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A series of near-monodisperse poly(2-(dimethylamino)ethyl methacrylate)-poly(benzyl methacrylate) (PDMA-PBzMA) diblock copolymer nanoparticles have been synthesised via RAFT alcoholic dispersion polymerisation of BzMA in ethanol at 70˚C in 24 h. In particular, a relatively long PDMA94 chain transfer agent was targeted in order to ensure that a solely spherical morphology was obtained. Relatively high (> 95 %) BzMA conversions could be achieved within 24 h when targeting degrees of polymerisation (DP) of up to 700, but substantially incomplete conversions were observed for higher DPs. DLS and SAXS were used for particle size analysis. For PBzMA DPs of 100 to 810, the mean intensity-average diameter of the spherical PDMA-PBzMA nanoparticles varied monotonically from 40 to 98 nm as judged by DLS, while SAXS reported mean weight-average particle diameters ranging from 35 to 93 nm. TEM images confirmed that spherical morphologies were obtained in each case. Mean aggregation numbers (Nagg) for these PDMA94-PBzMAx nanoparticles were calculated by fitting SAXS data to a spherical micelle model. As expected, Nagg increased from 145 to 899 when targeting higher DPs for the core-forming PBzMA block. Multi-angle laser light scattering (MALLS) was utilised to determine the weight-average molecular weight of these micelles, thus giving a second set of Nagg values. In this case, Debye data analysis was preferred over Zimm or Berry analyses. These MALLS data were in good agreement with the SAXS data. Based on these findings, we propose that particle growth during PISA can occur either by the exchange of chains between monomer-swollen particles and/or by isotropic sphere-sphere fusion events.

Addition of water to the above ethanolic PISA formulation was explored in order to enhance the rate of BzMA polymerisation and so overcome the problem of incomplete monomer conversion when targeting higher DPs. Significantly faster polymerisations were observed: 90 % BzMA conversion was achieved within just 6 h in the presence of 20 % w/w water. This rate enhancement is attributed to unreacted BzMA preferentially entering the micelles following nucleation, thus increasing both the local monomer concentration and the rate of BzMA polymerisation. When using a relatively short PDMA chain transfer agent, adjusting the solvent composition also affected the final copolymer morphology. Aqueous electrophoresis studies suggest that the PDMA stabiliser chains acquire partial cationic charge. This leads to more efficient inter-particle repulsion, thus preventing the sphere-sphere fusion events required for an evolution in morphology and so leading to kinetically-trapped spheres.

Two methods for silicification of PDMA-PBzMA diblock copolymer nanoparticles were examined to produce organic/inorganic core-shell nanoparticles. These nanoparticles were used to produce high-quality double-sided anti-reflective coatings (ARCs) on glass plates via dip coating. Minimum reflections of 0.6 % were achieved (compared to ~10 % for uncoated glass plates). There is some evidence that smaller spherical nanoparticles lead to better quality ARCs. 

Abstract
Diblock copolymer worms were prepared via RAFT dispersion polymerisation of BzMA in methanol and evaluated as putative Pickering emulsifiers. A dilute methanolic dispersion of these highly anisotropic nanoparticles was homogenised with sunflower oil to produce sunflower oil-in-methanol non-aqueous emulsions. The mean droplet diameter ranged from 9 to 104 µm, depending on the nanoparticle concentration and the stirring rate used for homogenisation. In all cases, the sunflower oil droplets gradually increased in size on ageing for up to four days. However, the resulting coarser emulsions remained stable towards coalescence for several months thereafter. Turbidimetry studies of the continuous phase after sedimentation of the emulsion droplets indicated that the initial adsorption efficiency of the PDMA-PBzMA worms was very high, but this is reduced significantly as the droplet diameter gradually increases during ageing. There is a concomitant increase in fractional surface coverage over the same time period, suggesting that the increase in droplet diameter is probably the result of limited coalescence, rather than via an Ostwald ripening mechanism.
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dv			volume-average diameter
EDX			energy-dispersive X-ray spectroscopy
EELS			electron energy loss spectroscopy
EGDMA		ethylene glycol dimethacrylate
EO			ethylene oxide
FRP			free radical polymerisation
GPC			gel permeation chromatography
HEMA		2-hydroxyethyl methacrylate
HPC			hydroxypropylcellulose
HPMA		2-hydroxypropyl methacrylate
LCST			lower critical solution temperature
LLS			laser light scattering
LRP			living radical polymerisation
macro-CTA		macromolecular chain transfer agent
MALLS		multi-angle laser light scattering
MBA			N,N’-methylenebisacrylamide
MeI			methyl iodide
MMA			methyl methacrylate
Mn			number-average molecular weight
MPC			2-(methacryloyloxy)ethyl phosphorylcholine
Mw 			weight-average molecular weight
MWD			molecular weight distribution
Mz			Z-average molecular weight
nBA			n-butyl acrylate
NMP			nitroxide-mediated polymerisation
ODT			order-disorder transition
OOT			order-order transition
o/w			oil-in-water
o/w/o			oil-in-water-in-oil
P4VP			poly(4-vinylpyridine)
PAA			poly(acrylic acid)
PAH			poly(allylamine hydrochloride)
PB			polybutadiene
PCS			photon correlation spectroscopy
PDI			polydispersity index (Mw/Mn)
PDMA		poly-(2-(dimethylamino)ethyl methacrylate)
PDPA			poly(2-(diisopropylamino)ethyl methacrylate)
PEG			poly(ethylene glycol)
PEMA		2-phenylethyl methacrylate
PEO			poly(ethylene oxide)
PGMA		poly(glycerol monomethacrylate)
PHPMA		poly(2-hydroxypropyl methacrylate)	
PISA			polymerisation-induced self-assembly
PKSPMA		poly(potassium 3-sulfopropyl methacrylate)	
PLMA		poly(lauryl methacrylate)
PMMA		poly(methyl methacrylate)	
PNIPAM		poly(N-isopropylacrylamide)	
PNVP			poly(N-vinyl pyrrolidone)
PO			propylene oxide
PPMA		3-phenylpropyl methacrylate
PPO			poly(propylene oxide)
PS			polystyrene			
PVA			poly(vinyl alcohol)
PVAc			poly(vinyl acetate)
PVC			poly(vinyl chloride)
QELS			quasi-elastic light scattering
RAFT			reversible addition-fragmentation chain transfer polymerisation
RI			refractive index
S			styrene
SANS			small angle neutron scattering
SAXS			small angle X-ray scattering
SEM			scanning electron microscopy
SLS			static light scattering
SMA			stearyl methacrylate
TEM			transmission electron microscopy
TEOS			tetraethyl orthosilicate
TFEMA		2,2,2-trifluoroethyl methacrylate
Tg			glass transition temperature
TGA			thermogravimetric analysis
THF			tetrahydrofuran
TMOS		tetramethyl orthosilicate
TMS			tetramethylsilane
w/o			water-in-oil
Abbreviations
w/o/w			water-in-oil-in-water
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Polymer Science
The word polymer is derived from the Greek words 'poly' and 'meros' meaning 'many' and 'part' respectively. Thus polymers are long-chain molecules which contain a large number of repeat units (or monomers). Many important bio-polymers occur naturally such as cellulose, proteins and rubber. In the last 100 years or so synthetic polymers have become increasingly important due to their many diverse applications. Bakelite, a phenol formaldehyde resin, was the first fully synthetic polymer. Publicly reported by Leo Baekeland in 1909,1 his first patent was actually granted in 1906 and in total he holds over 400 patents relating to Bakelite. Perhaps one indicator of the recognition of the importance of polymer science is the number of early researchers who subsequently became Nobel Prize Laureates; Herman Staudinger (1953), Karl Ziegler and Julio Natta (1963), Paul J. Flory (1974), as well as a further four Nobel prizes subsequently awarded for work relating to polymer science. Staudinger first reported the concept of ‘macromolecules’ in 1920 when he showed that materials such as natural rubber have very high molecular weights.2 He presented reactions which form high molecular weight molecules by covalently linking multiple small molecules and gave this type of reaction the name ‘polymerization’. At the time there was much doubt amongst the scientific community over these new findings, with Staudinger facing strong opposition towards his revolutionary ideas for over a decade. Staudinger based most of his early work on analysing natural polymers to prove their chemical structure.2 It wasn’t until 19293,4 when Carothers presented a different approach that the long-chain hypothesis was really accepted. Carothers joined together small molecules by well-known chemical reactions (e.g. esterification) to form macromolecular chains.5,6 

Carothers classified polymers as either condensation or addition polymers. This concept was later refined by Flory who defined two main categories based on the mechanism of polymer formation. These new classifications were step and chain polymerisation – although these corresponded fairly closely to the condensation and addition polymers introduced by Carothers, there were some subtle differences. In step polymerisations, high molecular weight molecules are built up gradually over the course of the reaction. In contrast, during chain polymerisations large molecules are formed very early in the reaction.

Since these early discoveries there has been much academic research in the field of polymer science resulting in deep understanding of many polymerisation techniques. The widespread industrial applications for polymer science means there is still extensive research ongoing across multiple disciplines, including chemistry, physics, materials and engineering.


[bookmark: _Toc430178707][bookmark: _Toc442713638]Polymer Terminology
Unlike small molecules, polymers do not possess a unique molecular weight. Instead they consist of a mixture of chains comprising a varying number of monomer repeat units. This varying chain length, or mean degree of polymerisation (DP), means any polymer will necessarily have a distribution of molecular weights, see Figure 1.1.7 
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[bookmark: _Toc430180084][bookmark: _Toc442712044]Figure 1.1. Number of molecules N of total molecular weight M plotted against M to illustrate the typical molecular weight distribution of a polymer.8

There are many ways of describing this molecular weight distribution (MWD) with the most common moments being the number- and weight-average (Mn and Mw respectively) and Z-average (Mz) molecular weights. These three moments are defined by equations 1.1, 1.2 and 1.3.
   (1.1)           (1.2)           (1.3)
Here M is the molecular weight of the individual monomer repeat unit and N is the number of repeat units per chain. Mn is simply the arithmetic mean, i.e. the sum of the mass of the chains divided by the number of chains. Mw is calculated based on the square of the chain mass and, as such, is biased towards high molecular weight species. Mz is the third power average molecular weight and is less commonly used. Since many properties of polymers are molecular weight-dependent it is useful to be able to calculate or determine the MWD, or the individual moments. There are various analysis methods for determining Mn, Mw, Mz and the MWD. These include proton NMR for Mn, small angle x-ray or neutron scattering (SAXS or SANS) or static light scattering for Mw and ultracentrifugation for Mz (in practice SAXS and SANS are not typically utilised for determining the Mw of polymer chains). In principle gel permeation chromatography (GPC) can be used to assess the whole MWD curve.

It can also be important to assess the width of the MWD. This is most commonly done by dividing Mw by Mn. This Mw/Mn ratio is known as the dispersity (Ð) of the polymer, this replaced the previous term polydispersity index following IUPAC recommendations.9 The Ð always has a value greater than unity since by definition Mw > Mn. If the polymer chains were perfectly monodisperse (all chains of equal DP), then the PDI would equal unity. In practice, this cannot be achieved for synthetic polymers.


[bookmark: _Toc430178708][bookmark: _Toc442713639]Vinyl Monomers and their Polymerisation10,11
Vinyl monomers are those containing a carbon-carbon double bond. The presence of this double bond and its susceptibility towards chain polymerisation allows vinyl monomers to be polymerised by either a radical initiator or catalyst. The polymer formed is known as a vinyl polymer. Vinyl polymers are mainly thermoplastics meaning there are no cross links and the material properties change on heating/cooling.12 Thermoplastic materials offer the major advantage of being recyclable via melt-processing many times before degrading and also being easily moulded into various shapes.

There are many possible substituents for vinyl monomers. As such, vinyl monomers/polymers are an extremely important class of materials with many commercial uses. Vinyl monomers can be polymerised either by free-radical, ionic or coordination polymerisation mechanisms. Free-radical techniques are most widely used as they are less sensitive to impurities and monomer functionality and allow tuning of polymer properties as well as polymerisation rate by selection of the initiator. However, ionic polymerisation may still be preferred in some cases for the manufacture of speciality polymers.13 
The simplest vinyl monomer, ethene, polymerises to give polyethene - more commonly known as polyethylene.10 It is the world’s most important plastic with over 60 million tonnes manufactured every year, with a wide range of applications including films, packaging, pipes and insulation.10 Other vinyl polymers probably encountered by most consumers on a daily basis include polypropylene, polystyrene, poly(vinyl chloride), polytetrafluoroethylene and polyisobutylene. Applications are remarkably varied, but include disposable packaging, construction materials, sporting equipment, fuel additives and clothing, to name just a few.

Acrylates and methacrylates are two important classes of vinyl monomers. Their chemical structures are shown in Figure 1.2. Acrylic polymers are widely used in applications where high resistance to breakage, good transparency and elasticity are desired.
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[bookmark: _Toc430180085][bookmark: _Toc442712045]Figure 1.2. General structure of acrylate (left) and methacrylate (right) monomers.


[bookmark: _Toc430178709][bookmark: _Toc442713640]Heterogeneous Polymerisation Techniques14-16
There are several different heterogeneous (or particle-forming) polymerisation techniques. In such formulations, the precise location of the monomer, initiator, radicals (and chain transfer agents (CTAs), where applicable) is very important and has a major influence on the kinetics and polymer microstructure. Examples of heterogeneous formulations include precipitation, dispersion, suspension, emulsion, miniemulsion and microemulsion polymerisations.

In precipitation polymerisation, both the monomer and initiator are soluble in the continuous medium resulting in an initially homogeneous mixture. The resulting polymer is insoluble so polymer microspheres precipitate out during polymerisation. Common examples of where this technique is used include the bulk polymerisation of vinyl chloride and the polymerisation of acrylonitrile in water.
Dispersion polymerisation17 involves formation of an insoluble polymer in the form of microscopic particles from an initially homogeneous reaction solution.18 As such, dispersion polymerisations can be conducted in either aqueous or non-aqueous media. In the context of conventional free radical polymerisation, this method has been used to form particles in the 0.1-10 µm size range, which are usually stabilised by a surfactant or polymeric stabiliser.19 The microscopic particles that are formed in such reactions are known as latexes. Traditionally, dispersion polymerisation has been carried out in either alcoholic or hydrocarbon media.18,20-22 Aqueous dispersion polymerisations offer the advantage of avoiding the use of volatile organic solvents, but there are relatively few commodity vinyl monomers that have the requisite solubility for such formulations. One rare example of an aqueous dispersion polymerisation is shown in Figure 1.3. Here the 2-hydroxypropyl methacrylate (HPMA) monomer is water-miscible, but the corresponding polymer (PHPMA) is water-insoluble.23 In the absence of any stabiliser, a macroscopic precipitate is obtained. However, in the presence of a suitable stabiliser such as poly(N-vinyl pyrrolidone) (PNVP), the PHPMA is obtained as sterically-stabilised latex particles. The particle size can be readily adjusted by varying the synthesis parameters.24 
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[bookmark: _Toc430180086][bookmark: _Toc442712046]Figure 1.3. (a) Example of latex synthesis by aqueous free radical dispersion polymerisation of 2-hydroxypropyl methacrylate (HPMA). (b) Particle size distributions for PHPMA latexes. (c) Scanning electron microscopy image of a PNVP-stabilised PHPMA latex of narrow particle size distribution.24

Suspension polymerisation typically consists of water-insoluble monomer droplets suspended in water using a polymeric or particulate emulsifier and a monomer-soluble initiator. The droplets act as ‘minireactors’ as they are the locus of the polymerisation. Advantages of this method are that the aqueous continuous phase effectively transfers heat, the viscosity of the solution remains almost constant (and low) throughout the reaction and monomer conversions higher than those observed in equivalent bulk polymerisations are readily achieved. If the final polymer is required to be used in the form of small beads then suspension polymerisation is particularly useful, as the final polymer typically has a similar size distribution to the initially formed monomer droplets.25 Suspension polymerisation is commonly used for the commercial production of poly(vinyl chloride) (PVC), poly(methyl methacrylate) (PMMA) and styrene-acrylonitrile copolymers.

A typical emulsion polymerisation formulation consists of water, a hydrophobic monomer, a water-soluble surfactant above its critical micelle concentration (CMC) and a water-soluble initiator.15,26 In the initial reaction mixture, the monomer is located in three different environments; as large monomer droplets stabilised by surfactant adsorbed at the interface, dissolved in the continuous aqueous phase and solubilised within micelles. Due to the hydrophobic nature of vinyl monomers used in emulsion polymerisation, only a relatively small amount will be present either in micelles or dissolved in the aqueous phase. Water-soluble initiators are used to prevent polymerisation occurring within the large monomer droplets; instead radicals are produced in the aqueous phase and react with monomer dissolved in the aqueous phase, this process is known as homogeneous nucleation. Some radicals can also enter micelles and quickly react to form particles in the monomer-rich environment, this is known as heterogeneous nucleation. The relative amount of homogeneous and heterogeneous nucleation is determined by the solubility of the monomer in the continuous phase.

Micelle nucleation models proposed by Harkins24,27,28 and Smith and Ewart29,30 suggest that submicron-sized latex particles are formed when micelles capture free radicals. Free radicals are captured preferentially by micelles rather than monomer droplets as the former have a much larger total interfacial area. If the size of monomer droplets is reduced to submicron dimensions, they may become the main particle nucleation site; this is known as miniemulsion polymerisation.31-36 Microemulsion polymerisation involves polymerisation in even smaller droplets (1-10 nm diameter) and produces polymer colloids smaller than can be achieved by conventional emulsion polymerisation.37,38
[bookmark: _Toc430178710]

[bookmark: _Toc442713641]Living Polymerisation
A ‘living’ polymerisation is one in which no intrinsic termination occurs, as described by the following IUPAC definition; ‘a chain polymerization from which chain transfer and chain termination are absent’.39 The first report on living polymerisation came in 1956 from Szwarc and co-workers, who discussed the living nature of anionic polymerisations of styrene and diene monomers.40,41 Since this pioneering work, various other possible mechanisms for living polymerisations have also been developed, including cationic,42,43 Ziegler-Natta,44 ring-opening metathesis45 and group transfer polymerisation.46 During polymerisation the chain end maintains the active species, meaning that the polymer continues to grow until there is no monomer remaining. In an ideal living polymerisation, which has achieved 100% monomer conversion the DP is directly related to the initial concentrations of monomer, [M]0, and initiator, [I]0, by equation 1.4.
					(1.4)
Characteristics of living polymerisations include a linear evolution of molecular weight with monomer conversion; see Figure 1.4, and the production of low polydispersity polymers (Mw/Mn < 1.1). During a living polymerisation, the addition of a second charge of monomer after the first charge has been consumed leads to an increase in chain length, with no new chains being formed, thus allowing production of well-defined block copolymers. It is also one of the few methods available that enables access to various architectures such as cyclic, star, comb and graft polymers.47-50
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[bookmark: _Toc430180087][bookmark: _Toc442712047]Figure 1.4. Evolution of molecular weight with monomer conversion for both conventional free radical and living polymerisations.51

The concept of anionic polymerisation was first reported in a patent by Matthews and Strange in 1910.52 This work looked at polymerisation of isoprene and derivatives using sodium and potassium initiators. In the following years further work appeared using alkali metal-based complexes as initiators.53 However, it was not until Szwarc’s pioneering work in 195640,41 that the area attracted much attention. Szwarc used sodium napthalenide as an initiator for styrene polymerisation in THF; colour changes observed during the reaction were attributed to a change in the anionic species present and a mechanism for initiation was proposed. The terms ‘living polymerisation’ and ‘living polymers’ were introduced based on the ability of such polymerisations to continue if a further charge of styrene monomer was added after completion of an initial polymerisation. Since this first report there has been extensive research to gain better understanding of anionic polymerisation and expand the range of compatible vinyl monomers.48,54

To obtain near-monodisperse ‘living’ polymers, the rate of initiation must be much greater than the rate of propagation and side reactions must be eliminated. This means using an appropriate monomer, a non-reactive solvent and the removal of all protic impurities, such as water.55 As such, the major disadvantage of traditional living polymerisation methods is that they are very synthetically demanding, as extensive purification is needed to ensure that no premature termination occurs through reactions with impurities.5 Furthermore, many functional monomers cannot be used since they contain labile protons. As a result, this technique has found relatively limited industrial application even though it has been known since the mid-1950s.40 There are however several exceptions where anionic polymerisation is used to produce polymers on an industrial scale. 

One such important example is the synthesis of polystyrene-polybutadiene-polystyrene (PS-PB-PS) block copolymers. Many patents have been obtained for the synthesis of this thermoplastic elastomer.56,57 Originally sold by Shell under the trade name Kraton, these materials are now sold by Kraton Polymers. At room temperature, such copolymers display rubber-like properties, but are processable like a thermoplastic above the Tg of PS. BASF also have several materials based on PS-PB star copolymers. Styroflex and Styrolux are highly flexible, transparent packaging materials.58-60 Similar star diblock copolymers were developed by Shell as viscosity modifiers (thickeners) for automotive engine oils.61
Another industrial use of anionic polymerisation is in the production of pluronic block copolymers. These are triblock copolymers composed of hydrophilic poly(ethylene oxide) (PEO) and hydrophobic poly(propylene oxide) (PPO) blocks in an A-B-A structure. They are synthesised by polymerisation of PO followed by the addition of EO monomer which grows off both ends of the PPO block, this is done in the presence of an alkaline catalyst.62 Pluronics have been the subject of much research in the fields of drug and gene delivery and have been shown to improve the efficiency of certain anti-cancer agents.63-67


[bookmark: _Toc430178711][bookmark: _Toc442713642]Radical Polymerisation
One of the simplest and most versatile polymerisation methods is conventional free radical polymerisation (FRP). FRP is an example of chain polymerisation. In this type of polymerisation, the reaction proceeds via monomer addition to an active centre.68 One advantage of such non-living chain polymerisations is that high molecular weight polymers are produced almost immediately. Free radicals are compatible with a broad range of vinyl monomers (although there are some notable exceptions). As such, free radical polymerisation is the most commonly used method for producing high molecular weight polymers. The general reaction scheme for FRP is shown in Figure 1.5, where R˙, I and M represent radicals, initiator and monomer.
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[bookmark: _Toc430180088][bookmark: _Toc442712048]Figure 1.5. Mechanism of free radical polymerisation.

Reactions of this type proceed via multiple monomer additions to a free radical which is formed by decomposition of an initiator. As can be seen in Figure 1.5, initiation consists of two stages; thermal decomposition produces active radicals, R˙, which then react with monomer to form a new active centre, R-M1˙. The initiator efficiency, f, is defined as the fraction of radicals produced in the homolysis reaction that actually initiate polymer chains. Some of the primary radicals formed can undergo side reactions that preclude monomer addition, thus giving f < 1. The extent of radical recombination has been considered in studies of the cage effect.69-71 When the initiator decomposes the radicals formed are in a solvent cage. While in this solvent cage the radicals may react with each other, react with monomer, diffuse out of the solvent cage or undergo recombination. Of these reactions it is decomposition which has the largest effect on f. The timescale of radical-radical reactions, the average lifetime of radicals and the concentration of radicals within the cage mean there is a fairly high probability that some decomposition will occur.72 Thus, the likelihood of radicals escaping the solvent cage determines f.

The two initiation steps shown have significantly different rates, with thermally-triggered initiator dissociation being much slower than monomer addition, thus making it the rate-determining step. The rate equation for the initiation step, Ri, is given in equation 1.5. During propagation, the polymer radicals grow rapidly through addition of further monomer units and the rate of propagation, Rpr, is given by equation 1.6.
						(1.5)
			(1.6)
Termination occurs when two polymer radicals react together by either combination or disproportionation. Combination is also known as coupling and describes the reaction between two propagating radicals to produce one long polymer chain. Termination through disproportionation describes the abstraction of a hydrogen atom from one propagating chain to another, resulting in two polymer chains with different chemical structures, neither of which contains an active centre. The rate equations for these two termination steps are given by equations 1.7 and 1.8. The overall rate of termination, Rt, is expressed by equation 1.9 as the rate of annihilation of polymer radicals.
			(1.7)
			(1.8)
		(1.9)
As well as these main steps, chain transfer reactions can also occur. This can be either to the monomer, polymer, initiator or solvent, see equation 1.10 (where XA represents the compound involved in chain transfer). 
				(1.10)
In such side reactions, one radical is destroyed and another created. Chain transfer is responsible for many polymerisations resulting in lower MW polymers than predicted. The new radical, A˙, then reinitiates polymerisation. Thus, provided that reinitiation is fast, the overall kinetics of the polymerisation are barely affected. The chain transfer constant, Cs, of a substance is the ratio of the rate constant for chain transfer of a propagating radical to that substance, ktr, to the rate constant for propagation, kp. The Mayo equation73 (equation 1.11) relates the dependence of the DP of the final polymer, to the chain transfer constant.74
				 	(1.11)
In order to determine an overall rate of polymerisation, the steady-state approximation must be invoked. Over the course of the reaction the total radical concentration remains constant, i.e. production and consumption of radicals occur at the same rate, Ri = Rt.  Using the above rate equations for initiation, propagation and termination the overall rate of polymerisation, Rp, can then be derived, see equation 1.12. This equation follows from the steady-state approximation and is based on the assumption of negligible chain transfer and no other side reactions during the polymerisation.11
				(1.12)
Advantages of FRP are the wide range of different reaction conditions that can be employed and its excellent tolerance of functionality (for both monomer and solvent). Disadvantages associated with this technique include only limited control over target molecular weight, relatively broad molecular weight distributions and the inability to form precise architectures such as block copolymers. This lack of control limits the use of copolymers prepared by free radical chemistry for certain applications.75
[bookmark: _Toc430178712]

[bookmark: _Toc442713643]Living Radical Polymerisation
Until the mid-1990s living ionic polymerisation techniques, such as anionic or cationic, were the only methods able to produce low polydispersity polymers with well controlled molecular weights. Over the past two decades, several living radical polymerisation (LRP) approaches have been developed. Strictly speaking, these are not truly living processes as there is always some intrinsic background termination. Hence they are sometimes described as ‘pseudo-living’ polymerisations, and the current IUPAC-recommended nomenclature is ‘reversible deactivation radical polymerisation’.39 Such LRP methods offer most of the control exhibited by living ionic polymerisations but are based on radical chemistry, making them much more tolerant of functional monomers. The three most popular methods are nitroxide-mediated polymerisation (NMP),76-78 atom transfer radical polymerisation (ATRP),79 and reversible addition-fragmentation chain transfer (RAFT) polymerisation.80 

NMP, ATRP and RAFT polymerisations each exhibit living characteristics, including a linear relationship between molecular weight and monomer conversion and the production of polymers with low polydispersities (typically Mw/Mn < 1.30). In both NMP and ATRP this is achieved by a method known as reversible termination, whereby the polymer radical is reversibly capped by a nitroxide species or halogen atom, respectively. In contrast, RAFT polymerisation is based on the principle of rapid reversible chain transfer. Common to all three techniques is the dynamic equilibrium between dormant and propagating species, which results in a relatively low concentration of the propagating species. The equations for the rate of propagation and termination for FRP both depend on the concentration of the propagating radical, R-Mx˙ (see equations 1.6 and 1.9). The rate of propagation, Rp, is proportional to [R-Mx˙] whereas the rate of termination, Rt, is proportional to [R-Mx˙]2. Thus a reduction in [R-Mx˙] will have a much greater effect on the rate of termination than that of propagation. Overall the rate of intrinsic termination is reduced relative to the rate of propagation, thus affording good control over the polymerisation. 

Of these three LRP methods, RAFT is arguably the most robust and versatile.81,82 It is particularly tolerant to monomer functionality, affording good control to the polymerisation of vinyl esters and vinyl amides for which ATRP and NMP offer minimal control. RAFT can be conducted under a wide range of conditions, such as emulsion,83,84 solution,85-87 dispersion88 and suspension polymerisation.89


[bookmark: _Toc430178713][bookmark: _Toc442713644]Reversible Addition-Fragmentation Chain-Transfer Polymerisation
Since it was first reported in 199880 RAFT polymerisation has been the focus of much research and it is now a widely used synthesis method for many functional polymers. In RAFT polymerisations, the living character is achieved by rapid reversible chain transfer of the propagating species using a CTA. It is an extremely versatile method because the RAFT CTA can often simply be added to conventional free radical polymerisation formulations. The growing interest in RAFT polymerisation is reflected in the rapid increase in the number of RAFT publications, as shown over the period from 2000-2015 in Figure 1.6.
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[bookmark: _Toc430180089][bookmark: _Toc442712049]Figure 1.6. RAFT publications each year from 2000-2015 (data from ISI Web of Science Database, using topic search term ‘RAFT polymerisation’, 06/01/16).

In their first review of RAFT polymerisation, the CSIRO group summarised the key features of an ideal RAFT polymerisation as follows.90 Firstly, the same monomers, initiators and solvents as employed in conventional FRP formulations can be utilised, with the addition of a suitable RAFT CTA. Secondly, blocks, stars and other complex molecular architectures are accessible. Finally, molecular weights increase linearly with monomer conversion and the final polymers have a narrow molecular weight distribution. The molecular weight can be predicted by equation 1.13.
				(1.13)
Here [M]0 – [M]t is the amount of monomer consumed at a certain point, [I] is the initiator concentration and mM is the monomer molecular weight. Hence the DP of the polymer chains expected for any given conversion can be calculated simply by dividing monomer concentration by the CTA concentration. Careful consideration of the mechanism of RAFT polymerisation enables the successful implementation of RAFT for the synthesis of polymers with controlled molecular weight and architecture. The generally accepted mechanism for RAFT polymerisation is shown in Figure 1.7.91
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[bookmark: _Toc430180090][bookmark: _Toc442712050]Figure 1.7. Proposed mechanism for reversible addition-fragmentation chain transfer (RAFT) polymerisation according to Moad et al.91

Initiation and termination are the same processes as in conventional free radical polymerisation. The propagation step involves reversible chain transfer where the propagating polymer radical (Pn.) adds to the RAFT CTA, forming a macromolecular chain transfer agent (macro-CTA) and expelling a new radical (R.). This radical then reinitiates the polymerisation by forming a further propagating radical (Pm.). This new propagating radical can now add to the macro-CTA and chain equilibrium is rapidly established between chains Pn and Pm. While attached to the RAFT CTA the polymer chains are dormant: chain growth occurs through monomer addition only when the polymer chains are in their free radical form. Due to chain equilibration, both propagating radicals Pn. and Pm. spend the same amount of time in their active and dormant states so they have an equal opportunity to propagate, leading to similar chain lengths (or degree of polymerisation) for all polymer chains.92

Although shown in Figure 1.7, termination is suppressed due to the reduced instantaneous concentration of polymer radicals (compared to conventional FRP), thus giving a much higher ratio of living/dead chains. The probability of termination increases under monomer-starved conditions, i.e. at high conversion. Thus, in order to maintain good living character RAFT polymerisations are normally quenched before reaching 100% monomer conversion,93 particularly if a different monomer is to be added as a second block. At the end of the reaction, most chain-ends will retain the RAFT CTA, which can be subsequently removed if desired.94,95

Rizzardo et al. found that the most effective RAFT agents were thiocarbonylthio compounds, with the general chemical structures shown in Figure 1.8.96 Further studies have identified specific RAFT agents that are effective for polymerising certain monomer classes.97 Examples include dithiobenzoates (Z = alky or aryl), trithiocarbonates (Z = SR’), dithiocarbamates (Z = NR’R’’) and xanthates (Z = OR’), see Figure 1.8.90
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[bookmark: _Toc430180091][bookmark: _Toc442712051]Figure 1.8. Generic chemical structures of chain transfer agents (CTAs) used in RAFT polymerisation.

The RAFT agent efficiency is determined by the choice of R and Z groups. Thus much research has focused on selecting appropriate RAFT agents for a given monomer class,98 and also synthetic methods.99  R must be chosen so the S-R bond is relatively weak and the R. radical should be a good leaving group that is capable of re-initiating the polymerisation. The Z group controls the reactivity of the CTA by modifying the relative rates of addition and fragmentation. This is achieved through its effect on the stability of intermediate radicals.100 The choice of R and Z groups depends on the monomer class of interest. Vinyl monomers can be broadly divided into two categories, more-activated and less-activated. The former class include styrenics, methacrylics and acrylics, while the latter class includes vinyl esters and vinyl amides. A summary of suitable R and Z groups for a given monomer type is shown in Figure 1.9.101 Dithioesters and trithiocarbonates are not well suited to polymerisation of less-activated monomers owing to the poor leaving group ability of the propagating species. Dithiocarbamate RAFT agents have a relatively low activity for radical addition, leading to lower transfer constants, but are effective with electron-rich monomers.100 Transfer constants for RAFT CTAs are often too high to be measured by conventional (Mayo) methods.101 For a well-controlled polymerisation, a RAFT CTA should have a transfer constant of at least 10, with the most reactive having transfer constants greater than 100.102
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[bookmark: _Toc430180092][bookmark: _Toc442712052]Figure 1.9. Selection of Z and R groups in a RAFT CTA for the polymerisation of specific monomer classes. For Z, the rate of addition decreases (and fragmentation rate increases) from left to right. For R the rate of fragmentation decreases from left to right. Dashed arrows indicate partial control.101

There has also been some research focused on developing so-called ‘universal’ RAFT agents, i.e. CTAs that provide good control over polymerisation of any monomer. This would then enable the synthesis of well-defined block copolymers comprising monomers from both the more- and less-activated groups, which has proved very difficult using conventional RAFT agents.103-105 In particular, Benaglia et al. reported stimulus-responsive RAFT agents which can be switched to control the polymerisation of monomers with very different reactivities.105 Another indicator of the importance and growing use of RAFT polymerisation is the rapid increase in commercially available RAFT agents. Until fairly recently, only a rather small number of RAFT agents were available, but now a number of companies offer a broad range of CTAs.

Chiefari et al. first reported the use of thiocarbonylthio CTAs for living radical polymerisation in 1998 in a patent106 and paper.80 Here they presented a wide range of monomers and polymerisation conditions to demonstrate not only the living character conferred on the resulting polymers, but also illustrate the scope of the method. Figure 1.10 illustrates the influence of the addition of a cumyl dithiobenzoate CTA on the molecular weight distribution of polymers synthesised in the copolymerisation of styrene and acrylonitrile in bulk. Figure 1.11 demonstrates the linear evolution of molecular weight with monomer conversion during the solution polymerisation of methyl methacrylate (MMA) in benzene.
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[bookmark: _Toc430180093][bookmark: _Toc442712053]Figure 1.10. Molecular weight distributions for poly(styrene-co-acrylonitrile) polymerised by heating styrene and acrylonitrile (62:38 molar ratio) at 100°C in the presence of cumyl dithiobenzoate. After 4 h (Mn = 20 100; Mw/Mn = 1.04), 8 h (Mn = 33 000; Mw/Mn = 1.05), and 18 h (Mn = 51 400; Mw/Mn = 1.07). The molecular weight distribution for a similar polymerisation performed without cumyl dithiobenzoate is also shown as a control (Mn = 424 000, Mw/Mn = 1.70).80


[image: ]
[bookmark: _Toc430180094][bookmark: _Toc442712054]Figure 1.11. Evolution of molecular weight and polydispersity with conversion during polymerisation of methyl methacrylate (MMA), 7.01 M in benzene, performed at 60°C in the presence of cumyl dithiobenzoate and AIBN initiator.80

One limitation of RAFT polymerisation is that it is generally incompatible with primary or secondary amine functionality. However, some groups have reported polymerisation of primary amine functional monomers in their ammonium salt form with good retention of the RAFT chain ends.107-109

If the majority of chains retain the Z group of the RAFT agent, the polymerisation can be stopped and efficiently restarted with a second monomer to form a well-defined diblock copolymer, see Figure 1.12. Although only the Z group affects the living character of the polymerisation it has been shown that retention of the R group should also be considered when targeting block copolymers to avoid multiple low molecular weight species being formed.110 If the reaction is allowed to proceed to very high conversion then intrinsic termination occurs to some extent, resulting in a reduction in chain-end fidelity. This compromises the ability to form well-defined block copolymer chains with minimal homopolymer contamination. Provided a suitable CTA is used, RAFT polymerisation can provide a facile synthesis route to many functional block copolymers under a range of conditions.102,111,112 Over the past few years Perrier’s group have examined the limit of RAFT as a technique for the synthesis of multiblock copolymers. Up to 20 blocks have been achieved, each with a narrow molecular weight distribution.113-115



[bookmark: _Toc430180095][bookmark: _Toc442712055]Figure 1.12. Schematic showing sequential insertion of monomers A and B into a RAFT CTA to form an AB diblock copolymer (if a high percentage of Z and R groups are retained this can also be considered a macro-CTA).

