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Abstract

As we approach the technical limits of size scalability of electronics for
the next generation of electronic devices, interest grows in novel mate-
rials with controllable feature sizes in the sub-10nm regime. Complex
self-assembly behaviour has therefor become a significant area of re-

search, both within academia as well as industry.

This thesis is concerned with the self-assembly behaviour of liquid
crystalline block copolymers based of methacrylic backbone synthe-
sised via reversible-addition fragmentation chain-transfer (RAFT) poly-
merisation. In particular, the effects of incorporation of liquid crys-
talline elements on the polymerisation-induced self-assembly (PISA) is
investigated. PISA has in recent years been established as an effective
method of preparing tunable nanostructures from copolymers. The
morphology of these structures can be controlled based on reaction
variables such as % solids, solvent and block fractions. Introduction
of mesogens into the self-assembly process offers another potential

way of controlling the self-assembly process.

Other methods can be used to manipulate the resulting morpholo-
gies of the nanoparticles and films once prepared. Within this thesis,
the impact of thermal and solvent annealing on the thin films are

investigated on thin films formed by the prepared LCBCPs.
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Chapter 1

Introduction

This introductory chapter provides relevant key background information for the
results and experiments described in this thesis. It describes the some of the
fundamentals of liquid crystals and polymers and their synthesis with focus on
methods such as reversible addition-fragmentation chain-transfer polymerization

and polymerisation-induced self-assembly.

1.1 Liquid crystals

Liquid crystals are a state of matter exhibited by certain organic molecules be-
tween the isotropic liquid and an ordered solid state (Figure 1.1). The word
‘mesophase’ was first used by Friedel to explain the liquid crystalline behaviour
and comes from the Greek word for ‘middle’. Liquid crystals ) can be sum-
marised as having properties of liquids (i.e. flow) and crystals (i.e. positional
and orientational order). Since the initial discovery of LCs in 1888 liquid crystals
have contributed to some of the greatest technological leaps. LCs have found
a way into everyday life through Liquid Crystal Displays (LCDs) however their
applications reach much further than just displays, including but not limited to
light modulators, photonic band gap materials, smart windows and counterfeiting
countermeasures on banknotes. %7 Many different mesophases have been dis-
covered and described, starting with simple nematic (N) phase where all molecules
point in the same general direction described as the director, but with no posi-

tional order between themselves through more complicated smectic phases (Sm)
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1.1 Liquid crystals

where the molecules not only point in the same direction but are also arranged
in lamellar layers. Chiral nematic phase (N*) is a special class of nematics where
the preferred direction of the orientation changes throughout the sample forming
a helix with a certain pitch. Chiral nematics are often interchangeably referred to
as 'cholesterics’ due to their original discovery being made in cholesterol deriva-
tives. The helical structure formed allows for the unique ability of to selectively
reflect one component of circularly polarised light. The chiral nematic LCs in
particular are well known for their strong circular dichroism by selective reflec-
tion. Systems displaying N* phases are frequently employed in thermochromic
materials which change their appearance as a function of the temperature. This

is due to the pitch of the helix changing and changing the wavelength of the light

V74
A

Liquid

Crystal Liquid Crystal

Heating

Figure 1.1: Schematic representation of a liquid crystalline phase found in be-

tween the crystalline and isotropic liquid phases.

LCs are particularly interesting as they display anisotropic properties usually
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1.1 Liquid crystals

only observed in solids but also flow like liquids. The most obvious example
is optical anisotropy where linearly polarised light is transmitted differently de-
pending on the measurement angle. Dielectric anisotropy is another example
of this where electric permittivity of the molecule is different depending on its
orientation. LCs are usually studied in ‘cells’ which contain alignment layer.
The alignment is predominantly either homeotropic or planar (also known as ho-
mogenous) and is induced by an alignment layer, usually a polyimide polymer.
Liquid crystals are split into two main research areas: thermotropic and lyotropic.
A thermotropic LC displays mesophases temperature of the sample is changed
whereas a lyotropic LC mesophases are susceptible to change in the concentration
of the solvents. Molecules which display both types of behaviour are rare and are
described as amphotropic. The chemical structure of the mesogens has an impor-
tant influence in its liquid crystalline properties. Within low molecular weight
liquid crystals, these are predominantly split into two main groups: calamitics
and discotics. Calamitic (also known as 'rod like’) LCs are more prevalent in
both literature and applications of liquid crystals, they usually posses a polaris-
able rigid core and a flexible chain. These usually form phases such as nematic,
smectic and cholesteric phases (described in section below). The other type of
low molecular weight LC is discotic. These are characterised by flat and ’disk
like’ centre group stabilised with aliphatic chains on the outer side of the discs.
They tend to form discotic equivalent of nematic phase and stacked columnar

phases analogous to smectic phases in calamitic molecules (Fig. 1.2).
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1.2 Types of mesophases

Discotic Calamitic

=z

o

H3C(H2C)s0 O(CH3)sCH3

H3C(H20)50 O(CH2)5CH3

HaC(H2>C)50 O(CH3)sCH3

Figure 1.2: An example chemical structure of (a) Discotic and (b) Calamitic

liquid crystals and their analogous nematic phases.

Currently, LCs remain an important field of research which brings together

chemists, engineers, physicists and biologist alike.

1.2 Types of mesophases

A number of mesophases have been identified since the first discovery of liquid

crystals. This section describes the ones that are relevant to this thesis.

Nematic phase

Nematic (N) phase is the most commonly observed and technologically relevant
mesophase. Here the molecules self-assemble with long-range orientational order
and no positional order, that is the centres of mass of the molecules are not

correlated. 1.3). In a nematic phase, the average orientation of the molecules



1.2 Types of mesophases

>
>

Figure 1.3: Schematic of a nematic liquid crystalline. The director (n) describes

average orientation of the anisotropic axis of the molecules.

with the director (n) can be quantified using an orientational order parameter
(S) described by 2™ order Legendre polynomial: S = £(3cos?0 — 1) where 6
represents the angle between the director and the individual molecular long axis.
The value of the order parameter S depends on temperature and varies between
—% < 8 < 1. In the isotropic phase, the order parameter is equal to zero as there
is an equal porpability of having the molecules in all directions and in a perfect
crystal S = 1 as all the molecules are pointing in the same fixed direction. For
a typical nematic phase, S = 0.4 — 0.8/ A typical nematic phase is non-polar

and therefore n = —n and as such the two directions are indistinguishable.

Chiral nematic phase

Chiral nematic (N*) phase is a mesophase most commonly observed for chiral
liquid crystals or nematic materials with chiral dopants. A chiral molecule is a
chemical molecule which possess a non-superimposable mirror image. It was first
observed in cholesterol benzoate and soon after in other cholesterol derivatives.
Because of this, the phase was first described as ’Cholesteric’ phase however this
name has since been supersede by chiral nematic. This phase posses long range
orientational order similar to that seen in nematics however the director rotates

throughout the sample resulting in formation of the helix. (Fig. 1.4)
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1.2 Types of mesophases

1 pitch

Figure 1.4: A half-pitch of a chiral nematic phase (180° twist). n marks the

director.

A full 360° rotation of the director is described as pitch (p). The pitch is tem-
perature dependent with higher temperatures resulting in shorter pitch. Typical
pitch for chiral nematic materials is within hundredths of nanometers. It is possi-
ble for the pitch to match the visible light wavelengths. In this situation, shining
white light onto the material results in the selective reflection of the light match-
ing the pitch causing the sample to appear coloured. This relationship is defined
can be defined as

Ap =P (1.1)

where ), is the average peak reflected wavelength, 7 is the mean refractive index
and p is the pitch.[’) N* phase is usually found in compounds that are naturally
chiral, often biological materials. However achiral mesogens can be doped with
chiral dopants leading to formation of N* over standard N phase. Here, the pitch

can be controlled by the concentration of the chiral dopant and is given by:

1

= 1.2
HTP xc (1.2)

p

where HTP is the helical twisting power of the dopant and c is the concentration

of the dopant as a fraction of the overall composition.
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1.3 Chemical structures of mesogens

Smectic phase

The word ’smectic’ is derived from the Greek word for cleanse as the smectic
phase first observed in soaps. Unlike the nematic phase, smectic phases possess
both orientational and positional order. There are many subtypes of the smectic
phases but the most common ones are smectic A (SmA) and smectic C (SmC).
In a SmA phase, the molecules are arranged in layers with definable spacing in
between the layers. The director is perpendicular to the layer plane (Figure 1.5)
and is parallel to the layer normal. In the SmC phase, the director is tilted away

from the layer normal at an angle (¢) called the tilt angle.

Smectic A
Figure 1.5: Smectic A (SmA) and Smectic C (SmC) phases. n is the director and

6 is the tilt angle of smectic layer in reference to layer normal. In SmA phase, n

>

i

Smectic C

lies parallel to the layer normal where as in SmC n lies at an angle to the layer

normal.

1.3 Chemical structures of mesogens

Chemical structure of a liquid crystal molecules play a key role in their mesogenic

properties. While the complete description of the impact of the chemical structure
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1.3 Chemical structures of mesogens

on the mesogenic properties of the material are beyond the scope of this thesis,
certain properties, in particular in the case of polymers, are important for the

next chapters and will be described here.

Cyanobiphenyls

Cyanobiphenyls are the most common type of chemical studied and most com-
monly found in commercial applications of liquid crystals. They hold significant
historical significance due to their usage in liquid-crystal displays (LCD). Their
discovery in the 1970’s led to a huge technological jump paving way for amongst
otther things, mobile phones, tablets and head-up displays. Cyanobiphenyls are
an example of calamitic mesogens. The biphenyl ring provides the cylindrical
symmetry to the rigid core. A polar group such as fluoride or nitrile is often
found attached to the cyanobiphenyl core group to provide a dipole moment
which can be exploited for to switch the liquid crystal under an external electric
field (Figure 1.6)

(a) (b)
Flexible tail Rigid core Polargroup

22.5°C 35.5°C

Cr —— N —— Iso

Figure 1.6: (a) Chemical structure of 4-Cyano-4’-pentylbiphenyl (5CB) liquid
crystal molecule with the features contributing to its mesogenic properties high-
lighted. (b) Schematic diagram showing the antiparallel configuration of two 5CB
molecules. The blue arrow indicates the direction of the permament dipoles of

each of the molecules.

One or more flexible tails are often found on calamitic mesogens as well.
These increase entropy of the molecules preventing them from forming crystals
and forming L.C phases instead. The longer the hydrocarbon tail the more stable

the nematic phase. This is due to the stabilising interaction between the tails
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1.3 Chemical structures of mesogens

from different molecules. This however becomes unfavorable for the formation of
the nematic phase as longer chains tend to suffer from excessive Van der Waals
forces and lead to narrower stability of the nematic phase. CBs with longer chains
also start to exhibit an odd-even effect where the molecules with odd-length of
carbon in the tail higher Ty_; temperatures than even-length chains. This can
be accounted for the deviation from the linear structure of the molecule where
the structure would be in an trans configuration which would be more tightly
packing. Another important aspect of the chain is the resulting phase formation,
with the tendency of longer chains to form smectic phases and shorter chains to

form nematic.

Cholesterol derived mesogens

As mentioned previously, one of the first discovered LCs was cholesterol-benzoate,
a cholesterol derived ester. While cholesterol in itself is not liquid crystalline, a lot
of its derivatives are, most commonly its esters. As cholesterol and its derivatives
are inherently chiral, these compounds tend form chiral nematic phase. Choles-
terol is an example of a naturally occurring sterol. Cholesterol is found in every
eukaryotic organism and as such is universally compatible with living matter.
This makes it unique for applications within biomedicine e.g. in drug delivery
or tissue scaffolds. [!0:11:1213,1415] Within literature, thousands of cholesterol based

B - 10,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30
liquid crystals have been described

(A)

HO

Figure 1.7: Chemical structure of (a) typical sterol and (b) cholesterol.
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1.4 Polymers

1.4 Polymers

Polymers are a class of macromolecules formed by many repeating units, usually
referred to as monomers. Since the preparation of the first synthetic polymer in
1907, polymer science has expanded into one of the largest fields of research in
history with 7 Nobel prizes awarded on research in the field. Approximately 300
tons of plastic is manufactured each year making them one of the most ubiquitous
substances on earth. Their applications vary from generic storage containers to
life-saving medical devices. One academically and industrially relevant area of
polymers are liquid crystal polymers. These have found applications for sensors
and security devices on small scale and within the defense market with polymers
such as Kevlar being used for bulletproof vests. The importance of this class of

molecules in the modern world cannot be understated.

1.4.1 Copolymers

Copolymers is a wide subgroup of polymers which consists of two or more different
types of monomers coming together and forming a macromolecule. A significant

part of the thesis will be devoted to block copolymers.

1.4.2 Block copolymers

Block copolymers (BCPs) are polymers consisting of two or more homopolymers
joined together by covalent bonds (Figure 1.8). These types of polymers are
specific class of molecules where two otherwise incompatible chemical species are
brought into close contact but are unable to separate from each other due to the
covalent bond linking the blocks. This type of behaviour leads to microphase
separation which controls over the self-assembly of the molecules. The spatial
resolution of the separation can be controlled by the chain lengths of each of
the blocks. This sort of behaviour can be observed in bulk and in concentrated

solutions as well as in thin films.
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1.4 Polymers

Block A Block B

Figure 1.8: Example of a block copolymer structure.

Historically, these macromolecules were first described within literature in
the 1950’s for their improved surfactant abilities under the commercial name of
“Pluronic”. It was after the discovery and popularisation of living anionic poly-
merisation that the interest in block copolymers had skyrocketed due to avail-
ability of large scale controlled synthesis for niche applications such as concrete

additives and templeting agents for mesoporous structures. *!]

1.4.3 Liquid crystalline polymers

Liquid Crystalline Polymers (LCPs) are polymers that contain mesogenic groups.
There are two main types of LCPs, main chain LCPs (MCLCPs) and side chain
LCPs (SCLCPs) (Figure 1.9). Whilst the actual mesogenic groups in LCPs
is chemically similar to the ones found in low molecular weight liquid crystals
(LMWLCs), additional factors need to be considered. Degree of polymerisation
(DP) plays a role in the transition temperatures of the mesophases in the poly-
mer however after a critical DP, the effect levels off. The degree of polymerisation
can be defined as the ratio of number-average molecular weight (M,,) over the
molecular weight of the monomer unit (M)
M,

DP =3¢ (1.3)
Certain phases are also only observed only in certain N ranges, mostly in the lower
range of N of between 5 and 50 units in length. Additionally, certain mesophases
can only be observed in polymer samples with very narrow polydispersity (PD).
Polydispersity (PD) is a measure of dispersity of molecular mass in a particular

polymer sample. Its defined as

PD = M, /M, (1.4)
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1.4 Polymers

where My, is the average molecular weight and M, is the number average molec-
ular weight. In synthetic polymers, it is usually said that polymer samples with
PD < 1.1 are monodisperse. Incorporation of a mesogen into a polymer results in
formation of higher phases in polymer compared to those observed in the mesogen
itself, e.g. an unpolymerised monomer might produce Smectic structures and the
polymerised molecule produce a lower ordered phases such as nematic or not form

any liquid-crystalline phase. This is usually referred to as the polymer effect.[*?!

i 22

O A~~~

Figure 1.9: Example of liquid crystalline polymers. (a) side chain polymers (b)
main chain polymers. The ovals represent the mesogenic groups. The green lines

correspond to the chemical linkage between the mesogenic groups.

The polymer backbone plays and important role in the LCBCP system, while
it does not have a major influence on the mesophases formed it does however
influence the transition temperatures and the mesophase range. This is a result
of the difference in stiffness between the backbones, with softer backbones (e.g.
acrylate and siloxane) giving lower transition temperatures of both the glass
transition (7}) and increasing the AT (the temperature range of the mesophase,
Ter-T,). However, this does not necessarily mean that the clearing temperature
changes. Another factor which has an impact on the phase transitions as well as

the phases formed is the length of the spacer between the polymer backbone and
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the mesogenic group. The spacer group decouples the motion of the mesogens
from the polymer backbone. Increasing the length of the spacer group decreases
viscosity of LC and isotropic phases and tends to improve switching properties.
The most common types of spacers used are oligomethylene, usually between 2
and 13 units long however oxyethylene®* and siloxane*>*% spacers are also
frequently used. An odd-even effect is also present in the spacer groups, where
even number of carbons in the spacer results in higher transition temperatures,
for both the mesophases as well as Ty, Usually the linker is attached to the
mesogen head-on, however it is possible to have a lateral connection attached to
the mesogen through its long axis. Laterally attached mesogens in polymers are

often referred to as ‘mesogen jacketed’ polymers.

1.4.4 Perfluorinated LC polymers

Chapter 4 describes, the self-assembly behaviour of perfluorinated block copoly-
mers bearing a liquid crystalline group. Conventional block copolymers such
as polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) do not posses a
sufficiently high Flory - Huggins interaction parameter (X) in order to reliably
produce feature sizes in the sub-10nm region. Block copolymers bearing per-
fluorinated side groups on the other hand result in polymers with exceptionally
high Flory - Huggins interaction parameter. On top of that, perfluorinated side
groups tend to lead to liquid crystalline properties within the resulting poly-
mers. The liquid crystalline properties can then be exploited for further modi-
fications of the self-assembled structures. Chapter 6 demonstrates some of the
self-assembling nature of these polymers, both in thin films and within the con-
text of polymerisation-induced self-assembly (PISA). Polymers bearing semifluo-
rinated polymethacrylates are a well known class of LC macromolecules. These
can form smectic phases in thin films®"%% and in bulk.!*”) Polymers containing
perforianted side groups have a strong tendency to show LC order, due to their
rigidity and ability to tightly pack compared to their alkene equivalents. How-
ever, analogues to many fluorinated materials, they tend to be insoluble in most

common solvents. Hue et al. described a process where the 2-(perfluorooctyl)
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ethyl methacrylate (FOEMA) was polymerised as a third block in the pres-
ence of poly(N,N-dimethylaminoethyl methacrylate)- b-poly(benzyl methacry-
late) (PDMA-b-PBzMA) ’seeds’. and the resulting structures included spheroids,
ellipsoids, cylinders and spherical multi-compartment micelles (MCMs). "l Li et
al. demonstrated preferential assembly of ellipsoidal nanoparticles fusing head-
on- head to form nanotubes.*? It has been demonstrated that liquid crystalline
order (in particular, smectic phases) lead to ellipsoidal®® and various faceted!*’]
morphologies, both difficult to achieve with standard PISA.

