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Abstract 

This Thesis focuses on the synthesis and characterisation of methacrylic diblock and statistical 

copolymers prepared by reversible addition-fragmentation chain transfer (RAFT) polymerisation in 

non-polar media. First, the thermoresponsive behaviour of poly(stearyl methacrylate)-poly(benzyl 

methacrylate) [PSMA-PBzMA] diblock copolymer vesicles prepared in mineral oil via polymerisation-

induced self-assembly (PISA) has been revisited. Such vesicles undergo a vesicle-to-worm transition 

on heating, which provides an interesting new oil-thickening mechanism (see M. J. Derry, et al., Angew. 

Chem., 2017, 56, 1746–1750). In this Thesis, an unexpected reduction in dispersion viscosity occurs 

when heating vesicles of approximately the same composition above a certain critical temperature. 

Transmission electron microscopy (TEM) studies indicate rich thermoresponsive behaviour, with 

vesicles present at 20 °C, worms at 130 °C and spheres at 180 °C, indicating that an unsuspected worm-

to-sphere transition occurs after the initial vesicle-to-worm transition. Moreover, statistical 

copolymerisation of n-butyl methacrylate (BuMA) with BzMA when generating the membrane-forming 

block has been used to tune the critical onset temperature required for the vesicle-to-worm transition. 

Oscillatory rheology studies confirmed that targeting membrane-forming blocks containing up to 50 

mol% BuMA lowered the critical onset temperature required to induce the vesicle-to-worm transition 

to 109 °C, compared to 167 °C for the reference PSMA-PBzMA vesicles. Small-angle X-ray scattering 

experiments confirm a vesicle-to-worm transition, with the vesicles initially present at 20 °C being 

converted into worms when heated above 130 °C. These thermal transitions proved to be irreversible 

on cooling on normal experimental timescales (hours). 

Behenyl methacrylate (BeMA) was synthesised and used to prepare poly(lauryl methacrylate)-

poly(behenyl methacrylate) [PLMA-PBeMA] diblock copolymers by thermally-initiated RAFT 

solution polymerisation at 30% w/w solids in mineral oil at 90 °C. Alternatively, photoiniferter RAFT 

polymerisation of BeMA was conducted using blue light irradiation at either 32 or 15 °C. Both synthetic 

protocols achieved high monomer conversions (up to 99%), as determined by 1H NMR spectroscopy, 

and GPC studies indicated that comparable Mn and Đ values were obtained. Oscillatory rheology studies 

showed that these diblock copolymers exhibited reversible thermoresponsive behaviour: relatively 

transparent free-standing gels were formed at or below 20 °C, whereas free-flowing fluids were obtained 

at higher temperatures. This behaviour is consistent with the crystallisation and melting temperatures 

(Tc and Tm, respectively) of PLMA-PBeMA, as determined by differential scanning calorimetry (DSC) 

studies.  In principle, such behaviour is consistent with the formation of PBeMA-core cylinders or rods, 

typically achieved by crystallisation-driven self-assembly (CDSA). However, TEM, dynamic light 

scattering (DLS) and shear-induced polarised-light imaging (SIPLI) studies did not provide any 

evidence for the presence of such highly anisotropic nanoparticles. Instead, only ill-defined colloidal 

aggregates were observed.  

Finally, two series of PLMA-PBeMA diblock and P(LMA-stat-BeMA) statistical copolymers 

have been evaluated as additives for the crystal habit modification of a model wax comprising 5.0% 

w/w n-octacosane in n-dodecane. DSC studies confirmed that the statistical copolymers exhibited 

significantly lower Tc and Tm values than the corresponding diblock copolymers of almost identical 

overall composition. Temperature-dependent turbidimetry studies were conducted for the various wax-

copolymer mixtures to determine Tcool, the temperature at which zero transmittance was first recorded 

owing to wax crystallisation. At a constant molar copolymer concentration of 0.26 mM, each of the 

eight copolymers produced a modest reduction in Tcool of approximately 3-5 °C. Scanning electron 

microscopy (SEM) studies confirmed that the presence of such copolymers led to a reduction in the 

overall size and/or a higher crystal aspect ratio. Diblock and statistical copolymers were essentially 

equivalent in their performance as potential wax crystal modifiers. However, the statistical copolymers 

were easier to prepare and did not suffer from any homopolymer contamination. Moreover, optical 

microscopy and SEM studies revealed that needle-like crystals were formed instead of platelets when 

employing BeMA-rich statistical copolymers. 
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Common Abbreviations 

η Viscosity 

η* Complex viscosity  

λ Wavelength 

AIBN 2,2’-azobisisobutyronitrile 

ATRP Atom transfer radical polymerisation 

BeMA Behenyl methacrylate 

BuMA Butyl methacrylate 

BzMA Benzyl methacrylate 

CDB Cumyl dithiobenzoate  

CDSA Crystallisation-driven self-assembly 

CGT Critical gelation temperature 

CMC Critical micelle concentration 

CTA Chain transfer agent 

Đ Dispersity 

DLS Dynamic light scattering 

DP Degree of polymerisation 

DSC Differential scanning calorimetry 

FRP Free-radical polymerisation 

G’ Storage modulus 

G” Loss modulus 

GPC Gel permeation chromatography 

LAP Living anionic polymerisation 

LMA Lauryl methacrylate 

Mn Number-average molecular weight 

Mw Weight-average molecular weight 

Macro-CTA Macromolecular chain transfer agent 

MWD Molecular weight distribution 
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NMP Nitroxide-mediated polymerisation 

NMR Nuclear magnetic resonance 

OM Optical microscopy  

PETTC 
4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl)sulfanylpentanoic 

acid 

PDI Polydispersity index (DLS) 

PI-CDSA Polymerisation-induced crystallisation-driven self-assembly 

PISA Polymerisation-induced self-assembly 

PPD Pour point depressant 

PRE Persistent radical effect 

RAFT Reversible addition-fragmentation chain transfer 

RDRP Reversible deactivation radical polymerisation 

RI Refractive index 

SAXS Small-angle X-ray scattering 

SEM Scanning electron microscopy  

SIPLI Shear-induced polarised light imaging 

SMA Stearyl methacrylate 

T21s Tert-butyl peroxy-2-ethylhexanoate 

Tc Crystallisation temperature  

Tcool 
Temperature at which zero transmittance was first recorded owing 

to wax crystallisation 

Tg Glass transition temperature  

Tm Melting temperature 

TEM Transmission electron microscopy 

THF Tetrahydrofuran 

UV Ultraviolet 

WI Wax inhibitor 
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1.1. General Concepts in Polymer Science 

The long-chain nature of polymers was first proposed by Staudinger in 1920.1 The 

common belief held by the scientific community at the time was that very large 

covalently bonded molecules could not exist and that polymers must consist of 

physically-associated aggregates of small molecules.2,3 Widespread acceptance of 

Staudinger’s idea was not achieved until 1929, following the publication of a series of 

reactions performed by Carothers.4 In the present day, it is recognised that a polymer 

is a long-chain molecule composed of many repeat units, synthesised from monomers. 

A monomer must have two or more bonding sites, through which each can be linked 

to other monomers to form the polymer chain.2  

Polymers are extremely diverse in structure and versatile in terms of their 

physicochemical properties. Moreover, they are usually cheaper to manufacture than 

traditional materials such as metals, ceramics or glass. The majority of global polymer 

production is made up of commodity polymers, such as polyethylene, polypropylene, 

poly(ethylene terephthalate), polystyrene, poly(vinyl chloride) and polyurethane. 

Applications of such polymers are vast and include packaging, construction, electrical 

insulation and appliances, toys, textiles and medical devices.3  

More recent advances in polymer synthesis and applications have typically involved 

speciality polymers, which offer bespoke chemical functionality, specific architectures 

and desirable properties. Such polymers are used in emerging fields such as renewable 

energy, electric vehicles, targeted drug delivery and 3D printing. Research has also 

focused on replacing oil-based polymers with more sustainable options. These include 

bioderived polymers, where biomass from plants is often used as the renewable raw 

material, for example polylactides. However, there remains a requirement for 
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favourable economics and superior material properties than those of conventional 

polymers before these are widely adopted for commercial applications.5  

Unlike small molecules, polymers do not possess a single unique molecular weight. 

Instead, all synthetic polymers exhibit a molecular weight distribution (MWD). In 

principle, information regarding the whole MWD is desirable but in practice it is 

convenient to characterise the distribution in terms of molecular weight averages. The 

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

are commonly used to describe polymer molecular weight and MWD. The Mn and Mw 

are defined in Equations 1.1 and 1.2, respectively. 

Where ni is the number of chains containing i repeat units, and Mi is the molecular 

weight of these chains. The weight fraction of chains with i repeat units is represented 

by wi and is equal to the product of niMi. 

The Mn gives the arithmetic mean molecular weight of a polymer chain, whereas Mw 

is more biased to the presence of higher molecular weight species. Consequently, Mw 

is always greater than Mn for any MWD with a finite width, as illustrated in Figure 

1.1. The mean degree of polymerisation (DP) of a polymer is the mean number of 

monomer repeat units per chain. Thus, the DP is equal to the Mn divided by the mass 

of the monomer repeat unit. 

 

𝑀n =  
∑ 𝑛i𝑀i

∑ 𝑛i
 1.1 

𝑀w =  
∑ 𝑤i𝑀i

∑ 𝑤i
=  

∑ 𝑛i𝑀i
2

∑ 𝑛i𝑀i
 1.2 
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Figure 1.1. Schematic representation of a MWD curve for a typical synthetic polymer 

indicating the Mn and Mw values on this distribution as defined by Equations 1.1 and 1.2.  

 

The MWD can be represented by polydispersity index (PDI) or, simply, dispersity (Đ) 

as recommended by the International Union of Pure and Applied Chemistry (IUPAC) 

in 2009, 6 and is defined as:  

  

1.1.1. Polymer Architectures 

In its simplest form, a polymer composed of just one type of monomer repeat unit is 

known as a homopolymer. More complex architectures are available via 

copolymerisation. A copolymer is a polymer derived from two or more types of 

monomer. There are several important categories of copolymer that differ by their 

spatial arrangement of the repeat units along the polymer chain. Block, alternating, 

statistical (for which random copolymers are a specific example) and graft copolymers 

are the most common categories.2,3 For simplicity, the schematic representations of 

the different categories of copolymer shown in Figure 1.2 are comprised of only two 

Đ =  
𝑀w

𝑀n
 1.3 
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types of monomer, although certain copolymers can contain three or more species of 

monomer (e.g. triblock and multiblock copolymers).  

 

Figure 1.2. Simplified representation of the main types of copolymer architecture and their 

corresponding nomenclature.  

 

Block copolymers are linear chains in which each monomer repeat unit is present in 

long sequences (or blocks). Typically, block copolymers are synthesised by 

polymerisation of monomer A to form a homopolymer, followed by sequential 

addition of monomer B to prepare the second block. In contrast, alternating 

copolymers are obtained when equimolar quantities of two monomers are 

copolymerised together and are distributed in a highly regular alternating fashion in 

the polymer chain.2 Statistical copolymers are obtained when irregular propagation 

occurs which is essentially random, but influenced by the individual comonomer 

reactivities. Random copolymers are a special type of statistical copolymer in which 

the distribution of two or more repeat units is truly random. This can be achieved when 

the probability of adding monomer A to the growing chain-ends is equal to the 

probability of adding monomer B.3 Graft copolymers are branched polymers in which 
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the branches have a different chemical structure to that of the main chain. In the 

literature, the term -co- is used when the type of copolymer is not specified.  

Statistical, random and alternating copolymers generally exhibit properties which are 

intermediate between those of the corresponding homopolymers.3 A good example of 

such a property is the glass transition temperature (Tg).
7 In contrast, block and graft 

copolymers typically exhibit properties that are characteristic of each constituent 

homopolymer.3  

In this Thesis, the synthesis and characterisation of AB diblock copolymers, 

(A-stat-B) statistical copolymers and diblock copolymers in which the second block 

comprises a statistical copolymer is examined. 

1.1.2. Crystalline and Amorphous Behaviour of Polymers  

The terms crystalline and amorphous are used to indicate the ordered and unordered 

regions within a polymer, respectively. Many polymers are semi-crystalline and hence 

simultaneously exhibit characteristics of both crystalline and amorphous solids.8 Some 

polymers are completely amorphous (e.g. polystyrene) whereas others can possess 

relatively high crystallinity (e.g. linear polyethylene).3 Fully crystalline polymers are 

very rare.8  

Polymers often exhibit two characteristic thermal transitions: the crystalline melting 

temperature (Tm) and the glass transition temperature (Tg). The former is the melting 

temperature of the crystalline domains within a semi-crystalline material, whereas the 

latter is the temperature at which the polymer switches from a rubbery to a glassy state 

(often becoming brittle, stiff and rigid).8 On the molecular level, the Tg corresponds to 

the onset of significant segmental chain motion.3,8 Completely amorphous or fully 
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crystalline polymers only exhibit a Tg or a Tm, respectively. In contrast, typically 

semi-crystalline polymers exhibit both a Tg and Tm.3  

A common experimental technique for determining the Tg and Tm of polymers is 

differential scanning calorimetry (DSC). The change in heat capacity of the polymer 

is recorded as a function of temperature by measuring the heat flow required to 

maintain a zero temperature differential between an inert reference material and the 

sample.8 An example of a DSC trace for a typical semi-crystalline polymer is 

displayed in Figure 1.3. 

 

Figure 1.3. Schematic diagram of a typical DSC trace showing the thermal transitions 

exhibited by a semi-crystalline polymer, where Tg is the glass transition temperature, Tc is the 

crystallisation temperature and Tm is the melting temperature. Adapted from reference 3. 

 

Tg and Tm are both endothermic events whereas Tc, which is the crystallisation 

temperature, is an exothermic event. The latter transition is the temperature at which 

the molten amorphous polymer becomes crystalline on cooling.3 

The Tg and Tm values for a polymer dictate its mechanical properties at any given 

temperature and hence the temperature range over which the polymer can be used for 

a given application. For example, polyisoprene, the main component of natural rubber, 

has a relatively low Tg of -73 °C.8 This means its chains are highly flexible and mobile 
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at ambient temperature and hence lightly crosslinked polyisoprene exhibits rubber 

elasticity.  

1.1.3. Polymer Classification 

The first attempt to classify polymers was introduced by Carothers in 1929.4 Two 

types of polymerisation were identified: condensation or addition. These terms are 

based on the comparison of the molecular formula of a polymer and that of the 

monomer(s) from which it is formed. Condensation polymerisations yield polymers 

with repeat units having fewer atoms than are present in the monomers from which 

they are formed. This usually arises from chemical reactions which involve the 

elimination of a small molecule, such as H2O, HCl or CH3OH. In contrast, addition 

polymerisations yield polymers with repeat units having identical molecular formulae 

to those of the monomers from which they are formed. However, assigning polymers 

using these classifications is not always straightforward; certain condensation 

polymerisations have the characteristic features of typical addition polymerisations 

and vice versa. For example, the synthesis of polyurethanes from diols and 

diisocyanates is classified as a condensation polymerisation, yet the reaction proceeds 

without the elimination of any small molecules.8 An improved classification for 

polymers, that avoids such confusion and is the preferred classification used today, 

was introduced by Flory in 1953.9 Unlike Carothers, Flory chose to distinguish 

between polymers based on their underlying polymerisation mechanism. Again, there 

are two types: step or chain polymerisation.  

In a step polymerisation, the polymer chains grow stepwise by reactions that can occur 

between any two molecular species. First, one monomer reacts with another monomer 

to form dimers. These dimers can then react with another monomer unit or another 

dimer to produce trimers or tetramers, respectively. Trimers and tetramers can then 
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react with further monomer, dimers or other trimers and tetramers. Rapid consumption 

of monomer in the early stages of the reaction is followed by the slow, stepwise build-

up of molecular weight throughout the polymerisation. As a result, high molecular 

weight polymers are not formed until near the end of the polymerisation reaction.  

Conversely, chain polymerisations involve addition of individual monomer units to 

(typically) one end of a growing chain. Chain polymerisations usually require an 

initiator (or catalyst) to commence the chain growth. Monomer reacts rapidly (one unit 

at a time) with a reactive end-group on a propagating chain, with regeneration of the 

active centre after each addition. Chain growth continues until termination occurs, 

which results in loss of the reactive end-group. Unlike for step polymerisation, high 

molecular weight polymer chains are obtained even at low monomer conversions. 

Although cyclic monomers can also be used, chain polymerisation typically involves 

the polymerisation of vinyl monomers. Chain polymerisation will be exclusively used 

throughout this Thesis. 

1.2. Polymerisation Techniques 

1.2.1. Free Radical Polymerisation (FRP) 

Free radical polymerisation (FRP) is an example of a chain polymerisation with a 

radical-based reactive centre. These radicals are generated by an external source, 

typically by thermal degradation or by photolysis of an initiator. A wide range of 

functional vinyl monomers can be polymerised in various solvents by FRP. Moreover, 

radical polymerisations are unaffected by protic impurities, and can be carried out 

either in the bulk or under solution, dispersion, emulsion or suspension conditions.10  

This versatility has led to FRP being widely used for the industrial manufacture of 

many vinyl polymers. However, FRP must be conducted under an inert atmosphere as 
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oxygen acts as a retarder. There are three distinct stages in FRP: initiation, propagation 

and termination (see Figure 1.4).2,3,8,9,11  

 

Figure 1.4. Three elementary steps in free radical polymerisation. Adapted from reference 10. 

 

Initiation consists of two steps: (i) generation of free radicals by decomposition of a 

radical source and (ii) the subsequent initiation of monomer. The first step typically 

proceeds by homolytic cleavage of an initiator molecule (I-I) to give two primary 

radicals (I˙). These radicals then react with a single monomer unit (M) to generate a 

new active centre (P1˙). Homolytic cleavage (or homolysis) in FRP is most commonly 

induced by thermal decomposition but radicals can also be generated by photolysis. 

One advantage of photolysis is that the formation of free radicals occurs immediately 

on irradiation and stops as soon as the light source is removed.3 

The rate of initiator decomposition is relatively slow compared to the rate of reaction 

of the primary radicals with monomer (kd << ki). Therefore, the overall rate of initiation 

(Ri) is given by Equation 1.4, where kd is the rate constant for decomposition, f is the 

initiator efficiency and the numerical factor of two denotes that two radicals are 

generated per initiator molecule. The initiator efficiency is the fractional probability 

that the primary radical initiates monomer, rather than undergoing side reactions.  
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𝑅i =  
d[P1·]

dt
= 2𝑘d𝑓[I] 1.4 

Following initiation, the radicals react rapidly with many monomer units (propagation 

rate constant, kp ~ 102 - 104 M-1 s-1).10,12 As a result, high molecular weight polymer 

chains are formed in the early stages of the reaction (typically within 5-10% 

conversion). The rate of propagation (Rp) is assumed to be independent of the polymer 

chain length and therefore is assumed to be equal for the addition of each monomer 

unit (see Equation 1.5). 

𝑅p =  −
d[M]

dt
= 𝑘p[Pn˙][M] 1.5 

Propagation continues until two polymer radicals (denoted as Pn˙ and Pm˙) react with 

each other to form an inactive or ‘dead’ polymer chain. The two most common 

termination mechanisms are combination and disproportionation. In the former case, 

two polymer radicals react together to form one dormant chain with a mean DP equal 

to the sum of the DPs of the two original polymer radicals. In contrast, 

disproportionation involves hydrogen abstraction from one polymer radical by a 

second polymer radical, which results in the formation of two polymer chains bearing 

a saturated and unsaturated chain-end respectively. The respective rates of these 

reactions are shown in Equations 1.6 and 1.7, where ktc and ktd are the rate constants 

for termination by combination and disproportionation, respectively. 

𝑅tc =  𝑘tc[Pn˙][Pm˙] 1.6 

𝑅td =  𝑘td[Pn˙][Pm˙] 1.7 

The dominant mechanism for termination depends on the monomer type and 

polymerisation conditions. Typically, polystyrene and polyacrylic radicals terminate 

by combination, whereas polymethacrylic radicals terminate predominantly by 
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disproportionation.3 The overall rate of termination (Rt) is given by Equation 1.8, 

where the rate constant for termination (kt) is equal to the sum of ktc and ktd.  

𝑅t =  2𝑘t[P·]2 1.8 

The rate of termination is very rapid (kt > 108 M-1 s-1) compared to that of 

propagation.12 Thus, Rt must be much slower than Rp to produce long polymer chains 

by FRP. Termination is a second-order reaction with respect to radical concentration 

(see Equation 1.8) while propagation is first-order (see Equation 1.5). Hence Rt 

becomes substantially slower than Rp at very low radical concentrations. 

Although initiation, propagation and termination are the three most important steps 

during FRP, various side reactions may also take place. In particular, chain transfer 

reactions can occur to initiator (I), monomer (M), solvent (S), dormant polymer chains 

(Px) or transfer agents (TA) (see Figure 1.5).  

 

Figure 1.5. Known chain transfer side reactions during free radical polymerisation. 

Reproduced from reference 10. 

 

Chain transfer does not result in a change in the number of radical species present and 

therefore does not affect the overall rate of polymerisation (Rpolym). However, these 

side reactions can affect the molecular weight and Đ of the final polymer. For example, 

chain transfer to polymer leads to branching, which leads to an increase in Mw.13 Rpolym 

is only affected by the initiation, propagation and termination steps. To a good first 

approximation, the overall rate of polymerisation is simply equal to the rate of 
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propagation. This is because the vast majority of the reacting monomer units are 

consumed during propagation rather than initiation, particularly for high molecular 

weight polymers. Quantifying polymer radical concentration is difficult. However, the 

instantaneous concentration of polymer radicals is small and becomes constant within 

a very short time scale. Therefore, the steady state approximation can be applied, such 

that Rt = Ri. Combining and rearranging Equations 1.4 and 1.8 gives an expression 

for the concentration of polymer radicals [P˙]: 

[P˙] =  √
𝑓𝑘d[I]

𝑘t
  1.9 

The expression for [P˙] substituted into Equation 1.5 gives the overall rate of 

polymerisation (Rpolym): 

𝑅polym =  𝑘p[M]√
𝑓𝑘d[I]

𝑘t
  1.10 

The kinetic chain length (Dk) is the mean number of monomer units consumed by each 

radical and can be calculated using the relative rates of propagation and termination 

as shown below, given that Ri = Rt: 

𝐷k =
𝑅p

𝑅t
=

𝑘p[M][Pn˙]

2𝑘t[Pn˙]2
=  

𝑘p[M]

2√𝑓𝑘d𝑘t[I]
 1.11 

According to Equation 1.10, Rpolym is proportional to both [M] and [I]1/2. Thus, 

increasing either the monomer or initiator concentration produces a faster rate of 

polymerisation. However, Equation 1.11 indicates that Dk (and hence the polymer 

molecular weight) is dictated by [M] and [I]-1/2, with higher molecular weights being 

achieved when the monomer concentration is increased or the initiator concentration 

is reduced. For this reason, the production of high molecular weight polymers using 

FRP can be problematic.  
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Although FRP is extremely versatile, there are various drawbacks associated with the 

synthesis of well-defined polymers by this technique. Typically, initiators with 

relatively long half-lives (τ1/2) are used. Therefore, the rate of initiation is much slower 

than that for propagation (Ri << Rp), which results in the generation of new active 

centres throughout the polymerisation. Combined with chain termination events and 

chain transfer side reactions, this invariably leads to the synthesis of polymers with 

broad MWDs (Đ > 1.50). Moreover, since termination is irreversible in FRP, the 

relatively short lifetime of the propagating polymer radicals prevents the synthesis of 

block copolymers and other complex polymer architectures.12 Fortunately, such 

shortcomings can be overcome by employing ‘living’ polymerisation techniques, 

which offer much greater control over both the MWD and the copolymer architecture 

(see Section 1.2.2 below).  

1.2.2. Living Anionic Polymerisation (LAP) 

Living anionic polymerisation (LAP) is another example of a chain polymerisation. 

Unlike radical-based FRP, LAP utilises an anionic species for propagation. The first 

example of LAP was reported in 1956 by Szwarc and co-workers.14 The anionic 

polymerisation of styrene was conducted in tetrahydrofuran using a sodium 

naphthalene complex. A key intrinsic feature of LAP is that the mechanism involves 

no termination (or transfer) step. Thus, if all protic impurities (e.g. water) can be 

eliminated, then a living polymerisation is obtained.8 In practice, this means that the 

monomer(s) and solvent must be rigorously dried prior to the polymerisation, which 

must be conducted in a thoroughly dry reaction vessel to avoid premature loss of 

initiator and/or irreversible termination of living polymer chains. 

In an ideal anionic polymerisation the rate of initiation is much faster than the rate of 

propagation (Ri >> Rp) so initiation is complete prior to chain growth. Combined with 
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the absence of any intrinsic termination mechanism, this results in uniform growth of 

polymer chains. Therefore, a linear evolution of polymer molecular weight (or DP) 

with monomer conversion is observed for LAP (see Figure 1.6). In contrast, high 

molecular weights are observed at low monomer conversions for FRP.  

 

Figure 1.6. Schematic representation of the variation of number-average molecular weight 

(Mn) or mean degree of polymerisation (DP) with monomer conversion for conventional free 

radical polymerisation (FRP, blue dashed line) and living anionic polymerisation (LAP, red 

solid line). 

 

Furthermore, the concentration of propagating species remains constant throughout a 

living anionic polymerisation. Thus, polymers with very narrow MWDs can be 

achieved (Đ < 1.10).15  

Moreover, the target DP of a polymer synthesised by LAP can be varied simply by 

adjusting the monomer/initiator molar ratio (see Equation 1.12) where [M]0 is the 

initial concentration of monomer and [I]0 is the initial concentration of initiator, 

assuming 100% monomer conversion.2  
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DP =  
[M]0

[I]0
 1.12 

The living character of LAP enables the preparation of well-defined block copolymers 

via sequential monomer addition. However, LAP is limited to monomers that possess 

electron-withdrawing groups and, owing to the sensitivity of LAP to protic impurities, 

there are relatively few examples of copolymers being prepared via LAP on an 

industrial scale.16  

1.2.3. Reversible Deactivation Radical Polymerisation (RDRP) 

Reversible deactivation radical polymerisation (RDRP), often known in the literature 

as controlled radical polymerisation (CRP) or living radical polymerisation (LRP), has 

become an increasingly popular technique over the past few decades.17 RDRP 

combines the control of LAP with the versatility of FRP. It has been used to 

polymerise a wide range of functional vinyl monomers in a variety of solvents 

(including protic solvents such as water or lower alcohols).17–21 Moreover, the polymer 

chains remain active after all of the monomer has been consumed, therefore block 

copolymers and complex polymer architectures can be prepared. Importantly, the 

radical-based chemistry used for RDRP means that this approach is applicable to a 

much broader range of functional vinyl monomers than LAP. 

RDRP techniques afford pseudo-living polymerisations whereby termination is not 

eliminated, but its probability is significantly suppressed relative to that of 

propagation. RDRP takes place in the presence of reagents able to reversibly 

deactivate the propagating polymer radicals and establish a rapid equilibrium between 

a large proportion of deactivated or ‘dormant’ chains and a small proportion of active 

growing polymer chains.12,17,19,20 This serves to reduce the instantaneous concentration 

of propagating polymer radicals and hence to lower the rate of termination (Rt) relative 
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to that of propagation (Rp). This is because Rt ∝ [Pn˙]
2, whereas Rp ∝ [Pn˙]. This results 

in a more controlled polymerisation compared to FRP and produces polymers with 

relatively narrow MWDs (typically, Đ ≤ 1.2).12 

There are two main mechanisms by which a rapid, dynamic equilibrium between 

active propagating polymer chains and dormant species can be achieved. Firstly, a 

reversible deactivation/activation mechanism can be employed (Scheme 1.1), with 

examples including nitroxide-mediated polymerisation (NMP)22 and atom transfer 

radical-polymerisation (ATRP).23,24 Alternatively, a reversible chain transfer 

mechanism can be used (see Scheme 1.2), for example in the case of reversible 

addition-fragmentation chain transfer (RAFT) polymerisation.25  

 

Scheme 1.1. Reversible deactivation/activation of a propagating polymer chain with a capping 

species, X.10  

 

The activation/deactivation process shown in Scheme 1.1 is based on the persistent 

radical effect (PRE).26,27 Typically, the capping species, X, is a stable radical such as 

a nitroxide (as in NMP) or a halide (as in ATRP). X is also known as a ‘persistent’ 

radical. During deactivation, X˙ reacts with a propagating polymer radical (Pn˙), with 

a rate constant of deactivation (kda), to produce a dormant capped polymer species 

(Pn-X). During activation, the dormant Pn-X is activated thermally (as in NMP) or 

catalytically (in ATRP), with a rate constant of activation (ka), to reform the 

propagating Pn˙ radicals. Crucially, the equilibrium favours deactivation (kda > ka), 

meaning that the polymer chains mostly remain in their dormant state, [Pn˙] is reduced 

and termination is suppressed. However, when the polymer chains are in their active 
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radical form (Pn˙), then either propagation (kp) or termination (kt) can take place. 

Importantly, X˙ cannot terminate by reacting with another X˙ species, which is why it 

is described as a persistent species. Therefore, termination via radical-radical 

annihilation (by either combination or disproportionation) leads to an irreversible 

accumulation of X˙,12 which shifts the equilibrium in favour of the dormant polymer 

chains and reduces the instantaneous concentration of the propagating polymer 

radicals.    

An alternative mechanistic pathway to achieve a dynamic equilibrium between active 

propagating radicals and dormant species involves a reversible transfer process, as 

shown in Scheme 1.2, where kexc is the rate constant for exchange. 

 

Scheme 1.2. Reversible transfer mechanism of propagating polymer radical chains.10 

 

In contrast to the activation/deactivation process, reversible transfer does not involve 

the persistent radical effect. Instead, it proceeds by a mechanism more similar to that 

of FRP, where steady-state kinetics are established by relatively slow initiation and 

fast termination. Control over the polymerisation is facilitated by a chain transfer agent 

(CTA, or X), which moves from one propagating chain to another. Polymer radicals 

capped by the CTA (Pn-X) are dormant and unreactive. Importantly, the rate of 

exchange of the CTA with Pn˙ must be significantly faster than the rate of propagation 

(kexc > kp) in order to achieve good control over the target molecular weight and MWD 

during the polymerisation.12,28,29 This reversible transfer mechanism is the basis of 

reversible addition-fragmentation chain transfer (RAFT) polymerisation, which is be 

discussed in more detail in Section 1.2.4 below. 
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1.2.4. Reversible Addition-Fragmentation chain Transfer (RAFT) polymerisation 

RAFT polymerisation was first reported in 1998 by Chiefari et al., a CSIRO research 

team based in Australia.25 Independently, Zard and co-workers in France reported 

essentially the same methodology,30 which was patented by Rhodia and termed 

MADIX (Macromolecular Design by Interchange of Xanthate) polymerisation.31,32 

Both RAFT polymerisation and MADIX polymerisation are based on the principle of 

rapid reversible chain transfer, which affords much better control over a radical 

polymerisation compared to FRP. This is achieved by introducing a thiocarbonythio 

RAFT chain transfer agent (CTA). As suggested by the name, MADIX polymerisation 

refers to the use of xanthate-based CTAs.32 Since the use of dithiobenzoate and 

trithiocarbonate RAFT CTAs are used exclusively in this Thesis, the polymerisation 

mechanism for RAFT is discussed in more detail below. 

1.2.4.1. The RAFT mechanism 

The generally-accepted RAFT polymerisation mechanism involves five key steps, as 

shown in Figure 1.7. In the first step, an external source of radicals is required to 

initiate the polymerisation. Initiation can then commence as it does in conventional 

FRP, followed by propagation, to give polymeric radicals (Pn˙). In the second step, Pn˙ 

can propagate either by reaction with further monomer (M) or by reacting reversibly 

with CTA (1) to produce the radical intermediate (2). This intermediate carbon-centred 

radical (2) then fragments via β-scission to form a new radical (R˙) and the stable 

CTA-capped polymer (3). In the third step, the radical (R˙) goes on to re-initiate 

polymerisation to form other propagating species (Pm˙). The fourth key step in the 

RAFT mechanism involves the rapid equilibrium between the two active propagating 

radicals (Pn˙ and Pm˙) and their dormant CTA-capped species (3) via the intermediate 

radical species (4). This is analogous to the general equilibrium for reversible transfer 
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in Scheme 1.2. It is this chain equilibrium step that ensures the ‘pseudo-living’ 

character of a RAFT polymerisation by providing equal opportunity for all chains to 

grow, thus producing polymers with relatively narrow molecular weight distributions. 

