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ABSTRAK

Sejenis monomer baru yang mengandungi cincin naftalena dalam mesogen dengan
hubungan ester dan pelbagai jenis monomer yang terdiri daripada teras 1,4-benzena
dengan asas Schiff dan hubungan ester yang boleh dijadikan polimer telah direka dan
dihasilkan. Monomer-monomer yang berasaskan Schiff dan ester telah digunakan untuk
mensintesis polimer dengan rantaian sisi cecair kristal (SCLCPs) melalui pempolimeran
rantai radikal dan pempolimeran radikal melalui pemindahan atom (ATRP). Struktur
kimia kesemua monomer dan polimer telah disahkan oleh spektroskopi *H NMR, *C
NMR dan FTIR. Berat molekul dan polidispersiti polimer seperti yang diukur oleh GPC
adalah dalam lingkungan 10,200 hingga 123,000 g / mol dan 1.16 hingga 2.79, masing-
masing. Analisis GPC polimer menunjukkan kesan kaedah pempolimeran kepada
polidispersiti di mana polimer yang dihasilkan oleh ATRP menunjukkan nilai
polidispersiti yang kecil berbanding dengan polimer yang dihasilkan oleh pempolimeran

rantai radikal.

Hasil daripada POM menunjukkan monomer yang mengandungi cincin naftalena
dalam mesogen mempamerkan fasa nematik pada suhu 101.9°C dan fasa smektik pada
83.8°C manakala DSC mencadangkan kehadiran pelbagai meso-fasa yang luas antara
50°C dan 104°C. Analisis SAXS menunjukkan isyarat penyebaran mendadak dalam q
kawasan rendah (2.2 nm™) menunjukkan tekstur fasa smektik. Polimer-polimer mereka
juga mempamerkan kedua-dua fasa nematik dan smektik terdapat pada suhu 163°C dan
149°C masing-masing dikesan oleh DSC. Bagi monomer-monomer dengan asas Schiff
dan hubungan ester, fasa nematik pada julat suhu 40.0°C hingga 195.7°C telah
diperhatikan di bawah POM yang turut disokong oleh keputusan DSC. PXRD analisis
juga menunjukkan ciri khas nematic daripada puncak yang luas di rantau 15-30° dengan
jarak-d 3-5 A. Polimer-polimer mereka juga mempamerkan meso-fasa nematik pada

julat suhu antara 128.5°C dan 232.0°C.



Daripada analisis TGA, kesemua polimer mempunyai kestabilan terma di bawah
389°C yang sangat baik untuk praktikal pemprosesan atau untuk kegunaan dalam
peranti. Puncak penyerapan polimer-polimer daripada spektroskopi UV-Vis ini adalah
di antara 300-400 nm, manakala puncak pendarfluor adalah di antara 380-560 nm.
Penyerapan maksima UV-Vis dan photoluminescence spektrum dipengaruhi oleh
kumpulan elektron penderma yang terletak di sebelah rantaian polimer. Kesemua
polimer mempunyai ciri-ciri polimer pancaran. Nilai HOMO dan LUMO yang
diperolehi daripada polimer adalah sekitar -5.59 dan -2.59 masing-masing, iaitu hampir
dengan bahan-bahan yang digunakan dalam lapisan lubang-mengangkut. Nilai jurang
jalur bagi polimer-polimer (3.03-3.18 eV) mendedahkan bahawa polimer-polimer yang

baru disintesis ini boleh menjadi bahan yang berpotensi dalam aplikasi photovoltaic.

Sifat-sifat reologi polimer menunjukkan bahawa modulus ricih dinamik dalam fasa
smektik cenderung ke tahap luar di rantau kekerapan yang rendah. Kelikatan ricih stabil
dalam fasa smektik dan nematik dipamerkan oleh kelakuan penipisan ricih terhadap
kadar ricih. Sementara itu, tingkah laku Newtonian pada kadar ricih yang rendah, diikuti
dengan terikan kelakuan pada kadar ricih yang lebih tinggi diperhatikan dalam fasa

isotropik.



ABSTRACT

A new polymerizable monomer containing naphthalene ring in the mesogen with an
ester linkage and various types of polymerizable monomers consisting of 1,4-
disubstituted phenyl cores with a Schiff base and ester linkages have been designed and
synthesized. These new Schiff base and ester based monomers were used to synthesize
side chain liquid crystalline polymers (SCLCPs) via radical chain polymerization and
atom transfer radical polymerization (ATRP). The chemical structure of monomers and
polymers were confirmed by *H NMR, *C NMR and FTIR spectroscopies. The
molecular weight and polydispersity of polymers as measured by GPC are in the range
of 10,200 to 123,000 g/mol and from 1.16 to 2.79, respectively. The GPC analysis of
the polymers also revealed the effects of polymerization method on polydispersity
whereby polymers synthesized by ATRP showed narrow polydispersities compared to
those synthesized by radical chain polymerization.

Results from POM showed monomer containing naphthalene ring in the mesogen
exhibited a nematic phase at 101.9°C and a smectic phase at 83.8°C while DSC
suggested presence of a wide mesophase range between 50°C and 104°C. SAXS
analysis showed a sharp scattering signal in the low q region (2.2 nm™) indicating a
typical smectic phase texture. Their polymers also exhibited both nematic and smectic
phases appearing at 163°C and 149°C respectively as detected by DSC. As for the
monomers with a Schiff base and ester linkages, a nematic phase at a temperature range
of 40.0°C to 195.7°C was observed under POM which was further supported by DSC
results. PXRD analysis also showed a typical nematic characteristic of a broad peak in
the region 15-30° with d-spacing of 3-5 A. Their polymers also exhibited nematic
mesophase at a temperature range between 128.5°C and 232.0°C.

From TGA analysis, all the resulting polymers were thermally stable below 389°C

which is really excellent for the practical processing or for the possible use in devices.
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The absorption peaks from UV-Vis spectroscopy of these polymers varied from 300 to
400 nm, while the fluorescence peaks varied from 380 to 560 nm. The absorption
maxima of UV-Vis and photoluminescence spectra were influenced by the electron
donating substituent located at the side chain of polymers. All polymers have the
characteristic of emissive polymers. The obtained HOMO and LUMO values of
polymers are around -5.59 and -2.59 respectively which are close to that of the materials
currently use in hole-transporting layers. The band gap values of polymers (3.03-3.18
eV) revealed that the newly synthesized SCLCPs could be potential candidate in
photovoltaic applications.

The rheological properties of the polymers showed that the dynamic shear moduli in
a smectic phase tended to level off in the low frequency region. The steady shear
viscosities of the smectic and nematic phase exhibited a shear thinning behavior over
the shear rate tested. Meanwhile, a Newtonian behavior at low shear rate, followed by a

strain hardening behavior at higher shear rate was observed in the isotropic phase.
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CHAPTER1: INTRODUCTION

1.1. Liquid crystal

Liquid crystalline materials have received significant attention in the past several
decades. The term ‘liquid crystals’ was first used by Lehmann in 1980, to designate a
state of matter between those of solid crystalline and those of isotropic liquid phases.
Liquid crystals exhibit the intermediate phases where they can diffuse freely like liquids
and yet retain some physical properties characteristic of solid crystalline [1]. In the
crystal state, there is a long-range order in position and orientation, while in the liquid
state there is no long-range ordering in either. Figure 1.1 shows a molecular ordering of

the crystal, liquid crystal and liquid states.

Order

Wy N A
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Crystal Liquid crystal Liquid

Temperature, mobility

Figure 1.1 : Molecular ordering of crystal, liquid crystal and liquid states.

In the crystal state, molecules are highly ordered and have little translational
freedom. They are closely packed, held together by strong cohesive forces and cannot
move randomly. Crystalline solids are basically anisotropic. As the temperature of
matter increases the thermal movement of molecules becomes so intense that the crystal
lattice is dissolved and begins to move more freely in a rotational motion. At this
temperature, an anisotropic solid becomes an isotropic liquid. In the liquid state

however, the molecules are no longer arranged in a regular order and not as rigidly fixed
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PPas in the crystalline state. They have some freedom of motion and no intrinsic order.
The molecules diffuse randomly with the molecular axes tumbling wildly and
promoting fluidity [2, 3]. On the other hand, the molecules in a liquid crystal state have
an arrangement in between that of a solid crystal and a liquid. They can be considered to
be crystals which have lost some of their positional orders, while maintaining full
orientational order as a liquid. The molecules tend to arrange themselves with a degree
of order far exceeding that found in ordinary liquids and approaching that of solid
crystals. Typically, liquid crystals are long and thin molecules. Hence, even if the
molecular positions are random, their orientation can be aligned in a regular pattern
giving rise to the ordered structure of a liquid crystal. They flow like liquids, but they
have many optical and material properties such as permittivity, refractive index,
elasticity and viscosity, which are anisotropic. Since the order is not as firmly fixed as
that in a solid crystal, they can be easily modified with corresponding changes in the
optical properties [4]. One can therefore define liquid crystals as a condensed fluid
phase with spontaneous anisotropy. Liquid crystals are also called mesophases or

mesomorphic phases because of their intermediate nature [5].

1.2. Historical development of liquid crystals

The development of liquid crystals is thought to have been started nearly 150 years
ago although its significance was not fully realized until more than a hundred years
later. In the period 1834 to 1861, a group of researchers [6] who studied biological
samples derived from nerve tissue observed that the nerve fiber formed a fluid
substance when left in water and which exhibited a strange behavior under polarized
light. Not realizing this was a new phase, they attributed it to the first observation of
liquid crystals. Further investigations of this phenomenon were carried out in 1877 by

the German physicist Otto Lehmann, who designed and developed polarized



microscopes. He observed that one substance would change from a clear liquid to a
cloudy liquid before it crystallized. However, he thought that this was simply an
imperfect transition from liquid to crystalline phase. The observation of the colored
phenomena occurring in melts of cholesteryl acetate and cholesteryl benzoate by the
botanist Reinitzer in 1888 is conventionally regarded as the date of discovery of liquid
crystals. He observed the “double melting” behavior of cholesteryl benzoate. This
material melted at 145.5°C into a cloudy fluid, which suddenly became clear transparent
liquid upon further heating to 178.5°C. This discovery represented the first recorded
documentation of the liquid crystal phase. He was also the first to suggest that this
cloudy fluid was a new phase of matter. Consequently, he has been given the credit for
the discovery of liquid crystals.

Puzzled with his discovery, Reinitzer asked the advice of Otto Lehmann who was
an expert in crystal optics. Lehmann concluded that the cloudy liquid had a unique kind
of order. On the contrary, the transparent fluid at higher temperatures had the disordered
state of all common liquids. Eventually, he named the cloudy liquid “liquid crystal”,
sharing the important properties of both. The properties of normal liquid are isotropic
but not so in the case of liquid crystal. They are strongly dependent on direction even if
the substance itself is fluid. Thus a new type of liquid crystalline states of matter was
discovered. The first synthetic liquid crystal, p-azoxyanisole was prepared by Gatterman
and Ritschke in 1890. Ten years later they studied the liquid crystalline properties of p-
methoxycinnamic acid and in 1902 the first smegtogen, p-azoxybenzoate was
synthesized by Meyer and Dahlem. In 1992, G. Friedel divided liquid crystals into
nematic, smectic and cholesteric types based on the level of order the molecules
possessed in the bulk material.

From the beginning of the twentieth century until 1935, Daniel Vorlander had

synthesized the most liquid crystals. However, liquid crystals were not popular among



scientists and the material remained a pure scientific curiosity for about 80 years [7]. In
the late 1940s, George William Gray began investigating liquid crystal materials in
England. His group synthesized many new materials that exhibited the liquid crystalline
state and developed a better understanding of how to design molecules that exhibited
the state [8]. In 1965, Glenn H. Brown organized the first international conference on
liquid crystals, in Kent, Ohio, with the participation of about 100 of the world’s top
liquid crystal scientists. This conference marked the beginning of a worldwide effort to
conduct research in this field, which soon led to the development of practical
applications for these unique materials [9]. A microscopic theory of liquid crystals was
formulated by Maier and Saupe [10], Frank and later Leslie and Ericksen developed
continuum theories for static and dynamic systems of liquid crystal. In 1968, a group of
researchers from the Radio Corporation of America (RCA) demonstrated display
devices based on liquid crystals. This opened the eyes of the liquid crystal community
to the potential of liquid crystals for application in electronic devices [6]. The interest in
liquid crystals has grown ever since due to the great variety of phenomena exhibited by
liquid crystals and the enormous commercial interest in liquid crystal displays.

In 1970, electro-optical liquid crystal display devices have become well established.
Hilsum [11] published an article on the discovery of the cyanobiphenyls which were
widely used to produce display devices. The advent of cyanobiphenyls made the
materials available for the manufacture of high quality and reliable liquid crystal
displays. Later, cyclohexane analogs of the biphenyls [12] and pyrimidine analogs [13]
became available hence widening the choice of physical properties to device engineers.
These materials still constitute the simple common displays found in calculators or
mobile phones. In 1991, when liquid crystal displays were already well established,
Pierre-Gilles de Gennes received the Nobel Prize for his findings on the fascinating

analogies between liquid crystals and superconductors as well as magnetic materials.



The modern development of liquid crystal science has been greatly influenced by the
work of Pierre-Gilles de Gennes [14]. Today, liquid crystals play a dominant role in

display technology.

1.3. Classification of liquid crystals

Liquid crystals are divided into two main groups: thermotropic and lyotropic liquid
crystals, based on how the liquid crystalline phase has been obtained. Thermotropic
liquid crystals exhibit a variety of phases as temperature is changed. The mesophase can
be obtained either by heating a solid crystal or by cooling an isotropic liquid. The liquid
crystal phases are stable for a certain temperature interval. The terms that are always
used in discussing the thermal properties of these types of liquid crystals are melting
point, clearing point, enantiotropic and monotropic. Melting point is the transition
temperature from the crystal to the mesophase while the transition temperature from the
mesophase to the isotropic liquid is called the clearing point. The mesophase which is
obtained on both heating and cooling is known as the enantiotropic phase. Meanwhile,
the mesophase obtained only during cooling from its isotropic liquid is called the
monotropic phase, and is a metastable mesophase since the mesophase transition occurs
below melting point [3].

Lyotropic liquid crystals are formed by dissolving certain molecules in solution.
The phases of these materials are determined mainly by the composition of the mixture
at a certain temperature. The concentration in lyotropic liquid crystals plays the role that
temperature does in thermotropic liquid crystals. Lyotropic liquid crystals will not be
covered in this thesis. There are two classes of thermotropic liquid crystals based on
molecular mass. Low molecular mass thermotropic liquid crystals consist of mesogenic
and oligomeric materials. They are divided into three main types by their molecular

shape. They are i) calamatic liquid crystals containing rod-like groups, ii) discotic liquid



crystals containing disk-like groups and iii) bent-shaped liquid crystals. Only calamatic
liquid crystals will be covered in this thesis. Meanwhile, high molecular mass liquid
crystals are known as liquid crystalline polymers. The classification of liquid crystals is

shown in Figure 1.2.

Liquid
Crystal

) |
Thermotropic Lyotropic
High I\/IolarMass Low Molar Mass LC
(Liquid crystal polymer)

Side Main Calamatic Discotic Bent-shaped
Chain Chain LC LC LC
Polymers Polymers

4 L

Nematic Smectic

N S S

Figure 1.2 : The classification of liquid crystals.

1.4. Calamatic liquid crystals
Rod-like molecules are a common type of molecules that form the thermotropic
mesophase. These molecules possess an elongated shape where the molecular length (I)

is significantly greater than the molecular breadth (b). These elongated molecules
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possess strong attractive forces and have little tendency to collide with each other as
they tend to point in the same direction. This helps to stabilize the whole structure of the
compound. Figure 1.3 presents the general structure of typical liquid crystals.

Generally, the molecules must have a rigid structure known as a mesogen and
flexible chain known as a spacer unit, to exhibit liquid crystal phases. The core units
normally consist of benzene, naphthalene, saturated cyclohexane, unsaturated phenyl,
biphenyl and terphenyl in various combinations. Heterocyclic compounds such as
pyridine, pyrimidine and benzothiazole have also been used as a core unit. These core
units are connected to one another by a linking group, Y. Examples of linking groups
are stilbene (-CH=CH-), ester (-COO-), Schiff base (-CH=N-), azo (-N=N-), acetylene
(-C=C-), and diacetylene (-C =C-C =C-). The rigidity of the mesogen is highly
dependent on this group. In addition, the names of liquid crystals are often fashioned
after the linking group (e.g. Schiff base liquid crystal). The flexible spacers, R are
usually alkyl (CnHzn+1) and alkoxy (CpH2n+10) groups. The flexibility allows one
molecule to place itself easily between other molecules when it moves around. Both
flexibility and rigidity must be in balance in order to exhibit liquid crystal properties
[15].

M and Z are generally small lateral and terminal substituents respectively,
consisting of halogens, methoxy, methyl or cyano groups at different positions on the
mesogen structure. The incorporation of the substituent on the rigid core will highly
affect the mesophase behavior of the liquid crystals. In order to produce polymerizable
liquid crystals, a polymerizable group (R’) such as acrylate and methacrylate groups is
inserted in one of the terminal sides. The presence of this group also has some effect on
the thermal transition behavior of these liquid crystals [2] as will be discussed in detail
in Chapter 4 (section 4.5.3). Calamatic liquid crystals generally exhibit two types of

mesophases: nematic and smectic.
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Figure 1.3 : General structure of typical liquid crystal.

1.4.1. Nematic phase

The nematic phase (N) has a high degree of long-range orientational order of
molecules, but no long-range translational order. This is the least ordered mesophase
which is the closest to the isotropic liquid state. As shown in Figure 1.4, the molecules
are spontaneously oriented with their long axes approximately parallel to one another,
which is totally different from the case of isotropic liquid. In this case, the long axes of
the molecules point on the average in the same direction, which is defined by a unit
vector commonly known as ‘the director’ (n) [16].

The term “nematic” is derived from the Greek word for “thread” which relates to
the thread-like texture formed by defects between ordered regions visible under the
polarizing optical microscopy (POM). As shown in Figure 1.5, a randomly oriented
nematic liquid crystal fluid will make these beautiful patterns when seen under crossed
polarizers. Some regions are dark when the molecules are aligned in the direction of the
light path while some regions are bright when aligned perpendicular to the light path
[17].

Nematic liquid crystals are widely used in LCD devices due to their high fluidity
and the substantial effects of their electric and magnetic fields. In addition, they can be
easily aligned and reoriented by the application of relatively small electric and magnetic

fields [3].
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Figure 1.4 : Schematic representation of molecular order in nematic and isotropic
phases [18].

Figure 1.5 : POM images of schlieren te-mfe of nehatic mesophase. Adopted from
[17].

1.4.2.  Smectic phase

Smectic phases are higher order liquid crystal phases which combine orientational
order with positional order. Unlike the nematic phase, the density is not uniform as
there is some correlation between the molecules’ centre of mass. However, the
molecules in the layered structure have some degree of freedom to move because the
interlayer forces are weak in comparison to the intra-layer forces between the
molecules. The word "smectic" originates from the Latin "smecticus”, meaning
cleaning, or having soap-like properties. Due to the layered structure, smectics phases
are usually more viscous than conventional nematics and tend to appear at lower

temperatures [19]. There are a number of different smectic phases and these are



characterized by a variety of molecular arrangements within and between the layers.
Smectic liquid crystals can be classified depending on whether the director is parallel to
or tilted with respect to the layer normal. The total number of smectic mesophases
cannot be specified, but the more commonly encountered are smectic A (SmA) and
smectic C (SmC).

In the SmA phase, the director, n, points in the same direction as the layer normal, z
(Figure 1.6). This mesophase has fluid properties but it is more viscous than the nematic
mesophase. This type of properties is due to the strong lateral forces and weak interlayer
attractions between the molecules which allow the layers to slide over one another
easily [16]. The SmC phase has the same layer structure as the SmA, but the director,
n, is at a constant tilt angle measured normally to the layer normal, z (Figure 1.6). Both
SmA and SmC phases have unstructured layers and they possess one-dimensional (1D)
layer periodicity [3]. SmA appears as focal-conic fan texture whereas SmC is observed

as schlieren texture under POM as shown in Figure 1.7.

n

2 n
Smectic A Smectic C
(SmA) (SmCQ)

Figure 1.6 : Schematic representation of molecular order in Smectic A and Smectic C
phases. Adopted from [20].
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Figure 1.7 : POM textures of (a) focal-conic fan texture of SmA mesophase (b)
schlieren texture of SmC mesophase. Adopted from [21].

1.5. Liquid Crystalline Polymers (LCPs)

Liquid crystalline polymers (LCPs) are a kind of polymer that shows liquid crystal
phases. They are composed of low molecular mass liquid crystals, which can be either
rod-like, or disc-like, or rod- and disc-like together in one. LCPs can be divided into
two classes of compounds, main chain liquid crystalline polymers (MCLCPs) and side-
chain liquid crystalline polymers (SCLCPs) depending on the way the mesogenic units
are incorporated into the polymers. In MCLCPs, the mesogenic units are connected in
the backbone whereas in SCLCPs, the mesogenic units are attached laterally to the
backbone as illustrated in Figure 1.8. Both of them can form thermotropic or lyotropic
mesophases. In this thesis, only thermotropic SCLCPs will be discussed. Almost all the
polymers exhibited thermotropic liquid crystalline properties as the liquid crystalline
state are induced thermally. The liquid crystalline state can be achieved by raising the
temperature of a solid and/or lowering the temperature of a liquid.

SCLCPs generally consist of three structural components: polymer backbone,
mesogenic groups and flexible spacer. The flexible spacer plays a critical role in
determining the properties of the polymer by decoupling the opposing tendency of
the liquid crystal groups to self-assemble from the polymer backbones to adopt

random coil conformations [22]. The nature of their mesophase depends rather
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sensitively on these components. The nematic, smectic and cholesteric types of

mesophases are observed with rod-like repeating units [16].

@ — — — = -

mesogenic unit

» sl
(b)‘)-\s)—\_)-\_}'\

Figure 1.8 : Schematic representation of (a) MCLCPs (b) SCLCPs.

1.6. Radical polymerization (RP)

Radical polymerization is the major polymerization method used for preparing high
molecular weight polymers in both industrial and academic laboratories. Conventional
RP has been used for the production of ~50% of all commercial polymers such as low
density polyethylene, polystyrene, polyacrylates, polyacrylamides and fluorinated
polymers. However, copolymers and polymers with controlled architecture cannot be
produced by conventional RP due to the very short lifetime of the growing chains (~1
s). The active species in RP are free radicals and typically sp? hybridized intermediates
and therefore showed poor stereoselectivity. On the other hand, polymers synthesized
by RP have shown good regio- and chemoselectivity due to the high degree of head-to-
tail structures in the chain and the formation of high molecular weight polymers [23].

In 1956, Micheal Szwarc discovered living polymerization which opened an avenue
to the production of well-defined polymers with precisely designed molecular
architectures and nano-structured morphologies. Some examples of living
polymerizations are anionic, cationic, ring-opening metathesis polymerization and free

12



radical polymerization. In 1996, Matyjaszewski [24] used the term controlled/living
radical polymerization (CRP) for free radical polymerization. CRP methods, including
nitroxide-mediated stable free radical polymerization (NMP), radical addition
fragmentation chain transfer polymerization (RAFT), and atom transfer radical
polymerization (ATRP) are based on establishing a rapid dynamic equilibrium between
a minute amount of growing free radicals and a large concentration of the dormant
species.

CRP and RP proceed via the same radical mechanism and exhibit similar chemo-,
regio- and stereo-selectivities. They can also be used to polymerize a similar range of
monomers. In this thesis, the discussion will focus on radical chain polymerization and

atom transfer radical polymerization (ATRP) reactions only.

1.6.1. Radical chain polymerization

Radical chain polymerization is commonly used to polymerize acrylate,
methacrylate and chloroacrylate monomers. It involves three fundamental steps:
initiation, propagation and termination. The details of these three individual events are
highly dependent on the exact mechanism of polymerization. The active intermediates
that are produced may be categorized as being radicals, anions, cations, or coordinated
species. In this thesis, the discussion will be narrowed down to the aspects of free
radical chain polymerization reactions only. The common feature of the many
monomers that can be transformed into long chain macromolecules is the conversion of
unsaturated carbon-carbon bond into a saturated moiety. However, it should be noted
that these reactions are not limited to simply carbon-carbon bond polymerization but
includes, in principle and in fact, many other reactions as well [25].

The most widely used mode of generating radicals to initiate free radical

polymerization is the thermal, homolytic dissociation of initiators. Several of these
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common initiators and some suitable temperature ranges where they could be used are

listed in Table 1.1 [25, 26].

Table 1.1 : Thermal initiators

Polymerization
Name Structure Temperature
Range / °C
hydrogen peroxide H—0—0—H 30-80
I I
potassium persulfate Ko—ﬁ—o—o—ﬁ—OK 30-80
o (0]
(0] (o]
benzoyl peroxide Qﬁ_o_o_ﬂ@ 40-100
I
t-butyl hydroperoxide CHa—T—o—o—H 50-120
CHj
T
t-butyl peroxide CHa—T—o—o—T—CHa 80-150
CH, CH,
o o CHj CHj
2,2 -aZObE’Sbl\SI%t’)\lIJ)tyromt”Ie CH3—T—N=N—l—CH3 50-70
CN CN

The first five initiators in the list of Table 1.1 are peroxy compounds, and their
most notable feature is the relatively weak oxygen-oxygen bond, which is susceptible to
homolytic cleavage. On the other hand, 2,2’-azobisisobutyronitrile (AIBN) dissociates,
not due to the presence of a weak bond, but rather because the driving force for
homolysis is the formation of the highly stable nitrogen molecule and the resonance-
stabilized cyano propyl radical. The initiator used throughout this work is a peroxide
type initiator, specifically benzoyl peroxide. This is chosen due to it being readily
available, its suitable polymerization temperature range as well as its solubility in the

organic solvents.
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The initiation step consists of the homolytic dissociation of an initiator species | to
yield a pair of radicals R; - where kq is the rate constant for the catalyst dissociation.
This step is followed by the addition of this radical to the first monomer molecule to
produce the chain initiating radical R;M - where k; is the rate constant for the initiation

step. The general form of the initiation step in the reaction is given by Eq 1.1 and Eq

1.2:
kq
I —— 2R; -
Eqll
k;
Ri +M — RlM :
Eq1.2

Scheme 1.1 and Scheme 1.2 are the possible modes of propagation for the
polymerization of the acrylic and/or methacrylic monomers in this work:

X X
| |
Re + C=CH, —> R—C-—CH,-
| |
Y Y

Scheme 1.1: Radical attachment on a-carbon

and/or

b i
Rt + CH=C ——= R—CH,~C-
Y Y

Scheme 1.2 : Radical attachment on p-carbon

The propagation step proceeds by the addition of a free monomer unit M to the
radical R;M - to produce a longer radical chain with two monomer units, and so on,
where k;, is the rate constant for propagation. Propagation with growth of the chain to
high polymer proportions takes place very rapidly. The general form of the propagation

step in the reaction is given by Eq 1.3 through Eq 1.5:
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k
RM-+M —— R,MM -

Eq1.3
k
R;MM - + M —— R;MMM -
Eql.4
k
RiM,_ , +M——R,M, -
Eq1.5

If each successive addition of monomer molecules to the propagating radical occurs
in the same manner as in Scheme 1.1 or Scheme 1.2, the polymer chain will have an
arrangement of monomer units in which the substituents are on alternate carbon atoms
as implied by Scheme 1.3. This type of addition is also known as the Head-to-Tail or
1,3-placement configuration of monomer units which are overwhelmingly predominant
due to steric effects. It should also be noted that the propagating radical of Scheme 1.2
and Scheme 1.3 is favored due to the resonance stabilization effects of the pendant

groups on the a-carbon.