The retention of the RAFT end-groups also leads to some of the main disadvantages of RAFT polymerisation. The presence of thiocarbonylthio compounds typically confer colour, smell and sometimes a degree of toxicity to the polymeric product.116 Once the desired polymer/copolymer has been prepared, it is possible to remove or convert the RAFT end-group. There are now many literature examples of methods to achieve this modification, as reviewed by Moad117 and O’Reilly.95 Figure 1.13 summarises the most common routes used for end-group removal/conversion.
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[bookmark: _Toc430180096][bookmark: _Toc442712056]Figure 1.13. Common methods for RAFT end-group removal/ modification.95,116

Another factor which has so far limited the use of RAFT polymerisation is the availability and cost of RAFT CTAs. RAFT CTAs have only recently become commercially available and their synthesis usually involves several steps and time-consuming purification protocols.118 Otherwise, RAFT polymerisation is amenable for industrial applications, since set-up would not differ significantly from that used for conventional FRP. The first example of successful scale-up and commercialisation of RAFT polymerisation was Lubrizol’s Asteric viscosity modifiers.119 This company scaled up the synthesis of a trithiocarbonate ester CTA,120 with a 3000 gallon manufacturing trial completed in 2010.121 This CTA was then used in the synthesis of star polymers, enabling some of the performance trade-offs for linear viscosity modifiers to be overcome for the first time. Asteric polymers are now sold as engine oil viscosity modifiers for use in multiple markets including transmission fluid, gear oil and hydraulics; they are estimated to be present in over 3 million vehicles worldwide.


[bookmark: _Toc430178714][bookmark: _Toc442713645]Self-Assembly
[bookmark: _Toc427926858]Amphiphilic molecules comprise both hydrophobic and hydrophilic components. For example, a surfactant is comprised of a hydrophilic head group attached to a hydrophobic tail. By adsorbing at the interface between two immiscible liquid phases they provide the interfacial stability needed to form foams or emulsions. Self-assembly is the process by which components of a system adopt a more ordered state. The self-assembly of small amphiphilic molecules has been studied for many years with multiple morphologies being observed for the resulting aggregates. Figure 1.14 illustrates some of the morphologies which may result from such a process.122
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[bookmark: _Toc430180097][bookmark: _Toc442712057]Figure 1.14. Illustration of some possible morphologies of self-assembled surfactant amphiphiles, related to the packing parameter, p,122 as predicted by Israelachvilli.123

The spontaneous self-assembly of amphiphilic molecules relies on the balance between van der Waals forces, hydrogen bonds and electrostatics, rather than covalent interactions. An equilibrium constant, K, describing the exchange of unimers with micelle aggregates (at a certain temperature, T) is given by equation 1.14.
			(1.14)
Where N is the aggregation number,  are the chemical potentials of the surfactant molecules in solution and micelle/aggregate respectively, and kB is the Boltzmann constant. It is also possible to formulate this relationship in terms of the concentration/activity of molecules forming an aggregate made up of N individual parts, XN, by equation 1.15.
			          (1.15)
Here X1 is the activity of the surfactant molecules in solution. This equation is related to the total solute concentration, C, by equation 1.16.
		(1.16)
Combining these two equations fully defines the system for dilute solutions, assuming ideal mixing. This allows us to define aggregation behaviour in terms of the relationship of  and N according to equation 1.17.
			(1.17)
Here  is the bulk energy of an infinite aggregate, α is a constant related to the intermolecular interaction strength (positive) and the superscript p refers to the shape/dimensionality of the aggregates. In order for large, stable aggregates to form,  must be less than .

Similar structures to those observed for small molecule surfactants have also been identified for the self-assembly of amphiphilic block copolymers (BCPs).124-129 The mechanical and physical properties of polymer aggregates mean they have better stability and durability than similar surfactant structures.130,131 Thus BCP self-assembly in both the solid state and dilute aqueous solution has been extensively studied, and many different particle morphologies can be achieved.132,133-137 Various applications have been explored, including coatings,138 templates,128 nanomedicine139-141 and electronics.142
[bookmark: _Toc427926859]
BCP self-assembly in the solid state has been studied since the 1960s. It is now quite well understood with various theories being developed to account for the observed phase behaviour.143-146 The microphase separation of BCPs in the bulk is driven by the unfavourable mixing enthalpy and a relatively small mixing entropy; various morphologies are obtained depending on the precise composition of the BCP, see Figure 1.15. There are three parameters that determine the extent of microphase separation of BCPs: the volume fraction of each block, the overall degree of polymerisation and the Flory-Huggins interaction parameter between the A and B blocks, χAB. A lamellar phase is favoured for AB block copolymers with equal volume fractions of each block, but for any unsymmetrical block composition an ordered phase consisting of domains of the shorter block within a continuous phase of the major component is obtained.
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[bookmark: _Toc430180098][bookmark: _Toc442712058]Figure 1.15. Theoretical phase diagram of morphologies expected for AB block copolymers in the bulk: χ is the Flory-Huggins interaction parameter, N is the overall degree of polymerisation and fA is the volume fraction of block A.144,147

The Flory-Huggins interaction parameter, χAB, describes the incompatibility between the A and B blocks. This parameter varies with temperature in accordance with equation 1.18, where z is the number of nearest neighbours per repeat unit in the polymer, kBT is the thermal energy and εAB, εAA and εBB are the interaction energies per repeat unit for A-B, A-A and B-B, respectively.
			(1.18)
For diblock copolymers where there are no strong specific interactions such as hydrogen bonding or ionic interactions, the Flory-Huggins parameter will generally be small and positive and decrease with increasing temperature. In such cases the extent of microphase separation depends on χN. Thus reducing χN or raising the temperature reduces the incompatibility of the two blocks, and increases the combinatorial entropy. This results in the block copolymer undergoing an order-disorder transition (ODT). Such systems may also undergo order-order transitions (OOT). An OOT involves a transition between phases with different microstructures.
There are many examples of naturally occurring self-assembled structures, with the most commonly cited example being bilayer vesicles formed by phospholipids.148,149 Similarly, amphiphilic block copolymers can self-assemble in water to form various structures. Studies on molecular self-assembly in solution have found that the precise structure obtained is dictated by the packing parameter, p, as defined in equation 1.19.150 Here v is the volume of the hydrophobic segment, a0 is the head group contact area and lc is the length of the hydrophobic segment.
									     (1.19)
If p <  the BCP (or surfactant) aggregate will form spherical micelles, when  < p <  worm-like micelles are formed and when p >  either lamellae or vesicles are formed. If p > 1 inverted structures may be obtained; some of these structures are illustrated in Figure 1.16.
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[bookmark: _Toc430180099][bookmark: _Toc442712059]Figure 1.16. Effect of varying the packing parameter, p, on the self-assembly of block copolymers (or surfactants).150

In the case of diblock copolymers, the preferred copolymer morphology depends on the polymer molecular weight, relative volume fraction of each block and the chemical nature of the repeat units. In combination, these properties determine the packing parameter for the copolymer chains151 (as illustrated above in Figure 1.16). Extensive work has been conducted in this area by Eisenberg’s group over the last two decades. This team developed a method of gradually switching from a good solvent to a selective solvent, causing the in situ self-assembly of the diblock copolymer chains and enabling a range of morphologies to be prepared from a single block copolymer.136,152,153 They, and many other groups, have built on this pioneering work, resulting in further morphologies becoming accessible and various functionalities being incorporated.154-156 Other methods for inducing BCP self-assembly have also been explored, including pH switch,157 and thin film rehydration.158,159 A common feature of each of these processing methods is that they must be conducted at relatively high dilution (typically ≤ 1 % w/w solids), which precludes scale-up for many industrial applications.


[bookmark: _Toc430178715][bookmark: _Toc442713646]Polymerisation-Induced Self-Assembly (PISA)
Polymerisation-induced self-assembly (PISA) is a fairly recent development in the area of BCP self-assembly. This has only been possible because of an advance in LRP techniques for facile diblock copolymer syntheses. The general principle of PISA is illustrated by the cartoon shown in Figure 1.17. A heterogeneous polymerisation formulation is utilised for the synthesis of an amphiphilic diblock copolymer in a non-solvent for the growing second block, which results in the spontaneous self-assembly of chains to form BCP nano-objects.
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[bookmark: _Toc430180100][bookmark: _Toc442712060]Figure 1.17. Schematic representation of polymerisation-induced self-assembly (PISA), starting from a soluble RAFT macro-CTA, growth of an amphiphilic diblock copolymer and finally self-assembly at a critical DP of the solvophobic block.160

PISA has received considerable interest as a convenient method for the direct synthesis of amphiphilic diblock copolymer nano-objects of various morphologies at high concentrations. Both emulsion and dispersion polymerisation formulations have been studied extensively, with each offering various advantages and disadvantages. As discussed earlier the most studied LRP techniques are NMP, ATRP and RAFT, and each of these have been utilised in PISA syntheses of BCP nanoparticles.

The first examples of nitroxide-mediated PISA were reported by Charleux and co-workers, who examined an aqueous system comprising water-soluble macroalkoxyamine initiators chain-extended with either n-butyl methacrylate or styrene.161,162 Polymerisations were performed via batch processes at 120˚C at pH ≈ 8 under 3 bar pressure. This resulted in the formation of spherical nanoparticles with mean diameters of 40 to 110 nm and an apparently well controlled polymerisation; however, it was found that the blocking efficiency was well below 100%. Similar macroinitiators were investigated in the synthesis of stimulus-responsive nanoparticles.163-165 One such formulation, using poly(4-vinylpyridine) (P4VP), produced the first example of more complex morphologies, such as worm-like micelles and vesicles, rather than just spherical micelles.164

Several groups have also looked at ATRP formulations for PISA syntheses. Kim et al. used a PEO based ATRP macroinitiator to form PEO-poly(N-isopropylacrylamide) (PEO-PNIPAM) diblock copolymers under aqueous dispersion polymerisation conditions.166 Selection of the polymerisation temperature above the lower critical solution temperature (LCST) of PNIPAM enabled the synthesis of amphiphilic diblock copolymer nanoparticles. Thermo-responsive nanogel particles could be obtained by the addition of N,N’-ethylenebis-(acrylamide) as a crosslinker – thus making this the first example of surfactant-free nanohydrogel formation via PISA. Pan and co-workers used an esterified PEG-Br macroinitiator to polymerise 4-vinylpyridine (4VP) and N,N’-methylenebisacrylamide (MBA) in ethanol/water mixtures.167 In the homopolymerisation of 4VP they monitored the kinetics and found two clear stages; first, the formation of a soluble diblock copolymer and second, polymerisation within the micelles. The second stage has a much slower rate, 0.009 mol L-1 h-1 compared to 1.21 mol L-1 h-1. Co-polymerisations of 4VP and MBA were conducted in solvents comprising various ethanol/water ratios. Since ethanol is a good solvent for P4VP and water is a nonsolvent, changing the ethanol/water ratio determines whether 4VP or MBA are more likely to be initiated. Increasing the amount of ethanol in the solvent increases the solubility of the P4VP, thus phase separation does not occur until a higher DP P4VP has been formed. This resulted in larger micelles with higher P4VP content. Sugihara et al. investigated the polymerisation of the biomimetic monomer 2-(methacryloyloxy)ethyl phosphorylcholine (MPC) in alcohol/water mixtures, using a PEO macroinitiator.168,169 This resulted in the formation of particles with PMPC cores and PEO shells. Addition of a crosslinker, at 10 mol %, resulted in microgels being formed.

Given the central research topic of this thesis, particular attention will be given to RAFT-mediated PISA, which also presents the first example of PISA through any LRP technique.170 Although at this time the term PISA was not invoked there are several publications on the chain extension of poly(acrylic acid) (PAA) macro-CTAs with hydrophobic n-butyl acrylate (nBA) monomer,170,171 see Scheme 1.1. This resulted in the in-situ formation of amphiphilic diblock copolymer micelles.
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[bookmark: _Toc430180186][bookmark: _Toc442712836]Scheme 1.1. Synthesis of a poly(acrylic acid)-poly(n-butyl acrylate) (PAA-PnBA) diblock copolymer via sequential RAFT solution and RAFT emulsion polymerisation steps, in water at 60˚C using ACVA as initiator. The n-BA was added to the solution of PAA macro-CTA at a constant feed rate over 5 h.170

Since this early report, many groups have conducted extensive research focusing on RAFT PISA.172-181 Emulsion and dispersion polymerisation formulations have proven particularly successful for the in situ synthesis of diblock copolymer nanoparticles. Various morphologies have been synthesised in aqueous, alcoholic or non-polar solvents. A brief overview of each of these techniques will be given in the following section.


[bookmark: _Toc430178716][bookmark: _Toc442713647]RAFT PISA under Emulsion Conditions
Hawkett et al. were the first to report PISA using a RAFT emulsion formulation.170 This team prepared PAA-PnBA nanoparticles in a well-controlled polymerisation, see Scheme 1.1 above. However, GPC traces showed a high molecular weight shoulder at higher conversions, see Figure 1.18a, and PDI values rose to 1.5 at the end of the reaction.
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[bookmark: _Toc430180101][bookmark: _Toc442712061]Figure 1.18. (a) GPC traces for the initial PAA macro-CTA and at various stages of nBA polymerisation, during the synthesis of PAA-PnBA diblock copolymers via RAFT seeded emulsion polymerisation. (b) TEM image of PAA-PnBA-PS nanoparticles stained with ruthenium tetroxide.170

They extended this work by adding a third, more hydrophobic, polystyrene (PS) block to give novel ABC triblock copolymer particles.171 The addition of styrene as a third block resulted in spherical particles with diameters of around 50 nm, these were imaged by transmission electron microscopy (TEM), see Figure 1.18b. Since these initial reports, the synthesis of diblock copolymer nanoparticles via RAFT emulsion polymerisation has been extensively studied, particularly by Charleux and coworkers.172,182-188 

Work by the Charleux group includes many formulations involving chain extension of water-soluble macro-CTAs by polymerisation of a water-immiscible monomer such as MMA, styrene (S) or nBA, see Scheme 1.2 for an example.172 In each case, the resulting amphiphilic diblock copolymer self-assembles in situ once some critical DP for the insoluble block is attained, with various morphologies being obtained depending on the ratio of the two blocks.
[image: ]
[bookmark: _Toc430180187][bookmark: _Toc442712837]Scheme 1.2. RAFT emulsion formulation for diblock copolymer synthesis of either poly(ethylene oxide)-polystyrene (PEO-PS) or poly(ethylene oxide)-poly(n-butyl acrylate) (PEO-PnBA) in water, at 80˚C for S or 70˚C for nBA. In each case ACVA is used as initiator.172

When using styrene as the second, core-forming block, the polymerisation was slow, but switching to nBA resulted in much faster kinetics for the RAFT emulsion polymerisation without any loss of control, see Figure 1.19. Low final polydispersities were obtained and a linear increase of molecular weight with monomer conversion was observed.172 In this work, the macro-CTA was a PEO-based trithiocarbonate and follow-up studies found the molecular weight of the PEO component affected both the final particle size and the polymerisation kinetics.183
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[bookmark: _Toc430180102][bookmark: _Toc442712062]Figure 1.19. Kinetic data for the polymerisation of, (a) styrene (S) and (b) n-butyl acrylate (nBA), as determined by gravimetry during RAFT emulsion polymerisation. (c) Molecular weight and polydispersity of PEO-PnBA diblock copolymers, determined by SEC, showing a well-controlled RAFT polymerisation.172


[bookmark: _Toc430178717][bookmark: _Toc442713648]RAFT PISA via Aqueous Dispersion Polymerisation
[bookmark: _Ref290905513][bookmark: _Toc291413186]RAFT polymerisations conducted under aqueous dispersion conditions also provide the possibility of in situ self-assembly of amphiphilic diblock copolymers, whereby the hydrophilic block acts as the steric stabiliser for the hydrophobic block. One example from the Armes research group illustrating this approach is shown in Figure 1.20.174 In this case the hydrophilic block was a poly(glycerol monomethacrylate) (PGMA) macro-CTA, which was chain-extended with a hydrophobic PHPMA block, resulting in the in situ formation of nanoparticles.      
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[bookmark: _Toc430180103][bookmark: _Toc442712063]Figure 1.20. In situ formation of sterically-stabilised PGMA-PHPMA nanoparticles by RAFT aqueous dispersion polymerisation of HPMA at 70˚C. Increasing the degree of polymerisation of the core forming block leads to larger nanoparticles, as judged by dynamic light scattering and transmission electron microscopy.174
This particular literature example uses RAFT aqueous dispersion polymerisation to produce diblock copolymer chains that self-assemble to form either spherical micelles or vesicles. Since this first report, extensive work has been conducted on this prototype formulation, leading to a thorough understanding and suggesting various potential applications. Since RAFT polymerisation allows the DP of the core-forming block to be conveniently varied, it is possible to target different morphologies for the final diblock copolymer nanoparticles. Revisiting the packing parameter (equation 1.19), if the DP of the stabiliser block is kept constant, simply varying the DP of the core-forming block should enable a range of copolymer morphologies to be obtained. This was indeed found to be the case for the PGMA-PHPMA formulation, with Blanazs et al. conducting a thorough investigation into the various morphology transitions that occur during the HPMA polymerisation.189 TEM images for some of the final diblock copolymer morphologies observed are shown in Figure 1.21. Multiple intermediate morphologies were also observed for samples taken during the HPMA polymerisation.190 The same team also produced detailed phase diagrams to enable the reproducible targeting of spheres, worms or vesicles, see Figure 1.22.189
[image: ]
[bookmark: _Toc430180104][bookmark: _Toc442712064]Figure 1.21. TEM images obtained for six poly(glycerol monomethacrylate)47-poly(hydroxypropyl methacrylate)x (PGMA47-PHPMAx) diblock copolymers synthesised via RAFT aqueous dispersion polymerisation. Increasing PHPMA DP (x) results in morphological transitions; ranging from (a) spherical micelles, (b) a mixed phase of dimers and short worms, (c) longer worms, (d) branched worms, (e) branched/clustered worms to (f) vesicles.190

[image: ]
[bookmark: _Toc430180105][bookmark: _Toc442712065]Figure 1.22. Phase diagram for PGMA78-PHPMAx diblock copolymers synthesised via RAFT aqueous dispersion polymerisation at concentrations between 10 and 25 % w/w. The PHPMA DP (x) is varied from 150 to 500 with different morphologies observed depending on the composition and concentration. S = spherical micelles, W = worm-like micelles and V = vesicles.189

As well as mapping out the morphology obtained for a certain composition, such phase diagrams also illustrate the concentration dependence of the morphology. As shown in Figure 1.22, only spheres are obtained at 10 % w/w solids when using a PGMA78 macro-CTA. This is easily rationalised because the morphology evolution from spheres to worms proceeds via sphere-sphere fusion events occurring on the timescale of the experiment. At lower copolymer concentrations, there will be fewer collisions between spheres, thus reducing the chance of inelastic collisions and hence formation of worms. An additional parameter that influences the morphology is the DP of the stabiliser block. Higher stabiliser DPs limit the morphology to kinetically-trapped spheres – this will be discussed in more detail in Chapter 2.

One interesting feature of the PGMA-PHPMA worms is that they form soft free-standing gels in concentrated aqueous solution (≥ 5 % w/w). Coupled with the thermo-responsive behaviour conferred by the PHPMA block, this has led to a detailed investigation of the rheological properties of these gels, see Figure 1.23.191 On cooling, the worms dissociate to form spherical micelles because of greater solvation of the PHPMA core; this leads to degelation giving a low-viscosity dispersion at 5°C that can be easily filtered, which suggests a potential application in stem cell biology as readily sterilisable gels.
[image: master]
[bookmark: _Toc430180106][bookmark: _Toc442712066]Figure 1.23. Rheology data showing the temperature dependence of the gel strength for a 10 % w/w aqueous dispersion of PGMA54-PHPMA150. A frequency of 1.0 rad s-1 was used, with an applied strain of 1.0 %. Note that, despite the pronounced hysteresis, almost all of the original gel strength is recovered at 25˚C.191

Semsarilar et al. focused on using polyelectrolytic stabilisers in order to form charged diblock copolymer nanoparticles via RAFT aqueous dispersion polymerisation of PHPMA.192,193 The initial formulation consisted of poly(potassium 3-sulfopropyl methacrylate) (PKSPMA) as the stabiliser block, see Scheme 1.3. However, it was difficult to achieve efficient copolymer self-assembly. This is believed to be due to strong lateral repulsive interactions between the anionic stabiliser chains, which impedes PISA. This problem is exacerbated by the weakly hydrophobic character of the PHPMA block.
[image: ]
[bookmark: _Toc430180188][bookmark: _Toc442712838]Scheme 1.3. Reaction scheme for the synthesis of poly(potassium 3-sulfopropyl methacrylate–poly(2-hyroxypropyl methacrylate) (PKSPMA-PHPMA) diblock copolymers by RAFT aqueous dispersion polymerisation at 70˚C.192

In order to address this problem, a statistical copolymer macro-RAFT agent comprising KSPMA and a non-ionic monomer, 2-hydroxyethyl methacrylate (HEMA), was utilised to reduce the anionic charge density, see Scheme 1.4. Diblock copolymers formed by chain extension with PHPMA led to formation of well-defined spherical particles, but still no higher order structures such as worms or vesicles could be obtained. A further modification to the formulation was made by conducting these PISA syntheses in the presence of salt, so as to screen the charge and reduce inter-chain repulsion in the anionic stabiliser corona. Using 0.3 M NaCl led to the formation of stable nanoparticles with tuneable size; at higher concentrations worm-like and vesicular morphologies, as well as spherical micelles, were observed.192 Aqueous electrophoresis studies were conducted on particles synthesised in 0.2 M NaCl to show the effect of varying the non-ionic content of the stabiliser block, see Figure 1.24. Less anionic zeta potentials were obtained as the HEMA content was increased, as expected.
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[bookmark: _Toc430180189][bookmark: _Toc442712839]Scheme 1.4. Reaction scheme for the synthesis of diblock copolymer nanoparticles via PISA using a P(KSPMA-stat-HEMA) statistical copolymer for the RAFT aqueous dispersion polymerisation of PHPMA.192

[image: http://pubs.acs.org/appl/literatum/publisher/achs/journals/content/langd5/2012/langd5.2012.28.issue-1/la203991y/production/images/large/la-2011-03991y_0013.jpeg]
[bookmark: _Toc430180107][bookmark: _Toc442712067]Figure 1.24. Zeta potential data for PKSPMA34-PHPMA500 (), P(KSPMA25-s-HEMA11)-PHPMA500 (), P(KSPMA11-s-HEMA24)-PHPMA500 ( ) and P(KSPMA6-s-HEMA29)-PHPMA500 (  ), diblock copolymer nanoparticles prepared at 10 % w/w in 0.2 M NaCl. Electrophoresis measurements were conducted on 0.01 % w/w dispersions in the presence of 10-3 M background NaCl.192


However, the most successful approach to facilitate PISA syntheses based on polyelectrolytic macro-CTAs was the use of a binary mixture of anionic and non-ionic stabilisers. In this case, the PKSPMA stabiliser was combined with a non-ionic PGMA stabiliser in various proportions, see Scheme 1.5.
[image: http://pubs.acs.org/appl/literatum/publisher/achs/journals/content/langd5/2012/langd5.2012.28.issue-1/la203991y/production/images/large/la-2011-03991y_0003.jpeg]
[bookmark: _Toc430180190][bookmark: _Toc442712840]Scheme 1.5. Preparation of diblock copolymer nanoparticles via RAFT aqueous dispersion polymerisation of HPMA using a binary mixture of non-ionic PGMA60 and anionic PKSPMA34 macro-CTAs.192


[image: http://pubs.acs.org/appl/literatum/publisher/achs/journals/content/langd5/2012/langd5.2012.28.issue-1/la203991y/production/images/large/la-2011-03991y_0014.jpeg]
[bookmark: _Toc430180108][bookmark: _Toc442712068]Figure 1.25. Electrophoretic mobility data obtained for 0.1 % w/w diblock copolymer dispersions at pH 4.50. (a) PGMA60-PHPMA500, (b) PKSPMA34-PHPMA500 and (c) (1 PKSPMA34 + 4 PGMA60)-PHPMA500.192

Assuming entropic mixing, the use of such a binary mixture of macro-CTAs should lead to diblock copolymer nanoparticles with mixed coronas, as opposed to two different types of anionic and non-ionic nanoparticles. Mobility data was utilised to verify that this was indeed the case, see Figure 1.25. As expected, the non-ionic PGMA60-PHPMA500 diblock copolymers had a mobility of approximately zero, whereas the PKSPMA34-PHPMA500 nanoparticles had a strongly negative mobility (≈ -4 µm cm/V s). The nanoparticles prepared using a binary mixture of stabilisers showed a single population with an intermediate mobility of ≈ -2 µm cm/V s. 

Combining these two approaches i.e. using a binary mixture of stabilisers and conducting the polymerisation in salt, led to the formation of multiple morphologies comprising anionic nanoparticles. Figure 1.26 shows example TEM images of diblock copolymer nanoparticles with different ratios of PKSPMA34-PHPMA60 used as the stabiliser in each case.
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[bookmark: _Toc430180109][bookmark: _Toc442712069]Figure 1.26. Example TEM images of the final diblock copolymer morphology of various xPKSPMA34 + yPGMA60-PHPMA500 (the x:y molar ratio is illustrated in red below each column of images). The following polymerisation conditions were used in each case: (a-e) zero salt, 10 % w/w, (f-j) 0.2 M NaCl, 10 % w/w and (k-o) 0.20 M NaCl, 20 % w/w.192

Similar difficulties were encountered when using a cationic steric stabiliser comprising quaternised poly(2-(dimethylamino)ethyl methacrylate) (PQDMA) chain-extended with HPMA, with either a non-ionic comonomer, binary mixture or background salt being required to achieve nanoparticle self-assembly during polymerisation.193 Again, the use of binary mixtures of ionic and non-ionic macro-CTAs proved most effective in enabling formation of higher order morphologies via PISA syntheses. 


[bookmark: _Toc430178718][bookmark: _Toc442713649]RAFT PISA via Non-Aqueous Dispersion Polymerisation
There has been surprisingly little work on non-aqueous dispersion polymerisation formulations based on RAFT chemistry. However, in recent years this field has begun to attract more interest. Early work by Pan et al. investigated self-assembly of various amphiphilic diblock copolymers via alcoholic dispersion polymerisation.194-197 In one example,198 a poly-(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-CTA was chain-extended with PS in methanol using azobisisobutyronitrile (AIBN) as initiator, see Scheme 1.6.  
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[bookmark: _Toc430180191][bookmark: _Toc442712841]Scheme 1.6. Alcoholic RAFT dispersion polymerisation of styrene, in methanol at 80˚C, using a PDMA macro-CTA and AIBN as initiator ([PDMA]/[AIBN] = 10).198

GPC traces for the final diblock copolymers were unimodal and symmetrical, with polydispersities (Mw/Mn) below 1.15, with analysis showing Mn increased during the polymerisation. However, only rather low conversions (< 50 %) for the styrene polymerisation were achieved, even after extended reaction times (36 h) at 80˚C. This poor yield precludes commercial applications, as removal of the unreacted monomer is an expensive and time-consuming process. Nevertheless, various copolymer morphologies were produced from these alcoholic dispersion formulations, as shown in Figure 1.27.
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[bookmark: _Toc430180110][bookmark: _Toc442712070][bookmark: _Toc291413189]Figure 1.27. TEM images of nanoparticles formed at various polymerisation times using a feed molar ratio of PDMA:S:AIBN of 1:25000:0.1. (a): 2 h, (b): 4 h, (c): 6 h, (d): 10 h, (e): 16 h, (f): 30 h, (g): 36 h; (h): magnified image of (g). Scale bars: (a) and (b) 100 nm, (c) and (d) 200 nm, (e)-(h) 500 nm.198

It was postulated that the poor conversions observed by Pan et al. were simply due to the slow polymerisation rate of styrene. Thus several new all-methacrylic PISA formulations were investigated by the Armes group.176,199 Four different stabiliser blocks were used in the polymerisation of benzyl methacrylate (BzMA) in either ethanol or methanol, see Scheme 1.7. In each case, good control was observed with relatively low polydispersities and, most importantly, high monomer conversions (> 95 %) were consistently achieved within 24 h at 70˚C.
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[bookmark: _Toc430180192][bookmark: _Toc442712842]Scheme 1.7. Alcoholic dispersion polymerisation of benzyl methacrylate (BzMA) using four different macro-chain transfer agents to form amphiphilic diblock copolymers which undergo polymerisation-induced self-assembly to form various nanoparticles.199 

As previously observed, various copolymer morphologies were obtained for the resulting nanoparticles depending on the targeted block compositions. One particular motivation for working in alcoholic media was the problems encountered with nanoparticle formation using polyelectrolytic stabilisers in aqueous media.192,193 In contrast, weak polyelectrolytes such as PMAA or PDMA remain uncharged when deployed in alcoholic media, which facilitates PISA. In principle, exchanging alcohol for water via dialysis or dilution should enable the nanoparticles to retain colloidal stability while acquiring anionic (PMAA) or cationic (PDMA) surface charge via ionisation or protonation, respectively. This approach was investigated in detail using a PDMA macro-CTA chain-extended with BzMA in ethanol, see Scheme 1.8,176 and a detailed phase diagram produced for a PDMA31 macro-CTA, Figure 1.28.
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[bookmark: _Toc430180193][bookmark: _Toc442712843]Scheme 1.8. Synthesis of a poly(2-dimethylamino)ethyl methacrylate (PDMA) macro-CTA by RAFT solution polymerisation, using the RAFT CTA PETTC, and subsequent chain extension with benzyl methacrylate (BzMA) by RAFT dispersion polymerisation to produce sterically stabilised PDMA-PBzMA diblock copolymer nanoparticles.176
[image: Figure]
[bookmark: _Toc430180111][bookmark: _Toc442712071]Figure 1.28. Phase diagram constructed for PDMA31-PBzMAx diblock copolymers synthesised via RAFT dispersion polymerisation of BzMA in ethanol at 70˚C. The target degree of polymerisation of PBzMA, x, was varied as well as the total solids content of the reaction.176
It was then shown that transferring these particles to water and dropping the pH below 7 resulted in stable, cationic nanoparticles as judged by aqueous electrophoresis studies, Figure 1.29, with little size/morphology change observed by DLS/TEM, see Figure 1.30 for example TEM images.176
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[bookmark: _Toc430180112][bookmark: _Toc442712072]Figure 1.29. Zeta potential measurements for PDMA31-PBzMA40 spheres (), PDMA31-PBzMA80 worms () and PDMA31-PBzMA190 vesicles (), diluted in water to 0.01 % w/w and pH varied from 3 – 10 by addition of KOH (0.5 M, 0.05 M or 0.01 M).176


[image: ]
[bookmark: _Toc430180113][bookmark: _Toc442712073]Figure 1.30. TEM images of PDMA31-PBzMA40 spheres, PDMA31-PBzMA80 worms and PDMA31-PBzMA190 vesicles prepared by RAFT alcoholic dispersion polymerisation in ethanol at 25 % w/w. Treatment of the samples prior to grid preparation was as follows: (a-c) diluted with ethanol, (d-f) diluted with water, pH 3, and (g-i) diluted with water, pH 10.176
Several other alcoholic formulations have also been investigated by this group. Various core-forming monomers have been investigated with the PDMA stabiliser, one such example is the use of a semi-fluorinated monomer, 2,2,2-trifluoroethyl methacrylate (TFEMA).200 It was found that PTFEMA has a similar refractive index to that of ethanol and as such, small particles scatter very little light. This led to the opportunity to be able to compare the pseudo-living character of RAFT dispersion and solution polymerisation mechanisms for the TFEMA polymerisation in either ethanol or THF. Another example is work involving the polymerisation of stearyl methacrylate (SMA) which on polymerisation gives a semicrystalline core.201 In principle, particles with semicrystalline cores may offer some advantages over those with amorphous cores. These include the production of relatively inflexible worms, with temperature tuneable rigidity and also the preparation of vesicles with more impermeable membranes, making them useful in encapsulation. Differential scanning calorimetry (DSC) was used to investigate the critical temperature at which the semi-crystalline PSMA cores became amorphous, or vice versa. Only a small shift in Tm or Tc was seen when increasing the PSMA block length.

The stabiliser block was also varied with PMAA, PHEMA and PHPMA macro-CTAs used in the alcoholic dispersion polymerisation of BzMA.200,202,203 In the latter case the effect of changing the alcohol solvent was also investigated, with reactions performed in either ethanol or isopropanol, see Scheme 1.9.203 TEM images showed very little difference in the morphology obtained for certain diblock compositions prepared in the different alcohols, see Figure 1.31.
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[bookmark: _Toc430180194][bookmark: _Toc442712844]Scheme 1.9. Reaction scheme for the synthesis of PHPMAn-PBzMAm diblock copolymers under RAFT alcoholic dispersion polymerisation conditions in either ethanol or isopropanol, using AIBN as initiator.203

[image: ]
[bookmark: _Toc430180114][bookmark: _Toc442712074]Figure 1.31. Representative TEM images showing the final diblock copolymer morphology obtained for PHPMA48-PBzMAx diblock copolymers synthesised at 15 % w/w by RAFT dispersion polymerisation in (a-c) isopropanol or (d-f) ethanol, in each case AIBN was used as initiator.203

PDMA has also been used in alcoholic RAFT dispersion polymerisation by Pei at al., who reported various block copolymer morphologies when chain-extending with 2-phenylethyl methacrylate (PEMA)181 or 3-phenylpropyl methacrylate (PPMA).204 Of particular interest was the thermoresponsive nature of the PDMA-PPPMA worms, see Scheme 1.10 for structures.
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[bookmark: _Toc430180195][bookmark: _Toc442712845]Scheme 1.10. Synthesis of PDMA-PPPMA diblock copolymers via RAFT dispersion polymerisation of PPMA in ethanol at 70˚C, using AIBN as initiator.204

PDMA-PPPMA worms were found to exhibit a reversible worm-to-sphere transition on heating to 70˚C; this transition also results in degelation, see Figure 1.32.204 TEM studies showed that a pure worm phase existed at 20˚C, but a spherical morphology was obtained on heating to 70˚C. The time scale for this order-order transition was very short, with just 1 minute at 70˚C being sufficient to obtain a free-flowing liquid and 3 minutes at 20˚C leading to regelation.

[image: http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2014/SM/c4sm00729h/c4sm00729h-f4_hi-res.gif]
[bookmark: _Toc430180115][bookmark: _Toc442712075]Figure 1.32. Digital images of PDMA20-PPPMA47 dispersion at 21 % w/w in ethanol, at room temperature where a free-standing gel is observed (left) or at 70˚C in a fluid state (right). The corresponding TEM images show the morphology changing from worms to spheres on heating.204

In addition to alcoholic dispersion polymerisation there have been several recent reports of RAFT PISA formulations in non-polar solvents such as n-alkanes.177,205-212 One motivation for exploring nanoparticle synthesis in non-polar solvents is their potential application as viscosity modifiers and lubricants for engine oils, as suggested by Liu et al.213 Diblock copolymer micelles were dispersed in industrial base oil and lubrication tests confirmed that the friction of the base oil could be reduced by more than 70 % in the boundary lubrication regime. In early work an all-acrylic RAFT dispersion system in isodecane was found to give near-monodisperse spherical micelles.208 However, polymerisation was rather slow, proceeding to just 25 % monomer conversion in 8 h. Moreover, by this stage there is little control over the reaction with GPC analyses indicating bimodal traces and polydispersities greater than 2.0. 

It wasn’t until 2013 that Fielding et al. reported a RAFT PISA formulation in non-polar media that displayed all copolymer morphologies previously observed in water or alcohol, and a similar dependence on block composition.177 A poly(lauryl methacrylate) (PLMA) macro-CTA was chain-extended with BzMA in n-heptane, resulting in the formation of pure spheres, worms or vesicles, see Figure 1.33.
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[bookmark: _Toc430180116][bookmark: _Toc442712076]Figure 1.33. (a) Reaction scheme for the synthesis of PLMA-PBzMA diblock copolymers via RAFT dispersion polymerisation in n-heptane at 90˚C using T21s initiator. (b) Phase diagram for a PLMA17 macro-CTA used in syntheses at various solids contents targeting a range of PBzMA DPs.177

The PLMA-PBzMA worms formed free-standing gels above a critical gelation concentration (CGC), of ≈ 11 % w/w.210 In this case, a worm-to-sphere transition also occurred on heating. These results were later extended by Derry et al., who showed that industrially relevant solvents such as mineral oil or poly(α-olefins) could also be used for one-pot syntheses of diblock copolymer nanoparticles via RAFT PISA.211


[bookmark: _Toc430178719][bookmark: _Toc442713650]Analysis of Polymeric Nanoparticles
As discussed in earlier sections, the combination of LRP techniques with PISA for the synthesis of AB diblock copolymer nanoparticles has been the subject of much research over the past decade.173,174,176,184,187,189,196,197,199,214-220 Since sterically-stabilised nanoparticles are produced directly during polymerisation, this approach removes the need for any post-polymerisation processing, making industrial application of diblock copolymer nano-objects much more feasible. In this thesis, RAFT dispersion polymerisation is used for PISA syntheses. Various copolymer morphologies can be accessed via PISA, including spheres,176,189,221 worms,176,189,216 vesicles,176,189,197 framboidal vesicles,222 ‘lumpy rods’223 and lamellae.221,224,225 The final copolymer morphology depends on the relative volume fractions of the core-forming block and the stabiliser block.

