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Abstract

Abstract

In this thesis, the effect of copolymer composition, molecular weight, and monomer
hydrophobicity on the self-assembly of anionic amphiphilic statistical copolymers in aqueous
solutions was investigated using structural characterisation techniques such as small angle X-
ray scattering (SAXS) and transmission electron microscopy (TEM). It was found that they
preferably form spherical particles. The size of the particles formed by the aggregation of
amphiphilic statistical copolymers is heavily dependent on the copolymer composition but is
largely independent of molecular weight, where particles with larger ratios of the hydrophilic
monomer produced smaller particles. Particle size was only found to be dependent of molecular
weight when unimolecular micelles (single chain nanoparticles) were formed. Additionally,
the hydrophobicity (logP) of the hydrophobic comonomer has a great influence on particle size,
where increasing the hydrophobicity increases the copolymer particle size. The relationship
between copolymer composition and particle size was rationalised in terms of particle surface
charge density, where the copolymers aggregate together to induce a critical surface charge
density that allows colloidal stability to be achieved. The critical surface charge density was
quantified as the fraction of the particle surface covered by the charged monomer (SAfrac.mAA),
leading to the development of the particle surface charge density (PSC) model. It was found
that the PSC model fit well to the experimental data collected for all the copolymer series and
a SAfacmaa Was calculated for each series where the hydrophobic monomer was varied.
Furthermore, a linear relationship between the logP of the hydrophobic component and the
SArac.maa required to induce stabilisation of the particle dispersion was observed.

Additionally, the effect of hydrophile-hydrophobe distribution along polymer backbones has
been examined. It was found that there was a clear correlation between the monomer
distribution and the particle size, where blockier structures, in comparison with evenly
distributed monomers, produce larger copolymer particles. This result was rationalised as a
reduction in the efficiency by which the charged hydrophile, when in a blocky arrangement,
can stabilise the hydrophobic component leading to an increase in particle size. Finally, a range
of amphiphilic triblock copolymers were synthesised, where the DPs of the individual hard and
soft blocks were varied. The amphiphilic triblocks were found to assemble into spherical
particles in water but remained dissolved in methyl ethyl ketone (MEK). Films were cast of the
triblock copolymers from both solvent environments, and the structural phase separation in the
films was studied using a combination of SAXS and AFM. It was found that the copolymer
films cast from MEK were able to phase separate into well-defined structures, where the size
and morphology of the phase separation was dependent on the block length and hard-to-soft
block ratio, respectively. These morphologies were consistent with the predicted self-assembly
of diblock copolymers in the bulk. Conversely, the water-cast films partially retained the
particulate structure present in solution, produced Kkinetically trapped phase separated
structures. However, by annealing the water-cast film at 150 °C the lower energy phase-
separated structure observed in the MEK films can be achieved.

vii
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Chapter 1.

General Introduction

Polymers have a wide range of properties that can be tuned for particular applications.™>
Natural polymers such as DNA, cellulose, and proteins are fundamental to life and others such
as natural rubber have been enhanced using synthetic techniques (e.g., vulcanised rubber) to
modify their properties for specific applications.>® Examples of synthetic polymers include
polyamide (Nylon), low and high density polyethylene (LDPE and HDPE),
polytetrafluoroethylene (PTFE, or Teflon), and poly(vinyl chloride) (PVC). Each of these
polymers exhibit unique properties such as specific strength, elasticity, surface tension, and
hardness, that have been found to be useful in applications such as in fabrics, beverage bottles,
non-stick frying pans, drain pipes, contact lenses, and artificial hip joints.® This thesis will focus
on a specific class of polymer known as amphiphilic polymers, which are composed of both
hydrophilic and hydrophobic components. This unique property makes amphiphilic polymers
interesting and useful in various applications such as transporting hydrophobic drugs in vitro

for targeted drug delivery, and as the binder in water-borne paints, and coatings.®*?

1.1 What is a polymer?

A polymer is a long chain molecule that is composed of multiple smaller molecules known as
monomers or repeat units. The length of a polymer chain is often defined by the degree of
polymerisation (DP) which describes the average number of repeat units per polymer chain.

Since, a single polymer sample can have a number of different chain lengths, they do not have
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a single unique molecular weight, but rather have a molecular weight distribution represented

by the dispersity (D or Mw/Mn): The dispersity is defined as

D=—W (1.1)

where My and M, are terms that are commonly used to describe the weight average molecular
weight and the number average molecular weight of a polymer, respectively.®® My is defined

as the sum of the products of the molar mass, M;, multiplied by the mole fraction, Xi:
M, =Y XM, (1.2)

Whereas, My is defined as the sum of the products of the molar mass multiplied by the weight

fraction, wi:
M, =D WM, (13)

If all of the polymer chains in a polymer ensemble are equal in mass then Mw/Mj is equal to 1
and the polymer is considered to be monodisperse. However, any value for Mw/M that is lower

than 1.5 is considered to have a narrow molecular weight distribution.*

1.2 Polymer Architectures

A key property of polymers is that they can come in a variety of different architectures (Figure
1.1). The architecture of a polymer describes the way in which the monomer units are linked
together. The simplest polymer architecture is linear (Figure 1.1a), this is where the monomer
units are covalently bonded together in a continuous linear chain. More complex architectures
include comb (Figure 1.1b), brush (Figure 1.1c) and star (Figure 1.1d). The different

architectures will affect the overall physical and chemical properties of the polymer.t®
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(a) Linear (b) Comb
(c) Brush (d) Star

fitt <

Figure 1.1. A cartoon describing four examples of polymer architectures, where the red and
blue circles represent two different monomers, and the green circles indicate branching points

on the copolymer backbone.

1.3 Methods of polymer synthesis

Over the years many different methods have been developed and utilised to synthesise a variety
of polymers. However, all of these methods were later categorised by Carothers based upon
the comparison between the molecular formula of the monomer and the polymer formed; these
two categories were known as condensation and addition polymerisations.> A condensation
polymerisation yields a polymer with a repeat unit of a lower molecular weight than the
monomers reacted together, normally through the loss of a small molecule, for example, H.O
or HCI. Whereas an addition polymerisation produces a polymer where the molecular weight
of the repeat unit is the same as the monomers used. Carothers later found this initial
classification to be unsatisfactory since certain condensation reactions were observed to have
typical features of addition polymerisations, and vice versa. With this realisation he altered his
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Chapter 1. General Introduction

classifications to reflect the polymerisation mechanism and the two categories became step

polymerisations and chain polymerisation.®

1.3.1 Step polymerisation

A step polymerisation is where multifunctional monomers combine through mutually-reactive
functional groups to form a long chain polymer (Figure 1.2).2° This method of synthesis is used
to produce a wide range of industrially relevant polymers such as polyurethanes and polyesters.
Step polymerisations can be further sub-categorised into polycondensation reactions and
polyaddition reactions. The former involves the elimination of small molecules such as H20
during the polymerisation, whereas a polyaddition takes place without the loss of any

molecules (Figure 1.2).
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Figure 1.2. The reaction between diisocyanates and diols to form a polyurethane as an example

of a polyaddition step polymerisation.®

The reaction mechanism involved in step polymerisation means that there is rapid loss of
monomer in the early stages; however, the average molecular weight only increases slowly at
the beginning of the reaction. A rapid increase in molecular weight is only observed as a high
extent of reaction is achieved. Therefore, it is important to achieve a high extent of reaction in
step polymerisations to achieve high molecular weight polymers. Furthermore, since there is
no termination of chains throughout the polymerisation, the functional groups remain present

at the termini of the polymer and can be further reacted in post-polymerisation processes.
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1.3.2 Chain polymerisation

Unlike step polymerisation, chain growth within a chain polymerisation occurs through
reactions between the monomers and an active-sites (radical or ion) on the polymer chain. Once
the reaction between monomer and active-site has occurred, the active component is
regenerated so that the process can reoccur and the polymer chain can grow. Many useful
copolymers are synthesised using chain polymerisation methods such as poly(vinyl chloride)
(PVC), poly(methyl methacrylate) (PMMA), polyethylene (PE), and polypropylene (PP),
which are used for water pipes, transparent sheets and mouldings, tubing and packaging.® The

two main types of chain polymerisation are categorised as radical and ionic polymerisations.

1.3.2.1 lonic polymerisation

lonic polymerisation is an example of a chain polymerisation. Here monomer addition occurs
through reaction with ionic active sites on the polymer chain, where the ionic active site can
either be positive (cationic) or negative (anionic). Since this method requires stabilisation of
an ion to provide the active centre for reaction to proceed, this technique is not applicable to a

wide range of monomers and reaction conditions.

In a cationic polymerisation a cationic initiator, such as a protic acid, reacts with the monomer
and transfers the positive charge to form a carbocation. The charged monomer will then
undergo propagation through addition of monomer molecules to the active centre. The chains
can be terminated either by unimolecular rearrangement of the ion pair or by chain transfer to
the monomer, solvent, or any impurities such as H»O. If the chains are not terminated, they will
grow until all the monomer has been consumed.>** Cationic polymerisation is often used in the

production of polyisobutylene, which is used to make innertubes.'’
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An anionic polymerisation is very similar to a cationic polymerisation except the ions are
negatively charged in this case. For example, an anionic initiator is used to transfer a negative
charge onto the monomer. Here, the monomer is required to stabilise an anionic charge and
therefore monomers have to be carefully selected. It is rare that a monomer is applicable for
both cationic and anionic polymerisations since charge stabilisation within the monomer is an
important requirement. The key property of an anionic polymerisation is that it doesn’t undergo
termination during the polymerisation.*®!° lon pair rearrangement is unable to occur since the
formation of a hydride ion is highly unfavourable.® Furthermore, chain transfer is improbable
since the counter ions used in anionic polymerisations (alkali metals) are unlikely to react with
the anionic active centres to form an unreactive covalent bond.® Since no termination can occur,
the active centre of the polymer is permanently retained and the polymer chain can grow until
all the monomer is consumed, this phenomenon is given the term living polymerisation.*81°
Anionic polymerisation is often used for the polymerisation of monomers such as styrene?°-2

and butadiene.2>%

1.3.2.2 Free radical polymerisation

Free radical polymerisation is defined by IUPAC as a chain polymerisation where the Kinetic
chain carriers are radicals.?® This synthetic technique has been of scientific interest for eighty
years and is used for producing high molecular weight polymers such as polystyrene (PSt) and
poly(methyl methacrylate) (PMMA). Since free radical polymerisation was first utilised, it has
been the topic of a large amount of research with the ultimate aim of improving its
reproducibility, control of molecular weight, and composition.?® In the past fifty years a
considerable amount of work has been devoted to developing techniques to confer control over

radical polymerisations.?’
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Free radical polymerisation offers many advantages compared to ionic polymerisation,
including: (a) applicability to a wide range of monomers; (b) high tolerance to many functional
groups and reaction conditions; (c) simplicity in comparison to other polymerisation
chemistries. However, traditional free radical polymerisation also has many limitations. These
include deficiencies in control over the molecular weight distribution, composition and
architecture. The mechanism of free radical polymerisation involves a chain reaction where
chains are initiated by radicals adding to monomer molecules (Figure 1.3). Unlike ionic
polymerisations, where two propagating centres cannot recombine, termination of chains in
radical polymerisation can occur either by combination or disproportionation.?® Combination
is where two radical chain ends couple together to form one polymer chain, and
disproportionation is where a hydrogen atom is abstracted from one end to produce an

unsaturated terminus on one of the two dead polymer chains.?

(a) | ——— 2R
(b) R '+ My ——— RM,
() RM, + My — > RMy,

(d) RM, + MR RM,M,R

(e) RM, + MuR — = RM, + MR

Figure 1.3. Mechanism for free radical polymerisation where | is an initiator that undergoes
homolytic fission (a) to form radicals (R*) when subjected to heat, electromagnetic radiation,
or chemical reaction, (b) shows the initiation of a single monomer molecule (M1), (c) shows
the propagation of a monomer chain (Mwm), and (d) and (e) show termination by combination

and disproportionation, respectively.
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In standard free radical polymerisation, slow initiation and a fast propagation leads to high
molecular weight chains forming in the early stages of the reaction which leads to a broad
dispersity of molecular weights. However, in an ideal living radical polymerisation all the
chains are initiated at the start and grow at the same rate. Furthermore, in an ideal situation all
of the chains continue to exist throughout the polymerisation and hence there is no termination.
Therefore, in order to achieve this living nature, the irreversible termination of polymer chains

must be supressed, such as in anionic polymerisation.?®

There are three main controlled radical polymerisation techniques that are coined “pseudo-
living” polymerisations: nitroxide-mediated polymerisation (NMP),2%30 atom transfer radical
polymerisation (ATRP),% and reversible addition-fragmentation chain transfer (RAFT).32 A
mediating radical species (R-) enables reversible termination to be achieved for a living free
radical polymerisation (Figure 1.4). A rapid equilibrium is established between the active and

dormant polymer radicals, which means that each chain has an equal probability of growth.

Polymer

Polymer + R
J Monomer
R .
Polymer Polymer * + R

R’ = Mediating Radical

Figure 1.4. Mechanism for the living free radical polymerisation of styrene demonstrating a

rapid equilibrium between active and dormant polymer radicals.
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1.3.2.3 Nitroxide-mediated polymerisation (NMP)

NMP is an example of a controlled radical polymerisation that has attracted a lot of interest.>*-
% 1t is a robust technique where narrow dispersities can be achieved for various polymer
architectures (Mw/Mn lower than 1.20). The origin of NMP comes from studies of initiation
mechanisms.®® Through the course of these investigations, various nitroxides were used as
radical traps. It was found that under certain conditions, capping of propagating radical species

by certain nitroxides was reversible.*

NMP is a typical living free radical polymerisation in which termination is suppressed relative
to propagation due to the rapid reaction between a stable radical and a carbon-centred radical.
In the case of NMP, the stable radical species are established by thermolysis of the C-ON bond
in an alkoxyamine to form a nitroxide radical and a carbon-centred radical (Figure 1.5).%° The
carbon-centered radical can react via two steps that facilitate a controlled polymerisation: (1)
regeneration of the dormant alkoxyamine end-group by recombination with the nitroxide
radical; (2) chain extension by addition to the alkene group of the monomer. The latter reaction

produces a new polymer radical that can continue via either one of these two pathways.?

M;
()
ka . .
N-O N-O + M, — > N-O,
Mn kd \\kt Ivln+‘]
BN
Dead chains

Figure 1.5. General mechanism for NMP using TEMPO as the nitroxide radical where M is
the propagating polymer chain, My is an unreacted monomer unit, and ka, ka, kp, and ki, are the

rates of activation, deactivation, polymerisation, and termination, respectively.
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Although NMP is a popular and successful method of polymerisation for specific types of
polymers, such a polystyrene,® it has some innate drawbacks: (1) high temperatures and
prolonged polymerisation times are usually required to offset slow polymerisation kinetics; (2)
failure to control the polymerisation of methacrylate monomers caused by the slow
recombination of the polymer radical with nitroxide; (3) the nitroxides and alkoxyamines that
are used tend to be difficult to synthesise, which has limited most studies to the few compounds
that are commercially available. In addition, other side reactions can take place, such as chain
transfer to solvent,*® nitroxide decomposition, oxidation of alkyne-bearing monomers, and

cleavage of the N-O bond on the alkoxyamine, as opposed to the required NO-C bond cleavage.

1.3.2.4 Atom transfer radical polymerisation (ATRP)

ATRP was developed by Wang and Matyjaszewski in 1995%; it was also discovered in the
same year by Sawamoto.3® ATRP is based on the principle of transition metal-catalysed atom
transfer radical addition (ATRA), which is a method for forming a carbon-carbon bond used in
organic synthesis. The general mechanism for transition metal-catalysed ATRP is shown in

Figure 1.6.%!

— M, + X-M{"Y/ligand
d ki
RN
Dead chains

Mp—X + M"Y/ligand

Figure 1.6. General mechanism for transition metal-catalysed ATRP, where M{"Y/ligand is the
transition metal complex (Y may be another ligand or counterion), M-X is a dormant halogen
species, Mz is an unreacted monomer unit, and ka, kq, kp, and ki, are the rates of activation,

deactivation, polymerisation, and termination, respectively.
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The transition metal complex undergoes a one-electron oxidation with concurrent abstraction
of a halogen atom from a latent compound R-X; this catalysed reversible redox process
generates the radicals or active species.®* Like all other controlled radical polymerisations,
ATRP involves a dynamic equilibrium between active and dormant chain ends, which allows
narrow polydispersities to be achieved due to reduced radical concentrations, and therefore

reduced termination rates, and each chain having an equal chance to grow.

In ATRP, the main role of the ligand is to solubilise the transition metal salt in organic media
and to also modify the redox potential of the metal for suitable reactivity in terms of atom
transfer. One drawback to ATRP is its incompatibility with acidic monomers such as
methacrylic acid or acrylic acid. This is because the nitrogen-based ligands tend to be
susceptible to protonation and thus cannot coordinate with the transition metal.®! However,
ATRP is used commonly to polymerise styrene, acrylamides such as N-isopropylacrylamide

(NIPAM), along with non-acidic acrylates and methacrylates.

1.3.2.5 Reversible addition-fragmentation chain transfer (RAFT)

RAFT was introduced by Rizzardo, Moad, and Thang in 1998.3 Although it is one of the more
recent additions to the field of living free radical polymerisations, it has become very popular
through its convenience and versatility.>>%° Their seminal 1998 paper described living free
radical polymerisation using thiocarbonylthio RAFT agents.®? Figure 1.7 depicts the
thiocarbonylthio compound used as a chain transfer agent in RAFT polymerisation. Z can be aryl, akyl,

SR’, OR’ or NR»’, while R must be a good homolytic living group with respect to the polymer. In

addition, R must be able to form a radical (R-) which is capable of initiating further polymerisation.*®
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Figure 1.7. General thiocarbonylthio chain transfer agent used in RAFT polymerisation.

RAFT polymerisation is compatible with a wide range of reaction conditions and monomers,
including acidic monomers such as methacrylic acid*! and acrylic acid*?, while still achieving
narrow polydispersities. This makes RAFT more popular than other methods of living free

radical polymerisation. RAFT polymerisation can be subdivided into four steps (Figure 1.8).

(a)

(0 R+ M — Pp

Figure 1.8. The four main steps of RAFT polymerisation: (a) initiation, (b) addition-
fragmentation, (c) reinitiation, (d) chain equilibrium, M is the monomer, I* is the initiator
radical and P, and P are the growing polymer chains of mean degrees of polymerisation n

and m, respectively.
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The key to success in RAFT polymerisation is the rapid reversible chain transfer between the
propagating polymer chains by the thiocarbonylthio chain transfer agents.*® This reduces the
probability of bimolecular termination significantly compared to a conventional free radical
polymerisation. The thiocarbonylthio species enables the polymer chains to grow with minimal

termination, and hence produces polymers with narrow polydispersities (Mw/Mn < 1.2).

1.4 Copolymers

Polymers are defined as long chain molecules that are composed of multiple smaller molecules.
If the polymer is formed from numerous repeats of the same small molecule (monomer), then
this is known as a homopolymer. However, polymers can be composed of a number of different
monomers assembled in a certain sequence and these polymers are known as copolymers.
When multiple monomers with different properties are introduced, the distribution of the
monomer along the copolymer chain becomes very important and has a large effect on the
resultant copolymer properties. Therefore, copolymers can be further subdivided into several
categories based on the repeat unit arrangement (Figure 1.9) in addition to polymer architecture
(Figure 1.1).° Two important categories of copolymer that will be described in this introduction
are statistical (Figure 1.9a) and block (Figure 1.9b) copolymers; however there are several other
categories such as gradient (Figure 1.9¢) and alternating (Figure 1.9d). A statistical copolymer
is one where the distribution of repeat units is determined by the reactivity ratios of the
monomers.'®* One of the advantages offered by this type of copolymer is that it tends to have
intermediate properties in relation to the corresponding homopolymers, which enables tuning
of polymer properties, such as the glass transition temperature, Tg. However, a block copolymer
is one where two or more chemically distinct homopolymers are covalently linked together.*®
Since the chemically different repeat units are segregated, block copolymers can incorporate

distinct properties of the two monomer blocks.
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(a) Statistical (b) Block
(c) Gradient (d) Alternating
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Figure 1.9. A cartoon describing the monomer distribution within a linear (a) statistical, (b)

block, (c) gradient, and (d) alternating copolymer.

1.5 Polymer characterisation

Once a polymer has been synthesised, it is important to characterise what has been made. This
is done by using a number of standard techniques that are commonly used in small molecule
characterisation, such as nuclear magnetic resonance (NMR) spectroscopy, Fourier-transform
infra-red (FT-IR) spectroscopy, and mass spectrometry. However, in addition to these
techniques, there are analytical methods that are designed for the characterisation of large
molecules such as polymers, these include gel permeation chromatography (GPC), dynamic
light scattering (DLS), static light scattering (SLS), and small angle X-ray and neutron

scattering (SAXS and SANS).

1.5.1 Gel permeation chromatography (GPC)

A key technique for analysing polymers is gel permeation chromatography (GPC),*® which is
also known as size exclusion chromatography (SEC). GPC is a technique that allows the

molecular weight of a polymer to be measured by interpolation against polymer samples of
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known molecular weight.*® Like all chromatography techniques, GPC works by separating a
sample into fractions based upon a certain fundamental property; in the case of GPC this
property is the hydrodynamic volume of a polymer chain. GPC can be separated into two
phases - the mobile phase and the stationary phase. The mobile phase consists of a solvent
known as the eluent and the dissolved polymer or analyte, whereas the stationary phase is a
column filled with a porous gel. The mobile phase is pumped through the porous column where
the dissolved polymer will enter a different number of pores based upon its hydrodynamic
volume. Smaller polymers will enter a greater number of pores than larger polymers since some
pores will be too small for large polymers to enter. This means that smaller polymers will take
a longer time to be eluted from the column since they have a longer pathway (Figure 1.10).
The time in which it takes for the polymer to leave the column is known as the retention time.
The eluted polymer can be detected using a number of methods, such as differential refractive
index (RI), UV-visible spectroscopy, and evaporative light-scattering. The detected signal is
compared against a calibration curve created using polymer standards of known molar mass

and the My and My (egs 1.2 and 1.3) of the sample can be obtained (Figure 1.11).
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Figure 1.10. A schematic demonstrating the separation of polymers with different molar masses

using GPC.
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Figure 1.11. A schematic of the process by which molar mass distribution is calculated by
interpolation against a calibration curve created using standards of known molecular weights,

where (a) is a calibration curve, and (b) is an example GPC trace for a polymer with an

unknown molar mass.

17



Chapter 1. General Introduction

Since GPC calculates molar masses based upon interpolation against known standards, the
resulting molecular weight is only relative to the standards used and cannot be considered to
be absolute. This means that discrepancies are observed when the analyte has a significantly
different chemistry or polymer architecture than the calibrants, e.g., a branched polymer will
appear to have a lower molecular weight than reality when interpolated from a set of linear
polymer standards. Furthermore, different modes of detecting the eluting polymer chains will
offer different advantages and disadvantages and may give varying results depending on the
polymer being analysed. Throughout this thesis, GPC signals are monitored using an RI
detector as it is a relatively cheap method that can be used for most polymer systems (i.e., no
chromophores are required). Whereas UV detection requires the analyte to contain a
chromophore and evaporative light-scattering detection tend to be expensive and require an

inert gas supply.

1.5.2 Scattering techniques

Scattering techniques are important for polymer chemistry. They are used for structural
characterisation and can provide information about the shape and size of polymer chains and
their self-assemblies. In these techniques most of the incident radiation passes straight through
the polymer sample, but some waves will be scattered by polymers. The scattering mechanism
depends on the type of radiation. X-rays are scattered by electrons; neutrons are scattered by
nuclei; and light scattering requires a difference in refractive index between the polymer and
the solvent. The angular-dependence of the scattered intensity of these waves provides

important structural information, such as size and shape.
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1.5.2.1 Static light scattering (SLS)

The choice of radiation depends on the properties of the sample itself and the purpose of the
measurements. Light scattering is an important technique for determining the My of a polymer
and the size of a polymer aggregate. In 1871 Lord Rayleigh developed the theory of light
scattering during his study of gases.*® He determined that the ratio of the intensity of the
scattered unpolarised light lg at a certain scattering angle ¢ and the intensity of the unpolarised
incident beam lo of wavelength 1 is related to the polarizability of the molecule «, and the
distance between the sample and the detector r by the equation:®

1, _8z'a’(1+cos’ 0)
I, A'r?

(1.4)

This is the case for small molecules but for larger particles, such as polymers, the situation is
different. If a polymer has dimensions greater than 1°/20, where A’ is the wavelength of the
light in the medium, then intraparticle interference causes scattered light to be considerably out
of phase. The angular attenuation of scattering for large molecules is measured by the particle
scattering factor P(6). This can be defined as the ratio of the scattering intensity to the intensity
where there is no interference at the same angle 6. Guinier showed how the light scattered by
a large molecule can be related to the radius of gyration Rq. The radius of gyration is defined
as the root-mean-square distance of the segments of the molecule from its centre of mass. P(6)

can be related to the Ry using the Debye equation shown below.®

P(6) =(u%j[e‘“ —(1-u)] (1.5)

where u is defined as:

SERO
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where Ry is the radius of gyration.

1.5.2.2 Small angle X-ray and neutron scattering (SAXS and SANS)

Small-angle scattering of X-rays and neutrons, known as SAXS and SANS respectively, are
extensively used analytical methods for studying the nano scale structure of soft matter (Figure
1.12). These methods are based on to the classical work of Guiner published in 1938.4
Guinier’s seminal work was followed by studies from Porod,*® Kratky,*® Luzzati,>>* and

Beeman,> which has led to the development of both theoretical and experimental

understanding.>®

Pol Crystalline Diblock Phase Crystalline
Crystals olymer ¥ copolymer separated spherulites
coils lamellae

nanostructures blends

0.1 nm 1nm 10 nm 100 nm 1pum 10 pm 100 pm

WAXS SAXS
SANS

USAXS

Figure 1.12. Demonstrating the accessible length scales in which scattering techniques, such
as SAXS and SANS can be used as a means for structural characterisation. Where WAXS,
SAXS, and USAXS is wide-, small- and ultra small- angle X-ray scattering, respectively, and

SANS is small-angle neutron scattering.

Scattering can either be inelastic (with loss of energy) such as Compton scattering® and
fluorescence radiation, or elastic (without loss of energy) such as Rayleigh or Thompson
scattering (Figure 1.13).%° In Compton scattering, the photon transfers some of its energy to the

scattering electron, which then results in scattered radiation at a different wavelength to the
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incident radiation. This radiation is incoherent and therefore cannot interfere with the incident
beam. This means that it does not provide any structural information about the particle.
Furthermore, fluorescence occurs when an X-ray photon expels an electron from an atom,
causing the excited atom to emit fluorescence radiation as the remaining electrons rearrange to
fill the resulting hole. On the other hand, with Rayleigh and Thompson scattering there is no
energy transfer from the photon to the electrons in the atoms. However, interaction with
electrons can cause them to oscillate at the same frequency acting as an oscillating electric
dipole producing a spherical wave of electromagnetic radiation, at this same frequency. This
radiation is coherent, which means that interference can occur between waves irradiated by
different oscillators belonging to the same scattering object and information regarding the

object structure can be extracted.

(a) Elastic
Eo=E;

S.Eo

(b) Inelastic
Eo# E,

Se

Eo

Figure 1.13. A schematic depicting how an X-ray photon behaves during (a) elastic scattering,
and (b) inelastic scattering, where S is the X-ray source, P is the point scatterer, and Eo and E;

are the energies of the incident and scattered radiation, respectively.

X-rays that have been scattered by a material are observed using a detector, which allows the
scattering angle, 26, to be measured. This can be converted into the commonly used scattering

vector, g, which takes into account the wavelength, 1, of the X-ray:
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Az .
=—:siné 1.7
a== (1.7)
The efficiency at which radiation is scattered depends on the amount of point scatterers per
irradiated material volume and is known as the scattering length density. In the case of X-ray
scattering, the scattering length density is related to the electron density of a material. In order
to observe scattering from a material in a solution (i.e., a polymer nanoparticle dispersion) there

must be a difference in scattering length density (&) defined as:
- bep'\m/lNA Sng (1.8)

where be is the scattering length density of an electron, pm is the molecule (material) density,
Na is Avogadro’s number, M is the molecular weight, z; is the number of electrons in each
element, n; is the number of each element and the subscript i indicates the total number of

elements in a compound.

In 1940 Ewald suggested that the electron density in a sample can be represented by the concept
of a form factor.®® Subsequently, the form factor has become an important function in
determining information about a scatterer’s shape and size.%®®” The form factor can be defined
as the interference pattern of a particle, where the oscillations are characteristic of the particle
shape. In order to gather information regarding the latter parameter, the system must be

sufficiently dilute (= 1% vol) to ensure that the particles are well-separated from each other.

Thus, it can be assumed that the waves scattered by different particles lack phase coherence.
The overall intensity is then simply the sum of the independent X-ray intensities scattered from
individual particles. Information about the size, shape and surface can be extracted by
investigating different regions of the scattering pattern, these are known as the Guinier, Fourier,

and Porod regions (Figure 1.14). A plateau in the Guiner/Fourier region suggests spherical
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particles whereas slopes of -1 and -2 suggests cylindrical and disc-like (or flat) particles,
respectively. Information about the particle surface can be extracted from the scattering in the
Porod region. A slope of -4 in this region suggests that the particle has a sharp interface between
components comprising the system, such as aqueous dispersion of silica particles (Figure 1.14).
However, often polymer nanoparticles have a stabilising polymer chain on the nanoparticle

surface which behaves as a gaussian coil and creates a slope of -2 in this region.%8>°

Iq)

i Cylinder

| Disc

. - - ‘
: Guinier Fourier ' Porod

q

Figure 1.14. Log-log scattering patterns describing the how particles of various shape with
different aspect ratio scatter X-rays in the different regions of the scattering pattern, where the
red, green and blue traces represent the scattering patterns of a sphere, cylinder and disc,
respectively. The three regions of the scattering pattern are the Guinier, Fourier, and Porod

region.
1.5.2.3 Dynamic light scattering (DLS)

Dynamic light scattering is another important scattering technique that has been used

extensively in polymer science.®®% It is used primarily for assessing the hydrodynamic
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diameter, Dy, of a polymer chain or particle in solution. However, the principles of DLS differ

slightly from the scattering techniques described in sections 1.5.2.1-2.

Dynamic light scattering uses scattered light to monitor the random motion of chains/particles
in solution, this phenomenon is known Brownian motion.®>% The scattered light has time-
dependent fluctuations in intensity which are directly related to the rate of diffusion of the
chains/particles, where rapid fluctuations indicate quick diffusion and vice versa. The rate of
diffusion can be used to calculate the hydrodynamic radius of the material via the Stokes-
Einstein equation (which assumes a spherical morphology).®’

_RT 1
N, 677R,

(1.9)

Where D is the diffusion coefficient, R is the gas constant, Na is Avogadro’s number, T is the
absolute temperature, # is the viscosity of the diffusion medium, and Ry is the hydrodynamic
radius of the diffusing particle. Since the Stokes Einstein equation assumes a spherical
morphology, DLS is not a good technique for investigating particle size where the morphology

differs from spherical.

1.6 Self-assembly of surfactants and copolymers

1.6.1 Surfactants

An amphiphile is defined as a compound that possesses both hydrophilic (solvophilic) and
hydrophobic (solvophobic) components, such as a surfactant. Surfactants are generally
composed of a charged or polar head-group, which is hydrophilic, and a long carbon chain tail,
which is hydrophobic.®® Due to their amphiphilic nature, surfactants are known to readily

assemble into micelles in an aqueous environment (Figure 1.15).°° The aggregation of
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surfactants is caused by unfavourable interactions between water and the hydrophobic tail.
Additionally, the stability of surfactant micelles can be understood by looking at either the

electrostatic or steric forces between the micelles.

(a) Surfactant molecule (b) Surfactant micelle

|

Hydrophobic
tail-group

Hydrophilic
head-group

Figure 1.15. A cartoon describing (a) a surfactant molecule and (b) a surfactant micelle.

1.6.2 Electrostatic stabilisation

Electrostatic stabilisation is where the attractive van der Waals forces between the micelles are
countered by the repulsive columbic forces caused by charges on the micellar surface. This
phenomenon was described by Deryagin, Landau, Vewey and Overbeek in the 1940s and is
known as DLVO theory.”®™ It states that the colloidal stability of a particle dispersion is
determined by the pair interaction potential energy, U(h), of particles at a distance h, which is

a sum of the attractive and repulsive forces, Ua(h) and Ur(h), respectively.
U(h)=U,(h)+Ug(h) (1.10)

The attractive van der Waals forces between the particles are caused by constantly fluctuating

dipoles of atoms in molecules and these attractive forces can cause the colloidal particles to
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aggregate together. An example of this interaction is the attraction between two spheres in
solution, Ua(h), of radius R1 and R2:

__A RR
Ua(h)= 6h R +R (1.11)

where A is the Hamaker constant and is a function of the polarizability and density of a

material.”? The attractive van der Waals forces are most prominent at small distances.

The repulsive forces are caused by similarly charged points (molecule parts) on the colloidal
surface. If the surface is in solution then the columbic charges interact with the surrounding
ions and alter the distribution of ions close to the colloidal surface. This phenomenon is known
as the electric double layer (EDL) and can be described most simply as two distinct layers
(Figure 1.16). The first layer is an immobile layer of ions, with opposite charge to the surface.
These ions are bound to the surface, and form what is known as the Stern layer. After the Stern
layer, there is a diffuse layer of ions where the ion concentration decreases as the distance from
the surface increases, this is known as the Gouy-Chapman or more commonly the diffuse layer.
Due to the differences between the two layers, the electric potential across the layers behaves
very differently. The electric potential decreases linearly across the Stern layer; however, it
decreases exponentially across the diffuse layer (Figure 1.16). The electric potential at the
particle surface and at the edge of the Stern layer can be denoted as wo and s, respectively
(Figure 1.16). However, one additional potential is often quoted when investigating the
electrostatic stability of a colloid, this is the zeta potential ({). In a colloidal dispersion there is
a layer of liquid that will adhere and move with the particle known as the slip or shear plane,

the potential at this point is named as the {-potential (Figure 1.16).
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Figure 1.16. A scematic describing the electric double layer of a negatively charged surface in

terms of the ion distribution and electric potential.

The screened Ur(h) between two spheres can be calculated by:

ZZeZ efl(h

= . (1.12)
4 e, €, (L+xr)” 2r+h

Ug(h)

where Z is the number of charges on the surface, e is the elementary charge, r is the particle
radius, and €o and ¢ are the vacuum and relative state permittivity, respectively. Additionally,
x! is the Debye length of a charged surface describing how rapidly the Coulomb potential

decreases with inter particle separation.
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1.6.3 Steric stabilisation

Colloidal dispersions can also be stabilised via steric repulsion and is often used to stabilise
colloids in high salt solutions or in nonpolar solvents.”®"* In this case polymer chains are often
adsorbed to the particle surface to provide steric stabilisation. As the particles move towards
each other to a distance that is less than twice the length of the polymer layer, the polymer
chains will either compress or interpenetrate. This behaviour results in an osmotic pressure that

causes the particles to repel each other.