X X X X

| | | |
—CH,=C=CH,=C~CHy=C~CH,=C—

Y Y Y Y

Scheme 1.3 : Head-to-Tail arrangement of monomer unit

However, a Head-to-Head and Tail-to-Tail configuration can occur along the
polymer chain as shown in Scheme 1.4. This type of addition is usually referred to as
the 1,2-placement configuration of monomer units. Due to the steric hindrance of the
Head-to-Head and Tail-to-Tail configuration, this occurrence is usually much less than

10% [25, 26].

16



X X X X tail-to-tail X X

I I Il —a— I
—CHQ—(I:—CHQ—cl.'—cHz—(I“.—cl“.—CHg—CHg—cl.‘—cHg—clf—

Y Y Y Y Y Y

—
head-to-head

Scheme 1.4 : Random arrangement of monomer unit

Parallel to initiation and propagation there is the possibility of a reaction which
results in the removal of radicals, called termination. This is achieved in two ways. The
first, known as combination termination, occurs when two growing radical chains react
with each other resulting in a “dead” polymer (Scheme 1.5) where ki is the rate
constants for termination by combination. The term “dead” polymer signifies the
cessation of growth for the propagating radical. The propagation reaction would proceed
indefinitely until all the monomers in a reaction system are exhausted if not for the

strong tendency toward termination.

H H ke H H
ArCHy,—Cs + +C—CHynvr —> wCHy—C—C—CHynv
Y Y Y Y

Scheme 1.5 : Combination termination

The second way, known as disproportionation termination, occurs when a hydrogen
atom that is beta to one radical centre is transferred to another radical centre, resulting in
the formation of two polymer molecules: one saturated and one unsaturated. This is
shown in Scheme 1.6 where kg Is the rate constant for termination by

disproportionation.

H H H g H H H
~rCH,—C+ + +C—Cw — CH;—CH + C=Cw
Y Y Y Y Y

Scheme 1.6 : Disproportionation termination
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Additionally, a chain transfer reaction may be involved alongside the three main steps
of the polymerization mentioned thus far. This occurs when a radical species reacts with

a non-radical species. The general form is given in Eq 1.6:

M, +XA— M, — X +A-

Eq1.6
where XA may be a monomer, initiator, solvent, modifier or other substance (even the
polymer chain itself, either intermolecularly or intramolecularly) and X is the atom or
species transferred. The effect of this side reaction is the premature termination of a
growing polymer by the transfer of hydrogen or other atom or species to it from some
XA compound present in the system. The polymerization can proceed basically as
before, and the rate does not necessarily decrease if one assumes that the new radical A -
will again reinitiate more monomers. However, the occurrence of chain transfer
reactions during polymerization causes the polymer molecular weight to be lower than
predicted and wastes initiators (i.e. an initiator molecule is consumed, but no new
chains are begun). Sometimes this process is called induced decomposition of the
initiator. It is a common side reaction for peroxy initiators, but happens less often with

azo initiators [26, 27].

1.6.2. Atom transfer radical polymerization (ATRP)

Atom transfer radical polymerization (ATRP) is another polymerization technique
used in this study to synthesis SCLCPs. ATRP is a robust and versatile technique for the
synthesis of well-defined polymers with various architectures and narrow
polydispersities [28-31]. It is a multicomponent system consisting of an alkyl halide as
an initiator, a redox-active transition metal in its lower oxidation state (Mt™) as a

m+1

catalyst, a ligand, X-Mt"" " species as a deactivator, monomer and solvent.
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The main role of the alkyl halide (R-X) species is to quantitatively generate
growing chains. The structure of alkyl group (R) should be similar to the structure of
growing chain. For example, 1-phenylethyl derivatives resemble growing polystyrene
chains and 2-halopropionates model growing acrylate chains. Group X must rapidly and
selectively migrate between the growing chain and transition metal. Bromine and
chlorine seem to work best. However, pseudohalogens such as thiocyanates have also
been used especially in the polymerization of acrylates and styrenes.

Transition metal and ligand (Mt™L,) are the key to successful ATRP. The good
catalyst must have high selectivity in the atom transfer process and high lability in the
resulting X-Mt™"* species. The metal should participate in one electron transfer redox
cycle which would result in the oxidative addition/reduction elimination process. In
addition, the metal should have high affinity for atom X but a low affinity for hydrogen
and alkyl radicals. Otherwise, a transfer reaction and the formation of organometallic
may be observed which reduces the selectivity of propagation and livingness of the
process. The catalyst must have an equilibrium position and dynamics of exchange
between dormant and active species. The inner coordination sphere of Mt™ must be
expended to accommodate a new ligand. For example, the expansion from tetra to penta
coordinated structure (Cu'/2bipy to X-Cu'/2bipy) must be possible. Recently, the most
efficient redox-active transition metal complex has been a copper complex with various
nitrogen-based ligands. The ligands affect the redox chemistry by their electronics
effects, control the selectivity by steric or electronic effects and also solubilize the
catalytic systems [32] .

The deactivator (X-Mt™" species) is an important part of the catalytic system
because it can reduce the rate of polymerization, polydispersity and may also be
involved in the side reactions. The addition of a small quantity of deactivator (5%) at

the very beginning of polymerization can reduced the proportion of dead chains and
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generates a persistent radical effect. The CuX; species is one example of a deactivator
which is relatively a strong Lewis acid and may catalyze heterolytic cleavage of the C-X
bond. However, this reaction depends on the ligand, the nature of X, the nature of the a-
substituents at the terminal C-atom and the solvent. CuX; may also react with radicals
not only via transfer of halogen atoms but also by the formation of the short-lived Cu"
species which decomposes by hydrogen abstraction. Thus, it is important to control the
concentration of the deactivator to avoid a low polymerization rate and side reactions.

ATRP can be used for many vinyl monomers such as styrene, methacrylate,
acrylate, acrylonitrile and diene [33-35]. However, the currently available catalytic
system is not efficient enough to polymerize less reactive monomers which produce
non-stabilized and very reactive radicals such as ethylene, vinyl chloride and vinyl
acetate. Another class or monomers which cannot be polymerized by ATRP are acids.
This is due to the rapid formation of Cu" carboxylates which are inefficient deactivators
and cannot be reduced to active Cu' species. There are also some limitations in the
monomer structure as well. For instance, the polymerization of p-methoxystyrene is
accompanied by severe side reactions and the structure of oligomers formed suggests an
involvement of cationic intermediates. This results in homolytic and heterolytic
cleavage of the R-X bond.

Another important component in conducting ATRP is the solvent. Typically,
polymerizations are carried out in relatively non-polar solvents such as benzene, p-
dimethoxybenzene or diphenyl ether. However, more polar solvents such as ethylene
carbonate, propylene carbonate and water have been successfully used [30, 36]. The
selection of solvent should be dictated by the potential for chain transfer which is the
limiting factor for the desired molecular weight. In addition, the solvent interactions
with the catalytic system should be considered. During the ATRP reaction, the

polymerization system must be free from oxygen. Small amounts of oxygen can be
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Pscavenged by the catalyst which is present at a much higher concentration than the
growing radicals. Thus, it reduces the catalyst concentration and may produce an excess

of deactivator [37].

kp
kGCI M
Mt™L, + R-X ———= X-Mt™L, + Re
kdeact .
\\“kt
3
R-R/RE& R™

Scheme 1.7 : General mechanism of ATRP. Adopted from [37].

The general mechanism of ATRP is given in Scheme 1.7. Mechanistically, ATRP is
based on an inner sphere electron transfer process, which involves a reversible alkyl
halide or pseudohalide transfer between a dormant species (R-X) and a transition metal
complex (Mt™/L,) resulting in the formation of propagating radicals (R -) and the metal
complex in the higher oxidation state (e.g. X-Mt™%L,). The radical is quickly
deactivated by a higher-oxidation state transition metal complex (deactivator) and the
dormant chain is created. These processes occur with a rate constant of activation, Kact,
and deactivation Kgeact, respectively. Polymer chains grow by the addition of monomers
to the periodically generated radicals in a manner similar to a conventional radical
polymerization, with the rate constant of propagation, k,. Termination reactions (k;) also

occur in ATRP, mainly through radical coupling and disproportionation [24, 37-39].

1.7. Motivation
The present work is directed to the synthesis of a new polymerizable monomer
containing naphthalene ring in the mesogen with an ester linkage and various types of

polymerizable monomers consisting of 1,4-disubstituted phenyl cores with a Schiff base
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and ester linkages. The synthesis is targeted to produce high molecular weight and
narrow polydispersity SCLCPs so as to improve their thermal and mechanical
properties. Although Schiff base ester liquid crystals have been extensively investigated
for different applications, research on SCLCPs having a Schiff base ester moiety as the
side group is still limited. Schiff base is chosen as it contain -CH=N- group which
exhibit optical and electrochemical properties. To the best of my knowledge and
according to the literature survey, SCLCPs bearing a Schiff base ester mesogen as the
side group have not yet been reported.

The synthesized monomers were used to synthesize SCLCPs via radical
polymerization. The effects of mesogen, lateral and terminal substitution on
mesomorphic properties of monomers were studied. The effect of the nature of polymer
backbone, molecular weight and polydispersity of the polymers were also investigated.
The thermal stability, optical properties, electrochemical properties and rheological

properties of the polymers were investigated.

1.8. Research objective

The scope of this work covers the synthesis and characterization aspects of new
monomers for side chain liquid crystalline polymers (SCLCPs) thus far unreported in
the literature. Based on the research outline as mentioned in Section 1.8, the research
objectives can be summarized as to:

1. synthesize several types of new liquid crystal polymerizable monomers and high
molecular weight SCLCPs by radical polymerization for improved thermal and
mechanical properties.

2. characterize and study the properties of the prepared monomers and polymers by
several analytical technigques such as:

I. nuclear magnetic resonance spectroscopy (NMR)
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i. fourier transform infrared spectroscopy (FTIR)
Ii. gel permeation chromatography (GPC)

Iv. differential scanning calorimetry (DSC)

V. polarized optical microscopy (POM)

Vi. powder X-ray diffraction (PXRD)

vii.  small angle X-ray scattering (SAXS)

viii.  thermal gravimetric analysis (TGA)

IX. UV-Vis and fluorescence spectroscopy

X. cyclic voltametry (CV)

Xi. rheology

1.9. Thesis outline

Chapter 1 presents an introduction and background of liquid crystals. Motivations,
research objectives and scope of work are also presented.

Chapter 2 describes the literature background of side chain liquid crystalline
polymers and their potential properties. A brief theoretical introduction on
polymerization kinetics is also included.

Chapter 3 describes the experimental procedures used throughout this work,
starting from the material preparations, moving on to the synthesis aspect of the
experiments, and finally the characterization methods. Details of the optimum
conditions for the handling of instruments are included as well.

Chapter 4 discusses the general results from the characterization techniques used
throughout this work. The monomers and their polymers were characterized by 'H
NMR with the spectral assignments corroborated by *C NMR and FTIR
spectroscopies. The solubility behavior of the synthesized compounds was observed

using different solvents. The molecular weight and polydispersity of the polymers were
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measured by GPC. The liquid crystalline properties of monomers as well as polymers
were studied by POM, DSC and confirmed by PXRD and SAXS. The structural and
mesomorphic properties relationship on the monomers and polymers were investigated.
Glass transition temperature (Tg) and thermal gravimetric analysis were performed by
DSC and TGA analyzers respectively. The effect of molecular weight, polydispersity
and the nature of polymer backbone on the Ty of the polymers were also investigated.
The last part of Chapter 4 discusses the optical, electrochemical and rheological
properties of the synthesized polymers.

Finally, Chapter 5 presents concluding remarks of the research output and
recommended future steps with respect to the objectives of this thesis.

The Appendix provides supplementary data related to the experimental work and

results discussion.
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CHAPTER 2: LITERATURE REVIEW

2.1. Naphthalene based liquid crystal

A vast number of mesogenic naphthalene derivatives are reported [8, 40-48] as
naphthalene derivatives exhibit rich mesomorphism if properly designed. Prajapati and
co-workers [49, 50] reported the synthesis of mesogenic homologous series of
azomesogens with lateral methyl and chloro groups (Figure 2.1). Compounds in series
A showed lower nematic to isotropic (N-I) transition temperature (111-186°C)
compared to parent unsubstituted compounds in series B (135-218°C) due to the
presence of lateral chloro group ortho to the —COO- central linkage. The compound
with the lateral methyl group (compounds in series C) also showed low thermal
stabilities (86-147°C) and exhibited only a nematic phase. The effect was more

pronounced compared to the lateral chloro group due to the polar nature of the chloro

group.

ROQCOOQN :N Series A compound

Cl

Ro@coo—@N—N Series B compound
ROQCOOQ N= N Series C compound
CH,

Figure 2.1 : A series of azomesogens with lateral units [51].

They also reported mesogenic homologous series of Schiff’s base cinnamates [52]
comprising a naphthalene moiety (Figure 2.2) and investigated the effect of an ethylene
linking group and naphthalene moiety on the mesomorphic properties. They found that
all the synthesized compounds of this homologous series exhibited mesomorphism. The
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naphthalene moiety at the terminal position broadens the mesophase transition
temperature due to high polarizability of the molecule. The presence of naphthalene
moiety decreases the smectic mesophase range but increases the nematic mesophase

range due to the thickening effect.

R=-CH,.,n=1to8, 10, 12 14 and 16
Figure 2.2 : A series of Schiff’s base cinnamates. Adopted from [52].

In another work, Prajapati and co-workers [51] reported the synthesis of a
mesogenic homologous series of napthyl azomesogens with lateral chloro group (Figure
2.3) to study the effect on mesomorphism. They found that the lateral chloro group
decrease the nematic mesophase range and the nematic-isotropic (N-1) transition
temperature of the studied compounds. The presence of the lateral chloro group on

central benzene ring has increased the breadth of the molecule.

R=-C,H,,,,, n=1108,10,12 14 and 16
Figure 2.3: Napthyl azomesogens with lateral chloro group. Adopted from [51].

2.2. Schiff base ester based liquid crystal

Extensive studies of Schiff base core system had been conducted ever since
discovery of 4-methoxylbenzylidene-4’-butylaniline (MBBA) by Kelker and Scheurle
[53] and the application of its room temperature nematic phase in displays sparked a

renewed interest in liquid crystals. The ester and Schiff base linking groups are known
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as side-step units which depart the molecule one step aside at such units but a linear
contour of the molecule can be maintained [2]. This Schiff base ester structure still
maintains molecular linearity providing higher stability and enabling mesophase
formation.

Schiff base is a very interesting organic precursor for material science
particularly in the preparation of liquid crystalline substance, thermochromic as
well as photochromic materials which may possess potential applications in the
measurement of radiation intensity and in optical display system [6]. Nowadays, a
lot of studies have been conducted on Schiff base esters due to their interesting
properties and wide temperature range [54-60].

Yeap et al. [60] synthesized a series of Schiff base esters, with para-substituents R
(where R= p—CN, p—NO;, p—OH and p—COOH) at the aniline fragment (Figure 2.4) to
study their mesomorphic properties. The compounds containing R=p-CN and R=p-OH
exhibited smectic phases whereas the compound with R=p-COOH showed nematic and
smectic mesophases. However, the compound containing R=p-CN did not show any
mesophase characteristic. Most of the studies by Yeap and co-workers [61-64] were
focused on the series of Schiff base esters containing aniline derivatives. They revealed
that Schiff base ester linking units were the useful structural components for generating

mesomorphism in two and three aromatic rings thermotropic liquid crystals.

CﬂHaSCOO—@_ CH:N—@—R

R =CN, OH, NO,, COOH
Figure 2.4: p-n-octadecanoyloxybenzylidene-p-substituted-anilines. Adopted from [60].

Ha et al. [65-67] continued the effort of Yeap and co-workers by carrying on the
synthesis and characterization of a new series of Schiff base esters possessing terminal

halogen X (where X= -Cl, -Br and -I) on the 4-X-benzylidene-4’-n-
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alkanoyloxyanilines (Figure 2.5). Most of the compounds contained even number of
carbons at the end groups of the molecules (C,.1H2n-1COO—, n= 2, 4, 6, 8, 10, 12, 14,
16). They found that the length of terminal alkanoyloxy chains influenced the
mesomorphic properties of the compounds. The C2 and C4 members did not possess
any mesogenic properties while C6 to C16 derivatives possessed monotropic and
enantiotropic smectic phases. The terminal halogen promoted the formation of smectic

phase due to their polarity.

O
Cn-1H2n-1COO©J

n=24,6,8,10, 12, 14

X=Cl, Br, |

Figure 2.5 : Schiff base ester compounds with halogen end group. Redrawn from [65-
67].

where

In another work, Ha et al. [55] synthesized a series of Schiff base ethers comprising
a dimethylamino group at one terminal position and an even number of carbons at the
end groups of the molecules (Figure 2.6). They found that the n-ethyloxy, n-propylxy
and n-octadecyloxy were not mesogenic whereas the n-butyloxy to n-hexadecyloxy
derivatives exhibited nematic mesophase. The formation of less-ordered mesophase was
due to the presence of a dimethylamino unit which acts as a charge transfer donor in the
formation of conjugative interactions. This unit has contributed to the molecule’s

polarizability which affected its intermolecular interactions.
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CnH n+ O N CH
C—<i :>—N

CHg

DBA-On

Where n=2,3,4,5,6,7, 8,9, 10, 12, 14, 16, 18
Figure 2.6 : Schiff base ether with dimethyl amino unit. Adopted from [55].

Ha and co-workers [56, 68] also synthesized a series of Schiff base esters with
stearoyl moieties with different end groups X (where X= -H, —F, —Cl, -Br, -OCHjs, —
CH; and —C,Hs) (Figure 2.7). They found that the compounds with halogen and
methoxy substituents exhibited mesomorphic properties whereas the compounds with
less polar substituents (X= —CH3; and —C,Hs) were non-mesogenic materials. The
compound with methoxy end group possessed a nematic mesophase while the
compounds with halogen end group possessed a smectic mesophase. The incorporation
of a lateral hydroxyl group on each compound has enhanced the molecular ordering

leading led to higher clearing points.

CWTHSSC \
N X
OH

SB-X
where X = H, F, Cl, Br, OCH,, CH,, C,H,

Figure 2.7 : Schiff base ester compounds with various end group. Adopted from [56].

2.3. Structure-mesomorphic properties relationship

An understanding of the structure-mesomorphic properties relationship of
mesogenic units is important in selecting molecular modification for the synthesis of
new mesogens with the desirable properties for future applications. According to Gray

[8], the relationship between structure and mesomorphic behavior has been studied to
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determine: (i) whether a compound possessed any mesomorphic properties or not, (ii)
which chemical constitution of a compound possesses smectic, nematic or cholesteric
mesophase, and (iii) the changes in the mesomorphic transition temperatures which

occur when the chemical constitution of a compound is altered.

Effect of mesogenic core on mesomorphic properties

Fornasieri et al. [69] prepared three series of calamatic liquid crystals consisting of
a mesogenic core attached to a perflourinated chain via thioester linkage and a
hydrocarbon chain with terminal double bond. A monophenyl, biphenyl or phenyl
benzoate group was incorporated as a rigid core together with a hydrocarbon chain
length varying with 1 and 9 carbons (Figure 2.8) to study their effect on the
mesomorphic properties. They concluded that increasing the length of the alkyl chain
strongly reduced the mesomorphic behavior, while increasing the number of aromatic
rings in the core structure increased transition temperatures. The monophenyl allyoxy
derivative showed interesting smegtogenic enantiotropic character near room
temperature. The biphenyl compounds shift the mesophase to higher temperatures but
the temperature range remained unchanged, whereas the compounds with the phenyl
benzoate group stabilized the mesophase at wider temperature range (181°C). All

compounds showed unique enantiotropic behavior.

Phi1 O\\C@M Ph9 C—@-O/\/\/\/\/\//

RFNS,

O\ B9 O\\ NN
m, SO0 B s RO

O 8
PhBI c 5O PhB9 iC—@*O\
et NN
Rp~-S’ OO Rp~S x<0Oro
(0]
Phm, B, PhBm (m=1,9, Ry =C:F3)

Figure 2.8 : Series of synthesized liquid crystals. Adopted from [69].
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Mori [70] studied mesomorphic properties of three-ring systems such as 2,5-
dibenzoyloxytropones, 5-benzoylamino-2-benzoyloxy-tropones and 2,5-
dibenzoylaminotropones with 4-alkoxy, 3,4-dialkoxy, and 3,4,5-trialkoxy groups on the
benzoyl groups together with those of the corresponding benzenoids (Figure 2.9).
Derivatives with two monoalkoxybenzoyl groups exhibited nematic and smectic A and
C mesophases. Troponoid tetracatenars with two dialkoxybenzoyl groups had
hexagonal columnar phases except for troponoids tetracatenar 2 with two ester-
connecting groups, whereas the corresponding benzenoids tetracatenars (11, 14, 17)
with two dialkoxybenzoyl groups were non-mesomorphic. All troponoid hexacatenars
with two trialkoxybenzoyl groups formed hexagonal columnar phases. With the
exception of benzenoid hexacatenars with two ester-connecting groups, the benzenoid

hexacatenars showed hexagonal and tetragonal columnar phases.

0] o O O
0O
X = X Y =
: ® ®
H?m- ICmO . H2mnCmo OCrnHEn-n

Y=0 10: X=Y=0
H

1 X=
4: X=NH, Y=0 OCyHzp.q 13: X=NH, Y=0
7: X=Y=NH 16: X=Y=NH
0 o 0 0
H2n*1CnO X Q Hap1CrO )‘LX < : Y = OCpHan 1
Y OCHH2I1+1 |
-
H2nA1CnO HE'n+‘|Cn0 OCHHEH-H
" 2 Xev=0, ReH OC+Hane R 11:%=v=0, R=H R
X=Y-0, Rz R 12: X=Y=0, R=0C,Hon,1
3: Xove0, ReQlntens 14 X=NH, Y=0, R=H
o XN v e 15: X=NH, Y=0, R=OC,Hz 1
6: X=NH, Y=0 R:OCnHQH 1 17- X=Y_NH. R
S 18: X=Y=NH, R=0C;Hz, 1
9: X=Y=NH, R=0C, Hap, { o
.0
=0 19: X=Y=0OH OC[
X—\ 20: X=NH,, Y=0OH T
Z Y 21:X:Y:NH? H2rn+1CmO 29

Figure 2.9 : Compounds under investigations. Adopted from [70].

Chia et al. [71] synthesized two homologous series of pyridine-containing liquid
crystalline compounds, 2-(4-alkoxyphenyl)-5-phenylpyridines (nO-PPyP, n = 3-7) and

2-(6-alkoxynaphthalen-2-yl)-5-phenylpyridines (mO-NpPyP, m = 3-7) (Figure 2.10).
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They found that the pyridine moiety in the mesogen favors the appearance of smectic
behavior, reduces the thermal stabilities of the crystal and introduces an attractive force
and causes the appearance of nematic phase. In the series of mO-NpPyP, m = 3-7, all
compounds exhibited an enantiotropic nematic phase with an additional narrow
monotropic smectic A phase observed in 80-NpPyP. The replacement of phenyl core

with a naphthalene moiety provides a much better nematogen.

_/

nO-PPyP (n=3-T7)

O \ / O

mQ-NpPyP (m = 3-7
Figure 2.10 : Pyridine-containing liquid crystalline compounds. Adopted from [71].

Effect of terminal group on mesomorphic properties

Matsunaga et al. [72] studied the effects of terminal substituents of 4-(4-X-
substituted benzylideneamino)phenyl-4-Y-substituted benzoates on mesomorphic
properties (Figure 2.11). X and Y were chosen from methoxy, nitro, chloro, bromo,
dimethylamino, methyl, fluoro and trifluoromethyl groups. They found that the order of
group (X or Y) efficiency in promoting the nematic-isotropic transition temperature is
markedly affected by the nature of the group (X or Y) located at the other end. The
methoxy and methyl series gives NO, > CH30 > N(CHs), > Cl = Br > CH3 > F > CF;,
whereas the trifluoromethyl series gives N(CH3), > CH30 > CH3; > Cl = Br > NO, > F,
suggesting that the dipole-dipole interaction contributes significantly to the stabilization

of the nematic phase.
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Figure 2.11: Studied compound. Adopted from [72].

Neubert et al. [73, 74] investigated the effect of terminal chains on the
mesomorphic properties of 4,4’-disubstituted diphenyldiacetylenes. The synthesized
compounds showed wide nematic ranges, higher clearing temperatures, low viscosities
and low enthalpies of melting. In another work [75], they studied the effect on
mesomorphic of triple bond in a terminal chain of 4,4’-disubstituted phenyl benzoates
and phenyl thiobenzoates. They found that the insertion of a triple bond into the 1,2-
position of a terminal chain on the phenyl benzoates and phenyl thiobenzoates did not
improve liquid crystalline properties. Fewer mesophases having shorter temperature
ranges and lower transition temperatures were observed. However, the thioesters
showed better mesomorphic properties and nematic phases were favored over smectic
phases.

Thaker et al. [54] synthesized two new series of azo-Schiff base (series A) and azo-
ester (series B) liquid crystals (Figure 2.12) to study the influence of central linkages,
terminal and lateral group on the mesomorphism and thermal stability of these
compounds. They reported that all synthesized compounds possessed mesomorphic
properties. In series A, compounds A; and Az exhibited only nematic mesophase, while
compounds Az, A4, As, As, A7z, Ag, Ag, and Ay exhibited a smectic and nematic
mesophases. In series B, compounds B; to Bg exhibited only nematic mesophase
whereas compounds Bjo and B1; exhibited smectic and nematic mesophases. Compound

B1, exhibited only a nematic mesophase.
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Series A
i
HaC
Series B

Compounds R =n-Alkoxy X Compounds R =n-Alkoxy X
A, Octyloxy -H B, Octyloxy -H
A, Octyloxy -CH; B> Octyloxy -CH;
A, Octyloxy -OCH; B; Octyloxy -OCH3
Ay Octyloxy -Cl B, Octyloxy -Cl
As Octyloxy -Br Bs Octyloxy -Br
Ag Hexadecyloxy -H Bg Octyloxy -NO,
A, Hexadecyloxy -CH; B~ Hexadecyloxy -H
Ag Hexadecyloxy -OCH; Bg Hexadecyloxy -CH;
Ay Hexadecyloxy -Cl By Hexadecyloxy  -OCHj
Ao Hexadecyloxy -Br Bio Hexadecyloxy -Cl

By Hexadecyloxy -Br

B> Hexadecyloxy -NO,

Figure 2.12 : Series A and series B compounds. Adopted from [54].

Very recently, Karim et al. [76] studied the effect of different substituents R (where
R=—-H, -CH3, -OCHj3, and —OC,H5) at the sixth position on benzothiazole chromophore
(Figure 2.13) on mesomorphic, thermal and optical properties. All synthesized
compounds showed mesomorphic behaviors and exhibited lamellar structure. The
compound with —H substituent revealed only smectic mesophase whereas the
compounds with —CH3z, —OCHg;, and —OC,Hs groups exhibited nematic and smectic
mesophases. They thus concluded that the formation of the mesophases was greatly
influenced by the sixth position electron pushing substituents on the benzothiazole ring
as well as the terminal methacrylate group. The optical study on these compounds
showed that the compound with a methoxy substituent exhibited higher fluorescent

emission compared to other compounds.
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Figure 2.13 : Azo benzothiazole compounds. Adopted from [76].

Effect of lateral substitution on mesomorphic properties

The effect of a lateral methoxy [77], methyl [78], fluorine and bromine [79] group
on the mesomorphic properties in a series of ferroelectric liquid crystals with a 2-
alkoxypropionate unit have been done by Kaspar and co-workers (Figure 2.14). They
concluded that the phase transition temperature to the SmC* phase decreases in a
sequence H > F > Cl > Br > CH3 > CH30 whereas the values of the spontaneous
polarization increase in a sequence CH3O < H < F < CH3 < Cl < Br. The introduction of
a lateral unit on the mesogenic core lowered all phase transition temperatures and
affected the spontaneous polarization values of the chiral compounds compared with the

non-substituted chiral compound.

