the arene-arene interaction, and this hindered stacking
leads to helical arrangements.

In 1997, Meijer and co-workers reported a series of compounds with propeller-like geometry
and extended core planarization via intramolecular hydrogen bonding.”? They observed
quadruplet split signals in the XRD and explained that these signals appeared due to the twist
prompted into the column by the non-perpendicular arrangement of the propeller-like aromatic
core concerning the columnar axis. Intermolecular hydrogen bonding, in addition to the

propeller-like organization of the molecules, plays a significant role in the helical order of

columns.
SC6Hl3
Sc6Hl3
- OQ‘
c6Hl3S O
S(:6Hl3
S(:6H13

Vil

However, these compounds are achiral but possess supramolecular helicity. The significance

of side alkyl chains was similarly addressed by replacing aliphatic chains with glycolic chains,
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and no change in helical organization was seen.”® Following that, various groups reported the

columnar helical order in propeller-shaped discogens and hydrogen-bonded LCs.74-78

In 1998, Nuckolls and Katz used a different approach to produce the helical columnar liquid
crystal. They used helicene as a central core, a helix on its own. These DLCs successfully
develop a helical column in the aggregated state because of the intrinsic shape effect of
helicenes.”® These chiral discotic LCs have been proven to be intersting materials for second -
order non-linear optics because of high amplification of chirality. The above discussion showed
that steric factor, propeller-like structure and hydrogen bonding play an important role in the

chirality induction in columnar mesophase.

Spiess and co-workers have shown that triphenylene with a chiral side chain gives rise to the
helical columnar arrangement arises because of ester’s out-of-plane conformation.8% This is
also observed in phthalocyanines, where the presence of chiral centers in the side chain induces
chirality in the mesoscopic system, despite the formation of nonhelical columns by the
phthalocyanines themselves. In 1993, Van Nostrum and colleagues were the first to report a
confirmation of a chiral superstructure in the discotic mesophase of chiral phthalocyanines.81-
83 Apart from phthalocyanine, Miillen and co-workers in 2001 induced chiral side chains in
hexabenzocoronene and results explained that the molecule successfully exhibits helical
columnar arrangement.84 Hereafter, researchers tried various methods to produce helicity in the
columnar mesophase, one of which was by inserting distinct polar units into the central core.
In this series, Praecke et al. and Boden et al. displayed triphenylene-based DLCs where the
halogen atom is directly attached to the core.8%86 These derivatives become helical, but no
expression of the helicity is observed at the mesoscopic level. A recent example of inducing
helicity in DLCs with a polar group linked to the core is observed in tetraphenylbenzene-based
LCs by applying an electric field. The helical twist that appeared in columns from the electric
field is because of a polar fluorobenzene ring that directs the propeller-like conformation to the
molecule.8” On the other hand, chiral nature of carbohydrate-based core and shape give rise to
intrinsically chiral DLCs. The helical arrangement of these systems was very sensitive towards

the changes in alkyl chains, and even slight modifications destroy the helicity.

In this thesis, chiral side chain mesogenic units and the propeller-like shape of the core are
employed to induce helicity in the columnar organization. The chiral side chain moiety used in
this thesis is cholesterol, consisting of 8 chiral centres. The structure of cholesterol, along with

eight chiral centres, is presented in Figure 1.16.

24



Chapter 1

Figure 1.16 Molecular structure of cholesterol representing eight chiral centres.

1.9 Characterization of supramolecular chirality

An important step is the characterization of the supramolecular chirality. Although there are
many ways to characterize, generally, two classes of characterization of supramolecular
chirality are applied. One is morphological observation, and the other class includes
spectroscopic characterization. Although chiral molecules’ absolute configuration can be
determined via X-ray structural analysis, but this method requires crystallised samples. Self-
assembled systems, on the other hand, are typically not crystalline and are not suitable for x-
ray crystallography.

The techniques used for morphological observation of supramolecular assembly are scanning
tunnelling microscopy (STM), atomic force microscopy (AFM), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). AFM is a technique that relies on the
measurement of the force exerted by a sharp tip against the surface of a sample. In most cases,
the sample is deposited on an extremely flat surface made of silica or mica. As the sample
moves beneath the tip, the force between the tip and the surface is measured, resulting in an
AFM image. This process forms the basis of AFM imaging.6?

STM is a quantum tunnelling-based technology. When a conducting tip is brought very close
to a conductive surface and a bias voltage is supplied, a tunnelling current develops between
two. The resulting tunnelling current depends on the distance between the tip and the surface.®
The STM technique is capable of directly distinguishing the absolute configuration of chiral
molecules, which makes it a valuable tool for chiral analysis.8® Furthermore, it can also be used

for the observation of supramolecular chirality at surfaces.®°

In contrast, the SEM is the most commonly used electron microscopy technique for
morphology investigations. When electrons interact with atoms in the sample, they generate

25



Chapter 1

various signals, such as scattered electrons and X-rays, that can be detected and utilized for
imaging.® While in the case of TEM, a beam of electrons is propagated through an ultra-thin
specimen, interacting with it as it passes through. A TEM image has a high resolution (0.1 nm)
and is produced by the interaction of electrons that have been transmitted through an extremely

thin specimen (<200 nm).%2 Moreover, TEM can be used to obtain a diffraction pattern.

Along with morphological observations, spectroscopic methods such as circular dichroism
(CD), vibrational CD (VCD), and Raman optical activity (ROA) are used to describe
supramolecular chirality. These methods make it possible to observe the dynamic properties of

supramolecular chirality and reveal the self-assembly procedure. This thesis uses CD
spectroscopy, one of these methods to characterise chirality.

1.9.1 CD spectroscopy

CD spectroscopy is a powerful analytical tool used in the field of chemistry and biochemistry.
This type of light absorption spectroscopy is designed to measure the difference in absorbance
of right and left-circularly polarized light by a substance.%39 The resulting CD spectrum
provides a visual representation of circular dichroism as a function of wavelength. In order to
obtain an accurate CD spectrum, the sample being analyzed must contain chromophores, and
the absorption must occur within the wavelength range.®® Isotropic sample measurements are
typically preferred for CD spectroscopy, as anisotropic chiral nanostructures, turbidity,
birefringence, and other factors can significantly impact the accuracy of data collection and
interpretation. Linear dichroism (LD) can also interfere with CD spectroscopy results. As a
result, simultaneous measurement of the LD and CD spectra may convey unequivocal warnings
about the precision of the CD spectra.®” Overall, CD spectroscopy is an important tool for
analyzing the structure and properties of chiral molecules, and can provide valuable insights
into the behavior of complex supramolecular systems. CD is measured either as ellipticity 6 (in

mdeg) or as differential absorption AA in absorption units, the two values being correlated as
AA =0/32980

Observation of a peak in the CD spectrum is referred to as the Cotton effect, which is the
characteristic change in circular dichroism in the vicinity of an absorption band of a substance.
The Cotton effect is an important concept in CD spectroscopy, and is used to assign the sign
of the CD spectrum based on the direction of its change with respect to wavelength. When the

CD first increases as the wavelength decreases, the Cotton effect is said to be positive, while if
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the CD decreases first, it is negative (Figure 1.17).98:99 Another type of CD spectrum, known
as the exciton type CD spectrum (Figure 1.17, dashed line), is characterized by the presence of
two bands with opposite signs. This bisignate band is obtained when two or more strongly
absorbing units are aligned chirally with respect to each other. The zero value of CD between
the valley and peak is referred to as the crossover, which typically occurs at the location of the
UV-vis absorption maximum. In supramolecular systems, the exciton CD spectrum is
commonly found, and the two bands typically do not have the same intensity due to the
presence of aggregated or cooperatively interacting chromophores. The scattering effect may
also impact the shape of the CD spectra. In liquid crystalline systems, temperature-dependent
CD spectra are often used to describe the helicity. The helical organization is characterized by
a gradual increase in the intensity of the CD peak as the temperature decreases. 100

1.10 Application of supramolecular assembly

The introduction of chirality gives rise to interesting physical properties and the potential
application of liquid crystals for chiral recognition, thermochromism, chemosensors,
temperature sensors, ferroelectricity etc. Inaddition, circularly polarized luminescence (CPL)
is also one of the interesting features of the supramolecular helical assemblies of n-conjugated
molecules such as liquid crystals, small molecules, polymers etc, because such assemblies
could enhance the CPL emission intensity as a result of the helical arrangement of the
luminophores.

The creation of functional devices is one of the primary goals of supramolecular assembly.
Several characteristics of the supramolecular organisation are directly relevant to chiral optics

and electrical devices.

Positive cotton effect Negative cottonieftect

UV-vis spectrum

Figure 1.17 General template for different CD spectra in supramolecular systems. (Redrawn from

reference 49)
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For example, when molecules are subjected to a chiral system with different handedness, the
electrical conductivity changes.101:102 Also, in the literature, it is reported that the second -order

NLO susceptibility of the chiral assemblies can be 30 times higher than that of the racemic
material with the same chemical structure.03

The supramolecular chirality was also found to play an essential role in the semiconductor
properties of supramolecular assemblies. Mullen et al. reported that DLC formed from the
assembly of coronene shows an increase in charge carrier mobility of the device when there is
a certain twisting angle within the self-assembly of DLCs.1%4 Not only this, if only achiral

molecules can be found in supramolecular assemblies, CPL can be created in the system by
adding supramolecular chirality with controlled handedness.

1.10.1 Circularly polarized luminescence

Polarized light can be classified into various types, including linearly, circularly, elliptically,
and partially polarized light, based on their polarization characteristics.1%5-198 Circularly
polarized light has gained significant attention due to its potential applications in optical
sensors, 3D displays, and optical information storage, as well as its benefits for eye health,109.110
In the past, circularly polarized light was generated through an indirect physical process in
which emitted unpolarized light was first turned into linearly polarized light by the linear
polarizer, which was then decomposed into right or left-circularly polarized light by the
quarter-wave plate (Figure 1.18a). However, this process resulted in a loss of 50% of
energy,114116 making it crucial to develop novel luminescent materials that can directly
generate circularly polarized light. Such materials would eliminate the need for the indirect
conversion process and lead to more efficient circularly polarized light generation. Overall, the
development of materials that can directly generate circularly polarized light has the potential
to revolutionize a wide range of fields, from biomedicine to telecommunications. CPL
measures the difference in the emission of left and right-circularly polarized light in a system.
CPL is the ideal approach to directly generate the circularly polarized light with simplified
device structure and improved efficiency (Figure 1.18b), in which the energy loss instigated by
the circularly polarized filters can be diminished. The arrangement of the luminescent
chromophores must be chiral in order to produce CPL from chiral supramolecular assemblies.
When luminophores are in a dissymmetric environment during the photo-excited state, CPL is
produced. The CPL strength can be estimated by using the luminescence dissymmetry factor

defined as gium = 2(IL - IrR)/(IL + Ir), where IL and Ir represent the luminescence intensities of
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left and right CP light, respectively. The highest |gium| of 2 represents entirely left of right-CPL,
while gium = 0 corresponds to unpolarized luminescence. The higher |gum| indicates, the better

polarization degree of the emitted light, which refers to the lower energy loss.

When it comes to designing circularly polarized luminescent (CPL) active materials for liquid
crystals (LCs), there are mainly three approaches: (a) self-assembly of chiral luminescent LCs,
(b) self-assembly of achiral luminescent LCs with chiral doping, and (c) symmetry breaking of
achiral luminescent LCs. Among these approaches, the assembly of chiral luminescent LCs has
shown beneficial interest. However, self-assembly can often lead to fluorescence quenching in
the solid state due to the dissipation of excited state energy by non-radiative transition
pathways, even though it can amplify the |gum| values. To overcome this challenge, it is very
important to develop aggregation-induced emission (AIE)chiral LCs. These AIE systems offer
an approach for achieving both high |gium| and high efficiency, making them ideal for promoting
aggregation-induced CPL phenomena.17:118 Following this, various AIE systems have been
used to produce the aggregation-induced CPL phenomena, such as cyanostilbene
derivatives,!17 tetraphenylethylene derivatives,120.12 sjlole derivatives!??:123 and Schiff base
groups.24 In this thesis, several AIE DLCs have been studied for CPL phenomena.

1.10.1.1 Application of CPL active LCs

Luminescent LCs combine photophysical properties with anisotropic behaviour and provide
promising applications in display and imaging technology.12® The attention has been focused
on the field of chiroptical materials with CPL due to their exciting applications in 3D
imaging,?® chemical sensors,'2” CPL lasers,'?® optoelectronic devices,'2?1% optical data
storage,13! and chirality switching.1¥2 OLED devices are another prominent application of
CPL-active LCs, and a detailed discussion is given below.

In OLEDs, circular polarizers are commonly used to reduce the reflectivity of the surrounding
environment and produce high contrast images. However, this results in a significant loss of
brightness and energy efficiency as only half of the emitted light reaches the eyes. To address
this, circularly polarized OLEDs (CP-OLEDSs) have emerged as a promising technology for
achieving high brightness and energy efficiency in display devices. By emitting circularly
polarized light withthe same handednessas the circular polarizer, CP-OLEDscan significantly
reduce energy loss and power usage.116:133 The first CP-OLEDs were reported in 1997, and
following this various CP-OLEDs have been developed.13* However, obtaining CP-OLEDs
with high |gium| and external quantum efficiency (EQE) is still a challenge. To improve the EQE
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of CP-OLEDs, researchers have explored the use of thermally activated delayed fluorescence
(TADF) materials. TADF materials have the ability to convert triplets to singlets through the
reversed intersystem crossing, resulting in 100% internal quantum efficiency.3> Wu et al.
reported that TADF materials exhibit high photoluminescence quantum yield (92%), mirror
symmetric CD signals, and intense CPL activities with a high |gum| value and high EQE of
32.6%.136 Thus, the use of TADF materials in CP-OLEDS is a promising strategy to improve

their performance and reduce energy consumption.

(a) ,,
€
*Q}e&. NN
% QUL Left CP light
919 Right CP light
Achiral Non-polarized Linear Linear Quarter wave
luminophore light polarizer polarized light plate
(b) <.
+0/}e;; Left CP light
% o TTTTTTTT Right CP light
Chiral

luminophore

Figure 1.18 Typical method for generating CP light (a) Physical method, (b) CPL. (Redrawn from
reference 133)

1.11 Outline of thesis

This thesis describes the different approaches to designing and synthesizing highly ordered
chiral DLCs. It is very important to carefully design and understand the building blocks'
properties. The small chiral perturbation in LCs is the prime step in determining the materials’
final supramolecular chirality and chiroptical properties. Furthermore, the balance between
different interactions plays a crucial role in directing the hierarchical self-assembly process.
The chiroptical properties and stimuli-responsive nature of chiral LCs and the helical structure
of the column give rise to unique physical and optical properties such as CD, CPL, NLO etc.
and making it a promising area of research for various applications, including optoelectronic
devices, sensing applications, asymmetric catalysis and so on. A different strategy has been
used to synthesize the self-assembled luminescent chiral LCs. A brief overview of subsequent
chapters is given below:
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Chapter 2 illustrates the design, synthesis and characterization of cyclotriphosphazene and
cholesterol-based chiral columnar LCs. To understand the structure-property correlation, the
length and parity of the spacer of the cholesterol-based dimeric units have been varied, and
detailed investigations reveal the influence of the spacer's length on the packing of the columns
on a 2D lattice. The helicity of the columnar LCs has been confirmed by temperature-dependent
chiroptical measurements where the intensity of peak in circular dichroism (CD) spectra
increases witha decrease in temperature, implying the core-core correlation within the columns
and, thus, the proximity of the chromophores varies with the temperature. Additionally, these
molecules exhibit fluorescent “turn-on" characteristics in their solid state upon exposure to

hydrochloric acid (HCI) that can be visualized by the naked eye instantly.

Keeping in mind the exclusive advantage of luminescent chiral materials in the field of
optoelectronics, we are interested in designing the helically organized luminescent DLCs.
Chapter 3 demonstrates the new approach towards achieving luminescent chiral DLCs for
exciting chiroptical properties. Herein this chapter, we report the design and synthesis of a non-
doped, highly adequate CPL material with columnar self-assembly, derived from thermotropic
chiral luminescent liquid crystal using tetraarylpyrrolo[3,2-b]pyrrole (TAP) as a luminescent
unit and cholesterol as the side chiral mesogenic unit. These chiral DLCs exhibit a fluorescent
property in both solution and thin-film states. The supramolecular self-assembly stabilizes the
mesophase in columnar centered rectangular mesophase and freeze to glassy state at room
temperature. The emission behaviour of TAP-n shows interesting solvent-dependent
behaviour, such as the ability to entirely lose fluorescence when dispersed in a high polarity
solvent. Furthermore, the fluorescence emission exhibited a strong hypsochromic shift in non-
polar solvents. To the best of our knowledge, this is the first report of chiral columnar self-

assembly of TAP-based materials, leading to fascinating chiroptical and CPL properties in the
aggregate state.

Chapter 4 describes the supramolecular self-assembly of thiophene-induced cholesterol-
decorated liquid crystal derivatives by varying the spacer alkyl chain lengths. The
supramolecular self-assembly of all the products stabilized the lamellar arrangement that
sustains over a significant temperature range and freezes to a glassy state at room temperature.
Here, the motivation is to lower the isotropic temperature and solid-state luminescence
behaviour. Photophysical studies showed that all three derivatives display blue-emission in
solution and thin-film states, exhibiting notable fluorescence quantum yield. Furthermore,

these compounds stabilized in a glassy state at room temperature, which revealed their potential
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application for many exciting applications. Also, the bulky cholesterol broadens the material

range for chiroptical characteristics.

Chapter 5 presents the conventional synthetic methodology to achieve the columnar
organization of perylene and pentaalkynylbenzene-based discotic liquid crystal triad, in which
perylene is sandwiched between two pentaalkynylenzene units. This strategy of combining two
mesogenic units with different structural organizations inspired us to gain a complete structural
understanding of the packing of the molecule in the phase arrangement. Asa result, this strategy
accelerates the supramolecular self-assembly of the hybrid triad in an oblique columnar
arrangement that sustains over a significant temperature range. The photophysical studies
showed that the material shows the solution state luminescent properties. A detailed experiment
of the photophysical behaviour of the compound in various solvents of varying polarity has
been performed. The compound shows positive solvatochromism with a significant increase in
Stoke's shift. The compound shows high fluorescence quantum yield in non-polar solvents and
the lowest in polar solvents. This luminescent triad with positive solvatochromism will reveal
its potential application in fluorescence imaging and optoelectronic organic materials.

Chapter 6 summarizes the work described in this thesis and discusses the scope of the studies.
We have also discussed the prospects and the importance of the work explained for the

functional smart materials.

The structural analysis is also provided in the Appendix at the end of each chapter.
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Chapter 2

Observation of helical self-assembly in  cyclic
triphosphazene-based columnar liquid crystals bearing
chiral mesogenic units

Nowadays, intensive research has focused on the design and synthesis of function-integrated
smart materials resulting from the spontaneous self-assembly of the predestined functional
molecules. Working in this direction, we have synthesized a new series of non-conventional,
chiral columnar liquid crystals (Col LCs), where the cyclotriphosphazene core is surrounded
by cholesterol-based Schiff base dimeric units. Cholesterol, which is covalently bound to the
two-ring Schiff base core via a flexible spacer of varying length and parity, has been
premeditatedly incorporated to induce handedness in Col fluid macrostructure. The
investigations using a number of complementary techniques clearly reveal the influence of the
length of the spacer, rather than the parity, on the symmetries of 2D lattices resulting from the
intrinsic columnar assemblies of the synthesized compounds. The different columnar
assemblies were further confirmed through detailed electron density mapping and small-
angle/wide-angle X-ray scattering (SAXS/WAXS) studies. As conceived, the bulky cholesterol,
rendering molecular chirality, directs the molecular assemblies in a helical manner in
individual columns. The handedness (helicity) of the Col LCs has been confirmed by
temperature-dependent chiroptical measurements where the intensity of peak in circular
dichroism (CD) spectra increases with a decrease in temperature, implying that the core-core
correlation within the columns and, thus, the proximity of the chromophores varies with the
temperature. The helicity of the mesophases was also supported by transmission electron
microscopy (TEM) technique. Notably, these novel materials exhibit fluorescent “turn-on”
characteristics in their solid (as synthesized) state upon exposure to hydrochloric acid (HCI)
that can be visualized by naked eye instantly where the color change occurs with a low
detection limit of 5.6 pM.

HCl Sensing Helicoidal Arrangement

Reproduced/Adapted from (Rani, S.; Punjani, V.; Gupta, S. P.; Kanakala, M. B.; Yelamaggad, C. V.; Pal, S.
K. Observation of helical self-assembly in cyclic triphosphazene-based columnar liquid crystals bearing chiral
mesogenic units. J. Mater. Chem. C, 2023, 11, 1067-1075; https://doi.org/10.1039/D2TC03847A ) with
permission from The Royal Society of Chemistry
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Chapter 2

2.1 Introduction

Phosphazenes are a fascinating class of organophosphorus materials.1-® They have received
significant attention over the past years due to their ease in functionalization and high thermal
stability. The phosphazene molecule can be a ring (cyclotriphosphazene,
cyclotetraphosphazene) (Figure 2.1) or could be a linear chain (polyphosphazene) consisting
of a backbone of phosphorus and nitrogen with halide atoms connected to the phosphorus

center.’

In recent years, cyclophosphazenes (CPs) have been incorporated as a functional core in
dendrimers to accomplish novel materials capable of exhibiting a range of physical and
chemical properties.8-17 It is shown that the structure of the CP dendrimers can be well
diversified by increasing the number of substituents/end-groups.® Owing to their unique
structure, they enable the formation of internal cavities closer to the core, and also lead to the
generation of spherical structures.® In fact, various exciting applications of CP-based
dendrimers have been proposed in the field of medicinal chemistry,®10 catalysis,! and material
science.12-14 Additionally, these CP derivatives, occurring in the form of ligands/thermally
stable macromolecules, have found applications in the field of liquid crystals (LCs), low-
temperature elastomers, solid-state fuel cells, electro-optical polymers’-1° including flame
retardants.'>-1” Most of these applications are related to the nature of the side arms connected
to the central core. Among all the explorations mentioned above, their incorporation in the soft

material’s design, especially LCs, is noteworthy.

X \X X \X X X\ N X
‘P $ ‘P.S Im.} p= \P("' X
O e .
X p P X p P X Xnne:p /
NP N F N =P
X/ N \X X/ N \X X/ N— \;X
X=Cl,F

Figure 2.1 The molecular structures of the six- and eight-membered cyclic phosphazenes that are
frequently employed as building blocks for the construction of various functional materials.

For instance, the phosphazene backbone has been extensively explored for realizing liquid
crystal-based smart materials.18-2° The calamitic phases have been attained by constituting the

rod-like mesogens incorporating the CP unit as a central core in the molecular architecture;18-
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29the occurrence of the calamitic mesophases has been explained using a model where the side

arms are arranged perpendicular to the central moiety.3°

On the other hand, the self-organization of the disc-like mesogens (discotics) into columnar
self-assembly has attracted growing interest in material science.3132 These materials have
received immense attention due to their unique features such as self-healing of organizational
defects and one-dimensional (1D) charge migration resulting in wide range of exciting
applications. For example, they can be employed as an active media in photovoltaic devices,
thin-film transistors, organic light-emitting diodes and so on.33:34 Furthermore, the induction of
molecular chirality enables the discotic LCs to self-organize into highly ordered macroscopic
structure characterized by handedness - the chirality. The mesogens in such a helicoidal
arrangement, having either macromolecular or supramolecular order, are of great interest in
designing responsive materials, chirality sensors, and chiroptical devices.3* As expected, the

CP core has been employed to realized Col LCs.

The first occurrence of columnar hexagonal (Coln) phase in a CP-based dendrimer was reported
in 2005.3% The microphase segregation of the rigid and flexible parts of the structure along with
the space-filling requirements enabled their organization into Col LC structure.3® Since then,
many researchers have been working towards realizing Col phases in phosphazene-based
systems. However, a few reports describe Col mesomorphism in discotic LCs (DLCs) derived
from CP core.36:37 However, to our knowledge, the chiral Col LC phases derived from CP core
have not been reported hitherto. Herein, we report the first examples of CP-based non-
conventional LCs self-assembling into helicoidal columns. Precisely, we describe molecular
design, synthesis, and characterization of a new series of hexa-substituted CP-based chiral
columnar LCs. With the prime objective of accomplishing chiral LC phases persisting over an
extended thermal width, we incorporated cholesterol-based dimeric Schiff bases in the
molecular architecture; the mesogenic Schiff base units have been inserted purposely as they
possess various properties including chemical sensing.®°3 To understand the structure-
property correlation, the length and parity of the spacer of the cholesterol-based dimeric units
have been varied. The general molecular structure of the Col LCs synthesized is shown in
Figure 2.2; for convenience this series of mesogens will be here after referred to as P-n series
where n signifies the number of methylene units in the spacer. As described in succeeding
sections, the detailed investigations clearly reveal the influence of the spacer’s length on the

packing of the columns on a 2D lattice. For example, mesogens P-6, P-7, and P-11 show the

48



Chapter 2

columnar centered rectangular (Colr) phase, whereas the LCs P-8 and P-10 exhibit Col oblique
(Colob) phase. On the other hand, the compound P-5 display Col hexagonal (Coln) phase, which
is notably fascinating in terms of its structure.

Figure 2.2 Schematic representation of the general molecular structure of a series of chiral Col LCs
synthesized and investigated in this study (P-n, n=5, 6, 7, 8, 10 and 11).

The structural assignment of the newly synthesized Col LCs and their key precursors has been
performed systematically with the help of standard characterization techniques. The phase
transitional behaviour of all the target materials has been ascertained by polarising optical
microscopy (POM), differential scanning calorimetry (DSC), and small-angle/wide-angle X-
ray scattering (SAXS/WAXS) measurements. Temperature-dependent circular dichroism (CD)
measurements have been used to prove the helicity of all the mesophases. The data derived
from the transmission electron microscopy (TEM) technique have been used to substantiate the
results of CD experiments. The intrinsic fluorescence behaviour of all the compounds has been
demonstrated to be useful in sensing HCI vapours, which is likely to be originating from the

Schiff-base units of the LC materials.38-45
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2.2 Result and discussions
2.2.1 Synthesis, Structural Characterization and Thermal stability

The detailed synthetic steps employed for the synthesis of target mesogenic materials (P-n) are
described in Scheme 2.1. The target materials synthesized by treating compound 1 with
cholesteryl o-(4-aminophenoxy) alkanoates (4a-f). 'TH NMR and 13C NMR spectra, and the
microanalytical data have been respectively presented in appendix (Figure A1-A15and Table
Al) and experimental section. The thermal stability of all the synthesized materials was
determined using thermogravimetric analysis (TGA) (Figure A16 and Table 2.1); apparently,
all the compounds are stable up to 300 °C - 350 °C.

2.2.2 Mesomorphic behaviour

Table 2.1 portrays the phase transition temperatures and related transition enthalpy changes
seen in the DSC thermograms (Figure 2.3). The transition temperatures were found to be
consistent with the POM data. For all the samples, three consecutive heating - cooling cycles
were performed to record the DSC thermograph (Figure 2.3). All the members of the series
showed thermodynamically stable Col mesomorphism. The fluidity of the LC phases was
evidenced by the shearing test of the samples during both heating and cooling cycles. All the
mesogens, as expected, have elevated clearing temperatures varying between 215 °C - 310 °C,
according to spacer length; precisely, the isotropization temperature decreases with increasing
spacer length. Notably, as can be seen in Table 2.1, the length of the central spacer greatly

influences the structure (symmetry) of the Col phase.

