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CHAPTER 1

Introduction:  Discotic Liquid Crystals for

Optoelectronic Applications

Organic semiconductors i.e., organic materials exhibiting semiconductor properties are

receiving considerable attention nowadays for the development of electronic electronics such

as organic light-emitting
diodes (OLEDs), field effect | Conducting core and

insulating side chains

transistors and display 354

Charge Transport

applications due to their
easy fabrication, mechanical
flexibility and low cost.
Organic semiconductors can
be single molecules,
oligomers or polymers and
can have advantages over
inorganic semiconductors
and polymers that experience trouble from high cost and fabrication in a flexible substrate. In
this direction, discotic liquid crystalline (DLC) materials are highly tempting as these are
much easier to fabricate than single crystals and polymers and the molecular order is much
higher than that of isotropic materials. Long range order in a material can be obtained
relatively easily by using LCs and because they are liquid, it is easy to obtain highly ordered
molecular structures over large domains as compared to other crystalline materials. Thus,
design and synthesis of DLC materials with long range self-assembly make them promising
in plastic electronic applications, such as OLEDs, organic photovoltaics devices and LC

displays.






Introduction: Discotic LCs for Optoelectronic Applications

1.1 Overview

Over the last decade every aspect of our daily lives has become saturated with electronic
devices such as notebook and tablet computers, smart phones, digital cameras, MP3 players,
flat panel TVs as well as embedded systems in household appliances, automobiles and large
industrial facilities etc. Much progress has been achieved up to now and extensive research
efforts worldwide have been devoted to the development of novel materials for downsizing
such electronic equipment in order to save cost, space, weight, energy and raw materials. In
this regard, semiconducting organic materials are of utmost interest due to their easy
fabrication, mechanical flexibility and low cost.>® Many variations in chemical structures can
be made which result in a wide range of properties. These materials find an extensive
application in various fields for instance, organic photoconductors in copy machines and
laser printers, organic field-effect transistors (OFETS), organic photovoltaics (OPVs) and

organic light-emitting diodes (OLEDs) etc.'?

Organic semiconductors are organic materials exhibiting semiconductor properties i.e., their
properties lie in between those of conductors and insulators. Organic compounds generally
act as insulators as the valence electrons are very tightly bound and fixed in place in covalent
bonds. However, when a high degree of conjugation is present in the molecules and if the
electrons exhibit a high degree of delocalization, then these organic compounds may act as

semiconductors.’

In unsaturated organic compounds, the m, orbitals of the double bonds overlap to form a pair
of m molecular orbitals. Out of these two orbitals, the one with lower energy level is known
as the bonding molecular orbital and the higher energy orbital as the anti-bonding molecular
orbital. In organic semiconductors, the bonding and anti-bonding orbitals are known as
highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO), respectively. This can be regarded as equivalent to valence band and conduction
band of semiconductors or conductors. Consequently, band gap is the energy difference
between the HOMO and LUMO of an organic semiconductor.” For all the electronic devices,
charges must travel over relatively large distances through the material and so good
molecular order is necessary to obtain good charge transport. In this regard, the major
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drawback of organic semiconductors compared to inorganic semiconductors is their low
charge carrier mobility.>® However, due of their low cost and flexibility, the use of organic
semiconductors will be more profitable for many applications compared to inorganic

semiconductors.?

Organic semiconductors can be single molecules, oligomers or polymers. In case of
polymers, the processing cost is low. But, the molecular ordering in polymer systems is
difficult to control as homogenous polymers are difficult to prepare. Therefore, to obtain
highly ordered molecular organization small and low molecular weight semiconducting
molecules are often required. In order to avoid packing defects which reduce charge
transport, single crystals are needed. However, the fabrication of single crystals over large
distances, as will be needed in future organic-based optoelectronic devices, is rather difficult.
An intermediate solution would be to consider the use of organic liquid crystal (LC)
materials. The fabrication of LCs is much easier than that of single crystals and the molecular
order is much higher than that of isotropic materials. Long range order in a material can be
obtained relatively easily by using LCs and because they can flow like a liquid, it is easy to
obtain highly ordered molecular structures over large domains as compared to other

crystalline materials.’

In this thesis, synthesis and evaluations of novel discotic liquid crystalline (DLC) materials
for use in plastic electronic applications, such as OLED, OPV devices and LC display is
presented. The aim of the thesis is to synthesize such discotic materials which are easier to
process and exhibit mesomorphic behavior at or near to room temperature. It also focuses on
the study of relationship between chemical structures and mesomorphic behavior, LC

transition temperatures and energy levels of new compounds.
1.2 Liquid crystals

LCs are unique functional soft materials which combine both order and mobility on a
molecular, supramolecular and macroscopic level. LCs are accepted as the fourth state of
matter after solid, liquid and gas. LCs form a state of matter intermediate between solid and

liquid state (Figure 1.1). For this reason, they are referred to as intermediate phases or
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mesophases. This is a true thermodynamic stable state of matter. The constituents of the
mesophase are called mesogens. While rigid core of the mesogen is responsible for structural
order, alkyl chains provide necessary mobility within LC phase. Hierarchical self-assembly

in LCs offers a powerful strategy for producing nanostructured mesophases.***®

e WL O g0
i B %X

Crystalline (Cr)  Smectic C (SmC) Smectic A (SmA) Nematic (N) Isotropic

| Temperature

Figure 1.1 Schematic of arrangement of molecules in various phases.

The unique feature of LCs is that both order and high degree of mobility is retained in the
mesophase. This combination leads to self-healing, adaptive and stimuli-responsive behavior
of these supramolecular systems. Hence, such supramolecular systems are becoming the

quintessential self-assembling molecular materials of the modern area.

LCs have made huge effects on the development of human societies today and in future. LCs
are advanced technological materials found in low power consuming LC displays (LCDs)
which are being used in the last decades for development of mobile data processing and
communication tools. It is quite possible that LCDs might or might not be replaced by other
technologies in the future but, the fundamental knowledge gained with LCs can be used for

the self-assembly of a huge variety of other materials.'®?

1.3 Brief history of liquid crystals

In 1888 Friedrich Reinitzer,>*?* Professor of botany and technical microscopy at the German
Technical University in Prague was investigating cholesterol derivatives which he had
extracted from carrots. While measuring the melting point of cholesteryl benzoate at 145.5
°C, he found a second melting point at 178.5 °C and in between these two transitions, there

was a milky liquid phase and above 178.5 °C, the phase was clear. Under the polarizing
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microscope, he observed distinct violet and blue color phenomena at both phase transitions.
He also made similar observations with another derivative of cholesterol namely, cholesteryl
acetate which has a monotropic cholesteric phase. He then contacted physicist Otto

Lehmann,?®

an expert in the area of physical isomerism of crystals. He was having a
polarizing microscope with a hot stage and was thus able to investigate more precisely than
Reinitzer. Reinitzer, the biologist, therefore is seen as the discoverer of LCs and Lehmann,

the physicist, is hailed as the founder of LC research.

Cholesteryl Benzoate Cholesteryl Acetate

In 1890, Gatterman and Ritschke prepared the first totally synthetic LC p-azoxyanisole.?®
Then in 1922, a French chemist, Georges Freidel classified LCs into different mesophases.”’
This is one of the most important developments in the history of LCs. After this, Vorlander
designed a programme to study the structure-LC properties of different molecules.?® In his
laboratory, about 1100 LCs were prepared and based on the synthesis, he suggested that
compounds exhibiting mesophases must have elongated (rod-like) shape. These molecules
nowadays are known as calamitic molecules. To date more than hundred thousand calamitic

LC compounds are known in the literature.

AP )

Cr23N351
4'-Pentyl-4-cyanobiphenyl

Later in 1950s, Onsager and Flory***° gave the theory to explain relationships between the
molecular structure and formation of LC phases. These theories guided and promoted further
research in the field of LCs. In 1973, Gray et al. made the most important discovery in the
field of LCs by synthesizing a new class of thermotropic, calamitic LCs, known as the 4°-
alkyl-4-cyanobiphenyls which exhibit either a smectic or nematic phase at or near to room
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temperature.** These molecules have been found to be highly stable (chemically, photo-
chemically, electrochemically and thermally) and are responsible for the development of
early LCDs. For example, nematic mixture E7 containing some 4’-alkyl-4-cyanobiphenyls
and the corresponding terphenyls was used for the early LCDs.**%

In 1923, Vorldnder suggested the possibility of formation of LC phases with a packing
behavior similar to “Voltas columns” while studying flat molecules such as triphenylene and
perylene.** Unfortunately, he was not able to observe any mesomorphism for these
compounds which are now well known archetypal core units of many discotics. The
experimental breakthrough came in September 1977, when Sivaramakrishna Chandrasekhar
and his colleagues at the Raman Research Institute reported “...what is probably the first
observation of thermotropic mesomorphism in pure, single component systems of relatively
simple plate like, or more appropriately disc-like molecules”.* They prepared a number of
benzene hexa-n-alkanoates and from thermodynamic, optical and X-ray studies, it was
established that these materials form a new class of LCs in which molecules stacked one on
the top of other in columns and the columns further constitute a hexagonal arrangement.*
This is today considered as the birth of DLCs. Currently more than 3000 DLCs are known in
the literature and are being explored for a variety of applications.®*¢*°

The latest addition in the LC family is banana-shaped molecules which have been discovered
very recently in 1996.°°°® The molecular structure of these molecules can be regarded as
being composed of three units; an angular central unit, two linear rigid cores and terminal
chains. These molecules can display not only classical nematic or smectic phases but, also
novel types of smectic-like phases called “B” phases. The discovery of ferroelectricity in
non-chiral banana shaped molecules has led to a very intense research activity in this field.
Not only this, various new applications of these materials include nonlinear optics,
flexoelectricity, photoconductivity, molecular electronics and the design of biaxial nematic
phase. Several hundred bent molecular shape compounds have been synthesized so far.

The work discussed in this thesis revolves around the development (synthesis and

characterization) of new DLCs for optoelectronic and display applications.
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1.4 Discotic liquid crystals: phase types and structure

An archetypal discogenic molecule has a rigid, planar core surrounded by flexible side
chains. The cores are commonly composed of a single phenylene group, several phenylene
groups or metal ion complexes. The flexible side chains are most necessary to form LC
mesophases of these compounds. They are linked to the core directly or via an ether,

thioether, ester, alkanoyloxy or amide groups.®3¢

. | ' | I '

(c) (d) (e)

(f) (8) (h)
Figure 1.2 Schematic representation of mesophases formed by disc-like molecules: (a)
discotic nematic, (b) columnar nematic (Nc), () hexagonal columnar (Coly), (d) rectangular

columnar (Col,), (e) columnar oblique (Col,), (f) columnar plastic (Coly), (9) columnar

helical (H) and (h) columnar lamellar (Col.) phase.

Achiral DLCs exhibit two different types of mesophases namely nematic (N) and columnar
(Col) phases.®***® The nematic phase of discotics is similar to the nematic phase of rod-like
molecules in possessing orientational order (Figure 1.2a). Another variant of nematic phase is
columnar nematic phase (N¢o), in which nematic structure is formed by columns (Figure

1.2b). The most common phase exhibited by disc-like molecules is the columnar phase, in
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which discs self-assemble to give 1D columns which then self-organize into 2D mesophases
(Figure 1.2c-h). Columnar LCs show a rich polymorphism and can be classified into six
categories namely: (a) columnar hexagonal, (b) columnar rectangular, (c) columnar oblique,
(d) columnar plastic, (e) columnar helical and (f) columnar lamellar. The stacking of discs
within the columns can be ordered or disordered. In columnar hexagonal (Coly) phase, the
constituent molecules can have either an aperiodic arrangement (liquid-like) or long-range
positional order within the column and columns are arranged in a hexagonal packing.
Columnar rectangular (Col;) and columnar oblique (Coly,) phases are characterized by a
liquid-like molecular order along the columns, in which the columns are arranged either in a
rectangular or oblique packing, respectively. Columnar plastic (Col,) phase is characterized
by three-dimensional crystal-like order in a hexagonal lattice, while the discs within the
columns are able to rotate about the column axis. In columnar helical phase (H), helical
columns develop which interdigitate in groups of three columnar stacks. In the columnar
lamellar phase (Col.), discotic molecules stack to form columns and these columns are
arranged in layers, where the columns in layers can slide. But, the columns in different layers
do not possess any positional correlation. The discotic cores which have been explored to
create novel LCs are triphenylene, phthalocyanines, anthraquinone, ethynyl benzene, hexa-
peri-hexabenzocoronens, tricycloquinazolines, macrocycles with a large cavity at the centre,
metallo-discogens containing copper, molybdenum, nickel and palladium etc.***° By the
introduction of chiral chains around the periphery of discotic cores, various chiral DLCs have

also been prepared.

Interestingly, chiral discotics forming columnar mesophase have also been found to exhibit
ferroelectric switching properties which appear to have some advantages over its tilted
smectic counterpart in electro-optical displays. The discotic nematic mesophase is now
considered as better medium for display applications especially with respect to viewing angle
problems.>” Added to this, the recent commercialization of discotic nematic in the production
of optical compensation films by Fuji Film Company®®*° has created an immense interest in
this area. The potential use of discotic materials, especially those exhibiting columnar phases,
as quasi-one dimensional conductors, photoconducting systems, ferroelectrics, light emitting

diodes, photovoltaic solar cells, field effect transistors, gas sensors, optical storage devices,
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hybrid computer chips for molecular electronics, xerographic processes etc. are attracting
considerable attention.™

1.5 Characterization of mesophases

In our studies, a combination of different experimental techniques has been used to
characterize the phase behavior of LC materials. They include direct space techniques such
as polarized optical microscopy (POM) and wide- and small-angle X-ray scattering (WAXS
and SAXS). Differential scanning calorimetry (DSC) was employed to study the thermal
transitions occurring in LC systems during heating and cooling ramps. Importantly, none of
the above mentioned techniques alone would suffice for a complete structural
characterization of a LC system. For example, the temperatures and types of phase transitions
can be conveniently studied by DSC. The type of mesophase can also be identified by POM,
whereby defects of the structure give rise to the formation of characteristic textures well
documented in literature. However, we observed that, in some instances, the transitions
which are not detected by DSC, could still be observed in POM and vice versa. It is also clear
that the phase characterization by means of POM alone is almost never unambiguous since
different phases can display similar textures. Therefore, the use of X-ray scattering is

necessary to identify different phases and obtain quantitative information on their structure.
1.5.1 Polarizing optical microscopy (POM)

POM is a routine technique used for the LC phase identification. If it is an isotropic liquid,
the light is extinguished, so a black optical appearance is observed in the field of view. When
LC samples are placed under microscope, the transmitted light is not completely
extinguished and an optical texture appears because of the alternation of orientation of
polarized light.*® This is due to the birefringent nature of these compounds. LC compounds
exhibit various characteristic textures under POM which yields important information about
the structural arrangement of the LC phases. For example, for nematic phases typical
schlieren texture is generally observed under microscope. For smectic phases, focal conic fan
textures have been observed under POM. Focal conic, fan-shaped, mosaic and dendritic

textures are characteristics of columnar phases observed under microscope.
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1.5.2 Differential scanning calorimetry (DSC)

Generally, DSC measures the power released or absorbed by material during temperature
treatments that can include dynamic (i.e., heating or cooling ramps) or isothermal segments.
The measurement is performed by comparing the temperature of the sample and that of the
reference material. The instantaneous heat flux is computed from this temperature difference
using instrumental calibration constants. Standard sample like pure indium with known
transition enthalpies and temperatures has been used for calibration of the instrument. In
studies of LC systems, the measure of the enthalpy variation can allow to assign a given
thermal event to a crystal-crystal or to a mesophase-mesophase transition. This is based on
the fact that the enthalpy variation associated with crystal melting is very large than the one
corresponding to the mesophase-mesophase or mesophase-isotropic phase transitions.

The main advantage of DSC is that it is a fast and convenient tool to measure the
temperatures and transition enthalpies in order to determine the phase diagram of the system
and to study the kinetics of transitions as a function of heating/cooling rates or as a function
of time. DSC can also be used to identify the presence of glass transitions which is almost
impossible to determine using POM and to determine the corresponding glass transition

temperature.