1.6.4 Self-assembly of block copolymers in bulk

Block copolymers are known to phase separated into self-assembled structures in both a bulk
state and in solution.” Phase separation is driven by unfavourable mixing enthalpy of the
copolymer blocks. Similar phase separation would occur if two unfavourable homopolymers
were mixed together in bulk however this phase separation would be macroscopic since the
two homopolymers are separate molecules. Whereas, macroscopic phase separation is
prevented in block copolymer systems since the blocks of the copolymer are covalently bonded
together, limiting the phase separation to microscopic length scales. The phase separation can
lead to multiple different self-assembled morphologies in the bulk state, such as spheres,
cylinders, gyroids, and lamellae. This self-assembly is influenced by the individual volume
fractions of the copolymer blocks (fa and fg), the number of repeat units (N = Na+ Ng), and the
Flory-Huggins interaction parameter (y).’® The Flory-Huggins interaction parameter describes
the degree of incompatibility between the copolymer blocks, which consequently drives the

phase separation. This incompatibility is temperature dependent and the relationship is given

by:
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XnB :KkBiT][gAB_%(gAA_'—gBB)} (1.13)

where z is the coordination number of the repeat units in the polymer, kg is the Boltzmann
constant, T is the temperature, and eaB, €aa, and egg are the interaction energies per repeat unit
of AB, AA and BB, respectively. The free energy of mixing (AGmix) for two incompatible
polymers can be calculated using the Flory-Huggins lattice model.”":"®

AGmix — fA In fA + fB In fB + fA fBZ (1.14)
KsT N, Ng

Equation 1.14 demonstrates that a negative value of y is require for two polymers (or two
distinct blocks within a diblock copolymer) to spontaneously mix. Whereas a positive y results
in de-mixing. The degree of phase separation is determined by the segregation product, yN.
Since yN is inversely related to T, the incompatibility between blocks A and B decreases as the
temperature increases and vice versa. Therefore, higher temperatures are often required to
induce mixing and undergo an order-to-disorder transition (ODT) and become disordered or

homogeneous. The temperature at which this phenomenon occurs is known as the Topr.

A theoretical phase diagram has been established for the morphological transitions of block
copolymers within the bulk using the self-consistent mean-field (SCMF) theory (Figure
1.19).798 In this theory two different regimes are introduced to describe the stretching of
individual polymer chains within the microdomain of period, d, the weak segregation limit
(WSL) (xN < 10) and the strong segregation limit (SSL) (yN >> 10). The SCMF theory shows
that by increasing fa at a fixed yN (above the ODT), the order-to-order transition (OOT) goes
from closely packed spheres (CPS), to body-centered cubic spheres (Q?%°), to hexagonally
packed cylinders (H), to a gyroidal structure (Q?%°), and finally to lamellae. If fa continues to

increase the morphological transitions are reversed and the phases are inverted (Figure 1.17).
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Figure 1.17. (a) Phase diagram of diblock copolymer morphologies where f is the volume
fraction of one block, y is the Flory-Huggins interaction parameter, N is the degree of
polymerisation, L represents a lamellae structure, H represents hexagonally packed cylinders,
Q% represents a gyroid structure, Q?%° represents body centered spheres, CPS represents close-
packed spheres, and DIS represents the region where the two blocks are mixed. Reproduced
with permission from E. Cochran, C. Garcia-Cervera, and G. Frederickson, Macromolecules,
2006, 39, 2449-2451. Copyright (2016) American Chemical Society.8! (b) Cartoon images of
diblock copolymer morphologies in the bulk state — demonstrating how the morphology varies
with the volume fraction of component A, fa. Reproduced with permission of The Royal

Society of Chemistry.8?

Block copolymers can be synthesised where the number of blocks is greater than two, these are
known as multiblock copolymers. Increasing the number of blocks increases the number of
covalently linked phase separated domains along the copolymer chain, which can lead to

interesting and useful copolymer properties. One specific type of multiblock copolymer is
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where there are three distinct monomer blocks, these are known as triblock copolymers.
Additionally, these copolymers can either be symmetric (ABA) or asymmetric (ABC), where
A, B, and C are different monomer units. The additional blocks create physical crosslinks
across the phase-separated structure in the bulk state.® This increases the dimensional stability
of the triblock structure compared to a diblock system, and can improve physical properties

such as the toughness and extensibility.3

1.6.5 Self-assembly of block copolymers in solution

A copolymer that comprises both solvophobic and solvophilic repeat units is known as an
amphiphilic copolymer and much like surfactants they self-assemble through unfavourable
interactions between the hydrophobic component and water.®> Amphiphilic copolymers are of
great interest in scientific research and are used as functional materials in paints, coatings,
cosmetics, and drug delivery.®® The way monomer units are distributed along a copolymer
chain has a large effect on the copolymer behaviour; this is especially the case for amphiphilic
copolymers since the monomer units have such distinctive properties. This work focuses on
how both block and statistical amphiphilic copolymers assemble and what developments have

been made in these respective areas of research.

In an amphiphilic diblock copolymer both the hydrophilic component and the hydrophobic
component are segregated into two sections along the copolymer chains. This segmented
structure can be easily compared to the structure of a surfactant that has a well-defined
hydrophilic head-group and a hydrophobic tail. The self-assembly of diblock copolymers has
been widely reported since 1962.”2 However, in 1983, Noolandi and Hong constructed a simple
model for AB diblock copolymer micelles in solution.” The model assumed spherical micelles

with a completely homogeneous core formed by the insoluble B block, with a uniform shell
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composed of the soluble A blocks (Figure 1.18). The shell thickness (AR) and the core radius

(R1) are governed by the minimisation of total free energy.
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Figure 1.18. Cross-section of the core-shell micelle model proposed by Noolandi and Hong
where the insoluble B block forms a uniform core with the soluble A block making up a
uniform shell where R1 is the radius of the core, R> is the distance from the centre of the core
and the edge of the shell, AR is the the shell thickness which is equal to difference between Ry

and R> .

This model has since been modified and more physically realistic models have been reported.
For example, the segment density of the micelle should vary monotonically at the corona-core

interface, which is in contrast with the sharp change proposed by Noolandi and Hong.
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In the early 1990’s much experimental and analytical research was conducted on the
aggregation of amphiphilic block copolymers in aqueous media,®-°! and this topic is still of
considerable interest.>'? In 1996 Zhang and Eisenberg investigated a series of polystyrene-
block-poly(acrylic acid), PS-b-PAA, copolymers where the weight fraction of the PS
component was varied from 80 to 98%.% The copolymers aggregated to form various
copolymer morphologies when introduced into an aqueous environment and these structures
were studied by TEM. It was found that different aggregate morphologies were achieved by
varying the copolymer composition. When the proportion of the hydrophilic PAA block was
reduced the morphology altered gradually from spheres to worms, to both vesicles and lamellae

bilayers and ultimately to compound or inverted micelles (Figure 1.19).

PAA chains in
the corona

PS chains

Core of reverse micelle
(PAA chains)

Figure 1.19. Internal structure of the large compound micelles published by Zhang and

Eisenberg in 1996.

Due to the substantial number of studies of amphiphilic block copolymers and the various
morphologies that they can form, it is now known that the copolymer morphology is principally
caused by the inherent molecular curvature and thus the resulting geometric packing of the
copolymer chains which can be described using a dimensionless packing parameter p often

used to describe surfactant assemblies.®3
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p=—- (1.15)

Here v is the volume of the hydrophobic chains, ao is the optimal area of soluble group, and I
is the length of the hydrophobic tail. Generally, spherical micelles are favoured when p < 1/3,
cylindrical or wormlike micelles when 1/3 < p < 1/2, vesicles when 1/2 < p <1, and lamellae

when p = 1 (Figure 1.20).

p<1/3 1/3<p<1/2 1/2<p<1 p=1

“*“% i

Spheres Worms Vesicles Lamellae

Figure 1.20. A cartoon representation of the common morphologies (spherical micelles,
wormlike micelles, vesicles, and lamellae) formed by block copolymers and the respective
packing parameter regime where the morphology is favoured. spherical micelles, wormlike

micelles, vesicles, and lamellae.

1.6.6 Self-assembly of statistical copolymers

Although it is known that amphiphilic statistical copolymers can form micelles in aqueous
media, the amount of scientific research performed on statistical copolymer self-assemblies is
significantly less than the work that has been done investigating diblock copolymers. However,
in 1993 McCormick’s group reported a hydrophobic cationic monomer, dimethyldodecyl (2-

acrylamidoethyl)ammonium bromide also known as DAMAB®, and the effect of DAMAB
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distribution on the solution behaviour of the associated acrylamide (AM) copolymers was
assessed. DAMAB and AM were statistically copolymerised in water in the presence or
absence of an external cationic surfactant (cetyltrimethyl ammonium bromide). The presence
of the surfactant diluted the number of DAMAB molecules in each micelle to limit the length
of any hydrophobic “blocks” and so increase the randomness of the comonomer distribution.
Six copolymers were synthesised with varying DAMAB content from 0% to 10.5% with
differing levels of “blockiness”, where the DAMAB content was assessed using elemental
analysis for bromine content. The association behaviour of the copolymers was assess using
fluorescence studies and it was found that stronger intermolecular hydrophobic associations
were obtained as the length and number of hydrophobic blocks in the chain were increased,
whereas a statistical distribution of the monomers promoted intramolecular interactions
between the hydrophobes.®* Therefore, McCormick and co-workers concluded that the
distribution of hydrophobic units was an important factor in how the copolymer chains
associated in agueous conditions and hydrophobic self-assembly could be either intramolecular

or intermolecular.%

In 1995, Kamachi and co-workers studied how various bulky hydrophobic substituents affected
copolymer intramolecular vs. intermolecular self-association.®® The copolymers in question
were random copolymers of sodium 2-(acrylamido)-2-methylpropanesulfonate (AMPS) and
containing bulky hydrophobes, such as lauryl (LA), cyclodecyl (CD), and 1-adamantyl (AD)
methacrylamides. These copolymers were labelled with a small amount of either pyrenyl (Py)
or 2-naphthyl (2-Np) methacrylamide in order to carry out fluorescence studies (Figure 1.21).
These studies involved a mixture of 2-Np and Py labelled polymers with the same substituent
in aqueous solution. Due to the electrostatic repulsion caused by the ionic substituents, each
type of copolymer should exist separately as unimers. However, if intermolecular association

occurs then some fraction of the two labels will be in sufficiently close proximity to induce
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fluorescence from the Py label caused by energy transfer from the excited 2-Np. The LA-based
polymers exhibited greater fluorescence intensity at higher copolymer concentration from
around 0.2 wt %.%° On the other hand, the other two copolymers didn’t show the same increase
in fluorescence until the copolymer concentration reached around 7 wt %. The effect of
copolymer composition was not closely examined in this paper. However, reducing the
hydrophobic group content significantly decreases both the aggregation number and the micelle
core radius. The fluorescence studies in this paper showed that the copolymers with CD and
AD substituents more strongly favoured intramolecular association than the LA-based

polymer.*®

+Na-O3S

Ry= —(CHy)41CH; (LA) Ry= OO (Py)

O (2-Np)
B

(CD)

Figure 1.21. Chemical structures of the various AMPS-based polymers investigated by

Kamachi et al. and the bulky side groups used to examine their effect on the micellisation.®®

In 2006, Sato’s group investigated how the composition of the amphiphilic statistical

copolymers affected their aqueous micellisation.®® In addition to compositional effects, how
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the degree of polymerisation influenced the aggregation was also studied. The group
synthesised ~ amphiphilic ~ copolymers  comprising  sodium  2-(acrylamido)-2-
methylpropanesulfonate (AMPS) and n-hexyl methacrylate were synthesised with different
degree of polymerisation and composition. Self-aggregating copolymer solutions in 0.1 M
aqueous NaCl were studied using static and dynamic light scattering, fluorescence
spectroscopy, viscometry, and gel permeation chromatography. Light scattering techniques
were used to determine the hydrodynamic radius and the micelle aggregation number, whereas
the number of hydrophobic microdomains in each of the aggregates was determined by time-
resolved fluorescence measurements. The results from these techniques indicated a high
dependence of the aggregation number on the degree of polymerisation and the composition.
Higher degrees of polymerisation lead to lower micelle aggregation numbers and smaller

micelles but the number of hydrophobic microdomains increased.

In 2015, Riemer et al synthesised a range of amphiphilic acrylate statistical copolymers, where
the hydrophilic component was acrylic acid (AA), and investigated the effect varying the
degree of amphiphilicity has on the copolymer aggregation.®’ The degree of amphiphilicity was
altered by changing the copolymer composition and length of alkyl chain from the butyl to
dodecyl. SLS, DLS and SANS studies demonstrated that the particle size and aggregation
number increased as the alkyl chain increases in length. Additionally, the aggregation
behaviour was studied in respect to the ionisation of the AA. It was found that at a low pH,
when the AA is not ionised, the copolymers will aggregate to form larger particles than at a
higher pH. Furthermore, increasing the ionisation further supresses the formation of well-

defined particles and the copolymers form loosely connected aggregates.®’

More recently, work by Terashima and Sawamoto has re-energised this area of research, and
over the last 5 years a number of papers on the self-assembly of statistical copolymers has been

published by his group.®-1% In 2014, Terishima et al. demonstrated how poly(ethylene glycol)
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(PEG) based amphiphilic statistical copolymers could undergo reversible single-chain self-
folding in water to form a single-chain nano particle (SCNP).%® Structural analysis revealed
that the self-folded structure is stable at high concentrations (up to 6% w/w) and unfolding can
be induced by the addition of methanol or raising the solution temperature. SCNPs are of great
scientific interest as they are thought of as biomolecule mimics and have potential applications
in drug delivery and catalysis.'%1%° Moreover, in 2016 the same group built upon this initial
research by investigating the self-sorting behaviour, and discrete compartmentalisation of
PEG-based amphiphilic statistical copolymers (Figure 1.22).1% It was found that mixtures of
copolymers with different compositions and molecular weights would self-sort into well-
defined and distinct aggregates where the size was determined by the copolymer composition.
Furthermore, it was found that copolymers synthesised via both metal-catalysed living and
conventional free radical polymerisation underwent self-assembly and self-recognition to

produce uniform and self-sorted nanoparticles.'%
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Figure 1.22. (a) A graph depicting how copolymers of different DPs self-assemble in water to
form nanoparticles with a uniform size, and (b) a cartoon describing the self-sorting and
discrete compartmentalisation behaviour of amphiphilic statistical copolymers. Reproduced
with permission from Y. Hirai, T. Terashima, M. Takenaka and M. Sawamoto,

Macromolecules, 2016, 49, 5084-5091. Copyright (2016) American Chemical Society.
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Finally, in 2019 Terashima and Sawamoto combined the self-assembly behaviour of both
statistical and block copolymers by synthesising a range of amphiphilic/fluorous random block
copolymers (Figure 1.23).1% By utilising properties from both varieties of copolymer, he was
able to create complex and multicompartment structures. A range A/C-B/C random block
copolymers were synthesised by ATRP where A was a hydrophobic dodecyl methacrylate, B
was 1H,1H,2H,2H-perfluorooctyl methacrylate, and C was a hydrophilic PEG methacrylate. It
was found that the copolymers underwent site selective folding in fluoroalcohol resulting in a
tadpole unimer micelle whereas in water the copolymer form a double-compartment micelle.
Furthermore, heavily asymmetric and highly hydrophobic copolymers would self-fold to

produce a multicompartment micelle.!%
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Hydrophobic | Fluorous H,0 (5
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Figure 1.23. (a) A cartoon depicting the complete and site-selective folding of
amphiphilic/fluorous random block copolymers to form double core micelles, tadpole micelles
and multicompartment micelles. Reproduced with permission from M. Matsumoto, M.
Sawamoto and T. Terashima, ACS Macro Lett., 2019, 8, 320-325. Copyright (2019) American
Chemical Society.
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The work presented in this section demonstrates that amphiphilic statistical copolymers can
assemble into nano-particles in an aqueous environment depending on the balance of attractive
forces between the hydrophobes and the electrostatic or steric repulsion of the hydrophiles.
Furthermore, the properties of the particles formed depend upon the copolymer composition,
the DP of the copolymer, and the nature of the comonomers. Although, research in this area
over the last decade has led to some significant insights, there is still a substantial amount of
research still to be done in order to fully understand these systems. Further research in this area
will lead to a greater understanding of the self-assembly mechanisms that statistical copolymers
follow and the associated limits and constraints. This greater understanding will allow well-
defined bespoke statistical copolymer polymer particles to be synthesised easily, offering a
cheaper and more industrially-viable alternative to diblock copolymer particles in applications

such as drug-delivery, cosmetics, and paints.

1.7 Thesis outline

The research presented in this thesis aims to better understand the self-assembly behaviour of
amphiphilic statistical copolymers in aqueous media, how this behaviour compares to the well-
known self-assembly of diblock copolymers, and finally how this understanding can be
incorporated into a copolymer system targeted for an industrial application. Chapter 2 describes
the materials, methods, and the SAXS models used throughout the thesis. Chapter 3 presents
an in-depth investigation into the self-assembly behaviour of poly(butyl methacrylate — stat —
methacrylic acid) P(BMA-st-MAA) copolymers and the effect on the rheological properties,
exploring the effects of copolymer composition, molecular weight, and molecular weight
distribution. In this chapter a series of P(BMA-st-MAA) copolymers were synthesised via
RAFT solution polymerisation at different molecular weights and compositions alongside a

small series of P(BMA-st-MAA) synthesised using standard free-radical polymerisation. The

41



Chapter 1. General Introduction

self-assembly behaviour of the copolymers was assessed using SAXS, TEM and rheology. This
led to the development of a model describing the relationship between particle size and
copolymer composition and the structural transitions that occur in within alcohol-water
mixtures. Chapter 4 expands upon the work performed in chapter 3, in particular the model that
was developed. However, this chapter explores relationship between the hydrophobicity of the
statistical copolymers and the size of the particle formed. This work involved the synthesis of
a variety of different amphiphilic copolymers using RAFT solution polymerisation where the
hydrophilic component remained MAA, however the hydrophobic component was varied.
Additionally, this chapter explores the internal structure of the statistical copolymer particles
using a complex contrast matching SANS experiment, focussing of the relative positions of the
hydrophile and hydrophobe within the particle. Chapter 5 firstly compares the self-assembly
behaviour of P(BMA-MAA) statistical copolymers and diblock copolymers, and secondly
expands upon this comparison by examining the effect of hydrophile-hydrophobe distribution
along the copolymer backbone. This involved synthesising a range of copolymers with
different intermediate monomer distributions, to compare with statistical and block
copolymers, these copolymers were coined “pseudo-gradient” copolymers. Chapter 6 is the
final results chapter and studies the self-assembly behaviour of amphiphilic triblock
copolymers in the solution and bulk states. This work aims to apply the knowledge gained
throughout this thesis about copolymer self-assembly and structural characterisation
techniques to an industrial application. This chapter incorporates the self-assembly of both
statistical and block copolymers by synthesising ABA triblock copolymers where the A block
is a statistical distribution of acrylic acid and styrene, whereas the B block is butyl acrylate.
These copolymers were designed with the intention of forming water-resistant phase-separated
films where the mechanical properties are tuned by the copolymer properties. The structure of

the copolymers in solution and bulk state were investigate using SAXS and AFM and the
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mechanical properties of the copolymer films were evaluated using elongational rheology.

Finally, chapter 7 contains concluding remarks and suggestions for future work.
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Chapter 2.

Materials general methods and SAXS models

This chapter will discuss the materials used in each chapter and the analytical methods of

characterisation of used throughout this scientific thesis.

2.1. Materials

2.1.1 List of chemicals and suppliers

All materials were used as received unless stated otherwise in the text.

Monomers

Monomers were passed through basic alumina to remove inhibitors prior to use.

Butyl methacrylate (BMA, 99%, Sigma-Aldrich)

e Methacrylic acid (MAA, 99.5%, Sigma-Aldrich)

e Hexyl methacrylate (HMA, 98%, Sigma-Aldrich)

e Ethyl methacrylate (EMA, 99%, Sigma-Aldrich)

e Methyl methacrylate (MMA, 99%, Sigma-Aldrich)

e 2-Ethylhexyl methacrylate (EHMA, 98%, Alfa Aesar)

e Butyl acrylate (BA, 99%, Sigma-Aldrich)
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e Acrylic acid (AA, 99%, Sigma-Aldrich)

e Styrene (St, 99%, Sigma-Aldrich)

Solvents

e Isopropanol (IPA, 99.9%, Sigma-Aldrich)

e Tetrahydrofuran (THF, High-performance liquid chromatography grade, VWR)

e 1,4-Dioxane (99.5%, Sigma-Aldrich)

e Methyl ethyl ketone (MEK, 99.9%, Sigma-Aldrich)

e Deuterated chloroform (CDCls, VWR)

e Deuterated acetone (d6-acetone, Sigma-Aldrich)

e Deuterated dimethyl sulfoxide (d6-DMSO, VWR)

e Deuterated methanol (d4-methanol, Acros Organic)

e Deuterium oxide (D20, Sigma-Aldrich)

Chemicals

Triethanolamine (TEA, 99%, Sigma-Aldrich)

e Glacial acetic acid (99.85%, Sigma-Aldrich)

o 4.4’-Azobis(4-cyanovaleric acid) (ACVA, 98%, Sigma-Aldrich)

o 2.2'-Azobis(2-methylpropionitrile) (AIBN, 98%, Sigma-Aldrich)

e Trimethylsiyl diazomethane solution (2.0M in diethyl ether, Sigma-Aldrich)
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e 4-cyano-4-(2-phenyl-ethanesulfanylthiocarbonyl) sufanylpentanoic acid (PETTC,

prepared in-house as reported previously?)
e Benzyl bromide (BzBr, 98%, Sigma-Aldrich)
e Ammonia (NHs, 25% aqueous solution, Sigma-Aldrich)

e S,S-Dibenzyl trithiocarbonate (DBTTC, Boron Molecular)

2.2. Characterisation methods

2.2.1 Methylation and Alkylation

The compositions of copolymers containing MAA were calculated using alkylated versions of
the copolymers. MAA units were alkylated prior to *H NMR spectroscopy analysis using either
trimethylsiyldiazomethane, therefore forming methyl methacrylate units,? or by using benzyl
bromide (BzBr) to form benzyl methacrylate units. The latter reaction was performed at 5 wt%
polymer in DMF with CsCOs added to deprotonate the methacrylic acid and then excess BzBr
was added. The reaction was left for 24 h., excess solvent was removed under vacuum and the

product was purified by washing with water.

2.2.2 *H Nuclear Magnetic Resonance (NMR) Spectroscopy

'H NMR spectroscopy was used throughout this study in order to monitor polymerisation
kinetics and to calculate the copolymer composition. Spectra were recorded on either a Bruker
AV1-400 or AV3HD-400 MHz spectrometer in either d6-DMSO, d6-acetone, d4-methanol or
CDCI3. These spectra were analysed using Bruker Topspin software (version 3.5pl7) and

chemical shifts are reported relative to a residual solvent peak.
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2.2.3 Gel Permeation Chromatography (GPC)

Molecular weight distributions of the statistical, pseudo-gradient, and diblock copolymers in
chapters 3, 4, and 5 were determined by GPC using THF containing 4% v/v acetic acid and
0.054 w/v% butyl hydroxytoluene (BHT) as the eluent. Measurements were performed on a
PL-GPC50 integrated GPC system (Agilent, UK) equipped with a refractive index detector.
Separations were carried out using a pair of PLgel Mixed-C columns (7.8 x 300 mm, 5 um
bead size), fitted with a PLgel guard column (7.8 x 50 mm, 5 um bead size), at a flow rate of
1.0 mL min't. All the samples were measured relative to a set of ten low-dispersity poly(methyl
methacrylate) (PMMA) standards (Agilent, UK) with peak molecular weight values ranging

from 550 Da to 1,568,000 Da.

2.2.4 Advanced Polymer Chromatography (APC)

Molecular weight distributions of the triblock copolymers in chapter 6 were determined by
APC using THF with 1% v/v acetic acid as the eluent. Measurements were performed on a
Waters ACQUITY APC system equipped with a refractive index detector. Separations were
carried out using a set of 150 mm XT columns (45, 125, and 450), at a flow rate of 1.0 mL min
1 All the samples were filtered with 0.2 um PTFE membrane filters prior to analysis and
measured relative to a low-dispersity polystyrene (PSt) standards with peak molecular weight

values ranging from 580 to 8,000,000 Da.

2.2.5 Small-Angle X-ray Scattering (SAXS) measurements

Throughout this work SAXS patterns were collected using laboratory SAXS instruments
[either a Bruker AXS Nanostar equipped with a two-dimensional (2D) Hi-STAR multi-wire

gas detector and modified with Xenocs GeniX 3D X-ray source (CuK, radiation, X-ray
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wavelength 2 = 1.54 A) and motorised collimating scatterless slits or Xenocs Xeuss 2.0
laboratory beamline equipped with a 2D Dectris Pilatus 1M detector and an Excillum liquid
gallium MetalJet X-ray source (4 = 1.34 A)]. Samples were run in either an open-top capillary
with a diameter of 2 mm and place vertically in a capillary holder or in a sealed flow-through

cell, with a thickness of 2 mm, to allow experiments to be run under vacuum. The patterns were
collected over a scattering vector length range of 0.008 A' < q<0.16 A, where q = 47” sin 6

and 4 is a half of the scattering angle. One-dimensional (1D) scattering curves were obtained
by an azimuthal binning and averaging of corresponding two-dimensional scattering patterns
using software packages supplied with the SAXS instruments. Normalization, background
subtraction, and further analysis of the 1D data was performed using Irena SAS macros for Igor

Pro.?

2.2.6 Grazing Incident Small-Angle X-ray Scattering (GISAXS) measurements

In chapter 6 additional grazing incident SAXS (GISAXS) measurements were performed using
the Xenocs Xeuss 2.0 laboratory beamline equipped with a 2D Dectris Pilatus 1M detector and
an Excillum liquid gallium MetalJet X-ray source (4 = 1.34 A). Time-resolved GISAXS was
performed on block copolymer films during annealing at elevated temperatures (150 °C). To
perform the measurements the films were cast on to a mica disc and were mounted on a
homemade GISAXS heating stage. Prior to acquisition, the incident angle was established by
measuring the maximum intensity of the scattered X-rays as a function of the mounted angle,
Q; the maximum intensity was achieved at an angle of 0.8°. This incident angle was fixed
throughout the length of the experiment. One-dimensional (1D) scattering curves were
obtained by an azimuthal binning, taking into account the incident angle, and averaging of
corresponding two-dimensional scattering patterns using software packages supplied with the

SAXS instruments.
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2.2.7 Small-Angle Neutron Scattering (SANS) measurements

In chapter 4 the SANS measurements were performed at a spallation neutron source (ISIS,
beamline LOQ, Didcot, UK)* using a contrast variation technique. The sample-to-detector
distance was 4.1 m and the beam diameter was 10 mm. The solutions were pipetted into either
1 mm and 2 mm pathlength PTFE-stoppered quartz cuvettes (Hellma UK) depending on the
solvent used (H20 or D20, respectively). The cuvettes were mounted on a computer-controlled
sample changer maintained at a fixed temperature of 25 °C and the scattering recorded. Each
raw scattering dataset was corrected for the incident neutron wavelength distribution, the
detector efficiency and spatial linearity, the measured transmission and cuvette pathlength,
before being azimuthally binned, averaged and converted to coherent elastic differential
scattering cross-section per unit sample volume data (0X/0Q) as a function of q using the
Mantid software framework.> A convention of referring to (0X/0Q) as the intensity, I, is
followed further in the thesis. A partially deuterated polymer blend standard of known
molecular weight was used to normalize the reduced 1D SANS data to an absolute intensity
scale in accordance with well established procedures.® Background subtraction and further
analysis of the data was performed using Irena SAS macros for Igor Pro. Simultaneous fitting

of the contrast series scattering patterns was performed using SASfit.’

2.2.8 Dynamic Light Scattering (DLYS)

Aqueous dispersions (0.1% w/w) were placed into disposable plastic cuvettes and analysed
using a Malvern Zetasizer NanoZS instrument. The scattered light was detected at 173° and
the Stokes-Einstein equation (eq 1.9) was used to calculate the intensity-averaged

hydrodynamic diameter.
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2.2.9 Aqueous Electrophoresis

The electrophoretic mobility of aqueous copolymer dispersions, with an electrolyte
background of 0.75 mM KCI, was measured using phase-analysis light scattering (PALS) on a

Malvern Zetasizer NanoZS instrument.

2.2.10 Transmission Electron Microscopy (TEM)

TEM studies were conducted using either a Philips CM 100 instrument operating at 100 kV
and equipped with a Gatan 1k CCD camera or a FEI Tecnai Spirit 2 microscope fitted with an
Orius SC1000B camera. Copper/palladium TEM grids (Agar Scientific, UK) were coated with
a thin layer of carbon and then glow discharged for 30 seconds. Samples were prepared by
placing a droplet (10 pL) of diluted copolymer dispersions (0.1 % w/w) to the carbon-coated
copper grids for 1 minute. Once the excess dispersion was removed by dabbing the grids with
filter paper uranyl formate (9.0 xL of a 0.75% w/w solution) was placed on the grids for 20
seconds and then dabbed again with a filter paper. Each sample was additionally dried using a

vacuum hose.

2.2.11 Atomic Force Microscopy (AFM)

In chapter 6 the triblock copolymers investigated were either dried on to small metal AFM
plates or attached using double-sided tape. AFM height images were collected using
ScanAsyst® PeakForce® tapping mode on a Bruker MultiMode atomic force microscope. A
2 nm silicon ScanAsyst-Air cantilever was used to perform the measurements. The WsXM 4.0
software was used for the image analysis including measurements of the copolymer phase

separation lengthscale.
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2.2.12 Differential scanning calorimetry (DSC)

40% wi/w triblock solutions in MEK were decanted into pre-weighed aluminium pans and the
solvent was left to evaporate overnight. The pans were weighed again once the copolymer was
dry so that an accurate sample mass could be calculated. The pans were sealed with a lid and
calorimetry measurements were performed under nitrogen using a TA Instrument DSC Q2000
differential scanning calorimeter. The Thermograms were collected at a rate of 10 °C/min from
-80 °C to 150 °C. Only one thermal cycle was performed on each sample as the acrylic acid
within the triblock copolymer begins to dehydrate into an anhydride above temperature of
100 °C.%° Therefore, the calorimetry measurements would vary during each thermal cycle as

the acid begins to dehydrate.

2.2.13 Rheology

An MCR 502 rheometer (Anton Paar, Graz, Austria) equipped with a TruGap system for
automatic gap control and configured for cone-and-plate geometry (50 mm diameter, cone
angle 2°) with a solvent trap was used to perform rheological measurements of the copolymer
dispersions at various concentrations and solvent compositions. In order to reduce any shear-
induced change in copolymer morphology, an oscillatory mode was chosen for the
measurements. Preliminary strain sweep experiments, between 0.1% and 20% strain at constant
angular frequencies were performed for all copolymer samples to identify the linear
viscoelastic region. Once a suitable strain had been identified, an angular frequency sweep,
downwards from 200 rad s to 0.1 rad s”, was conducted at a constant strain (typically 1%)
and temperature (21 °C) to measure the dynamic viscosity. The dynamic viscosity determined
for each copolymer dispersion displayed almost no frequency dependence (shear thinning) at

frequencies below 10 rad s!. Thus, this region of the rheological data was used to obtain zero
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shear viscosity defined by an extrapolation of the experimental results to zero angular
frequency. Such obtained values of zero shear viscosity were used for the characterization of

copolymer dispersions.

2.2.14 Mechanical testing

Triblock copolymer films were cast from solutions into plastic moulds and left to dry in
ambient conditions for 1 week. The films were then removed from the moulds and cut into
strips with a width of 7 mm and a length greater than 13 mm (the set gap). The individual
thicknesses were measured using a micrometer and both the extension-to-break and the

Young’s modulus was measured on an Instron 5500R instrument at ambient conditions.

2.3. SAXS Structural Models.

2.3.1 Intensity equation

The intensity of the X-rays scattered by a particle dispersion, 1(q), is defined as:
1(@) = N-S(@): [ F(@ 50 6) - ¥ (5.0, R )., @.1)
0 0

where F(q,1y, ..., 1) is the particle form factor defined by a k number of structural model
parameters, ¥ (ry, ..., 17,) is a function describing distribution of these parameters, S(q) is the
structure factor describing particle interactions in the dispersion and N is the number density

per unit sample volume defined as:

N=—— / (2.2)
IO jo V(r,...r) - ¥(,..,r)d..dr
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where ¢ is the total particle volume fraction and V (74, ..., 13,) is the particle volume.

2.3.2 Intensity equation with linear background

A plateau in intensity at high g was observed in the majority of the scattering patterns after
subtraction of background scattering originating from the solvent and the sample holder (i.e.,
glass capillary). This scattering signal is likely to be associated with fluctuations in scattering
length density across the particles caused by random distribution of monomer units in the self-
assembled copolymers. In order to account for these fluctuations a linear fitting parameter (Ca)
that is independent of the scattering vector q was added to the equation describing the intensity

of scattered X-rays (eq. 2.1):

I(q)=N -S(q)-T...T F(a,r,..r)-¥Y(r,..,r)dr..dr +C, (2.3)

2.3.3 Intensity equation with linear background and unified parametrisation

An upturn in intensity at low q was observed in the scattering patterns of some dispersions.
This deviation from the model was caused by the formation of large aggregates often related
to mass fractals. Scattering signal of these objects is commonly described using a combination
of Guinier and power law functions expressed via unified parametrisation.!®*? Since the
Guinier region is located at very low g-values that are not generally measured in these SAXS
experiments, only a power law function was incorporated into the intensity equation (equations

2.1 and 2.3) in order to account for the presence of large aggregates:

I(q)=N -S(q)T...T F(a,r,...r) ¥(r,..,r)dr..dr, +C +B-q° (2.4)
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where B is a prefactor that is related to the type of power-law scattering and the regime in which

the power-law exponent, P, falls.

2.3.4 Distribution function of the structural model parameters.

The polydispersity of particle radius, r, expressed as a Gaussian distribution, is considered for

the structural models using eq. 2.1 (or equations 2.3 and 2.4):

(r-R)?

e 2o (2.5)

1
2

2o}

Y (r) =

where R is the mean particle radius and or is its standard deviation. All other fitting parameters
describing the structural models where considered to be monodisperse (their distribution

functions correspond to Dirac’s delta function).

2.4. Structure factor

2.4.1 Percus-Yevick approximation

A hard sphere structure factor solved using the Percus-Yevick closure relation:
S(d) =Spy (@, Ry, Toy) (2.6)

where Rpy is an effective interparticle correlation radius and fey is an effective volume fraction,
has been incorporated into eq. 2.1 to account for long range interactions between the charged

particles.
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2.4.2 Hayter-Penfold approximation
A charged particle Coulomb interaction is described by the Hayter-Penfold approximation:*®
S(9) =5,5(4, R, e, M, T, £,Q) (2.7

where Rpp is an interparticle correlation radius, fup is an effective volume fraction, M is the
ionic strength of the solvent, 7 is the absolute temperature, ¢ is the solvent dielectric constant

and Q is the particle charge expressed in electrons.

2.5 Form factors

2.5.1 Gaussian chain model

In a theta solvent, a copolymer will behave as a Gaussian chain with a radius of gyration, Rg.

This behaviour can be described as a Debye function for a Gaussian polymer chain:

(e™-1+x)

Fonain (X) = 2 2 (2.8)

where x = (qR, ).

