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ABSTRACT

Organic n-conjugated molecules are gaining significant attention because of
their substantial capability of producing low-cost, eco-friendly, flexible and large-area
plastic electronics. Certainly, discotic liquid crystals (DLCs) are renowned soft self-
assembled one-dimensional (1-D) organic nanostructures as they possess robust co-
facial -t stacking in the longer columnar axis, which provides a significant channel
for effective anisotropic charge mobility. These LC materials are recognized to possess
superior potential to be utilized as active semiconducting layers in organic electronic
devices in comparison to the organic single crystals or amorphous polymers in terms of
several aspects. At present, a significant number of researchers are keenly working on
this class of materials for their applications in future optoelectronic devices. In this
context, it was planned to design, synthesize optically dynamic unconventional discotic
molecules based on various heterocyclic moieties (HT1-35) and to study the structure-
property relationships. Also, it was contemplated to employ the selected LC materials
in optoelectronic devices and to evaluate their performance.

Based on the thorough literature survey, six series of molecules, i.e. Series-1 to
6 carrying important heterocycles appended with variety of substituted aryl motifs were
designed by following different designing strategies. They were successfully
synthesized using appropriate synthetic protocols and their chemical structures were
confirmed by means of routine spectral techniques. Further, their liquid crystalline
properties were investigated by set of standard methods. Most of the newly prepared
materials were found to be rich in mesomorphism, dominated with columnar (Col) self-
assembly. Furthermore, they were subjected to detailed photophysical as well as
electrochemical characterizations and the obtained optoelectronic results were
corroborated with theoretical simulations (DFT). Majority of them were shown to be
superior light absorption and emitting materials. Finally, the columnar LC materials
owning essential properties were employed as emissive layer in the fabrication of multi-
layer OLED devices; the attained results were promising. Conclusively, by improving
the molecular design, prospective DLCs with plausible applications in molecular

electronics, can be achieved.

Keywords: Self-assembly, DLCs, Optoelectronics, OLED, Heterocycles.
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Chapter 1

GENERAL INTRODUCTION
Abstract

Chapter 1 deals with a brief introduction to liquid crystals and their
classifications. Also, it covers the description on various mesophases of discotic liquid
crystals and a concise account on different techniques used for the mesophase
characterization. Further, it includes the structural aspects and important physical
features of the DLCs. Finally, the chapter ends with highlights on application of DLCs

in organic light emitting diodes.

1.1 INTRODUCTION TO LIQUID CRYSTALS

Liquid crystalline state is a serendipitous discovery by an Austrian botanist
Friedrich Reinitzer and German physicist Otto Lehman in 1888 (Reinitzer 1888, 1989).
When working on functions of cholesterol, Friedrich Reinitzer noticed two melting
points in one of the synthesized cholesterol derivatives, i.e. cholesteryl benzoate (Fig
1.1). The solid material seemed to melt at 145.5 °C into a cloudy liquid. On further
heating, he observed that, the cloudiness suddenly disappeared at 178.8 °C to a clear
transparent liquid. Further, Otto Lehman studied this compound under hot-stage
polarizing optical microscopy and he convinced that, the cloudy liquid was a
thermodynamically distinct phase with a unique molecular order. Then, he introduced
the terms “fliissige Krystalle’ (fluid crystals), ‘fliessende Krystalle’ (flowing crystals),
and ‘krystallinische Flissigkeiten’ (crystal fluids), to denote this intermediate phase
(Lehmann 1889). Since after this discovery, the immense efforts have been made by a
large number of scientific communities all-over the world to understand the basics of
this state. As a result, the triggering molecules responsible for this state of matter are

identified as liquid crystals (LCs).

solid | I liquid
145.5°C LC 178.8°C

Figure 1.1 Structure of cholesteryl benzoate and its thermal behaviour
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LC state is an intermediate state between classical crystalline and liquid state.
Because of this reason, it is referred as “mesophase” (mesos = between) and the
constituent molecules as “mesogens”. In mesophase, the molecules have long-range
positional order as the molecules orient in perfect crystalline solid, and also possess
movement like in liquids as schematically represented in Fig 1.2. Later, this new state
of matter was eventually accepted as fourth state of matter along with solid, liquid and
gaseous states. Liquid crystalline phase can be generated by a broad range of
compounds. Typically, the molecules possessing rigid central part appended with soft
flexible chains will induce mesogenic behaviour. Depending on their structural feature
and kind of inter- and intramolecular interactions (z-x interactions, Coulombic forces,
hydrogen bonds, or ionic interactions, dipole-dipole interaction, etc.) involved, various
liquid crystalline phases, say nematic, columnar, smectic etc. can be obtained. In LC
state, molecules possess considerable order in diverse arrangements with an additional
important property, i.e. fluidity which results anisotropic physical properties to
molecular state as shown in Fig 1.2. This unusual property has led to their widespread
applications in various fields. Liquid crystal molecules may be purely either organic in
nature or organometallics having metal complexed with suitable organic ligands or
inorganic central core carrying saturated alkyl chains.

Crystalline solid Liquid crystal Isotropic liquid

I W e !
el dpdpiy

il

'w woa w’"ll

Molecular order

Figure 1.2 Molecular ordering in different states of matter

1.2 CLASSIFICATION OF LIQUID CRYSTALS

There are several ways of classifying liquid crystals. Firstly, liquid crystals are
broadly classified as monomeric or oligomeric and polymeric liquid crystals, depending
on the molar mass of the constituent molecules. Secondly, depending on how the liquid

crystalline phase has been achieved whether by adding a solvent or by varying the
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temperature, LCs are divided into lyotropic and thermotropic, respectively. Fig 1.3

summarizes the broad classification of liquid crystals.

‘ Low molecular mass ]_ ____________________ High molecular mass
(monomeric, oligomeric LCs) (Polymeric LCs)

[ Enantiotropic l-— l . Main Chain

_[ Thermotropic I l Lyotropic ] polymer
[ Monotropic ]4—
Side Chain
l 1 polymer
l Calamitic l I Banana I I Discotic I ‘
S . S —— Mixed Chain
polymer

Figure 1.3 Classification of liquid crystals
1.2.1 Lyotropic LCs

In lyotropic LCs, mesophase is generated upon addition of solvent, usually polar
solvents like water and alcohol. Typically, a material composed of amphiphilic
molecules owing distinct parts of contrasting character, i.e. a hydrophilic polar “head”
and a hydrophobic nonpolar “tail” is known to show lyotropic LC phases. On addition
of solvent to this kind of materials, the lattice forces between the molecules in the
crystal will be relaxed. In these materials, by varying the type of solvent, concentration
and temperature, different types of mesophases can be obtained. Typical examples of

lyotropic liquid crystals are soaps in water, various phospholipids, polypeptides etc.

1.2.2 Thermotropic LCs

When the mesophases are obtained in the transitions between the solid and liquid
phases, then they are regarded as thermotropic liquid crystals. This mesophase can be
obtained either by heating a solid material or by cooling an isotropic liquid. Such phases
are called enantiotropic, if thermodynamically stable mesophases are obtained on
heating the solid phase as well on cooling the isotropic liquid. If the mesophase is
obtained only while cooling the isotropic liquid, then it is called monotropic phase,

which is a metastable mesophase. The essential requirement for a molecule to be a
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thermotropic liquid crystal is presence of a structure consisting of a central core (often
aromatic) and a flexible peripheral moiety (generally aliphatic chains). Moreover, along
with the geometric anisotropy, interaction anisotropy and nano segregation are the
driving parameters for mesophase formation. As the present study focusses mainly on
thermotropic LC materials, only such class of compounds have been emphasized in the
following section.

Further, depending on the geometrical shape of the molecules, thermotropic LCs
are classified as rod-like (calamitics), bent-core (banana) and disc-like (discotic). These
liquid crystals show different phases like nematic, smectic, columnar, helical, B phases

etc. based on the arrangement of molecules in the liquid crystalline phase.
Calamitic LCs:

Calamitic or rod shape liquid crystals were the first thermotropic mesogens to
be discovered. Normally, they possess simple rod-shaped geometry. Structurally these
molecules have elongated shapes, i.e. the length (I) is significantly greater than the

breadth (b) of the molecule, as depicted in Fig 1.4.

Flexible part Rigid part

Figure 1.4 Schematic representation of a calamitic LC where | >> b

The combination of shape anisotropy, interaction anisotropy and
incompatibility of chemical groups in calamitics leads to the formation of more than
one mesophase. A typical rod shape LC molecule contains one or more
aromatic/alicyclic rings attached directly or via some linking groups. Most of them
possess hydrocarbon chains and lateral substituents as well. A typical chemical
structure of these molecules is represented by the general template as given in Fig 1.4
where the rings are attached via linking groups L and lateral substituents S which are

responsible to modify the mesophase morphology and physical properties of calamitic
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liquid crystals (groups such as -X, -NO2, -CHs, -OCHas, -CN etc.); the central core

moiety is attached to flexible hydrocarbon chains via linking groups X and Y.
Banana LCs:

Mesomorphic behaviour was also observed in banana-shaped molecules. This
investigation opened up an immense research in the LC field. Till now, several bent-
shaped LCs have been synthesized and characterized. Typically, bent-shaped liquid
crystalline molecules are composed of three units, viz. an angular central core, two
linear rigid arms and terminal chains as shown in Fig 1.5. These structures represent a
new sub-class of thermotropic liquid crystals, which can display not only classical
nematic and or smectic phase(s), but also novel types of smectic-like phases called ‘B’
phases and are numbered according to their chronological discovery, from B; to the

most recent Bg, where the symbol B stands for banana or bent- or bow-shaped

mesogens.

. Small substitution

% | @ /
Bent angle v

L

Lateral substituents

Figure 1.5 General template for banana-shaped liquid crystal

Discotic LCs:

In 1977, Prof. S. Chandrashekar and his colleagues at Raman Research Institute
investigated the mesophase formed by relatively simple plate-like or disc-shaped
molecules, as depicted in Fig 1.6 (Chandrasekhar et al. 1977). They elucidated that, the
synthesized plate molecules stack into columns that form hexagonal arrangement. This
exciting invention is one of the milestone discoveries of Indian research and it opens

up a new area in the fascinating liquid crystal research. Since the present work mainly
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deals with the study of DLCs, a detailed account of them has been given in the following

sections.

Figure 1.6 Chemical structure of first DLC

1.3 DISCOTIC LIQUID CRYSTALS

Generally, discotic mesogens consist of plate-like rigid aromatic core which is
appended with number of flexible saturated alkyl chains at the periphery. This structural
feature imparts soft-nature to the molecules, there by the molecules arrange into
different orientations. Evidently, the properly designed disc-like molecules (primary
structure) undergoes self-stack into one on the other to form secondary one-dimensional
columnar structures, which in turn self-organizes into various two-dimensional
architectures (tertiary structure), as indicated in Fig 1.7. The main motivation for such
self-assembly is the significant intermolecular 7-m interactions which hold the discotic
molecules in an ordered arrangement. In addition to this, other non-covalent
interactions like H-bonding, Coulombic attraction, metal complexation, van der Waals
force and charge transfer process experienced by the molecules render the columnar
structures as a thermodynamically stable mesophase.

Primary disc-like structure

—
——
-
—
L ——

Secondary assembly
Tertiary structure

Figure 1.7 Self-assembly of discotic molecules into columnar phase
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Since the current research work is centred on the synthesis and investigations of
new discotic liquid crystals, the different mesophases formed by such class of LCs are
discussed in the following section.

1.3.1 Mesophases of DLCs

Depending on shape, size of the central core unit, nature of peripheral chains and
connecting groups between alkyl chains and discotic core, there are variety of packing
arrangements of discotic mesogens in the liquid crystalline phases. There are two major
types of mesophases found in disc-like molecules, i.e. nematic, and columnar.
Columnar phases are the most common mesophases, while other phases are rarely

observed. Few discotic mesogens are known to exhibit more than one mesophase.
Nematic phases of discotic mesogens:

In discotic nematic phase, the molecules have translational and rotational
movements around their axis, although they tend to orient themselves in a preferential
direction along their director (Fig 1.8a). The chiral nematic phase, also known as a
cholesteric phase, displays a helical arrangement where alignment between stacks gets
rotated from each other to produce a long-range chirality of the stacks (Fig 8b). As
depicted in Fig 1.8c, the nematic columnar phase is characterized by a columnar
stacking of the molecules, however these columns do not form two dimensional (2D)
lattice structures. Also, they display a positional short-range order and an orientational
long-range order. In discotic nematic lateral phases, the disc-shaped molecules
aggregate into large disc-shaped superstructures and these aggregates show a typical

nematic arrangement as shown in Fig 1.8d.

[ 5=

Figure 1.8 Structures of various nematic phases exhibited by discotic mesogens: (a)
Discotic nematic (b) Chiral nematic (¢) Columnar nematic and (d) Nematic lateral
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Columnar mesophases of discotics:

Discotic columnar mesophases originate from self-stacking of molecules one
on top of the other forming 1-D columnar assembly and these columns are further
organized into various two-dimensional lattices. Here, the molecules arrange
themselves either periodically or disordered fashion within the columnar axis.
Consequently, depending on the dynamics of the discotic molecules along the columnar
axis and the symmetry parameters, columns can adopt different 2D lattice structures
like columnar hexagonal (Coln), columnar rectangular (Coly), columnar oblique (Colo),
columnar square (tetragonal) (Colet) etc. Fig 1.9 illustrates the schematic
representations of hexagonal, tetragonal, oblique, and rectangular columnar
mesophases.

C0|h CO|t C0|°

Col P2/b*
P2,/a

Figure 1.9 Schematic representations of main types of 2-D lattices of columnar phases,
showing commonly observed plane groups of Col; (Kumar, 2011)

1.4 IDENTIFICATION AND CHARACTERISATION OF MESOPHASES

A combination of techniques is to be employed for the complete
characterization of mesophases exhibited by any LC material. Commonly, a
triumvirate of hot stage Polarized Optical Microscope (POM), Differential Scanning
Calorimetry (DSC) and temperature variable X-Ray Diffraction (XRD) techniques
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have been extensively used for the identification as well as characterization of
mesophase morphology. These methods have been discussed briefly in the following

section.
Polarized Optical Microscope (POM):

Polarized Optical Microscopy (POM) is an optical analytical technique which
is being used to study order and fluidity of LC phases. Generally, the molecules in LC
states align along one or two orthogonal axes and disordered along the rest of axes.
Because of this, molecules tend to be highly anisotropic, which makes LC state to be
optically birefringent. Thus, on incident of plane polarized light LC material displays
birefringent texture. Therefore, occurrence of fluidic birefringence is the typical
indication of LC property. Since the birefringence is dependent on ordering of the
molecular components, the obtained textures can also provide the type of morphology
in mesophase. Hence, the various LC phases with different molecular organizations
have representative optical textures. For instance, the nematic and columnar phases

show characteristic textures, as depicted in Fig 1.10.

PN 2ZE/A AT 3 - o= .
Figure 1.10 (a) Schlieren texture of nematic and (b) mosaic pattern of Col phases

Differential Scanning Calorimetry (DSC):

Differential scanning calorimetry (DSC) is an important thermo-analytical
technique that is used for the measurements of the transition temperatures in materials.
In case of LCs, it can precisely measure all the transitions between crystalline, liquid
crystalline and isotropic phases. An illustrative DSC trace of an LC material is depicted
in Fig 1.11. The area beneath the DSC peak is the enthalpy of transition (AH) which is
the difference in energies of the material before and after the measured transition.
Typically, enthalpy change for crystalline to a mesophase transformation (melting
temperature, Tm) is in the range of 20-100 kJmol?, while the AH for mesophase to
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isotropic liquid phase (clearing temperature, T¢) is below 10 kimol™?. There would be
more than one peak between Tm and T, if the material exhibits poly-mesomorphism
and the AH for such transitions will be in the range of 2-10 kJmol?. These
thermodynamic parameters of an LC material provide valuable information regarding
number of mesophases and the extent of molecular order in the particular mesophase

as well as the glass transition temperature of the material.

Isotropic

Heat Flow (W/g)

On heating

“oo 0 ) 0 100 150 200
Temperature (°C)

Figure 1.11 A typical DSC plot of an LC material

X-ray diffraction technique (XRD):

X-ray diffraction technique is an ultimate tool to characterize the mesophase
symmetry of liquid crystalline materials for which a well-equipped X-ray diffraction
instrument is necessary. It works on the basis of Bragg’s law; it is easy to estimate the
positioning of the molecules in mesomorphism and hence structure of mesophase. For
instance, X-ray diffraction pattern of a columnar hexagonal mesomorphology would
give reflections in the ratio of 1:1/3:1/2:1/\7 in the lower angle region and broad
reflections in the wide angle region due to fluidic nature of alkyl chains as well as core-

core interactions (Fig 1.12).

\ 2

Intensity (a. u.)

T
0 5 10 15 20 25 30
20 (degrees)

Figure 1.12 A typical X-ray diffraction pattern of a Coln phase
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1.5 STRUCTURES OF DISCOTIC MESOGENS

Ever since the discovery of DLCs, widespread efforts have been made both by
chemists and physicist to understand the structure-LC property relationships of
discotics. Structurally, a typical discotic mesogen composes of a rigid core surrounded
by 3-12 saturated fluidic alkyl chains with more than three carbon units at the periphery.
These aliphatic chains are attached to central core either directly or through some
linking groups like ether/thioether, ester, amide, alkylene alkenenylene etc. as
schematically displayed in Fig 1.13. A slight change in any one of the above mentioned
parameters results in the alternation of mesophase property. For example, varying in
length of peripheral chains by a single carbon unit would lead to change in mesophase
structure; however, this structural modification cannot alter the optoelectronic
properties of the mesophase. It is well-established that, the only way to tune the electro-
optics of mesophase is by tailoring the central-rigid core moiety. Therefore,
constructing the various discs is a matter of interesting area to achieve the functional
DLCs in virtue of their widespread application ranging from biomedical to electronics
(Kumar 2011).

Figure 1.13 General template of discotic liquid crystals

Recently, non-discoidal, unsymmetrical, and non-aromatic cores with suitable
substituents are also proven to exhibit discotic mesophase. By tuning such discrete
central core moieties, it is possible to synthesize the new DLCs with improved material

properties. Further, certain discotic cores capable of forming the hydrogen bonding play
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an important role in formation mesophase. Generally, there are two possible ways for
construction of supramolecular LCs through H-bonding interactions, one is the step-
wise assembly of disc-like entities which would organize into columns (Beltran et al.
2009; Blanco et al. 2016; Hirschberg et al. 2000; Kleppinger et al. 1995; Suarez et al.
1998; Zhu et al. 2010), whereas in the other case, molecules possessing polar and
lipophilic units simultaneously arrange to form a large H-bonding network and 2-D
nanoscale segregation without any intermediate step (Fuchs et al. 2002; Maly et al.
2006; Tschierske 2013; Yagai et al. 2011, 2012). Till now, a large number of H-bonding
scaffolds with appropriate design have been investigated to obtain columnar
mesophases. Among the various class of compounds, carboxylic acids, amides,
pyridines, polyalcohols, carbohydrates, oligopeptides, pyrazoles, triazines, melamines
etc. were widely studied H-bonding motifs. Here, heterocyclic core-systems are of
particularly important class because of the several advantageous factors. A detailed

account on heterocycle-based DLCs has been given in the following section.

1.5.1 Heterocycle-based discotics

From the last two decades, an extensive work has been progressing to realize
the different heterocycle-based DLCs. Normally, electronegative heteroatoms like N,
O, S greatly influence the electronic nature of discotics without modifying the structural
aspect of the respective carbocyclic analogues due to the stronger polar induction (Roy
et al. 2012). Moreover, most of the heterocyclic rings are electron deficient; when they
are appended to electron rich groups, their intramolecular dipolar induction often leads
to the donor-accepter interaction. The presence of such structures brings about good
light absorption and/or emission characteristics for the mesogens, mainly due to push-
pull induced intramolecular charge transport behaviour. Further, in D-A architectured
mesogens, the donor-acceptor interactions predominantly stabilize the self-assembly
through extended conjugation. Consequently, this type of highly ordered self-
assembled systems with the preserved emission is considered to be potential candidates
for optoelectronic applications (Blanco et al. 2016; Yadav et al. 2017).

Heterocycles are the most promising motif for the synthesis of H-bonded LCs

as they stabilize the columnar structures by forming stable and specific H-bonds,
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imparting lateral and longitudinal dipoles to overall structure (Cheng and Gao 2015).

Some of the most studied heterocyclic cores are summarized in Fig 1.14.

NE
Y | N [/N N
|
kN/ NS SN N
b NJ
c d
S s o
9, > <
N-N N-N
e f g
N ) (D
N
S N)\N/\\N “ NH
HN N N)\N =N O
\=N \
o O
h 0
H j
0<_N__0O
ry O
’
Do (0 Q¥

: Ay 0

| m
Figure 1.14 Chemical structures of some known heterocyclic discotic cores, a-m

1.6 DLCs AS ORGANIC SEMICONDUCTORS

As discussed earlier, properly designed discotic molecules self-segregate into
columnar structures with the intramolecular distance of 3.5-4 A and intercolumnar
spacings of 20-40 A which depend on the length of alkyl chains attached to discotic
core (Fig 1.15). This stacking of aromatic cores facilitates the effective m-orbitals
overlap of adjacent molecules along the columnar axis. Here, the interaction between
the neighbouring columns is several magnitudes less than that within the columns.
Consequently, charge migration is expected to be quasi-one-dimensional; the charge
carrier mobility along the columns is reported to much more than that between the
columns. Interestingly, time-of-flight charge mobility up to about 0.1 cm?V-1s? has
been realized in columnar mesophases (Kumar 2011). This is due to insulating
contiguous of alkyl chains which separate the columns. Because of this reason, DLCs

are regarded as soft molecular wires. In addition to their intrinsic charge carrier
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behaviour, they possess several advantageous features like inherent anisotropic
photoconductivity, controlled molecular order, easy processability, good self-healing,
excellent optical absorption, high solubility in wide range of organic solvents, intense
fluorescence and great response to various external stimuli. These advantageous factors
render DLCs as potential candidates in several commercial applications (Kumar et al.
2017; Kumar 2016).
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Figure 1.15 Schematic representation of energy and charge migration in DLCs

The DLCs owing afore mentioned features with preserved solid state
luminescence are considered to be promising optical materials due to their switchable
luminescent behaviour by the external stimuli like temperature, mechanical stress,
metal ion, pH etc. More importantly, they find applications in flexible OLEDs as active

components. The detailed account on fluorescent DLCs is outlined below.

1.6.1 Luminescent DLCs

Recently, fluorescent DLCs are emerged as an important class of light emitting
materials in addition to conventional luminescent materials. Since luminescence
mechanism is highly sensitive to molecular structure and type of aggregation in their
state of matter, slight changes in the molecular structure can significantly alter their
emission colour. Consequently, luminescence in DLCs renders them promising
fluorescent sensor. Especially, conducting DLCs with preserved solid state
luminescence can potentially be employed in the fabrication of OLEDs.
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At present, there has been a flurry of work progressing to achieve highly intense
fluorescent discotic mesogens. Generally, two approaches have been endeavouring to
achieve luminescence at LC state, i.e. either by connecting the mesogenic component
to a chromophore or incorporating favourable configuration like donor-accepter in the
basic design itself. The latter approach is the most successful and extensively used
strategy. Therefore, incorporation of electron donor and accepter units in the core
system would yield high fluorescent discotic mesophases. Also, various substituted
heterocyclic cores were found to exhibit sufficient emission mainly by the
intermolecular charge transport (ICT) ability. However, the principal stacking of

discotics into columnar fashion causes notorious florescence quenching.

1.6.2 DLCs in organic light emitting diodes (OLEDs)

Since the breakthrough discovery of electroluminescence from organic
molecules in 1987 (Tang and VanSlyke 1987), Organic Light Emitting Devices
(OLEDs) are considered as a next-generation eco-friendly solid-state lighting
technology. This may be because of their advantageous features like low cost, high
power efficiency, wide color gamut, ease of fabrication by solution processes, and
chance to produce curved thin and flexible devices (Britting et al. 2013; Buckley 2013;
Gaspar and Polikarpov 2015; Kalyani and Dhoble 2012; Tsujimura 2017; Xu et al.
2016). Nevertheless, the current challenges in this area include the development of ideal
light emitting device materials, engineering of the device structures and their

optimization to get more efficient and long-life devices (Jou et al. 2015).

The common OLEDs are double charge injection devices, requiring the
simultaneous supply of both electrons and holes. Typically, OLEDs can be made into
three different configurations, viz. single, double and multilayer devices. Amid,
multilayer device configurations were found to be most efficient. Classically, a
multilayer device comprises a sandwich of thin emissive layer between the anode (ITO)
appended to organic hole transporting/hole injection layer and cathode (metals like Al,
Ca, Ba, Mg) attached to organic electron transporting/electron injection layer (Fig
1.16). Drifting the injected electrons from cathode and holes from anode through
organic layer under external electric field produces the bound electron-hole pair at

chromophoric site. The recombination of these pairs generates the luminescence.
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Efficient devices require the matching of energy levels to minimize the barriers for
carrier injection and to trap both electron and holes exclusively in the emitter region.
More commonly, ultra-thin LiF or CsF layers are used as electron injection components
(EIL); PBD (2-(4-biphenyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazole), Algs (tris(8-
hydroxyquinoline) aluminium TPBI 1,3,5-tris(N-phenylbenzimidizol-2-yl)benzene) or
BCP (bathocuproine) have been employed as electron transporting materials (ETL);
mostly transparent PEDOT-PSS conjugated polymer composite is used as a hole
transporting layer (HTL) (Fig 1.17).
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Figure 1.16 Schematic representation of working principle of multi-layer OLED
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Figure 1.17 Chemical structures of commonly used components in (a) electron
transport layer; (b) hole transport layer; (c) hole transporting PEDOT: PSS

Certainly, the emissive layer is a vital component which determines the overall

efficiency of the device. Till today, a large variety of luminescent materials has been
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developed, so as to improve the device performance (Chen 2004; Chen et al. 2014;
Godumala et al. 2016; Kamtekar et al. 2010; Kido and Okamoto 2002; Li et al. 2013;
Segura 1998; Yang et al. 2015; Zhu and Yang 2013). Besides a great amount of research
in this field, high-performance fluorophores for non-doped OLEDs have not been much
explored, as most of the materials do not own good charge transport property with the
preserved solid-state emission. In this context, columnar liquid crystals (CLCs) were
shown to be better alternatives to the insulating amorphous solids as well as expensive
single crystalline fluorophores due to their effective combination of n-n self-stacking
with long-range order, self-healing, easy processability, good luminescence ability and
intrinsic charge carrier property in the soft condensed state (Bushby and Kawata 2011,
Chen et al. 2018; Kaafarani 2010; Kumar 2016; Laschat et al. 2007; O’Neill and Kelly
2011; Sergeyev et al. 2007).

1.7 BROAD OBJECTIVES

From the last two decades, a tremendous research is progressing in the field of
organic semiconductors due to their stimulating electronic and optoelectronic
properties which enable the development of new exciting electronic devices. A number
of different class of organic materials was found to exhibit semiconducting properties
including conjugated oligomer, polymers and small w-conjugated molecules. They
found extensive applications in field-effect transistors (OFETS), organic light-emitting
diodes (OLEDSs), organic photovoltaic cells (OPVs) and sensors (Sergeyev et al. 2007).
Recently, columnar liquid crystals (CLCs) were emerged as one such kind of
semiconducting materials. Besides, CLCs are dominating over other organic
semiconductors by owning many more advantageous features. Hence, CLCs can
successfully be employed in all above mentioned devices to improve the device
performance. Particularly, luminescent discotics have attracted much attention very

recently due to their potential suitability in the flexible OLEDs.

In this context, a large number of research groups all around the world are
enormously working on design and development of the new CLCs with functional
properties. Certainly, achieving the materials possessing the unique combination of LC
behaviour with functional properties is not straight forward; it needs a careful design of

basic structure. As literature suggests, integrating the properly substituted heterocyclic
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system at the core as well as incorporating the donor-accepter conduit is a best way to
achieve the luminescence property along with the LC behaviour. After thorough
literature survey, it has been thought of designing and synthesizing several new series
of D-A configured heterocyclic molecules owing unconventional geometry, with the
hope that newly synthesized compounds could show significant functional LC

behaviour.

The overall aim of the present work was to design, synthesise and characterize
new heterocycle-based molecules. It was also aimed at exploration of their
mesomorphic, photophysical and electrochemical properties as a function of structural
modifications. Finally, it was intended for designing optoelectronic device structures,
i.e. OLED by employing the newly synthesized CLCs as emissive component and

studying their structure-performance relationship.

1.8 THESIS STRUCTURE

The whole thesis is systematically divided into six chapters. Chapter 1 outlines
a brief introduction to liquid crystals including the classification of LCs, followed by
methods used for the LC phase characterization. It also deals with a detailed account
on different phases of discotic liquid crystals, their basic material properties and their
possible application in OLEDs. Chapter 2 describes the review of literature survey on
design and development of various heterocycle-based liquid crystals. Further, it
includes the scope and main objectives of the present research work, arrived at on the
basis of the literature review. The experimental protocol for the synthesis of thirty five
new heterocyclic derivatives (HT1-35, Series-1 to 6) and their complete structural
characterization have been elaborated in Chapter 3. A detailed investigation of liquid
crystalline property of all newly synthesized compounds is included in Chapter 4. In
addition, it covers in depth photophysical and electrochemical characterization of new
compounds. Also, it includes their quantum chemical simulations. Chapter 5
comprises a detailed OLED device fabrication as well as their performance studies.
Finally, Chapter 6 comprises the summary of the research and important conclusions

drawn as well as the outcome of the research work.
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LITERATURE REVIEW, SCOPE AND OBJECTIVES OF THE

PRESENT WORK
Abstract

This chapter covers an introductory account on heterocyclic discotic mesogens
and a review of reported literatures on design, synthesis and material characterizations
of various heterocycle-based DLCs owing diverse molecular configurations. Also, it
comprises scope and objectives of the present research work, arrived at on the basis of
a detailed literature survey.

2.1 INTRODUCTION

Since the consecutive discovery of three main types of thermotropic liquid
crystals, a large variety of chemical structures have been designed and synthesized to
achieve liquid crystalline property as a function of temperature. Generally, the main
backbone of LC materials may be organic, inorganic, organometallic or ionic in nature.
As the shape of the molecular structure is one of key parameters in formation of
mesophase, it is much essential to maintain the favourable geometry of overall
structure. Unlike traditionally acceptable structures, molecules owing some
unconventional structures have recently been successfully introduced in achieving the
diverse mesomorphism, more importantly to accomplish the functional properties at the
mesophase. The known unconventional structural motifs include elongated rod-like,
semi-disc, polycatenar, wedge-shaped, taper-shaped, dendrimers and dendrons which
were shown to exhibit columnar phases. Consequently, use of normal polycyclic
aromatic hydrocarbons in such discrete LCs has been ruled out, instead some relatively
small aromatic, heteroaromatic or combination of both should be integrated at the core
region while designing DLCs. At present, heterocyclic systems have attracted much
attention, as they have not been explored much. Such DLCs would show good p-type

semiconducting behaviour.

To design the discotic mesogens, a variety of heterocyclic derivatives have been
used as core moieties, which include pyridine, thiophene, pyrimidine, oxadiazole,
thiodiazole, 1,2,3-triazole, s-triazine, pyrazine, quinoxaline, pyrazole, carbazole,

imidazole, thiazole, oxazole, tetrazole etc. Incorporation of these heterocycles into
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conjugated systems leads to a stable mesophase mainly due to donor-accepter
interactions (Roy et al. 2012). Further, they are highly attractive and promising
scaffolds in view of their prospective optoelectronic properties. Because of their
electron deficiency, they exhibit excellent thermal and oxidative stability. Also, they
facilitate effective packing and impart admirable luminescence properties when
functionalized with appropriate donors (Chen et al. 2014). Such heterocyclic systems
are potential candidates for achieving tailor-made LC compounds with essential
properties, required in optoelectronics.

The following section provides a brief account on literature reports on various
heterocycle-based columnar LCs featuring unconventional molecular geometry. It also
covers some interesting literature on closed-type hydrogen bonded CLCs derived from

few heterocycles.

2.2 LITERATURE SURVEY
Hemi-disc shaped CLCs:

Half-disc configuration is one of the most favourable structural motifs to induce
the columnar mesophase. Generally, hemi-discs exhibit columnar structures by pairing
up of two molecules to accomplish the complete disc-shape through some strong non-
covalent interactions like H-bonding, polarity induction or metal complexation. A
number of hemi-disc molecules based on aromatic and/or heteroaromatic systems have
been synthesized to achieve columnar mesomorphism. Some of the reported
heterocycle-based hemi-disc derivatives are summarised as follows.

Kozhevnikov et al. (2008) synthesized two series of half-disc shaped Pt
complexes derived from pyridine, S 2.1 and S 2.2. Among the investigated derivatives,
S 2.1 showed columnar rectangular phase (Coly), irrespective of the length of peripheral
chains, whereas S 2.2 displayed columnar phase hexagonal (Coln) by co-miscible of
two molecules into a disc. Introduction of a cyclopentene ring was found to stabilize
the mesophase strongly when compared to S 2.1. They exhibited excellent solid state
fluorescence, which was sensitive to method of preparation and tribological

stimulation.
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OCnH2n+1 H2n+1CnO
Cl

OCnH2n+1 H2n+1CnO
OCnH2n+1 OCnH2n+1 OCnH2n+1 OCnH2n+1
S2.1 S22

where,n=4, 6, 8, 10 &12 where, n =10 & 12
A research group (Huck et al. 2004) studied pyridine based bent-core LCs, S
2.3 as well as its silver metal complexes as its discotic counterparts. S 2.3 demonstrated
columnar mesophase, which persisted in very short thermal range and self-assembled
to a Colh morphology with a pair of molecules constituting each disc.

S23

In an attempt to achieve mesophase in electron rich carbazole heterocycle,
Camerel et al. (2011) synthesized two amide substituted carbazole derivatives (S 2.4),
which behaved thermotropically quite similar. Evidently, they showed enantitropic
columnar phase with 2-D hexagonal lattice of p6mm symmetry. Self-formation of
dimeric structures was found to be responsible for the occurrence of LC phase in these

molecules.

N
Hzn+1CnO H H OCpHan.1

H2n+1CnO OCnH2n+1

OCnHZn+1 H2n+1CnO
S24

Where, n =12 & 16

A series of polycatenars based on bis-1,3,4-oxadiazole heterocycle owing 1,3-
disubstituted benzene ring as the central core, S 2.5 was reported by Huck et al. (2004).
They studied their LC and photophysical behaviours. As the results showcased, all the

alkyl members of the series displayed similar thermotropic transition with marginal
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difference in transition temperatures. They featured Coln, mesophase constituting two

molecules per each columnar stratum. Further, they were found to emit light in pure

H2n+1CnO C)CnHZn+1
H2n+1Cno\©\<\o | \ o>.—Q/Ocn|'|2n+1
N

H2n+1Cno OCnH2n+1

blue region.

S2.5
where,n=6, 8, 10, 12 & 14

Sivadas et al. (2014) reported a series of molecules S 2.6 possessing
pseudodiscoidal shape; these compounds displayed columnar phase with hexagonal and
oblique lattice. Further, the derivatives with longer alkyl chains exhibited super-
gelation property in nonpolar solvents showing very high thermal and mechanical
stability. Surprisingly, these materials don’t possess any H-bonding motif. They
showed self-standing gelation ability mainly by means of n-stacking interactions of the

constituent molecules.

O OCnHan+s
S2.6

H2n41CnO OCpH2n+1
where,n=1,4,6,10 & 12

An hexacatenar pyridine-thiadiazole hybrid based compound, S 2.7 was studied
by Pradhan et al. (2016) as columnar liquid crystal. It was shown to self-organize into
Coly and Colrat room temperature. It displayed super gelating ability with aggregation-
induced emission, which was attributed to aromatic ©-n interaction. Moreover, this
mesogenic compound showed contrasting acidochromic behaviour in solution, LC film

and gel states.

C46H330 | X OCgH33
S ~ S,
C16H330 I N » OC16Ha3
N-N =N
C16H330 S 2.7 OCgHa3

Yadav et al. (2017) synthesized a series of new bis-1, 3,4-thiadiazole derivatives
with varying alkoxy termini, S 2.8. The derivative owing hexyloxy chains exhibited
columnar hexagonal mesomorphism at RT. Further studies on their material properties
revealed that, this particular derivative demonstrated gelation property in various

solvents due to intense n-7 interaction and van der Waals attraction experienced by the
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saturated alkyl chains. Because of the strong donor-accepter interactions, these
materials showed bright blue emission. Also, their electroluminescence ability was

investigated.

OCnH2n+1 HanCnO
H2n+1CnO OCnH2n+1

H2n+1CnO OCnH2n+1

T
S 2.8 where,n= 6,8 & 10

In a study Nguyen et al. (2017), a columnar mesogenic material carrying two
polar 1,2,3-triazolyl substitutions, S 2.9, was found to exhibit two distinct Coln phases
as function of temperature. Especially, the columnar LC phase possessed by this
material displayed a high response to external AC E-field, showing the alignment either
perpendicular (homeotropic) or parallel (planar) to ITO substrate. Finally, the authors
revealed that, the conductivity of the mesophase after the E-field-assisted alignment

was 2.8 times higher than that of the non-aligned one.

Cy2H250 OCy2Has
CiaMasO  OCiHys  §2.9  CyoHpsO  OCiaMzs

Star-shaped CLCs:

Star-shaped or ‘hekates’ having three-arm mesogens behave differently from
conventional rod- and disk-shaped LCs because they have void space between the arms.
They are emerging as one of the promising unconventional discotics due to their
exceptional compatibility with columnar self-assembly (Detert et al. 2010; Lehmann
2009). Usually, the presence of voids between the arms of the star-shaped mesogens
causes lowering of transition temperature with wide mesophase range and hence
promotes the advantageous glassy state (Lehmann 2009). Because of their synthetic
flexibility, a variety of heterocyclic systems can be introduced in order to achieve
functional mesomorphism in hekates. Further, their material characteristics can be
tailored by reducing the symmetry using different arms. Consequently, a large number
of aromatic and heteroaromatic cores have been employed in the star-shaped designs to

accomplish the columnar mesophases along with essential functional properties for
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their applications in various devices. Some of the hekates derived from various

heterocycles are discussed below:

Pieterse et al. (2001) synthesized a star-shaped hexaazatriphenylene discotic
mesogen as electron deficient material, S 2.10. It showed Coln mesomorphism and
featured photo induced electron transfer ability with poly (3-hexylthiophene) as a
donor. Therefore, the above mentioned strategy provides a route to develop similar type

of mesogens for the potential use in photovoltaic devices.

Ci2H250, OC1zHas

OC12Has
o
L
O
’d
C12H350, 0 N7
N N
N
Cy2Hz50 Nl _
N Z N
C1oHu50 o N | o
N
s210 ©
OC1zHas

C12H250 OC‘IZHZS

Attias et al. (2002) designed and synthesized a new class of discotics based on
3,5-dicyano-2,4,6-tristyryl core, S-2.11. Evidently, it could be self-assembled into 2-D
columnar hexagonal by antiparallel arrangement of two molecular units to form disc-
shaped dimers. Also, the authors studied the electrochemical and photophysical
properties in solution state. The electron affinity of central pyridine ring was further
increased by two cyano groups, which favoured the electron injection. This DLC was
shown to possess permanent dipole moment, acting perpendicular to the columnar axis
in order to favour strong dipolar interaction and consequently, a long-range

intracolumnar order appears to offer high carrier mobility.
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A C3-symmetric discotic molecule with tri-azaheterocycle core, S 2.12 was
synthesized by Pieterse et al. (2003) and they were studied its optoelectronic properties.
According to the authors, it segregated into a columnar phase, but they failed to predict
the exact symmetry of the Col mesophase. In addition, it showed UV/Vis absorption

and emission with considerable solvatochromism.

