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Abstract 
This Thesis focuses on preparation of block copolymer nano-objects prepared by polymerisation-
induced self-assembly (PISA) using reversible addition-fragmentation chain transfer (RAFT) 
polymerisation in aqueous media, alcoholic solution or various n-alkanes. First, a poly(N-(2-
methacryloyloxy)ethyl pyrrolidone) (PNMEP) precursor was prepared in ethanol and used as a steric 
stabiliser block for the preparation of spherical nanoparticles via either RAFT aqueous dispersion 
polymerisation of 2-hydroxypropyl methacrylate (HPMA) or RAFT aqueous emulsion polymerisation 
of 2-ethoxyethyl methacrylate (EEMA). PNMEP homopolymer exhibits lower critical solution 
temperature (LCST) behaviour in water so an ionisable carboxylic acid end-group was required to 
ensure sufficiently hydrophilic character for its use as an electrosteric stabiliser at pH 7. However, 
such anionic carboxylate end-groups only enable the synthesis of kinetically-trapped spherical 
nanoparticles, regardless of the mean degree of polymerisation (DP) of the PNMEP block or the 
solids concentration. Flocculation occurred either on addition of salt to screen the electrostatic 
charge or by adjusting the dispersion pH below the pKa of the carboxylic acid end-groups. 

A PNMEP precursor was then used for the RAFT alcoholic dispersion polymerisation of lauryl 
methacrylate (LMA) to produce PNMEP-PLMA diblock copolymer nano-objects. Water was added 
as a co-solvent to enhance the relatively slow rate of polymerisation for such PISA formulations. 
The addition of 20% w/w water yielded the fastest polymerisations, which enabled the highest final 
LMA conversions to be achieved. Transmission electron microscopy (TEM) studies indicated the 
apparent formation of spherical nanoparticles for all target PLMA DPs, albeit with contamination 
by a minor population of lamellae. However, small-angle X-ray scattering (SAXS) studies confirmed 
that these diblock copolymers formed mainly vesicles rather than spheres, with thicker vesicle 
membranes being obtained when targeting higher PLMA DPs. The Tg of the PLMA block was around 
-48 °C for all target PLMA DPs, indicating that the vesicle membranes were highly deformable. 
Finally, the dithiobenzoate RAFT end-groups were readily removed from an aqueous dispersion of 
PNMEP28-PLMA87 vesicles at 50 °C by prolonged irradiation using visible LED light (λ = 405 nm). 

Poly(tert-octyl acrylamide) (POAA) was used as a steric stabiliser for the RAFT dispersion 
polymerisation of N,N-dimethylacrylamide (DMAC) in n-heptane. This PISA formulation produced 
spherical nanoparticles but their tendency to film-form on drying meant that crosslinking was 
required for TEM studies. The upper critical solution temperature (UCST) behaviour of POAA85-
PDMAC150 spherical nanoparticles in various n-alkanes was investigated by turbidimetry. Little or no 
UCST behaviour was observed for POAA85-PDMAC150 spheres prepared in either n-heptane or n-
octane. However, progressively higher cloud points were observed for longer n-alkanes (2 °C for n-
decane, 27 °C for n-dodecane, 35 °C for n-tetradecane and 55 °C for n-hexadecane). Dynamic light 
scattering (DLS) studies indicated that such nanoparticle aggregation was thermoreversible. 
POAA85-PDMACx spheres were evaluated as putative Pickering emulsifiers. Unexpectedly, these 
highly hydrophobic nanoparticles produced oil-in-water (o/w) rather than water-in-oil (w/o) 
emulsions. Further experiments suggest that these nanoparticles adsorb at the inner surface of the 
oil droplets, rather than undergoing in situ micellar inversion during high-shear homogenisation. 

Finally, a poly(stearyl methacrylate) precursor was evaluated for the RAFT polymerisation of N-(2-
acryloyloxy)ethyl pyrrolidone) (NAEP) in n-dodecane. A PSMA DP of 36 was required to ensure 
colloidal stability of the nano-objects, which meant that only kinetically-trapped spheres could be 
obtained. Owing to the immiscibility of NAEP with n-dodecane, elevated temperatures were 
required for chain extension of PSMA36 when using this highly polar monomer. Interestingly, this 
formulation proved to be a rare example of a non-aqueous emulsion polymerisation even when the 

NAEP polymerisation was conducted at 90 °C. Finally, PSMA36-PNAEP70 spheres were briefly 
evaluated for their performance as a putative Pickering emulsifier to produce w/o/w double 
emulsions by high shear homogenisation of various n-dodecane/water mixtures. 
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1.1 General concepts 

Polymers are intrinsic to all aspects of modern life. They are present in countless everyday objects 

including toothbrushes, credit cards, contact lenses, cable insulation, food packaging, garden 

furniture, PC monitors, printed circuit boards, car bumpers and interiors, disposable latex gloves 

and syringes, non-stick frying pans, cutlery, water bottles and even the clothes that we wear.  In 

2012, Nesvadba reported that polymer production grew at a rate of around 9% per year from 1.5 

million tonnes in post-war 1950 to 230 million tonnes in 2009.1 He predicted that globally, the 

growth rate would continue long term at around 4% with the fastest growth in Asia.  Polymers 

are long chains of many monomer units that are covalently bonded together and the mean 

number of repeat units per chain is called the degree of polymerisation (DP).  

Staudinger was the first to postulate the long-chain nature of polymers.2 However, this 

revolutionary concept proved to be controversial and did not become widely accepted until 

Carothers provided independent experimental evidence for his hypothesis.3,4 Carothers was also 

the first to recognise that polymers could be prepared via either condensation or addition 

polymerisation. The former reaction usually results in the elimination of a small molecule (or 

condensate). Conversely, addition polymers are prepared from either vinyl or cyclic monomers 

and have chemical compositions that are identical to such building blocks, i.e. no small molecules 

are eliminated during polymerisation. However, Carothers’ nomenclature is no longer favoured, 

partly because it is now recognised that there are important examples of condensation 

polymerisation (e.g. the synthesis of polyurethanes) that do not proceed with the elimination of 

any small molecules. In 1953, an appreciation of differences between polymerisation mechanisms 

led Flory to reclassify the two main types of polymerisation as either chain or step 

polymerisation.5 Thus, chain growth involves successive monomer addition to an active chain 

centre. In contrast, step growth involves the gradual build-up of polymer chains via short 

oligomers such as dimers and trimers, which react together to generate longer chains. Simply, the 

condensation-addition classification is based on polymer structure, whereas step-chain 

classification is based on the mechanism of polymerisation.4 The work described in this Thesis is 

focused exclusively on chain polymerisations. 

A homopolymer is a chain comprising just one type of monomer repeat unit, whereas a copolymer 

is formed by the copolymerisation of two or more types of monomers and can possess an 

alternating, block or statistical copolymer architecture. Examples of AB copolymers are shown 

below (Figure 1.1).  
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A polymer chain can also be either linear or non-linear in nature. Examples of the former are 

shown in Figure 1.1, whereas examples of the latter include graft copolymers, star polymers, 

branched copolymers or crosslinked gels. Unlike organic small molecules, polymers do not 

possess a discrete molecular weight. Instead, polymers exhibit a molecular weight distribution 

(MWD) and molecular weight moments are used to describe specific points on this curve (see 

Figure 1.2). 

 

Figure 1.2. Schematic representation of a molecular weight distribution (MWD) for a polymer. The number-

average molecular weight (Mn) and weight-average molecular weight (Mw) are indicated as specific 

moments on this curve. 

The two most important moments on the MWD are the number-average molecular weight (Mn) 

and the weight-average molecular weight (Mw). The Mw/Mn ratio is a crude measure of the width 

of the MWD and is said to be the dispersity (Đ). If the dispersity is close to unity (Mw/Mn < 1.20), 

then the MWD is said to be narrow. 

Mn is defined by equation 1.1: 

𝑀𝑛 =
Ʃ𝑛𝑖𝑀𝑖

Ʃ𝑛𝑖
  (1.1) 

Figure 1.1. Spatial arrangements of A and B monomer repeat units in polymer chains: (a) homopolymer, 
(b) alternating copolymer, (c) AB diblock copolymer and (d) a statistical copolymer. 
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Where Mi is the molecular weight of the ith polymer chain, n is the number of chains and Ʃ𝑛𝑖 is 

the total number of chains. 

Mw is defined by equation 1.2: 

𝑀𝑤 =
Ʃ𝑛𝑖𝑀𝑖

2

Ʃ𝑛𝑖𝑀𝑖
  (1.2) 

Unlike Mn, Mw is biased towards higher molecular weight. According to equations 1.1 and 1.2, Mw 

is always greater than Mn for any MWD curve of finite width. In practice, this means that all 

synthetic polymers exhibit dispersities greater than unity. 

1.2 Free radical polymerisation 

Free radical polymerisation (FRP) is a form of chain polymerisation that has a free radical active 

centre.6 FRP can be applied to many functional vinyl monomers and is widely used in industry to 

produce high MW polymers.  

FRP works well under many conditions, including polymerisations conducted in solution, emulsion, 

suspension, and in the bulk. It is a robust method that is relatively insensitive to impurities and 

can be readily performed in many solvents.  

The mechanism of FRP involves initiation, propagation and termination (Figure 1.3). Initiation 

typically begins by thermal decomposition of an initiator that is added to the reaction mixture. 

Homolysis produces two radicals (I.) for each initiator molecule (I2) and such radicals then react 

with the monomer (M) to produce a growing polymer radical (Pn
.).  

 

Figure 1.3. Generally accepted mechanism for free radical polymerisation (FRP).4 

The rate of initiator decomposition (Rd) and the rate of initiation (Ri) are described by equations 

1.3 and 1.4, respectively. 

𝑅𝑑 = −
𝑑[𝐼]

𝑑𝑡
= 𝑘𝑑[𝐼]  (1.3) 

𝑅𝑖 = −
𝑑[𝑅∙]

𝑑𝑡
= 2𝑓𝑘𝑑[𝐼]  (1.4) 
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Here f is the fraction of radicals that actually initiate chain growth (otherwise known as the 

initiator efficiency). Typically, f is less than unity because some radicals undergo side reactions 

instead of reacting with monomer to form polymer chains. This is known as the ‘cage effect’. 

The most common classes of initiator are azo and peroxides (Figure 1.4). These can be 

decomposed to form radicals by light irradiation, using redox chemistry, or via thermal 

decomposition. The latter approach is often used for the industrial manufacture of vinyl polymers. 

In this case, the half-life (the time required for the initial initiator concentration to be reduced by 

50%) at a specific temperature is often used as a guide to select an appropriate initiator for a 

given set of reaction conditions. Such initiators undergo relatively slow thermal decomposition, 

which means that new radicals are generated over timescales of hours, i.e. throughout the 

duration of a polymerisation. This is one fundamental reason why vinyl polymers prepared using 

FRP invariably exhibit relatively broad MWDs. 

  

Figure 1.4. General chemical structures for (a) peroxide and (b) azo initiators. 

Indeed, the rate-determining step during FRP is the rate of initiator decomposition, which dictates 

the overall kinetics of the polymerisation. Once radicals are formed, both initiation and 

propagation occur rapidly, with high MW polymer chains being formed almost immediately. The 

MW remains fairly constant during the course of the polymerisation while the monomer 

concentration decreases steadily according to first-order kinetics. 

Termination of the growing polymer radicals can occur by either combination, which generates a 

polymer chain twice that of the kinetic chain length, or disproportionation whereby a hydrogen 

atom is abstracted from one growing chain to give an unsaturated and saturated species (see 

Scheme 1.1).  

The rate equations for these two types of termination are expressed by equations 1.5 and 1.6. 

The overall rate of termination is given by equation 1.7 where kt is the rate constant for 

termination. 

𝑅𝑡𝑐 = 𝑘𝑡𝑐[𝑀.][𝑀.]  (1.5) 

𝑅𝑡𝑑 = 𝑘𝑡𝑑[𝑀.][𝑀.]  (1.6) 
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𝑅𝑡 = −
𝑑([𝑀.])

𝑑𝑡
= 2𝑘𝑡[𝑀.]2 (1.7) 

A steady-state radical concentration of ~10-7 M is produced by continuous initiation and 

termination events. The mean lifetime of the growing polymer chains is short and, in the absence 

of chain transfer, high molecular weight chains are formed immediately in the early stages of 

polymerisation.7 

The predominant termination mechanism depends largely on the monomer class and also the 

reaction temperature. For example, for the polymerisation of styrene or acrylates, polymer 

radicals mainly terminate by combination, whereas methacrylates favour termination by 

disproportionation.  

 

Scheme 1.1. Mechanism for free radical termination by (a) combination and (b) disproportionation. 

For polymers produced by FRP, the mean number of repeat units (i.e. the number of monomer 

units consumed by each radical) is called the kinetic chain length, ν. Depending on the dominant 

termination mechanism, the DP of the polymer chains is equal to either ν or 2ν for 

disproportionation or combination, respectively if there is no chain transfer. 

Chain transfer can occur to monomer, polymer, initiator or solvent, resulting in shorter polymer 

chains than expected. In each case, a new radical is produced which can reinitiate or truncate 

polymerisation. If the rate of reinitiation is sufficiently fast, the kinetics of the polymerisation will 

not be significantly affected. 

Assuming that the radical reactivity is independent of the chain length, all propagation steps have 

the same rate constant (equation 1.8) where [𝑀.] is the concentration of monomer, M, in its 

radical state: 

−
𝑑[𝑀]

𝑑𝑡
=  𝑅𝑝 =  𝑘𝑝[𝑀.][𝑀] (1.8) 

Invoking the steady-state approximation (i.e. Ri = Rt  equation 1.9) and assuming that chain 

transfer is negligible, it can be shown that the overall rate of polymerisation, Rp, is given by 

equation 1.11 where kp is the rate constant for propagation and kd is the rate constant for initiator 

decomposition. 

a)

b)
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𝑅𝑖 =  𝑅𝑡 = 2𝑘𝑡[𝑀.]2  (1.9) 

[𝑀.] =  (
𝑅𝑖

2𝑘𝑡
)

0.5
   (1.10) 

𝑅𝑝 = 𝑘𝑝[𝑀] (
𝑓𝑘𝑑[𝐼]

𝑘𝑡
)

0.5

 (1.11) 

 

Figure 1.5. Schematic representation of molecular weight distribution curves for polymers with a relatively 
high dispersity (red curve), a relatively low dispersity (blue curve) or a theoretical dispersity of unity (black 
curve, ideal case). 

FRP has exceptional tolerance for both monomer and solvent functionality and is relatively cheap 

and straightforward to implement. Nevertheless, alternatives to FRP have been sought for better 

control over the MWD (often resulting in a broad MWD, see Figure 1.5), the target MW, and the 

copolymer architecture. 

 

1.3 Living anionic polymerisation 

Anionic polymerisation is a type of a chain polymerisation involving an anionic active centre. Such 

polymerisations have so-called ‘living’ character because intrinsic termination of anionic chain-

ends cannot occur, thus polymer chains with narrow MWDs can be produced. However, far fewer 

vinyl monomers are suitable for anionic polymerisation because it is intolerant of many types of 

protic functionality (e.g. hydroxyl, primary amines, secondary amines or carboxylic acid groups). 

Moreover, the substituent groups on the monomer must be able to stabilise the anionic active 

centre. Suitable vinyl monomers contain electron-withdrawing groups such as cyano, aromatic or 

ester groups. 
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The first report of living anionic polymerisation was by Szwarc in 1956.8 He suggested that, in the 

absence of any termination, the polymer chains should possess narrow MWDs and remain active 

indefinitely. Moreover, sequential addition of a second monomer should produce well-defined 

diblock copolymer chains. This concept was demonstrated in a follow-up paper published in the 

same year by Szwarc et al., who reported the synthesis of a polystyrene (PS)-polyisoprene diblock 

copolymer in dry tetrahydrofuran.9 In principle, well-defined multiblock copolymers can be 

prepared by anionic polymerisation via sequential monomer addition.10 

The rate of initiation is much faster than the rate of propagation, and propagation does not begin 

until initiation is complete. This allows all chains to grow uniformly and leads to a remarkably 

narrow MWD (typically Mw/Mn < 1.1). Moreover, the target DP is simply given by the 

[monomer]/[initiator] molar ratio and there is a linear evolution of MW with increasing monomer 

conversion (Figure 1.6). Conversely, FRP is characterised by a rapid initial increase in molecular 

weight before attaining a near-constant value, while poor control over the MWD is the result of 

(i) temporal overlap between initiation and propagation and (ii) intrinsic termination by 

combination and/or disproportionation.  

 

 

Figure 1.6. Schematic relationship between molecular weight and monomer conversion for conventional 
free radical polymerisation (blue curve) and living anionic polymerisation (red curve).  

If the anionic polymerisation is assumed to proceed to full conversion, the desired polymer MW 

can be targeted using equation 1.12 where Mn is the number-average molecular weight, M is the 

mass of monomer and [I] is the number of moles of initiator. 

𝑀n(g mol−1) =  
M (g)

[I](mol)
  (1.12) 
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As noted earlier, the number average DP can be calculated simply by dividing [M], the number of 

moles of monomer by [I], see equation 1.13. 

DP =  
[M]

[I]
   (1.13) 

Disadvantages of this method of polymerisation are that it is applicable to very few functional 

vinyl monomers and a rather limited range of non-protic solvents such as tetrahydrofuran, 

benzene, toluene or cyclohexane. This is because labile protons cause premature termination via 

rapid abstraction. In practice, water must be rigorously excluded from the monomer, solvent and 

all glassware. Thus, relatively few industrial processes utilise anionic polymerisation on an 

industrial scale. One notable exception is a US-based company, Kraton Polymers, which conducts 

the anionic polymerisation of monomers such as styrene, isoprene and butadiene to prepare 

thermoplastic elastomers (synthetic rubber) based on ABA triblock copolymers, diblock 

copolymers for diesel soot dispersion in engine oils and star diblock copolymers as viscosity 

modifiers (thickeners) for engine oils. 

 

1.4 Pseudo-living radical polymerisation 
Unlike FRP, pseudo-living radical polymerisation provides good control over the MWD and allows 

the synthesis of well-defined block copolymers by sequential monomer addition. This is achieved 

by reversible capping of the polymer radicals using a suitable reagent. This lowers the 

instantaneous polymer radical concentration and hence reduces premature termination by 

suppressing the rate of termination relative to the rate of propagation (Scheme 1.2). Rapid 

deactivation of the growing polymer radicals leads to an equilibrium between such species and 

the corresponding dormant (capped) chains. Thus, all chains have an equal probability to grow 

which leads to relatively narrow MWDs (Mw/Mn ~ 1.1-1.3) and a linear evolution of the molecular 

weight with monomer conversion.6 Moreover, because these polymerisations involve radical 

species, they are relatively tolerant of monomer functionality, as well as protic sources. 
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Scheme 1.2. Simplified ‘Reversible Deactivation Radical Polymerisation’ (RDRP) mechanism.11 

The term ‘Reversible Deactivation Radical Polymerisation’ (RDRP) is often used to describe such 

pseudo-living radical polymerisations as some background level of termination remains 

prevalent.12 Nevertheless, this general approach is highly versatile and, unlike anionic 

polymerisation, can be used for a wide range of functional vinyl monomers. The pseudo-living 

nature of the polymer chains means chain-end fidelity is maintained,13 which enables the 

synthesis of well-defined block copolymers as well as other types of copolymer architectures that 

are not accessible by FRP (e.g. star polymers).  

There are two main RDRP mechanisms. One involves transfer by reversible activation, which is 

controlled by the persistent radical effect (PRE), e.g. nitroxide-mediated radical polymerisation 

(NMP)14–16 or atom transfer radical polymerisation (ATRP).17,18 The alternative approach involves 

degenerative transfer, e.g. reversible addition-fragmentation chain transfer polymerisation (RAFT) 

polymerisation.19 

The PRE mechanism requires a persistent radical such as a sterically hindered nitroxide. 

Propagating polymer radicals react with this nitroxide at a given deactivation rate constant (kda). 

The rate constant for activation of the resulting dormant nitroxide-capped polymer chains to 

regenerate the propagating polymer radicals is ka. If kda exceeds ka, then [Pn
.] is reduced and most 

chains are present in their dormant state at any given time. The rate of termination is lowered as 

the equilibrium shifts to the right, thus reducing the probability of termination. 

If initiation is fast and full monomer conversion is achieved, the target DP of the polymer chains 

is simply given by the monomer concentration divided by the initiator concentration, equation 

1.14 for ATRP and by the concentration of nitroxide for NMP, equation 1.15. 20 

𝐷𝑃 =
∆[𝑀]

[𝐼]0
    (1.14) 
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𝐷𝑃 =
∆[𝑀]

[𝑛𝑖𝑡𝑟𝑜𝑥𝑖𝑑𝑒]0
   (1.15) 

 

1.4.1 Nitroxide-mediated polymerisation 

NMP was first established by Solomon et al. working at the Commonwealth Scientific and 

Industrial Research Organisation (CSIRO).7 NMP can be used to synthesise polymers with narrow 

MWDs via polymerisations conducted in solution, bulk, emulsion or suspension. 

Historically, nitroxides have been utilised as radical traps to study radical-based reactions. This 

reaction is complicated by side reactions including the formation of stable alkoxyamines. It was 

later shown that nitroxides selectively scavenge carbon-centred radicals to produce alkoxyamines 

and that oxygen-centred radicals either did not react or reacted reversibly with nitroxides.21 

Moreover, some alkoxyamines undergo isomerisation, which could only be explained by 

reversible homolytic dissociation.22,23 Furthermore, oligomers were obtained in some cases,24,25 

which suggested that alkoxyamines could be used to control radical polymerisations based on a 

reversible deactivation/activation mechanism. Nitroxide radicals reversibly cap the growing 

polymer chains, which allows addition of only a few monomers at a time during each chain growth 

event (Scheme 1.3). Control is afforded as the concentration of propagating polymer radicals is 

reduced and the dormant alkoxyamine-capped chain cannot be terminated prematurely.  

 

Scheme 1.3. Mechanism of nitroxide-mediated polymerisation (NMP).26 

One advantage of NMP is its simplicity: it only requires a monomer and an alkoxyamine, as the 

latter acts as both the initiator and the capping agent. Monomer purification is not critical for 

such polymerisations. One important disadvantage of NMP is that the homopolymerisation of 
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methacrylates is usually problematic. This is because slow deactivation of the tertiary radical 

adduct increases the probability of premature termination, therefore reducing the control.27 

High temperatures are often required owing to the relatively high bond dissociation energies of 

alkoxyamines.27 After extensive research, there are now some literature examples of NMP 

syntheses being conducted at lower temperatures (< 100 °C).28,29 An important example by 

Detrembleur and co-workers used moderate temperatures (40-50 °C) for the synthesis of 

methacrylic homopolymers.30 In fact, these workers suggest that such low temperatures are 

important to limit the possibility of side reactions for methacrylates. 

1.4.2 Atom transfer radical polymerisation 

ATRP enables the polymerisation of many classes of vinyl monomers, including styrenics, 

(meth)acrylates and (meth)acrylamides.6 It is considered to be a more broadly applicable 

polymerisation technique than NMP and consequently is much more widely studied.  

 

Scheme 1.4. Mechanism of metal-catalysed atom transfer radical polymerisation (ATRP).31 

The general mechanism for ATRP is shown in Scheme 1.4. There are four essential components 

that are either added or produced in situ for ATRP to occur: a monomer (M); a (macro)initiator 

(Pn-X where X is usually a halogen atom); a transition metal (Mn) capable of undergoing a one-

electron redox reaction; a ligand (L) that can complex to this transition metal, thus modifying the 

solubility and activity of this catalyst. As with all pseudo-living radical polymerisations, ATRP 

requires a dynamic equilibrium between activation of a dormant species and deactivation of the 

growing polymer radical via transfer of an atom (or group) from a catalyst. Activation is achieved 

by reaction of an alkyl halide with a transition metal-ligand complex in its lower oxidation state 

and deactivation occurs by reaction of the growing polymer chain with the same transition metal-

ligand complex in its higher oxidation state (and containing a transferrable atom or group). 

Copper catalysts are the most widely used in ATRP, but various other transition metals (Ru, Fe, 

Ni, Mo, Re etc.) have also been shown to be suitable.32–36  

The metal catalyst cleaves the alkyl halide bond, thus increasing the oxidation state of the metal 

catalyst and generating an alkyl radical. This radical then reacts with multiple monomers to 
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produce a polymer radical, which is reversibly capped by transfer of a halogen atom from the 

transition metal catalyst. ATRP provides good control over the MWD and also enables high 

blocking efficiencies to be achieved when preparing block copolymers.  

One important disadvantage of ATRP is that most potential applications require removal of the 

toxic transition metal catalyst at the end of the polymerisation. Moreover, acidic monomers such 

as (meth)acrylic acid cannot be polymerised directly owing to side reactions such as protonation 

of the ligand (and hence deactivation of the catalyst). Other side reactions have also been 

reported that reduce the deactivation efficiency and therefore limit the control that can be 

achieved over the polymerisation.37 Compared to ATRP conducted in organic solvents, ATRP 

catalysts are very active in polar solvents such as water, which leads to a relatively high 

instantaneous radical concentration and hence a reduction in MWD control.38 However, much 

faster rates of polymerisation can be achieved so sometimes a small quantity of water is added 

to the reaction mixture to reduce the timescale required for the ATRP synthesis.39,40 

1.4.3 Reversible addition-fragmentation chain transfer polymerisation 

RAFT polymerisation was first reported in 1998 by scientists working at CSIRO.41 It simply involves 

conducting FRP in the presence of an organosulfur-based chain transfer agent (CTA). The ‘living’ 

character is achieved via rapid, reversible chain transfer of the propagating species. RAFT 

polymerisation can be used to produce well-defined diblock copolymers with Mw/Mn values of 

less than 1.20.42–44 It is also compatible with a range of solvents, including protic solvents such as 

water and lower alcohols and has been used for polymerisations in the bulk, as well as under 

emulsion, solution or dispersion conditions. RAFT polymerisation is highly tolerant of monomer 

functionality and is applicable to a wide range of vinyl monomers, including styrene, vinyl acetate, 

(meth)acrylates and (meth)acrylamides. The key is judicious selection of a suitable RAFT CTA for 

a given type of monomer, along with appropriate optimisation of the reaction conditions.45 

Target molecular weights can be calculated using equation 1.16: 

𝑀𝑛(theo. ) =
[𝑀]0−[𝑀]𝑡

[𝐶𝑇𝐴]0
𝑀 (1.16) 

Where [M]0 –[M]t is the amount of monomer consumed, [CTA] is the RAFT agent concentration 

and M is the molecular weight of the monomer. Hence the target DP of the polymer chains can 

be easily controlled by varying the relative [M]/[CTA] molar ratio, as shown in equation 1.17.  

DP =
[M]

[CTA]
   (1.17) 
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RAFT polymerisation and ATRP are highly versatile techniques that yield polymers with narrow 

MWDs. However, RAFT polymerisation is much more tolerant of carboxylic acids in the form of 

both acidic monomers and end-groups,  whereas such species typically poison the ATRP catalyst.46 

In this Thesis, the preparation of carboxylic acid-functionalised diblock copolymers in the form of 

sterically-stabilised nanoparticles in either aqueous solution or aqueous alcohol mixtures has 

been explored. Thus, RAFT polymerisation was deemed the most suitable chemistry for such 

syntheses. 

1.4.3.1 The RAFT mechanism 

The RAFT mechanism involves five distinct steps: initiation, reversible chain transfer, reinitiation, 

chain equilibrium and termination (Scheme 1.5). Initiation is essentially the same as that for FRP 

and produces a propagating polymer radical Pn
.. The addition of Pn

. to the CTA is immediately 

followed by fragmentation of the RAFT radical to afford a dormant species and a new radical, R.. 

Reinitiation then occurs, producing a new growing polymer radical, Pm
. (here the subscripts m 

and n denote the mean DP of each polymer radical).  

 

Scheme 1.5. RAFT polymerisation mechanism according to Rizzardo and co-workers.15 
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An equilibrium between the Pn
. and Pm

. radicals and their corresponding dormant species is 

established by rapid reversible transfer of the S=C(Z)-S group. This equilibrium maintains the 

pseudo-living character of RAFT polymerisation because most chains exist in their dormant, 

unreactive state (Figure 1.7) allowing equal opportunity for propagation. Similar chain lengths are 

therefore obtained for all polymer chains. RAFT polymerisation is a degenerative chain transfer 

process with a radical flux being required for the activation-deactivation equilibrium, hence the 

need for a radical initiator. 

 

Figure 1.7. Schematic representation of the various types of polymer chains present in a RAFT 
polymerisation at any given time. The majority of chains exist in their dormant capped states, a small 
fraction have undergone premature termination and only a few chains are activated towards 
polymerisation.15 

Chain termination is minimised owing to suppression of the instantaneous concentration of 

polymer radicals but the probability of termination increases significantly towards the end of the 

polymerisation, i.e. under monomer-starved conditions. For the formation of multiblock 

copolymers, RAFT polymerisations are often quenched prior to full monomer conversion to 

maintain chain-end fidelity, thereby minimising homopolymer contamination. However, Perrier 

et al. reported the synthesis of an icosablock (20-block) copolymer simply by sequential monomer 

addition, with more than 99% yield being achieved for each step.47 Reducing the initiator in such 

syntheses and using highly reactive monomers proved to essential for such demanding syntheses. 

There is a direct relationship between the amount of initiator used and the number of chains that 

undergo bimolecular termination.45 Polymer chains are terminated with either an initiator-

derived fragment or the R group from the CTA, depending on which species initiated the chain 

growth. Assuming that termination only occurs by disproportionation (which is likely to be a good 

approximation for methacrylic monomers), the number of polymer chains derived from the 

initiator is equal to the number of dead chains. Thus, the initiator concentration must be 
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minimised to maintain the ‘pseudo-living’ character of the polymerisation, particularly for the 

synthesis of such multiblock copolymers.  

1.4.3.2 Choosing a RAFT agent 

The Z and R substituents on the CTA play vital roles in the RAFT mechanism and therefore the CTA 

must be carefully selected to be suitable for a given monomer class (Figure 1.8). The Z group 

stabilises the transition state and the intermediate radical and hence controls the reactivity of the 

CTA, whereas the R group is the radical leaving group and must be capable of reinitiating the 

polymerisation. Moreover, the S-R bond must be relatively weak so that it can be readily cleaved. 

 

Figure 1.8. The four main classes of RAFT CTAs: dithiobenzoate, trithiocarbonate, dithiocarbamate and 
xanthate. 

Unfortunately, the presence of the organosulfur-based RAFT end-group leads to intrinsically 

coloured and distinctly malodorous polymers.44 Moreover, such end-groups (or their 

decomposition products) can be too toxic for certain biomedical applications.48 Nevertheless, Z 

groups enable convenient end-group analysis in many cases. For example, the Mn of the polymer 

can be determined by gel permeation chromatography (GPC) using a UV detector and PS 

standards. Similarly, visible absorption spectroscopy can be used to monitor the kinetics of RAFT 

dispersion polymerisation 49 and the Z group can also be removed to confer desired end-group 

functionality.50–52 Various methods for RAFT end-group removal have been explored, as 

summarised in Figure 1.9 below.  

 



Chapter 1: Introduction 

 

17 
 

 

Figure 1.9. Summary of methods for Z group removal from polymers prepared by RAFT polymerisation.50 

Most methods to remove RAFT end-groups involve thermolysis,53 photolysis54,55 or addition of a 

selective reagent56–61 to cleave the organosulfur group from soluble polymer chains. In contrast, 

there are relatively few reports of RAFT end-group removal from block copolymer 

nanoparticles.62,63  

In general, vinyl monomers can be categorised as either more activated monomers (MAMs) or 

less activated monomers (LAMs). MAMs are conjugated to electron-withdrawing groups and 

therefore possess an electron-deficient double bond; examples include methacrylates, acrylates, 

acrylamides and styrene. Dithiobenzoates and trithiocarbonates are well-suited for the RAFT 

polymerisation of MAMs: such monomers require Z groups that stabilise the intermediate radical 

so that radical addition to the C=S bond is favoured (Figure 1.10). The resulting propagating 

radical is less reactive towards polymerisation (i.e. it has a lower kp and kadd) thus a more active 

RAFT agent is required to ensure good control. 

In contrast, LAMs have electron-donating heteroatoms adjacent to an electron-rich double bond. 

They also lack an effective radical-stabilising substituent, with typical examples being N-vinyl 

pyrrolidone (NVP) and vinyl acetate (VAc). Propagating polymer radicals formed by LAMs are 

highly reactive (i.e. possess relatively high kp and kadd values) and are relatively poor leaving groups. 

Thus, this monomer class requires either dithiocarbamates or xanthates, which make the 

intermediate radical less stable and favour fragmentation of the propagating polymer radical 

(Figure 1.10).  



Chapter 1: Introduction 

 

18 
 

 

Figure 1.10. Guidelines for selection of appropriate RAFT agents (ZC(═S)SR) for various polymerisations. 
Addition rates decrease and fragmentation rates increase from left to right. A dashed line indicates partial 
control (i.e., control over the target molecular weight but poor control over the MWD, or substantial 
retardation in the case of LAMs such as VAc or NVP).64  

Ideally, a ‘universal’ RAFT CTA should enable the synthesis of well-defined block copolymers 

comprising both MAMs and LAMs. In principle, the reactivity of a RAFT agent can be modified by 

changing the external conditions. There are several reports of chain extension of a MAM-based 

polymer with LAMs using a so-called ‘switchable’ RAFT CTA based on a pyrazole.65 However, 

inverting this block order is more challenging. Usually, MAMs must be polymerised first as 

fragmentation of the intermediate radical favours the better homolytic leaving group. Recently, 

Sumerlin et al. circumvented this problem to form a PLAM-PMAM diblock copolymer using 

iniferter-controlled RAFT polymerisation, as described below (Figure 1.11).66  

 

Figure 1.11. Mechanism for iniferter-controlled RAFT polymerisation as reported by Sumerlin et al.67 

1.4.3.3 Initiator-free photoRAFT (iniferter-controlled RAFT) 

RAFT polymerisations typically utilise a thermally activated azo or peroxide initiator. However, it 

is also feasible for such reactions to proceed via light irradiation using either a photocatalyst or a 

photoinitiator (Figure 1.12).  
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Figure 1.12. RAFT polymerisation mechanisms via photoinitiation and photoiniferter pathways.68 

In fact, the RAFT CTA itself can be used as an iniferter. This approach circumvents the need to use 

an initiator as the carbon-sulfur bond can be cleaved by photolysis using visible light. The spin-

forbidden n → 𝜋∗ thiocarbonyl transition has an absorption energy with a λmax of 400 – 500 nm, 

which also accounts for the distinctive colour of many RAFT agents.69 Blue or green visible light 

results in β-cleavage of the carbon-sulfur bond, producing a radical that undergoes propagation 

and chain transfer as a conventional RAFT polymerisation.70 Indeed, early work using iniferters to 

initiate polymerisations predates the RAFT polymerisation literature.71–73 

In principle, iniferter polymerisations can continue indefinitely as radical generation is reversible. 

However, this is often not possible in practice because side reactions can lead to termination. 

Empirically, it has been found that the living character of such polymerisations depends on the 

irradiation time, conversion and iniferter structure.67 Wang and co-workers were the first to 

identify the importance of RAFT CTA concentration for a well-controlled polymerisation. When 

using 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT), they found that 

photolysis was reversible at high CTA concentrations but became irreversible at low 

concentrations, resulting in poor control over the MWD and the production of high MW polymers 

(Figure 1.13).74 Chen et al. suggested that light intensity may have a similar effect to CTA 

concentration.67 At high levels of irradiation, most RAFT CTAs exist in their radical state so lower 

intensity light should confer greater control.75  

Using blue light, McKenzie and co-workers obtained polymers with high end-group fidelity which 

were used for multiple chain extensions to produce hexablock copolymers in dimethyl sulfoxide 
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using a trithiocarbonate-based RAFT agent.69 Each step required 24 h irradiation to achieve ≥ 92% 

monomer conversion for acrylate and acrylamide comonomers. Furthermore, the RAFT iniferter 

synthesis of homopolymers was evaluated using a series of solvents of varying polarity.  

 

Figure 1.13. Proposed mechanism for the reversible decomposition of DDMAT by UV irradiation using high 
DDMAT concentrations.67,74 

Easterling and co-workers hypothesised that photolysis of C–S bonds could generate R group 

macroradical intermediates normally disfavoured by the RAFT mechanism, which might allow 

inversion of the block sequence to produce PLAM-PMAM diblock copolymers.66 Three poly(N,N-

dimethylacrylamide) (PDMAC) precursors were synthesised using a trithiocarbonate (PDMAC-

TTC), a xanthate (PDMAC-Xan) and a dithiocarbamate ‘switchable’ RAFT agent (PDMAC-SRA). All 

three precursors exhibited narrow dispersities (Mw/Mn ≤ 1.17) and Mn values below 10 kg mol-1. 

UV-visible spectroscopy was used to assess the 𝜋 → 𝜋∗and 𝑛 → 𝜋∗(forbidden) transitions.  
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Figure 1.14. UV-visible spectra recorded for the PDMAC-TTC, PDMAC-Xan and PDMAC SRA precursors, 
indicating the λmax values for their 𝝅 → 𝝅∗ and 𝒏 → 𝝅∗ transitions, respectively.66 

For PDMAC-TTC, the 𝜋 → 𝜋∗ transition has a λmax of 312 nm and the 𝑛 → 𝜋∗ transition has a λmax 

of 433 nm (Figure 1.14). Using UV irradiation, pseudo first-order kinetics for the polymerisation 

of methyl methacrylate (MMA) was observed but slow photolysis of the PDMAC-TTC precursor 

resulted in higher than expected PMMA DPs.76 Chain extension with MMA was then attempted 

by irradiation with blue light with the expectation that greater overlap of the forbidden TTC 

absorption with the blue light emission should enhance the photolysis. Unfortunately, similar 

results to those obtained using UV irradiation were obtained with a mixture of residual PDMAC-

TTC and high MW PDMAC-PMMA diblock copolymer chains being formed after 12 h. In contrast, 

xanthates undergo rapid photolysis by irradiation with UV light. PDMAC-Xan had a 𝑛 → 𝜋∗ 

transition with a λmax of 357 nm, which is close to that of the λmax of 365 nm for the UV source 

used in these experiments. Kinetics studies indicated a pseudo first-order reaction, suggesting 

that a constant radical concentration was maintained throughout the polymerisation. High 

blocking efficiencies were achieved and markedly faster kinetics than when using PDMAC-TTC. 

Moreover, only mixtures of PDMAC-Xan and PMMA homopolymers could be obtained when 

using a thermal initiator. Finally, chain-extending PDMAC-SRA with MMA led to high blocking 

efficiencies – comparable to those achieved with PDMAC-Xan. This was attributed to the similarity 

of the 𝜋 → 𝜋∗ transition (for which λmax = 284 nm), thus rapid cleavage of the C-S bond could be 

achieved. 

1.5 Physical forms of polymerisation 

Depending on the desired final form of the polymer, there are several physical methods of 

polymerisation. Such formulations include bulk, solution, precipitation, dispersion and emulsion 

polymerisation. 
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1.5.1 Bulk polymerisation 

Bulk polymerisation is conducted in the absence of any solvent. A suitable initiator is one that is 

soluble in the pure liquid monomer. Such polymerisations can be initiated by either heating or 

irradiation. The reaction mixture often becomes extremely viscous as polymerisation proceeds. 

This can result in broad MWDs and, in the case of highly exothermic reactions, the polymerisation 

may become uncontrolled owing to inefficient heat transfer. Bulk polymerisation is often 

implemented for step polymerisations, such as the synthesis of polyesters. Small molecules can 

be removed under vacuum to drive the polymerisation towards the desired product, which would 

be problematic if a relatively volatile solvent was present. If high conversions can be achieved at 

acceptable viscosities, post-polymerisation purification becomes unnecessary for bulk 

polymerisations, which is an important advantage for industrial-scale syntheses. 