1.4.5 Cholesterol-based LC polymers

Preparation of chiral block copolymers remains elusive. While chiral nematic
phase can be found within the system containing BCPs, systems containing only
pure BCPs and forming chiral nematic phases are yet to be documented. Such
systems could theoretically be used for precise biocompatible sensors and respon-
sive drug-delivery vehicles when combined with the self-assembling properties
of BCPs. As such, in Chapter 5 an experimental attempt is made to prepare
such macromolecules. Though the N* phase observed back in 1888 was in low
molecular weight liquid crystals (LMWLC) it was hypothesised that this phase
could be observed in polymers or other higher-molecular weight liquid crystals
(HMWLCs). Early work on liquid crystalline polymers forming N* phase was per-
formed with cholesterol and its derivatives. N* phase forms for chiral molecules
as the chirality provides a driving force for the formation of the helix.['®) The
resulting polymers however, did not form the N* phase, unlike their correspond-
ing monomers, instead they formed higher ordered smectic phases.***! In 1978,
Finkelmann et al., prepared the first enantiotropic cholesteric polymer by poly-
merising mixtures of cholesterol- based monomers with short and long spacers. [*°]
Expanding on their earlier work of liquid crystalline polymer synthesis, Finekl-
mann then proceeded to develop a polymer series with N* phase moving on to
describe the first polymer with biaxial N* phase.[*l The key step in this pro-
cess was decoupling the motion of the polymer backbone from the mesogenic
group via a ‘spacer’ group in between the two. Work by Shibaev in 1979 showed

an ambiguous phase formation in methacrylic copolymers bearing cholsterol and
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butylmethacrylate.['] While they displayed textures and selective reflection sim-
ilar to those observed in a N* phase in LMWLCs in bulk, these textures were
not be observed in thin films. In thin film they instead showed textures similar
to those of standard smectics.

Another example of polymer forming higher order structures compared to the
corresponding monomers was observed by Xu et al.[*l. They found that the
N* phase was only observed in monomers but not in polymers bearing the same
mesogen. The polymers instead formed a smectic A (SmA) phase due to lim-
ited flexibility of the backbone and spacer units hindering the formation of the
helix of the N* phase. Homopolymers bearing side-chain cholesteryl mesogens
tend to form smectic phases (predominantly SmA) over a wide range of tempera-
tures with only a selected few showing both chiral nematic and smectic phases. [*’]
Finkelmann et al., prepared an enantiotropic liquid crystalline polymer with a N*
phase by mixing different equal parts monomers with short spacers and longer
spacers based on alkylbenzene ester.” Whilst this was not a homopolymer, it
paved a way for a better understanding of the influence of the spacer group on
the resulting mesopahases. The influence of the spacer on the properties of the
polymer was further demonstrated by Hu et al®!! where they showed that longer
spacer length lead to lower phase transition temperatures and wider LC temper-
ature ranges in polymers bearing cholesteryl side groups. The selective reflection
of the polymers was also shown to blue shift as the spacer lengths was increased
or the rigidity of the mesogens decreased. This was further explored by Yang et al
who showed that the degree of polymerisation does not have a significant effect on
the polymers without flexible spacers and with stiffer methacrylic backbone. P%
It does however, has an effect on the more flexible acrylic backbone where the L.C
behaviour is observed only upon passing a critical threshold of molecular weight
of 12 x 10% g-mol!. By switching the spacer from an ether to an equivalent ester,
Yang et al demonstrated that the transition temperature to the N* mesophase
shifted from -27°C in the ether linker to 72°C in the analogous ester case whilst

having little impact on the clearing temperature (Figure 1.10).[?
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Figure 1.10: An example of the influence of chemical differences in the spacer
connecting the backbone and the cholesteryl mesogen, on the liquid crystallinity
of the material. The introduction of each of the ester groups (A-C) gradually
increases the relative stiffness of the backbone. N*—chiral nematic, I-—isotropic,

G—glass, Cr—crystal and Sm—smectic.

This switching of the spacer from an ether to an equivalent ester prompted the
polymer to display crystallisation rather than a glass transition. A much more
dramatic change was observed when the linker second ether group was replaced
with another ester group. In this example, the polymer only displayed monotropic
transitions and no N* phase was observed. For the N* phase to form, the spacer
length had to be increased to n = 10. This arises from the relative stiffness of the
C=0 bond compared to C-O, which hinders the freedom of the mesogen to order
itself. Klok et al., showed that covalent incorporation of cholesterol moiety to a
low-molecular weight L-lactic acid oligomers resulted in formation of thermotropic
liquid crystal smectic phases. "l While the mesogen was a small part of the overall
molecule, its strong tendency to form the mesophase was expressed in the larger

molecule.

29



1.5 Polymer synthesis

1.5 Polymer synthesis

1.5.1 Reversible Deactivation Radical Polymerisation (RDRP)

Reversible Deactivation Radical Polymerisation (RDRP) is a IUPAC term for
polymerisation reactions referred to as controlled radical polymerisation (CRP).
In general, the techniques involve an equilibrium between active (or 'living’) and
dormant polymer chains, allowing for a control over the desired molecular weight
of polymers with narrow polydispersity (PD). It offers advantages over standard
free radical polymerisation (FRP) such as targeting the desired degree of poly-
merisation and narrow PD. RDRP commonly involves usage of a chain-transfer
agent which facilitates the formation of the reaction equilibrium. It also en-
ables preparation of polymers with complex architectures otherwise inaccessible
with FRP. While there are many types of RDRP reactions including atom trans-
fer radical polymerisation (ATRP) or nitroxide-mediated polymerisation (NMP),
this thesis will focus on Reversible addition-fragmentation chain-transfer polymer-
ization (RAFT) as it is the most well established method for applications within
polymerisation-induced self-assembly and works well with acrylic and methacrylic

monomers used throughout this thesis.
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AB diblock copolymer A?;{i&)ﬁ;}z;ﬂg Acipf)rl;zlloecrk
AB star
copolymer AB graft copolymer

Figure 1.11: Examples of architectures of copolymers which can be synthesised
by Reversible Deactivation Radical Polymerisation (RDRP) methods.

1.5.2 Reversible addition-fragmentation chain-transfer poly-
merization (RAFT)

RAFT polymerisation is a type of living radical polymerisation that has been
extensively used since its discovery in 1998 as a reliable way of preparing polymers
with very narrow polydispersity, high end-group fidelity and predictable molecular
weights. "»%IThis is due to the unique chemical mechanism RAFT follows. A
chain transfer agent (CTA), usually dithioesters molecule with two groups, R
and Z is required. The R and Z group stabilise both the radical intermediate
and the propagating chain and can be fine-tuned to specific systems. The narrow
PD is also result of the mechanism of RAFT where the rate of propagation is
less than the rate of activation of the living polymer chain, i.e. there is less
than one monomer added per activation cycle.Other usual considerations as with
standard free radical polymerisation remain, including choice and concentration

of initiator, degassing and solvent choice.
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Figure 1.12: Mechanism of Reversible addition-fragmentation chain-transfer
(RAFT) polymerisation. Step 1 - A source of free-radicals such as an initia-
tor starts the reaction by forming available radical species. Step 2 - The radical
monomer reacts with the RAFT agent forming an early polymer. Step 3 - The
leaving group radical reacts with another monomer to form another active chain.
Step 4 - The main equilibrium of the RAFT reaction where the present radicals
propagate chain growth where the rate of the chain growth is controlled by the
available radicals leading to narrow PD in the resulting polymers. Step 5 - Two
alive chains undergo a bi-radical termination leading to a 'dead’ chain which can

not react further.

1.6 Self-assembly of block copolymers in thin
films

As microphase separation in thin films takes place on a molecular scale, with the
domain sizes of 5-50nm, it was identified as a very powerful way of controlling

nanoscale patterning. A domain size this small is difficult or expensive to produce
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using conventional lithographic methods. In particular, linear BCPs are known
to exhibit lamellar and cylindrical structures which are of high importance for

nanoscale patterning (Figure 1.13).

Increasing f

Figure 1.13: Examples of structures formed by the self-assembly mechanism in
block copolymers. The f in the block corresponds to the volume fraction of one
of the blocks.

Factors which play a role in the self-assembly include the degree of polymeri-
sation (N), relative volume fraction of the blocks and the segregation strength.
However, in thin films, other factors such as air-polymer and polymer-substrate
interactions also have to be considered. The segregation strength is described as
a function of Flory-Huggins interaction parameter (X) and the degree of poly-

merization (Figure 1.14).
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1.7 Polymerisation-induced self-assembly
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Figure 1.14: Theoretical phase diagram of diblock copolymer melts calculated by
the mean-field theory SCFT. X is interaction parameter, N is the total number
of segments, f, is the volume fraction of block a. The phases are denoted as

SPH (spherical), CYL (cylindrical), LAM (lamellar), GYR (gyroid), and DIS
(disordered). !

Flory-Huggins interaction parameter (X) is a thermodynamic description of

the free-energy cost, in units of kg1, per monomer unit in a block copolymer.

A

1
- 1.
X kT EAB 2(€AA)+8BB (1.5)

Positive X indicates net repulsion between the blocks and negative X means free-
energy drive towards mixing. It’s important to note that the X is inversely pro-
portional to temperature meaning the mixing is more likely at high temperatures.
Strong specific interactions such as hydrogen bonding or charges lead to negative
X parameter so in order to prepare a strongly separating block copolymers it is
important to take these criteria into considerations.

1.7 Polymerisation-induced self-assembly

Polymerisation induced self-assembly (PISA) is a technique of preparing polymer

assemblies where the polymerisation and self-assembly take place simultaneously
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1.7 Polymerisation-induced self-assembly

in situ (Figure 1.15). This method produces highly monodisperse particles with
tuneable morphologies including spherical, worm-like and faceted micelles as well
as vesicles (Figure 1.16). PISA requires a solvent miscible second block monomer
but a solvent immiscible block copolymer. This results in formation of a well-
defined nanoparticles which, with the right solvent, form colloidal suspensions.
Variables such as degree of polymerisation (N), final solids weight fraction, poly-
dispersity (DP) and the solvent have an impact on the final structure of the
nanoparticles. Whilst the self-assembly of block copolymers into ordered nanos-
tructures is not novel, it is usually performed as a post reaction step requiring
extra steps. PISA offers a quick way of preparing those in situ avoiding costly

and time-consuming experimental steps.

R —
Soluble Soluble diblock Diblock copolymer nanoparticle

stabilizer block

Figure 1.15:  Schematic representation of the self-assembly process in

polymersiation-induced self-assembly (PISA).

While PISA with groups bearing LC mesogens is a relatively under-explored
area of research as a whole, it was in fact reported in one of the earliest known
PISA papers by Zhang et al.,”®l who polymerised CholA monomer ion in the pres-
ence of a P(AA-co-PEGA) macromolecular chain transfer agent in an ethanol /water
(95:5) solvent to produce poly(acrylic acid-co-poly(ethylene glycol) monomethyl
ether acrylate)-b-poly(cholesteryl acryloyloxyethyl carbonate). The result was a
dispersion of nanocylinders " with internal smectic-type order over a broad range

of solid concentrations and relative block ratios. The radius of the nanocylinders
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1.7 Polymerisation-induced self-assembly

increased as a function of the chain length of the hydrophobic block. In this case,
the LC order was assumed to play a significant role in the assembly formation
alongside the traditional driving forces. The study showed that the LC order
was preserved and introduction of it to the system lead to the preferential forma-
tion of nanofibers over vesicles observed in an equivalent polystyrene system. An
advantage observed upon introduction of a LC group was the reduction of the
polymer dispersity (D) with higher LC content. Whilst few PISA studies have
been performed with steroid-based monomers, the field is starting to gain trac-
tion with recent publications focused on the introduction of perfluorinated LC

[60] 1,62,63]  The structures

monomers #542:43:575859  hinhenyls[® and azobenzenes!®
seen within these systems show unique properties such as physical rearrange-
ments upon thermal stimuli. Analogous to systems mentioned earlier, the linker
length plays an important role in determining the resulting PISA morphology
with a biphenyl mesogen providing insights into the mechanism underpinning the
impact of LC groups within PISA.[%! Longer linkers lead to slower polymerisation
kinetics and only the longest (C=11) displayed direct liquid crystalline behaviour

with smectic order in the nanorods.
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1.8 Aims and motivation

(a) Spheres (b) Worms (€] Vesicles

Figure 1.16: Example of complex nanostructures of P2VA obtained via PISA (a)
spheres, (b) worms, (c) vesicles, (d) ‘yolk/shell” and (e) multi-shelled vesicles.

Reproduced with permission from [

1.8 Aims and motivation

The central goal for this thesis was to further the understanding of the the in-
fluence of liquid crystalline groups on the self-assembly of block copolymers. In
particular, the focus was payed on polymerisation-induced self-assembly (PISA)
and self-assembly in thin-films.

PISA is a relatively young method however it has already proven to be a sig-
nificant improvement over previous types of preparing self-assembled structures
of BCPs. % Introduction of a liquid crystalline monomers into its arsenal further
establishes it as a reliable and potent method for preparation of even more elabo-
rate and responsive nanostructures with potential applications within many field
such as drug delivery, sensors and nanoelectronics.

Introducing of liquid crystalline components into a self-assembling system
can be exploited to offer further means of controlling the said self-assembly. As
such, introducing liquid crystallinity into amphiphilic block copolymers opens new

avenues for formation of novel and otherwise inaccessible structures and motives.
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1.9 Thesis outline

The aims of this work undertaken in this thesis was to improve the understanding

of the following:

1. To further explain what role liquid crystalline order plays in polymerisation-

induced self-assembly of block copolymers.

2. To characterise the self-assembly of block copolymers bearing liquid crys-
talline side groups in thin films as well as their potential applications for

optical or similar liquid crystalline devices.

In order to achieve this, a study of liquid crystalline block copolymer estab-
lished in literature was furthered by expanding on the knowledge of its fusion
mechanism and explaining the role the LC behaviour plays on its self assembly.

Further to this, preparation of a set of novel block copolymers not described
in literature was performed. By synthesising custom monomers and combining

their unique LC properties to obtain PISA structures with unique morphologies.

1.9 Thesis outline

The thesis is split into 6 chapters. Chapter 1 introduces the key concepts and their
fundamentals. Chapter 2 describes the experimental methods and techniques
used to obtain data and characterise the materials prepared.

Chapter 3 is a chapter that involves significant amount of organic synthesis in
order to prepare custom liquid crystalline monomers bearing cyanobiphenyl and
cholesteryl side groups and their subsequent self-assembly in PISA as described
in Chapter 5.

Results of the experimental work are split into three chapters. Chapter 4
describes the the polymerisation-induced self-assembly (PISA) of block copoly-
mers bearing mesogenic fluorinated side groups. It focuses on characterisation of
the liquid crystalline character of the formed structures and the morphological
evolution of the structures formed as a function of the degree of polymerisation
of the mesogenic block.

Chapter 5 describes the synthesis of polymers bearing cholesterol and cyanobiphenyl
mesogens as well as their liquid crystalline properties. It also covers the liquid

crystalline properties of the individual monomers used.
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1.9 Thesis outline

Chapter 6 covers the attempts made to prepare self-assembled thin films and
the features measured using atomic force microscopy.

Finally, Chapter 7 summarise the results from all of the other chapters and
concludes the thesis and the impact it made.

The appendix will include useful bits of code used for data analysis as well
as plots of data used which were not needed in their corresponding chapters yet
provide useful glimpse into their corresponding materials.

Bibliography for all of the chapters was included at the end of the thesis.
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Chapter 2

Experimental methods

Experimental methods and techniques used throughout the project during mate-
rials synthesis and characterisation are described in this chapter. This includes
fabrication of liquid crystal devices, structural and optical characterization of

liquid crystalline phases

2.1 Liquid crystal sandwich devices

Liquid crystals (LCs) posses long range orientational and often positional order
however without controlling the alignment of the director and thickness of the
sample it is difficult to fully characterise them. In order to obtain a better control
over these features, sandwich LC devices are used. For experiments mentioned in
this thesis, both commercial cells (AWAT) and custom made devices/cells were
used. The commercial devices were obtained from the Military University of

Technology, Warsaw, Poland.

2.1.1 Standard liquid crystal device

A typical liquid crystal device prepared is shown in Figure 2.2. This device
consisted glass substrate as glass does not significantly affect optical properties
of the device while being robust. An alignment layer was used to control the
alignment of the liquid crystals. Different polyimides are used to afford either

planar or homeotropic alignment. These can have different pretilt values and
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2.1 Liquid crystal sandwich devices

other properties which affect the end result of the alignment. A spacer film or
spacer beads are used to control the thickness of the device.
The prepared device is then filled in with the liquid crystal through capillary

action and sealed with glue at the open ends where LC was applied.

Spacer Beads/ = .
Glue seal Spacer Film Liquid Crystal
Z
> e ® e 7 >
X Alignment Layer
Glass Substrate
Glue seal Liquid Crystal
Y
Spacer Beads/ Glass Substrate

X Spacer Film

Figure 2.1: (a) Side view of a typical LC sandwich device. (b) Top view of the

same device.

2.1.2 Fabrication process

The fabrication of the LC sandwich devices is a multi step process. This section
will cover it from the beginning i.e. cutting the glass to the finished product. This
process was performed within a clean room to avoid accidental contamination

with dust and other debri which might be found in a standard laboratory.
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2.1 Liquid crystal sandwich devices

Cutting the glass

In order to prepare sufficiently large cells, glass was cut using a glass scorer. A
typical device would use either square or rectangular glass pieces, usually between
lem and 2cm in width. For typical glass cells, standard microscopy grade glass
was used. If a cell was to be used with application of an electric field, glass coated
with indium tin oxide (ITO) as it conducts electricity allowing soldering of wires
on. Once the glass was scored, the glass was snapped clean by applying a small

amount of force to the other side of where the glass was scored.