CHs

|
CmH2m+1O©COO OCOCHOCHoe1
*

X
X=H, F,Cl, Br,CH3, CH30
Figure 2.14 : A series of ferroelectric LCs. Redrawn from [79].

Other researchers, Chang and co-workers [80] studied the effect of a lateral methyl
substitution on a-methylstilbene-tolane liquid crystals (Figure 2.15). They found that
the compounds with a lateral methyl group at the 3 position of the middle phenyl ring

displayed low melting points, wide nematic range and had small enthalpy of fusion.
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o =
O
F

n=2-6:Xand Y =H or CH;
Figure 2.15 : a-methylstilbene-tolane liquid crystals. Adopted from [80].

Recently, Dave et al. [81, 82] prepared two new homologous series (series | and I1)
consisting of central azo-ester linkage and methyl group at the central as well as
terminal benzene rings with spacer lengths varying from n=1 to 8, 10, 12, 14, 16 (Figure
2.16(a) and Figure 2.16(b)) to study their mesomorphic properties. The odd-even effect
was observed for the series Il compounds in the initial carbon members up to C6
derivative. The introduction of methyl group in lateral position at terminal and central
benzene core in series | and 11 decreased nematic to isotropic (N-I) thermal stabilities of
smectic and nematic mesophases compared to series A compounds (Figure 2.16(c))
prepared by Doshi and Ganatra [83]. However, the thermal stability of the compounds
in series B (Figure 2.16(d)) prepared by Thaker et al. [54] was higher than that of the
compounds in series Il. This was because the introduction of one more lateral methyl
group in the central benzene core had a more pronounced effect in the reduction of N-I
thermal stability. From this study, they suggested that the introduction of a lateral unit

on the mesogenic core lowered the thermal stability of the compounds.
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Figure 2.16 : A series of azo-ester with lateral units. Adopted from [81].

2.4. Side Chain Liquid Crystalline Polymers (SCLCPs)

SCLCPs generally consist of three structural components: polymer backbone,
mesogenic groups and flexible spacer. The flexible spacer plays a critical role in
determining the properties of the polymer by decoupling the opposing tendency of
the liquid crystal groups to self-assemble from the polymer backbones to adopt
random coil conformations [22]. The nature of their mesophase depends rather
sensitively on these components. The nematic, smectic and cholesteric types of

mesophases are observed with rod-like repeating units [16].

Effect of flexible spacer on mesomorphic properties

The property of SCLCPs is determined by the polymer backbone, spacer length and
mesogenic unit. The incorporation of the flexible spacers leads to the formation of
liquid crystalline phases [84]. In addition, more flexible polymers should have a
stronger tendency to form more stable mesophases. Numerous studies have been carried

out by Akiyama et al. [85-88] on the effects of spacer length on SCLCPs properties.
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They concluded that the spacer introduced between a polymer backbone and a
mesogenic core decoupled its motion and enhanced the dynamic ordering of the
mesogenic group. Therefore, the ability of the mesogenic side chains to form more
ordered mesophases was increased.

De Tang et al. [89] studied the effect of flexible spacer on the liquid crystalline
properties of ABA-type triblock copolymers containing azobenzene groups (Figure
2.17). The monomers, n-[4-(4-ethoxyphenylazo)phenoxy]alkyl methacrylates with
varying methylene groups (n =0,2,6) were used to synthesize a series of azobenzene-
containing amphiphilic triblock copolymers PANC-PEG-PANC by ATRP. The Ty of
these copolymers decreased with increasing n. Copolymer without methylene spacer
(PAOC-PEG-PAOC) did not show any mesophase while both PA2C-PEG-PA2C and

PAG6C-PEG-PAGC exhibited a nematic mesophase.
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Br—(_C_CHz-)——(lj—y:—(—OCH CH ) — ] T
k éH 2 2 3 O_C_?—('CHQ_?_)](_B[—
o ’ CH, c=0
1
OR
OR

R = (CH),(0)y, ON
%
N —< >— OCH,CHj,4

PA6C— PEG —PA6C n=6m=l
PA2C— PEG — P26C n=2,m=1
PAOC— PEG —PAOC n=0,m=1
Figure 2.17 : Copolymers under investigation. Adopted from [89].

Palani and co-workers [90] synthesized two series of alkoxymethyl-1H-[1,2,3]-
triazol-1-yl containing SCLCPs by free radical polymerization (Figure 2.18). They
investigated the effect of insertion of polar alkoxy group on terminal triazole ring and
spacer length between mesogen on phase transition temperature and mesomorphic

property of the polymers. They found that the Ty, and Ty of the polymers were decreased
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with increasing of spacer length from 6 to 10. The thermal stability of the polymers also
decreased with increasing of methylene chain length and ethoxy-based polymers were

less stable than that of methoxy-based polymers.
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Figure 2.18 : Synthesized SCLCPs. Adopted from [90].

Effect of the nature of polymer backbone on mesomorphic properties

The effect of the nature of the polymer backbone has been studied based on
comparisons of the polysiloxane, polyacrylate, polymethacrylate, polystyrene, and
poly(chloroacrylate) backbones [22, 91-97]. In general, side chains are able to
crystallize at shorter spacer lengths with increase in polymer flexibility. Therefore,
SCLCPs with highly flexible polymer backbones may form a monotropic mesophase,
whereas the polymer with a more rigid backbone is more likely to form an enantiotropic
mesophase.

Lorenz [98] synthesized polyacrylates and polymethacrylates SCLCPs with a
variation of terminal groups X (where X= alkyl, -CH,CN, —CF3, halogen, -OCH3;, —
SCHs, or the 3,4-methylendioxy) (Figure 2.19). He found that increased polarizability
raised the Ty and the clearing point (T;) of the polymers. In addition, the formation of
smectic phases also increased. In the polyacrylate series, polar and bulky substituents
increased the Ty whereas non-linear substituents diminished the liquid crystalline

phases. He also reported that the T4 of polyacrylates exhibited lower values but higher
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clearing temperatures compared to analogous polymethacrylates. In addition, the

flexible polyacrylate chain promoted the formation of smectic phases.

'
—~(CH, —C+

I
COO(CH,)s0 coo X

R =H or CH;
Figure 2.19 : SCLCPs polyacrylate and polymethacrylates. Adopted from [98].

Zhang et al. [99] synthesized thermotropic SCLCPs containing mesogenic units
with different flexible groups and a chiral methyl group by grafting upon a polysiloxane
backbone (Figure 2.20). A wide mesomorphic region was observed for all polymers.
The polymers exhibited colorful cholesteric Grand-Jean textures when the content of the
chiral unit was higher than 15 mol% for polymer P1, and higher than 10 mol% for
polymers P2 and P3. Other polymers exhibited nematic thread-like textures and all

polymers were thermally stable over 300°C.

Polymers P1, P2, P3
‘Hs Cr”3 C b (Hs

C”B_T‘_('O 9—0 Si—CH;
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A: +CH-0—~0O)—c00~0O)—00C—(O)—CpHons 1

x+y=7

(n=1: P1; n=3: P2; n=5: P3)

B: ~{CHy5CO

Figure 2.20: SCLCPs with achiral and chiral units on the side chain. Adopted from [99].

Ritter et al. [21] prepared two chiral SCLCPs polyacrylates having a biphenyl-

phenyl system as a mesogenic core unit (Figure 2.21). In this work, they used an
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undecyl spacer to connect the mesogenic group to the backbone and both polymers
exhibited enantiotropic SmA* mesophase while the monomers showed both SmC* and
SmA* phases. In the case of the monomers, the conclusion is that the carbonyloxy
linking group is superior to the oxy group in stabilizing a liquid-crystals phase of the
monomers. Both polymers exhibited a Ty above room temperature. The thermal
transition temperature and the T, of the polymers are strongly dependent on backbone

flexibility and the chiral terminal chain.
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Figure 2.21 : Monomers and polymers structure. Adopted from [21].

Wang and co-workers [100] prepared a series of novel SCLCPs consisting of
laterally attached photoluminescent p-quinquephenyl (QQP) pendants with different
flexible terminal- and/or side alkoxy chains via ATRP (Figure 2.22). All the
homopolymers and copolymers exhibited nematic mesophase which were influenced by
the long peripheral flexible chains (-OCgHj7) on both longitudinal terminal and lateral

sides of the rigid pendant rods. Besides mesomorphic properties, they also studied the
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photophysical properties of the synthesized polymers. They found that all polymers had
almost identical maximum UV-Vis absorption and possessed blue photoluminescence
emission wavelengths originating from their similar rod-like conjugated units in dilute

solutions and solid films.
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Figure 2.22 : Homopolymers and dlblock-copolymers with QQP units. Adopted from
[100].

2.5. Applications of SCLCPs

Side chain liquid crystalline polymers (SCLCPs) which represent a combination of
liquid crystalline behavior and polymeric properties have been the subject of intensive
research in the last decade. They exhibit unique properties such as high heat resistance,
flame retardance, chemical resistance, heat aging resistance, low viscosity and
comparatively low cost. SCLCPs have received increasing attention from the scientific,
technological and also commercial points of view due to their wide range of potential

applications in the fields such as optical data storage, non-linear optics, stationary
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phases for gas chromatography, supercritical-fluid chromatography and high
performance liquid chromatography, solid polymer electrolytes, separation membranes

and display materials [101].

Optical data storage

SCLCPs as a reversible optical data storage material were first demonstrated by
Shibaev et al. [102]. SCLCPs have an advantage as image storage materials because the
Tq of the polymers can be frozen-in. Thus, the stored image can be kept below Ty for a
long time. The polymers have good film-forming properties which allow cell-free
performance of the image storage materials. In addition, the low fluidity of the polymers
is favorable for long-term stability of the stored image.

SCLCPs containing azobenzene chromophores are widely used in reversible optical
data storage [103-107]. An azobenzene group can exist in two configurations: the trans
or E form and the cis or Z form. In the thermodynamically stable trans configuration,
azobenzene groups are mesogenic, forming nematic phases, whereas the isomeric cis
configuration is thermodynamically unstable with respect to the trans state. Therefore, a
thermal relaxation process occurs in the dark state. By irradiating with a proper
wavelength, it is possible to induce trans-cis-trans isomerization cycles driving optical
anisotropy at a molecular level [108].

The effect of polarity of the azobenzene group in SCLCPs for reversible optical
storage has been studied by Ho et al. [109]. They reported that saturated levels of
birefringent were increased when the dipole moment of the azo moiety in the azo
polymers increased. The writing and relaxation behaviors were found to be related to
the dipole moment of azo moiety, the T4 and the molecular weight of the polymer. They
concluded that the azo moiety with donor-acceptor arrangement (pseudo stilbene-type

azobenzene) gave the best optical properties. It offered the fast trans-cis-trans
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isomerization and strong dipolar interactions which were important for optically
induced ordering and stability.

Huvilsted et al. [110] synthesized azobenzene side chain liquid crystalline polyesters
and studied their outstanding optical storage properties. The important storage features
reported by the authors were no pre-alignment of thin polyester films prior to the
writing process and the sensitivity in a broad laser wavelength window (415-532 nm).
The information was recorded by polarization holography and the polyesters films
showed high diffraction efficiency and high storage density. The non-destructive read
out was performed with a red light at 600-750 nm wavelength. The information could
be erased by heating the polyester film to 80°C or irradiating it with UV-light. These
new materials were also reported to have outstanding temperature resistance and the

holograms in them were preserved after long exposure to 180°C.

Non-linear optic (NLO) materials

SCLCPs containing non-linear optic (NLO) pendant groups have been used for
applications in non-linear optics devices. This is due to the large polarizabilities which
result from the complex excitation of delocalized n-electron systems under appropriate
electromagnetic fields as opposed to inorganic condensed-matter systems of these
materials. An organic molecule must contain one or more acceptor and donor groups in
appropriate positions to a n-delocalized moiety to allow asymmetric charge transfer in
the excited electronic state. Also, the molecule must not possess any inversion
symmetry. The organic and macromolecular systems based on aromatic Schiff bases
consisting of suitably substituted electron donor and acceptor functional groups have
been reported by Mandal et al. [111-113]. The organic compound with this structural
feature usually possesses facile intra-molecular charge transfer which contributes to its

second-order molecular hyperpolarizability, . The pendant groups containing Schiff
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base compound with large ground-state dipole moment, « lead to a higher degree of
molecular alignment upon poling, forming a macroscopic non-centrosymmetric system.

Kumar and Tripathy [114] have also agreed that to yield large macroscopic non-
linearities, the molecular units must have large second order and NLO
hyperpolarizabilities. By using quantum chemistry software, they concluded that for
second order hyperpolarizability, an NLO moiety should have these criteria: i)
delocalized moiety such as stilbene, azo, azomethines and others, ii) electron
withdrawing and donating group, iii) wavelength tenability and iv) functionality which
could form crosslinks or polymerized upon heating or exposure to UV or had an active
molecule surface. The linear optical properties of the synthesized materials were
measured by UV-Visible spectroscopy and ellipsometry. The second and third order
NLO properties of the polymeric materials were evaluated by second harmonic
generation (SHG) and electric field induced phase changes by interferometry. In
addition, a stable second order non-linear coefficient was obtained by crosslinked

systems.

SCLCPs as the stationary phase in chromatography

In 1963, Kelker reported the usage of liquid crystals as the stationary phase in gas
chromatography (GC). Liquid crystal stationary phases yield separation based on
differences in solute molecular shape. Polymeric liquid crystals offer significant
improvements in column efficiency and are thermally stable over low molar mass liquid
crystals. Polysiloxanes are particularly useful as stationary phases. These polymers are
known as mesomorphic polysiloxanes (MEPSIL) and their application as GC stationary
phases has been studied by Janini et. al [115-117] and other researchers [118-121].

Markides et al. [122] reported that smectic liquid crystalline polysiloxanes offered

unique selectivities when used as stationary phases in GC. The retention could be
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correlated to solute molecular size and shape. They synthesized polysiloxanes
containing biphenylcarboxylate ester moieties with different lengths of flexible spacers.
These compounds showed smectic characteristics from 100°C to 300°C with
unsurpassed selectivity for the separation of various isomeric polycylic aromatic
compounds.

Fang et al. [123] synthesized a new type of fullerene containing polysiloxane to be
used as stationary phases for capillary GC. This compound enhanced column efficiency,
wide operational temperature and high thermostability, and exhibited unique selectivity
for many organic substances such as alkanes, alcohols, ketones and aromatic
compounds. The new stationary phase was suitable for the separation of high boiling
compounds and some alcoholic or aromatic positional isomers. Many other researchers
have done studies on fullerene containing polysiloxanes as stationary phases for
capillary GC [124-126].

After 1988, even more studies were conducted on SCLCPs as the stationary phase
in supercritical-fluid chromatography (SFC) [127-129] and high performance liquid
chromatography (HPLC) [130, 131]. In HPLC, the liquid crystals are needed to be
chemically bonded to the solid support to achieve the stability required for a long
column lifetime. The liquid crystal bonded phases have been evaluated by using cyclic
aromatic hydrocarbon as the probe samples in reversed-phase HPLC. The results
indicated that these phases had better planarity and shape recognition than commercially
available octadecylsilica phases [132].

Klein and Springer [133] synthesized a series of side chain polyacrylates containing
methoxyphenyl benzoate moieties with aliphatic spacers (n=2-6) and these polymers
were coated onto silica gels. These SCLCPs modified silica gels were used as stationary
phases in HPLC. Steroids and dinitrobenzene isomers were used as sample substances

for testing the chromatographic properties of these stationary phases. They concluded

46



that separations based on the mesophase structure could be observed in analogy to gas

chromatography.

Display technology

Over the last 30 years liquid crystals have been widely used in many commercial
applications as functional organic materials in electro-optical display devices and office
equipment such as watches, radio clocks, calculators, notebooks, computers and others.
Specifically, liquid crystals dominate the display market in portable instruments. Liquid
crystal displays (LCDs) have replaced cathode ray tubes (CRTS) in a segment of the
computer monitor market. The shares of the total market for displays have increased
with the invention and developments in technologies such as Light-Emitting Polymers
(LEPs), Field Emission Displays (FEDs) and plasma displays.

Gray and Kelly [134] described the use of nematic liquid crystals in Twisted
Nematic Liquid Crystal Display (TN-LCD) due to the large production of LCDs
utilizing this type of device. They studied the correlation between the electro-optical
performances of these devices. The invention and synthesis of nematic liquid crystals
with a continually improved property spectrum in order to meet constantly changing
specifications was illustrated using the TN-LCD.

SCLCPs have also been used in display technology. SCLCPs materials seem to
have the following possibilities: i) to be free-standing flat display, ii) to be paper-like
display, iii) to be meter-size display and iv) to deposit electrodes directly on these
polymers thereby obviating the need for conventional glass supporting substrates [135].
Finkelmann [136] first demonstrated that a cholesteric SCLCP could be heated above
Tg, to a temperature at which it was selectively reflective to a desired wavelength of
light, and then quenched below T4, thus locking in both the helical structure of

cholesteric mesophase and the required optical characteristics. This technique led to the
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production of cast films or coatings for use in applications such as optical filters,
reflectors or linear polarizers.

Svensson et al. [137] synthesized ferroelectric copolysiloxanes with a different
molar mass to study the mechanical measurements and electro-optical switching
behavior. They reported the effects of polymer molecular weight on the switching
dynamics. The removal of low molecular weight components slowed down the
electro-optic response time, but has no effect on mechanical properties. However,
and more surprisingly, a further doubling of molecular weight did not increase
the electro-optic switching time, but obviously produced a marked improvement in

the mechanical properties.

48



CHAPTER3: EXPERIMENTAL

3.1. Materials

The chemicals used for the synthesize work were: 6-Hydroxy-2-napthaonic acid
(Sigma-Aldrich, 98%), Acrylic acid (Sigma-Aldrich, 99%), Methacrylic acid (Sigma-
Aldrich, 99%), Boric acid (Sigma-Aldrich, 99.5%), Sulphuric acid (R&M Chemicals,
98%), Hydrochloric acid (R&M Chemicals, 95%), Benzoyl peroxide (BPO) (Merck,
98%), Ethyl 2-Bromoisobutyrate (EBriB) (TCI, Japan, 98%), Copper(l) bromide
(Sigma-Aldrich, 95%), (6-Chlorohexanol (Merck, 98%), 1,6-Dibromohexane (Merck,
98%), N,N'-dicyclohexylcarbodiimide (DCC) (Merck, 98%), Hydroquinone (Merck,
98%), p-Anisidine (Merck, 98%), p-Butoxyphenol (TCI, Japan, 95%), p-
Dimethylaminopyridine (DMAP) (Merck, 95%), p-Hydroxy benzoic acid (Sigma-
Aldrich, 98%), p-Hydroxybenzaldehyde (Merck, 98%), p-Phenoxyaniline (Merck,
98%), p-Toluenesulfonic acid (Merck, 95%), N,N,N",N',N"-
pentamethyldiethylenetriamine (PMDETA) (Sigma-Aldrich, 98%), Potassium carbonate
(R&M Chemicals), Potassium hydrogen carbonate (R&M Chemicals), Potassium
hydroxide (R&M Chemicals), Sodium hydroxide (R&M Chemicals), Vanillin (Merck,
95%). They were used without further treatment.

All of the solvents such as acetonitrile, anisole, dichloromethane, diethyl ether, n-
hexane, isopropanol, petroleum ether (40-60°C), tetrahydrofuran (THF) and toluene
were reagent grades and purchased from Merck, Friendemann Schmidt Chemicals and
J. T. Baker. Acetone, N,N-dimethylformamide (DMF), methanol, and ethanol were
distilled to keep anhydrous before used.

Copper (1) bromide catalyst was purified successively by stirring in acetic acid and
ethanol, and then dried. Benzoyl peroxide (BPO) was recrystallized twice from absolute

ethanol and dried under vacuum at 40°C before used.
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3.2. Synthesis of liquid crystal monomers

In this work, several polymerizable liquid crystal monomers with similar general
structure but with variations in mesogenic structure, lateral substituent and
polymerizable terminal substituent were synthesized. The procedure, synthetic route as
well as chemical structure identification by *H NMR and **C NMR were listed for all

the synthesized compounds and monomers.

3.2.1. Synthesis of monomer M1

4-butoxyphenyl 6-hydroxynaphthalene-2-carboxylate (1)

In a 250 ml two-necked reaction flask equipped with a magnetic stirrer, p-
butoxyphenol (5.0 g, 0.03 mol) and 6-hydroxy-2-napthaonic acid (4.5 g, 0.023 mol)
were added in 50 ml dried toluene. Concentrated sulphuric acid (0.2 g, 0.002 mol) and
boric acid (1.32 g, 0.002 mol) were added subsequently. The mixture was then refluxed
for 48 hours using Dean-Stark trap to remove the produced water. After completion of
the reaction, the solvent was removed under reduced pressure and the product was
washed with a mixture of petroleum ether (40-60°C) and n-hexane (1:1). Acetonitrile
was then added into the reaction mixture and heated to dissolve the product. The
insoluble solid was then removed by hot filtration. The filtrate was then kept at 0°C for
12 hours and the solid was filtered. The solid was again dissolved in hot toluene and
filtered to remove unreacted 6-hydroxy-2-napthaonic acid. The filtrate was then kept at
0°C for 12 hours and the product was filtered to get white crystal product. The product
was dried at 40°C under vacuum with 40% yield. T,=180°C.

'H NMR, & (ppm, DMSO-dg, 400 MHz) 10.3 (H, s, Np-OH), 8.7 (H, s, Np-H), 7.8-
8.1 (3H, m, Np—H), 7.2 (4H, m, Ph—H), 7.0 (2H, m, Ph-H), 3.9 (t, 2H, ~OCH,-), 1.65-
1.72 (m, 2H, —~CH,-), 1.39-1.48 (m, 2H, ~CH,-), 0.89-0.94 (m, 3H, —CHs). *C NMR, &

(ppm, DMSO-dg, 400 MHz) 165.2 (-OC=0), 158.2 (aromatic C—O(CHy)s), 156.2
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(aromatic -C-OC4Hg) 141.0 (aromatic -C-OC=0), 136.2, 131.6, 127.0, 126.2
(aromatic C), 130.3, 126.3, 122.5 (aromatic C ortho to —OC=0 ), 125.1 (aromatic C—
CO00), 120.0, 106.5 (aromatic C ortho to —OH), 115.1, (aromatic C ortho to —OC4Hjy),

68.1 (aromatic -OCH,-) , 30.5, 18.5 (-CH>-), 13.4 (—CHy).

Synthesis of 4-butoxyphenyl 6-(6-bromohexyloxy)-2-naphthoate (2)

In a 250 ml two-necked reaction flask equipped with a magnetic stirrer, a mixture
of compound 1 (6.46 g, 0.02 mol), 1,6-dibromohexane (48.79 g, 0.20 mol), potassium
carbonate (2.76 g, 0.02 mol) and distilled acetone (50 ml) was refluxed under stirring
for 24 hours. After the reaction was stopped, the reaction mixture was filtered and the
precipitate washed thoroughly with acetone. The acetone was then removed under
reduced pressure. After removing solvent, a mixture of petroleum ether (40-60°C) and
n-hexane (1:1) was added. The precipitate was filtered off and recrystallized twice from
ethanol with hot filtration. The resulting white solid products were dried under vacuum
at 50°C. The product yield of compound 2 was 80%. Ty,: 80°C.

'H NMR, & (ppm, CDCls, 400 MHz) 8.69 (s, 1H, Np—H), 8.13-8.16 (dd, 1H, Np—
H), 7.78-7.93 (dd, 2H, Np-H), 7.14-7.24 (m, 4H, Ar-H), 6.93-7.00 (m, 2H, Ph-H),
4.11-4.14 (t, 2H, ~OCH,-), 3.97-4.00 (t, 2H, ~CH,—Br), 3.43-3.47 (t, 2H, Ar—-CH,-),
1.86-1.97 (m, 4H, ~CH»-), 1.76-1.83 (m, 2H, ~CH,-) 1.4-1.5 (m, 6H, —CH,-), 0.89-
0.94 (m, 3H, -CHs). *C NMR, & (ppm, DMSO-ds, 400 MHz) 165.2 (-OC=0), 158.2
(aromatic C—O(CH)s), 156.2 (aromatic —-C—OC4Hy) 141.0 (aromatic -C—OC=0), 136.2,
131.6, 127.0, 126.2 (aromatic C), 130.3, 126.3, 122.5 (aromatic C ortho to —OC=0 ),
125.1 (aromatic C-COQ), 120.0, 106.5 (aromatic C ortho to —O(CHj)s), 115.1,
(aromatic C ortho to —OC4Hjy), 68.1 (aromatic -OCH,-), 33.8 (-BrCH,-), 32.7, 31.4,

29.0, 27.9, 25.4, 19.3(-CH,-), 13.9 (-CHy).
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Synthesis of 4-butoxyphenyl 6-(6-(methacryloyloxy)hexyl)-2-naphthoate  (Monomer
M1)

In a 250 ml two-necked reaction flask, methacrylic acid (0.29 g, 3.35 mmol) was

added slowly to potassium hydrogen carbonate (0.335 g, 3.35 mmol) at room
temperature to form potassium methacrylate. A solution of compound 2 (1.08 g, 2.24
mmol) and hydroquinone (0.0027 g, 0.025 mmol) in DMF (50 ml) was added slowly
into the previously prepared potassium methacrylate solution. The reaction mixture was
heated at 100°C for 24 hours with continuous stirring. After completion of the reaction,
the solvent was removed under vacuum followed by addition of 100 ml water at room
temperature. The solid was again filtered and dissolved in dichloromethane. The organic
phase was washed twice by 5% NaOH solution and twice by distilled water, followed
by solvent removal under reduced pressure. The solid was filtered and recrystallized
twice from ethanol. The resulting white solid products were dried under vacuum at
40°C. The product yield of M1 was 35%.

'H NMR, & (ppm, CDCls, 400 MHz) 8.61 (s, H, Np-H), 8.05-8.08 (dd, 1H, Np-H),
7.70-7.81 (dd, 2H, Np—H), 7.05-7.15 (m, 4H, Ar-H), 6.85-6.89 (m, 2H, Ph—H), 6.03 (H,
s, =CH,), 5.46 (m, H, =CH,) 4.09-4.12 (t, 2H, ~OCH,-), 4.02-4.06 (t, 2H, Ph—CH,-),
3.88-3.92 (t, 2H, Ar-CH,-), 1.86-1.87 (t, 3H, —-CHj) 1.78-1.85 (m, 2H, ~CH»-), 1.63-
1.74 (m, 4H, —CH,-) 1.4-1.5 (m, 6H, —CH,-), 0.89-0.94 (t, 3H, —CH3). *C NMR, &
(ppm, DMSO-dg, 400 MHz) 167.0, 165.5 (-OC=0), 159.4 (aromatic C-O(CH,)g), 156.9
(aromatic -C-OC4Hg) 144.5.0 (aromatic -C-OC=0), 137.7, 136.5, 126.0, 125.9
(aromatic C), 131.6, 124.3, 123.5 (aromatic C ortho to ~OC=0 ), 123.1 (aromatic C—-
CO0O0), 120.4, 107.1 (aromatic C ortho to —-O(CH)s), 125.0 (CH,=C-), 115.4 (aromatic
C ortho to —OC4H,), 68.2, 68.0 (aromatic ~OCH,-), 64.7 (-CH,-OCO), 31.2, 29.0,

28.5,25.7,19.2, 19.3 (-CHy-), 18.4, 14.1 (-CHa).
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Figure 3.1 : *H NMR spectra of monomer M1.

