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!ōǎǘǊŀŎǘ 

 

In recent years, supercritical carbon dioxide (scCO2) has proven to be an efficient and green 

medium to produce block copolymer microparticles with internal nanostructures. When 

conducting controlled radical dispersion polymerisations, the unique physical properties of 

scCO2 allow for spontaneous self-assembly of the block copolymers within the confines of the 

stabilised microparticles. This has successfully yielded highly pure hierarchically structured 

polymers in a single reaction procedure, without the need for any non-renewable or toxic 

solvents. Moreover, preliminary tests show that when a poly(4-vinylpyridine) (P4VP) block is 

incorporated into the polymer, the resulting microparticles can be capable of directing the 

formation of inorganic materials. Selective association of inorganic components to the 

pyridinyl nitrogen moieties of the P4VP can allow the polymer materials to act as structural 

templates to fabricate nanoscale functional materials. 

However, utilisation of these P4VP based block copolymers in nanofabrication has thus far 

been underexplored. The main aim of this thesis is to demonstrate the versatility of these 

block copolymers in templating various functional materials with good control over the end 

nanoscale morphology. New synthetic strategies were explored to alter both the size and 

shape of the P4VP templates, allowing the end product to be intricately tailored for its final 

application. The nanofabrication of several inorganic materials was also studied to prove the 

breath of possible end applications that these polymeric templates are suitable for. 

Specifically, Chapter 3 demonstrates that simple modifications to the synthesis of P4VP block 

copolymers in scCO2 allows the size of the templates to be altered. Size modification on both 

the microscale and nanoscale dimensions were investigated by controlling the size of the 

microparticles formed in the dispersion polymerisation, and by adjusting the size of the phase 

separated P4VP domains. In addition, this chapter also studies the nanofabrication of LiFePO4, 

a common cathode material for rechargeable batteries, by applying the polymer templates in 

a sol-gel synthetic procedure. The effect of the template microparticle size was investigated 

by examining the morphology, surface area and electrochemical properties of the fabricated 

battery materials. 
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Chapter 4 highlights a new approach to change the shape of the P4VP morphology in scCO2, 

without needing to alter the ratio of P4VP in the copolymer. Complex P4VP morphologies 

were obtained by synthesising ABC triblock copolymers in scCO2, allowing the self-assembly 

dynamics to be controlled by changing the ratio of the other two constituent blocks. These 

three-phase morphologies were studied through microscopy and X-ray scattering techniques. 

The new P4VP morphology was then used to template TiO2, an already well-studied inorganic 

material that has potential application as a photocatalyst. The nanostructure and 

photocatalytic activity of the triblock templated TiO2 was then studied and compared to an 

equivalent material templated using the spherical morphology of a simple diblock P4VP 

copolymer. 

Finally, Chapter 5 details a method to combine both the polymer synthesis and inorganic 

templating into a single green process in scCO2. Polymerisation of the P4VP block of the 

copolymer was performed while simultaneously synthesising silver nanoparticles (AgNPs) by 

thermal degradation of a precursor complex. Chemical association of the silver to the 4VP 

monomers led to the synthesis of homogeneous composites materials with AgNPs distributed 

throughout the block copolymer particles. Furthermore, a CO2 extraction procedure was 

performed on the materials post-synthesis, removing the residual unreacted monomer and 

precursor to yield clean and non-toxic composites. The cleaned materials were assessed for 

their potential use in biomedical applications by evaluating their biocompatibility and 

antimicrobial activity. The composites were also exploited ŦƻǊ ǳǎŜ ŀǎ ŀƴ ŀƴǘƛƳƛŎǊƻōƛŀƭ ΨƛƴƪΩ in 

selective laser sintering (SLS) 3D printing, yielding small solid objects containing an even 

distribution of AgNPs. 

Overall, a number of new strategies are presented to modify the microparticle size, nanoscale 

dimensions and morphology of P4VP based block copolymers in scCO2. This also includes a 

method to combine the template synthesis and inorganic structure-directing into one 

environmentally benign process. The P4VP templates are applied to the fabrication of several 

functional inorganic materials with multiple end applications investigated. Potential use for 

the templated materials in both the energy and healthcare sectors proves the value and 

versatility of these P4VP polymers, with even further applications still to be investigated. 
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1.1. Overview 

This chapter aims to introduce the reader to some of the key topics that will be discussed 

throughout this thesis. The chapter begins by exploring the important advances in polymer 

science that have been achieved by diverse polymer architectures, in particular block 

copolymers. The physical behaviour and some of the synthetic routes to block copolymers are 

detailed, with a specific focus on the use of controlled radical methods and heterogeneous 

processes.  

The use of supercritical carbon dioxide in green polymer synthesis is outlined, including the 

unique effects this can have of polymer properties. A general overview of nanomaterial 

fabrication is also given, as well as the beneficial use of block copolymers in this application. 

Finally, the current state-of-the-art is summarised and the key aims of this thesis are outlined. 
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1.2. Polymer Chemistry 

1.2.1. Modern Polymer Chemistry 

As the world celebrates the recent 100th anniversary of the beginning of polymer science, 

polymer-based products can now be found ubiquitously in our everyday lives.1 As of 2015, 

the majority of polymers produced were used for simple applications such as packaging (42%) 

and in construction (19%).2 However, advances in polymer research have also allowed 

polymeric materials to be used in more advanced bespoke applications such as sensors,3 

biomedical devices4 and electrochemical storage,5 to name a few. 

Despite these many innovations, polymer science still faces many growing challenges. Most 

prominent of these are the environmental concerns around polymers, regarding their 

sourcing, biodegradability and the synthetic procedures employed. With over 90% of 

polymers being derived from non-renewable sources and most being non-biodegradable, 

there is now a tremendous push to move the industry towards a more closed-loop economy.6 

hǘƘŜǊ ǇǊƻƎǊŜǎǎƛƻƴǎ ǘƻ ƳŀƪŜ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘƛƻƴ ƳƻǊŜ ΨƎǊŜŜƴΩ ƘŀǾŜ ƛƴŎƭǳŘŜŘ ǇŜǊŦƻǊƳƛƴƎ 

polymerisations in various new environmentally benign and renewable solvents.7-9 

As we now move into the second century of polymer science, many new developments 

continue to emerge around how we can source, synthesise and utilise polymers. The 

popularity of green polymer research remains ever growing, finding new ways to further a 

path towards a green polymer economy.10 Though much of the work presented in this thesis 

does not directly focus on discovering new green polymer alternatives, the work is conducted 

with environmental sustainability as a crucial consideration. This is realised primarily by 

omitting the use of non-renewable solvents, however, polymers derived from oil feedstocks 

are still required to achieve the thesis aims. 

1.2.2. Polymer Architectures 

The wide range of applications available to polymers is undoubtedly a result of the ease at 

which polymer properties can be modified. This is achieved simply by altering the chemistry 

of the fundamental building blocks, monomers. Polymers with different monomers can have 

vastly different physical and chemical properties. Furthermore, though a combination of 

multiple different monomers in a polymer chain, materials with hybrid properties of the 

corresponding homopolymers can be produced.11 The properties of these copolymers are 
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highly dependent on not only the proportion of constituents used but also their respective 

architectures in the polymer chains. 

Major advancements in polymer synthesis now allow for much greater control over the 

desired architecture of copolymers. Precise chemical functionalities are able to be placed 

essentially anywhere along a polymer chain.12 Additionally, architectures beyond the 

conventional linear chains can be achieved via methods such as branching, grafting and cross-

linking. Each case leading to further unique physical properties.13-15 A few examples of 

possible architectures are shown below (Figure 1.1). 

 

Figure 1.1: Some examples of basic copolymer architectures. 

Of the possible architectures presented, block copolymers have been some of the most widely 

studied. This is owed to the ability to place contrasting chemical functionalities at opposing 

ends of a single macromolecule, creating polymers of an amphiphilic nature. This distinctive 

physical property gives rise to unique phase behaviour that can be exploited for a range of 

potential applications.16 
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1.3. Block Copolymers 

Block copolymers are a class of copolymer containing distinct regions (or blocks) of individual 

homopolymer, linked together by covalent bonds. Synthesis of the block copolymer 

architecture was first demonstrated in the 1950s using anionic polymerisation techniques.17 

Since then they have become a huge topic of academic interest and have seen use in various 

industrial applications.18 

Anionic polymerisation provided an initial route to study the fundamental behaviour of these 

copolymers and is still used when highly pure and monodisperse polymers are required. 

However, the introduction of controlled radical synthesis techniques has now allowed an 

extensive range of block copolymer chemistries to be produced.19 Radical chain growth 

techniques used to synthesise block copolymers are discussed later in this chapter. 

1.3.1. Self-Assembly 

The phase behaviour of block copolymers is a unique phenomenon that has driven much of 

the research in this field. When the individual blocks of a block copolymer become immiscible 

in one another, the macroscopic phase separation of the blocks remains impossible, due to 

their covalent linkage. Instead, a self-assembly process known as microphase separation 

occurs.20 The process forms various structural morphologies depending on the underlying 

physical properties of the copolymer and the surrounding environment.21 The morphologies 

formed from this are seen at a length scale relative to the length of the copolymer chains 

(approx. 5-500 nm).22 

The microphase separation of diblock copolymers is the simplest case and has been the subject 

of many theoretical and experimental studies over the past few decades. Thus, this process is well 

understood. Self-assembly of a diblock copolymer is a reversible change of state that transforms 

the polymer from a homogenous mixture into a regular ordered structure.23 This can occur in 

either the bulk copolymer or when the copolymer is in the presence of a solvent, each case leading 

to different morphologies (Figure 1.2). If a solvent is used and is preferential to one polymer block, 

surfactant-like behaviour is observed and nanoparticulate structures such as micelles and vesicles 

are produced.24, 25 Due to its relevance to this thesis, only the bulk self-assembly case will be 

focussed on in this section. 
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Figure 1.2: Illustration of the process of self-assembly in bulk block copolymers (left) and in the 

presence of a selective solvent (right). 

For microphase separation to occur in a bulk diblock copolymer, several criteria must be met. 

The self-assembly will only be thermodynamically favourable if the enthalpy reduction from 

separating immiscible blocks outweighs the decrease in entropy when the ordered state is 

formed. Studies have concluded that in order for this thermodynamic favourability to be met, 

the copolymer must satisfy the expression given in Equation 1.1.23 The value given is the 

product of the Flory-Huggins interaction parameter (…) and the total degree of polymerisation 

in the copolymer chain (N). 

 …ὔ ρπȢυ (Equation 1.1) 

The interaction parameter … is unique to each pair of polymer blocks based on their relative 

interactions with one another. The value can be seen as a polymer-polymer incompatibility 

factor, with larger interactions giving more immiscibility and a higher chance for self-

assembly. The parameter is also dependent on temperature. For the vast majority of systems, 

an increase in temperature lowers the interaction parameter, though some polymer mixtures 

have also been shown to exhibit a further increase in the parameter at high temperatures. 

Hence, in most cases self-assembly often occurs upon the cooling of the copolymer from an 

elevated temperature.26 

The final criteria for microphase separation to occur is that the copolymer chains must have 

sufficient mobility to arrange themselves into the new ordered state. This mobility can be 

provided by solvation, or in the bulk case, by heating the copolymer above the glass transition 

temperature (Tg). This step is typically referred to as an annealing step.27 
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The exact morphology produced during microphase separation is dictated by what 

orientation of the copolymer chains gives the minimal interfacial surface area between the 

two distinct blocks. Limiting this contact area is the thermodynamic driving force to minimise 

the unfavourable enthalpic interactions.21 The most favourable equilibrium morphology is 

determined by the volume fraction (f) taken up by each block. In diblock copolymers, when 

these fractions are similar, flat surfaces are preferable. As one fraction becomes larger and 

outweighs the other, it becomes more favourable to curve the surface, forming various other 

shaped morphologies.28 

The morphologies often seen in diblock copolymers, going from equal to more inequivalent 

volume fractions, are: lamellar (LAM), bicontinuous cubic gyroid (GYR), hexagonally-packed 

cylinders (CYL) and spheres (SPH) (Figure 1.3).28 The GYR configuration is only seen over a 

narrow range of block fractions and has been reported in other metastable configurations, 

such as a double-diamond structure or hexagonally perforated lamellar. The SPH morphology 

is often characterised as a body-centred cubic orientation, though some reports of face-

centred cubic orientations have also been shown.29  

 

Figure 1.3: The most commonly observed morphologies seen in diblock copolymers, with changing 

block volume fractions: Spherical (SPH), Cylindrical (CYL), Gyroidal (GYR) and Lamellar (LAM). Figure 

adapted from literature.30 

The boundaries between these self-assembled morphologies can be constructed as a phase 

diagram, with block incompatibility (…bύ ǇƭƻǘǘŜŘ ŀƎŀƛƴǎǘ ŀ ōƭƻŎƪΩǎ ǾƻƭǳƳŜ ŦǊŀŎǘƛƻƴ. This can 

be plotted experimentally by synthesising and characterising a series of copolymers31, or 

theoretically using self-consistent field theory.32 The self-assembly phase diagram for a linear 

diblock copolymer system was first derived by Bates and Fredrickson and typically takes the 

form depicted below (Figure 1.4).23 
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Figure 1.4: A depiction of the theoretical phase diagram for a diblock copolymer, showing the 

boundaries between self-assembled morphologies and the disordered states. 

More recently is has been shown that some other phases can also be produced in diblock 

copolymers. This can be done by controlling the spatial confinement of the copolymer, in a 

variable number of dimensions.33 This concept is reviewed further in Chapter 3.  

Here we have covered the simple case of self-assembly in linear architecture diblock 

copolymer systems. The self-assembly behaviour of diblocks is also found to be mostly similar 

to the behaviour seen in triblock copolymers containing only 2 distinct blocks, often referred 

to as ABA triblock copolymers. With the same morphologies being produced.34 However, a 

great number of additional morphologies become accessible whenever additional contrasting 

blocks are added to the chain, such as in the ABC-type triblock copolymer.35 Due to the 

increased number of interaction variables, this greatly increases the complexity of the self-

assembly process. This topic is reviewed in depth in Chapter 4. 

1.3.2. Applications 

Due to the unique behaviour of block copolymers in comparison to homopolymers, they have 

been widely exploited for commercial use. Most prominently, block copolymers are used as 

thermoplastic elastomers for a variety of applications including adhesives, coatings and 

sealants.36 A common example of this type of material is the ABA triblock copolymer of 
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poly(styrene) (PS) and poly(butadiene) (PB). The PS-b-PB-b-PS copolymer utilises the hard PS 

blocks and the soft PB block to give a material with the physical properties of an elastomer, 

while also behaving as a thermoplastic. When set, the blocks are microphase separated giving 

the soft rubber-like PB component periodic hard regions of PS that behave like cross-links to 

give elastomeric behaviour (Figure 1.5). However, when heated, the hard PS components also 

become rubber-like, allowing the material to be easily processed and reused like a typical 

thermoplastic. In contrast, most other rubbers are thermoset by chemical cross-linking, 

preventing them from being reshaped.37, 38 

 

Figure 1.5: Physical structure of a PS-b-PB-b-PS thermoplastic elastomer. The hard spherical regions 

of PS act as cross-links to give elastomeric behaviour. 

Another popular type of commercial block copolymer are poloxamers often referred to as 

ΨtƭǳǊƻƴƛŎǎΩΦ tƻƭƻȄŀƳŜǊǎ ŀǊŜ ŀƴƻǘƘŜǊ !.! ǘǊƛōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ŀ ƘȅŘǊƻǇƘƛƭƛŎ 

poly(ethylene oxide) (PEO) blocks with a hydrophobic poly(propylene oxide) (PPO) central 

block. The amphiphilic nature of poloxamers is highly tuneable based on their block lengths. 

As such, the controllable non-ionic surfactant behaviour has been utilised in various 

applications such as in cosmetics, detergents and drug delivery.39, 40 

Block copolymers have been extensively investigated for use as drug carriers in the body, in 

most part due to their amphiphilic nature.41 The polymers can easily assemble around a 

hydrophobic drug, forming ƴŀƴƻǎŎŀƭŜ ǾŜƘƛŎƭŜǎ ǘƘŀǘ ŀǊŜ ǎƳŀƭƭ ŜƴƻǳƎƘ ǘƻ ŜǾŀŘŜ ǘƘŜ ōƻŘȅΩǎ 
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immune response.42, 43  This interest has grown over time as the synthetic techniques used to 

make block copolymers have become more sophisticated. Drug delivery polymers can now 

be synthesised with functional designs to allow them to target specific cells44, modify the drug 

release profile45 or react to particular stimuli, such as pH.46 These features can be particularly 

useful when targeting drug delivery to cancer tumours, which have a lower pH than normal 

tissue. 

 

Figure 1.6: Schematic of the assembly of amphiphilic block copolymer micelles used for targeted 

drug-delivery. 

Bulk self-assembled block copolymers are also being explored for use in various non-

mechanical applications. For example, application in photonics47 and optical metamaterials.48 

The regular nanoscale morphologies created by block copolymers are ideal for forming 

periodic dielectric structures for manipulating visible light. The path length of the periodic 

structures forms a photonic band gap for photons of the matching wavelength, thus causing 

them to be reflected constructively. This manipulation of light flow has many desirable uses 

in high reflective coatings and optical filters.49 By creating this kind of material from soft block 

copolymers, there is also an opportunity to alter the size of the photonic band gap by applying 

stimuli to increase the size of the nanostructures, for example by introducing a solvent to 

swell the polymer.50 
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Finally, bulk self-assembled block copolymers can be utilised to fabricate an array of 

functional nanomaterials. The unique nanostructures of block copolymers are highly 

desirable for many inorganic functional materials.51 The interesting patterning and high 

surface areas of these morphologies can lead to enhanced functionality in existing inorganics 

or can provide entirely new properties. Block copolymers can be used as templates to 

fabricate these nanomaterials, using both top-down and bottom-up methodologies.52 These 

processes are described in detail later in this chapter. 
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1.4. Polymer Synthesis 

Methods of polymerisation are generally classified by the mechanism of the polymer growth, 

either chain-growth or step-growth.53 In step-growth methods, bifunctional or 

multifunctional monomers are reacted together, linking the functional groups to form 

oligomers first and then eventually longer chain polymers. An example of this is the 

polycondensation reaction between the amine and carbonyl function groups to produce 

polyamides, generating water in the process.54 However, the nature of this type of polymer 

growth makes it very inaccessible to synthesising block copolymers. 

Chain-growth methods involve the sequential addition of monomers to a propagating chain 

through a reactive functionality, often a vinyl functional group. Each added monomer 

becomes the reactive centre for the polymer chain and goes on to react with a sequent 

monomer. When the process is controlled, the monomer feedstock can be easily switched 

during propagation, to allow the growing polymer to add a new series of monomers to the 

chain, forming block copolymers. There are several ways to polymerise a vinyl monomer in 

this way, including anionic, cationic and radical mechanisms to activate the double bond.55 

Due to its relevance in this thesis, only the radical mechanism will be discussed in detail. 

1.4.1. Free-Radical Polymerisation 

Free-radical polymerisation (FRP) is possibly the most common form of polymerisation, with 

around 50% of industrially manufactured plastics predicted to be synthesised through this 

mechanism.56 This is arguablȅ ŘǳŜ ǘƻ ǘƘŜ ƳŜǘƘƻŘΩǎ ƘƛƎƘ ǘƻƭŜǊŀƴŎŜ ǘƻǿŀǊŘǎ ŎƘŜƳƛŎŀƭ 

functionality, making it suitable for a wide range of monomers and solvents. This also allows 

the reactions to be much more forgiving to chemical impurities, a major advantage over the 

other ionic methods of chain-growth.57 

The FRP mechanism occurs in four keys steps (Figure 1.7). Firstly, an initiator molecule is 

broken down to produce active radical species, usually by exposure to heat or light. The 

radical then goes on to react with the monomer, initiating it into an active propagating 

molecule. This then reacts sequentially with additional monomers to propagate the chain, 

rapidly forming a high molecular weight macromolecule. The active radical then eventually 

terminates by reacting with another active radical species.  This can occur either by 

combination of the two chains into one higher molecular weight chain or by 
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disproportionation where a hydrogen atom is radically abstracted to form one H-terminated 

chain and one vinyl terminated chain. The preferred method of termination depends on the 

chemical structure of the monomer being polymerised.56 

 I2 Ҧ нLω (Initiator Decomposition) 

 IωҌ a Ҧ Laω (Initiation) 

 IMω Ҍ ƴa Ҧ tn+1
ω (Propagation) 

 Pn
ω + Pm

ω Ҧ tn+m (Combination) 

 Pn
ω + Pm

ω Ҧ tn + Pm (Disproportionation) 

Figure 1.7: The mechanism of FRP showing the four key steps, including both methods of radical 

termination. I represents the initiator, M is the monomer and P is the polymer. 