2.5.2 Sphere model (Figure 2.1a)

The self-assembled statistical copolymers studied in this work to a first approximation can be
described as a dispersion of homogenous spherical particles. Thus, the form factor for eq. 2.1

(or equations 2.3 and 2.4) can be defined as:¢’

Fs (ql r) = Nagg (r)ﬁs2 ) &2(q ) r) (29)
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where r is the spherical particle radius, fs is the scattering length density contrast of a nano

object of volume V(r) defined as B =V (r)(&,, —&,) where &op and &soi represent the

op
scattering length densities (SLDs) of the copolymer and background solvent, respectively. &op

in this case represents the averaged SLD of the copolymer calculated as:
Seop =Sy Vi &0V (2.10)

where & and ¢ are the SLDs of different monomer units (x and y) along the copolymer chain
and where vy and vy are the volume fractions of x and y units, respectively. 4s(gr) corresponds

to a function describing the normalized sphere form factor amplitude:

3[sin(x) — x-cos(x)]

A(X) = v (2.11)

3
When using this model volume of the particle for eq. 2.2 is expressed as V(r):47zr .

Additionally, the molecule aggregation number can be calculated from the model parameters:

V()
Nagg :(l_xsol)v_ (2.12)
cop
where Veop, is the volume of a single copolymer molecule and is calculated byV,, = NM”
APpyx

where pepyx is the density of a homopolymer of monomer x and xsol is the volume fraction of

solvent within the sphere.

2.5.3 Spheroid model (Figure 2.1b)

For a more general case when the particles are distorted from a spherical shape a spheroid

model with one extra parameter describing aspect ratio of the particle dimensions is used.!’
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Considering uniaxial distortion (elongation or flattening) of a spherical particle, the particle

form factor for eq. 2.1 (or equations 2.3 and 2.4) can be expressed as:®

2

P (0,1,6) = AL '[ AZ(q-r-+/sin b+ £cos? b)-sin bdb (2.13)
0

where r is radius of the spheroid rotational (major) axis, ¢ is the aspect ratio (the ratio between
radius of the major axis and the minor axis of spheroid) and the integration is performed over

the angle of particle orientation, b. When using this model, volume of the particle for eq. 2.2 is

Arer®

expressed as V(r) = . Additionally, the particle volume can be used to calculate the

molecule aggregation number from eq. 2.12.

2.5.4 Blob model (Figure 2.1c)

This model accounts for scattering length density fluctuations that occur within a copolymer
micelle. These fluctuations are described as independent “blobs” and account for an increased
intensity at high g. Therefore, this model can be as an alternative to adding a constant linear
intensity as described in equation 2.3. Originally, this approach was developed to interpret
neutron scattering from the solvated cores of spherical micelles'® but it can be also adapted for

the structural model describing the form factor of spherical particles formed by statistical

copolymers:
2 2 2 bloby A 2 blob
Fsb (q1 r) _ Nagg (r)ﬂs [nblob (nblob _1)l// (ng - )A§ (q! r) + nblob I:chain (ng )] (214)
nblob
_ (1—e_y) _ bloby2 - : 113 ER) blob ;
where y(y) = , Y=(gR,™)" is the form factor amplitude of a “blob”, Rg"* is the

“blob” radius or gyration and Fcnain(QRg*'?®) is the self-correlation term of the Gaussian polymer
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_ AV,

chain (“blob”) represented by the Debye function (eq. 2.8). n,,,, = — is the approximate
blob

4rr’ 47(R,")’

number of “blobs”, where A is a fitting parameter, V, = and V,,, = 3 . The

scattering length contrast of the spherical particle is given by fs = Vs(Ecop — &sol). Eeop 1n this
case represents the averaged scattering length density of the copolymer, which is calculated as

by eq 2.10.

2.5.5 Core-Shell sphere model (Figure 2.1d)

This model is used when the statistical copolymer particles are considered to be
inhomogeneous due to a partial redistribution of the statistical segments between core and
surface of the particles. In this case it is assumed that SLD of the particle core and the surface

shell is different. Thus, the form factor for eq. 2.1 is defined as:

ch (q' r, Ar’ é:core ! éshell) = A:sz (q’ r, Ar' gcore' gshell) (215)

where the form factor amplitude is defined as:'®*
A:S (q’ r.Ar, é:core ! é:shell) - (é:core N érs‘”)vpﬁ\ﬂpg (q ’ r) + (é:core - é:shell)vcore'o&[q ' (r - Ar)] (216)

4xr®

where Esnenn and Ceore are the SLDs of the shell and core, respectively. rand V. (r) = are

the radius and volume of the entire particle, and Ar is the shell thickness. In chapter 4, &o was
varied during the contrast variation SANS experiment by using HoO-D>O mixtures. The &sol
for each mixture can be calculated from a linear relationship based on the scattering length

density and volume fraction of each component:

égsm = §H20VHZO + QZDZOVDZO (2.17)
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In order to link &core and Esnen to give physically realistic values based upon the copolymer
composition, certain parameters must be known or calculated. The first parameter required is
the relative volume fractions of the monomers, x and vy, in the particle, Vparty and Vpart),
respectively. Since the relative mole fractions are known (e.g., 0.8:0.2, x:y), these can easily be
converted to volume fractions to give Vparto) = 0.89 and Vpartty) = 0.11. Secondly, the volume of

the particle (Vpart), core (Veore), and shell (Vshen), are calculated respectively. Vpart and Veore Can

From this the volume

core *

. : 4
be calculated using the equation V. (r) = gﬁrs and Vi =V =V,
of x in the particle, Vparto, can be calculated:

\Y

part(x) — V)

Vo (2.18)

part(x)

Additionally, the volume fraction of x in the core, vcore(x), Can be calculated:

é:core - é:y‘
Vcore(x) = (2 19)

£ -¢

From this the volume of x in the shell, Vsnen), can be calculated:

Vshell(y) :Vpart(x) - (Vcore(x) 'Vcore) (220)

Since the Vsneiix) is known, the volume fractions of x and y in the shell, Vsheiix) and Vsneiiy), can

now be calculated:

V.

hell(x)

Voneli) = \S/e_x (2.21)
shell

Voheniy) = 1- Vshelix) (2.22)

Finally, the scattering length density of the shell (Eshen) can be calculated:
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Eanett = Vaenno * x) + Vepeny) * &) (2.23)

2.5.6 Spherical micelle model (Figure 2.1e)

This model is commonly used for describing AB block copolymer spherical nanoparticles in
solution. The insoluble A block forms a spherical core which is stabilised by the soluble B
block that forms the micelle corona. Since the second block is dissolved in the solvent it
behaves like a Gaussian chain and scatters X-rays in the high g region resulting in a slope close

to -2. The form factor for the spherical micelle model is:*°

I:smic = NSZIBSZ f52 (q’ rs) + NSIBSZFChain (q’ Rg)+ Ns(Ns —l)ﬂCZA:(Q)

(2.24)
+2NS B4, 1,(a,1,) A (a)

where rs is the radius of the spherical micelle core, Ry is the radius of gyration of the soluble
block that forms the micelle corona. The scattering length contrast of the core and corona is
given by fs = V(& — Eso1) and fe = Ve(éc - Esol), respectively, where & and & represent the
scattering length densities of the core block and corona block, respectively. Vs and V. are the
volumes of the core block and corona block, respectively. Fehain 1s the self-correlation term for
the corona block and is given by the Debye function (eq 2.7). fs describes the core form factor

amplitude and the sigmoidal interface between the two copolymer blocks:

f.(a,r) = Ag(qrs)EXp[—q ; J (2.25)

where As is the sphere form factor amplitude described in eq 2.10 and o is the layer thickness

that accounts for the decaying SLD at the membrane interface.

The form factor amplitude of the spherical micelle corona, Ac, is described as:
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[CRL

3 r 2 __2
o > eXp(—q; j (2.26)
i we(ridr

A(9)=

where uc is a radial profile described as a linear combination of two cubic splines, with two
fitting parameters s and a corresponding to the width of the profile and the weight coefficient,
respectively. Additionally, an effective structure factor (Serr) used to describe the interactions

between spherical micelles has been used in equations 2.1, 2.3, or 2.4.%°

nic (@) [Sp (0, Roy Ty ) —1]

S, (q) =1
) (q) " Fmic(Q)

(2.27)

av
ic

where is the scattering amplitude of the average radial scattering length density

distribution of the micelles and is defined as A% (q) = NJ[A.A(q,R,) + £.A.(q)] and Spy is the

hard-sphere structure factor solved using the Percus-Yevick closure relation (eq 2.6).

2.5.7 Adapted spherical micelle model

The spherical micelle model has been adapted for the purpose of fitting spherical micelles
formed by gradient copolymer where the volume of the copolymer in the core and corona
depends on the distribution of hydrophile and hydrophobe along the copolymer backbone. In
this case the form factor for the spherical micelle described in eq. 2.23 is used, however, V.
becomes a fitted parameter in the model and Vs = Veop - Ve, Where Veop i the total volume of

the copolymer chain.
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2.5.8 Two-population model (Figure 2.1e)

In chapter 6 a two-population structural model that has been used to model core-particulate
shell colloidal particles? was used to describe the triblock copolymer dispersions where the

stabiliser block forms a surface structure that is assumed to be spherical.

Generally, the intensity of the X-rays scattered by a particle dispersion, 1(q), is defined as eq

2.1. However, in this case eg. 2.1 is altered to account for the additional surface structure.
1(@) =S,(a)- N, - [F(a,1)- W(r)dr +8,(0) - N - [Fy(a,,) - W(r)dr,  (2.28)
0 0

where the subscript 1 and 2 denotes the two populations of spherical particles, where population
1 is used to describe the triblock copolymer particle core, and population 2 describes the

particulate structure of the particle surface.

In this case population 1 is described as a core-shell particle and therefore F1 can be described
using equations 2.15 and 2.16. Whereas population 2 is described as a simple sphere and

therefore F> can be described using equations 2.9, 2.10, and 2.11.

Additionally, the structure factors S1 and S; are described using the hard-sphere structure factor

solved using the Percus-Yevick closure relation described by eq. 2.6.
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i ESOI fsol

(@)
' fsol
i R core

1
! §
1 core

1
b Eohel

g

Figure 2.1. Schematic diagram illustrating the copolymer morphologies for the three structural
models (eqs 2.7-13, 2.15-23): (a) the solid sphere model where r is the radius of the particle,
Ceop 1S the scattering length density of the particle, and &or is the scattering length density of the
solvent (egs 2.9-12); (b) the spheroid model with an aspect ratio ¢ that is less than unity (eq
2.13); (c) the blob model where R?'° is the radius of gyration of the blob (eq 2.14; (d) the core-
shell model, where r is the overall particle radius, Ar is the shell thickness, Reore = 1 - Ar is the
core radius, and &eore and &snen are the scattering length densities of the core and the shell,
respectively (egs 2.15-23); (e) the spherical micelle model where rsis the radius of the spherical
core, Rq is the radius of gyration of the corona block, , and & and & are the scattering length
densities of the spherical core and the corona, respectively (egs 2.25-27); (f) the two population
model where ry is the overall particle radius (core + shell) and r is the radius of the sphere on

the particle surface (eq 2.28).
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3.1 Introduction

Amphiphilic copolymers are used in various applications including drug delivery, cosmetics,
paints, and coatings.> They comprise both hydrophilic and hydrophobic monomers and are
known to self-assemble in aqueous solution to form awide range of nanoscale morphologies.®
The self-assembly of diblock copolymers has been extensively studied as they can produce
well-defined morphologies, such as spheres,**? worms®® or vesicles,***> which can often be
predicted by their molecular parameters such as the chemical nature of each comonomer and
the mean degree of polymerisation (DP) of each block.® In comparison, the nanostructures
formed by amphiphilic statistical copolymers are relatively under-studied. Nevertheless, both
spherical nano-objects and other morphologies have been reported depending on the

hydrophilic/hydrophobic balance.'”

Chang and McCormick demonstrated how the distribution of a hydrophobe along the backbone
of a statistical copolymer affected its self-assembly.?? Statistical copolymers prepared via
conventional free radical polymerisation (FRP), had a tendency to undergo intramolecular

hydrophobic interactions. In contrast, copolymers containing micro-domains (short blocks) of
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the hydrophobe displayed intermolecular association that was enhanced by the size of these
micro-domains. This association behaviour was further investigated by studying the effects of
incorporating various bulky hydrophobic substituents, such as lauryl (LA), cyclodecyl (CD), and
1-adamantyl (AD) methacrylamides into the copolymer chain.?* Copolymers containing bulkier
CD and AD substituents more strongly favoured intramolecular association compared with the
LA-based copolymer. Moreover, reducing the number of hydrophobic groups significantly
reduced both the aggregation number and the particle radius.>> More recently, Sato et al.
investigated how the composition and the degree of polymerisation affected the aqueous
micellisation behaviour of a series of amphiphilic statistical copolymers synthesised via
reversible addition-fragmentation chain transfer (RAFT) polymerisation.® The results from
this study indicated a strong influence of the mean DP and copolymer composition on the
aggregation number, with higher DPs leading to lower aggregation numbers. Sato and co-
workers, further analysed the self-assembly of statistical copolymers by investigating the effect
of varying both the hydrophobic and ionic (hydrophilic) comonomer units on the micellar
structure.?* They found that higher hydrophobic monomer contents led to larger particle sizes.

Furthermore, varying the type ofionic monomer had little effect on the micellar structure.**

As well as spherical nano-objects, other relatively unusual copolymer assemblies, such as giant
vesicles, honeycomb films and bowl-shaped aggregates, have been achieved through the
aggregation of amphiphilic statistical copolymers.>>° An example of one of these higher-order
architectures was reported by Lui and Zhu in 2011, who demonstrated that vesicles could be
formed by the self-assembly of L-glutamic acid-based amphiphilic random copolymers in an
ethanol/water mixture.?® Structures such as honeycomb films and spheres were also achieved
using evaporative self-assembly from various solvents, including dichloromethane and

methanol.
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Although the self-assembly of amphiphilic statistical copolymers has been investigated to some
extent, there is only a rather limited understanding of how this behaviour can affect the physical
properties of such dispersions. Although this question has been overlooked, it is essential when
evaluating these systems for commercial applications. Furthermore, there have been only
limited studies of such systems using scattering techniques combined with detailed structural
analysis and modelling.! In this chapter an extensive study is conducted to assess the effect of
composition, molecular weight, molecular weight distribution, concentration and solvent
composition on the self-assembly of a series of anionic amphiphilic statistical copolymers in
iso-propanol/water solution and the resulting physical properties of such colloidal dispersions.
More specifically, a series of methacrylic statistical copolymers were synthesised via RAFT
copolymerisation in order to achieve a wide range of comonomer compositions and narrow
molecular weight distributions. Additionally, a series of similar copolymers were synthesised
via conventional free radical copolymerisation to examine the effect of dispersity (Mw/My) on
copolymer self-assembly. The micellar structures formed by these amphiphilic copolymers
were characterised by small-angle X-ray scattering (SAXS) in dilute solution in order to
evaluate their morphology. A series of structural models have been developed to analyse the
resulting SAXS patterns. Finally, SAXS studies were also conducted at higher copolymer
concentrations to account for the anomalous rheological behaviour of such dispersions, which

leads to an increase in solution viscosity on dilution with water.

3.2 Results and discussion

3.2.1 Synthesis of BMA-MAA amphiphilic statistical copolymers

A series of twelve poly(n-butyl methacrylate-stat-methacrylic acid) [P(BMA-stat-MAA)]

copolymers was synthesised with varying comonomer compositions and molecular weights via
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RAFT solution copolymerisation (Figure 3.1). PETTC and ACVA were used as the chain
transfer agent (CTA) and initiator, respectively, and the CTA/initiator molar ratio was
maintained at 5.0. RAFT chemistry was used to ensure narrow molecular weight distributions
and good control over the target copolymer molecular weight. The twelve copolymers were
purified by precipitation from solution into a 1:1 ratio of water/methanol mixture to remove
any residual comonomers. The purified copolymers were isolated as white/yellow powders.
The lower molecular weight copolymers were more yellow owing to their higher proportion of
RAFT chain-ends. GPC analysis showed that the copolymer molecular weight ranged from 6.1

kDa to 22.3 kDa with My/M, values always below 1.25 (Table 3.1).

i BMA-rict
A-Tich core
BMA | X STSNOH
. P S CN CHy CHs Dilutetwith
\’// T T// PETTC _ “(v*[\:--/l\):? water
CHs CHs IPA, AGVA, Np, at 70°C . b

CHs,

Figure 3.1 Synthesis of amphiphilic P(BMA-stat-MAA) statistical copolymers by RAFT
solution copolymerisation using a PETTC RAFT agent and an ACVA initiator followed by

micellar self-assembly on addition of water.

BMA and MAA comonomers were added into the reaction solution at molar feed ratios of
70:30, 80:20, and 90:10, respectively (Appendix 1). Determination of the copolymer
compositions using *H NMR spectroscopy (Section 2.2.1-2) indicated that there were fewer
MAA units present in the copolymer than expected from the initial feed ratio (Table 3.1).
Instantaneous comonomer conversions were determined throughout the polymerisation by *H
NMR spectroscopy (Appendix 2) and comparable initial rates of polymerisation were obtained
for each comonomer (Kobs= 0.0028 s™), which should lead to statistical incorporation. However,
after 430 minutes the reaction rate of MAA decreases significantly (kops =~ 0.0001 s1), resulting

in a substantially lower MAA conversion compared to that of BMA (65 mol % vs. 93 mol %,
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respectively). It is not known why the observed MAA conversion is limited but such Kkinetic
data does clarify why the MAA content of the final copolymers is always less than that targeted.
Taking the lower ultimate MAA conversion into account, the theoretical BMA/MAA
copolymer compositions can be recalculated as 77:23, 85:15, and 93:7, which is in good
agreement with compositions determined from 'H NMR analysis of the methylated
copolymers. However, because the BMA comonomer continues to polymerise after MAA
polymerisation has essentially stopped, this produces a short BMA-rich ‘blocky’ sequence at

the end of each copolymer chain.

Table 3.1 Compositional data obtained from *H NMR analysis of methylated copolymers
[P(BMA-stat-MMA)], and weight-average molecular weight (Mw) and dispersity (Mw/My)
obtained by GPC analysis of P(BMA-stat-MAA) copolymers using a THF eluent containing
1.0 wt% acetic acid (AcOH).

NMR THF + 1 wt% AcOH GPC

Label BMA content MMA content My (kDa) Myw/Mn
BM,;53001 0.79 0.21 21.9 1.25
BM,,55050 0.76 0.24 13.1 1.20
BM., 5310k 0.80 0.2 11.2 1.19
BM. ;0361 0.78 0.22 6.1 1.20
BM85;15(22k) 0.87 0.13 22.3 1.24
= BMgssasn 0.85 0.15 11.4 1.19
% BMg 50 0.88 0.12 8.6 1.19
BM85:15(5k) 0.84 0.16 6.6 1.19
BMy;.7001) 0.94 0.06 22.3 1.23
BMy; 5151 0.93 0.07 12.5 1.16
BMy; 7101 0.93 0.07 10.6 1.16
BMy; 751 0.92 0.08 7.0 1.16
FRP) 30040 0.69 0.31 23.9 1.81
E FRPg) 206110 0.78 0.22 31.2 1.89
FRPg. 100119 0.88 0.12 21.2 1.85
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An additional series of P(BMA-stat-MAA) copolymers was synthesised by monomer-starved
conventional free radical solution copolymerisation in IPA. This protocol should produce
copolymer molecules with evenly distributed BMA and MAA units along the chain, which
enables a comparison to be made to the potentially less even monomer distribution in the
copolymers prepared by RAFT copolymerisation. Again, copolymer compositions of 70:30,
80:20 and 90:10 were targeted by varying the BMA/MAA comonomer feed ratios. These target
compositions were fully consistent with *H NMR analysis of the methylated copolymers (Table
3.1). These copolymers have significantly higher dispersities (Mw/Mn = 1.85) than those
synthesised via RAFT copolymerisation (Mw/Mn = 1.20). Thus, the latter technique provides

better control over the molecular weight distribution (Table 3.1).%

3.2.2 Copolymer self-assembly in water.

The self-assembly behaviour of these amphiphilic copolymers in water was investigated using
SAXS. To avoid formation of large copolymer aggregates, dispersions were prepared using
IPA as a co-solvent. Furthermore, TEA (1.1 mol. equivalents to the MAA residues) was added
to the copolymer dispersions to deprotonate the MAA units and hence increase their water
solubility. Thus, copolymers were first dissolved at 50% w/w in IPA and deprotonated with
TEA before dilution to 1.0% w/w with water. This protocol yielded colloidally stable
dispersions/solutions for most formulations. However, attempts to prepare copolymer
dispersions at high copolymer concentrations with low IPA contents (indicated in Appendix 3)

were unsuccessful, owing to aggregation and precipitation.

SAXS patterns recorded for 1.0% w/w copolymer dispersions in water showed features
consistent with the formation of particles with a clearly defined Guinier region at ¢ < 0.04 A

and the first minimum of the form factor at q ~ 0.08 A (Figures 3.2 and 3.3). Analysis of these
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scattering patterns was undertaken by attempting to fit the data using appropriate structural
models (Section 2.3.5). The copolymers under investigation comprise either a fully statistical
or a predominantly statistical distribution of BMA and MAA units. Thus, according to the
literature, such copolymers should form approximately spherical nano-objects (or, for the sake
of simplicity, particles).!”!® However, since there is no diblock copolymer architecture, it can
be assumed that phase separation between the hydrophobic and hydrophilic units is negligible.
Therefore, no well-defined core and corona domains are expected for these self-assembled
morphologies. This means that a spherical form factor should be appropriate to describe these

particles (Section 2.5.2)

It is commonly accepted that the Percus-Yevick approximation of the hard-sphere structure
factor is suitable for describing structural peaks originating from particle interactions at high
concentrations (at or above 5% v/v).33 However, a pronounced peak of intensity at ¢ ~ 0.02 A
was observed consistently in the scattering patterns even at copolymer concentrations as low
as 1.0 wt% owing to long-range repulsive interactions between the anionic particles (Figures
3.2 and 3.3). Indeed, addition of a small amount of NaCl results in the loss of this feature
(Appendix 4). Thus, two structure factors were evaluated within the SAXS model (eqg. 2.1) to
account for this additional feature. The first is based on the Percus-Yevick approximation,3334
S(q) = Sey(q, Rey, fry), Where Rpy is an interparticle correlation radius and fpy is an effective
volume fraction, and second is based on the Hayter-Penfold approximation for charged particle
Coulomb interactions,® S(q) = Swe(d, Rup, fre, M, T, & Q), where Ryp is an interparticle
correlation radius, fup is an effective volume fraction, M is the ionic strength of the solvent, T
is the absolute temperature, ¢ is the solvent dielectric constant and Q is the particle charge

expressed in electrons.

81



Chapter 3. Self-assembly of amphiphilic statistical
copolymers and their aqueous rheological properties

The particle charge required for the Hayter-Penfold approximation could be calculated from
the electrophoretic mobility () of the P(BMA-stat-MAA) particles as determined by aqueous
electrophoresis. Mobility can be converted into a (-potentials using the Henry equation:®

_2&

¢ f(xR)) (3.1)
37

He

w

where &rs 1S the dielectric constant of water, o is the permittivity of vacuum, »w is the dynamic
viscosity of water, « is the inverse Debye length and f(xR;) can be obtained from the Oshima
expression.>® The apparent charge (Q) can be related to the effective ¢-potential by solving the
linearized Poisson-Boltzmann equation:>’

_R(1+xR) el

Q Ag KT

(3.2)

where Jg is the Bjerrum length,®” and kg is the Boltzmann constant. The aggregation observed
for MAA-rich copolymer nano-objects means that their electrophoretic mobility value is less
reliable than for well-dispersed nano-objects. Nonetheless, there is a clear correlation between
the particle radius and the particle surface charge (Appendix 5). From these measurements, an
average charge was calculated for the copolymer compositions and used in the Hayter-Penfold

approximation (Table 3.2).

The proposed model (Section 2.5.2) should demonstrate a strong power law dependence at high
q [I(q) ~ g™*]. However, the experimental SAXS data (Figures 3.2 and 3.3) indicate a relatively
flat curve in this ¢ range (¢ > 0.1 A™"), especially for the pattern corresponding to BMy; 7001
(Figure 3.3b). This type of behaviour is commonly observed for diblock copolymer micelles
owing to scattering from the corona blocks.*® For random copolymers, this is an unexpected
result. Nevertheless, randomly-packed MAA and BMA residues within the particles may well

produce regions with differing scattering length densities. Such fluctuations in scattering length
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density within the nano-objects should cause scattering at high ¢g. Similar structural formation
has been analysed using a ‘blob’ model.>’ This approach was developed to interpret neutron
scattering from the solvated cores of spherical micelles, where the Debye function for a

Gaussian polymer chain (Section 2.5.4) was used in the analytical form factor calculations.*

The approach produced a reasonably good fit to the experimental SAXS data (Figure 3.2, black
line). However, a reliable set of ‘blob’ parameters could not be obtained from data fits owing
to relatively noisy data at high ¢. Thus, although some fittings returned physically reasonable
values (for example, Rg™° ~ 4 A, and npiob ~ 0.07) suggesting that the average ‘blob’ size might
correspond to approximately two repeat units, this ‘blob’ model was replaced with a simplified
approach. Since it is associated with a minor component of the copolymer chains, the
characteristic ‘blob’ size should be relatively small. Hence any function describing the ‘blob’
scattering (e.g., a Debye function) should be more or less constant within the studied ¢ range.
Therefore, a constant C; was simply incorporated into the structural model to account for the
flat background produced by the SLD fluctuations across the nano-object.
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Figure 3.2. SAXS pattern recorded for a 1.0 wt% aqueous dispersion of BMgs:1522k) (Symbols)
fitted with both the ‘blob’ model (Section 2.5.4; black line) and the simple sphere model
(Section 2.5.2; blue line). A Bruker AXS Nanostar instrument was used for these

measurements.
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The proposed model produced reasonably good fits to the scattering patterns obtained for 1.0%
w/w P(BMA-stat- MAA) copolymer aqueous dispersions (Figure 3.3), yielding the nano-object
radii for each system (Table 3.2). However, SAXS patterns for the BM77.23 samples displayed
some upturn at low g (Figure 3.3b), suggesting the presence of large aggregates. A combination
of Guinier and power law functions is commonly employed to describe the scattering from
large randomly-shaped structures.***? However, the Guinier region located at very low ¢ is
often inaccessible in SAXS experiments and only the power law region is recorded in scattering
patterns. Thus, in order to fit the upturn in intensity observed in the scattering patterns, an
additional term describing the power law dependence at low g was incorporated into the model
(Section 2.3.4, eq. 2.4). The refined model was used for SAXS analysis and a least-squares
algorithm was employed for data fits. However, a genetic optimization algorithm was applied
when the global minimum of the figure of merit for the fitting (“chi-squared” parameter) had
to be identified, in some cases, particularly for the model utilizing the Hayter-Penfold

approximation.

When fitting experimental SAXS patterns using eq 2.4, the two structure factor approximations
produced different values for the structural parameters describing particle packing in these
copolymer dispersions (Table 3.2). More specifically, the interparticle distances and effective
volume fractions obtained using the Percus-Yevick approximation were systematically larger
than those values calculated when employing the Hayter-Penfold approximation. Nevertheless,
the form factor parameters (FF column in Table 3.2) were not influenced by the chosen
structure factor functions and employing either Percus-Yevick or Hayter-Penfold
approximation produced very similar results for the particle radius, which was the most
important parameter for this study. In view of this finding, the less parameterised Percus-
Yevick approximation was used for SAXS analysis of the work in this chapter and also the

entire thesis.
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Considering 2.4 in combination with eqs 2.2, 2.9 and 2.12 suggests that the total volume
fraction of copolymer molecules in the sample, ¢, and the volume fraction of solvent within
the nano-object, xso1, are positively covariant. Thus, when the above model was used for data
fitting, the volume fraction was fixed at the known concentration of the copolymer dispersion
in order to evaluate xso1. This approach yielded xso1 values close to zero, suggesting minimal

ingress of the water molecules within the P(BMA-star-MAA) nano-objects.

Table 3.2. Summary of SAXS analyses of a series 1.0 wt% P(BMA-stat-MAA) copolymer
particles in aqueous media: mean particle radius (R), standard deviation of the mean particle
radius (or) and mean aggregation number (Nagg) calculated from the form factor function (FF),
and the interparticle correlation distance (Rup or Rpy), the effective volume fraction (fup or fpy)
and particle charge (Q) obtained using the Hayter-Penfold (HP) and Percus-Yevick (PY)

approximations of structure factors, respectively.

FF HP= PY
Sample RA) ox(A) Nag Rue(A) Qelectrons)  fup Rey (A) foy
BM77:23022k) 37 7 6 70 20 0.05 113 0.13
BM77.23(15k) 33 6 7 61 20 0.05 100 0.12
BM77:2310k) 34 7 9 54 20 0.03 96 0.12
BM77.23(5K) 37 5 22 65 20 0.05 85 0.10
BMgs:15(22k) 51 9 16 114 30 0.14 144 0.23
BMes:15(15k) 49 7 28 91 30 0.08 139 0.20
BMgs:1510k) 53 8 47 116 30 0.11 156 0.19
BMes:15(sk) 54 7 64 92 30 0.05 156 0.18
BMaosz:07(22k) 85 11 74 - 67 - 230 0.19
BMasz.07(15K) 81 19 114 - 67 - 284 0.15
BMags:07(10k) 66 12 73 - 67 - 220 0.20
BMasz.07(sK) 68 17 120 - 67 - 233 0.17
FRP70:30(24k) 35 13 5 47 20 0.05 77 0.15
FRPgo:2031k) 66 16 25 97 30 0.04 176 0.16
tTFRPgo:10(21k) 137 33 281 - - - . 3

*No reliable results could be obtained for the BMgs.o7 copolymers using the HP approximation

"No structural peak was observed in the FRPgo.1001k) SCattering pattern
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SAXS analysis indicates a correlation between the copolymer composition and the mean
particle radius, with MAA-rich copolymers producing smaller nano-objects (Table 3.2). In
contrast, the copolymer molecular weight has rather little effect on the particle size, particularly
for the 77:23 and the 85:15 compositions. The anionic MAA groups stabilise the particles and
higher MAA contents lead to lower mean aggregation numbers. Analysis of the 93:7 copolymer
series indicates that the particle radius increases for the two higher molecular weight
copolymers (Table 3.2). This suggests that the RAFT chain-ends help to solubilise the lower
molecular weight copolymers: using PETTC as the CTA produces copolymer chains with an
ionizable carboxylic acid end-group, which behaves like an additional MAA group. For
relatively low MAA contents and copolymer molecular weights, such as BMg3z:7(10) OF
BMos:7¢sk), these end-groups effectively increase the carboxylic acid content of these MAA-
based and, as a result, smaller particle radii are formed. Thus, higher molecular weight

copolymers (15 kDa or 22 kDa) are more representative of the 93:7 composition.

Since there is no consistent correlation between copolymer molecular weight and particle size,
the dispersity should have relatively little effect. Indeed, similar analysis undertaken on the
FRP-synthesised copolymer series demonstrates a comparable trend, whereby the MAA
composition is inversely related to the particle dimensions (Table 3.2). Although the
compositional dependence is similar for the two synthesis methods, some discrepancies can be
identified when a direct comparison between RAFT- and FRP- synthesised copolymers is
made. Generally, the particles formed by the FRP series tend to be larger than those formed by
the RAFT series as the MAA content is lowered. This size difference could be the result of
statistical variations in the distribution of MAA units along the copolymer chains, as indicated
by the BMA/MAA copolymerization rate (Appendix 2), as well as the incorporation of an

additional carboxylic acid group per chain for the RAFT-synthesised copolymers.
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TEM images obtained after drying 0.1% w/w copolymer dispersions confirm the formation of
spherical particles (Figure 3.4) and are consistent with the SAXS data. Moreover, TEM
analysis also suggests that MAA-rich copolymers form smaller particles. However, SAXS is
considered far more statistically robust than TEM, with the latter technique also prone to

staining artefacts and the possibility of nano-object flattening occurring during drying.

© BMgs:1522¢)
o BMgs:15(15k)
© BMgs:1510k)
© BMgs:15(sk)

© BMg3z.722)
o BMgs:15(22k)
o BM77:2322¢)

q, A" . q, A

Figure 3.3. SAXS patterns recorder for 1.0% w/w aqueous dispersions of P(BMA-stat-MAA)
copolymer particles (symbols) fitted using a refined spherical particle model (eq 2.3, solid
lines) and (eq 2.4, dashed line); where (a) compares the scattering from a series of copolymers
of the same composition (BMsgs:15) but differing molecular weights and (b) compares the
scattering for copolymers of the same molecular weight (22 kDa) but differing copolymer
compositions. A Bruker AXS Nanostar instrument was used for these measurements. Some

patterns are shifted upward by arbitrary factors (as indicated on the plots) to avoid overlap.
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Figure 3.4. TEM images recorded for P(BMA-stat-MAA) spherical particles formed after
dilution to 0.1% w/w with water from an initial 50% w/w copolymer solution in IPA for: (a)
BM77:23022k); (D) BMgs:150221); and (¢) BMoz:7¢2). The white scale bar in each TEM image

corresponds to 100 nm.

3.2.3 Effect of varying the IPA/water solvent composition at a fixed copolymer
concentration

The colloidal stability of the spherical nano-objects was examined by increasing the IPA
content of the solvent mixture. More specifically, a series of SAXS measurements were
conducted on 1.0% w/w copolymer dispersions with differing IPA/water contents (Figure
3.5a). Firstly, the structure factor observed in 1.0% w/w aqueous copolymer dispersions
disappears on addition of IPA, indicating that the long-range order arising from the mutually
repulsive anionic nano-objects is lost. This is a result of a reduction in the dielectric constant
for the IPA/water mixture, and thus an increase in pKa,* reducing the effective anionic charge
density on the surface of the nano-objects. Furthermore, larger, more solvated (i.e., higher Xsor)
nano-objects are formed as the IPA content is increased (Figure 3.5a). The scattering pattern
recorded when the IPA volume fraction is 0.43 shows an upturn in scattering intensity at q <
0.02 A%, suggesting the formation of significantly larger nano-objects. In pure IPA, there is no

self-assembly because IPA is a sufficiently good solvent to fully solubilise the copolymer
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chains. A similar experiment was conducted using a 25% w/w copolymer dispersion (Figure
3.5b). In this case, well separated spherical nano-objects are formed when the binary solvent is
water-rich, as indicated by the pronounced structure factor peak observed under these
conditions. However, as the solvent environment becomes IPA-rich, this feature becomes less
prominent suggesting a reduction in particle size and an increase in the mean interparticle
distance. A slight upturn at low q is evident at an IPA volume fraction of 0.31, which suggests
the formation of larger nano-objects. At IPA volume fractions above 0.43, the structure factor
peak is no longer observed (Figure 3.5b), which indicates molecular dissolution of individual

copolymer chains under these conditions.
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Figure 3.5. (a) SAXS patterns recorded for 1.0% w/w BMess:1522k) copolymer dispersions
(symbols) where the solvent composition is varied from water-rich to IPA-rich (a Bruker AXS
Nanostar instrument was used for these measurements), with some patterns shifted upward by
an arbitrary factor (indicated on the plots) to avoid overlap; (b) SAXS patterns recorded for 25
wit% BMess:1522k) copolymer dispersions where the solvent composition is varied from water-
rich to IPA-rich (a Xenocs Xeuss instrument was used for these measurements). The IPA/water
solvent composition is indicated by the IPA volume fraction, vipa. SAXS data are fitted to an

simple sphere model (eq 2. 9-12 solid lines).
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These SAXS studies confirm that these P(BMA-stat-MAA) copolymers are mainly present as
molecularly-dissolved Gaussian chains in IPA-rich media, whereas micellar self-assembly
occurs at high water volume fractions owing to the hydrophobic nature of the BMA residues.
This is true for both high (25% w/w) and low (1.0% w/w) copolymer concentrations. Under
the latter conditions, the spherical nano-objects become swollen in IPA and hence grow in size
when the solvent composition is gradually changed from water-rich to IPA-rich. In contrast,
the particles appear to decrease in size when performing the same solvent switch at 25% w/w
copolymer. This observation is accompanied by a scattering intensity upturn at low g-values

suggesting the formation of larger objects.