1.5.3 Wide- and small- angle X-ray scattering (WAXS and SAXS)

The supramolecular organization and the corresponding packing parameters in each phase
can be studied in detail by X-ray scattering This technique is generally considered as the
proof for the existence of mesophase in compounds. The peaks in the small and wide angle
region confirm existence of a particular mesophase. Based on the X-ray scattering pattern,
different kinds of mesophases can be distinguished from each other. Different kinds of
nematic mesophases for the discotic mesogens have also been distinguished from each other
based on X-ray scattering. For example, for the discotic nematic mesophase, one peak comes
in small angle region and one in wide angle region. The peak in the small angle region
corresponds to the diameter of the discs and peak in the wide angle region is related to the

lateral distance between the cores. An X-ray pattern of a columnar nematic phase shows
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relatively sharp reflection in the wide-angle regime that corresponds to regular stacking of
discotic molecules on top of each other. The reflections in small-angle regime are rather
diffuse and broadly related to liquid-like arrangement of the columns. In N phase, relatively
sharp reflections are found in both small-angle and wide-angle regions of the X-ray
scattering pattern. Hence, X-ray scattering is a powerful technique to distinguish between
these nematic phases.*’

The DLCs investigated in this thesis work exhibited Col, mesophase mostly and one DLC
demonstrated Col, mesophase. These different types of columnar phases have also been
distinguished from each other by X-ray scattering.®’ For Coly, phase, the 2D X-ray scattering
pattern and X-ray scattering profiles exhibited four diffraction rings in small-angle region,
whose spacings are in ratio of 1:1/43:1/v4:1/\'7 along with two broad peaks in the wide-angle
region. Out of the two wide-angle reflections, one corresponds to the liquid-like packing of
flexible alkyl chains and the other one which is relatively narrow, corresponds to

intracolumnar stacking of discotic cores.

(a) (b) ©)

" 4

Figure 1.3 Schematic representation of three different types of symmetries; (a) P2:/a, (b)
P2/a and (c) C2/m.

Two strong reflections (results by splitting of (10) reflection of hexagonal lattice) in the small
angle region of X-ray scattering pattern are characteristic of a rectangular columnar phase. X-
ray scatterinhg has allowed to distinguish between different kinds of symmetries for this
phase. Based on the X-ray scattering pattern, Col, mesophase has been divided into three
different types depending on the mutual orientation of the molecules and the number of
columns per unit cell in the lattice. The symmetry of the 2D lattices are specified by three

12
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different planar space group, that is, P2:/a, P2/a and C2/m (Figure 1.3) which do not have

any translational order in the direction of columns.
1.6 Discotic liquid crystalline packing and charge transport
1.6.1 Discotic liquid crystals (DLCs) as organic semiconductors

All the electronic devices, such as solar cells, light-emitting diodes and field-effect transistors
rely on the transport of electrical charges between two electrodes. For these devices,
inorganic semiconductors like crystalline Si are generally used due to their high charge
carrier mobility. The dense packing of these materials in the crystalline state leads to
significant orbital overlap of single atoms and hence broad energy bands are formed (several
eV wide).*® As a result of these broad bands, recombination of charge carriers is hindered
and due to easy creation of free charge carriers, silicon fulfills the requirements for its
application in microelectronic systems. The charge carrier mobility is one of the crucial
parameters for the application of semiconductors in electronic devices because, fast
switching times can only be achieved with high mobilities. Charge transport in inorganic
semiconductors also depends on temperature. With increasing temperature, lattice vibrations
increase that results in increase of scattering of charge carriers and thus decrease their
mobility. The mobility also depends on the degree of crystallinity. In a single crystal of
silicon, a very high electron mobility up to 1400 cm?® V' * s* at room temperature can be
observed.®® The processing of crystalline silicon is however expensive and it is difficult to
prepare flexible electronic components from the hard material. In this direction, semi-
conductive organic materials are attractive for the production of flexible and cheaper devices,
as they are soluble in organic solvents and can easily be deposited on a substrate. For organic
materials, the charge carrier mobility is not their intrinsic property. It is actually a material
property and requires hopping of charges between the molecules.>® For good charge carrier
transport, strong 7m-m interaction between the neighboring molecules is the preliminary
requirement. The typical intermolecular distances occur in the range of Angstroms, so, this
intermolecular hopping process of charges occurs many times before reaching the opposite
electrodes which have a distance of 100 nm (minimum) to several mm. In order to achieve

high charge carrier mobilities, monodomain of a properly packed organic material is needed.
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LC ordering offers the possibility to easily orient organic semiconducting molecules® and to
prepare monodomain samples.’®®! LC phases possess a higher degree of order than the
isotropic melt (amorphous order) but, lesser than highly ordered crystals. Thus n-conjugated
molecules with LC phases are attractive to improve the charge carrier mobility. In this
context, DLCs have been investigated most thoroughly. Discotic mesogens of appropriate
molecular shape can self-assemble to give columnar LC phases with intra-columnar stacking
distance less than 3.5 A. With an aromatic n-system in the center of the mesogens, an overlap
between the w-orbitals (HOMOs or LUMOSs) of adjacent molecules can be observed (Figure
1.4).

............... Conduction
LUMO T —— Band

HOMO g —_— e i Valence
e —— Band

—

— —

] = —

Molecule Stack of few Column
Molecules

Figure 1.4 Cartoon illustrating the transition from individual energy levels to energy bands
as the extension of = electron overlap grows along the columns of a columnar liquid crystal

phase.

However, due to large HOMO-LUMO energy gap, no intrinsic charge carriers exist in the
material. But, charge carriers can be generated in the columnar system by chemical doping
(oxidation or reduction)®? or can be transported through the material. In columnar LC phases,
the transport of electrons and holes is only possible parallel to the columns along the stacked
aromatic mesogen centers. The exchange of charge carriers between neighboring columns is
strongly hindered due to the insulating alkyl chains (Figure 1.5). Columnar LCs are hence

considered as quasi one dimensional semiconductors. While any defects or grain boundaries
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inside a crystalline lattice lower the charge carrier mobility, these are less likely to appear in
a LC semiconductor. Instead, the director can bend smoothly over the sample and local
defects can be overcome by a self-healing procedure.®*®” Thus, the pinning of charge carriers
at grain boundaries is much less problematic in organic semiconducting materials with LC

order than in polycrystalline samples.

Flexible aliphatic chains provide the mobility necessary for the discotic phase and act as
insulating layer around stacked columns of aromatic cores. They also prevent any charge
transport between molecules in neighboring columns.®®®® The distance between neighboring
columns ranges between 20-40 A (Figure 1.5). The formation of columnar assembly can be
seen as a nano-segregation between the conjugated cores and flexible insulating side
chains.®® As the charges has to move over macroscopic distances (>100 nm) which is well
above the length of an individual undisturbed column, the side chains become important for

macroscopic charge transport as determined by time of flight measurements.

Va

Figure 1.5 Schematic representation of the charge carrier transport along the columns.
Transfer of charges between the columns is suppressed by insulating alkyl chains.

On increasing the length of side chains, both packing order and charge hopping between the
columns gets reduced.”””® This readily illustrates the key problem of DLCs: any
discontinuity in a column disrupts the charge motion. Therefore the choice of DLCs from a
variety of discotics for use as semiconductors is highly important, as the combination of
aromatic core, anchoring side chains and LC ordering determines the electronic properties of

the discotics. Nowadays, there are many companies which focus on the fabrication of flexible
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displays based on organic semiconducting materials.”® Furthermore, organic light emitting

diodes and organic photovoltaic cells are well-established in practice.™
1.6.2 Organic light emitting diodes (OLEDs)

Organic light emitting diode (OLED) is based on the principle of light generation by
electrical excitation. Electrons are injected into the LUMO of the acceptor and holes into the
HOMO of the donor and transported by an applied electric field. Electron and hole then
combine to form an exciton which upon relaxation produces luminescence. In a multilayer
device, electron and hole transporting layers are sandwiched between a metal cathode and a
transparent indium tin oxide (ITO) anode (Figure 1.6). In between these layers, emitter
material is kept whose energy levels are matched to trap electrons and holes. Between the
two electrodes, discotics are kept in homeotropic alignment for best possible charge

transport.

@)

Cathode |

OCsHy4
OCOR

R = CgH4CN or CgHq4
or C(CHg); or adamantyl

©) H3CH,COOC 0.0 COOCH,CH3

HaCH,COOC O COOCH,CH3

Figure 1.6 (a) Schematic of a simple OLED device, (b) Triphenylene monoester, (c) hole

transporter triphenylene and (d) electron transporter perylene DLCs discussed in the text.

Till now, only a few DLCs have been explored for the preparation of OLEDs.”>®® The very
first OLED based on DLCs was single-layer with a very thin film of the LC sandwiched
between hole-injecting ITO and electron injecting aluminum electrodes. Wendorff and co-
workers®®2 have shown that the monoesters of triphenylene (Figure 1.6b) in their Col, phase

and main chain polymers of triphenylene in the Coly, phase show electroluminescence. The
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fields required are of the order of 105 V cm™* and the lifetimes of the devices are probably

not very long. The bilayer devices made by Bock and co-workers,®%

e.g., aluminum/
perylene (Figure 1.6d) (electron transporter)/ triphenylene (Figure 1.6¢) (hole transporter)/
ITO was made from LC materials but, they were characterized at room temperature i.e.,
below the solid to LC transition temperature. These red-light emitters have a lifetime of 1 day

under a dry nitrogen atmosphere.
1.6.3 Organic photovoltaics (OPVs)

OPV devices are the reverse of OLEDs, as in them dissociation of an exciton into electron
and hole takes place after absorption of a photon and output is current (Figure 1.7). The high
charge carrier mobility of inorganic crystalline semiconductors made this effect much more
pronounced than in the organic materials. As in the latter materials, electron and hole are
strongly bound to each other because of lower dielectric constant and lower charge carrier
mobility of the material.? However, the processability of crystalline photovoltaic materials is
rather difficult and expensive.

(@) Y (0) (©)

Figure 1.7 (a) Schematic representation of OPV device, (b) hole transporting hexa-peri-
hexabenzocoronene DLC and (c) electron transporting perylene crystal discussed in the text.

Compared to them solution processable organic materials provide a means for the production
of thin and flexible solar cells, often in a more cost-effective manner. There are many

barriers that need to be overcome in order to produce a good OPV cell.>® First, there needs to
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be an efficient light absorption. Further, there should be a high probability of exciton
diffusion to the interface between hole and electron transporting layers (where charge
separation usually occurs), efficient charge separation at this interface, escape of the charges
from the interface and efficient charge transport to the electrodes. Failure at any of these
stages can result in overall failure of the device. Thus LC materials and especially discotics
become interesting in this regard. The main advantage of DLCs is that these are free from
grain boundaries which in crystalline molecular solids act as exciton traps. Another
advantage of DLCs is that they possess large exciton diffusion lengths.®*®® Many OPV
devices have been reported in the literature containing triphenylene, phthalocyanine,
porphyrin and hexa-peri-hexabenzocoronene (HBC) as the hole transporting layer and
perylene as the electron transporting layer.®°? However, the best OPV devices consisted of
HBC and perylene discogens.®2

A solution of a mixture of HBC (Figure 1.7b) (a hole transporter which is LC at room
temperature) and perylene (Figure 1.7c) (an electron transporter which is crystalline at room
temperature) was spin-coated onto an ITO electrode. As the film dries, phase separation
occurs and perylene crystallites got deposited on top of the HBC layer. An aluminum
electrode is then evaporated on the top. Due to the space filling by the LC between the
perylene molecules, there is a very large effective surface area between the hole and electron
transporting units.®® Annealing further improves the device performance which seems to
increase interpenetration between two components of the films.*® External quantum
efficiencies up to 34 % at 490 nm are reported.”® It has further been suggested that HBCs

with shorter side chains gave better performance.*
1.6.4 Organic field effect transistors (OFETS)

An OFET device is made of a semiconductor and three terminals which are called source,
gate and drain (Figure 1.8). Depending on the type of semiconductor, either electrons or
holes are conducted between source and drain. The drain to source current flow is controlled
by applied voltage between them. The applied gate voltage modulates channel conductivity
by either increasing or decreasing the channel size. Columnar DLCs acting as anisotropic

charge carriers can be used in these devices in the planar alignment. In an OFET, the ideal
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columnar phase to use is that of a HBC, as these molecules prefer to lie in the planar
alignment. However, to ensure the conduction pathway between source to drain, zone-
casting®® or a PTFE-rubbed substrate® are used. Unaligned films of HBCs gave OFET
mobilities ~10° cm?V *s%, but when the hexadodecyl HBC (Figure 1.8b) is aligned by the
zone-casting method, the mobility at room temperature rises to 5 x 107> cm® V' s 1% The
high number of aromatic units allows the alignment of the HBC derivatives with a magnetic
field. Such oriented films exhibit field-effect mobilities 10 times larger than FET devices

from isotropically aligned films.*

@)

R =(CH3)11CH3

Figure 1.8 (a) Schematic representation of OFET device and (b) hexadodecyl-
hexabenzocoronene DLC discussed in the text.

However, all the OFETSs based on DLCs have been characterized below the Cr-Col transition
temperature i.e., below the temperature at which the special properties and potential
advantages of the LC phase are relevant. The most probable reason for this is that above the
Cr-Col transition temperature, thin open to the air films of DLCs become unstable. Another
reason is above the Cr-Col transition temperature, surface tension forces can come into play

and films can move and dewet from the surface.®

Compared to well-established inorganic semiconductors, the charge carrier mobilities of
DLCs are two orders of magnitude lower. In this regard, a better understanding of the
structure-property relationship of the LCs can further improve their electronic properties. The
ability to tailor components with specific properties and to easily process them in solution

makes them a promising alternative to classic inorganic semiconductor materials.
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1.7 Outline of thesis

The results described in this thesis were obtained on a variety of low molecular weight
materials forming columnar and nematic mesophases. Good long-range order in organic
semiconducting materials is necessary to obtain high charge transport mobilities. In this
thesis, the synthesis of various novel series of LC semi-conducting materials is presented. In
order to have a good understanding of the molecular order, the chemical structures of LCs are

kept simple.

Chapter 2 describes the microwave (MW) assisted synthesis of new oligomeric DLCs based
on rufigallol core. The synthesis of the target compounds was challenging since classical
reactions failed to produce these hybrids. Specifically, we note that whereas, traditional form
of heating failed to produce any desired product, MW dielectric heating resulted cleaner
synthesis of these oligomers within minutes in good yield. We have demonstrated that the
combination of rod and disc-like moieties in the rufigallol-cyanobiphenyl series has
sufficiently perturbed the molecular shape to yield calamitic mesophases. Interestingly, the
higher homologues of the series showed the SmA phase whereas, the lower one exhibited
mixed N phases. We also reported a new series of rufigallol-based mesogens with branched
alkyl chains at the peripheral positions. The introduction of various types of branched chains
has sufficiently perturbed the system resulting into LC systems with mesophase stabilised up
to room temperature. Such systems are good candidates for various mesophase device
fabrications with high charge-carrier mobility.

Chapter 3 addresses non-conventional approach to the synthesis of DLC materials based on
perylene core. The synthesis, optical properties and thermal behavior of non-conventional
3,4,9,10-tetrasubstituted perylene-based discotic oligomers are investigated consisting of a
perylene core attached to which are four 4-cyanobiphenyl, triphenylene units via flexible
alkyl spacers and branched alkyl chains. All the derivatives self-assemble into a mesophase
and exhibit excellent fluorescence emission properties making them suitable for various
optoelectronic applications. Whereas, the attachment of cyanobiphenyl units to the perylene
core led to the formation of N phase, triphenylene and branched alkyl chains resulted a

regular hexagonal mesophase. Comparison between the UV-vis and photo-luminescent
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properties in the solution and solid state demonstrated large spectral shifts. The formation of
thin films of these materials via Langmuir Blodgett technique has also been demonstrated. In
the thin film state, these materials were found to exhibit charge transport properties. Such
materials combine an exceptionally high degree of self-organization at the nanometer scale

with the advantages that LCs provide.

Chapter 4 talks about the first discotic system based-on alkoxy (tri- & di-) substituted hexa-
peri-hexabenzocoronene (HBC) that self-organizes into room temperature columnar
structure. This system is a promising candidate as an active component of OLEDs, due to its
facile processability, low band gap, luminescence and exceptionally higher ordered self-
organization behavior in the mesophase derived from X-ray scattering studies. The role of
alkoxy substituents in determining the geometrical preferences of the Scholl reaction for the
formation of dodecylalkoxy substituted HBC core has also been reported in this chapter.
Evidences from the ab-initio calculation of arenium cation reaction mechanism at a
B3LYP/6-31G (d) level of theory gave an explanation for nature of products formed and
reaction mechanism. We found that regioselectivity of Scholl reaction is highly dependent on
the position of all the electron donating groups on the ring with respect to each other.
Adjacent (i.e., ortho) alkoxy groups resulted in partially cyclized product and non-adjacent
(i.e., meta) resulted in complete cyclodehydrogenation to form the fully cyclized product.
These findings can also be applied for the synthesis of large polycyclic aromatic systems.

This thesis is concluded with Chapter 5 which summarizes the results presented in all of the

above chapters.

