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CHAPTER 1

Introduction

1.1 Liquid crystals

Liquid crystals (LCs) are unique functional soft materials which combine both order and
mobility on a molecular, supramolecular and macroscopic level [1]. Liquid crystals are
accepted as the fourth state of matter after solid, liquid and gas. Liquid crystals form a
state of matter intermediate between the solid and the liquid state. For this reason, they
are referred to as intermediate phases or mesophases. This is a true thermodynamic stable
state of matter. The constituents of the mesophase are called mesogens. The mesogens
can be organic (forming thermotropic and lyotropic phases), inorganic (metal oxides
forming lyotropic phases) [2] or organometallic (metallomesogens) [3] etc. LCs are
important in material science as well as in the life science. Important applications of
thermotropic LCs are electrooptic displays, temperature sensors and selective reflecting
pigments. Lyotropic systems are incorporated in cleaning process, and are important in
cosmetic industries. They are used as templates for the preparation of mesoporous
materials and serve as model systems for biomembranes. LCs are important in living
matter. Most important are the biological membranes, DNA can form lyotropic
mesophases etc. Anisotropic fluid states of rigid polymers are used for processing of high
strength fibers like Kevlar. LCs can potentially be used as new functional materials for
electron, ion, molecular transporting, sensory, catalytic, optical and bio-active materials.
LCs are extremely diverse since they range from DNA to high strength synthetic

polymers like Kevlar (used for bullet-proof vests, protective clothing, high performance



composites for aircraft and automotive industries) and from small organic molecules like
alkyl and alkoxycyanobiphenyls used in liquid crystal displays (LCDs) to self-assembling
amphiphilic soap molecules. Recently their biomedical applications such as in controlled
drug delivery, protein binding, phospholipid labeling, and in microbe detection have been
demonstrated. Apart from material science and bio-science, LCs are now playing
significant role in nanoscience and nanotechnology such as synthesis of nanomaterials
using LCs as template, the design of LC nanomaterials, alignment and self assembly of
nanomaterials using LC phases and so on. Owing to their dynamic nature,
photochemically, thermally or mechanically induced structure changes of liquid crystals
can be used for the construction of stimuli-responsive materials. Although LCs have
diverse applications such as temperature sensing, solvents in chemical reactions, in
chromatography, in spectroscopy, in holography, etc., they are primarily known for their
extensive exploitation in electrooptical display devices such as watches, calculators,

telephones, personal organizers, laptop computers, flat panel television etc.

1.2 Liquid crystals as an intermediate phase (mesophase) of matter

The molecules comprising a solid generally posses both positional and orientational
order, meaning that the centre of mass of the molecules occupy specific locations and the
molecular axes point in certain directions. So it possesses anisotropic properties that is
various physical properties are direction dependent. When the solid melts to a liquid, both
the positional and orientational order vanish. In this state there are no preferred locations
for the centre of mass or preferred direction of orientation for the molecular axes. In the

liquid state, the molecules diffuse freely throughout the sample and the centers of mass



move in random directions. So it is an isotropic phase. In addition to the solid and liquid
phases, there are condensed phases that exhibit intermediate order. The simplest case is
one in which the molecules are generally fixed at lattice points but in addition to
vibration, may freely rotate. This type of material is referred to as plastic crystals.
However, If one axis of a molecule is much longer or shorter than the other two axes,
then it is possible for additional phases to form in which there is some positional and
orientational order, but much less than is found in solids and plastic crystals. These are
liquid crystal phases, in which the molecules diffuse throughout the sample while
maintaining some positional and orientational order albeit short-ranged. The ability of
the molecules to move among the various lattice sites imparts fluidity to these structures,
but since all directions within the phase are not identical, they are anisotropic rather than
isotropic fluids. So liquid crystals combine the anisotropic properties of solids and
fluidity of liquids. Since these anisotropic ordered fluids lie in between solids and liquids
and possess properties of both, they are called intermediate phases or mesophases.

The description given above for the solid state is really appropriate for a
crystalline solid. Some substances in the liquid state change into an amorphous solid
rather than a crystalline solid when cooled. The molecules in the amorphous solids are
fixed in place, but there is no overall pattern to the arrangement of these molecules. The
molecules are arranged more or less randomly, but unlike in the liquid and liquid crystal
state, they do not diffuse throughout the substance.

Let us mention a fourth state of matter called the plasma phase. It has nothing to
do with liquid crystals, but it is a true state of matter just as the solid, liquid and gaseous

states are. If a substance is heated to a very high temperature, the random motion



becomes so violent that electrons that are normally bound to the atoms get knocked off.
This phase of matter is composed of positively charged ions and negatively charged
electrons, which normally attract each other so strongly that the ions and electrons bind
together. The temperature is so high, however, that the rate the ions and electrons bind
together is equal to the rate the electrons are being knocked off atoms. Thus the substance
exists in this state with unbound electrons and ions. It is a new phase of matter that
normally exists in and around stars. Scientists presently create plasma in their

experiments on nuclear fusion.

1.3 Brief history of thermotropic liquid crystals

The discovery of liquid crystals is usually attributed to an Austrian botanist by the name
of Friedrich Reinitzer. In 1888, while determining the melting point of cholesteryl
benzoate 1, he noticed the unusual melting behavior of this compound [4]. It melts at
145.5 °C from solid to form a cloudy liquid and at 178.5 °C it appears to melt again to a
clear liquid. He also observed some unusual colour behavior upon cooling. This strange
phenomenon of the existence of “double melting” was explained by the German physicist
Otto Lehmann [5]. He first referred to them as ‘soft crystals’; later he used the term
‘crystalline fluids’. As he became more convinced that the opaque phase was a uniform
phase of matter sharing properties of both liquids and solids, he began to call them
“liquid crystals”. The discovery of liquid crystals itself was a multidisciplinary task and
so also the present day science and technology of liquid crystals. It should be noted that
researchers as early as 1850s actually dealt with liquid crystals but did not realize the

uniqueness of the phenomena [6].
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Over the next decade about 15 Liquid crystals became known. All these materials
were discovered by chance only, as no relationship between the molecular shape and
liquid crystalline state was known. During the first half of the twentieth century, progress
was mostly made by chemists, who discovered new types of liquid crystal molecules.
Daniel Vorlander, a professor of chemistry at the University of Halle, started systematic
synthetic work in order to find out structure-mesophase relationship in the beginning of
twentieth century and by 1935 about 1100 liquid crystalline compounds were prepared in
his laboratory alone [7]. He remarked that all the compounds exhibiting mesophases had
elongated (rod-like) molecules, now called calamitic molecules. In 1965 at the
International Liquid Crystal Conference (ILCC), the application of cholesteric liquid
crystals in thermography was presented, but in 1968 ILCC, Heilmeier’s group gave the
first indication for an application of liquid crystals in electrooptical display technology.
This report increased the interest in liquid crystal research exponentially which continues
even today. By 1992 the number of liquid crystalline materials increased to about 50,000.
To date more than hundred thousand liquid crystalline compounds are known in the
literature.

In 1977, Chandrasekhar and his colleagues reported that not only rod-like i.e.

calamitic molecules, but also compounds with disc-like molecular shape are able to form



mesophases [8]. Currently more than 3000 discotic liquid crystals are known in the
literature.

The latest addition in the liquid crystal family is banana-shaped molecules in 1996
[9]. Typically their molecular structure can be regarded as being composed of three units;
an angular central unit, two linear rigid cores and terminal chains. The discovery of
ferroelectricity in non-chiral banana shaped molecules has led to a very intense research
activity in the field. Several hundred bent molecular shape compounds have been
synthesized so far. Bent shaped molecules provide access to mesophases with polar order

and supramolecular chirality.

1.4 Classification of liquid crystals
There are various ways of classifying liquid crystals such as: depending on the molar
mass of the constituent molecules; low molar mass ( monomeric and oligomeric), and
high molar mass (polymeric) liquid crystals; depending on how the liquid crystalline
phase has been obtained whether by adding solvent (lyotropic) or by varying the
temperature (thermotropic); depending the nature of the constituent molecules (organic,
inorganic and organometallic); depending on the geometrical shape of the molecules
(rod- like , disc-like, bent core); depending on the arrangement of the molecules in the
liquid crystalline phase (nematic, smectic, columnar, helical, B phases etc). The
classification of liquid crystals is shown in Figure 1.

However, the most widely used classification of liquid crystals is into two major
categories; (a) Thermotropic liquid crystals (Mesophase formation is temperature

dependent), and (b) Lyotropic liquid crystals (Mesophase formation is solvent and



concentration dependent). If a compound displays both thermotropic and lyotropic liquid

crystalline phases then it is called amphotropic liquid crystal.

] Liquid Crystals ]

| High molar mass

Low molar mass =
(polymers)

(monomeric, oligomeric etc.)

</ Thermotropic ] Lyotropic |

Y

Main Chain polymer

Enantiotropic

Monotropic

' Side Chain polymer
l Lamellar  Col Cubic

] |

\
| Rod-like | Disc-like ) | Banana-likd
l Sm N | | Col N | ‘B Sm Ny

Figure 1. Classification of liquid crystals.

| Mixed Chain Polymer

Since this thesis deals with thermotropic liquid crystals, a very brief introduction of
the lyotropic liquid crystals has been given below owing to their biological significance

and they play an important role in living systems [10].

1.4.1 Lyotropic liquid crystals

Lyotropic liquid crystals are composed of molecules with amphiphilic properties
dissolved in a solvent. The amphiphilic compounds are characterized by two distinct
parts of contrasting character, a hydrophilic polar “head” and a hydrophobic nonpolar

“tail”. Mesophase formation in lyotropic liquid crystals is controlled by concentration



and/or temperature. Typical examples of lyotropic liquid crystals are soaps in water and
various phospholipids. Just as there are many different types of structural modifications
for thermotropic liquid crystals, there are several different types of lyotropic liquid
crystal phase structures. Each of these different types has a different extent of molecular
ordering within the solvent matrix. Three different classes of lyotropic liquid crystal
phase structures are widely recognized. These are the lamellar, the hexagonal columnar
and the cubic phases (Figure 2), and their structures have each been classified by X-ray

diffraction techniques.

(b} (c)

Figure 2. Lyotropic liquid crystalline phases.

1.4.2 Thermotropic liquid crystals

When the liquid crystalline phases are obtained by varying the temperature of the
compounds then they are called thermotropic liquid crystals. The mesophase can be
obtained by heating a solid or by cooling an isotropic liquid. The transition temperature
from the crystal to the mesophase is called the melting point, while the transition
temperature from the mesophase to the isotropic liquid is named as clearing point. When
thermodynamically stable mesophases are obtained both heating and cooling then the

phases are called enantiotropic. If the mesophase is obtained only while cooling the



isotropic liquid then it is called monotropic phase and is a metastable mesophase, and the
mesophase transition occurs below the melting point. The essential requirement for a
molecule to be a thermotropic liquid crystal is a structure consisting of a central core
(often aromatic) and a flexible peripheral moiety (generally aliphatic chains). Moreover,
along with the geometric anisotropy, interaction anisotropy and microsegregation are the
driving parameters for mesophase formation. Based on the shape of the mesogenic
molecules, thermotropic liquid crystals are classified into three main groups: (a) calamitic
(rod-like); (b) discotic (disc-like), and (c) bent core (banana-like).

1.4.3 Calamitic liquid crystals

The most common type of molecules that form mesophase is rod-like molecules. These
molecules possess an elongated shape i.e. the molecular length (1) is significantly greater

than the molecular breadth (b) as depicted in Figure 3.

flexible chain  rigid core

|
@«/\/\t\lvv( )\/\vavuo 1 b
P =

Figure 3. Representation of a calamitic liquid crystal where I>>b.

The shape anisotropy in combination with interaction anisotropy and microsegregation of
incompatible parts in calamitic liquid crystals leads to a number of mesophase
morphologies. Most of the calamitic liquid crystalline compounds consist of two or more
ring structures, bonded together directly or via linking groups. They usually have
terminal hydrocarbon chains and some time lateral substituents as well. The typical

chemical structure of these molecules can be represented by the general template as



shown in Figure 4, where A and B are core units (benzene, naphthalene, biphenyl etc.), R
and R’ are flexible moieties such as normal and/or branched alkyl groups, M and N are
generally small lateral substituents (-X, -NO,, -CHs, -OCH3;, -CN etc.). Y is a linking

group to the core units and X & Z are linking groups of terminal chains and core units.

R==X Y Z=R'

Figure 4. General template of calamitic liquid crystals.

Lateral substituents M and N are responsible to modify the mesophase morphology and
physical properties of calamitic liquid crystals. Calamitic liquid crystals can be further
classified into (a) Nematic (from Greek word nematos meaning “thread”), and (b)
Smectic (from the Greek word smectos meaning “soap”) etc. depending on the

arrangement of the mesogens in different mesophases.

1.4.3.1 Nematic Phase

The nematic phase has a high degree of long-range orientational order of the molecules,
but no long range positional order. This is the least ordered mesophase (closest to the
isotropic liquid state). It differs from the isotropic liquid in that the molecules are
spontaneously oriented with their long axes approximately parallel (Figure 5). The
preferred direction of orientation of the molecules, depicted as a long arrow, is called the

director.

10



Director ‘

Nematic phase

Figure 5. Schematic representation of calamitic nematic liquid crystals.

1.4.3.2 The chiral nematic phase

The first thermotropic liquid crystalline material discovered in 1888 by Austrian botanist
Reinitzer, exhibits what is now known as the chiral nematic phase (N*). Historically, the
chiral nematic phase was called the cholesteric phase because the first materials
exhibiting this phase were cholesterol derivatives. Today this is not the case and there are
many different types of chiral materials that exhibit the chiral nematic (cholesteric) phase
and these have no resemblance to cholesterol. In fact, a chiral nematic phase can be
generated by adding a small quantity of chiral material (not necessarily liquid crystalline)
to a nematic material. It is thought that this is achieved by the chiral dopant creating a
chiral environment for all of the other achiral molecules and hence a helical
macrostructure is generated. The asymmetry of the constituent molecules of the chiral
nematic phase causes a slight and gradual rotation of the director. This gradual change
describes a helix which has a specific, temperature-dependent pitch (Figure 6). The
helical structure has the ability to selectively reflect light of a wavelength equal to that of

the helical pitch length. If the pitch length is of the order of the wavelength of visible

11



light, then colours are selectively reflected. The pitch length is temperature dependent
and hence so is the color of the reflected light. This is the basis behind the commercially
successful use of chiral nematic materials in thermochromic thermometer devices and

other devices that change colour with temperature.

Axis of the Helix

=

a half Pitch length

Structure of the
Chiral Nematic phase

Figure 6. Representation of cholesteric phase.

1.4.3.3 Smectic phases

Rod-like molecules are able to form liquid crystalline phases where in addition to the
orientational order, the molecules possess short range positional order as well. The
molecules are arranged in layers with well defined layer spacing or periodicity. The
smectic phase is denoted by the symbol Sm. There are several types of smectic
mesophases, characterized by a variety of molecular arrangements within and between
the layers. Although the total number of smectic phases cannot be specified, the
following types have been defined: SmA, SmB, SmC, SmF, Sml etc. However, SmA and

SmC mesophase are more commonly encountered (Figure 7). In SmA phase the

12



molecules form layers with their long molecular axes and hence the director parallel to
the layer normal. The SmC phase has the same layer structure of the SmA, but the
molecules are tilted with respect to the layer normal. In both the phases, there is no
positional order among the molecules within the layers. However, they possess 1D layer
periodicity (periodical stacking of the layers). SmB, SmF and Sml are more ordered
smectic phases in which the molecules possess hexagonal order within the layers. They
are called hexatic smectic liquid crystals. Disordered crystals having layer-like structures
are often referred to as Smg, SmH, SmK, SmG and SmJ phases but they are more
properly defined as lamellar plastic crystals. Tilted smectic mesophases formed by chiral
compounds or containing chiral mixtures are designated by the superscript * (SmC*,
SmF*, etc.). More recently, a frustrated smectic liquid crystal phase has been discovered
that occurs above the temperature of the normal smectic phases in some chiral materials;

this phase is called the twist-grain boundary (TGB) phase.

4 Director ‘ Director
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Figure 7. Smectic A and Smectic C liquid crystal phases.
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1.4.3.4 Smectic C* phase

When the constituent molecules of the smectic C phase are chiral the phase is called
smectic C*. The phase structure is basically the same except that the molecular chirality
causes a slight and gradual change in the direction of the molecular tilt (there is no
change in the tilt angle with respect to the layer normal). This change in tilt direction
from layer to layer gradually describes a helix (Figure 8). Since the tilted molecules of
the smectic C* phase are chiral the symmetry of the layers is reduced to a two-fold axis

of rotation.

-

Molecular
layers

N

Dipole

One Twist of the Helix

Chiral
Molecule

Helhielectric structure of the
Smectic C* phase

Figure 8. Helielectric structure of smectic C* liquid crystal.

Even though the molecules are undergoing rapid reorintational motion, the overall result
of the reduced symmetry is to create an inequivaleance in the dipole moment along the C,
axis. Such dipole inequivalence generates a spontaneous polarization (Ps) along the C,
axis, the direction of which changes with the changing tilt direction of the helix.
Accordingly, Ps is reduced to zero throughout a bulk sample which is not influenced by

external forces, hence the SmC* phase is truly defined as helielectric. However, a single
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layer of the chiral smectic C phase is ferroelectric and so by unwinding the helix (by
external forces such as surface interactions) a true ferroelectric phase is generated [11].
1.4.3.5 Ferro- antiferro- and ferrielectric chiral smectic C phases

Ferroelectricity arises when the naturally helielectric smectic C* phase is unwound. If
this unwinding of the helix allows the layer polarizations to point in the same direction
then the phase is called ferroelectric. This phase will possess a net bulk polarization.
However, the unwinding of the helix can lead to two other phases known as

antiferroelectric and ferrielectric phases.
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Ferroclectric chiral Ferrielectric chiral Antiferroelectric chiral
smectic C smectic C smectic C

Figure 9. Schematic representation of ferro-, ferri- and antiferroelectric chiral smectic

phases.

The suggested structure of the antiferroelectric phase shows that the molecular layers are
arranged in such a way that the polarization directions in subsequent layers point in
opposite directions which results in an averaging of the spontaneous polarization to zero.
Evidence to support this hypothesis comes from the fact that when a strong electric field

is applied to this phase the layer ordering is perturbed and the phase returns to a normal



ferroelectric phase. Removal of the field will generate the antiferroelectric phase. In the
ferrielectric phase, the layers are stacked in such a way that there is a net overall
spontaneous polarization. In this phase, the number of layers of opposite polarization is
not equal i.e. more layers are tilted in one direction than the other. The structures are
shown in the Figure 9.

1.5 Discotic liquid crystals

Since this thesis mainly deals with discotic liquid crystals, they are discussed in greater
details later in this chapter after a brief introduction of banana liquid crystals.

1.6 Banana liquid crystals

Molecules incorporating a bent rigid core (banana-shaped molecules) 2 have been

synthesized and investigated.

The bend in the rigid cores of the banana liquid crystal compounds leads to a reduction
of the rotational disorder of the molecules about their long axes. The reduced symmetry
of the rigid segments of such molecules leads to a directed packing of the molecules
within layers. The important consequence of the directed packing of such molecules is
the occurrence of a polar order parallel to the smectic layers. In order to escape from a
macroscopic polarization, the layer structures are modified, and this leads to new
mesophase morphologies. Bent core molecules are the first examples which have
experimentally shown that antiferroelectric switching with large spontaneous polarization

is indeed possible in a liquid crystal phase composed of non-chiral materials. In most of

16



these mesophases the molecules are additionally tilted (SmCP) and this leads to a further
reduction of the phase symmetry. An inherent handedness of such SmCP phase is
observed, and this handedness is geometrical in nature and does not result from a
molecular chirality. This inherent chirality can lead to mesophases with chiral
supramolecular structures even though the molecules themselves are achiral. The
formation of helical super structures in order to escape from a macroscopic polarization is
another way to chirality in such supramolecular systems composed of achiral molecules.
Moreover, in some cases macroscopic regions of opposite handedness are spontaneously
formed. Due to the absence of molecular chirality both enantiomeric structures are
equally probable. These dark conglomerates or dark racemates are optically isotropic
phases with local SmCP order. Bent core molecules open the door to novel complex
types of molecular self-organization and to the new field of supramolecular
stereochemistry. None of the B phases are miscible with any smectic phase of calamitic
compounds. Special molecular packing of bent molecules in smectic layers could give
rise to ferro-, ferri- or antiferroelectric properties. Bent core mesogens are the first
thermotropic liquid crystals for which a biaxial nematic (Np) phase was unambiguously
determined [12]. The occurrence of superstructural chirality in the mesophase of bent-
core compounds without having any chiral auxiliary in the molecules is not only of
fundamental scientific interest but also of industrial application as this chirality can be
switched in external electric fields. Various new applications of these materials include
nonlinear optics, flexoelectricity, photoconductivity, molecular electronics and the design
of biaxial nematic phase. Figure 10 shows a general template of banana liquid crystal

molecules.
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Figure 10. General template for banana liquid crystals.

Bent molecular structures represent a new sub-class of thermotropic liquid
crystals, which can display not only classical nematic and/or smectic phases, but also
novel types of smectic-like phases called “B” phases and are humbered according to their
chronological discovery, from B; to the most recent Bg. The symbol B stands for banana-
or Bent- or Bow-shaped mesogens. The three vectors (1) layer normal, (2) tilt direction
and (3) polar axis (kink direction) make-up an orthogonal system which may be left or
right handed. Right and left handed systems are mirror images of one another and hence
chiral (Figure 11). If there is a dipole moment associated with the kink this axis becomes
the polar axis which is responsible for ferroelectricity. Macroscopic samples are achiral.
If chirality alters from layer to layer in a sample, it is called racemic. If there are

macroscopic domains with homogeneous chirality, the sample is homochiral.
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Figure 11. Origin of chirality in banana liquid crystals.

1.7 Polymeric liquid crystals

Basically, there are two types of liquid crystal polymers; main chain LC polymer and side
chain LC polymer. Main chain liquid crystal polymers (MCLCPs) consist of repeating
mesogenic monomer units. The monomer unit must be anisotropic and difunctional to
enable polymerization and the generation of mesophases. Side chain liquid crystal
polymers (SCLCPs) consist of mesogenic structural moieties appended from a polymer
backbone. The mesogenic units are invariably separated from the polymer backbone by
fairly long spacer units which are usually several methylene units or ester units or ether
units at the point of attachment. The long flexible spacers in the polymer structure
provide adequate mobility for the formation of liquid crystalline phases. Attachment of

the calamitic mesogenic units is usually at the terminal position however a few polymers
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have their mesogenic units attached at a lateral position. A third class of liquid crystal
polymers is called combined liquid crystal polymers. These polymers combine the

features of main chain and side chain polymers.

S = S22 -

Discotic Main Chain Polymer

Discotic Side Chain Polymer
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Calamitic Main Chain Polymer
Calamitic Side Chain Polymer

Calamitic Mixed Chain Polymer

Figure 12. Main chain and side chain liquid crystal polymers.

Side chain mesogenic units can be attached via a spacer unit, to a mesogenic main chain

either at the linking unit or at the mesogenic unit. Depending on the shape of the
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mesogenic units in the polymers they can be classified as calamitic or discotic liquid
crystal polymers [13]. They are shown in Figure 12. Moreover in between the low molar
mass monomeric and high molar mass polymer LCs there exist monodisperse LC dimers,
trimers, higher oligomers and dendrimers which have served as the model compounds to

understand the transitional properties of LC polymers.

1.8 Discotic liquid crystals: the discovery

In September 1977, when the rod-like thermotropic liquid crystals started revolutionize
commercial display technologies, 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” [8]. They prepared a number of benzene
hexa-n-alkanoates (3) and from thermodynamic, optical and X-ray studies, it was
established that these materials form a new class of liquid crystals in which molecules are
stacked one on the top of other in columns that constitute a hexagonal arrangement. This

opened a whole new field of fascinating liquid crystal research.
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It is interesting to mention that Vorlander in 1924 supposed the possibility of the

existence of mesophases in leaf-shaped molecules [14] but his attempts to realize any
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example with this behaviour had been unsuccessful probably because the molecules, he
looked at were devoid of flexible chains. He mentioned in his article that leaf-shaped
molecules do not form any liquid crystals at all. Of course, the same molecules
surrounded by long aliphatic chains are now well-known for forming columnar
mesophases.

In the early 1960s, anisotropic mesophases with nematic texture had been
observed during the pyrolysis of graphitizable substances (carbonaceous mesophase)
[15]. These mesophases were considered to be built up of flat polyaromatic molecules,
however, and not by well-defined organic molecules. They were not stable and
homogeneous in nature. Therefore, it was not possible to fully characterize these
mesophases.

Self-organization of disc-like molecules to form columnar liquid crystals by
Chandrasekhar et al. were an entirely new class of liquid crystal, quite different from the
classical liquid crystals formed by rod-like molecules that had been known since they
were observed by Friedrich Reinitzer in 1888. The disc-like molecules spontaneously
self assemble in one-dimensional (1D) stacks, which in turn, self-organize on various

two-dimensional (2D) lattices; the third dimension has no translational order (Figure 13).

Figure 13. Self assembly of discotic liquid crystals into columnar phase.
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1.9 Structure of the liquid crystalline phases formed by discotic mesogens

Most of the discotics exhibit only one type of mesophase but few examples are known to
exhibit polymorphism [16]. Mesophases formed by disc-shaped molecules are primarily
four types: (i) Nematic, (ii) Smectic, (iii) Columnar and (iv) Cubic. The columnar phase
is ubiquitous in discotics followed by nematic phase whereas the other phases are rarely

observed.

1.9.1 Nematic Phases of discotic mesogens

The nematic phases of disc-shaped molecules can be subdivided into three different kinds
depending on the molecular arrangements. 1. Discotic Nematic (Np), 2. Chiral Nematic
(Np*) 3. Columnar nematic (Nco) and 4. Nematic lateral (N).

In the discotic nematic phase, the molecules stay more or less parallel, having
orientational order but no long range positional order (Figure 14a). The nematic phase of
disc-shaped molecules is usually not miscible with the nematic phase of rod-shaped
molecules. However, the symmetry of the nematic phase formed by disc-shaped
molecules is identical to that formed by rod-shaped molecules. In discotic nematic phase
the director is along the short molecular axes of the molecule since the disc normals are
orientationally ordered. The phase is denoted by the symbol ‘Np’. Like chiral calamitic
nematic or cholesteric phase, chiral discotic nematic mesophase Np* also exists. The
mesophase occurs in mixtures of discotic nematic and mesomorphic or non-mesomorphic
chiral dopants as well as in pure chiral discotic molecules. Chiral discotic nematic phase
is characterized by a helical structure. The nematic columnar phase is characterized by a

columnar stacking of the molecules. However, these columns do not form two-
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dimensional (2D) lattice structures (Figure 14c). They display a positional short-range
order and an orientational long-range order. Recently, another nematic phase has been
reported, where the disc shaped molecules aggregate into large disc-shaped
superstructures, and these aggregates show a nematic arrangement (Figure 14d). The

phase is referred as the nematic lateral phase (N) due to strong lateral interactions [16].

o

Director
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Figure 14. Nematic phases of discotic liquid crystals.

1.9.2 Smectic phases of discotic mesogens

When there is an uneven distribution of the peripheral chains or there is reduced number
of peripheral chains, the discotic mesogens exhibit smectic mesophase as shown in the
Figure 15. Like the calamitic smectic mesophases, in discotic smectic mesophases the
discs are arranged in a layered fashion separated by sub layers of peripheral chains [17].
Since the molecular rotations about their long molecular axes will be restricted in the
layers, they are expected to exhibit biaxial smectic phases. Unlike columnar phases,

smectic phases are rare in discotic LCs.
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Figure 15. Smectic phase of discotic liquid crystals.

1.9.3 Columnar phases of discotic mesogens

In columnar mesophases, molecules assemble themselves one on the top of the other in
columns and these so formed columns self-organize in various two-dimensional lattice.
The molecules may be arranged in a regular ordered manner or aperiodically
(disordered). Depending on the degree of order in the molecular stacking, orientation of
the molecules along the columnar axis, the dynamics of the molecules within the columns
and the two-dimensional lattice symmetry of the columnar packing, the columnar
mesophases may be classified in seven classes. 1. Columnar hexagonal mesophase (Coly,),
2. Columnar rectangular mesophase (Col;), 3. Columnar oblique phase (Colg), 4.
Columnar plastic phase (Coly), 5. Columnar helical phase (H), 6. Columnar square
(tetragonal) phase (Coly), and 7. Columnar lamellar phase (Col.).

1.9.3.1 The hexagonal columnar mesophase (Coly)

Columnar hexagonal mesophase is characterized by a hexagonal packing of the
molecular columns. Hexagonal mesophases are often denoted as Coly, (Figure 16) or
Colpg where h stands for hexagonal and o and d for ordered or disordered stacking of the

molecules. In both the cases, fluidity exists; only the correlation lengths are different and,
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therefore, it is recommended to discontinue o and d subscripts. The recommended

abbreviation for columnar hexagonal phase is “Col;”.

Figure 16. Hexagonal columnar phase.

1.9.3.2 The rectangular columnar mesophase (Col,)

The columnar rectangular mesophase consist of the stacking of the aromatic cores of the
molecules in columns surrounded by disordered aliphatic chains and packed in a
rectangular fashion. Three different types of rectangular mesophase Col, have been
identified (Figure 17 & 18). In general, the molecules are tilted with respect to the
column axis [18], whereby the cross section, orthogonal to the axis of a column, is
elliptic. Depending on the mutual orientation of the molecules (ellipses) and the number
of columns per unit cell in the lattice, Col, phases have been divided into three different
types. The symmetry of the 2D lattices are specified by three different planar space group
i.e. P21/a, P2/a and C2/m (Figure 18a-c) belonging to the subset of space groups without
any translational order in the direction of the principal symmetry axis i.e. the direction of
the columns. In the lattice with space group P2:/a, the ellipses are oriented alternatively
along two different directions (herringbone packing of elliptical columns), the long axes

of the ellipses are orthogonal to the column axis and the lattice contains two columns per
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unit cell. The P2/a lattice has elliptical columns having three different orientations and
has four columns per unit cell whereas in the C2/m lattice the ellipses are oriented along a
unique direction and the unit cell possesses two columns. Stronger core-core interactions
are needed for the formation of the rectangular phases because the cores of one column
have to ‘know’ how they must be tilted with respect to the cores of the neighboring
columns. Therefore, crossover from columnar rectangular to hexagonal mesophases with

increasing side-chain lengths has often been observed.

(@) (b) (©)

Figure 18. Different types of rectangular columnar phases (a) Col, (P2,/a) ; (b) Col, (P2/a)

and (c) Col, (C2/m).
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1.9.3.3 The columnar oblique mesophase (Colop)

Figure 19 shows the arrangement of the columns in a columnar oblique mesophase, in
which the tilted columns are represented by elliptic cross sections. The symmetry of this
2D lattice corresponds to the space group P;. Examples for columnar oblique mesophases

are rare because of strong core-core interactions [19].

Figure 19. Columnar oblique phase.

1.9.3.4 The columnar plastic mesophase (Col,)
Columnar plastic phase, denoted as Col,, has been identified recently in discotic liquid

crystals [20].

Figure 20. Columnar plastic phase.

This 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 (Figure 20). In

28



the case of Coly, phase structural disorders such as non-parallel arrangement of the discs,
longitudinal and lateral displacements and rotation around the columnar axis occur, while

the motional freedom of discs in the Col, phase is restricted.

1.9.3.5 The columnar helical (H) phase

An exceptional mesophase structure with helical order has been demonstrated for a
triphenylene derivative namely hexahexylthiotriphenylene (HHTT) [21]. In this so-called
H phase helical columns develop which interdigitate in groups of three columnar stacks.

The H phase found in HHTT is illustrated in Figure 21.

Figure 21. Columnar helical phase.

1.9.3.6 The columnar lamellar mesophase

A layered structure is known to exist for mesophases of certain discotic compounds e.g.
bis(p-n-decylbenzoyl)methanato copper(ll), some perylene derivatives, etc. [22]. Such a
columnar lamellar mesophase which is denoted by the symbol Col. is shown in Figure
22. In this phase 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 (translational) correlation.
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Figure 22. Columnar lamellar phase.

1.9.3.7 The columnar square (tetragonal) phase

The columnar square phase otherwise known as the tetragonal phase (Coly) is shown in
Figure 23. Here the columns are upright and they are arranged in a square lattice. Like
columnar hexagonal phase, this phase also exhibit spontaneous homeotropic alignment of
the columns. This phase is exhibited by sugar molecules, phthalocyanines and

supramolecular fluorinated liquid crystals [23].

Figure 23. Columnar tetragonal phase.
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1.10 Cubic phase
Cubic phases are ubiquitous in lyotropic liquid crystals, however some discotic
phthalocyanine derivatives [23c-d] exhibit bicontinuous cubic phase which consist of

interwoven but not connected branched columns.

1.11 Structure of the discotic mesogens

Since the discovery of the first discotic mesogens, most efforts are aimed at
understanding the nature of the molecular parameters that favour the formation of
columnar mesophase and control their transition temperatures. It is now well established
that molecules forming discotic mesophases are typically made of a central discotic
conjugated core substituted by 3-8 saturated chains of three or more carbon atoms. These
materials often have two, three, four or six-fold rotational symmetry. However, there are
many exceptions and materials with low symmetry, a non-planar, non-aromatic core
having shorter number of chains are also documented. The liquid crystallinity results
from the microsegregation of the two constituents: the crystalline character is promoted
by the interaction between the conjugated cores while the liquid character originates from
the melting of the saturated alkyl chains in the mesophase. Discotic molecules organize
spontaneously under the form of one-dimensional columns, which can be oriented easily
and possess self-healing properties, i.e. the capacity of repairing structural defects in
contrast to crystalline materials. The search for such mesophase is mostly ruled by subtle
changes in the number, size and nature of the lateral chains in addition to the central core.

A general template for discotic mesogens is shown in Figure 24.
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Figure 24. General template of discotic liquid crystals.

By tailoring the shape, size and nature of the central core as well as the type of the
attached side chains, compounds with different ability to self-organize into different

mesophase morphologies can be obtained.

1.12 Chemistry of discotic liquid crystals

From the synthetic chemistry point of view, strategies to prepare discotic mesogens are
fairly straightforward. Assembling an aromatic core followed by nucleophilic or
electrophilic aromatic substitutions is most common in the synthesis of discotic liquid
crystalline materials. General methods for their synthesis have recently been described in
the Handbook of Liquid Crystals [1a, 16a]. While preparation of these materials is often
but not always simple, their purification is usually difficult and tedious. This is primarily
because of incomplete substitution of all the functional groups. Partial substitution of

polyfunctional groups gives a mixture of structurally similar products having almost
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identical Ry values on a chromatographic plate and their separation is often difficult even
by HPLC. It is advisable to push the reaction towards completion by taking excess of the
reagent and/or longer reaction time. However, in many cases, excess of the reagent or
longer reaction time cause side reactions and thus a complex mixture of the products
result. Finding optimum reaction conditions is the crucial part of the synthesis. The
chemistry of some of the discotic liquid crystals has been improved significantly in last
few years. Highly regio-selective and high yielding methods are now available
particularly for the synthesis of triphenylene based discotic liquid crystals. Various
options of synthesis pursued to prepare different DLCs are as follows. The simplest route
is the attachment of chains to commercially available polyfunctional cores, e.g.
esterification of naturally occurring scyllo-inositol. However, this option is limited as
only a few polyfunctional cores, suitable to prepare DLCs, are commercially available.
The direct electrophilic aromatic substitution of polycyclic aromatic hydrocarbons has
been used in some cases to generate polyfunctionalized core or directly liquid crystalline
materials but because of regioselectivity problem, such examples are also not common.
The third option is the preparation of polyfunctional cores directly starting from
unprotected functionalized precursor molecules, e.g. one step preparation of hexahydroxy
anthraquinone from Gallic acid. However, this option is also limited as many functional
groups are sensitive towards the drastic reaction conditions used to build the core. The
most common method used to prepare DLCs involves construction of the core with
protected functional groups, followed by cleavage of the protecting groups and finally
grafting pendant chains. Recently, particularly to prepare discotics with ether linkages,

efforts have been made to avoid the protection and deprotection steps and thus, long
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aliphatic chains required to induce mesogenity were attached in the starting molecules
and these then transformed directly to liquid crystalline materials using classical or
modern synthetic methods. This methodology has also been applied to prepare a number

of alkyl substituted DLCs.