The first member, P-5, of the series displayed an enantiotropic columnar mesophase. Itshowed
the typical broken fan-shaped pattern along with homeotropic domains under crossed
polarisers3? (Figure 2.4a). Inthe DSC trace obtained during heating, the endothermic peak at ~
160.8 °C (4H = 15 kJ mol™1) was attributed to crystal to Col phase transition, and the peak at ~
303.5 °C (4H = 43.6 kJ mol™) corresponded to columnar to isotropic transition. On cooling,
the exothermic peaks appeared at ~ 286.9 °C (4H = 14.5 kI mol ™) and 142.8 °C (4H = 3.9 kJ
mol™) are due to the transition from isotropic liquid to Col phase and mesophase to
crystallization, respectively (Figure 2.3a). During cooling, the enthalpy change of the liquid to
mesophase transition was quite low as compared to the heating cycle because of the
supercooling effect. This LC phase was assigned to be a hexagonal columnar phase based on

X-ray diffraction (XRD) measurements. The XRD patterns recorded at various chosen
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Scheme 2.1 Synthesis of the target compounds (P-n), Reagents and conditions: (I) 4-
Hydroxybenzaldehyde, K,CO,, THF, 70 °C, 48 h, 60 %; (II) DCC, DMAP, dry DCM, 60 °C, 12 h,
(Yield = 75 - 78 %); (1IT) 4-nitrophenol, K,COj3, butanone, KI, 90 °C, 24 h, (Yield = 85 - 90%); (IV)
H,, 10 % Pd/C, THF, RT, 48 h, (quantitative yield); (V) dry THF, 60 °C, 24 h (Yield = 35 - 40%).
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temperatures for the mesophase possessed the characteristic features of the Coln phase in

agreement with POM observations. In small-angle region, the occurrence of multiple peaks

1,11
N

and three weak reflections from (11), (20), and (21) planes, respectively of the hexagonal

with d-spacing in the ratio %: corresponded to the strong reflection from (10) plane

structure. Besides, two broad peaks in the wide-angle region, hr with spacing 6.3 A, appeared
due to cholesterol-cholesterol correlation and hawithspacing 5.1 A, attributed to the fluid alkyl
chain-chain correlation, were seen. The calculated value of the lattice parameter is equal to a
= 72.7 A (Figure 2.5a, Table A2). The structure remained columnar hexagonal in the
mesophase temperature regime. The 2D diffractograms of compound P-5 (Figure 2.5d, 3.50)
in the SAXS, as well as WAXS region, also suggested the formation of Coln mesophase.

Table 2.1. Thermotropic phase transitional behaviour of the cyclotriphosphazenes (P-n).
Compound Phase Transition?( °C) Tsy ° (°C)

P-5 Heating: Cr 160.8 Coln 303.5 Iso 330.0
Cooling: 1so 286.9 Coln 142.8 Cr

P-6 Heating: Cr 108.0 Col; 231.0 Iso 346.0
Cooling: 1s0 222.0 Col, 84.9 Cr

P-7 Heating: Cr 144.0 Col; 265.0 Iso 325.3
Cooling: 1so 258.8 Col; 129.0 Cr

P-8 Heating: Cr121.2 Cr1 163.7 Colop 210.0 Iso 351.0
Cooling: 1s0 203.2 Coloy 95.6 Cr

P-10 Heating: Cr147.6 Cr1 154.5 Colop 214.7 10 306.3
Cooling: I1so 211.3 Colon 133.2 Cr1 117.7 Cr

P-11 Heating: Cr123.6 Cr1 154.0 Colr 220.1 Iso 342.0
Cooling: 1so 216.7 Colr 152.5 Cr1 85.9 Cr

dTemperatures of phase transitions (peak, in °C) obtained from DSC analysis.
Abbreviations: Col, = Columnar hexagonal, Col, = Columnar centered
rectangular, Col,, = Columnar oblique, Iso = Isotropic liquid. "Decomposition
temperature corresponding to a weight loss of 5 % as measured by TGA.

The next two homologues (P-6, P-7) showed the enantiotropic columnar centered rectangular
(Colr) phase over a wide temperature range. The heating DSC trace of P-6 displayed one peak
at ~108 °C (4H = 10.6 kJ molt) corresponding to crystal to Col transition and second peak
for Colr to isotropic transition at 231 °C (4H = 8.5 kJ mol™). Upon cooling, the mesophase
appeared at 222 °C (4H =9.1 kJ mol™) and remained stable up to 84.9 °C (4H = 4.5 kJ mol™?)
(Figure 2.3b). The growth of pseudo-focal-conic textures under POM supported the
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arrangement of discs in columnar fashion3? (Fig. 2.4b). The other compound, P-7, also showed

the two-phase transition both in the heating and cooling cycle (Figure 2.3c). The mesophase
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Figure 2.3 DSC thermograms of compounds (a) P-5, (b) P-6, (c) P-7, (d) P-8, (e) P-10, (f) P-11,

recorded at a rate of 10 °C/min.

Figure 2.4 POM microphotographs of the optical texture of Col phases formed by (a) P-5 at 280 °C,
(b) P-6 at 230 °C, (c) P-7 at 225 °C, (d) P-8at 190.7 °C, (e) P-10at 150.9 °C and (f) P-11at 214.9 °C.

53



Chapter 2

assignment was done purely based on XRD analysis, and the pattern could be indexed toa 2D
centred rectangular lattice. The XRD pattern of compound P-6 at temperature 190 °C is shown
in Figure Al7a (Table A3). It exhibited four narrow peaks in the small-angle region at the d-
spacings 66.1 A, 48.1 A, 24.2 A, and 22.9 A.
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Figure 2.5 Small and wide-angle (inset) X-ray diffraction patterns of the Col phases formed by
compounds (a) P-5 at 160 °C (Col,), (b) P-10 at 160 °C (Col,p) and (c) P-11 at 180 °C (Col,) upon
cooling, h, - cholesterol-cholesterol correlation, h, - alkyl chain-chain correlation, h, - disc-disc
correlations. The lower panel showsthe respective 2D diffraction patterns of SAXS (d, e, f) and WAXS
(9, h, ).

These peaks corresponded to the diffractions from (11), (20), (40), and (04) planes of the
centred rectangular lattice. The lattice parameters were found tobe a=96.1 A,b =91.1 A. In

the wide-angle region, there are three peaks, hr, ha, and hc. The hc peak of d-spacing 3.57 A
reflected the disc-disc correlation and confirmed the columnar structure of the mesophase. The

compound P-7 also exhibited 2D columnar centred rectangular phase in the entire mesophase
temperature range (Figure 2.4c, Figure A17b, Table A4). The 2D diffractograms of compound

54



Chapter 2

P-6 (Figure A17d, A17g) and P-7 (Figure Al7e, A17h) in the SAXS as well as WAXS region

also suggested the formation of Colr mesophase.

As shown in Table 1, the mesogens P-8 and P-10 also stabilize thermodynamically stable Col
phase over a wide temperature range. The heating DSC profiles revealed three phase transitions
in both materials (Figure 2.3d and 2.3e). They showed crystal-to-crystal, crystal-to-columnar,
and columnar-to-liquid phase transitions. The corresponding cooling cycle traces possessed the
signatures due to the transition from the isotropic liquid state to Col phase and the
transformation from Col state to crystallization. The POM photomicrographs of the compounds
P-8 (Figure 2.4d) and P-10 (Figure 2.4e) comprised of homeotropic domains as well as long
fan-shaped patterns. These texturesare characteristic of the columnar mesophase.32 As shown
in Figure Al17c (Table A5), the XRD pattern of the compound P-8 recorded at 160 °C suggested
the occurrence of the Colon phase; it consisted of narrow peaks in the small-angle region and
twobroad peaks, hrand ha, in the wide-angle regime. The lattice parameters were found to be
a=1052 A, b=73.7 A and o = 69.3°. Likewise, the XRD profile of the mesogen P-10
evidenced the existence of Colon phase (Figure 2.5b, Table A6). The 2D diffractograms of
mesogens P-8 (Figure A17f, A17i)and P-10 (Figure 2.5e, 2.5h) in the SAXS, as well as WAXS

region, also suggested the formation of Colon mesophase.

The last member of the series, P-11, also exhibited columnar mesomorphism over a wide
thermal width. It showed three phase transitions in the heating and cooling cycle, as evidenced
by DSC traces (Figure 2.3f) and the POM (Figure 2.4f) study. The XRD profile obtained in the

mesophase at 180 °C exhibited four sharp peaks in small-angle region which corresponds to

a

/}7/\ /6 1 ;T_, Q

(20)

Figure 2.6 2-D projection model of (a) columnar hexagonal (Coly,) (b) columnar oblique (Col,,) and (c)
columnar centered rectangular (Col,) phases; along with various representative reflecting planes, where

a, b, a are the lattice parameters.
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reflection from the (11), (02), (51), and (62) planes, respectively of the Colr phase. Only these
kinds of reflections are present because, the corresponding lattice for this phase is centered
rectangular which allow only the reflection having h+k =even, where h, k are the Miller indices.
Moreover, there are three peaks, hr, ha, and he, in the wide-angle regime, and they appeared for
the same reason as explained before. The calculated values of the lattice parameters are a =
148.2 A and b = 79.9 A (Figure 2.5c, Table A7). The 2D patterns (Figure 2.5f, 2.5i) in the
SAXS as well as the WAXS region also suggested the formation of Colr mesophase.

2.2.3 Electron density maps

To figure out the arrangement of these mesogens on the various 2D lattices, the electron density
maps*® were constructed by using the information derived from the peak, indexes, and
intensities of the XRD pattern and the 2D projection model (Figure 2.6) of all the columnar
arrangements is also displayed. The electron density maps for the compounds P-5, P-6, P-7,
P-8, P-10 and P-11 are shown in Figure 2.7a-2.7f, respectively. From electron density maps, it
is clear that the individual mesogenic molecule appears, more or less, as a circular disc in the

columnar hexagonal phase.

SHEE
’ mmm!
e

Figure 2.7 Electron density map of compound (a) P-5 in Col, phase, (b) P-6 in Col, phase, (c) P-7 in
Col, phase, (d) P-8 in Col,, phase (e) P-10in Col,, phase and (f) P-11 in Col, phase; where a, b, o are
the lattice parameters.

The 2 D projection model (Figure 2.6a, 2.6b, 2.6c), explained the reflecting planes of Coln,

Colop and Colr, respectively, along with the unit cells of the different phases, represented by
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2D closed region of pink colour. The shape seems to change to elliptical when the columnar
centred rectangular phase is formed. Further, the shape of the molecules in the columnar
oblique phase is dumbbell type (Figure 2.7d, 2.7¢).

2.2.4 Chiroptical measurements

The newly synthesised chiral mesogens bearing accessible chromophores were probed for their
chiroptical property in their mesomorphic (columnar) and isotropic liquid states by means of
the circular dichroism (CD) spectroscopy, which essentially reveals the differential absorption
of left and right circularly polarised waves by the light-absorbing groups (chromophores)
surrounded by chiral medium. This absorption spectroscopic study has been carried out mainly
to determine if the peripherally located bulky chiral (cholesterol) segments accounting for the
molecular chirality have enabled the molecular organization in the Col phase in a helical
manner where the constituent, intrinsically dissymmetric (chiral) mesogens within the columns
follow a helical array. An organization of mesogens yielding a helical superstructure displays
an exciton-split effect related to a through-space interaction among two or more chromophores
exhibiting the allowed m-n* absorption bands.*” CD spectrum of the anisotropic media are
generally accompanied by artefacts such as linear birefringence (LB) and linear dichroism
(LD). However, the presence of small anisotropic (mesophase) domains in abundance are
known to rescind such artefacts.*® Four mesogens viz., P-5, P-6, P-10, and P-11 were chosen
for the chiroptical investigation. The isotropic liquid thin films of the aforesaid samples (except

P-5) were subjected to CD spectral measurement.

The requisite sample cells (thin-films) were fabricated by using two clean, regular quartz plates.
About 500-800 pg of the samples, P-6, P-10 and P-11, placed individually between the
substrates, were heated to their isotropic state, and the top plate was hard -pressed repeatedly to
attain the uniform spreading of the analyte over a large area of the cell. This procedure not only
expels the air-pockets but also ensures the thin-film formation of the mesogens. Although an
analyte cell was fabricated for the study using a tiny amount (~600 ug) of mesogen P-5, the
aforesaid protocol could not be adopted due to its high isotropization temperature. The
fabrication of such ultra thin-films, using a minute amount of the samples, was essential to
circumvent the factual errors associated with experiments and operating limits of the
instrument. The samples were then cooled at a faster rate into the LC phase, and the CD spectra
were recorded as a function of decreasing temperature. Tables A8, A9, A10 and All

respectively portray the CD data, presented in terms of ellipticity (6, in millidegrees, mdeg) as
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a function of wavelength, derived from the temperature-dependent CD profiles of the mesogens
P-5 (Figure A18b), P-6 (Figure 2.8a) P-10 (Figure 2.8b), and P-11 (Figure 2.8c). As can be
seen in Figure 2.8d, 2.8e, and 2.8f that the CD response of the isotropic liquid state remains
totally absent, implying that the chromophores are not affected by the chirality stemming from

the stereogenic centres of the peripheral cholesterol segments.

As noted earlier, CD spectra are often affected by the LD artifacts resulting from the
macroscopic optical anisotropies of the analyte. Thus, to differentiate the specimens’ genuine
CD activity from that of the spurious response, the LD spectra were recorded using the
instrument's built-in LD data acquisition option. This observation was corroborated using the
sample rotation technique, which is very useful and reliable for the thin, evenly spread
anisotropic samples. The CD spectra were recorded at six different positions attained by step-
wise 60° rotation of the cell in the observing plane, i.e., in the direction perpendicular to the
measuring beam. As expected, the CD profiles recorded for different cells' orientations largely
resembled each other implying the absence of the LD. The spectra recorded did not show any
signatures due to LD activity (Figure Al8a and Figure 2.9), as contemplated.

The rapid cooling of the samples from their isotropic phase to LC phase generally helps in
realising small domains.*® The CD spectrum recorded in the Col phase as a function of
temperature, from well below the isotropization temperature of the material P-5, is shown in
Figure A18b. Similarly, the other three mesogens showed CD signals in the entire temperature
width of the Col phase, meaning that the macroscopic structure, the fluid anisotropic medium,
is optically active. The spectra recorded did not show any signatures dueto LD activity (Figures
2.9a, 2.9b and 2.9¢), as contemplated. The LD spectra have been recorded for the Col phase

appearing just below the isotropization temperature.

The CD spectrum recorded as a function of temperature in the Col phase of mesogen P-5
possessed a strong band with a negative maximum at ~390 nm, a wavelength closer to the
electronic absorption maximum (~350 nm) of the solution spectra of the sample. The intensity
(magnitude) of the CD peak increases progressively with the decrease in temperature (Figure
A18b, Table A8), implying the core-core correlation within the columns and, thus, the
proximity of the chromophores varies with the temperature. However, the CD curve position
(and the sign) remained unaffected, demonstrating that the mesophase absorbs either left or
right circularly polarised light in preference to scattering where the wavelength of the band

changes as a function of temperature.> The CD profiles of the compound P-6 recorded in the
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higher temperature range (140 °C - 220 °C) revealed a relatively weak circular dichroism in
the 310 - 430 nm spectral region. The spectrum was characterised by two negative peaks with
maxima at 350 and 400 nm. Interestingly, in the corresponding low-temperature CD spectrum
(55 °C - 130 °C) recorded, these two peaks appeared at 297 and 360 nm with a significant
increase in the band intensities (Figure 2.8a, Table A9). Such a blue shift of the absorption
maximum of the circular dichroism along with the enhanced band intensity suggests a
considerable variation in the face-to-face parallel organisation of chromophores surrounded by
the chiral environment. Figure 2.8b illustrates the results of temperature-dependent CD

measurement carried out in the Col phase of oligomer P-10.
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Figure 2.8 The optical response of the isotropic state and Col LC phase of mesogens P-6 (a and d), P-
10 (b and e), and P-11 (c and f). Profiles a, b & c: CD spectra recorded as a function of temperature in
the Col phase of the mesogens. Profiles d, e & f: CD spectra of isotropic liquid phase. Notice that the

CD intensity increases with the decrease in temperature of the Col phase.

The spectrum comprised a well-defined (strong) negative band centred at 395 nm, the
magnitude of which decreases continually with the increase in the temperature (Figure 2.8b);
besides, the marginal blue shift occurs in the peak position when the temperature of the sample
decreases (Table A10). On the other hand, the spectrum recorded as a function of temperature
in the Col phase of material P-11 showed the bisignate CD curve with 15tpositive Cottoneffect
at the longer wavelength (~440 nm) and negative 24 Cotton effect at the relatively shorter
wavelength (~385 nm) with the crossover point closer to the chromophore absorption

maximum (Figure 2.8c). The CD curve shifts towards a shorter wavelength upon decreasing
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the temperature, which is also seen in the other three compounds measured (Figure 2.8c, Table
Al11). The appearance of bisignate CD signal essentially implies the chiral excitonic coupling
originating due to the aggregation of chromophores with their transition dipoles organized in a

helical manner.5!

Thus, the CD measurements as a function of the temperature of the Col phase belonging to four
compounds reveal intense curves in the CD spectra, demonstrating significant chiral
correlations in the molecular organization within the columns. In other words, the intrinsic CD
activity of the mesophase evidenced the occurrence of a helix within the columns resulting
from the closer packing of mesogens adopting a helical arrangement and this arrangement
remains in crystallization stage as well. As reported earlier, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) techniques were used to examine the solid
morphologies of the helical assembly at different THF/H20 ratio.>? Inspired from this earlier

work, we also tried to examine the helical self-assembly for the compound P-11 at room
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Figure 2.9 The LD spectra of compound (a) P-6, (b) P-10, and (c) P-11, in the fluid Col phase.

temperature via TEM. As shown in Figure 2.10, we observed well-defined twisting,
corresponding to helical self-assembly of mesogens. To record TEM images, the samples in
their isotropic liquid state were drop casted on carbon coated copper TEM grids (TED PELLA,
INC. 200 mesh) and cooled down to room temperature. The TEM images of the compound are
recorded in crystalline state, which interpret that the molecules remain in helical arrangement
at room temperature. The schematic representation of the helicoidal columns in Coln, Colr and

Colop are demonstrated in Figure 2.11.

2.2.5 Sensing Property

The design and development of novel sensors capable of showing the change in colour, which
is recognizable by the naked eye, is highly desirable. Over the years, it has been well

demonstrated that the imine (-CH=N-) bond of Schiff-base (electron-rich) core can be easily
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Figure 2.10 TEM images of compound P-11, image was recorded after heating to isotropic phase

followed by cooling to room temperature.

protonated and hence can be used to sense the proton donors such as acids.>3 The n-conjugated
electrons and a pair of electrons on the nitrogen atom are responsible for this behaviour of an
imine group. Thus, these Schiff base mesogens featuring six imine bonds should be able to
sense the acid traces, especially HCI vapours.>® Working in this direction, we first investigated
the photophysical behaviour of the new synthesized mesogens by UV-vis (Figure A19) and

fluorescence spectroscopy (Figure A20).

)
b

'/t\ Helical Assembly \

Figure 2.11 Schematic representation of helicoidal columnarrangedin different columnar organization.

The fluorescence experiments were carried out to examine the ability of mesogen P-11 in
sensing the presence of HCI, as an illustrative case. Precisely, the measurements were
performed in solution as well as in solid-state of the chosen mesogen. For the sensing
experiments, stock solutions of compound P-11 and HCI were prepared. In particular, 10° M
solution of compound P-11 in THF and 10-2 M HCl solution in ACN were prepared. Titration
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experiments were performed by adding HCl solution at a gradual interval of 10 pL to the stock
solution of compound P-11, where the excitation wavelength is 338 nm. The fluorescence
spectra were recorded accordingly with excitation and emission slit widths of 5.0 nm. As
depicted in Figure 2.12a, the solid compound P-11 upon exposure to acid vapours shows a
broad fluorescence emission band (red- trace), unlike the pristine (un-exposed) solid sample
(blue-trace) or the former specimen after exposing to ammonia vapours for neutralization or
recovery (black-trace). Figure 2.12b illustrates the emission profiles recorded, at the excitation
wavelength of 338 nm, for the pristine sample in THF (10> M) solution (black-trace) and its
interactions with 102 M HCI solution (in acetonitrile) of varying concentrations. Apparently,
the magnitude of fluorescence emission intensity increases progressively with the increase in
the concentration of acid. Such a turn-on fluorescence enhancement is likely to be attributed to
the protonation for imine nitrogen, which changes molecular planarity.>® Similarly, the sensing
behaviour of P-11 was also probed with other acids and the selectivity experiments were
carried out by adding 50 puL of 0.1 M stock solution of various acids in 600 pL stock solution
of compound P-11. The detection limit (LOD) was also calculated using the formula 3o6/p,
where o is the standard deviation of blank measurements of compound P-11 and p is the slope
of the calibration curve plotted between fluorescence intensity and HCI concentration.
However, this material showed high selectivity towards HCI (Figure 2.12c), and the detection
limit for HCI was found to be 5.6 uM (Figure 2.12d). The colour of compound P-11 in solid-
state changed from off white to bright yellow in normal light (Figure 2.12e) and also showed
fluorescent turn-on phenomena when it was placed in HCI atmosphere under a UV lamp
(Figure 2.12f), and this enables the naked eye detection of HCI gas. The other homologues of
the series (P-5, P-6, P-7, P-8, and P-10) displayed a similar behaviour towards HCI vapour as
shown in Figure A21 to Figure A25, respectively.

2.3 Conclusions

The first examples of chiral Col LCs derived from cyclic triphosphazene core, which is
peripherally substituted with cholesterol-based Schiff-base dimeric segments, have been
synthesized and characterized systematically. The length and parity of the spacer of the dimeric
units that covalently bind cholesterol and two-ring Schiff base core have been varied to
examine the structure-property correlations. As clearly revealed by the XRD measurement
coupled with electron density mapping, the length of the spacer critically dictates the 2D
periodic order characteristic of the Col LC phases formed by the spontaneous self-assembly of

triphosphazene mesogens. The effect of the parity seems to have not been reflected. The
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Figure 2.12 (a) Fluorescence spectra of mesogen P-11 in a solid state when exposed to HCI vapour and
NH; vapour (338 nm). (b) Fluorescence spectraof P-11 (10 M in THF) recorded before and after its
exposer to different concentrations of HCI solution (102 M in acetonitrile). (c) The fluorescence
intensity of compound P-11 after addition of 50 pL of 102 M solution of various acids in the stock
solution. (d) Calibration curve of the fluorescence intensity versus HCI concentration. Optical
photographs of P-11 upon exposure to HCI vapour and ammoniavapour under normal light (e), and
upon exposure to HCI vapour under UV light (f).

mesogens, depending upon the length of the spacer, yield mesophases such as Coln, Colr, and
Colop phases. The temperature-dependent chiroptical studies revealed the helical self-assembly
in columnar arrangements. Notably, these Col LCs, being Schiff bases, show sensing

characteristics due to their facile protonation. Particularly, the HCI sensing in solid and
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solutions has been demonstrated with the help of fluorescent emission measurements. Notably,

the fluorescent “turn-on” phenomena were observed. The detection limit for HCI was found to
be 5.6 uM.

2.4 Experimental section

2.4.1 General procedure for the synthesis of compound 1:

Hexachlorocyclotriphosphazene (600 mg, 1 equiv.) and potassium carbonate (3 g, 12 equiv.)
was dissolved in dry THF (50 mL) under a nitrogen atmosphere with continuous vigorous
stirring. After vigorously stirring this suspension for 15 min, 4-hydroxy-benzaldehyde (1.7 g,
8 equiv.) dissolved in dry THF (10 mL) wasadded. The resultant reaction mixture was heated
to reflux for 48 h. The reaction mixture was concentrated in vacuum, and the residue obtained
was purified by column chromatography using silica gel with an eluent made of mixing hexane
and ethyl acetate (v/v 100/50). Yield = 60 %. HRMS (Figure A3) m/z: (M + H)* calculated for
C42H31N3012P3 862.1120. Found 862.1093. The 'H, 3C (Figure Al and A2) are given in
Appendix I.

Characterization details of compound 1:

IH NMR (400 MHz, CDCl3, 8 in ppm) 9.93 (s, 6H), 7.73 (d, J = 8.5 Hz, 12H), 7.14 (d, J = 8.5
Hz, 12H).

13C NMR (100 MHz, CDCls, 6 in ppm) 190.44, 154.48, 133.77, 131.42, 121.25, 121.23.

FTIR (cm™) 1703.9, 1598.1, 1500.4, 1421.6, 1390.3, 1299.9, 1274.1, 1207.2, 1177.4, 1155.2,
1101.4, 1012.2, 952.7, 887.8, 839.5, 761.5, 707.7, 609.2, 557.2, 514.5.

2.4.2 General procedure for the synthesis of compounds 2(a - f):

Cholesterol (1.2 equiv.) was added to the stirred solution of bromoalkanoic acid (2 g, 1 equiv.)
in dry DCM (40 mL). The resulting mixture was stirred under a nitrogen atmosphere, and
DMAP (catalytic amount) was added to the solution. A solution of DCC (1.25 equiv.) in DCM
was further added to the reaction mixture, and the mixture was stirred at 60 °C for 12 h. The
reaction mixture was filtered, and the filtrate obtained was concentrated in a vacuum. The crude
product was then purified by column chromatography using silica gel with a mixture of
hexane/ethyl acetate (v/v, 100/1) as an eluent. The white solid obtained was air-dried and stored

in a clean sample vial. Yield =75 — 78 %.
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Characterization details of 2(a - f):

2a: Yield = 76 %, 'H NMR (400 MHz, CDCls, § in ppm) 5.37 (d, J = 5.5 Hz, 1H), 4.65 — 4.59
(m, 1H), 3.41 (t, J = 6.8 Hz, 2H), 2.35 — 2.25 (m, 4H), 1.99 (s, 2H), 1.92 — 1.79 (m, 5H), 1.69
~ 1.62 (m, 2H), 1.59 — 1.44 (m, 8H), 1.39 — 1.25 (m, 4H), 1.20 — 1.04 (m, 8H), 1.02 (s, 4H),
0.97 (d,J = 11.0 Hz, 2H), 0.91 (d, J = 6.5 Hz, 3H), 0.86 (dd, J=6.6, 1.9 Hz, 6H), 0.68 (s, 3H).

13C NMR (100 MHz, CDClz, § in ppm) 172.89, 139.66, 122.67, 73.89, 56.69, 56.14, 50.03,
42.32,39.73, 39.53, 38.16, 37.00, 36.60, 36.19, 35.80, 34.43, 33.52, 32.42, 31.91, 31.87, 28.24,
28.03, 27.82, 27.63, 24.29, 24.18, 23.84, 22.84, 22.58, 21.04, 19.33, 18.73, 11.87.

FTIR (cmt) 2949, 2888, 2867, 2850, 1733, 1467, 1434, 1373, 1324, 1255, 1190, 1174.

2b: Yield = 75 %, 'H NMR (400 MHz, CDCls, & in ppm) 5.37 (d, J = 5.0 Hz, 1H), 4.62 — 4.58
(m, 1H), 3.44 —3.38 (m, 2H), 2.29 (q, J = 7.5 Hz, 4H), 2.04 — 1.93 (m, 2H), 1.90 — 1.80 (m,
5H), 1.67 — 1.52 (m, 7H), 1.46 (ddd, J = 14.2, 7.5, 4.5 Hz, 6H), 1.35 (h, J = 6.2, 5.3 Hz, 5H),
1.25 (d, J = 4.4 Hz, 1H), 1.13 (ddd, J = 19.4, 13.0, 7.4 Hz, 6H), 1.02 (s, 4H), 0.98 (d, J = 4.9
Hz, 1H), 0.91 (d, J = 6.5 Hz, 3H), 0.86 (dd, J = 6.6, 1.9 Hz, 6H), 0.68 (s, 3H).

13C NMR (100 MHz, CDClz, 6 in ppm) 173.09, 139.67, 122.66, 73.81, 56.69, 56.13, 50.02,
42.32,39.73,39.53, 38.17, 37.00, 36.61, 36.19, 35.81, 34.53, 33.82, 32.56, 31.92, 31.86, 28.25,
28.22,28.03, 27.82, 24.82, 24.30, 23.84, 22.85, 22.59, 21.04, 19.35, 18.73, 11.87.

FTIR (cmt) 2946, 2888, 2868, 2848, 1732, 1465, 1435, 1376, 1324, 1247, 1187, 1172.

2¢: Yield = 78 %, 'H NMR (400 MHz, CDCl3, § in ppm) 5.37 (d, J = 5.4 Hz, 1H), 4.67 — 4.57
(m, 1H), 3.40 (t, J = 6.8 Hz, 2H), 2.34 — 2.24 (m, 4H), 2.04 — 1.93 (m, 2H), 1.89 — 1.78 (m,
5H), 1.65 — 1.53 (m, 7H), 1.52 — 1.39 (m, 6H), 1.33 (p, J = 3.7 Hz, 7H), 1.28 — 1.21 (m, 1H),
1.13 (ddd, J=19.3,9.7, 5.8 Hz, 6H), 1.02 (s, 4H), 0.96 (t, J = 5.8 Hz, 1H), 0.91 (d, J = 6.5 Hz,
3H), 0.86 (dd, J = 6.6, 1.9 Hz, 6H), 0.68 (s, 3H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.18, 139.69, 122.63, 73.76, 56.69, 56.14, 50.03,
42.32,39.74,39.53, 38.17, 37.01, 36.60, 36.19, 35.81, 34.61, 33.89, 32.72, 31.91, 31.87, 28.90,
28.42,28.25, 28.03, 27.99, 27.83, 24.91, 24.30, 23.84, 22.84, 22.58, 21.04, 19.34, 18.73, 11.87.