In addition to the above chapters, Appendix at the end of each chapter contains the structural
analyses (*H and *C NMR, IR, DSC) of representative products.
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Chapter 2

Anthraguinone based Discotic Liquid Crystals for

Optoelectronic Applications

PART A
Microwave-assisted green syntheses of five new oligomeric
liquid crystals have been reported consisting of rufigallol-
based core attached to which 8-cyanobiphenyl units via
[flexible alkyl spacers. Classical reaction didn’t result in
formation of any product. The liquid crystalline behavior of
the synthesized compounds was investigated by polarizing
optical microscopy, differential scanning calorimetry and X-
ray scattering.

PART B
Microwave-assisted syntheses of five new series of rufigallol based mesogens have been
reported with branched alkyl chains at the peripheral
positions. The chemical structures of these newly
synthesized compounds were determined by *H nuclear
magnetic resonance (NMR), *C NMR, IR
spectroscopy, UV-vis spectroscopy and elemental
analysis. The thermotropic LC properties were
investigated by polarizing optical microscopy,
differential scanning calorimetry and X-ray scattering.
Most of the derivatives were found to be liquid crystalline over a wide temperature range.







Anthraquinone Based DLCs for Optoelectronic Applications

2.1 Part A: Microwave-assisted synthesis of novel oligomeric rod-disc
hybrids

2.1.1 Introduction

Recently, there has been a considerable interest in the realization of elusive biaxial nematic
(Np) phase owing to produce interesting and possibly advantageous effects in liquid crystal
(LC) devices such as optical compensation films. Freiser™ first predicted the Ny, phase in
1970 and since then there have been several attempts in the demonstration of this phase as a
real entity."® Although some of these attempts bridge the gap between differently shaped
LCs, the actual existence of the phase is still not clear. The most unambiguous example for

the Ny phase is reported in a ternary lyotropic and most recently in thermotropic systems.”®

(a) (b) (©)

Figure 2.1 Schematic representation of three types of approaches for biaxial nematic phase;
(a) board like molecules, (b) bent core molecules and (c) mixture of rod-like and disc-like

molecules.

In considering the molecular design for this phase, mainly two options are apparent which
includes either the molecular shape biaxiality or the supramolecular interactions leading to
biaxiality. Based on the molecular shape biaxiality, the approaches can be divided into three
major categories namely; (a) board like molecules, (b) bent core molecules and (c) mixture of
rod-like and disc-like molecules® (Figure 2.1). In a mixture of rod-like and disc-like
mesogens, rod-like molecules align with their long axis perpendicular to the short axis of the

disc-like molecules. Theoretical studies and mean field calculations'®** have shown that the
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N, phase is obtained by changing shape biaxiality parameter (;) between a rod at one
extreme (y = 0) and a disc ( =1) at the other. The N, phase exists over ranges, such as 0.2 <
n < 0.8, and is most stable at # = 0.4. Such a structure is then properly intermediate between a
rod and a disc and this led to proposals that the N, phase might be realized in rod/disc

mixtures.

(b)

Figure 2.2 Schematic representation of packing arrangement and director configuration in;
(@) rod like molecules, (b) disc like molecules and (c) mixture of rod like and disc like

molecules.

In such a mixture, the optimum packing arrangement has the long axes of the rods arranged
perpendicularly to the short axes of the discs and hence, the system has two directors (Figure
2.2).

CsHyq1 CsHyq CsHy4 CsHy4

OCgH13
o O 0 0
N\ N\ 7 oL,
e Y= )= 0<CH2)nOCN§ i~ Y= )= O(CHz)n@
/2R 7/ \ (ONgHe)
< O , «» O
CsHy4 CsHyq CsH11 CsHi4 OCgH1s

1 | 2

This idea was investigated in theoretical approaches to the Ny phase formed from binary

mixtures of rod- and disc-like molecules.*? But, in real systems physical mixtures of rod and
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disc separate into two uniaxial nematic phase and thus biaxiality could not be experimentally
verified."® To tackle this problem a number of molecular designs have been demonstrated
where rod and disc-like mesogens are linked covalently via flexible alkyl spacers.
Attachment of one disc and one rod like mesogen (so called rod-disc dimers) covalently leads
to the formation of an amphiphile possessing features of a rod and features of a disc, so
called a shape amphiphile. For example, Luckhurst et al.** synthesized the first rod-disc
dimers (1) by joining together the disc-shaped [pentakis(4-pentylphenylethynyl)] benzene
and the rod shaped 4-cyanobiphenyl moieties through an ether linkage. Bruce and co-

workers'>1

examined the molecular biaxiality by synthesizing compound 2 in which a
pentyne disc was joined to the lateral rod-like molecules. Mehl and co-workers*’ confirmed
complete miscibility in the nematic phase of molecule 3 which contain one rod and one disc

with either rod or disc shaped molecules.

o) (CH2)1OOCN
o

Whereas, incompatible combination (which does not induce nematic mesophase) of two or
three rod-like mesogens with disc shaped mesogens in 4, 5 and 6 induces the formation of a
smectic phase with alternating layers of discs and rod-shaped mesogens, compatible
combination (which induces nematic mesophase) of rod and disc mesogens resulted a

nematic phase.*”?°

HsCO OCH,
OC4H
AL =
° 87 CoHys0 O O(CH2)1DOCN
O(CH3)110
HCO O =0 (CHy)1O O-(CH)g ocE,H17 OO O(CHZ)WOOCN
O OCgHy3 O
CoHiz0 O(CH2)1OOCN
cH) 60008"'” OCgHy3
HyCO OCH,
5 6
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Subsequently, the approach of linking rod-disc moieties together has been extended where,
six rods attached radially to a central discotic core that resulted several micro-segregated
mesophase morphology due to change in the overall molecular shape. For example, linking
six nitroazobenzene and cyanobiphenyl moieties with disc-shaped triphenylene (7, 8 and 9)
leads to a N phase in which the former promotes to form a calamitic N phase whereas the
latter a discotic N phase indicating central units play an important role in controlling the

average molecular shape.?

RO
7
OR
LT wememo O
R
© 8

OR R = —CO(CH2)3ON:NOOC1OH21
9

Not only molecular shape, various intra and intermolecular interactions play a significant role
in determining the supramolecular organization in rod-disc hybrids as demonstrated recently

with tricycloquinazoline discotic cores (10).%°
| = —(CH nOCN
RO:CEKN N R (CHy)
SN

Though all these systems do not furnish a Ny phase but, veritably exploited to scaffold the
gap between these differently shaped LC’s (rod & disc) providing a greater insight into the

structure-mesophase morphology.?®
2.1.2 Objective

The past studies have used one, two, three and up to six rod like moieties with a single disc in

the hunt of Ny phase. We have extended this approach and prepared a series of molecules 11
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in which eight rod-like 4-cyanobiphenyl (CB) moieties are connected to a central
octahydroxyanthraquinone (OHA) core via flexible alkyl spacers. This study was motivated
by two goals. First, by increasing number of rod-like mesogens around the central disc core
(change in molecular shape), we sought to provide additional insight into the structure-
mesophase morphology in the system. Second, we sought to determine the influence of
spacer length in determining the supramolecular organization in disc-rod hybrid oligomers.

Anthraguinone (AQ) core was chosen because it is one of the earliest systems reported to
exhibit columnar phases over a wide range of molecular framework and has a very versatile
synthetic chemistry.”” It has been found to be the critical component for the development of a
variety of applications, such as the dye industry,?® drug synthesis®® and organic materials.***!
AQs are expected to be highly useful in devices as the redox reactions are generally
reversible with stabilized radical anion intermediates leading to long-term stability in

devices.*?

2.1.3 Results and Discussion
2.1.3.1 Synthesis and characterization

Compound 11 [OHA(nCB)g] were synthesized by the route shown in Scheme 2.1. OHA 15
and ®-bromo substituted alkoxycyanobiphenyl were prepared following literature
methods.?** Acid-catalysed self-condensation of gallic acid 12 yielded crude rufigallol 13

which was purified through its hexa-acetate 14. Pure rufigallol, obtained by the hydrolysis of
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hexa-acetate was converted to octahydroxy anthraquinone 15 on reaction with mercuric
oxide and boric acid which was further recrystallized with pyridine. The [OHA(nNCB)s]
oligomers 11 were then prepared by reacting 15 with ®-bromo terminated
alkoxycyanobiphenyl in the presence of cesium carbonate under microwave dielectric
heating (MW) for 12 min.

The chemical structures of all these oligomers 11a-e were confirmed through spectral and
elemental analysis and details are given in the experimental section and representative
spectra in Appendix | (Figures Al, A2 A9 and Al4). It should be noted here that the
etherification of hydroxyl groups of octahydroxyanthraquinone with ®-bromo substituted
alkoxycyanobiphenyl failed to produce any desired product under classical reaction
conditions. Only MW irradiation resulted in the formation of these oligomers. Failure of
reaction under classical conditions could be due to steric hindrance resulted from
simultaneously attaching eight cyanobiphenyl moieties. It is worth mentioning here that

MW-assisted chemical synthesis of LC materials has attracted considerable attention

recently.>*®
OH O OAc O
HO CoH HO AcO OAc
— O‘O o )
HO HO AcO OAc
OH Ac
12 13 14

R= NCO(CHZ),,—

n=6,8,9,10,12

‘an)

........... OR O OR OH O OH O

‘11ain =6

! OR HO .. HO OH

M1bin=8 (V) v

'11cn=9 :

!11d:n = 10, RO OR HO HO OH

i11e:n=12; OR O OH O O OH
11a-e 15 13

Scheme 2.1 Synthesis of the target compound 11. Reagents and conditions: (i) H,SO4, MW,
90s, 90 %; (ii) Ac,0O, Pyridine, reflux, 12 h, 60 %,; (iii) EtOH, 5% ag. NaOH, reflux, 2 h, 50
%; (iv) H3BO3, HgO, H,S04, 45 %; (v) RBr, Cs,CO3, NMP, MW (800 W), 12 min, 45 %.

Nowadays, most of the organic reactions have been performed using the efficiency of MW
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dielectric heating.*”* Also, whereas, classical form of heating is slow and inefficient method
of transferring energy into a reaction mixture, the MW-irradiation produces efficient internal
heating by directly coupling of microwave energy with the molecules that are present in the
reaction mixture. Here, MW-assisted green chemistry endeavours resulted cleaner synthesis

of these oligomers with easier work-up.
2.1.3.2 Thermal behavior

The thermal behavior (phase transition temperatures and associated enthalpy values) of all
these materials (listed in Table 2.1) was investigated by polarizing optical microscopy
(POM) and differential scanning calorimetry (DSC). Compound 11a on heating melted at
about 86 °C to a N phase and finally cleared (isotropic) at 169 °C. Before melting it
displayed a crystal to crystal transition (partially crystallized states) at about 69 °C (AH = 0.3
kJ mol™) which could be due to some conformational reorganization of molecules by passing

into different crystalline configurations.

Table 2.1 Phase behavior of mesogens1la-e.")
Mesogen Heating run Cooling run
11a Cr.169 (0.3) Cr, 86 (0.6) N 169 (2.6) | 1168 (3.3) N
11b SS 49 (15.7) SS 87 (1) N 161 (12) | 1 159.5 (12.6) N
1ic N 85 (0.5) I | 84 (0.85) N
11d SmA 138 (13) | | 135 (13.6) SmA
11e Cr1 55 (57) Cr 71 (2.9) SMA 109 (12) I 1104 (10) SmA

[T ransition Temperatures in °C and latent heat values (in kJ mol™ in brackets).

Phase assignments: Cr = crystal; SS = semi solid; N = nematic phase; SmA = smectic A; | = isotropic.

These transitions in thermal analysis (DSC) arise from the different stability of two
crystalline polymorphs; evidence accompanying by POM textures and powder X-ray
scattering studies as observed by several researchers in past studies.**** We also observed
minor structural changes at Cr—Cr transition temperatures of the compounds reported here
under POM and the samples remained solid even after these transitions. On cooling, the
phase appeared at 168 °C which was stable down to room temperature. On second heating
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and cooling, the peak re-appeared at 169 °C and 167 °C, respectively indicating the existence
of phase which was further confirmed by POM as shown in Figure 2.3a.

Compound 11b was semi-solid at room temperature and showed two endothermic transitions
prior to isotropic transition at 161 °C (Figure A16). On cooling, the isotropic to mesophase
transition peak appeared at 159.5 °C. However, no crystallization peak was observed up to
room temperature. Under the microscope, a typical schlieren texture of the nematic phase is
displayed, as shown in Figure 2.3b. Compound 11c was nematic LC at room temperature and
showed mesophase to isotropic transition temperature at 85 °C. On cooling, mesophase
appeared at 84 °C which was characterized by typical schlieren texture as shown in Figure
2.3c. As expected, with the increasing length of the methylene spacer of the cyanobiphenyl
units connecting to the anthraquinone discotic core, crystal to mesophase and mesophase to

isotropic temperature decreases.

(a) (b)

Figure 2.3 Optical photomicrograph of compounds (a) 11a, (b) 11b, (c) 11c, (d) 11d and (e)
1le at 166.9 °C, 154.7 °C, 83.8 °C, 132 °C and 71.1 °C, respectively (on cooling, cross

polars, scale bar 5 um).

Two important trends were observed from the DSC plot regarding transition enthalpies of the
compounds (11a to 11c) associated with the mesophase (N) to isotropic phase transition: (i)

the transition enthalpy for mesophase to isotropic transition for compound 11b (AH = 12 kJ
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mol™) is much higher than that of compound 11a (AH = 2.6 kJ mol™). Such high difference
in transition enthalpy suggests the role of flexible spacers in the efficient packing
arrangement in the mesophase with increasing spacer length. (ii) With further increase in the
number of methylene units in the alkoxy side chain (11c), the transition enthalpy decreases
(AH = 0.5 kJ mol™). It has been proposed that even chain homologues (even number of
methylene units in the side chain) showed higher enthalpies with respect to their highly
packed solid structures compared to odd numbered ones. This sort of molecular organization
(showing odd-even effect) has been studied in detail using a polarized light microscope, an
electron microscope and wide angle X-ray scattering techniques.>°” Compound 11d and 11e
were prepared to examine the effect of spacer length. Compound 11d showed SmA phase at
room temperature. On heating, SmA to isotropic transitions occurred at 138 °C, while on
cooling the phase appeared at 135 °C (Figure 2.3d, focal conic fan texture). On the other
hand, compound 11e on heating showed a Cr-Cr transition before it went to SmA phase
which finally cleared at 109 °C. On cooling, isotropic to SmA transition (Figure 2.3e)
occurred at 104 °C which was stable down to room temperature. It is noticeable that the
transition enthalpies associated with the mesophase to isotropic transitions of these
compounds (11d and 11e) are higher than the compounds showing the N phase in the order
of ca. 14 kJ mol™. Such high transition enthalpies suggest a highly ordered organization
(formation of a smectic phase) of the mesogens in the mesophase as observed in several past
studies.”® Interestingly, no crystallization peak up to room temperature was observed in any
of these rod-disc oligomers. However, these materials were not deformed at room
temperature probably because of vitrification and formation of a stable supercooled phase.
Surprisingly, we did not observe any peak in DSC corresponding to glass transition while
cooling from isotropic to room temperature. Noticeably, glass transitions are generally seen
as a shift in the baseline and often may not be visible because they can be very weak. Under
microscope, no difference in textural change was observed while cooling from the
mesophase to room temperature. Such behavior has also been observed in other disc-like and
disc-rod hybrid materials by several researchers in past studies.”>**" However, these
materials were not deformed at room temperature probably because of vitrification and

formation of a stable super-cooled phase.
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2.1.3.3 X-ray scattering studies

The supramolecular organization of these rod-disc oligomers in the mesophase was further
investigated by X-ray scattering studies. In the N phase of compounds 11a, 11b and 11c, two
diffuse reflections were observed in the wide- and small-angle region (Figure 2.4a). These
indicate the absence of any positional order in the mesophase and thereby exclude the

existence of smectic and columnar phase structure of these hybrids, consistent with their

microscopy textures.
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Figure 2.4 (a) An intensity vs. 26 graph derived from the X-ray scattering pattern of
compound 11b in the mesophase. (b) Sketch of the order in the mixed nematic phase. (c) X-
ray scattering pattern of compound 11e in the mesophase. (d) Proposed model of the order of
SmA phase of the oligomers of higher chain length.