1.13 Characterization of discotic liquid crystal phases

The thermotropic phase behavior of discotic liquid crystals is usually studied by using
differential scanning calorimetry (DSC), polarized optical microscopy (POM), wide-
angle X-ray scattering (WAXS) and solid-state NMR [16¢]. DSC is used to determine the
temperatures of phase transitions and enthalpy changes related to each transition. The
fluid character of mesophases and in many cases the characteristics textures are easily
observed by POM. The supramolecular organization and the corresponding packing
parameters in each phase can be studied in detail by X-ray diffraction, in particular by
2D-WAXS of macroscopically orientated samples. This technique allows one to obtain a
detailed insight into the intra and intercolumnar order. It is possible to determine not only
the intercolumnar spacings but also to obtain information about the arrangement of discs
within the columns, such as tilting and helical packing and also to provide much more
dipper insight into the various microstructures adopted in the self assembly of the
mesogens in the mesophase. Solid state NMR is one of the most powerful tools for the
study of the molecular dynamics [24]. This technique allows one to derive independent
conclusions about the rotation of the core or about peripheral mobility of side chains.
Moreover, because of the different electronic environments of the aromatic protons in the

intracolumnar packing, the tilted arrangement of the discs in the solid phase can be
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determined as well. In general it is necessary to apply all these complementary
experimental methods in order to obtain a clear, comprehensive and unambiguous picture
of the bulk behavior of discotic mesogens.

The phase transition from crystalline to the LC phase is accompanied by a
significant increase in molecular dynamics such as the rotation of the discs around the
columnar axis, lateral and axial displacement of the discs etc. The centers of gravity of
the molecules in the columnar LC mesophases are positioned along the column axis and
columns can slide relative to each other giving rise to the fluid character of the phase. It is
important to stress that the molecular fluctuations in the liquid crystalline mesophases
support the self-healing of structural defects and hence enhance the charge carrier

transport along the columnar stacks.

1.14 DLCs as materials for a new generation of organic electronics

In recent years, the organic electronics, i.e. the use of conjugated molecules as active
components in electronic devices, is a field of immense scientific research area because
of the prospect of creation of new industry, electronic devices such as, light-emitting
diodes (LED), field effect transistors (FET), memory elements, sensors, photovoltaic
solar cells, etc [16]. The interest in devices is not only because of potential applications
but also formidable tools to probe the basic structure-property relationships that governed
by the physics and chemistry of organic materials. This challenge creates the need of new
organic materials with innovative design and semiconducting behaviour that deviate from
conventional conjugated materials [25]. Two of the leading contenders for application in

organic (opto)electronic devices are m-bond conjugated polymers and n-rt stacked discotic
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materials. Molecules with hierarchical self-assembly into supramolecular systems, like
discotic liquid crystals which bring order (governs the performance of semiconductor) as
well as dynamics (ability to self-healing of structural defects) are currently viewed a new
generation of organic semiconductors in devices. The low molecular weight of
conjugated liquid crystals associated with discrete mass allows the synthesis of defect-
free chemical structures that are amenable to a higher purity level than most conjugated

polymers [16].

1.15 Why discotics ?

The two-dimensional chemical structure of discotics creates a new situation that results in
a set of unusual features. Majority of DLCs form columnar mesophases probably due to
intense ©-w interactions of polyaromatic cores. The core-core (intracolumnar) separation
in a columnar mesophase is usually of the order of 3.6 A so that there is considerable
overlap of m-orbitals. As flexible long aliphatic chains surround the core, the inter-
columnar distance is usually 20-40 A, depending on the lateral chain length and number
of lateral chains. The number of aliphatic chains around the discotic core varies from 3-8
to produce columnar mesophase. Therefore, interactions between neighboring molecules
within the same column would be much stronger than interactions between neighboring
columns. Consequently, charge migration in these materials is expected to be quasi-one-
dimensional. Conductivity along the columns in columnar mesophases has been reported
to be several orders of magnitude greater than in the perpendicular direction. Thus the
columns may be described as molecular wires or more appropriately molecular cables

since the conducting aromatic cores are surrounded by insulating aliphatic chains in the

36



columnar phase as shown in the Figure 25. Moreover, the supramolecular order of
discotics on/between surfaces (substrates) can be controlled macroscopically by various

techniques.

20-40 A

conducting core
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Figure 25. Energy and charge migration in discotic liquid crystals.

1.16 Discotics as semiconductor: molecular concepts, one-dimensional electrical &
photoconductivity

As described already, columns in discotic liquid crystals would form molecular wires
with conductive channels surrounded by insulating peripheral chains and that’s why the
columnar liquid crystal may display photoconductivity. Model systems for conductivity
studies were based on triphenylene derivatives, which do not usually possess intrinsic
charges [16]. To investigate the charge transport along the columns, charges were created
by doping or through photogeneration. Vaughan et al. [26] doped
hexahexylthiotriphenylene (HHTT) 4 with iodine, which increased the conductivity by
several orders of magnitude. Boden et al. used hexapentyloxytriphenylene 5 with AICls,

which transformed the insulating hexaalkoxytriphenylene 5 into a p-doped
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semiconductor, in which the conduction along the columns was three orders of magnitude
greater than in perpendicular direction. This result clearly indicates the high anisotropy of
conduction in the columnar phase and the columnar phase can be considered as a
practical quasi one-dimensional conductor along the columnar axis. The other discotic
liquid crystalline materials which have been subjected to the measurement of charge
carrier mobility are Porphyrins, Phthalocyanines, Hexabenzocoronenes (HBC)
Hexaazatrinaphthylene (HATNA) etc [27]. Carrier mobility as high as 1.0 cm?/Vs is
observed in the crystalline phase and in the liquid crystalline phase the value reaches 0.38
cm?/Vs in HBCs. The highest values for Porphyrins and Phthalocyanines in the liquid
crystalline phases are 0.07 and 0.08 cm?/Vs respectively and for HATNA the highest is
0.20 cm?/Vs. With an increase in core size the carrier mobilities increase but for very
large core sizes containing 60 or more carbon atoms in the aromatic core the value

decreases because of large amplitude of fluctuation disorder.

For studying charge transport (CT) in discotic liquid crystals the time-of-flight
(TOF) technique, which relies on charge photoregeneration, is most widely used [27].
Charges are generated by light irradiation of discotic films in a typical sandwich-cell
configuration as shown in Figure 26. A light pulse with a definite wavelength and a short

duration is sent, so that the absorption and the following charge generation occurs in a
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very thin layer at only the first interface. An electric field is applied to induce a drift of
the charges. Depending on the polarity of the applied field, holes or electrons will move
across the sample, thus inducing a transient current, which is recorded in an external

circuit, and allowing the deduction of the type of the charge carriers involved.

Laghl pulse I. I
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Figure 26. Set up of the TOF experiment.

The time that these charges take to travel between the electrodes allows the
mobility p to be recorded. In fact, u depends on the applied voltage V and the transit time
t; according to the following equation, where v is the drift velocity, d is the film thickness,
and E is the applied electric field.

U = v/E = d¥/Vt;
The disadvantage of the TOF method is that monodomains with the columns aligned
perpendicular to the electrodes (homeotropic alignment) are required. Any defect in the

path has a strong effect on the mobility, so the values can underestimate the true transport
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potential of the material. Discotics that do not align accordingly might be impossible to
investigate with the TOF method.

When samples cannot be properly aligned, the pulse-radiolysis time-resolved
microwave conductivity technique (PR-TRMC) has been used [27]. In this technique the
material of interest is ionized by a nanosecond pulse of high-energy electrons from a Van
de Graaff accelerator. This results in the creation of charge carriers with a uniform and
known concentration of the order of micromolar. If the charge carriers formed are mobile
this results in an increase in the conductivity of the sample which is monitored with
nanosecond time-resolution as a transient decrease in the power of microwaves which
propagates through the irradiated medium. A simple schematic representation of the

technique is shown in the Figure 27.
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Figure 27. Set up of PR-TRMC experiment.

A PR-TRMC conductivity transient has two characteristics; the magnitude at the
end of the pulse, which is proportional to the product of the concentration of carriers

formed, and their mobility, and the decay after the pulse, which provides information on
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the subsequent recombination and/or trapping of the charge carriers. This has been
related by the following equation

Ac (t) = e Z[N; (t) p]

where L; is the charge mobility and the Nj is the induced charge-carrier concentration in
the sample. The charge carrier mobility in triphenylene discotics, measured by Adam et
al. using time of flight photoconductivity (TOF) method [28] was confirmed by van de
Craats et al. using electrode-less pulse-radiolysis time resolved microwave conductivity
method [29]

The PR-TRMC technique has its limitations, for example, the individual
contributions of the positive and negative charge carriers cannot be separately determined
but it is a method that can be readily applied to any material irrespective of its
morphology or optical properties, thus allowing a large number and variety of materials
to be investigated and compared. Because of the low electric field strength (<100 V/cm)
and the ultra high frequency (ca. 30 GHz) the random diffusional motion of charge
carriers is only slightly perturbed. This together with the nanosecond time response of
detection, ensures that the mobilities determined are effectively zero-field , trap-free
values, characteristic of the most well-organised (highest mobility) domains within a
sample [27].

Discotic mesophases do not exhibit perfect order; as a result charge carriers tend
to localize to an extent that depends on the degree of order. Thus a coherent band like
description is inappropriate and a phonon-assisted hopping picture is more suitable as a
starting point to describe charge transport in discotics. In this case, the charge carriers are

localized on single molecules and jump from disc to disc along the stacks. The frequency
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of charge hopping between two adjacent discs can be approximately estimated on the
basis of semi classical Marcus theory [30]. For such a self-exchanging electron (hole)
transfer process the rate of charge hopping depends on two main parameters: the
reorganization energy and the intermolecular transfer integral. High transfer rates and
hence high charge mobility, requires small values for the former and large values for the
latter [31]. The reorganization energy is sum of two terms: the inner reorganization
energy of the molecule and reorganization energy of the surrounding medium. For
discotic liquid crystals in the bulk state the inner reorganization energy plays a significant
role since there is no other surrounding medium. The reorganization energy reflects the
geometric changes in the molecule when going from the neutral to ionized (ionic or
radical) state or vice versa. The intermolecular transfer integral characterizes the strength
of the electronic coupling between the molecules; the absolute values can be estimated to
a good approximation as half the electronic splitting of the HOMO (LUMO) levels for
holes (electrons) in a dimer made of two neutral molecules. For discotics the transfer
integral has been shown to be very sensitive to the relative position and orientation of the
neighboring molecules. Most favorable for charge transport is the co-facial orientation.
For higher temperatures, however, other factors, such as the variation of the order
parameter with the temperature and the thermal activation effects, should be taken into
account in the model [27].

The chemical structure, symmetry and size of the conjugated core, the shape of
the wave function, the nature of the connecting groups between the conjugated core and
the flexible alkyl chains, the phase morphology and transition temperatures all play

significant role to have a good discotic semiconductor.
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1.16.1 Size of the discotic core

Due to efficient n-stacking in relatively larger cores rather than in small aromatic core
like benzene, variation of size of the conjugated core to design and explore novel discotic
mesogens is one of the main research themes in science. The relatively larger discotic
molecules like triphenylenes 4 and 5 have been extensively studied [32]. It has been
proposed that increasing the size of conjugated core would reduce the core-core
separation and thus enhance the charge mobility [33]. Extraordinary thermal and
photochemical stability of phthalocyanines 6 (M = Metal) and porphyrin 7 discotics in

the field of dyes and pigments have also been reported [34].

The synthesis of hexa-peri-hexabenzocoronene (HBC) derivatives 8 and 9 [353]
have shown an important achievement not only because of highest charge carrier mobility
but also to passivate a way to have very large polycyclic aromatic hydrocarbons (PAH).
They have an excellent opportunity in charge transport and mobility on the basis of core

diameter.
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The empirical relationship on the basis of charge mobility value in discotics suggested by
van de Craats and Warman is

THio = 3exp (-83/n) cm?Vvist

Where Zpp is a mobility sum for holes (u.) and electrons (p.) along the axis of the
columnar stacks and n is the number of atoms in the aromatic core [27].

The experimentally found and calculated values for HBCs and PAHSs are reported
by Mullen et al. [35b]. For relatively small cores the results of PR-TRMC measurements
are in good agreement with calculations. For the aromatic cores with 60 and more carbon
atoms the measured values are not convenient by the calculation results and interestingly
remain insensitive to the core size. This can be the influence of fluctuations (lateral,
longitudinal and rotational) on the charge transfer integral, as reported [36]. It can be
resulting from the counteracting effects on the overall charge transfer integral of

increasing n- overlap but decreasing average charge density as the core size increases.

1.16.2 Connecting groups
The connecting groups between the aromatic core and the flexible alkyl chains play an
important role on charge transport properties. The connecting groups and also flexible

peripheral substituents together change the thermotropic behaviour of octa-substituted
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phthalocyanines [37]. Changing the oxygen atom of hexahexyloxytriphenylene to sulphur
atom results in the formation of a highly ordered helical columnar phase. When
connecting groups are involved in some specific non-covalent intermolecular
interactions, such as intermolecular hydrogen bonding for example in case of hexamide
derivative of hexaazatriphenylene 10, a inter-disc distance as short as 0.318 nm i.e.
smaller than the Van der Walls radii of carbon atoms in PAH has been observed [38].
Also connecting groups dramatically influences the reorganization energy for positive
and negative polarons of selected conjugated cores with or without substituents, which is
modulated by an additional element, the orbital coefficient on the carbon atoms of the =-

system directly connected to the heteroatom [39].

1.16.3 Phase behaviour and transition temperatures

Supramolecular order in mesophases is the most important parameter for efficient charge
transport. The primary criteria of the material to be most suitable in charge transport, is to
be liquid crystalline at ambient temperature and mesophase should be stable over a

sufficiently broad temperature range and it should possess single mesophase morphology.
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The increase of alkyl chain length, number and branching of the side chains of discotic
molecules decreases the transition temperatures. For example, the replacement of normal
alkyl chains by branched alkyl chains in hexaalkynylbenzene [40] and
tricycloquinazoline [41] produces room temperature discotic nematic and columnar
phases, respectively. In hexaalkyl-HBC series of discotic mesogens (11), the compound
11a forms mesophases only above 100 °C with a very high clearing point [42]. On the
other hand compound 11b with longer and more sterically substituents is liquid
crystalline at room temperature. Octa-alkoxycarbonyl phthalocyanines with branched
chains are reported to be room-temperature liquid crystals in literature [43]. It is clear that
introduction of branching produce steric hindrance within the chains and thus has an
important influence on the phase behaviour of the discotic molecules. Similar behaviour
was observed for the family of tetra-alkoxy phthalocyanines [37]. It clearly appears that
the steric hindrance introduced by branching of the side chains has an important influence
on the phase behavior of discotic mesogens. However, role of stereoheterogeneity due to
branched chains is not negligible, as demonstrated for the HBC derivative 11c. The
temperature of Cr-LC transition for the stereohomogeneous (all-S)-11c is 15 °C higher

than that of 11c bearing the racemic side chains and comprising multiple
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diastereoisomers [44]. Compounds displaying LC properties at all temperatures, while
rare, are of considerable interest because of their ready processibility and self-healing

properties at room temperature.

1.17 Alignment of discotic liquid crystals

Discotic LCs, as mentioned earlier, can be considered as active components for electronic
and optoelectronic devices, such as light-emitting diodes, field-effect transistors and
photovoltaic solar cells. The key physical process for these applications is the formation,
transport and recombination of electrical charges. In particular the mobility of charge
carriers in solid state materials is one of the most important parameters determining
device performance. The short range (local) charge transport can be detected by
PRTRMC measurements in which the sample is irradiated by a high energy electron
beam and the local charge carrier mobility deduced from the change of microwave
absorption. However, the value of long range charge carrier mobility can be determined
by time of flight (TOF) experiments or directly in a field effect transistor, is usually more
important for devices. These electronic mobilities not only depend on the intrinsic
electronic properties of the materials but also on the macroscopic order of the molecules
in thin and thick films [16, 27]. Therefore the control of their supramolecular order over
macroscopic dimensions is a key issue to obtain optimized performance. The control of
the molecular arrangement on/between the surfaces is also an important issue during the
discotic material processing. For FET, an edge-on organization (Figure 28b) of the
discotics in uniaxially oriented columns is required. In this arrangement, charge carriers

drift through the columns from the source electrode to the drain electrode, under
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controlled gate voltage. In contrast, the large mono-domain face-on arrangement (Figure
28a) of the discs leads to a homeotropic alignment which allows faster charge transport
between the top and bottom electrodes and favors the photovoltaic and light emitting
performance. So detail studies on the control of the supramolecular order and alignment

on/between the surfaces leading to device applications are considered.

1.17.1 Planar alignment of discotics

Generally the alignment of discotic liquid crystals involves two processes, solution
processing and melt processing. Good solubility in appropriate solvents and accessible
isotropic temperatures of the discotic LCs are promoted by the disorder alkyl chains
surrounding the aromatic cores. To achieve thin films with a higher macroscopic order
from solution, which allowed device fabrication with improved performance, the zone
casting technique has been shown to be very efficient which provides high
supramolecular order with edge-on arranged molecules (Figure 29) [45]. Just spin coated
samples also exhibit edge-on arrangement of discotics [46]. Discotics possess an
apparently lower self-organization in drop cast films. Another innovative way to
macroscopically align discotics as a thin film by solution processing is the application of
a strong magnetic gradient [47]. The molecules were found to be aligned edge-on with
their planes along the magnetic field. Epitaxial growth on pre-oriented and friction-
deposited poly (tetrafluoroethylene) PTFE surface layers has been reported for a large
variety of materials. Soluble PAHs such as TP and HBC were successfully aligned over
large areas [48]. The Langmuir-Blodgett (LB) technique which is one of the most

frequently applied alignment methods for TP and PCs has also been applied for the

48



orientation of HBCs [49]. However , for LB techniques amphiphilic character of discotics

IS required.

(LA

Figure 28. Homeotropic (a) and planar (b) alignment of discotic liquid crystals.

For thermal processing it is necessary to decrease the isotropic phase transition
temperature with thermal stability of the discotics. Discotics can be successfully aligned
by zone-crystallization technique (Figure 29). The sample was moved at a defined
velocity from a hot plate with a temperature above the isotropic phase to a cold plate with
a temperature lower than T;. Between these two plates, the material crystallizes along a
temperature gradient as an aligned film. 2D-WAXS revealed a columnar growth along
the temperature gradient with edge-on arranged discs. Orientation is in the moving

directions of the sample [50].
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Figure 29. Zone casting (above) and zone crystallization (below) alignment of discotics.

1.17.2 Face-on arrangement (Homeotropic) of discotics

Since in a photovoltaic cell and light emitting diode the active material is sandwiched
between two electrodes, a homeotropic alignment with graphene discs in a face-on
arrangement might provide an undisturbed pathway for charge carriers between anode
and cathode and thus might enhance the device performance. TP and HBC derivatives
show spontaneous formation of homeotropic phase even at very rapid cooling rate. The
planar molecules adopt a natural face-on arrangement on the substrate surface and grow
as vertical columnar stacks. Not much attempt has been made to development of
homeotropic alignment techniques, only dependent on spontaneous alignment of
discotics. Solution processing, which have been successfully applied to planar alignment,

often gives homogeneous or tilted homeotropic alignment with tilt disclination between
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the domains. Annealing is used to improve molecular ordering and promote non-tilted
homeotropic orientation. It has been shown that homeotropic alignment between two
solid surfaces of various natures can be induced by the introduction of appropriate
partially fluorinated chains at the periphery of the TP molecules [51]. Homeotropic
alignment is indeed induced by specific molecule-surface interactions such as hydrogen
bonding or metal coordination. Finally, homeotropic alignment can be created by an

external stimulus such as polarized infrared irradiation [52].

1.18 Applications of discotic liquid crystals
After demonstration of electrical and photoconductivity and successful development of
alignment techniques the various device characteristics and practical industrial

applications have been demonstrated for discotics which are discussed below.

1.18.1 Discotic liquid crystals in display devices

The twisted nematic (TN) and super twisted nematic (STN) display devices have
dominated commercial displays since their invention. The liquid crystal layer in these
devices is exclusively the calamitic liquid crystal (composed of rod-shaped molecules).
The major disadvantage of current LCDs is the narrow and non-uniform viewing cone.
The growing emphasis towards higher quality wide viewing angle LCDs has fostered
numerous development efforts such as, the multidomain technique [53], the introduction
of an optical compensator to reduce the amount of light leakage in the dark state [54], the
application of an electric field parallel to the plane of the substrates [55], the so-called
‘amorphous’ twisted nematic liquid crystals [56], etc. The viewing angle of LCDs for

gray scale and colour has significantly improved over the past few years due to these
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recent developments. However, some additional complex processes are necessary to be
used. Very recently, it has been demonstrated that discotic nematic liquid crystals can be
utilized instead of calamitic nematic liquid crystals to overcome this problem [57]. The
LCD prepared using hexaalkynylbenzene based discotic nematic liquid crystal shows
wide and symmetrical viewing angle and no reversal of contrast ratio in any direction
[57]. However, because of the very high viscosity of discotic nematic liquid crystal, the
device is extremely slow.

The problem of viewing angle, brightness, contrast, sharpness of focus and image
inversion associated with classical twisted nematic displays due to positive birefringence
of the calamitic nematic liquid crystal layer can be suppressed by the use of
compensation films, which should ideally have negative birefringence. The most
promising materials for negative birefringence films are discotic nematic liquid crystals.
Fuji Photo Films has recently commercialized an optical phase-compensation film using
a triphenylene-based cross linked polymer to overcome these problems [58]. These films
are usually prepared by aligning the reactive monomer, a triphenylene benzoate ester,
with up to six epoxide or acrylate groups homeotropically aligned in the nematic discotic
phase followed by photopolymerisation. These compensation films are the most

successful commercial application of discotic liquid crystals.

1.18.2 Discotics in Xerographic processes
A commercially available photocopier or laser scanner consists of a rotating cylinder that
is covered with a photoconducting surface, which moves over the original document with

simultaneous irradiation [59]. The light reflected by the document hits the
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photoconducting surface thereby leading to charge separation. An electrostatic image is
generated on the cylinder surface. In the next step, the cylinder is covered with black
toner particles that preferentially adsorb at the positive charges of the cylinder surface.
On rotation of the cylinder over black paper, the toner particles are transferred to the
paper and the crude hardcopy is generated and submitted to thermal fixation.

There are several requirements for photoconducting materials for them to be
useful for applications. To achieve a high contrast potential for image development, the
photoreceptor must be an insulator or have low conductivity in the dark and become
conductive on exposure to light. A highly sensitive photoconductor not only requires less
energy to generate the electrostatic image, but also increases the speed of the Xerox
process. Thus, photosensitivity and dark conductivity of a certain material must be
assessed. In addition, the lifetime and processibility of the material must be considered.
While copier applications require that the photoconductor is sensitive in the visible
region, the corresponding photoconducting materials of laser printers are sensitive in the

IR spectra.

Classes of compounds which are particularly well studied for photoconducting
devices that operate in the visible region are the perylene bisimides such as compound 12

[60]. On the other hand phthalocyanines have a strong absorption both in the visible and
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near infrared region. Eichhorn et al. discovered that mixtures, which contained
amphotropic phthalocyanines such as 13 with a different substitution pattern, display
much higher inter- and intracolumnar order than the single compounds [61]. In addition,
macroscopic homeotropic alignment was simply achieved by mechanical shearing, thus

providing an easy way to orient the material for laser printers.

1.18.3 Discotics in holographic optical data storage

The principle of optical data storage relies on the E/Z isomerisation of dyes such as
azobenzenes and stilbenes. The imprinting with two linear polarized laser-light beams
induces a reorientation of the chromophores, which results in a change of the refractive
index at the irradiated areas. The dye molecules are incorporated in a liquid crystalline
matrix, which strongly enhances the change in refractive index. The periodic modulation
of the refractive index, induced by writing laser beam, can be read out by a reading laser

beam.
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Figure 30. Thermal gain effect of the diffraction efficiency.
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The columnar donor-acceptor triple compound 14 bears an azobenzene moiety as
the chromophoric group [62]. The strong electron-acceptor TNF in combination with the
electron donor pentakis(phenylalkynyl)benzene resulted in the improved stability of the
nematic columnar mesophase. As can be seen in the Figure 30, at ambient temperature
the refractive index of the photoinduced grating in the material differs by only 0.5%. On
heating the sample to the nematic columnar mesophase, the diffraction efficiency
increases to 4%. Wendorff, Janietz, and co-workers found that triazomelamine 15 is not
only suitable for the light-induced isomerization of the azobenzene units to give rise to
photo-reorientation, but also causes surface modulations [63]. The gain effect of these

surface modulations was achieved by thermal treatment.

1.18.4 Discotics in organic light-emitting diodes

An OLED is a device, in which light is generated by electrical excitation. In a single-
layer OLED, a thin film of an organic emitter is sandwiched between a transparent anode
(ITO) and a metallic cathode [64]. A multilayer device (Figure 31) consists of separate
hole-transporting layer, emitter layer and electron transporting layer. Electrons and holes,
which are injected into the LUMO and HOMO, respectively, drift through the organic

film under the influence of the applied electric field. The coulombic attraction between an
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electron and hole at the same chromophore site results in the formation of an exciton, a
bound electron-hole pair, whose recombination produces luminescence. Efficient devices
require the matching of energy levels to minimize the barriers for carrier injection and to
trap both electron and holes exclusively in the emitter region. For OLED applications,
columnar perylene derivatives have been successfully used. The research groups of
Kitzerow and Bock [65] described an all-columnar bilayer OLED that consisted of
fluorescent columnar 3,4,9,10-tetra(alkoxycarbonyl)perylenes  as the luminescent
electron transport layer combined with columnar hexaalkoxytriphenylenes as the hole
transport layer. A particular advantage of columnar LCs in such devices is their ability to

expel defects in an annealing process which leads to increased lifetimes.
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Figure 31. Energy diagram of multilayered diode.

1.18.5 Discotics in organic field—effect transistors
The self-assembly properties of columnar LCs, in combination with their ability to
provide anisotropic charge-carrier transport along the channel, makes them viable

candidates for OFETSs. A typical OFET device is shown in Figure 32.
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For a p-type semiconductor, conduction of charge between the source and the
drain electrodes is governed by the gate voltage. When the gate is biased negatively,
carriers accumulate in the channel between source and drain. The drain current is then
proportional to the material mobility [66]. The extraordinary hole mobility for aligned
hexa peri-hexabenzocoronene (u = 0.5-1.0 X 10 # cm? Vv S™) films on oriented PTFE
has been used by the research group of Mullen [67]. By meso-epitaxial solution-growths
of the HBC semiconductor devices were built, which displayed on/off ratios of more than
104 and a turn-on voltage of -5 to -10 V. The solution processibility, uniaxial parallel
orientation and promising material and device stability under ambient conditions pave the

way to the industrial production of these OFETSs.

channel width 1.5 nm, length 25 pm

; source and drain
source drain electrodes (Au)

PTFE template
insulator insulator Si0, dielectric
gate
n-doped silicon substrate
substrate as gate electrode

Figure 32. Schematic representation of an organic field effect transistor.

1.18.6 Discotic liquid crystals as photosynthetic light harvesting materials

The light-induced electron-hole generation, separation and migration is an important
process for the conversion of light to electric or chemical energy (solar cells;
photosynthesis), the latter being the basis of life on earth. The photovoltaic effect requires

(a) the absorption of solar radiation and the photogeneration of electrons and holes, and
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(b) the charge separation, and the transport of electrons and holes for collection at the
cathode and anode, respectively. For a typical blended device under short-circuit

conditions, the energy-level diagram is shown in Figure 33 [68].
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Figure 33. Energy level diagram showing charge separation and transport to electrodes.

Both processes should be highly efficient and charge recombination should be
kept as a minimum. Absorption is achieved by exciton formation. Charge separation is
achieved by ionization of an exciton over a distributed interface between electron-
donating and electron-accepting species. The separated carriers drift to external
electrodes in the built in field introduced by dissimilar electrodes. The photosensitivity of
semiconducting organic materials can be enhanced by blending donor and acceptor
molecules to optimize photoinduced charge separation. Gregg et al. studied photovoltaic
effects in symmetrical cells filled with discotic liquid crystalline porphyrin complexes
[69]. Photovoltaic effect comparable with that of some of the better organic solar cells

was found. However, the authors did not study the charge mobility in the mesophases
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itself but utilized the liquid crystalline properties to fill the cells and to promote
macroscopic order, which on cooling, forms polycrystalline films. Schmit-Mende et al.
utilized discotic liquid crystalline hexabenzocoronene as the hole transporting layer and a
perylene dye to construct a p/n type photovoltaic solar cell [70]. Mullen and coworkers
have shown in a seminal contribution [70, 71] that thin film prepared by self-organization
of a mixture of columnar LC and crystalline-conjugated materials directly from a xylene
solution showed a photovoltaic response with external quantum efficiencies greater than
34% at 490 nm and power efficiencies up to 2%. The formation of vertically segregated
nonmesomorphic electron-accepting perylene bismide and the columnar phase forming
hole accepting hexa-peribenzocoronene with a high interfacial surface was shown by
AFM, STM, and optical polarizing microscopy (Figure 34) [70]. The high efficiencies
result from an efficient photoinduced charge transfer between the two molecules and an

effective charge transport through the layered structure.
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Figure 34.Schematic diagram of a discotic-based photovoltaic solar cell.
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1.18.7 Discotics as gas sensors

The free surfaces of liquid crystals are fascinating objects. One can expect extra degrees
of freedom near the surface where the absence of interacting neighbors should give rise to
new and exciting ordering phenomena. In smectics, the absence of the neighbors on one
side actually encourages crystallization. However in discotics, there are more degrees of
freedom at the surface which encourage disorder in the stacks. When a lateral field is
applied to a homeotropic film, conduction is likely to be dominated by that of the
disordered surface since in the bulk it would be perpendicular to the columns. Attempts
have been made to study the conductivity of discotic liquid crystal surface films using the
interdigitated electrode geometry by filling the cells with homeotropically aligned
discotic liquid crystals. If the fluctuation and thermodynamics of liquid crystal surfaces
are influenced by exposer to gases the response could be simply and cheaply measured by
looking at the conductance change giving a simple gas sensor. Structural changes do not
require strong electronic coupling or charge transfer reactions to surface states, so sensor
built on these principles could also work for detecting weakly interacting non-polar
gases. The adsorbate produces a change in the order of the surface and this in turn
changes the conductivity. This is relatively easy to measure. Furthermore, self-organized
molecular dynamics prefer to keep charge and uncharged impurities near the free surface
of the liquid crystals. Discotic liquid crystals can therefore be used as very sensitive gas

sensors for both polar and non-polar molecules [72].
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1.18.8 Discotics as precursors of novel carbonaceous nanostructures

The facile formation of ordered columnar superstructures from the discotic molecules in
the bulk state and their high stability in the mesophase qualify them as precursors toward
novel carbon nanostructures. Therefore, pyrolysis under controlled conditions may
maintain the order existing in the mesophase during formation of the carbonaceous
materials. Pyrolysis of well-defined discotic molecules in the bulk state produces novel
carbon nano and microstructures. Carbon nanotubes (CNTs) without metal catalysts and
with desired graphene layer orientations have been prepared by carbonization of the
discotic columnar phase. The temperatures are much lower than the normally used
graphitization temperature (2000-3000 °C). Recently a template method has been used to
fabricate uniform carbon nanotubes by pyrolysis of graphitic molecule
hexabenzocoronene (HBC) in porous alumina membranes. Upon carbonization under a
controlled heating process the preorganized ordered columnar superstructures can be
converted into nanotubes. Mullen et al. have produced nanotubes from thermotropic
discotic liquid crystals [73]. A unique approach to self-assembled graphitic nanotubes
from an amphiphilic hexabenzocoronene is demonstrated. The nanotubes consist of
graphitic wall formed from numerous molecular graphene sheets stacked parallel to the
longer axis of the tube. The proposed structure of the nanotube consists of helically
rolled-up bilayer tapes composed of n-stacked HBC units, where the inner and outer HBC
layers are connected by interdigitation of the hydrophobic alkyl chains while the
hydrophilic ethylene oxide chains are located on both sides of the tubular wall. The n-
stacked HBC units provide a charge carrier transport pathway. Suitable chemical

modification of the amphiphilic HBCs results in the formation of nanotubes with various
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interesting physical properties [74]. Another remarkable thing about these nanotubes is

the formation of discotic columnar mesophase upon heating these graphitic nanotubes.
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CHAPTER 2

Green chemistry approach to the synthesis of liquid

crystalline materials

2.1 Part A: Microwave-assisted facile synthesis of alkoxycyanobiphenyls

and their dimers

2.1.1 Introduction

Until recently, heating reaction mixtures on a laboratory scale was typically performed
using isomantles, oilbaths or hot plates This traditional (classical) form of heating is a
rather slow and inefficient method for transferring energy into a reaction mixture, since it
depends on convection currents and on the thermal conductivity of the various materials
that must be penetrated, and often results in the temperature of the reaction vessel being
higher than that of the reaction mixture.

In contrast, microwave (MW) irradiation produces efficient internal heating by
directly coupling of microwave energy with the molecules that are present in the reaction
mixture. Microwave irradiation triggers heating by two main mechanisms - dipolar
polarization and ionic conduction. Whereas the dipoles in the reaction mixture (polar
solvents) are involved in the dipolar polarization effect, the charged particles in a sample
(usually ions) are affected by ionic conduction. When irradiated at microwave
frequencies, the dipoles or ions of the sample align in the applied electric field. As the
applied field oscillates the dipole or ion field attempts to realign itself with the alternating

electric field and, in the process, energy is lost in the form of heat through molecular
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friction and dielectric loss. The ability of a specific material or solvent to convert
microwave energy into heat at a given frequency and temperature is determined by the
so-called loss tangent (tan 0) and in general a reaction medium with a high tan o at the
standard operating frequency of a microwave synthesis reactor (2.45 GHz) is required for
good absorption and consequently, for efficient heating. For low MW absorbing solvents,
polar additives such as ionic liquids or passive heating elements made out of strongly
microwave absorbing materials can be added to otherwise low absorbing reaction
mixtures in order to increase the absorbance level of the medium. Since the reaction
vessels employed in microwave chemistry are made out of essentially microwave
transparent materials such as glass or Teflon, only the reaction-mixture not the reaction-
vessel is heated. The use of microwave heating in organic synthesis was introduced in
1986 by the group of Gedye and Giguere [1]. Although many of the pioneering
experiments in microwave assisted synthesis have been carried out in domestic
microwave oven, the recent trend is to use dedicated microwave reactors specifically
designed for synthetic applications. This instruments feature built-in magnetic stirrer,
direct temperature control of the reaction mixture with the aid of internal fibre-optic
probes or external infrared sensors and software that enables on-line temperature/pressure
control by regulation of microwave power output.