FTIR (cmt) 2945, 2888, 2869, 1733, 1559, 1543, 1468, 1440, 1367, 1242, 1184, 1173.
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2d: Yield =75 %, 'H NMR (400 MHz, CDCls, & in ppm) 5.37 (d, J = 5.0 Hz, 1H), 4.66 — 4.57
(m, 1H), 3.40 (t, J = 6.8 Hz, 2H), 2.33 — 2.24 (m, 4H), 2.04 — 1.92 (m, 2H), 1.89 — 1.78 (m,
5H), 1.65 — 1.52 (m, 6H), 1.52 — 1.48 (m, 2H), 1.45 — 1.39 (m, 3H), 1.32 (d, J = 5.0 Hz, 10H),
1.13 (ddd, J=19.6, 13.5, 5.7 Hz, 7H), 1.02 (s, 5H), 0.97 (d, J = 11.0 Hz, 1H), 0.91 (d, J = 6.4
Hz, 3H), 0.86 (dd, J = 6.6, 1.9 Hz, 6H), 0.68 (s, 3H).

13C NMR (100 MHz, CDClz, § in ppm) 173.25, 139.70, 122.62, 73.73, 56.69, 56.13, 50.02,
42.31,39.73,39.53, 38.17, 37.01, 36.60, 36.19, 35.81, 34.67, 34.00, 32.79, 31.92, 31.86, 29.08,
28.99, 28.59, 28.25, 28.11, 28.03, 27.83, 24.99, 24.30, 23.84, 22.85, 22.59, 21.04, 19.35, 18.73,
11.87.

FTIR (cmt) 2942, 2889, 2866, 2852, 1736, 1466, 1435, 1375, 1263, 1228, 1172.

2e: Yield = 77 %, 'H NMR (400 MHz, CDCls, § in ppm) 5.37 (d, J = 5.0 Hz, 1H), 4.67 — 4.54
(m, 1H), 3.40 (t, J = 6.9 Hz, 2H), 2.34 - 2.22 (m, 4H), 2.03 - 1.93 (m, 2H), .90 - 1.79 (m, 5H),
1.66 - 1.47 (m, 8H), 1.46 - 1.39 (m, 5H), 1.28 (s, 12H), 1.16 - 1.10 (m, 7H), 1.01 (s, 6H), 0.91
(d, = 6.5 Hz, 3H), 0.86 (dd, J = 6.7, 1.9 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.33, 139.72, 122.62, 73.70, 56.69, 56.13, 50.02,
42.32,39.73,39.53, 38.17, 37.01, 36.61, 36.19, 35.81, 34.72, 34.08, 32.84, 31.92, 31.86, 29.37,
29.34,29.22,29.09, 28.75, 28.25, 28.18, 28.03, 27.83, 25.05, 24.30, 23.84, 22.85, 22.59, 21.04,
19.35, 18.73, 11.87.

FTIR (cmt) 2941, 2889, 2868, 2852, 1736, 1599, 1577, 1467, 1438, 1380, 1364, 1168.

2f: Yield = 76 %, 'H NMR (400 MHz, CDCls, 6 in ppm) 5.37 (d, J = 5.0 Hz, 1H), 4.63 — 4.57
(m, 1H), 3.40 (td, J = 6.9, 1.9 Hz, 2H), 2.33 — 2.23 (m, 4H), 1.98 (t, J = 15.5 Hz, 2H), 1.84 (p,
J=6.3,5.7 Hz, 5H), 1.60 — 1.52 (m, 4H), 1.49 (q, J =8.9, 7.5 Hz, 3H), 1.41 (t, J = 7.5 Hz, 3H),
1.30 (d, J = 18.9 Hz, 18H), 1.12 (ddd, J = 20.1, 13.1, 6.9 Hz, 6H), 1.01 (s, 5H), 0.96 (d, J =
11.1 Hz, 1H), 0.91 (d, J = 6.4 Hz, 3H), 0.86 (d, J = 6.6 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, ¢ in ppm) 173.34, 139.72, 122.61, 73.70, 56.69, 56.13, 50.03,
42.32,39.74,39.53, 38.17, 37.01, 36.61, 36.19, 35.81, 34.72, 34.06, 32.85, 31.92, 31.87, 29.46,
29.41,29.25,29.11, 28.77, 28.25, 28.19, 28.03, 27.83, 25.06, 24.30, 23.84, 22.84, 22.58, 21.04,
19.34, 18.73, 11.87.

FTIR (cmt) 2944, 2886, 2869, 2851, 1737, 1649, 1554, 1467, 1461, 1381, 1365, 1172.
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2.4.3 General procedure for the synthesis of compounds 3(a - f):

Potassium carbonate (5 equiv.) was added to the solution of 4-nitrophenol (1.5 equiv.) in n-
butanone. The above suspension was stirred for 15 min, and then compound 2 (3.5 g, 1 equiv.)
was added, followed by the addition of potassium iodide (KI) in a catalytic amount. The
reaction mixture was refluxed and continuously stirred for 24 h. The crude product was poured
into ice-cold water and extracted with DCM. The organic phase dried over Na2SOs was
concentrated in vacuum. The crude product obtained was purified by column chromatography
using silica gel with a mixture of hexane/ethyl acetate (v/v 100/2.5) as eluent. Yield =85 — 90
%.

Characterization details of 3(a - f):

3a: Yield =87 %, 'H NMR (400 MHz, CDCls, & in ppm) 8.19 (d, J = 9.2 Hz, 2H), 6.93 (d, J =
9.3 Hz, 2H),5.37 (d, J = 5.8 Hz, 1H), 4.67 - 4.57 (m, 1H), 4.05 (t, J = 6.4 Hz, 2H), 2.36 - 2.25
(m, 4H), 2.04 - 1.93 (m, 2H), 1.89 - 1.79 (m, 5H), 1.70 (g, J = 7.6 Hz, 2H), 1.60 (s, 3H), 1.57
- 1.40 (m, 8H), 1.37 - 1.27 (m, 3H), 1.16 - 1.07 (m, 7H), 1.01 (s, 5H), 0.91 (d, J = 6.5 Hz, 3H),
0.86 (dd, J = 6.6, 1.9 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, § in ppm) 172.94, 164.12, 141.37, 139.61, 125.93, 122.71,
114.39, 73.90, 68.52, 56.69, 56.13, 50.02, 42.32, 39.73, 39.52, 38.17, 36.98, 36.60, 36.19,
35.80, 34.48, 31.91, 31.86, 28.68, 28.24, 28.02, 27.82, 25.48, 24.68, 24.29, 23.84, 22.84, 22.58,
21.04, 19.32, 18.73, 11.87.

FTIR (cm) 2962, 2946, 2904, 2888, 2868, 1731, 1594, 1517, 1468, 1342, 1267, 1174, 1110,
1031, 845, 750.

3b: Yield = 85 %, 'H NMR (400 MHz, CDCls, § in ppm) 8.19 (d, J = 9.2 Hz, 2H), 6.93 (d, J
= 9.2 Hz, 2H), 5.35 (d, J = 5.1 Hz, 1H), 4.66 — 4.57 (m, 1H), 4.04 (t, J = 6.4 Hz, 2H), 2.32 —
2.26 (M, 4H), 2.03 — 1.93 (m, 2H), 1.83 (m, 6H), 1.65 (q, J = 7.4 Hz, 3H), 1.49 (q, J= 7.6, 7.1
Hz, 6H), 1.43 — 1.37 (m, 3H), 1.36 — 1.31 (m, 3H), 1.25 (d, J = 3.7 Hz, 1H), 1.12 (ddd, J =
19.0, 13.4, 6.8 Hz, 8H), 1.01 (s, 4H), 0.96 (d, J = 11.7 Hz, 1H), 0.91 (d, J = 6.5 Hz, 3H), 0.86
(dd, J = 6.6, 1.9 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, § in ppm) 173.11, 164.18, 141.34, 139.62, 125.94, 122.69,
114.39, 73.82, 68.6, 56.68, 56.12, 50.01, 42.31, 39.72, 39.52, 38.17, 36.98, 36.60, 36.18, 35.80,
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34.53,31.90, 31.85, 28.78, 28.73, 28.24, 28.03, 27.82, 25.62, 24.88, 24.29, 23.83, 22.84,22.58,
21.03, 19.33, 18.72, 11.86.

FTIR (cm™1) 2954, 2941, 2898, 2887, 2869, 1734, 1593, 1510, 1471, 1342, 1271, 1176, 1110,
1027, 1005, 848, 748.

3c: Yield = 89 %, 'H NMR (400 MHz, CDCls, & in ppm) 8.19 (d, J = 8.7 Hz, 2H), 6.93 (d, J =
8.7 Hz, 2H), 5.36 (d, J = 5.0 Hz, 1H), 4.60 (m, 1H), 4.03 (t, J = 6.5 Hz, 2H), 2.32 — 2.25 (m,
4H), 1.98 (t, J = 16.1 Hz, 2H), 1.88 — 1.77 (m, 5H), 1.65 — 1.53 (m, 6H), 1.51 — 1.42 (m, 6H),
1.39 - 1.32 (m, 6H), 1.25 (d, J = 6.8 Hz, 2H), 1.12 (ddd, J = 19.7, 13.3, 6.7 Hz, 7H), 1.0 (s,
4H), 0.96 (d, J = 11.4 Hz, 1H), 0.91 (d, J = 6.4 Hz, 3H), 0.86 (d, J = 6.7 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, § in ppm) 173.20, 164.21, 141.32, 139.66, 125.93, 122.66,
114.39, 73.78, 68.79, 56.68, 56.13, 50.02, 42.31, 39.73, 39.52, 38.18, 37.00, 36.60, 36.19,
35.80, 34.61, 31.91, 31.86, 28.96, 28.94, 28.90, 28.24, 28.03, 27.83, 25.74, 24.91, 24.29, 23.84,
22.84, 22.58, 21.04, 19.33, 18.73, 11.87.

FTIR (cm) 2941, 2931, 2887, 2870, 2847, 1736, 1592, 1516, 1467, 1343, 1265, 1172, 1112,
1031, 1007, 845, 753.

3d: Yield = 90 %, *H NMR (400 MHz, CDCls, 8 in ppm) 8.20 (d, J = 9.2 Hz, 2H), 6.94 (d, J
= 9.2 Hz, 2H),5.36 (d, J = 5 Hz, 1H), 4.64 — 4.60 (m, 1H), 4.04 (t, J = 6.5 Hz, 2H), 2.33 — 2.26
(m, 4H), 2.03 — 1.94 (m, 2H), 1.87 — 1.79 (m, 5H), 1.61 (d, J = 7.4 Hz, 2H), 1.54 — 1.42 (m,
8H), 1.39 — 1.30 (m, 10H), 1.25 (d, J = 4.3 Hz, 1H), 1.13 (td, J = 11.2, 10.1, 5.1 Hz, 7H), 1.01
(s, 5H), 0.99 — 0.96 (m, 1H), 0.91 (d, J = 6.5 Hz, 3H), 0.86 (dd, J = 6.6, 1.9 Hz, 6H), 0.67 (5,
3H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.2, 164.24, 141.31, 139.68, 125.94, 122.66, 114.40,
73.75, 68.84,56.68, 56.12,50.01, 42.31, 39.72, 39.53, 38.18, 37.00, 36.61, 36.19, 35.81, 34.66,
31.91, 31.86, 29.14, 29.10, 28.98, 28.95, 28.25, 28.03, 27.83, 25.85, 24.99, 24.29, 23.84, 22.85,
22.58, 21.04, 19.34, 18.73, 11.87.

FTIR (cm) 2963, 2948, 2900, 2885, 2869, 1735, 1593, 1507, 1471, 1339, 1268, 1176, 1112,
1019, 849, 751.

3e: Yield = 85 %, 'H NMR (400 MHz, CDCls, & in ppm) 8.20 (d, J = 9.2 Hz, 2H), 6.94 (d, J =
9.3 Hz, 2H),5.37 (d, J = 5.0 Hz, 1H), 4.65 - 4.57 (m, 1H), 4.04 (t, J = 6.5 Hz, 2H), 2.32 - 2.25

68



Chapter 2

(m, 4H), 2.03 - 1.93 (m, 2H), 1.87 - 1.78 (m, 5H), 1.60 (s, 4H), 1.53 - 1.43 (m, 6H), 1.36 - 1.25
(m, 15H), 1.20 - 1.06 (m, 8H), 1.02 (s, 4H), 0.99 - 0.96 (m, 1H), 0.91 (d, J = 6.5 Hz, 3H), 0.86
(dd, J = 6.6, 1.9 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, § in ppm) 173.31, 164.25, 141.30, 139.70, 125.92, 122.62,
114.39, 73.71, 68.88, 56.68, 56.12, 50.01, 42.31, 39.72, 39.52, 38.17, 37.00, 36.60, 36.18,
35.80, 34.70, 31.91, 31.86, 29.44, 29.33, 29.27, 29.22, 29.08, 28.97, 28.24, 28.03, 27.82, 25.91,
25.03, 24.29, 23.83, 22.84, 22.58, 21.03, 19.34, 18.72, 11.86.

FTIR (cmt) 2946, 2939, 2886, 2869, 2852, 1734, 1594, 1517, 1470, 1340, 1266, 1172, 1112,
1010, 848, 753.

3f: Yield = 87 %, 'H NMR (400 MHz, CDCls, & in ppm) 8.19 (d, J = 7.3 Hz, 2H), 6.93 (d, J =
8.7 Hz, 2H), 5.36 (d, J = 5.0 Hz, 1H), 4.62 — 4.59 (m, 1H), 4.04 (t, J = 6.6 Hz, 2H), 2.31 - 2.24
(m, 4H), 2.05- 1.93 (m, 3H), 1.82 (g, J= 9.9, 7.4 Hz, 6H), 1.57 (dd, J=20.1, 9.6 Hz, 6H), 1.46
(@, J =9.1, 7.9 Hz, 6H), 1.28 (s, 12H), 1.16 - 1.09 (m, 8H), 1.01 (s, 4H), 0.97 (s, 1H), 0.94 (d,
J=5.7Hz, 1H), 0.91 (d, J = 6.4 Hz, 3H), 0.87 (s, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, 5 in ppm) 173.33, 16.26, 141.31, 139.71, 125.93, 122.62, 114.40,
73.71,68.89, 56.69, 56.13,50.02, 42.31, 39.73, 39.53, 38.18, 37.01, 36.61, 36.19, 35.81, 34.71,
31.91, 31.86, 29.72, 29.49, 29.41, 29.31, 29.25, 29.10, 28.98, 28.24, 28.03, 27.83, 25.92, 25.05,
24.29, 23.84, 22.72, 22.84, 22.58, 21.04, 19.34, 18.72, 11.86.

FTIR (cm) 2936, 2886, 2870, 2853, 1736, 1595, 1519, 1469, 1341, 1262, 1173, 1113, 1020,
848, 751.

2.4.4 General procedure for the synthesis of compounds 4(a - f):

The procedure for the synthesis of compound 4(a - f) is similar, as reported in the literature.>
Compound 3 (2 g, 1 equiv.) was dissolved in a minimum amount of dry THF. To the above
solution, 10 % Pd/C was added, and the mixture was stirred under Hz atmosphere. The reaction
was monitored with the help of TLC; the reaction was found to be completed after 48 h of
stirring. After completion of the reaction, the mixture was filtered through a celite/silica gel
bed and the product obtained after the evaporation of the solvent under vacuum was directly

used for the next step without any purification.
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2.4.5 General procedure for the synthesis of compounds P-n:

The final Schiff base compounds were synthesized by refluxing a mixture of compounds 4 (467
mg, 7 equiv.) and 1 (100 mg, 1 equiv.) in dry THF for 24 h. The crude product was obtained
by evaporating the solvent in vacuum. The residue obtained was purified by recrystallization
technigue using a mixture of DCM and methanol (1:9). Yield = 35 - 40 %. The 'H, 13C spectra
(Figure A4-A15) and elemental analysis (Table A1) of final compounds are given in Appendix
l.

Characterization details of final compounds:

P-5: Yield = 39 %, UV-vis (absorbance in nm): 273, 338, Fluorescence: 377, 407, 431. H
NMR (400 MHz, CDCls, 6 in ppm) 8.37 (s, 6H), 7.72 (d, J = 8.6 Hz, 12H), 7.10 (dd, J = 26 .4,
8.6 Hz, 24H), 6.82 (d, J = 8.9 Hz, 12H), 5.37 (d, J = 5.0 Hz, 6H), 4.66 — 4.58 (m, 6H), 3.96 (t,
J =6.4 Hz, 12H), 2.33 (dd, J = 9.0, 6.3 Hz, 24H), 2.02 — 1.93 (m, 12H), 1.83 (q, J = 8.9, 8.1
Hz, 36H), 1.72 (p, J = 7.6 Hz, 18H), 1.57 — 1.45 (m, 54H), 1.34 (d, J = 8.0 Hz, 18H), 1.25 (d,
J = 6.7 Hz, 6H), 1.12 (dt, J = 14.2, 10.6 Hz, 42H), 1.01 (s, 24H), 0.91 (d, J = 6.5 Hz, 18H),
0.86 (dd, J=6.6, 1.9 Hz, 36H), 0.67 (s, 18H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.04, 157.82, 156.57, 152.22, 144.34, 139.67,
133.70, 129.93, 122.66, 122.29, 121.24, 121.21, 114.92, 73.84, 67.87, 56.69, 56.13, 50.02,
42.31,39.73, 39.53, 38.18, 37.01, 36.60, 36.20, 35.82, 34.59, 31.92, 31.86, 29.06, 28.26, 28.03,
27.84, 25.68, 24.85, 24.30, 23.85, 22.86, 22.60, 21.05, 19.35, 18.74, 11.88.

FTIR (cmt) 2936.1, 2866.6, 2851.4, 1732.8, 1626.5, 1602.5, 1574.1, 1506.6, 1467.5, 1378.15,
1258.5, 1208.5, 1173.6, 1106.1, 1014.6, 958.3, 883.7, 844.1, 746.9, 603.9, 569.7, 542.1.

P-6: Yield = 35 %, UV-vis (absorbance in nm): 273, 338, Fluorescence: 377, 407, 431. H
NMR (400 MHz, CDCls, 6 in ppm) 8.37 (s, 6H), 7.71 (d, J = 8.5 Hz, 12H), 7.10 (dd, J = 27.3,
8.6 Hz, 24H), 6.83 (d, J =8.9 Hz, 12H), 5.37 (d, J = 8.0 Hz, 6H), 4.64 - 4.59 (m, 6H), 3.95 (t,
J=6.5Hz, 12H), 2.31 (d, J = 7.8 Hz, 24H), 2.01 - 1.94 (m, 12H), 1.86 - 1.78 (m, 36H), 1.67
(t, J=7.6 Hz, 12H), 1.57 - 1.47 (m, 48H), 1.44 - 1.41 (m, 12H), 1.36 - 1.32 (m, 18H), 1.26 -
1.23 (m, 6H), 1.16 - 1.07 (m, 48H), 1.01 (s, 24H), 0.98 (s, 6H), 0.91 (d, J = 6.6 Hz, 18H), 0.86
(dd, J=6.6, 1.9 Hz, 36H), 0.67 (s, 18H).

70



Chapter 2

13C NMR (100 MHz, CDCls, 6 in ppm) 173.17, 157.88, 156.53, 152.28, 144.31, 139.84,
139.68, 131.45, 129.93, 122.65, 122.30, 121.22, 116.43, 115.64, 114.93, 73.78, 68.04, 56.69,
56.13,50.02, 42.31, 39.73, 39.53, 38.18, 37.00, 36.60, 36.19, 35.82, 34.63, 31.92, 31.86, 29.20,
28.25, 28.04, 27.84, 25.82, 24.99, 24.30, 23.85, 22.86, 22.59, 21.04, 19.35, 18.73, 11.88.

FTIR (cm) 2935.7, 2867.8, 2853.7, 1732.7, 1624.9, 1603.9, 1576.6, 1507.4, 1465.6, 1376.9,
1249.6, 1210.7, 1173.8, 1108.6, 1013.5, 965.7, 883.1, 794.8, 734.9, 607.9, 570.9, 546.3.

P-7: Yield = 37 %, UV-vis (absorbance in nm): 273, 338, Fluorescence: 377, 407, 431. H
NMR (400 MHz, CDCls, § in ppm) 8.37 (s, 6H), 7.71 (d, J = 8.5 Hz, 12H), 7.10 (dd, J = 26.3,
8.6 Hz, 24H), 6.83 (d, J = 8.9 Hz, 12H), 5.37 (d, J = 8.0 Hz, 6H), 4.65 — 4.59 (m, 6H), 3.95 (t,
J=6.6 Hz, 12H), 2.32 — 2.27 (m, 24H), 2.02 — 1.93 (m, 12H), 1.83 (ddd, J=24.2, 12.6, 5.1
Hz, 36H), 1.64 (t,J = 7.2 Hz, 18H), 1.52 — 1.44 (m, 36H), 1.43 (d, J = 4.8 Hz, 6H), 1.40-1.31
(m, 48H), 1.25 (d, J = 9.8 Hz, 6H), 1.17 — 1.04 (m, 48H), 1.01 (s, 24H), 0.91 (d, J = 6.6 Hz,
18H), 0.86 (dd, J = 6.6, 1.9 Hz, 36H), 0.67 (s, 18H).

13C NMR (100 MHz, CDCls, & in ppm) 173.20, 157.91, 139.71, 129.91, 122.62, 122.27,
121.22, 114.95, 73.74, 68.15, 56.70, 56.15, 50.04, 42.32, 39.74, 39.53, 38.19, 37.02, 36.61,
36.20, 35.81, 34.67, 31.87,29.32, 29.08, 28.24, 28.02, 27.84, 25.95, 25.00, 24.29, 23.85, 22.83,
22.58, 21.05, 19.34, 18.73, 11.87.

FTIR (cm™) 2934.8, 2866.4, 2852.2, 1732.5, 1625.1, 1604.6, 1577.8, 1507.6, 1467.9, 1377.2,
1249.9, 1207.5, 1173.8, 1107, 1012.7, 960.5, 881.5, 841.8, 796.9, 764.1, 749.7, 607, 545.5.

P-8: Yield = 40 %, UV-vis (absorbance in nm): 273, 338, Fluorescence: 377, 407, 431. H
NMR (400 MHz, CDCls, 6 in ppm) 8.37 (s, 6H), 7.71 (d, J = 8.4 Hz, 12H), 7.10 (dd, J = 26.9,
8.6 Hz, 24H), 6.83 (d, J = 8.9 Hz, 12H), 5.37 (d, J = 8.0 Hz, 6H), 4.63 — 4.59 (m, 6H), 3.95 (t,
J = 6.5 Hz, 12H), 2.29 (q, J = 6.8, 5.3 Hz, 24H), 2.02 — 1.95 (m, 12H), 1.84 (ddd, J = 18.5,
11.0, 5.3 Hz, 36H), 1.65 — 1.59 (m, 18H), 1.56 (d,J = 3.2 Hz, 6H), 1.53 (d, J = 3.0 Hz, 6H),
1.52 —1.45 (m, 36H), 1.43 (d, J =4.5 Hz, 6H), 1.37 — 1.32 (m, 54H), 1.27 —1.23 (m, 6H), 1.16
—1.07 (m, 42H), 1.02 (s, 24H), 0.91 (d, J = 6.4 Hz, 18H), 0.87 — 0.85 (m, 36H), 0.67 (d, J =
1.9 Hz, 18H).

13C NMR (100 MHz, CDCls,  in ppm) 173.28, 157.93, 156.50, 144.26, 139.70, 133.72,
131.45, 129.93, 122.63, 122.29, 121.23, 116.44, 115.64, 115.00, 114.93, 73.73, 68.63, 68.19,
56.69, 56.26, 56.13, 50.02, 42.32, 39.73, 39.53, 38.18, 37.01, 36.61, 36.19, 35.82,34.71, 31.92,
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31.86, 29.37,29.31, 29.26, 29.22, 29.10, 28.26, 28.04, 27.84, 26.07, 25.06, 24.31, 23.85, 22.86,
22.60, 21.05, 19.35, 18.74, 11.88.

FTIR (cmt) 2933, 2867.6, 2852.5, 1733.8, 1624.6, 1603.9, 1578.1, 1507, 1467.2, 1377.3,
1275.3,1259.7, 1211.3, 1175, 1109.2, 1101.2, 964.4, 881.5, 841.2, 794.5, 750.3, 609.4, 546.9.

P-10: Yield = 36 %, UV-vis (absorbance in nm): 273, 338, Fluorescence: 377, 407, 431.H
NMR (400 MHz, CDCls, 6 in ppm) 8.37 (s, 6H), 7.71 (d, J = 8.6 Hz, 12H), 7.09 (dd, J = 25.9,
8.6 Hz, 24H), 6.83 (d, J = 8.9 Hz, 12H), 5.37 (d, J = 5.0 Hz, 6H), 4.64 - 4.58 (m, 6H), 3.95 (t,
J=6.6 Hz, 12H), 2.32 - 2.25 (m, 24H), 2.02 - 1.94 (m, 12H), 1.88 - 1.75 (m, 36H), 1.62 - 1.60
(m, 12H), 1.57 - 1.53 (m, 12H), 1.50 - 1.42 (m, 42H), 1.31 (d, J =2.9 Hz, 78H), 1.25(d, J =
7.6 Hz, 6H),1.16 - 1.07 (m, 36H), 1.02 (s, 24H), 0.96 (dd, J=13.5, 3.6 Hz, 12H),0.91 (d,J =
6.5 Hz, 18H), 0.86 (dd, J = 6.6, 1.9 Hz, 36H), 0.67 (s, 18H).

13C NMR (100 MHz, CDCls, § in ppm) 173.33, 157.94, 156.51, 152.22, 144.26, 139.72,
133.72, 129.92, 122.62, 122.29, 121.23, 116.43, 115.00, 114.93, 73.70, 68.24, 56.69, 56.13,
50.01, 42.31,39.73, 39.53, 38.18, 37.01, 36.61, 36.19, 35.82, 34.73, 31.92, 31.86, 29.57, 29.46,
29.41,29.31, 29.16, 28.25, 28.04, 27.83, 26.13, 25.08, 24.30, 23.85, 22.86, 22.59, 21.04, 19.35,
18.73, 11.88.

FTIR (cm) 2932.2, 2869.4, 2852.4, 1733.3, 1625.6, 1604.4, 1577.1, 1507.3, 1467.1, 1376.37,
1275, 1260.3, 1207.5, 1173.6, 1108.1, 1015.7, 964.5, 880.6, 842, 765.1, 749.4, 605.4, 547.1.

P-11: Yield = 36 %, UV-vis (absorbance in nm): 273, 338, Fluorescence: 377, 407, 431. 'H
NMR (400 MHz, CDCls, ¢ in ppm) 8.37 (s, 6H), 7.71 (d, J = 8.7 Hz, 12H), 7.09 (dd, J = 25.5,
8.6 Hz, 24H), 6.82 (d, J = 8.9 Hz, 12H), 5.37 (d, J = 5.0 Hz, 6H), 4.62 - 4.58 (m, 6H), 3.94 (t,
J = 6.7 Hz, 12H), 2.32 - 2.25 (m, 24H), 2.02 - 1.94 (m, 12H), 1.86 - 1.76 (m, 36H), 1.61 (s,
12H), 1.56 (t, J = 2.4 Hz, 6H), 1.51 - 1.42 (m, 42H), 1.30 (d, J = 3.8 Hz, 90H), 1.17 - 1.06 (m,
48H), 1.01 (s, 24H), 0.98 - 0.96 (m, 6H), 0.94 (d, J =5.5 Hz, 6H), 0.91 (d, J = 6.6 Hz, 18H),
0.86 (dd, J=6.6, 1.9 Hz, 36H), 0.67 (s, 18H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.35, 157.95, 139.72, 129.93, 122.61, 122.29,
121.21, 116.43, 115.65, 115.00, 114.93, 73.70, 68.24, 56.69, 56.13, 50.02, 42.31, 39.73, 39.53,
38.18, 37.01, 36.61, 36.19, 35.82, 34.74,31.92, 31.86, 29.61, 29.51, 29.32, 29.16, 28.25, 28.04,
27.83, 25.09, 24.30, 23.85, 22.85, 22.59, 21.04, 19.35, 18.73, 11.87.
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FTIR (cmt) 2930.2, 2867.4, 2851.2, 1732.7, 1624.7,1603.6, 1576.5, 1507.4, 1466.8, 1376.71,
1250.9, 1172.2, 1033.8, 1016.4, 969.6, 883.6, 842.1, 795.6, 749.3, 606.6, 570.4, 546.5.