The broad small angle reflection for 11a showed a d-spacing of 13.28 A in the mesophase (at
135 °C). This corresponds to the average length and diameter of the rod (~ 20 A) and discs

(~8 A), respectively indicating a molecularly mixed N phase. Obviously, much smaller
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reflection at small angle than that of the total length of the hybrid confirms the compatibility
(homogeneously mixed) of both two components (disc and rod) in the mesophase and no
nanophase segregation occurs between them. Similar scattering pattern was observed for
certain mesogenic compounds having both rod- and disc-like moieties.'” The small angle
halos shifts to 14.77 A at 140 °C in the N phase of 11b, consistent with the increase in the
length of the spacer. Based on the X-ray scattering studies and microscopy textures, we
propose a sketch of the order of N phase (Figure 2.4b). Although biaxiality is likely to be
seen at small length scales, as a result of large aspect ratios between two components, there is
no direct evidence for the formation of biaxial N phase in our study. The d-spacings for all
the compounds are gathered in Table 2.2. In all cases, we observed a very diffuse peak at
around 4.5 A and is attributed to the average lateral separation of the molecules in these fluid
(N) phases. X-ray scattering pattern of higher chain length oligomers (11d and 11e) show
similar scattering pattern in the mesophase. In the small angle region two sharp peaks are
observed, attributed to the layer formation (Figure 2.4c) which is consistent with their
microscopic textures. The smectic periodicity d, for 11d and 11e is found to be 39.7 and 42.6
A, respectively. The ratio of d with respect to full length (I) of each of these two molecules is
close to 0.70 (d/l). This corresponds to the partial intercalation and orientational disorder of
the rod-like moieties together with conformational flexibility in the spacers as observed by
several researchers.?>?

Table 2.2 d-spacings of compounds 1l1a, 11b, 11d and 1le as found from the X-ray
scattering data in the mesophase.

Compound  d-spacings d-spacings
(wide angle region)  (small angle region)

11a 45A 13.28 A
11b 45A 14.77 A
11d 43A 14.7 A, 39.7 A
11e 43 A 17.2 A 426 A
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Interestingly, in the SmA phase, a diffuse peak is observed in the small angle region at
around 17.2 A for 11e. This spacing corresponds to the side-to-side distance between the
discs and slightly decreases with decrease in spacer length (14.7 A for 11d) as expected. The
diffuse peak in the wide-angle region at 4.3 A confirms to the average separation of the rods
and face-on spacing of the discs. Based on the X-ray microscopy data, we propose a sketch
of the order of SmA phase (Figure 2.4d). Interestingly, we do not see any sharp reflections at
3.8 A. This suggests that rufigallol discs are highly disordered similar to those reported
earlier for other cores.?® In fact, the discs behave like common rod-like mesogens in the
layers, having only short range positional order associated with the organization of disc-like

moieties.
2.1.4 Conclusions

In conclusion, a novel series of disc-rod oligomers have been synthesized using microwave-
flash heating. Specifically, we note that whereas, traditional form of heating failed to produce
any desired product, microwave dielectric heating resulted cleaner synthesis of these
oligomers within minutes in good yield. We demonstrated that the combination of rod and
disc-like moieties in the rufigallol-cyanobiphenyl series has sufficiently perturbed the
molecular shape to yield calamitic mesophases. Interestingly, the higher homologues of the
series showed SmA phase whereas, the lower one exhibited mixed N phases. Such hybrid
materials combine an exceptionally high degree of organization at the nanometer scale with
the advantages that LC’s adduce.
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2.2 Part B: Microwave assisted synthesis of novel mixed tail rufigallol

derivatives

2.2.1 Introduction

In recent years, there has been a considerable attention in the development of molecular
electronics. In this regard, discotic liquid crystals (DLCs) play an important role due to their

I°® and non-linear properties.>® DLCs exhibiting discotic nematic phase?™®°

unique optica are
potential candidates to be used in optical compensation films to enhance the viewing angle
capability.”* Also, the hierarchical self-assembly of DLCs and their supramolecular columnar
architecture are of fundamental importance not only as models for one-dimensional
transportation of charge, ion and energy, but also as functional materials for the enhancement
of properties through formation of self-organized monodomain on macroscopic scales.®? For
example, excellent charge transports through columns were achieved for m-conjugated

DLCs.?™ In addition, due to their high charge carrier mobility,®*"

self-healing of
defects,”>"® defect free long range order and tendency to form highly ordered films of various
thickness,” these materials can be regarded as potential candidates for a number of molecular
electronic devices. But, for all the device applications, columnar LCs with an appropriate
chemical structure and morphology are required. The main prerequisite for an efficient

75,76

engineering and processing of a columnar LCs by either thermal processing or solution

processing’ "’

in the form of devices is the presence of desired properties like appropriate
thermal behavior and solubility.”"® Additionally, the operating temperature for all these
devices is usually at room temperature. So, it is highly important to obtain materials with

good intermolecular interactions and packing at ambient conditions.

In order to achieve this apposite isotropization as well as melting temperature various

methods have been suggested in the literature which include heteroatom substitution,’®®!

829 nsaturation® etc. Assorted examples are there in the literature which has

branching,
shown the effect of branching on melting and isotropic temperatures. Among them, use of
branched alkyl chains to tune the mesophase behavior of various LC materials has been well
documented in the literature. For example, effect of branched chains to modify the

mesomorphism from lamellar to columnar mesophase has been reported by Ohta et al.®!
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Collard and Lillya® reported that introduction of branch points into the side chains of
hexakis(n-alkanoyloxy)benzenes 16 and hexakis(n-alkanoyloxy)cyclohexanes 17 widens the

temperature range of columnar mesophase without affecting the type of mesophase behavior.

OCOR ' ROCO
ROCO OCOR | OCOR OCOR
ROCO OCOR | ROCO” ROCO \eor
OCOR
16 17

R = branched chain

Similarly, Schouten et al.®#® has shown the effect of branched chains on charge migration in

phthalocyanine molecules. Liquid crystalline octaalkoxycarbonyl phthalocyanines with

different branched chains 18 have been synthesized by Sergeyev et al.®®
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&
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In case of hexabenzocoronenes 19,%” mesophase range was broadened by using branched
peripheral chains but, type of mesophase was not affected. The same strategy has also been

applied to tricycloquinazoline discotics 20 which were found to be mesogenic at room

temperature, having a very broad mesophase range.®
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|.89 |-90

Bisoyi et al.™ and Stackhouse et al.”"reported a series of triphenylene-based DLCs 21 and
22, respectively with peripheral branched chains. Branched chains in them significantly
affected the intermolecular forces of attraction and packing in these molecules. This intern

affected melting and isotropization temperatures of the LC materials.

OCnH2n+1

H2n+1CnO ‘ R = -
90
O Otz - \M
H2n+1Cno

OCnH2n+1 21 n=4-8
R= -° \)\

Very recently, Nakanishi et al. reported fullerene (Cg) derivatives 23 with branched aliphatic
chains. The introduction of branched chains not only softens these Cgo based materials, but

also enables formation of thermotropic LCs and room temperature nonvolatile liquids.*

Kumar et al. synthesized several branched chain substituted benzene hexa- and pentaalkynes
24 which show very broad range of discotic nematic mesophase, stable well below and above
the room temperature.®*% The decrease in transition temperatures could be due to the steric

effect of branch (disorderness) and the reduction in symmetry associated with them.

45



Chapter 2

2.2.2 Objective

Not only lowering the transition temperatures, materials softness and crystallization
tendency, introduction of branched aliphatic chains has a pronounced influence on the self-
organization of molecules which can bring new functionalities such as enhanced charge
carrier mobility in m-conjugated systems. With this idea keeping in mind, we have

synthesized five series of mixed tail hexaethers of anthraquinone.

We chose to modify anthraquinone core because of the stable redox properties associated
with the core which make it suitable for device fabrication. Recently, rufigallol based
discotics with branched chains were reported by Bisoyi and Kumar.®* But, they have shown
the effect with only one branched chain. We have designed and synthesized a library of 20
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molecules of five different series using microwave flash heating having branched alkyl
substituted rufigallol core. The aim of the study was mainly two fold. First, we sought to
determine the effect of different branched substituted chains on the mesomorphism in the
rufigallol discotics. In particular, we wished to determine the effect of mesophase behavior
with respect to the position of the side alkyl groups such as methyl, ethyl and so on.
Secondly, we sought to provide additional insight into the mesophase stability by varying
alkyl chains for a particular peripheral branched chain. Overall, the study represents a useful
advance in the design of molecular systems enabling fresh insight into structure-mesophase

morphology relationships.

O OR
H2n+1CnO OCnH2n+1
O‘O R = Branched Chain
H2n+1CnO OCnH2n+1
OR O
25-29

2.2.3 Results and Discussion
2.2.3.1 Synthesis and characterization

The synthesis of monomers 25-29 was achieved as shown in Scheme 2.2. Microwave
assisted self-condensation of gallic acid in conc. H,SO, yielded hexahydroxyanthraquinone
13. The unequal reactivity of six phenolic groups of anthraquinone 13, two of which are less
reactive by virtue of being intra-molecularly H-bonded to the adjacent quinone carbonyls has
been explored. Etherification of rufigallol was then performed using NaOH and appropriate
alkyl bromide in DMSO which yielded various 1,5 dihydroxy tetraalkoxy anthraquinones
16.%° These tetraalkoxy derivatives were further alkylated with appropriate branched alkyl
bromide with the help of microwave dielectric heating under mild basic conditions to

produce compounds 25-29 within 20 min as shown in Scheme 2.2.

The chemical structures of all these oligomers 25-29 were confirmed through spectral and
elemental analysis and details are given in the experimental section and representative
spectra in Appendix | (Figures A3-8, A10-13, and A15).
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2.2.3.2 Thermal behavior

The phase transition temperatures of all the new compounds together with transition enthalpy
values determined by DSC are given in Table 2.3. The transition temperatures and associated
enthalpy values were determined using a differential scanning calorimeter operated at a
scanning rate of 5 °C min™ both on heating and cooling. Textural observations of the
mesophase were carried out using polarizing optical microscopy. As can be seen from Table
2.3, the first series of compounds (25a-d) with two branched 3-methylbutyl chains at the 1-
and 5- positions and four n-alkyl chains (R = - CgH13, -CgHa7, -C19H21, -C12H5s) at 2-,3-,6-,7-
positions were found to be LC over a wide temperature range except the one having longest
n-alkyl spacer (25d, R = -CyH2s).

OH (0] OH O OH
Q) HO OH (ii) RO OR
wooo—(_)-on —— I L —"— T [ 1)
HO OH RO OR
OH OH O OH O
12 13 30
R=CnH2n+1
n=26,8,10,12
(0] OR'
RO OR
30 + RBr D O‘O
RO OR
OR' O
25-29
25ad R — \/Y 28a-d R — \/\)\
26a-d R = \\)\/ 29a-d R = \\/K/\/
27a-d R — ° L

Scheme 2.2 Synthesis of compounds 25-29. Reagents and conditions: (i) H,SOg4, 90 s, MW,
90 %; (ii) NaOH, RBr, DMSO, reflux, 18 h, 55 %; (iii) Cs,CO3z, NMP, 20 min, MW, 90 %.

Compound 25a on heating melted at about 61.2 °C to the mesophase (4H = 13.2 kJ mol™)
and finally cleared (isotropic) at 92 °C (4H = 8.4 kJ mol™). On cooling, it showed a transition
in DSC centered at around 89.2 °C (4/H = 8.2 kJ mol™) followed by crystallization at 44 °C
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(4H = 12.7 kJ mol™). Under POM, it exhibited a well-defined texture of columnar
mesophase (Figure 2.5a). Compound 25b and 25c were prepared to examine the effect of
spacer length at the 2-, 3-, 6-, 7- positions without affecting the branched substitution at 1-
and 5- positions. Compound 25b having octyloxy chains exhibited crystal to mesophase

transition at 66 °C and finally went to isotropic at around 70.7 °C. On cooling, the isotopic to

mesophase transition peak appeared at 68.8 °C (4H = 17.4 kJ mol™).

Table 3. Phase behavior of mesogens!®”<,

Mesogen  Heating Run Cooling Run

25a Cr61.24 (13.27) Col;,92.03 (8.44) | 1 89.20 (8.24) Col,,44.05 (12.75) Cr
25b Cr 66.08 (18.83) Col, 70.77 (14.73) | 1 68.89 (17.40) Col,48.42 (11.39) Cr
25¢ Cry 37.37 (37.78) Cr, 59.38 (64.58) | 1 58.70 (2.99) Col,53.00 (33.01) Cr
25d Cr; 40.30 (5.98) Cr,48.59 (16.98) | -

26a Cr; 50.93 (1.04) Cr,58.07 (30.92) | 1 46.99 (9.84) Col,,34.32 (17.57) Cr
26b SS 54.89 (22.06) | -

26¢ Cr 50.35 (82.76) | -

26d Cry 41.09 (9.76) Cr,52.24 (199.67) | -

27a SS54.23 (12.01) | -

27¢c Cr 46.16 (130.57) | -

27d Cr; 40.02 (7.70) Cr,56.54 (185.68) | | 29.47 (187.47) Cr

28a Cr 64.14 (13.79) Col,99.87 (14.87) | 198.12 (14.69) Col,

28b Cr 41.15 (15.08) Col, 73.12 (17.52) | | 71.21 (17.33) Col,

28c Cr 41.15 (67.48) Col,52.89 (9.62) | 1 50.57 (9.04) Col,

28d Cry 40.46 (1.70) Cr,48.42 (121.50) | -

29c Cry 37.75 (7.42) Cr,52.31 (179.15) | -

29d Cr 49.68 (100.94) | 1 29.05 (102.21) Cr

l@lPhase assignment: Cr = crystal; SS = semisolid; Col, = columnar hexagonal mesophase; | = isotropic.

®IThe phase transition temperatures in °C and enthalpy change values in kJmol™ (in brackets).

[127b, 29a and 29b were isolated as isotropic liquids and for compounds 25d, 26a, 26¢, 26d, 27a, 27c, 28d and

29c¢ no peak was observed in the cooling scan.

While compound 25c exhibited monotropic LC behavior showing isotropic to mesophase

transition at 58.7 °C (4H = 3.0 kJ mol™), compound 25d was found to be non-liquid
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crystalline. The latter exhibited a crystal-crystal transition (at 40.3 °C, 4H = 5.9 kJ mol™)
which could be due to some conformational reorganization of molecules by passing into
different crystalline configurations™ 2 before it went to isotropic at 48.6 °C and didn’t return
back to crystalline state on cooling to room temperature. It should be noted that with
increasing peripheral chain length a significant change in isotropic temperature was
observed. This could be due to the reduced n-m interactions among anthraquinone moieties

with increasing spacer length.

In order to examine the effect of position of the methyl substituent on the mesomorphic
behavior, a second series of even homologues (26a-d) were prepared by replacing 3-methyl
butyl chains with 2-methyl one. It was observed that introduction of methyl group at 2-
position resulted in destabilization of the mesophase as observed in some past studies.®® In
DSC, compounds 26b-d exhibited only crystal to isotropic transition and didn’t get
crystallized down to room temperature. However, compound 26a showed a monotropic
phase transition (1H = 9.8 kJ mol™) while cooling from isotropic melt at 46.9 °C which
crystallized at around 34.3 °C (4H = 17.6 kJ mol™).

Figure 2.5. Orthoscopic images of rufigallol discotics under cross polars for (a) 25a at 79.7
°C and (b) 28c at 52.5 °C on cooling from isotropic liquid.

The 3" series of compounds (27a-d) were prepared to explore the mesomorphic behavior of
the anthraquinone derivatives (26b-d) by replacing methyl group to ethyl one in the
peripheral branched chain at 2 position. Noticeably, the replacement leads to complete loss of
mesomorphism. Compound 27a was semisolid at room temperature. In DSC, 27a and 27c
exhibited a crystal to isotropic transition at around 54.2 °C (4H = 12.0 kJ mol™) and 46.16
°C (4H = 130.5 kJ mol™), respectively and no peak corresponding to isotropic to crystalline
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transition was observed in DSC. Compound 27d melted at around 56.5 °C (4H = 185.7 kJ
mol™) to the isotropic phase. Before melting, it displayed a low energy crystal to crystal
transition at about 40 °C (4H = 7.7 kJ mol™). The non-mesomorphic nature of these
compounds could be due to the steric nature of the ethyl substituent close to the aromatic
core. The detrimental effect of this ethyl group is so high that compound 27b was isolated as

an isotropic liquid at room temperature.

The fourth set of compounds (28a-d) having 4-methyl pentyl group as the peripheral
branched substituent at 1- and 5- positions were prepared to explore the mesomorphic
behavior. Except compound 28d with longer alkyl spacer (R = -Ci,Hjs), all compounds
exhibited columnar hexagonal phase. In DSC, compound 28a melted at around 64 °C (4H =
13.8 kJ mol™) to the Col,, mesophase which finally went to isotropic at around 99.8 °C (4H =
14.8 kJ mol™). On cooling, it showed isotropic to columnar mesophase peak centered at 98
°C (4H = 14.7 kJ mol™) and no other crystallization peak was observed up to room
temperature (Figure A17). Similarly, compound 28b and 28c showed enantiotropic columnar
mesophase exhibiting two transitions in DSC. In compound 28b, the mesophase started at
around 41 °C (4H = 15.0 kJ mol™) and completely changed to an isotropic phase at 73.1 °C
(4H = 17.5 kJ mol™). On cooling mesophase appeared at 71.2 °C (4H = 17.3 kJ mol™) which
remained stable down to room temperature. Compound 28c exhibited a mesophase transition
at a temperature (i.e., 41 °C) similar to 28b but, the mesophase to isotropic transition
drastically reduced to 52.8 °C (4H = 9.6 kJ mol™). On cooling, the mesophase appeared at
50.5 °C (4H = 9.0 kJ mol™) which was found to be stable down to room temperature. The
classical columnar mesophase of 28c was observed under POM as shown in Figure 2.5b. On
the other hand, compound 28d showed only one crystal to crystal transition before going to
isotropic phase and didn’t returned to crystalline state while cooling to room temperature and
was found to be non-mesomorphic. Probably, the space filling effect of the branched chain is

insufficient to cause the mesomorphic behavior with higher n-alkyl spacer (i.e., R=-C1,Hzs).