3.2.2. Synthesis of monomer M2 and M3

Synthesis of 4-(6-Hydroxyhexyloxy)benzoic acid (3)

In a 250 ml two-necked reaction flask equipped with a magnetic stirrer, p-hydroxy
benzoic acid (10.0 g, 0.07 mol) was dissolved in a mixture of ethanol (30 ml) and water
(20 ml) along with potassium hydroxide (11 g, 0.19 mol) and a pinch of potassium
iodide. While stirring vigorously, 6-chlorohexanol (9.0 g, 0.07 mol) was added slowly
to the mixture at room temperature. Then the mixture was refluxed while stirring for 24

hours. After completion of the reaction, the solvent was then removed under reduced

53



pressure and the solid residue was dissolved in water (120 ml) and washed with diethyl
ether (3 x 30 ml). The aqueous layer was acidified with concentrated HCI until the pH
was 2. The white solid was filtered, washed with water and recrystallized twice from
ethanol. The product was dried under vacuum at 50°C and the product yield was 55%.
Tm=139-140°C.

'H NMR, & (ppm, DMSO-ds, 400 MHz): 12.6 (s, 1H, —COOH), 7.81-7.90 (d, 2H,
Ar-H), 6.79-7.03 (d, 2H, Ar-H), 4.35 (1H, —OH), 4.01 (m, 2H, ~CH,OPh), 1.7 (m, 2H,
—~OCHj,-), 1.3-1.45 (m, 8H, —CH,). *C NMR, & (ppm, DMSO-dg, 400 MHz): 166.9
(-COOH), 162.2 (aromatic C—(CHy)s), 131.2 (aromatic C ortho to —COOH), 122.7
(aromatic C-COOH), 114.1 (aromatic C ortho to —-(CH>)s), 67.6 (-CH,OH), 60.6 (—Ar—

OCH,-), 32.4, 28.5, 25.3, 25.2 (-CHy-).

Svnthesis of 4-(6-Acryloyloxyhexyloxybenzoic acid (4)

In a 250 ml two-necked reaction flask equipped with a magnetic stirrer, a mixture
of compound 3 (2.5 g, 0.01 mol), acrylic acid (3 ml, 0.04 mol), p-toluenesulfonic acid
(0.7 g, 0.004 mol), and hydroquinone (0.24 g, 0.002 mol) were dissolved in 50 ml
toluene. The mixture was then refluxed for 6 hours using Dean-Stark trap to remove the
reduced water. After completion of the reaction, the cooled reaction mixture was diluted
with a 3 to 4 fold excess of diethyl ether, and washed with warm water to remove
unreacted acrylic acid. The organic layer was dried over NaSO,. After filtration, the
solvent was removed under reduced pressure. The white solid was recrystallized from
isopropanol and dried at 40°C under vacuum to give 82% yield of compound 4.

'H NMR, & (ppm, DMSO-ds, 400 MHz): 12.6 (s, 1H, -COOH), 7.80-8.04 (d, 2H,
Ar-H), 6.93-7.12 (d, 2H, Ar—H), 6.24, 5.92 (d, 1H, CH,=CH), 6.14 (g, 1H, CH), 4.0-
4.11 (m, 4H, —~OCH,-), 1.68-1.73 (m, 2H, ~OCH,CH,-), 1.59-1.65 (m, 2H, —CH,),

1.37-1.43 (M, 4H, —(CH,)-). C NMR, & (ppm, DMSO-ds, 400 MHz): 166.9 (-
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COOH), 165.4 (—0OC=0) 162.2 (aromatic C—(CH;)s), 131.2 (aromatic C ortho to —
COOH), 128.3 (HC=C-), 127.9 (HC=C-), 122.7 (aromatic C-COOH), 114.1 (aromatic

C ortho to —(CH,)g), 67.6 (-CH,0-), 60.6 (-OCH,-), 28.3, 27.9, 25.07, 25.03 (-CH,-).

Svnthesis of 4-(6-Methacryloyloxyhexyloxybenzoic acid (5)

A mixture of compound 3 (2.5 g, 0.01 mol), methacrylic acid (3 ml, 0.04 mol), p-
toluenesulfonic acid (0.7 g, 0.004 mol), and hyroquinone (0.24 g, 0.002 mol) were
dissolved in 50 ml toluene. The mixture was then refluxed for 4 hours in a two-necked
reaction flask equipped with a magnetic stirrer using Dean-Stark trap to remove the
reduced water. The rest of the succeeding steps were identical to the ones described for

the synthesis of compound 4. The product yield of compound 5 was 82%.

'H NMR, & (ppm, DMSO-dg, 400 MHz): 12.6 (1H, -COOH), 7.80-7.90 (d, 2H, Ar—
H), 6.93-7.03 (d, 2H, Ar-H), 5.99, 5.64 (s, 1H, CH,=C(CHs)-), 3.98-4.35 (m, 4H, —
OCH,-), 1.89 (t, 3H, CH,=C(CH3)-), 1.68-1.85 (m, 2H, ~OCH,CH,-), 1.59-1.66 (m,
2H, —CHy), 1.38-1.43 (m, 4H, —(CH,)2-). *C NMR, & (ppm, DMSO-dg, 400 MHz):
166.9 (-COOH), 166.5 (-OC=0) 162.2 (aromatic C-O(CH,)s), 135.9 (H3C-C=C-),
131.2 (aromatic C ortho to -COOH), 125.4 (H3C-C=C-), 122.5 (aromatic C-COOH),
114.5 (aromatic C ortho to —O(CHy)g), 67.6 (-CH,0-), 64.1 (-Ar-OCH,-), 28.3, 27.9,

25.1, 25.0 (-CHy-), 17.9 (-CHb).

OH OH
KOH/KI
HO +  ClH{CHy)s-OH HO—CH,)—0
N EtOH 6

0
3
0
0]
3 * OH  p-toluenesulfonic acid _ R o

Toluene m)l\oﬁ‘(‘CHE )(___O

R ' 0
4:R=H
SZR:CH_]

Scheme 3.2 : Synthetic route of compound 3, 4 and 5.
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Svynthesis of 4-[(E)-N-(4-methoxyphenyl)carboximidoyllphenol (6)

In a 250 ml two-necked reaction flask equipped with a magnetic stirrer, a mixture
of p-hydroxybenzaldehyde (2.4 g, 0.02 mol) and distilled ethanol (100 ml) was refluxed
for 30 minutes. A solution of p-anisidine (2.5 g, 0.02 mmol) dissolved in methanol (20
ml) was then added through a dropping funnel attached to the reaction flask within 15
minutes. This was followed by the addition of 2-3 drops of glacial acetic acid.
Refluxing of the mixtures was allowed to continue for 2 hours with magnetic stirring.
After completion of the reaction, the solvent was removed by vacuum drying. The solid
obtained was redissolved in ethanol, and then water was added drop-wise to the solution
until crystals were formed. The resulting yellowish crystals were separated by simple
filtration and dried under vacuum at 50°C. The product yield of compound 6 was 80%.
Tm: 80°C.

'H NMR, & (ppm, DMSO-dg, 400 MHz): 10.03 (s, 1H, OH), 8.45 (1H, s, CH=N),
7.72-7.74 (d, 2H, Ar-H), 7.19-7.21 (d, 2H, Ar-H), 6.84-6.94 (dd, 4H, Ar-H), 2.49 (s,
3H, ~OCHj3). 3C NMR, & (ppm, DMSO-ds, 400 MHz): 160.2 (aromatic C-OH), 157.8
(CH=N), 157.3 (aromatic C-OCHj3), 144.6 (aromatic C-N=CH), 130.2 (aromatic C
ortho to —-CH=N-), 127.7 (aromatic C-CH=N), 122.0 (aromatic C ortho to -N=CH-),

115.5 (aromatic C ortho to C-OH), 114.3 (aromatic C ortho to —OCHj3), 55.2 (O—CHy3).

0 NOOCH3
H 0 H
6
0— > </
H
: o

M2: R=H
M3: R=CH;

R O
DCC, DMAP Ae~PO
4/5 + 6 ——"2 » 9]
CH,Cl,

Scheme 3.3 : Synthetic route of monomer M2 and monomer M3.
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Synthesis of 4-[(E)-N-(4-methoxyphenyl)carboximidoyl]phenyl 4-{[6-(prop-2-enoyloxy)

hexyl]oxy}benzoate (M2)

Compound 4 (1.46 g, 0.005mol) and compound 6 (1.14 g, 0.005mol) were
dissolved in minimal amounts of THF in a 250 ml Erlenmeyer conical flask. p-
dimethylaminopyridine  (DMAP)  (0.061 g, 0.0005 mol) and N,N'-
dicyclohexylcarbodiimide (DCC) (1.0 g, 0.005 mmol) dissolved in 80 ml of
dichloromethane was then poured into the flask and the solution mixture was allowed to
stir for 1 hour at 0°C. The mixture was stirred for another 24 hours at room temperature
before the reaction was stopped. The solvent was then removed under reduced pressure.
Ethanol and n-hexane mixture (1:1) was added to the dry residue. It was then kept at
0°C in a refrigerator for 12 hours to crystallize. To increase the purity, the product was
re-crystallized again in ethanol. The resulting yellowish crystals were separated by
simple filtration and dried under vacuum at 50°C. The product yield of M2 was 55%.

'H NMR, & (ppm, DMSO-dg, 400 MHz): 8.66 (s, 1H, CH=N), 8.00-8.09 (d, 4H,
Ar-H), 7.29-7.41 (d, 4H, Ar-H), 6.97-7.12 (d, 4H, Ar-H), 6.28-6.33 (d, 1H, CH,=CH),
6.13-6.20 (dd, 1H, CH), 5.91-5.93 (d, 1H, CH,=CH), 4.01-4.12 (q, 4H, ~OCH,-), 3.77
(s, 1H, ~OCHs), 1.73-1.77 (m, 2H, ~OCH,CH,-), 1.60-1.67 (m, 2H, —~CH,), 1.39-1.45
(m, 4H, —(CH.),-). 3C NMR, & (ppm, DMSO-ds, 400 MHz): 166.5, 164.0 (-OC=0)
163.7 (-CH=N), 158.5 (aromatic C-O(CH,)g), 156.8, (aromatic C—OCHs;), 153.3
(aromatic C-OC=0), 144.6 (aromatic C—N=CH), 134.4(aromatic C—CH=N), 132.0,
122.2 (aromatic C ortho to -COO-), 129.9 (HC=C-), 128.6 (H,C=C-), 129.4 (aromatic
C ortho to -N=CH-), 122.2 (aromatic C ortho to -CH=N-), 122.2 (aromatic C ortho to
—-C00-), 121.2 (aromatic C-COO-), 114.4 (aromatic C ortho to —OCHg), 114.2
(aromatic C ortho to C-O(CH,)s), 68.1 (-CH,0-), 63.9 (-OCH,-), 54.8 (-OCHpy),

28.3,27.9, 25.1, 25.0(-CH,-).
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Figure 3.2 : *H NMR spectra of monomer M2.

Synthesis of 4-[(E)-N-(4-methoxyphenyl)carboximidoyl]phenyl 4-({6-](2-methylprop-2-

enoyloxy]hexyl}oxy)benzoate (M3)

Compound 5 (1.5 g, 0.005mol) and compound 6 (1.14 g, 0.005mol) were dissolved
in minimal amounts of THF in a 250 ml Erlenmeyer conical flask. The rest of the
succeeding steps were identical to the ones described for the synthesis of monomer M2,
The product yield of monomer M3 was 60%.

'H NMR, & (ppm, DMSO-ds, 400 MHz): 8.72 (s, 1H, CH=N), 7.85-8.18 (d, 4H,
Ar-H), 7.32-7.56 (d, 4H, Ar-H), 6.99-7.21 (d, 4H, Ar-H), 6.07, 5.71 (s, 1H,
CH,=C(CHg3)-), 4.08-4.19 (q, 4H, —-OCH»-), 3.39 (s, 1H, —OCHj3), 1.89 (s, 3H,
CH,=C(CHs)-), 1.73-1.77 (m, 2H, —OCH,CH,-), 1.60-1.67 (m, 2H, —CH,), 1.39-1.45
(m, 4H, —(CH,)-). **C NMR, & (ppm, DMSO-dgs, 400 MHz): 166.5, 163.9 (-OC=0)
163.2 (CH=N), 157.9 (aromatic C-O(CHy)), 157.2 (aromatic C-OCHj), 152.7
(aromatic C-OC=0), 143.9 (aromatic C-N=CH), 135.9 (H3C-C=C-), 133.9 (aromatic
C—CH=N), 132.0 (aromatic C ortho to -COO-), 129.5 (aromatic C ortho to -N=CH-),

125.4 (H,C=C-), 122.4 (aromatic C ortho to —CH=N-), 122.3 (aromatic C ortho to
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CO00), 120.5 (aromatic C-COO0-), 114.6 (aromatic C ortho to —-OCHj3), 114.3 (aromatic
C ortho to C-O(CHy)s), 67.8 (-Ar—OCHy-), 64.1 (-CH,O- ), 55.2 (-OCH3), 28.3,

27.9, 25.1, 25.0 (-CH,-) 17.9 (—-CHb).
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Figure 3.3 : *H NMR spectra of monomer M3.

3.2.3. Synthesis of monomer M4 and M5

Synthesis of 2-methoxy-4-[(E)-N-(4-methoxyphenyl)carboximidoyl]phenol (7)

A mixture of vanillin (3.16 g, 0.02 mol) and distilled ethanol (100 ml) was refluxed
for 30 minutes in a two-necked reaction flask equipped with a magnetic stirrer. The rest
of the succeeding steps were identical to the ones described for the synthesis of
compound 6. The product yield of compound 7 was 80%. T,: 70°C

'H NMR, & (ppm, Acetone-ds, 400 MHz): 8.45 (s,1H, CH=N), 8.20 (s, 1H, OH),
7.60 (d, 1H, Ar—H), 7.33-7.35 (dd, 1H, Ar-H), 7.20-7.23 (dd, 2H, Ar-H), 6.91-6.96 (m,
3H, Ar—H), 3.98 (s, 3H, —~OCHs), 3.84 (s, 3H, —OCH3). *C NMR, & (ppm, CDCls, 400
MHz) 158.4 (CH=N), 158.0, 147.1 (aromatic C-OCHg3), 148.8 (aromatic C-OH), 145.2

(aromatic C-N=CH), 129.4 (aromatic C—-CH=N), 125.0, 108.4 (aromatic C ortho to —
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CH=N-), 122.1 (aromatic C ortho to -N=CH-), 114.4 (aromatic C ortho to —OCHs),

114.2 (aromatic C ortho to C-OH), 56.1, 55.5 (-OCH5).

O NOOCH3
HO + HZNOOCW — > HO 4
H -H,0 i

H5CO H,CO :

& o]
4/5+ 7 DCC, DMAP R OW04©—< H
CHxCl, 0 HsCO

M4 : R=H
M5 : R=CH,

Scheme 3.4 : Synthetic route of monomer M4 and monomer M5.

Synthesis of 2-methoxy-4-[(E)-N-(4-methoxyphenyl)carboximidoyl]phenyl 4-{[6-(prop-

2-enoyloxy)hexyl]oxytbenzoate (M4)

Compound 4 (1.46 g, 0.005 mol) and compound 7 (1.28 g, 0.005 mmol) were
dissolved in minimal amounts of THF in a 250 ml Erlenmeyer conical flask. The rest of
the succeeding steps were identical to the ones described for the synthesis of monomer
M2. The product yield of monomer M4 was 63%.

'H NMR, & (ppm, DMSO-ds, 400 MHz): 8.64 (s, 1H, CH=N), 8.04-8.06 (d, 2H,
Ar-H), 7.70 (s, 1H, Ar-H), 7.51-7.53 (d, 1H, Ar-H), 7.29-7.35 (g, 3H, Ar-H), 7.09-
7.11 (d, 2H, Ar-H), 6.97-6.99 (d, 2H, Ar-H), 6.29-6.33 (d, 1H, CH,=CH), 6.12-6.19
(dd, 1H, CH), 5.91-5.93 (d, 1H, CH,=CH), 4.01-4.12 (q, 4H, ~OCH,-), 3.83 (s, 1H, —
OCHs), 3.77 (s, 1H, —OCHs), 1.73-1.77 (m, 2H, —OCH,CH,-), 1.60-1.67 (m, 2H, —
CH,), 1.39-1.45 (m, 4H, —(CH,)-). *C NMR, & (ppm, DMSO-ds, 400 MHz): 166.5,
163.4 (-OC=0) 163.2 (CH=N), 157.9 (aromatic C-O(CH,)g), 157.5, 151.3 (aromatic
C-OCHj3), 143.9 (aromatic C-N=CH), 141.7 (aromatic -COC=0), 135.2 (aromatic C—
CH=N), 132.0, 123.4 (aromatic C ortho to -COO-), 131.2 (HC=C-), 128.3 (H,C=C-),

122.4 (aromatic C ortho to —-N=CH-), 121.9, 110.9 (aromatic C ortho to —CH=N-),
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120.3 (aromatic C—COO-), 114.6 (aromatic C ortho to —OCHj3), 114.4 (aromatic C
ortho to C-O(CHy)s), 67.8 (-CH,0-), 64.0 (-Ar-OCH,-), 55.8, 55.2 (-OCH3s), 28.3,

28.0, 25.1, 25.0 (-CH,-).
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Figure 3.4 : *H NMR spectra of monomer M4.

Svynthesis of 2-methoxy-4-[(E)-N-(4-methoxyphenyl)carboximidoyl]phenyl 4-({6-[(2-

methylprop-2-enoyloxylhexylloxy)benzoate (M5)

Compound 5 (1.5 g, 0.005 mol) and compound 7 (1.28 g, 0.005 mmol) were
dissolved in minimal amounts of THF in a 250 ml Erlenmeyer conical flask. The rest of
the succeeding steps were identical to the ones described for the synthesis of monomer
M2. The product yield of monomer M5 was 67%.

'H NMR, & (ppm, DMSO-ds, 400 MHz): 8.64 (s, 1H, CH=N), 8.04-8.06 (d, 2H,
Ar-H), 7.70 (s, 1H, Ar—H), 7.51-7.53 (d, 1H, Ar-H), 7.29-7.35 (g, 3H, Ar—H), 7.09-
7.11 (d, 2H, Ar-H), 6.97-6.99 (d, 2H, Ar—H), 6.00, 5.65 (s, 1H, CH,=C(CHs)-), 4.01-
411 (g, 4H, ~OCH,-), 3.83 (s, 3H, ~OCHs), 3.77 (s, 3H, ~OCHs), 1.86 (s, 3H,

CH,=C(CH3)-), 1.73-1.77 (m, 2H, ~OCH,CH,), 1.60-1.67 (m, 2H, ~CH,), 1.39-1.45
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(m, 4H, —(CH,)-). *C NMR, & (ppm, DMSO-dg, 400 MHz): 166.5, 163.4 (-OC=0)
163.2 (CH=N), 157.9 (aromatic C-O(CH)¢), 157.5, 151.3 (aromatic C-OCH3), 143.9
(aromatic C-N=CH), 141.7 (aromatic -C-OC=0), 135.9 (H3C-C=C-), 135.2 (aromatic
C-CH=N), 132.0, 123.4 (aromatic C ortho to —COO-) 125.4 (H,C=C-), 122.4
(aromatic C ortho to —-N=CH-), 121.9, 110.9 (aromatic C ortho to ~-CH=N-), 120.3
(aromatic C-COO-), 114.6 (aromatic C ortho to -OCHg3), 114.4 (aromatic C ortho to C—
O(CHy)e), 67.8 (-CH,0-), 64.1 (-Ar-OCH,-), 55.8, 55.2 (-OCHs), 28.3, 27.9, 25.1,

25.0 (-CH,-), 17.9 (-CHa).
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Figure 3.5 : *H NMR spectra of monomer M5.

H.0 in DMSO

3.2.4. Synthesis of monomer M6 and M7

Svnthesis of 4-[(E)-N-(4-phenoxyphenyl)carboximidoyllphenol (8)

A mixture of p-hydroxybenzaldehyde (2.4 g, 0.02 mol) and distilled ethanol (100
ml) was refluxed for 30 minutes in a two-necked reaction flask equipped with a
magnetic stirrer. A solution of p-phenoxyaniline (3.8 g, 0.02 mol) dissolved in methanol

(20 ml) was then added through a dropping funnel attached to the reaction flask within
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15 minutes. The rest of the succeeding steps were identical to the ones described for the
synthesis of compound 6. The product yield of compound 8 was 80%. Tr,: 80°C.

'H NMR, & (ppm, DMSO-ds, 400 MHz): 10.11 (s,1H, OH), 8.52 (s, 1H, CH=N),
7.74-7.76 (d, 2H, Ar-H), 7.36-7.43 (t, 2H, Ar-H), 7.24-7.26 (d, 2H, Ar-H), 7.09-7.11
(t, 1H, Ar-H), 6.99-7.03 (m, 4H, Ar-H), 6.86-6.88(d, 2H, Ar-H). *C NMR, & (ppm,
DMSO-dg, 400 MHz): 161.0 (aromatic C-OH), 159.9 (CH=N), 157.5, 154.8 (aromatic
C-O-Ar), 148.0 (aromatic C-N=CH), 131.1 (aromatic C ortho to —-CH=N-), 130.5,
123.8 (aromatic C), 128.0 (aromatic C-CH=N), 123.0 (aromatic C ortho to -N=CH-),

120.0, 118.8 (aromatic C ortho to C—O—Ar), 116.1 (aromatic C ortho to C—OH).
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Scheme 3.5 : Synthetic route of monomer M6 and monomer M7.

Synthesis of 4-[(E)-N-(4-phenoxyphenyl)carboximidoyl]phenyl 4-{[6-(prop-2-enoyloxy)

hexyl]oxy}benzoate (M6)

Compound 4 (1.46 g, 0.005 mol) and compound 8 (1.44 g, 0.005 mol) were
dissolved in minimal amounts of THF in a 250 ml Erlenmeyer conical flask. The rest of
the succeeding steps were identical to the ones described for the synthesis of monomer

M2. The product yield of monomer M6 was 55%.
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'H NMR, & (ppm, DMSO-ds, 400 MHz): 8.68 (s, 1H, CH=N), 7.99-8.09 (dd, 4H,
Ar-H), 7.39-7.43 (m, 4H, Ar-H), 7.34-7.37 (d, 2H, Ar—H), 7.14-7.17 (t, 1H, Ar-H),
7.11-7.12 (d, 2H, Ar-H), 7.05-7.08 (d, 2H, Ar—H), 7.03-7.05 (d, 2H, Ar-H), 6.29-6.33
(d, 1H, CH,=CH), 6.12-6.19 (dd, 1H, CH), 5.91-5.91 (d, 1H, CH,=CH), 4.06-4.11 (q,
4H, -OCHy-), 1.73-1.77 (m, 2H, ~OCH,CH,-), 1.60-1.67 (m, 2H, ~CH,), 1.39-1.45 (m,
4H, —(CH,)>-). *C NMR, & (ppm, DMSO-dg, 400 MHz): 166.0, 164.5 (-OC=0) 163.8
(CH=N), 159.4 (aromatic C-O(CHj)s), 157.4, 155.4 (aromatic C-O-Ar), 153.5
(aromatic —COOQ), 147.2 (aromatic C-N=CH), 134.3 (aromatic C-CH=N), 132.6
(aromatic C ortho to —COO-), 130.6 (aromatic C ortho to —-CH=N-), 130.3 (aromatic
C), 131.9 (HC=C-), 128.9 (H,C=C-), 123.9 (aromatic C), 123.3,(aromatic C ortho to —
COO0-), 123.0 (aromatic C ortho to -N=CH-), 121.0 (aromatic C-COO-), 119.9, 118.9
(aromatic C ortho to C-O—Ar), 115.2 (aromatic C ortho to C-O(CH)s), 68.4(—CH,0-),

64.5 (LAr—OCH,-), 28.8, 28.5, 25.6, 25.7(-CHy-).
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Figure 3.6 : *H NMR spectra of monomer M6.

Svnthesis of 4-[(E)-N-(4-phenoxyphenyl)carboximidoyl]phenyl 4-({6-[(2-methylprop-2-

enoyl)oxy]hexyl}oxy)benzoate (M7)

Compound 5 (1.5 g, 0.005 mol) and compound 8 (1.44 g, 0.005 mol) were
dissolved in minimal amounts of THF in a 250 ml Erlenmeyer conical flask. The rest of
the succeeding steps were identical to the ones described for the synthesis of monomer
M2. The product yield of monomer M7 was 60%.

'H NMR, § (ppm, DMSO-ds, 400 MHz): 8.68 (s, 1H, CH=N), 7.99-8.09 (dd, 4H,
Ar-H), 7.39-7.43 (m, 4H, Ar-H), 7.34-7.37 (d, 2H, Ar-H), 7.14-7.17 (t, 1H, Ar—H),
7.11-7.12 (d, 2H, Ar-H), 7.05-7.08 (d, 2H, Ar—H), 7.03-7.05 (d, 2H, Ar-H), 6.00 (s,
1H, CH,=C(CHs)-), 5.65 (s, 1H, CH,=C(CHj)-), 4.06-4.11 (g, 4H, ~OCH-), 1.86 (s,
3H, CH,=C(CHs)-), 1.73-1.77 (m, 2H, ~OCH,CH,-), 1.60-1.67 (m, 2H, —CHj), 1.39-
1.45 (m, 4H, —(CH,),-). *C NMR, & (ppm, DMSO-ds, 400 MHz): 167.1, 164.5

(-OC=0), 163.8 (CH=N), 159.4 (aromatic C-O(CH)s), 157.4, 155.4 (aromatic C-O-

65



Ar), 153.5 (aromatic —COOQ), 147.2 (aromatic C-N=CH), 136.5 (H;C-C=C-), 134.3
(aromatic C-CH=N), 132.6 (aromatic C ortho to —-COO-), 130.6 (aromatic C ortho to —
CH=N-), 126.0 (H,C=C-), 130.3, 123.9 (aromatic C), 123.3 (aromatic C ortho to —
COO0O-), 123.0 (aromatic C ortho to -N=CH-), 121.0 (aromatic C-COO-), 119.9, 118.9
(aromatic C ortho to C-O-Ar), 115.2 (aromatic C ortho to C-O(CH,)g), 68.4(-CH,0-),

64.7 (LAr-OCH,), 28.8, 28.5, 25.6, 25.7(-CH,-), 18.5 (-CHa).
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Figure 3.7 : *H NMR spectra of monomer M?7.

3.2.5. Synthesis of monomer M8 and M9

Synthesis of 2-methoxy-4-[(E)-N-(4-phenoxyphenyl)carboximidoyl]phenol (9)

A mixture of vanillin (3.16 g, 0.02 mol) and distilled ethanol (100 ml) was refluxed
for 30 minutes in a two-necked reaction flask equipped with a magnetic stirrer. The rest
of the succeeding steps were identical to the ones described for the synthesis of

compound 8. The product yield of compound 9 was 80%. T,: 80°C.

66



'H NMR, & (ppm, Acetone-ds, 400 MHz): 9.72 (s,1H, OH), 8.42 (s, 1H, CH=N),
7.5 (d,1H, Ar-H), 7.36-7.40 (t, 2H, Ar-H), 7.29-7.32 (dd, 1H, Ar-H), 7.24-7.26 (d, 2H,
Ar-H), 7.12-7.14 (t, 1H, Ar-H), 6.99-7.03 (m, 4H, Ar-H), 6.86-6.88(d, 2H, Ar—H), 3.83
(s, 3H, ~OCHs). °C NMR, & (ppm, DMSO-dg, 400 MHz): 159.4 (CH=N), 157.6, 155.2
(aromatic C-O-Ar), 149.0 (aromatic C-OH), 147.6 (aromatic C-OCHgj), 147.2
(aromatic C—N=CH), 129.2 (aromatic C—-CH=N), 129.8, 123.2 (aromatic C), 125.2
(aromatic C-CH=N), 122.3 (aromatic C ortho to -N=CH-), 119.8, 118.6 (aromatic C
ortho to C-O-Ar), 114.3 (aromatic C ortho to C-OH), 108.4 (aromatic C ortho to

_CH=N-), 56.1 (-OCHb).