Clearly, the extent of self-assembly is affected by both the solvent composition and the
copolymer concentration. However, it is also important to compare the above two data sets to
understand why different trends are observed. At 1.0% w/w, the nano-objects are well-
separated, which enables them to swell unhindered on IPA addition, as confirmed by SAXS
(Figure 3.5a). However, at 25% w/w copolymer, the particles are much closer together and the
IPA-swollen particles interpenetrate to form a copolymer network interconnected by relatively
small nano-object cores. This structural arrangement produces large scattering objects,
resulting in a discernible upturn in scattered intensity at low q (Figure 3.5b). Thus, SAXS
patterns of the dilute copolymer dispersion correspond to a system comprising large, non-
interacting particles composed of solvated coronas and non-solvated cores. In contrast, the
scattering patterns obtained for the corresponding concentrated dispersion of interpenetrating
particles are consistent with smaller non-solvated particle cores embedded within a
homogeneous matrix comprising highly solvated copolymer chains and solvent. Hence the
apparent size reduction observed at higher IPA concentrations for concentrated dispersions is

associated with an effective reduction in volume of the particle cores.
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3.2.4 Effect of varying both the copolymer concentration and the solvent
composition

To further investigate the effect of copolymer concentration on particle self-assembly, SAXS
studies were conducted on 10, 20, 25, and 30% w/w copolymer dispersions in IPA-rich solvent
compositions (Figure 3.6). Simultaneous variation of the copolymer concentration and solvent
compositions enables a wide range of sample compositions to be examined by performing
relatively few experiments. A structure factor peak was observed in the scattering patterns these
studies were conducted at high copolymer concentrations, for which of IPA solvation of the
BMA segments is less significant (Figure 3.6). This feature shifts to higher g at higher
copolymer concentrations, indicating a shorter interparticle distance and hence more densely-
packed nano-objects (Figure 3.6). Moreover, it becomes less pronounced at higher copolymer
and IPA concentrations. This trend is particularly evident for BM77.2322x) — its structure factor
is barely discernible at 30% w/w copolymer. In contrast, the more moderate change in the
structure factor peak associated with BMo3s.722x) series of samples indicates a correlation
between particle stability and copolymer composition: BMA-rich copolymer particles are less

likely to undergo dissociation under these conditions.
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Figure 3.6. SAXS patterns recorded at 10, 20, 25 and 30% w/w copolymer dispersions (see
symbols) for (a) BM77:23(22x), (0) BMgs:15022k) and (¢) BMos:7(22k) in various IPA/water solvent
mixtures (the IPA volume fraction, vipa, is 0.11, 0.24, 0.31 and 0.43, respectively). A Bruker
AXS Nanostar instrument was used for these measurements. Some patterns are shifted upward
by an arbitrary factor indicated on the plots to avoid overlap. The SAXS data are fitted using

an adapted spherical nano-object model (eq 2.3, solid lines).

The spherical particles formed at 10% w/w copolymer concentration are of a similar size to
that determined at 1.0% w/w but the relative interparticle distance is significantly reduced, as
expected at this higher copolymer concentration (compare Tables 3.2 and 3.3). The observed
reduction in particle dimensions when increasing the copolymer concentration (Table 3.3) is
attributed to the higher IPA content in the binary solvent mixture. This is consistent with the
observed increase in the solvent volume fraction within the particle (xso1) obtained from SAXS
analysis (eqs 2.9-12). Thus, the particle size and mean aggregation number are reduced in IPA-
rich media. The shift and attenuation in the structure factor peak observed in these scattering
patterns, despite the higher copolymer concentration, suggestsa morphological transformation
from spherical particles at low copolymer concentration in water-rich media towards
molecularly-dissolved copolymer chains in IPA-rich media. As expected, this trend is most
noticeable for MAA-rich copolymers (Figure 3.6a). At 30% w/w copolymer, the particles

possess their smallest dimensions and are highly swollen. Indeed, xsoi is close to unity, which
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seems to be physically unrealistic. The model assumes the sole presence of spherical particles
and that all the copolymer chains are located within the particles. Since the copolymer volume
fraction is fixed during data fitting, such high xso values suggest that the fitting algorithm
artificially lowers the particle scattering contribution by reducing the (1 - Xso1) term in eq 2.12.
A reasonable explanation is that not all copolymer chains are located within the particles. Given
that IPA is a reasonably good solvent for the BMA residues and that the structural morphology
is less defined at high copolymer concentrations and IPA volume fractions, the single
population of spherical particles assumed in this scattering model is an over-simplified
approximation. Indeed, given the broad distribution of copolymer compositions, BMA-rich
chains are more likely to form particles, whereas MAA-rich chains are more likely to be
molecularly dissolved. Thus, these two populations may well coexist, particularly at higher
IPA volume fractions. In this case the SAXS pattern can be represented by a superposition of
scattering contributions from both particles (eq 2.9-12) and random coils (eq 2.8) where the
total copolymer concentration, redistributed between these two populations, is fixed. However,
this refined two-population model does not provide a satisfactory fit to the experimental data
at high g. An alternative model involves a single population of particles whereby some of the
copolymer chains form bridges between neighbouring particles to produce an extended
network (Figure 3.7). In this case the copolymer volume fraction located within the particles
and, therefore, the total particle volume will be reduced. At the same time, the interconnected
particles form a larger network of objects that scatter coherently. Indeed, the relevant SAXS
patterns exhibit a gradual upturn in scattering at low q values (Figure 3.6) with the scattering
intensity following a power law dependence (with an exponent of ~ -3 at the highest IPA
content, see Figures 3.6a and 3.6b) that suggests the formation of large fractals. However, the
Guinier region for these structures could not be resolved at low g (~ 0.002 A1), which suggests

that their dimensions exceed 3000 A. In general, these SAXS observations support the
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formation of a particle network interconnected by partially released copolymer chains (Figure
3.7). Satisfactory qualitative fits to scattering patterns can be obtained using a relatively simple
structural model (eq 2.3) incorporating a spherical micelle form factor (eqs 2.9-12) (Figure
3.6). However, quantitative SAXS analysis of this inter-connected particle network is beyond
the scope of this work. In addition, redistribution of solvent molecules is likely for IPA-rich
dispersions, since this co-solvent can readily penetrate the nano-objects. Such variation of the
solvent composition inside and outside the particles and concomitant reduction in the scattering
length density contrast between IPA-swollen nano-objects and the binary solvent mixture may

account for the artificially high xsor suggested by the data fits.

SAXS analysis suggests that the self-assembled morphology transforms from well-defined
particles to interconnected particles to molecularly-dissolved copolymers (Figure 3.7). At low
copolymer concentrations in a water-rich environment, the copolymer chains self-assemble to
form stable particles. However, increasing the copolymer concentration along with the IPA
volume fraction causes a reduction in particle size and formation of an interconnected nano-
object network. At the highest IPA volume fractions, the copolymer chains become fully

solvated and undergo molecular dissolution.

ConIyn"ler Interconnected Nano-object Dissolved Chains
Nano-object Network
Water-rich IPA-rich

Figure 3.7. A schematic describing the transformation from self-assembled copolymer nano-
objects (at low copolymer concentrations in a water-rich environment) to dissolved chains (at
high copolymer concentrations in an IPA-rich environment) via an interconnected nano-object

network.
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Table 3.3. Summary of the structural parameters obtained from SAXS studies of a three series
of amphiphilic P(BMA-stat-MAA) statistical copolymers [BM77.22¢22k), BMgs:15022), and
BMos:7(22)] dissolved at various concentrations in IPA-water solutions using a refined model
(eq 2.3) comprising a spherical form factor (FF) and Percus-Yevick structure factor (PY): mean
particle radius (R), solvent fraction in the particles (xso1), the interparticle correlation radius

(Rey) and effective volume fraction (fey).

Solvent content FF PY
Polymer % w/w  Vpa Vwater R(A) Xsol Rev (A) fev
10 0.11 0.89 41 0.39 62 0.30
BMrs026 20 0.24 0.76 32 0.84 44 0.28
25 0.31 0.69 25 0.93 37 0.23
30 0.43 0.57 17 0.97 30 0.21
10 0.11 0.89 52 0.45 85 0.34
BMass020 20 0.24 0.76 45 0.85 63 0.32
25 0.31 0.69 39 0.92 54 0.30
30 0.43 0.57 33 0.97 45 0.24
10 0.11 0.89 84 0.46 139 0.35
BMes 7020 20 0.24 0.76 80 0.82 112 0.40
25 0.31 0.69 69 0.88 95 0.35
30 0.43 0.57 68 0.92 96 0.35

3.2.5 Rheology of copolymer dispersions

Rheological studies were performed on the same copolymer dispersions of various
concentrations and solvent composition to determine their dynamic viscosity and to monitor
any physical consequences of the structural phenomena detected by SAXS (Figures 3.5, 3.6,
and 3.7). Initial experiments were conducted on 25% w/w copolymer dispersions with the
binary solvent composition being varied from IPA-rich to water-rich (Figure 3.8) to assess how
this parameter affects their rheological behaviour. When the solvent environment is IPA-rich
(i.e., when the volume fraction of IPA, vipa, is at least 0.66) a relatively low viscosity is
observed (Figure 3.8), which is attributed to the molecularly-dissolved copolymer chains

(Figure 3.5b and Figure 3.7). However, when the water content is increased (0.43 > vipa >
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0.31), the copolymer chains self-assemble to form interconnected particles (Figure 3.5b and
Figure 3.7). This particle network leads to a sharp increase in the dispersion viscosity (Figure
3.8), indicating a significant reduction in chain mobility. When the solvent environment is
water-rich (viea < 0.24) the copolymers form well-defined spherical particles (Figure 3.5b and
Figure 3.7) leading to a significant reduction in the dispersion viscosity (Figure 3.8), as
expected for isolated particles in a Newtonian liquid. An extended series of viscosity
measurements on BMgs:1522) performed over a wider range of copolymer concentrations and
solvent compositions indicates the local maximum in zero shear viscosity (Appendix 3). These
data confirms that both a high copolymer concentration and a higher proportion of IPA co-

solvent are required for the formation of a particle network.*
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Figure 3.8. Zero shear viscosity observed for 25% w/w BMess:15222k) copolymer dispersions

containing various volume fractions of IPA co-solvent (vipa).

In order to compare various P(BMA-stat-MAA) copolymers, rheological measurements were
conducted for copolymer concentrations ranging from 1.0 to 40% w/w (Figure 3.9).
Formulations were selected with appropriate copolymer concentration and vipa to correspond

approximately with the diagonal line crossing the local maximum of zero shear viscosity
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(Appendix 3). These studies were combined with the SAXS data (Figure 3.6 and Table 3.3) in

order to evaluate the effect of self-assembly on the copolymer dispersion viscosity.

Dilute copolymer dispersions (1.0% w/w) and water-rich solvent compositions exhibited zero
shear viscosities (Figure 3.9) comparable with that of water (~ 1 mPa.s). These observations
are consistent with the corresponding SAXS data (Figure 3.3), which indicate the formation of
spherical particles under these conditions. Such repulsive anionic copolymer particles (as
indicated by combined electrophoresis and SAXS studies) do not significantly affect the
rheological properties of the dispersion. Indeed, rheology measurements performed at
copolymer concentrations up to 20% w/w indicate relatively low dispersion viscosities of 20-
100 mPa.s (Figure 3.9b). The viscosity trend at 20% w/w copolymer concentration appears to
be inversely correlated to the particle size, where the dispersions with larger sphere radii

displaying lower viscosities.
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Figure 3.9. Zero shear viscosity versus copolymer concentration for P(BMA-stat-MAA)
dispersions diluted from a 50 wt% copolymer stock solution in IPA with water: (a) copolymer
dispersions of the same copolymer composition but differing molecular weights (BMgs:15(22k),
BMgs:15(15k), BMss:15(10k), and BMgs:15(sK)); (b) copolymer dispersions of the same molecular
weight but differing copolymer composition [BM77:23¢22k), BMss:1522k), and BMaoz:722)]. The
table in each plot shows the composition of the studied samples (copolymer concentrations and

respective IPA volume fraction in the solvent).

Each copolymer displays a local maximum in viscosity at concentrations ranging from 25%
w/w to 30% w/w. For example, the copolymer series containing the highest MAA content
(Figure 3.9b) displays a sharp increase in viscosity at the lowest copolymer concentration (25%
w/w) and vipa (0.31). This correlates well with the SAXS data (Figure 3.6a), which suggests
that BM77:2302) copolymers no longer form well-defined spherical particles at this
concentration but instead form an interconnected particle network, as indicated by the
scattering intensity upturn at low q. Furthermore, rheology measurements show that BMA-rich
copolymers (Figure 3.9b) display a viscosity maximum at the highest concentration of 30%
w/w where the vipa is 0.43. Again, this observation is consistent with the SAXS data (Figure
3.6¢), which shows that BMaga:722ky copolymers at this concentration form a nano-object

network at this concentration.
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Further inspecting the rheology data indicates a strong relationship between the maximum
viscosity and the copolymer composition. The former parameter increases with lower MAA
contents, consequently there is a correlation between the maximum viscosity and the particle
radius. At 40% w/w copolymer, the IPA content in the copolymer dispersions becomes
significant, which promotes molecular dissolution. Moreover, the viscosity depends on the
copolymer molecular weight such that the longest chains produce the most viscous solutions
(Figure 3.9a). This is consistent with the SAXS data and suggests that the copolymer chains
are molecularly dissolved at this concentration. Furthermore, the viscosity of 40% w/w
copolymer solution not only depends on the molecular weight but also on the copolymer
composition, with the highest viscosity being achieved for the lowest MAA fraction (Figure
3.9b). An extended set of viscosity measurements using a wider range of copolymer

concentrations and solvent compositions to further map out the peak in viscosity (Appendix 3).

Overall, there is a good correlation between the copolymer morphologies determined by SAXS
and viscoelastic properties of the copolymer dispersions: well-defined spherical particles
behave as a Newtonian liquid,** interconnected particle networks are characterized by an
increase in dispersion viscosity by more than two orders of viscosity compared to well
separated particles, while molecularly-dissolved copolymer chains exhibit the rheological

behaviour expected for a polymer solution.

3.2.6 The relationship between particle size and the copolymer composition

According to the SAXS data the particle size is strongly dependent on the copolymer
composition. In principle, this trend can be mathematically modelled and used as a predictive
tool. However, a suitable physical model is required to account for the structure of the

copolymer particles. SAXS studies indicate structural order for the particles at low copolymer
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concentration (Figure 3.3), while the electrophoretic data (Appendix 5) confirms that the
particles have anionic character. Thus, following Derjaguin, Landau, Verwey and Overbeek
(DLVO) theory® the observed colloidal stability of these particles is consistent with a charge
stabilization mechanism. In this context, it is noteworthy that the surface charge increases with
the radius (Appendix 5). Considering that both parameters responsible for the colloidal
stability*® are related to each other, it is possible to hypothesise that the particles become
colloidally stable by acquiring a critical surface charge density. Since the MAA repeat units
confer the surface charge, copolymer self-assembly most likely involves localization of this
component at the particle surface. If this is correct, then reducing the MAA fraction in the
copolymer chains leads to the formation of larger particles in order to maintain a constant
surface charge density. As an idealized approximation of the proposed scenario it could be
assumed that all MAA units congregate at the particle surface. To test this assumption, the
fraction of the particle surface covered by MAA residues was calculated for each particle from

the known properties of the copolymer chains and the particles they form.

Using a relatively simple geometric model and structural information obtained from SAXS,
the location of the MAA units within the particle can be identified and used to relate the particle
radius to the copolymer composition. First, various reasonable assumptions are made for this
model: (1) the particles are assumed to be perfect spheres; (2) all of the MAA segments are
located on the particle surface; (3) the total surface area covered by all the MAA residues is
calculated using the volume occupied by one MAA unit, where each unit is represented by a

cube and one face makes up a fraction of the particle surface.

The mole fraction of MAA residues in an individual copolymer chain is directly related to the

mole fraction of MAA within a particle, which can be defined by the equation:
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N
Mol. frac.,,, = MAAD (3.3)

MAAp + I\IBMA,p

where Nmaa,p and Nemap are the mean number of MAA and BMA units per nano-object,
respectively. These parameters can be obtained either from experiment using the copolymer

composition or from the proposed model using the following equations:

— 47Z-R X SAfrac

NMAAp =S 3.4
MAA
ﬂﬂ,’R3 _[47Z.R2 X SAfI'aC ><VMAA J
3 CS
NBMA,p = A (3.5)

VBMA

where Viwaa = 121 A% and Vema = 224 A3, calculated by the equation Vema ormaa = Mw/(Napema
or MAA ) Where the solid-state densities of the homopolymers, ppema or PMaa, Were determined

by helium pycnometry [prema = 1.05 g cm™ and ppmaa = 1.18 g cm?]. CSmaa is the

approximate cross-sectional area of one MAA unit calculated from Vuaa (= Vl\,zlﬁ ~ 24.5 A?).
SAfrac IS the fraction of the particle surface covered by MAA residues. Equations 3.3-5 can be
used to theoretically predict how the particle radius, R, is related to the mole fraction of MAA
residues in the copolymer composition assuming that all these repeat units are located within
the particle surface and given that SAfac, Which is proportional to the surface charge density

and assumed to be constant.

From the experimental data, larger particles are formed as the MAA volume fraction of the
copolymer is reduced (Figure 3.10). A similar dependence is also predicted by the structural
model if it is assumed that all MAA residues are located at the particle surface and its surface
fraction, SAac, IS constant and independent of the particle size (Figure 3.10). The striking

similarity between the experimental data and the theoretical prediction by this model suggests
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that most of the MAA units are indeed localised at the particles surface. All the experimental
data lie within a narrow interval of SAfac values and approximately follow a curve
corresponding to SAfrac = 0.30 (Figure 3.10). The discrepancies observed between the idealised
model and the experimental results is likely to be related to the slight blockiness of the
copolymers that was observed during the RAFT synthesis. Additionally, the average length of
the mean sequence of BMA repeat unit is probably shorter than the particle diameter. As a
result, some MAA units are surrounded by neighbouring BMA units and hence may become
‘trapped’ within the particle cores. Thus, a more physically realistic structural model should
have a core-shell morphology (or perhaps a gradient distribution of MAA repeat units) with a
relatively high concentration of MAA units in the particle shell (surface) and a relatively low
concentration of MAA units within the particle core. A similar model has been invoked in a
recent work on self-assembly of a poly(methyl methacrylate-co-2-dimethyl aminoethyl
methacrylate) random copolymer.*® Nevertheless, the proposed idealised model suggests that
the colloidal stability involves achieving a critical surface charge density that is mainly
governed by the MAA content of the copolymer chains. This crude structural model can be
used to estimate the dimensions of particles formed by the self-assembly of a series of
amphiphilic statistical copolymers of variable MAA content. In principle, incorporating an
additional parameter that accounts for the spatial distribution of MAA repeat units throughout
an individual particle would improve the predictions of this model, but has not been

investigated within this chapter of work.
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Figure 3.10. Relationship between the mole fraction of MAA in the copolymer chains and the
corresponding nano-object radius formed in aqueous solution for the RAFT synthesised
P(BMA-stat-MAA) copolymers that have a blocky BMA terminus: experimental data (circles)
and estimated values (dashed lines) using the model (eqgs 3.3-3.5) when SAfrac. = 0.40 (blue),
0.30 (red), and 0.20 (black).

3.3 Conclusions

A series of P(BMA-stat-MAA) statistical copolymers have been synthesized with various
BMA/MAA compositions (77:23 — 93:7) and copolymer molecular weights (6 — 22 kDa) via
RAFT solution copolymerisation and compared to similar statistical copolymers prepared via
monomer-starved conventional FRP. RAFT copolymerisation produced low-dispersity
copolymers (Mw/Mn = 1.20), whereas FRP produced copolymers with somewhat higher
dispersities (Mw/My =~ 1.85). Kinetic analysis of the RAFT copolymerisation found that both
comonomers react at similar rates initially. However, the MAA conversion was lower than
BMA towards the end of the copolymerisation, leading to a short ‘blocky’ BMA-rich sequence
towards the end of each copolymer chain. Conversely, FRP produced copolymers with an
essentially random distribution of comonomer units.
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SAXS studies of the effect of varying the IPA/water binary solvent composition on the
morphology of the self-assembled structures in the presence of base (ca. pH 8) indicated that
the copolymers are largely present as molecularly-dissolved Gaussian chains when the solvent
is IPA-rich but self-assemble to form well-defined spherical particles when the solvent
composition becomes water-rich. Particle radii are inversely proportional to the MAA content
of such copolymers but remain independent of molecular weight. At high copolymer
concentrations and intermediate IPA/water solvent compositions, SAXS indicated the
formation of relatively large objects. This is interpreted in terms of an inter-connected particle
network created by the overlap of swollen particles confined in space. These morphological
insights correlate well with rheological measurements. At low copolymer concentrations, non-
interacting spherical particles are formed and the dispersions exhibit viscosities comparable to
that of water. At high copolymer and IPA concentrations, when the dispersions become
molecularly-dissolved copolymer chains, the solution viscosities are molecular weight-
dependent, as expected. At intermediate copolymer and IPA concentrations, a pronounced
maximum in solution viscosity is observed, which is consistent with the formation of the inter-

connected particle network structures indicated by the SAXS data.

A relatively simple structural model involving just a form factor for spherical particles proved
to be a good first approximation for the SAXS analysis of particles formed by self-assembly of
amphiphilic P(BMA-stat-MAA) statistical copolymers. This model has been refined by
incorporating additional terms to account for fluctuating scattering length density associated
with randomly-packed MAA and BMA repeat units, and scattering arising from a large inter-
connected particle network. An appropriate structure factor has also been incorporated into this
model to analyse the particle packing. This more sophisticated model provided good fits to all

experimental SAXS patterns obtained for these copolymer dispersions, allowing determination
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of particle size, particle size distribution, the solvent concentration inside the particle cores and

the mean molecule aggregation number.

Combined SAXS and electrophoretic measurements indicate that the particle size is directly
related to the surface charge density and, therefore, the fraction of the particle surface covered
by MAA. A new structural model assuming that the hydrophilic (MAA) units are localised at
the particle surface and the hydrophobic (BMA) units mainly form the particle core has been
proposed that is consistent with the experimental data and can be used as a first approximation

to predict particle dimensions for aqueous dispersions of amphiphilic statistical copolymers.
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4.1 Introduction

Self-assembled copolymers have many diverse applications in a wide range of fields, including
healthcare,'3 energy,*® and coatings.®® The assembly of diblock copolymers has been studied
extensively and is known to occur to minimize the energetically unfavourable interactions
between the solvent and the solvophobic block. The morphology of diblock copolymer nano-
objects depends on the relative volume fractions of solvophilic and solvophobic blocks and can
be rationalised in terms of the fractional packing parameter.®! For a fixed diblock

composition, the nano-object dimensions depend on the overall copolymer molecular weight.*

Amphiphilic statistical copolymers comprise hydrophilic and hydrophobic monomers that are
distributed throughout each copolymer chain rather than spatially segregated. In principle, such
copolymers are readily synthesised without recourse to the controlled/living polymerisation
techniques that are required for diblock copolymers. Indeed, they are routinely prepared on an
industrial scale (i.e. millions of tonnes per annum) using conventional free radical
copolymerisation. Amphiphilic statistical copolymers are known to self-assemble to form a

range of copolymer morphologies, including spheres, > rods/worms®8 and vesicles'>*°.
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Furthermore, Liu et al. reported that statistical copolymers comprising styrene and acrylic acid
could form a more complex bowl-like morphology in aqueous solution.?® Zhu and Liu
demonstrated that statistical copolymers of N-acryloyl-L-glutamic acid and N-dodecyl
acrylamide could self-assemble to form either spheres or vesicles depending on the choice of
solvent.?! Distribution of the solvophobic groups along the copolymer backbone also allows
microphase separation on shorter length scales (< 10 nm) than that typically achieved for block
copolymers. Moreover, both composition and solvophobe type can affect the domain size, thus
providing an opportunity to expand functionality of the formed particles.??2* Recently, Imai et
al. demonstrated that amphiphilic statistical copolymers composed of poly(ethylene glycol)
methacrylate with either n-butyl methacrylate or n-dodecyl methacrylate undergo self-sorting
into defined copolymer assemblies in aqueous solution, where copolymers were sorted on the
basis of both copolymer composition and choice of hydrophobic comonomer.?> Matsumoto et
al. found that block copolymers consisting of two different statistical blocks with a shared
hydrophilic monomer (poly(ethylene glycol) methacrylate) self-sort to yield nano-objects with

distinct compartments.?*

Despite these advances, the rationalisation and understanding of nano-object size and
morphology has been limited. In chapter 3 it was reported that the size of self-assembled
nanoparticles formed by amphiphilic poly(methacrylic acid-stat-butyl methacrylate) P(MAA-
stat-BMA) depended on the copolymer composition but was independent of the copolymer
molecular weight.?® A structural model was developed to rationalise the observed particle size
based on the anionic surface charge density arising from the ionised MAA repeat units. Herein,
this model is verified for a series of statistical MAA copolymers comprising various other
hydrophobic alkyl methacrylate comonomers. Importantly, we demonstrate that (i) the particle
size can be correlated with the partition coefficient (logP) of the hydrophobic monomer and

(i) this model can be used to predict the particle size for a given comonomer and composition.
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4.2 Results and discussion

4.2.1 Synthesis of amphiphilic statistical copolymers by RAFT solution
polymerisation

A series of amphiphilic methacrylate-based statistical copolymers was synthesised where both
the hydrophobic component and the overall copolymer composition were systematically
varied. The hydrophobic component was adjusted using a range of alkyl methacrylate
comonomers (AMA), where A corresponds to 2-ethylhexyl (EH), n-hexyl (H), n-butyl (B),

ethyl (E), or methyl (M).

P(AMAy-stat-MAAy) copolymers, where x and y are the mol% of AMA and MAA units in
the comonomer feed, respectively, were synthesised via RAFT solution copolymerisation
(Scheme 4.1) targeting a consistent molecular weight (ca. 30 kDa) but differing copolymer
compositions. IPA was used as the solvent for EHMA, HMA, EMA, and MMA copolymer
syntheses because kinetic studies of such batch copolymerisations conducted at 50% w/w
suggested that the instantaneous rate of consumption of each comonomer was comparable to
that of MAA throughout the course of the reaction (Appendix 6). Thus, an approximately
statistical distribution of the hydrophobic and hydrophilic comonomers within each copolymer
chain can be assumed and the final copolymer composition is close to that targeted. Recently,
we reported that copolymerisation of BMA and MAA in IPA 20% w/w produces somewhat
‘blocky’ copolymer chains with an undesirable BMA-rich terminus caused by a significant
reduction in the rate of the acidic comonomer towards the end of the reaction.?® To avoid this
problem, IPA was replaced with 1,4-dioxane and the copolymerization was performed at 50%
w/w; this strategy resulted in both comonomers being consumed at comparable rates

throughout the copolymerization (Appendix 6).

112



Chapter 4. Self-assembly of amphiphilic statistical copolymers in
aqueous solution by tuning copolymer composition and hydrophobicity

O
S.__S
oo
S CN
O O CH; CHj
R PETTC
HO o g o (/) Ny
CHs CHs Solvent, ACVA, 70 °C, N, o4 O
R/
R = 2-Ethylhexyl (EH) Hexyl (H) Butyl (B) Ethyl (E) Methyl (M)

N N
“\\(v\CHs ~ CHy  ~™"cH, Nch,  XCHs
CH,

Scheme 4.1. RAFT solution polymerization of MAA with either EHMA, HMA, BMA, EMA,
or MMA to form P(EHMAy-stat-MAAx), P(HMAy-stat-MAA), P(BMAy-stat-MAA),
P(EMAy-stat-MAAy) and P(MMAy-stat-MAA,), respectively. The copolymerization of MAA
with either EHMA, HMA, EMA or MMA was performed in IPA at 50 wt%, whereas the

copolymerization of BMA with MAA was performed in 1,4-dioxane at 50 wt%.

Three AMA:MAA copolymers (containing 20, 30 or 40 mol % MAA, respectively) were
initially targeted for each comonomer pair to facilitate direct comparison. However, initial
results indicated that each series formed stable colloidal dispersions at different acid contents
according to the hydrophobic character of the alkyl methacrylate comonomer. Consequently,
further copolymer compositions were targeted with the aim of forming stable colloidal
dispersions. For example, initial results suggested that P(EHMA-stat-MAA) copolymers
required higher acid contents to form stable colloidal dispersions compared to P(MMA-stat-
MAA) because the EHMA comonomer is significantly more hydrophobic than MMA (Table

4.1).
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Table 4.1. Analytical data for poly(alkyl methacrylate-stat-methacrylic acid) [P(AMA-stat-
MAA)] copolymers.

AMA Copolymer _ Composition (AMA:MAA)? GPCP
name Targeted Actual Mn/kDa Mw/kDa  Mw/Mn
MMeo40 60:40 62:38 21.5 30.4 1.42
MM7030 70:30 71:29 28.0 39.8 1.42
MMso20 80:20 81:19 25.6 31.0 1.21
MMA MMgg12 88:12 88:12 27.3 32.8 1.19
MMoo10 90:10 90:10 23.6 29.6 1.25
MMosos 95:05 95:05 23.1 28.7 1.24
MMosgo2 98:02 97:03 21.7 26.8 1.24
EMeo40 60:40 60:40 335 44.4 1.33
EM7o30 70:30 70:30 33.0 42.8 1.30
EMao20 80:20 80:20 27.3 33.2 1.22
EMA EMsg119 81:19 81:19 30.7 38.3 1.25
EMaa16 84:16 84:16 22.6 28.8 1.27
EMge14 86:14 86:14 24.1 30.1 1.25
EMoo10 90:10 90:10 26.2 325 1.24
BMeo40 60:40 61:39 37.9 44.6 1.18
BM7030 70:30 71:29 36.4 45.4 1.25
BMA BM7s25 75:25 76:24 35.2 44.9 1.28
BMsgo2o 80:20 80:20 39.0 48.8 1.25
BMsgs1s 85:15 86:14 33.6 40.6 1.21
BMgo10° 90:10 90:10 27.1 30.1 1.11
HMsos0 50:50 49:51 28.6 34.4 1.20
HMA HMoeo40 60:40 61:39 28.3 33.6 1.19
HM7030 70:30 68:32 31.1 37.2 1.19
HMao20 80:20 76:24 335 40.1 1.20
EHM3070 30:70 31:69 34.7 57.9 1.66
EHMao60 40:60 41:59 37.0 48.8 1.31
EHMA EHMsos0 50:50 49:51 37.5 47.3 1.26
EHMeo40 60:40 61:39 40.8 54.7 1.34
EHM7030 70:30 71:29 25.5 32.6 1.28
EHMgo20 © 80:20 80:20 29.8 33.0 1.11

8 Copolymer composition data obtained from 'H NMR analysis of either methylated
copolymers [P(AMA-stat-MMA)] or benzylated copolymers [P(AMA-stat-BzMA)]. P
Copolymers analysed in THF containing 4.0% v/v acetic acid against a series of PMMA
standards. ¢ Did not form stable colloidal dispersions at pH 9.
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Final copolymer compositions were determined by *H NMR spectroscopy after alkylation of
the MAA residues. The resulting copolymers were dissolved in a suitable NMR solvent and
their compositions were calculated by comparing the integrated methoxy or benzylic signals of
the MMA or BzMA residues to a resonance from the AMA component. Both alkylation
protocols were performed on a selected copolymer (BMssis, see Table 4.1 for the sample
notation) and afforded essentially identical copolymer compositions within experimental error
(Appendix 7). As suggested by the kinetic analysis, final copolymer compositions were always

in good agreement with the initial comonomer feed ratios (Table 4.1).

A consistent molecular weight was targeted for each copolymer to minimise the number of
variables for a given copolymer type and composition. Copolymers within each monomer
series exhibited similar My values by GPC; however, some discrepancies between series were
observed (Table 4.1). As such molecular weight data are expressed relative to PMMA
calibration standards, discrepancies between the series are expected since each copolymer
chain should occupy its own effective volume in the GPC eluent. Previous research indicates
little or no correspondence between particle and copolymer molecular weight when the
aggregation number is large, so minor inconsistencies between molecular weights are unlikely
to adversely affect the particle size measurements within this regime.?®?’ However, for
relatively low aggregation numbers, when copolymer interactions are mainly intramolecular in
nature, it is likely that the copolymer molecular weight will affect the particle size. In particular,
this aspect should be taken into consideration when considering the formation of single-chain

nanoparticles for which the aggregation number is unity.
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4.2.2 Aggregation behaviour of amphiphilic P(AMA-stat-MAA) statistical
copolymers

Aqgueous copolymer dispersions were obtained using the same solvent-switch method outlined
in chapter 2, where the copolymer was dissolved at 50% w/w in a good solvent (IPA) and then
diluted slowly to a lower concentration using water in the presence of TEA (1.1 molar
equivalents relative to the MAA residues). This organic base was added to the solution to
deprotonate the MAA units, which confers anionic character. The addition of water drives in
situ self-assembly of the strongly amphiphilic copolymer chains. The hydrophobic alkyl
methacrylate repeat units aggregate to form nanoparticles that are stabilised by the anionic
MAA groups, as confirmed by aqueous electrophoresis measurements (Appendix 8).
Copolymer dispersions were diluted to 1.0% w/w to (i) minimize the volume fraction of the
remaining water-miscible good solvent (IPA) and (ii) reduce the inter-particle interactions that

are present at high copolymer concentrations.

SAXS was utilised to investigate the copolymer morphology of such colloidal dispersions.
SAXS patterns recorded for 1.0% wi/w dispersions indicate the formation of spherical particles
(Figure 4.1 and Appendix 9), which is consistent with our transmission electron microscopy
and SAXS studies of closely-related copolymer systems examined in chapter 3.2 Initially, the
scattering patterns (Figure 4.1 and Appendix 9) were fit with an intensity equation (eqs 2.1-
2.5) that utilised the spherical form factor (eqs 2.9-2.12) and hence determine the mean

nanoparticle radius, along with additional structural information (Table 4.2).
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Figure 4.1. SAXS patterns recorded for 1.0% w/w aqueous dispersions of P(EHMA-stat-MAA)
copolymer particles (symbols) fitted using a refined model for spherical particles (egs 2.3 and
2.9-2.12) (dotted lines). The mean size of the particles formed by copolymers with differing
MAA mole fractions (30%, 40%, 50%, 60% or 70%). A Bruker AXS Nanostar instrument was
used for these measurements. Some patterns are shifted upwards by arbitrary numerical factors

to aid clarity.