The final series of compounds were prepared upon introduction of 2-ethyl hexyl branched
chain. Interestingly, we did not observe any mesomorphic behavior upon addition of this
branched chain. The two compounds 29a and 29b were found to be isotropic liquid at room

temperature. Compound 29c was solid at room temperature and went to isotropic at 52.3 °C
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(4H = 179.1 kJ mol™). Before going to isotropic, it displayed a crystal to crystal transition at
37.8 °C (4H = 7.4 kJ mol™). However, while cooling to room temperature, no peak
corresponding to any transition was observed for this compound. Compound 29d showed
crystal to isotropic transition at 49.68 °C (4H = 100.9 kJ mol™). The non-mesomorphic
behavior could be due to the disorder caused by the ethyl branched chains and stereo-
heterogeneity (racemic branched alkyl side chains can generate a mixture of different

components in space which lead to disorder).
2.2.3.3 X-ray scattering studies

In order to reveal the mesophase structure and hence the supramolecular organization of
these compounds, X-ray scattering experiments were carried out using unoriented samples.
X-ray scattering patterns for two compounds 28a and 28c were recorded in the LC phase
while cooling from the isotropic phase as shown in the Figure 2.6.

(a) dyop = 25.34 A (b) dyop = 27.55 A
10°-
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Figure 2.6 X-ray scattering profile of (a) 28a at 55 °C and (b) 28c at 45 °C on cooling from
isotropic melt.

As can be seen from the Figure 2.6, in the small angle region, three sharp peaks, one very
strong and two weak reflections are seen whose d-spacings are in the ratio of 1: 1/V3: 1/N/4
that are indexed to the 10, 11 and 20 reflections, respectively consistent with a two-
dimensional hexagonal lattice.*® In the wide-angle region, a diffuse reflection appears at 4.48
A. This corresponds to the liquid-like order of the aliphatic chains. A sharp reflection at 3.65
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A for these compounds indicates the core-core interaction in the columns. The intercolumnar
distances, a, calculated by using the relation a = djo/(cos 30°), where djo is the spacing
corresponding to the strongest peak in the small angle region, were found to be 21.95 and
23.86 A, respectively for 28a and 28c. All the features fit into the well-known model for the
Coly, phase in which the disc-like core of the molecules stack one on top of the other to form
columns surrounded by alkyl chains and these columns in turn arrange themselves in a two-

dimensional hexagonal lattice.
2.2.4 Conclusions

A library of 20 similar molecules based on rufigallol core showing the effect of various
branched chains on the mesomorphic nature has been synthesized. In general, type, chain
length, stereo-heterogeneity and substituent position have large effect on the mesomorphic
behavior. The introduction of various types of branched chain has sufficiently perturbed the
system to cause some room temperature LC systems with mesophase stabilized up to room
temperature. The steric demand in close proximity to the aromatic core has some detrimental
effects on the mesomorphic behavior. Such systems are good candidates for various
mesophase device fabrications with high charge carrier mobility.

2.3 Experimental section
2.3.1 Measurements

Structural characterization of the compounds was carried out through a combination of
infrared spectroscopy (Perkin Elmer Spectrum AX3), 'H NMR and “*C NMR (Bruker
Biospin Switzerland Avance-iii 400 MHz and 100 MHz spectrometers, respectively), UV-
vis-NIR spectrophotometers (Perkin EImer Lambda 900) and Elemental analysis (carlo-Erba
1106 analyser). IR spectra were recorded in Nujol mull for intermediate compounds and KBr
discs for target compounds. *H NMR spectra were recorded using deuterated chloroform
(CDCl3) as solvent and tetramethylsilane (TMS) as an internal standard. The transition
temperatures and associated enthalpy values were determined using a differential scanning
calorimeter (DSC, Perkin-Elmer, Model Pyris 1D) which was operated at a scanning rate 5
°C min™ both on heating and cooling. The apparatus was calibrated using indium as a
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standard. Textural observations of the mesophase were performed with Nikon Eclipse
LV100POL polarizing microscope provided with a Linkam heating stage (LTS 420). All
images were captured using a Q-imaging camera. X-ray scattering was carried out on powder
samples using Cu-K, (A = 1.54 A) radiation from DY 1042-Empyrean X-ray diffractometer
with PCS and Pixel system (Diffractometer System-Empyrean, Measuring program-Focusing
mirror, scans axis-gonioKAlpha-1.54060, Goniometer Radius-240mm, and Modification
editor-Panalytical).

2.3.2 Synthesis of 1,2,3,5,6,7-hexahydroxyanthraquinone (13) Rufigallol was prepared
following the reported procedure.®* In a vial, gallic acid (2.0 g) and sulfuric acid (6.0 mL)
were taken. The vial was then covered with a loose septum and was irradiated in microwave
oven for 15 s. The vial was removed from the oven and left to stand for about 1 min and
again irradiated for 15 s. This process was repeated 6 times and then the reaction mixture was
poured into cold water. The resultant solid was filtered and washed with water and dried to
give 1,2,3,5,6,7-hexahydroxyanthraquinone in 80 % yield (1.4 g). This compound was used

as such without any further purification.

2.3.3 Synthesis of 1,2,3,4,5,6,7,8-octahydroxy-9,10-anthraquinone (15) Crude rufigallol
13 was purified by refluxing with acetic anhydride and pyridine for 12 h. Resulting
hexaacetate 14 was then hydrolyzed to give pure rufigallol. Then, heating 1,2,3,5,6,7-
hexahydroxyanthraquinone with boric acid and mercuric acid in concentrated sulfuric acid at
250 °C gave 1,2,3,4,5,6,7,8-octahydroxy-9,10-anthraquinone in 35 % yield. Elemental
Analysis (calculated for C14HgO10): C: calc. 50.01 %, found 49.54 %; H: calc. 2.38 %, found
2.59 %.

2.3.4 Synthesis of 4’-(n-bromoalkaneoxy)-4 cyano biphenyl A mixture of 4’-hydroxy-4-
cyanobiphenyl (1 equiv.), K,COs3 (3 equiv.) and dibromoalkane (2.5 equiv.) in 2-butanone
was heated to reflux under nitrogen atmosphere for 18 h. The reaction mixture was then
filtered and washing were given with DCM. The mother liquor was then evaporated to
dryness and the product was purified through column chromatography (silica gel,
ethylacetate/hexane) to give white crystalline solid. *H NMR (400 MHz, CDCls): 6 7.64-7.57
(m, 4H), 7.48-7.46 (m, 2H), 6.94-6.92 (m, 2H), 3.95 (t, 2H), 3.35 (t, 2H), 1.81-1.73 (m, 4H),
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1.41-1.26 (m, alkyl chain). **C NMR (100 MHz, CDCls): 6 159.80, 145.30, 132.59, 131.27,
128.34, 127.09, 119.15, 115.08, 110.04, 68.15, 34.087, 32.82, 29.44, 29.37, 29.33, 29.22,
28.75, 28.16.

2.3.5 Synthesis of Octa-cyanobiphenyl substituted rufigallols 1la A mixture of
1,2,3,4,5,6,7,8-octahydroxyanthraquinone 15 (60 mg, 0.18 mmol), 4’-(6-bromoalkaneoxy)-4
cyano biphenyl (0.527 g, 2.16 mmol) and cesium carbonate (1.17 g, 3.6 mmol) in N-methyl-
2-pyrrolidone (NMP) was irradiated in microwave oven for 1 min. The vial was removed
from the oven and left to stand for about 1 min and again irradiated for 1 min. This process
was repeated 14 times until the reaction was complete (TLC monitoring). The product
obtained was purified through column chromatography over silica gel (eluent: 20-90 % DCM
in hexane and 1% methanol in DCM) to give pure product as orange reddish semisolid in
45% yield. *H NMR (400 MHz, CDCls): 6 7.69-7.65 (m, 16H, ArH), 7.62-7.52 (m, 16H,
ArH), 7.49-7.45 (m, 16H, ArH), 7.02-6.92 (m, 16H, ArH), 4.20-3.96 (m, 32H, OCH,), 1.67-
1.50 (m, 64H, alkyl chain CH,). *C NMR (100 MHz, CDCls): § 159.65, 145.04, 132.58,
131.38, 128.32, 127.03, 119.07, 115.03, 110.12, 68.06, 30.34, 29.27, 26.02. IR (KBr):
vmadem™ 3041, 2938, 2223 (CN), 1667, 1602, 1574, 1518, 1494, 1467, 1393, 1310, 1289,
1249, 1178, 1115, 1084, 1030, 994, 850, 730, 709. UV-vis (MeOH): Amax/nm 208, 294.
Elemental Analysis (calculated for C166H160NsO1s): C: calc. 78.06 %, found 78.41 %; H: calc.
6.27 %, found 5.89 %; N: calc. 4.39 %, found 4.32 %.

2.3.6 Synthesis of 11b Compound was synthesized according to a similar procedure to 11a.
'H NMR (400 MHz, CDCls): 6 7.69-7.65 (m, 16H, ArH), 7.63-7.58 (m, 16H, ArH), 7.52-
7.47 (m, 16H, ArH), 7.01-6.94 (m, 16H, ArH), 4.18-3.95 (m, 32H, OCH,), 1.59-1.42 (m,
96H, alkyl chain CH,). *C NMR (100 MHz, CDCls): 6 159.73, 145.12, 132.57, 131.30,
128.32,127.02, 119.09, 115.02, 110.12, 68.07, 30.32, 29.45, 26.02. IR (KBr): Vmad/cm™ 3037,
2932, 2224 (CN), 1664, 1603, 1577, 1520, 1494, 1471, 1393, 1320, 1289, 1250, 1179, 1122,
1089, 1030, 995, 850, 726, 709. UV-vis (MeOH): XA max/nm 208, 294. Elemental Analysis
(calculated for Cy152H192NgO13g): C: calc. 78.67 %, found 78.44 %; H: calc. 6.92 %, found 6.92
%:; N: calc. 4.03 %, found 3.71 %.
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2.3.7 Synthesis of 11c Compound was synthesized according to a similar procedure to 11la.
'H NMR (400 MHz, CDCls): § 7.69-7.65 (m, 16H, ArH), 7.63-7.60 (m, 16H, ArH), 7.54-
7.49 (m, 16H, ArH), 7.00-6.95 (m, 16H, ArH), 4.17-3.98 (m, 32H, OCH,), 1.65-1.38 (m,
112H, alkyl chain CH,). *C NMR (100 MHz, CDCls): § 159.72, 145.18, 132.54, 131.23,
128.28, 127.01, 119.05, 115.01, 110.03, 68.08, 30.30, 29.47, 26.02. IR (KBr): vma/cm™
2924, 2852, 2227 (CN), 1667, 1603, 1573, 1517, 1494, 1469, 1390, 1310, 1289, 1250, 1179,
1115, 1091, 1030, 995, 850, 730, 709. UV-vis (MeOH): A max/nm 200, 286. Elemental
Analysis (calculated for Ci9oH208NgOsg): C: calc. 78.95 %, found 78.59 %; H: calc. 7.20 %,
found 7.07 %; N: calc. 3.88 %, found 3.23 %.

2.3.8 Synthesis of 11d Compound was synthesized according to a similar procedure to 11a.
'H NMR (400 MHz, CDCls): 6 7.68-7.66 (m, 16H, ArH), 7.64-7.60 (m, 16H, ArH), 7.53-
7.49 (m, 16H, ArH), 7.01-6.95 (m, 16H, ArH), 4.17-3.96 (m, 32H, OCH,), 1.64-1.35 (m,
128H, alkyl chain CH,). *C NMR (100 MHz, CDCls): ¢ 159.72, 145.13, 132.53, 131.22,
128.28, 126.99, 119.04, 115.00, 110.05, 68.09, 30.38, 29.49, 26.07. IR (KBr): vmad/cm™ 3041,
2923, 2224 (CN), 1693, 1603, 1520, 1494, 1472, 1393, 1271, 1250, 1164, 1134, 1093, 1032,
994, 846, 746, 720. UV-vis (MeOH): A max/nm 206, 292. Elemental Analysis (calculated for
C198H224NgO1g): C: calc. 79.2 %, found 79.55 %; H: calc. 7.47 %, found 6.97 %; N: calc.
3.73 %, found 3.21 %.

2.3.9 Synthesis of 11e Compound was synthesized according to a similar procedure to 11a.
'H NMR (400 MHz, CDCls): 6 7.70-7.66 (m, 16H, ArH), 7.65-7.61 (m, 16H, ArH), 7.53-
7.50 (m, 16H, ArH), 7.00-6.96 (m, 16H, ArH), 4.06-3.97 (m, 32H, OCH,), 1.59-1.30 (m,
160H, alkyl chain CH,). *C NMR (100 MHz, CDCls): § 159.72, 145.19, 132.51, 131.18,
128.25, 127.02, 119.05, 115.00, 109.95, 68.10, 30.63, 29.38, 25.97. IR (KBr): vmad/cm™ 3032,
2919, 2224 (CN), 1665, 1603, 1574, 1519, 1495, 1472, 1315, 1290, 1260, 1179, 1113, 1091,
1030, 994, 850, 716. UV-vis (MeOH): A max/nm 219, 294. Elemental Analysis (calculated for
C214H248Ng01g): C: calc. 79.6 %, found 79.55 %; H: calc. 7.69 %, found 7.27 %; N: calc.
3.47%, found 3.97 %.

2.3.10 Synthesis of 1,5-Dihydroxy-2,3,6,7-tetraalkoxy-9,10-anthraquinone (30) All the

tetraethers were prepared following the reported procedure.® To a stirred solution of NaOH
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(4 equiv.) in dry DMSO (50 mL) added crude rufigallol 13 (1 equiv.) and 1-bromoalkane (4.4
equiv.) and the mixture was heated to 70 °C and held at the same temperature under N, for
18 h. The reaction mixture was cooled, diluted with ag. HCI and extracted with chloroform
(80 mL x 5). The combined chloroform extracts were washed with water and dried over
anhydrous Na,SO4. Product was crystallized from EtOH : CHCI; (4:6) in 45 % vyield (yellow
solid). All the compounds gave similar spectra differing in only the number of alkyl chain
CHj protons. *H NMR (400 MHz, CDCls): 8 12.77 (s, 2H), 7.39 (s, 2H), 4.21-4.15 (m, 8H),
1.9-1.3 (m, alkyl chain CH,), 1.0 (t, 12H). ). *C NMR (100 MHz, CDCls): 186.37, 158.03,
157.19, 141.09, 128.81, 111.75, 104.69, 73.74, 69.37, 31.68, 31.50, 30.30, 30.23, 29.05,
25.66, 25.58, 22.65, 22.61, 14.09, 14.03.

2.3.11 Synthesis of Hexaalkoxy anthraquinone discotics (25a) A mixture of 1,5-
dihydroxy-2,3,6,7-tetrahexyloxy anthraquinone 30 (150 mg, 0.23 mmol), 3-
methylbutylbromide (138.92 mg, 0.92 mmol, 0.13 mL) and cesium carbonate (304.9 mg,
0.94 mmol) in N-methyl-2-pyrrolidone (NMP) was irradiated in microwave oven for 1 min.
The vial was removed from the oven and left to stand for about 1 min and again irradiated for
1 min. This process was repeated 20 times until the reaction was complete (TLC monitoring).
The product obtained was purified through column chromatography over silica gel to give
pure product in 45 % vyield. *H NMR (400 MHz, CDCls): 6 7.57 (s, 2H, ArH), 4.13 (t, 4H, J
= 7.9 Hz, OCH,), 4.08-4.02 (m, 8H, OCH,), 1.87-1.73 (m, 12H, OCH,CH,), 1.56-1.29 (m,
26H, aliphatic CH,), 0.97 (d, 6H, J = 4.6 Hz, CH3), 0.91-0.87 (m, 18H, CHs). *C NMR (100
MHz, CDCls): ¢ 181.27, 157.48, 153.93, 146.93, 132.68, 120.37, 107.00, 74.16, 73.28,
69.15, 39.07, 31.71, 31.52, 30.27, 29.04, 25.72, 25.03, 22.77, 22.67, 22.61, 14.10, 14.05. IR
(Diamond ATR): vmax /cm™ 2954.37, 2928.20, 2865.38, 1663.50, 1571.94, 1466.33, 1425.90,
1378.03, 1317.04, 1267.85, 1125.65, 1093.99, 1043.66, 993.67, 915.86, 870.10, 788.54,
731.93, 711.59, 631.71. UV-Vis (DCM): A max /nm 369, 321, 287. Elemental Analysis
(calculated for C4gH760g): C: calc. 73.81 %, found 73.50 %; H: calc. 9.81 %, found 9.92 %.
All the other three compounds of the series 25b, 25¢ and 25d display similar data differing
only in the number of alkyl chain H atoms in *H NMR.