The two most common techniques used for the characterisation of block copolymer nanoparticles in solution are microscopy and scattering.226 Microscopy allows for direct imaging, but usually requires substantial dilution and it is known that altering the solution conditions can sometimes affect the copolymer morphology.227 It is also extremely time-consuming to count thousands of particles in order to obtain statistically robust particle size distributions. As such, it is possible that microscopy images may be misinterpreted, with minor populations either over-represented or not detected. On the other hand, scattering techniques provide much better statistics, with millions of particles being analysed. In principle, scattering experiments can be performed at significantly higher copolymer concentrations than microscopy studies (1-5 % vs ≈ 0.1 %), which means that there is much less risk of inducing a change in the copolymer morphology. However, curves are usually fitted to a model, which is often informed or validated by microscopy. Given the advantages and limitations of each of these analysis techniques, it is preferable to use them in combination to gain complementary information.


[bookmark: _Toc430178720][bookmark: _Toc442713651]Microscopy Techniques
Microscopy techniques can be broadly divided into three types; optical, electron and scanning probe.226 Optical microscopes use a beam of visible light and a system of glass lenses to produce an image. In contrast, electron microscopes use electromagnetic fields as lenses to produce an image and, in this case, it is a beam of electrons that irradiates the sample. Scanning probe techniques use a probe (or tip) to survey the surface topography of a sample. Many scanning probe techniques have been developed over the last 30 years, but the most compatible with soft nanomaterials is atomic force microscopy (AFM).228 

One common problem for all microscopy techniques, and particularly those offering high enough resolution to be of interest here, is that of sample preparation. For imaging polymer nanoparticles there are two possible methods. Either particles are dried onto a substrate, or specialised cryo equipment is used to enable imaging of the frozen solvated particles. Although the latter is preferable, the level of difficulty means that dry state analysis is much more common. When using dry state imaging, one must always bear in mind that what is imaged may not be the same as that actually present in solution. Apparent or real changes in particle size, morphology and crystallisation may occur,229 and particle deformation or degradation is also possible. Highly solvated or soft structures, such as micelle coronas or low Tg particles will typically change in size/shape, while less hydrated structures and high Tg polymers may be less affected.

Optical microscopy resolution is limited according to the Rayleigh criterion given by equation 1.20, where r is the absolute resolution, λ is the wavelength of light, n is the refractive index of the medium between the lens and sample and θ is the angle between the object and lens.
						(1.20)
To increase resolution, either n or θ must be increased or λ should be reduced. Since λ ≈ 600 nm for optical microscopes the resolution is limited to around 150 nm,230 meaning that this technique is not very useful for imaging nanoparticles. In the case of electron microscopy, λ is much shorter (≈ 0.1 nm) resulting in a theoretical absolute resolution of 0.003 nm (for 200 keV electrons). Although it is currently not possible to reach this resolution due to other limitations, atomic resolution (≈ 0.1 nm) is routinely achieved. The resolution of a scanning probe microscope generally depends on the probe dimensions and the precision with which its movements can be detected/controlled. Again, it is now possible to achieve atomic resolution by such techniques. As such, electron and scanning probe microscopy techniques are well suited to nanoscale particle characterisation.

TEM is extensively used in the analysis of nanoparticles.133,136,231,232 Its high resolution means that extremely detailed information on particle structure can be obtained. Moreover, energy-filtered TEM, energy-dispersive X-ray spectroscopy (EDX)233 and electron energy loss spectroscopy (EELS)234,235 make it possible to construct a ‘chemical map’ of a nano-scale sample. Through transmission electron tomography, 3D imaging is now also feasible.236

Conventional TEM studies, in which a colloidal dispersion is dried onto a substrate prior to imaging, is the most common. Choosing a suitable substrate for the sample is an important consideration as it influences the contrast that can be achieved. In order to achieve high contrast, the particles need to scatter many more electrons than the substrate. Therefore, to get the maximum contrast a thin substrate is needed, since thicker materials scatter more electrons. However, ultra-thin substrates such as graphene237 are far more expensive, so their use is limited. Another way to increase contrast is to use a heavy metal stain, since electron-dense materials are strong scatterers. Stains are chosen to interact selectively with either the grid (negative staining) or particles (positive staining).238 Some common stains include ruthenium tetroxide, osmium tetroxide, uranyl acetate and ammonium molybdate.239 When using such stains, the image may sometimes become dominated by the stain, rather than the particles. For block copolymers, a carefully selected stain, which interacts with only a particular block, may be used to obtain additional morphological information.240

Scanning electron microscopy (SEM) images are formed by an electron beam rastering over the sample.241 The electrons used in SEM typically have energies of 1-30 eV, which is much lower than those used in TEM.242 The spatial resolution can be as low as a few nanometres, which is achieved by using the smallest possible beam spot size. The resolution limitations associated with SEM mean it is less commonly used for the analysis of polymer nanoparticles than TEM.

AFM collects height data on the surface roughness of a sample.243 This is achieved by measuring the change in interaction between the probe and sample as the probe scans across the surface.228 Resolution in the z-direction (vertical) can be extremely high.244 Because of its ease of use and wide applicability, AFM has been used in a wide range of applications, ranging from physical 245,246 and life sciences,247,248 to nanotechnology,249,250 art conservation,251 astrobiology252 and food science.253,254



[bookmark: _Toc430178721][bookmark: _Toc442713652]Scattering Techniques
Scattering techniques work by irradiating a sample with light, X-rays or neutrons of a known wavelength. The main scattering techniques used for soft matter characterisation are dynamic or static light scattering (DLS or SLS)255-258 SAXS259,260 and SANS.261 In each case the characteristic length scale at which a sample is interrogated is inversely proportional to the scattering vector, q, which is given by equation 1.21.
				(1.21)
For light scattering n is the refractive index (RI) of the solvent (whereas for SAXS/SANS studies n is simply equal to unity), λ is the wavelength of the incident radiation and θ is half of the scattering angle. Several assumptions are made in the derivation of this equation: (i) scattering is weak, so each photon, X-ray or neutron is only scattered once, (ii) the wave energy is not significantly changed during scattering and (iii) the scattering has no directional properties. Figure 1.34 shows the three vectors used to define q. 
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[bookmark: _Toc430180117][bookmark: _Toc442712077]Figure 1.34. Schematic illustration of the scattering vector, q, based on the incoming and scattered wave vectors, k0 and k, and the scattering angle 2θ.

In LLS, SAXS and SANS the contrast depends on the nature and strength of interaction between the particles and the radiation. Provided sufficient contrast can be achieved, scattering measurements should provide information on the size, shape and molecular weight of the particles. Inter-particle interactions can also be investigated by using more concentrated dispersions.

LLS techniques are used to size particles in the 1-1000 nm range. Both DLS and SLS use the same basic set-up whereby a laser, typically He-Ne or argon ion, is focused on a liquid dispersion in an optically transparent cell, see Figure 1.35. As the laser passes through the cell, light is scattered by the particles and the intensity of this scattered light is determined. DLS measures the time-dependent fluctuations in intensity, whereas SLS measures the time-averaged scattering intensity. Sample preparation for DLS and SLS simply requires dilution of the particles to an appropriate concentration. However, it must also be noted that dust can be a major problem in light scattering measurements. As such, solvents used to dilute samples must be ultra-filtered using a 0.1 or 0.2 µm filter. This is particularly true when using polar solvents such as ethanol or water as these are more likely to contain dust.
[image: ]
[bookmark: _Toc442712078]Figure 1.35. Schematic representation of the set up for dynamic light scattering. An attenuator is used to regulate the intensity of the laser light source to ensure the intensity of scattered light is within the range of the detector. The sample scatters light in all directions but typically this scattered light is measured at 90 or 173˚.

DLS is sometimes also described in the literature as quasi-elastic light scattering (QELS) or photon correlation spectroscopy (PCS). DLS assesses the rate of diffusion of particles which enables the particle size to be calculated. Brownian motion is the random movement of colloidal particles caused by collisions with solvent molecules.255 The rate at which a particle moves due to Brownian motion is given by its diffusion coefficient. The particle size is related to the particle translational diffusion coefficient, D, by the Stokes-Einstein equation, equation 1.22.
					(1.22)
Where, dH is the hydrodynamic diameter, kB is the Boltzmann constant, T is the absolute temperature and η the solvent viscosity. dH is the theoretical radius of a solid sphere with the same D as that of the particles.255 As well as assuming a spherical morphology, the calculation of dH also assumes that the sample is monodisperse in size and that all particles are non-interacting. As such, dH should be treated with particular caution if the particles are non-spherical. dH is also affected by the type and concentration of ions in the medium (since this affects the thickness of the electric double layer) and the particle structure (e.g. if it is sterically stabilised).

The rate of particle diffusion is determined by measuring the rate of fluctuations in scattered light intensity on the µs timescale. A digital auto-correlator is then used to calculate particle size distributions.258,262 The size distribution obtained gives an intensity-average diameter (di) (as it is a plot of the relative intensity of scattered light by particles of different sizes). Using Mie theory and inputting the particle refractive index enables a volume-average diameter (dv) to be calculated. Further analysis can also provide a number-average diameter (dn), but this has a large associated error so it is rarely used. Mean diameters calculated for each distribution should rank in the following order: di > dv > dn. The intensity-average diameter is biased towards larger particles because, according to Rayleigh’s approximation, the intensity of scattered light is proportional to dH 6.

DLS measurements are made at a fixed angle of either 90˚ (right angle) or 173˚ (back-scattered light), see Figure 1.35a and b. Right angle collection is the classical configuration but this has a more limited detectable size range than the back-scattering arrangement. The latter configuration allows more concentrated samples to be measured. This is because the beam doesn’t have to travel right through the cell so there is less chance of multiple scattering (this effect is minimised at 180˚ so using an angle close to this reduces this problem). Moreover, back-scatter detection also has the advantage of being less sensitive to dust/impurities, as large particles tend to scatter mainly in the forward direction.

In static light scattering, the scattered light intensity is measured at various angles. Data analysis often involves a Zimm plot, as described by equation 1.23.263
	 	(1.23)
Here K is an optical constant, C is the copolymer concentration, R(θ,C) is the excess Rayleigh ratio and q is the scattering vector (as defined above in equation 1.21). The scattered light intensity is measured at different angles for the solvent and different copolymer concentrations. The excess Rayleigh ratio is the amount of light scattered by particles/chains at a certain angle relative to the intensity that would be scattered by the solvent alone. Plotting KC/R(θ) against sin2(θ/2) + kC and extrapolating to both zero C and zero q enables determination of the weight-average molecular weight, Mw, the radius of gyration, Rg, and the second virial coefficient, A2, of either particles or copolymer chains.255

Small-angle scattering either by X-rays or neutrons can also be used to provide structural information at the nanoscale. SAXS and SANS determine the variation in electron density or neutron scattering length density, respectively.  One major disadvantage of these techniques compared to LLS techniques is the relatively high cost and limited availability of the equipment. LLS experiments can be conducted using relatively cheap benchtop instruments. SAXS and SANS require high intensity radiation sources (e.g. synchrotrons or nuclear reactors). Another problem with SAXS and SANS is that the data must be fitted using an appropriate model. Despite these drawbacks SAXS and SANS still find considerable use as they enable shorter length scales to be probed than LLS. SANS is not used in this thesis so only SAXS will be considered in more detail, however, many of the principles discussed for SAXS are also applicable to SANS.

When X-rays irradiate a sample, any particles present usually scatter the incident radiation as they typically have a different electron density and are similar in size to the X-ray wavelength. SAXS measures the intensity of this angle-dependent distribution of scattered radiation, allowing structural information to be obtained. A SAXS instrument consists of an X-ray source, a collimation system to produce a narrow beam, a beam stop to prevent the incident beam hitting the detector, and a detector to measure scattered X-rays over a range of angles, see Figure 1.36. The detector gives a two-dimensional scattering pattern that is reduced to a 1D profile by taking into account the wavelength, pixel size and sample-to-detector distance. This must then be background-corrected to allow analysis of scattering arising solely from the sample, rather than the solvent or sample holder. Interpretation of scattering curves involves fitting to an appropriate scattering model, which will often contain many fitting parameters. Where possible, these parameters should be determined by complementary analysis methods. By constraining the number of variable parameters, the most physically realistic data fit should be achieved. SAXS allows determination of the size and shape of particles to be determined from the model.
[image: ]
[bookmark: _Toc442712079]Figure 1.36. Schematic representation of the set up for a small angle X-ray scattering experiment. A monochromatic X-ray beam is collimated then used to irradiate the sample. The scattering of the beam is recorded by the detector.264

For spherical particles, the simplest model is that for a solid sphere of radius R0, volume V0 and excess electron density Δρ, as derived by Lord Rayleigh in 1911, see equation 1.24.
		(1.24)
Various methods have led to more sophisticated core-shell type models and associated form factors.265-267 Most appropriate for diblock copolymer nanoparticles is the micelle model developed by Pedersen and Gerstenberg.265,268 This model assumes a homogeneous spherical micelle core surrounded by Gaussian stabiliser chains. The form factor for this model is given by equation 1.25.
      										        (1.25)
Here N is the mean aggregation number, Δρx is the excess scattering density, and Px(q, Rx) represent self-correlation terms for the core and shell, respectively. Subscripts c and g refer to uniform spherical micelle cores of radius Rc and attached Gaussian chains of radius of gyration Rg, respectively. Scg is the interference cross-term between the sphere and chains and Sgg is the interference term between the chains. Using such a model enables the mean aggregation number (Nagg) to be calculated.
[bookmark: _Toc430178722]

[bookmark: _Toc442713653]Thesis Outline
The previously reported method for the synthesis of poly(2-dimethylamino ethyl) methacrylate-poly(benzyl methacrylate) (PDMA-PBzMA) diblock copolymer nanoparticles via RAFT alcoholic dispersion polymerisation is revisited and extended significantly. Chapter 2 focuses solely on the synthesis of a series of such diblock copolymer spherical nanoparticles and examines the extent of control over the particle size distribution and mean particle diameter. Multiple characterisation techniques, in particular DLS, TEM and SAXS, are used in order to accurately size the particles. Aggregation numbers for particles of varying block compositions are determined, allowing us to propose a dynamic mechanism for in situ particle formation via PISA. In Chapter 3, the PISA synthesis protocol is modified in order to devise a robust route to access longer PBzMA blocks. This is achieved by addition of water as a co-solvent which results in a significantly faster polymerisation rate. This approach enables higher degrees of polymerisation to be achieved for the core-forming PBzMA chains within shorter reaction times. Changing the solvent also leads to a change in the final copolymer morphology – with diblock copolymers of the same composition giving different particle morphologies depending on the composition of the reaction solvent. Chapter 4 looks at the silicification of these diblock copolymer nanoparticles and their potential application for the production of anti-reflective coatings (ARCs). In Chapter 5, we show that the RAFT PISA formulation also results in various morphologies when using methanol as the solvent. We investigate the efficiency of the anisotropic, worm-like particles as novel non-aqueous Pickering emulsifiers to stabilise sunflower oil-in-methanol droplets. The thesis concludes with a brief summary and suggestions for future work.
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[bookmark: _Toc442713657]Introduction
Previous studies of an aqueous RAFT PISA formulation showed that one key parameter affecting the final morphology of the diblock copolymer is the DP of the stabiliser macro-CTA.1 The diblock copolymer nano-objects comprised a hydrophilic non-ionic PGMA stabiliser and a hydrophobic PHPMA core-forming block, see Scheme 2.1. Phase diagrams were produced for PGMA macro-CTAs of mean DPs 47, 78 and 112, see Figure 2.1. Using a PGMA47 macro-CTA and varying the PHPMA DP between 90 and 200 led to a full range of copolymer morphologies (spheres, worms or vesicles) being obtained at either 10 or 25 % w/w solids. A more detailed phase diagram was constructed using a PGMA78 macro-CTA. In this case, the PHPMA DP was systematically varied between 150 and 500 at 10 to 25 % w/w solids. At 10 % w/w solids only kinetically-trapped spherical micelles could be obtained. At 13 % w/w solids, worm-like micelles were also formed and at ≥ 17 % w/w solids, pure phases of spheres, worms or vesicles could be obtained, depending on the target DP of the core-forming PHPMA block. Finally, a PGMA112 macro-CTA was examined. In this case, the morphology was largely limited to spheres, even when targeting relatively long PHPMA chains (up to DP = 800). Some mixed sphere/worm or sphere/vesicle phases were observed at ≥ 20 % w/w solids, but no pure phases of any higher order morphology could be obtained.

[image: Figure]

[bookmark: _Toc442712846]Scheme 2.1. Chain extension of various poly(glycerol monomethacrylate) (PGMA) macro-CTAs with poly(2-hydroxypropyl methacrylate) (PHPMA) via RAFT aqueous dispersion polymerisation to produce PGMAx-PHPMAy diblock copolymers.1
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[bookmark: _Toc442712080]Figure 2.1. Phase diagrams for PGMAx-PHPMAy diblock copolymers synthesised by RAFT aqueous dispersion polymerisation of HPMA using a PGMA macro-CTA at 70˚C at various concentrations between 10 and 25 % w/w, from left to right x = 47, 78 and 112 respectively.1

The dramatic differences in copolymer morphology obtained on varying the macro-CTA DP are due to the longer stabiliser chain occupying a larger volume. Consequently, a progressively longer core-forming block is required to produce a certain packing parameter, p.2 Furthermore, longer PHPMA chains will be more hydrophobic: since they are less hydrated, they have reduced mobility which in turn impedes the in situ morphology evolution. The resulting large spheres are then ‘kinetically trapped’ because they are not able to access their preferred morphology.1 This is illustrated by the fact that an increase in initial HPMA monomer concentration results in higher order morphologies being observed at DPs where spheres were observed at lower solids. Since HPMA is a good solvent for PHPMA, the unreacted monomer present is able to act as a co-solvent and facilitate inter-sphere fusion. Further evidence that these diblock copolymers sometimes exhibit kinetically-trapped morphologies was obtained by GPC analysis. Depending on the total solids content of the polymerisation, PGMA78-PHPMA400 diblock copolymers form either spheres, mixtures of spheres and vesicles, or pure vesicles. GPC traces for each of the resulting diblock copolymers indicate very similar molecular weight distributions, see Figure 2.2. This confirms that the polymerisation is well controlled and the diblock compositions are indeed the same in each case. Thus the packing parameter and preferred copolymer morphology is the same, but the diblock copolymer chains are only able to attain their equilibrium morphology under certain conditions.
[image: ]
[bookmark: _Toc442712081]Figure 2.2. DMF GPC traces obtained for PGMA78-PHPMA400 diblock copolymers synthesised via aqueous RAFT dispersion polymerisation of HPMA at 10, 13, 17, 20 or 25 % w/w, and the corresponding PGMA78 homopolymer macro-CTA. Essentially the same molecular weight is observed at all solids contents investigated, confirming that all diblock copolymer chains have very similar compositions.1

Further evidence that the spheres are a kinetically-trapped morphology was obtained by adding various amounts of ethanol as a co-solvent during HPMA polymerisations. Figure 2.3 shows TEM images for PGMA78-PHPMA500 synthesised with 0, 10, 15 or 20 % w/w ethanol added to the aqueous dispersion formulation. When no ethanol is present only spheres are observed, whereas adding 10 % w/w ethanol produced a mixed phase of spheres and vesicles. Increasing the ethanol content to 15 % w/w produces predominantly vesicles. These observations are consistent with ethanol acting as a co-solvent for the PHPMA cores, thus enabling higher order, thermodynamically preferred morphologies to be reached (Figure 2.3a-c). When the ethanol content was further increased to 20 % w/w, a mixed phase of worms and vesicles was obtained (Figure 2.3d). This is thought to be due to the high ethanol content swelling the PHPMA cores to the extent that the vesicular phase is destabilised due to a reduction in the interfacial tension between the PGMA and PHPMA blocks.1
[image: ]
[bookmark: _Toc442712082]Figure 2.3. TEM images showing the different copolymer morphologies obtained for PGMA78-PHPMA500 when synthesised at 10 % w/w solids by RAFT aqueous dispersion polymerisation of HPMA in different solvents (a) 0 % ethanol (pure water), (b) 10 % ethanol, (c) 15 %  ethanol and (d) 20 % ethanol.1

Fielding et al. have also reported that only spheres are obtained above a certain critical stabiliser DP when using a PLMA macro-CTA in PISA syntheses conducted in n-heptane.3 In this case, chain-extending a PLMA37 macro-CTA with BzMA resulted in the formation of spheres, even up to a PBzMA DP of 900, see Figure 2.4a. Judicious selection of a shorter PLMA macro-CTA (DP = 17), and chain-extending with various amounts of BzMA led to a full range of morphologies. Figure 2.4b shows representative TEM images for PLMA17-PBzMAx diblock copolymer nanoparticles synthesised at 20 % w/w solids. At a PBzMA DP of 25, small, relatively monodisperse spheres are formed (vi), increasing this DP to 75 produced worms (v), while further increasing to DP ≥ 100 led to the formation of a pure vesicle phase (i – iv).
[image: ]
[bookmark: _Toc442712083]Figure 2.4. (a) DLS traces and corresponding TEM images for PLMA37-PBzMAx (x = 100 - 900), diblock copolymer synthesised via RAFT dispersion polymerisation of BzMA in n-heptane at 90˚C conducted at 15 % w/w solids using T21s initiator ([PLMA]/[T21s] = 2.0). For all targeted compositions, diblock copolymers self-assemble to give spheres. (b) TEM images showing the various copolymer morphologies obtained when a shorter PLMA17 macro-CTA is chain-extended with BzMA. In this case, a PBzMA DP of 250 resulted in the formation of vesicles (i).3
Previous studies by Semsarilar et al. have shown that PISA is hindered when using a polyelectrolytic stabiliser in RAFT aqueous dispersion polymerisation formulations.4,5 A polyelectrolyte can be defined as ‘a macromolecule in which a substantial portion of the constitutional units have ionisable or ionic groups, or both’.6 Thus, self-assembly is impeded by lateral repulsion between charged stabiliser chains. One technical solution to this problem was a solvent switch from water to alcohol. Under these conditions there is no ionisation or protonation of polyelectrolytic stabilisers, such as PMAA or PDMA, due to the lower dielectric constant of the solvent. In this case diblock copolymer nanoparticles with polyelectrolyte stabilisers could be obtained via PISA.7

In this Chapter, the synthesis and characterisation of spherical nanoparticles prepared by alcoholic RAFT dispersion polymerisation is discussed. Cationic charge is desirable, since it has been suggested that cationic particles are ideal templates for controlled silica deposition.8,9 In order to obtain cationic nanoparticles, PDMA was chosen as the steric stabiliser. Recently, we reported an all-methacrylic RAFT alcoholic dispersion polymerisation formulation based on chain extension of a PDMA macro-CTA using BzMA.7 Final monomer conversions were substantially higher than those previously reported by Pan and co-workers for similar PISA formulations using styrene as the core-forming block.10-12 The RAFT dispersion polymerisation of BzMA displayed relatively good pseudo-living character, as judged by GPC analysis. Using a PDMA74 macro-CTA, a systematic increase in spherical particle diameter was observed when targeting progressively higher degrees of polymerisation for the core-forming block. Herein we use a significantly longer PDMA94 macro-CTA as the stabiliser block, see Scheme 2.2. This leads to more effective steric stabilisation and hence ensures that sphere-sphere collisions during the BzMA polymerisation remain elastic, which prevents any evolution in copolymer morphology. Thus only kinetically-trapped spherical particles are obtained, regardless of the DP targeted for the core-forming PBzMA block. A series of well-defined PDMA-PBzMA spheres of tuneable diameter is obtained and both SAXS and multi-angle laser light scattering (MALLS) are used to characterise these nanoparticles in terms of their mean diameter, PDMA stabiliser layer thickness and aggregation number.
[image: ]
[bookmark: _Toc442712847]Scheme 2.2. Synthesis of a poly(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-CTA by RAFT solution polymerisation using PETTC as a RAFT CTA. This macro-CTA was subsequently chain-extended via ethanolic RAFT dispersion polymerisation of benzyl methacrylate (BzMA) to produce a series of sterically-stabilised PDMA-PBzMA diblock copolymer spherical nanoparticles of varying size.


[bookmark: _Toc442713658]Experimental
Materials. All reagents were purchased from Sigma-Aldrich (UK) and used as received unless otherwise noted. Either 4,4’-Azobis(4-cyanovaleric acid) (ACVA)) or 2,2’-azobisisobutyronitrile (AIBN) was used as an initiator. Benzyl methacrylate (96%) was passed through an inhibitor removal column (also purchased from Sigma) prior to use. CDCl3 and CD2Cl2 were purchased from Goss Scientific (Nantwich, UK).

Synthesis of 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC)
2-Phenylethanethiol (10.5 g, 76 mmol) was added over 10 minutes to a stirred suspension of sodium hydride (60 % in oil) (3.15 g, 79 mmol) in diethyl ether (150 mL) at 5-10˚C. Vigorous evolution of hydrogen gas was observed and the greyish suspension slowly transformed into a viscous white slurry of sodium phenylethanethiolate over 30 minutes. The reaction mixture was cooled to 0oC and carbon disulfide (6.0 g, 79 mmol) was gradually added to produce a thick yellow precipitate of sodium 2-phenylethanetrithiocarbonate. This was collected by filtration after 30 minutes and subsequently used in the next step without further purification. Solid iodine (6.3 g, 0.025 mol) was gradually added to a suspension of sodium 2-phenylethanetrithiocarbonate (11.6 g, 0.049 mol) in diethyl ether (100 mL). This reaction mixture was then stirred at room temperature for 1 h and the white precipitate of sodium iodide removed by filtration. The yellow–brown filtrate was washed with an aqueous solution of sodium thiosulfate to remove excess iodine, dried over sodium sulfate and then evaporated to yield bis-(2-phenylethanesulfanylthiocarbonyl) disulfide (≈100% yield). A solution of ACVA (2.10 g, 0.0075 mol) and bis-(2-phenylethane sulfanylthiocarbonyl) disulfide (2.13 g, 0.005 mol) in ethyl acetate (50 mL) was degassed with nitrogen and refluxed under a dry nitrogen atmosphere for 18 h. After removal of the volatiles under vacuum, the crude product was washed with water (five 100 mL portions). The organic phase was concentrated and purified by silica chromatography using a mixed eluent (petroleum ether: ethyl acetate = 7:3, increasing to 4:6) to afford 4-cyano-4-(2-phenylethane sulfanylthiocarbonyl)sulfanylpentanoic acid as a yellow oil (yield 78%).
1H NMR (400.13 MHz, CD2Cl2, 298 K) δ (ppm) = 1.89 (3H, -CH3), 2.34-2.62 (m, 2H, -CH2), 2.7 (t, 2H, -CH2), 3.0 (t, 2H, -CH2), 3.6 (t, 2H, -CH2), 7.2-7.4 (m, 5H, aromatic).
 13C NMR (400.13 MHz, CD2Cl2, 298 K) δ (ppm) = 24.2 (CH3), 29.6 (CH2CH2COOH), 30.1(CH2Ph), 33.1 (CH2 CH2COOH), 39.9 (SCH2CH2Ph), 45.7 (SCCH2), 118.6 (CN), 127.4, 128.8, 129.2, 144.3 (Ph), 177.4 (C=O), 222.2 (C=S).

[bookmark: _Toc291513226][bookmark: _Toc291509746][bookmark: _Toc291507412]Synthesis of poly(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-CTA
A round-bottomed flask was charged with 2-(dimethylamino)ethyl methacrylate (DMA; 30.0 g, 191 mmol), PETTC (0.589 g, 1.73 mmol), ACVA (49 mg, 0.173 mmol) and THF (30.0 g) (target DP = 110). The sealed reaction vessel was purged with nitrogen and placed in a pre-heated oil bath at 70˚C for 8 h 30. The resulting polymer (monomer conversion = 76 %; Mn = 11,800 g mol-1, Mw/Mn = 1.20) was purified by precipitation into excess petroleum ether. The mean degree of polymerisation (DP) of this PDMA macro-CTA was calculated to be 94 using 1H NMR spectroscopy by comparing the integrated signals corresponding to the aromatic protons at 7.2 - 7.4 ppm with those due to the methacrylic polymer backbone at 0.4 - 2.5 ppm.

[bookmark: _Toc291513228][bookmark: _Toc291509748][bookmark: _Toc291507414]Synthesis of poly(2-(dimethylamino)ethyl methacrylate)-poly(benzyl methacrylate) (PDMA-PBzMA) diblock copolymer particles via dispersion polymerisation in ethanol
In a typical RAFT dispersion polymerisation synthesis conducted at 25 % w/w  total solids, BzMA (2.00 g, 11.4 mmol), AIBN (1.90 mg, 0.011 mmol), PDMA94 macro-CTA (840 mg, 0.057 mmol) was dissolved in ethanol (8.53 g). The reaction mixture was sealed in a round-bottomed flask, purged with nitrogen gas for 20 minutes and then placed in a pre-heated oil bath at 70˚C for 24 h. The final monomer conversion was determined by 1H NMR analysis in CDCl3 by integrating the PBzMA peak (CH2) at 4.9 ppm to BzMA monomer vinyl peaks (CH2) at 5.2 and 5.4 ppm (monomer conversion = 99 %; Mn = 33200; Mw/Mn = 1.32; dH = 48 nm). 
In further PDMA-PBzMA diblock copolymer syntheses, the mean DP of the PBzMA block was systematically varied by adjusting the amount of BzMA monomer.

Copolymer characterisation
Gel permeation chromatography (GPC) was used to assess the diblock copolymer molecular weight distributions. The GPC set-up comprised two 5 m (30 cm) ‘Mixed C’ columns; a WellChrom K-2301 refractive index detector operating at 950  30 nm. THF eluent containing 2.0 % v/v triethylamine and 0.05 % w/v butylhydroxytoluene (BHT) was used at a flow rate of 1.0 mL min-1. A series of ten near-monodisperse linear poly(methyl methacrylate) standards (Mp ranging from 1,280 to 330,000 g mol-1) were purchased from Polymer Laboratories (Church Stretton, UK) and were employed for calibration using the above refractive index detector.

1H NMR spectra were acquired on a Bruker 400 MHz spectrometer in either CDCl3 or CD2Cl2; all chemical shifts are reported in ppm (δ).

Dynamic light scattering (DLS) measurements were conducted using a Malvern Instruments Zetasizer Nano series instrument equipped with a 4 mW He-Ne laser operating at 633 nm, an avalanche photodiode detector with high quantum efficiency, and an ALV/LSE-5003 multiple tau digital correlator electronics system.

Transmission electron microscopy (TEM) imaging was performed at 100 kV on a Phillips CM100 instrument equipped with a Gatan 1 k CCD camera. Aggregate solutions were diluted with ethanol at 20°C to generate 0.20 % w/w dispersions.  Copper/palladium TEM grids (Agar Scientific, UK) were surface-coated in-house to yield a thin film of amorphous carbon.  The grids were then plasma glow-discharged for 30 seconds to create a hydrophilic surface.  Ethanolic dispersions of each sample (0.20 % w/w, 10 µL) were placed onto freshly glow-discharged grids for one minute and then blotted with filter paper to remove excess solution.  To stain the deposited nanoparticles, a 0.75 % w/w aqueous solution of uranyl formate (10 µL) was placed via micropipette on the sample-loaded grid for 20 seconds and then blotted to remove excess stain.  Each grid was then carefully dried using a vacuum hose.

Small angle X-ray scattering (SAXS) patterns were collected at a synchrotron facility (Diamond Light Source, station I22, Didcot, UK). A 2D SAXS detector (hybrid photon counting Dectris Pilatus 2M) was used for all experiments. SAXS patterns were recorded over a scattering vector (q) range from 0.025 nm-1 to 1.65 nm-1 using monochromatic X-ray radiation (wavelength λ = 0.1001 nm), where the length of the scattering vector, q, is given by q = (4πsinθ)/λ and θ is half of the scattering angle. A flow-through glass capillary cell (diameter 2 mm) was used as a sample holder for all measurements. Scattering data were reduced using Nika SAS data reduction macros for Igor Pro (integration, normalisation and background subtraction) and further analysed using programming environment of Irena SAS macros for Igor Pro.13 SAXS measurements were conducted on 1.0 % w/w PDMA94-PBzMAx dispersions in ethanol. The structural model used for the SAXS data analysis is given in appendix A1. The model is based on the analytical expressions for the spherical micelles form factor14 and has been reported previously for other PISA formulations.

Differential refractive index (dn/dc) values for each diblock copolymer composition were obtained using an Optilab T-rEX differential refractometer. Particle dispersions in ethanol at concentrations of 0.1, 0.2, 0.3, 0.4 and 0.5 mg mL-1 were injected in series for each sample. A plot of differential refractive index against sample concentration allows the dn/dc to be calculated.

Multi-angle laser light scattering (MALLS) was used to determine the molecular weight of a series of PDMA94-PBzMAx diblock copolymer spherical micelles. Measurements were performed on a DAWN HELIOS II 18 angle laser light scattering detector (15˚-160˚) with a 130 mW linearly polarised GaAs laser operating at 658 nm (Wyatt Technologies Corp. USA). Diblock copolymer dispersions were diluted with ethanol to 0.1 mg ml-1 and measured in batch mode. Data was analysed using ASTRA V software for Windows.


[bookmark: _Toc442713659]Results and Discussion
A PDMA macro-CTA was synthesised by conventional RAFT solution polymerisation in THF, see Scheme 2.2. The method was as reported previously,7 but on this occasion a higher DP was targeted by increasing [DMA]/[CTA]. Following purification the DP of this PDMA macro-CTA was determined to be 94 by 1H NMR. This PDMA94 macro-CTA was then chain-extended with BzMA via RAFT dispersion polymerisation, in ethanol, at 70˚C, to produce a series of PDMA94-PBzMAx diblock copolymer nanoparticles. Reactions were conducted at a total solids content of 25 % w/w with the target DP, x, for PBzMA varied between 100 and 1000. Each of the reactions was left for 24 h then analysed by 1H NMR, THF GPC, DLS and TEM, the results are summarised in Table 2.1.

[bookmark: _Toc442712940]Table 2.1. Monomer conversions, GPC molecular weights (Mn) and polydispersities (Mw/Mn) and DLS intensity average particle diameters for PDMA94-PBzMAx diblock copolymer nanoparticles synthesised at a total solids content of 25 % w/w by RAFT alcoholic dispersion polymerisation in ethanol at 70˚C.