The final step in the RAFT mechanism is termination, where two polymer radicals 

react together to form an unreactive ‘dead’ polymer chain. Because termination is 

suppressed relative to propagation, the CTA groups are retained on the vast majority 

of polymer chain-ends, therefore RAFT polymerisation enables the synthesis of well-

defined block copolymers via sequential monomer addition.33 Furthermore, the 

thiocarbonylthio group allows post-polymerisation modifications via a broad range of 

reactions.34,35 

 

Figure 1.7. The mechanism of RAFT polymerisation.36 

 

Consideration of the relative rates involved in the RAFT polymerisation mechanism 

in Figure 1.7 is important to understanding the technique. In a well-controlled RAFT 



Chapter 1. Introduction 

 

21 

 

polymerisation, kadd and kβ are high and kβ ≥ k-add, therefore the dormant species (3) is 

favoured and R˙ radicals are rapidly produced. If fragmentation is slow, species (2) is 

more likely to undergo either chain transfer or irreversible radical-radical termination 

reactions leading to retardation.29 Fast fragmentation allows the system to reach the 

main equilibrium (step 4) relatively early in the reaction (i.e. at low monomer 

conversions), which enables equilibrium of the growing chains and results in the 

formation of polymer chains of low dispersity.33 It is also important that the leaving 

group radicals (R˙) efficiently re-initiate the polymerisation in the third step (ki > kp).
36 

Moreover, the chain equilibrium in step 4 must be carefully balanced such that the 

concentration of dormant species (3) is significantly greater than the concentration of 

active propagating species, but exchange between active and dormant species is rapid. 

The intermediate radical (4) should fragment rapidly and give no side reactions (high 

kaddP).36 In a well-designed RAFT polymerisation, the equilibria described in steps 2 

and 4 do not generate or destroy radicals, thus they do not influence rate of 

polymerisation. Termination events are not eliminated in the RAFT process, but their 

probability is suppressed relative to propagation.33  

1.2.4.2. The choice of RAFT Chain Transfer Agent (CTA) 

Selection of an appropriate CTA is crucial for achieving a high level of control in a 

RAFT polymerisation.37 The generic chemical structure of a RAFT CTA, with its key 

features highlighted, is illustrated in Figure 1.8. In addition to the reactive C=S double 

bond, the choice of Z- and R-group is important for a well-controlled RAFT 

polymerisation. The Z-group activates the C=S bond towards radical addition and 

stabilises intermediate radical species (2) and (4) formed during the polymerisation. 

The R-group is a good radical leaving group, which enables the formation of stable 
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CTA-capped polymer chains (3). The R· radical is also capable of reinitiating 

polymerisation.38 

 

Figure 1.8. Generic chemical structure of a RAFT CTA indicating its key components.  

 

RAFT polymerisation is applicable to an extensive range of functional monomers. 

Careful selection of the Z- and R-group depends on the type of monomer to be 

polymerised (see Figure 1.9). Most vinyl monomers can be divided into two 

categories based on their reactivity: (i) ‘more activated’ monomers (MAMs) and (ii) 

‘less activated’ monomers (LAMs).  

MAMs have their vinyl group conjugated to a double bond (e.g., butadiene, isoprene), 

an aromatic ring (e.g., styrene, vinylpyridine), a carbonyl group (e.g., (meth)acrylates 

and (meth)acrylamides, maleic anhydride, maleimide), or a nitrile (e.g., 

acrylonitrile).21 As a result of this electronic stabilisation (and often steric factors) 

MAMs produce relatively more stabilised radicals, and therefore require a Z-group to 

help with the stabilisation of the intermediate radical to favour radical addition on the 

C=S. Thus, RAFT CTAs with higher transfer coefficients, such as dithiobenzoates 

(Z = Ph) or trithiocarbonates (Z = S-alkyl), are typically selected to control the 

polymerisation of MAMs.21  

In contrast, LAMs have a double bond adjacent to oxygen, nitrogen, halogen, sulfur 

lone pairs, or saturated carbons (e.g., vinyl acetate, N-vinyl pyrrolidone, vinyl 
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chloride, 1-alkenes). Owing to the lack of any radical-stabilising functional group, 

LAMs produce highly reactive radicals that are relatively poor leaving groups. 

Therefore, they require a CTA with a Z-group that promotes less stable intermediate 

radicals (lower transfer coefficients), such as in xanthates (Z = O-alkyl) or 

dithiocarbamates (Z = N-alkyl), to favour fragmentation of the propagating radical. If 

a CTA with a high transfer coefficient, such as a dithiobenzoate, is mistakenly selected 

for polymerisation of a LAM, the more stable intermediate would act as a radical sink 

and lead to an uncontrolled polymerisation.21 

In general, R-groups stabilised by resonance (CN, Ph, and esters) are more active, and 

thus suitable for the polymerisation of MAMs, than unstabilised R-groups (simple 

alkyls). Moreover, tertiary alkyl groups are more active than secondary and primary 

alkyls (see Figure 1.9).  

 

Figure 1.9. Guidelines for the selection of the Z- and R-group of RAFT CTAs (Z-C(=S)S-R) 

for the polymerisation of various monomers. For Z groups, addition rates decrease and 

fragmentation rates increase from left to right. For R groups, both transfer coefficients and 

fragmentation rates decrease from left to right. Solid lines indicate that good control can be 

achieved, whereas dashed lines indicate that only partial control (e.g. broad MWD or 

substantial retardation) can be achieved. Abbreviations: MMA = methyl methacrylate, 

HPMAM =  N-(2-hydroxypropyl) methacrylamide, St = styrene, MA = methyl acrylate, AM 

= acrylamide, AN = acrylonitrile, VAc = vinyl acetate, NVP =N-vinylpyrrolidone, and NVC 

= N-vinylcarbazole.21,37 
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The RAFT CTAs used for the experimental work performed in this Thesis were 

4-cyano-4-(2-phenylethane sulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC) 

and cumyl dithiobenzoate (CDB), see Figure 1.10. Such CTAs are well-documented 

to be suitable for the polymerisation of methacrylic monomers.39–43  

 

Figure 1.10. The chemical structures of the two RAFT CTAs used in this Thesis. 

 

Although dithiobenzoates have the highest transfer coefficients, trithiocarbonates can 

offer several advantages. For example, the latter CTAs suffer much less retardation, 

are more stable with respect to hydrolytic degradation and, typically, can be more 

readily synthesised.28 PETTC was synthesised in-house by Andrew Leigh and Dr. 

Shannon North. CDB was selected as a commercially available dithiobenzoate-based 

CTA. Previous unpublished work in the Armes group had established that this 

particular dithiobenzoate was much preferred over PETTC for achieving a 

well-defined vesicle morphology in the case of poly(stearyl methacrylate)-poly(benzyl 

methacrylate) [PSMA-PBzMA] diblock copolymer nanoparticles.  

It is well-known that RAFT end-groups are gradually lost under monomer starved 

conditions (i.e. at high monomer conversions) as termination becomes more 

prevalent.44 For the synthesis of the first block of a diblock copolymer (macro-CTA), 

polymerisations are typically taken to monomer conversions of 70-80%. In principle, 



Chapter 1. Introduction 

 

25 

 

this should help to avoid such conditions and maintain RAFT end-groups required for 

subsequent chain extension by monomer to form a second polymer block. In practice, 

there is published work to suggest this is not essential.21   

In contrast, the quantitative removal of RAFT end-groups is often desired from diblock 

copolymers for potential applications.21 This is because RAFT CTAs are coloured, 

malodorous and potentially toxic. RAFT end-groups can be readily cleaved via 

thermolysis,45,46 photolysis,47,48 or addition of a selective reagent49–51 to cleave the 

organosulfur group from soluble polymer chains. 

1.2.4.3. The choice of initiator 

Although careful selection of the CTA is crucial for a RAFT polymerisation, typically, 

optimisation of other parameters such as temperature, solvent, initiator choice and 

[CTA]/[initiator] molar ratio is also required to achieve narrow MWDs and high 

monomer conversions. 

Well-controlled RAFT polymerisations typically require relatively low initiator 

concentrations (i.e. a relatively high [CTA]/[initiator] molar ratio of 5-10).36 From a 

practical perspective, the effect of the initiator concentration on the target DP of the 

polymer chains in a RAFT polymerisation is negligible. Therefore, the target DP can 

be controlled by varying the relative [M]/[CTA] molar ratio (see Equation 1.13), 

where c is the fractional monomer conversion, [M]0 and [CTA]0 are the initial  

concentrations of monomer and CTA, respectively.8 

 

DP =  
𝑐[M]0

[CTA]0
 1.13 
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As already mentioned, an external source of radicals is required for initiation in a 

RAFT polymerisation. This is because there is no net change in radical concentration 

during the chain transfer process. Radicals can be generated by using heat, 

electromagnetic radiation (e.g., light) or redox chemistry.52–54 Often, radicals are 

produced from the thermal decomposition of diazo or peroxide chemical initiators. 

Polymerisations are usually conducted at the temperature that approximately 

corresponds to the 10-hour half-life (τ1/2 = 10 h) of the initiator to ensure a continuous 

supply of radicals during the reaction. The RAFT polymerisations reported in this 

Thesis were performed using a well-known diazo compound, 

2,2’-azobisisobutyronitrile (AIBN), and a peroxide initiator, Triganox 21s (T21s), see 

Figure 1.11. 

 

Figure 1.11. Chemical structures and 10-hour half-lives (τ1/2) for the two free radical initiators 

used in this Thesis.  

 

RAFT polymerisations can also be conducted without the need of a thermally activated 

azo or peroxide initiator. Instead, radicals can be generated via light irradiation using 

either a photoinitiator (or photocatalyst) or by decomposition of the CTA itself in a 

photoiniferter mediated RAFT polymerisation (see Figure 1.12).55,56 
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Figure 1.12. RAFT polymerisation mechanisms via the photoinitiator or photoiniferter 

pathways.55 

 

There have been many reported examples where the addition of exogenous 

photoinitiators,57,58 e.g. diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide [TPO],55,59 

or photocatalysts have been utilised for photoactivation in combination with RDRP 

techniques.60–63 Advantages of photoinitiated polymerisation include the possibility of 

spatiotemporal control and the ability to conduct polymerisations under relatively mild 

conditions (i.e. ambient temperature).56,64 A further advantage of photoiniferter RAFT 

is that, as the CTA itself is the radical source, no free catalyst has to be removed after 

the polymerisation. As it is relevant to some of the work reported in this Thesis, 

photoiniferter RAFT polymerisation will be discussed in more detail below.  

The iniferter concept (a molecule that can act as initiator, transfer-agent and 

termination agent) was first introduced by Otsu in 1982.65,66 Photoiniferter RAFT 

polymerisation does not require an external radical source or photo-catalyst. The 

thiocarbonylthio unit of a CTA can be activated by either visible,64,67,68 or UV 

irradiation.69–72 The activated species can then react in a β-cleavage process, where the 

C-S bond between R-group and thiocarbonylthio group is cleaved via homolytic bond 

dissociation. This produces an R﮲  radical and a thiocarbonylthio radical. While the 
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former is able to initiate a polymerisation reaction, the latter is relatively stable, but 

reactive enough to deactivate growing chains via a reversible (de)activation 

process.56,73 As deactivated polymer chains can be reactivated by light, the 

concentration of polymeric radicals remains relatively constant throughout the 

polymerisation. This confers an advantage for photoiniferter RAFT over a 

conventional RAFT polymerisation conducted with an exogeneous radical source, 

because there is a greater probability of the generation of dead chains in the latter 

case.56,73 Indeed, the high livingness associated with photoiniferter RAFT was recently 

demonstrated by Lehnen et al. where multiblock copolymers with up to 20 blocks and 

a high number of repeating units per block (DP = 25-100), whilst maintaining high 

precision (Mn = 90.3 kg mol-1; Đ = 1.29) were synthesised using a UV light source.73 

However, irreversible degradation of the CTA end-group under prolonged irradiation 

can be problematic when producing such multiblock copolymers via photoiniferter 

RAFT. The choice of CTA and irradiation time are both essential for limiting this side 

reaction.53,56 Typically, dithioesters seem to suffer most from irreversible degradation 

under UV light, whereas trithiocarbonates are less problematic.56,74 Moreover, this 

side reaction can be avoided if the time scale for polymerisation is faster than that of 

irreversible chain-end degradation.     

The photochemistry of thiocarbonyl (C=S) compounds is different from that of 

carbonyls (C=O) (see Figure 1.13). For the former compounds, the first excited state 

(the n-π* transition) has a relatively low energy, which corresponds to wavelengths 

within the visible absorption spectrum.  In contrast, the same transition occurs within 

the UV region for carbonyl compounds. Indeed, the intrinsic colour exhibited by 

thiocarbonyls (e.g. λ ≈ 510 nm for red dithiobenzoates or λ ≈ 440 nm for yellow 

trithiocarbonates) is the direct result of this n-π* transition.56 In principle, a 
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thiocarbonyl compound can be excited using either visible light (spin forbidden n-π* 

transition) or UV-light (spin allowed π-π* transition). Although the former transition 

is much weaker, it provides more efficient energy transfer for homolytic bond 

cleavage, which is beneficial for the initiation of photoiniferter RAFT 

polymerisations.56,73,75  

 
Figure 1.13. Simplified electronic energy level diagram for thiocarbonyl compounds and 

representative UV-visible absorption spectrum of a trithiocarbonate compound in toluene 

(0.1 mmol L-1).67  

 

The maximum absorption wavelength is influenced by the CTA substituents. This was 

demonstrated by Cai and co-workers, who recorded UV-visible absorption spectra 

throughout a RAFT polymerisation conducted using a symmetrical trithiocarbonate.76 

The initial absorption band observed at around 460 nm was blue-shifted to 425 nm 

soon after initiation, as the tertiary R group of the CTA was replaced by a secondary 

methacrylic repeat unit. One limitation of using visible light instead of UV light for 

photoiniferter RAFT is that longer reaction times (hours to days) are typically 

required.56 However, Cameron and co-workers demonstrated that visible light-

mediated photoiniferter RAFT polymerisations are completed within minutes if a 

more intense light source is used (e.g. 206 W vs. <10 W, which is typical for most 

other reports).77 In this case, the much faster rate of polymerisation was attributed to 

both the greater photon flux and a higher polymerisation temperature.  
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1.2.4.4. Strengths and Weaknesses of RAFT Polymerisation 

RAFT polymerisation has been proven to be an effective and versatile synthetic 

technique; it has been used to prepare a wide range of functional polymers with good 

control over the target molecular weight, MWD, copolymer architecture and end-

group functionality. It is broadly applicable to many monomer classes, including those 

difficult to polymerise using other RDRP techniques, e.g. methacrylates (which 

undergo side-reactions during NMP),78 and acidic monomers without requiring 

protecting group chemistry (which is an issue for ATRP).19 However, the RAFT 

polymerisation of primary or secondary amine-based monomers can be problematic 

owing to their intrinsic reactivity with thiocarbonylthio compounds. Nonetheless, 

some success has been reported in this area by carrying out the polymerisation in 

acidic aqueous solution, whereby protonation of the amine groups prevents 

deactivation of RAFT end-groups.79,80 

Moreover, RAFT polymerisation can be conducted in either polar or non-polar 

solvents over a range of temperatures (usually optimised for the initiator).81 Desirable 

end-group functionality can be conferred simply by choosing an appropriate CTA.21,35 

However, CTA-capped polymers exhibit colour, malodour and potential cytotoxicity, 

which may prevent their use for certain applications. In principle, these problems can 

be addressed by end-group removal using various chemistries.34,45,47,82 In practice, the 

intended application will dictate whether it is actually cost-effective to undertake such 

post-polymerisation modification. Finally, RAFT polymerisation is an attractive 

technique for the industrial scale-up of polymer formulations, as it more closely 

resembles conventional FRP formulations than other RDRP techniques.83  
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1.3. Polymerisation Methods 

Vinyl polymerisations can be conducted either in the bulk or using various solvents. 

The three most relevant physical forms of polymerisation for the work conducted in 

this Thesis are bulk, solution and dispersion polymerisation. These formulations are 

discussed in turn below. 

1.3.1. Bulk Polymerisation 

Bulk polymerisation is conducted in the absence of solvent; the reaction mixture 

contains only monomer and an initiator (or catalyst). Polymers with minimal 

contamination are produced by this method. However, the reaction mixture becomes 

highly viscous at relatively low concentrations, which often makes heat dissipation 

and stirring difficult.8  

1.3.2. Solution Polymerisation  

In a solution polymerisation, the monomer, initiator and resulting polymer are all 

soluble in the chosen solvent. The addition of solvent enables more efficient heat 

dissipation and easier stirring. However, purification of polymer (i.e., by removal of 

solvent and residual unreacted monomer) can be problematic. Ideally, a solvent is used 

that is also suitable for the final product, thus eliminating the need for its removal.  

1.3.3. Dispersion Polymerisation  

In a dispersion polymerisation, an initially soluble monomer is polymerised to form 

an insoluble polymer.84–86 Moreover, all reagents (i.e., monomer(s), initiator, and 

polymeric stabiliser) are initially soluble in the reaction medium. Upon 

polymerisation, polymer chains become insoluble (at a critical chain length) which 

results in particle formation. In the absence of a suitable stabiliser, macroscopic 

precipitation occurs and the process is known as a precipitation polymerisation.86 
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Traditional dispersion polymerisation formulations utilise conventional FRP. The 

mechanism for particle formation in a typical FRP-mediated dispersion 

polymerisation is shown schematically in Figure 1.14 and is described below. 

 

Figure 1.14. Schematic illustration of a FRP-based dispersion polymerisation in either non-

polar or polar media showing (1) initial homogeneous phase, (2) initiation and formation of 

soluble oligomers, (3) precipitation and coagulation into particles, (4) particle stabilisation by 

polymer adsorption and (5) particle growth.85 

 

Firstly, all the reagents are dissolved in the continuous phase (1). Next, free radicals 

are formed on heating the initiator, which then react with monomer in solution to form 

soluble linear oligomers/polymers (and/or graft copolymers) (2). When a certain 

critical molecular weight is reached, the growing chains are no longer soluble in the 

continuous phase, hence precipitation occurs and nascent particle nuclei are formed 

(3). The nascent particles aggregate and grow in size. Meanwhile, the soluble 

polymeric stabiliser chains either physically adsorb or chemically graft onto 

colloidally unstable particles, thus affording steric stabilisation (4). Finally, when all 

precipitating particles have become sufficiently stable towards aggregation, no new 

particles are formed and the existing monomer-swollen particles grow until nearly all 
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the monomer is consumed (5).85 Typically, remarkably uniform spherical particles of 

0.1-15 μm diameter can be prepared.87,88 These colloidally stable particles are often 

referred to as latexes.85 The final particle size can be tuned by varying parameters such 

as monomer concentration, polymerisation temperature and concentration of steric 

stabiliser.89,90  

The initial development of dispersion polymerisation was carried out in the early 

1960s. At Imperial Chemical Industries (ICI), Osmond and Thompson reported the 

synthesis of latex particles in non-polar media.91 Since then, dispersion polymerisation 

of various vinyl monomers has been conducted in aqueous,92 alcoholic,93,94 or non-

polar media,85,95 often utilising RDRP techniques including NMP,96,97ATRP,98 or 

RAFT polymerisation.99,100  

1.4. Self-Assembly 

Self-assembly is important both in Nature, as exemplified by the self-assembly of 

phospholipids in living cells to form cell membrane bilayers101 and in everyday life, 

for example, the self-assembly of small molecule amphiphiles to form micelles in 

soaps or detergents.  

1.4.1. Surfactant self-assembly 

One of the most well-understood examples of self-assembly is the micellisation of 

surfactants. Such amphiphiles reduce the interfacial tension via adsorption at the 

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

such as oil and water, surfactants can enable the formation of stable emulsions.  

Surfactant molecules are composed of two moieties: a hydrophilic head-group and a 

hydrophobic tail. In aqueous solution, the head-groups become well hydrated, whereas 

the hydrophobic tails preferentially interact with each other to minimise unfavourable 
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interactions with the solvent. Self-assembly of surfactant molecules into aggregates 

(a.k.a. micelles) takes place above a certain concentration, known as the critical 

micelle concentration (CMC). Below the CMC, surfactants are molecularly dissolved 

and exist as individual unimers (see Figure 1.15). A dynamic equilibrium exists 

between the micelles and unimers (also referred to as surfactant exchange). The mean 

residence time for any given surfactant molecule within a micelle varies from ms to 

μs (depending on the surfactant type, concentration, temperature, pH, salt 

concentration, etc.). Above the CMC, the number of micelles increase but there 

remains a background concentration of free surfactant.   

 

Figure 1.15. Graphical representation of the concentration of surfactant molecules as unimers 

and the concentration of surfactant molecules in aggregates against the total concentration of 

the surfactant substrate. The dashed line represents the critical micelle concentration (CMC), 

above which surfactant molecules self-assemble into aggregates (micelles). A schematic 

representation of individual surfactant unimers and a micelle is shown, including surfactant 

exchange between the two.  
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The driving forces for self-assembly involve both enthalpic and entropic factors, as 

indicated by the Gibbs equation (see Equation 1.14). At room temperature, micelle 

formation is characterised by a small positive enthalpy change (ΔHmix) and a large 

positive change in entropy (ΔSmix), therefore self-assembly is energetically favourable 

and occurs spontaneously (ΔGmix < 0).102  

 

High positive ΔSmix values are surprising: in terms of configurational entropy, 

aggregation should result in a negative ΔSmix. Moreover, large values of ΔHmix might 

be expected due to the low solubility of hydrocarbon tails in water resulting in a high 

enthalpy of solution.102 To account for the observed behaviour, the interactions of 

surfactants with water molecules must also be considered.  

The enthalpic contribution of surfactant self-assembly comes from the propensity of 

hydrophobic tails to avoid contact with water molecules, which leads to aggregation 

and micellisation. The entropic term arises because the tails of surfactant molecules 

disrupt intermolecular interactions (e.g. hydrogen bonding) between water molecules, 

which results in a more ordered structure of water molecules locally around the 

hydrophobic tails. This rearrangement is known as the hydrophobic effect.103 Such an 

increase in the overall order of the system is entropically unfavourable. Thus, 

aggregated structures, such as micelles, are more entropically favoured to limit 

localised ordering.  

∆𝐺mix =  ∆𝐻mix − 𝑇∆𝑆mix 1.14 
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Although surfactant self-assembly to form spherical micelles is common in dilute 

solution, other aggregated structures can also be formed, such as vesicles, bilayers or 

inverted micelles.102 The dimensionless packing parameter (P) can be used to describe 

the preferred surfactant structure (see Equation 1.15).104  

 

Here P depends on the surface area occupied by the head group (a0), the volume 

occupied by the tail group (V) and the effective length of the tail group (lc)  (see Figure 

1.16).  

 

Figure 1.16. Schematic illustration of a spherical micelle with a0, lc and V terms labelled for 

an individual surfactant molecule. Typical values for P for various micelle morphologies are 

shown.   

 

The packing parameter can be used to rationalise and, in some cases, predict the 

structure of micelles formed when surfactants self-assemble in aqueous solution.104 

Typical numerical values for P for various morphologies are given in Figure 

1.16.104,105 

𝑃 =  
𝑉

𝑎0𝑙c
 1.15 
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1.4.2. Block copolymer self-assembly 

AB diblock copolymers are high molecular weight analogues of surfactants. In 

polymer blends containing two or more homopolymers, macrophase separation can 

occur. In contrast, when two or more chemically distinct polymer chains are covalently 

linked together, as in the case of a diblock copolymer, microphase separation can result 

to form nanostructures either in the bulk or in solution.  

1.4.2.1. Bulk self-assembly of block copolymers 

AB block copolymers comprising immiscible blocks can undergo microphase 

separation into a variety of nanostructures, including spheres, cylinders, bicontinuous 

gyroids and lamellae, depending on the precise diblock copolymer composition.106–108 

This spontaneous self-assembly is driven by the free energy cost of contact 

(incompatibility) between the A and B blocks. This is represented as the Flory-

Huggins parameter (χAB) and varies inversely with temperature. Thus, in principle, the 

two blocks may become miscible on heating to a sufficiently high temperature.  Other 

factors governing the microphase separation of diblock copolymers are the relative 

volume fractions of the A and B blocks (fA and fB) and the total degree of 

polymerisation (N).109 

The degree of microphase separation of diblock copolymers is determined by the 

segregation product, χN. If χN is sufficiently large, or the temperature of the block 

copolymer melt is sufficiently low, the incompatibility of the two blocks increases and 

self-assembly occurs.107 On the other hand, if χN is relatively low then microphase 

separation may not occur at all, which is often the case for low molecular weight 

diblock copolymers.107 
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The self-assembly of diblock copolymers in the bulk has been well studied, both 

theoretically and experimentally.109 Figure 1.17 illustrates the various ordered 

structures predicted and observed for an AB diblock copolymer as fA is increased.109 

The initial disordered structure changes to closely packed spheres (CPS) to body-

centred cubic spheres (S), through hexagonally packed cylinders (C), and bicontinuous 

gyroids (G) to lamellae (L) as fA is increased. Morphological inversion is observed 

(L-to-G’-to-C’-to-S’-to-CPS’-to-disordered) when the composition is inverted (i.e. 

when fA > fB).  

 

Figure 1.17. (a) AB diblock copolymer morphologies in the bulk where S and S’ are body-

centred-cubic spheres, C and C’ are hexagonally packed cylinders, G and G’ are bicontinuous 

gyroids, and L denotes lamellae. (b) Theoretical phase diagram of AB diblock copolymers 

predicted by self-consistent mean-field theory, depending on the volume fraction of block A 

(fA) and the segregation parameter (χN). CPS and CPS’ are closely packed spheres. (c) 

Experimental phase diagram of polyisoprene-block-polystyrene copolymers, where fA 

represents the volume fraction of polyisoprene. PL denotes a perforated lamellae phase.109  
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1.4.2.2. Solution self-assembly of diblock copolymers 

Self-assembly of diblock copolymers is more complex in solution than in the bulk: 

introduction of solvent(s) into the system requires further χ-parameters to represent 

the additional interactions between the two polymer blocks and the solvent(s).  

Various copolymer morphologies are accessible in solution, including spherical 

micelles, rods, bicontinuous structures, lamellae, vesicles and others.109 For highly 

asymmetric amphiphilic diblock copolymers in which the hydrophobic block is much 

longer than the hydrophilic block, so-called ‘crew-cut’ aggregates can be formed in 

aqueous solution.110–113 In general, the preferred copolymer morphology depends on 

the nature of the two comonomers, the volume fraction of each block, and the mean 

DP of each block.  

The thermodynamically preferred copolymer morphology is governed by the diblock 

composition and/or temperature of the system. Often, morphological transitions can 

be reversed provided that the mobility of polymer chains remains sufficiently high. 

Morphological transitions are also influenced by kinetics. Given their relatively high 

molecular weight, chain exchange between block copolymer aggregates and free 

copolymer chains is comparatively slow compared to the fast exchange between 

surfactant micelles and free surfactant molecules at thermodynamic equilibrium.113 

Indeed, if the chain mobility of the hydrophobic block is very low, copolymer 

aggregates can be kinetically frozen or ‘trapped’ at a specific morphology.109  

Traditionally, block copolymer self-assembly is achieved by post-polymerisation 

techniques such as a solvent switch.112,114 Typically, a diblock copolymer is dissolved 

in a common solvent, such as DMF, dioxane or THF, which are good solvents for both 

blocks. Then a selective solvent (e.g. water), which is a non-solvent for hydrophobic 
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block, is slowly added to the copolymer solution. The resulting aggregates are 

quenched in an excess of water (to kinetically trap morphologies), before the common 

solvent is removed by dialysis. Other post-polymerisation techniques include direct 

hydration (e.g. film rehydration),115,116 or a pH switch.117  

1.4.3. Polymerisation-Induced Self-Assembly (PISA) 

An attractive alternative to traditional post-polymerisation self-assembly techniques is 

polymerisation-induced self-assembly (PISA). In a typical PISA synthesis (see Figure 

1.18), a soluble homopolymer precursor is chain-extended with a second monomer, 

which forms an insoluble polymer at a critical DP. This drives in situ self-assembly to 

form sterically-stabilised diblock copolymer nanoparticles.118 

 

Figure 1.18. Schematic representation of the synthesis of diblock copolymer nanoparticles 

via polymerisation-induced self-assembly (PISA).118 

 

The three most common nanoparticle morphologies accessed by PISA are spheres, 

worms and vesicles.118,119 The final morphology primarily depends on the relative 

volume fractions of the two blocks. In principle, increasing the DP of the insoluble 

structure-directing block (and therefore its effective volume fraction) leads to 
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increased curvature and higher order morphologies (e.g. worms and vesicles).119 The 

packing parameter (P), as discussed in the context of surfactant self-assembly in 

Section 1.4.1 of this Thesis, is a useful concept for rationalising the various 

morphologies that can be formed by self-assembled diblock copolymers.120   

In a PISA synthesis, the homopolymer precursor is usually prepared by solution 

polymerisation. The second block is prepared by either dispersion polymerisation 

(where the second monomer is initially miscible in the chosen solvent) or emulsion 

polymerisation (where the second monomer is initially immiscible in the solvent). In 

principle, PISA syntheses can be conducted via either living or pseudo-living 

polymerisation.121–125 In practice, the vast majority of the PISA literature is based on 

RAFT polymerisation (Section 1.2.4), which offers exceptional tolerance of monomer 

functionality and can be conducted directly in many protic solvents, including water 

and lower alcohols.119 

PISA offers many advantages over traditional self-assembly methods. PISA has 

enabled diblock copolymer nanoparticles to be prepared at much higher concentrations 

(up to 50% w/w solids) than post-polymerisation techniques such as a solvent switch, 

which are almost invariably conducted in dilute (<1% w/w) solution.41,126 Moreover, 

many PISA formulations (especially those performed in aqueous media) exhibit faster 

polymerisation kinetics, high monomer conversions and lower viscosities than can be 

achieved via solution polymerisation.118,127,128 Consequently, PISA is a highly 

attractive method for academic research and is also suitable for the manufacture of 

diblock copolymer nanoparticles on an industrial scale.  

Hydrophilic nanoparticles prepared by RAFT-mediated aqueous PISA have various 

applications. Spherical nanoparticles can be employed as model emulsifiers for the 
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production of highly stable oil-in-water Pickering nanoemulsions,129 or as effective 

dispersants for crystalline fungicidal microparticles in agrochemical formulations.130 

Soft biocompatible hydrogels formed by diblock copolymer worms can be used as a 

storage medium for human stem cells,131 while enzyme-loaded block copolymer 

vesicles may offer therapeutic applications.132 There are also several interesting 

examples of PISA formulations based on RAFT dispersion polymerisation in non-

polar media, which will be discussed in more detail in the following Section. In this 

case, potential applications include tough spherical nanoparticles as boundary 

lubricants for automotive engine oils,133 larger spheres as model sterically stabilised 

particles for analytical centrifugation studies,134 and worms as rheology modifiers for 

non-polar oils.42,135  

1.4.3.1. PISA by RAFT non-polar dispersion polymerisation 

The preparation of diblock copolymer nanoparticles by PISA via RAFT dispersion 

polymerisation in non-polar media has been reported by several groups over the past 

decade. Early work in this area was conducted by Charleux and co-workers, who 

reported an all-acrylic RAFT non-polar dispersion polymerisation formulation that 

produced poly(2-ethylhexyl acrylate)-poly(methyl acrylate) [PEHA-PMA] diblock 

copolymers at 20% w/w in iso-dodecane.136,137 Notably, only spherical nanoparticles 

were accessed in these studies. Moreover, the dispersion polymerisation of methyl 

acrylate (MA) with a dithiobenzoate-based PEHA macro-CTA led to strong rate 

retardation, poor RAFT control (Đ = 6.00 at the highest MA conversion of 85%) and 

the formation of polydisperse particles (bimodal distribution with PDI = 0.22 by DLS). 

In contrast, much better RAFT control was achieved for the dispersion polymerisation 

of MA with a trithiocarbonate-based macro-CTA (100% conversion with a Đ = 1.21 
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within 4 h) and near-monodisperse nanoparticles were obtained as judged by DLS 

studies.  

An alternative all-acrylic diblock copolymer system was reported by Ratcliffe and co-

workers in 2015.138 In this study, poly(lauryl acrylate)-poly(benzyl acrylate) 

[PLA-PBzA] diblock copolymer nanoparticles were prepared via PISA at 

concentrations between 5% w/w and 30% w/w solids in n-heptane, n-dodecane or iso-

hexadecane. A trithiocarbonate-based PLA precursor was chain-extended with BzA, 

which resulted in high monomer conversions (>99%) and high blocking efficiencies, 

as observed by 1H NMR spectroscopy and GPC, respectively. Although the soft, film-

forming nature of these low-Tg all-acrylic nanoparticles prevented imaging by 

conventional TEM studies, selected samples were characterised by vitrification of 

dilute dispersions in n-heptane using cryo-TEM. All three common PISA nanoparticle 

morphologies (spheres, worms and vesicles) were imaged using this technique (see 

Figure 1.19).  