The propagating step in the FRP mechanism occurs rapidly due to the high reactivity of radical 

species. During the reaction a quick sharp increase in the average polymer molecular weight 

is observed as chains propagate. This molecular weight growth then slows as the monomer 

concentration decreases and termination reactions begin to dominate. The typical plots of 

molecular weight growth against monomer conversion for the chain and step-growth 

mechanisms can be seen below (Figure 1.8ύΦ ¢ƘŜ Ǉƭƻǘ ŀƭǎƻ ǎƘƻǿǎ ǘƘŜ ΨƭƛǾƛƴƎΩ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ 

trend where no termination reactions occur and molecular weight always proceeds linearly 

with respect to the reaction conversion. This is seen more in ionic chain-growth mechanisms 

where propagating chains cannot terminate by reacting with other growing chains.55 

 

Figure 1.8: A representative plot of the average polymer molecular weight against monomer 

conversion for the chain growth, step growth and living polymerisation mechanisms. 



Chapter 1 ς Introduction 

 

13 
 

1.4.2. Controlled Radical Polymerisation 

The major disadvantage of the FRP method is the uncontrolled nature of the termination 

reactions. These reactions can occur at any time during the propagation stage of the reaction 

and result in the polymer product containing a large distribution of chain lengths. This 

ŘƛǎǘǊƛōǳǘƛƻƴ ƛǎ ǉǳŀƴǘƛŦƛŜŘ ǳǎƛƴƎ ŀ ŘƛǎǇŜǊǎƛǘȅ ǾŀƭǳŜ ό7ύΦ53 7 ƛǎ ŎŀƭŎǳƭŀǘŜŘ ōȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ 

weight average molecular weight (Mw) and number average molecular weight (Mn) (Equation 

1.2). Uncontrolled FRP reactƛƻƴǎ ǘȅǇƛŎŀƭƭȅ ƎƛǾŜ ŘƛǎǇŜǊǎƛǘƛŜǎ ƻŦ 7 Ҕ нΦ ¢ƘŜ ǘŜǊƳƛƴŀǘƛƻƴ ǎǘŜǇ ŀƭǎƻ 

often leaves polymer chains inactive towards any further propagation with a secondary 

monomer species. These limitations prevent any reasonable control over the desired polymer 

architecture and potential self-assembly. 

 
M
ὓ

ὓ
  (Equation 1.2) 

It is because of these constraints that more sophisticated forms of radical polymerisations 

have been developed, allowing more complex architectures to be attained. These techniques 

are referred to as controlled radical polymerisation (CRP) methods.58 CRP methods utilise an 

additional step in the free-radical mechanism, radical chain transfer. In this step the active 

radical of a propagating polymer chain is transferred onto a supplementary reagent. This step 

can sometimes occur during the usual FRP method by transferring onto another molecule 

such as a solvent or impurity. This is usually undesirable, leading to even less control in the 

polymerisation kinetics. However, a carefully designed chain transfer agent can provide an 

opportunity to capture and control the growing radical chains.59 

In CRP methods a chain transfer agent is used to limit the concentration of actively 

propagating radical chains. By reducing this concentration, the termination reactions become 

much less favourable as their rate depends on [Pn
ω]2. The result in a lower but more constant 

concentration of propagating radicals throughout the reaction; hence the molecular weight 

of the chains increases more linearly with monomer conversion. This generates a kinetic 

profile more akin to the living reaction method. Though, termination reactions are not 

completely eliminated so this is not exactly equivalent. The additional chain transfer agent 

also forms a functionalised group at the end of the synthesised polymer chains. This group 

can be removed or re-reacted to allow further polymerisation to take place.57 
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Various CRP mechanisms have now been developed and used to create complex polymer 

architectures, including block copolymers.60 The most common forms are stable free-radical 

polymerisation (SFRP), atom transfer radical polymerisation (ATRP) and reversible addition-

fragmentation chain transfer polymerisation (RAFT). In each CRP technique, reagents are 

added to achieve an equilibrium between active propagating chains and a dormant captured 

species. The equilibrium is favoured towards the dormant species to ensure the concentration 

of propagating radicals always remains low.58 

In SFRP, a stable radical species is utilised as a capping agent to deactivate propagating chains 

(Figure 1.9). This radical species is not capable of initiating its own polymer chains and will 

degrade back to the original radical species when exposed to high temperatures. The most 

common capping agents are alkoxyamines. When these are used the method is referred to as 

nitroxide-mediated polymerisation (NMP).61 

 

Figure 1.9: The key mechanistic step in the NMP technique, showing reversible termination of the 

propagating polymer chain.  

ATRP uses similar principals to SFRP. Propagating radical chains are deactivated by capping 

with a halogen atom, which is supplied by a transition metal catalyst (Figure 1.10). The metal 

catalyst originally activates an alkyl halide molecule through a one-electron process, initiating 

the polymerisation. The oxidised catalyst then reverses the process, capping a radical chain 

with the halogen atom and then quickly forms an equilibrium between dormant and active 

radicals.62 

 

Figure 1.10: The key mechanistic steps for the ATRP technique using a copper catalyst. X is a halide 

atom and Ln is the ligand(s) for the copper complex. 
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The RAFT technique is the CRP method employed in this thesis and has been reviewed in 

greater detail than the other methods. 

1.4.3. Reversible Addition-Fragmentation Chain Transfer Polymerisation 

RAFT polymerisation was first developed in 1998 by Graeme Moad, Ezio Rizzardo and San 

Thang at the Commonwealth Scientific and Industrial Research Organisation (CSIRO) in 

Australia.63 This CRP method uses thiocarbonyl compounds as reversible chain transfer agents 

in the radical reaction. The process creates a kinetic equilibrium in the chain propagation, 

causing all chains to grow at a statistical rate. The generic structure of the RAFT agent (Figure 

1.11) contains two variable R and Z groups that are modified to determine the reagents 

compatibility with different monomer classes. This variability is one of the key advantages 

over other CRP techniques, allowing RAFT to be highly versatile and tolerant of a wide range 

of functionality in monomers and solvents, including in aqueous systems. 

 

Figure 1.11: General structure of a RAFT agent. 

The complete mechanism of this CRP technique is detailed below (Figure 1.12). The initiator 

first decomposes and begins chain propagation of the monomer, as in normal FRP. The 

propagating chain is then captured by the RAFT agent to form the relatively stable 

thiocarbonyl radical species. The species then fragments to release the Rω group. This then 

goes on to initiate the propagation of another polymer chain. The new chain can then be 

recaptured by the RAFT agent and the previous chain released, creating an equilibrium 

between all growing chains. As with the free-radical mechanism, termination can occur 

between two propagating chains by either combination or disproportionation to give a dead 

polymer chain. However, the RAFT equilibrium ensures that the concentration of propagating 

radicals in the system is always low, reducing the probability of this step occurring.64 
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Figure 1.12: The full mechanism for the RAFT polymerisation technique. 

The specific reactivity of each RAFT agent is tailored by modifying the R and Z groups of the 

compound. The Z group determines the reactivity of the C=S bond which will influence the 

stability of the thiocarbonyl radical intermediate in the reaction. The R group must provide a 

sufficiently weak R-S bond that can be homolytically cleaved to produce a radical leaving 

species. This radical must then also be capable of reinitiating the chosen monomer.65  

If it is assumed that all polymer chains undergo the RAFT mechanism, a particular molecular 

weight for the final polymer can be targeted (Equation 1.3). The target molecular weight (Mn 

Target) can be calculated by using the concentration of RAFT agent ([RAFT]), monomer at the 

start of the reaction ([M]0) and monomer at the end of the reaction ([M]t). The proportion of 

the converted monomer to the RAFT agent gives the average degree of polymerisation. This 

is then multiplied by the monomer mass (Mr monomer) and added to the mass of the RAFT end 

group (Mr RAFT) to give the theoretical average polymer mass. The target calculation assumes 

the polymerisation is fully living and no termination reactions occur and so is only an 

approximation.64 
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ὓ   

-  ὓ

2!&4
  ὓ  ὓ  (Equation 1.3) 

Another consequence of using the RAFT control mechanism over the standard FRP one is that 

synthesised polymer chains retain a RAFT group moiety at the end of all chains grown via the 

living mechanism. For some applications this can be troublesome as another synthetic step is 

required to remove the end groups and obtain the pure polymer product. However, the RAFT 

end groups also allow the polymer to be re-initiated and grown with an additional monomer, 

making the technique highly accessible to synthesising block copolymers (Figure 1.13).66 The 

pre-synthesised polymer essentially acts as the RAFT agent in the mechanism for the next 

monomer, with the R group now being the first homopolymer block. A polymer used in this 

way is commonly referred to as a macro-RAFT agent.67 

 

Figure 1.13: Reaction scheme for polymerising vinyl monomer X with a generic RAFT agent, then 

using the subsequent macro-RAFT to polymerise vinyl monomer Y, forming a block copolymer. 

The RAFT polymerisation technique has been used to synthesise a diverse range of polymer 

architectures beyond block copolymers. For example, chain transfer agents with multiple 

RAFT moieties have been used to synthesise star polymers.66 Also, RAFT agents with multiple 

functionalities can be used in combination with other polymerisation techniques, including 

ATRP and ring opening polymerisation, to produce architectures such as bottle brushes.68 

It is clear the RAFT technique offers many advantages over other CRP techniques in terms of 

its versatility towards monomer types and final polymer architectures.63 The technique also 

avoids the use of high temperature conditions used for SFRP, generally making it more energy 

efficient and industrially applicable. Finally, RAFT does not use any metal catalysts unlike in 

ATRP, a major advantage if the polymer product is to be used in applications involving human 

contact.69  

However, RAFT does suffer some undesirable aspects. Primarily, the unwanted discolouration 

of the final product caused by the RAFT chromophores, which can be difficult to completely 
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remove. Also, the synthesis of RAFT agents is often complex, expensive and time-consuming, 

requiring the use of toxic reagents such as carbon disulfide.70 
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1.5. Polymer Processes 

Alongside the various reaction techniques used to synthesise polymers, polymerisations can 

also be categorised into several different processes. These processes are defined as either 

homogeneous or heterogeneous depending on whether the polymerisation occurs in the 

same phase as the solvent or not. Homogeneous polymerisations are conducted in either the 

bulk (monomer only) or a solvent where both monomer and polymer are fully soluble. These 

processes are relatively straightforward with minimal reaction components and are the 

easiest to understand in terms of kinetics.71 The types of heterogeneous processes are more 

extensive and are the kind used exclusively in this thesis. 

1.5.1. Heterogeneous Polymerisation 

Any polymerisation process that forms a polymer product which is insoluble in the reaction 

solvent (the continuous phase) can be considered heterogeneous. The reaction kinetics of 

these processes are more complex than homogenous ones as most if not all of the 

polymerisation occurs independently from the continuous phase. However, this does yield 

several benefits that have made these processes more suitable for use at the industrial scale. 

These include generally faster reactions kinetics, improved heat dissipation and ability to 

replace organic solvents with more environmentally friendly alternatives (e.g. water).56 

Heterogeneous processes fall into one of four common categories: precipitation, suspension, 

emulsion and dispersion. 

Precipitation polymerisation begins as a homogeneous system, with both monomer and 

initiator soluble in the solvent. As polymerisation begins, the propagating polymer chains 

become insoluble in the continuous phase and precipitate. Polymerisation then continues 

predominantly around the surface of the flocculated polymer particles as monomer is 

absorbed into the polymer phase. This typically yields large particles with irregular and 

inconsistent morphologies.72 

In suspension polymerisation, the monomer and initiator are both insoluble in the reaction 

solvent. The immiscible components are mechanically agitated to form droplets that are 

stabilised using a surfactant. The polymerisation then takes place only within the monomer 

droplets, to form polymer particles of up to 100s of microns in size. The process is commonly 

used in industry to synthesise poly(vinyl chloride) (PVC) and PS particles.73 
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Emulsion polymerisation is probably the most widely used heterogeneous process, being 

used industrially to make various paints, adhesives and rubbers.74 The continuous phase in 

this process is usually water. The water solvent contains a water-immiscible monomer and 

water-soluble initiator, along with a surfactant. The polymerisation then proceeds in three 

distinct stages (Figure 1.14).75 

 

Figure 1.14: Schematic of the stages involved in a typical emulsion polymerisation process. 

In the first stage, most monomer exists in large, stabilised droplets, with some surfactant 

micelles swollen with additional monomer. Initiation occurs in the continuous aqueous phase 

to form short chain insoluble oligomers, which then diffuse into the monomer micelles to 

continue propagating. This first stage is known as particle nucleation. The next stage then 

sees additional monomer continually fed into the propagating particles from the large 

monomer droplets, allowing for a continuous rate of polymerisation. In the final stage, 

polymerisation rate decreases as the monomer concentration becomes low. This continues 

until all the monomer is depleted, forming the final latex product.76 

Emulsion polymerisation can also be divided into sub-categories. The basic form described 

above is known as ab initio and typically produces polymer particles of 100s of nm. Other 

variants include seeded emulsion, miniemulsion and microemulsion. Seeded emulsion works 

in the same way as the ab initio method, except a previously prepared latex is added to the 

mixture to omit the nucleation stage.77 Miniemulsion uses an additional co-surfactant along 

with high mechanical shear to prevent large monomer droplets forming. This in turn forms 

smaller polymer particles, up to as small as around 50 nm.78 Microemulsion also uses a co-
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surfactant as well as a very high overall surfactant concentration to achieve particles of <50 

nm. In some cases, growing particles can consist of only a single propagating chain.79 

The final heterogeneous category, dispersion, is utilised in this thesis and is described in the 

following section. 

1.5.2. Dispersion Polymerisation 

Dispersion polymerisation is very similar to the precipitation polymerisation process. It has 

been utilised in industry to create various coatings, toners and packing materials for 

chromatography columns.80 The process can be divided into 4 key stages (Figure 1.15).  

 

Figure 1.15: Schematic illustrating the key stages of the dispersion polymerisation process. 

The first stage is almost identical to the precipitation process, with monomer and initiator 

soluble in the continuous phase. Dispersion differs by also adding a soluble polymeric 

stabiliser into the mixture. In the next stage, polymerisation begins in the continuous phase 

forming short chain propagating oligomers. Then, quickly after this stage, the oligomers reach 

a critical molecular weight where they become insoluble in the continuous phase. The 

insoluble oligomers aggregate to form the primary polymer particles for the dispersion. In the 

final stage, the polymeric stabiliser is adsorbed onto the surface of the nucleated particles, 

covering them to form a stable heterogeneous mixture. The stabilisers used are typically steric 
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stabilisers, creating a barrier of repulsive force between particles to overcome the van der 

Waals attraction between the polymer particles. With further particle aggregation prevented, 

the polymerisation continues solely by monomer diffusing into the polymer phase, continuing 

the propagation and growing the size of the polymer particles. The process typically yields 

highly uniform polymer particles in the size range of 0.1-мл ˃ƳΦ80, 81 

Aside from filling in the size range of polymer particles left between the emulsion and 

suspension processes, dispersion offers other unique benefits over emulsion systems. 

Mechanistically, the process tends to be more facile than typical ab initio emulsions. The 

process also requires less mechanical agitation and a much lower concentration of additional 

stabiliser than miniemulsion, that can affect the end product.82  

Despite these advantages, dispersion polymerisation is generally underexplored in 

comparison to emulsion systems. A key factor in this is the relatively limited number of 

solvents that are miscible with a monomer but in which the resulting polymer is insoluble. 

The most common solvents utilised as the continuous phase are alkanes,83 alcohols84 and 

supercritical carbon dioxide.85 

1.5.3. Heterogeneous RAFT Polymerisation 

The CRP techniques introduced in the previous section of this chapter are a versatile and 

desirable route to produce well-defined polymers for speciality applications. However, for 

these products to be realised at the industrial scale, CRP techniques must be compatible with 

the heterogeneous processes utilised by industry. Consequently, over the past 20 years, a 

significant amount of research has focused on addressing the challenges of integrating CRP 

methods into heterogeneous systems. Investigations have covered all CRP techniques and has 

been reviewed in detail.86, 87 Here though, only the specifics regarding the RAFT 

polymerisation technique will be addressed. 

The main issues with integrating RAFT techniques with heterogeneous processes stems from 

the additional mechanistic complexity of this technique over traditional FRP. A key challenge 

is maintaining the same degree of control over the radical propagation when compared to 

the simpler homogeneous case. For this to be achieved, the RAFT chain transfer agent must 

remain solely at the polymerisation loci, i.e. the phase where polymerisation is occurring. It 
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has been found that exit of the chain transfer species from the polymer phase can result in a 

ƭƻǎǎ ƻŦ ŎƻƴǘǊƻƭ ŀƴŘ ŀ ǎǳōǎŜǉǳŜƴǘ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ǇǊƻŘǳŎǘΩǎ 7 ǾŀƭǳŜΦ88 

!ƴƻǘƘŜǊ ŎƘŀƭƭŜƴƎŜ ǘƻ ƻǾŜǊŎƻƳŜ ƛǎ ǘƘŜ w!C¢ ƳŜŎƘŀƴƛǎƳΩǎ ŜŦŦŜŎǘ ƻƴ ǘƘŜ polymer nucleation 

stage of heterogeneous processes. The slow initial rate of polymerisation in the RAFT 

mechanism can delay the particle nucleation stage of the process. This in turn can cause 

variations in the size of the final polymer particles.89 A large increase in the particle size 

distribution can have detrimental effects for the end application. 

Several strategies have now been developed to successfully conduct RAFT polymerisation in 

heterogeneous processes. A simple solution has been to perform these controlled syntheses 

in miniemulsion type systems.90 With all monomer converted directly into polymerisation 

micelles, there is no risk of partitioning the fragmented RAFT species into the large inactive 

monomer droplets. Other strategies have included using a preformed latex to seed particles 

for RAFT polymerisation,91 eliminating the complexities involved with the particle formation. 

Or using amphiphilic macro-RAFT in place of the usual surfactant used to create the 

polymerisation micelles, ensuring the chain transfer agent remains at the polymerisation 

loci.92. The reader is directed to several review articles that describe these latest 

developments in more detail.86, 87, 93, 94 

Concerning the case of RAFT polymerisation in dispersion type heterogeneous systems, one 

particular approach has proven to be highly popular to produce block copolymers. The 

process involves using a fully soluble macro-RAFT agent with a solvent-miscible monomer that 

goes on to form an insoluble polymer. The reaction begins as a simple homogeneous system 

and then as the solvophobic polymer block grows in molecular weight, unfavourable solvent 

interactions induce self-assembly of the propagating polymers into nanoscale objects. 

Polymerisation then continues in the newly formed polymer phase by diffusion of the 

remaining monomer. The process was coined polymerisation-induced self-assembly (PISA) 

and has been shown to produce a variety of nanoscale morphologies depending on the 

reaction parameters, including micelles, vesicles and worms.95 Such materials are currently 

being researched for application predominantly in the biomedical field.96, 97 
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RAFT dispersion polymerisation has also been conducted without the use of macro-RAFT 

stabilisers, instead employing the unique properties of unconventional solvents such as 

supercritical carbon dioxide.98 
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1.6. Supercritical Carbon Dioxide 

1.6.1. Physical Properties 

A supercritical fluid is a physical state of matter that can be obtained in many chemical 

species. A substance is said to be in a supercritical state when it exceeds a particular 

temperature and pressure, the critical point. At this point, the species changes from having a 

distinct liquid and vapour phase to having a single supercritical phase, with mixed physical 

properties of both the liquid and gas states. The fluid has a liquid-like density yet possesses 

the viscosity and diffusivity of a gas. Tuning the pressure and temperature of the fluid also 

allows the solvation properties to be changed, something not possible with conventional 

liquid solvents.99 

The supercritical state for carbon dioxide (scCO2) is relatively easy to obtain, with a critical 

point at 31.1 °C and 73.8 bar (Figure 1.16), making it desirable for industrial scale use. Other 

benefits include its abundance from waste streams, chemical inertness and that it is a non-

flammable solvent. Characteristic that adhere to several of the principals of green chemistry. 