OC15Hzs5
C12H250 OC2Has
N™SN
| N/
C1oH550 Z X OC12Has
C12H250 OC12H2s
OC4,Hy5 S2.12 OC15Ho5

In an attempt to study the octupolar molecules, Varghese et al. (2009) designed
and synthesized two oxadiazole derivatives, 2.13. Both of them exerted Col, phase and
transformed into glassy state without disturbing the columnar order. Further, they
exhibited spontaneous concentration dependent hierarchical self-assembly from

spheres to fibrous gels and strong discrete florescence at various aggregated states.

\
OCpHan+1
OCHan+1
N 0 / O
N \ OC,H
\ 6 N, nH2n+1

=N

S 2.13 where,n=12 & 16

H20+1CnO O

Hpni1ChO  OCnHanss

To understand the behaviour of mixed heterocyclic derivatives, Beltran et al.
(2010) prepared a series of compounds based on tris(triazolyl)triazine core, S 2.14 using
“click chemistry” protocol. These materials were found to self-assemble in Coln phase
at room temperature and they were intense blue fluorophores both in solution as well

as solid states. Recently, structurally similar compounds (S 2.15) with extended arms
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were reported by Beltran et al. (2012). These compounds exhibited Coln assembly by
adopting the antiparallel alignment of two molecules in polar conformation rather than
the Cz conformation. They also emitted light in blue region with higher quantum yield
than that of S 2.14 series of compounds. Interestingly, all the members of the S 2.14
featured solvatochromisum, but not S 2.15 derivatives.

Ri R,
Ry R, Rs
O
R 0

N-N

i S g
N Z
N-N
N
Rs NS Nf
R NN,
Z\Q\N/ﬁ)\h‘)\[’” Ry N| N
L] /
R N N RZ\Q\‘(O\Q\NN)\NJ\E’\LN
Q\R‘ Ri 0 Nt N

S 2.14 Ry R, R, =R;=H, R, =0C H,, Q
R, =Ry =H, R, =0C H,, R, =H, R, = Ry= OC, H,, S o]
R, =H, R, = Ry= OC H,, $2.15 R; =R, =R;=0C,H,,
R, =R, = Ry= OC/(H,, R, =R, =H, R, = O(S)Cit “
R, = H, R, = Ry= O(S)Cit !
R; =R, =R;3= O(S)Cit Rs R,

Westphal et al. (2013) synthesized and characterized a series of unsymmetrical
star-shaped discotics bearing amide, imine, and ester functionalities with varying
peripheral chains (S 2.16). The results revealed that, variation in the length and number
of linear alkoxy terminals of any of the arms in this design exerted significant changes
in their material properties, including mesomorphism, absorption and luminescence.

Evidently, most of the members of the series showed Coln assembly with high
fluorescence.

X OC12H2s5
Rs3
~ o OC15Has
N o 4
N \ »’O/OCQHZS OC1,Hos
\Sig) N~N
Ry
R (@)
3 OC12H2s
x=< -$NH :
C12H250 S2.16 Ry
o OC12H25
R»] =H R2 =H R3 =H 0O OC12H25
R,=H R,=H R3 = OCy3Hos @O
Ri=0CqHps  Rp=H Rg=H $-NH OC1Hys
R1=0CioHys  Ry=H R3 = OCq3Hzs _
R1=0CqHs Ry=0Cq3Hys Rz=H

R1=0Cq2Hzs  Ry=0Cq3Hzs R3=0CqzH2s
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A series of 1,3,5-trazene based LCs (S 2.17) synthesized by Lee and Yamamoto
(2002) was shown to possess disordered columnar phase with high fluorescence
quantum efficiency. Similarly, Jiao et al. (2015) synthesized a series of Csx-Symmetric
molecules, S 2.18 by incorporating hydroxyl groups at suitable positions. The OH
functionality has involved in strong intramolecular H-bonding with central triazine
core, thereby planarizing the core and hence inducing the stable columnar mesophase

with hexagonal symmetry.

OCHans1 OC,Han1

® &

NN
I ~
o
®
H2n+1CnO OCpHanse1 Hzn41CnO

S2.17

OCpHzn+1

Where, n= 8, 10, 12 &16

Where,n =6, 8, 10, 12, 14 &16

In another report, Pradhan et al. (2016) studied star-shaped molecules based on
2,4,6- triazine central core attached to symmetrically substituted 1,3,4-oxadiazole arms,
S 2.19. According to the authors, increasing the number of peripheral chains would
stabilize the columnar mesomorphism with lowering the isotropization point. Further,
they studied their electrochemical and optical properties. Also S 2.19 was shown to
possess blue and green emission with narrow band gap. Surprisingly, the material
overcome from tremendous aggregation emission quenching, possibly due to several

different diastereomeric conformations in the columnar packing.

R, Rs
Ry
—N
\
O_N
R1
N (0]
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Rs3
S 2.19 where, R}, Ry, R; = 0C ¢H,,
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Wedge- and tapered-shaped CLCs:

In the unconventional columnar LCs, wedge and tapered-shaped structures also
play an important role. Generally, they show columnar morphology mainly by
supramolecular strategy. Usually, the groups at the focal point of the wedge/tapered
molecules are responsible for the formations of disc-like architectures conferring the
columnar mesophases. Such mesogens derived from heterocycles are rarely explored.

A few of them have been highlighted below:

Yagai et al. (2011) studied three wedge-shaped barbituric acid derivatives,
which offered supramolecular CLC phases with rectangular structure by the formation
of catenation, i.e. formation of macrocycles via H-bonding. However, in
methylcyclohexane solution state, they behaved differently; depending on the number
of m-conjugated repeating units, they formed nano-rings of different diameter, viz. 25,
36 and 40 nm.

C12H250

C1oHy50 S220n= 0, 1&2
OCy2H2s

The same group reported a regeoisomeric pair of naphthalene derivatives
bearing barbituric acid Yagai et al. (2012). The observed dissimilar thermotropic
mesomorphism (S 2.21 and S 2.22 exhibited Col and Coln, respectively) indicated the
striking impact of regeoisomrism on LC properties. The compounds also formed nano

ring and nano rod structures by hierarchical organization of hexameric rosettes.
o H

(0]
N
H >‘
OC1oHos
H K@[OCQHZS Q OC1Hys
OC4,H
$2.21 OC12Hzs $2.22 12

OCy2H2s

A series of taper-shaped mesogens derived from 4-aryl-1H-pyrazoles, S 2.23

was reported by Moyano et al. (2013). Among the six compounds, the trialkoxy-
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substituted derivatives were found to be columnar liquid crystalline via the formation
of supramolecular aggregates. When the amide functionality was replaced by ester, the
resultant material, S 2.24 showed exactly similar mesomorphism, suggesting that
pyrazole ring at the tip plays a deciding role for the formation LC phase in these tapered
structures. Further, the authors explored the optical properties of mesogenic materials

and found luminescence in the visible region.

. .

R,=R,=R,=H
R, =0C(H,;;R,=R3=H
R;=H;Ry=R;=0CoHy
R; =R, =R3=0C,Hy, O N °5°
R; =R, =R5=0-(S)-dimethyloctyl
R; =R, =R; = 0-(R)-dimethyloctyl

Ri Rz  CqoH210 OC1oH21

On continuing the efforts on pyrazole derivatives, Blanco et al. (2016)
synthesized a set of pyrazole compounds, S 2.25 by adopting Henry and Michael
reaction protocol. These compounds exhibited supramolecular CLCs in spite of simple
molecular geometry and found to be fluorescent materials with relatively high QY.

R1 ,H Rl :R2:R3:OC10H21
R, 7 N Ry =R,=R;=0C 4Hy
=N R; =R, =R; = O-dimethyloctyl
R3

S2.25

H-bonding CLCs:

As mentioned earlier, H-bonding induced columnar liquid crystalline materials
are one of the fascinating groups of stimuli responsive LCs. In such systems,
mesomorphic properties can be tuned by simple tailoring the molecular structures. Till
now, a large number of H-bonding scaffolds with appropriate design have been
investigated to obtain columnar mesophases. Among the various class of compounds,
carboxylic acids, amides, pyridines, polyalcohols, carbohydrates, oligopeptides,
pyrazoles, triazines, melamines, etc. are widely studied H-bonding motifs. Particularly,
heteroaromatic systems capable of forming H-bond are much advantageous as they
deliver highly stable and ordered mesophases through well-defined H-bonding
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interactions. Some of the H-bonding induced heterocyclic CLCs are discussed in the

following paragraphs.

Kleppinger et al. (1995) reported first rational molecular design of a predictable
self-assembled disk-like supramolecule, S 2.26 that forms a columnar mesophase. Here,
as a-pyridone molecules have a strong tendency of forming discotic dimers, they self-
assembled in columnar hexagonal phase. Similarly, (Suarez et al. 1998) used trimeric
strategy in developing a series of properly substituted phthalhydrazides, S 2.27.
Evidently, these molecules formed supramolecular disk through definite H-bonding

network, generating columnar architectures with rectangular and hexagonal fashion.

OCHon+q
OCqH2n+1
OC,Hans1
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Wheren=28,12 & 16
S$2.26 Wheren=28,10 & 12

Hirschberg et al. (2000) studied wedge-shaped ureidiotriazene derivatives (S
2.28), which were found to form stable Coln phase by means of disc-like dimers driven
through self-complementary quadruple hydrogen bonding. Tethering the two molecules
with an appropriate spacer resulted in bifunctional derivatives, S 2.29, which also

generated columnar mesophases.

OR
RO HN H H H RO R NNNNNN
- N_N_N_O -
RO F\]—'(N N,NHN\/\/\/\NHN’N
RO HN_<\N-H 0PN AN H N OO o0
s~ 0 RO OR H H }
S 2.8 OR S2.29

With a different ideology, Lee et al. (2001) prepared a H-bonded complex by
coalescing two complementary compounds, i.e. benzotri(imidazole) and tri-substituted
benzoic acid in 1:3 ratio (S 2.30). The yielded complex formed the stable Col phase and
the acrylate moiety on the termini of the peripheral chains was found to be photo-
polymerized to a covalently fixed LC state. On removal of central benzotri(imidazole)

core, it generated a nanoporous polymer film containing ordered hexagonal channels.
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van Gorp et al. (2002) used benzene-1,3,5- trisamide benzene-1,3,5- trisurea
cores to obtain much larger C3 symmetric discotics, S 2.31 and S 2.32. In these
molecules, presence of a number of amide motifs rigidifies and reorganizes the discs in
helical columnar phase. Owing to their favourable structural features, these materials
produced the supramolecular gels in solvents.
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During their study on heterocycle based H-bonded CLCs, Maly et al. (2006)

synthesized a series of rod-like dialkoxy substituted biphenyl appended to polar
diaminotriazine. S 2.33 exclusively exhibited Coln mesophase by the self-assembly of
a supramolecular hexameric rosettes. Similarly, Dai et al. (2013) reported new rod-like
diaminotriazine derivatives with longer aromatic segment, carrying thiophene ring (S
2.34). Interestingly, on increasing the length of the peripheral chains, these compounds

revealed mesophase transformations from Coly to two micellar cubic phases.
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On the similar lines, a family of hemi-disc shaped 1H-pyrazole derivatives, S
2.35 were synthesized with varying the length, number and type of fluidic chains (chiral
and achiral) (Beltran et al. 2009). As investigated, the pyrazoles assembled into Coln
mesophase by the formation of discotic dimeric units via central pyrazole ring and
exerted characteristic fluorescence due to the donor-accepter interactions. Likewise,
Gallardo et al. (2011) prepared bent-rod shaped 1,2,4-oxadiazoles bearing polar
substituents, viz. I, NO2, NH2, and OH groups, S 2.36. These banana-shaped molecules
interestingly showed columnar mesomorphism by producing a dimer, trimer, or

tetramer inside a single disc, depending on the type of H-bonding groups involved.

H2n+1cno NHZ H\
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Hzn41CrO N—< Ny Y
NH N O-N
Hone1CnO z 0C,Hys
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$2.34 n=10,12,14 &16 C12H250 S 2.36
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Feringan et al. (2016) prepared a series of star-shaped 1:3 hydrogen bonded
complexes, S 2.37 using electron rich hexaalkoxy triphenylene and electron deficient
tris(triazolyl)triazine nonmesogenic components. These complexes were emerged into
stable coaxial columnar assemblies with remarkable intracolumnar order. The
significant intramolecular electronic communication between the donors and accepter

resulted in high ambipolar charge mobility in the complexes.
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OVERVIEW OF LITERATURE SURVEY
Based on the thorough literature survey on discotic liquid crystals derived from

various heterocyclic moieties, the following important inferences have been made:

>

An excellent synthetic flexibility of the heterocycles compared to
aromatics/polyaromatics facilitates preparation of a variety of functional
discotics.

Introducing the heteroaromatics in the core region stabilizes the columnar
mesomorphism by the strong intermolecular as well as intracolumnar donor-
accepter interactions.

The heterocyclic motifs allow to access imperative columnar phases by the
diverse non-discoidal molecules like star, wedge, tapered, bent and rod-shapes
because of their rich mesomorphism.

The closed type H-bonding ability of heterocycles induces the LC phase in the
non-mesogenic systems by the strong intra- and intermolecular H-bonding.
Such mesophases were shown to possess highly dynamic response towards the
external stimuli.

The presence of electronegative atoms like O, S and N in heterocycles provides
a reduced symmetry, a strong lateral and/or longitudinal polar induction and
uneven distribution of the electron density, leading to an intense donor-accepter
interaction. These features allow us to tune the photophysical and electronic

properties at the mesogenic state.
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» The slight variation in D-A interactions in the basic structure of the heterocycle-
based mesogens, it is possible to tune the emission colour.

» The electron deficient nature of the aromatic heterocycles imparts the n-type
semiconducting property to columnar mesophases, which are rarely reported.
These materials can be employed in wide variety of optoelectronic devices.

» Overall there is an extensive scope for the proper designing of new molecular
structures to achieve the prospective columnar mesomorphism with tuneable

optical and electronic properties.

2.4 SCOPE AND OBJECTIVES

In this advanced era, discotic liquid crystalline (DLCs) materials are being
successfully employed in the wide range of fields ranging from electronics to
biomedical, because of their unique properties (Goodby et al. 2014; Meier et al. 2012;
Wang 2016; Wang et al. 2017; Wang and Li 2016, 2018). Especially, tailoring the
molecular structures in order to achieve the desirable functional properties in
mesomorphic state is important. As discotic liquid crystalline materials possess good
prospects for the development of new electro-optical devices like organic field effect
transistors (OFETS), organic light emitting diodes (OLEDs) and organic photovoltaic
devices (OPVs), design and development of new discotic mesogens will have bright

future.

In this context, enormous research activities are progressing in the field of DLCs
during last two decades. The literature review reveals that, the discotic materials with
coexistence of both good semiconducting properties and absorption or/and emission of
light over the broad range of electromagnetic spectrum are limited. In the proposed
research work, it has been planned to design new heterocycle-based liquid crystals
featuring unconventional molecular geometry by incorporating the donor-accepter
configurations in the core system. This intriguing strategy also helps to achieve the long

range order, which favours the high charge carrier mobility.

The present work has been aimed to develop the new optimized synthetic routes
to offer improved yields for the newly designed heterocyclic mesogens. It was also
contemplated to study structure-property relationship of newly synthesized molecules.
Effect of core size, linking groups, length of peripheral chains and type of heteroatoms
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on their mesomorphic, optical and electrochemical properties would be studied in
detail. Further, it has been thought of fabricating optoelectronic devices using new

mesogens in order to study their device performance.

Based on above mentioned facts and thorough literature survey, following main

objectives have been intended in the present research work.

1. To design and synthesize new heterocyclic derivatives with variety of geometrical
configurations capable of forming stable columnar phases

2. To investigate and optimize new synthetic methods to synthesize the newly
designed molecules

3. To characterize structurally all intermediates and final compounds by FTIR, *H-
NMR, 3C-NMR and mass spectral techniques followed by elemental analysis

4. To investigate and characterize liquid crystalline properties by using the
combination of advanced techniques like Differential Scanning Calorimetry (DSC),
Polarized Optical Microscopy (POM) and small angle temperature dependent X-
Ray Diffraction (XRD)

5. To study photophysical properties of new compounds by means of UV-Visible and
fluorescence spectroscopic techniques

6. To evaluate the electrochemical properties of selected new liquid crystalline
compounds by Cyclic Voltammetry (CV) and theoretical simulations (DFT)

7. To carry out preliminary OLED device fabrication studies using selected liquid
crystalline materials as an emissive component

8. To study their structure-property correlations

In summary, the heterocyclic derivatives are reviewed to be promising aromatic
electron deficient candidates for design of new liquid crystals. They are supposed to
play an active role in designing new molecules because of their intense D-A
interactions. It is expected that newly designed molecules carrying polar functionalities
would show discotic liquid crystalline behaviour over a wide range of temperature.
Further, it is hoped that the new molecules would show expected functional properties
in their mesophases. Some of the chemical and physical aspects which are essential for
the stability of mesophase would be taken care strictly from the point of view of their

device fabrications. It is also hoped that the newly investigated liquid crystals may find
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applications in other fields like sensors, LCD displays etc. The intermediates obtained
during the synthesis of target liquid crystals may be useful in the field of medicinal

chemistry.
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SYNTHESIS AND STRUCTURAL CHARACTERIZATION OF

NEW HETEROCYCLIC SYSTEMS
Abstract

This chapter describes molecular design and different synthetic protocols
adopted for the synthesis of various heterocyclic derivatives bearing several alkoxy
substituted aromatic motifs. Further, it includes structural characterization of the new

molecules using spectral techniques.

3.1 INTRODUCTION

Since the discovery of DLCs, ample number of designing strategies and their
synthesis have been explored to realise stable columnar mesomorphism. As the recent
literatures suggest that, unlike traditional design, a typical columnar mesogen should
own the one or more aromatic/heteroaromatic rings surrounded by the saturated chains
of optimum lengths, irrespective of shape of the molecules. Generally, there are two
widely used protocols for the design, i.e. attaching the alkyl chains to polyfunctional
core or building the entire molecule by coalescing the alkyl substituted moieties. The
latter method is the most accessed strategy because of the lack of availability of suitable
polyfunctional aromatic systems. Synthesis of such compounds are often not
straightforward, which involves multistep synthesis. As the present work focused on
the heterocyclic structures, we mostly built the mesogenic molecule by condensation of
one or more alkyl substituted aromatics. Also, the number of synthesis steps have been
reduced and optimized to get pure compounds in good yield. In the preparation of LCs,
the purification of target materials is most challenging part due to formation of side
products having almost same Rs along with target compounds. Therefore, the current
work also concentrated on development of purification methods to obtain high pure LC

materials.

The following sections cover a detailed account on design and synthesis of six
new series of heterocyclic molecules (HT1-35 Series-1 to 6). They also elaborate in
depth structural characterization of newly synthesized intermediates and target

compounds.
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3.2 EXPERIMENTAL

In this section, design, synthesis and characterization of new heterocyclic
compounds, viz. HTi7 (Series-1), HTs-10 (Series-2), HTi120 (Series-3), HT21-26
(Series-4), HT27-31 (Series-5) and HT32-35 (Series-6) have been dealt.

3.2.1 Materials and methods

All the required special chemicals, common organic and inorganic reagents
(AR/reagent grade) were purchased from Sigma Aldrich, Merck, Spectrochem and
SD’s Fine Chem. Ltd. companies and used without any further purifications. All the
solvents used to carry out the reactions were analytical grade, they were procured from
local companies and dried using standard procedures. The reactions were performed
under inert (Ar/N2) atmosphere and completion of the reaction was monitored by TLC
technique. Merck made aluminium sheets coated with silica gel were used for thin layer
chromatography (TLC). The synthesized compounds were purified by simple
recrystallization and chromatographic separations using silica gel of mesh size 100-200
and 230-400 (Merck made). The chemical structures of new intermediates and final
compounds were established by set of techniques. *H NMR spectra were recorded on
Bruker machine at 500 MHz and **C NMR at 125 MHz using CDCls solvent (Sigma-
Aldrich made) and chemical shifts were reported in & (Hz) related to tetramethylsilane
(TMS) as internal standard. FT-IR spectra were obtained by Bruker alpha Fourier
transform IR spectrometer using ATR method and only key absorption bands were
summarized in wave numbers (cm™). Elemental analysis was performed on a Carlo-
Erba Flash 1112 analyser. Mass spectrometric analysis was carried out using MALDI-

TOF mass spectrometer.

3.2.2 Design and synthesis of HT1-7 (Series-1)

In Series-1, flying bird-shaped D-A-D configured molecules (HT1-4) carrying
electron deficient 3-cyano-2-pyridone as central core substituted by two electron rich
dialkoxyphenyl rings at its 4" and 6 positions, were designed keeping in view that, the
lactam core is expected to facilitate the formation of disc-like H-bonded dimer. Further,
in order to examine the role of H-bonding, similar shaped 2-methoxy-3-cyanopyridine
derivatives (HTs-7) containing no CONH linkage in the ring with the same substituents

have been designed, as pictured in Fig 3.1. A series of seven derivatives has been
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designed by varying the length of the alkoxy chains attached to both the donors in order
to understand the structure-property relationships. Here, presence of donor-accepter
configuration would induce the significant intramolecular charge transport property.
Consequently, this feature would result in intense fluorescence and high redox activity.

e ~-N
H'N “d
H2,+1C,0 O ~ | O OC,Hanst _ HLL ’ (f", } ~ Donor
H2n+1Cr0O OC,Hzn+
HT,, _rf:r ‘1_'% . = Acceptor

n=26,_812& 16

N\,
0 ~N
NZY i
Hans1CoO S N S OC, Hansr _ | = Donor
H2n+1cno ocC, I'|2n-i-1
HT;, _rf_fr H7=L ‘ = Acceptor

n=6%,12

Figure 3.1 Design of new D-A-D configured molecules HT1-7 of Series-1

The synthetic approach for the preparation of newly designed cyanopyridone
derivatives is depicted in Scheme 3.1. The key intermediates, viz. 3,4-
dialkoxyacetophenones (3a-d) were prepared from catechol (1) by adopting
Williamson’s etherification method (Zhang et al. 2014), followed by Friedel Crafts
acylation with acetyl chloride in good vyield. Other intermediates 3,4-
dialkoxybenzaldehydes (5a-d) were synthesized from 3,4-dihydroxybenzaldehyde (4)
by alkylation using required n-alkyl bromides. Then, the precursors 3a-d were reacted
with the intermediates 5a-d in presence of ethyl cyanoacetate and excess of ammonium
acetate, to yield symmetrically substituted compounds HT14, respectively. While
synthesizing these cyanopyridones, precursors 3 and 5 substituted with similar alkoxy
chains were used. Further, 2-methoxy-3-cyanopyridine derivatives, HTs7 were
prepared separately using different synthetic protocols. Here, HT1 was synthesized by
Claisen-Schmidt condensation of aldehyde 3a with ketone 5a to give chalcone followed
by cyclization of chalcone with malononitrile in presence of sodium methoxide. Since
its yield was poor, an alternate method was used to obtain HT1. In this method,

compound HT1was directly alkylated with methyl iodide in presence of a base to form
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HTsin good yield. The other two compounds HTe-7 were synthesized in good yield by

the latter method using a similar procedure.

1- R = n-CGH13

R = n-CgH43, for 2a, 3a, 5a, 6a, HT;

HT, R =n-CgH
R = n-CgH,7. for 2b, 3b, 5b, HT; 2 etz

NN -CN
R = n-Cy,Hys for 2¢, 3¢, 5c, HT, RO O \l O OR HTs: R =n-Ciotas
R = n-CqgHss for 2d, 3d, 5d RO N OR HT4: R =n-CygHas
Scheme 3.1 Synthesis pathway for synthesis of HT1.7. Reagents and conditions: a) RBr,
K2COs, KI, DMF, 70 °C, 70-85 %; b) CH3COCI, anhydrous AlCls, dry DCM, -5-0 °C,
85-92%; c) K2COs3, RBr, DMF, 80 °C, 65-85%); d) Ethyl cyanoacetate, ACONHs4, EtOH,
70 °C, 25-40%; e) Aqueous KOH, EtOH, RT, 83 %; f) Malononitrile, NaOMe, MeOH,
RT, 40 %; g) Mel, K.COs, DMF, 45 °C, 85-90%

3.2.2.1 Results and discussion

The structures of all new key intermediates and cyanopyridone derivatives of
Series-1 were confirmed by a set of spectral techniques. For instance, FTIR spectrum
of HT1 showed prominent stretching bands at 2216 and 1653 cm™ indicating the
presence of cyano and carbonyl groups, respectively (Fig 3.2). Fig 3.3 depicts *H-NMR
spectrum of HT1 showing a sharp highly down fielded signal at 12.81 ppm and the
unique singlet at 6.68 ppm, which confirms the successful construction of
cyanopyridone ring by the cyclization reaction. The remaining aromatic protons
resonated in between 7.50 and 7.00 ppm, four OCH> protons appeared as triplet at 4.10
and protons of hexyloxy chains occurred in between 2.00 and 0.90 ppm. Additionally,
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its *C-NMR spectrum (Fig 3.4) showed higher frequency signals at 164 and 160 ppm
due to carbonyl carbon and carbon carrying cyano groups, respectively which further
confirmed the formation of central cyanopyridone ring. As expected, a number of
signals have appeared at down field because of the secondary and tertiary carbons. The
characteristic signal occurred at 69.64 ppm is due to OCH2 group. Further, the base
peak at 673.4553 of its MALDI-TOF mass spectrum (Fig 3.5) exactly matched with
the calculated mass for the molecular formula C42HeoN20s. Likewise, structures of all

the new compounds were identified and confirmed.

Some selected spectra:
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Figure 3.2 FTIR (ATR) spectrum of HT1
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Figure 3.5: MALDI-TOF spectrum of HT1
3.2.2.2 Experimental procedures

In the following section, detailed experimental protocols adopted to synthesize
all the intermediates and final heterocyclic derivatives of Series-1 are discussed. Also,

their structural characterization data are included.
General procedure for the synthesis of 1-(3,4-bis(alkoxy)phenyl)ethanone (3a-d)

Under argon atmosphere, the compound 1,2-dihexyloxybenzene 2a (29, 7.18
mmol, 1 equv. ) was dissolved in 30 mL of dry DCM and cooled to -5 °C using NaCl/ice
bath. To the stirred reaction mixture, anhydrous AICIz (1 g 7.9 mmol, 1.1 equiv.) was
added in small portions. Then, acetyl chloride (0.56 mL, 7.9 mmol, 1.1 equiv.) was
added drop-wise and the mixture was stirred at -5 °C. After 30 min, the mixture was
warmed to room temperature and continue the stirring for another 30 min. The mixture
was poured into 50 mL of ice-cooled water and the separated compound was extracted
with DCM (2x50 mL). The combined DCM layers were washed with saturated
NaHCOs, then with brine and evaporated to dryness. The crude product was
recrystallized using methanol to get white solid product 3a, (Yield, 92 %). FTIR (ATR):
vmax in cm™ 2955, 2954, 2928 (Ar C-H), 2857 (Aliph C-H), 1669 (C=0), 1584 (Ar
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C=C). 'H NMR (CDCl3, 500 MHz): § 7.55 (d, 1H, J = 8.0 Hz, Ar-H), 7.52 (s, 1H, Ar-
H), 6.87 (d, 1H, J = 8.5 Hz, Ar-H) 4.06 (m, 4H, 2xOCH3), 2.56 (s, 3H, COCH3), 1.88
—1.81 (m, 4H, 2x0-CH2-CH2), 1.49 (m, 4H, 2xCH2), 1.36 (m, 8H, 4xCH>), 0.92 (t,
6H, J = 6.5 Hz, 2xCHj3). 3C NMR (CDCls, 125 MHz): & 196.87, 153.52, 148.84,
130.25, 123.18, 112.33, 111.52, 69.11, 31.55, 29.07, 26.20, 25.65, 22.59, 13.99.
Elemental Anal. Calcd for C20H3203 (%): C, 74.96; H, 10.06; Found: C, 74.95, H, 10.08.

The compounds 3b, 3c and 3d were synthesized by adopting similar procedure

as described for the synthesis of 3a.

For 3b, (Yield, 89 %). IR (ATR): vmax in cm® 2958, 2952, 2928 (Ar C-H), 2855
(Aliph C-H), 1669 (C=0), 1583 (Ar C=C). *H NMR (CDCls, 500 MHz): & 7.54 (d, 1H,
J=8.0 Hz, Ar-H), 7.52 (s, 1H, Ar-H), 6.87 (d, 1H, J = 8.0 Hz, Ar-H) 4.06 (m, 4H, 2xO-
CHy), 2.56 (s, 3H, COCHg), 1.87-1.83 (m, 4H, 2xOCH2-CH>), 1.48 (m, 4H, 2xCHy),
1.37- 1.30 (m, 16H, 8xCHy), 0.89 (t, 6H, J = 6.5 Hz, 2xCHa). 3C NMR (CDCl3, 125
MHz): 6 196.85, 153.53, 148.84, 130.26, 123.18, 112.36, 111.54, 69.17, 31.81, 29.23,
26.20, 26.00, 22.67, 14.09. Elemental Anal. Calcd for C24H0O3 (%): C, 76.55; H,
10.71. Found: C, 76.58; H, 10.61.

For 3¢, (Yield, 90 %). IR (ATR): vmax in cm™ 2958, 2953, 2927 (Ar C-H), 2849
(Aliph C-H), 1666 (C=0), 1590 (Ar C=C). 'H NMR (CDCls, 500 MHz): & 7.55 (d, 1H,
J = 85 Hz, Ar-H), 7.52 (s, 1H, Ar-H), 6.87 (d, 1H, J = 8.5 Hz, Ar-H) 4.06 (m, 4H,
2x0CHy), 2.56 (s, 3H, COCHa), 1.87 — 1.81 (m, 4H, 2xOCH>-CH2), 1.48 (m, 4H,
2xCHy), 1.33 (m, 32H, 16xCHy), 0.89 (t, 6H, J = 6.5 Hz, 2xCHa). **C NMR (CDCls,
125 MHz): & 196.88, 153.54, 148.84, 130.26, 123.18, 112.37, 111.55, 69.13, 30.81,
29.50, 26.20, 26.01, 22.69, 14.11. Elemental Anal. Calcd for C32Hs603 (%): C, 78.63;
H, 11.55; O, 9.82. Found: C, 78.63; H, 11.58; O, 9.78.

For 3d, (Yield, 90 %). IR (ATR): vimax in cm™ 2955, 2951, 2930 (Ar C-H), 2859
(Aliph C-H), 1668 (C=0), 1593 (Ar C=C). *H NMR (CDCls, 500 MHz): 5 7.55 (d, 1H,
J =85 Hz, Ar-H), 7.53 (s, 1H, Ar-H), 6.88 (d, 1H, J = 8.5 Hz, Ar-H) 4.06 (m, 4H,
2xOCHy), 2.57 (s, 3H, COCHs), 1.89 — 1.82 (m, 4H, 2xOCH2-CHy), 1.49 (m, 4H,
2xCHy), 1.34 (m, 48H, 24xCHj), 0.89 (t, 6H, J = 6.5 Hz, 2xCHj3). *C NMR (CDCl;,
125 MHz): 196.89, 153.54, 148.85, 130.26, 123.18, 112.37, 111.54, 69.14, 31.94,
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29.65, 26.22, 25.99, 22.70, 14.12. Elemental Anal. Calcd for CsoH7203 (%) C, 79.94;
H, 12.08. Found: C, 79.86; H, 12.03.

General procedure for the synthesis of 4,6-bis(3,4-dialkoxyphenyl)-2-oxo-1,2-
dihydropyridine-3-carbonitriles, HT1-4

An equimolar mixture of 1-(3,4-dihexyloxyphenyl)ethanone 3a (2 g, 6.24
mmol, lequiv.) and 3,4-dihexyloxybenzaldehyde 5a (1.91 g, 6.24 mmol, 1 equiv.) was
taken in 50 mL of ethanol. The mixture was warmed to 60 °C to get clear solution.
Then, ethyl cyanoacetate (0.8 mL, 6.9 mmol, 1.1 equiv.) and ammonium acetate (7.2 g,
93.6 mmol, 15 equiv.) were added and the mixture was heated to 70 °C for 12 h. After
completion of the reaction, the obtained precipitate was filtered and washed with
ethanol to obtain yellow solid, HT1. The crude was purified by column chromatography
with silica gel of 100-200 mesh using 1:3 pet-ether (60-70°C) and dichloromethane as
eluent (Yield, 40 % ) IR (ATR): vmax in cm™ 2922 (Ar C-H), 2854 (Aliph C-H), 2217
(C=N), 1653 (C=0), 1600 (Ar C=C). *H NMR (CDClIs, 500 MHz): § 12.81 (s, 1H,
CONH), 7.52 (dd, 1H, J = 8.5, 2.0 Hz, Ar-H), 7.39 (d, 1H, J = 2.5 Hz, Ar-H), 7.27 (dd,
1H,J=8.0, 2.0 Hz, Ar-H), 7.26 (d, 1H, J = 2.0 Hz, Ar-H), 7.04 (d, 1H, J = 8.5 Hz, Ar-
H), 7.01 (d, 1H, J = 8.0 Hz, Ar-H), 6.68 (s, 1H, pyridone-H), 4.22 (t, 2H, J = 6.5 Hz,
OCHy2), 4.08 (m, 6H, 3xOCH), 1.92-1.85 (m, 8H, 4xOCH,-CH>), 1.53 (t, 8H,J=7.0
Hz, 4xCH>),1.39-1.36 (m, 16H, 8x CH>), 0.95 (t, 12H, J = 6.5 Hz, 4xCHs). 3C NMR
(CDCls, 125 MHz): 6 164.14, 160.57, 152.51, 151.44, 150.42, 149.79, 149.10, 128.52,
124.05, 121.46, 120.76, 116.45, 113.71, 113.23, 112.07, 105.79, 97.78, 69.56, 31.60,
29.14, 25.69, 22.61, 14.02. Elemental Anal. Calcd for Cs2HsoN2Os (%): C, 74.96; H,
8.99; N, 4.16. Found: C, 74.81; H, 9.261; N, 4.10. HRMS (ESI+) exact mass calculated
for C42HeoN20s (M+1): 673.4502, Found: 673.4553.

The compounds HT24 were synthesized by adopting similar procedure as
described for the synthesis of HT1.

For HT2, yellow amorphous solid (Yield = 36 %). IR (ATR): vmax in cm™ 2915
(Ar C-H), 2851(Aliph C-H), 2216 (C=N), 1653 (C=0), 1600 (Ar C=C). 'H NMR
(CDCl3, 500 MHz): & 12.95 (s, 1H, CONH), 7.52 (dd, 1H, J = 8.5, 2.0 Hz, Ar-H),7.40
(d, 1H,J=2.0 Hz, Ar-H), 7.28 (dd, 1H, J = 8.0 Hz, 2.0 Hz, Ar-H), 7.25 (d, 1H,J =2.0
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Hz, Ar-H),7.04 (d, 1H, J = 8.5 Hz, Ar-H), 7.01 (d, 1H, J = 8.5 Hz, Ar-H), 6.68 (s, 1H,
pyridone-H), 4.22 (t, 2H, J = 6.5 Hz, OCH,) 4.08 (m, 6H, 3xOCH), 1.90-1.85 (m, 8H,
4x0CH,-CHy), 1.54-1.48 (m, 8H, 4xCH,) 1.38-1.35 (m, 32H, 16x CH,), 0.95 (t, 12H,
J =6.5Hz, 4xCHj3). 13C NMR (CDCls, 125 MHz): § 164.24, 160.55, 152.51, 151.44,
150.48, 149.78. 149.10, 128.53, 124.05, 121.47, 120.81, 116.47, 113.72, 113.32,
112.14, 105.81, 97.74, 69.57, 31.83, 29.30, 26.00, 22.68, 14.11. Elemental Anal.
Calculated for CsoH76N20s (%): C, 76.49; H, 9.76; N, 3.57. Found: C, 76.31; H, 10.364;
N, 3.53. HRMS (ESI+) exact mass calculated for CsoH76N20s (M+1): 785.5754, Found:
785.3382.

For HT3, yellow amorphous solid (Yield = 36 %). IR (ATR): vmax in cm™ 2951
(Ar C-H), 2851 (Aliph C-H), 2217 (C=N), 1654 (C=0), 1601 (Ar C=C). 'H NMR
(CDCls, 500 MHz): 6 12.60 (s, 1H, CONH), 7.50 (dd, 1H, J = 8.5, 2.0 Hz, Ar-H), 7.37
(d, 1H,J=2.0 Hz, Ar-H), 7.28 (dd, 1H, J = 8.0, 2.0 Hz, Ar-H), 7.25 (d, 1H, J = 2.0 Hz,
Ar-H), 7.04 (d, 1H, J = 8.5 Hz, Ar-H), 7.01 (d, 1H, J = 8.0 Hz, Ar-H), 6.67 (s, 1H,
pyridone-H), 4.21 (t, 2H, J = 6.5 Hz, OCHy), 4.09 (m, 6H, 3xOCHy), 1.87 (t, 8H, J =
6.5 Hz, 4xOCH2-CH>), 1.54-1.27 (m, 72H, 36xCH,), 0.90 (m, 12H, 4xCHj3). 1*C NMR
(CDCls, 125 MHz): 164.31, 160.53, 152.52, 151.44, 150.52, 149.78, 149.10, 128.54,
124.03, 121.47, 120.85, 116.49, 113.72, 113.23, 112.18, 105.83, 97.69, 69.56, 31.94,
21.45, 26.0, 22.70, 14.12. Elemental Anal. Calculated for CesH108N20s (%): C, 78.52;
H, 10.78; N, 2.77. Found: C, 77.46; H, 10.925; N, 3.07. HRMS (ESI+) exact mass
calculated for CesH10sN20s (M+1): 1009.8258, Found: 1001.0035.

For HT3, yellow amorphous solid (Yield 35 %). IR (ATR): vmax in cm™ 2915
(Ar C-H), 2850 (Aliph C-H), 2217 (C=N), 1656 (C=0), 1602 (Ar C=C). '*H NMR
(CDCl3, 500 MHz): 6 12.54 (s, 1H, CONH), 7.40 (dd, 1H, J = 8.5, 2.0 Hz, Ar-H), 7.28
(d, 1H, J = 2.0 Hz, Ar-H), 7.18 (dd, 1H, J = 8.0, 2.0 Hz, Ar-H), 7.15 (d, 1H, J = 2.0 Hz,
Ar-H), 6.93 (d, 1H, J = 8.5 Hz, Ar-H), 6.54 (d, 1H, J = 8.5 Hz, Ar-H), 6.57 (s, 1H,
pyridone-H), 4.11 (t, 2H, J = 6.5 Hz, O-CH,), 4.0 (t, 6H, J = 6.5 Hz, 3xOCH), 1.78-
1.74 (m, 8H, 4xOCH,-CH>),1.41-1.18 (m, 104H, 52xCH>), 0.80 (m, 12H, 4xCHa). ).
13C NMR (CDCls, 125 MHz): & 164.02, 160.58, 152.51, 151.47, 150.34, 149.79,
149.11, 124.06, 121.48, 120.69, 116.44, 113.73, 113.22, 112.03, 105.74, 97.81, 69.57,
31.94, 29.43, 26.0, 22.70, 14.12. Elemental Anal. Calculated for Cg2H140N20Os5 (%): C,
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79.81; H, 11.44; N, 2.27. Found: C, 79.56; H, 11.862; N, 2.30. HRMS (ESI+) exact
mass calculated for Cg2H140N20s (M+1): 1234.0762, Found: 1234.2292.