 

Figure 1.19. Selected cryo-TEM images obtained for diluted dispersions of (a) PLA14-PBzA65 

copolymer prepared at 15% w/w solids in n-heptane, (b) PLA14-PBzA70 copolymer prepared 

at 20% w/w solids in n-heptane, and (c) PLA14-PBzA95 copolymer prepared at 20% w/w solids 

in n-heptane.138 

  

In general, the polymerisation of methacrylic monomers affords better control over 

the MWD and copolymer morphology compared to their acrylic counterparts, which 

are more susceptible to chain transfer to polymer.13 Also, in general, methacrylic 
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polymers have higher Tg values than poly(acrylates), which enables facile nanoparticle 

characterisation by conventional TEM imaging.139 Various literature examples of all-

methacrylic diblock copolymer nanoparticles prepared by RAFT dispersion 

polymerisation in non-polar media are discussed below. 

Most PISA syntheses in non-polar media have been conducted in alkanes (e.g. 

n-heptane,133 n-dodecane,140 n-tetradecane,43,141 and iso-hexadecane138). The 

preparation of diblock copolymer nanoparticles has also been investigated in more 

industrially-relevant oils, including synthetic poly(α-olefin),41 and mineral oil (which 

is composed of a mixture of alkanes).41,42,134,135,142–144 The chemical structures of some 

common oil-soluble methacrylate stabilisers and the corresponding methacrylate 

monomers used to generate the structure-directing block are illustrated in Figure 1.20. 

Typically, homopolymers comprising lauryl methacrylate (C12H25) or stearyl 

methacrylate (C18H37) are employed as the oil-soluble stabiliser block. For a RAFT 

dispersion polymerisation, the first block must be chain-extended by an oil-soluble 

monomer, which then forms an oil-insoluble block. These requirements restrict the 

range of suitable vinyl monomers available. The most commonly reported oil-soluble 

monomer is benzyl methacrylate (BzMA),41,42,133–135,140,142,143 but other suitable 

methacrylate monomers include 3-phenylpropyl methacrylate (PPMA),141,145 2,2,2-

trifluoroethyl methacrylate (TFEMA),43 2-hydroxypropyl methacrylate (HPMA),144 

methyl methacrylate (MMA)146 and glycidyl methacrylate (GlyMA).147 
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Figure 1.20. (a) Common homopolymers used as oil-soluble stabilising blocks in PISA 

syntheses via RAFT dispersion polymerisation. (b) Some examples of oil-miscible 

methacrylate monomers polymerised via RAFT dispersion polymerisation in PISA syntheses 

to form structure-directing blocks. 

 

An early example of PISA in non-polar media involved the RAFT dispersion 

polymerisation of benzyl methacrylate, as reported in 2013 by Fielding et al.133 Well-

defined poly(lauryl methacrylate)-poly(benzyl methacrylate) [PLMA-PBzMA] 

diblock copolymer spheres, worms and vesicles were prepared in turn at 20% w/w in 

n-heptane at 90 °C by adjusting the reaction conditions (e.g. the DP of the PLMA 

block, the target DP for the PBzMA block and the copolymer concentration) (see 

Figure 1.21). High BzMA monomer conversions (>97%) were determined by 1H 

NMR spectroscopy. GPC analysis confirmed reasonably high blocking efficiencies 

and relatively low diblock copolymer dispersities (Đ < 1.30) in most cases. This was 

the first report of higher order morphologies (e.g. worms and vesicles) being obtained 

in a non-polar solvent. A relatively short PLMA macro-CTA (DP = 17) was required 

to access pure worm-like and vesicular morphologies (see Figure 1.21c). A phase 

diagram was constructed for the PLMA17-PBzMAx diblock copolymer nanoparticles, 
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where the PBzMA target DP and total solids content were systematically varied and 

post mortem copolymer morphologies were determined by TEM (see Figure 1.21d). 

In this case, the pure worm morphology occupies relatively narrow phase space, which 

is typical for PISA syntheses.118 On the other hand, longer PLMA macro-CTAs (DP 

≥ 37) invariably resulted in the formation of kinetically-trapped spheres (see Figure 

1.21b). For this latter series of nanoparticles, the mean diameter increased from 41 to 

139 nm as the target DP for the PBzMA core-forming block was increased from 100 

to 900.  
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Figure 1.21. (a) RAFT synthesis of poly(lauryl methacrylate) [PLMA] macro-CTA via 

solution polymerisation in toluene at 70 °C, followed by RAFT dispersion polymerisation of 

benzyl methacrylate (BzMA) in n-heptane at 90 °C. (b) Schematic representation of the 

change in size that occurs on increasing the PBzMA target degree of polymerisation when 

using a relatively long PLMA macro-CTA (DP ≥ 37). (c) Schematic representation of the 

change in morphology that occurs on increasing the PBzMA target degree of polymerisation 

when using a relatively short PLMA macro-CTA (DP = 17). (d) Phase diagram constructed 

for PLMA17-PBzMAx diblock copolymer nanoparticles, where PBzMA target DP and total 

solids content were systematically varied and morphologies determined by TEM. Adapted 

from reference 133. 
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Fielding and co-workers subsequently reported that PLMA-PBzMA worms prepared 

in n-dodecane exhibited a reversible worm-to-sphere morphological transition on 

heating.140 The significantly higher boiling point of n-dodecane compared to 

n-heptane facilitates high temperature studies of PLMA-PBzMA nanoparticles and 

also reduces solvent evaporation. TEM studies confirmed that a worm-to-sphere 

transition is responsible for the degelation of a 20% w/w PLMA16-PBzMA37 worm gel 

that is observed upon heating to 90 °C (see Figure 1.22). This is because isotropic 

spheres interact with each other much less efficiently than highly anisotropic worms, 

which form a percolating 3D network.148 Moreover, this thermal transition proved to 

be reversible at 20% w/w solids, with worms being regenerated on cooling to 20 °C.  

 

Figure 1.22. The worm-to-sphere transition observed on heating a 20% w/w dispersion of 

PLMA16-PBzMA37 worms to 90 °C in n-dodecane. TEM imaging indicated reversible 

behaviour, with worms reforming upon cooling to 20 °C 140 

 

Variable temperature DLS, rheology and SAXS studies provided comprehensive 

insight into this thermoresponsive behaviour. Interestingly, it was not necessary to 

convert all of the worms into spheres in order to induce degelation. Rheology studies 

indicated that the onset of degelation occurred at approximately 47 °C, whereas pure 

spheres were only obtained when the original worms were heated up to 160 °C in the 

SAXS experiment. A gradual reduction in the mean worm contour length, as 

determined by SAXS, was sufficient to reduce the multiple inter-worm contacts that 
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cause gelation, which effectively lowers the critical copolymer concentration required 

for a 3D percolating network.148 Moreover, variable temperature SAXS and TEM 

studies indicated that mixtures of worms and spheres were observed at intermediate 

temperatures. Thus, it was postulated that the dominant mechanism for the worm-to-

sphere transition was likely to be sequential budding of spheres from worm ends, 

rather than random worm scission. It was also demonstrated that the worm-to-sphere 

transition is essentially irreversible at copolymer concentrations below 5% w/w. 

Presumably, this is because the formation of worms from the fusion of multiple 

spheres becomes highly inefficient for dilute dispersions. Similar observations have 

since been reported for other PISA formulations in non-polar media.146 

Additionally, in the same study by Fielding and co-workers,140 variable temperature 

1H NMR spectroscopy studies in d26-dodecane revealed partial solvation of the 

PBzMA block at elevated temperature. If uniform plasticisation of the core-forming 

block had occurred on heating, the increase in effective volume fraction would predict 

a worm-to-vesicle transition, which does not occur. Instead, the observed worm-to-

sphere transition was rationalised by surface plasticisation of the PBzMA core-

forming block. In this case, the BzMA repeat units nearest to the PLMA stabiliser 

become solvated: this increases the effective volume fraction of the stabiliser block, 

which lowers the packing parameter and hence accounts for the observed worm-to-

sphere transition. 

Similar findings were reported by Lowe and co-workers for poly(stearyl 

methacrylate)-poly(phenylpropyl methacrylate) [PSMA-PPPMA] nanoparticles in 

either n-octane145 or n-tetradecane.141 Heating 20-30% w/w dispersions of copolymer 

worms converted the initial gels to free flowing fluids. A worm-to-sphere transition 

was confirmed by TEM studies and variable-temperature 1H NMR spectroscopy 
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studies indicated a higher degree of solvation of the core-forming block with 

increasing temperature.  

Furthermore, the concept of surface plasticisation to rationalise the observation of 

thermoresponsive transitions for various types of diblock copolymer nano-objects has 

been extended to other PISA formulations. Of particular relevance to this Thesis, a 

vesicle-to-worm transition was reported by Derry et al. on heating a concentrated 

dispersion of poly(stearyl methacrylate)-poly(benzyl methacrylate) [PSMA-PBzMA] 

vesicles above 135 °C.42 Figure 1.23 illustrates the ingress of hot solvent (mineral oil) 

into the PBzMA-based membranes. This solvation of the BzMA residues located near 

the block junction effectively increases the volume fraction of the PSMA stabiliser 

block and hence reduces the packing parameter, P, for the diblock copolymer chains.  

 

Figure 1.23. Surface plasticisation of the membrane-forming PBzMA block (depicted in blue) 

on heating the vesicle dispersion above 135 °C results in a vesicle-to-worm transition for 

PSMA13-PBzMA96 nanoparticles in mineral oil. Adapted from reference 149.   

 

Derry et al. selected PSMA as the stabiliser block because it gave higher blocking 

efficiencies compared to those achieved when using PLMA.142 A phase diagram was 

constructed for PSMA13-PBzMAx nano-objects when targeting PBzMA DPs (x) of 20 

to 150 at various copolymer concentrations (5-20% w/w) in mineral oil, with 

copolymer morphologies being assigned by TEM analysis (see Figure 1.24). Like the 

PLMA-PBzMA PISA formulation discussed earlier, the pure worm morphology 

occupies a relatively narrow region within the phase diagram. 



Chapter 1. Introduction 

 

51 

 

 

Figure 1.24. Phase diagram constructed for PSMA13-PBzMAx diblock copolymer 

nanoparticles prepared by RAFT dispersion polymerisation of BzMA in mineral oil at 90 °C. 

TEM images (a), (b) and (c) correspond to typical examples of the three pure morphologies 

(spheres, worms or vesicles) respectively.142  

 

Moreover, small-angle X-ray scattering (SAXS) was used for the first time to monitor 

the in situ evolution in copolymer morphology that occurrs during the RAFT 

dispersion polymerisation of BzMA when targeting PSMA13-PBzMA150 vesicles.  The 

expected gradual evolution of copolymer morphology from spheres to worms to 

vesicles during PISA was confirmed and approximate ‘lifetimes’ were assigned to the 

intermediate pure sphere and worm morphologies. Interestingly, the vesicle membrane 

thickness increased monotonically with PBzMA DP while overall vesicle dimensions 

remain essentially constant. The same ‘vesicle inward growth’ behaviour had been 

previously reported for an aqueous PISA formulation150 and this mechanism was 

verified by Derry et al. for the first time for a PISA formulation conducted in non-

polar media.  

More recently, Derry and co-workers reported the synthesis of poly(behenyl 

methacrylate)-poly(benzyl methacrylate) [PBeMA-PBzMA] diblock copolymer 

spheres via RAFT-mediated PISA targeting 20% w/w solids in mineral oil at 90 °C.143 
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Interestingly, a turbid, paste-like dispersion was formed on cooling a relatively 

transparent dispersion of colloidally stable spherical nanoparticles to 20 °C. This 

thermal transition proved to be fully reversible on heating to 50 °C (see Figure 1.25).  

Various techniques, including turbidimetry, DSC, SAXS and wide-angle X-ray 

scattering (WAXS), were used to characterise the temperature-dependent behaviour 

of these diblock copolymer nanoparticles and the sol-gel transition was directly linked 

to the semi-crystalline nature of the PBeMA stabiliser block. More specifically, the 

combined SAXS, WAXS and DSC data suggested that the behenyl (C22H45) 

side-chains first formed crystalline nanodomains between adjacent stabiliser chains 

within individual spherical nanoparticles, followed by crystallisation between 

neighbouring nanoparticles, with the latter interactions leading to the formation of a 

loose fractal network of strongly interacting spheres.143  

 

Figure 1.25. Schematic representation of PBeMA37-PBzMA100 spheres which form a turbid, 

paste-like dispersion on cooling a relatively transparent dispersion of colloidally stable 

spherical nanoparticles to 20 °C. The formation of loose mass fractal aggregates via 

crystallisation-driven aggregation between PBeMA chains on neighbouring nanoparticles is 

also represented.143  
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1.4.4. Crystallisation-Driven Self-Assembly (CDSA) 

Crystallisation of polymer chains can also be used to drive block copolymer self-

assembly in the bulk or in solution by a post-polymerisation processing technique 

known as crystallisation-driven self-assembly (CDSA).  

In 1998, Manners and co-workers reported that incorporation of a crystallisable core-

forming block, poly(ferrocenyldimethylsilane) [PFDMS], enabled the unexpected 

formation of polydimethylsiloxane-poly(ferrocenyldimethylsilane) [PDMS-PFDMS] 

cylindrical micelles (not spheres) in n-hexane (see Figure 1.26).151 These PFDMS-

core nanoparticles were formed after heating in n-hexane, which is a selective solvent 

for PDMS and a precipitant for PFDMS. Remarkably, it was determined that the 

cylindrical morphology is a direct consequence of the semi-crystalline nature of 

PFDMS. Changing the second copolymer block to 

poly(ferrocenylmethylphenylsilane) [PFMPS], which is amorphous, merely resulted 

in the formation of spherical micelles, as confirmed by TEM studies (see Figure 

1.26).152 A diblock copolymer was prepared with the PDMS block replaced by 

polyisoprene and PIP-PFDMS cylinders were formed in n-hexane. Moreover, the 

semi-crystalline ordered structure of the cylinder cores was confirmed by WAXS 

studies.153  
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Figure 1.26. The chemical structure of (a) a PDMS-PFDMS diblock copolymer, and (b) a 

PDMS240-PFMPS40 diblock copolymer. TEM micrographs of (c) PDMS375-PFDMS75 

cylindrical micelles from an n-hexane solution, and (d) PDMS240-PFMPS40 spherical micelles 

from an n-hexane solution. Adapted from reference 152. 

 

PFDMS has become one of the most widely studied core-forming blocks for CDSA. 

It is been combined with various corona-forming blocks such as polyisoprene (PIP),154 

poly(2-vinylpyridine) (P2VP),155–157 or poly(methyl methacrylate)158 for CDSA 

studies conducted in n-alkanes,154 alcohols,155 or acetone.158 PFDMS diblock 

copolymers have been shown to self-assemble in various selective solvents to produce 

various micellar morphologies including cylinders,151,152 tubes,159,160 fibres,161 

platelets154 and - if the core-forming block is not crystalline - spheres.155,158 The 

PFDMS core is electron-rich, which aids TEM studies by ensuring strong electron 

contrast without the need for staining.152,162  

Interestingly, seminal work by Manners, Winnik and co-workers has shown that the 

termini of PFDMS-containing micelles remain active towards epitaxial growth via 

addition of further copolymer chains, thus providing excellent control over the length 

of PFDMS-based cylinders.163,164 Small seed micelles can be generated by 

ultrasonication of longer cylinders and subsequently used as ‘initiators’ for so-called 
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‘living’ CDSA, which is analogous to the living polymerisation of vinyl monomers.164  

There are two routes to ‘living’ CDSA: seeded growth or self-seeding (see Figure 

1.27). The concept of ‘living’ CDSA has been extended to many other crystallisable 

core-forming polymers, such as  poly(L-lactide),165 poly(ε-caprolactone)166 and 

polyethylene.167 For example, O’Reilly and co-workers reported that poly(ε-

caprolactone)-poly(N,N-dimethylacrylamide) [PCL50-b-PDMA180] cylinders can be 

prepared in ethanol via ‘living’ CDSA.168 In this case, varying the unimer-to-seed ratio 

led to predictable dimensions. For example, using a unimer/seed ratio of 5.0 produced 

cylinders with a mean length of approximately 350 nm from 50 nm crystalline seeds. 

In contrast, near-monodisperse cylinders up to several micrometres in length could be 

grown using a unimer/seed ratio of 40.   

 

Figure 1.27. Schematic representation of two living CDSA routes: seeded growth (bottom) 

and self-seeding (top).169 

 

The reproducible synthesis of cylinders with controlled length is one advantage of 

‘living’ CDSA over PISA (where controlling the length of worms often remains a 

challenge).170,171 Nevertheless, assessing the solvent parameters which are optimal for 

self-assembly can be challenging in CDSA.172 PISA remains attractive because it 

typically involves using cheap commercially available vinyl monomers.  
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1.5. Thesis Outline 

This Thesis will focus exclusively on diblock and statistical copolymers synthesised 

by either RAFT dispersion or RAFT solution polymerisation in non-polar media. 

Various methacrylic monomers are polymerised without the need for stringent 

purification and the resulting copolymers are evaluated for potential industrial 

applications, such as oil thickeners for personal care products or wax crystal 

inhibitors/modifiers. 

Chapter 2 reports the synthesis of thermoresponsive PSMA-P(BzMA-stat-BuMA) 

diblock copolymer vesicles prepared via RAFT-mediated PISA in mineral oil. The 

effect of varying the target DP and BuMA content of the membrane-forming block on 

the vesicle-to-worm transition is investigated in the context of an oil-thickening 

mechanism. 

Chapters 3 and 4 explore the synthesis of well-defined PLMA-PBeMA diblock and 

statistical copolymers. Inspired by the crystallisation-driven aggregation observed for 

PBeMA-PBzMA diblock copolymer spheres reported by Derry et al.,143 potential 

polymerisation-induced crystallisation-driven self-assembly (PI-CDSA) formulations 

utilising PBeMA as a semi-crystalline structure-directing block are explored in 

Chapter 3. In particular, the RAFT polymerisation of BeMA conducted at 90 °C via 

thermal initiation is directly compared to that at 15 °C using iniferter RAFT 

polymerisation.  

In Chapter 4, two series of PLMA-PBeMA diblock and statistical copolymers are 

prepared by RAFT solution polymerisation and subsequently investigated as potential 

wax crystal modifiers for the model wax n-octacosane. In particular, the effect of 
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varying either the target PBeMA DP or the overall copolymer concentration on wax 

crystal formation is investigated.   
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2.1. Introduction 

Block copolymer self-assembly has been widely studied1 and offers a diverse range of 

both potential and practical applications, including thermoplastic elastomers,2 

toughening agents for epoxy resins,3 the dispersion of diesel soot4 or pigment 

particles,5 drug delivery,6 and cell culture matrices.7,8 Traditionally, such self-

assembly is achieved in dilute solution (< 1% w/w) using various post-polymerisation 

processes, such as a solvent switch,9,10 a pH switch11,12 or thin film rehydration.13,14 

Over the past ten years, there has been considerable interest in the growing field of 

polymerisation-induced self-assembly (PISA).15–19 This technique involves chain 

extension of a soluble precursor block in a suitable solvent using a second monomer 

that polymerises to form an insoluble second block, thus producing sterically-

stabilised diblock copolymer nanoparticles in situ. The final copolymer morphology 

obtained via PISA is primarily dictated by the relative volume fractions of the 

stabiliser and core-forming blocks, as indicated by the geometric packing parameter 

(P) introduced by Israelachvili and co-workers.20 The most common copolymer 

morphologies, in order of increasing P, are spheres,21,22 worms,23,24 vesicles25,26 and 

lamellae.27,28  

PISA offers three decisive advantages over conventional self-assembly techniques. 

First, PISA produces nanoparticles directly during synthesis, which means that post-

polymerisation processing is not required.16,18 Second, the rate of polymerisation 

usually increases significantly after micellar nucleation, which enables very high 

monomer conversions to be achieved within relatively short reaction times compared 

to the equivalent solution polymerisations.29–31 Third, PISA syntheses can be 

conducted in a wide range of solvents (aqueous,32 polar33,34 or non-polar35–38 solvents, 
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silicone oils,39,40 ionic liquids,41 etc.) at copolymer concentrations of up to 

50% w/w.30,42 Thus, PISA is in principle an attractive technique for industrial scale-

up.43  

PISA has been successfully conducted using reversible-deactivation radical 

polymerisation (RDRP) techniques such as ATRP44–46 and NMP.47–49 However, 

reversible addition-fragmentation chain transfer (RAFT) polymerisation has been 

preferred for most PISA syntheses.15,19,50 RAFT-mediated PISA allows the convenient 

synthesis of a wide-range of well-defined functional block copolymer nanoparticles in 

water, lower alcohols or n-alkanes.16,51,52 In this context, RAFT dispersion 

polymerisation is of particular interest since it can provide convenient access to 

diblock copolymer nano-objects that exhibit thermoresponsive behaviour. For 

example, block copolymer worms prepared via such formulations often exhibit a 

reversible worm-to-sphere transition when subjected to either heating (if prepared in 

ethanol53 or n-alkanes36,37,54) or cooling (if prepared in aqueous solution).24,55–57 At 

sufficiently high copolymer concentration, the initial worms form a soft, free-standing 

physical gel as a result of multiple inter-worm contacts, which produces a percolating 

3D gel network.58 The worm-to-sphere transition leads to in situ degelation, because 

the non-interacting spheres form a free-flowing dispersion.54  

Although well-known in the surfactant literature,59,60 vesicle-to-worm transitions have 

only recently been demonstrated for block copolymers.61–67 For example, we reported 

two examples of a single thermoresponsive diblock copolymer prepared by RAFT 

aqueous dispersion polymerisation that can form spheres, worms or vesicles simply 

by varying the solution temperature.  However, if the structure-directing block is 

poly(2-hydroxypropyl methacrylate), such thermal transitions can require relatively 

long time scales.66 In striking contrast, minimal hysteresis is observed when using a 
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hydrophobic block comprising mainly poly(4-hydroxybutyl acrylate), which was 

attributed to the significantly greater mobility of the more flexible acrylic backbone.67  

Of particular relevance to the present study, Derry et al. reported that 

poly(stearyl methacrylate)-poly(benzyl methacrylate) [PSMA-PBzMA] vesicles 

prepared by RAFT dispersion polymerisation of BzMA in mineral oil exhibited 

thermoresponsive behaviour on heating. More specifically, a 10% w/w dispersion of 

PSMA13-PBzMA96 vesicles underwent a vesicle-to-worm transition above 135 °C. 

Variable temperature 1H NMR spectroscopy studies indicated that this change in 

copolymer morphology was the result of surface plasticisation of the membrane-

forming PBzMA block by hot solvent, thereby effectively increasing the effective 

volume fraction of the stabiliser block and hence reducing the packing parameter for 

the copolymer chains.64 In principle, this morphological transition might provide an 

interesting high temperature oil-thickening mechanism for automotive engine oils or 

cosmetics formulations. 

In the present study, we revisit this PSMA-PBzMA system to examine what happens 

on heating well above the critical onset temperature required for the vesicle-to-worm 

transition. Moreover, we investigate whether statistical incorporation of an appropriate 

comonomer into the membrane-forming block (see Scheme 2.1) would enable tuning 

of the critical onset temperature required for a vesicle-to-worm transition. n-Butyl 

methacrylate (BuMA) was selected as a suitable comonomer. Given the relatively low 

glass transition temperature (Tg) of poly(n-butyl methacrylate),68 this should enable 

the critical onset temperature required for the vesicle-to-worm transition to be tuned 

by statistical copolymerisation of BuMA with BzMA. In contrast, copolymerisation 

of BzMA with either methyl methacrylate or ethyl methacrylate would raise, rather 

than lower, the copolymer Tg. Moreover, statistical copolymerisation of lauryl 
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methacrylate with BzMA is also likely to be problematic because this could result in 

a soluble second block and hence no self-assembly behaviour. 

 

Scheme 2.1. Synthesis of a poly(stearyl methacrylate) (PSMA) diblock copolymer via RAFT 

dispersion copolymerisation of benzyl methacrylate (BzMA) and n-butyl methacrylate 

(BuMA) targeting 10% w/w solids in mineral oil at 90 °C. (X denotes the mol fraction of 

n-butyl methacrylate making up the membrane-forming block (solvent insoluble block), and 

(1-X) the remaining mol fraction of benzyl methacrylate). 

 

2.2. Experimental 

2.2.1. Materials 

All reagents were purchased from Sigma-Aldrich (UK) at the highest possible purity 

and were used as received unless stated otherwise. tert-Butyl peroxy-2-ethylhexanoate 

(T21s) initiator was purchased from AzkoNobel (The Netherlands). Tetrahydrofuran 

(THF), n-dodecane and toluene were purchased from Fisher Scientific (UK). 

Deuterated methylene chloride (CD2Cl2) was purchased from Goss Scientific (UK). 

API Group III mineral oil (viscosity = 3.1 cSt at 100 °C) was kindly provided by The 

Lubrizol Corporation Ltd (Hazelwood, Derbyshire, UK).  

2.2.2. Synthesis of poly(stearyl methacrylate)-poly(benzyl methacrylate) 

[PSMA-PBzMA] diblock copolymer vesicles 

The poly(stearyl methacrylate) macromolecular chain transfer agent (PSMA macro-

CTA) used in the initial studies reported herein was the same sample as that reported 

by Derry and co-workers in 2017, hence its synthetic protocol has been previously 

reported.64 End-group analysis by 1H NMR spectroscopy indicated a mean degree of 

polymerisation (DP) of 13. This PSMA13 macro-CTA was then used for the synthesis 
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of PSMA13-PBzMA96 vesicles at 10% w/w solids in mineral oil via RAFT dispersion 

polymerisation of BzMA as described below. Benzyl methacrylate (BzMA; 0.226 g; 

1.28 mmol), T21s initiator (0.555 mg; 2.57 μmol; dissolved at 10.0% v/v in mineral 

oil) and PSMA13 macro-CTA (0.060 g; 12.8 μmol; macro-CTA/initiator molar ratio = 

5.0; target PBzMA DP = 100) were dissolved in mineral oil (2.58 g). The reaction 

mixture was sealed in a 14 mL glass reaction vial and purged with nitrogen gas for 30 

min. The deoxygenated solution was then placed in a pre-heated oil bath at 90 °C for 

16 h (final BzMA conversion= 97 %; Mn= 19,900 g mol-1, Mw/Mn= 1.10).   

2.2.3. Synthesis of poly(stearyl methacrylate) macromolecular chain transfer agent 

(PSMA macro-CTA) 

A second PSMA macro-CTA was synthesised by the RAFT solution polymerisation 

of stearyl methacrylate using the following protocol. Stearyl methacrylate (SMA; 30.7 

g; 90.5 mmol), cumyl dithiobenzoate (CDB; 4.93 g; 18.1 mmol), 2,2’-

azobisisobutyronitrile (AIBN; 594 mg; 3.6 mmol; CDB/AIBN molar ratio = 5.0) and 

toluene (54.2 g) were added to a 250 mL round-bottomed flask. The sealed vessel was 

purged with nitrogen for 30 min and placed in a pre-heated oil bath at 70 °C for 3.5 h. 

The resulting PSMA macro-CTA (SMA conversion = 85%; Mn = 6200 g mol−1; Mw = 

6900 g mol−1; Mw/Mn = 1.12) was purified by precipitation into excess ethanol (twice). 

The mean DP of this macro-CTA was calculated to be 14 using 1H NMR spectroscopy 

by comparing the integrated signals corresponding to the aromatic protons of the 

dithiobenzoate end-groups with those assigned to the two oxymethylene ester protons 

of the SMA repeat units. This is close to the mean DP of 13 reported by Derry et al.64 
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2.2.4. Synthesis of poly(stearyl methacrylate)-poly(benzyl methacrylate-stat-n-

butyl methacrylate) diblock copolymer nanoparticles  

A typical PISA synthesis of PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nanoparticles via 

RAFT dispersion polymerisation at 10% w/w solids was conducted as follows. A 

14 mL glass reaction vial was charged with PSMA14 macro-CTA (0.060 g; 12.0 µmol) 

and mineral oil (2.78 g). The reaction mixture was placed in a 70 °C laboratory oven 

for 2 min to aid dissolution. On cooling to 20 °C, the vial was charged with benzyl 

methacrylate (BzMA; 0.137 g; 0.778 mmol; 50 mol%), n-butyl methacrylate (BuMA; 

0.111 g, 0.778 mmol, 50 mol%) and T21s initiator (0.900 mg; 3.99 µmol; dissolved at 

10% v/v in mineral oil; macro-CTA/initiator molar ratio = 3.0; target DP = 130). The 

reaction mixture was sealed and purged with nitrogen gas for 30 min with magnetic 

stirring. The deoxygenated solution was then placed in a pre-heated oil bath at 90 °C 

for 16 h (final BzMA conversion = 98%; final BuMA conversion = 92%; Mn = 21,600 

g mol-1; Mw/Mn = 1.10).  

2.3. Characterisation  

2.3.1.  1H Nuclear Magnetic Resonance (NMR) spectroscopy 

1H NMR spectra were recorded in either CD2Cl2 (to determine the mean DP for the 

PSMA precursor) or CDCl3 (for all other spectra) using a Bruker AV1-400 MHz 

spectrometer. Typically 64 scans were averaged per spectrum. 

2.3.2. Gel Permeation Chromatography (GPC) 

GPC was used to assess (co)polymer molecular weight distributions (MWDs). The 

GPC set-up comprised two 5 μm (30 cm) mixed C columns and a WellChrom K-2301 

refractive index detector operating at 950 ± 30 nm. The THF mobile phase contained 

2.0% v/v triethylamine and 0.05% w/v butylhydroxytoluene (BHT) with a toluene 
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flow-rate marker at a flow rate of 1.0 mL min-1. A series of eleven near-monodisperse 

poly(methyl methacrylate) (PMMA) standards (Mp values ranging from 800 to 

988 000 g mol−1) were used for calibration.   

2.3.3. Dynamic Light Scattering (DLS) 

DLS studies were performed using a Zetasizer Nano ZS instrument (Malvern 

Instruments, UK) at a fixed scattering angle of 173°. Copolymer dispersions were 

diluted to 0.10% w/w using n-dodecane prior to light scattering studies at 25 °C. The 

intensity-average diameter and polydispersity were calculated by cumulants analysis 

of the experimental correlation function using Dispersion Technology Software 

version 6.20. Data were averaged over ten runs each of thirty seconds duration.   

2.3.4. Transmission Electron Microscopy 

TEM studies were conducted using a FEI Tecnai G2 spirit instrument operating at 

80 kV and equipped with a Gatan 1k CCD camera. The relatively low glass transition 

temperature conferred by the n-butyl methacrylate comonomer (Tg of PBuMA 

homopolymer = 20 °C) made imaging more difficult compared to PSMA-PBzMA 

nano-objects.64 Prolonged exposure to the high-energy electron beam during TEM 

studies can cause deformation and/or degradation of the copolymer nano-objects. To 

aid retention of the original nanoparticle morphology, 0.10% w/w copolymer 

dispersions were cooled to 3 °C before placing a single droplet onto pre-cooled 

carbon-coated copper grids and allowing to dry at 3 °C overnight within a laboratory 

refrigerator.39 The next day the prepared grids were exposed to ruthenium(VIII) oxide 

vapor for 7 min at 20 °C prior to analysis. This heavy metal compound acts as a 

positive stain for the core-forming block to improve electron contrast. 

Ruthenium(VIII) oxide was prepared as follows: ruthenium(IV) oxide (0.30 g) was 

added to water (50 g) to form a black slurry; addition of sodium periodate (2.0 g) with 
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continuous stirring produced a yellow solution of ruthenium(VIII) oxide within 1 min 

at 20 °C. The 0.10% w/w dispersions of PSMA-PBzMA nano-objects (prepared by 

dilution using n-dodecane) were placed on grids at 20 °C and allowed to dry for 30 

min before following the above staining protocol. 

In order to study the thermally-induced morphological transitions, a sample vial 

containing two drops (approximately 30 mg) of a 10% w/w dispersion in mineral oil 

was placed in a pre-heated oil bath at the desired temperature (e.g. from 130 °C to 

180 °C), allowed to equilibrate for 10 min, diluted with n-dodecane (preheated to the 

same temperature), and then allowed to dry on a grid following the protocol described 

above.  