These attributes, combined with the tuneable solvent power and ease of separation from 

other chemical species at ambient pressure, have led to scCO2 being utilised in a variety of 

chemical processes. Examples include the synthesis many organic, inorganic and polymeric 

species; chemical extractions, polymer processing and the fabrication of electronics.100 

 

Figure 1.16: Illustration of the phase diagram of pure CO2. The triple point is indicated at -56.4 °C and 

5.2 bar. The critical point is indicated at 31.1 °C and 73.8 bar. 
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The main limitation of scCO2 for these applications is the poor solubility of polar molecules 

and high molecular weight substances. However, this does make scCO2 a good candidate for 

conducting heterogeneous polymerisations.  

1.6.2. Polymers in scCO2 

Under moderate conditions, scCO2 is a poor solvent for most polymers. Notable exceptions 

however include fluorinated and siloxane-based polymers.101 As such, only a few examples of 

homogenous solution polymerisations in scCO2 exist. The majority of polymer syntheses in 

this solvent are performed using precipitation and dispersion type processes, with some 

limited examples of emulsion and suspension methods.9 Dispersion polymerisation is 

reviewed extensively in the literature, due to the environmentally advantages of the solvent 

and the ease of separating the polymer particles after the synthesis, simply by releasing the 

pressure and venting the gaseous CO2. Most examples use fluorinated polymers such as 

KrytoxTM or siloxanes such as poly(dimethyl siloxane) (PDMS) as the polymeric stabiliser.102 

Many reaction techniques have also been demonstrated in scCO2, including cationic, ring 

opening and condensation polymerisations.102 FRP is a popular technique used in scCO2 as 

the CO2 molecules are highly unreactive towards radical species. This makes unwanted radical 

chain transfer to the solvent highly unlikely. However, it has been noted that scCO2 can alter 

radical initiator decomposition and FRP reaction rates.103 FRP in scCO2 is a versatile technique 

and has been applied to a range of monomers including several methacrylates,85, 104  

styrene,105 divinyl benzene,106 N,N-dimethyl acrylamide (DMA)107 and N-vinyl pyrrolidone.108 

All cases yielding well-defined microparticles, indicating stable dispersions were formed. 

Though CO2 may have a very poor solvating capacity for most polymers, it is still able to 

undergo strong interactions with many polymers while in the liquid or supercritical state. The 

CO2 can penetrate into polymer matrices, intercalating between polymer chains and causing 

the material ǘƻ ǎǿŜƭƭΦ !ǎ ǘƘŜ ǇƻƭȅƳŜǊΩǎ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ ǎǇŀŎƛƴƎ ƛƴŎǊŜŀǎŜǎΣ ǘƘŜ ŎƘŀƛƴǎ ōŜŎƻƳŜ 

more mobile, leading to a depression in the polymer Tg and can also influence 

crystallisation.109, 110 The phenomenon is often exploited in polymer processing to foam 

materials by rapid release of pressure111 or to diffuse CO2-soluble species into the polymer 

phase, such as drugs112 or nanoparticles.113 
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The extent of the sorption of CO2 into a polymer matrix depends on the physical interactions 

of CO2 ǿƛǘƘ ǘƘŜ ǇƻƭȅƳŜǊΩǎ ŎƘŜƳƛŎŀl structure. CO2 interacts with polymer chains by the 

standard van der Waals interactions. These interactions are complex and can be difficult to 

predict, largely owing to the large quadrupole moment of CO2.101 Additionally, CO2 has been 

shown to act as an electron acceptor for polymers containing functional groups with lone 

electron pairs, e.g. carbonyl groups.114 ¢ƘŜǎŜ ŦŀŎǘƻǊǎ ŀƭƭ ŘŜǘŜǊƳƛƴŜ ǘƘŜ Ψ/h2-ǇƘƛƭƛŎƛǘȅΩ ƻŦ ŀ 

polymer and subsequently the extent of swelling caused by CO2.  

1.6.3. CRP and Block Copolymers in scCO2 

A wide range of CRP techniques have also been attempted in scCO2 dispersion polymerisation, 

including ATRP,115 NMP116 and RAFT,98 with varying degrees of success. A more detailed 

review of CRP techniques in scCO2 can be found elsewhere.117 

Many reports of CRP in the literature utilise control agents that also act as the stabiliser in the 

dispersion process, occasionally referred to as inistab molecules. Examples include 

macroligands in ATRP to solubilise the copper complex and stabilise the nucleated particles,118 

polymeric alkoxyamines in NMP dispersion119 and fluorinated macro-RAFT agents.120 The vast 

majority of these cases report relatively low dispersity values (<1.5) and good agreement 

between the target and experimental molecular weights, likely owing to control species 

guaranteed to be at the polymerisation loci. However, many also report highly agglomerated 

particles or large particle size distributions, indicating a possible loss of stabilisation in the 

dispersion. 

RAFT dispersion polymerisation in scCO2 has been explored extensively by the Howdle group. 

Their first report demonstrates the synthesis of poly(methyl methacrylate) (PMMA) in scCO2 

in the presence of a common RAFT agent and a monomethacrylate terminated PDMS (PDMS-

MA) stabiliser.98 The resulting polymers were shown to have the desired molecular weight, 

ƭƻǿ ŘƛǎǇŜǊǎƛǘȅ όҖмΦнύ ŀƴŘ ǎǇƘŜǊƛŎŀƭ ǇŀǊǘƛŎƭŜ ƳƻǊǇƘƻƭƻƎƛŜǎΦ IƻǿŜǾŜǊΣ ƛǘ ǿŀǎ ƴƻǘŜŘ ǘƘŀǘ ǇŀǊǘƛŎƭŜ 

size distribution was broad due to a large inhibition period in particle nucleation. If particle 

nucleation is allowed to occur over a long period of time, then stabiliser concentration tends 

to be distributed unevenly across particles, with the first nucleated particles attracting more 

stabiliser. This then causes particles to grow asymmetrically, giving a large distribution of 

particle sizes.  
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Many subsequent reports by the Howdle group continue to adopt separate stabiliser and 

RAFT agent molecules to control the polymerisation.121, 122 A more recent study demonstrates 

how RAFT agent solubility in scCO2 must be carefully selected to enable full partition of the 

transfer agent to the polymer phase, ensuring good control is achieved.123 This study 

highlighted that for adequate control to be maintained, the RAFT agent must be fully soluble 

in scCO2 at the early homogeneous stage of the dispersion polymerisation, but then quickly 

partition into seeded polymer particles once they were formed. It is likely then that for this 

to be successful, the RAFT agent must be more soluble in the polymer than the scCO2 

continuous phase. Thus far, successfully determining if this balance has been achieved has 

only been possible though empiric investigation of the polymerisation kinetics.123 

As a natural progression from the investigations of CRP in scCO2, many groups have also used 

these techniques to synthesise block copolymers.117 A number of reports use scCO2 soluble 

polymers as the first block, acting as a macroinitiator or transfer agent. For example a scCO2 

soluble poly(1H,1H-dihydroperfluorooctyl methacrylate) (PFOMA) first block was used by Xia 

et al. for ATRP115, and Zong et al. for RAFT120 synthesis of PFOMA-b-PMMA block copolymers.  

Beyond this, several examples of fully insoluble block copolymers synthesised by scCO2 

dispersion have also been reported. Minami et al. synthesised a poly(acrylic acid) (PAA) first 

block by ATRP in scCO2,124 ǿƘƛƭŜ hΩ/ƻƴƴƻǊ Ŝǘ ŀƭΦ ǎȅƴǘƘŜǎƛǎŜŘ t!!Σ t{ ŀƴŘ t5a! ŦƛǊǎǘ ōƭƻŎƪǎ 

using NMP control.125 Both cases use a two-step synthesis strategy, obtaining and purifying 

the first block macroinitiators before synthesis of the resulting block copolymers. 

Recently, Howdle et al. have demonstrated the synthesis of several PMMA containing block 

copolymers using RAFT control via a one-pot synthetic procedure.126 In this method, the 

second monomers are fed into the reactor by a high-performance liquid chromatography 

(HPLC) pump once synthesis of the PMMA macro-RAFT agent is complete. Most block 

copolymers were found to have relatively low dispersity (<1.7) and spherical microparticle 

structure. Examination of the internal morphologies of the microparticles also found a variety 

of self-assembled nanostructures, which could be altered by changing the block fractions of 

the constituent blocks (Figure 1.17). 
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Figure 1.17: TEM cross-sectional images of several PMMA block copolymers microparticles. Images 

show internal self-assembled morphologies including LAM (a, c), CYL (b) and SPH (d). 

From this study the Howdle group also concluded that the interaction of scCO2 with the block 

copolymers profoundly affected the self-assembly behaviour of the resulting materials. Self-

assembly was shown to occur in situ during the synthesis and gave unexpected morphologies 

based on the targeted block fractions.127 The self-assembly behaviour of block copolymers in 

scCO2 is described further in Chapter 3.  

This synthetic procedure demonstrates a facile and environmentally benign route to block 

copolymers with diverse morphologies and a structural hierarchy. The group predicted these 

materials may find use in various applications including drug delivery, impact modification 

and as structural templates. In particular, their use as soft nanoscale templates for functional 

materials has received the most interest and will be the focus of this thesis. 
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1.7. Nanomaterials 

Nanomaterials are defined as a material possessing any external dimensions on the 

nanoscale. General categories of nanomaterials include nanoparticles, nanowires, ultra-thin 

films and mesoporous or microporous materials. Such materials are desirable for their 

extremely high active surface areas and the unusual phenomena exhibited by certain 

materials at the nanoscale.128 Nanomaterials occupy an enormous range of academic 

research and are now gradually being commercialised for use in retail products.129 Some 

nanomaterials are even beginning to emerge as commodities in their own right through 

platforms such as the INSCXTM worldwide exchange marketplace.130 

Despite the recent progress in nanomaterial utilisation, industrial-scale integration of these 

materials has been slow and continues to be an issue for some emerging technologies. 

Common issues that have arisen include supply insecurities, high integration costs and 

inconsistencies in material quality.131, 132 Hence, most concerns originate in the bulk 

fabrication process of nanomaterials. 

1.7.1. Fabrication of Nanomaterials 

Generally, the fabrication of nanomaterials can be divided into two approaches, top-down 

and bottom-up methods.133 Top-down methodologies involve taking a large bulk material and 

reducing the materials dimensions towards the nanoscale. The most popular of these 

methods is optical lithography, a physical method of fabrication employed in the 

microelectronic industry (Figure 1.18).134  

 

Figure 1.18: Schematic illustration of the conventional optical lithography process. 
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Optical lithography uses a light source, often UV, to transfer a desired pattern from a mask to 

a light sensitive material called a photoresist. The patterned photoresist is then subsequently 

transferred to a substrate, usually by etching. The minimum sized pattern of this technique is 

dependent of the light source used, with resolution limited by the optical wavelength. To 

produce nanoscale patterns, costly far-UV and X-ray sources must be used.134, 135 Other 

physical top-down methods have been developed, including mask-less lithography 

techniques. These include electron beam and ion beam lithography. Both scan a tightly 

focussed particle beam across the sample in the desired pattern instead of using the usual 

projected photons. Though extremely small patterns can be printed in this way, the 

techniques suffer from high cost and low throughput.136, 137  

Chemical top-down techniques can also be used to produce nanoscale features, including 

selective dealloying and anisotropic dissolution, to name a few. Selective dealloying can 

generate nanoporous metals by using chemicals to remove the most reactive components of 

a metallic alloy. Anisotropic dissolution can create nanostructures by selectively dissolving 

certain crystallographic facets in semi-crystalline materials. Though chemical top-down 

methods tend to be cheaper and more scalable, they can only be applied to a narrow range 

of materials.138 

Bottom-up methods of nanofabrication take smaller building blocks, usually individual 

molecules, and builds them up into a nanostructure. Such processes mimic those used in 

nature to build biological structures, utilising physical forces to build-up a desired structure 

hierarchically.139 The increased manufacturing costs of many top-down methods has driven 

more interest towards bottom-up approaches, although, they can often be difficult to design 

and control. Many of the man-made techniques use the concepts of self-assembly to drive 

the fabrication process.133 

Examples of bottom-up fabrication techniques include chemical vapour deposition (CVD), 

DNA-assisted assembly and sol-gel synthesis. CVD deposits gaseous chemical components 

onto a desired surface in a vacuum chamber. In this way structures can be deposited and built 

up one monolayer at a time. This is particularly useful for creating nano-thin layers and 

nanofibers.140, 141 DNA-ŀǎǎƛǎǘŜŘ ŀǎǎŜƳōƭȅ ǳǘƛƭƛǎŜǎ ƴŀǘǳǊŜΩǎ ƻǿƴ ƳƻƭŜŎǳƭŀǊ ŘŜǎƛƎƴ ǘƻ ǎŜƭŦ-

assemble nanostructures. The basic DNA structure can be modified and programmed to self-
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assemble into an array of nanoscale objects referred to as DNA origami. When attached to 

inorganic components, the DNA building blocks can be used to rapidly fabricate many 3D 

nanoscale objects.142 

Sol-gel synthesis is a method of producing solid inorganic materials from molecular 

components, commonly used for the synthesis of metal oxides such as TiO2 and SiO2. A 

solution or colloidal suspension of inorganic precursor(sol) is created, before gelation occurs 

to form a continuous inorganic network in the liquid phase (gel). The solvent is then 

evaporated, and the resulting inorganic is often annealed to yield the final material. The 

process is particularly desirable for its mild reaction conditions, low cost and easy 

scalability..143 By carefully controlling the physical conditions of gelation, or by incorporating 

additives to act as directing agents, the formation of the inorganic species can be confined to 

the nanoscale.144, 145 Sol-gel syntheses have been used to fabricate different inorganic 

nanoparticles, nanocomposites and highly porous materials.146 

1.7.2. Block Copolymers in Nanofabrication 

Due to their ability to readily self-assemble into periodic nanostructures, block copolymers 

have been widely exploited in nanofabrication.147 Examples are found primarily in bottom-up 

fabrication approaches, though they can also be used to aid top-down methods. 

Block copolymers have gained much interest for their potential use in nano-lithography. 

While one approach is to reduce the wavelength of the optical light source in lithography, 

another less expensive method can be to reduce the size of the mask (Figure 1.19). Block 

copolymers can be deposited on a substrate and cast as a thin film before annealing to induce 

ƳƛŎǊƻǇƘŀǎŜ ǎŜǇŀǊŀǘƛƻƴ ƛƴǘƻ ǘƘŜ ǇƻƭȅƳŜǊΩǎ ǇǊŜŦŜǊǊŜŘ ƴŀƴƻǎǘǊǳŎǘǳǊŜΦ t{-b-PMMA block 

copolymers have generally been explored for this application as the PMMA block can be 

selectively removed after the pattern is formed, due to its quick degradation when exposed 

to UV light.148 In this way, bottom-up self-assembly is used to aid in a top-down method of 

nanofabrication. 
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Figure 1.19: Schematic of a nano-lithography procedure using a LAM block copolymer mask. 

In the literature, block copolymers are often used in bottom-up techniques. This is particularly 

true when more complex 3D nanoscale architectures are desired, which are inaccessible using 

normal lithography methods.149 As stated earlier, block copolymer can readily self-assemble 

in the bulk phase to give various 3D morphologies. These morphologies must then be 

transferred to the desired functional material. This can be achieved by incorporating some 

chemical functionality into one of the polymers blocks to allow for insertion of a functional 

material post-assembly.150, 151 However, some methods have attempted to include the 

desired functionality during self-assembly either by adding the inorganic material into the 

polymer mixture152 or by incorporating the functionality directly into the polymer chains.153 

Though, these modifications often drastically alter the self-assembly behaviour of the block 

copolymer. 

A polymer often employed to bind inorganic components into the polymer structure is poly(4-

vinylpyridine) (P4VP). The coordinative ability of the pyridinyl nitrogen offers large scope for 

inorganic complexation and ultimately acts as a means to template a block ŎƻǇƻƭȅƳŜǊΩǎ 

morphology to an inorganic material.154 For 3D assemblies, this can be accomplished by 

incorporating the P4VP in a sol-gel synthesis of the inorganic material. In this way the gelation 

of the inorganic species is confined to the P4VP regions of the block copolymer. The pyridine 

rings are known to both chelate to inorganic precursors or can be protonated to act as 

hydrophilic acid catalyst sites for the gelation process.155-159 

Recently, the Howdle group has utilised a PMMA-b-P4VP block copolymer from scCO2 in the 

sol-gel nanofabrication of TiO2 and LiFePO4 (Figure 1.20).159 The PMMA-b-P4VP microparticles 

with an internal spherical P4VP nanostructure were used to contain the inorganic precursors 
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of the sol, creating polymer-inorganic composite particles. The polymer template was then 

removed by calcination to afford the pure nanostructured metal oxides, either with or 

without a residual carbon layer depending on the calcination conditions. This report not only 

demonstrated a method of simple bulk scale bottom-up nanofabrication, but also combines 

the green chemistry aspects of scCO2 for a minimal environmental impact. Nevertheless, only 

a single block copolymer morphology was demonstrated in this study. 

 

Figure 1.20: Schematic process for transforming a spherically structured PMMA-b-P4VP block 

copolymer into nanostructured TiO2/LiFePO4, and the resulting microscopy images.159 
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1.8. Summary and Research Aims 

This chapter has outlined some of the fundamental concepts on which the work of this thesis 

is based. In particular, the phase behaviour of block copolymers, their green synthesis via 

RAFT-mediated dispersion in scCO2 and their potential use in nanofabrication of inorganic 

functional materials.  

Initial tests by the Howdle group have shown that PMMA-b-P4VP nanostructured 

microparticles could offer a route towards industrial-scale nanofabrication of a variety of 

inorganic materials, with minimal environmental impact.159 However, the scope of this 

method has yet to be fully realised, both in terms of the range of nanostructures that may be 

templated and the specific benefits that the template may have to a variety of end 

applications.  

Also, in the initial sol-gel nanofabrication tests, the greatest limitation was found to be the 

ǘƛƎƘǘ ǊŜǎǘǊƛŎǘƛƻƴ ƻƴ ǘƘŜ ŎƻǇƻƭȅƳŜǊΩǎ ōƭƻŎƪ ŎƻƳǇƻǎƛǘƛƻƴΦ ! ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ нл-

30 wt% P4VP was necessary in the copolymer to give high fidelity in the pattern transfer to 

the final inorganic product, though this was only investigated for a single polymer molecular 

weight (~67 kg mol-1). Templating outside of this P4VP fraction range was found to produce 

microparticle aggregation in the final inorganics and loss of the structural hierarchy found in 

the original polymer. This general rule still lacks a full understanding of the fundamental 

interactions that influence templating success and has also only been proven for the TiO2 sol-

gel system. However, it can be expected that this rule should apply to other inorganic systems 

that interact with P4VP and polymer templates of similar molecular weight. 

In Chapter 3, modifications to the synthesis of PMMA-b-P4VP in scCO2 are explored in order 

to alter both the microscale and nanoscale dimension of the structural template. Control over 

both these length scales in the template can help facilitate size optimisation studies of certain 

inorganic materials. Specifically, this is explored in lithium-based inorganics for application in 

rechargeable batteries. 

In Chapter 4, alternate block copolymer chemistries are researched to add more 

morphological diversity to the P4VP templates. The restriction of the 20-30 wt% P4VP content 

prevents other morphologies being achieved in diblock copolymer systems. Therefore, 

triblock copolymer systems of P4VP are studied to increase the wealth of available template 
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morphologies. The sol-gel synthesis of TiO2 is used as a benchmark to test the effectiveness 

of the new triblock copolymer templates and their application in photocatalysis is explored. 

Finally, Chapter 5 aims to further progress the low environmental impact of this 

nanofabrication methodology. Instead of sol-gel reactions, synthesis of the inorganic 

component is attempted in scCO2 alongside the block copolymer self-assembly, reducing the 

number of synthetic steps required. Silver nanoparticles are used as a basis for this study and 

the resulting silver-polymer composites are explored for their use in biomedical applications. 