Cleaning of the glass

The cleaning of the glass was performed by multiple washes with organic sol-
vents and sonication for an extended period of time. A standard procedure was

performed as follows:

e 30 minutes sonication in deionised water with 10% decon-90 surfactant fol-

lowed by drying with compressed air

¢ 30 minutes sonication in deionised water followed by drying with compressed

air
e 30 minutes sonication in methanol followed by drying with compressed air
e 30 minutes sonication in isopropyl alcohol

At this point the clean glass parts were kept in the solvent until needed at which
point they were dried with compressed air in clean room in order to avoid con-

tamination from debris in the air.

Alignment layer deposition

In order for the liquid crystals to be aligned within the finish cell in a controlled
manner, an alignment layer (referred to as polyimide layer (PI)) had to be de-
posited and baked onto the glass substrates. The PI layer aligns the LC through
weak Van der Waals and steric interactions between the polymer and mesogens.

The PI layer has to be of uniform thickness and coat the entire surface of the
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2.1 Liquid crystal sandwich devices

Figure 2.2: Clean room in the Sir William Henry Bragg Building. The gold light

is used to ensure photosensitive samples are not exposed to light.

Table 2.1: Different polyimides used for the alignment of LCs.
Alignment PI | Alignment Type

SE3510 Planar
SE1211 Homeotropic

glass in order to be effective. This was achieved by using a WS-650-MZ spin
coater at 3000rpm for 60s. The type of PI used controlled the alignment of the
LCs.[%] This is briefly summarised in Table 2.1. The PIs had to be developed in
order to ensure they bonded to the glass and no residual solvent remained. This
was done on a hotplate at 180°C for up to 120 minutes.

For planar cells, the samples had to be rubbed with a velvet cloth in order to
give the alignment directionality. In order to ensure consistency between batches
of cells, a mechanical rubbing machine using the same custom build software
rubbing preset for each sample was used. The preset can be summarised as 20sec

rubbing at constant speed and pressure done back and forwards 2 times total.

Spacer film deposition and gluing

The spacer film used was cut to the length of the cell with a width of approx.
0.1cm. The film was then placed on each side of the glass cell. The other side

of the glass was then placed on top and glue was deposited on the sides of the
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2.1 Liquid crystal sandwich devices

cells where the film was. In order to ensure good contact and uniform thickness
of the cell a constant pressure was applied to the cell. This was usually achieved
by either placing bulldog clips to the cell or by placing the cells in a vacuum bag
and extracting all the air. After this step, the glue cured under UV light. The
samples were cured for 30minutes under a UV source with the constant pressure

applied to them throughout the procedure.

Cell gap measurements

The way the device cell gap was measured was by measuring the interference
pattern of the empty cell with a UV /Vis spectrometer connected to a reflection
microscope. After calibrating the UV /Vis spectrometer with a black background
and a mirror, the cell was placed in the optical path of the microscope. The
conditions for constructive and destructive interference are give by Equation 2.1

and Equation 2.2 interference respectively.

nA = 2d (2.1)
(n+ %))\ =2d (2.2)

Here n is an integer. This results in the spectrum appearing as a series of peaks
and troughs corresponding to constructive and destructive interference. The dis-
tance between the maxima of the peaks is related to the device spacing (d) by

Equation 2.3
Ao

200 = N

As the distance between peaks remains constant as long as the d spacing does

d (2.3)

not change, to get a more accurate value of d multiple distances of spacing can

be taken as an average over the number of peaks measured (Equation 2.4).

)\1)\mm

d=_21rm
2(A1 — An)

(2.4)

Here m is equal to the number of peaks measured.
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2.2 Characterisation of materials

Filling and sealing the cell

The final steps before the filled cell is ready to use is to fill the cell with the
material and seal with glue. The cells were filled using capillary action by placing
the cells on a hotstage set to a temperature where the sample was liquid and
placing a small amount of the material at the opening of the cell. The sample is
then left at the temperature until the material has moved into the device through
capillary action. Once the cell is full, the open sides of the cell are glued with
UV glue. Once the glue is cured, the cell is ready to use.

2.2 Characterisation of materials

2.2.1 Polarised Optical Microscopy (POM)

A beam of light consists of individual photons which posses a vibrational com-
ponent perpendicular to the path of the photon. When there is no favored di-
rection of the vibrations, the light is said to be unpolarised. Polarised light on
the other hand, resonates only within one particular plane. Polarised Optical
Microscopy (POM) is one of the most fundamental techniques employed within
the field of liquid crystals (LCs). It allows for the differentiation of isotropic and
anisotropic materials and within liquid crystals in particular, it often helps iden-
tify mesophases formed and the transition temperatures associated with them.
It works by exploiting optical anisotropy, also known as birefringence within LCs
where the material possesses two different refractive indexes (Figure 2.3(a)).The
birefringence of the material can be described in terms of the phase difference,
given by

P QT”And (2.5)

where A is the wavelength of light, An is the birefringence and d is the thickness
of the material. This is observed by setting the polariser and analyser filters set at
90° to each other and having the light pass through the LC sample on the stage.
As the light passes through the material, it becomes elliptically polarised due to
the birefringence (Figure 2.3(a)) For materials that do not exhibit birefringent LC

phase, the transition from solid to liquid results in an isotropic liquid and appears
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2.2 Characterisation of materials

completely dark under POM as no light is polarised in the correct orientation
in relation to the analyser. FElliptically polarised light consists of two linearly
polarised lights similar to circularly polarised light however the light amplitudes
are different while maintaining a the same frequency. This results in a light wave
where the electric vectors which rotates as well as changing its amplitude. Figure
2.4 shows an example of an oily streak texture observed under POM of a chiral

nematic compound.

%K. — Anisotropic Sample

Polariser
Analyser

E-ray O-ray

(b) Beam Splitter

Analyser
Objective
Sample Material
Light Source
Polariser

Mirror

Figure 2.3: (a) Schematic of unpolarised light passing through the polariser be-
comes linearly polarised, which when passes through the birefringent sample be-
comes elliptically polarised. (b) Diagram of polarised light microscope setup in
transmission mode. The light passing through the liquid crystalline sample ma-
terial leads changes the lights polarisation from linear to ellipsoidal which is then

passed through the analyser and into the detector (i.e. camera) and eye pieces.
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2.2 Characterisation of materials

Figure 2.4: Oily streak texture of a chiral nematic material observed under POM
at 20x magnification, reflection mode at 40°C. Arrows indicate the directions of

polariser (P) and analyser (A). Scale bar = 1um.

In order to identify phase transitions within the LLC material, a temperature
hot stage was used. Linkam T95-PE temperature controller and Linkam THMS-
600 hotstage were used for materials that do not require cooling to below ambient
temperature and a peltier hotstage LTSE120 stage is used for samples that require

cooling at a controlled rate to below ambient temperature.

2.2.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is method used to measure and quantify
thermodynamic transitions within materials as a function of temperature (or heat
flow). Enthalpy is a measurement for the energy in a thermodynamic system.
Enthalpy (H) is a the sum of internal energy (U) and the product of pressure and

volume (P and V respectively)
H=U+P-V (2.6)

When a process occurs at constant pressure, the heat evolved is equal to the

change in enthalpy. The heat flow of the sample is measured from the difference
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2.2 Characterisation of materials

in heat flow between a pan with the sample and a reference pan, usually an
empty pan (Fig. 2.5). As the sample pan and reference pans are kept at the
same pressure, the heat flow can be measured as a function of enthalpy change
only. In order to calculate the heat flow for the material, the reference pan
heat flow is subtracted from the total heat flow giving the value for the sample
material, providing the sample is not interacting with the pan or gasses in the
pan. The reference pan is sealed with nitrogen gas as it is inert and will not react

with the pan.
dH  dH dH

ﬁ N ﬁsample B ﬁreference

In endothermic phase transitions such as melting, the heat is absorbed and the

(2.7)

heat flow is positive. In contrast, within exothermic phase changes such as crys-

tallisation, the heat flow is negative as the energy is being released by the sample.

Furnace sealed with a
lid. =<

Sample pan and lid ~

~
~

Refi dlid
Sample ~ - eference pan and li

Sampleheater ~ L7 Reference heater

Figure 2.5: A schematic representation of the DSC setup showing the difference
between the sample and the reference pan. Both of the pans are sealed airtight.

The furnace chamber is filled with nitrogen during the run.

This is a valuable method frequently used within both liquid crystal and
polymer fields. Within liquid crystals, it can reveal transition temperatures and

nature of phase transitions and whether they are first order or second order.
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2.2 Characterisation of materials

Unlike POM, DSC cannot differentiate what mesophases are present and what
the transitions correspond to, making POM and DSC complimentary. A first
order transition is described as a transition where the discontinuity is in the first
derivative of Gibbs free energy and involve latent heat, meaning under DSC they
appear as sharp transitions. LC transitions tend to be partially first order and
therefore display an observable peak in the trace. Figure 2.6 is an example plot
of a DSC curve. In this example, the material looked at is a nematic LC 5CB. On
heating the sample, a negative heat flow was observed as the sample was taking
in energy in order to increase its temperature. First peak observed corresponds
to the melting of the crystal into its LC state, the second peak corresponds to
the nematic-isotropic transition and is much less endothermic. On cooling, an
exothermic event is observed as the sample transitions from isotropic to nematic.

No crystallisation was observed on this cooling run due to super cooling of the
5CB.
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/
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|
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Figure 2.6: DSC heat flow trace for 5CB measured at 10K min™. A significant
endothermic event is observed at phase transition from crystal (K) to nematic (N)
and a smaller one for the nematic (N) to isotropic (I). On cooling, an exothermic
event was observed where the sample shows negative heat flow as it transitions
from I to N. The top and bottom traces correspond to cooling and heating re-

spectively. The crystallisation was not observed on cooling due to super cooling

of 5CB.

All of the DSC experiments were performed on the DSC Q20. The heat-

ing and cooling cycles were performed at a constant temperature rate. All of
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2.2 Characterisation of materials

the analysis was performed using the manufacturer supplied software, Universal
Analysis 2000. The phase transitions onset and enthalpy of change for first order
transitions were obtained through integration via ”Integrate Peak Sig Horizon-
tal” and ”Integrate Peak Linear” function build in the software. The values for
second order transitions were obtained through ”Glass/Step Transition” build in
the software. This function works by extrapolating the pre and post transition
baselines and identifying the point at which the change in heat capacity is 50%
complete. The glass transition temperature is then reported at the 50% mark.
An example of values obtained for first order transitions can be seen in Figure
2.6 where 5CB was scanned at a constant rate. Example second order transition

values can be see in Figure 2.7 where an example polymer was scanned.

1

N 33.71°C I
34.45°C
2.409J/g
0+ 21.78°C
58.83J/g 35.27°C
1.231Jig
5 K I
=)
g 4
o
®
Q
T
24
24.38°C
-3 T T T T T T
10 15 20 25 30 35 40
Exo Up Temperature (°C)

Figure 2.7: DSC heat flow trace for a glass transition of a pure FOEMA polymer
(DP = 50) blockcopolymer.

2.2.3 X-ray scattering

X-ray scattering is a family of analytical, non-destructive methods used in the

study of structural properties and liquid crystalline properties. This experimental
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2.2 Characterisation of materials

method was used in Chapters 4 and 5 to study the nano-objects formed through

PISA as well as to identify liquid crystalline order within the materials.

Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering (SAXS) is a powerful method for measuring size,
distribution and shapes of particles as well as macromolecules in colloidal sus-
pension. [ Tt offers a unique insight into morphology of the colloidal structure
in situ, unlike imaging methods such as transmission electron microscopy (TEM)
where the sample is in it’s dried state and frequently stained with other chemicals
in order to highlight features. The method relies on exploiting the reciprocity law
which gives inverse relationship between measured feature size and scattering an-
gle. Colloidal structures are significantly bigger compare to the X-rays used and
therefore gives small observable scattering range. SAXS involves focusing of an
X-ray beam onto a sample which then scatters, absorbs or reflects the x-ray or
does not interact with it at all (Figure 2.8). The scattered X-rays can be then ob-
served and recorded by a detector. The detector absorbs the X-rays and is usually
either a gas-filled detector, solid-state detector or a scintillating detector. The
detectors are often used in combinations to ensure better resolution. A beam stop
is needed to catch any X-rays which were not scattered by the sample in order to
avoid damaging and over-saturating the detector. There are thee different types
of beamstops usually employed: a full beamstop which catches all X-rays coming
through it leading to no detection behind it, a PIN photodiode stop which mea-
sures the flux directly or a semi-transparent beamstop which controls how much
of the x-rays pass through onto the detector to avoid oversaturation. The beam-
stop serves two purposes, first to prevent the detector from being damaged by the
high intensity unscattered X-ray beam and second to capture any ’parasitic’ scat-
tering. °7 The source of the X-rays is an important factor for the quality of the
results. A typical lab-grade SAXS apparatus possesses X-rays sources which emit
approx. 107 photons per second. This is good enough for standard experiments
with well scattering samples. However, for dynamic or position-resolved experi-
ments, synchrotron sources are needed. These provide a much higher X-ray flux

at between 10! and 10*® photons per second. This also has an added advantage
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2.2 Characterisation of materials

of much faster experimental time where the samples only need to be exposed for
a fraction of the time they would need at a lab-grade equipment. Synchrotrons
also tend to have a much longer paths which leads to higher resolution especially
at low q. The small in SAXS refers to the angle at which the scattered beams
are observed relative to the sample, usually between 0.1 and 10°. As SAXS is
frequently performed in solution, the solvent needs to have a different electron
density in ordere to create contrast between the sample. This is described as a

difference in the scattering density (§) in Equation 2.8.

(a) (b)

Figure 2.8: Diagram demonstrating small-angle X-ray scattering (SAXS) within
two spherical particles with different diameters. (a) Larger particle diameter leads

to smaller scattering (b) Small particle diameter leads to wider scattering

o bepmNA
£ = M anzz (2.8)

i

where b, is the scattering length, rhom is the density of the molecule, N4 is
the Avogadro’s constant, My, is the weight-average of the molecules, n; is the
number of atoms within the molecule with atomic number z;. In order to resolve
the structure, the q values are converted into d spacing, the two are related by

the equation 2.9. 58]

q= d (2.9)
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2.2 Characterisation of materials

Electron Dispersive X-ray spectroscopy

Electron Dispersive X-ray spectroscopy (EDS) is a spectroscopic method used
for chemical and elemental characterisation. It is similar in nature to X-ray
photoelectron spectroscopy (XPS) however it measures the electron instead of
the x-rays. EDS offers insight into which elements are present within a part of
a sample. EDS can be combined with TEM in order to identify the elements
present within a certain area. An example EDS is seen in Figure 2.9. In this
example, particular elements can be used in order to identify e.g. parts of blocks

of a block copolymer being investigated via TEM rich in a certain part of element.

5o
[ eos spectum

Spectrum

Intensity (Counts)

Figure 2.9: An example EDS spectrum collected for a block copolymer of PStMA-
b-PFOEMA. The spectrum indicates high relative presence of fluorine group,
indicating high abundance of the group within the region scanned in TEM.

Wide-angle X-ray scattering (WAXS)

A method complimentary to SAXS is wide-angle X-ray scattering (WAXS) which
is based on a similar principle but the scattering angle measured is higher (i.e.
higher QQ values are observed). As smaller features, relative to the beam wave-
length of X-ray used, scatter more, they can be observed at higher 26. While
SAXS offers information about structures morphology, WAXS offers insight into

the structure at the sub-nanometer scale. At this scale, the samples crystalline
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2.2 Characterisation of materials

order is probed and important information such as degree of crystallinity, phase

composition or crystallite size can be measured.

2.2.4 Data analysis

Data analysis for both SAXS and WAXS was performed using well established
tools such as SASView and IgorPRO for fitting as well as manually with Ori-
gin scientific data graphing and analysis software and personally written python
scripts and code.

Data fitting for SAXS is a non-trivial task. Certain approximations and es-
timates can be made for general shapes of particles. One example of that is the
Guinier fit which relies on providing the diameter (or more specifically speaking,
the radius of gyration) of the particle based on the slop of the gradient in the

very low q region. This is given in the Guinier approximation (Equation 2.10).

2 2
qu

Inl(q) =InI(0) — 3

(2.10)

where I(q) is the intensity of radiation detected, I(0) is the intensity at ¢ = 0,

usually obtained by extrapolation, R, is the radius of gyration.

2.2.5 Equipment used

SAXS experiments were performed at Diamond Light Source in Oxfordshire, UK
at the 122 beamline. WAXS experiments were performed at University of Leeds,
UK in the School of Food Science and Nutrition.

2.2.6 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a method of imaging nanoscaled ob-
jects by transmitting electrons through a thin sample of material and measuring
the electrons passing through (Figure 2.10).1%! Due to electrons much shorter de
Broglie wavelength relative to visible light, TEM images are obtained at a much

higher resolution compared to standard optical microscopy, allowing to physically
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2.2 Characterisation of materials

observe nanostructures. The theoretical limit of optical resolution is described
by Abbe diffraction limit (Equation 2.11).

A A

d= 2N A - 2nsint

(2.11)

Here, d is optical resolution, A is the wavelength of light and N A is the numerical
aperture of the lens. The numerical aperture can be described in terms of refrac-
tive index of the material the lens is made with. As the wavelength of electrons is
much smaller compared to visible light, smaller objects can be resolved in TEM
compared to POM.

As electrons are scattered more as a function of the density of the material,
stains such as uranyl acetate or ruthenium tetroxide which can interact with the

sample and lead to observable artifacts.

(a) ./ Electron Gun (b)

———— Anode

' Condenser Lens

~—— Sample
— [ntermediate Lens

—— Projector Lens

~————Fluorescent Screen

Figure 2.10: (a) Diagram of transmission electron microscopy (TEM) setup. The
green indicates electron beam path. (b) A typical copper TEM grid. Within each
segment of the grid, multiple periodic holes can be found. The grid is suspended

on a Polyvinyl formal and holey carbon support films.

An example image from the TEM can be seen in Figure 2.11. One of the major
limitations of this technique is the absence of colour in the collected images. The
image is false coloured to appear black and white as the detector collects charge
instead of visible light such as in POM.