Despite the relatively low copolymer concentration used for these measurements, each SAXS
scattering pattern exhibits a structure peak at low ¢, indicating long-range interactions between
neighbouring particles (Figures 4.1 and Appendix 9). This phenomenon was observed in the
investigation perform in chapter 3 and is well-known for charged copolymer nanoparticles in
aqueous media, where the interaction distance is controlled by the copolymer concentration
and the nanoparticle surface charge.?6?¢2° Thus, an appropriate structure factor was
incorporated into the intensity function (egs 2.1, 2.3 or 2.4) in order to account for these long-
range interparticle interactions. In chapter 3, Percus-Yevick®®3! and Hayter-Penfold®

approximations of the structure factor were evaluated when modelling the scattering patterns
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obtained for such systems. These approaches gave different values for the parameters
associated with interparticle interactions but had no discernible effect on form factor
parameters such as the nanoparticle radius,?® which is the key parameter for the current study.
Thus, for the sake of simplicity, the Percus-Yevick approximation for the hard sphere structure
factor (eq 2.6) was incorporated into the SAXS intensity equation (eqs 2.1, 2.3 or 2.4). This
analysis indicates that larger nanoparticles are always formed as the acid content is reduced
(Table 4.2) for all five series of copolymer compositions, regardless of the type of hydrophobic
comonomer. This finding is consistent with the data obtained for similar systems in chapter

3_26

A stabilisation limit is observed within the BMA and EHMA series whereby the BMgo10 and
the EHMaso20 copolymers form macroscopic precipitates rather than colloidally stable
nanoparticles (Table 4.2 and Appendix 10). Presumably, the acid content of these copolymers
is insufficient to confer colloidal stabilisation. This demonstrates that nanoparticle formation

is confined to a finite range of copolymer compositions.
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Table 4.2. Structural characteristics of 1.0% w/w dispersions of P(AMA-stat-MAA)
amphiphilic statistical copolymers (where AMA is either EHMA, HMA, BMA, EMA, or
MMA) obtained from SAXS analysis: the mean particle radius (R) and its corresponding

standard deviation (or), the mean aggregation number (Nage) as calculated using eq. 2.12 , the

particle aspect ratio (&), the mean interparticle distance (Rpy) and the effective volume fraction

(fry) corresponding to the structure factor based on the Percus-Yevick (PY) approximation.

Form factor

Structure factor

Copolymer R (A) or (A) Nagg s Rey (A) foy
MMeo40 19 12 <]® 0.27 56 0.17
MM7o30 20 12 <]? 0.30 62 0.16
MMagozo 17 10 1° - 78 0.17
MMags12 22 15 1° - 99 0.13
MMago1o 30 20 3 - 126 0.13
MMosos 45 19 10 - 152 0.13
MMosoz 89 19 75 - 271 0.08
EMeoao 23 11 <]® 0.48 63 0.17
EM7o30 19 10 1° - 69 0.19
EMaoz0 31 7 3 - 85 0.17
EMsga19 34 12 4 - 113 0.14
EMaa1s 38 11 5 - 109 0.13
EMgs14 43 12 8 - 124 0.14
EMago1o 74 21 38 - 209 0.14
BMeo40 32 6 3 - 84 0.20
BM7030 41 8 6 - 106 0.11
BM7s25 59 12 19 - 142 0.15
BMso2o 63 12 23 - 163 0.16
BMgs1s5 87 14 59 - 238 0.11
BMoo10® - - - - - -
HMsos0 34 5 4 - 70 0.21
HMeo40 44 5 8 - 86 0.22
HM7o30 60 10 19 - 125 0.20
HMsgo20 89 16 61 - 187 0.15
EHM3o70 27 12 2 - 81 0.21
EHM 060 36 6 4 - 85 0.2
EHM5050 43 7 7 - 99 0.2
EHMeo40 69 19 28 - 190 0.18
EHM7o30 98 16 79 - 253 0.13

EHMago20 € - - - - - -

3 Fitted using a spheroid model for anisotropic particles with an aspect ratio different from unity, °
Single-chain nanoparticles, ¢ copolymer compositions did not form stable colloidal dispersions when

diluted with water.

In the MMA and EMA copolymer series (the sample name abbreviation is MM and EM,

respectively), SAXS analysis indicates that the mean aggregation number (Nagg) becomes unity

under certain conditions (Table 4.2). This means that the copolymer chains no longer self-
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assemble via intermolecular hydrophobic interactions but instead form single-chain
nanoparticles (SCNP) or self-folded chains.®*=" The critical acid content at which SCNPs are
formed depends on the type of alkyl methacrylate comonomer. For example, this corresponds
to 20 mol% MAA for the MMA series, whereas the EMA series requires an acid content of 40
mol%. On the other hand, the BMA, HMA, and the EHMA series do not form SCNPs within
the investigated compositional range (Table 4.2). One important assumption for the structural
models (Figure 4.2 and eqs 2.9-13, 2.15-23) used in this study is that no solvent is present
within the particle cores. The same assumption was made in chapter 3.26 Thus, Nagg can be
calculated by dividing the mean volume of a spherical particle by the volume occupied by a
single copolymer chain (eq 2.12). Consequently, for an aggregation number of unity, the

particle volume is simply equal to that of an individual copolymer chain.

Figure 4.2. Schematic diagram illustrating the copolymer morphologies for the three structural
models (eqs 2.9-13, 2.15-23): (a) the solid sphere model where r is the radius of the particle,
Ceop 1S the scattering length density of the particle, and &oi is the scattering length density of the
solvent (eqgs 2.9-12); (b) the spheroid model with an aspect ratio ¢ that is less than unity (eq
2.13); (c) the core-shell model, where r is the overall particle radius, Ar is the shell thickness,
Rcore = I - Ar is the core radius, and eore and Eshen are the scattering length densities of the core

and the shell, respectively (egs 2.15-2.23).

Above the critical acid content, SAXS analysis indicates that the sphericity of the SCNPs
becomes less well-defined. In this case, satisfactory data fits to scattering patterns can only be

obtained by using a spheroidal model (Figure 4.2b, eq. 2.13) that incorporates an aspect ratio
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parameter for elongated particles (Appendix 11). In addition, an upturn in the X-ray scattering
intensity at low g suggests the formation of large aggregates under such conditions. This is not
unexpected: higher acid contents lead to increasingly hydrophilic copolymer chains that
eventually become molecularly dissolved in aqueous media. This leads to a scattering pattern
that is characteristic for Gaussian chains. Moreover, it is well-known that poly(methacrylic
acid) forms either an extended structure in its highly ionised form or a relatively compact,
globular structure in its neutral form.®-#! This suggests that the more hydrophilic copolymers
are likely to adopt a spheroidal structure. Furthermore, these MAA-rich copolymers are
dispersed at around pH 9, hence their elongated structures indicated by SAXS are consistent

with the behaviour expected for highly ionised poly(methacrylic acid).34!

These results have demonstrated that most of the amphiphilic copolymers self-assembled to
form spherical particles when using the solvent switch method. The resulting aqueous
copolymer dispersions were assessed using SAXS and the scattering patterns were modelled
using a sphere model. This analysis indicated that the particle size is strongly dependent on
both the copolymer composition and also the nature of the alkyl methacrylate comonomer.
Copolymers with lower MAA contents only formed macroscopic precipitates, rather than
colloidal dispersions. Furthermore, MAA-rich copolymers formed elongated structures similar
to that expected for highly ionised poly(methacrylic acid); in such cases, a spheroid model

containing an appropriate aspect ratio was utilised.
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4.2.3 Determination of internal particle structure using contrast variation SANS

Since the hydrophobic and hydrophilic comonomers are statistically distributed along the
copolymer chain, well-defined hydrophilic and hydrophobic domains within the particles were
considered unlikely. Hence relatively good fits to the scattering patterns recorded for these
amphiphilic copolymer particles can be obtained using either a spherical or a spheroid form
factor (Figures 4.1 and Appendix 9). However, the anionic MAA residues should be
preferentially located at the particle surface for colloidal stability. This hypothesis underpins
the derivation of an analytical equation in chapter 3 describing the relationship between
copolymer composition and particle size observed for aqueous dispersions of P(BMA-stat-
MAA) particles.?® Although the well-defined core-shell structure often associated with diblock
copolymer nanoparticles is unlikely, there is nevertheless a thin MAA-rich “shell-like” region
and a “core-like” region that mainly contains the hydrophobic alkyl methacrylate comonomer.
However, appropriate structural studies are required to validate this assumption. Accordingly,
contrast variation SANS was used to investigate the internal structure of the copolymer
particles. Since H.O and D.O have differing neutron scattering length densities (SLDs) (-
0.56x10%° cm and 6.33x10%° cm?, respectively),*>° H,0/D,0 mixtures can be used to adjust
the SLD of the aqueous milieu (&or) to highlight any hydrophilic and hydrophobic domains that
may be present. Initially, a pair of 2% w/w dispersions of BMzgo2o Were prepared in H.O and
D20, respectively. Two further copolymer dispersions were prepared in H.O/D20 mixtures
with 83.5:16.5 and 40:60 volume compositions. These binary solvent mixtures have o values
of 0.58x10'° cm and 3.58x%10%° cm, respectively (eq 2.17). SANS patterns were recorded for
all four dispersions (Figure 4.3). Following the same principles adopted for the SAXS data
(Figure 4.1), each SANS pattern was analysed using the sphere model and reasonably good
data fits were obtained in each case. However, if the MAA comonomer is preferentially located

near the particle surface to produce a pseudo core-shell structure, then a spherical core-shell
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model (Figure 4.2c, equations 2.15-23) should be more appropriate than a homogeneous sphere
model (Figure 4.2a, eq. 2.9-12) for analysing such SANS patterns (Figure 4.3). Therefore, all
patterns were fitted using the core-shell model (eq. 2.15-23). In order to account for the long-
range interactions between these highly anionic particles, the Percus-Yevick approximation for
the hard sphere structure factor (eg. 2.6) was included in the intensity equation (eq. 2.3). Since
the copolymer composition was known (80:20 BMA:MAA) and the particle composition is
identical to that of the copolymer, the SLDs for the core and shell were linked (eq. 2.23) so that
a physically realistic distribution of the monomer units could be modelled. In other words, if
the particle shell is MAA (or BMA)-rich, then the particle core must be MAA (or BMA)-
depleted to the same extent and vice versa. Furthermore, the shell thickness was fixed at 4.95
A, which corresponds to the approximate dimensions of a single MAA repeat unit. The shell
thickness was constrained so that this parameter remained physically realistic, which ensured
that the fitting remained stable. The average values for &ore and Ehen for all the individually-
fitted patterns were 0.610x10%° cm and 0.715x10'° cm™, respectively. Since the core SLD is
lower than that of the shell, this suggests that the MAA residues (which have a higher neutron
SLD compared to the BMA residues) are preferentially located at (or near) the surface.
Unfortunately, the parameters obtained from individual fits were spread over a relatively broad

range and hence were not suitable for evaluating the core and shell composition.

Nevertheless, since each copolymer dispersion differs only in terms of its scattering contrast
with respect to the aqueous continuous phase, their SANS patterns can be fitted simultaneously
using certain global parameters for the contrast series such as particle size (and its associated
standard deviation), shell thickness, and mean SLD for the particle core and shell components.
In principle, this simultaneous SANS fitting approach should provide a much more statistically
robust outcome compared to individually fitting each pattern (Appendix 12). Indeed,

satisfactory fits were obtained for all four SANS scattering patterns (Figure 4.3). This allowed
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the mean core radius and the SLDs for the particle core and particle shell (Figure 4.2¢) to be

determined (Reore = 35A, &eore = 0.625%10%° cm2 and et = 0.685%10° cm?, respectively).
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Figure 4.3. SANS patterns recorded for 2.0% w/w aqueous dispersions of BMsozo in four
different H.O/D>O binary mixtures (symbols). For this contrast variation experiment, the
solvent SLD corresponds to -0.56x10* cm™ (H.O; squares), 0.58x10*® cm™ (83.5:16.5
H,0/D,0; circles), 3.58x10'° cm™ (40:60 H.O/D,0; triangles) and 6.33x10%° cm? (D0;
hexagons). All four data sets were fitted simultaneously to a spherical core-shell particle model

using five fixed global parameters (eqs 2.15-23) (solid lines).

According to this data analysis, the particle core has a significantly lower neutron SLD than
the shell (Eeore = 0.625%10%° cm? < &hen = 0.685x10%° cm2). Moreover, by comparing these
values with the &ama and émaa (0.55x10° cm and 1.38x10%° cm™2, respectively), calculated
using respective mass densities of BMA and MAA (pema = 1.05 g cm™ and pmaa = 1.25 g cm”
%) it can be concluded that approximately half of the MAA residues lie within the particle core
while the remainder are located within the shell. Thus, when simultaneously fitted using the
spherical core-shell model, the contrast variation SANS data confirms that the particle surface
is enriched with anionic MAA residues, thus creating core and shell components with differing

SLDs. However, the copolymer chains are somewhat constrained in terms of their mobility
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owing to the statistical distribution of MAA and BMA residues. Thus, up to 50% of the MAA

residues remain trapped within the particle cores.

4.2.4 Relationship between nanoparticle size and copolymer composition

SAXS analysis has indicated that the particle size is strongly dependent on the MAA content
of these amphiphilic statistical copolymers (Table 4.2). This finding is consistent with our
earlier observations. Given that the copolymer molecular weight has minimal influence on the
particle size, a model describing the relationship between the particle radius and the MAA mole
fraction within the copolymer was developed (chapter 3) in order to estimate (or predict) the
surface coverage by the anionic MAA units (PSC model).?® It was assumed that a certain
minimum number of ionised surface MAA groups is required for colloidal stability. This
critical surface charge density can be expressed in terms of a fractional surface coverage
(SAfrac.maa). This PSC model assumes (i) perfectly spherical particles, (ii) a constant surface
charge density across a copolymer series regardless of the copolymer composition, and (iii)
that all of the MAA groups are located at the particle surface. However, the latter assumption
is not consistent with the contrast variation SANS experiments reported herein (Figure 4.3),
which suggest that only approximately 50% of the MAA groups are located at the particle

surface, with the remainder lying within the BMA-rich cores.

Since the particle radius is known, the particle surface area can be calculated. Moreover, if
SAfrac.mAA. IS Independent of the particle size, then the mean number of MAA groups present in
a single particle can be estimated using:

— 1 X 47[R52 X SAfrac.MAA

MAAP Tk CS,an

N

4.1)
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where CSwaa is the cross-sectional area of a single MAA repeat unit calculated from the
approximate volume of a single MAA unit (CSmaa = Vmana?® = 24.5 A2, where Vumaa = 121 A3)
and k is the fraction of the MAA groups located at the particle surface (with contrast variation

SANS experiments suggesting that k ~ 0.50).

The mean number of hydrophobic alkyl methacrylate repeat units can be obtained from the
volume of the hydrophobic domain within a particle, which is equal to the difference between
the overall particle volume and the volume occupied by the MAA repeat units in the same

particle, divided by the approximate volume of a single hydrophobic (AMA) unit (Vama):

2
4 7Z'R 3 _ (; % 47Rg XSAfrac.MAAXVMAA)
3 S k Cs

NAMA,p = e 4.2)

VAMA

Using both Nyaa p and Nywva p the mole fraction of MAA groups in a particle can be calculated:

N
Mol. frac.,,., = MEAR (4.3)

MAA,p + NAMA,p

This parameter is equivalent to the MAA mole fraction in the copolymer. If their MAA content
is sufficiently high, the amphiphilic copolymer chains undergo intramolecular interactions to
form SCNPs or self-folded chains. At this point, the particle size is simply equal to the volume
of a single copolymer chain. Hence the corresponding copolymer compositions do not fit the
structural model (equations 4.1-3) because it is assumed that the particle size is independent of
chain length. It follows that the data points corresponding to SCNPs should be excluded from

further analysis using this model.

Bearing in mind this important caveat, the proposed PSC model was used to fit the
experimental particle size data for each copolymer series (Table 4.2) and the mean surface area

occupied per MAA group was predicted (Figure 4.4). The model provides a satisfactory fit to
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all the experimental data, with larger particles being formed by copolymers with lower acid
contents. Given the contrast variation SANS results (Figure 4.3), such good agreement between
the experimental data and the model fit for the five copolymer series (Figure 4.4) validates our
assumption that the ionised MAA groups located preferentially at the particle surface in order
to confer a sufficiently high surface charge density and ensure good long-term colloidal

stability in aqueous media.

For the copolymer series with differing hydrophobic AMA units (Figure 4.4), incorporating a
more hydrophobic comonomer produces larger particles even for comparable MAA contents.
This is a direct result of the difference in critical surface charge density required for colloidal
stability. For example, the PSC model fits indicate that the EHM copolymer series requires
42% surface coverage for the MAA units, whereas only 9% surface coverage is required for
the MM copolymers (Figure 4.4). These observations are consistent with the more hydrophobic
character of EHMA compared to MMA. In order to achieve a higher surface charge density for
the same mole fraction of MAA units, more copolymer chains must undergo self-assembly to
reduce the particle surface-to-volume ratio and hence increase the number of surface-confined
MAA units. This leads to a larger overall copolymer volume and hence a corresponding
increase in the mean particle radius (Figure 4.4, compare particle radii observed for copolymers

with the same MAA content).
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Figure 4.4. Relationship between the mole fraction of MAA units in the amphiphilic statistical

copolymer chains and the corresponding mean particle radius formed by copolymer self-
assembly in aqueous solution: comparison of the experimental data (symbols) with the
theoretical curves (dashed lines) calculated using the PSC model (equations 4.1-3). Data points

located within the red box are excluded from the latter model because such particles have an

Nagg OF unity and hence correspond to single-chain nanoparticles. Moreover, data points within

the blue box correspond to ill-defined, elongated particles (for which the particle aspect ratio,

& 1s less than unity). The horizontal bars indicate standard deviations for the mean particle

radius, rather than experimental error. The MAA fractional surface coverage (SAfrac.mMAA)
calculated using the PSC model is given for each curve.

Although the PSC model provides good fits to the experimental data, it would be more practical

to relate the model parameters to the hydrophobic character of the alkyl methacrylate

comonomer. The partition coefficient (logP) is commonly used to assess hydrophobicity and
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is defined as the concentration distribution of a compound between two immiscible solvents,
typically water and n-octanol.®®>3 Previously, logP values have been used to quantify the
hydrophobicity of methacrylic ester units within the copolymer particles.>®>® Recently, this
parameter has also been used to predict suitable monomers for polymerisation-induced self-
assembly (PISA) in aqueous media.>® The logP of the hydrophobic monomer and the SAfacmaa
(assuming that 50% of MAA units are located at the particle surface, i.e., k = 0.50), as
determined from the PSC model fitting (Figure 4.4), are plotted in Figure 4.5. This linear

relationship (SA.,. s =0.1035(log P) —0.0454; R? = 0.99) can be used to predict the self-

assembly behaviour of other statistical methacrylic copolymers by predicting the SAfracmaa
based on the logP of the hydrophobic component and then determining the particle size using

the PSC model (equations 4.1-3).

Although all the copolymer data are presented together for convenience, the P(HMA-stat-
MAA) series (assigned as HM) were actually synthesised at a later stage in order to test the
predictive power of the PSC model using linear regression for the SAfracmaa VS. logP plot
(Appendix 13). The new experimental data set is in good agreement with the expected particle
size trend, providing further justification for the relationship between copolymer composition,
hydrophobicity and particle size elucidated herein for the self-assembly of amphiphilic

statistical copolymer chains in aqueous media.
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Figure 4.5. Linear relationship between the logP values obtained for five hydrophobic alkyl
methacrylate and the SAfrac.maa evaluated by PSC model fitting (Figure 4.4). The half-closed
symbols correspond to the previously assumed scenario®® in which the MAA units are
exclusively located at the particle surface (k = 1.00) while the open symbols correspond to the
more physically realistic situation indicated by the contrast variation SANS experiments (k =
0.5). These two data sets have been fitted using SAfrac.maa = 0.2021(logP) — 0.0781 (dashed
line) and SAfrac.maa = 0.1035(logP) — 0.0454 (solid line) linear regressions, respectively.

The previously assumed scenario in which all of the MAA groups are located at the particle
surface (k = 1.00) is also plotted against the logP values for the five hydrophobic comonomers
(Figure 4.5). These data are fitted by linear regression to afford the equation

SA..maa =0.2021(log P) —0.0781 which can be used as a predictive tool. The difference

between the two data sets is that the SAsracmaa Values are arbitrary when k = 1.00, but these

values become absolute when k = 0.50.
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4.3 Conclusions

A series of five alkyl methacrylate comonomers (MMA, EMA, BMA, HMA and EHMA) were
copolymerised in turn with MAA via RAFT solution copolymerisation to generate a library of
amphiphilic statistical copolymers with varying levels of acid content and tunable hydrophobic
character. Kinetic analysis confirmed that the EHMA, HMA, EMA, and MMA react at a
similar rate to MAA when copolymerisations are performed at 50% w/w concentration in IPA.
This suggests that an approximately statistical distribution of each comonomer within the
copolymer chains can be achieved using a one-shot batch synthesis. However, the statistical
copolymerisation of BMA with MAA was performed at 50% w/w in dioxane. This is because
prior observations?® indicated differing rates of copolymerisation for these two comonomers in
IPA, which leads to their non-uniform distribution within the copolymer chains. A solvent-
switch technique was used to form aqueous dispersions of self-assembled copolymer
nanoparticles, whereby each copolymer was first molecularly dissolved in IPA and then slowly
diluted using an alkaline aqueous solution. The resulting dispersions were analysed by SAXS
and the particle size was strongly dependent on both the copolymer composition and the acid
content. Furthermore, if the copolymer chains have a sufficiently high acid content, self-folding
occurs to form a single-chain nanoparticle via intramolecular hydrophobic interactions.
Contrast variation SANS was used to investigate the internal structure of selected particles to
determine the location of the hydrophobic and hydrophilic comonomers. It was found that
BMA-rich particles studied are more likely to possess a core-shell morphology. As expected,
the anionic MAA residues are preferentially located at the particle surface. However, owing to
their statistical distribution along the copolymer chains, approximately 50% of the MAA repeat
units remain trapped within the particle cores. SANS analysis enables a previously proposed

structural model (PSC model), which uses surface charge density to correlate copolymer
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composition with particle size, to be extended and placed on an absolute scale. This model is
remarkably consistent with the experimental SAXS data obtained for all five series of
copolymers and enables the reliable prediction of particle size for a given copolymer
composition. Furthermore, by fitting the SAXS data to the structural model, the surface area
per MAA unit can be calculated. Using this approach, it was determined that the EHMA-MAA
copolymer particles required an SAfracmaa OF 0.42 to stabilise the assembly, whereas the
MMA-MAA copolymer particles only required an SAfrac.maa 0f 0.09. This analysis indicates a
strong correlation between the chemical structure of the hydrophobic comonomer and the
surface charge density required to stabilise the copolymer particles. More specifically, there is
a linear relationship between the SAfrac.maa calculated using the structural model and the logP

value for the hydrophobic copolymer unit SA, . ,,.a =0.1035(log P) —0.0454 . Therefore, the

particle size of similar methacrylate copolymer aggregates can be predicted using the same
approach. Moreover, the PSC model is relatively insensitive to differences in copolymer
structure and hence significantly extends our understanding of the self-assembly behaviour of
statistical copolymers in aqueous solution. Importantly, particle size can be predicted using the
relationship between logP and SAsrac. maa, thus making such amphiphilic statistical copolymers
an attractive alternative to diblock copolymer nanoparticles for a range of industrial

applications.
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Chapter 3.
The effect of molecular structure on the self-
assembly of amphiphilic BMA-MAA

copolymers

5.1 Introduction

An amphiphile is a chemical compound that possesses both hydrophobic and hydrophilic
functionality, therefore an amphiphilic copolymer is a copolymer which is made-up of both
hydrophilic and hydrophobic monomer units arranged along the polymer backbone. This
functionality makes these copolymers very useful in a variety of applications (industrial and
scientific) such as in drug delivery,'3 cosmetics,* and coatings.>” The unique properties and
usefulness of amphiphilic copolymers make them an interesting and quickly developing area

of research.

Amphiphilic copolymers self-assemble in aqueous media through the minimisation of
energetically unfavourable interactions between the hydrophobic component and water — the
attractive forces within the hydrophobic moieties leads to aggregation of the copolymers and
the repulsive forces between the hydrophilic components prevents unlimited growth of the
aggregate. Various factors can influence how amphiphilic copolymers self-assemble, such as

hydrophobicity, molecular weight, electrostatics, and sterics. However, in this chapter the
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effect of copolymer architecture will be investigated and how the distribution of the hydrophilic

monomer units within a polymer chain affects the structure of the particles it forms.

It is important to investigate how a diverse range of properties and nano-morphologies can be
obtained by polymerising the same reagents in a variety of ways since the polymer industry is
largely restricted to inexpensive and industrially-viable monomers. Monomer distribution can
be simplified to three different copolymer architectures; these are statistical, where the
monomer units are distributed sequentially obeying statistical laws; gradient, where the
copolymer backbone exhibits a gradual change from one monomer to the other; and finally

block copolymers, where the monomers are grouped together in blocks.

Statistical copolymers have been known to form nano-particles for a number of years,3*2
however, recent work by Sawamoto and co-workers'*” and Neal et al.*® has rejuvenated this
scientific area. Hattori et al. demonstrated how amphiphilic statistical copolymers of
poly(ethylene glycol) acrylate and octadecyl acrylate could self-assemble in water to form
thermoresponsive spherical micelles and vesicles.** The nano-morphology formed was directly
related to the ratio of hydrophobe to hydrophile along the backbone, where larger fractions of
the hydrophobic component would produce a higher order morphology. More recently
Matsumoto et al. have shown how complex compartmentalised assemblies can be formed by
multi-block statistical copolymers.'® These compartmentalised systems are seen as a mimic for
biomolecules such as proteins and enzymes and therefore are an accessible route to create
synthetic catalytic molecules.!’ In chapter 3 it was demonstrated how the self-assembly of
statistical copolymers is independent of molecular weight but is heavily dependent on the
copolymer composition and more specifically the mole fraction of hydrophile present.!’
Furthermore, a model (the PSC model) was developed that describes the relationship between

the size of the copolymer assembly and the molecular composition of the copolymer based
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around a constant charge density on the particle surface. This PSC model can be used as a

prediction tool to create bespoke nano-particles from copolymers with known compositions.

Research into the self-assembly of block copolymers is extensive and they are known to form
morphologies such as spheres,®2 worms!®?42° and vesicles.!®?27 These types of nano-
structures are useful in a range of applications from bio-applications and drug delivery to
thickening agents in 0il.?® Albigés et al. recently demonstrated how amphiphilic worm-like
micelles synthesised via reversible addition-fragmentation chain transfer (RAFT)
polymerisation can be used in paint formulations as binders to create enhanced film properties.®
In this case, the block copolymer worm-like micelles were formulated via
polymerisation-induced self-assembly (PISA) and were composed of a high T4 styrene core
and a hydrophilic stabiliser block comprising a statistical copolymer of methacrylic acid and
methoxy(polyethylene oxide) methacrylate. They also demonstrated that adding these high Ty
worm-like micelles into a soft acrylic latex increased the stiffness of the dried copolymer film,

whilst preserving high extensional properties.

Rabyk et al. recently used nitroxide-mediated polymerisation (NMP) to synthesise a range of
novel Dblock-gradient copolymers composed of an initial block of poly(2-
dimethylaminoethylacrylate) and an amphiphilic gradient block of poly(styrene-grad-2-
dimethylaminoethyl acrylate).?® It was demonstrated that these two monomers spontaneously
form a gradient copolymer when reacted together as the reactivity ratios of 2-
dimethylaminoethylacrylate and styrene are romaea = 0.25 and rst = 1.15, respectively.
Dynamic light scattering and small-angle neutron scattering techniques were used to show how
the copolymer dispersions have pH and temperature sensitivity, whereby the copolymer
assemblies will disassemble into individual copolymer chains at high pH and will swell when

the temperature is increased.
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The effects of hydrophile and hydrophobe distribution have also been investigated in
biomolecules such as peptides.®®34 In 2013, Lee et al demonstrated the importance of amino
acid sequence on the self-assembly behaviour of an Ac-(FKFE),-NH: peptide chain.®® These
peptides are known to assemble into f-sheets in water (between pH 3 and 4) when they have
an alternating sequence of amino acids. However, TEM images showed that varying the
sequence of the peptide led to variations in the self-assembled structure and affected the
concentration at which g-sheets would form. They concluded that varying the amino acid
sequence has a large influence on the resultant peptide morphology and that this effect can be

exploited in order to create novel peptide self-assemblies.®®

This small selection of current research demonstrates the exciting possibilities (e.g., reinforcing
agents in paint binders, biomolecule mimics, etc.) for amphiphilic copolymers with different
molecular architectures. However, more research still needs to be performed in order to fully
understand how monomer distribution can affect the copolymer assemblies in terms of particle
structure and properties. This chapter aims to systematically demonstrate the effect of
hydrophile-hydrophobe distribution by formulating aqueous dispersions of statistical, gradient,
and block copolymers of butyl methacrylate (BMA) and methacrylic acid (MAA) and studying

the structures formed in aqueous solution using small-angle X-ray scattering.

5.2 Copolymer synthesis

5.2.1 Polymerisation of MAA for kinetic analysis.

MAA (1.24 g, 14.4 mmol), ACVA (0.0112 g 0.04 mmol), and PETTC (0.0678 g, 0.197 mmol)
were mixed in ethanol (3.70 mL), and placed in an ice-bath to cool. The mixture was degassed

with N2 for 30 minutes and then heated to 75 °C to initiate polymerisation. Kinetic samples
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(0.1 mL) were collected at regular intervals until the reaction was complete (c.a. 330 min).

Once complete the reaction was quenched in the presence of oxygen.

5.2.2 Statistical copolymerisation to form P(BMA-st-MAA).

BMA (9.53 g, 67.1 mmol), MAA (2.47 g, 28.8 mmol), ACVA (0.0373 g, 0.133 mmol), and
PETTC (0.136 g 0.399 mmol) were mixed in dioxane (12.2 mL) creating a 50% w/w monomer
solution, and placed in an ice-bath to cool (Figure 5.1a). The mixture was degassed with N> for
30 minutes and then heated to 70 °C to initiate copolymerisation. The reaction was left for 24
hours before being cooled to ambient temperature and quenched by exposure to air. The
product was purified by multiple precipitations into petroleum ether and then dried in a 30 °C

vacuum oven overnight to give a pale-yellow powder.

5.2.3 Pseudo-gradient copolymerisation to form P(BMA-gr-MAA).

Initially, MAA (0.62 g, 7.19 mmol), ACVA (0.0056 g, 0.0200 mmol), and PETTC (0.0339 g,
0.0984 mmol) were mixed in ethanol (1.85 mL), and placed in an ice-bath to cool (Figure 5.1b).
The mixture was degassed with N2 for 30 minutes and then heated to 70 °C to initiate
copolymerisation. A degassed solution of BMA (2.38 g, 16.8 mmol) and ethanol (3.99 mL)
was added to the copolymerisation at various reaction times to create gradient copolymers,
where the initial MAA block was varied in length. The reaction was left at 75 °C for 24 hours
before being cooled to ambient temperature and quenched by exposure to air. The product was
purified by multiple precipitations into petroleum ether and then dried in a 30 °C vacuum oven

overnight to give a pale-yellow powder.
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5.2.4 Block copolymerisation to form P(BMA-b-MAA).

MAA (10.00 g, 116 mmol), ACVA (0.0945 g, 0.337 mmol), and PETTC (0.572 g, 1.69 mmol)
were mixed in ethanol (20.3 mL), and placed in an ice-bath to cool (Figure 5.1c). The mixture
was degassed with N2 for 30 minutes and then heated to 75 °C to initiate polymerisation. This
polymerisation was quenched in air once a 70% monomer conversion had been reached in order
to preserve the RAFT chain ends and allow for good blocking efficiency. The initial PMAA
macro-CTA was purified by multiple precipitations into diethyl ether. Following purification,

the polymer was dissolved in water and the solid polymer was isolated by lyophilisation.

The purified PMAA macro-CTA (1.37 g, 0.219 mmol) was then dissolved in ethanol (18.9 mL)
at 50 °C. Once the all the PMAA was fully dissolved, the solution was cooled to ambient
temperature and BMA (5.00 g, 35.2 mmol), and ACVA (0.0123 g, 0.0437 mmol) were added.
The reaction mixture was placed in an ice-bath to cool and degassed with N2 for 30 minutes.
Following this, the mixture was heated to 75 °C to initiate polymerisation and left to react for
24 hours. The reaction was then cooled to ambient temperature and quenched with oxygen.
The resulting block copolymer was purified by multiple precipitations into petroleum ether and

then dried in a 30 “C vacuum oven overnight to give a pale-yellow powder.
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5.2.5 Formation of aqueous copolymer dispersions.

Purified copolymer (1.00 g) was dissolved in IPA to create a 50 % w/w solution.
Triethanolamine (0.357 g, 2.40 mmol) in water was added to reduce the concentration of the
copolymer solution to 40% wi/w. Following this, the solution was slowly diluted to 1% w/w by

sequential additions of water.

o i o MN . ? oS s
M- - (7 ~ T I jﬁ?
/\/\O)Kf ® HO H/ ® I N WOH O \ S &N

(a) Statistical (b) Pseudo-Gradient (c) Diblock

® + 0 .l Y W+.
| |

20 wit, 20 wt%
30 wt% witz,
Ethanol, ACVA, 75°C Ethanol, ACVA, 75°C  Ethanol, ACVA, 75°C

50 wt%,
Dioxane, ACVA, 75°C

Figure 5.1. The synthetic procedures used to produce the three different molecular architectures
of BMA-MAA copolymers, where (a) forms a statistical copolymer, (b) forms a pseudo-

gradient copolymer, and (c) forms a block copolymer.
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5.3 Results and discussion

5.3.1 Synthesis and characterisation of copolymers.

In order to analyse the effect of hydrophile-hydrophobe distribution on copolymer
self-assembly, a series of BMA-MAA copolymers was synthesised with a variety of molecular
architectures. All copolymers were synthesised with a constant copolymer composition of
70% mol. of BMA and 30% mol. of MAA to allow an effect of the molecule architecture on
copolymer self-assembly to be studied. Three different architectures were investigated,
specifically statistical, pseudo-gradient, and block. The term “pseudo-gradient” is used here
since the copolymers synthesised were not “true” gradient copolymers, which often form
spontaneously due to the reactivity ratios of the two monomers involved.® Kinetic analysis of
the conversion rates of BMA and MAA in both a statistical copolymerisation (Figure 5.2a) and
a “pseudo”’-gradient copolymerisation (Figure 5.2b) demonstrate that both monomers react at
a similar rate. Therefore, following the synthetic procedure described above will not produce
“true” gradient copolymers but, rather, will produce copolymers with an initial pure MAA
block followed by a statistical block of BMA and MAA (Figure 5.3). However, these
copolymers still offer a third molecular architecture with a unique distribution of monomer
units along the polymer backbone. Furthermore, by varying the addition-time of BMA to the
polymerisation allows a wide range of pseudo-gradient copolymers to be produced where the

length of the initial MAA block is systematically varied.
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Figure 5.2. Kinetic data where (a) is the conversion rate of a statistical RAFT copolymerisation
of MAA and BMA in dioxane, and (b) is the conversion rate of a “pseudo”-gradient RAFT

copolymerisation in ethanol.

Statistical region of BMA and MAA

B SS 000N 0008000000000 00000000

MAA block BMA block
Figure 5.3. A schematic representation of copolymers with different sequences of components
along the chain produced by the synthetic procedures where the letters S, G, and B refer to

statistical, pseudo-gradient, and block, respectively.