2.3.5. Oscillatory Rheology  

An Anton Paar MCR502 rheometer equipped with a variable temperature Peltier plate 

and hood and a 50 mm 2° aluminium cone was used for all experiments. The distance 

between the cone and plate was 207 μm. The storage (G’) and loss (G”) moduli were 

measured as a function of temperature at a fixed strain of 1.0% and an angular 

frequency of 10 rad s-1. The temperature was varied from 20-180-20 °C at a 

heating/cooling rate of 2 °C min-1. 

2.3.6.  Shear-Induced Polarised Light Imaging (SIPLI) 

The instrument design and general experimental set-up has been previously reported 

by Mykhaylyk and co-workers.68 SIPLI experiments were conducted on a 10% w/w 

dispersion of PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nano-objects in mineral oil at 

an applied shear rate of 200 s-1 on heating from 20 to 180 °C at a rate of 5 °C min-1. 
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2.3.7. Small Angle X-ray Scattering (SAXS) 

SAXS patterns were recorded at a synchrotron source (Diamond Light Source Ltd., 

Beamline I22, Didcot, Oxfordshire, UK) using monochromatic X-ray radiation 

(λ = 0.0995 nm, with q ranging from 0.002 to 2.0 nm-1, where q = 4πsinθ/λ is the length 

of the scattering vector and θ is one-half of the scattering angle) and a Dectris (Dectris 

AG, Switzerland) Pilatus P3 Hybrid silicon pixel detector. Glass capillaries of 2.0 mm 

diameter were used as a sample holder and the sample temperature was controlled 

using a HFSX350-CAP heating/cooling capillary holding stage (Linkam Scientific 

Instruments Ltd., Tadworth, UK), with 2 min being allowed for thermal equilibration 

prior to data collection. Scattering data were reduced using standard routines from the 

beamline69 and were further analysed using Irena SAS macros for Igor Pro.70 Water 

was used for the absolute intensity calibration. Measurements were conducted on a 

1.0% w/w dispersion of either PSMA13-PBzMA97 or 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nano-objects in mineral oil.  

2.4. Results and Discussion  

2.4.1. Synthesis and characterisation of PSMA13-PBzMA97 diblock copolymer 

vesicles 

Using the same PSMA13 macro-CTA as synthesised by Derry et al. and targeting the 

same diblock copolymer composition as previously reported,64 PSMA13-PBzMA100 

vesicles were targeted in mineral oil at 10% w/w solids. A BzMA conversion of 97% 

was achieved within 16 h at 90 °C, as judged by 1H NMR spectroscopy, which agrees 

well with the 96% conversion achieved after 5 h at 90 °C in the original study. THF 

GPC analysis showed that the resulting diblock copolymer chains 

(Mn = 19,900 g mol-1) exhibited a narrow molecular weight distribution 



Chapter 2.Tuning the Vesicle-to-Worm Transition for Thermoresponsive Block 

Copolymer Vesicles Prepared via Polymerisation-Induced Self-Assembly 

 

76 

 

(Mw/Mn = 1.10) and the whole molecular weight distribution curve was well-shifted 

from that of the PSMA13 macro-CTA (see Figure 2.1). These data suggest that good 

RAFT control and a high blocking efficiency was achieved. As expected, TEM studies 

indicated a predominantly vesicular morphology with a z-average diameter of 133 nm 

and a polydispersity of 0.09 being obtained by DLS studies (see Figure 2.2(a) and 

Figure 2.2(c), respectively).  

 

Figure 2.1. THF GPC traces recorded for PSMA13-PBzMA97 diblock copolymer chains and 

the corresponding PSMA13 macro-CTA precursor. 

 

SAXS studies on a 1% w/w dispersion at 20 °C produced the characteristic pattern 

expected for vesicles (see Figure 2.2(a)): the low q gradient is approximately –2 and 

there are local minima corresponding to the outer vesicle dimensions at q ≈ 0.005 Å-1 

and the vesicle membrane thickness, Tmembrane, at q ≈ 0.05 Å-1. Fitting this SAXS 

pattern to a well-known vesicle model71 gave an overall vesicle diameter, Dvesicle, of 

103 ± 43 nm and a vesicle membrane thickness, Tmembrane, of 9.8 ± 0.4 nm.  

These data are in good agreement with TEM and DLS observations and are also close 

to values reported by Derry and co-workers for PSMA13-PBzMA96 vesicles 

characterised by SAXS at 20 °C.64 
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Figure 2.2. (a) Small-angle X-ray scattering (SAXS) pattern recorded for a 1.0% w/w 

dispersion of PSMA13-PBzMA97 vesicles in mineral oil at 20 °C. Dashed line to indicate the 

data fit obtained using the relevant vesicle scattering model. A gradient of –2 shown as a guide 

to the eye. (b) Representative TEM image and (c) DLS particle size distribution obtained for 

a 0.10% w/w dispersion of PSMA13-PBzMA97 vesicles at 20 °C. 

 

2.4.2.  Variable temperature studies of PSMA13-PBzMA97 diblock copolymer 

vesicles 

The PSMA13-PBzMA96 vesicles reported by Derry and co-workers64 exhibited 

thickening behaviour on heating owing to a vesicle-to-worm transition. However, 

Derry et al. did not explore the effect of heating well above the critical temperature 

required to induce this morphological transition. 

The PSMA13-PBzMA97 vesicle dispersion prepared in this current study was 

investigated by oscillatory rheology. A temperature sweep from 20 °C to 190 °C was 

performed within the linear viscoelastic region (strain amplitude = 1.0 %, angular 

frequency = 10 rad s−1) at a heating rate of 2 °C min−1. The storage modulus (G′) 

increases by more than five orders of magnitude on heating above 153 °C (see Figure 

2.3). The cross-over of the storage and loss moduli, also known as the critical gelation 
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temperature (CGT), is observed at 155 °C, above which the dispersion acts as a 

viscoelastic gel (since G’ > G”). 

 

Figure 2.3. Temperature dependence of the storage modulus (G’, red squares) and loss 

modulus (G”, blue triangles) observed for a 10% w/w dispersion of PSMA13-PBzMA97 nano-

objects in mineral oil when heating from 20 to 190 °C at 2 °C min-1. This experiment was 

conducted at 1.0% strain and an angular frequency of 10 rad s-1. 

 

For TEM analysis, 10% w/w PSMA13-PBzMA97 dispersions were heated to the 

desired temperature prior to dilution to 0.1% w/w using n-dodecane that had been 

preheated to the same temperature. This sample preparation protocol was adopted to 

ensure kinetic trapping of the copolymer morphology produced at the designated 

elevated temperature.64 The image taken of the sample prepared by this method at 

150 °C indicated the presence of worms, thus confirming that the enhanced viscosity 

measured is the result of a thermally-induced vesicle-to-worm transition (see Figure 

2.4(a) and Figure 2.4(b)). Since the original study by Derry et al. in 2017, we have 

demonstrated that the free-standing gels formed by block copolymer worms at ambient 

temperature most likely arise from multiple contacts between neighbouring worms, 

rather than from worm entanglements.72 The same inter-worm interactions account for 

the enhanced dispersion viscosity observed in the present study.  
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Figure 2.4. Transmission electron micrographs obtained for a 0.1% w/w dispersion of 

PSMA13-PBzMA97 nanoparticles showing (a) vesicles at 20 °C (b) worms at 150 °C and (c) 

spheres at 180 °C.   

 

Interestingly, on further heating to 190 °C, a maximum value in G’ is observed, 

followed by a substantial reduction in viscosity. TEM images recorded for a dilute 

PSMA13-PBzMA97 dispersion after drying at 180 °C confirm a predominantly 

spherical morphology under such conditions (see Figure 2.4(c)). This indicates a 

worm-to-sphere transition that is driven by further surface plasticisation of the 

structure-directing block.37,54 

This is not the first time that a single diblock copolymer has been shown to exhibit all 

three common copolymer morphologies (i.e. spheres, worms and vesicles) simply by 

varying the solution temperature. We have recently published two examples of 

amphiphilic diblock copolymers that display this behaviour in aqueous solution.66,67 

Moreover, Lodge et al., reported that a dilute solution of 

polystyrene-polydimethylsiloxane diblock copolymer nano-objects in diethyl 

phthalate underwent morphology transitions from vesicles to cylinders to spheres on 

heating.73 
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2.4.3.  Synthesis of PSMA14-P[(1-X)BzMA-stat-XBuMA]130 diblock copolymer 

nanoparticles 

A PSMA14 macro-CTA was chain-extended via RAFT dispersion copolymerisation of 

benzyl methacrylate (BzMA) and n-butyl methacrylate (BuMA) to generate a series 

of PSMA14-P[(1-X)BzMA-stat-XBuMA]130 diblock copolymer nano-objects in 

mineral oil at 10% w/w solids (see Scheme 2.1).  

It is perhaps worth mentioning that the overall target DP of the second insoluble 

structure-directing block was increased from 100 (as previously targeted for the 

PSMA13-PBzMA97 vesicles) up to 130. This was to account for the incorporation of 

the BuMA monomer (142 g mol-1), which has a lower molecular weight than BzMA 

(176 g mol-1). Otherwise, the reduction in the relative volume fraction of the structure-

directing block would result in a lower packing parameter, P, and hence favor a worm 

morphology.74 

A kinetic study of the synthesis of PSMA14-P(0.5BzMA-stat-0.5BuMA)130 vesicles 

via RAFT dispersion copolymerisation of BzMA with BuMA was conducted at 90 °C 

(see Figure 2.5). Figure 2.5(a) shows the individual conversion vs. time curves 

determined for the BzMA and BuMA comonomers respectively during their 

copolymerisation, as determined by 1H NMR spectroscopy. Initially, up to 100 min, 

these two comonomers exhibit almost identical reactivities, suggesting a 50/50 

random arrangement. On further polymerisation time, up to 200 min, BzMA reacts 

slightly faster than the BuMA, which is likely due to the relative solubilities of the two 

monomers in the core/oil (with BuMA more soluble in the oil). As a result, the 

resultant copolymer is expected to become BzMA rich. 
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Overall, these two comonomers exhibit comparable reactivities, suggesting a near-

random copolymerisation. As shown in Figure 2.5(b), an overall comonomer 

conversion of 94% was achieved within 6 h and the corresponding semi-logarithmic 

plot indicated a rate increase after 100 min, which corresponds to an overall 

comonomer conversion of approximately 40 %. There is likely to be both an effect of 

nucleation and the relative partitioning of the two monomers between the continuous 

and dispersed phases, as previously stated. Gel permeation chromatography (GPC) 

analysis indicated a linear evolution of molecular weight with conversion (Figure 

2.5(c)). As a result, all RAFT dispersion copolymerisations reported herein were 

conducted at 90 °C for 16 h to maximise the comonomer conversion.  
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Figure 2.5. (a) BzMA monomer conversion vs. time curve (blue circles) and BuMA monomer 

conversion vs. time curve (red triangles). (b) Overall comonomer conversion vs. time curve 

(blue circles) and corresponding ln([M]0/[M]) vs. time (red triangles) plot. (c) Evolution in Mn 

(blue circles) and Mw/Mn (red triangles) with comonomer conversion during the synthesis of 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nanoparticles via RAFT dispersion copolymerisation 

of BzMA with BuMA at 90 °C when targeting 10% w/w solids in mineral oil. The theoretical 

Mn vs. overall comonomer conversion relationship is indicated by the black solid line for this 

series, with the difference being attributed to the GPC calibration error incurred by using 

poly(methyl methacrylate) standards. 
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An assigned 1H NMR spectrum recorded for the final reaction mixture in CDCl3 when 

targeting PSMA14-P(0.5BzMA-stat-0.5BuMA)130 at 10% w/w solids in mineral oil 

under such conditions is shown in Figure 2.6. 

 

Figure 2.6. Assigned 1H NMR spectrum obtained for the reaction mixture directly after the 

synthesis of PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nanoparticles via RAFT dispersion 

copolymerisation of BzMA with BuMA at 90 °C when targeting 10% w/w solids in mineral 

oil (in CDCl3).  

 

The mole fraction of BuMA, X, was systematically varied, see Table 2.1. When 

targeting BuMA mole fractions of up to 0.70, ≥ 97% BzMA conversion and ≥ 89% 

BuMA conversion was achieved within 16 h at 90 °C, as judged by 1H NMR 

spectroscopy. However, somewhat lower comonomer conversions were obtained 

when targeting a BuMA mole fraction of 0.80 (91% BzMA and 82% BuMA, 

respectively). The 1H NMR spectra shown in Figure 2.7 confirm that the structure-
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directing block contains a higher proportion of BuMA relative to BzMA when 

increasing the target BuMA mole fraction from 0.30 to 0.50. THF GPC analysis 

confirmed that a relatively narrow molecular weight distribution was achieved in all 

cases (Mw/Mn ≤ 1.16). Efficient chain extension was confirmed by the unimodal nature 

of the molecular weight distribution curves observed for such diblock copolymers, 

which were systematically shifted to higher molecular weight compared to that of the 

PSMA14 precursor, see Figure 2.8(a).  

Table 2.1 Summary of Target Mole Fractions of n-Butyl Methacrylate, Monomer 

Conversions, Molecular Weights (Mn), Dispersities (Mw/Mn), Z-average Diameters (Dz), DLS 

Polydispersity Indices (PDI) and Copolymer Morphologies Obtained for 

PSMA14-P[(1-X)BzMA-stat-XBuMA]130 Diblock Copolymer Nano-Objects Prepared at 90 °C 

for 16 h Targeting 10% w/w Solids and a Core-forming Block DP of 130. 

Target 

mole 

fraction 

BuMA 

(X) 

1H NMRa THF GPCb DLSc TEMd 

BzMA 

conv. 

(%) 

BuMA 

conv. 

(%) 

Mn 

(g mol-1) 
Mw/Mn 

Dz 

(nm) 
PDI 

Predominant 

Morphology 

0.00 97 n/a 23,500 1.09 94 0.07 Vesicles 

0.10 97 92 22,000 1.11 112 0.06 Vesicles 

0.20 97 90 21,800 1.11 141 0.06 Vesicles 

0.30 98 92 21,500 1.12 198 0.24 Vesicles 

0.35 98 92 21,300 1.13 208 0.22 Vesicles 

0.40 97 91 21,300 1.12 305 0.23 Vesicles 

0.45 97 90 20,800 1.11 236 0.21 Vesicles 

0.50 98 92 21,600 1.10 318 0.21 Vesicles 

0.60 97 89 19,900 1.14 251 0.31 Worms 

0.70 97 89 19,800 1.16 113 0.19 Worms 

0.80 91 82 16,800 1.14 28 0.09 Spheres 

aMonomer conversions determined by 1H NMR spectroscopy studies in CDCl3. 
bDetermined 

by THF GPC analysis using a refractive index detector and a series of near-monodisperse 

PMMA calibration standards. cMeasurements made after appropriate dilution of the initial 

dispersion using n-dodecane. dPredominant copolymer morphology indicated by TEM 

analysis of dried copolymer dispersions at 20 °C after staining with ruthenium(VIII) oxide.   
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Figure 2.7. 1H NMR spectra showing the relative proportion of BuMA comonomer to BzMA 

comonomer in the structure-directing block for PSMA14-P[(1-X)BzMA-stat-XBuMA]130 

nanoparticles where the target mole fraction, X, is equal to 0.3 (blue trace), 0.4 (red trace) and 

0.5 (green trace). The broad integral at 3.8 – 4.0 ppm corresponds to the two oxymethylene 

protons of PBuMA and the integral at 4.8 – 5.1 ppm corresponds to the two oxymethylene 

protons of PBzMA (see Fig. S3 for the fully assigned 1H NMR spectrum). 

 

 

Figure 2.8. (a) THF GPC traces recorded for PSMA14-P(0.5BzMA-stat-0.5BuMA)130 and the 

corresponding PSMA14 macro-CTA precursor. (b) representative TEM image recorded for a 

dried 0.1% w/w dispersion of PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nano-objects at 20 °C 

showing predominantly vesicles and a few worms. 
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The predominant morphology for these diblock copolymer nano-objects was 

determined by TEM analysis (Figure 2.9), with DLS providing additional information 

regarding the particle size distribution. As expected based on the prior study by Derry 

and co-workers,64 the PSMA14-PBzMA130 diblock copolymer formed well-defined 

vesicles with a number-average diameter of approximately 75 nm  as judged by TEM, 

with DLS reporting a z-average diameter of 94 nm and a polydispersity index of 0.07.  

 

Figure 2.9. Representative TEM images at 20 °C for: (a) PSMA14-P(0.5BzMA-stat-

0.5BuMA)130 vesicles (and a few worms), (b) PSMA14-P(0.4BzMA-stat-0.6BuMA)130 vesicles 

and worms, (c) PSMA14-P(0.3BzMA-stat-0.7BuMA)130 worms and (d) 

PSMA14-P(0.8BzMA-stat-0.2BuMA)130 spheres. 

 

Introducing up to 45 mol% BuMA comonomer into the core-forming block produced 

progressively larger, more polydisperse vesicles, as judged by DLS (see Table 2.1). 

At 50 mol% BuMA, TEM (and DLS) studies revealed a mixed phase comprising 

predominantly vesicles with some worms (see Figure 2.8(b)). Moreover, further 
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increasing the BuMA content up to 60, 70 or 80 mol% produced mixed vesicle and 

worm, pure worm or spherical morphologies respectively, as judged by TEM. Again, 

this is because partial replacement of BzMA with the less massive BuMA comonomer 

reduces the relative volume fraction of the structure-directing block compared to that 

of the PSMA stabiliser. This lowers the packing parameter, P, for the copolymer 

chains, which in turn favors the worm or sphere morphology.74 

2.4.4. Variable Temperature Rheology Studies of a Series of 

PSMA14-P[(1-X)BzMA-stat-XBuMA]130 Diblock Copolymer Vesicles 

A series of five dispersions of PSMA14-P[(1-X)BzMA-stat-XBuMA)]130 vesicles 

(X = 0.30 to 0.50) were targeted at 10% w/w solids in mineral oil while systematically 

increasing the BuMA content within the membrane-forming block from 30 to 

50 mol%. Each dispersion was characterised by oscillatory rheology and a 10% w/w 

dispersion of PSMA14-PBzMA125 vesicles was also evaluated as a reference sample. 

This target composition was preferred to PSMA14-PBzMA130 because its temperature-

dependent behaviour was partially observable within the 20 °C to 180 °C range that 

could be accessed in rheology studies (Figure 2.10(e)). 

 

Figure 2.10. Representative TEM images at 20 °C for (a) block copolymer vesicles with target 

composition PSMA14-PBzMA130 and (b) block copolymer vesicles with target composition 

PSMA14-PBzMA125. Intensity-average particle diameter distribution obtained by DLS for a 
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0.10% w/w dispersion of (c) PSMA14-PBzMA130 vesicles and (d) PSMA14-PBzMA125 vesicles. 

(e) Temperature dependence of the complex viscosity (η*) observed for PSMA14-PBzMA130 

nanoparticles (red circles) and PSMA14-PBzMA130 nanoparticles (blue triangles) on heating 

from 20 °C to 180 °C at 2°C min-1. Data were obtained at 1.0 % strain using an angular 

frequency of 10 rad s-1. 

 

A temperature sweep from 20 °C to 180 °C was performed within the linear 

viscoelastic region (strain amplitude = 1.0 %, angular frequency = 10 rad s−1) at a 

heating rate of 2 °C min−1. For all the vesicular dispersions studied, a sharp increase 

in complex viscosity (η*) was observed on heating above 100 °C (see Figure 2.11). 

TEM analysis confirmed that, as first reported by Derry et al. and further investigated 

in the present publication for PSMA13-PBzMA97 vesicles, this enhanced viscosity is 

the result of a thermally-induced vesicle-to-worm transition.64 

The data shown in Figure 2.11 indicate that a series of complex viscosity maxima are 

observed on further heating. Moreover, the critical temperature required to reach these 

maximum values can be systematically lowered simply by increasing the relative 

proportion of BuMA comonomer. Unfortunately, the complex viscosity maximum for 

the PSMA13-PBzMA125 reference is not fully observable within the 20 °C to 180 °C 

range. However, if the onset temperature for the upturn in complex viscosity at 167 °C 

is used for comparative purposes, then targeting a membrane-forming block 

comprising 50 mol% BuMA lowers this critical temperature by almost 60 °C 

compared to the PSMA13-PBzMA125 reference vesicles. An even greater reduction in 

temperature is observed compared to PSMA13-PBzMA130 vesicles, for which an onset 

temperature of approximately 180 °C is predicted (Figure 2.10). 
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Figure 2.11. Temperature dependence of the complex viscosity (η*) observed for a series of 

10% w/w dispersions of PSMA14-P(1-X)BzMA-stat-XBuMA)130 nano-objects containing 

varying proportions of BuMA within the membrane-forming block on heating from 20 °C to 

180 °C at 2 °C min-1. Data were obtained at 1.0 % strain using an angular frequency of 10 rad 

s-1. Data obtained for a reference sample of PSMA14-PBzMA125 vesicles are also shown (black 

filled squares). Then from right to left, target mole fraction of BuMA in membrane-forming 

block: 0.30 (red filled circles), 0.35 (dark blue filled triangles), 0.40 (green filled diamonds), 

0.45 (purple open squares), and 0.50 (orange open circles).  

 

Indeed, Figure 2.12 confirms that there is a linear relationship between the critical 

temperature required to achieve maximum viscosity and the proportion of BuMA 

comonomer within the membrane-forming block. Strikingly, targeting a copolymer 

composition comprising 50 mol% BuMA lowered this critical temperature by 30 °C 

compared to when targeting a copolymer containing 30 mol% BuMA. This suggests 

that incorporating BuMA comonomer into the vesicle membrane facilitates its 

enhanced plasticisation by hot solvent (in this case, mineral oil), which in turn enables 

the vesicle-to-worm transition to occur at lower temperature.  
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Figure 2.12. Effect of systematically varying the BuMA mole fraction of the membrane-

forming block on (i) the critical temperature required to achieve maximum complex viscosity 

(red squares) and (ii) the corresponding critical onset temperature for this transition (blue 

circles) as indicated by oscillatory rheology studies of a series of 

PSMA14-P[(1-X)BzMA-stat-XBuMA]130 diblock copolymers. 

 

As already noted above for the PSMA13-PBzMA97 diblock copolymer studied, a 

substantial reduction in complex viscosity is observed for each of the five diblock 

copolymers on heating well above the critical onset temperature required to induce the 

vesicle-to-worm transition. This finding is illustrated in Figure 2.13, which shows the 

temperature dependence of the storage modulus (G′) and loss modulus (G′′) for 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130. At 20 °C, G′′ (6.6 x 10-1 Pa) comfortably 

exceeds G′ (3.3 x 10-5 Pa), which is typical for a free-flowing dispersion.  
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Figure 2.13. Temperature dependence of the storage modulus (G’, red squares) and loss 

modulus (G”, blue triangles) observed for a 10% w/w dispersion of PSMA14-P(0.5BzMA-stat-

0.5BuMA)130 nano-objects in mineral oil when heating from 20 to 180 °C at 2 °C min-1. This 

experiment was conducted at 1.0% strain and an angular frequency of 10 rad s-1. Similar 

rheological data were obtained at a heating rate of 5 °C min-1 (data not shown). Representative 

TEM images recorded after drying 0.10% w/w dispersions of PSMA14-P(0.5BzMA-stat-

0.5BuMA)130 nano-objects prepared at (b) 20 °C, (c) 130 °C and (d) 180 °C. All scale bars 

represent 200 nm. 

 

There is an abrupt increase in G′ at 109 °C, with a maximum G′ of 2.5 Pa being 

observed at 128 °C. This latter value is five orders of magnitude greater than that 

measured at 20 °C and is comparable to the G′ of ~ 1 Pa previously reported by Derry 

et al. for a 10% w/w dispersion of PSMA13-PBzMA96 nano-objects.64 The cross-over 

between the G′ and G′′ curves occurs at 114 °C, which corresponds to the critical 

gelation temperature (CGT) and is comparable to the critical onset temperature 

indicated in Figure 2.11. G′ exceeds G′′ between 115 °C and 126 °C, which is 

characteristic of elastic, solid-like behaviour. On further heating, G′ is substantially 
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reduced to around 8 x 10-6 Pa, which is comparable to that recorded at around 100 °C. 

This suggests that a second morphological transition occurs. Bearing mind the results 

obtained for the PSMA13-PBzMA97 system above, the obvious explanation is a worm-

to-sphere transition driven by further surface plasticisation of the structure-directing 

block.37,54 

Figure 2.13 shows three representative TEM images recorded for copolymer 

dispersions diluted to 0.1% w/w at 20 °C, 130 °C and 180 °C, as indicated by labels 

(a), (b) and (c) shown on the corresponding viscosity-temperature plot. At 20 °C, the 

predominant copolymer morphology is PSMA14-P(0.5BzMA-stat-0.5BuMA)130 

vesicles, along with a few worms. Characteristic folds can be observed by TEM, which 

indicate vesicle collapse under the ultrahigh vacuum conditions required for this 

imaging technique. Interestingly, the edges of these vesicles have an unusual physical 

appearance that suggests an embrittlement effect. This may be the result of TEM grid 

preparation at 3 °C, which is well below the expected Tg for the membrane-forming 

block (PBuMA Tg = 20 °C; PBzMA Tg = 54 °C).75 A mixed phase comprising 

relatively short worms and spheres is observed at 130 °C, while relatively small 

spheres are visible at 180 °C. These TEM observations are consistent with the 

rheological data. Further TEM analysis confirmed that these short worms remained 

stable for at least 1 h at 130 °C. It is also noteworthy that, for the image recorded at 

130 °C, the mean worm width is comparable to the sphere diameter. This suggests that 

the spheres are generated via a budding mechanism from worm ends, as postulated by 

Fielding and co-workers.54 Moreover, the spheres formed at 180 °C appear to be 

smaller than those obtained at 130 °C, which suggests a lower aggregation number. 

This is consistent with studies of thermally-annealed spherical nanoparticles prepared 

via PISA in non-polar media recently reported by Cornel et al.76 This suggests that 
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these spherical nanoparticles are likely to be in equilibrium with the corresponding 

molecularly-dissolved copolymer chains at elevated temperature.4,76,77 

To assess the thermal stability of the copolymer chains above 150 °C, a 10% w/w 

dispersion in mineral oil was subjected to a 20-180-20 °C thermal cycle and 

subsequently analysed by GPC using a refractive index detector. The chromatogram 

recorded for the thermally-annealed copolymer was very similar to that of the original 

copolymer prior to heating. (see Figure 2.14). This indicates that minimal copolymer 

degradation occurs on heating to 180 °C. Interestingly, GPC analysis of the same 

copolymer using a UV detector (λ = 302 nm) confirmed that 73% of its RAFT end-

groups were removed during this thermal cycle. This is consistent with prior work by 

Moad and co-workers, who have demonstrated that thermolysis is a viable method for 

the removal of trithiocarbonate and dithiobenzoate end-groups from methacrylic 

polymers.78,79 

 

Figure 2.14. THF GPC analysis of PSMA14-P(0.5BzMA-stat-0.5BuMA)130 chains before 

(blue traces) and after (red traces) subjecting a 10% w/w dispersion of such diblock copolymer 

nano-objects in mineral oil to a 20-180-20 °C thermal cycle in a rheology experiment. (a) 

Refractive index (RI) detector with the PSMA14 macro-CTA included as a reference. (b) UV 

detector set at λ = 302 nm.   
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The relatively low comonomer conversion (92%) achieved for BuMA when targeting 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nano-objects was noted. However, an 

oscillatory rheology experiment conducted in the presence of an additional 8% 

unreacted BuMA confirmed that this comonomer had minimal effect on the thermal 

transitions reported herein (see Figure 2.15).  

 

Figure 2.15. Temperature dependence of the complex viscosity (η*) observed for 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nano-objects on heating from 20 °C to 160 °C. Red 

circles indicate data obtained for an ‘as-synthesised’ 10% w/w dispersion of 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nano-objects in mineral oil, (92% BuMA conversion, 

as determined by 1H NMR spectroscopy). Blue squares indicate data obtained for an 

equivalent 10% w/w dispersion of PSMA14-P(0.5BzMA-stat-0.5BuMA)130 with 

post-polymerisation addition of the equivalent of 8% residual BuMA (thus doubling the mass 

of residual BuMA comonomer that is present). Clearly, the addition of BuMA comonomer 

has minimal effect on the observed behaviour. 

 

The (ir)reversibility of the thermoresponsive morphological transitions was 

investigated by cooling a 10% w/w dispersion of 

PSMA14-(0.5PBzMA-stat-0.5BuMA)130 nano-objects to 20 °C immediately after an 

initial 20-180 °C heating ramp during the temperature-dependent oscillatory rheology 

studies. There was a significant increase in both the storage and loss moduli on 

cooling: G’ increased by nine orders of magnitude, resulting in a turbid free-standing 
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gel (see Figure 2.16). TEM images recorded for this dispersion after this 

20-180-20 °C thermal cycle indicated a mixture of vesicles and worms, with a 

significantly higher proportion of the latter nano-objects (see Figure 2.16(b) and 

Figure 2.16(c)). Similar observations were made after subjecting PSMA13-PBzMA97 

vesicles to a thermal cycle. 

 

Figure 2.16. (a) Temperature dependence of the storage modulus (G’, red filled squares) and 

loss modulus (G”, red empty squares) observed for a 10% w/w dispersion of 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130
 
nano-objects in mineral oil when heating from 20 to 

180 °C at 2 °C min-1. The storage and loss moduli were also recorded on cooling the sample 

back down to 20 °C at 2 °C min-1 (G’ = blue filled circles and G” = blue empty circles). This 

experiment was conducted at 1.0% strain and an angular frequency of 10 rad s-1. 

Representative TEM images recorded after drying 0.10% w/w dispersions of 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130
 
nano-objects at 20 °C (b) before and (c) after the 

20-180-20 °C thermal cycle. 
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2.4.5. Variable Temperature SIPLI Study 

These morphological transitions were also examined using Shear-Induced Polarised 

Light Imaging (SIPLI). This technique combines rotational rheology with a polarised 

light source and has been recently used to demonstrate the in situ alignment of highly 

anisotropic nano-objects such as block copolymer worms at a certain critical rate of 

applied shear.68 Figure 2.17 shows how the viscosity of a 10% w/w dispersion of 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nano-objects varies with temperature, along 

with representative digital images recorded at a constant shear rate at the stated 

temperatures.  

 

Figure 2.17. Temperature dependence of the dispersion viscosity and corresponding shear-

induced polarised light images (SIPLI) recorded for a 10% w/w dispersion of PSMA14-

P(0.5BzMA-stat-0.5BuMA)130 nano-objects on heating from 20 to 180 °C at a rate of 

5 °C min-1. Experimental conditions: shear rate = 200 s-1, 0.50 mm sample gap. 

 

The polarised light image recorded under constant shear at 20 °C appears dark and 

featureless because PSMA14-P(0.5BzMA-stat-0.5BuMA)130 forms isotropic vesicles 

at this temperature. In contrast, a distinctive Maltese cross is observed at the same 
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shear rate at 150 °C, which indicates the shear-induced alignment of anisotropic 

worms. This temperature approximately corresponds to that required for the maximum 

dispersion viscosity. This Maltese cross is also present at 155 °C, but becomes much 

fainter at 160 °C and has almost completely disappeared at 170 °C. This suggests that 

the anisotropic worms have been transformed into isotropic spheres at 170 °C.  

It is noteworthy that the critical temperatures required to induce vesicle-to-worm and 

worm-to-sphere transitions suggested in Figure 2.17 do not match those indicated by 

the oscillatory rheology data shown in Figure 2.13. In fact, these thermally-induced 

transitions occur at significantly lower temperatures (~20 °C) in the oscillatory 

rheology experiments. As recently postulated by Byard et al. for a similar doubly 

thermoresponsive diblock copolymer system, it seems likely that continuous applied 

shear facilitates both thermal transitions.67 Moreover, a similar explanation has been 

proposed by Mendes and Menon for the vesicle-to-worm transition exhibited by small 

molecule surfactants.59 
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2.4.6. Variable Temperature SAXS Studies 

SAXS patterns were recorded as a function of temperature for a 1.0% w/w dispersion 

of PSMA14-P(0.5BzMA-stat-0.5BuMA)130 vesicles originally prepared at 10% w/w 

solids (see Figure 2.18).  

 

Figure 2.18. Representative SAXS patterns and data fits obtained for 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 vesicles at 20 °C (blue squares), 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 worms at 130 °C (green triangles) and at 150 °C (red 

circles). Dashed lines indicate the data fits obtained using the relevant scattering model. 