2.2 Characterisation of materials

Figure 2.11: An example TEM image of a block copolymer nanoparticle prepared
via polymerisation-induced self-assembly. Scale bar = 500nm

2.2.7 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a technique that involves scanning a probe
across a sample surface and measuring the deflection of the probe with a laser
reflection and a photodiode (Figure 2.12) AFM has enabled characterisation of
materials at a nanoscale in order not just to image and describe the morphological
features of materials but also in order to among other things; probe their me-
chanical properties, study adhesive properties and characterise their interactions
with other materials. AFM is a versatile method which posses multiple different

types of operation mode 2.2.
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2.2 Characterisation of materials

Laser

Photodiode

Feedback Loop

Probe

Sample surface
o Piezoelectric scanner

Figure 2.12: A schematic representation of how Atomic Force Microscope works.
The laser is constantly scanning the probe which deflects as it interacts with
the surface. The reflection of the laser is then measured by the photodiode
which passes the data to the detector and controller. Controller than adjusts the
position of the scanner based on the setting of the feedback loop.

Magn Det WD Exp |—— 20um
800x TLD 48 1

Figure 2.13: An example of a cantilever used for AFM experiments.
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2.2 Characterisation of materials

Table 2.2: Different types of AFM modes of operation.

Mode Feedback Principle Uses
Contact Cantilever Cantilever is used to scan the sur- | Surface
deflection face of the sample at a constant de- | structural
flection of the cantilever. characteri-
sation
Tapping Oscillation | Cantilever is made to oscillate at | Phase reso-
mode amplitude the surface of the sample making | lution and
of the can- | contact with the sample only at the | mechanical
tilever lowest point of the oscillation. The | characteri-
oscillation is modulated as a func- | sations
tion of its interaction with the sur-
face
Non- Oscillation | Cantilever is made to oscillate | Non-
contact amplitude above the surface of the sample not | destructive
of the can- | coming to contact with it. The can- | probe
tilever tilevers oscillation is affected by the
samples surface.

Each of the modes has its advantages. In this thesis, predominantly tapping
mode was used for phase characterisation and topological features was used. In
order to afford nanoscale resolution, AFM requires the use of a cantilever with
a very fine tip which is then used for the actual measurements. There are many
different types of cantilevers available, depending on the required application.
For soft polymers such as the ones studied in this thesis, the cantilever RTESPA
tips from Bruker were used. These cantilevers were designed for use within softer
materials such as polymers for experiments performed in air for both contact and
intermittent contact modes. The fine control over the movement of the sample
is afforded by the piezoelectric stage which relies on a Proportional-Integral-
Derivative (PID) feedback loop which is used to control the movement of the

stage in response to the signal detected at the photo detector from the cantilever.
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2.3 Synthetic characterisation

2.2.8 Ellipsometry

Ellipsometry is an optical method for measuring thin film properties such as
refractive index or thickness. It involves illuminating the sample film with an
elliptically polarised light and analysing the reflected beam with an analyser and
a photodetector. It can be used to calculated complex refractive index of the
material and the thickness of the sample film. It is most commonly in the semi-
conductor industry to calculate the thickness of SiO2 on the surface of silicone
wafers.

The complete mode of operation for a typical ellipsometer can be seen in
Figure 2.14. A monochromatic light linearly polarised light is elliptically polarised
through the polariser. The light then proceeds to hit the sample surface at
a known angle (usually between 45° and 90°). The reflected light then passes
through the analyser which can rotate to measure to measure the polarisation of
the light.

Laser Detector

Polariser Analyser

Sample

Figure 2.14: A schematic representation of how a typical ellipsometer operates.

¢ is the angle between the detector/light source and the sample surface normal.

As ellipsometry is an indirect method, the calculated values for the optical
properties are then calculated through fitting to known models and extracting
the fitted values from those.

2.3 Synthetic characterisation

A brief example of methods used for characterisation and track keeping in syn-

thesis are described below.
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2.3 Synthetic characterisation

2.3.1 Solvents and materials

All solvents and reagents were used as provided from the supplier without any
further purification or distillation. All materials were used as were delivered from

the various suppliers.

2.3.2 Thin layer chromatography

Thin layer chromatography (TLC) is an experimental technique which identifies
the number of compounds found within a sample as well as allows to identify
purity of the final product. It relies on exploiting the fact that different chemical
compounds have different affinity for solvents and therefore diffuse differently
within a thin layer of tightly packed silica or alumina. The method is closely
related to column chromatography which relies on the same principle to separate
the individual components within a sample. The TLC plates were prepared by
cutting large sheets into small (approx. 5cm x 10cm) strips, marking the baseline
with a pencil and depositing a small amount of the sample material. The strip
was then placed in a TLC development jar with a small amount of liquid solvent
which does not reach above the marked bottom line. The solvent was then allowed
to move up the plate through diffusion and once the solvent has almost reached
the top of the strip, the strip is removed and the solvent front is marked with
a pencil. The sample is then developed, this is commonly done under UV lamp
and by marking the sample spots with a pencil, however not all compounds are
UV active and require other methods such as exposure to iodine in order to be

developed.

2.3.3 Column chromatography

As mentioned in the section above, column chromatography is a method of puri-
fying crude reaction mixtures into pure individual components. This is done by
passing the sample through a column of tightly packed silica or alumina and col-
lecting aliquots, running TLC on each of the aliquots, combining aliquots with the

same components and then removing the solvent in order to afford pure product.
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2.3 Synthetic characterisation

2.3.4 NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy was used to characterise the
products and byproducts within the samples. The spectra were collected on a
Magritek Spinsolve 60 NMR spectrometer and Bruker AV3HD 9.4T NMR spec-
trometer. Deutereted and hydorgen free solvents were used including deuterated
chloroform (CDCl;), hexafluorobenzene and 1,1,2-Trichloro-1,2,2-trifluoroethane
(CFC-113).
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Chapter 3

Synthesis of liquid-crystalline
methacrylic monomers bearing
cholesteryl and cyanobiphenyl

mesogens.

3.1 Introduction

In this chapter, methacrylic monomers bearing cholesteryl and cyanobiphenyl
mesogens will be synthesised for use in preparation of block copolymers in Chapter
5. These molecules posses methacrylic groups making them suitable to use in
polymerisation reactions and laterally attached mesogenic side groups giving them

and their corresponding polymers liquid crystalline properties.

3.2 Methacrylic monomers bearing mesogenic
groups.

Liquid crystalline polymers offer advantageous mixture of anisotropic properties
of liquid crystals with processing and bulk properties of polymers. In particular,
side chain liquid-crystalline polymers (SCLP) are noteworthy due to their po-

tential applications based on the mesogens being decoupled from the backbone
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3.2 Methacrylic monomers bearing mesogenic groups.

allowing for applications within among other fields optical data storage, nonlinear
optics and ferroelectric devices. 707!

Methacrylic LC monomers especially are a well established type of monomers
for preparation of SCLPs as they can be readily polymerised using RDRP meth-
ods as well as being fictionalised and modified with side groups and spacers. [*6-7
As mentioned in section , the spacers and the mesogenic groups play an important
role in the final properties of the resulting polymers and had to be considered
when designing new molecules. In this project, monomers were prepared with
a spacer consisting of 6 carbon atoms between the backbone and the mesogens.
This length was chosen as an optimal length as it is approximately when the
glass temperature tends to plateau as a function of spacer length in methacrylic
systems allowing for wider LC ranges as well as affording the side groups enough

[73]

flexibility to freely form wider range of LC phases.!"” The mesogenic side groups

investigated were cyanobiphenyl and cholesterol. Both are well established meso-
genic groups used both in SMWLCs and LMWLCs such as polymers.

This chapter will focus on chemical synthesis and characterisation of the above
molecules. Their liquid crystalline properties, of intermediates, monomers and

polymers, will be discussed in Chapter 5.

63



3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid
3-cholesteryl ester (Chol-6-MA)

This section will describe the novel synthesis of 6-(Methacryloyloxy)hexanoic acid
3-cholesteryl ester, from here on referred to as Chol-6-MA. The successful syn-
thetic pathway that afforded the pure monomers was done in three steps: firstly
preparation of acyl chloride followed by addition of cholesterol to an acyl chloride
followed by addition of a methacrylic group via nucleophilic substation reaction
via removal of a bromo group. An overview of the reaction can be seen in Figure
3.1

Figure 3.1: Molecular structures of the starting material, intermediate and the
end product of Chol-6-MA
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

3.3.1 Step 1: Preparation of acyl chloride

The first step in the reaction was preparation of acyl chloride from a corresponding
carboxylic acid with thionyl chloride (SOCIy). This reaction was highly sensitive
to moisture so had to be performed in absence of any moisture. The acid was
reacted with excess thionyl chloride and then distilled under reduced pressure.

The experimental method was adapted from Zuffanti et. al.[™!

Thermometer Condenser

Crude product \
Heating Mantle
\ ﬁ Receiving vessle

. ¢

Figure 3.2: Experimental setup for the preparation of acyl chloride through re-
action of thionyl chloride with a carboxylic acid.

A typical reaction was performed as follows: To a round bottom flask loaded
with carboxylic acid (1 eq.) in a water bath at ambient, excess thionyl chloride
(2 eq.) is slowly added from a dropping funnel. After approx. 30minutes, the
excess thionyl chloride is removed by distillation, followed by the acyl chloride,
discarding the first few drops collected. Yield: 72%.

NMR: 'H NMR (CDCl3): 1.2 - 2.0 (6H, m, CH2), 2.33 (2H, t, CH2), 3.20
(2H, t, CH2)
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester

(Chol-6-MA)
Scheme:
0 0
JJ\ SOCl, JJ\ . He . s0,
R ~OH — R ~cl
Mechanism:
R’ &
[ o H.,®
=0 o o° Cl _g
109 > )\ /':O
U o”"cl
Ho ®
0% ¢ g I H.® <,3' + o
/]\O/S\‘-l/ /lk /S:O Cl
& O
H.®
~0 Cl H.
& Ao 7
= 4} _
O/ O/S-O
Cl
Cl
H\o) (,31) H\O@
sz ——> | + 0=8=0 + Cl
o> )\Cl

66



3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

Step 2: Esterification of acyl chloride and cholesterol

The next step in the reaction is the formation of an ester bond via condensation
reaction between acyl chloride molecule (6-Bromohexanoic acid) and an alcohol
(cholesterol). As acyl chlorides react instantly with water (even with moisture
in the air), the reaction had to be performed under dry conditions. In order
to afford, a dropper funnel was setup connected to a two necked round bottom
flask. The system was then sealed with septums and glass stoppers and was placed
under vacuum in order to reduce the boiling point of residual water found in the
glassware. The entire system was then flame dried with a butane torch. Once the
system was completely void of water, the vacuum was removed and the system
was filled with nitrogen gas. The reactants were then dissolved in dry solvents and
added to the apparatus. The alcohol was dissolved in dry dichloromethane (DCM)
with a small volume (approx. 2cm™3) of dry pyridine and transferred to the round
bottom flask. The acyl chloride was a pale yellow liquid and was used as was
without dilution in any solvent. It was transferred to the dropping funnel. The
RBF was placed on a magnetic stirrer plate with an ice-bath. The acyl chloride
was then slowly added dropwise over approx. 30min to the stirring solution of
alcohol. As the reaction of acyl chlorides are very exothermic, the reaction had
to be performed in an ice-bath initially and was later kept at ambient overnight
temperature to ensure complete reaction. The setup can be seen in Figure 3.4.

The reaction was then worked up and purified.

Dropping Funnel loaded
with acyl chloride

Ja”

Round bottom flask loaded
with the alcohol

N\

Ice-bath

T~

Figure 3.3: Experimental setup for the reaction of acyl chloride and an alcohol.
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

A typical synthesis of Chol-6-Br was performed as follows:

Cholesterol (1 eq.) was dissolved in dry dichloromethane and 2ml of dry
pyridine and added via syringe to two necked, dried round bottom flask with a
magnetic stirrer bar and a dropping funnel attached. The apparatus was placed
in an ice-bath. To the closed dropping funnel, 6-bromohexanoyl chloride was
added via syringe. With stirring, the dropping funnel was slowly opened until a
steady, slow addition of acyl chloride was achieved. The acyl chloride was added
over approx. 30 minutes. After complete addition, the reaction was let to mix
overnight at ambient temperature. On the following day, the organic layer was
washed with water, dilute sodium carbonate and water. The organic layer was
then dried with brine and anhydrous magnesium sulfate. Product was purified
by recrystallisation from ethanol and methanol. Yield: 97%.

NMR: 'H NMR (CDCl3): 0.6-2.1 (50H, m, CH,CH2,CH3), 2.33(4H, m,
CH2), 3.42 (2H, t, CH2), 4.61 (1H, m, CH), 5.37 (1H, m)
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

Scheme:
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

3.3.2 Step 3: Addition of methacrylic group

The addition of methacrylic group was performed by nucleophilic substitution of
the bromo group with a methacrylate group. The methacrylate group was pre-
pared by neutralisation of methacrylic acid with a weak base, potassium hydrogen
carbonate. The salt was then reacted with the intermediate prepared above at
90°C over 24 hours. As the reaction involved heating monomers, precautions had
to be taken in order to ensure no polymerisation takes place during the reaction.
This was done by addition of small amount of 2,6-Di-tert-butyl-4-methylphenol
(BHT). This antioxidant captures any radical species that might form during the

reaction and prevents them from starting a free radical polymerisation reaction.

Figure 3.4: Experimental setup for the reaction of acyl chloride and an alcohol.
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

Scheme:
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

A typical synthesis of Chol-6-MA was performed as follows:

Methacrylic acid (1.1 eq.) and potassium hydorgen carbonate (1.1 eq.) were
added to a round bottom flask with a magnetic stirrer bar and mixed at room
temperature for 5 minutes to form potassium methacrylate salt. Cholesteryl 6-
bromohexanoate (1 eq.) and 2,6-Di-tert-butyl-4-methylphenol (BHT, 0.1 eq.) was
dissolved in N,N’-dimethylformamid (DMF) and added to the reaction mixture.
The reaction mixture was heated to 100°C and stirred over 24 hours. On the
following day, the solution was allowed to cool. Dichloromethane (DCM) and
water were added to the cold solution. The organic layer was washed with water,
dilute sodium carbonate, water and brine. The organic layer was then dried over
anhydrous magnesium sulfate and solvent was removed under reduced pressure.
The product was then purified through column chromatography (pure DCM,
silica gel) and recrystallised from ethanol. Yield: 65% 'H NMR in CDCL3 1.3-
2.2 (9H, m, CH2,CH3), 2.6 (2H, s), 4.2 (2H, s), 5.58 (1H, m), 6.12 (1H, m), 7.0 -
8.0 (8H, m)
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

3.3.3 Synthesis of 6-(4-Cyano-biphenyl-4’-yloxy)hexyl methacry-
late (CB-6-MA)

Synthesis of 6-(4-Cyano-biphenyl-4’-yloxy)hexyl methacrylate (CB-6-MA) was
performed by a similar process as for Chol-6-MA. The same acid chloride was

used in preparation of both of the monomers.

Step 2: Esterification of acyl chloride and CB-OH

The process of preparation CB-6-Br was almost identical as in the case of Chol-
6-Br. A typical synthesis of CB-6-Br was performed as follows:

4-Cyano-4’-hydroxybiphenyl (CB-OH) (1 eq.) was dissolved in dry dichloromethane
and 2ml of dry pyridine and added via syringe to two necked, dried round bottom
flask with a magnetic stirrer bar and a dropping funnel attached. The apparatus
was placed in an ice-bath. To the closed dropping funnel, 6-bromohexanoyl chlo-
ride was added via syringe. With stirring, the dropping funnel was slowly opened
until a steady, slow addition of acyl chloride was achieved. The acyl chloride
was added over approx. 30 minutes. After complete addition, the reaction was
let to mix overnight at ambient temperature. On the following day, the organic
layer was washed with water, dilute sodium carbonate and water. The organic
layer was then dried with brine and anhydrous magnesium sulfate. Product was
purified by recrystallisation from ethanol twice. Yield: 92%.

NMR: 'H NMR (CDCl3): 1.4-2.3 (6H, m, CH2), 2.67(2H, m, CH2), 3.51
(2H, t, CH2), 7-8 (8H, m, aromatic)

Step 3: Addition of methacrylic group

A typical synthesis of CB-6-MA was performed as follows:

Methacrylic acid (1.1 eq.) and potassium hydrogen carbonate (1.1 eq.) were
added to a round bottom flask with a magnetic stirrer bar and mixed at room tem-
perature for 5 minutes to form potassium methacrylate salt. 4’-cyanobiphenyl-
6-bromohexanoate (1 eq.) and 2,6-Di-tert-butyl-4-methylphenol (BHT, 0.1 eq.)
was dissolved in N,N’-dimethylformamid (DMF) and added to the reaction mix-
ture. The reaction mixture was heated to 100°C and stirred over 24 hours. On

the following day, the solution was allowed to cool. Dichloromethane (DCM)
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

and water were added to the cold solution. The organic layer was washed with
water, dilute sodium carbonate, water and brine. The organic layer was then
dried over anhydrous magnesium sulfate and solvent was removed under reduced
pressure. The product was then purified through column chromatography (pure
DCM, silica gel) and recrystallised from ethanol twice. Yield: 62%

'"H NMR in CDCL3 1.4-2.3 (6H, m, CH2), 2.61 (2H, s), 4.23 (2H, s), 5.52
(1H, m), 6.09 (1H, m), 7.0 - 8.0 (8H, m)
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3.3 Synthesis of 6-(Methacryloyloxy)hexanoic acid 3-cholesteryl ester
(Chol-6-MA)

3.3.4 Notes and unsuccessful attempts at preparing the

monomers

Organic chemistry can be tricky and occasionally do unexpected things for reasons
not entirely clear to the chemist at the time. The above synthetic pathway
is the most successful and most straightforward one given the facilities. The
first attempts at preparing the Chol-6-MA were made using a phase transfer
catalysed reaction as adapted from Shannon et. al."®. This method involved two
immiscible phases (water and chloroform) each with a different reactant dissolved
in it being boiled under reflux and ’emulsifying’ the reagents with the phase
transfer catalyst. This method was abandoned as the yield collected from it was
in single digits (ocassionally 0%). The reaction was also extremely slow, taking
over 48 hours.

Acyl chlorides are well known to react vigorously with water and any alcohol.
This makes them relatively dangerous to synthesis and use in the labs. There
are many different ester forming reactions and one of the most common one used
nowadays is Steglich esterification. This reaction involves using a carbodiimide
activating agent (usually DCC or EDC.HCL). This reaction has an advantage over
other common esterification reactions as it is quick and does not involve using
elevated temperatures. The downside of this reaction however is the convoluted
workup involving difficult to remove byproducts as well as the hygroscopic nature
of DCC which resulted in lower yields. As such, the monomers were prepared via
preparation of acyl chlorides.