2.5 UV-visible and fluorescence measurement

The photophysical behaviour of phosphazene based mesogens has been investigated by UV -
vis spectroscopy. The absorption spectra have been recorded in the 10-> M THF solution for all
the compounds at room temperature as shown in Figure A19(a-f). All the compounds show a
strong absorption band around 273 nm, which corresponds to =m-m* transition due to
phosphazene and benzene, and a lower peak around 338 nm, which indicates the n-n* transition
due to nitrogen and oxygen atoms of the molecule.>®> The fluorescence spectra have also been
recorded in the 10° M THF (Amax = 338 nm) solution for all the compounds at room

temperature, as shown in Figure A20(a-f).
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Appendix |
Table Al. The observed C H N % for the final compounds.
Compound  Molecular Molecular Elemental Analysis
Weight Formula (%)
Found
(Theoretical)
C H N
P-5 4305.07 C276 HagaNg O24P3 7654 93 @ 3.2
77 (8.9 (2.9
P-6 4389.23 Cog2H3gsNg O24P3 771 9.6 2.8
(77.2) (9.1) (2.9
P-7 4473.39 Ca288 Ha0s8N9 O24P3 769 = 95 28
(77.3) (9.2) (2.8)
P-8 4557.55 C294 Ha20Ng O24P3  77.3 = 95 2.8
(77.5) (9.3) (2.8)
P-10 4725.88 Ca06 H44aNg O24Ps 77.3 9.7 26
(77.8) (9.5) (2.7)
P-11 4810.04 C312Has6 N9 O24P3 775 = 9.7 = 2.7

(77.9) (9.6) (2.6)

-0.01

-—9.93
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Figure A1 *H NMR spectrum of compound 1 in CDCl;.
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Figure A2 *C NMR spectrum of compound 1 in CDCl.
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Figure A3 HRMS spectrum of compound 1.
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Figure A16 TGA thermographs of compounds (a) P-5, (b) P-6, (c) P-7, (d) P-8, (e) P-10, (f) P-11,
obtained at a rate of 5 °C/min.
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X-Ray Diffraction Studies:
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Figure A17 Small and wide angle (inset) X-ray diffraction patternsof compound (a) P-6 at 190 °C
(Col,), (b) P-7 at 160 °C (Col;) and (c) P-8 at 160 °C (Col,,) upon cooling, h, - cholesterol-cholesterol
correlation, h, - alkyl chain-chain correlation. The lower panel shows the respective 2D diffraction
patterns of SAXS (d, e, f) and WAXS (g, h, i).

Table A2. The indices observed and calculated d-spacings and planes of the diffraction peaks

of the hexagonal lattice observed at 160 °C for compound P-5. The lattice parameter is a =
72.7 A. hy - cholesterol-cholesterol correlation, ha - alkyl chain-chain correlation. 2 M1: Miller

indices. Pdobs: experimental d-spacing. °dcar: calculated d-spacing by using the relation d; =

cal
4 [hz +hk + k?
2

- ]; dRI: Relative Intensity. eM: Multiplicity.

a

aMI 5 5ps “Deal ‘RI M Phase
(hk) A) A) (hk) @ (hk)

10 62.9 62.9 100 6 0

11 36.1 36.4 3 6 0

20 31.7 315 2 6 0

21 23.7 23.8 85 12 p

hr 6.3

ha 5.1
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Table A3. The indices observed and calculated d-spacings and planes of the diffraction peaks
of the rectangular lattice observed at 190 °C for compound P-6. The lattice parameters are a =
96.1 A, b =91.1 A. hr - cholesterol-cholesterol correlation, ha - alkyl chain-chain correlation,
he - disc-disc correlations. 2 M1: Miller indices. Pdobs: experimental d-spacing. dcai: calculated

2 2
d-spacing by using the relation: d; = [';—2 + ’;—2] dR1: Relative Intensity. eM: Multiplicity.

cal

aMI ® ops o ‘Rl *'M Phase
(hk) (A) A) (hk) @ (hk)
11 66.1 66.1 100 4 0
20 48.1 48.1 1.8 2 I
40 24.2 24 1.7 2 0
04 22.9 22.8 2.8 2 0
33 218 22.1 1.3 4 p
hr 6.1
ha 5.1
he 3.6

Table A4. The indices observed and calculated d-spacings and planes of the diffraction peaks
of the rectangular lattice observed at 160 °C for compound P-7. The lattice parameters are a =
112 A, b = 75.1 A. hr - cholesterol-cholesterol correlation, ha - alkyl chain-chain correlation.
aMI: Miller indices. Pdobs: experimental d-spacing. °dcai: calculated d-spacing by using the

2 2
relation: d; = [h—2+ "‘;—2] dRI: Relative Intensity. eM: Multiplicity.

aMI °d,5ps “Aear ‘RI ‘M Phase
(hk) A) A) (hk) @ (hk)
11 62.3 62.3 100 4 0
20 56 60 10.6 2 0
02 37.4 375 2.6 2 0
22 31.3 31.2 38 4 n
40 28.1 28 1.7 2 0
13 245 24.4 115 4 0
42 225 22.4 Il
04 18.8 18.8 2.4 2 p
hr 6.1
ha 5

Table A5. The indices observed and calculated d-spacings and planes of the diffraction peaks
of the oblique lattice observed at 160 °C for compound P-8. The lattice parameters are a =
105.2 A, b =73.7 A and o = 69.3°. hr - cholesterol-cholesterol correlation, ha - alkyl chain-

chain correlation. @MI: Miller indices. Pdobs: experimental d-spacing. °dcai: calculated d-
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spacing by using the relation:

Multiplicity.

MI
(hk)
11
20
12
02
41
42
03
hr
ha

bdobs
(A)
69.2
495
36.9
34.5
26
24.6
23.1
6.1
4.9

1
2

cal

1

Sina

chal
(A)
69.1
492
36.9
345
26.3

24.6
22.9

h

[_

a

2
2

K2 _ 2 hk Cosa

b_2 ab

‘RI
(hk)
100
18
0.9
0.9
19

34
14

]; dRI: Relative Intensity. ¢M:

‘™M

NN DN DNDN NN

Phase
@ (hk)
0

OO O O o =

Table A6. The indices observed and calculated d-spacings and planes of the diffraction peaks

of the oblique lattice observed at 160 °C for compound P-10. The lattice parameters are a =
106.7 A, b =78.5 A and o = 79.6°. hr - cholesterol-cholesterol correlation, ha - alkyl chain-

chain correlation. @M1: Miller indices. Pdobs: experimental d-spacing. °dcar: calculated d-

spacing by using the relation:

Multiplicity.

iMI
(hk)
11
20
21
12
22
40
24
hr
ha

bdobs
(A)
68.4
52.4
47.5
38.6
34.6
26.5
19.6
6.1
4.9

2

cal

1

sin2a

cdcal
(R)
68.4
52.5
47.6
38.6
34.2

26.2
19.3

|

h

2

kZ

a? ' b2

‘RI
(hk)
100
8.2
2.8
3
3

195
2.3

2 hk Cosa
ab

]; dRI1: Relative Intensity. ¢M:

‘M

NN N DNDND NN

Phase
@ (hk)

4 O O O O ©o

Table A7. The indices observed and calculated d-spacings and planes of the diffraction peaks

of the rectangular lattice observed at 180 °C for compound P-11. The lattice parameters are a

=148.2 A, b =79.9 A.hr - cholesterol-cholesterol correlation, ha - alkyl chain-chain correlation,
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he - disc-disc correlations. 2MI: Miller indices. Pdobs: experimental d-spacing. ¢dcai: calculated

2 2
d-spacing by using the relation: dzi: [';—2+ ’;—2] ; dR1: Relative Intensity. M: Multiplicity.

cal

aMI o0 s “dear R ‘™M Phase
(hk) A) A) (hk) @ (hk)

11 70.3 70.3 100 4 n

02 40 39.9 8.2 2 n

51 27.9 27.8 28.9 4 p

62 20.8 21 43 4 T

hr 6.1

ha 52

he 3.6

Circular Dichroism (CD) Spectroscopy:
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Figure A18 (a) The LD spectrumofthe fluid Col phase of compound P-5, (b) CD spectrawere obtained
as a function of temperature for the Col phase of compound P-5. It may be noted here that the CD
intensity increases with the decrease in temperature of the Col phase.

Table A8. CD spectral data of the Col phase exhibited by the compound P-5.

Temperature CD
(OC) Amax / M CD (mdeg)
50 390 744
60 390 -742
70 390 -740
75 390 -738
80 390 -736
90 390 -734
100 390 -732
110 390 -730
120 390 -728
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130 390 -726
140 390 -725
150 390 -479
160 393 -436
170 393 -409
180 393 -375
190 395 -357
200 395 -339
210 395 -332
215 395 -324
220 396 -313

Table A9. CD spectral data of the Col phase exhibited by the compound P-6.

Temperature CD

0 Amax / NIM CD (mdeg)
55 360, 297 -947,-270
60 360, 297 -942,-270
70 360, 297 -940, -269
75 360, 297 -938, -269
80 360, 297 -913, -264
90 360, 297 -880, -259
100 360, 297 -875, -254
110 360, 297 -853, 249
120 360, 297 -819, -245
130 360, 297 -700,-231
140 400, 350 -198,-134
150 400, 350 -197,-90
160 400, 350 -194,58
170 400, 350 -188, -35
180 400, 350 -175,-25
190 400 -170
200 400 -168
210 400 -168
220 400 -167

Table A10. CD spectral data of the Col phase exhibited by the compound P-10.

Temperature CD
(OC) Amax / M CD (mdeg)
70 393 -100
80 393 -95
90 398 -73
100 399 -65
110 398 -58
120 398 -57
130 397 -56
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140
150
160
170
180
190
200

397
398
398
398
398
399
399

Table A1l. CD spectral data of the Col phase exhibited by the compound P-11.

Temperature
(°C)

90
100
110
120
130
140
150
160
170
180
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Figure A19 Absorption spectra of compounds (a) P-5, (b) P-6, (c) P-7, (d) P-8, (e) P-10, (f) P-11, in
10" M THF solution.
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Figure A20 Emission spectra of compounds (a) P-5, (b) P-6, (c) P-7, (d) P-8, (e) P-10, (f) P-11, in 10
> M THF solution, where the excitation wavelength is 338 nm.

HCI Sensing:

d

HCI Vapour f NH; Vapour
—— ———)

HCI Vapour
—

Figure A21 Optical photographs of P-5, (a) upon exposure to HCI vapor and ammonia vapor
under normal light, and (b) upon exposure to HCI vapor under UV light.
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HCI Vapour NH,; Vapour
——

Figure A22 Optical photographs of P-6, (a) upon exposure to HCI vapor and ammonia vapor
under normal light, and (b) upon exposure to HCI vapor under UV light.
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———) B ————
b
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Figure A23 Optical photographs of P-7, (a) upon exposure to HCI vapor and ammonia vapor

under normal light, and (b) upon exposure to HCI vapor under UV light.

HCI Vapour
——

HCI Vapour
——

Figure A24 Optical photographs of P-8, (a) upon exposure to HCI vapor and ammonia vapor
under normal light, and (b) upon exposure to HCI vapor under UV light.
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HCI Vapour
—

Figure A25 Optical photographs of P-10, (a) upon exposure to HCI vapor and ammonia vapor
under normal light, and (b) upon exposure to HCI vapor under UV light.
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Chapter 3

Circularly polarized luminescence from pyrrolopyrrole-
based discotic columnar liquid crystals

Molecular functional materials with helical supramolecular organization and chiroptical
properties are in high demand for their utilization in organic optoelectronics. Herein this
chapter, we presented the design, synthesis and characterization of novel luminescent
tetrarylpyrrolopyrrole (TAP) based chiral columnar discotic liquid crystal. Cholesterol was
used as a side mesogenic unit to amplify the supramolecular chirality. Enantiomeric
mesomorphic behaviour over a significant temperature range with columnar centred
rectangular organization, freezes to glassy state at room temperature, was observed for all the
derivatives. The photophysical studies in different solvents of varying polarity showed a
decrease in quantum yield from non-polar to polar solvents. These chiral luminescent discotic
liquid crystals emit circularly polarized luminescence (CPL) with a |gium| of around 6.39*10-3,
This chapter describes the first TAP-based CPL active DLCs, which are expected to have

potential applications in optoelectronics and photonics.
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Chapter 3

3.1 Introduction

Circularly polarized luminescence (CPL) is a spectroscopic technique that examines the
different emissions of left- and right-circularly polarized light in chiral emitters (luminogens),
and it offers a viable approach for directly producing circularly polarized light with better
efficiency and simplified device structure. In recent decades, organic materials with CPL
activity in aggregated state have attracted substantial recognition due to their fascinating
photophysical properties and potential applications in optical sensing,! high-security systems,?-
4 3-D displays,® data storage,® 3-D imaging,’® CPL lasers,®-11 colour- image projection,12:13
electro-optic displays,* 1> OLEDs!® 17and so-on. The CPL activity of a molecular system is
measured in terms of luminescence dissymmetry factor (degree of circular polarization), gium,
where gum = 2(IL - Ir)/(IL + Ir). IL and Ir represent the emission intensity of left and right
circularly polarized light, respectively.18-20 The typical strategy for developing a CPL active
material is synthesizing a chromophore with a chiral configuration. The CPL activity
demonstrates the chirality of materials in the excited state, is dependent on the mesoscopic
architecture of molecular assemblies in an aggregated state in additionto chiral functions at the
molecular level since molecular aggregates have variable physiochemical behaviour in the
excited and ground states.?! In principle, helical self-assembled supramolecular structure
formed by specific intermolecular interactions usually contribute to the effective transfer or
amplify the CPL behavior of chiral materials.??-2°

Liquid crystalline materials are very well known for their orderly self-assembly behaviour in
the aggregated state; chiral liquid crystals are having a periodic self-assembly structure and
helical stacking ability. Therefore, it is worth mentioning that emissive chiral liquid crystals
are considered to be perfect candidates for CPL-active materials because of their significant
chiral amplification effect.2111.26 Different techniques have been used to prepare emissive
chiral liquid crystals wherein CPL is involved. The first method involved doping, i.e., dope
luminescent dye to the chiral liquid crystal matrix or chiral material to the luminescent liquid
crystal.?’-31 The other involved the covalent bonding between the chiral unit and the

luminescent material.2>32-34

Many efforts have recently been dedicated to developinga CPL active liquid crystalline system
due to their high emission efficiency in the condensed phase.35-38 At the macroscopic level, the
CPL performance of chiral luminogens in the condensed matter state may significantly affect

high-performance CPL-based devices. However, the problem is that most of the conventional
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luminogens cannot show the emission behaviour in the aggregated state, which is why many

reported chiral liquid crystalline materials could not generate the CPL properties.

Here in this article, we report the design and synthesis of a non-doped, highly adequate CPL
material with columnar self-assembly, derived from thermotropic chiral luminescent liquid
crystal using tetraarylpyrrolo[[3,2-b]pyrrole (TAP) as a luminescent unit and cholesterol as the
side chiral mesogenic unit. TAP unit is composed of two large planar rigid conjugated pyrrole
units and has 10-x electrons, which makes it have a strong electron-donating ability foradonor-
acceptor pair.>® TAP have many sites for structural modification, which is very useful for
synthesizing various smart materials.*® The properties of its derivatives can be altered, such as
better thermal stability, morphological stability, hole transport properties and aggregation-
induced emission (AIE) properties etc. The excellent optical properties, like AIE and high
fluorescence quantum vyields, make the TAP unit a perfect choice for application in various

areas of photonics. The chiral unit cholesterol is used successfully for producing a chiral phase
in a liquid crystalline system.*?

To date, researchers have been focused on developing TAP-based LCs, all the derivatives with
two peripheral mesogenic units self-assemble to smectic and lamellar assembly.42: 43 The
propeller shape of the TAP unit endowed TAP with typical AIE properties. In this work, the
TAP core is linked with four peripherals chiral mesogenic substituents, which were self-
assembled to columnar architecture. The chirality induction enables the LCs to self-assemble
into a highly ordered helical structure. The presence of an electron-withdrawing group at the
phenyl ring makes it a donor-acceptor system, which also gives it interesting luminescence
properties due to the intramolecular charge transfer process. The emission behaviour of TAP
shows interesting solvent-dependent behaviour, such as the ability to entirely lose fluorescence
when dispersed in a high polarity solvent. Furthermore, the fluorescence emission exhibited a

hypsochromic shift in non-polar solvents.

To understand the structure-property relationship, two molecules with different spacers, i. e.
TAP-n (n = 9,10) have been synthesized. All the intermediate derivatives and TAP-n
molecules were characterized by 'H NMR, 3C NMR, FTIR spectroscopy and MALDI-MS to
confirm their structures. The mesophase behaviour of all the target compounds has been
approved by polarising optical microscopy (POM), differential scanning calorimetry (DSC),
and small-angle/wide-angle X-ray scattering (SAXS/WASX) experiments. The chiroptical

properties of the molecules have been proved by temperature-dependent circular dichroism
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(CD) and CPL spectroscopy. To the best of our knowledge, this is the first report of chiral
columnar self-assembly of TAP-based materials, leading to fascinating chiroptical and CPL
properties in the aggregate state.

3.2 Results and discussions
3.2.1 Synthesis, Structural Characterization and Thermal stability

The synthesis of propeller-shaped, TAP-n derivatives and all the intermediates involved is
represented in Scheme 3.1. The synthetic procedure started with the synthesis of compound 1.
The first step is the formation of Schiff base, and the second step involves a Mannich reaction
and cyclo-condensations, followed by oxidation with air. The cyano-decorated compound 1
was then subjected to hydrolysis to give the corresponding acid-functionalized compound 2.
On the other hand, cholesterol-based intermediates were synthesized by an esterification
reaction between cholesterol and bromoalkanoic acid, yielding the ester derivatives compound
3(a,b). The ester derivatives underwent phase transfer catalysis reaction with compound 2 in
refluxing ag. KOH in the presence of TOAB to give the desired targeted compounds TAP-n
(yield: 39 % and 37 % for TAP-9 and TAP-10, respectively)

The purity and identity of all the derivatives and intermediate compounds have been analyzed
by standard analytical techniques such as 'H NMR, 13C NMR, FTIR and mass spectroscopy
(Figure A1-A13). All characterization results were well in accordance with the proposed
molecular structure of the final synthesized compounds. The thermal stability of all the targeted
compounds was explored using thermogravimetric analysis (TGA) (Figure A13and Table 3.1);
apparently, all the compounds presented good thermal stability, with a decomposition

temperature above 330 °C.

NC cN HooC COOH
NH,  CHO @ O @ O
o ~ ~
SO Ay e Y MY —
S =
0
L L saft* U alis!
NC N HooC 'COOH
1 2

TAP-n (n =9, 10)

3a,b:n=9,10
Scheme 3.1 (1) Fe(ClO,4)sxH,0, Toluene, AcOH, 60 °C, 12 h, Yield =45 % (11) KOH, Ethanol+Water,
100 °C, 24 h, Yield=68 % (111) DCC, DMAP, Dry DCM, 60 °C, 16 h, Yield =75-78 % (1V) Ag. KOH,
TOAB, 85 °C, 12 h, Yield = 35-40 %.
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3.2.2 Mesomorphic behaviour

TAP-n derivatives were investigated under POM, DSC and X-ray diffraction studies for their
liquid crystalline behaviour. The mesomorphic behaviour of the compounds was first observed
under POM and evidenced by the anisotropic nature of the birefringent sample showing good
shearability and fluidity in both the heating/cooling cycle. The compound shows the pseudo-
focal-conic textures (Figure 3.1a-b) and dramatic intensity changes when we shear the sample
in a different direction. The textures show the characteristics of columnar arrangement.
Additionally, this columnar organization is readily frozen toa glassy state at room temperature.
The exact LC phase temperature transitions and corresponding enthalpy changes of both

compounds were determined using DSC (Figure 3.1c-d and Table 3.1).

Table 3.1 Thermal behaviour of TAP-n derivatives.2

C Heating cycle Cooling cycle T

(°C)

TAP-9 | G 52 Col, 116.44 [26.45] Is0 Is0 93.96 [8.50] Col, 63.8 [4.00] G | 335

TAP-10 | G57.62 G, 71.55[7.64] Col, 102.79 | 150 90.03 [15.11] Col, 60.34 [L88] G | 332
[13.18] Iso

Enthalpy values in parentheses in kJ mol™ and temperature in °C. "Decomposition temperature
corresponding to 5 % weight loss. Abbreviations: C = compound; G and G = glassy state; Col, =
columnar centred rectangular; Iso = isotropic.

In DSC, during heating TAP-9 showed two transitions; the first at 52 °C corresponds to the
glassy state to mesophase transition and the second at 116.44 °C (4H = 26.45 kJ mol1),
represents the mesophase toisotropic transition; while TAP-10displayed three transitions. The
first transition at 57.62 °C appeared due to glassy-to-glassy state reorganization, the second at
71.55 °C (4H = 7.64 kJ molt) corresponds to glassy-to-mesophase and the third at 102.79 °C
(AH = 13.18 kJ molt), represents the mesophase to the isotropic phase transition. During
cooling, both TAP-9 (Figure 3.1c, Table 3.1) and TAP-10 (Figure 3.1d, Table 3.1) displayed
the two transitions, one for isotropic to mesophase and other appeared due to mesophase to
glassy state. Furthermore, the phase transitions observed from POM and DSC measurements
were consistent across humerous heating and cooling cycles, supporting the thermal stability

of the columnar organization.
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Figure 3.1 POM microphotographs of the optical texture of columnar centered rectangular phase
formed by (a) TAP-9 at 90 °C, (b) TAP-10 at 80 °C observed during the cooling cycle, and DSC
thermograms of compound (c) TAP-9, (d) Tap-10 recorded at a rate of 5 °C/min.

The detailed structural assembly of compounds can be further identified by the XRD. The XRD
pattern of compound TAP-9 exhibits many reflections in the small angle and the wide-angle
regime. These peaks could be indexed on a two-dimensional centred rectangular lattice (Figure
3.2a, Table Al). The calculated lattice parameters at 80 °C are found to be a = 46.65 A and b
= 44.92 A. Further, the X-ray diffraction pattern of the compound shows one non-Bragg's
reflection, namely, hei in the wide-angle regime with d-spacing 5.82 A. The hq peak appears
due to the fluid cholesterol - cholesterol chain correlations. Moreover, there is a peak with a d-

spacing 3.51 A corresponding to disc-to-disc separation and indicative of columnar structure.
Therefore, the molecules self-assemble in columnar centred rectangular phase, denoted by Col..

Similarly, the compound TAP-10 exhibit columnar centred rectangular phase (Figure A15,
Table A1l). The calculated lattice parameters at 85 °C are found to be a=64.51 A and b =41.98

A. The schematic representation of Col: self-assembly of compound shows in Figure 3.2b.
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Figure 3.2 (a) Wide angle X-ray diffraction of TAP-9, representing the Col, phaseat 85 °C, hy — due
to cholesterol - cholesterol chain correlations and h, — due to disc-to-disc separation; (b) Schematic

showing the self-assembly in Col, organization.

3.2.3 Photophysical behavior

TAP-n derivatives exhibit excellent absorption and emission properties. The absorption
spectra of TAP-n derivatives were measured in THF (10> M) solution at room temperature
(Figure 3.3a-b). Both the derivatives show similar absorption peaks. The 288 nm and 330 nm
peaks are described as m-m* transition of the benzene rings and conjugated molecules,
respectively.*2 The longer absorption at 395 nm is ascribed tothe intramolecular charge transfer
(ICT) from the pyrrolopyrrole core (donor) to the electron-withdrawing ester group on the
phenyl rings (acceptor).*® The emission spectra of TAP-n derivatives in THF (Amax =395 nm)
also shows a similar emission peak at 455 nm (Figure 3.3c-d), which suggests that the alkyl
chain has no significant effect on the absorption and emission properties. TAP-n also displays
good absorption and emission behaviour in the aggregated state, presented in the Figure A16.
The absorption peaks in the thin-film state were observed to be around the same as those in the

solution state, where the emission maxima appeared at 474 nm. In addition, in comparison to
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the solution state, the emission peak becomes broader and red-shifted (Figure A16); due to the

increased intermolecular interactions.
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Figure 3.3 Absorption spectra (a, b) and emission spectrum (c, d) of compounds TAP-9 and TAP-10,
respectively, recorded in 10° M THF solution.

To study the electronic communication across the skeleton of TAP-n derivatives, the emission
behaviour of these compounds was studied in different solvents (10-> M). The fluorescence
spectra showed a strong dependence on the solvent polarities, as shown in the Figure 3.4. The
emission band exhibits a red shift and dramatic decrease in intensity from non-polar to polar
solvents. The emission spectra of TAP-n in solvents with low (Hexane) and medium (THF)
polarity were normalized to compare the fluorescence wavelength (Figure 3.4 inset), and a
bathochromic shift of 18 nm is clearly observed from n-hexane to THF, which was in
accordance with the ICT.#4 In the same solvents, the relative luminescence quantum yield was
also calculated. TAP-n derivatives displayed a high fluorescence quantum yield in non-polar
solvents, specifically in toluene and very low in polar solvents (Table 3.2).

To elucidate the effect of electronic transitions on the photophysical properties of TAP-n,
density functional theory (DFT) calculations were performed at the B3LYP/631g (d,p) basis

set (Figure A17). The electron cloud distribution in the highest occupied molecular orbital
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(HOMO) of TAP-10 was localized on the pyrrolopyrrole core, while the distribution of the
lowest unoccupied molecular orbitals was affected by substituents and localized over the whole
TAP unit. There is less clear spatial isolation of HOMO and LUMO, showing substandard ICT

behaviour.
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Figure 3.4 Solvent-dependent emission spectra of compounds (a) TAP-9 and (b) TAP-10; inset

showing the normalized spectra of compounds in non-polar to medium polarity solvents.

Table 3.2 Photophysical properties of target compound TAP-n.

Solvents n° ¢ (TAP-9) | ¢e° (TAP-10)
Hexane 1.37 0.74 0.88
Toluene 1.50 0.92 0.96
THF 141 0.73 0.78
DCM 1.42 0.68 0.75
Ethyl Acetate 1.37 0.69 0.80
DMF 1.43 0.03 0.09
DMSO 1.48 0.04 0.09
ACN 1.34 0.02 0.07
Methanol 1.33 0.02 0.05

aRefractive Index; °Fluorescence Quantum Yield. Quantum yield

was measured by using Quinine sulphate in 0.1 M sulphuric acid

as a standard.

As explained earlier, TAP's aggregation-induced emission (AIE) behaviour is influenced by
the electron-withdrawing group attached with the central core and the length of the peripheral
alkyl chains.*2-44 Although both TAP-9 and TAP-10 showed good greenish-blue luminescence
in theaggregated state (Figure A16 inset), butin the THF-H20 experiment, TAP-9 first showed
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a decreasing luminescence intensity up to 80 %, and after that, there is a slight increase in
intensity with increasing water ratio (Figure 3.5a) visible in optical photograph (Figure 3.5¢);
while the TAP-10 fluorescence exhibited arising tendency in THF and a declined trend in with
increasing water ratio (Figure 3.5b). From the THF-H2O experiment, we can say that

molecules’ AIE properties depend on the alkyl spacers.
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Figure 3.5 Emission spectraof compounds (a) TAP-9, (b) TAP-10, in different THF-water ratio, and
(c) optical photograph of TAP-9 under UV light.

3.2.4 Circularly polarized luminescence

In order to fully understand the fluorescent behaviour of helical self-assembly, we performed
CPL experiment. To perform the CPL experiments, we will make a thin film of the samples
using a regular quartz plate, which will be heated to an isotropic temperature and then cooled
to room temperature. CPL behaviour of TAP-9, as an illustrative case in a thin-film state, was
explored. As shown in Figure 3.6, the TAP-9 exhibit an excellent mirror image CPL signal at
about 490 nm, which coincides well with the fluorescence emission peak. The linear dichroism
(LD) contribution was ruled out by the rotation-dependent (¢ = 0°, 90° with respect to the
direction of excitation light) spectroscopic measurements, which show similar results.*
Further, the CPL efficiency could be evaluated by luminescence dissymmetry factor (Qum),
with a |gium| of around 6.39*10-3.
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Figure 3.6 Plot of dissymmetry versus wavelength, CPL and direct current (DC) spectrum of TAP-9.