	Target Composition
	BzMA Conversion
	Actual PBzMA DP
	Mn
	Mw/Mn
	Diameter (DLS) (nm)

	PDMA94-PBzMA100
	100%
	100
	22000
	1.34
	40 (0.02)

	PDMA94-PBzMA200
	99%
	198
	33200
	1.32
	48 (0.04)

	PDMA94-PBzMA300
	100%
	300
	44600
	1.35
	62 (0.09)

	PDMA94-PBzMA400
	98%
	392
	53900
	1.34
	66 (0.02)

	PDMA94-PBzMA500
	99%
	495
	68300
	1.35
	74 (0.02)

	PDMA94-PBzMA600
	99%
	594
	75000
	1.23
	78 (0.02)

	PDMA94-PBzMA700
	95%
	665
	82000
	1.28
	88 (0.07)

	PDMA94-PBzMA800
	76%
	608
	76900
	1.32
	83 (0.03)

	PDMA94-PBzMA900
	81%
	729
	88400
	1.32
	93 (0.03)

	PDMA94-PBzMA1000
	81%
	810
	93900
	1.31
	98 (0.01)




It can be seen that as the target PBZMA DP, x, increases there is a tendency for poorer BzMA conversions. Up to a target DP of 700 monomer conversion is ≥ 95% in each case, but significantly lower conversions were achieved when targeting DP 800-1000. In this series of PISA syntheses, the target copolymer concentration is fixed at 25 % w/w. Thus higher DPs for the PBzMA block were targeted by lowering the PDMA macro-CTA concentration relative to the BzMA monomer. Since the macro-CTA/initiator molar ratio was fixed at 5.0, this results in progressively lower initiator concentrations when targeting longer core-forming blocks. This accounts for the slower rates of polymerisation. THF GPC analyses indicate unimodal molecular weight distributions and minimal contamination of the PDMA94-PBzMAx diblock copolymers with unreacted PDMA94 macro-CTA, which suggests relatively high blocking efficiencies, see Figure 2.5a. GPC analyses also show a monotonic increase in diblock copolymer Mn as PBzMA DP is increased (see Figure 2.5b). Furthermore, Mw/Mn values remained below 1.35 in all cases (see Table 2.1). Representative TEM images recorded for selected dried dispersions are shown in Figure 2.6. The PDMA94-PBzMAx diblock copolymer nanoparticles invariably exhibited a uniform spherical morphology, as expected given the relatively long stabiliser DP chosen for these syntheses. Mean particle diameters observed by TEM are somewhat smaller than those calculated by DLS. This is partly because the former technique is insensitive to the PDMA stabiliser and partly because the latter technique is more biased towards larger particles, since they scatter light much more strongly. Thus, for any size distribution of finite width, the intensity-average diameter reported by DLS always exceeds the number-average diameter calculated from TEM images. DLS polydispersities remained relatively low (0.01-0.09) in each case, which suggests fairly narrow particle size distributions, see Table 2.1 and Figure 2.7a. Figure 2.7b shows how hydrodynamic diameter increases with PBzMA DP, by analysing in-situ samples taken during a polymerisation targeting a final PBzMA DP of 500.
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[bookmark: _Toc442712084]Figure 2.5. (a) THF GPC traces for a series of PDMA94-PBzMAx diblock copolymers showing the increase in molecular weight with increasing PBzMA DP (x). (b) Plot showing the correlation between PDMA94-PBzMAx diblock copolymer Mn (as determined by GPC) and PBzMA DP. The Mn for the PDMA94 macro-CTA is shown in red and explains the non-zero intercept.
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[bookmark: _Toc442712085]Figure 2.6. Representative TEM images obtained for PDMA94-PBzMAx diblock copolymer particles prepared at 25 % w/w solids via RAFT dispersion polymerisation in ethanol at 70˚C. Increasing the target degree of polymerisation, x, of the core-forming PBzMA block results in larger spherical particles; (a) PDMA94-PBzMA100 (b) PDMA94-PBzMA300 (c) PDMA94-PBzMA495 and (d) PDMA94-PBzMA810.


[image: ]
[bookmark: _Toc442712086]Figure 2.7. (a) Representative DLS traces obtained for PDMA94-PBzMAx diblock copolymer particles prepared at 25 % w/w solids via RAFT dispersion polymerisation in ethanol at 70˚C. Increasing the target degree of polymerisation, x, of the PBzMA block results in larger spherical particles. (b) Hydrodynamic diameter of the growing PDMA94-PBzMAx block copolymer nanoparticles as determined by DLS measurements conducted on samples taken during a polymerisation targeting PDMA94-PBzMA500. PBzMA DP was determined by 1H NMR of each sample.

SAXS was utilised to further characterise the series of ten PDMA94-PBzMAx (x = 100-810) diblock copolymer nanoparticles. Scattering patterns were recorded for 1.0 % w/v dispersions in ethanol to minimise inter-particle interactions. Representative curves expressed as double logarithmic plots of I(q) against q are shown for three different PBzMA DPs in Figure 2.8a; each curve was fitted using a micelle model by assuming a Gaussian distribution (details of the model are given in the Appendix). For the fitting, among seven parameters of the model (the micelle core radius, Rs, the standard deviation of the core radius, σRs, solvent volume fraction in the core, xsol, the radius of gyration of the corona block, Rg, the width of the radial density distribution function of the micelle coronas, s, the weight coefficient of the profile function, α, and the relative copolymer concentration, c, see Appendix) four parameters, (xsol, Rg, s and α) were fixed at values obtained from prior analyses in order to constrain the fittings. The radius of gyration, Rg, of the PDMA stabiliser block was fixed at 3.2 nm based on SAXS studies of a 1.0 % w/v solution of PDMA94 macro-CTA dissolved in ethanol (see Figure 2.8b). Assuming that this Rg remains unchanged after chain extension of the macro-CTA with BzMA, the PDMA stabiliser layer thickness is estimated to be s = 2Rg, or 6.4 nm. 1H NMR studies of the PDMA94-PBzMAx diblock copolymer nanoparticles diluted in C2D5OD indicated only a very low degree of solvation for the core-forming PBzMA block (5-13 %). Thus, when using the SAXS micelle model, the volume fraction of ethanol in the particle core (xsol) was held constant at 0.10 for all copolymer dispersions. The α parameter is discussed in the Appendix. Such a defined model with a reduced number of fitting parameters produced reasonably good fits to the scattering patterns (Figure 2.8a). The SAXS analysis shows that the core radius of the spherical micelles increase with increasing DP of the PBzMA block (Table 2.2). Simultaneously, there is a growth in the copolymer chains aggregation number which is likely to be caused by the increase of the surface area of the spherical micelles. In this respect it is worth noting that the specific aggregation number (Sagg, Table 2.2) reduces from the initial value, 0.092, corresponding to PDMA94-PBzMA100 comprising the shortest PBzMA block, and saturates at about 0.050 for the copolymer compositions with longer PBzMA blocks (x = 495 – 810). This suggests that, immediately after micellar nucleation, the stabilizer chains adopt an initial brush-like conformation, but subsequent particle growth leads to a less stretched, mushroom-like conformation as the mean inter-chain separation distance is gradually increased.
[image: ]
[bookmark: _Toc442712087]Figure 2.8. SAXS patterns of (a) selected PDMA94-PBzMAx spherical nanoparticles synthesised via RAFT dispersion polymerisation of BzMA in ethanol at 70˚C using a PDMA94 macro-CTA dispersed in ethanol at 1 % w/v and (b) PDMA94 macro-CTA dispersed in ethanol at 1 % w/v. The red lines show the data fits using (a) a spherical micelle model (equations A1.1 and A1.2) and (b) a Debye function for a Gaussian chain (equation A1.4), respectively.
[bookmark: _Toc442712941]Table 2.2. Summary of structural parameters obtained from SAXS analysis of spherical PDMA94-PBzMAx diblock copolymer nanoparticles synthesised via RAFT dispersion polymerisation of BzMA in ethanol at 70˚C: the micelle core radius (Rs), solvophobic block volume (Vmc), overall particle diameter (Dtotal = Rs + 2Rg), mean aggregation number of copolymer chains per spherical micelle (Nagg) and a specific aggregation number of the copolymer chains expressed per unit area of a spherical micelle [Sagg = Nagg/(4πRs2)]. Further details about the parameters of the SAXS spherical micelle model can be found in A1.

	Copolymer Composition
	Rs (nm)
	Vmc 
(nm3)
	Dtotal (nm)
	Nagg (chains)
	Sagg (chains nm-2)

	PDMA94-PBzMA100
	11.2
	36
	35.3
	145
	0.092


	PDMA94-PBzMA198
	16.4
	68
	45.5
	243
	0.072

	PDMA94-PBzMA300
	21.2
	104
	55.2
	346
	0.061

	PDMA94-PBzMA392
	25.2
	133
	63.2
	452
	0.057

	PDMA94-PBzMA495
	29.0
	169
	70.8
	542
	0.051

	PDMA94-PBzMA594
	31.3
	182
	75.3
	631
	0.051

	PDMA94-PBzMA608
	33.5
	195
	79.7
	723
	0.051

	PDMA94-PBzMA665
	35.9
	220
	84.5
	787
	0.049

	PDMA94-PBzMA729
	38.3
	241
	89.4
	876
	0.048

	PDMA94-PBzMA810
	39.9
	266
	92.6
	899
	0.046



The relationship between mean particle diameter, as determined by SAXS, DLS or TEM, and PBzMA DP (corrected for incomplete monomer conversion as necessary) is shown in Figure 2.9. A linear relationship is observed for each technique and there is a significant difference in the mean diameters reported by SAXS and DLS compared to those estimated from TEM images. For DLS this difference is 10-20 nm and simply indicates the thickness of the steric stabiliser layer (≈ 2 x 6.4 nm). 
[image: ]
[bookmark: _Toc442712088]Figure 2.9. Mean particle diameters for a series of PDMA94-PBzMAx diblock copolymer nanoparticles as determined by SAXS, DLS or TEM. Particles were synthesised at 25 % w/w via RAFT alcoholic dispersion polymerisation of BzMA at 70˚C in ethanol.
A double logarithmic plot of the core diameter, d, as determined by SAXS, against the DP (or x) of the core-forming PBzMA block is shown in Figure 2.10. The core diameter, d, (as determined by SAXS) can be related to the mean DP of the solvophobic core forming PBzMA block, x, by a power law, equation 2.1, this enables the exponent α to be determined from the linear gradient.
					(2.1)
Here k is a constant related to the Flory-Huggins parameter and α is the scaling factor. This scaling factor gives information on how tightly coiled the polymer chains are. According to the literature,15-17 the value of α indicates how solvated the PBzMA chains are within the particle cores: for completely collapsed chains α ≈ 0.50 and for fully stretched chains α ≈ 1. From Figure 2.10 a scaling exponent of 0.62 is obtained suggesting the PBzMA chains in the micelle cores are only weakly solvated. This is consistent with 1H NMR studies conducted in C2D5OD and also supports the relatively low solvent volume fraction assumed for the SAXS analysis. Furthermore, the α value of 0.62 is in good agreement with theoretical predictions made for diblock copolymers that predict α ≈ 0.66 corresponds to the strong segregation regime.15
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[bookmark: _Toc442712089]Figure 2.10. Relationship between particle core diameter (d) (determined by SAXS) and PBzMA DP (x) for a series of PDMA94-PBzMAx diblock copolymer nanoparticles. Assuming a power law of the form d = kxα enables an α value of 0.62 to be calculated, this suggests a relatively low degree of core hydration and strong segregation between the two blocks.

MALLS was used to determine the weight-average molecular weight, Mw, of the diblock copolymer nanoparticles. MALLS is the preferred analytical technique for determining the absolute Mw of various soluble polymer chains in solution.18-20 However, this technique requires the differential refractive index (dn/dc) as an input parameter. This was calculated for each diblock composition using a commercial differential refractometer (see Figure 2.11 for representative raw data and Figure 2.12 for the corresponding dn/dc values). Some experimental scatter was observed within this dn/dc data set, which may be attributable to varying amounts of residual BzMA monomer in the copolymer dispersions when targeting higher PBzMA DPs (see Table 2.1). In view of this likely problem, no MALLS analysis was attempted for nanoparticle dispersions containing significant levels of residual BzMA. For the subset of six PDMA94-PBzMAx diblock copolymer nanoparticle syntheses for which at least 98 % BzMA conversion was achieved (i.e. for x = 100-600), dn/dc values ranged from 0.1572 mL g-1 to 0.1722 mL g-1 (see Figure 2.12). This trend was anticipated, since these copolymers contain a progressively greater proportion of PBzMA, which has a higher refractive index than the PDMA block. These dn/dc values were used for the analysis of light scattering data acquired using a Wyatt DAWN HELEOS instrument to obtain Mw values for a subset of six PDMA94-PBzMAx ethanolic diblock copolymer nanoparticle dispersions.
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[bookmark: _Toc442712090]Figure 2.11. Plot of the measured difference in refractive index (dRI) against time (obtained using Astra software for the Wyatt Optilab T-rEX) used to calculate dn/dc for PDMA94-PBzMA198. Inset the plot of dRI against copolymer concentration used to calculate dn/dc.

[image: ]
[bookmark: _Toc442712091]Figure 2.12. Summary of differential refractive index, dn/dc, values calculated for a series of PDMA94-PBzMAx diblock copolymer nanoparticles using a Wyatt Optilab T-rEX differential refractometer and Astra software.

The intercept and slope can then be used to deduce the weight-average molecular weight, Mw, and root mean square radius (rrms). The basic relationship used to obtain the molar mass is given in equation 2.2.
		(2.2)
Here Rθ is the Rayleigh ratio, K is an optical constant, c the concentration of the scattering species (mg mL-1), Mw the weight average molecular weight, P(θ) the scattering function and A2 the second virial coefficient (mol mL g-1). For measurements conducted on very dilute solutions the term containing the second virial coefficient is assumed to be low enough to be neglected. For spheres the particle scattering function is given by equation 2.3.
			(2.3)
Where:
					
and D is the diameter of the sphere. From equation 2.2 it is apparent that Mw can be directly obtained from Rθ/Kc when sin2(θ/2) = 0 (ie for θ = 0). However, it is impossible to measure scattered light at θ = 0. Therefore, multiple scattering angles are measured and this data is used to extrapolate to θ = 0. This is usually done by plotting some form of Debye plot.

There are three common methods of constructing Debye plots from experimental MALLS data, Zimm,21 Debye22 and Berry.23 Each uses a different mathematical transformation to plot the same data. The values obtained from the slope and intercept for each method are given in Table 2.3. Data obtained for PDMA94-PBzMAx diblock copolymer nanoparticles was analysed using each of these three methods.


[bookmark: _Toc442712942]Table 2.3. The intercept and slope values obtained from Zimm plots using the three common MALLS analysis methods; Zimm, Debye and Berry.

	Method
	Intercept
	Slope*

	Zimm
	            Mw-1
	16π2(rrms)2/3λ2Mw

	Debye
	            Mw
	 -16π2Mw(rrms)2/3λ2

	Berry
	            Mw-1/2
	8π2(rrms)2/3λ2Mw1/2


	*At sin2(θ/2) = 0


Each of the three analysis methods gave very similar results for the molecular weight of the micelles, see Figure 2.13 for an example of data fitted by each method and Table 2.4 for a summary of the Mw obtained and associated error. Based on previously reported work looking at the errors associated with each method24 it was decided to use the Mw obtained using the Debye formalism to calculate the micelle aggregation numbers. The Debye method uses equation 2.4 to construct a Zimm plot. Andersson et al. concluded that this method was superior to either the Berry or Zimm formalisms for spheres with a diameter > 50 nm.24
		(2.4)
All symbols as defined previously for equation 2.2.







[image: ]
[bookmark: _Toc442712092]Figure 2.13. Representative MALLS plots for light scattering data obtained for PDMA94-PBzMA392 diblock copolymer micelles dispersed in ethanol. The same data was analysed using (a) the Zimm formalism, (b) the Debye formalism and (c) the Berry formalism. The weight-average molecular weight (Mw) of these micelles was determined to be (a) 5.00 x 107 g mol-1, (b) 4.98 x 107 g mol-1 and (c) 5.01 x 107 g mol-1 which indicates micelle aggregation numbers, Nagg, of 443, 441 and 444 respectively.

[bookmark: _Toc442712943]Table 2.4. Weight average molecular weight values (Mw) and corresponding Nagg numbers for PDMA94-PBzMAx diblock copolymers (x = 100 - 594) using three different methods to analyse the same experimental data.

	Composition
	Analysis Method
	MW
	Nagg

	PDMA94-PBzMA100
	Zimm
	5.827 x 106 (± 0.203 %)
	133

	
	Debye
	5.812 x 106 (± 0.190 %)
	132

	
	Berry
	5.823 x 106 (± 0.200 %)
	133

	PDMA94-PBzMA198
	Zimm
	1.770 x 107 (± 0.165 %)
	268

	
	Debye
	1.758 x 107 (± 0.146 %)
	266

	
	Berry
	1.767 x 107 (± 0.182 %)
	268

	PDMA94-PBzMA300
	Zimm
	4.923 x 107 (± 0.196 %)
	536

	
	Debye
	4.673 x 107 (± 0.150 %)
	509

	
	Berry
	4.874 x 107 (± 0.182 %)
	531

	PDMA94-PBzMA392
	Zimm
	5.009 x 107 (± 0.151 %)
	444

	
	Debye
	4.979 x 107 (± 0.130 %)
	441

	
	Berry
	5.001 x 107 (± 0.133 %)
	443

	PDMA94-PBzMA495
	Zimm
	7.346 x 107 (± 0.151 %)
	532

	
	Debye
	7.301 x 107 (± 0.130 %)
	528

	
	Berry
	7.371 x 107 (± 0.133 %)
	533

	PDMA94-PBzMA594
	Zimm
	1.01 x 108 (± 0.204 %)
	685

	
	Debye
	9.903 x 107 (± 0.183 %)
	672

	
	Berry
	9.965 x 107 (± 0.213 %)
	676



The Mw value for each molecularly dissolved diblock copolymer chain was determined by multiplying its Mn (determined by end-group analysis using 1H NMR spectroscopy) by the corresponding Mw/Mn value (determined by GPC analysis). The mean aggregation number, Nagg, was then calculated by dividing the MALLS Mw value by the theoretical Mw calculated for the individual diblock copolymer chains. Both MALLS and SAXS analyses indicate an approximately linear relationship between Nagg and PBzMA DP, see Figure 2.13. There is remarkably good agreement between the two techniques. The one anomalous MALLS result (for the PDMA99-PBzMA300 particles) cannot be explained at present, however, given the close agreement between all other values this is simply seen as an erroneous point.
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[bookmark: _Toc442712093]Figure 2.14. Aggregation numbers (Nagg) as determined by either multi-angle laser light scattering (MALLS) or small angle x-ray scattering (SAXS) for a series of PDMA94-PBzMAx diblock copolymer nanoparticles synthesised via RAFT dispersion polymerisation of BzMA in ethanol at 70˚C.

In principle, the increase in particle diameter during PISA could simply be the result of an increase in copolymer molecular weight, i.e. the mean aggregation number of the nascent micelles formed during nucleation may remain unchanged throughout the BzMA polymerisation. However, Zhang and co-workers have recently published work on the RAFT polymerisation of styrene in an ethanol/water mixture where they estimate aggregation numbers using DLS and 1H NMR data.25 Their results indicated aggregation numbers increased during the polymerisation as higher DPs are reached. This suggests that the observed linear increase in particle size is not simply the result of the linear evolution of molecular weight that characterises such well-behaved RAFT syntheses. The data in Figure 2.13 was obtained post-mortem, i.e. for separate reactions at almost complete conversion rather than in situ at various conversions. Nevertheless, it suggests that the aggregation number is likely to increase during the BzMA polymerisation, as shown by Zhang et al. to be the case for the polymerisation of styrene.25 Assuming this is the case, it is then interesting to consider which physical mechanism(s) are responsible for the increase in aggregation number. There are two obvious possible mechanisms: (a) exchange of individual copolymer chains between nanoparticles and (b) sphere-sphere fusion, see Figure 2.14 for an illustration of each.


[bookmark: _Toc442712094]Figure 2.15. Schematic cartoon illustrating the two proposed mechanisms for the concomitant increase in micelle diameter and aggregation number during the growth of the core-forming PBzMA block. Mechanism (a) involves exchange of individual copolymer chains between micelles following nucleation, while mechanism (b) involves isotropic sphere-sphere fusion events.

Exchange of block copolymer chains between micelles is well known in the literature,26-29 especially for core-forming blocks with low Tg (e.g. polybutadiene).30,31 On the other hand, there are various reports of kinetically-frozen (non-ergodic) micelles comprising high Tg blocks such as polystyrene or poly(methyl methacrylate).32-38 According to Zhang and co-workers,25 copolymer chain exchange is favoured during PISA syntheses because the core-forming block is well-solvated by the unreacted monomer, (which is benzyl methacrylate in the present work), which should favour high chain mobility. This seems to be a perfectly reasonable hypothesis. Indeed, such monomer partitioning has been suggested for various RAFT dispersion polymerisation formulations in order to explain the pronounced rate enhancement that is closely correlated with micellar nucleation.3,4,39
However, Zhang et al. also discount sphere-sphere fusion as a possible mechanism, mainly on the grounds that the DLS size distributions obtained during PISA synthesis are invariably narrow. We feel that this is a more debatable hypothesis since DLS is well known to be a rather low resolution particle sizing technique.40,41 Moreover, we note that a hypothetical sphere-sphere fusion event involving the inelastic collision of two identical spheres, each of radius r and mass m, to form a single larger sphere, mass 2m, results in only a 26 % increase in the particle radius. Thus, it seems possible that isotropic sphere-sphere fusion may well occur during PISA, which would clearly lead to larger particles with higher Nagg values. After all, it is well-established that anisotropic sphere-sphere fusion occurs in certain PISA formulations, when relatively short stabiliser blocks are used, since this is the mechanism by which worms are formed.39 More specifically, the latter phenomenon is already known for the PISA synthesis of PDMA31-PBzMAx diblock copolymer nanoparticles in ethanol.7 Thus, it does not seem unreasonable that isotropic sphere-sphere fusion events may occur for PDMA94-PBzMAx diblock copolymer formulations with the longer PDMA stabiliser block ensuring that the final copolymer morphology is restricted to spheres. It is also feasible that both mechanisms may contribute to particle growth during PISA syntheses.


[bookmark: _Toc442713660]Conclusions
The range of diameters attainable for spherical micellar PDMA-PBzMA diblock copolymer nanoparticles was investigated using a PDMA94 macro-CTA. This solvophilic macro-CTA was chain extended with BzMA via alcoholic RAFT dispersion polymerisation, in ethanol, at 70˚C using AIBN initiator. Different chain lengths (DPs) were targeted for the PBzMA block, ranging from 100-1000. The result was a series of spherical particles which increased in diameter as PBzMA DP increased, as judged by TEM, DLS and SAXS. TEM images showed diameters ranged from 27-81 nm, hydrodynamic diameters reported by DLS ranged from 40-98 nm while SAXS analysis showed the particle diameter ranged from 35-93 nm. The differences in reported size for each technique followed the expected trend, with TEM < SAXS < DLS. 

Under the reaction conditions employed the maximum PBzMA DP that could be reached, with high monomer conversion (≈ 95 % in 24 h) was 700. A maximum PBzMA DP of 810 was reached when targeting a DP of 1000, but 1H NMR showed significantly incomplete monomer conversion for this synthesis. This limit in attainable DP appears to act as the limiting factor in the size of particles synthesised. However, spherical nanoparticles with diameters of ≈ 25-100 nm were successfully synthesised, offering a fairly good range of particle sizes.

SAXS analysis enabled a range of structural parameters to be determined by fitting the data using a micelle model, these include; overall particle diameter, core diameter, surface area occupied per copolymer chain and mean aggregation number. A power law plot of core diameter against PBzMA DP indicated an α value of 0.62, which is consistent with the relatively low solvent volume fraction (in the PBzMA core) indicated by 1H NMR spectroscopy studies. MALLS was also used to determine Nagg values for diblock copolymer dispersions,  the values obtained were in good agreement with those given by SAXS analysis. For both techniques Nagg increased with the DP of the core-forming PBzMA block. This suggests that the particle growth mechanism during PISA involves either the exchange of monomer-swollen particles and/or isotropic sphere-sphere fusion events. There is reasonable indirect experimental evidence in the PISA literature to support both mechanisms, and the present studies do not enable distinction between the two.
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[bookmark: _Toc442713663]Introduction
Near monodisperse polymer latexes have many applications, including biomedical assays,1,2 stationary phases for chromatography3 and model particles.4 Consequently, there has been extensive interest in the production of such particles. Early work in this field by Vanderhoff and Bradford examined the synthesis of PS5,6 and polyvinyltoluene7 latexes. Latexes were synthesised by seeded emulsion polymerisation, which resulted in particles of up to a micron in diameter. From the 1970s to the 1990s the synthesis of micrometer-sized PS and PMMA latexes began to attract attention. In each case, such particles were prepared via dispersion polymerisation, with both polar8-10 and non-polar11 formulations reported. Figure 3.1a and b show examples of latexes synthesised by dispersion polymerisation, in alcoholic and non-polar solvents, respectively.
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[bookmark: _Toc442712095]Figure 3.1. (a) Example of an alcoholic dispersion polymerisation formulation for the synthesis of poly(N-vinylpyrrolidone) (PVP) stabilised polystyrene (PS), and SEM image of the resulting PS latex.12 (b) Example of a non-polar dispersion polymerisation formulation for the synthesis of polydimethylsiloxane (PDMS) stabilised poly(methyl methacrylate) (PMMA) latex.13

Ober and co-workers published several reports on the synthesis of uniform polystyrene particles of 1-10 µm in diameter. In their initial studies they used high molecular weight hydroxypropylcellulose (HPC), as the steric stabiliser to produce such particles in ethanol.9 Adjusting the stabiliser concentration had surprisingly little effect on the particle size or distribution. The effect of changing the solvent was also examined, with polymerisations conducted in various alcohols. Larger particles were obtained on going from methanol to ethanol to 2-methyl-2-propanol, but in the latter solvent a much more polydisperse latex was obtained. Paine et al. also synthesised polystyrene latexes in alcohol;14 the stabiliser used in this work was PNVP. The resulting latex particles ranged from 1 to 18 µm in diameter. In this case, it was found that increasing the amount of stabiliser gave smaller particles, while polymerisations conducted at higher styrene concentrations produced larger particles. This latter observation was rationalised as follows: at higher styrene concentrations, the reaction medium is a better solvent for polystyrene, which leads to less extensive nucleation and fewer, larger particles. Similar results were also reported by Shen et al. who investigated the effect of various reaction parameters in the synthesis of PNVP stabilised PMMA particles.15

More recently, Zee et al. investigated the effect of initiator concentration, solvent polarity and temperature on the rate of styrene polymerisation for the synthesis of HPC-stabilised latexes.16 Higher concentrations of initiator produced faster initial rates of polymerisation, but once a certain critical conversion is attained the rate becomes independent of the initiator concentration. The effect of increasing solvent polarity was also investigated for methanol, ethanol and propanol. Thermodynamics was used to estimate the composition of the particles by taking into account the partitioning behaviour of the solvent and monomer. These calculations indicated a higher monomer concentration within particles in more polar solvents. It was therefore expected that the rate of polymerisation should be higher for more polar solvents. Examining the experimental data, this is indeed the case above 10 % monomer conversion; at lower conversions the rates in methanol and ethanol are very similar. These results suggest two kinetic regimes. At low monomer conversion, the polymerisation primarily occurs in the continuous phase, whereas at higher conversions the polymerisation mainly takes place within monomer-swollen particles. 

Well-defined block copolymers have also been used as stabilisers in latex syntheses. The effect of various reaction parameters on the size of latex particles prepared using such stabilisers has been reported. Early work mainly focused on non-polar solvents, with Dawkins and co-workers describing the use of poly(styrene)-poly(ethylene-c-propylene)17-19 and polystyrene-polydimethylsiloxane20-22 as stabilisers for the preparation of PMMA and poly(vinyl acetate) (PVAc) latexes in n-alkanes. Stejskal23-25 and Schneider26 also reported the synthesis of block copolymer-stabilised PMMA or PS latexes. Several reports also describe the use of block copolymers as latex stabilisers in alcohol. Terada et al. used polystyrene-poly(vinyl alcohol) (PS-PVA) (or partially hydrolysed derivatives) to stabilise PS latexes in ethanol.27 Dawkins et al. investigated the effect of solvent on the size of PS particles using a partially hydrolysed PVA stabiliser in alcoholic media.28 In this case particle diameters of between 0.5 and 3.0 µm could be obtained by simply varying the polarity of the solvent. The largest particles were obtained when a mixed solvent of ethanol/methanol (50/50 w/w) was used. Pure methanol gave considerably smaller particles and a mix of glycerol/methanol (25/75 w/w) gave a further significant reduction in particle size. These observations were explained by considering the solvent quality of the continuous phase for the growing polystyrene; the poorer the solvent, the smaller the particles. It should be noted that in each of these polar media examples the block copolymer stabilisers were of rather high polydispersity.

The first example of a well-defined block copolymer stabiliser in alcohol was provided by Winnik and co-workers, who used PS-PEO diblocks to prepare PS latexes in methanol.29 Low molecular weight stabilisers resulted in relatively large monodisperse particles, whereas bimodal distributions were observed for high molecular weight stabilisers. Baines et al. investigated the effect of diblock copolymer composition, stabiliser concentration, alcohol solvent type and reaction temperature for the synthesis of PDMA homopolymer or PDMA-alkyl methacrylate diblock copolymer stabilised polystyrene latexes via dispersion polymerisation in alcohol.30 Varying the copolymer composition had very little effect on the latex size: higher stabiliser concentrations gave smaller particles (as expected based on previous results)14,20 while higher temperatures gave larger, more polydisperse particles. Various alcoholic solvents were also investigated, ranging from methanol to 1-octanol. Latex particle diameters increased progressively from 1.38 µm in methanol, to 2.80 µm in 1-butanol. However, further increasing the alcohol alkyl chain length led to a reduction in diameter, with a minimum of 0.70 µm observed for particles prepared in 1-octanol. Previous explanations of solvent effects on particle size by Lok8 and Paine14 were revisited in order to rationalise this trend. The narrow size distributions of these polystyrene latexes were attributed to nucleation at low conversion controlling the final particle size. This means that larger particles are produced in polymerisations where phase separation does not occur until higher conversion, i.e. those formulations with the best solvent for the polymer/stabiliser. Baines et al. concluded that, despite their studies, it was still not clear whether the solvation of the polystyrene or the polymeric-stabiliser is more important in determining the final latex particle size.

All of the aforementioned work results in the formation of micron-sized PS particles. The formation of submicron-sized PS latexes via dispersion polymerisation has been achieved by using alcohol/water mixtures.31-33 Zhang et al. reported the dispersion polymerisation of styrene in methanol/water with a cationic comonomer, 2-(dimethylamino)ethyl methacrylate methyl chloride (DMC), as the stabiliser.33 Using this formulation they were able to obtain near-monodisperse spherical PS particles, see Figure 3.2a-f. The water content of the solvent mixture was systematically varied between 1 and 25 % v/v. This had a dramatic effect on the particle size: the mean particle diameter is reduced from ≈ 1600 nm at 1 % v/v water to 500-600 nm diameter  for 10 – 25 % v/v water, see Figure 3.2g.
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[bookmark: _Toc442712096]Figure 3.2. SEM images obtained for PS particles synthesised in various methanol/water mixtures with a DMC stabiliser.33 The water content of the solvent phase was (a) 1 % v/v, (b) 3 % v/v, (c) 10 % v/v, (d) 20 % v/v, (e) 25 % v/v and (f) 30 % v/v. (g) Mean particle diameter and coefficient of variation for PS latex particles.

Shay et al. also reported the use of alcohol/water mixtures to produce submicron- sized latex particles. In this work, methyl-end-capped PEG was functionalised with a urethane terminus to stabilise PS particles via chemical grafting.31 Styrene was polymerised under dispersion conditions in an isopropanol/water mixture. The resulting latexes had mean diameters of 285 to 377 nm as judged by TEM, depending on the molar ratio of macromonomer to styrene.
In previously published work Armes and co-workers have shown that replacing styrene with BzMA resulted in almost complete monomer conversion under RAFT dispersion polymerisation conditions for this all-methacrylic formulation.34,35 However, from Chapter 2 it is clear that the relatively slow rate of BzMA polymerisation can still lead to incomplete monomer conversions when targeting a high DP for the core-forming PBzMA. Several groups have utilised alcohol/water mixtures for similar RAFT dispersion polymerisation systems.36-39 For example, Charleux and co-workers investigated the effect of varying the solvent composition on the RAFT polymerisation of benzyl methacrylate.36 They considered both dispersion and emulsion formulations for the chain extension of a poly(methacrylic acid-co-poly(ethylene oxide) monomethyl ether methacrylate) (P(MAA-PEOMA)) macro-CTA with BzMA in ethanol/water or 1,4-dioxane/water mixtures, see Scheme 3.1. 
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[bookmark: _Toc442712848]Scheme 3.1. Reaction scheme for the RAFT dispersion polymerisation of BzMA using a P(MAA-stat-PEOMA) macro-CTA in either ethanol/water or 1,4-dioxane/water at 80˚C using ACVA as initiator.36

Polymerisations were conducted in various ethanol/water mixtures with the water content of the solvent being varied from 5 to 50 % v/v. Empirically it was found that 23 % v/v was the upper limit composition for a dispersion polymerisation. A higher volume fraction of water led to the monomer becoming immiscible, thus producing an emulsion formulation. The kinetics of BzMA polymerisation was monitored for polymerisations with [BzMA]0/[macro-CTA] = 300 conducted in various solvent mixtures, see Figure 3.3. Clearly, increasing the amount of water in the solvent mixture significantly increases the rate of polymerisation. Importantly, GPC analyses indicated fairly well-controlled reactions in all cases. Another observation during this study was that various morphologies were observed by TEM for diblock copolymers of similar molecular weights depending on the synthesis conditions. Figure 3.4 shows TEM images of the final diblocks from each of the kinetic reactions. Diblock copolymers synthesised in the presence of 5 or 20 % v/v water gave mixed phases of spheres and worms. For reactions with higher water contents only spheres were observed. The hydrodynamic diameter of these spheres increased significantly when going from dispersion to emulsion conditions, dH = 30 nm compared to dH = 50 nm. The authors suggest this may be due to a change in aggregation number; however no attempt is made to calculate aggregation numbers in this work.

[image: Monomer conversion vs. time plots for the RAFT polymerizations of BzMA in the presence of the P(MAA-co-PEOMA) macroRAFT agent in ethanol–water of various volume ratios at 80 °C (the dashed lines are guides for the eyes). Inset gives monomer conversion vs. full reaction time.]
[bookmark: _Toc442712097]Figure 3.3. Kinetic data reported by Charleux and co-workers for the RAFT dispersion or emulsion polymerisation of BzMA in the presence of P(MAA-PEOMA) macro-CTA in ethanol/water at 80˚C. The inset graph shows conversion data for the full reaction time. The composition of the solvent was varied from 95/5 to 50/50 v/v ethanol/water.36
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[bookmark: _Toc442712098]Figure 3.4. TEM images obtained for final kinetic samples for the RAFT polymerisation of BzMA in ethanol/water mixtures using a P(MAA-PEOMA) macro-CTA. The ethanol/water v/v composition of the solvents were as follows; (a) 95/5, (b) 80/20, (c) 77/23 and (d) 50/50. In each case the target DP for the PBzMA block was 300.36
Zhang and co-workers have also examined the dispersion polymerisation of styrene in ethanol/water mixtures, investigating both the homopolymerisation of styrene in the presence of a PNVP stabiliser and the synthesis of block copolymers containing a PS block.37-39 For the PNVP stabiliser, styrene was polymerised in the presence of an S,S’-bis(α,α’-dimethyl-α’’-acetic acid) trithiocarbonate (BDMAT) RAFT CTA.38 Kinetic data were obtained for polymerisations containing 0, 10, 15, 20 or 30 % w/w water, see Figure 3.5.
[image: ]
[bookmark: _Toc442712099]Figure 3.5. Kinetic data for the RAFT dispersion polymerisation of styrene in various ethanol/water mixtures at 70˚C. (a) Monomer conversion over time and (b) ln([M]0/[M]) plots showing a linear correlation. In all reactions the molar ratios were: [S]0/[BDMAT]0/[AIBN]0 = 760/4/1.38

As reported for BzMA,36 the rate of styrene polymerisation increased significantly as the water content of the solvent mixture was increased. In this work this observation is discussed in some detail, with close reference to a prior study on the TEMPO-mediated polymerisation of styrene.40 Zhang et al. proposed that the rate increase is related to the time taken for the reaction to become heterogeneous, i.e. the time required for nucleation to occur. While oligomers remain dissolved in the continuous medium, the polymerisation remains homogeneous. The rate of polymerisation only increases following the onset of nucleation, as polymerisation now takes place mainly within monomer-swollen micelles. Evidence for such a two-stage kinetic model has also been reported for the aqueous RAFT dispersion polymerisation of HPMA.41 Zhang et al. also examined the synthesis of triblock copolymers using a trithiocarbonate PNIPAM macro-CTA in 85/15 w/w ethanol/water.37 Kinetic studies of this polymerisation were undertaken to seek evidence for two-stage kinetics, see Figure 3.6a and b.
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[bookmark: _Toc442712100]Figure 3.6. (a and b) Kinetic data for the RAFT dispersion polymerisation of styrene in an 85/15 w/w ethanol/water mixture using a PNIPAM macro-CTA and AIBN initiator. (c) Molecular weight evolution as judged by GPC or NMR during polymerisation as well as the associated GPC polydispersities (Mw/Mn). (d) THF GPC traces for the  PNIPAM-PS-PNIPAM triblocks at various stages of the styrene polymerisation.37

For this formulation, there is clear evidence of a rate enhancement at a time that corresponds to the switch-over from homogeneous to heterogeneous polymerisation. Figure 3.6c shows the increase in molecular weight as the polymerisation proceeds, along with the corresponding Mw/Mn values. Rather high polydispersities are observed (up to 1.98 in the early stages of the polymerisation) along with bimodal GPC traces, see Figure 3.6d. The same team also investigated the use of a styrene capped PEG brush-like macro-CTA (P(mPEGV), or P(mPEGV)-c-PS as stabilisers, see Figure 3.7f for structures.39 Block copolymers were synthesised by polymerising styrene in an alcohol/water mixture in the presence of the macro-CTA using AIBN as initiator. Again, the solvent composition was fixed at 85/15 w/w ethanol/water. In this case the composition of the macro-CTA was varied to examine what effect this had on the polymerisation kinetics. Conversions were monitored over 24 h and kinetic plots indicated an increase in rate that coincided with the onset of nucleation, see Figure 3.7, the time of which varies depending on the composition of the macro-CTA.
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[bookmark: _Toc442712101]Figure 3.7. Kinetic data for the RAFT dispersion polymerisation of styrene in an 85/15 w/w ethanol/water mixture at 70˚C.39 (a) Conversion-time plots obtained for reactions conducted with different macro-CTAs. (b-e) Similar kinetic data plotted in the form of ln([M]0/[M])-time for (b) P(mPEGV2-c-S22), (c) P(mPEGV3-c-S14), (d) P(mPEGV4-c-S8) and (e) P(mPEGV7). (f) Chemical structures of the monomer mPEGV and macro-CTA P(mPEGV-co-S).


