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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.5 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, H2O 

or HCl. 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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classifications to reflect the polymerisation mechanism and the two categories became step 

polymerisations and chain polymerisation.5   

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).16 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 H2O 

during the polymerisation, whereas a polyaddition takes place without the loss of any 

molecules (Figure 1.2).    

 

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

of a polyaddition step polymerisation.5  

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.5 The 

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

1.3.2.1 Ionic polymerisation 

Ionic 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 H2O. If the chains are not terminated, they will 

grow until all the monomer has been consumed.5,13 Cationic polymerisation is often used in the 

production of polyisobutylene, which is used to make innertubes.17   
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Although NMP is a popular and successful method of polymerisation for specific types of 

polymers, such a polystyrene,36 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,30 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 199537; it was also discovered in the 

same year by Sawamoto.38 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 1.6.31  

 

Figure 1.6. General mechanism for transition metal-catalysed ATRP, where Mt
nY/ligand is the 

transition metal complex (Y may be another ligand or counterion), M-X is a dormant halogen 

species, M1 is an unreacted monomer unit, and ka, kd, kp, and kt, are the rates of activation, 

deactivation, polymerisation, and termination, 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.43 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).5 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 1.9c) 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.16,44 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.45 

Since the chemically different repeat units are segregated, block copolymers can incorporate 

distinct properties of the two monomer blocks.  
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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),46 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.46 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 Mn and Mw (eqs 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.  

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. 



 Chapter 1. General Introduction 

18 
 

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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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.83 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.84   

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.85 Amphiphilic copolymers are of 

great interest in scientific research and are used as functional materials in paints, coatings, 

cosmetics, and drug delivery.86 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 1962.72 However, in 1983, Noolandi and Hong constructed a simple 

model for AB diblock copolymer micelles in solution.87 The model assumed spherical micelles 

with a completely homogeneous core formed by the insoluble B block, with a uniform shell 
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2.2.12 Differential scanning calorimetry (DSC) 

40% w/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.8,9 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-1 to 0.1 rad s-1, 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-1. Thus, this region of the rheological data was used to obtain zero 
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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.31 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/Mn) 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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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 stabili se 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 BM93:7(10k) or 

BM93:7(5k), 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. 

 

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 (BM85:15) 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) 

BM77:23(22k); (b) BM85:15(22k); and (c) BM93:7(22k). 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,43 reducing the effective anionic charge 

density on the surface of the nano-objects. Furthermore, larger, more solvated (i.e., higher xsol) 

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 Å-1, 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.  

 

Figure 3.5. (a) SAXS patterns recorded for 1.0% w/w BM85:15(22k) 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 

wt% BM85:15(22k) 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 q-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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Figure 3.6. SAXS patterns recorded at 10, 20, 25 and 30% w/w copolymer dispersions (see 

symbols) for (a) BM77:23(22k), (b) BM85:15(22k) and (c) BM93:7(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 (xsol) 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, suggests a 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, xsol 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 xsol values suggest that the fitting algorithm 

artificially lowers the particle scattering contribution by reducing the (1 - xsol) 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 q. 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 q (~ 0.002 Å-1), which suggests 

that their dimensions exceed 3000 Å. 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 xsol 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. 

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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(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 (BM85:15(22k), 

BM85:15(15k), BM85:15(10k), and BM85:15(5k)); (b) copolymer dispersions of the same molecular 

weight but differing copolymer composition [BM77:23(22k), BM85:15(22k), and BM93:7(22k)]. 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 BM77:23(22k) 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 

3.6c), which shows that BM93:7(22k) 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,44 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) theory45 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 

stability46 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:  









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

104 
 

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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Scheme 4.1. RAFT solution polymerization of MAA with either EHMA, HMA, BMA, EMA, 

or MMA to form P(EHMAy-stat-MAA x), P(HMAy-stat-MAA x), P(BMAy-stat-MAA x), 

P(EMAy-stat-MAA x) and P(MMAy-stat-MAA x), 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 
name 

Composition (AMA:MAA) a GPCb 
Targeted  Actual  Mn / kDa Mw / kDa Mw/Mn 

MMA  

MM 6040 60:40 62:38 21.5 30.4 1.42 
MM 7030 70:30 71:29 28.0 39.8 1.42 
MM 8020 80:20 81:19 25.6 31.0 1.21 
MM 8812 88:12 88:12 27.3 32.8 1.19 
MM 9010 90:10 90:10 23.6 29.6 1.25 
MM 9505 95:05 95:05 23.1 28.7 1.24 
MM 9802 98:02 97:03 21.7 26.8 1.24 