3.3 Conclusion

In summary, tetrarylpyrrolopyrole (TAP) and cholesterol were used as a building block for
developing highly fluorescent CPL active DLCs. Both TAP-n derivatives were self-assembled
in a Colr mesophase organization over a significant temperature range and freeze to a glassy
state at ambient temperature. Photophysical studies showed that the compound exhibits highly
fluorescent behavior in solution and thin-film states. Furthermore, changing the solvents from
non-polar to polar caused a red shift, decreased emission spectra intensity, and a loss in
fluorescence quantum yield. Due to excellent luminescence properties in a thin-film state,
THF-H20 experiments have been performed, which reflect the effect of the alkyl spacer.
Additionally, the CPL activity of compound TAP-9 was investigated, and the effectiveness
was assessed using the luminescence dissymmetry factor (gium), with a |gum| value of around
6.39*10-3. This work presented here, revealed a straight forward way for producing CPL active

materials, which have promising applications in optical devices and photonics.
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3.4 Experimental section

3.4.1 General procedure for the synthesis of 4,4'.4" 4""-(pyrrolo[3,2-b]pyrrole-1,2,4,5-
tetrayl)tetrabenzonitrile (compound 1):

Toluene (8 mL), Glacial acetic acid (8 mL), 4-Cyanoenzaldehyde (7.6 mmol, 1 equiv.) and 4-
Cyanoaniline (7.6 mmol, 1 equiv.) were placed in a round bottomflask. The mixture was stirred
at 50 °C for one hour. After one hour, Iron(l1l) perchlorate hydrate (90 mg) was added,
followed by 2,3-butadione (0.35 mL). The resulting mixture was stirred at 60 °C for 12 h in an
open flask under air. The precipitate was filtered off with cold ACN and dried under a vacuum.

Yield = 45 %. The H (Figure A1) spectrum of compound provided in Appendix I1.

Characterization details of compound 1:

IH NMR (400 MHz, DMSO-ds, J in ppm) 7.96 (d, J = 8.1 Hz, 4H), 7.78 (d, J = 8.0 Hz, 4H),
7.49 (d, J = 8.4 Hz, 4H), 7.40 (d, J = 8.0 Hz, 4H), 6.93 (s, 2H).

FTIR (cm) 2226, 1602, 1524, 1473, 1451, 1414, 1375, 1275, 1177, 1137.

3.4.2 General procedure for the synthesis of 4,4',4".4""-(pyrrolo[3,2-b]pyrrole-1,2,4,5-

tetrayl)tetrabenzoic acid (compound 2):

A mixture of compound 1 (500 mg, 0.9 mmol), an aqueous solution of KOH (20 M, 30 mL)
and ethanol (30 mL) was heated to reflux in a round bottom flask for 24 h. Upon cooling to
room temperature, the mixture was acidified with HCIl to pH = 1. The product was collected
by vacuum filtration and washed with water and ethanol several times; obtained solid was dried
under vacuum. Yield = 68 %. The 'H (Figure A2) and 13C NMR (Figure A3) spectrum are
given in Appendix II.

Characterization details of compound 2:

IH NMR (400 MHz, DMSO-ds, J in ppm) 12.99 (s, 4H), 8.01 (d, J = 8.6 Hz, 4H), 7.84 (d, J =
8.5 Hz, 4H), 7.40 (d, J = 8.6 Hz, 4H), 7.34 (d, J = 8.4 Hz, 4H), 6.80 (s, 2H).

13C NMR (100 MHz, DMSO-ds, 6 in ppm) 167.48, 167.17, 143.11, 137.16, 135.59, 132.70,
131.26, 129.97, 128.89, 128.61, 127.96, 125.08.

FTIR (cmt) 2925, 2849, 1735, 1505, 1472, 1456, 1276, 1264, 1098.
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3.4.3 General procedure for the synthesis of compound 3a-b:

Compound 3 was prepared by the previously reported procedure.*! "Cholesterol (1.2 equiv.)
was added to the stirred solution of bromoalkanoic acid (2 g, 1 equiv.) in dry DCM (40 mL).
The resulting mixture was stirred under a nitrogen atmosphere, and DMAP (catalytic amount)
was added to the solution. A solution of DCC (1.25 equiv.) in DCM was further added to the
reaction mixture, and the mixture was stirred at 60 °C for 12 h. The reaction mixture was
filtered, and the filtrate thus obtained was concentrated in a vacuum. The crude product was
then purified by column chromatography using silica gel with a mixture of hexane/ethyl acetate
(v/v, 100/1) as an eluent. The white solid obtained was air dried and stored in a clean sample
vial." Yield range = 75— 78 %. The H (Figure A4, A6) and 13C NMR (Figure A5, A7) spectrum

are given in Appendix IlI.
Characterization details of compound 3a-b:

3a: Yield = 75 %, 'H NMR (400 MHz, CDCls, § in ppm) 5.37 (d, J = 4.9 Hz, 1H), 4.66 — 4.56
(m, 1H), 3.40 (t, J = 6.9 Hz, 2H), 2.33 — 2.23 (m, 4H), 1.98 (tt, J = 20.0, 16.6, 4.4 Hz, 2H), 1.89
~1.80 (m, 5H), 1.60 - 1.56 (m, 6H), 1.51 — 1.45 (m, 3H), 1.43 — 1.40 (m, 3H), 1.34 (t, J= 2.5
Hz, 2H), 1.29 (s, 10H), 1.16 - 1.10 (m, 6H), 1.02 (s, 4H), 1.00 — 0.94 (m, 2H), 0.91 (d, J = 6.5
Hz, 3H), 0.86 (dd, J = 6.6, 1.9 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, & in ppm) 173.25, 139.69, 122.59, 73.68, 56.67, 56.12, 50.01,
42.29,39.72,39.50, 38.15, 36.99, 36.58, 36.17, 35.78, 34.67, 33.98, 32.79, 31.89, 31.85, 29.21,
29.12,29.03, 28.67, 28.21, 28.12, 28.00, 27.80, 25.00, 24.27, 23.81, 22.81, 22.55, 21.02, 19.31,
18.70, 11.84.

FTIR (cmt) 2928, 2849, 1733, 1470, 1377, 1214, 1175.

3b: Yield = 78 %, 'H NMR (400 MHz, CDCls, d in ppm) 5.37 (d, J = 5.0 Hz, 1H), 4.65 — 4.57
(m, 1H), 3.40 (t, J = 6.9, 2H), 2.34 — 2.23 (m, 4H), 1.98 (tt, J = 20.1, 16.7, 4.3 Hz, 2H), 1.89 —
1.80 (m, 5H), 1.62 — 1.53 (m, 5H), 1.52 — 1.47 (m, 2H), 1.47 — 1.40 (m, 4H), 1.30 (d, J = 16.0
Hz, 14H), 1.18 — 1.04 (m, 7H), 1.02 (s, 4H), 0.99 —0.93 (m, 2H), 0.91 (d, J = 6.4 Hz, 3H), 0.86
(dd, J = 6.6, 1.9 Hz, 6H), 0.67 (s, 3H).

13C NMR (101 MHz, CDClgs, 6 in ppm) 173.30, 139.71, 122.63, 73.69, 56.69, 56.13, 50.02,
42.32,39.74,39.53, 38.18, 37.01, 36.61, 36.19, 35.81, 34.71, 34.05, 32.84, 31.92, 31.87, 29.37,
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29.34,29.22,29.10, 28.75, 28.25, 28.18, 28.03, 27.83, 25.05, 24.30, 23.84, 22.85, 22.59, 21.04,
19.35, 18.73, 11.87.

FTIR (cmt) 2940, 2866, 1736, 1598, 1464, 1380, 1169.
3.4.4 General procedure for the synthesis of compound TAP-n (n =9, 10):

TAP-n was synthesized by a simple phase transfer catalysis reaction. Compound 2 (0.35 mmol,
1 equiv.) was added to the aqueous solution of KOH (10 M, 50 mL) in a round bottom flask,
and the mixture was stirred for 15 min at 85 °C. After that, compound 3 (2 mmol, 6 equiv.)
added to the mixture, followed by TOAB (catalytic amount), and the mixture was refluxed
under continuous stirring for 12 h. The crude product was extracted with DCM. The organic
phase dried over Na,SO4 was concentrated in a vacuum. The crude product obtained was
purified by column chromatography using silica gel with a mixture of hexane/ethyl acetate (v/v
100/4) as eluent. Yield range = 37 — 39 %. The 'H (Figure A8, Al11l), 13C NMR (Figure A9,
A12) and HRMS (Figure A10, A13), spectra are given in Appendix I1.

Characterization details of compound TAP-n (n =9, 10):

TAP-9: Yield = 39 %, 'H NMR (400 MHz, CD2Clz, & in ppm) 8.06 (d, J = 8.6 Hz, 4H), 7.90
(d, J = 8.5 Hz, 4H), 7.32 (dd, J = 18.2, 8.6 Hz, 8H), 6.61 (s, 2H), 5.36 (d, J = 4 Hz, 4H), 4.58
— 452 (m, 4H), 4.32 — 4.25 (m, 8H), 2.30 — 2.22 (m, 16H), 2.03 — 1.94 (m, 8H), 1.87 — 1.83
(m, 8H), 1.82 — 1.78 (m, 6H), 1.74 (t, J = 7.7 Hz, 8H), 1.59 — 1.55 (m, 20H), 1.53 (d, J = 6.6
Hz, 6H), 1.51 — 1.49 (m, 8H), 1.47 — 1.43 (m, 16H), 1.36 — 1.29 (m, 36H), 1.26 (d, J = 8.2 Hz,
8H), 1.20— 1.15 (m, 8H), 1.13 (d, J = 3.6 Hz, 12H), 1.09 (s, 4H), 1.05 (d, J = 6.3 Hz, 4H), 1.01
(s, 16H), 0.96 (d, J = 5.6 Hz, 4H), 0.92 (d, J = 6.5 Hz, 12H), 0.87 (dd, J = 6.6, 1.7 Hz, 24H),
0.68 (5, 12H).

13C NMR (100 MHz, CDClz, § in ppm) 173.01, 166.16, 165.78, 143.35, 139.94, 137.25,
135.73, 130.76, 129.57, 128.45, 128.10, 127.69, 124.65, 122.46, 97.35, 73.62, 65.30, 56.19,
54.04,53.77,53.50, 53.23, 52.96, 42.31, 39.80, 39.53, 38.20, 37.04, 36.61, 35.86, 31.94, 31.88,
29.35,29.21,29.07, 28.74, 28.24, 28.07, 27.83, 26.03, 25.06, 24.28, 23.85, 22.61, 22.35, 21.05,
19.15, 18.53, 11.65.

HRMS (MALDI) for C1s2H271N2016(M + H): calculated — 2741.0454; found - 2741.0378.

FTIR (cm) 2932, 2872, 2855, 1723, 1606, 1509, 1468, 1378, 1274, 1177, 1102, 1016.
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TAP-10: Yield = 37 %, 'H NMR (400 MHz, CD2Clz, s in ppm) 8.06 (d, J = 8.6 Hz, 4H), 7.91
(d,J = 8.4 Hz, 4H), 7.33 (dd, J = 18.4, 8.5 Hz, 8H), 6.61 (5, 2H), 5.37 (d, J = 8 Hz, 4H), 4.59
— 452 (m, 4H), 4.33 — 4.25 (m, 8H), 2.30 — 2.23 (m, 16H), 2.03 — 1.94 (m, 8H), 1.88 — 1.73
(m, 24H), 1.57 (d, J = 10.1 Hz, 20H), 1.53 (d, J = 2.5 Hz, 4H), 1.51 — 1.49 (m, 8H), 1.47 (s,
4H), 1.44 (d, J = 4.5 Hz, 8H), 1.36 (d, J = 8 Hz, 12H), 1.32 — 1.29 (m, 34H), 1.18 (s, 4H), 1.16
(d, J =5.9 Hz, 8H), 1.12 (t, J = 4.8 Hz, 12H), 1.09 (d, J = 2.6 Hz, 4H), 1.06 (s, 2H), 1.02 (s,
20H), 0.99 — 0.96 (m, 8H), 0.92 (d, J = 6.1 Hz, 12H), 0.87 (dd, J = 6.6, 1.7 Hz, 24H), 0.68 (s,
12H).

13C NMR (100 MHz, CD2Clz, § in ppm) 173.01, 166.16, 165.78, 143.36, 139.94, 137.25,
135.74, 132.69, 130.76, 129.57, 128.46, 128.11, 127.69, 124.65, 122.45, 97.38, 73.61, 65.31
56.76, 56.19, 54.04, 53.77, 53.50, 53.23, 52.96, 50.12, 42.31, 39.80, 39.53, 38.20, 37.05, 36.62,
36.22,35.87, 34.62, 31.94, 29.49, 29.43, 29.29, 29.12, 28.76, 28.25, 28.07, 27.84, 26.08, 25.08,
24.28, 23.85, 22.62, 22.37, 21.06, 19.16, 18.54, 11.66.

HRMS (MALDI) for C18sH279N2016 (M + H): calculated — 2797.1080; found — 2797.1162.
FTIR (cmt) 2938, 2882, 2852, 1733, 1719, 1606, 1506, 1456, 1374, 1273, 1177, 1014.

3.5 Quantum Yield Measurement

A direct method of measuring photoluminescence quantum yield (PL-QY) was employed,
whereby a reference sample of known quantum efficiency was used as a comparison;#6:47 the
dye Rhodamine 6G was chosen as the reference as it absorbs in a similar region. With the
optical spectra of both the reference and compound 1 solution in a given solvent, the following

equation was applied:

X (1-10"")n?

D=y
f X, (1-10"")n2

Where '®' is the quantum vyield, 'X" is the integrated area under the emission peak, 'A"is the
absorbance at the excitation wavelength, and 'n' is the refractive index of the solvent. Each

subscript 'R’ refers to the respective values of the reference standard.*®
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X-Ray Diffraction Studies:

1400
1200 -

600

Intensity (a.
=
S

(02)
(11)

200

(hq)

0.2 04

0.8 1.0
q (A1

1.2 14

1.6 1.8

Figure A15 Wide angle X-ray diffraction of TAP-10, representing the Col, phase at 85 °C, h, — due to
cholesterol - cholesterol chain correlations.

Table A1 The observed and calculated d-spacings and corresponding reflecting planes for the
diffraction peaks indexed on the Colr lattice at 85 °C for the compound TAP-9 and at 80 °C for

1

the compound TAP-10. The d-spacing is calculated by using the relation: d.,; = ﬁ where
PrANY]

h,k are the Miller indices and a and b are the lattice parameters.

(hkl) d-spacing d-spacing Lattice parameters
Experimental Calculated
dobs (A) dcal (A)
TAP-9
11 32.36 32.36 a = 46.65 A and
02 22.46 22.46 b=44.92 A
04 11.42 11.23
hq 5.82 Fluid cholesterol — cholesterol
chain correlations
84 5.09 5.18
68 4.30 4.55
h. 3.51 Disc — disc separations
TAP-10
11 35.19 35.19 a=64.51Aand
02 20.99 20.99 b=41.98A
hq 5.53 Fluid cholesterol — cholesterol
chain correlations
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Thin film photophysical studies:
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Figure A16 Absorption spectra (a, b) and emission spectrum (c, d) of compounds TAP-9 and TAP-10,
respectively, in thin-film state (inset showing the optical photograph of compound under UV -light
exhibiting the solid-state fluorescent behavior).
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Chapter 4

Synthesis of new fluorescent star-shaped liquid crystals
derived from thiophene and cholesterol unit

The development of microscopic ordering in supramolecular assemblies has piqued the great
interest of material chemists because molecular architecture plays an important role in the
optoelectronic properties of the material. The molecular engineering of liquid crystals (LCs)
has gained expedient space in the field of supramolecular self-assembled systems. Here, we
have successfully designed and synthesized the thiophene-induced cholesterol-decorated LCs,
with varying spacer alkyl chain lengths. All the derivatives are thermally stable and exhibit a
lamellar organization with a significant mesophase thermal range. Additionally, lamellar
mesophase is readily frozen into a glassy state at room temperature. Detailed electron density
mapping and small-angle/wide-angle X-ray scattering (SAXS/WAXS) studies further confirmed
the lamellar assemblies. Besides that, these novel materials showed blue luminescence in

solution and thin-film state. A significant value of fluorescence quantum yield and lifetime is
obtained for all the compounds.

Rani, S.; Kumar, P.; Gupta, S. P.; Pal, S. K. Synthesis of new fluorescent star-shaped liquid crystals derived from
thiophene and cholesterol unit. (Manuscript to be communicated)
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4.1 Introduction

Over recent years, a great interest of scientist efforts has been dedicated to developing
microscopic ordering in supramolecular assemblies because the molecular architecture of a
system plays an important role in the properties, such as optical, electrical, enantioselective
heterogeneous catalysis, of molecular materials.1-2 In this aspect, liquid crystalline systems are
of great interest because of their outstanding self-assembly abilities to form mesophase and
increasing scope in organic electronics.3-12 Supramolecular assemblies generate by the
profound balance between molecule-substrate and intramolecular interactions.t® Molecular
shapes, terminal groups and flexible alkyl chains are the fundamental variables and strategies
for designing new liquid crystals (LCs) with a particular type of molecular organization in a
specific temperature range.14-16

Discotic liquid crystals (DLCs) with fluorescence properties in the solid state are paid much
attention due to their effective amalgamation of inherent luminescent ability and molecular
self-assembly in a molecule.l”:18 Therefore, DLCs are prominent materials for various
applications such as thin film transistors, organic light-emitting diodes, organic solar cells,
photovoltaic cells, etc.319-21 Furthermore, the inclusion of chiral mesogenic units into the DLCs
leads to the highly ordered helical organization.?2-24 The helicoidal arrangement of molecules
plays a significant role in designing responsive materials, chirality sensors, and chiroptical
devices.?3:24 The design of a new luminescent LC molecule is important for understanding the
supramolecular architecture and its influence on the material properties. Consequently, the

system's optical and electronic properties can be adjusted at the molecular level by using
different organic chromophores.25:26

Incorporating the heterocycle units into the design of LCscan manifest very exciting properties
in the system. Heterocycle, in principle, influence the polarization and polarizability as well as
the shape of the molecule, which in turn changes the type of the mesophase, geometry,
mesophase transition temperature, luminescence and many other properties.?’” Many
heterocycles, such as thiophene, pyrazole, isoxazole, coumarin, 1,3,4-oxadiazole and 2,1,3-
benzothiadiazole, gained enormous attention from the LC community over the last few years.?7
35 Many reports in the literature show that thiophene-based LC materials played an important
role in organic semiconducting materials because of their resourceful/unique chemistry and
excellent electronic properties.”-36-41 Thiophene, a five-membered heterocycle ring used as the

molecular core in LCs, can effectively increase the optical anisotropy, fast switching time,
viscosity and provide molecules with relatively low melting point.42-46
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In this chapter, we have explored the thiophene-constituted LCs, as thiophene derivatives were
attractive materials for various advanced applications. In this text, a new series of lamellar
discotic mesogens consisting of a central 1,3,5-triethynylbenzene directly linked to thiophene
and decorated by side mesogenic cholesterol unit linked via different alkyl spacers. Thiophene-
based DLCs reported from our group suggest that the incorporation of thiophene moieties at
the central part plays an important role by stabilizing the mesophase in wide thermal range
through intermolecular S....S interactions. Furthermore, the n-mt stacking is also required for
efficient charge transport.”#” Also, the cholesterol is incorporated into the molecule with the
prime objective of inducing chirality in the system. Hence the molecular chirality enables LCs
to self-organize into the helicoidal arrangement. Furthermore, the insertion of double and triple
bonds in organic molecules supports the formation of a highly conjugated system. As a result,
it can enhance or induce these materials’ luminescent properties, which is important for their
use in organic devices.

In one previous chapter, we describe the synthesis and organization of cyclictriphosphazene -
based DLCs where molecular chirality successfully transfers to the supramolecular chirality
and leads to the helicoidal organization of the mesogens.2? These cyclictriphosphazene-based
materials show very high clearing temperatures and are also non-fluorescent. Therefore, with
this motivation of decreasing clearing temperature and inducing luminescent behaviour in
chiral LCs, we successfully synthesized thiophene-induced chiral LCs with a significant
mesophase temperature range and showing interesting luminescent behaviour in solution and
solid state. The structure deduction of newly synthesized LCs and their intermediates were
performed systematically using standard characterization techniques. The mesophase and
structure-property relationship of all the target materials was investigated using polarising
optical microscopy (POM), differential scanning calorimetry (DSC), and small-angle/wide-

angle X-ray scattering (SAXS/WAXS) measurements.
4.2 Results and discussions

4.2.1 Synthesis, Structural Characterization and Thermal stability

The synthesis of star-shaped thiophene-induced cholesterol-decorated LCs (F-n,n =5, 7, 9)
are illustrated in Scheme 5.1 and detailed synthetic procedure in the experimental section of
this chapter. The synthetic process started with the esterification reaction between cholesterol
and bromoalkanoic acid, yielding the ester derivatives compound 3(a-c). The ester derivative

was then subjected to the phase transfer catalysis reaction with 5-bromo-2-thiophenecarbocylic
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acid in refluxing aq. KOH in the presence of TOAB to give the corresponding thiophene-
induced intermediate compounds 4(a-c). On the other hand, 1,3,5-triethynylbenzene were
synthesized by  sonogashira  coupling  between  1,3,5-tribromobenzene  and
trimethylsilylacetylene, which subsequently yielded a protected alkyne intermediate compound
1, which further underwent a deprotection reaction in the presence of methanol and potassium
carbonate. The thiophene intermediate compound 4(a-c) underwent sonogashira coupling

reaction with 1,3,5-triboromobenene, to give the desired targeted compound F-n (yield: 35 %,
33 % and 32 % for F-5, F-7 and F-9, respectively).

The purity and identity of all the derivatives and intermediate compounds have been analyzed
by standard analytical techniques such as 'H NMR, 13C NMR, IR and mass spectroscopy
(Figure A1-A23). All characterization results were well in accordance with the proposed
molecular structure of the final synthesized compounds. The thermal stability of all the targeted
compounds was determined using thermogravimetric analysis (TGA) (Figure A24 and Table
4.1); apparently, all the compounds presented good thermal stability, with a decomposition

temperature above 300 °C.

4.2.2 Mesomorphic behaviour

The mesomorphic behaviour of all the final compounds was first observed under POM during
heating/cooling cycles and found to be enantiotropic liquid crystalline materials. The fluidity
of the LC phase was determined by the shearing test of the compounds during heating and
cooling cycles, which showed fluidic behaviour and birefringent textures, representing their
anisotropic nature. The optical photomicrographs recorded during the cooling cycle are
depicted in Figure 4.1 as the representative illustration. The fluidic nature and textures showed
the characteristics of the lamellar phase. All the compounds displayed the highly ordered
lamellar phase during the heating cycle. However, during the cooling cycle, compounds F-5
and F-7 first arrange themselves into disordered mesophase, which changes toan ordered phase
at a lower temperature and then stabilizes in a glassy state at room temperature. The LC phase
transitions and corresponding enthalpy changes of all the compounds were determined using
DSC (Figure 4.2 and Table 4.1). Even so, the transition from a glassy state to mesophase for
all the derivatives was not perceived in DSC, possibly due to insignificant enthalpy changes.
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Bra, .COOH +
¥

F-n,n=5,7,9

Scheme 4.1 (1) Pd(PPhs),, Cul, dry NEt;, 60 °C, 24 h, Yield =65 % (lI) K,CO3, Methanol, 75 °C, 12
h, Yield =90 % (I111) DCC, DMAP, dry DCM, 60 °C, 12 h, Yield =67 % (IV) aq. KOH, TOAB, 100
°C, 12 h, Yield =95 % (V) Pd(PPhs),, Cul, dry NEt;, dry THF, 90 °C, 36 h, Yield =32 %.
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In DSC, compounds F-5 and F-7 showed an endothermic peak at 106 °C (AH =50.83 kJ mol-
1) and 89 °C (AH = 52.25 kJ molt), which corresponds to the mesophase to isotropic
transitions, respectively. Although, on cooling, the peak referred to isotropic to disordered
phase did not appear in the DSC for both the compounds, POM observation revealed the
appearance of the mesophase. While the transition perceived at 67.79 °C (AH = 0.30 kJ mol!)

and 61.27 °C (AH = 1.42 kJ molt), for compound F-5 and F-7, respectively, corresponds to
disordered to ordered lamellar mesophase.

Figure 4.1 POM microphotographs of the optical texture of lamellar phases formed by (a) F-5 at 66
°C, (b) F-7 at 53 °C, (c) F-9 at 60 °C, observed on cooling with a rate of 5 °C min-.

On the other hand, F-9 directly transformed from isotropic to ordered lamellar mesophase, and
the corresponding exothermic transition appeared at 71.63 °C (AH = 1.78 kI mol1). Also, the
phase transition observed from POM and DSC data was reproducible across several heating
and cooling cycles, which supports the sustainable nature and thermal stability of the lamellar
organization of the mesophase. The Figure 4.1 illustrates the first cooling data recorded under
POM, while the Figure 4.2 illustrates the 2"d heating and 2" cooling data via DSC.
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Figure 4.2 DSC thermograms of compounds (a) F-5, (b) F-7, (c) F-9, recorded at a rate of 5 °C/min.

In order to further explore the lamellar organization of the compounds, the temperature-
dependent SAXS/WAXS experiments of all the derivatives were performed. The

SAXS/WAXS experiments were recorded during cooling from an isotropic state. The X-ray
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diffraction pattern of compound F-5 exhibits three narrow Bragg's peaks in small angle region
with d-spacings 58.62 A, 29.43 A and 19.62 A (Figure 4.3a). These peaks could be indexed on
Table 4.1 Thermal behaviour of F-n derivatives.2

C Heating cycle Cooling cycle Td°
°C)
F-5 | G 68° lam, 106° [50.83] Iso | Iso 76° lamg 67.79°[0.30] lam, 63.73°[1.98] G | 335
F-7 | G 63° lam, 89°[52.25] Iso | Is0 68° lamg 61.27°[1.42] lam, 53.51° [4.04] G | 325
F-9 | G 60" lam, 118°[72.02] Iso | Iso 71.63° [1.78] lam, 59.31°[4.27] G 332

aEnthalpy values in parentheses in kJ mol* and temperature in °C. *Phase transition temperatures

determined by POM. °Phase transition temperatures observed by the DSC technique.
dDecomposition temperature corresponding to 5 % weight loss. Abbreviation: C = compound; G =

glassy; lam, = ordered lamellar; lamy = disordered lamellar; Iso = isotropic.

a one-dimensional lamellar lattice structure and correspond to the reflections from (100), (200)
and (300) planes of the lamellar structure, respectively. The calculated lamellar periodicity, a,
is found tobe 58.85 A. Further, the X-ray diffraction pattern of the compound showed one non-
Bragg's reflection namely, he in the wide-angle regime with d-spacing 5.74 A (Figure 4.3a,
Table Al). The hc peak appears due to the fluid cholesterol - cholesterol chain correlations.
The lamellar mesophase organization was exhibited by compound F-5, and the observed lattice
parameter and miller indices are mentioned in Table Al. The calculated value of the correlation
length is 907.75 A which corresponds to about 15 correlated layers, indicating that the phase
is ordered very well. Moreover, the X-ray diffraction pattern of compound F-7 exhibits two
broad Bragg's peaks in small angle region with d-spacings 55.12 A, and 18.42 A (Figure A25a)
correspond to reflections from (100) and (300) planes of the lamellar structure, respectively.
And there is one non-Bragg's peak in the wide-angle regime with d-spacing 5.60 A,
corresponding to he (Figure A25a, Table Al). The calculated value of lamellar periodicity, a,
is found to be 55.12 A. Whereas the calculated value of the correlation length is found to be

88.34 A which corresponds to about 2 correlated layers, indicating that the phase is disordered
and corresponds to a molten lamellar phase.

Furthermore, the X-ray diffraction pattern of compound F-9 is very similar to compound F-7
and analyzed similarly (Figure A25b, Table Al). The calculated value of lamellar periodicity,
a, is found to be 54.63 A at 65 °C, whereas the calculated value of the correlation length is
found to be 70.89 A which corresponds to about 1 number of correlated layers, indicating that

the phase is a molten lamellar phase. Thus, the detailed XRD analysis indicates that compound
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F-5, F-7, and F-9 display lamellar organization in their mesophase temperature range.
However, the correlation length suggests a high degree of orderliness in F-5, compared to
compounds F-7 and F-9, possibly dueto increasing spacer chain length; the randomness is also

increasing in the system.