This non-classical heating technique using microwaves, termed “Bunsen burner of
the 21% century”, is rapidly becoming popular and is dramatically reducing reaction
times. The significant outcomes of microwave-assisted ‘green chemistry’ endeavors have
resulted in the development of synthetic protocols for drugs and fine chemicals synthesis

that are relatively more sustainable. Since the reaction times are reduced from days and
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hours to minutes and seconds, microwave assisted organic synthesis is considered as
“Chemistry at the Speed of Light”. Though almost all types of organic reactions have
been performed using the efficiency of microwave flash heating [2] this non-classical
technique has not been much explored for the synthesis of liquid crystalline materials.
Liquid crystal displays (LCDs) have played a vital role in information technology.
The twisted nematic (TN) and supertwisted nematic (STN) display devices are
dominating commercial displays since their invention. The liquid crystal layer in these
devices is made-up of a complex mixture of calamitic liquid crystals (composed of rod-
shaped molecules). Alkyl- and alkoxycyanobiphenyls are indispensable ingredients of
these mixtures (Figure 1). These revolutionary materials, prepared by Gray et al., were
the first known low-melting stable nematic LCs [3]. Because of their commercial
importance, a number of cyanobiphenyl derivatives have been extensively studied for

various physical properties [4].

Figure 1. The calamitic liquid crystal mixture E7 used in commercial liquid crystal
display (LCD) devices consists of alkyl- and alkoxycyanobiphenyls and

alkylcyanoterphenyl in a definite proportion.
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On the other hand, compounds composed of two mesogenic units linked by a
flexible spacer, commonly known as liquid crystalline dimers, or dimesogens, are
interesting materials for their potential use as model compounds to understand the more
complex semi-flexible polymeric liquid crystal systems. Liquid crystal dimers are the
lowest possible oligomers exhibiting characteristic properties, such as, thermal behaviour,
glass transition, etc., of polymer liquid crystals with retaining the fluidity of low molar
mass liquid crystals and hence are promising systems for many practical applications [5].
Hitherto the most extensively studied series of liquid crystalline dimers is the o,0-bis(4’-
cyanobiphenyl-4-yloxy)alkanes b (Figure 2) [5, 6]. The interest in this series arises
because they may be considered to be the dimeric analogous of the 4-n-alkoxy-4-
cyanobiphenyls a (Figure 2) which is probably the most widely studied series of
conventional low-molar mass liquid crystals. The dramatic odd-even effect, depending on
the length and parity of the spacer, exhibited by the transitional properties viz
temperature, entropy, enthalpy and orientational order parameter at N-I transitions have
been well studied and accounted for as well [5, 6]. This is the only series for which a
large range of spacer chain lengths, spanning a single to twenty two methylene units have
been prepared. All 22 homologues belonging to this series exhibit nematic behavior and
their melting point and nematic-isotropic transition temperatures and associated entropy
exhibit dramatic odd-even effect. The magnitude of the alternations seen for the nematic-
isotropic transition temperatures and associated entropy changes as the length and parity
of the spacer are varied is strongly dependent on the nature of the group linking the

spacer to the mesogenic units. Accordingly various dimers ¢ (Figure 2) differing in the
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nature of the spacer i.e. oligo(ethylene oxide) and siloxane-containing chains have been

prepared and studied [7].

Figure 2. Alkoxy cyanobiphenyls a and their dimers b,c containing different spacers.

While alkoxycyanobiphenyls have traditionally been prepared by the cyanation of
4’-alkoxy-4-bromobiphenyls or by the alkylation of the 4’-hydroxy-4-
biphenylcarbonitriles [5], a,-bis(4’-cyanobiphinyl-4-yloxy)alkanes have been generally
prepared by a single-step alkylation of 4’-hydroxy-4-biphenylcarbonitrile with o,w-
dibromoalkanes. Alkylation of the 4’-hydroxy-4-biphenylcarbonitrile with an appropriate
alkyl halide or dihalide is the key reaction to produce various liquid crystalline
alkoxycyanobiphenyls and their dimers. This reaction is usually accomplished by heating
4’-hydroxy-4-biphenylcarbonitriles with an appropriate alkyl halide in polar solvents for
24 hours in moderate yield [8]. Here, in this part of the chapter, we have observed that
this reaction could be finished in about one minute in very high yield by using microwave
heating. This first half of this chapter deals with the synthesis of archetypal calamitic

liquid crystals and their dimers using microwave dielectric heating. The reaction step
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chosen here is the most often and commonly used synthetic step in liquid crystal
synthesis i.e. the Williamson etherification of phenols. First, the reaction conditions are
optimized with one compound and then the rest of the compounds were synthesized
following the optimum reaction condition which ensures the high reproducibility of the

method though a domestic microwave oven has been employed for the synthesis [9].

2.1.2 Results and discussion
The preparation of alkoxycyanobiphenyls 2 using microwave heating is outlined in

Scheme 1.

RBr, Base, Solvent

Microwaves

1 2a-i

Scheme 1. Synthesis of alkoxycyanobiphenyls using microwave irradiation.

The 4’-hydroxy-4-biphenylcarbonitrile 1 was prepared following literature
method [8]. Alkylation was carried out using an unmodified house-hold microwave oven
(LG, MS-192W). However, commercial microwave reactors for organic reactions are
now available which provide adequate mixing and control of reaction parameters such as
temperature and pressure [2]. We examined the effect of microwave power on a set of
reactions using 4’-hydroxy-4-biphenylcarbonitrile, alkyl bromide and base in different
solvents. The initial optimization of reaction conditions was performed using octyl

bromide under different reaction conditions and the results are summarized in Table 1.
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Table 1. Optimization of reaction conditions for preparation of 4’-(octyloxy)[1,1’-

biphenyl]-4-carbonitrile (2e) using microwave irradiation.

Entry Base Solvent MW Power  Time/s Yield (%)
1 Cs,CO3 NMP 360 W 30 80
2 Cs,CO3 NMP 600 W 30 94
3 Cs,CO3 NMP 800 W 30 90
4 Cs,CO3 NMP 800 W 20 85
5 Cs,CO3 NMP 360 W 30x2 98
6* Cs,CO3 NMP 360 W 30x2 79
* Cs,CO3 NMP 360 W 30x4 94
8 Cs,CO3 DMSO 360 W 30x2 90
9 Cs,CO3 DMSO 600 W 30 80
10 Cs,CO3 DMF 360 W 30x2 93
11 Cs,CO3 DMF 600 W 30 88
12 Cs,CO3 PEG 360 W 30x2 58
13 Cs,CO3 PEG 600 W 30 80
14 K,CO3 NMP 360 W 30x2 93
15 K,CO3 NMP 600 W 30 90
16 K.CO3 NMP 600 W 30x2 96
17 K.CO3 DMSO 360 W 30x2 60
18 K,CO3 DMF 360 W 30x2 64
19 Na,CO3 NMP 360 W 30x2 82
20 Na,CO; NMP 600 W 30 41
21 Na,CO; DMSO 360 W 30x2 40
22 Na,COs DMF 360 W 30x2 54
23 KOH NMP 360 W 30x2 78
24 KOH NMP 600 W 30 82

* 1.2 equivalent of octyl bromide was used. In all other reactions 2.0 equivalent of base

and octyl bromide were used.
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As can be seen from the Table 1, irradiation of the reaction mixture at 360 W for
30 s yielded 80% product 2e (entry 1). Further irradiation of the reaction mixture for
another 30 s increased the yield to 98% (entry 5). Enhancing the microwave power to 600
W produced 94% of the product in 30 s (entry 2). However, a further increase in the
microwave power (800 W) furnished lower amount of the product (entry 3). Irradiation of
the reaction mixture at this power for a shorter period (20 s) also gave poor yield (entry
4). When 1-bromooctane was used in close to an equimolar ratio (1.2 equiv) under the
conditions of entry 5 only 79% of the product could be isolated (entry 6). However,
irradiation of the same reaction mixture four times, i.e., 30 s X 4 with an interval of about
1 minute yielded 94% of the product (entry 7). Replacing the solvent NMP by other polar
solvent like PEG, DMSO or DMF having higher or lower tand [3] resulted in slightly
lower yields of the product (entry 8-13). Changing the base from cesium carbonate to
potassium carbonate, sodium carbonate or potassium hydroxide also produced lower
amounts of the product in different solvents (entry 14-24). In all examples, fairly good to
excellent yields could be achieved in less than 60 s. This indicates a dramatic reduction in
the reaction time as compared with the conventional thermal process. The reaction
conditions described in the entry 5 were found to be the optimal reaction conditions for
the alkylation of hydroxycyanobiphenyl. When similar reactions were performed at 140
°C with an oil bath for the same time intervals, less than 15% yields were obtained. The
purity and identity of the compound 2e was confirmed by spectral techniques and

comparing with authentic samples.
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The versatility of the procedure has been demonstrated by the preparation of a
number of alkoxycyanobiphenyls as shown in Table 2. As can be seen from this Table 2
that while higher alkyl bromides (from octylbromide to dodecylbromide) afforded
excellent yields, lower homologues furnished little smaller amount of products. This

could be due to the faster evaporation of these relatively low-boiling alkyl bromides.

Table 2. Microwave-assisted preparation of alkoxycyanobiphenyls.

RBr, Cs,COg, NMPJ 360W,2x30s

2a-i
Entry RBr Product Yield (%)
1 CioHasBr 2a 98
2 Ci1Ha3Br 2b 97
3 CioH21Br 2c 98
4 CoH19Br 2d 96
5 CgH17Br 2e 98
6 C7H1sBr 2f 63
7 CsH13Br 29 77
8 CsHy1Br 2h 75
9 C4HoBr 2i 80
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The synthesis of alkoxycyanobiphenyl dimers 3 using microwave heating is
outlined in Scheme 2. For the preparation of dimers, the initial optimization of reaction
conditions was performed using 1,6-dibromohexane under different reaction conditions

and the results are summarized in Table 3.

Br(CH,),,Br, Base, Solvent
O~ A D)oo )<

Microwaves

1 3a-i

Scheme 2. Synthesis of alkoxycyanobiphenyl dimers using microwaves.

Table 3. Optimization of reaction conditions for preparation of alkoxy cyanobiphenyl

dimers using 1,6-dibromohexane and microwaves.

Entry Base Solvent MW Power  Time/s Yield (%)
1* Cs,CO3 NMP 360 W 30x2 63
2 Cs,CO3 NMP 360 W 30 55
3 Cs,CO3 NMP 360 W 30x2 64
4 Cs,CO3 NMP 360 W 30x3 63
5 Cs,CO3 NMP 360 W 30x4 61
6 K,CO3 NMP 360 W 30x2 50
7 Cs,CO3 DMSO 360 W 30x2 51
8 Cs,CO3 DMF 360 W 30x2 39
9 Cs,CO3 NMP 600 W 30 66
10 Cs,CO3 NMP 600 W 30x2 66
11%* Cs,CO3 NMP 360 W 30x2 65
12%** Cs,CO3 NMP 360 W 30x2 -

* Exactly 2:1 equivalents of hydroxycyanobiphenyl and dibromide were used.
** Hydroxycyanobiphenyl and dibromide were used in 4:1 ratio.

*** Hydroxycyanobiphenyl and dibromide were used in 1:4 ratio.
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As can be seen from Table 3, irradiation of the reaction mixture at 360 W for
30+30s with exactly 1:2 equivalents of 1,6-dibromohexane and 4’-hydroxy-4-
biphenylcarbonitrile furnished 63% vyield (entry 1) but the formation of -
bromohexyloxy cyanobiphenyl was competing. So a slightly higher amount of 4’-
hydroxy-4-biphenyl carbonitrile i.e. 1:2.2 equivalents was used (entry 2-10). When
irradiated for 30 s the yield was 55% (entry 2) which increased to 64% on further
irradiation of the same sample for another 30 s (entry 3). However, further increase in
number of pulses furnished slightly lower yields (entry 4 and 5). When the base was
changed from cesium carbonate to potassium carbonate there was a decrease in the
product amount (entry 6). Changing the solvent from NMP to DMSO or DMF also
resulted in the decrease of the product (entry 7 and 8). When we used excess of 4’-
hydroxy-4-biphenylcarbonitrile (entry 11) there was no increase in product amount but
the excess amount could be recovered almost quantitatively, which shows the non-
destructiveness of the process. When excess of dibromide was used, exclusively the -
bromohexyloxycyanobiphenyl ~ (80%) was formed (entry 12). The o-
bromoalkoxycyanobiphenyl is a key intermediate in the synthesis of various other liquid
crystalline materials, such as, trimers, tetramers [10] and terminally functionalized
alkoxycyanobiphenyls [11]. This shows that this process can be efficiently used for the
synthesis of such compounds. When the microwave power was changed to 600 W,
irradiation for 30 s produced 66% product (entry 9). Increasing the number of pulses did
not increase the product amount (entry 10). So it is clear that the optimum conditions for
the preparation of alkoxycyanobiphenyl dimers are: two 30 seconds irradiation at 360 W

or a 30 seconds irradiation at 600W using NMP as solvent and cesium carbonate as base.
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A number of dimers were prepared using these reaction conditions and the results are
shown in Table 4. In all the cases good yield of the product was obtained which renders
this method attractive.

Table 4. Microwave-assisted synthesis of alkoxycyanobiphenyl dimers 3.

BI’(CHz)nBr, CSZC03, NMP\ MW

3a-i

Entry n Product Yield (%)

600 W, 30s  360W, 30s X 2

1 4 3a 61 65
2 5 3b 71 66
3 6 3c 66 64
4 7 3d 61 58
5 8 3e 63 68
6 9 3f 69 71
7 10 3g 68 69
8 11 3h 69 62
9 12 3i 74 75

While the phase transition temperatures of monomers were found to be identical

with literature data, the phase transition temperatures of all the dimers were found
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slightly higher than the reported values and thus demonstrate the cleanness of the
procedure. Phase transition temperature data of the dimers are collected in the Table 5.
The numbers in parenthesis indicate the highest transition temperature reported in the

literature [5, 6].

Table 5. Phase transition temperatures of alkoxycyanobiphenyl dimers 3a-i prepared
using MW protocol. The numbers in parenthesis represent the highest transition

temperature reported in the literature [5, 6].

Compound Thermal transitions

3a Cr211.2 (210.3) N 253 (251.4) |
3b Cr 141.4 (138.3) N 188.6 (184.1) |
3c Cr 192.7 (192) N 224.3 (221.2) |
3d Cr 140.1 (137) N 182.7 (181) |

3e Cr 178.6 (176.7) N 203.3 (202.8) |
3f Cr 136.6 (136.4) N 174 (174.9) |
39 Cr 167.7 (165.8) N 186.4 (185.4) |
3h Cr 127.6 (124.3) N 166.5 (164.1) |
3i Cr 156.3 (152.7) N 173.5 (170.5) |

As can be observed from the Table 5 that the transition temperatures of the dimers
prepared by MW protocol also exhibit the odd-even effect which matches with the

literature behavior. The dramatic odd-even effects seen in the transitional properties of
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dimers on varying the length and parity of the spacer are most often attributed to the
dependence of the molecular shape on the number of atoms linking the two mesogenic
units, and by considering the spacer to exist in its all-trans confirmation. An even-
membered dimer has a zigzag shape in which the mesogenic units are anti-parallel
whereas an odd-membered dimer has a bent shape in which the mesogenic units are
inclined to each other. The structure of an even-membered dimer is then considered to be
more compatible with the molecular organization found in the nematic phase than is the
bent shape seen for odd-membered dimers. It is this greater compatibility which results in
the higher nematic-isotropic transition temperatures and entropies found for the even

members [5].

2.1.3 Conclusions

We have introduced an efficient, simple, rapid, economically and environmentally
acceptable “green chemistry” approach to the synthesis of various commercially
important alkoxycyanobiphenyls and their dimeric calamitic liquid crystals. The present
facile and clean protocol can be employed for the synthesis of many other liquid
crystalline materials. However, at the moment, this procedure is best suitable to quickly
prepare a few hundred milligrams of the material for laboratory use only. A lot of

development work is required to reach commercial scale.
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2.2 Part B: Microwave-assisted synthesis of monohydroxy-
functionalised triphenylenes and their novel liquid crystalline

derivatives

There has been an ever increasing interest in the field of discotic liquid crystals in general
and in triphenylene-based discotic mesogens in particular, since their discovery [12].
Triphenylene derivatives are the most widely synthesized and studied materials in the
family of discotic liquid crystals, because they exhibit a variety of mesophase, their
derivatives are thermally and chemically stable, and their chemistry is fairly accessible
[13]. Scaled up and improved synthetic routes to the hexaalkoxytriphenylenes, the so-
called “working horse” of liquid crystal chemists, has been well documented. The search
for columnar mesophases in triphenylene is mostly ruled by subtle changes in the
number, size and nature of the lateral chains and it has been found that the discotic core is
tolerant to various substitution changes without sacrificing the mesophase forming
ability. Therefore by tuning the type of attached side chains, compounds with different
ability to self organize into different mesophase morphologies can be tailor-made from
triphenylene [13]. Triphenylenes exhibit diverse mesophase morphologies such as
helical, plastic, columnar, smectic and nematic in addition to crystalline and stable
isotropic phases. Variety of monomeric, polymeric and monodisperse oligomeric liquid
crystals have been prepared from this core [13]. Some of the oligomers form super cooled
glassy phase and some of them even form super lattice of columnar superstructures [12].
However because of synthetic problems in obtaining mono-functionalized triphenylenes,

which are valuable precursor molecules for the synthesis of a variety of discotic dimers,
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oligomers, polymers, networks, dendrimers and mixed tail derivatives, the potential
utility of these materials has not yet been fully explored. Physical properties of these non-
conventional liquid crystals are significantly different to those of conventional low molar
mass liquid crystals [13]. A few methods have been developed for the synthesis of mono-
functionalised triphenylenes, but most of these methods involve expensive and/or
hazardous reagents.

The synthesis of mono-functinalised triphenylenes can be achieved in different
ways. One of the earliest reported methods of monohydroxypentalkoxytriphenylene
synthesis involves partial alkylation of hexaacetoxytriphenylene to monoacetyl-
pentaalkoxytriphenylene in  low yield [14]. This can be hydrolyzed to
monohydroxytriphenylene. A non selective cleave of one of the alkoxy groups of
hexaalkoxytriphenylenes using a calculated amount of 9-Br-BBN gives a mixture of
products containing the unreacted hexaalkoxytriphenylenes, monohydroxy triphenylene
and a minor amount of dihydroxytriphenylene [15]. A selective cleavage of the methyl
ether of monomethoxy-pentaalkoxytriphenylene with lithium diphenylphosphide affords
the  monohydroxytriphenylene in  high yields [16]. The synthesis of
monohydroxytriphenylene by directly coupling tetraalkoxybiphenyl and alkoxy phenol
using Molybdenum(V) chloride has been reported, but the reaction is sluggish and the
isolation of the product was difficult [17]. It has been previously reported that this
compound can be obtained as a side product in the oxidative trimerization of dialkoxy
benzene with MoCls in about 25% vyield. Bromo-catecholborane (Cat-B-Br) an

alternative to 9-Br-BBN, has been found to give almost 70% of mono-functionalised
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triphenylene. This reaction is highly efficient for the preparation of mono- di- and
trifunctionalised derivatives, but the reagent is expensive and moisture sensitive [18].

Recently, an economic and convenient method for the preparation of
monohydroxy functionalized triphenylene using ferric chloride in nitromethane is also
reported [19]. Though it is a one step process, the over all yield in the reaction does not
go above 20%. Because of these problems, we started looking for an alternative,
inexpensive and less hazards method to produce these mono functionalized materials. We
have found that ionic reagents can be used to prepare these various monohydroxy
functinalised triphenylenes in moderate yield. This methodology avoids all types of toxic,
volatile and hazardous reagents [20].

Developing green chemistry methodologies is one of the main themes of modern
synthetic chemistry. In this context, the use of ionic liquids and microwaves are powerful
tools. lonic liquids a class of organic salts with usually low melting points, have attracted
considerable attention. Due to their unique characteristics such as non-volatility, thermal
stability, non-flammability, very low vapor pressure, reusability, and diverse solvating
ability, they can be used as environmentally benign solvent media to replace conventional
volatile organic solvents in many chemical processes. lonic liquids serve the dual purpose
of solvent as well as reagents in many reactions, and allow easy isolation of products
[21]. On the other hand, microwave assisted high-speed chemical synthesis has attracted
much attention in the past decade. As mentioned earlier, this is due to the fact that
reactions proceed faster and more selective than conventional thermal conditions and
because of operational simplicity, high yield of products and cleaner reactions with easier

work up.
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In this part of the chapter, we present a convenient, economic and
environmentally  benign  green chemical method for the synthesis of
monohydroxypentaalkoxytriphenylenes (Figure 3) by using pyridinium and imidazolium-
based ionic reagents under microwave heating conditions [20] and subsequently these
monofunctionalised triphenylenes have been converted into novel non-symmetrical

hexaalkoxytriphenylenes by using branched alkyl chains [22].

Figure 3. Monohydroxy functionalized triphenylenes prepared by microwaves and ionic

reagents.

Owing to its electron rich core triphenylene derivatives act as a p-type
semiconductor [23, 24], however by replacing some of the carbon atoms from the
carbocyclic aromatic core by electronegative hetero atoms such as nitrogen, n-type
semiconductors can be made e.g. hexaazatriphenylenes [25]. Charge carrier transport and
photoconductivity in the columnar phase of triphenylenes has been studied extensively
and accounted for as well. The various other non-covalent supramolecular interactions
such as hydrogen bonding, charge-transfer, ionic, complementary polytopic interaction
(CPI) etc. have been introduced to induce and/or stabilize mesophases in triphenylenes in
addition to strong m- m interactions. Furthermore, stimuli-responsive discotic liquid

crystals that change the self-assembled LC structure by external stimuli such as ions have
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been reported for triphenylene derivatives [12]. Triphenylenes possess the propensity for
self-alignment on various substrates to give homeotropic or planar alignment which is
crucial for various opto-electronic applications of these intriguing materials. The
structure-property relationship is relatively well understood in triphenylenes [13] and the
present focus is on structure-(device)performance of these fascinating materials. The
successful practical commercial application of discotic liquid crystals is centered on
triphenylene derivatives. Owing to its transparency to visible light, this has found
application as optical compensation films for improving the viewing angle characteristics
and hence contrast ratio of current thin film transistor liquid crystal display (TFT-LCD)
devices. Thin polymerized films of nematic triphenylenes provide wide viewing angle
liquid crystal displays with very good contrast ratio [26]. Since for other opto-electronic
practical applications, discotic compounds should have lower melting points and wide
mesophase range, there have been efforts to bring down the transition temperatures and
stabilize the mesophases. Unsymmetrical peripheral substitution affects the phase
behavior markedly. The symmetry of a discotic molecule can be reduced in different
ways; like for example by core asymmetric substitution or by introducing an extra group
or alkyl chain in a triphenylene molecule, or by side chain asymmetry by attaching alkyl
chains of different length in the periphery, or by changing the mode of attachment of the
peripheral chains, e.g. mixed ether-ester derivatives. In hexaalkoxytriphenylenes 4 the
strategy has been to use alkyl chains of different chain length. Tinh et al. 5 [27], Allen et
al. 6, 7, [28] Paraschiva et al. [29] 8 and Goodby et al. 9 [30] have prepared hexaalkoxy
substituted triphenylenes with different alkyl chain lengths to understand the effect of

unsymmetrical chains on mesomorphism. They found that introduction of dissymmetric
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side chains do not affect the nature of the columnar phase but results in reduction of
mesophase stability by lowering the isotropic transition temperatures. Similar results

have been found in heptasubstituted triphenylenes 10, 11 [31].

A number of research groups have recently demonstrated that when branching
points are introduced into the aliphatic side chains of DLCs the temperature range of the
mesophase was widened and the transition temperatures were lowered without altering
the nature of the mesophase [32]. In some of the cases it has been possible to obtain room
temperature DLCs with very broad range of mesophase [33].

In order to obtain low temperature and stable liquid crystalline electron rich
triphenylene derivatives we have replaced one of the alkyl chains of
hexaalkoxytriphenylenes by branched alkyl chains viz. 2-ethyl hexyl and 3,7-dimethyl
octyl and studied the mesophase behavior of novel triphenylene derivatives [22]. The

monohydroxy functionalized precursors (Figure 3) have been prepared from symmetrical

91



hexaalkoxy triphenylenes 13 by using microwave irradiation and ionic reagents. The
monohydroxy functionalized pentalkoxytriphenylenes have been converted into

unsymmetrical hexaalkoxytriphenylenes with the help of microwave dielectric heating.

2.2.1 Results and discussion
The synthesis of monohydroxypentaalkoxytriphenyles 14 using ionic reagents I-V is

shown in Scheme 3.

Scheme 3. Synthesis of monohydroxypentaalkoxytriphenylenes using ionic reagents.

When different hexaalkoxytriphenyles 13 [R=-C4;Hg (H4TP), -CsHy1 (H5TP), -
CeHiz (H6TP)] were treated with various ionic reagents (I-V), monohydroxy-
functionalised triphenylenes 14 were formed in moderate yields. The ionic reagents were
prepared following literature methods [34]. We have used different equivalents of the
reagents 1-V under different microwave powers and for various reaction times. While

reagents I, 111 and 1V did not give any monohydroxy-functionalised triphenylene under
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microwave heating condition for more than 5-10 min, the reagents Il and V produced the
desired product. The results are summarized in Table 6 and 7.
Table 6. Preparation of monohydroxy-pentaalkoxytriphenylene 14 using reagent V under

microwave heating.

Entry 13 \Y, MW Time 14 Rec.13 Yield®
(Equi.) Power (min) (%) (%) (%)

1 HATP 4 160 3 12 70 40
2 H4TP 2 360 5 23 53 49
3 HATP 2 360 10 22 44 39
4 HATP 4 360 5 21 43 37
5 HATP 6 360 5 23 38 37
6 HATP 3 360 5 25 57 58
7 H4TP 2 600 3 24 51 49
8 HATP 3 600 3 26 46 48
9 HATP 4 600 5 25 43 44
10 HATP 6 600 3 24 45 44
11 HATP 6 600 5 24 41 40
12 HATP 2 800 3 20 52 42
13 H4TP 2 800 1 19 66 56
14 HATP 2 800 5 22 45 40
15 H4TP 4 800 3 22 45 40
16 HATP 4 360 3 17 60 42
17 H5TP 3 360 3 4 90 40
18 H5TP 3 360 5 30 54 65
19 H5TP 6 360 5 23 47 43
20 H5TP 3 600 5 28 52 59
21 H5TP 3 600 3 26 56 59
22 H5TP 3 800 3 27 54 59
23 H6TP 3 360 3 10 83 59
24 H6TP 3 360 5 29 41 49
25 H6TP 3 600 3 30 50 60
26 H6TP 3 600 5 29 40 60
27 H6TP 6 360 5 2 38 3
28 H6TP 3 800 3 27 52 56

%yield of 14 based on consumed material 13 in the Tables 6 and 7.
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It is interesting to note that no side product was formed in the reaction and the
unreacted triphenylene can be recovered easily and can be recycled. It is clear from the
tables that longer chain aryl-alkyl ethers gives lower yield of the product. This could be

because of the increased steric hindrance of longer alkyl chains.

Table 7. Preparation of monohydroxy-pentaalkoxytriphenylene 14 using reagent Il under

microwave irradiation conditions.

Entry 13 I MW Time 14 Rec.13 Yield®
(Equi.) Power (min) (%) (%) (%)
1 HATP 3 360 5 36 27 49
2 HATP 3 600 3 26 54 57
3 HATP 3 800 3 28 51 57
4 HATP 3 800 1 24 62 63
5 H4TP 3 600 5 28 45 51
6 H4ATP 3 360 2 23 55 51
7 H4ATP 3 360 3 28 48 54
8 HATP 6 360 3 22 43 38
9 H5TP 3 360 3 22 55 49
10 H5TP 3 360 5 34 38 55
11 H5TP 3 600 3 26 57 61
12 H5TP 3 600 5 30 51 62
13 H6TP 3 360 5 25 54 55
14 H6TP 3 600 3 28 53 59

%yield of 14 based on consumed material 13 in the Tables 6 and 7.
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As can be seen from Table 6 and 7, irradiation of the reaction mixture at 600W for 3
min. using 3 equivalent of the reagent generally furnished good yield of the products.
When the reaction mixture is irradiated with 360W, it takes longer time i.e. 5Smin. to
furnish good vyield of the products. Enhancing the microwave power to 800W did not
increase the yield significantly. The identity and purity of the products were characterized
by their spectral data, phase behavior and by comparison with authentic samples.

The synthesis of unsymmetrical hexaalkoxy triphenylenes 15 and 16 from 14 is

shown in Scheme 4.

OF

=

Scheme 4. Synthetic route of unsymmetrical hexaalkoxytriphenylenes from

monohydroxypentaalkoxytriphenylenes.
The racemic branched chain alkyl bromides were prepared from their

corresponding alcohols using N-bromosuccinimide and triphenylphosphine[32, 33]. The

unsymmetrical hexaalkoxytriphenylens have been prepared in very good yield within 3-4

95



min by using microwave dielectric heating which is simple, efficient, rapid and
economic. The purity and identity of the products were characterized from their spectral
features (FTIR, *H NMR *C NMR etc.) and elemental analysis. The FTIR spectrum of
compound 15a is shown in Figure 4. The absence of phenolic hydroxyl absorption peak
at around 3500 cm™ in the IR spectra of all the hexaalkoxytriphenylenes suggests that the
hydroxyl group of 14 has been successfully alkylated by microwaves. The *H NMR of all
the unsymmetrical hexaethers show a single aromatic peak at 6 7.8 ppm integrating for
six protons in addition to phenoxymethylene, methylene and methyl resonances (Figure
5). The resonance peak corresponding to the hydroxyl group of 14, which appears at 6 5.9
ppm is completely absent in the *H NMR spectra of hexaethers 15 and 16. The *C NMR
spectra of the hexaethers 15 and 16 exhibit only three aromatic carbon resonances at ca. &
149, 124, 108 ppm characteristics of hexaalkoxysubstituted triphenylenes, two aryloxy
methylene-carbon at ca. 72 and 69 ppm in addition to the methylene and methyl-carbon
resonances (Figure 6). These spectral features (IR and NMR) and the actual combustion
analysis data obtained for the hexaethers of triphenylene confirm the structure as well as

high purity of the novel discotic compounds unambiguously.

2.2.2 Thermal behavior of unsymmetrical triphenylenes

The phase transition temperatures of all the compounds were initially established from
the polarizing optical microscopy and then measured accurately by differential scanning
calorimetry along with their associated enthalpy changes (Table 8). All the compounds
exhibit enantiotropic liquid crystalline behavior. These materials display characteristic

defect textures for the columnar hexagonal mesophase, example of which is shown in
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Figure 7. As a typical example the DSC thermogram of compound 16c¢ is shown in
Figure 8. The Cr-Col, and Coly-I transitions upon heating and I-Coly transition upon
cooling are seen. As can be seen from the Table 8, both the melting and clearing

temperatures of all these materials are lower than their symmetrical counterparts [35].

Table 8. Phase transition temperatures °C (peak temperatures) and enthalpies (kJ/mol. in
parentheses) of triphenylene derivatives 15a-e and 16a-e. Cr = crystal, Coly, = hexagonal

columnar, | = isotropic

Compound Heating Scan Cooling Scan
15a Cr 71.6 (28.8) Col, 95(8.4) | 1 93.5 (8.4) Coly, 40.2 (22.6) Cr
15b Cr54.3 (32.5) Col, 88.1(6.4) | 1 86.7 (6.3) Col, 29.8 (27) Cr
15¢ Cr 53.3 (37.4) Col,, 74.5 (4.7) | | 72.6 (4.6) Col,, 35.1 (36.3) Cr
15d Cr 48.7 (51.5) Col}, 68.8 (4.4) | | 67.2 (4.4) Col, 32 (45.2) Cr
15e Cr 51 (43.5) Coly 58.5 (3.2) | 1 56.6 (3.3) Coln 33.5 (46.8) Cr
16a Cr51.8 (28.9) Col, 80.1 (6.1) | | 78.4 (6.2) Coly

16b Cr 39.7 (30.8) Col;, 88.6 (6.8) | 1 86.7 (6.5) Colp

16¢ Cr 44 (36.8) Col, 84.4 (5.5) | 182.9 (5.4) Coly

16d Cr 42.7 (47.2) Col;, 86.3 (5.3) | | 84.4 (4.9) Col,

16e Cr51.7 (57) Coly, 80.5 (4.9) | | 78.1 (4.6) Col, 32.8 (50.3) Cr
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On an average about 15 °C lowering in melting point and 25 °C lowering in isotropic
temperature was found for the compounds of series 1 (15a-€). In series 2 (16a-€) the
melting points of the compounds are lowered by about 25 °C. This could be because of
the disordering introduced by the branched alkyl chain into the periphery. The crystal to
mesophase transition enthalpy increases as the chain length is increased in both the series.
This could be due to the fact that with increase in chain length the molecules become
more symmetric in shape and hence more favorable packing in the crystalline phase. The
compounds 15¢ and 16e show sharp crystallization while cooling. It may be due to their
symmetrical molecular shape but other members show slow crystallization. It should be
noted that 16e is the only member of that series which crystallizes but other members
exhibit columnar mesophase down to room temperature. The transition enthalpies for
mesophase to isotropic transition decreases with increase in chain length, this could be
due to the extra steric crowding of the branched alkyl chains. Both 15b and 16b exhibit
the highest mesophase range in their respective series where as H4TP exhibits the highest
mesophase range in the symmetrical hexaalkoxytriphenylenes. This is due to the fact that
H4TP forms a highly ordered plastic columnar phase [36]. It is interesting to note that
both melting and clearing temperatures for the compounds 16a-e show very strong odd-
even effect (Figure 9). The members containing odd number of carbon atoms in their
periphery (except the branched chain) exhibit lower melting points then having even
number of carbon atoms in their periphery which is reverse to the clearing temperatures.
This could be due to favorable packing of the molecules containing even number of
carbon atoms in their crystalline state where as the packing of the molecules is favorable

in the mesophase in case of the members containing odd number of carbon atoms in the
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alkoxy chains. The compounds 16c-e display broader mesophase range than their
symmetrical counter parts though their clearing temperatures are less than the
symmetrical ones. This is because the melting transition temperatures are lowered more
as compared to the clearing temperatures for these compounds and hence resulting in
broad mesophase range. The mesophase stability for the series 15a-e is less than the
series 16a-e (Figure 9). This could be because of the more proximity of the ethyl group to
the aromatic core of the discotic molecules and hence making unstacking of the

molecules in the columns easy.

2.2.3 X-ray diffraction studies

X-ray diffraction patterns for all the compounds were recorded in the columnar phase 10
°C below the isotropic temperature while cooling from the isotropic phase. A
representative diffraction pattern obtained for the compound 15a (Figure 10) and its one-
dimensional intensity vs. 20 profile obtained by integrating over the entire y (0-360°)
range are shown in Figure 11. Qualitatively similar patterns were obtained for the other
compounds. The overall features observed are consistent with the structure of the Coly
phase. In the low-angle region, four sharp peaks, one very strong and three weak
reflections are seen whose d-spacings are in the ratio of 1 : 1/\3 : 1/N4 : 1/N/7. Identifying
the first peak with the Miller index 100, the ratios conform to the expected values from a
two-dimensional hexagonal lattice. In the wide-angle region two diffuse reflections are
seen. The broad one centered at 4.66A corresponds to the liquid-like order of the aliphatic
chains. The relatively sharper one seen at higher 26 value and well separated from the

broad one is due to the staking of the molecular cores one on top of the other. As it is a
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diffuse peak it suggests that the staking of the discs within each column is correlated over
short distances only. The average staking distance (core-core separation) was found to be
3.64A and falls in the range observed for a number of materials exhibiting the columnar
phase. It should be noted here that H4TP forms a highly ordered plastic columnar phase
[36] but the compounds 15a and 16a form normal hexagonal columnar phase. The
intercolumnar distance for H4TP is 18.59A [37] where as this distance is 19.26A and
19.74A respectively for 15a and 16a. This could be because of the interdigitation of the
long branched chain alkoxy groups which restricts the molecular rotation within the
column and hence destroy the plastic columnar phase. The hexagonal columnar structure
of the compounds is corroborated by the appearance of six symmetrically positioned
spots (Figure 12) in the diffraction pattern of the compound 15c¢ without any pretreatment
for alignment of the columnar phase or application of any external force. This type of
pattern can be obtained from aligned samples by passing the X-ray beam along the
column axis in the columnar mesophase. So this could be because of formation of large
homeotropic domains by branched chain discotic compounds as found earlier [32] The
miller indices of 100 reflections (di00) and the corresponding inter columnar distances
along with the inter disc distances (intracolumnar) for all the compounds are listed in
Table 9. The intercolumnar spacing for a hexagonal lattice is obtained by division of dig
by (cos 30°). As can be seen from the Table 9, for compounds of both the series the inter
columnar distances increase monotonically with increase in the chain lengths. As
expected the compounds of the series-2 show slightly higher intercolumnar distances
(Figure 13) than the compounds of the series-1 because the 3, 7-dimethyl octyloxy chain

is longer than the 2-ethyl hexyloxy chain. The intercolumnar distances are intermediate
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between their symmetrical counterparts and their fully extended all-trans structure which

suggests some degree of interdigitation of the alkyl chains [38].