EMA 

EM6040 60:40 60:40 33.5 44.4 1.33 
EM7030 70:30 70:30 33.0 42.8 1.30 
EM8020 80:20 80:20 27.3 33.2 1.22 
EM8119 81:19 81:19 30.7 38.3 1.25 
EM8416 84:16 84:16 22.6 28.8 1.27 
EM8614 86:14 86:14 24.1 30.1 1.25 
EM9010 90:10 90:10 26.2 32.5 1.24 

BMA 

BM6040 60:40 61:39 37.9 44.6 1.18 
BM7030 70:30 71:29 36.4 45.4 1.25 
BM7525 75:25 76:24 35.2 44.9 1.28 
BM8020 80:20 80:20 39.0 48.8 1.25 
BM8515 85:15 86:14 33.6 40.6 1.21 
BM9010

c 90:10 90:10 27.1 30.1 1.11 

HMA 

HM5050 50:50 49:51 28.6 34.4 1.20 
HM6040 60:40 61:39 28.3 33.6 1.19 
HM7030 70:30 68:32 31.1 37.2 1.19 
HM8020 80:20 76:24 33.5 40.1 1.20 

EHMA 

EHM3070 30:70 31:69 34.7 57.9 1.66 
EHM4060 40:60 41:59 37.0 48.8 1.31 
EHM5050 50:50 49:51 37.5 47.3 1.26 
EHM6040 60:40 61:39 40.8 54.7 1.34 
EHM7030 70:30 71:29 25.5 32.6 1.28 
EHM8020

 c 80:20 80:20 29.8 33.0 1.11 
a Copolymer composition data obtained from 1H NMR analysis of either methylated 
copolymers [P(AMA-stat-MMA)] or benzylated copolymers [P(AMA-stat-BzMA)].  b 

Copolymers analysed in THF containing 4.0% v/v acetic acid against a series of PMMA 
standards. c Did not form stable colloidal dispersions at pH 9. 
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Final copolymer compositions were determined by 1H 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 (BM8515, 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 Mw 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.26,27 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 

Aqueous 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% w/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 3.26 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 (eqs 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 q, 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.26,28,29 Thus, an appropriate structure factor was 

incorporated into the intensity function (eqs 2.1, 2.3 or 2.4) in order to account for these long-

range interparticle interactions. In chapter 3, Percus-Yevick30,31 and Hayter-Penfold32 

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,26 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 BM9010 and 

the EHM8020 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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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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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 observations26 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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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% w/w. Following this, the solution was slowly diluted to 1% w/w by 

sequential additions of water. 

 

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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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).  

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). 1H 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 Mw was found 

to be fairly consistent across the entire series. Furthermore, the copolymers all have an 

Mw/Mn < 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 d 

Copolymer DP of initial 
MAA block a    

Composition 
(BMA:MAA)  c Mn (kDa) Mw (kDa) Mw/Mn 

S1 - 70:30 36.4 45.4 1.25 

G1 9 72:28 29.6 34.7 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 

B1 69b 70:30 23.1 26.7 1.16 

a DP of initial PMAA block calculated for the pseudo-gradient copolymers using the PMAA kinetic 
data and the monomer conversion. b DP calculated from 1H NMR spectrum of the PMAA macro-CTA. 
c Composition data obtained from 1H NMR analysis of methylated copolymers [P(BMA-MMA)].  d 

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% w/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, Rh, 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 Rh is considerably larger. In this case, the unrealistically 

large Rh 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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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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Table 5.3. Calculation of the MAA fraction that is utilised for electrostatic stabilisation, where 

Rs is the particle core radius, tSAMAA,p is the total surface area which could be potentially 

covered by MAA, SAp is the total particle surface area, K is the ratio between tSAMAA,p and SAp. 

Copolymer Rs Nagg tSAMAA,p SAp K 

S1 41 6 10,662 21,124 0.50 

G1 57 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 

B1 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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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.22 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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percolating network of acrylic acid, providing a tough film.13 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.6 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 Tg 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.13  

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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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 A56, A108, and A140 (Table 6.1), and (b) is the high 

throughput synthesis of the triblock copolymers, A56B100-750A56, 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 

1H 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).15 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.16 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 A56, A112, and A140 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/Mn < 1.3 (Table 6.1). The Tgs of A56, 

A112, 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 Tg due 

to dehydration of AA at temperatures above 100 °C.17,18 
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Table 6.1. Composition, molecular weight, and thermal data collected for macro-CTAs A56, 

A108, and A140 used for the P(AA-st-St) synthesis. 

 NMR GPC DSC 

Copolymer 
DP of 

copolymer*  
Mol. Frac. 

of AA Mn (kDa) Mw (kDa) Mw/Mn Tg (°C) 

A56 112 (56 + 56) 0.42 9.1 11.4 1.26 108 

A108 216 (108 + 108) 0.42 15.9 19.8 1.24 119 

A140 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 Mw 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/Mn 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 
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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 Tg at low temperatures (-27.0 °C to -44.2 °C) and this 

Tg 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 Tg was 

observed from the dominating component.  