Intensity (a. u.)

0.10 0.15 0.20 0.25 0.30

q Al

Lamellar
arrangement

(i

N AN

Figure 4.3 (a) Small and wide-angle (inset) X-ray diffraction patterns of the ordered lamellar phase
formed by compound F-5 at 65 °C (lam,), hy - fluid cholesterol - cholesterol chain correlations; (b)
Reconstructed electron density map corresponding to the lamellar phase of the compound F-5 at
temperature 65 °C. The lamellar periodicity, a, has the value 58.85 A. Deep yellow represents the
highest electron density and deep navy blue is the lowest. (c) Schematic representation of lamellar

organization.

4.2.3 Electron density map

Further, to better understand the arrangement of molecules in the lamellar mesophase, electron
density maps*® have been constructed by using the information of peak Miller planes and their
intensities. The electron density map for the compound is shown in Figure 4.3b. All the
compound exhibits a lamellar phase, but only compound F-5 shows a high correlating length;
thus, electron density map has been reconstructed only for compound F-5 (Figure 4.3b). Deep

yellow represents the highest electron density, and deep navy blue is the lowest. The map shows
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the one-dimensional regular periodic structure. Figure 4.3c demonstrated the lamellar

organization of molecules.

4.2.4 Photophysical behavior

In order to explore the photophysical behavior of all the derivatives F-n, the absorption and
emission experiments in solution as well as in the solid state were performed. The solution state
experiments were carried out in 10> M THF solutions. All three derivatives showed similar
peaks in absorption (Figure 4.4a-c) and emission (Figure 4.5a-c) spectra regardless of the chain
length. From the Figure 4.4, it is visible that two peaks appeared in the solution absorption state
spectra of all the compounds; the peak at 326 nm arises due to the n-n* transition and the other
at 347 nm is due to the n-n* transition.?? The absorption peaks in the thin-film state were
observed to be around the same as those in the solution state in the 300-400 nm range. All the
derivatives show blue fluorescence in the solution state, where emission maxima appeared at
372 nm. In addition, in comparison to the solution state, the absorption bands in the solid state
are broad and structureless (Figure A26a-c), while the emission peak become broader and red
shifted (Figure A27a-c); due to the increased intermolecular interactions.*® Relative quantum
yield measurements were performed in THF for all the derivatives to get more insights into the
luminescence efficacy. Quinine sulphate in 0.1 M sulphuric acid was chosen as a standard as
it absorbs around the same wavelength (Amax = 340 nm) as that of F-n (Amax = 326 nm)
compounds. The quantum yield value with respect to quinine sulphate (0.54 in 0.1 M H2SQO4)
for compounds F-5, F-7, and F-9 is found to be 0.71, 0.78 and 0.48, respectively (Table 4.2).
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Figure 4.4 Absorption spectra of compounds (a) F-5, (b) F-7, (c) F-9, in 10> M THF solution.

Besides this, fluorescence decay and lifetime measurement studies were carried out in THF
solutions using a time-correlated single photon counting technique. The excitation wavelength
Is 326 nm, corresponding to absorption maxima and a band-pass filter at 447 nm is used to
measure the fluorescence decay profiles shown in Figure A28. The decay curve (red coloured)

was fitted with the instrument response function (IRF) (black coloured). The fitted (blue-
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coloured) curve overlaps with the decay curve(red). In all the cases, the curves were better
fitted by using a mono-exponential function. The average lifetime for all the derivatives comes
to around 1.20 ns (Table 4.2).
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Figure 4.5 Emission spectra of compounds (a) F-5, (b) F-7, (c) F-9, in 10° M THF solution, where the
excitation wavelength is 326 nm.

In addition, as shown in Figure 4.6a, material exhibit considerable solid-state luminescence
behaviour, piqued our interest in the aggregation-induced emission (AIE) phenomena. As an
illustrative case, THF-H20 water experiments were carried out to examine the ability of
derivative F-7 as AIE moiety (Figure 4.6b), and we discovered that the luminescence intensity
steadily decreases with increasing water ratio. However, the compounds show significant blue
emission in the solid state but do not exhibit AIE behaviour. Additionally, we carried out the
solvent-dependent fluorescence experiment with various solvents of different polarity (Figure
4.6¢); aside from the change in luminescence intensity, no significant shifting was seen with

increasing polarity of the solvents.

4.3 Conclusion

In conclusion, we reported a new series of star-shaped LCs (F-n, n = 5, 7, 9) with varying
spacer alkyl chain lengths based on the thiophene-induced cholesterol system. Their synthesis
and mesomorphic, photophysical properties were thoroughly explained. All the highly stable
derivatives acquire lamellar mesophase self-assembly, as confirmed by POM and XRD, over
a significant thermal range. Photophysical studies showed that all three derivatives display
blue-emission in solution and thin-film states, exhibiting notable fluorescence quantum yield.
Furthermore, these compounds stabilized in a glassy state at room temperature, which revealed
their potential application for many exciting applications. Also, the bulky cholesterol broadens

the material range for chiroptical characteristics.
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UV light
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DMF
e DM SO
ACN
Methanol

360 390 420 450 480 350 375 400 425 450 475 500
Wavelength (nm) Wavelength (nm)

Figure 4.6 (a) Optical photographs of compound F-8 in solid state under 365 nm light; (b) Emission
spectra of compound F-8 in different THF-H,O ratio; and (c) Emission spectra of compound F-8 in

solvents of different polarities (10° M).

Table 4.2 Photophysical data of F-n derivatives.

C Asoution?® | Esotution®® | Asolid Esolia © T(@) (@ms) | Tav?| @F°
peaks peaks peaks peaks (ns)
(nm) (nm) (nm) (nm)
F-5 326," 347 372 300-400 416 1.22 (1.00) | 1.22 0.71
F-7 326,° 347 372 300-400 430 1.21(1.00) | 1.21 0.78
F-9 326,° 347 372 300-400 445 1.20 (1.00) | 1.20 0.48

a1n micro molar THF solution. ® imax. ¢ Obtained after exciting at their corresponding Amax.
Asolution: absorbance in the solution state, Esolution: emission in the solution state. Asolid:

absorbance in thin film, Esoiia: emission in thin film. 9 7oy = average lifetime. ¢ @ =

fluorescence quantum yield.
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4.4 Experimental section

4.4.1 General procedure for the synthesis of compound 1:

Compound 1 was synthesized following the previously reported procedure.®® In a clean, dry
100 mL, double neck round bottom flask, 60 mL of dry triethylamine was taken under an inert
atmosphere and was purged for approximately 30 min. After this, 1,3,5-tribromobenzene (1
equiv.), was added to the flask and again purged for 15 min, followed by the addition of
Pd(PPh3)s (0.06 equiv.) and Cul (0.06 equiv.), while carefully maintaining the inert
atmosphere. Trimethylsilylacetylene (5 equiv.) was then added to the reaction mixture. The
reaction mixture refluxed for 24 h. The reaction mixture was then cooled to room temperature
and neutralized by HCI (5 N). The crude product was extracted using DCM. The organic phase
dried over Na2SO4 was concentrated in a vacuum. The crude product was then purified by flash

column chromatography using silica gel with a mixture of hexane/ethyl acetate (v/v, 100/0.1)
asan eluent. This compound was directly used for the next step without any further purification.

4.4.2 General procedure for the synthesis of compound 2:

Compound 1 (1 equiv.) was dissolved in methanol (40 mL) in a 100 mL round bottom flask.
To this reaction mixture, anhyd. K2COs3 (6 equiv.) was added. The reaction mixture was
refluxed for12 h. Afterthis, the mixture was cooled downtoroom temperature, and the organic
layer was extracted using DCM. The organic phase dried over Na2SO4 was concentrated in a
vacuum. The crude product was purified via crystallization using hexane. Yield = 90 %. The
IH NMR (Figure A1) and 13C NMR (Figure A2), spectra are given in Appendix I11.

Characterization details of compound 2:

IH NMR (400 MHz, CDCls, & in ppm) 7.57 (s, 3H), 3.10 (s, 3H).

13C NMR (100 MHz, CDClIs, 6 in ppm) 135.79, 123.09, 81.76, 78.82.
FTIR (cmt) 3277, 1580, 887.
4.4.3 General procedure for the synthesis of compound 3a-c:

This reaction follows the previously reported procedure.?? Cholesterol (1.2 equiv.) was added
to the stirred solution of bromoalkanoic acid (2 g, 1 equiv.) in dry DCM (40 mL). The resulting

mixture was stirred under a nitrogen atmosphere, and DMAP (catalytic amount) was added to
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the solution. A solution of DCC (1.25 equiv.) in DCM was further added to the reaction
mixture, and the mixture was stirred at 60 °C for 12 h. The reaction mixture was filtered, and
the filtrate obtained was concentrated in a vacuum. The crude product was then purified by
column chromatography using silica gel with a mixture of hexane/ethyl acetate (v/v, 100/1) as
an eluent. The white solid obtained was air-dried and stored in a clean sample vial. Yield =75
— 78 %. The IH NMR and 13C NMR (Figure A3-A8), spectra are given in Appendix I11.

Characterization details of 3(a-c):

3a: Yield = 76 %, 'H NMR (400 MHz, CDCls, § in ppm) 5.37 (d, J = 5.5 Hz, 1H), 4.66 — 4.57
(m, 1H), 3.41 (t, J = 6.8 Hz, 2H), 2.29 (t, J = 7.5 Hz, 4H), 2.03 — 1.93 (m, 2H), 1.91 — 1.82 (m,
5H), 1.68 — 1.62 (m, 2H), 1.57 — 1.53 (m, 2H), 1.51 — 1.42 (m, 6H), 1.40 — 1.31 (m, 3H), 1.28
~1.23 (m, 1H), 1.19 — 1.05 (m, 8H), 1.01 (s, 4H), 0.96 (dd, J = 11.4, 5.3 Hz, 2H), 0.91 (d, J =
6.5 Hz, 3H), 0.86 (dd, J = 6.6, 1.9 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.01, 139.79, 122.79, 122.79, 74.02, 56.82, 56.27,
50.16, 42.45, 39.86, 39.66, 38.29, 37.13, 36.32, 35.93, 34.56, 33.65, 32.55, 32.04, 32.00, 28.37,
28.15, 27.95, 27.76, 24.42, 24.31, 23.97, 22.96, 22.71, 21.17, 19.46, 18.86, 12.00.

FTIR (cm™) 2948, 2886, 2866, 1733, 1466, 1373, 1257, 1990, 1176.

3b: Yield = 78 %, 'H NMR (400 MHz, CDCls, & in ppm) 5.37 (d, J = 4.9 Hz, 1H), 4.65 — 4.58
(m, 1H), 3.39 (t, J = 6.7 Hz, 2H), 2.34 — 2.22 (m, 4H), 2.04 — 1.92 (m, 2H), 1.89 — 1.77 (m,
5H), 1.65 — 1.52 (m, 6H), 1.51 — 1.40 (m, 6H), 1.36 — 1.30 (m, 6H), 1.25 (s, 2H), 1.16 — 1.05
(m, 7H), 1.01 (s, 4H), 0.96 (d, J = 11.1 Hz, 1H), 0.91 (d, J = 6.3 Hz, 3H), 0.86 (d, J = 6.7 Hz,
6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls,  in ppm) 173.30, 139.80, 122.75, 73.88, 56.81, 56.25, 50.14,
42.43, 39.85, 39.64, 38.28, 37.12, 36.72, 36.31, 35.92, 34.73, 34.00, 32.84, 32.03, 31.98, 29.01,
28.53, 28.36, 28.14, 28.10, 27.94, 25.03, 24.41, 23.96, 22.96, 22.70, 21.16, 19.46, 18.84, 11.98.

FTIR (cmt) 2944, 2888, 2868, 1732, 1469, 1368, 1245, 1184, 1172.

3c: Yield = 75 %, 'H NMR (400 MHz, CDCls, & in ppm) 5.37 (d, J = 4.0 Hz, 1H), 4.66 — 4.55
(m, 1H), 3.40 (t, J = 6.9 Hz, 2H), 2.33 — 2.24 (m, 4H), 2.03 — 1.93 (m, 2H), 1.89 — 1.80 (m,
5H), 1.64— 1.52 (m, 6H), 1.52 — 1.45 (m, 3H), 1.43 — 1.38 (m, 3H), 1.34 — 1.27 (m, 10H), 1.21
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~1.05(m, 8H), 1.02 (s, 4H), 0.96 (dd, J = 11.4,5.3 Hz, 2H), 0.91 (d, J = 6.5 Hz, 3H), 0.86 (dd,
J=6.6, 1.8 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.41, 139.5, 122.75, 73.84, 56.83, 56.28, 50.17,
42.45, 39.88, 39.66, 38.31, 37.15, 36.74, 36.33, 35.94, 34.83, 34.14, 32.95, 32.05, 32.01, 29.37,
29.28,29.19, 28.83, 28.37, 28.28, 28.16, 27.96, 25.16, 24.43, 23.97, 22.97, 22.71,21.18, 19.47,
18.86, 12.00.

FTIR (cmt) 2930, 2900, 2952, 1730, 1465, 1376, 1225, 1173.
4.4.4 General procedure for the synthesis of compound 4a-c:

5-Bromo-2-thiophene carboxylic acid (1.5 equiv.) was added to the ag. solution of KOH (50
mL), and the system was continuously stirred for 10-15 min at 85 °C. After that, compound 3
(1 equiv.) was added to the reaction mixture, followed by the catalytic amount of TOAB. The
reaction mixture was refluxed for about 12 h. The reaction mixture was then cooled to room
temperature and extracted using DCM. The organic phase dried over Na2SO4 was concentrated
in a vacuum. The crude product was then purified by column chromatography using silica gel
with a mixture of hexane/ethyl acetate (v/v, 100/5) as an eluent. The white solid obtained was
air-dried and stored in a clean sample vial. Yield = 88 — 90 %. The 'H NMR and 3C NMR
(Figure A9-A14), spectra are given in Appendix I11.

Characterization details of 4(a-c):

4a: Yield = 89 %, 'H NMR (400 MHz, CDCls, § in ppm) 7.54 (d, J = 4.0 Hz, 1H), 7.06 (d, J
= 4.0 Hz, 1H), 5.36 (d, J = 5.0 Hz, 1H), 4.66 — 4.56 (m, 1H), 4.27 (t, J = 6.5 Hz, 2H), 2.30 (t,
J=7.4Hz, 4H), 2.03 — 1.94 (m, 2H), 1.86 — 1.80 (m, 3H), 1.78 — 1.65 (m, 5H), 1.57 — 1.51 (m,
3H), 1.51 — 1.42 (m, 6H), 1.38 — 1.30 (m, 3H), 1.28 — 1.24 (m, 1H), 1.16 — 1.05 (m, 7H), 1.01
(s, 3H), 0.98 — 0.93 (m, 2H), 0.91 (d, J = 6.5 Hz, 3H), 0.86 (dd, J = 6.6, 1.8 Hz, 6H), 0.67 (s,
3H).

13C NMR (100 MHz, CDCls, § in ppm) 172.98, 161.22, 139.74, 135.13, 133.65, 131.00,
122.76, 120.21, 73.96, 65.31, 56.80, 56.26, 50.15, 42.43, 39.86, 39.64, 38.27, 37.11, 36.71,
36.31, 35.91, 34.62, 32.03, 31.98, 28.48, 28.35, 28.13, 27.94, 25.62, 24.79, 24.41, 23.96, 22.94,
22.69, 21.16, 19.43, 18.84, 11.98.

FTIR (cmt) 2944, 2898, 1717, 1418, 1279, 1249, 1089.
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4b: Yield = 90 %, 'H NMR (400 MHz, CDCls, & in ppm) 7.53 (d, J = 4.0 Hz, 1H), 7.06 (d, J
= 4.0 Hz, 1H), 5.36 (d, J = 4.3 Hz, 1H), 4.65 — 4.56 (m, 1H), 4.25 (t, J = 6.7 Hz, 2H), 2.31
2.24 (m, 4H), 2.02 — 1.93 (m, 2H), 1.87 — 1.81 (m, 3H), 1.75 — 1.68 (m, 3H), 1.62 — 1.58 (m,
3H), 1.56 (t, J = 2.4 Hz, 1H), 1.52 (dd, J = 6.8, 3.4 Hz, 2H), 1.50 — 1.47 (m, 2H), 1.38 — 1.31
(m, 6H), 1.28 — 1.24 (m, 3H), 1.16 — 1.05 (m, 9H), 1.01 (s, 3H), 0.96 (d, J = 6.6 Hz, 2H), 0.91
(d, J = 6.5 Hz, 3H), 0.86 (dd, J = 6.6, 1.8 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.14, 161.15, 139.71, 135.18, 133.52, 130.91,
122.66, 120.09, 73.76, 65.47, 56.74, 56.21, 50.08, 42.36, 39.80, 39.59, 38.23, 37.07, 36.64,
36.26, 35.86, 34.65, 31.97, 31.91, 28.99, 28.92, 28.63, 28.31, 28.07, 27.88, 25.80, 24.98, 24.35,
23.92, 22.91, 22.66, 21.10, 19.39, 18.80, 11.92.

FTIR (cmt) 2942, 2867, 1720, 1416, 1282, 1248, 1088.

4c: Yield =88 %, 'H NMR (400 MHz, CDCls, d in ppm) 7.53 (d, J = 4.0 Hz, 1H), 7.06 (d, J =
4.0 Hz, 1H), 5.36 (d, J = 5.0 Hz, 1H), 4.65 —4.57 (m, 1H), 4.26 (t, J = 6.7 Hz, 2H), 2.32 — 2.23
(m, 4H), 2.03 — 1.92 (m, 2H), 1.87 — 1.81 (m, 3H), 1.71 (p, J = 7.0 Hz, 2H), 1.62 — 1.45 (m,
9H), 1.40 — 1.28 (m, 14H), 1.17 — 1.05 (m, 7H), 1.01 (s, 4H), 0.98 — 0.93 (m, 2H), 0.91 (d, J =
6.5 Hz, 3H), 0.86 (dd, J = 6.7, 1.8 Hz, 6H), 0.67 (s, 3H).

13C NMR (100 MHz, CDCls, § in ppm) 173.39, 161.32, 139.83, 135.28, 133.59, 130.98,
122.72, 120.15, 73.82, 65.65, 56.81, 56.26, 50.15, 42.44, 39.86, 39.65, 38.30, 37.13, 36.72,
36.31, 35.93, 34.82, 32.03, 31.99, 29.41, 29.28, 29.18, 28.74, 28.36, 28.14, 27.95, 26.01, 25.15,
24.42, 23.96, 22.96, 22.70, 21.16, 19.45, 18.85, 11.99.

FTIR (cmt) 2933, 2860, 1722, 1419, 1281, 1251, 1092.
4.4.5 General procedure for the synthesis of compound F-n (n =5, 7, 9):

In a 100 mL double neck round bottom flask, dry NEts (30 mL) was taken under inert
conditions and purged for approximately 30 min; then, an equal amount of dry THF was added
to the flask, and the mixture was purged for another 20 min. Compound 4 (5 equiv.) was added
to the mixture of solvents while maintaining the inert atmosphere. Compound 2 (1 equiv.) was
added to the reaction mixture, followed by the addition of Pd(PPh3)a (0.06 equiv). After 5 min,
Cul (0.06 equiv.) was added to the reaction mixture. The system was refluxed at 80 °C for 36-

40 h. The mixture was then cooled down to room temperature, and the triethylamine was
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quenched by HCI (5N). The organic layer was extracted using DCM. The organic phase dried
over Na2SO4 was concentrated in a vacuum. The crude product was purified by column
chromatography using silica gel with a mixture of hexane/ethyl acetate (v/v, 100/7) as an
eluent, followed by recrystallization using a hexane/ethanol mixture. Yield = 32-35 %. The 'H,
13C (Figure A15-A20), and HRMS spectra (Figure A21-A23) are given in Appendix I11.

Characterization details of F-n (n =5, 7, 9)

F-5: Yield = 35 %, UV-vis (absorbance in nm): 326, 347, Fluorescence: 372.1H NMR (400
MHz, CDCls, ¢ in ppm) 7.69 (d, J = 3.9 Hz, 3H), 7.66 (s, 3H), 7.23 (d, J = 3.9 Hz, 3H), 5.35
(d,J=5.1Hz, 3H), 4.65-4.57 (m, 3H), 4.31 (t,J =6.4 Hz, 6H), 2.34 — 2.28 (m, 12H), 1.98 -
1.91 (m, 6H), 1.85 — 1.84 (m, 2H), 1.82 — 1.81 (m, 3H), 1.79 — 1.75 (m, 6H), 1.74 — 1.66 (m,
8H), 1.58 - 1.53 (m, 7H), 1.52 —1.45 (m, 16H), 1.44 — 1.39 (m, 6H), 1.33 - 1.29 (m, 9H), 1.25
(s, 8H), 1.23 — 1.18 (m, 3H), 1.15 (d, J = 3.1 Hz, 2H), 1.12 — 1.07 (m, 12H), 1.04 (d, J= 7.0
Hz, 2H), 1.00 (s, 10H), 0.96 —0.92 (m, 5H), 0.89 (d, J = 6.5Hz, 9H), 0.85 (dd, J= 6.6, 1.9 Hz,
18H), 0.65 (s, 9H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.08, 161.56, 139.72, 135.07, 134.41, 133.29,
132.92, 128.99, 123.60, 122.80, 93.38, 83.86, 73.99, 65.41, 56.77, 56.24, 50.12, 42.40, 39.81,
39.63, 38.27, 37.10, 36.69, 36.30, 35.92, 34.66, 32.02, 31.94, 29.83, 28.49, 28.36, 28.14, 27.95,
25.65, 24.83, 24.40, 23.97, 22.96, 22.83, 22.70, 21.14, 19.44, 18.83, 14.27, 11.96.

HRMS (MALDI) for C126H174S3NaO12 (M + Na): calculated — 1998.2065; found- 1998.2014.
FTIR (cmt) 2935, 2866, 1730, 1711, 1452, 1281, 1263, 1089.

F-7: Yield = 33 %, UV-vis (absorbance in nm): 326, 347, Fluorescence: 372.'H NMR (400
MHz, CDCls, ¢ in ppm) 7.68 (d, J = 3.9 Hz, 3H), 7.65 (s, 3H), 7.23 (d, J = 3.9 Hz, 3H), 5.35
(d,J=5.4 Hz, 3H), 4.65—4.56 (m, 3H), 4.29 (t,J =6.6 Hz, 6H), 2.31 — 2.25 (m, 12H), 2.00 -
1.92 (m, 8H), 1.85 (d, J = 2.9 Hz, 3H), 1.83 — 1.80 (m, 5H), 1.77 — 1.71 (m, 9H), 1.64 — 1.61
(m, 7H), 1.56 —1.52 (m, 8H), 1.49 — 1.43 (m, 15H), 1.41 — 1.31 (m, 28H), 1.25 (s, 4H), 1.14 —
1.10 (m, 8H), 1.08 — 1.05 (m, 6H), 1.00 (s, 10H), 0.96 —0.93 (m, 6H), 0.89 (d, J= 6.5 Hz, 9H),
0.85 (dd, J=6.6, 1.8 Hz, 18H), 0.65 (s, 9H).

13C NMR (100 MHz, CDCls, 6 in ppm) 173.32, 161.59, 139.76, 135.18, 134.39, 133.21,
132.89, 128.93, 123.57, 122.75, 122.72, 93.35, 83.83, 73.85, 65.63, 56.77, 56.23, 50.10, 42.40,
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39.82,39.62, 38.27, 37.09, 36.69, 36.29, 35.91, 34.73, 32.01, 31.95, 29.83, 29.04, 28.95, 28.67,
28.35, 28.13, 27.93, 25.86, 25.03, 24.40, 23.96, 22.95, 22.69, 21.13, 19.43, 18.82, 11.96.

HRMS (MALDI) for C132H18sS3NaO12 (M + Na): calculated — 2082.3004; found - 2082.2013.
FTIR (cmt) 2941, 2870, 1733, 1714, 1452, 1280, 1255, 1094.

F-9: Yield = 32 %, UV-vis (absorbance in nm): 326, 347, Fluorescence: 372.1H NMR (400
MHz, CDCls, ¢ in ppm) 7.69 (d, J = 3.9 Hz, 3H), 7.66 (s, 3H), 7.24 (d,J = 3.9 Hz, 3H), 5.36
(d,J=5.0 Hz, 3H), 4.65-4.57 (m, 3H), 4.29 (t, J =6.7 Hz, 6H), 2.32 — 2.24 (m, 12H), 2.02 -
1.92 (m, 6H), 1.87 1.80 (m, 9H), 1.72 (p, J = 7.0 Hz, 7H), 1.64 — 1.57 (m, 12H), 1.56 — 1.51
(m, 8H), 1.50 — 1.40 (m, 18H), 1.32 (s, 32H), 1.24 (d, J = 8.2 Hz, 5H), 1.15 - 1.06 (m, 18H),
1.01 (s, 10H), 0.97 — 0.94 (m, 4H), 0.90 (d, J = 6.5 Hz, 9H), 0.86 (dd, J = 6.6, 1.8 Hz, 18H),
0.66 (s, 9H).

13C NMR (100 MHz, CDCls, § in ppm) 173.29, 161.51, 139.70, 135.15, 134.30, 133.06,
132.78, 128.81, 123.46, 122.61, 93.22, 83.72, 73.70, 65.62, 56.68, 56.13, 50.01, 42.30, 39.73,
39.52, 38.17, 37.00, 36.59, 36.19, 35.81, 34.70, 31.91, 31.85, 29.30, 29.15, 29.06, 28.64, 28.24,
28.03, 27.83, 25.90, 25.04, 24.29, 23.84, 22.84, 22.58, 21.03, 19.33, 18.72, 11.86.

HRMS (MALDI) for C13gH198S3NaO12 (M + Na): calculated — 2166.3943; found- 2166.3967.
FTIR (cm1) 2929, 2853, 1734, 1717, 1455, 1282, 1260, 1092.

4.5 Electron density map

The procedure for reconstructing the electron density map has been adopted from our previous

chapter 2. Briefly, we reproduced here for the reader's convenience.

“The electron density p(X,y,z) of a liquid crystalline phase is linked to its structure factor F(h4l)

by inverse Fourier transformation as follows:
p(x,y,z) = F(hkl) em(hx+ky+1z)
hk

In this formula (h41) are the Miller Indicesand x, y, z are the fractional coordinates in the unit
cell. To calculate the electron density, the complex structure factor F(h41) has to be written as
the product of the phase, ®(h41) and the modulus |F(hA41)| which is proportional to the square

root of the intensity I(hkl) of the observed reflection as shown below:
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F(hKl) = [F(hkD)|e®®K) = [T(RkD)el®kD

The intensities of the different peaks in the diffraction pattern can be estimated from the areas
under each peak after subtracting the background and then applying the relevant geometric and
multiplicity corrections. The only information that cannot be obtained directly from experiment
is the phase, ®(hA4l), foreach diffraction peaks. However, this problem becomes easily tractable
when the structure under study is centrosymmetric, i.e., if p(x, y,z) = p(-X, -y,-z). In that case
F(hkl) can only be real and hence ®(h41) can be either 0 or =. For non-centrosymmetric groups,
the phase may take every value between 0 and 2rt. As the liquid crystalline phases observed
are generally centrosymmetric, it is easy to reconstruct the electron density maps by taking the
value of ®(hA4l) as 0 or n. The “correct” map is subsequently chosen on the merit of the
reconstructed maps along with other physical and chemical knowledge of the system, such as

chemical constituents and their sizes.”

4.6 Quantum Yield Measurement

A direct method of measuring photoluminescence quantum yield (PL-QY) was employed,
whereby a reference sample of known quantum efficiency was used as a comparison;>1:52 the
dye Rhodamine 6G was chosen as the reference as it absorbs in a similar region. With the
optical spectra of both the reference and compound 1 solution in a given solvent, the following

equation was applied:

X (1—-107%)n?
:q)R X —A\~2
r(1-107")n;

Where ‘@’ is the quantum yield, ‘X’ is the integrated area under the emission peak, ‘A’ is the
absorbance at the excitation wavelength, and ‘n’ is the refractive index of the solvent. Each

subscript ‘R’ refers to the respective values of the reference standard.>3
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X-Ray Diffraction Studies:
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Figure A25 Small and wide-angle (inset) X-ray diffraction patterns of the ordered lamellar phase
formed by compound (a) F-7 at60 °C (lam,), (a) F-9 at 65 °C (lam,), h, - fluid cholesterol - cholesterol

chain c

orrelations.