Overall, this thesis aims to demonstrate the versatility of P4VP block copolymer templates 

from scCO2 in nanofabrication. This will be achieved by investigating synthetic strategies to 

control the size and shape of the templates, as well as utilising them for several end 

applications in the energy and healthcare sectors. 
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2.1. Overview 

This chapter details the key experimental apparatus and characterisation techniques 

employed throughout this thesis. The first section describes the high-pressure equipment set-

up used for the polymer synthesis in scCO2. This also includes a general standard operating 

procedure for undertaking a high-pressure reaction. The second section describes the main 

analytical techniques utilised in subsequent thesis chapters to evaluate the various materials 

synthesised throughout this thesis. 
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2.2. High-Pressure Equipment 

2.2.1. General Set-Up 

Polymer synthesis in scCO2 requires specialist equipment to generate and withstand the high-

pressures required. The general set-up for all the high-pressure experiments in this thesis 

consists of a CO2 source, connecting pipework, control electronics and a reaction vessel 

(discussed later in this chapter). This set-up is summarised in a simplified piping and 

instrumentation diagram(P&ID) (Figure 2.1). 

Pressure was generated using a PM-101 high-pressure pump (New Ways of Analytics, 

Germany) attached directly to a liquid CO2 cylinder with a dip tube. The CO2 pump was 

powered by an external air compressor providing roughly 3-5 bar of pressure. This 

compressed the CO2 in the pump to the pressure required for the reactions; a significantly 

higher pressure than supplied by the original CO2 cylinder. 

The CO2 pressurised by the pump was supplied to individual fume hoods through 1/16th inch 

stainless steel pipework (Swagelok, SS316). The flow of CO2 was controlled using a series of 

HIP (High-Pressure Equipment Co.) needle valves. The supply lines were also fitted with non-

return valves (NRV) to prevent the back flow of reagents from the reaction vessels to the CO2 

cylinder.  

The pressure supplied to the reaction vessel was monitored by a quartz piezoelectric 

transducer (RDP Electronics) placed on the inlet pipe. Placement of the transducer on the inlet 

pipe rather than inside the reaction vessel avoids contact with reagents and prevents the 

build-up of obstructing polymer coatings on the sensor.  The transducer was connected to an 

in-house built digital display, indicating the measured pressure in pounds per square inch 

(psi). 

The temperature of the reaction vessel was both monitored and controlled by an in-house 

built temperature control box connected to a band heater (Watlow) and thermocouple (K 

type, RS Components). The power for this temperature control box was supplied through a 

trip-fuse device, coupled to the pressure monitor. If the pressure recorded by the monitor 

exceeded the 300 bar (4350 psi) working limit of the reactor, power is disconnected from the 

temperature control box to help relieve the excess pressure. 
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Figure 2.1: Schematic diagram of the high-pressure equipment used in this thesis. 
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2.2.2. MKIII Autoclave 

The high-pressure reaction vessel for this set-up was an in-house built MKIII clamp sealed 

autoclave (Figure 2.2). The autoclave was a 60 mL vessel made from 316 stainless steel with 

maximum working conditions of 300 bar and 300 °C. The autoclave was comprised of a head 

unit and removable base, sealed together with an ethylene propylene diene monomer 

(EPDM) O-ring seal and clamp. The use of the EPDM type O-ring in this set-up restricts the 

safe working temperatures to between -50 and 120 °C. 

The autoclave head was equipped with a magnetically coupled stirrer shaft (Figure 2.2, A) for 

use with a mechanical overhead stirrer, as well as six apertures. Two of the apertures were 

used to fit inlet and outlet Swagelok piping (Figure 2.2, F/G), connected to the CO2 supply line 

and HIP vent tap respectively. Another aperture was also modified to include a second inlet 

pipe, sealed with a HIP tap (Figure 2.2, B), for the addition of liquid reagents while the system 

was under pressure (discussed later in this chapter). The remaining three apertures were used 

to attach a thermocouple (Figure 2.2, D) to monitor the internal system temperature, as well 

as two mechanical safety features. 

The first mechanical safety feature included on the autoclave is a spring-loaded relief valve 

(Swagelok SS4R3A) (Figure 2.2, C) designed to open when above a maximum allowed pressure 

of 345 bar, then re-seal again once below this level. The emergency vent pressure was set 

above the pressure limit of the electronic trip-ŦǳǎŜ ŀǎ ŀ ΨŦƛƴŀƭΩ ǎŀŦŜǘȅ ƳŜŀǎǳǊŜΣ ŀǎ ǘƘƛǎ ƳŜǘƘƻŘ 

of pressure relief would also result in ejection of the toxic reagents. The final safety feature 

was a small opening on the autoclave head that must be sealed using a safety needle (Figure 

2.2, E) to hold pressure. The head of this safety needle also serves as a uniquely shaped key 

to unscrew the clamp seal (Figure 2.2, J) between the autoclave head and base. Hence the 

clamp seal for the autoclave cannot be undone without first safely venting the excess pressure 

through the small needle opening on the autoclave head. 
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Figure 2.2: Image of the high-pressure MKIII autoclave showing: (A) Magnetic coupled stirrer, (B) 

Reagent addition port, (C) Spring-loaded pressure relief valve, (D) Thermocouple, (E) Clamp 

key/Safety needle, (F, G) Inlet/outlet pipes, (H) Stirrer blades, (I) Heating jacket, (J) Clamp seal. 

2.2.3. In-Situ Monomer Addition 

Many of the syntheses described throughout this thesis require the addition of subsequent 

reagents once a particular time point in the reaction is reached. Notably the addition of the 

second monomer in the synthesis of block copolymers. This was achieved by using a high-

performance liquid chromatography (HPLC) pump (Jasco PU-980) to supply liquid reagents to 

the autoclave through the reagent addition port. The set-up for the HPLC pump and 

connecting pipework is summarised in the P&ID diagram below (Figure 2.3). 
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Figure 2.3: Schematic diagram of the equipment used for in-situ addition of monomer into the 

autoclave. 

The HPLC pump incorporates the pump component, an internal pressure monitoring device 

and an electronic trip set to cut power to the pump if an excessively high pressure is reached. 

Liquid reagents are fed into the pump via a syringe and then pumped through 1/16th inch 

stainless steel pipework (Swagelok, SS316). Reagents can be pumped directly into a waste 

container by opening a purge valve, intended for solvent rinses and the removal of any air 

bubbles from the line. When the purge valve is closed, a separate HIP valve can be opened to 

pump the reagents through further pipework connected to the reagent addition port of the 

autoclave. This section of pipework is also fitted with a NRV to prevent the contents of the 

autoclave reaching the HPLC pump. 

2.2.4. Standard Operating Procedure 

To ensure safe operation when using the high-pressure equipment, a standard operating 

procedure was followed carefully for all reactions. Only minor adjustments were made to the 

method depending on the type of reaction being performed. The procedure for a standard 

block copolymer synthesis is as follows: 

(1) An EPDM O-ring was placed in the recess in the autoclave base, then the base and 

head units were clamped together and tightened using the safety key. The safety key 

was then screwed into the autoclave head to create a pressure seal. The band heater 
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was then securely fastened around the autoclave base but remained unplugged from 

the control box. 

(2) The outlet HIP tap was closed, then the inlet HIP tap was opened slowly to add CO2 to 

the autoclave. The inlet was closed when a pressure of approximately 50 bar was 

recorded on the pressure monitor. The system was then checked for leaks using 

Snoop®  liquid leak detector.  

(3) If required, the system was vented by opening the outlet tap and any leaking fittings 

were adjusted, before again repeating step 2. Leaking fittings were never tightened 

under pressure. 

(4) Once the system was determined to be leak free, the autoclave was vented, the safety 

key removed and the outlet tap was then closed. Residual oxygen in the system was 

removed by slightly opening the inlet tap to produce a CO2 flow of around 2-3 bar 

through the autoclave for at least 30 minutes. 

(5) A degassed monomer solution (usually containing initiator, RAFT agent and polymeric 

stabiliser) was added via syringe through the open keyhole against the positive 

pressure of CO2, preventing the ingress of air. The system was then sealed by screwing 

in the safety key. 

(6) The autoclave containing the reaction solution was then pressurised to around 50 bar. 

The overhead stirrer was then turned on and set to 300 rpm. The heating jacket was 

then plugged into the control box and the target temperature was set to 65 °C. The 

system was allowed to heat, with the pressure monitored throughout. 

(7) Once the target temperature was achieved, the system was further pressurised to the 

reaction pressure of 241 bar. The addition of CO2 often caused the autoclave to cool 

slightly. When this occurred, pressurisation was stopped until the temperature 

stabilised again, then the process was continued. 

(8) After the desired reaction time for the first polymer block was reached, a small 

polymer sample was collected from the system by quickly opening then closing the 

outlet tap. This procedure also lowered the autoclave pressure, providing space for 

the second monomer to be added. 

(9) The second monomer was then added to the system using the HPLC pump set-up: 

i. ¢ƘŜ ǇǳƳǇΩǎ ǎȅǊƛƴƎŜ ǊŜǎŜǊǾƻƛǊ ǿŀǎ ǇǊƛƳŜŘ ǿƛǘƘ ǘƘŜ ŘŜƎŀǎǎŜŘ ǎŜŎƻƴŘ ƳƻƴƻƳŜǊ 

solution. 
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ii. The purge valve was opened and the solution was pumped through to the waste 

container to remove any air bubbles from the line. 

iii. The purge valve was closed and 1/16th inch piping of the pump set-up was 

connected to the autoclave addition port. 

iv. The tap on the pump line was opened, keeping the isolating tap on the reagent 

addition port closed. The monomer solution was pumped through the line to build 

up pressure, to the point at which pressure was equal to that inside the autoclave. 

v. The isolating tap on the reagent addition port was opened and the monomer was 

pumped into the autoclave at a flow rate of 0.5 mL/min. The pressure inside the 

autoclave began to rise and pumping was discontinued if the safety limit was 

reached. 

vi. After the desired amount of monomer solution was added, the isolating tap was 

closed and pumping was stopped. The pump line was disconnected from the 

autoclave and the entire system was flushed with acetone to remove residual 

monomer. 

(10) After the desired reaction time for the second monomer block was reached, the 

temperature control box was set to 0 °C and the heating jacket was disconnected. 

(11) Once the autoclave was cooled to room temperature, stirring was stopped and the 

outlet tap was slowly opened to vent the CO2. 

(12) Once at atmospheric pressure, the safety key was removed and the clamp seal 

loosened to open the autoclave and collect the reaction product. 
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2.3. Characterisation Techniques 

Described here are the details and procedures of some of the key analytical techniques 

employed throughout this thesis. However, this list of techniques is not exhaustive and 

additional specialist techniques are also detailed in the experimental section of the chapters 

to which they pertain. 

2.3.1. Gel Permeation Chromatography 

A fundamental technique for the analysis of polymers is gel permeation chromatography 

(GPC), also referred to as size exclusion chromatography (SEC). This technique is used to 

determine the molecular weight (Mn) and molecular weight dispersity (7) of polymer samples. 

Both parameters are of interest due to their ability to influence the end properties of the 

polymer. This is especially relevant in controlled radical polymerisations where molecular 

weight values can be targeted and controlled.  

The technique works by first dissolving the sample in a suitable solvent to be used as the 

mobile phase. The sample is then passed through a series of columns containing a bed of 

porous beads, the stationary phase. The beads then separate the polymer chains based on 

their hydrodynamic volume in the selected solvent; longer polymer chains will have a larger 

hydrodynamic radius. The longer chains elute first as they are too large to pass through the 

bead pores, thus taking a shorter more direct route to the end of the column. Shorter chains 

pass through more of the pores, taking a longer time to filter through and elute. 

Eluting polymer chains can be detected through various different means. The most common 

and the one used in this thesis is detection through changes in the refractive index (RI) of the 

eluted solvent. A higher concentration of polymer in the solvent will cause a greater change 

in the RI value, enabling a signal to be produced and plotted. The detected elution times can 

then be compared to calibration values produced by reference samples. These are near-

monodisperse samples of common polymers such as PMMA and PS. The comparison to these 

reference elution times is used to calculate both the number average and weight average 

molecular weights for the sample. Values from samples with different chemical structures to 

these standards can only be taken as approximations, and the error in these approximations 

is propagated through both the number and weight average values. 
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In this thesis two GPC systems were used. The most commonly used system, and the one for 

analysing all P4VP-based polymers, was an Agilent 1260 infinity SEC system equipped with a 

Wyatt Optilab dRI detector. The mobile phase was a solvent mixture of chloroform and 

ethanol (9:1) with a triethyl amine (TEA) stabiliser (1% v/v). Samples were prepared as 3-5 mg 

mL-1 ǎƻƭǳǘƛƻƴǎ ŀƴŘ ŦƛƭǘŜǊŜŘ ǘƘǊƻǳƎƘ лΦн ˃Ƴ t¢C9 ǎȅǊƛƴƎŜ ŦƛƭǘŜǊǎ ό!ƎƛƭŜƴǘύ ǘƻ ǊŜƳƻǾŜ ŀƴȅ 

particulates. Samples were injected at a flow rate of 0.5 mL min-1 and passed through a guard 

column followed by two separation columns (2 x !ƎƛƭŜƴǘ t[ƎŜƭ р ˃Ƴ ƳƛȄŜŘ 5ύΦ ¢ƘŜ ǎȅǎǘŜƳ ǿŀǎ 

calibrated using PMMA narrow standards (Mn range: 0.5-2,000 kg mol-1). Detector responses 

were analysed using ASTRA 6.1 software (Wyatt Technology). 

Additionally, a separate Polymer Labs PL-120 SEC system equipped with an Agilent differential 

refractometer was used to analyse PMMA-b-PBzMA and PMMA-b-PS block copolymers. THF 

was used as the mobile phase. Samples were prepared as 2-3 mg mL-1 solutions and filtered 

ǘƘǊƻǳƎƘ лΦн ˃Ƴ t¢C9 ǎȅǊƛƴƎŜ ŦƛƭǘŜǊǎ ό!ƎƛƭŜƴǘύ to remove any particulates. Samples were 

injected at a flow rate of 1.0 mL min-1 and passed through a guard column followed by two 

ǎŜǇŀǊŀǘƛƻƴ ŎƻƭǳƳƴǎ όн Ȅ !ƎƛƭŜƴǘ t[ƎŜƭ р ˃Ƴ ƳƛȄŜŘ 5ύΦ ¢ƘŜ ǎȅǎǘŜƳ ǿŀǎ ŎŀƭƛōǊŀǘŜŘ ǳǎƛƴƎ taa! 

narrow standards (Mn range: 0.5-2,000 kg mol-1). Detector responses were analysed using 

ASTRA 6.1 software (Wyatt Technology). 

2.3.2. Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is a common analytical technique used to 

confirm the chemical structure of a compound. The technique identifies any nuclei with a 

nuclear spin that can interact with an applied magnetic field. The different chemical 

environments of these nuclei give slightly different responses in the NMR, which are plotted 

as chemical shift ǾŀƭǳŜǎ όʵύ ǊŜƭŀǘƛǾŜ ǘƻ ŀ ǎǘŀƴŘŀǊŘΦ ¢ƘŜ ʵ ǾŀƭǳŜǎ Ŏŀƴ ōŜ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ŜƭŜŎǘǊƻƴ 

density surrounding the particular nuclei, thus, functional groups can be identified and the 

chemical structure deduced. Intensities of the generated peaks are also relative to the 

number of active nuclei in the sample. This means integration values of the peaks can be 

compared to assess the abundance of each particular functional group. 

In this thesis proton (1H) NMR is utilised, being the most applicable NMR active nuclei in the 

synthesised polymers. 1H NMR was used to determine the presence and abundance of 

particular polymer species in a product based on its unique functional groups. Spectra were 
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obtained on a Bruker AV-III 400 MHz spectrometer on samples dissolved in CDCl3. Data was 

analysed using MestReNova software. Some of the unique discernible signals for the polymers 

studied in this thesis are given in Table 2.1.  

Table 2.1: List of 1H NMR unique chemical shift regions for polymers used in this thesis. 

Polymer Functional group  Number of protons 

(nH) 

Chemical shift in 

CDCl3 (ppm) 

PMMA Methyl group 3 3.6 

P4VP Pyridine ring 2 8.2-8.6 

PS Benzene ring 3 6.8-7.2 

PBzMA 
CH2 adjacent to 

benzene ring 
2 4.8-5.0 

Primarily, this technique was used to assess the composition of the synthesised block 

copolymers. Often this is presented as a weight fraction of the P4VP block to the other 

polymer block(s) (wP4VP). This was calculated by first integrating the polymer peaks for each 

block to give peak intensity values (Iblock). The peak intensities were all normalised by dividing 

by the number of protons (nH) that the integral represents. The normalised intensity for the 

P4VP block is then divided by the sum of the normalised intensities for all blocks in the 

copolymer to give a molar fraction of P4VP (nfP4VP) (Equation 2.1). 
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 (Equation 2.1) 

This molar fraction value can then be converted to a weight fraction value (wP4VP) by taking 

into account the molar masses of each of ǘƘŜ ōƭƻŎƪΩǎ ŎƻƴǎǘƛǘǳŜƴǘ ƳƻƴƻƳŜǊ όEquation 2.2). 
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 (Equation 2.2) 

2.3.3. Scanning Electron Microscopy 

The micro-scale morphology of samples was assessed by scanning electron microscopy (SEM). 

Images of the sample can be produced by exposing the sample to a focussed electron beam. 

The electrons interact with the surface atoms of the sample producing a variety of measurable 

signals. The most commonly used SEM mode and the one used in this work measures the 



Chapter 2 ς Equipment and Characterisation Techniques 

54 
 

secondary electrons emitted by the sample when excited by the electron beam. Secondary 

electrons hit a detector to produce an electrical signal which is amplified and displayed as an 

image pixel based on the signal intensity. The electron beam is then moved across the sample 

surface in a raster scan pattern. The combination of the beam position and the signal intensity 

produces a topographical image of the sample. 

Samples were prepared by mounting on aluminium stubs with sticky carbon tabs (Agar 

Scientific) and sputter-coated with a thin layer (Ḑ6 nm) of platinum (Polaron SC7640). This 

conductive layer helps to prevent charge build-up and degradation of the sample, a common 

problem for polymeric materials. Samples were imaged using a JEOL 6490LV SEM at an 

accelerating voltage of 10 kV over a range of magnifications.  

The images produced with this technique were also used to derive the number average 

particle diameter (dn) of samples. Values reported are mean averages taken from at least 100 

measured particles (ImageJ processing software). Particle size distributions were reported by 

calculating the coefficient of variation (CV) for the particles measured (Equation 2.3). CV is 

ƎƛǾŜƴ ŀǎ ŀ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴΩǎ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ ό)̀ in proportion to the mean 

average particle diameter. Hence, particle size distributions can be compared between 

samples, regardless of the relative size of the particles in the sample. 

 ὅὠ  
„ 

Ὠ
 (Equation 2.3) 

2.3.4. Transmission Electron Microscopy 

The nano-scale morphology of samples was evaluated using transmission electron 

microscopy (TEM). TEM works using the same basic principles as an ordinary light microscope, 

instead using electrons for superior resolution due to their smaller wavelength. A focussed 

beam of electrons is shone through a very thin sample, where interactions between the 

electrons and sample atoms occur.  

{ƻƳŜ ŜƭŜŎǘǊƻƴǎ ǿƛƭƭ ōŜ ǎŎŀǘǘŜǊŜŘ ƻǊ ŀōǎƻǊōŜŘ ōȅ ǘƘŜ ǎŀƳǇƭŜ ōŀǎŜŘ ƻƴ ǘƘŜ ǎŀƳǇƭŜΩǎ ǘƘƛŎƪƴŜǎǎ 

and chemical composition. A thicker sample or sample with higher atomic density will scatter 

more of the incident electrons. Remaining electrons transmit through the sample and are 

collected on a detector, usually a charge-coupled device (CCD) camera. Areas of the sample 
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that scatter more electrons will have a lower intensity and therefore appear darker in the final 

image. 

All materials in this thesis were too thick to be imaged in their neat form. To prepare thin 

sections of the materials, samples were first embedded in an epoxy resin (Agar 100) and cured 

at 50 °C for at least 24 hours. Embedded samples were ultra-microtomed (RMC PowerTome 

PTXL) at room temperature to Ḑ100 nm thick slices using a diamond knife (Leica Diatome 

Ultra 45°). Sections were collected on copper TEM grids (Agar Scientific). 