Synthesis of intermediate (E)-1,3-bis(3,4-bis(hexyloxy)phenyl)prop-2-en-1-one (6a)

An equimolar mixture of 3a (1g, 3.26 mmol, 1 equiv.) and 5a (1 g, 3.26 mmol,
1 equiv.) was dissolved in ethanol, to which 50% of aqueous KOH (0.64 g, 11.42 mmol,
3.5 equiv.) was added drop-wise. After stirring at room temperature for 5 hours, the
resulted greenish yellow precipitate was filtered and washed with ethanol. Finally
recrystallization with DCM and methanol offered the title compound as greenish yellow
solid (Yield 83 %). IR (ATR): vmax in cm™ 2951 (Ar C-H), 2923 (Ar C-H), 2857 (Aliph
C-H), 1657 (C=0), 1574 (Ar C=C). *H NMR (CDCls, 500 MHz): § 7.75 (d, 1H, J =
15.5 Hz, Olefinic-H), 7.66 (d, 1H, J = 8.0 Hz, Ar-H), 7.62 (s, 1H, Ar-H), 7.41 (d, 1H,
J = 15.5 Hz, Olefinic-H), 7.22 (d, 1H, J = 8.5 Hz, Ar-H), 7.19 (s, 1H, Ar-H), 6.93 (d,
1H, J = 8.0 Hz, Ar-H), 6.90 (d, 1H, J = 8.5 Hz, Ar-H), 4.1-4.0 (m, 8H, 4xOCHz), 1.89-
1.85 (m, 8H, 4xOCH2-CH>), 1.51 (m, 8H, 4xCHy), 1.37 (m, 16H, J = 6.5 Hz, 8xCH>),
0.93 (m, 12H, 4xCHj3). 3C NMR (CDCls, 125 MHz): § 188.79, 153.33, 151.57, 149.13,
144.12, 131.40, 128.01, 122.90, 69.24, 31.59, 29.15, 25.68, 22.61, 14.02. Elemental
Anal. Calculated for CasHeoOs (%): C, 76.93; H, 9.93. Found: C, 76.99; H, 10.95.

Synthesis of HTs from chalcone 6a (method-1)

To a suspension of chalcone 6a (1 g, 1.48 mmol, 1 equiv.) in 20 mL of
anhydrous methanol, sodium methoxide (0.83g, 14.87mmol 10 equiv.) was added
portion-wise. Malononitrile (0.11 g, 1.63 mmol, 1.1 equiv.) was then added to it and
stirred for 10 hrs at ambient temperature. The obtained pale yellow precipitate was
filtered and washed repeatedly with methanol. The crude solid was purified by silica
gel (100-200 mesh size) column chromatography using 5% ethyl acetate in pet-ether
(60-70 °C) as mobile phase to yield HTs as pale white solid (Yield = 40%). IR (ATR):
vmax in cm™ 2917 (Ar C-H), 2848 (Aliph C-H), 2219 (C=N), 1578 (Ar C=C). 'H NMR
(CDCls, 500 MHz): & 7.7 (s, 1H, Ar-H), 7.67 (d, J = 8.5 Hz, 1H, Ar-H), 7.39 (s, 1H,
Ar-H), 7.24 (d, J = 8.5 Hz, 1H, Ar-H), 7.22 (s, 1H, Ar-H), 7.01 (d, J = 8.5 Hz, 1H, Ar-
H), 6.97 (d, J = 8.5 Hz, 1H, Ar-H), 4.20 (s, 1H, OCHz3), 4.13-4.07 (m, 8H, 4xOCH>),
1.88 (m, 8H, 4xOCH,-CH>), 1.50 (m, 8H, 4xCH>), 1.38-1.28 (m, 8H, 4xCH>), 0.925
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(m, 12H, 4x CHs). *C NMR (CDCls, 125 MHz): § 165.08, 157.56, 156.21, 151.59,
150.82, 149.17, 130.17, 128.86, 121.41, 120.71, 116.21, 114.02, 113.40, 113.08,
112.54, 91.68, 69.41, 54.38, 31.93, 29.70, 29.60, 29.45, 29.36, 29.24, 26.05, 22.70,
14.12. Elemental Anal. Calculated for CasHes2N20s (%): C, 75.18; H, 9.10; N, 4.08:
Found: C, 75.10; H, 9.12; N, 3.98. HRMS (ESI+) exact mass calculated for C43Hs2N2Os
(M+1): 687.4658, Found: 687.4658.

Synthesis of HTs from cyanopyridone HT1 (method-2)

A mixture of HT1 (0.5 g, 0.821 mmol, 1 equiv.), anhydrous K>COs (0.17 g,
1.23mmol, 1.5 equiv.) and methyl iodide (0.041 g, 0.98 mmol, 1.1 equiv.) in 15 mL of
dry DMF was stirred at 45 °C for overnight. After completion of the reaction, the
mixture was poured into ice and obtained precipitate was filtered and washed with
water. It was further purified by silica gel (100 -200 mesh size) column chromatography
using 5% ethyl acetate in pet-ether as eluents offered white solid (Yield = 90 %). The

spectroscopic properties were identical to that of compound obtained by method-1.

The compounds HTe was prepared as described in method-2 (Yield 88%) IR
(ATR): vmax in cm™ 2920 (Ar C-H), 2848 (Aliph C-H), 2218 (C=N), 1578 (Ar C=C).
'H NMR (CDCls, 500 MHz): § 7.7 (s, 1H, Ar-H), 7.67 (d, J = 8.5 Hz, 1H, Ar-H), 7.39
(s, 1H, Ar-H), 7.24 (d, J = 8.5 Hz, 1H, Ar-H), 7.22 (s, 1H, Ar-H), 7.01 (d, J = 8.5 Hz,
1H, Ar-H), 6.97 (d, J = 8.5 Hz, 1H, Ar-H), 4.20 (s, 1H, OCHz3), 4.20-4.07 (m, 8H,
4x0OCHy>), 1.88 (m, 8H, 4xOCH,-CH>), 1.51 (m, 8H, 4xCH>), 1.39-1.31 (m, 32H, 16x%
CHp), 0.925 (t, 12H, J = 5.0 Hz, 4xCHs3). 3C NMR (CDCls, 125 MHz): § 165.07,
157.55, 156.21, 151.60, 150.83, 149.18, 130.18, 128.86, 121.41, 120.72, 116.20,
114.04, 113.41, 113.10, 112.53, 91.68, 69.33, 54.37, 31.84, 29.34, 26.06, 22.64, 14.11.
Elemental Anal. Calculated for Cs1HzsN20Os (%): C, 76.65; H, 9.84; N, 3.51. Found: C,
76.66; H, 9.90; N, 3.52. HRMS (ESI+) exact mass calculated for CsiH7sN2O (M+1):
799.5910, Found: 799.3246.

HT7 was also synthesized by adopting the method-2 (Yield 85%) IR (ATR):
vmax in cm™1 2955 (Ar C-H), 2849 (Aliph C-H), 2223 (C=N), 1590 (Ar C=C). 'H NMR
(CDCls, 500 MHz): & 7.6 (s, 1H, Ar-H), 7.57 (d, J = 8.5 Hz, 1H, Ar-H), 7.18 (s, 1H,
pyridine-H), 7.14 (d, J = 8.5 Hz, 1H, Ar-H), 7.12 (s, 1H, Ar-H), 7.91 (d, J = 8.5 Hz,

Dept. of Chemistry, NITK 48



Chapter 3

1H, Ar-H), 6.88 (d, J = 8.5 Hz, 1H, Ar-H), 4.10 (s, 1H, pyridine-OCHz), 4.10-3.97 (m,
8H, 4xOCH), 1.78 (m, 8H, 4xOCH-CH), 1.41 (m, 8H, 4xCH), 1.39-1.31 (m, 64H,
32x CHy), 0.80 (m, 12H, 4x CHjs). 3C NMR (CDCls, 125 MHz): § 165.08, 157.55,
156.21, 151.61, 150.84, 149.19, 130.18, 128.87, 121.41, 120.71, 116.20, 114.05,
113.42, 113.11, 112.53, 91.69, 69.34, 54.37, 31.94, 29.24, 27.57, 22.71, 14.12.
Elemental Anal. Calculated for Ce7H110N20s (%): C, 78.59; H, 10.90; N, 2.71. HRMS
(ESI+) exact mass calculated for Cs7H110N205 (M+1): 1023.8414, Found: 1023.9621.

3.2.3 Design and synthesis of HTs-10 (Series-2)

In Series-2, three new unsymmetrical star-shaped molecules (HTs-10) bearing
cyanopyridine central core, substituted with the trialkoxybenzyl group at its 2" position
and two dihexyloxyphenyl rings at its 4" and 6™ positions, respectively have been
rationally designed. Their representative molecular structures are shown in Fig 3.6. In
the new design, the presence of highly electron withdrawing cyano functionality further
enhances the electron deficiency of pyridine ring, causing a good electron mobility in
the mesophase (Attias et al. 2002). One of the arms of the molecule has been changed
in order to study the effect of structure-property correlation. It is also expected that,
these highly flexible dissimilar arms would facilitate decrease in isotropic temperatures,
which is one of the desirables for easy processing of a mesogenic material in the device
fabrication process. Further, the presence of donor-accepter configurations would offer

encouraging photophysical properties in the mesomorphic aggregation.

OCn|'|2n+1
H2n+1cno OcnH2n+1
[

SN0 S SN N (i Ci
N0 O O 0NN
HTS-IO A
n=8 12&16 ‘ &

Acceptor Donor

Figure 3.6 Design of new star-shaped discotic molecules HTs-10 of Series-2
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The synthetic route for the preparation of newly designed hekets is outlined in
Scheme 3.2. The synthesis of required key-precursor 2-cyanopyridone derivative HT1
was discussed in section 3.2.2. The intermediate 3,4,5-trialkoxybenzyl bromides 11a-c
were prepared by employing the reported procedures (Tanabe et al. 2007). Their
synthesis involved the acid catalysed esterification of gallic acid (7) followed by the
alkylation with different n-alkylbromide using Williamson’s etherification protocol to
get ethyl 3,4,5-trialkoxybenzoates 9a-c. The reduction of esters using LiAlIH4 in dry
THF furnished 3,4,5-trialkoxybenzyl alcohols 10a-c, which on treatment with
phosphorus tribromide in DCM at ambient conditions offered key-intermediates 11a-c.
Finally, the simple base catalysed alkylation of compound HT: with different

trialkoxybenzyl bromides produced target molecules HTs-10in good yield.

OH OH OR OR
HO OH HO OH RO OR RO OR
Cc
a b
0~ "OH o~ O o~ O OH

9a-9c 10a -10c
/
OR
RO OR
Br
11a-11c
OR
R= n'CnH2n+1
(0]

n=6for9a, 10a, 11a & HT, N7 | CN
n =8 for 9b,10b, 11b & HT, CgH130 X OCgH13
n=12for 9¢,10c, 11¢c & HT10 06H13O HT8-10 OCGH13

Scheme 3.2 Synthesis route for preparation of HTs-HT10. Reagents and conditions: a)
n-RBr, anhydrous K>CO3, KI, DMF, 80 °C, 12h, 80-89 %; b) LiAlH4, in dry THF, O-
25 °C, 12h, 90-96 %; c) PBr3, DCM, 2h, 85-90 %; d) K.COs, DMF, 60 °C, overnight,
60-70 %
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3.2.3.1 Results and discussion

The chemical structures of newly synthesized compounds were confirmed by
routine spectral techniques. FTIR, *H-NMR, 3C-NMR and HRMS-TOF spectra of one
of the alkyl member i.e. HT1o are depicted in Figs 3.7-3.10, respectively. In FTIR
spectrum of HT1o, absorption band at 2217 cm™ indicated the presence of cyano group
of central pyridine core and absence of any absorption in the range of 1650-1680 cm™
suggested the successful alkylation of pyridone moiety to pyridine. As expected, the set
of NMR signals appeared between 8.00 to 6.50 ppm accounts for aromatic protons; a
singlet at 5.57 ppm has attributed to benzyloxy protons; unique triplets at 3.90 and 4.10
ppm are due to two distinct OCH>; number of signals in the range of 2.00-0.90 ppm are
ascribed to primary and secondary protons of saturated alkyl chains. These data
confirmed the structure of HT1o.

In its *C-NMR spectrum, high frequency resonance at 164.46 ppm is due to
tertiary carbon attached to benzyloxy substituent and rest of the down fielded signals
are raised by aromatic carbons. The characteristics signal at 73.42 and 69.13 ppm
revealed two types of OCH> carbons. Both the elemental analysis and mass data
unambiguously match with calculated data for CesH13sN20s. Similarly, structures of the
remaining two final compounds, HTs and HTg of the series have been confirmed.
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Figure 3.7 FTIR (ATR) spectrum of HT 1o
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Figure 3.8 *H NMR (500 MHz) spectrum of HT1o recorded in CDCls
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Figure 3.9 C NMR (125 MHz) spectrum of HT1o recorded in CDCls
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Figure 3.10 MALDI-TOF spectrum of HT 10

3.2.3.2 Experimental procedures

In the present section, experimental procedures adopted to synthesise star-
shaped cyanopyridines (HTs-10) and their structural characterization have been
described.
General procedure for the synthesis of 4,6-bis(3,4-bis(alkoxy)phenyl)-2-((3,4,5-
tris(alkoxy)benzyl)oxy)nicotinonitriles (HTs-10)

A mixture of compound 6 (0.3 g, 0.45 mmol, 1 equiv.) and anhydrous K>COs
(0.92 g, 0.67 mmol, 1.5 equiv.) in 15 mL DMF was stirred at room temperature under
inert atmosphere for 15 min. Then, trihexyloxybenzyl bromide 11a (0.23 g, 0.49 mmol,
1.1 equiv.) was added to the mixture and heated to 60 °C for overnight. After
completion of the reaction, the reaction mass was added into 50 mL of ice-cold water.
The crude product was extracted with dichloromethane (40 mLx2) and the combined
organic layers was concentrated. The resulted crude product was purified by silica gel
column chromatography (100-200 mesh size) using 3% ethyl acetate in petroleum ether
(60-70 °C) as mobile phase to obtain HTs as pure white product (Yield, 70 %). FTIR
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(ATR): vmax in cm™ 2922 (Ar C-H), 2855 (Aliph C-H), 2216 (C=N) and 1591 (Ar
C=C).'H NMR (CDCls, 500 MHz): § 7.68-7.65 (m, 2H, 2xAr-H), 7.38 (s, 1H, pyridine-
H), 7.24-7.21 (m, 2H, 2xAr-H), 7.0 (d, 1H, J = 8.5 Hz, Ar-H), 6.97 (d, 1H, J = 8.5 Hz,
Ar-H), 6.79 (s, 2H, 2xAr-H), 5.57 (s, 2H, 2xOCH>-Ar), 4.0 (m, 8H, 4xOCHy>), 3.97 (m,
6H, 3xOCH>), 1.88 (m, 8H, 4xCH>), 1.77 (m, 6H, 3xCH>) 1.49-1.28 (m, 42H, 2xCH>),
0.95-0.9 (m, 21H, 7xCHs). 3C NMR (CDCls, 125 MHz): & 164.46, 157.47, 156.35,
153.15, 151.63, 150.83, 149.23 149.16, 137.93, 131.57, 130.20, 128.88, 121.39,
120.81, 116.04 114.02, 113.39, 113.06, 112.76, 106.71, 92.10, 73.41, 69.71, 69.62,
69.21, 69.12, 69.77, 31.71, 30.228, 29.70, 29.38, 29.24, 29.16, 29.51, 25.73, 25.65,
14.06. Elemental Anal. Calcd (%) for C42HesoN20s: C, 74.96; H, 8.99; N, 4.16; O,
Found: C, 74.81; H, 9.261; N, 4.10. HRMS (ESI+) exact mass calculated for
Ca2HeoN20s (M+1): 673.4502, Found: 673.1233

The final compounds HTs-10 were synthesized by adopting similar procedure.

For HTo, pale white coloured product (Yield 66%). FTIR (ATR): vmax in cm™
2922 (Ar C-H), 2855 (Aliph C-H), 2216 (C=N) and 1591 (Ar C=C). *H NMR (CDCls,
500 MHz): 6 7.68-7.65 (m, 2H, 2xAr-H), 7.38 (s, 1H, pyridine-H), 7.24-7.21 (m, 2H,
2xAr-H), 7.0 (d, 1H, J = 8.5 Hz, Ar-H) 6.97 (d, 1H, J = 8.5 Hz, Ar-H), 6.80 (s, 2H,
2xAr-H), 5.57 (s, 2H, 2xOCH»-Ar), 4.0 (m, 8H, 4xOCHy), 3.96 (m, 6H, 3xOCH>), 1.87
(m, 8H, 4xOCH-CH?>), 1.74 (m, 6H, 3xCH>) 1.51-1.27 (m, 54H, 27xCH>), 0.95-0.88
(m, 21H, 7xCHs). C NMR (CDCls, 125 MHz): § 164.45, 157.48, 156.35, 153.14,
151.62, 150.82, 149.24 149.19, 137.94. 131.56, 130.20, 128.87, 121.39, 120.82, 114.0,
113.06, 106.70, 92.09, 73.43, 69.67, 69.04, 31.74, 29.41, 25.74, 25.64, 14.05.
Elemental Anal. Calcd (%) for C73H114N2QOg: C, 76.39; H, 10.01; N, 2.44; O, Found: C,
76.41; H, 10.42; N, 2.29. HRMS (ESI+) exact mass calculated for C73H114N20g (M+1):
1147.8575, Found: 1147.9898.

For HT 10, pale white coloured product (Yield 62%). FTIR (ATR): Vmax in cm™
2922 (Ar C-H), 2846 (Aliph C-H), 2216 (C=N), 1591 (Ar C=C). *H NMR (CDCls, 500
MHz): 6 7.68-7.65 (m, 2H, 2xAr-H), 7.38 (s, 1H, pyridine-H), 7.24-7.21 (m, 2H, 2xAr-
H), 7.0 (d, 1H, J = 8.5 Hz, Ar-H) 6.97 (d, 1H, J = 8.5 Hz, Ar-H), 6.79 (s, 2H, 2xAr-H),
5.57 (s, 2H, 2xOCH2-Ar), 4.10 (m, 8H, 4xOCHy), 3.96 (m, 6H, 3xOCH>), 1.87 (m, 8H,
4x0OCH>-CH>), 1.76 (m, 3H, 2xCH>) 1.51-1.27 (m, 78H, 39xCH>), 0.95-0.88 (m, 21H,
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7xCHj3). ¥*C NMR (CDCls, 125 MHz): & 164.46, 157.47, 156.35, 153.15, 151.62,
150.83, 149.23, 149.16, 137.94, 131.55, 130.20, 128.88, 121.39, 120.81, 114.01,
113.38 113.06, 112.75 106.71, 73.42, 69.71, 69.61, 69.20, 69.13, 68.79, 31.94, 31.65,
31.60, 31.58, 30.36, 29.43, 26.15, 26.12, 25.74, 22.66, 14.05. Elemental Anal. Calcd
(%) for CgsH13sN20s: C, 77.58; H, 10.57; N, 2.13; Found: C, 77.40; H, 10.64; N, 2.30.
HRMS (ESI+) exact mass calculated for CgsHi3sN2Og (M+1): 1316.0453, Found:
1315.9982.

3.2.4 Design and synthesis of HT11-20 (Series-3)

A new class of non-symmetrical D-A-D” structured molecules, HT11-13 was
rationally designed. In the new design, m-rich 9,10-didodecyloxyphenanthrene and
trialkoxybenzene units have been chosen as effective electron donors, while 3-
cyanopyridone moiety as an efficient electron acceptor to achieve optimum
optoelectronic properties at the liquid crystalline state (Fig 3.11). It is expected that,
polycyclic aromatic hydrocarbon (PAH) nature of phenanthrene core would possess
good self-assembling property with effective m-orbital overlapping, which in turn
reduces the inter-columnar spacings resulting in a good charge migration ability
through the columnar stack. Moreover, the introduction of additional alkoxy donors in
electron-rich phenanthrene attached to electron deficient cyanopyridone offers efficient
D-A interaction. Consequently, the designed mesogens would show necessary

optoelectronic properties for their use in optoelectronic devices.

Similarly, one more series of D-A-D’ configured molecules resembling HT11-13
was designed (HTu4-20). Here, it has been aimed at incorporating various electron
donors having different donating strength to cyanopyridone core in order to study their
effect on mesogenic, optical, and electronic properties. In the designed molecules,
3,4,5-tridodecyloxyphenylene attached at 4" position of cyanopyridone was kept intact
and varied the additional donor appended at 6™ position. The diverse donors, viz.
phenol, anisole, aniline, N,N-dimethylaminophenylene, thiophenyl, biphenylene,
triphenylamine were conjugatively introduced to the central cyanopyridone core. It is
anticipated that, due to the varied strength of D-A interaction, HT14-20 would exhibit

tuneable emission.

Dept. of Chemistry, NITK 55



Chapter 3

HT1520 OCyaHys M
590 P 9 @ @
N 5

O ©/ \© Donor Acceptor Donor

Figure 3.11 Design of D-A-D’ structured molecules HT11-20 of Series-3

The synthetic routes for the target compounds, HT11-20 are depicted in Scheme
3.3. Firstly, 9,10-phenanthrenequinone (12) was reduced with Na>S;O4 followed by
alkylation using a phase transfer catalyst, BusNBr in 1:1 THF and H20 mixture to yield
9,10-didodecyloxyphenanthrene (13). The compound 13 was subjected to Friedel-
Crafts acetylation with one equivalent of acetyl chloride under controlled conditions to
give mono acetylated product 14 exclusively in good yield. All the required 3,4,5-
trialkoxybenzaldehydes, 7b-d were prepared through multi-step synthesis by adopting
the reported procedures (Maruyama et al. 2010). Finally, the condensation of acetyl
derivative, 14 and different aldehydes, 7b-d with ethyl cyanoacetate yielded the target
mesogenic compounds, HT11-13. By using the same condensation protocol between
3,4,5-trialkoxybenzaldehyde (7c) and different aromatic ketones, the unsymmetrical

dyad molecules HT14-20 were obtained.
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Scheme 3.3 Synthesis pathway for preparation of HT11.20. Reagents and conditions: (a)
Na2S204, KOH, BusNBr, C12H2sBr, 1:1 H,O and THF, RT, 48 hrs, 75%; (b) CH3COCI,
AICl3, DCM, -5 to 25 °C, 1hr, 80 %; (c) PCC, dry DCM, 3 hrs, 80-63 %; (d) ethyl
cyanoacetate, ammonium acetate, EtOH, 70 °C, 16 hrs, 25-36 %

3.2.4.1 Results and discussion

The structures of all new intermediates as well as final compounds were
established by spectral tools. Fig 3.12 displays the FTIR spectrum of representative
compound HT11, which shows bands at 2216 cm™ and 1630 cm™ due to stretching
vibrations of cyano and carbonyl functionalities, respectively. These results indicated
the formation of cyanopyridone ring. Further, its tH-NMR spectrum (Fig 3.13) depicts
highly down fielded a broad singlet at 12.35 ppm and a unique singlet at 7.19 ppm
accounting for the NH of lactam ring and its only CH proton, respectively; the
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appearance of subsequent aromatic signals and up fielded signals of alkyl protons
elucidate the structure. In its 3C NMR, a number of distinct signals obtained in the
higher frequency region are due to secondary and tertiary carbons of phenanthrene,
phenyl and cyanopyridone rings. Particularly, carbonyl carbon and carbon bearing
cyano group resonate at 163.65 and 161.20 ppm, respectively. In addition, the OCH>
carbons present on two different aromatic environments resonate at 73.86 and 69.48
ppm (Fig 3.14). Moreover, its mass spectrum displayed the [M+H] peak that is in well
agreement with the theoretical mass of C74H112N20s (Fig 3.15). Also, its elemental
analysis data match with the calculated values. The remaining members of the Series-

3 have been characterized similarly.

Some selected spectra:
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Figure 3.12 FTIR (ATR) spectrum of HT11
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Figure 3.15 MALDI-TOF spectrum of HT11

3.2.4.2 Experimental procedures

All the target molecules HT1120 were synthesized by adopting simple and
straightforward reactions. A detailed experimental protocols employed to prepare these
compounds and their subsequent structural characterization data are deliberated as

follows.
Synthesis of 9,10-bis(dodecyloxy)phenanthrene (13)

A mixture of 9,10-phenanthrenequinone (5 g, 24.0 mmol ), Na2S204 (22.78 g,
144 mmol) and BusNBr (4.64 g, 14.4 mmol) in 200 mL THF: H.O (1:1, v/v) was stirred
for 15 mins. To this mixture, dodecyl bromide (17.95 g, 72 mmol) followed by aqueous
KOH (20 g, 360 mmol, in 100 mL of H.O) was added slowly and the stirring was
continued for further 48 hrs. The reaction mixture was diluted with 150 mL of water
and then extracted with ethyl acetate (200 mL x 2). The combined organic layers was
washed with water, brine, then dried over anhydrous Na,SO4 and evaporated the solvent

to dryness. Finally recrystallized using methanol to yield product 2 as pure white solid
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(Yield 75 %). FTIR (ATR): vmax in cm™ 3071 (Ar C-H), 2915 (Ar C-H), 2847 (Aliph
C-H), 1620 (Ar C=C); H NMR (CDCls, 500 MHz): § 8.66 (m, 2H, 2xAr-H), 8.26 (m,
2H, 2xAr-H), 7.65 (m, 4H, 2xAr-H), 4.23 (t, 4H, J = 7 Hz, 2xOCH3), 1.94 (m, 4H,
2X0OCH2-CH>), 1.59 (m, 2H, CH>), 1.42 (m, 32H, 16xCH>), 0.91 (t, J = 7 Hz, 6H,
2xCHj3); *C NMR (CDCls, 125 MHz): & 143.24, 129.64, 128.62, 126.70, 125.63,
122.58, 122.30, 73.66, 31.96, 30.56, 29.71, 29.62, 29.41, 26.31, 22.73, 14.15;
Elemental Anal. Calcd (%) for CasHssO2: C 83.46, H 10.69; Found: C 83.39, H 11.009.

Synthesis of 1-(9,10-bis(dodecyloxy)phenanthrene-3-yl)ethanone (14)

The compound 3 (5 g, 9.15 mmol) was taken in 75 mL of dry DCM, to which
acetyl chloride (0.71 g, 9.15 mmol) was added and stirred at -5 °C under an argon
atmosphere. At the same conditions, anhydrous AICI3 (1.46 g, 10.98 mmol) was then
added in portion-wise. The mixture was stirred at same temperature for about 30 mins,
then gradually warmed to room temperature. After confirming the completion of the
reaction by TLC, the mixture was poured into ice-cooled water, extracted with DCM
(50 mL x2) and dried over Na2SO4 and passed through celite. The solvent was removed
under reduced pressure and crude product was purified by silica gel column
chromatography (100-200 mesh size) using pet-ether and ethyl acetate (2:8) as eluents
to give product 3 as pale white solid (Yield 80%). FTIR (ATR): vmax in cm™ 2912 (Ar
C-H), 2847 (Aliph C-H), 1666 (ketone C=0), 1612 (Ar C=C). H NMR (CDClIs, 500
MHz): § 9.02 (s, 1H, Ar-H), 8.66 (dd, 1H, J = 6.0 3.5 Hz, Ar-H), 8.21 (dd, 1H, J = 8.5,
4.0 Hz, Ar-H), 8.08 (m, 2H, 2xAr-H), 7.69 (m, 2H, 2xAr-H), 4.18 (t, 2H, J = 6.5 Hz,
OCHy), 4.12 (t, 2H, J = 6.5 Hz, 2xOCHy), 2.72 (s, 3H, COCHz3), 1.87-1.81 (m, 4H,
2xCH>), 1.52-1.46 (m, 8H, 4xCH>), 1.35-1.19 (m, 28H, 14xCH>), 0.81 (t, J = 6.5 Hz,
6H, 2xCHj3). 3C NMR (CDCls, 125 MHz): § 198.07, 145.68, 142.71, 133.93, 132.88,
129.90, 129.08, 127.95, 127.30, 126.36, 125.63, 123.76, 122.68, 122.62, 122.61, 73.77,
31.96, 30.53, 30.48, 29.60, 26.86, 26.25, 22.72, 14.14. Elemental Anal. Calcd (%) for
Ca0He0O3: C 81.58, H 10.27; Found: C 81.61, H 10.33.

For 7b, FTIR (ATR): vmax in cm™ 2922 (Ar C-H), 2854 (Aliph C-H), 2728
(aldehyde C-H), 1694 (aldehyde C=0), 1583 (Ar C=C). *H NMR (CDCls, 500 MHz):
8 9.83 (s, 1H, CHO), 7.09 (s, 2H, A-H), 4.04 (m, 6H, 3xOCH,), 1.85-1.72 (m, 6H,
3xCH?>), 1.5-1.3 (m, 30H, 15xCH>), 0.9 (m, 9H, 3xCHjs); 3C NMR (CDCls, 125 MHz):
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6 191.19, 153.52, 143.88, 131.47, 107.87, 73.61, 69.23, 31.84, 30.34, 29.48, 29.30,
26.03, 22.66, 14.06. Elemental Anal. Calcd (%) C31Hs5404: C 75.87, H 11.09; Found: C
75.85, H11.12.

For 7c, FTIR (ATR): vmax in cm™ 2915 (Ar C-H), 2847 (Aliph C-H), 2730
(aldehyde C-H), 1692 (aldehyde C=0), 1580 (Ar C=C); *H NMR (CDCls, 500 MHz):
5 9.84 (s, 1H, CHO), 7.10 (s, 2H, A-H), 4.06 (m, 6H, 3xOCHy), 1.86-1.75 (m, 6H,
3xCHy), 1.64-1.28 (m, 54H, 17xCH>), 0.9 (t, 9H, J = 5.5 Hz, 3xCHjs); *C NMR
(CDCls, 125 MHz): & 191.24, 153.53, 143.91, 131.46, 107.89, 73.63, 69.26, 31.93,
30.35, 29.58, 29.27, 26.03, 22.69, 14.09. Elemental Anal. Calcd (%) for Ca3H7304: C
78.36, H 11.93; Found: C 78.26, H 12.01.

For 7d, FTIR (ATR): vmax in cm™ 2913 (Ar C-H), 2847 (Aliph C-H), 2730
(aldehyde C-H), 1691 (aldehyde C=0), 1585 (Ar C=C); *H NMR (CDCls, 500 MHz):
5 8 9.84 (s, 1H, CHO), 7.10 (s, 2H, A-H), 4.06 (m, 6H, 3xOCH), 1.86-1.75 (m, 6H,
3xCHy), 1.64-1.28 (m, 76H, 36xCH>), 0.9 (t, 9H, J = 6.0 Hz, 3xCHj3); *C NMR
(CDCls, 125 MHz): & 191.24, 153.53, 143.91, 131.46, 107.90, 73.63, 69.26, 31.93,
30.35, 29.71, 29.67, 29.63, 29.55, 29.37, 29.27, 26.03, 22.69, 14.10. Elemental Anal.
Calcd (%) for CssH10204: C 79.80, H 12.55; Found: C 79.89, H 12.05.

General procedure for synthesis of 6-(9,10-bis(alkoxy)phenanthren-3-yl)-2-oxo-4-
(3,4,5-tris(alkoxy)phenyl)-1,2-dihydropyridine-3-carbonitrile (HT11-13)

A mixture of compound 3 (1 g, 1.6 mmol), 7a (0.83 g, 1.6 mmol), ethyl
cyanoacetate (0.23 g, 2.03 mmol) and ammonium acetate (1.30 g, 16.99 mmol) in 30
mL of absolute ethanol was heated to 70 °C for 16 hrs. The mixture was then allowed
cool to RT, the obtained precipitate was filtered and washed with ethanol. The final
compound was isolated from the mixture by columnar chromatographic method using
2 % of the ethyl acetate in the pet-ether solvent and finally recrystallized with DCM
and methanol mixture to get HT11 as greenish yellow gummy solid (Yield 36%). FTIR
(ATR): vmax in cm™ 2920 (Ar C-H), 2851 (Aliph C-H), 2216 (C=N), 1627 (amide C=0),
1594 (Ar C=C); *H NMR (CDCls, 500 MHz): § 12.35 (s, 1H, CONH), 9.1 (s, 1H, Ar-
H), 8.81 (d, 1H, J = 8.0 Hz, Ar-H), 8.32 (d, 1H, J = 8.5 Hz, Ar-H), 8.21 (d, 1H, J = 8.5
Hz, Ar-H), 7.91 (d, 1H, J = 8.5 Hz, Ar-H), 7.68 (t, 1H, J = 7.0 Hz, Ar-H) 7.60 (t, 1H, J
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= 7.5 Hz, Ar-H), 6.83 (s, 2H, 2xAr-H), 6.82 (s, 1H, pyridone-H), 4.18 (t, 2H, J = 6.5
Hz, OCHy), 4.12 (t, 2H, J = 6.5 Hz, OCH>), 3.98 (m, 6H, 3xOCH>), 1.85 (m, 4H,
2xCHy), 1.79-1.68 (m, 6H, 3xCH>), 1.52-1.20 (m, 66H, 33xCH>), 0.83 (m, 15H,
5xCHs); ¥C NMR (CDCls, 125 MHz): & 163.65, 161.20, 153.39, 150.42, 145.57,
142.47, 140.47, 131.86, 130.81, 130.05, 128.90, 128.65, 128.55, 127.61, 126.92,
124.36,123.83, 122.54, 121.86, 106.94, 99.39, 73.79, 69.48, 31.88, 30.46, 29.50, 26.21,
22.69, 14.11; Elemental Anal. Calcd (%) for C74H112N20s: C 78.96, H 10.03, N 2.49.
Found: C 78.76, H 10.23, N 2.42; HRMS (ESI+) exact mass calculated for C74H112N20s
(M+1): 1125.8812, Found: 1125.8801.

Compounds HTi2-13 were prepared by adopting the similar procedure as
described for HT11.

For HT12, greenish yellow (Yield 28%), FTIR (ATR): vmax in cm™2918 (Ar C-
H), 2849 (Aliph C-H), 2218 (C=N), 1643 (amide C=0), 1595 (Ar C=C): *H NMR
(CDCls, 500 MHz): 6 12.65 (s, 1H, CONH), 9.22 (s, 1H, Ar-H), 8.93 (d, 1H, J = 8.0
Hz, Ar-H), 8.41 (d, 1H, J = 8.5 Hz, Ar-H), 8.30 (d, 1H, J = 8.0 Hz, Ar-H), 8.0 (d, 1H,
J=8.5Hz, Ar-H), 7.78 (t, 1H, J = 7.0 Hz, Ar-H) 7.69 (t, 1H, J = 7.5 Hz, Ar-H), 6.92
(s, 3H, Ar-H,_pyridone-H), 4.28 (t, 2H, J = 6.5 Hz, OCH>), 4.22 (t, 2H, J = 6.5 Hz,
OCH>), 4.07 (m, 6H, 3xOCH?>), 1.92 (m, 4H, 2xCH>), 1.87-1.78 (m, 6H, 3xCH>), 1.63-
1.27 (m, 90 H, 45xCH,), 0.90 (m, 15H, 5xCHs); *C NMR (CDCls, 125 MHz): &
163.82, 161.18, 153.39, 150.51, 145.57, 142.47, 140.45, 131.84, 130.82, 130.02,
128.91, 128.65, 128.47, 127.57, 126.94, 124.43, 123.36, 122.51, 121.95, 106.93, 99.32,
73.79, 69.49, 31.94, 30.50, 29.62, 26.22, 22.70, 14.12. Elemental Anal. Calcd (%) for
CasH13sN206: C 79.82, H 10.59, N 2.16; Found: C 80.01, H 10.60, N 2.18. HRMS
(ESI+) exact mass calculated for CgsH13sN20s (M+1): 1294.0398, Found: 1294.2369

For HT13, greenish yellow (Yield 25%), FTIR (ATR): vmax in cm™2919 (Ar C-
H), 2849 (Aliph C-H), 2217 (C=N), 1656 (amide C=0), 1630 (Ar C=C), 'H NMR
(CDCls, 500 MHz): & 12.70 (s, 1H, CONH), 9.22 (s, 1H, Ar-H), 8.91 (d, 1H, J = 8.0
Hz, Ar-H), 8.41 (d, 1H, J = 8.5 Hz, Ar-H), 8.30 (d, 1H, J = 8.0 Hz, Ar-H), 8.0 (d, 1H,
J =85 Hz, Ar-H), 7.78 (t, 1H, J = 7.5 Hz, Ar-H) 7.69 (t, 1H, J = 7.5 Hz, Ar-H), 6.92
(s, 3H, Ar-H, pyridone-H), 4.28 (t, 2H, J = 6.5 Hz, OCH>), 4.22 (t, 2H, J = 6.5 Hz,
OCHp>), 4.07 (m, 6H, 3xOCH?>), 1.94 (m, 4H, 5xCH>), 1.88-1.79 (m, 6H, 3xCH>), 1.63-
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1.27 (m, 114 H, 57xCH>), 0.89 (m, 15H, 5xCHs). *C NMR (CDCls, 125 MHz): &
163.82, 161.17, 153.39, 150.51, 145.57, 142.47, 140.45, 131.84, 130.82, 130.02,
128.91, 128.65, 128.46, 127.57, 126.95, 124.43, 123.78, 122.51, 121.95, 106.95, 99.32,
73.79, 69.49, 31.95, 30.49, 29.63, 26.23, 22.70, 14.12; Elemental Anal. Calcd (%) for
CosH160N206: C 80.49, H 11.03, N 1.92; Found: C 80.13, H 11.59, N 1.89; HRMS
(ESI+) exact mass calculated for CosH160N206 (M+1): 1462.2276, Found: 1462.1235.

General procedure for the synthesis of 6-(4-hydroxyphenyl)-2-oxo-4-(3,4,5-
tris(dodecyloxy)phenyl)-1,2-dihydropyridine-3-carbonitrile (HT14-20)

A mixture of aldehyde 7c (1g, 1.51 mmol 1 equiv.), 4-hydroxy acetophenone
(0.20 g 1.51 mmol 1 equiv.), ethyl cyanoacetate (0.23 g, 1.66 mmol, 1.1 equiv.) and
ammonium acetate (1.40 g, 18.2 mmol, 12 equiv.) in 25 volume of absolute ethanol
was reflexed for about overnight. After completion of the reaction, the mixture was
evaporated to dryness under reduced pressure. Then, the mixture was poured into water
and extracted twice with dichloromethane. Further, the target compound was isolated
from crude by means of silica gel (100-200 mesh size) using mixture of pet-ether and
ethyl acetate as eluent to get HT14 as yellow solid (Yield 41 %). FTIR (ATR): vmax in
cm™2916 (Ar C-H), 2849 (Aliph C-H), 2218 (C=N), 1654 (C=0), 1587 (Ar-C=C). H
NMR (CDCls, 500 MHz): 6 12.29 (s, 1H, CONH), 8.01 (d, 2H, J = 8.5 Hz, 2xAr-H),
7.28 (d, 2H, J=8.5 Hz, 2xAr-H), 6.84 (s, 2H, 2xAr-H), 6.67 (s, 1H, pyridone-H). 4.086
(t, 2H, J = 6.5 Hz, OCH>), 4.022 (t, 4H, J = 6.5 Hz, 2xOCH>), 1.82-0.91 (m, 60H,
30xCH?y), 0.91 (t, 9H, J = 6.0 Hz, 3xCHz3). *C NMR (CDCls, 125 MHz): § 163.97,
161.30, 160.43, 153.38, 150.88, 139.69, 131.30, 128.98, 122.78, 116.93, 106.53,
105.50, 97.68, 73.91, 69.37, 31.94, 30.32, 29.76 29.72 29.65, 26.10, 22.69 14.12.
Elemental Anal. Calculated for CssHgsN2Os (%): C, 77.10; H, 10.06; N, 3.33. Found:
C, 76.98; H, 10.25; N, 3.15. HRMS (ESI+) exact mass calculated for CssHgaN20Os
(M+1): 841.6380, Found: 841.7825.