Since the reactivity ratios of BMA and MAA are close to 1,% they should form a statistical
copolymer (S1), which has an approximately random distribution of monomer along the

copolymer backbone (Figure 5.3). These systems can be synthesised relatively simply using

147



Chapter 5. The effect of molecular structure on the
self-assembly of amphiphilic BMA-MAA copolymers

standard free-radical copolymerisation making them a popular choice for industrial
applications. However, in this case RAFT copolymerisation was used to enable the molecular
weight of the copolymer to be controlled and to allow direct comparison to the pseudo-gradient
and block copolymers. The structures of statistical copolymer particles have been found to be
largely independent of molecular weight (Chapter 3). However, here it is important to keep the
targeted molecular weight relatively constant so that comparisons between the dispersions can
be made across all three copolymer designs. In order to produce two distinct homopolymer
blocks of BMA and MAA when synthesising the block copolymer (B1) architecture (Figure
5.3), the initial PMAA block was synthesised as a macro-CTA and purified by multiple
precipitations into diethyl ether to remove any residual monomer (Figure 3.1c). The PMAA
macro-CTA was then extended with BMA to produce a well-defined block copolymer (Figure
3.1c). Statistical copolymers and block copolymers are the two extreme cases of monomer
distribution. Therefore, by investigating these two extremes, whilst maintaining a constant
copolymer composition and molecular weight, the limits of structural variations can be

assessed.

Whilst statistical and block copolymers allow the extreme effects of monomer distribution to
be investigated, the intermediate effects also need to be mapped. Therefore, pseudo-gradient
copolymers were synthesised to investigate the effect of an intermediate monomer distribution.
The time-point at which BMA is added to the gradient copolymer reaction will produce
copolymers with different monomer distributions, specifically the length of the initial MAA
block and, as a consequence, the mole ratio of MAA in the BMA/MAA statistical region
(Figure 5.1b). Five different pseudo-gradient copolymers (G1, G2, G3, G4, and G5) were
synthesised (Figure 5.3) where the BMA solution was added to each polymerisation at 30, 60,
120, 180, and 240 minutes corresponding to 13, 29, 62, 83 and 94% MAA conversion,

respectively (Figure 5.4a). As the time at which BMA was added increases, the MAA in the
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reaction reaches a higher conversion. Therefore, the length of the MAA block will increase
with respect to the time at which the BMA was added. The length of the MAA block for each
pseudo-gradient copolymer can be calculated based upon the monomer conversion reached at

the point of BMA addition (Figure 5.4b).

100+ 100+
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Figure 5.4. Monomer conversion (a) for the RAFT polymerisation of MAA in ethanol and (b)
the theoretical DP of the initial MAA block during the polymerisation. The arrows indicate

when the BMA was added during the synthesis of each respective pseudo-gradient copolymer.

The purified copolymers were methylated with trimethylsiyldiazomethane to convert MAA
units to methyl methacrylate (MMA). *H NMR spectra were collected of the methylated
products in order to determine the final copolymer composition (Table 5.1) and the copolymers
were found to have compositions similar to their respective monomer feed ratios (Table 5.1).
Additionally, molecular weight measurements were collected using GPC and the My was found
to be fairly consistent across the entire series. Furthermore, the copolymers all have an

Mw/Mp < 1.3 indicating a well-controlled copolymerisation (Table 5.1).
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Table 5.1. Composition and molecular weight data collected for the P(BMA-MAA)

copolymers.
GPC
Copolymer ﬁf\f\ftjﬂjg‘f'a (Ef&mAEKASiA“X;‘ . Mo(kDa)  Mu(kDa) Ma/M
s1 - 70:30 36.4 45.4 1.25
G1 9 72:28 29.6 347 1.17
G2 20 70:30 29.6 36.3 1.23
G3 43 72:28 24.8 30.1 1.21
G4 57 70:30 24.8 29.0 1.17
G5 64 69:31 23.9 28.1 1.17
Bl 69P 70:30 23.1 26.7 1.16

@ DP of initial PMAA block calculated for the pseudo-gradient copolymers using the PMAA kinetic
data and the monomer conversion. ® DP calculated from *H NMR spectrum of the PMAA macro-CTA.
¢ Composition data obtained from 'H NMR analysis of methylated copolymers [P(BMA-MMA)]. ¢
Polymers analysed in THF containing 4.0% v/v acetic acid against of PMMA standards.

5.3.2 Self-assembly of copolymers to form spherical particles

The copolymers were formulated into aqueous dispersions of 1% w/w and 0.1% wi/w using a
solvent switch method as described in chapter 3; these dispersions were consequently analysed
by SAXS, DLS and TEM. All the copolymer dispersions were stable at low concentrations and
in general TEM images collected of the dispersions show that the copolymers self-assemble
into spherical nanoparticles (Figure 5.5). The morphologies of S1 and G1 are hard to determine
purely using TEM as the particles size is small making them difficult to resolve. Furthermore,
the particles are clustered together on the grid, which could be a consequence of the drying
process. SAXS has been used in combination with TEM to confidently determine the particle
morphology. By analysing the TEM images it is clear that the monomer distribution has a large
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effect on the particle size, where a more statistical distribution of MAA along the copolymer
chain results in a smaller particle size, and vice versa (Table 5.2). DLS measurements were
taken of 0.1% w/w dispersions and a value for hydrodynamic radius, Rn, was determined (Table
5.2). The data collected from DLS deviates substantially from the particle size observed in both
TEM and SAXS, where the measured Ry is considerably larger. In this case, the unrealistically
large Ry is caused by the electrostatic interactions of the particles because of the anionic surface
charge. These interactions affect the diffusion of the particles through the solvent and result in
an inconsistent measurement. The deviation between the techniques demonstrates why SAXS

is an essential characterisation method to investigate these charged systems.
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(a)

(b)

Statistical

Pseudo-gradient

Figure 5.5. (a) TEM images recorded for BMA-MAA copolymer 0.1% w/w aqueous

dispersions showing the assembly of spherical nanoparticles. (b) Cartoon interpretation of the

particle structure formed by the three different monomer distributions.
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The SAXS pattern of the S1 dispersion displays a well-defined region of the first intensity
minima at q ~ 0.1 A resulting from the particle form factor (Figure 5.5b). Chapters 3 and 4 of
this thesis suggest that the statistical copolymers assemble into spherical particles with minimal
phase separation and no well-defined core and shell. Therefore, the patterns were initially fitted
with a simple sphere model (eqs 2.9-12). At low concentrations (i.e. 1% wi/w) the particles
should be far enough away from each other that they do not interact. However, a structure
factor peak is observed at low g-values resulting from long-range particle interactions caused
by anionic charges present on the particle surface (Figure 5.6). A hard sphere structure factor
(eq 2.6) accounting for this structural organisation was incorporated into the model as was
previously done for similar charged systems (Chapters 3 and 4). The mean particle size was
determined by SAXS and the mean particle radius was found to be 41 A (Table 5.2). This value

for the radius is comparable with the radius of the dry particle (Rary = 37 A) measured by TEM.

10°

103

q, A

Figure 5.6. SAXS pattern of a 1% w/w aqueous dispersion of S1 (symbols) fit using a simple

sphere model with an incorporated hard sphere structure factor (solid line).
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Unlike statistical copolymer particles, block copolymers are expected to phase separate within
the particle to form a well-defined core surrounded by hydrophilic blocks forming a corona.?>3¢
This means that a simple spherical model cannot be used to analyse the SAXS pattern for the
B1 dispersion (Figure 5.7). Instead, a more complex model needs to be selected. In this case, a
polymer micelle model was used as this model allows for a distinct core and corona with
respective scattering length densities (eqs 2.25-27). SAXS determined the particles in the B1
dispersion to have a total radius (Riot = Rs + 2Rg) of 271 A (Table 5.2). Furthermore, the Reore
measured using SAXS (175 A) is comparable with Rgry measured using TEM (157 A) (Table

5.2).

Table 5.2. Structural analysis results for P(BMA-MAA) copolymer dispersions, where Rs is the
mean particle core radius, os is the standard deviation of the mean particle core radius, R, is the
radius of gyration of the hydrophilic corona block, R is the total particle radius, Vs is the
volume of copolymer chain in the core, V¢ is the volume of copolymer chain in the corona, Ry

is the hydrodynamic radius and Rary is the radius of dried particles on a carbon coated grid.

Copolymer R (RA) o' (B) Ry (A) R (A)  Ve(A) V(A% R (A) Ray'(A)

S1 41 8 - 41 45774 - 37
Gl 57 13 1 59 45774 0 80 46
G2 53 22 9 71 42677 3097 165 48
G3 107 22 17 141 37631 8143 200 85
G4 150 23 32 215 37597 8177 293 141
G5 157 21 36 229 37561 8213 542 141
B1 175 20 38 271 37561 8213 157

* Determined by SAXS, ¥ determined by DLS, * determined by TEM.

By comparison of the SAXS results between the spherical dispersions formed by both S1 and

B1, it is clear that monomer distribution has a large effect on both particle size and particle
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structure. A blockier structure induces the formation of a distinct corona and this results in a
larger particle size. Since these two copolymer systems have relatively similar molecular
weights, the “blockier” monomer distribution induces intermolecular aggregation and an

increase in the aggregation number.

10"

10

q, A"

Figure 5.7. SAXS pattern of a 1% w/w aqueous dispersion of B1 (symbols), where the solid

line is the polymer micelle model.

Statistical and block copolymers are extreme cases of the copolymer component sequence
studied and the particles that they form have to be analysed with vastly different structural
models. However, the pseudo-gradient copolymers that were synthesised cover the varying
monomer distributions between these two extremes. Therefore, the particle structure will also
vary between the two extremes and consequently requires a model with the ability to adapt to
the individual copolymer architecture and more importantly the presence and size of a corona

block.

In order to create a model that fits the structural criteria of the entire range of monomer
distributions, the polymer micelle model was adapted with a parameter that would model the

relative volumes of the copolymer found in the core and shell. This model (Section 2.5.7) had
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a good fit to the SAXS patterns of all gradient copolymer dispersions demonstrating its

versatility (Figure 5.8).

(g), cm™

q, A"

Figure 5.8. SAXS patterns of 1% w/w aqueous dispersions of pseudo-gradient copolymers

(G1-G5) (symbols) fitted using an adapted polymer micelle model (Section 2.5.7) with an

incorporated hardsphere structure factor (solid line).

The structural model was used to analyse the scattering patterns of the gradient copolymer
dispersions and it was found that the size of the particle increases with respect to the size of the
initial PMAA block i.e., copolymers with larger PMAA blocks, and therefore less MAA in the
statistical block, self-assembled into larger particles (Table 5.2 and Figure 5.9). This
observation is consistent with the data for the S1 and B1 dispersions as it was found that
copolymers without any defined “blockiness” (S1) aggregated to form much smaller particles
than copolymers with well-defined, segregated blocks (B1). As the gradient copolymers
become “blockier” (G3, G4 and G5), the copolymers induce larger scale phase separation in
the particle resulting in more of the copolymer being found outside of the core to form a distinct

corona.
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Larger particles have a lower surface area to volume ratio and therefore require less
stabilisation. This phenomenon is seen in emulsion polymerisation, where a higher
concentration of surfactant will produce a smaller latex than one with less surfactant. This
suggests that by inducing segregation of hydrophilic and hydrophobic components means that
the hydrophilic groups are less able to stabilise the hydrophobic segments. This causes an
increase in aggregation number, and therefore larger particles, to reduce the surface area to
volume ratio. Therefore, despite the added steric stability provided by the corona block, the

electrostatic stabilisation of the particle reduces as the copolymers become “blockier”.
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Figure 5.9. The radius of the copolymer particles in aqueous dispersion, calculated by
modelling the SAXS patterns with an adapted polymer micelle model, against the DP of the
initial PMAA block.

5.3.3 Utilisation of MAA within the copolymer particle

From SAXS analysis of particle size and structure, it is clear that the hydrophile-hydrophobe
distribution has a significant influence on the particle size. This particle size dependence is a
result of the reduction in electrostatic stability provided by the anionic MAA units. Since all of
the copolymers reported in this investigation are targeted to have the same composition
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(70:30, BMA:MAA) all of the copolymer particles should have near identical monomer
compositions and the measured compositions support this (Table 5.1). As all the particles have
the same ratio of BMA to MAA, it may be expected that the electrostatic stability would remain
constant and all the particles should be the same size. However, since this is not the case, it can
be concluded that the location of the hydrophile both within the particle and along the
copolymer chain has a significant effect on whether it can be utilised for electrostatic

stabilisation.

The electrostatic stabilisation of particles in a dispersion is a consequence of the repulsion of
similar charges present on the particle surface. Therefore, if MAA is unable to locate near the
surface of the particle then it will be unable to contribute to the stability of the particle. In order
to assess the proportion of MAA being utilised the ratio, K (also known here as the reciprocal
efficiency coefficient), between the total area that MAA in the particle could potentially cover

(tSAmaa,p) and the total surface area of the particle (SAp) was determined:

tSAuanp = Nuaa  Nagg *CSuan (5.1
SA, =47R/ (5.2)
tS
K = BAvanp (5.3)
SA,

where Nvaa is the number of MAA units in each copolymer chain. Nmaa is assumed to be 69
which is the theoretical DP based on the monomer feed ratios and the quantity of RAFT agent.
Nagg is the aggregation number of copolymer chains in a particle, CSmaa is the approximate
cross-sectional area of one MAA unit (CSwaa = 24.5 A?), Rs is the core particle radius, and K

defines the maximum surface coverage of MAA on any given particle.
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Table 5.3. Calculation of the MAA fraction that is utilised for electrostatic stabilisation, where
Rs is the particle core radius, tSAmaap is the total surface area which could be potentially

covered by MAA, SA; is the total particle surface area, K is the ratio between tSAmaapand SAp.

Copolymer Rs Nagg tSAmaAp SAp K
S1 41 6 10,662 21,124 0.50
Gl o7 17 28,649 40,828 0.70
G2 53 15 24,702 35,299 0.70
G3 107 136 230,520 143,872 1.60
G4 150 376 635,659 282,743 2.25
G5 157 432 729,568 309,748 2.36
Bl 175 598 1,010,371 384,845 2.63

The calculated values of K (Table 5.3) indicate that changing the molecular architecture of the
copolymer, and the distribution of the hydrophile along the backbone, affects how much of the
MAA can be utilised for stabilisation (Figure 5.10). Firstly, S1 forms the smallest particle and
has the lowest value of K at 0.5. This demonstrates that if all the MAA is assumed to locate on
the particle surface, only 50% of the surface is covered with MAA, and this creates a large
enough surface charge density to induce stabilisation. This observation indicates that 0.50 can
be considered as a threshold for the maximum value of K. Thus, a K value that is greater than
0.50 suggests that not all the MAA is being utilised for stabilisation. Furthermore, a K value of
0.50 is in agreement with conclusions made in Chapter 4 of this thesis as it was found that fully
statistical copolymers of BMA and MAA required a fractional MAA surface coverage of 0.55
to achieve stabilisation if all MAA is assumed to locate on the surface (0.27 if 50% remains

trapped in the bulk of the particle).
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There is a slight increase in K for the G1 and G2 dispersions suggesting that there is some
reduction in the utilisation of MAA as the monomer distribution in the copolymers become less
statistical. However, this change is very small and so most of the MAA s still contributing to
stabilisation. On-the-other-hand, as the DP of the initial PMAA block surpasses 20 the relative
fraction of MAA being utilised reduces significantly, as indicated by a K much larger than 0.50
(Table 5.3), - this results in an increase in particle size (Figure 5.10). When the length of the
PMAA block is increased, the particles become more phase separated and form distinct cores
and corona structures, where the PMAA blocks locate within the corona. Although the corona
is positioned on the surface of the particle, allowing the majority of MAA to penetrate out of
the BMA core, it has an inherent thickness (2Rg). This means that MAA that is located deep
within the corona are unable to contribute to the charge stabilisation of the particle, since they
are shielded by other (surface) MAA units. According to the calculation results (eqs 5.1 — 5.3
and Table 5.3), this charge shielding effect only occurs when the DP of the PMAA block
reaches a certain length (>20) (Figure 5.10). Once the DP is greater than 20, the contribution
of the MAA decreases as the block length increases (Figure 5.10); this corresponds with an
increase in corona thickness (Table 5.2). Since the majority of the MAA units are unable to
contribute to the electrostatic stability of the particle once the DP of the PMAA block is greater
than 20, more chains are required to aggregate together to achieve a certain surface charge

density. This aggregation results in an increase in particle size (Figure 5.10).
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Figure 5.10. The normalised fraction of MAA per copolymer chain that contributes to the
electrostatic stabilisation of the copolymer particle against the particle core radius (blue

symbols), and the DP of the initial PMAA block (red symbols).

5.3.4 Comparison against the behaviour of statistical copolymers

Since this is a study of the effect of monomer distribution on particle size, it is important to
compare the behaviour observed to that of copolymer systems with a known behaviour, e.g.,
the charge density dependence of statistical copolymers described in Chapters 3 and 4.
Therefore, the composition of the statistical section of the copolymers (Figure 5.3) was
calculated and plotted against the core radius of the particles formed (Figure 5.11). The charge
density dependence of the statistical copolymers was also plotted to see how copolymers with

different monomer distributions deviate from the statistical behaviour.

The obtained results show (Figure 5.11) that up until G4 all the copolymer particles formed are
comparable to statistical copolymers that do not possess any “blocky” structure. G4, G5, and

B1 all clearly deviate from the statistical model suggesting that the “blocky” nature of these
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copolymers means that the particle size is not completely determined by the surface charge
density but other factors need be considered; for example, molecular weight, which is known
to affect the self-assembly of diblock copolymers.?? Previously it has been seen that the PMAA
block in both G1 and G2 is too small to significantly influence the particle size (Figures 5.9).
Additionally, the K values calculated for G1 and G2 are comparable to respective statistical (or
mainly-statistical) copolymers investigated in previous chapters. Therefore, it is expected that
these copolymers will behave in a similar way to statistical copolymers. Conversely, G3 seems
to behave in a similar way to the statistical copolymers, despite all other results (high K and a
large corona) suggesting otherwise. Therefore, it should be considered that this observation
could be coincidental and resulted from a combination of multiple factors, such as charge
density, composition and molecular weight. To quantify where the behaviour of the copolymers
deviates from the statistical model, multiple molecular weights of each copolymer must be
synthesised and assessed. Since the self-assembly of statistical copolymers is molecular-weight
independent, no molecular-weight effect should be observed if the copolymer self-assembly

follows the statistical model.
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Figure 5.11. A comparison between the behaviour of statistical copolymers of BMA and MAA
with different monomer compositions and BMA-MAA copolymers with different molecular
architectures with respect to the composition of the statistical component and the radius of the
particle formed. Here the open symbols show statistical copolymer data collected in Chapter 3

and the closed symbols show the monomer distribution data collected in this chapter.

This work demonstrates how a range of copolymer dispersions with varying particle size and
structure can easily be formulated using copolymers of similar monomer composition and
molecular weight. By simply altering the molecular architecture of the copolymer, the particle
size can be tuned. However, this work also demonstrates that complex copolymer distributions,
such as diblock copolymers, are not always required to create particles of a certain size, and
similar particles can be easily and cheaply be formulated by tuning the composition of

statistical copolymers.

5.4 Conclusions

A range of BMA-MAA copolymers with similar molecular weights (30 kDa) and compositions
(70:30, BMA:MAA) were synthesised using RAFT solution copolymerisation in ethanol.

Different reaction procedures were used to create copolymers with different monomer
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distributions. A statistical copolymer, S1, was synthesised by simultaneous addition of BMA
and MAA to the reaction mixture and was left to react until high monomer conversions were
achieved. In order to synthesise a distinct block copolymer, B1, a PMAA7o macro-CTA was
first synthesised and isolated. This macro-CTA was then extended with BMA to create a
well-defined block copolymer. Pseudo-gradient copolymers, G1-5, were synthesised by
initially homopolymerising MAA and introducing BMA to the reaction mixture at a time point
in the reaction. This allowed the MAA to reach a certain conversion creating a pure PMAA
block at the start of the copolymer. By varying the time when BMA was added created different
lengths of the PMAA block, where the DP of the initial PMAA block increased for G1, G2,
G3, G4, and G5, respectively. Once purified, these copolymers were dispersed in aqueous
conditions using a “solvent-switch” method and the resulting dispersions were analysed by
both SAXS and TEM and it was found that all the copolymers self-assembled into spherical
particles. However, it was clear that the monomer distribution had a large effect on the
copolymer particle size. Both SAXS and TEM demonstrated that generally a more statistical
distribution of monomer along the copolymer backbone induced a smaller particle size. It is
concluded that the increase of particle size is caused by a reduction in the efficiency by which
the MAA units can stabilise the particle as a result of the monomer distribution. The utilisation
of MAA was quantified by calculating the ratio between the total surface area that MAA could
potentially cover in a specific copolymer particle (tSAmaap) and the total surface area of the
particle (SAp) to give a value for the reciprocal efficiency coefficient, K. A minimum K value
was observed for the S1 copolymer dispersion with a value of 0.50. This suggests that
stabilisation can be achieved if 50% of the particle surface is covered with MAA, assuming
that all the MAA is able to locate on the surface of the particle. G1 and G2 have K values
slightly larger than 0.50 suggesting that there is a slight reduction in the utilisation of MAA.

G3, G4, G5 and B1 all have very high K values indicating lower utilisation of MAA. This was

164



Chapter 5. The effect of molecular structure on the
self-assembly of amphiphilic BMA-MAA copolymers

thought to be caused by the formation of a large corona, whereby MAA units close to the
particle core have little effect on the stabilisation. This results in the aggregation of copolymer
chains and an increase in particle size to reduce the surface area to volume ratio. Finally,
comparison with data collected for statistical BMA-MAA copolymers (Chapter 4) showed that
the initial PMAA block had to reach a large DP (57) before the copolymer particles began to
deviate from the behaviour observed for statistical copolymers. However, in order to accurately
assess the point at which the copolymer becomes “too blocky” to be dominated by a critical
surface charge density and independent of molecular weight, more copolymers need to be

analysed where the molecular weight is systematically varied.
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Chapter 6.
Solution and film behaviour of amphiphilic

triblock acrylate copolymers

6.1 Introduction

Over the past 50 years there has been a large focus on reducing the amount of volatile organic
compounds within the paint and coatings industry, and creating systems that are water-based.*
4 This push to reduce volatile organic compounds (VOCs) is largely due to the concerning issue
of greenhouse gas emissions causing climate change.> However, this task has proven to be
challenging and complete water-borne replacements for many current solvent-borne paint
products have not yet been found. A particular class of paint that is proving difficult to replicate
as a water-borne system is gloss paint. Gloss paints are largely applied to doors, skirting boards,
and other wooden surfaces to provide a protective barrier to prevent external damage. These
coatings need to be mechanically robust (strong and flexible) and must be water-resistant.
These inherent properties make these paints hard to formulate for a water-based system.
Specifically, formulating a coating that is water-soluble/compatible in solution but becomes

water-resistant upon drying is challenging since these two properties are contradictory.

Although the overall task of achieving comparable properties from water-based systems has
proved to be difficult, a vast number of important findings around this subject have been
established. Martin-Fabiani et al. has recently explained why films formed from copolymer

latexes, synthesised by emulsion copolymerisation with additional surfactant, are prone to
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severe water-whitening.® This research suggests that the added surfactant (which is needed to
stabilise the latex during polymerisation) promotes the formation of large water pockets that
scatter a large amount of light and cause opacity.® When the surfactant is removed, such as in
secondary dispersion copolymers, the uptake of water in the films remains high. However,
water is only present at the phase boundary with relatively small length scales. Therefore, these
systems are less prone to water-whitening. Furthermore, Lesage De La Haye et al. investigated
what effect crosslinking copolymer latexes at different points in their film formation procedure
had on the mechanical film properties.” They found that if the crosslinking occurred during
particle formation then the interdiffusion of chains during the drying process was inhibited,
which resulted in a brittle film. However, if the crosslinking occurred during the drying process
then coalescence of the copolymer particles occurred before the chain mobility was restricted
by the crosslinking. This method of crosslinking was found to produce films with a high

modulus and strength along with a high strain at failure.’

Over the past few years, a large amount of research has focussed on investigating the use of
block copolymers as binders in water-based paint formulations to form copolymer films with
improved mechanical properties.8? By using block copolymers composed of a component
with a low glass transition temperature (T4), and a component with a high Tg, nanoscale phase
separation can be induced. A two-phase system allows properties of both polymer blocks to be
utilised. The soft block (low Tg) aids film formation of the copolymer whilst the hard block
(high Tg) increases the stiffness and toughness of the coating. Bouteiller et al. recently
demonstrated how poly(butyl acrylate-b-acrylic acid) copolymer particles synthesised by
reversible addition-fragmentation chain transfer (RAFT) aqueous emulsion polymerisation can
be used to form tough transparent films.!® As the latex dries, the core-shell structure of the
particle is maintained because the hard acrylic acid shell prevents interdiffusion of the soft

butyl acrylate cores. This results in a honeycomb-like network of cores separated by a
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percolating network of acrylic acid, providing a tough film.® Hydrogen bonding between the
acrylic acid groups in the outer continuous phase provides resistance against a variety of
organic solvents. Furthermore, no water-whitening was observed when the film was immersed
in water for 72 hours, since the copolymers were synthesised via surfactant free emulsion
polymerisation.® However, despite the added benefits of a percolating network of acrylic acid
with regards to the mechanical properties, resistance to organic solvents and lack of
water-whitening, this continuous network of copolymers offers a direct path for the transport
of water through the copolymer coating reducing its water-resistance. When this film was
annealed above the T4 of acrylic acid (T > 100 °C), the increased mobility of the hard block
allowed inversion of the phase separated structure to the most thermodynamically stable

conformation resulting in butyl acrylate becoming the continuous phase.*3

Herein, we hypothesise that by designing ABA triblock copolymers, where the A block is
composed of a statistical copolymer of hydrophile and hydrophobe of similar hardness, the
water resistance of the copolymer film can be increased, whilst still maintaining a stable
dispersion as particles in water. By statistically distributing a hydrophobe amongst the
hydrophilic stabiliser block the size of the hydrophilic regions within the triblock film are
reduced, increasing its water-resistance. Furthermore, using an ABA triblock copolymer with
alternating hard and soft segments induces covalently crosslinked phase separation within the
bulk structure. This crosslinking should have a positive impact on the mechanical properties of
the final copolymer film. Therefore, this chapter demonstrates the synthesis of a library of
poly(acrylic  acid-stat-styrene)-b-poly(butyl acrylate)-b-poly(acrylic  acid-stat-styrene)
(P[(AA-st-St)x-b-BAy-b-(AA-st-St)x]) ABA triblock copolymers in a controlled, but
high-throughput, manner so that a large range of mechanical properties can be achieved.

Additionally, this research demonstrates the importance of block copolymer design and
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structure on the film properties by studying the differences between films cast from both

solvent and water.

6.2 Triblock copolymer synthesis

6.2.1 Synthesis of P(AA-st-St) macro-CTA via RAFT solution polymerisation

Three P(AA-st-St) macro-CTAs varying in chain length were synthesised. The protocol

describes the quantities used to synthesise AAse.

AA (33.9 g, 0.471 mol), St (49.1 g, 0.471 mol) AIBN (0.186 g, 0.00114 mol), and DBzTTC
(1.65 g, 0.00568 mol) were mixed in MEK (105 mL) (Figure 6.1a). The mixture was degassed
with N2 for 60 minutes and then heated to 80 °C to initiate polymerisation. This polymerisation
was quenched in air after 7 hours at a monomer conversion of 68%. The initial P(AA-st-St)
macro-CTA was purified by multiple precipitations into hexane and the product was collected

as a solid yellow powder.

6.2.2 High-throughput syntheses of triblock copolymers via RAFT solution
polymerisation

Specific quantities (Appendix 14) of the purified P(AA-st-St) macro-CTA were added to 8
reaction vessels of the ChemSpeed high-throughput robot. The macro-CTA was then dissolved
in MEK at 50 °C. Once the all the macro-CTA was fully dissolved, the solution was cooled to
ambient temperature and BA (5.00 g, 35.2 mmol) was added. Quantities of an AIBN solution
in MEK were added to the 8 reaction vessels and then a stream of nitrogen was blown through
all the reaction vessels for 30 minutes in order to expel any oxygen from the reaction vessel.

The mixtures were then heated to 80 °C and stirred with an overhead anchor stirrer for 8 hours.
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The reaction mixtures were left to cool to ambient temperature overnight and decanted into

100 mL sample pots (Figure 6.1b).

6.3 Results and discussion

6.3.1 Synthesis and characterisation of copolymers

A library of P[(AA-st-St)x-b-BAy-b-(AA-st-St)x] ABA triblock copolymers was synthesised
using RAFT copolymerisation. A symmetrical, bifunctional RAFT agent was used in order to
achieve a symmetrical triblock copolymer.’* The first step towards forming these triblock
copolymers was to synthesise a large batch of macro-CTA that would form the “A” blocks of
the triblock copolymer. This macro-CTA was synthesised via RAFT copolymerisation of
styrene (St) and acrylic acid (AA) in MEK to form a statistical copolymer (Figure 6.1a). Both
PSt and PAA are reported to have high glass transition temperatures (Tq ~ 100 °C) and will
form a “hard” phase within the triblock copolymer. All the synthesis in this chapter was
performed in an industrial polymer laboratory, thus there were additional protocols in place to
maintain high levels of health and safety. One limitation was that no reactions were to be left
on overnight, therefore restricting the reaction time of any polymerisations to 8 hours (one
working day). Initially, it was found that RAFT copolymerisation of styrene and acrylic acid
was not able to reach high monomer conversion after 8 hours at a concentration of 30% w/w.
The concentration was increased to 50% wi/w so that a suitable conversion (68%) was achieved
within the 8-hour timescale. The resulting copolymers were isolated by precipitation into

hexane; this process was repeated multiple times in order to remove any residual monomer.
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Figure 6.1. The RAFT polymerisation used to produce the library of different

P[(AA-st-St)-b-BA-b-(AA-st-St)] triblock copolymers, where (a) is the P(AA-st-St)
macro-CTA synthesis used to prepare Ass, Aios, and Aigo (Table 6.1), and (b) is the high

throughput synthesis of the triblock copolymers, AseBioo-750As6, A112B100-750A112, and
A140B100-750A140 (Table 6.2), using ChemSpeed High-Throughput Robot.

Three P(AA-st-St) macro-CTAs were synthesised with similar compositions (50:50) but
different degrees of polymerisation (DP). By varying the DPs of the macro-CTAs the effect of
the hard segment length within the triblock copolymer could be assessed. Once the
macro-CTAs were synthesised and purified, the DP and compositions were calculated by
H NMR spectroscopy and molecular weight analysis was performed using APC (Section
2.2.4, Table 6.1). It was found that the composition of all three of the macro-CTAs were 42:58
(AA:St), which slightly deviates from the original monomer feed ratio suggesting deviations

in the reaction rates of the two monomers. The reactivity ratios of the St-AA pair in a range of
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solvents are known to be much less than 1 (e.g., rst = 0.15, and raa = 0.25).2 Therefore, at a
50:50 (AA:St) composition the copolymer can be considered to be fairly alternating. However,
since there is a lower mole fraction of AA in the final copolymer composition, the copolymer
composition is likely to deviate along the copolymer chain. The initial composition will be
50:50 but as the copolymer chain grows the composition will become more styrene-rich. The
DPs of the three macro-CTAs were determined to be 112, 216 and 280, respectively
(Table 6.1). However, it is important to bear in mind that these macro-CTAs were synthesised
with a symmetrical, bifunctional RAFT agent (Figure 6.1a) meaning that the trithiocarbonate
functional group of the RAFT agent is located approximately in the middle of the
macro-CTA.1® Therefore, the copolymer will grow from the middle if reacted with a third
monomer to create an ABA triblock structure, where the A blocks will be half the DP of the
respective macro-CTA (i.e., 56, 108, and 140). Thus, the three macro-CTAs are denoted
throughout this chapter as Ass, A112, and Ao Where the subscript indicates the length of the
hard blocks in the final triblock copolymer. Furthermore, it should be noted again that the
macro-CTAs (Ax) are statistical copolymers of AA and St with respective compositions of
42:58. Molecular weight analysis showed that the molecular weight of the macro-CTAs
increased with the DP and all the copolymers had an Mw/M, < 1.3 (Table 6.1). The Tgs of Asg,
Au12, and A140 were measured using DSC (Section 2. 2.10) and were found to be 108, 120, and
115 °C, respectively. Both PSt and PAA are reported to have high Tgs of 100 and 105 °C,
respectively. Overall, the Tgs measured here are higher than those of the individual
homopolymers, which could be caused by the formation of an anhydride with a higher Ty due

to dehydration of AA at temperatures above 100 °C.*"8
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Table 6.1. Composition, molecular weight, and thermal data collected for macro-CTAS Asg,
Aios, and Auso used for the P(AA-st-St) synthesis.

NMR GPC DSC
DP of Mol. Frac.

Copolymer  copolymer* of AA Mn (kDa) Mw (kDa) Mw/Mn  Tg(°C)
Ass 112 (56 + 56) 0.42 9.1 114 1.26 108
Aaos 216 (108 + 108) 0.42 15.9 19.8 1.24 119
Ao 280 (140 +140) 0.42 19.2 24.5 1.28 105

*- corresponds to the total DP of both A blocks used for synthesising ABA triblock, where
the A blocks will be half the DP of the respective macro-CTA.

A high throughput synthesis was utilised in order to create a large library of triblock
copolymers where the copolymer properties were varied across the series (Figure 6.1b). Using
a high throughput synthesis method allows a large number of copolymers to be synthesised in
a very short amount of time (18 copolymers in 1 day). All the copolymerisations were
performed at 40% w/w and reached reasonable monomer conversion (> 70%) within 8 h. (Table
6.2). However, the conversions were lower when a longer macro-CTA (A140) was used
resulting in these triblocks having an average conversion of 74%. Each macro-CTA was
extended to target 6 different butyl acrylate (BA) chain lengths creating 18 ABA triblock
copolymers in total, where the DP of both the hard (A) and soft (B) blocks were varied along
with the total DP of the triblock copolymer (Figure 6.2). Molecular weight analysis of the
triblock copolymers demonstrated high blocking efficiency of the BA, where My, increased as
the targeted DP of the soft block increased (Figure 6.3). Additionally, all the triblocks had an
Mw/Mn < 1.45 (Table 6.2). An increase in Mw/M is expected if there is some residual unreacted
macro-CTA present as well as diblock copolymers formed through cleavage of the

trithiocarbonate group located in the middle of the triblock chain; both these phenomenon lead

177



Chapter 6. Solution and film behaviour of amphiphilic
triblock acrylate copolymers

to a low molecular weight tail as can be observed in the APC trace (Figure 6.3). The Tgs of the
triblocks were investigated using DSC to assess the influence of the soft BA block. Generally,
the addition of BA induced an additional Tg4 at low temperatures (-27.0 °C to -44.2 °C) and this
Ty decreased as the length of the BA block increased. However, when the composition of the

triblock copolymer was largely weighted to either the soft or hard component only one Tq was

observed from the dominating component.
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Figure 6.2. A photograph of the triblock solutions synthesised on the ChemSpeed
High-Throughput Robot depicting how the copolymer is varied across the triblock copolymer
series.
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M, = 29.3 kDa

M,, = 42.0 kDa
M, /M, =1.42
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Figure 6.3. An example APC trace of A10sB7s0A108 (black solid line) and Aios (grey dashed
line) demonstrating the blocking efficiency.
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Table 6.2. Composition, molecular weight, and thermal data of the
P[(AA-st-St)-b-BA-b-(AA-st-St)] triblock copolymers.