1.5.2 Solution polymerisation 

The monomer, initiator and resulting polymer are all soluble in the chosen solvent for a solution 

polymerisation. The addition of solvent to a polymerisation confers several benefits and also 

some disadvantages. Heat transfer and control of the mixture viscosity becomes easier but 

purification of the polymer, i.e. removal of solvent and residual unreacted monomer, becomes 

more difficult. The rate of polymerisation is typically also lower, partly as a result of heat transfer 

to solvent. Ideally, it is best to utilise a solvent that is also required in the final product, thus 

eliminating its removal. 

1.5.3 Precipitation polymerisation 

A homogeneous formulation comprising solvent, soluble monomer and soluble initiator becomes 

a heterogeneous system owing to the precipitation of insoluble polymer during the 

polymerisation. This phase separation occurs at some critical DP and/or monomer conversion and 

can make efficient stirring and heat dissipation somewhat problematic.  

1.5.4 Dispersion polymerisation 

Dispersion polymerisation differs from precipitation polymerisation as it utilises a polymeric 

stabiliser to produce sterically-stabilised latex particles, rather than a macroscopic precipitate. 

The solvent should be a good solvent for the monomer, initiator and the steric stabiliser but be a 

non-solvent for the growing polymer chains. Thus, as the growing polymer chains nucleate the 

reaction mixture becomes heterogeneous and nascent particles are formed. The steric stabiliser 

adsorbs onto these particles and confers colloidal stability. Unreacted monomer diffuses into 

these particles, which leads to further polymerisation occurring within the monomer-swollen 

cores. Ultimately, colloidally stable polymer latex particles are produced. Without the steric 
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stabiliser, the polymer would simply precipitate from the reaction medium. Dispersion 

polymerisation was first developed by ICI in the 1960s and is often used for the production of 

spherical particles between 0.1 and 10 µm.77 It is possible to tune the particle size by varying 

various synthesis parameters such as the monomer concentration, polymerisation temperature 

and amount of steric stabiliser.78,79 Dispersion polymerisation often utilises FRP and can be 

conducted in non-polar,80 aqueous81 or alcoholic82,83 media. 

 

Figure 1.15. Aqueous dispersion polymerisation of 2-hydroxypropyl methacrylate (HPMA) in the presence 
of a suitable poly(N-vinyl pyrrolidone) (PNVP) steric stabiliser to produce a colloidally stable latex 
dispersion.81 

For example, Ali et al. reported the aqueous dispersion polymerisation of 2-hydroxypropyl 

methacrylate (HPMA) via FRP.81 As expected, macroscopic precipitation occurs in the absence of 

a suitable steric stabiliser. However, sterically-stabilised latex particles are produced in the 

presence of poly(N-vinyl pyrrolidone) (PNVP) and the particle size can be tuned by varying the 

synthetic parameters (Figure 1.15). 

1.5.5 Aqueous emulsion polymerisation 

Aqueous emulsion polymerisation can also be used to prepare polymer latexes.84–87 Unlike 

dispersion polymerisation, it is an inherently heterogeneous formulation as the monomer is 

insoluble in the aqueous continuous phase. A surfactant is usually used to stabilise the monomer 

in the form of micron-sized droplets, although a minor fraction of monomer is also dissolved in 

the aqueous phase. Emulsion polymerisation enables high MW chains to be generated in a highly 

convenient low-viscosity (latex) form. Hence it has been widely used to manufacture solvent-

borne and water-borne latexes for the paints and coatings industry. Depending on the precise 

formulation, the particle size can range from 50 nm up to 1000 nm.77 Higher monomer and 

initiator concentrations tend to favour the formation of larger particles, whereas higher 

surfactant concentrations tend to produce smaller particles. 
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Figure 1.16. Schematic representation of the three main intervals for aqueous emulsion polymerisation 

conducted in the presence of a surfactant. [N.B. I2 represents initiator molecules, I
.
 denotes initiator 

radicals and M is the monomer].88 

Ab initio emulsion polymerisation comprises three separate intervals (Figure 1.16).89,90 The 

monomer is initially present in micron-sized droplets, solubilised within much smaller (but much 

more numerous) surfactant micelles and a relatively small fraction is dissolved in the aqueous 

continuous phase. Initiator radicals can either diffuse into the micelles to initiate the 

polymerisation (heterogeneous nucleation) or they can react with dissolved monomer in the 

water (homogeneous nucleation). For the latter type of initiation, once a growing oligomeric 

radical reaches a critical DP it becomes insoluble and migrates into a surfactant micelle, where it 

continues to propagate. The number of polymer particles depends on the surfactant 

concentration: the more nuclei that are formed in the early stages of the polymerisation, the 

smaller the final latex particles. Once radicals enter the micelles, polymerisation occurs rapidly 

owing to the high local monomer concentration, which allows high monomer conversions to be 

achieved within relatively short timescales. Moreover, microcompartmentalisation reduces the 

probability of termination, which enables high MW polymer chains to be generated. The second 

interval involves diffusion of monomer from the droplet reservoirs through the aqueous solution 

into the micelles. This continues until all monomer is exhausted at a rate that is dictated by the 

aqueous solubility of the monomer. In the third and final stage, the monomer droplets are 

depleted and polymerisation continues within the monomer-swollen particles to produce a 

colloidally stable latex. 

 

1.6 Self-assembly 

Self-assembly is a thermodynamically driven process involving a molecule that contains both a 

solvophobic and solvophilic component.91 Depending on the chemical structure of this 
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amphiphile, the self-assembled structure may involve hydrogen bonds and electrostatic 

interactions, as well as attractive Van der Waals interactions.  

1.6.1 Self-assembly of surfactants 

Surfactants are amphiphilic small molecules that reduce the interfacial tension via adsorption at 

the liquid-liquid, solid-liquid or air-liquid interface. In the case of two immiscible liquids, this 

enables the formation of stable emulsions.  

Micelles comprise self-assembled colloidal aggregates of surfactants. Micelle formation occurs 

when the energy required for a single surfactant molecule to exist in its free (non-aggregated) 

state is higher than the entropic penalty associated with self-assembly.92,93 At sufficiently low 

concentration most surfactant molecules exist as individual molecules, with self-assembly only 

occurring when the surfactant concentration exceeds the critical micelle concentration (CMC). 

According to Israelachvili,93 the CMC is given by: 

𝐶𝑀𝐶 = 𝑒𝑥𝑝 [−
(𝜇1

0−𝜇𝑁
0 )

𝑘𝐵𝑇
] (1.18) 

Here 𝜇1
0 is the chemical potential of the free amphiphile, 𝜇𝑁

0  is the chemical potential of a micelle 

composed of N surfactant molecules, 𝑘𝐵  is Boltzmann’s constant and 𝑇  is the absolute 

temperature. 

There is a dynamic equilibrium between the micelles and the individual surfactant molecules; the 

mean residence time for a surfactant molecule within a micelle is typically below a millisecond.94 

Above the CMC, the number of micelles increases but there is always a background concentration 

of free surfactant. The major driving force for the self-assembly of ionic surfactants in aqueous 

solution is the hydrophobic effect.93 Opposing this attractive force is the electrostatic repulsion 

between charged head-groups. The latter term dictates the area per molecule (𝛼0) that is exposed 

to the water. Stable micelles are formed when the repulsive and attractive forces are balanced. 

According to Israelachvili and co-workers, the geometric packing parameter, P, (equation 1.19) 

can be used to predict the preferred micelle morphology, where v is the volume of the 

hydrophobic tail, a0 is the contact area of the head-group and lc is the length of the hydrophobic 

tail (Figure 1.17).92,93 

𝑃 =
v

𝑎0𝑙𝑐
 (1.19) 

The Gibbs equation ( ∆𝐺𝑚𝑖𝑐𝑒𝑙𝑙𝑒 = ∆𝐻𝑚𝑖𝑐𝑒𝑙𝑙𝑒 − 𝑇∆𝑆𝑚𝑖𝑐𝑒𝑙𝑙𝑒 ) can be used to explain the self-

assembly of amphiphiles into micelles. A large increase in entropy drives self-assembly95 owing to 
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the hydrophobic effect.96 Water molecules form cage structures around the hydrophobic tails of 

individual surfactants; this local ordering increases the number of hydrogen bonds and reduces 

the solvent entropy.97 On micelle formation, these clustered water molecules are released into 

the bulk solvent, which leads to an increase in the overall entropy of the system. 

 

Figure 1.17. Schematic representation of the geometric packing parameter, P, for surfactant molecules 
within a micelle.  

As indicated above, surfactant micelles are normally considered to be in thermodynamic 

equilibrium with free surfactant.98 In contrast, diblock copolymer micelles are much more likely 

to be kinetically-frozen, although this depends on the nature of hydrophobic block.95,98  

1.6.2 Self-assembly of AB diblock copolymers 

AB diblock copolymers can undergo self-assembly in the bulk99,100 owing to enthalpic 

incompatibility between the two blocks to produce microphase separated materials. Similarly, 

amphiphilic diblock copolymers undergo microphase separation in solution to produce various 

types of sterically-stabilised nano-objects.101,102 Such colloidal aggregates are usually much more 

stable to dilution than surfactant micelles and have been widely studied over the past six 

decades.103,104 

Depending on the volume fraction of each block, the overall DP and the Flory-Huggins interaction 

parameter (χ) between the two blocks, various copolymer morphologies can be obtained from 

self-assembly in the bulk.104 The χ parameter represents the enthalpic incompatibility between 

the A and B blocks and varies inversely with temperature. Thus, intimate mixing between the two 

blocks can occur at a sufficiently high temperature. Self-consistent mean-field theory has been 

used to predict the phase separation of diblock copolymers in the bulk.105,106 Such predictions are 
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reasonably consistent with experimental observations made for polyisoprene-block-PS 

copolymers.104,105 Systematically increasing the volume fraction of block A induces order-order 

transitions from close-packed spheres (S) to cylinders (C), then gyroids (G) and finally lamellae (L), 

see Figure 1.18. If the volume fraction of block A then exceeds that of block B, the analogous 

inverse morphologies can be formed. 

 

Figure 1.18. (a) AB diblock copolymer morphologies formed in the bulk where S and S’ are bodied-centred 
cubic spheres, C and C’ are hexagonally-packed cylinders, G and G’ are bicontinuous gyroids and L denotes 
lamellae. (b) Theoretical phase diagram calculated using self-consistent mean-field theory according to the 
segregation parameter (χN) and the volume fraction of block A (fA). (c) Experimental phase diagram 
determined for polyisoprene-polystyrene diblock copolymers where fA is the volume fraction of the 
polyisoprene block and PL represents a perforated lamellae phase.104  

It is also possible for diblock copolymers to self-assemble in a solvent that is selective for just one 

of the blocks. The resulting copolymer morphology depends on the diblock composition which 

can be linked to the geometric packing parameter originally introduced to account for surfactant 

self-assembly. If 𝑃 <
1

3
 , the surfactant (or diblock copolymer) forms spherical micelles, when 

1

3
<

𝑃 <
1

2
  worm-like micelles are obtained and when 𝑃 >

1

2
  either vesicles or lamellae are obtained. 

If 𝑃 > 1, inverted structures can be generated. 

In reality, the copolymer morphology depends on several factors, including the nature of the 

monomer building blocks, the volume fraction of each block and the mean DP of each block. Often 

a solvent switch method is utilised where a solvent is selected that is a good solvent for one block 

and a bad solvent for the other. Self-assembled structures can also be generated in aqueous 

solution via a pH switch107 or by thin film rehydration.108 However, these protocols are typically 

conducted at low copolymer concentrations (≤ 1% w/w solids) and are therefore not scalable for 

industrial applications. 
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1.6.2.1 Critical solution temperatures 

Polymers that become soluble at elevated temperatures exhibit upper critical solution 

temperature (UCST) behaviour, whereas polymers that precipitate out of solution at high 

temperatures exhibit lower critical solution temperature behaviour (LCST) (Figure 1.19).  

 

Figure 1.19. Phase diagrams illustrating (a) LCST and (b) UCST behaviour of polymers when varying the 
solution temperature, T, and polymer concentration. A cloud point (CP) is observed at the boundary, which 
is represented by a solid line.109  

Strictly speaking, the terms UCST and LCST should only be used if a phase diagram has been 

constructed, otherwise only the transition temperature should be cited.109 This is known as the 

cloud point (CP), because the initially transparent solution becomes turbid as the polymer chains 

become insoluble (Figure 1.20). A well-known example of a thermoresponsive polymer is poly(N-

isopropylacrylamide) (PNIPAM),110,111 which has an LCST that is almost independent of the 

polymer concentration or MW. At any given concentration, the CP is almost identical to the LCST 

so these terms are used interchangeably in this particular case. 
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Figure 1.20. Schematic representation of a thermoresponsive polymer exhibiting (a) LCST behaviour and (b) 
UCST behaviour in solution.  

The CP of PNIPAM is independent of molecular weight or concentration, as stated above. It has a 

CP between 32 and 33 °C and, given its biocompatibility, it is an interesting biomaterial. It is 

possible to cross-link PNIPAM to form hydrogels and subsequently load with drug molecules.112,113 

Inducing a coil-to-globule transition causes a reduction in gel volume, resulting in release of the 

entrapped drug.114,115 It is also possible form PNIPAM microgels which have a sponge-like 

structure with the interstitial spaces filled with solvent, which similarly can be loaded with 

drugs.116,117 These microgels combine the favourable properties of ‘bulky’ hydrogels (flexibility, 

hydrophilicity and biocompatibility)118 with those of a colloidal dispersion (long circulation 

lifespan, low viscosity, high internal void fraction and diameter tuneability).115,119 When the size 

of the microgel is tuned to be below 200 nm, the blood circulation time of the drug carriers is 

extended.120  

Another example of a polymer that exhibits LCST behaviour is poly(N-(2-methacryloyloxy)ethyl 

pyrrolidone) (PNMEP).121,122 PNMEP is an analogue of PNVP, which is a highly biocompatible 

polymer that is widely used in the health and personal care industry.123–125 The effect of polymer 

structure on LCST behaviour was explored by Sun and co-workers.121 This team compared the 

LCST behaviour of PNMEP (DP = 96, CP = 65.3 °C) with that of poly(N-(3-
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acryloyloxypropyl)pyrrolidone) (PNAPP) (DP = 104, CP = 66.5 °C) and poly(N-(3-

methacryloyloxy)propyl)pyrrolidone) (PNMPP) (DP = 100, CP = 29.5 °C). As expected, PNMEP 

exhibited a comparable CP to that of its isomeric acrylic analogue (PNAPP). However, addition of 

just one methyl group to the backbone (i.e. PNMPP vs. PNAPP) led to a 37 °C reduction in CP for 

polymer chains of comparable mean DP. 

In contrast to LCST-type polymers, there are relatively few examples of UCST-type polymers in 

aqueous solution. In most cases, these literature examples are zwitterionic polymers.126 A well-

known UCST-type polymer is PS in cyclohexane; this polymer is soluble in hot cyclohexane but 

becomes insoluble when cooling below its CP of 35 °C.127–129 Similarly, poly(ethylene oxide) 

exhibits UCST behaviour in ethanol.130 

Several groups have synthesised doubly-thermoresponsive diblock copolymers where one block 

exhibits LCST-type behaviour while the other block exhibits UCST-type behaviour. Provided that 

the LCST is greater than the UCST, two types of diblock copolymer micelles can be formed and 

there is an intermediate temperature range where the copolymer chains are molecularly 

dissolved. 

 

Figure 1.21. Effect of varying the solution temperature on the aggregation behaviour of PNIPAM-PSPP 
diblock copolymers in aqueous media.131 

The first example of this unusual behaviour was reported by Arotçaréna et al. for PNIPAM-block-

P(3-(N- (3-methacrylamidopropyl)-N,N-dimethyl)ammoniopropane sulfonate) (PSPP) copolymers 

prepared by RAFT solution polymerisation in methanol.131 This thermoresponsive diblock 

copolymer can form either PNIPAM-core or PSPP-core micelles in water because PNIPAM exhibits 

LCST behaviour and PSPP exhibits UCST behaviour, see Figure 1.21. PSPP is a polyzwitterion and 

its UCST in water increases with increasing MW.132,133  
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1.7 Polymerisation-induced self-assembly 

Polymerisation-induced self-assembly (PISA) is a highly versatile platform technology for the 

efficient synthesis of diblock copolymer nanoparticles in the form of concentrated dispersions. A 

soluble homopolymer precursor is chain-extended with a second monomer, whose growing 

chains eventually become insoluble in the chosen solvent at some critical DP. This drives in situ 

self-assembly to form sterically-stabilised nanoparticles. This approach eliminates the need for 

post-polymerisation processing and can be conducted at copolymer concentrations of up to 50% 

w/w.134 The final diblock copolymer morphology is usually determined by the relative volume 

fractions of the core-forming (solvophobic) and stabiliser (solvophilic) blocks (Figure 1.22). Simply 

varying the target DP and the copolymer concentration often enables a range of diblock 

copolymer morphologies such as spheres, worms, vesicles or lamellae to be generated. In 

particular, the construction of pseudo-phase diagrams enables reproducible targeting of such 

morphologies and allows mixed phases to be avoided.135–140 However, several other synthesis 

parameters can influence the copolymer morphology, including the polymerisation temperature, 

choice of solvent, the mean DP of each block, and the solution pH (if ionisable groups are present). 

This is because each of these parameters influences the effective volume of each block. In 

particular, kinetically-trapped spheres are often obtained if the steric stabiliser block is too 

long135,141–143 or contains ionic groups.144–147 As described previously, the geometric packing 

parameter used to describe the morphology of surfactant micelles can also be used to predict the 

final copolymer architecture of diblock copolymers. 

 

Figure 1.22. Evolution of diblock copolymer morphologies observed during PISA when varying the mean 
DPs of the solvophobic and solvophilic blocks.148 

RDRP techniques are typically used for PISA syntheses of diblock copolymer nanoparticles. In this 

Thesis, RAFT-mediated PISA has been used exclusively for the formation of diblock copolymer 
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nanoparticles in various solvents. Thus, this specific topic is discussed in more detail below. 

Hawkett and co-workers were the first to report an efficient PISA formulation: they prepared 

spherical nanoparticles via RAFT aqueous emulsion polymerisation of methyl acrylate (MA), n-

butyl acrylate (BA) and styrene (S).149,150 More generally, RAFT aqueous emulsion polymerisation 

often leads to the formation of kinetically-trapped spheres.150–157 However, over the past decade 

various strategies have been developed to produce higher order morphologies.144,152,158–162 One 

particular approach recently developed by the Armes group involves selecting vinyl monomers 

that exhibit slightly higher solubility in aqueous solution (typically around 20 g dm-3).163–165 

Many RAFT dispersion polymerisation formulations also produce kinetically-trapped spheres, 

particularly when using a relatively long steric stabiliser block135,142,143 or when working at 

relatively low copolymer concentration.135,140 However, so-called higher order morphologies such 

as worms, vesicles or lamellae can be normally obtained by selecting appropriate 

conditions.135,136,138,144,166,167 Typically, this involves using a suitably short steric stabiliser block and 

targeting a relatively long insoluble block at a sufficiently high copolymer 

concentration.144,145,158,159 For such PISA syntheses, the evolution in copolymer morphology 

always appears to follow the same mechanistic pathway. If a sufficiently asymmetric diblock 

copolymer composition is targeted, spheres are formed initially and, as the structure-directing 

insoluble block grows longer, worms are formed via the stochastic 1D fusion of multiple spheres, 

followed by vesicle formation via transient jellyfish-like intermediates.136,168,169 For certain types 

of diblock copolymers, a lamellar morphology (i.e. thin 2D sheets or platelets) can also be 

obtained.138,170 

1.7.1 Colloidal stability 

Colloids comprise particles (or droplets) that are less than 1000 nm in size dispersed within a 

continuous phase.95 The colloidal stability of solid particles in a liquid medium depends on 

whether attractive or repulsive interactions dominate when interparticle collisions occur as a 

result of Brownian motion. If attractive forces dominate, the particles undergo ‘sticky’ collisions 

and become aggregated, destabilising the dispersion. However, if repulsive forces dominate, then 

the interparticle collisions are elastic and the dispersion remains colloidally stable. The three main 

mechanisms for colloidal stability are charge, steric and electrosteric stabilisation (Figure 

1.23).93,171 
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Figure 1.23. Schematic representation of (a) charge stabilisation conferred by the unfavourable 
interpenetration of electrical double layers surrounding anionic particles and (b) steric stabilisation 
conferred by unfavourable interpenetration of adsorbed layers of polymer chains at the surface of particles.  

1.7.1.1 Charge stabilisation 

Colloidal particles in aqueous solution can acquire surface charge by any one of four main 

mechanisms95: ion adsorption, ionisation, dissolution of ionic solids and isomorphous substitution. 

Each charged particle is surrounded by an electrical double layer (EDL), which contains an excess 

of oppositely charged ions (for example, the EDLs that surround anionic particles contain excess 

cations). When any two particles collide, it is the unfavourable overlap between their EDLs (rather 

than Coulombic repulsion) that leads to the generation of the repulsive force that accounts for 

their colloidal stability. Charge stabilisation is only effective in highly polar solvents such as water 

or lower alcohols, which are required to confer sufficient surface charge. Moreover, the addition 

of electrolyte causes the EDLs to shrink and weakens the repulsion force, leading to particle 

aggregation. 

1.7.1.2 Steric stabilisation 

Steric stabilisation is conferred by the physical or chemical adsorption of polymer chains onto the 

particle surface. Interpenetration of such ‘hairy’ layers is entropically unfavourable and, in a good 

solvent environment for the adsorbed polymer, is also enthalpically unfavourable. This generates 

a strong steric repulsion force that prevents neighbouring particles from getting close enough for 

attractive forces to dominate. The steric stabiliser must be strongly bound to the particle surface 

at a sufficiently high surface area coverage. Steric stabilisation offers the following advantages 

over charge stabilisation: (i) it enables colloidal dispersions to be prepared in either polar or non-

polar media; (ii) sterically-stabilised particles are usually insensitive to added electrolyte; (iii) 

effective stabilisation can be achieved even for concentrated dispersions. Moreover, if 

aggregation of sterically-stabilised particles does occur, this is often weak and reversible. This is 

sometimes known as flocculation. 
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1.7.1.3 Electrosteric stabilisation 

Electrosteric stabilisation combines aspects of both charge and steric stabilisation. In this case, 

the polymer adsorbed onto the particle surface may be a polyelectrolyte or perhaps contain an 

ionisable end-group. Alternatively, a non-ionic polymer may be adsorbed onto particles that 

possess substantial underlying surface charge. Thus, the repulsive forces required to offset the 

ever-present attractive forces can arise from both unfavourable EDL overlap and steric repulsion.  

1.7.2 RAFT dispersion polymerisation 

RAFT dispersion polymerisation can be used to prepare a wide range of sterically-stabilised 

nanoparticles in various media, ranging from water to polar solvents such as alcohols136,143,172–174 

to non-polar solvents such as n-alkanes,137,175,176 mineral oil142 or silicone oil177. In each case, a 

soluble precursor is chain-extended with a suitable miscible monomer. The soluble precursor 

block becomes the steric stabiliser while the growing second block becomes insoluble and 

structure-directing. 

1.7.2.1 RAFT aqueous dispersion polymerisation 

An et al. were the first to report RAFT aqueous dispersion polymerisation, although this 

terminology was not used in their study.178 They chain-extended a PDMAC precursor with water- 

miscible NIPAM in aqueous solution at 70 °C. At this reaction temperature, the growing PNIPAM 

chains are above their LCST. Thus, micellar nucleation occurs at some critical DP and diblock 

copolymer spheres with PNIPAM cores and PDMAC coronas are produced. On cooling below the 

LCST of the PNIPAM block, these sterically-stabilised nanoparticles dissolved to form soluble 

chains. To prevent such dissolution, the nanoparticles were crosslinked at 70 °C using 

bisacrylamide so that colloidally stable water-swollen nanogels were formed on cooling instead 

(see Figure 1.24).  
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Figure 1.24. Schematic representation of the first example of RAFT aqueous dispersion polymerisation: 
chain extension of a PDMAC precursor with NIPAM produces spherical nanoparticles that can be 
subsequently cross-linked with bisacrylamide (BIS).178  

Many research groups have used various water-soluble polymers as steric stabilisers for RAFT 

aqueous dispersion polymerisation in order to produce spherical, worm-like or vesicular nano-

objects. A summary of some of the most common steric stabilisers and water-miscible monomers 

used to generate the insoluble second block are given below. 
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Figure 1.25. Chemical structures of seven steric stabiliser blocks commonly used in the literature for RAFT 
aqueous dispersion polymerisation. 

Some commonly used polymers are shown in Figure 1.25, these include poly(glycerol 

monomethacrylate) (PGMA),63,122,135,165,179–184 poly(2-(methacryloyloxy)ethyl trimethylammonium 

chloride) (PQDMA),147 poly(2-hydroxypropyl methacrylamide) (PHPMAC),185–188 poly(N-(2-

acryloyloxy)ethyl pyrrolidone) (PNAEP),189 PDMAC,190 poly(ethylene glycol) (PEG),139,191–193 poly(2-

(methacryloyloxy)ethylphosphorylcholine) (PMPC).194–196 

Figure 1.26 shows the chemical structures of various water-miscible monomers that have been 

used for RAFT aqueous dispersion polymerisation. These include HPMA,63,135,184,197,139,146,147,179–183 

NMEP,122 4-hydroxybutyl acrylate (HBA),198 diacetone acrylamide (DAAM),190 NIPAM110,111 and 
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N,N’-diethylacrylamide (DEAM).199,200 It should be noted that PNIPAM and PNMEP both exhibit 

LCST behaviour. In principle, NIPAM can be polymerised below its LCST via RAFT solution 

polymerisation prior to increasing the solution temperature to form particles.201 However, this 

would not be an example of RAFT aqueous dispersion polymerisation. In contrast, Cunningham 

and co-workers prepared high MW PGMA-PNMEP diblock copolymers using a RAFT aqueous 

dispersion polymerisation formulation in order to avoid the problem of high solution viscosity.122 

Thus NMEP was polymerised above the CP of the PNMEP block to produce low-viscosity sterically-

stabilised nanoparticles at 70 °C. On cooling to 20 °C, the PGMA-PNMEP diblock copolymer 

nanoparticles dissociated to form molecularly-dissolved copolymer chains with molecular 

weights approaching 1x106 g mol-1. 

 

Figure 1.26. Chemical structures of six water-miscible monomers that can be used to generate the water-
insoluble block required for RAFT aqueous dispersion polymerisation. 

A well-studied diblock copolymer within the Armes research group is PGMA-PHPMA.180 PGMA is 

a non-ionic water-soluble polymer: chain-extending this precursor with the water-miscible HPMA 

monomer via RAFT aqueous dispersion polymerisation enables the formation of well-defined 

PGMA-PHPMA spheres, worms or vesicles.135,168,202,203 A master phase diagram has been recently 

published that enables such copolymer morphologies to be targeted with excellent 

reproducibility (see Figure 1.27).203 
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Figure 1.27. Master phase diagram constructed for PGMA-PHPMA diblock copolymer nano-objects 
prepared via RAFT aqueous dispersion polymerisation using transmission electron microscopy. This 
‘morphology map’ enables the reproducible targeting of pure copolymer morphologies. Green squares 
indicate spheres, red circles represent worms and blue squares indicate vesicles. A copolymer 
concentration of 20% w/w was used for all syntheses except those involving PGMA DPs below 47 (since 
such PISA formulations are known to exhibit concentration-independent morphologies).203  

The final copolymer morphology depends on both the copolymer concentration and also the DP 

of each block. Thus, it is prudent to compile a master phase diagram using steric stabiliser blocks 

of varying DPs. Low copolymer concentrations (e.g. 10% w/w) produce only kinetically-trapped 

spheres whose size depends on the target DP for the core-forming block. Higher copolymer 

concentrations (> 20% w/w) are often required to access higher order morphologies, since such 

conditions favour sphere-sphere fusion, which is the critical first step for the generation of worms 

and vesicles. Blanazs and co-workers reported the mechanism for the formation of vesicles from 

worms (Figure 1.28).168 At first the worms begin to branch as there is a reduction in molecular 

curvature as the MW increases. An increase in the worm branching along with worm clustering 

causes partial coalescence to form bilayer-like structures with attached ‘tentacles’, a so-called 

‘octopi’ morphology. As the core DP increases with HPMA conversion, these ‘octopi’ partially 

wrap up to form ‘jellyfish’, the precursor to vesicle formation. Finally, the tentacles fuse to form 

vesicles. 
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Figure 1.28. The suggested mechanism for the worm-to-vesicle transition during the PISA synthesis of 
PGMA47-PHPMA200 diblock copolymer nano-objects.168 

Although PHPMA is always weakly hydrophobic, its degree of (partial) hydration varies with 

temperature. This can be sufficient to confer thermoresponsive behaviour on PGMA-PHPMA 

diblock copolymer nano-objects. For example, PGMA-PHPMA worms form soft free-standing gels 

owing to multiple inter-worm contacts.204,205 Cooling such worm gels from 20-25 °C to 4 °C induces 

a reversible worm-to-sphere transition, which causes in situ degelation to produce a free-flowing, 

low-viscosity fluid.204 Variable temperature 1H NMR studies were used to demonstrate that this 

morphological transition is driven by the greater degree of hydration of the core-forming PHPMA 

block at sub-ambient temperatures. This unusual thermoresponsive behaviour was exploited by 

Canton and co-workers, who showed that such PGMA-PHPMA worm gels are highly 

biocompatible and could be used to store human stem cells for up to two weeks at 37 °C without 

any loss of pluripotency.206 Interestingly, this was achieved by inducing a dormant state known as 

stasis.  

 

Figure 1.29. (a) Synthesis of a PGMA56 macro‐CTA via the RAFT solution polymerisation of GMA using a 4‐
cyano‐4‐(2‐phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) RAFT agent and ACVA 
initiator, and subsequent chain extension with HPMA to form PGMA–PHPMA diblock copolymer nano‐
objects at pH 4. (b) The worm‐to‐sphere morphological transition when COOH‐functionalised worms are 
subjected to a pH change upon addition of base.181 
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If the RAFT agent is chosen carefully PGMA-PHPMA diblock copolymers can also exhibit pH-

responsive behaviour.181–184 Lovett et al. reported the synthesis of HOOC-PGMA56-PHPMA155 

diblock copolymer worms at pH 4 (Figure 1.29).181 On increasing the pH to 6 and, thereby ionising 

the carboxylic acid end-group (conferred by PETTC RAFT agent), a subtle shift in the packing 

parameter caused a worm-to-sphere transition. Chemical decomposition of the copolymer was 

determined to be unlikely as the behaviour was reversible when changing the solution pH back 

to the original value. The pKa of the PGMA56 macro-CTA was determined by acid titration to be 

4.7. Ionisation of this carboxylic acid end-group caused the pH responsive behaviour by increasing 

the degree of hydration of the PGMA stabiliser block lowering the packing parameter inducing a 

morphological transition. As a control experiment, a methyl derivative of the PETTC RAFT agent 

(Me-PETTC) was used to prepare the same diblock copolymer composition and, as expected, this 

copolymer exhibited no pH-response. pH responsive nano-objects offer an exciting opportunity 

for use as smart materials in biological applications.207,208 Utilising ionisable end-groups to induce 

a morphological transition is of particular importance as small levels of base (or acid) can be 

added to induce such a change. This is of particular relevance if multiple cycles are required as it 

will minimise background salt accumulation.209 

1.7.2.2 RAFT alcoholic dispersion polymerisation 

Early work in this area was conducted by Pan et al., who reported the PISA syntheses of 

amphiphilic diblock copolymers via RAFT alcoholic dispersion polymerisation of styrene.210–213 

However, rather slow polymerisation kinetics were obtained, with styrene conversions of only 

30-70%  being achieved after 48 h at 80 °C. This limitation makes such PISA formulations unlikely 

to be attractive for industrial scale-up. 

As an alternative to styrene, benzyl methacrylate (BzMA) has been widely used for RAFT alcoholic 

dispersion polymerisation formulations.68,141,172,214–218 In all cases, good control over the MWD 

was achieved but reaction times of up to 24 h were required for more than 95% BzMA conversion. 

This problem is well-documented for such PISA formulations. However, Zhang et al. reported that 

addition of a small amount of water to a RAFT alcoholic dispersion polymerisation significantly 

increased the rate of polymerisation.214 However, adding too much water also affected the final 

copolymer morphology. For example, adding 5% v/v water to ethanol provided access to spheres, 

worms and vesicles simply by increasing the target PBzMA DP when using a poly(methacrylic 

acid)-co-poly((oligoethylene oxide) monomethyl ether methacrylate) (PMAA-co-PEOMA) 

precursor. On the other hand, using 23% v/v water merely led to kinetically-trapped spheres (see 

Figure 1.30).  
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Figure 1.30. (a) Solubility test of BzMA monomer and PBzMA at 0.30 g mL-1 in various ethanol-water 
mixtures. (b) Initial conversion vs. time curves for the RAFT dispersion polymerisation of BzMA using a 
PMAA-co-POEMA stabiliser block in various ethanol-water mixtures. The inset indicates the final conversion 
vs. time curves obtained over longer reaction times. (c) Corresponding TEM images of the nano-objects 
obtained from these PISA syntheses in various ethanol-water mixtures.214 

At around the same time, Jones and co-workers reported the chain extension of a poly(2-

(dimethylamino)ethyl methacrylate) (PDMA) precursor with BzMA at 70 °C in anhydrous ethanol 

and also 80-20, 90-10 and 95-5% w/w ethanol-water mixtures, see Figure 1.31. Increasing the 

amount of water co-solvent dramatically increased the rate of BzMA polymerisation: 90% 

conversion was achieved within 6 h when adding 20% v/v water (as opposed to only 35% 

conversion when using anhydrous ethanol for the same reaction time) but limited the final 

copolymer morphology to kinetically-trapped spheres.215 The much faster kinetics was attributed 

to stronger BzMA partitioning within the growing nascent nanoparticles, resulting in a higher local 

monomer concentration.  
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Figure 1.31. Kinetic data obtained from 1H NMR spectroscopy studies for the RAFT dispersion 
polymerisation of BzMA at 70 °C using a PDMA43 precursor in various ethanol-water mixtures targeting a 
diblock copolymer composition of PDMA43-PBzMA200 at 15% w/w solids: (a) conversion vs. time curves and 
(b) the corresponding semi-logarithmic plots.215 

Increasing the amount of water as a co-solvent led to faster polymerisations (see Figure 1.31a). 

Inspecting the semi-logarithmic plots shown in Figure 1.31b, there is a dramatic rate 

enhancement after the onset of micellar nucleation. However, the reaction time (and the critical 

PBzMA DP) required for nucleation varied according to the solvent composition. In their prior 

study of the RAFT alcoholic dispersion polymerisation of BzMA, the same authors calculated that 

micellar nucleation occurred at a PBzMA DP of 50.172 On addition of 0, 5, 10, 15 or 20% w/w water, 

micellar nucleation occurred at critical PBzMA DPs of approximately 80, 100, 100, 140 and 160, 

respectively. It should be noted that there was a discrepancy of approximately 30 DP when pure 

ethanol was used between the two reports which was expected due to the difference in DP of 

the PDMA stabiliser block used (31 vs. 43 respectively). 

 

Figure 1.32. (a) Phase diagram constructed by Jones et al. for PDMA43-PBzMAx diblock copolymers prepared 
via RAFT dispersion polymerisation of BzMA in various ethanol-water mixtures at 15% w/w  solids and (b) 
representative TEM images of the corresponding PDMA43-PBzMA120 nano-objects (see image captions for 
the relevant water content).215 

TEM was used to characterise the final copolymer morphology and a phase diagram was 

constructed for various ethanol-water mixtures when targeting a copolymer concentration of 15% 
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w/w for various PBzMA DPs (Figure 1.32). This phase diagram indicates that the amount of added 

water has a marked effect on the copolymer morphology. In particular, worms and vesicles can 

only be accessed when using less than 15% w/w water. Moreover, only spheres can be formed in 

the presence of 20% w/w water even when targeting PBzMA DPs of up to 500. 

One advantage of using ethanol instead of water for PISA syntheses is that it enables weak 

polyelectrolytes to be used as non-ionic stabiliser blocks. In water, weak polyelectrolytes usually 

acquire charge via either ionisation or protonation, which normally limits access to worms and 

vesicles. Indeed, Charleux et al. postulated that strong inter-chain repulsion hinders access to 

higher order morphologies.145 Similarly, Semsarilar et al. observed such restrictions when using 

either anionic or cationic polyelectrolytic stabiliser blocks for the RAFT aqueous dispersion 

polymerisation of HPMA.146,147 Semsarilar and co-workers reported the RAFT dispersion 

polymerisation of BzMA in ethanol using non-ionic, zwitterionic, polyacid and polybase stabilisers 

(i.e. PGMA, PMPC, PMAA and PDMA, respectively), see Figure 1.33. In this case, using either 

PDMA or PMAA stabiliser blocks enabled the synthesis of spheres, worms or vesicles via 

systematic variation of the copolymer concentration and the target PBzMA DP. However, pure 

vesicles could not be obtained when using the PGMA stabiliser. It should also be noted that the 

worm and vesicle phases were contaminated with a population of spheres when utilising a PMPC 

stabiliser.  

 

Figure 1.33. RAFT dispersion polymerisation of BzMA in ethanol using  non-ionic, zwitterionic, polyacid or 
polybasic precursors can produce spheres, worms or vesicles.217  

A phase diagram was constructed for PMAA71-PBzMAx nano-objects to enable reproducible 

targeting of spheres, worms and vesicles (Figure 1.34).217 A spherical morphology was obtained 

at low copolymer concentrations and when targeting relatively short PBzMA DPs. A pure worm 

phase could be obtained for almost all copolymer concentrations but only over a relatively narrow 

PBzMA DP range. A pure vesicle phase could be accessed when targeting a PBzMA DP of 200. As 
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expected, mixed phases were formed between each of the pure phases. In this case, the 

copolymer morphology appears to be only very weakly dependent on the copolymer 

concentration (mainly at 5% w/w solids). 

 

Figure 1.34. Phase diagram constructed for PMAA71-PBzMAx diblock copolymer nano-objects prepared by 
RAFT dispersion polymerisation of BzMA in ethanol at 70 °C where S, W and V represent spheres, worms 
and vesicles, respectively.217 

1.7.2.3 RAFT dispersion polymerisation in non-polar media 

PISA in non-aqueous solvents such as lower alcohols and n-alkanes has also been widely reported 

and a 2016 review by Derry et al. summarises much of the important early work in this area.169 

Charleux and co-workers reported the first examples of RAFT dispersion polymerisation in non-

polar media. They used an all-acrylic formulation to produce spherical poly(2-ethylhexyl acrylate)-

poly(methyl acrylate) (PEHA-PMA) diblock copolymer nanoparticles in iso-decane.219–221 It was 

only possible to obtain spherical micelles and remarkably poor RAFT control over the MWD was 

achieved when using a dithiobenzoate CTA (Mw/Mn = 6.00 at the highest MA conversion of 85%) 

compared to a trithiocarbonate (100% conversion was achieved with a Mw/Mn of 1.21 within 4 

h).219  

Fielding et al. reported the first relatively well-controlled example of RAFT dispersion 

polymerisation in non-polar media by preparing a series of poly(lauryl methacrylate)–poly(benzyl 

methacrylate) (PLMA-PBzMA) nano-objects using a dithiobenzoate-based RAFT agent.137 Spheres, 

worms or vesicles could be obtained in n-heptane when using a relatively short PLMA stabiliser 

block with a DP of 17 when working at sufficiently high copolymer concentrations, see Figure 1.35. 

Monomer conversions of more than 97% were achieved within 5 h (with a maximum Mw/Mn of 

1.35 for the PLMA17-PBzMA300 diblock copolymers). Using a PLMA DP of 37 or above led to the 
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formation of kinetically-trapped spheres, which increased in size from 41 to 139 nm diameter 

when increasing the PBzMA DP.  