Very recently, Zhang and co-workers investigated the effect of changing the composition of the second block in a formulation using a statistical copolymer for the core forming block.42 A PEG macro-CTA was used for the RAFT dispersion polymerisation of styrene, or statistical copolymerisation of styrene and 4VP, in an 80/20 w/w methanol/water mixture, see Scheme 3.2.
[image: http://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2015/PY/c5py00697j/c5py00697j-s1_hi-res.gif]
[bookmark: _Toc442712849]Scheme 3.2. Reaction scheme for the synthesis of PEG45-P(4VPx-c-Sy) block copolymer via RAFT dispersion polymerisation at 20 % w/w solids, in 80/20  w/w methanol/water at 70˚C, using AIBN initiator ([PEG-TTC]:[AIBN] = 3:1).42

Statistical copolymerisation of a relatively small fraction of 4VP with styrene enabled the final block copolymer morphology to be fine-tuned. However, in order to reach high conversions (89-94 %) these copolymerisations had to be left for 36 h at 70˚C. Varying amounts of styrene and 4VP were examined with the overall molar ratios kept constant at [S + 4VP] : [macro-CTA] : [AIBN] = 1200 : 3 : 1. TEM images confirmed that a range of PEG45-P(4VPx-c-Sy) block copolymer morphologies could be obtained for such PISA formulations, see Figure 3.8.
[image: C:\Users\Armes Group\.imagej\Desktop\Picture1.png]
[bookmark: _Toc442712102]Figure 3.8. TEM images obtained for PEG45-P(S-stat-4VP)x block copolymers synthesised via RAFT dispersion copolymerisation of styrene with 4VP with S/4PV molar feed ratios of (a) 1.5/1, (b) 2/1, (c) 2.5/1, (d) 3/1, (e) 4/1, (f) 5/1, (g) 6/1. (h) Summary of the copolymer morphologies obtained at various molar ratios.42

The results from each of these studies indicate that the interaction between the monomer and solvent during polymerisation has a strong influence on the final copolymer morphology obtained in such PISA formulations. In order to exploit this to target a desired morphology, the solvency for the second (core-forming) monomer can be tuned. This may be achieved either by adding a co-solvent or by varying the composition in a solvent mixture. Alternatively, a co-monomer can be added to modify the solvation of the core forming block in the same reaction medium. Each of these approaches will affect how the monomer is partitioned between the continuous phase and the growing particles, hence the onset of nucleation will change and thus the final morphology.

In Chapter 2 it was found that the maximum attainable DP, for high monomer conversion (> 95 %), in the synthesis of PDMA94-PBzMAx diblock copolymer spheres was ≈ 700. Incomplete conversions observed for higher target DPs are attributed to the relatively slow polymerisation rate of BzMA. In principle, the rate of BzMA polymerisation could be enhanced by increasing the initiator concentration, thus enabling higher DPs to be attained while still achieving near-complete monomer conversion. Alternatively, water could be used as a co-solvent.36 Since water is a poor solvent for BzMA monomer, its addition should encourage unreacted monomer to partition within micelles formed following nucleation because, like most vinyl monomers, BzMA is a good solvent for PBzMA. This should result in greater solvation, and hence enhanced mobility, of the PBzMA chains in the micelle cores. Monomer partitioning within micelles should produce a high local concentration and hence a corresponding rate enhancement.41,43 The relative merit of each of these methods for increasing the rate of BzMA polymerisation is assessed in this Chapter.


[bookmark: _Toc442713664]Experimental
Materials. All reagents were purchased from Sigma-Aldrich (UK) and were used as received unless otherwise noted. Either 4,4’-azobis(4-cyanovaleric acid) (ACVA)) or 2,2’-azobisisobutyronitrile (AIBN) was used as an initiator. Benzyl methacrylate (96%) was passed through an inhibitor removal column (Sigma) prior to use. CDCl3, CD2Cl2 and C2D5OD were purchased from Goss Scientific (Nantwich, UK). Anhydrous ethanol (≥ 99.5 %) was used to ensure the precise water content of solvent mixtures was known. Deionised water was used in polymerisations conducted in solvent mixtures.

Synthesis of 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC)
The synthesis of this RAFT agent was described in Chapter 2.

Synthesis of poly(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-CTA
A round-bottomed flask was charged with 2-(dimethylamino)ethyl methacrylate (DMA; 40.0 g, 254 mmol), PETTC (2.160 g, 6.36 mmol; target DP = 40), ACVA (178 mg, 0.64 mmol; PETTC/ACVA = 10) and THF (40.0 g) (target DP = 40). The sealed reaction vessel was purged with nitrogen and placed in a pre-heated oil bath at 70oC for 8.5 h. The resulting polymer (monomer conversion = 87 %; Mn = 6,700 g mol-1, Mw/Mn = 1.14) was purified by precipitation into excess petroleum ether. The mean degree of polymerisation (DP) of this PDMA macro-CTA was calculated to be 43 using 1H NMR spectroscopy by comparing the integrated signals corresponding to the aromatic protons at 7.2 - 7.4 ppm with those due to the methacrylic polymer backbone at 0.4 - 2.5 ppm.
A similar protocol utilised [DMA]/[PETTC] ratio of 90 to synthesise a PDMA74 macro-CTA (Mn = 11,300 g mol-1, Mw/Mn = 1.19).

Synthesis of poly(2-(dimethylamino)ethyl methacrylate)-poly(benzyl methacrylate) (PDMA-PBzMA) diblock copolymer particles via dispersion polymerisation in either ethanol or various ethanol/water mixtures
In a typical RAFT dispersion polymerisation synthesis conducted at 15 % w/w solids, BzMA (2.00 g, 11.4 mmol), PDMA43 macro-CTA (1148 mg, 0.162 mmol) and AIBN (5.60 mg, 0.032 mmol) were dissolved in ethanol (21.0 g). The reaction mixture was sealed in a round-bottomed flask, purged with nitrogen gas for 20 minutes and then placed in a pre-heated oil bath at 70oC for 24 h. The final monomer conversion was determined by 1H NMR analysis in CDCl3 by comparing the integrated PBzMA (CH2) signal at 4.9 ppm to that assigned to the two methylene vinyl signals of BzMA monomer at 5.2 and 5.4 ppm (monomer conversion = 98 %; Mn = 10200; Mw/Mn = 1.32; dH = 46 nm). In further PDMA-PBzMA diblock copolymer syntheses, the mean DP of the PBzMA block was systematically varied by adjusting the amount of BzMA monomer (target DP 60 – 2500), and also conducted in various ethanol/water mixtures with water contents ranging between 5 and 20 % w/w.
In reactions using water as a co-solvent, deionised water was purged with nitrogen prior to addition to the reaction solution. Otherwise all other aspects of the experimental protocol were as described for syntheses conducted in anhydrous ethanol.

Copolymer Characterisation
Gel permeation chromatography (GPC) was used to assess diblock copolymer molecular weight distributions using an Agilent PL-GPC 50 integrated GPC instrument. The GPC set-up comprised two 5 m (30 cm) ‘Mixed C’ columns and a WellChrom K-2301 refractive index detector operating at 950  30 nm. THF eluent containing 2.0 % v/v triethylamine and 0.05 % w/v butylhydroxytoluene (BHT) was used at a flow rate of 1.0 mL min-1. A series of ten near-monodisperse linear poly(methyl methacrylate) standards (Mp ranging from 1,280 to 330,000 g mol-1) were purchased from Polymer Laboratories (Church Stretton, UK) and employed for calibration using the above refractive index detector. 

1H NMR spectra were acquired using a Bruker 400 MHz spectrometer in either CDCl3, CD2Cl2, C2D5OD or D2O; all chemical shifts are reported in ppm (δ) (typically 64 scans were averaged per spectrum).

Dynamic light scattering (DLS) measurements were conducted on highly dilute (0.10 % w/w) copolymer dispersions at 20˚C using a Malvern Instruments Zetasizer Nano series instrument equipped with a 4 mW He-Ne laser operating at 633 nm. Scattered light was detected at 173˚ using an avalanche photodiode detector with high quantum efficiency, and an ALV/LSE-5003 multiple tau digital correlator electronics system. The Stokes-Einstein equation is used to obtain the hydrodynamic diameter; this assumes perfectly monodisperse, non-interacting, spherical particles.

Transmission electron microscopy (TEM) imaging was performed at 100 kV on a Phillips CM100 instrument equipped with a Gatan 1 k CCD camera. As-synthesised copolymer dispersions were diluted with ethanol at 20°C to generate 0.20 % w/w dispersions.  Copper/palladium TEM grids (Agar Scientific, UK) were surface-coated in-house to yield a thin film of amorphous carbon.  The grids were then plasma glow-discharged for 30 seconds to create a hydrophilic surface.  Each diblock copolymer dispersion (0.20 % w/w, 10 µL) was placed onto a freshly glow-discharged grid for one minute and then blotted with filter paper to remove excess solution.  To stain the deposited nanoparticles, a 0.75 % w/w aqueous solution of uranyl formate (10 µL) was placed on the sample-loaded grid via micropipette for 20 seconds and then carefully blotted to remove excess stain.  Each grid was then carefully dried using a vacuum hose.


[bookmark: _Toc442713665]Results and Discussion
In order to increase the rate of polymerisation the [macro-CTA]/[I] molar ratio was reduced. All previous syntheses had been conducted with a [PDMA]/[AIBN] ratio of 5.0. In RAFT polymerisations the [CTA]/[I] ratio is important for maintaining the living character. Ideally the amount of initiator should be minimised in order to reduce termination.44 However this often reduces the rate of polymerisation, thus it has been shown that good control can still be achieved when this ratio is reduced as low 2.0.45 Kinetic studies were conducted for the chain extension of a PDMA74 macro-CTA with BzMA, using [PDMA]/[AIBN] molar ratios of 5.0 to 1.0, targeting a PBzMA DP of 500 in each case. Figure 3.9 shows the conversion vs. time curves obtained for these syntheses using 1H NMR spectroscopy.
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[bookmark: _Toc442712103]Figure 3.9. Kinetic data derived from 1H NMR spectroscopy studies on the RAFT dispersion polymerisations of BzMA at 70˚C in ethanol using a PDMA74 macro-CTA at a total solids content of 15 % w/w. The target block composition in each case was PDMA74-PBzMA500 with [macro-CTA]/[AIBN] = 5 (  ), 4 (  ), 3 (  ), 2 ( ) or 1 ( ). The same data is presented as (a) a conversion-time plot, and (b) a semi-log plot.

As the [PDMA]/[AIBN] ratio is reduced the rate of polymerisation increases. Taking the data obtained for each polymerisation after 10 hours, monomer conversions increased from ≈ 70 % to 100 % as the molar ratio is varied from 5.0 to 1.0. One likely disadvantage of increasing the initiator concentration is loss of control during the RAFT polymerisation.44,46,47 An increase in radical flux may cause the formation of PBzMA homopolymer, lower blocking efficiencies and higher Mw/Mn values. GPC traces were recorded for each of the syntheses after 24 h to examine whether there was any evidence for such problems, see Figure 3.10. All GPC traces look remarkably similar, with no major increase in tailing nor the obvious appearance of high/low molecular weight species. However, Mw/Mn values do increase significantly from around 1.20 at a molar ratio of 5.0 to 1.40 at a molar ratio of 1.0. Based on these results it was decided to investigate other methods for increasing the rate of BzMA polymerisation.
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[bookmark: _Toc442712104]Figure 3.10. THF GPC traces (vs. PMMA standards) and corresponding molecular weights (Mn) and polydispersities (PDI) for the final kinetic sample (taken after 24 h) for RAFT dispersion polymerisation syntheses targeting PDMA74-PBzMA500 in ethanol at 70˚C, using [PDMA]/[AIBN] molar ratios of 5, 4, 3, 2 or 1.

The second method investigated to enhance the rate of BzMA polymerisation, was the addition of water as a co-solvent to the RAFT dispersion polymerisation formulation discussed in Chapter 2, see Scheme 3.3. 
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[bookmark: _Toc442712850]Scheme 3.3. Reaction scheme for the synthesis of diblock copolymer nano-objects prepared via RAFT dispersion polymerisation of benzyl methacrylate (BzMA) in ethanol or ethanol/water at 70˚C using a poly(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-chain transfer agent. AIBN initiator was used at a [PDMA]/[AIBN] ratio of 5. The final diblock copolymer morphology can be spheres, worms or vesicles, depending on the precise diblock copolymer composition and reaction solvent.

Figure 3.11a shows the kinetic data for polymerisations targeting PDMA43-PBzMA200 conducted in either anhydrous ethanol or various ethanol/water mixtures. It is clear that increasing the water content significantly increases the rate of BzMA polymerisation. The most dramatic rate enhancement is observed when 20 % w/w water is used as a co-solvent. In this case, > 90 % monomer conversion is attained within 6 h at 70˚C.
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[bookmark: _Toc442712105]Figure 3.11. Kinetic data derived from 1H NMR spectroscopy studies on the RAFT dispersion polymerisation of benzyl methacrylate (BzMA) at 70˚C using a PDMA43 macro-CTA and AIBN initiator ([PDMA]/[AIBN] = 5) at 15 % w/w solids. The reaction solvent was either anhydrous ethanol or various ethanol/water mixtures with a target composition of PDMA43-PBzMA200 in each case. The same data is presented as (a) a conversion-time plot, and (b) a semi-log plot, and the colour code shown refers to both (a) and (b).

For previous work, in which polymerisations were conducted in pure ethanol, a rate enhancement was observed after an initial induction period. This was attributed to the onset of micellar nucleation (at a PBzMA DP of ≈ 50), with the nascent monomer-swollen micelles acting as nanoreactors.34 In the present study, polymerisations conducted in mixed solvents are also seen to exhibit such two-stage kinetics. Presenting the kinetic data in the form of semi-log plots, Figure 3.11b, shows a clear increase in the rate of polymerisation in each of the solvent mixtures investigated. The time at which the rate increase is observed corresponds to somewhat different PBzMA DPs (estimated from the conversion-time plot). Surprisingly, these DPs are significantly higher than might be expected for the onset of micellar nucleation. Similar results have been recently reported by Lopez-Oliva and co-workers for PISA syntheses involving the polymerization of BzMA in n-heptane.48

1H NMR studies in deuterated ethanol were conducted in order to examine the hypothesis that the rate enhancement is due to partitioning of the unreacted monomer within the micelle cores, immediately following nucleation. Using an inert internal NMR standard (tetramethylsilane (TMS)) enables conversion to be monitored by comparing the integral of the signal assigned to the internal standard (TMS, 0 ppm) to those of the residual monomer vinyl signals (BzMA, 5.6 and 6.1 ppm) and normalising relative to the monomer integrals recorded at zero time. PBzMA is insoluble in deuterated ethanol so should not produce an NMR signal unless it is solvated by the unreacted BzMA monomer. A polymerisation targeting PDMA43-PBzMA500 was conducted in deuterated ethanol at 70˚C at 10 % w/w solids in a sealed NMR tube. Figure 3.12 shows a series of spectra recorded at various stages of the polymerisation.
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[bookmark: _Toc442712106]Figure 3.12. 1H NMR spectra recorded during the RAFT dispersion polymerisation of BzMA at 70˚C in d6-ethanol targeting a final diblock composition of PDMA43-PBzMA500. The monomer conversions are calculated by comparing the integrals of the vinyl monomer to the t = 0 spectrum using the internal standard TMS.

As the polymerisation proceeds, PBzMA signals appear at around 4.8 ppm and 7.2 ppm. These features are clearly visible up to a monomer conversion of 18 % but become weaker at higher conversions, with the 5.8 ppm signal disappearing completely. This agrees with the hypothesis that unreacted monomer acts to solvate the core-forming PBzMA chains. As the polymerisation proceeds, there are four PDMA-PBzMA regimes to be considered, see Figure 3.13. Initially, PDMA macro-CTA, BzMA monomer and AIBN initiator are all dissolved in the reaction solvent. On heating, the polymerisation starts and PBzMA chains begin to grow; at this stage they are sufficiently short that the PDMA-PBzMA chains remain soluble (1). Polymerisation continues under such homogeneous solution conditions until the critical DP for PBzMA is attained and nucleation occurs (2). At this stage, the unreacted BzMA monomer partitions within the micelles, leading to partial solvation of the PBzMA chains. As the polymerisation continues, an enhanced rate is observed due to this high local BzMA concentration (3). As the PBzMA chains grow longer, there is relatively little residual monomer present, so the micelle cores are no longer sufficiently solvated to observe their characteristic aromatic and benzylic proton signals. At the end of the polymerisation, almost full BzMA conversion is achieved and again no PBzMA NMR signals are expected under these conditions (4). 
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[bookmark: _Toc442712107]Figure 3.13. Schematic cartoon illustrating the four PDMA-PBzMA regimes that occur during the polymerisation of BzMA in a PISA synthesis (i.e. ethanolic RAFT dispersion polymerisation).

A similar NMR study was conducted in a mixture of deuterated ethanol and D2O. Due to the faster polymerisation rate under these conditions, high BzMA conversions were observed even for the early spectra (i.e. 15 % after 1 h, and 45 % conversion after 2 h) hence the NMR signal at 4.8 ppm is not discernible. The signal at 7.2 ppm is more prominent than in the spectra for BzMA polymerisation in deuterated ethanol at similar monomer conversions up to ≈ 90 % BzMA conversion. This provides some evidence to support the observed increase in polymerisation rate on addition of water being the result of greater partitioning of BzMA monomer within micelles.

Another consideration when adding water as a co-solvent is that some of the PDMA chains may become protonated. This is because the pH of DI water is ≈ 6, which is below the pKa of PDMA (≈ 7),49,50 thus would result in the stabiliser chains acquiring cationic charge. Previous work has shown that the block copolymer self-assembly during aqueous PISA syntheses is typically limited to ill-defined spherical micelles (or in some cases prevented completely) when polyelectrolytic stabilisers are utilised.43,51 In order to see if the PISA was affected by the addition of water multiple polymerisations were conducted, targeting different PBzMA DPs and using different solvent mixtures, Table 3.1 summarises the results of these polymerisations. The resultant morphologies were observed by TEM, see Figure 3.14, and plotted to give a phase diagram with the variables PBzMA DP and solvent composition (as opposed to solids content), see Figure 3.15.
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[bookmark: _Toc442712108]Figure 3.14. Representative TEM images for PDMA43-PBzMAx diblock copolymers synthesised via RAFT dispersion polymerisation in anhydrous ethanol or various ethanol/water mixtures at 70˚C, with AIBN as initiator (PDMA/AIBN molar ratio = 5). (a) PDMA43-PBzMA100 spheres synthesised in 80/20 ethanol/water, (b) PDMA43-PBzMA150 mixed spheres/worms synthesised in 90/10 ethanol/water, (c) PDMA43-PBzMA100 worms synthesised in ethanol, (d) PDMA43-PBzMA160 mixed worms/vesicles synthesised in 95/5 ethanol/water and (e) PDMA43-PBzMA300 vesicles synthesised in 90/10 ethanol/water. 












[bookmark: _Toc442712944]Table 3.1. 1H NMR BzMA monomer conversions, DLS intensity-average particle diameters, GPC molecular weights (Mn) and polydispersities (Mw/Mn) and TEM morphologies obtained for PDMA43-PBzMAx synthesised at 15 % w/w solids via RAFT dispersion polymerisation of BzMA in ethanol or various ethanol/water mixtures at 70˚C using AIBN initiator. [PDMA43]/[AIBN] molar ratio = 5.
	Solvent
	Target composition
	Conversion (%)
	DH, nm  (PD)
	Mn
	Mw/Mn
	Morphology

	EtOH
	D43-B70
	98
	46 (0.03)
	10200
	1.32
	spheres

	
	D43-B80
	97
	60.7 (0.17)
	11900
	1.28
	worms/spheres

	
	D43-B90
	97
	409 (0.50)
	11800
	1.34
	worms

	
	D43-B100
	97
	499 (0.23)
	14200
	1.25
	worms

	
	D43-B110
	98
	620 (0.55)
	15900
	1.30
	worms/jellyfish

	
	D43-B120
	98
	353 (0.35)
	16100
	1.26
	vesicles/worms

	
	D43-B150
	98
	289 (0.19)
	21300
	1.27
	vesicles

	
	D43-B200
	95
	334 (0.15)
	25600
	1.24
	vesicles

	 
	D43-B80
	98
	77.3 (0.08)
	12400
	1.31
	spheres

	 
	D43-B90
	98
	151 (0.04)
	13000
	1.29
	spheres

	 
	D43-B100
	99
	80.7 (0.05)
	13600
	1.32
	spheres/worms

	 
	D43-B110
	98
	131 (0.24)
	15100
	1.27
	worms/spheres

	95/5
	D43-B120
	97
	444 (0.50)
	18000
	1.21
	worms

	EtOH/H2O
	D43-B150
	99
	608 (0.67)
	19900
	1.20
	worms/vesicles

	 
	D43-B160
	99
	257 (0.28)
	20300
	1.20
	worms/vesicles

	 
	D43-B170
	97
	422 (0.50)
	31700
	1.28
	worms/vesicles

	 
	D43-B180
	99
	176 (0.08)
	32400
	1.24
	vesicles

	 
	D43-B200
	98
	197 (0.12)
	37600
	1.22
	vesicles

	 
	D43-B100
	99
	67.3 (0.30)
	13500
	1.23
	spheres

	 
	D43-B110
	100
	104 (0.20)
	13900
	1.26
	spheres/worms

	 
	D43-B120
	99
	603 (0.67)
	15800
	1.29
	worms

	 
	D43-B150
	99
	130 (0.20)
	19800
	1.22
	worms/spheres

	90/10
	D43-B160
	99
	138 (0.15)
	22100
	1.32
	mixed

	EtOH/H2O
	D43-B170
	99
	161 (0.14)
	23800
	1.32
	mixed

	 
	D43-B180
	99
	143 (0.09)
	21100
	1.25
	mixed

	 
	D43-B190
	98
	273 (0.60)
	30600
	1.30
	vesicles/worms

	 
	D43-B200
	99
	239 (0.32)
	20900
	1.34
	vesicles/worms

	 
	D43-B300
	99
	200 (0.12)
	48400
	1.37
	vesicles

	 
	D43-B90
	99
	29.4 (0.06)
	21400
	1.28
	spheres

	 
	D43-B100
	99
	32.3 (0.04)
	13500
	1.28
	spheres

	 
	D43-B110
	99
	34.7 (0.08)
	23300
	1.24
	spheres

	85/15
	D43-B120
	99
	38.2 (0.11)
	15000
	1.30
	spheres

	EtOH/H2O
	D43-B170
	100
	129 (0.50)
	20500
	1.27
	spheres

	 
	D43-B180
	99
	234 (0.52)
	21500
	1.27
	spheres/worms

	 
	D43-B190
	99
	191 (0.46)
	21800
	1.27
	spheres/worms

	 
	D43-B200
	99
	187 (0.38)
	26700
	1.24
	mixed

	 
	D43-B300
	98
	110 (0.09)
	38000
	1.21
	spheres/vesicles

	 
	D43-B100
	99
	38.5 (0.06)
	17200
	1.20
	spheres

	80/20
	D43-B150
	98
	51.2 (0.19)
	23500
	1.14
	spheres

	EtOH/H2O
	D43-B200
	99
	82.1 (0.19)
	31600
	1.15
	spheres

	 
	D43-B500
	96
	106 (0.06)
	45700
	1.13
	spheres
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[bookmark: _Toc442712109]Figure 3.15. Phase diagram showing the morphology obtained for PDMA43-PBzMAx diblock copolymers synthesised via RAFT dispersion polymerisation of BzMA at 70˚C in ethanol or various ethanol/water mixtures at 15 % w/w solids. Conditions: [PDMA43]/[AIBN] = 5.

The phase diagram in Figure 3.15 clearly demonstrates that the addition of water has a marked effect on the morphology obtained for a given diblock copolymer composition. As the water content of the continuous phase is increased, lower order morphologies become more common, with only spheres being observed at 20 % w/w water (up to a PBzMA DP of 500). The gradual change in copolymer morphology for the same diblock composition is illustrated in Figure 3.16. These four TEM images are for PDMA43-PBzMA120 diblock copolymer nanoparticles, with the difference in copolymer morphology being solely due to the varying water content of the polymerisation medium.
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[bookmark: _Toc442712110]Figure 3.16. TEM images of PDMA43-PBzMA120 nano objects prepared via RAFT dispersion polymerisation of BzMA at 15 % w/w in ethanol or ethanol/water at 70°C using AIBN initiator ([PDMA43]/[AIBN] = 5). The solvent composition is indicated in each case and the morphology varies from a mixed vesicle/worm phase to pure worms to mixed worms/spheres and finally pure spheres as the water content of the continuous phase is increased from 0 % to 15 % w/w.

In order to test the hypothesis of the morphology change being due to the build-up of cationic charge on the PDMA stabiliser on addition of water, reactions targeting various PBzMA DPs were conducted with 1M hydrochloric acid (HCl) used in place of water. Switching the co-solvent from water to acid will result in greater protonation of the PDMA residues, thus giving a cationic stabiliser. Figure 3.17 shows the TEM images for PBzMA polymerisations conducted at 15 % w/w solids, in 85/15 w/w ethanol/water or ethanol/HCl.
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[bookmark: _Toc442712111]Figure 3.17. TEM images obtained for PDMA43-PBzMAx diblock copolymer nanoparticles synthesised in either 90/10 ethanol/water (a, b and c) or 90/10 ethanol/hydrochloric acid (d, e and f) mixtures at 15 % w/w. (a) and (d) x = 100 produced spheres in both cases. (b) and (e) x = 150 a mixed phase of spheres and worms is obtained in ethanol/water whereas a pure sphere phase is obtained if the water is replaced with acid. (c) and (f) x = 300 produces vesicles in ethanol/water but again only spheres are observed when using acid.
Comparing the morphologies of PDMA43-PBzMAx synthesised in ethanol/water or ethanol/acid (see Figure 3.17) it can be seen that with acid present only spheres are obtained up to a DP of 300. However, when synthesised in ethanol/water PDMA43-PBzMA150 forms a mixed phase of spheres and worms (Figure 3.17b) and PDMA43-PBzMA300 forms vesicles (Figure 3.17c). 1H NMR indicated high conversion for each of these polymerisations, with ≥ 98 % BzMA conversion in each case. Furthermore, THF GPC analysis of diblock copolymers with the same target composition synthesised in ethanol/water or ethanol/acid gave similar Mn values indicating the chains are of similar compositions, see Table 3.2. 

[bookmark: _Toc442712945]Table 3.2. THF GPC molecular weights (Mn) and polydispersities (Mw/Mn) for PDMA43-PBzMAx diblock copolymers synthesised at 70˚C in either 9/1 ethanol/water or 9/1 ethanol/hydrochloric acid at 15 % w/w using AIBN initiator ([PDMA]/[AIBN] = 5).

	Solvent
	9/1 ethanol/water
	9/1 ethanol/hydrochloric acid

	Composition
	Mn
	Mw/Mn
	Mn
	Mw/Mn

	PDMA43-PBzMA100
	13500
	1.23
	14900
	1.32

	PDMA43-PBzMA150
	19800
	1.32
	21400
	1.22

	PDMA43-PBzMA300
	48400
	1.37
	46200
	1.31



These results suggest that the copolymer morphology may be limited to spheres in the presence of aqueous HCl, since the same composition gives higher order structures in the absence of acid. These observations support the hypothesis43,51 that cationic charge on the PDMA stabiliser chains leads to a significant reduction in the packing parameter, p, thus making spheres the preferred morphology.

In order to further test this hypothesis aqueous electrophoresis measurements were conducted in order to compare the zeta potentials of particles synthesised in ethanol/water and ethanol/hydrochloric acid. The sizes and zeta potentials for PDMA43-PBzMA100 particles synthesised in each of these solvents are summarised in Table 3.3. The particles synthesised in ethanol/water have a relatively low cationic surface charge, with a zeta potential value of 7.9 mV. The particles synthesised in the presence of acid have a much higher cationic charge, giving a zeta potential value 44.0 mV. These results provide further evidence to support the hypothesis of charge build up within the stabiliser layer being the cause of the observed difference in morphology when the solvent is changed.
[bookmark: _Toc442712946]Table 3.3. Hydrodynamic diameter, polydispersity and zeta potential values obtained for PDMA43-PBzMA100 diblock copolymer nanoparticles synthesised via RAFT dispersion polymerisation at 70˚C using AIBN initiator in either ethanol/water or ethanol/hydrochloric acid at 15 % w/w.

	Solvent
	Diameter (nm)
	PD
	Zeta potential (mV)

	9/1 ethanol/water
	28.1
	0.03
	+ 7.92

	9/1 ethanol/HCl
	24.2
	0.07
	+ 44.0



Higher PBzMA DPs were targeted, up to 2500, to investigate whether the addition of water as a co-solvent enabled the upper limit PBzMA DP to be increased. Using the PDMA43 macro-CTA for polymerisation in 80/20 ethanol/water phase separation occurred during the reaction when a DP ≥ 1200 was targeted. It is thought this may be due to the extreme asymmetry of the two blocks meaning the macro-CTA is no longer sufficient to stabilise the particles. As such, a PDMA74 macro-CTA was used instead. This macro-CTA was chain-extended targeting PBzMA DPs of up to 2500. Up to a target DP of 1500 > 95 % BzMA conversion was achieved. When a DP of 2500 was targeted monomer conversion was somewhat incomplete, 86 % after 24 h as judged by 1H NMR. However, this represents a marked improvement relative to that observed when the same syntheses were conducted in ethanol (45 % conversion for a target DP of 1000). TEM images were also obtained for the resulting diblock copolymer nanoparticles, see Figure 3.18. Up to a PBzMA DP of 1500 spherical nanoparticles were obtained, but at a DP of 2150 large polydisperse vesicles were obtained. This suggests that varying the solvent composition merely shifts the phase boundaries, as opposed to solely producing kinetically trapped spheres.
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[bookmark: _Toc442712112]Figure 3.18. TEM images showing the various copolymer morphologies obtained for PDMA74-PBzMAx diblock copolymer nanoparticles synthesised in 80/20  ethanol/water mixtures; spherical micelles for (a) PDMA74-PBzMA980 and (b) PDMA74-PBzMA1500 and vesicles for (c) PDMA74-PBzMA2150.

[bookmark: _Toc442713666]Conclusions
The rate of BzMA polymerisation had to be increased in order to overcome the problem of incomplete monomer conversion during the RAFT dispersion polymerisation of BzMA in ethanol when targeting PBzMA DPs > 700. This was achieved either by reducing the [PDMA]/[AIBN] molar ratio or by adding water as a co-solvent. Reducing the [PDMA]/[AIBN] molar ratio from 5 to 1 led to > 90 % monomer conversion being attained within 10 h, rather than ≈ 24 h. However, the polymerisation became somewhat less well controlled which resulted in higher polydispersities for the final diblock copolymer chains. In view of this loss of control, the preferred method for increasing the BzMA polymerisation rate is the addition of water as a co-solvent.

As previously reported for a similar formulation,36 the addition of water led to a significant increase in the polymerisation rate: monomer conversions reached 90 % in just 6 h in the presence of 20 % w/w water. This rate enhancement is attributed to stronger partitioning of the BzMA monomer, which is soluble in ethanol but insoluble in water. This means that, following the onset of micellisation, unreacted BzMA monomer preferentially enters the micelles, increasing the local monomer concentration and thus increasing the rate of BzMA polymerisation.

Changing the solvent composition also led to different morphologies being obtained for any given diblock copolymer composition. For example, PDMA43-PBzMA120 prepared in ethanol gave vesicles plus worms, pure worms or worms plus spheres in the presence of 5 or 10 % w/w water, and pure spheres when the water content was further increased to 20 % w/w. This difference in morphology was attributed to the PDMA stabiliser chains acquiring partial cationic charge, resulting in stronger inter-chain repulsion and more efficient inter-particle repulsion, thus preventing the sphere-sphere fusion events required for morphology evolution. Although charge build up could not be measured directly, this hypothesis was tested by replacing the added water with dilute aqueous hydrochloric acid. This led to the copolymer morphology being limited to spheres for all diblock compositions. This indicates that the PDMA charge density certainly influences the final copolymer morphology.

In summary, it is clear that reducing the [PDMA]/[AIBN] molar ratio increases the rate of BzMA polymerisation, but a significant benefit is only obtained at a molar ratio of unity. Under these conditions, reduced RAFT control is a problem which is expected to be exacerbated for longer PBzMA chains. Hence, the addition of water to the formulation is the preferred method for increasing the rate of BzMA polymerisation, particularly if the desired copolymer morphology is spheres.
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Biomineralisation is the naturally occurring process whereby living organisms build complex inorganic structures.1 Biomineralisation occurs in almost all organisms, including humans, with bones and teeth being examples of calcium biominerals in the human body. More than 60 different types of minerals are known to exist, possessing a remarkable range of compositions, morphologies, properties and functions.2 One of the most complex examples are the cell walls of diatoms, which consist of hydrated amorphous silica and exhibit ordered porosity from the nm to µm scale.3 The high level of control achieved in this biological phenomenon has led to much interest in trying to create similarly complex materials through synthetic methods. Many biomimetic synthesis attempts have focused on using silica as it is thermally stable, chemically inert, non-toxic and inexpensive.4 As such, hollow silica nanoparticles have many potential applications, such as controlled drug release,5 refractive index or colour modifiers,6 in lithium ion batteries7 and as nano-reactors.8

Various methods have been developed for the synthesis of hollow silica nanoparticles with many involving colloidal templating. Organic,9-13 inorganic14-18 or metal nanoparticles19-23 can all be used as templates. Coating can be achieved either by direct precipitation of a silica precursor onto colloidal particles,12,13,18,24 or exploitation of electrostatic interactions between smaller silica and larger template particles.25,26 Herein only the use of silica precursors for the coating of polymeric colloidal templates will be considered.

Sol-gel methods use alkoxide precursors to produce silica. The overall reaction is given in equation 4.1 (with R representing an alkyl group). Although this balanced equation shows two equivalents of water giving completely condensed silica, in reality this is unlikely to be the case. Usually a significant amount of SiOH and sometimes SiOR species remain at the end of the reaction.
	(4.1)
Initially, a colloidal solution (or sol) is formed, this is followed by the formation of an integrated network (or gel). Commonly used silica precursors include tetramethyl orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS). Such precursors form highly cross-linked silica through hydrolysis and polycondensation reactions. These reactions are either acid or base catalysed, with crossover occurring at pH 2 (the isoelectric point of silica in water27). See Figure 4.1 for the general mechanisms for each of these routes. Water and alcohol are common by-products of such condensation reactions.
[image: ]
[bookmark: _Toc442712113][bookmark: _Toc429232904]Figure 4.1. General mechanisms for (a) acid catalysed, and (b) base catalysed, hydrolysis and condensation reactions of alkoxysilane precursors to form silica.28

The rate of the hydrolysis reaction depends on the water content of the reaction solution, solution pH and the nature of the alkyl group. These parameters can be readily varied, making sol-gel methods fairly widely applicable. There are numerous literature examples of alkoxy precursors being used for silicification of polymer latexes. Several examples of particular relevance to the current work are discussed below in more detail.