Table 9. Layer spacing and intercolumnar distances for the mesophase of series 15a-e

and 16a-e, deduced from X-ray measurements in the mesophase.

Compound  d-spacing/A Intercolumn distance/A Interdisc distance/A
15a 16.68 19.26 3.64
15b 17.65 20.38 3.67
15c¢ 18.01 20.79 3.67
15d 19.31 22.29 3.67
15e 20.01 23.10 3.66
16a 17.10 19.74 3.64
16b 17.72 20.46 3.65
16c 18.73 21.62 3.66
16d 19.57 22.59 3.63
16e 20.33 23.47 3.64

The compounds 15¢ (20.79A) and 16e (23.47A) have intercolumnar distances similar to
H6TP (21.17A) [29] and H8TP (23.4A) [38] suggesting there is little interdigitation of
the alkyl chains in these two compounds. This could be due to their relatively more

symmetrical structure than the other compounds.
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2.2.4 Conclusions

In conclusion, 30-40% vyields of the valuable mono-functionalized triphenylenes can be
isolated using simple ionic liquids in microwave flash heating conditions. Using
microwave flash heating, these materials can be prepared in a few minutes in moderate
yield. In all cases, no side reaction occurred and the unreacted starting material can be
isolated easily, and can be recycled. The process reported here is an economic and green
synthesis method for the preparation of monohydroxy-pentaalkoxy triphenylene
derivatives.

We have also prepared two novel series of triphenylene-based DLCs having a
branched-alkyl chain and five normal alkyl chains using microwave dielectric heating
from monohydroxy functionalized triphenylenes. Mesophase behavior of the compounds
has been characterized by polarizing optical microscopy, differential scanning
calorimetry and mesophase structure has been characterized by X-ray diffractometry. The
introduction of branched-alkyl chain produces materials having low clearing temperature
(< 100 °C) and wide mesophase range. From X-ray studies, it was observed that these
compounds have a tendency of homeotropic alignment without any pretreatment for
alignment of the columnar phase or application of any external force. The manipulation
of the molecular architecture provides the opportunity to obtain homeotropically aligned
films of self-assembled materials with low clearing temperature and wide mesophase
range which is essential for the implementation of these kinds of materials in electronic

devices like organic light emitting diodes, photovoltaic solar cells, gas censors, etc.
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2.3 Experimental

2.3.1 General information

Chemicals and solvents (AR quality) were used without purification. All reactions were
monitored by employing TLC technique using appropriate solvent system for
development. All solvent extracts were washed with water and dried over anhydrous
sodium sulphate and concentrated at reduced pressure on a Buchi rotary evaporator.
Yields reported are isolated yields of pure materials. The purity of all the compounds was
confirmed from their homogenous nature of a TLC plate, NMR spectrum and elemental
analysis. Microwave irradiation was performed in an unmodified household microwave
oven. (LG, MS-192W). Column chromatographic separation was performed on silica gel
(100-200 mesh). *H NMR spectra and **C NMR spectra were recorded in CDCI3 on a 400
MHz (Bruker AMX 400) spectrometer. All chemical shifts are reported in 6 (ppm) units
down field from tetramethylsilane (TMS) and J values are reported in Hz. FT-IR spectra
were recorded as KBr discs on Shimadzu FTIR-8400. Elemental analysis was performed
on Carlo-Erba Flash 1112 analyser. Transition temperatures were observed using a
Mettler FP82HT hot stage and FP90 central processor in conjunction with an OLYMPUS
BX51 polarizing microscope. Transition temperatures and associated enthalpies were
measured by differential scanning calorimetry by heating and cooling at the scan rate of 5
°C per minute (Perkin- EImer Model Pyris 1D with Intracooler 2P cooling system). X-ray
diffraction measurements were carried out using Cu-Ko radiation (A=1.54A) generated
from a 4 kW rotating anode generator (Rigaku Ultrax-18) equipped with a graphite
crystal monochromator. Samples were filled in Hampton research capillaries (0.5 or 0.7

mm diameter) from isotropic phase, sealed and held on a heater. For all the samples, X-
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ray diffraction was carried out at room-temperature (25 °C) and diffraction patterns of the

mesophase were recorded on a two dimensional image plate (Marresearch).

2.3.2 General procedure for the synthesis of 4’-alkoxy-4-cyanobiphenyls

In a typical reaction, 4’-hydroxy-4-biphenylcarbonitrile (50 mg, 0.26 mmol), 1-
bromooctane (98 mg, 0.5 mmol) and cesium carbonate (165 mg, 0.5 mmol) were mixed
in N-methyl-pyrrolidinone (NMP, 0.2 ml) in a small glass vial and loosely covered with a
rubber septum. The mixture was heated in an unmodified household microwave oven at
360 W for 30 seconds (this has been reported [3] that under similar conditions the bulk
temperature reaches to about 100 °C). The vial was taken out and water (2 ml) was
added. The resultant precipitate was filtered off and dried. It was purified by passing
through a short bed of silica gel and eluting the product in hexane-ethyl acetate to afford
63 mg (80%) of the pure product. In the case of more than 30 s heating, after the first 30 s
irradiation, the vial was taken out of the oven and placed back after about one minute and
irradiated again for 30 s. A 30 + 30 s heating followed by above-mentioned work-up
furnished 77 mg (98%) of the product. The yield represents the isolated pure product in
hand in all the cases. The product can also be isolated in almost similar yield by simple
crystallization as no other side product forms but the quality of the product is not as good

as in the case of chromatographic purification.
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2.3.3 General procedure for the synthesis of o,0-bis(4’-cyanobiphenyl-4-
yloxy)alkanes

To a mixture of 0.2 mmol dibromoalkane, 0.44 mmol of 4’-hydroxy-4-
biphenylcarbonitrile and 0.8 mmol of base in a glass vial, a few drops of solvents were
added. It was irradiated as mentioned above. The product was extracted with
dichloromethane and purified by passing through a silica column. All the products were

characterized from their spectral data and thermal behaviour.

2.3.4 General procedure for the synthesis of monohydroxy
pentaalkoxytriphenylenes

H4TP 13a (330 mg, 0.5 mmol) was taken in a glass vial, [omim]Br V (330 mg, 1.5
mmol) was added, and the mixture was thoroughly mixed and irradiated for one minute
under the desired microwave power. The vial was taken out and once again kept back for
one minute and this procedure was continued up to desired time. Then the vial was
cooled to room temperature. The mixture was dissolved in dichloromethane and then
passed through a neutral alumina column to isolate the pure product and unreacted
starting material.

Selected data are as follows.

14a: 'H NMR (400 MHz, CDCls): §7.96 (s, 1H), 7.83 (m, 4H), 7.78 (s, 1H), 5.90 (br s,
1H), 4.24 (m, 10H), 1.94 (m, 10H), 1.58 (m, 10H), 1.04 (t, J = 7.2 Hz, 15H); *C NMR
(100 MHz, CDCl3): 6149.0, 148.8, 145.9, 145.3, 124.0, 123.7, 123.3, 123.0, 107.3, 106.6,
104.4, 69.6, 69.3, 68.8, 31.5, 19.4, 14.0; IR (KBr, all the derivatives 14a-c showed

similar spectra): vmax 3545, 2953, 2928, 2858, 1616, 1518 1437, 1389, 1352, 1261, 1171,
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1074, 835 cm™*; UV-vis data (CHCI; all the derivatives 14a-c show similar spectrum):
Amax 276.8, 303.2, 344.0 nm; DSC (peak temperature in °C and associated enthalpy
changes J /g in parentheses, Cr = crystals, | = isotropic): Cr 112.0 (56) I; Elemental
analysis: calculated for C3gHs,06, C 75.47, H 8.66%; found C 75.18, H 9.10%.

14b: 'H NMR (400 MHz, CDCl3): 87.96 (s, 1H), 7.83 (m, 4H), 7.78 (s, 1H), 5.90 (br s,
1H), 4.24 (m, 10H), 1.94 (m, 10H), 1.50 (m, 20H), 0.98 (m, 15H); **C NMR (100 MHz,
CDCls): 6149.2, 149.0, 148.8, 145.9, 145.3, 124.0, 123.7, 123.3, 123.0, 107.6, 107.3,
106.5, 104.3, 69.9, 69.6, 69.1, 29.2, 29.0, 28.4, 22.6, 14.1; DSC: Cr 64 (28) Cr 82 (27) I;
Elemental analysis: calculated for C43Hg,06, C 76.52, H 9.26%; found C 76.29 H 9.60%.

14c: 'H NMR (400 MHz, CDCls): §7.96 (s, 1H), 7.83 (m, 4H), 7.78 (s, 1H), 5.90 (br s,
1H), 4.29 (m, 10H), 1.94 (m, 10H), 1.57 (m, 10H), 1.40 (m, 20H), 0.93 (m, 15H); **C
NMR (100 MHz, CDCl3): $149.1, 148.8, 145.9, 145.3, 124.0, 123.7, 123.2, 123.0, 107.7,
107.5, 107.3, 106.5, 104.4, 69.9, 69.7, 69.2, 31.7, 29.4, 29.3, 25.8, 22.7, 14.1; DSC: Cr
65 (63) I; Elemental analysis: calculated for C4gH7,0¢, C 77.38, H 9.74%; found C 77.31

H 9.98%.

2.3.5 General procedure for the synthesis of unsymmetrical triphenylene derivatives
To a mixture of monohydroxy-pentaalkoxytriphenylene 14 (0.15 mmol), cesium
carbonate (0.3 mmol) and appropriate branched chain alkyl bromide (0.3 mmol) in a
small glass vial was added few drops of NMP (0.2 ml). The vial was loosely covered with
a rubber septum (Aldrich) and then irradiated under microwave for 30 seconds. The vial
was taken out and again kept back after about one minute. The process was continued 6-8

times until the reaction gets completed (monitored by TLC). The reaction mixture was
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cooled and worked up by adding water followed by extraction with dichloromethane. The
crude product was purified by column chromatography (silica gel, ethyl acetate-
petroleum ether 1:20) and crystallized from methanol in about 79-87% yield.

IR data. (vmax) 15a: 3101, 2956, 2931, 2868, 2742, 1616, 1517, 1438, 1263, 1172, 1070,
1033, 960, 835, 599 cm™. 16a: 3101, 2956, 2927, 2868, 1616, 1518, 1438, 1386, 1263,
1172, 1070, 1033 962, 835, 599 cm™. All other derivatives give similar spectra.

'H NMR data. 15a: 54 7.84 (s, 6H, ArH), 4.25 (t, 10H, J = 6.2, ArOCH,), 4.12 (d, 2H, J
= 5.7, ArOCH,), 1.9 (quintet, 12H, J = 6.5, CH,CH,CH,), 1.7-1.4 (m, 17H, CH, CH,),
1.1 (m,18H, CH3), 0.9 (t, 3H, J = 7, CHs); 16a: 5 7.84 (s, 6H, ArH), 4.24 (t, 12H, J = 6.4,
ArOCH,), 1.9 (quintet, 12H, J = 6.7, CH,CH,CH,), 1.8-1.2 (m, 18H, CH, CH,), 1.0 (m,
18H, CHs3), 0.9 (d, 6H, J = 6.6, CH3). All other compounds give similar spectra having
more number of hydrogens in the aliphatic region.

C NMR data. 15a: 8¢ 149.1, 123.7, 107.6, 72.3, 69.5, 39.7, 31.5, 30.8, 29.2, 24.1, 23.1,
19.4, 13.9, 11.3. 16a: 149.0, 123.7, 107.5, 69.4, 68.1, 39.3, 37.5, 36.4, 31.5, 30.0, 28.0,
24.8, 22.6, 19.8, 13.9. All other compounds give similar spectra.

Elemental analysis: 15a, Found: C, 76.6; H, 9.7. C4sHesOg requires C, 77; H, 9.6%: 15b,
Found: C, 77.5; H, 9.8. Cs;H;50¢ requires C, 77.8; H, 9.9%: 15c, Found: C, 78.1; H, 10.6.
Cs6HssOg requires C, 78.5; H, 10.4%: 15d, Found: C, 78.7; H, 11.0. Cg1HggOg requires C,
79.0; H, 10.7%: 15e, Found: C, 79.1; H, 10.9. CgH1080¢ requires C, 79.5; H, 10.9%: 16a,
Found: C, 77.0; H, 9.75. C4gH7,0¢ requires C, 77.4; H, 9.74%: 16b, Found: C, 77.7; H,
10.5. Cs3Hg206 requires C, 78.1; H, 10.1%: 16¢, Found: C, 78.3; H, 10.9. CsgHg,0¢
requires C, 78.7; H, 10.5%: 16d, Found: C, 79.0; H, 11.2. Cg3H10206 requires C, 79.2; H,

10.7%: 16e, Found: C, 79.2; H, 11.1. CggH11,0¢ requires C, 79.6; H, 11.0%.
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Figure 4. FT-IR spectrum of compound 15a.
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Figure 5. "H NMR spectrum of compound 15c.
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Figure 7. Optical microscopic texture of the compound 16d under crossed polarizer at 75

°C on cooling from the isotropic liquid (magnification X 200).
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Figure 10. X-ray diffraction pattern of the compound 15a in the mesophase.
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Figure 12. X-ray diffraction pattern of the compound 15¢ in the mesophase. Note that no

special technique was used for the alignment of the sample.
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CHAPTER 3

Microwave-assisted facile synthesis of rufigallol and its

novel room-temperature liquid crystalline derivatives

3.1 Introduction

Rufigallol (1,2,3,5,6,7-hexahydroxy-9,10-anthraquinone) is a molecule of both biological
and materials science interest [1]. Recently, it has been reported as a novel oxidant drug
[2, 3]. A remarkable synergistic antimalarial interaction between rufigallol and the
structurally similar compound exifone has been described [4]. It is believed that rufigallol
acts in pro-oxidant fashion to produce oxygen radicals inside parasitized erythrocytes [4].
The 1,2,3,5,6,7-hexahydroxy-9,10-anthraquinone (rufigallol) has recently been identified
as an active antimalarial compound [2-4]. Rufigallol has also been recognized for its

vitamin K activity [5].

Robiquet reported the synthesis of rufigallol in very poor yield by the action of sulphuric
acid on gallic acid as early as in 1836 [6]. Its structure was advanced by Klobukowsky
[7]. Grimshaw and Haworth reported the purification of rufigallol in 1956 [8]. Since then
little further work has appeared and no new efficient method to prepare rufigallol has

been reported.
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Rufigallol has been found to function as the core fragment for a remarkable
family of discotic liquid crystals [1]. Rufigallol derivatives are one of the earliest systems
reported to form columnar mesophases. They are interesting materials as these molecules
have an elongated core with a two-fold symmetry axis, they are colored, they exhibit an
important polymorphism, the core is electron-deficient in nature, they are thermally
stable and their chemistry is fairly easy. Billard and co-workers reported the first discotic
liquid crystalline hexaesters of rufigallol [9] in 1980 and since then about 100 different
discotic liquid crystalline derivatives of this molecule have been prepared and studied for
various physical properties [1].

As in traditional inorganic semiconductors, DLCs can function either as p-type or
n-type organic semiconductors [10, 11]. The most widely synthesized and studied
discotic liquid crystals are electron rich m-conjugated materials and are better hole
carriers (p-type semiconductors). Few examples of electron deficient (n-type) DLCs such
as bis(dithiolene) nickel complex 1 [12], perylene 2 [13], tricycloquinazoline 3 [14],
hexaazatrinaphthylene 4 [15], hexaazatriphenylene 5 [16], triazine derivatives 6 [17],
fluorine substituted hexabenzocoronene 7 [18], etc., are reported in the literature which
are very less as compared to p-type DLCs. Thus novel n-type liquid crystalline materials
are required as electron transporting layers for organic light emitting diodes (OLED) and
organic photovoltaic (OPV) solar cells as has already been demonstrated [19].

In the design of discotic liquid crystals the use of branched alkyl chains to modify
thermal properties has been well documented [20]. It is realized that the use of branched
alkyl chains generally do not change the nature of the mesophase, reduce the transition

temperatures, broaden the mesophase range and help in obtaining room-temperature
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liquid crystalline materials. This strategy has been applied to alkynylbenzenes 8 [21]
hexabenzocoronenes 9 [22], tricycloquinazolines 10 [23], and phthalocyanines 11, 12
[24,25], to obtain room-temperature liquid crystalline phases, which could be due to
steric crowding and stereoheterogeneity introduced by the racemic branched alkyl chains.
The various known liquid crystalline derivatives of electron deficient rufigallol are as
follows; hexa-n alkanoates 13 [26], octaalkanoates 14 [27], hexa-n-alkoxy rufigallol 15
[28], monohydroxy pentaalkoxy rufigallol 16 [29], mixed-tail hexaalkoxy rufigallol 17-
19 [30-32], rufigallol based discotic metallomesogens 20 [33], rufigallol based discotic

dimers 21 [34], donor-acceptor dyads 22 [35], donor-acceptor-donor triads 23 [36],
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rufigallol based discotic-calamitic hybrids 24 [37], rufigallol based discotic main chain

polymers 25 [38] etc.

The various physical property studies of rufigallol derivatives include
confinement and hydrostatic pressure effect on phase behavior, DC and AC conductivity
studies etc. Covazier and Zhao investigated the confinement effect on the phase behavior
of rufigallol- hexa-n- octanoate [39]. Millipore membranes of various pore sizes were
taken as the confinement media. The suppression of the monotropic phase inside the
membrane of smaller pore size was observed. However, the confinement does not impart
any effect on the overall crystallization mechanism. This material was also dispersed in
different polymers like polystyrene, poly(methyl methacrylate) and poly(ethyl

methacrylate). It is reported that the orientation of discotic molecules can be achieved by

124



ROCM



the stretching of polymer dispersed discotic liquid crystal films [40]. Maeda et al.
studied the phase behavior of three hexaalkoxy-rufigallols under hydrostatic pressure
using a high pressure differential thermal analyzer [41]. Under pressure, on one hand,
induction of Col, phase in hexaoctyloxy-rufigallol was observed. On the other hand, the
stable Col, phase of hexahexyloxy-rufigallol has a decreased temperature range with
increasing pressure and then the Col, phase disappears under higher pressure. The
temperature dependent dielectric spectroscopy of four homologues hexaalkoxy rufigallols
in the frequency range of 10 Hz to 10 MHz has recently been carried out by Gupta et al.
[42]. The dielectric anisotropy has been found to be positive throughout the entire range
of the Coly, phase for all of the four compounds of this series. No relaxation phenomena
are found in the frequency range of measurement i.e. 10 Hz to 10 MHz. They have also
measured the DC conductivity of these compounds which was found in the range of
10™-10** sm™. Chandrasekhar et al. measured AC conductivity of hexapentyloxy-
rufigallol doped with a small amount of an electron donor anthracene [43]. The
conductivity was found to be nearly seven orders of magnitude higher in the columnar
phase relative to that in the isotropic phase, as well as that in the columnar phase in the
undoped state. Thermoelectric power studies confirmed the nature of the charge carrier as
electrons in anthracene-doped hexapentyloxy-rufigallol [43].

While a large number of discotic liquid crystals have been derived from rufigallol,
most of them display mesophase at higher temperatures. For any device application, the
stability of the mesophase at ambient temperature is required and the mesophase should
be stable over a wide temperature range and should possess a single mesophase structure.

Efforts have been made to prepare a variety of room-temperature electron-rich DLCs,
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however, room-temperature electron-deficient DLCs are rare. Therefore, it is of great
practical interest to prepare rufigallol-based room-temperature electron-deficient DLCs.

As described in previous chapter, microwave-assisted high-speed chemical
synthesis has attracted a considerable amount of attention in the past decade. Almost all
types of organic reactions have been performed using the efficiency of microwave-flash
heating. This is not only due to the fact that reactions proceed significantly faster and
more selective than under conventional thermal conditions but also because of the
operational simplicity, high yield of products and cleaner reactions with easier work-up
[44]. Though a large variety of organic molecules have been prepared using microwave
dielectric heating, this technique has not been much explored for the synthesis of liquid
crystalline materials.

Here, in this chapter, we describe the self-condensation of the gallic acid in the
presence of sulphuric acid which can be achieved in high yield in about one minute by
using microwave heating. The resultant rufigallol was converted to novel unsymmetrical
room-temperature discotic liquid crystalline derivatives by substituting with normal and

branched-alkyl chains [45, 46].

3.2 Results and discussion

3.2.1 Microwave assisted synthesis of rufigallol

The synthetic scheme of rufigallol and its novel room-temperature derivatives are shown
in Scheme 1. Rufigallol 27 is prepared by the self-condensation of gallic acid 26

monohydrate in sulfuric acid under microwave irradiation as shown in Scheme 1. The
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condensation was carried out using an unmodified domestic microwave oven (LG, MS-

192W).

J
TN Sor

VN //

Scheme 1. Synthesis of rufigallol and its novel liquid crystalline derivatives. Reagents

and conditions: (i) H,SO4, MW, 90 sec., 84%; (ii)) RBr, DMSO, NaOH; (iii) R’Br,
Cs,CO3, NMP, MW, 3 min.; (iv) R’Br, NaOH, DMSO; (v) RBr, Cs,CO3, NMP, MW, 3-

4 min.

Irradiation (360W) of gallic acid monohydrate (2.0 g) in 6.0 mL of concentrated H,SO,4
for 90 sec. yielded 1.36 g (84%) of crude rufigallol. The product was isolated simply by
adding the mixture to ice-water followed by filtration of the solid product. The various

yields of rufigallol against 2.0 gm of gallic acid monohydrate are shown in Table 1.
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Table 1 The various yields of rufigallol 27 against 2.0 gm of gallic acid monohydrate 26.

Entry Acid (mL)  Time (sec.) HHA 27 (gm) Yield (%)
1 4 15x2 0.4 25
2 4 15x4 0.88 54
3 4 15x6 1.27 78
4 5} 15x3 1.2 74
5 5 15x4 1.24 76
6 5 15x5 1.28 79
7 5 15x6 1.30 80
8 6 15x4 1.28 79
9 6 15x5 1.35 83
10 6 15x6 1.37 84

This crude product was converted to its hexaacetatate (60%) by treatment with acetic
anhydride. Hydrolysis of the analytically pure hexaacetate furnished pure rufigallol in an

overall yield of about 50%.

3.2.2 Synthesis of hexaethers of rufigallol and their characterization

In order to prepare novel room-temperature rufigallol discotics, we initially replaced all
six peripheral n-alkyl chains with 3,7-dimethyloctyl chains 32. The reaction of rufigallol
with excess of 1-bromo-3, 7-dimethyloctane in the presence of cesium carbonate under

microwave heating produced the hexa branched alkyl chain substituted derivative 32
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within 3 min. However, it was found to be non-liquid crystalline viscous oil. The
replacement of two or four n-alkyl chains with branched alkyl chains under similar
reaction conditions afforded novel unsymmetrical room-temperature liquid crystalline
rufigallol derivatives 29 and 31 (Scheme 1). The synthesis of the unsymmetrical
hexaethers was achieved by a two-step alkylation process. The unequal reactivity of the
six phenolic groups, two of which are less reactive by virtue of being intra molecularly
hydrogen bonded to the adjacent quinone carbonyls, was exploited. Etherification of
rufigallol 27 under mild conditions produced 1,5-dihydroxy-2,3,6,7-tetraalkoxy-9,10-
anthraquinone (28 and 30) without alkylating the hydrogen bonded C-1 and C-5 positions
[30]. These tetraalkoxy derivatives were further alkylated with the help of microwave
dielectric heating as shown in the Scheme 1 under mild basic conditions to give the
unsymmetrical hexaethers in very good yield within 3-4 minutes which is simple,
efficient, rapid and economic. Under classical reaction conditions no product could be
obtained with in this much time. The optimized yield under microwave dielectric heating
condition is 90% in 4 minutes whereas under classical thermal heating conditions the
yield is 65% after 20 hours of reaction at 100 °C with identical reaction mixtures.

The chemical structures and purity of all the compounds have been characterized
by FT-IR, *H NMR, *C NMR and elemental analysis etc. The IR spectra of recrystallised
tetraethers 28 and 30 (Figure 1) showed an absorption peak at 1616 cm™, characteristic of
an intramolecularly hydrogen-bonded anthraquinone carbonyl moiety in addition to other
aromatic, methylene and methyl absorption peaks. The *H NMR of others 28 and the
branched chain tetraether 30 (Figure 2) showed a singlet resonance at 6 12.7 ppm

integrating for two protons, characteristic of an intramolecularly hydrogen-bonded
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phenoxyl hydrogen and another singlet resonance at 6 7.4 ppm corresponding to the two
aromatic protons in addition to the phenoxylmethylene, methylene and methyl
resonances. The tetraether by virtue of its C, symmetry, exhibits only a single aromatic
proton signal and single phenolic proton signal. The **C NMR spectrum of branched
chain tetraether 30 (Figure 3) exhibited an intramolecularly hydrogen-bonded quinone-
carbonyl-carbon resonance at 6 186 ppm, six aromatic carbon resonances at ca. 158, 157,
141, 129, 112, 105 ppm, aryloxy methylene-carbon at ca. 72 and 68 ppm in addition to
the methylene and methyl-carbon resonances. These spectral features (IR and NMR) and
the actual combustion analysis data obtained for the tetraethers confirm the structure as
well as purity of the tetraethers unambiguously.

The IR spectra (Figure 4 and 5) of the unsymmetrical hexaethers 29 and 31
showed an absorption peak at 1666 cm™, characteristic of a non-hydrogen-bonded
anthraquinone-carbonyl moiety. The *H NMR spectra of these ethers, by virtue of their
symmetry, exhibited a singlet at & 7.6 ppm integrating for two protons corresponding to
the aromatic protons in addition to the phenoxymethylene, methylene and methyl proton
resonances (Figure 6 and 7). It is important to note that the difference in the chemical
shift between an aromatic proton present in an aromatic ring bearing a hydrogen-bonded
phenolic group (tetracthers & 7.4) and the aromatic proton present in a corresponding
alkylated product (hexaethers & 7.6). "H NMR spectra of all the hexaethers synthesized
were carefully analysed and found that there was no resonance appeared at 6 12.7 ppm
and the only aromatic resonance found was at & 7.6 ppm. Finally, all the hexaethers
synthesized were characterized by **C NMR spectra in order to confirm the structure and

purity of these homologues. The **C NMR spectra of these ethers (Figure 8 and 9)
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showed six aromatic-carbon resonances at ca. 157, 154, 147, 133, 120, 107 ppm, only
one quinone-carbonyl-carbon resonance at 6 181 ppm and three aryloxymethylene-carbon
resonance at ca. 74, 73, 69 ppm in addition to methylene and methyl-carbon resonances.
These spectral features and the actual combustion analysis data obtained for these
hexaethers confirm the structure as well as purity of each and every hexaether
synthesized here unambiguously.

3.2.3 Mesophase behavior of the novel rufigallol derivatives

The phase transition temperatures of all the compounds were initially established from
the polarizing optical microscopy (POM) and then measured accurately by differential
scanning calorimetry (DSC) along with their associated enthalpy changes which are listed
in Table 2. These materials under crossed polarizers display characteristic defect textures
for the columnar hexagonal mesophase upon cooling from isotropic melt, examples of
which are shown in Figure 10, 11 and 12. The solvent precipitated samples which exhibit
liquid crystalline behavior at room-temperature do not exhibit any characteristic texture
at room-temperature itself but when cooled from isotropic liquid they show characteristic
broken fan and mosaic textures of discotic columnar phases. However, these compounds
possess sufficient mobility at room temperature so that they can be easily disturbed by
mechanical shearing (samples were sheared by pressing the cover slip of the sample
slides under the microscope). As compared to the compounds of Series | the compounds
of Series Il possess more fluidity at room temperature as has been observed under
polarizing optical microscope. Surprisingly the branched chain substituted tetraalkoxy-
dihydroxy compound 30 exhibits liquid crystalline behavior at room temperature contrary

to its straight chain analogous 28 which do not show any liquid crystalline property
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except compound 28a which exhibits a metastable monotropic mesophase [31], this could

be because the branched chains fill the necessary space around the core to induce

mesomorphism (space filling effect) in compound 30.

Table 2. Phase transition temperatures (peak, °C) and associated enthalpy changes

(kd/mol, in parentheses) of novel rufigallol based discotics, Cr = Crystal, Col, =

Hexagonal columnar phase, M = unidentified phase, | = Isotropic phase.

Compound (n)

Heating

Cooling

29a (4)
29b (5)
29¢ (6)
29d (7)
29%e (8)
29f (9)
299 (10)
29h (11)
29i (12)
30

31a (5)
31b (6)
31c (7)
31d (8)
31e (9)
31f (10)
31g (11)
31h (12)
31i (14)

Cr 54.7 (18.4) Coly, 65.8 (7.6) |
Col 75.2 (9.3) |

Coly 77.7 (9.8) |

Col, 78.7 (9.7) |

Col 72.3 (9.2) |

Coly 67.4 (8.0) |

Cr 37.6 (14.3) Coly, 61.0 (8.0) |
Cr 42.0 (56.5) Coly, 54.7 (5.7) |
Cr39.8 (47.8) |

Coly 115.7 (5.5) |

Cr52.6 (34.9) |

Cr57.2 (34.5) |

Coly 52.6 (8.3) |

Col, 56.8 (8.9) |

Coly 59.7 (9.9) |

Coly 59.6 (10.1) |

Coly 56.1 (9.4) |

Coly 52.7 (9.1) |

Coly 39.2 (6.4) |

163.9 (7.7) Coly 12.4 (5.0) M
1 73.2 (9.1) Col,,

1 76.0 (9.9) Col,,

1 76.4 (9.6) Col,

1 70.4 (9.2) Col,,

| 65.4 (8.0) Col,,

1 59.0 (7.9) Col,,

151.7 (5.7) Coly, -28 (9.8) M
1 30.5 (2.0) Coly, 9.0 (56.6) Cr
| 114.1 (5.4) Col,

133.1 (5.8) Col,,

1 41.3 (6.3) Col,

1 50.7 (8.3) Col,

| 54.6 (8.9) Col,

1 57.8 (9.9) Col,,

1 57.6 (10.0) Col,

1 53.9 (9.2) Col,

1 50.4 (8.5) Col,

1 36.1 (6.7) Col,
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Compound 30 also displays large homeotropic domains when cooled from the isotropic
state as shown in Figure 11. As typical examples, the DSC thermograms of compound
29, 30, and 31 are shown in Figure 13, 14 and 15. The compound 30 shows only one
transition Col-I at 115.7 °C while heating and 1-Col transition at 114 °C while cooling,
which is the widest mesophase range among all the rufigallol derivatives known to date
[1]. In Series I, the compound 29a shows a crystalline phase at room temperature and on
heating it melts to columnar liquid crystalline phase at 54.7 °C which clears to an
isotropic liquid at 65.8 °C, upon cooling it shows two transitions, I- Col transition at 63.9
°C and another transition at 12.4 °C. The second transition is suspected to be a transition
to another mesophase because of the transition enthalpy value i.e. 5 kJ/mol which is of
similar magnitude as that of columnar phase transitions. Compounds 29b-29f display
columnar mesophase behavior at room temperature as is evident from a single thermal
transition in their DSC thermograms while heating and cooling, which is assigned to
columnar hexagonal to isotropic and isotropic to columnar hexagonal phase transitions
respectively. These compounds do not crystallize even after cooling to -30 °C. The
compounds 29g-i are crystalline at room temperature, 299 upon heating passes to
columnar phase at 37.6 °C and at 61 °C it clears to isotropic phase while cooling the
mesophase transition is at 59 °C and the phase is stable down to room temperature and
the sample does not crystallize. Compound 29h exhibits similar behavior as that of 29a
whereas the compound 29i shows a monotropic columnar hexagonal phase below 31 °C
and crystallizes at 9 °C. In Series Il, except compounds 31a and 31b all the other

compounds display columnar mesophase at room temperature and none of them show
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any sign of crystallization upon cooling to -30 °C as shown in Table 2. Compounds 31a
and 31b are crystalline at room temperature and exhibit monotropic columnar hexagonal
phases while cooling from the isotropic state similar to the compound 29i but they do not
crystallize immediately upon cooling to low temperature. So the compounds 29b-29f, 30
and 31c-i are truly room-temperature liquid crystals exhibiting only one columnar phase
over a wide range of temperature. These compounds will be suitable electron transport
candidates while considering the potential application of discotic liquid crystals for light
emitting diodes and photovoltaic solar cells. The variation of transition temperatures
(Tcol-1) and transition enthalpies (AHcor1) with the number of carbon atoms in the normal
alkoxy chains for the compounds of both the series are shown in the Figure 16 and Figure
17 respectively. Both the transitional properties increase marginally as the number of
carbon atoms increase and attain the maximum value about the middle of the series and
then the values fall as the number of carbon atoms are further increased in the
homologues series. The extent of order present in the mesophase is often characterized by
the isotropization enthalpy and isotropization entropy. The branched alkyl chains exert
two contrasting effects, one space-filling effect and the other is steric effect. So
depending on the balance of these competing factors the mesophase order may increase
or decrease. Thus with in a series, the mesophase order may vary in a non-liner fashion
depending on the relative contributions of these competing factors for each member of
the series. In addition, there is the rigidity of the n-alkyl chains which also contributes
towards the order of the compounds so also symmetry in terms of the alkyl chain lengths
whereas stereoheterogeniety of the branched chains contribute towards the mesophase

disorder. So as we move towards longer chain lengths the molecules approach towards
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symmetry and then again deviate from symmetry in terms of alkyl chain lengths.
Accordingly the order in the mesophase marginally increases, attains the maximum value
and then decreases. It should be noted that the flexibility of the longer alkyl chains also
contributes for the mesophase disorder in the higher members of the homologues series.
In Series Il since the molecules possess four branched alkyl chains the steric effect
exerted by the branch points might dominate over the space-filling effect of the branch
points and this could be the reason for lower clearing temperatures and more fluidity of
these compounds as compared to the members of Series I. The competition between
steric effect and symmetric approach in the lower members of the Series Il is just in
favour of the later so with increase in the chain length the stability of the mesophase
increases, attains the maximum value and then decreases in the higher homologues where
both steric effect of the branched alkyl chains and bending of the longer alkyl chains

contribute for the mesophase disorderness.

3.2.4 X-ray diffraction study

In order to reveal the mesophase structure and hence the supramolecular organization
of these compounds, X-ray diffraction experiments were carried out using unoriented
samples taken in glass capillaries at room-temperature. The X-ray diffraction patterns of
the mesophase exhibited by all the samples belonging to both the series is supportive of a
discotic hexagonal columnar arrangement. As typical examples, the X-ray diffraction
pattern of compound 29e, 30 and 31d and the intensity vs theta (0) graphs derived from
these patterns are shown in the Figure 18-20. Four sharp rings, one strong (dio) and three
weak reflections are seen in the pattern as well as in the plot in the small angle region.