During the workup in step 2, emulsions would form readily in the separating
funnel. In order to 'break’ the emulsions, brine was used during the wash in order
to increase the ionic strength of the aqueous phase. Alternatively, a small amount
of pure sodium chloride was added. A small volume of acetone (approx. j 10ml)

was also occasionally used up to break the emulsion.
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Chapter 4

Self-assembly of liquid crystalline
block copolymers bearing
mesogenic perfluorinated side

groups

4.1 Introduction

Preparation of well-defined nanoobjects is an important field of research with

[78]

applications in fields such as biomedicine!™®"" biomaterials microelectron-

[79,80] 8182831 One of the most common forms of

ics and photoelectric materials!
preparing such nanoobjects is through self-assembly of block copolymers (BCP)
in solution. Traditional way of producing BCP nanoparticles however, involves
multi-step procedures with severe limitations such as the requirement to con-
duct the process at low concentrations (usually around 1-2% w/w solids), of-
ten with a requirement for undesirable solvent [**[¥”! It is often achieved through
methods such solvent, pH switching or thin film re-hydration®®. Polymerisation-
induced self-assembly (PISA) via reversible addition fragmentation chain transfer
(RAFT) polymerisation®"*%%) is an efficient and reliable strategy for producing
well-defined nanoobjects where size and morphology can be fine-tuned by control-
ling variables such as degree of polymerisation (DP) of each of the block, solvent,

solids concentration and the relative amphiphilicity of the blocks. Furthermore, a
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4.1 Introduction

significant advantage over conventional methods is the ability to perform synthe-
ses at high % solids concentrations (up to 50% w/w).5%99 Liquid crystalline
(LC) monomers have also been incorporated into PISA systems where the LC or-
der provides a competing force driving the self-assembly on the mesoscale. This
results in a significant additional contributing factor to the overall PISA process
and the resulting nanoobject morphology. Liquid crystalline order is a competing
force driving the self-assembly on the microscale. For example, Charleux and
co-workers demonstrated that polymerizing a cholesterol-containing monomer
by RAFT dispersion polymerisation in the presence of poly((meth)acrylic acid-
co(poly(ethylene glycol) (meth) acrylate) macromolecular chain transfer agent
(macro-CTA) in ethanol/water mixtures produced solely nano-fibres in the pres-
ence at wide range of concentrations. SAXS, SANS and cryo-TEM revealed that
the cholesterol groups reside inside the nanoobjects with a constant layer spac-
ing, typical of a smectic order. Azobenzene bearing monomers have also been
shown as suitable candidates for use in PISA, whereby a methacrylic azoben-
zene based monomers is polymerised in the presence of a poly(methacrylic acid)
macro-CTA in ethanol. In this case rare morphologies such as cubes and belts
were observed.®! Additionally, by exploiting the ability to photoisomerise the
azobenzene group it was possible to induce a transition to an isotropic morphol-
ogy by irradiating with UV light. LC order was also shown to help stabilise and
lock in place 1D nanowires through cross-linking under UV exposure. "

Polymers bearing semifluorinated polymethacrylates are a well known class of
LC forming macromolecules. These can form smectic phases in thin films 7353
and in bulk.!*) Polymers containing perfluorinated side groups have a strong
tendency to form LC order, being more rigid and more tightly packing compare to
their alkene equivalents. Unfortunately, analogues to many fluorinated materials,
they tend to be insoluble in most common solvents.

Hue et al. has described a process where the 2-(perfluorooctyl) ethyl methacry-
late (FOEMA) was polymerised as a third block in the presenece of poly(N,N-
dimethylaminoethyl methacrylate)-b-poly(benzyl methacrylate) (PDMA-b-PBzMA)
‘seeds’. resulting structures included spheroids, ellipsoids, cylinders and spherical

[41]

multi compartment micelles (MCMs).*! Li et al. has demonstrated preferential

assembly of ellipsoidal nanoparticles fusing head-on-head to form nanotubes. **!
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4.2 Background

It has been demonstrated that liquid crystalline order (in partiucular, smectic

3] morphologies, both diffi-

phases) lead to an ellipsoidal *®l and various faceted!
cult to achieve with standard PISA.

The aim of this experimental work was to buildup on this knowledge by
expanding the type range of achievable structures prepared via PISA with 2-
(Perfluorohexyl)ethyl methacrylate (FOEMA) and to investigate the evolution of
the morphology of the resulting structures

Herein we report the preparation of amphiphilic diblock copolymer nanopar-
ticles bearing liquid crystalline side groups in non-polar solvent. A series of
poly(stearly (meth)acrylate)-b-poly(perfluorooctyl ethyl (meth)acrylate) (PStMA-
b-PFOEMA) nanoobjects was prepared through PISA in n-dodecane at various
degrees of polymersiation of the PFOEMA block. This gave us insight into the
influence of the liquid crystal order within PISA self-assembly and the resulting
structures. We demonstrate the morphology of the nanoparticles formed is a func-
tion of the fraction of the solvophobic block. We also probe the liquid crystalline
order found within the resulting structures and its responsiveness to temperature.
The resulting nanoobjects were characterised via DLS, TEM, SAXS and WAXS.

4.2 Background

In a typical PISA process, the chain extension of the core-forming block leads
to larger structures which tend to fuse together to form worms and lamellar
structures. ) This makes formation of rigid 1D structures such as nanorods and
nanotubes difficult to achieve. While certain methods of preparing these struc-
tures through PISA exist[¥*9%96:97 the arsenal for preparing these structures re-
mains limited. A potential solution to this problem is using a liquid-crystalline
forming monomers. LC BCPs have been shown to form 1D structures in PISA,
for example Wang al. reported the formation of rod-like micelles within a wide
range of BCP composition windows containing a polyferrocenylsilane block. "]
Li et al. reported preferential formation of 1D nanorods in systems bearing
Cholesteryl LC forming groups.”” Perfluorinated groups are an atypical meso-

genic groups. These calamitic LCs form smectic phases due to their bulky and
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4.3 Synthesis

rigid nature. 1% This class of monomers has also been used in PISA; short per-
fluorinated chains do not display LC properties however still self-assemble. 101102
Only longer side groups (usually >7 carbons long) form LC phase.*? The struc-
tures formed displayed responsive nature with programmable shape transitions as
a function of temperature.”® They have also been shown to fuse in a directional
way to form nanotubes.*? In recent years, there have been significant develop-
ments in the field of self-assembly of semi-fluorinated liquid-crystalline BCPs.
Originally a field studied in the 80s and 90s but mostly abandoned due to limited
solubility of the polymers, lack of variety between available monomers and the
necessity to use fluorinated solvents, initiators and ligands. The field has seen
resurgence thanks to developments of new polymerisation techniques that over
came limitations presented in the early polymerisation techniques.®'%! In par-
ticular, developments withing the RDRP polymerisation techniques have allowed
for synthesis of well defined perfluorinated polymers of longer lenghts and with
well defined features. The unique strengths of the semi-fluorinated BCPs lie in
their strong tendency to self-assemble due to strong phase segregation between
the fluorinated and nonfluorinated blocks. Their strong hydrophobic nature and
natural low refractive indices have made them find use within optics, interfaces

and energy devices, [104105106]

4.3 Synthesis

A series of PStMA-b-PFOEMA polymers were prepared through reversible addition-
fragmentation chain transfer polymerisation (RAFT) at fixed concentration and
solvent with various degrees of polymerisation of each of the FOEMA block. The
degree of polymerisation was controlled by the feed ratio and measured with ' H
NMR. The preparation of PISA particles was performed at a fixed weight con-
centration of 15% w/w. Initial studies with higher degrees of polymerisation of
the fluorinated block were not successful as the polymerisation stopped at degree
of polymerisation (DP) approximately 100. This is an improvement over conven-
tional synthesis of polymers with long fluorinated side chains, which display a

limited solubility in conventional solvents.
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4.3.1 Synthesis of macro chain-transfer agent

oo c

w)k L iegry W
FOEMA

0" ~o
gj [CTAJ[AIBN] = 5 W [PStMA]:[AIBN] = 2 Cst
16 Toluene, 70 oC 16 n-dodecane, 80 oC 15
16h 11h
StMA PStMA PStMA-b-PFOEMA

Figure 4.1: Synthetic pathway for preparing PStMA-b-PFOEMA block copoly-
mer via PISA
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Figure 4.2: Assigned ! H NMR spectra for the PStMA mCTA prepared via RAFT
synthesis.

PStMA homopolymers were synthesised via homogeneous RAFT polymerisation
in solution in toluene (Figure 4.1). StMA, CTA, AIBN and toluene were added
to a reaction flask. The flask was sealed with a septum and the solution was
degassed by sparging with dry N,. The flask was heated to 90°C for 8 hours. The

reaction mixture was then quenched and precipitated twice in methanol. The
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4.3 Synthesis

mean degree of polymerisation was calculated from the 'H NMR by comparing
the relative signals from the CTA:monomer signal. The NMR spectra used can
be seen in Figure 4.2. The mean degree of polymerisation of the macro-CTA was
calculated to 11 by comparing the ' H NMR signals of the CH3 group on the CTA
and the CHy group on the StMA (Equation 4.1).

Iora = 3H
Isinvia = 2H

pp - 3lsuia (4.1)
2lcra
223

DP = —=11
2

The reaction kinetics were measured and used to determine optimal reaction

time. [107]

4.3.2 Preparation of S;;—F, (S = PStMA, B=PFOEMA,
subscript represents DPs) assemblies by PISA.

A kinetic study of synthesis of S1; — Figp vesicles was performed at 80°C in order
to determine appropriate reaction conditions (Figure 4.3). This was performed
through 'H NMR only as the samples were not suitable for SEC (GPC) due to
poor solubility of the polymer in the GPC solvents. The kinetic study showed
steady conversion of the monomer over a course of approx. 660minutes. As a
result, all RAFT polymerisations used to prepare the S;; — F, particles were

performed at 80°C for 11 hours to maximise the monomer conversion.
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m  Conversion
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60 n

40 -
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Figure 4.3: Conversion of FOEMA vs. polymersiation time, calculated by 'H
NMR performed at 80°C in n-dodecane using the StMA;; mCTA and AIBN at
15%, [mCTAJ:[AIBN] = 2.

S11 — F, assemblies were prepared by RAFT polymerisations of FOEMA in n-
dodecane utilising PStM Ay as a macro-CTA. The feed ratio was varied between
10 and 100. In a typical RAFT dispersion polymerization at 15% solids (Figure
4.1), PStMA macro-CTA, AIBN and FEOMA were dissolved in n-dodecane in
a reaction flask. The reaction flask was degassed by sparging with dry N, gas
and heated at 80°C for 11 hours. The reaction was quenched by exposure to air.
A small aliquot was taken for conversion measurements to ensure the polymeri-
sation has finished. The conversion was calculated by observing the monomer

vinyl peaks integral area relative to the polymer backbone in 'H NMR and by
calculating the DP.
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4.4 Results and discussion

4.4.1 Characterisation of S;; — F), diblock copolymers

The PStM A;; macro-CTA was chain-extended with FOEMA monomer targeting
a range of degrees of polymerisation (DPs) between 10 and 100 at a fixed solids
concentration of 15%. The conversion was calculated through 'H NMR.

The size of the nanoobjects prepared was investigated using DLS, TEM and
SAXS. The DLS size distribution is summarised in Table 4.1. Due to lack of
solubility of the diblock in either DMF or THF, GPC traces could not be collected
and therefor the polydispersity had to obtained from DLS. This has also limited
meaningful analysis of the molecular weights of the BCPs through SEC.

Table 4.1: Summary of the dispersion polymerisations of FEOMA in n-dodecane
at 80°C at 15% weight solids.

Feed ratio® Conv® % Dy° (nm) PDI®
1/10/0.5 99 146 0.12
1/20/0.5 99 213 0.16
1/35/0.5 99 318 0.14
1/50/0.5 99 385 0.04
1/75/0.5 99 301 0.02
1/100/0.5 99 535 0.05

aMolar ratio (PStM A1;-CTA/FOEMA /AIBN). P Monomer conversion determined by
1H NMR spectroscopy. “The hydrodynamic diameter and polydispersity index (PDI)

of the nanoparticles characterised by DLS at 1% concentration.

DSC experiments on all of the precipitated bulk Si; — F, BCPs exhibited
two transition, one corresponding to the melting of Stearyl block and one cor-
responding to the melting of the FOEMA block. Both of these transitions were
first-order transitions. The transition temperature of the FOEMA block was
found to increase as a function of DP, from 80°C at DP = 10 to 81.4°C at DP
= 100, suggesting increased stability of the LC phase found in the membrane
(Figure 4.5). Thermal stability of the BCPs was probed with TGA experiment.
The material was found to degrade in two individual steps, corresponding to the
breakdown of each of the blocks (Figure 4.4). The breakdown of each of the
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block was identified by the relative fraction mass lost of the polymer as well as
correlating with literature values.!!%1% The first step in TGA found to onset at
170.4°C corresponds to the breakdown of steryl methacrylate block where as the
second step corresponds to FOEMA block. The relative low thermal stability of
the polymers makes it difficult to thoroughly study under POM as seen in section
4.4.2.

120
StMA

32.30% Step 1 -
(0.8833mg)

176.49°C

100 4 H

801 FOEMA

66.73% Step 1 -
(1.825mg)

296.35°C
60

Weight (%)

40+

204

100 200 300 400 500
Temperature (°C)

Figure 4.4: Thermogravimetric analysis (TGA) of Si; — Fps. Two discrete steps
were observed for the material. The blocks were assigned based on the relative

mass of each of the fragments based on the degree of polymerisation.
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Figure 4.5: DSC onset temperature of transition (left) and enthalpy of change
(right) of melting of (A) StMA block and (B) FOEMA block.

4.4.2 Morphology of PStMA-b-PFOEMA nanoobjects

TEM and DLS were utilised to study the size and morphology of the assemblies.
The S1; — Fig seeds were found to be elliptical micelles with major axis of 202nm

and minor axis of 146nm. These particles appeared uniform throughout with
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no identifiable features observed inside of them. Upon chain extension of the F
block, the Si; — Fy particles formed 1D nanowires (Figure 4.6b). The tubular
micelles were inconsistent in length but uniform in thickness at 70nm. A small
amount of these was found to be opening up at ends of the rods. Further chain
extension in S1; — F35 showed a change in the morphology of the particles where
some of them appeared to be rods similar in width to the ones seen in S1; — Fj5
while some of the particles were found to be opening up to form more ellipsoidal
particles. The open particles possessed a well defined membrane with a lighter
internal layer. The width of the particle wall was found to be constant at 35 +
1Inm through the wall, with the exception of the pinch points at each end of the
opening where the membrane was thicker, up to 75nm in width. Further chain
extension lead to formation of poorly defined amorphous particles from S7; — Fxg.
While they did not posses reproducible structure, they did show vesicular walls
similar in thickness to those found in the shorter BCPs. Si; — Fr5 formed spherical
large compound vesicles (LCVs). These were uniform in size at 250nm under the
TEM. The particles showed a tendency to cluster together (Figure 4.6e, inset).
S11 — Fioo, the largest particles formed spherical LCVs with internal order being
observed under the TEM(4.6f, inset). These particles were significantly bigger
compared to the previous ones, being found up to 555nm in size. Partial fusion
of the compartments was observed to form interconnected internal structure due

to dense packing.
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Figure 4.6:  Transmission electron microscopy (TEM) micrographs of
PStMA10-b-PFEOMAnN nanoparticles prepared via RAFT mediated PISA

stained with ruthenium tetroxide. (a) n = 10, spherical micelles, (b) n = 20,

cylindrical micelles, (¢) n = 35, ellipsoidal vesicles, (d) n = 50, ellipsoidal vesi-
cles, (e) b = 75, large compound vesicles (f) n = 100, large compound vesicles.

Insets show zoomed in sections. Black scale bar corresponds to 1um.

The 1D structures of S1; — F5y nanoobjects were investigated further to de-
termine their fusion mechanism. These 1D cylindrical micelles demonstrated
preferential directional fusion along the long axis of the tubes (Figure 4.7). The
average length of the individual rods was found to be 290 4+ 25nm with width of
67 + 6.4nm. After fusion of the particles, the resulting cylindrical micelles were
of varying lengths, from the length of two particles fused together at approx.
550nm up to multiple lengths of the base rod at approx. 2000nm.
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Figure 4.7: TEM micrographs of S1; — Fyy showing the fusion of the ellipsoidal
particles to form 1D cylindrical micelles. Inset shows the fusion overlap between

the outer walls of the particles. Scale bar = 0.5 pum

Upon further chain extension, the cylinders were observed to open up, forming
ellipsoidal micelles. This process was captured under TEM with certain particles
being found in the ’closed’ state, some in their ’opening’ state and some in the

fully 'open’ state (Figure 4.8).
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Figure 4.8: TEM micrographs of Sj; — F35 particles at different stages of the

opening progress. (A) Fully closed cylinder. (B) Partially open cylinder ('needle
eye’), (C) Fully open ellipsoidal vesicles (note, the holes in the background are

from the holey carbon film the particles were suspended on).

Further chain extension of the fluorinated block leads to formation of amor-
phous vesicles in S1; — F59. These particles present intermediate morphology be-
tween the simple vesicles and micelles to large compound vesicles (LCVs) found
in S1; — Fr5 and S1; — Figo. This intermediate structure was found to possess

membrane of constant thickness at 35 + Inm, the same as in the case of shorter
BCPs.
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0.2pm

0.05pm

Figure 4.9: A TEM micrograph of (A) the Si; — F5o nanoobjects with highlighted

membrane thickness. (B) The membrane with its internal layer visible.

Q Directional Nanorod Opening of the
y 0 fusion formatlon partlcles
%

Figure 4.10: A schematic representation of the morphology evolution of Sy, — F,

block copolymer series.
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Figure 4.11: (a) Hydrodynamic radius (Dj,) calculated for PStMAo- FEOMA,
in n-dodecane at approx. 1% w/w. (b) The polydispersity index and the size
distribution from DLS of the nanoobjects in n-dodecane at approx. 1% w/w.
The DP corresponds to the degree of polymerisation of the FOEMA block.