Gradients of –2 and -1 shown as a guide to the eye. The patterns recorded at 180 °C (purple 

diamonds) and 200 °C (orange upside-down triangles) could not be satisfactorily fitted using 

any of the scattering models presented herein. 

 

The low q gradient in such I(q) vs. q plots (where I(q) is the scattering intensity and q 

is the scattering vector) is characteristic of the predominant copolymer morphology.80 

Thus the pattern recorded at 20 °C has a low q gradient of approximately –2 and can 

be satisfactorily fitted using an appropriate vesicle model.71 In contrast, patterns 

recorded at 130 °C and 150 °C exhibit low q gradients of approximately –1 and can 

be satisfactorily fitted using a worm-like micelle model,81 (the former pattern requires 
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incorporation of a unified fit to account for the slight upturn at low q,82–84 which is an 

indication of worm branching). Thus, SAXS studies confirm the vesicle-to-worm 

transition for this statistical block copolymer system, which is consistent with TEM 

and SIPLI observations. However, SAXS patterns recorded at 180 °C and 200 °C 

could not be fitted using either spherical micelle or worm-like micelle models (see 

Figure 2.18). In this case, it seems likely that the worm-to-sphere transition was not 

observed because the time allowed for thermal equilibrium was too short. Moreover, 

the scattering pattern recorded at 200 °C shows some indication of dissolved chains at 

high q, however the full pattern could not be fitted using a dissolved chain model. 

Further experiments would be required to confirm this hypothesis but this is beyond 

the scope of the current study. 

2.5. Conclusions 

The thermoresponsive behaviour of PSMA13-PBzMA97 vesicles prepared by 

RAFT-mediated PISA at 10% w/w in mineral oil was revisited. Temperature-

dependent rheology studies indicated a sharp reduction in the dispersion viscosity on 

heating above the critical temperature required for the previously reported 

vesicle-to-worm transition.64 This is attributed to a subsequent worm-to-sphere 

transition owing to further surface plasticisation of the membrane-forming PBzMA 

block, which is supported by the TEM observation of spherical nanoparticles for this 

copolymer dispersion after heating to 180 °C. 

Furthermore, the PISA synthesis of PSMA14-P(BzMA-stat-BuMA)130 vesicles was 

achieved via RAFT dispersion copolymerisation of BuMA with BzMA when targeting 

10% w/w solids in mineral oil. Introducing BuMA comonomer into the membrane-

forming block significantly lowered the critical temperature required to induce a 
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vesicle-to-worm transition from 167 °C to 109 °C, as determined by oscillatory 

rheology. This morphological transition was confirmed by TEM, SIPLI and SAXS 

studies. A five-fold increase in G′ was observed above the critical temperature, which 

is comparable to that previously reported for PSMA13-PBzMA96 vesicles.64 In 

principle, lowering this critical temperature should enable a wider range of oil-

thickening applications to be explored. In practice, higher final comonomer 

conversions are certainly desirable prior to commercial exploitation. However, we 

note that residual comonomer appears to have minimal effect on the behaviour of these 

thermoresponsive block copolymer nano-objects.  

The thermal transitions reported herein proved to be irreversible on cooling within 

normal experimental timescales (hours). Moreover, the 10% w/w 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 dispersion exhibited a significantly greater 

viscosity after a 20-180-20 °C thermal cycle compared to the original vesicle 

dispersion. TEM analysis of the annealed dispersion revealed a mixture of worms and 

vesicles at 20 °C. It is perhaps noteworthy that such irreversibility may be 

advantageous for certain applications if a permanent thickening effect is desired.  
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3.1. Introduction 

Solution-phase self-assembly of wholly amorphous diblock copolymers has been 

widely studied and used to prepare nanoparticles for potential applications in many 

fields, including biomedicine, biomaterials and catalysis.1,2 Traditionally, the 

preparation of diblock copolymer micelles is a multi-step process involving (i) 

polymerisation, (ii) purification and (iii) self-assembly. Furthermore, a well-known 

limitation is that such nanoparticles are typically obtained at low copolymer 

concentration (< 1 % w/w solids). In contrast, polymerisation-induced self-assembly 

(PISA) enables diblock copolymer nanoparticles to be formed in situ as the growing 

second block becomes insoluble in the chosen reaction medium.3–5 Moreover, PISA 

can be conducted at high copolymer concentration (10-50% w/w solids), which makes 

this approach particularly attractive for industrial scale-up.4 The main copolymer 

morphologies (i.e. spheres, worms and vesicles) can be accessed via PISA. However, 

the reaction conditions for a pure worm phase are often difficult to identify because 

this morphology typically occupies relatively narrow phase space.4,6 

In contrast, crystallisation-driven self-assembly (CDSA) is a technique known for 

accessing anisotropic nano-objects, such as cylinders or “rods”, using diblock 

copolymers comprised of a solvophilic block and a semi-crystalline block.6 In 

conventional CDSA, self-assembly is induced by the crystallisation of the core-

forming block in a selective solvent. In practice, this can involve a solvent switch 

where dissolution of the diblock copolymer in a common solvent is followed by the 

slow addition of a selective solvent for the corona-forming block. An alternative 

method is by heating and subsequently cooling a solution of diblock copolymer in a 

solvent that is good for both blocks at elevated temperature, but which becomes 
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selective on cooling.7 For example, Manners and co-workers used semi-crystalline 

poly(ferrocenyldimethylsilane) to prepare long cylindrical rodlike micelles by heating 

a polydimethylsiloxane-poly(ferrocenyldimethylsilane) [PDMS-PFDMS] diblock 

copolymer in either n-hexane or n-decane (each a solvent selective for PDMS and a 

precipitant for PFDMS) at 80 °C.8 Interestingly, when prepared above the melting 

temperature, Tm, of PFDMS (ca. 120-145 °C), spherical particles were formed. Thus 

suggesting that crystallisation of the core-forming block is the driving force for the 

formation of cylindrical rods below the Tm. To summarise, the two-dimensional folded 

crystalline lamella of a micelle with a semi-crystalline core stabilises lower curvature 

structures such as cylindrical micelles.6 

As expected, the diblock copolymer composition dictates the final copolymer 

morphology in CDSA. For example, polyisoprene-poly(ferrocenyldimethylsilane) 

[PIP320-PFDMS53] self-assembles to form cylindrical rods in PIP-selective hexanes. 

In contrast, PIP30-PFDMS60 forms tape-like platelets.9 Typically, cylindrical rods are 

formed when the corona/core block ratio lies between 5:1 and 10:1.8–11 Lower block 

ratios (typically ≤ 3:1) usually favour the formation of platelets.9,12,7 Moreover, hollow 

tubular structures have been reported by Winnik and co-workers when using a 

PDMA/PFDMS block ratio of 12:1.13 In contrast, in PISA syntheses, typically a short 

corona-forming block and relatively long core-forming block is required to access the 

worm morphology.4,14,15 However, in practice, the copolymer morphology in a PISA 

synthesis is also influenced by other factors, such as the copolymer concentration, the 

chemical nature of each block and the polymerisation temperature.16–19 

Control over the length of cylindrical nano-objects prepared by CDSA has been 

achieved via a seeded-growth approach.20,21 Although this approach, termed ‘living’ 

CDSA, offers a high level of morphological control, it is a multi-step post-
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polymerisation process conducted at low concentration (typically < 0.5 % w/w solids). 

Recently, PISA has been combined with CDSA in a process termed polymerisation-

induced crystallisation-driven self-assembly (PI-CDSA). The first example of PI-

CDSA was reported in 2017 by Boott et al., as shown in Figure 3.1.22  

 

Figure 3.1. Schematic representations of the preparation of 

polyisoprene-poly(ferrocenyldimethylsilane) [PIP-PFDMS] cylinders. (a) Preparation of 

PIP-PFDMS diblock copolymer by sequential living anionic polymerisation in THF, followed 

by (b) multi-step post-polymerisation solution processing of the PIP-PFDMS diblock 

copolymers using CDSA protocols in n-hexanes. (c) By combining established PISA and 

CDSA techniques polydisperse PIP-PFDMS cylinders can be prepared at high percentage 

solids (up to 25% w/w solids) in a THF/n-hexane solvent mixture by PI-CDSA. (d)  

Preparation of near-monodisperse PIP-PFDMS cylinders via a seeded growth mechanism at 

10% w/w solids in THF/n-hexane solvent mixture by living PI-CDSA. TBP, 

4-tert-butylphenol, was used as a quenching agent. Adapted from reference 22. 

 

The preparation of PIP-PFDMS cylindrical rods was achieved over a range of block 

ratios and at up to 25% w/w solids. Self-assembly was able to occur in situ via a one-

pot approach, whereby the PFDMS block is polymerised in a THF/n-hexane solvent 

mixture (10-20 % v/v THF) instead of neat THF as for conventional CDSA.22 

Polydisperse µm-sized cylinders were prepared by this one-pot approach, which was 

termed PI-CDSA. Moreover, performing seeded growth enabled the facile preparation 
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of monodisperse cylinders with enhanced length control via living PI-CDSA. Over the 

past five years, the scope of PI-CDSA has been broadened to include other PFDMS-

based block copolymers,23 ring-opening metathesis polymerisation (ROMPI-

CDSA),24 and also ring-opening PI-CDSA.25 

Recently, the synthesis of poly(behenyl methacrylate)-poly(benzyl methacrylate) 

[PBeMA-PBzMA] diblock copolymer nanoparticles via RAFT-mediated PISA in 

mineral oil was reported by Derry et al.26 Such sterically-stabilised nanoparticles 

remained colloidally stable at the synthesis temperature of 90 °C but became 

flocculated pastes on cooling to ambient temperature owing to crystallisation of the 

C22H45 pendent side-chains on the PBeMA stabiliser chains, which occurred both 

within the individual nanoparticles and also between neighbouring nanoparticles. Such 

crystallisation proved to be fully reversible: heating to 50 °C led to complete 

redispersion of the flocculated nanoparticles as judged by turbidimetry and 

small-angle X-ray scattering (SAXS) studies. 

The aim of this Chapter was to investigate whether poly(lauryl 

methacrylate)-poly(behenyl methacrylate) [PLMA-PBeMA] diblock copolymer 

nanoparticles could be prepared using PI-CDSA (see Scheme 3.1). In contrast to the 

prior study by Derry and co-workers,26 PBeMA is used as the semi-crystalline core-

forming block, rather than as the steric stabiliser. As discussed above, we targeted 

cylindrical rods by aiming to prepare highly asymmetric diblock copolymers 

comprising a long corona-forming block and a short core-forming block. In principle, 

melting of the crystalline core-forming block cores within the 20-50 °C range should 

lead to a change in the rheology of such dispersions as the rods become much more 

flexible, which should lead to a significant reduction in their mean persistence length. 
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Such thermoresponsive behaviour may offer potential thickening applications (e.g. in 

cosmetics and personal care formulations). 

 

Scheme 3.1. Synthesis of a poly(lauryl methacrylate)-poly(behenyl methacrylate) 

(PLMA102-PBeMA20) diblock copolymer via RAFT solution polymerisation of BeMA at 

30% w/w solids in mineral oil (a) by thermal initiation with T21s at 90 °C or (b) by 

photoiniferter polymerisation (λ = 405 nm) at 15 °C. 

 

3.2. Experimental 

3.2.1. Materials 

All reagents purchased were used as received, unless stated otherwise. Behenyl 

alcohol (1-docosanol; C22H45-OH; 98%), methacryloyl chloride (≥ 97%), 

triethylamine (TEA), n-hexane, and CDCl3 were all purchased from Sigma-Aldrich 

(UK). Lauryl methacrylate (LMA; 96%) was also purchased from Sigma Aldrich and 

filtered through basic alumina prior to use in order to remove inhibitor. Toluene, 

methanol, ethanol and n-dodecane (>99%) were purchased from Fisher Scientific 

(UK). 2,2′-Azoisobutyronitrile (AIBN) was obtained from Molekula (UK) and tert-

butyl peroxy-2-ethylhexanoate (T21s, >97%) was purchased from AkzoNobel (The 

Netherlands). Tetrahydrofuran (HPLC grade) was purchased from VWR Chemicals 

and used in the purification of the PLMA macro-CTA. Anhydrous THF was obtained 

in-house from a Grubbs solvent purification system and used for the in-house synthesis 

of the behenyl methacrylate. CD2Cl2 was purchased from Goss Scientific (UK). 4-
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Cyano-4-(2-phenylethane sulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC, 

>99%) was synthesised according to the literature.27 Behenyl methacrylate (BeMA, 

>99%) and API Group III mineral oil (viscosity = 3.1 cSt at 100 °C) were kindly 

provided by The Lubrizol Corporation Ltd (Hazelwood, Derbyshire, UK). In addition, 

behenyl methacrylate, technical grade, was also supplied by BASF (Ludwigshafen, 

Germany).  

3.2.2. Synthesis of behenyl methacrylate (BeMA) 

Behenyl methacrylate was synthesised by reacting behenyl alcohol with a 50 mol% 

excess of methacryloyl chloride in THF, in the presence of triethylamine. A similar 

protocol was reported for the synthesis of propargyl methacrylate by Ghasdian et al.28 

A 500 mL two-neck flask was fitted with a rubber septum and dropping funnel and 

purged with nitrogen. To this flask was added anhydrous THF (125 mL), behenyl 

alcohol (51.1 g 0.157 mol) and triethylamine (68.8 mL, 49.9 g, 0.493 mol) and the 

resulting reaction mixture was stirred at 23 °C. The flask was then placed in an ice 

bath at 0 °C with continuous stirring. Methacryloyl chloride (22.9 mL, 24.5 g, 

0.235 mol) was added dropwise to the reaction mixture via the dropping funnel over 

30 min. After stirring for 1 h, anhydrous THF (60.0 mL) was added to facilitate more 

efficient stirring. The reaction mixture was stirred for 20 h and allowed to warm up to 

ambient temperature over this period. The resulting viscous white solution was 

exposed to air to produce a cloudy yellow solution, which was treated with basic 

alumina to remove unreacted methacryloyl chloride, methacrylic acid and 

triethylamine hydrochloride salt. The purified product was filtered under vacuum to 

afford a white solid, which was dissolved in n-hexane, washed with sodium 

bicarbonate solution (pH 9) and then passed through a silica column to remove any 
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remaining impurities. Then the THF and n-hexane were removed under reduced 

pressure and the residue was dried overnight in a vacuum oven at 30 °C.  

Behenyl methacrylate was obtained as a white solid (26.3 g, 66.6 mmol, 42% yield). 

Elemental microanalysis: C, 79.35%; H, 12.48%. C26H50O2 requires C, 79.12; H, 

12.77%. 1H NMR (400 MHz, CDCl3, 20 °C): δ = 0.88-0.93 (t, 3H, -

COOCH2CH2(CH2)19CH3), 1.22-1.44 (m, 38H, -COOCH2CH2(CH2)19CH3), 1.64-

1.74 (m, 2H, -COOCH2CH2(CH2)19CH3), 1.97 (s, 3H, HHC=CH3COO-), 4.13-4.20 (t, 

2H, -COOCH2CH2(CH2)19CH3), 5.57 (s, 1H, H2C=CH3-, cis), 6.12 (s, 1H, H2C=CH3-

, trans). 13C NMR (100 MHz, CDCl3, 20 °C): 167.8, 136.7, 125.3, 64.9, 32.0, 29.7, 

29.3, 28.6, 26.0, 22.7, 18.4, 14.2.  

3.2.3. Synthesis of poly(lauryl methacrylate) (PLMA) macromolecular chain 

transfer agent (macro-CTA) 

A typical synthesis of a PLMA macro-CTA was conducted as follows. A 250 mL 

round-bottomed flask was charged with lauryl methacrylate (LMA; 52.3 g; 206 

mmol), 4-cyano-4-(2-phenylethane sulfanylthiocarbonyl)sulfanylpentanoic acid 

(PETTC; 0.50 g; 1.47 mmol; [LMA]/[PETTC] = 140), 2,2′-azobisisobutyronitrile 

(AIBN; 48.0 mg; 292 µmol; [PETTC]/[AIBN] molar ratio = 5.07) and toluene (52.8 

g; total solids content = 50% w/w). The sealed reaction vessel was purged with 

nitrogen for 30 min and then placed in a pre-heated oil bath at 70 °C. The LMA 

polymerisation was allowed to proceed for 3.5 h at this temperature. 1H NMR 

spectroscopy (see Figure 3.2) was used to determine an LMA monomer conversion 

of 56% using Equations 3.1-3.3 by comparing the integrated monomer vinyl protons 

(a’ and b’) with the integrated oxymethylene signals (f’ and m) assigned to LMA 

monomer and PLMA homopolymer.  
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Figure 3.2. Assigned 1H NMR spectrum (CDCl3) recorded for a crude PLMA precursor 

(target DP = 140, LMA conversion = 56%). 

 

𝐼𝑚 = [𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑎′ + 𝑏′)] = 2𝐻 3.1 

𝐼𝑝 = [𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑚 + 𝑓′)] − 𝐼𝑚 3.2 

𝐿𝑀𝐴 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = [1 −
𝐼𝑚

𝐼𝑚 +  𝐼𝑝
]  𝑥 100% 3.3 

The crude product was purified by precipitation (three times) into excess methanol 

and then dried under vacuum. The mean degree of polymerisation (DP) of the purified 

macro-CTA was determined via end-group analysis by analysing its 1H NMR 

spectrum recorded in CD2Cl2 (see Figure 3.3). A mean DP of 102 was calculated by 

comparing the integrated signals corresponding to the aromatic protons of the 

trithiocarbonate-based end-group at 7.1-7.4 ppm with those assigned to the two 

oxymethylene ester protons of the LMA repeat units at 3.7-4.2 ppm (Equations 3.4-
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3.5). THF GPC analysis indicated a PMMA-equivalent number-average molecular 

weight, Mn, of 20.7 kg mol-1 (for comparison, Mn NMR = 26.3 kg mol-1) and 

dispersity, Đ, of 1.19.  

 

Figure 3.3. Assigned 1H NMR spectrum (CD2Cl2) obtained for the purified PLMA102 macro-

CTA.  

[𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑔 +  ℎ +  𝑖)]  =  5H 3.4 

𝑃𝐿𝑀𝐴 𝐷𝑃 =  
[𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑚)]

2
 

3.5 

 

3.2.4.  Synthesis of poly(lauryl methacrylate)-poly(behenyl methacrylate) 

[PLMA102-PBeMAx] diblock copolymers by thermally-initiated RAFT solution 

polymerisation at 90 °C 

The protocol for the synthesis of a PLMA102-PBeMA20 diblock copolymer via RAFT 

solution polymerisation of BeMA at 30% w/w solids in mineral oil is representative 
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for all of the diblock copolymers prepared by thermal initiation in this Chapter and 

was conducted as follows. PLMA102 (0.333 g; 12.7 μmol), BeMA (0.100 g; 253 μmol), 

and mineral oil (0.920 g) were weighed into a glass vial and heated in an oven at 70 °C 

to aid dissolution. A sample (one droplet, approx. 20 mg) of the reaction solution was 

extracted for use as a ‘zero time’ reference point for determination of the BeMA 

conversion by 1H NMR spectroscopy. After cooling the remaining solution to 20 °C, 

T21s initiator was added (101 μl; 4.21 μmol; 1.0% v/v in mineral oil; 

[PLMA102]/[T21s] molar ratio = 3.0) along with a magnetic stirrer bar and this reaction 

mixture was purged with nitrogen gas for 30 min. The sealed sample vial was then 

immersed in a pre-heated oil bath set at 90 °C and the reaction mixture was stirred for 

16 h (final BeMA conversion = 97%; Mn = 25.5 kg mol-1; Đ = 1.17).  

BeMA conversions were determined via 1H NMR spectrocopy using Equations 3.6 -

3.9. In this case, an additional spectrum was recorded at zero time to distinguish 

between the new oxymethylene signals originating from the PBeMA block and those 

assigned to the PLMA precursor (see Figure 3.4). 

𝐼𝑚 = [𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑎 + 𝑏)] = 2𝐻 3.6 

PLMA 𝐼𝑝 = [𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑐′ + 𝑑′)] − 𝐼𝑚 3.7 

PBeMA 𝐼𝑝 = {[𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑐 + 𝑐′ + 𝑑′)] − 𝐼𝑚} − 𝑃𝐿𝑀𝐴 𝐼𝑝 3.8 

𝐵𝑒𝑀𝐴 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = [1 −
𝐼𝑚

𝐼𝑚 +  𝑃𝐵𝑒𝑀𝐴 𝐼𝑝
]  𝑥 100% 3.9 
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Figure 3.4. Assigned 1H NMR spectra (CDCl3) recorded for (a) the reaction mixture at zero 

time (t = 0) containing a PLMA102 precursor and BeMA monomer and (b) the same reaction 

mixture after polymerisation for 16 h to form a PLMA102-PBeMA diblock copolymer (BeMA 

conversion = 97%). 

 

3.2.5. Synthesis of poly(lauryl methacrylate)-poly(behenyl methacrylate) 

[PLMA102-PBeMA20] diblock copolymers by photoiniferter RAFT solution 

polymerisation at 32 °C 

A typical synthesis of a PLMA102-PBeMA20 diblock copolymer at 30% w/w solids in 

mineral oil via photoiniferter RAFT solution polymerisation at ambient temperature 

was conducted as follows. PLMA102 (0.337 g; 12.8 μmol), BeMA (0.101 g; 256 μmol), 

and mineral oil (1.021 g) were weighed into a glass reaction vial and heated in an oven 

at 70 °C to aid dissolution. One droplet (approx. 20 mg) of the reaction solution was 

taken for use as a reference point (t = 0) for determination of the BeMA conversion 
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by 1H NMR spectroscopy. A thermocouple was inserted into the reaction mixture 

along with a magnetic stirrer bar and this reaction mixture was purged with nitrogen 

gas for 30 min. The sealed sample vial was placed inside a glass beaker containing 

violet LED lights (λ = 395 nm) wrapped around the inside wall and was stirred for 16 

h at 32 °C (final BeMA conversion > 99%; Mn = 26.1 kg mol-1; Đ = 1.19). For 

photoiniferter polymerisation syntheses conducted at lower temperature, a more 

sophisticated set-up was used which consisted of violet LED lights (λ = 405 nm, 

0.37 mW cm-2) inside a jacketed vessel connected to a thermostat-controlled water 

bath, as described by Gibson et al.29  

3.3. Characterisation  

3.3.1.  1H NMR spectroscopy 

1H NMR spectra were recorded in either CD2Cl2 (to determine the mean DP for the 

PLMA precursor) or CDCl3 (for all other spectra) using a Bruker Avance AVIII 400 

MHz spectrometer. Typically, 64 scans were averaged per spectrum. 

3.3.2. 13C NMR spectroscopy 

13C (DEPTQ) NMR spectra were acquired at 100 MHz using a Bruker Avance AVIII 

400 MHz spectrometer. All spectra were recorded in CDCl3 with between 128 and 

10,240 scans being averaged per spectrum.  

3.3.3.  Gas Chromatography – Mass Spectrometry (GC-MS) 

Mass spectrometry analysis was conducted using an Agilent 7200 Accurate-Mass Q-

TOF instrument connected to a gas chromatograph equipped with an Agilent DB-

5MS-UI 30 m x 0.25 mm x 0.25 μm column. The carrier gas was helium at a pressure 

of 9.47 psi. The injection volume was 1.0 μL and the flow rate was 1.2 ml min-1. 
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Samples were analysed using the electron impact (EI) scan mode over the 40-900 m/z 

range.   

3.3.4.  Elemental Microanalysis 

Microanalyses were determined using an Elementar vario MICRO cube analyser.  

3.3.5.  Melting Point Analysis 

The melting point of behenyl methacrylate monomer was determined using a Stuart 

SMP50 Automatic Melting point instrument. Samples were equilibrated at 35 °C and 

then heated at a rate of 1.0 °C min-1. Three samples were run using glass capillaries 

and the mean melting point was calculated.  

3.3.6. FT-IR Spectroscopy 

FT-IR spectra were recorded for both behenyl methacrylate and the behenyl alcohol 

precursor using a Thermo Scientific Nicolet iS10 spectrometer equipped with a 

Diamond ATR Golden Gate accessory. The spectral resolution was 4 cm-1 and 32 

scans were averaged per spectrum. 

3.3.7.  Differential Scanning Calorimetry (DSC) 

DSC studies were performed using a TA Instruments Discovery DSC instrument 

equipped with TZero low-mass aluminium pans and hermetically-sealed lids. BeMA 

monomer was equilibrated at 60 °C for 5 min before two consecutive thermal cycles 

(from 60 °C to 0 °C to 60 °C) were performed at a constant cooling/heating rate of 

10.0 °C min-1. PLMA-PBeMA diblock copolymers were equilibrated at 60 °C for 5 

min prior to two consecutive thermal cycles (from 60 °C to 0 °C to 60 °C) performed 

at a constant cooling/heating rate of 2.0 °C min-1.  Two cycles were performed to 

eliminate any thermal history. 
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3.3.8.  Gel Permeation Chromatography (GPC) 

GPC was used to assess molecular weight distributions. The GPC set-up comprised 

two 5 μm (30 cm) Agilent Mixed C columns and a WellChrom K-2301 refractive 

index detector operating at 950 ± 30 nm. The THF eluent contained 2.0% v/v 

triethylamine and 0.05% w/v butylhydroxytoluene (BHT) with a toluene flow-rate 

marker at a flow rate of 1.0 mL min-1. A series of eleven near-monodisperse 

poly(methyl methacrylate) (PMMA) standards (Mp values ranging from 800 to 

988 000 g mol-1) were used for calibration. 

3.3.9. Dynamic Light Scattering (DLS) 

DLS studies were performed using a Zetasizer Nano ZS instrument (Malvern 

Instruments, UK) at a fixed scattering angle of 173°. Copolymer dispersions were 

diluted to 0.10% w/w using n-dodecane, either in a refrigerator at 5 °C or on the bench 

at ~20 °C, prior to light scattering studies at either 5 °C or 20 °C. The z-average 

diameter and DLS polydispersity were calculated by cumulants analysis of the 

experimental correlation function using Dispersion Technology Software version 

6.20. Data were averaged over ten runs each of thirty seconds duration. 

3.3.10. Transmission Electron Microscopy (TEM) 

TEM studies were conducted using a FEI Tecnai G2 spirit instrument operating at 80 

kV and equipped with a Gatan 1k CCD camera. Copolymer dispersions were diluted 

to 0.10% w/w using n-dodecane either in a refrigerator at 5 °C or on the bench at 

~20 °C. For sample preparation at 5 °C, a single droplet was placed onto a pre-cooled 

carbon-coated copper grid and allowed to dry at 5 °C overnight within a refrigerator. 

For sample preparation at 20 °C, a single droplet was placed onto a carbon-coated 

copper grid and allowed to dry for 30 min. The resulting grids were exposed to 

ruthenium(VIII) oxide vapor for 7 min at 20 °C prior to analysis. This heavy metal 
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compound acts as a positive stain for the core-forming block to improve electron 

contrast. Ruthenium(VIII) oxide was prepared as follows: ruthenium(IV) oxide 

(0.30 g) was added to water (50 g) to form a black slurry; addition of sodium periodate 

(2.0 g) with continuous stirring produced a yellow solution of ruthenium(VIII) oxide 

within 1 min at 20 °C.  

3.3.11. Oscillatory rheology 

An Anton Paar MCR502 rheometer equipped with a variable temperature Peltier plate 

and hood and a 50 mm 2° aluminium cone was used for all experiments. The distance 

between the cone and plate was 207 μm. The storage (G’) and loss (G”) moduli were 

measured as a function of temperature at a fixed strain of 1.0% and an angular 

frequency of 10 rad s-1. The sample was equilibrated at 60 °C for 5 min before 

performing a thermal cycle from 60 to 10 to 60 °C at a constant cooling/heating rate 

of 2.0 °C min-1. 

3.3.12. Shear-Induced Polarised Light Imaging (SIPLI) 

The instrument design and general experimental set-up has been previously reported 

by Mykhaylyk and co-workers.30,31 SIPLI experiments were conducted on a 30% w/w 

solution of PLMA102-PBeMA20 diblock copolymer in n-dodecane at an applied shear 

rate of 1.0 s-1 during a temperature ramp experiment from 50 to 10 to 50 °C conducted 

at a constant cooling/heating rate of 2.0 °C min-1.  

3.4. Results and Discussion  

3.4.1.  Synthesis of behenyl methacrylate (BeMA) 

Preliminary work was conducted using a small batch of BeMA monomer (originally 

synthesised by Dr. D. Knobloch at The Lubrizol Corporation and kindly provided to 

the Armes group) that remained after a prior study performed by Derry and co-
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workers.26 For subsequent experiments, a new source of BeMA monomer was 

required to conduct the majority of the experimental work reported in this Thesis. 

Initially, BeMA monomer was supplied by BASF (Ludwigshafen, Germany). 

However, GC-MS analysis indicated that this technical grade batch contained a 

mixture of C18, C20 and C22 side-chains (see Figure 3.5b), rather than solely C22 side-

chains observed for the original Lubrizol-sourced BeMA batch (see Figure 3.5a). The 

BASF-sourced BeMA monomer turned out to be unsuitable for further studies because 

it exhibited inferior crystallisation behaviour. This was confirmed by melting point 

analysis: a melting point of 29.1 ± 0.2 °C was determined for the impure BeMA batch 

obtained from BASF, whereas a melting point of 45.6 ± 0.2 °C was obtained for the 

pure batch originating from Lubrizol. Moreover, a significant difference in the melting 

and crystallisation temperatures (Tm and Tc, respectively) was observed by DSC 

studies conducted at a cooling rate of 10 °C min-1. These thermal transitions 

correspond to the loss or appearance of crystalline structure in the sample. The 

Lubrizol-sourced BeMA exhibited a Tc at 35 °C on cooling from 60 °C, whereas a 

much broader peak was observed for the BASF-sourced monomer with a significantly 

lower Tc of 25 °C (see Figure 3.5c and Figure 3.5d). It is perhaps worth noting the 

presence of two second, smaller peaks in the DSC traces for BeMA obtained from 

Lubrizol: one for crystallisation and one for melting (labelled Tc
* and Tm

* in Figure 

3.5c). It is likely that these correspond to a conformational order/disorder transition 

on cooling/heating.32,33 
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Figure 3.5. GC-MS spectra recorded for BeMA monomer provided (a) by Lubrizol and (b) 

by BASF. Differential scanning calorimetry (DSC) curves recorded at a constant 

cooling/heating rate of 10 °C min-1 for BeMA monomer provided (c) by Lubrizol and (d) by 

BASF. 

 

Behenyl methacrylate was synthesised in-house by reacting behenyl alcohol (1-

docosanol) with excess methacryloyl chloride in THF in the presence of triethylamine 

(TEA), see Scheme 3.2.  

 

Scheme 3.2. Synthesis of behenyl methacrylate (BeMA) by reacting behenyl alcohol with 

excess methacryloyl chloride in THF in the presence of triethylamine (TEA).  

 

TEA was dried in a round-bottomed flask over activated molecular sieves and the 

behenyl alcohol precursor was dried in a vacuum oven overnight to remove any 

residual moisture prior to esterification. The reaction mixture was stirred for 20 h 
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under an N2 atmosphere in a sealed vessel. The crude product was washed with basic 

alumina to remove any unreacted methacryloyl chloride, methacrylic acid and 

triethylamine hydrochloride salt. The product was then dissolved in n-hexane, washed 

with mildly alkaline aqueous solution (pH 9), and passed through a silica column to 

remove any remaining impurities, prior to drying in a vacuum oven for 24 h. A white 

crystalline powder was obtained and successful purification was confirmed by 1H 

NMR and 13C NMR. Figure 3.6 shows 1H NMR spectra of both the crude reaction 

mixture and the final BeMA product after purification. The labelled proton signals 

corresponding to impurities present in the crude reaction mixture in spectrum (a) are 

absent in spectrum (b) recorded for the purified BeMA monomer.  

 

Figure 3.6. 1H NMR spectra recorded in CDCl3 for (a) the crude product obtained after in-

house synthesis of behenyl methacrylate with labelled proton signals corresponding to 

impurities and (b) purified behenyl methacrylate, confirming removal of such impurities. (c) 

Partial spectra show the presence of ghost vinyl proton signals (*) corresponding to unreacted 
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methacryloyl chloride and/or methacrylic acid for the crude reaction mixture, but not for the 

purified monomer.  

 

Figure 3.7 and Figure 3.8 show the assigned NMR spectrum for the purified BeMA 

monomer, along with the spectrum for the original batch of BeMA provided by 

Lubrizol, for 1H and 13C NMR respectively. Clearly, in both cases, these two spectra 

are almost identical.  