Quialitatively, all the compounds show similar X-ray diffraction patterns. The d-spacings
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of these four rings are in the ratio 1: 1/N3: 1/44: 147 and they can be indexed as 10, 11,
20, 21 reflections of a two-dimensional hexagonal lattice. A fairly narrow diffraction ring
corresponding to the spacing of 3.7 A which corresponds to interdisc (intracolumnar =
do1) spacing within a column and a broad diffuse reflection at ~ 4.6 A suggesting a liquid
like structure of the alkyl chains are also seen in the wide angle region. So the discotic
molecules stack one on top of the other to form the columns and these columns in turn
arrange themselves in two dimensional hexagonal fashions for both the series of
compounds. In the columns the insulating alkyl chains surround the conducting aromatic
cores because of nano phase-segregation. The intercolumnar distances calculated using
the relation dyo/cos30° for all the compounds are listed in Table 3. In both the series it is
evident that as ‘n’ increases the diameter of the cylindrical columns formed by the
discotic molecules also increases as shown in the Figure 21. The intercolumnar distances
varies from 20-26 A where as the intracolumnar distance is around 3.7 A which is usually
observed for discotic columnar mesophases. The compound 30 also exhibits the same
feature as described above but the intracolumnar core-core separation in this material is
3.43 A and the peak is narrow and relatively strong at room temperature suggesting high
intracolumnar order in this particular compound. This high intracolumnar order could be
due to the added intermolecular interactions by two additional hydrogen bonded rings in
the molecular core of compound 30. The position of the peak do; (dinra) IS temperature
dependent such that dinys increases on increasing the temperature. However, the core-core
distance in compound 30 is 3.43A at 25 °C, whereas close to isotropic temperature the
core-core distance is 3.49A (105 °C) indicating relatively strong intracolumnar order in

this compound. For other compounds which were investigated at higher temperatures it
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was found that the do; peaks become broader with increasing temperature, indicating a

decrease in the degree of ordering along the columns.

Table 3. d-spacings and inter and intracolumnar distances for the mesophase of Series |

and Series 11, deduced from X-ray measurements at 25 °C.

Compound (n) d-spacing/A Intercolumn dist./A Interdisc dist./A
29a (4) 175 20.2 3.65
29b (5) 18.2 21.0 3.69
29¢ (6) 19.0 21.9 3.64
29d (7) 19.7 227 3.66
29 (8) 20.3 23.4 3.67
29f (9) 20.9 24.0 3.67
29g (10) 213 24.6 3.69
29h (11) 22.0 25.3 3.68
29i (12) 22,6 26.1 3.69
30 19.4 22.4 3.43
31a (5) 19.6 226 3.68
31b (6) 19.9 229 3.69
31c (7) 20.1 23.2 3.69
31d (8) 20.5 23.7 3.69
31e (9) 21.0 24.2 3.69
31f (10) 21.3 24.6 3.69
31g (11) 215 24.8 -
31h (12) 21.8 25.1 -
31i (14) 22.3 25.7 -
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This observation may be interpreted on the basis that the average length of the
order domains along the column decreases as temperature is increased. Further more,
increasing n, we note that the width of the (01) peak increases even at room temperature,
suggesting the decrease in intracolumnar order with increasing the chain length around
the discotic core. As can be seen from the Figure 21 the intercolumnar distances for both
the series increase, as anticipated, with increase in the number of carbon atoms in the
alkyl chains. From the Figure 21 it is very clear that the lower members of the Series |
possess less value of intercolumnar distances when compared with the corresponding
members of the Series Il but the trend reverses as the number of carbon atoms in the alkyl
chains increases. This could be because of the fact that in Series | the molecules contain
four shorter n-alkyl chains and two longer alkyl (3,7-dimethyloctyl) chains so the
effective diameter of the molecules are decided by the shorter chains whereas in Series 11
the molecules contain four longer alkyl (3,7-dimethyloctyl) chains and two shorter n-
alkyl chains and hence the effective molecular diameter is decided by the longer chains
which explains the difference of intercolumnar distances in the lower members. The story
reverses in the higher members. It is very clear from the Figure 21 that Series | and Series
Il show different slopes. The reason for the difference in slopes may be due to the
different positions of the n-alkyl chains in the molecules. For Series I, n-alkyls are on the
side and the branched chains are on the lateral but the situation is reversed for Series II.
The effective dimensions of both the series are mainly determined by the side chains
rather than lateral chains which explain the difference in slopes. The bending of the
longer alkyl chains, in part, will lead to a decrease of the core-core overlap between discs

in the columns. Therefore the m-n interactions will be diminished and hence the do; peak
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broadens with increase in the number of carbon atoms in the alkyl chains. For compounds
31g-31i this peak is not discernable even after longer exposer time, this could be because
of the combined effect of the bending of the longer alkyl chains and the steric effect of
the branched alkyl chains for the intracolumnar disorderness.

3.3 Conclusions

In conclusion, we have developed an efficient, simple, rapid and economic methodology
for the synthesis of rufigallol by using microwave dielectric heating. We have
synthesized two novel series of rufigallol based room-temperature discotic liquid crystals
with the help of microwave dielectric heating within few minutes under mild basic
conditions in very good yield. The columnar mesophase behavior of all the compounds
has been investigated by polarizing optical microscopy and differential scanning
calorimetry. The mesophase stability decreases as the length of the alkyl chain increases
in both the series. All the compounds exhibit columnar hexagonal mesophase over a
broad range of temperature. The columnar hexagonal structure of the mesophase was
established by X-ray diffraction studies. As anticipated, the intercolumnar distance
increases with increase in the alkyl chain length in both the series. Compound 30 being a
difunctional molecule can be used to prepare various discotic oligomers and polymers.
These electron-deficient room-temperature discotic liquid crystals may find applications

in light emitting diodes, photovoltaic solar cells, thin film transistors, etc.

3.4 Experimental

3.4.1 General information

General information has been described in chapter 2.
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3.4.2 Synthesis of rufigallol and its liquid crystalline derivatives

Synthesis of rufigallol 27, 1,2,3,5,6,7-hexahydroxyanthracene-9,10-dione: Gallic acid
26 (2.0 g) and sulfuric acid (6 mL) were taken in a glass vial, which was loosely sealed
with a rubber septum and then irradiated in a microwave oven for 15 sec. The vial was
removed from the oven and left to stand for about 1 min. This process was repeated Six
times and then the reaction mixture was poured into ice-water. The resultant solid was
collected by filtration and washed repeatedly with water until neutral and then dried to
afford rufigallol 27 1.379g (84%).

Tetraalkoxy rufigallols 28 and 30 were prepared following the literature procedure [30].
To a stirred solution of NaOH (4 eq.) in dry DMSO (50 ml) added crude rufigallol (5 g,
0.164 mmol) and appropriate (normal or branched) alkylbromide (4.4 eq.), and the
mixture was heated to 70 °C and held at the same temperature under N, for 18h. 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,SO,4. Product was crystallized from EtOH:CHCI; (4:6). Yield 45 %
(yellow solid).

Synthesis of 29c: In a vial containing tetrahexyloxy-rufigallol 28c (0.1g, 0.156 mmol),
cesium carbonate (0.2g, 0.62 mmol) and 3.7-dimethyl-1-bromooctane (0.14g, 0.62 mmol)
was added NMP (0.5 mL), the vial was loosely sealed with a rubber septum and then
irradiated in a microwave oven for 30s. The vial was removed from the oven and left to
stand for about 1 min, this process was repeated six times. The reaction mixture was

poured into cold water and the product was extracted with dichloromethane. The organic
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extract was dried, concentrated and the product was purified by column chromatography
over silica gel to afford 88% of the product. Other members of the series were
synthesized with the same procedure.

Synthesis of 31: In a vial containing 30 (0.1 mmol), cesium carbonate (0.6 mmol), and n-
alkyl bromide (0.6 mmol) was added NMP (0.5 mL). The vial was loosely sealed with a
rubber septum and then irradiated in a microwave oven for 30s. The vial was removed
from the oven and left to stand for about 1 minute and again irradiated for 30s. This
process was repeated for 6 to 8 times till the reaction completes (TLC monitoring). The
reaction mixture was poured into cold water and the product was extracted with
dichloromethane. The organic extract was dried, concentrated and the product was
purified by column chromatography over neutral alumina. Finally the product was

crystallized from chloroform by adding excess of ethanol to afford 80-90% of 31.

29%e: 1,5-bis(3,7-dimethyloctyloxy)-2,3,6,7-tetrakis(octyloxy)anthracene-9,10-dione.
'H NMR (400 MHz; CDCls; MesSi) 8 7.6 (s, 2H, Ar-H), 4.1 (m, 12H, ArOCH,), 1.1-
2.1 (m, 68H, aliphatic CH and CHy), 0.96 (d, 6H, J = 6.2 Hz, CH3), 0.92 (t, 12H, J = 6.7
Hz, CH3), 0.86 (d, 12H, J = 6.6 Hz, CHg3). Derivatives 29a-29i showed similar spectra
except for different numbers of aliphatic protons.

29¢, *C NMR (100 MHz; CDCl3; Me,Si) 8¢ 181.1, 157.4, 153.9, 146.9, 132.6, 120.3,
106.9, 74.0, 73.1, 69.1, 39.3, 37.4, 31.7, 30.3, 29.8, 29.4, 29.2, 29.0, 27.9, 26.0, 24.6,
22.6, 19.6, 14.0. Derivatives 29a-29i showed similar spectra.

2%, FT-IR vmax(KBr)/cm 12924, 2852, 1666, 1572, 1464, 1377, 1319, 1265, 1130,

1096, 1040, 978, 876, 721; All other derivatives give similar spectra.
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30: 2,3,6,7-tetrakis(3,7-dimethyloctyloxy)-1,5-dihydroxyanthracene-9.10-dione.

'H NMR (400 MHz; CDCl3; MesSi) 8y 12.76 (s, 2H, Ar-OH), 7.4 (s, 2H, Ar-H), 4.23-
4.13 (m, 8H, ArOCHj,), 1.9-1.1 (m, 40H, aliphatic CH, and -CH), 0.98 (d, 6H, J = 6.3 Hz,
-CH-CHg), 0.95 (d, 6H, J = 6.6 Hz, -CH-CHj3), 0.88 (d, 12H, J = 4.5 Hz, -CH-(CHs)>),
0.85 (d, 12H, J = 4.5 Hz, -CH-(CHa),).

3C NMR (100 MHz; CDCl3; Me,Si) 8¢ 186.4, 158.1, 157.3, 141.2, 128.9, 111.8, 104.8,
72.1,67.8,39.3, 37.3,36.1, 31.1, 29.8, 29.7, 28.8, 28.0, 24.7, 22.6, 19.6.

FT-IR vrm,\x(KBr)/cm'1 2922, 2854, 1616, 1569, 1506, 1456, 1427, 1365, 1315, 1280,
1226, 1138, 1095, 1045, 950, 864, 802, 723.

31d: 2,3,6,7-tetrakis(3,7-dimethyloctyloxy)-1,5-bis(octyloxy)anthracene-9,10-dione.
'H NMR (400 MHz; CDCl3; MesSi) 84 7.6 (s, 2H, Ar-H), 4.0-4.2 (m, 12H, ArOCH,),
1.1-1.9 (m, 64H, aliphatic CH and CH,), 0.98 (d, 6H, J = 6.2 Hz, CH3), 0.94 (d, 6H, J =
6.5 Hz, CH3), 0.86 (m, 30H, CH3). Derivatives 31a-31i showed similar spectra except for
different numbers of aliphatic protons.

31d, *C NMR (100 MHz; CDCls; Me,sSi) 8¢ 181.2, 157.5, 153.9, 147.0, 132.7, 120.4,
117.7, 107.0, 74.7, 72.4, 67.5, 39.2, 37.3, 36.1, 31.8, 30.3, 29.7, 29.5, 29.3, 27.9, 26.0,
24.7,22.6, 19.6, 14.0. Derivatives 31a-31i showed similar spectra.

31d, FT-IR vm;,m(KBr)/Cm'1 2924, 2852, 1666, 1572, 1508, 1466, 1377, 1319, 1267,
1130, 1094, 1045, 954, 874, 721. Derivatives 31a-31i showed similar spectra.

Elemental analysis. 29a, Found: C, 74.69; H, 9.60. CsoHgoOg requires C, 74.22; H,
9.97%: 29b, Found: C, 75.44; H, 10.54. Cs4HggOg requires C, 74.96; H, 10.25%: 29c,
Found: C, 75.87; H, 10.26. CsgHosOg requires C, 75.61; H, 10.50%: 29d, Found, C,

75.92; H, 11.0. CgH1040s requires C, 76.18; H, 10.72%: 29e, Found, C, 76.47; H, 11.25.
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CssH1120g requires C, 76.69; H, 10.92%: 29f, Found, C, 77.29; H, 11.09. C;H1200g
requires C, 77.15; H, 11.10%: 29g, Found: C, 77.48; H, 10.95. Cy4H1,50g requires C,
77.57; H, 11.26%: 29h, Found, C, 77.65; H, 11.25. CssH1350g requires C, 77.95; H,
11.41%: 29i, Found, C, 78.05; H, 11.36. CgH1440g requires C, 78.29; H, 11.54%: 30,
Found: C, 75.0; H, 10.71. Cs4HggOsg requires C, 74.96; H, 10.25%: 31a, Found: C, 76.74;
H, 11.26. CgsH1030s requires C, 76.45; H 10.83%: 31b, Found: C, 76.81; H, 11.64.
CesH1120g requires C, 76.69; H, 10.92%: 31c, Found: C, 76.84; H, 11.27. CggH1160s
requires C, 76.93; H, 11.01%: 31d, Found: C, 77.30; H, 10.86. C7H1200sg requires C,
77.15; H, 11.1%: 3le, Found: C, 77.30; H, 11.53. CsH1240g requires C, 77.37; H,
11.18%: 31f, Found: C, 77.85; H, 11.80, C74H1280g requires C, 77.57; H, 11.26%: 31g,
Found: C, 77.60; H, 11.81. C;sH13,0g requires C, 77.76; H, 11.33%: 31h, Found, C,
77.84; H, 11.82. C7gH13605 requires C, 77.95; H, 11.41%: 31i, Found, C, 77.92; H, 11.35.

Cs2H1440g requires C, 78.29; H, 11.54%.
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Figure 10. Optical photomicrograph of 29e at 25 °C on cooling from the isotropic phase

(Crossed Polarizers, Magnification X 200).

Figure 11. Optical photomicrograph of 30 at 25 °C on cooling from the isotropic phase

(Crossed Polarizers, Magnification X 200).
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Figure 12. Optical photomicrograph of 31d at 25 °C on cooling from the isotropic phase

(Crossed Polarizers, Magnification X 200).
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Figure 13. DSC thermogram of compound 30 on heating and cooling cycles (scan rate 5

°C min™).
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Figure 16. Variation of transition temperatures (Col,-1) with number of carbon atoms in

the n-alkyl chains.
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Figure 18. X-ray diffraction pattern (a) and its derived intensity vs 6 graph (b) of the

mesophase of compound 31d recorded at 25 °C.
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CHAPTER 4
Synthesis and characterization of novel liquid

crystalline oligomers

4.1 Part A: Molecular double cables: synthesis and mesomorphism

4.1.1 Introduction

The notable improvement in the performance of electronic devices based on organic
semiconductors (organic m-conjugated soft materials) has attracted great interest in recent
years [1]. Organic m-conjugated materials have successfully been tested for use in a
number of electronic devices, such as field effect transistors, light emitting diodes and
solar cells. The improved efficiency of organic devices has origins ranging from
appropriate molecular design to well-defined structured layers essential for effective
charge transport. Recently there have been tremendous efforts to achieve both p-type
(hole conducting) and n-type (electron conducting) properties in organic semiconducting
materials which are crucial for molecular electronics. One elegant approach for such
materials is to covalently link electron donor and electron acceptor components at
molecular level. These kinds of materials are expected to behave as intrinsic, non-
composite p/n-type semiconductors. Such chemical tailoring could lead to the
development of other molecular architectures and it is envisaged that the combination of
covalent chemistry and molecular self-assembly will be crucial for the development of
nano-engineered functional materials for electronic applications [1]. Among the diverse

semiconductors, discotic liquid crystals (DLCs) play an important role in the design of
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electronic devices [2]. Discotic liquid crystals are unique nanostructures with remarkable
electronic and optoelectronic properties. Due to cofacial stacking of aromatic cores, disc-
like molecules self assemble into one dimensional columnar wire and these columns in
turn self organize themselves in various two-dimensional lattices. The transport along the
columnar axis is much faster than between the columns. Due to their relatively high
charge carrier mobilities, tendency to form highly ordered films of various thickness and
self-healing of defects owing to their dynamic nature, discotic mesogens have been
considered as attractive candidates for applications in organic electronic devices such as
photovoltaic solar cells, light emitting diodes and field effect transistors [2].

Very recently a great deal of attention is being paid to liquid crystal oligomers [3].
The physical properties of liquid crystalline oligomers are significantly different from
those of conventional low molar mass liquid crystals. Their purification and
characterization are simple, owing to the restricted motion of the components liquid
crystal oligomers provide and stabilize variety of fluid phases with fascinating functions
and oligomeric approach provides a wide flexibility in molecular design towards
multifunctional liquid crystals. However, compared to the number of calamitic oligomers,
discotic oligomers are rare. In this context we are interested in the design and synthesis of
novel functional discotic oligomeric materials and their mesophase behavior.

A careful literature survey reveals that while a number of discotic dimers, trimers
and tetramers containing various molecular components and having different molecular
topologies (linear, star shaped, etc.) have been prepared and studied [3], there is no report
on monodisperse discotic liquid crystal pentamers. Higher oligomers like hexamers and

heptamers are very few in number. Among the discotic liquid crystal oligomers, the star-
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shaped heptamers are interesting materials. The first discotic liquid crystalline heptamers
were reported by Ringsdorf’s group [4]. These contain seven triphenylene units, one of
the triphenylenes acts as the central core and the other six triphenylenes act as peripheral
units 1. These compounds exhibit columnar hexagonal phase by statistical arrangement of
triphenylenes without any super column or super lattice formation in the mesophase.
Interestingly these compounds undergo conformational changes at the air-water interface
such that the peripheral triphenylene substituents sit perpendicular to (edge-on) and the
central core sits parallel (face-on) to the interface [5]. This conformation of the molecules
is preserved upon transfer to a solid substrate. Mullen et al. reported a star shaped
discotic heptamer based on hexabenzocoronene (HBC) 2 [6]. This compound showed
strong tendency to aggregate in solution and in bulk state. Physical gel formation was
observed due to the presence of covalent intercolumnar interactions. Higher order was
found in high-temperature columnar liquid crystalline phase due to the higher mobility of
the molecules in comparison with the low-temperature solid. Holger et al. reported a
discotic liquid crystalline heptamer based on electron rich and electron deficient
triphenylene units 3 [7]. The central part of the molecule contains electron deficient
hexaazatriphenylene surrounded by six normal triphenylene units. This compound shows
a tendency to form spontaneous homeotropic alignment between two glass plates which
is a requirement for such compounds to be employed in photovoltaic applications. Very
recently Zelcer et al. have reported a discotic liquid crystalline heptamer of triphenylene
containing siloxane spacers 4 [8]. Interestingly, this compound exhibits a super lattice

formation where each heptamer shares one peripheral triphenylene with six adjacent
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neighbors so that the distance between planes containing the cores is twice that of the

regular hexagonal lattice.
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Here, in this part of the chapter, we present the synthesis and characterization of
the first examples of two monodisperse discotic liquid crystalline pentamers and two
novel discotic liquid crystalline heptamers [9]. Our aim is many fold: (i) to realize
monodisperse discotic liquid crystal pentamers; (ii) the molecular design is such that it
contains the well studied electron rich triphenylene moiety [10] and electron deficient
anthraquinone [11] as the hole [12] and electron transporting [13] components
respectively which are analogous to fullerene tethered conjugated polymers, the so called
double-cable polymers [14]. 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 eventually provide side-by-
side percolation pathways for electrons and holes in solar cells. One of the discotic
heptamer contains triphenylene as the central core and as peripheral units as well
connected via exclusively ether linkages, this compound can act as a coaxial molecular
double cable for hole transport; (iii) Since star-shaped oligomers are known to undergo
spontaneous homeotropic alignment, these star-shaped intrinsic p/n-type oligomers may
self align homeotropically from isotropic melt between electrodes which is crucial for
photovoltaic and other opto-electronic performances.

4.1.2 Results and Discussion

The synthetic route to the discotic pentamers 11 and 12 is shown in Scheme 1.
hexapentyloxytriphenylene 6, monohydroxypentakispentyloxytriphenylene 7, -
bromosubstituted triphenylene 8, and rufigallol 10 were prepared as reported [15, 16].
Rufigallol 10 was alkylated under mild etherification conditions with ®-bromo-

substituted triphenylene 8 to furnish the pentamer 11 leaving the less reactive
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intramolecularly hydrogen bonded hydroxyl groups at the 1-and 5-positions unreacted.
The dihydroxy functionalized pentamer 11 was acetylated to its corresponding diacetate
12 with acetic anhydride and sulphuric acid under classical conditions. The chemical
structures of the pentamers were confirmed by spectral techniques and elemental
analysis. The notable spectral features of the pentamer 11 are as follows: in its proton
NMR 11 shows a peak at 6 12.74 corresponding to two intramolecular hydrogen-bonded

protons along with two aromatic-proton resonances at 6 7.8 and 7.3 corresponding to

Scheme 1. Synthesis of discotic liquid crystalline pentamers. Reagents and conditions: (i)
FeCls; MeOH; (ii) Cat-B-Br; (iii) 1,12-Dibromododecane, MEK, Cs,COg; (iv) H,SO,,

MW: (v) DMSO, NaOH, 90 °C, 20h, 10%: (Vi) Ac20, H>SO4.
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triphenylene and anthraquinone in the ratio 12:1 (Figure 4) where as the diacetate 12 did
not show any signal at & 12.74 but instead demonstrated a singlet at 6 2.47 corresponding
to the —.COCHg3 protons (Figure 5).

The aromatic peak corresponding to anthraquinone protons shifted from 6 7.3 to
7.6 upon acetylation. Similarly pentamer 11 shows a signal at & 186.3 in its **C NMR
spectrum corresponding to intramolecular hydrogen-bonded quinone carbonyl groups
(Figure 6). This signal was shifted to 6 180.1 in pentamer 12 (Figure 7), the acetyl
carbonyl group appeared at & 169.0. In addition, the FTIR spectrum of 12 shows the
acetyl carbonyl absorption at 1763 cm™. The elemental analysis data are in very good
agreement with the chemical structures of the star-shaped pentamers 11 and 12
suggesting the high purity of the materials. The synthesis of the heteroheptamer 13
containing anthraquinone as the central core and six triphenylenes as the periphery is
shown in Scheme 2.

The heptamer 13 containing electron deficient anthraquinone core and electron
rich triphenylene periphery was prepared from rufigallol 10 and w-bromo-substituted
triphenylene 8 in single step by irradiating the reaction mixture in microwave oven. It
should be noted that microwave dielectric heating furnishes products within few minutes
which is simple, efficient, rapid and economic. Classical reaction conditions to obtain the
heptamer 13 always resulted in an inseparable mixture of less substituted byproducts. The
identity and purity of the compound was established with the help of spectral and
elemental analysis. The FT-IR spectrum of the heptamer does not exhibit the hydrogen
bonded quinone carbonyl absorption but instead shows the hexasubstituted anthraquinone

carbonyl absorption at 1666 cm™ which demonstrates that the rufigallol is alkylated at all
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Scheme 2. Synthesis of discotic liquid crystalline heptamer. Reagents and conditions: (i)
FeCls; MeOH,; (ii) Cat-B-Br, CH,Cly; (iii) 1,12-Dibromododecane, MEK, Cs,COs3; (iv)

H2804, MW; (V) CSch:g, NMP, MW, 10 min.

six phenolic positions. The *H NMR spectrum of 13 (Figure 8) shows two aromatic
proton resonances at ¢ 7.8 and 7.59 ppm in the ratio of 18:1 corresponding to
triphenylene and anthraquinone aromatic protons respectively in addition to methyl and
methylene proton resonances expected from the molecular structure. *C NMR spectrum

of this heptamer exhibits only one quinone carbonyl resonance at & 181.2 ppm in addition
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to other aromatic and aliphatic carbon resonances, again confirming the hexasubstituition
of the rufigallol (Figure 9). Moreover a poly dispersity index (PDI) of 1.03 determined by
gel permeation chromatography (GPC) shows that the heptamer is free from less
substituted byproducts. The above spectral features along with the elemental analysis data
of compound 13 show the high purity of the heptamer. To compare the phase behavior of
the above heptamer, another homoheptamer was prepared which contains the same
number of peripheral triphenylene units with same number of methylene units in the
spacers but the central electron deficient anthraquinone core is now replaced by electron
rich triphenylene core itself. This compound can also act as a coaxial molecular double
cable i.e. it contains two hole conducting paths separated from each other by insulating

alkyl chains. The synthesis of this heptamer 17 is shown in Scheme 3.

Scheme 3. Synthesis of triphenylene based heptamer. Reagents and conditions: (i) 1,12-
dibromododecane, K,CO3, MEK; (ii) FeCls; MeOH; (iii) Cat-B-Br, CH,Cly; (iv) Cs,COs,

MEK, 72 hrs reflux, 55%.

The chemical structure of the compound 17 was established from its spectral and

elemental analysis. The proton NMR spectrum of this compound (FigurelO) does not
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exhibit the -CH,Br proton resonance at & 3.4 ppm as was displayed by the precursor 16
and the intensity of the Ar-OCH,- proton resonance at é 4.2 ppm increases as expected.
The intensity ratios of the proton resonances are in very good agreement with its
chemical structure. Its **C NMR spectrum (Figure 11) exhibits all the expected aromatic
and aliphatic carbon resonances and does not show any carbon resonance corresponding
to -CH,Br. The elemental analysis data also shows the high purity and homogeniety of
the heptamer 17.

4.1.2.1 Mesophase behavior of the star-shaped oligomers

The mesophase behavior of the discotic pentamers and heptamers were studied by
polarized light microscopy and differential scanning calorimetry. The transition
temperatures were first observed by polarized light microscopy and then measured
accurately by differential scanning calorimetry along with the associated transition
enthalpies. All the compounds exhibited enantiotropic mesophases over wide range of
temperatures. Under the polarizing optical microscope all the oligomers exhibit only one
transition while heating and cooling, and this transition corresponds to the mesophase-
isotropic transition. While cooling from the isotropic liquid all the oligomers display
characteristic optical textures of discotic columnar mesophases as shown in Figure 12-15.
When cooled slowly (1 °C/min) from the isotropic liquid large homeotropic domains
(columns perpendicular to the substrate) were obtained (Figure 14) for compound 13. The
fluidity of the mesophase decreases with decreasing temperature but there is no sign of
crystallization and the optical textures remain unchanged at room temperature even after

months.
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DSC measurements of the pentamers and heptamers revealed only one first order
transition for cooling and heating runs corresponding to the mesophase to isotropic
transition as noticed by POM. Table 1 summarizes the transition temperatures and their
associated enthalpy values. No actual glass transition could be detected in the range
between -40 °C and the clearing points of the oligomers. Pentamer 11 showed the
transition from columnar to isotropic at 143.6 °C on heating and while on cooling it
exhibited an isotropic to columnar transition at 139 °C. There was no other detectable
transition down to -40 °C as shown in Figure 16. Pentamer 12 upon heating showed a
transition at 112.5 °C while on cooling the transition is at 106 °C. Similarly the heptamers
13 and 17 exhibit columnar to isotropic transitions at 123.8 and 136.8 °C on heating and
on cooling isotropic to columnar transitions at 116.7 and 132.4 °C respectively (Figure 17
and 18). In subsequent heating and cooling cycles, the transitions were highly
reproducible for all the compounds. On comparing the mesophase stability (temperature
range) and mesophase order (transition enthalpy) of the oligomers it is noticed that the
molecular symmetry and the number of alkyl chains present in the molecules play a
significant role in addition to intramolecular hydrogen bonding in pentamers.

When comparing the transition temperatures of the two pentamers, it is very clear
that the intramolecularly hydrogen bonded pentamer 11 possess higher clearing
temperature than its corresponding diacetate derivative 12, it could be because the
hydrogen bonded anthraquinone core has bigger size than the non-hydrogen bonded
anthraquinone. Between the pentamer 11 and its corresponding heptamer 13, the
pentamer possess higher clearing temperature probably owing to its hydrogen bonding

and less number of alkyl chains as compared to the heptamer but the transition enthalpies
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follow the reverse trend indicating efficient packing of the heptamer in the columnar
phase owing to its higher symmetry. The heptamer 17 has both the clearing temperature
and enthalpy higher than the heptamer 13, suggesting the effect of molecular symmetry
and homogeneity in these oligomers. The heptamer 17 possess C; symmetry whereas 13
possess C, symmetry and 17 is made up of identical cores (homogeneous) while 13 is
made up of two different kinds of discotic cores (heterogeneous).

Table 1. Phase transition temperatures (peak, °C) and associated enthalpy changes

(kJ/mol, in parentheses) of the novel star-shaped pentamers and heptamers.

Compound Heating scan Cooling scan
11 Col, 143.6 (23.8) | | 139.0 (22.4) Col,
12 Coly 112.5 (24.7) | | 106.0 (25.1) Coly,
13 Col, 123.8 (35.8) | | 116.7 (35.8) Colj,
17 Coly, 136.8 (51.0) | 1 132.4 (51.1) Col,

4.1.2.2 X-ray diffraction studies of the oligomers

The supramolecular organization of these oligomers in the mesophase was established by
X-ray diffraction studied on unoriented samples. Qualitatively all the oligomers displayed
similar diffraction patterns. Table 2 summarizes the d-spacings and lattice parameters of
all the oligomers prepared. The lattice parameters of the oligomers are comparable to the
monomer analog hexapentyloxy triphenylene 6. Figure 19 shows the intensity versus 0

plot derived from the diffraction pattern of compound 11 at room temperature.
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Compounds 12, 13 and 17 exhibited similar X-ray diffraction patterns (Figure 20 and 21).
In the small angle region, three peaks were observed, one very strong and two weak

peaks.

Table 2. Layer spacing and intercolumnar distances for the mesophase of the discotic

oligomers deduced from X-ray measurements.

Compound  d-Spacing (A) Intercolumn distance (&)  Interdisc distance (A)

11 16.65 19.2 3.54
12 16.90 19.5 3.56
13 17.37 20.0 3.54
17 17.44 20.1 3.56

Taken in the ascending order of diffraction angle, the d-spacings of the first
reflection (lowest angle and highest intensity) to the other two is in the ratio of 1: 1/v3:
1N7. These values correspond to those expected from a two-dimensional hexagonal
lattice. In the wide angle region there are two diffused peaks; a broad one at 6 ~ 10° and
another narrow peak at higher angles. The broad peak with a d-spacing of ~ 4.4A was due
to the liquid like packing of the aliphatic chains. The relatively narrow peak, which is
well separated from the broader one, corresponds to a spacing of 3.5A and is due to the
core-to-core (intracolumnar) separation. 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
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themselves in a two-dimensional hexagonal lattice. Unlike in monomeric discotic
compounds, the columns formed by the oligomers are chemically linked. No small angle
peak is exhibited by any of the oligomers corresponding either to ‘super column’ or
‘super lattice’ formation, which would have led to columnar double-cable formation,
arising from the ideal top-on-top stacking of the star-shaped oligomer molecules. So, the
triphenylene and anthraquinone subunits arrange themselves statistically to form the
columnar hexagonal phase which is also entropically more favorable. Figure 1 shows the
proposed model for the formation of hexagonal columnar phase by the discotic liquid

crystal pentamers.

=

Figure 1. Proposed model for the hexagonal columnar phase exhibited by the star-shaped

discotic pentamers.

In the model, the hexagonal unit cell is made up of five discotic units of the same
pentamer and two discotic units from the adjacent pentamers and occasionally they share

one discotic unit. However, this kind of arrangement is not strongly correlated to provide
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any super lattice formation in the mesophase. The molecular dynamics in the mesophase
is sufficient to offer a statistical arrangement. The heptamers possess the required number
of discotic cores to build up the hexagonal lattice but they stack statistically probably
because of entropic reasons thereby providing no super lattice in the mesophase. No
indication of crystallization could be derived from the X-ray patterns of the oligomers,
which is consistent with the experimental findings from polarizing optical microscopy
and differential scanning calorimetry.

4.1.3 Conclusions

We have designed and synthesized the first examples of discotic liquid crystalline
pentamers and two novel discotic liquid crystalline heptamers based on triphenylene and
anthraquinone. The structural characterizations of the oligomers have been done by
spectral and elemental analysis. The mesophase behavior of these star-shaped molecular
double cables was studied by polarizing optical microscopy and differential scanning
calorimetry. The columnar hexagonal mesophase structure of these discotic
supermolecules was established from X-ray diffraction studies. The difunctional
pentamers can be used as precursors for the synthesis of more novel pentamers,
symmetrical and unsymmetrical star-shaped heptamers and mixed chain discotic liquid
crystalline polymers containing both electron rich and electron deficient cores. These
oligomers though do not form any super column but can be considered as a next step

towards materials for organic photovoltaic.
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4.2 Part B: Nanophase segregated mesophase morphology in self-

organized disc-rod oligomesogens

One of the most active areas of research in liquid crystal science in recent years has been
the search for the elusive biaxial nematic phase [17, 18], where the unique axes of the
molecules arranged not only in a common direction (known as director) but also there is a
correlation of the molecules in a direction perpendicular to the director (Figure 2). The
hunt for this new liquid crystal phase began more than 30 years ago, when it was
recognized that the molecules forming liquid crystals deviate from their presumed
cylindrical shape [19]. In fact, the molecules are more lozenge-like, and it is because of
this lowering of the molecular symmetry that two nematic phases should be possible.
Indeed, the first claimed discovery of a biaxial nematic [20] was for a compound formed
of spoon-like molecules, and similar claims soon followed for cross-shaped [21] and
bone-shaped molecules [22]. Till now, there have been many claims [23, 24] for its
discovery in low molar mass thermotropic liquid crystals, although experimental
difficulties in unambiguously identifying the symmetry of these phases raise questions
concerning these assignments. Recently, a biaxial N phase was obtained in bent core
thermotropic mesogens [25].

Theoretical studies and mean field calculations [26], have shown that the biaxial
nematic phase (Nyp) is obtained by changing a shape biaxiality parameter () between a
rod at one extreme (1 = 0) and a disc ( =1) at the other. The Ny phase exists over ranges
such as 0.2 < < 0.8, but 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.
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Figure 2. Schematic illustration of N phases with major n and minor m directors: (a)
uniaxial N comprised of cylindrically symmetric mesogens (b) uniaxial discotic nematic
(c) biaxial N phase by a mixture of rods and disks (d) biaxial nematic phase from

anisotropic brick-like molecules and (e) biaxial N phase of bent-core mesogens.

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. This idea was investigated in theoretical approaches to the biaxial nematic
phase formed from binary mixtures of rod- and disc-like molecules [27]. The situation
with respect to physical mixtures is not so straightforward because a mixture of rods and
discs should [28], and indeed does [29], separate into two uniaxial nematic phases, one

rich in rods and the other rich in discs. However, theoretical work by Sharma et al. [30]
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and by Vanakaras et al. [31] has shown that rod/disc mixtures can lead to Ny, phases if the
rod and disc are attracted more to one another than to each other.