The size and polydispersity of the particles were measured through dynamic light
scattering (DLS) experiments. The diameter and the polydispersity index (PDI)
of the particles was measured (Figure 4.11). PDI was found to remain relatively
constant between 0.12 and 0.16 for BCPs at low DP (; 50).

high BP indicates partial aggregation of the molecules and their non-spherical

This relatively

morphology, as indicated by TEM. The tendency of the molecules to aggregate
can be ascribed to their non-minimal energy conformation given the ratios of the
solvophilic to solvophobic blocks. This is further evident by the TEM images
where the molecules are seen coming together in a linear manner. For longer
BCPs, the PDI was found to have decreased significantly to between 0.05 and
0.02 at DP > 50. The size, as measured by DLS, was also found to increase
steadily from 146nm for S7; — Fip up to 535nm for Si; — Figo. The PDI drop is
in part due to the change of the morphology of the particles to spherical. This
change in the particle morphology from elliptical and linear to mostly spherical

indicates the packing of the FOEMA group has changed.
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Identifying liquid crystalline order in the PISA nanoobjects

The internal order of the membrane of Sy, — F3; was probed using wide-angle
x-ray scattering (WAXS) experiments. All the samples were prepared at 1%
w/w concentration by dilution with n-dodecane. An example of calculation of

d-spacing is as follows:

(Bragg = 2A (4.2)
2
d= " (4.3)
4Bragyg
27
= 4.4
d=7 (4.4)
d = 3.14nm™" (4.5)

This calculation was used to determine the thickness and internal order of the
membrane found in the nanoobjects. Two significant peaks were observed; one
at 1.93nm ™! and one at 3.86nm~!. Their corresponding d-spacing was calculated
to be 3.26nm and 1.63nm (Figure 4.12). The fully extended FOEMA group
was modelled by GAMESS modelling package using STO-3G basis set.(Appendix
A)M The length of the mesogenic FOEMA molecule was found to be 1.59nm.
Therefore the two peaks observed were assigned to the first and second order

diffraction of smectic A phase.
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Figure 4.12: (A) A WAXS scattering pattern of Sy; — F35 measured at 1% in
n-dodecane at room temperature. The d-spacing and q values of the peaks high-
lighted. (B) WAXS scattering pattern of Sy; — F35 measured at 27°C , 80°C and
at 27°C again after cooling down. The peaks at ¢ = 1.8nm ™! and q = 3.8nm ™!
were found to disappear on heating past transition temperature and reappear on
cool although more broad and weaker in intensity.

This indicates that the order of FOEMA side groups in the membrane is

stacking side on in a linear fashion (Figure 4.13).
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Figure 4.13: A schematic representation of the Smectic A order of PFOEMA side
groups in the vesicular walls as indicated by the WAXS results.
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Small-angle X-ray scattering

SAXS patterns were collected at synchrotron sources at ESRF, station 1D02,
Grenoble, France and Diamond Light Source, station 122, Didcot, UK using
monochromatic X-ray radiation (wavelength, A\ = 0.124 nm, with q ranging be-
tween 0.015nm ™" to 1.3nm™!). The samples were diluted to 1% in n-dodecane
and placed in 1.5mm quartz capillaries. The capillaries were then sealed with
wax or epoxy to minimise contamination and exposure to the atmosphere. The
data collected in Diamond was then reduced and background subtracted using
DAWN software provided by Diamond Light Source!''). The data collected at
ESRF was reduced using SAXSutilities2!''?) and subsequently fitted with Irena
package for Igor Prol''?l

The gradient in the low ¢ region was calculated in order to identify the mor-
phology of the particles based on the Guinier approximation (Equation 2.10).
All of the measured particles had a gradient of approximately -1. This gradient
corresponds to rods or first approximation to wormlike nanoparticles. The TEM
images of S1; — g, S11 — Fog and S1; — F35 support these morphologies however

for the longer molecules, these gradients appear to correspond to different than
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observed morphologies. While this determination is at odds with the nanopar-
ticles observed under TEM, these particles were observed in solution potentially
avoiding the drying artifacts in the TEM where the molecules tend to settle on
the surface due to more favorable interactions between the blocks.

The fitting of appropriate models to the nanoobjects was only successful for
some of the particles. This is due to either a mixture of morphologies being

present in the sample or no appropriate models being available for the structures.

n=100
n=75

Intensity (AU)

0.1 1
q (nm™)

Figure 4.14: Small-angle X-ray scattering (SAXS) patterns recorded for a 1.0%
w/w dispersion of S;; — F,, nanoparticles in n-dodecane. The individual spectra

have been offset in the intensity y-axis in order to not overlap.

For vesicles the degree of polymerisation of the membrane-forming block is

related to the membrane thickness (T,,) by a scaling relationship T, = kz*
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where x is the degree of polymerisation, k is a constant related to Flory-Huggins
interaction parameter and a is a scaling exponent that is determined by the
conformation of the membrane-forming chains.®%'*! Plotting this for the low
DP of PStMA ;5-b-PFEOMA,, systems which possess vesicular walls (Figure 4.15)
gives the x value at 0.49 which indicates the chains are tightly packed inside the
membrane. A similar result is observed for the nanoobjects sizes as a function
of degree of polymerisation of FEOMA block in DLS experiments. While the x
value is higher at 0.62, the value still indicates tightly packed core block.

m  SAXS - Membrane thickness
= DLS - Hydrodynamic Radius

100

D (nm)

//’./

10 r T T
10 20 30

Degree of polymerisation of FOEMA block

Figure 4.15: Fitting of T\, = kx®* to the membrane thickness calculated from
SAXS for the Sj; — F, series and the hydrodynamic radius (D}) calculated from
DLS.

Optical characterisation of the LC properties of S;; — F,, nanoobjects.

In order to further characterise the liquid crystalline order within S7; — F;,, nanoob-
jects, polarised optical microscopy experiments were performed on the samples.
The experiments were performed on both, the bulk BCPs as well as the nanoob-
jects in solution.

The nanoobjects in solution were fully isotropic regardless of temperature.

No discernible features were observed upon either heating or cooling past the
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transition temperatures identified in DSC experiments (Figure 4.16).

Isotropic
25°C

Isotropic
125°C

(b)

Figure 4.16: Polarised optical microscopy (POM) images of the S1; — F35 in 15%
w/w in n-dodecane at (A) 25°C and (B) 125°C. Samples were held in between
cover slips with no alignment layers. Magnification = 20x The solution remained

isotropic and no textures or otherwise were observed. Black scale bar = 500um.

The bulk material was found to form birefringent textures under POM. As is
often the case with polymers, the samples were difficult to align. Using multiple
different PIs and cell thickness resulted in unaligned textures making it difficult
to identify the phases present. A partially successful attempt at aligning the
sample was made and the textures observed under POM were identified as Smectic
A textures (Figure 4.17(B)). The textures only occasionally formed upon rapid
heating of 10 kmin~—! making it difficult to pinpoint exact transition temperature

which varied based on the thermal history of the sample.
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Figure 4.17: Polarised optical microscopy (POM) images of bulk S1; — F35 at (A)
100°C and (B) 150°C. Samples were held in between cover slips with no alignment
layers. Magnification = 20x. The texture of Smectic A observed in (B) was short

lived only forming on rapid heating at a rate of 10 kmin~!. Black scale bar =
500pm.
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4.4.3 Summary of results

This chapter provides an examination of the self-assembly behaviour of Si; — F,
block copolymer series. In this study, a clear morphological evolution was de-
scribed. A unique linear fusion of particles was observed with individual building
rods coming together to form 1D nanocylinders. The 1D nanocylinders were then
observed to be further opening up into ellipsoidal vesicles with uniform mem-
branes across different chain lengths. Large compound vesicles were identified
present in the longest BCPs, feature not seen before in similar systems. This in-
vestigation verifies findings reported for the perfluorinated mesogens in literature.
It also expands on self-assembly evolution reported by identifying and explain-
ing the key interactions that drive said processes. X-ray scattering studies have
confirmed liquid crystalline order in the membranes. The LC phase was iden-
tified as Smectic A phase based on the d-spacing values calculated from WAXS
data and by correlating with it data modelled using chemical simulation pack-
age. SAXS data indicates formation of ellipsoidal and one dimensional structures
across the different chain lengths. POM images confirm presence of LC phase in
bulk material albeit difficult to align using common alignment methods. While
no birefringent textures were observed for the nanoobjects suspensions, this was
to be expected as the volume of the actual liquid-crystal groups within the system

were too low to be observed even for some of the best lyotropic LCs.
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Chapter 5

Liquid-crystalline behaviour of
the polymethacrylate block
copolymers bearing cholesterol

and cyanobiphenyl side chains

5.1 Introduction

In this chapter, the liquid crystalline properties of a series of methacrylic monomers,
homopolymers and copolymers bearing a side chain cholesteryl and /or cyanobiphenyl
mesogens will be discussed. The polymerisation-induced self-assembly (PISA) be-

haviour will be discussed.

5.2 Cholesteryl and cyanobiphenyl liquid crys-

tals

As mentioned in section 1, liquid crystals bearing cyanobiphenyl mesogens are
some of the most academically and industrially relevant. Cholesteryl-based liquid
crystals are some of the oldest known liquid crystals that posses a chiral nematic
phase. They posses many unique properties such as biocompatibility and selective

reflection within the visible range making them suitable for applications within
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biomedicine and related fields.

5.3 Synthesis

P(CB6MA), P(Chol6MA),, | P(Chol6MA),-b-P(CB6MA),,

]
CN
WSJ\S%OH
o o °

CN

S
OH MU\S)J\S oH

z=

Figure 5.1: Molecular structures of homopolymers of PChol6MA, PCB6MA and
block copolymer of PChol6MA-b-PCB6MA.

In this section, the synthetic pathways for the preparation of the monomers and
polymers will be described in brief to describe the conditions and issues associ-
ated with these particular reactions. An in depth explanation of the synthetic
pathways can be found in section 3.3. All of the synthesis was performed with

materials as described in section 2.3.1.

5.3.1 Synthesis of monomers

Monomers were synthesised through methods described in section 3.3.
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Synthesis of Chol-6-MA

This synthesis involved two steps, firstly Cholesterol was reacted with hexanoyl
chloride to afford an intermediate, Chol-6-Br. This material was then used to

prepare Chol-6-MA through esterification with potassium methacrylate.

Figure 5.2: Molecular structures of the starting material, intermediate and the

end product of Chol-6-MA

5.3.2 Synthesis of homopolymers

A typical synthesis for homopolymers went as follows: a 10ml round-bottom flask
was charged with 6-CB-MA (500mg, 1.32mmol), 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)
sulfanyl]pentanoic acid (CTA, 10.7mg, 0.026mmol), (target degree of polymeri-
sation = 50), 2,2’-azobisisobutyronitrile (AIBN, 0.9mg, 0.006mmol added from
a freshly prepared stock solution prepared in anisole, [AIBN]:[CTA] = 2) and
anisole (2000mg). The flask was sealed with a septum and purged with Ny gas
for 30 minutes. Sample was then placed in a hot-oil bath at 80°C for 5 hours.
The resulting PCB-6-MA was precipitated against excess methanol. The mean
DP was calculated to be 45 by comparing the integral signals of the CTA and
CB-6-MA in 'H NMR.

This method was used for preparation of all of the homopolymers. Sum-

marised results can be seen in table 5.1.
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Table 5.1: Summary for the synthesis of homopolymers of CB-6-MA. The target
DP, calculated DP and GPC molecular weights for the two polymers prepared
by RAFT polymerisations of CB-6-MA in anisole at 80°C using AIBN and CTA.
Solids % = 15%, [AIBN]:[CTA] = 2

Target DP  Calculated DP?® M, /gmol~'* M, /gmol~=** M, /M,P

PCB6MA5, 45 18.8k 22.1k 1.17

PCB-6MA 101 40.1k 52.5k 1.31

PChol6MA 59 49 27.5k 32.7k 1.19

hline ® - Calculated using ! NMR, " - Determined from THF GPC.
hline

5.3.3 Synthesis of copolymers

In order to prepare the copolymers and afford a good self-assembly of the poly-
mers via PISA, multiple different solvents and concentrations as well as the order
of synthesis of each of the blocks was tested. The key parameter for a successful
PISA synthesis is the transition of the reaction solution from clear (i.e. fully
dissolved) to opaque. This visual indicator was used to identify quickly which
reaction conditions resulted in successful PISA procedure. Multiple solvents were
used; including ethanol, anisole, n-dodecane and methanol. For reactions of chain
extending the PChol-mCTA with CB-6-MA, only n-dodecane was shown to be ef-
fective. Reactions with the other three solvents showed little to none opaqueness,
even after prolonged polymerisation reactions. The completeness of the poly-
merisation were confirmed through 'H NMR where the vinyl peaks at approx.
5.5 and 6.0ppm were found to have disappeared, indicating full consumption of
the monomers and complete polymerisation. Anisole was found to be an effective
solvent for polymerisation of homopolymer mCTAs but of little use for PISA as
it would completely dissolve both of the blocks. Resulting polymers and their
DP are summarised in Table 5.2. Due to limited solubility of the BCPs in GPC

solvents, the PDI and molecular weights could not be obtained.
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5.4 Liquid crystalline behaviour

Table 5.2: Summary for the synthesis of copolymers of Chol6MA and CB-6-MA.
The target DP, calculated DP and GPC molecular weights for the two polymers
prepared by RAFT polymerisation of CB-6-MA in anisole at 80°C using AIBN
and CTA. Solids % = 15%, [AIBN]:[CTA] = 2

Target DP Calculated DP?
PChol6MA5o-b-PCB6MAj5, 55
PChol6MA 50-b-PCB6MA 1 100
PChol6MA 5, -b-PCB6MA 15 122

2 _ Calculated using 'H NMR.

5.4 Liquid crystalline behaviour

5.4.1 Intermediates

The liquid crystalline properties of the intermediate materials were characterised

using DSC and POM.

CB-6-Br

CB-6-Br was prepared by reacting 6-hexanoyl chloride with 4’-Hydroxy-4-biphenylcarbonitrile
in anhydrous conditions. CB-6-Br was purified by recrystallisation. CB-6-Br was
found to posses an enantiotropic nematic phase that was supercooled to room

temperature (Figure 5.3).
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5.4 Liquid crystalline behaviour
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Figure 5.3: (a) Chemical structure of Chol-6-Br. (b) POM image of Chol-6-Br
taken in a cover slip with no alignment layer on heating. Transmission mode, 20x

magnification. Black scale bar = 500um.

5.4.2 Monomers
Chol-6-M A

The DSC scans of the pure cholesterol monomers were performed at various tem-
perature rates (Table 5.3). Just as before, two transitions were observed in the
cooling runs. There was a higher energy transition, corresponding to the clear-
ing temperature. The temperature is slightly lower than observed under POM
(57°C) however it is common for the POM and DSC transition temperatures to
be offset relatively to each other. The lower temperature transition, under POM

corresponds to transition from LC to solid state. The temperature is close to
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5.4 Liquid crystalline behaviour

Table 5.3: Table summarising the DSC transition temperatures and enthalpies
for cooling runs of Chol-6-MA

Transition 1 Transition 2
Repeat | Onset Temp (°C) Enthalpy of Change (J/g) Onset Temp (°C) Enthalpy of Change (J/g)
10K min™! 1 55.09 1.1950 25.64 0.0808
10K min~* 2 55.07 1.2080 25.66 0.0797
10K min~* 3 55.08 1.1970 25.70 0.0782
10K min~1 4 55.08 1.2140 25.62 0.8276
10K min™! 5 55.07 1.2080 25.64 0.8233
5K min~* 1 55.10 1.4010 26.59 0.1515
5K min~! 2 55.10 1.3620 26.31 0.1502
5K min~! 3 54.67 1.4220 26.11 0.1385
5K min~! 4 55.08 1.3040 26.36 0.1373
5K min~? 5 55.08 1.3400 26.42 0.1525
1K min~! 1 55.10 1.2050 28.13 0.2346
1K min~! 2 55.09 0.9644 25.81 0.1394
1K min~! 3 55.08 0.9213 27.18 0.1543
1K min~! 4 55.06 0.7253 28.47 0.1112
1K min~! 5 55.04 0.7114 28.90 0.0151

the one observed under POM at 25°C. Both enthalpies and temperatures do not
appear to be influenced by the cooling rate at the 10K min ™" and 5Kmin~" rates
as it does not appear to be changing significantly. However, at 2Kmin "', there
appears to be a significant change in the sample. The high temperature peak
appears to be decreasing in intensity with the enthalpy of change dropping signif-
icantly, going from 1.2/g down to 0.71/g (41% decrease). The lower temperature
transition also experiences a significant decrease in the enthalpy of change, de-
creasing by 94% from 0.23J/g to 0.01J/g. As the peak appears to weaken in
intensity, it also appears to split into two individual peaks. This could imply
that there are two individual transitions which are not being resolved at higher
cooling rates and could be resolved at lower ones (e.g 1Kmin™ or less). A more
likely explanation for this is that during the slower cooling rates, the sample is
provided with enough energy and enough time to start polymerising. The poly-
merisation reaction is usually associated with a release of energy (exothermic)
which should be observable under the DSC. This appears to be the case as a
third peak was observed forming at approximately 80°C. This peak cannot be
fully resolved as it is close to the end of the run and therefore a baseline before

and after cannot be established however it appears only in the slower cooling
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5.4 Liquid crystalline behaviour

runs (2Kmin™) and would likely correspond to the dimerisation and eventually

complete polymerisation of the sample.
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Figure 5.4: 'H NMR spectrum of Chol-6-MA with chemical structure and atom
asignment. Values: 1H NMR (CDCI13): 0.65-2.1 (50H, m, CH,CH2,CH3), 2.30
(4H, m, CH2), 4.13 (2H, t, J 5 6.7 Hz, CH2), 4.60 (1H, m, CH), 5.37 (1H, m),
5.53 (1H, m), 6.08 (1H, bs)
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5.4 Liquid crystalline behaviour

Birefringent textures of the sample were observed under POM under cover
slips. On first heating in transmission mode, two clear transitions were observed.
(Figure 5.5) The sample was first melted on a cover slip and allowed to cool down
overnight. The texture observed in the solid on the cover slip was of a highly
birefringent. The first transmission was observed at 26.0°C (Figure 5.5(b)) where
sample melted into a liquid crystalline phase. The texture observed appears to be
a tightly packed oily streak texture which at higher temperature diffuses slightly
before the clearing point.This phase was observed between 26.0°C and 57°C and
it was largely unchanged, except for the colour change. At approx. 46°C the
colour in between the oily streak texture was mostly gone, suggesting the pitch

was now outside the visible spectrum.
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5.4 Liquid crystalline behaviour
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Figure 5.5: (a) Chemical structure and phase sequence of Chol-6-MA. (b) POM
image of Chol-6-MA taken in a cover slip with no alignment layer on heating.