 

Figure 1.35. (A) Phase diagram constructed for PLMA17-PBzMAx nano-objects prepared via RAFT dispersion 
polymerisation in n-heptane using cumyl dithiobenzoate RAFT agent at 90 °C (open diamond symbols 
indicate mixed phases). (B) Representative TEM images obtained for PLMA17-PBzMAx nano-objects at 20% 
w/w solids with specific diblock compositions being indicated on each image.137 

In a follow-up study by Fielding et al., PLMA-PBzMA nano-objects were also prepared in n-

dodecane.175 Importantly, this higher boiling point solvent enabled the thermoresponsive 

behaviour of these nanoparticles to be studied. Targeting a PLMA16-PBzMA37 diblock copolymer 

afforded a soft transparent worm gel that underwent a worm-to-sphere transition on heating. 

This morphological transition proved to be irreversible at copolymer concentration lower than 5% 

w/w, presumably because the 1D fusion of multiple spheres to produce worms becomes much 

less efficient in dilute solution. Rheological studies indicated that the onset of degelation occurred 

at 47 °C. However, small angle X-ray scattering (SAXS) studies confirmed that not all worms had 

dissociated to form spheres at this temperature. Indeed, pure spheres were not obtained until 
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160 °C. Instead, a gradual reduction in the mean worm contour length was sufficient to reduce 

the multiple inter-worm contacts that cause gelation, since this effectively lowers the critical 

copolymer concentration required for a 3D percolating network.205 

 

Figure 1.36. Two possible mechanisms to account for the worm-to-sphere transition that occurs on heating 
a dispersion of PLMA16-PBzMA37 worms where (A) involves sphere budding from worm ends while (B) 
involves random worm scission events.175 

According to Fielding et al., a worm-to-sphere transition is the result of surface plasticisation of 

the core-forming PBzMA block.175 In this case ingress of hot solvent leads to BzMA units close to 

the block junction becoming partially solvated. This effectively increases the volume fraction of 

the stabiliser block, thereby lowering the packing parameter and hence favouring the sphere 

morphology. Two possible mechanisms for this worm-to-sphere transition were postulated 

(Figure 1.36): (A) repeated budding of spheres from worm ends or (B) random worm scission 

events. SAXS studies suggested that this thermal transition most likely occurs via sequential 

budding of spheres from the worm ends. It is perhaps worth emphasising here that a worm-to-

vesicle transition would be expected if uniform plasticisation of the core-forming block had 

occurred at elevated temperatures. The fact that a worm-to-sphere transition actually occurs can 

only be rationalised in terms of surface plasticisation of the core-forming block. This insight can 

also explain thermal transitions observed for other thermoresponsive diblock copolymer nano-

objects prepared via PISA.204 For example, Pei et al. reported the use of poly(stearyl methacrylate) 

(PSMA) as the stabiliser block for the RAFT dispersion polymerisation of 3-phenylpropyl 

methacrylate (PPMA) in n-tetradecane222 or n-octane223 to produce spheres, worms or vesicles. 

These worms also formed thermoresponsive gels similar to those reported by Fielding et al..175 

For many PISA formulations, detailed phase diagrams were constructed to enable reliable 

targeting of pure copolymer morphologies. However, reproducing a given DP for the stabiliser 

block can be problematic. This is a particularly inconvenient problem if worms are required as  

worm phase space is notoriously narrow in many cases.176,190,224 To address this problem, Lopez-

Oliva reported the esterification of a near-monodisperse monocarbinol-functional, commercially 

available poly(dimethylsiloxane) (PDMS) precursor with a carboxylic acid-functionalised RAFT 
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agent to produce a trithiocarbonate-capped PDMS stabiliser block.140 This precursor was 

subsequently chain-extended via RAFT dispersion polymerisation of BzMA in n-heptane to 

produce pure spheres, worms or vesicles (Figure 1.37).  

 

Figure 1.37. (a) Esterification of a monocarbinol-capped PDMS precursor using a carboxylic acid-
functionalised RAFT agent to produce a trithiocarbonate-capped PDMS precursor that can be subsequently 
chain-extended via RAFT dispersion polymerisation of BzMA in n-heptane. (b) Representative TEM images 
of spheres, worms and vesicles produced using this PISA formulation and (c) the corresponding phase 
diagram constructed for this system.140 

A similar approach has also been undertaken to produce a suitable steric stabiliser block for use 

in aqueous PISA. Thus, a monohydroxy-functionalised PEG113 precursor was esterified with a 

trithiocarbonate-based RAFT agent and then chain-extended via RAFT aqueous dispersion 

polymerisation of HPMA to produce well-defined spheres, worms or vesicles.139  

1.7.2.3.1 Pickering emulsions 

 

Figure 1.38. Schematic representation of (a) a surfactant-stabilised emulsion and (b) a Pickering (particle) 
stabilised emulsion.225 

More than a century ago, Ramsden226 and Pickering227 reported that a wide range of colloidal 

particles can be used to stabilise emulsions instead of traditional surfactants (Figure 1.38). 

Suitable inorganic particles include silica,228,229 iron oxide,230 titanium dioxide231 and clays232–234 

but organic polymer particles can also be utilised.235–241 Particles adsorb irreversibly at the oil-
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water interface, thus reducing the effective surface area and hence lowering the interfacial 

energy.242 The particle contact angle (θ) is linked to the particle surface wettability, which dictates 

the type of emulsion that is formed. For θ > 90°, the particles are hydrophobic thus water-in-oil 

(w/o) emulsions are formed. Conversely, oil-in-water (o/w) emulsions are formed when using 

hydrophilic particles (for which θ < 90°). RAFT dispersion polymerisation enables the controlled 

synthesis of amphiphilic diblock copolymer nanoparticles that can be utilised as Pickering 

emulsifiers instead of traditional small molecule surfactants.243–248  

A relevant example of using diblock copolymer nanoparticles to stabilise emulsions was reported 

by Cunningham and co-workers, who utilised PSMA-PNMEP spheres prepared in n-dodecane 

(Figure 1.39).176 Using high shear homogenisation to generate the oil-water interface, these 

hydrophobic nanoparticles unexpectedly produced o/w emulsions. This surprising behaviour was 

attributed to in situ inversion of the nanoparticles during homogenisation to become hydrophilic 

spheres. 

 

Figure 1.39. (a) Schematic representation of the four possible types of emulsions that could be formed by 
homogenising water using PSMA14-PNMEP49 spherical nanoparticles dispersed in n-dodecane. Scenarios 1 
and 3 represent dissociation of the spherical nanoparticles into chains to provide surfactant-type 
stabilisation. Scenario 2 represents the PSMA14-PNMEP49 nanoparticles adsorbing at the interface to 
produce w/o Pickering emulsions, whereas scenario 4 represents inversion of these nanoparticles to form 
hydrophilic PNMEP49-PSMA14 nanoparticles that should favour the formation of o/w Pickering emulsions. 
(b) Optical microscopy images of the Pickering emulsions produced using 1.0% w/w PSMA14-PNMEP49 
nanoparticles at various shear rates and (c) the effect of varying the shear rate on the mean droplet 
diameter as determined by laser diffraction.176 
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1.7.3 RAFT aqueous emulsion polymerisation 

RAFT aqueous emulsion polymerisation combines the advantages of traditional emulsion 

polymerisation (high monomer conversions, fast polymerisation kinetics and low-viscosity 

formulations in an environmentally-friendly solvent) with much better control over the MWD.249 

The first example of a PISA synthesis via ab initio RAFT aqueous emulsion polymerisation was 

reported by Hawkett et al., who prepared poly(acrylic acid) (PAA)-PBA  nanoparticles using a 

monomer-starved feed protocol (Figure 1.40).149 A water-soluble PAA precursor was chain-

extended with BA to form PAA-PBA oligomers. Once the PBA block reached a critical DP, in situ 

self-assembly occurred to form micelles. Under monomer-starved conditions, no monomer 

droplets were present in the reaction mixture, which meant that all of the RAFT agent was located 

within the micelles. The gradually added BA monomer diffused into the growing micelles allowing 

the particle to grow under reasonable RAFT control. Moderate BA conversions (65%) were 

achieved within 6 h with a final Mw/Mn of 1.50 being achieved. A final sphere diameter of 60 nm 

was determined by a particle size technique known as capillary hydrodynamic fractionation. This 

study was important because the authors did not use any surfactant41,250–253 or co-solvent254–256 

which had been previously required for control. Moreover, subsequent chain extension of the 

PAA-PBA diblock copolymers with styrene produced ABC triblock copolymer spheres.150  

 

Figure 1.40. (a) Schematic representation of the synthesis of diblock copolymer spheres via RAFT aqueous 
emulsion polymerisation of BA using a PAA precursor and (b) evolution of both Mn and Mw/Mn with BA 
conversion, indicating reasonably good RAFT control.149 

Since this pioneering study, RAFT aqueous emulsion polymerisation has been widely researched. 

The most widely-used monomer in such PISA formulations appears to be styrene.152,154,159–161,257–

260 Charleux and co-workers reported the RAFT aqueous emulsion polymerisation of styrene in 
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acidic solution utilising a poly(2-(diethylamino)ethyl methacrylate) (PDEA) precursor in its 

protonated form.261 Well-defined spherical nanoparticles were obtained that remained stable for 

several months. However, these particles flocculated on raising the solution pH from 3 to above 

7.3 (the pKa of the PDEA stabiliser block).  

Typically, RAFT aqueous emulsion polymerisation results in the formation of kinetically-trapped 

spheres.151,153,154,257,262,263 However, higher order morphologies can be accessed by statistical 

copolymerisation of suitable monomers to prepare steric stabiliser blocks. For example, Charleux 

and co-workers reported the statistical copolymerisation of MAA and EOMA to produce P(MAA-

co-EOMA) precursors which were subsequently chain-extended with styrene.158 Faster kinetics, 

shorter induction periods and higher final styrene conversions were achieved under acidic 

conditions. Spheres, worms and vesicles could be produced at pH 5 by either targeting higher PS 

DPs or by reducing the DP of the P(MAA-co-EOMA) stabiliser block, which is only partially ionised 

at this solution pH. Subsequently, the same team showed that pH 5 was the optimum solution pH 

for targeting higher order morphologies and it also enabled good control over the MWD to be 

achieved.159 In contrast, the stabiliser block was not sufficiently hydrophilic at pH 3.5 and only 

spheres could be produced under such conditions. Moreover, only poor control was achieved for 

polymerisations performed at pH 7. Here the highly anionic stabiliser block resulted in the 

formation of kinetically-trapped spheres, presumably because strong electrostatic repulsion 

prevented sphere-sphere fusion.  

It was hypothesised that the water solubility of the vinyl monomer used to produce the insoluble 

structure-directing block might be important in determining whether higher order morphologies 

could be accessed by RAFT aqueous emulsion polymerisation. Cockram and co-workers obtained 

an unusual ‘monkey nut’ copolymer morphology via chain extension of a partially ionised PMAA 

precursor using 4-hydroxybutyl methacrylate (HBMA) at pH 5.163 This was a somewhat surprising 

result, particularly given that a ionisable stabiliser block was used. Furthermore, a non-ionic 

PGMA precursor was used for the RAFT aqueous emulsion polymerisation of glycidyl 

methacrylate (GlyMA), which has a comparable aqueous solubility (24-25 g dm-3 at the 

polymerisation temperature of 50 °C) to that of HBMA (20 g dm-3). A relatively short PGMA DP of 

25 was required as this confers weaker steric stabilisation and hence allows stochastic 1D fusion 

of multiple spheres to occur, which leads to the formation of highly anisotropic worms.164 A third 

example of a methacrylic monomer that exhibits sufficiently high aqueous solubility is 2-

methoxyethyl methacrylate (MOEMA).165 MOEMA has a water solubility of 19.6 g dm-3 at 70 °C, 

which is comparable to that of HBMA and GlyMA. Accordingly, spheres, worms or vesicles could 

be produced when utilising a relatively short PGMA precursor. The evolution in copolymer 
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morphology was also studied by in situ SAXS. This technique confirmed that the eventual 

formation of vesicles was preceded by intermediate sphere and worm morphologies. This 

progressive evolution in copolymer morphology has also been observed for various RAFT 

dispersion polymerisations.136,142,168,264 

 

1.8 Ashland Speciality Chemicals 
PNVP is used extensively in personal and home care products owing to its biocompatibility and 

water solubility. NVP is an example of a LAM, which it copolymerises rather poorly with many 

vinyl monomers (e.g. methacrylics and styrene). In view of this problem, Ashland has recently 

developed efficient syntheses of NMEP and NAEP. Unlike NVP, these two vinyl monomers can be 

copolymerised readily with methacrylic and acrylic comonomers. NMEP and NAEP have been 

prepared in-house by Ashland. This company has kindly provided such monomers for the research 

described in this Thesis. 

In a prior University of Sheffield/Ashland collaboration, PNMEP has been used as a steric stabiliser 

block for RAFT alcoholic dispersion polymerisation174 and also as a core-forming block for PISA 

syntheses conducted in either non-polar media176 or water122. PNVP remains water-soluble at all 

temperatures. In contrast, PNMEP exhibits inverse temperature solubility behaviour: it is soluble 

at lower temperatures but precipitates from aqueous solution on heating. Moreover, its 

methacrylic backbone means that PNMEP exhibits a Tg of approximately 65 °C so it is a ‘glassy’ 

polymer at room temperature and does not undergo film formation (whereas PNVP is a film-

forming polymer). PNAEP’s acrylic backbone means that this homopolymer has a Tg of around ‒

5 °C, enabling film formation at ambient temperature.201 PNAEP is also significantly more 

hydrophilic than PNMEP: it does not exhibit inverse temperature solubility behaviour so it can act 

as an effective steric stabiliser for aqueous PISA formulations. 

Ashland offers a range of skin, hair, oral and sun care products. In addition to their portfolio of 

pyrrolidone-based monomers, they also manufacture tert-octyl acrylamide on an industrial scale. 

This highly hydrophobic monomer has been incorporated into various amphiphilic copolymers for 

use in commercially successful hair spray formulations.  

 

1.9 Thesis outline 
This Thesis focuses on the preparation of well-defined diblock copolymer nano-objects by PISA 

via RAFT polymerisation using a wide range of formulations. Chapter 2 describes the use of a 
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carboxylic acid-functionalised PNMEP precursor to produce spherical nanoparticles via either 

RAFT aqueous dispersion polymerisation of HPMA or RAFT aqueous emulsion polymerisation of 

2-ethoxyethyl methacrylate (EEMA), respectively. The solution pH is adjusted in such PISA 

syntheses to examine the effect of ionisation of the carboxylic acid end-groups on the colloidal 

stability of the final nanoparticles. In Chapter 3, PNMEP is utilised as a steric stabiliser for the 

preparation of PNMEP-PLMA vesicles via RAFT dispersion polymerisation of LMA in various 

ethanol-water mixtures. This PISA formulation was optimised with the aim of achieving relatively 

high LMA conversions while maintaining reasonable control over the molecular weight 

distribution and high blocking efficiencies. SAXS and TEM were used to characterise the 

copolymer morphology and RAFT end-group removal from aqueous vesicular dispersions was 

explored using visible light irradiation. In Chapter 4, the RAFT dispersion polymerisation of DMAC 

in n-alkanes was explored using poly(tert-octyl acrylamide) (POAA) as the steric stabiliser. Under 

certain conditions, the resulting POAA-PDMAC spheres undergo thermoreversible aggregation 

that is attributed to UCST behaviour for the POAA. Finally, in Chapter 5, the PISA synthesis of 

PSMA-PNAEP diblock copolymer nano-objects was examined via RAFT non-aqueous emulsion 

polymerisation of NAEP in non-polar media using either a conventional peroxide initiator or 

visible light-mediated iniferter chemistry. 
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2.1 Introduction 

Thermoresponsive polymers exhibiting LCST behaviour have received substantial interest, 

particularly in the context of drug delivery.1–7 Undoubtedly, the most studied example is PNIPAM, 

which exhibits a CP at around 32 °C.8,9 This critical temperature can be raised via statistical 

copolymerisation of NIPAM with various hydrophilic monomers10,11 or by employing hydrophilic 

end-groups.12,13 Pyrrolidone-functional polymers are usually biocompatible and therefore offer 

an alternative to PNIPAM for potential bioapplications. In particular, PNMEP exhibits inverse 

solubility behaviour, see Figure 2.1.14–16 At around ambient temperature, the pyrrolidone ring 

forms hydrogen bonds with water that confer aqueous solubility, despite the relatively 

hydrophobic methacrylic backbone. However, such hydrogen bonding is disrupted on heating to 

a sufficiently high temperature, causing PNMEP to precipitate from aqueous solution. 

 

Figure 2.1. An absorbance (at 600 nm) vs. temperature plot for a PNMEP172 homopolymer prepared via 
RAFT solution polymerisation in ethanol to determine its LCST by turbidimetry.16 

PISA enables the rational design of block copolymer nanoparticles, including spheres, worms and 

vesicles.17–20 For example, Cunningham and co-workers reported the RAFT dispersion 

polymerisation of BzMA in ethanol using PNMEP as a steric stabiliser block.21 Alternatively, 

PNMEP can be utilised as a core-forming block for RAFT dispersion polymerisation formulations 

conducted in n-dodecane.22 Importantly, each of these literature examples utilise PNMEP in non-

aqueous solvents in which it does not exhibit thermoresponsive behaviour. In aqueous solution, 

such behaviour has been used to prepare sterically-stabilised block copolymer particles with 

weakly hydrophobic PNMEP cores in water at 70 °C that subsequently dissolve to afford 

molecularly-dissolved copolymer chains on cooling to ambient temperature (Figure 2.2). This 

strategy has enabled the synthesis of relatively high molecular weight PNMEP via RAFT aqueous 
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dispersion polymerisation.16 However, it also suggests that PNMEP does not have sufficient 

hydrophilic character to be used as a steric stabiliser block for PISA formulations conducted in 

aqueous media. In the present study, we show that this apparent limitation can be overcome by 

the judicious use of an appropriate RAFT agent. 

 

Figure 2.2. High molecular weight water-soluble polymers produced by an aqueous dispersion PISA 
formulation conducted at 70 °C which is above the CP of the PNMEP ‘core’ forming block.16 

PHEMA had been classified as water-insoluble.23,24 However, Weaver et al. reported that for 

relatively short poly(2-hydroxyethyl methacrylate) (PHEMA) chains (DP < 45), LCST behaviour was 

observed at pH 6.5, while no LCST behaviour occurred under the same conditions for PHEMA 

oligomers (e.g. DP = 20).3 By reducing the solution pH to 2.2, the terminal morpholine end-groups 

became protonated, thus increasing the hydrophilic character of the PHEMA chains and ensuring 

their aqueous solubility at all temperatures for DPs of up to 50. 

In principle, higher molecular weight should reduce the CP as the entropy of mixing becomes less 

favourable.25,26 However, such molecular weight-dependent LCST behaviour is not necessarily 

characteristic of all water-soluble polymers. In particular, end-group effects can play an important 

role: hydrophilic end-groups typically increase the CP, whereas hydrophobic end-groups usually 

reduce it.27,28,29 For example, Luan et al. removed the hydrophobic dithiobenzoate group from a 

series of PNIPAM-poly(N-(2-hydroxypropyl) methacrylamide) diblock copolymers by aminolysis 

to produce thiol-capped chains.30 This derivatisation raised the CP of the thiol-functional 

copolymers by up to 23 °C relative to the precursor copolymer. Moreover, the increase in CP 

observed for lower molecular weight copolymers suggested that end-group effects are 

particularly strong in this regime.30 

Summers et al. investigated the effect of converting a pyridyl disulfide end-group into a 

thioglycerol group.12 Higher CPs were observed for both a di(ethylene glycol) methyl ether 
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methacrylate / oligo(ethylene glycol) methyl ether methacrylate statistical copolymer and also 

for a PNIPAM homopolymer. No CP was observed for relatively short PNIPAM chains, which again 

suggests that end-groups can have a substantial influence in the lower molecular weight limit.  

Herein we demonstrate that ionisation of a single terminal carboxylic acid group (derived from a 

RAFT CTA) renders PNMEP sufficiently hydrophilic to serve as a suitable stabiliser block for PISA 

syntheses conducted in aqueous media. This is demonstrated for both the RAFT aqueous 

dispersion polymerisation of 2-hydroxypropyl methacrylate (HPMA) and the RAFT aqueous 

emulsion polymerisation of 2-ethoxyethyl methacrylate (EEMA). 

 

2.2 Experimental 

2.2.1 Materials 

N-(2-(Methacryloyloxy)ethyl pyrrolidone (NMEP; 98% purity) was kindly provided by Ashland Inc. 

(Delaware, USA) and was used without further purification. 2-Hydroxypropyl methacrylate 

(HPMA) was provided by GEO Specialty Chemicals (Hythe, UK). 2-Ethoxyethyl methacrylate 

(EEMA), ethanol (≥99.8%) and NaOH were purchased from Sigma Aldrich UK. 4,4′-Azobis(4-

cyanopentanoic acid) (ACVA; 99%) was purchased from Alfa Aesar (Heysham, UK). 2,2'-Azobis(2-

(2-imidazolin-2-yl)propane)dihydrochloride (VA-044) was purchased from Wako Pure Chemical 

Industries (Japan). d4-Methanol and d6-dimethyl sulfoxide were purchased from Goss Scientific 

Instruments Ltd. (Cheshire, UK), while 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanyl 

pentanoic acid (PETTC) RAFT agent was synthesised as previously reported.31 Deionised water 

was used for all experiments. 

 

2.2.2 Synthesis of a PNMEPx macro-CTA by RAFT solution polymerisation at 70 °C. A typical 

protocol for a PNMEP53 macro-CTA is described below. Macro-CTAs with other mean DPs (19 – 

89) were also synthesised by varying the NMEP/PETTC molar ratio. 

NMEP (10.99 g, 55.7 mmol), PETTC RAFT agent (0.27 g, 0.80 mmol; target DP = 70), ACVA (44.6 

mg, 0.59 mmol; PETTC/ACVA molar ratio = 5.0) and ethanol (16.96 g, 40% w/w solids) were 

weighed into a 50 mL round-bottom flask and degassed with stirring in ice for 30 min. The reaction 

was allowed to proceed for 210 min in an oil bath set to 70 °C resulting in a monomer conversion 

of 69% judged by 1H NMR spectroscopy. The crude polymer was precipitated into diethyl ether to 

remove residual monomer before freeze-drying from water to afford a dry yellow powder. The 
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mean DP was judged to be 53 by comparing the integrals of the aromatic signals associated with 

the trithiocarbonate end group at 7-8 ppm to the methylene carbonyl proton signal at 2.5 ppm. 

Gel permeation chromatography (GPC) analysis using dimethyl formamide (DMF) eluent 

indicated an Mn of 7 700 g mol-1 and Mw/Mn of 1.26 against a series of ten near-monodisperse 

poly(methyl methacrylate) (PMMA) calibrants. 

2.2.3 PISA synthesis of PNMEP42-PHPMAx diblock copolymer nanoparticles via RAFT 

aqueous dispersion polymerisation of HPMA at 44 °C. A typical protocol for the synthesis of 

PNMEP42-PHPMA300 is described as follows: PNMEP42 macro-CTA (0.06 g, 6.96 µmol), HPMA (0.30 

g, 2.09 mmol), VA-044 (0.40 mg, 1.39 µmol added as a 10 mg/g VA-044 in water stock solution: 

PNMEP42 macro-CTA/VA-044 molar ratio = 5.0) and water (1.45 g) were added to a 14 mL vial and 

the solution pH was adjusted from 3.8 to pH 7 with NaOH. The reaction vial was sealed and 

degassed under N2 for 30 min before placing in a pre-heated oil bath set at 44 °C for 16 h. The 

polymerisation was quenched by exposing to air. The polymer nanoparticles were characterised 

by 1H NMR spectroscopy in d4-methanol, dynamic light scattering (DLS) and transmission electron 

microscopy (TEM) with 0.1% w/w aqueous dispersions prepared using deionised water. DMF GPC 

analysis indicated Mn = 46 300 g mol-1 and Mw/Mn = 1.44. 1H NMR analysis indicated >99% HPMA 

monomer conversion in all cases. Other diblock compositions were prepared by adjusting the 

amount of HPMA monomer to target PHPMA DPs of 150 – 400. 

2.2.4 PISA synthesis of PNMEP53-PEEMAx diblock copolymer nanoparticles via RAFT 

aqueous emulsion polymerisation of EEMA at 44 °C. The pH of the reaction mixture was 

adjusted prior to addition of EEMA monomer. A typical protocol for the synthesis of PNMEP53-

PEEMA100 nanoparticles is described: PNMEP53 macro-CTA (0.12 g, 11.10 µmol), VA-044 (0.07 mg, 

2.22 µmol added as a 10 mg/g VA-044 in water stock solution: PNMEP53 macro-CTA/VA-044 molar 

ratio = 5.0) and water (1.19 g) were added to a 14 mL vial and the pH was adjusted to 7 using 

NaOH. EEMA (0.18 g, 1.11 mmol) was then added to the vial which was then sealed and degassed 

using N2 for 30 min. The reaction was placed into a pre-heated oil bath set to 44 °C for 5 h. After 

quenching the polymerisation by exposure to air, portions of the resulting copolymer 

nanoparticles were freeze-dried prior to GPC and 1H NMR analysis in chloroform and DMSO 

respectively. 0.1 %w/w dispersions for DLS and TEM analysis were prepared using deionised 

water. Chloroform GPC analysis indicated Mn = 13 800 g mol-1 and Mw/Mn = 1.31. 1H NMR analysis 

indicated >99% monomer conversion in all cases. Other diblock compositions were prepared by 

adjusting the amount of EEMA monomer to target PEEMA DP of 100 – 600. 
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2.2.5 Copolymer characterisation 

2.2.5.1 1H NMR spectroscopy. d4-Methanol was used to record the 1H NMR spectra of the PNMEPx 

macro-CTAs and the PNMEP42-PHPMAx diblock copolymers. The PNMEP53-PEEMAx diblock 

copolymers were freeze-dried prior to recording the 1H NMR spectra in d6-DMSO. The 

spectrometer used was a 400 MHz Bruker Avance 400 spectrometer. 

2.2.5.2 Gel permeation chromatography (GPC). The molecular weights of both the PNMEP 

homopolymers and PNMEP42-PHPMAx copolymers were obtained using DMF GPC at 60 °C. The 

eluent contained 10 mmol LiBr at a flow rate of 1.0 mL min-1. For PNMEP53-PEEMAx copolymers, 

the Mn was obtained using chloroform GPC containing 0.25% v/v triethylamine at 35 °C. Two 

Polymer Laboratories PL gel 5 µm Mixed C columns were connected in series to a Varian 390 

multidetector suite (refractive index detector) and a Varian 290 LC pump injection module. For 

PNMEP homopolymers, a Polymer Laboratories PL gel 5 µm Mixed C column was connected in 

series to a Polymer Laboratories PL gel 5 µm Mixed E column to aid resolution of the lower 

molecular weight chains. Ten near-monodisperse PMMA standards (Mn = 625 – 618 000 g mol-1) 

were used for calibration and the data were analysed using Varian Cirrus GPC software. 

2.2.5.3 Dynamic light scattering (DLS). A Malvern Zetasizer NanoZS instrument was used to 

determine the intensity-average hydrodynamic diameter of the copolymer nanoparticles at 20 °C 

at a scattering angle of 173 °. 0.1% w/w copolymer dispersions were analysed at pH 7 using 1 cm 

disposable plastic cuvettes. The data was averaged over three consecutive runs for each sample. 

Aqueous electrophoresis measurements were also conducted at 20 °C but were diluted to 0.1% 

w/w using 1 mM KCl. The pH was adjusted using either HCl or KOH as required. 

2.2.5.4 Transmission electron microscopy (TEM). Copper/palladium grids were surface-coated in-

house to produce a thin film of amorphous carbon before plasma glow-discharged for 40 s 

producing a hydrophilic surface. 15 µL of 0.1% w/w aqueous copolymer dispersions at pH 7 were 

deposited onto the grids for 60 s, blotted to remove the excess solution before being negatively 

stained using 15 µL uranyl formate solution (0.75% w/v) for 20 s. The excess stain was removed 

by blotting and the grid was further dried using a vacuum hose. A FEI Tecnai Spirit microscope 

operating at 80 kV fitted with a Gatan 1kMS600CW CCD camera was used to image the grids. 

2.2.5.5 Cloud point (CP) determination. Spectra were recorded for 1.0 w/w aqueous solutions of 

PNMEPx homopolymers of varying DPs using a Varian Cary 300 Bio UV-visible spectrometer. 

Samples were heated at 1.0 °C min-1 with spectra recorded at 1.0 °C intervals between 25 and 

90 °C. The solution pH was adjusted using NaOH and HCl. The point of inflection on a plot of 
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transmittance (recorded at an arbitrary wavelength of 600 nm) vs. temperature was used to 

determine the CP.32 

2.2.5.6 UV absorption spectroscopy. UV spectra were recorded between 200 and 400 nm using a 

PC-controlled UV-1800 spectrophotometer at 25 °C using a 1 cm path length quartz cell. A 

Beer−Lambert curve was constructed using a series of 18 PETTC solutions in chloroform. The 

absorption maximum at 298 nm assigned to the trithiocarbonate group was used for this 

calibration plot, and PETTC concentrations were selected such that the absorbance always 

remained below unity. Subsequently, the mean DP for each of the seven PNMEP homopolymers 

was determined using the molar extinction coefficient of 11 909 ± 120 mol-1 dm3 cm-1 determined 

for PETTC. 

 

2.3 Results and discussion 

There are a large number of reports of aqueous PISA syntheses involving polyelectrolytic steric 

stabilisers.33–41 However, there are far fewer studies of the effect of charged end-groups on 

otherwise non-ionic steric stabiliser chains. For example, end-group ionisation effects have been 

recently reported for various aqueous PISA formulations by Lovett and co-workers42,43 and 

Penfold et al.44,45 In each case, ionisation (or protonation) of a terminal carboxylic acid (or tertiary 

amine) group led to a change in the diblock copolymer morphology owing to greater solvation of 

the non-ionic steric stabiliser block, which leads to a subtle shift in the fractional packing 

parameter. In contrast, we show herein that end-group ionisation is an essential prerequisite to 

ensure colloidal stability when using PNMEP as a moderately hydrophilic stabiliser block.  

2.3.1 Synthesis of PNMEP homopolymers via RAFT solution polymerisation in ethanol 

A series of PNMEP homopolymers were prepared by RAFT solution polymerisation of NMEP in 

ethanol using a PETTC RAFT agent at 70 °C, see Scheme 2.1. Depending on the target DP, these 

polymerisations were allowed to proceed for between 100 min and 4 h prior to being quenched 

by cooling to 20 °C followed by exposure to air.  
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Scheme 2.1. Synthesis of PNMEPx homopolymer precursors by RAFT solution polymerisation of NMEP in 

ethanol using PETTC at 70 °C. 

To assess the living character of the RAFT solution polymerisation of NMEP, aliquots were 

extracted over 390 min when targeting a DP of 70. The RAFT solution polymerisation kinetics for 

the synthesis of a PNMEP macro-CTA (target DP = 70) using PETTC RAFT agent (PETTC/ACVA ratio 

= 5.0) at 70 °C in ethanol (40% w/w solids) are shown in Figure 2.3. Monomer conversion was 

monitored by 1H NMR spectroscopy; full NMEP conversion was achieved within 6 h. DMF GPC 

curves indicated a linear increase in molecular weight with NMEP conversion, as expected. The 

final homopolymer had a Mn of 11 600 g mol-1 and an Mw/Mn of 1.15, indicating good control.  
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Figure 2.3. (a) Conversion vs. time plots and corresponding semi-logarithmic data for the synthesis of a 

PNMEP macro-CTA (target DP = 70) using PETTC RAFT agent in ethanol at 70 °C at 20% w/w solids 

concentration and (b) the corresponding molecular weight (Mn) and polydispersity (Mw/Mn) vs. NMEP 

conversion determined by DMF GPC against PMMA calibration standards.  

1H NMR spectroscopy studies of the seven PNMEP macro-CTAs synthesised for this Chapter 

indicated 70-90% conversion and, after purification by precipitation, mean DPs ranging between 

19 and 89. DMF GPC analysis confirmed the expected linear increase in molecular weight with 

PNMEP DP (see Figure 2.3b and Table 2.1). The mean DP for each of the seven PNMEP 

homopolymers was also determined using UV spectroscopy; these data are reasonably consistent 

with that determined by end-group analysis using 1H NMR spectroscopy. The relationship 

between GPC molecular weight and the mean DP as determined by UV spectroscopy is shown in 

Figure 2.4. 
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Figure 2.4. Relationship between number-average molecular weight (Mn) as determined by DMF GPC 

(refractive index detector) and Mn determined by end-group using 1H NMR spectroscopy for a series of 

seven PNMEP homopolymers prepared by RAFT solution polymerisation of NMEP in ethanol at 70 °C (R2 = 

0.97). Ideal behaviour (i.e. no GPC calibration error) is indicated by the dotted line. The solid line is a line of 

best fit, which indicates that an error of approximately 28% is incurred when using PMMA calibration 

standards to analyse PNMEP homopolymers when using DMF eluent. 

 

2.3.2 Aqueous solution properties of PNMEP homopolymers  

Using PETTC confers a terminal carboxylic acid group on each PNMEP chain (see Scheme 2.1). The 

pKa for this end-group was determined for each homopolymer by acid titration of a 20% w/w 

solution in water at 20 °C (Figure 2.5). The pKa increased from 5.07 to 5.44 for mean PNMEP DPs 

of between 19 and 89. There is a possibility that the terminal acid group may be ‘buried’ 

inside PNMEP coils (potentially due to complexes formed with the pyrrolidone ring) 

thereby screening them from deprotonation on the addition of base. It is feasible to 

assume that this behaviour would have a greater chance of occurring on increasing the DP 

of the polymer which may account for the unexpected trend that is shown in Figure 2.5. 
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Figure 2.5. Effect of varying the mean DP on the pKa of the carboxylic acid end-group as determined by acid 

titration for a series of near-monodisperse PNMEPx homopolymers prepared by RAFT solution 

polymerisation of NMEP in ethanol at 70 °C using the PETTC RAFT agent (see Scheme 2.1). 

CPs were determined for 1.0% w/w aqueous solutions of a series of seven PNMEP homopolymers 

at either pH 3 or pH 7 by turbidimetry at an arbitrary fixed wavelength of 600 nm. CPs observed 

at pH 7 were always significantly higher compared to those determined at pH 3. This thermal 

transition occurred over a broader temperature range for relatively short PNMEP chains (DP < 50) 

at pH 7. Moreover, no CP was observed for PNMEP DPs above 50 on heating up to 90 °C at this 

pH, which corresponds to the upper limit temperature for our instrument set-up. 1.0% w/w 

aqueous solutions of PNMEPx were placed in an oil bath and heated up to 100 °C. Each solution 

remained transparent, indicating that LCST behaviour was eliminated for DPs greater than 50 at 

a solution pH of 7. At pH 3, a solution of PNMEP53 homopolymer exhibited a CP of 64 °C, so 

ionisation of the terminal carboxylic acid group raises the CP of PNMEP53 chains by 26 °C in this 

particular case (Figure 2.6). 
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Figure 2.6. Normalised transmittance at 600 nm against temperature for 1.0% w/w aqueous solutions of a 

PNMEP53 homopolymer at either pH 3 or pH 7. A CP of approximately 64 °C was obtained at pH 3 (red curve) 

but no CP was observed for the same homopolymer at pH 7. 

Interestingly, higher CP values were observed for increasing PNMEP DP, contrary to normal 

behaviour.16,25,26 However, Miasnikova et al. observed a similar trend when examining end-group 

effects on the LCST behaviour of methoxy-capped poly(diethylene glycol acrylate) (PDEGA) 

homopolymers.46 More specifically, a series of PDEGA homopolymers were synthesised using a 

bistrithiocarbonate RAFT agent that conferred tert-butyl benzoate groups on both chain-ends. 

These hydrophobic tert-butyl groups were selectively removed in a post-polymerisation step to 

generate hydrophilic benzoic acid end-groups. Higher CPs were observed with increasing DP for 

both the precursor and the benzoic acid-terminated PDEGA homopolymers.46 Thus, for the tert-

butyl-terminated homopolymers, the CPs increased monotonically from 9.0 °C (DP = 28) to 41.2 °C 

(DP = 513), while the corresponding CPs for the benzoic acid-terminated PDEGA homopolymers 

ranged from 16.8 °C to 42.0 °C. Furthermore, Miasnikova et al. observed an increase in CP when 

using a more hydrophilic end-group for PDEGA homopolymers of the same DP.46 This effect is 

analogous to that obtained when adjusting the solution pH for an aqueous solution of a given 

PNMEP homopolymer from pH 3 to 7 (see Figure 2.7a). Miasnikova et al. tentatively suggested 

that their unexpected observations might be due to conformational effects of the hydrophobic 

acrylic backbone.46 In the context of the present study, it is perhaps worth emphasising that the 

same remarkable phenomenon is observed for a water-soluble methacrylic polymer, which has 

significantly lower chain mobility (the glass transition temperature of PNMEP is above ambient 
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temperature). However, it is noteworthy that normal LCST behaviour (i.e. a systematic reduction 

in CP with increasing DP) was observed by Cunningham and co-workers for a series of PNMEP 

hompolymers prepared using a non-ionic dithiobenzoate RAFT agent, which suggests that end-

groups play an important role in determining CP.16 

 

Figure 2.7. (a) Relationship between CP (°C) determined for 1.0% w/w aqueous solution and PNMEP 

homopolymer DP at pH 3 ( ) and pH 7 ( ). The ( )  symbol indicates that no CP was observed using 

turbidimetry on heating up to 90 °C (which corresponds to the upper limit temperature for the instrument 

set-up). (b) Normalised transmittance at 600 nm for a series of seven PNMEP homopolymers with mean 

DPs of 19 to 89 at pH 7. 

At pH 7, thermal transitions were relatively broad for shorter PNMEPs (DP < 32), whereas 

homopolymers with higher DPs exhibited relatively sharp CP values. Similar effects were also 

observed by Miasnikova et al.,46 who suggested that dispersity effects (expected to be stronger 

0.0

0.2

0.4

0.6

0.8

1.0

20 40 60 80 100

N
o

rm
al

is
e

d
 T

ra
n

sm
it

ta
n

ce
 a

t 
6

0
0

 n
m

Temperature / °C

30

40

50

60

70

80

90

100

0 20 40 60 80 100

C
P

 /
 °

C

PNMEP DP

a)

b)

DP = 19

DP = 25

DP = 42

DP = 61



Chapter 2: The use of an anionic RAFT end-group to enable poly(N-(2-methacryloyloxy)ethyl 

pyrrolidone) as an electrosteric stabiliser for aqueous RAFT PISA 

 

83 
 

for lower molecular weights) might lead to broader transitions for lower DPs. Alternatively, the 

sharper transitions observed for higher DPs might be the result of cooperative collapse.46 As 

discussed above, lower molecular weight polymers are usually more sensitive to end-group 

effects. Given that the RAFT agent used to prepare these PNMEP homopolymers contains a 

hydrophobic aromatic ring, this could lead to lower CP values in this case. Relatively sharp thermal 

transitions were observed at pH 3 (Figure 2.6) while broader less well-defined transitions were 

only observed at pH 7 (Figure 2.7b). 

When determining CP values, non-zero final transmittances were observed for all PNMEPx 

homopolymers at pH 7 (see Figure 2.7b). Thus, the data obtained at pH 7 are best regarded as 

estimates. In contrast, these 1.0% w/w aqueous solutions became completely opaque (zero 

transmittance) above their CP for turbidity studies conducted at pH 3. It is clear from these 

turbidimetry studies that ionisation of the terminal carboxylic acid group raises the CP of PNMEP 

homopolymers. In principle, this significant increase in hydrophilic character should enable RAFT 

aqueous dispersion (or emulsion) polymerisation syntheses to be conducted, provided that the 

polymerisation temperature remains well below the CP of the stabiliser block. 

Table 2.1. Summary of molecular weight and CP data for a series of PNMEP homopolymers prepared by 

RAFT ethanolic solution polymerisation as determined by DMF GPC and turbidimetry, respectively. The pKa 

of each homopolymer was determined by acid titration and is an average of three measurements.  