 

Figure 3.7. Assigned 1H NMR spectra in CDCl3 of (a) behenyl methacrylate synthesised in-

house at UoS (after purification) and (b) behenyl methacrylate provided by The Lubrizol 

Corporation. 
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Figure 3.8. Assigned 13C NMR spectra in CDCl3 of (a) behenyl methacrylate synthesised in-

house at UoS (after purification) and (b) behenyl methacrylate provided by The Lubrizol 

Corporation. 

In addition to 1H and 13C NMR spectroscopy, the in-house synthesised BeMA 

monomer was also characterised by elemental microanalysis, GC-MS, melting point 

analysis, and FT-IR spectroscopy. The original Lubrizol-sourced BeMA batch was 

also analysed for comparison. For the in-house synthesised BeMA batch, elemental 

microanalysis indicated 79.35% C and 12.48% H, which are close to the theoretical 

values for C26H50O2 of 79.12% and 12.77%, respectively. In comparison, the Lubrizol 

batch contained 79.31% C and 13.06% H. GC-MS analysis revealed a single peak 

corresponding to 394.4 m/z, which is identical to the Lubrizol-sourced BeMA 

chromatogram (see Figure 3.9). For comparison, the absolute mass of BeMA is 

394.381 m/z. Overall purity was estimated to be more than 99% for both batches. 

Melting point analysis indicated almost identical data (m.p. = 45.7 ± 0.1 °C for the in-

house synthesised batch vs. m.p. = 45.6 ± 0.2 °C for the Lubrizol batch).  
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Figure 3.9. GC-MS spectra recorded for (a) in-house synthesised behenyl methacrylate and 

(b) Lubrizol-sourced behenyl methacrylate. 

 

FT-IR spectroscopy provided qualitative evidence for successful synthesis of the 

desired behenyl methacrylate from behenyl alcohol (see Figure 3.10). The O-H stretch 

at around 3340 cm -1 observed in the spectrum recorded for the behenyl alcohol 

precursor (a) is absent in the spectra recorded for (b) the in-house synthesised behenyl 

methacrylate and (c) the Lubrizol batch. In the latter two spectra, the strong 1710 cm-1 

band is assigned to the ester carbonyl stretch and a 1635 cm-1 band is ascribed to the 

C=C stretch of the vinyl group.34 
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Figure 3.10. FT-IR spectra recorded for (a) behenyl alcohol, (b) in-house synthesised behenyl 

methacrylate and (c) Lubrizol-sourced behenyl methacrylate. 

 

In summary, the behenyl methacrylate monomer prepared in-house is of comparable 

purity to that of the original Lubrizol batch employed by Derry et al,26 as confirmed 

by 1H and 13C NMR spectroscopy, elemental microanalysis, GC-MS, melting point 

analysis and FT-IR spectroscopy.  

3.4.2. Synthesis of PLMA macro-CTA 

A PLMA102 macro-CTA precursor was prepared via RAFT solution polymerisation of 

LMA at 50% w/w solids in toluene at 70 °C using PETTC as a RAFT chain transfer 

agent (CTA) (see Scheme 3.3). This polymerisation was quenched at 56 % conversion 

to produce a mean DP of 102. Quenching the polymerisation well below full 

conversion avoids monomer-starved conditions and hence aids retention of the 

trithiocarbonate end-groups.35,36 This is desirable for high blocking efficiencies in the 

subsequent synthesis of PLMA-PBeMA diblock copolymers. THF GPC analysis of 
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this PLMA102 macro-CTA indicated an Mn of 20.7 kg mol-1 and a relatively narrow 

molecular weight distribution (Đ = 1.19).  

 

Scheme 3.3. Synthesis of a poly(lauryl methacrylate) (PLMA) macro-CTA by RAFT solution 

polymerisation of LMA at 50% w/w solids in toluene at 70 °C. 

 

3.4.3. Preliminary Study: Synthesis of PLMA-PBeMA diblock copolymers 

Preliminary experiments were conducted to assess the feasibility of chain-extending 

this PLMA102 macro-CTA with BeMA. An initial series of three PLMA102-PBeMAx 

diblock copolymers targeting a PBeMA DP (x) of 20, 40 or 60, were synthesised via 

RAFT solution polymerisation of BeMA at 90 °C at 30% w/w solids in mineral oil 

(see Scheme 3.4). Given its relatively high molar mass (394.7 g mol-1), BeMA 

monomer has a relatively low molar concentration for a given mass concentration 

compared to most other common methacrylic monomers, e.g. methyl methacrylate 

(molar mass = 100.1 g mol-1). Thus, 30% w/w solids was chosen to ensure that a high 

BeMA monomer conversion could be obtained, while still providing conditions under 

which, on cooling post-polymerisation, self-assembly might be expected to occur 

(PISA syntheses have been shown to work well at up to 50 % w/w solids in non-polar 

media).37  
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Scheme 3.4. Synthesis of poly(lauryl methacrylate)-poly(behenyl methacrylate) (PLMA-

PBeMA) diblock copolymers via RAFT solution polymerisation at 30% w/w solids in mineral 

oil at 90 °C. 

 

A relatively high BeMA conversion of 96% was achieved when targeting PBeMA DP 

20 (see Table 3.1). However, the final BeMA conversion was reduced to 92% and 

59% when targeting of DPs 40 and 60, respectively. THF GPC analysis of the three 

diblock copolymers using a RI detector showed narrow MWDs and a clear shift in 

molecular weight was observed relative to the corresponding PLMA102 precursor (see 

Figure 3.11). In subsequent experiments, a target DP of 20 was selected for the 

PBeMA block, which corresponds to a PLMA/PBeMA molar ratio of approximately 

5:1. Similar corona/core molar ratios have been reported to be important for producing 

1D cylindrical rods by CDSA by Manners and co-workers.8,9,22 

Table 3.1. Summary of PBeMA target DPs, GPC molecular weights and dispersities for a 

series of PLMA102-PBeMAx diblock copolymers prepared at 30% w/w solids in mineral oil at 

90 °C.  

PBeMA target DP BeMA conv.a / % Mn
b / kg mol-1 Đb 

20 96 26.4 1.16 

40 92 29.9 1.16 

60 59 28.8 1.18 

aDetermined by 1H NMR. bDetermined by THF GPC against poly(methyl methacrylate) 

standards. 
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Figure 3.11. THF GPC curves recorded when targeting PLMA102-PBeMAx diblock 

copolymers, where x = 20, 40 or 60, using a refractive index (RI) detector and a PLMA102 

macro-CTA reference for comparison. 

3.4.4. Synthesis of PLMA102-PBeMA20 diblock copolymers by either thermally 

initiated RAFT polymerisation at 90 °C or photoiniferter RAFT polymerisation at 

32 °C 

A PLMA102-PBeMA20 diblock was targeted via RAFT polymerisation of BeMA at 

30% w/w solids in mineral oil using an organic peroxide initiator (T21s) at 90 °C, see 

Scheme 3.5a and Figure 3.12a. 1H NMR spectroscopy studies indicated that 97% 

BeMA conversion was achieved after 16 h. The visual appearance of the reaction 

mixture at 90 °C was a clear, pale-yellow fluid (see Figure 3.12b). This indicates that 

the PBeMA block remains soluble under such conditions, which is consistent with 

prior studies by Derry et al.26 Thus this formulation is an example of RAFT solution 

polymerisation, rather than PISA. 

The same PLMA102-PBeMA20 diblock copolymer was targeted via photoiniferter 

RAFT polymerisation at 30% w/w solids in mineral oil at 32 ± 1 °C using violet light 

(λ = 395 nm) instead of a chemical initiator, see Scheme 3.5b. It was hypothesised 

that such a reaction temperature might be sufficiently low enough for the PBeMA 

block to crystallise and produce diblock copolymer nanoparticles by CDSA and/or 
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PISA based on reported work by Derry et al.26 In this published work, DSC studies on 

a PBeMA37 homopolymer determined a melting temperature (Tm) of 59 °C in the solid 

state and a Tm of 43 °C for a 20% w/w solution in mineral oil. This reaction was 

conducted within a 2 L glass beaker in which an adhesive violet LED strip was stuck 

on the internal glass walls (see Figure 3.12d). A similar reaction vessel has been 

previously used within the Armes group for photoiniferter RAFT polymerisations. A 

Raspberry Pi-controlled thermocouple was used to monitor the temperature of the 

reaction mixture, which measured 32 ± 1 °C. After 16 h of continuous LED light 

irradiation, 1H NMR spectroscopy studies indicated that more than 99% BeMA 

conversion was achieved. The final reaction solution was a clear, pale fluid at 32 °C 

(see Figure 3.12e). Again, this suggested that solution polymerisation had occurred, 

rather than PISA. This is somewhat surprising given the reaction temperature was 

below that of the Tm measured for a PBeMA37 homopolymer. 

 

Scheme 3.5. Synthesis of a poly(lauryl methacrylate)-poly(behenyl methacrylate) 

(PLMA102-PBeMA20) diblock copolymer via RAFT solution polymerisation at 30% w/w 

solids in mineral oil (a) by thermal initiation with T21s at 90 °C or (b) by photoiniferter 

polymerisation (λ = 395 nm) at 32 oC. 



Chapter 3. Synthesis of Poly(lauryl methacrylate)-Poly(behenyl methacrylate) 

Diblock Copolymers via RAFT Solution Polymerisation in Mineral Oil 

 

132 

 

 

Figure 3.12. Digital photographs recorded when targeting the synthesis of a PLMA102-

PBeMA20 diblock copolymer at 30% w/w solids in mineral oil: (a) the reaction setup for 

thermally-initiated polymerisation in an oil bath at 90 °C, and the concentrated solution (b) 

immediately after synthesis at 90 °C and (c) after cooling to 20 °C. Digital photographs, for 

the synthesis of PLMA102-PBeMA20 diblock copolymers at 30% w/w in mineral oil, showing 

(d) the reaction setup for photoiniferter polymerisation using violet light (λ = 395 nm) at 

32 °C, and the concentrated solution (e) immediately after synthesis at 32 °C and (f) after 

cooling to 20 °C. 

 

Each PLMA102-PBeMA20 diblock copolymer was characterised by THF GPC using a 

refractive index detector. An Mn of 25.5 kg mol-1 (Đ = 1.17) was obtained for the 

thermally-initiated copolymer and an Mn of 26.3 kg mol-1 (Đ = 1.18) was observed for 

the copolymer produced via iniferter polymerisation (see Figure 3.13a). In each case, 

the PLMA precursor exhibited a high blocking efficiency. Clearly, photoiniferter 

polymerisation enables a slightly higher conversion to be achieved with comparable 

MWD control under significantly milder reaction conditions compared to thermal 
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initiation at 90 °C using a chemical initiator. The effectiveness of photoiniferter RAFT 

polymerisation under relatively mild conditions has been well-documented.38–41  

 

Figure 3.13. THF GPC curves recorded when targeting a PLMA102-PBeMA20 diblock 

copolymer via either thermally-initiated RAFT polymerisation at 90 °C or photoiniferter 

RAFT polymerisation at 32 °C: (a) using a refractive index (RI) detector and a PLMA102 

macro-CTA reference for comparison, and (b) a UV detector set to the absorption wavelength 

of the trithiocarbonate end-group (λ = 298 nm). In the latter case, exposure to violet light 

irradiation for 16 h leads to degradation of most of the trithiocarbonate end-groups. In contrast, 

the majority of the trithiocarbonate end-groups are retained during thermally-initiated 

polymerisation at 90 °C.  

 

One important consequence of using the photoiniferter RAFT polymerisation protocol 

was the in situ removal of most of the RAFT trithiocarbonate end-groups. The final 

copolymer was discernibly less yellow and had a stronger malodour than that prepared 

by thermally-initiated polymerisation at 90 °C. THF GPC analysis using a UV detector 

(λ = 298 nm) confirmed that 80% of the RAFT end-groups had been removed during 

the polymerisation (relative to the UV GPC curve recorded for the same diblock 

copolymer prepared at 90 °C), see Figure 3.13b. Removal of trithiocarbonate RAFT 

end-groups during prolonged exposure to violet light has been recently reported by 

Gibson et al.29 and Chan and co-workers.42 Given that such RAFT end-groups may 

need to be removed for certain applications, such in situ degradation could be regarded 

as a potential advantage.43,44 Moreover, given the comparable RI GPC Mn values 

observed for the two synthesis protocols, RAFT end-group degradation must occur 
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after completion of the photoiniferter polymerisation, rather than during the chain 

growth phase. Otherwise, a significantly higher Mn value (and a much higher Đ value) 

would be expected. 

On cooling to 20 °C, both PLMA102-PBeMA20 diblock copolymer solutions formed 

relatively transparent free-standing gels at 30% w/w solids (see Figure 3.12c and 

Figure 3.12f). Variable-temperature rheology experiments were conducted on the 

30% w/w PLMA102-PBeMA20 diblock copolymer solution in mineral oil prepared by 

photoiniferter RAFT polymerisation at 32°C (>99% PBeMA conversion), see Figure 

3.14b. The sample was loaded onto the heating plate and equilibrated at 60 °C for 

5 min, before being subjected to a 60 °C to 10 °C to 60 °C thermal cycle at a constant 

cooling/ heating rate of 2.0 °C min-1. A copolymer of equivalent composition prepared 

by thermally-initiated RAFT polymerisation at 90 °C (97% PBeMA conversion) was 

also analysed for comparison, see Figure 3.14a. 

 

Figure 3.14. Temperature dependence of the storage modulus (G’, squares) and loss modulus 

(G”, triangles) obtained for PLMA102-PBeMA20 at 30% w/w solids in mineral oil on heating 

from 10 °C to 60 °C (orange symbols) and on cooling from 60 °C to 10 °C (blue symbols) at 

a constant cooling/heating rate of 2.0 °C min-1: (a) prepared by thermal initiation at 90 °C and 

(b) prepared by photoiniferter polymerisation at 32 °C, Data were recorded at 1.0% strain 

amplitude using an angular frequency of 10 rad s-1.   
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On heating from 10 °C to 26 °C, each 30% w/w dispersion exhibits solid-like 

properties, with the storage modulus (G’) being larger than the loss modulus (G”). 

The solid-to-liquid transition is defined by the crossover in the G’ and G” curves 

observed above 27-28 °C. Above this temperature, both samples exhibit fluid-like 

properties (G” >> G’), as illustrated by the digital photographs recorded at 60 °C. On 

cooling from 60 °C to 10 °C, the liquid-like properties of both samples are initially 

retained before reverting to their original solid-like state below the crossover at 20 °C. 

This is often referred to as the critical gelation temperature (CGT).45 In this case, 

significant hysteresis occurs; the CGT during the heating cycle (27-28 °C) is 

appreciably higher than that observed during the cooling cycle (20 °C). For 

comparison, Derry et al. reported that a relatively transparent, free-flowing, 

concentrated dispersion of non-interacting PBeMA-PBzMA spheres at 50 °C formed 

a turbid, paste-like dispersion on cooling to 20 °C as a result of macroscopic 

precipitation driven by the PBeMA stabiliser block, which becomes insoluble below 

26 °C and forms crystalline microdomains.26 Some hysteresis, as observed in Figure 

3.14, is expected for a first-order phase transition, i.e. the melting and crystallisation 

of the PBeMA block. Crystallisation is a kinetically controlled process and depends 

on nucleation, whereas melting is thermodynamically controlled. Therefore, the 

crystallisation temperature is often lower than the melting temperature.  

In principle, this thermoresponsive rheological behaviour is consistent with a worm-

to-sphere (or perhaps worm-to-chain) transition occurring on heating. This is 

comparable to the worm-to-sphere transition reported by Fielding et al. for a 

dispersion of PLMA-PBzMA diblock copolymer worms in n-dodecane on heating 

from 20 °C to 50 °C.46 If CDSA had occurred as well as PISA, then such behaviour 

might be more accurately described as a rod-to-sphere or a rod-to-chain transition.  
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According to the prior study by Derry et al., the synthesis of PLMA102-PBeMA20 at 

90 °C must be an example of a RAFT solution polymerisation. This is because the 

PBeMA chains are soluble in mineral oil at this elevated temperature. Thus, 

molecularly-dissolved diblock copolymer chains are formed, instead of sterically-

stabilised nanoparticles. However, CDSA could in principle occur when such a 

reaction solution is allowed to cool from 90 °C to 20 °C. In principle, a genuine RAFT 

dispersion polymerisation (possibly also involving CDSA) might be achievable if a 

photoiniferter RAFT polymerisation was conducted at a suitable reaction temperature 

such that the BeMA monomer is soluble but the growing PBeMA chains become 

insoluble (and perhaps also undergo in situ crystallisation).     

Both PLMA102-PBeMA20 diblock copolymers were diluted from 30% w/w to 0.1% 

w/w using n-dodecane as a diluent at either 5 °C or 20 °C prior to DLS and TEM 

analysis. Dilution at 5 °C was achieved with the aid of a refrigerator and DLS studies 

were performed at this temperature to encourage in situ crystallisation of the PBeMA 

block. However, z-average diameters of 173 nm and 188 nm (with a DLS PDI of 0.14 

in each case) were observed at 5 °C and 20 °C for the diblock copolymer prepared via 

thermally-initiated RAFT polymerisation at 90 °C, see Figure 3.15a. Moreover, the 

derived count rate of 7,500 kcps determined at 5 °C was comparable to that observed 

at 20 °C (6,400 kcps), suggesting little or no change in particle size and morphology. 

Disappointingly, TEM studies merely indicated the presence of ill-defined, 

irregularly-shaped structures of less than 300 nm for dilute dispersions dried at either 

5 °C (see Figure 3.15b) or 20 °C (Figure 3.15c). Certainly, there is no evidence of 

well-defined worms or rods, which makes the formation of relatively transparent gels 

at or below 20 °C rather perplexing. 
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For PLMA102-PBeMA20 prepared by photoiniferter RAFT polymerisation at 32 °C, 

DLS analysis also indicated the presence of colloidal structures with z-average 

diameters exceeding 400 nm at both 5 °C and 20 °C (see Figure 3.15d). Again, a 

slightly higher derived count rate was observed for the dispersion at 5 °C (8,400 kcps) 

compared to that at 20 °C (7,200 kcps). Ill-defined, irregularly-shaped structures of up 

to ~1 μm can be observed by TEM after drying 0.1% w/w dispersions at 5 °C (see 

Figure 3.15e) and at 20 °C (see Figure 3.15f). Clearly, TEM analysis of these two 

PLMA102-PBeMA20 diblock copolymers provides no evidence for the presence of 

diblock copolymer nano-objects with either a worm or rod morphology. Indeed, it is 

very difficult to understand how such relatively large, ill-defined morphologies could 

possibly result in the formation of relatively transparent gels at ambient temperature. 

Given that TEM would normally be expected to undersize relative to DLS, the 

cumulative evidence suggests some sort of drying artefact. 

 

Figure 3.15. Characterisation of a PLMA102-PBeMA20 diblock copolymer prepared at 30% 

w/w solids in mineral oil by thermally-initiated RAFT polymerisation at 90 °C, followed by 
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dilution to 0.1% w/w using n-dodecane at either 5 °C or 20 °C. (a) Intensity-average particle 

size distributions obtained by DLS and corresponding TEM images for grids prepared at (b) 

5 °C and (c) 20 °C. Characterisation of a PLMA102-PBeMA20 diblock copolymer prepared at 

30% w/w solids in mineral oil by photoiniferter RAFT polymerisation at 32°C, followed by 

dilution to 0.1% w/w using n-dodecane at either 5 °C or 20 °C. (d) Intensity-average particle 

size distributions obtained by DLS and corresponding TEM images for grids prepared at (e) 

5 °C and (f) 20 °C. 

Nevertheless, according to Manners and co-workers, a corona/core block ratio of 5:1 

should produce cylindrical rods via CDSA.8,9,11 Thus, shear-induced polarised light 

imaging (SIPLI) was used to analyse the PLMA102-PBeMA20 diblock copolymer 

prepared via photoiniferter RAFT polymerisation at 32 °C (see Figure 3.16). This 

characterisation technique combines rotational rheology with plane-polarised light 

imaging: anisotropic particles become aligned at some critical shear rate, which leads 

to the appearance of a characteristic Maltese cross motif.30,31,47–49 At 50 °C, the free-

flowing copolymer solution has a relatively low viscosity of around 0.1 Pa s. On 

cooling, a marked increase in viscosity occurs below 18 °C, reaching 20 Pa s at 10 °C. 

At the latter temperature, the sample forms a weak free-standing gel under zero shear. 

On returning to 50 °C, the viscosity is gradually reduced to around 0.1 Pa and a free-

flowing solution is obtained. The onset temperature for the sharp increase in viscosity 

indicated by this SIPLI experiment is consistent with that determined by temperature-

dependent oscillatory rheology (CGT ≥ 20 °C). Uniformly dark images (i.e. no 

discernible Maltese cross) were observed between 50 °C and 10 °C (see Figure 

3.16a-c for selected images recorded at 50 °C, 18 °C and 10 °C). The absence of this 

characteristic motif confirms no shear-induced alignment owing to the absence of any 

anisotropic nanoparticles (worms or rods).  
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Figure 3.16. Viscosity-temperature plot and shear-induced polarised light images (SIPLI) 

recorded for a 30 % w/w solution of a PLMA102-PBeMA20 diblock copolymer (prepared via 

photoiniferter RAFT polymerisation) obtained during a thermal cycle from 50 °C to 10 °C to 

50 °C at a constant cooling/heating rate of 2 °C min-1 and a fixed shear rate of 1.0 s-1. SIPLI 

images were recorded at (a) 50 °C and then on cooling to (b) 18 °C and (c) 10 °C. The absence 

of any Maltese cross indicates that no shear-induced alignment occurs for this sample.  

 

3.4.5. Synthesis of PLMA102-PBeMA20 diblock copolymers via photoiniferter RAFT 

polymerisation at 15 °C 

In principle, nanoparticle formation via (PI-)CDSA should be most likely to occur at 

a temperature at which the growing semi-crystalline PBeMA chains become insoluble 

in the reaction mixture while the PLMA macro-CTA and BeMA monomer remain 

soluble. A DSC study of the PLMA102-PBeMA20 diblock copolymer synthesised via 

RAFT solution polymerisation at 90 °C indicated a crystallisation temperature (Tc) of 

20 °C and a melting temperature (Tm) of 30 °C (see Figure 3.17b). These results are 

reasonably consistent with the oscillatory rheology measurements, whereby a CGT of 

around 20 °C and a critical degelation temperature of approximately 28 °C were 
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determined for the same diblock copolymer (see Figure 3.14b). A sample of BeMA 

monomer at 6% w/w in mineral oil was also analysed by DSC for comparison (see 

Figure 3.17a). In principle, the optimum reaction temperature for in situ PI-CDSA 

should occur below the Tc of the diblock copolymer observed in mineral oil on cooling, 

but above the Tc of BeMA (i.e. between 2 °C and 20 °C) to ensure solubility of this 

monomer. Thus, the photoiniferter RAFT polymerisation conducted at 32 °C 

described above actually corresponds to solution polymerisation conditions.  

 

Figure 3.17. DSC experiments conducted at a constant cooling/heating rate of 2.0 °C min-1 

for (a) a 30% w/w solution of behenyl methacrylate (BeMA) monomer in mineral oil and 

(b) 30% w/w solution of a PLMA102-PBeMA20 diblock copolymer in mineral oil. 

 

Prior to polymerisation, a simple solubility test was conducted to assess the 

temperature-dependent solubility of BeMA in the reaction mixture. The reaction 

mixture was first heated at 60 °C until a transparent solution was obtained, then this 

solution was cooled in a glass cuvette at 5 °C intervals (with 5 min being allowed for 

thermal equilibration at each temperature). The visual appearance of the reaction 

mixture was observed at each temperature to judge its solubility. The reaction mixture 

remained a transparent solution on cooling to 10 °C (see Figure 3.18a). After holding 

for 5 min at 5 °C, a turbid suspension is formed as the BeMA monomer reached its 

crystallisation temperature and became insoluble (see Figure 3.18b). This is 

consistent with the DSC data (see Figure 3.17), where the BeMA monomer became 
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insoluble below its Tc of 2 °C. The 3 °C difference in solubility temperature for these 

two methods may be simply the result of the differing cooling rates. Alternatively, the 

presence of the PLMA102 macro-CTA in the reaction mixture could account for this 

difference: the DSC experiment was conducted on a model system comprising 

6% w/w BeMA in mineral oil. 

 

Figure 3.18. Digital photographs recorded for the reaction mixture prior to the BeMA 

polymerisation when targeting a PLMA102-PBeMA20 diblock copolymer: (a) the transparent 

reaction solution that is observed from 60 °C to 10 °C and (b) the turbid suspension that is 

formed at 5 °C. 

 

Informed by the DSC and BeMA solubility studies, the synthesis of 

PLMA102-PBeMA20 diblock copolymer was conducted at 15 °C at 30% w/w solids in 

mineral oil via photoiniferter RAFT polymerisation (see Scheme 3.6). This reaction 

temperature was selected because it lies between the Tm of the BeMA monomer and 

the Tm for the target diblock copolymer. Hence such reaction conditions should afford 

the best opportunity for the desired PI-CDSA synthesis.  
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Scheme 3.6. Synthesis of a poly(lauryl methacrylate)-poly(behenyl methacrylate) 

(PLMA102-PBeMA20) diblock copolymer via RAFT solution polymerisation of BeMA at 

30% w/w solids in mineral oil by photoiniferter polymerisation (λ = 405 nm) at 15 °C. 

 

A glass vial containing the reaction mixture was placed in a water-jacketed Schlenk 

tube wrapped in blue LED light strips (λ = 405 nm, 0.37 mW cm-2) with the 

recirculating water temperature set to 13 °C (see Figure 3.19a). Under these 

conditions, the average temperature of the reaction mixture over the 65 h reaction 

period was 14.8 °C, as determined using a Raspberry Pi thermocouple (see Figure 

3.19b). This experimental setup is identical to that employed by Gibson et al. and 

Chan and co-workers for the RAFT end-group removal from diblock copolymer 

nanoparticles at elevated temperature.29,42  

 

Figure 3.19. (a) Digital photograph showing the reaction setup comprising a water-jacketed 

Schlenk tube wrapped in blue LED light strips (λ = 405 nm, 0.37 mW cm-2) for the synthesis 

of PLMA102-PBeMA20 at 30% w/w in mineral oil by photoiniferter RAFT polymerisation at 

15 °C (b) The corresponding reaction temperature vs. polymerisation time plot. Temperature 

recorded every 30 s using a Raspberry Pi thermocouple inserted into the reaction mixture (blue 

data points). Dashed line corresponds to the mean temperature (14.8 °C) recorded over the 65 

h polymerisation. 
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A BeMA monomer conversion of 96% was achieved after 65 h at 15 °C as judged by 

1H NMR spectroscopy studies. This polymerisation was repeated at 40% w/w solids 

in mineral oil and a BeMA conversion of 98% was achieved after 65 h at 15 °C. The 

final reaction mixture obtained at 15 °C when targeting 30% w/w solids is a slightly 

turbid, viscous fluid (see Figure 3.20a). In contrast, the reaction mixture obtained at 

40% w/w solids is a free-standing gel at the same temperature (see Figure 3.20b).  

Comparable Mn values and relatively narrow molecular weight distributions 

(Đ = 1.22) were obtained for both copolymers as judged by THF GPC using a 

refractive index detector and a clear shift in molecular weight was observed relative 

to the corresponding PLMA102 precursor (see Figure 3.20c). UV GPC analysis 

(λ = 298 nm) indicated either 82% or 74% loss of the original trithiocarbonate end-

groups for PLMA102-PBeMA20 prepared at 30% w/w and 40% w/w solids, 

respectively (see Figure 3.20d). These losses are comparable to the 80% end-group 

removal observed for the photoiniferter RAFT polymerisation conducted at 32 °C for 

16 h. Presumably, the much longer irradiation time compensates for the lower reaction 

temperature.  



Chapter 3. Synthesis of Poly(lauryl methacrylate)-Poly(behenyl methacrylate) 

Diblock Copolymers via RAFT Solution Polymerisation in Mineral Oil 

 

144 

 

 

Figure 3.20. Digital photographs recorded immediately after targeting the synthesis of a 

PLMA102-PBeMA20 diblock copolymer via photoiniferter RAFT polymerisation at 15 °C in 

mineral oil at (a) 30% w/w solids (free-flowing fluid) and (b) 40% w/w solids (free-standing 

gel). THF GPC curves recorded for such PLMA102-PBeMA20 diblock copolymers (c) using a 

refractive index (RI) detector (with PLMA102 precursor as reference) and (d) using a UV 

detector (λ = 295 nm) [N.B. the calculated extent of RAFT end-group removal is calculated 

relative to that of a PLMA102-PBeMA20 diblock copolymer prepared via thermal initiation at 

90 °C].  

 

Each reaction mixture was diluted to 0.1% w/w solids using n-dodecane as the diluent 

at either 5 °C or 20 °C prior to analysis by DLS and TEM. PLMA102-PBeMA20 diblock 

copolymers prepared by RAFT solution polymerisation at either 90 °C or 32 °C – for 

which conditions no PI-CDSA can occur – were used as reference materials (see 

Figure 3.15). As discussed above, the PLMA102-PBeMA20 diblock copolymer 

prepared by photoiniferter RAFT polymerisation at 15 °C was considered to offer the 

best possible chance of nanoparticle formation via PI-CDSA. DLS analysis of 

0.1% w/w PLMA102-PBeMA20 in n-dodecane at 20 °C indicated z-average diameters 

of 111 nm (PDI = 0.39) and 226 nm (PDI = 0.28) for syntheses conducted at 30% w/w 
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solids and 40% w/w/ solids, respectively (see Figure 3.21a and Figure 3.21d). In both 

cases, significantly larger particles and higher derived count rates were obtained at 

5 °C Disappointingly, TEM analysis only indicated an ill-defined morphology 

comprising irregularly-shaped colloidal particles at both 20 °C (see Figure 3.21b and 

Figure 3.21e) and 5 °C (see Figure 3.21c and Figure 3.21f). 

 

Figure 3.21. Characterisation of a PLMA102-PBeMA20 diblock copolymer prepared at 30% 

w/w solids in mineral oil by photoiniferter RAFT polymerisation at 15 °C, followed by 

dilution to 0.1% w/w using n-dodecane at either 5 °C or 20 °C. (a) Intensity-average particle 

size distributions obtained by DLS and corresponding TEM images for grids prepared at (b) 

5 °C and (c) 20 °C. Characterisation of a PLMA102-PBeMA20 diblock copolymer prepared at 

40% w/w solids in mineral oil by photoiniferter RAFT polymerisation at 15 °C, followed by 

dilution to 0.1% w/w using n-dodecane at either 5 °C or 20 °C. (d) Intensity-average particle 

size distributions obtained by DLS and corresponding TEM images for grids prepared at (e) 

5 °C and (f) 20 °C. 

 

In summary, DLS and TEM analysis of PLMA102-PBeMA20 diblock copolymers 

prepared at 15 °C (i.e. below the Tc of the PBeMA block) indicated similar results to 

those obtained for PLMA102-PBeMA20 diblock copolymers prepared at higher 

temperatures (i.e. above the Tc of the PBeMA block). Thus there is no evidence to 
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suggest that PI-CDSA occurs under the conditions explored in this study. Moreover, 

given the known insolubility of PBeMA in mineral oil at around 20 °C, it is surprising 

that conventional PISA does not occur under such conditions. One possible 

explanation is that the enthalpy of polymerisation leads to an effective reaction 

temperature that is higher than 20 °C. However, temperature data from a Raspberry Pi 

thermocouple during the reaction which shows that the temperature does not exceed 

15.1 °C over the 65 h reaction period, shows that this is not the case. Alternatively, it 

is feasible that the desired anisotropic nanoparticles are formed at high copolymer 

concentrations but then undergo dissociation when subjected to high dilution using n-

dodecane. In this context, a similarly problematic PISA formulation has just been 

reported by Beattie and co-workers.50 However, SIPLI observations at 30% w/w show 

no evidence of anisotropic particles. In principle, investigating alternative (polar) non-

solvents for the PBeMA block such as iso-propyl alcohol (IPA) should promote self-

assembly. 

3.5. Conclusions 

In summary, a semi-crystalline BeMA monomer has been prepared from behenyl 

alcohol and methacrylic acid. The purified product exhibits comparable NMR spectra 

and elemental microanalyses to that obtained for the original BeMA batch supplied by 

Lubrizol. Moreover, GC-MS data, melting points and FT-IR spectra are also in good 

agreement. The in-house synthesised BeMA monomer was used to prepare 

PLMA102-PBeMA20 diblock copolymers at 30% w/w solids in mineral oil by RAFT 

solution polymerisation at 90 °C using a thermal initiator and by photoiniferter RAFT 

polymerisation using violet light irradiation at 32 °C. Up to 99% BeMA conversion 

was achieved despite the relatively low molar concentration of this monomer. 
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Photoiniferter RAFT polymerisation resulted in the loss of approximately 80% of the 

trithiocarbonate end-groups within 16 h at 32 °C, which resulted in a strong malodor 

for the final reaction mixture. However, GPC analysis indicated that comparable Mn 

and Đ values were obtained for both synthetic protocols, which suggests that RAFT 

end-group removal must occur after, rather than during, the BeMA polymerisation. 