Transmission mode, 20x magnification, scale bar = 500um

On cooling, there was a significant difference in the transition temperatures.
Starting at 60°C, the sample was gradually cooled down until a change in the

texture was observed. No change was observed until 44.8°C where small clusters of
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5.4 Liquid crystalline behaviour

birefringence were observed. These were allowed to grow until entirely filling the
camera screen. This process took approx. 6 minutes at a constant temperature
of 44.8°C (Figure 5.6). This roughly corresponds with the disappearance of the
colour observed on heating. On further cooling, a change in the birefringence
was observed at 24.4°C. Below this transition, the sample was solid and did not
flow. The texture was largely unchanged below this temperature except for minor
changes in the colour intensity under the POM. These values are in line with the
values obtained from the DSC experiments. In both sets of experiments, only
two transitions are observed. From the DSC both transitions appear 1st order
indicating formation of a crystalline phase below 25°C, LLC phase below 55°C and
isotropic above (using DSC values). The slight difference between values observed
in POM vs DSC is to be expected the DSC values in this case are more likely
to be accurate on cooling as the chiral nematic phase pitch does not enter the
visible regime until approx. 44°C making it difficult to pinpoint using simple

POM techniques.
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Figure 5.6: POM image of gradual phase transition of 6-
(Methacryloyloxy)hexanoic acid 3-cholesteryl ester (Chol-6-MA) taken in a
cover slip with no alignment layer held at 44.8°C for (a) 0 min, (b) 2min (c)
3min and (d) 6min after cooling form isotropic at rate of 5kmin™'. Transmission

mode, 20x magnification. Scale bar = 500um.

A 5um HG and HT cells were filled with Chol-6-MA. Both were then inves-
tigated using POM. The planer cell showed clear oil streak textures associated
with chiral nematic phase The colour observed also changed depending on tem-
perature (Figure 5.7). As previously observed with samples under a cover slip
the colour disappears at approx.440C on heating however the oily streaks remain
until clearing point at 56°C. On cooling, the birefringence appears to form at 54°C
however it is a slow process. Holding the sample at a constant temperature for an
hour at 54°C results in a very slight formation of birefringent texture. In general

the transition temperatures were similar to those observed under the cover slips
and in the DSC.
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Figure 5.7: POM image of gradual colour changed of Chol-6-MA taken in a 5um
cell with planar alignment (a) 26.3°C, (b) 28.0°C (c) 34°C and (d) 45.8°C after
cooling form isotropic at rate of 5kmin™. Transmission mode, 20x magnification.

Scale bar = 500um.

A UV-VIS spectroscopy measurements were taken to quantify the wavelength
of the selective reflection as a function of temperature of Chol-6-MA (Figure 5.8)

The measurements were taken at a constant cooling rate of 1Kmin~1.
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Figure 5.8: Peak selective reflection wavelength of Chol-6-MA monomer as a
function of temperature recorder with a UV-Vis Spectrometer connected to a

reflection microscope in a 5um cell with planar alignment.

CB-6-MA

6-(4-Cyano-biphenyl-4’-yloxy)hexyl methacrylate (CB-6-MA) was synthesised in
a the same way as Chol-6-MA. This material did not display any liquid crystalline
behaviour. DSC confirmed a single first order transition at 62.8°C on cooling.
This corresponded to the isotropic to crystalline transition as further confirmed
under POM. This was unexpected as both the intermediate before the addition of

methacrylic group and the homopolymer of this material posses liquid crystalline
phase.
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Figure 5.9: 'H NMR spectrum of CB-6-MA with chemical structure and
atom assignment.Values: 1H NMR (CDCI3): 1.4-2.1 (9H,m,CH,CH2,CH3), 2.6
(2H,t,CH2), 4.2 (2H,t,CH2), 5.6 (1H,m), 6.1 (1H,m), 7.0 - 8.0 (8H, m, aromatic)
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5.4 Liquid crystalline behaviour

5.4.3 Homopolymers

Homopolymers of the CB-6-MA and Chol-6-MA were prepared based on different
DPs (5.1). The homopolymers of CB-6-MA

Nematic
150.0°C

Nematic to
isotropic

Isotropic
169.7°C

Figure 5.10: POM images of PChols taken in between unaligned cover slips (a)
90.7°C, (b) 150.0°C (c) 165.7°C and (d) 169.7°C after cooling form isotropic at

rate of Skmin!. Transmission mode, 20x magnification. Scale bar = 500um.
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Isotropic
70.0°C

Figure 5.11: POM images of PCB — 6 — M Aj;p taken in between unaligned
cover slips (a) 20°C, (b) 70°C after cooling form isotropic at rate of 10kmin™.

Transmission mode, 20x magnification. Scale bar = 500um.

Isotropicto
nematic
70°C

Isotropic
160°C

Figure 5.12: POM images of PCB —6 — M Ay taken in between unaligned cover
slips (a) 40°C, (b) 50°C (b) 70°C and (d) 160°C after cooling form isotropic at
rate of 10kmin™!. Transmission mode, 20x magnification. Scale bar (b) = 500um,
(a)(c)(d) = 1000pm.
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5.4 Liquid crystalline behaviour

Table 5.4: A list of copolymers of P(Chol-6-MA)-b-P(CB-6-MA) prepared via
RAFT polymerisation in n-dodecane. Values for transition temperatures and
enthalpy of change obtained from DSC performed at 5kmin~—'. Ty_; - Nematic

to isotropic phase transition, T _c- nematic to solid phase transition.

Target degree of

Polymer polymerisation of 6-CB-MA Tvr AH TIvo AH
P1 50 148.18 2.82 No Peak No Peak
P2 100 144.03 1.22 98.38 1.81
P3 150 159.93 1.25 98.17 1.50

5.4.4 Copolymers

Three copolymers of P(Chol-6-MA )-b-P(CB-6-MA) moiety were synthesised. These
are summarised in Table 5.4. All three copolymers displayed liquid crystalline
properties under POM (Figures 5.13-5.15). The liquid crystalline order was
probed using POM and DSC in custom made cells. The cells were made us-
ing ITO glass aligned with SE130 PI with 30um spacer film. Polymeric LCs
tend to have viscosity orders of magnitude higher compared to LMWLCs, mak-
ing alignment more difficult.[''?! As such, extra measures were taken to improve
the alignment of the materials within the cells. First, the samples were drop
filled into cells as the material was to viscous to capillary fill over an acceptable
time frame. Once filled, the materials were heated above and below the isotropic
transition temperature multiple times over a course of approx. 2h for each of the
cells. This was done in order to release any kinetically trapped sections of the
sample in the cell. Lastly, the materials kept at isotropic for 20minutes before
any images were taken in order to ensure samples had enough time to reach an

equilibrium. Even with these precautions full alignment was not achieved.
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Nematic Isotropic
140°C 195.0°C

Figure 5.13: POM images of PCholsg — b — PC B3 taken in a 27.9um cell with
planar alignment (a) 95.0°C, (b) 130.0°C (c) 140.0°C and (d) 195.0°C after cooling
form isotropic at rate of 2.5kmin!. Transmission mode, 20x magnification. Scale
bar = 500um.
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Nematic
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Nematic Isotropic
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Figure 5.14: POM images of PCholsy — b — PCBjgg taken in a 33.9um cell with
planar alignment (a) 90.7°C, (b) 125.0°C (c) 142.5°C and (d) 152.5°C after cooling
form isotropic at rate of 2.5kmin!. Transmission mode, 20x magnification. Scale
bar = 500um.
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Solid/Nematic
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Isotropic
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140°C

Figure 5.15: POM images of PCholsy — b — PCBj50 taken in a 30.4pm cell with
planar alignment (a) 114.0°C, (b) 125.0°C (c) 140.0°C and (d) 192.0°C after cool-

1

ing form isotropic at rate of 2.5kmin™". Transmisison mode, 20x magnification.

Scale bar = 500um.

5.5 PISA nanostructures

During the synthesis of diblock copolymers, the solution started turning opaque,
a good indicator of successful PISA. In order to confirm the morphology of the
resulting particles, AFM studies were undertaken to characterise the resulting
nanoobjects. TEM studies could not be undertaken at the time due to limited
availability of suitable electron microscopes. Nonetheless, AFM micrographs con-

firm successful self-assembly of the copolymers (Figure 5.16).
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5.5 PISA nanostructures

1 Height

Figure 5.16: AFM micrographs for height profiles for (a) PCholsy — b — PC By,
(b) PCholsy—b— PC By and (¢) PCholsy—b— PC Bi5y. Samples were prepared
by spin casting 1% solution of the stock solution onto cleaned silicon wafers at
3000RPM for 20 seconds.
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5.6 Conclusions

All three of the polymers self-assembled into spherical nanoparticles. Spheres
of PCholsg — b — PC Bsg appear to cluster together, forming larger aggeregates.
PCholsg—b— PCB1gy and PCholso—b— PC By59 do not cluster together, instead
forming singular particles. The spheres of PCholsg—b— PC B1gg have an average
diameter of 80£20nm as calculated by AFM. The average radius increases in
PCholsg — b— PCBi5 up to 100+10nm. The size dispersity appears to increase
as a function of DP however, without appropriate control for the dispersity of
the polymer molecules its not possible to specifically say if the change is due to

increase in size or the disperisty of polymer.

5.6 Conclusions

Successful synthetic preparations of liquid crystalline block copolymers was achieved.
The liquid crystalline properties of these polymers were than characterised. All of
the block copolymers prepared show strong liquid crystalline properties however
obstacles such as alignment remain. AFM studies were able to confirm successful
preparation nanoobjects via PISA. The impact of the chain length in the context
of LC properties was shown where increase in the DP of the cyanobiphenyl block
leads to widening of the Tv_; gap. The impact of the chain extension was also
studied in the context of PISA nanoobjects prepared where the size of the spheres

was increasing as a function of the DP of the cyanobiphenyl block.
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Chapter 6

Self-assembly and applications of

block copolymers in thin films

6.1 Overview

Self-assembly of supramolecular nanostructures from ampiphilic particles is ubiqg-
uitous in the organic as well as in the synthetic world. The constant shrinkage of
semi-conductor for smaller and smaller electronics has slowly been approaching
the theoretical limits available with the well established methods and materi-
als. Fears that 'Moore’s Law’ has come to a premature slowdown have been
present within industry for a while. New materials and templates are needed in
order to fulfill the needs of next generation electronic devices and chips. The
popular target feature size for chip manufacturers are sub-10 nm size periodic

17 Block copolymers are well known to self-assemble into periodic

structures. 1%
structures which can be used as templates for lithographic processes however even
with those obtaining a sub-10nm features has been proven to be difficult. New
methods and processes created in the last decade have enabled preparation of
more defined and more diverse copolymers which can reliably achieve the desired
nanoscales. One of the methods that enabled the achievement of such tiny scales
is incorporation of liquid-crystalline components. Liquid crystals are well known
to self-assemble and when incorporated into BCPs, they create another way of
controlling and fine tuning the self-assembly process. In recent years, sizes as

small as bnm were effectively prepared using LCBCPs. ['8]
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6.2 Materials and sample preparation

Within this chapter are the results of preparing self-assembled films from
commercially available BCPs as well as film prepared from the materials prepared
in Chapters 4 and 5. Styrene-ethylene-butylene-styrene (SEBS) and Styrene-
isoprene-styrene (SIS) block copolymers were selected as suitable candidates for

self-assembly studies based on their well defined amphiphilicity.

6.2 Materials and sample preparation

Styrene-ethylene-butylene-styrene (SEBS) block copolymer was purchased from
Sigma Aldrich and used without any further purification. Styrene-isoprene-styrene
(SIS) block copolymer was purchased from Sigma Aldrich and used without any
further purification. PStMA-b-PFOEMA block copolymers were prepared as de-
scribed in Chapter 4. PChol-b-PCB block copolymers were prepared as described
in Chapter 5. Both of these were used as is.

General sample preparation for the films went as follows: The dry BCP was
weighed out into a clean vial. Set volume of solvent was added to the vial. The
sample was vortex mixed if the material was struggling to dissolve. Silicon wafers
were cut into approx. 1xlcm sized squares and stuck onto a magnetic AFM stub
with epoxy. They were then prepared for spin casting by cleaning in solvents
(solution of Decon 90, Methanol, Acetone, IPA and water) for 30 minutes in each
solvent in a sonicator. Omnce the substrates were clean, they were placed onto
the spin coater where a set volume of the dissolved BCP was added and spun
at set speed. Once the substrates were coated with the BCP, the polymers were
annealed via thermal annealing or solvent annealing. Once annealed, samples

were studied using the AFM and Ellipsometry.

6.3 Self-assembly in thin films

The comprehensive theory of the self-assembly process is described in Chapter 1.
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6.3 Self-assembly in thin films

Table 6.1: Thickness of the SEBS layer prepared from the 0.4% and 0.8% solutions
of SEBS in toluene as measured by Ellipsometry after spincasting for 20seconds
at given RPM.

2000RPM 3000RPM
0.4% 13.5 nm 12.2 nm
0.8% 32.5 nm 26.3 nm

6.3.1 Self-assembly of SEBS

In order to identify correct annealing temperatures for thermal annealing, a
sample of SEBS was studied using DSC (Fig. A). 0.4% and 0.8% solutions of
SEBS block copolymer in toluene were prepared. Thin films were prepared by
spin casting the solutions on to the cleaned wafers. Wafers were accelerated to
2000/3000RPM and three drops of the solutions were dropped onto the wafers.
Samples were span for 20 seconds. Thermal annealing was performed at 150°C
under vacuum for a set amount of time. The samples were placed in closed glass
Petri dishes to minimise exposure to dust and other debris during venting of the
oven. Solvent annealing, was performed at room temperature set to 22°C. A glass
petri dish was lined with a filter paper and the filter paper was saturated with
the solvent, cyclohexane. A sample was placed directly onto the filter paper, film
facing away from the filter paper. The petri dish was closed and a dead weight
was placed on top to tighten the seal to avoid lose of vapours. The first set
of samples was studied to investigate the optimal conditions to form films from
SEBS in toluene solution at 0.4% and 0.8% w/w solutions. Four samples were
prepared, two different concentrations and two different speeds of spin casting
were investigated. The films were than studied using ellipsometry to calculate
the thickness of the layers formed. The wafers used for the samples was also
investigated to find the thickness of the SiO5 layer on top. The thickness of the
SiO2 was calculated to be 6.7nm. As seen in table 6.1, the film thickness in-
creases as the concentration increases and decreases as a speed increased. The
films were studied again after the annealing process. The control sample after
22h at ambient was found to be 27.87nm thick, the thickness not being influenced
by the process. The thermally annealed sample was found to be 29.45nm thick,
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6.3 Self-assembly in thin films

approx. 2nm thicker than control. The sample annealed using solvent vapour was
also investigated however was unsuitable for ellipsometry measurements as the
surface was not sufficiently flat for the ellipsometry. The solvent annealed sample
was instead studied using Dektak stylus profiler (Figure 6.1). The scan of the
surface confirmed the surface was creased making it unsuitable for ellipsometery

measurements.

5. 10159 um
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Figure 6.1: Surface profile of a silicon wafer covered with 0.8% SEBS solution

and thermally annealed using cyclohexane.

Surfaces were scanned using AFM in tapping mode using RTESPA-350 probe
and MultiMode 8-HR microscope . Both the height profile and the phase channel
were investigated to identify the self-assembly behaviour. The control sample had
a clear self-assembling behaviour observed only in the phase profile. The self-
assembly was incomplete with mixed fingerprint pattern as well as spheres. The
height profile also showed some major unevenness on the surface. This overall
demonstrated that the self-assembly of the film was however required specific

conditions.
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(A) (B)

75.0 nm

400.0 nm 400.0 nm

Figure 6.2: AFM images of SEBS Control sample prepared from 0.8% solution of
pure SEBS in toluene, spin cast at 3000RPM for 20seconds and left at ambient
temperature for 22 hours. (A) - Height profile (B) - Phase profile

The next sample investigated was the solvent annealed one. While the surface
was uneven, it was still possible to find a spot on the surface sufficiently flat for
the AFM to scan. However, measurements of film thickness can be performed on
the AFM no appropriate AFM probe was available for the measurements. The
phase and height profiles for small areas were collected. The solvent annealed
surface under height profile was almost entirely flat only fluctuating by approx.

2nm.
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6.3 Self-assembly in thin films
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Figure 6.3: AFM images of SEBS sample prepared from 0.8% solution of pure
SEBS in toluene, spin cast at 3000RPM for 20seconds and solvent annealed with
toluene for 22 hours. (A) - Height profile (B) - Phase profile Inset in (B) corre-
sponds to the FFT of the phase image.

No obvious self-assembly was observed in the height profile. The phase pro-
file on the other hand clearly shows complete self-assembly of the BCP within
thin film (Figure 6.5(b)) A diagonal cross section showing the height and phase
differences in the same line were shown in Figure 6.4. The structures formed
were predominantly tightly packed spheres. The size of the spheres was analysed
for distribution with Nanoscope analysis software used for AFM imaging. The

spheres varied in diameter at 20 £+ 3nm.
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6.3 Self-assembly in thin films

(a) (b)

nm 100 200 300 400 500 600 700 ’ 100 200 300 400 500 600 70t

Figure 6.4: Top left to bottom right diagonal cross section of (a) height and (b)

phase images of Figure 6.5 respectively.
The thermally annealed sample has formed long fingerprint-like pattern with

few spheres remaining. The resulting spheres were found to be 27 £+ 3nm in

diameter; larger than those observed under the solvent annealed sample.