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. 

Figure 6.3. An example APC trace of A108B750A108 (black solid line) and A108 (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-
CTA Triblock 

DP 
(BA) 

Conv. 
(%) 

Mn 
(kDa) 

Mw 
(kDa) Mw/Mn 

Tg 
(Soft) 

Tg 
(Hard) 

A56 

A56B100A56 100 89 11.4 15.4 1.34 -31 - 

A56B150A56 150 93 13.4 18.1 1.35 -38 - 

A56B200A56 200 92 14.5 19.7 1.25 -40 - 

A56B300A56 300 92 18.5 25.0 1.35 -42 - 

A56B500A56 500 92 24.8 33.1 1.34 -44 - 

A56B750A56 750 88 32.2 41.5 1.29 -44 - 

A108 

A108B100A108 100 78 17.3 21.6 1.25 - 100 

A108B150A108 150 82 18.0 23.0 1.28 -33 125 

A108B200A108 200 86 21.3 26.2 1.23 -38 125 

A108B300A108 300 85 19.9 26.3 1.32 -40 - 

A108B500A108 500 88 25.3 35.0 1.38 -42 - 

A108B750A108 750 86 29.3 42.0 1.43 -43 - 

A140 

A140B100A140 100 74 20.5 25.8 1.26 - 100 

A140B150A140 150 72 22.5 27.9 1.24 - 105 

A140B200A140 200 71 22.9 29.1 1.27 -27 125 

A140B300A140 300 76 24.9 32.3 1.30 -34 - 

A140B500A140 500 72 25.3 32.2 1.28 -39 - 

A140B750A140 750 75 34.6 47.2 1.37 -41 - 
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copolymers as they all dissolved readily and demonstrated the slope of -2 at high q 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 q. A non-zero 

gradient at low q-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. 

 

Figure 6.5. SAXS patterns of 1% w/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) A56B100-750A56, (b) A108B100-750A108 and (c) A140B100-750A140 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 (A56, A108, and A140) 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). 

Figure 6.6. SAXS patterns of macro-CTA (A56, A108, and A140) aqueous dispersions (symbols) 

at 1% w/w and 5% w/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 3.20 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.20,21 As with the P(BMA-stat-MAA) 

copolymers described in chapters 3 and 4, despite the differing DPs of A56, A108 and A140, they 

all form spherical particles of a similar size (R = 17 Å). 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 A56 particles will have a larger aggregation number than both 

A108 and A140. 

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 q-values as the length of the BA block increases, 

suggesting that the particle size increases with respect to BA DP.  
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 Figure 6.7. SAXS patterns of 1% w/w triblock copolymer aqueous dispersions (symbols) that 

are modelled with the two-population model (solid line), where (a) A56B100-750A56, (b) A108B100-

750A108 and (c) A140B100-750A140 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 Å-1) 

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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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 A56, A108, and A140, were calculated to be 6988 Å3, 

13477 Å3, and 17470 Å3, respectively. Therefore, r2 for A56B100-750A56, A108B100-750A108, and 

A140B100-750A140 particles were fixed at 12 Å, 15 Å, and 16 Å, respectively, while the core 

radius, Rcore, was unfixed during SAXS model fitting. The results from this fitting can be seen 

in Table 6.3.   
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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.29 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 

30 to 40 Å.  

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.30 Secondly, the position 

of the peak indicates the length-scale of the phase-separation.30 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 A140B150A140, 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 

(symbols) for (a) A56B100-750A56, (b) 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 A108B100A108, A140B100A140, and A140B150A140, 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 (q*) indicates the length 

scale of the phase separation and the d-spacing can be calculated using the equation 2d
q
�S

� . 

The SAXS patterns for the individual triblock series (e.g., A108B100-750A108) shows that the 

primary peak position shifts to a lower q-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 A56B500A56, A108B500A108, A140B500A140 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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An additional peak is present in all of the triblock copolymer films at q = 0.513 Å-1, this peak 

equates to a distance of about 12 Å. 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).    

 

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 q = 0.513 Å-1 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 Å (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 Å) and the number of bonds 
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within the pendent group. The maximum packing distance was calculated to be 13.8 Å, 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.31 The crystalline packing of PBeMA chains was found to be 34.9 Å 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 A56B100A56, A108B100A108, 

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% 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 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., A56B200A56, A108B300A108, and A140B500A140) 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 

A108 triblock series as an example, A108B200A108 has a hard-block volume fraction (fHB) of ~0.45 

and shows no clear surface structure (Figure 6.13). However, as fHB is reduced to ~0.36 for 

A108B300A108 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 fHB is further 

reduced to ~0.25, and the total amount of soft phase is increased in A108B500A108, 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, A108B750A108, has an fHB 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 (A108B200A108) is predicted to have a lamellae 

morphology. If the structure of A108B200A108 is lamellae, then the surface phase separation may 







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

201 
 

A108B750A108 has a BCC structure where d011 is 273 Å (Table 6.4) that converts to a 

particle-particle distance of 334 Å. This calculated value is similar to the value measured by 

AFM (dAFM = 353 Å, 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., A108B500A108). The 

hexagonal structure of A108B500A108 has an inter-plane distance, d010, of 273 Å, which converts 

to a particle-particle distance of 315 Å; again, this is similar to the measured distance (Table 

6.4). 