Such PLMA102-PBeMA20 diblock copolymers exhibited reversible thermoresponsive 

behaviour: relatively transparent free-standing gels were formed at or below 20 °C, 

whereas free-flowing fluids were obtained at higher temperatures. Oscillatory 

rheology studies indicate that G’ increased by more than five orders of magnitude on 

cooling a 30% w/w solution of PLMA102-PBeMA20 diblock copolymer in mineral oil 

from 60 °C to 10 °C. In principle, such behaviour is consistent with the formation of 

PBeMA-core rods or worms. However, TEM, DLS and SIPLI studies did not provide 

any evidence for the presence of such highly anisotropic nanoparticles. Instead, only 

ill-defined colloidal aggregates were observed. 

DSC analysis has been used to identify the crystallisation temperature of the 

PLMA102-PBeMA20 diblock copolymer (Tc = 20 °C). Accordingly, photoiniferter 

RAFT polymerisation of BeMA has been conducted at 15 °C to evaluate the feasibility 

of nanoparticle formation via in situ polymerisation-induced crystallisation-driven 

self-assembly (PI-CDSA) at 15 °C. Intriguingly, a relatively transparent free-standing 

gel can be obtained at 40% w/w solids. Unfortunately, TEM and DLS analysis of the 

diluted reaction mixture again provided no evidence for the formation of PLMA102-

PBeMA20 rods or worms.  

Nevertheless, there remains considerable scope to expand the range of reaction 

temperatures for photoiniferter RAFT polymerisation while also investigating a wider 

range of non-solvents for the PBeMA block. Although well-defined nanoparticles 
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could not be obtained via (PI-)CDSA, similar PLMA-PBeMA diblock copolymers to 

those reported herein were subsequently evaluated as an additive for wax crystal 

modification, as described in Chapter 4.  
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4.1. Introduction 

The formation of insoluble paraffinic wax crystals in oil at sub-ambient temperature 

is a long-standing problem that causes pipeline blockages in cold climates.1,2 This is 

an important issue for both crude oil transportation and the delivery of diesel fuel to 

automotive engines.3–6 The onset temperature at which these n-paraffins exceed their 

solubility limit and precipitate in the form of waxes is often denoted as the ‘wax 

appearance temperature’ (WAT) or cloud point temperature.6,7 Such deposits consist 

of lamellar crystals that form random, interlocking structures containing occluded 

crude oil.8 These crystals form a 3D network, where as little as 2% w/w solid wax is 

required for gelation.9,10 Below the WAT, the temperature at which the oil no longer 

flows under static conditions is known as the pour point temperature (PPT).7,11  

In principle, the precipitation of wax crystals can be suppressed by the addition of 

suitable oil-soluble copolymers, which are known as ‘wax inhibitors’ (WIs) or ‘pour 

point depressants’ (PPDs), or more broadly as ‘wax crystal modifiers’.6,12 A wide 

range of copolymers and various architectures have been evaluated in this context. 

These include polyethylene-polybutene8,13–15 or polyethylene-poly(ethylene-stat-

propylene) diblock or statistical copolymers,16,17 ethylene-vinyl acetate (EVA)18–21 or 

(meth)acrylic22,23  statistical copolymers and maleic anhydride-based alternating (or 

statistical) copolymers (see Figure 4.1).4,5,24 In each case, one comonomer is designed 

to interact with the paraffinic wax while the other comonomer remains solvated and 

hence confers steric stabilisation. Ideally, the minimum temperature at which wax 

crystals are formed is lowered below the relevant working temperature for the oil, so 

there is no precipitation. Alternatively, the wax crystal habit is modified such that the 

size and shape of the wax crystals do not lead to pipeline blockages. Most studies 
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report a reduction in crystal size in the presence of wax inhibitors,19,25–29 and thus a 

lower critical gelation concentration (CGC). 

 

Figure 4.1. Chemical structures of example copolymers evaluated in the literature for wax 

crystal modification, which include (a) polyethylene-co-polybutene, (b) polyethylene-

poly(ethylene-stat-propylene), (c) poly(ethylene-stat-vinyl acetate), (d) poly(methyl 

methacrylate-stat-alkyl methacrylate) and (e) mono-ester of poly(styrene-co-maleic 

anhydride). 

 

Although some studies report no significant change in the WAT in the presence of 

wax inhibitors,5,30–32 the addition of a PPD typically lowers the WAT.25,33–35 Sjöblom 

and co-workers reported a reduction in the WAT from approximately 20 °C without 

any PPD to 15-19 °C for five different PPDs tested, when using DSC to study a 

5% w/w macrocrystalline wax in toluene at a PPD concentration of 1000 ppm.25 This 

was attributed to a change in the solubility equilibrium as a result of the formation of 

solute complexes.36 A change in crystal morphology was also reported. Optical 

microscopy studies indicated that the wax crystals formed in the absence of any PPD 

exhibited a mixed needle and plate morphology, whereas those formed in the presence 
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of the most effective PPD (a commercial carboxylate-based polymer) had a smaller, 

more compact structure.  

In 2015 Binks and co-workers conducted a series of experiments using three model 

waxes (n-eicosane, n-tetracosane or n-hexatriacontane, i.e. C20H42, C24H50 or 

C36H74).
37 Assuming a thermodynamically ideal solution, the temperature dependence 

for wax solubility was predicted for n-heptane or toluene, which served as model non-

polar aliphatic and aromatic solvents respectively. For a given wax concentration, the 

PPT corresponds to that at which a critical volume fraction of wax crystals has 

precipitated. Close to this temperature, the wax crystals typically comprise irregular 

platelets that form a 3D network (see Figure 4.2a). Addition of a suitable PPD 

copolymer typically reduced the size and axial ratio (thickness h / diameter d) of the 

wax crystals, as shown in Figure 4.2b, which in turn increased the critical volume 

fraction of wax crystals required to form a 3D network (and hence block a pipeline). 

Moreover, PPD performance was correlated with the difference between the wax and 

the polymer solubility boundary temperatures for four different copolymers. More 

specifically, the pour-point reduction for formulations containing 20% wax by mass 

proved to be most effective when the critical solubility temperature of the PPD 

copolymer in a given solvent was approximately 15 °C below that of the target wax–

solvent system. In principle, this empirical approach provided a useful method for the 

rapid identification of next-generation PPD copolymers. 
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Figure 4.2. Examples of SEM images of extracted wax crystals. (a) n-tetracosane crystal 

platelets extracted from a 20% w/w solution in toluene in the absence of PPD polymer. (b)  

relatively small n-tetracosane crystals extracted from a 20% w/w solution in toluene with 1% 

w/w PPD polymer. 

 

The synthesis of well-defined poly(lauryl methacrylate)-poly(behenyl methacrylate) 

[PLMA-PBeMA] diblock copolymers via RAFT solution polymerisation has been 

discussed in Chapter 3 of this Thesis. Prior research suggests that poly(n-alkyl 

methacrylates) with pendant n-alkyl groups comprising 20-30 carbon atoms are 

potential wax crystal inhibitiors.30,37 A recent review article by Chi et al. on controlling 

paraffin deposition in production lines noted that effective wax crystal modifiers 

typically contained paraffin-like crystalline segments.6 Such PPD polymers can co-

crystallise with and hence influence the formation and structure of wax crystal 

networks.  

Given this encouraging precedent, we decided to evaluate the performance of a range 

of BeMA-based copolymers for wax crystal modification. Accordingly, we prepared 

two series of well-defined diblock and statistical copolymers using BeMA as the 

crystallisable (C22H45) component and lauryl methacrylate (LMA) as the oil-soluble 

(C12H25) component (see Scheme 4.1). All copolymers were prepared via RAFT 

solution polymerisation to ensure that relatively narrow molecular weight distributions 
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were obtained. For wax crystal modification studies, n-octacosane (C28H58) was 

employed as a model wax and the non-polar solvent was n-dodecane. 

 

Scheme 4.1. Synthesis of (a) poly(lauryl methacrylate)-poly(behenyl methacrylate) [PLMA-

PBeMA] diblock copolymers and (b) poly(lauryl methacrylate-stat-behenyl methacrylate) 

[P(LMA-stat-BeMA)] statistical copolymers by RAFT solution polymerisation at 80% w/w 

solids in n-dodecane at 90 °C. 

 

4.2. Experimental 

4.2.1. Materials 

All reagents purchased were used as received, unless stated otherwise. CDCl3 was 

purchased from Sigma-Aldrich (UK). Lauryl methacrylate (LMA; 96%) was also 

purchased from Sigma Aldrich and filtered through basic alumina prior to use to 

remove inhibitor. Toluene, methanol, and n-dodecane (>99%) were purchased from 

Fisher Scientific (UK). 2,2′-Azoisobutyronitrile (AIBN) initiator was obtained from 

Molekula (UK) and tert-butyl peroxy-2-ethylhexanoate (T21s; >97%) initiator was 

purchased from AkzoNobel (The Netherlands). CD2Cl2 was purchased from Goss 

Scientific (UK). 4-Cyano-4-(2-phenylethane sulfanylthiocarbonyl)sulfanylpentanoic 

acid (PETTC; >99%) was synthesised according to the literature.38 The synthesis of 

behenyl methacrylate (BeMA) is reported in Chapter 3 of this Thesis.  
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4.2.2. Synthesis of poly(lauryl methacrylate) (PLMA) macromolecular chain 

transfer agent (macro-CTA) 

The synthesis of a PLMA macro-CTA was conducted as follows. A 250 mL round-

bottomed flask was charged with lauryl methacrylate (LMA; 52.5 g; 206 mmol), 4-

cyano-4-(2-phenylethane sulfanylthiocarbonyl)sulfanylpentanoic acid (PETTC; 0.50 

g; 1.47 mmol; target degree of polymerisation, DP = 140), 2,2′-azobisisobutyronitrile 

(AIBN; 47.9 mg; 292 µmol; [PETTC]/[AIBN] molar ratio = 5.0) and toluene (53.0 g; 

total solids content = 50% w/w). The sealed reaction vessel was purged with nitrogen 

for 30 minutes and then placed in a pre-heated oil bath at 70 °C. The polymerisation 

was allowed to proceed for 3.5 h at this temperature. 1H NMR spectroscopy (see 

Figure 4.3) was used to determine an LMA monomer conversion of 57% using 

Equations 4.1-4.3 by comparing the integrated monomer vinyl protons (a’ and b’) 

with the integrated oxymethylene signals (f’ and m) assigned to LMA monomer and 

PLMA homopolymer.  
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Figure 4.3. Assigned 1H NMR spectrum (CD2Cl2) obtained for the reaction mixture directly 

after the synthesis of a PLMA macro-CTA (target DP = 140. 57% LMA conversion).  

 

𝐼𝑚 = [𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑎′ + 𝑏′)] = 2𝐻 4.1 

𝐼𝑝 = [𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑚 + 𝑓′)] − 𝐼𝑚 4.2 

𝐿𝑀𝐴 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = [1 −
𝐼𝑚

𝐼𝑚 +  𝐼𝑝
]  𝑥 100% 4.3 

The crude product was purified by precipitating three times into excess methanol and 

then dried under vacuum. The mean degree of polymerisation (DP) of the purified 

macro-CTA was determined via end-group analysis by analysing its 1H NMR 

spectrum recorded in CD2Cl2 (see Figure 4.4). A DP of 98 was calculated by 

comparing the integrated signals corresponding to the aromatic protons of the 

trithiocarbonate-based end-group at 7.2-7.4 ppm with those assigned to the two 
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oxymethylene ester protons of the LMA repeat units at 3.8-4.2 ppm (Equations 4.4-

4.5). THF GPC analysis indicated a PMMA-equivalent number-average molecular 

weight, Mn, of 18.0 kg mol-1 (for comparison, Mn NMR = 25.3 kg mol-1) and dispersity, 

Đ, of 1.20. A mean DP of 99 was determined using the molar extinction coefficient of 

31.64 ± 0.27 mol-1 dm3 cm-1 calculated by Dr. E. J. Cornel for the PETTC RAFT agent 

(see Figure 4.5) and Equations 4.6 and 4.7.  

 

Figure 4.4. Assigned 1H NMR spectrum obtained for the purified PLMA98 macro-CTA (in 

CD2Cl2). 
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[𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (ℎ +  𝑖 +  𝑗)]  =  5H 4.4 

𝑃𝐿𝑀𝐴 𝐷𝑃 =  
[𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑚)]

2
 

4.5 

 

Figure 4.5. (a) Absorbance vs. wavelength traces recorded for a series of PETTC solutions in 

toluene ranging from 2.9 to 35 mmol dm-3 and (b) Beer-Lambert linear calibration plot used 

to calculate the molar extinction coefficient of PETTC (ε = 31.64 ± 0.27 mol-1 dm3 cm-1 at 

λ = 448 nm). Insert shown of absorbance vs. wavelength trace recorded for a 389 g dm-3 

PLMA macro-CTA solution in toluene with absorbance peak maximum at λ = 448 nm 

recorded at 0.49. Determination of the PETTC concentration of this PLMA sample 

(1.55 x 10-2 mol dm-3) shown by orange dashed line. 

 

𝑀𝑊 𝑃𝐿𝑀𝐴 / (𝑔 𝑚𝑜𝑙−1) =  
[𝑃𝐿𝑀𝐴]/ (𝑔 𝑑𝑚−3)

[𝑃𝐸𝑇𝑇𝐶]/ (𝑚𝑜𝑙 𝑑𝑚−3)
 

4.6 

𝑃𝐿𝑀𝐴 𝐷𝑃 =  
𝑀𝑊 𝑃𝐿𝑀𝐴

𝑀𝑊 𝐿𝑀𝐴
 

4.7 

 

4.2.3. Synthesis of poly(lauryl methacrylate)-poly(behenyl methacrylate) 

[PLMA98-PBeMAx] diblock copolymers by RAFT solution polymerisation 

The protocol for the synthesis of the PLMA98-PBeMA60 diblock copolymer via RAFT 

solution polymerisation at 80% w/w solids in n-dodecane is representative for all of 
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the block copolymers used in this study and was conducted as follows. PLMA98 

(1.45 g; 57.0 μmol), BeMA (1.36 g; 3.45 mmol), and n-dodecane (0.672 g) were 

weighed into a glass vial and heated in an oven at 70 °C to aid dissolution. An aliquot 

(one droplet, approx. 20 mg) of the reaction solution was taken for use as a ‘zero time’ 

reference point for determination of the BeMA conversion by 1H NMR spectroscopy. 

After cooling the remaining solution to 20 °C, T21s initiator was added (4.14 mg; 

19.2 μmol; 10.0% v/v in n-dodecane; [PLMA98]/[T21s] molar ratio = 3.0) along with 

a magnetic stirrer bar and this reaction mixture was purged with nitrogen gas for 

30 min. The sealed sample vial was then immersed in a pre-heated oil bath set at 90 

°C and the reaction mixture was stirred for 16 h (final BeMA conversion = 98%; 

Mn = 33.2 kg mol-1; Đ = 1.25). The resulting diblock copolymer was purified to 

remove residual BeMA by precipitation into excess ethanol at 35 °C (twice), and then 

dried under vacuum.  

BeMA conversions were determined via 1H NMR spectroscopy using Equations 4.8-

4.11. In this case, an additional spectrum was recorded at zero time to distinguish 

between the new oxymethylene signals originating from the PBeMA and those 

assigned to the PLMA precursor (see Figure 4.6).  
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Figure 4.6. Assigned 1H NMR spectra (CDCl3) recorded for (a) the reaction mixture at zero 

time (t=0) containing a PLMA98 precursor and BeMA monomer and (b) the same reaction 

mixture after polymerisation for 16 h to form a PLMA98-PBeMAx diblock copolymer. 

 

𝐼𝑚 = [𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑎 + 𝑏)] = 2𝐻 4.8 

PLMA 𝐼𝑝 = [𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑐′ + 𝑑′)] − 𝐼𝑚 4.9 

PBeMA 𝐼𝑝 = {[𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 (𝑐 + 𝑐′ + 𝑑′)] − 𝐼𝑚} − 𝑃𝐿𝑀𝐴 𝐼𝑝 4.10 

𝐵𝑒𝑀𝐴 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = [1 −
𝐼𝑚

𝐼𝑚 +  𝑃𝐵𝑒𝑀𝐴 𝐼𝑝
]  𝑥 100% 4.11 

 

4.2.4. Synthesis of poly(lauryl methacrylate-stat-behenyl methacrylate) 

[P(LMA100-stat-BeMAx)] statistical copolymers by RAFT solution polymerisation 

The protocol for the synthesis of P(LMA100-stat-BeMA60) via RAFT solution 

polymerisation at 80% w/w solids in n-dodecane is representative of all the statistical 
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copolymers used in this study and was conducted as follows. PETTC (25.0 mg, 

73.6 μmol; total target DP = 160), LMA (1.87 g, 7.36 mmol), BeMA (1.74 g, 

4.42 mol), n-dodecane (0.40 g) and T21s initiator (5.31 mg, 24.5 μmol; 10.0% v/v in 

n-dodecane; [PETTC]/[T21s] molar ratio = 3.0) was added to a 10 mL round-bottomed 

flask along with a magnetic stirrer bar and this reaction mixture was purged with 

nitrogen for 30 min. The sealed flask was then immersed into a pre-heated oil bath set 

at 90 °C and the reaction mixture was stirred for 64 h (final comonomer 

conversion = 99%; Mn = 39.6 kg mol-1; Đ = 1.24). The copolymer was purified by 

precipitation into ethanol at 35 °C (twice) to remove residual LMA and BeMA, and 

then dried under vacuum. 

4.2.5.  Preparation of wax-copolymer solutions 

n-Octacosane (0.188 g; 5.0 % w/w), n-dodecane (3.53 g) and each polymer in turn 

(0.26 mM) were weighed into a glass vial and heated in a 70 °C oven to aid dissolution. 

The resulting solutions were then transferred into glass cuvette cells via syringe for 

variable temperature turbidimetry measurements. A fixed molar copolymer 

concentration of 0.26 mM (equivalent to 1.0 % w/w PLMA98-PBeMA10) was used for 

initial wax crystal modification experiments, which ensured that the number of 

copolymer chains remained constant. Thus the copolymer concentrations expressed in 

weight per cent varied from 1.0 % w/w to 1.7 % w/w. For the PBeMA37 and PLMA98 

homopolymers, 0.26 mM corresponded to 0.5 % w/w and 0.9 % w/w, respectively. 

Subsequently, the molar copolymer concentration was varied from 0.06 to 1.03 mM 

(i.e. a factor of four lower or higher than the initial 0.26 mM value).  
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4.3. Characterisation  

4.3.1.  1H NMR spectroscopy 

1H NMR spectra were recorded in either CD2Cl2 (to determine the mean DP for the 

PLMA precursor) or CDCl3 (for all other spectra) using a Bruker AV1-400 MHz 

spectrometer. Typically, 64 scans were averaged per spectrum. 

4.3.2. UV-visible absorption spectroscopy 

UV-visible absorption spectra were recorded by Dr. E. J. Cornel between 200 and 

800 nm using a PC-controlled UV-1800 spectrophotometer at 25 °C and a 1.0 cm path 

length quartz cell. A Beer–Lambert calibration curve was constructed using a series 

of eight PETTC solutions in toluene with the PETTC concentration ranging from 

2.9 × 10−3 mol dm−3 to 3.5 × 10−2 mol dm−3. The absorption maximum at 448 nm 

assigned to the n-π transition of the trithiocarbonate group was used to construct this 

calibration plot. The absorbance of a solution of the PLMA98 macro-CTA in toluene 

at known concentration (389 g dm−3) was recorded and the mean DP calculated using 

Equations 4.6 and 4.7.  

4.3.3. Gel Permeation Chromatography (GPC) 

GPC was used to assess (co)polymer molecular weight distributions. The GPC set-up 

comprised two 5 μm (30 cm) Agilent Mixed C columns and a WellChrom K-2301 

refractive index detector operating at 950 ± 30 nm. The THF eluent contained 2.0% 

v/v triethylamine and 0.05% w/v butylhydroxytoluene (BHT) with a toluene flow-rate 

marker at a flow rate of 1.0 mL min-1. A series of eleven near-monodisperse 

poly(methyl methacrylate) (PMMA) standards (Mp values ranging from 800 to 

988 000 g mol-1) were used for calibration. 



Chapter 4. Synthesis of Crystallisable Poly(lauryl methacrylate)-Poly(behenyl 

methacrylate) Block and Statistical Copolymers and their Application as Wax Crystal 

Modifiers 

 

165 

 

4.3.4. Differential Scanning Calorimetry (DSC) 

DSC studies were performed using a TA Instruments Discovery DSC instrument 

equipped with TZero low-mass aluminium pans and hermetically-sealed lids. All 

(co)polymer samples were equilibrated at 90 °C for 5 min before two consecutive 

thermal cycles (from 90 °C to -90 °C to 90 °C) were performed at a constant 

cooling/heating rate of 10.0 °C min-1. Two cycles were performed to eliminate any 

thermal history. 

4.3.5. Turbidimetry 

Turbidimetry measurements were performed using an Agilent Technologies Cary 300 

UV-visible spectrophotometer. Absorbance (A) vs. temperature data were recorded at 

650 nm, then converted to % transmittance using the formula %T = 10(2-A). Wax-

copolymer mixtures were equilibrated at 50 °C for 5 min before three consecutive 

thermal cycles (from 50 °C to 0 °C to 50 °C) were performed at a constant 

cooling/heating rate of 1 °C min-1. Tcool was taken as the temperature required for 0 % 

transmittance on cooling, averaged over the three cooling cycles. During the third 

thermal cycle, each wax-copolymer mixture was heated from 0 °C to 20 °C at 

1 °C min-1 for microscopy analysis at room temperature. 

4.3.6. Optical Microscopy (OM) 

Samples were placed on a glass slide under a coverslip for imaging on an Axio Scope 

A1 optical microscope (Zeiss, Jena, Germany) equipped with AxioCam 1Cm1 

monochrome and AxioCam 105 colour cameras. All images were collected and 

processed using Zen lite 2014 software supplied with the microscope.   
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4.3.7.  Scanning Electron Microscopy (SEM) 

SEM images were recorded by Mr. D. H. H. Chan using a field emission FEI Inspect-F 

instrument at an accelerating voltage of 10 kV. Samples were allowed to dry overnight 

on silicon wafers and then sputter-coated with a thin overlayer of gold prior to 

imaging. Where specified, ImageJ software was used to determine crystal dimensions 

(mean lengths and widths). A minimum of 50 crystals were counted across multiple 

images recorded for each sample on the same day.  

4.4. Results and Discussion  

4.4.1. Synthesis of PLMA macro-CTA 

A PLMA98 macro-CTA was prepared via RAFT solution polymerisation of LMA in 

toluene at 70 °C using PETTC as a RAFT chain transfer agent (CTA) (see Scheme 

4.2). This polymerisation was quenched at 57 % conversion to produce a mean DP of 

98. Quenching the polymerisation well below full conversion avoids monomer-starved 

conditions and hence aids retention of the trithiocarbonate end-groups.39,40 This is 

usually considered to be desirable for ensuring high blocking efficiencies for the 

subsequent synthesis of PLMA-PBeMA diblock copolymers. Analysis by THF GPC 

indicated an Mn of 18.0 kg mol-1 and a relatively narrow molecular weight distribution 

(Đ = 1.20). 

 

Scheme 4.2. Synthesis of a poly(lauryl methacrylate) (PLMA) macro-CTA by RAFT solution 

polymerisation of LMA at 50% w/w solids in toluene at 70 °C. 
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4.4.2.  Synthesis of PLMA-PBeMA block and statistical copolymers 

A series of four PLMA98-PBeMAx diblock copolymers and four P(LMA100-stat-

BeMAx) statistical copolymers, where x = 10, 20, 40 and 60, were prepared by RAFT 

solution polymerisation at 80 % w/w solids in n-dodecane (see Scheme 4.1). Given its 

relatively high molar mass (395 g mol-1), BeMA monomer has a relatively low molar 

concentration for a given weight percent concentration compared to most common 

methacrylic monomers, e.g. methyl methacrylate (100 g mol-1). Thus, 80 % w/w solids 

was selected to ensure that a high BeMA conversion could be obtained, whilst still 

maintaining sufficient stirring at the reaction temperature. All copolymerisations were 

initiated using the organic peroxide T21s at 90 °C using either a [mCTA]/[I] molar 

ratio or [CTA]/[I] molar ratio of 3.0.  

After 16 h, ≥ 98% BeMA conversion was achieved for all four diblock copolymers, 

as determined by 1H NMR spectroscopy (see Table 4.1). THF GPC analysis indicated 

Mn values of between 21.4 kg mol-1 and 33.2 kg mol-1 and relatively narrow MWDs 

(Đ ≤ 1.25), which suggested good RAFT control. Comparison with the GPC curve 

obtained for the PLMA mCTA confirmed relatively high blocking efficiencies, 

although a low molecular weight shoulder is evident when targeting a PBeMA DP of 

40 or 60 (see Figure 4.7a). Reaction times were increased to 64 h for the synthesis of 

the statistical copolymers to ensure ≥ 99% comonomer conversion (see Table 4.1). 

THF GPC analysis indicated copolymer Mn values of between 24.4 kg mol-1 and 

39.6 kg mol-1 and relatively narrow MWDs (Đ ≤ 1.24) (see Figure 4.7b). 
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Figure 4.7. GPC curves recorded for (a) a PLMA98 macro-CTA and the corresponding 

PLMA98-PBeMAx diblock copolymers and (b) P(LMA100-stat-BeMAx) statistical copolymers 

(all copolymers are analysed prior to their purification by precipitation in ethanol). 

 

Prior to their examination as wax crystal modifiers, all copolymers were purified to 

remove residual BeMA monomer by precipitation (twice) into excess ethanol at 35 °C. 

1H NMR spectroscopy confirmed the disappearance of the vinyl signals between 5.5 

and 6.1 ppm, indicating the complete removal of unreacted monomer(s) Comparison 

of GPC curves recorded for diblock copolymers before and after such purification 

indicated only a modest difference between the initial and final Mn in each case, along 

with a marginally narrower MWD (see Figure 4.8).  

 

Figure 4.8. GPC curves recorded for a PLMA98-PBeMA40 diblock copolymer before and after 

its purification via precipitation into excess ethanol at 35 °C. 
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A summary of the THF GPC and DSC data obtained for all eight purified copolymers 

and also the reference PLMA98 and PBeMA37 homopolymers is provided in Table 4.1. 

The PBeMA37 homopolymer was prepared by Derry et al.41 All eight copolymers 

reported in Table 4.1 have Mn values ranging between 21.1 kg mol-1 and 39.4 kg mol-1 

and relatively narrow MWDs (Đ ≤ 1.23). DSC was used to determine the 

crystallisation temperature (Tc) and melting temperature (Tm) for the semi-crystalline 

PBeMA chains in the PBeMA37 homopolymer and the eight copolymers. [N.B. These 

two characteristic temperatures correspond to when the amorphous PBeMA phase 

becomes crystalline and the crystalline PBeMA phase becomes amorphous, 

respectively].42,43   
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Table 4.1. Summary of (co)polymer compositions, BeMA conversions, GPC molecular 

weights and dispersities, and Tc and Tm values determined by DSC for two series of  BeMA-

based diblock and statistical copolymers.  

Polymer 

composition 

BeMA 

conversiona / 

% 

Mn
b / kg 

mol-1 
Đb Tc

c / °C Tm
c / °C 

L98 - 18.0 1.20 -44.3 -36.8 

L100-stat-Be10 >99 26.1 1.15 -34.6 -27.1 

L100-stat-Be20 >99 28.1 1.18 -16.8 -1.4 

L100-stat-Be40 99 32.1 1.21 0.5 16.9 

L100-stat-Be60 99 39.1 1.23 11.0 26.1 

L98-Be10 99 21.1 1.18 28.7 45.1 

L98-Be20 >99 24.3 1.19 39.3 50.5 

L98-Be40 99 30.4 1.20 41.7 53.5 

L98-Be60 98 39.4 1.17 43.9 54.4 

Be37 - 12.5 1.14 48.3 60.0 
aDetermined by 1H NMR spectroscopy.  
bDetermined by THF GPC and expressed relative to a series of poly(methyl methacrylate) 

standards.  
cDetermined by DSC (all copolymers were subjected to two thermal cycles to remove any 

hysteresis effects). 

 

Both PBeMA and PLMA are semi-crystalline polymers. Tm values of 60.0 °C 

and -36.8 °C were measured for PBeMA and PLMA, respectively. These compare 

well to the literature.41,44 Notably, PLMA exhibits relatively subtle melting and 

crystallisation transitions compared to PBeMA (because the latter homopolymer is 

much more crystalline), see Figure 4.9. According to the literature, PLMA exhibits a 

Tg of -65 °C.45,46 It is likely that this transition is obscured by the broad Tm peak for 

the PLMA98 homopolymer in Figure 4.9.44 The four diblock copolymers exhibit well-

defined peaks for crystallisation and melting, with both Tc and Tm lying above ambient 

temperature (25 °C). Both transition temperatures increase as the DP of the PBeMA 
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block is raised and approach the Tc and Tm values observed for the PBeMA 

homopolymer (Tc = 48.3 °C; Tm = 60.0 °C). Such thermal transitions are attributed to 

crystallisation of the PBeMA blocks. However, no separate Tc and Tm values for the 

less crystalline PLMA block within the diblock copolymers could be observed under 

the experimental procedure used (e.g. 10 °C min-1). The four statistical copolymers 

displayed broader, more subtle thermal transitions, with most Tc and Tm values 

occurring below 25 °C. In this case, crystallisation arises from self-organisiation of 

the pendent behenyl groups randomly located along the methacrylic backbone. This 

clear difference is reflected in the differing physical appearance of these copolymers. 

At ambient temperature, the four statistical copolymers form viscous fluids while the 

four diblock copolymers are solids.  

 

Figure 4.9. DSC traces conducted at a cooling/heating rate of 10 °C min-1 showing Tc values 

(exothermic) and Tm values (endothermic) for PLMA98-PBeMA60 and 

P(LMA100-stat-BeMA60) copolymers as well as the PBeMA37 and PLMA98 reference 

homopolymers. 
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4.4.3.  Application of PLMA-PBeMA copolymers as wax crystal modifiers at a 

fixed copolymer concentration  

n-Octacosane (C28H58) was selected as a single-component model wax and used at 

5.0% w/w solids in n-dodecane. This concentration is at the lower end of the typical 

wax content in crude oils (5-30% w/w)12, but such conditions  produced sufficient wax 

crystals for characterisation by optical microscopy and SEM. Moreover, Ashbaugh et 

al.19 and Kurniawan et al.47 used comparable wax concentrations in their studies.  

Macrocrystalline paraffin wax comprises mainly low molecular weight n-alkanes 

(C16-C40) and generally crystallises in the form of either needles or platelets.12 Indeed, 

wax crystal platelets are observed on cooling a 5.0% w/w solution of n-octacosane 

dissolved in n-dodecane in the present study (see Figure 4.10). Prior literature studies 

suggested that an initial copolymer concentration of 1.0% w/w should be selected for 

initial experiments.37,48 1.0% w/w PLMA98-PBeMA10 is equivalent to a copolymer 

concentration of 0.26 mM.  This molar concentration was held constant for all 

copolymers to ensure that the number of chains remained the same in each experiment 

(i.e. 2.1 x 1017 chains per gram of solution) when varying the copolymer composition.  
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Figure 4.10. Images recorded for pure n-octacosane (C28H58) wax crystals prepared in the 

absence of any copolymer additive at 20 °C: (a) as a 5.0% w/w suspension in n-dodecane 

using bright field optical microscopy and (b) dried crystals examined by SEM. 