(4) (B)

40°

400.0 nm

Figure 6.5: AFM images of SEBS sample prepared from 0.8% solution of pure
SEBS in toluene, spin cast at 3000RPM for 20seconds and thermal annealed
at 140°C for 22 hours. (A) - Height profile (B) - Phase profile. Inset in (B)
corresponds to the FF'T of the phase image.
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6.3 Self-assembly in thin films

6.3.2 Self-assembly of PStMA-b-PFOEMA

Within this section, the results for the thin-film self-assembly of PStMA-b-PFOEMA
prepared in Chapter 4 as well as their acrylic equivalents are shown and discussed.
The samples were prepared by dissolving pure PStM A1 — b — PFOEM Asg in
THF at 0.8% w/w and spin casting at 3000RPM for 20 seconds. The samples
were then annealed through either thermal annealing at 150°C for 24 hours or by
solvent vapour annealing by exposure to atmosphere saturated with cyclohexane.
A control sample was also prepared and kept at ambient conditions for the same
period of time as the other annealed samples.

The control sample of PStM A1 —b— PFOEM Asy does not show any signifi-
cant self-assembly after 24 hours at ambient. The sample appears to have formed
large and polydisperse spheres between 50 and 200nm in diameter. No phase

separation was seen in between or inside the resulting spheres (Figure 6.6(B)).
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Figure 6.6: AFM images of PStMA;; — b — PFOEM Asy prepared from 0.8%
solution of precipitated polymer in THF, spin cast at 3000RPM for 20 seconds
and left at ambient for 24 hours. (A) - Height profile (B) - Phase profile. Inset
in (B) corresponds to the FFT of the phase image.

The thermally annealed sample of the methacrylic was found to have formed a
uneven film after 24 hours. Within the height profile of the film (Figure 6.7(A)),
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6.3 Self-assembly in thin films

no phase separation was observed. The phase profile on the other hand shows
strong phase separation between the blocks. The self-assembly seems to be incom-
plete with it appearing to try to take form of spheres similar to those observed in
SEBS sample however being trapped into more ellipsoidal shapes. These shapes
formed were a result of the strong associative forces between the fluoroalkene side
chains which appear to be kinetically frozen at the chosen temperature, similar to
the reasons for the formation of the ellipsoidal particles in the PISA nanoobjects

seen in Chapter 4.

(&)

200.0 nm

Figure 6.7: AFM images of PStMA;; — b — PFOEM Asy prepared from 0.8%
solution of precipitated polymer in THF, spin cast at 3000RPM for 20 seconds
and thermally annealed at 150°C for 24 hours. (A) - Height profile (B) - Phase
profile. Inset in (B) corresponds to the FFT of the phase image.
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6.3 Self-assembly in thin films

(A) (B)

Figure 6.8: AFM images of PStMA;; — b — PFOEM Asy prepared from 0.8%
solution of precipitated polymer in THF, spin cast at 3000RPM for 20 seconds
and solvent vapour annealed with cyclohexane at for 24 hours. (A) - Height
profile (B) - Phase profile. Inset in (B) corresponds to the FFT of the phase

image.

Solvent annealed sample (Figure (6.8))was found to have formed a thin film
however no self-assembly was observed in either the height or the phase profiles.
Solvent vapour annealing was done over 24 hours which in within literature values
for similar system is long enough to afford at least partial self-assembly provided
the interaction parameters are sufficiently high or the solvent is not overly se-
lective towards on of the blocks. Within the context of this system, a likely
explanation for the observed results is the constant uptake and release of the
solvent forcing adaptation of the structure to disrupting the interactions between
the individual blocks as well as between the solvent and the film surface. Vapour
annealing causes the film to swell (also leading to the decrease of glass transition
temperature) where once the film is abruptly removed from the environment, the
departure of the solvent disrupts the ordered structure it could have had before.
As the associative forces for the perfluorinated parts of the molecule, it is possible
for them to end up sticking together, away from the air-film interface once the sol-
vent is no longer swelling the layer, leading to perceived absence of self-assembly
under AFM.
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6.3 Self-assembly in thin films

6.3.3 Self-assembly of PChol6MA-b-PCB6MA

Thin films of PChol6MA-b-PCB6MA block copolymers prepared in Chapter 5
were prepared by spin casting stock solution of fully dissolved polymers in toluene.
The samples were then annealed through thermal annealing or solvent annealing
with toluene. (Figures 6.9 - 6.11) Toluene has a strong affinity for the biphenyl

group. [

133



6.3 Self-assembly in thin films

Figure 6.9: Height (left) and phase (right) AFM micrographs of PCholso-b-PCBjsy.
(a) Control sample left at ambient conditions for 24 hours. (b) Solvent vapour
annealed sample by exposure to toluene for 22hours at ambient room temperature.

(¢) Thermally annealed sample prepared at 100°C for 24 hours.

134



6.3 Self-assembly in thin films

Figure 6.10: Height (left) and phase (right) AFM micrographs of PCholso-b-
PCBygo. (a) Control sample left at ambient conditions for 24 hours. (b) Solvent
vapour annealed sample by exposure to toluene for 22hours at ambient room

temperature. (c¢) Thermally annealed sample prepared at 100°C for 24 hours.
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6.3 Self-assembly in thin films

Figure 6.11: Height (left) and phase (right) AFM micrographs of PCholso-b-
PCBji50. (a) Control sample left at ambient conditions for 24 hours. (b) Solvent
vapour annealed sample by exposure to toluene for 22hours at ambient room

temperature. (c¢) Thermally annealed sample prepared at 100°C for 24 hours.
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6.3 Self-assembly in thin films

The Chol-CB monomers appear to not have a sufficiently high Flory - Huggins
interaction parameter to self-assembly under the solvent and thermal annealing,
regardless of how significant the volume fraction of each block is. The thermody-
namic driving force is not sufficiently large to ensure the blocks separate. Even
though LC BCPs have been reported to self-assemble at lower X values rela-
tive to non-LC BCPs, within this system the difference was still not sufficiently
large.['?"] The enthalpy introduced into the system was abundant enough to al-
low the molecules to at least partially rearrange themselves, as indicated by the
change of the thin films observed from the control sample which was kinetically
locked into the conformation it was spin coated to and the thermally annealed
samples which were kept at temperatures just below the order-order transition
as indicated by the DSCs and POM images.

Selectivity of the solvent used in vapour annealing can perhaps be used to
explain the lack of observed self-assembly. Due to high preference of the biphenyl
block, the surface formed during the annealing process is not sufficiently neutral
enough for the Cholesteryl block to interact with it and instead forming lamellar
layers underneath the biphenyl phase. Such alignment of the BCP would be
indistinguishable under AFM as a phase consisting of equal parts biphenyl and
cholesteryl (i.e. fully mixed phase) would appear exactly the same as a pure
biphenyl phase (i.e. not mixed at all). In order to differentiate such difference,
more penetrating surface characterisation methods are needed such as Grazing

Incidence SAXS.

6.3.4 Conclusion

Effective ways of self-assembling SEBS thin films on silicon substrates were achieved.
Through the use of solvent annealing method with toluene, semi-periodic spher-
ical structures were observed on the surface of the films. These structures were
only present in the phase images of the films with the physical surface being rough
and uneven however the roughness did not appear to be connected to the self-
assembled structures found in the phase imaging. Thermal annealing was also

used to successfully prepare fingerprint patterns. Unlike the spherical pattern
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6.3 Self-assembly in thin films

observed in the solvent annealed film, this fingerprint patter was also a physical
imprint within the thin film.

The self-assembly behaviour of PStMA-b-PFOEMA was studied in order to
identify the role played by the LC order within the process. Solvent annealing
with cyclohexane was found to be ineffective in formation of self-assembled films.
While the film was formed uniformly with little defects relative to thermally
annealed sample, no periodic structures were found. The thermally annealed on
the other hand was found to have partially self-assembled into periodic spherical
structures. This observation was only found within the phase diagram and was
mostly absent in the physical topographical features of the film. Control sample
was found to be unaffected by the conditions instead forming larger aggregates
of spheres, likely coming together as a result of drying of the film.

The self-assembly of PChol6MA-b-PCB6MA LC BCP within thin films was
investigated in order to establish its properties in contrast to copolymers contain-
ing non-LC groups. The polymers were found not to self-assemble into periodic
structures in films based on thermal and solvent vapour annealing with toluene.
The films were found to have relaxed and compared to their control samples

however no actual self-assembly was observed using the AFM method.
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Chapter 7

Conclusions

Block copolymers are great prospective materials for the next generation of smart
nanomaterials, both as lithographic templates and as devices themselves. Syn-
thetic methods for controlled preparation of polymers developed such as RDRP
and ionic polymerisation has allowed chemists to prepare polymers with levels
of precision not otherwise achievable with previous methods. Popularisation of
RDRP and ionic polymerisations in the last decade has paved way for the inven-
tion of facile yet highly controlled methods for preparing variety of nanostruc-
tures from said polymers. Methods such as polymerisation-induced self-assembly
or electrostatic self-assembly have already been shown to be more effective and
reliable than their predecessors and have rightly taken the places for the most
popular methods for controlled self-assembly in solution. Their highly tunable
structures, controlled by simple variables such as solvent fractions and tempera-
tures have made them accessible to even scientists inexperienced in the polymer
synthesis techniques. Yet many classes of monomers remain underexplored de-
spite showing promise in the limited number of studies. An example of such
class remain liquid crystalline monomers. As seen in Figure 7.1, the number of
articles containing the phrases ’liquid crystal’ as well as 'polymerisation-induced
self-assembly’ lags behind the growth rate of pure PISA, despite being one of the

class of molecules which originally lead to invention of PISA.
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Figure 7.1: The number of publications containing the phrases 'liquid crystal” and
'polymerisation-induced self-assembly’ per year as per Google Scholar. Accessed
in 2022.

The work undertaken in this thesis focuses on expanding the range of available
liquid crystalline monomers available for PISA as well as at demonstrating the
potential applications these monomers bring to the table. While underexplored
in this thesis, certain responsive elements of the particles are explored here. This
PhD project was successful in bringing together the three aspects of liquid crys-
tals field; chemistry, physics and engineering. Within the scope of the project,
multiple new and never seen before polymers, liquid crystals and nanoobjects
were prepared and characterised.

The synthetic pathways described in Chapter 3 were designed to be modular
where the backbone, spacers and the mesogens can be interchanged easily to pro-
duce a wide variety of monomers for potential uses in PISA. In fact, an example
of such molecules was demonstrated in Chapter 5 where the monomers were used
for construction of liquid crystalline block copolymers not seen before. This in
combination with RDRP techinques such as RAFT opened up chemical avenues

for multi-block novel copolymers with tunable properties such as responsiveness
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and controlled self-assembly.

Within Chapter 4, perhaps currently less popular perfluorinated mesgoens
were explored and brought back to the limelight. With modern polymerisation
methods their previous limitations such as poor solubility and limited degree of

polymerisation were overcome.
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SAXS Gaussian fitting script (Python)

## Imports

import scipy.optimize as sc

import matplotlib.pyplot as plt
import numpy as np

import matplotlib.ticker as ticker

import glob, os

## Surpress warnings.

import warnings
warnings.filterwarnings("ignore")

workdir = r’’ ## ENTER DIRECTORY FOR THE FILES

##Define functions
def gaus(x,a,x0,sigma):

return axnp.exp(-(x-x0)**2/(2*sigma**2))

def linear(x,m,c):

return m*xx + c

def FWHM(sigma):
return (sigma * 2 *(2*np.log(2))*x*0.5)

def qtod(q):
twopi = 2*np.pi
d = twopi/q

return d

def multi_gaussian(x,*pars):
offset = pars[-1]
gl
g2

gaus(x, pars[0], pars[1l], pars[2])

gaus(x, pars([3], pars[4], pars[5])
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#g3 = gaus(x, pars[6], pars[7], pars[8])
return gl + g2 +offset# g3 + offset

def find_nearest(array, value):
array = np.asarray(array)
idx = (np.abs(array - value)).argmin()

return idx ## return array[idx] to return nearest actual VALUE at idx (index

class generatePlots:
def genplot(self, s, manual = False, fits = False):
##Load Data
filename = workdir

datfile = r’’.join(filename+’\\’+ s)

data = np.genfromtxt(datfile)

x = np.genfromtxt (’E:/q.txt’)

fig, ax=plt.subplots()

plt.title(s)

plt.loglog((x),data,’ro’, markersize=5) # Plot all data (Red)
plt.show()

if (manual == True):
print (’Select four points for baseline fitting’)
inputs = plt.ginput(4)
(startDataRangel) = find_nearest(x,inputs[0] [0])
(endDataRangel) = find_nearest(x,inputs[1][0])
(startDataRange2) = find_nearest(x,inputs[2] [0])
(endDataRange?2) = find_nearest(x,inputs[3][0])
if (manual == False):
# # #Define variables

startDataRangel,endDataRangel,startDataRange2, endDataRange2= 0 , 15
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##Join selected data to be used for fitting.

x_for_fit = np.log(np.concatenate((x[startDataRangel:endDataRangel],x[st

y_for_fit = np.log(np.concatenate((data[startDataRangel:endDataRangel],d

x_for_fit = x_for_fit[np.logical_not(np.isnan(y_for_fit))]

y_for_fit = y_for_fit[np.logical_not(np.isnan(y_for_fit))]
##Fit using polyfit

fit = np.polyfit(x_for_fit,y_for_fit,1)

y_fit = np.polyval(fit,np.log(x))

##Subtract the baseline from the results.
y_presub = np.exp(y_fit)
y_subtracted = np.log(data)- y_fit

boundss = ((0,0,0,0,0,0), (np.inf,np.inf,np.inf,np.inf,np.inf,np.inf))

if (fits == True):
print(’Select range for gaussian fit’)
gausInputs=plt.ginput(2)
gausStart = find_nearest(x,gausInputs[0] [0])
gausEnd = find_nearest(x,gausInputs[1] [0])

gaus_fits = sc.curve_fit(multi_gaussian,x[gausStart:gausEnd],y_subtr

gaus_y_fit = multi_gaussian((x[gausStart:gausEnd]),gaus_fits[0] [0],g

print (gaus_fits)

gaus_1_y_fit = gaus(x[gausStart:gausEnd],gaus_fits[0] [0],gaus_fits[O
gaus_2_y_fit = gaus(x[gausStart:gausEnd],gaus_fits[0] [3],gaus_fits[O
# gaus_3_y_fit = gaus(x[gausStart:gausEnd],gaus_fits[0] [6],gaus_fits[
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plt.loglog((x[gausStart:gausEnd]) ,np.exp((gaus_1_y_fit)))
plt.loglog((x[gausStart:gausEnd]) ,np.exp((gaus_2_y_£fit)))
# plt.loglog((x[gausStart:gausEnd]) ,np.exp((gaus_3_y_fit)))

if (fits == False):
##Gaussian Fit
gaus_fits = sc.curve_fit(multi_gaussian,x[endDataRangel:startDataRan

gaus_y_fit = multi_gaussian((x[endDataRangel:startDataRange2]),gaus_

gaus_1_y_fit = gaus(x[endDataRangel:startDataRange?2],gaus_fits[0] [0]
gaus_2_y_fit = gaus(x[endDataRangel:startDataRange2],gaus_fits[0] [3]
gaus_3_y_fit = gaus(x[endDataRangel:startDataRange2],gaus_fits[0] [6]

plt.loglog((x[endDataRangel:startDataRange2]) ,np.exp((gaus_1_y_fit))
plt.loglog((x[endDataRangel:startDataRange2]) ,np.exp((gaus_2_y_fit))
plt.loglog((x[endDataRangel:startDataRange2]) ,np.exp((gaus_3_y_fit))

## Print values used and calculated.
print(’?)

print (’Sample: ’,s)

print(’a:’, gaus_fits[0] [0])

print(’mean q: ’ ,gaus_fits[0][1])

print(’d: ’, qtod(gaus_fits[0][1]))

print(’sigma: ’, gaus_fits[0][2])

print CFWHM: ’ ,FWHM(gaus_fits[0][2]))

print ((startDataRangel), ’,’, (endDataRangel),’,’,(startDataRange2),’,’,
##PLOT

fig, ax=plt.subplots()
plt.title(s)
plt.loglog((x),data,’ro’, markersize=5)
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plt.show()

##PLOTS LINEAR

plt.plot(np.log(x),np.log(data),’ro’ ,markersize=>5)
plt.plot(x_for_fit,y_for_fit,’bo’,markersize = 5) # Plot data used for f
plt.plot(np.log(x),y_fit,’k’) # Plot fitted data (Black line)
plt.plot(np.log(x[0:]),y_subtracted[0:],’g’ ,markersize = 1) # Plot DATA

##PLOTS LOGLOG
plt.loglog(np.exp(x_for_fit) ,np.exp(y_for_fit),’bo’) ## Plot all data
plt.loglog(x,np.exp(y_fit),’k’) ## Plot fit
plt.loglog(x,np.exp(y_subtracted),’g’) ## Plot baseline subtracted value
if(fits == True):

plt.loglog(((x[gausStart:gausEnd])) ,np.exp((gaus_y_fit)),’b’) ## Plo
if (fits == False):

plt.loglog(((x[endDataRangel:startDataRange2])) ,np.exp((gaus_y_£fit))

## Plot residuals.
y_res = y_subtracted[gausStart:gausEnd]-gaus_y_fit

x_for_res = x[gausStart:gausEnd] [np.logical_not(np.isnan(y_res))]

y_for_res = y_res[np.logical_not(np.isnan(y_res))]

frame2 = fig.add_axes()
plt.loglog(x_for_res,np.exp(y_for_res))

plt.errorbar(0,gaus_fits[0] [2])

## Scale manipulations.
plt.x1im(0.1,0.5)
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plt.ylim(0.1,10000000)

ax.set_yscale(’symlog’)

ax.set_xscale(’symlog’)
ax.xaxis.set_major_formatter(ticker.FormatStrFormatter(’%.2f’))
ax.xaxis.set_minor_formatter(ticker.FormatStrFormatter(’%.2f’))
ax.yaxis.set_major_formatter(ticker.FormatStrFormatter(’%.2f’))

ax.yaxis.set_minor_formatter(ticker.FormatStrFormatter(’%.1£f’))

if __name__ == "__main__":

os.chdir(workdir)

files = glob.glob("*.dat")

plot = generatePlots()
plot.genplot(files[-1],True,True)
tempdict = plot.__dict__

for file in glob.glob("*.dat"):
generatePlots(file)
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DSC profile of SEBS polymer used in Chapter 5.
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