 

aDetermined by end-group analysis using 1H NMR spectroscopy. bDetermined by 1H NMR analysis in d4-

methanol. cDetermined by DMF GPC (relative to PMMA calibration standards). 
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2.3.3 Synthesis of PNMEP42-PHPMAx diblock copolymer nanoparticles via RAFT aqueous 

dispersion polymerisation of HPMA  

A PNMEP42 homopolymer was prepared by RAFT solution polymerisation of NMEP in ethanol 

using PETTC at 70 °C prior to purification by precipitation into excess diethyl ether. 1H NMR 

analysis indicated 74% NMEP conversion and a mean DP of 42 after purification (based on end-

group analysis of the aromatic groups). DMF GPC analysis indicated an Mn of 6 100 g mol-1 and an 

Mw/Mn of 1.22, which suggests good RAFT control. This water-soluble precursor was subsequently 

chain-extended at pH 7 via RAFT aqueous dispersion polymerisation of HPMA at 44 °C targeting 

a copolymer concentration of 20% w/w, see Scheme 2.2. A series of PNMEP42-PHPMAx diblock 

copolymer nanoparticles were prepared by varying the target DP of PHPMA from 150 to 400.  

 

Scheme 2.2. Synthesis of PNMEP42-PHPMAx diblock copolymer nanoparticles at pH 7 by RAFT aqueous 

dispersion polymerisation of HPMA at 44 °C. 
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It is well-known that RAFT polymerisation becomes problematic above pH 7 because this leads to 

loss of RAFT end-groups via hydrolysis.47,48 Thus, in each case the reaction solution was adjusted 

to pH 7.0 ± 0.1 before the HPMA polymerisation was allowed to proceed overnight. More than 

99% conversion was achieved for all syntheses as judged by 1H NMR spectroscopy (see Figure 2.8).  

 

Figure 2.8. 1H NMR spectra recorded in d4-methanol for (a) NMEP monomer, (b) PNMEP42 macro-CTA, (c) 

PHPMA120 homopolymer and (d) PNMEP42-PHPMA250 diblock copolymer. Comparison of the integrated 

PNMEP signals at 2.5 ppm with those assigned to the PHPMA at 1.3 ppm enables a diblock copolymer 

composition of PNMEP42-PHPMA245 to be calculated, which is in good agreement with that expected based 

on the target composition (see spectrum d). 

DMF GPC was used to analyse this series of diblock copolymers (see Figure 2.9). Increasing the 

target DP of the PHPMA core-forming block led to progressively broader MWDs (higher Mw/Mn 

values) as RAFT control was gradually lost although the GPC traces remained unimodal. Relatively 

high blocking efficiencies were achieved but a minor fraction of the PNMEP42 precursor chains 

could not be chain-extended. Nevertheless, the Mn increased linearly with the mean PHPMA DPs 

determined from 1H NMR analysis. 
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Table 2.2. Summary of target diblock copolymer compositions, HPMA conversions determined by 1H NMR 

spectroscopy, number-average molecular weights (Mn) and dispersities (Mw/Mn) determined by DMF GPC 

analysis, and z-average particle diameter and polydispersities (PDI) determined by DLS analysis of dilute 

aqueous dispersions at pH 7.  

 

aDetermined by 1H NMR spectroscopy in d4-methanol. bDMF eluent, refractive index detector (relative to 

PMMA calibration standards. cNanoparticle dispersions were diluted to 0.1% w/w using deionised water. 

 

Figure 2.9. DMF GPC curves recorded for a series of PNMEP42-PHPMAx diblock copolymers and the 
corresponding PNMEP42 precursor (refractive index detector; calibration using a series of near-
monodisperse PMMA standards). (For brevity, ‘N’ denotes PNMEP and ‘H’ denotes PHPMA). 

12 13 14 15 16 17 18

Retention time / min

N42 macro-CTA
Mn = 6 100
Mw/Mn = 1.22

N42-H150   

Mn = 26 600
Mw/Mn = 1.30
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Mn = 39 300
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TEM was used in conjunction with DLS to analyse the PNMEP42–PHPMAx diblock copolymer 

nanoparticles. DLS indicated the formation of relatively small nanoparticles, with narrow, 

monomodal size distributions being obtained in some cases, see Table 2.2. TEM studies of the 

dried nanoparticles confirmed that for PNMEP42–PHPMA150 and PNMEP42–PHPMA200 exhibit ill-

defined morphologies, while spherical morphologies are obtained when targeting higher DPs, 

see Figure 2.10. Presumably, the anionic surface charge prevents the formation of so-called 

higher order morphologies such as worms or vesicles. Davis et al. reported a similar finding 

when investigating the effect of the RAFT end-groups hydrophobicity on the final diblock 

copolymer morphology.49 

 

Figure 2.10. Representative TEM images recorded for dried dilute aqueous dispersions of PNMEP42-

PHPMAx diblock copolymer nanoparticles prepared at pH 7 showing spherical nanoparticles regardless of 

the DP of the PHPMA core-forming block. 

As a control experiment, the synthesis of PNMEP42-PHPMA200 diblock copolymers via RAFT 

aqueous dispersion polymerisation was attempted using the conditions stated above but at a 

solution pH of 3. The pKa of PNMEP42 is 5.26, hence the degree of ionisation of the carboxylic acid 

end-group was relatively low. Macroscopic phase separation was observed with a white upper 

layer of PHPMA homopolymer and a yellow layer of PNMEP42-PHPMAx (see Figure 2.11a). Another 
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control experiment was also undertaken using a PNMEP40 macro-CTA prepared with the non-ionic 

RAFT agent, CPDB. As expected, macroscopic precipitation was observed (Figure 2.11b). 

 

Figure 2.11. (a) Digital image of successful PISA synthesis of PNMEP42-PHPMA200 conducted at pH 7. (b) 

Digital image of an unsuccessful PISA synthesis conducted at pH 3. The target diblock copolymer 

composition was PNMEP42-PHPMA200. Macroscopic precipitation is evident for this PISA formulation. (c) 

Digital image of the unsuccessful PISA synthesis of PNMEP40-PHPMA200 nanoparticles prepared in water 

with a non-ionic RAFT agent, CPDB. 

In view of these unsuccessful PISA syntheses conducted at pH 3 or with a non-ionic RAFT agent, 

the anionic carboxylate end-groups on the PNMEP stabiliser chains were considered likely to play 

an important role in conferring colloidal stability at pH 7. This hypothesis was examined by 

systematically lowering the pH of a 0.1% w/w aqueous dispersion of PNMEP42-PHPMA300 

nanoparticles while conducting DLS and electrophoresis studies at 20 °C to examine the extent of 

nanoparticle aggregation, see Figure 2.12a. The z-average particle diameter remained constant 

at approximately 58 nm from pH 8 to pH 5, with corresponding zeta potentials of -30 to -20 mV 

over this range. However, the apparent particle diameter increased significantly to 260 nm at pH 

4.5, which is below the pKa of the PNMEP42 macro-CTA (pKa = 5.26). This indicates that incipient 

flocculation of these nanoparticles occurs as the degree of ionisation of their end-groups falls 

below 50%. Zeta potentials became progressively less negative at lower pH, stabilising at 

approximately -3.0 mV below pH 4. Moreover, the flocculated nanoparticles could not be 

redispersed on adjusting the solution pH back to pH 7. This is in contrast to the reversible 

aggregation-redispersion behaviour reported by Lovett and co-workers42,43 and Penfold et al.44,45 

for closely related nanoparticles. Clearly, anionic surface charge makes an important contribution 

to the colloidal stability of these PNMEP42-PHPMA300 nanoparticles. Similar observations have 

been recently reported by Biais and co-workers for the synthesis of ‘loop-stabilised’ BAB triblock 
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copolymer nanoparticles prepared via RAFT aqueous dispersion polymerisation of diacetone 

acrylamide using a bifunctional benzoic acid-functionalised RAFT agent.50 

As further proof that the colloidal stability of these nanoparticles is at least partly governed by 

their anionic end-groups, the effect of addition of an electrolyte was explored. It is well known 

that charge-stabilised nanoparticles are readily flocculated on addition of salt, whereas sterically-

stabilised nanoparticles usually remain colloidally stable under such conditions.51 

 

Figure 2.12. (a) Zeta potential ( ) and z-average diameter ( ) vs. solution pH and (b) z-average diameter 

and polydispersity ( ) vs. added KCl at pH 7 recorded for PNMEP42-PHPMA300 nanoparticles. 

Thus, 0.1% w/w aqueous dispersions of PNMEP42-PHPMA300 nanoparticles were exposed to 10-

200 mM KCl at pH 7. The DLS size distribution became significantly broader (i.e. higher 

polydispersities, PDI) above 60 mM KCl, indicating incipient flocculation. However, the z-average 

particle diameter did not increase significantly until the KCl concentration exceeded 100 mM (see 

Figure 2.12b). Nevertheless, it is clear that the colloidal stability of such dispersions is 

compromised in the presence of sufficient added salt. In order to confirm that PNMEP also 
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contributes to steric stabilisation, PNMEP42-PHPMA250 diblock copolymer nanoparticles were 

synthesised at 20% w/w in D2O at pH 7. 

 

Figure 2.13. 1H NMR spectra recorded in D2O for (a) a 20% w/w dispersion of PNMEP42-PHPMA250 diblock 

copolymer nanoparticles in D2O at pH 7 and (b) a PNMEP42 macro-CTA dissolved in the same solvent. 

PNMEP signals are clearly visible at 4.1, 3.5 and 2.4 ppm, indicating that this hydrophilic block confers some 

degree of steric stabilisation, in addition to the charge stabilisation behaviour indicated in Figure 2.12. Thus, 

such nanoparticles are best described as electrosterically-stabilised. 

1H NMR spectroscopy studies of this dispersion confirmed the presence of the expected PNMEP 

signals at 4.1, 3.5 and 2.4 ppm (see Figure 2.13). This provides strong evidence that this 

hydrophilic block also acts as a steric stabiliser for these nanoparticles. Given the salt- and pH-

sensitive colloidal stability behaviour discussed above, this suggests that these nanoparticles are 

best described as electrosterically-stabilised, rather than either charge-stabilised or sterically-

stabilised.52,53 
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Figure 2.14. Variation in z-average diameter for a 0.1% w/w dispersion of PNMEP42-PHPMA250 diblock 

copolymer nanoparticles at pH 7 when heated from 25 to 90 °C (also the corresponding size data on cooling 

from 90 to 25 °C).  

Finally, the thermoresponsive behaviour was briefly examined by variable temperature DLS of a 

0.1% w/w dispersion of PNMEP42-PHPMA250 diblock copolymer nanoparticles at pH 7. The z-

average diameter remained essentially constant over the entire temperature range, indicating 

that the particles are not thermoresponsive (Figure 2.14). 
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2.3.4 Synthesis of PNMEP53-PEEMAx diblock copolymer nanoparticles via RAFT aqueous 

emulsion polymerisation of EEMA  

A PNMEP53 macro-CTA was prepared by RAFT ethanolic solution polymerisation of NMEP. 1H NMR 

spectroscopy indicated a mean DP of 53 via end-group analysis after purification. Chloroform GPC 

analysis indicated an Mn of 6 100 g mol-1 and an Mw/Mn of 1.24. 

 

Scheme 2.3. Synthesis of PNMEP53-PEEMAx diblock copolymers by RAFT aqueous emulsion polymerisation 

of EEMA at 44 °C at pH 7. 

The PNMEP53 precursor was subsequently chain-extended via RAFT aqueous emulsion 

polymerisation of EEMA (water solubility = 6.3 g dm-3) at 20% w/w solids while varying the target 

PEEMA DP from 100 to 600 (Scheme 2.3 and Table 2.3). All reaction solutions were adjusted to 

pH 7.0 ± 0.1 using NaOH before the EEMA polymerisation was allowed to proceed for 5 h at 44 °C. 

More than 99% conversion was achieved in all cases as judged by 1H NMR spectroscopy. 
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Chloroform GPC analyses indicated that the molecular weight increased linearly with DP (Figure 

2.15a) and MWDs became significantly broader on increasing the target DP of the PEEMA core-

forming block (Figure 2.15b). 

 

Table 2.3. Summary of target PNMEP53-PEEMAx diblock copolymer compositions, monomer conversions by 

1H NMR analysis, molecular weights (Mn) and dispersities (Mw/Mn) determined by chloroform GPC, and z-

average particle diameter and dispersities (PDI) determined by DLS analysis of dilute aqueous dispersions 

at pH 7.  

 

aDetermined by end-group analysis by 1H NMR spectroscopy in d-chloroform bDetermined by chloroform 

GPC analysis (relative to PMMA calibration standards). cNanoparticle dispersions were diluted to 0.1% w/w 

using water (pH 7). 
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Figure 2.15. (a) Linear increase in molecular weight (Mn) with increasing PEEMA target DP as determined 

by chloroform GPC (R2 = 0.96). (b) Overlaid GPC curves obtained for a series of PNMEP53-PEEMAx diblock 

copolymers prepared by RAFT aqueous emulsion polymerisation of EEMA at 44 °C, and the corresponding 

PNMEP53 precursor (refractive index detector; calibration using a series of near-monodisperse PMMA 

calibration standards). (For brevity, ‘N’ denoted PNMEP and ‘E’ denotes PEEMA). 

All nanoparticles exhibited an exclusively spherical morphology as judged by TEM analysis, with 

some evidence for a minor population of relatively small particles (Figure 2.16). DLS studies 

indicated that the z-average particle diameter increased with target PEEMA DP and particle size 

distributions were reasonably uniform, with DLS polydispersity values below 0.10 in most cases. 
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Figure 2.16. Representative TEM images showing spherical morphologies for PNMEP53-PEEMAx diblock 

copolymer nanoparticles prepared at pH 7. 

As discussed above, ionisation of the majority of the carboxylic acid end-groups is essential if the 

PNMEP precursor is to be used as a stabiliser block for aqueous PISA syntheses. The anionic 

surface charge leads to colloidally stable PNMEP53-PEEMA500 diblock copolymer nanoparticles at 

pH 7, which can be destabilised by lowering the aqueous dispersion pH. This leads to flocculation 

at 20 °C, as judged by DLS and aqueous electrophoresis studies, see Figure 2.17a. A monotonic 

reduction in zeta potential from approximately –36 mV at pH 8.0 to –13 mV at pH 4.6 was 

observed. Incipient flocculation occurred at the latter pH, which corresponds to protonation of 

most of the anionic carboxylate groups (as the pKa of the PNMEP53 homopolymer is 5.30). The 

nanoparticle zeta potential became progressively less negative on further lowering the dispersion 

pH, reaching a constant value of approximately –3 mV below pH 3.  
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Figure 2.17. (a) Zeta potential ( ) and z-average diameter ( ) vs. pH and b) z-average diameter and DLS 

polydispersity ( ) vs. KCl concentration observed for a 0.1% w/w aqueous dispersion of PNMEP53-PEEMA500 

diblock copolymer nanoparticles in the presence of 1 mM KCl as background electrolyte. The aqueous 

dispersion pH was adjusted using either 0.05 M or 0.01 M HCl. 

To provide further evidence that the colloidal stability of these nanoparticles is indeed critically 

dependent on their anionic end-groups, their sensitivity to added electrolyte was examined 

(Figure 2.17b). Thus aqueous dispersions of PNMEP53-PEEMA500 diblock copolymer nanoparticles 

were diluted to 0.1% w/w using 10–200 mM KCl at pH 7. Particle size distributions became much 

broader for KCl concentrations above 60 mM, indicating incipient flocculation. However, the z-

average particle diameter only increased substantially above 125 mM KCl. Nevertheless, it is clear 

that added salt compromises the colloidal stability of such nanoparticles. 
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2.4 Conclusions 

A series of seven near-monodisperse PNMEPx homopolymers with mean DPs ranging from 19 to 

89 were prepared via RAFT solution polymerisation of NMEP in ethanol at 70 °C using a carboxylic 

acid-based RAFT agent. Critical solution temperatures were determined for each PNMEPx 

homopolymer at pH 3 (where the carboxylic acid end-groups are present in their neutral form) 

and at pH 7 (where most of the carboxylic acid end-groups are ionised). End-group ionisation 

increased the hydrophilic character of each homopolymer significantly: no CP was observed on 

heating up to 90 °C for DPs greater than 50. The pKa for each homopolymer was determined via 

acid titration and ranged from 5.07 to 5.44 for all DPs.  

A PNMEP42 macro-CTA was chain-extended via RAFT aqueous dispersion polymerisation of HPMA 

at 44 °C. A series of PNMEP42-PHPMAx diblock copolymer nanoparticles were prepared at 20% 

w/w solids with the PHPMA DP systematically varied between 150 and 400. High monomer 

conversions were achieved in all cases and a linear correlation between GPC Mn and PHPMA DP 

was observed. TEM studies confirmed that the sole morphology was kinetically-trapped spheres 

and DLS studies indicated a monotonic increase in the hydrodynamic particle diameter with 

PHPMA DP. These nanoparticles became flocculated either below pH 4.5 (as a result of 

protonation of the anionic carboxylate end-groups) or on addition of 60 mM KCl (owing to charge 

screening).  

PNMEP was also used as an electrosteric stabiliser to prepare a series of diblock copolymer 

nanoparticles at pH 7 via RAFT aqueous emulsion polymerisation of EEMA at 44 °C. More 

specifically, a PNMEP53 precursor was chain-extended with the target PEEMA DP being varied 

between 100 and 600. High EEMA conversions were achieved in all cases and GPC studies 

confirmed a linear increase in molecular weight with PEEMA DP. A strong correlation between 

the mean nanoparticle diameter and the PEEMA DP was observed and TEM studies indicated 

kinetically-trapped spheres as the sole morphology. Like the PNMEP42-PHPMA300 nanoparticles, 

these PNMEP53-PEEMA500 nanoparticles became flocculated either on addition of 60 mM KCl or 

by adjusting the solution pH to below pH 4.5. Overall, such experiments confirm that the colloidal 

stability of these electrosterically-stabilised nanoparticles is critically dependent on the anionic 

charge located at the end of each stabiliser chain. 

In summary, despite the inverse temperature solubility behaviour exhibited by PNMEP in aqueous 

solution, conferring appropriate hydrophilic end-groups enables use of this water-soluble 
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polymer as an electrosteric stabiliser for the preparation of block copolymer nanoparticles via 

PISA syntheses in aqueous solution at around neutral pH. 
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3.1 Introduction 

Cunningham et al. reported using PNMEP as a steric stabiliser for the synthesis of diblock 

copolymer nano-objects via RAFT alcoholic dispersion polymerisation of BzMA.1 Well-defined 

spheres, worms or vesicles could be obtained depending on the relative volume fractions of the 

PNMEP and PBzMA blocks (Figure 3.1). Moreover, this formulation provided the first example of 

a one-pot PISA synthesis in ethanol. However, relatively long reaction times (24 h) were required 

for high BzMA conversions at 70 °C.  

 

Figure 3.1. (a) Kinetic data obtained for the RAFT alcoholic dispersion polymerisation of BzMA at 70 °C 
targeting PNMEP50-PBzMA200 nano-objects at 20% w/w solids using a PNMEP50 macro-CTA. Despite the rate 
enhancement observed after approximately 5 h, a relatively long reaction time is required for 95% 
conversion under such conditions. (b) TEM images obtained for (i) PNMEP50-PBzMA69 spheres, (ii) PNMEP50-
PBzMA144 worms and PNMEP50-PBzMA188 vesicles using this PISA formulation.1 

This problem is well-documented for various RAFT alcoholic dispersion formulations.2–11 In this 

context, Zhang et al. reported the effect of adding water to the RAFT alcoholic dispersion 

polymerisation of BzMA on the final copolymer morphology.2 Using just 5 % water as a co-solvent 

enabled either spheres, worms or vesicles to be obtained when increasing the target DP of the 

core-forming PBzMA block. Similarly, Jones and co-workers reported that the addition of 

increasing amounts of water to an alcoholic RAFT PISA formulation significantly increased the rate 

of polymerisation but limited the copolymer morphology to kinetically-trapped spheres.6 The 

faster kinetics was attributed to a higher local monomer concentration caused by stronger 

partitioning of the BzMA monomer inside the growing nascent nanoparticles. 
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Lauryl methacrylate (LMA) is a commercially important hydrophobic monomer; PLMA-based 

copolymers  have been used as viscosity modifiers in engine oil formulations.12 Its relatively low 

Tg of -65 °C13 affords excellent film-forming properties, which are utilised in the cosmetics industry 

for hair conditioning14 and also to produce water-resistant barriers for skin care products.15 Dong 

and co-workers reported the synthesis of PLMA-PNMEP diblock copolymers via RAFT solution 

polymerisation conducted in chloroform.16–18 Unfortunately, only relatively low monomer 

conversions (typically < 86%) could be achieved within 24 h at 60 °C, regardless of the target 

copolymer composition. However, chloroform GPC studies confirmed that low-dispersity diblock 

copolymers were obtained (Mw/Mn < 1.21). Subsequently, these diblock copolymers were self-

assembled in THF16 or n-dodecane17,18 to produce dilute dispersions of various types of nano-

objects via traditional post-polymerisation processing.  

Recently, Lowe and co-workers reported the PISA synthesis of well-defined spheres, worms or 

vesicles comprising low Tg core-forming blocks.19 More specifically, RAFT dispersion 

polymerisation of 3-phenylpropyl methacrylate (PPPMA) in ethanol was conducted using a 

poly(2-(dimethylamino)ethyl methacrylate) (PDMA) steric stabiliser block. Interestingly, a 

reversible worm-to-sphere transition with concomitant degelation was observed on heating up 

to 70 °C (Figure 3.2). This was attributed in part to the relatively low Tg of the core-forming poly(3-

phenylpropyl methacrylate) block, which was determined to be approximately 2 °C by differential 

scanning calorimetry (DSC) measurements. 

 

Figure 3.2. Digital photographs and corresponding TEM images recorded for a 21% w/w solution of PDMA20-
PPPMA47 diblock copolymer worms (see main text for further details) in ethanol at room temperature and 
the same copolymer dispersion after heating to 70 °C, indicating a reversible worm-to-sphere reversible 
transition.19  



Chapter 3: RAFT dispersion polymerisation of lauryl methacrylate in ethanol-water binary 
mixtures: synthesis of diblock copolymer vesicles with deformable membranes 
 

105 
 

Diblock copolymer nanoparticles comprising a relatively low Tg core-forming block are notoriously 

difficult to image using TEM owing to film formation during TEM grid preparation.20,21 This 

problem can lead to incorrect assignment of the copolymer morphology. Erroneous morphologies 

can also be assigned in the case of relatively small vesicles because the characteristic collapse and 

deformation of such nano-objects that is typically observed under the ultrahigh vacuum 

conditions required for TEM analysis may not occur.22 Given such problems, the Armes group has 

recommended that SAXS analysis should be employed to validate diblock copolymer 

morphologies, particularly if spheres are not expected based on the target copolymer 

composition.22 

Herein we report the highly convenient PISA synthesis of LMA-rich PNMEP-PLMA diblock 

copolymer vesicles in ethanol-water mixtures. Bearing in mind potential industrial applications, 

RAFT chain-end removal strategies have been briefly explored for such diblock copolymer 

nanoparticles. 

 

3.2 Experimental  

3.2.1 Materials 

N-(2-(Methacryloyloxy)ethyl pyrrolidone (NMEP; 98% purity) was kindly provided by Ashland Inc. 

(Delaware, USA) and was used without further purification. Lauryl methacrylate (LMA), ethanol 

(≥99.8%), 2-cyano-2-propyl benzodithioate (CPDB) and d1-chloroform were purchased from 

Sigma Aldrich UK. 4,4′-Azobis(4-cyanovaleric acid) (ACVA; 99%) was purchased from Alfa Aesar 

(Heysham, UK). d6-Acetone and d4-methanol was purchased from Goss Scientific Instruments Ltd. 

(Cheshire, UK). Deionised water was used for all experiments. 

 

3.2.2 Synthesis of PNMEP28 macro-CTA by RAFT solution polymerisation in ethanol 

The protocol for the preparation of a PNMEP28 macro-CTA is described below. NMEP (9.37 g, 47.4 

mmol), CPDB RAFT agent (0.30 g, 1.36 mmol; target DP = 35), ACVA (76.0 mg, 0.27 mmol; 

CPDB/ACVA molar ratio = 5.0) and ethanol (14.59 g, 40% w/w solids) were weighed into a 50 mL 

round-bottom flask immersed in an ice bath and degassed with continuous stirring for 30 min. 

The reaction was allowed to proceed for 270 min in an oil bath set to 70 °C, resulting in a monomer 

conversion of 90% as judged by 1H NMR spectroscopy. The polymerisation was then quenched by 

exposing the hot reaction solution to air and cooling to 20 °C. The crude polymer was precipitated 

into excess diethyl ether to remove residual monomer before freeze-drying from water to afford 
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a dry pink powder. The mean DP was calculated to be 28 by comparing the integrated aromatic 

protons arising from the dithiobenzoate RAFT end-groups at 7-8 ppm to the methylene proton 

signal next to the carbonyl at 2.5 ppm. GPC analysis using chloroform eluent indicated an Mn of 5 

000 g mol-1 and an Mw/Mn of 1.23 against a series of ten near-monodisperse PMMA calibration 

standards.  

 

3.2.3 Synthesis of PNMEP28-PLMAx diblock copolymer nanoparticles via RAFT dispersion 

polymerisation of LMA in an ethanol-water mixture at 70 °C 

A typical protocol for the synthesis of PNMEP28-PLMA87 (LMA/NMEP mass ratio = 4:1) is described 

as follows: PNMEP28 macro-CTA (0.15 g, 26.10 µmol), LMA (0.58 g, 2.27 mmol; target DP = 87) and 

ACVA (1.50 mg, 5.22 µmol; 0.19 mL of a 7.89 g dm-3 ethanolic stock solution; PNMEP28/ACVA 

molar ratio = 5.0) were dissolved in an 80:20 w/w ethanol-water mixture (2.92 g). The reaction 

vial was sealed and degassed under N2 for 30 min before placing in a pre-heated oil bath set at 

70 °C for 16 h. The polymerisation was quenched by exposing the hot reaction solution to air and 

cooling to 20 °C. The resulting diblock copolymer nanoparticles were characterised by 1H NMR 

spectroscopy, DLS and TEM with 0.1% w/w dispersions being prepared via dilution using an 80:20 

w/w ethanol-water mixture. Chloroform GPC analysis indicated an Mn of 19 800 g mol-1 and an 

Mw/Mn of 1.28. Other diblock compositions were prepared by adjusting the amount of LMA 

monomer to target LMA/NMEP mass ratios ranging between 2:1 and 7:1. For these additional 

syntheses, the volume of the continuous phase was adjusted to maintain an overall solids 

concentration of 20% w/w (see Table 3.1 for the corresponding DPs of the PLMA blocks). 1H NMR 

analysis indicated that more than 98% monomer conversion was achieved in all cases. 

 

3.2.4 Protocol for cleavage of RAFT end-groups from PNMEP28-PLMA87 diblock copolymer 

nanoparticles using blue LED light irradiation. 

The dithiobenzoate end-groups within PNMEP28-PLMA87 vesicles were cleaved according to the 

following protocol. A 20% w/w copolymer dispersion (1.0 g) was diluted to 7.5% w/w using 

deionised water (1.7 g). This dispersion was then placed in a water-jacketed Schlenk tube 

wrapped in blue LED light strips (λ = 405 nm, 0.37 mW cm-2) with the temperature of the 

recirculating water set to 50 °C. Aliquots of this reaction mixture were taken periodically and 

analysed using UV GPC (with the UV detector set at λ = 308 nm).  
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3.2.5 Copolymer characterisation 

1H NMR spectroscopy. d4-Methanol was used to record 1H NMR spectra of the PNMEP28 macro-

CTA and d1-chloroform and d6-acetone were used to analyse the PNMEP28-PLMAx diblock 

copolymers in a 10:1 mass ratio. Spectra were recorded using a 400 MHz Bruker Avance 400 

spectrometer with 64 scans being averaged per spectrum. 

Gel permeation chromatography (GPC).  Molecular weight data for both the PNMEP homopolymer 

precursor and the series of PNMEP28-PLMAx diblock copolymers were obtained using chloroform 

GPC at 35 °C, with the eluent containing 0.25% triethylamine by volume. Two Polymer 

Laboratories PL gel 5 µm Mixed C columns were connected in series to a Varian 390 multi-detector 

suite (refractive index detector) and a Varian 290 LC pump injection module using a 1.0 mL min-1 

flow rate. Ten near-monodisperse PMMA standards (Mn = 625 – 618 000 g mol-1) were used for 

calibration and data were analysed using Varian Cirrus GPC software. UV GPC chromatograms 

were obtained simultaneously by detection at a fixed wavelength of 308 nm, which corresponds 

to the absorption maximum of the dithiobenzoate RAFT end-groups. 

Dynamic light scattering (DLS). A Malvern Zetasizer NanoZS instrument was used to determine 

the intensity-average hydrodynamic diameter of the copolymer nanoparticles at 20 °C at a 

scattering angle of 173°. As-synthesised dispersions were diluted to 0.1% w/w using either an 

80:20 w/w ethanol-water mixture, deionised water or pure ethanol and analysed using disposable 

1.0 cm path length plastic cuvettes. Data were averaged over three consecutive measurements 

(with 10 sub-runs per run) for each sample. Sphere-equivalent intensity-average diameters were 

calculated for diblock copolymer nano-objects via the Stokes−Einstein equation, which assumes 

perfectly monodisperse, non-interacting spheres. Aqueous electrophoresis measurements were 

also conducted at 20 °C using the same instrument for 0.1% w/w nanoparticle dispersions 

prepared using 1 mM KCl as the diluent. The solution pH was adjusted using either HCl or KOH as 

required. Zeta potentials were calculated from the Henry equation using the Smoluchowski 

approximation.  

Transmission electron microscopy (TEM). Copper/palladium grids were surface-coated in-house to 

produce a thin film of amorphous carbon before being plasma glow-discharged for 40 s producing 

a hydrophilic surface. A single droplet (15 µL) of a 0.1% w/w copolymer dispersion (prepared by 

serial dilution using an 80:20 w/w ethanol-water mixture) was placed on a grid for 60 s, blotted 

to remove the excess solution and then stained using an aqueous uranyl formate solution (0.75% 

w/v) for 20 s. Excess negative stain was removed by careful blotting and the grid was then dried 
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using a vacuum hose. A FEI Tecnai Spirit microscope operating at 80 kV equipped with a Gatan 

1kMS600CW CCD camera was used to image the grids. 

Small angle X-ray scattering (SAXS). SAXS patterns were recorded by Armes group members at a 

national synchrotron facility (station I22, Diamond Light Source, Didcot, Oxfordshire, UK) using 

monochromatic X-ray radiation (λ = 0.124 nm with q ranging from 0.01 to 2.00 nm-1 where q = 

4πsinϴ/λ is the length of the scattering vector and ϴ is one-half of the scattering angle) and a 2D 

Pilatus 2M pixel detector (Dectris, Switzerland). A glass capillary of 2 mm diameter was used as a 

sample holder and all measurements were conducted on 1.0% w/w copolymer dispersions in 

80:20 w/w ethanol-water mixtures. X-ray scattering data were reduced and normalised using 

standard routines by the beamline and were further analysed using Irena SAS macros for Igor Pro.  

Reverse phase high performance liquid chromatography (Reverse phase HPLC). HPLC analysis was 

performed on an HP 1100 series LC equipped with a quadratic pump, an autosampler and a diode 

array detector. An Agilent Poroshell EC-C18 100 x 4.6 mm column with a particle size of 3.5 µm 

was used at 40 °C. The mobile phase consisted of water with 0.1% (v/v) orthophosphoric acid and 

acetonitrile run under gradient conditions (acetonitrile varied from 5% to 100% in 20 min with a 

2-min hold at 100% before re-equilibriation at 5% for 5 min) at a flow rate of 0.40 mL min-1, a run 

time of 27 min and an injection volume of 5 µL. The analyte was detected at a wavelength of 210 

nm normalised against a 360 nm reference wavelength. Nanoparticle dispersions were diluted to 

2.0% w/w using deionised water. The resulting dispersions were shaken for 20 min and decanted 

into centrifugal cut-off filters (Merck Amicon Ultra-4, 3 KDa nominal molecular weight) to remove 

high molecular weight material. These were centrifuged at an RCF of 8422 g (9000 rpm; rotor 

radius = 9.3 cm) for 20 min to produce approximately 4 mL of aqueous filtrate for evaluation of 

residual NMEP monomer. Concentration was measured based on the detector response to 

external NMEP standard solutions of known concentration. 

Gas chromatography (GC). GC analysis for residual LMA was conducted using an Agilent 7890A 

series GC equipped with a Restek Rxi-624Sil-MS capillary column (30 m x 0.32 mm, D= 1.8 µm), 

hydrogen carrier gas and a flame ionisation detector (FID). Carrier gas velocity was fixed at 45.5 

cm s-1. The injection volume was fixed at 2 µL. The LMA content of reaction mixtures was 

calculated against the detector response towards a series of LMA external standard solutions of 

known concentration (5 - 100 µg mL-1). The inlet temperature was fixed at 225 °C and the initial 

oven temperature was 100 °C. The oven programme was a 2 min isothermal hold followed by a 

10 °C min-1 ramp to 300 °C and a 4 min hold. The detector temperature was maintained at 300 °C. 
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Samples were extracted using acetone (0.2 g in 2 mL) and filtered through a 0.45 µm PTFE filter 

prior to injection.  

Differential Scanning Calorimetry (DSC). The Tgs for six PNMEP28-PLMAx diblock copolymers were 

determined using a TA Instruments Discovery DSC 25 instrument from −90 to 100 °C at a 

heating/cooling rate of 10 °C min–1. Each copolymer (10 mg) was dried for at least 24 h in a 

vacuum oven at 70 °C prior to analysis. Dried samples were sealed in a vented aluminium pan, 

and the instrument was calibrated for heat flow and temperature using both indium and zinc 

standards. Samples were annealed at 100 °C for 5 min before cooling to −90 °C and maintaining 

this temperature for 1 min. The Tg was then determined by heating the copolymer up to 100 °C 

and taken as a midpoint value. 

3.3 Results and discussion 

3.3.1 Preparation of PNMEP28-PLMAx diblock copolymers via RAFT dispersion 

polymerisation of LMA 

 

 

Scheme 3.1. Synthesis of a PNMEP28 macro-CTA by RAFT solution polymerisation of NMEP in ethanol at           
70 °C and subsequent synthesis of PNMEP28-PLMAx diblock copolymer nano-objects by RAFT dispersion 
polymerisation of LMA in an 80:20 w/w ethanol-water mixture at 70 °C. 

A PNMEP28 macro-CTA was prepared by RAFT solution polymerisation of NMEP in ethanol at 70 °C 

using a CPDB RAFT agent, see Scheme 3.1. This polymerisation was allowed to progress for 270 

min and was quenched at 90% conversion. The mean DP was determined to be 28 by end-group 

analysis using 1H NMR spectroscopy (Figure 3.3). This PNMEP28 macro-CTA was subsequently 

chain-extended via RAFT dispersion polymerisation of LMA at 20% w/w solids in an 80:20 w/w 

ethanol-water mixture at 70°C. The aqueous solubility of LMA is too low for an aqueous emulsion 

polymerisation formulation23 while it is difficult to achieve high monomer conversions in pure 

ethanol owing to the relatively slow polymerisation kinetics under such conditions.6,24 Thus, an 

80:20 w/w ethanol-water mixture was selected for the RAFT dispersion polymerisation of LMA. 

This formulation enabled very high LMA conversions to be achieved within 11 h at 70 °C. 
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Figure 3.3. 1H NMR spectra recorded in d4-methanol for (a) PNMEP28
 macro-CTA, (b) NMEP monomer and 

(c) CPDB RAFT agent. 

A series of PNMEP28-PLMAx diblock copolymer nano-objects were synthesised by targeting 

PLMA/PNMEP mass ratios ranging from 2:1 to 7:1 using a 80:20 w/w ethanol-water mixture. Both 

high and low molecular weight shoulders are observed in the GPC curves obtained for all target 

diblock copolymers. Utilising UV GPC (Figure 3.4b), whereby the detector wavelength is tuned to 

the absorption of the dithiobenzoate chain-ends at 308 nm, it is clear that some of the polymer 

chains in both these minor populations possess a RAFT end-group. This suggests that the low 

molecular weight shoulder is simply the result of slow/incomplete reinitiation of the PNMEP28 

precursor, rather than premature loss of RAFT end-groups. We attribute the high molecular 

weight shoulder to chain transfer to polymer, rather than dimethacrylate impurities in the LMA 

monomer. High LMA conversions (>98%) were achieved in all cases as shown by 1H NMR 

spectroscopy (Figure 3.5). However, this technique becomes rather insensitive for low 

concentrations of residual monomer (< 1%).  
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Figure 3.4. Chloroform GPC curves recorded for a series of PNMEP28-PLMAx diblock copolymers and the 
corresponding PNMEP28 precursor: (a) refractive index detector with calibration using a series of near-
monodisperse PMMA standards; (b) UV detection at λ = 308 nm.(N.B. PN and PL are shorthand for PNMEP 
and PLMA.) 

For potential industrial applications, the level of volatile organic compounds (VOCs) in such 

formulations is very important. Thus, gas chromatography (GC) analysis was used to quantify the 

residual unreacted LMA monomer while reverse-phase high performance liquid chromatography 

(HPLC) was utilised to determine residual NMEP monomer. GC analysis indicated LMA contents 

of less than 0.15% (1500 ppm) while HPLC indicated that less than 0.03% NMEP (300 ppm) 

remained in the original copolymer dispersions. For the two shortest diblock copolymers, GC 

analysis was not conducted owing to poor partitioning of these low molecular weight chains with 

the solvent. 
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Figure 3.5. 1H NMR spectra recorded in a 10:1 d1-chloroform/d6-acetone mixture for (a) PNMEP28-PLMA87 

diblock copolymer, (b) LMA monomer and (c) PNMEP28 macro-CTA. 

The polymerisation kinetics were monitored for various ethanol-water mixtures (containing 0, 5, 

10 or 20% water by mass) targeting a PNMEP28-PLMA87 diblock composition. It is clear that 

increasing the proportion of water as a co-solvent significantly increases the rate of LMA 

polymerisation, as previously reported by other workers.2,6 For example, using an 80:20 w/w 

ethanol-water mixture enabled 99% LMA conversion to be achieved within 8.5 h. Hence this 

solvent composition was utilised for all of the PISA syntheses reported in this study. 

 



Chapter 3: RAFT dispersion polymerisation of lauryl methacrylate in ethanol-water binary 
mixtures: synthesis of diblock copolymer vesicles with deformable membranes 
 

113 
 

Table 3.1. Summary of the target diblock copolymer compositions, LMA monomer conversions, residual 
levels of NMEP and LMA monomer, molecular weight data and Tg values. 

aDetermined by 1H NMR spectroscopy. bDetermined by HPLC. cDetermined by gas chromatography 
dDetermined by chloroform GPC. eDetermined by DSC. [N.B. ‘n.d.’ is shorthand for ‘not determined’]. 

 

The corresponding semi-logarithmic plots (Figure 3.6b) indicate markedly faster polymerisations 

after nucleation as the proportion of water was increased. Prior to micellar nucleation, there 

appears to be no trend in the polymerisation rates observed as the water content is systematically 

increased (see inset in Figure 3.6b). However, a noticeable rate enhancement occurred at 

approximately the same LMA conversion for the 90:10 and 80:20 w/w solvent compositions, 

suggesting that a critical PLMA DP of 17 is required for nucleation. This is significantly lower than 

the critical DP of 160 reported by Jones and co-workers, for PBzMA chains grown from a PDMA 

precursor under the same conditions.6 The rate enhancement was significantly higher for 20% 

w/w water compared to 10% w/w water, with the latter formulation only reaching an LMA 

conversion of 93% within the same 8.5 h time period. 