For polymer materials, samples also needed to be stained before imaging. The contrast 

between different types of polymer in the TEM is often very low due to their similar elemental 

compositions. For this reason, polymers are selectively stained with heavier elements to 

enhance electron scattering in one of the polymers. A variety of different chemical stains can 

be used depending on the functional groups of the polymer.1 Sample sections containing PS 

or PBzMA polymer blocks were stained using RuO4 vapour for 2 hours, while P4VP blocks were 

stained with I2 vapour for 2 hours. Polymer samples containing inorganic components were 

not stained. 

Sections were imaged using a JEOL 2100+ TEM equipped with a Gatan US1000 camera, at an 

accelerating voltage of 80 kV. Samples were imaged over a range of magnifications. In this 

thesis some of the images produced were also used to measure the average P4VP domain 

size in phase separated block copolymers (DP4VP). Values reported are mean averages taken 

from at least 100 measured nanoscale features (ImageJ processing software). 

2.3.5. Small-Angle X-ray Scattering 

Small-angle X-ray scattering (SAXS) was utilised during several studies in this thesis to gain 

insight into the nanoscale morphologies of some block copolymer materials. Nanoscale 

density differences in a material can cause a coherent beam of X-rays to be scattered 

elastically at small angles (0.1 - 10°). The pattern of this scattering can give information about 

both the size and shape of the nanoscale structure. This has become a particularly valuable 

tool for analysing self-assembled block copolymers and is useful for complementing 

observations made through TEM analysis. 
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Typically, SAXS analysis is performed using a synchrotron source of monochromatic X-rays. 

The high intensity beam is fired through the sample with the majority of X-ray passing straight 

through the material. However, the small fraction of X-rays that do interact with the sample 

Ŏŀƴ ōŜŎƻƳŜ ǎŎŀǘǘŜǊŜŘΣ ŀǘ ŀƴƎƭŜǎ ƻŦ нʻΣ ŀƴŘ ǊŜŎƻǊŘŜŘ ŀǎ ŀ ǎŎŀǘǘŜǊƛƴƎ Ǉattern. In a 1D pattern, 

the scattering intensity is plotted as a function of the scattering vector (q) (Equation 2.4). The 

position of peaks (qmax) in the scattering intensity can be used to discern possible morphology 

shape and the size of the periodic features (D) (Equation 2.5). 

 
ή  

τ“ 

‗
ίὭὲ— (Equation 2.4) 

 
Ὀ  

ς“ 

ή
 (Equation 2.5) 

SAXS patterns in this thesis were recorded at a synchrotron source (Diamond Light Source, 

station I22, Didcot, UK) using monochromatic X-ray ǊŀŘƛŀǘƛƻƴ όǿŀǾŜƭŜƴƎǘƘ ˂ Ґ лΦффф )), with 

scattering vector q ranging from 0.003 to 0.25 Å-1 (calibrated using silver behenate) and a 2D 

Pilatus 2M pixel detector (Dectris, Switzerland; pixel size = 172 µm). Scattering data were 

reduced and corrected (masking, estimation of Poisson uncertainties, time, flux & 

transmission normalisation, subtraction of empty cell scattering, thickness correction) before 

being normalised with glassy carbon being used for the absolute intensity calibration utilising 

standard routines available at the beamline.2 All measurements were taken on powdered 

samples.  

This procedure was carried out by Dr Matthew Derry and Prof. Paul Topham (Aston Institute 

of Materials Research, Aston University, UK). 

2.3.6. Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was used to determine the glass transition 

temperatures (Tg) of polymer materials. The Tg of a polymer is the temperature at which the 

polymer chains transition from a rigid glass-like state to a more flexible rubber-like state. A 

polymer with more readily mobile chains will have a lower Tg. 

The Tg of a polymer blend is dependant of the compatibility of the of the blend components. 

A homogenous blend of multiple types of polymer will have a single Tg somewhere between 
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the Tg values of the constituent polymers, depending on the exact composition. Whereas a 

phase separated material containing heterogeneous phases will undergo the multiple glass 

transitions of the individual components.3 aŜŀǎǳǊŜƳŜƴǘ ƻŦ ŀ ǎŀƳǇƭŜΩǎ Tg was therefore used 

to indicate whether a synthesised block copolymer had formed a phase separated 

morphology. 

DSC functions by measuring the amount of energy required to heat a sample relative to an 

empty reference pan. Changes to this measured heat flow are indicative of phase transitions 

in the material, including glass transition points. 

Samples were analysed using a TA instruments Q2000 DSC, equipped with an auto-sampler. 

A Ḑ10 mg sample was placed in a Tzero aluminium pan (TA instruments) and press sealed 

prior to use. Samples were heated to 200 °C, then cooled to -90 °C before a final heating cycle 

back to 200 °C (10 °C min-1 ramp) under a N2 atmosphere. Data was collected during the 

second heating run. Data was analysed using TA Universal Analysis software. 

2.3.7. Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was used to probe changes occurring to samples during 

calcination processes. TGA is a method of thermal analysis in which a sample is heated at a 

Ŏƻƴǎǘŀƴǘ ǊŀǘŜ ǿƘƛƭŜ ǊŜŎƻǊŘƛƴƎ ǘƘŜ ǎŀƳǇƭŜΩǎ ƳŀǎǎΦ ¢ƘŜ ǇǊƻŦƛƭŜ ƻŦ ǘƘŜ ǎŀƳǇƭŜΩǎ Ƴŀǎǎ ŎƘŀƴƎŜ 

against temperature gives useful information about physical phenomena taking place, such 

as phase transitions, desorptions and decompositions.  

In this thesis, the technique was primarily used to analyse polymer-inorganic composite 

materials. Data obtained from TGA measurements were used to determine polymer 

decomposition temperatures, quantity of solvent residue and quantity of uncombusted 

material. Since the inorganic components of the composites were stable up to high 

temperatures, the remaining sample mass could be taken to be a measure of the inorganic 

fraction in the material. 

Measurements were performed using a TA instruments Q500 TGA using platinum crucibles. 

Samples were heated at a rate of 10 °C min-1 to the desired isothermal temperature. The 

heating was performed under the appropriate gaseous atmosphere for the material being 

analysed. Data was analysed using TA Universal Analysis software. 
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2.3.8. Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is a commonly used analytical technique in the 

chemical sciences to probe the bonding of molecules. Substances can absorb IR radiation at 

characteristic wavelengths in order to excite the vibrational modes of the molecules. This 

absorbance is specific to the type of bonding present within the molecules and can be used 

as a method to determine chemical structure. In this thesis FTIR spectroscopy is used to 

analyse some of the polymer-inorganic composites produced. The resulting spectra are used 

to identify any changes to the bonding of the polymers upon addition of inorganic materials.  

IR spectra were obtained using a Bruker ALPHA II FTIR spectrometer equipped with an 

attenuated total reflection (ATR) attachment. Samples were analysed in their solid state 

directly on the ATR crystal.  

2.3.9. Powder X-ray Diffraction 

Powder x-ray diffraction (XRD) was used to determine the crystal structures of synthesised 

inorganic materials. In powder XRD, a small amount of sample is exposed to a coherent beam 

of x-rays which interact with the atoms of the sample. X-rays have wavelengths of a similar 

scale to that of inter-atomic distances. This means they are small enough to enter the crystal 

lattice of a sample and be diffracted by its atoms. Due to the highly symmetric arrangement 

of atoms in crystalline materials, diffracted x-rays can interfere constructively to give 

increasŜŘ ǎƛƎƴŀƭ ƛƴǘŜƴǎƛǘȅ ŀǘ ǎǇŜŎƛŦƛŎ ŀƴƎƭŜǎΣ ŀŎŎƻǊŘƛƴƎ ǘƻ .ǊŀƎƎΩǎ ƭŀǿΦ ·-ray signal counts can 

therefore be plotted against diffraction angle to give characteristic peaks. 

In this work, the diffractogram peaks measured from a sample were compared to known 

standards to confirm the existence of a particular crystal phase in the synthesised metal oxide. 

The measurement is also useful to confirm a sample is mostly crystalline in nature. Thus, 

confirming a sample had been adequately annealed and amorphous polymer material 

removed. 

·w5 ƳŜŀǎǳǊŜƳŜƴǘǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ƻƴ ŀ t!bŀƭȅǘƛŎŀƭ ·ΩǇŜǊǘ ǇǊƻ at5 ŘƛŦŦǊŀŎǘƻƳŜǘŜǊ ǳǎƛƴƎ ŀ 

Cu-Yʰ ǊŀŘƛŀǘƛƻƴ ǎƻǳǊŎŜ ό˂ Ґ мΦрплс )ύΦ {ŀƳǇƭŜǎ ǿŜǊŜ ǇƭŀŎŜŘ ƻƴ ŀ ǎƛƭƛŎƻƴ ȊŜǊƻ ōŀŎƪƎǊƻǳƴŘ 

ƘƻƭŘŜǊ ŀƴŘ ŀƴŀƭȅǎŜŘ ƻǾŜǊ ŀ нʻ ǊŀƴƎŜ ŦǊƻƳ млϲ ǘƻ улϲΦ 
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2.3.10. Surface Area Analysis 

The surface area of some of the polymer and inorganic materials synthesised in this thesis 

were measured quantitatively. This provided a metric to compare the physical structures of 

materials and postulate their effectiveness in end applications. The surface areas and average 

pore sizes of materials were calculated by measuring nitrogen sorption onto the material 

surfaces. 

Nitrogen sorption measurement are performed by first degassing a sample of known mass, 

to remove all surface molecules from the material. The adsorbate gas is then administered to 

the sample in controlled doses and the relative pressure in the sample container is measured. 

The pressure in the sealed sample container can then be related to the quantity of gas 

adsorbed on the sample surface, indicating the available surface area. Nitrogen gas continues 

to be added in this way to form an isotherm plot which is used to quantify the surface area. 

Several different theoretical models can be employed to calculate the surface area from the 

isotherm data, based on various assumptions about the material. 

Sorption measurements usually conclude by also recording the nitrogen desorption; a 

vacuum is applied to obtain the reverse isotherm. The complete data can often form a 

hysteresis loop between the adsorption and desorption plots. The size and shape of this loop 

can be telling of the type of porosity present in the material and is also used to calculate an 

average pore diameter for the material. Again, several different theoretical models can be 

applied to calculate the pore size distribution. 

All nitrogen sorption measurements were performed on a Micrometric 3FLEX sorptometer at 

-196 °C. Polymer samples were degassed at 50 °C for 16 hours while inorganic samples were 

degassed at 200 °C for 12 hours prior to measurement. The BrunauerςEmmettςTeller (BET) 

method was used to calculate the surface area from the isotherm plots, while the Barrett-

Joyner-Halenda (BJH) method was used to calculate pore size distributions. 
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3.1. Overview 

This chapter explores how the micro and nanoscale dimensions of hierarchically structured 

PMMA-b-P4VP block copolymers from scCO2 can be altered through changes to the synthetic 

parameters. The aim being to demonstrate a high level of versatility in the design of these 

block copolymers for use in structure direction of inorganic functional materials. 

Microparticle size control was investigated by altering the quantity of polymeric stabiliser 

used in the scCO2 dispersion polymerisation. This simple but effective method has proven 

successful in previous studies on free-radical homopolymer synthesis but has yet to be 

applied to controlled radical synthesis of block copolymers in dispersion. Nanoscale size 

control was investigated by varying the overall molecular weight of the block copolymers. This 

was achieved by altering the quantity of RAFT agent in the controlled polymerisation.  

Further to this, the various size block copolymer particles were applied to the sol-gel synthesis 

of LiFePO4, a lithium-ion battery cathode material that is expected to show a marked increase 

in electrochemical performance when a hierarchical morphology is applied. The polymer 

templates were removed by anaerobic calcination to give highly pure and crystalline LiFePO4 

with a residual carbon coating to aid in electrical conductivity. The resulting morphology and 

surface area of the battery materials is shown to be heavily dependent on the microparticle 

size of the polymer template used to create them. The electrochemical performance of the 

final materials is also explored by fabricating them into electrodes and assembling coin cell 

lithium-ion batteries. 
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3.2. introduction 

This introduction develops on the general concepts presented in Chapter 1. Specifically, block 

copolymer self-assembly behaviour is explored in greater detail. This includes the interaction 

of scCO2 with block copolymers, the effect of spatial confinement on self-assembly and routes 

to form hierarchically structured arrangements of block copolymers. These topics are 

discussed to provide the reader with a more detailed insight into the principles governing the 

formation of phase separated block copolymer microparticles in scCO2. 

In addition, a brief overview is provided regarding the inorganic materials used in 

rechargeable battery applications, as this will be the targeted function of materials fabricated 

in this chapter. Particular focus is placed upon the limitations suffered by the bulk cathode 

materials and the potential benefits of applying nanoarchitectures to enhance the capabilities 

of these materials.  

3.2.1. Block Copolymer Self-Assembly in scCO2 

In Chapter 1 the theory regarding diblock copolymer phase separation in the bulk state was 

discussed. It was explained that the resulting thermodynamically stable morphology was 

determined by the volume fraction of the two constituent blocks.1 The volume fraction of 

each block is generally altered by changing the polymer composition, adjusting the molecular 

weight of each block. However, block volume fractions, and therefore the bulk phase 

behaviour of block copolymers, can also be heavily influenced by the introduction of 

additives.2-5 

For an additive to cause a change in the expected morphology for a particular block 

composition, its interaction with the copolymer components must be asymmetric.6 This 

means the additive must have a higher preference to one particular polymer block, causing 

its volume to increase disproportionately over the other block and lead to a shift in the 

preferred morphology. Examples of additives that are capable of achieving this effect are 

solvent vapours,7, 8 low molecular weight homopolymers,9 dilute acids/bases10 and small 

amounts of liquid solvent.6, 11 Here, CO2 is discussed as such an additive. 

The use of CO2 as an additive to modify block copolymer phase behaviour has been the focus 

of several studies.12-14 As mentioned previously, due to the gas-like diffusivity of scCO2, the 

solvent has a particular affinity to intercalate into polymer matrices causing the materials to 
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swell.15 The extent of this swelling is determined by the solvent parameters (pressure and 

temperature) as well as the degree of solubility CO2 has in the polymer structure.16 Though 

CO2 solvent interactions can be difficult to model and predict, it is generally accepted that 

quadrupole-polar interactions play a substantial role.17 A recent report modelling CO2 

interactions with various compounds shows that scCO2 tends to have strong interactions with 

ǳƴǎŀǘǳǊŀǘŜŘ ǇƻƭŀǊ ōƻƴŘǎΣ ǎǳŎƘ ŀǎ /Ґh ŀƴŘ / b ƎǊƻǳǇǎΦ18 ¢ƘŜ ƘƛƎƘ Ψ/h2-ǇƘƛƭƛŎƛǘȅΩ ƻŦ ǘƘŜǎŜ 

particular functional groups causes certain classes of polymers, such as methacrylates, to 

undergo a large degree of swelling in scCO2 due to the high solubility of CO2 in the polymer 

matrices.19 

A study by Zhang et al. quantified the CO2 sorption and swelling of several homopolymers 

when exposed to scCO2 at various pressures. They also studied the swelling of a number of 

block copolymers made up of the individually studied homopolymers, with a range of block 

volume fractions.20 Interestingly, they found a linear dependence of the degree of swelling 

with the block fractions of the copolymer. This suggested that sorption of CO2 by the 

copolymers was quantitatively comparable and unchanged when compared to the 

constituent homopolymers.  

Jennings et al. studied the influence of scCO2 on the phase behaviour of a number of block 

copolymer compositions.12 The block copolymer microparticles were synthesised via RAFT-

mediated dispersion polymerisation in scCO2, targeting various weight fractions for each 

material. After the polymerisations, reactions were cooled before releasing the CO2 from the 

block copolymers. As such, the morphology of the block copolymers would be a 

representation of the thermodynamically equilibrated structure formed in the presence of 

scCO2. This morphology is first fixed by cooling below the Tg of the polymer blocks and then 

contracted slightly by subsequently removing the liquified CO2 from the polymer matrix. This   

left the materials assembled in their kinetically trapped scCO2-state morphologies, with only 

the domain size features expected to change slightly when analysed in the ambient state.21 

The self-assembled morphologies were studied by cross-sectional TEM of the particles and 

used to construct experimental phase diagrams for the observed morphologies (Figure 3.1).12 

In the case of block copolymers comprised of all-methacrylate polymer blocks, poly(methyl 

methacrylate-b-benzyl methacrylate) (PMMA-b-PBzMA), the phase diagram showed good 
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agreement with the theoretical phase diagram for bulk phase self-assembly. However, in the 

case of the methacrylate-styrene composition, PMMA-b-PS, the phase diagram showed a 

large divergence to the expected morphologies for the standard bulk material, with non-

spherical geometries only produced at very low weight fractions of PMMA. This was 

attributed to the asymmetric swelling of the two blocks, due to the higher solubility of CO2 in 

the PMMA block.12 This study demonstrates the challenge in producing a non-spherical 

morphology in a PMMA-b-P4VP block copolymer synthesised in scCO2 (comparable to the 

PMMA-b-PS phase diagram, as PMMA is known to swell more than P4VP in scCO2).20 

 

Figure 3.1: Experimental phase diagrams for (a) PMMA-b-PBzMA and (b) PMMA-b-PS synthesised in 

scCO2.12 

Along with the possibility to manipulate the preferred morphology of block copolymers, scCO2 

has also been shown to influence the necessary conditions required to induce phase 

separation.12, 22-25 Typically, thermal annealing is used to increase the mobility of chains to a 

disordered state, above the polymer Tg and generally to a point where …N < 10.5, as … is 

known to decrease as temperature increases. The block copolymer is then cooled, inducing 

phase separation when …N again becomes greater than 10.5. The temperature at which this 

transition occurs is referred to as the order-disorder transition temperature (TODT).26 

ScCO2 has a great influence on the thermal annealing process as sorption of CO2 into the block 

copolymer structure has the ability to reduce both the polymer Tg, making it more mobile, 

and the TODT. For example, the group of Watkins has studied the effect of scCO2 on the TODT 

for several block copolymers including PS-b-poly(n-alkyl methacrylates)23, PS-b-

poly(isoprene)24 and high molecular weight PS-b-PMMA.25 They found that in the majority of 

materials, the TODT was significantly depressed with the addition of scCO2 and the degree of 
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depression could be tuned by increasing the solvent pressure.24 This was shown to 

successfully induce phase separation, whereas when identical materials were heated to the 

same temperature in vacuum this was not the case.25 The depression in TODT was attributed 

to screening of the unfavourable enthalpic interactions between the polymer blocks by the 

added CO2 molecules, allowing them to reach the disordered state at lower temperatures.23 

This demonstrates that scCO2 can be applied to anneal block copolymers at much lower 

temperatures, much in the same way as solvent vapour annealing techniques are used to 

induce phase separation in block copolymer thin films.26, 27 The comparison between these 

two systems is logical, due to the gas-like nature of scCO2. In the same way as in solvent 

vapour annealing, annealing in the presence of scCO2 is particularly useful for enabling self-

assembly of block copolymers with low degradation temperatures or when the Tg is close to 

the degradation point. 

When scCO2 is used as the reaction solvent during synthesis of block copolymers, this effect 

is applied during the polymerisation. As such, the necessity for a post-synthesis annealing step 

can be circumvented as phase separation occurs simultaneously with chain growth.12 This is 

not only an efficient method but can also be used as a facile route to create internally self-

assembled microparticles, when a heterogeneous synthetic approach is adopted.21, 28-30 

3.2.2. Spatial Confinement of Block Copolymers 

It has been established that the self-assembly of diblock copolymers in the bulk state usually 

results in one of four distinct repeating morphologies: spheres, cylinders, gyroid or lamellar.1 

Conventional self-assembly in solution also only leads to a limited number of geometries such 

as micelles, worms and vesicles.31 However, an extensive range of studies over the past few 

decades have identified various methodologies to expand upon these possible assemblies of 

diblock copolymers. Such methods can lead to the formation of unusual geometries and 

produce structural hierarchies in block copolymers. 