Table Al The observed and calculated d-spacings and corresponding reflecting planes for the

diffraction peaks indexed on the lamellar structure observed at 65°C for the compound F-5, at

60°C for the compound F-7 and at 65°C for the compound F-9. The d-spacing is calculated by

using the relation: d

cal =

%, where h kI are the Miller indices and a is the lamellar periodicity.

(hkl) | d-spacing d-spacing Relative Multiplicity | Phase
Experimental | Calculated Intensity D(hkl)
dobs (A) dcal (A) I(hk)

Compound F-5, calculated value of a=58.85 A
100 58.85 58.85 100.00 2 0
200 29.64 29.42 5.89 2 m
300 19.72 19.62 4.25 2 0
hq 5.74 fluid cholesterol - //
cholesterol chains
Compound F-7, calculated value of a=55.12 A
100 55.12 55.12 100.00 2
300 18.42 18.37 61.43 2
hq 5.60 fluid cholesterol —
cholesterol chains
Compound F-9, calculated value of a=54.63 A
100 54.63 54.63 100.00 2
300 18.24 18.21 74.14 2
hq 5.54 fluid cholesterol —
cholesterol chains
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Thin-film UV-vis spectroscopy:
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Figure A26 Absorption spectra of compounds (a) F-5, (b) F-7, (c) F-9, in thin-film state.

Thin-film emission spectroscopy:
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Figure A27 Emission spectra of compounds (a) F-5, (b) F-7, (c) F-9, in thin-film state.

Fluorescence decay measurements:
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Figure A28 Fluorescence decay curve of compounds (a) F-5, (b) F-7, (c) F-9, in THF solution fitted

by mono-exponential fitting.
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Chapter 5

Color-tunable photoluminescent discotic liquid crystal
based on Perylene - Pentaalkynylbenzene triad

This chapter describes the design and development of a discotic triad, where perylene is
sandwiched between two pentaalkynyl benzene units, linked via a flexible alkyl spacer. The
thermotropic liquid crystalline properties of the compound were analyzed by differential
scanning calorimetry (DSC), polarising optical microscopy (POM), and wide-angle X-ray
diffraction (WXRD) techniques. The compound exhibits columnar oblique (Colon) mesophase
that sustains over a significant temperature range. The corresponding electron density map
was derived from the intensities observed in the diffraction pattern. The photophysical
behaviour of the compound in various solvents of varying polarity has been studied. The
compound shows positive solvatochromism with a significant increase in the Stoke’s shifi of
around 91 nm between toluene and ethanol. The compound shows high fluorescence quantum
yield in non-polar solvents and lowest in polar solvents. The presented luminescent material
with positive solvatochromism will reveal its potential application in fluorescence imaging and

the field of optoelectronic organic materials.

Reproduced/Adapted from (Rani, S.; Gupta, S. P.; Gupta, M.; Pal, S. K. Color-tunable photoluminescent discotic
liquid crystal based on Perylene-Pentaalkynylbenzene triad. Journal of Molecular Liquids 2023, 385, 122202;
https://doi.org/10.1016/j.molliq.2023.122202 ) with the permission from Elsevier
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5.1 Introduction

Liquid crystalline materials (LCs) consisting of self-organized molecules have attracted
growing interest owing to their significant importance as new anisotropic functional soft
materials in many device applications by employing a combination of self-healing,
processability, and aligned directional conduction of either energy or charge.! The
organization and self-assembly of 7 conjugated discotic materials constructing highly ordered
supramolecular architecture have been explored due to their promising application in various
devices such as photoconductors, one-dimensional conductors, photovoltaic devices, organic
light-emitting diodes, field-effect transistors and so on.?'! Mesophase built by discotic
molecules is mainly of two types: columnar and nematic discotics. Self-organized columnar
arrangements are obtained if the discotic mesogens are assemble on top of one another due to
effective n-m interaction between the polyaromatic core with cogent overlap of p orbitals, which
encourage the 1D charge transfer. In general, depending on the degree of organization in the
molecular orientation along the columnar axis, molecular stacking, dynamics/modeling of the
molecules within the columns, and the 2-D lattice symmetry of the columnar arrangement, they
assemble themselves into a different kind of lattice symmetry.2 A large number of the discotic
mesogens, such as substituted benzenes,'3-17 triphenylenes,18-20 pentaalkynylbenzene,?1-%
perylene,24-30  porphyrins,31-33  and  phthalocyanines,3*-38  tetrathienoanthracene,
heterocoronene,*® heptazine,*! anthraquinone*? have been synthesized to probe their
mesophase arrangement as well as the physical properties. Other materials having a non-disc
organization are also used as the constructing unit for the discotic columnar and nematic liquid

crystals.

Among the various discotic mesogens, perylene derivatives have evolved as one of the most
thoroughly explored class of discotic liquid crystal molecules because of their easy
functionalization, w-conjugation, extended rigid planar backbones, high chemical and thermal
stability, extreme luminescence, large band gap, and n-type semiconductor properties. The
confined strong m-m interactions of the perylene chromophores, which accelerates the molecule
aggregation, are responsible for the optical and electrical properties of these molecules. These
aggregations also provide a way for efficient electron conduction within the aggregates.?
Highly efficient n-n transition within perylene molecules exhibit strong visible light absorption
and fluorescence, which is very important for optical sensors based on colorimetric modulation

or fluorescence.?* Perylene cores can have their structural properties changed easily through
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chemical synthesis by substituting different elements in the ortho, bay, and imide positions.
This addition of substituents at different positions can induce various effects on packing
structures, solubility, spectroscopic and redox properties.?443 Modifications at imide positions
directly affect the solubility and aggregation of perylene molecules; as a result, this will lead

to different solvation behaviour and accompanying photophysical patterns.43

In general, various soft groups easily produced perylene-based liquid crystals by decorating
imide and bay positions.2°-2° A literature survey reveals a wide range of perylene-based dyads
and triads exhibiting liquid crystalline behaviour, which could be effectively mediated by the
numbers and structures of soft chains at the different positions.214445 Non-symmetric liquid
crystalline materials made up of two independent mesogenic units have piqued the interest of
researchers because they can combine the both discrete mesogenic units into one component.
Therefore, one can combine two mesogenic units according to their interests to create a new
liquid crystalline material. Perylene derivatives mainly favour the columnar organization due
to strong m-m interacting rigid core. Pentaalkynyl benzenes, on the other hand, are the highly
studied discotic nematic columnar unit in the literature.1°-22 The discotic nematic mesophase in
pentaalkynylbenzene results from the ethynyl linkers' rotational freedom, which restricts the

powerful columnar stacking of pentaalkynylbenzene.

Herein, we have reported a new molecular design of discotic liquid crystal triad based on
perylene core, in which perylene is sandwiched between two multialkynyl units at the imide
position to construct the functional smart material. This strategy of combining two mesogenic
units with different structural organizations inspired us to gain complete structural
understanding of the packing of the molecule in the phase arrangement. Asa result, this strategy
accelerates the supramolecular self-assembly of the hybrid triad in a columnar arrangement. In
addition, this triad exhibited high fluorescence quantum yield and a quantifying fluorescence
response with different solvents according to the polarity of the different solvents, i.e., positive
solvatochromic behaviour. Furthermore, we carried out systematic photophysical studies of the
molecule to get deep insights of the solvatochromic behaviour. We believe that such
solvatochromic behaviour of discotic liquid crystals can potentially be used for fluorescence

imaging, display applications and various optoelectronic applications.
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5.2 Result and discussions
5.2.1 Synthesis, Structural Characterization and Thermal stability

The target compound 1 was prepared using the synthetic route depicted in Scheme 5.1. The
synthesis of intermediate compounds 2 and 3 have been reported earlier.219:21 The final
compound 1 was synthesized by reacting amine substituted pentaalkynyl unit with perylene-
3,4,9,10-tetracarboxylic dianhydride in dry DMF with a catalytic amount of acetic acid. The
mixture was maintained at 90 °C for 48 h, resulting in the final material in a 30% vyield (after
chromatographic purification). It was then structurally and analytically characterized by H
NMR, BCNMR, FT-IR, HRMS (Figure A1 - A11) and absorption/emission spectroscopy. The
thermal stability of synthesized compound 1 was determined using thermogravimetric analysis
(TGA) (Figure A12); apparently compound 1 is stable up to 250 °C.

r Br B 11
Br. Br Br. Br " B 0
1) () ()
Br gr U o L E—— — W
* ™Nvh N Br OW\N + sHy
Br Br r Br
' ' ’ l

Scheme 5.1 (1) K,COs, Acetone, 48 h, 80 °C, 82 % (I1) Potassium phthalimide, Butanone, 48 h, 80 °C,
86 % (I11) Pd(PPhs),Cl,, Cul, PPh;, NEt;, 48 h, 90 °C, 60 %, (IV) NH,NH,.H,O, Ethanol, 24 h, 70 °C,
74 % (V) Acetic Acid, DMF, 48 h, 90 °C, 30 %.

5.2.2 Mesomorphic behaviour

To determine the phase behaviour of the synthesized compound 1, polarizing optical
microscopy (POM), differential scanning calorimetry (DSC), and wide-angle X-ray diffraction
(WXRD) studies by the variation of temperature, were performed. Under POM, compound 1
displayed a highly fluidic birefringent texture with the growth of smaller domains,*
mesophases appeared at 56 °C during heating and cleared at 114 °C (Figure 5.1a). Upon
cooling, the reappearance of textures was not observed. The birefringence was observed when

the compound 1 was kept at ambient temperature for almost 24 hours, and this can be explained
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possibly due to the impotence of the mesogens to overcome the rotational freedom that the
molecules have acquired in their isotropic form and consequently take one day to reassemble.
Similar behaviour was also observed in the DSC study (Figure 5.1b, Table 5.1); the
thermogram was recorded in the temperature range of 30 °C to 130 °C. In the first heating
cycle, one endothermic peak was observed at 54 °C (4H = 14.61 kJ/mol), which denotesthe
crystalline to mesophase transition and second endothermic peak at 116 °C (4H = 31.48
kJ/mol), which corresponds to the mesophase to isotropic transition. The transition temperature
and respective enthalpy transition are listed in Table 5.1. Previously, there was a report from
our lab based on multialkynyl and triphenylene units, where these two moieties were connected
via a triazole unit. In this report, the pure compound display Col: structure, but on cooling,
these materials took time to reassemble and show a less ordered smectic phase. But after doping

with trinitroflourenone (TNF), these materials exhibit the enantiotropic Coln phase.2°

Table 5.1 Thermal behaviour of compound 1.2
C Heating Scan Cooling Scan

1 Cr 54 [14.61] Colop 116 [31.48] Iso Iso

4Enthalpy values in parentheses in kJ/mol and temperatures in °C. Abbreviations: C =
compound; Cr = crystalline solid; Col,, = columnar oblique; Iso = isotropic liquid.

Based on a thorough microscopic examination, it was observed that, once the compounds were
heated to an isotropic temperature, it took almost 24 hours for them to get back together
effectively into the discotic columnar mesophase. The detailed study of the supramolecular
organization of compound 1 in the columnar mesophase was studied by the wide-angle X-ray
diffraction technique (Figure 5.1c). The compound exhibits a columnar oblique (Colob) phase
in the mesophase temperature range. The X-ray diffraction pattern of the compound shows
many narrow Bragg’s peaks in the wide-angle regime. These peaks could be indexed on the

oblique lattice, and d-spacing could be calculated by using the relation: d., =

sin (a)
h2? k2 2h kcos (a)
a2 ' b2 ab

; where (hk) is the Miller indices of the reflections corresponding to the

obligue lattice; a, and b & « are the unit cell parameters, o is the angle between a and b. The
calculated lattice parameters at 70 °C temperature is found tobe a =27.46 A,b =51.92 A & a
= 115.65°. Further, the X-ray diffraction pattern of the compound shows two non-Bragg’s
reflections, namely, ha and he, in the wide-angle regime with d-spacing 4.97 A and 3.95 A,

respectively (Figure 5.1c, Table 5.2). The ha peak denotes the fluid chain-chain correlations,
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whereas hc peak refers the m-m interaction between the discotic cores and confirms the

occurrence of columnar structure. Therefore, the observed phase is columnar oblique (Colob).
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Figure 5.1 (a) POM microphotograph of the optical texture of Col,, phase formed by compound 1 at
70 °C, (b) DSC thermogram of compound 1, and (c) Wide angle X-ray diffraction and 2-D diffraction
pattern (inset) of Col,, phaseat 70 °C, ha — due to alkyl chain -chain correlation and hc — due to disc-

disc correlation.

5.2.3 Electron density maps

Further, to have a better understanding of the arrangement of molecules in the columnar oblique
phase, electron density maps2 have been designed by using the information of peak Miller
planes and their intensities. The electron density map for the compound is shown in Figure
5.2a. Deep red represents the high electron density, and deep blue represents the low-density
part. Following the information of the reconstructed electron density map, a two-dimensional

projection of the arrangement of the compound corresponding to Colop phase is also shown in
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Figure 5.2b. The compound consists of two pentaalkynylbenzene groups connected through
perylene. The perylene group is keen to form the column and exhibit columnar structure,
whereas pentaalkynylbenzene group does not like to form a columnar phase and shows the

discotic nematic arrangement.

Table 5.2 The Indices observed and calculated d-spacings and planes of the diffraction peaks
of the oblique lattice observed at 70 °C for compound 1. The lattice parameters are a = 27.46

A, b =51.92 A and a = 115.65°. ha - alkyl chain-chain correlation, hc — disc-disc correlation.

Calculated d-spacing by using the relation: d,; = — i;n i:‘iws —.
a? ' p2 ab
(hk) d-spacing d-spacing Relative = Multiplicity Phase
Experimental Calculated Intensity D(hkl)
dovs (A) dear (A) I(hk)

02 23.40 23.40 100.00 2 0
11 18.78 18.78 72.18 2 0
12 14.21 14.21 48.57 2 n
04 11.89 11.70 47.08 2 0
21 10.99 10.86 44.36 2 T
-25 9.98 9.77 1 1 1
-33 9.15 9.10 1 1 1
30 8.13 8.25 Il Il Il
31 7.63 7.58 1 I 1
07 6.75 6.69 1 I 1
33 6.41 6.26
08 5.98 5.85
18 5.08 5.21
ha 497 Fluid alkyl

chain-chain

correlation
36 468 4.74
28 421 458
60 4.16 4.12
he 3.95 7-T interaction

between disc core

However, pentaalkynylbenzene group connected with perylene is found to display a variety of

columnar phases. In the present case, as observed, the columnar forming nature of the perylene
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group led to the formation of columnar oblique phase. The two-dimensional projection of the

phase can be better understood by the schematic as shown in Figure 5.2c.

Figure 5.2 (a) Electron density map of compound 1 in Col,, phase, red colour represents the high
electron density region and blue is the lowest. The rectangle (pink colour) represents the unit cell of the
Col,, phase with lattice parameters a and b, (b) Arrangements of molecules in Col,, phase, and (c)
Schematic showing the self-assembly behaviour of compound 1 in columnar arrangement.

5.2.4 Photophysical behaviour

Compound 1 exhibits good absorption and emission properties. Figure 5.3 shows the UV
absorption (Figure 5.3a) and fluorescence emission (Figure 5.3b) spectra of compound 1 in
different solvents (10-> M) with increasing polarity. Both spectra show a bathochromic shift

with increasing polarity of the solvent. As shown in Figure 5.3b, compound 1 shows a sharp
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and structured emission in nonpolar solvents, whereas, in high polarity, it shows a broad and
structureless emission because of agglomerate formation. The agglomeration can be proved by
a temperature-dependent UV experiment in ethanol (Figure 5.4a) and DMF (Figure 5.4b); with
increasing the temperature, the peaks are more structured. Also, it is very clear from Figure
5.3b that the solvent induces a shift in the emission spectra that is larger than the shift in the

absorption spectrum.

0.6
Ethanol
a e ACN
f——DMSO
0.5 - DMF
Ethyl Acetate|
DCM
. THF
— Toluene

0.0 < T T = l‘k T l\'— T T
300 350 400 450 S00 S50 600 650 700

Wavelength (nm)

p= E thanol
e DM S O
e DM F
Ethyl Acetate
DCM
. THF
" [~ Toluene

550 600 650 700 750 800
Wavelength (nm)

Figure 5.3 (a) Absorption and (b) Emission spectra of compound 1 in solvents of different polarities
(10°° M). Optical photographs of compound 1 in different solvents (c) in daylight, and (d) under UV
light.

The observed shifts are dependent on the dielectric constant and nature of the solvent (polar
and non-polar)*®, and here we observed an impressive increase in the Stokes’ shift of almost
91 nm between toluene and ethanol. The Stokes shift value increased notably with increasing

the solvent polarity, indicating the presence of a different charge distribution in the excited
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state (S1), than in the ground state (So).4”-48 The shift observed in the spectral band with various
solvents appeared from the high reaction field that a solute molecule experiences due to the
polarization of the surroundings solvent molecules.*® The solvent-induced Stoke’s shift is
visible in the photograph (Figure 5.3c and 5.3d), where Figure 5.3c is under normal light, and
Figure 5.3d is captured under UV light. Table 5.3 summarises the emission maxima, absorption
maxima, Stokes’ shift and fluorescence quantum yield values of the compound in the different
solvents (10-°> M). In the same solvents, the quantum yield was also calculated to assess the
solvent effect. Inthe calculated quantum yield summarized in Table 5.3, compound 1 exhibited
the very high quantum yield value of 0.72 in toluene, whereas it is found to be the lowest value
of 0.04 and 0.07 in ethanol and DMF, respectively. These results indicated that the solute and

solvents led to a change in the transition state accountable for the shifts in the emission

maxima.*?
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Figure 5.4 Temperature-dependent UV-vis spectrum of compound 1 in (a) Ethanol and (b) DMF

solvent.

Further, the solvent-dependent spectral shifts are described by the Lippert Mataga Plot, which
defines a plot of Stokes’ shift versus orientation polarizability (Af) of the solvent. This
explained Stokes' shift in terms of changes in the dipole moment of fluorophore upon excitation
and the dependence of energy of the dipole on the refractive index and dielectric constant of
the solvent. For compound 1, the plot of Stokes’ shift versus orientation polarizability (Figure
A13) shows a weak correlation, and this generally explains that the best correlation of the
Lippert mataga plot is observed for the stronger electron donor-acceptor system. In contrast,

for the weak electron donor-acceptor, the correlation is not as good.#%:50
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Table 5.3 Photophysical properties of compound 1.

Solvents Aabs Aem Stokes n° & Af € o
(max)/nm = (max)/nm = Shift/cm?

Ethanol 560 667 2864.6 1.36 24.5 0.29 0.04
DMSO 546 664 32548 1.48 46.7 0.26 0.14
DMF 550 578 880.8 1.43 36.7 0.27 0.07
EtOAC 537 611 2255.4 1.37 6.0 0.28 0.22
DCM 527 578 1674.3 1.42 8.9 0.20 0.14
THF 524 570 1540.1 1.41 76 0.22 0.26
Toluene 535 576 13305 1.50 2.4 0.21 0.72

aRefractive Index; °Dielectric Constant; °Solvent Polarity; “Fluorescence Quantum Yield.
Quantum yield was measured by using Rhodamine (10-° M) in ethanol as a standard.

5.2.5 Electrochemical properties and DFT calculations

To investigate the electronic energy states and oxidation/reduction potential, cyclic
voltametery (CV) was carried out. The CV experiment was performed by using a millimolar
solution of the compound in oxygen-free DCM at a scan rate of 50 mVst. A 0.1 M solution of
TBAH was used as a supporting electrolyte. The experimental condition for CV, and
electrochemical data for compound 1 (Figure 5.5a) and ferrocene (Figure A14) are listed in
Table 5.4. The compound shows reversible oxidation and reduction potentials (Figure 5.5a).
The HOMO and LUMO energy levels are found to be -5.83 eV and 3.46 eV, respectively. The
electrochemical band gap was calculated as AEgcv = ELumo - Enomo and found to be 2.37 eV.
The optical band gap was calculated from the absorption data and estimated to be 2.18 eV
(Table 5.4). Further, the density functional theory (DFT) calculations using Gaussian 09
software with B3LYP/ 631G (d,p), were performed to calculate the energy minimized

structures. The frontier molecular orbitals of compound 1 are shown in Figure 5.5b.

5.3 Conclusions

We have systematically presented the synthesis and characterization of perylene — pentaalkynyl
benzene-based triad, where perylene is connected to two pentaalkynylbenzene units via flexible
alkyl chain. Detailed characterization using POM, DSC and WXRD established that compound
1 exhibited the columnar oblique arrangement in the mesophase temperature range. As clearly
revealed from the studies that, by combining discotic nematic (pentaalkylnylbenzene) and

discotic columnar moiety (perylene) in the same molecule, give
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Figure 5.5 (a) Cyclic voltagram and (b) HOMO — LUMO frontier orbitals of compound 1.

rise to the formation of discotic columnar mesophase. Hence, the strong n-n interaction ability

of perylene is dominated in the final columnar mesophase organization. The luminescent
behaviour of perylene is also preserved. In addition, the effect of various solvents of different
polarity on the photophysical properties of compound 1 was studied. We observed a positive
solvatochromism with a significant increase in the Stoke’s shift of around 91 nm from non-
polar (toluene) to polar (ethanol) solvents. Compound 1 displays good fluorescent quantum

yield in non-polar solvents. These findings imply that this molecule has potential application

in fluorescence imaging as well as optoelectronics.

Table 5.4 Electrochemical properties of compound 1.2
C Aonset UV

(nm)

1

AEg,UVb on,onset
(eV) V)
2.18 1.54

Eredonset (V) Enomo® ELumo’ AEgcv®
(eV) (eV) (eV)
-0.82 -5.83 -3.46 2.37

#Recorded in DCM solution (mM). Experimental conditions: reference electrode used was
Ag/AgNO;, counter electrode used was platinum wire, glassy carbon used as working electrode,
tetrabutylammoniumperchlorate (TBAP) (0.1 M) acts as supporting electrolyte. "Optical Band gap
obtained from the red edge of the longest wavelength in the UV — vis absorption spectrum.
Calculated as: AEq4yy (optical band gap) = 1240/ Agnser,uv. ‘Estimated from the formula Eyomo = -
(4.8 - E1jzrere” + Eoxdonset) €V, Where Eij pere” = 0.52 V. “Obtained from the formula E_ymo = -(4.8
- Evarere” + Eredonset) €V. °Electrochemical band gap: AEqcv = ELumo - Enomo. Abbreviation: C —

compound.

181



Chapter 5

5.4 Experimental section

5.4.1 General procedure for the synthesis of compound 2:

In a round bottom flask (R.B), pentabromophenol (1 equiv.), potassium carbonate (5 equiv.)
and alkyl bromide (5 equiv.) were dissolved in 30 mL acetone and refluxed at 80 °C for 48 h.
After completion of the reaction, the acetone was evaporated and extracted with DCM. The
reaction mixture was purified by column chromatography in 60-120 silica gel by using hexane
as eluent. Yield = 82 %. The H (Figure A1) and 13C NMR (Figure A2) spectrum are given in
Appendix V.

Characterization details of compound 2:

LH NMR (400 MHz, CDCls, d in ppm) 3.99 (t, J = 6.6 Hz, 2H), 3.42 (t, J = 8 Hz, 2H), 1.87 (p,
J=7.0Hz, 4H), 1.54 — 1.43 (m, 4H), 1.43 — 1.36 (m, 4H).

13C NMR (100 MHz, CDCls,  in ppm) 171.24, 154.47, 135.53, 132.50, 128.38, 124.56,
121.88, 73.32, 64.48, 29.76, 28.56, 25.79, 25.51, 21.07.

FTIR (cmt) 2945.3, 1463.6, 1419.3, 1341.8, 1238.9, 1036.4, 983.8, 892.8.
5.4.2 General procedure for the synthesis of compound 3:

A mixture of compound 2 (1 equiv.), potassium phthalimide (3 equiv.) in 50 mL of butanone
was heated under reflux for 48 h. After completion of the reaction, butanone was evaporated
and extracted with DCM. The organic solution was washed with water (50 mL) twice and brine
(20 mL) and dried over sodium sulphate. After the solvent was removed under reduced
pressure, the resulting residue was purified by column chromatography (60-120 silica gel,
hexane/EtOAcC as eluent) to give 3. Yield = 86 %. The 'H (Figure A3) and 13C NMR (Figure
A4) spectrum are given in Appendix V.

Characterization details of compound 3:

LIH NMR (400 MHz, CDCls, § in ppm) 7.84 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J=5.4, 3.1 Hz,
2H), 3.97 (t,J = 6.5 Hz, 2H), 3.68 (t, J = 7.3 Hz, 2H), 1.84 (h, J = 6.8 Hz, 2H), 1.68 (p, J = 7.1
Hz, 2H), 1.50 (p, J = 6.9, 6.3 Hz, 2H), 1.39 — 1.33 (m, 6H).
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13C NMR (100 MHz, CDCls, & in ppm) 171.24, 154.47, 128.38, 124.56, 121.88, 73.32, 64.48,
29.76, 28.56, 25.79, 25.51, 21.07.

FTIR (cmt) 2943.1, 2859.4, 1735.6, 1523.3, 1467, 1418.3, 1341.7, 1236.6, 1037.2, 983.3,
891.4.

5.4.3 General procedure for the synthesis of compound 4:

The sonogashira of compound 3 (1 equiv.) was done by taking 50 mL of dry triethylamine in
a round bottom flask which was degassed for 30 min, and then compound 3 was added,
followed by the addition of Pd(PPhs)2Clz (0.1 equiv.), Cul (0.1 equiv.) & PPhz (0.2 equiv.).
The mixture was stirred for 15 min, followed by the gradual addition of 4-
pentylphenylacetylene. The reaction mixture was stirred at 90 °C for 48 h under a nitrogen
atmosphere & after cooling to room temperature, it was poured into 50 mL of 5 M HCI. After
extracting the reaction mixture with DCM, the compound was purified in 100-200 silica gel by
using hexane/EtOAc as an eluent. Yield = 60 %. The *H (Figure A5) and ¥C NMR (Figure
A6) spectrum are given in Appendix 1V.

Characterization details of compound 4:

LIH NMR (400 MHz, CDCl3, § in ppm) 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.69 (dd, J=5.5, 3.0 Hz,
2H), 7.56 — 7.47 (m, 10H), 7.20 — 7.14 (m, 10H), 4.34 (t, J = 6.4 Hz, 2H), 3.65 (t, J = 8 Hz,
2H), 2.63 (t, J = 7.8 Hz, 10H), 1.91 (p, J = 6.5 Hz, 2H), 1.68 — 1.59 (m, 16H), 1.37 — 1.30 (m,
24H), 0.93 — 0.88 (m, 15H).

13C NMR (100 MHz, CDCls, § in ppm) 168.45, 144.02, 143.95, 133.84, 132.20, 131.80,
131.60, 128.57, 123.15, 120.50, 120.14, 84.06, 38.05, 35.99, 31.50, 30.98, 29.73, 29.50, 28.60,
22.56, 14.07.

FTIR (cm™) 3027.2, 2925.7, 2855.5, 2207.1, 1772.4, 1713.3, 1606.5, 1510.8, 1395.5, 1367.3,
1180.7, 1020.2, 969.4, 838.2.

5.4.4 General procedure for the synthesis of compound 5:

Compound 4 (1 equiv.) was dissolved in hot ethanol (50 mL), and aqueous hydrazine hydrate
(3 mL, 85 %) was added. The reaction mixture was heated under reflux for 24 h. After the

mixture was cooled, water and DCM were added. The organic layer was washed with water
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and brine, dried (Na2SO4) and concentrated. The crude material was purified by column
chromatography (silica gel, DCM/Methanol 15:1). Yield = 74 %. The 1H (Figure A7) and 3C
NMR (Figure A8) spectrum are given in Appendix IV.

Characterization details of compound 5:

IH NMR (400 MHz, CDCls, & in ppm) 7.53 — 7.47 (m, 10H), 7.17 — 7.13 (m, 10H), 4.32 (t, J
= 6.3 Hz, 2H), 2.92 (t, J = 7.7 Hz, 2H), 2.61 (t, J = 8 Hz, 10H), 1.92 — 1.85 (m, 2H), 1.66 —
1.57 (m, 16H), 1.35 — 1.30 (m, 24H), 1.28 (s, 2H), 0.92 — 0.86 (m, 15H).