Target diblock 
copolymer 

composition 

LMA 
conversiona 

/ % 

Residual 
NMEPb  
/ ppm 

Residual 
LMAc 

 / ppm 

Mn
d /  

g mol-1 Mw/Mn
d PLMA 

Tg
e / °C 

PNMEP  
Tg / °C 

PNMEP28  N/A n.d. N/A 5 000 1.23 N/A 65 

PNMEP28-PLMA43 >99 136 n.d. 13 300 1.22 -48 56 

PNMEP28-PLMA65 >99 309 n.d. 17 100 1.22 -48 56 

PNMEP28-PLMA87 >99 199 983 19 800 1.28 -46 52 

PNMEP28-PLMA108 99 132 1037 22 100 1.29 -47 49 

PNMEP28-PLMA129 99 155 1156 25 000 1.34 -48 49 

PNMEP28-PLMA151 99 168 1153 26 100 1.40 -47 50 
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Figure 3.6. (a) Conversion vs. time curves obtained for the RAFT dispersion polymerisation of LMA at 70 °C 
using a PNMEP28 macro-CTA and ACVA initiator ([PNMEP]/[ACVA] = 5.0) at 20% w/w solids. LMA 
conversions were determined by 1H NMR spectroscopy. In each case, a PNMEP28-PLMA87 composition was 
targeted and the solvent composition was varied from absolute ethanol to an 80:20 w/w ethanol-water 
mixture. (b) The same data are presented as semi-logarithmic plots, with the data points obtained for the 
first two hours magnified in the inset. 

However to ensure maximum conversion for all target diblock copolymers, each polymerisation 

was allowed to proceed overnight (16 h). The same diblock composition was also targeted using 

anhydrous ethanol. The conversion vs. time curve and semi-logarithmic plot was almost identical 

to that observed using either 5% w/w water or laboratory-grade ethanol (see Figures 3.6 and 3.7), 

suggesting that such low levels of water have a negligible effect on the polymerisation kinetics. 

The final LMA conversion obtained after 11 h at 70 °C for the laboratory-grade ethanol 

(designated 100% ethanol) was 72%, whereas 68% conversion was achieved for the anhydrous 

ethanol formulation under the same conditions.  
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Figure 3.7. Conversion vs. time curves obtained by 1H NMR spectroscopy studies of the RAFT dispersion 
polymerisation of LMA at 70 °C using a PNMEP28 macro-CTA and ACVA initiator ([PNMEP28]/[ACVA] molar 
ratio = 5.0) while targeting 20% w/w solids using either laboratory-grade ethanol or anhydrous ethanol. (b) 
Corresponding semi-logarithmic plots calculated for the same kinetic data. 

The molecular weight and dispersity were plotted against conversion for the kinetics conducted 

using an 80:20 w/w ethanol-water mixture (Figure 3.8). The linear evolution in Mn with increasing 

conversion indicates good RAFT control. The observed deviation from the theoretical Mn at high 

conversions was not unexpected because molecular weights are calculated using PMMA 

calibration standards.  
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Figure 3.8. Evolution of Mn ( ) and Mw/Mn ( ) with conversion observed during the RAFT dispersion 
polymerisation of LMA at 70 °C targeting PNMEP28-PLMA87 in an 80:20 w/w ethanol-water mixture at 20% 
w/w solids. The theoretical Mn is indicated by the black dashed line. 

The Tg associated with each PNMEP28-PLMAx diblock copolymer was determined by DSC after 

annealing at 100 °C to remove traces of solvent (Figure 3.9). In all cases, these copolymers are 

distinctly PLMA-rich, which means that the Tg for the PNMEP cannot be easily detected. The Tg of 

the PNMEP28 macro-CTA was 65 °C. For the diblock copolymer series, the PLMAx Tg was fairly 

constant at around -48 °C, which is somewhat higher than the reported literature value of –

65 °C.13 Similarly, the Tg of the PNMEP28 block was suppressed by 10 - 15 °C for PLMA DPs above 

87. The target diblock compositions are highly asymmetric in favour of PLMA, hence this block 

should be more easily detectable. This change in Tg for the PLMA and PNMEP blocks respectively 

indicated some degree of miscibility between the two blocks. 
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Figure 3.9. DSC traces obtained for the PNMEP28 macro-CTA precursor and a series of PNMEP28-PLMAx 
diblock copolymers using a heating rate of 10 °C min-1. 

In this context, a study of diblock copolymers comprising tert-butyldimethylsilyl methacrylate 

(TBDMSiMA) and poly(dimethylsiloxane) methacrylate (PDMSMA) by Lejars et al. is noteworthy.25 

These workers observed that the Tg of the PTBDMSiMA block (82 °C) was somewhat lower than 

that of the corresponding PTBDMSiMA homopolymer (105 °C), whereas the Tg for the PDMSMA 

block was higher than that of the corresponding homopolymer (-114 °C vs. -123 °C). Moreover, 

greater microphase separation was observed for longer PDMSMA blocks, so the Tg values for the 

individual blocks were closer to those for the corresponding homopolymers. It was concluded 

that the PDMSMA chains had a plasticising effect on the PTBDMSiMA block, which led to partial 

misciblity and hence only weak segregation. This behaviour is also observed for the PNMEP28-

PLMAx diblock copolymers as the Tg values for the PLMAx and PNMEP28 blocks are increased and 

decreased respectively relative to their homopolymer Tg values. 
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Figure 3.10. Representative TEM images recorded for dried dilute aqueous dispersions of PNMEP28-PLMAx 
diblock copolymer nano-objects prepared via RAFT dispersion polymerisation of LMA in an 80:20 w/w 
ethanol-water mixture. A spherical morphology is observed in all cases with a minor population of lamellar 
sheets present in some samples. A lower magnification image is shown for PNMEP28-PLMA152 (note 2 µm 
scale bar) to more clearly show the relatively large lamellar sheets that are present in this dispersion. 
Subsequent SAXS studies indicated that some of the ‘spheres’ are actually vesicles (see Figures 3.11 and 
3.12). 

Despite the relatively low Tg values for the insoluble PLMA block, these diblock copolymer nano-

objects could be imaged by TEM. For all targeted copolymer compositions, the predominant 

morphology appeared to be spheres (see Figure 3.10). However, minor populations of lamellar 

sheets were also observed in all cases. In many instances, PISA syntheses only produce kinetically-

trapped spheres.6,26–28 This is particularly true in the case of RAFT emulsion polymerisation,27,29–35 

but it is also well-known for RAFT dispersion polymerisation when using a relatively long steric 

stabiliser block12,36–38 or when working at relatively low copolymer concentration.36,39 However, 

so-called higher order morphologies such as worms, vesicles or lamellae can be obtained under 

appropriate conditions. 36,40–44 Typically, this involves using a suitable short steric stabiliser block 

and targeting a relatively long insoluble block at a sufficiently high copolymer concentration.42,45–

47 For such PISA formulations, the evolution in copolymer morphology always follows the same 

mechanistic pathway. Spheres are formed initially and, as the structure-directing insoluble block 

grows longer, worms are formed via the stochastic 1D fusion of multiple spheres, followed by 

vesicle formation via transient jellyfish-like intermediates if a sufficiently asymmetric diblock 

copolymer composition is targeted.43,48,49 Under certain conditions, block copolymer lamellae (i.e. 

thin sheets or platelets) can also be formed.50,51 
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Figure 3.11. SAXS patterns recorded for 1.0% w/w copolymer dispersions in 80:20 w/w ethanol-water at 
20 °C: PNMEP28-PLMA43 (red), PNMEP28-PLMA65 (orange), PNMEP28-PLMA87 (black), PNMEP28-PLMA108 
(green), PNMEP28-PLMA129 (blue) and PNMEP28-PLMA151 (purple). The white lines indicate data fits obtained 
using a well-known vesicle model for five of the patterns.52 See Figure 3.12 for the PNMEP28-PLMA43 fit. 
Each SAXS pattern is offset by an arbitrary factor for clarity. A cartoon for a vesicle and for stacked lamellae 
has been added to assist with picking out important features on the SAXS patterns where Rm is the distance 
from the centre of the vesicle to the middle of the membrane, Tm is the membrane thickness, Rg is the 
radius of gyration and d is the stacking distance between two lamella sheets.  

In view of this literature precedent, it seemed rather surprising that spheres should co-exist with 

lamellae. Thus small angle X-ray scattering (SAXS) was used to examine these diblock copolymer 

morphologies in more detail. Satisfactory data fits could be obtained using a vesicle model (see 

Figure 3.11) for five of the six entries shown in Table 3.2. Moreover, the low q gradient was close 

to -2, which is consistent with the formation of vesicles (and lamellae).53  

Table 3.2. Summary of TEM and SAXS data obtained for a series of six PNMEP28-PLMAx diblock copolymer 
nano-objects. 

 
aAt least 100 particles were analysed per sample. bSAXS measurements were performed on 1.0% w/w 
copolymer dispersions diluted using an 80:20 w/w ethanol-water mixture. Rg is the radius of gyration of the 
coronal stabiliser (PNMEP) chains and Nagg is the mean vesicle aggregation number. cDetermined by DLS for 
nanoparticle dispersions diluted to 0.1% w/w using 80/20 ethanol-water. 
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Inspecting the first entry in Table 3.2 (PNMEP28-PLMA43), TEM studies initially suggested a broad 

size distribution of spheres (see inset of Figure 3.12a) but the corresponding SAXS pattern could 

not be fitted to a spherical model (see Figure 3.12b). Instead, this SAXS pattern was fitted using a 

two-population ‘vesicle plus sphere’ model to obtain a mean sphere diameter of 32 nm and a 

vesicle diameter of 76 nm with an associated membrane thickness of 10.0 nm (Figure 3.12a).  

 

Figure 3.12. SAXS pattern recorded for a 1.0% w/w copolymer dispersion of PNMEP28-PLMA43 in 80:20 w/w 
ethanol-water at 20 °C. (a) The white line indicates the data fit obtained a spherical plus vesicle two-
population model. Inset is a TEM image of the PNMEP28-PLMA43 diblock copolymer nanoparticles indicating 
the presence of small spheres and larger vesicles. (b) The solid black line indicates the unsatisfactory data 
fit obtained when attempting to use a spherical micelle model to fit this SAXS pattern. 
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TEM studies indicate an apparent increase in mean vesicle diameter when targeting higher DPs 

for the membrane-forming PLMA block. However, given the low Tg of the PLMA block these 

vesicles are expected to be rather deformable indeed there is no direct evidence for membranes 

in the TEM images. Moreover, the number-average vesicle diameters estimated by TEM exceed 

the volume-average diameters determined by SAXS. This is physically unrealistic, which again 

suggests significant deformation (flattening) of the original vesicle morphology during drying.  

Moreover, when calculating mean TEM diameters only 100 vesicles were analysed per copolymer. 

Thus the TEM data are far less statistically robust than that obtained by SAXS, for which the X-ray 

scattering is averaged over many millions of vesicles. SAXS studies indicated a modest reduction 

in the mean vesicle diameter from 174 nm to 150 nm on increasing the PLMA DP (see entries 2-6 

in Table 3.2). This is accompanied by a significant reduction in the vesicle polydispersity. 

Moreover, thicker vesicle membranes (from 13.4 nm to 25.1 nm) are obtained on increasing the 

PLMA DP, while there is a systematic reduction in the mean number (Nagg) from 32 500 to 15 700. 

DLS indicated a monotonic increase in vesicle diameter with increasing PLMA DP except for 

PNMEP28-PLMA108 which was slightly larger than expected. It should be noted that the 

polydispersity by SAXS and DLS for this particular sample was also greater than expected 

indicating the presence of some larger aggregates. A small volume of large aggregates has a 

greater effect on the diameter given by DLS as the light scattering is proportional to r6 where r is 

the particle radius.54 Interestingly, a structure peak is observed in the scattering patterns for the 

two most PLMA-rich diblock copolymer compositions (entries 5 and 6 in Table 3.2). This feature 

is tentatively assigned to lamellar stacking and suggests a mean inter-lamellar spacing of 51 and 

53 nm for the PLMA DP of 129 and 151 respectively. To account for this lamella stacking, a 

Gaussian peak was added to the vesicle fit at 0.1 nm-1.55 However, this SAXS feature could instead 

indicate the presence of multilamellar vesicles. TEM analysis provides no evidence for such nano- 

objects but we are unable to categorically rule out this possibility. 

The highly asymmetric nature of these diblock copolymers coupled with the weakly hydrophilic 

nature of the PNMEP stabiliser block56 suggests that they should not be colloidally stable in water. 

In the previous chapter, it was shown that PNMEP could be used as an electrosteric stabiliser 

block for aqueous PISA syntheses.28 However, colloidal stability was only conferred if the terminal 

carboxylic acid end-group on the PNMEP chain was in its ionised anionic form. Macroscopic 

precipitation was always observed if the aqueous solution pH was lower than pH 7. This is an 

example of so-called electrosteric stabilisation. In view of these prior observations, we did not 

expect the PNMEP28-PLMAx nano-objects prepared in the present study to remain stable when 

diluted from their original 80:20 w/w ethanol-water mixture using deionised water. This is 
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because the CPDB RAFT agent used for such PISA syntheses does not confer any ionic end-groups 

to supplement the rather weak steric stabilisation provided by the non-ionic PNMEP chains. 

However, preliminary DLS experiments indicated that the colloidal stability of such nanoparticles 

was retained in dilute aqueous solution (Figure 3.13). Moreover, no aggregation was observed 

even when heating up to 90 °C, despite the well-documented LCST behaviour observed for 

PNMEP.28,56  

 

Figure 3.13. Z-average diameter obtained by DLS studies of a 0.1% w/w aqueous dispersion of PNMEP28-
PLMA87 nanoparticles synthesised in an 80:20 w/w ethanol-water mixture on heating from 20 to 90 °C and 
the corresponding data on cooling from 90 to 25 °C. The z-average diameter and DLS polydispersity remains 
essentially constant over the entire temperature range, indicating an unexpected lack of thermoresponsive 
behaviour. 

To better understand these unexpected observations, zeta potential measurements were 

undertaken. Given the non-ionic nature of the CPDB RAFT agent, the nanoparticle zeta potential 

was expected to be close to zero. Instead, a zeta potential of -46 mV was obtained at pH 7 (Figure 

3.14). However, it is well known that a minor proportion of RAFT-synthesised polymer chains can 

be capped by end-groups originating from the initiator.57 Thus, this negative surface charge is 

conferred by the carboxylic acid-based azo initiator (ACVA) used in the macro-CTA synthesis and 

this is sufficient to confer some charge stabilisation on the nanoparticles in water. Moreover, the 

sharp upturn in apparent particle size observed at lower pH occurs below pH 4.3. Given that the 

pKa for carboxylic acid-capped non-ionic water-soluble polymer chains lies between 4.6758 and 
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5.44,28 this suggests that colloidal instability only occurs when most of the PNMEP28 stabiliser 

chain-ends become protonated. In summary, the RAFT synthesis of the PNMEP28 macro-CTA using 

CPDB combined with ACVA results in a significant proportion of carboxylic acid-terminated 

stabiliser chains, which is sufficient to account for the unexpected colloidal stability observed for 

the corresponding PNMEP28-PLMAx vesicles when dispersed in dilute aqueous solution.  

 

Figure 3.14. Zeta potential ( ) and z-average diameter ( ) vs. solution pH curves obtained for PNMEP28-
PLMA87 vesicles prepared using a carboxylic acid-functionalised initiator (ACVA) for both blocks. At pH 7, 
the z-average diameter is 168 nm and the zeta potential is -46 mV. 

 

3.3.2 RAFT end-group removal from PNMEP-PLMA diblock copolymer nano-objects using 

visible light irradiation 

One well-known disadvantage of RAFT polymerisation is that the sulfur-based chain transfer 

agent confers both colour and malodour on the final copolymer.59,60 In view of this, considerable 

effort has been devoted to the post-polymerisation removal of RAFT end-groups.61,62 Most of 

these studies have involved either thermolysis or the use of selective reagents to cleave the 

organosulfur groups from the chain-ends.63–66 Moreover, the vast majority of work in this area 

has focused on the modification of soluble chains,67–75 with only a few studies examining RAFT 

end-group removal from block copolymer nano-objects.76,77 

Mattson and co-workers used UV light (λ = 380nm) to remove terminal trithiocarbonate end-

groups with a photoredox catalyst in solution (acetonitrile or N,N-dimethylacetamide).73 This 

method was shown to be compatible with many monomer classes and did not require elevated 
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temperatures or deoxygenation. Discekici et al. were the first to report using visible light (λ = 465 

nm) to remove trithiocarbonate end-groups from polystyrene chains dissolved in 

dichloromethane.78 They found that using both an auxiliary amine and visible light was essential 

to produce a hydrogen chain-end; in the absence of light irradiation, aminolysis produced thiol 

end-groups. 

 

Figure 3.15. Digital photograph of the LED photoreactor used for removal of RAFT end-groups. The reactor 
consists of a water-jacketed Schlenk tube wrapped in blue LED light strips (λ = 405 nm, 0.37 mW cm-2). 

Matioszek and co-workers used ozonolysis to remove xanthate-based RAFT end-groups buried 

within the cores of relatively low molecular weight poly(n-butyl acrylate) latex particles in 

aqueous media.76 Complete removal of these RAFT end-groups was observed by UV GPC analysis 

within 1 h at room temperature. Colloidal stability was maintained provided that the Mn of the 

latex was above 5 000 g mol-1. Recently, Jesson et al. utilised H2O2 to remove RAFT chain-ends 

from aqueous dispersions of diblock copolymer nano-objects.77 In this case, 96% removal of 

dithiobenzoate end-groups from weakly hydrophobic PHPMA cores was achieved within 8 h at 

70 °C as judged by UV GPC analysis. However, this protocol required using excess H2O2 

(H2O2/dithiobenzoate molar ratio = 5.0). Moreover, it was much more difficult to remove 

trithiocarbonate end-groups under the same conditions. Furthermore, removal of dithiobenzoate 

end-groups from PBzMA core-forming blocks proved to be problematic. Presumably, this is the 

result of restricted diffusion of the H2O2 reagent into such relatively hydrophobic nanoparticle 

cores. Both Matioszek and co-workers and Jesson et al. demonstrated that UV GPC was 

particularly useful for analysing the extent of removal of RAFT end-groups over time. This is 
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because this technique ensures separation of the copolymer chains from any UV-absorbing low 

MW products (e.g. benzoic acid) arising from chemical oxidation of the RAFT end-groups. 

In view of this literature precedent, we examined the use of blue LED light (λ = 405 nm) to remove 

dithiobenzoate chain-ends from a 7.5% w/w aqueous dispersion of PNMEP28-PLMA87 diblock 

copolymer vesicles. This protocol was adopted because our preliminary experiments suggested 

that it was difficult for various chemical reagents (e.g. ACVA, Luperox, H2O2 and benzylamine) to 

diffuse into the highly hydrophobic PLMA membranes (see Figure 3.16 for the failed attempt to 

remove end-groups using excess ACVA). As far as we are aware, there are no literature reports of 

using visible light to remove RAFT end-groups from diblock copolymer nano-objects. In this 

context, it should be noted that visible light can be used to control the polymerisation of 

methacrylates in the absence of initiators by generating radicals by excitation of the spin-

forbidden n → π* transition.79–83 

 

Figure 3.16. Relative reduction in dithiobenzoate end-group concentration over time for a 7.5% w/w 
aqueous dispersion of PNMEP28-PLMA87 vesicles after continuous irradiation for 4.5 h using blue LED light 
(λ = 405 nm, 0.37 mW cm-2) at 50 °C ( ) and the corresponding data when using 5 molar equivalents of H2O2 
relative to the RAFT end-group at the same temperature ( ). Inset shows the reduction in UV GPC signal 
over time during the LED irradiation experiment. 

An aqueous dispersion of PNMEP28-PLMA87 diblock copolymer nanoparticles was diluted to 7.5% 

w/w using deionised water and exposed to 405 nm light at 50 °C with continuous stirring (Figure 

3.15). The rate of RAFT end-group removal was monitored over 4.5 h using UV GPC (Figure 3.16). 

UV GPC chromatograms were normalised with respect to the refractive index signal. After 60 min, 
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81% of the RAFT end-groups were removed. After 3 h, only 4% of the original RAFT end-groups 

remained removing the inherent pink colour of the nanoparticle dispersion (Figure 3.17). Unlike 

the H2O2 protocol reported by Jesson and co-workers, this visible light irradiation method requires 

a lower temperature, significantly shorter reaction times and no additional reagents to remove 

more than 96% dithiobenzoate end-groups from an aqueous dispersion of methacrylic diblock 

copolymer nano-objects. It is perhaps also worth emphasising that the water-insoluble PLMA 

blocks used in the present study are significantly more hydrophobic than water-insoluble PHPMA 

and PBzMA blocks that comprised the cores of the nanoparticles reported by Jesson and co-

workers.77 In that prior study, ingress of the H2O2 reagent was relatively fast for the water-

plasticised, weakly hydrophobic PHPMA cores but relatively slow for more hydrophobic PBzMA 

cores. This reagent mass transport problem does not apply to the LED irradiation method, 

allowing rapid removal of dithiobenzoate end-groups even from highly hydrophobic PLMA cores. 

Given the growing interest in PISA syntheses using flow chemistry, visible light could prove to be 

useful for removing RAFT end-groups on a large scale.84,85 

 

Figure 3.17. Digital photographs recorded for a 7.5% w/w aqueous dispersion of PNMEP28-PLMA87 vesicles 
recorded before (upper) and after (lower) exposure to blue LED light for 3 h at 50 °C. UV GPC studies (see 
Figure 3.16) confirm that this protocol is sufficient to remove almost all of the dithibenzoate end-groups, 
which is consistent with the observed loss in colour. 
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3.4 Conclusions 

A PNMEP28 macro-CTA was chain-extended with LMA in an 80:20 w/w ethanol-water mixture to 

produce a series of PNMEP28-PLMAx diblock copolymer nano-objects. Despite the well-

documented low Tg for the insoluble PLMA block, good-quality TEM images could be obtained for 

this PISA formulation. For x = 43, a mixed sphere and vesicle morphology was observed, while 

polydisperse vesicles were obtained for x values ranging between 65 and 151. However, no worm 

phase could be identified. SAXS studies confirmed the copolymer morphologies that could not be 

assigned by TEM alone. Slightly smaller vesicles with lower mean aggregation numbers and 

thicker membranes were obtained when targeting higher PLMA DPs. A minor population of sheet-

like lamellae was observed for each target copolymer composition, with lamellar stacking leading 

to a structure peak in the scattering patterns recorded for PNMEP28-PLMA129 and PNMEP28-

PLMA151. Unexpectedly, these PNMEP28-PLMAx nanoparticles proved to be colloidally stable when 

diluted with deionised water to afford aqueous dispersions. Zeta potential studies indicate that 

such colloidal stability is conferred by initiator-derived carboxylic acid end-groups located on 

some of the non-ionic PNMEP stabiliser chains. Finally, 96% of the original dithiobenzoate chain-

ends could be removed within 3 h at 50 °C via visible light irradiation of a 7.5% aqueous dispersion 

of PNMEP28-PLMA87 vesicles at a wavelength of 405 nm. This appears to be an attractive method 

for RAFT chain-end removal from diblock copolymer nano-objects, particularly for those with 

highly hydrophobic cores for which ingress of ionic reagents such as ACVA is relatively slow. 
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4.1 Introduction 

Highly hydrophobic polymers are widely used for various applications, including self-cleaning 

surfaces,1 anti-icing formulations,2 anti-biofouling substrates3–5 and the separation of oil and 

water.6,7 tert-Octyl acrylamide (OAA) is a highly hydrophobic monomer that has been used as a 

comonomer in commercial products (e.g. hair-styling products).8–10 However, there are 

surprisingly few reports of its homopolymerisation or physical properties in the academic 

literature.11–16  

 

Figure 4.1. (a) Evolution of Mn and Mw/Mn with OAA conversion during the self-blocking polymerisation of 
POAA (7.8 kg mol-1) and (b) the corresponding overlaid GPC traces.17 
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Remarkably, there appears to be only a single report of the reversible addition-fragmentation 

chain transfer (RAFT) solution polymerisation of OAA.17 This involved using two tin-based RAFT 

agents, which enabled 119Sn nuclear magnetic resonance (NMR) spectroscopy to be used to 

monitor chain-end fidelity during RAFT polymerisation. Chain extension experiments involving 

polymerisation of OAA using a POAA precursor led to around 80% within 13 h at 60 °C, while gel 

permeation chromatography (GPC) analysis indicated reasonably narrow molecular weight 

distributions (Figure 4.1).  

Relatively long induction periods of up to 4.5 h were reported for such tin-based RAFT agents 

(Figure 4.2). In principle, using more conventional (i.e. metal-free) RAFT agents should enable the 

reaction conditions to be further optimised for the synthesis of POAA homopolymers, and 

perhaps also POAA-based block copolymers. This hypothesis is explored in the current study.  

 

Figure 4.2. Kinetic plot for the RAFT solution polymerisation of OAA in 1,4-dioxane mediated by 1-
phenylethyl triphenylstannylcarbodithioate chain transfer agent at 60 °C indicating an induction period of 
4.5 h.17 

Herein we report the synthesis of a series of well-defined POAA homopolymers via RAFT solution 

polymerisation in 1,4-dioxane and the subsequent synthesis of diblock copolymer nanoparticles 

via RAFT dispersion polymerisation of N,N’-dimethyl acrylamide (DMAC) in various non-polar 

solvents (n-heptane, n-octane, n-decane, n-dodecane, n-tetradecane or n-hexadecane). 

Turbidimetry studies indicated interesting differences in the temperature-dependent colloidal 

stability of such dispersions. An atom-efficient one-pot PISA protocol is demonstrated for the 

synthesis of POAA82-PDMAC100 nanoparticles prepared in n-heptane. Finally, POAA85-PDMAC150 
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were briefly evaluated for their performance as a putative Pickering emulsifier for n-heptane-

water mixtures.  

 

4.2 Experimental 

4.2.1 Materials 

tert-Octyl acrylamide (OAA; 98% purity) was kindly provided by Ashland Inc. (Delaware, USA) and 

was used without further purification. N,N-Dimethylacrylamide (DMAC), 2,2’-azobis(2-

methylpropionitrile) (AIBN), 1,4-dioxane, n-octane, n-tetradecane, n-hexadecane, CDCl3 and 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT) were purchased from Sigma 

Aldrich UK. n-Heptane, n-decane and n-dodecane were purchased from Alfa Aesar (Heysham, UK). 

Ethylene glycol diacrylate (EGDA) was purchased from Santa Cruz Biotechnology (Dallas, USA). 

4.2.2 Synthesis of a POAA85 macro-CTA by RAFT solution polymerisation of OAA in 1,4-

dioxane 

The protocol for the preparation of a POAA85 macro-CTA is described below. OAA (20.11 g, 0.11 

mol), DDMAT RAFT agent (0.40 g, 1.10 mmol; target DP = 100), AIBN (18.0 mg, 0.11 mmol; 

DDMAT/AIBN molar ratio = 10) and 1,4-dioxane (30.79 g, 40% w/w) were weighed into a 100 mL 

round-bottom flask and degassed under N2 with continuous magnetic stirring for 20 min. The OAA 

polymerisation was allowed to proceed for 60 min in an oil bath set to 70 °C, before quenching 

by exposing the hot reaction solution to air while cooling to 20 °C. 1H NMR spectroscopy studies 

indicated a final monomer conversion of 82%. The crude homopolymer was precipitated into 

excess methanol to remove residual OAA monomer before placing in a vacuum oven at 30 °C for 

three days to afford a dry yellow powder. The mean DP was calculated to be 85 by end-group 

analysis using UV spectroscopy (λ = 308 nm). Chloroform GPC analysis indicated an Mn of 9 900 g 

mol-1 and an Mw/Mn of 1.18 using a series of ten near-monodisperse poly(methyl methacrylate) 

(PMMA) calibration standards. 

4.2.3 Synthesis of POAA85-PDMACx diblock copolymer nanoparticles via RAFT dispersion 

polymerisation of DMAC in various n-alkanes 

A typical protocol for the synthesis of POAA85-PDMAC100 diblock copolymer nanoparticles in n-

heptane was conducted as follows: POAA85 macro-CTA (0.30 g, 18.8 µmol), DMAC (0.19 g, 1.88 

mmol; target DP = 100) and AIBN (0.30 mg, 1.88 µmol; 0.03 g of a 10 mg g-1 stock solution of AIBN 

dissolved in DMAC; POAA85/AIBN molar ratio = 10) were dissolved in n-heptane (1.95 g; targeting 

20% w/w solids). The reaction vial was sealed and degassed via N2 gas for 15 min at 20 °C before 
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being immersed in a pre-heated oil bath for 5 h at 70 °C. The DMAC polymerisation was quenched 

by exposing the hot reaction solution to air while cooling to 20 °C. The resulting diblock copolymer 

nanoparticles were characterised by 1H NMR spectroscopy in CDCl3, with 0.1% w/w dispersions 

being prepared by dilution with n-heptane for DLS and TEM studies. Chloroform GPC analysis 

indicated an Mn of 19 900 g mol-1 and an Mw/Mn of 1.19 (vs. a series of ten PMMA standards). 

Other diblock compositions were prepared by adjusting the amount of DMAC monomer to target 

the desired DP. For these additional syntheses, the volume of the continuous phase was adjusted 

to maintain an overall copolymer concentration of 20% w/w solids. 1H NMR analysis indicated 

that at least 98% DMAC conversion was achieved in all cases. POAA85-PDMACx diblock copolymer 

nanoparticles were also prepared in n-octane, n-decane, n-dodecane, n-tetradecane and n-

hexadecane. All synthetic parameters except for the volume of solvent were unchanged. Owing 

to the differing densities of these n-alkanes, the overall solution volume varied for these 

formulations.  

4.2.4 One-pot synthesis of POAA82-PDMAC100 diblock copolymer nanoparticles via RAFT 

dispersion polymerisation of DMAC in n-heptane 

OAA (0.40 g, 2.18 mmol), DDMAT RAFT agent (9.9 mg, 27.3 µmol; target DP = 80) and AIBN (0.40 

mg, 2.7 µmol; DDMAT/AIBN molar ratio = 10) were dissolved in n-heptane (0.62 g; targeting 40% 

w/w solids) in a reaction vial. The resulting solution was then degassed for 20 min at 20 °C using 

a N2 sparge before immersing the reaction vial in a pre-heated oil bath set at 70 °C. After 150 min, 

1H NMR studies indicated 98% OAA conversion and a mean DP of 82. Chloroform GPC analysis 

indicated an Mn of 8 100 g mol-1 and an Mw/Mn of 1.16. Next, deoxygenated n-heptane (3.00 mL; 

targeting 20% w/w solids) was added to dilute the reaction solution containing the POAA82 macro-

CTA and then deoxygenated DMAC (0.27 mL, 2.66 mmol; target DP = 100) was also added. The 

DMAC polymerisation was allowed to proceed for 5 h at 70 °C, resulting in a dispersion of POAA82-

PDMAC100 diblock copolymer nanoparticles (Mn = 18 500 g mol-1 and Mw/Mn = 1.19 by chloroform 

GPC analysis using PMMA calibration standards).  

4.2.5 Synthesis of core-crosslinked POAA85-PDMAC195-PEGDA20 triblock copolymer 

nanoparticles via sequential RAFT dispersion polymerisation of DMAC and EGDA in n-

heptane 

A typical protocol for the synthesis of core-crosslinked POAA85-PDMAC195-PEGDA20 nanoparticles 

was conducted as follows: POAA85 macro-CTA (0.40 g, 25.1 µmol), DMAC (0.49 g, 4.89 mmol; 

target DP = 195) and AIBN (0.40 mg, 2.51 µmol; 0.04 g of a 10 mg g-1 stock solution of AIBN 

dissolved in DMAC; POAA85/AIBN molar ratio = 10) were dissolved in n-heptane (3.88 g; targeting 
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20% w/w solids). The reaction vial was sealed and degassed under N2 for 15 min at 20 °C before 

being placed in a pre-heated oil bath set at 70 °C for 195 min. EGDA (0.09 g, 0.50 mmol; target DP 

= 20; previously degassed with N2 gas at 20 °C) was then added using a deoxygenated 

syringe/needle. EGDA polymerisation was allowed to proceed for 4 h before quenching by 

exposure of the hot reaction mixture to air while cooling to 20 °C. The resulting cross-linked 

triblock copolymer nanoparticles were diluted with n-heptane to afford a 0.1% w/w dispersion 

prior to characterisation by DLS and TEM.  

4.2.6 Preparation of o/w emulsions using POAA85-PDMAC150 spheres 

Water (2.0 mL) was homogenised with 2.0 mL of a dispersion of 0.075 – 1.000% w/w POAA85-

PDMAC150 spheres in n-heptane for 2.0 min at 20 °C using an IKA Ultra-Turrax homogeniser at a 

shear rate of 13 500 rpm. 

4.2.7 Copolymer characterisation 

1H NMR spectroscopy. Spectra were recorded for POAAx homopolymers and POAA85-PDMACx 

diblock copolymers dissolved in CDCl3 using a 400 MHz Bruker Avance 400 spectrometer with 64 

scans being averaged per spectrum. 

UV spectroscopy. UV absorption spectra were recorded between 200 and 800 nm using a PC-

controlled UV-1800 spectrophotometer at 25 °C equipped with a 1 cm path length cell. A 

Beer−Lambert curve was constructed using a series of fourteen DDMAT solutions of known 

concentration in chloroform. The absorption maximum at 308 nm assigned to the 

trithiocarbonate end-group was used for this calibration plot, and DDMAT concentrations were 

selected such that the absorbance at this wavelength always remained below unity. Subsequently, 

the mean DP for each of the five POAA homopolymers was determined using the molar extinction 

coefficient (ɛ) determined for DDMAT alone, for which ɛ = 15 210 ± 90 mol-1 dm3 cm-1. 

Gel permeation chromatography (GPC). Molecular weight data for the five POAAx homopolymer 

precursors and the corresponding series of POAA85-PDMACx diblock copolymers were obtained 

using chloroform GPC at 35 °C, with the eluent containing 0.25% TEA by volume. Two Polymer 

Laboratories PL gel 5 µm Mixed C columns were connected in series to a Varian 390 multidetector 

suite (only the refractive index detector was used) and a Varian 290 LC pump injection module at 

a flow rate of 1.0 mL min-1. Ten near-monodisperse PMMA standards (Mn = 625–618 000 g mol-1) 

were used for calibration and data were analysed using Varian Cirrus GPC software supplied by 

the instrument manufacturer.  
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Dynamic light scattering (DLS). A Malvern Zetasizer NanoZS instrument was used to determine 

the intensity-average hydrodynamic diameter of the copolymer nanoparticles at 20 °C at a fixed 

scattering angle of 173°. As-synthesised dispersions were diluted to 0.1% w/w using n-heptane 

and analysed using a 1.0 cm path length glass cuvette. Data were averaged over three consecutive 

measurements (with 10 sub-runs per run) for each sample. Sphere-equivalent intensity-average 

diameters were calculated for nanoparticles using the Stokes−Einstein equation, which assumes 

perfectly monodisperse, non-interacting spheres. 

Transmission electron microscopy (TEM). Copper/palladium grids were surface-coated in-house to 

produce a thin film of amorphous carbon. A 15 µL droplet of a 0.1% w/w copolymer dispersion 

(prepared by serial dilution using n-heptane) was placed on a grid using a micropipet, allowed to 

dry, and then stained by exposed to ruthenium(IV) oxide vapour for 7 min at 20 °C prior to analysis. 

A FEI Tecnai Spirit microscope operating at 80 kV and equipped with a Gatan 1kMS600CW CCD 

camera was used to image the nanoparticles. 

Differential scanning calorimetry (DSC). Glass transition temperatures (Tg) for the five POAAx 

homopolymers were determined using a TA Instruments Discovery DSC 25 instrument operating 

from −50 °C to 120 °C at a heating/cooling rate of 10 °C min–1. Each homopolymer (10 mg) was 

dried for at least 24 h in a vacuum oven at 30 °C prior to analysis. Dried samples were hermetically 

sealed in a vented aluminium pan, and the instrument was calibrated for heat flow and 

temperature using both indium and zinc standards. Samples were annealed at 100 °C for 5 min 

before cooling to −50 °C, with this latter temperature being maintained for 1 min. The Tg was then 

determined by heating the homopolymer up to 120 °C and determining the mid-point value. Heat 

flow was also monitored for n-dodecane alone, a 20% w/w solution of a POAA85 homopolymer in 

n-dodecane and 20% w/w dispersions of POAA85-PDMAC150 diblock copolymer nanoparticles in n-

dodecane on cooling from 120 °C to -50 °C at 10 °C min-1. 

Turbidimetry studies. These experiments were undertaken for POAA85-PDMAC100 diblock 

copolymer nanoparticles prepared directly in various n-alkanes. The corresponding n-alkane was 

used as a diluent to afford a 1.0% w/w dispersion in each case. A Varian Cary 300 Bio UV-visible 

spectrometer was used to record transmittance vs. temperature plots at a fixed wavelength of 

600 nm. Each 1.0% w/w dispersion was equilibrated for 5 min at 90 °C and then cooled to either 

20 or 2 °C at a rate of 1.0 °C per min with the transmittance being recorded at 1.0 °C intervals. 

Optical microscopy 

Optical microscopy images were recorded using a Cole–Palmer compound optical microscope 

equipped with an LCD tablet display and a Moticam BTW digital camera. 
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Laser diffraction 

Each emulsion was sized by laser diffraction using a Malvern Mastersizer 3000 instrument 

equipped with a hydro EV wet sample dispersion unit, a red HeNe laser operating at 633 nm and 

a LED blue light source operating at 470 nm. The stirring rate was adjusted to 1500 rpm in order 

to avoid creaming of the emulsion droplets during analysis. After each measurement, the cell was 

rinsed once with ethanol and twice with deionised water and the laser was aligned centrally to 

the detector prior to data acquisition. 

 

4.3 Results and Discussion 

 

Scheme 4.1. Synthesis of a POAA85 homopolymer by RAFT solution polymerisation of tert-octyl acrylamide 
(OAA) in 1,4-dioxane at 70 °C targeting 40% w/w solids.  

A POAA85 homopolymer was prepared by RAFT solution polymerisation of OAA in 1,4-dioxane at 

70 °C using a DDMAT RAFT agent, see Scheme 4.1. 1H NMR spectroscopy studies indicated that 

82% OAA monomer conversion was achieved within 60 min and the mean DP was estimated to 
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be 85 by end-group analysis using unique NMR signals assigned to the RAFT chain-ends (Figure 

4.3).  

 

Figure 4.3. 1H NMR spectra recorded in CDCl3 for DDMAT RAFT agent (green), OAA monomer (black), a 
POAA85 macro-CTA (red), DMAC monomer (blue) and a POAA85-PDMAC150 diblock copolymer (purple). 

This approximate DP was confirmed by UV spectroscopy studies in chloroform. For this calculation 

(see Figure 4.4), it is assumed that all chains contain a trithiocarbonate end-group and the molar 

extinction coefficient, ε, for this chain-end is identical to that of DDMAT, for which ε = 15 210 ± 

90 mol-1 dm3 cm-1 at 308 nm. In practice, the wavelengths observed for the absorption maxima of 

these two species differ by just 2 nm (310 nm vs. 308 nm, respectively). This suggests that the 

corresponding molar extinction coefficients should be very similar.18  
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Figure 4.4. Beer-Lambert calibration plot constructed for the trithiocarbonate-based DDMAT RAFT agent 
in chloroform to calculate the molar extinction coefficient (ε) of the absorption maximum at 310 nm. 