Compounds HTis-20 were prepared by following the similar procedure as
described for HT14.

For HT1s (Yield 44 %) FTIR (ATR): vmax in cm™ 2919 (Ar C-H), 2850 (Aliph
C-H), 2217 (C=N), 1654 (C=0), 1605 (Ar-C=C). *H NMR (CDCls, 500 MHz):  12.14
(s, 1H, CONH), 7.95 (d, 2H, J = 9.0 Hz, 2xAr-H), 7.11 (d, 2H, J = 8.5 Hz, 2xAr-H),

Dept. of Chemistry, NITK 64



Chapter 3

6.89 (s, 2H, 2xAr-H), 6.70 (s, 1H, pyridone-H), 4.06 (m, 6H, 3xOCH>), 3.91 (s, 3H,
OCHpa), 1.88-1.77 (m, 6H, 3xCH>), 1.54-1.38 (m, 54H, 27xCH>), 0.91 (t, 9H, J = 6.0
Hz, 3xCHs). 3C NMR (CDCls, 125 MHz): § 162.66, 160.97, 153.38, 150.17, 140.49,
130.86, 128.90, 123.83, 116.10, 115.04, 106.94, 105.60, 98.23, 73.66, 69.49, 69.49,
55.62, 31.95, 31.93, 30.39, 29.52, 26.12, 22.10, 14.10. Elemental Anal. Calculated for
CssHgsN20s (%): C, 77.24; H, 10.14; N, 3.28. Found: C, 77.38; H, 10.07; N, 3.11.
HRMS (ESI+) exact mass calculated for CssHgsN2Os (M+1): 855.6536, Found:
855.42517.

For HT16 (Yield 29 %) FTIR (ATR): vmax in cm™ 3391 3357 (Ar-NH,), 2917
(Ar C-H), 2849 (Aliph C-H), 2219 (C=N), 1662 (C=0), 1588 (Ar-C=C). 'H NMR
(CDCls, 500 MHz): § 12.27 (s, 1H, CONH), 7.76 (d, 2H, J = 9.0 Hz, 2xAr-H), 6.88 (s,
2H, 2xAr-H), 6.83 (d, 2H, J = 9.0 Hz, 2xAr-H), 6.64 (s, 1H, pyridone-H), 4.15 (s, 2H,
NH;) 4.05 (m, 6H, 3xOCH,), 1.88-1.76 (m, 6H, 3xCH,) 1.59-1.28 (m, 54H, 27xCHy),
0.92 (3, 9H, 3xCHj3). *C NMR (CDCls, 125 MHz): § 164.03, 160.77, 153.32, 150.62,
150.16, 140.29, 131.17, 128.79, 120.75, 116.45, 115.14, 106.90, 106.90, 104.61, 97.13,
73.65, 69.47, 31.94, 30.39, 29.62, 26.13, 22.69, 14.11. Elemental Anal. Calculated for
CsaHgsN3O4 (%): C, 77.19; H, 10.20; N, 5.00. Found: C, 77.05; H, 10.33; N, 4.60.
HRMS (ESI+) exact mass calculated for CssHgsN3Os (M+1): 840.6540, Found:
840.4541.

For HT17 (Yield 33 %) FTIR (ATR): vmax in cm™ 2917 (Ar C-H), 2849 (Aliph
C-H), 2211 (C=N), 1631 (C=0), 1602 (Ar-C=C). *H NMR (CDCls, 500 MHz): § 12.16
(s, 1H, CONH), 7.75 (d, 2H, J = 9.0 Hz, 2xAr-H), 6.79 (s, 2H, 2xAr-H), 6.74 (d, 2H, J
= 9.0 Hz, 2xAr-H), 6.55 (s, 1H, pyridone-H), 3.96 (m, 6H, 3xOCH), 3.0 (s, 6H,
NCHa), 1.78-1.67 (m, 6H, 3xCH>) 1.42-1.40 (m, 54H, 57xCH>), 0.81 (m, 9H, 3xCHz3).
13C NMR (CDCls, 125 MHz): § 163.92, 160.60, 153.27, 152.61, 142.25 131.42, 128.32,
117.86,116.52,112.12,106.85, 104.17, 96.37, 73.64, 69.43, 40.08, 31.95, 30.38, 29.51,
26.13, 22.70, 14.12. Elemental Anal. Calculated for CssHgoN3Oa4 (%): C, 77.46; H,
10.33; N, 4.84. Found: C, 77.85; H, 10.12; N, 5.02. HRMS (ESI+) exact mass calculated
for CssHgoN304 (M+1): 868.6853, Found: 868.8712.

For HT1s (Yield 40 %) FTIR (ATR): vmax in cm™ 2919 (Ar C-H), 2850 (Aliph
C-H), 2212 (C=N), 1631 (C=0), 1601 (Ar-C=C). *H NMR (CDCls, 500 MHz): § 13.26
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(s, 1H, CONH), 8.32 (d, 1H, J = 3.0 Hz, Ar-H), 7.59 (dd, J = 5.0 Hz, 1H, Ar-H), 7.32
(m, 1H, Ar-H), 6.89 (m, 2H, 2xAr-H), 6.72 (s, 1H, pyridone-H), 4.05 (m, 6H, 3xOCH>),
1.89-1.78 (m, 6H, 3xCH>) 1.39-1.28 (m, 54H, 27xCH_), 0.91 (m, 9H, 3xCHa). *3C
NMR (CDCls, 125 MHz): 163.82, 161.08, 153.40, 144.09, 134.31, 130.45, 130.08,
129.73, 115.96, 106.91, 105.61, 98.62, 73.69, 69.51, 31.94, 30.39, 29.65, 26.12, 22.70,
14.12. Elemental Anal. Calculated for Cs2Hg2N204S (%): C, 75.13; H, 9.94; N, 3.37; S,
3.86. Found: C, 75.11; H, 10.07; N, 3.57; S, 3.42. HRMS (ESI+) exact mass calculated
for CssHgaN304 (M+1): 831.5995, Found: 831.8746.

For HT19 (Yield 49 %) FTIR (ATR): vmax in cm™ 2919 (Ar C-H), 2850 (Aliph
C-H), 2212 (C=N), 1631 (C=0), 1601 (Ar-C=C). 'H NMR (CDCls, 500 MHz): & 13.25
(s, 1H, CONH), 8.07 (d, 2H, J = 8.5 Hz, 2xAr-H), 7.85 (d, 2H, J = 8.5 Hz, 2xAr-H),
7.68 (t, 2H, J = 7.0 Hz, 2xAr-H), 7.49 (m, 2H, 2xAr-H), 7.42 (t, 1H, J = 7.0 Hz, Ar-
H), 6.92 (s, 2H, 2xAr-H), 6.83 (s, 1H, pyridone-H), 4.07 (m, 6H, 3xOCHy), 1.89-1.78
(m, 6H, 3xCH2) 1.64-1.28 (m, 54H, 27xCH>), 0.91 (m, 9H, 3xCHs). **C NMR (CDCls,
125 MHz): 164.15, 161.00, 153.41, 150.05, 144.70, 140.52, 139.55, 130.70, 130.37,
128.99, 128.25, 128.15, 127.74, 127.28, 116.00, 106.91, 106.46, 99.30, 73.68, 69.48,
31.96, 31.94, 30.40, 29.54, 26.14, 22.71, 14.12. Elemental Anal. Calculated for
CeoHgsN204 (%): C, 79.95; H, 9.84; N, 3.11. Found: C, 80.08; H, 9.74; N, 3.18. HRMS
(ESI+) exact mass calculated for CeoHgsN204 (M+1): 901.6744, Found: 901.8974

For HT20 (Yield 30 %) IR (ATR): vmax in cm™2919 (Ar C-H), 2850 (Aliph C-
H), 2218 (C=N), 1636 (C=0), 1589 (Ar-C=C). *H NMR (CDCls, 500 MHz): § 11.88
(s, 1H, CONH), 7.58 (d, 2H, J = 9 Hz, Ar-H), 7.27-7.23 (m, 4H, Ar-H), 7.10 (3, 4H,
Ar-H), 7.49 (m, 2H, Ar-H), 7.03 (m, 4H, Ar-H), 6.76 (s, 2H, Ar-H), 6.53 (s, 1H,
pyridone-H), 3.95 (t, 6H, J = 6.5 Hz, OCH), 1.76-1.68 (m, 6H, CHz) 1.40 (m, 6H,
CHy),1.22-1.18(m, 48H, CH,) 0.81 (m, 9H, CHs). 3C NMR (CDCl;, 125 MHz):
164.25, 160.83, 153.31, 146.35, 130.99, 129.69, 127.98, 125.86, 124.70, 123.23,
120.98, 106.83, 73.65, 69.43, 31.93, 30.38, 29.77, 29.37, 26.12, 22.70, 14.12.
Elemental Anal. Calculated for CesHosN3O4 (%): C, 79.87; H, 9.45; N, 4.23. Found: C,
79.01; H, 10.0; N, 4.32. HRMS (ESI+) exact mass calculated for CeoHgsN2O4 (M+1):
992.7166, Found: 992.9932.
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3.2.5 Design and synthesis of HT21-26 (Series-4)

A series of functional rhodamine-N-acetic acid derivatives, HT21-26 belonging
to Series-4 has been designed. The present design comprises a new wedge-shaped
structure having a donor-acceptor configuration carrying electron rich
trialkoxybenzylidine appended to electron deficient rhodanine-N-acetic acid (Fig 3.16).
Further, all members of the series, HT21-26 are discrete with respect to varying length,
number or position of alkoxy chains on benzylidine ring. Here, the H-bonding ability
of rhodamine-N-acetic acid moiety occupied at tip of wedge would stabilize the
columnar liquid crystalline behaviour through specific H-bonding interactions.
Moreover, because of their D-A architecture, they were expected to offer the essential

optical characteristics at the self-assembled state.

Ry o)
Rz
S
N
S —}O =
R3m & H
A ® 0
HT

21-25 Donor  Accepter

R; 0
R, X HT2123: Rz = Ry = Ry = OCHzn44
N-H Wheren=6,8 & 12
R S‘((
3
R4 B S HT24: R1 = R2 = R3 = OC12H25; R4 =H
HT,4
HT26: R, = R3 = R4 = 0C;5Hy5 HT,s5: Ry =Ry = H; Ry= Ry = OC5H5

Figure 3.16 Design of wedge-shaped molecules HT21-26 of Series-4

The series of alkoxybenzylidenerhodanine-N-acetic acid derivatives, HT21-25
were synthesized by a straightforward ammonium acetate mediated Knoevenagel type
condensation between a variety of alkoxy benzaldehydes and rhodanine-3-acetic acid.
The required substituted benzaldehydes were prepared using well-documented
procedures (Maruyama et al. 2010; Shanker et al. 2011). Further, a
tridodecyloxybenzylidene substituted rhodanine, HT2s was synthesized using a similar
method. Scheme 3.4 depicts the synthetic routes for the preparation of newly designed
HT21-26.
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OC12Hzs OC12Hzs

7c HT

Scheme 3.4 Synthesis scheme for preparation of HT21.26. Reagents and conditions: (a)
Ammonium acetate, Acetic acid, 80 °C, 24 hrs, 40-65 %

3.2.5.1 Results and discussion

All the precursors and final compounds were characterized by means of
combination of spectral techniques and elemental analysis. FTIR, *H-NMR and *3C-
NMR spectra of the representative member of the series, i.e. HT23 are shown in Figs
3.17,3.18 and 3.19, respectively. Its FTIR spectrum shows the fundamental absorption
bands at 2916 (aromatic C-Hsrecn), 2848 (aliphatic C-Hstrech), and 1710 cm™ (carboxylic
acid C=Ostrecn) indicating the formation of product by condensation reaction. Further,
appearance of unique down fielded singlet at 7.62 ppm of olefinic proton, singlet signal
at 6.62 ppm of tertiary protons of aromatic ring, sharp signal at 4.86 ppm due to CH>
present between carboxylic acid and rhodanine ring, and rest of the characteristic lower
frequency signals, in its *H-NMR spectrum confirmed the structure. Moreover,
persisted signals at down field, viz. 192.85, 170.00 and 153.60 ppm in its *C-NMR
spectrum are attributed to highly deshielded carbons of olefinic, carboxylic acid and
rhodanine ring carbonyl carbons, respectively. In addition, the elemental analysis
results of the compound were in corroborated with the theoretical data. The structures

of the remaining compounds of the Series-4 were elucidated in the similar way.
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Figure 3.17 FTIR (ATR) spectrum of HT23
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Figure 3.18 'H-NMR (500 MHz) spectrum of HT23 recorded in CDCl3
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Figure 3.19 *C-NMR (125 MHz) spectrum of HT23 recorded in CDCl3

3.2.5.2 Experimental procedures

The present section describes experimental protocols followed to synthesise the
target wedge-shaped rhodanine derivatives, HT21-26. Synthesis and characterization of
key intermediates alkoxybenzaldehydes, i.e. 7b and 7c have been covered in section
3.2.4.2. The characterization data of the remaining alkyl members, i.e. 7a, 7e and 7f are

given below.

Synthesis of (Z)-2-(4-oxo-2-thioxo-5-(3,4,5-tris(hexyloxy)benzylidene)thiazolidin-3-
ylacetic acid (HT21)

A mixture of alkoxybenzaldehydes (7a) (1g, 2.45 mmol, 1 equiv.), rhodanine-
N-acetic acid (0.47 g, 2.45 mmol, 1 equiv.) and ammonium acetate (1.90g, 24.5 mmol,
10 equiv.) in 20 mL of glacial acetic acid was refluxed for overnight. Then, the mixture
was allowed to cool at RT. The obtained yellow solid was filtered and washed with
plenty of water. The crude mixture was further purified by column chromatography
(100-200 mesh size) using pet-ether: ethyl acetate solvent mixture in 2:10 ratio to yield
HT21 as dark yellow solid. (Yield 59 %). FTIR (ATR) vmax in cm™ 2922 (Ar C-H), 2858
(Aliph C-H), 1760 (Acid C=0), 1707 (Rhodanine, C=0), 1603 (Ar C=C). 'H NMR
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(CDCls, 500 MHz): & 7.74 (s, 1H, C=CH), 6.75 (s, 2H, 2xAr-H), 4.98 (s, 2H, NCH),
4.07 (m, 6H, 3xOCH>), 1.91-1.75 (m, 6H, 3xCH>), 1.55-1.31 (m, 18H, 9xCH,), 0.96
(t, J = 5.0 Hz, 9H, 3xCHs3). ¥C NMR (CDCI3, 125 MHz): 5 192.82, 166.97, 153.59,
141.21, 135.03, 128.03, 120.59, 109.31, 73.76, 69.31, 31.63, 31.56, 30.27, 29.23, 25.71,
22.63, 14.04, 12. Elemental Anal. Calcd for C3oHssNOeS2 (%): C, 62.14; H, 7.82; N,
2.42; S, 11.06; Found: C, 61.98; H, 7.92; N, 2.31; S, 10.99.

For HT22, 1:9 ethyl acetate: pet-ether mobile phase (Yield 51 %). FTIR (ATR),
vmax in cm™* 2919 (Ar C-H), 2850 (Aliph C-H), 1743 (Acid C=0), 1711 (Rhodanine,
C=0), 1602 (Ar C=C). '*H NMR (CDCls, 500 MHz): & 7.61 (s, 1H, C=CH), 6.61 (s,
2H, 2xAr-H), 4.84 (s, 2H, NCHy), 3.95 (m, 6H, 3xOCH>), 1.77-1.66 (m, 6H, 3xCH>),
1.41-1.18 (m, 30H, 15xCH,), 0.81 (t, J = 5.0 Hz, 9H, 3xCHs). 1*C NMR (CDCI3, 125
MHz): 6 192.83, 166.99, 153.58, 141.21, 134.99, 128.04, 120.61, 109.33, 73.76, 69.32,
31.91, 31.82, 30.32, 29.70, 29.35, 26.12, 22.67, 14.09. Elemental Anal. Calcd for
CasHs7NO6S2 (%): C, 65.12; H, 8.65; N, 2.11; S, 9.66; Found: C, 65.22; H, 8.90; N,
1.99; S, 9.51.

For HT23, 1:9 ethyl acetate: pet-ether mobile phase (Yield 45 %). FTIR (ATR)
vmax in cm™ 2916 (Ar C-H), 2848 (Aliph C-H), 1710 (Rhodanine, C=0), 1584 (Ar
C=C). 'H NMR (CDCls, 500 MHz): § 7.61 (s, 1H, C=CH), 6.62 (s, 2H, 2xAr-H), 4.85
(s, 2H, NCHy), 3.96 (m, 6H, 3xOCHy>), 1.77- 1.64 (m, 6H, 3xCH>), 1.41-1.19 (m, 54H,
27xCHpy), 0.80 (t, J = 5.0 Hz, 9H, 3xCHzs). *C NMR (CDCls, 125 MHz): & 192.85,
166.99, 153.59, 141.19, 135.0, 128.03, 120.60, 109.28, 73.76, 69.29, 31.94, 30.32,
29.74, 29.28, 26.07, 22.71, 14.13. Elemental Anal. Calcd for CsgHgiNOsS2 (%): C,
69.27; H, 9.81; N, 1.68; S, 7.71; Found: C, 69.45; H, 10.13; N, 1.50; S, 7.10

For HT24, purified by recrystallization using ethanol (Yield 61 %). FTIR (ATR)
vmax in cm™ 2915 (Ar C-H), 2849 (Aliph C-H), 1704 (Rhodanine, C=0), 1576 (Ar
C=C). 'H NMR (CDCls, 500 MHz): & 8.04 (s, IH, C=CH), 7.05 (d, J = 8.5 Hz, 1H, Ar-
H), 6.67 (d, J =8.5 Hz, 1H, Ar-H), 4.84 (s, 2H, NCH>), 4.01 (t, J = 6.5 Hz 2H, OCH>),
3.96 (t, J = 6.0 Hz, 2H, OCH>), 3.89 (t, J = 6.5 Hz 2H, OCH>), 1.78- 1.67 (m, 6H,
3xCHy), 1.41-1.19 (m, 54H, 27xCH,), 0.81 (t, J = 5.5 Hz, 9H, 3xCHjs). 13C NMR
(CDCls, 125 MHz): 6 192.85, 166.99, 153.59, 141.19, 135.0, 128.03, 120.60, 109.28,
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73.76, 69.29, 31.94, 30.32, 29.74, 29.28, 26.07, 22.71, 14.13. Elemental Anal. Calcd
for CasHg1NOsS2 (%): C, 69.27; H, 9.81; N, 1.68; S, 7.71; Found: C, 69.55; H, 9.82; N,
1.59; S, 7.55.

For HT2s, purified by recrystallization using methanol (Yield 59 %). FTIR
(ATR) vmax in cm™ 2917 (Ar C-H), 2849 (Aliph C-H), 1707 (Rhodanine, C=0), 1600
(Ar C=C). 'H NMR (CDCls, 500 MHz): § 7.65 (s, 1H, C=CH), 7.04 (d, J = 8.5 Hz, 1H,
Ar-H), 6.90 (s, 1H, Ar-H), 6.86 (d, J =8.5 Hz, 1H, Ar-H), 4.85 (s, 2H, NCH>), 3.96 (m,
4H, 2xOCHy), 1.77 (m, 4H, 2xOCH>), 1.41 (m, 4H, 2xOCHy>), 1.24 (m, 4H, 2xOCH>),
1.16 (m, 32, 16xOCH,) 0.80 (t, J = 5.5 Hz, 6H, 2xCHj3). 13C NMR (CDCls, 125 MHz):
d 192.85, 170.18, 167.17, 152.20, 149.48, 134.49, 125.88, 119.08, 114.84, 113.12,
69.42, 69.16, 31.92, 29.65, 29.35, 25.96, 22.68, 14.09. Elemental Anal. Calcd for
CasHs7NOsS2 (%): C, 66.73; H, 8.87; N, 2.16; S, 9.90; Found: C, 66.99; H, 8.75; N,
2.20; S, 10.12.

For HT2s, purified by recrystallization using methanol (Yield 59 %). FTIR
(ATR) vmax in cm™ 2917 (Ar C-H), 2849 (Aliph C-H), 1707 (Rhodanine, C=0), 1600
(Ar C=C). 'H NMR (CDCls, 500 MHz): § 7.51 (s, 1H, C=CH), 6.59 (s, 2H, Ar-H) 3.96
(m, 6H, 3xOCH?>), 1.78-1.64 (m, 6H, 3xOCH3), 1.41-1.19 (m, 54H, 27xCH>), 0.81 (t,
J = 5.5 Hz, 9H, 3xCH3). *C NMR (CDCls, 125 MHz): & 153.61, 141.25, 134.37,
127.81,123.09, 73.75, 69.31, 31.93, 30.34, 29.62, 26.12, 22.70, 14.11; Elemental Anal.
Calcd for C4sH79NO4S2 (%): C, 71.36; H, 10.28; N, 1.81; O, S, 8.28; Found: C, 71.45;
H, 10.02; N, 1.90; S, 8.89.

For 7a, FTIR (ATR) vmax in cm™ 2920 (Ar C-H), 2849 (Aliph C-H), 2727
(aldehyde C-H), 1695 (aldehyde C=0), 1586 (Ar C=C). *H NMR (CDCls, 500 MHz):
'H NMR (CDCl3, 500 MHz): 8- 9.85 (s, 1H, Ar-CHO), 7.10 (s, 2H, ArH), 4.05 (m, 6H,
3x0CHy>), 1.86-1.75 (m, 6H, 3xCHy), 1.5-1.36 (m, 18H, 9xCH,), 0.9 (m, 9H, 3xCHs3);
13C NMR (CDCls, 125 MHz): § 191.30, 153.53, 143.89, 131.45, 107.89, 73.64, 69.26,
31.61, 30.28, 29.21, 25.69, 22.63, 14.03; Elemental Anal. Calcd for C2sH4204 (%): C,
73.85; H, 10.41; Found: C 73.45; H, 10.11.

For 7e, FTIR (ATR, vmax in cm™): 2916 (Ar C-H), 2849 (Aliph C-H), 2755
(aldehyde C-H), 1681 (aldehyde C=0), 1586, (Ar C=C); *H NMR (CDCls, 500 MHz):
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§ 10.27 (s, 1H, CHO), 7.59 (d, J = 9.0 Hz, 1H, Ar-H), 6.73 (d, J = 9.0 Hz, 1H, Ar-H),
4.18 (t, 2H, J = 6.0 Hz, OCH?>), 4.05 (t, 2H, J = 6.0 Hz, OCH>), 3.99 (t, 2H, J = 6.0 Hz,
OCHy), 1.87-1.77 (m, 6H, 3xCH,), 1.50-1.28 (m, 54H, 27xCH.), 0.9 (t, 9H, J = 5.5 Hz,
3xCH3); BC NMR (CDCls, 125 MHz): & 189.16, 159.17, 156.71, 141.06, 123.60,
108.09, 75.34, 73.77, 68.93, 31.92, 30.23, 29.65, 29.32, 26.10, 22.68, 14.09 Elemental
Anal. Calcd for C43H7804 (%): C 78.36, H 11.93; Found: C 78.20, H 11.98.

For 7f, FTIR (ATR) vmax in cm™ 2916 (Ar C-H), 2848 (Aliph C-H), 2757
(aldehyde C-H), 1684 (aldehyde C=0), 1584 (Ar C=C). *H NMR (CDCls, 500 MHz):
§9.85 (s, 1H, CHO), 7.43 (m, 2H, 2xAr-H), 6.97 (d, 1H, J = 8.0 Hz, Ar-H), 4.07 (m,
4H, 2xOCHy), 1.86 (m, 4H, 2xCHy), 1.49-1.28 (m, 36H, 18xCHy), 0.90 (t, 6H, J = 6.5
Hz, 2xCHs). *C NMR (CDCls, 125 MHz): 190.97, 154.72, 149.47, 129.90, 126.55,
111.81, 111.07, 69.15, 31.92, 29.52, 25.94, 22.68, 14.09. Elemental Anal. Calcd (%)
for Ca1Hs403: C, 78.43; H, 11.46; C, 78.15, H, 10.20.

3.2.6 Design and synthesis of HT27-31 (Series-5)

While designing the members of Series-5, maleimide moiety has been
introduced as a novel heterocyclic motif to achieve columnar mesomorphism. In the
new design, the length of aromatic segments has been varied in order to obtain wedge-
[taper-shaped mesogens and to study their structure-property relationship. Fig 3.20
depicts newly designed maleimides. These molecules are anticipated to exhibit
supramolecular LC behaviour via H-bonding through polar maleimide ring.
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Figure 3.20 Design of new maleimides HT27-31 of Series-5
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The synthetic route for the preparation of newly designed maleimide derivatives
is summarized in Scheme 3.5. The required key-precursors, i.e. trialkoxy benzyl
bromides, 11b-c and trialkoxy benzaldehydes, 7a-c were synthesized by adopting well-
documented procedures with optimized conditions. Synthesis of target compounds
HT27-28 involves a simple O-alkylation of 4-hydroxybenzaldehyde (15) with 11b-c to
get key-precursors 16b-c, followed by the Wittig condensation of aldehydes 16b-c with
maleimide derivative 12, which was prepared by the Michael addition reaction of
triphenylphosphine to maleimide. Similarly, trialkoxybenzylidenyl maleimides, HT27-
28 were also obtained by using Wittig’s protocol. The Wittig reaction, under the reflux
condition in methanol, yielded the desired product with an (E)-configuration

exclusively.

Br
OH 11b: R= n-CgH17
+
[ j 11c: R= n-C12H25
OHC RO OR
15 OR

11b-c

CHO 0 S NH
PhsP. ) RO o
+ NH - > ]@/\ .
O
(0]
17

RO
RO
RO 16b-c OR
OR R= n-C8H17 for 16b & HT27
R= n-C12H25 for 16c & HT28
o
RO CHO 0 RO
Ph3P. AN
b NH
RO NH —
RO
OR o) OR (0]
7a-b 17

R= n-C6H13 7a & HT29
R= n-CgH17 7b & HT30

R= n-C12H25 7c & HT31
Scheme 3.5 Synthesis of maleimide derivatives. Reagents and conditions: (a) K2COg,
DMF, 70 °C, overnight, 78-81 %; (g) CH3OH, reflux, 10 hrs, 45-60 %
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3.2.6.1 Results and discussion

Structures of the newly synthesized compounds were determined by FTIR, *H-
NMR, ¥C-NMR spectral and elemental analyses. In FTIR spectrum of 16b, absorption
band at 1688 cm™ is due to stretching vibration of aldehyde carbonyl group manifesting
the formation of alkylated product. The compound, in its *H-NMR, shows a unique
singlet at 9.91 ppm due to CHO, rest of the signals attributed to the remaining protons,
confirming its complete structure. The compound HT27 exhibits key IR bands at 3154
(N-Hstrech), 1768 (HNC=Ostrech) and 1705 cm™ (o, B-unsaturated HNC=Ostrech)
signifying the successful formation of maleimide adduct by Wittig reaction (Fig 3.21).
Inits 'H-NMR, it displays most deshielded NH proton as singlet at 8.71 ppm, benzyloxy
protons at 5.02 ppm, maleimide ring secondary protons at 3.62 ppm confirming for
formation of the product. In addition, its *C-NMR spectral data have also validated the
structure (Fig 3.22). Likewise, structures of remaining maleimide derivatives were also
established. FTIR 'H-NMR and 3C-NMR spectra of one of the representative

compounds, i.e. HT3o of the series are shown in Figs 3.24, 3.25, and 3.26, respectively.
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Figure 3.21 FTIR (ATR) spectrum of HT27
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Figure 3.22 IH-NMR (500 MHz) spectrum of HT27 recorded in CDCl3
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Figure 3.23 *C-NMR (125 MHz) spectrum of HT27 recorded in CDCls
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Figure 3.26 *C-NMR (125 MHz) spectrum of HT3o recorded in CDCl3

3.2.6.2 Experimental procedures
Experimental procedures pertaining to synthesis of the designed maleimide

derivatives along with their structural characterization data are as follows.
Synthesis of 4-((3,4,5-tris(octyloxy)benzyl)oxy)benzaldehyde (16b)

A  mixture of 4-hydroxybenzaldehyde (15) (0.2 g, 1.63 mmol),
trioctyloxybenzyl bromide (5a) (1 g, 1.80 mmol) and anhydrous K>COs (0.45 g, 3.27
mmol) in 20 mL of dry DMF was heated to 70 °C under an argon atmosphere for
overnight. Then, the mixture was poured into ice cold water and the obtained precipitate
was filtered. The crude product was recrystallized from cold methanol to get the
product. (Yield 81 %). FTIR (ATR): vmax in cm™ 2921 (Ar C-H), 2853 (Aliph C-H),
2733 (aldehyde C-H), 1688 (aldehyde C=0), 1600 (Ar C=C). 'H NMR (CDCls, 500
MHz): 6 9.91 (s, 1H, CHO), 7.86 (d, 2H, J = 8.5 Hz, 2xAr-H), 7.10 (d, 2H, J = 9.0 Hz,
2xAr-H), 6.63 (s, 1H, Ar-H), 5.05 (s, 2H, OCHy>), 3.98 (m, 6H, 3xOCH), 1.84-1.75
(m, 6H, 3xCH,), 1.2 (m, 54H, 27xCH>), 0.96 (t, 9H, J = 6.0 Hz, 3xCHj3). *C NMR
(CDCls, 125 MHz): 6 190.76, 163.78, 153.42, 153.18, 138.29, 131.98, 130.80, 130.15,
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115.15, 106.22, 73.47, 70.70, 69.22, 31.91, 31.83, 30.34, 29.35, 26.10, 22.69, 14.09.
Elemental Anal. Calcd for C3sHeoOs (%): C, 76.47; H, 10.13; Found: C, 76.32, H, 10.03.

Synthesis of 4-((3,4,5-tris(dodecyloxy)benzyl)oxy)benzaldehyde (16c)

The precursor 16¢ was prepared by following the similar procedure described
above (Yield 78 %). FTIR (ATR): vmax in cm™ 2918 (Ar C-H), 2850 (Aliph C-H), 2752
(aldehyde C-H), 1685 (aldehyde C=0), 1601 (Ar C=C). *H NMR (CDCls, 500 MHz):
39.91 (s, 1H, CHO), 7.86 (d, 2H, J = 8.0 Hz, 2xAr-H), 7.10 (d, 2H, J = 8.5 Hz, 2xAr-
H), 6.63 (s, 1H, Ar-H), 5.05 (s, 2H, OCH>), 3.98 (m, 6H, 3xOCH>), 1.82-1.75 (m, 6H,
3xCH,), 1.49-1.30 (m, 30H, 15xCH), 0.96 (m, 9H, 3xCHj3). *C NMR (CDCls, 125
MHz): & 190.76, 163.78, 153.43, 138.30, 131.98, 130.78, 130.15, 115.15, 106.23,
73.47, 70.70, 69.22, 31.95, 31.93, 30.35, 29.70, 26.14, 26.10, 22.69, 14.11. Elemental
Anal. Calcd for CsoHg4Os (%): C, 78.48; H, 11.06; Found: C, 78.32, H, 10.99.
Synthesis of (E)-3-(4-((3,4,5-tris(octyloxy)benzyl)oxy)benzylidene)pyrrolidine-2,5-
dione (HT27)

An equimolar mixture of 16b (1g, 1.6 mmol, 1 equiv.) and
triphenylphosphoranylidenyl succinimide (17) (0.60 g, 1.6 mmol, 1 equiv.) in 20 mL
of methanol was refluxed for 10 hrs. After completion of the reaction, the mixture was
allowed to cool at room temperature. The obtained white precipitate was filtered and
washed with methanol. Then, the crude proudct was purified by silica gel column
chromatography (100-200 mesh size) eluting with 5 % ethyl acetate in pet-ether (60-70
°C) to yield final compounds, (Yield 45 %). FTIR (ATR): vmax in cm™ 3218 (amide
NH), 3057 (vinyl C-H), 2922 (Ar C-H), 2852 (Aliph C-H), 1762, 1703, 1655 (amide
C=0), 1598 (Ar C=C). 'H NMR (CDCls, 500 MHz): § 8.71 (s, 1H, NH), 7.58 (s, 1H,
vinyl-H), 7.46 (d, 2H, J = 9.0 Hz, 2xAr-H), 7.06 (d, 2H, J = 9.0 Hz, 2xAr-H), 6.63 (s,
2H, 2xAr-H), 5.05 (s, 2H, OCHy), 3.97 (m, 6H, 3xOCHy), 3.60 (s, 2H, CH>), 1.84-1.70
(m, 6H, 3xCH,), 1.52-1.31 (m, 30H, 15xCH,), 0.91 (t, 9H, J = 7.0 Hz, 3xCHs). 1*C
NMR (CDCls, 125 MHz): 6 174.55, 171.59, 160.51, 153.40, 138.18, 134.79, 132.16,
131.07,126.85, 121.50, 115.53, 106.18, 73.48, 70.58, 69.20, 35.11, 31.91, 31.84, 30.34,
29.35, 26.11, 22.68, 14.10. Elemental Anal. Calcd for C42HesNOs (%): C, 74.41; H,
9.37; N, 2.07; Found: C, 74.55; H, 9.18; N, 1.99.
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The remaining maleimide derivatives HT2s-31 of the series were prepared by

adopting the similar procedure.

For HT2s, eluted with 5 % ethyl acetate in pet-ether, (Yield 40 %). FTIR (ATR):
vmax in cm™* 3218 (amide NH), 3061 (vinyl C-H), 2916 (Ar C-H), 2849 (Aliph C-H),
1768, 1705, 1643 (amide C=0), 1596 (Ar C=C). '*H NMR (CDCls, 500 MHz): & 8.18
(s, 1H, NH), 7.58 (s, 1H, vinyl-H), 7.46 (d, 2H, J = 8.5 Hz, 2xAr-H), 7.06 (d, 2H, J =
9.0 Hz, 2xAr-H), 6.63 (s, 2H, 2xAr-H), 5.02 (s, 2H, OCH2), 3.97 (m, 6H, 3xOCH,),
3.61 (s, 2H, CH»), 1.84-1.73 (m, 6H, 3xCH>), 1.50-1.28 (m, 54H, 27xCH3), 0.90 (t, 9H,
J = 7.0 Hz, 3xCH3). *C NMR (CDCls, 125 MHz): & 173.89, 170.94, 160.55, 153.41,
138.23, 134.90, 132.15, 131.02, 126.81, 121.34, 115.55, 106.21, 73.47, 70.60, 69.21,
35.14, 31.95, 31.93, 30.35, 29.62, 26.12, 22.70, 14.12. Elemental Anal. Calcd for
Cs4Hg7NOs (%): C, 76.64; H, 10.36; N, 1.66; Found: C, 76.51; H, 10.46; N, 1.71.

For HT29, eluted with 20 % ethyl acetate in pet-ether, (Yield 55 %). FTIR
(ATR): Vmax in cm™ 3179 (amide NH), 3074 (vinyl C-H), 2929 (Ar C-H), 2863 (Aliph
C-H), 1753, 1705, 1648 (amide C=0), 1599 (Ar C=C). 'H NMR (CDCls, 500 MHz): §
8.40 (s, 1H, NH), 7.52 (s, 1H, vinyl-H), 6.70 (s, 2H, 2xAr-H), 4.02 (m, 6H, 3xOCH>),
3.64 (s, 2H, CH>), 1.85 (m, 6H, 3xCH>), 1.51 (m, 6H, 3xCH>), 1.37 (m, 12H, 6xCH>),
0.94 (m, 9H, 3xCHs). 1*C NMR (CDCls, 125 MHz): § 174.03, 170.92, 153.41, 140.66,
135.72,128.78, 122.29, 109.11, 73.67, 69.32, 35.07, 31.66, 30.28, 29.31, 25.76, 25.70,
22.64, 14.04. Elemental Anal. Calcd for C29H4sNOs (%): C, 71.42; H, 9.30; N, 2.87;
Found: C, 71.55; H, 9.21; N, 2.67.

For HT3o, eluted with 10 % ethyl acetate in pet-ether, (Yield 60 %). FTIR
(ATR): vmax in cm™ 3204 (amide NH), 3040 (vinyl C-H), 2918 (Ar C-H), 2851 (Aliph
C-H), 1757, 1706, 1647 (amide C=0), 1577 (Ar C=C). 'H NMR (CDCls, 500 MHz): &
8.90 (s, 1H, NH), 7.51 (s, 1H, vinyl-H), 6.69 (s, 2H, 2xAr-H), 4.01 (m, 6H, 3xOCH>),
3.62 (s, 2H, CH»), 1.85-1.75 (m, 6H, 3xCH>), 1.50 (m, 6H, 3xCH2), 1.37 (m, 24H,
12xCHy), 0.90 (m, 9H, 3xCHg3). 3C NMR (CDCls, 125 MHz): § 174.47, 171.37,
153.40, 140.66, 135.63, 128.80, 122.40, 109.15, 73.67, 69.33, 35.04, 31.89, 30.32,
29.21, 26.04, 22.67, 14.08. Elemental Anal. Calcd for C3sHs7NOs (%): C, 73.51; H,
10.05; N, 2.45; Found: C, 73.69; H, 10.00; N, 2.11.
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For HT 31, eluted with 5 % ethyl acetate in pet-ether, (Yield 51 %). FTIR (ATR):
vmax in cm™? 3204 (amide NH), 3070 (vinyl C-H), 2917 (Ar C-H), 2849 (Aliph C-H),
1756, 1714, 1647 (amide C=0), 1578 (Ar C=C). 'H NMR (CDCls, 500 MHz): & 8.25
(s, 1H, NH), 7.52 (s, 1H, vinyl-H), 6.70 (s, 2H, 2xAr-H), 4.03 (m, 6H, 3xOCH), 3.64
(s, 2H, CH>), 1.85 (m, 6H, 3xCH2), 1.50 (m, 6H, 3xCH), 1.29 (m, 48H, 24xCH>),
0.90 (m, 9H, 3xCHs). *C NMR (CDCls, 125 MHz): § 173.93, 170.94, 153.42, 140.73,
135.70, 128.76, 122.29, 109.17, 73.67, 69.35, 35.07, 31.93, 30.34, 29.54, 26.06 22.69,
14.03. Elemental Anal. Calcd for C47HgiNOs (%): C, 76.27; H, 11.03; N, 1.89; Found:
C, 76.30; H, 11.09; N, 1.93.

3.2.7 Design and synthesis of HT32-35 (Series-6)

In Series-6, a five membered organoboron complex, i.e. 2,2-difluoro-1,3,4,2-
oxadiazaborol-3-ium-2-uide, has been introduced as novel electron deficient
heterocyclic motif in the designing of D-A-D’ configured hemi-disc shaped molecules.
The new molecules comprise unsymmetrical conjugative attachment of two alkoxyaryl
groups to BF2 based heterocycle. The number and length of peripheral chains of one of
the arms were kept intact and both the parameters were varied on the other arm to
establish the structure-property relationship (Fig 3.27). Being D-A chromophoric
molecules, they were expected to display intense fluorescence at liquid crystalline state.