A particular approach that has gained a great deal of attention in experimental and theoretical 

studies is the confinement of block copolymers during phase separation.32 Spatial 

confinement in any number of dimensions has the potential to break the symmetry of the 

bulk morphologies and frustrate the self-assembly to give unusual morphological 

arrangements.33 In such studies, block copolymers are often studied under 2D and 3D 
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confinement. Practically, this relates to confinement of block copolymers in cylindrical pores 

and spherical cavities respectively. 1D confinement is also extensively studied as this relates 

to the self-assembly of block copolymers cast as thin films.34-36 

Literature on this topic is extensive and is not reviewed in full here. The reader is directed to 

several review articles on this topic.32, 33, 37 Morphologies produced under confinement can 

be affected by preferential surface interactions with a particular polymer block38, geometry 

of the confining surface39 and the overall size of the confinement.40 All these are in addition 

to the usual volume fraction considerations that determine optimal morphology. Arguably, 

the confinement size is the most studied variable to influence self-assembly. Examples of 

these include Monte Carlo simulations performed by Yu et al. of block copolymers under 

confinement in both cylindrical and spherical nanopores of various dimensions (Figure 3.2).40-

42 Confinement size is denoted as D/L0, a measure of the ratio of confinement diameter to the 

bulk period dimension of the block copolymer. 

 

Figure 3.2: Monte Carlo simulations demonstrating the effect of (a) 2D40 and (b) 3D confinement42 on 

ǘƘŜ ŜȄǇŜŎǘŜŘ ǇƘŀǎŜ ǎŜǇŀǊŀǘŜŘ ƳƻǊǇƘƻƭƻƎȅΦ ʰ denotes an increase in preferential surface interactions. 

From these simulations it was clear that a vast range of morphologies could be obtained from 

a single block copolymer composition under different confinement dimensions. In cylindrical 

nanopores, various helical and stacked toroid geometries were often predicted up to D/L0 = 
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4.40 In spherical nanopores, a number of nanoparticles with patterned surfaces and onion-

type morphologies were predicted.42 In both cases the predicted morphologies were found 

to be highly dependent on the surface interactions of each block with the pore walls.40, 42 It is 

also apparent from these and similar studies that for confinement to have a meaningful effect 

on self-assembly, D must be of a similar order of magnitude to L0 (D/L0 < 5).33, 40, 43-45 

Experimentally, block copolymer self-assembly under confinement has been studied by 

preparing copolymers in microporous solids, such as alumina45 or silica46, or by preparing 

block copolymer particles.47 Different methods for obtaining block copolymers confined in 

particles are outlined in the following section. Dispersion polymerisation can be used to 

achieve this21, though particle sizes obtained are commonly too large (> 500 nm) to achieve 

low enough D/Lo values to induce confinement effects on the observed morphologies.48, 49 

However, particle size control of block copolymers via dispersion polymerisation in scCO2 has 

yet to be studied. If significantly low particles sizes can be achieved using this method, this 

could be coupled with the synthesis of block copolymers with large domain size features to 

potentially induce some of these interesting confinement effects.  

3.2.3. Hierarchically Structured Block Copolymers 

Structural hierarchies are employed extensively in natural materials.50 Through control of a 

ƳŀǘŜǊƛŀƭΩǎ ƳƻǊǇƘƻƭƻƎȅ ƻǾŜǊ ƳǳƭǘƛǇƭŜ ƭŜƴƎǘƘ ǎŎŀƭŜǎΣ bŀǘǳǊŜ Ƙŀǎ ōŜŜƴ ŀōƭŜ ǘƻ ǇǊƻŘǳŎŜ ƳŀǘŜǊƛŀƭǎ 

with extraordinary properties not attainable using conventional synthetic alternatives. 

Common examples of this are found in cellulose and collagen-based materials, bone, animal 

shells and gecko feet.50, 51 The exceptional physical properties of these and other natural 

resources have inspired a great deal of research into producing bio-mimetic systems that 

harness the benefits of hierarchical material structures. Utilising some of these principles has 

led to the creation of metamaterial52, 53, auxetic structures54 and hierarchically porous 

networks.55 

While block copolymers generally offer a route to form intricate morphologies only at the 

nanoscale, methodologies have been developed to also produce structural hierarchies in 

these polymeric materials.56 To achieve this, block copolymer phase separation is commonly 

combined with at least one other self-assembly pathway, either simultaneously or stepwise. 

This can be accomplished by combining block copolymers with other polymeric components 
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such as small oligomeric amphiphiles, colloidal particles or rigid rod-like polymers.56-60 These 

additional components can induce secondary polymer interactions that cause nanostructures 

to aggregate into larger building blocks, leading to formation of a structural hierarchy (Figure 

3.3). 

 

Figure 3.3: General schematic demonstrating how the combination of different sized polymer 

components can cause assembly on multiple length scales, producing hierarchical structures. Figure 

adapted from the literature.56 

Literature on the topic of hierarchical assembly using different polymeric components is 

extensive and is not reviewed here in full.56, 61-64 Some significant examples include the use of 

copolymer building blocks with anisotropic compositions to induce intermicellar interactions 

to build arrays of larger assemblies.65, 66 Ruokolainen et al. demonstrated that by combining 

PS-b-P4VP copolymers with small oligomeric amphiphiles capable of hydrogen bonding to the 

pyridine groups, small lamellar structures could be introduced within the block copolymer 

morphologies (Figure 3.4 a).57 Also, Ianiro et al. used block copolymers of poly(ethylene oxide) 

όt9hύ ŀƴŘ Ǉƻƭȅόʶ-caprolactone) (PCL) to create leaf-like structures by carefully controlling the 

interplay of the phase separation between the two blocks with their inherent ability to 

crystallise (Figure 3.4 b).67 
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Figure 3.4: Examples of hierarchical assemblies produced using block copolymers with (a) the 

addition of small amphiphiles57 and (b) control over the crystallisable polymer blocks.67 

However, a particular hierarchical assembly that appears frequently in the literature is the 

formation of particulate self-assembled block copolymers.68-71 This structural arrangement 

can be reasonably easy to obtain when compared to other hierarchical structures and as 

stated previously, can also lead to unique self-assembly behaviour when particle confinement 

is small enough. The confining particle sizes usually range from 100s of nm to a few microns.  

These kinds of hierarchical arrangements have received considerable attention recently, 

particularly for their use in storing active materials, such as drugs, for controlled and 

prolonged release.72-74 They are also of interest for use in various other applications including 

impact modifiers75, photonics68 and protein separation76 to name a few. 

Popular methods of producing self-assembled block copolymer microparticles involve the 

removal of solvent from a block copolymer solution to gradually increase the quantity of anti-

solvent or surfactant to drive the microscale assembly.12, 29, 77 Common methods using this 

principle include evaporation induced self-assembly (EISA)78, solvent organised 

reprecipitation (SORP)77 and routes involving the removal of solvent by dialysis, like those 

employed by Holder et al.79, 80 However, all these approaches suffer significant drawbacks. 

The use of large quantities of volatile organic solvents and low polymer loading in the final 

solutions (typically < 1wt%) are the main limitations for producing these hierarchical materials 

on a large scale. 
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Another alternative to producing these materials is to synthesise them directly using 

controlled radical polymerisation techniques in heterogeneous systems.71 The group of 

Okubo presents examples of simultaneous synthesis and self-assembly of block copolymers 

particles in miniemulsion systems.81, 82 As mentioned previously, the Howdle group has also 

demonstrated efficient synthesis of these hierarchal block copolymer structures in scCO2 

dispersion through a single pot reaction.21, 29 However, the group has yet to demonstrate 

control of the size of these structures at either the micro or nano length scales; a feature that 

should prove useful for tailoring the materials for a specific application. 

3.2.4. Nanostructured Materials for Rechargeable Batteries 

Lithium-ion rechargeable batteries have become commonplace in our everyday lives. Their 

use is wide-ranging in the electronics industry, powering all manner of portable devices from 

mobile phones to laptops. Their use is also likely to become even more prevalent in the 

coming decades as society moves away from fossil-fuel power and requires solutions to store 

renewably generated alternatives. The possible high demand for these materials in the near 

future is diving current research towards decreasing the cost and increasing the performance 

of lithium-ion technology.83, 84 

Lithium-ion batteries function by transferring Li+ ions from one electrode to another to store 

energy and then release it as needed. During the charging cycle, lithium atoms in the cathode 

material are ionised by an electrical charge and transported through an electrolyte to the 

anode material where they recombine with their electrons (Figure 3.5). The process is then 

reversed when current is drawn from the battery and the stored energy is released.85 

Graphite powder is the most commonly used anode material to intercalate Li+ in commercial 

batteries, while a selection of lithium-containing transition metal oxides can be used to 

construct the cathode.86 Generally, it is believed that the performance of a lithium-ion battery 

is mainly determined by the cathode material used in the cell construction.87 

A number of cathode materials are currently used in lithium-ion batteries, such as layered 

LiCoO2, spinel structured LiMn2O4 and olivine structured LiFePO4. Mixed metal oxides such as 

LiNi1-x-yMnxCoyO2 and a variety of other emerging oxide materials are also available.88 Each 

type of material carries with it specific advantages and disadvantages based on their intrinsic 

chemistries that limit their performance.84 For example, LiCoO2 offers a high energy density 
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and good electrical conductivity but suffers from high cost and relatively short lifespan. In 

contrast, LiFePO4 offers high thermal stability, low cost and high discharge rate but suffers 

from low energy density and low electrical conductivity.88 

 

Figure 3.5: Schematic illustration of a lithium-ion battery showing the movement of Li+ through the 

components during a charging cycle. 

Any method to improve the performance of the battery cathode material involves either 

changing the chemical formulation of the metal oxide or altering the structural morphology 

of the material.89 Incorporating various high surface area nanoarchitectures into cathode 

materials, such as nanoparticles, nanorods and nanoplates, has proven to be a popular 

approach to enhance the performance of commonly used metal oxides.90 This is because a 

nanostructured cathode material offers much shorter Li+ diffusion pathways, allowing the 

ions to be inserted and extracted with much greater efficiency. Many reports in the literature 

show that this can lead to a higher total charge/discharge capacity, closer to the theoretical 

limit, along with faster charging rates.91-94 

Currently, solid-state calcination processes are widely employed by industry to synthesise 

cathode materials, leading to bulk morphologies with low surface areas and a high degree of 

impurities.95 Many new approaches have been explored to fabricate nanostructured lithium 

metal oxide materials to replace this current approach, including freeze drying96, 
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solvothermal97, hydrothermal98 and templating methods.99 Naturally, for templating 

approaches, block copolymers are a frequent occurrence in the literature as a soft template 

to scaffold cathode materials before removal by calcination or chemical etching.90 

Despite the benefits offered by introducing nanostructure to cathode materials, it has been 

noted that this can also lead to serious performance issues, particularly when using 

nanoparticulate metal oxides. The high surface area of nanoparticles gives them greater 

reactivity and therefore a higher tendency to undergo side reactions during the 

charge/discharge cycles of the battery. Unwanted processes such as particle aggregation and 

formation of solid electrolyte interfaces leads to greatly reduced performance over the 

lifetime of the battery.99, 100 Dispersions of nanoparticles can also reduce the packing of active 

cathode material in the battery, leading to low volumetric energy densities.101 

A promising solution to this limitation is to instead incorporate hierarchical morphologies into 

lithium-ion cathode materials, taking advantage of the short Li+ diffusion pathways while 

ƭƛƳƛǘƛƴƎ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ŀōƛƭƛǘȅ ǘƻ ŀƎƎǊŜƎŀǘŜ ŀƴŘ ŘŜƎǊŀŘŜΦ102 Examples include hierarchically 

porous materials99, 103, 104, pomegranate-inspired clusters105, yolk-shell microspheres106, 107 

and porous particles.108-110 All result in exceptional electrochemical performances and sample 

stability. A variety of synthesis approaches are employed to obtain these different hierarchical 

arrangements, though only a limited number utilise block copolymers in their construction. 

3.2.5. Summary and Research Objectives 

This introduction has reviewed the topic of bulk-phase block copolymer self-assembly in 

greater detail than the simple overview provided in Chapter 1. Specifically, studies from the 

literature have shown that the expected thermodynamically stable morphology of a block 

copolymer can be altered by the influence of scCO2 as an additive or by confining the space 

in which a polymer can self-assemble. Block copolymer self-assembly can also be combined 

with other assembly pathways to yield hierarchical structures with morphological features on 

multiple length scales. All these topics are brought together when considering the nature of 

block copolymer self-assembly within microparticles synthesised in scCO2 dispersion 

polymerisation.  

From this review of the literature, it is clear that the synthesis and self-assembly of block 

copolymers in scCO2 has proven to be an attractive route to produce hierarchically structured 
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block copolymer particles. The main advantage being the facile production of internally 

nanostructured microparticles in a one-pot synthetic method with low environmental impact 

and on the gram scale. This is due to the ability of scCO2 to enable in-situ self-assembly of the 

block copolymer and the addition of polymeric stabiliser to form the microparticle structure 

simultaneously. However, aside from changes to the block composition, manipulation of 

these hierarchical structures has yet to be fully explored in scCO2. In particular, controlling 

the dimensions of both the internal nanoscale morphologies and the microparticle size is key 

to demonstrate the versatility in this synthetic approach, especially when pursuing structure 

directing applications. 

In this chapter, control of the microscale and nanoscale dimensions of PMMA-b-P4VP block 

copolymer particles is investigated. Microscale size control is studied by varying the quantity 

of stabiliser used in the scCO2 dispersion, a method already proven to be successful for 

homopolymer particles.48 Nanoscale size modification is studied by altering the overall 

molecular weight of the PMMA-b-P4VP block copolymer to control the domain size of the 

internal spherical morphology. 

This introduction has also highlighted the growing need for new synthetic approaches to 

produce lithium-ion cathode materials with enhanced electrochemical performance. 

Imparting complex hierarchical morphology onto the cathode material has proven to be an 

effective method to achieve this. Here, the hierarchically structured PMMA-b-P4VP block 

copolymers are attempted to be used as sacrificial templates to direct the structure of LiFePO4 

during its sol-gel synthesis. The various sized block copolymer templates are investigated for 

their effectiveness in producing LiFePO4 with different dimensions. It is hoped that providing 

a method to tune the dimensions of the polymer template will offer a route to optimise the 

end properties of the desired battery material. 
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3.3. Experimental 

3.3.1. Materials 

Methyl methacrylate (MMA, ProSciTech, 99%) and 4-vinylpyridine (4VP, Acros Organics, 95%) 

ǿŜǊŜ ǇǳǊƛŦƛŜŘ ōȅ ŜƭǳǘƛƴƎ ǘƘǊƻǳƎƘ ŀ ōŀǎƛŎ ŀƭǳƳƛƴŀ ŎƻƭǳƳƴ ǘƻ ǊŜƳƻǾŜ ƛƴƘƛōƛǘƻǊΦ нΣнΩ-azobis(2-

methylpropionitrile) (AIBN, Sigma Aldrich, 98%) was purified by recrystallisation from 

methanol. Dry CO2 (BOC, SFC grade, 99.99%), 2-(Dodecylthiocarbonothioylthio)-2-

methylpropionic acid (DDMAT, Sigma Aldrich, 98%) and poly(dimethylsiloxane) monomethyl 

methacrylate (PDMS-MA, Fluorochem, Mn ~10 kg mol-1) were all used as received. 

FeCl3 (Sigma Aldrich, 97%) was made up as a 1 M standard solution in ethanol, whereas LiCl 

(Sigma Aldrich, 99%), and L-ŀǎŎƻǊōƛŎ ŀŎƛŘ ό{ƛƎƳŀ !ƭŘǊƛŎƘΣ җфф҈ύ ǿŜǊŜ ƳŀŘŜ ǳǇ ŀǎ м a ǎǘŀƴŘŀǊŘ 

solutions in water. H3PO4 (Sigma Aldrich, 85 wt% in water) was diluted to a 50 wt% in water 

solution. 

3.3.2. One-Pot Synthesis of PMMA-b-P4VP 

All PMMA-b-P4VP diblock copolymers in this chapter were synthesised using a one-pot 

dispersion method in scCO2. All these reactions were performed using the high-pressure 

equipment detailed in Chapter 2 and operated following the standard operating procedure 

described in Section 2.2.4. 

The following procedure describes the synthesis of a PMMA-b-P4VP block copolymer with 

target molecular weight of 67 kg mol-1, a composition of 25 wt% P4VP and a stabiliser loading 

of 5 wt% with respect to the total mass of monomer. A solution of MMA (7.5 g, 74.9 mmol), 

AIBN (12.3 mg, 0.07 mmol), DDMAT (54.6 mg, 0.15 mmol) and PDMS-MA polymeric stabiliser 

(0.5 g) was mixed in a sealed vial at 0 °C and degassed by purging with argon for 30 minutes. 

The monomer solution was then added to the degassed 60 mL high-pressure autoclave via 

syringe against a positive pressure of CO2 to prevent the ingress of air. The autoclave was then 

sealed, heated to 65 °C and pressurised to 241 bar, following the standard operating 

procedure. After stirring at 300 rpm for 24 hours, a small sample of the PMMA macro-RAFT 

agent was taken from the outlet tap for analysis. The second monomer solution, 4VP (2.5 g, 

23.8 mmol) with AIBN (6.25 mg, 0.04 mmol), was degassed before adding directly into the 

pressurised autoclave via a HPLC pump at a rate of 0.5 mL min-1. After a further 24 hours, the 
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reaction was cooled to room temperature, slowly vented to atmospheric pressure and the 

dry, off-white diblock copolymer powder was collected (typical yield ~85-90%). 

Parameters for these syntheses were chosen based on previous experiments performed by 

the Howdle group.12, 21, 29 This included target molecular weights based on previous quantities 

of RAFT agent used in scCO2. Also, a reaction temperature of 65 °C was chosen to ensure 

adequate thermal degradation of the AIBN, and a reaction pressure of 241 bar was applied to 

ensure good solubility of the PDMS-MA stabiliser was achieved. A monomer addition rate of 

0.5 mL min-1 was applied to prevent a sudden high concentration of 4VP disrupting the PMMA 

dispersion. The rate of monomer addition was still far quicker than the RAFT kinetics. It is 

noted that alterations to these high-pressure reaction parameters could be a beneficial line 

of investigation for block copolymer synthesis but goes beyond the scope of this thesis. 

3.3.3. Sol-Gel Synthesis of LiFePO4 

Before use in LiFePO4 synthesis, PMMA-b-P4VP block copolymer samples (1 g) were rinsed 

with ethanol (2 x 40 mL) and hexane (30 mL) then dried at room temperature under vacuum, 

to remove any impurities or P4VP homopolymer. Polymers were rinsed by dispersing in the 

solvent, centrifuging for 10 mins and then decanting the solvent.  

The LiFePO4 sol was prepared by adding FeCl3 (0.106 mL, 1 M), ascorbic acid (0.158 mL, 1 M), 

LiCl (0.109 mL, 1 M) and H3PO4 (0.016 mL, 50 wt% in water) were added in turn to ethanol (7 

mL) then stirred for 1 hour. Ascorbic acid was employed as a reducing agent to form the 

desired Fe2+ ions in the solution. Simultaneously, the PMMA-b-P4VP block copolymer (50 mg) 

was suspended in ethanol (2 mL) by rapid mixing at 1200 rpm for 1 hour. The block copolymer 

slurry was then transferred dropwise into the LiFePO4 sol and stirred for a further 24 hours. 

The contents were then poured into a petri dish and left at room temperature for 72 hours to 

evaporate the solvent. Once dried, a thin film of polymer-inorganic composite was collected 

as a fine yellow powder (78 mg). The composite was then annealed at 700 °C for 2 hours in 

an argon atmosphere to yield a fine black powder of carbon coated LiFePO4 (34 mg). 

For characterisation requiring a larger quantity of material, the sol-gel synthesis was 

performed in batches of multiple reactions in unison. Dried polymer-inorganic composites 

were then collected and combined before annealing. 
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3.3.4. Characterisation 

The Majority of the characterisation techniques used in this chapter are described in Section 

2.3 of this thesis. 