 

The mean degree of polymerisation (DP) was calculated by end-group analysis via UV 

spectroscopy using the following five equations [N.B. ‘CTA’ stands for chain transfer agent and 

‘poly’ and ‘mon’ are shorthand for polymer and monomer, respectively]: 

𝑐𝐶𝑇𝐴 =
𝐴

𝜀×𝑙
 (1) 

𝑛𝐶𝑇𝐴 = 𝑐𝐶𝑇𝐴 × 𝑉 (2) 

𝑛𝐶𝑇𝐴 = 𝑛𝑝𝑜𝑙𝑦 (3) 

𝑀𝑊𝑝𝑜𝑙𝑦 = (
𝑚𝑝𝑜𝑙𝑦

𝑛𝑝𝑜𝑙𝑦
) − 𝑀𝑊𝐶𝑇𝐴 (4) 

𝐷𝑃 =
𝑀𝑊𝑝𝑜𝑙𝑦

𝑀𝑊𝑚𝑜𝑛
 (5) 

 

where c is concentration (mol dm-3), A denotes absorbance, ε is the molar extinction coefficient 

(mol-1 dm3 cm-1), l is the path length (cm), n is the number of moles (mol), V is volume (dm-3), m 

is mass (g) and MW is the molecular weight (g mol-1). In this calculation, it was assumed that every 

polymer chain contained a RAFT end-group and that the molar extinction coefficient of the 

trithiocarbonate end-group on the polymer chain was identical to that of the original RAFT agent 

(DDMAT). 
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The RAFT polymerisation of OAA was also attempted using a xanthate-based chain transfer agent 

(CTA), (S)-2-(ethyl propionate)-(O-ethyl xanthate).19 Unfortunately, this reaction proved to be 

unsuccessful as broad molecular weight distributions (Mw/Mn > 1.71) were obtained (by drip-

feeding the OAA monomer into the reaction solution, i.e. under monomer-starved conditions), 

indicating little or no RAFT control. 

Aliquots were periodically extracted during the RAFT homopolymerisation of OAA, with monomer 

conversions being determined by 1H NMR spectroscopy (Figure 4.5a) and molecular weight data 

being obtained by GPC analysis using chloroform as an eluent. DDMAT/AIBN molar ratios of either 

5 or 10 were explored, with a marginally faster rate of polymerisation being achieved when using 

more initiator (Figure 4.5). However, the final dispersities and conversions were very similar. Thus, 

using a DDMAT/AIBN molar ratio of 5.0 afforded 97% conversion, an Mn of 8 700 g mol-1 and an 

Mw/Mn of 1.18, whereas using a DDMAT/AIBN molar ratio of 10 produced 98% conversion, an Mn 

of 8 500 g mol-1 and an Mw/Mn of 1.16, see Figure 4.5b. For such homopolymerisations there was 

either little or no induction period (e.g. just 10 min when using a DDMAT/AIBN molar ratio of 10). 

In contrast, relatively long induction periods (up to 4.5 h) were reported for the only other 

literature example of the RAFT homopolymerisation of OAA.17 Klumperman and co-workers have 

attributed similar observations to a so-called initialisation process.20 This problem may well be 

related to the use of an organotin-based RAFT agent by Kulai and co-workers,17 whereas a more 

conventional trithiocarbonate-based reagent was employed in the present study.  
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Figure 4.5. (a) Conversion vs. time curves obtained for the RAFT solution polymerisation of OAA at 70 °C in 
1,4-dioxane using a DDMAT RAFT agent and AIBN initiator targeting a POAA DP of 70 at 40% w/w solids 
using a DDMAT/AIBN molar ratio of either 5 or 10. (b) Evolution of Mn and Mw/Mn with conversion observed 
during the RAFT solution polymerisation of OAA at 70 °C in 1,4-dioxane when targeting a POAA DP of 70 at 
40% w/w solids using a DDMAT/AIBN molar ratio of 10. The dashed line indicates the theoretical Mn data. 
The experimental Mn data set falls below this theoretical line owing to a systematic GPC calibration error. 

The Tg of each of the five POAAx homopolymers was determined using differential scanning 

calorimetry (DSC). The shortest homopolymer (POAA22) had a Tg of 67 °C while the longest 

(POAA99) had a Tg of 83 °C, indicating the expected weak molecular weight dependence (Figure 

4.6).  
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Figure 4.6. (a) Differential scanning calorimetry (DSC) traces recorded at a heating rate of 10 °C min-1 for a 
series of five POAAx homopolymers: x = 22 (black), 39 (red), 72 (blue), 85 (green) and 99 (purple). (b) 
Relationship between Tg and POAA DP plotted for the data shown in (a). 

OAA monomer is a solid at room temperature, with DSC studies indicating a melting point of 

around 64 °C (see Figure 4.7). Preliminary attempts to polymerise OAA by RAFT aqueous emulsion 

polymerisation at 70 °C (i.e. above its melting point) using a water-soluble homopolymer 

precursor NAEP21 were unsuccessful: there was either no polymerisation at all or OAA underwent 

conventional free radical polymerisation, with no RAFT control being achieved. This failure was 

attributed to the highly hydrophobic nature of OAA, which has five pendent methyl groups. 

Presumably, this means that its aqueous solubility is simply too low to enable its emulsion 

homopolymerisation. Similar problems are well-documented for other highly hydrophobic 

monomers such as LMA or SMA.22 
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Figure 4.7. DSC curve recorded for OAA monomer (98% purity; as received from the manufacturer) 
indicating a melting point of approximately 64 °C. 

Self-blocking studies were conducted to examine the fidelity of the RAFT chain-ends on the 

POAA85 homopolymer. Accordingly, chain extension experiments targeting POAA DPs of 50, 100 

or 150 were performed at 40% w/w solids in 1,4-dioxane.  

 

Figure 4.8. Chloroform GPC curves recorded for a POAA85 precursor and the corresponding chain-extended 
POAA85-POAAx homopolymers prepared by RAFT solution polymerisation of OAA at 70 °C in 1,4-dioxane, 
where x = 50 (red), 100 (blue) and 150 (green). The unimodal nature of the latter three traces indicates a 
relatively high blocking efficiency in each case. 

In each case, more than 97% OAA conversion was achieved within 3 h at 70 °C while GPC analysis 

indicated that the whole MWD was shifted to higher molecular weight relative to that for the 

POAA85 precursor (see Figure 4.8). Such high RAFT chain-end fidelity augurs well for the synthesis 
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of POAA-based diblock copolymers when using alternative acrylamides for the second-stage 

polymerisation. The observed increase in Mw/Mn after chain extension is comparable to that 

reported by Kulai and co-workers when performing self-blocking experiments.17 

 

Scheme 4.2. Synthesis of a series of POAA85-PDMACx diblock copolymer nanoparticles by RAFT dispersion 
polymerisation of DMAC in n-heptane at 70 °C targeting 20% w/w solids.  

To prepare sterically-stabilised diblock copolymer nanoparticles, the POAA85 precursor was 

subsequently chain-extended via RAFT dispersion polymerisation of DMAC in n-heptane at 70 °C 

targeting 20% w/w solids (see Scheme 4.2). The polymerisation kinetics for this chain extension 

were monitored using 1H NMR spectroscopy (Figure 4.9a) while chloroform GPC was used to 

monitor the evolution in Mn and Mw/Mn (Figure 4.9b). Essentially full DMAC conversion was 

achieved within 5 h with a linear increase in Mn being observed. The final POAA85-PDMAC100 

diblock copolymer had an Mn of 21 900 g mol-1 and an Mw/Mn of 1.20. These data are consistent 

with a well-controlled RAFT polymerisation. 
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Figure 4.9. (a) Conversion vs. time curve with the corresponding semi-logarithmic plot obtained for the 
RAFT dispersion polymerisation of DMAC at 70 °C in n-heptane using a POAA85 precursor and targeting a 
PDMAC DP of 100 at 20% w/w solids (POAA85/AIBN molar ratio = 10). (b) Evolution of Mn and Mw/Mn with 
DMAC conversion for the same RAFT dispersion polymerisation. The dashed line indicates the theoretical 
Mn data. The experimental Mn data set falls below this theoretical line owing to a systematic GPC calibration 
error. 

A series of POAA85-PDMACx diblock copolymer nanoparticles were prepared in n-heptane (Figure 

4.10a) with a linear increase in Mn being observed when targeting higher PDMAC DPs. Reasonably 

good RAFT control was achieved, although a gradual increase in Mw/Mn is discernible when 

targeting longer PDMAC DPs. In all cases, high DMAC conversions (≥ 98%) were achieved as 

indicated by 1H NMR analysis. A linear relationship was obtained between the z-average 

nanoparticle diameter determined by DLS and the target PDMAC DP up to a core DP of 175. Above 

a target PDMAC DP of 200, somewhat larger nanoparticles were obtained with slightly higher DLS 

polydispersities (Figure 4.10b). For such PISA syntheses, an increase in both nanoparticle 

diameter and polydispersity can indicate a (partial) change in copolymer morphology, e.g. the 

presence of some worms rather than just pure spheres.23–27 However, close inspection of the 
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corresponding TEM images (Figure 4.11) did not provide any evidence for the presence of 

anisotropic nano-objects.  

 

Figure 4.10. (a) Evolution in Mn and Mw/Mn with target PDMAC DP for a series of POAA85-PDMACx diblock 
copolymers (refractive index detector with calibration using a series of near-monodisperse PMMA 
standards). The Mn value for the corresponding POAA85 precursor is also shown as a y-intercept. (b) 
Evolution in z-average diameter and DLS polydispersity with target PDMAC DP for a series of POAA85-
PDMACx nano-objects. Each diblock copolymer dispersion was initially prepared at 20% w/w solids and then 
diluted to 0.1% w/w solids using n-heptane prior to analysis. The dashed line indicates the theoretical Mn 
data. The experimental Mn data set falls below this theoretical line owing to a systematic GPC calibration 
error. 
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Figure 4.11. TEM images recorded for linear POAA85-PDMACx nano-objects to illustrate their tendency to 
undergo film formation on the TEM grid during sample preparation.  

To examine the morphology of these POAA85-PDMACx nanoparticles, they were imaged using TEM 

(see Figure 4.11). Unfortunately, nanoparticle deformation tended to occur during drying. This 

problem was not foreseen because the Tg of PDMAC homopolymer has been reported to be 

120 °C.28 To address this issue, ethylene glycol diacrylate (EGDA) was added towards the end of 

the DMAC polymerisation when targeting a POAA85-PDMAC195 diblock copolymer. The resulting 

core-crosslinked POAA85-PDMAC195-PEGDA20 triblock copolymer nano-objects were much more 

resistant to deformation during TEM grid preparation and exhibited a relatively well-defined 

spherical morphology (Figure 4.12). 
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Figure 4.12. Representative TEM images recorded for linear POAA85-PDMAC200 and cross-linked POAA85-
PDMAC195-PEGDA20 nano-objects. The latter nanoparticles exhibit a relatively well-defined spherical 
morphology, whereas the former nanoparticles tend to undergo film formation on the TEM grid.  

Moreover, the z-average diameter indicated by DLS studies of these crosslinked nanoparticles 

corresponded well with that observed for the comparable linear nanoparticles (65 nm vs. 62 nm 

respectively), see Table 4.1. The DLS diameter for the core-crosslinked POAA85-PDMAC195-

PEGDA20 spheres was also determined in chloroform. This solvent is a good solvent for both blocks, 

so nanogel swelling was anticipated under such conditions. Indeed, a significantly larger diameter 

(90 nm) was observed for such nanoparticles (Table 4.1).  
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Table 4.1. Summary of z-average diameters and polydispersities (PDI) determined by DLS studies of linear 
POAA85-PDMAC200 diblock copolymer nanoparticles and the corresponding core-crosslinked POAA85-
PDMAC195-PEGDA20 triblock copolymer nanoparticles in n-heptane (a poor solvent for PDMAC) and 
chloroform (a good solvent for PDMAC). 

 

 

To demonstrate the potential industrial relevance of such PISA formulations, an efficient one-pot 

synthetic protocol was developed to produce POAA82-PDMAC100 diblock copolymer nano-objects 

directly in n-heptane. First a POAA82 precursor was prepared by RAFT solution polymerisation of 

OAA in n-heptane when targeting a DP of 80. An OAA conversion of 98% was achieved within 150 

min with an Mn of 8 100 g mol-1 and an Mw/Mn of 1.16 being indicated by chloroform GPC analysis 

(Figure 4.13). A deoxygenated solution containing DMAC and n-heptane was added to this 

reaction solution to target POAA82-PDMAC100 nano-objects at 20% w/w solids. The DMAC 

polymerisation was allowed to proceed for 5 h at 70 °C. A final monomer conversion of more than 

99% was determined by 1H NMR analysis and chloroform GPC analysis indicated an Mn of 18 500 

g mol-1 and an Mw/Mn of 1.16 for the final POAA82-PDMAC100 diblock copolymer chains (see Figure 

4.13). The Mn and Mw/Mn data were comparable to the diblock copolymer nano-objects prepared 

by a two-step protocol. Similarly, the resulting spherical nanoparticles had a z-average diameter 

of 36 nm (DLS polydispersity = 0.20) compared to z-average diameter of 32 nm (DLS polydispersity 

= 0.03), see Figure 4.10b. 
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Figure 4.13. Chloroform GPC curves recorded for the initial POAA82 precursor (98% conversion) and the 
final POAA82-PDMAC100 diblock copolymer (more than 99% conversion after 5 h at 70 °C) prepared by a 
one-pot protocol targeting 20% w/w solids in n-heptane via RAFT dispersion polymerisation. 

The PISA synthesis of POAA85-PDMAC150 nanoparticles was also conducted in n-dodecane at 70 °C. 

As expected, a free-flowing turbid dispersion was observed at this reaction temperature. 

However, an opaque, free-standing paste was formed on cooling this 20% w/w dispersion to 20 °C 

(Figure 4.14). 

 

Figure 4.14. Digital photographs recorded for POAA85-PDMAC150 diblock copolymer nano-objects prepared 
in n-dodecane at 70 °C (reaction temperature) and at 20 °C. The increase in turbidity suggests 
thermoresponsive behaviour. 

To further examine this unexpected behaviour, DLS particle size distributions were determined 

for POAA85-PDMAC150 nano-objects prepared in either n-heptane or n-dodecane at temperatures 

ranging from 80 °C to 20 °C (Figure 4.15). On cooling a dispersion of POAA85-PDMAC150 

nanoparticles prepared in n-heptane, both the z-average diameter (~ 46 nm) and DLS 

polydispersity (~0.05) remained essentially constant across the whole temperature range. In 
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contrast, for the same nanoparticles prepared in n-dodecane, the apparent particle diameter 

increased dramatically from 52 nm (40-80 °C) to 276 nm (20 °C), indicating that aggregation occurs 

on cooling. Such aggregation was accompanied by a substantial increase in DLS polydispersity 

(from less than 0.10 to more than 0.57). However, this aggregation proved to be reversible on 

heating, indicating weak flocculation and minimal hysteresis.  

 

Figure 4.15. Temperature dependence of the z-average diameter and corresponding DLS polydispersity 
determined for the following 0.1% w/w copolymer dispersions: (a) POAA85-PDMAC150 nanoparticles 
prepared in n-heptane cooled from 80 to 20 °C and then heated from 20 to 80 °C; (b) POAA85-PDMAC150 
nanoparticles prepared in n-dodecane cooled from 80 °C to 20 °C then heated from 20 °C to 80 °C. These 
DLS experiments confirm that these nanoparticles exhibit thermoreversible flocculation with minimal 
hysteresis in n-dodecane but no aggregation occurs in n-heptane.  

In principle, such thermoresponsive behaviour might be an example of crystallisation-driven 

aggregation, whereby an initially stable colloidal dispersion becomes aggregated owing to 
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crystallisation between neighbouring steric stabiliser chains.29 However, DSC studies indicated no 

crystallisation event when cooling either a 20% w/w dispersion of POAA85-PDMAC150 

nanoparticles in n-dodecane or a 20% w/w solution of POAA85 homopolymer in n-dodecane from 

120 °C to –50 °C (see Figure 4.16). This suggests that the thermoreversible flocculation observed 

for the POAA85-PDMAC150 nanoparticles in n-dodecane is simply due to the upper critical solution 

temperature (UCST)-like behaviour of the POAA stabiliser chains, which become less solvated at 

lower temperature. If this is the case, then POAA85 homopolymer should exhibit UCST behaviour, 

i.e. it should be soluble in n-dodecane at 80 °C but precipitate on cooling to 20 °C. 

 

Figure 4.16. DSC curves recorded for n-dodecane (black), a 20% w/w solution of POAA85 macro-CTA in n-
dodecane (red) and a 20% w/w dispersion of POAA85-PDMAC150 nanoparticles in n-dodecane (blue) when 
cooling from 100 °C to –40 °C at 10 °C min-1. The strong exotherm observed at around –20 °C is attributed 
to the freezing point of n-dodecane (usually observed at –9 °C but shifted in this data set owing to the 
relatively fast cooling rate). Importantly, these DSC curves do not provide any evidence for crystallisation 
of either the POAA homopolymer or POAA-stabilised nanoparticles in n-dodecane.   

Perhaps surprisingly, turbidimetry studies conducted on POAA85 homopolymer in various n-

alkanes did not provide any evidence for UCST-type behaviour. More specifically, this 

homopolymer remained soluble between 20 and 90 °C when dissolved in n-heptane, n-octane, n-

decane and n-dodecane. However, visual inspection confirms that this homopolymer is indeed 

insoluble in n-tetradecane and n-hexadecane at 20 °C (see Figure 4.17). Unfortunately, we have 

been unable to determine the critical flocculation temperature for such phase separation via 

turbidimetry.  
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Figure 4.17. Digital photographs recorded for POAA85 macro-CTA when added at 1.0% w/w concentration 
in turn to six different n-alkanes at 20 °C. This homopolymer is fully soluble in n-heptane, n-octane, n-
decane and n-dodecane but it is clearly insoluble in n-tetradecane and n-hexadecane at this temperature. 

Moreover, DSC analysis of a 50% w/w solution of POAA85 homopolymer in either n-tetradecane 

or n-hexadecane indicated no UCST behaviour (Figure 4.18) when heating from –60 °C to 100 °C. 

Instead, only a strong endothermic peak corresponding to the melting point of the solvent is 

observed at 7 °C for n-tetradecane and 18 °C for n-hexadecane, respectively. 

 

Figure 4.18. DSC curves recorded for a 50% w/w solution of POAA85 macro-CTA in either n-tetradecane 
(blue) or n-hexadecane (purple) when heating from –60 °C to 100 °C at 10 °C min-1. The strong endotherms 
observed at around 7 °C and 18 °C are assigned to the melting points of n-tetradecane and n-hexadecane, 
respectively. 

Many polymers exhibit temperature-dependent solubility in various solvents.30–39 For example, it 

is well known that poly(N-isopropylacrylamide) (PNIPAM) exhibits a lower critical solution 

temperature (LCST) of around 32 °C in aqueous solution.40,41 In contrast, UCST behaviour is much 

more typical for polymers in organic solvents, with relatively few examples being reported in 

aqueous solution.33 A well-documented example of a UCST system is polystyrene/cyclohexane; 
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this polymer is soluble in hot cyclohexane but becomes insoluble on cooling below 35 °C.35–37 

According to Imre and co-workers, styrene oligomers exhibit UCST behaviour in n-alkanes.38 

Similarly, poly(ethylene oxide) exhibits UCST behaviour in ethanol.39 Moreover, several research 

groups have prepared so-called ‘schizophrenic’ diblock copolymers where UCST-type behaviour 

is observed for one block and LCST-type behaviour is obtained for the other block. If the UCST lies 

below the LCST, there is an intermediate temperature range over which the diblock copolymer 

chains are molecularly dissolved but two different types of micelles are formed below the UCST 

and above the LCST, respectively.42–44  

POAA85-PDMACx nanoparticles prepared in n-dodecane n-tetradecane or n-hexadecane 

invariably formed waxy pastes on cooling, indicating UCST-like thermoreversible flocculation. To 

further investigate this phenomenon, POAA85-PDMAC150 nanoparticles were prepared directly in 

turn in each of the six n-alkanes via PISA.  

Relatively good RAFT control (high blocking efficiencies, similar Mn values, unimodal MWDs and 

relatively low Mw/Mn values) was achieved during the RAFT dispersion polymerisation of DMAC 

using a POAA85 macro-CTA in n-heptane, n-octane, n-decane, n-dodecane or n-tetradecane 

(Figure 4.19a). In marked contrast, only poor RAFT control (inefficient chain extension, bimodal 

MWD and a relatively high Mw/Mn of 1.58) was observed when the same synthetic protocol was 

conducted in n-hexadecane. Presumably, this is related to the UCST behaviour of the POAA85 

steric stabiliser block, which exhibits only marginal solubility in this solvent at 70 °C. Initially, the 

DMAC monomer acts as a co-solvent and ensures solubility of the POAA85 precursor in n-

hexadecane. However, as the DMAC polymerisation proceeds, the monomer concentration falls 

and the solvency gradually worsens, which leads to nanoparticle flocculation as well as loss of 

RAFT control. To combat this problem, the PISA synthesis of POAA85-PDMAC150 in n-hexadecane 

was also attempted at 90 °C, which is well above the UCST of 55 °C exhibited by the diblock 

copolymer nanoparticles in this solvent when cooling at 5 °C min-1 (see Figure 4.19b). This latter 

protocol produced a slightly higher Mn of 20 000 g mol-1 but the MWD remained bimodal and 

relatively broad (Mw/Mn = 1.76).  
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Figure 4.19. (a) Chloroform GPC curves recorded for a series of POAA85-PDMAC150 diblock copolymers 
prepared by RAFT dispersion polymerisation of DMAC using a POAA85 precursor at 70 °C in n-heptane (red), 
n-octane (orange), n-decane (black), n-dodecane (green), n-tetradecane (blue) or n-hexadecane (purple). 
The GPC curve for the POAA85 precursor (dashed black line) is also included as a reference. (b) Normalised 
transmittance (λ = 600 nm) against temperature curves recorded for 1.0% w/w dispersions of POAA85-
PDMAC150 nanoparticles on cooling from 90 °C to 2 °C.  

The turbidity of the above six POAA85-PDMAC150 dispersions was evaluated in turn at an arbitrary 

wavelength of 600 nm on cooling from 90 to 20 °C (Figure 4.19b). Initially, each of these 1.0% 

w/w dispersions exhibited high transmittance, indicating minimal light scattering and good 

colloidal stability. In the case of n-hexadecane, when cooling at 1 °C min-1 the dispersion became 

relatively opaque below 67 °C owing to the onset of aggregation (see Figure 4.20 for the effect 

cooling ramp rate has on the mid-point aggregation temperature in n-hexadecane). On cooling 

the dispersion further, the nanoparticles sedimented to the bottom of the cuvette, resulting in a 
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final non-zero transmittance (see inset in Figure 4.20) therefore the data shown in Figure 4.19b 

was recorded at a cooling ramp of 5 °C min-1.  

 

Figure 4.20. Normalised transmittance (λ = 600 nm) against temperature curves recorded for 1.0% w/w 
dispersions of POAA85-PDMAC150 nanoparticles synthesised in n-hexadecane on cooling from 90 °C to 20 or 
2 °C at cooling ramp rates of 1, 5 and 10 °C min-1. The inset image is a digital photograph of the cuvette 
after a 1 °C min-1 cooling experiment indicating macroscopic sedimentation of the copolymer nanoparticle 
aggregates. 

In contrast, the critical flocculation temperature observed for such POAA85-PDMAC150 

nanoparticles is approximately 35 °C in n-tetradecane and 27 °C in n-dodecane. (N.B. In all cases, 

nanoparticle light scattering means that such dispersions never become fully transparent even at 

90 °C, hence the turbidity data have been normalised with respect to the highest transmittance 

value). Bearing in mind the difference in nanoparticle concentration and cooling rate, the increase 

in turbidity observed at around 27 °C for n-dodecane is reasonably consistent with the onset of 

flocculation indicated by DLS studies in the same solvent below 25 °C (see Figure 4.15b). The onset 

of nanoparticle aggregation in n-decane was observed below 5 °C, which is close to the minimum 

temperature for the instrument set-up. Accordingly, an ice bath was used to lower the 

temperature of this 1.0% w/w nanoparticle dispersion to –1 °C, which resulted in macroscopic 

precipitation (see Figure 4.21). Only minimal changes in turbidity are observed for POAA85-

PDMAC150 nanoparticles in n-octane and n-heptane, suggesting that colloidal stability is retained 

in these lower n-alkanes. 
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Figure 4.21. Digital photographs recorded for POAA85-PDMAC150 diblock copolymer nano-objects prepared 
in n-decane at 20 °C and –1 °C. The increase in turbidity suggests thermoresponsive behaviour for this 
dispersion. 

In principle, PISA enables the rational synthesis of a wide range of sterically-stabilised diblock 

copolymer nano-objects of tunable surface wettability that can be used as emulsifiers instead of 

traditional surfactants.45–47 Ramsden48 and Pickering49 were the first to demonstrate that colloidal 

particles can be used to stabilise emulsions (now commonly known as Pickering emulsions). There 

are many examples of using inorganic particles such as silica,50,51 iron oxide,52 titanium dioxide53 

and clays54–56 but there are also various reports of emulsifiers based on organic copolymer 

latexes.57–63 Particle adsorption at the oil-water interface reduces the effective surface area 

between these two immiscible liquids, which in turn lowers the free energy of the system.64 The 

particle contact angle (θ) is linked to the surface wettability of the particles and normally dictates 

the type of emulsion that is formed.64–66 For θ > 90°, water-in-oil (w/o) emulsions are formed 

because the particles are hydrophobic and so prefer to reside mainly in the oil phase. Conversely, 

oil-in-water (o/w) emulsions are produced when using hydrophilic particles (θ < 90°) that prefer 

the aqueous phase.  

For example, Cunningham and co-workers prepared poly(stearyl methacrylate)-poly(2-(N-

methacryloyloxyethyl pyrrolidone) [PSMA-PNMEP] spherical nanoparticles via RAFT dispersion 

polymerisation of NMEP in n-dodecane and examined their performance as putative Pickering 

emulsifiers.26 Thus, on addition of an equal volume of water to a 1.0% w/w dispersion of 23 nm 

diameter PSMA14-PNMEP49 spheres in n-dodecane, high shear homogenisation led to the 

formation of oil-in-water (o/w) emulsions. This was unexpected because the original PSMA-

PNMEP spheres were highly hydrophobic, which should normally favor the formation of water-

in-oil (w/o) emulsions. Under high shear conditions, diblock copolymer nanoparticles have been 

known to dissociate into amphiphilic chains stabilising droplets like traditional surfactants.67–69 

However, closer examination of this system indicated that in situ nanoparticle inversion occurred 

during high shear homogenisation, leading to the formation of hydrophilic PNMEP49-PSMA14 

nanoparticles. 
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Bearing in mind this prior literature,26 the performance of these POAA85-PDMACx nanoparticles 

as putative Pickering emulsifiers was briefly investigated. Accordingly, POAA85-PDMAC150 

nanoparticles were prepared on a three-gram scale in n-heptane to provide sufficient material 

for a series of experiments. This solvent was selected because we wanted to ensure a high degree 

of dispersion for the nanoparticles at ambient temperature. The nanoparticle concentration was 

systematically lowered from 1.0% w/w to 0.075% w/w prior to addition of deionised water and 

high shear homogenisation at a constant n-heptane volume fraction of 0.50 (Figure 4.22). The 

electrical conductivity for an emulsion obtained using 1.0% w/w POAA85-PDMAC150 copolymer 

was determined to be 1.85x10-4 S m-1, which is comparable to that of deionised water alone 

(1.77x10-4 S m-1). This indicates the formation of an o/w emulsion. The so-called ‘drop test’ 

method (which involves taking an aliquot of the emulsion and determining whether it disperses 

more readily when added to either water or n-heptane) was used to confirm that o/w emulsions 

were always produced regardless of the nanoparticle concentration.  

 

Figure 4.22. Variation in volume-average droplet diameter (as determined by laser diffraction) for a series 
of o/w emulsions obtained by high-shear homogenisation when systematically varying the POAA85-
PDMAC150 nanoparticle concentration at a constant n-heptane volume fraction of 0.50. The error bars 
indicate the droplet polydispersity rather than the error in the measurements. Inset: optical micrographs 
recorded at nanoparticle concentrations of 0.1% and 1.0% w/w, respectively.  

Laser diffraction was used to size these emulsions (see Figure 4.22). At higher nanoparticle 

concentrations, the volume-average droplet diameter remained constant at around 25-30 µm. 

However, both the mean droplet diameter and the standard deviation increased when 

nanoparticle concentrations were reduced below 0.25% w/w. Relatively large, polydisperse 

droplets with relatively poor stability towards droplet coalescence were obtained at the lowest 
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nanoparticle concentration investigated (0.075% w/w). The upturn in droplet size at lower 

nanoparticle concentration is characteristic of a genuine Pickering emulsion.26,69–71This implies 

that the original linear POAA85-PDMAC150 nanoparticles survive the high-shear homogenisation 

conditions intact. However, in view of the highly hydrophobic nature of these nanoparticles, we 

had expected the formation of w/o Pickering emulsions, rather than o/w emulsions.  In principle, 

there are two possible explanations for this surprising observation. First, in situ nanoparticle 

inversion might have occurred during homogenisation, thus converting the hydrophobic POAA85-

PDMAC150 nanoparticles into hydrophilic PDMAC150-POAA85 nanoparticles (see Figure 4.23a). This 

transformation would certainly account for the formation of an o/w Pickering emulsion. 

Moreover, as discussed above, Cunningham and co-workers provides a useful precedent for the 

inversion of similar linear diblock copolymer nanoparticles under comparable conditions.26 

Alternatively, it is perfectly feasible that the hydrophobic POAA85-PDMAC150 nanoparticles simply 

adsorb at the inner surface of the oil droplets (see Figure 4.23b).72 It should be noted that the 

DDMAT RAFT agent that was used to synthesise the diblock copolymers confers a carboxylic acid 

group to the terminus of the POAA stabiliser block. This hydrophilic group may become ionised in 

the aqueous phase resulting in stabilisation of the droplets due to electrostatic repulsion, 

preventing their coalescence.  

 

Figure 4.23. Schematic representation of the two possible explanations for the o/w Pickering emulsions 
that are formed after high-shear homogenisation of an equal volume of deionised water and a 1.0% w/w 
dispersion of hydrophobic POAA85-PDMAC150 nanoparticles in n-heptane. (a) In situ nanoparticle inversion 
during homogenisation produces hydrophilic PDMAC150-POAA85 nanoparticles that then adsorb at the outer 
surface of the oil droplets. (b) The original hydrophobic POAA85-PDMAC150 nanoparticles adsorb at the inner 
surface of the oil droplets. The experimental data suggest that the second explanation is most likely to be 
correct. [N.B. Both schematic cartoons have been simplified for clarity. In scenario A, the excess (non-
adsorbed) hydrophilic nanoparticles in the aqueous continuous phase have been omitted. Similarly, the 
excess (non-adsorbed) hydrophobic particles present within the oil droplet are not shown in scenario B].  

To distinguish between these two scenarios, core-crosslinked POAA85-PDMAC195-PEGDA20 

nanoparticles were used to prepare Pickering emulsions (Figure 4.24). DLS studies confirmed that, 

unlike the corresponding linear nanoparticles, such nanoparticles swelled appreciably but did not 
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dissolve when diluted with chloroform, which is a good solvent for both blocks (see Table 4.1). 

Again, the nanoparticle concentration was systematically lowered from 1.0% w/w to 0.075% w/w 

when performing high-shear homogenisation at a constant oil volume fraction of 0.50. The ‘drop 

test’ method confirmed the formation of o/w emulsions in all cases. Moreover, an upturn in 

droplet diameter was observed at lower nanoparticle concentrations, which is characteristic of 

Pickering emulsions.71,73 Importantly, such core-crosslinked nanoparticles cannot undergo 

inversion to form hydrophilic PDMAC-stabilised nanoparticles that might adsorb at the outer 

surface of the oil droplets (see Figure 4.23a). Thus, we conclude that the original linear 

hydrophobic POAA85-PDMAC150 nanoparticles must instead adsorb at the inner surface of the oil 

droplets, (see Figure 4.23b).  

 

Figure 4.24. Variation in volume-average droplet diameter (as determined by laser diffraction) for the o/w 
Pickering emulsions obtained when varying the concentration of the core-crosslinked POAA85-PDMAC195-
PEGDA20 nanoparticles in n-heptane while conducting high-shear homogenisation of an equivolume 
mixture of this dispersion and deionised water. The error bars indicate the droplet polydispersity rather 
than the error in the measurements. Inset: optical micrographs recorded at nanoparticle concentrations of 
0.1%, 0.3% and 1.0% w/w, respectively. 

Finally, the relative volume fraction of n-heptane was varied while fixing the POAA85-PDMAC150 

nanoparticle concentration at 1.0% w/w with respect to the oil phase. Again, only o/w Pickering 

emulsions were obtained for n-heptane volume fractions up to 0.60, with mean droplet diameters 

remaining approximately constant at 15 to 26 µm regardless of the n-heptane volume fraction. 

An unstable w/o emulsion was produced when attempting homogenisation at an n-heptane 

volume fraction of either 0.65 or 0.70. The same experiment was also conducted for the core-

crosslinked POAA85-PDMAC195-PEGDA20 nanoparticles using an n-heptane volume fraction of 
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either 0.60 or 0.70. Interestingly, the drop test method indicated the formation of a w/o Pickering 

emulsion in this case. 

4.4 Conclusions 

RAFT solution homopolymerisation of a highly hydrophobic acrylamide-based monomer, OAA, 

has been conducted in 1,4-dioxane. GPC studies indicate that good control over the MWD can be 

achieved when using a suitable trithiocarbonate-based RAFT agent. Five well-defined POAAx 

homopolymers were prepared by varying the [OAA]/[DDMAT agent] molar ratio and their 

respective mean DPs were calculated by end-group analysis using UV spectroscopy. DSC studies 

indicate a modest increase in Tg when targeting higher POAA DPs. A POAA85 precursor was 

subsequently employed for the RAFT dispersion polymerisation of DMAC in n-heptane. A series 

of sterically-stabilised POAA85-PDMACx diblock copolymer spheres was produced with high DMAC 

conversions being achieved in all cases (≥ 98% within 5 h at 70 °C). An increase in both z-average 

diameter and molecular weight was observed when targeting higher PDMAC DP, albeit at the 

expense of reduced RAFT control. TEM studies of the linear diblock nanoparticles proved to be 

problematic owing to film formation during sample preparation. Thus, EGDA was employed as a 

bifunctional crosslinker and added towards the end of the DMAC polymerisation to produce 

covalently-stabilised nanoparticles. This strategy enabled a well-defined spherical morphology to 

be confirmed by TEM while also producing nanogels that swelled when dispersed in chloroform, 

which is a good solvent for both blocks.  POAA82-PDMAC100 nanoparticles could also be prepared 

using an atom-efficient one-pot protocol that augurs well for potential industrial scale-up for such 

PISA formulations. 

The temperature-dependent colloidal stability of a range of POAA85-PDMAC150 nanoparticles 

prepared in a homologous series of n-alkanes (n-heptane, n-octane, n-decane, n-dodecane, n-

tetradecane or n-hexadecane) was investigated using turbidimetry. When prepared in lower n-

alkanes, the nanoparticles remained well-dispersed at all temperatures. However, reversible 

flocculation of the nanoparticles occurred on cooling from 70 °C to 20 °C for higher n-alkanes, 

with progressively higher critical flocculation temperatures being observed when increasing the 

n-alkyl chain length. This UCST-like behaviour is attributed to poor solvation of the POAA85 

stabiliser block at lower temperature, which is consistent with the insolubility of this precursor in 

n-tetradecane and n-hexadecane at 20 °C. 

POAA85-PDMAC150 spheres prepared in n-heptane were selected as a putative Pickering emulsifier. 

We hypothesised that employing such hydrophobic nanoparticles should lead to the formation 

of w/o emulsions. Unexpectedly, addition of an equal volume of water followed by high-shear 
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homogenisation always produced o/w emulsions. Laser diffraction and optical microscopy studies 

indicated that larger droplets were obtained when using lower nanoparticle concentrations. This 

implies that the nanoparticles remain intact after homogenisation to produce genuine Pickering 

emulsions. Thus, either the hydrophobic POAA85-PDMAC150 spheres are adsorbed at the inner 

surface of the oil droplets or nanoparticle inversion has occurred during high-shear 

homogenisation to form hydrophilic PDMAC85-POAA150 spheres that then adsorb at the outer 

surface of the oil droplets. Accordingly, core-crosslinked POAA85-PDMAC195-PEGDA20 spheres 

were prepared in n-heptane to discriminate between these two possibilities. In this case, high-

shear homogenisation at various copolymer concentrations again produced o/w Pickering 

emulsions. As these covalently-stabilised hydrophobic nanoparticles cannot undergo inversion to 

form hydrophilic nanoparticles, this suggests that such Pickering emulsions must be formed by 

nanoparticle adsorption at the inner surface of the oil droplets.  
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5.1 Introduction 

NMEP has been suggested as a more readily copolymerisable methacrylic analogue (MAM-type 

monomer) to the highly biocompatible LAM-type monomer, NVP.1–3 Cunningham et al. reported 

on the RAFT dispersion polymerisation of NMEP in non-polar media using a PSMA macro-CTA: 

such PISA formulations provided access to spherical, worm-like and vesicular nano-objects.1 The 

polymerisation of NMEP was much faster than that of BzMA for syntheses conducted under 

precisely the same conditions; this striking difference was attributed to the much more polar 

nature of the former monomer. PNMEP has been utilised as a steric stabiliser for ethanolic RAFT 

dispersion polymerisation2,4 and the RAFT aqueous solution polymerisation of NMEP has also 

been reported.2,4,5 Unlike PNVP, PNMEP exhibits LCST behaviour in water (see Chapter 2). 

Cunningham et al. exploited this to devise a low-viscosity route to high molecular weight PNMEP 

via RAFT aqueous dispersion polymerisation.6 Here the PNMEP chains were weakly hydrophobic 

(and hence formed dehydrated cores of relatively large spheres) when prepared at 70 °C (i.e. 

above the LCST of PNMEP) but became water-soluble on cooling to ambient temperature (i.e. 

below the LCST of PNMEP). However, if PNMEP is to be used as an electrosteric stabiliser block 

for RAFT aqueous dispersion (or emulsion) polymerisation, a suitable carboxylic acid-

functionalised RAFT agent should be used to introduce a terminal anionic charge by adjusting the 

solution pH so as to ensure end-group ionisation (see Chapter 2).5  Recently, an acrylic analogue 

of NMEP, NAEP, has been developed. Unlike PNMEP, the corresponding homopolymer (PNAEP) 

is much more hydrophilic and no LCST behaviour is observed in aqueous solution at elevated 

temperature.7 This has enabled the straightforward use of PNAEP as a steric stabiliser for the 

RAFT aqueous emulsion polymerisation of styrene and/or n-butyl acrylate.8 A second advantage 

of NAEP over NMEP is its much faster rate of homopolymerisation,7 which simply reflects the 

much higher kp values observed for acrylic monomers compared to their methacrylic analogues.9 

For example, when using an ascorbic acid/potassium persulfate redox couple in aqueous solution 

in combination with a trithiocarbonate-based RAFT agent (DDMAT) and targeting a PNAEP DP of 

80, more than 99% NAEP conversion was achieved within 5 min at 30 °C. Moreover, GPC analysis 

indicated a final Mn of 12 300 g mol-1 and an Mw/Mn of 1.15, which indicates a well-controlled 

RAFT polymerisation.  

Currently, there are no literature reports of PISA syntheses that use NAEP as a core-forming block. 

Indeed, there are far fewer examples of PISA syntheses involving acrylic monomers compared to 

methacrylic monomers, particularly for non-aqueous formulations. This is perhaps surprising, 

because low Tg film-forming diblock copolymer nanoparticles are potentially useful for paints and 

coatings applications.10,11 Charleux and co-workers were the first to report an all-acrylic PISA 
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formulation: in this case, poly(2-ethylhexyl acrylate)-poly(methyl acrylate) (PEHA-PMA) diblock 

copolymer nanoparticles were targeted in iso-dodecane.12–14 However, only spherical 

nanoparticles could be obtained and GPC analysis indicated relatively poor control over the MWD, 

particularly when using a dithiobenzoate-based CTA (Mw/Mn > 6.00 at ≥ 85% conversion) 

compared to a trithiocarbonate-based macro-CTA (Mw/Mn = 1.21 for 100% conversion). In 

retrospect, this is not too surprising given that aromatic dithioesters are known to be problematic 

for high kp acrylic monomers.15 

Similarly, Ratcliffe and co-workers prepared all-acrylic diblock copolymer nano-objects by RAFT 

dispersion polymerisation of benzyl acrylate (BzA) using a relatively short poly(lauryl acrylate) 

precursor in various alkanes.16 More specifically, spheres, worms or vesicles could be obtained in 

n-heptane, n-dodecane or iso-hexadecane at 80 °C. Broader MWDs were observed when 

polymerisations were conducted at lower concentration, this was attributed to chain transfer to 

solvent, as reported by Veloso and co-workers.17 However, it is also well-documented that 

acrylates can undergo significant branching via chain transfer to polymer, which also broadens 

the MWD.18–20  

Owing to their relatively low Tg, imaging acrylic nanoparticles using TEM can be problematic. For 

example, the PLA-PBzA nano-objects described above had to be imaged using cryo-TEM owing to 

the film-forming nature of the PBzA block (Tg = 6 °C).16 To overcome this problem, an acrylic 

polymer with a relatively high Tg can be targeted, at least for model studies. Suitable examples 

here include poly(phenyl acrylate) (PPhA) (Tg = 50 °C),21 and poly(isobornyl acrylate) (PIBOA) (Tg = 

94 °C).22 Thus Canning et al. chain-extended a PLA precursor via RAFT dispersion polymerisation 

of PhA in n-heptane: in this case, high-quality images of the resulting high Tg nano-objects could 

be recorded using conventional TEM (Figure 5.1).21 Spheres, worms and vesicles could each be 

produced at 25% w/w solids simply by varying the target DP of the structure-directing PPhA block. 