D [4 <
> < S
C12H25Q  OC1aHys < &, S
Ry [ e < S
I
OC1oHos “ < < \\
Ry 7 :
N= - S y
R} ‘_N\/O o L /////.
B
F \F "N ///zk/‘
HT32 35
HT32: R‘] = RZ = H, R3 = H-OC12H25,R4 = H
HTSS: R1 = R2 = H; R3 = R4 = n*OC']szs ‘ .
l]'rﬂ‘l-: R7 = R2 = R3 = n'OC12H25,R4 = H ~
HT,5: Ry = H, Ry = Ry = Ry = n-OC,H,s Donor Acceptor Donor

Figure 3.27 Design of D-A-D’ configured new BF., complexes, HT32-35 of Series-6
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The synthetic route for the preparation of polycatenar arylhydrazones (20a-d)
and the corresponding difluoroboron complexes (HTs2-35) is outlined in Scheme 3.6.
The synthesis of key precursors, i.e. substituted arylhydrazones is often straightforward
which involves simple acid catalyzed condensation of hydrazine derivative 19 with
different alkoxy substituted benzaldehydes (18a-d) by refluxing in ethanol for two
hours. The obtained Schiff bases were purified by repeated recrystallization in
methanol. The required substituted aldehydes (18a-d) and phenylhydrazine derivative
(19) were synthesized by adopting reported procedures with slight modifications. The
obtained new hydrazone derivatives, 20a-d exist in keto-enol forms; the coordination
with the boron source prefers the enolic tautomer form. On boronation with boron
trifluoride etherate in presence of N,N-Diisopropylethylamine, hydrazones yielded the
corresponding difluoroboron complexes HT32-35 in 42-60%.

(0] R4
Ry CHO HaN. OC1,Hys ]
¥ H —— R3 \ OCqoHas
R3 R4 OC12H2s R = N—NH 0C..H
R2 OC12H25 2 1 S 121125
18a-d 19 20a-d OC12Hzs

20a: R1 = R2 =H, R3 = n-OC12H25,R4 =H
20b: R1 = R2 = H, R3 = R4 = n-OC12H25
20c: R1 = R2 = R3 = n-OC12H25,R4 =H
20d: R1 = H, R2 = R3 = R4 = n-OC12H25

R3 R4
HT32: R1 = R2 = H, R3 = n-OC12H25,R4 =H OC..H
HT33: Ry =Rp = H, Rg =Ry = n-OCipHas g 12H25
HT34: R1 = Rz = R3 = n-OC12H25,R4 =H N—
HT35: R1 =H, R2 = R3 = R4 = I'I-OC12H25 R‘1 _N\ /O
B
B \F
HT32-35

Scheme 3.6 Synthetic routes for the preparation of HT32-35. Reagents and conditions:
(a) cat. AcOH, ethanol, 70 °C, 2 hrs, 69-75 %; (b) DIPEA, BF3OEt,, DCE, overnight,
42-60%
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3.2.7.1 Results and discussion

Structures of newly synthesized hydrazone ligands and their corresponding BF
complexes were confirmed by spectral and elemental analyses. The observed typical IR
absorption bands at ~3230 and ~1650 cm™ are owing to NH and C=O stretching
vibrations, respectively in all compounds 20a-d, suggesting the formation of
benzylidenehydrazone derivatives. In their NMR spectra, the azomethine and NH
protons get desheilded and appeared as unique singlets at ~ 9.47 and ~ 8.25 ppm
respectively, confirming the ligand structures as shown in Fig 3.29. As can be seen in
Fig 3.28, no significant shifting of IR bands was observed on complexation of
hydrazones with BF,. However, clear changes were noticed in *H-NMR spectra of all
complexes HT32-35. For instance, spectrum of HT32 shows two doublets (8.32 and 6.99
ppm) and two singlets (7.68 and 7.31 ppm) in the aromatic region, a triplet at 3.90 ppm
due to OCH: protons, and upfeilded signals between 1.77 and 0.80 ppm owing to
primary and secondary alkyl protons conformed the structure (Fig 3.29). In its 13C
NMR spectrum, most of the 3C signals of aromatic carbons get desheilded when
compared to that of its corresponding hydrazone 20a, they occurred at 164.32, 153.10
and 149.17 ppm as shown in Fig 3.30, confirming the complex structure. On the similar

lines, structures of remaining complexes of the series were characterized.
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Figure 3.28 FTIR (ATR) spectrum of HT32
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Figure 3.30 *C-NMR (500 MHz) spectrum of HT32 recorded in CDCls
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3.2.7.2 Experimental procedures

The experimental procedures for the preparation of benzylidenehydrazones and
their corresponding boron difluoride complexes are described below:
Synthesis of (E)-3,4,5-tris(dodecyloxy)-N'-(4-(dodecyloxy)benzylidene)benzohydrazide

(20a)
An equimolar mixture of aldehyde 18a (1 g, 3.44 mmol, 1 equiv.) and

phenylhydrazide 19 (2.3 g, 3.44 mmol, 1 equiv.) was taken in 20 mL of absolute
ethanol. To this mixture, catalytic amount of glacial acetic acid was added and refluxed
for 2 hours. Then, the mixture was kept for cooling at ambient conditions; the obtained
precipitate was filtered and washed with ethanol. The repeated recrystallization with
DCM and methanol, 20a was yielded in 75 % as white solid. FTIR (ATR) vmax in cm™
3210 (N-H), 2916 (Ar C-H), 2848 (Aliph C-H), 1646 (C=0), 1609 (Ar C=C). 'H NMR
(500 MHz, CDClz3): 6 9.47 (s, 1H, CH=N), 8.25 (s, 1H, CONH), 7.66 (s, 2H, 2xAr-H),
7.04 (d, 2H, J = 8.0 Hz, 2xAr-H), 6.89 (d, 2H, J = 8.0 Hz, 2xAr-H), 3.98 (m, 8H,
4x0OCHy>), 1.80 (m, 8H, 4xCH>), 1.46 (m, 8H, 4xCH>), 1.28 (m, 64H, 32xOCH>), 0.89
(t, 12H, J = 6.5 Hz, 4xOCHs). *C NMR (125 MHz, CDCl3): 5 161.18, 153.19, 141.47,
129.32,126.05, 114.77,114.68, 105.94, 73.55, 69.37, 68.16, 31.93, 30.35, 29.51, 26.08,
22.69, 14.10. Elemental Anal. Calcd (%) for Ce2H108N20s: C, 77.45; H, 11.32; N, 2.91;
Found: C, 77.94; H, 11.12; N, 2.56.

The intermediates 20b-d were synthesized by adopting similar procedure as
described for the synthesis of 20a.

For 20b (Yield 70 %). FTIR (ATR) vmax in cm™ 3208 (N-H), 2916 (Ar C-H),
2848 (Aliph C-H), 1637 (C=0), 1578 (Ar C=C). *H NMR (500 MHz, CDCls): § 9.19
(s, 1H, CH=N), 8.21 (s, 1H, CONH), 7.45 (m, 2H, 2xAr-H), 7.03 (m, 3H, 3xAr-H),
6.85 (d, 1H, J = 7.5 Hz, Ar-H), 3.98 (m, 10H, 5xOCH>), 1.83-1.69 (m, 10H, 5xCH>),
1.48 (m, 10H, 5xCH,), 1.28 (m, 80H, 40xCH>), 0.89 (t, 15H, J = 6.5 Hz, 5xCH3). *C
NMR (125 MHz, CDClz): 6 153.25, 151.57, 149.51, 141.58, 126.41, 122.54, 112.54,
105.89, 73.57, 69.27, 31.93, 30.34, 29.55, 26.07, 22.69, 14.10. Elemental Anal. Calcd
(%) for C74H132N20e: C, 77.57; H, 11.61; N, 2.44; Found: C 77.31, H 11.78, N, 2.83;

For 20c (Yield 72 %). FTIR (ATR) vimax in cm™ 3252 (N-H), 2917 (Ar C-H),
2850 (Aliph C-H), 1643 (C=0), 1576 (Ar C=C). 'H NMR (500 MHz, CDCls) § 9.16
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(s, 1H, CH=N), 8.43 (s, 1H, CONH), 7.82 (s, 1H, 2xAr-H) 6.95 (m, 2H, 2xAr-H), 6.70
(s, 1H, Ar-H), 4.00 (m, 12H, 6xOCHy), 1.80-1.68 (m, 12H, 6xCH>), 1.48 (m, 12H,
6xCH>), 1.28 (m, 96H, 48xCH>), 0.90 (m, 18H, 6xCHs). 3C NMR (125 MHz) §
152.75, 144.34,141.14,108.72, 106.17, 73.60, 68.55, 31.93, 30.30, 29.38, 26.15, 22.69,
14.0 9. Elemental Anal. Calcd (%) for CssH1s6N207: C, 77.65; H, 11.82; N, 2.11; Found:
C, 80.10; H, 11.53; N, 2.25.

For 20d (Yield 69 %). FTIR (ATR) vmax in cm™ 3251 (N-H), 2917 (Ar C-H),
2849 (Aliph C-H), 1641 (C=0), 1576 (Ar C=C). 'H NMR (500 MHz, CDCls3) § 9.35
(s, 1H, CH=N), 8.22 (s, 1H, CONH), 7.28-6.94 (m, 4H, 4xAr-H), 4.00 (m, 12H,
6x0OCH>), 1.80-1.75 (m, 12H, 6xCH>), 1.47 (m, 12H, 6xCH>), 1.28 (m, 96H, 48xCH>),
0.91 (t, 18H, J = 6.5 Hz, 6xCHs). 3C NMR (125 MHz, CDCls) § 153.31, 141.61,
140.60, 128.54, 106.18, 73.54, 69.35, 31.93, 30.36, 29.56, 26.12, 22.69, 14.19.
Elemental Anal. Calcd (%) for CgsHis6N207: C, 77.65; H, 11.82; N, 2.11; Found: C,
77.99; H, 11.63; N, 2.49.

General procedure for the synthesis of BF2> complexes HT32.35

A mixture of hydrazone 20a (0.5g, 0.52 mmol, 1 equiv.) and N,N-
Diisopropylethylamine (0.2g, 1.56 mmol, 3 equiv.) in dichloroethane was heated to 50
°C for 15 minutes. Boron trifluoride diethyl etherate (0.11g, 0.79 mmol, 1.5 equiv.) was
then added to the mixture and continued the stirring at 70 °C for overnight. After
completion of the reaction, the mass was cooled and poured into ice cold water. Then,
aqueous mixture was extracted twice with dichloromethane and dried the combined
organic layers. Finally, the crude product was purified by silica-gel column
chromatography (100-200 mesh size) using mixture of pet-ether and ethyl acetate as
eluents, yielded HT32 (Yield 42 %). FTIR (ATR) vmax in cm™ 2918 (Ar C-H), 2849
(Aliph C-H), 1645 (Ar C=N), 1601(Ar C=C). 'H NMR (500 MHz, CDCls) § 8.32 (d,
2H, J = 8.0 Hz, 2xAr-H), 7.68 (s, 1H, N=CH), 7.31 (s, 2H, 2xAr-H), 6.98 (d, 2H, J =
8.5 Hz, 2xAr-H), 4.00 (m, 8H, 4xOCHy), 1.77-1.67 (m, 8H, 4xOCH>), 1.41 (m, 8H,
4x0OCHy), 1.19 (m, 64H, 32x0OCHy), 0.91 (t, 12H, J = 6.5 Hz, 4xOCHs). 3C NMR (125
MHz, CDCls): & 164.32, 153.10, 149.17, 136.78, 121.69, 121.60, 115.25, 107.54,
73.65, 69.41, 68.68, 31.93, 30.35, 29.57, 26.09, 26.13, 26.06, 25.95, 22.69, 14.10.
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Elemental Anal. Calcd (%) for Ce2H107BF2N20s; C, 73.78; H, 10.69; N, 2.78.; Found:
C, 73.39; H, 10.59; N, 2.82.

The remaining members of the series, HT33-35 were synthesized by following
the similar procedure as described for the synthesis of HT 2.

For HT3s (Yield 51 %). FTIR (ATR) vmax in cm™ 2917 (Ar C-H), 2849 (Aliph
C-H), 1643 (Ar C=N), 1593 (Ar C=C). 'H NMR (500 MHz, CDCls): § 8.47 (s, 1H,
N=CH), 7.74 (s, 1H, Ar-H), 7.66 (d, 1H, J = 8.0 Hz, Ar-H), 7.39 (s, 1H, Ar-H), 7.00 (d,
2H, J = 8.5 Hz, 2xAr-H), 4.07 (m, 10H, 5xOCH), 1.91-1.76 (m, 10H, 5xCH>), 1.59-
1.51 (m, 10H, 5xCHy), 1.38-1.28 (m, 80H, 40xCH>), 0.901 (t, 15H, J = 8.5 Hz, 5xCHj).
13C NMR (125 MHz, CDCls): § 153.09, 149.45, 130.71, 121.77, 112.04, 107.15, 73.66,
69.06, 31.93, 30.37, 29.43, 26.17, 25.94, 22.69, 14.10. Elemental Anal. Calcd (%) for
C7sH131.BF2N20s: C, 74.46; H, 11.06; N, 2.35; Found: C, 74.85; H, 11.01; N, 2.23.

For HT34 (Yield 55 %). FTIR (ATR) vmax in cm™*FTIR (ATR): v 2916 (Ar C-
H), 2849 (Aliph C-H), 1638 (Ar C=N), 1587 (Ar C=C); *H NMR (500 MHz, CDCly):
§8.92 (d, 1H, J = 9.0 Hz, Ar-H), 8.27 (s, 1H, N=CH), 7.39 (s, 2H, Ar-H), 6.83 (d, 1H,
J=9.0Hz, Ar-H), 4.21 (t, 2H, J = 6.0 Hz, OCH?>), 4.13 (t, 2H, J = 5.5 Hz, OCH>), 4.07
(m, 6H, 3xOCHy), 3.98 (t, 2H, J = 5.5 Hz, CH), 1.90-1.79 (m, 12H, 6xCH>), 1.51 (m,
96H, 48xCH>), 0.901 (t, 18H, J = 6.5 Hz, 6xCHs3). 3C NMR (125 MHz, CDCls): &
159.55, 156.45, 153.07, 145.13, 142.99, 140.95, 130.17, 121.80, 116.26, 108.21,
107.54, 75.57, 73.76, 69.29, 31.93, 30.24, 29.54, 26.13, 14.10. Elemental Anal. Calcd
(%) for CgsH155BF2N207: C, 74.96; H, 11.34; N, 2.03; Found: C, 74.66; H, 11.49; N,
1.98.

For HTas (Yield 60 %). FTIR (ATR) vimax in cm'™ 2918 (Ar C-H), 2849 (Aliph
C-H), 1645 (Ar C=N), 1587 (Ar C=C): 'H NMR (500 MHz, CDCls):  7.65 (s, 1H, Ar-
H), 7.64 (s, 1H, N=CH), 7.30 (s, 2H, 2xAr-H), 4.06 (t, 2H, J = 6.0 Hz, OCHy), 4.00-
3.94 (s, 10H, 5XxOCH), 1.76-1.69 (m, 12H, 6xCHy), 1.41 (m, 12H, 6xCHy), 1.51 (m,
96H, 48xCHy), 0.809 (t, 18H, J = 6.5 Hz, 6xCH3). *C NMR (125 MHz, CDCls): &
153.10, 153.02. 149.51, 144.25, 143.04, 123.49, 121.41, 112.76, 107.14, 112.76,
107.14, 73.79, 69.15, 31.93, 30.40, 29.54, 26.12, 14.10. Elemental Anal. Calcd (%) for
CasHissBF2N2O7: C, 74.96: H, 11.34; N, 2.03; Found: C, 74.78; H, 11.31; N, 2.12.
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3.3 CONCLUSIONS

In summary, six new series (Series-1 to 6) comprising thirty five heterocyclic
derivatives HTi1-35s were rationally designed. The new compounds structurally
consisting of different heterocyclic cores, polar groups and alkyl chains with varied
numbers were successfully synthesized by following appropriate synthetic protocols as
per the schemes 3.1-3.6. The synthetic procedures for the preparation of various
heterocyclic derivatives were optimized with respect to time, temperature, solvent
polarity and other conditions. To purify the compounds, the standard methods like
crystallization and column chromatography were established. Finally, all the newly
synthesized intermediates and target compounds were characterized by means of
several spectroscopic technigues including elemental analysis. The next chapter deals
with the studies related to their mesomorphic, photophysical and electrochemical

properties.
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MESOMORPHIC, OPTOELECTRONIC AND

ELECTROCHEMICAL STUDIES
Abstract

This chapter describes a detailed mesomorphic characterization of newly
synthesized heterocyclic derivatives (HT1.35). Further, their in depth photophysical
characterization, i.e. absorption and emission studies, has been included. Also, it
covers their electrochemical studies using experimental as well as theoretical methods.
Finally, structure-property relationship of the new compounds with respect to
mesogenic, optical and electrochemical behaviours has been discussed.

4.1 INTRODUCTION

In the preceding chapter, the design, synthesis and structural characterisation of
six new series of heterocyclic compounds (HT1-35) were described. The current chapter
provides a detailed account on their liquid crystalline, optical and electrochemical
studies. The mesomorphic study of any material would give valuable information about
its self-assembling behaviour, which plays an important role in its selection for
optoelectronic devices. The photophysical characterisation of the LC materials is
crucial to know their optical behaviours, which are prerequisites for their utility in any
optical systems. In the present study, UV-visible and photoluminescence spectroscopic
methods were used to evaluate the linear optoelectronic properties as they offer the
imperative key-parameters like light absorption, emission, Stokes shift, molar
extinction coefficient, band gap and other related information. As electronic properties
of organic compounds decide the overall character of the materials, the CV technique
has been applied to obtain their electrochemical parameters. Density Functional Theory
(DFT) method has been successfully used to generate the energy minimized geometries

as well as to evaluate electrochemical data.

4.2 MESOMORPHIC STUDIES
The experimental methods used for LC studies followed by a detailed

discussion on their results are given in the present section.
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4.2.1 Experimental methods

The thermotropic phase transition sequence of all the final compounds was
studied using Parkin-Elmer Pyris-1 Differential Scanning Calorimetry (DSC). For this
measurement, about 3 mg of sample was hermetically sealed in aluminium pan kept
under a nitrogen atmosphere. Optical textural transitions with respect to temperature of
the materials were observed using Olympus BX51 Polarized Optical Microscope
(POM) in conjunction with a Mettler FP82HT hot stage and FP90 central processor. A
very small amount of compound was sandwiched between a glass slide and a clover
slip, which was kept under cross-polarizer. The mesophase textures of the LC materials
were captured on slow cooling from their respective isotropic temperatures at the rate
of 2 °C/min. The type and symmetry of mesophases of LC compounds were
investigated by employing variable temperature small angle powder X-ray diffraction
(XRD) measurements of unoriented samples filled in a Lindemann capillary of diameter
of 1 mm (Hampton Research) were carried out on DY 1042-Empyrean XRD with Pixel
3D detector at Cu-Ka radiation.

4.2.2 Results and discussion
The studies on liquid crystalline phase behaviour of all the compounds of the

six series are described systematically in separate subsections.

4.2.2.1 Mesomorphic behaviour of HT1-7 (Series-1)

The phase transition temperatures and associated enthalpy changes of HT17
(Series-1) are summarised in Table 4.1. Compound HT1 bearing four n-hexyloxy
peripheral tails melts at 89.48 °C (AH = 38.14 kJmol™) to a mesophase, which clears at
153 °C with the energy change of 22.2 kJmol™ on the heating scan. It re-enters to
mesophase at 148.51 °C (AH = -15.51 kJmol™?) on cooling, this considerable higher
enthalpy change may be attributed to the significant ordered packing of molecules in
the mesophase (Fig 4.1c). It didn’t show any sign of crystallization till room
temperature. Under microscopic observation, on slow cooling from its isotropic phase,
small birefringent batonnets started growing in the dark homeotropic region which
further resulted in a wrinkle-free mosaic pattern. The same texture persisted till room

temperature and it was not shearable as depicted in Figs 4.1a and 4.1b. This is one of
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the characteristic optical images of the columnar phases derived from classical

discotics.

Table 4.1. 2 Phase transition temperatures and corresponding enthalpies of HT1-7

Compd. Phase sequence
Heating Cooling
HT: Cr1 89.48 (38.14) Colop 153.02 1148.51 (-15.51) Colop”

HT>

HT3

HT4

HTs

HTe

HT~

(22.2) |

Cr181.34 (9.28) Cr,88.74 (42.53)
Colno 135.77 (4.06) Colng 149.14
(5.84) |

Cry 91.10 (19.93) Cr, 103.56
(74.95) Colno 120.36 (2.49) Colng
140.31 (6.31) |

Cr. 99.94 (38.27) Cr, 107.90
(65.72) Crs 115.13 (43.43)

Cr 81.55 (46.04) |

Cr 70.08 (58.16) |

Cr 86.62 (82.19) |

| 147.40 (-6.06) Colng
134.64 (-3.67) Colno®

| 138.96 (-6.02) Colng
122.12 (-1.86) Colng®

| 112.82 (-2.27) Coln®
50.33 (-18.39) Crs 40.84
(-14.19) Crs

| 34.22 (-27.95) Cr

|b

1 31.27 (-58.62) Cr

3 Peak temperatures/°C (enthalpies/ kimol™) obtained by heating and

cooling cycles at the rate of 5 °C/min; ° Crystallization was not observed

till room temperature; ¢ The mesophase observed was monotropic; Cry,

Cr, Crs, Crs and Crs are different crystalline solid phases; Colno = ordered

columnar hexagonal phase; Colng = disordered columnar hexagonal phase

and | = isotropic liquid phase
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Figure 4.1 POM images of HT1: (a) at 150 °C and (b) 30 °C on cooling from the
isotropic phase; (c) DSC thermogram of HT1 (red trace is heating cycle and blue trace
is cooling cycle obtained at the rate of 5 °C/min under nitrogen atmosphere); (d) XRD
profile obtained for Colo, phase for the compound HT1at 144 °C

The XRD patterns obtained for HT1 throughout the mesophase range were
almost similar. For instance, the spectrum obtained at 144 °C is shown in Fig 4.1d. The
spacings and the Miller indices of the peaks in this pattern are summarized in Table
4.2. In addition to the twelve sharp reflections over the low to middle angle region, a
broad halo at 4.53 A and a relatively sharp peak at 3.52 A were seen in the wide angle
region, the latter two being due to the fluidic nature of alkyl chains and aromatic core-
core interactions, respectively. The indexing of the data in accordance with Eq. 4.1 to
an oblique lattice provided the least differences between the experimental and
calculated values, whereas attempts to fit a rectangular lattice resulted in substantial

deviations.

a2’ b2 ab
= 4.1
sin?y (4.1)

(hz k2 2hcosy>

S
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The obtained columnar phase with an oblique lattice has the lattice parameters,
a=26.85 A and b = 23.34 A with the angle of 64.10°. Further, the number of molecules
per columnar slice (Z) was calculated using Eq. 4.2 (Wang et al. 2014). For HTxy, the
value of Z was estimated to be 1.81, indicating that a pair of molecules constitutes a
hexagonal lattice site. The lattice area S = axb xsiny and molecular volume V = h¢xS
were calculated to be 563.7 A% and 1984.2 A3, respectively.

7 = Y3 hcpNa (4.2)
2 My,
Table 4.2 XRD characterization data of HT1at 144 °C
Compd. Phase dops (A) dear (A) Miller Lattice parameters
(T/°C) Indices a (A, b A,
(hk) Lattice area S (A?),
Molecular volume
V (A%
HT:  Colo (144) 24.15 24.15 (10) a=2685
12.04 12.08 (20) b=23.34
11.66 11.67 (12)  y=64.10
10.49 10.50 (02)  S=563.7
9.09 8.94 (31)  V=1984.2
8.46 8.40 (32) z=181
8.36 8.38 (-12)
7.50 7.68 (13)
6.92 7.00 (0 3)
6.66 6.63 (42)
6.59 6.61 (-31)
5.81 5.83 (2 4)
4.53(ha)
3.52(h)

dobs, Experimental lattice spacing; dca, calculated from the lattice parameters; a and
b, lattice parameters deduced for Coles with columnar tilt angle y; ha, alkyl chains
correlation peak value; he, core-core spacing; Z, number of molecules per columnar
slice; S, lattice area; V, molecular volume

The second member of the series, HT2 showed two distinct crystalline
transitions at 81.34 °C and 88.74 °C. A weak transition peak centred at 136 °C (AH =
4.06 kdmol™?) cleared at 149.14 °C (AH = 5.84 kimol™) to an isotropic liquid phase. In
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cooling cycle, the two exothermic transitions at 147.4 °C (AH = -6.06 kJmol™?) and
134.64 °C (AH = -3.67 kJmol™) were observed without any crystallization peak. This
perceived the existence of two different mesophases as a function of temperature (Fig
4.2a). On slow cooling from isotropic phase, it developed the birefringent mosaic type
of texture at 141 °C. Further cooling at 120 °C, some of the birefringent texture became
completely dark and these observations were consistent with DSC results (Figs 4.2b
and 4.2c). The observed textural changes suggest that there may be deviations in the
packing order of the molecules in mesophase (Cho and Kim 2014).
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Figure 4.2 (a) DSC thermogram of HT2 (red trace represents cycle and blue trace
represents cooling cycle obtained at 5 °C/min under nitrogen atmosphere); POM images
of HT2at (b) 141 °C and (¢) 120 °C captured on cooling from the I phase (circular
region indicates the change of texture); XRD profiles obtained for HT2 at (d) 120 °C
and (e) 142 °C; (f) plot of temperature v/s layer spacing and the peak intensity of (10)
peak

The XRD patterns obtained for both the LC phases of HT2were similar, but for
the reflection due to core-core ordering. The diffraction pattern at 120 °C showed the
lower angle reflection peaks corresponding to Bragg’s spacing of 26.08 A, 15.62 A,
13.08 A, and 9.83 A in the ratio of 1:1/v/3:1/42:1/N/7 and they can be indexed to (10),
(11), (20) and (21) planes of hexagonal lattice according to Eq. 4.3. Whereas in the
wide angle region, the presence of a broad halo at 4.54 A corresponds to the packing of
flexible alkyl chains and the relatively sharp peak appeared at 3.50 A is due to aromatic

core-core interactions (Fig 4.2d).
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a=di 7 (4.3)

The observed moderately smaller intracolumnar distance suggests that the LC
phase is an ordered columnar hexagonal (Colno). While reflection peaks (at 142 °C)
obtained in the higher temperature mesophase range could be indexed to same planes
as assigned to the pattern obtained at 120 °C (Fig 4.2d) for Colng. However, the core-
core correlation peak is very weak and it occurs at a higher spacing value of 3.64 A.
Therefore, this LC phase was assigned as disordered columnar hexagonal, Colng (Fig
4.2e). The hexagonal cell parameter a was found to be 30.11 A and 29.20 A for Colho
and Colng, respectively. On the basis of the XRD data obtained at 120 °C assigned to
Colno, the columnar cross-section area (S = 2/A/3d16%), and molecular volume (V = Sxhy),
were found to be 7854 A? and 2670.3 A3, respectively. The value of Z for these two
columnar hexagonal phases was calculated by means of Eg. 4.4 and that was found to
be 2.0. The detailed XRD characterization data are given in Table 4.3. The calculated

d values were estimated using the following Eq. 4.4.

2
7="2 (42) (4.4)
2 My,
1 4 (h%2+hk+k?
dcal o E ( a? ) (45)

The wide-angle XRD patterns of HT2 were acquired at different temperatures
on heating as well as on cooling process. As temperature elevates, the aromatic stacking
reflection becomes gradually weaker, an abrupt broadening at 140 °C (endset of
transition peak for Colno and Colng) takes place and it continues till the isotropic phase,
which indicates the intracolumnar transition from ordered to the disordered packing of
the discs. Further, temperature dependent layer spacing against the intensity of the (10)
peak was plotted (Fig 4.2f). From the graph, it is evident that both parameters exhibit
clear changes at the transition between the two columnar phases. The dashed lines
indicate the transition temperature as obtained from DSC scans. The layer thickness
calculated from the (10) peak shows a significant increase right from the isotropic
phase, presents an ‘inflection point’ variation in the vicinity of this intracolumnar

transition, and at much lower temperatures has a limiting behaviour. Interestingly, the
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peak intensity of the (10) reflection also exhibits clear changes marking the Colho-Colhg

transition.

The compound HT3 bearing fourfold dodecyl chains, melts completely at
103.56 °C (AH = 74.95 kJmol ™) followed by the weak endothermic transition at 120.36
°C (AH = 2.49 kJmol™?) and then clears at 140.31 °C (AH = 6.31 kJmol™). It was not
crystallized on cooling until room temperature (Fig 4.3a). The textural observations on
slow cooling indicated the existence of columnar mesomorphism (Figs 4.3b-c). The
XRD patterns obtained at different temperatures over the entire mesophase range
confirmed that, the weak transition within the mesophase range is an intracolumnar

transition of a columnar hexagonal mesophase.

The XRD trace of HT3zat 110 °C is depicted in Fig 4.3d and the observed small
angle reflection peaks are assigned to the columnar hexagonal lattice. Whereas, a broad
diffused maxima at a spacing of 4.53 A is attributed to conformational disorder of the
peripheral chains and a moderately sharp peak at 3.45 A is due to the ordered stacking
of aromatic segments. At 130 °C, HT3 showed similar reflection pattern except for peak
due to intracolumnar spacings, which was observed at 3.52 A (Fig 4.3e). Therefore, the
higher temperature mesophase can be assigned to Colng and the lower temperature
mesophase to the Colno. Further, the wide-angle XRD spectra recorded at different
temperatures in Colno and Colng mesophase ranges. Evidently, the core-core peak
intensity and its position throughout the two thermal mesophase ranges, as well as their
changes at the transition temperatures, further confirm the intracolumnar transitions.
The conformational motions of mesogenic units within the columnar axis can be further
confirmed by examining the FWHM of peak signifies the intracolumnar distance. The
plot of full width at half maxima (FWHM) of the core-core peak as a function of
temperature for one of the compounds, HTs is shown in Fig 4.3f. In the Coln, phase
range, the FWHM show negligible changes, whereas the abrupt increase at 125 °C and
continuation of the same trend at higher temperature confirm intercolumnar changes.
The results are fairly consistent with the DSC transitions. The compound HT4 carrying
longer n-hexadecyloxy substitutions characterized to shown a monotropic hexagonal

columnar mesophase behaviour.
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Figure 4.3 (a) DSC thermogram of HT3; POM images of HT3 captured on slow cooling
from I state at (b) 135 °C and (b) 100 °C; XRD profiles obtained for the compound HT3
at (d) 110 °C and (e) 130 °C; (f) variation of FWHM of the aromatic stacking peak as a
function of temperature

The thermotropic phase behaviour of HT1-4 reveals that, increase in peripheral
chain lengths has caused destabilization of their mesomorphic nature. Interestingly,
HT1 with four hexyloxy chains displayed a columnar oblique exclusively. Whereas in
HT?, increasing the chain length by two methylene groups, it demonstrated two distinct
columnar hexagonal mesophases, which may be probably due to increase in diameter
size of the overall disc. Depending on the molecular order along the columnar axis,
HT2 and HT3 exhibited an intracolumnar transition from Colno to Colng phases. Thus,
the chain length plays a key role in deciding the symmetry of Col phases observed in
this type of mesomolecules. The enthalpy changes observed for an order to disordered
columnar transitions of HT2 and HT3 were noted to be 4.06 kJmol™ and 2.49 kJmol™,
respectively. The observed high enthalpy values for the weaker columnar transitions
are attributed to strong intermolecular H-bonding as well as dipolar interactions owned
by the mesogens in Colno phase. Then, it requires a substantial energy to disturb the
molecular ordering. Hence, such intracolumnar changes can be assigned to be first order
transitions (Cho and Kim 2014), but similar changes were also reported to be second
order transitions (Park and Cho 2015). Besides, the data indicate the system’s tendency
to have a Colno phase, as the chain length is increased. This could be owing to the well
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established between the strongly correlated H-bonded core region and the floppy

hydrocarbon regions.

Table 4.3. XRD characterization data of HT2-4 at different temperatures

Compounds Phase (T/°C)  dobs (A) deal Miller Lattice parameter
(A)  Indices a (A), Lattice area
(hk) S (A%, Molecular
volume V (A%
HT: Colho (120) 2608 2608  (10) a=23011
15.62 15.05 (11) S=7854
13.08 13.03 (20) V =2670.3
9.83 9.85 (1) Z=20
4.54 (ha)
3.50 (he)
Colnd (142) 2529 2529  (10)  a=29.20
12.61 1264  (20) S=7385
9.55 9.55 (21)  V=26587
457 (ha) Z=20
3.64 (ho)
HT3 Colho (110) 28.25 2825  (10) a=32.62
16.30 16.05 (12) S=09215
14.07 13.76 (20) V =3179.2
10.67 1047  (21) z=19
4.52 (ha)
3.45 (he)
Colhg (130) 27.84 27.84 (100 a=3214
16.05 1607  (11)  S=894.9
13.76 13.91 (20) V =3150.3
10.47 10.52 (21) Z=19
4.53 (ha)
3.52 (ho)
HT4 Coly (108) 33.34 33.34 (10) a=38.49
19.12 19.24 (11) S=12835
16.57 16.66 (20)  V=4453.8
12.68 1260 (1) z=21
4.52 (ha)
3.47 (ho)

dobs , experimental lattice spacing; dca, calculated from the lattice parameter, a for the
hexagonal lattice; h,, alkyl chains correlation peak value; hc, core-core spacing; Z,
number of molecules per columnar slice; S, lattice area; V, molecular volume
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According to the XRD results, columnar mesophases generated by HTi4
consist of two molecules per slice of column (Z = 2). So, it has been assumed that the
central cyanopyridone ring might have involved in the formation of dimer through
intermolecular H-bonding to yield disc-shaped structures. In order to validate this
assumption, one more series of molecules was synthesized, HTs.7, by replacing the
central cyanopyridone unit with 2-methoxy-3-cyanopyridine, which are devoid of H-
bonding sites. However, they do not display any mesomorphism, as confirmed by DSC
traces clearly indicating the role of the central core in dimer formation. Conclusively,
the H-bonding interaction is a deciding factor for the formation of mesophase in the
bird-shaped cyanopyridones.

Molecular models have been proposed for the columnar mesophases of new
cyanpyridones using XRD data and Density Functional Theory (DFT) calculations.
The DFT calculations were performed at B3LYP/6-31G* level of theory using the
Spartan 10 software in vacuum. According to theoretical simulations of HT2 molecule,
the conjugatively connected two dialkoxyphenyl rings are not co-planar with the central
cyanopyridone ring, wherein lactam and dialkoxyphenyl rings are at the top and lower
sides, respectively with the dihedral angle of 159°. The observed average end to end
diagonal distance were found to be 31.50 A. An overall geometry seems to be flying
bird shape.

As discussed in the preceding section, H-bonding plays a key role among the
non-covalent interactions in the molecular self-assembly of these cyanopyridone
molecules. Such an important interaction can be theoretically studied by chemical
functional description method (CFD), thereby it is possible to observe potential electron
acceptor/donor, proton donor/acceptor sites in the molecules. Fig 4.4a depicts the DFT
based energy-minimized structure of HT2 molecule and Fig 4.4b portrays chemical
functional descriptors (CFDs), wherein the various blue regions represent the proton
donor sites that include the NH group of lactam ring and alkyl carbon atoms, while the
green regions signify the proton acceptor sites located on carbonyl oxygen, CN and
ether linkages. Therefore, this efficient proton donor and acceptor nature facilitate the
formation of a strong H-bonding to form a cyclic structure between two cyanopyridone
rings. To understand the structural conformations of cyanopyridone based dimeric

segments in the columnar mesophase, an energy-minimized structure of an H-bonded
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dimeric unit for HT2 has been obtained. As visualized in Fig 4.4c, one of
dioctyloxyphenyl rings from each of the HT2 units rotate with respect to cyanopyridone
ring at ~ 90° when compared to its monomeric counterpart for stabilizing the dimeric
structure. According to simulations, the obtained intermolecular hydrogen bonding
between the oxygen atom of the C=0 group and amidic proton CO-NH of adjacent
lactam ring (labelled a and b in green colour) are 2.14 A and 1.921 A, respectively. The

maximum end to end diagonal distance was found to be 36.234 A.

(a)=2.14A
(b)=1.9214

Figure 4.4 (a) DFT based energy-minimized structure of HT2; (b) energy-minimized
structure of HT2 showing chemical functional descriptors (CFDs); (c) energy-
minimized structure of H-bonded dimer for HT>

As XRD results and theoretical simulations of HTa1 reveal that, the two
molecules undergo space filling dimerization which further stack into columns with the
intermolecular spacing of 3.52 A. The resulting columns arranged in an oblique lattice.
Since the angle of lattice sides is 64.11° # 90°, the shape of the lattice would be
parallelogram. As mentioned in the previous section, the mesogens HT2 and HTs
display two district columnar hexagonal mesophases as a function of temperature. The
hexagonal cell parameter ‘a’ for Colno and Colng phases of HT2were found to be 30.11
Aand 29.20 A, respectively and these values are 17% and 20% smaller than the average
diameter of the H-bonded dimeric unit. This may be due to intercalation and/or folding
of alkyl chains. Moreover, these observations are mainly owing to changes in their

intracolumnar spacings. Such transitions in these propeller-like mesogens are known
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to be ascribed to conformational motions, which increase the mesogenic fluctuations
along the columnar axis, resulting in the changes in intercolumnar ordering. Keeping
these things in view, it can be considered that, in the Colng phase the discs within a
column whose positions are truly liquid-like, but gain significant correlation in the Colno
phase. The liquid-like correlations in the former appear to permit tilting of the discs
within the column, a feature that could also be responsible for the much lower
intercolumnar distance, when compared to the model-determined length of the dimer.
Understandably, the ordering of the discs in the Coln, phase reduces this degree of
freedom causing the spacing to increase by ~1.0 A. Fig 4.5 schematically illustrates
the self-assembly of HT2 molecules in ordered and disordered columnar hexagonal

mesophase.

Ordered columnar  pjsordered columnar
assembly assembly

Ordered Hexagonal lattice Disordered Hexagonal lattice

Figure 4.5 Schematic demonstration of the self-assembly of HT2 in ordered and
disordered columnar hexagonal mesophase (for the XRD patterns obtained at 120 °C
and 142 °C)

To summarize, all the cyanopyridones displayed thermotropic mesophase
behaviour by means of self-assembly of more or less disc-shaped H-bonded dimers.
Furthermore, the role of H-bonding interactions in the stabilization of mesophases was
determined by the support of one more similar series of molecules. The investigated

cyanopyridones adopted various columnar mesophases, viz Coloh, Colho 0r Colhd
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depending on the dynamics of the H-bonded dimeric entities in the columnar stack as

well as the length of the terminal alkyl chains.

4.2.2.2 Mesomorphic behaviour of HTs-10 (Series-2)

The thermal properties of three newly synthesized compounds were
investigated by the combination of POM and DSC techniques. All members of the
series, HTs-10 showed stable thermotropic LC behaviour at room temperature with very
low isotropic points. Their phase transition peak temperatures and associated enthalpy
changes are presented in Table 4.4.