Electrochemical performance of the LiFePO4/C cathode materials was achieved by fabricating 

the material into an electrode and assembling the electrode in a battery cell. Electrode films 

were fabricated by mixing LiFePO4/C samples with conductive carbon black (Timcal Super 

C65) and a polyvinylidene fluoride binder (Kynar) in a 75:15:10 weight ratio. N-methyl-2-

pyrrolidone (NMP) was added to the mixtures to form a paste that was cast onto aluminium 

foil. Circular electrodes (1/2 inch) were cut and dried at 80 °C under vacuum overnight. The 

LiFePO4/C electrodes were then assembled into Swagelok cell inside an argon filled glovebox, 

with lithium metal (0.75 mm) used as the counter electrode. LiPF6 (1.0 M) in 1:1 v/v ethylene 

carbonate/ethyl methyl carbonate (Sigma Aldrich, battery grade) was used as the electrolyte 

and a glass fibre disk (Whatman, grade GF/B) was used as the separator. Galvanostatic cycling 

tests were then conducted at room temperature using an Arbin BT 2043 to investigate the 

rate performance (voltage range 2 to 4.5 V vs. Li/Li+). This procedure was carried out by 

Andrea Palumbo and Prof. Ullrich Steiner (Adolphe Merkle Institute, University of Fribourg, 

Switzerland).  
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3.4. Results and Discussion 

3.4.1. Microparticle Size Changes 

The first study of this chapter concerns the change in microparticle size of the PMMA-b-P4VP 

block copolymer templates. The microscale dimensions of the block copolymers were altered 

by varying the quantity of polymeric stabiliser (PDMS-MA) in the scCO2 dispersion. This 

follows the same procedure as a previous study on particle size control for a PMMA 

homopolymer synthesised via free-radical dispersion polymerisation in scCO2.48 Additional 

polymeric stabiliser allows for a greater number of polymer particles to be nucleated in the 

early stage of the dispersion polymerisation. This results in a smaller overall size in the 

microparticles. Though, when extremely high or low loadings of stabiliser are used, the 

dispersion tends to falter and produce aggregated particles or particles with a large size 

distribution.111 

Only the quantity of stabiliser was changed during the one-pot synthesis of PMMA-b-P4VP, 

described in Section 3.3.2. All PMMA-b-P4VP block copolymers were synthesised with the 

same target molecular weight (Mn target) of 67 kg mol-1. The target weight fraction of the P4VP 

block (wP4VP) was also kept constant at 25 wt% (50 kg mol-1 PMMA, 17 kg mol-1 P4VP). This 

has proven to be the optimal weight fraction to give high fidelity in the pattern transfer of the 

spherical polymer morphology to an inorganic material, via sol-gel synthesis.112  

To confirm all the synthesised polymers were chemically comparable, the molecular weight 

of all products (Mn exp) was measured through GPC analysis (Figure 3.6 a). Samples of the 

PMMA macro-RAFT intermediate were collected partway through the reaction; their 

molecular weights were also evaluated. The weight fraction of P4VP was calculated from 1H 

NMR analysis of the block copolymers (Figure 3.6 b), using the method described in Section 

2.3.2. Values are summarised below (Table 3.1). 
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Figure 3.6: Chemical characterisation data for the PMMA-b-P4VP block copolymer synthesised with 

2.5 wt% stabiliser. Data is representative of the complete sample set. (a) GPC chromatograms at 

each stage of the polymerisation. (b) 1H NMR Spectrum and assignments for the block copolymer 

product. * assignment relates to small MMA monomer impurity (< 1%). 

Table 3.1: Summary of characterisation data for the PMMA-b-P4VP block copolymer samples 
synthesised with various quantities of PDMS-MA stabiliser. a 

Stabiliser 

loading  

(wt%) 

PMMA PMMA-b-P4VP 

wP4VP c 
fP4VP 

(vol%) 
dn ό˃Ƴύ d Mn exp 

b 

(kg mol-1) 
7 b 

Mn exp 
b 

(kg mol-1) 
7 b 

2.5 53.8 1.28 71.3 1.38 26 27 2.45 

5 52.5 1.39 74.2 1.45 25 26 1.52 

10 52.9 1.18 73.6 1.37 22 23 1.12 

20 51.2 1.22 70.8 1.38 23 24 0.52 

a Conditions: 7.5 g of MMA polymerised at 65 °C and 241 bar for 24 hrs, initiator:RAFT ratio 0.5:1, then 
2.5 g of 4VP added for a further 24 hrs. b Obtained from GPC, eluting in a chloroform/ethanol/TEA 
mixture, measured with dRI detector calibrated against PMMA narrow standards. c Obtained from 1H 
NMR integrations. d Measured from SEM images. 

GPC analysis showed a narrow molecular weight distribution for all PMMA and block 

ŎƻǇƻƭȅƳŜǊ ǎŀƳǇƭŜǎ ό7 ғ мΦрύΣ ŘŜƳƻƴǎǘǊŀǘƛƴƎ ƎƻƻŘ ŎƻƴǘǊƻƭ ƻŦ ǘƘŜ ǊŀŘƛŎŀƭ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴΦ /Ƙŀƛƴ 

extension of the PMMA macro-RAFT agents with the 4VP was evidenced by the shift in peak 

positions to lower retention time, indicating the successful growth of the polymer chains. The 

calculated Mn exp values were in relatively good agreement with the target values and were 

consistent over all samples, regardless of stabiliser loading. Mn exp values for the final PMMA-

b-P4VP block copolymers were slightly higher than the target value of 67 kg mol-1. This is 

attributed to an error in the GPC analysis, whereby block copolymer retention times are 
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directly compared to pure PMMA standards. The hydrodynamic volume, and hence retention 

time, is likely to be slightly larger than pure PMMA, due to swelling of the P4VP by the ethanol 

co-solvent. Thus, a minor error in the measurement it expected. 

1H NMR analysis was used to calculate the wP4VP values for all block copolymers, using 

integrations of the distinct polymer peaks. By using this method instead of directly comparing 

the Mn exp values, any error in the GPC calculations can be circumvented. Though, this method 

also carries errors as it assumes all P4VP is in the form of a block copolymer, with no formation 

of homopolymer. Though blocking efficiency is known to be high when utilising RAFT 

synthesis in scCO2, it is never 100% efficient.113 The wP4VP values were found to be in the range 

of 22-26 wt%, in good agreement with the target composition of 25 wt% and predicted to 

self-assemble into the spherical-type morphology.12 NMR spectra also showed each 

polymerisation ran to almost full conversion of monomer to polymer, with only minor 

monomer impurities seen (< 1%). 

From the data, all the block copolymers were confirmed to be almost completely chemically 

identical. This proved that the concentration of stabiliser, and consequently the number of 

nucleated particles, could be altered without any effect on the RAFT polymerisation process 

or subsequent chain extension with the 4VP monomer.  

The thermal properties of the block copolymer samples were assessed by DSC analysis (Figure 

3.7). All samples produced two visible step transitions in the heat flow plot, relating to the Tg 

values of each constituent block. These observed Tg values were in good agreement with the 

literature values for the homopolymers (PMMA ~125 °C, P4VP ~150 °C).114 Not only does this 

further confirm the correct chemical composition, but also suggests each sample has 

undergone self-assembly, phase separating into a nanoscale morphology. Homogeneous 

polymer blends have only one distinct thermal transition, at a value between the component 

ǇƻƭȅƳŜǊΩǎ ǘǊŀƴǎƛǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜǎΦ115 The presence of individual Tg values signifies the 

polymer blocks remain physically separated within the sample, a good indication of self-

assembly. 
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Figure 3.7: DSC heat flow plots for the PMMA-b-P4VP block copolymers synthesised with various 

quantities of PDMS-MA stabiliser. 

The DSC analysis also revealed an endothermic peak at around -45 °C, relating to a melting 

point (Tm) in each sample. This was attributed to the Tm of the PDMS-MA stabiliser on the 

surface of the block copolymer particles.116 The size of the PDMS-MA peak was also shown to 

increase in samples with higher loading of stabiliser, directly relating to the higher 

concentration of PDMS-MA in each sample. 

The microscale morphology of the block copolymers was assessed by SEM analysis (Figure 

3.8). Average particle sizes (dn) were measured from SEM images using the method described 

in Section 2.3.3 and the particle dispersity was reported as the coefficient of variation (CV) in 

the size measurements. All block copolymers were found to consist of well-defined 

microparticles, with the average size decreasing with increasing stabiliser concentration 

(Table 3.1). 
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Figure 3.8: SEM micrographs of the PMMA-b-P4VP block copolymers synthesised with (a) 2.5 wt%, 

(b) 5 wt%, (c) 10 wt% and (d) 20 wt% of PDMS-MA stabiliser. 

From this study it was clear that by altering the PDMS-MA concentration in the scCO2 

dispersion, the microparticle size could be controlled without any adverse effect on the 

controlled polymerisation reaction. A slight increase in particle size dispersity was seen 

towards the higher and lower end of the PDMS-MA concentrations used. This was not 

unexpected, as the particle nucleation process will become less uniform with too many or too 

few particles being formed. Hence, these stabiliser loadings represent a good range where 

particle formation is relatively well-controlled; beyond this range it is expected particle 

homogeneity will decrease dramatically. 

Microparticle size was well-controlled between the approximate sizes of 0.5-нΦр ˃ƳΦ ¢ƘŜǎŜ 

values were directly compared to the previous study on free-radical polymerisation of PMMA 

(Figure 3.9).48 This study focusing on block copolymer synthesis gave comparable sizes to the 

previous study. Overall, a slightly larger particle size dispersity was observed for the block 

copolymer particles. This is not surprising as the kinetics of the RAFT polymerisation likely 

delays and slightly disrupts the particle nucleation phase of the dispersion polymerisation. 
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Figure 3.9: Plot of the change in average particle size diameter with increased loading of PDMS-MA 

stabilisers for the PMMA-b-P4VP polymerisation (Blue) and the previous study of PMMA 

homopolymer synthesised by free-radical polymerisation (Red).48 Trendlines are added to highlight 

the similarity in microparticle size change. 

Finally, the internal nanoscale morphology of the block copolymer particles was assessed by 

cross-sectional TEM (Figure 3.10). All block copolymer sections were stained with I2 vapour 

prior to imaging. Staining was required to enhance the contrast in the images, as each 

unstained polymer block is fairly similar in terms of their electron contrast. I2 vapour stains 

only the P4VP regions of the polymer through selective binding to the pyridinyl nitrogen 

group, increasing the elemental mass of these regions and making them appear darker in the 

TEM images. 

The TEM images clearly show the presence of distinct dark circular regions within the 

microparticles, for all samples. This shows that all the synthesised block copolymers self-

assembled into the spherical-type morphology, with P4VP spheres phase separated within a 

PMMA matrix. Analysis of the images also revealed that the size of the P4VP spherical 

domains remained roughly unchanged between samples (~22-26 nm). This confirms that the 

microscale dimensions of the block copolymer could be altered independently of the internal 

nanoscale features. In addition, the TEM analysis indicated that even at the smallest 

ƳƛŎǊƻǇŀǊǘƛŎƭŜ ǎƛȊŜ όлΦрн ˃ƳύΣ ƴƻ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎŜƭŦ-assembled morphology was observed due 

to spatial confinements effects. This was to be expected due to the ~20-fold difference 
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between the microparticle confinement size and morphology feature size. Confinement 

effects are not likely to be observed until D/L0 < 5.42 

 

Figure 3.10: TEM cross-sectional micrographs of the PMMA-b-P4VP block copolymers synthesised 

with (a) 2.5 wt%, (b) 5 wt%, (c) 10 wt% and (d) 20 wt% of PDMS-MA stabiliser. Samples were stained 

with I2 vapour to improve contrast by darkening the P4VP domains. Average P4VP domain sizes are 

displayed on each micrograph. 

3.4.2. Nanoscale Size Changes 

The next study attempted to alter the internal nanoscale dimensions of the block copolymer 

templates. The size of the spherical P4VP domains is dictated by the overall length of the 

polymer chains, and therefore the block copolymer molecular weight. The domain size of the 

self-assembled structures can be related to the molecular weight by the equation proposed 

by Helfand and Wasserman (Equation 3.1).117 Where D is the average domain size, ‌ is the 
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statistical monomer segment length, N is the total degree of polymerisation and … is the Flory-

Huggins interaction parameter between the two blocks. 

 Ὀ  ‌ὔ… Equation (3.1) 

The equation has several limitations and is treated in this study only as an approximation. The 

above relationship is derived by computational theory of monodisperse and symmetrical 

block copolymers, of which the block copolymers studied here are neither.118 It is also noted 

in the literature that the calculated exponent value of N in the equation (i.e. 2/3) can vary 

between both theoretical and experimental studies.1, 118-121 The calculation also does not hold 

true at low values of N, where …N < 10.5, or at extremely high values of N where kinetics limit 

the ability to self-assemble. Nevertheless, the relationship is a good guide to demonstrate 

how the domain sizes may be expected to change, even if the calculated values are not 

precise. 

As the PMMA-b-P4VP block copolymers are synthesised through controlled radical 

polymerisation, their molecular weight can readily be altered. The polymer chains grow in a 

pseudo-living fashion, with all chains growing at roughly the same rate, the molecular weight 

can be changed by adjusting the number of propagating chains. In RAFT polymerisation this 

is achieved by simply adjusting the ratio of RAFT agent to monomer in the reaction (Equation 

3.2). 

 ὔ  
ὓέὲέάὩὶ

ὙὃὊὝ ὥὫὩὲὸ
 Equation (3.2) 

Here, the degree of polymerisation applies only to the first monomer polymerised, the MMA. 

The quantity of injected 4VP to grow on the end of the PMMA chains in the next step is kept 

constant. As the number of propagated PMMA chains is altered in the first step, the effective 

concentration of PMMA macro-RAFT agent is also changed for the subsequent polymerisation 

step.  In this way, the molecular weight of the P4VP block is scaled to that of the PMMA block, 

with the wP4VP value remaining constant throughout. 

The quantity of the RAFT agent, DDMAT, was altered in the one-pot scCO2 dispersion 

polymerisation, described in Section 3.3.2. All other reagent quantities were kept constant, 

aside from the initiator, which was always kept at a ratio of 0.5:1 initiator to RAFT agent. RAFT 
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agent quantity was altered to aim for Mn target values for the PMMA block between 25 and 400 

kg mol-1 (Table 3.2). The expected P4VP domain sizes were calculated using Equation 3.1, 

applying values of ‌ = 0.7 nm and … Ⱦ  = 0.08 acquired from the literature.122, 123 The 

value of ‌ was kept constant for both MMA and 4VP monomers due to their comparable 

molecular weights. 

Table 3.2: Summary of target PMMA-b-P4VP molecular weights and the resulting domain 
sizes of the P4VP. 

RAFT agent 

quantity (mg) a 

PMMA Mn target 

(kg mol-1) 

P4VP Mn target 

(kg mol-1) 
Ntotal  DP4VP (nm) b 

109.4 25 8.4 330 21.9 

54.7 50 16.7 658 34.8 

27.3 100 33.4 1316 55.2 

13.7 200 66.8 2633 87.6 

6.8 400 133.6 5266 139.1 

a RAFT agent quantities relate to polymerisation of 7.5 g of MMA and 2.5 g of 4VP. b Calculated from 
Equation 3.1 using ‌ = 0.7 nm and …PMMA/P4VP = 0.08. 

The actual molecular weight, Mn exp, of the block copolymer products and their PMMA macro-

RAFT counterparts was assessed by GPC analysis (Figure 3.11). A high monomer conversion 

(> 98%) was confirmed in all case by 1H NMR. Recorded spectra in all cases were near identical 

to that shown in (Figure 3.6). NMR peak integrations were also used to calculate the values 

of wP4VP, using the method described in Section 2.3.2 of this thesis. All calculated composition 

values are summarised below (Table 3.3).  

The GPC traces for the PMMA-b-P4VP block copolymers showed a clear shift towards lower 

retention time, and hence higher molecular weight, when a lower RAFT agent quantity was 

used. This was reflected in the calculated Mn exp values, though many of the results deviate 

heavily from the expected Mn target values. The divergence between measured and expected 

molecular weights became more prominent as higher degrees of polymerisation were 

targeted. This was a foreseen consequence, as the total concentration of RAFT agent in the 

reaction becomes low, so too does the total number of living chains to adequately control the 

radical polymerisation process. As a result, some monomer undoubtedly polymerised by the 
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uncontrolled free-radical mechanism, forming some undesirable low molecular weight 

impurities and reducing the overall Mn exp of the product. This loss of control is also reflected 

by the increase in 7 as RAFT agent quantity decreases. This is not too surprising, as the 

controlled synthesis of ultrahigh molecular weight polymers using RAFT is rarely reported and 

only under very specific reaction conditions, based on the kinetic parameters of the 

monomers involved.124 

Table 3.3: Summary of characterisation data for the PMMA-b-P4VP block copolymer samples 
synthesised with various quantities of RAFT agent. a 

RAFT 

agent 

quantity 

(mg) 

Mn target 

per block 

(kg mol-1) 

PMMA PMMA-b-P4VP 

wP4VP c dn ό˃Ƴύ d Mn exp 
b 

(kg mol-1) 
7 b 

Mn exp 
b 

(kg mol-1) 
7 b 

109.4 25 - 8 29.8 1.26 40.9 1.55 23 1.53 

54.7 50 - 17 52.5 1.39 74.2 1.45 25 1.52 

27.3 100 - 33 76.4 1.33 94.7 1.56 25 1.66 

13.7 200 - 67 140.6 1.52 185.4 1.77 26 1.89 

6.8 400 - 134 220.2 1.52 269.9 1.98 23 2.04 

a Conditions: 7.5 g of MMA polymerised at 65 °C and 241 bar for 24 hrs, initiator:RAFT ratio 0.5:1, then 

2.5 g of 4VP added for a further 24 hrs. b Obtained from GPC, eluting in a chloroform/ethanol/TEA 

mixture, measured with dRI detector calibrated against PMMA narrow standards. c Obtained from 1H 

NMR integrations. d Measured from SEM images.  

The Mn exp value of the block copolymer synthesised using the largest quantity of RAFT agent 

was slightly higher than the Mn target. Upon collecting this powdered product, a small quantity 

of bright yellow material was found towards the bottom of the autoclave. This impurity was 

found to contain a high quantity of unreacted RAFT agent. This explained the unexpectedly 

high molecular weight of the product, as not all the DDMAT RAFT agent formed living polymer 

chains in the reaction. From previous studies it is known that DDMAT only has a limited 

solubility in the scCO2 solvent, giving it good control in the heterogeneous process because of 

its preference to reside only in the polymer phase of the dispersion.18 It is clear that by 

increasing the DDMAT concentration in the scCO2 to such a large value, the solubility limit 

was exceeded. To target lower molecular weight block copolymers, a more soluble RAFT 

agent must be selected or the monomer concentration in the solvent must be decreased. 
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Figure 3.11: GPC chromatograms for the PMMA macro-RAFT agents synthesised with various 

quantities of RAFT agent (dotted lines) and their resulting block copolymers (solid lines).  

Despite the loss of control in the desired molecular weights, the GPC analysis clearly showed 

the formation of block copolymers in all cases. This was evident by the visible peak shift of 

the PMMA macro-RAFT agents to lower elution times upon addition of the 4VP monomer, 

indicating successful extension of the polymer chains. Albeit, with a large degree of dispersity 

in the case of the higher molecular weight products. Overall, by altering the concentration of 

RAFT agent in the dispersion polymerisation, several block copolymers of various chain 

lengths were successfully synthesised. For greater clarity, the number average molecular 

weight distributions for the PMMA-b-P4VP products are also plotted separately (Figure 3.12).  
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Figure 3.12: Molecular weight distributions for the PMMA-b-P4VP products, calculated via GPC. 

The microscale morphology of the block copolymer products was evaluated through SEM 

analysis (Figure 3.13). SEM images were used to measure the particle dn values and their 

relative size dispersities, using the method described in Section 2.3.3. All values are reported 

as insets on the relevant images and are also tabulated above (Table 3.1).  

SEM images confirmed the formation of reasonable well-defined microparticles in all cases. 

However, the two highest molecular weight block copolymers did present a number of 

microparticles with unusual surface textures. These particles appeared to be agglomerations 

of smaller nano-sized spheres, rather than displaying the usual smooth surface topography of 

the other microparticles. This may be caused by larger P4VP domains protruding through the 

ǇŀǊǘƛŎƭŜǎΩ ǎǳǊŦŀŎŜǎΦ ¢ƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘƛǎ ǿŀǎ ƻƴƭȅ ƻōǎŜǊǾŜŘ ƛƴ ŀ ŦǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ƛƳŀƎŜŘ ǇŀǊǘƛŎƭŜǎ 

could imply that only small portion of high molecular weight PMMA-b-P4VP was formed 

during these polymerisations. 
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Figure 3.13: SEM micrographs of the various molecular weight PMMA-b-P4VP block copolymers. 

Target molecular weights are shown on the relevant micrographs. 

Average microparticle size was also shown to increase slightly with increasing targeted 

molecular weight. This may be due to a slower rate of polymerisation as lower quantities of 

RAFT agent, and more importantly initiator, were used. The slower reaction kinetics may lead 

to the nucleation of fewer particles during the early stages of the reaction, hence causing 

them to grow disproportionally in size in the later propagation stage of the polymerisation. 