However, GPC analysis revealed a high molecular weight shoulder for each copolymer, which 

suggested that chain transfer to polymer occurred during this PISA formulation. 
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Figure 5.1. (a) TEM images recorded for PLA14-PPhAx diblock copolymer nano-objects prepared in n-
heptane by RAFT dispersion polymerisation of PhA at 80 °C and (b) the corresponding THF GPC curves of 
the copolymers with data being relative to a series of PMMA calibrants.21 

RAFT polymerisations typically utilise a thermally activated azo or peroxide initiator.23 However, 

it is also feasible for such reactions to proceed via light irradiation using either a photocatalyst or 

a photoinitiator.24,25 In fact, the RAFT agent itself can be used as an iniferter: once cleaved, the 

resulting carbon-centred radical initiates chain growth while the sulfur-centred radical undergoes 

reversible termination with the active chain. Otsu and co-workers were the first to describe this 

thiocarbonylthio compound as a so-called ‘photoiniferter’, which denotes photolysis initiates 

polymerisation, chain transfer mediates chain length, and reversible termination deactivates 

chain growth.26–28 
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Iniferter polymerisation enables high chain-end fidelity to be achieved along with exquisite 

control over block order as demonstrated by Easterling and co-workers.29 This team hypothesised 

that photolysis of C–S bonds generated macroradical intermediates (R groups) that are normally 

disfavoured by the RAFT mechanism, which in principle might allow inversion of the block 

sequence to produce LAM-MAM diblock copolymers. Conventional RAFT polymerisations require 

a continuous radical flux from the thermal decomposition of either azo or peroxide initiators to 

compensate for background radical termination. This results in the formation of a (minor) 

population of relatively short polymer chains that broadens the MWD and limits the formation of 

high MW chains.30 Moreover, attaining high DPs requires thousands of activation-deactivation 

cycles; this inevitably results in some degree of radical termination and transfer, which severely 

limits access to high MW.31 Acrylates and acrylamides both exhibit high propagation rate constant 

(kp) values and are capable of achieving high conversions under relatively mild polymerisation 

conditions. Hence these two monomer classes are particularly amenable to RAFT iniferter 

polymerisation. Utilising the high kp values of water-soluble monomers and excluding 

conventional initiators minimises bimolecular termination and enables the preparation of 

ultrahigh molecular weight polymers (Mn > 106 g mol-1).32,33 However, one major drawback of 

RAFT iniferter polymerisation is that relatively small reaction volumes and optically clear solutions 

are required to allow for sufficient light penetration. Given that PISA formulations typically 

produce rather turbid dispersions of diblock copolymer nano-objects, it may not be feasible to 

conduct such syntheses using RAFT iniferter polymerisation. However, there are several literature 

examples of successful photo-PISA.34–36 Moreover, the Armes group has recently devised highly 

transparent PISA formulations by matching the refractive index of the nanoparticles to that of the 

solvent at the polymerisation temperature.37  

Herein, a PSMA precursor is used to control the RAFT non-aqueous emulsion polymerisation of 

NAEP in n-dodecane to produce spherical nanoparticles. It should be noted that non-aqueous 

emulsion polymerisations, where the monomer droplets are polymerisable, are quite rare38–41 

and should not be confused with non-aqueous mini-emulsion formulations in which the 

monomer is solubilised within oil droplets.42,43 Preliminary experiments indicated that PISA 

syntheses based on RAFT iniferter polymerisations were also feasible in n-dodecane at 80 °C using 

405 nm light as the initiation source. The low Tg of these PSMA36-PNAEPx diblock copolymers was 

evaluated by DSC and the spherical nanoparticles were sized by DLS, TEM and SAXS. Finally, 

PSMA36-PNAEP70 spheres were briefly evaluated for their performance as a putative Pickering 

emulsifier for n-dodecane/water mixtures.  
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5.2 Experimental 

5.2.1 Materials 

Chloroform and triethylamine (TEA) were purchased from Alfa Aesar (Haysham, UK). n-Dodecane, 

toluene, ethanol, d1-chloroform, stearyl methacrylate (SMA) and azobisisobutyronitrile (AIBN) 

were purchased from Sigma Aldrich (Dorset, UK). N-(2-Acryloyloxy)ethyl pyrrolidone (NAEP; 95% 

purity) was donated by Ashland (NJ, USA) and was further purified in-house by dilution with 

chloroform followed by sequential washes with 5% Na2CO3 solution, saturated NaCl solution, and 

finally deionised water. Repeated washes with water were performed until the aqueous NAEP 

solution exhibited neutral pH. This solution was then dried over anhydrous MgSO4 to remove the 

water. 4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) RAFT 

agent was prepared as previously reported.44 d2-Dichloromethane was purchased from Goss 

Scientific Instruments Ltd. (Cheshire, UK). Ethylene glycol diacrylate (EGDA) was purchased from 

Santa Cruz Biotechnology (Dallas, USA). 

5.2.2 Synthesis of a PSMAx precursor by RAFT solution polymerisation in toluene 

The PSMA36 precursor was prepared as described below. SMA (36.0 g, 0.11 mol), PETTC RAFT 

agent (0.60 g, 1.77 mmol; target DP = 60), AIBN (58.1 mg, 0.35 mmol; PETTC/AIBN molar ratio = 

5) and toluene (36.6 g, 50% w/w solids) were weighed into a 250 mL round-bottom flask and 

degassed under N2 with continuous magnetic stirring for 30 min. The SMA polymerisation was 

allowed to proceed for 260 min in an oil bath set to 70 °C, resulting in a final monomer conversion 

of 71% as judged by 1H NMR spectroscopy. Quenching was achieved by exposing the hot reaction 

solution to air and cooling to 20 °C. The crude polymer was precipitated into excess cold ethanol 

to remove residual monomer before placing in a vacuum oven at 30 °C for 72 h to afford an orange 

waxy solid. The mean DP was calculated to be 36 by 1H NMR analysis by comparing the aromatic 

protons of the RAFT end-group at 7.3 ppm to the two oxymethylene protons of PSMA at 3.8-4.1 

ppm. Chloroform GPC analysis indicated an Mn of 10 200 g mol-1 and an Mw/Mn of 1.18 using a 

series of ten near-monodisperse PMMA calibration standards. A second PSMA precursor with a 

mean DP of 8 was also synthesised using the same synthetic protocol but adjusting the 

SMA/PETTC molar ratio to target a DP of 5. In this case, chloroform GPC analysis indicated an Mn 

of 2 500 g mol-1 and an Mw/Mn of 1.26. 

5.2.3 Synthesis of PSMAx-PNAEPy diblock copolymer nanoparticles by RAFT non-aqueous 

emulsion polymerisation of NAEP in n-dodecane 

A typical protocol for the synthesis of PSMA36-PNAEP60 nano-objects via RAFT non-aqueous 

emulsion polymerisation of NAEP in n-dodecane was conducted as follows. The PSMA36 precursor 
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(0.15 g, 12.0 µmol), NAEP (0.12 g, 0.72 mmol; target DP = 60) and T21s initiator (0.50 mg, 2.99 

µmol; 0.05 g of a 10 mg g-1 stock solution of T21s dissolved in n-dodecane; PSMA36/T21s molar 

ratio = 4.0) were dissolved in n-dodecane (1.10 g). The reaction vial was sealed and degassed 

under N2 for 20 min before being placed in a pre-heated oil bath set at 90 °C for 5 h. The NAEP 

polymerisation was quenched by exposing the hot reaction solution to air and cooling to 20 °C. 

The resulting diblock copolymer chains were characterised by 1H NMR spectroscopy and 

chloroform GPC while 0.1% w/w dispersions of the nano-objects were prepared by dilution with 

n-dodecane prior to analysis by DLS and TEM. Chloroform GPC analysis indicated an Mp of 23 000 

g mol-1 and an Mw/Mn of 1.50 (calculated using a series of ten near-monodisperse PMMA 

calibration standards and refractive index detector). Other diblock copolymer compositions were 

prepared by adjusting the amount of NAEP monomer to target a range of DPs. For these 

additional syntheses, the volume of the continuous phase was adjusted to maintain an overall 

copolymer concentration of 20% w/w solids. 1H NMR analysis indicated that at least 99% NAEP 

conversion was achieved in all cases. Finally, a similar series of PSMA8-PNAEPx diblock copolymer 

nanoparticles were also synthesised in n-dodecane using the PSMA8 precursor.  

5.2.4 Synthesis of PSMA36-PNAEPx diblock copolymers by RAFT iniferter solution 

polymerisation of NAEP in toluene 

A typical protocol for the synthesis of PSMA36-PNAEP50 via RAFT iniferter solution polymersation 

of NAEP in toluene was conducted as follows. The PSMA36 precursor (0.20 g, 16.0 µmol) and NAEP 

(0.14 g, 0.80 mmol; target DP = 50) were dissolved in toluene (0.79 g, 30% w/w solids). The 

reaction vial was sealed and degassed under N2 for 20 min before being placed in a water-jacketed 

LED reactor (see Figure 3.15) (λ = 405 nm) at 30 °C for 7.5 h. The NAEP polymerisation was 

quenched by exposing the reaction solution to air and cooling to 20 °C. The resulting diblock 

copolymer chains were characterised by 1H NMR spectroscopy and chloroform GPC analysis. The 

latter technique indicated an Mn of 15 400 g mol-1 and a Mw/Mn of 1.18 (vs. PMMA standards), 

while 1H NMR analysis indicated that a final NAEP conversion of 33% was achieved within 7.5 h at 

30 °C. PSMA36-PNAEP60 diblock copolymer nano-objects were also synthesised in n-dodecane, 

with the temperature of the water-jacketed LED reactor being set to either 80 or 70 °C as 

required. 

5.2.5 Synthesis of core-crosslinked PSMA36-PNAEP60-PEGDA10 triblock copolymer 

nanoparticles 
A typical protocol for the synthesis of core-crosslinked PSMA36-PNAEP60-PEGDA10 spherical 

nanoparticles was conducted as follows. The PSMA36 precursor (0.50 g, 40.0 µmol), NAEP (0.44 g, 

2.39 mmol; target DP = 60) and T21s initiator (1.60 mg, 9.99 µmol; 0.16 g of a 10 mg g-1 stock 
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solution of T21s dissolved in n-dodecane; PSMA36/T21s molar ratio = 4.0) were dissolved in n-

dodecane (4.03 g). The reaction vial was sealed and degassed under N2 for 20 min before being 

placed in a pre-heated oil bath set at 90 °C for 1 h. EGDA (0.07 g, 0.40 mmol; target DP = 10; 

previously degassed with N2 gas at 20 °C) was then added using a deoxygenated syringe/needle. 

The EGDA polymerisation was allowed to proceed for 5 h before quenching by exposing the hot 

reaction mixture to air while cooling to 20 °C. The resulting crosslinked spherical triblock 

copolymer nanoparticles were diluted with n-dodecane to afford a 0.1% w/w dispersion prior to 

characterisation by DLS and TEM.  

5.2.6 Preparation of o/w (and w/o/w) emulsions using PSMA36-PNAEP70 spheres 
Water (2.0 mL) was homogenised with 2.0 mL of a dispersion containing 0.025 – 1.0% w/w 

PSMA36-PNAEP70 spheres in n-dodecane for 2.0 min at 20 °C using an IKA Ultra-Turrax 

homogeniser at a shear rate of 13 500 rpm. 

5.2.7 Copolymer characterisation 
1H NMR spectroscopy. Spectra were recorded for PSMAx homopolymers dissolved in CD2Cl2 and 

PSMA36-PNAEPx diblock copolymers dissolved in CDCl3 using a 400 MHz Bruker Avance 400 

spectrometer with 64 scans being averaged per spectrum. 

Gel permeation chromatography (GPC). Molecular weight data for the PSMAx homopolymer 

precursors and the corresponding series of PSMA36-PNAEPx diblock copolymers were obtained 

using chloroform GPC at 35 °C, with the eluent containing 0.25% TEA by volume. Two Polymer 

Laboratories PL gel 5 µm Mixed C columns were connected in series to a Varian 390 multidetector 

suite (only the refractive index detector was used) and a Varian 290 LC pump injection module at 

a flow rate of 1.0 mL min-1. Ten near-monodisperse PMMA standards (Mn = 625 - 618 000 g mol-

1) were used for calibration and data were analysed using Varian Cirrus GPC software supplied by 

the instrument manufacturer.  

Dynamic light scattering (DLS). A Malvern Zetasizer NanoZS instrument was used to determine 

the intensity-average hydrodynamic diameter of the copolymer nanoparticles at 20 °C at a fixed 

scattering angle of 173°. As-synthesised dispersions were diluted to 0.1% w/w using n-dodecane 

and analysed using a 1.0 cm path length glass cuvette. Data were averaged over three consecutive 

measurements (with 10 sub-runs per run) for each sample. Sphere-equivalent intensity-average 

diameters were calculated for nanoparticles using the Stokes−Einstein equation, which assumes 

perfectly monodisperse, non-interacting spheres. 

Transmission electron microscopy (TEM). Copper/palladium grids were surface-coated in-house to 

produce a thin film of amorphous carbon. A 15 µL droplet of a 0.1% w/w copolymer dispersion 
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(prepared by serial dilution using n-dodecane) was placed on a grid using a micropipet, allowed 

to dry, and then stained by exposed to ruthenium(IV) oxide vapour for 7 min at 20 °C prior to 

analysis. A FEI Tecnai Spirit microscope operating at 80 kV and equipped with a Gatan 

1kMS600CW CCD camera was used to image the nanoparticles. 

Differential scanning calorimetry (DSC). Glass transition temperatures (Tg) for the PSMA36 

homopolymer and corresponding PSMA36-PNAEPx diblock copolymers were determined using a 

TA Instruments Discovery DSC 25 instrument operating from −50 °C to 100 °C at a heating/cooling 

rate of 10 °C min–1. Each sample (10 mg) was dried for at least 24 h in a vacuum oven at 30 °C 

prior to analysis before they were hermetically sealed in a vented aluminium pan. The instrument 

was calibrated for heat flow and temperature using both indium and zinc standards. Samples 

were annealed at 100 °C for 5 min before cooling to −50 °C, with this latter temperature being 

maintained for 1 min. The Tg was then determined by heating the polymers up to 100 °C and 

defining the mid-point value.  

Small angle X-ray scattering (SAXS). SAXS patterns were recorded by Armes group members at 

either a national synchrotron facility (station I22, Diamond Light Source, Didcot, Oxfordshire, UK) 

using monochromatic X-ray radiation (λ = 0.124 nm with q ranging from 0.01 to 2.00 nm-1) and a 

2D Pilatus 2M pixel detector (Dectris, Switzerland) or a Xeuss 2.0 SAXS instrument (Xenocs, 

France) equipped with a liquid gallium MetalJet X-ray source (Excillum, Sweden, λ = 0.134 nm), 

two sets of motorized scatterless slits for beam collimation and a Dectris Pilatus 1 M pixel detector 

(sample-to-detector distance = 5.102 m with q ranging from 0.02 nm−1 to 1.3 nm−1). Where q = 

4πsinϴ/λ is the length of the scattering vector and ϴ is one-half of the scattering angle). A glass 

capillary of 2 mm diameter was used as a sample holder and all measurements were conducted 

on 1.0% w/w copolymer dispersions in n-dodecane. X-ray scattering data were reduced and 

normalised using standard routines by the beamline or using the Foxtrot software package 

supplied with the Xeuss 2.0 instrument and further analysed (background subtraction and data 

modelling) using Irena SAS macros for Igor Pro.45 

Optical microscopy. Optical microscopy images were recorded using a Cole–Palmer compound 

optical microscope equipped with an LCD tablet display and a Moticam BTW digital camera. 

Laser diffraction. Each emulsion was sized by laser diffraction using a Malvern Mastersizer 3000 

instrument equipped with a hydro EV wet sample dispersion unit, a red HeNe laser operating at 

633 nm and a LED blue light source operating at 470 nm. The stirring rate was adjusted to 1500 

rpm in order to avoid creaming of the emulsion droplets during analysis. After each 
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measurement, the cell was rinsed once with ethanol and twice with deionised water and the 

laser was aligned centrally to the detector prior to data acquisition. 

Fluorescence microscopy. Fluorescence microscopy images of the w/o/w double Pickering 

emulsions were recorded using a Zeiss Axio Scope A1 microscope equipped with an AxioCam 

1Cm1 monochrome camera. Nile Red dye was dissolved in n-dodecane prior to high-shear 

homogenisation and the resulting oil droplets were imaged using Zeiss filter set 43 HE (excitation 

550/25 nm and emission 605/70 nm). Images were captured and processed using ZEN lite 2012 

software. 

 

5.3 Results and Discussion 

Cunningham and co-workers demonstrated that PSMA14 is an effective steric stabiliser block for 

the RAFT dispersion polymerisation of NMEP in n-dodecane to form spheres, worms and vesicles.1 

Accordingly, a PSMA8 oligomer was prepared using PETTC as a RAFT agent. After purification to 

remove residual SMA monomer, this precursor was subsequently used to prepare PSMA8-PNAEPx 

diblock copolymer nano-objects in n-dodecane. Chloroform GPC curves indicated reasonably high 

blocking efficiency and a linear increase in Mn with PNAEP DP (Figure 5.2a) was observed. 

However, the relatively broad MWDs (Mw/Mn > 1.40) indicated rather poor RAFT control and the 

presence of a high molecular weight shoulder suggested chain transfer to polymer. Moreover, 

incipient flocculation was observed for all target PNAEP DPs when using this oligomeric PSMA8 

precursor. These nanoparticle aggregates were observed on dilution with n-dodecane for DLS 

analysis (Figure 5.2b), particularly when targeting higher DPs (e.g. DP = 150).  
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Scheme 5.1. Synthesis of a PSMA36 precursor by RAFT solution polymerisation of SMA in toluene at 70 °C 
and its subsequent chain extension via RAFT non-aqueous emulsion polymerisation of NAEP in n-dodecane 
at 90 °C when targeting 20% w/w solids.  
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Figure 5.2. (a) Evolution in Mn and Mw/Mn with target PNAEP DP for a series of PSMA8-PNAEPx diblock 
copolymers synthesised at 90 °C in n-dodecane using a PSMA8/T21s molar ratio of 4.0 and the 
corresponding PSMA8 precursor (refractive index detector with calibration using a series of near-
monodisperse PMMA standards). (b) Evolution in z-average diameter (and the corresponding DLS 
polydispersity) with increasing target PNAEP DP for a series of PSMA8-PNAEPx diblock copolymers diluted 
from 20 to 0.1% w/w solids using n-dodecane. 

Literature precedent suggested that a longer PSMA stabiliser should facilitate greater colloidal 

stability.46–49 Similar observations were reported for aqueous dispersions of PEG-PHPMA nano-

objects, whereby using a PEG DP of 45 merely produced macroscopic flocculation whereas a PEG 

DP of 113 enabled stable colloidal dispersions to be obtained.50  
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Figure 5.3. Chloroform GPC curves recorded for a PSMA36 precursor and the corresponding chain-extended 
PSMA36-PNAEP50 diblock copolymers prepared by RAFT polymerisation of NAEP using a PSMA36/T21s molar 
ratio of 4.0 in toluene at 80 °C (red), using a PSMA36/T21s molar ratio of 4.0 in n-dodecane at 90 °C (blue) 
or by RAFT iniferter polymerisation in toluene at 30 °C (green). These GPC traces indicate relatively high 
blocking efficiencies but the presence of a high molecular weight shoulder for the T21s-initiated syntheses 
suggest some chain transfer to polymer in this case.  

A PSMA36 precursor was chain-extended with NAEP targeting a DP of 50 (i) by iniferter RAFT 

polymerisation in toluene at 30 °C, (ii) at 80 °C in the same solvent using T21s initiator and (iii) by 

non-aqueous emulsion polymerisation in n-dodecane at 90 °C using T21s initiator (Figure 5.3 and 

Table 5.1, see entries 1-3). In each case, a high blocking efficiency was achieved but a high MW 

shoulder was visible in the GPC curves recorded for the T21s-initiated syntheses. The iniferter 

polymerisation conducted in toluene resulted in a clear, viscous polymer solution and DLS studies 

indicated that only molecularly dissolved chains were present (so no particle nucleation occurred 

under such conditions). In this case, the absence of a high MW shoulder indicates better control 

over the NAEP polymerisation, but only 33% NAEP conversion was achieved within 7.5 h. In 

contrast, for the RAFT iniferter polymerisation conducted in n-dodecane at 30 °C resulted in no 

chain extension of the PSMA precursor and a precipitate phase of unreacted immiscible NAEP 

monomer instead. This was unexpected as successful chain extension was achieved using the 

T21s initiator in n-dodecane. This difference was attributed to the significantly higher reaction 

temperature employed (90 °C), which most likely leads to a greater proportion of the immiscible 

NAEP monomer becoming soluble in the n-dodecane continuous phase. It is perhaps noteworthy 

that such high temperatures are usually avoided when polymerising acrylic monomers because 

this often leads to inferior control.19,20,51  



Chapter 5: RAFT non-aqueous emulsion polymerisation of N-(2-acryloyloxy) ethyl pyrrolidone to 
produce PSMA-PNAEP diblock copolymer nano-objects in non-polar media 

185 
 

Table 5.1. Summary of the synthesis parameters, NAEP conversions, GPC data and DLS analyses for a series 
of PSMA36-PNAEPx diblock copolymers prepared by RAFT polymerisation. The final physical appearance of 
each formulation is also indicated.  

 

aNAEP conversion determined by 1H NMR spectroscopy in d1-chloroform. bDetermined by chloroform GPC 

(relative to PMMA calibration standards). cDetermined by DLS for nanoparticle dispersions diluted to 0.1% 

w/w using n-dodecane. 
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However, for the PSMA-PNAEP synthesis conducted in n-dodecane, a relatively high temperature 

was required because NAEP is immiscible with n-dodecane; this makes this formulation a rare 

example of a non-aqueous emulsion polymerisation. Solubility experiments indicated that the 

solubility of NAEP in n-dodecane at 20°C was only 0.25% by volume. At the reaction temperature 

of 90 °C used for the T21S initiator, the NAEP solubility in n-dodecane increased to 4.9% by 

volume. These observations are consistent with the empirical finding that high temperatures are 

required for the efficient RAFT polymerisation of NAEP in n-dodecane. 

In view of the relatively low solubility of NAEP in n-dodecane, the RAFT iniferter polymerisation 

of NAEP was conducted at elevated temperatures (see Figure 5.4 and Table 5.1, entries 4-6). A 

recirculating water bath was used to control the temperature of the LED reactor and the 

maximum accessible temperature using this set-up was 80 °C.  

 

Figure 5.4. Chloroform GPC curves recorded for a PSMA36 precursor and the corresponding PSMA36-
PNAEP60 diblock copolymers prepared by RAFT iniferter polymerisation of NAEP in n-dodecane at 80 °C 
when targeting 30% w/w solids (red trace), at 80 °C when targeting 20% w/w solids (blue trace) and at 70 
°C when targeting 20% w/w solids (green traces). These GPC data indicate that relatively high blocking 
efficiencies can be achieved under such conditions. 

Initially, PSMA36-PNAEP60 nanoparticles were synthesised at 30% w/w solids and 80 °C. A high 

blocking efficiency and more than 99% NAEP conversion was achieved within 6 h, with a final 

Mw/Mn of 1.33. However, the resulting nanoparticles were extremely polydisperse as judged by 

DLS studies (z-average diameter = 120 nm; DLS polydispersity = 0.61). Moreover, macroscopic 

sedimentation of these nanoparticles was observed over time. To address this colloidal instability 

problem, the same synthesis was conducted targeting 20% w/w solids. Again, more than 99% 

NAEP conversion was achieved but the final Mw/Mn increased up to 1.43, indicating reduced RAFT 
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control. However, a z-average diameter of 69 nm and a corresponding DLS polydispersity of 0.23 

was recorded, which suggests the formation of more well-defined nanoparticles. Nevertheless, 

nanoparticle sedimentation was still observed over time. Finally, PSMA36-PNAEP60 nanoparticles 

were prepared targeting 20% w/w solids at 70 °C. In this case, the final NAEP conversion was only 

91% after 6 h and the final Mw/Mn was 1.48, which suggests that better RAFT control is achieved 

at elevated temperature. This counter-intuitive result may be related to the low solubility of NAEP 

in n-dodecane. RAFT iniferter polymerisations often exhibit exquisite control with narrow MWDs 

even for UHMW polymers.52 This is due to the slower rate of termination exhibited when using 

photolysis of the RAFT CTA as opposed to an exogeneous radical source. It was therefore expected 

that RAFT iniferter polymerisation would result in narrower MWDs for PSMA36-PNAEPx diblock 

copolymers than was actually observed by GPC (Mw/Mn ≤ 1.48). However, chain transfer to 

polymer is well-documented for the polymerisation of acrylates and this problem is exacerbated 

at high temperatures.51  

Figure 5.5. Chloroform GPC curves recorded for a PSMA36 precursor and the corresponding PSMA36-
PNAEP60 diblock copolymers prepared by RAFT non-aqueous emulsion polymerisation of NAEP in n-
dodecane using a 4:1 PSMA36/T21s molar ratio at 90 °C (red trace), a 10:1 PSMA36/T21s molar ratio at 90 
°C (blue trace) and using a 20:1 PSMA36/T21s molar ratio at 90 °C (green trace).  

As stated above, high temperatures do not usually favour the well-controlled polymerisation of 

acrylates. Nevertheless, this seems to be a prerequisite to ensure sufficient NAEP solubility in n-

dodecane. Thus several synthetic parameters were varied to optimise such formulations (Table 

5.1, entries 7-9). For example, the PSMA36/T21s molar ratio was varied from 4.0 to 20.0 when 
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targeting PSMA36-PNAEP60 diblock copolymers because higher ratios should provide greater RAFT 

control and hence narrower MWDs.53,54 The data shown in Figure 5.5 support this hypothesis: 

GPC analysis indicates that the Mw/Mn is reduced from 1.50 to 1.40 when the PSMA36/T21s molar 

ratio is increased from 4.0 to 10.0. However, this also led to a significantly slower rate of 

polymerisation: the final NAEP conversion was lowered from >99% within 2 h to only 94% within 

4 h, see entries 7 and 8 in Table 5.1. Indeed, when using a PSMA36/T21s molar ratio of 20.0, only 

24% NAEP conversion could be achieved within 6 h. Clearly, this approach is rather limited in 

scope if efficient polymerisations are desired. Moreover, higher molar ratios led to broader 

particle size distributions. When using a PSMA36/T21s ratio of 4.0, DLS studies indicated a z-

average diameter of 52 nm and a DLS polydispersity of 0.10, suggesting relatively well-defined 

spheres. However, the DLS polydispersity increased to 0.23 for a PSMA36/T21s ratio of 10.0 for 

approximately the same z-average diameter. Finally, the PSMA36-PNAEP60 diblock copolymers 

were synthesised in n-dodecane using a PSMA36/T21s ratio of 4.0 at 70 °C. At 70 °C, the solubility 

of NAEP in n-dodecane is around 2.9% v/v. However, this seems to be insufficient to enable its 

efficient non-aqueous polymerisation since 1H NMR studies indicated no discernible conversion 

within 6 h at this temperature. Similar observations were made at 80 °C. However, the solubility 

of NAEP in n-dodecane is around 4.9% v/v at 90 °C, which is sufficient to enable its non-aqueous 

emulsion polymerisation at this temperature. On the basis of these preliminary studies, it was 

decided that the best compromise between MWD control, NAEP conversion and DLS 

polydispersity for PSMA36-PNAEP60 nanoparticles was achieved when using a PSMA36/T21s ratio 

of 4.0 at 90 °C. 

Aliquots were periodically extracted during the RAFT solution homopolymerisation of SMA in 

toluene at 70 °C, with monomer conversions being determined by 1H NMR spectroscopy (Figure 

5.6a) and molecular weight data being obtained by GPC analysis using chloroform as an eluent 

(Figure 5.6b). 
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Figure 5.6. (a) Conversion vs. time curves obtained for the RAFT solution polymerisation of SMA at 70 °C in 
toluene using a PETTC RAFT agent and AIBN initiator targeting a PSMA DP of 60 at 50% w/w solids using a 
PETTC/AIBN molar ratio of 5. (b) Corresponding evolution in Mn and Mw/Mn with conversion observed for 
the same polymerisation. The dashed line indicates the theoretical Mn data. The experimental Mn data set 
differs from this theoretical line owing to a systematic GPC calibration error.  

To prepare sterically-stabilised diblock copolymer nanoparticles, the PSMA36 precursor was 

subsequently chain-extended via RAFT non-aqueous emulsion polymerisation of NAEP in n-

dodecane at 90 °C targeting 20% w/w solids (see Scheme 5.1). The polymerisation kinetics for this 

chain extension were monitored using 1H NMR spectroscopy (Figure 5.7a) while chloroform GPC 

was used to monitor the evolution in Mn and Mw/Mn (Figure 5.7b). Essentially full NAEP 

conversion was achieved within 1 h with a linear increase in Mn being observed. The final PSMA36-

PNAEP60 diblock copolymer had an Mn of 24 100 g mol-1 and an Mw/Mn of 1.48. Relatively little 

NAEP was consumed within the first 20 min, indicating an initial induction period. However, the 

subsequent polymerisation proceeded rapidly, with 69% conversion being observed after 30 min. 
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Figure 5.7. (a) Conversion vs. time curve and corresponding semi-logarithmic plot obtained for the RAFT 
non-aqueous emulsion polymerisation of NAEP at 90 °C in n-dodecane using a PSMA36 precursor and 
targeting a PNAEP DP of 60 at 20% w/w solids using a PSMA36/T21s molar ratio of 4.0. (b) Evolution of Mn 
and Mw/Mn with NAEP conversion for the same PISA formulation. The dashed line indicates the theoretical 
Mn data. Given that this GPC protocol uses a series of PMMA calibration standards, the good agreement 
between the experimental Mn data set and the theoretical line is merely fortuitous in this particular case.  

A series of PSMA36-PNAEPx nanoparticles were prepared in n-dodecane (Scheme 5.1). In all cases, 

high NAEP conversions (≥ 98%) were achieved as indicated by 1H NMR analysis. A linear 

relationship was obtained between the z-average nanoparticle diameter determined by DLS and 

the PNAEP DP when targeting DPs up to 500 (Figure 5.8a). Inspecting this data set, it seems that 

systematic variation of the PNAEP DP alone enables reasonably well-defined nanoparticles (DLS 

polydispersities < 0.10) to be prepared over a relatively wide size range (from around 40 to 260 

nm). Moreover, a linear increase in Mn and Mp was observed when targeting PNAEP DPs up to DP 
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70 (Figure 5.8b) and reasonably good RAFT control was achieved for target PNAEP DPs up to 60 

(Mw/Mn < 1.50). Moreover, there appears to be an inflection point for the Mn and Mp and Mw/Mn 

data sets above a target PNAEP DP of 60. This interesting feature is not currently understood. It 

should be noted that GPC analysis was not attempted on PSMA36-PNAEPx diblock copolymers for 

x values above 110 owing to solubility concerns. Presumably, this problem is related to inter-chain 

crosslinking via chain transfer to polymer, which becomes more observable when targeting longer 

chains. 

 

Figure 5.8. (a) Evolution in z-average diameter (and DLS polydispersity) with target PNAEP DP for a series 
of PSMA36-PNAEPx nanoparticles diluted from 20% to 0.1% w/w solids using n-dodecane. (b) Evolution in 
Mn (red filled circle), Mp (purple open triangle) and Mw/Mn with target PNAEP DP for a series of PSMA36-
PNAEPx diblock copolymers prepared at 90 °C in n-dodecane using a PSMA36/T21s molar ratio of 4.0 and 
the corresponding PSMA36 precursor (refractive index detector with calibration using a series of near-
monodisperse PMMA standards). The dashed line indicates the theoretical Mn data. The experimental Mn 
data set differs from this theoretical line owing to a systematic GPC calibration error. 

The PSMA36 precursor and two PSMA36-PNAEPx diblock copolymers were characterised using 

differential scanning calorimetry (DSC). The PSMA36 semi-crystalline precursor had a melting 
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temperature (Tm) of 30 °C (black trace), which has been previously reported by Semsarilar and co-

workers.55 The PSMA36-PNAEP60 diblock copolymer exhibited a Tg of –7 °C for the PNAEP block 

(red trace) while the PSMA36-PNAEP200 diblock copolymer had a Tg of –3 °C (blue trace), indicating 

only a weak molecular weight dependence (Figure 5.9a).7 Such low Tg values mean that TEM 

imaging is very difficult for PNAEP-core nanoparticles owing to their deformation during TEM grid 

preparation (Figure 5.9b). This problem is well-documented for diblock copolymer nano-objects 

comprising low Tg core-forming blocks.4,56,57 

 

Figure 5.9. (a) Differential scanning calorimetry (DSC) curves recorded at a heating rate of 10 °C min-1 for 
the PSMA36 precursor (black trace), PSMA36-PNAEP60 diblock copolymer (red trace), PSMA36-PNAEP200 
diblock copolymer (blue trace), PSMA36-PNAEP300 diblock copolymer (orange trace).and PSMA36-PNAEP500 
diblock copolymer (pink trace). (b) Representative TEM images recorded for PSMA36-PNAEP100, PSMA36-
PNAEP200, PSMA36-PNAEP300 and PSMA36-PNAEP500 diblock copolymer spheres. Such nanoparticles tend to 
undergo film formation during TEM grid preparation owing to the relatively low Tg of the core-forming 
PNAEP block. 
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To address this issue, a bifunctional comonomer, EGDA, was added towards the end of the NAEP 

polymerisation when targeting a PSMA36-PNAEP60 diblock copolymer. As expected, the resulting 

core-crosslinked PSMA36-PNAEP60-PEGDA10 triblock copolymer nano-objects were less prone to 

deformation during TEM grid preparation and hence exhibited a more well-defined spherical 

morphology (Figure 5.10). Moreover, the z-average diameter indicated by DLS studies of these 

crosslinked nanoparticles was consistent with that observed for the linear non-crosslinked 

nanoparticles (57 nm vs. 52 nm, respectively). The DLS diameter for the core-crosslinked PSMA36-

PNAEP60-PEGDA10 spheres was also determined in chloroform as well as n-dodecane (Table 5.2). 

The former solvent is a good solvent for both blocks, so core swelling was anticipated under such 

conditions. Indeed, a significantly larger diameter (84 nm) was observed for such nanogels. 

 

Figure 5.10. Representative TEM images recorded for linear PSMA36-PNAEP60 and cross-linked PSMA36-
PNAEP60-PEGDA10 nano-objects. The latter nanoparticles exhibit a more well-defined spherical morphology, 
whereas the former tend to undergo deformation during TEM grid preparation. Inset image shows nano-
objects at a greater magnification. 

Table 5.2. Summary of z-average diameters and DLS polydispersities (PDI) determined for linear PSMA36-
PNAEP60 diblock copolymer nanoparticles and the corresponding core-crosslinked PSMA36-PNAEP60-
PEGDA10 triblock copolymer nanoparticles in n-dodecane (a poor solvent for PNAEP) and chloroform (a 
good solvent for PNAEP). 

 

Small angle X-ray scattering (SAXS) was used to examine these diblock copolymer spheres in more 

detail. SAXS patterns were recorded for 1.0% w/w dispersions in n-dodecane. Satisfactory data 

fits could be obtained using a well-known spherical micelle model58 (see Figure 5.11a) for all five 

types of diblock copolymer nanoparticles. Moreover, the low q gradient (Guinier region) tended 
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to zero, which is consistent with the formation of isotropic spheres. The position of the local 

minima observed at low q is inversely proportional to the particle radius (Equation 5.1), so such 

minima shift to lower q for larger particles.59  

𝑑 =
4.49

𝑞
    5.1 

The Rg for PSMA36 was estimated to be 1.5 nm using Equations 5.2 and 5.3 shown below.  

𝐿𝑃𝑆𝑀𝐴 = 𝑃𝑆𝑀𝐴 𝐷𝑃 × 0.255  5.2 

𝑅g = (𝐿𝑃𝑆𝑀𝐴 ×
1.53

6
)

1

2
   5.3 

Here, LPSMA is the contour length of the PSMA chain calculated by multiplying the PSMA DP by the 

contour length per monomer repeat unit (0.255 nm). The latter is defined by assuming an all-

trans conformation for the relevant carbon bonds. A Kuhn length of 1.53 nm is used in this 

calculation, which corresponds to the literature value for poly(methyl methacrylate).60 Clearly, 

this value is only an approximation to the true Kuhn length for PSMA. 

Each of these scattering patterns was fitted according to a suitable spherical micelle model. The 

Rg for the PSMA36 stabiliser block was fixed using the estimated theoretical value of 1.5 nm. The 

mean solvent volume fraction within the nanoparticle cores (xsol) was zero, as expected for the 

PNAEP chains in the presence of n-dodecane. As expected, such SAXS analysis indicated an 

increase in sphere diameter with PNAEP DP. However, satisfactory fits using the spherical micelle 

model could not be obtained for PNAEP DPs > 300 at higher q region (q > 0.2). For these larger 

spheres, SAXS patterns were recorded at two different camera lengths (1.84 and 6.25 m) and 

these two data sets were combined prior to modelling, which may contribute to this deviation. 

DLS diameters were significantly greater than those determined by SAXS (Figure 5.11b). This is 

not unexpected, since the former technique reports a hydrodynamic z-average diameter whereas 

the latter technique reports a volume-average diameter. For this series of experiments, the DLS 

diameter was almost double the SAXS diameter. This may indicate the presence of larger spheres 

or aggregates: unlike SAXS, DLS is particularly sensitive to larger particles because light scattering 

scales as r6, where r is the particle radius.61  
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Figure 5.11. (a) SAXS patterns recorded for 1.0% w/w diblock copolymer dispersions in n-dodecane at 20 
°C: PSMA36-PNAEP60 (red), PSMA36-PNAEP110 (green), PSMA36-PNAEP200 (blue), PSMA36-PNAEP300 (orange) 
and PSMA36-PNAEP500 (pink). Data fits obtained using a well-known spherical micelle model for each of 
these three patterns are indicated by either white lines (for satisfactory fits) or black lines (for 
unsatisfactory fits at high q).58 Each SAXS pattern is offset by an arbitrary factor for the sake of clarity. (b) 
Corresponding sphere diameters determined by DLS (black circles) and SAXS (violet triangles) analysis, 
respectively. The error bars shown are the standard deviations for the nanoparticle diameter and hence 
indicate the width of each particle size distribution, rather than the experimental error. 

 

Cunningham and co-workers prepared PSMA-PNMEP spherical nanoparticles via RAFT dispersion 

polymerisation of NMEP in n-dodecane and examined their performance as putative Pickering 

emulsifiers.1 For example, addition of an equal volume of water to a 1.0% w/w dispersion of 23 

nm diameter PSMA14-PNMEP49 spheres in n-dodecane followed by high-shear homogenisation 

led to the formation of oil-in-water (o/w) emulsions. This was unexpected because such 

hydrophobic nanoparticles normally favour the formation of water-in-oil (w/o) emulsions).62 After 
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further investigation, it was concluded that in situ nanoparticle inversion occurred during 

homogenisation, leading to the formation of hydrophilic PNMEP49-PSMA14 nanoparticles that 

subsequently acted as a Pickering emulsifier. 