The DSC traces of all the compounds are displayed in Fig 4.6. In the DSC trace
of HTs bearing symmetrical terminal alkoxy chains, a broad endothermic transition
peak at 54.16 °C (onset at 45 °C) with the enthalpy of 4.03 kJmol™ corresponding to
clearing of mesophase to isotropic liquid phase and a relatively sharp exothermic
transition peak at 48.20 °C (AH = -2.82 kJmol™?) was observed (Fig 4.6a). Whereas,
HTo with unsymmetrical alkoxy substitutions showed a reduced thermal mesophase
range when compared to HTs. On heating, the LC phase was stable till 42 °C (Fig 4.6b).
The higher chain analogue compound HT1o displayed reversible transition at very low
temperature with reasonably trivial energy change, which was assigned to glass
transition. In addition, an endothermic LC clearing point was observed at 29.48 °C with
even more reduced mesophase range as depicted in Fig 4.6c. The thermotropic
mesophase behaviour was further confirmed by microscopic observations using cross-
POM. They showed highly bright and fluidic birefringent textures and the observed
textural transitions were quite consistent with DSC results. On slow cooling from their
respective | phase, all the compounds showed a typical mosaic pattern which was stable
even at much lower temperature as displayed in Fig 4.7a-f. These results are
characteristic indication of existence of columnar mesomorphism in these materials
(Gupta et al. 2018; Kumar 2016; Kumar and Gupta 2011).
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Figure 4.6 DSC thermograms of compounds: (a) HTs; (b) HTy; (¢) HT10
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Table 4.4 2Phase transition temperatures and corresponding enthalpies of HTs-10

Compd. Phase sequence
Heating Cooling
HTs Colr54.16 (4.03) | 1 48.20 (-2.82) Coln
HTo Coln41.10 (2.13) I | 37.17 (-1.87) Colx
HTo g-9.21 (7.71) Coln 28.66 (3.13) I  128.03 (-2.85) Coln-21.25
(-6.14) g

2 Peak temperatures/°C (enthalpies/kJmol™) obtained by second heating and
cooling at rate of 5 °C/min; g = Glassy phase; Coln = Columnar hexagonal
phase; | = Isotropic liquid phase.

.. o R — __ S ; N ——— -
Figure 4.7 Polarized optical micrographs of the compounds: HTs at (a) 44 °C and (b)
30 °C; HT9at (c) 35 °C and (d) 25 °C; HT1o at (e) 27 °C and (f) 20 °C
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To get further insight into the nano-segregation of star-shaped molecules in the
mesophase, temperature-dependent X-ray diffraction experiments were carried out. The
XRD spectra for HTs were acquired at different temperatures in the entire mesophase
range and they were found to be quite similar. The spectra obtained at 35 °C and 24 °C
are depicted in Fig 4.8a and Fig 4.8b, respectively. At 35 °C and 24 °C, the four lower
angle reflections were observed in a relative ratio of 1:1/v/3:1/2:1/\7, respectively. This
set of signals can be assigned to (10), (11), (20) and (21) planes of hexagonal lattice
geometry according to Eq. 4.3. In addition, a diffused peak at 4.31 A corresponding to
packing of liquid-like alkyl chains and a weak broad peak centred at 3.50 A due to
periodic stacking of aromatic cores within the columns were seen at both the

temperature points (Fig 4.8a-b).
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Figure 4.8 XRD spectra obtained for HTs: (a) at 35 °C and (b) at 24 °C (insets show
the focused area of lower angle region)

At 35 °C, the lattice constant, lattice area, and the molecular volume were
determined to be 25.05 A, 543.2 A% and 1919 A3, respectively. The number of
molecules per slice of hexagonal lattice was calculated by using Eq. 4.4 assuming the
density “p” of the molecules as 1 g/cm. Accordingly, Z was found to be 1.08 for Colh
phase of HTs at this temperature. The results clearly suggested that, each stratum of the
columns has been occupied by single non-symmetrical star-shaped molecule. There
were no considerable deviations in lattice parameters observed at different temperatures
within the mesophase range as indicated in Table 4.5. Similarly, HT9and HT10 were
also indexed to columnar hexagonal mesophase and the associated data are tabulated in
Table 4.5.
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Table 4.5 XRD characterization data of new mesogens HTs-10 at different temperatures

Compd. Phase dobs [A] deat [A]  Miller Lattice parameter a [A],
(T/°C) Indices Lattice area S [A7],
(hk) Molecular volume V
[A%, Number of
molecules per lattice
site Z
HTs Coly (35)  21.69 2169 (10 a=25.05
12.54 12.52 (11) S=543.2
10.85 10.84 (20) V =1918.8
8.17 8.19 (21) Z=1.08
4.31 (ha)
3.50 (he)
Coln (24) 21.79 21.79  (10) a=2516
12.57 1258  (11) $=548.3
10.83 10.89 (20) VvV =1919
8.20 8.23 (21) Z=1.09
4.31 (ha)
3.50 (he)
HTs Coln (36)  22.70 2270  (10) a=2621
11.36 11.34 (12) S=595.0
4.30 (ha) V =2088.5
3.51 (ho) Z=1.09
Coln (30) 22.74 22.74  (10) a=2625
11.36 1136 (11) $=597.1
4.34 (ha) V = 2066
3.46 (he) Z=1.08
HTwo  Coln(23) 24.37 2437 (10 a=28.14
4.33 (ha) S=685.8
3.54 (he) V =2427.6
Z=11

dobs, Observed spacings; dca, calculated spacings from the lattice parameter a for the
hexagonal lattice; ha, alkyl chains correlation peak value; he, core-core spacing; Z,
number of molecules per columnar slice; S, lattice area; V, molecular volume

To get fully optimized structure of these star-shaped molecular discs, density

functional theory (DFT) calculations were performed for one of the isolated molecules
i.e. HTo in vacuum at the B3LYP/6-31G* level of theory using the Spartan 10

software.(Pandith et al. 2017) According to the quantum chemical calculations, the
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energy minimized structure of HT9 was found to be planar and possess almost disc-like
structure with the average diameter of 285 A (Fig 4.9a). Apparently, the
trialkoxybenzene ring is coplanar with central cyanopyridine ring although it is
connected through flexible benzyloxy group. As described in the previous section, the
number of molecules per slice of column (Z) was found to be approximately one and
the molecules possess considerable order within the one-dimensional columnar stack
as recognized by core-core reflections (3.46-3.51 A) in its XRD spectra (Fig 4.9c). For
HTo, the average hexagonal cell parameter ‘a’ throughout the mesophase range (26.23
A) was found to smaller than its molecular diameter (28.5 A), which may be attributed
to intercalation of peripheral alkyl substituents. Thus, based on the XRD results and
theoretical simulations, a molecular model was proposed for the Coln self-assembly of
HTy, as shown in Fig 4.9.

Columnar hexagonal assembly

Figure 4.9 Schematic model for hexagonal columnar self-assembly of HTo

In summary, three new cyanopyridine based unsymmetrical star-shaped
molecules were investigated to be self-organized into an imperative columnar
mesophase stabilized at ambient conditions. It is evident that, in these unsymmetrical
star-shaped mesogens, increase in the length of alkyl chains at the benzylic arm brings
about decrease in thermal stability of the mesophase. Moreover, they showed stable
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columnar phase at room temperature with the low clearing points, which is one of the

important favourable key factors for device fabrication.

4.2.2.3 Mesomorphic behaviour of HT11-20 (Series-3)

Thermotropic phase behavior of all the new cyanopyridone derivatives, HT11-
20 was studied by DSC and POM techniques. Further, the molecular self-assembly in
the different mesophase structures was deliberated by XRD experiments. The resulted
phase transition temperatures and the associated energy changes are summarized in
Table 4.6. Evidently, the compounds, HT11-13 were found to exhibit enantiotropic
mesophase behaviour at room temperature and stabilized over wide temperature range
with relatively lower isotropization points (Fig 4.10a-c). Whereas the compounds
HT14-20 did not showed any LC phase transitions, instead they showed polymorphism
(Fig 4.10d-j). The lack mesomorphism in these derivatives may be due to the

insufficient number of alkyl chains to cover the space around the central core

Apparently, the DSC trace of compound HT11 did not show any sign of melting
on the heating scan, instead, it displayed two distinct transitions at 89.48 °C and 104.30
°C with smaller enthalpy changes of 1.09 kJmolZand 0.20 kJmol due to LC-LC and
LC-I transitions, respectively (Fig 4.10a). On cooling cycle, both the transition peeks
reoccurred at 96.10 °C and 75.52 °C without any crystallization transition till room
temperature. The perceived very low enthalpy changes may be attributed to high fluidic
nature of the mesophases. The compound, HT12 carrying longer alkyl chains also
showed two separate mesophases at a relatively higher temperature having clearing
point at 132.95 °C than that of HT11. On cooling, both the LC phases reappeared and
did not exhibit any signal for crystallization as depicted in Fig 4.10b. Also, the analogue
compound HTi3 bearing much longer terminals (hexadecyloxy) displayed two
mesomorphic states which clear at 121.19 °C (Fig 4.10c). It was observed that, this set
of compounds has not shown any regular trend in their mesophase thermal stability,

despite there exists a linear increase in the alkyl chain length at phenyl arm.
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Figure 4.10 DSC thermograms: (a) HT11; (b) HT12; (¢) HT13 (d) HT14; (€) HT1s; (f)
HTis; (g) HT17; (h) HT1s; (i) HT1; (j) HT20 (red and blue traces represent second
heating and first cooling cycles, respectively)

Under POM, highly birefringent mosaic type of pattern was observed on slow
cooling of compound HTa1 from its isotropic state, which was high fluidic and
shearable even at room temperature (Fig 4.11a-b). This is a typical indication of the
existence of columnar mesomorphism (Kumar 2011). Seemingly, on cooling down
from the higher temperature mesophase to its lower one, a remarkable decline of optical
birefringence was noticed in some of the bright areas as shown in Fig 4.11a-b, which
may be due to inter and/or intracolumnar transitions. The observed optical textural
changes were fairly consistent with the DSC transitions. Whereas in the case of HT12,
dendritic growth appeared initially which in turn formed a typical mosaic pattern at

lower temperature LC phase and it remained unchanged until further much lower
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temperatures (Fig 4.11c-d). As seen in Fig 4.11d-e, the compound HT1s displayed
similar characteristic optical textures for columnar phases featuring a combination of
mosaics with linear and fan-shaped birefringent defects as well as homeotropic regions.
The POM images of HT11-13, captured in both the mesophase ranges are shown in Fig
4.11a-f.

Table 4.6. 2 Phase transition temperatures and corresponding enthalpies of HT11-20

Com Phase sequence

pd. Heating Cooling

HTwu Colr89.48 (1.09) Coln 104.30 196.1 (-0.50) Colh 75.52 (-1.12) Col,
(0.20) I

HT12 Col;112.20 (2.36) Coly 132.95 | 130.80 (-1.21) Coln 101.0 (-2.37)
(2.04) 1 Colr

HTiz Col, 73.69 (0.24) Coly 121.19 1 116.20 (-1.08) Coln 55.10 (-0.19)
(1.42) | Col,

HTws Cri 74.43 (8.46) Cr2 206.29 1186.29 (-19.81) Cr»
(22.22) |

HTis Cr 181.94 (22.86) | | 174.32 (-22.57) Cr

HTis Cr1100.38 (5.86) Crz 129.72 1122.76 (-3.57) Cr2

(3.73) |
HTiz Cr141.08 (12.46) | 1 132.17 (-12.62) Cr
HTis Cr152.0 (14.64) | | 141.05 (-14.92) Cr
HTi Cr179.75 (28.58) | | 173.87 (-26.23) Cr

HTz Cr 71.92 (-28.95) Cr, 93.62 ©|
(2.36)

2 Peak temperatures/°C (enthalpy/kJmol™?) obtained by second heating and
first cooling at the rate of 5 °C/min; Cr1 and Cr, = Different crystalline states,
Col; = Columnar rectangular phase; Coln = Columnar hexagonal phase; | =
Isotropic liquid phase; ° Crystallization was not observed till room temperature
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Figure 4.11 Optlcal |mages captured for HT11713 under cross POM on slow cooling
from their respective isotropic phase: (a) at 90 °C and (b) at 60 °C for HT11; (c) at 124
°C and (d) at 30 °C for HT12; (e) at 80 °C and (f) at 30 °C for HT13

In order to get further insight into self-organization of the molecules in the
different mesophase structures, powder X-ray diffraction studies were carried out for
non-aligned samples of all the new mesogens. As indicated by the DSC traces, they
were found to bi-mesomorphic in nature. Definitely, the XRD patterns gained for HT11
in both the LC phase ranges were quite different, indeed they are almost similar within
their respective mesophase range at different temperature points (Figs 4.12a-b). For
instance, the XRD trace at 90 °C (within the higher temperature mesophase range)
showed two sharp reflections in the lower angle region in the reciprocal ratio of 1:V3.
Whereas in the wide angle region, a rather diffused halo was observed at 4.39 A
reminiscent of the liquid-like aliphatic chains (Fig 4.12a). The observed two lower
angle signals can be assigned to (10) and (11) planes of hexagonal symmetry with a
parameter a = 30.41 A. In fact, only these reflections do not unambiguously elucidate
the hexagonal lattice. Nevertheless, such observations are frequent in hexagonal
mesophases bred by diverse mesogenic structures (Alvarez et al. 2006; Barbera et al.
2000; Beltran et al. 2012; Cavero et al. 2007; Hayer et al. 2006; Kumar and Gupta 2011;
Yelamaggad et al. 2007; Zheng et al. 1996). This may be due to a minimum in the form
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factor, which prevents the appearance of peaks in the lower angle region. Moreover,
the appearance of typical optical textures strappingly indicating the columnar
hexagonal phase. The lattice area S and molecular volume V were estimated to be 801
AZ? and 3517 A3, respectively.
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Figure 4.12 XRD patterns obtained for HT11 at various temperatures (a) in the higher
temperature mesophase and (b) the lower temperature mesophase ranges

The XRD pattern of lower temperature mesophase range (obtained at room
temperature) showed a number of reflections in the lower angle region (Fig 4.12b). In
addition, a broad halo has centred at 4.43 A due to alkyl chain correlations. The set of
signals are assigned to (01), (11), (21), (30), (31) and (32) diffractions of the rectangular
lattice with the unit cell parameters a = 33.86 A and b = 26.01 A according to Eq 4.6.

1 h? k?
==t (4.6)

2 2
cal a b

Similarly, the XRD patterns of HT12 were obtained at discrete temperatures in
both the mesophase ranges. The lower angle reflections are in the ratio of 1:\3 and they
can be entrusted to (10) and (11) planes of the hexagonal lattice. Their lattice parameters
were calculated to be 32.34 and 32.36 A, respectively. Whereas the XRD pattern at
lower temperature mesophase of HT12 (obtained at 25 °C) showed a set of reflections

which are certainly assigned to a columnar rectangular phase owing to the lattice
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parameters a = 33.79 A and b = 27.72 A. Similarly, mesogen HT13 adopted Col, and

Coly phases at lower and higher temperatures, respectively. A detailed XRD indexing

is summarized in Table 4.7.

Table 4.7. XRD characterization data of HT11.13 at different temperatures

Compd. Phase dobs [A] deat [A]  Miller Lattice parameter a [A],
(T/°C) Indices Lattice area S [A?], Cell
(hk) volume V [A%]
HTu  Coly (90) 26.34 26.03 (10 a=3041
15.15 15.20 (11) S=801.1
4.39 (ha) V = 3516.9
Z=1.88
Col; (25)  26.01 2601  (10) a=33.86
20.60 20.59 (11) b =26.01
13.80 1418 (21) $=880.7
11.13 11.28 (30) V =3901
10.22 1035  (31) Z=2.08
8.45 8.50 (32)
4.43 (ha)
HT2  Coly(115) 28.03 28.03  (10) a=32.36
16.13 16.18  (11) $=907.2
4.48 (hs) V = 4064
Z=1.89
Cols (25) 27.72 2772 (01) a=33.79
21.43 2143  (11) b=27.72
15.99 16.89 (20) S=936
1451 14.43 (21) V = 3587
12.79 12.82 (12) Z=1.66
8.88 8.91 (13)
3.83 (ho)
4.40 (ha)
HTiz  Coln(80) 30.05 30.05  (10) a =34.69
17.29 17.34  (11) S =1042
4.45 (hs) V = 4645.5
Z=191
Colr (25)  29.66 2066  (01) a=34.06
22.37 2236 (11) b = 29.66
17.13 17.03 (20) S=1010
15.25 1483  (02) V = 4424
13.58 13.59 (12) =182
4.43 (ha)

dobs, Observed spacings; dca, calculated spacings ha, alkyl chains correlation peak
value; he, n-n spacing; Z, number of molecules per each columnar slice. Alkyl halo
was considered for the calculations, when the core-core peak is absent
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The obtained results indicated that, all members of the series displayed two
distinct columnar mesophases as a function temperature. The compound HT12 having
critical chain length among the series was chosen as a representative example to
understand the molecular assembly in their mesomorphic states. Initially, the number
of molecules occupied in each columnar stratum (Z) of Cols (EQ. 4.4) and Col; (Eq.
4.7) were estimated by assuming the density equal to 1 g cm™ (Tang et al. 2012).
Accordingly, nearly two molecules are involved in each columnar slice of both the
mesophases to ensure the space filling disc-like structure. It should be noted that, the
central cyanopyridone core, capable of forming closed-type hydrogen bonding may

stabilize the dimeric unit through a strong intermolecular H-bonding.

b N
z = 22EXPTA (4.7)
My,

As seen in many classical and unconventional discotics, all the compounds
showed a thermodynamical intercolumnar transition from rectangular to hexagonal
columnar assembly, which was evidenced by the observed small enthalpy changes,
optical variations and differences in XRD patterns (Wohrle et al. 2015). Further, the
dimeric structures form a columnar array with rectangular and hexagonal symmetry
wherein the position of molecules is not fixed, rather it is truly liquid-like. This may be
attributed to its propeller-like structures whose conformational motions would increase
the mesogenic fluctuations and intracolumnar tilting, which could be responsible for
the disappearance of the core-core peak in the XRD pattern for Coln. This type of
mesophase is sometimes termed as ‘disordered columnar mesophases’ in order to
distinguish from the ordered assemblies (Park and Cho 2015). However, these
molecules may possess some degree of order due to intermolecular hydrogen-bonding
along the columnar axis through the central ring. Additionally, its D-A-D core-structure
would also stabilize the mesophase by strong intracolumnar donor-accepter
interactions. Keeping all these facts in view, a schematic model is proposed for the
molecular self-assembly of HT12 in Colr as well as Coln with plausible H-bonding

interactions, as shown in Fig 4.13.
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Figure 4.13 Schematic model showing the energy-minimized structure of HTi2
(obtained by MM2 method) and its self-assembly in Coln and Col; phases with plausible
H-bonding (XRD data at 115 °C and 25 °C were used for the illustration)

In total, only three members containing phenanthrene ring in their basic
structure was found to exhibit LC phase. From the results it is evident that, no general
trend was noticed in thermal stability of mesophases in spite of systematic sequential
variation in length of peripheral chains on phenanthrene-cyanopyridone hybrid core
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structure. Thus, mesophase type and ranges are independent of terminal chain lengths
in these molecules. This may be due to numerous structural conformations of two arms
with lengthy flexible chains of the central cyanopyridone core. However, all the
compounds have organized into similar mesophase with two different lattice structures.
They showed supramolecular bi-columnar mesomorphism, which is stable even under
ambient conditions. The XRD results revealed that, these half-disc shaped molecules
self-assembled into disc-like dimeric structures that further organized into Coln and Col;

as a function of temperature.

4.2.2.4 Mesomorphic behaviour of HT21-26 (Series-4)

The thermotropic self-assembling properties of alkoxyloxybenzylidene based
compounds HT21-26 were studied by set of techniques. The relevant phase transition
sequence with their respective enthalpy changes (AH) are compiled in Table 4.8.

The DSC results of 3,4,5-trihexyloxybenzylidene derivative HT21 and its
trioctyloxy counterpart, HT22 showed a direct melting from a crystalline state to an
isotropic liquid phase at 90.35 and 88.98 °C on heating scan, respectively. The similar
observations were noticed under POM also, wherein no birefringence was identified.
However, in the higher alkoxy analogue, HT23 bearing dodecyloxy terminals exhibits
a trivial transition centred at 74.10 °C with an enthalpy change of 1.26 kJmol™* on
heating which is assigned to transition from mesophase to an isotropic phase. On
cooling trace, the LC phase has reappeared at 69.50 °C (-1.28 kJmol™?) and it was
crystallized at -9.84 °C (-9.84 kJ mol™) as shown in Fig 4.14a. On slow cooling from
the liquid phase of HT23, a dendritic growth appeared initially in the dark homeotropic
region which in turn resulted in a typical mosaic pattern, as shown in (Fig 4.14b-c).
The optical transitions were well consistent with the DSC results. The phase was
shearable and highly fluidic in nature which witnessed very low clearing enthalpy.
Here, the observed intense birefringent mosaic textures are the typical indication of

columnar mesomorphism (Kumar 2011).
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Table 4.8. 2 Phase temperatures (°C) and enthalpy changes (kJmol™?) of HT21.26

Compd. Phase sequence

Heating Cooling
HT2z Cr90.35 (37.39) | | b
HT2 Cr162.92 (20.26) Cr,88.98 111.78 (-10.2) Cr
(14.44) |
HT2s3 Coln 74.10 (1.26) | | 69.50 (-1.28) Coln -9.84 (-9.33)
Cr

HT2e  Cri72.90 (5.95) Cr2100.50 (47.43) 164.73 (-47.62) Cr
|
HTs  Cri51.72(79.23) | | 132.59 (-71.35) Cr

HT2s Cr 108.07 (40.86) | 1 102.36 (-37.95)

3 Peak temperatures/°C (enthalpy/kJmol™) obtained by second heating and first
cooling at the rate of 5 °C/min;  Crystallization was not observed; Cr, Cry and Cr

= different crystalline phases; Coln = Columnar hexagonal mesophase; | = liquid
phase
1.2 T
g 0.8—- [a] Col, 41 |
E 04+
g 4
E 0.0_-'
504 T~ —
I 4
081" gmrc Col, 69.50 °C” !
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Figure 4.14 (a) DSC trace obtained for HT2s3 at a rate of 5 °C/min (red and blue traces
represent second heating and first cooling traces, respectively); POM textures observed
on slow cooling from its | phase at a rate of 5 °C/min: (b) at 65 °C and (c) at 25 °C
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In order to get further insight into the molecular self-assembly of HT23, variable
temperature X-ray diffraction experiments were carried out for its non-aligned sample.
The XRD patterns gained all over the mesophase range at different temperature points
were found to be almost similar. For instance, the XRD spectra acquired at 55 °C and
room temperature are depicted in Figs 4.15a-b. As can be seen in the pattern obtained
at 55 °C, two lower angle reflection peaks were observed at the Bragg's d-spacings of
35.15 and 17.57 A. While appearance of a broad halo at 4.31 A due to the liquid-like
motion of peripheral chains (Fig 4.15a). The resulted two diffractions were assigned to
(10) and (20) lattice planes for a hexagonal geometry with a lattice parameter a = 40.89
A. Though it is not explicit to assign the Coln phase from the observation of two
reflections peak at the lower angle. It is quite common in both conventional and non-
conventional discotics (Beltran et al. 2012; Westphal et al. 2010; Yoon et al. 2012). The
absence of other peaks have been attributed to a minimum in the form factor. The
hexagonal lattice area, S and volume, V were found to be 1426 A? and 6148 A3,
respectively. The lower temperature (at 25 °C) XRD pattern was almost similar to high-
temperature diffractions, obviously with some variations in spacing values (Fig 4.15b).
The two similar diffractions were indexed to Coln with the intercolumnar distance of
40.58 A. A detailed XRD characterization data is summarised in Table 4.9.
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Figure 4.15 XRD pattern for Coln phase of HT23: (a) at 55 °C and (b) at 25 °C (the
spectra obtained on slow cooling for its isotropic liquid state)

It has been observed that, the experimentally obtained hexagonal cell parameter
(40.89 A at 55 °C) for HT23 is much larger than its calculated molecular length at the
fully optimized structural conformation (28.05 A). Also, the nondiscoid molecular

geometry has caused the columnar liquid crystalline behavior in it. These two facts
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reveal that, each columnar stratum constituting more than one molecule. Therefore,
number of molecules per columnar slice (Z) was calculated by assuming the density
equal to 1.0 gcm™. Since, the Coln structure of HT23 did not show any intracolumnar
stacking peak (c), alkyl halo center (ha) was used in the afore mentioned calculations
(Moyano et al. 2013). The values of Z were found to be 3.3 and 3.4 at 55 °C and 25 °C,
respectively for Coly structure, which confirms that, more than three molecules
occupied in each columnar unit. It is well-known that, hydrogen bonding interactions
stabilize the columnar mesophases induced by supramolecular aggregates of non-
discoid molecules. As wedge-shaped HT2s possesses renowned hydrogen bonding
group, i.e. carboxylic acid at its tip, which can induce strong polar H-bonding network
and facilitate the space filling by the aliphatic chains. The plausible disc-shaped H-
bonding superstructure of HT23 as evidenced by XRD data is depicted in Fig 4.16.

<))

M@’“ﬁ r

Figure 4.16 Supramolecular disc of HT23

Table 4.9 XRD characterization data of HT23 at different temperatures

Compd. Phase dobs [A] dear [A]  Miller  Lattice parameter a [A],
(T/°C) Indices  Lattice area S [A?],
(hk) Molecular volume V [A3],

Number of molecules per
columnar slice Z

HTzs  Colh(55) 35.15 3515  (10) a=40.89
1751 1757  (20) S =1426.6
4.31 (h) V =6148.8
Z=33
Coly (25)  35.42 3542  (10) a=40.58
17.65 1770  (20) S =1448.6
4.37 (h) V =6330.6
Z=34

dobs, Observed spacings; dca, estimated spacings from the lattice parameter a for the
Coly lattice; ha, peak centre of alkyl halo; V, molecular volume; S, lattice area; Z,
number of molecules per unit lattice
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A schematic models have been proposed for the supramolecular self-assembly
of HT23 in the columnar mesophases based on XRD data and quantum chemical
simulations (DFT). The DFT calculations were performed using GAUSSIAN-09
program at the DFT-B3LYP correlation. Geometry optimized structure of HT23 was
obtained by using the basic set 6-311G (d,p). The simulated structure seems to be clear
wedge-shaped, as shown in Fig 4.17. Evidently, three molecules associate in a single
frame which leads to the formation of discs with a total of nine alkoxy chains. Here, the
polar units form the columnar centers bounded by the rigid benzylidene aromatic
segments with the lipophilic continuum, which further self-stack to attain hexagonal

lattice symmetry, as schematically pictured in Fig 4.17.
é-:-é-:-éé;sil}‘;;‘., = } ‘—>

HT,3 ’I

Hexagonal lattice

Columnar hexagonal self-assembly

Figure 4.17. A schematic model for the Coly self-assembly of HT23

A regioisomer of HT23 having alkoxy chains at 2"¢, 3" and 4™ positions, i.e.
HT24 turned out to be crystalline in nature. It showed two distinct crystalline states and
cleared directly to isotropic liquid as evidenced by thermal and optical observations.
The non-mesogenicity of HT24 may be due to the presence of longer terminals at the
immediate positions of the H-bonding polar group, thereby causing steric hindrance,
which would restrict the formation of H-bonded discotic super-structure. Also, a
dialkoxy substituted rhodanine derivative, HT2s did not show any mesogenic property
because of its inability of space filling around the polar core. Further, an analogous

compound with a free rhodanine group bearing suitable alkyl density, i.e. HT 26 failed
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to show any mesomorphic behavior. The observed results validate the proposed
hypothesis for HT23 wherein the presence of rhodanine-N-acetic acid unit has a key role
in the formation of mesophase through the H-bonding network, while only rhodanine
with wedge-shaped benzylidine does not induce the mesomorphism.

Conclusively, only HT23 with a critical hydrophobic chain length exhibits
columnar mesomorphism by supramolecular self-assembly through H-bonded
interactions. Its XRD results expose that, trimerization of the molecules leading to a
disc-like super-structure which displays a columnar hexagonal mesomorphism over a

wide range of temperature including room temperature.

4.2.2.5 Mesomorphic behaviour of HT27-31 (Series-5)

The self-assembling behaviour of tapered-shaped, HT27-2s and wedge-shaped,
HT29-31 was systematically studied by using DSC, POM and XRD analytical
techniques. The compound, HT27 bearing triple octyloxy chains showed two distinct
crystalline states, which clear at 100.21 °C on heating. In cooling scan, a trivial
transition peak was observed at 89.69 °C with an enthalpy of -2.0 kmol* which could
be assigned to an I-LC transition and on further cooling, the compound has crystallized.
In the DSC scan of longer chain analogue, i.e. HT2s, two endothermic peaks
corresponding to Cr-Cr transition and a small LC-I transition (100.34 °C) were
observed. The mesophase was reappeared at 99.14 °C (-1.39 kimol™) on cooling cycle

and no sign of crystallization was noticed till room temperature (Fig 4.18).

The observed thermotropic transitions were further confirmed by polarized
optical microscope and they were identified to be quite consistent with DSC results. As
shown in Fig 4.18, both the compounds displayed birefringent pseudo focal-conic
texture on slow cooling from their respective isotropic phase, which are commonly
encountered textures for smectic A phases of calamitic and bent-core LC systems
(Achalkumar et al. 2014; Dobbs et al. 2009; Ren et al. 2017).
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Figure 4.18 DSC thermograms of (a) HT27 and (b) HT2s recorded at a rate of 5 °C/min

under a nitrogen atmosphere (red and blue traces represent heating and cooling scans,
respectively)

g Ve \ * N

Figure 4.19 Microphotographs of HT27 captured on slow cooling at (a) 85 °C and (b)
77 °C; textures of 1 HT2s obtained at (¢) 98 °C and (d) 25 °C

N\

Dept. of Chemistry, NITK 121



Chapter 4

Table 4.10. 2 Phase transitions and corresponding enthalpy changes of HT27-31

Compd. Phase sequence
Heating Cooling
Cr1 56.67 (4.97) Cr2100.21 (45.24) 1 89.69 (-1.20) Sm A 71.29 (-
HT27 | 16.60) Cr
HT2s Cr175.83 (53.90) Cr284.74 (27.03) 199.14 (-1.39) Sm A°©
Sm A100.34 (1.44) 1
HT29 Cry 57.37 (22.78) Cr» 124.25 1115.39 (-29.42) Cr»
(29.89) |
HTso Cr163.22 (5.62) Cr2124.16 (32.71) 1 122.75 (-3.65) Coln © 112.76 (-
I 28.28) Cr

HTs1 Crp 33.38 (14.84) Crp 118.42 1 113.27 (-23.33) Cr; 30.60 (-
(23.52) | 16.67) Cr1

8 Peak temperatures/°C (enthalpies/kJmol™) obtained by endothermic and

exothermic cycles at the rate of 5 °C/min; ® monotropic mesophase; ©

Crystallization transition was not noticed till RT; Cr, Cry and Cr, are different

crystalline states; SmA = Smectic A mesophase; Coly = columnar hexagonal

mesophase; | = isotropic liquid state

In order to get further insight into the molecular self-assembling in the smectic
phase of taper-shaped amphiphilic systems, we recorded XRD spectra of HT2s at
different temperatures throughout its LC phase range. The obtained spectra are depicted
in Fig 4.20 and the relevant data are summarized in Table 4.11. At all the four
temperatures, the XRD profile has evidently two common features: a sharp and intense
peak at low angles and a diffuse broad one at wider angles. These features are typical
of a layered smectic phase, a fact corroborated by POM textures. For further
description, a profile at the lowest temperature, i.e. at T = 55 °C has been considered,
shown in Fig 4.20, as the additional features become more clear at this temperature.
Three more peaks, one at low angles, sharp albeit very weak, a diffuse one at low angles
and another diffuse peak at large angles, again weak. The identification of second
reflection in the lower angle is easy since its spacing is exactly half of that of the
fundamental (first reflection). Thus, it is the second harmonic, which is barely seen at
T =95 °C, but picks up intensity as the temperature is lowered. The presence of another
diffuse peak at the spacing ~16.5 A is somewhat intriguing. In the light of the fact that,

this value matches the longitudinal dimension of the core portion of the molecules, we
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propose that, the core regions of the neighbouring molecules completely overlap and
the phasmidic chains stick out as the two termini of this dimer pair (Fig 4.21). Thus,
the thickness of this partially interdigitated layer would be the dimension of the core
plus the twice the length of terminal chain. With the length of 12-carbons being ~14 A,
the determined dimer length of 45 A matches with the experimentally obtained layer

thickness.

Since the bifurcation between the core and the hydrocarbon chain is better
defined in the phasmidic arrangement, the overlapped core region can be considered to
be a sub-layer, giving rise to its own X-ray diffraction. This results in the peak at ~16.5
A, which is the dimension of the core. However, unlike the layer interfaces determined
by the extreme ends of the dimer, there is enough libration possible for the overlapped
region of the core resulting in a spread of the diffraction pattern. The diffuse peak in
higher angle region corresponding to ~3.42 A, is commonly seen in columnar phases
of discotic molecules. Except in systems wherein the terminal chains have different
character, such as hydrocarbon/fluorocarbon or hydrocarbon/cholesteryl (Kumar et al.
2017; Mandal et al. 2014), it is not seen in smectic phases. Extending the argument
made for the case of discotic systems, we propose that, peak spacing 3.42 A arises due
to the correlation between the core-parts of the neighbouring molecules. As expected,
this correlation improves on lowering the temperature, and from the peak width, it is
seen that, about 6 molecules are correlated. As observed commonly, increasing the layer
spacing on lowering the temperature is owing to stretching of the chains (moving
towards all-trans). However, the consequent negative thermal expansion (d/dT) layer
spacing of ~ 0.09 A/°C is quite large than usual smectics (Lobo et al. 2004).

Table 4.11. XRD characterization data of HT2s at different temperatures
Compound  dops [A] at 25 dobs [A] at 55 dobs [A] at 75 dobs [A] at 95

°C °C °C °C
45.48 43.32 40.66 39.11
24.81 21.59 20.32 19.64
HTo2s 16.51 16.37 16.08 16.03
4.35 441 4.43 4.46
3.38 3.42
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Figure 4.20 XRD patterns obtained for HT2g at various temperatures
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Figure 4.21 Schematic illustration of SmA mesophase structure of HT2s
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On reducing the hydrophobic part in the design, wedge configured molecules
were obtained (HT29-31), wherein three alkoxy groups are attached to phenyl ring
connected with polar maleimide ring. DSC traces of all the three compounds with
varied aliphatic chain lengths reveal that, they exhibit polymorphic nature as a function
of temperature. Among them, the midst member, i.e. HT30 has shown a monotropic
mesophase behaviour as apparent in its first cooling cycle of DSC scan, which was
further confirmed by immediate reheating and cooling scans as shown in Fig 4.22b.
Under POM, slow cooling from its | phase brings about a bright mosaic pattern which

is a typical indication of presence of columnar organization (Fig 4.22c-d) (Kumar
2011).

3 ’r
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= | 1a - 123.82°C
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Temperature (°C)

Figure 4.22 DSC traces of HTso: (a) first heating and cooling scan and (b) second
cycle; POM textures of HT3o captured at (c) at 120 °C and (d) 111 °C

To understand the structure of columnar mesophase of HT3o, the XRD spectra
within its short thermal range were carefully recorded on slow cooling from | phase as
depicted in Fig 4.23. For instance, the spectrum obtained at 125 °C displayed three
reflections at the Bragg’s d-spacings 27.57, 16.01 and 13.44 A with the reciprocal ratio
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of 1: ¥/3: 2 in the lower angle region. In addition, a broad halo appears at wide angle
region ascribed to liquid-like motion of the alkyl chains. The lower angle reflection
could be index to (10), (11), (20) planes of two-dimensional hexagonal geometry with
the lattice parameter a = 31.83 A. Further, the number of molecules (Z) occupied in
each hexagonal unit cell was estimated using the XRD results, assuming the density
value for these molecules is 1 gcm™ (Cheng et al. 2018) (Table 4.12). For this
calculation, a much needed parameter, i.e. the height or thickness of the columnar
stratum is unknown. This is because of the absence of a wide angle reflection
responsible for intracolumnar spacing as a consequence of the lack of long-range
periodicity along the columnar axis. Nevertheless, we deduced the value of Z by using
the alkyl halo (ha), and it was found to be three. The results indicated that, each slice of
the columns has composed of three molecules and this value is consistent with the
calculated large lattice area, S = 877.69 A?and volume, V = 3923.29 A3,

(10) [a]
3104 5104
L L)
> >
z =
3 10° g10%
c c
- 20) 4.56 A -
5 10 15 20 25 5 10 15 20 25
20 (degree) 20 (degree)

Figure 4.23 XRD patterns of HT3o at (a) 123 °C and (b) 125 °C

Figure 4.24 H-bond driven supramolecular disc of HT 3o
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As mentioned earlier, it is clear that, each columnar stratum of Coln phase of
HT 30, comprises three wedge-shaped molecules. Since tip of these molecules is bearing
a polar maleimide group, capable of forming H-bonding, they can assemble
comfortably to form a supramolecular disk by means of H-bonded interaction. The
resulting H-bond driven macrocyclic structure is depicted in Fig 4.24. These
superstructures form a long-range columnar assemblies in the hexagonal fashion. On
the basis of XRD results, we proposed a schematic model for the self-assembly of
wedge-shaped maleimide HTso, as illustrated in Fig 4.25.

Table 4.12. XRD characterization data of HT3o at different temperatures

Compd. Phase dobs [A] deat [A]  Miller Lattice parameter a [A],

(T/°C) Indices Lattice area S [A?],
(hK) Molecular volume V
[A%
HTx  Col(123) 27.61 2761  (10) a=231.88
13.83 15.76 (20) S$=2880.24
4.56 (ha) V =4013.9
Z=3.2
Coln (125) 27.57 26.034  (10) a=31.83
16.01 15.91 (11) S=877.69
13.44 13.78 (20) V =3923.29
4.47 (hs) z=31

dobs, Observed spacings; dca, calculated spacings from the lattice parameter a for the
hexagonal lattice; ha, alkyl chains correlation peak value; Z, number of molecules per
columnar unit

In conclusion, it was observed that, the length of hydrophobic segment has
significant influence on their LC behaviour. Further, two molecules with tapered-shape
have been shown to exhibit a room temperature mesophase with a notable smectic
order, irrespective of length of alkyl chains. While, the only midst alkyl member of
wedge-shaped derivatives demonstrated an imperative supramolecular columnar phase
with hexagonal lattice geometry. From the XRD analysis, it can be clinched that totally
three wedge-shaped molecules occupied in each slice of Colh of HT30, which may be
attributed to the possible close-type intermolecular H-bonding through polar maleimide

functionality.
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Figure 4.25. Schematic illustration of columnar hexagonal self-assembly of HT 30

4.2.2.6 Mesomorphic behaviour of HT32-35 (Series-6)

The thermotropic phase behaviour and the thermodynamic features of boron
complexes (HT32-35) were studied by using POM, DSC and XRD techniques. Their
preliminary studies revealed that, both hydrazones and their boron complexes displayed
thermotropic mesomorphism. Their LC characterization has been described separately

under two subsections.
Mesomorphism of benzylidenehydrazones (20a-d):

The DSC thermogram of first member of the series 20a bearing four dodecyloxy
peripheral chains displayed single reversible transition owing to crystal to isotropic
transition without any mesomorphic behaviour. In contrast, hydrazone 20b with an
increased number of alkyl chains exhibited an enantiotropic mesophase transition as
evidenced by its DSC scan (Fig 4.26). On heating cycle, it showed two distinct
crystalline morphology and transformed into a mesophase (104.39 °C) which clears at
145.5 °C with the energy change of 1.46 kJmol™. The observed phases were certainly

reappeared in the cooling scan as well. These thermotropic transitions were further
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confirmed by POM; under cross polarizers, 20b displayed a pseudo-focal conic fan-
shaped texture with dark homeotropic regions and it crystallized below 92 °C as
visualized in Figs 4.26a-b indicating the existence of optically uniaxial columnar phase
(Shanker et al. 2011). The thermodynamic data are tabulated Table 4.13.