One way to overcome this problem is to attach rod-like and disc-like units
covalently via flexible alkyl spacers, so that they could not phase separate. The search for
the thermotropic biaxial nematic phase prompted the synthesis of dimers consisting of
one calamitic and discotic mesogenic units. The reported molecular systems are the
interconnection between a rod and a disc and such dimers have recently been the subject
of computer simulation study [32]. For example, Luckhurst et al. synthesized the first
rod-disc dimers (18) by joining together the disc-shaped [pentakis(4-
pentylphenylethynyl)] benzene and the rod shaped 4-cyanobiphenyl moieties through an
ether linkage [33]. Some of these derivatives exhibited only monotropic phase behavior,
probably due to the incompatibility of the discs and rods. It should be noted that the
initial approaches to obtain biaxial nematic phases in disc-rod hybrid systems has been
accomplished by attaching two nematogens (discotic nematogen and calamitic
nematogen) to each other by various covalent linkages. They have either been attached to
each other terminally or laterally. Bruce et al. [34] examined the molecular biaxiality
which contains a pentayne disc joined to the lateral rod-like molecules (19). These kind
of rod-disc oligomers have been considered as shape-amphiphiles since they are miscible
with both rod- and disc-shaped liquid crystalline molecules. Mehl and coworkers [35]
studied the miscibility of disc- and rod-shaped mesogens (20, 21, 23) in the N phase.
Chiral nematic phase has also been obtained by adding a chiral chain to the linking unit
of rods and disc 22 [36]. They also investigated multiple levels of order with N and

several smectic phases in a material containing disc- and rod-like mesogenic units (24)
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[37]. Multiple levels of order arise by combining nematogens and smectogens in the same

molecule.

Recently, disc-shaped triphenylene moiety attached with three cyanobiphenyl
units (25) has been reported [38] to form a thermodynamically stable layered phase. In
these kind of systems both intra- and inter-molecular recognition of different

incompatible parts leads to various novel mesophase morphologies.
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The original molecular shape undergoes sufficient distortion in the mesophase leading to
novel phase structures. By attaching six rod-like units radially to C3; or C, symmetric

central discotic cores, nematic, smectic and columnar phases have been reported.
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Shimizu et al. reported both smectic and columnar phases in rod-disc compounds 26 [39]
whereas Rahman et al. 27 [40], Imrie et al. and Jeong et al. 28 [41] reported nematic

phase in rod-disc oligomers respectively.

Very recently Kumar et al, 29 [42] Zhang et al. 30 [43] and Mehl et al. 31, 32 [44]

reported both nematic and smectic phases in rod-disc hybrid oligomers.
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Tricycloquinazoline (TCQ), a molecule of both biological and physical interest, is
a useful core fragment for the remarkable family of discotic liquid crystals, mainly
because of its extraordinary thermal and chemical stability as well as strong tendency to
stack up and aggregate. The heterocyclic TCQ molecule as a central core for discotic
liquid crystals is attractive for many other reasons; it possesses Csz symmetry, its
derivatives are colored and highly fluorescent, it sublimes without decomposition under
atmospheric pressure at very high temperature, it tolerates strong oxidants and it is highly

resistant to Dbiological oxidation. This molecule exhibits intriguing physical
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characteristics, such as low ionization potential, and interesting spectroscopic and
electronic properties. The core is electron deficient in nature so that TCQ derivatives are
suitable for doping with electron donors. The first organic one-dimensional n-conducting

discotic liquid crystal based on TCQ has recently been reported [45].

The various liquid crystalline derivatives of TCQ include hexasubstituted thioethers 33
[46], ethers 34 [47] etc. Recently, room temperature electron deficient discotic liquid
crystal 35 has been prepared from TQC by employing branched alkyl chains [48]. Very
recently, layered liquid crystalline phases have been obtained from TCQ by ionic self-
assembly technique [49].

In this part of the chapter, we present the design, synthesis and mesomorphism of
a novel series of disc-rod oligomesogens in the search of bi(uni)axial nematic liquid
crystals and to gain more insight into the structure-mesophase morphology relationship in
these shape-amphiphilic oligomesogens, which seems to emerge as an independent
subfield to bridge the gap between calamitic and discotic liquid crystals exhibiting both
discotic and calamitic mesophases.
4.2.1 Results and discussion
The molecular design of the oligomesogens is such that six calamitic units (alkoxy

cyanobiphenyls) are attached to a central tricycloquinazoline (TCQ) discotic core
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radially, such type of molecular architectures are known to exhibit both calamitic and
discotic mesophases. These are the first examples of radially attached rod-disc oligomers
to exhibit nanophase-segregated mesophase morphology wherein rods and discs are
segregated into separate sublayers to form smectic phase. Here it demonstrates the strong
intermolecular interaction exhibited by the central discotic core which is reportedly
evident to possess strong propensity to stack up and aggregate both in bulk state and
solution and the intramolecular recognition among the calamitic units.

The synthesis of the novel disc-rod heptamers 41 is shown in Scheme 4. The ®-
bromo alkoxy cyanobiphenyls (RBr) and the TCQ hexaacetate 40 are prepared following
reported procedures [50, 51]. The chemical structures and purity of the prepared
compounds were established by spectral and elemental analysis. The FT-IR spectra of the
compounds do not exhibit any carbonyl absorption peak corresponding to acetyl group
but instead shows the —CN absorption peak suggesting the alkylation of all the acetyl
groups in the product. Similarly the *H NMR spectra of the oligomers do not exhibit any
proton signal corresponding to —COCHg; protons but exhibit peaks corresponding to
aromatic protons of cyanobiphenyl units (Figure 22). Characteristic aromatic proton
signals from hexasubstituted TCQ core are observed at 6 7.71 and 6.9 ppm having equal
intensity and corresponding to 3 protons. In addition, Ar-OCH, and —CH,- signals
expected from the chemical structure are also observed having the required intensities.
Similarly the **C NMR spectra of the compounds exhibit the expected carbon signals
consistent with the chemical structure (Figure 23). The above spectral features and the

elemental analysis data show the high purity of the compounds.

186



Scheme 4. Synthesis of novel disc-rod oligomesogens. Reagents and conditions: (i)
HNOg; (ii) Sn, AcOH; (iii) NH4OAc, AcOH, sulfolane, reflux; (iv) 1. Pyridine, HCI, 230

°C; 2. Pyridine, Ac,0; (v) RBr, KOH, DMSO, 40%.

4.2.1.1 Thermal phase behavior of the novel oligomesogens

The thermotropic mesophase behaviors of the compounds 41 have been studied by
polarizing optical microscopy (POM) and differential scanning calorimetry (DSC). The
phase transitions and their corresponding temperatures were first observed by POM and
then accurately measured by DSC along with the associated transition enthalpies. Under
polarizing microscope, while heating, the compounds which exhibit enantiotropic phase
behavior, show solid to mesophase and mesophase to isotropic liquid transitions but the
compounds in the mesophase do not display characteristic optical texture. But on cooling
from the isotropic liquid, focal conic textures with homeotropic domains grow from the

isotropic liquid at the isotropic-mesophase transition which is characteristic for smectic A
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phase. A typical optical photo micrograph is shown in the Figure 24. The compound 41a
exhibits monotropic phase transition; on heating the compound passes from solid to
isotropic liquid without any intervening mesophase but on cooling the compound
displays focal conic textures followed by, surprisingly, a transition to an optically
isotropic phase and then the compound crystallizes in the optically isotropic state (Figure
25). So this compound exhibits monotropic polymesomorphism. The higher homologues
of the series tend to vitrify below the mesophase transition instead of crystallization while

cooling.

Table 3. Phase transition temperatures (°C, Peak temperature) and enthalpies (kJ/mol, in
parentheses) of novel disc-rod hybrids. Cr = Crystal, SmA = smectic A, | = Isotropic,

Cub = Cubic, X = glassy solid.

Compound  Heating scan Cooling scan

41a Cr188.2 (105.6) I  1173.4 (6.9) SmA 169.5 (12.4) Cub 156.4 (76.0) Cr
41b Cr131.0 (51.0) SmA 161.7 (17.3) | 1159.8 (17.7) SmA 76.1 (20.2) Cr
41c Cr 109.4 (32.0) SMA 155.6 (22.6) | 1153.2 (22.5) SmA 63.9 (14.5) X
41d Cr93.5(29.9) SmA 147.4 (23.7) |  1144.8 (21.6) SmA

The phase transition temperatures and their associated enthalpy values collected from
DSC measurements of the compounds 41 are listed in Table 3. As can be seen from the
Table 3, the compound 41a on heating passes to isotropic liquid at 188.2 °C and on
cooling it exhibits two first order transitions before crystallization (Figure 26). The first

transition at 173.4 °C corresponds to isotropic to smectic A phase transition, the second
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one at 169.5 °C corresponds to smectic A to an optically isotropic phase transition as
noticed by polarizing optical microscopy. On the basis of DSC and POM observations the
second monotropic phase of the compound 41a can be assigned as a cubic phase though
its monotropic nature excludes the precise determination of the phase structure by X-ray
diffraction method. This compound crystallizes in the cubic phase. Compound 41b
exhibits crystal to smectic A and smectic A to isotropic transitions on heating at 131 and
161.7 °C respectively (Figure 27). On cooling, isotropic to smectic A transition occurs at
159.8 °C whereas at 76.1 °C the compound crystallizes partially as observed in the optical
microscope. Similarly the DSC thermogram of compound 41c shows two first order
transitions corresponding to crystal to smectic A and smectic A to isotropic transitions on
heating, while on cooling this compound exhibits isotropic to smectic A transition at
153.2 °C and at 63.9 °C the compound undergoes a transition to a glassy solid state as
was observed by X-ray diffraction studies. The compound 41d displays similar behavior
to that of compound 41c during the DSC measurements except that while cooling no
discernible transition could be obtained for smectic A to solid transition. Under
polarizing microscope this compound seems to vitrify in the smectic phase. As can be
noticed from the Table 3, the crystal to mesophase and the mesophase to isotropic
transition temperatures decrease, as anticipated, with increase in the length of the
methylene spacer connecting the discotic core to the calamitic peripheries. With increase
in the spacer length, the compounds show a tendency to vitrify below the mesophase
instead of crystallization. However, remarkable is the fact that the transition enthalpies of
these compounds associated with the mesophase to isotropic transition are very high and

are of the order of ca. 20 kJ/mol. Such high values of transition enthalpies suggest the
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highly ordered organization of the mesogens in the mesophase [44]. Moreover the
transition enthalpy values marginally increase with increase in the spacer length thereby
suggesting the role of the flexible spacers towards efficient packing arrangement in the
mesophase. The suppression of columnar phase and appearance of lamellar phase in these
disc-rod hybrid compounds suggest that the central discotic core acts like a connecting
unit to the calamitic peripheral units. The substitution of six calamitic units on the central
discotic core has sufficiently distorted the gross molecular shape to exhibit calamitic
mesophase. Probably because of strong recognition among the calamitic cyanobiphenyl
units in the mesophase, the molecular shape is no more circular, it has been distorted to a
non-circular shape by the uneven distribution of peripheral substituents around it. This
type of molecular distortions is observed in cyanobiphenyl containing super molecules
and dendrimers [52]. If we compare the discotic nematic behavior of recently reported
molecules having identical molecular topology and containing same number of
cyanobiphenyl units except the central triphenylene core to these novel oligomers [41], it
seems that the bigger core size and high propensity of TCQ to stack and aggregate also
plays a role in exhibiting lamellar phase than a fluid nematic phase by intermolecular
recognition.

4.2.1.2 X-ray diffraction studies of the novel oligomers

The supramolecular organization of these disc-rod oligomers in the mesophase was
studied by X-ray diffraction technique. X-ray diffraction experiments were carried out
with samples taken in glass capillaries. The monotropic nature of the compound 41la
excludes its X-ray diffraction studies. All the other three compounds 41b-d exhibit

similar diffraction patterns in the mesophase. A typical X-ray diffraction pattern and its
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derived one dimensional intensity versus 6 graph are shown in Figure 28. They consist of
two sharp peaks in the small angle region, whose spacings are in the ratio 1: 1/2, and a
very diffuse peak at around 4.6 A in the wide angle region. These features suggest that
the mesophase is a smectic, consistent with their microscopy textures. The smectic
periodicity (d) is found to be 42, 39 and 35 A for 41d, 41c and 41b respectively. In all
cases the ratio of d to the length of the fully stretched molecule (1) is very close to 0.66.
Interestingly, these patterns also contain a diffuse peak in the small angle region, whose
spacing varies slightly with the spacer length, being 19, 17.5 and 16 A for 41d, 41c and
41b respectively. Similar diffuse peaks have been observed in the diffraction patterns of

some mesogens containing both rod-like and disc-like moieties [37, 38, 44].
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Figure 3. Proposed model for the structure of smectic phase exhibited by the novel disc-
rod oligomesogens wherein the discs and rods nanophase segregate into alternating

layers.
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On the basis of the X-ray and microscopy data we can propose a structure for the
mesophase of these compounds, which is schematically illustrated in Figure 3. In this
smectic A structure the rods and discs microphase separate into alternating layers. This is
made possible by the fact that the volume fraction of the disc is roughly half of that of the
6 rods in each molecule. The low d/I value of 0.66 is most probably a consequence of the
conformational flexibility of the spacers, orientational disorder and partial interdigitation
of the terminal-cyano groups of the rod-like segments known to occur in cyanobiphenyls
[52]. We can not, nevertheless, rule out the possibility of a tilt in either/both layers.
However, the observation of the microscopy textures characteristics of smectic A in all
these compounds indicate that even if there is a tilt, it is not correlated across the layers.
The diffuse peak in the wide angle region corresponds to the average separation of the
rods and face-to-face separation of the discs, whereas the one in the small angle region
arises from the side-to-side distance between the discs. As to be expected from the
molecular structure, the latter increases slightly with the length of the spacer. The
absence of a peak at around 3.8 A indicates that the discs do not stack up to form long
columns in the layers, but have only short-range positional correlations as in isotropic and
nematic phases. From our diffraction data it is not possible to ascertain if the layers
containing the discs form a two dimensional nematic or if their orientational order is also
short-range. Even if the discs have long-range orientational order within each layer, the
microscopy textures again suggest the lack of long-range correlations across the layers.
The discotic layer will always be confined between two layers of calamitic mesogens and
communication i.e. long range orientational order, between two adjacent layers of

discotics seems unlikely.
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4.2.2 Conclusions

A series of novel disc-rod oligomers have been designed, synthesized and their
mesomorphism has been studied. These oligomers contain six calamitic alkoxy
cyanobiphenyl units attached radially to a central tricycloquinazoline discotic core. These
shape-amphiphilc oligomesogens exhibit nanophase segregated morphology in the
smectic A phase wherein the calamitic and discotic units segregate into different
sublayers. It is for the first time that this kind of hierarchical organization has been
observed in oligomesogens having radial molecular topology and containing six rods. A
cubic phase has also been observed for the first time in these kind of systems albeit
monotropic in nature. The degree of order present in the mesophase of such systems is
remarkably high. Owing to their shape-amphiphilicity it may be anticipated that calamitic
and discotic mesogens with conventional mesophases may readily mix with these
complex assemblies by simply inserting the liquid crystal into the appropriate layer.
Study of such kind of disc-rod hybrid systems provides greater insight into the subtle
intra- and intermolecular interactions involved in the self-assembling process of soft

condensed matter.

4.3 Experimental

4.3.1 General information

General experimental conditions have been described in chapter 2.

4.3.2 Preparation of pentamers 11 and 12

Rufigallol 10 (60 mg, 0.2 mmol) was added to a round- bottomed flask containing ®-

bromo-substituted triphenylene 8 (810 mg, 0.88 mmol) and sodium hydroxide (32 mg,
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0.8 mmol) in DMSO (10 ml). The reaction was allowed to proceed at 90 °C with stirring
under nitrogen for 20 hours. The reaction mixture was then extracted with chloroform,
and after drying and solvent evaporation, product 11 was isolated and purified by
repeated column chromatography (5% ethyl acetate in hexane) over silica gel. Finally, it
was crystallized from chloroform by adding ethanol (Yield ~10%). Pentamer 11 was
acetylated in acetic anhydride by adding catalytic amount of sulphuric acid and heating at
60 °C for 1 hour. Standard work-up furnished the diacetate 12 which was also
precipitated from chloroform using ethanol.

Selected data for compound 11: *H NMR (400 MHz, CDCls): & 12.74 (s, 2H, -OH), 7.8
(s, 24H, Ar-H), 7.3 (s, 2H, Ar-H), 4.2 (t, 48H, J = 6.4 Hz, Ar-OCHy-), 4.1 (m, 8H, Ar-
OCH,-), 1.2-1.9 (m, 200H, aliphatic CH,), 0.9 (t, 60H, J = 7.2 Hz, CH3); *C NMR (100
MHz, CDCls): 6 186.3, 157.9, 157.1, 149.0, 141.1, 128.8, 123.6, 111.7, 107.3, 104.6,
73.7,69.7, 69.3, 30.3, 29.6, 29.2, 28.4, 26.2, 26.0, 22.6, 14.1; IR (KBr): vmax 2924, 2852,
1618, 1558, 1508, 1456, 1377, 1338, 1313, 1261, 1168, 1137, 1041, 831, 721 cm™;
Elemental analysis: Calculated for C,34H344032, C 76.6, H 9.45%; found C 76.1, H 9.5%;
Polydispersity index (PDI) = 1.1.

12: 'H NMR (400 MHz, CDCly): & 7.8 (s, 24H, Ar-H), 7.6 (s, 2H, Ar-H), 4.1-4.2 (m,
56H, Ar-OCH,-), 2.47 (s, 6H, -COCHj3), 1.2-1.9 (m, 200H, aliphatic CH,), 0.9 (t, 60H, J
= 6.8 Hz, CHs); **C NMR (100 MHz, CDCl5): § 180.1, 169.0, 157.2, 149.0, 145.8, 143.9,
131.3,123.6, 118.8, 108.7, 107.4, 74.0, 69.7, 69.4, 30.3, 29.6, 28.3, 26.2, 26.0, 23.0, 22.5,
20.9, 19.2, 14.1; IR (KBr): vmax 2922, 2852, 1763, 1664, 1618, 1581, 1515, 1462, 1377,
1325, 1261, 1168, 1118, 1037, 831, 721 cm™; Elemental analysis: Calculated for

C38H348034, C 76.16, H 9.35%; found C 76.5, H 9.4%.
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4.3.3 Preparartion of heptamer 13

A mixture of rufigallol 10 (30 mg, 0.1 mmol), ®-bromo-substituted triphenylene 8 (2.77
gm, 3 mmol) and cesium carbonate (0.98 gm, 3 mmol) in NMP (2 ml) was thoroughly
mixed in a glass vial and the mixture was loosely covered with a rubber septum and
irradiated in a domestic microwave oven (LG, MS-192W) for 30 seconds and then the
vial was taken out. After one minute the vial was again kept back and irradiated for
another 30 seconds, this process was continued for 20 times and then the vial was cooled
and ice water was added to it. The product was extracted with dichloromethane, after the
solvent evaporation, the product was purified by repeated column chromatography (10%
ethyl acetate in hexane) over silica gel. Finally, the product was precipitated from
chloroform by adding excess methanol (Yield ~ 10%).

'H NMR (400 MHz, CDCls) 8y 7.8 (s, 36H, Ar-H from triphenylene), 7.59 (s, 2H, Ar-H
from anthraquinone), 4.05-4.25 (m, 84H, Ar-OCH,-), 1.3-1.9 (m, 300H, aliphatic CH,),
0.96 (t, 90H, J = 7Hz, CHj).

3C NMR (100 MHz, CDCls) 8¢ 181.2, 157.4, 153.9, 149.0, 147.0, 132.6, 123.6, 120.4,
107.5, 74.7, 74.1, 69.7, 69.1, 32.0, 31.4, 31.1, 30.9, 30.3, 29.7, 28.3, 27.3, 27.0, 26.7,
26.2, 26.0, 24.5, 23.4, 22.5, 14.0.

FT-IR vmax; 2924, 2852, 1666, 1618, 1574, 1518, 1462, 1439, 1377, 1317, 1263, 1169,
1134, 1041, 978, 827, 721 cm™.

Elemental analysis: Found: C, 77.07; H, 9.77 C344H512044 requires C, 77.20; H, 9.64%.

Polydispersity index (PDI) = 1.03
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4.3.4 Preparation of heptamer 17

A mixture of compound 16 (90 mg, 0.05 mmol) and monohydroxy pentakispentyloxy
triphenylene 7 (1.01 gm, 1.5 mmol) and cesium carbonate (0.98 gm, 3 mmol) in methyl
ethyl ketone (20 ml) was refluxed for 72 hrs. The reaction mixture was cooled and
filtered, after solvent evaporation the product was purified by column chromatography
(10% ethyl acetate in hexane) over silica gel. Finally, the product was precipitated from
dichloromethane by adding excess of ethanol (Yield, 55%).

'H NMR (400 MHz, CDCls, Me,Si) &y 7.8 (s, 42H, Ar-H), 4.22-4.19 (m, 84H, Ar-
OCHjy-), 1.96-1.91 (m, 84H, aliphatic CH,), 1.5-1.3 (m, 216H, aliphatic CH,), 0.98-0.93
(m, 90H, -CH3).

3C NMR (100 MHz, CDCls, Me,Si) oc 148.8, 123.5, 107.2, 69.6, 29.7, 29.1, 28.3, 26.2,
22.5,14.1.

FT-IR vmax; 2922, 2852, 1618, 1518, 1469, 1441, 1377, 1262, 1173, 1053, 979, 835, 721
cm™,

Elemental analysis: Found: C, 77.43; H, 9.30 CassH516042 requires C, 77.81; H, 9.68%.

4.3.5 Preparation of disc-rod oligomers 41

Powdered KOH (135 mg, 2.4 mmol) was mixed with DMSO (2 ml) at room temperature
and stirred for 10 min. Hexaacetoxy-TCQ 40 (66.8 mg, 0.1 mmol) followed by the
appropriate w-bromo alkoxycyanobiphenyl (RBr, 2.4 mmol) was added and the reaction
mixture was stirred at 55 °C for 24 h and then worked up by addition of ice-water and

extracted with dichloromethane. The crude product was purified by column

196



chromatography (silica gel, hexane-ethyl acetate 1:1 followed by dichloromethane) and
crystallized from acetone or precipitated from dichloromethane by adding ethyl acetate to
afford pure yellow material in about 40% vyield.

41a : 1H NMR (400 MHz; CDCls; MesSi) 8y 7.71 (s, 3H, Ar-H from TCQ), 7.65 (d,
12H, J = 6.5 Hz, Ar-H from biphenyl), 7.59 (d,12H, J = 6.5 Hz, Ar-H from biphenyl),
7.49 (d, 12H, J = 8.8 Hz, Ar-H from biphenyl), 6.96 (d, 12H, J = 8.9 Hz, Ar-H from
biphenyl), 6.90 (s, 3H, Ar-H from TCQ), 4.2-4.1 (m, 12H, Ar-OCH,), 3.98-4.05 (m, 12H,
Ar-OCHj), 2.0-1.91 (m, 12H, CHy), 1.89-1.82 (m, 12H, CHj,), 1.65-1.60 (m, 24H, CH,).
All other compounds give similar spectra except for more number of aliphatic methylene
protons.

3¢ NMR (100 MHz, CDCl3, Me4Si) 6c 159.7, 145.1, 132.6, 131.3, 128.3, 127.0, 119.1,
115.0, 110.1, 69.0, 67.9, 29.22, 28.9, 25.8.

FT-IR vmax(KBr)/cm'1 2922, 2854, 2224, 1620, 1601, 1541, 1506, 1491, 1456, 1377,
1338, 1295, 1251, 1221, 1178, 1105, 822, 721, 667. All other compounds give similar
spectra.

Elemental analysis : 41a, Found: C, 77.64; H, 6.00; N, 7.01.C135H126N10012 requires C,
77.94; H, 6.10; N, 6.73%. 41b, Found: C, 78.20; H, 6.33; N, 5.81. Ci47H150N10012
requires C, 78.51; H, 6.72; N, 6.23%. 41c, Found, C, 79.30; H, 7.21; N, 5.50.
Cis9H174N10012 requires C, 79.01; H, 7.26; N, 5.79%. 41d, Found: C, 78.90; H, 7.51; N,

5.80. C171H198N10012 requires C, 79.44; H, 7.72; N, 5.42 %.
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Figure 5. *H NMR spectrum of the diacetate pentamer 12.
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Figure 12. Optical photomicrograph of Compound 11 at 25 °C on cooling from the

isotropic liquid (crossed polarizers, magnification X 200).
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Figure 13. Optical photomicrograph of compound 12 at 25 °C on cooling from the

isotropic liquid (crossed polarizers, magnification X 200).
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Figure 14. Optical photomicrograph of compound 13 at 25 °C on cooling from the

isotropic liquid (crossed polarizers, magnification X 200).

Figure 15. Optical photomicrograph of compound 17 at 25 °C on cooling from the

isotropic liquid (crossed polarizers, magnification X 200).
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Figure 16. DSC thermograms for 11 (a) and 12 (b) on heating and cooling (scan rate of 5

°C/min.).
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Figure 17. DSC thermogram of compound 13 on heating and cooling (scan rate of 5

°C/min.).

209



26

24 4

22 4

Heatflow endo up (mW)

20

18

16 — 7T - T T T T T T T T T T T T T T 1
-40 -20 0 20 40 60 80 100 120 140

Temperature (°C)

Figure 18. DSC thermogram of compound 17 on heating and cooling (scan rate of 5

°C/min.).
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Figure 19. The one-dimensional intensity vs 6 profile derived from the X-ray diffraction

pattern of 11 at 25 °C.
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Figure 20. The one-dimensional intensity vs 0 profile (b) derived from the X-ray

diffraction pattern (a) of 13 at 25 °C.
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Figure 21. The one-dimensional intensity vs 0 profile (b) derived from the X-ray

diffraction pattern (a) of compound 17 at 25 °C.
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Figure 22. 'H NMR spectrum of the disc-rod oligomesogen 41a.
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Figure 23. *C NMR spectrum of the disc-rod oligomesogen 41a.
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Figure 24. Optical photomicrograph of compound 41c at 145 °C on cooling from the

isotropic liquid (crossed polarizers, magnification X 200).

Figure 25. Optical photomicrographs of compound 41a in the smectic A phase (a) and
cubic phase (c). (b) and (d) are showing transitions to cubic and crystalline phase

respectively. Crossed polarizers (magnification X 200).
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Figure 26. DSC thermogram of compound 41a on heating and cooling (scan rate of 5

°C/min.).
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Figure 27. DSC thermogram of compound 41b on heating and cooling (scan rate of 5

°C/min.).
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Figure 28. The one-dimensional intensity vs 0 profile (b) derived from the X-ray

diffraction pattern (a) of compound 41d in the mesophase.
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CHAPTER 5

Functionalized Carbon nanotubes in the

supramolecular order of discotic liquid crystals

5.1 Introduction

The serendipitous discovery of carbon nanotubes (CNTS) by lijima in 1991 has generated
tremendous activity in most areas of science and technology as a result of their
unprecedented physical and chemical properties [1]. CNTs, the fourth allotrope of
carbon, after diamond, graphite and fullerene, are one dimensional, well ordered all-

carbon hollow cylinders of graphite with a high aspect ratio.

Figure 1. Carbon nanotubes (a) single walled, (b) double walled and (c) multiwalled.

Generally CNTs are classified in two categories based on their structure and dimensions:

single-walled carbon nanotubes (SWNT), which consist of one layer of cylindrical
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graphene and have diameters from 0.4-2.0 nm and lengths in the range 20-1000 nm; and
multi-walled carbon nanotubes (MWNT), which contain several concentric graphene
sheets and greater dimensions with diameters in the range of 1.4-100 nm and lengths
from 1 to a few microns (Figure 1). Recent progress in synthesis has allowed the
production of tubes with exactly two concentric carbon sheets, and hence the introduction
of the concept of double-walled carbon nanotubes (DWNT) [2]. SWNTs can be either
metallic or semiconducting depending on the sheet direction about which the graphite
sheet is rolled to form a nanotube cylinder. CNTs can be prepared by several methods,
such as, chemical vapour deposition (CVD), carbon arc-discharge methods, high pressure
carbon monoxide (HiPCO) method and laser ablation. These preparation methods yield
random mixtures of tubes of various diameters, chirality, length distributions and
different electronic properties [3]. All SWNTs and MWNTSs are synthesized using
catalysts, hence metal nanoparticles are likely to be present along with unwanted carbon
particles such as graphite, amorphous carbon and non-tubular fullerenes. Carbon
nanotubes are chemically extremely inert and practically insoluble. Strong van der Waals
interactions between adjacent nanotubes promote clustering into crystalline ropes which
in turn aggregate into strongly entangled and unorganized networks or bundles. Different
protocols for post-growth CNT fractionation according to chirality and diameter have
recently been described [4]. Different methods to separate semiconductive CNTs from
conductive CNTs have been developed and exploited in their applications [5]. Synthetic
strategies to chemically modify the side wall or tube-end by molecular or biomolecular
components have been reported to obtain purified and soluble carbon nanotubes [6].

Other common techniques used to functionalize CNT are noncovalent exohedral with
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polymers and surfactants and endohedral functionalization with fullerenes, etc [7]. The
combination of superlative mechanical, thermal and electronic properties displayed by
SWNTs and MWNTs make them ideal for a wide range of applications, such as,
conductive and high-strength composites, catalyst supports in heterogeneous catalysis,
energy-storage and energy-conversion devices, field emitters, transistors, sensors, gas
storage media, tips for scanning probe microscopy and molecular wires. A large number
of biomedical applications of CNTs have also been envisaged and demonstrated [8]. The
synthesis, characterization, physical properties and applications of CNTs have been
extensively covered in several reviews [9]. Despite the extraordinary promise of CNTSs,
their realistic application as one-dimensional conductors or semiconductors has been
restricted because of difficulties in aligning them in the desired direction. Well-arrayed
CNTs are highly desirable for the preparation of a variety of nanodevices, particularly
where one dimensional charge migration is important. Recent studies have proved that
the alignment of CNTSs plays a critical role in the properties of nanotube based materials
[10]. There have been several attempts to develop well-aligned CNTs during growth by
the chemical vapor deposition (CVD) process [11]. One of the earliest reported methods
of aligning MWNTSs is based on cutting thin slices (50-200 nm) of a CNT-polymer
composite [12]. Various other methods to align CNTs have been proposed by applying
magnetic and electric field, shear flow or mechanical techniques. However, processing
materials with well-controlled CNT alignment still remains a challenge.

There has been growing interest in the field of dispersion of CNTs in both
thermotropic and lyotropic liquid crystalline (LC) phases besides mesophase behavior of

CNTSs themselves and preparation of CNTs from discotic liquid crystals [13]. One of the
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most important applications of optoelectronic devices based on liquid crystals is liquid
crystal display (LCD). To optimize the performance of an LCD, it usually requires prior
knowledge of physical parameters of the LC mixture, such as the elastic constants of
deformation, dielectric and optical anisotropies, conductivity and rotational viscosity.
Mixing CNTs into thermotropic LC hosts has become one of the attempted approaches to
modify the physical properties of LCs along with CNT alignment in LC matrix. LCs have
the long range orientational order rendering them to be anisotropic phases. If CNTs can
be well dispersed in LC matrix, they will in general align with their long axes along the
LC director (Figure 2) to minimize distortions of the LC director field and thus the free
energy. Dispersion of CNTs in LCs can provide us a cheap, simple, versatile and
effective means of controlling nanotube orientation on macroscopic scale with no

restrictions on nanotube type.
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Figure 2. Commercial E7 mixture (a) and alignment of carbon nanotubes in nematic

phase (b).

The advantages of thermotropic LCs in this context are twofold. One, using existing

alignment techniques, well developed for display industry, the ground state of the LC and
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hence of the dispersed CNTs can easily be determined on macroscopic scale. Second, the
easy and speed of changing the director field by means of electric or magnetic fields can
lead to switches based on reorientation of CNTs. The most commonly used thermotropic
LCs for dispersing CNTs are E7 and 5CB which are shown in Figure 2. To our
knowledge, the first report on doping of carbon nanotubes in liquid crystals is by Lee and
Chiu in the year 2001 after one decade of CNTs discovery, who observed self-diffraction
by gratings in nematic liquid crystals doped with multiwalled carbon nanotubes [14]. In
the same year 2001, on the basis of continuum-based density functional theory, Somoza
et al. proposed that CNTs should form a columnar phase or lyotropic liquid crystalline
phase in the presence and absence of van der Waals interactions [15]. Subsequently, Lee
et al. have observed efficient coherent light amplification with very high gains [16],
discovered the scenario pertaining to the surface-sustained permanent gratings [17] and
strong beam coupling effects [18] in nematic liquid crystal and carbon nanotube
mixtures. However, the work of Lynch and Patrick in 2002 caught the attention when
they achieved high degree of CNT alignment along the nematic director field by taking
the advantage of self-assembly properties of nematic liquid crystals and then removing
the LC by vacuum suction leaving the CNTs alignment intact [19]. Khoo et al. have
observed an extremely large electro-optically induced photorefractive effect in nematic
liquid crystals doped with SWNTs and explained the basic mechanisms and conditions
necessary for such nonlinearities [20]. It has been shown that doping with nanotubes can
effectively reduce the DC driving voltage and improve the switching behavior of a
twisted nematic-LC cell [21]. Voltage-dependent transmittance and capacitance under

AC and DC electric field showed that the residual DC, which is related to an image
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sticking problem in liquid crystal displays, was greatly reduced due to the ion trapping by
CNTs following strong charge transfer from the adjacent LC molecules [22]. Similarly
under applied AC voltage the electro-optical properties of CNT doped TN-LCD cells are
rectified by reducing the driving voltage and rise time [23]. Huang et al. have studied the
electro-optical characteristics of twisted nematic (TN) mode and chiral homeotropic
liquid crystal mode cells filled with +ve and —ve dielectric anisotropy liquid crystals
doped with CNTs [24]. The improved electro-optical characteristics of the cells were
attributed to the viscosity of the LC mixture. Comparison of SWNT and MWNT doped
twisted nematic cells shows that MWNTSs are superior additives to SWNTs which is
attributed to metallic character of MWNTSs [25]. Local deformation of liquid crystal
director induced by translational motion of carbon nanotubes under in-plane field was
studied in a CNT-doped nematic LC cell [26]. The CNTs were well aligned with the LC
director, when a critical AC field was applied, the CNTs began translational motion
between the electrodes as a result of electrophoretic motion thereby causing deformation
of local director field. Minute addition of carbon nanotubes suppress the undesired field
screening effect and increases the charge mobilities in the presence of a strong field
which is attributed to the parallel alignment of both the long axis of carbon nanotubes and
the nematic director along the electric field [28]. The influence of CNTs on the elastic
constant was studied and it was found that CNTs increase the effective elastic constant of
the LC-CNT dispersions [28]. Rotational viscosity is the most practical physical
parameter for designing a fast response LC device. It has been shown that rotational
viscosity of the LC is decreased by doping the CNT additive [29]. The effect of CNTs on

the electro-optical characteristic of the IPS (in-plane switching) mode is studied which
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shows that the effective retardation value of the CNTs-doped LC cell was reduced and its
operation voltage was increased slightly compared with that in the pure LC cell [30].
Dierking et al. have studied the alignment and reorientation of doped carbon nanotubes in
LC cells under both electric and magnetic fields along with the change in the conductivity
of the LC cell upon reorientation of the CNTs with the liquid crystal director field [31].
Recently, they have also studied the reorientation dynamics of CNTs in liquid crystal
medium [32]. Very interestingly, Cervini et al. have aligned MWNTSs by a template
assisted method using a homeotropically aligned liquid crystalline monomer that was
subsequently polymerized to a rigid polymeric material which led to retention of the
orientation of both the mesogens and more importantly the nanotubes [33]. This should
be a promising route towards achieving composite materials with novel functionality or
enhanced electrical, mechanical and/or thermal properties due to the presence of aligned
CNTs at sufficient concentration. Da Cruz et al. have dispersed SWNTSs in nematic LC,
the materials were studied by X-ray scattering and observed unusual responses to
magnetic fields [34]. Preparation of nanotube gel was reported by Islam et al. [35].
Nematic elastomers with aligned carbon nanotubes exhibiting reversible infrared and
electromechanical actuation [36], and superelongation of carbon nanotube aggregates in
liquid crystal medium [37] is also reported. The effect of carbon nanotubes on phase
transitions of nematic liquid crystals and antiferroelectric chiral smectic liquid crystals
are also reported [38]. In contrast to alignment of CNTs with liquid crystals, the
alignment of liquid crystals has been achieved by CNTSs as well [39]. Scalia et al. have
studied the interaction between CNTs and liquid crystal molecules by Raman

spectroscopy [40]. To understand the alignment of CNTs in LC medium and the dynamic
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response of CNTs under an external field, theoretical studies have been carried out to
reveal the interaction between CNTs and LC by using density functional calculations.
The study shows that there is a considerable charge transfer from LC molecule to the
CNT which induces a permanent dipole moment on the CNT and this plays an important
role for electro-optical responses of CNTSs in the LC cells [41].