0 NH, H
HO </ > < + — > OH
H @\ /©/—HZO \ : :
(@] N (e}
H,CO H,CO
9

0 0 \

4/5 + 9 DCC, DMAP R /\/\/VO‘@_< N
CHaCl, 0 0 HsCO \©\ /@

(0]

M8 : R=H
M9 : R=CH;

Scheme 3.6 : Synthetic route of monomer M8 and monomer M9.

Synthesis of 2-methoxy-4-[(E)-N-(4-phenoxyphenyl)carboximidoyl]phenyl 4-{[6-(prop-

2-enoyloxy) hexyl]oxylbenzoate (M8)

Compound 4 (1.46 g, 0.005 mol) and compound 9 (1.6 g, 0.005 mol) were
dissolved in minimal amounts of THF in a 250 ml Erlenmeyer conical flask. The rest of
the succeeding steps were identical to the ones described for the synthesis of monomer

M2. The product yield of monomer M8 was 58%.
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'H NMR, & (ppm, DMSO-ds, 400 MHz): 8.66 (s, 1H, CH=N), 8.04-8.06 (d, 2H,
Ar-H), 7.72 (s, 1H, Ar—H), 7.53-7.55 (dd, 1H, Ar—H), 7.40-7.43 (g, 2H, Ar-H), 7.33-
7.38 (g, 3H, Ar-H), 7.14-7.17 (t, 1H, Ar-H), 7.11-7.12 (d, 2H, Ar-H), 7.05-7.08 (d, 2H,
Ar-H), 7.03-7.05 (d, 2H, Ar-H), 6.29-6.33 (d, 1H, CH,=CH), 6.12-6.19 (dd, 1H, CH),
5.91-5.92 (d, 1H, CH,=CH), 4.08-4.12 (g, 4H, -OCH,-), 3.8 (s, 3H, ~OCHj), 1.73-1.77
(m, 2H, —~OCH,CH,-), 1.60-1.67 (m, 2H, —CH,), 1.39-1.45 (m, 4H, —(CH,)-).
B3C NMR, & (ppm, DMSO-ds, 400 MHz): 166.5, 163.4 (-OC=0) 163.2 (CH=N), 159.1
(aromatic C-O(CHy)g), 156.7, 154.9 (aromatic C—O-Ar), 151.3 (aromatic C—OCHy),
146.6 (aromatic C—N=CH), 142.0 (aromatic C-OCO-), 135.0 (aromatic C—-CH=N),
132.0 (aromatic C ortho to —-CH=N-), 130.0 (aromatic C ortho to —-COO-), 131.3
(HC=C-), 128.3 (H,C=C-), 123.4 (aromatic C ortho to —OCQO), 122.7, 122.2 (aromatic
C), 120.3 (aromatic C—-COO0-), 119.3 (aromatic C ortho to -N=CH-), 118.4 (aromatic C
ortho to C-O-Ar), 114.7 (aromatic C ortho to C-O(CH)s), 111.1 (aromatic C ortho to
—~OCHj3), 67.8 (-Ar-OCH,-), 64.0 (-CH,0-), 55.8 (-OCHjs), 28.3, 28.0, 25.1, 25.0

(—CHy-).
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Figure 3.8 : *H NMR spectra of monomer M8.

Svynthesis of 2-methoxy-4-[(E)-N-(4-phenoxyphenyl)carboximidoyl]phenyl 4-({6-[(2-

methylprop-2-enoyloxy]hexylloxy)benzoate (M9)

Compound 5 (1.5 g, 0.005 mol) and compound 9 (1.6 g, 0.005 mol) were dissolved
in minimal amounts of THF in a 250 ml Erlenmeyer conical flask. The rest of the
succeeding steps were identical to the ones described for the synthesis of monomer M2,
The product yield of monomer M9 was 72%.

'H NMR, & (ppm, DMSO-ds, 400 MHz): 8.66 (s, 1H, CH=N), 8.04-8.06 (d, 2H,
Ar-H), 7.72 (s, 1H, Ar-H), 7.53-7.55 (dd, 1H, Ar-H), 7.40-7.43 (q, 2H, Ar-H), 7.33-
7.38 (g, 3H, Ar-H), 7.14-7.17 (t, 1H, Ar-H), 7.11-7.12 (d, 2H, Ar-H), 7.05-7.08 (d, 2H,
Ar-H), 7.03-7.05 (d, 2H, Ar-H), 6.00 (s, 1H, CH,=C(CHs)-), 5.65 (s, 1H, CH,=C(CHs)
-), 4.06-4.11 (g, 4H, ~OCH,-), 3.8 (s, 3H, ~OCHj3), 1.86 (s, 3H, CH,=C(CHs)-), 1.73-
1.77 (m, 2H, ~OCH,CH,-), 1.60-1.67 (m, 2H, —CH,), 1.39-1.45 (m, 4H, —(CH,),-). **C

NMR, & (ppm, DMSO-ds, 400 MHz): 166.5, 163.4 (-OC=0) 163.2 (CH=N), 159.1
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(aromatic C—O(CHy)g), 156.7, 154.9 (aromatic C—O-Ar), 151.3 (aromatic C—OCHy),
146.6 (aromatic C-N=CH), 142.0 (aromatic C-OCO-), 135.9 (H3C-C=C-), 135.0
(aromatic C-CH=N), 132.0 (aromatic C ortho to -CH=N-), 130.0 (aromatic C ortho to
-C00-), 125.4 (H,C=C-), (aromatic C ortho to —OCO), 122.7, 122.2 (aromatic C),
120.3 (aromatic C—-COO-), 119.3 (aromatic C ortho to -N=CH-), 118.4 (aromatic C
ortho to C-O-Ar), 114.6 (aromatic C ortho to C-O(CH,)g), 111.1 (aromatic C ortho to —
OCHs), 67.8 (-Ar-OCH,-), 64.1 (-CH,0- ), 55.8 (-OCHs), 28.3, 27.9, 25.1, 25.0 (-

CHy-), 18.5 (-CHs).
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Figure 3.9 : "H NMR spectra of monomer M9.
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3.3. Synthesis of SCLCPs
3.3.1. Synthesis of polymers HP1M1 to HP3M1 by ATRP

Polymers (HP1M1 — HP3M1) were synthesized by living ATRP using ethyl 2-
bromoisobutyrate (EBriB), CuBr and N,N,N',N',N"-pentamethyldiethylenetriamine

(PMDETA) as an initiator, catalyst and ligand respectively.

Polymer HP1M1

In a 50 ml three-necked reaction flask equipped with a magnetic stirrer, CuBr
(0.0068 g, 0.05 mmol), and monomer M1 (0.5 g, 1.3 mmol) were added. The flask was
then sealed with a rubber septum, degassed and back-filled with nitrogen gas three
times. 2 ml deoxygenated anisole was added via syringe, followed by deoxygenated
PMDETA (0.0110 g, 0.064 mmol). The solution turned light green as the
CuBr/PMDETA complex was formed. After the majority of the metal complex had
formed, ethyl 2-bromoisobutyrate (EBriB) (0.0062 g, 0.032 mmol) was added to the
reaction flask. When the reaction is ready to be started, the reaction vessel was
immersed in the preheated silicone oil bath. Once the stable target temperature of 90°C
has been achieved, the starting time of the polymerization reaction was taken to be from
this point onwards. The polymerization was carried out for 7 hours.

After the reaction was stopped, the entire reaction solution was passed through a
neutral Al,O3 column with THF as an eluent to remove the catalyst, CuBr. The product
was concentrated under reduced pressure. The concentrated product was dissolved in
minimal amounts of THF (about 1 ml) in a small vial and was added dropwise into a
250 ml beaker containing 5 to 10 fold excess of methanol (the non-solvent) and
magnetically and stirred for 30 minutes. Then, the polymer was filtered and re-dissolved
in minimal amount of THF. This polymer solution was re-precipitated in the same 250

ml beaker containing 10 to 20 fold excess of a fresh batch of non-solvent by drop-wise

71



addition under vigorous stirring conditions. This was repeated until the polymer
contained no trace of monomer and dried overnight at 40°C under vacuum. The product

yield of polymer HP1M1 was 30%.

Polymer HP2M1

Polymer HP2M1 was synthesized according to the procedure described for
polymer HP1ML1 except for the amount of catalyst, CuBr (0.0053 g, 0.037 mmol),
ligand, PMDETA (0.0081 g, 0.046 mmol) and initiator, EBriB (0.0041 g, 0.0211

mmol). The product yield of polymer HP2M1 was 35%.

Polymer HP3M1

Polymer HP3M1 was synthesized according to the procedure described for
polymer HP1M1 except for the amount of catalyst, CuBr (0.0040 g, 0.028 mmol),
ligand, PMDETA (0.0055 g, 0.031) and initiator, EBriB (0.0031 g, 0.0159 mmol). The

product yield of polymer HP2M1 was 28%.

3.3.2.  Synthesis of HP1M2 to HP2M9 by radical polymerization

Polymers HP1M2 to HP2M9 were synthesized by conventional solution radical
polymerization using benzoyl peroxide (BPO) as an initiator. The amounts of
monomers, initiator and solvent used in this polymerization are listed in Table 3.1. A
silicone oil bath was preheated to 90°C and the materials (monomers and initiator) were
weighted. Predetermined amounts of monomers, initiator and dry DMF (refer to Table
3.1) were charged into the Schlenk polymerization tube and sealed with rubber septum.
The polymerization tube containing all the reactants and magnetic stirrer was connected
to a silicone oil trap bubbler to ensure no outside air re-enters the system during N,

purge. The solution of monomers and solvent will be N, purged for at least 30 minutes
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before the reaction started. The polymerization tube was held suspended mid-air from
the preheated silicone oil at a distance far enough to avoid heating in the polymerization
tube. When the reaction is ready to be started, the reaction vessel was immersed in the
preheated silicone oil bath. Once the stable target temperature of 90°C has been
achieved, the starting time of the polymerization reaction was taken to be from this
point onwards. The N, purged was stopped after 2 hours of the reaction and

polymerization tube was sealed.

Table 3.1: Amounts of reactants used in the radical polymerization experiments

Monomer Polymer Monomer (g) BPO (9) DMF (ml)
M2 HP1M2 0.5 0.30 35
HP2M2 0.5 0.03 2.5
M3 HP1M3 0.5 0.30 35
HP2M3 0.5 0.03 2.5
M5 HP1M5 0.5 0.30 35
M6 HP1M6 0.5 0.30 35
HP2M6 0.5 0.03 2.5
M7 HP1M7 0.5 0.30 35
HP2M7 0.5 0.03 2.5
M8 HP1MS8 0.5 0.30 35
M9 HP1M9 0.5 0.30 35
HP2M9 0.5 0.03 2.5

After completion of the reaction, the entire reaction solution was poured out into a
250 ml beaker containing 5 to 10 fold excess of methanol (the non-solvent) including
the magnetic stirrer and stirred for 30 minutes. Then, the polymer was filtered and re-
dissolved in minimal amounts of THF (about 1 ml) in a small vial. This polymer
solution was re-precipitated in the same 250 ml beaker containing 10 to 20 fold excess
of a fresh batch of non-solvent by drop wise addition under vigorous stirring conditions.
This was repeated until the polymer contained no trace of monomer and dried overnight
at 40°C under vacuum. The general synthetic route for the polymerization is shown in

Scheme 3.7.
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Scheme 3.7: General synthetic route for polymerization.
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3.4. Characterization methods and instrumentation
3.4.1. Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR is a powerful and non-destructive technique for determination of molecular
structure [138]. *H NMR and *C NMR measurements were performed with JEOL
JNM-LA 400 MHz spectrometer, JEOL ECA 400 MHz spectrometer and Bruker AVN
600 MHz. All compounds were dissolved in an appropriate deuterated solvent to give a
viscous solution in an NMR tube and concentrations were maintained at 2.5% (w/v) and
15% (w/v) for the *H NMR and **C NMR analyses respectively. The chloroform peaks
for the *H NMR and *C NMR were set at 7.26 ppm and 77.0 ppm respectively. The
dimethyl sulfoxide (DMSO) peaks were set at 3.34 ppm and 2.4 ppm for *H NMR and

40.6 ppm for *C NMR.

3.4.2. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra were recorded with a Spotlight 400 PerkinElmer spectrometer
with 16 scans using attenuated total reflectance (ATR) method. The wavelength was
recorded from region 650 to 4000 cm™ at room temperature. Polymer samples were
placed over the ATR crystal and maximum pressure was applied using the slip-clutch
mechanism. All of the data processing was done using the instrument’s built in

Spectrum v6.3.1.0132 software.
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3.4.3. Differential Scanning Calorimetry (DSC)

Thermal transition temperature of the synthesized monomers and polymers were
obtained using a PerkinElmer Hyper DSC instrument. The DSC analysis procedure used
consisted of first heating from 30°C to 250°C, then cooling it to 30°C at a rate 10°C
min™, and holding for 1 minute before cooling and next heating cycle to erase any
previous thermal history. Accurately known sample weights of about 3 to 4 mg were
used for all the experiments. The instrument was calibrated with standard sample of
indium and all of the data collected were analyzed by Pyris v9.1.0.0203 software. The
results of the second heating scan have been reported throughout to ensure that all of the

samples had equivalent thermal histories.

3.4.4. Polarized Optical Microscopy (POM)

The thermotropic liquid crystalline behavior was characterized by using a Mettler
Toledo FP82HT hot stage and viewed with an Olympus BX51 microscope fitted with
crossed polarizing filters. The microscope was connected to an Olympus camera for
image capture, with magnification factors of 10 and 20. A small amount of the sample
was placed on a glass slide and covered with a cover slip. The material was heated until
it reached isotropic temperature and the mesophase image formed was taken upon slow

cooling at the rate of 1°C min™ for better texture.

3.4.5. Small Angle X-ray Scattering (SAXS)

Small angle X-ray scattering (SAXS) experiments were performed with Nano-
Viewer equipped with a CCD camera (Rigaku Corp. Japan). The X-ray experiment was
performed by using the Cu K, radiation beam (A = 1.541 A) which was converged and
monochromatized by a Confocal Max Flax (CMF) mirror. X-ray generator was a

Rigaku Micro7 rotating anode generator (40 kV, 30 mA). The diameter of the X-ray
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beam controlled by a 3-slit optical system was set to 250 um. The pellet sample was
wrapped with aluminium foil and placed to the instrument. The temperature of a pellet
sample was controlled with a hot stage (Mettler Toledo Inc. Switzerland) with accuracy

of +0.1°C.

3.4.6. Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) was performed on a PANalytical Empyrean,
using the Ni-filtered Cu-Koa radiation. A HTK 16N temperature chamber (with nitrogen
inert atmosphere) and a TCU 2000N temperature controller unit (Anton Paar) were
used. A very fine sample powder was covered on a platinum plate in the chamber and
the diffraction patterns were recorded during the first heating process at definite

temperatures with a rate of 10°C/min.

3.4.7. Gel Permeation Chromatography (GPC)

Molecular weight determinations were performed using a gel permeation
chromatography (GPC) instrument (Waters 2414 refractive index detector coupled with
a Waters 717 plus Autosampler and Waters 600 Controller) with polystyrene standards
as reference and tetrahydrofuran (THF) as the eluent at flow rate of 1 ml per minute. A
weight of 5 to 10 mg of the polymer sample was dissolved in 5 mL of tetrahydrofuran.
The samples were filtered through a Waters GHP Acrodisc® that has a minispike
diameter of 13 mm and a pore size of 0.45 um (to protect the chromatography
instrument from undissolved particulates) into a sample vial of about 1 ml capacity. The
total run time for each sample was set to 55 minutes and the injection volume was 100
ul for each vial. All of the data processing was done using the instrument’s built in

Empower v2.0 software.
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3.4.8. Thermogravimetric Analysis (TGA)

Thermal data were obtained using a PerkinElmer Pyris-Diamond TG/DTA thermo-
balance. Thermogravimetric analysis was performed in N, at a heating rate of 20°C
min™ from 50°C to 900°C with a digital resolution of 2550 points. Sample weights of
about 5 mg were used for all the experiments. All of the data processing was done using

the instrument’s built in Pyris v9.1.0.0203 software.

3.4.9. UV-Visible (UV-Vis) and Photoluminescence Spectrometry

UV-vis absorption spectra were recorded with a Cary 60 UV-Vis
spectrophotometer. The polymer solution (1x10° M) in THF was prepared and fresh
THF was used as a blank. The solution was placed into 4 sided clear quartz cuvette and
the sample was measured from 200 nm to 500 nm with medium scan rate. The
photoluminescence emission spectra were obtained on a Cary Eclipse

spectrophotometer and the sample was measured from 200 nm to 600 nm.

3.4.10. Electrochemical measurements

The electrochemical measurements were carried out using a potentiostat /
galvanostat (AUTOLAB/PGSTAT 302N) which was run by General Purpose
Electrochemical System software (GPES) installed in computer. Ag/AgCl, platinum
wire, and platinum coil served as reference electrode, counter electrode and working
electrode, respectively. All the measurements were performed at room temperature in
the potential range from -1.0 V to +2.0 V with a scan rate of 50 mV s and 0.1 M
tetrabutylammonium perchlorate (BusN(CIO,)) was used as supporting electrolyte in
chloroform. The potentials were measured against Ag/AgCl reference electrode and

ferrocene was used as the internal standard.
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3.4.11. Rheological measurements

The rheological behavior of the polymers was investigated using a Rheometer
Physica MCR301 with 15 mm parallel plates. Prior to any test the zero-gap between the
parallel plates was calibrated at 5°C above their clearing temperature. In the
measurements, the sample was placed between preheated fixtures and 15 min were
allowed to reach thermal equilibrium, before the gap was set to 0.2 mm. For
temperature changes, the control system needed about 5 min to reach a target
equilibrium temperature with an error of 1~2°C. For dynamic oscillatory shearing the
linear viscoelastic region of 1% strain was first obtained by strain sweep tests and no

pre-shear was applied.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. LC monomers
Table 4.1 shows the LC monomers that have successfully synthesized.

Table 4.1 : Synthesized LC monomers

Molecular structure Monomer | Yield (%)

(0]
Q M1 35
0]

M2 55

NIV v A e

M2:R=H . M3 60

M 3 :R=CH;
N@OCH3 M4 63
74

M 4:R=H M5 67
M 5: R=CH;

H
o M6 55

R 9 o \

j\)LO/\/\/\/ S N\Q\ /@
o]

: M7 60

M 7 . R:CH3
" M8 58

M 8:R=H M9 72
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Monomer M1 has been designed with the ester functionality as the central linkage.
The acid-catalyzed esterification reaction has been used to connect the naphthalene ring
and the phenolic compound to form a rigid mesogen for the liquid crystal monomer as

shown in Figure 4.1.

Mesogen

|
O
W]/KO/\/WO OQ o—| X
/ o)

Acid-catalyzed esterification reaction

X= HOOOM , HOOCEN 5 HOO‘OCHB
M1

Figure 4.1 : Reaction involved in the preparation of monomer M1.

Acid-catalyzed esterification reaction

In the acid-catalyzed esterification reaction, mineral acids such as H,SO,4, HCI or
HI have been used to catalyze the esterification reaction. However, the esterification of
phenols with both aliphatic and aromatic carboxylic acids is difficult to achieve under
normal condition. Thus, a combination of H3BO3; and H,SO, can be used to catalyze the
esterification reaction [139]. The catalysts essentially promote the protonation of the
carbonyl oxygen on the carboxylic group, thereby activating nucleophilic attack by an
alcohol to form a tetrahedral intermediate. Disproportionation of this intermediate

complex ultimately yields the ester [140] as illustrated in Figure 4.2.
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Figure 4.2 : Reaction mechanism of acid-catalyzed esterification reaction. Adopted from
[140].

The reaction activity can be affected by the produced water. In the presence of
water, the esterification kinetics will be low due to the reverse hydrolysis [141]. In order
to minimize reverse hydrolysis, Dean-Stark trap was used to collect the produced water
during the esterification reaction. However, the yield of ester (M1) obtained from this
reaction was only 35%.

Attempts to vary the terminal unit, X on the naphthalene based monomer by
replacing p-butoxyphenol group with p-cyanophenol and p-methoxyphenol (Figure 4.1)
have been carried out using the same procedure, however no product was obtained. The
effort of varying the terminal unit is to study the effect of electron withdrawing (cyano
and methoxy) and electron donating (butoxy) group on mesomorphic behavior on the
naphthalene based monomer and polymer. Due to failure to synthesize the target
monomers, different types of monomers and polymers containing Schiff base ester in
the mesogen have been synthesized to study their properties.

Monomers M2 to M9, containing Schiff base and ester functionality as the central
linkages has successfully synthesized. Two major reactions were involved in the
formation of Schiff base and ester linkages (Figure 4.3). The condensation reaction
between primary amine and aldehyde produced Schiff base linkage of the two aromatic

rings. Meanwhile, the Steglich esterification reaction has been used to connect the
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phenolic compound containing Schiff base linkage with synthesized benzoic acid

namely as compound 4 and 5 (see section 3.2.2).

Muogcn

OOCHS
/\/\/\/o ;
O : : g

/ i /)

schm base
Steglich esterification reaction
M2/M3/M4/M5 Q
O

R O
YLO/\N\/ ;

M6/M7/M8/M9 R=H,orCH,

Figure 4.3 : Reaction involved in the preparation of monomers, M2 to M9.

Schiff base formation

Schiff base is formed from nucleophilic addition reaction of an amine group with
the carbonyl group of an aldehyde or ketone with acid catalyst to eliminate water. A
weak acid (acetic acid) was used to catalyze the reaction. Mechanistically, the formation
of Schiff base is shown in Figure 4.4. The amine nitrogen act as nucleophile and attack
the electrophilic carbonyl carbon. Then, the nitrogen is deprotonated and the electrons
from this N-H bond push the oxygen off the carbon forming the C=N bond and

displaced a water molecule [142].

R H R R
,,/-_\\-Czo § — R—r!l—(l—/o;\t — R—N=C * 1O
R—NH, . | | H -
H R
e
‘B

Figure 4.4: Reaction mechanism of Schiff base formation. Redrawn from [142].
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Steglich esterification reaction

The ester linkage in the formation of Schiff base ester mesogen has been developed
by Steglich esterification reaction by using N,N'-dicyclohexylcarbodiimide (DCC) as a
coupling reagent and 4-dimethylaminopyridine (DMAP) as a catalyst. The reaction

mechanism of the esterification is described in Figure 4.5.

M I\IAe
e
N. /_\ A N
| o] M /O LN
0 /-.'N P~ O N \)
R)J\oé R/U\o)zlu:l
< HN : R.\o@ HN’Q: HN; =
N
R‘JJ\O/KN - - jo)*N - >=O + RJ\O,R
@) HN

Where,
R =Compound 4 or5
R' = Compound 6/7/8/9

Figure 4.5 : Reaction mechanism of Steglich esterification by DCC. Adopted from
[143].

DCC and the carboxylic acid (compound 4 or 5) are able to form an O-acylisourea
intermediate which is more reactive than the free acid. Then the phenol with Schiff base
linkage attacks this intermediate forming the ester and N,N’-dicyclohexyurea (DHU) as
the by-product. However, there is limitation with the use of DCC, that is the yield
maybe variable and the N-acylureas produced are side-products which are unable to
further react with the phenol. In order to suppress this reaction, DMAP is added to act

as an acyl transfer reagent as shown in Figure 4.6.

83



T oo £

é fCH:l N (N = (34
EQe e oty |
L/Tq; \Rf\__// . \CHa -DCU \l d [ -[fn::_\? O)\O’R
DMAP No NQ
HsC” ~CHy HiC”  CHa

Where,
R =Compound 4 or 5
R'= Compound 6/7/8/9

Figure 4.6 : Function of DMAP in the esterification reaction. Adopted from [143].

In this step, DMAP acts as a nucleophilic catalyst while the dimethylamino group
acts as an electron donor substituent which increases both nucleophilicity and basicity
of the pyridine nitrogen which then reacts with the O-acylisourea leading to a reactive
amide (active ester). This intermediate cannot form intra-molecular side products but
reacts rapidly with alcohols and gives the ester [144]. The yields of esters obtained from

this reaction were almost 60% for all monomers.

4.2. SCLCPs

Table 4.2 shows the yields of SCLCPs synthesized by living ATRP using ethyl 2-
bromoisobutyrate (EBriB), CuBr and N,N,N',N',N"-pentamethyldiethylenetriamine
(PMDETA) as an initiator, catalyst and ligand respectively. The polymerization was
carried out at 90°C for several hours in anisole solution to control the polydispersity and
yield of the polymers. As shown in Table 4.2, the polymerization of polymers PX1,
PX2 and PX3 did not give any yields as conducted for 3-4 hours reaction time.
However, when the duration of the polymerization was extended to 7 hours, the yields
of the polymers HP1M1, HP2M1 and HP3M1 were found to be around 28% to 35%.
As the duration of polymerization was extended from 10 to 24 hours, the yields of the
polymers PX4-PX8 were decreased from 15% to 5%. According to Angiolini et al.

[145], the yields and number average molecular weight of the polymers have a strong
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dependence on the reaction time. The molecular weight of polymers PX4-PX8 could

not be measured due to small amount of polymers obtained.

Table 4.2 : SCLCPs synthesized by ATRP

Polymer Monomer CuBr | PMDETA | EBriB | Anisole R_eaction Yield
(9) (9) (9) (9) (ml) | time(h) | (%)
PX1 0.5 0.0068 0.0110 0.0062 2 3 -
PX2 0.5 0.0053 0.0081 0.0041 2 3 -
PX3 0.5 0.0040 0.0055 0.0031 2 4 -
HP1M1 0.5 0.0068 0.0110 0.0062 2 7 30
HP2M1 0.5 0.0053 0.0081 0.0041 2 7 35
HP3M1 0.5 0.0040 0.0055 0.0031 2 7 28
PX4 0.5 0.0065 0.0112 0.0065 2 10 15
PX5 0.5 0.0055 0.0083 0.0045 2 12 12
PX6 0.5 0.0041 0.0050 0.0032 2 12 10
PX7 0.5 0.0066 0.0107 0.0060 2 24 7
PX8 0.5 0.0053 0.0081 0.0041 2 24 5

However, other monomers (M2 to M9) cannot be polymerized by ATRP technique.

This is because ATRP does not work for monomers containing Schiff base group in

their mesogen. Schiff base group is known as a multidentate nitrogen donor ligand

[146] which easily form a metal complex with metal catalyst and produced side

reactions. Hence, conventional radical chain polymerization was used to polymerize

these monomers.

The polymerization was carried out in DMF solvent by using BPO as an initiator. A

solvent was used in the polymerization because it acts as diluents and aids in the

transfer of the heat of polymerization. It also allows easier stirring and thermally

controllable compared to bulk polymerization [26]. Table 4.3 shows the yields of

SCLCPs synthesized by radical chain polymerization.
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Table 4.3 : SCLCPs synthesized by radical chain polymerization

Polymer Monomer (g) BPO (g) DMF (ml) E?gtéﬁ;] Yield (%)
HP1M2 0.5 0.30 35 3 35
HP2M2 0.5 0.03 25 24 25
HP1M3 0.5 0.30 35 3 30
HP2M3 0.5 0.03 25 24 23
HP1M5 0.5 0.30 35 3 33
HP1M6 0.5 0.30 35 3 22
HP2M6 0.5 0.03 25 24 31
HP1M7 0.5 0.30 35 3 24
HP2M7 0.5 0.03 25 24 30
HP1MS8 0.5 0.30 35 3 31
HP1M9 0.5 0.30 35 3 29
HP2M9 0.5 0.03 2.5 24 27

In this radical chain polymerization, different amounts of initiator have been used
in order to get the polymers with high molecular weights. Polymers with HP1 code
were synthesized using 10 wt % of BPO for 3 hours reaction to prevent the polymer
from gelling up with large amount of initiator. In addition, 3 hours reaction time has
been chosen to control the polydispersity of the polymer since a very broad
polydispersity may reduce the properties of the polymers. From the experiment, almost
all monomers were successfully polymerized with large amount of initiator.