2.3.12 Synthesis of 26b Compound was synthesized according to a similar procedure to 25a.
'H NMR (400 MHz, CDCls): 6 7.61 (s, 2H, ArH), 4.18 (t, 4H, OCH,, J = 6.4 Hz), 4.07 (t,
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4H, OCH,, J = 8.0 Hz), 3.86 (d, 2H, J = 8.0 Hz), 3.83 (d, 2H, J = 8.0 Hz), 2.10-1.87 (m,
2H), 1.82-1.68 (m, 10H, OCH,CH,), 1.54-1.47 (m, 8H, aliphatic CH,), 1.33-1.27 (m, 34H,
aliphatic CHy), 1.11 (d, 6H, J = 4.6 Hz, CH3), 1.01 (d, 6H, J = 4.6 Hz, CH3),.0.91 (t, 6H, J =
4.6 Hz, CH3) °C NMR (100 MHz, CDCly): § 181.19, 157.51, 154.21, 146.72, 132.76,
120.31, 106.91, 79.72, 74.23, 69.14, 35.68, 31.88, 31.83, 30.27, 29.50, 29.33, 29.27, 29.11,
26.11, 26.06, 22.70, 16.40, 14.12, 11.37. IR (Diamond ATR): vma /cm™ 2953.80, 2924.28,
2855.51, 1663.67, 1572.44, 1466.19, 1426.08, 1377.93, 1318.58, 1266.83, 1126.39, 1094.09,
1024.45, 953.82, 870.71, 819.63, 789.85, 732.86, 713.82, 632.13. UV-vis (DCM): A max /nM
369, 320, 287. Elemental Analysis (calculated for CsgHg,Og): C: calc. 75.61%, found 75.67
%; H: calc. 10.50 %, found 10.82 %. All the other three compounds of the series 26a, 26¢
and 26d display similar data differing only in the number of alkyl chain H atoms in *H NMR.

2.3.13 Synthesis of 27¢ Compound was synthesized according to a similar procedure to 25a.
'H NMR (400 MHz, CDCls): 6 7.56 (s, 2H, ArH), 4.18 (t, 4H, OCH,, J = 8.0 Hz), 4.07 (t,
4H, OCHy), 3.96 (d, 4H, OCH,), 1.92-1.88 (m, 4H, OCH,CH,), 1.82-1.78 (m, 4H,
OCH,CHy), 1.65-1.63 (m, 2H, OCH,CHy), 1.60-1.25 (m, 64H, aliphatic CH,), 0.94 (t, 12H, J
= 8.1 Hz, CH3), 0.88-0.84 (m, 12H, CHj). *C NMR (100 MHz, CDCl5): ¢ 181.15, 157.47,
154.29, 146.69, 132.80, 120.34, 106.88, 74.24, 69.13, 41.76, 31.93, 30.26, 29.68, 29.64,
29.60, 29.57, 29.39, 29.37, 29.12, 26.07, 22.86, 22.86, 22.71, 14.14, 11.07. IR (Diamond
ATR): vimax fcm™ 2956.51, 2918.60, 2851.00, 1686.26, 1568.54, 1463.72, 1423.99, 1375.41,
1316.03, 1264.95, 1128.03, 1091.31, 1063.80, 1023.50, 987.78, 873.16, 800.19, 744.28,
720.64, 631.53. UV-vis (DCM): A max /nm 369, 320, 288. Elemental Analysis (calculated for
CessH1120g): C: calc. 76.69 %, found 76.66 %; H: calc. 10.92 %, found 11.06 %. All the other
three compounds of the series 27a, 27b and 27d display similar data differing only in the
number of alkyl chain H atoms in *H NMR.

2.3.14 Synthesis of 28a Compound was synthesized according to a similar procedure to 25a.
'H NMR (400 MHz, CDCls): 6 7.57 (s, 2H, ArH), 4.13 (t, 4H, OCH,, J = 8.0 Hz), 4.06-4.00
(m, 8H, OCH,), 1.93-1.74 (m, 12H, OCH,CH,), 1.65-1.29 (m, 30H, aliphatic CH,), 0.92-
0.90 (M, 24H, CHs). *C NMR (100 MHz, CDCls): 6 181.29, 157.48, 153.91, 146.94, 132.64,
126.39, 107.01, 74.97, 74.16, 69.13, 35.02, 31.72, 31.52, 30.30, 29.04, 28.25, 28.01, 25.72,
25.70, 22.67, 22.65, 22.61, 14.09, 14.04. IR (Diamond ATR): vma /cm™ 2953.68, 2929.63,
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2867.81, 1663.33, 1571.98, 1466.59, 1426.17, 1377.60, 1317.91, 1264.39, 1125.49, 1093.99,
1041.16, 994.79, 917.41, 869.90, 787.53, 732.21, 711.63, 631.67. UV-vis (DCM): A max /nm
369, 320, 288. Elemental Analysis (calculated for CsoHgoOg): C: calc. 74.22 %, found 73.99
%; H: calc. 9.97 %, found 10.09 %. All the other three compounds of the series 28b, 28c and
28d display similar data differing only in the number of alkyl chain H atoms in *H NMR.

2.3.15 Synthesis of 29¢ Compound was synthesized according to a similar procedure to 25a.
'H NMR (400 MHz, CDCls): 6 7.57 (s, 2H, ArH), 4.18 (t, 4H, OCHy, J = 7.9 Hz), 4.06 (t,
4H, OCH,, J = 7.9 Hz), 3.95 (d, 4H, OCH,, J = 6.4 Hz), 1.95-1.78 (m, 10H, OCH,CH,), 1.6
-1.29 (m, 72H, aliphatic CH,), 1.01-0.88 (m, 24H, CHj;). *C NMR (100 MHz, CDCls): ¢
181.05, 157.35, 154.15, 146.58, 132.79, 120.35, 106.84, 74.20, 69.11, 40.35, 31.88, 31.83,
29.53, 29.34, 29.28, 29.08, 26.06, 23.24, 22.70, 14.21, 14.07. IR (Diamond ATR): Vimax /cm™
2988.91, 2958.17, 2926.10, 2855.25, 1663.66, 1571.69, 1466.31, 1384.04, 1319.33, 1275.40,
1123.06, 1094.74, 1023.50, 983.75, 897.07, 873.58, 764.19, 749.79. UV-vis (DCM): X max
/nm 369, 320, 288. Elemental Analysis (calculated for C7oH1200g): C: calc. 77.15 %, found
77.22 %; H: calc. 11.10 %, found 11.60 %. All the other three compounds of the series 29a,
29b and 29d display similar data differing only in the number of alkyl chain H atoms in *H
NMR.
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Chapter 3

Synthesis, Characterization and Physical Properties

of Mesogenic Perylene Tetraesters

A series of perylene tetraesters based liquid crystals bearing four triphenylene,
cyanobiphenyl linked via flexible chains and branched chain substituents have been
synthesized and their thermotropic properties have been studied by a combination of

thermogravimetric analysis, differential scanning calorimetry, polarizing optical microscopy
and X-ray scattering. All the
compounds with triphenylene
and branched chains units were
found to stabilize columnar
hexagonal mesophase over a
broad range of temperature,
while with cyanobiphenyl
exhibited nematic mesophases.
Six compounds showed .
columnar mesophase at room temperature. From investigations of the spectroscopic
properties and aggregation behavior of two compounds in solvents and solid states by
absorption and fluorescence optical spectroscopy, it was revealed that they form H-type
aggregates. All these compounds showed yellow-green fluorescence even under day-light
conditions. The high stability and bright fluorescence of several of the compounds make
them promising for applications as components in optoelectronic devices.







Synthesis, Characterization and Physical Properties of Perylene Mesogens

3.1 Introduction

Organic chromophores, such as perylene and its derivatives have remained the subject of
much current research due to their unique features such as facile structural functionalization,
outstanding light-harvesting in the visible region, high thermal, chemical, photo &
environmental stability, near-unity fluorescence quantum yields in the molecular state, light
fastness and n-type semiconductor properties." Due to these properties, perylene has been
recognized as an ideal candidate for fabricating organic optoelectronic materials and devices,
such as organic photovoltaics (OPVs), organic field effect transistors (OFETS), dye lasers,
fluorescent sensors, organic light-emitting diodes (OLEDs), xerographic photoreceptors etc."
10 The optical and electronic properties of these derivatives are caused by the local n-n
stacking interactions of perylene skeleton leading to molecular aggregation.”™* This
aggregation further enables the efficient conduction of electrons within the aggregates.'>*°
The = interactions between the perylene molecules can be modulated by the introduction of
peripheral groups. Two or more radiating side groups can lead to the formation of discotic
liquid crystals (DLCs) which can self-assemble into 2D columnar superstructures.*”? In this
regard, proper management of the molecular structure is highly important as it can preserve
the LC behavior up to room temperature for long term sustainability and can also lead to
spontaneous self-alignment in the mesophase. Compounds with LC behavior at room
temperature, low clearing temperature, mesophase stability over a wide range of
temperatures and single mesophase structure are anticipated for all the potential device
applications.?*® All these factors critically depend on the side chains attached to the perylene
core, as these side chains play a crucial role in molecular self-assembly. Therefore, properly
substituted LC perylene derivatives with good self-assembly properties are obligatory for the

envisioned applications.

The molecular self-assembly also gets affected by the addition of solvents. In general, a good
solvent leads to solvation of the -system and no aggregation or molecular self-assembly can
take place at low concentration. However, a poor solvent tends to facilitate the molecular
self-assembly as it cannot dissolve the n-aggregates.?®’ Furthermore, perylenes could be of
potential interest in showing biaxial nematic (Np) phases. Molecular shape biaxiality can lead

to the formation of biaxial nematic thermotropic LC materials. Conceptually mixing board-
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like molecules i.e., perylenes with different size or aspect ratios could reduce the formation

of positionally ordered phases and might lead to the Ny phase.?®®

o} O

Han+1Cr—O 0.0 O-CHzn+1

Hzn+1Cr—0 O-CnHzn+1
O (0]
n=4,6,8, 10,12
1

So far, only a few LC perylene tetraester derivatives have been synthesized.***® For example,
Wang and co-workers**** have synthesized a series of perylene tetraesters with normal alkyl
chains, out of which derivatives with n = 4, 6, 8, 10 were found to possess columnar
hexagonal mesophases. Bock and co-workers® have prepared different LCs based on cores
like triphenylene, coronene, perylene, pyrene etc. by attaching 2-ethylhexyl chains at the
periphery. All these derivatives were found to stabilize columnar hexagonal mesophase. But,
the clearing temperatures of all these derivatives varied, perylene being an exception having

highest clearing temperature among all of them. 3,4,9,10-tetra-(2,2,3,3,4,4,5,5,5-tetrafluoro-

pentenyl)-perylene was synthesized®*® and studied for its properties in nematic LCs and LB
films.

0 o j_/_/
gt
TR

2
O O
C4FgH,C-0 0.0 O-CH,C4Fg
C4FeH,C-O O-CH,C4Fo
el
3
3.2 Objective

With the aim of studying the influence of substituents on the perylene core, we have

synthesized three series of perylene tetraesters. Our molecular design is such that it contains
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discotic perylene moiety at the center and perylene has been connected from four sides to
four discotic triphenylene core (5.1-5.5), calamitic 4-cyanobiphenyl moieties (6.1-6.8) via
flexible methylene spacers and different branched alkyl chains (7.1-7.7) in three different
molecules (Scheme 3.1). This study represents a simple but useful advance in the design of a
molecular system that enables fundamental insights into unconventional structure-mesophase
morphology relationship. This investigation was motivated by two goals. First, by changing
the connection of structurally different units i.e., cyanobiphenyl (CB) around periphery of

perylene core (PE), we sought to provide insight into structure-mesophase behavior in the

system.

0 o} 0 o}

*<o o~ X
. (i) KOH, H,0, 70 °C, 2 h, dil HCI .
o} o}
O O (i) X-Br, TOAB, reflux, 3 h 0 O Q N
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Scheme 3.1 Synthesis of perylene tetraesters 5-7 prepared in this study.
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Additionally, we sought to explore the possibility of hole and electron transport properties by
attaching electron rich TP and electron deficient PE moieties. These molecular double-
cables, owing to their incommensurate core sizes, may stack one on top of the other in the
columns to give columnar versions of double cable polymers, which could ultimately provide
side-by-side percolation pathways for electrons and holes in solar cells. Additionally, since
perylene is associated with very high clearing temperatures, various branched chains have
been selected to facilitate self-assembly at or near to room temperature. The thermotropic
behavior in the pristine state was investigated by polarizing optical microscopy (POM),
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and X-ray
scattering (WAXS and SAXS). We also report the extensive and comprehensive
investigation of the spectroscopic properties and aggregation behavior in solvents for
compounds with triphenylene and branched moieties for their application in optoelectronics.
We have discovered that without additional non-covalent interactions like hydrogen bonding,
metal ion, van der Waals interactions, dipole etc. five out of these compounds formed
hexagonal columnar mesophases at room temperature with low clearing transition. The very
first step for the successful fabrication of any organic electronics involves the creation of thin
films of the organic molecules. In these thin films, interfacial molecular orientation plays an
important role. For the creation of the thin films, Langmuir-Blodgett technique offers a
unique method in which molecular organization and interfacial interactions can be
determined very easily. We have used this technique to prepare thin films of these
compounds. For applications in organic electronics, charge transport in the thin film state is
also a prerequisite. So, we have measured the charge transport in these films. Additionally,
low band gap values, good fluorescence quantum yields, high purity and green luminescence
under day-light conditions make these derivatives promising for the fabrication of various

electronics.

3.3 Results and Discussion

3.3.1 Synthesis and characterization

The synthetic protocol for the preparation of all the perylene derivatives is outlined in

Scheme 3.1. All the final molecules 5-7 were prepared by applying a method already
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described in literature with some modification in the synthetic method.®*** Tetraesters of
perylene has been synthesized by various other methods also.***** These methods involve (a)
treatment of perylene-3,4,9,10-tetracarboxylic dianhydride with a mixture of alkyl
halide/alkyl tosylate and alkyl alcohol by refluxing in presence of potassium carbonate for 2-

3940 (b) refluxing a mixture of perylene-3,4,9,10-tetracarboxylic dianhydride, alcohol,

7 days;
alkyl halide and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in acetonitrile for overnight;** (c)
transesterification of tetramethyl ester of perylene-3,4,9,10-tetracarboxylic acid with suitable
alcohol by boiling in presence of sodium alcoholate for 80 h® and (d) another track goes via
hydrolysis of perylene-3,4,9,10-tetracarboxylic acid dianhydride by refluxing it in aqueous
potassium hydroxide followed by acidification to pH 8-9 with aqueous dilute H,SO,4 or HCI
to provide perylene-3,4,9,10-tetracarboxylic acid.>** This was followed by addition of the
corresponding alkyl bromide and tetraoctylammonium bromide (TOAB) as phase transfer
catalyst and refluxing the mixture vigorously for 1-2 h. After this, the reaction mixture was
cooled down to room temperature and extracted with chloroform. Chloroform was then
evaporated to give the crude product which was further purified by column chromatography.
We have used this method for the synthesis of our materials. Details of the synthesis are
provided in the experimental section. The chemical structures of these compounds were
determined using spectroscopic techniques (*H NMR, **C NMR, FTIR and MALDI-MS) as
detailed in the experimental section and representative spectra are given in appendix Il

(Figures A1-A12).