Deng et al. reported the silicification of PS particles via a sol-gel process using TEOS as the soluble silica precursor.29 First, monodisperse PS particles of ≈ 260 nm diameter were synthesised by emulsifier-free aqueous emulsion polymerisation, using PNVP as a steric stabiliser and a cationic α,α′-azodiisobutyramidine dihydrochloride (AIBA) initiator. The mean diameter was determined by TEM studies, see Figure 4.2a. These PS particles were then transferred into ethanol via dialysis and TEOS and ammonia were added to the resulting particle dispersions (N.B. These authors refer to their PS particles in ethanol as an ‘emulsion’, but this is clearly an error in nomenclature). The sol-gel reaction was conducted at 50°C for 1.5 h. Remarkably, the PS templates dissolved in situ during this reaction, resulting in the formation of hollow silica spheres without any further processing step. The concentrations of TEOS and ammonia were systematically varied in turn to investigate the effect of these parameters on the silicification of the PS spheres, see Figures 4.2 and 4.3.
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[bookmark: _Toc429232905][bookmark: _Toc442712114]Figure 4.2. TEM images of (a) PS template particles and (b-f) PS template particles following reaction with TEOS and ammonia. In each case the reaction conditions were as follows: 5.0 g PS dispersion at 6.67 % w/w, 1.0 g TEOS at 50°C. The amount of ammonia was adjusted from (b) 0.5 mL, (c) 2.0 mL, (d) 3.0 mL, (e) 4.0 mL to (f) 5.0 mL.29

For example, the amount of ammonia added during the sol-gel process was varied between 0.5 and 5.0 mL using 5.0 g of PS particles. In each case TEM confirmed that silica was deposited onto the surface of the PS particles, see Figure 4.2b-f. At the lowest concentration of ammonia investigated the PS particles did not dissolve in situ; increasing this concentration led to partial dissolution, with full dissolution being achieved once 2.0 mL ammonia was used. This is confirmed on inspection of the corresponding TEM images, with much greater contrast between the core and shell being observed for greater amounts of added ammonia (Figure 4.2d-f compared to 4.2b and 4.2c) indicating that hollow silica spheres are obtained under these conditions.
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[bookmark: _Toc429232906][bookmark: _Toc442712115]Figure 4.3. TEM images of hollow silica spheres synthesised using 260 nm PS template particles (5.0 g of 6.67 % w/w dispersion), ammonia (2.0 mL) and various amounts of TEOS stirred at 50°C for 1.5 h. Amount of TEOS added = (a) 0.5 g, (b) 1.0 g and (c) 2.0 g.29

Varying the amount of added TEOS produced silica coatings of varying thickness, see Figure 4.3. Using 0.50 g TEOS led to a 20 nm shell, increasing this to 1.0 g produced a silica shell thickness of 30 nm. Addition of 2.0 g TEOS resulted in a thicker shell (45 nm), but also led to the formation of significant amounts of free silica particles via secondary nucleation, see Figure 4.3c.

Armes and co-workers previously reported the silicification of ≈ 35 nm diameter diblock copolymer micelles using TMOS as a silica precursor.30,31 Silicification of both cross-linked and non-cross-linked poly(2-(diisopropylamino)ethyl methacrylate)-b-poly(2-(dimethylamino)ethyl methacrylate) (PDPA-PDMA) micelles was examined, with the diblock copolymer precursors being synthesised by group transfer polymerisation. The PDMA block was then selectively quaternised using a stoichiometric amount of methyl iodide (MeI), since the sterically congested DPA residues are relatively unreactive.32 Micellisation was induced by a pH switch from pH 2.0 to pH 7.2, then TMOS was used to silicify the particles. In some cases, micelles were shell cross-linked using 1,2-bis-(2-iodoethoxy)ethane (BIEE) prior to silica deposition. See Figure 4.4 for a summary of the formation of copolymer-silica hybrid particles.
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[bookmark: _Toc429232907][bookmark: _Toc442712116]Figure 4.4. Synthesis of hybrid copolymer-silica particles via hydrolysis of tetramethyl orthosilicate (TMOS) using 35 nm diameter cationic PDPA-PDMA diblock copolymer micelles as templates. Either shell cross-linked or non-cross-linked PDPA-PDMA micelles result in well-defined silica coated nanoparticles.30

Both non-quaternised and partially quaternised PDPA23-PDMA68 micelles proved to be effective as templates for silica deposition. Control reactions using non-quaternised, 50 and 100 % quaternised PDMA homopolymer suggested that quaternised PDMA chains catalysed slower, and hence possibly more controlled, silica deposition. Figure 4.5 shows TEM images for the resulting hybrid particles following reaction with TMOS. In agreement with the homopolymer control experiments, there is more non-templated silica present in the background for Figure 4.5a (non-quaternised template) than for Figure 4.5b (50 % quaternised template). A TEM image recorded for the hybrid particles dispersed in an acidic solution (pH 2) is shown as an inset in Figure 4.5b. Clearly, the particles remain intact under these conditions, indicating that the silica deposition acts to cross-link the micelles; in contrast, non-cross-linked micelles simply give molecularly-dissolved copolymer chains at pH 2.
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[bookmark: _Toc429232908][bookmark: _Toc442712117]Figure 4.5. TEM images of silicified PDPA23-PDMA68. (a) Non-quaternised PDPA23-PDMA68 used as template, and (b) non-cross-linked, 50 % quaternised PDPA23-PDMA68, both scale bars are 100 nm. Inset (b) a high magnification image of the silicified particles following dispersion in acidic solution (pH 2).30
Thermogravimetric analysis (TGA) was used to analyse the silica mass loadings in each case. As expected, thinner shells were obtained when lower levels of TMOS were used. Aqueous electrophoresis and SAXS were also used to characterise these particles. Figure 4.6a shows the electrophoretic curves obtained for the template PDPA-PDMA particles, which exhibit positive zeta potentials over the entire pH range. In contrast, silicified particles have either neutral or slightly negative zeta potentials, with an isoelectric point at around pH 3.3. This behaviour is similar to the electrophoretic footprint for silica sols, and hence is consistent with the diblock copolymer micelles becoming coated with a layer of silica. Figure 4.6b shows SAXS data obtained for the 50 % quaternised cross-linked and non-cross-linked micelles following silicification. SAXS curves were well-fitted using a core-shell model, with calculated silica shell thicknesses being in good agreement with those estimated from TEM images. Furthermore, the polydispersity for the overall radius of each sample can be derived. For the non-cross-linked micelles this was found to be ≈ 15 %, and for the shell cross-linked micelles it was ≈ 20%. 
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[bookmark: _Toc429232909][bookmark: _Toc442712118]Figure 4.6. (a) Zeta potential vs pH curves obtained for 30 % shell cross-linked PDPA23-PDMA68 micelles (o), silicified micelles synthesised by mixing  2.0 mL 0.25 % w/w solution of SCL micelles with 2.0 mL TMOS for 40 minutes ( ). Also shown for comparison is the electrophoretic curve for a commercial 20 nm silica sol (Nyacol 2040) (). (b) The q dependence (where q is given by q = 4π sin θ/λ, θ is half of the scattering angle and λ is the X-ray radiation wavelength) of the scattered intensity obtained by SAXS from dilute aqueous dispersions of hybrid copolymer-silica particles.30

In follow-up work, similar cross-linked PDMA-PDPA diblock copolymer micelles were used as templates. In this case the focus was on control of the mean template particle diameter.31 The micelle diameter was systematically varied by using partially quaternised copolymer precursors; here the cationic charge causes greater inter-chain repulsion between the PDMA chains, leading to the formation of smaller micelles with lower aggregation numbers. Alternatively, the micelle diameter could be varied by adding various amounts of PDPA42 homopolymer to the PDMA-PDPA dispersions. These two methods enabled the mean diameter for PDMA135-PDPA66 micelles to be varied systematically between 27 and 155 nm. TEM images were recorded for each of these template particles following their reaction with TMOS, see Figure 4.7.
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[bookmark: _Toc429232910][bookmark: _Toc442712119]Figure 4.7. TEM images of silica-coated PDMA-PDPA micelles, for which the TMOS/PDMA-PDPA mass ratio was fixed at 2.0. (a) 5 % quaternised PDMA (d = 17 nm), (b) pure PDMA135-PDPA66 diblock copolymer micelles (d = 29 nm, wall thickness = 10 nm), (c) PDMA135-PDPA66 + 30 % PDPA42 (d = 46 nm, wall thickness = 12 nm), (d) PDMA135-PDPA66 + 50 % PDPA42 (d = 66 nm, wall thickness = 13 nm), (e) PDMA135-PDPA66 + 80 % PDPA42 (d = 85 nm, wall thickness = 14 nm) and (f) PDMA135-PDPA66 + 100 % PDPA42 (d = 88 nm, wall thickness = 14 nm).31

Figure 4.7 shows TEM images for silicified PDMA-PDPA particles ranging from 17-88 nm diameter, in each case there is clear evidence of a deposited silica shell. A fixed TMOS:PDMA-PDPA mass ratio of 2.0 was used in all silicification reactions. Thermogravimetric analysis (TGA) was used to assess the silica content of each of the silica-coated nanoparticles. It was found that the silica content varied from 6.4 to 27.5 %, with the highest silica content being observed for micelles prepared using non-quaternised diblock copolymer.
More recently, Nandiyanto et al. reported a method for coating cationic polystyrene particles with silica, using TEOS as a silica precursor and L-lysine as a catalyst. Importantly, this protocol produces mesopore-free silica shells, which in principle should give stronger hollow particles. Meso-structured silica particles were used as controls throughout this study. These reference materials were synthesised by adding CTAB to the silicification formulation. PS particles of 80-300 nm diameter were prepared as previously reported.33 Aqueous PS dispersions were heated to 60˚C for 30 min before addition of TEOS and L-lysine. The reaction mixture was stirred at 60˚C for 6 h before cooling to room temperature and purifying by precipitation. The TEOS/PS mass ratio was varied between 0.35 and 3.35 and the L-lysine concentration was varied between 0.70 and 2.10 g/L. The size and morphology of the coated particles were examined by SEM and TEM. Figure 4.8 shows some typical TEM images of the particles recorded before and after silicification and also the core-shell particles after calcination. FTIR spectroscopy was used to analyse the precursor particles, coated particles and calcined particles, see Figure 4.9. These vibrational spectra clearly show the appearance of the characteristic strong Si-O-Si stretch at 1000-1200 cm-1) for the core-shell particles. This spectral feature is stronger for the mesopore-free core-shell particles than for conventional mesoporous core-shell particles, relative to the absorption bands assigned to alkyl groups (at 500-1000, 1400-1700 and 2800-3200 cm-1). Furthermore, only silica bands were observed in FTIR spectra recorded following calcination, suggesting complete pyrolysis of the organic component.
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[bookmark: _Toc429232911][bookmark: _Toc442712120]Figure 4.8. TEM images of (a) precursor polystyrene particles, (b) core-shell polystyrene-silica particles, (c) calcined core-shell polystyrene-silica particles and (d) calcined core-shell particles containing mesopores. Inset in (a-d) are cartoon illustrations of the structures shown in the TEM images.34
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[bookmark: _Toc429232912][bookmark: _Toc442712121]Figure 4.9. FTIR spectra recorded for polystyrene template particles, silica-coated polystyrene particles (with or without mesopores) and calcined core-shell particles.34

The effect of varying the TEOS and L-lysine concentrations on shell thickness were investigated using 80 nm polystyrene particles as the template. Figure 4.10 shows TEM images obtained for silicified particles where the TEOS/PS mass ratio was varied from 0.325 to 3.35. The sample prepared using the lowest amount of TEOS formed aggregated particles (Figure 4.10a). Increasing the TEOS/PS mass ratio to 1.00 (or 1.68) produced well-defined silica-coated polystyrene core-shell particles (Figure 4.10b/c), with a considerably thicker shell being produced for the higher TEOS concentration. Further increasing the amount of TEOS produced thicker shells but also led to the production of free silica (Figure 4.10d/e). Smooth mesopore-free shells were observed for all L-lysine concentrations investigated: increasing [L-lysine] from 0.70 g/L to 2.10 g/L led to a slight reduction in shell thickness from 7.03 nm to 6.13 nm, see Figure 4.11. This does not appear to be consistent with the authors’ description of L-lysine as a catalyst. However, this observation could perhaps be explained by there being some degree of porosity in the shells obtained when lower [L-lysine] are used. The effect of reaction time was investigated using a TEOS/PS mass ratio of 1.80 to coat 150 nm PS spheres. Figure 4.12 shows TEM images recorded for samples extracted after 1 h, 2 h and 4 h. A thin shell was formed after 1 h, with a thicker shell being obtained after 2 h. After 4 h, the shell thickness increased further but there was also a significant amount of free silica visible in the background, suggesting that some degree of secondary nucleation occurred under these conditions.

[image: http://www.sciencedirect.com/cache/MiamiImageURL/1-s2.0-S002197971200985X-gr6_lrg.jpg/0?wchp=dGLzVlS-zSkzS&pii=S002197971200985X]
[bookmark: _Toc429232913][bookmark: _Toc442712122]Figure 4.10. TEM images of 80 nm polystyrene particles reacted with different amounts of TEOS and a fixed L-lysine concentration of 1.40 mg/mL, reaction solutions were heated to 60°C for 6 h. The TEOS/PS mass ratios used in images (a-e) were 0.325, 1.00, 1.68, 2.00 and 3.35 respectively.34



[image: http://www.sciencedirect.com/cache/MiamiImageURL/1-s2.0-S002197971200985X-gr7_lrg.jpg/0?wchp=dGLbVBA-zSkWl&pii=S002197971200985X]
[bookmark: _Toc429232914][bookmark: _Toc442712123]Figure 4.11. TEM images obtained for 80 nm polystyrene particles reacted with TEOS at 60°C for 6 h, using a L-lysine concentration of (a) 0.70 and (b) 2.10 g/L.34

[image: http://www.sciencedirect.com/cache/MiamiImageURL/1-s2.0-S002197971200985X-gr8_lrg.jpg/0?wchp=dGLzVlS-zSkzS&pii=S002197971200985X]
[bookmark: _Toc429232915][bookmark: _Toc442712124]Figure 4.12. TEM images of silica-coated polystyrene particles recorded after various reaction times using TEOS and L-lysine. (a and b) show the coating produced after 1 h, (c and d) after 2 h and (e and f) after 4 h. The mean diameter of the polystyrene latex template was 150 nm, the TEOS/PS mass ratio was 1.80 and the L-lysine concentration was 1.40 g/L.34
	
Based on their experimental observations, Nandiyanto et al. proposed a mechanism for the silicification, see Figure 4.13. Successful silicification was considered to be the result of electrostatic attraction between the cationic PS and anionic silica nuclei. Initially, the water-immiscible TEOS exists in the form of large droplets, which are then broken into smaller droplets by agitation (stirring). Once (partially) hydrolysed in the aqueous medium, the TEOS dissolves to form silicic acid (Si(OH)4, or ‘monomeric’ silica). These Si(OH)4 groups then begin to polymerise, forming silica nuclei. Once these nuclei reach a certain size, they possess sufficient anionic charge to be attracted to the cationic PS particles. This results in the nuclei adsorbing onto the PS particles and continuing to polymerise on the surface, leading to the formation of a contiguous overlayer (or silica shell).
Small droplet

[bookmark: _Toc429232916][bookmark: _Toc442712125]Figure 4.13. Proposed mechanism for silica deposition in the formation of mesopore-free silica shells on cationic polystyrene particles in aqueous solution, using TEOS as a silica precursor and L-lysine as a catalyst.34

[bookmark: _Toc427931732][bookmark: _Toc442713671]Anti-Reflective Coatings (ARCs) 
Although many potential applications have been suggested for hollow silica nanospheres, the motivation in this work is their use in anti-reflective coatings (ARCs). Optical reflection is a fundamental phenomenon which occurs when light passes from one medium to another medium with a different refractive index (n).35 At the interface, a certain fraction of light is reflected, while the rest is refracted. Fresnel’s equations define the amount of reflected and transmitted light for the P- and S-polarised wave, as given by equations 4.2-4.5.36 
			(4.2)
			(4.3)

			(4.4)
			(4.5)
Here n1 and n2 are the refractive indices of the two media, µ1 and µ2 are the magnetic permeabilities, and θi and θt are the angles of the incident and transmitted waves, respectively. These equations, which were first derived by Fresnel in 1823, relate the amplitudes, phases and polarisations of transmitted and reflected light waves resulting from light reaching an interface between two transparent media with different refractive indices. They are widely considered to be fundamental to classical optics, as they are relevant to almost all fields of optical design.36

One common example of light reflection is at an air-glass interface. When light hits such a surface with θi = 0˚ the reflectance, r, and transmittance, t, can be calculated using equations 4.6 and 4.7.
		(4.6)				(4.7)
For conventional glass, the amount of light reflected at the glass-air interface is ≈ 4% (when θi = 0). This is because air has a RI of approximately unity, whereas glass has a higher RI of around 1.50. Interfacial reflectance is higher for other incident angles – so at least 4% of incident light will be reflected at a single glass-air interface. In many applications, including camera/microscope lenses, eye glasses, solar panel and display units, light reflection can be problematic.35 In these instances ARCs are often applied to the surface of the glass substrate in order to minimise the problem.

There are two ways in which ARCs can achieve their purpose: firstly by maximising transmission and secondly by minimising reflection. At first sight, there may appear to be no obvious difference here. However, the first principle is concerned with minimising reflectance, whereas the second concept relates to how reflected light from different surfaces interacts. Depending on the specific application, one of these approaches may be more useful than the other. In the case of ARCs for solar panel covers, it is clear that increasing transmission is preferred, since any light reflected from the outer layers of the solar module cannot be converted into electrical energy, thus reducing the overall potential output of the cell.

Since r is dependent on the difference in refractive index (Δn) between the media through which it is travelling, it follows that a coating with an intermediate RI will reduce r, or maximise t. This is illustrated in Figure 4.14, using the example of light travelling from air to glass. 
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[bookmark: _Toc429232917][bookmark: _Toc442712126]Figure 4.14. Schematic representation of the increase in transmission/reduction of reflection when light reaches an air-glass interface with an ARC applied compared to a bare glass surface.37 When light hits bare glass perpendicularly, t ≈ 96% and r ≈ 4%, but using an ARC with n ≈ 1.3 gives t ≈ 99% and r ≈ 1%. 

The theoretical optimum refractive index for the ARC can be calculated using equation 4.8. For glass-air interfaces, this parameter is 1.23.
				(4.8)
Consider the second method of achieving ARC function, i.e. minimising reflection. The normal way that this is achieved is by tuning the ARC layer thickness to be approximately one quarter of the incident wavelength. Thus, light reflected from the first and second RI transitions will be precisely out of phase, leading to destructive interference. Since the incident wavelength of light, λ0, and coating RI, n3, are known, then the optimal thickness, to, can be calculated using equation 4.9.
		 			(4.9)
Combining these two approaches, i.e. using a quarter-wavelength coating thickness of a coating material with an intermediate RI, further improves the performance of ARC coatings. One type of ARC where this is possible is the so-called porous ARC. ARCs of this type have a ‘sponge-like’ structure consisting of a solid material with a relatively high refractive index filled with air pores (low refractive index). Overall, this porous material has an intermediate refractive index that can be tuned between that of the solid material and air simply by varying the pore density. Silica is often used as the solid material in this type of ARC due to its relatively low RI (≈ 1.45), excellent physical/mechanical properties, chemical inertness, solvent resistance and low cost.38-44 Moulton and co-workers patented such coatings in 1952,45 see Figure 4.15 for their original description of the coating layer. 
[image: https://patentimages.storage.googleapis.com/pages/US2601123-0.png]
[bookmark: _Toc429232918][bookmark: _Toc442712127]Figure 4.15. Moulton and co-workers depiction of their patented porous silica anti-reflective coating, consisting of solid silica particles deposited on the substrate.45

However, such porous silica coatings often have poor mechanical properties. This is because higher porosity leads to significant surface roughness, causing poor abrasion resistance. As high porosity is required for minimal reflection, there is a trade-off between mechanical and optical properties. The industrial sponsor of this PhD project, DSM, recently commercialised a new approach for single-layer silica-based ARCs using core-shell particles to turn the structure of conventional porous silica coatings ‘inside out’, see Figure 4.16. 
[image: ]
[bookmark: _Toc429232919][bookmark: _Toc442712128]Figure 4.16. Comparison of traditional single layer porous silica ARC and a single layer of DSM Khepricoat ARC.
DSM developed two commercial ARC products. Claryl was introduced in 2007 and used for picture glass applications, whereas KhepriCoat was developed in 2009 for coating solar modules. The KhepriCoat formulation uses polymeric cationic template particles to deposit silica, which is produced in situ from the precursor TEOS. Coated particles are then combined with a silica-based binder (see experimental section for details) before applying as a thin film to glass, as in the KhepriCoat formulation.46 Finally, the organic template is removed by pyrolysis. Figure 4.17 shows how both the pore structure and surface roughness of a KhepriCoat ARC are very different to those of traditional porous silica coatings.
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[bookmark: _Toc442712129][bookmark: _Toc429232921]Figure 4.17. SEM images showing the pore structure of (a) a conventional solid silica ARC and (b) DSM’s KhepriCoat ARC and the surface roughness of each of these coatings (c) and (d) respectively.

Several research groups have published work on the use of hollow silica spheres in ARCs. For example, Du et al. reported the synthesis of hollow silica nanoparticles and their application as ARCs on either glass or PMMA.47 These workers used a method previously reported by Wan and Yu to produce hollow silica nanoparticles.48 This involves the addition of a poor solvent (ethanol) to a solution of PAA in ammonia hydroxide to induce aggregation, followed by the addition of TEOS. The resulting hollow silica nanoparticles prepared using various PAA/TEOS mass ratios are shown in Figure 4.18.
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[bookmark: _Toc442712130][bookmark: _Toc429232922]Figure 4.18. TEM images of the hollow silica nanospheres obtained through the reaction of PAA dissolved in 4.5 mL ammonium hydroxide and 90 mL ethanol with TEOS after stirring at room temperature for 10 h. The amounts of PAA and TEOS used in each case were as follows: (a) 0.27 g PAA and 2.25 mL TEOS, (b) 0.36 g PAA and 1.50 mL TEOS, and (c) 0.60 g PAA and 1.50 mL TEOS.47

These anionic particles were then deposited on either glass or PMMA substrates using a layer-by-layer assembly technique, with alternate layers comprising cationic poly(allylamine hydrochloride) (PAH). Figure 4.19a shows an AFM image of the PMMA substrate following surface deposition of the hollow silica nanospheres and PAH. Figure 4.19b shows the UV-visible spectra recorded for such ARCs using various amounts of hollow silica nanoparticles. In each case there is a reduction in reflectance (with the minimum reflectance appearing at a different wavelength in each case – probably due to differences in coating thickness) and an increase in transmission (Figure 4.19c) compared to the bare PMMA substrate. 
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[bookmark: _Toc442712131][bookmark: _Toc429232923]Figure 4.19. (a) AFM image obtained for a [PAH3.0/H803.0]1 coating on a PMMA substrate. (b) Reflectance spectra for ARCs prepared using different mass ratios of hollow silica particles and PAH. (c) Transmission spectra obtained for the same samples. Note: the colour coding shown in (c) also applies to (b).47

There are a number of possible methods for the deposition of sol-gel films, with slot die-, spray- and roll-coating all resulting in single-sided coatings. DSM developed a slot-die coating line that can achieve coating speeds of up to 20 m min-1, see Figure 4.20a. If a double-sided coating is required, the most common method is dip-coating. DSM’s dip-coat unit is shown in Figure 4.20b.
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[bookmark: _Toc442712132][bookmark: _Toc429232920]Figure 4.20. (a) For single-sided coating applications, this slot-die pilot unit at DSM can achieve a maximum coating speed of 20 m min-1. (b) Dip-coating unit at DSM that can hold four glass plates at one time with controlled withdrawal rates; this is used for applying double-sided coatings.

In this Chapter we discuss the use of spherical PDMA-PBzMA diblock copolymer nanoparticles as templates for silicification and their use in the construction of ARCs. Initially, a method similar to that used by DSM for their commercial Khepricoat formulation is used to examine the effect of varying template particle diameter and silica shell thickness on the ARC properties. An alternative protocol for particle silicification is also briefly investigated. Following silicification, these particles were also evaluated for ARC production.


[bookmark: _Toc442713672]Experimental
Materials. All reagents were purchased from Sigma-Aldrich (UK) and were used as received, unless otherwise noted. Either ACVA or AIBN was used as an initiator. Benzyl methacrylate (96%) was passed through an inhibitor removal column (also purchased from Sigma) prior to use. TMOS was purchased from Fluka (purum ≥ 98 %). CDCl3 and CD2Cl2 were purchased from Goss Scientific (Nantwich, UK).

Synthesis of 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC)
The synthesis of this RAFT agent was described in Chapter 2.

Synthesis of poly(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-CTA
A round-bottomed flask was charged with 2-(dimethylamino)ethyl methacrylate (DMA; 75.0 g, 477 mmol), PETTC (147 mg, 0.43 mmol), ACVA (12.2 mg, 0.04 mmol) and THF (75.0 g) (target DP = 110). The sealed reaction vessel was purged with nitrogen and placed in a pre-heated oil bath at 70˚C for 8 h. The resulting polymer (81 % conversion; Mn = 11,300 g mol-1, Mw/Mn = 1.20) was purified by precipitation into excess petroleum ether. The mean degree of polymerisation (DP) of this PDMA macro-CTA was calculated to be 99 using 1H NMR spectroscopy by comparing the integrated signals corresponding to the aromatic protons at 7.2 - 7.4 ppm with those assigned to the methacrylic polymer backbone at 0.4 - 2.5 ppm.

Synthesis of poly(2-(dimethylamino)ethyl methacrylate)-poly(benzyl methacrylate) (PDMA-PBzMA) diblock copolymer particles via dispersion polymerisation in ethanol
For a typical RAFT dispersion polymerisation synthesis conducted at 25 % w/w solids, BzMA (2.00 g, 11.4 mmol), AIBN (3.73 mg, 0.02 mmol), PDMA94 macro-CTA (1.80 g, 0.11 mmol) was dissolved in ethanol (34.3 g). The reaction mixture was sealed in a round-bottomed flask, purged with nitrogen gas for 20 min and then placed in a pre-heated oil bath at 70˚C for 24 h. The final BzMA conversion was determined by 1H NMR analysis in CDCl3 by integrating the benzylic proton signal at 4.9 ppm to that of the vinyl (CH2) signals of BzMA monomer at 5.2 and 5.4 ppm. In further PDMA-PBzMA diblock copolymer syntheses, the mean DP of the PBzMA block was systematically varied by adjusting the BzMA/PDMA macro-CTA molar ratio.

Silicification of PDMA-PBzMA diblock copolymer nanoparticles
In a typical silicification reaction, 15.0 g of a 25 % w/w dispersion of PDMA-PBzMA diblock copolymer nanoparticles in ethanol was diluted with ethanol (1.875 g) and water (16.875 g). The pH of the resulting 10% w/w dispersion was adjusted to pH 4 using 50 % acetic acid. TMOS was then added [organic:silica mass ratio = 1:1.1] and the reaction solution was stirred at 20˚C for 22 h. This dispersion was then diluted with ethanol (345 g) to 3 % w/w total solids (assuming that all of the TMOS is converted into silica) and adjusted to pH 2 by addition of concentrated HNO3. The amount of added TMOS was systematically varied from 4.90 to 20.0 g in order to target various silica shell thicknesses of 2.5 to 8.3 nm.

Silicification of PDMA-PBzMA diblock copolymer nanoparticles using L-lysine
In a typical silicification reaction, 15.0 g of a 25 % w/w dispersion of PDMA-PBzMA diblock copolymer nanoparticles in ethanol were diluted with further ethanol (35 g) and water (25 g) to 5 % w/w solids. L-lysine (0.15 g) was added and stirred at 20˚C for 15 min. The pH was then adjusted to 3 using 1 M HNO3 and stirred for 5 min. TEOS was then added and the reaction solution placed in a pre-heated oil bath and stirred at 60˚C for 5 h. A shell thickness of 3 nm was targeted in each case.

Binder synthesis
The binder used in ARC formulations consists of pre-oligomerised TEOS, which was synthesised as follows. A solution of ethanol (282 g), water (87.3 g) and TEOS (107.8 g) was adjusted to pH 4 using acetic acid (11.0 g). This reaction mixture was stirred at 20oC for 24 h, followed by dilution to 2.0 w/w % with ethanol (1051 g).

Particle deposition
Planar glass substrates were coated with nanoparticles using a Cookson Electronics Equipment PL5204 dip-coater at DSM Advanced Surfaces (Geleen, NL). Silicified diblock copolymer nanoparticles were diluted in ethanol to 2.0 % w/w solids and mixed with various amounts of a pre-oligomerised TEOS binder (also diluted with ethanol to 2.0 % w/w solids). Withdrawal rates were varied between 6.0 and 10.5 mm s-1 in order to obtain coatings of thicknesses giving λmin within the visible range.

Characterisation of copolymer nanoparticles and silica-coated copolymer nanoparticles 
Gel permeation chromatography (GPC) was used to assess the diblock copolymer molecular weight distributions. The GPC set-up comprised two 5 m (30 cm) ‘Mixed C’ columns and a WellChrom K-2301 refractive index detector operating at 950  30 nm. THF eluent containing 2.0 % v/v triethylamine and 0.05 % w/v butylhydroxytoluene (BHT) was used at a flow rate of 1.0 mL min-1. A series of ten near-monodisperse linear poly(methyl methacrylate) standards (Mp ranging from 1,280 to 330,000 g mol-1) were purchased from Polymer Laboratories (Church Stretton, UK) and were employed for calibration using the above refractive index detector.

1H NMR spectra were acquired on a Bruker 400 MHz spectrometer in either CDCl3 or CD2Cl2; all chemical shifts are reported in ppm (δ).

Dynamic light scattering (DLS) measurements were conducted using a Malvern Instruments Zetasizer Nano series instrument equipped with a 4 mW He-Ne laser operating at 633 nm, an avalanche photodiode detector with high quantum efficiency, and an ALV/LSE-5003 multiple tau digital correlator electronics system.

Transmission electron microscopy (TEM) imaging was performed at 100 kV on a Phillips CM100 instrument equipped with a Gatan 1 k CCD camera. Nanoparticle dispersions were diluted with ethanol at 20°C to generate 0.20 % w/w dispersions.  Copper/palladium TEM grids (Agar Scientific, UK) were surface-coated in-house to yield a thin film of amorphous carbon.  The grids were then plasma glow-discharged for 30 seconds to create a hydrophilic surface.  Ethanolic dispersions of each sample (0.20 % w/w, 10 µL) were placed onto freshly glow-discharged grids for 60 seconds and then blotted with filter paper to remove excess solution.  For the precursor (uncoated) diblock copolymer nanoparticles, a 0.75 % w/w aqueous solution of uranyl formate (10 µL) was placed via micropipette on the sample-loaded grid for 20 seconds and then carefully blotted to remove excess stain.  Each grid was then carefully dried using a vacuum hose. If nanoparticles were coated with silica, then no heavy metal stain was required since the inorganic shell provided sufficient electron contrast.

Thermogravimetric analysis (TGA) was conducted on vacuum-dried samples using a TA Instruments Q500 thermogravimetric analyser. Samples were heated from 20°C to 800 °C in air at a heating rate of 20°C min-1. This protocol ensured complete pyrolysis of the organic component.

Reflectance spectroscopy. Measurements were conducted using a Shimadzu UV-2450 instrument fitted with a 5° fixed angle specular reflectance accessory operating between 400 and 800 nm at a scan rate of 900 nm min-1.
[bookmark: _Toc442713673]Results and Discussion
A PDMA macro-CTA was synthesised by the method reported previously,49 as discussed in detail in Chapter 2. As spherical nanoparticles were required, a relatively high DP was targeted by using a [DMA]/[CTA] molar ratio of 110. Following purification, the actual DP of this PDMA macro-CTA was determined to be 99 by 1H NMR. This PDMA99 macro-CTA was then chain-extended via RAFT dispersion polymerisation of BzMA in ethanol at 70˚C to produce PDMA99-PBzMAx diblock copolymer nanoparticles. Polymerisations were conducted at 25 % w/w solids with the target DP, x, for the core-forming PBzMA block varied between 200 and 800. Each polymerisation was left for 24 h, then analysed by 1H NMR, THF GPC, DLS and TEM; the results are summarised in Table 4.1.

[bookmark: _Toc442712947]Table 4.1. Summary of PDMA99-PBzMAx diblock copolymer nanoparticles synthesised by alcoholic dispersion polymerisation of BzMA in ethanol at 70°C using AIBN initiator. [PDMA]/[AIBN] molar ratio = 5.0.

	Target Copolymer Composition
	BzMA conversion %
	PBzMA DP
	Mn
	Mw/ Mn
	DLS diameter (nm)
	TEM diameter (nm)

	PDMA99-PBzMA200
	98
	196
	32000
	1.22
	43 (0.03)
	30

	PDMA99-PBzMA500
	99
	495
	60000
	1.23
	65 (0.02)
	50

	PDMA99-PBzMA800
	99
	792
	99400
	1.24
	87 (0.03)
	67



As discussed in Chapter 2, the mean nanoparticle diameter increases as higher DPs are targeted for the core-forming BzMA block. Figure 4.21 shows representative TEM images obtained for each of the diblock copolymer nanoparticle dispersions.
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[bookmark: _Toc442712133]Figure 4.21. TEM images of PDMA99-PBzMAx diblock copolymer nanoparticles prepared by RAFT dispersion polymerisation of BzMA in ethanol at 70˚C, using AIBN initiator at a total solids content of 25 % w/w (in all cases [PDMA]/[AIBN] molar ratio = 5.0). (a) x = 200, (b) x = 500 and (c) x = 800 (grids were stained with uranyl formate – see experimental section for details).
These PDMA-PBzMA nanoparticles were then silicified following a similar protocol to that used by DSM for their commercial Khepricoat product. Particles were diluted in a 2:1 ethanol/water mixture to 10 % w/w solids. The solution pH was adjusted to 4 using 50 % acetic acid, then TMOS was added and the reaction mixture was stirred at 20˚C for 22 h. TEM studies confirmed that this silica deposition protocol was successful, see Figure 4.22a-c. It is particularly noteworthy that no heavy metal stain was required for the silicified particles: the high electron contrast conferred by the silica is sufficient to visualise these nanoparticles. An unstained image of the PDMA99-PBzMA500 precursor nanoparticles is also shown as a reference in Figure 4.22d. In this case, the electron contrast is clearly very poor.
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[bookmark: _Toc442712134]Figure 4.22. (a)-(c) TEM images obtained for PDMA99-PBzMAx diblock copolymer nanoparticles following their silicification with TMOS at 20°C for 22 h. (a) x = 200 (b) x = 500 and (c) x = 800. (d) TEM image obtained for unstained PDMA99-PBzMA500 diblock copolymer particles. This control confirms that the silica shell is essential to provide sufficient electron contrast to image these particles.

Aqueous electrophoresis studies were conducted to examine whether the particle surface charge (zeta potential) provided any evidence for silicification. More specifically, pH sweeps were conducted for both uncoated precursor particles and silicified particles, see Figure 4.23. The former exhibited positive zeta potentials (around +35 mV) up to pH 7, followed by a monotonic reduction to ~ 0 mV at pH 9. This behaviour was expected, because PDMA has a pKa of 7.5.50,51 The silicified particles were also cationic from pH 3 to pH 5, but in this case negative zeta potentials were observed at higher pH. The largest (67 nm) nanoparticles exhibited anionic character from around pH 5, with -30 mV being observed at around pH 8. In contrast, the 30 nm and 50 nm templates only acquired anionic charge at around pH 8. This difference can be explained by considering the mean silica layer thickness. 
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[bookmark: _Toc442712135]Figure 4.23. Aqueous electrophoresis curves obtained for uncoated and silicified PDMA99-PBzMAx nanoparticles. Note that the former series remain cationic across the entire pH range, whereas the latter series become anionic at higher pH.

Lascelles and Armes previously reported that equation 4.10 is valid for coating near-monodisperse poly(N-vinylpyrrolidone)-stabilised polystyrene latexes with an overlayer (or shell) of polypyrrole.52
				(4.10)
Here x is the coating thickness, R is the radius of the template particles, M1 and M2 are the mass fractions of the core (polymer) and shell (silica) respectively and ρ1 and ρ2 are the densities of the core and shell components. This equation is simply based on geometric considerations – it assumes a well-defined core-shell spherical particle morphology and therefore should also be valid for the deposition of silica on PDMA99-PBzMAx nanoparticles. Accordingly, the density of the diblock copolymer nanoparticles was taken to be 1.16 g cm-3 (as determined by helium pycnometry for PBzMA homopolymer) and the density of silica was assumed to be 1.60 g cm-3. The mean nanoparticle radius was estimated from TEM images of each of the precursor particles. It was also assumed that all of the TMOS was converted into silica and that there was no secondary nucleation.

As the copolymer/silica mass ratio was kept constant, the estimated silica thickness varied as the three diblock copolymer template particles have differing specific surface areas. Using equation 4.10 the estimated silica layer thicknesses were 3.3 nm for the 30 nm particles, 5.5 nm for the 50 nm particles and 7.3 nm for the 67 nm particles. The observed trends in surface charge (zeta potential) can be rationalised as follows; the 3.3 and 5.5 nm silica layers are within the stabiliser layer thickness, resulting in cationic surface charge being observed up to the pKa of PDMA. Conversely, the 7.3 nm silica layer is sufficiently thick to mask most of the cationic character due to the PDMA stabiliser chains.