There are less examples of inclusion of carbon nanotubes into lyotropic liquid
crystals. However, as lyotropic LCs are water based and common in biological and living
systems, it could be very interesting to use CNT-lyotropic LC mixtures for
biotechnological applications. Unfortunately, recent toxicological studies of CNTs
indicate that CNTs could be as harmful as asbestos and, therefore, extensive studies are

required before their in vivo medical application.

N P T Y Y N e CTAB
\\ ‘/
N/ //~\ 4 \
£ Y Mo A
/ ‘-\:\_,{,.f)—T,\ ~ ‘i{'ou Triton X-100
10
\_v" ,»". "‘O\_ /‘-.l',
{\_ )\u‘{' ~ ?OH C16EQO6
7\ '

(b)

(a)
Figure 3.Common surfactants used for the dispersion of carbon nanotubes (a) and the

columnar hexagonal phase formed by these surfactants in aqueous medium (b).

In contrast to thermotropic LC-CNT composites, the lyotropic LC-CNT

composites can be prepared in two different ways. One can start by preparing an isotropic
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low-surfactant-concentration suspension of CNTs and then that can be made liquid
crystalline by adding more quantity of surfactant (Figure 3) or it can be added to an
already prepared lyotropic liquid crystal sample. The insertion of CNTs into lyotropic
liquid crystalline phases was first investigated in 2006 by Weiss et al. [42]. They
observed that both the d-spacing and viscosity of the hexagonal columnar phase increased
with increase of carbon nanotube concentration. Subsequently, Lagerwall et al. have
aligned carbon nanotubes in the lyotropic nematic liquid crystals formed by both rod
shaped and disc shaped micelles (Figure 4) [43]. Raman measurements indicated that the
nanotubes are aligned along the LC director and allowed the determination of the order

parameter.
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Figure 4. Alignment of carbon nanotubes by lyotropic nematic liquid crystals formed by

cylindrical (a) and disc-shaped (b) micelles.

Jiang et al. have dispersed carbon nanotubes in a lyotropic liquid crystal formed in room-

temperature ionic liquids [44]. As observed earlier, here also it was observed that the d-
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spacing as well as the viscosity of the medium was increased with increase in nanotube
concentration. Recently, it was observed that CNTs incorporate into ordered lyotropic
liquid crystalline phase while preserving the native d-spacing [45]. Very recently,
Lagerwall et al. have combined cat- and anionic surfactants to form a liquid crystalline
colloidal suspension of carbon nanotubes, which by virtue of the spontaneously formed
hexagonal columnar LC structure, are uniaxially aligned over macroscopic areas [46].
The nanotube concentration is so high that thin and highly aligned filaments can be
drawn and deposited in selected directions on arbitrary surfaces, after which the LC
template can be rinsed away to yield an unprecedented degree of control in the practical
realization of carbon nanotube based devices and materials.

Carbon nanotubes can be viewed as highly anisometric rigid rod-like particles.
Like other anisotropic and one dimensional molecules, CNTs can form lyotropic liquid
crystalline phase. This research field has been developed by the groups of Windle, Poulin
and Smalley. The basis for this phenomenon is the classical Onsager argument for liquid
crystal phase formation in concentrated suspensions of rigid rods; if the aspect ratio of the
rods and their concentration are both large enough the free energy of the system is
reduced by forming a nematic phase [47]. Several experimental contributions have been
reported, all of them describing different ways of making liquid crystalline phases of
carbon nanotubes in solution. These systems form nematic phases via acid
functionalization, acid protonation, gradual evaporation or absorption of amphiphilic
molecules. The first report describing the nematic liquid crystalline phase behavior of
MWNTSs was in 2003 by Song et al. [48]. Later this group studied in detail the isotropic-

nematic transitions in dispersions of MWNTs [49]. They have also exploited the
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mesophase behavior of CNTs to separate short nanotubes from longer nanotubes which
have strong tendency to form liquid crystalline phases [50]. Recently they have reported
the size-dependence and elasticity of liquid crystalline multiwalled carbon nanotubes
[51]. Lyotropic liquid crystalline phases of SWNT have been achieved by protonating the
side walls of CNTs in strong acids [52]. The protonation of SWNTSs sidewalls eliminates
van der Walls interactions and promotes the dispersion process, at higher concentrations
SWNTs form nematic phases. Another approach to obtain liquid crystalline phase from
unmodified SWNT is reported by Badaire et al. [53]. They have dispersed CNTs by non-
covalent wrapping of denatured DNA to CNTs which exhibits nematic phase but retains
the intrinsic properties of CNTs. The liquid crystalline behavior of CNT solutions has
been exploited to fabricate highly oriented carbon nanotube arrays for thin film
transistors [54]. Liquid crystal behavior of SWNTSs dispersed in biological hyaluronic
acid solutions has been stabilized and studied [55]. Recently pyrene functionalized poly
methyl methacrylate (PMMA) has been used for non-covalent functionalization of
MWNTs which at high concentration self organize into ordered domains and hence
exhibit liquid crystalline phase in PMMA as well as in PEG 400 matrices [56]. This
offers the potential to align nanotubes at high volume fractions. While nematic phases
have been experimentally reported, no evidence of smectic phases of carbon nanotubes
has ever been shown. The observation of a smectic phase of rods necessitates a
polydispersity as narrow as possible; the actual polydispersity of carbon nanotubes does
not allow the formation of lamellar phases.

Preparation of carbon nanotubes typically requires high temperature or high

pressure. It is well known that in these cases the reactions are chemically complicated
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and difficult to control and one serious problem is the separation of the catalysts from the
nanotube product as typically most of the catalyst particles are encapsulated into the
nanotubes. Moreover, the orientation of the graphene layers in the nanotubes is important
from their application point of view. To form ordered graphite nanostructures without
metal catalysts and with desired graphene layer orientations, one possible approach is
carbonization within a discotic columnar mesophase. From this point of view, the
columnar super structures of discotic liquid crystals are worth precursors as the molecules
possess a nano graphene subunit as the aromatic core and these molecules stack one on
top the other to build up columns which in turn organize themselves in different two
dimensional lattices. Upon carbonization under a controlled heating process the
preorganized ordered columnar superstructures can be converted into nanotubes. Mullen
et al. have produced nanotubes from thermotropic discotic liquid crystals [57], whereas
Crawford et al. [58] have produced nanotubes from both thermotropic and lyotropic
discotic liquid crystals. Pyrolysis of well-defined discotic molecules in the bulk state
produced novel carbon nano and microstructures. The temperatures are much lower than
the normally used graphitization temperatures (2000-3000 °C). Recently a template
method has been used to fabricate uniform carbon nanotubes by pyrolysis of graphitic
molecule hexabenzocoronene (HBC) in porous alumina membranes. Graphene molecules
aligned along the channels and kept the order under slow heating procedures, after the
template removal uniform carbon nanotubes with ordered graphene orientations were
obtained in quantitative yield. Interestingly, the orientation of the graphene layers is
perpendicular to the tube axis due to the preorganization of the disc-like molecules in the

template. This is different from the case of normal carbon nanotubes, in which the
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graphene layers are parallel to the tube axis. Discotic molecules can also be converted
into 1D carbon nanotube with well-controlled graphene layers orientation under template
directed solid state pyrolysis process. Hill et al. have reported a unique approach to self-
assembled graphitic nanotubes from an amphiphilic hexabenzocoronene (Figure 5) [59].
In sharp contrast to the above nanotubes, their nanotubes consists of graphitic wall
formed from numerous molecular graphene sheets stacked parallel to the long axis of the
tube. The proposed structure of the nanotube consists of helically rolled-up bilayer tapes
composed of n-stacked HBC units, where the inner and outer HBC layers are connected
by interdigitation of the hydrophobic alkyl chains while the hydrophilic ethylene oxide
chains are located on both sides of the tubular wall. The n-stacked HBC units provide a
charge carrier transport pathway. Suitable chemical modification of the amphiphilic

HBCs results in the formation of nanotubes with various interesting physical properties.

(b) (c)

"&"g. "
IR AL

Figure 5. Schematic structures of (a) HBC ampbhiphile, (b) self assembled bilayer tape

and (c) graphitic nanotube.
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Another interesting thing about these nanotubes is the formation of discotic columnar
mesophase upon heating these graphitic nanotubes. Properties of liquid crystalline
materials confined to restricted geometries are important from their potential applications
point of view in electro-optics but imaging the molecular ordering in nanoscale
confinements is very difficult. Recently Crawford et al. have obtained images of liquid
crystalline ordering by covalently capturing discotic liquid crystals filled in multiwalled
carbon nanotubes followed by carbonization. This shows face-on anchoring of the
molecules due to strong n-w interaction at the interface [60].

The insertion (dispersion) of CNTSs in the supramolecular order of discotic liquid
crystalline monomers and polymers may lead to novel materials with interesting
properties useful for device applications. The ordered columnar phases, in contrast to
isotropic and nematic phases, can offer wider opportunity for processing material with
oriented nanotubes, a critical factor considering the strongly anisotropic properties of
CNTs. Moreover, there are a lot of similarities between CNTs and discotic liquid
crystals; first, both CNTs and DLCs are anisotropic materials. Second, both the materials
posses self-assembling properties and often form hexagonal aggregates. Third and more
important is the one dimensional (1D) conductivity properties of both CNTs and DLCs.
Conductivity along the columnar axis of DLCs is several orders of magnitude greater
than perpendicular to it [61], so also in CNTs, the conductivity along the CNT axis is
much more higher than across the axis. Therefore, both the materials can be considered as
“molecular wires”. With this in mind, we have initiated a research program to disperse
functionalized CNTs into the columnar matrix of liquid crystalline discotic monomers

and polymers [62].
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5.2 Results and discussion

At the beginning, we attempted to disperse acid-purified SWNTs into the columnar
matrix of hexabutyloxy triphenylene (H4ATP) in minute quantities but we observed that
the purified CNTs form aggregates in the columnar phase which can be clearly seen
under polarizing optical microscope (Figure 7). It should be noticed that HATP is a
crystalline solid material at room temperature and forms a highly ordered plastic
columnar phase at high temperature [63]. Unlike the thermotropic calamitic nematic
phase described above it fails to disperse purified CNTs adequately. Then we turned
towards chemical functionalization of carbon nanotubes to make them compatible with
the discotic liquid crystal matrix and to see if these functionalized nanotubes exhibit any
mesomorphism themselves. The acid-purified and carboxylic acid-functionalized carbon
nanotubes were chemically functionalized at the ends and sidewalls by a hydroxyl
functionalized HATP derivative (Scheme 1). SWNTs 5 were purchased from Carbolex
Inc., (USA)-AP grade and purified as reported [64]. The resultant carboxylic acid
groups-terminated SWNTs were converted into acid chloride groups (SWNT-COCI, 6)
by treatment with thionyl chloride (Scheme 1). The hydroxyl-terminated triphenylene 4
was prepared by the etherification of monohydroxy-pentabutyloxytriphenylene 3 with 1-
bromohexanol under classical reaction conditions and fully characterized from its spectral
and elemental analysis. Discotic-functionalized SWNTs 7 were prepared by mixing
SWNT-COCI 6 with hydroxyl-terminated triphenylene 4 and heating at 80 °C for 48 hr
under anhydrous reaction conditions. The product was purified by column
chromatography over silica gel. These functionalized SWNTs (f-SWNTSs) were highly

soluble in common organic solvents like, dichloromethane, chloroform, THF, etc. The
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formation of discotic-functionalized SWNTs was confirmed by IR, *H NMR, **C NMR
and TGA studies. The FT-IR spectrum of discotic-functionalized SWNTSs displays clearly

the ester carbonyl stretching at 1737 cm™ (Figure 8).

Scheme 1. Functionalization of carbon nanotubes with triphenylene based discotic liquid

crystalline compound.

The *H NMR signals are compatible with the successful covalent attachment of
the triphenylene units to the SWNT. The —OCH, signal for hydroxyl-terminated
triphenylene 4 shifts from 3.6 ppm (Figure 9) to 4.1 ppm which is expected for an ester

functionality (Figure 10). The C NMR also supports the functionalization of SWNTSs.
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The signal at 5 62.9, corresponding to the carbon connected to -OH group (Figure 11),
shifts to & 68.9 for the carbon connected to —COO- group (Figure 12). However, no
carbonyl carbon signal was detected. This could be because of the very long relaxation
times of the nanotube carbons [65]. The thermo gravimetric analysis displays two
partially overlapping peaks in the region 200-400 °C (approximately 60% weight
reduction) which may be attributed to the loss of triphenylene units. The high temperature
(450-650 °C) weight loss of about 40% is likely due to the loss of SWNTSs. However, the
triphenylene-capped SWNTs 7 were found to be non-liquid crystalline. The waxy-solid
melts at about 40 °C to the isotropic phase.

Scanning tunneling microscopy (STM) imaging of the discotic functionalized
carbon nanotubes has been carried out in constant current mode on highly oriented
pyrolytic graphite (HOPG) surface using +100 mV sample bias voltage and 1 nA
tunneling current to get the size of the individual carbon nanotubes. The image is shown
in Figure 13. Small and large aggregates of functionalized carbon nanotubes are seen in
the Figure 13. The average lengths of the aggregates vary from 70 to 100 nm.

Liquid crystalline composites of functionalized SWNTs (f-SWNTs) and
triphenylene-based discotic liquid crystal namely hexabutyloxytriphenylene (H4TP) were
prepared by sonicating the two components in dichloromethane followed by removal of
solvent and drying in vacuum. Three compositions (by weight) of f-SWNTs: H4TP (7a:
2% f-SWNTs; 7b: 5% f-SWNTSs and 7c: 10% f-SWNTSs) were prepared and analyzed by
differential scanning calorimetry and polarizing optical microscopy. All the f-SWNTs-
H4TP composites 7a, 7b and 7c were found to be liquid crystalline in nature. They show

classical textures of columnar mesophase upon cooling from the isotropic phase (Figure
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14). Data obtained from the heating and cooling cycles of DSC are collected in Table 1.
The DSC traces obtained on heating and cooling runs for pure H4TP and composite 7c
are shown in Figure 15. The insertion of CNTs decreases the mesophase-isotropic
transition temperatures significantly but the crystals to mesophase transitions do not
change much. This is logical as the insertion of CNTs is expected to reduce the ordering
of the cores. Similar effects have been observed on the insertion of gold nanoparticles

into a discotic liquid crystalline matrix [66].

Table 1. Phase transition temperatures (°C, peak) and transition enthalpies (J/g in
parentheses) of SWNT-DLC composites on heating and cooling cycles. Cr = crystal, Cr*
= partially crystallized, Col, = columnar plastic phase, Col, = hexagonal columnar

mesophase, | = isotropic.

Composite Heating Cooling

H4TP Cr 89 (37) Col, 146 (31) | | 144.1 (31) Col, 79.6 (3.6) Cr*
7a Cr 89 (37) Coly, 143 (23) | | 140.6 (22.8) Coly, 78.8 (3.8) Cr*
7b Cr 90 (35.4) Col, 142 (19) | | 138.5 (18.9) Coly, 78.8 (3.7) Cr*
7c Cr 89.6 (30.6) Col, 135 (11) | | 134.1 (11.5) Col, 78.5 (3.4) Cr*

The X-ray diffraction patterns were recorded for composite 7c and for pure H4TP
under same conditions at 125 °C. X-ray data for H4TP were in agreement with the

reported data [67]. The one-dimensional intensity vs. 26 profile for the composite 7c is
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shown in Figure 16. The overall features observed are consistent with the structure of the
Coly phase. It should be noted that pure H4TP forms a more ordered Col, phase [67]
which is characterized by three-dimensional crystal-like order in a hexagonal lattice,

while the discs within the columns are able to rotate about the columnar axis.

d =1.60 nm d=239nm

Figure 6. Schematic representation of the insertion of SWNTs in the supramolecular
order of a columnar mesophase. The significant shift of about 0.8 nm in the reflection
toward larger d spacing demonstrates insertion of SWNTSs in the hexagonal columnar

phase.

The insertion of SWNT allows the positional freedom of discs and thus, all the
composites display classical Coly phase. A significant shift of 0.8 nm in the reflection
toward larger d spacing for the composite 7c was observed. While pure H4TP exhibits
reflections with d spacing corresponding to 1.61 nm, it was 2.39 nm in the case of

composite 7c. This clearly indicates the insertion of SWNT in the supramolecular order
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of the columnar phase. A schematic representation of the insertion of SWNTSs in the
columnar mesophase is shown in Figure 6.

The DC conductivity studies of the HATP and H4TP: f-CNTs nanocomposites
were carried out in ITO coated glass sandwich cells (10mm x 5 mm) with a inter
electrode separation of 50 um. Current measurements were carried out using a Keithley
pico ammeter (Model 480) along with a constant voltage source and a temperature
controller. The Figure 17 shows the DC conductivity values measured at different
temperatures for pure H4TP (inset) and the mixture of 2%, 5% and 10% of f-CNTs and
H4TP nanocomposites while cooling from isotropic temperature. There is a significant
increase in DC conductivity by two orders of magnitude upon doping with 10 % f-CNTs.
The measured conductivity values also increase with increasing temperature. Changes in
the slopes of the conductivity—temperature plots are observed for all the compositions.
For example for the 10% f-CNT doped sample the conductivity begins to increase around
80 °C, indicative of phase transition from crystalline to columnar mesophase. The
changes in conductivity during phase transition is also indicative of more mobile charge
carriers in the mesophase, which can be explained by less lateral interactions between
H4TP and triphenylene functionalized CNTSs.

The increase in electrical conductivity of the nanocomposites arises due to the
highly delocalized & electron density of triphenylene. Since the SWNTSs are intercalated
in hexagonal columnar phase along the director, the triphenylene molecules covalently
bonded to CNTs and the TP molecules of the matrix together constitute a conduction
pathway for the electron flow. The single wall carbon nanotubes can serve as the electron

acceptor component in donor-acceptor system with the electron rich triphenylene
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molecules acting as donors. We therefore infer that these f-CNTSs, which are intercalated
in the TP matrix, provide the necessary conducting path for the electron hopping resulting
in the enhanced conductivity of the composite.

In conclusion, spectral analysis shows the successful functionalization of carbon
nanotubes with discotic liquid crystalline molecules and scanning tunneling microscopy
(STM) imaging shows the presence of carbon nanotubes in a reasonable length scale after
functionalization with discotics. POM, DSC and X-ray results of the composites indicate
intercalation of SWNTSs into the matrix of discotic liquid crystals. The insertion of
SWNTs causes a minor shift in the transition temperatures. The additional order of Col,
phase is destroyed to give normal Col, phase. The significant shift of 0.8 nm in the
reflection toward larger d spacing is attributed to the integration of SWNTs in the
hexagonal columnar phase along the director. These nanocomposite materials having
extended delocalized m-electron systems, possess very high electrical conductivity i.e.
two orders of magnitude more than the pure discotic compound. These SWNTSs-discotic
liquid crystal hybrid systems may be important for many device applications such as
photoconductors, light emitting diodes, photovoltaic solar cells, sensors, thin film
transistors, as the dispersed SWNTs can be aligned in the desired direction using well-

established liquid crystal alignment technologies [61].

5.3 Carbon nanotubes in triphenylene and rufigallol-based room temperature
monomeric and polymeric discotic liquid crystals.
We have also studied the dispersion of commercial octadecylamine (ODA) functionalized

CNTs in the columnar phases of triphenylene and rufigallol based discotic monomers and
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polymers which may lead to novel materials with interesting properties useful for device
applications. Both triphenylene and rufigallol derivatives are earlier known discotic
liquid crystals which form columnar mesophases [68, 63]. The effect of nanotubes on
phase behavior of electron-rich triphenylene derivatives and electron-deficient
anthraquinone derivatives has been investigated.

5.4 Results and discussion

To investigate the effect of carbon nanotubes on the mesophase behavior of electron
deficient rufigallol derivatives we have prepared novel room temperature liquid
crystalline rufigallol derivatives. The synthesis of electron deficient novel room-

temperature liquid crystalline monomer 10 and polymer 11 is outlined in Scheme 2.

Scheme 2. Synthesis of room-temperature liquid crystalline anthraquinone monomer and
polymer. Reaction conditions and reagents; (i) H,SO,, MW, (ii) 3,7-
dimethyloctylbromide, NaOH, DMSO, 90 °C, 35%; (iii) 1,12-dibromododecane, Cs,COs3,

o-dichlorobenzene, 90 °C, 60%.

Commercially available gallic acid 8 was converted to rufigallol 9 as reported [68].
Rufigallol 9 was alkylated with 3, 7- dimethyloctylbromide under mild etherification
conditions to afford the tetraalkoxy rufigallol 10. Surprisingly the branched chain

substituted tetraalkoxy compound 10 exhibits liquid crystalline behavior at room
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temperature contrary to its straight chain analogous which do not show any liquid
crystalline property, this could be because the branched chains fill the necessary space
around the core to induce mesomorphism [68]. Thermal behavior of the compound was
investigated by polarizing optical microscopy (POM) and differential scanning
calorimetry (DSC). This compound shows columnar hexagonal to isotropic transition at
115.7 °C while heating and isotropic to columnar hexagonal transition at 114.1 °C while
cooling, no other transitions are observed while heating and cooling (scan rate 5 °C/min.)
in between -30°C and the isotropic temperature in the DSC thermogram which supports
the POM observation. Texture of columnar phase observed under POM for this
compound 10 at room temperature is shown in Figure 18a. Columnar hexagonal
mesophase structure of this compound was established by X-ray diffraction studies. The
intensity vs 6 graph derived from the diffraction pattern of the compound at room
temperature is shown in Figure 19a. In the low angle region three sharp peaks, one strong
and two weak, are seen whose d-spacings are in the ratio of 1: 1/\3: 1/V4. Identifying the
first peak with the Miller index 100, the ratios confirm to the expected values from a two
dimensional hexagonal lattice. In the wide angle region two diffused reflections are seen.
The broad one centered at about 4.5A corresponds to the liquid like order of the aliphatic
chains. The relatively sharper one seen at about 3.4 A and well separated from the broad
one is due to the stacking of the molecular cores one on top of another. All the above
mentioned features are characteristics of the Col,, phase. Three compositions (by weight)
of this compound were made by adding the dichloromethane solution of ODA
functionalized carbon nanotubes. Three compositions (10a: 0.5%; 10b: 1%; 10c: 2%)

were prepared and analyzed by DSC, POM and X-ray diffraction. All the composites
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10a-c were also found to be room temperature liquid crystalline like the pure host
compound 10. These composites, under POM, exhibit classical textures of columnar
mesophase upon cooling from the isotropic phase as shown in Figure 18b. Data obtained
from the heating and cooling cycles of DSC with a scan rate of 5 °C per minute for these
composites are collected in Table 2. The insertion of CNTs decreases the mesophase-
isotropic phase transition temperature. With increase in the percentage of the CNTs the
mesophase-isotropic transition temperature decreases (Table 2). This is logical as the
insertion of CNTSs is expected to reduce the ordering of the cores. The X-ray diffraction
pattern of the composite 10c at room temperature shows similar features as that of
compound 10 confirming to hexagonal columnar mesophase of the composites as shown
in Figure 19b. Since these composites 10a-c contain very little amount of functionalized
carbon nanotubes we do not observe any significant increase in the intercolumnar
distance of the pure compound 10 in these composites. The columnar mesophase
structure is not destroyed by the inclusion of functionalized carbon nanotubes only the
columnar to isotropic transition temperature decreases with increase in the amount of
carbon nanotubes. When we tried to insert more than 2% CNTSs in the columnar liquid
crystal, those composites still exhibit liquid crystalline property but under polarizing
microscope we could observe small aggregates of CNTs which means the CNTSs are not
homogeneously dispersed in the liquid crystal matrix of the composites when CNTs
percentage is more.

The dihydroxy functionalized molecule 10 was polymerized to a main chain
electron deficient liquid crystalline polyether 11 as shown in the Scheme 2 to study the

phase behavior of its nanocomposites with carbon nanotubes. The mesophase behavior of
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this polymer was characterized by polarizing optical microscopy and differential
scanning calorimetry. This polymer which could be deformed at room temperature
shows, under microscope, only one transition on heating. When cooled from the isotropic
state it does not exhibit any characteristic texture but a sandy birefringence texture as
shown in the Figure 20a appears slowly from the isotropic liquid. The DSC thermogram
of the compound shows only one transition at 56.3 °C while heating corresponding to
columnar to isotropic transition but on cooling it does not show any discernible transition.
The mesophase structure of the polymer was established to be a rectangular columnar
phase with lattice parameters a = 42.02 A and b = 19.80 A. The intensity vs 6 graph
derived from the X-ray diffraction pattern of the polymer at room temperature shows five
reflections in the small angle region as shown in the Figure 21a with two strong
reflections at lower angles. Two strong peaks in the small angle region is characteristic of
a rectangular columnar phase and the observed other three weak peaks in the small angle
region can be indexed for a rectangular lattice. So upon polymerization the columnar
hexagonal structure of the monomer 10 is transformed to a more ordered columnar
rectangular phase as has been observed for main chain polyethers of rufigallol [68]. As in
the case of monomer, we have prepared three different compositions (11a: 0.5%; 11b:
1% and 11c: 2%) of the polymer by adding functionalized carbon nanotube solution to
the polymer followed by sonication and solvent removal. The mesophase behaviors of all
these three compositions were characterized by POM, DSC and X-ray diffraction studies.
They also exhibit the sandy texture under polarizing microscope when cooled from the
isotropic state as shown in the Figure 20b. Data obtained from the heating cycle of DSC

for these composites are collected in Table 2. As expected the isotropic transition
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temperature of the composites decreases with increase in the CNT quantity. But the
mesophase structure of these composites remains rectangular as confirmed by X-ray
diffraction of the composites as shown in Figure 21b.

To investigate the effect of carbon nanotubes on the mesophase behavior of
electron rich triphenylene derivatives we have synthesized novel room temperature liquid
crystalline triphenylene derivatives. The synthesis of novel room-temperature liquid

crystalline triphenylene monomer 16 and polymer 17 is outlined in Scheme 3.

Scheme 3. Synthesis of room-temperature liquid crystalline triphenylene monomer and
polymer. Reaction conditions and reagents; (i) CsH11Br, K,CO3, MEK; (ii) FeCls, CH,Cl,
and CH3OH; (iii) Cat-B-Br, CH.Cly; (iv) 3, 7-dimethyloctylbromide, Cs,CO3;, MEK,

62%; (V) 1,12-dibromododecane, Cs,CO3, NMP, 110 °C, 54%.

The dihydroxy intermediate 15 has been prepared and isolated as reported [69].

Upon replacement of two pentyloxy chains by 3, 7-dimethyloctyloxy branched chains the

compound 16 exhibits liquid crystalline property at room temperature. This could be due
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to the unsymmetrical substitution of alkoxy chains on the core and stereoheterogeneity
introduced by the branched alkoxy chains. Under polarized optical microscope the
compound 16 exhibits classical broken fan texture of hexagonal columnar phase when
cooled from the isotropic phase as shown in Figure 22a. This compound shows columnar
hexagonal to isotropic transition at 69 °C on heating and isotropic to columnar hexagonal
transition at 67 °C while cooling, no other transitions are observed while heating and
cooling in between -30°C and the isotropic temperature in the DSC thermogram as shown
in Figure 23. The mesophase structure of the compound was established with the help of
X-ray diffractometry. In the small angle region there are two reflections, one strong and
one weak. The ratio of the d-spacings of these two peaks is 1: 1/v/3, which corresponds to
a two dimensional hexagonal lattice. In the wide angle region two reflections are
observed one very broad and another relatively sharp peak. The broad peak centered at
about 4.7 A is due to the liquid like order of the alkyl chains surrounding the aromatic
cores; the other peak centered at about 3.6 A is due to the stacking of the aromatic cores
one on the top of another which constitute the columns. All these features are
characteristic of the columnar hexagonal phase. Three different mixtures of
functionalized carbon nanotubes were made with this room temperature liquid crystalline
triphenylene derivative. All these compositions (16a: 0.2%; 16b: 1% and 16c¢: 2%) were
analyzed with POM, DSC and X-ray diffraction. Under polarizing optical microscopy

these composites develop classical broken fan textures of columnar hexagonal phase as
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Table 2. Phase transition temperatures (peak °C) and associated enthalpies (J/gm, in
parentheses) of novel liquid crystalline compounds and their composites with
functionalized carbon nanotubes (scan rate 5 °C/min.). Coly, = hexagonal columnar, Col, =

columnar rectangular, | = isotropic, * = from polarized optical microscopy (POM).

Sample Heating Scan Cooling Scan

10 Coly, 115.7 (6.4) | | 114.1 (6.3) Coly,
10a Col,, 113.0 (6.0) | 1 110.7 (6.0) Coly,
10b Col, 112.0 (6.0) I 1 109.8 (5.9) Colp
10c Col,, 109.5 (5.5) | 1 107.6 (5.6) Coly,
11 Col, 56.3 (3.3) | -

11a Col, 47.7 (1.9) | -

11b Col, 43.3 (2.0) | -

11c Col,39.2 (1.0) | -

16 Col,, 69.0 (6.0) | 1 67.0 (6.0) Col,
16a Col, 67.2 (5.1) | 1 65.6 (5.1) Col,
16b Col,, 64.4 (3.8) | 1 61.8 (3.7) Col,
16¢ Col,, 63.8 (3.6) | 1 61.7 (3.6) Col,
17 Col, 89 I* -

17a Col, 83 I* -

17b Col, 80 I* -
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shown in the Figure 22b just like the pure host compound 16. As with those of
anthraquinone derivative composites the columnar to isotropic phase transition
temperature decreases with increasing the nanotube quantity and the transitions are
broadened. Data collected during the heating and cooling cycles of DSC of the pure
compound and the composites are collected in Table 2. X-ray diffraction patterns of the
composites show similar features to that of the pure compound confirming to columnar
hexagonal phase of the composites as shown in Figure 24a. In the X-ray diffraction
patterns of these composites also we do not observe any significant change in the
intercolumnar distance as compared to the pure compound 16. So the inclusion of CNTs
to the columnar matrix destabilizes the phase to small extent but retains the mesophase
structure intact. In order to see the effect of CNTs on triphenylene based main chain
polymers we have synthesized the polymer 17 as shown in Scheme 3 from the dihydroxy
precursor 15. The liquid crystalline phase behavior of this polymer was studied by POM,
DSC and X-ray diffraction. This highly viscous compound does not show any peak
during heating and cooling in the DSC thermogram, but it exhibits a birefringence texture
like the above mentioned anthraquinone polymer under polarizing microscope when
cooled from isotropic state as shown in Figure 25a. When heated from room temperature
this polymer passes slowly to isotropic state at 89 °C and upon cooling the birefringence
texture appears slowly under polarizing microscope. In order to confirm the mesophase
structure we have carried out the X-ray diffraction study of the polymer. Only one strong
reflection is observed in the small angle region of the X-ray diffraction pattern, though it
is difficult to assign the mesophase structure with only one peak in the small angle region

nevertheless given the general mesophase structure of triphenylene based discotic
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monomers and polymers [63] we consider this to be a columnar hexagonal phase.
Moreover, miscibility of the mesophase of the polymer 17 with the mesophase of
compound 16 confirms the columnar hexagonal structure. Two different nanocomposites
(17a: 0.5%; 17b: 1%) of the polymer with functionalized carbon nanotubes were
prepared and their liquid crystalline properties were studied by POM and X-ray. Like the
pure polymer, these composites do not give any peak in their DSC thermograms so the
transition temperatures were determined only by POM. The mesophase to isotropic
transition temperatures as observed under polarizing optical microscope of these
composites are listed in Table 2. Here also the mesophase to isotropic transition
temperature decreases and broadens as the amount of carbon nanotubes increases in the
matrix. The sandy texture exhibited by the composites when cooled from isotropic state is
shown in the Figure 25b. In all textures some change in the colour was seen upon doping
CNTs. This could be because of the disturbed alignment of molecules by the CNTs. X-
ray diffraction pattern of the composites show similar features to that of the pure polymer
as shown in Figure 24b which again shows that the mesophase is not destroyed by the
inclusion of carbon nanotubes though large quantity of carbon nanotubes could not be

dispersed homogeneously in the matrix.

5.5 Conclusions

We have synthesized two novel monomeric and two novel polymeric discotic liquid
crystals and studied the effect of inclusion of carbon nanotubes on their mesophase
behavior. The insertion of carbon nanotubes in small amounts does not affect the

mesophase structure of the pure compounds but bring down the isotropic transition
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temperatures. With increase in the amount of carbon nanotubes, the isotropic transition
temperature decreases in all the composites. We have previously shown that in discotic
liquid crystal- carbon nanotube composites, SWNTs align in the hexagonal columnar
phase along the director. These room temperature liquid crystalline nanocomposites with
broad mesophase ranges and different electronic properties may be important for many
device applications, such as photoconductors, light-emitting diodes, photovoltaic solar

cells, sensors and thin-film transistors etc.

5.6 Experimental

5.6.1 General information

General information has been described in chapter 2.

5.6.2 Preparation of hydroxyl functionalized triphenylene 4

The monohydroxy functionalized triphenylene 3 was prepared following the published
methods [69]. To a solution of 3 ( 0.605 g, 1 mmol) in methyl ethyl ketone (MEK) (20
ml) was added cesium carbonate (0.652 g, 2 mmol) and 6-bromo-1- hexanol (0.362 g, 2
mmol) and the reaction mixture was refluxed for 24 hrs. After cooling, the reaction
mixture was filtered, solvent evaporated and the product was purified by column
chromatography (silica gel, hexane ethyl acetate 10:1). Yield 70 %. *H NMR (400 MHz,
CDCls): & = 7.84 (s, 6H), 4.24 (t, J = 6.5 Hz, 12H), 3.69 (m, 2H), 2.1-0.8 (m, 44H
aliphatic protons). **C NMR (100MHz, CDCls): & = 149.1, 123.7, 107.6, 70.8, 69.7,
62.9, 32.7, 31.5, 29.7, 29.4, 26.0, 25.6, 19.3, 13.9. Elemental analysis: calculated for

Ca4Hes0O7, C 74.96, H 9.15%; found C 74.66, H 9.09%.
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5.6.3 Functionalization of CNTSs

As prepared (AP-grade) single walled carbon nanotubes (200 mg) were refluxed in 2.6 M
nitric acid (75 ml) at 125 °C for 48 hrs and then the brown colored solution was
transferred to centrifuge tubes and centrifuged after decanting the acid solution, deionised
water was added and centrifuged several times till neutral. Then the single walled carbon
nanotubes were vacuum dried to obtain dry purified nanotubes. The Purified single
walled carbon nanotubes (10 mg) were refluxed in thionyl chloride (20 ml) for 15 hours
and then the excess of thionyl chloride was removed under reduced pressure. Then 500
mg of hydroxyl functionalized triphenylene 4 was added to it and the mixture was heated
at 80 °C under anhydrous conditions for 48 hrs. The mixture was cooled and dissolved in
dichloromethane and passed through a silica column (hexane ethyl acetate 20:1) to isolate
the product 7. IR: vmax 2957, 2928, 2853, 1737, 1616, 1514, 1468, 1435, 1387, 1263,
1172, 1070, 1034, 964, 835 cm™. *H NMR (400 MHz, CDCls): & = 7.85 (s, 6H, Ar-H),
4.3-4.05 (m, 14H, OCH, and COOCH,), 2.1-0.8 (m, 44H, aliphatic protons). *C NMR
(100MHz, CDCls): 6 = 149.1, 145.9, 145.4, 123.7, 107.6, 106.8, 104.5, 70.9, 69.7, 68.9,

37.1,31.9,30.3, 29.7, 26.1, 22.7, 19.4, 14.0.