3.3.2 Thermal behavior

—_—T71

(a)mc e

100 200 300 o 400 500 100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 3.1 TGA curves of compounds (a) 5, (b) 6 and (c) 7. All the measurements were

performed under a nitrogen atmosphere, with heating and cooling rates of 10 °C/min.
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Table 3.1 Phase behavior of mesogens 5.1-7.7.2"]

Mesogen Heating Cycle Cooling Cycle
51 Col, 111.20 (8.37) | 1 98.59 (11.09) Col,
5.2 Coly, 107.85 (21.29) | 196.16 (19.19) Col,
5.3 Coly 125.69 (10.25) I 1113.42 (10.34) Coly
5.4 Col, 124.74 (11.08) | 1112.99 (14.61) Coly
5.5 Col, 103.9 (78.83) | 11 101 Col,
6.1 Cr 224.44 (89.45) | -
6.2 Cr 222.90 (114.56) 1 195.62 (4.02) N
6.3 Cry 69.20 (13.72) Cr, 225.37 (92.84) | 1180.29 (83.05) Cr, 42.66 (12.34) Cr;
6.4 N 105.3 (5.54) | 189.6 (2.87) N
6.5 Cr; 163.35 (88.18) Cr, 172.68 (10.31) I 1 140.82 (3.66) N 122.25 (52.61) Cr
6.6 Cr 123.74 (75.21) | 1113.16 (3.09) N
6.7 Cry 116.72 (15.14) Cr, 153.45 (101.67) | 1125.21 (12.11) N 100.67 (71.06) Cr
6.8 Cr 125.39 (110.46) 1 1110.71 (3.52) N 46.61 (28.25) Cr
7.1 Cr; 162.28 (11.32) Cr, > 286.37 Dec!™
7.2 Cr, 179.60 (28.70) Cr, > 303.02 Dec™
7.3 Cr 124.50 (30.90) Col;, > 321.81 Dec!
7.4 Cr; 42.13 (0.82) Cr, 86.93 (36.29) Col, > -
306.53 Dec'™l
75 Cr; 100.78 (32.42) Cr, > 318.52 Decl™ -
7.6 Cr 100.28 (25.45) Col;, 227.30 (2.04) 1 1 186.56 (0.83) Col;, 42.52 (29.24) Cr
7.7 Coly, 150.2 (6.23) | 1 147 (0.40) Col,
T ransition temperatures in °C and latent heat values (in kJ mol™ in brackets).
“lPhase assignments: Cr = crystalline; Col, = columnar hexagonal; N = nematic; | = isotropic; Dec =
decompose.
IFrom POM.

[pecomposition temperatures from TGA.

The thermal behavior of all the compounds was monitored by a combination of thermo
gravimetric analysis (TGA), differential scanning calorimetry (DSC) and polarizing optical
microscopy (POM) and small- and wide angle X-ray scattering (SAXS and WAXS). TGA
measurements revealed that compounds 5.1-5.5 and 6.1-6.8 were thermally stable with 5%
weight loss up to ~ 300 °C under nitrogen atmosphere and complete decomposition occurred

at 500 °C (Figure 3.1). However, for compounds 7.1-7.7 stability varied depending on the
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branched alkyl bromide used. All the compounds were then subjected to DSC to study their
thermal transition behavior. The transition temperature and associated enthalpy data obtained
from the heating and cooling cycles of DSC or POM are collected in Table 3.1. The peak
temperatures are given in degree Celsius and the numbers in parentheses indicate the
transition enthalpy (4H) in kJ mol™. Compounds 5.1-5.5 showed enantiotropic mesomorphic
behavior and were found to be LC glassy materials in their neat form at room temperature.
Compound 5.1 with hexyl spacer between perylene and triphenylene exhibited single
transition in the heating cycle corresponding to mesophase to isotropic phase at 111.20 °C
with an enthalpy change of 8.37 kJ mol™. On cooling from isotropic liquid, mesophase
started appearing at 98.6 °C and was stable down to room temperature (Table 3.1). However,
on further cooling up to -100 °C, no signature of crystallization appeared. LC morphology of
all the compounds was checked under POM with a hot stage (Figure A17 in appendix II).
Fresh samples were kept between a glass slide and cover slip. The images were captured
under cross polars on cooling from the isotropic phase in the LC window using a high
resolution camera. Under POM, on cooling from the isotropic phase typical flower shaped

texture characteristic for the formation of columnar phase was displayed.

Figure 3.2 Polarizing optical microscope images of compounds (a) 5.3, (b) 6.6 and (c) 7.6 at
112.3 °C, 105.1 °C and 182.5 °C, respectively (on cooling, crossed polars, scale bar = 10

pum). The broken lines in (c) indicates the growth directions of the dendritic texture.

Compounds 5.2-5.4 were prepared to see the effect of spacer length on the mesophase
behavior. Compound 5.2 with octyl spacer also exhibited enantiotropic mesophase formation
at room temperature. It showed mesophase to isotropic transition at 107.9 °C. In cooling
scan, it displayed only one transition corresponding to mesophase formation at 96.2 °C with

no signature of crystallization up to -100 °C. Under POM, it also exhibited flower shaped
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texture formation. Similar to 5.1 and 5.2, compounds 5.3 and 5.4 with nonyl and decyl
spacers, respectively also showed only a single transition in DSC. 5.3 became isotropic at
125.7 °C and 5.4 became isotropic at 124.7 °C. Under POM also, both the compounds
exhibited flower shaped texture (Figure 3.2a). Compound 5.5 (Figure A13) was prepared to
investigate the effect of spacer length as well as the length of alkoxy chains attached to
triphenylene. This compound underwent mesophase to isotropic transition at 103.9 °C. In the
cooling scan, no peak corresponding to any transition has been observed. However, under
POM, this compound exhibited textures typical of Coly phase in the cooling run. It can be
seen that the effect of spacer length is not much on the clearing transition, only increase of
the alkoxy chain length led to a decrease in the clearing temperature. Interestingly, the
clearing temperatures of all these compounds were ~120 °C which was very less compared to
the previous reports.*? Hence, these compounds can be very easily processed for their use in
various optoelectronics. It is noteworthy that mesophase range of perylene - triphenylene

oligomers is much higher as compared to that for hexaalkoxytriphenylene reported earlier.*:

Compound 6.1 with butyl spacer was found to be non-mesomorphic and exhibited crystal to
isotropic transition at 224.5 °C and no peak corresponding to isotropic to crystal transition
was observed in DSC. Compound 6.2 with hexyl spacer was found to exhibit monotropic
mesophase on cooling. On first heating in DSC, it showed a melting transition at 222.2 °C
and on cooling mesophase appeared at 95.6 °C which was stable down to room temperature.
Under POM, this displayed schlieren texture typical of nematic mesophase formation.
Compound 6.3 with heptyl spacer demonstrated crystal to crystal transition at 69.2 °C and
finally cleared at 225.4 °C. These transitions in thermal analysis (DSC) arise from the
different stability of two crystalline polymorphs; evidence accompanying by POM textures
and powder X-ray scattering studies as observed in past reports.***> Compound 6.4 (Figure
Al4) with octyl chain exhibited enantiotropic mesomorphism and isolated as the room
temperature nematic compound. In DSC, it showed nematic to isotropic transition at 105.3
°C in the heating cycle. In the cooling run, it exhibited isotropic to nematic transition at 89.6
°C. Under POM, this also displayed schlieren texture typical of nematic mesophase.
Compounds 6.5 and 6.7 with nonyl and undecyl spacers (odd spacers) demonstrated crystal

to crystal transition at 163.4 and 116.7 °C, respectively and cleared on heating at 172.7 and
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153.5 °C, respectively. In the cooling scan, mesophase started appearing at 140.8 and 125.2
°C, respectively for compounds 6.5 and 6.7, consistent with the observation of schlieren
texture under POM. On further cooling, mesophase to crystalline transition occurred at 122.3
and 100.7 °C, respectively in DSC for compounds 6.5 and 6.7. Under microscope, we have
observed appearance of spherulitic growth which slowly covered the whole sample area
consistent with the formation of crystalline state. In DSC, compounds 6.6 and 6.8 with decyl
and dodecyl spacer unveiled only a single transition corresponding to crystal to isotropic
phase at 123.7 and 125.4 °C, respectively. In the cooling scan, for compound 6.6 only a
single transition (isotropic to mesophase) was observed. However, for compound 6.8, DSC
thermogram displayed two transitions (isotropic to nematic and nematic to crystal). Figure
3.2b represents the schlieren texture of the nematic phase for compound 6.6 as a
representative case. The compounds of this series displayed odd-even effect in their melting
and clearing temperatures. Odd spacer compounds (n = 7, 9, 11) have higher clearing
temperatures than the even analogues (n = 6, 8, 10, 12). Noticeably, compounds with odd
spacers also exhibit polymorphism in the crystalline state which was not observed in the even

analogues.

Compound 7.1 was prepared to see the effect of 2-propyl chain (branching position directly
attached to core) in inducing the mesophase. During the heating cycle in DSC, only a single
transition was observed at 162 °C. Based on the POM analysis, this transition was assigned
to the crystal to crystal transition. No peak corresponding to melting or clearing temperature
was observed. Probably, this compound directly decomposed during the heating scan before
going to isotropic state. Under POM also, we didn’t observe any transition corresponding to
the isotropic state. The decomposition temperature was then assigned based on the TGA
analysis. In compound 7.2 (2-methylpropyl), branching position was close to the core but,
not directly attached as in case of compound 7.1. This compound was found to be non-
mesomorphic and exhibited only a single transition in DSC in the heating run at 179.60 °C
(4H = 28.70 kJ/mol) corresponding to crystal to crystal mesomorphism. Compound 7.3 with
2-methyl butyl chains in the periphery when observed under microscope, exhibited an
undefined mobile texture during heating with an increase of birefringence. In DSC, this
compound displayed one transition corresponding to crystal to mesophase. Similar to
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previous compounds, this also decomposed during heating. Compound 7.5 was prepared by
substituting the methyl branch in 7.3 with ethyl group. Interestingly, this replacement leads to
a complete loss of mesomorphism as observed by both POM and DSC studies. Compound
7.4 with 3-methylbutyl peripheral chains was found to stabilize columnar mesophase. Under
POM, this compound exhibited dendritic texture with homeotropic appearance in some
region. Compound 7.6 was prepared by the introduction of 4-methyl pentyl chains at the
periphery. On heating, this compound showed a crystal to mesophase transition at 100.3 °C
as evidenced by DSC with an enthalpy change of about 25.45 kJ mol™. On further heating,
mesophase transformed into isotropic liquid at 227.3 °C. On cooling this isotropic liquid at a
rate of 5 °C min™, a dark field of view with only a little birefringence was observed as shown
in Figure 3.2c. It has been reported in the literature that the homeotropically aligned
columnar mesophases results in loss of birefringence.*®®? It can be seen that this is a
dendritic texture and the branching of this dendritic started at 60° to the main center.>**! This
feature is characteristic of a highly ordered hexagonal columnar phase. Organic photovoltaics
and OLEDs require homeotropic alignment of the columnar phase, in which all the molecules
arrange in face-on alignment on the substrate.***> Compound 7.7 (Figure A15) with 3,7-
dimethyloctyl chain was isolated in the columnar mesophase at room temperature and
showed the mesophase to isotropic transition at 150.2 °C. For this compound, mesophase
range was broadened and the clearing temperature was also very low compared to the
previous derivatives. This derivative also showed homeotropic alignment of the columnar

mesophase as observed for compound 7.6.
3.3.3 X-ray scattering studies

In order to reveal the mesophase structure and hence the supramolecular organization of
these compounds, X-ray scattering experiments were carried out using unoriented samples
filled in a glass capillary. The SAXS and WAXS patterns were recorded for compounds 5.1-
5.5 in the LC phase on cooling from the isotropic phase. Table 3.2 summarizes results of
observed and calculated d-spacings, indexing and lattice parameters of compounds 5.1-5.5
and 7.1-7.7. The X-ray scattering profile for compound 5.1 showed seven reflections in the
small and wide angle region. These reflections can be assigned to a two-dimensional

rectangular lattice in which molecules stack one on top of another and the columns generated
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adopt a rectangular packing with rectangular lattice constants: a =43.78 and b =20.01 A. The
symmetry of the phase was assigned as p2gg symmetry owing to the presence of 21
reflection. The sublattice compression ratio, ghex Which expresses the distortion of Col; lattice
relative to hexagonal lattice, equals 1.3 corresponding to a compression of the lattice along b
direction and the tilt angle q (q=cos™(b/a), where a and b are the lattice constants) along this
direction takes value of 60°.
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Figure 3.3 X-ray scattering patterns of compounds (a) 5.1 at 70 °C, (b) 5.2 at 70 °C, (c) 5.3
at 90 °C, (d) 5.4 at 90 °C and (e) 5.5 at 90 °C after cooling from isotropic phase.

For compound 5.2, the reflection in the small angle region was indexed as 100. There were
two diffused peaks in the wide-angle region at 4.61 and 3.55 A. The first of these peaks
corresponds to the packing of alkyl chains and the second corresponds to core—core stacking.
The intercolumnar distances, a, calculated by using the relation, a = digo*2/3, where diog iS
the spacing corresponding to the strong peak in the small angle region was found to be 20.94
A. This is approximately 5 % less than the diameter obtained from the molecular model in its
full trans conformation. This can be ascribed to the folding of the flexible chains or the
possible interdigitation of flexible chains in the neighboring columns. This value is lower as
compared to the scattering data reported in case of hexahexyloxytriphenylene (H6TP) and

3,4,9,10-tetra-(n-decyloxy-carbonyl)-perylene reported earlier.®**® It can be assumed that
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columns are dominated by triphenylene disks rather than perylene disks and these columns
are arranged in hexagonal pattern to construct the mesophase. This shrinkage of the

intercolumnar distance in the pentamer is expected upon covalent linking the two molecules.

Table 3.2 Experimental data of X-ray scattering of compounds 5.1-5.5 and 7.3-7.7.

Lattice Lattice parameters™!
Compound s (A)®  deaic (A)®  hKI™ constants (A)[
5.1 21.89 21.89 200 a=4378 T =70 °C; Col,, P2gg;
18.20 18.20 110 b =20.01 Onex = 1.3;
14.54 14.76 210 c=355 S =876.03 A2
8.76 8.25 320 Seol = 438.02 A2
7.34 7.30 600 Vi =5912.36 A%(d = 1 gcm™):
5.50 5.69 430 Z=05;h,=355A
4.65(br)
3.55
5.2 18.13 18.13 100 a=20.94 T =70 °C; Coly,, P6mm;
4.63 c=355 S =379.73 A?
3.55 Scol = 189.86 A
Vi, =6108.76 A3(d=1gcm?);
Z=0.2;h,=355A
5.3 16.82 16.82 100 a=19.33 T =90 °C; Coly,, P6MM;
6.33 6.35 210 c=355 S=32358 A?
461 Seol = 161.79 A?
3.55 Vi =6330.77 A3(d=1gcm?);
Z2=0.2;hy,=355A
5.4 16.98 16.98 100 a=19.52 T =90 °C; Coly,, P6MmM;
6.41 6.43 210 c=355 S =329.97 A?
4.65 17.87 Seo = 164.99 A2
3.55 10.32 V= 6428.75 A®(d =1 gcm?);
Z=0.2;hy,=355A
5.5 17.87 17.87 100 a=2054 T =90 °C; Colyg, P6MM;
10.35 10.32 110 S =365.36 A2
4.60 Seo = 182.68 A?

V= 711461 A3(d=1gcm3);
Z=0.2;h,>355A
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7.3 16.73 16.73 100 a=19.23 T = 135 °C; Colyo, P6MmM;
6.33 6.31 210 c=3.50 $=320.24 A?
5.30 Seo = 160.12 A?
3.50 Vp,=1278.37 A®(d=1gcm?);
Z=0.9;h,=350A
7.4 16.82 16.82 100 a=19.31 T =200 °C; Coly,, P6mm;
6.40 6.35 210 c=351 S =322.91 A?
5.32 Seor = 161.46 A?
351 Vi =133043 A3(d=1gcm?);
Z=0.9;h,=351A
7.6 17.70 17.70 100 a=20.44 T =120 °C; Coly,, P6mm;
6.65 6.68 210 c=3.48 S =361.81 A?
5.35 Seo = 180.91 A?
3.48 Vp,=1364.71 A®(d=1gcm?);
Z2=0.92; h,=3.48A
7.7 20.56 20.56 100 a=2375 T = 140 °C; Col,,, P6mm;
11.99 11.87 110 c=4.20 S =488.48 A?
10.37 10.28 200 Seol = 244.24 A?
7.86 7.76 210 Vin=1784.24 A3(d=1gcm?);
5.36 Z=11;h,=420A
4.20

[a]dess and dg, are the measured and theoretical scattering spacings; dey is calculated from the following
mathematical expression for the hexagonal phase: 1/dy = V(1/ digo)(h? + k* + hk) and for the columnar
rectangular phase; 1/dy = \ h%a? + k’/b* where hk are the indices of the reflections corresponding to the
hexagonal and rectangular symmetry, and a and b are the lattice parameters. [b]Proposed indexing. [c]For Col,
phase; a = dio*2/\3; [d]S is the lattice area, for the Col,, S = a**V3/2 and for Col,, S = a*b. S is the columnar
cross-section, Sg = S/2. V., is Molecular volume, V., = M/LdN,, where M is the molecular weight of the
compound, N, is the Avogadro number, d is the volume mass density (1 g cm™ for organic compounds), and
A(T) is the temperature correction coefficient at the temperature of the experiment (T), A = Vepa(To)/Vero(T),
where To=25 °C, Vcuo(T) = 26.5616 + 0.02023T. Z is the number of molecules per columnar slice of thickness
hm: hmS = ZVp.