NMR APC DSC
Macro- DP  Conv. M, Mu Ty T,
CTA Triblock (BA) (%) (kDa) (kDa) Mw/Mn  (Soft) (Hard)

AseB100Ass 100 89 11.4 15.4 1.34 -31 -

AsB1s0Ass 150 93 13.4 18.1 1.35 -38 -

As6B200As6 200 92 14.5 19.7 1.25 -40 -

s AsB300Ase 300 92 18.5 25.0 1.35 -42 -

AseBsooAss 500 92 24.8 33.1 1.34 -44 -

AseB750As6 750 88 32.2 41.5 1.29 -44 -
A10sB1ooA0s 100 78 17.3 21.6 1.25 - 100
AisB1soA1os 150 82 18.0 23.0 1.28 -33 125
AisB200A10s 200 86 21.3 26.2 1.23 -38 125

Foe A10sBsooA10s 300 85 19.9 26.3 1.32 -40 -

Ai0sBsooAios 500 88 25.3 35.0 1.38 -42 -

Ai0sBrsoAios 750 86 29.3 42.0 1.43 -43 -
A140B1o0A140 100 74 20.5 25.8 1.26 - 100
A140B1s0A140 150 72 22.5 27.9 1.24 - 105
A140B200A140 200 71 22.9 29.1 1.27 -27 125

P A140B3ooA140 300 76 24.9 32.3 1.30 -34 -

A140BsooA140 500 72 25.3 32.2 1.28 -39 -

A140B750A140 750 75 34.6 47.2 1.37 -41 -
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6.3.2 Solution behaviour of the macro-CTAs and triblock copolymers in an
organic solvent

The macro-CTAs were dissolved in MEK to form 1% w/w solutions and analysed using SAXS
(Figure 6.4). The SAXS patterns show a clear plateau in intensity in the low g region
(9~ 0.04 A) and a slope with a gradient that is close to -2. This scattering is indicative of a
Gaussian coil.® Consequently, these scattering patterns were all modelled using the Debye
function for a Gaussian coil described in section 2.5.1. Using this model, the radius of gyration
(Rg) of the copolymer chain can be calculated. It was found that the Rq systematically increased
as the length of the copolymer chain increased, where Asg, Aios, and Ai4o, have an Rg of 27 A,

37 A, and 42 A, respectively.
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Figure 6.4. SAXS patterns of 1% w/w macro-CTA solutions in MEK (symbols) modelled with
a Gaussian chain model (black line), demonstrating that the copolymers are fully dissolved.
Some patterns are shifted upward by arbitrary factors (as indicated on the plots) to avoid

overlap. Scattering patterns were collected using a Bruker AXS Nanostar instrument.

Additionally, the triblock copolymers were dissolved in MEK to form 1% wi/w solutions. These
copolymer solutions were consequently analysed using SAXS to investigate how the triblock

copolymers behave in solution. It was found that MEK was a reasonable solvent for the triblock
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copolymers as they all dissolved readily and demonstrated the slope of -2 at high g of the
scattering patterns without an indication of a particle morphology formation (Figure 6.5).
Despite this, it is clear from the scattering patterns that extending the macro-CTA with BA had
an effect on copolymer solubility in MEK. The solubility of the copolymers in MEK varies as
the copolymer composition changes as indicated by the varying gradients at low g. A non-zero
gradient at low g-values suggests that some of the chains are interacting with each other and
are possibly forming larger objects such as loose fractals. As a result, the radius of gyration of
a single copolymer chain cannot be obtained. However, it must be stressed that these

interactions are weak and that the triblocks are in an unconstrained structure.

. x10°

R o Aj108B750A108 0 AMDB”CAM“

Al‘lUBlODAl:U

A140B 150A140

A140BIOUAIGU

a AT ' a AT g, A"
Figure 6.5. SAXS patterns of 1% wi/w triblock copolymer solutions in MEK (symbols) that
demonstrate that the copolymers within the solution are dissolved and do not assemble into
particles, where (a) AseBi10o-750As6, (D) A108B10o-750A108 and (C) Aui40B10o-750A140 triblock
solutions. Some patterns are shifted upward by arbitrary factors (as indicated on the plots) to

avoid overlap. Scattering patterns were collected using a Bruker AXS Nanostar instrument.
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3.3 Solution behaviour of the macro-CTAs and triblock copolymers in an
aqueous solution

The behaviour of the macro-CTA (Ass, A1os, and Au4o) in aqueous conditions was analysed by
SAXS. Dispersions of the macro-CTAs were formulated using a solvent switch method where
the copolymers were initially dissolved at 75% w/w in IPA and diluted with ammonia and
water to produce stable dispersions. The macro-CTA dispersions were diluted to both 5% w/w

and 1% w/w for SAXS analysis (Figure 6.6).
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Figure 6.6. SAXS patterns of macro-CTA (Ase, A1os, and A140) aqueous dispersions (symbols)
at 1% w/w and 5% wi/w concentration that are modelled with the sphere model (solid line).
Some patterns are shifted upward by arbitrary factors (as indicated on the plots) to avoid

overlap. Scattering patterns were collected using a Bruker AXS Nanostar instrument.

The SAXS patterns of the macro-CTA dispersions clearly show that these copolymers
self-assemble into particulate structures and can be fit with a simple sphere structural model

(Section 2.5.2). However, a hard sphere structure factor was also incorporated based on the
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Percus-Yevick approximation (Section 2.4.1) to account for the long-range charge interactions
of the particles (Figure 6.6) as was done in chapter 3.2° The formation of spherical particles
from amphiphilic copolymers is concordant with previous work in this thesis and by Sawamoto
and co-workers and further clarifies this behaviour.?%?* As with the P(BMA-stat-MAA)
copolymers described in chapters 3 and 4, despite the differing DPs of Ass, A10s and Au14o, they
all form spherical particles of a similar size (R = 17 A). This observation is concordant with
previous research as it has been found that the size of statistical copolymer particles is
independent of molecular weight but heavily dependent on copolymer composition and the
ratio of hydrophile and hydrophobe. Since the particle size remains constant whilst the
molecular weight of the copolymer increases, the aggregation number of the particle must
decrease, respectively, where Ase particles will have a larger aggregation number than both

Aios and Ax4o.

Additionally, aqueous dispersions of the triblock copolymers were also formulated using a
similar solvent-switch method to the macro-CTAs and diluted in water to 1% w/w for SAXS
analysis. From the SAXS patterns collected for the 1% w/w copolymer dispersions (Figure 6.7)
it is clear that the copolymers self-assemble to form particles through the hydrophobic
interactions of BA that induce aggregation to reduce any unfavourable interactions between
BA and water. Again, a peak in intensity caused by the electrostatic particle-particle
interactions is observed in the Guinier region for the majority of the patterns collected; this
feature can be fit with the hard sphere structure factor as has been done in the case of the
macro-CTA dispersions. Furthermore, the position of the form factor intensity minima, that is
indicative of particle size, moves to lower g-values as the length of the BA block increases,

suggesting that the particle size increases with respect to BA DP.

183



Chapter 6. Solution and film behaviour of amphiphilic
triblock acrylate copolymers

 (c)

R A14OBZUUA14U
AMBBISOAMD

AJ“OBIDOA:ND

T ——r—r—rrrry . 103 Ly Py . 10 Ly ———rrr
0.01 0.1 0.01 01 0.01 0.1

q, A" q, A" g, A"

Figure 6.7. SAXS patterns of 1% wi/w triblock copolymer aqueous dispersions (symbols) that
are modelled with the two-population model (solid line), where (a) AseB10oo-750Ass, (B) A108B100-
750A108 and (C) Ar140B100-750A140 triblock dispersions. Some patterns are shifted upward by
arbitrary factors (as indicated on the plots) to avoid overlap. Scattering patterns were collected

using a Bruker AXS Nanostar instrument.

Spherical block copolymer particles in a dispersion, where the soluble stabiliser block behaves
as a Gaussian chain, typically produce scattering patterns with a -2 gradient in the high-q
region. However, a slope that is shallower than -2 is observed in the high-q region (q > 0.08 A™?)
of the majority of aqueous dispersion scattering patterns (Figure 6.7). This suggests that there
is an additional structural feature that produces scattering within the high-q region. This high-q
feature is more prominent in the copolymers where the P(AA-st-St) stabiliser blocks are a
larger fraction of the overall composition (e.g,. A140B100A140) (Figure 6.7) and can clearly be
seen when the concentration of the dispersion is increased since the number of particles that
are scattering X-rays has increased with regard to the solvent background (indicated by arrows
in Figure 6.8). This suggests that the high-q feature is related to an additional structural feature

within the stabiliser block.
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Figure 6.8. SAXS patterns of triblock copolymer aqueous dispersions (symbols), where (a)
A108B100-750A108 triblock dispersions at 20 %w/w concentration and (b) A10sB100A10s triblock
dispersion at 1, 5, and 20% w/w concentrations; the arrows are used to highlight the presence
of the structural peak referred to in the text. Some patterns are shifted upward by arbitrary
factors (as indicated on the plots) to avoid overlap. Scattering patterns were collected using a

Bruker AXS Nanostar instrument.

The structural feature that is observed in both Figures 6.7 and Figure 6.8 is present in a higher-q
region (g ~ 0.1 AY) and, therefore, has a relatively small length scale in comparison to the size
of the primary copolymer particle. The small length-scale and the increased presence of
scattering at high q in the copolymer dispersions with a larger fraction of stabiliser block further
indicates that the scattering is caused by an additional structural feature within the P(AA-st-St)
block located within the particle surface. Since this is the case, two potential explanations were
explored: (1) that there are SLD fluctuations within the corona block of the particle caused by
the statistical distribution of styrene and acrylic acid; and (2) that the hydrophobic nature of
styrene causes the statistical block to undergo single chain folding on the particle surface
through hydrophobic interactions - this phenomenon is often observed for amphiphilic

statistical copolymers.?>?" Both cases appear to be valid explanations for this phenomenon,
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however, the observation that the macro-CTAs will undergo spontaneous self-assembly to form
spherical particles (Figure 6.6) indicates that the amphiphilic nature of the stabiliser block is
enough to initiate self-folding of the chain (Figure 6.9). Furthermore, the former case, where
the scattering at high q is a result of SLD fluctuations, is more likely if both monomers within

the stabiliser block are water-soluble.

-St surface
structure

BA core

Figure 6.9. A diagram describing the predicted structure of the triblock copolymer aqueous
dispersions where the P(AA-st-St) stabiliser block is confined by the copolymer particle

surface and “self-folds” through hydrophobic interactions.

Since the stabiliser block of the copolymer particle provides additional structure that is assumed
to be spherical based upon the behaviour of the macro-CTAs in water (Figure 6.6), and
therefore does not behave as a Gaussian chain, the standard copolymer micelle structural model
cannot be used to model the SAXS patterns of the triblock dispersions. Instead, a
two-population structural model that has been previously used to model core-particulate shell
polymer-silica colloidal particles that accounts for spherical structures on the surface of the

copolymer particle was used and is described in section 2.5.8.28

For simplicity, the radius of the surface structure (r2) was not fit during modelling of the SAXS

patterns but is assumed to be equal to r, = /% , since the structure is unimolecular, where
T
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Vaa-st is the volume of the copolymer chain block and is directly related to the DP of the
respective macro-CTA. The Vaa-st for Ass, Aios, and Ao, Were calculated to be 6988 A3,
13477 A3, and 17470 A3, respectively. Therefore, r2 for AssBioo-750Ass, A108B100-750A108, and
Au120B100-750A140 particles were fixed at 12 A, 15 A, and 16 A, respectively, while the core
radius, Reore, Was unfixed during SAXS model fitting. The results from this fitting can be seen

in Table 6.3.
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Table 6.3. Structural analysis results for P(AA-st-St) and P[(AA-st-St)-b-BA-b-(AA-st-St)]
copolymer dispersions where, Reore IS the mean particle core radius, ocore IS the standard
deviation of the mean particle core radius, r, is the radius of the self-folded P(AA-st-St) chain
on the surface of the particle (this value is fixed throughout the fitting at a value based upon
the volume of the hard block), Rpy is the effective interparticle distance in the dispersion and
the fpy is the effective volume fraction corresponding to the hard sphere structure factor based

on Percus-Yevick (PY) approximation.

Copolymer Reore (A) ocore (A) r2 (A) Rey foy
Ass 16 5 - 47 0.15
A1os 16 7 - 53 0.16
A140 17 7 - 59 0.11
As6B100Ase 53 14 12 117 0.15
AssB150As6 90 13 12 193 0.12
AsB200As6 119 18 12 224 0.10
As6B300As6 156 20 12 271 0.10
As6Bs00Ase 247 28 12 a a
AssB750As6 281 52 12 a a
A108B100A108 18 9 15 115 0.08
A103B150A108 55 34 15 120 0.15
A108B200A108 99 24 15 196 0.12
A108B300A108 120 22 15 232 0.11
A108BsooA10s 191 39 15 306 0.15
A108B750A108 219 52 15 317 0.17
A140B100A140 15 5 16 60 0.21
A140B150A140 26 10 16 70 0.12
A140B200A140 32 23 16 148 0.12
A140B300A140 101 41 16 200 0.08
A140B500A140 150 41 16 200 0.08
A140B750A140 219 50 16 308 0.18

#These parameters were not modelled as the scattering features were outside of the g-range
investigated

188



Chapter 6. Solution and film behaviour of amphiphilic
triblock acrylate copolymers

The modelling results indicate that there is a clear trend in particle size, where the core radius
increases as the length of the hydrophobic core-forming BA block increases. Additionally, the
core radius increases as the stabiliser block length is reduced. These two influencing factors
are commonly seen for block copolymer nano-particle assembles.?® Furthermore, when the
triblock copolymers possess a very large stabiliser block (e.g., the A140B100-750A140 COpolymers)
their aggregation into larger particles appears to be significantly hindered until the BA DP
reaches 300 and the core radii for A140B100A140, A140B150A140 and A140B200A140 remain between

30to 40 A.

6.3.4 Structural characterisation of triblock copolymer films cast from an
organic solvent

The analysis of the triblocks in both MEK and aqueous media demonstrate how differently the
copolymers behave in different solvent environments. In MEK, the copolymers were generally
found to be dissolved chains with some weak association into loose fractals, whereas, in water
the copolymers readily aggregate together to form well-defined spherical particles with a
particulate shell. Since the solution behaviour in each case is so different, it is important to see
how these behaviours transfer into the bulk behaviour when films are cast of the triblocks.
Therefore, triblock copolymer films were prepared from both the organic solutions and the
aqueous dispersions. The structural phase separation within these films was assessed by SAXS
and AFM. Firstly, films were drop-cast from a 40% w/w solution in MEK and formed
transparent yellow films, where the yellowness of the film decreased as the triblock copolymer
increased in molecular weight. This reduction in yellow colour is expected as the colour is
caused by the trithiocarbonate group of the RAFT CTA present in the films, which decreases
as the molecular weight of the triblock copolymer increases. These films were cast onto

dry-release film and left to dry in ambient conditions for 1 week. If possible, the triblock film
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was removed from the dry-released film and transmission mode SAXS was performed on the
free-standing film. Some triblock films were too soft and tacky to be removed from the
dry-release film without damaging the triblock film and destroying the morphology formed, in
this case SAXS was performed on the triblock film whilst still attached to the dry-release film
and a background scattering pattern of the dry-release film was subtracted from the combined

scattering pattern.

It was expected that the hard and soft blocks within the triblock copolymer would undergo
phase separation within the film and, since these two blocks have distinct scattering length
densities, SAXS can be used to investigate the length-scale of separation (Figure 6.10). A peak
in intensity was observed in the majority of the SAXS patterns of the triblock films cast from
solvent. Firstly, the presence of this peak indicates that there is a structural order, which is
likely to be associated with phase-separation occurring within the film.3° Secondly, the position
of the peak indicates the length-scale of the phase-separation.®® The absence of a peak in the
SAXS patterns of A140B100A140 Suggests that the DP of the soft block (PBA, DP = 100) is not
large enough to induce phase-separation from the large hard block [P(AA-st-St), DP = 140].
Similarly, there are only very small and ill-defined peaks observed in the scattering patterns of
A108B100A108 and A140B1s0A140, Which suggests that although some phase-separation has been

induced, it is minimal and unordered.
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Figure 6.10. SAXS patterns of triblock copolymer films cast from a 40% w/w solution in MEK
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(symbols) for (a) AseBioo-750As6, (0) A108B100-750A108 and (C) A140B100-750A140 Samples. Some
patterns are shifted upwards by arbitrary factors (as indicated on the plots) to avoid overlap.

Scattering patterns were collected using a Xenocs Xeuss instrument.

Aside from A10sB100A10s, A140B100A140, and Ar40B1s0A140, the SAXS patterns of the solvent
cast triblock copolymer films show a sharp peak in intensity suggesting that there is prominent
phase separation within the film. The position of the primary peak (g*) indicates the length

scale of the phase separation and the d-spacing can be calculated using the equation d = 2—”.
q

The SAXS patterns for the individual triblock series (e.g., Ai0sB100-750A108) shows that the
primary peak position shifts to a lower g-value as the DP of the soft BA block is increased
(Figure 6.10 and Table 6.3) demonstrating that the size of the phase-separation is increasing,
respectively. Additionally, if the peaks are compared between copolymers with the same length
of soft-block but synthesised with different length macro-CTAs then the effect of the
hard-block can be resolved (Figure 6.11). This analysis indicates that increasing the length of
the hard block has a similar effect to increasing the length of the soft-block and the overall size
of the phase separation increases (Table 6.4). Furthermore, increasing the overall triblock DP
whilst maintaining a constant ratio of soft and hard units further increases the size of the phase

separation (Table 6.4).
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Figure 6.11. SAXS patterns of AssBsooAses, A108BsooA10s, A140BsooA14o triblock copolymer
films cast from a 40% w/w solution in MEK (symbols), demonstrating how the length-scale of

the phase separation increases as the length of the hard block (A) increases. Scattering patterns

were collected using a Xenocs Xeuss instrument.
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Table 6.4. Structural analysis by SAXS and AFM investigating the bulk and surface phase
separation of the solvent-cast copolymer films, respectively, where g* is position of the primary
structural peak in the SAXS pattern, dsaxs is the real space distance corresponding to g*
(dsaxs = 2719*), and darm is the length scale of the phase separation measured by AFM
(Appendix 15).

Triblock q* (A dsaxs (A) dasm (A)
AsB100Ass 0.046 137 -
AssB150Ase 0.043 146 -
As6B200Ase 0.037 170 193
As6B300As6 0.036 175 216
As6Bs00Ase 0.030 209 279
AsB750As6 0.029 217 306

A108B100A108 - - _
A108B150A108 0.037 170 -
A108B200A108 0.030 209 -
A108B300A108 0.028 224 308
A108Bs00A108 0.023 273 335
A108B750A108 0.023 273 355
Ai140B100A140 - - -
A140B150A140 0.038 165 -
A140B200A140 0.029 217 -
A140B300A140 0.027 233 -
A140Bs00A140 0.019 331 427
A140B750A140 0.019 331 450
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An additional peak is present in all of the triblock copolymer films at g = 0.513 A, this peak
equates to a distance of about 12 A. This peak remains in the same position despite the
variations in copolymer composition and is likely to be caused by the packing of the copolymer
chains within the phase separated blocks. In order to test this hypothesis, SAXS patterns were

collected for both PBA and P(AA-st-St) in their solid states (Figure 6.12).

(a) g =0.513 A1 (b)

10

12.6 A
(from SAXS)

10-3l TTITTT

q, A"

Figure 6.12. (a) SAXS patterns of solid-state PBA and P(AA-st-St) samples (symbols). (b)
Diagram indicating the structural packing of BA units that induces a peak at g = 0.513 A in
the X-ray scattering pattern of PBA. Scattering patterns were collected using a Bruker AXS

Nanostar instrument.

The SAXS pattern of PBA (Figure 6.12a) clearly shows a peak in a similar region to the one
observed in the triblock copolymer films (Figure 6.10), whereas the pattern of P(AA-st-St)
shows no such peak. This suggests that the peak observed in the triblock films is a result of
structural packing of BA within the soft phase of the copolymer film (Figure 6.12b). Butyl
acrylate has relatively long pendent groups that prevents the copolymer backbones from
packing tightly together and instead the copolymer chains remain at a fixed distance from each
other. The distance at which these chains are spaced is calculated to be 12.6 A (Figure 6.12b).
A maximum packing distance, where the pendent groups are positioned without overlap, can

be calculated as the product of the average C-C-C bond length (2.3 A) and the number of bonds
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within the pendent group. The maximum packing distance was calculated to be 13.8 A, which
is larger than the measured separation. This means the pendent chains are not in a fully
stretched position. A similar phenomenon has been observed in poly(behenyl methacrylate-b-
benzyl methacrylate) [P(BeMA-b-BzMA)] nano-particles in mineral oil at 20 °C, where
crystalline packing of the PBeMA within the particle corona was observed in the SAXS
patterns.®! The crystalline packing of PBeMA chains was found to be 34.9 A in length. The
chain-chain packing of PBeMA is larger than that of PBA observed here since the alkyl chain
of BeMA is 22 carbons long compared to BA, which has an alkyl chain length of just 4 carbons.
PBeMA is a crystalline polymer and therefore the copolymer chains will undergo spontaneous
packing at temperatures below its crystallisation temperature to form a well-ordered crystalline
structure, which is observable by SAXS. However, PBA is an amorphous polymer and
therefore does not form a crystal structure. Since PBA is amorphous, the ordered chain-chain

packing observed is highly unexpected.

SAXS analysis has clearly confirmed the presence of phase separation in the majority of the
triblock copolymer films and has allowed elucidation of how varying the copolymer properties
affects the size of the phase separation. However, only one well-defined peak relating to the
phase separated structure is observed in the SAXS patterns suggesting that the bulk structure
of most of the compositions studied is not uniform enough to produce secondary and tertiary
peaks. Attempts were made to obtain a more pronounced secondary peak by annealing the film
overnight at 150 °C, which is above the Tg of the hard block. However, this was not successful
and led only to a slight sharpening of the primary peak. This means that the structural
morphology of the copolymer film cannot be assessed purely through peak positioning analysis

of the SAXS patterns and a second structural characterisation technique is required.

Atomic force microscopy (AFM) was used to further investigate the phase separation of the

triblock copolymer films cast from MEK (Figure 6.13). Unlike transmission mode SAXS, that
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investigates the entire bulk of the film, AFM is only able to assess the surface structure. For
this reason, it is important that the film is as flat as possible to allow a high-quality image to be
collected. This was a problem for the films that had a high hard to soft block ratio, since the
fundamental properties of the copolymers would distort the film upon drying resulting in a
brittle, uneven film. Therefore, AFM images were not collected for AseB100Ass, A108B100A10s,
A108B200A108, A140B100A140, A140B200A140 and A140B300A140. These brittle films demonstrated

minimal/no phase separation in the SAXS patterns collected (Figure 6.10).
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Figure 6.13. AFM height images of triblock copolymer films cast from a 40% wi/w solution in
MEK measured using ScanAsyst® PeakForce® tapping mode (lighter colour = higher structure
relating to the hard phase, and vice versa), where the copolymer labels are shown on the

respective images.
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The AFM height images of the triblock films cast from MEK (Figure 6.13) firstly indicate that
there is phase separation visible on the surface of the film, and secondly, that the structure and
size of the phase separation varies as the copolymer composition is altered. From the AFM
images it is clear that the size of the phase separation (Appendix 15) increases as the length of
the hard block and the soft block increases, which is concordant with the conclusion established
using SAXS. Furthermore, copolymers with the same hard-to-soft block ratio but with different
total triblock lengths (e.g., AseB200Ass, A108BaooA1os, and Ais0Bso0Ai140) demonstrate an

increase in the size of the phase separation, which is again concordant with the SAXS results.

Unlike SAXS, the surface structure of the phase separation can be observed in the AFM images
and from this it is clear that the relative ratios of the hard and soft components within the
triblock copolymer have a large effect on the phase-separated structural morphology. Using
Auos triblock series as an example, A10sB200A10s has a hard-block volume fraction (fus) of ~0.45
and shows no clear surface structure (Figure 6.13). However, as fug is reduced to ~0.36 for
A108B30oA10s a clear structure can be observed. The soft phases (dark regions) emerge from the
hard phase (light region) creating an ill-defined bicontinous structure. When fug is further
reduced to ~0.25, and the total amount of soft phase is increased in A10sBsooAu1os, the regions
of soft phase combine to create a defined cylindrical structure where the rods are parallel with
the surface. The final sample in this series, A10sB7s0A108, has an fug of ~0.18 and the AFM
image shows that the soft phase is becoming dominant and forms a matrix around the hard
phase. Self-consistent mean-field theory (SCMF) is often used to create a theoretical phase
diagram of diblock-copolymer morphologies in bulk as a factor of f.32 It should be noted that
this theory has been developed for diblock copolymers, whereas the copolymers being studied
in this chapter are triblock copolymers. Nonetheless, based on this theory a copolymer with a
minor component volume fraction of ~0.45 (A10sB200A108) is predicted to have a lamellae

morphology. If the structure of A10sB200A10s is lamellae, then the surface phase separation may
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not be observed if the lamellae sheets lie parallel with the film surface. SCMF suggests that as
f decreases (i.e. 0.45 > 0.36 > 0.25 > 0.18) the morphology will transition from lamellae, to
gyroidal, to hexagonal cylinders and finally to a body-centred cubic structure. This theory
generally agrees with the AFM observations made experimentally, for example the Aios series
shows clear transitions from a gyroid to cylinders to spheres as the BA block increases in size.
However, the experimental morphologies observed are not very well ordered and appear to
have some mixed phases (e.g. A10sB7s0A108 — sSmall cylinders and spheres). The lack of order
could be caused by a relatively large dispersity in chain lengths (Table 6.2); if the block length
is polydisperse then the volume fractions of each block will vary and therefore an ill-defined

structure will be observed.®?

By using two powerful structural characterisation techniques, such as SAXS and AFM, to
analyse triblock films, the results can be both compared and used in unison. Firstly, the distance
of the phase separation calculated using SAXS is systematically smaller than the distance
measured using AFM (Table 6.4). This is because the distance observed via SAXS are
d-spacings corresponding to crystallographic planes formed by structurally ordered objects,
which tends to be smaller than the distance between the objects, defined by the period length
of phase separation, measured by AFM.%° Secondly, since the bulk triblock copolymer
morphology can be assigned using AFM, the theoretical diffraction peaks that these structures
would produce can be compared with the experimental SAXS data. Figure 6.14 demonstrates
how the theoretical diffraction peak positions for a BCC structure, and hexagonally packed

cylinders, compare with the scattering patterns of A10sB7s0A108, and A108BsooA1os, respectively.
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Figure 6.14. SAXS patterns of A10sB750A108 and A10sBsooAaos triblock copolymer films cast
from a 40% w/w solution in MEK (symbols), where the arrows indicate the theoretical
positions of the diffraction peaks for a BCC structure (grey arrows) and a hexagonal structure
(pink arrows). Some patterns are shifted upwards by arbitrary factors (as indicated on the plots)

to avoid overlap. Scattering patterns were collected using a Xenocs Xeuss instrument.

A BCC structure has Miller indices, hkl, of 011, 002, 112, 013, 222, and 123, which relate to
g-ratios (a/g*) of V1, V2, V3, V5, V6 and V7, respectively. Whereas the Miller indices, hkl, of a
hexagonal structure are 010, 110, 020 and 120, which relate to g-ratios (g/q*) of V1, V3, V4,
and 7, respectively. Figure 6.13 demonstrates that although the phase separated structure
within the triblock films is not ordered enough to display sharp diffraction peaks relating to the
expected crystal structure reflections, there are broad diffuse peaks in the regions
corresponding to the location of the expected diffraction peaks. The distance, do11, between the
crystallographic planes, in a BCC structure, measured by SAXS can be used to calculate the
particle-particle distance, a (Appendix 16);% this can then be compared with the size measured

by AFM. The general equation used to relate d to a for a BCC structure is:

1 h?2+k?+1?
ST 6.1)
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A10sB7s0A10s has a BCC structure where doux is 273 A (Table 6.4) that converts to a
particle-particle distance of 334 A. This calculated value is similar to the value measured by
AFM (darm = 353 A, Table 6.4) and demonstrates the consistency between the two structural
characterisation methods used within this chapter. A similar calculation can be performed on
copolymers that have a hexagonal phase separation in the bulk (e.g., A10sBsooA10s). The
hexagonal structure of A10sBsooA10s has an inter-plane distance, doio, of 273 A, which converts
to a particle-particle distance of 315 A; again, this is similar to the measured distance (Table

6.4).

6.3.5 Structural characterisation of triblock copolymer films cast from agueous
dispersion

Films were also cast from aqueous dispersions of the copolymers in order to assess how the
solvent environment affects the phase separated structure in the film. SAXS and AFM were
again used in combination to investigate the bulk and surface phase separation of the hard and
soft phases within the triblock copolymers. The films were prepared by drop-casting the
20% wi/w triblock copolymer dispersions onto dry release film in a similar way to the previous
films cast from MEK. Transmission mode SAXS was used to investigate the size and structure
of the phase separation within the bulk of the film and SAXS patterns were collected for all the

triblock copolymer films (Figure 6.15).
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Figure 6.15. SAXS patterns of triblock copolymer films cast from a 20% w/w aqueous
dispersion (symbols), for (a) AssBioo-750As6, (D) A10sB1oo-750A108 and (c) Ai4oB1oo-750A140
samples. Some patterns are shifted upwards by arbitrary factors (as indicated on the plots) to

avoid overlap. Scattering patterns were collected using a Xenocs Xeuss instrument.

A primary intensity peak is observed in the SAXS patterns for all of the triblock films cast from
water demonstrating that there is a phase separation present in all the films. This was not the
case for the films cast from MEK, and A108B100 A10s, A140B100A140, and A140B150A140 had either
minimal or no phase separation - this suggests that an aqueous environment favours/facilitates
phase separation. The hydrophobic interactions of BA induce the formation of particles when
the triblock copolymer is in an aqueous environment (Figure 6.7) and the formation of these
particles induces microscopic phase separation within the dispersion. Therefore, when the
aqueous film is cast, there are already large regions of hard and soft blocks aggregated together
making it easy for large-scale phase separation to occur within the film. Conversely, in MEK
the triblock copolymers are dissolved and therefore do not phase separate in the solution phase
making it more difficult to induce phase separation within the film. Furthermore, the
evaporation of solvent during the drying process will cause both the dissolved chains and the
dispersed particles to lose mobility. However, due to the size and rigidity of the particles, these

systems will have substantially less mobility than the dissolved chains.
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As mentioned previously, the SAXS patterns of all the triblock copolymer films cast from water
demonstrate phase separation by the presence of a primary peak in intensity (q*), where the
position of this peak indicates the length scale of phase separation. A similar trend is observed
in the films cast from water (Table 6.5, Figure 6.15) as was seen in the films cast from MEK
(Table 6.4, Figure 6.13), where the size of the phase separation increases as the length of the
soft block or hard blocks, or the total triblock, is increased. Despite these similarities between
the water cast films and the solvent cast films, the general structure of the phase separation is
different is demonstrated by the difference in the shape of the scattering patterns (Figure 6.16).
Firstly, the primary peak for each of the triblock copolymers appears at a lower g-value when
cast from water rather than MEK. Therefore, the triblock copolymers generally phase separate
on a larger length-scale when cast from water. Furthermore, secondary and tertiary intensity
peaks are observed in a selection of the scattering patterns of the water-cast films. The presence
of these additional peaks suggests that the phase separation in the bulk of the film is more

uniform and better defined than the solvent-cast films.

203



Chapter 6. Solution and film behaviour of amphiphilic
triblock acrylate copolymers

10°

102

Water-cast

I(g), cm™

10°
Solvent-cast

TT=T-TTTTT] TTT-TTTTT]
0.01 0.1 1

g, A

Figure 6.16. SAXS patterns of A108Bso0A10s copolymer films cast from either a 20% wi/w
aqueous dispersion (blue symbols), or a 40% w/w solution in MEK (red symbols). Scattering

patterns were collected using a Xenocs Xeuss instrument.

In addition to the high intensity peaks present at low g-values, there are a number of peaks
present in the high q region that are a result of smaller, well-ordered structures within the film.
The solvent cast films had a peak present at q = 0.513 A that was a result of the packing of
PBA within the soft phases. However, the aqueous films possess two peaks in the high g region
that vary in intensity as the copolymer composition changes. Firstly, there is a peak at
q = 0.513 A similar to the solvent-cast films, which can therefore be attributed to the packing
of PBA within the soft phase. However, there is an additional peak at g = 0.276 A, which
corresponds to a length of 22 A and may be the result of the particulate shell structure formed
by the statistical A block proposed for the triblock copolymer particles (Figure 6.9). The
relative intensities of the two peaks vary with the copolymer composition, with the peak at
q = 0.513 A increasing in intensity as the length of the soft block increases while the peak at

q = 0.276 A becomes more prominent when there is a large hard block component, such as in
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A140B100A140 (Figure 6.15). These relative intensities further justify the cause of these structural

peaks.

Previous studies investigating the structure of similar diblock copolymer spherical micelle
films suggest that the spherical cores keep their shape as the film dries, whereas the corona
blocks coalesce to form a continuous matrix.!® This phenomenon will produce different
scattering patterns depending on how the particles stack upon drying. A well-ordered cubic
structure, such as body centred cubic and face centred cubic, would produce sharp diffraction
peaks relating to the crystallographic planes of the crystal structure. However, in this case the
peaks are broad and appear to be similar in shape to the scattering intensities produced by the
hard sphere structure factor describing interactions of close packed particles. Based upon this,
attempts were made to fit the SAXS models with a sphere form factor (Section 2.5.2) with an
integrated hard-sphere structure factor (Section 2.4.1). These attempts were successful for the
majority of the triblock films (AseB10o-300Ass, A108B100-300A108, and Ai40B100-300A140) and
support the observations made in other studies on similar systems throughout the literature
(Figure 6.17).57113 However, the additional features at low g-values are not accounted for
within this structural model and therefore are not included during the modelling process. The
results from this modelling indicate that the spherical domain size increases as the length of
the hydrophobic BA block increases; this observation is similar to the observation for the

triblock copolymer dispersions (Table 6.5).
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Figure 6.17. SAXS patterns of triblock copolymer films cast from a 20% w/w aqueous
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dispersion (symbols) fit with a sphere form factor with an integrated hard sphere structure
factor (black line), where (a) is A108B150A108, (b) 1S A108B200A108, and (C) is A10sB3ooA10s. The
black arrow indicated where there is a good correlation between the experimental scattering
pattern and the structural model and the red arrow indicates the region where there is deviation
from the model due to additional structures that have not been accounted for (e.g. the packing

of the BA chains). The scattering patterns were collected using a Xenocs Xeuss instrument.