Similar Pickering emulsifier studies were undertaken using the POAA85-PDMAC150 spheres 

prepared in n-heptane (see Chapter 4). Again, it was predicted that such hydrophobic 

nanoparticles should lead to the production of w/o emulsions but o/w emulsions were formed 

instead. To determine whether these new diblock copolymer nanoparticles had also inverted in 

situ to form hydrophilic PDMAC195-POAA85 nanoparticles, core-crosslinked triblock copolymer 

particles were prepared by adding EGDA towards the end of the DMAC polymerisation. 

Accordingly, core-crosslinked POAA85-PDMAC195-PEGDA20 spheres were produced in n-heptane. 

In this case, high-shear homogenisation using a range of copolymer concentrations invariably 

produced o/w Pickering emulsions. Since such covalently-stabilised hydrophobic nanoparticles 

cannot undergo in situ inversion to form hydrophilic nanoparticles, this suggests that such 

Pickering emulsions must be formed by nanoparticle adsorption at the inner surface of the oil 

droplets. In retrospect, is it possible that nanoparticles adsorption from within the oil droplets 

could actually explain the data reported by Cunningham and co-workers (o/w emulsions 

produced for hydrophobic nanoparticles) seen for PSMA14-PNMEP49 diblock copolymers which 

was attributed to in situ micelle inversion.1 

Accordingly, PSMA36-PNAEP70 nanoparticles were prepared in n-dodecane for evaluation as a 

putative Pickering emulsifier. The copolymer concentration was systematically lowered from 

1.0% w/w to 0.025% w/w by dilution with n-dodecane to produce a series of dispersions. Then 

deionised water was added to each dispersion in turn to obtain a constant n-dodecane volume 

fraction of 0.50 and high-shear homogenisation was conducted in each case (Figure 5.12). The 

electrical conductivity for an emulsion obtained using 1.0% w/w PSMA36-PNMEP70 diblock 

copolymer nanoparticles was determined to be 3.22 x 10-4 S m-1, which is comparable to that of 

deionised water alone (3.83 x 10-4 S m-1). It should be noted that the non-aqueous conductivity of 

n-dodecane is 1.1 x 10-11 S m-1).63 This indicates the formation of an o/w emulsion. The so-called 

‘drop test’ method (which involves taking an aliquot of the emulsion and determining whether it 

disperses more readily when added to either water or n-dodecane) was used to confirm that o/w 

emulsions were always produced regardless of the nanoparticle concentration.  
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Figure 5.12. Variation in volume-average droplet diameter (as determined by laser diffraction) for a series 
of o/w Pickering emulsions obtained by high-shear homogenisation when systematically varying the 
PSMA36-PNAEP70 copolymer concentration at a constant n-dodecane volume fraction of 0.50. The error 
bars indicate the droplet polydispersity rather than the error in the measurements. Inset: optical 
micrographs recorded at copolymer concentrations of 0.075%, 0.50% and 1.0% w/w, respectively. For 
0.50% w/w copolymer concentration, the oil phase is labelled with a water-insoluble dye (Nile Red) to aid 
the identification of w/o/w double emulsions by fluorescence microscopy. 

Close inspection of optical images recorded for the emulsions generated using copolymer 

concentrations ≥ 0.5% w/w reveals the presence of small droplets within larger droplets. This 

suggests the formation of double emulsions. To further investigate this observation, Nile Red was 

dissolved in n-dodecane containing 0.50% w/w copolymer prior to homogenisation with water to 

enable fluorescence microscopy studies (Figure 5.12). This water-insoluble dye label is exclusively 

located in the droplet phase, demonstrating that an o/w emulsion is obtained in this case. Close 

inspection revealed that water droplets were present within these oil droplets, confirming the 

formation of a w/o/w double emulsion.  This is somewhat surprising: normally, a w/o emulsion 

must be produced first before re-emulsification in the presence of further water to form w/o/w 

emulsions.64 Moreover, the production of Pickering double emulsions usually requires two types 

of particles of differing wettability (i.e. hydrophilic particles to produce o/w and hydrophobic 

particles to stabilise w/o emulsions).65–68 Nevertheless, there are a few literature reports of such 

complex Pickering double emulsions being formed during a single emulsification step.69–72 For 

example, György and co-workers obtained w/o/w double emulsions when using hydrophobic 

PSMA9-PHPMA50 diblock copolymer nanoparticles prepared in mineral oil.73 More specifically, 

high oil volume fractions (> 0.50), high shear rates (> 13 500 rpm) and high copolymer 
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concentrations (> 0.5% w/w) enabled the direct formation of w/o/w double emulsions in one 

step. Similarly, optical microscopy studies of the present system indicate that w/o/w double 

emulsions are only obtained when using PSMA36-PNAEP70 copolymer concentrations greater than 

0.5% w/w. 

Laser diffraction was used to size the emulsion droplets (see Figure 5.12). At higher copolymer 

concentrations, the volume-average droplet diameter remained constant at around 12 µm. 

However, both the mean diameter and the standard deviation increased as the copolymer 

concentration was lowered to 0.25% w/w. Large, polydisperse droplets with relatively poor 

stability towards coalescence were obtained at or below 0.1% w/w copolymer concentration. This 

upturn in droplet size at lower copolymer concentrations is characteristic of Pickering emulsions 

because there are fewer nanoparticles to stabilise the additional interfacial area created during 

high-shear homogenisation.74–77 This implies that the original linear PSMA36-PNAEP70 

nanoparticles survive the high-shear homogenisation conditions intact. However, in view of their 

highly hydrophobic nature, we had expected such nanoparticles to form w/o Pickering emulsions, 

rather than o/w emulsions.  In principle, there are two possible explanations for this surprising 

observation. In situ nanoparticle inversion might have occurred during homogenisation, thus 

converting the hydrophobic PSMA36-PNAEP70 nanoparticles into hydrophilic PNAEP70-PSMA36 

nanoparticles. Alternatively, the hydrophobic PSMA36-PNAEP70 nanoparticles simply adsorb at the 

inner surface of the oil droplets.78  
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Figure 5.13. Variation in volume-average droplet diameter (as determined by laser diffraction) for a series 
of o/w Pickering emulsions obtained by high-shear homogenisation when systematically varying the 
PSMA36-PNAEP60-PEGDA10 copolymer concentration at a constant n-dodecane volume fraction of 0.50. The 
error bars indicate the droplet polydispersity rather than the error in the measurements. Inset: optical 
micrographs recorded at copolymer concentrations of 0.1%, 0.25% and 1.0% w/w. At 0.25% w/w copolymer 
concentration, a water-insoluble dye (Nile Red) was dissolved in the oil phase to aid the identification of 
w/o/w double emulsions using fluorescence microscopy. 

To distinguish between these two scenarios, core-crosslinked PSMA36-PNAEP60-PEGDA10 

nanoparticles were used to prepare emulsions via high-shear homogenisation. The upturn in 

droplet diameter observed at lower copolymer concentrations confirmed their Pickering-type 

character (see Figure 5.13). DLS studies indicated that, unlike the corresponding linear 

nanoparticles, such covalently-stabilised nanoparticles swelled appreciably but did not dissolve 

when diluted with chloroform, which is a good solvent for both blocks (Table 5.2). This suggests 

that the degree of core-crosslinking was sufficient to ensure their structural integrity. Accordingly, 

the copolymer concentration was systematically lowered from 1.0% w/w to 0.025% w/w when 

performing high-shear homogenisation at a constant oil volume fraction of 0.50. The ‘drop test’ 

method confirmed the formation of o/w emulsions in all cases. Importantly, such core-crosslinked 

nanoparticles cannot undergo inversion to form hydrophilic PNAEP-stabilised nanoparticles that 

could in principle adsorb at the outer surface of the oil droplets. Thus, this suggests that the 

original linear hydrophobic PSMA36-PNAEP70 nanoparticles must adsorb at the inner surface of the 

oil droplets, rather than undergo in situ inversion.  
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As for the linear PSMA36-PNAEP70 nanoparticles, optical microscopy studies of these core-

crosslinked PSMA36-PNAEP60-PEGDA10 nanoparticles indicated the formation of w/o/w double 

emulsions, which was confirmed by fluorescence microscopy studies when Nile Red dye was 

added to the oil phase (Figure 5.13). However, such complex emulsions were formed at 

somewhat lower copolymer concentrations; close inspection of the relevant optical micrographs 

suggest that w/o/w double emulsions can be formed at copolymer concentrations as low as 0.1% 

w/w. 

Finally, the relative volume fraction of n-dodecane was varied while fixing the linear non-

crosslinked PSMA36-PNAEP70 copolymer concentration at 1.0% w/w with respect to the oil phase 

(Figure 5.14). In this series of experiments, w/o/w Pickering double emulsions were obtained for 

n-dodecane volume fractions up to 0.60, with mean droplet diameters increasing from 6 µm to 

19 µm when adjusting the oil volume fraction from 0.30 to 0.60. However, an w/o emulsion was 

produced when attempting homogenisation at an n-dodecane volume fraction of 0.65 and 0.70. 

Nevertheless, it is clear that relatively concentrated w/o/w Pickering double emulsions can be 

accessed with this simple protocol. 

Emulsions prepared using 1% w/w PSMA36-PNAEP70 nanoparticles for oil volume fractions of 

either 0.50 or 0.70 were allowed to stand for 72 h to enable the droplets to either cream or 

sediment, respectively. These two emulsion formulations were chosen because an oil volume 

fraction of 0.50 gives an o/w emulsion and a volume fraction of 0.70 produces a w/o emulsion 

(see Figure 14a). DLS analysis was performed on each continuous phase after removal of the 

droplet phase. For the oil-continuous phase derived from the w/o emulsion, DLS studies 

confirmed strong light scattering (derived count rate = 10 000 kcps) and the presence of 

nanoparticles (z-average diameter = 55 nm; DLS polydispersity = 0.08) that were strikingly similar 

in size compared to the original nanoparticles (z-average diameter = 60 nm and DLS polydispersity 

= 0.12). Conversely, DLS studies of the aqueous continuous phase isolated from the o/w emulsion 

suggested that no nanoparticles were present because a much lower derived count rate of only 

600 kcps was observed in this case. These experiments provide convincing evidence that the o/w 

Pickering emulsions are stabilised by hydrophobic PSMA36-PNAEP70 nanoparticles adsorbing at 

the oil/water interface from within the droplets and do not undergo in situ inversion to from 

hydrophilic PNAEP70-PSMA36 nanoparticles. 
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Figure 5.14. (a) Variation in volume-average droplet diameter (as determined by laser diffraction) for a 
series of o/w Pickering emulsions obtained by high-shear homogenisation when systematically varying the 
volume fraction of n-dodecane at a constant PSMA36-PNAEP70 copolymer concentration of 1.0% w/w. The 
error bars indicate the droplet polydispersity, rather than the error in the measurements. (b) Optical 
micrographs recorded for Pickering emulsions prepared at n-dodecane volume fractions of 0.10, 0.20, 0.30, 
0.40, 0.60, 0.65 and 0.70, respectively.  

 

5.4 Conclusions 

A PSMA36 precursor was employed for the RAFT non-aqueous emulsion polymerisation of NAEP 

in n-dodecane to produce a series of sterically-stabilised PSMA36-PNAEPx diblock copolymer 

spheres with high NAEP conversions being achieved in all cases (≥ 98% within 5 h at 90 °C).  

Systematic increases in both z-average diameter and Mp were observed when targeting higher 

PNAEP DPs, but only relatively poor RAFT control could be achieved. TEM studies of the linear 

diblock nanoparticles proved to be problematic owing to film formation during TEM grid 

preparation. Thus, EGDA was employed as a bifunctional crosslinker and added towards the end 

of the NAEP polymerisation to produce covalently-stabilised nanoparticles. This strategy enabled 
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a well-defined spherical morphology to be confirmed by TEM while also producing core-

crosslinked nanogels that swelled when dispersed in chloroform, which is a good solvent for both 

blocks. In addition, SAXS was also employed to confirm this spherical morphology as each 

scattering pattern could be satisfactorily fitted using a suitable scattering model for spherical 

micelles. 

PSMA36-PNAEP70 spheres prepared in n-dodecane were evaluated as a putative Pickering 

emulsifier. We hypothesised that employing such hydrophobic nanoparticles should lead to the 

formation of w/o emulsions. Unexpectedly, addition of an equal volume of water followed by 

high-shear homogenisation always produced o/w emulsions. Laser diffraction and optical 

microscopy studies indicated that larger droplets were formed on lowering the copolymer 

concentration. According to prior studies by the Armes group,68,77,79 this indicates that the 

nanoparticles remain intact after homogenisation to produce genuine Pickering emulsions. Thus, 

either the hydrophobic PSMA36-PNAEP70 spheres are adsorbed at the inner surface of the oil 

droplets or nanoparticle inversion has occurred during high-shear homogenisation to form 

hydrophilic PNAEP70-PSMA36 spheres that then adsorb at the outer surface of the oil droplets. 

Accordingly, core-crosslinked PSMA36-PNAEP60-PEGDA10 spheres were prepared in n-dodecane to 

discriminate between these two possibilities. In this case, high-shear homogenisation at various 

copolymer concentrations again produced o/w Pickering emulsions. As these covalently-

stabilised hydrophobic nanoparticles cannot undergo inversion to form hydrophilic nanoparticles, 

this suggests that such Pickering emulsions must be formed by nanoparticle adsorption at the 

inner surface of the oil droplets. For both types of Pickering emulsifiers, certain experimental 

conditions (e.g. copolymer concentrations ≥ 0.5% w/w for the linear nanoparticles, ≥ 0.1% w/w 

for the core-crosslinked nanoparticles, or when using oil volume fractions ≤ 0.60) produced 

w/o/w double emulsions, rather than o/w emulsions. 
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This Thesis focuses on the controlled radical polymerisation of three commercially relevant 

monomers provided by Ashland Speciality Ingredients: NMEP, NAEP and OAA. RAFT 

polymerisation was used to synthesise amphiphilic diblock copolymers that undergo PISA to form 

spheres, vesicles or lamellae in a range of solvents. RAFT-mediated PISA is remarkably tolerant of 

monomer functionality and enables the reproducible synthesis of a wide range of diblock 

copolymer nano-objects in various media1,2 simply by varying the target diblock composition and 

copolymer concentration.3–6 Initially, PNMEP was employed as a stabiliser block for PISA 

syntheses. In Chapter 2, kinetically-trapped spheres were obtained in aqueous media and it was 

demonstrated that colloidal stability can only be achieved by introducing anionic carboxylate 

groups at the end of the PNMEP chains. This is not particularly surprising, because it is well-

documented that suitable end-groups can enhance the hydrophilic character of a water-soluble 

polymer.7 Such end-group ionisation is critical because it significantly raises the CP exhibited by 

the weakly hydrophilic PNMEP stabiliser chains, which possess inverse temperature solubility (i.e. 

LCST-type behaviour) in aqueous solution. For example, increasing the pH of a 1% w/w aqueous 

solution of PNMEP53 homopolymer from pH 3 to pH 7 raised its CP from 64 °C to more than 90 °C. 

Moreover, lowering the dispersion pH below the pKa of the PNMEP stabiliser chains or addition 

of low levels of salt (which causes charge screening) was sufficient to induce incipient flocculation. 

However, colloidal stability was not solely owing to charge stabilisation: 1H NMR studies indicated 

that the PNMEP block acts as an electrosteric stabiliser because it is relatively well-solvated under 

the PISA synthesis conditions. It was also hypothesised that the terminal anionic charge was 

responsible for the kinetically-trapped spherical morphology. In principle, conducting such PISA 

syntheses in the presence of sufficient added salt should enable access to higher order 

morphologies (i.e. worms or vesicles).8,9  

Ionisation of terminal carboxylic acid end-groups has been exploited to increase the hydrophilic 

character of another water-soluble polymer, poly(2-hydroxyethyl acrylate) or PHEA. For PHEA DPs 

≤ 105, end-group ionisation of the carboxylic acid chain-ends was required to ensure the colloidal 

stability of PHEA-based diblock copolymer nanoparticles. However, when using a longer PHEA140 

stabiliser block, purely steric stabilisation was sufficient to prevent nanoparticle aggregation.10 

In Chapter 3, vesicles and lamellae were produced by the RAFT dispersion polymerisation of LMA 

to produce highly asymmetric diblock copolymers in an 80:20 w/w ethanol-water mixture. 

According to kinetic studies conducted using 1H NMR spectroscopy, micellar nucleation occurred 

when the growing PLMA chains attained a mean DP of 17. Surprisingly, vesicles were obtained 

even when targeting relatively low PLMA DPs (for which spheres and worms would be normally 

expected). Moreover, no evidence for a viscous reaction mixture (usually indicative of a worm-
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like morphology) was observed at intermediate LMA conversions. This was unexpected, as the 

evolution of copolymer morphology generally involves initially spheres, then worms and finally 

vesicles for such RAFT dispersion polymerisations.11 Presumably, these observations are related 

to the comparatively high molecular weight of the LMA monomer, which makes it much more 

difficult to pinpoint the worm morphology. In principle, further insights could be gained by using 

in situ SAXS to monitor the PISA synthesis of PNMEP-PLMA vesicles to determine if worm-like 

intermediates are formed.   

The inherent colour and malodour conferred by the organosulfur-based RAFT chain-ends are 

undesirable for commercial applications, thus a suitable end-group removal protocol was briefly 

explored.12,13 There are numerous literature studies concerning the removal of RAFT groups from 

soluble chains14–16 but far fewer reports explore such end-group removal from diblock copolymer 

nanoparticles. Moreover, any small molecule reagent must be able to diffuse into the interior of 

the nanoparticles to access the RAFT chain-ends.17,18 As an alternative strategy, visible light was 

shown to be an effective and efficient method for RAFT end-group removal from a 7.5% w/w 

aqueous dispersion of diblock copolymer vesicles. On exposure to blue light (λ = 405 nm) at 50 

°C, UV GPC analysis indicated that 96% of the original dithiobenzoate end-groups were removed 

within 4 h. A comparative experiment using excess ACVA initiator at 70 °C resulted in almost no 

end-group removal over the same timescale, presumably because this ionic reagent cannot 

readily penetrate the highly hydrophobic PLMA membranes. These experiments confirm the 

advantages of using visible light to remove RAFT end-groups without recourse to chemical 

reagents. Clearly, further studies are warranted to study the effect of varying the wavelength and 

intensity of the visible light, the reaction temperature, the copolymer concentration and the 

copolymer morphology on the kinetics of end-group removal. Does the turbidity of the copolymer 

dispersion affect light penetration and, if so, does this reduce the overall efficiency of end-group 

removal? Similarly, can trithiocarbonate or xanthate end-groups be removed as efficiently as 

dithiobenzoates? 

In Chapter 4, POAA is employed as a steric stabiliser for the PISA synthesis of PDMAC-core 

nanoparticles in various n-alkanes. In this context, it is perhaps worth emphasising that there are 

currently no literature reports of POAA-based diblock copolymers, whether by PISA or by RAFT 

solution polymerisation or by any other controlled radical polymerisation technique. 

Interestingly, the colloidal stability of these nanoparticles depends on the precise nature of the 

solvent used for their synthesis. Thus, spherical nanoparticles that remained colloidally stable 

between 20 and 90 °C were obtained when using n-heptane, n-octane or n-decane. However, for 

higher n-alkanes, the nanoparticles remained stable when synthesised at 70 °C but flocculated on 
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cooling. This interesting UCST-like phenomenon was observed by variable temperature 

turbidimetry and DLS experiments. Using a POAA precursor with a DP of 85 resulted in kinetically-

trapped spherical nanoparticles. This is most likely because this relatively long steric stabiliser 

block inhibits 1D sphere-sphere fusion, which is considered to be a prerequisite for worm 

formation.19 An important extension of this work could be to determine whether the solubility of 

the POAA stabiliser block depends on its DP.  More specifically, it would be interesting to explore 

whether using a shorter POAA stabiliser might provide access to higher order morphologies or 

whether a longer POAA stabiliser might allow stable colloidal dispersions to be obtained at 

ambient temperature when using higher n-alkanes. In principle, higher order morphologies might 

also be accessed by statistical copolymerisation of suitable oil-soluble monomers such as 2-

ethylhexyl acrylate or lauryl acrylate with OAA to suppress the UCST-type behaviour exhibited by 

the POAA stabiliser block. 

Given the strongly amphiphilic nature of these nanoparticles (POAA is extremely hydrophobic 

whereas PDMAC is highly water-soluble), their performance as Pickering emulsifiers was 

explored. Accordingly, POAA85-PDMAC150 spheres were prepared in n-heptane to ensure no 

nanoparticle aggregation. The copolymer concentration was systematically lowered from 1% w/w 

to 0.1% w/w by diluting the original 20% w/w nanoparticle dispersion with n-heptane prior to 

homogenisation with water to produce 50% v/v o/w emulsions. Laser diffraction studies indicated 

that the droplet diameter increased at low copolymer concentrations, which is characteristic of 

Pickering emulsions.20,21 As the spherical nanoparticles were highly hydrophobic, it was 

hypothesised that either they adsorbed onto the inner surface of the oil droplets (i.e. remained 

solely located within the dispersed phase) or they underwent micellar inversion in situ during 

high-shear homogenisation to form hydrophilic PDMAC150-POAA85 diblock copolymer 

nanoparticles. Further studies using core-crosslinked POAA85-PDMAC195-PEGDA20 triblock 

copolymers that were unable to undergo micellar inversion also produced o/w Pickering 

emulsions, suggesting that the original linear nanoparticles most likely adsorb onto the inner 

surface of the oil droplets. POAA85-PDMAC150 nanoparticles synthesised in higher n-alkanes 

exhibit UCST-like behaviour. This observation leads to the following question: if o/w emulsions 

were prepared using such nanoparticles above their CP and then allowed to cool, would the oil 

droplets become flocculated?  

Much of the work in this Thesis utilises NMEP. Its acrylic analogue, NAEP, has been much less 

extensively researched and the relatively few literature examples of its polymerisation invariably 

use water. Indeed, NAEP is significantly more hydrophilic than NMEP: it does not possess LCST-

type behaviour in aqueous solution so it can serve as an effective steric stabiliser for aqueous 
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PISA formulations.22 In Chapter 5, a PSMA stabiliser block is used to conduct the RAFT 

polymerisation of NAEP in n-dodecane. Again, only kinetically-trapped spheres were obtained.  

Owing to the limited solubility of NAEP in n-dodecane, a relatively high reaction temperature (90 

°C) was required for the synthesis of these diblock copolymer nanoparticles. This PISA formulation 

is best described as a rare example of a non-aqueous emulsion polymerisation. In the PISA 

literature, it is well-known that RAFT aqueous emulsion polymerisations are often limited to 

kinetically-trapped spheres. Interestingly, Cockram and co-workers have suggested that the 

aqueous solubility of the monomer may be a key parameter in this context, with higher solubilities 

providing access to worms or vesicles.23,24 Thus it would be interesting to examine whether 

increasing the NAEP monomer solubility (either by raising the reaction temperature used for n-

dodecane or by selecting lower n-alkanes such as n-heptane) could be utilised to access worms 

or vesicles for this unusual PISA formulation. In this context, it would also be fascinating to 

attempt the RAFT non-aqueous emulsion polymerisation of other polar monomers such as 2-

hydroxyethyl methacrylate (HEMA) in such n-alkanes when employing suitable soluble precursors 

such as PSMA or PLMA. 

Preliminary experiments were conducted using a trithiocarbonate-capped precursor for RAFT 

iniferter polymerisations. Solution polymerisations conducted in toluene at 30 °C were relatively 

slow, with only 33% NAEP conversion being achieved within 7.5 h, albeit with good MWD control 

(Mw/Mn = 1.18). The RAFT iniferter polymerisation of NAEP in n-dodecane required higher 

temperatures (70 or 80 °C), which led to more extensive chain transfer to polymer and hence 

significantly broader MWDs (1.33 ≤ Mw/Mn ≤ 1.48). PSMA36-PNAEP70 nanoparticles could also be 

used to stabilise Pickering emulsions. As in Chapter 4, the hydrophobic nanoparticles surprisingly 

formed o/w Pickering emulsions rather than w/o emulsions, suggesting their adsorption at the 

inner surface of the oil droplets. Interestingly, PSMA36-PNAEP70 nanoparticles produced w/o/w 

Pickering emulsions directly when conducting high-shear homogenisation at a copolymer 

concentration of at least 0.5% w/w or when employing oil volume fractions of no more than 0.60. 

Chapter 5 illustrated that PISA via RAFT iniferter polymerisation is feasible using a 

trithiocarbonate CTA in n-dodecane. This suggests that the scope of PISA syntheses using iniferter 

polymerisation is worthy of further exploration. In principle, visible light irradiation might be used 

to first polymerise the monomer and then subsequently cleave the RAFT end-groups under 

monomer-starved conditions in a convenient one-pot formulation to produce an aqueous 

dispersion of diblock copolymer nanoparticles for which dialysis would be required to remove 

small molecule side-products. However, the technical problem here would be to ensure that little 
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or no end-group removal occurred on the time scale of the polymerisation, otherwise this would 

lead to a significantly longer DP for the structure-directing block. The removal of dithiobenzoate 

RAFT end-groups via visible light irradiation in non-polar media is likely to be less efficient than in 

aqueous media, which may favour PISA syntheses conditions via iniferter polymerisation under 

such conditions.  
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7.1 Structural models for Small Angle X-ray Scattering (SAXS) analysis 
In general, the intensity of X-rays scattered by a dispersion of nano-objects [usually represented 

by the scattering cross section per unit sample volume, 
𝑑Σ

𝑑Ω
(𝑞)] can be expressed as:  

𝑑Σ

𝑑Ω
(𝑞) = 𝑁𝑆(𝑞) ∫ …

∞

0 ∫ 𝐹(𝑞, 𝑟1, … , 𝑟𝑘)2Ψ(𝑟1, … , 𝑟𝑘)𝑑𝑟1 …
∞

0
𝑑𝑟𝑘  7.1 

where 𝐹(𝑞, 𝑟1 ,… , 𝑟𝑘) is the form factor, 𝑟1 ,…, 𝑟𝑘 is a set of k parameters describing the 

structural morphology, 𝛹(𝑟1 ,… , 𝑟𝑘) is the distribution function, S(q) is the structure factor and N 

is the nano-object number density per unit volume expressed as:  

𝑁 =  
𝜑

∫ …
∞

0 ∫ 𝑉(𝑟1,…,𝑟𝑘)Ψ(𝑟1,…,𝑟𝑘)𝑑𝑟1…𝑑𝑟𝑘
∞

0

  7.2 

where 𝑉(𝑟1 ,… , 𝑟𝑘) is volume of the nano-object and φ is their volume fraction in the dispersion. 

For all SAXS experiments conducted herein, a dilute copolymer concentration of 1.0 % w/w was 

utilised. As such, for all analysis and modelling it was assumed that S(q) = 1. 

 

Sphere model 
The spherical micelle form factor equation for Equation 1 is given by:1 

𝐹𝑠𝑝ℎ(𝑞) =  𝑁𝑠
2𝛽𝑠

2𝐴𝑠
2(𝑞, 𝑅𝑠) + 𝑁𝑠𝛽𝑐

2𝐹𝑐(𝑞, 𝑅𝑔) + (𝑞) 7.3 

Where Rs is the core radius of the spherical micelle, Rg, is the radius of gyration of the corona 

block. The core block and the corona block X-ray scattering length contrast is given by 𝛽𝑠 =

𝑉𝑠(𝜉𝑠 − 𝜉𝑠𝑜𝑙) and 𝛽𝑠 = 𝑉𝑐(𝜉𝑐 − 𝜉𝑠𝑜𝑙), respectively. Here 𝜉𝑠, 𝜉𝑐 and 𝜉𝑠𝑜𝑙  are the X-ray scattering 

length densities of the core-forming block, the coronal stabiliser block and the solvent. Vs and Vc 

are the volumes of the core-forming block and the coronal stabiliser block, respectively. Using 

the molecular weights of the each block and their respective mass densities), the individual 

block volumes can be calculated from 𝑉 =  
𝑀𝑛,𝑝𝑜𝑙

𝑁𝐴𝜌
, where Mn,pol corresponds to the number-

average molecular weight of the block determined by 1H NMR spectroscopy. 

 

The sphere form factor amplitude is used for the amplitude of the core self-term: 

𝐴𝑐(𝑞, 𝑅𝑠) = Φ(𝑞𝑅𝑠)exp (−
𝑞2𝜎2

2
)   7.4 

Where Φ(𝑞𝑅𝑠) =
3[sin (𝑞𝑅𝑠)−𝑞𝑅𝑠cos (𝑞𝑅𝑠)]

(𝑞𝑅𝑠)3 . A sigmoidal interface between the two blocks was 

assumed for the spherical micelle form factor (Equation 4). This is described by the exponent 

term with a width σ accounting for a decaying scattering length density at the micellar interface. 

This σ value was fixed at 2.2 during fitting. 

The form factor amplitude of the spherical micelle corona is: 

𝐴𝑐(𝑞) =
∫ 𝜇𝑐(𝑟)

sin(𝑞𝑟)

𝑞𝑟
𝑟2𝑑𝑟

𝑅𝑠+2𝑠

𝑅𝑠

∫ 𝜇𝑐(𝑟)
𝑅𝑠+2𝑠

𝑅𝑠
𝑟2𝑑𝑟

𝑒𝑥𝑝 (−
𝑞2𝜎2

2
) 7.5 

The radial profile, 𝜇𝑐(𝑟), can be 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. This information can be found elsewhere,2,3 as can the approximate 
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integrated form of Equation 5. The self-correlation term for the corona block is given by the 

Debye function: 

𝐹𝑐(𝑞, 𝑅𝑔) =
2[exp(−𝑞2𝑅𝑔

2)−1+𝑞2𝑅𝑔
2]

𝑞4𝑅𝑔
2   7.6 

Where Rg is the radius of gyration of the coronal block. The aggregation number of the spherical 

micelle is: 

𝑁𝑠 = (1 − 𝑥𝑠𝑜𝑙)
4

3
𝜋𝑅𝑠

3

𝑉𝑠
  7.7 

Where xsol is the volume fraction of solvent in the micelle core. An effective structure factor 

expression proposed for interacting spherical micelles4 has been used in Equation 1: 

𝑆𝑠(𝑞) = 1 +
𝐴𝑠_𝑚𝑖𝑐

𝑎𝑣 (𝑞)2[𝑆𝑃𝑌(𝑞,𝑅𝑃𝑌,𝑓𝑃𝑌)−1]

𝐹𝑠_𝑚𝑖𝑐(𝑞)
  7.8 

Herein the form factor of the average radial scattering length density distribution of micelles is 

used as 𝐴𝑠_𝑚𝑖𝑐
𝑎𝑣 (𝑞) = 𝑁𝑠[𝛽𝑠𝐴𝑠(𝑞, 𝑅𝑠) + 𝛽𝑐𝐴𝑐(𝑞)] and 𝑆𝑃𝑌(𝑞, 𝑅𝑃𝑌, 𝑓𝑃𝑌) is a hard-sphere 

interaction structure factor based on the Percus-Yevick approximation,5 where RPY is the 

interaction radius and fPY is the hard-sphere volume fraction. A polydispersity for one parameter 

(Rs) is assumed for the micelle model which is described by a Gaussian distribution. Thus, the 

polydispersity function in Equation 1 can be replaced as: 

Ψ(𝑟1) =
1

√2𝜋𝜎𝑅𝑠
2

𝑒𝑥𝑝 (−
(𝑟1−𝑅𝑠)2

2𝜎𝑅𝑠
2 ) 7.9 

Where 𝜎𝑅𝑠
 is the standard deviation for Rs. In accordance with Equation 2, the number density 

per unit volume for the micelle model is expressed as: 

𝑁 =
𝜑

∫ 𝑉(𝑟1)Ψ(𝑟1)𝑑𝑟1
∞

0

  7.10 

Where 𝜑 is the total volume fraction of copolymer in the spherical micelles and 𝑉(𝑟1) is the 

total volume of copolymer in a spherical micelle [𝑉(𝑟1) = (𝑉𝑠 + 𝑉𝑐)𝑁𝑠(𝑟1)]. 

 

Vesicle model 
The vesicle form factor in Equation (1) is expressed as:6  

𝐹𝑣𝑒𝑠(𝑞) =  𝑁𝑣
2𝛽𝑚

2 𝐴𝑚
2 (𝑞) + 𝑁𝑣𝛽𝑣𝑐

2 𝐹𝑐(𝑞, 𝑅𝑔) + 𝑁𝑣(𝑁𝑣 − 1)𝛽𝑣𝑐
2 𝐴𝑣𝑐

2 (𝑞) + 2𝑁𝑣
2𝛽𝑚𝛽𝑣𝑐𝐴𝑚(𝑞)𝐴𝑣𝑐(𝑞) 

7.11 

The X-ray scattering length contrast for the membrane-forming block and the coronal stabiliser 

block is given by 𝛽𝑚 = 𝑉𝑚(𝜉𝑚 − 𝜉𝑠𝑜𝑙) and 𝛽𝑣𝑐 = 𝑉𝑣𝑐 (𝜉𝑣𝑐 − 𝜉𝑠𝑜𝑙) , respectively, where ξm, ξvc and ξsol 

are the X-ray scattering length densities of the membrane-forming block, the coronal stabiliser 

block and the solvent. Vm and Vvc are the volumes of the membrane-forming block and the 

coronal stabiliser block, respectively. Using the molecular weights of each block and their 

respective mass densities, the individual block volumes can be calculated from 𝑉 =  
𝑀𝑛,𝑝𝑜𝑙

𝑁𝐴𝜌
, 

where Mn,pol corresponds to the number-average molecular weight of the block determined by 
1H NMR spectroscopy. The amplitude of the membrane self-term is:  
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𝐴𝑚(𝑞) =  
𝑉𝑜𝑢𝑡φ(q𝑅𝑜𝑢𝑡)−𝑉𝑖𝑛𝜑(𝑞𝑅𝑖𝑛)

𝑉𝑜𝑢𝑡−𝑉𝑖𝑛
𝑒

(−
𝑞2𝜎𝑖𝑛

2

2
)

 7.12 

where 𝑅𝑖𝑛 =  𝑅𝑚 −
1

2
𝑇𝑚 is the inner radius of the membrane, 𝑅𝑜𝑢𝑡 =  𝑅𝑚 +

1

2
𝑇𝑚 is the outer 

radius of the membrane, 𝑉𝑖𝑛 =  
4

3
𝜋𝑅𝑖𝑛

3 , 𝑉𝑜𝑢𝑡 =  
4

3
𝜋𝑅𝑜𝑢𝑡

3 . It should be noted that Equation 12 

differs from that reported in the original work.6 More specifically, the exponent term in 

Equation 12 represents a sigmoidal interface between the blocks, with a width σin accounting 

for a decaying scattering length density at the membrane surface. The numerical value of σin 

was fixed at 2.2. The mean vesicle aggregation number, Nv, is given by:  

𝑁𝑣 = (1 − 𝑥𝑠𝑜𝑙)
𝑉𝑜𝑢𝑡−𝑉𝑖𝑛

𝑉𝑚
 7.13 

where 𝑥𝑠𝑜𝑙  is the solvent volume fraction within the vesicle membrane. A simpler expression for 

the corona self-term of the vesicle model than that used for the spherical micelle corona self-

term was preferred because the contribution to the scattering intensity from the corona block is 

much less than that from the membrane block in this case. Assuming that there is no 

penetration of the solvophilic coronal blocks into the solvophobic membrane, the amplitude of 

the vesicle corona self-term is expressed as:  

𝐴𝑣𝑐(𝑞) =  Ψ(𝑞𝑅𝑔)
1

2
[

sin [𝑞(𝑅𝑜𝑢𝑡+𝑅𝑔)]

𝑞(𝑅𝑜𝑢𝑡+𝑅𝑔)
+

𝑠𝑖𝑛[𝑞(𝑅𝑖𝑛−𝑅𝑔)]

𝑞(𝑅𝑖𝑛−𝑅𝑔)
]  7.14 

where the term outside the square brackets is the factor amplitude of the corona block 

copolymer chain such that:  

Ψ(𝑞𝑅𝑔) =  
1−𝑒𝑥𝑝(−𝑞𝑅𝑔)

(𝑞𝑅𝑔)2   7.15 

The Rg value can be calculated from the total contour length of the stabiliser block, L, where L = 

DPstabiliser  0.255 nm (since the projected contour length per monomer repeat unit is defined by 

two C-C bonds adopting an all-trans conformation, 0.255 nm) and the Kuhn length of 1.53 nm 

based on the known literature value for poly(methyl methacrylate) result in an approximate Rg 

of (L  1.53/6)0.5.  

For the vesicle model, it was assumed that two parameters are polydisperse: the overall radius 

of the vesicles and the membrane thickness (Rm and Tm, respectively). Each is assumed to have a 

Gaussian distribution, so the polydispersity function in Equation 1 can be expressed as:  

Ψ(𝑟1, 𝑟2) =  
1

√2𝜋𝜎𝑅𝑚
2

𝑒𝑥𝑝
(−

(𝑟1−𝑅𝑚)2

2𝜎𝑅𝑚
2 ) 1

√2𝜋𝜎𝑇𝑚
2

𝑒𝑥𝑝
(−

(𝑟1−𝑇𝑚)2

2𝜎𝑇𝑚
2 )

 7.16 

where σRm and σTm are the standard deviations for Rm and Tm, respectively. Following Equation 2, 

the number density per unit volume for the vesicle model is expressed as:  

𝑁 =  
φ

∫ ∫ 𝑉(𝑟1,𝑟2)Ψ(𝑟1,𝑟2)𝑑𝑟1𝑑𝑟2
∞

0

∞

0

  7.17 

where φ is the total volume fraction of copolymer in the vesicles and 𝑉(𝑟1, 𝑟2) is the total 

volume of copolymers in a vesicle [𝑉(𝑟1, 𝑟2) = (𝑉𝑚 + 𝑉𝑣𝑐 )𝑁𝑣 (𝑟1, 𝑟2)]. Programming tools within 

the Irena SAS Igor Pro macros were used to implement the scattering models.7  
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Additionally, a Gaussian peak (𝐴𝑒𝑥𝑝 [− (
𝑞−𝑞𝑝𝑒𝑎𝑘

𝑤𝑖𝑑𝑡ℎ
)

2
]) was added to the vesicle model in order to 

account for the subtle feature observed at q ~ 0.1 nm-1 for the 1.0 % w/w dispersions of 

PNMEP28-PLMA129 and PNMEP28-PLMA151 at 20 °C (Figure 3.11). Thus, the entire scattering 

pattern would be described as:  

𝐼(𝑞) =  
𝑑Σ

𝑑Ω
(𝑞) + 𝐵𝑞−𝑝 + 𝐴𝑒𝑥𝑝 [− (

𝑞−𝑞𝑝𝑒𝑎𝑘

𝑤𝑖𝑑𝑡ℎ
)

2
]  7.18 

where the first term represents scattering from spherical micelles (Equations 1 and 2). 

 

Model parameters 

Scattering length densities:  

ξPLMA = 8.81  1010 cm-2 

ξPNMEP = 11.6  1010 cm-2 

ξ80:20 ethanol-water = 7.859  1010 cm-2 

ξPOAA = 9.405  1010 cm-2 

ξPDMAC = 10.72  1010 cm-2 

ξn-Heptane = 6.719  1010 cm-2 

ξPSMA = 9.237  1010 cm-2 

ξPNAEP = 11.46  1010 cm-2 

ξn-Dodecane = 7.322  1010 cm-2 

 

Respective mass densities: 

ρPLMA = 0.93 g cm-3 

ρPNMEP = 1.272 g cm-3 

ρPOAA = 0.9959 g cm-3 

ρPDMAC = 1.16 g cm-3 

ρPSMA = 0.97 g cm-3 

ρPNAEP = 1.2625 g cm-3 
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