Table 4.13. @ Phase temperatures (°C) and corresponding enthalpy changes (kJmol™)

Compd. Phase sequence
Heating Cooling
20a Cr71.03 (82.076) | | -14.39 (-6.14) Cr

20b Cry 94.24 (54.50) Crp 104.39 | 141.45 (-1.29) Col, 92.01 (-24.79)
(24.55) Coly 145.50 (1.46) | Cr282.29 (-59.91) Cr;

20¢ Cr 8.47 (23.67) Col, 154.70 (2.74)  150.44 (-2.94) Coly 0.0 (-27.79) Cr
|
Coly 93.59 (3.12) Colnz 174.23 1171.70 (-12.26) Colnz 92.25 (-2.66)

20d (13.79) I Coln1 0.13 (-37.40) Cr

3 Peak temperatures/°C (enthalpy/kJmol™) obtained by second heating and first
cooling at the rate of 5 °C/min; Coly = Columnar hexagonal phase; | = Isotropic
liquid phase

To get further insight into the nature of columnar assembly of 20b, its X-ray
diffraction patterns were obtained at various temperatures within the mesophase
thermal region and they were found to be similar as shown in Fig 4.26d. For instance,
a pattern gained at 135 °C showed a single reflection in its lower-angle region at the
d-spacing of 23.0 A, which could be indexed to (10) plane of hexagonal symmetry with
lattice parameter a = 26.55 A. Additionally, a noticed diffused halo in the wide-angle
region at the maxima of 4.55 A and the absence of core-core reflection manifested the
fluidic property of the mesophase. In fact, the occurrence of single lower angle
reflection can’t elucidate the hexagonal lattice unambiguously. Nevertheless, this kind
of patterns are commonly observed in various discotics. Indeed, the typical birefringent
textural features strappingly confirm the Coly mesophase. Further, the hexagonal lattice

area, S and its volume, V were estimated to be 611 A? and 2779 A3, respectively.
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Figure 4.26. POM texture of 20b at (a) 137 °C and (b) 85 °C; (¢) DSC thermogram of
20b (red and blue traces represent heating and cooling scan, respectively); (d) XRD
pattern of 20b at various temperature points

The hexacatenar hydrazone, 20c was easily be sheared between the two glass
slides and it looked birefringent under POM indicating that, the compound is already
in LC state at RT. Seemingly, the optical transitions were well consistent with its DSC
results and it also exhibits the pseudo-focal conic texture on slow cooling below its
isotropic temperature 150.44 °C, confirming the columnar hexagonal mesophase (Fig
4.27). As noticed in case of 20b, the XRD patterns of 20c also showed a single
reflection at lower-angle region (23.90 A at 55 °C) with a wide-angle broad hump at
4.55 A which is attributed to the fluidic assembly of alkyl chains as depicted in Fig
4.28a. The first intense peek can be indexed into a hexagonal lattice with a = 27.59 A
and the calculated mesophase parameters are summarized in Table 4.14. The
compound 20d behaves thermotropically different from 20c, although they are
regioisomeric derivatives. 20d has two distinct mesophases with the isotropic transition
at 174.23 °C, which is the highest clearing temperature among the four investigated
hydrazones and it shows crystallization at 0.13 °C on cooling below lower temperature
phase (Figure 4.28b). As can be seen in Figs 4.27e-f, the material displayed fan type
of texture below | phase, which on further cooling slight increase in brightness of the
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birefringent domains was realized. To identify the symmetry of the columnar phase,
XRD data were collected at the different temperatures in both higher and lower
temperature mesophase ranges on cooling from its liquid phase. The patterns obtained
in both the mesophase regions were apparently similar and their lower angle reflections
were indexed to (10) plane of the hexagonal lattice (Fig 4.28b). To differentiate
between these two mesophases, lower temperature mesophase has been named as Colnz
and higher temperature mesophase has been termed as Colynz, since there is a clear
thermodynamic transition with considerable enthalpy change (3.12 kJmol?) associated
with it. This kind of transition was frequently observed in compounds with non-

discoidal molecular geometry.
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Figure 4.27 (a) DSC thermogram of 20c (red and blue traces represent heating and
cooling scan, respectively); POM texture of 20c captured at (b) 145 °C and (¢) 25 °C;
(d) DSC thermogram of 20d (red and blue traces represent heating and cooling scan,
respectively); POM texture of 20d at (¢) 150 °C and (f) 70 °C
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To understand the possible molecular packing in these hydrazone derivatives,
the number of molecules accompanied per each columnar stratum Z was calculated,
assuming the density p = 1 g cm=. Subsequently, the Z was found to be 1.5, 1.35 and
1.4 for 20b, 20c and 20d, respectively. The observed non-integral values suggest that,
there may be folding and/or intercalation of peripheral tails in the columnar cross-
section. It is reported that, this kind of benzylidenehydrazones stabilize the columnar
phase by the formation of helical superstructures wherein the H-bonded chain of N-
H---O=C adopts a helical conformation. Because of this reason, they embrace more than
one molecules per columnar unit in order to maintain the average circular cross-section

for organizing in a hexagonal lattice (Shanker et al. 2011).

Table 4.14. XRD characterization data of 20b-d

Compd. Phase (T/°C) dobs (A) dear (A) Miller Lattice parameter
Indices a (A), Lattice area
(hk) S (A%, Molecular
volume V (A3
200 Coln(135) 23.0 230  (10) a=26.55
4.55 (h.) S =610.83
V =2779.3
Z=1.46
20c  Coln(55) 23.90 2390  (10) a=27.59
4.55 (ha) S =659.6
V =3001.1
Z=1.35
20d  Colw (60) 24.67 2467  (10) a=28.48
4.43(hs) S =702.76
V =3113.23
Z=1.40
20d  Colrz (150) 23.82 2382  (10) a=27.50
4.56(ha) S =655.16
V =2992.0
Z=1.35

dobs , €Xperimental lattice spacing; dca, calculated from the lattice parameter, a for the
hexagonal lattice; ha, alkyl chains correlation peak value; hc, core-core spacing; Z,
number of molecules per columnar slice; S, lattice area; V, molecular volume
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Mesomorphism of boron difluoride complexes (HT32-35):

The thermotropic phase behaviour of all the boron difluoride complexes was
also investigated systematically. Evidently, upon coordination with BF> the
mesomorphism of hydrazones 20a-d was completely altered. The thermal phase
sequence and corresponding thermodynamic parameters of HT3s2-35 are tabulated in
Table 4.15. The first member of the series bearing four alkyl tails was crystalline in
nature, it melted at the same temperature (~71.0 °C) as its ligand 20a. However, the
enthalpy change for the melting transition of HT32 was found to be much higher than
20a indicating the greater thermal stability of HT32 complex in the solid state. Unlike
20b, its boron complex HT33 was characterized to be non-mesogenic, instead it showed
three distinct crystalline morphology as evidenced by its DSC thermogram. The non-
mesomorphism of HTs3 may be due to the lack of space occupation by only five alkyl
chains around the central aromatic segment. While its ligand molecules (20b)
segregated into columnar phase because of co-operative intermolecular hydrogen
bonding as discussed earlier.

Table 4.15. 2Phase temperatures (°C) and the corresponding energy changes (kJmol™)

Compd. Phase sequence
Heating Cooling
HTs»  Cr71.25(71.91) | | -14.39 (-54.36) Cr

HTs  Cri 4419 (14.31) Cr, 66.83 186.50 (-52.19) Crs61.99 (-9.14) Cr;
(10.57) Crs 96.98 (50.45) | 41.48 (-12.44) Cry

HTz  Cr110.48 (7.39) Cr,31.03 (23.92) 132.08 (-1.09) Coly 2.20 (-22.10) Cr
Coly 35.01 (0.62) |

HTs  Coln 66.19 (23.83) Col, 96.65 | 87.78 (-15.97) Col, 61.11 (-23.61)
(15.82) | Coln

3 Peak temperatures/°C (enthalpy/kJmol™?) obtained by second heating and first
cooling at the rate of 5 °C/min; Col,= Columnar rectangular phase; Coly = Columnar
hexagonal phase; | = Isotropic liquid phase
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The two regioisomers, HT3s and HTss bearing six peripheral chains exhibit
entirely different thermotropic phase transitions from each other. The isomer HTzs
having dodecyloxy chains at 2", 3@ and 4™ positions showed a trivial endothermic
transition at 35.01 °C (AH = 0.62 kJmol™?) which could be assigned to an LC to |
transformation. On cooling scan, the transition occurred at 32.08 °C (AH =-1.09 kJmol
1) and the phase gets crystallized at 2.20 °C as shown in Fig 4.29a. The perceived

mosaic pattern was the typical indication of presence of columnar mesomorphism (Figs
4.29b-c).
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Figure 4.29 (a) DSC thermogram of HT34 (red and blue traces represent heating and
cooling scan, respectively); POM texture of HT34 captured at (b) 30 °C and (c) 25 °C;
(d) DSC thermogram of HT3s (red and blue traces represent heating and cooling scan,
respectively); POM texture of HT3s at (¢) 83 °C and (f) 60 °C

@

Further, XRD pattern of HT34 confirms the hexagonal lattice structure with the
lattice parameter a = 28.39 A (Fig 4.30a). Whereas, its isomeric derivative HTss having
dodecyloxy chains at 39, 4™ and 5™ positions exhibited two distinct enantiotropic
mesophases as demonstrated in DSC trace (Fig 4.29d). It displayed two reversible
transitions with slightly larger enthalpy values (AH = 24 kimol™ for LC-LC and AH =
16 kdmol™ for LC-I). The observed AH is much higher than that of its isomer HT 34, this
could be due to the compact arrangement of HTss in the mesophase. These results
reveal that, changing the position of the peripheral chains in the non-discoidal

molecules significantly stabilizes the mesophase. The lower temperature phase of HT3s
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was assigned to Coly mesophase (Fig 4.30b). A number of XRD reflections in the
lower-angle region at higher temperature mesophase have been indexed to a centre
rectangular columnar geometry with space group symmetry of C2mm as the peak
indexation follows the extinction rule h+k = even number (Fig 4.30c). The unit cell
parameters calculated from the diffraction pattern are a = 30.34 A and b = 62.38 A.
This unusual transition from hexagonal to rectangular columnar results in doubling of
the lattice volume and hence the number of constituent molecules also doubles in each
unit cell (Table 4.16). This kind of hexagonal to rectangular phase transition was
previously observed in case of triphenylene derivatives (Levelut 1983). Based on the
XRD results, a molecular model was proposed to demonstrate the self-assembly of
HT3s molecules as illustrated in Fig 3.31.
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Figure 4.30 XRD pattern obtained for (a) Coln phase of HT34; XRD traces recorded

within (b) lower and (c) high-temperature mesophase ranges of HT3s

Dept. of Chemistry, NITK 135



Chapter 4

Hexagonal assembly

62.38 A

a=

b S
o e;‘\\ 5\
PSR

EES I

R ? W
Centre rectangular assembly

Temperature

Figure 4.31 Schematic illustration of phase transition of HTss

Table 4.16 XRD characterization data of HT3sz2-3s at different temperatures

Compounds Phase (T/°C)  dobs (A) deal Miller Lattice parameter a
(A)  Indices (A), Lattice area S
(hk) (R?), Molecular
volume V (A%
HT Coln (27) 24.59 2459 (10) a=28.39
14.26 1419 (11)  $S=698.2
4.42 (hs) V =3086.1
=134
HTs3s Coln (25) 28.24 2824 (10) a=32.08
16.04 16.30 (11) S=920.0
4.23 (ha) V = 3646.7
3.96 (hc) Z=173
Col, (65) 3119 3119 (02) a=30.32
2727 2727 (11) b=62.38
15.15 15.16 (20) S=1891.7
13.61 13.63 (22) V=8322.0
11.56 1153 (15 Z=3.60
10.42 10.87  (24)
9.95 9.97 (31
4.40 (ha)

dobs ,dcal, are observed and calculated values of d spacings. Lattice parameter, a for the
hexagonal lattice; h,, alkyl chains correlation peak value; hc, core-core spacing; Z,
number of molecules per unit cell; S, lattice area; V, molecular volume

Dept. of Chemistry, NITK

136



Chapter 4

To summarize, a novel series of organoboron complexes (HTs2-35) featuring
dyad structural motif with a critical chain length was subjected to in-depth liquid
crystalline studies. Interestingly, the key-precursors benzylidenehydrazones (20a-d)
exhibited columnar mesophase with the hexagonal structure mainly by means of co-
operative intermolecular hydrogen bonding, at ambient conditions. Contrary, their
corresponding BF. complexes showed different thermotropic phase behaviour. The
mesomorphic properties of these hemi-discoidal boron complexes are greatly
dependent on number and position of fluidic chains around the aromatic-core.
Consequently, the isomeric complexes HTss and HTss displayed dissimilar
thermotropic phase behaviour and showed distinct columnar mesophase at different

temperature ranges.

4.3 PHOTOPHYSICAL STUDIES

Optical properties of new HT1-35 possessing donor-accepter configuration in
their structural backbone were studied by examining their light absorption and emission
ability in solution as well as solid states. Also, some selected LC materials have been

subjected to solvatochromic studies.

4.3.1 Experimental methods

The UV-visible absorption spectra of liquid crystalline materials were recorded
at room temperature using SPECORD S 600 spectrophotometer and their fluorescence
spectra were acquired on a Perkin Elmer LS55 Fluorescence spectrophotometer.
Further, fluorescence quantum yields were determined by relative method using
quinine sulphate monohydrate as a reference (®r = 0.54 in 0.1 M H>SO4) and in some
cases PL quantum efficiency were estimated using an integrated sphere set-up
EDINBURGH (UK) and FLS 980 TCSPC instrument. Furthermore, fluorescence life
time was estimated by employing the Time Correlated Single Photon Counting
(TCSPC) technique using a nano- LED with a spectral width of 1.2 nm as an excitation

source and their decay profiles were best fitted using DAS6 software.

All the solvents used for the optical characterisations were of AR grade and they
were used after drying by standard methods. The aggregated state optical behaviour
was accomplished by recording absorption and emission spectra for spin coated thin

films on sigma make quartz plates.
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4.3.2 Results and discussion
In this section, a detailed discussion on photophysical data of HT1-35 has been

given series-wise.

4.3.2.1 Optical properties of HT1-4 (Series-1)

Both UV-visible absorption and emission spectra were recorded for HT1-4
solutions in DCM (c = 2x10° M) and the results are summarised in Table 4.17.
Structurally, all the mesogenic materials differ only in the length of the alkyl chains,
which has minimum effect on their energy of absorption and emission. Consequently,
all these D-A-D type materials exhibit analogous absorption and emission bands. They
display one absorption maximum (abs) in the range of 381-383 nm, attributed to n-n”
transition and the two shoulder bands (231-236 and 267-267 nm) due to n-n" transition
(Fig 4.32a). Their emission spectra were recorded by exciting at their respective

absorption maxima (Aabs).

All members of the series displayed emission maximum (Aem) at around 454 nm
as shown in Fig 4.32b, with the Stoke shift of about 71 nm. The optical band gaps
(Eg,0p) Were calculated by using the equation, Eg,op=1242/Aonset, abs €V, Where Aonset, abs are
onset wavelength of their respective absorption spectrum and found to be in the range
of 2.82-2.87 eV. The same solution samples in the quartz containers were kept under
the illumination of 365 nm light in a UV chamber and the emission was photographed.
A deep bluish green emission was observed and their corresponding photos are shown
in Fig 4.32d. The fluorescence lifetimes of HT1.4 at 2x10° M concentration in DCM
were measured using time-correlated single photon counting technique and the
observed decay profiles are shown in Fig 4.32c. Fluorescence lifetimes (t) of the
excited species formed were measured by monitoring at their emission maxima. The
decays fitted tri-exponentially with three excited species for all the solution samples in
the range of 0.1-0.13, 0.85-0.92 and 2.56-3.12 ns, respectively. The fluorescence
qguantum efficiency values of these materials were estimated by the relative method.
Their quantum yields were calculated with respect to quinine sulfate solution (0.1 M
H2S04) (Brouwer 2011; Crosby and Demas 1971; Pal et al. 2017; Yvon 2012). The

quantum efficiency of the compounds was found to be in the range of 0.19-0.22.
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Figure 4.32 (a) UV-visible absorption spectra of HT14; (b) Fluorescence spectra
(excited at their respective Aaps); (C) Time-resolved fluorescence decay profile and (d)
the emission hue for sample solutions under 365 nm irradiation.

In order to examine the photophysical properties of the new LC materials in

solvents with different polarity, absorption and emission behaviour for a representative

compound, HT1in various solvents with different polarity were examined. The resulted

spectra are depicted in Fig 4.33 and their corresponding data are collected in Table

4.18. The dilute solutions of HT1 have not shown any significant changes with respect

to solvent polarity in their absorption as well as emission behaviours. The results

showcase that, both ground and excited states of it are nearly non-polar in nature.
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Figure 4.33 (a) Absorbance and (b) emission spectra of HT1 in various solvents
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Further, in order to study photophysical properties of new LC materials in the

solid state, good quality thin films of the samples were obtained on quartz plates from
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their DCM solutions, following spin coating technique. Their emission spectra were
obtained by exciting at their Aabs, Obtained from their corresponding solution states (Fig
4.34a). The samples displayed the emission band maxima in the range of 478-486 nm,
with the bathochromic shift of ~25 nm when compared to their respective maxima in
solution state. This is attributed to their molecular aggregations in the film state. On
irradiation with 365 nm UV light, these LC materials in bulk, as well as thin films, emit

visually perceivable bright bluish green colour, as seen in Fig 4.34b-c.

500 550
Wavelength (nm)

Figure 4.34 (a) Fluorescence spectra of spin-coated thin films of samples; (b) the
emission hue of same thin films under 365 nm UV irradiation and (c) powder samples

4.3.2.2 Optical properties of HTs-10 (Series-2)

The photophysical properties of new DLCs, HTs-10 were studied by recording
their UV-visible absorption and photoluminescence spectra in solution as well as in
their LC states. The spectra were acquired in their DCM solution at the concentration
of 2x10° molL? and the obtained spectra are depicted in Fig 4.35. Since all the
members of the series are structurally discrete with regard to length of the alkyl
substitutions only, there exists minimum effect on their energy of absorption and
emission. Thus, all compounds showed a major peak and a shoulder band having
absorbance in the region ~352 nm and ~261 nm, respectively (Fig 4.35a) and they
exhibit emission in the pure blue region ~ 425 nm with the similar Stokes shift values
(Fig 4.35b). The optical band gaps were calculated using absorption onset and found to
be ~3.0 eV. The fluorescence quantum yield (®f) was estimated by relative method

using quinine sulphate standard (®r = 0.54) (Diaz et al. 2017). These LC materials
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showed relatively good quantum efficiency in the range of 0.52-0.56. The fluorescence
life times of solution samples at ¢ = 2x10° molL™ for all the compounds were
determined using single photon counting technique by exciting them using a 350 nm
pulsed NanoLED as source of excitation and probe to 425 nm (Fig 4.35c). The resulted
fluorescence kinetic traces were fitted to bi-exponential decay values and they were
found to be in the range of 1.30-1.40 ns and 2.17-2.38 ns. Fig 4.35d shows deep blue
emission hue of the solutions, when illuminated under the light of 365 nm.
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Figure 4.35 (a) Absorption spectra in DCM solution of concentration molL™ (b)

Emission spectra of same solution excited at their respective Aaps (C) Logarithmic time-

resolved fluorescence decay profiles of HTs-10 mesogens (d) Emission hue of solutions

under 365 nm

To understand the nature of excited state of these DLCs, the photophysical
behaviour of a representative compound, i.e. HTs was investigated in various solvents
having different Richardt polarity indices (Et1(30)) (Reichardt 1994). The resulted
spectra are shown in Fig 4.36a-b and the relevant data are summarized in Table 4.18.
The lack of solvent dependent absorption property of this material clearly indicated its
non-polar ground state. This result signifies the smaller ground state dipole moment,
suggesting a strong ICT transition. In contrast, a remarkable solvatochromic

fluorescence was noticed on varying the solvent polarity. It showed red-shift of
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emission maxima with broadening of emission band upon increasing the solvent
polarity from non-polar hexane to highly polar DMSO (386 nm in hexane, 454 nm in
DMSO). The fluorescence shift towards longer wavelength in polar solvents is
attributed to the emission from solvent relaxed excited state. This feature may be due
to the photo induced ICT from trialkoxyphenylene donor to cyanopyridine acceptor in
the excited state. Obviously, the observed ICT dominated optoelectronic results are in
well corroborated with quantum chemical simulation, as it demonstrates the clear
distribution of HOMO and LUMO in the star-shaped electronic structure. Also, this has
been confirmed by smaller ground state dipole moment (2.28 D).

Solvatochromism of excited state was further examined by using Lippert-
Mataga and Stokes shift verses Reichardt-Dimorth’s Et (30) correlations (Fig 4.36¢-d).
In both cases, these LC material reveals the progressive linear relationship with
marginal variation in stokes shift, which implies presence of single excited state. The
resulted positive slope of plots and larger excited state dipole moment when compared

to ground state also confirmed the more pronounced ICT for these DLCs in the excited

state.
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Figure 4.36 (a) Absorption and (b) Emission spectra of HTs (c =2x10° molL™?) in
different solvents; (c) Lippert-Mataga plot and (d) Stokes shift vs Et (30) of HTs (EA
= Ethyl acetate, DE = Diethyl ether)
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In order to study optophysical characteristics of new materials in LC state, their
thin films of good quality were prepared using spin coating technique and their emission
spectra were recorded. Fig 4.37a depicts the emission spectra of spin coated thin films
of HTs10; the compounds displayed emission maxima of 448, 441 and 440 nm,
respectively with the bathochromic shift of 15-20 nm, when compared to their emission
maxima obtained in solution state. Surprisingly, fluorescence intensity of thin films
were found to be 30 % higher than that of solutions. This may be generally due to
aggregation of the molecules in the slipped-stack form called ‘J-type aggregation’ or
molecular interactions in the solid state which induces the emission enhancement with
the bathochromic shift (Wurthner et al. 2011). Since all the compounds are proved to
exhibit columnar hexagonal mesomorphism at ambient conditions, the possibility of J-
type aggregation is unlikely. Therefore, the observed red-shift with increased
fluorescence intensity may be attributed to the interactions of in-plane dipoles, which
orient the transition dipole moments of stacking molecules so as to maintain them not
being parallel (H-type aggregation) (Achalkumar et al. 2012; Setia and Pal 2016).
Consequently, these new discotics are fugitive from notorious aggregation caused
quenching (ACQ), which is detrimental for the fabrication OLEDs (Yuan et al. 2013;
Zhao 2016).
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Figure 4.37 (a) Emission spectra of spin-coated thin films (excited at their solution
Jabs); (b) emission hue of the same thin films and (c) LCs in bulk under 365 nm

4.3.2.3 Optical properties of HT11-20 (Series-3)
Phenanthrene-cyanopyridone hybrid molecules (HT11-13):

The optical behaviour of HT11-13 was examined by recording their electronic
absorption and emission spectra. The spectra were run in dichloromethane at ¢ = 2x10°

5 M. structurally, all members of the series differ only in the length of saturated alkyl
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chains which usually causes a negligible effect on their optoelectronic properties.
Consequently, all the compounds displayed similar characteristic absorption and
emission spectra. They showed three distinct absorption maxima, viz. a strong band at
~258 nm, a weak peak at ~300 nm and a prominent maxima centred at ~395 nm as
shown in Fig 4.38. The first two bands arise due to z-z" transitions and the longer
wavelength absorption band ascribes to intramolecular charge transport from
dialkoxyphenthrene and trialkoxybenzene donors to cyanopyridone acceptor. On
exciting at their respective longest absorption wavelengths, they displayed a single
emission band at ~502 nm with relatively higher Stokes shift values in the range of
5396-5420 cm™. The observed large Stokes shift signifies the effective ICT property in
these m-conjugated structures and it is a most advantageous feature for a desired emitter
in the fabrication of OLEDs. The optical band gaps were found to be in the range of
2.72-2.75 eV. For an ideal fluorophore, fluorescence quantum yield (®r) is one of the
deciding factors. In view of this, their absolute solution PL quantum yields were
estimated and they were found to be noticeably high in the range of 0.48-0.52. A

detailed optical data of HT11-13are summarized in Table 4.17.
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Figure 4.38 Absorption and emission spectra of HT11.13in DCM at ¢ = 2x10° M

The fluorescence life-time of new mesogenic materials was estimated for the
samples in DCM (c = 2x10" M) using TCSPC technique by probing at their respective
emission maxima. The resulted fluorescence kinetic decay profiles are depicted in Fig
4.39a. The traces fitted with biexponential decay showed average lifetime values of
2.54 (2 = 1.0), 2.51 (> = 0.99) and 2.51 (> = 1.01) for HT1, HT12 and HT1s,
respectively (Table 4.17). The same samples were illuminated under a longer
wavelength radiations and their photographs are depicted in Fig 4.39b. To study the
photoluminescence behaviour of these materials at liquid crystalline state, their neat

thin films were prepared by spin coating technique and the fluorescence spectra were
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obtained by exciting them at their respective solution absorption maxima (Fig 4.39c).
Interestingly, no much shift in emission wavelength (504-508 nm) was noticed when
compared to solution emission maxima (501-502 nm). A visually perceivable emission
was observed when they were illuminated under the light of 365 nm as shown in Fig
4.39d.
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Figure 4.39 (a) Fluorescence decay profiles obtained for DCM solution and (b) their
emission hue; (c) fluorescence spectra obtained for thin films and (d) their emission hue

Further, the effect of solvent polarity on optophysical properties of these
emitting LC materials was examined by studying the absorption and emission
characteristics of a representative compound, HTa1. Its UV-visible and fluorescence
spectra are depicted in Fig 4.40 and the relevant data are compiled in Table 4.18.
Evidently, it showed a lack of solvent dependence absorption profile, indicating a non-
polar ground state. Whereas a slight red-shift of emission bands on increasing solvent
polarity demonstrated the trivial positive fluorescence solvatochromism. Notably, the
unusual bathochromic shift perceived in DCM arises due to effective solvation in the
solvent induced by an instant stabilization of polarizable electrons during the electronic

excitation (Konidena et al. 2016).
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Figure 4.40 (a) Absorption and (b) emission spectra of HT11 recorded in solvents of
varied polarity
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Thus, the observed larger Stokes shift, biexponential PL decay, and the
nonlinear solvatochromic shift indicated the existence of locally excited (LE), as well
as charge transfer (CT) states in these D-A-D luminogens. In addition, DFT calculations
interpret a slight twist of donor moieties with respect to the central acceptor core
suggesting that, the second exciton species might have arise due to twisted
intramolecular charge transfer (TICT) (Sasaki et al. 2016). This sort of coexistence of
LE and CT character is generally called ‘hybridized local and charge transfer’ (HLCT)
state, which is known to contribute for enhancement of fluorescence radiative decay;
this improves the electroluminescence efficiency of OLEDs (Li et al. 2012; Zhang et
al. 2013, 2015).

Trialkoxyphenyl cyanopyridone derivatives (HT14-20):

The linear optical properties of new dyad materials, HT14-20 were evaluated by
recording their steady-state UV-Visible absorption and emission spectra at the
concentration of 10° M in DCM. The subsequent spectra are shown in Fig 4.41 and
the key parameters are summarized in Table 4.17. Typically, all the compounds
displayed three well distinguishable absorption bands. A higher energy band observed
at ~231 nm is due to localized n-n~ electronic transition of trialkoxyphenyl ring; the
band appeared at 265-296 nm stems from localized n-n~ electronic transition of
auxiliary chromophore units, indicating the extent of electron density of the donor
groups; perceived predominant longer wavelength band is assigned to delocalized
intramolecular charge transfer (ICT) transitions from 7t (D) to  (A) of the molecule. It
is observed that, the compounds HT14, HT1s, HT1s and HT19 exhibit similar ICT bands
due to more or less same donor strength of their respective secondary donors, whereas
HT1es, HT17 and HT2o display red-shifted ICT bands, which are attributed to relatively
higher donor strength of amino chromophores of these dyads. Particularly, both HT17
and HT2o showed absorption bands at 429 nm, even though the former dyad has a
stronger triphenylamine secondary donor than N,N-dimethylamino phenyl ring of the
latter. This is because of the fact that, the nitrogen lone pair of triphenylamine group is
in conjugation with the n-electrons of phenyl rings causing the reduced donor strength,

which results in absence of expected red shift. Further, optical band gap of all the dyads

Dept. of Chemistry, NITK 146



Chapter 4

were estimated by means of the onset wavelength of the absorption spectra and it was
in the range of 2.48-2.92 eV.

The emission spectra of all the dyad compounds HT14-20 were recorded at the
same concentration in DCM and they are depicted in Fig 4.41b. When they were
excited at their respective longer Aans, they demonstrated emission profile bearing single
maxima without any vibronic fine structure suggesting the floppy nature of the excited
state (Konidena et al. 2016). On varying the auxiliary donor in these D-A-D’ systems,
emission colour from blue to orange was achieved with large Stokes shift. As can be
seen in the Figs 4.41b-c, the perceived PL intensity is in the order of HT1s < HT19 <
HT14 <HT15 < HT20< HT16 < HT17. Among them, the cyanopyridone appended with
amino donors exhibited high fluorescence in DCM solution due to strong ICT transition
from donor to acceptor. Interestingly, the compound HT17 results 2.3 times higher
fluorescence intensity than the HT2o, although the secondary donor of HT17 is weaker
than that of HT20. This may be ascribed to greater structural reorganization of HT17
having smaller N,N-dimethylamino phenyl donor than that of HT20 bearing larger
triphenylamine donor in the excited state. Evidently, the larger Stokes shift is one of
the advantageous key factors for their application in OLEDs. Further, the absolute
solution quantum efficiency was evaluated to be high in dyads bearing amino
chromophores while the rest of them showed low quantum yield.

In addition, steady-state time-dependent fluorescence decay profiles for these
high emissive materials, viz. HT1s, HT17 and HT20 were obtained in DCM solution.
These results provide a clear evidence on the excited state of fluorophores. The data
accomplished by means of time-correlated single photon counting (TCSPC) method
and the fitted data are summarized in Table 4.17. The fluorescence kinetic profile of
HT16 dyad was fitted to mono exponential decay with life-time of 1.90 ns, indicating
the relatively faster radiative decay. Whereas fluorophores HT17 and HT20 exhibited
three excited species; in case of HT17 one has ultrafast decay < 1 ns and the other two
show relaxed emissive decay, while HT2o displays two faster non-radiative decays and

the third implies for the intense emission.
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Figure 4.41 (a) UV-Visible absorption spectra, (b) emission spectra and (c) emission
hue under 360 nm of HT14-20; (d) fluorescence life-time traces of selected lumenogens

To understand their emission behaviour in thin film state, emission spectra were
recorded for solution drop-casted films. On excitation at their respective solution Aaps,
all the lumenogens elicited featureless broad emission profile ranging from 500 to 552
nm. Except HT16 and HT17, all of them showed blue-shifted emission maxima when
compared to that in DCM solution state. This may be due to the H-type aggregation of
the dye molecules in the solid state. Excitingly, the sequence of PL intensity of thin
films was found to be entirely different from that of solution state. From the results it
is clear that, their intensity is in the order of HT14 < HT16 < HT17 < HT18< HT19 <
HT1s < HT20. It is interesting to compare emission behaviour of HT17 and HT20 in
solution and that in aggregated state. The HT17 showed the highest PL intensity among
all fluorophores, whereas HT20 was found to be the third intense emitter with longest
wavelength of 564 nm in solution state. Contrary, thin film of HT17 displayed relatively
lower emission intensity than the highest intense HT2o. In addition, former one
demonstrated the bathochromic shift, while the latter revealed hypsochromic shifted

solid state emission. The observed emission features may be ascribed to intermolecular
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interaction in the aggregated state as well as molecular orientation in the excited state
of the thin film. Eventually, the relative blue-shifted solid state emission of HT2o is
due to restriction of aggregations realized for the non-planar trigonal geometry of
triarylamine chromophore and larger dihedral angle between central cyanopyridone

nucleus and triarylamine unit (Konidena and Thomas 2017).

All the investigated cyanopyridone dyads showed visually perceivable emission
in their solution as well as thin film states when illuminated under a UV light of 365

nm as pictured in Figs 4.41c and 4.42b, respectively.
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Figure 4.42 (a) Emission hue of drop-casted thin films under the light of 365 nm and
(b) Emission profile (excited at their solution Aaps) of HT14-20

Systematic solvatochromic studies were conducted for the selected luminescent
materials, viz. HT14, HT1s, HT17 and HT20 to get further insight into the nature of
excited state of these fluorophores. Their absorption and emission spectra were
recorded for the dyads in five solvents owing different polarity parameters starting from
non-polar toluene to highly polar ethanol at the micro-molar concentrations (Reichardt
1994). The solvatochromic absorption spectra of all the four compounds are displayed
in Fig 4.43. Apparently, these dyes have been shown to exhibit lack of solvent
dependent absorption, indicating the non-polar ground state and smaller dipole moment
associated with it. Contrarily, HT1s, HT17 and HT20 exhibit pronounced positive
solvatochromic emission; however HTi4 has deviated from the solvent dependent
emission. The progressive red-shift of emission maxima on sequential increase of

solvent polarity was noticed in the above mentioned set of three dyads. At the same

Dept. of Chemistry, NITK 149



Chapter 4

time, a manifesting decrease in fluorescence intensity was observed. This significance
can be pragmatic through the naked eyes; changing from blue to green in HT1s, and
bluish green to orange in both HT17 and HT20 (Fig 4.44). This can be ascribed to the
significant intramolecular charge transport (ICT) from the donor to acceptor unit in the
excited state. Thus, the dyads demonstrate the polar excited state with larger associated

dipole moment.
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Figure 4.43 Normalized electronic absorption spectra for (a) HT14 (b) HT 16 (¢) HT17
and (d) HT2o in solvents of different polarity index

In order to establish the relation between the emission feature of dyads HTs,
HT17 and HT20 with solvent parameters, Lippert-Mataga plot and Er (30) index of
solvent versus Stokes shift were used (Figs 4.44e-f). Seemingly, both the correlation
plots demonstrated progressive linear relationship which suggests the presence of single
excited state with slight deviations in Strokes shift of these fluorophores. Moreover,
considerably large Stokes shift and large positive slope of linear relation are indication
of reasonable higher dipole moment of excited state than that of the ground state. Thus,
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the observed positive difference in the dipole moment impels the domination of ICT
character in these fluorescent materials (Wu et al. 2015). The obtained solvatochromic

data are summarized in Table 4.18.
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Figure 4.44 Normalized emission spectra for (a) HT14 (b) HT16 (¢) HT17and (d) HT2o;
(e) solvents of different polarity index Lippert-Mataga and (d) Stokes shift vs Et (30)
correlation plots for selected dyads
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4.3.2.4 Optical properties of HT21-26 (Series-4)

The opto-physical properties of D-A configured HT21-26 were studied by using
their steady-state UV-visible absorption and photoluminescence data. Both the spectra
were recorded for all the samples with a concentration of 2x10° M in dry
dichloromethane at room temperature. The characteristic UV-visible (Fig 4.45a) and
photoluminescence spectra (Fig 4.45b) demonstrated multiple absorption bands for all
the compounds and the peaks are well-distinguishable. Since HT21-23 are discrete only
in terms of alkoxy chain lengths, they showed similar absorption and emission spectral
properties. They displayed three absorption bands in the range of 233-235, 289-290 and
409-411 nm; three emission maxima at 437, 465-498 and 494-498 nm with a
considerable Stokes shift in the range of 15-83 nm. The optical band gap of HT21-23 was
calculated using the onset of the absorption curve, to be ~2.57 eV. In case of HT24 no
significant changes have been noticed. Surprisingly, HT2s with only two alkoxy donors
exhibited a slight red-shifted absorption and blue shifted PL bands when compared to
its analogue bearing three alkoxy donors (HT21-23). However, HT2s carrying no
carboxylic group showed a small redshift absorption and a blue-shifted emission when
compared to its rhodanine acetic acid counterpart. These results showcased the good
light absorbing ability of all the compounds, consequently they can be potentially used
in light harvesting devices like solar cells. A detailed optical characterization data is
tabulated in Table 4.17.
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Figure 4.45 (a) UV-Visible absorption and (b) photoluminescence spectra of HT21-26

The effect of solvent polarity on the optical properties of liquid crystalline dye,
i.e. HT23 was investigated by recording its absorption and emission spectra in six
solvents showing different Reichardt polarity indices (Et(30)) (Reichardt 1994). Its
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spectra in various solvents are depicted in Figs 4.46a-b and the relevant data are
summarized in Table 4.18. Obviously, the observed solvent independent absorption
indicated a non-polar ground state of the molecule. However, a slight solvatochromic
emission shift has been observed which signifies the greater polar excited state than the
ground state. Further, an unusual red-shift was noticed in case of hexane which may be
attributed to effective solvation of the dye molecules in the solvent-induced polarizable
electrons during the electronic excitation process (Konidena et al. 2016). Furthermore,
Lippert-Mataga correlation plot showing a positive slope demonstrated a general trend

in the solvatochromism on increasing solvent polarity, as shown in Fig 4.46c¢.
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Figure 4.46 (a) UV-Visible absorption; (b) photoluminescence spectra in different
solvents and (c) corresponding Lippert-Mataga plot of HT23
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4.3.2.5 Optical properties of HT32-35 (Series-6)

The optical properties of newly synthesized D-A-D’ configured boron
difluoride complexes HT32-35 were studied by recording their steady-state absorption
and emission spectra in DCM solution (¢ = 2x10° M) at room temperature. The
obtained spectra are depicted in Fig 4.47a-b, and the subsequent key parameters are
summarized in Table 4.17. Seemingly, a variation in number of alkoxy chains has least
influence on their absorption property; whereas they exert a slight impact on their
emission behaviour. In their absorption spectra, the observed higher energy bands at
~230 nm are due to localized n-n* electronic transition of alkoxyphenyl rings and the
intense longer wavelength bands (377-385 nm) are assigned to delocalized ICT
transitions from n (D) to n* (A) of the molecules. On exciting at their absorption
maxima, they showed single featureless broad emission bands indicating the floppy
nature of the excited state (Konidena et al. 2016). Their emission maxima were noticed
in the range of 492-524 nm; interestingly, HT32 bearing four alkoxy donors displayed
red-shifted emission compared to HTss and HTss having five and six alkoxy

substitutions, respectively. This may be related to the structural reorganization of the
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molecules in the excited state. Certainly, they exhibited larger Stokes shift in the range
of 5514 -7331 cm™* confirming the pronounced ICT behaviour of these unsymmetrical
dyad systems and the property is one of the key factors in the fabrication of OLED
devices. Further, to understand the emission behaviour of the complexes in the solid
state, the PL spectra were recorded for their drop-casted thin films and the resulting
spectra are shown in Fig 4.47c. Evidently, they showed blue-shifted emission maxima
when compared to their respective peaks in solution. The fact may be due to the H-type
aggregation of the molecules in the solid state. Furthermore, the optical band gap values
of these materials were estimated by considering red-edge of their respective absorption

spectrum and they were found to in the range of 2.81-2.90 eV.
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Figure 4.47 (a) UV-Visible absorption and (b) photoluminescence spectra of HT32-35
at ¢ = 2x10° M DCM solution; (c) drop-casted thin film photoluminescence spectra of
HT32-35

Conclusively, photophysical behaviours of all five series except Series-5 as the

members of it show no colour, were examined. The in depth studies revealed that, all
the compounds of the Series-1 to Series-3 were found to be intense emitters with
considerable quantum efficiency due to presence of effective donor-accepter
interactions, which led to a delocalized intramolecular charge transfer (ICT) transitions
from ©t (D) to n* (A) of the molecules. Interestingly, they exhibit high luminescence
both in solution and solid states. While compounds of Series-4 and Series-6 bearing
rhodanine and BF> complex as accepters, respectively showed good absorption
behaviour, but not the emission. This may be due to insufficient electronic

communication within the structure at ground as well as excited states.