TGA was also used to assess the silica content of the nanoparticles. Each of the three examples of uncoated PDMA99-PBzMAx diblock copolymer nanoparticles were heated up to 800°C in air as a control. In this case, complete mass loss occurred between 300 and 450°C, indicating that the copolymer was completely pyrolysed (see Figure 4.24). In contrast, heating the silicified particles to 800°C produced substantial residues corresponding to the incombustible silica component, see Figure 4.25. The residual mass remaining at 800°C varied from 45.0 % for PDMA99-PBzMA200, to 46.4 % for PDMA99-PBzMA500 to 39.0 % for PDMA99-PBzMA800. A copolymer/silica mass ratio of 1:1.1 was targeted in each case, so if all the TMOS was converted into silica (SiO2), and all of the silica was deposited onto the copolymer nanoparticles (i.e. no secondary nucleation occurred), then the theoretical residual mass should be 48%. Thus the TGA data suggest that silicification of nanoparticles prepared with PBzMA DPs of 200 or 500 is relatively efficient. However, the remaining mass is only 39% for a PBzMA DP of 800, which is significantly lower than predicted. However, for these calculated silica contents it is assumed that 100% of the TMOS reacts to form silica and that all of the silica is deposited onto the particles. As a result of these assumptions, the calculated theoretical residual masses must be regarded as an upper limit estimate.
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[bookmark: _Toc442712136]Figure 4.24. TGA curves obtained for PDMA99-PBzMAx diblock copolymer nanoparticles heated in air up to 800˚C at 20˚C min-1.
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[bookmark: _Toc442712137]Figure 4.25. TGA curves obtained for silicified PDMA99-PBzMAx diblock copolymer nanoparticles heated in air up to 800˚C at 20˚C min-1.

Initially, glass plates were coated with the uncoated PDMA99-PBzMA500 diblock copolymer nanoparticles dispersed in ethanol at 2.0 % w/w to examine whether any ARC performance would be obtained. Plates were dip-coated with a withdrawal rate of 9.0 mm s-1 to produce double-sided coatings. The reflectance of these glass plates was somewhat reduced simply because the diblock copolymer nanoparticles possess an RI that is intermediate between that of glass and air. Various amounts of binder were then added to the ARC formulation in order to allow pyrolysis of the nanoparticles and hence produce an ARC containing air voids. Figure 4.26 shows the reflectance data obtained for such second-generation coatings obtained using PDMA99-PBzMA500 formulations containing differing amounts of binder.
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[bookmark: _Toc442712138]Figure 4.26. Reflectance data obtained for glass plates coated with ethanolic dispersions of PDMA99-PBzMA500 diblock copolymer nanoparticles mixed with varying amounts of binder. Glass plates were dip-coated at 9.0 mm s-1 in order to obtain an anti-reflective coating. 

Although relatively good-quality ARCs are obtained using the uncoated diblock copolymer nanoparticles (minimum reflection = 0.64 %), it is preferable to coat such nanoparticles with silica prior to application as this greatly enhances the mechanical properties of the coating. Following pyrolysis to remove the organic nanoparticle template, purely organic coatings typically have rough, open upper surfaces that are prone to fogging and readily accumulate dirt. In contrast, using silica-coated nanoparticles results in a far smoother, closed top surface, since the silica is not removed during pyrolysis. As such, silicification of the PDMA99-PBzMAx nanoparticles prior to their use in coatings is considered highly advantageous.

Each of the three examples of silicified nanoparticles were dip-coated to examine whether ARC coatings could be obtained, with a total solids content of 2.0 % w/w being utilised in all experiments. Figure 4.27 shows the reflectance curve recorded for each particle size along with uncoated glass and the silica binder (although this is not added to the formulations in this case). Clearly, these coatings exhibit ARC properties, with the % reflectance dropping significantly compared to that of uncoated glass across the entire wavelength range. Figure 4.28 shows digital images obtained for glass plates dip-coated with formulations containing the silicified nanoparticles at 2.0 % w/w solids.
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[bookmark: _Toc442712139]Figure 4.27. Reflectance data obtained for silica coated PDMA99-PBzMAx nanoparticles used to produce anti-reflective coatings. Formulations were deposited onto glass plates via dip-coating using a withdrawal rate of 7.2 mm s-1, followed by heating up to 650˚C for 150 seconds. Reflectance data obtained for both uncoated glass and glass coated with binder are also shown as reference materials.
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[bookmark: _Toc442712140]Figure 4.28 Digital images illustrating the three haze-free ARCs on glass produced using PDMA99-PBzMAx nanoparticles. (a) 30 nm template particle diameter, (b) 50 nm template particle diameter and (c) 67 nm template particle diameter.

Having established a reliable protocol for producing good-quality ARCs using these new cationic organic nanoparticle templates, the effect of particle size was examined by looking at the minimum reflection achieved in each case. Coating formulations were prepared by combining ethanolic dispersions of silicified particles with increasing amounts of binder. Figure 4.29 depicts the results obtained by gradually increasing the amount of binder present in the formulation.
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[bookmark: _Toc442712141]Figure 4.29. Reflectance data obtained for silicified PDMA99-PBzMAx nanoparticles used to produce anti-reflective coatings on glass. The amount of silica containing binder added was systematically varied to identify the minimum reflection in each case.

The minimum reflection was achieved with differing amounts of binder for the three nanoparticle templates. More specifically, additional binder was required to achieve the minimum in the case of the largest nanoparticles. There seems to be a modest benefit in using smaller nanoparticles: a minimum reflection of 0.68 % was achieved for the 30 and 50 nm templates, compared to 0.99 % for the 67 nm template.

ARC performance can also be compared by matching the wavelength of the minimum reflection in order to compare the width of the minima. Figure 4.30 shows the reflectance data obtained using various amounts of added binder for minima at comparable wavelengths (within 5 nm). The largest template particles generally produced slightly broader minima; this effect is most obvious at 26 and 36 % binder (see Figure 4.30). A broader minimum is considered advantageous for ARCs; there is less reflectance over a greater range of wavelengths, hence the overall reflection is reduced.
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[bookmark: _Toc442712142]Figure 4.30. Reflectance curves obtained for the three types of PDMA99-PBzMAx nanoparticles combined with a silica-based binder to produce ARCs on glass plates: (a) 14 % added binder, (b) 26% added binder and (c) 36 % added binder.

Finally, the effect of varying the silica shell thickness on ARC performance was investigated. By systematically varying the amount of added TMOS, the silica shell thickness could be tuned. The 50 nm template particles were reacted with various amounts of TMOS to give copolymer/silica mass ratios of 1:0.5, 1:1.1, 1:1.6 and 1:2.1, with TEM images confirming the varying shell thicknesses, see Figure 4.31. Using equation 4.10, the calculated silica shell thicknesses for each of these mass ratios are 2.8, 5.5, 7.3 and 9.1 nm, respectively. SAXS data for PDMA94 homopolymer chains dissolved in ethanol were presented in Chapter 2; the radius of gyration for such chains was found to be 3.2 nm. Thus the PDMA99 stabiliser used here is expected to have a hydrodynamic thickness close to 6.4 nm. As such, the two lowest TMOS concentrations correspond to theoretical (maximum) silica shell thicknesses that are smaller than the stabiliser layer thickness. The third TMOS concentration is predicted to give a shell slightly thicker than the stabiliser layer and the highest amount of added TMOS targets a silica shell thickness that significantly exceeds the stabiliser layer thickness.
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[bookmark: _Toc442712143]Figure 4.31. Representative TEM images obtained for PDMA99-PBzMA500 nanoparticles silicified using the following copolymer/silica mass ratios: (a) 1:0.5 (b) 1:1.1 (c) 1:1.6 and (d) 1:2.1. N.B. These copolymer/silica mass ratios were calculated assuming that (i) all TMOS is converted to silica, (ii) the silica shell density is 1.60 g cm-3, and (iii) there is no secondary nucleation.

The nanoparticles coated with the lowest amount of silica proved to be unsuccessful when evaluated for the production of ARCs. Based on TEM studies (see Figure 4.31a), these nanoparticles appear to be somewhat aggregated. DLS also suggests aggregation, with a reported di of 265 nm (polydispersity 0.70), which is much higher than expected for the coated particles. This is consistent with observations reported by Nandiyanto et al.34 who saw aggregation at low TEOS/PS mass ratios. In contrast, using a mass ratio of 1:1.1 or higher produced colloidally stable silicified particles. However, there is some evidence for non-templated background silica as the silica mass loading is increased, suggesting the onset of secondary nucleation (see Figure 4.31). The nanoparticles silicified using a mass ratio of 1:1.1 or higher were combined with varying amounts of binder to produce ARCs, with the corresponding reflectance data being shown in Figure 4.32.
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[bookmark: _Toc442712144]Figure 4.32. Reflection data obtained for ARCs consisting of PDMA99-PBzMA500 nanoparticles silicified using varying amounts of TMOS (copolymer/silica mass ratios were 1:1.1, 1:1.6 and 1:2.1).

The lowest reflection was achieved when using a copolymer/silica mass ratio of 1:1.1. Based on equation 4.10, this should correspond to a silica shell thickness of around 5.5 nm. The nanoparticles coated using a copolymer/silica mass ratio of 1:1.6 gave a minimum reflection of 1.29 % when 16.6 % binder was added. For the particles coated using the highest mass ratio (1:2.1), the lowest reflection obtained was actually when no binder was added. This may be because of the amount of free silica already present in the formulation (generated via secondary nucleation) effectively acting as additional binder. 

Zeta potential vs. pH curves were constructed for each of these samples to examine whether the nanoparticle surface charge correlated with the silica layer thickness. Figure 4.33 shows the electrophoretic curves obtained for uncoated and silicified 50 nm particles with various targeted silica layer thicknesses. The uncoated particles exhibited the highest zeta potential, and remained cationic across the entire pH range. The nanoparticles silicified using the lowest amount of TMOS (2.8 nm target coating thickness) had a similar zeta potential to that of the uncoated particles from pH 3-7. However, a much sharper drop in zeta potential was observed for the silicified nanoparticles, which became anionic at pH 8. This suggests that the PDMA99 stabiliser chains protrude beyond the silica layer and become protonated at low pH, hence leading to surface cationic charge up to around the pKa of PDMA. In contrast, particles coated with thicker overlayers exhibited significantly lower zeta potentials at pH 3 (10-20 mV vs. 30-35 mV), and became anionic at pH 5.0-5.5. Thus it appears that a target silica layer thickness of 5.5 nm (or higher) is sufficient to fully occupy the stabiliser layer, hence masking the cationic character conferred by the PDMA stabiliser. 
[image: ]
[bookmark: _Toc442712145]Figure 4.33. Aqueous electrophoresis curves obtained for uncoated and silicified PDMA99-PBzMA500 nanoparticles. The amount of silica precursor was varied in order to target a range of silica overlayer thicknesses (2.8, 5.5, 7.3 and 9.1 nm respectively.)  

Finally, binary mixtures of the PDMA99-PBzMAx nanoparticles were investigated for the production of ARCs, as this may enable broader reflectance curves to be generated. Unfortunately, the formulation containing the smallest (30 nm) nanoparticles became colloidally unstable after 48 h, so only the silicified 50 and 67 nm nanoparticles could be investigated. Figure 4.33 shows the reflectance data obtained for the nanoparticles mixed at various mass ratios, in the absence and presence of binder. Although the minimum reflections observed here were not as low as those obtained for the individual nanoparticles, these formulations gave high-quality ARCs. There was no apparent curve broadening for various binary mixtures of nanoparticles. Unfortunately time constraints did not allow for binder sweeps or minimum reflection matching to be conducted on these systems.
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[bookmark: _Toc442712146]Figure 4.34. Reflectance data obtained for ARCs formed using binary mixtures of silicified PDMA99-PBzMA500 (target thickness 5.5 nm) and silicified PDMA99-PBzMA800 (target thickness 7.3 nm) at various mass ratios. The black data points are coatings formed simply by mixing silicified PDMA99-PBzMA500 and silicified PDMA99-PBzMA800, the red data set is for coatings prepared using the same nanoparticle binary mixtures in the presence of 50 % w/w binder.

An alternative silicification protocol based on that reported by Nandiyanto et al. for coating cationic PS latexes in the presence of L-lysine was also investigated.34 In the present study various ethanol/water mixtures were investigated, as well as the total solids content employed for silicification in order to optimise the synthesis protocol. For 30-80 nm diameter latexes at 10 % w/w solids, a 2:1 w/w ethanol/water mixture was found to give well-controlled silicification in a relatively short time (5 h). The L-lysine concentration was fixed at 40 mg per gram of copolymer, with studies showing that silicification was surprisingly insensitive to this parameter. 

In the present work, a 3.5 nm coating was targeted for each of the template nanoparticles. This should be well within the PDMA stabiliser layer thickness and hence ensure that colloidal stability is retained. TEM images were obtained for the silicified particles, see Figure 4.32. Good contrast is achieved with no staining, suggesting the nanoparticles are well silicified, with the silica shell providing sufficient contrast for TEM imaging. Furthermore, the silica shell achieved using this method appears to be significantly smoother than that using the modified Khepricoat method.
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[bookmark: _Toc442712147]Figure 4.35. TEM images obtained for PDMA99-PBzMAx following reaction with TMOS at 60°C for 5 h in the presence of 0.15 g L-lysine: (a) x = 200, (b) x = 500 and (c) x = 800.

Aqueous electrophoresis studies were conducted to examine the effect of silica deposition on the surface charge of the nanoparticles. In this case, the uncoated and coated nanoparticles exhibit very similar zeta potentials from pH 3 to 7, see Figure 4.35. The only real difference in these data is that each set of silicified nanoparticles possess anionic zeta potentials above pH 7.5 whereas the uncoated nanoparticles remain weakly cationic up to pH 9. It seems likely that the targeted silica shell thickness of 3.5 nm is sufficiently thin to allow some of the PDMA99 stabiliser chains to be exposed, thus conferring cationic surface charge on the nanoparticles up to the pKa of PDMA (≈ 7.5).50,51 Above this pH, the silica surface component dominates, resulting in anionic zeta potentials.
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[bookmark: _Toc442712148]Figure 4.36. Aqueous electrophoresis data obtained for uncoated PDMA99-PBzMAx and silicified PDMA99-PBzMAx. The filled symbols show the data for uncoated particles and the open symbols for coated particles, in each case the target coating thickness was 3.5 nm.
TGA experiments were conducted to assess the silica content of the silica-coated nanoparticles. Figure 4.36 shows the data obtained for each of the silicified nanoparticles (see Figure 4.24 above for the corresponding TGA curve obtained for the uncoated precursor nanoparticles). Again, the residual mass at 800°C is attributed to the incombustible silica component. In this case, the silica contents are not expected to be constant, because the amount of added TEOS varied according to the total surface area of the nanoparticles (rather than using a fixed silica precursor/copolymer mass ratio). For the smallest PDMA99-PBzMA200 nanoparticles, full TEOS conversion to silica should result in a theoretical silica mass loading of 53 %. Similarly, the PDMA99-PBzMA500 and PDMA99-PBzMA800 nanoparticles should comprise 41% and 34% silica by mass, respectively. According to Figure 4.36, the silica contents were 43%, 35% and 30% for PDMA99-PBzMA200, PDMA99-PBzMA500 and PDMA99-PBzMA800, respectively. This suggests that either only 80-90% of the TEOS is converted into silica and/or that not all of the silica is deposited onto the copolymer nanoparticles. There is no obvious free silica present in the TEM images, see Figure 4.34, so perhaps the reaction conditions could be further optimised to achieve full conversion of TEOS to silica.
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[bookmark: _Toc442712149]Figure 4.37. Thermogravimetric analysis curves obtained for PDMA99-PBzMAx particles reacted with TEOS at 60°C for 6 h. In each case the target thickness for the silica coating was 3.5 nm.
These silica-coated nanoparticles were evaluated for use in ARCs prepared by dip-coating. However, the 50 nm nanoparticles did not produce a high-quality coating and the 67 nm nanoparticles only gave a very hazy coating. These unexpected negative observations cannot be explained at present. However, the silicified 30 nm template particles gave high-quality coatings, so the binder composition was systematically varied in order to identify the minimum reflection, see Figure 4.37. Digital photographs illustrating the hazy coating produced using the 67 nm nanoparticles and the superior ARC coating achieved using the silicified 50 nm nanoparticles are shown in Figure 4.38.
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[bookmark: _Toc442712150]Figure 4.38. Reflectance data obtained for ARCs produced using silicified PDMA99-PBzMA200 nanoparticles and varying amounts of binder. Glass plates were coated via dip-coating at a withdrawal speed of 9 mm s-1 before being heated to 650°C for 150 seconds to pyrolyse the organic component.
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[bookmark: _Toc442712151]Figure 4.39. Digital images obtained for ARCs produced using silicified PDMA99-PBzMAx nanoparticles deposited on glass plates by dip-coating. (a) shows the relatively hazy coating obtained using PDMA99-PBzMA800, while (b) shows a high-quality ARC produced using silicified 50 nm template particles. 
Figure 4.37 indicates that, by adding binder to the silicified PDMA99-PBzMA200 nanoparticle dispersion, a minimum in reflection of 0.94 % is achieved at around 28 % binder. There is some scatter in the data, which is most likely the result of moisture being retained within the porous coating. Glass plates were not assessed in terms of their ARC performance at a fixed time after firing, so some samples may have had more chance to absorb water from the atmosphere. Nevertheless, these data suggest that the L-lysine-based silicification protocol is also suitable for producing ARCs.


[bookmark: _Toc442713674]Conclusions
PDMA-PBzMA diblock copolymer nanoparticles have been demonstrated to be effective colloidal templates for the manufacture of ARCs via dip-coating glass plates. The rate of withdrawal during dip-coating can be varied to obtain a suitable coating thickness. PDMA99-PBzMAx nanoparticles can be used to prepare ARC coatings without silicification. However, based on technical advice received from DSM one would expect inferior mechanical properties for such ARCs. Thus we examined two protocols for silicification of these template nanoparticles and showed that the resulting silica-coated nanoparticles also enabled high-quality ARCs to be produced.

The first method used for silicification was based on the protocol used by DSM to manufacture their commercial product Khepricoat. Using this method, we investigated the effect of varying the particle size and coating thickness on the quality of the final ARC. Although only a limited amount of data was obtained, smaller particles appear to be preferred for achieving the lowest degree of reflection. As expected, varying the amount of silica precursor, TMOS, resulted in different shell thicknesses. Of the shell thicknesses examined, a minimum amount of TMOS was required to produce high-quality ARCs. The thinnest silica shell that led to an ARC actually produced the least reflection.

The second silicification protocol was adapted from a method reported by Nandiyanto et al.34 Targeting a constant 3.5 nm silica shell thickness enabled colloidally stable silicified nanoparticles to be obtained at 10 % w/w solids using 30, 50 or 67 nm template nanoparticles. However, only the smallest nanoparticles produced high-quality ARCs - further investigation is warranted to determine the cause of failure when using the two larger nanoparticles.

[bookmark: _Toc427931733]Further studies are desirable to gain a better understanding of the mechanism and kinetics of each of these silicification protocols. It should be possible to use silicon NMR to assess the rate of conversion of TMOS/TEOS precursor to form silica. Proton NMR may also be useful to monitor the rate of elimination of ethanol/methanol during hydrolysis. SAXS experiments should be conducted in order to characterise the mean silica shell thickness, and perhaps also the shell uniformity. 
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[bookmark: _Toc442713677]Introduction
An emulsion consists of two (or more) immiscible liquids with droplets of one liquid suspended within the other. Adsorption of surfactant, polymer or particles at the interface renders the droplets stable to coalescence.1 The vast majority of emulsions covered in the literature consist of an aqueous phase and a hydrophobic oil phase. Traditionally, emulsions tend to be stabilised by surfactant molecules, which usually have a hydrophilic head group and a hydrophobic tail. In contrast to classical surfactant-stabilised emulsions, Pickering emulsions comprise either oil or water droplets stabilised by solid particles adsorbed at the oil/water interface, see Figure 5.1. 
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[bookmark: _Toc442712152]Figure 5.1. Schematic to illustrate both classical surfactant-stabilised and Pickering oil-in-water (o/w) emulsions. In the case of a Pickering emulsion, the surfactant molecules at the interface are replaced by solid particles of appropriate wettability.

Pickering emulsions were discovered over a century ago,2 the first report was actually by Ramsden in 1903,3 where he described the adsorption of solid particles at an air-water interface in the context of foaming. However, Pickering’s subsequent studies received more credit and led to the nomenclature we use today.2 Pickering’s pioneering paper reported the formation of paraffin oil-in-water emulsions stabilised by solid particles such as basic metal sulphates, metal chlorides and fine clays.2 Over the last 15 years or so Pickering emulsions have been researched in far more depth and various classes of solid particles have been employed as Pickering emulsifiers. Examples include silica,4-8 inorganic clays9-13 and organic polymer latexes.14-19

In the case of a water/oil emulsion stabilised by an amphiphilic surfactant it is the hydrophile/lipophile balance that determines whether the surfactant prefers to reside in the water or oil phase, and thus whether oil-in-water (o/w) or water-in-oil (w/o) emulsions are obtained. The surfactant packing parameter at the oil-water interface depends on the relative degrees of solvation of the polar head group (by water) and hydrophobic tail (by oil).20 For relatively hydrophilic surfactants, the head group will occupy a larger area than the tail leading to o/w emulsions. For surfactants with more lipophilic character the opposite is true, i.e. the tail occupies a greater volume than the head group, thus favouring w/o emulsions.

Solid particles used to stabilise emulsions do not need to be amphiphilic to be surface-active. In this case it is partial wetting of the solid particles by both water and oil that leads to adsorption at oil-water interfaces.1 The emulsion type is mainly determined by the contact angle (θow) between the particles and the interface, see Figure 5.2a for how this parameter is defined. The contact angle depends on three interfacial energies: solid-water (γsw), solid-oil (γso) and water-oil (γwo).21,22 For spherical particles adsorbed at the interface, if the particles reside preferentially in the aqueous phase (hydrophilic particles), then θow < 90˚ and o/w emulsions are formed. However, if the particles are preferentially located in the oil phase (hydrophobic particles), then θow > 90˚ and w/o emulsions are obtained. This is illustrated in Figure 5.2b.
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[bookmark: _Toc442712153]Figure 5.2. (a) Contact angle typical of hydrophilic or hydrophobic particles adsorbed at a planar oil water interface, θow < 90˚, θow = 90˚ or θow > 90˚. (b) Illustration of how this translates to the formation of o/w or w/o emulsions.

The main driving force for adsorption of particles is the reduction in interface surface area. This results in a high free energy of formation, meaning that particles are often strongly adsorbed. The energy required to detach a spherical particle adsorbed at the interface is dictated by the contact angle and the particle radius,1,23 as given by equation 5.1. 
			(5.1)
Here E is the detachment energy, r is the particle radius, γow is the interfacial tension and θ is the particle contact angle. The sign in the bracketed term is positive for particle removal into the oil phase and negative for removal into the aqueous phase. It therefore follows that, depending on the contact angle, it may be easier for particles to detach into either the aqueous or oil phase. In many cases, larger particles can be considered to be essentially irreversibly adsorbed, since the detachment energy is several orders of magnitude greater than the particle thermal energy.1,23 Figure 5.3 shows the experimental data collected for toluene/water emulsions stabilised by silica particles with a mean radius of 10 nm.23 Detachment energies are normalised with respect to kT. Clearly, particles are most strongly adsorbed at the interface when θ = 90˚ since the detachment energy is highest under these conditions. This means that at contact angles around 90˚ small, stable emulsion droplets are formed. The energy required to detach particles falls rapidly if the contact angle is either greater or lower than 90˚, resulting in larger, less stable emulsion droplets. In particular, if θ < 20˚ or > 160˚, the energy of detachment is only around 10 kT (or less). Thus particles that are highly hydrophilic or hydrophobic are not effective as Pickering emulsifiers.
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[bookmark: _Toc442712154]Figure 5.3. Relationship between detachment energy, E, and contact angle, θow, for a 20 nm silica particle adsorbed at the toluene-water interface.23

There are four main processes that cause instability in emulsions, these are: coalescence, flocculation, Ostwald ripening and sedimentation/creaming. See Figure 5.4 for a schematic representation of the outcome of each instability mechanism. How likely each of these processes is to occur, and to what degree, depends on the delicate balance between the various interfacial and surface forces. Furthermore, several instability mechanisms may happen consecutively or simultaneously hence further increasing complexity.
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[bookmark: _Toc442712155]Figure 5.4. Schematic representation of the effect on droplet size and dispersion of the main emulsion instability processes.

Coalescence and flocculation are both examples of droplet aggregation. Owing to Brownian motion many collisions between droplets occur. Such events can be either elastic or inelastic, with the latter leading to coalescence or aggregation. As droplets approach one another, a thin film of the continuous phase is formed between them. Aggregation can only occur if this thin film is removed, hence the energy required to break this film will determine whether or not aggregation is likely to occur. Coalescence is the term used to describe the merging of two or more droplets, and is an irreversible process. If droplet coalescence continues to occur, the result would eventually be complete phase separation. In contrast, flocculation describes the aggregation of droplets into larger clusters without any change in size of the primary droplets; flocculation can be strong or weak, with these processes being either irreversible or reversible, respectively. Flocculation occurs due to short range van der Waals attractive forces which determine droplet behaviour if there are not sufficiently strong repulsive forces to maintain droplet separation.

Like coalescence, Ostwald ripening also results in an increase in average droplet size. In this case, however, it is not the direct merging of droplets that causes the size increase. Although liquids used to prepare emulsions are often described as immiscible there will almost inevitably be some mutual solubility. Once an emulsion has been formed, smaller droplets will have higher solubility than larger ones. As such, some smaller droplets break up and dissolve, becoming part of the continuous phase, these molecules then diffuse into the remaining larger droplets. Overall, this gradually results in a shift in size distribution to larger droplet diameters and also a reduction in the total number of droplets present.

Sedimentation and creaming are the terms used to describe the build-up of a concentration gradient in an emulsion, with larger droplets moving preferentially to either the bottom (sedimentation) or top (creaming) of their container under gravity. Here it is simply the relative densities of the internal droplet phase and continuous phase that determines whether sedimentation or creaming occurs; both processes are usually reversible.

In the case of Pickering emulsions, the adsorbed particle layer provides a strong steric barrier, thus, preventing droplet coalescence. As such, Pickering emulsions tend to be far more stable than surfactant-stabilised emulsions.20 Other common instability processes mentioned above can be minimised by tuning the system.23 Pickering emulsions also offer several other advantages over surfactant-stabilised emulsions, such as reduced foaming during high shear homogenisation, more reproducible formulations and lower toxicity.1,20

Although far less commonly reported than w/o or o/w emulsions, there are various examples of non-aqueous emulsions in the literature.24-28 Such systems simply require a pair of immiscible solvents, for which there is extensive data available.29 According to Crespy and Landfester28 non-aqueous emulsions could be utilised for water-sensitive reactions,30,31 for reactions that need to be conducted above the normal boiling point of water32 or for specific applications where the presence of water is problematic.33,34 In principle, the use of suitable Pickering emulsifiers should lead to more stable non-aqueous emulsions, but there are only a few literature reports on such formulations.35-37

Research on Pickering emulsifiers has been mainly focused on spherical particles, with only very few reports on the use of anisotropic particles. In 2004 two research groups led by Paunov and Velev reported the formation of Pickering emulsions, colloidosomes and foams stabilised using so-called ‘polymeric microrods’,38,39 rather than conventional spherical particles. These microrods were prepared from epoxy-type photoresist SU-8 using a liquid-liquid dispersion technique and possessed relatively large dimensions (mean rod length = 23.5 µm; mean rod width = 0.6 µm). Other research teams have also reported that anisotropic particles are highly effective Pickering emulsifiers.40,41 For example, Madivala et al. found that the emulsion droplet stability, in a decane in water emulsion, depended strongly on the particle aspect ratio when using elongated hematite or polystyrene latex particles.42 Similarly, a recent study by Kalashnikova et al. reported the use of cellulose nanorods to form Pickering emulsions. Interestingly, it was found that too high an aspect ratio enabled these particles to adsorb onto multiple droplets simultaneously, rather than stabilising individual droplets.43 More recently, the Armes group has described the use of much smaller relatively hydrophilic diblock copolymer worms as Pickering emulsifiers for the preparation of o/w emulsions.44

In principle, highly anisotropic particles should be more strongly adsorbed than the equivalent spherical particles (i.e. whose mean diameter is comparable to the mean worm width). Making some assumptions, equations similar to 5.1 can be defined for non-spherical particles, this allows for some comparison of detachment energies. Assuming worm- (or rod-) like particles are attached with their long axis parallel to the interface, the energy of particle detachment is substantially higher than that of a spherical particle of the same volume.45 Theoretically, it has been shown this detachment energy increases further still for disc-shaped particles of equal volume.45 

A recent paper by Thompson et al. compared the Pickering efficiency of block copolymer spheres and worms.44 In this work diblock copolymer worms consisting of PHPMA cores stabilised by PGMA were synthesised via RAFT aqueous dispersion polymerisation, and subsequently homogenised with various oils to form o/w Pickering emulsions. However, it was found that these particles did not survive high shear homogenisation. The resulting emulsions were instead stabilised by individual copolymer chains acting as polymeric surfactants. In view of this finding, the block copolymer spheres and worms were each crosslinked by adding ethylene glycol dimethacrylate (EGDMA), as a short third block. In this case, the particles survived homogenisation – with TEM studies showing intact spherical or worm-like particles on emulsion droplet surfaces. Another approach to stabilise the particles with respect to emulsification was replacing the PHPMA block with the more hydrophobic PBzMA. Turbidimetry studies showed that the worm-like particles were at least as efficiently adsorbed as their spherical counterparts, and were able to stabilise smaller emulsion droplets at a constant copolymer concentration.

Thompson et al. have also shown that PLMA-PBzMA diblock copolymer worms synthesised in n-dodecane are efficient Pickering emulsifiers for w/o emulsions, see Figure 5.5.46 TEM studies proved these diblock copolymer worms survive homogenisation meaning there is no need for any crosslinking in this case.
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[bookmark: _Toc442712156]Figure 5.5. Poly(lauryl methacrylate)-poly(benzyl methacrylate) (PLMA-PBzMA) diblock copolymer worms prepared via RAFT PISA in n-dodecane can be used directly to stabilise w/o emulsions when homogenised with water at 12000 rpm for 2 minutes.46


PLMA-PBzMA diblock copolymer worms were previously reported to undergo an order-order transition on heating above 50˚C, with a worm-to-sphere transition observed.47 As the linear worms are effective as Pickering emulsifiers this worm-to-sphere transition offers the chance to directly compare the efficiency of worms and spheres, with identical chemical compositions, as Pickering emulsifiers.46 Laser diffraction studies showed that at higher particle concentrations the worms were able to stabilise significantly smaller droplets. Furthermore, average droplet diameters reported for the sphere stabilised emulsions were significantly larger than was expected based on optical microscopy images. This observation suggests these emulsions were rather flocculated.

Work on these PLMA-PBzMA worms synthesised in n-dodecane was further extended to produce near isorefractive non-aqueous Pickering emulsions.37 Initially the internal phase was switched from water to ethylene glycol to reduce the difference in refractive index, Δn, between the internal and continuous phases. Turbidity was further reduced by switching the continuous phase from n-dodecane to n-tetradecane. This results in near contrast matching of the continuous and droplet phases, resulting in up to 81 % transmittance being achieved for ethylene glycol-in-n-tetradecane emulsions. Contrast matched emulsions are of interest as they allow detailed investigation of droplets without scattered light interfering; one example where they have previously been used is in the study of protein adsorption at the oil-water interface.48

In one further example of block copolymer worms being used as Pickering emulsifiers, Thompson et al. combined the two block copolymer worm formulations discussed earlier (PGMA-PHPMA-PBzMA and PLMA-PBzMA) to form either water-in-oil-in-water (w/o/w) or o/w/o double emulsions.49 These double emulsions were formed by a two-step process, see Figure 5.6. In the case of w/o/w double emulsions the first step is preparation of a single w/o emulsion. This was achieved by homogenising a 1 % w/w dispersion of PLMA16-PBzMA37 worms in n-dodecane with an equal volume of water. The resulting w/o emulsion was then homogenised with an equal volume of aqueous PGMA37-PHPMA60-PBzMA30 worms at 1 % w/w. For o/w/o double emulsions the homogenisation steps are reversed, see Figure 5.6.
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[bookmark: _Toc442712157]Figure 5.6. Schematic showing the preparation of either w/o/w or o/w/o double emulsions stabilised by a combination of PLMA16-PBzMA37 and PGMA37-PHPMA60-PBzMA30 block copolymer worms. Homogenisation of one set of particles to form a single emulsion followed by homogenisation with the opposite particles leads to stable double emulsions.49
Herein we discuss the preparation of PDMA-PBzMA diblock copolymer worms prepared directly in methanol via an alcoholic RAFT PISA formulation. These flexible, highly anisotropic nanoparticles are then examined as putative Pickering emulsifiers for the preparation of new non-aqueous emulsions. Various non-polar oils were tested but the only stable emulsions were those comprising sunflower oil droplets within a methanol continuous phase.


[bookmark: _Toc442713678]Experimental
Ethanol was obtained from VWR Chemicals (UK) and n-hexane was purchased from Fisher Scientific (UK). All other reagents were purchased from Sigma-Aldrich (UK) and were used as received unless otherwise noted. Either 4,4’-azobis(4-cyanovaleric acid) (ACVA) or 2,2’-azobis(isobutyronitrile) (AIBN) were used as initiators. Benzyl methacrylate (96%; Sigma Aldrich) was passed through an inhibitor removal column prior to use. CDCl3 and CD2Cl2 were purchased from Goss Scientific (Nantwich, UK).

Synthesis of 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC)
The synthesis of this RAFT agent was described in Chapter 2.

Synthesis of poly(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-CTA
A round-bottomed flask was charged with 2-(dimethylamino)ethyl methacrylate (DMA; 40.0 g, 254 mmol), PETTC (2.156 g, 6.36 mmol; target DP = 40), ACVA (178 mg, 0.636 mmol; PETTC/ACVA molar ratio = 10) and THF (40.0 g). The sealed reaction vessel was purged with nitrogen and placed in a pre-heated oil bath at 66 ˚C for 6 h. The resulting crude PDMA (monomer conversion = 77%; Mn = 6,500 g mol-1, Mw/Mn = 1.22) was purified by precipitation into excess petroleum ether. The mean degree of polymerisation (DP) of this PDMA macro-CTA was calculated to be 43 using 1H NMR spectroscopy by comparing the integrated signals corresponding to the aromatic protons at 7.2 - 7.4 ppm with those assigned to the methacrylic polymer backbone at 0.4 - 2.5 ppm.

Synthesis of poly(2-(dimethylamino)ethyl methacrylate)-poly(benzyl methacrylate) (PDMA-PBzMA) diblock copolymer particles via dispersion polymerisation in methanol
In a typical RAFT dispersion polymerisation synthesis conducted at 15 % w/w total solids, BzMA (2.0 g, 11.4 mmol), PDMA43 macro-CTA (0.85 g, 0.119 mmol; target DP = 95) and AIBN (3.9 mg, 0.024 mmol; macro-CTA/AIBN molar ratio = 5) were dissolved in methanol (16.16 g). The reaction mixture was sealed in a round-bottomed flask, purged with nitrogen gas for 15 min, and then placed in a preheated oil bath at 64 ˚C for 24 h. The final monomer conversion was determined by 1H NMR analysis by comparing the integral due to the two benzylic protons assigned to the PBzMA block at 4.9 ppm to that of the BzMA monomer vinyl signals at 5.2 and 5.4 ppm.

Preparation of Pickering emulsions
Sunflower oil (5.0 ml) was homogenised with 5.0 ml of a 0.01-2.65 % w/w methanol copolymer dispersion for 2 min at 20˚C using a IKA Ultra-Turrax T-18 homogeniser equipped with a 10 mm dispersing tool operating at between 3,500 and 13,500 rpm. Between samples the homogeniser was washed thoroughly using methanol to ensure that there was no contamination of the samples.

Copolymer nanoparticle and emulsion droplet characterisation
Gel permeation chromatography (GPC) was used to assess the diblock copolymer molecular weight distributions. The GPC set-up comprised two 5 μm (30 cm) ‘Mixed C’ columns and a WellChrom K-2301 refractive index detector operating at 950 ± 30 nm. THF eluent contained 2.0 % v/v triethylamine and 0.05 % w/v butylhydroxytoluene (BHT) was used at a flow rate of 1.0 ml min-1. A series of ten near-monodisperse linear poly(methyl methacrylate) standards (Mp ranging from 1,280 to 330,000 g mol-1) were purchased from Polymer Laboratories (Church Stretton, UK) and employed for calibration using the above refractive index detector.