The polymers with HP2 code were synthesized by using 5 wt % of BPO for 24
hours reaction to produce polymer with narrower polydispersity as summarized in Table
4.4. Monomer M5 and monomer M8 cannot be polymerized with this amount of
initiator, this may be due to initiator efficiency produced in the homolysis reaction is not

enough to initiate the polymer chains [26].
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Molecular weight

Molecular weight distribution is one of the important characteristic of polymer
because it affects polymer properties. Figure 4.7 shows the chromatogram for the
synthesized polymer HPIM®6 that has an approximately molecular weight distribution

which is typically similar for all synthesized polymer samples.
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Figure 4.7 : GPC chromatograms of polymer HP1M®.

The GPC program gives a lot of information from the chromatograms: M,, the
number average molecular weight; M,,, the weight average molecular weight; M,, the Z
average molecular weight; and M,44, the Z + 1 average molecular weight. The M, is
probably the most useful as it fairly accounts for the contributions of different sized
chains to the overall behavior of the polymer and correlates best with most of the
physical properties of interest. The polydispersity index (PDI) of the polymer system is
a measure of width of the molecular weight distribution for a polymer which is the
Mw/M, ratio of the two averages. A PDI value that is close to 1 implies a narrow
distribution of molecular weights i.e., most of the molecules are of the same weight
whereas a larger PDI value could arise from an unsymmetrical distribution such as
small amounts of unreacted monomers and short polymer chains in the presence where

the majority population are longer polymer chains.
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Table 4.4 : GPC results of synthesized side chain liquid crystalline polymers

Polymer Pogg}::;jteion M, M PDI
HP1M1 ATRP 9,000 10,500 1.17
HP2M1 ATRP 8,800 10,100 1.16
HP3M1 ATRP 11,000 12,800 1.16
HP1M2 RCP 10,800 22,400 2.08
HP2M2 RCP 9,800 17,700 1.80
HP1M3 RCP 38,900 70,200 1.81
HP2M3 RCP 17,000 50,000 1.80
HP1M5 RCP 22,800 63,700 2.80
HP1M6 RCP 26,500 53,200 2.00
HP2M6 RCP 17,500 28,600 1.62
HP1M7 RCP 47,300 122,500 2.59
HP2M7 RCP 45,100 84,900 1.88
HP1M8 RCP 20,500 43,900 2.13
HP1M9 RCP 46,000 103,200 2.24
HP2M9 RCP 46,400 85,800 1.84

* ATRP = Atom transfer radical polymerization
RCP = Radical chain polymerization

The M, and M,, for all the synthesized SCLCPs determined by GPC as presented in
Table 4.4 show that the PDI for the polymers synthesized by ATRP have a value close
to 1. In ATRP, the radical is intermittently masked as a dormant species. The
propagating radical is formed when the initiator (alkyl halide) interacts with an activator
(a low oxidation state transition metal complex). The radical is quickly deactivated by a
higher oxidation state transition metal complex and the dormant chain is created. All
polymer chains grow at the same pace therefore well-defined molecular weight
polymers with a narrow polydispersities can be achieved [39].

The PDI values for the polymers synthesized by radical chain polymerization have
a value more than 2.0. This result indicates that the radical chain polymerization was

terminated by disproportionation rather than combination as discuss earlier in Chapter 1
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(section 1.6.1). Radical chain polymerization has fast, irreversible termination of the
growing radicals through coupling and disproportionation reactions which precludes the
synthesis of well-defined polymers with low polydispersities and complex architectures
[147]. Generally, high molecular weight polymer forms very early in the reaction and in
the most cases throughout the entire polymerization.

However, chains that are produced early in the reaction will have a different degree
of polymerization (DP) compared to those which produced later in the reaction. This is
due to the variations in reactant concentrations and rate constants. Hence, the molecular
weight distribution of the final polymer will contain a wide range of DPs [35]. The
radical chain ends also react with each other to terminate chains with either saturated
alkane or sterically hindered alkene. This results in further transformation of the chain

ends into other types of chemical groups or extension with other monomers [30].

4.3. Structural determination
43.1. 'H NMR spectra

The chemical structures of all the synthesized monomers and polymers were
characterized by *H NMR spectroscopy.

Figure 4.8(a) shows the 'H NMR spectrum of monomer M1 together with its
molecular structure. The most de-shielded signals at chemical shift of 6 6.85-8.61 ppm
are due to the protons on naphthalene and benzene ring (5, 6, 7, 8, 9, 10). The protons
on an aromatic system are de-shielded due to the large anisotropic field which is
generated by the circulation of the 7 electrons in the aromatic rings.

Two singlet signals at 6 5.46 and 6.03 ppm are attributed to the vinylic protons (13
and 14) of methacrylate backbone while the allylic protons on the methyl group (15)

resonate at 1.87 ppm. These vinylic and allylic protons are de-shielded due to the
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anisotropic field of the & electrons in the double bond. The effect is smaller for the
allylic hydrogens because they are more distant from the double bonds.

The signals of the protons on the carbon attached to the single-bonded oxygen (-
OCH,-) resonate at 3.88-4.12 ppm (4, 11). They shifted to the downfield because of the
electro-negativity of the oxygen atom. The signals in the range 1.40 to 1.85 ppm consist
of methylene protons (2, 3 and 12) where the intense triplet signals at 0.89-0.94 ppm are
due to the terminal methyl group (1).

After the polymerization, the characteristic vinylidene protons peaks of monomer
located at 6 = 6.03 ppm and 6 = 5.46 ppm were completely disappeared (Figure 4.8(b)).
At the same time, an additional chemical shift for methylene (—CH,—) protons was
observed at 1.03 ppm. The signal broadening with consistent chemical shifts was also

observed in the polymer spectrum for the proposed polymers.
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Figure 4.8: "H NMR spectrum of (a) monomer M1 (b) polymer HP1M1.
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Figure 4.9(a) shows the *H NMR spectrum of monomer M3 together with its
molecular structure. The most de-shielded singlet signal at chemical shift & 8.72 ppm is
due to the Schiff base group (4). The signal appeared as singlet is mainly because there
are no adjacent protons. Existence of anisotropic field of the n electrons in the double
bond and electron withdrawing effect of nitrogen atom shifted the proton to the most
downfield [148].

The doublet signals appeared at 6 7.85-8.18 ppm, 7.32—7.56 ppm and 6.99-7.21
ppm are attributed to the aromatic protons on three phenyl rings linked by Schiff base
and ester group. Two singlet signals at 6 5.71 and 6.07 ppm are attributed to the vinylic
protons (12 and 13) of methacrylate backbone while the allylic protons on the methyl
group (14) resonate at 1.89 ppm. The quartet signals of the protons on the carbon
attached to the single-bonded oxygen (—-OCH,-) resonate at 4.08—4.19 ppm (9).

The intense singlet signal at 3.39 ppm is due to the terminal methoxy group
attached to the phenyl ring (1). Methoxy is an electron donating group which increases
the shielding of the hydrogens causing them to move upfield [148].The signals in the
range 1.39 to 1.73 ppm consist of methylene protons (10 and 11).

After the polymerization, the characteristic vinylidene proton peaks of the
monomer located at & = 5.72 ppm and 6 = 6.07 ppm were completely disappeared
(Figure 4.9(b)). At the same time, an additional chemical shift for methylene (—CH,—)
protons was also observed at 1.03 ppm. The signal broadening with consistent chemical
shifts was also observed in the polymer spectrum for the proposed polymers structure.

As the monomer M2 to M5 and their polymers bear structural similarities except
for the lateral unit in the mesogen, M2, M4 and M5 monomers (Chapter 3, section 3.2)
and their polymers showed similar *H NMR spectral properties as described for

monomer M3.
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Figure 4.9 : *H NMR spectrum of (a) monomer M3 (b) polymer HP2M3.

Figure 4.10(a) shows the *H NMR spectrum of monomer M8 together with its
molecular structure. The most de-shielded singlet signal at chemical shift & 8.66 ppm is
due to the Schiff base group (6). The signals appeared at 7.03-8.06 ppm region are
mainly due to the presence of four aromatics rings liked by Schiff base and ester group.
The doublet signals appeared at 6 8.04-8.06 ppm are attributed to the two aromatic
protons on phenyl ring linked by ester group (11). An aromatic protons assigned as 8
appeared as a singlet signal at 7.72 ppm are due to the presence of Schiff base and
methoxy group attached to the phenyl ring. The signal appeared as a singlet is mainly
because there is no adjacent protons.

The signals of the vinylic protons on acrylate backbone resonate at a range of 5.91—

6.33 ppm with different multiplicity of each proton. The two protons (16 and 17)
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adjacent to the C=C double bond appeared as a doublet signals whereas proton (18)
appeared as a doublet of doublets signals. Proton 16 and 17 are symmetry in-equivalent
due to cis/trans relationships. The doublet of doublets signal pattern is observed because
the proton 16 and proton 17 couple independently to the proton 18 where each proton
splits the peak for proton 18 into a separate doublet. Generally, independent coupling
occurs when protons are not freely rotating especially when the protons are attached to a
double-bonded carbon [149].

The quartet signal of the protons on the —-OCH,— of the ester and ether group (13)
resonates at 4.08-4.12 ppm. The intense singlet signal at 3.8 ppm is due to the methoxy
group (10) attached to the phenyl ring. The protons on this methoxy group are shifted to
the higher field due to the de-shielding effect of the electronegative oxygen atom of the
adjacent ester group. The signals in the range of 1.39 to 1.73 ppm consist of methylene
protons (10 and 11) of the flexible groups attached to the rigid phenyl rings.

After polymerization, *H NMR spectra of the polymer showed an absence of vinyl
peaks at a range between 5.92—6.33 ppm as shown in Figure 4.10(b) and an additional
chemical shift for methylene (—~CH,—) protons at 1.03 ppm in *H NMR spectra of
polymer. The broad and overlapped resonances of liquid crystal mesogens attached to
polymeric back bones appeared at nearly the same positions also observed in all
polymer spectra for the proposed polymers structure.

As the monomer M6 to M9 and their polymers bear structural similarities except
for the lateral unit in the mesogen, M6, M7 and M9 monomers (Chapter 3, section 3.2)
and their polymers showed similar *H NMR spectral properties as described for

monomer M8.
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Figure 4.10 : *H NMR spectrum of (a) monomer M8 (b) polymer HP1MS.

4.3.2. BC NMR and DEPT spectra

The proton decoupled *C NMR and the DEPT 135° spectrum of monomer M1 are
presented in Figure 4.11. The DEPT experiment differentiates between primary,
secondary and tertiary carbon groups by variation of the selection angle parameter (the
tip angle of the final *H pulse): @ = 45° gives all carbons with attached protons in phase;
6 = 90° gives only methine groups, the others being suppressed; 6 = 135° gives all CH
and CHg3 in a phase opposite to CH,. The signal that appears at the most downfield
region, in the range of 167.0 to 144.5 ppm are assigned to quaternary carbons and other

carbons with no attached protons which do not appear in the DEPT spectra. The signals

94



appeared at the low field region in between 115.4-137.7 ppm are attributed to the
aromatic carbons.

The signals at 68.2 and 68.0 ppm are assigned to Cy3 and C, which are carbons on a
long alkyl chain attached to an oxygen atom and aromatic ring respectively. Therefore,
these carbons were shifted to relatively low field as the oxygen atom acts as an electron
withdrawing atom and diamagnetic anisotropy effect from the aromatic ring [148]. The
C,7 carbon gave signal at 64.7 ppm which was slightly shifted to higher field compared
to Cy3 and Cy4. This is because this carbon is only attached to an oxygen atom from the
ester group which gives the electron withdrawing effect on that carbon. The signals that
appeared at the most high field in the spectrum are the more shielded carbons. The
signals of the carbon atoms that are attached to the alkyl chain appeared at 19.3-31.2

ppm. The methyl carbons (C; and Cy9) resonated at 18.4 and 14.1 ppm.
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Figure 4.11: *C NMR and DEPT 135° spectra of monomer M1.

Figure 4.12 shows the **C NMR spectrum of monomer M3 together with its
molecular structure. The signals that appeared at the most downfield region at 165.8
ppm and 163.9 are due to the carbonyl groups, -OC=0, at Cy3; and C,, while that at
163.2 ppm is assigned to Schiff base carbon, CH=N at C¢. These carbons have the
largest chemical shifts due to sp® hybridization effect of the double bond and to the fact
that an electronegative oxygen and nitrogen is directly attached to the carbonyl carbon,
de-shielding it even further [148]. The signals that appeared at the low field region in

between 114.3-157.9 ppm are attributed to the aromatic carbons. The aromatic carbons
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are mainly de-shielded due to sp? hybridization and diamagnetic anisotropy. Amongst
all the aromatic carbons, C,, Cs, C7, Cy, C12 and C;5 have the lowest intensity compared
to the other aromatic carbons. This is because these carbons are ipso carbons where the
substituent is directly attached. Thus, these six carbons have relatively weak signals due
to a long relaxation time and a weak nuclear overhauser enhancement (NOE) effect.
Other aromatic carbons, Cs, C4, Cg, Co, C13, and Cy4 have the highest intensity resulting
from the two equivalent carbons. However, NOE effect also applied to this condition
[148].

The signal at 67.8 ppm is assigned to C;¢ which is carbon on a long alkyl chain
attached to an oxygen atom and aromatic ring and C,; carbon gave signal at 64.1 ppm.
The signals of the carbon atoms that are attached to the alkyl chain appeared at 25.0—
28.3 ppm. The long alkyl chain with the strongest intensity signal in that region is due
to the NOE effect and the interaction of spin-spin dipoles that operates through space
[148]. The methoxy carbon (C;) resonated at 55.2 ppm while the methyl carbon (Czs)
resonated at 17.9 ppm, showing that the carbon on methyl group is the most shielded
carbon. The signal at low field observed on methoxy carbon compared to methyl carbon
is due to the presence of electronegative oxygen atom that attracts a bonding pair of
electrons from the carbon.

As the monomers M2 to M5 and their polymers bear structural similarities except
for the lateral unit in the mesogen, M2, M4 and M5 monomers (Appendix B) and their

polymers showed similar **C NMR spectral properties as described for monomer M3.
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Figure 4.12 : **C NMR spectrum of monomer M3.

Figure 4.13 shows the **C NMR spectrum of monomer M8 together with its
molecular structure. The signals that appeared at the most low field region at 166.5 ppm
and 163.4, are due to the carbonyl group, -OC=0 at C;s and C,;. The signal that
appeared at 163.2 ppm is assigned to Schiff base carbon, CH=N at Cg. The signals
between 111.1-159.1 ppm are attributed to the aromatic carbons while for aromatic
carbons C,4 and Cg4:, the signals are observed at 156.7 and 154.9 ppm respectively. These
carbons are de-shielded due to presence of oxygen atom between the phenylene rings.
The oxygen atom gives the electronegative effect on the carbons whereas the phenyl
rings give the sp? hybridization and diamagnetic anisotropy effect hence bringing down
the signal to the lower field. The electronegative effect of the oxygen atom on these
carbons is high because there is no adjacent proton attached to it. However, aromatic

carbon Cj, which is attached to the methoxy group gave signal at 151.3 ppm. This
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signal shifted to the higher field because the effect of electronegative oxygen atom is
reduced by three hydrogen atom on methoxy group.

The aromatic carbon C; showed signal at 146.6 ppm. This carbon is attached to the
nitrogen atom of Schiff base group. As nitrogen has lower electro-negativity compared
to oxygen, its electron-withdrawing effect on this carbon is weaker than oxygen and
thus shifting the carbon to the lower field. Aromatic carbons assigned as C,, Cs, Cs, Cs,
Ci3, C15 and Cyg showed highest intensity due to the two equivalent carbons. Whereas
other aromatic carbons show very low intensity due to NOE effect as discussed for
monomer M3.The signal at 67.8 ppm is assigned to C,; which is carbon on a long alkyl
chain attached to an oxygen atom and aromatic ring. The C,g carbon gave signal at 64.1
ppm which shifted slightly to higher field compared to Cy;. The signals of the carbon
atoms that are attached to the alkyl chain appeared at 25.0-28.3 ppm. The reason why
these signals appeared with the corresponding chemical shifts has been discussed
earlier.

As the monomers M6 to M9 and their polymers bear structural similarities except
for the lateral unit in the mesogen, M6, M7 and M9 monomers (Appendix B) and their

polymers showed similar **C NMR spectral properties as described for monomer M8.

99



19—18

o]
] N\
H gl 26 2 R _o—d ir15¢ e Al
2 0" % H A X 4 i RFFIN Z N
z S

19=18 [o] H5CO
29 13 13

18 35

~
o
DMS0 S—

10 19
22,23,24,25
28| 2 14 ]

20 a 12 11
r/a

16
J 273 . & L 15 0 ‘
.,H 19 ,,{ J ww\-«wl (/R O -
v d T

T T T T T T
160 150 140 130 120 60 40 lppm]

Figure 4.13 : 3C NMR spectrum of monomer M8 and the molecular structure.

4.3.3. Fourier Transform Infrared spectroscopy (FTIR)

The FTIR spectra of monomer M3 and polymer HP1M3 are shown in Figure 4.14.
Although there are some slight variations in intensity of the peaks, generally, all the
monomers and polymers exhibited the same characteristic FTIR peaks since the
functional groups are similar. The peak observed at 3075 cm* is attributed to the
aromatic unsaturated =C-H stretching. The vibrations due to the asymmetrical and
symmetrical C—H stretchings of the methyl groups appeared at 2938 and 2857 cm™. A
small stretching peak at 2849 cm ™ shows the presence of methoxy (O—CHs) group. The
ester carbonyl group is reflected from the very strong stretching frequencies at 1728 and
1708 cm™. The C=N stretching due to Schiff base group showed signal at 1603 cm™.
The peaks at 1578 and 1508 cm™ are due to aromatic C=C stretching. The C—O link in
the methacrylate and acrylate group appeared at 1201 cm™. The peaks at 1247, 1160 and
1070 cm™ are due to C—O stretching. The out of plane bending vibrations of C—H
groups of benzene ring were observed at 836 and 756 cm™. The absorption band at 1623

cm™ is assigned to the stretching vibration of vinyl C=C and after the polymerization,
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this band completely disappeared. The absorption bands at 1708 and 1728 cm™ are due
to the C=0 stretching of the carbonyl groups. These bands shifted and appeared as one
broad peak at 1724 cm™ after polymerization. This shifting of vibrational frequency
may be due to the reduced electron delocalization of the carbonyl double bond in the
methacrylic group. All of these observations confirm that only the unsaturated

methacrylic groups were involved in the polymerization process.
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Figure 4.14 : FTIR spectra of monomer M3 and polymer HP1M3.

4.4. Solubility behavior

The solubility tests for the monomers and polymers were done by immersing about
5 mg of the samples in 3 ml of solvents at room temperature. All the samples were
readily soluble when immersed in solvents. The monomers and polymers had good
solubility at room temperature in common organic solvents, such as tetrahydrofuran
(THF), chloroform, N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO) and

dichloromethane. The good solubilities of the monomers and polymers are attributed to
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the presence of the polar ester linkages as well as aliphatic flexible spacer in the
backbone which make the shape of the macromolecules to be far from a rigid mesogen

[150].

4.5. Thermal properties and mesomorphic behavior of monomers

The thermal properties and the mesomorphic behavior of the monomers were
studied by DSC, POM, SAXS and PXRD. Results of the thermal properties are
summarized in Table 4.5. The phase transition temperatures and changes of enthalpy
(AH) during the first cooling and the second heating cycles were obtained by DSC. The
effect of mesogen structure, the effect of lateral substitution and the effect of
polymerizable terminal group on the mesomorphic properties of the monomers will be

discussed below.

Table 4.5 : Phase behavior and thermal properties of the monomers by Differential
Scanning Calorimetry

Phase transitions(°C)*" (corresponding enthalpy changes, J g7)
Monomer Heating Cooling
M1 S86.8 (0.93) N 103.6 (1.23) I 1102.3 (-1.21) N 85.5(-0.92) S
M2 N 217.68 (2.03) | 1217.77 (-291) N
M3 N 181.42 (1.35) | 1 180.08 (-5.28) N
M4 N 126.84 (1.74) | | 124.65 (-2.10) N
M5 N 101.85 (1.30) I 199.47 (-1.57) N
S108.70 (0.62) N 135.2
M6 (1.63) 1 | 133.45 (-1.21) N 106.96 (-0.92) S
S105.84 (0.27) N 134.17
M7 (0.28) | | 131.48 (-0.14) N 103.16 (-0.11) S
M8 N 49.84 (0.61) | N 48.77 (-0.64) |
M9 N 42.36 (0.68) | N 40.25 (-0.71) |
*Transition temperatures (°C) and enthalpies (in parentheses, J g7) were measured by DSC (at a heating and cooling rate of 10

°C/min).
bS= Smectic phase; N = nematic phase; I= isotropic phase.
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45.1. Effect of mesogen structure

Thermotropic liquid crystals are highly sensitive to their molecular constitution. It
Is of prime importance to determine the effects of alterations in the mesogenic core on
the mesomorphic behavior of a compound. The thermal stability and mesophase length
as a measure of mesomorphism can be correlated with the molecular constitution of the
compounds [151]. In this work, the monomers were designed with three types of
mesogen structure consisting of: i) naphthalene ring (monomer M1), ii) three benzene
rings (monomers M2 to M5) and iii) four benzene rings (monomers M6 to M9). In
order to study the effect of mesogen structure on the mesomorphic behavior, monomers,
M1, M4 and M8, were chosen to represent other monomers.

Figure 4.15 shows the DSC thermograms of heating and cooling cycles of
monomers, M1, M4 and M8, at a rate 10°C/min. The glass transition (T,) for these
monomers were not detected by DSC. The thermal transitions for all monomers were
enantiotropic where the liquid crystal phase existed upon heating and cooling. Monomer
M1 exhibited nematic and smectic mesophases which undergo isotropization at 103.6°C
during second heating scan. Two peaks at 102.3°C and 85.5°C associated with the
isotropic-nematic and nematic-smectic transitions respectively were observed during the
cooling scan. Meanwhile, monomer M4 and monomer M8 exhibited nematic
mesophase which undergo isotropization at 126.84°C and 49.84°C respectively during
second heating scan. During cooling scan, the peak at 124.65°C and 48.77C associated
with the isotropic-nematic transition was observed for monomer M4 and monomer M8
respectively. Comparison among the three compounds reveals that monomer M1
exhibited smectic and nematic mesophases whereas monomer M4 and monomer M8
exhibited only nematic mesophase. This result may be attributed to the fact that

naphthalene derivatives exhibit rich mesomorphism [51].
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Figure 4.15 : DSC thermograms of M1, M4 and M8 monomers.

The phase transition temperature of monomer M1 is lower by 22°C to 23°C as
compared to monomer M4. The molecules of monomer M1 and monomer M4 differ on
the linking unit and the rigid core structure. Monomer M1 contains naphthalene and one
phenyl ring in the mesogen linked by an ester group, whereas monomer M4 has three
phenyl rings linked by Schiff base and ester groups as shown in Figure 4.16. The
naphthalene ring provides a crankshaft structure which restricts lamellar packing of the
molecules, hence lower the phase transition temperature of monomer M1 [152, 153].
However, the incorporation of Schiff base group as a linking unit increases the phase
transition temperature of monomer M4 compared to monomer M1. This Schiff base
group provides a better stability and enables mesophase formation because it can

maintain the molecular linearity of the molecules [1].
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The phase transition temperature of monomer M4 is higher by 77°C and 76°C as
compared with monomer M8. The molecules of monomer M4 and monomer M8 differ
only in the number of phenyl rings. Monomer M4 has three phenyl rings, whereas
monomer M8 has four phenyl rings (Figure 4.16). According to Fornasieri et. al [69],
increasing the number of aromatic rings in the core structure increases the phase
transition temperatures. However, monomer M4 showed higher thermal transition
temperature compared to monomer M8. This is because the molecular length of
monomer M4 is longer than monomer M8 as shown in Figure 4.16. Gray [8] and Ha et.
al [55] suggested that the increase in the length of the molecule and resulting enhanced
anisotropy of the polarizability, increases the intermolecular cohesive forces which
leads to higher nematic phase transition temperatures as seen in monomer M4 when
compared to monomer M8.

In addition, the more stable nematic mesophase of monomer M4 is influenced by
its molecular geometry. As shown in Figure 4.16, monomer M4 favors the formation of
rod-like molecular geometry with large bent angle which enables more efficient packing
of the molecules. In contrast, monomer M8 favors the formation of bended molecular
geometry with 86-93° bent angle. Monomer M8 also has some flexibility in its
mesogenic structure. Two of the phenylene rings in the mesogenic group are connected
by a kinked unit, (-O-). The kinked unit served as separators to the phenylene rings
hence the rotation of the rings becomes less hindered. The torsional barrier for this type
of molecule is 10 kcal mol™ higher compared to the molecule with only one phenyl ring
connected to oxygen atom. This may be due to the interaction between two phenyl
rings. The most probable conformation for this type of molecule is found to be tilted at
40° [154]. Thus, this leads to destruction of linearity and increased the flexibility of the
molecules [2]. In general, the compounds with kinked elements are no longer liquid

crystals. However, monomer M8 still shows nematic mesophase at about 50°C as the
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mesogenic structure is still rigid due to the presence of the central Schiff base ester

linkages [1, 4].

Figure 4.16 : Molecular structures and molecular lengths of the monomers (a) M1 (b)
M4 (c) M8. The molecular lengths of the compounds were estimated from the most
extended conformation with optimized energy level by energy-minimized space filling
model (MM2 energy parameters derived from ChemBio3D Ultra 10.0 software).

Figure 4.17 shows the POM of monomer M1 textures obtained at different
temperatures. Upon cooling from isotropic melt, schlieren texture of nematic mesophase
appeared at 101.9°C (Figure 4.17(a)). The transition from a nematic to a smectic
mesophase was observed when the monomer was cooled to 85.1°C as shown in Figure
4.17(b). Certain region of focal conic fan texture which is characteristic of a smectic
mesophase at 83.8°C became dark indicating the isotropic liquid area (Figure 4.17(c)).
When the monomer was cooled to room temperature from its smectic state, it solidified
and its crystalline phase appeared as lumber-like mosaic textures (Figure 4.17(d)). The

mesophase temperature range was found to be very broad (49.85 — 103.66°C) which
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might be attributed to the presence of crankshaft structure of the naphthalene that can

decrease the freedom of movement of the molecule [152].

Figure 4.17 : POM textures of monomer M1. (a) 101.9°C (b) 85.1°C (c) 83.8°C (d)
Crystalline at room temperature.

Figure 4.18 shows the POM of monomer M4 textures obtained at different
temperatures. The nematic droplets started to appear when the monomer was cooled to
108°C from the isotropic phase as shown in Figure 4.18(a). Upon cooling, the droplets
became bigger to form schlieren nematic texture (Figure 4.18(b)). The droplets are
characteristic of nematic mesophase because they occur nowhere else [155]. Upon
cooling to 106°C, schlieren nematic texture was completely formed (Figure 4.18(c))
which exhibited characteristic sets of often curved dark brushes. At these directions, the
director is parallel either to the polarizer or to the analyzer [156]. There are many point
singularities with two dark brushes in the schlieren textures, which further confirm the
nematic nature of the mesophase because such singularity is not compatible with the
smectic C phase [157, 158]. As the monomer was heated slowly at a rate of 1°C/min

from its crystal phase, the schlieren nematic texture with fourfold dark brushes was
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observed at 106°C (Figure 4.18(d)). A closer look revealed that the brushes come
together in a singular point to be fourfold brush.