The internal nanoscale morphology of the block copolymers was assessed by TEM imaging of 

particle cross-sections (Figure 3.14). As in the previous study, sections were stained with I2 

vapour prior to imaging to increase the electron contrast in the P4VP domains. The P4VP 

domains were measured, with the average domain length (DP4VP) reported as inserts on the 

TEM images. Measured DP4VP values are also tabulated below (Table 3.4) along with expected 

values calculated using Equation 3.1. Expected DP4VP values were obtained using the 
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measured block copolymer molecular weights, calculated using the PMMA Mn exp values from 

GPC and the wP4VP fractions measured from 1H NMR. 

TEM images showed all molecular weight PMMA-b-P4VP samples has successfully self-

assembled into the spherical-type block copolymer morphology, as expected due to the 

comparable wP4VP values. Size analysis of these spherical P4VP domains shows an increase in 

measured DP4VP size. However, this increase in size is very small between each sample, with 

reported sizes diverging greatly from the expected values that were calculated (Table 3.4). It 

was determined that the recorded increase in DP4VP was too minor to be statistically 

significant, with most differences in size barely larger than the margin for error in the 

measurements. 

The TEM images also revealed minor inconsistences in the P4VP morphology in the largest 

two molecular weight samples. This is reflected in the larger CV values for these size 

measurements. In these samples, some microparticles were found to consist of larger P4VP 

domains only at the outer edges of the particles, similar to the effect seen in the matching 

SEM images. This was likely a reflection of the more uncontrolled nature of these two 

ǇƻƭȅƳŜǊƛǎŀǘƛƻƴǎ ό7 Ҕ мΦтύΦ tƻƭȅƳŜǊ ŎƘŀƛƴǎ ǘƻǿŀǊŘǎ ǘƻ ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜǎ Ƴŀȅ ƘŀǾŜ ƎǊƻǿƴ 

to larger molecular weights than the polymer chains at the centre of the particles. This would 

lead to the large distribution in domain sizes depending on their position in the microparticles. 

The relatively small DP4VP values recorded for these samples is a direct result of this large size 

distribution. Only a small fraction of the larger P4VP domains were seen around the edges of 

the microparticles, so their significance is diminished when taking the mean average of all the 

measured domains. 
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Figure 3.14: Cross-sectional TEM micrographs of various molecular weight PMMA-b-P4VP 

microparticles. Target molecular weights, average P4VP domain sizes and size dispersities (CV values) 

are displayed on each micrograph. Samples were stained with I2 vapour to improve contrast. 

From these images it can be reasoned that increasing the molecular weight can indeed 

increase DP4VP. However, the main issue here is inconsistency in the polymerisations, 

particularly when high molecular weights are targeted. The highest molecular weight block 

copolymers were not adequately controlled by the heterogeneous RAFT method, leading to 
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an uneven distribution of P4VP domains sizes. A reasonable degree of uniformity will be 

required in the nanoscale structure of the PMMA-b-P4VP polymers for them to be suitable 

for use as structure-directing agents in nanofabrication. 

Table 3.4: Summary of the expected and measured dimensions for the internal nanoscale 
P4VP domains with the block copolymers of varying molecular weight. 

Mn target  

(kg mol-1) 

Mn exp  

(kg mol-1) a 
Ntotal 

Calculated 

DP4VP (nm) b 

Measured  

DP4VP (nm) c 

33.4 38.7 382 24.2 21.8 

66.7 69.7 688 35.8 25.8 

133.4 101.7 1004 46.1 31.1 

266.8 189.3 1867 69.7 33.3 

533.6 286.1 2826 91.8 34.7 

a Extrapolated from PMMA Mn exp values from GPC, applying the wP4VP values from 1H NMR.  b Calculated 
from Equation 3.1 using ‌ = 0.7 nm and … Ⱦ  = 0.08. c Measured from TEM images. 

Accurate measurement of DP4VP via TEM analysis proved problematic. This was mainly due to 

the very small sample size being analysed and the large distribution of domain sizes in some 

of the materials. Inaccuracies in taking the measurements from the images was also a major 

concern. It was noted that small deviations in the sample height on the TEM stage will have 

caused the recorded scale bars in the images to be slightly incorrect. Small changes in sample 

height could not be ruled out and was an entirely foreseeable consequence if ultramicrotome 

cut sections were not cut with complete precision for every sample. 

To provide a more exact and reliable quantitative analysis of the DP4VP values in the PMMA-b-

P4VP block copolymers, SAXS analysis was performed (Figure 3.15). SAXS patterns were 

obtained from the powdered samples following the procedure described in Section 2.3.5.  
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Figure 3.15: 1D SAXS data for the PMMA-b-P4VP block copolymers with various targeted molecular 

weights. Data is plotted against the square of the scattering intensity, I(q), to enhance features at 

low q. The y-axis is plotted on a logarithmic scale and sample data are staggered on the y-axis for 

greater clarity. 

Unfortunately, the SAXS patterns for all PMMA-b-P4VP polymers showed no significant 

scattering peaks. The data appear to exhibit the structure factor of polydisperse spheres at 

the length scale of block copolymer nanostructures, but still requires more rigorous fitting. 

This could usually indicate that self-assembly had not occurred to a significant extent through 

the bulk quantity of all samples. However, this was unlikely given that no microparticles 

without internal structure was found in any of the TEM images. Instead, the lack of distinct 

scattering features may have been a result of poor resolution, caused by weak scattering 

contrast between the PMMA and P4VP blocks.125  

Due to the lack of discernible features in the SAXS analysis, DP4VP values were measure solely 

from the TEM images of the PMMA-b-P4VP. Though this does provide evidence that the size 

of the nanoscale features can be altered to a small degree, inaccuracies in the measurements 

undermine the possible extent of the size changes. Also, the loss of control exhibited in some 

of the polymerisations means precise control over the desired size of DP4VP could not be 

achieved. To summarise this study, the expected and measured values of DP4VP are plotted 

below (Figure 3.16), illustrating the limited control of the nanoscale size features in these 

hierarchical materials. 
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Figure 3.16: Plot of the expected (Blue) and measured (Red) internal nanoscale sizes of the spherical 

P4VP morphology with increasing molecular weight of the overall block copolymer.  

3.4.3. Synthesis of LiFePO4-Polymer Composites 

In the next stage of this work, the PMMA-b-P4VP block copolymers were used as directing 

agents in the sol-gel synthesis of LiFePO4. Only the series of block copolymers with varying 

microparticle dimension were used in this study, as the synthesis of these polymers appeared 

more successful, covering a wide range of particle sizes to investigate. 

The LiFePO4-polymer composites were synthesised using the method described in Section 

3.3.3. An ethanol sol containing Li+, Fe2+ and PO4
3+ was prepared before adding a slurry of the 

desired PMMA-b-P4VP microparticles. A target inorganic mass fraction of 25 wt% was 

targeted for the final composite materials. This matched previously successful studies sol-gel 

templating TiO2 with a block copolymer of identical composition.112 Though not the same, this 

has informed the conditions of these LiFePO4 sol-gel reactions. For a 10 mL sol-gel reaction, 

50 mg of PMMA-b-P4VP template was used, equating to a total volume of 11.3 µL P4VP, 

assuming an ideal weight fraction of 25% in the copolymer. Inorganic precursors were added 

to synthesise a volume of 4.7 µL LiFePO4 (density = 3.6 g cm-3). Though this is considerably 

less than the total P4VP volume, the material is likely to be of lower density than bulk LiFePO4. 

Another factor to consider is the increase in volume of the P4VP component upon addition of 

the compatible ethanol solvent. However, this is difficult to accurately predict given that the 
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P4VP is integrated into insoluble PMMA microparticles which will restrict the movement of 

ethanol to the soluble P4VP. Therefore, only a moderate increase in the P4VP volume is 

expected. This small increase may be significant enough to shift the preferred morphology 

from spheres to a more interconnected morphology such as cylinders or gyroidal. Further 

investigation would be needed to fully confirm this transition.   

The mixture was stirred to allow the inorganic components to infuse into the P4VP domains 

of the microparticles before removing the ethanol solvent by evaporation. Ethanol was 

chosen as the solvent to preferentially swell the P4VP regions of the block copolymers, 

allowing infiltration of the inorganic components into the polymer without complete 

solvation of the hierarchically structured scaffold. The resulting yellow composite powders 

were first analysed using SEM (Figure 3.17) to confirm the microparticle structure of the 

original polymers was maintained during the sol-gel synthesis. 

 

Figure 3.17: SEM micrographs of LiFePO4-polymer composites, templated using PMMA-b-P4VP block 

copolymers synthesised with (a) 2.5 wt%, (b) 5 wt%, (c) 10 wt% and 20 wt% PDMS-MA stabiliser. 

The microscale structure of the LiFePO4-polymer composites was relatively comparable to the 

original microstructure of their respective polymer templates (Figure 3.8). All samples 

consisted of well-defined microparticles with dn values almost identical to those of the original 
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block copolymers. This indicates that the inorganic material was fully incorporated into the 

polymer microparticles during the sol-gel process, with no obvious formation of untemplated 

aggregates. 

To confirm that the inorganic component of the composites was distributed solely in the P4VP 

domains of the block copolymers, the particles were examined using cross-sectional TEM 

(Figure 3.18). Composite samples were prepared in the same manner as the previous polymer 

samples, by embedding particles in resin and cutting ultra-thin sections (<100 nm). However, 

the key difference in the preparation of these samples was the omission of the I2 staining 

agent. Instead, contrast in the images was formed primarily by the higher atomic weighted 

inorganic material.  

 

Figure 3.18: Cross-sectional TEM micrographs of the LiFePO4-polymer composites, templated using 

PMMA-b-P4VP block copolymers synthesised with (a) 2.5 wt%, (b) 5 wt%, (c) 10 wt% and 20 wt% 

PDMS-MA stabiliser. No staining agents were applied. 
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The internal morphologies of the LiFePO4-polymer composites were shown to consist of small 

dark spherical regions within the lighter matrix of the microparticles. This was analogous to 

the spherical-type block copolymer morphology seen for all the original PMMA-b-P4VP 

materials. As no staining agents were used to enhance the contrast between the polymer 

blocks in these images, it could be assumed that the inorganic component of the composites 

resided only within the spherical P4VP regions of the polymer templates. This confirms that 

the mechanism of structure direction is indeed preferential association of the inorganic sol to 

the P4VP domains of the block copolymer. 

To corroborate the mechanism of structure direction in the sol-gel process, FTIR spectroscopy 

was performed on both the original block copolymer and the LiFePO4-polymer composite 

(Figure 3.19). Absorption of radiation in the infrared region can be used to infer information 

about the functional groups and bonding in the polymer structure. Comparing this before and 

after the sol-gel synthesis yields information about any changes in bonding when the 

inorganic components are added. 

 

Figure 3.19: FTIR spectra for the PMMA-b-P4VP block copolymer (red) and the resulting LiFePO4-

polymer composite (blue), with relevant absorption peaks labelled. 

The FTIR spectrum for the original PMMA-b-P4VP block copolymer shows two key peaks to 

identify each polymer block. An absorbance at 1730 cm-1 ŦƻǊ ǘƘŜ ˄ό/Ґhύ ŎŀǊōƻƴȅƭ ǎǘǊŜǘŎƘ ƻŦ 

the PMMA and a lower intensity absorbance at 1596 cm-1 ŦƻǊ ǘƘŜ ˄ό/b/ύ ǎǘǊŜǘŎƘ ƻŦ ǘƘŜ 

aromatic pyridine ring of the P4VP.126, 127 In the FTIR spectrum for the LiFePO4 composite 

material, a broad band appeared in the region of ~2500-3500 cm-1. This was attributed to the 

˄όhIύ ǎǘǊŜǘŎƘ ƻŦ ǊŜǎƛŘǳŀƭ ŜǘƘŀƴƻƭ ƛƴ ǘƘŜ ŎƻƳǇƻǎƛǘŜΦ ²ƘƛƭŜ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ǇŜŀƪs 
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aligned with those for the PMMA-b-tп±tΣ ǘƘŜ ˄ό/b/ύ ǎǘǊŜǘŎƘƛƴƎ ōŀƴŘ ǿŀǎ ǎƘƻǿƴ ǘƻ ǎƘƛŦǘ ǘƻ 

slightly higher wavenumber (1636 cm-1). 

The observed shift of the pyridine band to higher wavenumber is indicative of bonding 

interaction of the nitrogen lone pair to a Lewis acid site. Studies have shown interaction of 

pyridine rings to these sites causes a shift in electron density, leading to strengthening of the 

/b/ ōƻƴŘǎ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŀ ƘƛƎƘŜǊ ŜƴŜǊƎȅ ˄ό/b/ύ ŀōǎƻǊōŀƴŎŜΦ128 This is likely due to 

association of the P4VP with the Fe2+ ions in the sol, leading to accumulation of inorganic 

components in only the P4VP regions of the polymer structure. However, it cannot be ruled 

ƻǳǘ ǘƘŀǘ ǘƘŜ ˄ό/b/ύ ōŀƴŘ ǎƘƛŦǘ Ƴŀȅ ŀƭǎƻ ōŜ ŎŀǳǎŜŘ ōȅ ǇǊƻǘƻƴŀǘƛƻƴ ƻŦ ǘƘŜ ǇȅǊƛŘƛƴŜ ǊƛƴƎǎ ŘǳǊƛƴƎ 

the sol-gel reaction.129 

3.4.4. Formation of LiFePO4/C 

To obtaine pure crystalline materials capable of being utilised as rechargeable battery 

cathodes, the polymeric portion of the LiFePO4-polymer composites had to be removed. The 

inorganic portion of the composite also required thermal annealing to fully crystalise the 

desired olivine-type LiFePO4 structure. Both these steps were achieved simultaneously by 

calcining the composite materials under an argon atmosphere to prevent both unwanted 

oxidation and the formation of lithium nitride. Anaerobic degradation of the polymer 

template also leaves carbon residues within the battery cathode material, which is 

particularly advantageous for low electrically conducting materials such as LiFePO4. The 

samples were calcined at 700 °C for two hours, matching previous reported syntheses of 

LiFePO4.130, 131 Though, it is known that the polymer can be fully degraded at temperatures as 

low as 500 °C.112 The effect of calcination on the LiFePO4-polymer composites was studied 

using TGA analysis (Figure 3.20). 
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Figure 3.20: TGA profile for the calcination of LiFePO4-polymer composite under an argon 

atmosphere. Weight is scaled to account for the loss of volatiles before degradation of the polymer. 

Only data for the composite with dn Ґ мΦро ˃Ƴ ƛǎ ǎƘƻǿƴΦ  

In the TGA analysis, the derivative of weight loss was also plotted in blue alongside the weight 

loss curve, to clearly indicate the points at which weight losses occurred. Some weight loss in 

the sample occurred at low temperature, which was attributed to the removal of volatile and 

residual compounds from the sol-gel synthesis, as these temperatures were too low to 

degrade the block copolymer. The sample weight was then scaled to equal 100% at ~300 °C, 

before the onset of the polymer degradation peak. Weight loss of the polymer was shown to 

plateau close to 500 °C, leaving the remaining components equating to around 35 wt% of the 

original LiFePO4-polymer composite sample.  

The LiFePO4 portion of the composite was expected to represent ~25 wt% of the composite. 

However, due to calcination in an argon atmosphere, the block copolymer was not fully 

combusted or completely removed from the composite. Instead, the polymer degraded to 

form a carbon residue distributed throughout the LiFePO4 material, confirmed by the uniform 

deep black colour of the calcined LiFePO4/C. Carbon coating is often applied post-synthesis to 

LiFePO4 to increase electrical conductivity of the battery material, so formation of this carbon 

layer in-situ is considered to be advantageous for this particular application.132 Providing the 
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target value of 25 wt% inorganic content in the composite was achieved, the TGA analysis 

indicates that the final LiFePO4/C materials consisted of approximately 29 wt% carbon. 

To confirm that LiFePO4 was successfully formed during the calcination process, powder XRD 

analysis was performed on the resulting black powders (Figure 3.21). The diffraction patterns 

of the LiFePO4-polymer composite and the final calcined LiFePO4/C materials were compared 

to the known diffraction pattern of the LiFePO4 mineral, triphylite. This olivine-type crystal 

structure is the typical polymorph for crystalline LiFePO4 formed under ambient pressure.133 

The original LiFePO4-polymer composite was shown to be highly amorphous with very broad 

X-ray scattering seen and no discernible diffraction peaks. This is to be expected as the 

composite consists mostly of amorphous polymeric material, with the remainder being pre-

annealed inorganic components. After heating at 700 °C for two hours, the broad scattering 

was replaced by definitive diffraction peaks that coincide with those expected for LiFePO4, 

with no other visible peaks. Therefore, the XRD analysis demonstrates that calcination under 

these conditions yields both a highly crystalline and highly pure LiFePO4 material. Purity of all 

the final LiFePO4/C materials was investigated with further XRD analysis (Figure 3.22). 

 

 

Figure 3.21: Powder XRD diffractograms of the LiFePO4-polymer composite (red) with dn Ґ мΦро ˃Ƴ 

and resulting calcined LiFePO4/C material. Triphylite reference pattern is also shown at the bottom of 

the plot.112 
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Figure 3.22: Powder XRD diffractograms of all calcined LiFePO4/C materials, templated using PMMA-

b-P4VP block copolymers synthesised with various quantities of PDMS-MA stabiliser. Triphylite 

reference pattern is also shown at the bottom of the plot. 

All calcined LiFePO4/C materials were shown to consist of crystalline LiFePO4, with matching 

diffraction peaks seen throughout all the materials. No additional diffraction peaks were 

noticeable, except in the case of the 10 wt% material (composite dn Ґ мΦлт ˃ƳύΣ ǿƘŜǊŜ ǎƳŀƭƭ 

ƛƳǇǳǊƛǘȅ ǇŜŀƪǎ ǿŜǊŜ ƴƻǘƛŎŜŘ ŀǘ нʻ Ғ олϲΦ ¢ƘŜǎŜ ǇŜŀƪǎ ƭƛƪŜƭȅ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘǊŀŎŜ ŀƳƻǳƴǘǎ ƻŦ 

iron oxide impurity, possibly in the form of magnetite (Fe3O4).134 It is unclear why this impurity 

formed for only this particular sized LiFePO4/C material. Due to the low intensity of the 

diffraction peaks, the impurity was only expected to contribute a small fraction of the cathode 

material. 

With the purity of the LiFePO4/C materials confirmed, the next step was to assess the 

morphology of the cathode materials. The microstructure of the metal oxides was assessed 

by SEM analysis (Figure 3.23). 
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Figure 3.23: SEM micrographs of the calcined LiFePO4/C materials, templated using PMMA-b-P4VP 

block copolymers synthesised with (a) 2.5 wt%, (b) 5 wt%, (c) 10 wt% and 20 wt% PDMS-MA 

stabiliser. 

From the SEM images it was clear that the morphology of the LiFePO4-polymer composites 

changed considerably during the calcination process. The final LiFePO4/C materials possessed 

various microstructures depending on the size of the original PMMA-b-P4VP microparticle 

templates. The LiFePO4/C synthesised using the block copolymer with 5 wt% PDMS-MA was 

the only sample shown to retain reasonably well-defined microparticle structure, with dn = 

мΦнм ˃ƳΣ ŀƴŘ ŀ ƭƛƳƛǘŜŘ ŀƳƻǳƴǘ ƻŦ ŀƎƎǊŜƎŀǘŜŘ ƳŀǘŜǊƛŀƭΦ ¢ƘŜ ŘŜŎǊŜŀǎŜ ƛƴ dn in the final metal 

oxide was expected due to contraction of the particles as the polymer template was removed 

during calcination. It should also be noted that this retention of microstructure proved to be 

reproduceable for this polymer when additional syntheses were performed to obtain enough 

sample to analyse using the other techniques presented here. 

LiFePO4/C samples synthesised with the smaller polymer microparticles (10 and 20 wt% 

PDMS-MA) were shown to contain significant aggregation. Though some of the original 

microstructure was still visible, it was clear that the particles had fused considerably to form 

large masses of LiFePO4/C. This may have been due to a tighter packing of the smaller LiFePO4-

polymer composite particles. As the composites are heated, the block copolymer will briefly 
































































































































































































































