6.3.5 Structural characterisation of triblock copolymer films cast from aqueous 
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% w/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) A56B100-750A56, (b) 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. 

 

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 A108, 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 q-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.   
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 Figure 6.16. SAXS patterns of A108B500A108 copolymer films cast from either a 20% w/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 q-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 Å-1 that was a result of the packing of 

PBA within the soft phases. However, the aqueous films possess two peaks in the high q region 

that vary in intensity as the copolymer composition changes. Firstly, there is a peak at 

q = 0.513 Å-1 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 q = 0.276 Å-1, which 

corresponds to a length of 22 Å 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 Å-1 increasing in intensity as the length of the soft block increases while the peak at 

q = 0.276 Å-1 becomes more prominent when there is a large hard block component, such as in 
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Figure 6.17. SAXS patterns of triblock copolymer films cast from a 20% w/w aqueous 

dispersion (symbols) fit with a sphere form factor with an integrated hard sphere structure 

factor (black line), where (a) is A108B150A108, (b) is A108B200A108, and (c) is A108B300A108. 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, A56B300A56, A108B300A108, and A108B300A108, have a 

hydrophobic domain size of 54 Å, 53 Å and 58 Å, 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.6  

 

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, A56B500A56, A56B750A56, A108B500A108, A108B750A108, A140B500A140, and 

A140B750A140. 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).34,35  
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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 (A56B500A56). Other more well-defined structures are observed in the images of 

A108B200A108 and A108B300A108, where spherical soft regions (dark regions, Figure 6.19) are 

seen in a matrix of the hard phase (light regions, Figure 6.19).   

 

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 Tg of the stabiliser block and remain in a kinetically 

trapped state. 

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

The aqueous-cast films were thought to be in a kinetically trapped state due to the high Tg of 

the stabiliser block preventing coalescence of the soft particle cores. Therefore, if the 

temperature was raised above the Tg 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 A108B500A108 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 Tg 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.  
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Figure 6.20. Time-resolved GISAXS patterns collected for the A108B500A108 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 Tg 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.13 AFM images were taken from both the film before 
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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 Tg 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,36,37 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.37 

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 Tgs.38 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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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. 

 

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 A56B200A56 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/Mn < 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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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 SAfrac.MAA to be calculated for each copolymer series. SAfrac.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 Tg 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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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.5,6 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 Tg 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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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 BM85:15(22k) 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 BM85:15(22k) (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 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 1H NMR 

spectroscopy. 
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Appendix 7. 1H NMR spectra of the product of two different alkylation techniques performed 

on BM8515 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 (KCl, 0.9 mol/m3) 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. 

  



 Chapter 8. Appendices 

242 
 

Appendix 11. SAXS pattern recorded for a 1.0 wt% aqueous dispersion of MM6040 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 q-values caused by particle 

aggregation. A Bruker AXS Nanostar instrument was used for these measurements. 
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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 (g) AIBN (g) MEK (g) 

A56B100A56 4.36 5.50 0.0141 18.3 

A56B150A56 3.43 6.50 0.0110 18.5 

A56B200A56 2.97 7.50 0.0096 19.5 

A56B300A56 2.25 8.50 0.0070 20.0 

A56B500A56 1.43 9.00 0.0046 19.4 

A56B750A56 1.00 9.50 0.0033 19.5 

A108B100A108 7.54 5.00 0.0130 23.3 

A108B150A108 6.03 6.00 0.0100 22.4 

A108B200A108 5.28 7.00 0.0090 22.8 

A108B300A108 4.02 8.00 0.0070 22.3 

A108B500A108 2.71 9.00 0.0050 21.8 

A108B750A108 2.01 10.00 0.0030 22.3 

A140B100A140 8.76 4.50 0.0120 24.7 

A140B150A140 7.14 5.50 0.0090 23.5 

A140B200A140 6.33 6.50 0.0080 23.8 

A140B300A140 4.87 7.50 0.0060 23.0 

A140B500A140 3.51 9.00 0.0050 23.2 

A140B750A140 2.60 10.00 0.0030 23.4 
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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 dAFM is 

calculated. 

  



 Chapter 8. Appendices 

247 
 

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

between the crystallographic planes, d011, and secondly the distance between particles, a.  

 