5.6.4 Preparation of liquid crystalline nanocomposites 7¢

4 mg of compound 7 was dissolved in 5 ml of dichloromethane and to this solution, was
added 36 mg of H4TP. The solution was sonicated for about 5 min and then the solvent
was removed followed by drying the mixture in vacuum. The other composites 7a and 7b

were prepared in the same procedure and analyzed.
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5.6.5 Synthesis of 1,5-dihydroxy-2,3,6,7-tetrakis(3,7-dimethyloctyloxy)-9,10-
anthraquinone, 10

To a solution of Rufigallol 9 (1.52 g, 5 mmol), 3,7-dimethyl octylbromide (4.86 g, 22
mmol) in DMSO (10 mL) was added NaOH (0.8 g, 20 mmol) and the mixture was stirred
for about 20 hours at 90°C. After cooling the reaction mixture, water was added and the
aqueous solution was extracted with chloroform. After solvent evaporation the product
was precipitated from chloroform into methanol thrice to obtain the pure product 10 (1.51
g, Yield 35%). 'H NMR: 8y 12.76 (s, 2H, Ar-OH), 7.4 (s, 2H, Ar-H), 4.23-4.13 (m, 8H,
ArOCHjy), 1.9-1.1 (m, 40H, aliphatic CH; and -CH), 0.98 (d, 6H, J = 6.3 Hz, -CH-CH3),
0.95 (d, 6H, J = 6.6 Hz, CH3), 0.88 (d, 12H, J = 4.5 Hz, CHj3), 0.85 (d, 12H, J = 4.5 Hz,
CHa); °C NMR: §¢ 186.4, 158.1, 157.3, 141.2, 128.9, 111.8, 104.8, 72.1, 67.8, 39.3,
37.3,36.1, 31.1, 29.8, 29.7, 28.8, 28.0, 24.7, 22.6, 19.6; FT-IR: (vmax) 2922, 2854, 1616,
1569, 1506, 1456, 1427, 1365, 1315, 1280, 1226, 1138, 1095, 1045, 950, 864, 802, 723
cm™. Elemental analysis. Found: C, 75.0; H, 10.71. CssHggOsg requires C, 74.96; H,

10.25%.

5.6.6 Polymerization of 1,5-dihydroxy-2,3,6,7-tetrakis(3,7-dimethyloctyloxy)-9,10-
anthraquinone

A solution of tetraalkoxy anthraquinone 10 (0.865 g, 1 mmol), 1,12-dibromododecane
(0.328 g, 1 mmol) and cesium carbonate (1.3 g, 4 mmol) in o-dichlorobenzene (5 mL)
was stirred at 90 °C under argon for 10 days. The reaction mixture was then cooled and
20 mL of chloroform was added to it. The organic layer was separated and washed with

water and dried. The solvent was removed under reduced pressure to yield the crude
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polymer 11. It was further purified by repeated precipitation from chloroform into
methanol. Yield 60%. 'H NMR: 84 7.6 (s, 2H, Ar-H), 4.03-4.18 (m, 12H, ArOCH,), 1.1-
2.0 (m, 60H, aliphatic -CH, and -CH), 0.8-1.0 (m, 36H, -CHj); **C NMR: §¢ 181.2,
157.4, 153.9, 147.0, 132.6, 120.4, 107.0, 74.7, 72.4, 67.5, 45.2, 39.2, 37.3, 36.1, 32.8,
30.4, 29.7, 27.9, 27.3, 27.1, 26.1, 24.7, 22.7, 22.6, 19.6; FT-IR:(vmax) 2924, 2854, 1666,

1572, 1462, 1377, 1319, 1282, 1132, 1094, 771, 721. Mol. Wt. ~ 13691; PDI = 1.44.

5.6.7 Synthesis of 2,6-Bis(3,7-dimethyloctyloxy)-3,7,10,11-tetrakis(pentyloxy)-
triphenylene, 16

To a solution of 2,6-dihydroxy triphenylene 15 (0.605g, 1 mmol) in MEK (10 mL), 3,7-
dimethyloctylbromide (0.885g, 4 mmol) and cesium carbonate (1.3g, 4 mmol) was added
and the reaction mixture was refluxed overnight. After cooling, the reaction mixture was
filtered and solvent evaporated and the product was purified by column chromatography
followed by precipitation from dichloromethane into ethanol. Yield 62%. ‘H NMR: &y
7.8 (s, 6H, ArH), 4.2-4.3 (m, 12H, ArOCH,), 1.15-2.0 (m, 44H, aliphatic CH, and CH),
1.03 (d, 6H, J = 6 Hz, CH3), 0.98 (t, 12H, J = 6 Hz, CH3), 0.87 (d, 12H, J = 5.6 Hz, CH3);
13C NMR: ¢ 149.0, 123.6, 107.4, 69.7, 68.0, 39.2, 37.4, 36.4, 30.0, 29.1, 28.3, 27.9,
24.7, 22.5, 19.7, 14.0; FT-IR: (vmax) 2922, 2854, 1616, 1514, 1464, 1435, 1379, 1263,
1171, 1053, 976, 870, 837, 771, 729. Elemental Analysis; Found: C, 78.69; H, 11.05,

CsgHg,06 requires C, 78.68; H, 10.47%.
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5.6.8 Polymerization of 2,6-dihydroxy-3,7,10,11-tetrakis(pentyloxy)-triphenylene

A solution of 2,6-dihydroxy triphenylene 15 (0.423 g, 0.7 mmol), 1,12—dibromododecane
(0.23 g, 0.7 mmol) and cesium carbonate (0.326 g, 1 mmol) in NMP (2 mL) was
submerged into a preheated oil bath at 110 °C and stirred for 1 hour and cooled. Water
was added and resulting solid repeatedly washed with water and ethanol. Reprecipitation
from dichloromethane with ethanol afforded the polymer 17 (295 mg). '"H NMR: &y 7.8
(s, 6H, Ar-H), 4.2 (t, 12H, J = 6 Hz, ArOCH,), 1.94 (m, 12H, OCH,CH,) 1.3-1.6 (m,
32H, Aliphatic CH,), 0.98 (t, 12H, J = 6.8 Hz, -CHj3); **C NMR: ¢ 149.0, 123.6, 107.4,
69.7, 69.1, 32.8, 29.7, 29.5, 29.1, 28.3, 26.2, 22.5, 14.0; FT-IR: (vmax) 2924, 2852, 1620,
1504, 1456, 1377, 1261, 1169, 1040, 977, 810, 770, 721 cm™; Mol. Wt. ~ 13515; PDI =

1.92.

5.6.9 Preparation of liquid crystalline nanocomposites with ODA functionalized
carbon nanotubes

Novel nanocomposites (by weight) of monomeric and polymeric liquid crystalline
compounds were prepared as follows; the commercial octadecylamine (ODA)
functionalized SWNTs (25 mg) were dissolved in dichloromethane (10 mL) and the
insoluble portion was filtered using PTFE membrane (0.45u). The soluble portion was
dried under vacuum to know the exact amount of soluble SWNTSs. It was found to be 10
mg. The soluble SWNTs were re-dissolved in 20 mL of dichloromethane. Calculated
amount of this solution was added to the liquid crystal monomers (10 and 16) and main

chain polymers (11 and 17). The solution was sonicated for a few minutes followed by

251



removal of solvent and drying under vacuum to make different functionalized SWNT-

DLC composites.
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Figure 7. POM image of H4TP dispersed with purified carbon nanotubes (crossed
polarizer, 200 X magnifications), the nanotube aggregates can be clearly seen in the

photomicrograph suggesting inhomogeneous dispersion of carbon nanotubes.
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Figure 8. FT-IR spectra of unfunctionalized (a), carboxyl-functionalized (b) and
triphenylene-functionalized SWNTs (c). The ester stretching absorption peak (1737 cm-%)

can be clearly noticed in the triphenylene functionalized SWNTSs (c).
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Figure 9."H NMR spectrum of hydroxyl functionalized triphenylene derivative 4.
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Figure 10. *H NMR spectrum of discotic functionalized carbon nanotubes 7.
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Figure 12. **C NMR spectrum of discotic functionalized carbon nanotubes 7.
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Figure 13. Scanning tunneling microscope (STM) images (constant current image) of

functionalized carbon nanotubes on highly oriented pyrolytic graphite (HOPG) surface.

Figure 14. POM image of the columnar phase of 7c at 130 °C on cooling from the

isotropic phase (crossed polarizers; 500 X magnification).
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Figure 15. DSC traces of compound H4TP (a) and composite 7c (b) on heating and

cooling (scan rate 5 °C min™).
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Figure 16. One dimensional intensity vs 20 profile derived from X-ray diffraction pattern

for composite 7c at 125 °C.
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Figure 17. The figure shows the DC conductivity values measured at different
temperatures for pure H4TP (inset) and the mixture of 2% ,5% and 10% of f-CNTs and

H4TP nanocomposites while cooling from isotropic phase.
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Figure 18. Optical photomicrograph of (a) 10 and (b) composite 10b at 25 °C on cooling

from the isotropic liquid (crossed polarizers, magnification X 200).
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Figure 19. X-Ray diffraction patterns and the derived one-dimensional intensity vs. 6

profiles for (a) compound 10 and (b) for the composite 10b at 25 °C.
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Figure 20. Optical photomicrographs of (a) polymer 11 and (b) its composite 11b at 25

°C on cooling from the isotropic liquid (crossed polarizers, magnification X 200).
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Figure 21. X-Ray diffraction patterns and the derived one-dimensional intensity vs. 6

profiles for (a) polymer 11 and (b) for the composite 11c at 25 °C.
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Figure 22. Optical photomicrographs of (a) compound 16 and (b) its composite 16c at 25

°C on cooling from the isotropic liquid (crossed polarizers, magnification X 200).
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Figure 23. DSC thermogram for compound 16 on heating and cooling (scan rate of 5

°C/min.).
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Figure 24. X-Ray diffraction patterns and the derived one-dimensional intensity vs. 6

profiles for (a) composite 16c and (b) for the composite 17a at 25 °C.
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Figure 25. Optical photomicrographs of (a) polymer 17 and (b) its composite 17a at 25

°C on cooling from the isotropic liquid (Crossed polarizers, magnification X 200).
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CHAPTER 6

Summary

In this chapter, we summarize some of the important results and conclusions derived
from this thesis work, which deals with ‘synthesis and characterization of novel
mesogenic materials’. We briefly discuss the diverse possibilities and scope for future
work based on the results obtained from our experimental work. Broadly, the research
work that has been reported in this thesis can be classified as follows:

Chapter 1 is an introductory chapter and mainly deals with the physical properties of
discotic liquid crystals, making them ideal candidates for various optical and electronic
devices such as optical compensation films, photocopiers, laser printers, photovoltaic
cells, light emitting diodes, field effect transistors, and holographic data storage.
Beginning with an over view of liquid crystals, this chapter mainly focuses the major
classes of columnar mesophases formed by discotic liquid crystals, their efficient and
elegant synthetic procedures, photo and electrical conductivity, macroscopic alignment of
columnar phases, relevant mesomorphic and physical properties and finally, some
applications and perspectives in material science, nanoscience and molecular electronics.

Though the introduction to liquid crystals is little bit voluminous, nevertheless,
while reflecting the authors’ familiarity and awareness about many facets of the research
field it is hoped to provoke the readers to appreciate that pursuing a degree in this young,
fascinating and fast developing research field is worthwhile given the potential of the

materials as organic semiconductors in contemporary research.
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Chapter 2 describes green chemistry approach to the synthesis of liquid crystalline
materials. Here, we have adopted two main themes of green chemistry; one is the use of
microwave dielectric heating, and the other one is to use ionic liquids both as solvent and
reagent in the reaction medium. The first part of the chapter deals with the synthesis of
commercially important alkoxycyanobiphenyls and their dimers using microwave
dielectric heating in excellent yields within one minute. The reaction conditions were
initially optimized by preparing one member of the respective series and then the
reproducibility and versatility was demonstrated by preparing other members of both the
series.

The second part of the chapter deals with microwave assisted synthesis of
monohydroxy functionalized triphenylenes by using ionic reagents. Subsequently, these
monohydroxy functionalized triphenylenes were converted to novel unsymmetrical
hexaalkoxy triphenylenes by using branched alkyl chains. The chemical structure of all
the compounds have been characterized by spectral and elemental analysis. The
mesophase behavior of the compounds was studied by polarizing optical microscopy,
differential scanning calorimetry and X-ray diffraction studies. All the compounds
exhibit enantiotropic columnar hexagonal phase with a broad range of temperature and at
lower temperatures. Some of the compounds exhibit spontaneous alignment tendency in
the mesophase as noticed by X-ray diffraction studies. The inter columnar distance, as
anticipated, increases with increase in the number of carbon atoms in the alkyl chains.

Chapter 3 describes microwave assisted facile synthesis of rufigallol and its novel
room-temperature liquid crystalline derivatives. Initially rufigallol was synthesized by

microwave heating in very good yield within about one minute. Subsequently, this
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rufigallol was converted to novel room temperature liquid crystalline derivatives by using
branched alkyl chains with help of microwave heating. The chemical structures of these
compounds were characterized by spectral techniques and elemental analysis. The
mesophase behavior of all the compounds was studied by POM and DSC. The mesophase
structure of the compounds was established by XRD. Most of the compounds exhibit
room temperature mesophase over a broad range of temperature with a single mesophase
structure. These room-temperature liquid crystalline electron-deficient discotic liquid
crystals may find various device applications. One of the tetraalkoxy derivatives
containing only four branched alkyl chains exhibit remarkable mesophase stability, which
can be used as a potential precursor to prepare various unsymmetrical hexasubstituted
derivatives, main chain polymers and metallomesogens etc.

Chapter 4 deals with novel liquid crystalline oligomers containing both electron-
rich and electron-deficient discotic cores and novel disc-rod oligomers. The initial part of
the chapter deals with first examples of discotic liquid crystalline pentamers and novel
discotic star shaped heptamers. All these discotic super molecules exhibit columnar phase
over a very broad range of temperature. The supramolecular organization of these super
molecules has been established by X-ray diffraction studies. Though these compounds do
not form any super column or super lattice, they can be considered as next step towards
materials for organic photovoltaic. The difunctional pentamers can be used to prepare
various novel pentamers, unsymmetrical heptamers and mixed chain polymers containing
both electron rich and deficient discotic cores.

The later part of the chapter deals with novel disc-rod oligomers having

tricycloquinazoline as the central core and six alkoxycyanobiphenyls as the periphery.
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These shape-amphiphilic heptamers exhibit nanophase-segregated mesophase
morphology in the smectic A phase wherein discs and rods are segregated into alternating
sublayers. It is for the first time that this kind of hierarchical organization has been
observed in disc-rod hybrid systems having radial molecular topology and containing six
rods. For the first time, a cubic phase has also been observed in one of the compounds
albeit monotropic in nature. Study of such type of systems provide greater insight into the
various subtle intra- and intermolecular interactions involved in the self-assembling
process of soft condensed matter.

Chapter 5 focuses on functionalized carbon nanotubes in the supramolecular order
of discotic liquid crystals. First part of the chapter deals with discotic-functionalized
carbon nanotubes, their characterization by spectral and imaging techniques. Liquid
crystalline nanocomposites have been prepared by dispersing these discotic-decorated
carbon nanotubes in hexabutyloxytriphenylene and the phase behavior of the composites
have been studied by POM, DSC and XRD. It has been observed that the functionalized
carbon nanotubes align along the columnar axis. So carbon nanotubes can be aligned in
the desired direction by using the well established liquid crystal alignment techniques.

The last part of this chapter addresses the effect of dispersion of functionalized
carbon nanotubes on the phase behavior of room-temperature discotic liquid crystalline
monomers and novel discotic main chain polymers. By preparing various composites, it
has been observed that with increase in the carbon nanotube concentration the phase
transition temperatures of the monomers and polymers are lowered but the mesophase
structure is not affected. These room-temperature liquid crystalline nanocomposites with

broad mesophase ranges and different electronic properties may be important for many
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device applications such as photoconductors, light-emitting diodes, photovoltaic solar
cells, gas sensors and thin film transistors etc.

As final conclusions, it may be stated that the thesis deals with the synthesis and
characterization of mesogenic materials varying from archetypal alkoxycyanobiphenyls
and their dimers to contemporary nanomaterials and materials for organic electronics,
using traditional as well as modern synthetic methods and green chemical processes. The
thesis work spans across monomeric to polymeric discotic liquid crystals via
monodisperse oligomers, pure liquid crystalline compounds and composites, liquid
crystals with conventional and unconventional mesophase structures and room-
temperature discotic liquid crystals with broad mesophase range and single mesophase
structure with different electronic (electron rich or p-type and electron deficient or n-
type) properties.

Some of the findings of this thesis have been published/communicated in the
following international journals.
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SYNOPSIS

Synthesis and Characterization of Novel

Mesogenic Materials

INTRODUCTION

Liquid crystals (LCs) are unique functional soft materials which combine both order and
mobility on molecular, supramolecular and macroscopic levels [1]. Liquid crystals are
accepted as the fourth state of matter after solid, liquid and gas. Liquid crystals form a
state of matter intermediate between the crystalline solid and the isotropic liquid state.
For this reason, they are referred to as intermediate phases or mesophases. This is a true
thermodynamic stable state of matter. The constituents of the mesophase are called
mesogens. The mesogens can be organic (forming thermotropic and lyotropic phases),
inorganic  (metal oxides forming lyotropic phases) [2] or organometallic
(metallomesogens) [3] etc. LCs are important in material science as well as in the life
science. Important applications of thermotropic LCs are electrooptic displays,
temperature sensors and selective reflecting pigments. Lyotropic systems are
incorporated in cleaning process, and are important in cosmetic industries. They are used
as templates for the preparation of mesoporous materials and serve as model systems for
biomembranes. LCs are important in living matter. Most important are the biological
membranes, DNA can form lyotropic mesophases etc. Anisotropic fluid states of rigid

polymers are used for processing of high strength fibers like Kevlar. LCs can potentially



be used as new functional materials for electron, ion, molecular transporting, sensory,
catalytic, optical and bio-active materials. LCs are extremely diverse since they range
from DNA to high strength synthetic polymers like Kevlar (used for bullet-proof vests,
protective clothing, high performance composites for aircraft and automotive industries)
and from small organic molecules like alkyl and alkoxycyanobiphenyls used in liquid
crystal displays (LCDs) to self-assembling amphiphilic soap molecules. Recently their
biomedical applications such as in controlled drug delivery, protein binding, phospholipid
labeling, and in microbe detection have been demonstrated. Apart from material science
and bio-science, LCs are now playing significant role in nanoscience and
nanotechnology such as synthesis of nanomaterials using LCs as template, the design of
LC nanomaterials, alignment and self assembly of nanomaterials using LC phases and so
on. Owing to their dynamic nature, photochemically, thermally or mechanically induced
structure changes of liquid crystals can be used for the construction of stimuli-responsive
materials. Although LCs have diverse applications such as temperature sensing, solvents
in chemical reactions, in chromatography, in spectroscopy, in holography, etc., they are
primarily known for their extensive exploitation in electrooptical display devices such as
watches, calculators, telephones, personal organizers, laptop computers, flat panel

television etc.

The fundamental requirement for any substance to exhibit a liquid crystalline
phase is the geometric shape anisotropy of the constituents, interaction anisotropy and
microsegregation of the incompatible molecular parts. In the liquid crystalline phase the
molecules diffuse throughout the sample while maintaining some positional and

orientational order albeit short-ranged. The ability of the molecules to move among the



various lattice sites imparts fluidity to these structures, but since all directions within the
phase are not identical, they are anisotropic rather than isotropic fluids. So liquid crystals
combine the anisotropic properties of solids and fluidity of liquids. Among all types of
liquid crystals, discotic (disc-shaped) liquid crystalline materials are of fundamental
importance not only as models for the study of energy and charge migration in self-
organized systems but also as functional materials for device applications such as one-
dimensional conductors, photoconductors, photovoltaic solar cells, light emitting diodes,
gas sensors, thin film transistors etc [4]. The negative birefringence films formed by
polymerized nematic discotic liquid crystals have been commercialized as compensation
foils to enlarge the viewing angle of commonly used twisted nematic liquid crystal

displays [5].

This thesis deals with the synthesis and characterization of novel mesogenic
materials varying from archetypal alkoxycyanobiphenyls and their dimers to
contemporary nanomaterials (carbon nanotubes) and materials for organic electronics,
using traditional as well as modern synthetic methods and green chemical processes
(microwave heating and ionic liquids). The thesis work spans across monomeric to
polymeric discotic liquid crystals via monodisperse oligomers, pure liquid crystalline
compounds and composites, discotic liquid crystals with conventional and
unconventional mesophase structures and room-temperature discotic liquid crystals with
broad mesophase range and single mesophase structure with different electronic (electron
rich or p-type and electron deficient or n-type) properties. All the synthesized materials
have been characterized by nuclear magnetic resonance spectroscopy (NMR), ultraviolet

spectroscopy (UV), infrared spectroscopy (IR), elemental analysis, gel permeation



chromatography (GPC), thermo gravimetric analysis (TGA), polarizing optical
microscopy (POM), differential scanning calorimetry (DSC), X-ray diffractometry

(XRD), scanning tunneling microscopy (STM) and conductivity studies etc.

Herein, this thesis describes new approaches to functional liquid crystals and
shows how the molecular engineering of liquid crystals leads to the formation of a variety
of new self-organized soft and nano functional materials. In what follows, we have
briefly described some of the significant results and conclusions derived from our

experimental work.

CHAPTER 1

This is an introductory chapter to liquid crystals in general like their classification
and important significance in material science, life science, nanoscience and their
dominance in electrooptical display devices. However, the chapter focuses in greater
detail on the physical properties of discotic liquid crystals, making them ideal candidates
for various optical and electronic devices such as optical compensation films,
photocopiers, laser printers, photovoltaic cells, light emitting diodes, field effect
transistors, gas sensors and holographic data storage [4]. Beginning with an over view of
thermotropic liquid crystals and their brief history, this chapter mainly focuses the major
classes of columnar mesophases formed by discotic liquid crystals, their efficient and
elegant synthetic procedures, photo and electrical conductivity, macroscopic alignment of
columnar phases, relevant mesomorphic and physical properties and finally, some

applications and perspectives in material science, nanoscience and molecular electronics.



CHAPTER 2

This chapter describes green chemistry approach to the synthesis of liquid
crystalline materials. Here, we have adopted two main themes of green chemistry; one is
the use of microwave dielectric heating, and the other one is to use ionic liquids both as
solvent and reagent in the reaction medium [6]. The first part of the chapter deals with the
synthesis of commercially important alkoxycyanobiphenyls and their dimers using
microwave dielectric heating in excellent yields within one minute (Scheme 1). The
reaction conditions were initially optimized by preparing one member of the respective
series and then the reproducibility and versatility was demonstrated by preparing other
members of both the series. While the phase transition temperatures of the
alkoxycyanobiphenyls are identical to the literature values, the phase transition
temperatures of all the dimers are slightly higher than the reported values and thus
demonstrate the cleanness of the protocol. This facile and clean protocol can be employed

for the synthesis of many other liquid crystalline materials.

Scheme 1

Monohydroxy-functionalized triphenylenes are valuable precursor molecules for
the preparation of variety of discotic dimers, oligomers, polymers, networks, dendrimers
and unsymmetrical derivatives [7]. However, because of synthetic problems the full
potential of these materials have not yet been fully explored. A few methods have been

5



developed for the synthesis of monohydroxy-functionalized triphenylenes, but most of
these involve expensive and/or hazardous reagents. So we were looking for an alternative
less expensive and less hazardous method to prepare mono-functionalized triphenylene.
The second part of the chapter deals with microwave assisted synthesis of monohydroxy

functionalized triphenylenes by using ionic reagents (Scheme 2).

Scheme 2

Subsequently, these monohydroxy functionalized triphenylenes were converted
to novel unsymmetrical hexaalkoxy triphenylenes by using branched alkyl chains
(Scheme 3). The chemical structure of all the compounds have been characterized by
spectral and elemental analysis. The mesophase behavior of the compounds was studied
by polarizing optical microscopy, differential scanning calorimetry and X-ray diffraction
studies. All the compounds exhibit enantiotropic columnar hexagonal phase with a broad
range of temperature. Some of the compounds exhibit spontaneous alignment tendency in

the mesophase as noticed by X-ray diffraction studies.
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Scheme 3

The manipulation of the molecular architecture provides the opportunity to obtain
homeotropically aligned films of self-assembled materials with low clearing temperature
and wide mesophase range which is essential for the implementation of these kind of

materials in electronic devices like light emitting diodes, photovoltaic solar cells etc.
CHAPTER 3

Rufigallol is a molecule of both biological and materials science interest [8].
However, there are no new efficient methods to prepare rufigallol. Chapter 3 describes
microwave assisted facile synthesis of rufigallol and its novel room-temperature liquid
crystalline derivatives. Discotic liquid crystals can function as p-type or n-type organic
semiconductors. The most widely synthesized and studied discotic liquid crystals are
electron rich m-conjugated materials and are better hole carriers (p-type semiconductors)
[9]. Few examples of electron deficient (n-type) discotic liquid crystals are reported in the
literature which are very less as compared to p-type discotic liquid crystals [10]. Thus

novel n-type liquid crystalline materials are required as electron transporting layers for



organic light emitting diodes and organic photovoltaic solar cells. Moreover, efforts have
been made to prepare room-temperature electron-rich discotic liquid crystals [9] but
room-temperature electron-deficient discotic liquid crystals are rare. Therefore, it is of
great practical interest to prepare rufigallol-based room-temperature electron deficient
discotic liquid crystals. Initially rufigallol was synthesized by microwave heating in very
good yield within about one minute (Scheme 4). Subsequently, this rufigallol was
converted to novel room temperature liquid crystalline derivatives by using branched

alkyl chains with help of microwave heating.

J
TN Son

N //

Scheme 4 Synthesis of rufigallol and its novel liquid crystalline derivatives. Reagents
and conditions: (i) H,SO4, MW, 90 sec., 84%; (ii) RBr, DMSO, NaOH; (iii) R’Br,
Cs,CO3, NMP, MW, 3 min.; (iv) R’Br, NaOH, DMSO; (v) RBr, Cs,CO3, NMP, MW, 3-

4 min.

The chemical structures of these compounds were characterized by spectral
techniques and elemental analysis. The mesophase behavior of all the compounds was

studied by POM and DSC. The mesophase structure of the compounds was established
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by XRD. Most of the compounds exhibit room temperature mesophase over a broad
range of temperature with a single mesophase structure. These room-temperature liquid
crystalline electron-deficient discotic liquid crystals may find various device applications.
One of the tetraalkoxy derivatives containing only four branched alkyl chains exhibit
remarkable mesophase stability, which can be used as a potential precursor to prepare
various unsymmetrical hexasubstituted derivatives, main chain polymers and

metallomesogens etc.

CHAPTER 4

Liquid crystal oligomers are interesting materials since the physical properties of
these materials are significantly different from those of conventional low molar mass
liquid crystals. Their purification and characterization are simple as compared to high
molar mass polymers. Owing to the restricted motion of the components liquid crystal
oligomers provide and stabilize variety of fluid phases with fascinating functions and
oligomeric approach provides a wide flexibility in molecular design towards
multifunctional liquid crystals. However, compared to the number of calamitic oligomers,
discotic oligomers are rare and discotic liquid crystal pentamers are not reported [11].
Chapter 4 deals with novel liquid crystalline oligomers containing both electron-rich and
electron-deficient discotic cores and novel disc-rod oligomers. The initial part of the
chapter deals with first examples of discotic liquid crystalline pentamers (Scheme 5) and
novel discotic star shaped heptamers (Scheme 6 and 7). These compounds can be
considered as molecular double cables since they possess two charge transporting paths

in the same molecule. All these discotic super molecules exhibit columnar phase over a



very broad range of temperature. The supramolecular organization of these super

molecules has been established by X-ray diffraction studies.

CsH11Q_ .
T N

Scheme 5 Synthesis of discotic liquid crystalline pentamers. Reagents and conditions: (i)
FeCls; MeOH; (ii) Cat-B-Br; (iii) 1,12-Dibromododecane, MEK, Cs,COg; (iv) H,SO,,

MW:; (v) DMSO, NaOH, 90 °C, 20h, 10%; (Vi) Acz0, H>SO4.

Though these compounds do not form any super column or super lattice, they can
be considered as next step towards materials for organic photovoltaic. The difunctional
pentamers can be used to prepare various novel pentamers, unsymmetrical heptamers and

mixed chain polymers containing both electron rich and deficient discotic cores.
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Scheme 6 Synthesis of discotic liquid crystalline heptamer. Reagents and conditions: (i)

H»SO04, MW; (ii) Cs,CO3, NMP, MW, 10 min.

Scheme 7 Synthesis of triphenylene based heptamer. Reagents and conditions: (i) 1,12-
dibromododecane, K,CO3, MEK; (ii) FeCls; MeOH; (iii) Cat-B-Br, CH,Cly; (iv) Cs,COs,

MEK, 72 hrs reflux, 55%.
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The later part of the chapter deals with novel disc-rod oligomers having
tricycloquinazoline as the central core and six alkoxycyanobiphenyls as the periphery

(Scheme 8).

ICHO

Scheme 8 Synthesis of novel disc-rod oligomesogens. Reagents and conditions: (i)
HNOg; (ii) Sn, AcOH; (iii) NH4OAc, AcOH, sulfolane, reflux; (iv) 1. Pyridine, HCI, 230

°C; 2. Pyridine, Ac,0; (v) RBr, KOH, DMSO, 40%.

Figure 1. Nanophase-segregated structure in the smectic A mesophase of the disc-rod

oligomers wherein discs and rods segregate into alternating sublayers.
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These shape-amphiphilic heptamers exhibit nanophase-segregated mesophase
morphology in the smectic A phase wherein discs and rods are segregated into alternating
sublayers (Figure 1). It is for the first time that this kind of hierarchical organization has
been observed in disc-rod hybrid systems having radial molecular topology and
containing six rods. It is envisaged that calamitic and discotic liquid crystals can readily
mix with these assemblies by simply inserting the liquid crystal into the appropriate layer
without altering the symmetry of the phase. For the first time, a cubic phase has also been
observed in one of the compounds albeit monotropic in nature. Study of such type of
systems provide greater insight into the various subtle intra- and intermolecular

interactions involved in the self-assembling process of soft condensed matter.

CHAPTER 5

Carbon nanotubes (CNTSs), the fourth allotrope of carbon, after diamond, graphite and
fullerene, are one dimensional, well ordered all-carbon hollow cylinders of graphite with
very high aspect ratio. The combination of superlative mechanical, thermal and electronic
properties displayed by carbon nanotubes make them ideal for a wide range of
applications, such as, conductive and high-strength composites, energy storage and
energy-conversion devices, field emitters, transistors, actuators, sensors, gas storage
media, tips for scanning probe microscopy, molecular wires etc [12]. Despite the
extraordinary promise of carbon nanotubes, their realistic application as one-dimensional
conductors or semiconductors has been restricted because of difficulties in aligning them
in the desired direction. There have been several attempts to align carbon nanotubes
where one dimensional charge migration is important. However, processing materials

with well-controlled carbon nanotube alignment still remains a challenge.
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The insertion (dispersion) of carbon nanotubes in the supramolecular order of
discotic liquid crystalline monomers and polymers may lead to novel materials with
interesting properties useful for device applications. The ordered columnar phases, in
contrast to isotropic and nematic phases, can offer wider opportunity for processing
material with oriented nanotubes, a critical factor considering the strongly anisotropic
properties of carbon nanotubes [13]. Moreover, there are a lot of striking similarities
between carbon nanotubes and discotic liquid crystals; first, both CNTs and discotic
liquid crystals (DLCs) are anisotropic materials. Second, both the materials posses self-
assembling properties and often form hexagonal aggregates. Third and more important is
the one dimensional (1D) conductivity properties of both CNTs and DLCs. Conductivity
along the columnar axis of DLCs is several orders of magnitude greater than
perpendicular to it, so also in CNTSs, the conductivity along the CNT axis is much more
higher than across the axis. Therefore, both the materials can be considered as “molecular
wires”. With this in mind, we have initiated a research program to disperse functionalized

CNTs into the columnar matrix of liquid crystalline discotic monomers and polymers.

Chapter 5 focuses on functionalized carbon nanotubes in the supramolecular order
of discotic liquid crystals. First part of the chapter deals with discotic-functionalized
carbon nanotubes (Scheme 9), their characterization by spectral and imaging techniques.
Liquid crystalline nanocomposites have been prepared by dispersing these discotic-
decorated carbon nanotubes in hexabutyloxytriphenylene and the phase behavior of the
composites have been studied by POM, DSC and XRD. It has been observed that the

functionalized carbon nanotubes align along the columnar axis (Figure 2).
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Scheme 9

d=1.60 nm d= 239 nm

Figure 2. Schematic representation of the insertion of SWNTs in the supramolecular

order of a columnar mesophase.
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So carbon nanotubes can be aligned in the desired direction by using the well established

liquid crystal alignment techniques.

The last part of this chapter addresses the effect of dispersion of functionalized
carbon nanotubes on the phase behavior of room-temperature discotic liquid crystalline
monomers and novel discotic main chain polymers (Scheme 10). By preparing various
composites, it has been observed that with increase in the carbon nanotube concentration
the phase transition temperatures of the monomers and polymers are lowered but the
mesophase structure is not affected. These room-temperature liquid crystalline
nanocomposites with broad mesophase ranges and different electronic properties may be
important for many device applications such as photoconductors, light-emitting diodes,

photovoltaic solar cells, gas sensors and thin film transistors etc.

Scheme 10 Synthesis of room-temperature liquid crystalline triphenylene monomer and
polymer. Reaction conditions and reagents; (i) CsH;1Br, K,CO3, MEK; (ii) FeCls, CH,ClI,
and CH3OH; (iii) Cat-B-Br, CH,Cly; (iv) 3, 7-dimethyloctylbromide, Cs,CO3;, MEK,

62%; (V) 1,12-dibromododecane, Cs,CO3z, NMP, 110 °C, 54%.
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CHAPTER 6

The thesis is concluded with a chapter, which summarizes some the important

results and conclusions derived from this thesis work, which deals with ‘synthesis and

characterization of novel mesogenic materials’. We briefly discuss the diverse

possibilities and scope for future work based on the results obtained from our

experimental work.

Some of the findings of this thesis have been published/communicated in the

following international journals.

1.

2.

Microwave-assisted facile synthesis of liquid-crystalline alkoxycyanobiphenyls
and their dimers.

Hari Krishna Bisoyi and Sandeep Kumar, Phase Transitions, 2006, 79, 285-292.

Aligned carbon nanotubes in the supramolecular order of discotic liquid crystals.

Sandeep Kumar and Hari Krishna Bisoyi, Angew. Chem. Int. Ed., 2007, 46, 1501-

1503.

Synthesis of monohydroxy-functionalized triphenylene discotics: green chemistry
approach.

Santanu Kumar Pal, Hari Krishna Bisoyi and Sandeep Kumar, Tetrahedron, 2007,
63, 6874-6878.

Microwave-assisted synthesis of rufigallol and its novel room temperature liquid
crystalline derivatives.

Hari Krishna Bisoyi and Sandeep Kumar, Tetrahedron Letters, 2007, 48, 4399-

4402.
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