 

4.4.3.1. Turbidimetry studies 

Effective wax crystal modifiers act by lowering the temperature for the onset of 

crystallisation of paraffin wax, which is known as the wax appearance temperature 

(WAT).6 To examine how the present copolymers influence the WAT of a model wax, 

turbidimetry measurements were conducted using 5.0% w/w n-octacosane dissolved 

in n-dodecane. Initial experiments were performed at a copolymer concentration of 

0.26 mM. Thermal cycles (50 °C to 0 °C to 50 °C) were carried out three times at a 

cooling/heating rate of 1.0 °C min-1. Data obtained for one such thermal cycle 

performed in the absence of any copolymer are presented in Figure 4.11, along with 

digital photographs of the physical appearance of the n-octacosane/n-dodecane 

mixture recorded at 50 °C and 0 °C. Wang and co-workers reported using a similar 

light transmittance method to evaluate WATs for model paraffin waxes in n-decane in 

the presence and absence of wax inhibitors.35 

The n-octacosane/n-dodecane mixture is a highly transparent solution at 50 °C (100 % 

transmittance) but becomes opaque (0 % transmittance) on cooling owing to wax 
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crystallisation. A WAT occurs at around 23 °C, below which a sharp reduction in 

transmittance is observed. Tcool is taken to be the temperature required for 0% 

transmittance on cooling, i.e. the temperature at which crystallisation is judged to be 

complete (see Figure 4.11). Tcool occurs at around 19 °C, which is a few degrees below 

the WAT. The former parameter was used to compare various wax-copolymer 

mixtures as it can be readily identified from transmittance vs. temperature plots. On 

reheating to 50 °C, a transparent solution (100% transmittance) is obtained. The 

minimum temperature corresponding to 100% transmittance on heating is denoted as 

Theat. As anticipated for a first-order phase transition, some thermal hysteresis is 

observed: the sharp increase in transmittance on heating occurs approximately 10 °C 

higher than the corresponding reduction in transmittance during cooling. This is 

because there is a kinetic energy barrier associated with the formation of wax crystals 

on cooling, whereas the corresponding melting event involves no such barrier. Similar 

behaviour has been reported in the literature.37,41  

Turbidimetry data for a series of eleven experiments conducted using 5.0% w/w 

n-octacosane in n-dodecane in the presence or absence of copolymer are presented in 

Table 4.2. The Tcool values are calculated from the three consecutive cooling ramps, 

with the standard deviation quoted as the error. In all cases, the Tcool value was a few 

degrees below the WAT. The n-octacosane wax in n-dodecane has a Tcool of 19.3 ± 

0.5 °C in the absence of any (co)polymer. This Tcool value remains unchanged (within 

experimental error) in the presence of the PBeMA37 homopolymer. However, addition 

of PLMA98 homopolymer reduces Tcool to 16.8 ± 0.1 °C. However, the greatest 

reduction in Tcool is achieved by using PBeMA-based diblock or statistical copolymers, 

with the copolymer architecture making surprisingly little difference. BeMA-rich 
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Figure 4.11. Normalised transmittance (%) at λ = 650 nm vs. temperature plot for 5.0 % w/w 

n-octacosane in n-dodecane on cooling from 50 °C to 0 °C (blue empty triangles) and on 

heating from 0 °C to 50 °C (orange filled circles) at a cooling/heating rate of 1.0 °C min-1. The 

temperatures required for zero transmittance on cooling (Tcool) and 100% transmittance on 

heating (Theat) are labelled. Digital photograph (a) shows a transparent solution at 50 °C and 

(b) shows the same sample after cooling to 0 °C. 

 

diblock or statistical copolymers can reduce Tcool by approximately 5 °C compared to 

that observed for the pure wax in n-dodecane in the absence of any copolymer. Other 

workers have reported similar observations for effective wax crystal modifiers.33–35 

For example, Sjöblom and co-workers reported WAT reductions of between 1.4 and 

5.5 °C for 5.0% w/w macrocrystalline wax in toluene in the presence of a range of 

both commercial and putative PPDs.25 It is generally accepted that polymers reduce 

the WAT of a wax by changing the solubility equilibrium.6,25,27,36 Polymers interact 

with (or become incorporated into) the precipitating wax crystals, which results in 

changes in the kinetics of crystal growth on cooling and changes in the kinetics of 

dissolution on heating.35 
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Table 4.2. Composition of (co)polymer additive and mean Tcool for wax-polymer mixtures as 

determined by turbidimetry studies. Wax-polymer mixtures contain 5.0% w/w C28 in 

n-dodecane with 0.26 mM (co)polymer additive. 

Polymer composition Tcool wax + polymera / °C 

none 19.3 ± 0.5 

L98 16.8 ± 0.1 

Be37 18.9 ± 0.1 

L98-Be10 15.7 ± 0.1 

L98-Be20 15.6 ± 0.1 

L98-Be40 14.1 ± 0.5 

L98-Be60 14.7 ± 0.1 

L100-stat-Be10 15.0 ± 0.1 

L100-stat-Be20 16.2 ± 0.5 

L100-stat-Be40 13.7 ± 1.2 

L100-stat-Be60 14.0 ± 0.5 

aMean value calculated from three consecutive cooling cycles in 

turbidimetry studies and the standard deviation quoted as error. 

4.4.3.2. Optical Microscopy and Scanning Electron Microscopy studies 

It is well-established that wax inhibitors and PPDs can alter the morphology of wax 

crystals.6 Such polymeric additives are believed to delay nucleation, and either adsorb 

onto, or co-crystallise with, paraffin waxes.12,49  

In order to ensure the same cooling rate for all the wax-copolymer mixtures, optical 

microscopy and SEM images were always recorded after performing turbidimetry 

measurements at a cooling rate of 1.0 °C min-1. After the third cooling sweep from 

50 °C to 0 °C, each sample was returned to 20 °C at a heating rate of 1.0 °C min-1. 

Turbidimetry studies confirm that 20 °C is a sufficiently low temperature to maintain 

crystals, i.e. it is just below Theat for the wax-copolymer mixtures. Optical microscopy 

was employed to determine the wax crystal size and morphology in solution, whereas 

high resolution SEM images were recorded for the dried wax crystals. The former 
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technique shows that wax crystals are formed as large clumps of platelets (mean 

length, l ≈ 0.5 – 2.5 mm) when cooling a 5.0% w/w solution of n-octacosane in 

n-dodecane from 50 °C to 0 °C (see Figure 4.10a). Large platelets, up to 2 mm in 

length, are also discernible in SEM images obtained for dried wax crystals (see Figure 

4.12a). Binks and co-workers reported the formation of similar irregularly-shaped thin 

platelets when cooling solutions of either a C24H50 wax in toluene or a C36H74 wax in 

heptane in the absence of any copolymer additive.37  Fetters and co-workers reported 

a 3D ‘house of cards’ structure when using optical microscopy to characterise wax 

crystals when cooling a 4% w/w solution of similar n-paraffins in n-decane to 0 °C.8,14  

The effect of using a copolymer concentration of 0.26 mM on the wax crystal size and 

morphology was also studied by SEM (see Figure 4.12). Addition of a PLMA98 

homopolymer has minimal effect on n-octacosane crystals prepared in the absence of 

any copolymer additive (see Figure 4.12b). More specifically, large, irregular 

platelets are observed which are similar to those shown in Figure 4.12a. Similar 

platelets are also obtained for wax crystals prepared in the presence of a PBeMA37 

homopolymer (see Figure 4.12c), but small clumps of approximately 5 μm diameter 

are also visible. Interestingly, addition of a PLMA98-PBeMAx diblock copolymer 

results in significantly smaller wax crystals. All four diblock copolymer compositions 

examined (i.e. x = 10, 20, 40 or 60) produced similar crystal morphologies; a mixture 

of irregular-shaped clumps (~2-10 μm) and needle-like crystals [l = 25 ± 17 μm 

(averaged over 175 crystals); width, w = 0.7 ± 0.3 μm (averaged over 50 crystals); 

mean aspect ratio, l/w = 31] are represented in Figures Figure 4.12(d)-(g). 

There are many literature examples of polymeric wax crystal modifiers producing 

smaller wax crystals.19,25–29 This is considered to be useful because it can improve 
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crude oil flowability. Fewer contacts between neighbouring crystals leads to weaker 

gel networks, so the removal of waxy deposits is easier.7,28 In principle, increasing the 

anisotropy of wax crystals to produce elongated needle-like structures should also 

reduce gel strength relative to that for ‘house of cards’ networks formed by large 

platelets.8,50  

In contrast to the four PLMA-PBeMA diblock copolymers, the BeMA content of the 

four P(LMA100-stat-BeMAx) statistical copolymers has a discernible effect on their 

wax crystal modifier performance. Thus, adding the P(LMA100-stat-BeMA10) 

statistical copolymer mainly results in large platelets (see Figure 4.12h), although 

some smaller (< 200 μm) and more elongated crystals are also present. However, a 

strikingly different wax crystal morphology is obtained when using 

P(LMA100-stat-BeMA20): large needle-like crystals [l = 280 ± 136 μm (averaged over 

80 crystals); w = 13 ± 3 μm (averaged over 50 crystals); l/w = 22] are observed almost 

exclusively (see Figure 4.12i).  

Fetters and co-workers observed a similar crystal morphology when investigating the 

influence of semi-crystalline poly(ethylene-stat-butene) (PEB) statistical copolymers 

on the crystallisation of n-octacosane.14 On cooling this model wax  (4 wt% in n-

decane) to 0 °C in the presence of 0.05-0.3 wt% PEB7.5, crystals described as ‘long 

sticks’ (l ≈ 50-100 μm) were observed by optical microscopy. According to Zhang and 

co-workers, such rod-like crystals provide fewer opportunities for inter-particle 

interactions than platelets, resulting in significantly weaker crystal−crystal 

interactions.50 

Increasing the mean number of BeMA repeat units per copolymer chain up to 40 or 

60 results in much smaller crystals (see Figure 4.12). Mixtures of small platelets 
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(l ≈ 5-10 μm) and a few needle-like crystals (l ≈ 50 μm) are visible in Figure 4.12j 

and small platelets co-existing with smaller needle-like crystals can be observed in 

Figure 4.12k. Fetters and co-workers also reported the formation of smaller 

n-octacosane wax crystals (‘short bars’) in the presence of a higher PEB concentration 

(0.8 wt%), as opposed to the ‘long sticks’ that are generated at lower copolymer 

concentrations.14 The effect of varying the total copolymer concentration of the 

copolymers studied herein is investigated in Section 4.4.4. 

In summary, the presence of various BeMA-based diblock or statistical copolymers at 

a fixed copolymer concentration of 0.26 mM affects the morphology of the wax 

crystals formed when cooling a 5.0% w/w solution of n-octacosane in n-dodecane. In 

some cases, a significant reduction in the crystal dimensions and/or an increase in the 

crystal aspect ratio was observed. For the diblock copolymers, increasing the mean 

DP of the PBeMA had relatively little effect on the wax crystal morphology. Smaller 

wax crystals (< 50 µm) were observed by SEM for all four diblock copolymers. In 

striking contrast, large needle-like crystals were obtained when increasing the BeMA 

content of the statistical copolymers from ten to twenty repeat units per copolymer 

chain, while relatively small wax crystals were formed at BeMA contents of forty and 

sixty repeat units per copolymer chain. Yao et al. found that the addition of EVA 

resulted in a reduction in the wax precipitation temperature and concluded that 

co-crystallisation was the dominant wax-copolymer interaction.51 The dominant 

interaction mechanism for the copolymers studied herein is likely to be 

co-crystallisation of the pendent behenyl groups with the n-octacosane wax crystals. 

This interpretation is supported by the reduction in Tcool indicated by turbidimetry 

studies and the resulting changes in crystal morphology observed by OM and SEM. 
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Figure 4.12. SEM images recorded for wax crystals formed by cooling solutions of 5.0% w/w 

n-octacosane in n-dodecane in the presence of various (co)polymers at a constant (co)polymer 

concentration of 0.26 mM.  

 

4.4.4. The effect of varying copolymer concentration  

The effect of varying the copolymer concentration on the Tcool values identified by 

turbidimetry studies and the wax crystal morphology was investigated for selected 

copolymers. PLMA98-PBeMA40 and P(LMA100-stat-BeMA40) were chosen to 

compare the diblock and statistical copolymer architecture because this pair produced 
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the lowest Tcool values by turbidimetry and also some of the smallest crystals when 

used at 0.26 mM. The copolymer concentration was systematically varied from 0.06 

to 1.03 mM (or from one-quarter to four-fold the initial concentration of 0.26 mM) 

and turbidimetry studies were used to identify Tcool for wax-copolymer mixtures at 

each concentration. For 5.0% w/w n-octacosane in n-dodecane, Tcool is reduced from 

17.5 °C to 14.0 °C when increasing the PLMA98-PBeMA40 concentration from 0.06 

to 0.26 mM (see Figure 4.13a). However, higher concentrations produce an increase 

in Tcool up to 16.0 °C. A similar concentration dependence is observed for 

P(LMA100-stat-BeMA40): a minimum Tcool value of 12.9 °C is observed at a copolymer 

concentration of 0.51 mM (see Figure 4.13b). Such behaviour suggests two 

competing effects, but it is not clear why the initial interaction between the copolymer 

chains and the wax crystals should be reduced at higher copolymer concentration. 

 

Figure 4.13. Tcool vs. copolymer concentration plots for 5.0% w/w n-octacosane in n-dodecane 

for (a) PLMA98-PBeMA40 diblock copolymer and (b) P(LMA100-stat-BeMA40) statistical 

copolymer. 
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The n-octacosane crystals obtained in the presence of the PLMA98-PBeMA40 diblock 

copolymer were imaged at 20 °C by optical microscopy (see Figure 4.14). Larger wax 

crystals are formed at lower copolymer concentrations (≤ 0.26mM), with a mixture of 

irregular-shaped and needle-like crystals being observed in Figure 4.14(a)-(c). The 

smaller crystals observed above 0.51mM, seen in Figure 4.14(a), (b), (c) and (e), 

were also examined by SEM to obtain higher resolution images, see Figure 

4.14(h)-(k). Figure 4.14h shows platelets prepared at a copolymer concentration of 

0.06 mM, while mixtures of irregular-shaped and needle-like crystals obtained at 

copolymer concentrations of 0.13 mM, 0.26 mM and 0.51 mM are shown in Figure 

4.14(i)-(k). 

 

Figure 4.14. Representative images of wax crystals formed on cooling 5.0% w/w 

n-octacosane in n-dodecane in the presence of PLMA98-PBeMA40 at various copolymer 

concentrations obtained by (a)-(g) optical microscopy and (h)-(k) SEM. 
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A series of n-octacosane crystals formed in the presence of P(LMA100-stat-BeMA40) 

were imaged in solution at 20 °C by optical microscopy and after drying by SEM (see 

Figure 4.15). Large needle-like structures [l = 77 ± 28 μm (averaged over 50 crystals); 

width, w = 3.3 ± 0.8 μm (averaged over 50 crystals); mean aspect ratio, l/w = 23] are 

obtained at a copolymer concentration of 0.06 mM (see Figure 4.15a and Figure 

4.15h). These wax crystals are smaller but have a comparable mean aspect ratio to the 

needles formed in the presence of P(LMA100-stat-BeMA20) at 0.26 mM (see Figure 

4.12i). Large, relatively thick needles (l ≈ 100-300 μm; w ≈ 10-20 μm), plus a 

population of much smaller crystals, are obtained at 0.13 mM (see Figure 4.15b and 

Figure 4.15i). For copolymer concentrations at or above 0.26 mM, irregular-shaped 

wax crystals of less than 50 µm are observed by optical microscopy [see Figure 

4.15(c)-(g)] and SEM [see Figure 4.15(j)-(k)].  
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Figure 4.15. Representative images of wax crystals formed on cooling 5.0% w/w 

n-octacosane in n-dodecane in the presence of P(LMA100-stat-BeMA40) at various copolymer 

concentrations obtained by (a)-(g) optical microscopy and (h)-(k) SEM. 

 

A morphology map, similar to pseudo-phase diagrams constructed for diblock 

copolymer nano-objects,52 is used to illustrate the effect of varying copolymer 

composition and concentration on the wax crystal morphology when using 

P(LMA100-stat-BeMAx), see Figure 4.16. For the copolymer with the lowest BeMA 

content, relatively large crystals are formed at all copolymer concentrations. For 

P(LMA100-stat-BeMA20), the large platelets produced at a copolymer concentration of 

0.06 mM are replaced by needle-like crystals at higher copolymer concentrations. For 

the copolymer with the highest BeMA content, relatively fine needles are produced at 

0.06 mM, with much smaller, irregular crystals being formed at higher concentrations. 

These observations suggest that statistical copolymers with higher BeMA contents 

(i.e., x = 50 or 60) may promote the formation of relatively small crystals at copolymer 
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concentrations at or below 0.06 mM. This hypothesis warrants further experiments but 

unfortunately this is beyond the scope of the current study owing to time constraints. 

 

Figure 4.16. Optical microscopy images obtained for wax crystals formed by a 5.0% w/w 

dispersion of n-octacosane in n-dodecane in the presence of various concentrations of 

P(LMA100-stat-BeMAx), where x = 10, 20 or 40 

 

4.5. Conclusions 

Two series of PLMA-PBeMA diblock and P(LMA-stat-PBeMA) statistical 

copolymers have been prepared by RAFT solution polymerisation at 80% w/w solids 

in n-dodecane. High monomer conversions (≥ 98%) and narrow MWDs (Đ ≤ 1.25) 

were obtained for all copolymers, which were purified by precipitation into excess 

ethanol at 35 °C. DSC studies confirmed that the P(LMA-stat-PBeMA) statistical 

copolymers exhibited significantly lower crystallisation and melting temperatures than 

PLMA-PBeMA diblock copolymers of almost identical overall composition.  
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All eight copolymers were evaluated as potential wax crystal modifiers for a 5.0% 

w/w dispersion of a model C28 wax in n-dodecane, with PLMA and PBeMA 

homopolymers also being examined as reference materials. Temperature-dependent 

turbidimetry studies were conducted to determine Tcool, the temperature at which zero 

transmittance is first recorded owing to wax crystallisation. Typically, Tcool was a few 

degrees below the wax appearance temperature (WAT) observed. At a constant molar 

copolymer concentration of 0.26 mM, there is little difference between the Tcool values 

obtained by turbidimetry studies for the various wax-copolymer mixtures. Each of the 

eight copolymers produced a modest reduction in Tcool of approximately 3-5 °C. 

Similar reductions in WAT have been reported in the literature for effective wax 

crystal modifiers.33–35  

SEM studies confirm that the presence of such copolymers leads to significant changes 

in the morphology of the wax crystals. Using either diblock or statistical copolymers 

at 0.26 mM produced a reduction in the overall size and/or an increase in the crystal 

aspect ratio. In principle, smaller crystals should improve the flow properties of crude 

oil because the wax crystals have a lower propensity to interact with each other and 

therefore form weaker gels.7,25,28 

For the PLMA-PBeMA diblock copolymer series, increasing the mean DP of the 

PBeMA block from 10 to 60 has no significant effect on the wax crystal morphology. 

Relatively small crystals of less than 50 µm are observed by SEM for all four diblock 

copolymers. In contrast, strikingly different needle-like crystals are obtained simply 

by increasing the BeMA content of the statistical copolymers. 

The optimum copolymer concentration for the lowest wax crystallisation temperature 

(Tcool) is 0.26 mM for the PLMA98-PBeMA40 diblock copolymer and 0.51 mM for the 
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P(LMA100-stat-BeMA40) statistical copolymer. The wax crystals formed under these 

conditions appear small (< 50 μm) by optical microscopy and SEM studies. Larger 

wax crystals are formed at lower copolymer concentrations for both the diblock and 

statistical copolymers, as indicated by optical microscopy and SEM studies. For the 

P(LMA100-stat-BeMAx) series, increasing either the copolymer concentration or the 

mean number of BeMA repeat units per copolymer chain (x) causes the elongation of 

the initial platelets to form needle-like structures, with the subsequent formation of 

relatively small, irregular crystals. These observations suggest that statistical 

copolymers with higher BeMA contents (i.e., x = 50 or 60) may promote the formation 

of relatively small crystals at copolymer concentrations at or below 0.06 mM. This 

hypothesis warrants further experiments.  

We hypothesise that the dominant interaction mechanism for the copolymers studied 

herein is co-crystallisation of the wax with the pendent behenyl chains in the BeMA 

repeat units, thus altering the size and shape of the growing wax crystals. This is 

supported by the reduction in Tcool for a 5.0% w/w wax dispersion in n-dodecane in 

the presence of such copolymers, as indicated by turbidimetry studies.  

In summary, the PLMA-PBeMA diblock and statistical copolymers studied herein 

appear to offer some potential as new wax crystal modifiers. The diblock and statistical 

copolymers studied are essentially equivalent in their performance. However, the 

statistical copolymers may offer an advantage as they are easier to synthesise than the 

diblock copolymers and do not suffer from any homopolymer contamination. 

Investigating the effect of such copolymers on Tcool provides valuable information and 

the literature suggests that smaller wax crystals produce weaker gels. However, the 
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effect on the pour point temperature and the gel strength should also be examined to 

assess the performance of these copolymers as putative PPDs.  
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5.1. Conclusions and Future Work 

RAFT enables the convenient polymerisation of vinyl monomers and remains an 

attractive synthesis technique for industrial scale-up, with several examples of RAFT 

polymerisation being employed on an industrial scale. For example, Lubrizol produce 

a range of star polymers that act as viscosity modifiers for engine oils.1,2 The synthesis, 

characterisation and potential applications of diblock and statistical copolymers 

prepared by RAFT polymerisation in non-polar media have been explored in this 

Thesis. More specifically, oil-soluble polymethacrylate precursors (PSMA and 

PLMA) have been synthesised and subsequently chain-extended with methacrylic 

monomers (BzMA, BuMA and BeMA) in either n-dodecane or mineral oil. In the 

literature, well-established block copolymer self-assembly techniques such as PISA 

and PI-CDSA have enabled the convenient preparation of many examples of well-

defined diblock copolymer nano-objects using a wide range of monomers. Such 

diblock copolymer nanoparticles offer a wide range of potential applications, 

including biocompatible hydrogels for either 3D cell culture3 or stem cell storage,4 

nanoparticle lubricants for automotive engine oils,5 novel dispersants for agrochemical 

formulations,6 or as novel Pickering emulsifiers.7 In this Thesis, well-defined diblock 

copolymer nano-objects prepared by PISA and diblock and statistical copolymers 

prepared by RAFT solution polymerisation are considered for oil-thickening or wax 

crystal modification applications, respectively.  

Chapter 2 builds on a previous study by Derry et al., whereby a vesicle-to-worm 

thermal transition was induced by heating a dispersion of PSMA13-PBzMA96 vesicles 

in mineral oil.8 The significant increase in viscosity (G’ increased by five orders of 

magnitude) caused by the change in morphology provided a novel high-temperature 

oil-thickening mechanism, which offers a potential application for viscosity 
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modification in automotive engine oils. In Chapter 2, this PSMA-PBzMA 

formulation was revisited to examine what happens on heating well above the critical 

transition temperature required for the vesicle-to-worm transition. Interestingly, 

temperature-dependent rheology studies indicated a sharp reduction in the dispersion 

viscosity at such elevated temperatures. This was attributed to a subsequent worm-to-

sphere transition owing to further surface plasticisation of the structure-directing 

PBzMA block, which was supported by TEM observation of spherical nanoparticles 

on drying this copolymer dispersion at 180 °C. This dual thermal transition for this 

PISA formulation in non-polar media is consistent with recent literature examples of 

a single thermoresponsive diblock copolymer switching reversibly between spheres, 

worms or vesicles on varying the (aqueous) solution temperature.9–13 A similar 

observation of a vesicle-to-cylinder-to-sphere transition on heating has also been 

reported by Lodge and co-workers.14 The dilute dispersion (1% w/w) of diblock 

copolymer vesicles was initially prepared by dissolving polystyrene-

polydimethylsiloxane (PS-PDMS) in diethyl phthalate (a selective solvent for 

polystyrene). 

The work presented in Chapter 2 also set out to investigate whether statistical 

incorporation of an appropriate comonomer (BuMA) into the membrane-forming 

block would enable tuning of the critical onset temperature required for a vesicle-to-

worm transition. In principle, lowering this critical transition temperature to, say, 

60 °C should enable thickening of oil-based cosmetic formulations. Indeed, 

introducing up to 50 mol% BuMA comonomer within the membrane-forming block 

systematically lowered the critical transition temperature required to induce a vesicle-

to-worm transition, from 167 °C (with no BuMA comonomer) to 109 °C (with 

50 mol% BuMA), as determined by oscillatory rheology. Moreover, a five-fold 
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increase in G’ was observed above the critical temperature, which is comparable to 

that previously reported for PSMA13-PBzMA96 vesicles.8 Thus, the work presented in 

Chapter 2 provides a useful proof of concept for tuning the critical onset temperature 

required for a vesicle-to-worm transition by  statistical incorporation of a suitable 

comonomer within the membrane-forming block. In practice, there remains further 

scope to optimise such formulations if they are to become commercially viable. In 

particular, higher final comonomer conversions are required and alternative 

comonomers such as 2-ethylhexyl methacrylate should be investigated to examine 

whether the critical transition temperature can be lowered further.  

Furthermore, the thermal transitions reported in Chapter 2 proved to be irreversible 

on cooling within normal experimental timescales (hours). A mixture of worms and 

vesicles was confirmed by TEM studies of the dried 10% w/w 

PSMA14-P(0.5BzMA-stat-0.5BuMA)130 dispersion after cooling to 20 °C. 

Interestingly, this differs from observations made by Byard et al. for aqueous 

dispersions of ‘shape-shifting’ diblock copolymer nano-objects, whereby the sphere-

to-worm-to-vesicle transitions observed on heating proved to be fully reversible on 

cooling.10 It seems likely that the sphere-to-worm and worm-to-vesicle transitions that 

should occur on cooling for the PSMA14-P(0.5BzMA-stat-0.5BuMA)130 nano-objects 

are disfavoured simply because this pathway involves highly cooperative transitions 

(e.g. worms are formed via the stochastic 1D fusion of multiple spheres). Thus, much 

longer time scales (days or weeks) may be required to access the equilibrium vesicle 

morphology at 20 °C. Further experiments would be required to test this hypothesis 

but unfortunately this is beyond the scope of this Thesis.   

Lodge and co-workers reported polystyrene-polydimethylsiloxane vesicles in diethyl 

phthalate were converted on heating into cylinders at 110 °C and spheres at 170 °C. 
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In this case, each thermal transition proved to be reversible on cooling on the time 

scale of the experiment (minutes). Such reversibility was attributed to the unusually 

low Tg of the insoluble PDMS block.14  

Chapter 3 investigates whether PLMA-PBeMA diblock copolymer cylinders could 

be prepared via PI-CDSA. In contrast to a prior study by Derry and co-workers,15 

PBeMA was used as the semi-crystalline core-forming block, rather than the steric 

stabiliser block. Bearing in mind the relevant CDSA literature,16–20 cylindrical rods 

were targeted by preparing highly asymmetric diblock copolymers comprising a 

relatively long corona-forming block and a relatively short core-forming block. It was 

hypothesised that melting of the crystalline core-forming block cores within the 

20-50 °C range should cause the rods to become much more flexible, with the resulting 

significant reduction in their mean persistence length leading to a significant change 

in the rheology of such dispersions.  

In Chapter 3, it is shown that BeMA monomer prepared in-house by reacting behenyl 

alcohol with methacrylic acid is of comparable purity to that of the original Lubrizol-

supplied batch employed by Derry and co-workers (and far superior to the isomeric 

mixture supplied by BASF).15 The former batch of BeMA monomer was used to 

prepare PLMA102-PBeMA20 diblock copolymers at 30% w/w solids in mineral oil by 

thermally-initiated RAFT solution polymerisation of BeMA at 90 °C. Alternatively, 

photoiniferter RAFT polymerisation of BeMA was conducted using blue light 

irradiation at either 32 or 15 °C, with the latter temperature lying below the Tc of 

PLMA102-PBeMA20, as determined by DSC. Such PLMA102-PBeMA20 diblock 

copolymers exhibited reversible thermoresponsive behaviour: relatively transparent 

free-standing gels were formed at or below 20 °C, whereas free-flowing fluids were 

obtained at higher temperatures. In principle, such behaviour is consistent with the 
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formation of PBeMA-core cylinders or rods. However, TEM, DLS and SIPLI studies 

did not provide any evidence for the presence of such highly anisotropic nanoparticles. 

Instead, only ill-defined colloidal aggregates were observed. It remains unclear why 

no self-assembly occurs for such diblock copolymers in mineral oil. In principle, 

replacing BeMA with behenyl acrylate (BeA) should lower the Tg of the core-forming 

block and this enhanced chain mobility might lead to CDSA. Alternatively, 

investigating alternative (polar) non-solvents for the PBeMA block might promote 

self-assembly. 

Although not reported in this Thesis, preliminary experiments were conducted to 

examine this hypothesis. More specifically, the RAFT dispersion polymerisation of 

BeMA using a poly(2-(dimethylamino)ethyl methacrylate) (PDMA) precursor was 

conducted in iso-propyl alcohol (IPA) at 70 °C. A series of PDMA-PBeMA nano-

objects were obtained at 20-30% w/w solids, with TEM studies confirming the 

presence of spheres, worms or a mixed phase comprising a vesicle population (see 

Figure 5.0.1). Bearing in mind the prior study by Semsarilar et al. on PDMA-PSMA 

worms,21 it would be interesting to investigate whether the higher crystallinity of 

PBeMA relative to PSMA enables the preparation of relatively stiff rods whose 

rigidity can be tuned by increasing the temperature above the Tm for the PBeMA block. 

Unfortunately, such additional experiments are beyond the scope of this Thesis. 
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Figure 5.0.1. TEM images recorded for various PDMA76-PBeMAx nano-objects in IPA: (a) 

PDMA76-PBeMA60 spheres synthesised at 20% w/w solids, (b) PDMA76-PBeMA70 spheres 

and short worms synthesised at 20% w/w solids, (c) PDMA76-PBeMA80 spheres, worms and 

vesicles synthesised at 20% w/w solids and (d) PDMA76-PBeMA50 worms synthesised at 30% 

w/w solids.  

 

Chapter 4 investigates whether similar PLMA-PBeMA diblock copolymers to those 

reported in Chapter 3, as well as the analogous statistical copolymers, can modify the 

crystallisation of a model wax (n-octacosane) in n-dodecane. At a constant copolymer 

concentration of 0.26 mM, each of the eight copolymers produced a modest reduction 

in Tcool of approximately 3-5 °C. Similar reductions have been reported in the literature 

for effective wax crystal modifiers.22–24  SEM studies confirmed that the presence of 

such copolymers led to significant changes in the morphology of the resulting wax 

crystals. Using either diblock or statistical copolymers at 0.26 mM produced a 

reduction in the overall size and/or an increase in the crystal aspect ratio. In principle, 

smaller crystals should improve the flow properties of crude oil by reducing its 

propensity to form gels at sub-ambient temperature.25–27 We hypothesise that the 
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copolymers undergo co-crystallisation with the wax via the pendent behenyl chains in 

the BeMA repeat units. In principle, X-ray diffraction (XRD) or WAXS studies could 

be conducted to examine this hypothesis. Based on the analysis conducted in 

Chapter 4, the PLMA-PBeMA diblock and statistical copolymers studied are 

essentially equivalent in their performance as potential wax crystal modifiers. The 

statistical copolymers are easier to make than the diblock copolymers and do not suffer 

from any homopolymer contamination. 

In summary, these new PLMA-PBeMA diblock and statistical copolymers appear to 

offer some potential as wax crystal modifiers. This work could be extended to 

investigate the effect of such copolymers on the pour point temperature and the gel 

strength of the model wax, as described in the literature.28,29 In particular, temperature-

dependent rheology studies and yield stress measurements should provide valuable 

information and enable a more nuanced assessment of the performance of these 

copolymers as putative PPDs. 

The findings from Chapter 4 provide insight into the behaviour observed in 

Chapter 3. More specifically, results suggest that PLMA homopolymer interacts with 

n-octacosane model wax in n-dodecane, as seen by a change in crystal morphology by 

SEM and a small reduction in Tcool in the presence of this homopolymer 

(Tcool = 16.8 °C). This is likely to be caused by co-crystallisation between the PLMA 

and the model wax. Therefore, PLMA is also likely to interact with PBeMA in the 

PLMA-PBeMA diblock copolymer studied in Chapter 3. Co-crystallisation of both 

blocks could explain the ill-defined aggregate structures observed by TEM, rather than 

exclusively the crystallisation of PBeMA driving self-assembly, as desired. Thus, 

making PLMA an ineffective stabiliser block for PI-CDSA of PLMA-PBeMA.  
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Using the techniques in Chapter 4 to investigate the interactions of alternative 

homopolymers with model wax could be used as a scoping study to find a polymer to 

act as an effective stabiliser block in a diblock copolymer with the potential to undergo 

PI-CDSA. As previously stated, further studies to optimise this self-assembly 

behaviour involve changing parameters, such as the DP of each block, temperature, 

and solvent media. 
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