1H NMR spectra were acquired on a Bruker 400 MHz spectrometer in either CDCl3 or CD2Cl2. All chemical shifts are reported in ppm (δ). DLS measurements were conducted using a Malvern Instruments Zetasizer Nano series instrument equipped with a 4 mW He-Ne laser operating at 633 nm, an avalanche photodiode with high quantum efficiency, and an ALV/LSE-5003 multiple tau digital correlator electronics system.

Transmission electron microscopy (TEM) studies were conducted using a Philips CM 100 instrument operating at 100 kV equipped with a Gatan 1k CCD camera. Solutions were diluted with methanol at 20˚C to generate 0.20 % w/w dispersions. Copper/palladium TEM grids (Agar Scientific, UK) were surface-coated in-house to yield a thin film of amorphous carbon. The grids were then plasma glow-discharged for 30 seconds to create a hydrophilic surface. Each of the methanolic diblock copolymer dispersions (0.20 % w/w, 10 µL) was placed onto a freshly glow-discharged grid for 1 min and then blotted with filter paper to remove excess solution. To stain the deposited nanoparticles, 10 µL of a 0.75 % w/w aqueous solution of uranyl formate was placed on the sample-loaded grid via micropipette for 20 seconds and then blotted to remove excess stain. Each grid was then carefully dried using a vacuum hose.

Optical microscopy. Optical microscopy images of Pickering emulsion droplets were recorded using a Motic DMBA300 digital biological microscope equipped with a built-in camera and analysed using Motic Images Plus 2.0 ML software.

Laser diffraction. Each emulsion was sized in methanol using a Malvern Mastersizer 2000 instrument equipped with a small volume Hydro 2000SM sample dispersion unit (ca. 50 ml), a He-Ne laser operating at 633 nm and a solid-state blue laser operating at 466 nm. The stirring rate was adjusted to 500 rpm in order to avoid droplet coalescence. After each measurement, the cell was rinsed once with doubly-distilled water, followed by rinsing with first ethanol and then methanol. The glass walls of the cell were carefully wiped with lens cleaning tissue to avoid cross-contamination and the laser was aligned centrally to the detector prior to data acquisition.

Determination of Pickering emulsifier adsorption efficiency via turbidimetry. Spectra were recorded at 20˚C for the PDMA43-PBzMA94 worms in methanol using a Shimadzu UV-1800 instrument operating between 400 and 800 nm. A linear calibration plot of absorbance versus concentration at an arbitrary wavelength of 430 nm with known concentrations of copolymer dispersed in methanol was constructed in order to determine the nanoparticle adsorption efficiency at the oil-water interface. This was assessed by analysis of the (upper) methanol continuous phase after sedimentation of the relatively dense sunflower oil droplets had occurred on standing for 24 h (or longer) at 20˚C. The remaining non-adsorbed worms were detected and thus the fraction of adsorbed worms was calculated by difference.


[bookmark: _Toc442713679]Results and Discussion
PDMA-PBzMA diblock copolymer nanoparticles were synthesised by RAFT alcoholic dispersion polymerisation of BzMA in methanol at 64˚C, see Scheme 5.1. A similar ethanolic PISA formulation has been recently reported,50,51 and the extension of this system, for the detailed investigation of spherical micelle synthesis, was discussed in Chapter 2. For the present study particles were synthesised in methanol as it has a higher polarity than ethanol. As such, it should be immiscible with more oils, so better suited for the preparation of non-aqueous Pickering emulsions.
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[bookmark: _Toc442712851]Scheme 5.1. Chain extension of a poly(2-(dimethylamino)ethyl methacrylate) (PDMA) macro-CTA with benzyl methacrylate (BzMA) via RAFT alcoholic dispersion polymerisation in methanol at 64˚C to produce sterically-stabilised PDMA-PBzMA diblock copolymer nanoparticles via polymerisation-induced self-assembly (PISA).

First it was necessary to confirm that changing the solvent from ethanol to methanol did not affect the self-assembly and morphology of the final diblock copolymers. As previously reported for the ethanolic PISA formulation,50 using a relatively short PDMA stabiliser block (DP = 43) and simply varying the DP of the core-forming PBzMA block led to a range of nanoparticle morphologies being produced, see Figure 5.7a-c. 
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[bookmark: _Toc442712158]Figure 5.7. Representative TEM images obtained for PDMA43-PBzMAx diblock copolymer nanoparticles prepared at 15 % w/w solids via RAFT dispersion polymerisation of BzMA  using a PDMA43 macro-CTA, AIBN initiator, and a [PDMA]/[AIBN] molar ratio of 5.0. (a-c) Were synthesised in methanol at 64˚C whereas (d-f) were synthesised in ethanol at 70˚C. Varying the DP (x) of the core-forming PBzMA results in either (a) and (d) spheres (x = 60), (b) and (e) worms (x = 95) or (c) and (f) vesicles (x = 200).

Comparing certain diblock copolymer compositions synthesised in ethanol or methanol we can see that the change in solvent has very little effect on the observed morphology, see Figure 5.7. This is in contrast to the addition of water (as discussed in Chapter 3) which resulted in dramatic changes in both the kinetics of the BzMA polymerisation and the morphology of the diblock copolymer. When swapping between ethanol and methanol there is little change in the solubility of either the monomer (BzMA) or either polymer block (PDMA/PBzMA). As such, interactions with the solvent remain similar and the preferred morphology is unchanged.

For this study, the desired copolymer morphology was worm-like micelles. Initial scoping experiments showed that such highly anisotropic nanoparticles were obtained for a mean PBzMA DP of ≈ 85-100, when working at 15 % w/w solids using a PDMA43 macro-CTA. A large batch of diblock copolymer was synthesised, with a target PBzMA DP of 95. Approximately 99% BzMA conversion was achieved within 24 h as judged by 1H NMR spectroscopy, suggesting a mean DP of 94 for the core-forming PBzMA block. THF GPC analysis indicated a mean number-average molecular weight of 12800 g mol-1 and a narrow molecular weight distribution (polydispersity index (Mw/Mn) of 1.08). Furthermore, a unimodal trace showed no response at the macro-CTA molecular weight, indicating a relatively high blocking efficiency for the PDMA macro-CTA. These features are consistent with a well-controlled RAFT polymerisation. The TEM images shown in Figure 5.8 confirm a pure worm morphology, with a mean worm width of 20 nm.
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[bookmark: _Toc442712159]Figure 5.8. Representative TEM images obtained for PDMA43-PBzMA94 diblock copolymer worms prepared at 15 % w/w solids via RAFT dispersion polymerisation of BzMA in methanol at 64˚C using a PDMA43 macro-CTA and AIBN initiator. The [PDMA]/AIBN] molar ratio was 5.0.

Although a relatively accurate mean worm width can be taken from TEM images the same is not true of the worm length. This is because the worms exhibit considerable polydispersity in length, ranging from less than 1 µm up to around 5 µm (again estimated from TEM images). This is typical for such PISA syntheses, since the worms are formed via random sphere-sphere fusion events during the continuing RAFT polymerisation. A sphere-equivalent hydrodynamic diameter of 609 nm (polydispersity = 0.50) was determined at 20˚C using DLS. However, DLS measurements are based on the Stokes-Einstein equation, which assumes a spherical particle morphology; hence the data obtained for such highly anisotropic worms should be treated with caution. Again, THF GPC data recorded for the final diblock copolymer indicates a relatively high blocking efficiency for the PDMA macro-CTA and a narrow molecular weight distribution.  Using these PDMA43-PBzMA94 worms various oils were evaluated for homogenisation with the methanolic copolymer dispersion, see Table 5.1. 

[bookmark: _Toc442712948]Table 5.1. Attempted Pickering emulsification of various oils using a methanolic dispersion containing 0.66 % w/w PDMA43-PBzMA94 diblock copolymer worms. Homogenisation conditions: 13500 rpm for 2 minutes at 20˚C with a sunflower oil volume fraction of 0.50.


	Oil phase
	Emulsion
	Comments

	Sunflower Oil
	Yes
	Stable emulsion

	n-Octane
	No
	Demulsified after 2-3 h

	n-Dodecane
	No
	Complete phase separation

	n-Tetradecane
	No
	Complete phase separation

	n-Hexadecane
	No
	Complete phase separation

	Isopropyl myristate
	No
	Miscible with methanol



Sunflower oil and a range of n-alkanes were evaluated for the preparation of non-aqueous emulsions, in each case a copolymer concentration of 0.66 % w/w, and equal volumes of methanol/oil were used. However, for n-octane, n-dodecane, n-tetradecane or n-hexadecane, emulsions were only stable for a few hours, if formed at all. In contrast, Pickering emulsions with good long-term stability could be consistently obtained using sunflower oil. Thus only this latter oil was selected for further studies. Figure 5.9 shows a schematic representation of the formation of a PDMA43-PBzMA94 worm-stabilised sunflower oil-in-methanol Pickering emulsion.
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[bookmark: _Toc442712160]Figure 5.9. Homogenisation of 0.66 % w/w PDMA43-PBzMA94 diblock copolymer worms in methanol with sunflower oil at 13500 rpm at 20˚C for 2 min produces stable sunflower oil-in-methanol Pickering emulsions.

The amount of solid particles present is known to affect the droplet size in a Pickering emulsion,20 that is, for given emulsification conditions a change in particle concentration will change the emulsion droplet size. Previous work by Binks has directly shown the decrease in droplet size with increasing particle concentration for silicon oil-in-water emulsions stabilised using treated silica particles.7 This is due to the increased amount of particles being able to coat a larger interface surface area, i.e. stabilise smaller droplets, the same relationship has been reported for many examples of adsorbed spherical particles.17,20,44,52-54

Methanolic dispersions of PDMA43-PBzMA94 were prepared at concentrations between 0.01 and 1.32 % w/w, then homogenised with an equal volume of sunflower oil at 13500 rpm for 2 minutes. In order to compare the droplet size in each of the emulsions laser diffraction measurements were made, immediately after homogenisation, using a Malvern Mastersizer 2000 instrument. Figure 5.10a shows how the sunflower oil droplet diameter varies with PDMA43-PBzMA94 worm concentration. Mean droplet diameter is clearly seen to decrease with increasing particle concentration, before plateauing at a lower size limit. This observation suggests that the particles survive the homogenisation process and are adsorbed as particles rather than as polymeric surfactant chains, since changing surfactant concentration does not give rise to such a trend. Unfortunately it was not possible to image the droplet surfaces to confirm the morphology of adsorbed particles as the high boiling sunflower oil phase precludes TEM imaging.

Figure 5.10b shows the same trend: lower particle concentrations produce larger sunflower oil droplets, but in this case laser diffraction measurements were recorded for four-day-old emulsions. The observed effect of concentration on droplet size is due to the increased amount of nanoparticles available to coat, and stabilise, the oil droplet surface at higher copolymer concentrations. As a larger interfacial area can be stabilised smaller droplets are formed. For the fresh emulsions droplet size ranged from 53 ± 28 μm at a concentration of 0.01 % w/w to 9 ± 5 μm at 1.32 % w/w. When laser diffraction measurements were repeated after 4 days an increase in droplet diameter was observed. For example, at a copolymer concentration of 0.66 % w/w, the freshly-made emulsion had a volume-average droplet diameter of 9 ± 6 μm, when this laser diffraction measurement was repeated after four days this mean diameter increased to 39 ± 21 µm. This observed size increase on ageing was seen for emulsions prepared using all particle concentrations, see Figures 5.10a and b for size comparison. Following this discovery, all emulsion preparations were repeated and the evolution in the droplet diameter was monitored daily, by both laser diffraction and optical microscopy. Optical microscopy images are shown for an emulsion prepared using 0.66 % w/w diblock copolymer worms aged over a period of 7 days, Figure 5.10c. After four days, no further increase in droplet diameter was observed and these coarser emulsions remained stable for at least two months on storage at 20˚C.
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[bookmark: _Toc442712161]Figure 5.10. (a) Mean droplet diameter versus copolymer concentration for the PDMA43-PBzMA94 worms for the freshly prepared emulsion and (b) the same emulsions after four days standing at 20°C, as determined using laser diffraction. In both cases the error bars represent the standard deviation of each mean volume-average droplet diameter, rather than the experimental error. (c) Optical microscopy images recorded for the fresh and aged emulsions at 0.66 % w/w worm concentration measured over a period of seven days. The 200 μm scale bar in the first image applies to all images.

Next, the effect of changing the relative amounts of sunflower oil and methanol was examined. It is known that in certain systems changing the oil/water volume fractions can lead to catastrophic inversion. Catastrophic inversion is a phase inversion from either o/w to w/o or w/o to o/w,55,56 so called as it describes a sudden change in the system, resulting from a gradual change in conditions.57 For Pickering emulsions this can sometimes allow for both o/w and w/o emulsions to be stabilised by the same particles.58
The sunflower oil volume fraction was systematically varied between 0.10 and 0.90 to assess the efficiency of emulsification and see whether phase inversion would occur. Figure 5.11 shows the optical microscopy images obtained for a series of emulsions prepared using 0.66 % w/w PDMA43-PBzMA94 worms with various sunflower oil volume fractions. Stable emulsions were formed up to a sunflower oil volume fraction of 0.60; further increasing the volume fraction of oil did not produce stable emulsions.
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[bookmark: _Toc442712162]Figure 5.11. Optical microscopy images recorded for sunflower oil-in-methanol Pickering emulsions prepared using 0.66 % w/w PDMA43-PBzMA94 worms at sunflower oil volume fractions of between 0.10 and 0.60. The 200 μm scale bar shown in the first image applies to all images.

Another factor known to affect the size of droplets formed in emulsions is the shear rate during emulsification. The emulsification process can be thought of as occurring in two stages; first the fragmentation of the bulk liquid (in this case by high speed dispersion) followed by some coalescence of the fragmented droplets.7 How much fragmentation occurs depends on the amount of energy input to the system during homogenisation. Thus, when homogenising via high speed dispersion it will depend on the shear rate used. Some limited coalescence then occurs since more interface is created during homogenisation than can be covered by the amount of Pickering stabiliser present, this limited coalescence ceases once the droplet surfaces are sufficiently coated.

Reverting to volume fractions of 0.5 for methanol and sunflower oil, and a particle concentration of 0.66 % w/w, we investigated whether the shear rate during emulsification affected the mean droplet diameter in this system. Six emulsions were prepared at 20˚C via homogenisation for two minutes using stirring speeds ranging between 3500 rpm and 24000 rpm. Figure 5.12 shows that the droplet diameter is significantly reduced at higher stirring speeds, as was expected, with greater shear creating a higher droplet surface area. Even at the lowest stirring speed, 3500 rpm, rather small droplets are obtained (D = 68 µm), suggesting the particles are rapidly adsorbed at the droplet interface.
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[bookmark: _Toc442712163]Figure 5.12. (a) Mean laser diffraction droplet diameter versus stirring speed for sunflower oil-in-methanol emulsions prepared with 0.66 % w/w PDMA43-PBzMA94 worms using equal volumes of methanol and sunflower oil.  The error bars represent the standard deviation of each mean volume-average droplet diameter, rather than the experimental error. (b) Optical microscopy images recorded for homogenisation at stirring speeds of between 3500 rpm and 24000 rpm. The 200 μm scale bar in the first image applies to all images.

The fractional surface coverage, Cw, for the worms adsorbed onto the sunflower oil droplets was calculated. This is done by dividing the total surface area of the adsorbed worms by the total surface area of the droplets, affording equation 5.2, as reported previously by Kalashnikova and co-workers.59
				(5.2)
The mean droplet diameter, D, was determined by laser diffraction, mp is the nanoparticle mass, ρp is the nanoparticle density (1.16 g cm-3 for the PBzMA core-forming block, as determined by helium pycnometry) and Vd is the total volume of the oil droplet phase (which is 5.0 ml in these experiments). In this case hp represents the mean worm thickness of 20 nm, as estimated from TEM images. The fractional surface coverages calculated for the various worm-stabilised emulsions are summarised in Table 5.2. These Cw values are typically less than unity, but in two cases they exceed unity. This is interpreted as evidence for (partial) bilayer formation, as previously reported by Kalashnikova et al. for similarly anisotropic cellulosic nanocrystals.43,59

[bookmark: _Toc442712949]Table 5.2. Effect of varying the PDMA43-PBzMA94 worm concentration on the mean droplet diameter, fractional surface coverage (Cw) and the adsorption efficiency of the worms on the sunflower oil droplets.


	Concentration

	Initial emulsion after 24 h
	Aged emulsion after 7 days
	Aged emulsions after 2 months

	
	Mean droplet diameter (µm)
	Cw
	Adsorption efficiency (%)
	Mean droplet diameter (µm)
	Cw
	Adsorption efficiency (%)
	Mean droplet diameter (µm)

	1.32% w/w
	9 ± 5
	0.85
	99
	37 ± 30
	2.12
	60
	40 ± 32

	0.66% w/w
	9 ± 6
	0.42
	98
	39 ± 21
	1.25
	67
	39 ± 16

	0.33% w/w
	14 ± 7
	0.33
	97
	43 ± 18
	0.82
	80
	44 ± 17

	0.04% w/w
	48 ± 28
	0.13
	91
	77 ± 31
	0.19
	85
	79 ± 29

	0.02% w/w
	53 ± 28
	0.06
	82
	116 ± 60
	0.11
	68
	104 ± 67
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[bookmark: _Toc442712164]Figure 5.13. (a) Visible absorption spectra recorded for methanolic dispersions of PDMA43-PBzMA94 worms at various concentrations between 400 and 800 nm. An arbitrary wavelength of 430 nm was used to construct a linear calibration plot (b). This was used to determine the concentration of free copolymer worms present in the methanol continuous phase, after emulsification and subsequent sedimentation of the relatively dense sunflower oil droplets.
In each case the adsorption efficiency of the particles was determined 24 h after initial emulsification using turbidimetry at an arbitrary fixed wavelength of 430 nm, see Figure 5.13. This time period was sufficient to ensure complete sedimentation of the relatively dense sunflower oil droplets, leaving only non-adsorbed worms in the methanolic continuous phase. The adsorption efficiency indicates the proportion of the worms present that have actually adsorbed at the droplet surface. This efficiency is seen to decrease, from 99 % to 82 %, on lowering the worm concentration (from 1.32 % w/w to 0.02 % w/w). 

During investigation into the droplet diameter/particle concentration relationship (discussed earlier), the mean droplet diameter increased significantly for a period of up to four days after homogenisation. After this time a constant value was attained. Turbidimetry studies were repeated seven days after homogenisation (i.e. long after the droplet diameter had stabilised) and the Pickering efficiency re-calculated. These data showed the worm adsorption efficiency had decreased, from between 80-99 % to between 60-80 %, depending on copolymer concentration. However, no significant change in worm adsorption efficiency was observed thereafter. Laser diffraction studies of emulsions aged for several months at 20˚C confirmed their long-term droplet stability, see Table 5.2.

We postulate the following mechanism to account for the experimentally observed increase in droplet diameter. After initial homogenisation, the surface of the droplets is only partially covered by the worms, which have a relatively high adsorption efficiency. Thus, the droplets are able to undergo limited coalescence.60 This lowers the total interfacial area and hence increases the Cw of the sunflower oil droplets see Figure 5.14. Once the droplet surface is sufficiently coated by the worms no further coalescence will occur, since the stabilising particle layer provides the steric hindrance necessary to prevent coalescence during particle collisions. Indeed, the fractional surface coverages calculated for the seven-day aged emulsions are significantly greater than the corresponding initial Cw values, see Table 5.2. This supports the theory that the worm fractional surface coverage gradually increases as the emulsion ages. As well as this increase in surface coverage there is a concomitant reduction in the worm adsorption efficiency, indicating desorption of some of the worms from the droplet surface into the continuous phase, again see Figure 5.14 for an illustration of this.
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[bookmark: _Toc442712165]Figure 5.14. Proposed mechanism for the observed increase in mean droplet diameter for PDMA43-PBzMA94 worm-stabilised sunflower oil-in-methanol Pickering emulsions. The initial droplets formed immediately after emulsification are relatively small, with a patchy coating of worms adsorbed at the interface with relatively high efficiencies (82-99 %). On ageing for approximately four days, some of the initial droplets undergo limited coalescence to form appreciably larger droplets, with a rather higher fractional surface coverage and a significant fraction of non-adsorbed worms now residing in the methanolic continuous phase.

In principle, an alternative mechanism for the observed increase in emulsion size could be Ostwald ripening. According to Weidner and co-workers, the solubility of sunflower oil in methanol is approximately 0.5-1.0 % w/w at 20˚C.61 Thus Ostwald ripening could occur for the present Pickering emulsion formulation via gradual diffusion of the sparingly soluble sunflower oil from smaller to larger droplets. However, this explanation does not appear to be consistent with the experimental observations.  Interfacial adsorption of the worms is expected to be strong and essentially irreversible. Thus, if such sunflower oil diffusion occurred, both an increase in mean droplet diameter and a reduction in Cw would be expected. In practice, only the former change is observed – the worm surface coverage actually increases as the emulsion coarsens on ageing. The experimental observations could be consistent with Ostwald ripening, provided that the worms released after preferential dissolution of the smaller droplets are partially readsorbed onto the growing larger droplets. It seems that further studies are warranted to clarify the true situation, but unfortunately this is beyond the scope of the present study. In summary, we suggest that the increase in emulsion droplet dimensions over time is most likely the result of a limited coalescence mechanism.

During these experiments the spontaneous formation of methanol-in-sunflower oil-in-methanol Pickering double emulsions was also observed, see Figure 5.15. Initially it was thought this could be due to human error leading to the introduction of a small amount of water during homogenisation and this water resulting in the formation of three-phase double emulsions. However, when homogenisations were repeated, ensuring all equipment was rinsed with methanol before use, double emulsions were still observed. This leads us to believe they are truly a feature of this system, rather than due to any contamination.

The presence of such double emulsions was observed during optical microscopy studies of freshly prepared emulsions at all worm concentrations used in this work (0.02 % w/w to 2.65 % w/w). However, when the aged emulsions were re-examined after seven days (i.e. after limited coalescence had occurred), double emulsions were only observed for emulsions prepared at the higher worm concentrations (0.66, 1.35 and 2.65 % w/w). In these three cases, a significant proportion of double emulsion droplets were still present, indicating that such double emulsions are stable beyond the period of droplet coalescence, see Figure 5.15. The precise mechanism of this double emulsion formation is not understood at the present time, but clearly warrants further studies.
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[bookmark: _Toc442712166]Figure 5.15. Optical microscopy images indicating the presence of methanol-in-sunflower oil-in-methanol double emulsions within a sunflower oil-in-methanol emulsion prepared by homogenising a methanolic dispersion of 0.66 % w/w PDMA43-PBzMA94 worms with an equal volume of sunflower oil for 2 minutes at a stirring speed of 13500 rpm at 20˚C; (a) immediately after homogenisation and (b) after ageing for seven days.
[bookmark: _Toc442713680]Conclusions
In this Chapter we have shown that PDMA43-PBzMA94 diblock copolymer worms can be used as Pickering emulsifiers to prepare sunflower oil-in-methanol Pickering emulsions. As well as sunflower oil, a range of n-alkanes were also investigated for homogenisation with the methanolic worm dispersions, but no stable emulsions were formed. Increasing the concentration of PDMA43-PBzMA94 diblock copolymer, and keeping the emulsification procedure the same, led to smaller average droplet diameters (as measured by laser diffraction). This is due to the increased amount of particles allowing stabilisation of smaller droplets (< 10 µm at 1.32 % w/w), as they are able to cover a greater surface area. Stable emulsions were formed at particle concentrations as low as 0.02 % w/w (average droplet diameter 53 µm). The decrease in droplet diameter with increase in particle concentration is consistent with previous results for emulsions stabilised by adsorbed particles.7 As such, although TEM images could not be obtained for this system we are fairly confident that the worms survive homogenisation and are adsorbed as particles rather than chains. Repeating laser diffraction measurements on four day aged emulsions showed the mean droplet diameter had increased for emulsions prepared at all particle concentrations.

Systematic variation of the stirring speed during homogenisation produced emulsions with adjustable diameters. With higher stirring speeds giving the smallest emulsion droplets, D < 10 µm for a stirring speed of 24000 rpm. The sunflower oil and methanol volume fractions were varied, with stable emulsions obtained up to a sunflower oil volume fraction of 0.60. At higher sunflower oil volume fractions there was simply no emulsification - no phase inversion was observed.

Turbidimetry studies were employed to assess Pickering adsorption efficiency and again an appreciable increase in mean droplet diameter was observed on ageing at ambient temperature. On closer inspection, no further increase in droplet diameter occurred after around four days. At all worm concentrations investigated, Pickering adsorption efficiencies were lower for seven-day-old emulsions than for the initial emulsion. Fractional surface coverage (Cw) of the droplets was also calculated; for both fresh, and seven day aged emulsions. This worm Cw increased with particle concentration, and for all concentrations increased significantly on ageing. After this seven day ageing period, the droplet diameter remains essentially unchanged for at least two months, as judged by laser diffraction. Based on these experimental observations, we suggest that this increase in mean droplet diameter is the result of limited coalescence. It is also worth noting the observation of the spontaneous formation of methanol-in-sunflower oil-in-methanol double emulsion droplets for this non-aqueous Pickering emulsion formulation. Although it is beyond the scope of the current work we feel this warrants further studies.
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The RAFT dispersion polymerisation of benzyl methacrylate (BzMA) in alcoholic media has been demonstrated to be a useful method for the synthesis of sterically-stabilised spherical nanoparticles with cationic character at high solids. Particle size distributions are relatively narrow and, for a fixed mean degree of polymerisation (DP) of the stabiliser block, the mean particle diameter can be systematically varied simply by adjusting the target DP of the core-forming block. Herein such spherical nanoparticles are utilised as well-defined colloidal templates for silica deposition, but they may also serve as useful model systems for other studies (such as Pickering emulsification). The relatively slow rate of polymerisation of BzMA achieved in pure ethanol can be significantly enhanced by the addition of water as a co-solvent. The BzMA polymerisation remains well-controlled and again the final particle diameter can be varied simply by adjusting the PBzMA DP. This may be an important result for potential commercial applications, because shorter reaction times would undoubtedly be more cost-effective.

The judicious selection of a PDMA94 stabiliser macro-CTA allows spherical particles of different diameters to be readily silicified using a soluble silica precursor without loss of colloidal stability. The relatively high DP of this stabiliser block means that silica is deposited within the volume occupied by the stabiliser chains - hence the steric stabilisation mechanism is not unduly compromised. In principle, worm or vesicular morphologies may be worth exploring in the context of anti-reflective coatings (ARC) applications. However, if a shorter stabiliser were to be used, which would be required for access to such non-spherical morphologies, then in situ silica deposition is likely to lead to colloidal stability problems. Similarly, using water as a co-solvent also reduces access to worm and vesicle morphologies. This is because partial protonation of the PDMA stabiliser chains leads to strong lateral repulsion within the corona layer and so impedes polymerisation-induced self-assembly (PISA).

Using near-monodisperse spherical nanoparticles of tuneable diameter enables size effects to be investigated in the fabrication of ARC coatings. Silicified diblock copolymer nanoparticles were used to produce ARCs with minimum reflections as low as 0.6 % (compared to ≈ 10 % for uncoated glass plates). Nanoparticles with diameters of 30, 50 and 67 nm (as judged by TEM) were investigated. It appears that small template particles d ≤ 50 nm give the best performing ARCs, with significantly lower minimum reflections achieved for the 30 and 50 nm particles. However, the smallest template particles (d = 30 nm) only remained colloidally stable for 48 h once silicified. This would certainly prohibit their use if a solution to this problem could not be found. Cross-sectional SEM analysis should enable the voids within the coating layer to be visualised, as well as assessing whether nanoparticle monolayers, bilayers or multilayers have been produced via dip-coating. Similarly, AFM studies would provide valuable additional information regarding the surface topography. Preliminary experiments suggest that ARC formulations comprising binary mixtures of nanoparticles warrant further studies.

In principle, cationic block copolymer vesicles offer considerable potential in the design of ARCs for plastic substrates, for which a calcination step is not feasible. For example, a monolayer or bilayer of silicified vesicles could be deposited onto a plastic substrate via dip coating. Provided that the vesicles were sufficiently small to minimise scattering and did not collapse during drying, their hollow nature should introduce sufficient porosity to produce an ARC. In this regard, it has been recently shown that relatively small, low-polydispersity vesicles can be obtained via PISA using a binary mixture of anionic poly(methacrylic acid) stabilisers of differing DPs (see C. Gonzato et al., J. Am. Chem. Soc., 2014, 136, 11100). There seems to be no intrinsic reason why this PISA formulation cannot be extended to produce relatively small cationic vesicles using PDMA (or similar) stabilisers. If this line of enquiry is pursued, it is emphasised that the inner lumen of such vesicles should be in the 60-100 nm range in order to minimise unwanted haze in the ARC.

In principle, silicified worms could be aligned during their deposition, which could produce a new class of ARCs with viewing angle-independent reflectance. In particular, if core-cross-linked cationic worms could be prepared, they should exhibit a longer persistence length (i.e. be more rod-like), which should facilitate their alignment. Within the last few months, the Armes group has made considerable progress in developing robust PISA protocols for the synthesis of such core-cross-linked cationic worms.
[bookmark: _GoBack]In this project, SAXS proved to be an extremely powerful technique for the analysis of PDMA-PBzMA spherical nanoparticles using a well-known spherical micelle model. A wide range of useful parameters can be determined from data fits to SAXS patterns, including the overall particle diameter, the PDMA stabiliser layer thickness, the mean micelle aggregation number and the solvent volume fraction within the PBzMA micelle cores. According to the literature (J.-J. Yuan et al., J. Am. Chem.. Soc., 2007, 129, 1717), SAXS should also be extremely useful for determining the mean silica shell thickness after silica deposition onto the spherical nanoparticles. This is in part because silica scatters X-rays much more strongly than methacrylic copolymers, thus ensuring high contrast between the copolymer core and the silica shell. SAXS-derived silica shell thicknesses could then be correlated with reflectance spectroscopy data to investigate whether the former parameter has any impact on ARC performance.

Although not discussed in this thesis, preliminary in situ SAXS studies during PISA syntheses conducted within a capillary cell were attempted using the Bruker NanoStar instrument. However, detailed data analysis requires appropriate background subtraction, for which it is essential to know the instantaneous concentrations of monomer, copolymer and solvent. These parameters are extremely difficult to determine if the polymerisation kinetics within the capillary cell differ from those in a normal lab scale PISA synthesis. Nevertheless, this approach warrants further studies, not least because considerable progress in tackling the above technical problem has been recently made by the Armes group for an n-alkane PISA formulation. Provided that beam time at a synchrotron facility could be secured, in situ SAXS studies performed during alcoholic RAFT PISA syntheses could be used to investigate both nucleation and growth of particles. Here a long stabiliser block should be targeted to examine the nucleation and growth of spherical particles, while using a shorter stabiliser would be essential to monitor the evolution in particle morphology from spheres to worms to vesicles. 

To the best of our knowledge, the present study represents the first example of the use of SAXS and MALLS to determine aggregation numbers for a RAFT PISA formulation. This has cast some light on the likely mechanism(s) of particle formation, so it would be interesting to conduct similar studies for well-established RAFT PISA formulations in both water and n-alkanes. This would enable us to determine whether the observed evolution in aggregation number seen for the formulation covered in this thesis is generic for all RAFT PISA syntheses, or merely specific to alcoholic formulations (or even to the current diblock copolymer). 

The addition of water as a co-solvent results in an optimised formulation for the synthesis of spheres in the current system. It would therefore be interesting to silicify the resulting nanoparticles. Although the study of ethanol/water mixtures described in this thesis used a relatively short stabiliser block (PDMA43), replacing this with a longer stabiliser block should result in solely spherical nanoparticles which should be suitable for silicification. Furthermore, silica deposition onto nanoparticles synthesised in an ethanol/water mixture should lead to similar colloidal stabilities as the analogous nanoparticles synthesised in pure ethanol. Such changes should enable template particles to be prepared on much shorter time scales (6 h vs. 24 h). However, if non-spherical morphologies are desired then one drawback is that the water content must be carefully controlled, otherwise only spheres will be obtained as a kinetically-trapped morphology.

Chapter Six – Summary and Prospect
Using both aqueous and non-aqueous PISA formulations, Thompson et al. recently reported that the relatively high surface areas of block copolymer worms produces more efficient Pickering emulsifiers than the equivalent spherical particles (K. L. Thompson et al., Soft Matter, 2014, 10, 8615; K. L. Thompson et al., Chem. Sci., 2015, 6, 4207). Similarly, the alcoholic PISA formulation described in this thesis has provided a convenient route to PDMA-PBzMA worms in methanol. These highly anisotropic particles act as efficient Pickering emulsifiers for an unusual non-aqueous emulsion comprising sunflower oil droplets in methanol. However, these emulsions suffer from limited coalescence on storage at room temperature over time scales of days. Further studies towards understanding this phenomenon may enable the formation of more stable non-aqueous Pickering emulsions. Finally, the spontaneous formation of double emulsions (methanol-in-sunflower-oil-in-methanol) during the homogenisation of methanolic worms and sunflower oil clearly warrants investigation.
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[bookmark: _Toc442713685]A1: Spherical micelle model used for SAXS analysis
In general, the scattering intensity of a system comprising just one type of non-interacting polydisperse objects can be expressed as

			(A1.1)


where  is the form factor for the scattering objects,  is the distribution function, N is the number density per unit volume of the objects and r1,...,rk is a set of k parameters describing their structural morphology. The PDMA94-PBzMAx diblock copolymer chains studied in this work self-assemble in ethanol to form spherical nanoparticles (or micelles). Thus, the form factor in equation A1.1 can be expressed via an analytical expression previously reported for spherical copolymer micelles (J. S. Pedersen, J. Appl. Crystallogr. 2000, 33, 637).

										(A1.2)



Here the X-ray scattering length contrast for the core block and the corona block is given by and, where mc, c, and sol are the X-ray scattering lengths of the core block (PBzMA = 10.67  10-10 cm-2), the corona block (PDMA = 10.12  10-10 cm-2) and the solvent (ethanol = 7.57  10-10 cm-2), respectively. Vmc and Vc denote the volumes of the core block (VPBzMAx, see Table 2) and the corona block (VPDMA94 = 22.5 nm3), respectively. These volumes were obtained from   using the molecular weight (Mw) of the corresponding block and the solid-state homopolymer densities determined by helium pycnometry (PBzMA = 1.16 g cm-3 and PDMA = 1.09 g cm-3). The spherical form factor amplitude is used for the amplitude of the micelle core self-term

					(A1.3)

where Rs is the radius of the spherical micelle core. The mean aggregation number for the spherical micelles is given by , where xsol is the solvent fraction in the micelle core. The self-correlation term of the corona block is described by the Debye function:

				(A1.4)

where Rg is the radius of gyration of the corona block. For diblock copolymers with a relatively short PBzMA block DP, the corona contribution to the scattering is comparable to the scattering from the micelle core [i.e. PDMA94-PBzMA100 with 0.26]. Thus, in accordance with previous work (see N. J. Warren, et al., J. Am. Chem. Soc. 2015, 137, 1929), the amplitude of the corona self-term was obtained from a normalized Fourier transform of the radial density distribution function of the PDMA94 coronal chains in the micelle.

					(A1.5)

The radial profile, c(r), is expressed by a linear combination of two cubic b splines with two fitting parameters s and a corresponding to the width of the profile and the weight coefficient, respectively (see J.S. Pedersen, et al., Colloid Surf. A-Physicochem. Eng. Asp. 2003, 213, 175). The precise analytical expression of the integration applied in the SAXS analysis is not given in the reference but it can be obtained by using a mathematical software package such as Maple or MatLab. An approximate integration can also be found elsewhere (see J. S. Pedersen, et al., Macroromolecules 2003, 36, 416.). In accordance with previous studies a confinement was introduced into the model. It is known that a tends to zero for this condition, so it was assumed that a = 0. For the form factor given by equation A1.2, no penetration of the corona blocks into the micelle cores and a sharp, non-sigmoidal interface between the blocks was assumed. A polydispersity for the spherical micelle core radius (Rs), expressed as a Gaussian distribution, is considered for the spherical micelles in equation A1.1: 

						(A1.6)
where Rs is the standard deviation for Rs. The number density per unit volume in equation A1.1 is expressed as:

							(A1.7)


where c is the total copolymer volume fraction in the spherical micelles and  is the total copolymer volume in a spherical micelle []. Thus, the overall number of structural parameters for the spherical micelle model described by equation A1.1 and equation A1.2 is seven (Rs, Rs, xsol, Rg, s, a and c). Four of these seven parameters are determined independently, leaving just three variable parameters available for modelling.
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