Figure 4.19 shows the POM of monomer M8 textures obtained at different
temperatures. Monomer M8 exhibited grayish multicolored droplets with a fine grain
texture characteristic of nematic texture appearing when the monomer were cooled to
46°C from the isotropic phase (Figure 4.19(a)). Upon further cooling, the fine grain

texture grew to form schlieren nematic texture (Figure 4.19(b)).

200/mm: Y W 2000mm

Figure 4.18 : POM textures of monomer M4 at (a) 108°C (b) 106°C (c) 104°C (d)
106°C.
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Figure 4.19 : POM textures of monomer M8 at (a) 46°C (b) 40°C.

Although DSC and POM experiments provide very valuable information about the
phase transitions of these monomers, they cannot elucidate concrete structural
evolution. In order to illustrate the phase structures clearly, small angle x-ray (SAXS)
was performed to identify the mesophase textures of monomer M1 and powder X-ray
diffraction (PXRD) experiments with varying temperatures were performed to identify
the mesophase textures of monomer M4 and monomer M8.

Figure 4.20 shows the SAXS intensity profiles of monomer M1 at room
temperature and 100°C. At room temperature, the sample showed a sharp scattering
signal in the low q region (2.2 nm™) indicating a typical smectic phase texture and an
intense broad peak in the higher g region (3.27 nm™) which indicates that only a short-
range order existed in the molecular lateral packing [159]. The layer periodicities
calculated for the first sharp peak was 2.86 nm and 1.92 nm for the broad peak. After
heating at 100°C the sharp peak disappeared while the broad peak remained, indicating
that the sample has entered the nematic phase. From the results of DSC, POM and
SAXS, we can conclude that the transition from isotropic to nematic phase has occurred
at higher temperature and that from nematic to smectic phase has occurred at lower

temperature.
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Figure 4.20 : Small angle X-ray scattering of monomer ML1.

Figure 4.21(a) shows X-ray pattern of monomer M4 during first heating. When the
sample was heated to 100°C, high intensity of wide angle reflections was observed. This
is because the attractive inter-chain interactions between the aromatic backbones are
increased due to the flexibility of the aliphatic spacer [150]. After the temperature
increased to 120°C, the wide angle reflections started to disappear and formed a broad
halo in the region of 26 = 15-25° with d-spacing of 3-5A and small peaks. This behavior
is related to a structural change accompanied by melting with disappearance of the long
range order, indicating a nematic phase. The remaining weak peaks indicate the
assembly of the mesogenic units in cybotactic groups into the nematic mesophase [150,
160]. These peaks disappeared completely when the sample was heated to 130°C
indicating the isotropic phase of the monomer M4,

Figure 4.21(b) shows X-ray pattern of monomer M8 during first heating. When the
sample was heated to 60°C, a series of very sharp diffraction peaks were observed due
to highly crystalline phase of the sample. At this temperature, the monomer still remain
as a crystalline powder and immediately change to nematic mesophase as heated to

80°C with presence of broad peak in the region 12-25° and a d-spacing of 3-5A. This
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broad peak is classically due to lateral interference of the mesogenic cores of the

monomer.
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Figure 4.21 : PXRD patterns for monomers (a) M4 and (b) M8.

4.5.2. Effect of lateral substitution on mesogenic unit

The modification of lateral substitutions could greatly effect of the mesophase
behavior of low molar mass liquid crystals and liquid crystalline polymers [6, 17].
Therefore, the monomers with a lateral methoxy unit on the mesogen (monomers, M4,
M5, M8 and M9) and the monomers without a lateral substitution on the mesogen

(monomers, M2, M3, M6 and M7) were synthesized. In order to study the effect of
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lateral substitution on the mesomorphic behavior of the monomers, monomer M3 and
monomer M5 have been chosen to represent other monomers.

Figure 4.22 shows the DSC thermograms of heating and cooling cycles of
monomer M3 and monomer M5 at a heating rate of 10°C/min. The Ty for these
monomers were not detected by DSC. Both monomers exhibited a nematic mesophase
which undergo isotropization at 181.42°C and 101.85°C for monomer M3 and
monomer M5 respectively during the second heating scan. The thermal transitions were
enantiotropic, where the liquid crystal phase existed upon heating and cooling. For the
cooling scan, peaks at 180.08°C for monomer M3 and at 99.47°C for monomer M5

associated with the isotropic-nematic transition were observed.
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Figure 4.22 : DSC thermograms of monomer M3 and monomer M5.

As can be seen in Figure 4.22, a higher nematic to isotropic transition temperature
was found in monomer M3 which has no substituent on the central ring. On the other
hand, monomer M5 exhibited a phase transition at a lower temperature due to the
presence of a methoxy lateral unit. This observation was also reported in a similar work

by Kaspar et al. [78]. It was suggested that the presence of a lateral methoxy group at
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the meta position of monomer M5 increased interactions among the molecules in the
nematic phase. The methoxy group is an electron-donating group which, if present on a
substituted aromatic ring, will increase the n-electron density of that ring, resulting in a
reduction in the phase transition temperature.

In addition, the incorporation of a methoxy group as a lateral substitution increases
the molecular breadth which reduces the length to breadth (L/B) ratio of monomer M5
to 6.0 compared to 10.7 for monomer M3 as shown in Figure 4.23. The increased of
molecular breadth reduced the strength of the intermolecular lateral attraction thus the
long narrow molecules will be forced further apart. The nematic mesophase is much
more dependent on these cohesive forces to maintain the parallel orientations of the
molecules. Therefore, substitution leading to an increase in molecular breadth will
decrease the nematic thermal stabilities [8]. In this molecular system, where the
monomer has a central carboxy group (-COQ), the oxygen atom of the central carboxy
group in the molecule will be in a position very close to the non-bonded side of the
adjacent —H of the aromatic ring, thereby causing considerable strain on the molecule.
This will cause some twisting around the C-O bond and force the benzene ring out of

plane of the molecule hence broadening the molecule [54].

(a) % L/B=10.7
= ? b w §B=23A

| B=5.0A

Figure 4.23: Molecular structures of monomers (a) M3 and (b) M5.
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The presence of a lateral methoxy group which is ortho to the —COO linkage not
only increases the breadth of the molecule but also increases the acoplanarity in the
system due to steric interaction. These two factors would eliminate the smegtogenic
tendencies as well as decrease the nematic mesophase range and the nematic to isotropic
transition (N-1) temperature for monomer M5 [51]. This finding is similar to that of
Dave and Bhatt [81] who studied the effects of lateral methyl group on the
mesomorphic behavior of liquid crystals. Additionally, the presence of the lateral unit in
the mesogen structure not only gives a negative effect on thermal stabilities but also
reduces the strength of the compound due to the thickening of the chain. It also lowers
the crystallinity of the compound which leads to low mechanical property and heat
deflection temperature [2]. All the negative aspects have to be considered when lateral
substitution is used to bring down the melting points.

Figure 4.24 shows the POM of monomer M3 textures obtained at different
temperatures. The marble texture of a nematic mesophase started to appear when the
monomer was cooled to 195.7°C from the isotropic temperature as shown in Figure
4.24(a). This is frequently observed in a natural nematic texture. Different colors of
marble textures can be observed upon further cooling (Figure 4.24(b) to Figure 4.24(f)).
The color alterations are due to a change in birefringence from in-plane and also out-of-
plane variations of the director [156]. Upon further cooling to 53°C (Figure 4.24(g)), the
nematic phase started to change conformation and crystallized when further cooled to
room temperature (Figure 4.24(h)).

Figure 4.25 shows the POM of monomer M5 textures obtained at different
temperatures. The schlieren nematic texture appeared when the monomer was cooled to
94.5°C from the isotropic temperature as shown in Figure 4.25(a). When the monomer
was cooled to room temperature from its nematic phase, its crystalline phase appeared

as lumber-like mosaic textures (Figure 4.25(b)).
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temperature.

The identity of the nematic phase of these compounds was determined by powder
X-ray diffraction (PXRD). PXRD patterns of monomer M3 during first heating are
shown in Figure 4.26(b). When the sample was heated to 70°C, a broad halo in the
region 20 = 12-25° with d-spacing of 4.3A with small peaks was observed. This
behavior is related to a structural change accompanied by melting with disappearance of
the long range order, indicating a nematic phase [150]. As the temperature increased to
140°C, the small peaks disappeared and the intensity of the broad halo diminished. The

intensity of the broad halo in a wide angle area (20 = 18°) increased when the
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temperature reached 160°C indicating that the nematic phase has formed again. At this
temperature the liquid-like interactions among molten chains also appeared [161]. This
phenomenon was also seen for the monomer M5 when it was heated to 50°C, 70°C and

90°C as shown in Figure 4.26(b).

(a)
70°C
140°C
160°C
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Figure 4.26 : PXRD spectra for monomers (a) M3 and (b) M5.

4.5.3. Effect of polymerizable terminal group on the mesophase

Generally, most studies focus on the effect of terminal halogen, methoxy, methyl,
or cyano on the mesomorphic properties of low molar mass liquid crystals. However,
the effect of polymerizable terminal group on the mesophase is rarely been studied. In
this work, monomers containing arylate (monomers, M2, M4, M6 and M8) and
methacrylate (monomers, M3, M5, M7 and M9) terminal groups attached with the alkyl

spacer have been synthesized. In order to study the effect of polymerizable terminal
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group on the mesophase, monomer M2 and monomer M3 have been chosen to
represent other monomers.

Figure 4.27 shows the DSC thermograms of heating and cooling cycles of
monomer M2 and monomer M3 at a heating rate of 10°C/min. The Ty for these
monomers were not detected by DSC. Both monomers exhibited a nematic mesophase
which undergo isotropization at 217.68°C and 181.42°C for monomer M2 and
monomer M3 respectively during the second heating scan. The thermal transitions were
enantiotropic and the peaks observed at 217.77°C for monomer M2 and at 180.08°C for
monomer M3 are associated to the isotropic-nematic transition.

The thermal transition temperature of monomer M2 is higher by 36°C as compared
to monomer M3. This is due to the presence of H group at the terminal in monomer M2,
which gives the flexibility for the vinyl group to move easily. On the other hand, the
presence of methyl group at the terminal in monomer M3 restricts the movement of the
vinyl group. The effect of this polymerizable terminal group is not so great because the
thermal transition temperature is mainly affected by the mesogenic core structure.

Both monomers exhibited enantiotropic nematic mesophase with high thermal
stabilities and broad mesophase range due to the presence of a methoxy group at the
terminal position of the mesogenic core. It could be explained that, the lone pair of
electrons on oxygen in the methoxy group is shielded by an insulator-like methyl group.
The repulsive forces involving the oxygen lone pairs are thus significantly reduced and
allow a close approach of the neighboring molecules hence increase the bonding forces
[54]. This leads to a higher nematic to isotropic (N-I) transition temperature for both

monomers.
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Figure 4.27 : DSC thermograms of monomer M2 and monomer M3.

Figure 4.28 shows the POM of monomer M2 textures obtained at different
temperatures. The droplets and fourfold dark brushes of nematic textures appeared when
the monomer was cooled to 207.9°C (Figure 4.28(a)). The droplets for nematic texture
started to disappear when cooled to 66.5°C as shown in Figure 4.28(b) and the needle
growth during direct crystallization from the isotropic melt without mesogenic behavior
was observed at 61.8°C (Figure 4.28(c)). When the monomer was cooled to room
temperature from this temperature, its crystalline phase appeared as spherulite textures
(Figure 4.28(d)). This nematic texture has also been confirmed by the XRD results
which showed a typical nematic characteristics of broad peak in the region of 26 = 17-
30° with d-spacing of 3-5 A when heated at 200°C. The POM textures and XRD results

of monomer M3 have been discussed previously in section 4.5.2.
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Figure 4.28 : POM textures of monomer M2. (a) 207.9°C (b) 66.5°C (c) 61.8°C (d)
crystalline at room temperature.

4.6. Thermal properties and mesomorphic behavior of SCLCPs

The mesomorphic behavior of SCLCPs is determined by flexibility of the polymer
backbone, mesogenic unit and the connecting moiety. The thermal properties and the
mesomorphic behavior of the polymers were studied by DSC, POM and PXRD. Results
of the thermal properties are summarized in Table 4.6. The glass transition temperatures
and changes of enthalpy (AH) during the first cooling and the second heating cycles
were obtained by DSC. The phase transition temperatures for the polymers however,

can only be observed under POM.
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Table 4.6 : Phase behavior and thermal properties of SCLCPs

Polymers Phase transitior_ws(°C)a‘C (corresponding enthalpy _changes, Jgh Ty
Heating Cooling (°C)
- S 149.4((;23;) IN 162.8 [ 161.6((_ 12..2247))8N 148.2 _
r— S 149'1((21.;121)) IN 162.6 [ 161.3((_ 12.;153))5N 147.9 -
— S$150.6 ((f;);)) IN 163.3 | 162.01(_(1?4253)8 N 149.3 -
HP1M?2 N 2324 1° ] 50.97
HP2M2 N 220.5 I° - 44,55
HP1M3 N 158.9 I° ] 78.75
HP2M3 N 150.2 I° - 62.89
HP1M5 N 135.8 I° ] 87.37
HP1M6 N227.7 I° - 52.93
HP2M6 N 2215 I° ] 43.42
HP1M7 N 197.8 I° ] 78.21
HP2M7 N 156.3 I° ] 60.45
HP1MS N 150.2 I° ] 74.81
HP1M9 N 1329 ] 86.18
HP2M9 N 1285 I° ] 72.92

* Colored columns represent polymethacrylates SCLCPs

*Transition temperatures (°C) and enthalpies (in parentheses, J g™*) were measured by DSC (at a heating and cooling
rate of 10 °C/min).

PTransition temperatures (°C) and were determined by POM during heating

°S= Smectic phase; N = nematic phase; 1= isotropic phase.

4.6.1. Effect of the nature of polymer backbone

The nature of polymer backbone is a secondary factor in enhancing, altering or
disrupting the natural ordering of the mesogenic side chains. In order to study this
effect, SCLCPs with polyacrylate and polymethacrylate backbone have been
synthesized from the earlier synthesized polymerizable monomers. The phase
transitions and Ty values of these polymers are tabulated in Table 4.6.

In the liquid crystalline polymer system, T, is associated to the freezing of
segmental motions in which the liquid crystalline phases retain some mobility around

the longitudinal axes of the mesogen. The Ty of polymers is closely related to the
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flexibility of the chains in the sense that a high value of Ty is generally assumed to be
connected to relatively high barriers of bond rotations. Other factors that also influence
the barriers are the intermolecular constraint and supramolecular arrangement of the
chains. For this reason, the Ty of the liquid crystalline phase can differ from the
amorphous phase [162].

Table 4.6 shows that the T4 of liquid crystalline polyacrylates (polymers, HP1M2,
HP2M2, HP1M6, HP2MG6, and HP1MS8) are lower (43-74°C) than those
polymethacrylates (polymers, HP1M1, HP2M1, HP3M1, HP1M3, HP2M3, HP1M5,
HP1M7, HP2M7, HP1M9 and HP2M9) (60-87°C). This is because polyacrylate
backbone is more flexible. Thus, less energy has been used by the side groups to get
distorted and therefore this generates a more decoupled polymer system. The dynamics
ordering of the side groups increases with higher flexibility and hence improves the
ability of the polymer to form more ordered mesophases [163]. In contrast, the
isotropization temperatures of polyacrylates are typically higher with backbone
flexibility which facilitates the mesogen-mesogen interactions.

The Ty value is also influenced by the spacer group through plasticization of the
polymer backbone by the side groups. The spacer group is a flexible segment
connecting the polymeric backbone and the mesogenic unit and plays an important role
to decouple the movements of the mesogens anisotropically from the polymer backbone
which tend to adopt a random coil confirmation [163]. In this work, all polymers were
designed with —(CH_)s— spacer in order to produce liquid crystalline polymers as the

liquid crystalline phases are favorable with intermediation by the spacers.
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4.6.2. Effect of molecular weight and polydispersity

In the thermotropic system, the molecular weight also affects the thermotropic
behavior, phase transition temperature, enthalpy and entropy changes at transitions,
order parameter of liquid crystal as well as T4 value of the polymer. Generally, all these
parameters increase with molecular weight and level off when the molecular weight
becomes high enough and this is true for any side chain liquid crystalline polymers [2,
164]. As shown in Table 4.6, the thermal transition temperatures increase with
molecular weight for all synthesized polymers. This observation is similar to those
obtained by Percec and Tomazos [165] and they suggested that it is due to the greater
dependence of isotropization on the degree of polymerization which leads to a greater
decrease in entropy and increase in free energy of the isotropic liquid with increasing
molecular weight compared to that of the more ordered phases. Stevens and co-workers
[166] proposed that the increase in thermal transition temperature of the mesophase with
molecular weight was attributed to denser packing of the mesogenic side group with a
growing degree of polymerization.

In some cases, the temperature and the nature of mesophase depend not only on the
degree of polymerization and molecular weight but also the polydispersity of the
polymer. In this work, the SCLCPs prepared by ATRP (polymers, HP1M1, HP2M1
and HP3ML1) have narrow polydispersities while the SCLCPs prepared by radical chain
polymerization (polymers, HP1M2 to HP2M9) have broad polydispersity. The
polydispersity indices (PDI) obtained by all synthesized polymers are summarized in
Table 4.4.

As a result of narrow polydispersities, the phase transitions for the polymers
synthesized from monomer M1 (polymers, HP1M1, HP2M1 and HP3M1) can be
detected by DSC as shown in Figure 4.29. All polymers exhibited nematic and smectic

mesophases which undergo isotropization at 163°C during the second heating scan. The
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thermal transitions were enantiotropic and two peaks at 161°C and 148°C associated
with the isotropic-nematic and nematic-smectic transitions respectively were observed
during the cooling scan.

The phase transition temperatures and changes in enthalpy (AH) obtained during
the first cooling and the second heating cycles are summarized in Table 4.6. The
enthalpy changes observed are nearly independent of the molecular weights and this
observation is in agreement with results obtained by Trimmel et. al [167]. They found
that the polymers containing more than ten repeating units gave independent enthalpy
changes to the molecular weight but were strongly dependent on spacer length, with a

minimum n=6.
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Figure 4.29 : DSC thermograms for the polymers, HP1M1, HP2M1 and HP3ML.

Figure 4.30 represents the POM textures of the polymer HP1M1 upon cooling
from the isotropic point. The schlieren nematic textures appeared with droplets when
the polymers were cooled to 165.7°C as shown in Figure 4.30(a). Upon cooling, coarse
textures of disclination loops were formed (Figure 4.30(b)). The stripes of the textures
disappeared upon heating and regenerated by cooling. When the polymers were cooled
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to 108°C, the striped loops grew to striated feather textures of smectic mesophase

(Figure 4.30(c)).

T, 200 mm

Figure 4.30 : POM textures of polymer HP1ML1. (a) 165.7°C (b) 162°C (c) 108°C.

On the other hand, the phase transitions for the polymers with broad polydispersity
values (polymers, HP1M2 to HP2M?9) were not detected by DSC. Heroguez and co-
workers [168] also could not observe any thermal transition temperature for a polymer
with broad polydispersity (PDI1=1.9) by DSC; on the other hand they observed a clear
thermal transition of a polymer with narrow polydispersity (PDI=1.2). The broad
polydispersity is generally observed in a broad phase transition region. This may be due
to the immiscibility of a mixture of different molecular architectures resulting from
chain branching at the end of polymerization and entanglements [169].

All the synthesized polymers from monomers M2 to M9 show only a nematic
mesophase at temperature range of 128°C to 232°C under POM during fast heating as
shown in Table 4.6. As the temperature increased the viscosity of the polymers
decreased. Marin et. al [150] suggested that this behavior could be the result of
rotational motion of the alkyl chains whose flexibility increases with increase of thermal
energy, favoring the self-assembly of the mesogen units.

Figure 4.31 shows the POM textures of some selected polymers. Polymer HP2M?2
exhibited a grainy texture of a nematic mesophase when it was cooled from the melt at

150°C as shown in Figure 4.31(a). This texture is also known as a tight texture, a dense
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texture or a polydomain texture. Generally, this type of texture is observed for a high
molecular weight thick film polymer at a low temperature. The domain size of this
texture is difficult to observe by POM. Other researchers [170, 171] have been studying
this texture under transmission electron microscopy and an assembly of ‘effective
domain’ due to a particular arrangement of disclinations have been observed from its
microstructure. The fine grains are believed to correspond to regions of uniform
orientation correlation within the nematic structures bounded by disclinations as shown
in Figure 4.32. Additionally, the coarsening of this nematic texture is related to the
dynamics of disclinations. When a nematic phase is formed from its isotropic phase, its

structure is dependent on the kinetics and mechanism of the phase transition.

Figure 4.31 : POM textures of polymers. (a) HP2M2 (b) HP2M1 (c) HP1M2 (d)
HP2M8.
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Figure 4.32 : Schematic representation of the polydomain structure produced by spatial
distribution of dislination lines of S=+1/2 (open circles) and S=-1/2 (filled circles).
Adopted from [171].

Polymer HP2M1 exhibited a nematic tread like texture when it was cooled from
the melt at 220°C as shown in Figure 4.31(b). This texture was attributed to the line
disclinations of the nematic mesophase. Polymer HP1M2 and polymer HP2MS8
exhibited a nematic droplet texture when cooled from the melt at 160°C and 130°C
respectively as shown in Figure 4.31(c) and Figure 4.31(d). Most of the synthesized
polymers exhibited this type of texture when cooled from their isotropic melt. Sakthivel
and Kannan [172] explained that the nematic droplets structure is formed when the
polymers tend to grow as large monodomains which can possibly be ascribed to
significant segmental mobility and the mesogens taking maximum unidirectional
alignment in the melt condition.

In order to further elucidate the structures of the mesophases, powder XRD
measurements of the synthesized polymers were carried out. The polymer sample was
heated to the temperature ranges of the mesophases and then quenched at room
temperature. Figure 4.33 shows the XRD pattern of the representative polymers
(polymers, HP1M1 and HP2M2). All polymers showed a typical nematic characteristic

of a broad peak around 26 = 20-25°, classically due to average intermolecular spacing
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of approximately 3-5 A at mesophases and no sharp Bragg peaks were observed for
polymers in the lower angle regions (20 < 5°). Zhang et. al [99] suggested that the
absence of peaks at a lower angle regions indicated that the constituent molecules of the
polymers did not regularly arrange within the two-dimensional order structure as a
smectic mesophase. This was an evidence of nematic texture and the polymers’

amorphous nature.

HP2M2

HP1M2

5 10 15 20 25 30 35
26 (degree)
Figure 4.33 : PXRD patterns of representative polymers, HP1M1 and HP2M2.

4.7. Thermal degradation properties of SCLCPs

TGA measurements were carried out to study the thermal stability of the
synthesized polymers. The measurements were performed in a temperature range of 50-
900°C in nitrogen atmosphere. Additionally, the thermal stability of these polymers is
important since in organic LEDs much energy has been spent in non-radiative process
and the heat produced instantaneously raises the temperature [173].

Figure 4.34 shows the thermogram of polymer HP2M3 which is typically similar
for all the other polymers. Table 4.7 shows the TGA data of the synthesized polymers.

It can be deduced from both Figure 4.34 and Table 4.7 that onset decomposition
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temperatures of all the polymers are above 280°C which indicate that all the polymers
are thermally very stable. Figure 4.34 shows that all the polymers were decomposed
through a single stage decomposition phenomenon. The first 5% weight loss, which is
greater than 302°C, is due to the decomposition of aliphatic flexible segments. The
results suggest that the existence of a longer mesogenic side chain might cause a strong
interaction between the repeating units leading to the increase in thermal resistance.
Obviously, the thermal stability of the material is adequate for the fabrication processes
and other optoelectronic devices [173, 174]. This process is followed by the thermal
cleavage of carbonyl groups or the scission of other C-O bonds [175] and
decomposition of rigid mesogenic chain containing aromatic moiety for the remaining
95% weight loss. The ester linkages present in the mesogen are very stable due to its
charge separated resonance form which makes it difficult to rotate around the carbon-

oxygen single bond [176].
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Figure 4.34 : TG and DTG traces of polymer HP2M3.
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Table 4.7 : TGA data of polymers

Temperature (°C) corresponding to Char yield (%)
Polymers onset | 5% Wt loss | 50% Wt loss DTp at 600°C
HP1M1 | 389.59 | 376.61 431.71 423.44 9.30
HP2M1 | 386.01 | 376.45 424.39 423.44 6.05
HP3M1 | 385.73 373.83 426.83 424.16 5.42
HP1M2 | 280.75 | 304.60 429.86 431.79 18.4
HP2M2 | 317.17 | 335.94 430.27 432.16 18.7
HP1M3 | 28372 | 307.13 43251 43431 19.25
HP2M3 | 365.05 362.80 441.56 435.83 14.71
HP1M5 | 331.34 312.01 446.73 441.04 19.96
HP1M6 | 33328 | 302.93 430.85 429.02 15.00
HP2M6 | 310.05 330.64 426.31 433.20 17.08
HP1M7 | 351.07 | 313.38 433.89 430.35 16.51
HP2M7 | 383.31 366.28 430.77 423.60 15.03
HP1M8 | 335.94 340.97 432.59 432.59 17.47
HP1IM9 | 319.73 | 323.12 429.31 433.03 17.75
HP2M9 | 363.30 | 359.97 421.43 413.98 18.23

As shown in Table 4.7, the T4 5% values of polymers containing naphthalene ring
in the mesogen (polymers, HP1M1-HP1M3) are higher (373°C - 376°C) compared to
the polymers containing Schiff base ester in the mesogen (polymers, HP1M2-HP2M9).
This is due to the fact that naphthalene has better thermal stability and high heat
resistance [177, 178]. The T4 5% values of polymers HP1M2, HP1M3, HP1M6 and
HP1M7 with the presence of an extra methoxy group in the meta-position of those
polymers side groups make it more stable than polymers HP1M5, HP1M8 and HP1M9
due to higher bond energy values of this group. This may be explained by invoking

bond energy values [179].

129



However, the results show that the Tq 50% and DT, values for all polymers are
almost the same which are higher than 421°C. It is suggested that at this stage, the
thermal stability of the polymer is not affected by the presence of mesogenic group in
the system. Liu and Yang [180] suggested that the existence of the longer side chain
groups may cause a strong interaction between the repeating units and entanglement of
the polymer chains. This interaction is expected to enhance interactions between the
liquid crystal and the polymers, leading to an increase in the stabilization of liquid
crystals inside the polymer matrix.

As a result of high decomposition temperature, these polymers have good thermal
properties for industrial processing and for possible use in organic LEDs [173, 174].
Decomposition of the polymers was almost complete at around 900°C with no further
weight loss observed after that. Char yield of the polymers are less than 20% which was

measured at 600°C.

4.8. Optical properties of SCLCPs

The optical properties of SCLCPs were analyzed by UV-vis absorption and
photoluminescence (PL) spectroscopies. UV-Vis and PL spectra of the synthesized
polymers were acquired in dilute THF solvent at a concentration 1x10° M where the
excitation wavelengths of PL were 365 nm, and the photophysical properties are
summarized in Table 4.8.