Since the members of Series-1 to Series-3 possess imperative columnar phase
at room temperature with preserved intense emission, they can be employed as emissive

layer in simple and multilayer OLEDs.
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Table 4.17 Optical characterization data of new heterocyclic derivatives

Comp.  *Aaps (NM) hem  °Stokes P Egopt D Yhem 7 (NS)
3 (nm)  shift (eV) (nm) nulnln
5 Cup
HT, 234,261,383 454 4083 282 021 486 0.11/0.85/2.5
HT, 234,261,383 454 4083 283 022 482 0.11/0.88/2.8
1| HTs 233,261,382 453 4103 285 021 480 0.12/0.89/2.9
HT, 235,260,381 453 4171 287 019 478 0.13/0.92/3.1
HTs 261, 351 426 5015 3.00 056 448 1.3/2.17
2| HTy 259,352 425 4880 3.03 052 441 1.52/2.38
HT 262, 352 425 4880 3.06 055 440 1.40/2.30
HTwu 259,302,394 501 5420 272 504 052 239/431
HT, 258,300,395 502 5396 273 506 049 241/461
HTi; 258,300,395 502 5396 275 508 048 2.28/3.71
HTw. 231,266,371 518 7619 292 510 0.05
3| HTis 231,265,375 512 7135 291 494 0.08
HTw 233,268,397 469 3866 277 527 031 190
HT; 231,284,429 506 3547 258 552 0.63 0.04/3.31/3.2
HTs 231,270,382 538 7590 284 478 0.02
HT 231,276,372 548 8633 290 500 0.09
HTx 233,296,429 564 5579 248 504 055 0.85/0.19/4.4
HT2 234,290,409 498 3082 2.57
HT» 235,290,411 494 2826 2.57
HTx» 233,289,409 495 2944 2.56
4 | HT 232,294,417 465 2475 2.58
HT»s 234,267,286 467 2283 2.56
HTs 235,285,404 495 3247 2.60
HTs, 228,377 521 7331 2.90 468
HTs 228, 387 492 5514 2.85 488
6| HTs 230,384 508 6357 2.84 494
HTss 230, 385 524 6890 2.81 501
aDetermined for solution in dichloromethane (2x10° M); ® Optical band gap estimated
by red edge of absorption band in UV-visible spectrum; ¢ Quantum yield; ¢ Emission
maxima for spin-coated thin film; ® Fluorescence life-time
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Table 4.18 Solvatochromic data of selected new heterocyclic derivatives

Series Solvent 2 habs (NM) b hem (NM) aStokes shift (cm™)
Hexane 368 456 5244
Toluene 378 444 3932
EA 375 449 4394
4 THF 371 443 4380
1 = DCM 383 454 4083
EtOH 381 452 4122
DMSO 390 455 3663
DMF 388 440 3045
ACN 379 451 4212
Hexane 344 386 3163
Toluene 349 400 3653
DE 347 400 3818
© EA 347 400 3818
2 E THF 349 410 3653
DCM 351 426 5015
DMSO 354 454 6222
DMF 352 449 6137
ACN 351 432 5341
Hexane 394 481 4591
Toluene 391 475 4522
|E EA 385 472 4788
T THF 382 473 5037
DCM 394 501 5420
DMF 398 499 5085
Toluene 374 445 4266
5 EA 381 453 4172
T Acetone 383 455 4131
EtOH 382 452 4054
Toluene 398 478 4205
© EA 404 480 3919
~ Acetone 406 493 4347
3 L EtOH 405 509 5044
ACN 411 498 4250
Toluene 422 487 3163
~ EA 417 496 3820
= Acetone 422 517 4354
L EtOH 423 529 4737
ACN 425 531 4697
Toluene 421 496 3592
9 EA 415 516 4716
= Acetone 422 547 5415
L EtOH 423 555 5622
ACN 423 548 5392
Hexane 400 514 5545
- Toluene 409 489 4000
4 |_N EA 400 498 4920
T THF 402 500 4876
DCM 409 506 4687
DMF 395 506 5554
@ Micromolar solutions in different solvents; ® Excited at their respective absorption
maxima
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4.4 ELECTROCHEMICAL STUDIES

The electrochemical studies of any organic materials provide exact information
with regard to their oxidation and reduction behaviours, by which it is possible to
estimate the important energies of HOMO and LUMO as well as energy band gap.
Hence, the semiconductivity of the material can be assessed conveniently. In the present
work, electronic properties of some selected LC materials were studied by means of
CV. This section deals with a detailed electrochemical studies of some new LC

compounds including experimental data discussion.

4.4.1 Experimental methods

Electrochemical properties of LC materials were studied by recording cyclic
voltammograms using CH-instrument connected to CHI660E software. The CV
experiments were carried out by employing Ag/AgCl as reference electrode which was
calibrated with ferrocene/ferrocenium (Fc/Fc*) redox couple having absolute energy of
4.8 eV to vacuum, glassy carbon as working electrode, platinum wire as counter
electrode and Tetrabutyl ammonium perchlorate (0.1 M) as supporting electrolyte in
dry dichloromethane solvent. The CV measurements were carried out by using 1mM
solution of LC materials. The voltammograms were obtained at the scan rate of 100

mVs 1.

4.4.2 Results and discussion
The electrochemical parameters of selected new columnar liquid crystalline
materials have been discussed in the following sections.

4.4.2.1 Electrochemical properties of HT1-4 (Series-1)

The obtained electrochemical data of HT1-4 from their CV analysis are tabulated
in Table 4.19. Evidently, all the compounds of the series displayed irreversible
oxidation and reduction curves, as shown in Fig 4.48. The energies of HOMO, LUMO

and their gaps were calculated using the Eqgs. 4.8-4.10, respectively.
Enomo = — [48 — Exjapc/per + Eroxa €V (4.8)

ELUMO = [4-8 - E1/2,FC/FC+ + Elred] eV (49)

E; = [ELymo — Enomol €V (4.10)
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The energies of HOMO and LUMO levels of the materials were estimated to be
in the range of -5.59 to -5.63 and -3.62 to -3.66 eV, respectively with the band gap
ranging from 1.95 to 2.00 eV. From the data, it is clear that, the calculated

electrochemical band gap values were found to be smaller than that of optical band gaps
of all the materials.
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Figure 4.48 Cyclic voltammograms of LCs HT1-4

4.4.2.2 Electrochemical properties of HTs-10 (Series-2)

The CV curves of all the compounds of the Series-2 are displayed in Fig. 4.49
and their relevant data are tabulated in Table 4.19. As can be seen in their CV traces,
they showed irreversible oxidation and reduction onsets at the potential around 1.2 and
-0.8 V, respectively. They exhibited HOMO and LUMO energy levels in the range of
-5.45 to -5.44 eV and -3.51 to -3.54 eV, respectively with the corresponding energy
gaps of around 2 eV, according to Eqs. 4.8-1.10. The obtained electrochemical band
gaps were found to be more narrow than the corresponding optical band gaps as
estimated by the UV-visible spectra (~3.0 eV) (Bala et al. 2017; Gupta et al. 2015).

Indeed, the observed optical band gaps are well matching with the theoretical (DFT)
band gaps (~3.0 eV).
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Figure 4.49. Cyclic voltammograms of HTs-10
4.4.2.3 Electrochemical properties of HT11-13 (Series-3)

The CV results of HTi113 (Series-3) are showcased in Fig. 4.50 and the
subsequent redox data are tabulated in Table 4.19. Evidently, all the three compounds
showed irreversible oxidation and reduction waves at the onset in the range of 1.41 to
1.45 V and -0.83- to -0.87 V, respectively. Accordingly, the energies of HOMO and
LUMO levels and band gaps were estimated using Eqgs. 4.8-4.10. The obtained

electrochemical HOMO-LUMO energy band gaps (2.28-2.32 eV) are in good
agreement with the optical band gaps (2.72- 2.75 eV).
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Figure 4.50. Cyclic voltammograms of HT11-13
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4.4.2.4 Electrochemical properties of HT23 (Series-4)

Fig. 4.51 shows the recorded voltammogram of the only liquid crystalline
compound HT23 of the Series-4 and the corresponding data are given in Table 4.19. It
showed irreversible oxidation and reduction onsets at the potential (first signals) of 1.48
and -0.68 V, respectively. The pertinent HOMO has an energy of -5.37 eV and LUMO
has -3.62 eV with a band gap of 2.08 eV, as estimated from Eqs. 4.8-4.10.
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Figure 4.51. Cyclic voltammograms of HT23

Table 4.19 Electrochemical data new LC materials

Series Compd. Eired® (V) E1oxd®(V) ELumo ¢ EHomo®  Egcvf

(eV) (eV) (eV)

HT: -0.68 1.32 -3.62 -5.62 2.00

HT: -0.66 1.29 -3.64 -5.59 1.95

1 HTs -0.64 1.31 -3.66 -5.61 1.95
HT4 -0.65 1.33 -3.65 -5.63 1.98

HTs -0.782 1.15 -3.51 -5.45 2.00

2 HTo -0.755 1.14 -3.54 -5.44 1.90
HT1o -0.767 1.15 -3.53 -5.45 191

HTu -0.83 1.45 -3.46 -5.74 2.28

3 HT12 -0.87 1.44 -3.41 -5.73 2.32
HTis -0.86 1.41 -3.43 -5.70 2.27

4 HT2s -0.68 1.40 -3.62 -5.70 2.08

aRecorded in 1x10° M DCM solution; ® Onset potential of reduction; ©Onset potential of
oxidation; ¢ Estimated by using the formula E_umo = -[4.8 - E12, Fore+ + Ered] €V; ¢ Estimated
by using the formula Enomo = -[4.8 - Euz, Ferre+ + E1oxd] €V; Where, Eu, rerc+ Was found to be
0.50 V; ' Calculated from the formula Eqcv = ELumo - Enomo
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To summarize, the investigated LC compounds were shown to be good redox
active materials. The electrochemical data as estimated from their respective FMO
levels evidenced for the low lying LUMO levels and hence the narrow energy band
gap. Consequently, these materials owing preferable HOMO and LUMO levels with
good semiconducting behaviour would be the potential candidates for optoelectronic
devices like OLEDs, OPV and OTFT.

4.5 THEORETICAL INVESTIGATION

At present, in the field of organic electronics, computational studies play a key
role, which helps to realize the relationship between molecular electronic structure and
the optoelectronic device performance. It is even possible to generate the electronic
spectra of the unknown compounds computationally, which gives the clear idea about
the electronic nature of the material before its synthesis. In relevance to present study,
the theoretical calculation would provide the useful information regarding ground state
optimized structure of the molecules that helps for the exact identification of mesophase
and conceive the type of molecular self-assembly in a particular mesomorphism. Also,
it aids to realize the frontier molecular orbital (FMO) distributions and their energies in

the newly designed molecules.

4.5.1. Simulations

In the current work, Density Function Theory (DFT) simulations were used to
accomplish the electronic nature of the LC molecule. The calculations were performed
for the isolated molecules in vacuum. The quantum chemical simulations were executed
using the SPARTAN 10 program or Gaussian 09 program depending on the
requirements. Geometry optimizations were performed using the Becke three-
parameter exchange functional and the Lee-Yang-Parr B3LYP exchange correlation
functionals with the 6-31+G* or 6-31G(d,p) basis set for C, H, N, S, B and O.

Calculations were performed under vacuum.

4.5.2. Results and discussion
The simulation results, i.e. optimized geometries, HOMO, LUMO and band gap
energies of representative structures have been discussed in the following sections.
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4.5.2.1 Molecular modelling of HT1-4 (Series-1)

The representative structure of Series-1, i.e. HT2 was chosen for theoretical
simulation to realize the frontier molecular orbital (FMO) distributions and its
theoretical energy. Fig 4.52 displays the simulated HOMO, LUMO band gap energies
and MEP charge distributions of HT2. Seemingly, the full geometry optimized structure
of HTzis similar to flying bird kind of shape (Fig 4.4b). According to simulations, the
HOMO orbitals localized throughout the aromatic domain, whereas LUMO orbitals
distributed on cyanopyridone ring only (Fig 4.52a). This significant intramolecular
charge transfer (ICT) has led to efficient light emission. The calculated band gap
energies were corroborated with electronic transitions observed in UV-Visible spectra.
However, HOMO and LUMO electronic oxidation and reduction potentials showed
variations (~1.5 eV) with retaining general tendency in it. That could be due to the
solvent as well as counter ion effect in electroanalytical technique. Because of the
technical limitations, DFT based energy minimized structure calculations were not
successful in the solvent model. Such deviations could be attributed to the solvents, pH,
temperature, ionic strength as well as the solid surface of electrodes during electron
transfer process. The obtained HOMO, LUMO distributions and molecular electrostatic
potential map (MEP) have validated the clear electronic distributions with relatively
high ground state dipole moment (5.53 D) oriented, towards electron deficient
cyanopyridone unit (Fig 4.52b).
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Figure 4.52 (a) HOMO, LUMO and band gap energies; (b) MEPs showing the ground
state dipole moments and charge distributions of HT>
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4.5.2.2 Molecular modelling of HTs-10 (Series-2)

The geometrical optimized structure for a representative molecule HTs of the
Series-2 was obtained as shown in Fig 4.9. The HOMO orbitals have localized on
trialkoxybenzyl ring, whereas the LUMO orbitals have located over the central
cyanopyridine core and conjugatively attached two dialkoxyphenyl rings with the
energy of -4.70 and -1.65 eV, respectively (Fig 4.53). Here, the clear distribution of
FMOs confirmed that, these discotic molecules possess substantial intramolecular
charge transfer ability, which was further evidenced by the electrostatic potential map
with the dipole moment of 2.28 D.
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Figure 4.53 DFT based electrostatic potential map and FMOs of HTs, as calculated
using 6-31G™ basis set

4.5.2.3 Molecular modelling of HT11-20 (Series-3)
Phenanthrene-cyanopyridone hybrid molecules:

The simulated energy minimized geometry and HOMO-LUMOs of a model
structure (4.54a) are depicted in Fig 4.54. In order to reduce the computational time
and cost, a model molecular structure 4.54a has been considered representing
phenanthrene based molecules. Here, the longer alkoxy chains were replaced by simple
methoxy groups. It has been presumed that, reducing the length of the alkyl chains
would not affect the required energy parameters. Apparently, both
dialkoxyphenanthrene and trialkoxyphenyl rings are not coplanar with the central
cyanopyridone core, which resulted in a bowl-shaped structure. As shown in Fig 4.54,
the HOMOs have concentrated over dialkoxyphenanthrene and cyanopyridone rings

while LUMOs have delocalized throughout the molecule. These results confirm the
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presence of a moderate intramolecular charge transfer behaviour, which validates the

experimental electro-optical studies.
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Figure 4.54 (a) Model structure; (b) simulated optimized geometry; (¢) HOMOs and
LUMOs of the model structure

Trialkoxyphenyl cyanopyridone derivatives:

In simulations of HT14-20, the longer alkyl chains were simplified to save the
computational time and cost. The computed energy optimized molecular geometries of
seven structures and their frontier molecular orbital (FMQ) distribution plots are shown
in Fig 4.55. As visualised in the plots, HOMO orbitals have localized on donor
segments; in contrast, LUMOs have concentrated on central cyanopyridone moiety
with minor contribution of trialkoxybenzene ring. The non-overlapping HOMO and
LUMO indicates that, the observed emission is originated mainly by ICT transition in
these luminophores. Obviously, this has been experimentally proved by existence of
excellent positive solvatochromism. The simulated energy gap between HOMO and
LUMO levels is quite higher than their respective optical band gap. However, the trend

of Egprr is exactly matching with experimental band gap, Eg opt.
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Optimized geometry
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Figure 4.55 Energy minimized structures of new dyads and electron density

distributions of their HOMO and LUMO orbitals
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4.5.2.4 Molecular modelling of HT11-20 (Series-4)

The simulated optimized geometry and HOMO-LUMO plots of illustrative
molecule, i.e. HT23 of Series-4 are shown in Fig 4.56. Apparently, both HOMO and
LUMO energy orbitals have delocalized throughout the aromatic part of the wedge-
shaped molecule. These orbitals have energy of -5.867 and -2.720 eV, respectively
with the band gap of 3.147 eV. The observed difference in the optical, electrochemical
and theoretical energy-band gaps may be ascribed to ionic strength, pH, solvents,
temperature, in addition to the nature of the solid surface of electrodes during electron

transfer.
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Figure 4.56 Electron density distributions in HOMO and LUMO orbitals

4.5.2.5 Molecular modelling of HT32-35 (Series-6)

Fig 4.57a-b and Fig 4.58 showcase the optimized geometries and
HOMO/LUMO plots of compounds HT32-35 (Series-6), respectively. As visualized in
Fig 4.57b, central core-system comprising three rings adopts entirely planar geometry
which fundamentally helps for the stabilization of columnar arrangement. Further, the
alkyl chains surrounded by this planar core moiety facilitate to acquire more or less
disc-shaped molecules. The HOMOs have localized over the two alkoxyphenyl rings
with a slight contribution from the boron-containing central core (Fig 4.58). Contrary,
LUMOs have concentrated on the central ring and the alkoxyphenyl ring attached
through imine linkage. The results clearly indicate the electronic migration from the
donor to acceptor units, which manifests the ICT behaviour of the complexes. The
observed fact has reflected in experimental absorption spectral measurements. The
simulated HOMO and LUMO energy levels were found to be in the range of -5.56 to
5.69 and -2.02 to -2.21 eV, respectively. The calculated energy band gap (Eg) was
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noticed to be slightly higher than that of the optical band gap. However, the trend of Egq

is in good agreement with the experimental values.
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In conclusion, the DFT studies explored that, most of the newly synthesized
molecules possess intense intramolecular transport ability due to the presence of
conjugative electron rich alkoxyphenyl rings and electron deficient heterocyclic

systems in their structural backbone.

4.6 CONCLUSIONS

In summary, all the newly synthesized six series of molecules, HT1-35 were
subjected to the detailed mesomorphic, photophysical and electrochemical
characterizations. Most of the investigated compounds exhibited stable thermotropic

liquid crystalline property in wide range of temperatures. Despite of the diverse shapes,
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they have self-assembled into columnar structures of different geometries. Depending
on the dynamics of the molecules within the columnar stacks and the structural aspects
of the constituent mesogens, the obtained columnar structures have organized into
either hexagonal, rectangular or oblique lattices. The results of photophysical studies
revealed that, most of them are eminent light absorbers and intense emitters in the wide
spectral range. Depending on the extent of D-A interactions, the investigated
heterocyclic derivatives displayed tuneable emission with reasonable quantum
efficiencies both in solution and solid states. The effect of solvent polarity on the optical
properties has been studied by examining absorption and emission in various solvents
of different polarities and the results indicated that, the investigated materials possess
polar ground state and nonpolar excited state. Further, the electrochemical studies
explored their redox behaviour and semiconducting nature. Finally, the experimental
results were corroborated with quantum chemical simulation (DFT) data. Based on the
favourable properties like conductive columnar mesomorphism, intense fluorescence,
appropriate HOMO-LUMO energy levels etc. shown by the members of the Series-1
and -3, a few representative compounds were selected for OLED device fabrication

studies, which have been dealt in the next chapter.
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OLED DEVICE FABRICATION STUDIES
Abstract

This chapter deals with host-guest OLED device fabrication by employing
selected new columnar LC materials, HT2 and HT12 as components of emissive layer.

Also, it deliberates a detailed account on structure-device performance study.

5.1. INTRODUCTION

An OLED (organic light-emitting diode) is a light-emitting diode in which the
emissive electroluminescent layer is a film of organic compound that emits light in
response to an electric current. At present, the OLEDs are being widely used to create
digital displays in devices such as television screens, computer monitors, portable
systems etc. Nevertheless, the current challenges of this area are the development of
ideal light emitting device materials, engineering of the device structures and their

optimization to get more efficient and long-life devices (Jou et al. 2015).

Certainly, the emissive layer is a vital component which determines the overall
efficiency of the device. Till today a large variety of luminescent materials has been
developed, so as to improve the device performance (Chen 2004; Chen et al. 2014;
Godumala et al. 2016; Kamtekar et al. 2010; Kido and Okamoto 2002; Li et al. 2013;
Segura 1998; Yang et al. 2015; Zhu and Yang 2013). Presently, one of the major
challenges is the development of efficient fluorophores with high charge transport
property as well as the preserved solid-state emission for high-performance non-doped
OLEDs. In this context, columnar liquid crystals (CLCs) were shown to be better
alternatives to the insulating amorphous solids as well as expensive single crystalline
fluorophores due to their effective combination of n-n self-stacking with long-range
order, self-healing, easily processability, good luminescence ability and intrinsic charge
carrier property in the soft condensed state (Bushby and Kawata 2011; Chen et al. 2018;
Kaafarani 2010; Kumar 2016; Laschat et al. 2007; O’Neill and Kelly 2011; Sergeyev
et al. 2007).

In the present work, two columnar liquid crystalline luminescent materials, i.e.
HT2 and HT12 showing greenish blue and pure greenish yellow emission respectively,
were employed separately as emissive components in the fabrication of OLEDs. A
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detailed experimental methods used for the device fabrication and their device

performance study are described in this chapter.

5.2. MATERIALS AND METHODS

The patterned indium tin oxide (ITO, Kintec, Hong Kong) coated glass
substrates with a sheet resistance of 15 Q/square and ITO thickness of 120 nm were
used as transparent anodes. All the organic and cathode materials were used as received
without  further  purification. A 50 nm thick poly(3,4-ethylenedioxy-
thiophene)/poly(styrene-sulfonate) (PEDOT: PSS, Sigma Aldrich) film was used as
hole injection material. The poly(9-vinylcarbazole) was employed as host as well as a
hole transport material. Bathocuproine (BCP, Sigma Aldrich) was selected as a hole
blocking material and tris-(8-hydroxyquinoline) aluminium (Algs, Sigma Aldrich) was
used as an electron transport material. The lithium fluoride (LiF, Sigma Aldrich) and

aluminium (Al, Alfa Aesar) layers were used as cathode materials.

The light-emitting area was 1.6 mm? as defined by the overlap of the cathode
and anode. Electroluminescence spectra were acquired using a Horiba Jobin Yvon
iIHR320 spectrophotometer with an attached charge-coupled device (CCD) camera.
Opto-electrical characteristics were recorded in a customized setup using a computer-
controlled programmable Keithley 2400 SMU for recording the current-voltage
characteristics, while the luminance was measured by a Keithley 6485 picoammeter
using a calibrated Si photodiode (SM1PD2A). CIE coordinates were calculated from

the EL spectra. All the devices were driven under DC conditions.

5.3. EXPERIMENTAL

Prior to the deposition of organic materials, the ITO substrates were treated by
the UV-Ozone after a careful chemical cleaning process (Ullaet al. 2017). The PEDOT:
PSS composite was then spin-coated on the ITO substrates from aqueous dispersion
and baked at 120 °C for 30 min. Subsequently, luminescent LC or a mixture of LC
(HT2 or HT12): PVK was spin-coated onto the PEDOT: PSS layer, the thickness of
which was controlled as 80 nm by adjusting the solution concentration and the spin rate.
The substrates after coating the emission layer was annealed at 140 °C for 2 hrs and
slowly cooled at a rate of 1 °C/min. The substrates were then transferred into a
deposition chamber to deposit the remaining layers with a base pressure of 10 torr. On
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the substrate, the hole blocking material (BCP) and the electron transport material
(Algz) were deposited in sequences and thicknesses appropriate for the intended device
structure by thermal evaporation method. Finally, to improve electron injection, a
bilayer cathode consisting of lithium fluoride LiF and Al layers were sequentially
deposited on the electron transporting material as the cathode. All the measurements
were carried out at room temperature under dark and ambient conditions without any

encapsulation.

5.4. RESULTS AND DISCUSSION
The results of electroluminescence studies of HT2 and HT12in fabricated OLED

devices A-G have been discussed in the following section.

5.4.1 OLED device performance of HT2 (Series-1)

The electroluminescence performance of a selected LC material, i.e. HT2 with
highest quantum efficiency among the members of the Series-1 was evaluated in
fabricated OLED devices. In the present study, four different device architectures were
designed as follows.

Devices A: ITO/ PEDOT: PSS/ HT2/ LiF/ Al

Devices B: ITO/ PEDOT: PSS/ PVK: HT2/ LiF /Al

Devices C: ITO/ PEDOT: PSS/ PVK: HT2/ BCP/ Algs/ LiF /Al

Devices D: ITO/ PEDOT: PSS/ PVK/ PVK: HT2/ BCP/ Algs/ LiF /Al

In the case of device A, HTzacted as a sole emitter; whereas for devices B, C,
and D, 10 wt% of HT2 was doped in host PVK (Poly(9-vinylcarbazole). Here, PVK
was used because of its good miscibility with numerous emitting materials and
excellent film-forming capability (YYadav et al. 2017). The energy level diagram of the
OLEDs and the different device configurations used in this study are shown in Fig 5.1.
In the devices, patterned indium tin oxide (ITO) coated glass substrate acts as a
transparent anode. Poly(3,4-ethylenedioxy-thiophene)/poly(styrene-sulfonate)
(PEDOT: PSS) was used as a hole injection material. It has the ability to smoothen the
ITO surface which in turn decreases the turn-on voltage and reduces the probability of
electrical shorts and hence extends the life-time of the device. The performance data of
new OLEDs are tabulated in Table 5.1. The current density-voltage-luminance (J-V-

L) characteristics are shown in Fig 5.2a.
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The Device A composing of HT2 as an emitter showed very weak emission.
However, Device B composed of HT2 (10 wt.%) as dopant in PVK host as an emitting
material shows high drive voltage (Vonset, corresponding to 1 cdm) of 7.12 V, low
luminance (Lmax) Of 261 cdm, current efficiency (#c) of 0.33 cdA™, power efficiency
(17p) of 0.09 IMW? and external quantum efficiency (neqe) of 0.14 % at 100 cd m™.
Here, high drive voltage indicates the presence of high charge injection barriers in the
device. On the other hand, a significant improvement in the device performance (Lmax
of 673 cdm™?, #cof 0.86 cdA™, #, of 0.26 IMW and neqe of 0.14 %) was noticed with
PVK: HT2 (10 wt.%) as an emitting material (Device C) together with bathocuproine
(BCP) and tris-(8-hydroxyquinoline)aluminum (Algz) as hole blocking material and
electron transport material, respectively. In addition, the device exhibited a relatively
low Vonset Of 6.41 V. The improvement in the performance of the Device C can be
ascribed to efficient transfer of exciton energy to emissive dopant from the host material
and/or a balanced injection of charge carriers (hole/electron) into the emitter layer (Ulla
et al. 2014, 2017). Here BCP confines the reductant holes in the emitting layer that
didn’t recombine with the electrons in the emitting zone (Chidirala et al. 2016). Further
improvement in the performance of the device was noticed for Device D with PVK as
a hole transport material which showed better efficiencies of #c: 1.06 cdA™, #p: 0.35
IMW, nege: 0.69 % and Lmax of 1055 cdm™ than that of Device C. Here, Vonset Was
further reduced to 5.69 V. All the OLEDs under investigation emitted in the yellowish
green region when ITO was positively biased. The steady-state electroluminescence
(EL) spectra (Fig 5.2b) of the OLEDs operating at the 20 V showed emission peaks at
~560 nm with a full-width half maxima of ~89 nm. It can be noted that, the EL spectrum
and thin film fluorescence spectrum of HT2 (Fig 5.2b) are almost same indicating that,
both are originating from the same excited state. Fig 5.2c shows that, there is no change
in the shape and peak of the EL spectra demonstrating that, the devices possess
excellent spectral stability. The CIE chromaticity coordinates (0.425, 0.553)
corresponding to bright green emission were determined using the EL spectra of the
OLEDs at 15 V. Fig.5.2d depicts the chromaticity diagram of the OLEDs. It is worth
mentioning that, the investigated OLEDs are unoptimized. The device performance can

be improved by further optimizations. These observations offer the potential use of HT>
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in OLED applications with an additional scope to improve, by slight modifications in

the molecular design and device architecture.
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5.4.2 OLED device performance of HT12 (Series-3)

Among the alkyl members of Series-3, HT12 was used as a representative
electroluminescent material for the OLED fabrication. In the device study, it was
employed as a sole emissive material as well as an emissive dopant material with three
different device architectures. The schematic illustration of the different device
structures and the energy level diagram of the materials used in the device are depicted
in Figs 5.3a-b. The new device structures are as follows:

Device E: ITO/ PEDOT: PSS/ HT12/ LiF/ Al

Device F: ITO/ PEDOT: PSS/ PVK: HT12/ LiF /Al

Device G: ITO/ PEDOT: PSS/ PVK: HT12/ BCP/ Alga/ LiF /Al

In case of device E, HT12acted as a sole emissive material; whereas in devices
F and G, 10 wt% of HT12, doped in the host poly(9-vinylcarbazole) (PVK) served as
the emissive material with appropriate device structures. Table 5.1 summarizes the key
performance data of the newly fabricated LC based OLEDs.

Fig 5.3c displays the (J-V-L) features of the fabricated OLEDs. The Device E
composing of only HT12as an emissive material showed low Lmax of 258 cdm™ with #c
of 0.44 cdA™?, 5, of 0.12 IMW-L, and neqe of 0.29 % at 100 cd m™. Also, the high drive
voltage (Vonset, corresponding to 1 cdm) of the device was found to be as high as 7.07
V. However, a drastic enhancement in the device performance was observed with PVK:
HT12 (10 wt.%) emitting composite (Device F). The increase in the performance of
device F can be ascribed to the fact that, there is an effective transfer of exciton energy
from PVK (host material) to HT12 (emissive dopant) (Gupta et al. 2018; Yadav et al.
2017). Although the Device F showed superior performance compared to the Device
E, it still had high drive voltage (Vonset: 5.79 V) indicating the presence of high charge
injection barriers in the device. A balanced flow of charge carriers (electron and hole)
is important to obtain maximum recombination, which eventually will result in the high
performance of the devices as imbalanced charge transport in emissive layer hampers
the performance of the device. Hence, to further improve the device performance and
reduce the drive voltage, BCP and Algs were hired as hole blocking material and
electron transporting material respectively which is designated as Device G.
Consequently, the device G showed improvement in the device performance (Lmax of
1898 cdm?, yc of 1.65 cdA™, 5, of 0.66 IMW- and nege of 0.98 %) with a significant
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reduction in the drive voltage (Vonset: 4.23 V) compared to Device E. The improved
device performance can be attributed to the effective transfer of exciton energy from
PVK (host) material to HT12 (dopant) and due to balanced charge transport in the
emissive layer. Also, use of BCP as HBM assisted in confining the reductant holes in
the emitting layer which didn’t recombine with the electrons in the emitting zone

(Chidirala et al. 2016; Tagare et al. 2017, 2018).

All the fabricated OLEDs emitted green light when ITO was positively biased.
Fig. 5.3d demonstrates EL spectra of the devices at 20 V with peck at ~531 nm and
FWHM of ~72 nm. From the Fig. 5.3d (inset), it is evident that, the thin film PL spectra
of PVK and PVK: 10 wt. % HT12 exactly overlap each other revealing that, both are
originating from the same excited state. In addition, the shapes of the EL spectra of the
devices were similar to the thin film PL spectra of PVK: HT12 (Fig 5.3d) which is also
due to same excited state origin. The devices demonstrated excellent spectral stability
as the EL spectra over a wide range of operating voltages did not show any change in
shape and peak. This also indicated that, during device operation, HT12 exhibits
excellent thermal stability. The CIE chromaticity coordinates determined using the EL
spectra of the OLEDs at 20 V are (0.312, 0.606) corresponding to green emission. It is
to note that, the investigated OLEDs are unoptimized. Further optimizations can
improve the device performance. The results revealed that, these phenanthrene-
cyanopyridone based emissive LC materials have considerable potentiality in OLED
applications with further scope to molecular design and device architecture.

Table 5.1 Electroluminescent performance data of newly fabricated OLEDs

Device  *Vonset O | max “ne d Hp ¢ peqe
V) (cdm?)  (cdAY  (ImW?) (%)
. Af 11.0 - - - -
a B 7.12 261 0.33 0.09 0.14
s C 6.41 673 0.86 0.26 0.51
@ D 5.69 1055 1.06 0.35 0.69
5 E 7.07 258 0.44 0.12 0.29
2o F 5.79 1463 1.33 0.38 0.73
& G 4.23 1898 1.65 0.66 0.98
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5.5 CONCLUSION

The electroluminescence performance of HT2and HT12in the doped and non-
doped OLED devices (Devices-A to G) displayed encouraging results. Among them, a
doped device composed of HT12 as an emissive layer marks the highest deep-green
electroluminescence with a brightness of 1898 cd m™ at 4.23V having CIE coordinates
(0.312, 0.606). Evidently, the observed results suggested that, new design strategies for
emitters offer efficient materials for OLEDs with improved efficiency. Thus, by proper
tailoring of donors attached to heterocyclic core, it would be possible to improve the

quantum yield of the materials and hence further enhancement in device efficiency.
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SUMMARY AND CONCLUSIONS
Abstract

This chapter contains the summary and significant conclusions drawn from the

present research study. It also includes a brief account on scope of the future work.

6.1 SUMMARY

Organic n-conjugated molecules are gaining substantial attention because of
their promising candidature in low-cost, eco-friendly, flexible and large-area
electronics. Amongst them, the nano segregation of disc-like molecules into one-
dimensional columnar (Col) stacking through the non-covalent interactions mainly by
co-facial n-n stacking along the longer axis are noteworthy. Moreover, discotics offer
advantageous features of highly anisotropic ordered self-assembly, self-healing and
great sensitivity towards external stimuli without losing ordered structures. These
features render them efficient platform materials in the fabrication of various optical
and electronic devices. Till today, a wide range of DLCs were designed and developed

to realize the successful employment in various optoelectronic devices.

In this context, the present research work mainly focused on the molecular
design and synthesis of unconventional structural molecules based on various
heterocyclic cores, which favour the formation of thermodynamically stable
mesophases with exciting optical and electronic properties. Also, it has been aimed to

develop the optoelectronic device by employing the new mesogenic materials.

Based on the thorough literature survey, six new series (Series 1-6) of
heterocyclic structures (HT1-35) were designed by using donor-accepter strategy. In the
designed molecules, various heterocycles such as cyanopyridone (Series-1 and 3),
cyanopyridine (Series-2), rhodanine (Series-4), maleimide (Series-5), boron difluoride
complex (Series-6) were integrated as core moieties along with variety of alkoxy aryl
motifs. The designed molecules were successfully synthesised by adopting numerous
straightforward and multistep synthesis protocols. Their structures were confirmed by
set of spectral techniques and elemental analysis. Further, all the compounds were
subjected to detailed mesomorphic studies with the help of combination of three

methods. Furthermore, photophysical and electrochemical properties were studied by
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experimental methods and theoretical simulations to examine their potentiality in the
optoelectronic devices. Based on the material properties, two compounds HT2 and
HT12 were used as active emissive component to fabricate the multi-layer OLED
devices and their performances in the devices were studied in detail.

6.2 CONCLUSIONS
On basis of results of the present research work, the following significant conclusions

were drawn.

1 Based on the literature survey, six new series of (35) molecules carrying
cyanopyridone, cyanopyridine, rhodanine and maleimide and BF.> complex
heterocyclic cores appended to different aromatic moieties with variable
peripheral alkoxy tails were successfully designed and synthesized through
multi-step synthetic routes. The reaction conditions were rationally optimized
with respect to many parameters to get compounds with maximum yield.
Further, purification methods were developed.

2 The chemical structures of all the newly synthesized intermediates as well as

target compounds were established by various spectral techniques.

3 The mesomorphic investigations of the final compounds explored that, stable
columnar morphology is dominating in almost all the series of compounds,

although they are structurally dissimilar.

4 The flying bird shaped cyanopyridone derivatives (HT1-4) of Series-1 were
shown to exhibit H-bonded assisted Coloh, Colho, Colng mesophases; the
unsymmetrical star-shaped cyanopyridine structures (HTs-10) of Series-2
exclusively displayed room temperature Coln mesomorphism; the geometrically
pseudodiscoidal cyanopyridone-phenanthrene hybrids (HT11-13) of Series-3
exhibited mesomorphic transition from Col, to Coln as a function of
temperature; among the alkyl members of Series-4, the wedge-shaped
derivative with longer alkoxy chains at appropriate position (HT23) was found
to be self-assembled into supramolecular Coln by the formation of disc-like H-

bonded trimer; the maleimide derivatives with varied aromatic core segments
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resulting tapered configuration (HTa2s-29) of Series-5 and wedge (HTa3o)
structures of Series-5 displayed SmA and Col, mesophases, respectively; BF
heterocyclic complexes (HT32-35) of Series-6 were found to organize into Coln
and Colr morphologies.

5 The photophysical studies revealed that, except compounds of Series-5, all the
new materials were good dyes and they emit light in wide spectral regions
including pure blue (~350 nm), greenish blue (~380 nm) and greenish yellow
(~ 510 nm). In addition, they possess non-polar ground state and slightly polar

excited states as evidenced by solvatochromic studies.

6 The experimental and theoretical studies on electrochemical behaviour of LC
materials exposed their considerable redox property and low lying LUMO
levels with narrow energy band gap (1.95-2.32 eV), as well as semiconducting

nature.

7 The two high luminescence columnar LC materials derived from cyanopyridone
core (HT2 and HT12) were employed as emissive layer in the fabrication of
multi-layer OLED devices with different configuration. Among the device
structures of HT2, the host-guest configured device fabricated with hole
blocking material and electron transport material showed highest efficiencies
with high luminance (Lmax) of 1055 cdm, current efficiency (#c) of 1.06 cdA™,
power efficiency (i7p) of 0.35 ImMW, external quantum efficiency (neqe) of 0.69
% and low driving voltage (Vonset, corresponding to 1 cdm-2) of 5.69 V. Whereas,
host-guest OLED device composed of HT12 emissive component witnessed
superior performance (Lmax = 1898 cdm, 5 = of 1.65 cdA™, 5= of 0.66 ImW-
! Nege = 0.98 % and Vonset 4.23 V) over HT2 based devices, which may be due
to the presence of =m-rich phenanthrene core and mesomorphism at room

temperature at ambient conditions with higher PL quantum yield of HT12.
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6.3 SCOPE FOR FUTURE WORK

The present work provided a novel guideline and versatile approach to the
design and development of new unconventional molecules to achieve imperative
columnar mesomorphism in virtue of their application in the fabrication of efficient
OLEDs. For the first time, OLEDs were fabricated by using emissive H-bond-assisted
columnar liquid crystals. Therefore, adequate tailoring of donors and accepters, it
would be possible to improve the quantum yield of the materials and hence further
enhancement in device efficiency. These CLC-based OLEDs can be used as a potential
backlight for liquid crystal displays (LCDs) by replacing the expensive backlight and
absorbing colour filters, which correspondingly reduces the overall cost of the device

and significantly enhances the emission efficiency.

It is anticipated that these materials, exhibiting dye property at the highly
ordered columnar LC state with the 1-D semiconducting behaviour are promising

candidates for their application in other optoelectronic devices like OPV and OTFT.
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