The diffractogram of compound 5.3 at 90 °C (Figure 3.3c) showed one sharp reflection in the
small angle region at a d spacing of 16.82 A and one reflection at d spacings of 6.33 A in the
middle-angle region. These reflections can be indexed to a lattice of hexagonal Col phase
with Miller indices of 100, 210 in the ratio 1:1/N7. Two diffused peaks are observed in the
wide angle region at d spacings of 4.61 and 3.55 A, corresponding to packing of flexible tails
and stacking of discs within the column. The lattice constant a was found to be 19.33 A (19.5
% lesser than the optimized molecule geometry) indicating interdigitation of alkoxy chains in
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the columnar phase. The X-ray pattern of 5.4 consisted of two diffuse scattering halo in the
wide-angle region, centered around 4.65 and 3.55 A, corresponding to the liquid-like order of
the molten aliphatic chains and core-core separation. In the small-angle region, two
reflections were detected with the reciprocal spacings in the ratios of 1: 1/N7. These were
indexed as 100, 210, respectively. The lattice constant a was found to be 19.52 A (24.5 %
lesser than the fully stretched molecule).

For compound 5.5, the X-ray scattering profile showed only one peak in the wide angle
region at d = 4.60 A corresponding to the liquid like order of the alkyl chains. The small
angle region consisted of two peaks in the ratio of 1: 1/v3. For this compound an
interdigitation of about 35 % has been observed. Compounds 5.1-5.4 with pentyloxy chains
in the triphenylene moieties exhibited peaks corresponding to the m-m stacking of the
aromatic cores. But, this peak was missing in compound 5.5. This suggested that probably an
increase of the alkoxy chain length lead to the disordering of mesophase similar to those
observed by previous studies® and the alkyl spacer length has not much effect on the
mesophase. So the columnar phase in compound 5.1 and 5.2-5.4 can be assigned as columnar
rectangular ordered (Col,,) and columnar hexagonal ordered (Colp,) and for compound 5.5 as
columnar hexagonal disordered (Colg). The columnar slice thickness hy, is given by the core-
core stacking distance which is 3.55 A for compounds 5.1-5.4. This is also known as the
lattice constant c. The number of molecules per columnar slice of thickness hy, is designated
as Z. This is calculated using the relation; hnS = ZVy,, where Vy, is Molecular volume, Vp, =
M/AdNa, where M is the molecular weight of the compound, N4 is the Avogadro number, d
is the volume mass density (1 g cm™ for organic compounds) and A(T) is the temperature
correction coefficient at the temperature of the experiment (T), A = Vcna(To)/Venz(T), where
To =25 °C, Vcua(T) = 26.5616 + 0.02023T. Substituting these values, for compounds 5.2-
5.5, Z was found to be 0.2. Since in these compounds, all the five discs are joined together,
so, value of Z suggested that each of the columnar slice is made of only one disc. The lattice
area S is calculated by the relation, S = a®*V3/2 for compounds 5.2-5.5. As the size of the
molecules is increasing from 5.2-5.5, lattice area is also increasing. The columnar cross-
section designated as S¢, calculated by the relation Sco = S/2. The value of this parameter

also increased with increase in the molecular size. For compound 5.1, Z was found to be 0.5.
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The lattice area S calculated by the relation, S = a x b for compounds 5.1 was found to be
876.03 A,
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Figure 3.4 X-ray scattering patterns of compounds (a) 7.3 at 135 °C; (b) 7.4 at 200 °C on
heating, (c) 7.6 at 120 °C and (d) 7.7 at 140 °C after cooling from isotropic phase.

X-ray scattering pattern of compounds 7.1, 7.2 and 7.5 consisted of many peaks both in the
small and wide angle region, indicating their crystalline nature. One-dimensional intensity vs.
two theta (20) graph derived from the X-ray scattering pattern of compound 7.3 is shown in
Figure 3.4a. As can be seen from the Figure, in the small angle region, two reflections, one
very strong and one weak are present whose d-spacings are in the ratio of 1:1/77, consistent
with a two-dimensional hexagonal lattice. In the wide-angle region, a diffuse reflection
appears at 5.30 A. This corresponds to the liquid-like order of the aliphatic chains. The
second peak at d = 3.50 A can be attributed to the core-core separation. The intercolumnar

distance, a, corresponding to the strongest peak in the small angle region was found to be
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19.23 A. This is 7 % lesser than the fully extended molecule indicating interdigitation of the
alkyl chains. All the features fit into the well-known model for the Coly, phase in which the
disc-like core of the molecules stack one on top of the other to form columns surrounded by
alkyl chains and these columns in turn arrange themselves in a two-dimensional hexagonal
lattice. In the X-ray diffractogram of compound 7.4, the ratio between the scattering spacings
of the 100 and 210 reflections of 1 : 1/N/7, typical for a hexagonal phase, is clearly visible
(Figure 3.4b, Table 3.2). The reflection at d = 3.51 A is assigned to be the inter disk distance
and indicates that the phase is ordered. The intercolumnar distance, a, was found to be 19.31
A which is slightly more than compound 7.3 owing to almost similar size of branched chain.
A similarly ordered columnar hexagonal phase (Coly,) was assigned to compound 7.6 based

on the scattering pattern shown in Figure 3.4c.
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Figure 3.5 X-ray scattering patterns of compounds (a) 6.2 at 90 °C, (b) 6.4 at 80 °C, (c) 6.5 at
138 °C, (d) 6.6 at 105 °C, (e) 6.7 at 125 °C and (f) 6.8 at 100 °C after cooling from isotropic
phase.

The X-ray scattering pattern of the compound 7.7 is different from those of the other
compounds and consisted of many peaks. Figure 3.4d shows the scattering pattern for
compound 7.7 at 140 °C as obtained upon cooling from the isotropic phase. The four Bragg
reflections observed in the small angle region can be indexed as 100, 110, 200 and 210 being
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in the ratio of 1: 1/43: 1/V4: 1/N7 according to a two dimensional columnar hexagonal lattice.
Surprisingly, for this molecule, the core-core separation was found to be 4.20 A. This
suggested that more number of branching points in the alkyl chains also affect the packing of

discs in the mesophase.

The columnar slice thickness hy, or lattice constant ¢ is ~3.50 A for compounds 7.3, 7.4, 7.6
and 4.20 A for 7.7. The number of molecules per columnar slice of thickness hy, designated
as Z was found to be ~ 1. The value of Z suggested that each of the columnar slice is made of
single disc only. As the size of the molecules is increasing from 7.3 to 7.7; lattice area S and

columnar cross-section S is also increasing.

The broad small angle reflection for 6.2 showed a d-spacing of 15.04 A in the mesophase (at
90 °C, Figure 3.6a). This corresponds to the average length and diameter of the rod (~24.4 A)
and discs (~7.6 A), respectively indicating a molecularly mixed N phase. Obviously, much
smaller reflection at small angle than that of the total length of the hybrid confirms the
compatibility (homogeneously mixed) of both components (disc and rod) in the mesophase
and no nanophase segregation occurs between them. The peak in the wide angle region at d =
4.35 A corresponds to the lateral separation between the rod and disc moieties. Similar type
of scattering pattern has been observed for all other compounds of this series, with increasing
d values corresponding to the peak in the small angle region. The sketch of the molecularly
mixed nematic phase in these compounds is shown in Figure 3.6. Although biaxiality is
likely to be seen at small length scales, as a result of large aspect ratios between two

components, there is no direct evidence for the formation of biaxial N phase in our study.

Figure 3.6 Sketch of the molecularly mixed nematic phase in compounds 6.2, 6.4-6.8.
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3.3.4 Photophysical properties in CHClI;

The optical properties of 5-7 were investigated by UV-vis and fluorescence spectroscopy. All
the compounds exhibited yellowish-green fluorescence even under daylight conditions
(Figure 3.7). All these compounds exhibited good solubility in solvents such as CH,Cl,,
CHCIs, acetone, ethylacetate, THF except for compound 6.3. These derivatives were found to
be insoluble in solvents such as methanol, ethanol, acetonitrile, hexane and water. The
absorption spectra of mesogens 5.4, 6.6 and 7.6 (as a representative case) in CHCI; at a
concentration of 15 x 10° M is depicted in Figure 3.7 and optical data of all the compounds
is summarized in Table 3.3. The absorption spectra of all the compounds exhibited the well-
resolved vibronic structure of three bands at 416, 442 and 472 nm with increasing intensity
representing the 2-0, 1-0 and 0-0 transitions, (designation of the transitions was carried out
according to Spano and co-workers™) respectively. The S¢-S; band of the perylene
chromophore polarized along the long molecular axis was observed with bands at 260, 269

and 278 nm for triphenylene moieties in 5.4 and at 296 nm for biphenyls in 6.6.
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Figure 3.7 (a) UV—vis absorption spectra of 5.4 (black line), 6.6 (red line), 7.6 (blue line)
and (b) representative emission spectra of 5.4 in 15 uM CHCI; solution. (c) Picture of uM

solution of compound 5.6 in CHCI3 under day-light conditions.

The fluorescence spectrum depicts the same peak structure in a mirror image of the
absorption and displays two bands at ~ 490 and 519 nm with a stock shift between 15-20 nm

for all the compounds. The overall shape of both UV-vis and fluorescence spectra, with the
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0-0 transition being the strongest, suggested that in dilute solutions perylene molecules exist

in non-aggregated state.>>’

Table 3.3 Summary of photo-physical properties of compounds 5.1-5.5, 6.2, 6.4-6.8 and 7.3-
1.1.

Mesogen  Absorption! Emission®”  Stokes ol Anisotropy  Band

(nm) (nm) shift (nm)  (ns) gap™
(eV)

5.1 473, 444, 421, 346, 487,519 14 0.91 0.215 2.45
307, 280, 271, 260

5.2 472, 443, 416, 346, 490,519 18 1.37 0.174 2.44
308, 280, 271, 261

5.3 472, 443, 415, 346, 491,519 19 1.46 0.167 2.45
308, 280, 271, 261

54 471, 443, 416, 346, 489,518 18 1.61 0.161 2.47
309, 280, 271, 261

55 472, 442, 416, 346, 489,521 17 2.17 0.149 2.45
308, 280, 271, 261

6.2 472,443, 417, 296 490, 521 18 4.33 0.045 -

6.4 472,443, 415, 296 488, 519 16 4.33 0.042 -

6.5 472,443, 414, 296 488, 520 16 411 0.049 -

6.6 472,443, 414, 297 488, 520 16 4.14 0.046 -

6.7 472,443, 416, 296 489, 519 15 4.15 0.048 -

6.8 472, 443, 417, 296 488, 520 16 4.09 0.049 -

7.3 471, 443, 415 491, 519 20 411 0.015 2.45

7.4 471, 442, 415 491, 519 20 4.36 0.014 2.47

7.6 471, 443, 413 489, 519 18 4.12 0.018 2.46

7.7 472,443, 415 489, 519 17 4.04 0.018 2.45

[a]Measured in CHCI; solution of at concentrations of approximately 15 x 10 ® M. [b]Excitation wanvelength is
~ 470 nm for all compounds. [c]Average Fluorescence life time. [d]Optical energy gap from the onset of
absorption in solution from UV-vis data. [e]Not calculated for compounds 6.2, 6.4-6.8.

Evidence for the self-association behavior of 5.4 in CHCI; solution was provided by *H
NMR spectrum at different concentrations (Figure 3.8). It has been well established that an
upfield shift of aromatic proton signals is a signature of intermolecular association involving

n-stacking interaction. Upon increasing the concentration from 0.81 to 13.61 mM at r.t., the
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resonance of protons in 5.4 is upfield shifted by 0.02 ppm (from 8.26 to 8.24 ppm). However,
for compound 7.6, an upfield shift of 0.13 ppm (from 8.40 to 8.27 ppm) is recorded upon
increasing concentration from 1.09 to 13.51 mM (Figure 3.8b). The upfield shifts of the
aromatic proton resonances in concentrated solutions reflect a typical co-facial molecular
stacking of aromatic cores. This co-facial stacking of perylene core in the concentrated
solution was found to be more for 7.6 than for 5.4, probably because of the triphenylene
discs, perylene moieties are not in the same plane, leading to lesser interactions. Ghosh et
al.®® found that for perylene bisimides, no aggregation occurred in chloroform and this was
attributed to the solvation of the n-cloud. In our case, we have observed that no aggregation
occurred in chloroform in dilute conditions. However, significant changes in the chemical

shifts have been observed when the concentration was increased.
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Figure 3.8 Aromatic region of *H NMR spectra of (a) 5.4 and (b) 7.6 recorded at various

concentrations in CDCl3 solution at r.t., 400 MHz.

The fluorescence quantum vyields®® of 5.4 and 7.6 were calculated in CHCI; solvent using
quinine sulphate as the standard (®, = 0.52 in 0.1 N H,SO,) and the following equation:

s = O; [FALIFA] (n/ny)?

Where @ denotes the quantum yield, F is the integrated area under the fluorescence spectrum,

n is the refractive index of solvent and A is the absorbance at the excitation wavelength. The
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subscript r and s denote the reference and the sample. The quantum yields are given in Table
3.4. 1t is seen that quantum yield depends on the concentration of the sample and decreases
with an increase in concentration in both cases. This can plausibly be due to the quenching of
the excitation energy with increasing concentration.®® Due to the high quantum vyields in the
diluted solutions, they could be used as standards for quantum yield measurements because
of their high solubility in organic solvents (at 471-473 nm).

Table 3.4 Quantum yield of 5.4 and 7.6 in CHCI; at different concentrations.

Concentration Quantum Yield
5.4

7.64x107M 101

2.29x 10°M 053

3.01 x 10°M 0.49

7.6

2.98 x 10°M 0.91

5.96 x 10° M 0.45

8.94 x 10°M 0.31

The optical energy gap was calculated from the onset of absorption in CHCI3; and was found
between 2.45-2.47 eV for compounds 5 and 7 which is comparable to the literature known

perylene derivatives.*

In order to understand the changes in the nano-environment of the perylene-based hybrid
fluorophores and their ordered molecular system, fluorescence lifetime (ra) and steady state
anisotropy measurements were performed in dilute solution (Table 3.3, 15 puM in CHCI3).
Interestingly, except for 5.1-5.5, the measured life time in all other hybrids is close to 4 ns
whereas, measured life time value reported for perylene is 5.2 ns in ethanol solution.®® The
observed decrease in the fluorescence life time could be due to higher non-radiative rate
involved in the processes due to a change of size and shape of the hybrid molecules and thus

molecular interactions. Surprisingly, among all the synthesized perylene hybrids, we noted a
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high value of fluorescence anisotropy and shortest fluorescence lifetime in case of
compounds 5.1-5.5. We hypothesized that bulky triphenylene units attached to perylene core
resulted in restricted molecular motion of the hybrid and thus increased fluorescence
anisotropy. The lower anisotropy observed for compounds with branched chains could be
due to higher rotational diffusion (because of less rigid molecular environment) that may
occur during the lifetime of the excited state and displaces the emission dipole of the
fluorophore. Further, we have observed that with increasing size of the molecule from 5.1 to
5.5, the fluorescence lifetime was increasing. But, the anisotropy values are decreasing.
However, in compounds with cyanobiphenyl moieties 6.1-6.8, r,, decreases with increasing
spacer length but, the values remain close to 4 ns (decrease is not significant as in case of

triphenylene series) and the anisotropy values remain almost same.
3.3.5 Aggregation behavior in binary THF/water mixtures

The polarity of the solvent is gradually changed by the addition of water to the stock of 10
UM THF. We have investigated the influence of solvent polarity on the aggregation behavior
of 5.4 using different concentrations of THF with water and compared with the aggregation
behavior of compound 7.6. Herein, we have made use of dilution method, in which specific
amount of water was added to pure THF stock solution. All the samples were kept properly

sealed to avoid unwanted evaporation of THF during the observation period.

Although aggregation of 5.4 and 7.6 does not occur in the non-aqueous solvents at very low
concentrations, addition of water promoted the self-assembly in these two cases. Figure
3.9a,b shows that by adding increasing amount of water to the stock THF solution, the
absorption spectra considerably changed. It is seen that on increasing water concentration,
the intensities of the peaks gradually decreased and the spectral response becomes broader
(starting from 7 x 10°® M).>*®® Also, with increasing water content, the intensities of 0-0 and
0-1 peaks became equal (at 4 x 10°° M) and then intensity of 0-1 started increasing (at 3 x 10°
®M). The blue shift in the absorption maxima from 471 nm to 420 nm confirms the mod