Electronic absorption spectra of all synthesized polymers showed similar
characteristics, i.e. two absorbance bands one with maximum (Anax) located around 270
nm and a structured band at lower energies with the maximum in the range of 306-344
nm. It appeared only as shoulder due to its low intensity. According to Jaffe et al. [181]
the band at around 260 nm results from a ¢ — =* transition and the band at around 300

nm froma m — m* transition. The n — r* transition appears at 360 nm.
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Table 4.8 : Absorption and PL emission spectral data of synthesized polymers in THF

solutions

Polymers Absorption UV-Vis, Amax PL emission,\ max Stokes shift®

(nm) (nm) (nm)
HP1M1 248, 306 414 108
HP2M1 248, 307 413 106
HP3M1 249, 306 409 103
HP1M?2 271, 334 429 95
HP2M?2 273, 335 428 93
HP1M3 275, 337 379 42
HP2M3 274, 336 390 54
HP1M5 254, 330 421 91
HP1M6 274, 341 418 77
HP2M6 275, 343 419 76
HP1M7 273, 342 415 73
HP2M7 276, 344 418 74
HP1M8 271, 328 419 91
HP1M9 270, 329 417 88
HP2M9 270, 328 418 90

2 Stokes shift = PL (nm) — UV (nm)

The first three polymers in the list of Table 4.8 (polymers, HP1M1 — HP3ML1) are
the polymers containing naphthalene ring in the mesogenic core structure. The polymers
exhibited intense absorption at 248 nm and weak absorption at 307 nm, corresponding
to absorption of naphthalene moieties [182-184]. Meanwhile, the polymers containing
Schiff base ester in the mesogenic core structure (polymers, HP1M2 — HP2M9)
exhibited intense absorption at 270-276 nm and weak absorption at 328-344 nm.
Absorption bands at lower energies are due to inter-band transition between the & — *
transition and n — r* transition, derived from interaction of benzene and azomethine

(Schiff base) w-orbitals, thus being characteristic for imine bonds [185].
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Figure 4.35 : UV-Vis absorption spectra of polymers, HP1M2, HP1M5, HP1M6
and HP1MS8.

Figure 4.35 shows the UV-vis absorption spectra of the selected polymers
(HP1M2, HP1M5, HP1M6 and HP1M8). The absorption bands are shifted to the
lower wavelengths by the introduction of electron donating group, —OCH3 in polymers,
HP1M2, HP1M5 and HP1MB8 as shown in Figure 4.35. The ¢ — m* transition in the
spectrum of polymer HP1M2 (with one methoxy group) is shifted slightly to lower
wavelengths compared to polymer HP1M6 (without any substituent) and appears with
decreased intensity at 271 nm. Polymer HP1MS5 contains two methoxy groups on its
mesogenic core unit, and the ¢ — w* transition is shifted to 254 nm with decreased
intensity. This is due to the negative inductive effect of the methoxy group as reported
by Knopke et al. [186].

The bands of the = — =™ transitions are also shifted to lower wavelength by the
introduction of methoxy group in the polymer side group. The polymers that have one
methoxy group on the benzene ring (polymer HP1M2 and polymer HP1M8) are blue
shifted by ~20 nm, whereas the polymer that with two methoxy groups on the benzene

rings (polymer HP1MD5) is blue shifted by ~40 nm compared to the corresponding un-
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substituted polymer HP1M®6. This blue-shift may be caused by perturbation of the
m — " transition due to the electronic effects of two methoxy groups on the z-electrons
of both phenyl and aniline rings [186]. According to Luo et al. [187], this blue-shift may
be attributed to the steric effect of the methoxy group at the central benzene ring in the
polymer system, which results in less co-planarity of the molecule. However, the shift
was only a few nanometres which are mainly due to the absence of strong donor-
acceptor pairs in the emission chromophores. Oxygen atoms in the methoxy group are
not strong donors even though they have unshared electron pairs. In addition, the
polymer molecules are not easily surrounded by solvents as small molecules are. Thus,
made the absorption spectra less shifted. The phenomenon is in agreement with Sun
[188].

Table 4.8 shows the PL data of all synthesized polymers. Upon excitation of the
polymers at 365 nm, all polymers show emission in the range of 380-560 nm with
emission maximum at a range 379-429 nm. This reveals that these polymers may have
the ability to emit bluish light throughout the visible region of electromagnetic
spectrum. All the polymers had pure PL spectra without other shoulder peaks due to
possession of only one kind of emission chromophore, therefore, the degree of
polymerization had no effect on the width of the PL spectra.

Figure 4.36 shows the PL emission spectra of the selected polymers (HP1M2,
HP1M5, HP1M6 and HP1M8). The polymers HP1M6 and HP1M8 exhibited a blue
shift of the emission maxima compared to other polymers due to the extension
conjugation with an additional phenyl ring, resulting in good m-electrons delocalized
along azomethine-phenylene core, which is a p-z conjugated system. This observation
was also reported by Marin et al. [150] and they suggested that the emission wavelength
was controlled by the conjugation length which leads to the shifting of the emission

bands. It can be seen that the PL intensity of the investigated polymers increase with the
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molecular weight of the polymers which is in agreement with results obtained by Zhang
et. al [189] and Zhao et. al [183]. They suggested that the increase in PL intensity with
molecular weight of polymers may be assigned to the chromophore—chromophore
interactions in the intramolecular system due to the increase of side chain length.
Polymer HP1M2 exhibited highest emission intensity compared to the other polymers
(HP1M5, HP1MG6 and HP1MB8) (Figure 4.36) which could originated from the efficient
intermolecular charge transfer in the excited state [190].

Table 4.8 also shows stokes shift values of the synthesized polymers where stokes
shift is the difference between PL and UV/Vis absorption peaks. The small value of
stokes shift will result in overlapping of the emission and absorption spectra. Then the
emitting light will be self-absorbed and the luminescence efficiency will decrease in the
devices. Polymers HP1M1, HP2M1 and HP3M1 exhibited large stokes shift compared

to the other polymers, thus, they are the best candidate for organic LEDs.
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Figure 4.36 : Photoluminescence spectra of polymers, HP1M2, HP1M5, HP1M6 and

HP1MS.
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4.9. Electrochemical properties

Based on the optical properties results, the selected polymers (polymers, HP1M2,
HP1M5, HP1M6 and HP1MS8) have been used to study their electrochemical
properties. The electrochemical properties were investigated using cyclic voltammetry
(CV) in chloroform solution containing 0.1 M tetrabutylammonium perchlorate
(BusNCIO,) as the supporting electrolyte at a scanning rate of 50 mV/s. Figure 4.38
shows the parent CV curve which is typically similar for all the polymers. No reduction
processes have been found in the available potential range. The lack of reduction of the
azomethines was also observed for the other compounds with imine linkages as
described in the literature [185, 191]. It shows the robustness of the azomethine bond
[174].

Optical band gap values could be obtained by the following equation:

hc

AOTLSGl’

Eq 4.1

where h is plank constant, c is speed of light and Aqnset IS the onset wavelength which
can be determined by intersection of two tangents on the absorption edges as shown in

Figure 4.37. Zonset @lS0 indicates the electronic transition start wavelength [192].
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Figure 4.37 : UV-vis spectrum of polymer HP1M2 in THF solution.

The highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy level can be estimated by using ferrocene ionization
potential value of 4.8 eV as standard. The HOMO energy levels can be calculated from
the onset oxidation potential based on the reference energy level of ferrocene by using

the following equation:

HOMO (eV) = —[(Epx(onset) + 4.8 — Erpc)] eV
Eq 4.2
where E is the onset oxidation potential and Eroc is the external standard potential
of the ferrocene/ferricinium ion couple. The Epoc was estimated under the same
experimental condition and the value was located at 0.31 V to the Ag/AgCI electrode.
The onset oxidation potentials of the polymers were calculated from the intersection of
two tangents drawn at the rising and background currents of the CV as shown in Figure
4.38. Since no reduction of the polymers was observed under the experimental

conditions, the electrochemically calculated HOMO level and spectroscopically
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measured band gap were used to calculate the LUMO energy level according to the

following equation:

LUMO (eV) = HOMO + E,(opt.)

Eq4.3

The LUMO levels estimated by this method do not give an accurate account of the

electron affinity, but nevertheless allow for a qualitative trend to be established and

provide some information to help in selecting suitable combinations with electron

acceptors in devices [185].
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Figure 4.38 : CV of polymer HP1M2 in chloroform solution. The inset is the CV curve
of ferrocene standard, swept in the same conditions as that for polymer HP1M2.

Table 4.9 : Electrochemical data of selected polymers

JV-Vis, [UVAVES | Pl e opt) | Ee(onset) | HOMO | LUMO
Polymers Amax Aonset A max (eV) V) (eV) (eV)
(nm) (nm) (nm)
HP1M2 | 271, 334 401 429 3.15 1.14 -5.63 -2.48
HP1M5 | 254, 330 390 421 3.18 1.18 -5.67 -2.49
HP1M6 | 274, 341 410 418 3.20 1.10 -5.59 -2.39
HP1M8 | 271, 328 404 419 3.21 1.31 -5.80 -2.59
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HOMO and LUMO energies of the polymers and their corresponding band gap
values are summarized in Table 4.9. From this table, it can be seen that the
incorporation of methoxy substituent at the para- and ortho-position of the benzene
rings had a significant effect on the electrochemical properties of the polymers. The
polymers with two methoxy substituent at the ortho- and para-position of two benzene
rings (polymer HP1MS5) showed the smallest E4 value followed by the polymers with a
methoxy substituent at the para-position of benzene ring (polymer HP1M2 and
polymer HP1M8) as compared to the unsubstituted polymer (polymer HP1M®6).

This shows that the introduction of an electron-donating group (-OCHg) into the
terminal and lateral benzene rings of the polymers results in a decrease in the Egs of the
polymers. This is due to the increment of electron density of ortho- and para-positions
of the aromatic ring as reported by Kaya and Kamaci [193]. The electron donating
group may extend the conjugation of the polymers hence lower the energy levels
between HOMO and LUMO. Similar observation has been reported by Liu et al. [194].
They found that the Egs of diarylethenes bearing an electron-withdrawing group were
much higher than those of diearylethenes bearing an electron-donating group.

The obtained HOMO and LUMO values of polymers are around -5.59 eV and -2.59
eV respectively. These results indicate that the newly synthesized SCLCPs are
conjugated p-type polymers and may exhibit electron transporting properties [195].
HOMO levels obtained (-5.59 to -5.80 eV) for these polymers also are close to that of

the materials currently use in hole-transporting layers [185, 196].
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4.10. Rheological properties of SCLCPs

Rheological properties of liquid crystalline polymers are rather complex due to the
anisotropy of the material. Thus, amplitude sweep and frequency sweep experiments
were carried out to study the dynamic viscoelastic properties of SCLCPs in the smectic,

nematic and isotropic mesophases.

Dynamics in the nematic and smectic mesophases

The amplitude sweep is an oscillatory test to measure elastic and loss moduli with
variable amplitude and constant frequency values. The storage modulus, G’ is a measure
of the deformation energy that is stored in the sample during the shear and recovered
after the load is removed by shearing in the opposite direction or releasing stress while
the loss modulus, G is a measure of the energy that is dissipated in the sample during
the shear process. Figure 4.39 shows the strain dependence of storage (G’) and loss
(G”) moduli of the polymers at 170°C with « = 10 rad/s by strain amplitude sweep
experiments. Both polymers (polymer HP2M1 and polymer HP3M1) show linear
viscoelastic behavior at small strain amplitudes. It can be seen that G is greater than G’
in both polymers and largely insensitive to strain amplitude. As such, the polymers do

not form a viscoelastic gel.
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Figure 4.39 : Strain amplitude sweep of polymer HP2M1 and polymer HP3ML1 at
170°C.

Figure 4.40 represents the plots of log # vs log y for polymers HP2M1 and HP3M1
over the temperature range of the phase transitions. Both polymers exhibit Bingham
body-like flow behavior at 100°C and 110°C which shows “three region flow curves” as
characterized by Onogi and Asada [197, 198]. At low values of shear rate (y < 1 s™),
both polymers exhibit a shear thinning behavior and the viscosity decreases. A
Newtonian behavior appears at intermediate values of shear rate (1 s* <y < 10 s%),
where the domains appear to decrease in size with increasing shear rate. At this stage
the viscosity is relatively insensitive to shear rate. At higher values of (y > 10 s7), a
strong thinning behavior appears where the domain structure is not evident at this stage
[197]. These results are in agreement with the results of Kannan et al. [199] and Dan et
al. [200] which suggested that the large amplitude oscillatory shear orientated the
SCLCPs.

However, as the temperature is increased from 120°C to 150°C, the polymers
exhibit shear thinning behavior where the particles rearranged resulting in reduced flow

resistance and consequently lower the viscosity of the polymers with increase in shear
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rate. The polymers exhibit Newtonian behavior at low shear rate, followed by strain
hardening behavior at higher shear rate at 160°C and 170°C which are in the isotropic
region for both polymers. Rubin et al. [201] reported that the strain hardening behavior
Is probably due to the tendency of the mesogens to orient perpendicular to the backbone
of the SCLCPs. The mesogens which are attached to a strand may be forced to adopt an

intermediate orientation between the backbone segment and local orientation of the

director.
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Figure 4.40 : Plots of log # vs log y for polymer HP2M1 and polymer HP3M1 at
various temperatures.

Figure 4.41 shows plots of log G’ vs log w and plots of log G” vs log w for
polymer HP2M1 at 100°C to 150°C in the smectic region and 160°C in the nematic
region. The values of G'and G" in the smectic region are much higher than those in the
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nematic region, attributing to the 3-dimensional textures in smectic textures and 1-
dimensional textures in the nematic phase. This finding is similar to that of Kim and
Han [202] who studied the effect of bulkiness of pendant side group of semi-flexible
main chain liquid crystal polymers (MCLCPs).

At low frequency values, both G’ and G tend to level off and do not follow the
typical terminal behavior where G’ a w? and G” o w®. The slope of G~ in the terminal
region decreases from 0.73 to 0.56 as the temperature increases from 100°C to 150°C.
As the temperature increases from 100°C to 150°C the slope of the loss modulus G~
decreases from 0.69 to 0.62. From this observation, the polymer exhibits solid-like
behavior when T < 150°C. The slopes of G” and G are subsequently increased to 0.97
and 0.94 respectively when the temperature increases to 160°C. At this temperature, the
polymer exhibits liquid-like behavior. The general trends resemble the un-shifted linear
viscoelastic data as reported by Auad et al. [203] for the smectic SCLCPs. The changes
in the linear viscoelastic response are a common signature of ordering transitions.

In the isotropic phase, molecular weight of a polymer has a strong influence on the
rheology where an entanglement plateau emerges. Nevertheless, the polymer, HP2M1,
has a low molecular weight which is less than the molar mass of entanglement and also
the smectic phase rheology is dominated by the layer structure and is comparatively
insensitive to the molecular weight. Therefore, it is not expected to have a plateau in the

terminal region. Similar trend of behavior are also obtained for HP3M1 polymer.
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Figure 4.41 : Plots of log G’ vs log w and log G vs log @ for polymer HP2M1 at
various temperatures.

Figure 4.42 shows a plot of log |#* vs log o for polymer HP2ML1 at various
temperatures, where |5*| is the complex viscosity defined by |7* = [(G] w)? + [(G”/
)2, As the temperature increases from 100°C to 150°C, the polymer enters the
smectic phase which exhibits a strong frequency dependence of |p* at low angular
frequencies and consequently Newtonian behavior is observed at 160°C. At this
temperature, the polymer enters the nematic phase which exhibits weak frequency
dependence over the entire range of angular frequencies tested. The abrupt decrease of
| *| values is due to the breakdown of 3-dimensional smectic order to 1-dimensional

nematic order where, in the nematic phase the molecules would exhibit preferential
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orientation during shear flow. A similar observation has been reported by Lee and Han

[204] for their SCLCPs.
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Figure 4.42 : Plots of log | *| vs log @ for polymer HP2M1 at various temperatures.

Dynamics in the isotropic and nematic mesophases

Determination of linear viscoelastic (LVE) region of materials is important in
performing dynamic rheological characterizations which are independent of the applied
strains. Figure 4.43 shows the strain dependence of storage (G’) and loss (G ) moduli
of the polymer HP1M5 at 160°C with »=10 rad/s by strain amplitude sweep
experiments. The polymer shows linear viscoelastic behavior at small strain amplitudes
and G is greater than G . It can be seen that both moduli are decreased when the strain
amplitude overcomes the limit of linear viscoelasticity at the strain amplitudes larger

than 100.
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Figure 4.43 : Strain amplitude sweep of polymer HP1M5 at 160°C.

Onogi and Asada [197] postulated that liquid crystalline polymers exhibit three
regions of steady shear flow. Region I is classified by shear thinning at low shear rates
and the flow behavior is dominated by defect. Region Il has a viscosity plateau and
texture refinement while Region Il has a second shear thinning region where a
monodomain is reached at higher shear rates. Figure 4.44 shows plots of log # vs log y
for polymer HP1M5 at various temperatures. The polymer shows a shear thinning
behavior over the entire range of shear rate, y tested. This behavior shows that this
polymer exhibits region | followed by region Il without having region Il. The strong
shear thinning usually shows yield behavior which is attributed to the nematic liquid
crystalline domain upon start-up of steady shear flow, resulting from shear-induced
rapid orientation of the molecules. Such steady state behavior has also been observed in
MCLCPs [202, 205] micro-phase separated block copolymers and highly molten

polymers [206].
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Figure 4.44 also shows that the shear viscosity decreases as the applied temperature
increases. This finding is similar to that of Zhou [207] who studied the rheology of
combined main chain and side chain liquid crystalline polymers (MCSCLCPs). The
viscosity decreases upon transition from the isotropic to the nematic state. It can be well
understood by the solid-nematic phase transition where the stiff solid molecules are
aligned preferentially along the shear direction and liquid is positionally disordered but

orientationally ordered [208].
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Figure 4.44 : Plots of log # vs log y for polymer HP1MJ5 at various temperatures.

Figure 4.45(a) shows plots of log G’, G” and |* vs log w for polymer HP1MD5 at
110°C. The complex viscosity shows an upward concavity over the frequency range
investigated. It can be seen that only a terminal regime was detected with a viscous
response (G > G°) being prevalent in the whole frequency region investigated (0.1-100
rad/s). This trend is similar to Rodrun 3000 co-polyester at 250°C as reported by
Somma et. al [209]. The storage modulus, G’, levels off at low frequencies indicating a
solid like elasticity in the sample. According to Somma et. al [209] this behaviour is

associated to a macrostructure which enhanced the material elasticity. Guskey and
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Winter [210] suggested that the levelling off of G’ could be attributed to an array of

disclinations related to the polydomain structure.
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Figure 4.45 : Plots of log G, G” and |*| vs log w for polymer HP1MS5 at (a) 110°C (b)
90°C.

As the sample was cooled to 90°C, different behavior of the sample can be
observed as shown in Figure 4.45(b). The complex viscosity shows an upward
convexity over the frequency range investigated. At high frequencies, the G’ and G”
profiles show an essentially solid like behavior (G’ >G”). The moduli crossover is
observed at w.= 4.6 rad/s where G’=G "= 7.9x10° Pa. At low frequencies, the G’ and

G profiles show an essentially liquid like behavior (G’<G”). Materials that exhibit
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solid like at high frequency and liquid like at low frequency are known as thixotropic
[211]. Huang et al. [212] hypothesized that the viscous behavior of the polymer is due
to the grafted polymers from one rod, which is in contact with another rod, can
sufficiently rearrange their configurations thus allowing the rods to move with respect
to each other. On the other hand, the polymer is unable to relax on a shorter time scale
and thus the network of rods behaves like a soft solid.

Figure 4.46 shows plots of log G’ vs log w and plots of log G” vs log w for
polymer HP1MS5 at various temperatures. As shown in Figure 4.46(a), the slope of G’
over the entire range of frequency tested remains less than 2 at the temperatures 140°C
and below whereas the slope in the terminal region becomes 2 when the temperature is
increased to 150°C and higher. The above observations shows that the frequency
dependence of G’ at temperatures below 150°C makes sense, because it is in an
anisotropic state forming the nematic phase. At temperatures above 150°C, it will
become a homogeneous liquid, and thus it is expected to exhibit a liquid like behavior
in the terminal region. The frequency dependence of G’ for this polymer has never been
observed in ordinary flexible linear polymers. Similar observation has been reported by
Lee and Han [213] during their study on rheological behavior of nematic SCLCPs.

On the other hand, G~ exhibits a liquid like behavior over the entire range of
temperature tested as shown in Figure 4.46(b). The dynamic loss modulus, G is not as
sensitive as the dynamic storage modulus, G’ to a variation in the morphological state
from the nematic to isotropic phase as the temperature is increased [213]. The frequency
dependence of G for polymer HP1M5 is consistent with the observation by Colby et.
al [214] who studied the dynamic linear viscoelastic properties of the SCLCPs in
nematic and isotropic states. They also concluded that the dynamic linear viscoelastic
properties of the SCLCPs were qualitatively similar to ordinary flexible linear

polymers.
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Figure 4.46 : Plots of log G’ vs log w and log G vs log w for polymer HP1MD5 at
various temperatures.

Figure 4.47 shows a plot of log |4* vs log o for polymer HP1M5 at various
temperatures. The |* of the polymer at 90°C exhibits a shear-thinning behavior over
the entire range of angular frequencies tested. As the temperature increases to 160°C the
shear-thinning behavior becomes weaker. A smooth transition takes place from weak
frequency dependence in the nematic state to frequency independence in the isotropic
state. Note that in the nematic region the angular frequency dependence of |7* in
oscillatory shear flow (Figure 4.47) is very similar qualitatively to the shear rate

dependence of # in steady shear flow (Figure 4.44).
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CHAPTERS5: CONCLUSIONS & SUGGESTIONS FOR FUTURE

STUDIES

5.1. Conclusions

New types of polymerizable liquid crystal monomers have been designed and have
been successfully synthesized. The structures of the monomers have been identified by
'"H NMR, *C NMR and FTIR. The synthesized monomers were used to synthesize side
chain liquid crystalline polymers (SCLCPs) via radical chain polymerization and atom
transfer radical polymerization (ATRP). The molecular weights of the polymers as
measured by GPC were higher when synthesized by radical chain polymerization than
those synthesized by ATRP. Polydispersity indices for the polymers synthesized by
radical chain polymerization suggest a strong tendency for chain termination by
disproportionation. The polymers synthesized by ATRP showed narrow polydispersity
index and resulted in well-defined polymers.

The monomer with naphthalene and one phenyl ring in the mesogen linked by an
ester group (M1) showed lower thermal transition temperature compared to the
monomer with three phenyl rings linked by Schiff base and ester groups (M4). The
naphthalene ring provides a crankshaft structure which restricts lamellar packing of the
molecules whereas the Schiff base group provides a better stability and enables
mesophase formation.

Monomer with three phenyl rings linked by Schiff base and ester groups (M4)
showed higher thermal transition temperature compared to the monomer with four
phenyl rings linked by Schiff base and ester groups (M8). This is because the molecular
length of M4 is greater than M8 therefore increases the intermolecular cohesive forces
of the molecules which lead the higher thermal transitions temperatures of M4

compared to M8.
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The monomers with the presence of a lateral methoxy group on the mesogenic
structure showed lower thermal transition temperatures compared to the monomers
without a presence of a lateral methoxy group. The lateral methoxy group increases the
breadth of the molecule and increases the acoplanarity in the system due to steric
interaction. Hence, decrease the nematic mesophase range and the N-I transition
temperature of the monomers.

The monomers with acrylate terminal group showed broader nematic mesophase
range compared to the monomers with methacrylate terminal group. The hydrogen on
the acrylate group promotes flexibility of the vinyl group where the methyl on the
methacrylate restricts the movement of the vinyl group. The monomers also have a
methoxy terminal group at their mesogenic structure which promotes broad nematic
mesophase range of the monomers.

SCLCPs with narrow polydispersity exhibited both smectic and nematic
mesophases whereas SCLCPs with broad polydispersity exhibited only nematic
mesophase. This is due to the immiscibility of a mixture of different molecular
architectures resulting from chain branching at the end of polymerization and
entanglements. Generally, the thermal transition temperature of the SCLCPs increased
as increase in molecular weight. All SCLCPs with polyacrylates backbone showed
lower Ty values compared to the SCLCPs with polymethacrylates backbone. However,
the isotropization temperatures of SCLCPs with polyacrylates backbone are typically
higher compared to the SCLCPs with polymethacrylates backbone.

The polymers exhibited one stage decomposition with very high thermal stability
which is really good for practical processing or for possible use in devices. The
absorption peaks from UV-Vis spectroscopy of these polymers varied from 300 to 400
nm, while the fluorescence peaks varied from 380 to 560 nm. The bands of ¢ — ©* and

m — m* transitions are shifted to lower wavelength by the introduction of electron
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donating group, —OCHgs in the polymer side group. All polymers have the characteristic
of emissive polymers. The band gaps of polymers were slightly shifted toward lower
energy by the influence of the electron donating group in the side chain. The
introduction of an electron-donating group (—OCHs;) into the terminal and lateral
benzene rings of the studied polymers resulted in a decrease in the electrochemical band
gap of the polymers. The band gap values of polymers (3.03-3.18 eV) revealed that the
newly synthesized SCLCPs could be potential candidate in photovoltaic applications.
The rheological properties of the polymers carried out in smectic to nematic regions
showed that the frequency behavior of the polymers in a smectic phase is characterized
by the leveling off in the storage modulus, G’ at low frequencies. Complex viscosities,
m*| of the smectic phase exhibited a shear thinning behavior over the shear rates
investigated. In the nematic region, the angular frequency dependence of |#* in
oscillatory shear flow is found to be very similar qualitatively to the shear rate

dependence of # in steady shear flow.
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5.2. Suggestions for future studies

The polymers synthesized by ATRP in this work only possess low molecular
weights. Further investigation is required on the successful ATRP system to produce
high molecular weight with narrow polydispersity SCLCPs. High molecular weight
SCLCPs will present higher thermal stability and very good mechanical properties. The
logical continuation of this work would be to scale up the production of the monomers
and polymers for various practical applications.

It is also interesting to synthesize block copolymers by adding styrene to the
synthesized monomers to explore the novel mesomorphic and optical properties of the
block copolymers. The block copolymers could be polymerized by using normal ATRP
technique or reverse ATRP such as Activator Generated by Electron Transfer (AGET)
ATRP, Initiators for Continuous Activator Regeneration (ICAR) ATRP and Activator
Regenerated by Electron Transfer (ARGET) ATRP. These polymerization techniques
would be possible to produce high molecular weight with narrow polydispersity block

copolymers.
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APPENDICES

APPENDIX A : '*H NMR Figures
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APPENDIX B : *C NMR Figures
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APPENDIX C : DSC Figures

Figure C1 is a compilation of raw thermograms for the synthesized polymers.

Tg: Half Cp Extrapolated = 50.97 °C
Delta Cp = 0.305 Jig*°C
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APPENDIX D : GPC Figures

Figure D1 is a typical example of the processed chromatogram output of the GPC
software. The results of all the samples have been summarized in Table 4.4 of Chapter
4,

GPC Report
Reported by User: System Project Name: UM GPC1
SAMPLE INFORMATION
Sample Name: HP1M3 Acquired By: System
Sample Type: Broad Unknown Date Acquired: 1/21/2013 1:44:32 PMMYT
Vial: 3 Acq. Method Set: GPC
Injection #: 1 Date Processed: 1/22/2013 3:26:31 PMMYT
Injection Volume: 100.00 ul Processing Method: GPC 2013 01_16_1st Order
Run Time: 55.0 Minutes Channel Name: 410
Sample Set Name:  dini21012013 Proc. Chnl. Descr.:
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] 2
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Figure D1
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APPENDIX E : TGA Figures

Figure E1 is typical example of the raw thermogram output of the TGA software.
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APPENDIX F : Research Output

Publications:

NM Sallen, MRK Sheikh, R. Yahya, MR Karim, Aziz Hassan, Naphthalene group
containing side chain liquid crystalline polymers and their rheological behavior, Journal

of Polymer Research (2013)20:131-140 (ISI-Cited Publication)

NM Salleh, MRK Sheikh, MR Karim, R Yahya, AD Azzahari, Aziz Hassan, Effect of
the lateral substituent on the mesomorphic behavior of side chain liquid crystalline
polymers containing a Schiff base ester, Journal of Polymer Research (2013)20:296

(ISI-Cited Publication)
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