Comparison between the modelled spherical domain radius within the triblock film and the
core radius of the particle in the aqueous dispersion showed that generally the domain size is
significantly smaller than the respective particle size (Table 6.5). Furthermore, the core domain
size appears to be dominated largely by the size of the BA block and is fairly independent of
the length of the hard block. For example, AssB3ooAss, A108B300A10s, and AiosBsooAa1ocs, have a
hydrophobic domain size of 54 A, 53 A and 58 A, respectively. This indicates the BA chains
within the core compress and the size of the domain reduces, as the water evaporates, to a size
that is related to the length of the BA block (Figure 6.18a). However, this reduction in domain
size is not observed for the triblock copolymers with the largest hard block length and a
relatively small BA block (i.e., A140B100-200A140). This suggests the BA chains within these
copolymers are already fairly compressed in the particulate state due to the large stabilising

block. Furthermore, it is only when the BA block becomes larger than the stabiliser block
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(A140B300A140) that a reduction in the domain size upon drying is observed. Similar reductions

have been observed previously in polymer latex films.®

Compression of
the BA domains

Deformation of
the spherical
particle upon

drying

Figure 6.18. Schematic that describes the formation of the kinetically trapped structure within
the water-cast films that occurs during the drying process, where, (a) describes the formation
of the packed soft sphere structure within a matrix of the hard phase where the BA domains
shrink during the drying process, and (b) describes the formation of an orientated elongated

structure that is formed by copolymers with a large soft block.

The triblock films that do not fit to this model are the copolymers that have a large BA
component i.e, AseBsooAss, AssB7s0Ass, A10sBsooAlcs, A10sB750A108, A140BsooAido, and
Au110B750A140. This suggests that the particles within the copolymer films arrange in a different
structure to the previously examined films. In a packed sphere system, there is a maximum
volume fraction (0.71) that can be filled by the spheres creating a residual volume not filled by
the spheres. In this case, the spheres are the soft particle cores and the residual volume is filled
by the hard matrix of AA and St. The copolymers that do not fit the close packed hard sphere
model all have a soft block volume fraction that is greater than 0.71. This means that the
spherical cores will distort during the drying process in order to reduce the residual volume and

therefore cannot be fit with the hard sphere model (Figure 6.18b).343%
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Table 6.5. Structural analysis by SAXS investigating the bulk phase separation within the
water-cast copolymer films, where g* is the position of the primary structural peak in the SAXS
pattern, d is the length scale of the phase separation, Rs is the mean radius of the spherical BA
domain within the film, os is the standard deviation of the mean spherical domain radius, Rpy
is the interdomain distance in the film matrix and the fpy is the effective volume fraction

corresponding to the hard sphere structure factor based on Percus-Yevick (PY) approximation.

Triblock g* (A d(A) Rs (A) as (A) Rey (A) fey
AsB100Ass 0.053 119 34 6 58 0.34
AssB150Ase 0.041 153 44 10 76 0.36
AseB200Ase 0.04 157 52 18 86 0.37
AsB300Ase 0.031 203 54 33 96 0.37
AseBs00Ase 0.024 262 - - - -
AseB750As6 0.023 273 - - - -

A108B100A108 0.053 119 30 4 51 0.22
A108B150A108 0.041 153 45 11 76 0.34
A108B200A108 0.030 209 50 19 96 0.31
A108B300A10s 0.029 217 53 27 116 0.29
A108Bso0A10s 0.019 331 - - - -
A108B750A108 0.015 419 - - - -
A140B100A140 0.067 94 22 1 43 0.11
A140B1s0A140 0.045 140 32 10 58 0.19
A140B200A140 0.036 175 45 13 78 0.27
A140B300A140 0.028 224 58 22 113 0.25
A140Bs00A140 0.019 331 - - - -
A140B750A140 - - - - - -
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AFM images were recorded of the aqueous-cast films to assess the surface structure (Figure
6.19). However, unlike the AFM images of the solvent-cast films there was little surface phase
separation observed in the images of the aqueous-cast films. The absence of a surface phase
separation is likely to be a result of the lack of freedom for the phases to rearrange themselves
upon drying and the soft hydrophobic block remains buried amongst the hard phase (Figure
6.18). These restrictions result in a single phase being present on the film surface and therefore
no surface phase separation can be observed using AFM (Figure 6.19). However, surface
structure is observed for some films and is thought to be caused by drying defects that create
an uneven film (AseBsooAse). Other more well-defined structures are observed in the images of
A108B200A108 and AiosBsooA1os, Where spherical soft regions (dark regions, Figure 6.19) are

seen in a matrix of the hard phase (light regions, Figure 6.19).
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Figure 6.18. AFM height images of triblock copolymer films cast from a 20% w/w aqueous

solution measured using ScanAsyst® PeakForce® tapping mode, where the copolymer labels

are shown on the respective images.
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The results gathered through SAXS and AFM demonstrate that the solvent environment from
which the copolymer film is cast plays a major role in the resultant structure within the film. It
is also clear that the film structure is strongly linked to how the copolymer behaves within the
solution phase. If the copolymer is fully dissolved within the solvent phase then the copolymer
will have the freedom to arrange into the most favourable and lowest energy structure.
Whereas, if the copolymers assemble in solution through solvophobic interactions then the
mobility of the copolymer chains is restricted and they are unable to rearrange into a favourable
conformation upon drying due to the high T of the stabiliser block and remain in a Kinetically

trapped state.

3.6 Structural characterisation of annealed triblock copolymer films cast from
aqgueous dispersion

The aqueous-cast films were thought to be in a kinetically trapped state due to the high T4 of
the stabiliser block preventing coalescence of the soft particle cores. Therefore, if the
temperature was raised above the Tq of the hard block (~120 °C) then the copolymer mobility
should increase, allowing rearrangement into a more thermodynamically stable conformation.
To test this hypothesis, in situ grazing incident SAXS (GISAXS, Section 2.2.5) was performed
on an aqueous-cast A10sBsooAios film while the film was annealed (Figure 6.20). In this
experiment an initial scattering pattern was acquired at ambient temperature (22 °C), following
this the triblock film was heated above the T4 of the hard block to 150 °C where frames were
collected every 60 seconds in order to monitor the change in structure during the annealing
process. The SAXS analysis shows that the structure present in the water-cast film at 22 °C
begins to rearrange when heated to 150 °C. A gradual change is observed and an equilibrated
structure is eventually reached after 30 minutes and the film is cooled back to ambient

temperature.

210



Chapter 6. Solution and film behaviour of amphiphilic
triblock acrylate copolymers

4 Cooled to

MM 22 Oc
\N d--:—h'-‘—-’ K
w ":::
e

150 °C

A 4

+«=22°C

Figure 6.20. Time-resolved GISAXS patterns collected for the A10sBsooA10s Water-cast film
during the annealing process at 150 °C. Scattering patterns were collected using a Xenocs

Xeuss instrument.

Since a change is observed in the structure of the water-cast film once the temperature is raised
above the Tq of both blocks, it is evident that the original structure was in a kinetically trapped
state and a more thermodynamically stable structure can only be achieved by annealing.
Additionally, the final SAXS pattern taken after the annealing process is almost identical to the
SAXS pattern collected for the solvent-cast film of the same triblock copolymer. This indicates
that the solvent cast film has achieved a more thermodynamically stable structure in ambient
conditions. This rearrangement of bulk structure has previously been reported by Chenal et al.
where they reported that the kinetically-trapped hard matrix structure undergoes inversion
when the film is annealed to form a structure where the hard domains are surrounded by a

continuous matrix of the soft component.'®* AFM images were taken from both the film before
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annealing (Figures 6.21a and 6.21b) and the annealed film (Figures 6.21c and 6.21d) and these
were compared with the images taken of the films cast from solvent in ambient conditions
(Figures 6.21e and 6.21f). These images demonstrate a clear change in the phase separated
structure once the water-cast film is annealed. The AFM images also demonstrate that the

structure of the annealed film is similar to the film cast from solvent in ambient conditions -

this is in agreement with the conclusions drawn from the SAXS investigation.

\"' \' “\'—‘_)
3\-0' .

Figure 6.21. AFM height images of triblock copolymer films measured using ScanAsyst®
PeakForce® tapping mode: (a) and (b) are images of AiosBsooA1os cast from a 20% w/w
aqueous solution recorded for 1ym x 1pym and Sum x Sum area respectively; (c) and (d) are
images of A10sBsooA10s cast from a 20% w/w aqueous solution and annealed for 30 minutes at
150 °C recorded for 1um x 1pm and Spm x Sum area, respectively; and (e) and (f) are images
of AiosBsooAros cast from a 40% w/w solution in MEK recorded for Ipm x lum and

Sum X Spum area, respectively.

Both SAXS and AFM are in good agreement with each other, and have demonstrated the

structural differences in the films cast from different solvent environments and how the
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copolymer properties affect the phase separation within the films. When the triblock copolymer
is fully dissolved in the solution phase the triblock copolymer has a large amount of mobility
that is not restricted by unfavourable interactions with the solvent. This mobility allows the
copolymer to arrange into a lower energy structure as the solvent evaporates and a film is
formed. However, when the selected solvent is not compatible with one of the copolymer
blocks then the triblock copolymers aggregate together to form particles to avoid any
unfavourable solvent interactions. As a result, the copolymers have a restricted mobility and
cannot rearrange into a thermodynamically stable structure as the solvent evaporates and so
remains kinetically trapped. Annealing the aqueous film above the Ty of the hard block,
provides mobility to the copolymer chains allowing them to rearrange into a lower energy
structure. However, annealing the film does not provide as much mobility as solvation by

MEK, hence why the annealed film appears less well defined by AFM (Figure 6.21).

6.3.7 Mechanical characterisation of the triblock copolymer films

As film structure is likely to have a significant impact on the mechanical properties of films,
the mechanical properties of water-cast films and solvent-cast films were investigated. Triblock
films were cast in plastic moulds and left to dry under ambient conditions for one week. The
films were then removed from the moulds and cut into strips with a width of 7 mm and the
thicknesses of these films were individually measured using a micrometer. All of the films cast
from the triblock in MEK were very uniform and showed no signs of de-wetting from the
substrate or bubbles within the film. However, the aqueous films showed large amounts of
de-wetting from the plastic mould and bubbles would form during the drying process; these
two factors made it hard to achieve uniform films in all cases. The de-wetting observed is likely

to be due to incompatibilities between the water and the substrate, 3" whereas, the formation
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and stabilisation of bubbles within the aqueous dispersions is a result of the amphiphilic nature

of the copolymers and their ability to behave like surfactants.®

Since the length of the soft and hard blocks were varied across all 18 triblock copolymers
(Figure 6.2), a range of film properties were achieved. However, some films were either too
brittle or too soft to be analysed. For the solvent cast films, the mechanical tests clearly indicate
that increasing the length of the soft block systematically increases the flexibility of the film
(higher extension-to-break and lower modulus, Table 6.6 and Figure 6.22a) and increasing the
length of the hard block increases the film strength (higher modulus, lower extension-to-break,
Table 6.6 and Figure 6.22a). This behaviour is intuitive since it is well known that, at a fixed
temperature, polymers become more pliable by lowering their T¢s.® Therefore, by introducing
a larger soft component to the copolymer, the triblock copolymer film is becoming more
amorphous. Furthermore, the hard segments within the triblock copolymer film will aggregate
together to form glassy regions (as shown by SAXS and AFM) that act as cross-linking points
across the film. Therefore, increasing the length of the hard block increases the size of the
glassy regions and consequently increases the strength of the crosslinking and the toughness of

the triblock film.
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Table 6.6. Tensile extension results where A indicates that the triblock film was too brittle to

test and @ indicates that the film was too soft to test.

Solvent Aqueous

Extension-to- Extension-to-

Triblock Modulus (MPa) break (%) Modulus (MPa) break (%)
AsB100Ass A A A A
AseBi1s0Ass 83.7 £ 16.6 85.2+34.9 A A
AsB200Ass 35.6+9.2 99.5+39.4 89.8+314 17.3+£6.9
AssB300As6 0.45+0.13 206.1 +£40.2 63.3+9.0 265+4.1
As6Bs00Ass ° ° 116.9 £ 20.1 171+ 4.6
AsB750As6 ° ° ° °

A108B100A10s A A A A
A108B1s0A108 A A A A
A108B200A108 A A A A
A10sB300A10s 171.7+ 34.6 13.3+3.7 238.3+45.9 105+54
A108Bs00A108 1.19+0.21 176.8 + 20.9 123.2+11.1 94+1.0
A108B750A108 ° ° ° °
A140B100A140 A A A A
Ai140B150A140 A A A A
A140B200A140 A A A A
A140B300A140 259.4 +102.8 104 +4.6 A A
A140Bs00A140 89.8 +23.3 27.8+10.9 254.5 +180.5 11.2+9.6
A140B750A140 ° ° 188.1 +50.5 145+6.1

Although the film properties are largely dictated by the copolymer composition and design, the
solvent environment also has a significant effect on the film behaviour. The mechanical tests

indicate that a triblock copolymer film cast from water produces a harder film (higher modulus)
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than the same copolymer cast from MEK (Table 6.6 and Figure 6.22b). This is likely to be a
result of the phase separated structure within the film and the respective location of the hard
and soft blocks. Casting the copolymer from water produces a Kinetically trapped
phase-separated structure where the hard-block forms a continuous matrix. Whereas, when the
copolymers are allowed to reach thermodynamic phase-separation the continuous phase is
often the soft block. The variations between the structure results in the difference in mechanical

properties clearly demonstrating the importance of solvent environment.

() *1(b)
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Figure 6.22. The tensile extension traces for triblock copolymer films, where (a) demonstrates
the effect increasing the length of the soft block, and (b) demonstrates the effect of changing

the solvent environment from which the AseB200Ass copolymer film is cast.
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6.4 Conclusions

Three poly(acrylic acid-stat-styrene), P(AA-st-St), macro-CTAs, of different DPs (112, 216,
and 280) but similar monomer ratios (42:58, AA:St), were synthesised by RAFT solution
polymerisation in MEK using a bifunctional, symmetrical RAFT agent. These were then
extended with butyl acrylate, BA, to form a soft middle block resulting in ABA triblock
copolymers. 18 triblock copolymers were synthesised in total where the DP of the soft block
was varied (100, 150, 200, 300, 500 and 750). Molecular weight analysis demonstrated that the

macro-CTAs were extended with high blocking efficiency and all had Mw/M, < 1.5.

The solution structures of the copolymers were determined in both MEK and water using
SAXS. SAXS analysis showed that the solubility of the amphiphilic copolymers varied in MEK
as the copolymer composition varied. However, all the copolymers were dissolved in MEK
and did not assemble into particles. In water, the copolymers self-assembled into spherical
particles. Additionally, the amphiphilic nature of the P(AA-st-St) stabiliser blocks resulted in
small, folded structures on the particle surface to reduce any unfavourable interactions. The
size of these particles was modelled using SAXS and it was found that the particle size
increased as the length of the hydrophobic soft block increased, as is expected for

self-assembled block copolymers.

Triblock copolymer films were cast from solvent and water and investigated using AFM and
SAXS in order to observe the effects of block length and solvent environment on the film
structure. SAXS analysis of the solvent cast films demonstrated that the length scale of the
phase separation increased as the length of the soft block increased. Additionally, the length
scale of the phase separation increased as both the hard block length and the overall triblock
length is increased. Unfortunately, the bulk film structure was not well-defined enough that

any further information about the phase-separation could be gained from SAXS. However, an
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additional peak at g = 0.513 A™* was observed and was found to be a result of elongated
chain-chain packing of BA within the soft phase. AFM found that the surface structure of the
solvent cast films was highly dependent on the ratio of the hard and soft components. When
there were significantly higher amounts of the soft block in the copolymer the soft component
would form the continuous phase and vice versa. Furthermore, the morphological transitions
observed by AFM agreed with the well-known behaviour of diblock copolymers, where the
morphology changes from gyroid, to cylinders, to spheres as the volume fraction of the soft
phase increases. SAXS analysis of the water cast films again demonstrated that the length scale
of the phase separation increased when the lengths of the individual blocks were increased.
However, the structure of the phase separation within copolymer films was dominated by the
particulate structure in the aqueous solution phase forming a close packed sphere-like structure.
It was hypothesised that these structures were Kinetically trapped due to the restricted
movement of the blocks in the particulate structure. This hypothesis was tested by annealing a
film above the T4 of the hard block and monitoring the change in structure by time-resolved
GISAXS. This experiment found that once the aqueous cast film was annealed at 150 °C for
30 minutes the film structure became similar to the solvent cast film, indicating firstly that the
structure observed in the aqueous film was kinetically trapped, and secondly, that the structure

observed in the solvent cast films is the thermodynamically stable structure.

Finally, the mechanical properties of the films were assessed and it was found that in the solvent
cast films the ratio of soft block to hard block was very important in terms of the film properties.
If there was a high level of hard block the films would have a high modulus and a low
extension-to-break, whereas, when the level of soft block was increased the modulus was
reduced and the extension-to-break would increase. However, the films cast from water didn’t
show such an obvious trend and the tested triblock films showed similar behaviours. These

similarities between the aqueous films is likely due to the films having a similar structural
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morphology formed by copolymer block phase separation upon drying. Additionally, the
aqueous cast copolymers produced films with a higher modulus and a lower extension-to-break
than the solvent cast films. This is caused by the differences in structure between the two
systems, where the continuous phase in the case of the aqueous cast films in always the
hard-block and therefore produces a harder film. This work has demonstrated that the solution
behaviour of block copolymers has a direct effect on the film structure and the resulting

mechanical properties.
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Chapter 7.

Conclusions and future work

In this thesis a range of amphiphilic copolymers have been synthesised by RAFT solution
polymerisation and their self-assembly behaviour in agueous media has been investigated using
SAXS. In addition, a study of triblock copolymer self-assembly in bulk, as the most interesting
case for industrial application, has been performed. Self-assembly in a solution has been
induced in all cases using a “solvent switch” method, which involves first dissolving the
copolymer in a suitably good solvent (IPA) and diluting the solution slowly with water. The
addition of water creates an unfavourable environment for the hydrophobic component of the
copolymers, which causes them to aggregate into nano-scale morphologies. At this step a base
(TEA or NH3) was also added to the dispersions during the “solvent-switch” in order to provide

additional colloidal stabilisation for the acidic polymers.

Firstly, the effect of copolymer composition, molecular weight, and molecular weight
distribution on the self-assembly of P(BMA-stat-MAA) copolymers was assessed. Copolymers
were synthesised in a range of molar compositions (between 77:23 and 93:7 BMA/MAA) and
with a variety of copolymer molecular weights (6 — 22 kDa). Two different synthesis methods
were employed in order to vary the molecular weight distribution; RAFT solution
copolymerisation and conventional free radical polymerisation. The statistical copolymers
synthesised by RAFT had low dispersity (Mw/Mn~ 1.2) but were found to have a short BMA-
rich block towards the end of each copolymer chain due to a reduction in the rate of conversion
of MAA towards the end of the polymerisation. Conversely, the copolymers synthesised using

conventional FRP had higher dispersities (Mw/Ms ~ 1.9) and a fully statistical distribution of
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the two different monomers along the copolymer backbone. The sizes of the statistical
copolymer self-assemblies were assessed using SAXS and TEM. It was found that all the
copolymers self-assembled to form well-defined spherical particles at 1% w/w in aqueous
media. Importantly, copolymer particle size was found to be independent of both molecular
weight and the molecular weight distribution of the copolymer and instead was found to be
highly dependent on the copolymer composition with copolymers containing larger mole
fractions of MAA aggregated to form smaller particles, whereas larger particles were formed
by copolymers with smaller mole fractions of MAA. This behaviour was rationalised in terms
of particle surface charge density, where the copolymers aggregate together in order to induce
a critical surface charge density that allows colloidal stability to be achieved. The critical
surface charge density was quantified as the fraction of the particle surface covered by the
charged monomer (MAA), known as SAsacmaa. A particle structural model has been
developed where it was assumed that (i) the copolymer particles were perfectly spherical and
(ii) that all the charged groups were located on the particle surface. This model fits reasonably
well for the RAFT synthesised copolymers between a narrow range of SAfracmaa (0.2 — 0.4),

justifying the assumptions that were made.

The versatility of the particle structural model was examined further by investigating the self-
assembly of statistical copolymers as a function of hydrophobicity, in addition to copolymer
composition. This involved synthesising a range of P(AMA-stat-MAA) copolymers, where the
hydrophobic component (AMA) was systematically varied by increasing the alkyl chain length
of the methacrylate monomer (MMA, EMA, BMA, HMA, EHMA). As the alkyl chain length
increased, the hydrophobicity of the repeat units increased, creating a systematic
hydrophobicity variation. The same compositional dependence on copolymer particle size was
observed, where the copolymers with larger mole fractions of MAA aggregated together to

form smaller particles and vice versa. However, this study revealed that the hydrophobicity of
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the hydrophobic component had a large effect on particle size, where copolymers with more
hydrophobic moieties formed larger particles. These copolymer systems were fit with particle
structural model. It was found that all the copolymer series fitted well to the the structural
model enabling a SAfac.maa to be calculated for each copolymer series. SAgrac.maa Was found
to increase as the hydrophobicity of the hydrophobic component increased. Additionally, a
linear trend between the logP (a quantity often used to quantify hydrophobicity/hydrophilicity)
of the hydrophobic component and the SAfrac. maa required to induce stabilisation of the particle
dispersion was observed. This relationship can be used to predict the statistical copolymer
particle size on the basis of hydrophobicity and copolymer composition, making it a practical

tool for particle design.

Although this work has demonstrated that the charge density model is robust to changes in the
hydrophobic monomer, further studies are required to determine the universality of this model.
Firstly, a copolymer system containing only acrylic monomers should be investigated to allow
the effect of lowering the overall T4 of the copolymer to be examined. Additionally, monomers
with inherent crystallinity, such as behenyl methacrylate, could be introduced and studied to
see whether crystallisation within the particle core influences the copolymer self-assembly and
particle size. Furthermore, to fully understand the self-assembly of statistical copolymers, the
effect of varying the hydrophilic component must be investigated. Therefore, the effect of using
a cationic, zwitterionic, or neutral hydrophilic monomer in place of methacrylic acid should be
assessed. Examination of this predictive self-assembly behaviour using different monomers to

synthesise the copolymer nanoparticles increases the potential application for this technology.

As demonstrated, particle size is principally independent of molecular weight for statistical
copolymer assemblies. In contrast, the sizes of block copolymer particles in water are largely
determined by the respective DPs of the hydrophobic and hydrophilic blocks. Therefore, the

effect of hydrophile/hydrophobe distribution on particle size and copolymer self-assembly was
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examined. A series of “pseudo-gradient” P[MAA-b-(MAA-stat-BMA)] copolymers were
synthesised, where the respective block lengths and the copolymer composition of the
statistical block were varied. An overall copolymer molar composition of BMA:MAA 70:30
was maintained. These copolymer aqueous dispersions were studied using SAXS and TEM. It
was found that all the copolymers aggregated to form spherical particles where the particle size
was largely dependent on the distribution of hydrophile/hydrophobe along the copolymer
backbone. Blockier copolymer structures produced larger particles than those with a more
statistical distribution of the two different monomers. Interestingly, these “pseudo-gradient”
copolymers appear to follow a similar self-assembly behaviour as the previously examined
statistical copolymers (chapters 3 and 4) up to a DP of 43 for the stabiliser PMAA block. This
suggests that that, despite the large stabiliser block, the particle size is largely determined by
the copolymer composition of the statistical block. However, it is currently unknown how
molecular weight affects the self-assembly behaviour of these intermediate pseudo-gradient
copolymer structures. Therefore, this work should be further expanded to fully understand the
how molecular weight effects the particle size of pseudo-gradient copolymer dispersions. This
will allow the specific monomer distribution needed to induce a switch from a statistically-
dominated regime, where particle size is molecular weight independent, to a block copolymer
regime, where the particle size is dependent on molecular weight. This work would involve
expanding the current range of copolymers investigated by varying the copolymer molecular
weight. This would allow the monomer distributions where the particle size is independent of

molecular weight (i.e., statistical behaviour) to be determined, and vice versa.

As mentioned previously, amphiphilic copolymers are used in a variety of industrial
applications; one of these is in paints and coatings. There is a large drive within the paints and
coatings industry to replace VOCs used within paint formulations for more environmentally

friendly alternatives such as water.'* However, maintaining the high-performance properties
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possessed by solvent-borne paints, i.e., water-resistance, film toughness, viscosity and long
open times has proven to be a challenge. Therefore, it is important to formulate potential
copolymer systems in both aqueous and solvent-borne environments and investigate properties
of the films they form. Here, a large library of P[(AA-stat-St)-b-BA-b-(AA-stat-St)] ABA
triblock copolymers were synthesised, where the DPs of the individual hard and soft blocks
were varied. These copolymers were designed to utilise important properties from both
statistical and block copolymers. Firstly, a statistical block that incorporates a hydrophobic
monomer (St) as well as a hydrophilic monomer (AA) improves the water resistance of the
coating when the copolymer film is formed. Secondly, using copolymer blocks with varying
Tgs induces phase separation within the copolymer film. This phase separation is known to
have positive effects on the mechanical properties of the films.>® Additionally, using a triblock
architecture introduces more covalent links between the phase separated domians,
consequently increasing the strength of the copolymer film. The solution behaviour of the
copolymers in MEK and water was assessed using SAXS. It was found that the triblock
copolymers aggregated through hydrophobic interactions to form spherical particles in water.
However, in MEK the copolymers did not aggregate and coexisted as dissolved chains. Films
of the triblock copolymers were cast from both solvent environments, and the structural phase
separation in the films was studied using a combination of SAXS and AFM. It was found that
the copolymer films cast from MEK were able to phase separate into well-defined structures.
The size and morphology of the phase separation was dependent on the block length and hard-
to-soft block ratio, respectively. Furthermore, these morphological transformations where
consistent with theoretical predictions made for the self-assembly of diblock copolymers in the
bulk state. Conversely, the water-cast films partially retained the particulate structure present
in solution, producing kinetically-trapped phase separated structures. The films cast from MEK

and water had vastly different mechanical properties owing to the differences in internal
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structure. These findings demonstrate the importance of solvent choice in the film forming
process and how the copolymer solution behaviour can directly affect the film structure.
Finally, in situ GISAXS was utilised to observe the structural changes which occured during
the annealing of a water-cast film at 150 °C. It was found that the kinetically trapped structure
of the water-cast films were able to rearrange into the thermodynamic structure observed in the
MEK-cast films since the film was heated above the Tq of the hard segment. Although the clear
effects of copolymer design and solvent environment have been demonstrated, these systems
need to be adapted further in order to produce a high performing functional copolymer film

cast from water.

The work in this thesis has demonstrated that amphiphilic statistical copolymers readily self-
assemble into well-defined spherical particles, where the particle size can easily be controlled
by the copolymer composition and hydrophobicity. Therefore, these systems can offer a
cheaper and more industrially viable alternative to block copolymer particles in many industrial
applications. Furthermore, the work presented here could be used to investigate how simple
statistical copolymers can be used as biomolecule mimics by controlling the copolymer
molecular weight, composition, and chemical properties. The charge density model mentioned
previously can be utilised effectively to predict the copolymer molecular weight needed to
achieve single chain nanoparticles (SCNP). The effect of copolymer molecular weight,
composition, and chemical properties on the tertiary and internal structures formed by single-
chain folding of statistical copolymers should be investigated. By mapping out these effects on
a simple copolymer system, a greater understanding of the factors involved in the assembly of
both synthetic and biological single-chain nanoparticles could be gained. This would allow
bespoke single-chain nanoparticles targeting a particular functional properties to be

synthesised. These simple and industrially relevant single-chain nanoparticles could be utilised
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for functional processes such as catalysis, energy storage, biomedical applications and water

purification.’1°
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Chapter 8.

Appendices

Appendix 1. Summary of reagent quantities required in the synthesis of the statistical

copolymers in chapter 3.

MAA /g BMA/ g PETTC/g ACVAIg IPA/g
BM 7723226 2.4728 9.5272 0.1356 0.0224 486
BM 77235k 2.4728 9.5272 0.2712 0.0448 49.3
BM 77230k 2.4728 9.5272 0.4067 0.0672 49.9
BM 772355 2.4728 9.5272 0.8135 0.1343 51.8
BMas:15022%) 15780 10.4220 0.1354 0.224 486
BMes:15sk) 15780 10.4220 0.2708 0.0447 49.3
BMes:1510k) 15780 10.4220 0.4098 0.0677 49.9
BMes:15(sk) 15780 10.4220 0.8197 0.1353 51.8
BMos7226 0.7566 11.2434 0.1358 0.0224 48.6
BMoa:7(1sk) 0.7566 11.2434 0.2715 0.0448 49.3
BMos7(10k) 0.7566 11.2434 0.4092 0.0676 49.9
BMos7(sk) 0.7566 11.2434 0.8297 0.1370 51.8
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Appendix 2. Kinetics of polymerisation of BMA and MAA monomers. (a) monomer

conversion as determined by 1H NMR spectroscopy and (b) pseudo-first order kinetic plots.

The conversion rate of monomer to polymer at the beginning of the polymerization is similar

for both BMA and MAA,; however, the total conversion is 93 mol% and 65 mol%, respectively.
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Appendix 3. Bubble graph of zero shear viscosity against copolymer concentration and the
volume fraction of IPA in the solvent (vipa) measured for BMss:1522k) copolymer samples. A
viscosity peak observed in the graph is indicated by the blue-colored region, and the region of

unachievable sample formulations is marked with the dashed triangle.
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Appendix 4. SAXS patterns of 1 wt% aqueous solutions of BMgs:15221) (Symbols) with
different concentrations of background electrolyte (NaCl). The Bruker AXS Nanostar
instrument was used for the measurements. Some patterns are shifted upward by a factor

indicated on the plots to avoid overlap. The SAXS data are fitted with a simple sphere model.
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Appendix 5. Electrophoretic data of 0.25 wt% copolymer aqueous dispersions with a

background electrolyte (KCI, 0.75 mol/m®) collected using a Malvern Zetasizer Nano ZS

instrument.
L abel Polymer Radius  Mobility Zeta potential ~ Apparent
Conc (wt%) (nm) (pmcm/Vs) [Henry] (mV)  charge (Q)

BM77:23(22k) 0.25 4.2 -2.999 -62.75 -20
BMss:15(22k) 0.25 5.2 -2.520 -52.52 -22
BMss:15(10k) 0.25 5.3 -3.639 -77.73 -34
BMss:15(s5k) 0.25 55 -3.730 -715.77 -35
BMos:7(22) 0.25 8.5 -3.767 -77.56 -65
BMao3:7(15k) 0.25 8.3 -4.144 -85.40 -69
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Appendix 6. Monomer conversion versus time for the polymerization of MAA with alkyl
methacrylates: (a) MMA, (b) EMA, (c) BMA, (d) HMA and (e) EHMA. All polymerizations
were performed at 50 wt% monomer in IPA except the BMA/MAA copolymerisations which

were performed in dioxane. The monomer conversions were determined by 'H NMR

Spectroscopy.
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Appendix 7. *H NMR spectra of the product of two different alkylation techniques performed
on BMegsis where (a) is the product of benzylation (P[butyl methacrylate-stat-benzyl
methacrylate]) and (b) is the product of methylation (P[butyl methacrylate-stat-methyl

methacrylate]).
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Appendix 8. Electrophoretic data of 0.1 wt% EHM copolymer aqueous dispersions with a

background electrolyte (KCI, 0.9 mol/m®) collected using a Malvern Zetasizer Nano ZS

instrument demonstrating that the particles formed by these copolymers are anionic.
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Appendix 9. SAXS patterns recorded for 1.0 wt% aqueous dispersions of the statistical

copolymer particles (symbols) fitted using a refined spherical particle model (dashed lines)

comparing the size of the particles formed by copolymers with different molar composition of

MAA, where (a) is the MM series (excluding the patterns fit with the spheroid model), (b) is
the EM series (excluding the patterns fit with the spheroid model), (c) is the BM series, and (d)

is the HM series. Some patterns are shifted upwards by arbitrary factors, indicated on the plots,

to avoid overlap. Either a Bruker AXS Nanostar instrument or a Xenocs Xeuss instrument were

used to perform these SAXS measurements.
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Appendix 10. Images of the unstable copolymer compositions that have precipitated during the

solvent switch process to form particles in water, where (a) is BM9010 and (b) is EHM8020.

EHM8020
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Appendix 11. SAXS pattern recorded for a 1.0 wt% aqueous dispersion of MMseoso copolymer
particles (symbols) fitted using the spheroid model with an incorporated aspect ratio (dotted
line) to extract a particle size. Additionally, a unified parametrization was incorporated in the
fitting model (solid line) to account for the upturn at low g-values caused by particle

aggregation. A Bruker AXS Nanostar instrument was used for these measurements.
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Appendix 12. Structural characteristics of 2.0 wt% dispersions of BMsgo2o obtained from
simultaneous fitting of SANS patterns using the core-shell model: mean particle core radius
(Reore), standard deviation of the mean particle core radius (orcore), the shell thickness (Ar), the
scattering length density of the H20:D>O mixture (&), the scattering length density of the

particle core (&core), and the scattering length density of the particle shell (Eshen).

H.0:D,0 fsolb Ceore Cshell

Recore (A) ORcore (A) Ar (A)a
(v:v) (x10%° cm?)  (x10'° cm) (x10%° cm?)
100:0 35 10 4.95 -0.56 0.625 0.685
83.5:16.5 35 10 4.95 0.58 0.625 0.685
40:60 35 10 4.95 3.58 0.625 0.685
0:100 35 10 4.95 6.33 0.625 0.685

2the shell is fixed at the thickness or 1 MAA unit, ° the SLD of the solvent is known and is

therefore fixed during the fitting
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Appendix 13. A graphical depiction of how the linear relationship between SAfrac.maa and logP
and the PSC model was used as a predictive tool to formulate a structural trend for the HM
series, where (a) shows the linear relationship between logP and the SAfrac.maa, and (b) shows
the predicted size against copolymer composition (red dashed line), the experimental size data
against the measured copolymer composition (symbols), and the structural model fit to the

experimental data (black solid line) which outputs a value for SAfrac.maA.
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Appendix 14. Summary of reagent quantities required in the synthesis of the triblock

copolymers in chapter 6.

Triblock Macro-CTA (g) BA(Q) AIBN (g) MEK (g)
AsB100Ass 4.36 5.50 0.0141 18.3
AseBi1s0Ass 3.43 6.50 0.0110 18.5
As6B200As6 2.97 7.50 0.0096 19.5
AseB300Ass 2.25 8.50 0.0070 20.0
AseBsooAse 1.43 9.00 0.0046 194
AseB750As6 1.00 9.50 0.0033 19.5
A108B100A108 7.54 5.00 0.0130 23.3
Ai0sB1s0A10s 6.03 6.00 0.0100 22.4
A108B200A108 5.28 7.00 0.0090 22.8
A108B3ooA1cs 4.02 8.00 0.0070 22.3
A108Bs00A10s 2.71 9.00 0.0050 21.8
Ai108B750A108 2.01 10.00 0.0030 22.3
A140B100A140 8.76 4.50 0.0120 24.7
A140B1s0A140 7.14 5.50 0.0090 235
A140B200A140 6.33 6.50 0.0080 23.8
A140B300A140 4.87 7.50 0.0060 23.0
A140Bs00A140 351 9.00 0.0050 23.2
A140B750A140 2.60 10.00 0.0030 234
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Appendix 15. AFM height image of an example triblock copolymer film (A140B750B140) cast

from a 40% w/w solution in MEK measured using ScanAsyst® PeakForce® tapping mode

(lighter colour = higher structure relating to the hard phase, and vice versa), where the arrow

demonstrates the measured distance and the cartoon below demonstrates how darm IS

calculated.
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Appendix 16. A cartoon depiction of a BCC crystal structure, firstly showing the distances

between the crystallographic planes, do11, and secondly the distance between particles, a.
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