13C NMR (100 MHz, CDCls, § in ppm) 170.00, 160.11, 144.10, 131.79, 131.58, 128.58,
120.48, 120.02, 99.66, 87.04, 84.10, 39.60, 35.99, 31.96, 31.50, 31.00, 30.97, 30.34, 29.73,
29.45, 29.40, 26.78, 26.05, 23.35, 22.73, 22.56, 14.07.

FTIR (cm't) 3291.9, 3027.4, 2925.3, 2855.2, 2207.9, 1653.6, 1554.2, 1511.9, 1461.6, 1425,
1374, 1347.8, 1180.8, 1113.9, 1082.6, 1019.7, 973, 837.7.

5.4.5 General procedure for the synthesis of compound 1:

Compound 5 (1 equiv.) was dissolved in DMF (10 mL). 3,4:9,10-Perylenetetracarboxylic
dianhydride (0.6 equiv.) and acetic acid (0.3 equiv.) were added tothe solution, and the mixture
was heated to 85 °C for two hours under Argon. Then 0.4 equivalent of 3,4:9,10-
Perylenetetracarboxylic dianhydride was added, and the reaction was maintained at 90 °C for
48 h. The mixture was cooled to room temperature and extracted with diethyl ether. The crude
product was purified by repeated column chromatography in 100-200 silica gel by using
hexane/EtOAcC as an eluent. Yield = 30 %. The HRMS (Figure A9), 'H (Figure A10) and 3C
NMR (Figure A11) spectrum are given in Appendix V.

Characterization details of compound 1:

IH NMR (400 MHz, CD2Clz, 8 in ppm) 8.19 (d, J = 7.8 Hz, 4H), 7.97 (d, J = 8.3 Hz, 4H), 7.45
—7.35 (M, 20H), 7.23 — 7.15 (m, 20H), 4.13 (t, J = 6.1 Hz, 4H), 3.91 (t, J = 7.2 Hz, 4H), 2.66
(t, J = 7.8 Hz, 20H), 1.81 — 1.73 (m, 6H), 1.69 — 1.64 (m, 22H), 1.55 (s, 6H), 1.41 — 1.33 (m,
50H), 0.92 (g, J = 6.9 Hz, 30H).
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13C NMR (100 MHz, CD2Clp, & in ppm) 159.97, 144.42, 144.28, 144.07, 131.48, 130.53,
128.60, 128.52, 128.14, 122.73, 120.18, 120.03, 119.75, 99.30, 86.69, 83.76, 35.91, 31.52,
30.94, 22.55, 13.83,

HRMS (MALDI) for C1g2H190N2KOs (M + K): calculated — 2538.4261; found- 2538.5713.

FTIR (cm) 3030, 2926.8, 2856, 2208, 1694.2, 1657.8, 1595, 1512.2, 1425.8, 1404.1, 1347.2,
1257.4,1179.2, 1088.2, 968.6, 838.9, 811.

5.5 Electron density map

The procedure for reconstructing the electron density map has been adopted from our previous

reports.2%-51 Briefly, we reproduced here for the reader's convenience.

“The electron density p(X,y,z) of a liquid crystalline phase is linked to its structure factor F(h41)

by inverse Fourier transformation as follows:

p(x,y,z) = F(hkl) em(hx+ky+lz)
hk

In this formula (h41) are the Miller Indicesand x, y, z are the fractional coordinates in the unit
cell. To calculate the electron density, the complex structure factor F(h41) has to be written as
the product of the phase, ®(h41) and the modulus |F(h/41)| which is proportional to the square
root of the intensity I(hkl) of the observed reflection as shown below:

F(hkl) = |F(hkD)|e!®™D = [I(hkl)e!®kD
The intensities of the different peaks in the diffraction pattern can be estimated from the areas
under each peak after subtracting the background and then applying the relevant geometric and
multiplicity corrections. The only information that cannot be obtained directly from experiment
Is the phase, ®(h41), foreach diffraction peaks. However, this problem becomes easily tractable
when the structure under study is centrosymmetric, i.e., if p(x, y,z) = p(-X, -y,-z). In that case
F(hkl) can only be real and hence ®(h4l) can be either 0 or . For non-centrosymmetric groups,
the phase may take every value between 0 and 2rt. As the liquid crystalline phases observed
are generally centrosymmetric, it is easy to reconstruct the electron density maps by taking the
value of ®(h4l) as 0 or n. The “correct” map is subsequently chosen on the merit of the

reconstructed maps along with other physical and chemical knowledge of the system, such as

chemical constituents and their sizes.”
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5.6 Quantum Yield Measurement

A direct method of measuring photoluminescence quantum yield (PL-QY) was employed,
whereby a reference sample of known quantum efficiency was used as a comparison;2:>3 the
dye Rhodamine 6G was chosen as the reference as it absorbs in a similar region. With the
optical spectra of both the reference and compound 1 solution in a given solvent, the following

equation was applied:

X (1-10"")n?
" X (1-10")n?

Where ‘@’ is the quantum yield, ‘X’ is the integrated area under the emission peak, ‘A’ is the
absorbance at the excitation wavelength, and ‘n’ is the refractive index of the solvent. Each

subscript ‘R’ refers to the respective values of the reference standard.%*

5.7 The Lippert-Mataga Plot
The expression for Af (e, n), given as,

e-1 n*-1

Af (g,n) = -
(&) 2¢6+1 2n*+1

Where ¢ and n are the dielectric constant and refractive index of the solvents, respectively.

5.8 Author Contributions

SR, MG and SKP conceptualised the project. SR performed all the experiments and analysed
the data. SPG analysed the SAXS/WAXS data. All authors have given approval to the final

version of the chapter.

5.9 Acknowledgements

Dr. S. K. Pal is grateful to the CRG-SERB project no CRG/2019/000901/OC for financial
support. SR thank CSIR for fellowship with file no (09/947(0091)/2017-EMR-I). We are
thankful to IISER Mohali for central and departmental facilities.

186



Chapter 5

References

1.

10.

Gupta, M.; Bala, I.; Pal, S. K. A room temperature discotic mesogenic dyad based-on
triphenylene and pentaalkynylbenzene. Tetrahedron Letters 2014, 55, 5836-5840.

Eccher, J.; Faria, G. C.; Bock, H.; von Seggern, H.; Bechtold, I. H. Order Induced Charge
Carrier Mobility Enhancement in Columnar Liquid Crystal Diodes. ACS Appl. Mater.
Interfaces 2013, 5, 11935-11943.

Leng, S.; Chan, L. H.; Jing, J.; Hu, J.; Moustafa, R. M.; Van Horn, R. M.; Graham, M. J.;
Sun, B.; Jeong, K.-U.; Kaafarani, B. R.; Zhang, W.; Harris, F. W.; Cheng, S. Z. D. From
crystals to columnar liquid crystal phases: molecular design, synthesis and phase structure
characterization of a series of novel phenazines potentially useful in photovoltaic
applications. Soft Matter 2010, 6, 100-112.

Kaafarani, B. R. Discotic Liquid Crystals for Opto-Electronic Applications. Chem. Mater.
2011, 23, 378-396.

Haverkate, L. A.; Zbiri, M.; Johnson, M. R.; Deme, B.; de Groot, H. J. M.; Lefeber, F.;
Kotlewski, A.; Picken, S. J.; Mulder, F. M.; Kearleys, G. J. On the Morphology of a

Discotic Liquid Crystalline Charge Transfer Complex. J. Phys. Chem.B 2012, 116, 13098-
13105.

lino, H.; Hanna, J. Ambipolar charge carrier transport in liquid crystals. Opto-Electron.
Rev. 2005, 13, 295.

Kasdorf, O.; Vollbrecht, J.; Ohms, B.; Hilleringmann, U.; Bock, H.; Kitzerow, H. S.
Enhanced organic light-emitting diode based on a columnar liquid crystal by integration in
a microresonator. Int. J. Energy Res. 2014, 38, 452-458.

Demus, D.; Goodby, J.; Gray, G. W.; Spiess, H.-W.; Vill, V. Wiley-VCH 1998, 2B, Chapter
IX.

Vande Craats, A. M.; Warman, J. M.; Haas, M. P. D.; Adam, D.; Simmerer, J.; Haarer, D.;
Schuhmacher, P. The mobility of charge carriers in all four phases of the columnar discotic
material hexakis(hexylthio)triphenylene: Combined TOF and PR-TRMC results. Adv.
Mater. 1996, 8, 823-826.

Van de Craats, A. M.; Warman, J. M. The Core-Size Effect on the Mobility of Charge in
Discotic Liquid Crystalline Materials. Adv. Mater. 2001, 13, 130-133.

187



Chapter 5

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Markovitsi, D.; Marguet, S.; Bondkowski, J.; Kumar, S. Triplet Excitation Transfer in
Triphenylene Columnar Phases. J. Phys. Chem. B 2001, 105, 1299-1306.

Gupta, S. P.; Gupta, M.; Pal, S. K. Highly Resolved Morphology of Room-Temperature
Columnar Liquid Crystals Derived from Triphenylene and Multialkynylbenzene Using
Reconstructed Electron Density Maps. Chemistry Select 2017, 2, 6070-6077.

Chandrasekhar, S.; Sadashiva, B. K.; Suresh, K. A. Liquid crystals of disc-like molecules.
Pramana 1977, 9, 471-480.

Tabushi, I.; Yamamura, K.; Okuda, Y. Liquid Crystals. 1. f-Oxygen Effect on Stabilization
of Hexakis(acyloxy)benzene Mesophase. J. Org. Chem. 1987, 52, 2502-2505.

Collard, D. M; Lillya, C. P. Control of Thermal Phase Behavior of Disklike Molecules by
Modification of Side-Chain Structure. J. Am. Chem. Soc. 1989, 111, 1829-1830.

(@) Pugh, C.; Percec, V. Columnar mesophases of cyclic trimers of disubstituted acetylenes.
J. Mater. Chem. 1991, 1, 765-773; (b) Chang, J. Y.; Yeon, J. R.; Shin, Y. S.; Han, M. J.;
Hong, S. K. Synthesis and Characterization of Mesogenic Disklike Benzenetricarboxylates

Containing Diacetylenic Groups and Their Polymerization. Chem. Mater. 2000, 12, 1076-
1082.

Ito, S.; Ando, M.; Nomura, A.; Morita, N.; Kabutom, C.; Mukai, H.; Ohta, K.; Kawakami,
J.; Yoshizawa, A.; Tajiri, A. Synthesis and Properties of Hexakis(6-octyl-2-

azulenyl)benzene as a Multielectron Redox System with Liquid Crystalline Behavior. J.
Org. Chem. 2005, 70, 3939-3949.

Kong, X.; He, Z.; Zhang, Y.; Mu, L.; Liang, C.; Chen, B.; Jing, X.; Cammidge, A. N. A
Mesogenic Triphenylene—Perylene—Triphenylene Triad. Org. Lett. 2011, 13, 4.

Gupta, M.; Gupta, S. P.; Rasna, M. V.; Adhikari, D.; Dhara, S.; Pal, S. K. A new strategy
towards the synthesis of a room-temperature discotic nematic liquid crystal employing
triphenylene and pentaalkynylbenzene units. Chem. Commun. 2017, 53, 3014-3017.

Bala, I.; Yang, W. Y.; Gupta, S. P.; De, J.; Yadav, R. A. K.; Singh, D. P.; Dubey, D. K;
Jou, J. H.; Doualid, R.; Pal, S. K. Room temperature discotic liquid crystalline triphenylene-
pentaalkynylbenzene dyads as an emitter in blue OLEDs and their charge transfer
complexes with ambipolar charge transport behaviour. J. Mater. Chem. C 2019, 7, 5724-
5738.

188



Chapter 5

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Bala, 1.; Gupta, S. P.; De, J.; Pal, S. K. Room-Temperature Columnar Nematic and Soft

Crystalline Columnar Assemblies of a New Series of Perylene-Centred Disc Tetramers.
Chem.Eur.J. 2017, 23, 12767-12778.

Gupta, M.; Pal, S. K. The first examples of room temperature liquid crystal dimers based
on cholesterol and pentaalkynylbenzene. Liquid Crystals 2015, 42, 1250-1256.

Gupta, M.; Mohapatra, S. S.; Dhara, S.; Pal, S. K. Supramolecular self-assembly of thiol
functionalized pentaalkynylbenzene-decorated gold nanoparticles exhibiting a room
temperature discotic nematic liquid crystal phase. J.Mater. Chem. C 2018, 6, 2303-2310.

Chen, S.; Xue, Z.; Gao, N.; Yang, X.; Zang, L. Perylene Diimide-Based Fluorescent and
Colorimetric Sensors for Environmental Detection. Sensors 2020, 20, 917.

Zhu, M.; Chen, Y.; Guo, H.; Yang, F.; Songa, X. Perylene liquid crystals with multiple
alkyl chains: investigation of the influence of peripheral alkyl chain number on

mesomorphic and photophysical properties. New J. Chem. 2018, 42, 8998-9005.

Gupta, R. K.; Das, D.; Gupta, M.; Pal, S. K.; lyer, P. K.; Achalkumar, A. S.
Electroluminescent room temperature columnar liquid crystals based on bay-annulated
perylene tetraesters. J. Mater. Chem. C 2017, 5,1767-1781.

Gupta, S. K.; Setia, S.; Sidig, S.; Gupta, M.; Kumar, S.; Pal, S. K. New perylene-based
non-conventional discotic liquid crystals. RSC Advances 2013, 3, 12060-12065.

Gupta, R. K.; Pathak, S. K.; Pradhan, B.; Gupta, M.; Pal, S. K.; Achalkumar, A. S. Bay-
Annulated Perylene Tetraesters: A New Class of Discotic Liquid Crystals. ChemPhysChem
2016, 17, 859-872.

Pathak, S. K.; Gupta, M.; Pal, S. K.; Achalkumar, A. S. Hexacatenars Exhibiting nt-r Driven
Supergelation, Aggregation Induced Blue Light Emission and Thermochromism.
Chemistry Select 2016, 1, 5107-5120.

Schwartz, P. O.; Biniek, L.; Zaborova, E.; Heinrich, B.; Brinkmann, M.; Leclerc, N.; Méry,
S. Perylenediimide-Based Donor—Acceptor Dyads and Triads: Impact of Molecular
Architecture on Self-Assembling Properties. J. Am. Chem. Soc. 2014, 136, 5981-5992.

Schouten, P. G.; Warman, J. M.; de Haas, M. P.; Fox, M. A.; Pan, H. L. Charge migration
in supramolecular stacks of peripherally substituted porphyrins. Nature, 1991, 353, 736-
737.

189



Chapter 5

32.

33.

34.

35.

36.

37.

38.

39.

40.

Godquin, A. M. G.; Maitlis, P. M. Metallomesogens: Metal Complexes in Organized Fluid
Phases. Angew. Chem. Int. Ed. 1991, 30, 375-402.

(@) Ohta, K.; Yamaguchi, N.; Yamamoto, |. Discotic liquid crystals of transition metal
complexes. Part 24 Synthesis and mesomorphism of porphyrin derivatives substituted with
two or four bulky groups. J. Mater. Chem. 1998, 8, 2637-2650; (b) Liu, C.-Y.;
Fechtenkotter, A.; Watson, M. D.; Miillen, K.; Bard, A. J. Room Temperature Discotic
Liquid Crystalline Thin Films of Hexa-peri-hexabenzocoronene: Synthesis and
Optoelectronic Properties. Chem. Mater. 2003, 15, 124-130.

Markovitsi, D.; Lecuyer, I.; Simon, J. One-Dimenslonal Triplet Energy Migration In
Columnar Liquid Crystals of Octasubstituted Phthalocyanines J. Phys. Chem. 1991, 95,
3620-3626.

Schouten, P. G.; Warman, J. M.; deHaas, M. P.; van Nostrum, C. F.; Gelinck, G. H.; Nolte,
R. J. M.; Copyn, M. J.; Zwikker, J. W.; Engel, M. K.; Hanack, M.; Chang, Y. H.; Ford, W.

T. The Effect of Structural Modifications on Charge Migration in Mesomorphic
Phthalocyanines. J. Am. Chem. Soc. 1994, 116, 6880-6894.

Nostrum, C. F. V.; Nolte, R. J. M. Chem. Commun. 1996, 66, 2385-2392.

Duro, J. A.; Torre, G. D.; Barbera, J.; Serrano, J. L.; Torres, T. Synthesis and Liquid-Crystal
Behavior of Metal-Free and Metal-Containing Phthalocyanines Substituted with Long-
Chain Amide Groups. Chem. Mater. 1996, 8, 1061-1066.

Kimura, M.; Muto, T.; Takimoto, H.; Wada, K.; Ohta, K.; Hanabusa, K.; Shirai, H.;
Kobayashi, N. Fibrous Assemblies Made of Amphiphilic Metallophthalocyanines.
Langmuir 2000, 16, 2078-2082.

Bala, I.; De, J.; Gupta, S. P.; Singh, H.; Pandey, U. K.; Pal, S. K. High hole mobility in
room temperature discotic liquid crystalline tetrathienoanthracenes. Chem. Commun. 2020,
56, 5629.

De, J,; Bala, I.; Gupta, S. P.; Pandey, U. K,; Pal, S. K. High Hole Mobility and Efficient
Ambipolar Charge Transport in Heterocoronene-Based Ordered Columnar Discotics. J.
Am. Chem. Soc., 2019, 141, 18799-18805.

190



Chapter 5

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Bala, I.; Gupta, S. P.; Kumar, S.; Singh, H.; De, J.; Sharma, N.; Kamalakannan, K.; Pal, S.
K. Hydrogen-bond mediated columnar liquid crystalline assemblies of Cz-symmetric
heptazine derivatives at ambient temperature. Soft Matter 2018, 14, 6342-6352.

De, J.; Gupta, S. P.; Bala, I.; Kumar, S.; Pal, S. K. Phase Behaviour of a New Class of
Anthraquinone-Based Discotic Liquid Crystals. Langmuir 2017, 33, 13849-13860.

Fuller, C. A.; Finlayson, C. E. Solvatochromism in perylene diimides; experiment and
theory. Phys. Chem. Chem. Phys. 2017, 19, 31781-31787.

Bala, I.; Singh, N.; Yadav, R. A. K.; De, J.; Gupta, S. P.; Singh, D.P.; Dubey, D. K.; Jou,
J. H.; Doualid, R.; Pal, S. K. Room temperature perylene based columnar liquid crystals
as solid-state fluorescent emitters in solution-processable organic light-emitting diodes. J.
Mater. Chem. C 2020, 8, 12485-12494.

Lee, K. J.; Woo, J. H.; Xiao, Y.; Kim, E.; Mazur, L. M.; Kreher, D.; Attias, A. -J.;
Matczyszyn, K.; Samoc, M.; Heinrich, B.; Fages, S. M. F.; Mager, L.; Wu, A.D. J. W.;
Mathevet, F.; Andfe P.; Ribierre, J. C. Structure—charge transfer property relationship in
self-assembled discotic liquid-crystalline donor—acceptor dyad and triad thin films. RSC
Adv. 2016, 6, 57811-57819.

Karthik, C.; Manjuladevi, V.; Gupta, R. K.; Kumar, S. Solvatochromism of a
tricycloquinazoline based disk-shaped liquid crystal: a potential molecular probe for
fluorescence imaging. RSC Adv. 2015, 5, 84592-84600.

Mitani, M.; Yoshio, M.; Kato, T. Tuning of luminescence color of n-conjugated liquid
crystals through co-assembly with ionic liquids. J. Mater. Chem. C 2017, 5, 9972-9978.

Subuddhi, U.; Haldar, S.; Sankararaman S.; Mishra, A. K. Photophysical behaviour of 1-
(4-N,N-dimethylaminophenylethynyl)pyrene  (DMAPEPY) in homogeneous media.
Photochem. Photobiol. Sci. 2006, 5, 459-466.

Cefon, M.; Perumal, V.; Anandhan, K.; Ceballos, P.; Guerra, P. G.; Guti'errez, E. P.;
Castillo, A. E.; Thamotharanb, S.; Percino, M. J. Solvatochromism and pH effect on the

emission of a triphenylimidazole-phenylacrylonitrile derivative: experimental and DFT
studies. RSC Adv. 2019, 9, 12085-12096.

Yang, S. -W.; Elangovan, A.; Hwang, K. -C.; Ho, T. -I. Electronic Polarization Reversal
and Excited State Intramolecular Charge Transfer in Donor/Acceptor Ethynylpyrenes. J.
Phys. Chem. B 2005, 109, 16628-16635.

191



Chapter 5

51. Bala, 1.; Singh, H.; Battula, V. R.; Gupta, S. P.; De, J.; Kumar, S.; Kailasam, K.; Pal, S. K.
Heptazine: an Electron-Deficient Fluorescent Core for Discotic Liquid Crystals. Chem.
Eur. J. 2017, 23, 14718-14722.

52. Lakowicz, J. R.; Principles of Fluorescence Spectroscopy, Springer, USA, 3rd edn, 2006,
55-56.

53. Finlayson, C. E.; Amezcua, A.; Sazio, P. J. A.; Walker, P. S.; Grossel, M. C.; Curry, R.J.;
Smith, D. C.; Baumberg, J. J. Infrared emitting PbSe nanocrystals for telecommunications
window applications. J. Mod. Opt. 2005, 52, 955-964.

54. Brouwer, A. M. Standardsforphotoluminescence quantum yield measurements in solution
(TUPAC Technical Report). Pure Appl. Chem. 2011, 83, 2213-2228.

192



Chapter 5

Appendix IV
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Figure A11 3C NMR spectrum of compound 1 in CD,Cl,.

Thermogravimetric Analysis:
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Figure A12 TGA thermographs of compound 1, recorded at rate of 10 °C/min.
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The Lippert-Mataga Plot:
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Figure A13 The relationship between Stokes shift (cm) and the orientation polarizability parameter

for compound 1 in a different solvent.

Cyclic Voltammetry studies:
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Figure Al4 Cyclic Voltagram of ferrocene in DCM (50 mVs™ scan rate).
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Chapter 6

6.1 Conclusions

The use of molecular self-assembly has become a novel approach to developing soft functional
materials with broad implications in both material science and biology. The creation of
microscopic order within supramolecular assemblies is particularly important as it can greatly
impact the optoelectronic properties of the resulting material. Supramolecular assemblies are
formed through a delicate balance between molecule-substrate and intramolecular interactions.
The molecular engineering of liquid crystals, especially DLCs, has become a significant area
of focus within the realm of supramolecular self-assembled systems. Developing novel DLCs
and their application as functional smart materials is of great interest to the scientific

community, leading to extensive research in their design, synthesis, and characterization.

Herein, this thesis describes new approaches to designing chiral discotic liquid crystals and
shows how the molecular engineering of liquid crystals leads to the formation of new helical
self-organized functional materials. We have adopted different methodologies to obtain
helically organized chiral DLCs and chiroptical properties, which are useful for many

optoelectronic devices. The work described in this thesis can be concluded as follows:

Chapter 2, demonstrates the new synthetic approach to design and synthesize a series of non-
conventional chiral columnar liquid crystals, where the cyclotriphosphazene core is surrounded
by cholesterol-based Schiff base dimeric units. Cholesterol covalently bound to the two-ring
Schiff base core via a flexible spacer of varying length and parity has been premeditatedly
incorporated to induce handedness in columnar fluid macrostructure. The mesogenic Schiff
base units have been inserted purposely as they possess various properties, including chemical
sensing. To understand the structure-property correlation, the length and parity of the spacer of
the cholesterol-based dimeric units have been varied, and detailed investigations reveal the
influence of the spacer's length on the packing of the columns on a 2D lattice. For example,
mesogens P-6, P-7, and P-11 show the columnar-centred rectangular (Colr) phase, whereas the
LCs P-8 and P-10 exhibit the columnar oblique (Colob) phase. On the other hand, compound

P-5 display a columnar hexagonal (Coln) phase, which is notably fascinating in terms of its
structure.

Furthermore, the induction of molecular chirality enables the discotic LCs to self-organize into

a highly ordered macroscopic structure. The helicity of the Col LCs has been confirmed by
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Figure 6.1 Formation of columnar helical mesophase in cyclotriphosphazene and cholesterol based
DLCs, showing excellent HCI sensing behaviour.

temperature-dependent chiroptical measurements where the intensity of peak in circular
dichroism (CD) spectra increase with a decrease in temperature, implying the core-core
correlation within the columns and, thus, the proximity of the chromophores varies with the
temperature. The helicity of the mesophases was also supported by the transmission electron
microscopy (TEM) technique. Notably, these novel materials exhibit fluorescent "turn-on”
characteristics in their solid state upon exposure to hydrochloric acid (HCI) that can be
visualized by the naked eye instantly, where the colour change occurs with a low detection
limit of 5.6 M.

Inspired by the previous study, in chapter 3, we designed and synthesized a new series of
fluorescent chiral discotic liquid crystals based on tetrapyrrolopyrole and cholesterol. These
derivatives were self-assembled in Colr mesophase and froze to a glassy state at room
temperature. Photophysical studies show the highly fluorescent nature of compounds in
solution and solid state. To study the donor-acceptor charge transfer, solvent-dependent
fluorescence experiments have been performed, and with high polar solvents, there is red shift
with decreased emission intensity. Furthermore, the effect of the alkyl spacer was also observed
in the THF-H20 experiment. Additionally, the chiral DLCs with interesting luminescent
properties inspired us to investigate the CPL activity of compound TAP-9. The effectiveness
was assessed using the luminescence dissymmetry factor (gium), with a |gium| value of around
6.39*%103. This work provides an exciting application in the field of optoelectronics and

photonics.

200



Chapter 6

Figure 6.2 Formationof luminescent DLCs wherethe four side of tetrarylpyrrolopyrrole decorated with
cholesterol unit.

The molecular engineering of liquid crystals has a very important space in the field of
supramolecular self-assembled systems. Chapter 4 of this thesis describes the supramolecular
self-assembly of thiophene-induced cholesterol-decorated liquid crystal derivatives by varying
the spacer alkyl chain lengths. All the synthesized derivatives are thermally stable and show a
significant mesophase thermal range. The mesophase and structure-property relationship of all
the target materials was investigated using POM, DSC and SAXS/WAXS measurements. The
supramolecular self-assembly of all the derivatives stabilized the lamellar arrangement that
sustains over a significant temperature range and freezes to a glassy state at room temperature.
Here, the motivation is to lower the isotropic temperature and solid-state luminescence
behaviour by minimizing the core-core interactions. Photophysical studies showed that all three
derivatives display blue-emission in solution and thin-film states, exhibiting notable
fluorescence quantum yield. Furthermore, these compounds stabilized in a glassy state at room
temperature, which revealed their potential application for
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Figure 6.3 Cholesterol as a side mesogenic unitin LC molecular architecture demonstrates a lamellar

structure.

many exciting applications. Also, the bulky cholesterol broadens the material range for

chiroptical characteristics.

The last chapter 5 of this thesis describes the new molecular design of a discotic liquid crystal
triad based on a perylene core, in which perylene is sandwiched between two multialkynyl
units at the imide position to construct the functional smart material. This strategy of combining
two mesogenic units with different structural organizations inspired us to gain a complete
structural understanding of the packing of the molecule in the phase arrangement. As a result,
this strategy accelerates the supramolecular self-assembly of the hybrid triad in an oblique
columnar arrangement that sustains over a significant temperature range. The formation of
these organizations is well supported by polarising optical microscopy (POM) and X-ray
diffraction (XRD). In addition, this triad exhibited high fluorescence quantum yield and a
quantifying fluorescence response with different solvents according to the polarity of the
different solvents, i.e., positive solvatochromic behaviour. A detailed experiment of the
photophysical behaviour of the compound in various solvents of varying polarity has been
performed. The compound shows positive solvatochromism with a significant increase in the
Stoke's shift of around 91 nm between toluene and ethanol. The compound shows high
fluorescence quantum yield in non-polar solvents and the lowest in polar solvents. This
luminescent triad with positive solvatochromism will reveal its potential application in

fluorescence imaging and optoelectronic organic materials.

202



Chapter 6

Acetic acid | gg °¢
DMF 48 h

Figure 6.4 Pentalkynylbenzene unit connected to perylene at imide position to form columnar oblique

mesophase.

Overall, chapter 6 concludes this thesis, which highlights the importance of molecular design
in obtaining helically organized luminescent chiral LCs. The work done in this thesis shows
the way to highly ordered supramolecular self-assembled systems. The formation of the helical
phase is influenced by various factors, such as molecular chirality, the shape of the mesogens,
and intermolecular interactions. The helical structure of the columns gives rise to unique
physical and optical properties, making it a promising area of research. These works advance
the understanding of the design of the fluorescent chiral LCs for potential applications in
various fields, including chiral sensing, chiral memory devices, enantioselective catalysis,

optoelectronic devices etc.
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